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a b s t r a c t 

Recent finite element (FE) simulations have revealed the generation and propagation of waves in rail surfaces 
induced by wheel-rail frictional rolling. These waves have rarely been addressed in the literature. This paper 
presents an in-depth analysis of these waves, aiming to give new insights into the contact mechanics, a research 
area in which waves have generally been ignored. The study first categorises the simulated contact-induced 
waves according to their generation mechanisms as impact-induced, creepage-induced and perturbation-induced 
waves. The link between the generation of perturbation-induced waves and the stick-slip contact mechanism 

is then explored. Next, by examining the rail surface nodal motion that forms the wave, the creepage-induced 
wave is demonstrated to be a Rayleigh wave; this result also shows that the explicit FE method can effectively 
simulate physical contact-induced waves and provide reliable dynamic contact solutions. Finally, FE modelling 
is presented to investigate the effects of surface cracks on the waves, which may contribute to wave-based crack 
detection. 
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. Introduction 

The contact-induced wave phenomenon [1] has rarely been ad-
ressed in the study of wheel-rail rolling. One possible reason is that
he waves initiated in dynamic frictional rolling contact and influenced
y the entire vibrating structures cannot be reproduced by the broadly
sed contact theories based on the assumptions of a steady state and a
alf space, e.g., Hertz contact theory [2] and Kalker’s theories [3] . The
undamental difficulty lies is the combination of the strongly non-linear
riction law and the dynamics of the solids. 

To our knowledge, wheel-rail contact-induced waves were first men-
ioned in [4] , in which wheel-rail frictional rolling contact was solved
ith an explicit finite element method (FEM). Good agreement was
chieved when comparing the obtained explicit finite element (FE) con-
act solution with Hertz contact theory and Kalker’s boundary element
ontact solution, but a small pressure fluctuation existed in the FE re-
ults. This fluctuation was considered to be caused by high-frequency
ibration and wave propagation in the wheel and rail continua because
he FE contact solutions intrinsically include all the relevant vibration
odes of the structures and continua and the associated wave propaga-

ions [5] . 
The explicit FEM has since been increasingly employed for the

imulation of wheel-rail dynamic contact involving, for example,
mpact [6–15] , flanging [16–18] and friction-induced instability [19] .
he overall picture of the contact-induced wave pattern was observed
hen the authors of this paper simulated the non-steady-state transition
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f wheel-rail contact from a single point to two points [18] . The wave
as found to be initiated next to the juncture of the adhesion and slip

egions in the contact patch, where the maximum surface shear stress
s located. After this study, the waves generated by the impacts at an
nsulated rail joint [11] and a crossing [13] and the waves caused
y wheel-rail lateral creepage [19] were reproduced with explicit FE
ontact models. The explicit integration algorithm is considered to
e computationally attractive and naturally suitable for analysing the
ontact-induced wave propagation because the total dynamic response
ime that must be modelled is only a few orders of magnitude longer
han the stability critical time step [20] and the contact conditions are
pdated within a small time interval, which facilitates the analysis of
igh-frequency wave propagation [21] . 

The aforementioned studies, however, only presented the wave
henomena observed in explicit FE contact simulations. The generation
echanisms and physical characteristics of the simulated waves have
ot been examined. This study, in this context, first categorises the
aves observed in the previous explicit FE wheel-rail contact simu-

ations according to their generation mechanisms as impact-induced,
reepage-induced and perturbation-induced waves. The possible link
etween the generation of perturbation-induced waves and the stick-
lip contact behaviour is then discussed. After that, the study analyses
he physical characteristics of the creepage-induced wave observed in
19] , confirming that the simulated wave is a Rayleigh wave. Although
he Rayleigh wave has been extensively proposed to enable detection
f the presence of rail cracking [22,23] , its practical application to

https://doi.org/10.1016/j.ijmecsci.2019.105069
http://www.ScienceDirect.com
http://www.elsevier.com/locate/ijmecsci
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijmecsci.2019.105069&domain=pdf
mailto:z.yang-1@tudelft.nl
mailto:z.li@tudelft.nl
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Fig. 1. Impact-induced wave patterns (see also 
the animations in [25] and [26] ). 
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o  
eld detection is still under development. This study finally presents
n explicit FE wheel-rail contact model with a crack to investigate the
nfluence of cracks on the waves, which may contribute to wave-based
rack detection. 

