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An experimental and numerical study on the generation
of wheel–rail stick–slip contact behaviour
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Stick–slip is considered the root cause of railway engineering phenomena such as squeal noise and corrugation. Little consensus
regarding the actual physical description of stick–slip has been achieved because its manifestations cannot be explained by a single
underlying mechanism. To investigate the generation mechanisms of stick–slip contact, this study reproduced wheel–rail stick–slip
experimentally with an in-house test rig—V-Track and numerically with an explicit finite element method (FEM). The V-Track is capable
of reproducing realistic wheel–rail dynamic interactions under well-controlled lab conditions, while the explicit FEM has been proven
to be suitable for the simulation of dynamic contact and frictional instability. Crucial influential factors including wheel–rail lateral
creepage, friction levels, and friction characteristics were varied in the experiments and simulations to examine their impacts on the
occurrence of stick–slip. The study shows that the creepage level needs to be sufficiently high to generate stick–slip. Stick–slip can be
eliminated by reducing friction to a very low level, whereas changing the friction characteristics from negative to positive may not
work for stick–slip mitigation. Moreover, wheel–rail friction conditions cannot be sufficiently represented by a single parameter, i.e.
coefficient of friction.

Keywords: stick–slip; wheel–rail contact; V-Track test rig; explicit FEM; friction modifier; angle of attack.

1. Introduction
Stick–slip is described as the contact behaviour periodically alter-
nating between adhesion and sliding with a corresponding change
in the friction force (Byerlee, 1970). It has been widely observed
in daily life and engineering practices. Because it has adverse
effects such as severe interface deterioration, unstable vibration,
and high-amplitude noise emission (Liu et al., 2023), numerous
efforts have been taken to investigate its generation mechanisms
and mitigation measures.

In railway applications, stick–slip contact behaviour is closely
associated with the generation of squeal noise and corrugation
(Rudd, 1976; Heckl and Abrahams, 2000; Eadie et al., 2002;
Matsumoto et al., 2002; Pieringer, 2014; Yang and Li, 2019; Mei
and Chen, 2023). Studies on the mechanisms of stick–slip have
been carried out experimentally and theoretically to eliminate
or mitigate stick–slip and consequent squeal noise (Rudd, 1976;
Heckl and Abrahams, 2000; Pieringer, 2014; Yang and Li, 2019;
Sheng et al., 2023) and corrugation (Eadie et al., 2002; Matsumoto
et al., 2002; Mei and Chen, 2023). The crucial factors influencing
the generation of stick–slip have been widely studied from
the perspectives of friction characteristics (i.e. falling friction;
Rudd, 1976) and structural system dynamics (i.e. mode coupling;
Ouyang et al., 2005).

Three tentative approaches are proposed to reduce the stick–
slip phenomenon (Eadie et al., 2002): (1) making the mechanical
system in which the stick–slip occurs very rigid or highly damped,
(2) reducing the friction between the moving surfaces to very low
levels, and (3) changing the friction characteristics from negative

to positive. The latter two regarding the excitation mechanism are
directly related to wheel–rail frictional rolling contact behaviour,
which is commonly characterized in terms of a creep curve, i.e.
the functional dependence between friction force and wheel–rail
creepage. The large lateral creepage between the outer leading
wheel and high rail has been considered the main contributor
to wheel unstable vibration and squeal (Rudd, 1976; Heckl and
Abrahams, 2000). The lateral creepage is perpendicular to the
wheel plane and depends on the angle of attack (AoA). The result-
ing lateral force then excites out-of-plane or bending oscillations
of the wheel, which is very efficient for sound radiation. How-
ever, little consensus regarding the actual physical description of
stick–slip has been achieved because its manifestations cannot
be explained by a single underlying mechanism. For instance,
the squeal phenomenon is often characterized as ‘enigmatic’ or
‘erratic’ (Vincent et al., 2006; Glocker et al., 2009), since real-
world observations indicate that even for apparently identical
conditions the squeal sometimes occurs and sometimes not, and
its noise level fluctuates and the squeal wheel modes alternate
(Thompson and Jones, 2000).

