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Most of the models used for simulating the conditions existing in the wheel-rail contact are based on sta-
tionary theories. In such theories, the parameters associated with the wheel-rail contact are independent
on the conditions applied on it previously. This supposition is a simplification of the real phenomenon,
whose validity lies in the rapid convergence of the contact parameters to their stationary values. However,
the conditions simulated by means of non-stationary theories may differ from those obtained by using
stationary theories when external conditions vary rapidly. Certain types of rail corrugation may be related
to high-frequency normal or tangential forces transmitted through the contact, which may determine the
effect of the temporal history on the contact parameters, and consequently on the rail wear. In order
to investigate the influence of the contact process on the results of models of corrugation calculation, a
methodology for estimating the rail wear depth due to a wheel running on a stretch of rail is developed.
The method implements an improved contact model where non-stationary hypotheses and an exact elas-
tic model are taken into account. The results show the influence of the more realistic hypotheses adopted
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in the proposed method.
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1. Introduction

Rail corrugation has been a problem for railway industry as well
as a subject of investigation by engineers all over the world for
more than a century. Rolling noise, vibration, deterioration of vehi-
cle and track components, along with discomfort to passengers are
its principal negative effects. Nevertheless, the present operating
conditions of railway vehicles, with higher speeds in passenger ser-
vices and greater axle loads in freight trains, together with a general
increase in railway traffic, make rail corrugation an even more seri-
ous problem. There is thus an incentive to study the causes and
development of this phenomenon in order to prevent or minimise
its effects.

This defect appears in all types of tracks, due to the contin-
ual passage of wheelsets, as a periodic undulation with a certain
wavelength on the running surface of the rail. Grassie and Kalousek
initially classified rail corrugation into six types [1]. Later, finding
the typology to be even more extensive, they proposed classify-
ing the phenomenon according to a wavelength-fixing mechanism
related to resonance either from wheelsets, rails or the coupled
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vehicle-track system, and a damage mechanism such as plastic
deformation or wear [2]. These authors suggested that wear is the
damage mechanism responsible for most types of corrugation.

Since the problem is complex, mathematical models to simulate
the beginning and evolution of corrugation are an essential tool for
its analysis. Some of the existing models combine three mechan-
ical models: a vehicle-track dynamic interaction model, a rolling
contact model and a wear model [3-6]. The irregularities initially
present on the rail running surface cause variations in the wheel-
rail contact forces, in creepage and in the size of the contact patch.
The input data of the wear model is composed of the results given
by the vehicle-track dynamic interaction models and the contact
model. This approach was developed from the specially designed
tools for classic railway dynamics, such as the FASTSIM algorithm
[7], to calculate contact parameters.

FASTSIM provides excellent results in determining the relation-
ship between creepage and contact-transmitted forces, also for
calculating the stick and slip zones in the contact patch. It also
has the advantage of a low computational cost since it employs
a simplified elastic model. The elastic model considers that the dis-
placements associated with the elastic deformations at a point in
the contact patch are a linear function of the traction forces applied
at that point (Simplified Theory), also known as Winkler’s model or
Elastic layer. The effect of this simplified assumption was corrected
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so that FASTSIM provides the same results than Kalker’s Linear
Theory at low external force or creepage. However, the local slip
calculation precision may be affected by the elastic model hypoth-
esis since this parameter has not been adjusted. This problem could
influence the calculations because the local slip is the input data in
wear models. The enhancing of the contact model can therefore be
a way of improving methods for estimating rail wear.

An approach in this sense was presented by Li [8] and Jin et al.
[9-11]. Li proposed a method for calculating wheel wear through
non-Hertzian normal contact models. In Jin’s studies, an improved
normal contact model (non-Hertzian) was considered which per-
mitted greater precision in determining the coupled dynamics
between track and vehicle. The last method was implemented in
rail wear calculations. Another work that followed this approach,
but applied to wheelflats, was that of [12] who made use of the
dynamic model proposed in [13].

