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7Wheel-rail dynamic interaction

Zhen Yang and Zili Li

Delft University of Technology, Delft, The Netherlands
7.1 Introduction

7.1.1 Wheel-rail contact vs wheel-rail dynamic interaction

When a railway wheel rolls along a straight rail without significant geometric or stiff-

ness irregularity, wheel-rail contact can be modeled analytically [1–4] or with a

boundary element method (BEM) [5] based on the assumptions of half-space and lin-

ear elasticity. The analyzing scope of the contact problem is then concentrated on the

potential contact region, as indicated by the red frame in Fig. 7.1A. When a wheel

passes a more complex section of the track, e.g., a sharp curve, rail joint, or turnout,

arbitrary contact geometry, and plastic deformation may occur, and the wheel-rail con-

tact is generally better to be modeled with a finite element method (FEM) [6–19], in
which arbitrary contact geometries and material nonlinearities can be handled. By dis-

cretizing the structures of interest in the spatial domain, the stresses/strains, deforma-

tion, and motion of the whole wheel and rail structures can be analyzed, as shown in

Fig. 7.1B. In contrast to “wheel-rail contact” where only a local contact region is of

concern, the term “wheel-rail interaction” denotes that the behavior of wheel and rail

structures with certain geometric and material properties contribute to and are

influenced by wheel-rail contact.

Early finite element (FE) studies on the wheel-rail interaction generally assumed

quasistatic-state contact [7,8,11]; however, when a wheel passes complex sections of

the track, dynamic effects often play a significant role in the wheel-rail interaction.

Here the dynamic effects denote that the inertia of wheel/rail material influences

the stress field in and surrounding the contact area, as well in the structure; the

contact-induced wheel/rail structural vibration may significantly affect the wheel-rail

contact [10,14,16–18]. Wheel-rail dynamic interaction should thus be considered, as

schematically indicated in Fig. 7.1C. The explicit FEM is an ideal approach to deal

with wheel-rail dynamic interaction, owing to its capabilities of handling nonlinear

material properties and arbitrary contact geometries and considering dynamic effects

[18] (to be elaborated and demonstrated in Section 7.2).
7.1.2 Weak spots of the track

The aforementioned complex track sections where wheel-rail dynamic interaction

often occurs can be roughly categorized as the impact-inducing sections and the

large-friction-inducing sections. For both, large wheel-rail contact force in the normal

or/and tangential directions can be expected, consequently causing high-amplitude
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Fig. 7.1 From wheel-rail contact to the dynamic interaction (A) wheel-rail contact; (B) wheel-

rail interaction; (C) wheel-rail dynamic interaction.

Reproduced from Z. Yang, Numerical Modelling of Wheel-Rail Dynamic Interactions With an

Explicit Finite Element Method (PhD thesis), Delft University of Technology, 2018, https://doi.

org/10.4233/uuid:8acb9b48-bf77-45b2-a0d6-1cf6658f749e.
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structural vibration and noise, accelerating track degradation. These complex sections

can thus be regarded as weak spots of the track.

Typical impact-inducing track sections include rail joints and turnouts.When trains

pass over these sections, wheel-rail impacts are generated due to the track stiffness and

geometric irregularities. The impact, besides leading to vibration and noise, initiates

and accelerates track deterioration, e.g., squat, plastic deformation, corrugation, fas-

tening failure, hanging sleepers, and uneven track settlement. The impact-inducing

track sections contribute to a large portion of the maintenance and renewal costs of

the track infrastructure. For example, the impact load at a turnout can be more than

two times the static wheel-rail contact load in amplitude, resulting in eight unexpect-

edly broken frog points per week in the Netherlands.

The large-friction-inducing sections include curves and places where acceleration

and braking frequently take place. When a train negotiates a tight curve, large lateral

friction force occurs at the contact between the tread of the inner wheel and the top

surface of the low rail, and between the flange of the outer wheel and the gauge corner

of the high rail, if a wheelset fails to align itself tangentially to the rail. The large fric-

tion force may induce full slip and stick-slip contact behavior and, consequently,

severe wear, rolling contact fatigue, corrugation, and squeal noise. The flange contact

introduces large spin creepage, causing severe wear and sometimes flange squeal.

Large longitudinal friction force is generated in the acceleration and braking sections,

as well as on slopes, where local wear of wheel tread (wheel flat) and railhead (wheel

burn in a severe condition) may take place.
7.1.3 Consequences of the wheel-rail dynamic interaction

Based on the commonly-observed problems at the weak spots of the track, the con-

sequences of the wheel-rail dynamic interaction can be summarized as the increased

wheel/rail structure degradation and the contact-induced vibration and noise.

https://doi.org/10.4233/uuid:8acb9b48-bf77-45b2-a0d6-1cf6658f749e
https://doi.org/10.4233/uuid:8acb9b48-bf77-45b2-a0d6-1cf6658f749e
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7.1.3.1 Wheel/rail structure degradation

Severe wear
Shown as the removal of material from the contacting surfaces of structures, wear is

the most common failure mode of wheel/rail interface [20]. Severe wear is often

observed at the gauge corner of the high rail on curves where flange contact takes

place, as well as at the turnout noses and rail joints where impacts are generated.