Aiming to provide new insights into the generation and
countermeasure of wheel–rail stick–slip, this study investigates
the effects of three crucial influential factors of stick–slip: lateral
creepage, friction levels, and friction characteristics. Wheel–rail
stick–slip was first reproduced experimentally with an in-house
test rig—V-Track (Naeimi et al., 2018; Zhang and Li, 2023) and
numerically with an explicit finite element model (Yang et al.,
2019; Zhang et al., 2024). The V-Track test rig can simulate
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Figure 1 The structure of the V-Track test rig.

realistic wheel–rail dynamic interactions and accurately control
and measure wheel–rail normal load, friction force, AoA and thus
lateral creepage (Zhang et al., 2021; Yang et al., 2022) and the
explicit finite element method has been proven to be suitable
for the simulation of wheel–rail dynamic friction rolling contact
(Yang et al., 2019; Zhang et al., 2024) and consequent phenomena
such as frictional instability (Yang and Li, 2019). The wheel–rail
lateral creepage level in terms of AoA, friction level in terms
of coefficient of friction (COF), and friction characteristics in
terms of falling (negative) or rising (positive) creep curve beyond
friction saturation were then varied in both the experiments and
simulations to investigate their impacts on the occurrence of
stick–slip. The friction level and characteristics were changed
by applying friction modifiers (FMs) in the test and predefining
constant or velocity-dependent COFs in the finite element (FE)
simulations. FMs have been proven effective in suppressing
wheel–rail stick–slip and consequently reducing squeal noise and
short pitch corrugation (Eadie et al., 2005; Eadie et al., 2008).

The structure of this paper is organized as follows. Section 2
introduces the experimental and modelling methods for studying
wheel–rail stick–slip using V-Track and FE model, respectively.
Section 3 presents and discusses the testing and numerical sim-
ulation results including the stick–slip generation and influential
factors. The main conclusions are summarized in Section 4.

2. Methodology
2.1. Tests with the V-Track
The V-Track test facility used in this study reproduces wheel–
rail frictional rolling contact under well-controlled reproducible
laboratory conditions (Naeimi et al., 2018). It is approximately 1/5
scaled to the real wheel-track system and comparable to full-scale
reality by considering the similarity law. As shown in Fig. 1, the V-
Track consists of a maximum of four-wheel assemblies running
over a ring track system with a speed of up to 40 km/h. One
wheel assembly was used in the configuration of the current
work to obtain the best control of the wheel–rail contact force
and creepage. The wheel–rail contact force was measured in three
directions with a force measurement system called a dynamome-
ter (Zhang et al., 2021). The wheel AoA, adjustable between −2◦

and +2◦ was measured by a digital gauge mounted on the guiding
block with an estimated error of approximately 6 per cent (Yang
et al., 2022).

The V-Track was first run with a nominally zero-AoA at a speed
of 4 km/h under the dry clean wheel–rail contact condition. The
nominal wheel load was 4,500 N, producing a Hertzian contact
pressure of approximately 1.2 GPa, which is representative of

Table 1. Eight testing cases on the V-Track.

Dosage of the applied FMs Headlub Locolub

0 droplet Test 1 Test 5
1/4 droplet Test 2 Test 6
1/2 droplet Test 3 Test 7
1 droplet Test 4 Test 8

the contact between the wheel tread and railhead for passenger
trains in the Netherlands. A braking torque of 23 N m was applied
to the wheel, resulting in a longitudinal force of around 230 N.
By increasing the AoA step by step, a gradual increase in the
lateral wheel–rail contact force was observed as expected. Friction
saturation was achieved when the AoA was over 0.4◦, indicated
by obvious stick–slip oscillations of the measured lateral contact
force as well as the adhesion coefficient (AC) (presented in Section
3.1.1). The AC, i.e. the ratio between the magnitudes of wheel–rail
friction force (the resultant of the lateral and longitudinal forces)
and normal load is calculated with Equation (1).