. Categorisation and generation mechanisms of the simulated 

aves 

The contact-induced waves discovered in the previous explicit
E wheel-rail contact studies may be categorised according to the
eneration mechanisms as impact-induced, creepage-induced and
erturbation-induced waves. The generation mechanisms of the former
wo appear to be evident: the significant dynamic effect or kinetic en-
rgy [24] induced by the wheel-rail impact or large creepage results in
arge oscillations of the wheel/rail surface particles in the vicinity of
he contact patch. The large local oscillations then propagate and form
egular wave patterns. The generation mechanism of the perturbation-
nduced wave is however less apparent because the perturbation arises
uring seemingly steady-state rolling. 

.1. Impact-induced waves 

The propagation of elastic waves inevitably occurs upon impact [24] .
he contour graphs of Fig. 1 present two examples of wheel-rail impact-

nduced waves. Because the impact excitation is normal to the wheel-
ail contact surface, the normal (out-of-plane) nodal vibration velocities
lay much more important roles than the tangential (in-plane) ones in
he formation of the impact-induced wave [11] . The magnitude of the
ormal nodal velocity on the rail surfaces is indicated by the colour
epth of the contour graphs; the leading and trailing edges of the contact
atch can thus be identified by the blue and red colours, respectively. 

Fig. 1 (a) shows an impact-induced wave produced by simulating the
mpact of a wheel on an insulated rail joint (IRJ); details of the modelling
ere presented in [11] . When the wheel rolls over the IRJ and hits the

ail end on the other side of the joint, an impact-induced wave occurs
t the leading edge of the contact patch and propagates forward along
he wheel rolling direction. Fig. 1 (b) shows another case of an impact-
nduced wave produced by the wheel-rail two-point contact transition
iscussed in [18] . The impact-induced wave arises at the second contact
atch on the rail gauge corner immediately after the wheel flange comes
nto contact with, or hits, the rail gauge corner. The generation and
ropagation of the impact-induced waves shown in Figs. 1 (a) and (b)
an be more clearly seen in the animations [25] and [26] , respectively.

.2. Creepage-induced waves 

When large wheel-rail creepage occurs, wave patterns embody-
ng the alternation of the compression intensification and relaxation
18] may be generated. Two examples of creepage-induced waves are
resented in the contour/vector diagrams in Fig. 2 . Fig. 2 (a) shows a
reepage-induced wave pattern calculated with the explicit FE squeal-
xciting contact model presented in [19] , in which the wheel-rail rolling
ontact with a large lateral motion of the wheel is simulated; Fig. 2 (b)
hows another creepage-induced wave pattern observed in the simula-
ion of the wheel-rail two-point contact transition [18] , in which large
reepage occurs at the first contact patch on the rail top when the rolling
heel negotiates with the rail via flange contact. The animations corre-

ponding to Fig. 2 (a) and (b) displaying the generation and propagation
f the creepage-induced wave can be found in [27] and [28] , respec-
ively. 

In the contour/vector diagrams in Fig. 2 , the magnitudes of the
ormal relative velocities of the wheel/rail nodes are indicated by the
olour depth within the contact patches, and the tangential relative ve-
ocities between the wheel nodes and the rail nodes, i.e., the micro-slip,
re indicated by the blue arrows. The arrows point in the direction of
he micro-slip, and their lengths are proportional to the magnitude. Both
he normal and tangential nodal velocities contribute to the formation
f the creepage-induced wave. The creepage-induced wave appears to
ropagate parallel to the micro-slip vectors, and the micro-slip in the
ompression relaxation area (darker colour) is larger than that in the
djacent compression intensification area (lighter colour). 

.3. Perturbation-induced waves 

Perturbation-induced waves have also been observed in the previ-
us explicit FE wheel-rail contact simulations: perturbation of the nodal
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Fig. 2. Creepage-induced wave patterns (see 
also the animations in [27] and [28] ). 
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elocity suddenly occurs within the contact patch and spreads radially,
onsequently developing into a wave pattern. The main difference in the
erturbation-induced wave compared with the former two wave types
s that the perturbation-induced wave, or the perturbation to be pre-
ise, may be initiated during seemingly steady-state rolling without the
nvolvement of significant dynamic effects caused by either impacts or
arge creepage. 

