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via the V-Track test rig
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ABSTRACT
Wheel-rail high-frequency interaction is closely related to the for-
mation of railway short-wave defects. Finite element (FE) method
has been widely used to simulate wheel-rail dynamic systems, but
its validity in modelling high-frequency interaction has not been
fully demonstrated in three dimensions (3D). This work aims at
comprehensively validating the 3D FE modelling of wheel-rail high-
frequency interaction using a downscale V-Track test rig. First, the
FE model of the V-Track is developed that comprehensively includes
the 3D track elasticity. The simulated track dynamic behaviours are
validated against hammer tests, and the major vibration modes are
analyzed employingmodal analysis. Afterwards, the simulate wheel-
rail dynamic responses are comprehensively compared with mea-
surement results up to 10 kHz. Their characteristic frequencies are
identified and correlated to the eigenmodes of the vehicle-track sys-
tem. The results indicate that the proposed 3D FE model is capable
of comprehensively and accurately simulating the 3D track dynam-
ics and wheel-rail dynamic interaction of the V-Track up to 10 kHz.
Rail vibrations dominate the wheel-rail dynamic contact within 10
kHz, while thewheel vibrations play an increasingly important role at
higher frequencies and become decisive near the wheel eigenmode
frequencies. The V-Track overall achieves dynamic similarity to the
real vehicle-track system.
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1. Introduction

In recent decades, the railway has become one of themost popular transport modes world-
wide because of being safe, green and efficient. Railway trains keep evolving toward the
higher speed and the heavier axle load to meet the increasing demand for a shorter travel
time and a larger transport capacity. With increased train speeds and axle loads, vari-
ous short-wave defects have occurred on the wheels and rails with higher probability,
such as short pitch rail corrugation, squats, and wheel polygonisation [1–5]. They excite
large wheel-rail impact force, induce fierce vibration and noise, and further accelerate the
deterioration of the vehicle-track system, which considerably increases the maintenance
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cost. The formation of the short-wave defects is closely related to the wheel-rail dynamic
interaction [6–10], especially in the high-frequency range (i.e. 1.5 kHz [11]). To iden-
tify their formation mechanisms and develop the corresponding countermeasures, a good
understanding of wheel-rail high-frequency interaction is needed.

Numerous models have been developed to simulate wheel-rail dynamic interaction in
the literature. W. Zhai et al. [12–14] propose a classical vehicle-track coupled model that
considers the vehicle and the track as an integral system coupling through wheel-rail con-
tact, which has been widely used to understand and optimise the railway dynamic system
[15–18]. D. Thompson et al. [19,20] developed a dynamic model to investigate wheel-rail
noise where the wheel and the rail structural vibrations excited by the surface rough-
ness have been treated in detail. J.C. Nielsen et al. [21] simulated dynamic wheel-rail
interaction with flexible wheelsets and moving track models and validated it against field
wheel-rail contact force measurement. It was reported that track flexibility is important in
the wheel-rail interaction and wheelset flexibility is also significant in the lateral wheel-
rail interaction. X. Jin [22,23] developed a three-dimensional (3D) train-track model with
a modification of Kalker’s non-Hertzian rolling contact theory to study rail corrugation
in a curved track and found that the initial corrugation with a fixed wavelength is grad-
ually erased by wheel-rail interaction instead of growing. Most models in the literature
simulate the wheel as a rigid body and the rail as a beam and they are coupled together
by Hertzian or non-Hertzian contact [24–27]. However, L. Baeza et al. [28] pointed out
that wheel flexibility plays an important role in the high-frequency wheel-rail dynamics
and the corrugation calculation results indicate that a rigid wheel model may misinter-
pret the corrugation wavelength-fixing mechanism. C. Shen [29] compared the simulated
frequency response functions (FRFs) of a rail beam model with the experimental results
from the hammer test and concluded that the beam model is only accurate up to 800 Hz.
Besides, the half-space assumption of the Hertz theory may not hold when dealing with
non-steady wheel-rail contact at short-wave corrugation and squats [9,30,31]. Therefore,
an advanced model that can more accurately simulate the high-frequency dynamics and
contact mechanics of the wheel-rail system is necessary to better understand and mitigate
the short-wave defects and their induced vibration and noise.

With the development of computation power, the finite elementmethod (FEM)has been
increasingly employed to model wheel-rail dynamic interaction at track discontinuities
(i.e. crossings [32] and rail joints [33,34]) and wheel and rail defects (i.e. wheel flat [35]
and polygonisation [36], rail corrugation [9,37] and squats [38,39]). Compared to other
methods, FEM is capable of reproducing high-frequency dynamic effects in the wheel-rail
interaction by including the continuum dynamics of the wheel and the rail. Meanwhile,
it has the advantages of handling arbitrary contact geometries and nonlinear material
properties to provide more accurate contact solutions [40]. In the literature, the FEM of
wheel-rail dynamic interaction has been validated in terms of wheel-rail frictional rolling
contact solutions [41,42], axle box acceleration (ABA) [43,44] and track vibrations [45,46].
However, these validation efforts have been performed in different models with diverse
boundary conditions and parameters. Whether one model using the FEM can simultane-
ously match the global responses of the wheel-rail system remains unknown. One of the
possible difficulties here is the lack of synchronous measurement data in the field. Besides,
most FE models only considers the vertical track elasticity, such as the vertical fastening
and ballast stiffness, without including the lateral and longitudinal track elasticity. This
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simplificationmay cause unrealistic simulations of wheel-rail dynamic interaction in these
two directions, which need to be further improved by comprehensively including 3D track
elasticity.

To experimentally investigate wheel-rail dynamic interaction, an innovative downscale
test rig called ‘V-Track’ has been developed in the laboratory. Compared to the exist-
ing testing facilities, the V-Track can better simulate the high-frequency dynamics of the
vehicle-track system by the detailed treatment of wheel/rail material and geometry and
the inclusion of important track and vehicle structural components [47] (see Figure 1).
Many sensors have been installed in the V-Track that enables us to synchronously acquire
the dynamic responses of the wheel-rail system in a controllable environment, includ-
ing wheel-rail contact forces [48], ABA, and track vibration velocities and accelerations.
Besides, the hammer, 3D Handyscan and hardness tests can be performed in the V-Track
to gain insights into the vehicle and track dynamic behaviours, wheel and rail profiles and
hardness changes [49]. Some typical defects, such as rail corrugation [49] and head checks
[50], were successfully reproduced and studied using the V-Track. The corresponding
mitigation approaches to these defects can be developed and tested.

