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ABSTRACT

As a part of Australian Rail CRC Project #82 - Bogie
Rotation Friction Management, the investigation on rail
corrugation initiation has been carried out. This paper reports
the progress made on this research. At present, the literature
review and the vehicle-track modefling for rail corrugation
have been finished. A three-dimensional vehicle-track system
dynamics model is developed for the simulations, in which the
vehicle dynamics is described using up to 78 degrees of
freedom (DOF). The wheelsets are considered as flexible
bodies. The track is modeled as one-layered, two rail beams on
elastic foundation or two-layered, sleepers included structure.
The effect of wheel-rail profiles, wheel-rail interface
- conditions, curved track parameters, wheelset design
parameters and centre bowl rotation friction on the rail
corrugations will be examined.

1. INTRODUCTION

The rail corrugations have been observed for a century and
at present the variety of theories advanced to explain their
occurrence match the variety of the phenomenon itself.
Generally, the phenomenon is the more or less periodic
irregularities of the running surfaces on rails, which are often
visible to the naked eye, and cause the high dynamic loads
between wheels and rails, deteriorating the track and vehicle
components and resulting in the high noise.

It is known that the corrugation is a phenomenon of great
practical concerns to the railway industry. Substantial savings
could be made if corrugations of rails and wheels could be
prevented rather than simply treated. For the past 30 years,
many theoretical and experimental studies have been conducted
by railway researchers. There are several hypotheses put
forward to explain the corrugation formation based the
theoretical and experimental analyses. Grassie and Kalousek
(1993) [1] considered that the wheel-rail dynamic load P2
resonance; sleeper resonance; flexural resonance; torsional
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resonance of wheelset mainly contributed the six types of rail
corrugations respectively, namely, “heavy haul” and “light rail”
corrugations, corrugations on resiliently “booted sleepers”,
“contact fatigue™ corrugations in curves, “rutting” and “roaring
rails”. It was assumed that some initial track geometry
irregularities and/or wheel and rail defects in combination with
other factors such as traction, creep and the friction
characteristics at the wheel-rail contact excited dynamic loads
which caused damage of some types, thereby modifying the
initial profiles of rails or wheels and forming corrugations.

Valdivia (1987) [2] explained the initiating mechanism of
corrugations with the assumption that high frequency vibrations
of wheelset-track system could be excited by the stochastical
roughness of the railhead surface and then these vibrations in
return influenced the shape of the railhead surface such that
only waves within a narrow band of length are filtered out.
Hempelmann et al. {1992) [3] considered that the different
dynamic behaviour of track at midspan or above a sleeper at the
first vertical pinned-pinned mode with a frequency of 1080 Hz
was one of the main reasons for the formation of rail
corrugation. Knothe and Ripke (1989) [4] applied the same
track modelling as that by Hempelmann et al. (1992) to analyse
the effect of some parameters on the growth rate of rail
corrugation and pointed out that the maximum comrugation
growth rate was not only depending on the frequency but also
on the vehicle speed. If a speed of 180 km/h (50 m/s) is taken,
the first maximum occurs for a corrugation wavelength of 4 ~ 6
cm (L =K=—5i=4.63 cm) [4].

f 1080

Tessilly and Vincent (1991) [5] reported their
investigations conceming rail corrugations on the Paris Mass
Transportation Authority network. Two types of corrugations
were observed: (1). Wavelength of 8 ~ 12 cm; concrete track;
express trains (frequency range of 200 ~ 300 Hz at 90 km/h),
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"and (2). Wavelength of more than 12 cm; on ballasted track

(typical frequency range 60 ~ 100 Hz at 40 km/h). In both cases
coincidence between some natural vibrating modes of the
wheelset and the dynamic behaviour of track counld explain
corrugation growth.

