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Abstract. Short pitch corrugation is a typical defect on rail surfaces that induces
high level of noise and increases maintenance costs. Despite numerous research
efforts, corrugation development mechanism has not yet been fully understood
and root-cause solutions have not been developed. This work numerally simulates
the rail corrugation in the V-Track test rig, aiming to better understand corruga-
tion mechanism and also link the scaled laboratory tests to the full-scale reality. A
three-dimensional finite element model of the V-Track is established to simulate
the vehicle-track dynamic interaction. The fastening and ballast parameters are
calibrated by fitting the simulated track receptances to hammer tests. Rail corru-
gation with a major wavelength of 5.7 mm is successfully reproduced using the FE
model, which shares features similar to the experimentally produced corrugation in
the V-Track. The numerical simulation demonstrates that a rail longitudinal com-
pression mode at 790 Hz is the ‘wavelength-fixing’ mechanism of corrugation
in the V-Track, agreeing with the experimental results. This work numerically
verifies the dominance of the rail longitudinal vibration modes on corrugation
formation.

Keywords: Short pitch corrugation - rail longitudinal vibration mode - initial
excitation - V-Track test rig - 3D vehicle-track dynamic model

1 Introduction

Short pitch corrugation (hereinafter corrugation) is recognized as the (quasi-) periodic
undulation of rail surfaces on straight tracks or gentle curves with a typical wavelength
range of 20-80 mm [1], see an example in Fig. 1. Rail corrugation excites large wheel-
rail impact force, causes excessive vibration and noise, and accelerates the deterioration
of the track components (e.g., fastenings, sleepers and ballast), which considerably
increases maintenance costs. Furthermore, corrugation may also induce rolling contact
fatigue (RCF) cracks (e.g., squats [2]) that threaten the train operation safety. Therefore,
itis of great significance to understand the corrugation formation mechanism and develop
effective mitigation methods.

Numerous theoretical and experimental studies of corrugation have been conducted
in the past decades as summarized in the review papers [1, 3]. The corrugation for-
mation process is generally considered a feedback loop that consists of a ‘wavelength-
fixing” mechanism and a damage mechanism [1]. The ‘wavelength-fixing mechanism
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Fig. 1. Short pitch Corrugation observed in the Dutch railway with a wavelength of approximately
30 mm.

is essentially frequency-selection in resonance [4]. While the damage mechanism is
commonly assumed as differential wear, the ‘wavelength-fixing’ mechanism has not
yet been completely clear. Among the many hypotheses, the vertical pinned-pinned
resonance has been widely attributed to a wavelength-fixing mechanism supported by
numerical simulations and measurements [5—7]. However, there are difficulties to explain
some field observations about corrugation with the pinned-pinned resonance. First, cor-
rugation occurs only at some places but pinned-pinned resonance is everywhere in the
discretely-supported tracks. Second, the single pinned-pinned resonance cannot explain
the relatively small variation of wavelength with large variation in vehicle speed. Third,
Corrugation has been observed on embedded rail systems where pinned-pinned reso-
nance is absent. Therefore, more research endeavours are still needed to fully understand
the corrugation phenomenon.

Recently, new insight has been gained in [4] into the corrugation formation mech-
anism employing an advanced 3D finite element (FE) vehicle-track interaction model.
Corrugation initiation and consistent growth have been successfully reproduced that
share features similar to field corrugation. It is found that rail longitudinal compression
modes, instead of the commonly considered vertical modes, are responsible for corruga-
tion initiation with the necessary initial excitation that allows flexibility for longitudinal
vibration. To validate this hypothesis, an experimental study of corrugation has been per-
formed using a downscale V-Track test rig [8]. Compared to other testing facilities, the
V-Track has better dynamic similarity to the real vehicle-track system [9]. Corrugation
with a wavelength of 6.0 mm has been successfully produced on the rail surface.

To link the scaled laboratory tests to the full-scale reality, numerical simulation of
the corrugation in the V-Track is needed with the same modelling approach as in [4].
With this link, findings from the tests of corrugation development and anti-corrugation
measures in the V-Track can be quickly transferred to the real-life railway system.