This work aims to comprehensively validate the 3D FEM via the V-Track test rig and
contribute to a better understanding of wheel-rail high-frequency interaction. The paper
is organised as follows. Section 2 develops a 3D FE wheel-rail interaction model of the
V-Track. Section 3 compares the dynamic behaviours of the curved and straight track,
validates the 3D track dynamics by hammer tests, and analyzes the eigenmodes of the track
employing modal analysis. Section 4 comprehensively validates the simulated responses
against the measured pass-by rail accelerations, wheel-rail contact forces and ABA up to
10 kHz in three directions, and identifies the characteristic frequencies of the wheel-rail
dynamic interaction. Section 5 further discusses the simulation results and the dynamic
similarity between the V-Track and the real wheel-rail system. Section 6 draws the main
conclusions.

2. 3D FE wheel-rail interactionmodel of the V-Track

In this section, the structure and main components of the V-Track are first briefly intro-
duced (Section 2.1), and the corresponding 3D FE model of the V-Track is developed to
simulate the wheel-rail dynamic interaction (Section 2.2).

2.1. Structure of the V-Track

The current V-Track configuration shown in Figure 1 is approximately 1/5 scale of the
real vehicle-track system, consisting of two wheel assemblies mounted on the ends of the
main frame, running over a ring track system, as shown in Figure 1a. Figure 1b depicts
the structure and main components of one wheel-track system in detail. The cylindrical
wheel is cut from real Dutch railway wheel and has a diameter of 130 mm. It is connected
to a guiding block through an axle box. The wheel, axle box and guiding block together
are movable vertically along two guiding shafts under the preloads of primary suspension
springs. The spring stiffness in total is 230 N/mm, and the preload is adjustable from 0 to
7500 N by changing the initial compression of the springs. The angle of attack (AoA) of the
wheel is also adjustable between −2° and +2° by rotating the axle box around its vertical



4 P. ZHANG ET AL.

Figure 1. The downscale wheel-rail dynamic interaction test rig named ‘V-Track’. (a) Structure of the
V-Track, consisting of two wheel assemblies running on a ring track system; (b) main components of
the V-Track; (c) setup for the pass-by rail acceleration measurement and the hammer test. The clamp is
designed for the longitudinal excitation of the track.

axis. There are two motors in the V-Track. One drives the main beam to rotate so that the
wheel assemblies run along the ring track with a maximum speed of 40 km/h. The other
applies a controllable torque to the wheels. If the torque and AOA are zero, the wheels will
in principle run as free wheels on the rail, mimicking the wheels of a trailer railway wagon
on a straight track. Depending on the direction of the torque, desired braking or traction
force is generated at the wheel-rail contact. Other vehicle components above the primary
suspension, such as the bogie, secondary suspension and car body, are not included
in the V-Track because of their insignificant influence on wheel-rail high-frequency
vibrations [11].

The ring track has a diameter of 4 m and consists of four sections of S7 rails connected
by four rail joints; each section is a quarter of the ring and is 3.14 m long. The rails are
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constrained on steel sleepers by fastenings, as shown in Figure 1b. In total, 100 sleepers
are used with an average sleeper span of 125 mm. The clips of fastenings are installed
every three or four sleepers to induce relatively strong dynamic excitation to the wheel-
rail system. The sleepers are fixed with bolts on plywood layers that are used to simulate
the subgrade. Between sleepers and plywood layers are rubber pads which reproduce the
elasticity and damping of ballast layers in real tracks. The rail inclination is approximately
0 to achieve wheel-rail contact in the middle of the rail head.

In the test, the loading condition of the V-Track is designed to simulate wheel-rail
dynamic interaction on straight tracks. Thewheel preload is set to 4500N, equivalent to the
field axle load of about 11.25 t based on the similarity law [47,51], with amaximum contact
pressure of 1.15 Gpa. The similarity law is a common scaling method to relate the scale rig
to its full-size equivalence [47,51]. A torque of 23 N.m is applied to generate a adhesion
coefficient of around 0.08. The AoA is set to be a small value of about 2 mrad. The wheel
rolling speed is 13 km/h. Dynamometers are in the wheel assemblies to continuously mea-
sure the wheel-rail contact forces in the vertical, longitudinal and lateral directions [48].
Three 1D accelerometers are placed on the wheel axle box to measure the ABA in three
directions. The pass-by rail accelerations at the 75th sleeper are measured in three direc-
tions by a 3D sensor, as shown in Figure 1c. Hammer tests are also performed at this sleeper
to obtain the dynamic behaviours of the track system; the vertical and lateral excitation
positions are on the rail head and gauge face, respectively, as close as possible to the 3D
sensor. The longitudinal excitation is applied using a self-made clamp (see Figure 1c). A
3D HandyScan test [49] is conducted to measure the geometry and surface roughness of
the rail and the wheel.