Kalousek and Johnson (1992) [6] thought that the simplest
hypothesis to explain the short-wavelength corrugation,
namely, that corrugation arose from the vertical dynamic
behaviour of the wheel-rail system excited by the initially
aperiodic railhead roughness was found to be inadequate. The
reasonable hypothesis would be that short-wavelength
corrugation arose from a combination of the dynamic behaviour
of the track normally and in jts plane, with a initially aperiodic
railhead roughness giving rise to variations in the normal load
and consequently also to variations in the magnitude of slip and
wear in the contact area. A common feature of such hypothesis
had been that corrugation was exacerbated by high quasi-static
creepage at the wheelrail contact, as might arise during
curving or more generally from misaligned wheelsets. It was
specially pointed out that corrugation happened not only on the
running surface of rails but also on the tread surface of wheels.

Similar conclusion was also made by Grassie (1996) [7] that for.

the short-wavelength corrugation, excitation of the vertical
dynamuic behaviour of vehicle and track by railhead roughness
is an insufficient explanation for the initiation of this type of
corrugation. ;

In the early 1980s, Clark and Foster (1983) [8] investigated
the self-excited vibration characteristics of a flexible wheelset
. and track system under high creepage conditions, Meanwhile,
‘the non-linear vibrations excited by track variations and the
stick-slip vibrations excited by wheel-rail creep forces were
"-also considered. It was suggested that these mechanisms might
exist separately or in combination to provide possible
explanation for the formation of long- and short-wavelength
corrugations on the running surface of railway rails.

Ahlback and Daniels (1991) [9] pointed out that the basic
differences in long- and short-wavelength corrugation
generation processes would require somewhat different
approaches in control. In both types a vertical wheel-track
dynamic resonance with resulting high contact stresses was a
necessary ingredient. In the case of long-wavelength
corrugations on heavy haul railways, even the static wheel
loads approached the strength limits of the rail. The added
. dynamic loads could then induce plastic deformation and
regenerate surface profile damage. The more complex. short-
wavelength corrugations required combinations of wheel and
. track parameters that induced unstable stick-slip oscillations
with possible heat and metallurgical damage at the rail surface.

Suda and Iguchi (1989) [10] pointed out that corrugations
would be caused by contact resonance, some self-excited
vibrations with slip between wheel and rail and some vibrations
of wheelset excited by track irregularities. However, the
corrugation growth depended on the system (wheelset-track)
coupled natural frequency. The rigid support of rail gave the
long-wavelength corrugation in conmection with the first
coupled natural frequetcy while the soft support introduced the
short-wavelength wavelength depending on the second coupled
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natural frequency. Hays and Tucker (1991) [11] reported their
investigation of the interaction of the torsional dynamics of the
wheelset and the longitudinal dynamics of the track, coupled
through the contact patch, as a possible source of rail
corrugation wear. For their investigation on the corrugation of
low rail in a curved track, Matsumoto et al. (2002) [12]
concluded that the corrugation was caused by:

a. Excessively large creepage between wheel and rail, which
was caused by insufficiency of rolling radius difference
between high rail and low rail side wheels or large attack
angle between wheel and rail,

b. Oscillation of wheel load (vertical contact force) which
was caused by vertical vibration including Hertzian contact
stiffness or rail rolling vibration,

c. Stick-slip between wheel and rail accompanying with the
wheel load oscillation.

For the mechanism of short-wavelength corrugation, Wu
and Thompson (2002) [13] predicted the corrugation growth at
different frequencies or wavelengths for typical train speeds
through combining the features of multiple wheel-rail
interactions, unsteady rolling contact and the detailed wear
calculations.

Based on the above reviewed literature, the corrugation
formation on rails and wheels could be classified as following
four types:

¢  System resonances:

Here system refers to vehicle-track system. Although some
wheelset-track or bogie-track systems are able to predict
resonances for some corrugations, the interactions between
wheelsets or bogies are neglected and the natural
frequencies of system might be inaccurately determined.
Special track geometry irregularities and/or rail defects,
generating large oscillation of vertical wheel-rail contact
force can be induced with a natural frequency of system,
especially when there is less damping in the track structure.
Generally for the vehicles with heavy wheel load, the static
wheel load approaches the strength limits of the rail. The
added dynamic contact forces with large amplitude could
then induce plastic deformation on the running surface of
rails.