AC =
√

F2
x + F2

y

Fz
(1)

where Fx, Fy, and Fz are the contact forces in the longitudinal,
lateral, and vertical directions, respectively.

Then the test was repeated under the FM-conditioned condi-
tions to investigate the influence of wheel–rail friction level and
friction characteristics on stick–slip. Two types of FM, Headlub
1200 MB (hereafter Headlub for short) and Fuchs Locolub Eco
(hereafter Locolub for short) were sequentially applied to the rail
top surfaces with increasing dosages: from 1/4 drop to 1/2 droplet,
and then to 1 droplet of the FM. The FMs were evenly distributed
over the ring track by running the V-Track for 50 cycles. For
both FMs, 1 droplet weighs approximately 0.045 g (± 0.002 g).
Before using the FMs, the wheel/rail interfaces were carefully
cleaned with acetone and dried with a hot-air blower to guarantee
comparable dry and clean contact conditions. Afterwards, a small
screwdriver was used to divide the FMs of the testing dosage into
very small portions and applied to the rail top.

In total eight cases were tested, as listed in Table 1. Tests 1–8,
respectively, refer to the tests under the original dry clean con-
dition, with 1/4, 1/2, and 1 droplet of Headlub per V-Track circle,
dry clean test before using Locolub, with 1/4, 1/2, and 1 droplet
of Locolub. By comparing the testing results of the eight testing
cases, the influences of the friction level and characteristics on
wheel–rail stick–slip contact behaviour can be assessed.

2.2. Explicit FE wheel-track dynamic interaction
model
In this study, a 3D explicit FE wheel-track interaction model of
the V-Track was built up using ANSYS software, as shown in
Fig. 2. The coordinate axes X, Y, and Z represent the longitudinal
(rolling), lateral, and vertical directions, respectively. The wheel,
rail, and sleepers were modelled as 8-node solid elements based
on their real geometries and materials. The primary suspension,
railpads, and ballast were modelled with spring-damper elements.
The wheel–rail contact employs an automatic surface-to-surface
contact scheme based on the penalty method. The track model
is 3.14 m long, corresponding to one of the four rail sections. An
implicit–explicit sequential approach was applied to minimize the
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Figure 2 An explicit FE dynamin interaction model of V-Track.

Table 2. Values of parameters in the 3D FE wheel–rail model of
the V-Track (Zhang et al., 2024).

Components Parameter Value

Wheel, rail, sleeper Young’s modulus
Poisson’s ratio
Density

210 GPa
0.3
7,850 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

computation time and the residual dynamic effects during the
initialization of the wheel–rail interaction. The explicit integration
time step was 15 ns, which is sufficiently small to ensure the sta-
bility of the numerical integration. The parameters of this model
(see Table 2) have been calibrated and its dynamic responses in
three dimensions have been validated in Zhang et al. (2024).

Nine simulation cases with different AoAs and COFs were
then designed to numerically investigate the effects of creepage,
friction levels, and characteristics on stick–slip, as listed in Table 3.
The first set of simulations, i.e. simulation cases 1–4, aims to
investigate the influence of creepage levels on stick–slip. Various
lateral creepage values, approximated by AoA, were introduced to
the wheel–rail interaction model by prescribing velocity boundary
conditions to the wheel axle, as defined via Equation (2),

Lateral creepage = vy

v
× 180

π
≈ AoA (2)

where vy is the prescribed lateral velocity of the wheel axle and v
is the wheel rolling speed. The lateral creepage is approximately
equivalent to AoA in radians, and can thus be converted to degrees
by multiplying 180/π . The simulations (cases 1–4) with AoAs of
0.2◦, 0.4◦, 0.8◦, and 1.6◦ were conducted under dry clean contact
conditions (COF = 0.35). Stick–slip behaviour was reproduced with
an AoA of 1.6◦, as presented later in Section 3.2.1.