2.2. 3D FEmodelling of the V-Track

A 3D FE wheel-rail interaction model of the V-Track is developed in ANSYS software, as
shown in Figure 3. The axes X, Y, and Z refers to the longitudinal (rolling), lateral and ver-
tical directions, respectively. The wheel, rail and sleepers are modelled based on their real
geometries and materials using 8-node solid elements. Nonuniform meshing is employed
to achieve computation efficiency, and the finest meshing size is in the solution zone and
is 0.2 mm to ensure calculation accuracy for the wheel-rail rolling contact [41]. The axle
box and guiding block are together modelled bymass elements. The primary suspension is
modelled by spring-damper elements with an initial compression to apply a wheel preload
of 4500 N. Compared to the models in the literature [38,40,43,45], this work extends the
fastenings and the ballast models (rubber pads beneath the sleeper in Figure 1b) from one-
dimensional to three-dimensional spring-damper elements, as shown in Figure 2a. In this
manner, not only the vertical track elasticity, but also the longitudinal and vertical ones
are included to more realistically simulate the track dynamics and further the wheel-rail
dynamic interaction. The parameters of fastenings and ballast (i.e. stiffness and damping)
are calibrated by best fitting the simulated track dynamics to thosemeasured fromhammer
tests [52]. They are listed in Table 1 together with the nominal material properties of the
wheel, the rail and the sleeper. The track model is 3.14 m long, corresponding to one of the
4 rail sections. Both curved and straight tracks are modelled to investigate the effect of the
rail curvature (the 4-meter diameter) on the track dynamics, as shown in Figure 2b.
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Figure 2. 3D FE wheel-rail dynamic interaction model of the V-Track. (a) Overview of the 3D FE model,
including the suspension spring, wheel, rail, fastenings, sleepers and ballast elasticity. The letters ‘R’, ‘S’,
‘v’ represent rail nodes, sleeper nodes and wheel speed, respectively. (b) the curved and straight track
models with a length of 3.14 m. They are used to investigate the effect of the rail curvature on track
dynamics.

The wheel-rail contact model applied an automatic surface-to-surface contact scheme
based on the penalty contact algorithm [53]. The coefficient of friction is 0.35. The mea-
sured surface geometry from the 3D HandyScan test is adopted in the model to reproduce
a realistic wheel-rail contact. An implicit-explicit sequential approach is employed to min-
imise the solution time and the dynamic effects during the initialisation of wheel-rail
interaction. In the explicit calculation, the initial translation velocity of 3.61 m/s (13 km/h)
and rotation velocity of 55.56 rad/s are prescribed to the wheel. The same initial translation
velocity is applied to the suspension spring, axle box and guiding block. A braking torque
of 23N.m and a small AoA of 2mradwas also applied to themodel, generating a longitudi-
nal braking force of about 230 N and a lateral force of about 100 N. This loading condition
was designed to simulate the 3D wheel-rail dynamic interactions on the tangent track. The
integration time step was sufficiently small (15 ns) to guarantee convergence and ensure
the stability of the integration and the contact solution [54].
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Table 1. Valuesof parameters in the3DFEwheel-railmodel
of the V-Track.

Components Parameter Value

Wheel, rail, sleeper Young’s modulus 210 GPa
Poisson’s ratio 0.3
Density 7850 kg/m3

Suspension Vertical stiffness 230 kN/m
Vertical damping 100 N.s/m

Fastening Vertical stiffness 290 MN/m
Vertical damping 5.5 kN.s/m
Longitudinal stiffness 45 MN/m
Longitudinal damping 3.4 kN.s/m
Lateral stiffness 36 MN/m
Lateral damping 6.9 kN.s/m

Rubber pad (ballast) Vertical stiffness 17 MN/m
Vertical damping 500 N.s/m
Longitudinal stiffness 1.5 MN/m
Longitudinal damping 175 N.s/m
Lateral stiffness 15 MN/m
Lateral damping 300 N.s/m

3. Validation of 3D track dynamics

In this section, we first numerically compare the vibration characteristics of the straight
and curved free rail in terms of frequency-wavenumber dispersion relations and vibration
modes (Section 3.1). Afterwards, the simulated curved and straight track dynamics in the
vertical, longitudinal and lateral directions are validated against the hammer tests (Section
3.2). During this process, the track dynamic parameters (i.e. railpad stiffness and damp-
ing) are calibrated, and the major track vibration modes are identified employing a modal
analysis.

3.1. Comparison of the vibration characteristics of the straight and curved free rail

Figure 3 shows the wavenumber-frequency dispersion relations of the straight and curved
free rail calculated by the same method as in [55]. Six wave modes are obtained within
10 kHz, which are vertical bending (I), longitudinal compression (II), lateral bending (III),
lateral torsion (IV), web 1st bending (V), and web 2nd bending (VI) modes. respectively. It
can be seen that the dispersion relations of the curved rail overall matches well with those
of the straight rail, indicating the insignificant influence of the current rail curvature on the
vibrational waves. Some slight deviations are observed in the vertical bendingwaves (I) and
lateral torsionwaves (IV) at frequencies lower than 1.5 kHz (indicated by the yellow boxes),
which is caused by their mode coupling due to the rail curvature [56,57]. Meanwhile, a
non-zero cut-on frequency of the longitudinal compression waves (II) is observed with the
curved rail, which is commonly referred to the breathing or ring mode [56,57], caused by
the coupling between the lateral movement and axial compression in a curved beam. These
deviations will be reduced by the fastening constraints, which suppress and decouple rail
vibrational waves [46]. Figure 4 further shows some examples of the rail vibration modes
in the vertical, longitudinal and lateral directions. Both themode frequencies (mf in short)
and shapes are almost the same in the curved and straight rails, as long as their profiles,
materials and lengths are identical.
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Figure 3. The wavenumber-frequency dispersion relations of the straight (solid lines) and curved
(dashed lines) free rail. In this figure, ‘I’ refers to vertical bending waves, ‘II’ longitudinal compression
waves, ‘III’ lateral bending waves, ‘IV ‘lateral torsion waves, ‘V’ web 1st bending waves, and ‘VI’ web 2nd
bending waves. The yellow boxes show the close-up of the results within 2 kHz to better illustrate the
difference between the straight and curved rail.

Figure 4. Vibration modes of the straight and curved free rail. (a) Vertical bending mode of the straight
rail at 2119 Hz with the wavelength of 0.57 m; (b) longitudinal compression mode of the straight rail at
3304 Hz with the wavelength of 1.57 m; (c) lateral bending mode of the straight rail at 1116 Hz with the
wavelength of 0.45 m; (d) vertical bending mode of the curved rail at 2168 Hz with the wavelength of
0.57 m; (e) longitudinal compression mode of the curved rail at 3334 Hz with the wavelength of 1.57 m;
(f ) lateral bending mode of the straight rail at 1114 Hz with the wavelength of 0.45 m. In this figure,mf
refers to mode frequency in short from themodal analysis, and the l the wavelength of themode shape.