The worn profiles of wheel and rail further increase wheel-rail contact force and accel-

erate structure degradation.

Wheel polygonal wear, shown as periodic wave-like wear along the circumference

of thewheel tread, commonlyoccurs in locomotives,metros, andhigh-speed trains.The

dynamic effects play important roles in the generationofwheel polygon: the resonances

of the train/track system are closely related to the wavelengths of the polygon [21–23].

Rolling contact fatigue
Rolling contact fatigue in the rail surface mainly includes squats and head checks.

Squats mainly occur at welds, joints, turnouts, indentations, wheel burns, and corru-

gation, where wheel-rail impacts and excessive dynamic contact force are generated

[10,14,19,24]. Squats in turn induce wheel-rail impacts. Head checks mainly occur on

the curves with radii between 500m and 3000 [25,26]. Rolling contact fatigue

threatens the safety of railway traffic because the propagation of cracks may result

in sudden rail fracture and derailment.

Corrugation
Corrugation comprises the formation of a periodic wave-shaped irregularity of the rail

surface, and appears in almost all types of tracks, from ballast tracks to slab and

embedded tracks, from heavy-haul to light rail and rapid transit [27,28]. The gener-

ation and development of corrugation can be explained by a short-term dynamic pro-

cess and a long-term damage mechanism. The short-term dynamic process is believed

to fix the wavelength of the periodic defect pattern to the dynamics of the train/track

system, which is also the origin of the dynamic effects involved in the wheel-rail

dynamic interaction. As to the long-term damage mechanism, the corrugation is con-

sidered to be formed by wear and plastic deformation.

7.1.3.2 Contact-induced vibration and noise

Impact vibration and noise
Impact vibration and noise are generated at the impact-inducing track sections. The

vertical contact irregularities in the running surface generate high wheel-rail contact

force and high-amplitude impact vibration and noise. The impact noise has discrete

nature of the event, which can, however, be quite loud [29].

Friction induced vibration and squeal
Frictional induced unstable vibration of a railway wheel and the consequent squeal

noise radiation often occur in sharp curves. The tonal squeal is one of the loudest

and most disturbing railway noise sources. The wheel-rail dynamic interaction is
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considered to be directly related to squeal generation [30,31]. Unsteady lateral creep-

age, particularly between the leading inner wheel and low rail, is thought to be the

main cause of the unstable wheel vibration and curve squeal noise [29]. Flange contact

has been found to reduce the likelihood of curve squeal due to lateral creepage under

certain conditions [29], but may generate a different form of noise referred to as

“flanging noise” or “flange squeal,” which is much more broad-band in nature and

also a source of considerable annoyance.
7.2 Modeling of wheel-rail dynamic interaction

Reliable modeling of wheel-rail dynamic interaction contributes to the mitigation and

elimination of the aforementioned degradation and environmental impacts (i.e., vibra-

tion and noise), especially at the weak spots of the track. In addition, because the

dynamic effects involved in wheel-rail interaction increase with the train speed and

axle load, a better understanding of the wheel-rail dynamic interaction is necessary

for the capacity increase of railway transportation.
7.2.1 Methodology

Owing to the capabilities of handling nonlinear material properties and arbitrary con-

tact geometries and considering dynamic effects, the explicit FEM has been broadly

employed to model wheel-rail dynamic interaction [10,13–18,28,31–35]. In compar-

ison with the implicit FEM, the explicit integration scheme is more robust in handling

difficult contact problems because it avoids the convergence difficulties caused by

demanding contact conditions [36] and the regularization of the friction law required

to treat the no-slip condition in the adhesion area [37]. Moreover, by avoiding the need

for matrix evaluation, assembly, and decomposition as required by the implicit inte-

gration algorithms, the explicit procedure is computationally attractive for analyzing

high-frequency dynamic problems of short-duration, especially when the total

dynamic response time that must be modeled is only a few orders of magnitude longer

than the stability critical time step, which is frequently the case in wave propagation

analyses [38].

The core algorithms employed in the explicit FE wheel-rail dynamic interaction

were systematically presented in [18]. Table 7.1 briefly presents the solution proce-

dure of the explicit FEM that contains two loops. The outer loop is constructed mainly

by formulating the equation of motion and solving the equation with the central dif-

ference scheme; and the inner loop calculates the wheel-rail contact, which is called as

a subroutine at each time step prior to updating the structural dynamic responses. This

solution procedure indicates that the calculation of wheel/rail dynamics and the cal-

culation of wheel-rail frictional contact can be coupled in the numerical algorithm,

and thus demonstrates that the explicit FEM is an ideal approach for the modeling

of wheel-rail dynamic interaction.



