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Abstract

For efficient transportation in either trains, busses or passenger cars,
rolling elements such as wheels, tyres, bearings and transmission ele-
ments are fundamental. The energy efficiency and the generation of
noise and vibrations in rolling contacts depend on the surface roughness
of contacting bodies. In order to optimize the surfaces of rolling ele-
ments, prediction of its impact on the dynamic response from rolling ex-
citation is required. A computationally efficient method to include sur-
face roughness in the modelling of rolling contacts is presented. More
specifically, nonlinear effects on the contact force due to the threedimen-
sional shape and roughness of the contacting surfaces are introduced in
a moving point force formulation. As a consequence of the point force
approximation follows the assumption that any dynamic wave motion
within the contact area is negligible.

The rolling contact force is nonlinear due to a varying relative displace-
ment between contacting bodies and is therefore referred to as state-
dependent. A study case for the state-dependent method consisting of
a steel ball rolling on a steel beam showed good agreement between
numerical predictions and measured beam vibrations. Furthermore, an
application to the wheel-rail interaction show that roughness-induced
contact nonlinearities have a significant impact on the dynamic response
caused by rolling excitation.

Keywords: Rolling contact, nonlinear contact, contact stiffness, con-
tact filter, state-dependent method, relative displacement, wheel-rail con-
tact
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Sammanfattning

Effektiva transporter med tåg, buss, lastbil och bil är beroende av rul-
lande element såsom hjul, däck, rullningslager och kugghjul. Ytornas
textur har stor inverkan på graden av energieffektivitet samt genererin-
gen av ljud och vibrationer i rullningskontakter. För att optimera yt-
texturer med avseende på dessa parametrar, krävs en detaljerad pre-
diktering av yttexturens inverkar på rullningsexciterade vibrationer. En
metod för att beräkningseffektivt inkludera yttexturen i prediktering av
rullningskontakter presenteras genom införandet av en tillståndsber-
oende kontaktkraft. De ickelinjära effekter som beror av ytornas tred-
imensionella form och fintextur inkluderas därmed i en kontaktmodell
bestående av en rörlig punktkontakt. Som en konsekvens av att kon-
taktkraften approximeras till en punkt följer att all dynamisk vågrörelse
inom kontaktytan antas försumbar.

Ickelinjäriteterna i kontaktkraften benämns som tillståndsberoende på
grund av dess beroende av den relativa förskjutningen mellan kontaktk-
ropparna. Den tillståndsberoende metoden implementeras för en studie
av en stålkula som rullar längs en stålbalk för vilken god överrenstäm-
melse mellan numeriska beräkningar och uppmätta balkvibrationer er-
hålls. Vidare har den tillståndsberoende metoden applicerats på kon-
takten mellan hjul och räl, för vilken ickelinjära effekter som beror av yt-
ornas tredimensionella form och fintextur predikteras ha en betydande
inverkan på vibrationssvaret.

Nyckelord: Rullningskontakt, ickelinjär kontakt, kontaktstyvhet, kon-
taktfilter, tillståndsberoende metod, relativ förskjutning, hjul-räl kontakt
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Part I

OVERVIEW





1 Introduction

1.1 Background

The economical and ecological well-being of our societies rely heavily on
efficient transportation of goods and people. As a consequence, rolling
on tyres or railway wheels is by far the most common way to convey
transport1 since any alternative based on sliding would increase fric-
tional forces and require higher propulsion power (with the exception
of skies and ice-skates). The inherent low friction associated with rolling
is also utilised to minimize losses in vehicle sub-components and indus-
trial machine elements such as roller bearings and gears.

Figure 1.1: Despite the greater surface roughness in the tyre/road contact compared to the
wheel/rail contact, a comparable rolling velocity is achieved and a comparable radiated
sound level is observed due to the inherently high damping of the tyre structure.