3.2. Validation of 3D track dynamics by hammer tests

The track parameters, including the stiffness and damping of the fastenings and rubber
pads, are derived by fitting the simulated accelerances to the measured ones from hammer
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tests. Figure 5 shows the closest fit of the simulation to the measurement in three direc-
tions up to 10 kHz. It can be seen that the simulated track dynamics with the straight and
curved track almost overlap completely with each other in three directions, further con-
firming their dynamic similarity. Hereinafter, the results of the straight track are present
for ease of analysis and description in the global Cartesian coordinate system. The major
characteristic frequencies and their corresponding vibration modes of the track are also
identified employing a modal analysis and listed in Table 2.

Figure 5a compares the simulated and measured vertical accelerances. The overall
tendency and amplitude of the simulation match the measurement well up to 10 kHz. Fur-
ther, the simulation result successfully reproduces the six major characteristic frequencies
(notated by T1z, T2z, . . . ,T6z) in the measurement. The modal analysis result in Figure 6a
shows that T1z at 410 Hz corresponds to the vertical resonance mode of the full track, in
which rail and sleeper in-phase vibrate vertically on the elasticity of the rubber pads (bal-
last) [58]. Following the cutting-on frequency of T1z, there is a series of harmonics of rail
vertical bending modes/waves [29,59]. T2z at 610 Hz is one of them with a wavelength (l)
of 1.05 m, see the mode shape in Figure 6b, as well as another minor peak at 730 Hz (see
Figure 5a). Figure 6c depicts that T3z at 1100 Hz corresponds to the resonance mode of
the 1st sleeper bending [52], in which rail vibrates in-phase with the sleeper at rail seats
where the sleeper vertically bends. The minor peaks following T3z are also the harmonic

Figure 5. Comparison between simulated andmeasured track accelerances in the (a) vertical, (b) longi-
tudinal, and (c) lateral directions. Thedashedpink lines and correspondingnotations (T ix, T iy, T iz) indicate
the characteristic frequencies of the track in three directions. The green dashed box in (b) marks the
unreliable frequency range of the longitudinal hammer test using the self-made clamp.
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Table 2. Comparison of track vibration modes between simulations and measurement.

Notations Frequency [Hz] (Measurement/Simulation) Track eigenmodes

T1z 410/440 Full track vertical resonance mode at 437 Hz
T2z 610/590 Rail vertical bending mode at 583 Hz
T3z 1100/1095 Sleeper 1st vertical bending mode at 1148 Hz
T4z 2580/2550 Rail vertical resonance mode at 2479 Hz
T5z 3150/3190 Rail vertical bending mode at 3128 Hz
T6z 6270/6320 Vertical pinned-pinned resonance mode at 6280
T1x 340/335 Sleeper in-plane rotation mode at 330 Hz
T2x 565/550 Sleeper longitudinal translation mode at 597 Hz
T3x 1110/1130 Rail longitudinal resonance mode at 1173 Hz
T4x 1800/1835 Rail longitudinal compression mode at 1943Hz
T5x 2615/2610 Rail longitudinal compression mode at 2691 Hz
T6x 2955/3185 Sleeper in-plane bending mode at 3213 Hz
T1y 360/320 Full track lateral resonance mode at 330 Hz
T2y 600/590 Rail lateral torsion mode at 597 Hz
T3y 800/760 Rail lateral torsion mode at 733 Hz
T4y 1700/1830 Rail lateral bending mode at 1809Hz
T5y 3170/3175 Lateral pinned-pinned resonance at 3159 Hz
T6y 4670/4780 Rail lateral bending mode at 4846 Hz

Figure 6. Mode shapes corresponding to the characteristic frequencies of the vertical accelerance. (a)
Full track vertical resonance mode at T1z; (b) rail vertical bending mode at T2z; (c) sleeper 1st vertical
bending at T3z; (d) rail vertical resonance mode at T4z; (e) rail vertical bending mode at T5z; (f ) ver-
tical pinned-pinned resonance mode at T6z. The peak frequency T iz is obtained from the measured
accelerance.

bendingmodes with the cutting-on frequency of T3z. Figure 6d shows that the rail vibrates
in anti-phase with the sleeper on the elasticity of rail pads at T4z of 2580 Hz, correspond-
ing to rail vertical resonance mode. T5z at 3150 Hz and T6z at 6270 Hz are two harmonic
bending modes after the cutting-on frequency of T4z with wavelengths of four (see Figure
6e) and two (see Figure 6f) sleeper spans, respectively. The latter is also known as vertical
pinned-pinned resonance mode. The similarity of these characteristic modes to the field
ones will be discussed in Section 5.3.

It is noted from Figure 5a that the simulation overestimates the vertical accelerance
between 400 and 600 Hz where sleepers and their constraints play an important role in
the track vibration. In the V-Track, the sleeper is fixed by bolts on the plywood with a
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Figure 7. Mode shapes corresponding to the characteristic frequencies of the longitudinal accelerance.
(a) Sleeper in-plane rotation mode at T1x; (b) sleeper longitudinal translation mode at T2x; (c) rail lon-
gitudinal resonance mode at T3x; (d) rail longitudinal compression mode at T4x; (e) rail longitudinal
compression mode at T5x; (f ) sleeper in-plane bending mode at T6x. The peak frequency T ix is obtained
from the measured accelerance.

rubber pad in between, see Figure 1b. In the simulation, the sleeper bolts are not directly
modelled but indirectly considered by compensating it in the stiffness of the fastening and
rubber pad, probably underestimating their constraints and thus causing larger vibration
level than reality. Besides, the fastening and ballast elasticity are simplified into the linear
spring-damper elements instead of a more accurate solid model [45] to save computation
cost, which may contribute to the deviation between the simulation and measurement.