Table 7.1 The solution procedure for the explicit FE wheel-rail dynamic interaction analysis.

Initialize algorithm: apply initial conditions; define contact pairs; construct the lumped mass

matrix, and set the termination time

Loop 1: time step¼0, 1, 2, …

(I) Apply load conditions to construct the external force vector

(II) Process elements to construct the internal force vector

(III) Construct the wheel-rail contact force vector using the penalty contact method

Loop 2: number of the node on the slave (wheel) surface¼1, 2, …

(i) Locate the master (rail) segment for each slave (wheel) node

(ii) Locate the wheel-rail contact points (projection of the slave node on the master

segment)

(iii) Calculate the contact force at the contact points

END Loop 2

(IV) Update the nodal accelerations, velocities, and displacements using the central difference

method

(V) Check for termination

END Loop 1

Output: wheel/rail nodal force and nodal motion (i.e., acceleration, velocity, and

displacement)
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7.2.2 Case studies

Three typical examples of using the explicit FEM to deal with wheel-rail dynamic

interaction are presented. The first example models the wheel-rail impact at a rail joint

[39]; the second and third examples deal with wheel-rail dynamic interaction at cur-

ves, i.e., frictional instability of the inter wheel [31] and flange contact of the outer

wheel [40], respectively.
7.2.2.1 Wheel-rail impacts at a rail joint

This example demonstrates the reliability of the explicit FEM for the modeling of

wheel-rail dynamic interaction. Because the explicit FEM couples the calculation

of wheel/rail dynamic responses with the calculation of wheel-rail contact (see

Table 7.1), the reliability of the wheel-rail dynamic interaction solutions are con-

firmed by separately validating the wheel/rail dynamic responses and contact

solutions.

A typical Dutch insulated rail joint (IRJ) without visible damage was selected as the

study target in the trunk line Amsterdam-Utrecht of the Dutch railway network. A 3D

explicit FE wheel-IRJ dynamic interaction model was built up, as shown in Fig. 7.2.

The model consists of a 10-m-long half-track with an IRJ in the middle and a half-

wheelset with the sprung mass of the car body and bogie. The ballast was simplified

as vertical spring and damper elements, with the displacements constrained in the lat-

eral and longitudinal directions. Since the stiffness and damping parameters used to



Fig. 7.2 A finite element wheel-IRJ dynamic interaction model.

Modified from Z. Yang, A. Boogaard, R. Chen, R. Dollevoet, Z. Li, Numerical and

experimental study of wheel-rail impact vibration and noise generated at an insulated rail joint,

Int. J. Impact Eng. 113 (2018) 29–39, https://doi.org/10.1016/j.ijimpeng.2017.11.008.
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model the fastenings and ballast can hardly be measured directly in the field, these

parameters were calibrated by fitting the simulated frequency response functions to

the measurement results, which will be illustrated in detail in Section 7.3.1.

The simulated wheel-rail impact vibration response was validated against a track-

side pass-by measurement. Fig. 7.3 compares the wavelet power spectra of the sim-

ulated (Fig. 7.3A) and measured (Fig. 7.3B–E) impact vibration up to 10kHz. The

results of the four pass-bys shown in Fig. 7.3 were successively measured when

the four wheelsets of a coach passed the target IRJ. The simulated impact vibration

agrees well with the pass-by measurement results in both the time domain and fre-

quency domain. More details about the measurement campaign and model validation

can be found in [39].

After validating the dynamic response, the simulated impact contact solutions are

analyzed including the contact patch area, stress magnitude and direction, micro-slip,

and adhesion-slip distributions. Detailed analyses and validation of the wheel-IRJ

impact contact solutions can be found in [17]. By plotting a trail of transient contact

areas, the “footprints” of the simulated contact patch are presented in Fig. 7.4A. Good

correspondence can be obtained by comparing the simulated “footprints” to the in situ

running band of the target IRJ shown in Fig. 7.4B, which implies that the simulation

accurately reproduced the transient impact contact solutions.

https://doi.org/10.1016/j.ijimpeng.2017.11.008


Fig. 7.3 Wavelet power spectra of the simulated and measured pass-by impact vibration. (Upper row: vertical impact vibration; lower row: lateral

impact vibration; the unit of the color bar is m/s2.) (A) Simulation; (B) 1st pass-by; (C) 2nd pass-by; (D) 3rd pass-by; (E) 4th pass-by.

