
 
 
 
 
 
 

Master's Degree Thesis 
ISRN: BTH-AMT-EX--2011/D-04--SE 

 

 

Supervisor: Ansel Berghuvud, BTH 
Sebastian Stichel, KTH 
Thomas Nordmark, LKAB 

 

 

 

 

 

 

  

 

   
 

Department of Mechanical Engineering 
Blekinge Institute of Technology 

Karlskrona, Sweden 

2011 

Saeed Hossein Nia 
 

Dynamic Modelling of Freight 
Wagons 





Dynamic Modelling of Freight 
Wagons 

 

Saeed Hossein Nia 
 

Department of Mechanical Engineering 

Blekinge Institute of Technology 

Karlskrona, Sweden 

2011 

Thesis submitted for completion of Master of Science in Mechanical 
Engineering with emphasis on Structural Mechanics at the Department of 
Mechanical Engineering, Blekinge Institute of Technology, Karlskrona, 
Sweden. 

Abstract: 

The Swedish iron ore company LKAB uses freight wagon to transport 
iron ore from the mines in Kiruna and Malmberget to Luleå and Narvik. 
Within a research project at KTH Rail Vehicles a simulation model of 
the freight vehicle has been built up within the Multibody simulation 
code GENSYS. This work is defined along with the mentioned project to 
investigate the possible sources of RCF of the wheels while the number 
of damages especially in winters is considerably high. The new track 
model is built with both concrete and wooden sleepers. Dynamic 
properties of the track are set, mostly, by using measured receptances; 
however, PSD of the vertical track forces are also compared to tune the 
system. Validation of the model is done via comparing simulation and 
measurement. Modal analysis is performed to detect any possible 
resonances. The shakedown map is used to study the influence of 
increase in track forces on the RCF. It is shown that using concrete 
sleepers might be a reason of rise in the vertical track forces in winter. 
There might also be a resonance between the bolster of the three-piece 
bogie and the sleeper passing frequency as well as carbody and the 
hunting frequency of the vehicle. 
Keywords: 
Track, modeling, simulation, rolling contact fatigue, freight wagon, 
three-piece bogie  
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1 Notation 

Ae Elliptic area of the contact pitch   

a Vertical axis of the elliptic contact pitch 

b Horizontal axis of the elliptic contact pitch 

bo Half of the lateral distance between the contact points  

c Damping coefficient 

F Creep Force 

fo Natural frequency 

fs Sleeper passing frequency  

fsl Spatial sampling frequency 

fsp Sampling frequency 

g Acceleration of gravity 

H Frequency response function 

hd Cant deficiency 

heq Cant equilibrium  

hf flange height 

ht Track cant 

i Imaginary number sign 

J Moment of inertia 

K Stiffness coefficient 

k Torsion coefficient 

Ko Static stiffness coefficient 

Lw Wave length of the hunting motion 

M Number of averaging blocks 

m Mass 
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N Normal track force 

N Length of the signal vector 

n Discrete time parameter  
Po Maximum contact pressure 

Q Vertical track force 

R track curve radius 

ro nominal wheel radius 

S Track shift force 

s longitudinal axis position  

t Time 

tf Flange thickness 

v Velocity 

wa Window function 

x Longitudinal axis 

Y Lateral track force 

Z Displacement in vertical direction 

 Velocity in vertical direction 

 Acceleration in vertical direction 

 Contact angle 

 Damping ratio 

 Random error 

 Conicity 

φ  Side force angle 

 Cant angle 

µ  Utilized friction coefficient  

 Angular velocity 
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Indices 

 

b Bogie 

c Carbody 

l Left 

lat Lateral 

r Right 

s Sleeper 

t Track 

w Wheel 

y Lateral direction 

z Vertical direction 

 

Abbreviations 

 

DOF Degree Of Freedom  

DFT Discrete Fourier Transform 

FRF Frequency Response Function 

MbS Multibody simulation 

PSD Power Spectral Density 

RCF Rolling Contact Fatigue 

STR Swedish Track Recording 

UIC International Union of Railways 

 



8 

 

2 Introduction 

2.1 Background 

In order to transport extracted iron-ore from Kiruna’s mines to Luleå in 
north of Sweden and Narvik in Norway, the railway is used. The freight 
wagons are comprised of so called Fanoo wagons attached to the three 
piece bogie which runs at Malmbanan/Ofotbanen. The track history goes 
back to the 19th century and has been used to bear around 1 tonne load [8]. 
Since then, due to the market demands to increase the transportation 
capacity and decrease its maintenance costs, the track components and 
structure has been changed and improved several times. The recent change 
was changing the rail profile from BV50 to UIC60 and replacing the 
wooden sleeper with concrete one. Nowadays, the freight trains run with 30 
tonne axle load and 60 km/h velocity. Although these improvements 
increase the income, there are some obstacles and problems which raise the 
company’s costs such as maintenance. They are mostly wear and rolling 
contact fatigue on the wheels; however, the later problem is now 
dominating especially in winters. 

To detect and predict the mechanisms of deterioration and sources of 
damages, besides many other benefits such as investigating the vehicle-
track interaction and studying the track forces, computer simulation is used 
and validated by experimental measurements.  

The first serious attempt on using computer simulation on Swedish iron-ore 
freight wagon has been done by Ansel Berghuvud in 1999 on curving 
performance of ore wagons with three piece bogies [8]. Nebojsa Bogojevic, 
Per-Anders Jönssön and Sebastian Stichel have done the next study on 
Iron-Ore Transportation Wagon with Three-Piece Bogie Simulation and 
Validation in 2011 [2]. The present study is in fact defined along the last 
mentioned project which has mostly focused on simulation and dynamic 
modeling of the wagons and running gears while here, dynamic modeling 
of the track components with both concrete and wooden sleepers is in 
priority.   
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2.2 Aim and scope 

This work tries to enhance and improve the knowledge of the vehicle-track 
interaction of the Swedish iron-ore freight wagons applied at Malmbanan 
on concrete and wooden sleepers in different weather conditions. The scope 
of the present work is to: 

• Model and simulate the dynamic behaviour of the freight vehicle on 
both tangent and curve track. 

• Validate the model by comparing experimental data and simulation 
results. 

• Investigate sources of rolling contact fatigue on the wheels and effect 
of freezing weather in escalating the problem during winters.   

 

2.3 Research method 

According to Goran Bröman [23], to design an experimental model, theory 
and simulation results should be provided and studied. Moreover, if any 
optimization is needed redesigning as a feedback part can be an option. 
Figure 1-1 illustrates this in more detail.  

