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A B S T R A C T   

This work is the result of a problem of premature development of rail corrugation found on a new metro line. As 
urgent solutions, a rail grinding was carried out and friction modifier started to be applied. Experimental 
corrugation measurements have been taken periodically in this line at 60 control points since 2018, and an 
extensive database has been collected since then. As a second stage, a computationally efficient new model has 
been developed to predict corrugation growth under different running conditions. The aim of this work has been 
to obtain feasible solutions to delay corrugation growth in metro type lines.   

1. Introduction 

When vehicles pass over the track, fluctuating contact forces are 
generated. These forces induce wear, thus producing irregularities on 
the rail surface, such as corrugation. It is known that rail irregularities 
such as welds [1,2] can act as a trigger for corrugation development, 
which can lead to the development of other type of irregularities 
including rolling contact fatigue (RCF) [3–5]. Corrugation causes sig
nificant noise and vibration problems [6,7] and reduces the service life 
of both the track and the vehicle, so it is a subject on which a large 
number of studies have been carried out over time. 

Different types of corrugation are distinguished by their wavelength 
fixing mechanism and damage fixing mechanism, as described by 
Grassie in Ref. [8]. In this work, experimental measurements of rail 
corrugation have been carried out in a metro type line. This corrugation 
was mainly found on the inner rail of the curves with a wavelength of 
about 5 cm. 

The only solution to eliminate the corrugation of the rail surface is to 
carry out a grinding process [9]. As this procedure entails high costs, 
different alternative methods have been studied to eliminate or at least 
reduce the rate of corrugation growth. The measures against corrugation 
can be divided into preventive and corrective measures, depending on 
when the selected measure is adopted. Therefore, preventive measures, 
which include preventive grinding and dynamic optimization of the 
track components [10], are implemented before the opening of the line; 
and corrective measures are adopted when the line is operational. These 

corrective measures comprise modification of sleepers spacing [11], 
modification of pad stiffness [12,13], use of friction modifiers [14–17], 
or variability of the vehicle’s speed [18,19]. 

In this article, a complete study of corrugation is carried out in a new 
metro line located in the surroundings of Bilbao. This study was initiated 
due to the rapid development of corrugation within the first three 
months after the line’s inauguration. Due to this early corrugation 
growth, two urgent measures were taken: rail grinding and high positive 
friction (HPF) modifier implementation. Rail geometry and corrugation 
measurements have been carried out periodically on this line since 2018 
so that an extensive database of 60 control points is now available. In 
parallel, a more intensive study has been developed to obtain possible 
solutions to the early growth of corrugation. For this purpose, a new 
model has been developed by the authors to predict track wear after a 
specific number of wheelsets passes. 

Different models have been developed in the past to study corruga
tion, classified as models in the frequency domain and in the time- 
domain. Frequency domain models [20–24] are linear models that can 
achieve very accurate results in a reduced time. On the other hand, the 
time-domain models [25–30] require longer computational time since, 
for each of the wheelset passes, the system of equations defining the 
problem has to be solved. 

The model described in this article is a model in the time/space 
domain, since a non-linear contact between wheel and rail is considered. 
This new model uses a methodology similar to that described by Wu in 
Refs. [31–33] and Correa in Refs. [34,35], in which the rational fraction 
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polynomials (RFP) method is used to fit track dynamics. In the 
mentioned models, the receptances of the track are different at each of 
the positions along the span. These differences are due to the discrete 
support of the sleepers. Thus, the dynamic characteristics of the track are 
taken into account accurately. These include the influence of the railpad, 
sleepers, boots and ballast, including their mass, stiffness and damping. 

The new model’s advantage, but also the main challenge, lies in 
incorporating the lateral dynamics into the system of equations since it 
has been demonstrated to be crucial, especially in sharp curves [36]. All 
this without compromising the low computation time. This new model is 
developed and validated in Ref. [37] with corrugation data measured 
experimentally from the line, and, as already mentioned, it is used to 
predict corrugation growth under different running conditions. 

The article is divided into seven sections. This first section describes 
the problem, and briefly presents the line in which the study is carried 
out and the model developed to predict its evolution. In the following 
sections, the problem is identified (section 2) and the line is described 
(section 3). Then, experimental measurements and possible solutions are 
presented (section 4). Next, wear growth on the line is predicted by 
modelling, adapting a new model developed in the time/space domain 
to the line under study (section 5). Finally, wear results are presented 
under different running conditions (section 6), and the conclusions of 
the present work are discussed (section 7). 

