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Abstract

Short-wave corrugation on the rail surface, particularly on the innerrailin small-radius curves,
arises from dynamic wheel-rail interactions and leads to increased maintenance demand,
elevated acoustic emissions, and reduced ride comfort. This study investigates the temporal
development of short-wave corrugation and the influence of curve radius and rail steel grade
based on long-term rail surface measurement data from a heavily trafficked railway line with
varying curve radii. Repeated measurements were processed into curve-specific time series
and analyzed using linear regression to derive local corrugation growth rates for different
radius classes (R < 250 m, 250 m < R < 400 m, and 400 m < R < 600 m) and rail steel grades
(the standard grade R260 and the head-hardened grades R350HT and R400HT). The results
show a strong dependence of corrugation growth on curve radius, with significantly higher
growth rates in small-radius curves, identifying curvature as the dominant influencing fac-
tor. Rail steel grade has a secondary but measurable effect, with higher-strength rail steels
generally exhibiting lower growth rates and reduced variability; the most favorable behavior
is observed for R400HT. However, pronounced corrugation growth persists in small-radius
curves even for heat-treated rail steels, indicating that material-related improvements alone
cannot fully compensate for unfavorable geometric and loading conditions.

Keywords: short-wave rail corrugation, curve radius, rail surface measurement, corrugation
growth rate, rail steel grade

1 Introduction

Rail corrugation has attracted scientific and engineering interest since the late nineteenth
century and has been investigated and categorized in different forms of corrugation in terms
of characteristics and treatments [1]. Despite the research history, rail corrugation remains
a persistent problem in railway operation, associated with increased noise emission and
degradation of track and vehicle components [2, 3]. Short-wave corrugation is characterized
by periodic irregularities on the rail running surface that appear as a sequence of peaks and
hollows [4]. The typical wavelength range is from 30 mm to 300 mm [4]. It occurs predomi-
nantly on the innerrail in curves and is marked by a highly even wavelength and appearance
[5]. Corrugation amplitudes can develop rapidly to tenths of a millimeter, while discrete track
irregularities such as welds or joints may act as initiation points and fix the longitudinal
position of the corrugation [5]. From a mechanical perspective, corrugation develops when
one wheel of a wheelset enters a sliding state while the opposite wheel would otherwise
continue to roll, giving rise to a highly periodic stick—slip mechanism that activates a wave-
length-fixing process [5]. Under practical operating conditions, deficient superelevation has
been identified as a contributing factor to the occurrence and accelerated development of
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short-wave corrugation in small-radius curves [6]. In particular, radii smaller than approx-
imately 600 m are susceptible to short-wave corrugation on the inner rail [7]. In addition
to geometric effects, the structural properties of the track system play a significant role in
corrugation development [7]. Track with wooden sleepers, owing to its higher vertical elas-
ticity, has been reported to mitigate dynamic corrugation-related deformations, whereas
stiffer track structures, such as those with concrete sleepers, tend to promote the forma-
tion of short-wave corrugation [7]. Experimental investigations further indicate that contact
conditions, such as wheel-rail interaction, influence corrugation development [8]. Forced
corrugation experiments showed that corrugation formed under dry wheel-rail contact con-
ditions, whereas no corrugation developed under lubricated conditions [8]. Building on the
described mechanisms and influencing factors of short-wave rail corrugation, the present
study focuses on quantifying its temporal development under real operating conditions.

2 Methodology

This section describes the methodological framework used to quantify the temporal devel-
opment of short-wave rail corrugation based on long-term operational rail surface measure-
ment data. The analysis focuses on a heavily trafficked railway line with a high proportion
of small-radius curves, where corrugation-related damage occurs frequently. The evaluat-
ed curves are located within a continuous double-track mainline section without signifi-
cant branching or traffic redistribution; therefore, comparable annual traffic loads can be
assumed for all investigated curves. Relevant track sections were identified using a digital
track database providing detailed geometric and infrastructure-related information for the
investigated route. The evaluation concentrates on curved track segments with radii smaller
than 600 m, as these sections are considered particularly susceptible to the formation and
growth of short-wave corrugation. Track selection and structuring were performed for both
tracks of the double-track line. For each selected curve, the corresponding mileage range
and geometric parameters such as radius and curvature direction were compiled and used
as a consistent structural reference for all subsequent analysis steps. For result presentation,
curves were further classified into three radius classes (R < 250 m, 250 m < R < 400 m, and
400 m <R <600 m), following the classification scheme of the underlying track database.
The analysis is based on repeated rail surface measurement runs conducted between 2012
and 2024. All measurement data are spatially referenced via the mileage data of the mea-
surement vehicle, allowing signals from different runs to be consistently assigned to iden-
tical track segments. Prior to further processing, all datasets were subjected to plausibility
checks, and incomplete, inconsistent, or non-comparable records were excluded. Rail steel
grades documented in the infrastructure database were used to group results by material
(R260, R350HT, and R400HT). While documented installation and renewal information was
considered, the analysis relies on infrastructure records, which may contain uncertainties,
particularly with respect to rail grade documentation. The methodological approach com-
prises the extraction and preprocessing of rail surface measurement signals for the selected
curved track sections, followed by the construction of curve-specific time series describ-
ing the temporal evolution of rail surface condition. Based on these time series, regres-
sion-based evaluations are performed to quantify corrugation growth rates. The individual
processing and evaluation steps are described in detail in the following subsections.