¢  Self-excitation of wheel-rail stick-slip process:

From non-linear vibration theory, the conditions of self-
excitation generation for a system should be: (1). A system
with external energy supplier, (2). A system able to store
and release energy, and (3). A system with a switch for
storing and releasing energy. Corresponding to a vehicle-
track system, especially a wheel-rail subsystem, the first
condition is that the energy of wheelsets and rails is
provided by locomotives. For the second condition, the
axles of wheelsets have an ability to store and release
torsional and bending energy. For the third condition, the
switch is the positive and negative friction characteristics -
between wheels and rails — stick and slip.

Explanation can be given in Fig. 1 that shows the wheel-
rail stick-slip cycle. In the positive friction zone, wheel
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sticks on rail from A to B at the large creepage situation,
and axle stores torsional and bending energy. B is a
saturation point from which wheel starts to slip on rail.
Because wheel staris slipping, creepage suddenly increases
and jumps to C. In the negative friction zone, wheel slips
on rail and friction force decreases. After axle releases
energy, creepage decreases to D and wheel stops slipping.
Due to the ending of wheel’s slipping, creepage suddenly
jumps to A and wheel sticks on rail again,

In our assumption, if torsional energy of axles is mainly
stored and released, corrugation might be longitudinally
formatted; and if bending energy of axles is stored and
released, wheel squeal might be induced laterally.

oy

3 Saturation

Positive Friction Negative Friction
n o
. Neutral Friction
R —— C

St

Friction Force (Creep Force)

Y

=

Creepage
Figure 1. Wheel-rail Stick-slip Cycle [8]

e Combination of self-excitation of wheel-rail stick-slip and
system resonance: system resonance may come from local
component resonance such as some wheelset modes and
track modes (e.g. sleeper resonance}.

e  Wheel-rail contact fatigue: based on the work done by
Grassie and Kalousek (1993) [1].

In order to examine the effects of wheel-rail profiles,
wheel-rail interface conditions, curved track parameters,
wheelset design parameters and centre bowl rotation friction on
the rail corrugation initiation, a three-dimensional wagon-track
system dynamics model for rail corrugation was developed. In
this model, wagon movements were described using 78 degrees
of freedom (DOF). Specially, the wheelset was considered to be
flexible and 9 DOF were used to illustrate movements of
wheelset including torsion and bending about longitudinal and
vertical directions. Track modelling was considered as one-
layer (two rail beams on elastic foundation) or two-layer
structure (sleeper beams were included). For wheel-rail
interface, Hertz contact theory was used to describe the normal
contact of wheel-rail and Kalker’s creep theory to describe
longitudinal, lateral and spin creeps between wheel and rail.
Detailed description for this model will be given in this paper,
and some simulations related to rail corrugation will be also
given in this paper. .
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2. VEHICLE-TRACK
MODELLING
In this section, modelling of vehicle-track dynamics system
for the investigation on corrugation initiation is given. The
dynamic vehicle-track system is divided into three subsystems
— vehicle, track and wheel-rail contact, which are described in
the following subsections respectively.

DYNAMICS SYSTEM

2.1 Vehicle Subsystem
The model is for a three-piece bogie vehicle as generally
seen for freight or coal vehicles. The vehicle subsystem
inctudes one car body which is described as rigid body using
six DOF (lateral, vertical and longitudinal displacements, and
roll, pitch and yaw rotations), two bolsters each of them is
described as rigid body using six DOF, four sideframes each of
them is described as rigid body using six DOF, four wheelsets
each of them is described as rigid and flexural body using nine
DOF (lateral and vertical and longitudinal displacement of
whole wheelset, and two wheel masses in roll, pitch and yaw
rotations coupled through some stiffness coefficients
corresponding to the first natural torsional and bending modes
of wheelset). The secondary and primary suspensions are
modelled as non-linear spring and damper elements. Figure 2.
(@), (b), (¢) and (d) show these components modelling

respectively.
Z. A

Yehicle Car Body

Side-bearing Position

To Centre of Curve

Bolster

;.,_1_11,._“

|  To Centre af Curv,

(b) Bolster
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Traek Centre Line