Perturbation-induced waves are found to be initiated either close to
he leading edge of the contact patch [11] or close to the juncture of
he adhesion-slip regions [18] . Two animations of the generation and
ropagation of perturbation-induced waves are presented in [29] and
30] . The perturbation initiates close to the leading edge of the contact
atch in [29] and at the juncture of the adhesion-slip regions in [30] .
he animations were obtained by explicit FE simulation of wheel-rail
rictional rolling contact without wheel lateral motion (simulation case
 in [19] ). 

Each animation consists of two windows: the upper window displays
he simulated evolution of the wheel-rail relative velocities within the
ontact patch, and the lower window displays the simulated evolution
f the normal and tangential velocities of the rail surface nodes within
he entire solution zone (a region on the rail top surface for which the
heel-rail contact solution is output). The wheel-rail relative velocities

in the upper window) can clearly indicate the range of the contact patch
nd the adhesion-slip regions and thus enable the initiation position of
he perturbation to be located, while the rail surface nodal velocities
in the lower window) can more clearly show the wave propagation.
igs. 3 (a) and (b), extracted from the upper windows of the animations
n [29] and [30] , respectively, show the generation processes of the two
ypical perturbation-induced waves. The range of the contact patch is
ndicated by the dashed black ovals, and the initial adhesion and slip
egions are roughly divided by the dashed curves within the contact
atch. The interval between each pair of consecutive graphs in Fig. 3 as
ell as the time step of the animations in [29] and [30] is 1 μs. Note that

he time steps used in all the animations of this paper are more than 10
imes larger than the computational time step used in the simulations.
n Fig. 3 , the perturbation occurs at instant t2 and gradually spreads at
nstants t3 ∼t6. 

The division of the adhesion and slip regions can be determined ei-
her by the presence of micro-slip, i.e., micro-slip exists only in the slip
egion, or by comparing the wheel-rail surface shear stress with the trac-
ion bound (the product of the contact pressure and coefficient of fric-
ion), i.e., an element is in the slip region if its surface shear stress equals
he traction bound, as indicated in Fig. 4 . Note that at the initiation loca-
ions of the perturbation-induced waves, i.e., close to the leading edge of
he contact patch and close to the juncture of the adhesion-slip regions,
he surface shear stress is close, but not equal, to the traction bound,
s indicated by the two green circles in Fig. 4 ; therefore, the contact
odes/elements originally in adhesion at these locations are more likely
o slip than those elsewhere with an increase of the surface shear stress
r a decrease of the traction bound (or a decrease of the pressure when
he coefficient of friction is constant). This phenomenon may occur dur-
ng the dynamic frictional rolling contact in which the contact stresses
ary periodically [19] . As shown in Fig. 5 and its corresponding anima-
ion in [31] , in each period, a moving local peak of the surface shear
tress, indicated by the green arrow in Fig. 5 , starts at the leading edge
f the contact patch, moves towards the trailing edge, and ultimately ex-
ts the adhesion region at the juncture of the adhesion-slip region. This
ocal peak or increase of the surface shear stress appears capable of caus-
ng sudden slip in the original adhesion area either close to the leading
dge of the contact patch or close to the juncture of the adhesion-slip
egions, acting as a perturbation within the wheel-rail contact patch and
hen developing into a wave. Because the variation in the stress distri-
ution is caused by vibration [32] , the perturbation-induced waves can
e considered to be intrinsically generated by dynamic effects similar
o the impact-induced wave and the creepage-induced wave. However,
he dynamic effects of the wheel-rail frictional rolling that trigger the
erturbation-induced wave may be much less significant than the dy-
amic effects that initiate the other two types of waves; therefore, the
erturbation-induced wave observed in the explicit FE simulations is
eaker and lasts for a shorter time. 