2. Problem identification 

In mid-2017, a new metro line was inaugurated in the vicinity of 
Bilbao. After barely three months of vehicles circulation, corrugation 
had already developed along the line, increasing noise levels and vi
brations. The corrugation formation also caused problems in passenger 
comfort and led to complaints from nearby residents. 

Due to this problem, the authors started a corrugation study in this 
line. The main objective of this study was to obtain viable solutions to 
reduce the corrugation growth rate and to identify the core reasons for 
premature corrugation development. 

This corrugation study initiated at the end of 2017, and is still 
ongoing at present to assess the effectivity of the implemented measures. 

3. Line description 

As already mentioned, the metro line on which the corrugation study 
was carried out is located in the outskirts of Bilbao and consists of 8.5 km 
of double track including seven stations. It is a slab track with discrete 
support, in which the distances between sleepers are among 0.6 and 1 m, 
depending on the circular curve’s radius. The minimum radius in this 
line is 150 m, and the rails are 54E1 with SKL-1 fastenings. Vehicles 
running on the line consist of 3 or 4 cars and run every 7.5 min. 

The rail hardness varies in the line taking two different values since 
part of an old-line running in the same area was reused. Thus, in the 
reused track area, the rail hardness grade is R260, and in the new area, a 
hardened rail with a hardness grade of R350HT is used. 

The maximum noise level endured by passengers waiting on the 
platform at one of the stations was 99.9 dB (A). This noise level was 
measured experimentally with a precision sound level meter (Brüel & 
Kjaer 2250), as shown in Fig. 1. 

4. Solutions 

The solutions presented in this work are classified into two groups. 
On the one hand, urgent measures were taken to eliminate the existing 
corrugation in the line. On the other hand, a long-term study has been 
carried out to obtain possible alternatives to delay or eliminate the 
corrugation growth. 

4.1. Urgent measures 

Due to the early corrugation development after only 175,000 
wheelset passes since the line’s opening, two measures were taken as a 
matter of urgency. The first measure consisted in grinding the track, and 
the second was the implementation of HPF. Both measures were taken 
prior to the experimental measurements and proved essential in 
reducing the corrugation growth rate. 

The grinding process was carried out a few months after the 
commissioning of the line. In that short period, corrugation had already 
developed (Fig. 2). All rail grindings have kept the rail profile 

Fig. 1. Measured noise level in a station.  

Fig. 2. Corrugation found in the line under study.  
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unchanged. The first corrective grinding proved to be essential, since not 
only eliminated the existing corrugation, but also delayed the subse
quent development of corrugation in the line, allowing to extend the 
period of time until the next grinding. Thus, the subsequent grinding 
was done approximately 2 million wheelset passes after, allowing us to 
study the evolution of the corrugation throughout this period. 

Friction modifier was not initially applied in this line. Its imple
mentation proved to be of great relevance since the corrugation growth 
rate decreased significantly since then. 

4.2. Long-term solutions 

After the necessary urgent measures, experimental measurements 
were taken from the track to study viable and easily applicable solutions 
to eliminate or at least reduce the corrugation growth. 

4.2.1. Corrugation experimental study 
The study of corrugation on the new metro line started at the end of 

2017. Firstly, the methodology for corrugation monitoring was pro
posed. After analyzing the track characteristics, 60 control points 
located on circular curves were selected. Thus, the experimental mea
surements of rail geometry and corrugation in these control points 
started in early 2018. Fig. 3 shows the complete line with the selected 
kilometer points marked with a red dot. In this kilometer points mea
surements were taken in both tracks. Some of the most representative 
control points are identified in the figure with the letters A, B, C and D. 
These points are described further on. 

The experimental measurements were carried out using an R2S rail 
surface scanner from Metalelektro, which is shown in Fig. 4. 

The mentioned 60 control points can be classified into two different 

groups depending on their corrugation evolution. The first group points 
(Group 1) are those where rail corrugation has not developed and con
stitutes approximately 40% of the control points studied. The second 
group points (Group 2), the remaining 60%, show a development of 
corrugation with the increasing number of wheelset passes. 

The most representative control points of both groups have been 
selected (A, B and C). The corrugation evolution of these points is shown 
in Figs. 5–7. The number of wheelset passes displayed in the legends of 
the following figures is measured after the first grinding. 