Modified from Z. Yang, A. Boogaard, R. Chen, R. Dollevoet, Z. Li, Numerical and experimental study of wheel-rail impact vibration and noise

generated at an insulated rail joint, Int. J. Impact Eng. 113 (2018) 29–39, https://doi.org/10.1016/j.ijimpeng.2017.11.008.

https://doi.org/10.1016/j.ijimpeng.2017.11.008
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Fig. 7.4 Comparison of the simulated contact patch “footprints” and the in situ running band

(A) “Footprints” of the simulated contact patch (the color differentiates an individual contact

patch from the others); (B) in situ condition of the running band.

Reproduced with permission from Z. Yang, A. Boogaard, Z. Wei, J. Liu, R. Dollevoet, Z. Li,

Numerical study of wheel-rail impact contact solutions at an insulated rail joint, Int. J. Mech.

Sci. 138–139 (2018) 310–322, https://doi.org/10.1016/j.ijmecsci.2018.02.025.
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7.2.2.2 Frictional instability at curves

The second example simulates the curving behavior of the inner wheel to deal with the

frictional instability, i.e., the squeal-exciting wheel-rail contact. The contact modeling

accounting for the frictional instability of a vibrating wheel is considered the central

part of the squeal prediction model [41]. Fig. 7.5 shows the employed 3D explicit FE

wheel-rail, dynamic interaction model, with wheel lateral motion during curving. The

wheel-rail contact was defined with nominal geometry and with the wheel flange

being included. More detailed descriptions of the model can be found in [31].

In the simulation, the wheel rolled from its initial position at time t0 to the solution
zone along the rail, as shown in Fig. 7.5B. The dynamics arising from the wheel/rail

initial kinematic and potential energy due to imperfect static equilibrium [13] have

relaxed at time t1. Wheel lateral motion was subsequently simulated from time

t2 by applying the prescribed displacement boundary conditions listed in Table 7.2

to both ends of the wheel half-axle, except for simulation case 1. The wheel entered

the solution zone at time t3 and exited at t4. The dynamic evolution of the contact solu-

tions was captured between t3 and t4.
Unsteady lateral creepage, particularly between the leading inner wheel and the

low rail, is thought to be the main cause of squeal [29]. When simulating wheel lateral

motion, the resulting wheel-rail lateral creepage causes asymmetric distributions of

contact stress and micro-slip within the contact patch, as shown in Fig. 7.6. The asym-

metry of the distribution of the contact patch is characterized by an orientation angle θ,
as shown in Fig. 7.6C. The orientation angle increases with the lateral creepage from

Fig. 7.6A–F. The orientation angles obtained with CONTACT [5] (4th row), are con-

sistent with those obtained with the explicit FEM. The distributions of the adhesion-

slip regions determined by the simulated explicit FE contact stresses in the 1st row and

https://doi.org/10.1016/j.ijmecsci.2018.02.025


Fig. 7.5 The wheel-rail dynamic interaction model to simulate curving behavior (A) 3D FE

model; (B) simulated frictional rolling with wheel lateral motion.

Reproduced with permission from Z. Yang, Z. Li, Numerical modeling of wheel-rail squeal-

exciting contact, Int. J. Mech. Sci. 153–154 (2019) 490–499, https://doi.org/10.1016/j.ijmecsci.

2019.02.012.

Table 7.2 Prescribed displacement boundary conditions applied to

different simulation cases.

Prescribed displacement boundary conditions Simulation cases

No lateral motion of the wheel Case 1

Small lateral motion of the wheel Case 2

Medium lateral motion of the wheel Case 3

Large lateral motion of the wheel Case 4
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micro-slips in the 3rd row are in line with each other. They are also in reasonable

agreement with the distributions of adhesion-slip regions determined by CONTACT

in the 4th row. The main difference of the FE and boundary element (obtained with

CONTACT) contact solutions is that the waves are observed in the micro-slip distri-

butions calculated with the explicit FEM in Fig. 7.6E and F. The waves have been

identified as the Rayleigh wave [42]. This confirms the transient/dynamic effects

are included in the explicit FE contact modeling, which is needed for a correct rep-

resentation of the squeal mechanisms [43].

https://doi.org/10.1016/j.ijmecsci.2019.02.012
https://doi.org/10.1016/j.ijmecsci.2019.02.012


Fig. 7.6 Simulated contact solutions with lateral creepage. (1st row: stress distributions along

the longitudinal centerline; 2nd row: stress distributions within the contact patch; 3rd row:

micro-slip distributions within the contact patch; and 4th row: shear stress and adhesion-slip

region distributions calculated with Kalker’s CONTACT [5]. η and ξ are lateral and longitudinal
creepage, respectively.) (A) simulation case 1 at 17.58ms; (B) case 2 at 17.58ms; (C) case 3 at

17.58ms; (D) case 4 at 17.07ms; (E) case 3 at 18.54ms; and (F) case 4 at 17.94ms.