In general, smoother surfaces in the rolling contact are preferred to rough
surfaces, since they lead to less noise and vibration, less wear and less

1Approximately 75 % of the oil energy used for transportation globally is used with
vehicles rolling on wheels [1]
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CHAPTER 1. INTRODUCTION

rolling resistance. However, the material characteristics and the man-
ufacturing process sets a lower limit for the surface roughness. Also,
a target value may be set on the surface roughness in order to achieve
sufficient friction for braking and traction in presence of elastohydro-
dynamic lubrication [2], p. 233. In any case, this surface roughness will
lead to a texture-dependent dynamic excitation of contact forces which
in turn excite vibrations in both the rolling object as well as in the sup-
porting structure, see Fig. 1.1. Conclusively, these vibrations - which
may be transmitted to adjacent structures or radiated as sound - affect
the energy consumption, comfort level and durability for vehicles and
infrastructure. The negative impacts caused by the rolling excitation are
therefore strongly related to the success in restricting the rolling contact
forces, which is mainly achieved in either one of the following manners:

• The rolling velocity is sufficiently low

• The surface texture roughness is sufficiently low

• The damping of contacting bodies is sufficiently high

The first alternative is a behavioural solution which is effective, but in
most cases unfortunately also trivial, since it is not consistent with effi-
cient transportation systems such as the high speed train. Instead, the
efficiency of high speed trains in particular, where a good comfort level
is attained, is a consequence of the second alternative mentioned above,
i.e. a low surface roughness on wheel and rail. Road vehicles, on the
other hand, travel on a rougher surface, indicating problems with com-
fort and durability. However, owing to the third alternative in the above
list - in this case being the pneumatic tyre effectively transforming mech-
anical energy into heat - traveling speeds comparable to the trains’ are
achieved2.

1.2 Surface texture in rolling contacts

In the rolling contact, a contact force Fc is generated on the rolling object
and the supporting structure which can be approximated by a moving

2The inventor of the pneumatic tyre, Robert Thomson, seems to have understood the
importance of adding damping to the wheel, explicitly claiming that "‘diminishing the
noise they make when in motion"’ was one of the main features of his invention from 1847
[3].
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1.2. SURFACE TEXTURE IN ROLLING CONTACTS

point force. Assuming the rolling speed vr to be constant leads to a linear
relation between the position of a moving point force and time

Fr(x, t) = Fc δ(x− vrt) . (1.1)

The frequency of this force-excitation,

f =
vr

λ
[Hz] , (1.2)

determined by the ratio of the rolling speed to the wavelength of the
surface texture λ is essential for the understanding of dynamic response
to rolling excitation. As a consequence of Eq. (1.1) follows a general rela-
tion between texture wavelength and vibration-related aspects in rolling
contact applications, see Fig. 1.2.

Figure 1.2: Relation between surface texture wavelength and vibroacoustic aspects caused
by rolling excitation.

1.2.1 Texture wavelengths longer than contact
dimensions

Very long wavelengths lead to low frequency excitation which - in case
of coincidence with structural resonances - might lead to structural dur-
ability problems and high rolling resistance. For shorter wavelengths,
comfort-related aspects such as vibrational disturbance and structure
borne sound problems may appear. Even shorter wavelengths are usu-
ally accompanied by direct sound radiation from the rolling object or the
supporting structure.
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CHAPTER 1. INTRODUCTION

1.2.2 Texture wavelengths shorter than contact
dimensions

Wavelengths which are as short as, or even shorter than the apparent
contact dimensions influence the dynamic excitation in ways which are
not necessarily in accordance with the relation of Eq. (1.2):

• Nonlinear relation between force and displacement: The result-
ing contact force due to a relative normal approach is determined
by integrating the contact pressure over the contact area. Since
both the pressure distribution and hence the real contact area de-
pend on the surface texture, so does the contact force (see Fig. 1.3).
As a consequence of this, the relation between the resulting force
and relative displacement in the contact will be nonlinear not only
due to the shape of contacting bodies, but also due to the surface
texture within the contact area.

Figure 1.3: The real area of contact depends on surface texture

• Spatial dynamic contact filter: In the dynamic rolling excitation,
texture-wavelengths which are shorter or similar to the contact di-
mensions are spatially filtered, hence introducing a low-pass filter
where high frequency components are reduced. Although the ana-
logy with boats and ships is not straightforward, they here serve
to clarify the effect of dynamic contact filtering, see Fig. 1.4. Since
the vessels are of different sizes, so are the contact lengths and
therefore they will respond differently to the same ocean wave ex-
citation.