The initiation location of the perturbation-induced wave can be
nfluenced by the simulated traction condition of the rolling wheel.
igs. 6 (a) and (b) extracted from the animations in [33] and [34] show
he perturbation-induced waves simulated by a braking wheel rolling
odel and a tractive wheel rolling model, respectively. The braking

olling is simulated by applying an opposite-direction torque to the
heel axle. The directions of the micro-slip vectors within the slip re-
ions shown in Fig. 6 (a) are thus opposite to the wheel rolling direc-
ion. Although the time steps used in the animations [33] and [34] (30
s) are not sufficiently small to capture the entire process of wave gen-
ration and propagation, the animations and Fig. 6 still indicate that
he perturbation-induced waves generally occur at the leading edge
f the contact patch in the simulation of wheel braking, whereas the
aves occur more often at the juncture of the adhesion-slip regions in

he simulation of wheel traction. The correspondence between the trac-
ion/braking condition and the initiation position of the wave might sup-
ort the actual existence of a perturbation-induced wave during wheel-
ail frictional rolling contact because turbulence caused by numerical
rrors occurs more randomly. 

Perturbations occur regularly in the animations in [33] and [34] with
 period of approximately 0.6 ms (20 time steps in the animations),
orresponding well to the period of the surface shear stress oscillation
hown in Fig. 5 and [31] . This result supports the aforementioned
nding that the perturbation is generated when the local peak of the
urface shear stress periodically passes the boundary of the adhesion
egion at either the leading edge or the juncture of the adhesion-slip
egions. Moreover, Fig. 3 shows that the adhesion region decreases
radually with the spread of the perturbation. The adhesion region can
e expected to vanish under certain contact conditions (e.g., by apply-
ng a certain coefficient of friction or when the applied traction/braking
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Fig. 3. Generation processes of two typical 
perturbation-induced waves (see also the ani- 
mations in [29] and [30] ). 

Fig. 4. Contact stress distribution within the contact patch (the green circles 
indicate the initiation locations of the perturbation: close to the leading edge 
and the juncture of the adhesion-slip regions). 
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orce exceeds a threshold value), and the stick-slip contact behaviour,
haracterised by sudden, periodic shear stress drops and markedly
nfluenced by vibration and waves [35] , may consequently occur. This
tudy, therefore, seems to link the generation of perturbation-induced
aves with the wheel-rail friction-induced instability – the root cause of
queal [36] and possibly of corrugation [37] . Because the initiation of
he perturbation is influenced by the wheel traction/braking condition
s analysed above, squeal and corrugation can possibly be mitigated by
ptimising the traction and braking control strategies based on a better
nderstanding of perturbation-induced waves. 

. Physical characteristics of creepage-induced waves 

The physical characteristics of the wheel-rail contact-induced wave
an be obtained by analysing the nodal motion on the contact surface
hat forms the wave. As a first attempt to examine the physical char-
cteristics of wheel-rail contact-induced waves, this study limits the
nalysis of the wave characteristics to creepage-induced waves because
ore difficulties arise when analysing the surface nodal motion forming

mpact-induced and perturbation-induced waves: the impact-induced
aves shown in Fig. 1 are interfered with either by the reflected wave
ue to the rail joint (see [38] ) or by the waves generated at the con-
act patch on the rail top (see [28] ), and the perturbation-induced wave
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Fig. 5. Periodic surface stress distributions (see also the animation in [31] . blue curve: traction bound; red curve: surface shear stress; A: adhesion region; S: slip 
region; the green arrows indicate the position of the moving local peak) [19] . 

Fig. 6. Perturbation initiations simulated under wheel brak- 
ing and traction conditions (see also the animations in 
[33] and [34] ). 
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enerated by the much less pronounced dynamic effect is of too short a
uration to analyse. 

.1. Preliminary inference of the wave type 

A typical creepage-induced wave pattern is presented in the con-
our/vector diagrams in Fig. 7 (see also [39] for the corresponding an-
mation with a time step of 0.3 μs). The wave is obtained by simulat-
ng wheel-rail frictional rolling contact with large lateral motion of the
heel (simulation case 4 in [19] ). The wave phenomena can be ob-

erved from the distribution of the wheel-rail relative velocities within
he contact patch ( Fig. 7 (a)) and the distribution of the rail surface
odal velocities within the entire solution zone ( Fig. 7 (b)). The regions
f the contact patch are indicated by the dashed black ovals in Fig. 7 . In
he contour/vector diagrams, the magnitudes and directions of the nor-
al (relative) velocities are indicated by the colour depth, and those of

he tangential (relative) velocities are indicated by the red arrows. The
reepage-induced wave shown in Fig. 7 (a) embodies the alternation of
he compression intensification and relaxation within the contact patch
see also Fig. 2 ), whereas the wave in Fig. 7 (b) reflects the vibration
elocities of the rail surface nodes. The wavelengths shown in Fig. 7 are
pproximately 6 mm. 