Reproduced with permission from Z. Yang, Z. Li, Numerical modeling of wheel-rail squeal-

exciting contact, Int. J. Mech. Sci. 153–154 (2019) 490–499, https://doi.org/10.1016/j.ijmecsci.

2019.02.012.
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The time histories and power spectrum densities (PSDs) of the wheel dynamic lat-

eral vibration calculated in simulation cases 1–4 are presented in Fig. 7.7A and B,

respectively. The squeal-like vibration signals represented by large amplitude

limit-cycles were produced when applying the wheel lateral motion. The amplitudes

of the time histories increased with increasing amplitude of the lateral motion applied

to the wheel model. Comparing the dominant frequencies of the vibration signals to

the identified wheel modal frequencies, the wheel modes excited in the simulations

can be determined: the mode with zero nodal circle and zero nodal diameter (0,0),

the mode with zero nodal circle and three nodal diameters (0,3), and the mode with

zero nodal circle and four nodal diameters (0,4), as detonated in Fig. 7.7B. The results

correspond well to the conclusion that zero nodal circle modes tend to be excited in

curve squeal [29].
7.2.2.3 Flanging and contact transition

The third example models nonsteady-state transition from single-point to two-point

contact. The explicit FE wheel-rail dynamic interaction model presented in

Section 7.2.2.2 (see Fig. 7.5A) was employed again but different boundary conditions

were applied to the wheel in the manner shown in Fig. 7.8. The lateral displacement

was constrained at the inner side of the wheel half-axle, and the outer end of the axle

https://doi.org/10.1016/j.ijmecsci.2019.02.012
https://doi.org/10.1016/j.ijmecsci.2019.02.012


Fig. 7.7 Time histories and PSDs of the wheel lateral vibration simulated by different

simulation cases. (A) Time histories; (B) PSDs.

Reproduced with permission from Z. Yang, Z. Li, Numerical modeling of wheel-rail squeal-

exciting contact, Int. J. Mech. Sci. 153–154 (2019) 490–499, https://doi.org/10.1016/j.ijmecsci.

2019.02.012.
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was free. In the transient dynamic simulation, the wheel rolled from its initial position

to the solution zone, forming an angle of attack (AoA) with respect to the rail longi-

tudinal direction.

The contact transition is indicated by the simulated wheel-rail contact positions

shown in Fig. 7.9. Initially, the wheel-rail contact occurred only between the rail

top and wheel tread. A trail of blue patches represents the “footprints” of the

single-point contact (Patch 1) in a series of time steps. Due to the presence of

AoA, the wheel flange moved toward the gauge corner as the time step goes on

and the 2nd contact patch (Patch 2) starts to appear. The “footprints” of the contact

patches in the case of two-point contact are shown as two trails of red patches on

the rail top and gauge corner.

https://doi.org/10.1016/j.ijmecsci.2019.02.012
https://doi.org/10.1016/j.ijmecsci.2019.02.012


Fig. 7.8 Wheel-rail interaction model and the boundary conditions.

Reproduced with permission from Z. Yang, Z.L. Li, R. Dollevoet, Modelling of non-steady-

state transition from single-point to two-point rolling contact, Tribol. Int. 101 (2016) 152–163,
https://doi.org/10.1016/j.triboint.2016.04.023.

Fig. 7.9 Contact patches “footprints” (blue (dark gray in print version) for single-point contact
and red (light gray in print version) for two-point contact).

Reproduced with permission from Z. Yang, Z.L. Li, R. Dollevoet, Modelling of non-steady-

state transition from single-point to two-point rolling contact, Tribol. Int. 101 (2016) 152–163,
https://doi.org/10.1016/j.triboint.2016.04.023.
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The evolution of the contact pressure and surface shear stress is plotted in the con-

tour/vector diagrams in Figs. 7.10 and 7.11 for Patches 1 and 2, respectively. The pres-

sure magnitude corresponds to the depth of color within the contact patch, as indicated

by the color bar. It shows that the contact pressure and patch area decreases in Patch 1

but increases in Patch 2 once Patch 2 has arisen. The surface shear stresses in single-

point and two-point contact are indicated by the blue and red arrows, respectively. The

arrows point in the direction of the shear stress, and their lengths are proportional to

the magnitudes. To characterize the direction of the surface shear stress, the orienta-

tion angle between the stress vector and the negative direction of the longitudinal axis

is denoted as θ1 and θ2 in Patches 1 and 2, respectively. θ1 is typically small under a

single-point contact, but it increases rapidly to approximately 90 degrees as the

https://doi.org/10.1016/j.triboint.2016.04.023
https://doi.org/10.1016/j.triboint.2016.04.023
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Fig. 7.10 Evolution of pressure and surface shear stress distributions in Patch 1 (blue color (dark gray in print version) for shear stress indicates single-
point contact; red (light gray in print version) indicates two-point contact).