 

 

Figure 2-1, The coordinate approach 
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In this work, first of all the simulation methods and its corresponding types 
of analysis is discussed. In the following two chapters, vehicle and track 
components are discussed individually (geometry, properties and etc.) and 
as whole (contribution of each components in dynamic behaviour of the 
system). It is tried to present theoretical calculation together with the 
simulation logic and procedure. Validating the model is discussed in the 
next chapter while the simulation track forces and vehicle accelerations are 
compared by the experimental corresponding data. And finally, chapter 
seven includes investigation of the wheels rolling contact fatigue possible 
reasons and sources. It is important to note that the Multibody simulation 
software which is used in this work is the Swedish code Gensys [11]; 
however in some cases like calculation and plotting PSD of forces 
OCTAVE is used.      
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3 Multibody Simulation 

3.1 Multibody systems  

Mechanical systems which are comprised of several flexible and rigid 
interconnected bodies can be modelled as Multibody systems and studied 
by Multibody analysis. A Multibody simulation describes the dynamic 
behaviour and interaction between the bodies. These simulations can vary 
from a simplest Newtonian particle or a simple rigid body to several 
flexible complicated elements like aircrafts, automobiles, trains and etc. To 
describe the behavior of the system the governing equation of motion 
should be generated from the force and moment equilibrium. Contact 
mechanic analysis is also used to investigate the conditions and phenomena 
of the contact areas such as creep forces, stress distribution, rolling contact 
fatigue (RCF) and wear [1], [2]. 

Specifically, in the field of rail vehicles, during the last four decades, 
computer hardware and software are used to simulate the dynamic 
relations. These simulation programs help universities, railway organization 
and train manufacturers to deal with their own related issues and projects 
such as: 

• Reducing the number of (expensive) field measurements. 

• Parameter studies on the dynamic behaviour of the vehicle. 

• Predicting and reducing the time and cost of increasing the vehicle 
performances like: 

• Increasing speed of the vehicle  

• Increasing axle load  

Optimizing wheel and rail profiles to minimize the costs of wear and rolling 
contact fatigue. 

In all the simulation programs, corresponding to the users’ demands, 
various kinds of analyses exist which are discussed in this chapter.  
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3.1.1 Quasistatic analysis 

While the vehicle runs with constant speed on the ideal track where there 
are no resulting dynamic forces due to irregularities quasistatic analysis is 
used in which all the forces and relative displacements are constant. This 
type of analysis is used in steady state curving condition to study the 
suspension and wheel-rail forces in both lateral and vertical direction. 

 

3.1.2 Frequency analysis 

Frequency analysis is comprised of two major analysis in frequency domain 
which are Eigen value and spectral density analysis.  

To determine the characteristics of all the bodies and elements which are 
used in track and vehicle such as mass, stiffness and damping coefficient, 
Eigenvalue analysis is applicable. Moreover, natural frequencies can be 
determined from this type of analysis in which one can investigate the 
stability of the vehicle by studying the natural frequencies. Creep forces in 
the wheel-rail contact can be the source of self-exciting oscillations in rail 
vehicles. The resulting vibration in the vehicle can be damped below a 
certain speed. While above this speed these small excitation cannot be 
damped and results to instability of the vehicle in which consequences can 
be derailment and serious damages to wheels and rails. This speed is called 
critical speed. While Eigen frequencies have negative real value the vehicle 
is below the so called critical speed.     

Besides, by Eigenvalue analysis detecting the Eigen modes is also possible. 
Therefore, the user can find the sensitive resonance frequencies of the 
vehicle elements. Due to this property, Eigenvalue analysis is also known 
as Modal analysis.  

Frequency analysis also includes frequency response and spectral density 
analysis. Owing to these properties, the user can investigate, for example, 
the effect of track irregularities (reference) on the carbody vibration 
(response) [3], [4]. 

Despite all the benefits, Eigenvalue analysis has an essential limit. Modal 
analysis can be done on a linearised system. Thus, all the non-linear 
relations in the dynamic behaviour of the system should be simplified by 
linearization. Therefore, the user should be cautious to use this type of 
analysis to determine the system properties. For instance, the real critical 
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speed with considering all the non-linearity of the system is slightly lower 
than the linearised system. 

 

3.1.3 Time domain analysis 

To consider all the non-linearities in the system and to have more exact 
answer time-step integration is needed. There are several numerical 
methods used in this type of analysis, Runge Kutta, for example, is widely 
common. The principle is using very small time steps to calculate and solve 
the equations of motion. Therefore, after each time-step all the equations 
including linear and non-linear characteristics, displacements, suspension 
conditions and etc, will be updated. Thus, the new calculations are based on 
the previous results. Different types of simulation in the time domain are 
listed below. See more in [4]. 

• Nonlinear stability analysis. 

• Analysis in running safety. 

• Analysis for minimum wear and maintenance. 

• Ride comfort analysis. 

• Analysis of vehicle motion 

Time domain analysis or time stepping integration is the most powerful and 
reliable method for the simulation of the dynamic behaviour of a rail 
vehicle, however; calculating the numerous amount of equations and 
mathematical relations for each time-step is time considerably time 
consuming and tedious.  

3.2 Computer softwares  

During the last four decades, several computer softwares have been created 
to help engineers simulating the dynamic behavior of rail vehicles. These 
Multibody simulation tools have been developed to have more user friendly 
environments with more graphical features, animations and simpler coding. 
All the railway simulation softwares, more or less, have the same procedure 
as following diagram: 
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Figure 3-1, Procedure of simulation in MBS softwares  
 

This study has mostly done by using the Swedish MBS software GENSYS. 
Although there are at least four more simulation softwares: 
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• NUCARS from US 

• ADAMS mostly developed in US 

• SIMPACK mostly developed in Germany 

The last two codes are general Multibody dynamics softwares. Here, it is 
tried to take a brief look at GENSYS. 

 

3.2.1 GENSYS 

Sweden has started its way through the modelling of railway vehicle using 
computer commencing from 1971 and it reaches its turning point on 1993 
by creating a new railway vehicle tool GENSYS [11]. 

3.2.1.1 Processors  
 

The main procedure is the same as what is mentioned in the diagram. 
Therefore, the analysis contains four main branches as follows: 

• Program QUASI represents quasistatic analysis.  

• Program MODAL represents modal analysis. 

• Program FRESP represents frequency analysis including FRF and PSD 
analysis. 

• Program TSIM represents time integration analysis. 

3.2.1.2 Post  processors 
 

The outcome of the analysis can be sent to the post processing stage. In this 
stage, the user has full control of results to plot, animate, get statistical 
estimation etc. Post processors in GENSYS are MPLOT and GPLOT. 

MPLOT post processor is valid for all the mentioned analysis, however; 
GPLOT cannot be used for FRESP analysis. Following graph shows the 
applications of these post processing.  
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Figure 3-2, Applications of GENSYS post processors 
 

Modelling of a railway vehicle is divided into three main parts: 

• Vehicle model. 