The non-stationary contact process was investigated by Kalker
[7] and Gross-Thebing and Knothe [14-18]. Gross-Thebing et al.
studied the influence of the external tangential force variation on
creep coefficients due to non-stationary contact process. Kalker
developed a model to calculate the non-stationary contact process
based on an Exact Theory (non-simplified relationships between
displacements and tractions in the contact patch). Nevertheless,
he concluded that its applicability to practical cases was inade-
quate due to the rapid convergence of the contact process to its
stationary values. The non-stationary model has a much higher
computational cost than FASTSIM or the Linear Theory, a disad-
vantage that prevented it from being used when the model was
developed.

The applicability of a non-stationary contact model could how-
ever be related to the calculation of the contact parameters
associated with a corrugated rail. Nielsen [19] thus developed a
methodology to solve the tangential contact problem according to a
bi-dimensional theory applied to the case of a corrugated rail. From
its conclusions, the influence of the non-stationary process on wear
results is determined when the forces involved in the contact vary
rapidly.

The aim of the present work is to propose a method for esti-
mating rail wear in three dimensions by using an improved contact
model. The model input data are the contact geometry, the mechan-
ical properties of the materials and the resulting forces transmitted
between rail and wheel. The output gives the wear depth on the rail-
head. Regarding the models used for estimating wear, the contact
model is based on an Exact Theory and considers the non-stationary
wheel-rail contact process.

In the following section, the calculation model of the contact
parameters is described. These parameters include the local slip
used as input for the wear model implemented (Archard [20]). Sec-
tion 3 establishes the procedure for the prediction of rail wear. In
Section 4, the developed calculation method is applied to cases that
could be considered as real and the results are compared to those
of FASTSIM. The parameters of the model used in the calculations
are given in Table 1.

Table 1

Model parameters

Radius of the railhead curvature 300 mm
Radius of the wheel profile 409 mm
Wheel radius 500 mm
Vehicle speed 100 km/h
Friction coefficient 0.4
Young’s modulus 2.1 x 10 N/m?
Poisson ratio 0.3
Normal force mean value 100 kN
Longitudinal force mean value 20kN

Kw/H ratio for Archard model 3.40 x 10~ m2/N

Wheel surface

Fig. 1. Coordinate system.

2. Contact model

The method employed to calculate the contact parameters is
based on the non-stationary model developed by Kalker [7]. With
respect to the original model, a discretisation adapted to the contact
area is used with the aim of enhancing the quality of the solu-
tion when variations occur in the normal contact forces. A wide
description of the method can be found in [21].

The hypotheses associated with the non-conformal contact are
considered, and it is also assumed that the normal (Hertzian) con-
tact problem does not depend on the tangential contact problem. Its
formulation is based on two wheel-rail contact models, one kinetic
and one elastic. Both models will use a system of mobile coordi-
nates x1xx3 (see Fig. 1) whose origin is situated at the centre of
the contact patch; the x; axis defines the direction of the wheel
movement and the contact plane corresponds with x3=0.

To formulate the tangential contact problem, the following mag-
nitudes are defined referring to the previously mentioned reference
system

e The creepages &1 and &3, and spin &sp, or the theoretical contact
point velocities normalised in relation to the vehicle velocity V.

e The local slip s, or the relative velocity between the contact sur-
faces.

¢ The displacements associated with the elastic deformations u.

e The tractions transmitted from rail to wheel through the contact
patch p.

The relations between the magnitudes corresponding to the
kinetic model are as follows:
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where A, are the elastic influence coefficients. The procedure
requires a double discretisation of the problem. The first discreti-
sation is done in the spatial domain and consists of dividing the
contact area into a Paul and Hashemi mesh [22] of the type shown
in Fig. 2. The local slip, the traction and the displacements asso-
ciated with the elastic deformations are assumed to be constant
inside each element and equal to the value they would acquire at
the centre of the element. According to this simplified hypothesis,
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