In the second set of simulations, i.e. simulation cases 5–9,
the AoA was fixed to 1.6◦, and different COFs, corresponding to
dry and FM-treated conditions in the V-Track tests, were applied.
Among these, constant COFs were used in the simulation cases
5, 6, and 7, and velocity-dependent COFs in cases 8 and 9. The
velocity-dependent COFs were defined via Equation (3),

μ (vrel) = μd + (μs − μd) e−c|vrel | (3)

where μs and μd are the static and dynamic COFs, respectively, vrel

is the relative sliding velocity between the wheel and the rail, and
c is a decay constant that governs how rapidly the μs approaches
the μd, which was taken as 6 in the FE simulations (Yang and Li,
2019). In all the nine simulation cases, a vertical wheel load of
4,500 N and a braking torque of 23 N m were applied to be aligned
with the experiments.

3. Results and discussions
3.1. Test results
Both the experiment and simulation results are analysed in this
section. The replications of stick–slip contact behaviour under dry
contact conditions (by increasing AoAs in Test 4 and Test 8, and
simulation cases 1–4) are first presented. The influences of fric-
tion conditions (with applications of different types and dosages
of FMs in Tests 2–4 and 5–8) and various COFs in the simulation
cases 5–9 are then analysed. The numerical contact solutions, in
terms of adhesion/slip distribution within the contact patch that
can indicate full or partial slip contact, are also presented. The
findings from the experiment and simulation are correlated and
discussed in the end.

3.1.1. Experimental replication of stick–slip
The time histories of the ACs measured with an increase of
AoA under the original dry and clean conditions prior to using
FMs (Test 1) are displayed in Fig. 3. During this test, the AoA
was increased with a step of 0.08◦. As expected, the measured
AC increased with increasing AoA at the beginning. When the
AoA was increased to 0.32◦, the AC reached its upper bound of
about 0.35, which can be taken as the COF under the dry contact
condition. After that, stick–slip contact occurred, which can be
recognized as follows: the AC increased its amplitude and the slip
occurred, followed by a precipitous drop of the AC time history;
and then the contact returned to the stick state until the next slip
was reached with a gradual increase of AC.

The stick–slip pattern obtained in the AC results is dominated
by the lateral force variation, as shown in the time history plots
of the wheel–rail contact force measured with AoA = 0.4◦ in Fig. 4.
Similar to the pattern of the AC results, the lateral wheel–rail
contact force increased gradually and followed by a sudden drop
in each stick–slip cycle. The drops of the lateral force correspond
to the reductions of the vertical force at the time instants indi-
cated by vertical dashed lines, while the normal load reduction is
less significant. In addition, the fluctuations of the vertical and
longitudinal forces, both in the wheel radial direction, share the
same period (divided by the vertical dashed lines) with that of
the lateral force in the wheel axle direction, indicating a mode
coupling mechanism for stick–slip (Yang and Li, 2019).

Wheel–rail stick–slip was also reproduced under dry contact in
Test 5 before using Locolub, as shown in Fig. 5. When comparing
to the ACs displayed in Fig. 3, two differences in the wheel–rail
frictional behaviour close to and during the friction saturation
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Table 3. Nine simulation cases using the FE model of V-Track.

Case COF AoA (lateral creepage, degree) Purposes

1 0.35 0.2 To investigate the influence of creepage
levels on stick–slip2 0.35 0.4

3 0.35 0.8
4 0.35 1.6
5 0.45 1.6 To investigate the influence of friction

levels and characteristics on stick–slip6 0.20 1.6
7 0.10 1.6
8 0.45–0.35 (negative friction) 1.6
9 0.25–0.35 (positive friction) 1.6

Figure 3 The time histories of the ACs measured with a range of AoAs under dry and clean conditions before using Headlub (Test 1).

are noticeable in Fig. 5, although the friction reached the level of
the original dry contact condition of the V-Track (COF = 0.35) by
carefully cleaning the wheel and rail interfaces after the Headlub
tests. On the one hand, the intensity of the stick–slip motion in
Test 1 was higher than that in Test 5: the AC dropped from 0.35
to 0.2 in Test 1 but to 0.25 in Test 5 after full slip; on the other
hand, when the AoA was further increased from 0.32◦ to 0.48◦

beyond the friction saturation, a drop of friction level from 0.35
to 0.33, i.e. negative friction characteristics, was observed in Test
5, while the friction level remained in Test 1. The same COF value
but different wheel–rail frictional contact behaviour observed in
Test 1 and Test 5 suggest that the wheel–rail friction condition
cannot be sufficiently represented by a single parameter COF. To
better model the wheel–rail frictional contact, especially close to
or beyond friction saturation and wheel–rail stick–slip, a more
accurate representation of the wheel–rail friction condition is
desirable.