• Track model. 

• Vehicle-rail contact. 

To simulate the dynamic behavior of freight wagons with three-piece 
bogies on the Swedish iron ore line, all these three parts has been done in 
this study and are going to be discussed in the following chapters. 
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4 Vehicle model 

The Swedish iron ore vehicle model which runs from the mines in Kiruna 
to the ports in Luleå and Narvik is comprised of two main parts, Fanoo040 
wagon and the running gear. This chapter tries to study both parts 
individually. 

4.1 Fanoo040 wagon 

The model of the carbody contains a basket which is rigidly connected to a 
frame side. And the frame is connected to the bogie through the secondary 
suspension. Fanoo040 wagons have 4 axles for each carbody and contain 2 
units. One of the units is called master and the other is called slave unit. 
Controller of the breaking system is attached to the master wagon. 
Following table shows the characteristics of this type of wagon: 

Table 4-1, Characteristics of Fanoo Wagon 
 

Length of wagons 10.29 m 

Distance between centre plates  6.77m 

Weight of empty wagon 21.6 t 

Weight of loaded wagon 120 t 

Max speed for empty wagon (in Sweden) 70 km/h 

Max speed for loaded wagon (in Sweden) 60 km/h 

   

 

Figure 4-1, Model of a two unit wagon. 
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4.2 Three-piece bogie (AMSTED) 

4.2.1 Back ground 

The most common freight wagon running gear with the history of 150 years 
is three-piece bogie. Over a hundred years ago this type of bogies are used 
to be called as ‘three piece frame bogies’; however, the word ‘frame’ 
gradually has been eliminated. The three pieces come from the one bolster 
which sits on the two side frames, [7]. The side frames, then, are connected 
to the wheelsets via a plastic adapter which is known as the primary 
suspension of the bogie. The bolster also is connected to the side frames via 
the suspension system. The suspension system is comprised of a group of 
vertical springs and frictional dampers which are the wedges at the end of 
the bolster. The wedges are directly connected from one side to the side 
frame and from the other side to the bolster.  

Table 4-2, Characteristics of the running gear 

 

 

Figure 4-2, Three-piece bogie 

 

Distance between axles in the bogies 1.78m 

Wheel diameter 915 mm 

Bogie type Motion Control M976 
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4.2.2 Pros and cons 

This type of bogie has several advantages like: 

• Simple mechanical design.  

• Easy maintenance. 

• Light weight structure. 

• Low initial cost. 

In general, the conical geometry of the wheels leads to the different rolling 
radios in wheels. This difference allows the wheelset yaw and rolls back 
and forward to the centre position. Such a motion is so called ‘hunting 
motion’. When the train goes in higher speeds on straight track, hunting 
motion will occur. The hunting motion is usually unwanted and in three 
piece bogies becomes more severe when the fit between the bolster and the 
side frames is lost and the side frames move back and forwards. This causes 
following disadvantages:   

• Wear on wheel and rail. 

• Vibrations transmitted to the wagon body and load. 

• The bogie itself may be worn rapidly. 

• Derailment may occur during sever hunting. 

Moreover, on curved tracks, the bogie takes the lozenge position with high 
angle of attack and causes wear. [8]. 

Last but not least, the side frame of the three-piece bogie almost is not 
suspended and considered as unsprung mass. The high amount of unsprung 
mass causes high dynamic load in the contact point and may result in 
rolling contact fatigue [5]. 

 

4.2.3 Assumptions  

To model the bogie following assumptions are made: 

• Flexibility of bolster, side frames and wheels are neglected and they 
are considered as rigid bodies. 

• Side bearers and car body are always in contact. 
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• The wedges are massless. 

• Adapters are modeled as rubber elements and they are connected to the 
wheelsets with high vertical stiffness. 

• The clearance in bolster-side frame and axel-side frame is considered. 

• The contact between the wedges and bolster and between the wedges 
and side frame is assumed to be one and two dimensional respectively.   

 

Figure 4-3, Three-piece bogie components: 1-Side frame, 2- bolster, 3- side 
bearers, 4- wedge, 5-coil spring, 6-adapter, 7-wheelset. 

 

4.2.4 Primary suspension 

To get the better understanding of the each component’s contribution in 
dynamic behavior of the system, some general necessary rail vehicle 
dynamics facts, relations and equations are presented in this subchapter. 

The primary suspension restricts the relative movements between axles and 
frames. Softer primary suspensions help the bogie to negotiate curves with 
better steering performance. In this case, the wheelset axle always points to 



21 

 

the centre of the curves. Such a wheelset is said to have a radial self 
steering performance [3]. Therefore, the probability of wear can be 
essentially decreased. Despite the satisfactory curving performance, 
horizontally soft bogies have lower critical speed than the stiffer ones and 
escalate the instability problem. Horizontally stiff bogies have greater 
wavelength for hunting motion which can increase the critical speed. The 
wavelength equation is derived by Klingel and Boedeker in the 1880’s: [3], 
[5]. 

                                                                               (5-1) 

Where: 

= half the lateral distance between the contact points. 

= nominal wheel radius. 

= conicity.  

Conicity is the rolling radius change over relative lateral displacement. 

                                                                                              (5-2) 

Moreover, primary suspension can filter the high frequency part of the 
acceleration. Following graph shows the accelerance in a system with and 
without primary suspension. Also the accelerance calculation is presented:   

 

 

Figure 4-4, Accelerance in a system with and without primary suspension. 

 
 

 [Hz] 
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 A one dimensional model with 2 degrees of freedom is considered. In this 
model  represents the carbody mass, is the bogie frame mass and  
is the wheelset mass. Here, the frequency response function of the carbody 
acceleration  with the reference of the wheelset displacement is 
presented. 

 

Figure 4-5, One dimensional model with 2DOF.carbody mass, bogie frame 

mass, wheelset mass, primary suspension with stiffness and damping . 

Secondary suspension with stiffness  and damping . Speed . 

Displacements  and track irregularity . 

 

The equation of motion in matrix form is given by: 

 

                                                                       

Considering the Laplace transform and then applying the substitution 
, the new matrix format is: 

 

(5-3) 
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                                                                             (5-4) 

To find the frequency response function between  and , first, the 
response of from the displacement of   is investigated: 

                                                                                 (5-5)  

Using the Cramer’s rule, it can be written: 

 
                                                                                                             (5-6) 

 

To get the frequency response function of acceleration, two times 
differentiation of displacement with respect to time is needed. For each 
time differentiation in time domain, the function is multiplied in one  in 
the frequency domain and vice versa [10]. Therefore, FRF of acceleration 
is: 

                                                                  (5-7)        

The main elements are placed at both ends of bolster where wedges have 
friction contact with the side frame and the bolster. The other suspension 
element is the adapter between the axle and the side frame [9]. 