To Centre of Carve

(c) Sideframe '

To Ceptre of Curve

(d) Wheelset
Figure 2. Vehicle Modelling

It is expected that the corrugations can be thoroughly
investigated using such vehicle subsystem modelling.
Meanwhile, the effects of centre bow friction {bogie yvaw) (for
the centre bowl connections, 4-point contacts are used for the
modelling) on the initiation of corrugations can be examined.
Before the vehicle subsystem modelling is made, the natural
frequencies and vibrating modes of a typical wheelset should be
calculated using some professional finite element analysis
packages such as ABAQUS. ’

2.2 Track Subsystem 5

The track subsystem is consideréed as the discretely
supported distributed-parameter track with two layers as shown
in Figure. 3 (2) and (b). The track components are assembled
exactly as the conventional ballasted track structure used in
most of the heavy haul railway network. - The track subsystem

“comprises of two rails, n, sleepers, 4xn5 fastener and pad
assembly, ballast arranged in two layers.
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#, [
" Sleeper R

| ‘ Ballast J '

/////77"1/////fﬂ’/(’//!//l!l!/]‘//!//I//T

(b) Lateral View

Figure 3. Track Modelling

Such track modelling can be further simplified. The layer
for sleepers can be ignored, Modified track modelling will be
two rail beams on elastic foundation.

2.3 Wheel-Rail Interface Subsystem

In this subsystem, the creep forces and normal forces in the
wheel-rail interface are determined according to Kalker creep
theory and Hertz contact theory respectively.

The creep forces { F,) are determined according to the Fig.
1, which shows the relationship between the creep force and the
creepage (& ). The longitudinal creepage, the lateral creepage
and the spin creepage are expressed as: .
S = [ka e, —V(r,/r)cosb,, ]/ |4
‘-’:ky = [(ka —RRk)'eZk]/V
Sip = [(mwk — Dpy ) eBk]/V

in which the subscript £ =! or # representing left and right
wheels, (&€,;, €s;, €4; ) is the wheel-rail contact point axle unit

vectors, R, is the position vectors of the left or the right
contact points in the wheelset equilibrium coordinate system,
Ry, is the position vectors of the left or the right contact

points in the rail equilibrium coordinate system, ¥ is the wheel

radius at the contact points, @,, and @g, are the angular
velocities of wheel and rail respectively.
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For very small creepages, Kalker's linear creep theory is
used to develop relationships between the creep forces and the
creepages. These are given as follows:

Longitudinal creep force: F, =—f,,& ,
Lateral creep force: F, 5 = —f;1§y - flz §Sp’

Spin creep moment: M = f,.&, — /&,

in which f,, fi,, /5, and f;; are the creep coefficients. In

Fig. I, the 0AB section before the saturation at B shows the
relationship between creepage and creep force, which is
determined by Kalkar’s creep theory and revised by Johnson-
Vermeulen'’s approach for creep without spin, and described as
follows:

The resultant force F,, as follows:
2 25172
Fre _(Fc'.t +Fc_v)

The limiting resultant force F're as follows:

2 3
— F, 1 F
1"",2:#:’\?1—l —= | = = F, 3N
N 27\ uN
in which ¢ is the friction coefficient between wheel and rail,

and N
creepages (F,, < 31N ), the creep forces are determined by

is the normal wheel-rail contact force. For small

— F, _
Fc.t:%t—‘pre! Fcy =—= Fre

After the saturation at B ( F, > 34N ), wheel slips on rail.

The friction charactenistic is negative. A typical friction force
model in tribology can be used to describe the section CD in

Fig. 1 as follows:
=a —b (1 - e_f'”)

F, =a, —bz(l—e‘w')

cy

F

18

in which @, band ¢ are the constants, and 2 and Vv are the
velocities of wheel slipping along X and Y directions.