Reproduced with permission from Z. Yang, Z.L. Li, R. Dollevoet, Modelling of non-steady-state transition from single-point to two-point rolling

contact, Tribol. Int. 101 (2016) 152–163, https://doi.org/10.1016/j.triboint.2016.04.023.
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Fig. 7.11 Evolution of pressure and surface shear stress distributions in Patch 2 (red color (dark gray in print version) for shear stress indicates two-
point contact).

Reproduced with permission from Z. Yang, Z.L. Li, R. Dollevoet, Modelling of non-steady-state transition from single-point to two-point rolling

contact, Tribol. Int. 101 (2016) 152–163, https://doi.org/10.1016/j.triboint.2016.04.023.
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participation of the 2nd contact patch increases. θ2 changes only slightly from the first

occurrence of Patch 2 onwards. Detailed analyses of contact solutions during the

nonsteady-state transition, including the contact-induced waves, can be found in [40].
7.2.3 Waves induced by wheel-rail dynamic interaction

Contact-induced waves inherently exist in the wheel-rail dynamic interaction. With

the explicit FE modeling of dynamic interaction, the wheel-rail contact-induced

waves were reproduced by the three aforementioned examples. According to the gen-

eration mechanism, the waves are categorized as the impact-induced wave, large-

creepage-induced wave, and perturbation-induced wave. See [42] for the descriptions

of the three types of waves. The generation mechanisms of the former two are evident:

the significant dynamic effect or kinetic energy [44] induced by the wheel-rail impact

or large creepage results in large oscillations of the wheel/rail surface material parti-

cles in the vicinity of the contact patch; the large local oscillations then propagate and

form regular wave patterns.

The perturbation arises during seemingly steady-state rolling. The initiation of the

perturbation has been found either close to the leading edge of the contact patch or at

the juncture of the adhesion-slip regions, where the surface shear stress is close, but

not equal, to the traction bound; therefore, the contacting particles originally in adhe-

sion at these locations are more likely to slip than those elsewhere with an increase of

the surface shear stress or a decrease of the contact pressure. Because the variation in

the stress distribution is caused by vibration [45], the perturbation-induced waves are

intrinsically generated by dynamic effects similar to the impact-induced wave and the

creepage-induced wave. In addition, the perturbation-induced waves are found to gen-

erally initiate at the leading edge of the contact patch in the wheel braking condition,

whereas the waves are initiated more often at the juncture of the adhesion-slip regions

in wheel traction conditions.

The physical characteristics of the wheel-rail contact-induced waves can be rev-

ealed by analyzing the nodal motion on the contact surface that forms the wave. A

typical large-creepage-induced wave is analyzed in [42]. The nodal velocities are

narrow-banded signals and have a dominant frequency around 0.495MHz. By multi-

plying the wavelength and the frequency of nodal velocity, the wave speed can be cal-

culated, which is about 3km/s. In addition, the phases out of the tangential and normal

nodal velocities are approximately π/2. These characteristics correspond to the sim-

ulated large-creepage-induced wave to Rayleigh wave.

Experimental investigations [46,47] have suggested that Rayleigh waves can be

used to detect rail cracks. The successful reproduction of the Rayleigh wave qualifies

the explicit FEM for the simulation of crack-induced waves, which may contribute to

the early-stage detection of cracks in the rail surface. Fig. 7.12A and B shows the dis-

tribution of the rail surface nodal velocities within the whole solution zone when the

wheel was approaching and rolling over the crack in the simulation, respectively. The

contact patch is indicated by the dashed black oval; the crack is denoted by the thick

black line. The wave patterns observed in Fig. 7.12 were generated at the location of

the crack and propagated radially. The wave generated when the wheel was rolling



Fig. 7.12 Contact-induced waves influenced by a crack (A) wheel approaches the crack;

(B) wheel rolls over the crack.

Reproduced with permission from Z. Yang, Z. Li, A numerical study on waves induced by

wheel-rail contact, Int. J. Mech. Sci. 161–162 (2019) 105069, https://doi.org/10.1016/j.

ijmecsci.2019.105069.
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over the crack is more significant than the wave generated when the wheel was

approaching the crack. See [42] for the simulation model and more detailed results

analyses.
7.3 Detection and maintenance

7.3.1 Detection of wheel-rail dynamic interaction-related
problems

Because wheel-rail dynamic interaction generates high-amplitude wheel-rail contact

force and structural vibration, the related problems, i.e., wheel/track structural degra-

dation, vibration, and noise radiation can be detected with the measurements of wheel-

rail contact force, wheel, and track vibration. Hardly can the vibration of rolling

wheels be directly measured. Alternatively, axle box acceleration (ABA) measure-

ment has been used extensively to quantify the wheel axle responses and to identify

the wheel-rail dynamic interaction-related problems [48–53]. Note that here the dis-
cussion is about the detection techniques based on the responses of wheel-rail dynamic

interaction; therefore, the detection methods such as ultrasonic measurements, eddy

current testing, image recognition are not included.