                              

4.2.4.1 Modelling of the frictional contacts 
The behaviour of the system at the both ends of the bolster is strongly non-
linear. There is a dry frictional contact between the wedges and side frame 
and between the bolster and the wedges. Two kinds of bogies are defined 
with respect to the type of friction damping. The first kind is called “Ride 
control”. In this type the friction force between the bolster and the side 
frame is constant therefore the resulting friction damping is independent of 
the wagon loading. Figure (4-6) illustrates the model and actual shape of 
the ride control bogies’ constant damping. 
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a)                                                             b) 

Figure 4-6, a) Pockets of the friction shoes within the bolster.                          
b) Modelling of the constant damping. 

 

Ride control bogies have greater resistance against hunting of the unloaded 
wagon. [5], [6]. 

The second type of bogies is called “Barber stabilised”. The friction 
damping is load dependent is this type due to the design where the side 
springs are compressed by increasing the wagon load. See figure (4-7). 

 

 

Figure 4-7, Load dependent damping. 
 

Among various types of modelling Saint Venant element is used to model 
the friction contact between the mentioned elements. Figure 4-8 shows a 
Saint Venant element. 
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Figure 4-8, Saint Venant element, friction damper and linear spring. 
 

As it is shown in figure 4-9, between the wedges and side frame one 
dimensional and between the bolster and the wedges two dimensional 
friction blocks are used. To see more study [6]. 
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Figure 4-9, Saint Venant element in the suspension system. 
 

4.2.4.2 Adapter plus 
Side frames and axles are connected via the adapter plus. Adapter plus is a 
rubber element which provides a week elastic coupling between the 
mentioned bodies. The most principal task of the adapter plus is to avoid 
the metal-metal contact of the bodies. 

Side 
frame

Axle

Adapter 
plus

 

                               Figure 4-10, Adapter plus on the axle box. 
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The adapter plus is modeled as linear 3 dimensional spring in parallel with 
linear viscous damping block. Such a model is describes in figure (4-11). 

 

Figure 4-11, Coupling between side frame and axle box. 
 

4.2.5 Secondary suspension 

The carbody is connected to the bogie via the secondary suspension. One of 
the main tasks of the freight wagon’s secondary suspension is to damp out 
the yaw motion of the carbody. Yaw motion is the rotation about an axis 
perpendicular to the track plane. It is a possibility of resonance with the 
wheelset hunting frequency and the carbody’s yaw Eigen frequency around 
1 Hz. Therefore, the secondary suspension’s damping plays an important 
role in stability of the vehicle. The secondary suspension together with the 
primary suspension filters out the vibrations frequencies coming up from 
the wheelsets above 20 Hz. Thus, carbody is isolated by its suspension 
system. The main elements of the three-piece bogies’ secondary suspension 
are the centre plate and the side bearers. 

4.2.5.1 Centre plate 
The centre plate is right in the middle of the bolster and it bears 90 percent 
of the vertical load of the loaded and 20 percent of the vertical load of the 
unloaded wagon. The outer part of the spherical centre plate has chamfer 
which let the bolster to have roll motion [6]. The roll motion is rotation 
about the longitudinal axle.  
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µ

chamfer on center 
plate

 

Figure 4-12, Model of the centre plate. 
         

The frictional contacts are modelled as 2 dimensional friction block. 
However the vertical contact of the front, right, left and back part of the 
centre plate is modelled as a nonlinear stiffness parallel with a damping 
element. A coupling comprises stiffness in series with a friction block is 
shown in figure (4-8), [11]. 

4.2.5.2 side bearers 
Side bearers are placed at both ends of the bolster. They handle the 80 
percent of the vertical load of the unloaded and 10 percent of the vertical 
load of the loaded wagon. The bearers have always contact with the 
carbody. The provided frictional force can damp the mentioned yaw motion 
of the carbody. Side bearers are also modeled as Saint Venant element. 

 

4.3 Wheelsets 

A wheelset is made of two rigidly wheels connected to an axle. The most 
principal tasks of wheelsets are: 

• Keeping the distance between the vehicle and the rail. 

• Steering the vehicle within the rail gauge. 

• Transmitting the longitudinal breaking and traction forces to the rails 
[3], [4]. 

The main elements of a wheel profile in contact with the rail are tread and 
flange. Following figure shows different parts of a wheelset. 
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Figure 4-13, Wheelset with definitions. 
Flange thickness:  

Flange height:   

Gauge:   

Mass of the wheelset:                                        

In curves the outer wheel has larger radius than the inner wheel, therefore, 
it has to cover more distance. However, as the wheels are rigidly connected 
to the axle they run with the same angular velocity. Thus, the outer wheel 
slips while it is rolling to compensate the difference in travelling distance 
with the inner wheel. Such a movement is called creep and the arising 
forces in contact points are called creep forces. To prevent the severe wear 
problem due to the creep forces the wheels have conical profiles with 
variable inclination angle to the axis of the wheelset. The flanges protect 
the vehicle from derailment and guide it back whenever it is needed. 
Moreover, the conical shape of the wheels provides the self steering of the 
vehicle. Independents to the initial wheel profile, wheels get the worn shape 
profile after about 100000 km running distance.  
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Figure 4-14, Malmbanan UNO-WP-4 MTAB wheel and BV50 rail profile. 
 

The wheel profile in iron ore wagons on Malmbanan is worn profiles called 
Malmbanan UNO-WP-4 MTAB (figure 4-14). In Gensys the iron ore 
wagon wheel and rail profile geometry has been calculated using kpfr 
function. The wheel profile is described in Y- and Z- coordinates. The 
origin of the Y-coordinates should be at the radius where the wheel 
diameter is measured; this diameter is sometimes also called "The Nominal 
Running Circle" [11]. 

Relation between the rolling radius difference and equivalent conicity is 
also in interest, see figure (4-15). Considering the fact that grater conicity 
can improve the curving performance. See more in [3] chapter 7. 
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Figure 4-15, Rolling radius difference (delta_Y) and equivalent conicity in 
straight tracks. 

 

Like all the mechanical structures wheelsets have structural flexibility and 
Eigen frequencies. This flexibility is between the range of 50 – 500 Hz 
[12], and it is considered in the model only for generation of so-called 
contact point functions for the different wheel and rail combinations, while 
the influence of wheelset flexibility on dynamic behaviour of the vehicle is 
neglected [6]. 
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5 Track model 

5.1 Background 

Track plays an important role in railway vehicle industry. Since 1800 when 
the first railway track is utilised to guide the vehicles running by horses till 
today’s modern railway track, all the track companies, more or less, have 
been dealing with the following considerations [12]: 

• Increasing the load capacity. 