The normal force (N,) of wheel-rail contact is determined
using Hertz static contact theory as follows:

NC‘ = C.H : (ADwr)N2
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in which AD,_, is the contact deformation of the wheel and the

rail, C, is the Hertz contact coefficient. For wheel-rail
contact, it can be expressed as:

16G3re

Cr =|:9(l—vc)2}

in which GC is the wheel-rail combined shear module, v, is

the wheel-rail combined Poisson’s ratio, and 7, is the wheel-
rail calculated radius.

In the applications of Hertz static contact theory, it has
been assumed that the relative displacement of a single wheel-
rail contact point is the deformation of the wheel-rail contact
patch and is expressed as:

ADwr = WRk - wwk _;L[(x)

in which wy, is the normal displacement of rail at the contact
point, W, is the normal displacement of wheel at the contact

point and g(x) is the function representing the defects of the
wheel and/or the rail or the track irregularities.

Finally, the normal contact force of the wheel-rail system can
be expressed as:

N, =Cy (ka “ W /l(x))m

3. SIMULATIONS AND ANALYSIS

Several vehicle-track systems available from Queensland
Rail, Pacific National and Australian Rail and Track Co. will be
simulated to examine the rail corrugation initiation and the
effect of some important parameters on the rail corrugations.
These parameters will be listed as follows:

o  Wheelset design parameters

mi i E%

HTIMETHT Y

Figure 4. Different Wheel Hub Shapes
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Different wheet hub shapes shown in Figure 4 and axle
dimensions would influence the natural frequencies of
wheelset bending and dishing modes, causing whether or
not different rail corrugations.

o  Whee! and rail profiles
Different wheel and rail profiies would affect the creep
forces in the wheel-rail interface, leading to the happening
of rail corrugations.

"o Centre bowl frictions
It has been known that centre bowl friction would affect
the vehicle steering on curved track. It also would affect
the wheelset attack angles. The larger attack angle would
cause the rail corrugation.

-« Wheel-rail interface conditions
The conditions will include:
- Dry
* VHPF
- HPF
*LCF-
These conditions would influence creep forces

e  Curved track design parameters
The curved track parameters such as superelevatlon and
* curve radius, etc. can affect the creep forces in the wheel-
rail mlerface on -the high or low rail, leading to the
happening of rail corrugations.

4. SOME PREVIOUS WORK RELEVENT TO RAIL
CORRUGATION
The first author had previously done some simulations
relevant to rail corrugation using 3DWTSD software [14).
- These results are also presented.
4.1 Rail Corrugation Caused by System Resonances
Fig. 5 shows the wheel-rail vertical dynamic factors
{dynamic force divided by static wheel load) of two wheels in a
wheelset. After passing through a type of cross-level
irregularity, the vehicle-track system has a vertical resonance,
which would lead to a long wavelength rail corrugation.

~

a
1
1
I
|
]
R
1
1
1
i
B
P
|
)
d_
<
{
[
i ]
|
E\
]
3
i
i
-l
1
1
1
|
-
I
|
i
|
)

Ll
1

&
LA
R e

P-4+t -t=-r-8-
i
1
1
e
V
;
‘%
1
: |
1
'
T =
I
H
1
1
|
I

g

-
o

Vestical Gontact Force Factor

=
kY

o
¥

Figure 5. Rail Corrugation Due to System Resonance

70

4.2 Dynamic Response Due to Rail Corrugation

Figure 6. (a) and (b) show the rail vertical displacement at
location of middle rail corrugation section and wheel-rail
vertical dynamic factor. It can be seen that the rail corrugation
will generate high frequency dynamic responses.

Rafarence Slsepar Vertical Displacament
(mm)

Time (8)

(a) Rail Vertical Displacement

Vertical Impact Factor

0 63
Then (s}

{b) Wheel-Rail Vertical Force

045

Figure 6. Dynamic Response Due to Rail Corrugation

5. CONCLUSIONS

The vehicle-track modeiling for rail corrugation initiation
and wheel squealing has been developed. The some parameters
which would influence rail corrugation have been put forward
for investigations. The further simulations are being carried out.
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