Figure 5b compares the simulated and measured longitudinal accelerance. Good agree-
ment between the simulation and the measurement has been achieved up to about 3 kHz
in terms of the overall tendencies and vibration amplitude. Considerable differences are
observed at frequencies higher than 3 kHz, where the measurement result is not reliable
because the self-made clamp (Figure 1c) cannot effectively transfer the hammer excita-
tion to the rail at high frequency. Six longitudinal characteristic modes (notated by T1x,
T2x, . . . T6x in Figure 5b) are identified in both the simulation andmeasurement, as shown
in Figure 7 and Table 2. Among them, T1x at 340 Hz and T2x at 565 Hz are anti-resonance
modes, corresponding to the sleeper in-plane (longitudinal-lateral plane) rotation and lon-
gitudinal translationmodes, respectively, as shown in Figure 7a and b. Figure 7c shows that
T3x at 1110Hz correspond to the rail longitudinal resonancemode, in which the rail moves
in anti-phase with sleepers on the longitudinal stiffness of fastenings. T4x at 1800Hz and
T5x at 2615 Hz are two harmonic longitudinal compression modes after the cutting-on
frequency of T3x with wavelengths of 3.14 m (see Figure 7d) and 2.09 m (see Figure 7e),
respectively. Figure 7f shows that at T6x of 3213 Hz, the rail is in compression/rarefaction
vibration while sleepers bend in the longitudinal-lateral plane.

The closest fit of the simulated to themeasured lateral accelerance is shown in Figure 5c.
The overall tendency of the simulation agrees with the measurement up to 10 kHz. Some
characteristic frequencies and their corresponding modes are also derived, as summarised
in Figure 8 and Table 2, notated as T1y, T2y, . . . T6y. Figure 8a shows that T1y at 360 Hz
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Figure 8. Mode shapes corresponding to the characteristic frequencies of the lateral accelerance. (a)
Full track lateral resonancemode at T1y; (b) rail lateral torsionmode at T2y; (c) rail lateral torsionmode at
T3y; (d) rail lateral bending mode at T4y; (e) lateral pinned-pinned resonance mode at T5y; (f ) rail lateral
bending mode at T6y. The peak frequency T iy is obtained from the measured accelerance.

corresponds to full track resonancemode in the lateral directionwhere the rail and sleepers
vibrate in-phase on the lateral stiffness of the rubber pads (ballast). Figure 8b and c show
that T2y at 600 Hz and T3y at 800 Hz are two rail lateral torsionmodes with the wavelength
of 0.90 and 0.52 m, respectively. Figure 8d,e,f show that T4y at 1700Hz, T5y at 3170 Hz
and T6y at 4670 Hz correspond to rail lateral bending modes with the wavelength of 0.35,
0.25 and 0.20 m, respectively. Among them, T5y at 3170 Hz is the lateral pinned-pinned
resonance mode whose wavelength is twice the sleeper span.

Overall, good agreement has been achieved between the simulated and measured track
accelerances in three directions in terms of overall tendency, amplitude and characteristic
frequencies, indicating that the proposed model can accurately simulate track dynamic
behaviours in the high-frequency range. Meanwhile, the vibration characteristics of the
curved rail in the V-Track are approximately equivalent to those of the straight rail in the
high-frequency range under the fastening constraints, which provides a basis to achieve
dynamic similarity between the V-Track ring track and field tracks and further the wheel-
rail interaction.

4. Comprehensive validation of wheel-rail dynamic interaction responses

In this section, the simulated wheel-rail dynamic responses including rail vibrations,
wheel-rail contact forces and wheel vibrations, are comprehensively compared with mea-
surement results. Besides, the characteristic frequencies of the wheel-rail dynamic interac-
tion are identified.

4.1. Validation of rail vibrations

Figure 9 compares the simulated and measured rail accelerations in the frequency domain
up to 10 kHz in the vertical, longitudinal and lateral directions. These signals are taken
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within one sleeper span, half before and after the 75th sleeper, and processed by synchro-
squeezed wavelet transform [60]. It can be seen from Figure 9a that the overall tendency
and amplitude of the simulated vertical rail acceleration matches the measurement well
up to 10 kHz. The vertical rail vibration energy mainly concentrates on six characteristic
frequencies, indicated by f iz (i = 1, 2, . . . , 6) in Figure 9a. They correspond to the eigen-
modes of the vehicle-track system, as listed in Table 3, which will be further analysed in
Section 5.2. The simulation successfully reproduces them with similar magnitudes to the
measurement despite some frequency shift at f 3z.

Figure 9b shows that good agreement has been achieved between the simulated and
measured longitudinal rail accelerations with respect to the overall trend within 10 kHz
and seven characteristic frequencies (notated by f ix, i = 1,2, . . . ,7). Magnitude deviations
are observed at some frequencies, i.e. f 3x and f 5x. Based on the peak sharpness in Figure
9b, it seems that the damping of the simulation is relatively smaller compared to the mea-
surement at lower frequencies (i.e. f 1x and f 3x), causing sharper peaks and magnitude
overestimation, while that is larger at higher frequencies (i.e. f 5x), causing a blunter peak
and magnitude underestimation. A non-linear damping parameter instead of the linear
one in the current model will be considered in future research to narrow the gap.

Figure 9c compares the simulated andmeasured lateral rail accelerations, and their aver-
age vibration levels generally match each other. The simulation basically captures the main

Figure 9. Comparison of simulated and measured rail accelerations in the frequency domain in the
(a) vertical, (b) longitudinal, and (c) lateral directions. The dashed pink ovals and corresponding nota-
tions (f ix, f iy, f iz) indicate the characteristic frequencies of the vehicle-track dynamic interaction in three
directions.
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Table 3. Characteristic frequencies and their corresponding eigenmodes
of vehicle-track system.

Notations Frequency [Hz] Eigenmodes of vehicle-track system

f 1z 100–130 P2 resonance mode
f 2z 450–600 Rail vertical bending mode at 583 Hz (T2z)
f 3z 1000–1200 Sleeper 1st vertical bending mode at 1148 Hz (T3z)
f 4z 1900–2300 Rail vertical resonance mode at 2479 Hz (T4z)
f 5z 4000–4500 Zero nodal circle and two nodal diameters at 4143 Hz
f 6z 8500–8700 One nodal circle and zero nodal diameters at 8127 Hz
f 1x 100–130 P2 resonance mode, coupling from f 1z
f 2x 220–260 Sleeper in-plane rotation mode at 330 Hz (T1x)
f 3x 450–600 Sleeper longitudinal translation mode at 597 Hz (T2x)
f 4x 1200–1500 Wheel axle bending mode at 1235 Hz
f 5x 2300–2700 Rail longitudinal compression mode at 2691 Hz (T5x)
f 6x 4300–4500 Zero nodal circle and two nodal diameters at 4143 Hz
f 7x 8500–8700 One nodal circle and zero nodal diameters at 8127 Hz
f 1y 100–130 P2 resonance mode, coupling from f 1z
f 2y 450–600 Rail lateral torsion mode at 597 Hz (T2y)
f 3y 1000–1200 Wheel axle bending mode at 1235 Hz
f 4y 1600–1800 Rail lateral bending mode at 1809Hz (T4y)
f 5y 2100–2500 Zero nodal circle and one nodal diameters at 2337 Hz
f 6y 3900–4300 Zero nodal circle and two nodal diameters at 4143 Hz
f 7y 8500–8700 One nodal circle and zero nodal diameters at 8127 Hz