• Reliability and safety. 

• Decreasing the physical degradation of the nature and other 
environmental impacts. 

The most important task of the track is to transfer the axle load to the 
foundation as well as guiding the vehicle. This is done by transferring the 
load layer by layer. As it is shown in figure (5-1) the track is divided to 
some parts. 

 

 

Figure 5-1, Track components. 
 

The stress reduction starts from the rail to the subgrade. Following example 
describes the outcome of this process: 

Considering the stress between the rail and the wheel is 300 MPa then the 
stress between the rail and sleepers is 3000 kPa and in the next level, the 
stress between the sleeper and ballast bed is 300 kPa and finally the stress 
on the formation is 50 kPa. As it is described in this example, the track is 
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designed in a way that can reduce a high point stress on top of the rail to a 
low distributed stress on the formation. See more in [12].   

5.2 Track components 

5.2.1 Rails 

The rails transfer static and dynamic loads to the ballast via the pads, 
fastening and sleepers. The other task of the rails is to guide the vehicle as a 
running surface. Therefore, it should be designed not only to bear and 
transfer the loads in all the three directions but also to be smooth as much 
as it is possible to damp the vibrations and noises. The rails are threatened 
by various problems such as plastic deformation, wear, fatigue and 
corrugations. Thus, a rail should have high enough toughness, wear 
resistance and fatigue strength. Tight geometric tolerances, high demands 
on straightness of rails and good welding properties are the other rail 
requirement [3]. The rails mostly are made of steel and have so called 
Chanel rail and Vignoles profile. The first type is mostly used in tramways. 
Vignoles profile also has various sizes, however; BV50 and UIC60 are the 
most common rail profiles in Sweden which are shown in figure (5-2). The 
numbers indicates the weight of the rail. In this case, UIC60 has a mass of 

 and BV50 has  mass. 

 

Figure 5-2, a) BV50 and b) UIC60 rail profile. 
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The Iron ore wagons have been run on the BV50 rail profile for several 
years; however, the current rail profile is UIC60. In the model BV50 is 
used for straight tracks also in curves the inner rail has the same profile. 
The outer rail in curves has MB1 profile. Following figure shows the wheel 
and MB1 rail profile in the curves. Also the relation between rolling radius 
difference (delta_Y) and equivalent conicity in the curves is presented in 
figure (5-3). 

 

 

Figure 5-3, a) Rolling radius difference (delta_Y) and equivalent conicity 
and b) Wheel and rail profile in curves. 

 

5.2.2 Railpads 

Railpads are placed between the rail foot and the sleeper top surface. The 
main task of the railpads is to distribute the load and decrease the track 
stiffness to reduce the dynamic forces in the wheel-rail contact area. 
Moreover, railpads can also isolate high frequency vibrations as well as 
providing the electrical isolation for the rails [13]. The Malmbanan railpads 
are made of rubber and have a thickness of 10 Cm.  
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5.2.3 Fastenings 

The structural connections between rail, railpads and sleepers are formed 
by fastenings. The most important task of the fastenings is to elastically 
absorb the load from rail and railpads and transfer it to the sleepers. 
Moreover, fastenings can help damping out the vibrations caused by 
passing the trains. However, in case of freight train with large axial forces 
the fastenings remain intact and the sleepers move in the ballast bed [12]. 
Besides, track gauge and rail inclinations can be kept constant by 
fastenings. Finally, they provide an electrical insulation between the rail 
and the sleepers especially in case of concrete and steel sleepers. There are 
various types of fastenings strongly depend on the type of sleepers exist in 
the railway industry.   

 

5.2.4 Sleepers 

The sleepers are mostly made as monoblocks and have following functions: 

Transferring the point loads from the rails to uniform stresses on the ballast 
bed. 

• Providing the elastic foundation for the rails. 

• Fixing the track gauge and rail inclination. 

• Providing lateral flexural resistance for the rails. 

• Providing the electrical insulation between the rails. 

• Providing the resistance on the weathering problems for the long time 
period [3], [12].  

The sleepers are often made of concrete and wood, also, there are some 
regions which are using steel sleepers. The wooden sleepers have been used 
for several years in iron-ore line; however, they are recently replaced by 
concrete sleepers.  

5.2.4.1 Wooden sleepers 
The wooden sleepers have around 100kg weight, 15cm height and 25cm 
width. Usually the length of wooden sleepers reaches around 260cm. These 
data imply that wooden sleepers can be mounted by hand. A steel baseplate 
is used between the rails and the timbers in order to spread the forces over a 
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greater area. This can help woods to have longer life period as they have a 
weak compressive strength. On the other hand, it may cause a problem in 
timbers. As the baseplates are made by steels they can cut into the woods 
and this increase the probability of water penetration and decreasing the 
sleepers’ life. This problem can be more destructive in winters when the 
penetrated water in between the gaps will freeze. Consequently, the wooden 
sleepers are sensitive to the seasonal variations.  

 

 

Figure 5-4, The wooden sleepers near a switch in iron-ore line. 
 

Despite all disadvantages, wooden sleepers have more flexibility and can 
decrease the dynamic forces on the wheel-rail contact area. The rail profile 
which has been used on the wooden sleepers in iron-ore line is BV50 and 
the distance between the sleepers is around 50cm. Figure (5-4) shows 
mounted wooden sleepers in the iron-ore line.  

5.2.4.2 Concrete sleepers 
Concrete sleepers have been widely used in railway lines during the last 
decades. They are around 300kg with mostly 250cm length. The concrete 
sleepers are less sensitive to the seasonal effect and have less physical 
deformation. Thus, they last considerably longer than the wooden type. 
Fastenings of the concrete sleepers are better and easier to change. As they 
have stronger compressive strength, they cause less irregularity than the 
wooden sleepers. On the other hand, as the concrete sleepers are less elastic 
than the wooden one, dynamic loads and ballast stresses may rise even up 
to 20% [12]. This disadvantage can escalate the surface fatigue probability 



36 

 

both in the rail and wheels contact area. Besides, in case of derailment, 
loading and unloading the risk of sleepers damage is higher than the timber 
sleepers. The concrete sleepers mostly are prestressed due to having better 
stability and longer life-cycle about 40 years [14]. The rail profile which 
has been used on the concrete sleepers in iron-ore line is UIC60 and the 
distance between the sleepers is around 65cm.   

 

 
 

Figure 5-5, Previous wooden and current concrete sleepers in iron-ore 
line. 