https://doi.org/10.1016/j.ijmecsci.2019.105069
https://doi.org/10.1016/j.ijmecsci.2019.105069
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7.3.1.1 Detection with the contact force measurement

Wheel-rail contact force can be measured with track-side or/and wheelset instrumen-

tation of strain gauge. The wheel-rail contact force up to 2kHz can be obtained with

the strain gauge measurement [54]. Track-side measurements are generally employed

when the condition of a certain section of the track, usually a weak spot, needs to be

monitored. Fig. 7.13 shows an example of the strain gauge instrumentation.

The large contact force can be correlated to several types of track/wheel degrada-

tions such as bad rail joints, wheel flats, corrugations, and fastening failure. The

dynamic load factor, i.e., the ratio between the dynamic force and the static/nominal

load, has been widely used to estimate the track [55] and wheel conditions [56,57]. In

addition, the adhesion condition (i.e., traction of wheels to accelerate and brake) and

climb index (i.e., L/V ratio) at curves can be evaluated based on the measured force

signals. The strain gauge instrumented wheelset can efficiently measure the wheel-rail

contact force along a railway line, which is suitable for wide-scale track condition

monitoring and detection of different classes of rail irregularities [54].
7.3.1.2 Detection with the ABA measurement

ABA measurements have been employed to detect track defects such as corrugation,

welds, squats, poor-quality joints, and turnouts [48–53]. A train-borne ABA measure-

ment system is schematically shown in Fig. 7.14, which offers the following advan-

tages [50]:

l ABA is a low-cost measurement system compared to other types of detection methods.
l The sensors are easy to maintain.
l ABA can be implemented on in-service operational trains.
l Early rail defects are possibly detected with no need for expensive and complex

instrumentation.
l The ABA signals can reflect the severity level of the dynamic contact force.
Fig. 7.13 Strain gauges instrumentation.



Fig. 7.14 Train-borne ABA measurement system.

Reproduced from A. Nunez, A. Jamshidi, H. Wang, Pareto-based maintenance decisions for

regional railways with uncertain weld conditions using the Hilbert spectrum of axle

box acceleration, IEEE Trans. Ind. Inf. 15 (2019) 1496–1507, https://doi.org/10.1109/tii.2018.
2847736, open source.
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The ABAmeasurements can have some drawbacks [43]: First, when the wheel is dam-

aged, the ABA signals and the assessment of rail irregularities are affected by vibra-

tion originated from the wheel; this can be overcome with proper instrumentation and

signal processing [48,58]. Second, ABAmeasurements are speed-dependent. To elim-

inate the influence of the train speed, the measurements should be performed at a con-

stant speed, and were not possible, a mapping between ABA measurements and speed

is needed. Thirdly, the frequencies of track vibration are dependent on the stiffness

and damping properties of the track. This needs to be considered especially when

the detected railway line consists of different tracks (e.g., ballast and nonballast).
7.3.1.3 Detection with the track vibration measurement

Track vibration is often measured with controlled excitations, e.g., by hammers

[59,60] or falling weights [61,62], or under dynamic train, loading using specialized

measurement vehicles [63] or operational trains [39]. Hammer tests are broadly used

to measure the frequency response functions of track structures. The frequency

response functions, on one hand, reflect the track structural dynamic behavior (i.e.,

the modal frequency, modal shape, and damping ratio) and thus healthy conditions

https://doi.org/10.1109/tii.2018.2847736
https://doi.org/10.1109/tii.2018.2847736


Wheel-rail dynamic interaction 129
in terms of dynamics, and on the other, can be used to derive the parameters of the

track components, e.g., the support stiffness and damping [59]. Since the support stiff-

ness and damping of the track needs to be identified in the ABA and train pass-by

measurements, hammer tests are sometimes conducted as supplements to the ABA

and train pass-by detection.

Track vibration in the low-frequency range (below 150Hz) corresponds mainly to

the dynamics of the substructure components (i.e., subgrade and ballast) [64]. To fully

excite these components, the falling weight test is a good option to provide sufficient

energy. The track vibration at 150–800Hz is closely related to the rails and track

superstructure components (i.e., fastening, railpad, and sleeper), the vibration in this

frequency range is best tested using a sledgehammer with a soft tip [65]. At higher

frequencies (800–5000Hz), track vibration is dominated by the rails, and a light ham-

mer with a hard tip should be used [39].