This paper aims to develop a numerical model that can reproduce the corrugation
in the V-Track, with emphasis on the verification of the dominance of rail longitudinal
vibration modes on corrugation formation. The structure of this work is as follows.
Section 2 introduces the corrugation experiments in the V-Track and the 3D FE model of
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the vehicle-track dynamic interaction. Section 3 calibrates the track parameters including
the fastening and ballast stiffness and damping using the hammer tests. Section 4 presents
the numerical reproduction of corrugation and analyze its formation mechanism. The
main conclusions are drawn in Sect. 5.

2 Methodology

In this section, the corrugation experiment and the 3D FE model of the V-Track are
introduced.

2.1 The V-Track Test Rig and Corrugation Experiments

The V-Track test rig consists of two wheel assemblies (W1 and W3 in short) running over
aring track system, see Fig. 2. The wheel assemblies are fixed on the steel frames, which
are together pulled by a ‘driving motor’ to run on the ring track. Another ‘braking motor’
is also used to apply a controllable torque on the wheels to generate braking /traction
forces. The two wheels are cylindrical with a radius of 65 mm and they were cutting
from the real wheel rim to ensure identical materials. The ring track system consists of
four sections of rails connecting through rail joints. They were also cut from the real rail
heads and have the same rail profile with a head curvature radius of 60 mm. Important
track components that influence the wheel-track dynamic interaction, such as fastenings,
sleepers and ballast elasticity are included in the track system and their parameters are
designed according to the similarity law [9]. The loads of the V-Track in the vertical,
longitudinal and lateral directions are controllable by adjusting the suspension preloads,
wheel torque and angle of attack (AoA), respectively. Therefore, the wheel-rail dynamic
interaction on both the tangent and curved tracks can be simulated using the V-Track.

Fig. 2. The V-Track test rig for corrugation experiments [8].

In the corrugation experiment, the vertical (normal) loads on both wheels were around
4 kN, resulting in a maximum contact pressure of 1.35 Gpa. The AoA of both wheels
was designed to be as small as possible to simulate the wheel-rail lateral interaction
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on a tangent track. The braking motor was used to adjust one wheel torque (W1) that
achieved an adhesion coefficient of around 0.1 and the other (W3) as small as possible,
to simulate the driving and driven wheels, respectively. The wheel running speed was
16 km/h. Fastening clips were completely loosened for every other sleeper to simulate
the degraded fastenings on the rails of R220 and R260MN. 3D HandyScan tests were
performed to measure the corrugation geometry. Hammer tests were performed to obtain
the dynamic behaviours of the track and the wheels, which are related to the corrugation
characteristic frequency and wavelength. The contact forces are acquired with a sampling
frequency of 16.67 kHz using a dynamometer, which consists of four 3-component
piezoelectric force sensors mounted between the wheel assembly and the steel frame
[8].

Corrugation was successfully produced on the rail R220 with a major wavelength
() component of 6.0 mm, as shown in Fig. 3a and b. With a speed (v) of 16 km/h,
the characteristic frequency ( f) of the corrugation in the V-Track is 741 Hz, calculated
by f = v/l. By comprehensively analyzing the measured corrugation geometry, wheel-
rail contact forces and track dynamics, it is found that the rail longitudinal vibration
mode at 750 Hz and its induced longitudinal dynamic force are the ‘wavelength-fixing’
mechanism of rail corrugation in the V-Track test rig, as shown in Fig. 3c and d.