 

5.2.5 Ballast  

The transferred forces from the sleepers spread on the ballast’s macadam 
(broken stones). It keeps the track stable and provides some elasticity for it. 
Draining is significantly important task of the ballast. If the rain water 
remains on the ballast, some plants and grasses grow in the track area and 
may cause track irregularities. Moreover, in winter conditions, due to the 
frozen track, the track stiffness increases dramatically, and this causes 
increasing the dynamic forces. The vibrations of the ballast lead to 
changing the track geometry and increase the track maintenance costs. 
Around 75% of the daily track maintenance of the Chinese Railway (CR) 
happens due to ballast and its deformation [15]. 
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5.2.6 Subballast    

Subballast keeps the distance between the ballast and the subgrade. They 
can also prevent frost penetration [13]. 

 

5.2.7 Subgrade 

Ballast bed lays on the subgrade. It consists of mostly natural soil. The 
vertical track stiffness greatly depends on the subgrade. Changing in the 
subgrade contents from a soft (clay) to hard (rock) soil, and vice versa, 
initiates vibrations to the system. This effect is more severe in the transition 
areas. Figure (5-6) shows the results of a track stiffness measurement done 
by Banverket along 25m. The smaller changes are due to the sleeper 
passing effect for the 65cm distance between the sleepers. The dip has 
happened due to the variation in subgrade stiffness [16].    

 

 

Figure 5-6, The effect of subgrade material in vertical track stiffness. 
 

5.3 Dynamic properties of the track 

There are several types of dynamic models of the track suggested and 
implemented during last decades. For instance in [17] four moving track 
models have been studied. Here, the following model is suggested and 
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applied in Gensys.  The model comprises of 5 masses and 10 degrees of 
freedom. The masses are rigid and the flexibility between them is 
introduced through linear dampers and springs. In the entire model 
following characters have been used to describe the coupling system 
between the masses. Kzbg and Czbg are vertical stiffness and damping 
values, respectively, between the ballast and the ground (Subballast and 
subgrade). Likewise, Kztb and Cztb are the vertical values between the 
ballast and the sleepers. Moreover, Kytg and Cytg represent the stiffness 
and damping values between the sleeper and the ground. Besides, Kyrg and 
Cyrg make the lateral coupling between the rail and the ground. And 
finally, Kzrt and Czrt are the vertical stiffness and damping values of the 
coupling system between the rail and the track. It is important to mention 
that Kzrt is variable along the track since its values changes when a 
wheelset is passing between two successive sleepers.  

 

Figure 5-7, Track model. 
  

5.3.1 Tuning the characteristics 

First of all, it is important to know that the masses, stiffnesses and other 
system characteristics do not represent the physical correspondence in 
terms of track components. The numbers and values are given to the system 
to gain the closest match to the measured ones. To tune the system, first, 
the vertical components are found and kept constant and then the lateral 
components are selected. Four different circumstances are considered based 
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on the different weather type (winter and summer) and the different sleeper 
types (wooden and concrete). The measurement receptances are gained 
from track stiffness measurement. Receptance is the transfer function 
between the applied force and the resulting displacement. To tune the 
characteristics following facts are considered. Firstly, a resonance may 
appear between 20 to 40 Hz where the track is vibrating on the subgrade 
especially when the subgrade is soft, see figure 5-9.  Between 50 to 300 Hz 
sleepers and rail vibrate on the ballast bed; however, the ballast beds’ 
damping ratio (Cztb) is high enough to damp this resonance. Another peak 
may occur between 200 and 600 Hz where rails vibrate on the track [13]. 
According to Nizar Chaar [17], to consider the sleeper passing effect Kzrt 
is calculated in the following way: 

                                                      (5-1) 

Where  is the sleeper passing frequency and it is the quotient of the 
vehicle speed over of the distance between the sleepers.  is the static 
stiffness.  is the ratio which can be selected by comparing power spectral 
densities of the measured and simulated track forces. The corresponding 
damping ratio is considered constant in this study.   

5.3.2 Track stiffness measurement 

In contrast to most of the continuous vertical track stiffness measurement 
techniques, the Swedish method can both measure the static and dynamic 
track stiffness. The Swedish Rolling Stiffness Measurement Vehicle 
(RSMV) measures dynamic stiffness up to 50Hz. The track is exited by two 
oscillating masses above the freight wagons’ axle, figure. The RSMV at 
higher speeds around 60km/h performs with sinusoidal excitations and in 
lower speeds bellow 10km/h works with noise excitations up to 50Hz. 
Principally, RSMV measures the axle forces and accelerations [17], also 
see [18]. The dynamic vertical stiffness is the inverse of the receptance as 
follows: 

                                                       (5-3) 

Where  is the natural frequency and  is damping ratio of the system. 
Equation (5-3) also shows that in zero frequency the magnitude of the 
receptance is the inverse of the static stiffness. 
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Figure 5-8, Measurement principle one side only [18]. 
 

5.3.3 Wooden sleepers-Summer condition 

Magnitude of the measured vertical receptance of the wooden sleeper track 
which is measured by Trafikverket is shown in the left diagram of the 
figure (5-9) with a dark blue curve and distinguished by an arrow. The peak 
is there because the track stiffness recording machine is standing still 
during the measurements and the mass of the rail starts to vibrate in 
resonance with Kzrt_. When running at high speed over the track a lot of 
rail mass will pass under the contact points. All new rail mass coming in 
under the contact point is standing still and contact point passes very 
quickly. Therefore, there is not enough time to build up this resonance 
under a running railway vehicle. The right curve of the figure (5-9) is the 
receptance phase. Calculation of the both phase and magnitude of the 
receptance is presented bellow. It is important to note that in case of 
studying the track forces frequencies up to 60Hz would be considered. 
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                                                    (5-4) 

                                                        (5-5) 

The black curves are the simulated receptance magnitude and phase, 
enhanced after tuning the vertical characteristics of the track with wooden 
sleepers.  

 

 

 

 

Figure 5-9, Vertical receptance of the track with wooden sleepers, 
magnitude (left) and the phase (right). 

 

Although, lateral track stiffness is important in case of stability and 
resistance against track buckling [18], it has not been measured in Sweden 
for the wooden sleeper track. Therefore, the lateral characteristics are 
selected based on the ratios between the lateral characteristics of the track 
laid on wooden and concrete sleepers presented by Luciano Afferrante and 
Michele ciavarella in [19]. Nevertheless, lateral stiffness of the track is not 
decisive in the vertical track forces values which are going to be discussed 
later in this study.    
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To detect the variable stiffness Kzrt, PSD of the measured and simulated 
vertical track forces are compared, see figure 5-10. The peak around 33Hz 
is the sleeper passing frequency if the distance between the sleepers is 
around 50 cm and the vehicle speed is about 60 km/h. 

 

 
 

 

Figure 5-10, PSD of the measured and simulated vertical track force on the 
right wheel of the first wheelset in the leading bogie (wooden sleeper case). 
 