• Tangential friction: The present work focuses on normally loaded
contacts. However, for completeness, it should be noted that the
tangential force is partly determined by very short wavelengths
which are typically much shorter than the contact dimensions [4].
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1.3. THREE-DIMENSIONAL STATIC CONTACT MODELLING

Figure 1.4: Because of the short contact length of the dinghy, it is affected even by the
shortest wavelengths. The larger towboat is affected only by the longer wavelengths
whereas the freight ship is not affected by any of the ocean wavelengths.

1.3 Three-dimensional static contact
modelling

The normally loaded contact between a rolling object and a support-
ing structure can be modelled using Hertz contact theory [5]. The the-
ory, comprising analytical solutions for both circular and elliptic contact
areas is computationally efficient and widely used for modelling of the
wheel-rail contact as well as for the contact in rolling element bearings.
However, the main drawback of Hertz theory is the restriction to per-
fectly smooth surfaces, which makes it inadequate for the present work.
An alternative modelling procedure which in essence retains the com-
putational efficiency, is to include surface texture as a statistical distri-
bution of asperities as in Ref. [6] or as in Ref. [7], where the asperit-
ies in turn may be modelled with Hertz analytic solutions. Yet another
alternative modelling procedure is the use of an elastic foundation of
distributed springs [8], Ch. 4.3. This procedure, which is sometimes
called Winkler theory is used in Refs. [9, 10] to model the wheel-rail con-
tact, including the influence from both the shape and the surface texture.
However, it is limited by a requirement on a separate determination of
the spring stiffnesses and moreover, each spring is point reacting hence
discarding any shear forces between individual springs. Other, more
comprehensive contact modelling procedures are based on finite ele-
ment modelling as in Ref. [11] or the Boussinesq theory (boundary ele-
ment modelling) as in Refs. [12, 13]. In the present work, the Boussinesq
contact theory implemented by Björklund [13] is used in which the pres-
sure distribution in the contact area is predicted for a discrete number
of rectangular elements. The contact theory accounts for shear forces
in the contact zone and enables detailed surface texture to be included.
Frictionless contact and infinite half-space conditions are assumed.
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CHAPTER 1. INTRODUCTION

1.4 Objectives

The overall objective of this thesis is to develop a computationally effi-
cient method to account for surface roughness in the prediction of rolling
contacts. With the background knowledge presented in Chapter 1, where
the moving point contact model is stated as computationally efficient,
the following, more specific research questions are derived:

• Is it possible to use detailed three-dimensional contact modelling
to extract the physical aspects of the complete geometry includ-
ing surface texture details and include them in the expression of a
moving point force?

• What is the effect of roughness-induced nonlinearities on the dy-
namic response of rolling contacts?

1.5 Organization of the thesis

This thesis is organized as follows: Ch. 2 presents the theoretical back-
ground and describes the state-dependent (nonlinear) contact stiffness
and contact filter definitions. Ch. 3 gives an overview of the main res-
ults from predictions where the proposed model is applied to beam-ball
dynamic interaction as well as wheel-rail rolling contact. In Ch. 4, some
conclusions and comments about future work are given and finally, in
Ch. 5, the appended papers included in the thesis are summarised.

8



2State-dependent
nonlinear contact
modelling

The presented modelling methodology consists of three steps visualised
in Fig. 2.1. First, three-dimensional contact modelling is used to ex-
tract nonlinear functions for the contact stiffness and the contact filter.
Secondly, these functions are included in a point force description which
in turn form part of time-domain dynamic predictions (step three).

Figure 2.1: Overview of the state-dependent methodology in which time-domain rolling
contact simulations are performed using a point force description, including the influence
of surface roughness and shape of the contacting bodies.

9



CHAPTER 2. STATE-DEPENDENT NONLINEAR CONTACT
MODELLING

2.1 State-dependent force expression

The state-dependent contact stiffness kc(r) describes the nonlinear re-
lation between force and relative displacement r. Further, the state-
dependent line texture heights h̃(r) (defined for a nominal y) describes
the nonlinear contact filtering. These parameters are included in the
state-dependent point force description

Fc(r, ṙ) = kc(r)(r− h̃(r)) + cc ṙ, r− h̃ > 0 , (2.1)

which is valid when contact occurs. If there is loss of contact during
rolling, only the viscous damping term remains

Fc(ṙ) = cc ṙ, r− h̃ ≤ 0 , (2.2)

forming an ad hoc term to model any dissipation caused by the contact.
Predicting the dynamic interaction caused by rolling is approximately
realised by including Eqs. (2.1,2.2) in the expression for a moving point
contact presented in Eq. (1.1).