The first point (point A) is representative of those control points 
where corrugation has not developed (Group 1). Most of these points 
have radii of curvature above 300 m, in this particular case being 450 m. 
Fig. 5 shows the absence of corrugation at this particular point. 

Group 2 is represented by point B, which shows moderate corruga
tion growth (Fig. 6). At this point, the radius of curvature is 250 m and 
has a corrugation wavelength of 0.053 m after 1,775,000 wheelset 
passes. The majority of the points measured along the line, where 
corrugation has developed, have similar characteristics: radii of curva
ture below 200 m and wavelengths between 0.04 and 0.06 m. There are 
few exceptions where slightly shorter (0.036 m) and longer (0.067 cm) 
wavelengths were found. 

Finally, Fig. 7 shows the corrugation measured at point C. The 
characteristics of this control point are as follows: radius of curvature of 
198 m and wavelength of 0.053 m. Due to its characteristics, this control 
point belongs to Group 2, although it stands out for its greater corru
gation growth. Hence, point C is representative of those points that 
experienced the most significant growth. At this control point, the 
maximum peak-to-peak value has increased by about 64 μm since the 
beginning of the measurements. This figure (Fig. 7) shows the positive 
effect of the urgent measures adopted since after almost 2 million passes, 
corrugation does not reach very high levels. 

Fig. 3. Line under study.  

Fig. 4. Corrugation measurement device (R2S).  

Fig. 5. Rail surface geometry in control point A.  
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In summary, most of the control points showing corrugation are 
located on curves with radii less than 200 m and have wavelengths of 
around 0.05 m. 

4.2.2. Diagnosis of the track parameters causing corrugation 
As for longer-term solutions to corrugation, the modification of track 

parameters is studied. However, as this is a STEDEF track, neither the 
parameters of the boots nor the distance between sleepers can be 
modified easily. A possible modification for this type of track could be 
changing the railpads. In order to study the dynamic characteristics of 
the actual railpads, first, a sufficiently representative point of the 
corrugation evolution has been selected (point D). 

In the selected point, the distance between sleepers is 0.64 m, and the 
curvature radius is 150 m. Fig. 8 shows the experimentally measured 
corrugation at this point for different number of wheelset passes. The 
wavelength found at this control point is around 5 cm. 

To analyze the dynamic characteristics of the track, vertical and 
lateral track receptances are measured experimentally at point D. Since 
the track support is discrete, receptances are measured every 8 cm from 
the sleeper to the midspan. These receptances are measured by experi
mental impact testing using the following tools: instrumented hammer 
(PCB 086D05), accelerometers (PCB 352C33 ICP), analyzer (LMS Scadas 

Mobile SCM05) and impact testing software (TestLab 17.1). 
Figs. 9 and 10 show the vertical and lateral receptances for the po

sitions: over sleeper (0 cm), quarter-span (16 cm) and midspan (32 cm). 
As can be seen in Figs. 9 and 3 peaks can be distinguished, which are 
associated with the boot mode (120 Hz), the pad mode (740 Hz), and the 
pinned-pinned mode (920 Hz). 

The receptances displayed in Fig. 9 show a high stiffness of the 
railpad. This is confirmed by the dynamic stiffness measurements made 
by the manufacturer (1000 MN/m) and by the static stiffness measure
ments made in the workshop of the Department of Mechanical Engi
neering of the University of the Basque Country (800 MN/m). This 
stiffness value allows classifying these railpads as extremely stiff [38]. 
Different authors have studied this characteristic, so it is known that 
with lower pad stiffness, the corrugation develops more slowly [12,13]. 
Additionally, the wavelength found at this control point is related to the 
first antirresonance in the vertical direction. Thus, this is the wavelength 
fixing mechanism in this metro line. This antirresonance is fundamen
tally related to the railpads stiffness and the mass of the sleepers. A 
reduction of the railpad stiffness would produce a displacement of this 
peak in frequency. Thus, this change is expected to reduce the corru
gation growth rate. For this reason, a change of railpads to ones with 
lower stiffness is currently being prepared in the line under study. 

Fig. 6. Rail corrugation in control point B.  

Fig. 7. Rail corrugation in control point C.  

Fig. 8. Corrugation growth in control point D.  