Track vibration induced by passing trains can be measured to assess the condition

of a certain section of track, usually a weak spot [61]. Passing trains can excite tracks

to vibrate in a wide frequency range, e.g., up to 10kHz when impacts occur at an IRJ

[39]. In combination with a hammer test, the resonances of the track structure contrib-

uting greatly to the impact vibration at the IRJ can be identified: the rail resonance (rail

mass on the fastening stiffness [66]) and the pinned-pinned resonance.
7.3.2 Maintenance of weak spots of the track

Timely maintenance can prevent failures of track components and traffic disruptions

and minimize the life cycle cost of the railway infrastructure. The failures of track

components caused by wheel-rail dynamic interaction occur mainly at weak spots

of the track. This section briefly discusses the maintenance of the track weak spots,

i.e., the impact-inducing track sections and large-friction-inducing sections.
7.3.2.1 Maintenance of the impact-inducing track sections

Because wheel-rail impacts are caused by stiffness or/and geometric irregularities of

railway tracks, the countermeasures against impact may be divided into stiffness con-

trol and geometric control. Taking the joints as an example, the dynamic stiffness at

joints can be controlled by ballast maintenance and optimizing the sleeper set-up and

distribution. Ballast tamping and renewal mitigates the track irregularities in both

stiffness and geometry. To reduce the deflection of the joint, two commonly used

sleeper set-ups are the suspended rail joint (with the joint between two adjacent

sleepers) and the supported rail joint (one sleeper right beneath the joint). A concep-

tual design, termed as embedded IRJ was presented in [67], in which the rails were

embedded into the concrete of the posttensioned sleepers. The numerical simulations

indicate that the performance of the embedded IRJ is superior under wheel-rail

impacts. An experimental study [68] conducted in the Dutch railway indicates that

the amplitude of the rail resonance decreases with the 1st sleeper span after the joint,

whereas the amplitude of the pinned-pinned resonance decreases with the difference
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between the 1st and 2nd sleeper spans. The nonuniform sleeper distribution at the IRJ

is thus proposed to reduce wheel-rail impacts at IRJs.

As to the geometric control, timely grinding is an effective way to reduce wheel-

rail impact force. As reported in [17], the numerically simulated wheel-rail contact

force increases from 130kN (quasistatic load) to 160kN at a new joint (with nominal

rail profile), and to 230kN at a worn joint (with measured rail profile). In addition,

antiimpact rail profiles [69–71] have been proposed for the rail joint and turnout

sections.

At turnouts, the grinding-welding-grinding method can be performed to control the

wheel-rail contact geometry and to extend the service life. First, the crossing rails were

ground to remove surface damage (e.g., cracks, uneven wear, and plastic deforma-

tion); second, the hollow regions caused by the grinding were filled by welding;

finally, the crossing rails were ground again to the desired profiles [53]. The repair

was performed manually because the train-borne grinding machine is incapable of

operating at the turnout section.
7.3.2.2 Maintenance of the large-friction-inducing sections

A straightforward way to maintain the large-friction-inducing sections is to manage

wheel-rail friction. A low coefficient of friction (COF) is desired to reduce rail wear

(especially at shape curves [72]), head checks (HCs) [73], noise [74], and energy con-

sumption of railway transportation [75]. However, low COFs may result in low adhe-

sion, which then generates severe rail burn and wheel flat, affects punctuality in

traction operation, and threaten safety during braking. To guarantee the safe acceler-

ation and braking which has maximum demand for COF, the required COFs are 0.25

in traction and 0.14 in braking in the Dutch railway [76]. The COF required in traction

is larger because a considerably lower number of wheel axles is involved in the accel-

eration than in braking.

Friction modifiers (FMs) can be applied to the wheel-rail interface either by track-

side or train-borne installations. However, providing a proper dosage of the FMs is

challenging because it varies case by case, influenced by weather and characteristics

of the FMs, etc. Smaller quantities of FMs do not provide a stable level of adhesion

and the lasting effects are limited, whereas bigger quantities have a longer-lasting

effect, but critically low adhesion levels may be caused after the application of FMs.

Grinding is a commonly used approach for the maintenance of the large-friction-

inducing sections to restore the rail profile and to remove RCF cracks. The best treat-

ment available for HCs and corrugation would be early detection and removal by

grinding. In addition, rail profile optimization can effectively prevent or retard HC

initiation. The anti-HC profile presented in [77] has been normalized as a standard

European rail profile. By avoiding contact in the HC-prone part of the rail, the max-

imum surface shear stress is greatly reduced, mainly owing to the decrease of spin in

the contact. Large-scale application of the anti-HC profile on the Dutch railway net-

work shows that HCs in 2008 were reduced by about 70% with respect to 2004 when

HC was the most widespread.
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