5.3.4 Concrete sleepers-Summer condition 

Magnitude and phase of the measured and simulated vertical receptance of 
the track with concrete sleepers is show in the figure. The light blue curve 
is the measurement curve (it is distinguished by an arrow) and the black 
one is the simulated receptance. In figure (5-11) the left diagram is the 
receptance magnitude and the left one is the phase.   
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Figure 5-11, Vertical receptance of the track with wooden sleepers, 
magnitude (left) and the phase (right). 

 

Figure (5-11) shows the measured and simulated lateral receptance of the 
concrete sleeper track. The measured receptance is picked from [17].  

 

 

 
 

‘Figure 5-12, Lateral receptance of the concrete sleeper track 
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The same as wooden sleeper track to select the sinusoidal vertical stiffness 
between the rail and the track Kzrt, power spectral density of the measured 
and simulated normal track forces is studied see figure 5-13.  

 

 

 

Figure 5-13, PSD of the measured and simulated vertical track force on the 
right wheel of the first wheelset in the leading bogie (concrete sleeper 

case). 
 

5.3.5 Concrete and wooden sleepers-winter condition 

Figure 5-14 is the track deflection measured in winter and summer on 
wooden and concrete sleepers by Banverket. The frozen track is stiffer than 
the non-frozen track; consequently, in winter tracks are less flexible and 
have less deflection under the wagons load. As the figure shows in high 
vertical force per rail, for the wooden sleeper track, the deflection in 
summer is 1.7 times of the track displacement in winter. And the deflection 
of non-frozen concrete sleeper track is twice as much as the frozen track 
deflection. Based on this fact and according to Hook’s law while 
considering that all the couplings between the track components are linear, 
the vertical track characteristics are determined for the winter condition. 
The curves which are not tagged in the figure are the vertical displacement 
of the twin block concrete sleepers in winter and summer respectively. The 
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word winter refers to January, February, March and the word summer is 
used for Jun and July.  

 

 

Figure 5-14, Vertical rail displacement as a function of vertical static load 
measured by Banverket. 

 

Unfortunately, the knowledge of the lateral behaviour of the frozen track is 
not sufficient to decide its characteristics. However, by comparing the 
results of some experiments and measurements on frozen soil, an 
approximation of the lateral characteristics is possible. For instance, figure 
(5-15) shows the horizontal displacement of the frozen and unfrozen soil 
under a lateral force to detect the effects of seasonally frozen soil on the 
seismic behavior of bridges [20]. The maximum difference in displacement 
is taken to the account to study the ultimate circumstances.  
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Figure 5-15, Lateral load versus lateral displacement of the soil [20]. 
 

Although the resulting lateral properties are not satisfying but it can be a 
good start to study the system behaviour in frozen condition. Hopefully, by 
studying the new track force measurements which has been done on 2011-
03-22 by Interfleet in iron-ore line and compare it with the previous 
measurement in 2005-10-11 by the same company, more realistic values 
can be selected for the track properties in winter. Simulated dynamic 
characteristics of the track including all the couplings and masses are 
shown in Appendix 2. Once again it is important to note that these 
characteristics do not represent the physical correspondence in terms of 
track components. 

 

5.4 Wheel-rail friction coefficient  

Dynamic behaviour of the vehicle, among many other subjects, strongly 
depends on the coefficient of friction. On the one hand a high coefficient 
friction results in better radial steering in curves, while a greater contact 
point angle and higher difference in rolling radius can be obtained [3].  On 
the other hand higher friction leads to larger creep forces and will increase 
the probability of the wear and rolling contact fatigue [21]. Coefficient of 
friction greatly depends on the weather condition. Even it may vary 
dramatically during a day from morning to night. During autumn especially 
when it rains a lot and leafs falls down on the rails the friction decrease 
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down to 0.1 and in a freezing dry winter it can rises up to even 0.6. Figure 
(5-16) shows the variation of wheel-rail friction coefficient during a year. 
The figure shows that the friction in the most of the year is between 0.3 and 
0.4. In the simulation for summer case the selected friction coefficient is 

 and for the winter case it is chosen as . 

 

 

Figure 5-16, Variation of wheel-rail coefficient of friction during a year. 
Principle, no deliberate lubrication. 

 

5.5 Track irregularities 

Any deviation from the designed track geometry is known as track 
irregularities. They have a great influence on contact dynamic forces and 
unwanted vibration which may cause severe RCF and noise. There are four 
types of track irregularities that can be captured by the Swedish track 
recording vehicle STRIX: 

• Geometrical track errors in vertical direction. 
• Geometrical track errors in lateral direction. 
• Deviation from nominal track gauge. 
• Deviation from nominal cant. 

In case of dynamic analysis the vertical and lateral irregularities are 
calculated as the mean value of errors of left and right rail and they are 
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often called longitudinal level and line irregularities. Figure (5-17) shows 
these four track irregularities. 

 

Figure 5-17, Four types of track irregularities. 
 

STRIX is an inertia based system and measures the absolute or real track 
errors while other measuring vehicles measure the relative track 
irregularities. In the relative measuring system absolute values are gained 
after transforming the measured signals [3]. Figure (5-17) shows the 
Fourier transform of the lateral and vertical track irregularities measured by 
Trafikverket on 2004-9-30. The track error signals are captured every 
25cm. Therefore the spatial sampling frequency of measurements is 

. 
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Figure 5-18, Log-log diagram of Fourier transform of the measured lateral 
(left) and vertical (right) irregularities as function of spatial frequency. 

 

As it is mentioned, small irregularities with short wavelengths play a 
significant role in value of dynamic track forces. Therefore, a new track 
irregularity pattern is created based on the real measured data. The new 
data is extrapolated from the measured one to have irregularities with 
shorter wavelengths. Spatial sampling frequency of the created track errors 
is . Figure (5-19) illustrates the extrapolated Fourier 
transform of the lateral and vertical track data with the wavelengths down 
to 10 cm. These shorter wavelengths irregularities are rail corrugations. 
There are several unsuccessful attempts has been done to explain the 
dynamic mechanism of source of the short pitch corrugation. One possible 
theory is the lateral creepage mechanisms around 1000Hz which is 
presented by Frederick in second international conference on contact 
mechanisms of rail-wheel system. However, He did not present any 
experimental support with his theory. There are also theories suggesting 
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that the longitudinal creepage is the reason of the corrugation growth [19]. 
One appropriate conclusion is that the corrugations exist due to the 
complicated wheel-rail contact point forces around pined-pined frequency 
of 1000 Hz.   

   

 

 

Figure 5-19, log-log diagram of Fourier transform of the simulated lateral 
(left) and vertical (right) irregularities as function of spatial frequency 

down to 10 cm wavelength. 
 