frequency contents of the measurement, notated by f 1y, f 2y . . . , f 7y, with close magnitudes
at f 1y, f 2y, f 5y, f 7y. Compared to the vertical and longitudinal directions, the relatively large
difference between the lateral simulation and measurement is possibly caused by that the
ring rails are not purely circular in reality, leading to varying AoA and lateral wheel-rail
dynamic interaction in the measurement.

Overall, the good agreement between the simulation and measurement in the verti-
cal and longitudinal directions and reasonable agreement in the lateral direction indicate
that the proposed 3D FE model can accurately simulate vehicle-track high-frequency
interaction in three directions.

4.2. Validation of wheel-rail contact force

Figure 10 compared the simulated and measured wheel-rail contact force in three direc-
tions. It can be seen from Figure 10a that the simulation successfully reproduces the five
characteristic frequencies of the vertical force, as marked by dashed pink ovals. The sim-
ulated magnitude of the vertical force is comparable to that from the measurement within
1.2 kHz, but considerably larger at higher frequencies. The reason is that the current
dynamometer is designed to measure the wheel-rail contact force without compensation
for the inertia force of the wheel assembly [48], and thus may not accurately measure the
dynamicmagnitude. Nevertheless, the results in Figure 10a indicate that the dynamometer
can indeed capture the dynamic effect of the vehicle-track interaction and the characteris-
tic frequencies. Meantime, it can be concluded that the vertical inertia force of the wheel
assembly is relatively small at lower frequencies than 1.2 kHz, but become much more
significant above 1.2 kHz. Similarly to the vertical direction, the longitudinal and lateral
simulations also capture the characteristic frequencies of the measured longitudinal and
lateral forces and have much larger magnitudes at higher frequencies than 1.2 kHz, as
shown in Figure 10b and c.
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Figure 10. Comparison of simulated and measured contact forces in the (a) vertical, (b) longitudinal,
and (c) lateral directions. The dashed pink ovals and corresponding notations (f ix, f iy, f iz) indicate the
characteristic frequencies of the vehicle-track dynamic interaction in three directions.

Overall, reasonable agreement is achieved between simulation and measurement in
terms of the characteristic frequencies of the wheel-rail contact forces and the mag-
nitudes below 1.2 kHz. Besides, the results indicate the dynamometer can capture the
high-frequency dynamic behaviours of the V-Track, despite an underestimation of the
magnitude above 1.2 kHz where the wheel inertia force plays an important role.

4.3. Validation of wheel vibrations

Figure 11 compares the simulated wheel accelerations with measured ABA in three direc-
tions. It can be seen from Figure 10a that the simulated vertical wheel acceleration
reproduces the first four characteristic frequencies of the measured ABA. The character-
istic frequencies of f 5z and f 6z are only observed in the simulation. Besides, the simulated
magnitude is comparable to that of measurement below 1 kHz, but considerably larger at
higher frequencies. The differences between the simulation and measurement are proba-
bly caused by the axle box of the wheel assembly which has a significantly larger volume
and mass compared to the wheel (see Figure 1b). Therefore, the high-frequency wheel
vibration cannot effectively excite the heavy axle box and thus cannot be captured by the
accelerometers on it, leading to the mismatch of the characteristic frequencies f 5z and f 6z
andmagnitudes above 1 kHz. Similar results are found in the longitudinal (see Figure 11b)
and lateral (see Figure 11c) directions; only the first four and five characteristic frequen-
cies are captured in the ABA measurement, and the simulation signals are much stronger
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Figure 11. Comparison of simulatedwheel accelerations andmeasuredABA in the (a) vertical, (b) longi-
tudinal, and (c) lateral directions. The dashedpink ovals and corresponding notations (f ix, f iy, f iz) indicate
the characteristic frequencies of the vehicle-track dynamic interaction in three directions.

than those of measurement at higher frequencies than 1 kHz. In the field, the axle box is
relatively small compared to the wheel and thus ABA can bemore comparable to the wheel
vibrations [43]. Besides, the wheel damping may be insufficient in the simulation, leading
to the strong wheel resonance at higher frequencies, which is better suppressed in reality
through, e.g. the friction between the wheel, axle box and primary suspension. In future
work, more realistic wheel constraints will be considered in the FE model.

In summary, the pass-by rail vibrations have achieved the best agreement between the
simulation andmeasurement owing to the careful treatment and accurate simulation of 3D
track dynamics. Thewheel-rail contact forcemeasurement underestimate the forcemagni-
tude above 1.2 kHz without compensation for the inertia force of the wheel assembly, and
the ABAmeasurement cannot accurately reflect the wheel vibration amplitude at frequen-
cies higher than 1.0 kHz because of the axle box bulkiness. Nevertheless, they can both
capture the high-frequency dynamic behaviours of the V-Track in terms of characteristic
frequencies.

5. Discussions

This section discusses the relationship between contact forces and vibrations of the
vehicle-track system (Section 5.1), the correlations between vibration characteristics and
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eigenmodes (Section 5.2), and dynamic similarity between the V-Track test rig and the real
vehicle-track system (Section 5.3).