(b) 6.0 mm
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Fig. 3. Experimental results of rail corrugation in the V-Track. (a) Produced rail corrugation on
R220 and its geometry in the spatial domain; (b) corrugation with a major wavelength component
at 6.0 mm; (3) longitudinal dynamic force dominates corrugation formation at 6.0 mm; (d) the rail
longitudinal vibration mode at 750 Hz is the ‘wavelength-fixing’ mechanism of corrugation.
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2.2 3D FE Model of the V-Track

A 3D FE vehicle-track interaction model of the V-Track is developed, as shown in
Fig. 4. The axes X, Y, and Z refers to the longitudinal (rolling), lateral and vertical
directions, respectively. The wheel, rail and sleepers were modeled using 8-node solid
elements based on their real geometries and materials. Nonuniform meshing is employed
to achieve computation efficiency, and the finest meshing size in the solution zone is
0.2 mm to ensure calculation accuracy for the wheel-rail rolling contact. The primary
suspension, fastenings and ballast were modeled by spring-damper elements. The wheel-
rail contact model applied an automatic surface-to-surface contact scheme based on
the penalty contact algorithm. The wheel-rail friction coefficient was 0.35 [10]. An
implicit-explicit sequential approach was employed in the simulation to minimize the
solution time and the dynamic effects during the initialization of wheel-rail interaction.
In the explicit calculation, the initial translation velocity of 4.44 m/s (16 km/h) and
rotation velocity of 68.31 rad/s are prescribed to the wheel. An initial compression
displacement is set to suspension springs to apply a wheel preload of 4 kN. A braking
torque of 23 N.m and a zero AoA is applied to the wheel to adjust the wheel-rail friction
force. The adopted integration time step was sufficiently small (15 ns) to ensure the
stability of the integration and the contact. The fastening parameters play an important
role in corrugation formation. Experimental results indicate that the loose fastening
clamps serve as an effective initiation excitation in corrugation initiation [8]. To simulate
the loose fastenings, smaller stiffness and damping are applied in the fastening model
and their values are quantitatively derived by fitting the simulated frequency response
functions (FRFs) to the measured ones from hammer tests. They are listed in Table 1
together with the ballast parameters and the nominal material properties of the wheel,
the rail and the sleeper.
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Fig. 4. 3D FE vehicle-track dynamic model of the V-Track.
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Table 1. Values of parameters in the 3D FE vehicle-track model of the V-Track.

Components Parameter Value
Wheel, rail, sleeper Young’s modulus 210 GPa
Poisson’s ratio 0.3
Density 7850 kg/m?3
Suspension Vertical stiffness 230 kN/m
Vertical damping 100 N.s/m
Fastening Vertical stiffness 85 MN/m
Vertical damping 2.5 kN.s/m
Longitudinal stiffness 10 MN/m
Longitudinal damping 4.8 kN.s/m
Lateral stiffness 10 MN/m
Lateral damping 4.8 kN.s/m
Rubber pad (ballast) Vertical stiffness 15 MN/m
Vertical damping 250 N.s/m
Longitudinal stiffness 1.2 MN/m
Longitudinal damping 175 N.s/m
Lateral stiffness 1.2 MN/m
Lateral damping 200 N.s/m

2.3 Wear Model

The damage by wear WT at a point in the rail surface is assumed to be proportional to
the accumulated frictional work done during wheel passages [11]. When such a point
is represented by a surface element, the frictional work is calculated for each wheel
passage, i.e., from the element entering until leaving the contact patch, as follows:

N
Wr(x.y) = kwp(x,y) =k mx yvix.y) -t (1)

where k is the wear coefficient, wf (X, y) is the frictional work, ti (x, y) and vi (x, y) are
the local tangential stress and slip, respectively, and N is the number of time steps At
during which the element passes through the contact patch.

3 Track Parameter Calibration

The track parameters, including the stiffness and damping of the fastenings and rubber
pads, are calibrated by fitting the simulated receptances to the measured ones from
hammer tests. Figure 5 shows the closest fit of the simulation to the measurement in the
vertical direction. It can be seen that the overall tendency and amplitude of the simulation
match the measurement well up to 6 kHz. Further, the simulation result successfully
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reproduces the four major characteristic frequencies at about 360 Hz, 1100 Hz, 2600 Hz
and 4600 Hz. The modal analysis results indicate that they correspond to the full track
resonance mode, sleeper bending modes, rail resonance and pinned-pinned resonance
modes, respectively. Good agreement has also been achieved between the simulated
and measured track receptances in the longitudinal and lateral directions, indicating the
accuracy of the FE model and in reproducing 3D track dynamics.