2.2 Computation of state-dependent contact
stiffness and contact filter

Quasi-static modelling schemes are used to pre-calculate the contact stiff-
ness and the contact filtering as a function of relative displacement. To-
gether, these procedures, which are totally independent of each other, es-
sentially reduces the threedimensional geometries of the contacting bod-
ies to a point contact, enabling an efficient modelling of rolling contact
dynamics. The modelling procedures described in Section 2.2.1 (contact
stiffness) and Section 2.2.2 (contact filtering) both make use of an ex-
tended version of the Boussinesq contact theory [14], where the relation
between pressure and deformation in each grid cell within the contact
region is determined. By numerical integration of the pressures over the
total contact area, the resultant normal force Fc due to a specified relat-
ive displacement is found. In what follows, this threedimensional elastic
contact model described in Ref. [13] is used to calculate state dependent
contact stiffness and contact filters.

10



2.2. COMPUTATION OF STATE-DEPENDENT CONTACT STIFFNESS
AND CONTACT FILTER

2.2.1 State-dependent contact stiffness
Due to the surface roughness and body shapes, a nonlinear relation
holds for the relation between normal force resultant and relative dis-
placement. For a point contact model, this implies that the contact stiff-
ness will have the character of a nonlinear spring. This nonlinearity is es-
timated by using the Boussinesq contact theory in a quasi-static manner.
A starting value of zero relative displacement is followed by stepwise
increasing the relative displacement in small steps. For each computa-
tional step a value for the relative displacement and the resulting force
is registered and the contact stiffness can be estimated as a function of
relative displacement

kc(ri) =
Fc(ri)

ri
. (2.3)

The procedure described above is then repeated for N surface samples
(see Fig. 2.2) for which the reference value for the relative displace-
ment rr is kept constant. Polynomial curve-fitting of the N computed
arrays of stiffness-values and ensemble averaging of these lead to the
final relationship between relative displacement and contact stiffness.
The resulting state-dependent estimation of nonlinear stiffness can now
be included in time-domain rolling contact modelling, generating the
stiffness kc(r) in the nonlinear contact force expression in Eq. (2.1).

Figure 2.2: Schematic figure showing the use of detailed contact modelling to estimate the
state-dependent contact stiffness.

11



CHAPTER 2. STATE-DEPENDENT NONLINEAR CONTACT
MODELLING

2.2.2 State-dependent contact filter
Real contact forces act within an area of contact leading to spatial con-
tact filtering. The filtering depends on the shape and roughness of the
contacting bodies, but also on relative displacement. To include the ef-
fect of contact filtering in the point force expression, Boussinesq contact
theory is again employed in a quasi-static sense. Starting with a small
relative displacement and then keeping it constant, quasi-static contact
computation in the length of the examined surface is conducted in order
to get the spatial variation of the force resultant in the x-direction.

Figure 2.3: Schematic figure showing the use of detailed contact modelling to estimate the
state-dependent contact filters.

A contact filter corresponding to the enforced relative displacement is
generated by comparing the series of computed force-resultants in the
wavenumber domain

F̂c(k, ri) =
M−1

∑
m=0

w(m)Fc(xm, ri)e−2πikm/M (2.4)

with a point force-series in the wavenumber domain

F̂0(k, ri) = k0(ri)
M−1

∑
m=0

w(m)h(xm)e−2πikm/M , (2.5)

12



2.2. COMPUTATION OF STATE-DEPENDENT CONTACT STIFFNESS
AND CONTACT FILTER

where w(m) is a hanning window preventing spectral leakage. The res-
ulting point force spectra is in effect an average of several force spectra,
each corresponding to one of the line textures which together cover the
nominal contact area in the rolling direction. For simplicity, Eq. (2.5)
represents one of these force spectra and h(xm) is the corresponding
sequence of texture heights. The constant stiffness-value k0(ri) is indi-
vidually chosen for each surface sample so that the low-wavenumber
asymptote for |F̂0(k, ri)| equals the one for |F̂c(k, ri)|. For each of the sur-
face samples, the ratio between the magnitude-spectra of the computed
force resultant and the point force spectra is formed

|Ĥ(k, ri)| =
|F̂c(k, ri)|
|F̂0(k, ri)|

. (2.6)