2.1 Rail surface measurement and signal processing
The rail surface measurement system has been in operational use on the Austrian railway

network since 2005. It is based on three optical triangulation sensors aligned in the longitu-
dinal rail direction, measuring the distance to the rail surface at the center of the rail head.
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The front and rear sensors define a virtual chord, while the measured value corresponds
to the vertical deviation of the rail surface relative to this chord, obtained from the central
sensor [9]. Figure 1 illustrates the chord-based measurement principle. Depending on the
local rail surface geometry, the measured chord value may be positive or negative, as the rail
surface can locally lie above or below the virtual chord.
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Figure1 Chord-based measurement principle of the rail surface signal [10]

The system records longitudinal rail surface irregularities with a spatial sampling interval of
5 mm and covers a wavelength range from approximately 20 mm to 1000 mm. Owing to the
chord-based measurement geometry, the recorded amplitudes are subject to wavelength-de-
pendent distortion described by the system transfer function. This systematic effect is com-
pensated prior to further analysis by frequency-domain deconvolution using the inverse
transfer function provided for the measurement system. The resulting signal represents a
corrected longitudinal rail surface profile and forms the basis for the subsequent time-series
analysis of short-wave corrugation development [10].

2.2 Time series construction

Based on the processed rail surface measurement data, time series were constructed to ana-
lyze the temporal development of short-wave rail corrugation in curved track sections. The
evaluation aims to visualize changes in the analyzed rail surface indicators over successive
measurement runs and to identify corrugation growth trends between maintenance inter-
ventions. Measurement dates were converted into a continuous numerical time axis to en-
sure consistent chronological ordering of observations. Measurement data from successive
runs were spatially assigned to the corresponding curved track sections using their mileage
ranges. For each curve and measurement run, a representative value was derived over the
full curve length and used to construct the corresponding time series. All analyses refer ex-
clusively to the inner rail of each curve, as short-wave corrugation predominantly develops
on this rail. For each extracted curve segment and measurement run, the root mean square
(RMS) value was computed. This metric provides a robust scalar measure of the overall mag-
nitude of longitudinal surface irregularities, as the chord-based measurement signal oscil-
lates around zero.
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2.3 Spectral analysis of dominant wavelength (0-300 mm)

To complement the regression-based evaluation, the rail surface signal was analyzed spec-
trally to determine the dominant corrugation wavelength. For each curve and measurement
run, a Fast Fourier Transform (FFT) was applied to obtain the wavelength spectrum of the
longitudinal rail profile. The analysis was restricted to wavelengths between 0 mm and 300
mm [4, 7]. Prior to peak identification, the spectrum was smoothed using a moving-average
filter to reduce local noise while preserving the dominant wavelength position. The wave-
length corresponding to the global maximum within this range was defined as the dominant
corrugation wavelength. An example of the resulting wavelength spectra obtained within
one measurement run is shown in figure 2. One curve exhibits a confined short-wavelength
range with elevated spectral amplitudes around approximately 80-120 mm, indicating a pro-
nounced and well-defined dominant corrugation wavelength. In contrast, the other curve
shows only an isolated spectral outlier without a consistently developed peak structure, re-
flecting the absence of a clearly periodic surface irregularity.
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Figure 2 Comparison of FFT spectra from a curve with pronounced short-wave corrugation in blue and a curve
with no corrugation in orange (range of 0-300 mm)

2.4 Regression analysis

The objective of the regression analysis is to quantify the temporal development of short-
wave rail corrugation based on the derived rail surface indicators. Building on the time se-
ries described in the previous section, regression analyses were performed individually for
each curve and running direction. The analysis focuses on indicators for which a systematic
temporal increase associated with corrugation growth can be expected. The dominant cor-
rugation wavelength was not evaluated using regression methods, as no consistent growth
behavior over time was identified; it was therefore considered only in comparative analyses.
To account for maintenance-related interventions and non-uniform development phases, a
segmented linear regression approach was applied. Instead of describing the entire time
series with a single regression line, individual regression segments were identified between
maintenance events or phases of approximately steady development. Segment identifica-
tion was based on the processed time-series data, supported by signal smoothing and outli-
er handling to reduce the influence of short-term fluctuations or isolated disturbances.
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3 Results

For the presentation and comparison of results, the evaluated curves were grouped accord-
ing to curvature severity and documented rail steel grade, allowing a consistent assess-
ment of corrugation growth behavior across different geometric conditions and materials.
The analysis distinguishes between standard rail steel R260 and the head-hardened grades
R350HT and R400HT. For the analysis of the dominant wavelength, the data was only split
into the three different radius classes.