Assuming that the time step used in the animation in [39] – 0.3
s – is sufficiently small to capture the physical characteristics of the
ave, e.g., wave speed and travelling direction, and thus to identify the
ave type, three lines of evidence link the simulated creepage-induced
ave to a Rayleigh wave. First, the observed wave is a surface wave
ormed by the simulated rail surface nodal velocities, as has been shown.
econd, both the normal and tangential nodal motions contribute to the
ormation of the wave, and the direction of the tangential nodal motion
s roughly parallel and opposite to the wave propagation direction (see
39] ), as will be shown in detail in Section 3.3 . Third, the wave speed
stimated by dividing the wave travelling distance of 1 mm in each time
tep by the time step size of 0.3 μs approximates the Rayleigh wave
peed in steel (approximately 3 km/s); this result will be further verified
n Section 3.3 . 

.2. Rayleigh surface wave 

A Rayleigh wave is a commonly known type of surface wave formed
y retrograde elliptical particle motion on the surface, as shown in
ig. 8: the surface particles move in both the tangential (parallel and
pposite to the wave propagation direction) and transverse (normal to
he surface) directions, and the phase difference between the tangen-
ial motion and the transverse motion is 𝜋/2. The travelling speed of a
ayleigh wave in steel is approximately 3 km/s. 

.3. Nodal motion forming creepage-induced waves 

Section 3.1 infers that the simulated creepage-induced wave is a
ayleigh wave based on the assumption that the time step used in the
nimation in [39] is sufficiently small. To validate this assumption and
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Fig. 7. Creepage-induced wave simulated by the wheel lateral motion model (see also the animation in [39] ). 

Fig. 8. Retrograde elliptical particle motion of a Rayleigh wave. 
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he inference made in Section 3.1 , this section analyses the simulated
odal motion on the rail surface that forms the creepage-induced wave.
he normal and tangential velocities of three rail surface nodes N1 ∼N3,
enoted by the solid blue points in Fig. 7 , are analysed. The nodes are
ocated approximately on the central lateral line of the contact patch.
1 and N2 are within the contact patch, while N3 is outside the con-

act patch. The selected nodes have the same longitudinal coordinate of
10 mm and lateral coordinates of 0 mm, − 4 mm and − 10 mm. 

Fig. 9 (a) plots the time histories of the simulated normal and tangen-
ial velocities of the three selected nodes during the period of 18.18 ms
18.27 ms (the animation [39] displays the wave in the same period).
he tangential nodal velocities have trend components because of the
heel lateral motion prescribed in the simulation. The power spectrum
ensities of the time histories are correspondingly shown in Fig. 9 (b),
hich indicate that all the nodal velocities are narrow-band signals and
ave a dominant frequency of approximately 0.495 MHz. The travelling
peed of the simulated wave may thus be calculated by multiplying the
avelength 𝜆w = 6 mm and the frequency f w = 0.495 MHz as: 

 𝑤 = 𝜆𝑤 × 𝑓 𝑤 ≈ 3 km ∕s (1)

The good agreement of the wave speed calculated with Eq. (1) and
hat estimated in Section 3.1 indicates that the time step of the ani-
ation [39] is sufficiently small to show the main characteristics of

he wave. The bandpass-filtered time histories around the dominant fre-
uency (between 0.48 and 0.51 MHz) are plotted in Fig. 9 (c), and close-
p views are plotted in Fig. 9 (d), which clearly show that both the nor-
al and tangential nodal velocities contribute to the formation of the

reepage-induced wave with comparable magnitudes. Fig. 9 (e) indicates
hat the phase differences between the tangential and normal motions of
1 and N2 inside the contact patch are approximately 𝜋/2, correspond-

ng to a Rayleigh wave, whereas that of N3 outside the contact patch
s approximately 0.65 𝜋, which is possibly caused by the superposition
f other waves. Fig. 9 (f) shows that the coherence of the tangential and
ormal motions is 0.98 for N1 and N3 and greater than 0.8 for N2 in
he frequency range of interest. Fig. 9 (g) plots the retrograde elliptical
odal motion of N1 ∼N3 in displacement, which strongly indicates the
resence of a Rayleigh wave (see also [40] for the animations of the
orresponding retrograde elliptical nodal motion). The elliptical trails
f each node for different cycles do not exactly overlap due to the dy-
amic effects of wheel-rail frictional rolling. 