The filter magnitude-spectra corresponding to each of the N studied sur-
face samples are subject to polynomial curve-fitting in the least-square
sense. Ensemble averaging of these leads to one single ratio for the ex-
amined relative displacement. The filter magnitude-spectra is success-
ively subject to fitting of a linear-phase Finite Impulse Response (FIR)-
filter using Matlab’s built-in functions, see section 5.8 in [15]. As a fi-
nal task, the resulting FIR-filter is applied to a sequence of line texture
heights in the rolling direction having the complete length of the invest-
igated rolling contact

h̃(m, ri) =
J

∑
j=0

bj(r)h(m− J/2 + j) . (2.7)

The procedure described above is applied for several values of relative
displacement ri and the resulting sequences of filtered texture heights
are included in the state-dependent point force expression in Eq. (2.1).
In Eq. (2.7), bj(r) are the filter coefficients forming the impulse response
and J is the filter order representing the number of filter coefficients.
Owing to the linear phase of the FIR-filters used, the phase of the filtered
sequences of texture heights preserves that of the original sequence of
texture heights, which is essential as otherwise discontinuities would
appear when h̃ changes with the relative displacement. In order to fur-
ther avoid discontinuities during time-domain dynamic predictions, lin-
ear interpolation of the filtered texture heights is performed for values
of relative displacement in between the chosen ri:s.
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3Results

In this chapter, results from numerical predictions performed for two
different rolling contacts are presented. The first case, which is thor-
oughly described in the appended Paper A [16], consists of a steel ball
rolling on a steel beam. Numerical results obtained with the state-dependent
formulation are compared with measurements of the rolling induced
beam vibrations. In the second case, which is presented in the appended
Paper B [17], the wheel-rail rolling interaction is studied by comparison
of numerical predictions using both the state-dependent formulation as
well as a linear contact model.

3.1 Beam-ball dynamic interaction

The state-dependent formulation is applied to a beam-ball rolling con-
tact and compared to experimental results presented in [18]. In the ex-
perimental set-up shown in Fig. 3.1, a steel ball is allowed to accelerate
down a slope and reaches a specified velocity when it rolls over a beam
with a rough surface. The beam vibrations due to rolling excitation are
measured with five accelerometers attached to the lower surface of the
beam. To study the influence of surface roughness, two beams - denoted
Beam S (smooth) and Beam R (rough) - are considered, whereas the ball
surface is smooth. The beam is modelled using Euler-Bernoulli beam
theory whereas the ball is simply modelled as a rigid mass. Combining
these dynamic models with the state-dependent force expression in Eq.
(2.1) forms a set of first order differential equations. Solving this system
of equations for each time step, result in both beam and ball vibrations.
The state-dependent functions which are used as input to this model are

15



CHAPTER 3. RESULTS

computed with the procedure presented in Ch. 2 and presented in the
following two sections. Finally, in Section 3.1.3, numerical predictions
of beam vibrations are compared to experimental results from Ref. [18].

Figure 3.1: Experimental set-up used for measurement of beam vibrations excited by
rolling contact [18]

3.1.1 State-dependent contact stiffness

State-dependent contact stiffness is computed for both the smoother Beam
S and the rougher Beam R. In Fig. 3.2, the results are presented to-
gether with the analytical Hertzian stiffness which accounts merely for
the shape, but not for the roughness of the contacting bodies.

Figure 3.2: Contact stiffness as a function of relative displacement

16



3.1. BEAM-BALL DYNAMIC INTERACTION

3.1.2 State-dependent contact filtering
State-dependent contact filters are computed and presented in Fig. 3.3
for Beam S and Fig. 3.4 for Beam R. Four different values of relative
displacement for each beam were chosen to cover the working range for
the present study.