3.1.2. Influence of the tested FMs on stick–slip
To study the influence of friction level on wheel–rail stick–slip, the
time histories of the AC curves measured under eight testing con-
ditions with friction saturation (AoA = 0.4◦) are compared in Fig. 6.
The measured COFs of the eight test cases are about 0.37, 0.16,
0.14, 0.12, 0.36, 0.28, 0.23, and 0.16, respectively. It is worth noticing
that these measured COF values are qualitative indications of the
actual wheel–rail contact situations because of the test set-up
differences, as outlined in Gallardo-Hernandez and Lewis (2008),
Areiza et al. (2015), and Olofsson and Lyu (2017). It can be seen
that stick–slip occurred in Tests 1 and 5–7 where the COFs are

higher than 0.23, while it was not observed in Tests 2–4 and
Test 8 with COFs lower than 0.16. This suggests that a threshold
of COF between 0.16 and 0.23 might exist which governs the
occurrence of stick–slip in the V-Track configuration of that time.
Stick–slip oscillations can be observed when the friction level is
above this threshold, whereas reducing the COF below this value
can eliminate stick–slip. This finding supports the effectiveness
of the aforementioned second approach to eliminating stick–slip,
i.e. reducing the friction to sufficiently low levels. However, in real-
world railway applications, friction cannot be reduced too much,
as maintaining an adequate friction level is critical for ensuring
train braking and traction performance (Zhang et al., 2020). In
addition, Fig. 6b illustrates that the application of 1/4 droplet of
Locolub can reduce the friction level, but meanwhile, intensify
the stick–slip oscillations. This observation aligns with the finding
in Fletcher and Lewis (2013) that the use of lubricants can cause
sudden drops in the AC. Therefore, the tests conducted in this
study indicate that reducing the friction level, unless to a very low
level below the threshold, may not always mitigate stick–slip.

Based on the ACs measured under different AoA conditions,
the AC–AoA relationship, representing wheel–rail adhesion as a
function of creepage, i.e. creep curve, can be obtained. The AC–
AoA relationships of the V-Track influenced by FMs are presented
in Fig. 7. It should be noted that the AC with zero-AoA is not zero
due to the longitudinal creepage induced by the braking torque,
which is not negligible (see Fig. 4). It can be seen that, as the FM
dosage increases, both the adhesion level and COF decrease, and
this reduction is more pronounced with Headlub compared to
Locolub. In the dry contact tests (Tests 1 and 5), the AC reached
the COF, i.e. friction was saturated, when AoA ≥ 0.32◦, while in
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Figure 4 Measured time histories of contact forces with an AoA of 0.4◦ in Test 1.

Figure 5 The time histories of the ACs measured with a range of AoAs under dry and clean conditions before using Locolub (Test 5).

the FM-treated conditions, the friction saturation was achieved
with smaller AoAs: in the Headlub-treated contact tests (Tests 2–
4), friction was saturated when AoA ≥ 0.16◦, which can be iden-
tified by very slight increase of AC with further increase of AoA;
and in the Locolub-treated contact tests (Tests 6–8), friction was
saturated when AoA ≥ 0.24◦, which can be identified by obvious
stick–slip oscillation as dry contact.