5.1. The relationship between contact forces and vibrations of the vehicle-track
system

Figure 12 shows the simulated contact forces together with the rail and wheel accelera-
tions in three directions. It can be seen that the contact forces have generally the same
characteristic frequencies as the rail and wheel accelerations except for the f 6z, f 7x and f 7y.
The absence of these higher-frequency components above 5 kHz in the contact forces is
probably related to the contact filter effect that the wavelength roughness shorter than the
contact patch size cannot effectively excite the wheel-rail contact resonance [61,62]. The
simulation results in [63] also indicate that the employed 3D FEmodel inherently includes
the contact filter effect that becomes important when the size of a defect is similar to or
less than the contact patch size. Besides, it is found that the average magnitudes of con-
tact force shows a drop above about 2 kHz (see the dashed green lines), corresponding to
a wavelength shorter than about 1.8 mm with the running speed of 13 km/h. This size is

Figure 12. The relationship between contact forces and vibration responses of the vehicle-track system
in the (a) vertical, (b) longitudinal, and (c) lateral directions. The dashed pink ovals and corresponding
notations (f ix, f iy, f iz) indicate the characteristic frequencies of the vehicle-track dynamic interaction in
three directions. The green dashed lines show the downward trend of the contact forces due to the
contact filter effect.
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quite close to the contact patch length of about 2 mm in the rolling direction, confirming
the effect of the contact filter.

It can be seen fromFigure 12a that the peak at f 1z of the vertical contact force is predom-
inant. It corresponds to the so-called P2 resonance mode in which the wheel and the rail
vibrate together on the overall track stiffness [64]. This can be confirmed by the fact that
at f 1z, the wheel and the rail have almost the same vibration magnitude. We also observe
similar characteristic frequencies in the longitudinal (f 1x in Figure 12b) and lateral (f 1y
in Figure 12c) direction, which should be coupled from the vertical contact force through
friction.

In most situations, the rail accelerations are larger than the wheel accelerations in three
directions in 0–10 kHz although the differences become relatively smaller with increasing
frequencies. The overall tendency of rail accelerations correlates well to that of the contact
forces. These results indicate the rail vibrations basically dominate the wheel-rail dynamic
contact in the frequency range of 0–10 kHz, while the wheel vibrations play an increasingly
important role at higher frequencies. This agrees with the results in Section 4.2 that the
wheel inertia force plays an important role above 1.2 kHz. Meanwhile, it is noted that at
some characteristic frequencies, such as f 5z, f 4x, and f 6y, the wheel acceleration is much
larger than the rail acceleration and thus more dominant for the contact force peaks. The
reason is that these characteristic frequencies are correlated to the eigenmodes of thewheel,
which will be discussed in more detail in section 5.2.

5.2. The correlations between vibration characteristics and eigenmodes of
vehicle-track system

In this section, the characteristic frequencies of the vehicle-track dynamic interaction are
correlated to the eigenmodes of vehicle-track system, as listed in Table 3. In the vertical
direction, f 1z corresponds to the P2 resonance mode, as explained in Section 5.1. Combin-
ing the vertical track dynamics in Figure 5a with the characteristic frequencies in Figure
12a, it can be found that f 2z, f 3z, f 4z are correlated to the rail vertical bending mode at 583
Hz (T2z), sleeper 1st vertical bending mode at 1148 Hz (T3z), rail vertical resonance mode
at 2479 Hz (T4z), respectively. At f 5z and f 6z the wheel shows strong resonance vibration
with considerably large magnitude, and the modal analysis results indicate that these char-
acteristic frequencies correspond to two wheel eigenmodes with zero nodal circle and two
nodal diameters at 4143 Hz (Figure 13c) and one nodal circle and zero nodal diameters at
8127 Hz (Figure 13d).

In the longitudinal direction, f 1x corresponds to the P2 resonance mode that couples
with the vertical one through friction. By analysing the track accelerance in Figure 5b and
characteristic frequencies in Figure 12b, it is observed that f 2x, f 3x, f 5x are correlated to
sleeper in-plane rotation mode at 330 Hz (T1x), sleeper longitudinal translation mode at
597Hz (T2x), and rail longitudinal compressionmode at 2691Hz (T5x), respectively. At f 4x,
f 6x, and f 7x, the wheel vibration energy is significantly larger than that of the rail, caused
by the resonance at three wheel eigenmodes, as shown in Figure 13a,c and d. In the lateral
direction, f 1y corresponds to the P2 resonance mode as explained above, f 2y and f 4y are
correlated to rail lateral torsion mode at 597 Hz (T2y), rail lateral bending mode at 1809Hz
(T4y), respectively. The large wheel vibration magnitudes at f 3y, f 5y, f 6y and f 7y indicate
that they are induced by four wheel eigenmodes, wheel axle bending mode (Figure 13a),
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Figure 13. Four wheel eigenmodes correlated to the vehicle-track dynamic interaction. (a) Wheel axle
bending mode at 1235 Hz; (b) zero nodal circle and one nodal diameter at 2337 Hz; (c) zero nodal circle
and two nodal diameters at 4671 Hz; (d) one nodal circle and zero nodal diameters at 8127 Hz.

zero nodal circle and one nodal diameter (Figure 13b), zero nodal circle and two nodal
diameters (Figure 13c), and. one nodal circle and zero nodal diameters (Figure 13d).

In summary, the characteristic frequencies of vehicle-track dynamic interaction are cor-
related to the eignemodes of the vehicle-track system in three directions, including the
P2 resonance mode, track and wheel eigenmodes. In the tangential (i.e. longitudinal and
lateral) direction, the characteristic frequencies may be caused by the coupling with the
normal (vertical in this work) direction through wheel-rail friction. Besides, it can be seen
that the lateral vehicle-track dynamic interaction excites the wheel eigenmodes the most
easily, compared to the longitudinal and vertical direction.

5.3. Thewheel-rail dynamic interaction under the large creep force

In the previous tests and FE simulations, the loading conditions and wheel-rail profiles
of the V-Track were designed to simulate the 3D wheel-rail dynamic interactions on the
tangent track where the longitudinal and lateral creep forces are relatively small. In this
subsection, some preliminary results have been presented to demonstrate the capacity
of the proposed 3D FE model in simulating wheel-rail dynamic interaction under large
longitudinal and lateral creep forces.
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Figure 14. The simulated wheel-rail stick-slip with an AoA of 28 mrad. ‘AC’ refers to the adhesion
coefficient in short.