Fig. 9. Experimental vertical receptances of the track in different positions 
along the span. 
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5. Development of a new model for the prediction of rail 
corrugation 

Up to this section, possible alternatives for reducing corrugation 
growth in a specific metro-type line have been studied. In parallel, a new 
model developed by the authors has been used to predict wear growth 
[37]. This model is already validated with the experimental corrugation 
measurements taken from the track at point D, and it is used to study 
wear evolution after a specific number of wheelset passes. 

5.1. Model description 

This section describes the model developed by the authors in 
Ref. [37], which is an efficient tool to predict wear growth in a specific 
line, under defined running conditions. 

The receptances required as input to this model can be obtained in 
different ways: FEM, experimental measurements, or other mathemat
ical tools. In this case, as already mentioned, the rail receptances have 
been measured experimentally at point D. The RFP method is used to 
obtain the coefficients (a and b) of the transfer function (Equation (1)) 
that fits each of the measured or calculated receptances. 

An optimization is performed through multiobjective genetic algo
rithms to ensure the minimum error in the fitting and stability over time. 
Due to the variation of the receptances along the span, a linear variation 
of the transfer function coefficients is considered for the positions in 
between the fitted sections (in this particular case, the fitted sections are 
every 8 cm). Moreover, the track is considered as periodic in this model; 
therefore, the coefficients of the transfer function also vary periodically 
from one span to another. 

R(s)=
B(s)
A(s)

=
b1sn + b2sn− 1 + ⋯ + bn− 1s + bn

sm + a1sm− 1 + a2sm− 2 + ⋯ + am− 1s + am
(1) 

The orders of the polynomials of the transfer functions (n and m) are 
different for vertical and lateral dynamics. In general, the orders of the 
polynomials in lateral dynamics are higher than in vertical dynamics 
due to greater flexibility in this direction. 

The equations to be solved include rail dynamics, wheel dynamics, 
and the interaction between the wheel and the rail. These equations are 
described in the following sections. 

5.1.1. Track dynamics 
Once the vertical and lateral fits of the rail are obtained, the Laplace 

transform is used to obtain an equation of order m, which is transformed 
into m equations of order 1 (Equation 2). Equation 2 has been gener
alized for any of the axes, where f(t) represents the wheel-rail contact 
force, and x1(t) is the rail displacement. 

The following values are different for the vertical and lateral dy
namics: contact force (f(t)), matrices M and c (Equations (3) and (4)), 
orders of the polynomials (n and m) and coefficients of the polynomials 
(a and b). With this in mind, both equations of the rail are obtained from 
the fitting of each of the receptances. 

ẋ(t)=M ∗ x(t) + c ∗ f (t) (2.1)  

x(t)=

⎧
⎪⎪⎨

⎪⎪⎩

x1(t)
x2(t)
⋯

xm(t)

⎫
⎪⎪⎬

⎪⎪⎭

(2.2)  

M=

⎡

⎢
⎢
⎢
⎢
⎣

0
0
0
⋯
− am

1
0
0
⋯

− a(m− 1)

0
1
0
⋯

− a(m− 2)

⋯
⋯
⋯
⋯
⋯

0
0
0
⋯
− a1

⎤

⎥
⎥
⎥
⎥
⎦

(3)  

c=

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

b1

b2 − a1 ∗ b1

⋯

bm −
∑m− 1

k=1
a(m− k) ∗ ck

⎫
⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎭

(4)  

5.1.2. Wheel dynamics and wheel-rail interaction 
In previous works, the vertical (z-axis) model of the wheel was based 

on a concentrated mass to which the part of the vehicle weight sup
ported by the wheel is applied. In this case, since experimental mea
surements of the wheel vertical receptance have been obtained, the 
vertical model of the wheel is achieved by fitting this wheel vertical 
receptance, using Equations (1)–(4). 

The vertical force of the wheel-rail contact is calculated as shown in 
Equation (5). In this equation, CH is the Hertz coefficient, zw the vertical 
displacement of the wheel, zr the vertical displacement of the rail and r 
the irregularity of the rail profile. The vertical axis (z-axis) is considered 
positive in case of a dip and negative in case of a protrusion. 

fc(t) =

{
CH ∗ (zw(t) − zr(t) − r(t))

3
2,when (zw(t) − zr(t) − r(t)) > 0

0,when (zw(t) − zr(t) − r(t)) ≤ 0
(5)  

In the lateral direction (y-axis), wheel dynamics has been added to the 
system of equations by fitting the experimentally measured wheel lateral 
receptance, using Equations (1)–(4). Lateral dynamics equations have 
been completed with Equation (6), in which the variability of the lateral 
creepage (γy) is considered from its nominal value (γy0). In this equation, 
ẏw represents the lateral displacement velocity of the wheel, ẏr the 
lateral displacement velocity of the rail and V is the vehicle running 
speed. 