. Waves generated by a crack 

Experimental attempts [22,23] have suggested that Rayleigh waves
an be used to detect rail cracks. However, their field application is
till under development. As the explicit FEM can effectively capture the
ontact-induced Rayleigh wave, as analysed in Section 3 , this section
resents explicit FE modelling of wheel-rail dynamic frictional rolling
ontact for a rail top surface with a crack to investigate the crack ef-
ects on the contact-induced waves. The model was developed from the
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Fig. 9. Simulated surface nodal motion (left, middle and right 
graphs are for the rail surface nodes N1, N2 and N3, respectively). 
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Fig. 10. Wheel-rail contact model with a crack on the rail top surface. 

Fig. 11. Contact-induced waves influenced by 
a crack (see also the animations in [41] and 
[42] ). 
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heel-rail contact model without wheel lateral motion (simulation case
 in [19] ) by adding a ‘seam’ in the rail top, as shown in Fig. 10 (a).
ig. 10 (b) shows the size and position of the added crack. Contact be-
ween the surfaces of the crack is included, with a static coefficient of
riction of 0.35. 

The contour/vector diagrams in Figs. 11 (a) and (b) show the dis-
ributions of the rail surface nodal velocities within the entire solution
one when the simulated wheel approaches and rolls over the crack, re-
pectively. The contact patch is indicated by the dashed black oval; the
rack is denoted by the bold black line. Wave patterns can be observed in
ig. 11 , which are generated at the location of the crack and propagate
adially. The wave generated when the wheel rolls over the crack (in
ig. 11 (b)) is much stronger than the wave generated when the wheel
pproaches the crack (in Fig. 11 (a)). See [41] and [42] for the corre-
ponding animations with a time step of 1 μs. The characteristics of the
aves generated by rail cracks can be investigated in future studies and,

ogether with experimental validation, be used for the development of
ave-based detection of rail surface cracks. 

. Conclusions and future research 

This paper presented an analysis of the contact-induced waves sim-
lated by explicit FE wheel-rail frictional rolling contact models. Ac-
ording to the generation mechanisms of the waves, this study cate-
orised the simulated waves as impact-induced, creepage-induced and
erturbation-induced waves. All three types of waves should be intrinsi-
ally generated by the dynamic effects of the wheel-rail frictional rolling
ontact; the dynamic effect triggering perturbation-induced waves is
owever much less significant than those causing impact-induced and
reepage-induced waves. 

This study also discussed a possible link between the generation of
erturbation-induced waves and the stick-slip contact mechanism and
ound that the initiation location of the perturbation-induced wave can
e influenced by the traction/braking condition of the railway wheel:
he perturbation generally occurs at the leading edge of the contact
atch during wheel braking, whereas it occurs more often at the junc-
ure of the adhesion-slip regions during wheel traction. The cause of
eriodic perturbation-induced waves should be further studied. A bet-
er understanding of perturbation-induced waves may contribute to the
itigation of rail corrugation and squeal as consequences of stick-slip

ontact by enabling optimisation of the traction and braking control
trategies. 

This study demonstrated that the simulated creepage-induced wave
s a Rayleigh wave by comparing the physical characteristics of the
aves. The reproduction of the Rayleigh wave confirmed that the ex-
licit FEM is an effective tool for the analysis of wheel-rail dynamic con-
act and the associated waves. An explicit FE wheel-rail contact model
ith a crack in the rail top surface was finally presented to investigate

he effects of the crack on the rail surface waves. The generation and
ropagation of rail surface waves were observed in simulations in which
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he wheel approached and rolled over the crack. Further investigation of
he physical characteristics of the crack-generated waves and their ex-
erimental validation may facilitate the development of a wave-based
rack detection method. 
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