The large longitudinal creep force can be readily considered in the simulation by
applying a large braking or traction torque to the wheel axle in the FEmodel. The large lon-
gitudinal force can cause high temperatures at thewheel-rail interface that can bemeasured
through thermal tests [65]. The proposed FEmodel successfully predicted the temperature
field on the rail surface under full-slip wheel-rail rolling contact [65], indicating that it can
properly simulate thewheel-rail dynamic interactionunder a large longitudinal creep force.

The large lateral creep force can be simulated in the FE model with a large AoA. The
wheel-rail stick-slip was successfully reproduced using the FE model with a large AoA of
28 mrad, as shown in Figure 14, agreeing with the observations in the V-Track tests [66].
The stick-slip phenomenon has also been widely reported in the field curved track [67].
This result indicates that the proposed FE model is capable of properly simulating wheel-
rail lateral dynamic interaction under a large lateral creep force. Besides, to better simulate
wheel-rail lateral interaction, a conical wheel and the corresponding rail profile can be
designed and applied to the V-Track test rig and the FE model. The design method of the
wheel-rail profile in the V-Track is introduced in detail in [50].

5.4. The dynamic similarity between the V-Track and real vehicle-track system

It is reported in [47] that the V-Track test rig intends to remedy the lack of dynamic
similarity between the actual railway and the existing laboratory testing capability. To
quantitatively examine this, the dynamic behaviours of the V-Track are compared with
those of the real railway system in terms of the characteristic modes, as listed in Table 4.
The current V-Track configuration is approximately 1/5 scale of the real system, which will
be considered in the comparison according to the similarity law [47]. The results of the real
railway are referred to the literature that studied the Dutch railway on which the parameter
design of the V-Track is based. It should be noted that the nonlinearities of the wheel-rail
dynamic system may influence the scale factors obtained by the similarity law, which are
not considered in the current work.
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Table 4. Comparison of vehicle-track dynamics between the V-Track and real railway system.

Modes V-Track (Hz)
1/5 scale of
V-Track (Hz)

Real system
(Hz)

Track dynamics Full track vertical resonance 437 87 90 [68]
Sleeper 1st vertical bending 1148 230 197 [52]
Rail vertical resonance 2479 496 715 [52]
Vertical pinned-pinned resonance 6280 1256 1250 [52]
Lateral pinned-pinned resonance 3159 632 600 [69]

Wheel dynamics Wheel mode with zero nodal circle and
two nodal diameters

4143 934 407 [70]

Wheel mode with one nodal circle and
zero nodal diameters

8127 1625 1522 [70]

Vehicle-track interaction P2 resonance 100–130 20–26 38 [68]

Good similarity of track dynamics is achieved between the V-Track and the real system
in terms of the full track vertical resonance, sleeper 1st vertical bending, vertical and lat-
eral pinned-pinned resonances. The rail vertical resonance of the V-Track (after scaling)
is smaller than that of the real track, which is caused by the absent fastening clips at some
sleepers. The wheel dynamics of these two systems is also comparable if we look at the
wheel mode with one nodal circle and zero nodal diameters. A relatively large deviation is
observed at the wheel mode with zero nodal circle and two nodal diameters, which is due
to the imperfect scale of the wheel profile in the V-Track for ease of manufacturing [48].
The P2 resonance of the V-Track is slightly smaller than that of the real system, probably
because of the additional unsprung mass from the guiding block (see Figure 1b). Addi-
tionally, the results in Section 3 indicate that the vibration characteristics of the curved rail
in the V-Track are approximately equivalent to those of the straight rail in the relatively
high-frequency range under fastening constraints.

Overall, the V-Track has achieved generally good dynamic similarity to the real vehicle-
track system. The proposed 3D FE model is capable of reproducing the wheel-rail high-
frequency interaction of the V-Track, and thus can be employed to gain insights into the
actual vehicle-track interaction. Meanwhile, the validity of this model could be extended
to the 3D FE modelling of the real vehicle-track system.

6. Conclusions

This work comprehensively validates the FE modelling of vehicle-track high-frequency
interaction using a downscale V-Track test rig. A 3D FE model of the V-Track is devel-
oped that includes the track elasticity in not only the vertical but also the longitudinal
and lateral directions. The 3D track dynamics of the curved and straight tracks are com-
pared and validated against those from hammer tests, and the major vibration modes of
the track are analysed employing a modal analysis. Afterwards, the simulated vehicle-
track dynamic interaction responses including pass-by rail vibrations, wheel-rail contact
forces and wheel vibrations, are comprehensively compared with measurement results in
three dimensions within 10 kHz. Their characteristic frequencies are identified and cor-
related to the eigenmodes of the vehicle-track system. In addition, the dynamic similarity
between the V-Track test rig and the real railway system is quantitatively evaluated. The
main findings are summarised as follows.
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The proposed 3D FEmodel is capable of comprehensively and accurately simulating the
track dynamics and the vehicle-track dynamic interaction of the V-Track up to 10 kHz in
three dimensions. The simulation results also indicate that the dynamic behaviours of the
curved rail in the V-Track are approximately equivalent to those of the straight rail in the
high frequency range under fastening constraints.

By analysing the relationship between contact forces and vibrations of the vehicle-
track system, it is concluded that rail vibrations are generally dominant for the wheel-rail
dynamic contact in the frequency range of 0–10 kHz, while the wheel vibrations play an
increasingly important role at higher frequencies and decisive near the wheel eigenmode
frequencies. It is also found that the 3D FE model inherently includes the contact filter
effect in three dimensions.

The V-Track test rig overall achieves dynamic similarity to the real vehicle-track sys-
tem in terms of characteristic frequencies, and better similarity can be obtained by using
the rail and wheel geometries better scaled to the field ones. It should be noted that the
nonlinearities of the wheel-rail dynamic system may influence the dynamic similarity of
the V-Track, which needs to be further studied in future work. The dynamometer and
ABA measurement can capture the high-frequency dynamic behaviours of the V-Track,
despite an underestimation of the magnitude at higher frequencies than about 1 kHz. The
contact force measurement of the dynamometer can be improved at higher frequencies
by compensating the wheel inertia force. The simulation accuracy of the 3D FE model
can be further improved by considering the nonlinear material properties of railpads and
increasing damping to the wheel, which will be performed in future research.
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