10°
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Fig. 5. Comparison between simulated and measured track receptances in the vertical direction.

4 Corrugation Reproduction and Formation Mechanism

When the wheel rolls over the rail with loose fastenings, wheel-rail dynamic forces
are induced, causing differential wear and corrugation formation on the rail surface.
Figure 6 shows the simulated initial differential wear from the 3D FE model in the
spatial and wavelength domains. These results are normalized and bandpass filtered
between 2 mm and 15 mm. It can be seen from Fig. 6a that the initial differential wear
has large fluctuation amplitude and will cause corrugation after multiple wheel passages.
The major wavelength component is at about 5.7 mm, as shown in Fig. 6b. Comparing
Fig. 6 with the experimentally produced corrugation in Fig. 3a and 3b, it can be seen that
the simulated differential wear is similar to the measured corrugation geometry in terms
of the spatial distribution and the dominant wavelength component. This agreement
indicates that the 3D FE model can successfully reproduce the rail corrugation in the
V-Track.
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Meanwhile, it is observed that the simulated differential wear does not include the
long-wavelength components (e.g., § mm—15 mm) that exist in the measured corrugation
geometry in Fig. 3b. The possible reason is that in the FE simulation, the rail surface is
smooth without considering the initial surface roughness that exists in reality. Besides, the
lateral wheel-rail dynamic interaction is underestimated in the FE simulation with a zero
AoA, which shows relatively strong fluctuation in the V-Track tests. The lateral dynamic
force in the experiments may contribute to the development of this long-wavelength
roughness.

Differential wear
PSD []

0 10 20 30 40 50 60 1 3 6 10 20

Position [mm)] Wavelength [mm]
(a) (®)

Fig. 6. The simulated initial differential wear from the 3D FE model. (a) In the spatial domain;
(b) in the wavelength domain.

In order to further study the ‘wavelength-fixing’ mechanism of corrugation, a modal
analysis was performed using the FE model with loose fastenings. A rail longitudinal
compression mode at about 790 Hz is identified that corelates well to the simulated
corrugation frequency of about 780 Hz, as shown in Fig. 7. This mode frequency is
slightly higher than the experimental corrugation frequency of about 740 Hz, which may
be related to the fastening model and parameters and will be further investigated in future
research. The numerical simulations are consistent with the experimental evidences that
indicate rail longitudinal vibration model and its induced longitudinal dynamic force
dominates corrugation formation in the V-Track. Furthermore, the finding about the
dominance of rail compression mode on corrugation formation in this work agrees with
the full-scale 3D FE simulation of field corrugation [4].
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Fig. 7. Rail longitudinal compression mode at 790 Hz.

5 Conclusions

In this work, numerical simulation of the corrugation in the V-Track is performed to
better understand corrugation mechanism and link the scaled laboratory tests to the full-
scale reality. Through this link, findings from the tests of corrugation formation and
mitigation measures in the V-Track can be more conveniently transferred to the real-life
railway system. First, the structure of the V-Track and the corrugation experiment are
briefly introduced. Corrugation was produced on the rail surface. Experimental evidences
indicate that rail longitudinal vibration model and its induced longitudinal dynamic force
are dominant for corrugation formation with the initial excitation from loose fastenings.

Afterwards, a 3D FE vehicle-track dynamic model of the V-Track is established. The
parameters of the fastening model are calibrated by fitting the simulated track receptances
to hammer tests. Corrugation is successfully reproduced using the FE mode with a major
wavelength component of 5.7 mm, and it share features similar to the experimentally
produced corrugation in the V-track in the spatial and wavelength domains. The modal
analysis results demonstrate that a rail longitudinal compression mode at 790 Hz is
‘wavelength-fixing’ mechanism of the corrugation in the V-Track, matching well with
the experimental results.

In summary, this work verifies the dominance of rail longitudinal vibration mode
on corrugation formation and contributes to a better understanding of corrugation for-
mation mechanism. In future work, the fastening models and parameters will be further
investigated to gain insights for corrugation mitigation approaches.
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