3.1 Corrugation growth rates

The corrugation growth rates obtained for the three radius classes and rail steel grades are
shown in figure 3. A clear dependence on curve radius is evident, with the highest growth
rates occurring in the smallest radius class (R < 250 m) and systematically decreasing val-
ues with increasing radius. In the smallest radius class (R < 250 m), the number of avail-
able observations for R260 is insufficient for a robust assessment. A comparison is there-
fore limited to the head-hardened grades, where R350HT exhibits higher growth rates than
R400HT, indicating inferior performance under severe curvature conditions. For the second
radius class (250 m < R < 400 m), R350HT again shows higher median corrugation growth
rates than R400HT. In this class, R260 performs slightly better than R350HT in terms of the
median growth rate, but exhibits a noticeably larger scatter, pointing to less stable corruga-
tion behavior. In the largest radius class (400 m < R< 600 m), the differences between the rail
steel grades become small. This can be attributed to the reduced excitation of corrugation
in large-radius curves, leading to generally lower corrugation growth and diminishing mate-
rial-related effects.

Growth rates of rail surface irregularities by rail grade and curve radius
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ooaT
c L

N=4 N=60 N=107 N=171

R <250 m

o ) )
o o o
= N @

o
o
=
{5
=
=}
=
o

e
=3
S

S
o
@

250 <R <400 m
Growth rate [mm/year] Growth rate [mm/year] Growth rate [mm/year]
o o o
< S = e < < <
S = N
{ %
.. =3 .

=3
©

o
o
=
o
o
S
3
=
o 4
o
o
4
o
=)
=)

F-,

.
GO0 0.008
N=51 N=171 N=74 N=296

o
o
@

o
=]
o

0.005

400 <R < 600 m

o
=3
S

N=26 N=39 N=12 N=77

Figure 3 Corrugation growth rates derived from rail surface measurements, grouped by radius class and rail
steel grade
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3.2 Analysis of dominant corrugation wavelengths

In addition to the growth-rate analysis, dominant corrugation wavelengths were evaluated
using spectral analysis of the rail surface measurements. For each curve and measurement
run, the dominant wavelength within the range from 0 mm to 300 mm was identified and
grouped by radius class (figure 4). In the smallest radius class (R < 250 m), dominant wave-
lengths cluster in the range of approximately 75 to 100 mm, with a median of 90 mm. This
value is close to one sixth of the sleeper spacing of 600 mm (=100 mm), indicating a struc-
tural influence of sleeper support on wavelength selection. For intermediate radii (250 m <R
<400 m), the median dominant wavelength increases to approximately 120 mm, correspond-
ing to one fifth of the sleeper spacing (= 120 mm). In the largest radius class, the median
further increases to around 130 mm and the distribution becomes more diffuse, suggesting
weaker wavelength fixation under reduced loading conditions. Overall, the results show that
dominant corrugation wavelengths increase with curve radius and that discrete fractions of
the sleeper spacing act as a governing structural parameter in the wavelength selection of
short-wave corrugation.

Dominant wavelength distribution of corrugation by curve radius class
Dominant component from FFT (analysis window: 0-300 mm)
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Figure 4 Dominant corrugation wavelengths grouped by radius class

4 Conclusion

The results demonstrate that short-wave rail corrugation and its temporal development can
be reliably quantified using long-term rail surface measurements acquired under real operat-
ing conditions. The applied methodology, combining curve-specific time-series construction
and segmented regression analysis, proved robust for identifying corrugation growth behav-
ioron anindividual curve basis. Corrugation growth is strongly governed by curve radius, with
small-radius curves exhibiting consistently higher growth rates than larger radii, identifying
curvature as the dominant influencing factor. Rail steel grade has a secondary but measur-
able influence on corrugation growth. Higher-strength steels generally exhibit lower growth
rates and reduced scatter, with R40OHT performing best; however, significant corrugation
growth persists in small-radius curves even for high-strength rails, indicating that material
improvements alone cannot compensate for unfavorable geometric and loading conditions.
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The spectral analysis supports the physical plausibility of the findings, showing that dom-
inant corrugation wavelengths increase with curve radius and cluster around discrete frac-
tions of the sleeper spacing, indicating sleeper support characteristics as a governing struc-
tural parameter in wavelength selection.

The present evaluation is expressed as a function of time. As traffic volumes on the investi-
gated line remained stable during the observation period, temporal growth can be regarded
as proportional to accumulated load. Future investigations should additionally relate corru-
gation growth to accumulated gross tonnage in order to enable load-normalized comparison
between lines with different traffic levels. Differentiation by sleeper type was not feasible
due to the predominance of wooden sleepers; future work should therefore extend the analy-
sis to lines with more balanced track structures and combine corrugation growth assessment
with rail wear analysis to support geometry-dependent and material-specific maintenance
strategies.
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