Figure 3.3: Contact filtering for Beam S and different relative displacements; r=1µm
(dashed), r=2µm (dotted), r =3µm (solid) and r=4µm (dashdot); rolling velocity: 1 m/s

Figure 3.4: Contact filtering for Beam R and different relative displacements; r=5µm
(dashed), r=10µm (dotted), r =15µm (solid) and r=25µm (dashdot); rolling velocity: 1 m/s

As expected, the filtering effect is for both beams seen to increase as the
relative displacement increases. An adjustment to the operating range
of relative displacements for each beam during rolling, lead to different
ranges of relative displacements for which filters are calculated.

3.1.3 Beam acceleration

For a ball rolling velocity of 1 m/s, simulated beam acceleration power
spectral densities are presented and compared to measurements in Fig.
3.5 for Beam S and in Fig. 3.6 for beam R. The frequency range con-
sidered is 0-5 kHz.

17



CHAPTER 3. RESULTS

Figure 3.5: Measured (dotted) and predicted (solid) acceleration PSD for Beam S; rolling
velocity: 1 m/s

Figure 3.6: Measured (dotted) and predicted (solid) acceleration PSD for Beam R; rolling
velocity: 1 m/s

Beam acceleration resulting from the state-dependent simulation is gen-
erally in good agreement with the measured acceleration. However, for
both beams a slight over-estimation of the acceleration is observed for
higher frequencies and for the rough beam alone, frequencies corres-
ponding to the beam eigenmodes seem to be somewhat under-estimated.

18



3.2. WHEEL-RAIL DYNAMIC INTERACTION

3.2 Wheel-rail dynamic interaction

The dynamics of a railway wheel rolling on a railway track with a con-
tact force due to the interaction between them is studied, as shown in
Fig. 3.7. The contact force is modelled as a point force using the state-
dependent formulation in Eq. (2.1), with the exception that no con-
tact damping term is included. The wheel is modelled as a rigid mass
whereas the rail is modelled as a periodically supported infinite Euler-
beam where the supports correspond to sleeper positions. In between
the rail and each sleeper, a stiffness and a damper is used to model the
rail pad. The wheel and track models were presented in Ref. [19], in-
cluding full derivation of the track Green’s function.

The investigation presented in this thesis is based on wheel and track
properties which correspond to a Swedish passenger train X2000 run-
ning on ballast track with the speed of 200 kph (56 m/s).

Figure 3.7: Overview of the wheel-rail dynamic interaction model. Adapted from Ref. [20]
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CHAPTER 3. RESULTS

3.2.1 State-dependent contact stiffness
The procedure presented in Ch. 2 result in the contact stiffness shown
in Fig. 3.8, where also the Hertzian contact stiffness is included as a
reference.

Figure 3.8: Contact stiffness as a function of relative displacement; computed (solid); Hertz
(dashed)

The combined roughness of the wheel and the rail is clearly seen to in-
fluence the contact stiffness, leading to a smoother transition from low
stiffness to higher stiffness as the relative displacement increases com-
pared to the Hertz’ analytic solution.

3.2.2 State-dependent contact filtering
In Fig. 3.9, calculated contact filters for five different values of relative
displacements are presented.
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3.2. WHEEL-RAIL DYNAMIC INTERACTION

Figure 3.9: Contact filtering for different relative displacements as a function of frequency
for rolling velocity 56 m/s; r=5µm (thick solid), r=15µm (solid), r =30µm (dotted), r=70µm
(dashed) and r=110µm (dashdot)

The expected increase of filtering effect with increased relative displace-
ment is clearly present. Also, one may conclude that relatively large
relative displacements between wheel and rail are required in order to
obtain substantial difference in contact filtering effect.

3.2.3 Wheel-rail contact forces

For a wheel rolling velocity of 56 m/s, predicted contact force spectra
forming part of the results presented in Paper B [16] are presented for
both the state-dependent formulation as well as for a fully linear contact
model without contact filtering in Fig. 3.10. The difference in predicted
PSD obtained with the two contact models is found in Fig. 3.11. The
frequency range considered is 0-4 kHz.
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Figure 3.10: Contact force for state-dependent formulation without contact filtering (thick
solid) and with contact filtering (dotted) as well as for a fully linear contact model (thin
solid); rolling velocity: 56 m/s

Figure 3.11: Difference in predicted contact force for state-dependent formulation versus
fully linear contact model without contact filtering; state-dependent without contact filter-
ing (thick solid); state-dependent with contact filtering (dotted); rolling velocity: 56 m/s