Again, notable differences in the AC–AoA relationship beyond
friction saturation were observed between the two dry clean
contact tests in Fig. 7. The curve of Test 1 flattened after reaching
the friction saturation point, suggesting a stable adhesion limit
with constant COF. In contrast, in Test 5, a distinct drop in the

creep curve was observed beyond friction saturation, indicating a
‘falling friction’ or ‘negative friction’ characteristic. The difference
in COF between Test 1 and Test 5 could likely be caused by
the change of rail roughness due to wear after several hundred
cycles. Despite these differences in frictional behaviour, stick–
slip oscillations were evident in both tests, with the phenomenon
being more pronounced in Test 1. This finding suggests that falling
friction characteristics are not a must for the generation of stick–
slip. Instead, stick–slip can arise even under conditions where the
friction coefficient remains constant (as in Test 1).

Meanwhile, it can be seen in Fig. 7 that the constant (Test
1) and negative (Test 5) friction characteristics shown in the
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Figure 6 Influence of friction modifiers on the stick–slip.

Figure 7 Influence of the FMs on the AC–AoA relationship.

dry conditions were changed to positive with the applications of
FMs, corresponding well to results reported in Arias-Cuevas et al.
(2010), Fletcher and Lewis (2013), and Harmon and Lewis (2016). As
the stick–slip was not eliminated but intensified by using Locolub
despite the change of the friction characteristics to positive, we
may conclude that changing the friction characteristics from
negative to positive is not a sufficient condition for the reduction
of stick–slip.

3.2. Simulation results
3.2.1. Numerical replication of stick–slip
Figure 8 presents the time histories of the simulated ACs with
a constant COF of 0.35 but varies AoAs (simulation cases 1–4).
Initially, a small AoA of 0.2◦ was applied to the FE wheel–rail
contact model. At this low creepage level, the AC remained stable,

Figure 8 The time histories of the simulated ACs with the increase of
AoA (simulation cases 1–4).

and no stick–slip contact behaviour was observed. As the AoA was
increased to 0.4◦, 0.8◦ and eventually 1.6◦ in the simulations, a
significant increase in AC was noted. Stick–slip contact behaviour
was numerically reproduced when the AoA reached 1.6◦, as char-
acterized by the periodic alterations in the AC time history.

Figure 9 presents the time histories of the simulated contact
forces in the lateral, vertical, and longitudinal directions with an
AoA of 1.6◦ (simulation case 4). The lateral contact force exhibits
strong fluctuations and plays a dominant role in the wheel–rail
stick–slip. This is aligned with the experimental observation pre-
sented in Section 3.1. The longitudinal contact force shows similar
fluctuation periodicity, as indicated by the vertical dashed lines.
This phenomenon could result from the coupling between the
lateral and longitudinal forces in the tangential direction, which
are inherently interdependent and constrained by the frictional
bound. In contrast, a weaker correlation to the vertical contact
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Figure 9 The time histories of simulated contact forces with an AoA of 1.6◦ (case 4).

force in the stick–slip periodicity is observed, while the high-
frequency fluctuation in the vertical force appears to correspond
well to that in the lateral force, as indicated by double arrows.

Overall, the numerically reproduced stick–slip qualitatively
agrees with the test results in two aspects: (1) stick–slip contact
behaviour occurred in the form of large periodical fluctuation of
wheel–rail lateral force when the friction saturation was achieved
by increasing the lateral creepage, or AoA and (2) during stick–slip
contact, the vertical and longitudinal forces show similar periodic
fluctuation pattern, indicating wheel mode coupling and friction
coupling.

By comparing the wheel–rail contact surface shear stress
(dashed curve) and traction bound (i.e. the production of contact
pressure and COF, solid curve) in Fig. 10, the adhesion and slip
regions within the contact patch can be identified. The contact
region is in slip if the surface shear stress reaches traction bound,
otherwise it is in adhesion. It can be seen that at t1 = 0.0299 s
and t3 = 0.0319 s, corresponding to the dips in the AC curve
shown in Fig. 10a, adhesion regions take place in the contact
patch. Conversely, at the other two time instants t2 = 0.0305 s and
t4 = 0.0325 s, corresponding to the two peaks in the AC curve, the
contact patches are in full slip. These results confirm the stick–
slip oscillation reproduced in the simulations, characterized by
alternating phases of partial and full slip. In future work, a denser
meshing scheme needs to be employed in the FE simulations to
capture more accurate and detailed contact solutions (Zhao and
Li, 2011).