γy = γy0 +
ẏw(t) − ẏr(t)

V
(6)  

5.1.3. Wear calculation 
Wear is considered to be proportional to the friction power, and is 

calculated by Equation (7). In this equation, z is the function repre
senting the longitudinal profile of the track, k0 is the wear constant, q is 
the tangential stress at each point of the contact patch, s is the sliding 
module, ρ is the steel density, and V is the vehicle driving speed. Δx 
represents the magnitude of the discretization of the contact patch in the 
longitudinal direction, which is used to calculate the tangential stresses. 

Δz=
k0qsΔx

ρV
(7) 

There are different methods to calculate the tangential stresses in the 
wheel-rail contact [39,40]. In this article, the FASTSIM algorithm is 
used, since it has been proved to be accurate enough. 

Fig. 10. Experimental lateral receptances of the track in different positions 
along the span. 
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5.2. Model implementation 

The new model has been adapted for the described line. Experi
mentally measured receptances have been fitted at the selected point as 
described in the previous section. The orders of the polynomials of the 
vertical and lateral receptances of the track are 9 and 10, and 11 and 12, 
respectively. 

Vertical and lateral track receptances fittings are shown in Figs. 11 
and 12. The fitting has been made for the five positions within the span, 
although only the fitting over the sleeper and at midspan have been 
included for space reasons. 

The experimentally measured wheel receptances have been fitted 
likewise to the track receptances, the value of m being equal to 10 
vertically and 12 laterally. Figs. 13 and 14 show the wheel receptances 
and its fittings. 

To compare the corrugation growth obtained from the experimental 
measurements with model results, wear has been calculated from the 
initial irregularity shown in Fig. 15, related to the rail surface irregu
larity measured experimentally after a rail grinding. In addition, as the 
driving speed is variable following a normal distribution with a mean 
value of 53.6 km/h and a standard deviation of 2.8 km/h, random 
speeds following this distribution have been considered. 

The wear coefficient has been obtained from literature data [42], 
where different wear coefficients are calculated for different values of 
longitudinal creepage. Thus, for the studied curve, the value of k0 is 
around 5e-10 kg/Nm for a track of grade R260, without lubrication and 
whose friction coefficient is 0.45. In Ref. [43], it is observed that the 
wear coefficient for R260 grade rails is about 4 times higher than for the 
case of R350HT grade rails. On the other hand, in Ref. [41], Vuong et al. 
concluded that the wear coefficient is almost 5 times higher when no 
friction modifier is used than when HPF is used. Therefore, the wear 
coefficient value used for the following simulations is 3e-11 kg/Nm, as it 
is a track with hardness grade R350HT where HPF is applied. In this 
work, the value of CH is 93.03 GN m− 3/2. 

Fig. 16 compares the calculated corrugation with that obtained from 

Fig. 11. Experimental and fitted vertical receptances of the track: (a) over the 
sleeper, (b) at midspan. 

Fig. 12. Experimental and fitted lateral receptances of the track: (a) over the 
sleeper, (b) at midspan. 

Fig. 13. Experimental and fitted vertical receptance of the wheelset.  

Fig. 14. Experimental and fitted lateral receptance of the wheelset.  
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experimental measurements 183,000 wheelset passes after the grinding. 
Significant similarity is observed in both amplitudes and wavelengths. 

6. Prediction of wear evolution under different running 
conditions 

The model described in this article is used to predict the corrugation 
growth on a given line with defined circulation conditions, after a spe
cific number of wheelset passes. 

To reduce or eliminate the corrugation growth in the line under 
study, different running conditions are analyzed. For this purpose, the 
speed distribution and the friction coefficient in the wheel-rail contact 
have been modified. The following sections show the wear evolution 
obtained with the model for the different running conditions mentioned 
above. 

6.1. Speed distribution variation 

In studies by Bellette and Meehan in Refs. [18,19], it is proved that 
the greater the variation in vehicle speed, the lower the corrugation 
growth rate. As the vehicles running on this metro-type line do not 
operate with ATO, it is possible for the drivers to vary the speed so that 
the same rail frequencies are not continuously excited, thus slowing 
down the development or growth of corrugation. 