Interestingly, despite the rather ordinary operating conditions and sur-
face roughness for the studied wheel-rail interaction, a significant con-
tribution from contact nonlinearities on the predicted contact force is
found. Compared to the fully linear contact model - which makes use of
a constant contact stiffness - the state-dependent contact model lead to
reduced low-frequency force-components and increased high-frequency
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3.2. WHEEL-RAIL DYNAMIC INTERACTION

force-components. This indicate that the use of a constant contact stiff-
ness in rolling noise predictions lead to an underestimation of the total
A-weighted rolling noise, and consequently an underestimation of the
noise disturbance from wheel-rail rolling noise. On the other hand, the
use of a constant contact stiffness will overestimate the excitation of low-
frequency noise and vibration disturbance.
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4Conclusions and
recommendations

4.1 Conclusions

In the process of rolling, forces between the interacting structures ex-
cite vibrations which in turn lead to noise, wear and rolling resistance.
The shape and roughness of the contacting surfaces influence the excit-
ation process, which is therefore most accurately represented by time-
domain models using full geometrical description of the contact. This
thesis proposes a state-dependent approach, in which contact stiffness
as well as contact filtering is included as function of vertical relative dis-
placement (the state) in a point force expression. This computationally
efficient manner to model the roughness induced nonlinearities is suc-
cessfully implemented for a beam-ball rolling contact, leading to good
agreement between numerical predictions and measured beam vibra-
tions. Moreover, implementing the state-dependent methodology for a
wheel-rail interaction and comparing the predicted contact forces with
the ones computed with a fully linear contact model, shows significant
influence from roughness induced nonlinearities. Specifically, the res-
ults indicate that the use of a constant contact stiffness lead to underes-
timation of the total A-weighted rolling noise.

4.2 Recommendations

When surface roughness nonlinearities are significant for the prediction
results of rolling contacts, the highly efficient modelling methodology
proposed in this thesis is recommended as an alternative to procedures
where FE or BE contact modelling is performed in each time-step.
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Due to recent developments in surface texture measurement techniques
(using optical sensors), both line textures and detailed threedimensional
surface data are relatively easily gathered for limited surface areas. A re-
commendation for future studies is therefore to use measured real sur-
face data for input to both time-domain modelling where line-textures
are used as well as for the pre-calculation of state-dependent functions
where samples of three-dimensional surface textures are used. Such task
would automatically include any anisotropy of the surface texture and
moreover, it would effectively reveal if the assumption of surface texture
homogeneity is valid.

For individual asperities on the surface textures used in threedimen-
sional contact modelling, excessively high contact pressures are some-
times computed with a linear elastic contact model. This indicate that
either the surface texture generation process has failed to reproduce the
real surface character (leading to too high asperity peaks) or plastic de-
formation takes place. In the first case, the direct use of measured sur-
face data is a proper solution whereas if plastic deformation is present
during rolling, more research is needed in order for this to be adequately
implemented in the rolling contact prediction.
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5Summary of
appended papers

Paper A - A nonlinear state-dependent model for
vibrations excited by roughness in rolling contacts
O.E. Lundberg, S. Finnveden, S. Björklund, M. Pärssinen and I. Lopez Arteaga,
Submitted to the Journal of Sound and Vibration, (March, 2014).

The influence from three-dimensional surface texture on the contact stiff-
ness and the contact filtering is included in a moving point force formu-
lation and used for predictions of dynamic response due to rolling ex-
citation. The computationally efficient method to include contact non-
linearities in time-domain dynamic modelling is applied to a study case
where numerical predictions are compared to measurements of the vi-
brations of a steel beam subject to rolling excitation.

Paper B - Estimation of nonlinearities in the wheel-rail
rolling noise generation process
O.E. Lundberg, A. Nordborg, I. Lopez Arteaga and S. Finnveden, Revised ver-
sion of the paper presented at the ISMA Conference, Leuven, Belgium (2014).

The state-dependent method presented in Paper A is applied to the wheel-
rail interaction for a passenger train running on a ballast track with the
speed 200 kph. Predictions of contact forces and rail displacements are
performed for a low combined wheel-rail roughness as well as a for a
corrugated rail. In both cases, significant contributions from roughness-
induced contact nonlinearities are observed.
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