Figure 11 corresponds the alternation of the simulated stick–
slip phases to the periodical change of rail lateral motion. The
vertical dashed lines indicate the locations of AC peaks, where
full slip happened in the simulation. Correspondingly, we can see
that the rail reached the end of one side, indicated by the dips
of the displacement time history, zero velocities and maximum
acceleration. After that, the rail rebounded until it moved to the

other end, i.e. with the displacement rise from dips to peaks,
as indicated by the solid line. In this process, the AC, as well
as the wheel–rail lateral force, decreased, and when the surface
shear stress was below the traction bound, the adhesion region
appeared within the contact patch (see Fig. 10b and d), and the
wheel and rail came back to a partial slip contact condition. After
that, the AC, and wheel–rail lateral force, increased until full slip
happened in the next phase. The time history of the wheel lateral
acceleration generally followed the trend of AC (dominated by the
wheel–rail lateral force), which is logical according to Newton’s
second law.

3.2.2. Influence of friction on stick–slip
Figure 12 compares the ACs calculated with simulation cases
4–9 (listed in Table 3) to study the influence of friction levels
and characteristics on stick–slip. With a large AoA value of 1.6◦,
friction saturation was achieved for all simulation cases, and thus
the simulated AC level increased with the applied COF value, as
shown in Fig. 12a. Stick–slip occurred in the cases of COF = 0.2,
0.35, and 0.45, but not in the case of COF = 0.1. This result is
consistent with the measurement finding that a threshold above
0.16 may exist which governs the occurrence of stick–slip.

To examine the influence of friction characteristics, Fig. 12b
compares the AC curves obtained with constant (case 4,
COF = 0.35), decreased (case 8, COF = 0.45–0.35), and increased
(case 9, COF = 0.25–0.35) COFs. The decreased and increased
COFs correspond to negative and positive friction characteristics,
respectively. It can be seen that stick–slip was reproduced in all
three simulation cases. This indicates that negative friction is not
a must for stick–slip, which is also consistent with the test results
presented in Fig. 6. Because friction saturation was achieved, the
AC level was mainly determined by the dynamic COFs, which were
equal to the constant COF of 0.35 for both velocity-dependent
simulation cases.
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Figure 10 The simulated contact stresses at four time instants during stick–slip. (a) time history of the AC curve obtained with the simulation case 4;
(b) stress distributions at t1 = 0.0299 s; (c) stress distributions at t2 = 0.0305 s; (d) stress distributions at t3 = 0.0139 s; and (e) stress distributions at
t4 = 0.325 s.

3.3. Discussions on test and simulation results
Mathematically, for a single degree-of-freedom (DOF) system, neg-
ative friction is necessary to induce self-excited instability (Byer-
lee, 1970). However, for multiple DOF systems, the stick–slip can
be induced by mode coupling with a constant COF, where the
instability results from the asymmetric stiffness matrix caused
by friction (Hoffmann et al., 2002). These phenomena have been
reported in both railways (Pieringer, 2014; Yang and Li, 2019) and
other engineering structures (Gallina and Giovagnoni, 2002). The
wheel–rail systems are instinctively multiple DOF systems, and
thus mode coupling is a possible explanation for wheel–rail stick–
slip. The measured and simulated contact forces presented in this
study, in Figs 4 and 9, respectively, suggest mode coupling in the
wheel axle and radial directions.

The stick–slip reproduced in the measurements and simula-
tions qualitatively agrees with each other in the following aspects:
(1) the lateral creepage needs to be sufficiently high to induce
friction saturation and then possible stick–slip oscillation; (2)
there seems to be a threshold of COF (between 0.16 and 0.23 for
the tests, and between 0.1 and 0.2 for the simulations), which

governs the occurrence of stick–slip; (3) stick–slip can be repro-
duced with negative, constant, and even positive frictions; and
(4) during stick–slip, the vertical and longitudinal forces show
periodic fluctuation patterns similar to lateral force, possibly due
to the mode coupling and friction coupling.