As already mentioned, the average speed at which vehicles run 
through point D is 53.6 km/h. To study the effect of speed variability on 
wear, three different scenarios have been assumed. First, a constant 
speed equal to 53.6 km/h is considered to compare the corrugation 
evolution in case the ATO system was in operation. The second scenario 
represents the speed at which vehicles currently travel on the line. This 
distribution is described in the previous section. A larger deviation has 
been considered for the third speed distribution, thus moving further 
away from the mean value. In this last speed distribution, the average 
value is 53.6 km/h and the standard deviation is 5 km/h. 

In Fig. 17 the calculated wear after 100,000 wheelset passages is 
presented for the 3 different speed distributions. As expected, the 
corrugation wavy shape develops more rapidly when the vehicle speed is 
constant (blue line). It is also observed that increasing the deviation in 
the velocity distribution (green line) delays the wear development. 
Moreover, in the cases in which speed variability is considered the 
predominant wavelengths are of 5.2 and 7 cm, whereas with constant 
speed a smaller wavelength emerges (3.5 cm), in addition to the above 
two. 

This result is of great interest since increasing slightly the deviation 
of the speed distribution through the different curves would reduce 
corrugation growth without a significant service change. 

6.2. Friction coefficient variation 

The friction coefficient between the wheel and the rail depends on 
the materials in contact and other aspects, such as friction modifiers or 
lubricants. For this reason, the effect of different friction coefficient 
values on wear evolution have been studied: 0.3, 0.4, and 0.5. The 
aforementioned range is the usual range of friction coefficient values in 
the wheel-rail contact. 

In the figure below, wear has been calculated with the current speed 
distribution over 100,000 wheelset passes, for the different friction co
efficients. Fig. 18 shows that the higher the friction coefficient, the 
higher the corrugation growth. Therefore, it is essential to maintain the 
friction coefficient at levels close to 0.3 since this significantly reduces 
the amplitude of wear and lowers the rate of corrugation growth. The 
predominant wavelengths in Fig. 18 are of 5.2 and 7 cm, as in the pre
vious cases, although with greater amplitude. 

7. Conclusions 

This article contains the results of a 5-year experimental corrugation 
study on a metro line in the Bilbao area. In this line, corrugation 
appeared prematurely after its inauguration. Experimental measure
ments of the rail surface corrugation started after taking two urgent 
measures: rail grinding and HPF implementation. The aforementioned 
control measures appeared to be indispensable for reducing corrugation 

Fig. 15. Initial irregularity.  

Fig. 16. Comparison between experimental measurement and calculated wear.  

Fig. 17. Wear growth after 100,000 passovers with different speed 
distributions. 

Fig. 18. Wear growth after 100,000 passovers with different friction 
coefficients. 
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growth rate along the entire line. 
This work shows the corrugation growth at different control points, 

which are representative of the growth that has been found along the 
line, taking into account the wavelengths and radii of curvature. The 
control point D, which has been considered sufficiently representative, 
has been selected to carry out a more in-depth study of the development 
of corrugation. At this point, experimental measurements of both ver
tical and lateral track receptances have been carried out to study 
possible modifications of track parameters to reduce the corrugation 
growth rate. In the measured receptances a high railpad stiffness has 
been observed. It is known from the literature that lower pad stiffness 
reduces the corrugation growth rate and decreases rolling noise. For this 
reason, a change of railpads is currently being arranged. 

A new time/space domain model has been developed by the authors 
to predict the development of corrugation. This new model fits the 
vertical and lateral receptances of the track and the wheel through 
transfer functions. The remarkable implication of lateral dynamics in 
wear is demonstrated, mainly in sharp curves. Transfer functions are 
transformed into systems of equations describing the track and wheel 
dynamics, which are completed with the equations defining the contact 
between the two bodies. Wear is calculated by considering it propor
tional to the friction power. 

This model is adapted to the line under study, more specifically to 
point D. Wear is calculated under different running conditions, consid
ering different vehicle speed distributions and coefficients of friction 
between the bodies. The different speed distributions show that the 
greater the deviation, the smaller the extent of wear and the less 
corrugation is developed. This measurement can be easily applied on the 
line since, not running with ATO, the driver selects the speed at which 
the vehicle runs through each of the curves. Regarding the different 
friction coefficients studied, it has been observed that the best result is 
obtained with a value of 0.3, showing less wear amplitude. 
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