Differences have also been observed between the experimen-
tally and numerically reproduced stick–slip. For instance, the
measured stick–slip behaviour exhibits a low-frequency periodic
pattern (e.g. around 13 Hz in Fig. 4) with a relatively small AoA
of 0.6◦, whereas the simulations reveal a high-frequency feature
(e.g. about 500 Hz in Fig. 9) with a large AoA of 1.6◦. A hypothesis
can thus be proposed that the required creepage level, or AoA,
for stick–slip occurrence, depends on the frequency of stick–slip
oscillation. This hypothesis can be supported by the experimental
results obtained from another V-Track test with different con-
figurations, where the vertical load was 2,500 N without wheel
torque, and the wheel rolling speed was 4 km/h. Figure 13 shows
that when the AoA was increased to 0.54◦, the low-frequency
stick–slip, similar to that presented in Fig. 4, occurred with a
frequency of about 15 Hz. When further increasing AoA to 1.52◦,
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Figure 11 The correlation between the simulated stick–slip contact and rail lateral motion.

Figure 12 The influence of friction levels on stick–slip: (a) by constant COFs; (b) by velocity-dependent COFs.

the high-frequency (100 Hz) stick–slip was observed, together
with a stronger low-frequency stick–slip. The low-frequency stick–
slip was not replicated in the simulations of this study possibly
because of the simplification of boundary conditions in the FE
model. These simplifications may limit the ability of the model to
capture the low-frequency dynamics of the mechanical system.

4. Conclusions
This study investigates the generation of wheel–rail stick–slip
contact behaviour experimentally with the V-Track test rig, and
numerically with a 3D explicit FE model. The influences of three
crucial factors on stick–slip, i.e. the creepage, friction levels, and
friction characteristic, are analysed by changing the AoAs, and

applying FMs in the tests and different COFs in the simulations.
The experimental and numerical findings qualitatively agree with
each other. The main conclusions are summarized as follows.

(1) The lateral creepage must reach certain values to induce
stick–slip, and the occurrence of high-frequency stick–slip
requires even higher creepage: 13-Hz and 15-Hz stick–slip
was reproduced in the V-Track test rig with pre-set AoAs
of 0.54◦ and 0.6◦, while 100-Hz and 500-Hz stick–slip were
generated experimentally in the V-Track with an AoA of 1.52◦

and numerically with an AoA of 1.6◦, respectively.
(2) For both measurements and simulations, there seem to be

thresholds of COF (between 0.16 and 0.23 for the tests, and
between 0.1 and 0.2 for the simulations), below which the
stick–slip cannot be generated. Reducing friction to a very
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Figure 13 The correlation between the AoA and the frequency of
stick–slip oscillation.

low level should thus be an effective way to eliminate stick–
slip.

(3) Another tentative countermeasure against stick–slip that
changes the friction characteristics from negative to posi-
tive may, however, not always work, because in both mea-
surements and simulations, stick–slip was reproduced with
negative, constant, and positive frictions.

(4) Both types of FM applied in this study can reduce the friction
level and change the friction characteristics from negative to
positive at the wheel–rail interface of the V-Track. Headlub
effectively eliminated wheel–rail stick–slip by reducing the
friction level whereas Locolub intensified wheel–rail stick–
slip despite the friction characteristic being changed from
negative to positive.

(5) The vertical and longitudinal forces show periodic fluctu-
ation patterns similar to lateral force, indicating the mode
coupling and friction coupling. This study reveals that the
mode coupling mechanism plays a more dominant role than
the falling friction mechanism in the wheel–rail stick–slip
generation.

(6) Wheel–rail friction conditions cannot be sufficiently repre-
sented by a single parameter COF. To better model the wheel–
rail frictional contact, especially close to or beyond friction
saturation and wheel–rail stick–slip, a more accurate repre-
sentation of the wheel–rail friction condition is desirable.
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