The absolute values of the track irregularities are also in interest. Figures 
(5-20) to (5-23) show all the four mentioned absolute track irregularities. 
From the top to the bottom and respectively they are lateral, vertical, gauge 
and cant errors. Amplitudes are in mm and the X axis is the measured 
distance in km. Each section is 200m.  

As a conclusion to this chapter, track model has a significant influence on 
the calculated wheel-rail contact forces. The dynamic parameters of the 
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track components are difficult to tune and accurate. Especially in case of 
winter condition while the lack of experimental data makes it even more 
difficult. Nonlinearities are not taken to the account. For instance, railpads 
which have a great impact on the track receptance have strongly nonlinear 
behaviour and it needs to be considered. More investigation is needed to 
improve the knowledge of the lateral track properties. Despite all of the 
mentioned difficulties and problems, the presented model has an acceptable 
match with the measured data and is able to answer the current problems 
that the iron-ore wagons are faced with. 

 

 

 

 

Figure 5-20, Lateral absolute irregularities as a function of distance  
 

 

 

Figure 5-21, Vertical absolute irregularities as a function of distance 
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Figure 5-22, Gauge absolute irregularities as a function of distance 
 

 

 

Figure 5-23, Cant absolute irregularities (mm) as a function of distance 
(km). 
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6 Validation of the model 

6.1 Background 

Validation of model has been done through comparing the existent 
measured data and the corresponding simulated data. Measurement has 
been done by Interfleet on iron-ore line. The measured data are the vehicle 
accelerations and track forces in both lateral and vertical directions. Both 
empty and loaded wagon has been considered during the measurement and 
the speed of the vehicle was variable. The iron ore line includes both 
curved and tangential track. Figure (6-1) shows part of the aerial map of the 
track. The selected curve and straight part is used in simulation to compare 
the results with measurements.  

 

Figure 6-12, Part of the track for model verification. 
 

The simulated vehicle runs with the speed of 60 km/h for loaded wagons 
and 70 km/h for empty wagons.  

For better understanding the results and calculation process in Gensys some 
basic calculation of vehicle-track interaction and track forces are presented. 
Most of the theoretical contents of this chapter can be found in [3].  
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6.2 Lateral and vertical accelerations 

In quasistatic curving while the vehicle runs with a constant speed, the 
carbody is subjected to two forces. One is the horizontal centrifugal force 
equal to and the other is vertical gravitational force. The result is a lateral 
acceleration parallel to the track plane and a vertical acceleration 
perpendicular to the track plane. is often called track plane acceleration. 
Figure illustrates these two accelerations: 

 

Figure 6-2, Definition of lateral and vertical acceleration and side force 

angle . a) Centrifugal and gravitational acceleration. b) Lateral and 
vertical acceleration. 

 

According to figure 6-2 and equilibrium law the accelerations are 
calculated as follows: 

                                                                 (6-1) 

Considering the fact that  

                        (6-2) 
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                                                             (6-3) 

Here  is the vehicle speed,  is the gravitational acceleration, is the 
cant angle, is the gauge and is the curve radius. Track plane 
acceleration would be zero in equilibrium condition. With the constant 
speed, the track cant is decisive to reach equilibrium situation. Cant 
equilibrium is given by: 

                                                                                 (6-4) 

The positive difference between the equilibrium cant and the real cant is 
called cant deficiency: 

                                                                                 (6-5) 

In case of cant deficiency , the more lateral acceleration, the more 
lateral track displacement, the shorter track life cycle and more costs of 
maintenance. If the difference would become negative this difference is 
called can excess. In this case while a freight train runs slowly through 
curves the inner rail would harm and also the load might move which can 
deteriorate the situation for the rail. In the model a curve by                           

and 4.1 cm cant is selected. However, other curves with 
different cant deficiency and cant excess are also taken to account.  

 

 

 

Figure 6-3, Vertical acceleration of the loaded wagon. 
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Figure 6-4, Lateral acceleration of the loaded wagon. 
 

In the simulation various curves with different cant deficiency and excess 
are studied. However, validation has been done on a curved track with the 
curve radius of  and a cant of . Loaded wagon’s 
measured and simulated vertical acceleration is shown in figure (6-3) while 
the lateral accelerations are shown in figure (6-4). There is a good match 
between the measured and simulated accelerations in case of loaded wagon. 
All the data is high pass filtered with the cut off frequency of 60 Hz.  

Simulated and measured acceleration for the empty wagon on the curve in 
both lateral and vertical direction is illustrated in figures (6-4) and (6-5).  
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Figure 6-4, Lateral acceleration of the empty wagon. 
 

The empty wagons run with 70 km/h. Therefore, due to stability problems a 
stiffer track is used for simulation [6]. A good agreement between the 
simulation and measurement is found in this case. 

 

 

 

 

Figure 6-5, Vertical acceleration of the empty wagon. 
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6.3  Track forces 

Forces between track and vehicle are often called track forces. If they 
exceed a certain value might be harmful for both track and vehicle while 
they can cause fatigue and fracture on rails and wheels, geometrical errors, 
derailment and etc. Figure (6-6) shows the vertical and lateral track forces. 
The directions are defined relative to the track plane. Therefore, lateral 
direction is in parallel with the track plane and vertical direction is 
perpendicular to it. Sum of the lateral track forces is called track shift forces 
and they are mostly used as safety measure. 

Vertical and lateral track forces for both left and right wheels are given by: 

                                                               (6-6) 

                                                               (6-7) 

                                                                (6-8) 

                                                               (6-9)    

In the equations is lateral creep force, is normal force and is contact 
angle. 

 

 

Figure 6-6, Track forces: vertical forces  and   , lateral forces   

and   and track shift force . Rear view of wheelset. positive direction of 
forces. 
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Figure (6-7) illustrates the geometrical relations between them. The normal 
and creep forces are defined in the wheel-rail contact area. In Gensys the 
contact geometry and pressure is calculated according to Hertzian theory 
where elliptic contact area is considered if two bodies are pressed with the 
normal force . To solve a normal contact problem several assumptions are 
needed to be considered, for instance, elastic and small displacements, see 
more in [3] chapter 8. 

 

Figure 6-7, Normal forces  and , lateral creep forces and , and 

contact angles  and . Rear view of wheelset. 

 

The selected wheel-rail contact function in Gensys allows three different 
contact surfaces simultaneously be in contact. In such a function coupling 
between the rail and wheel is modelled with a very stiff vertical spring. The 
creep forces are calculated from the parameters such as contact pressure, 
creepage, the surfaces’ radii of curvature, coefficient of friction and 
material constants. Creep forces are calculated according to Kalker’s 
simplified theory [11]. To see more about Kalker’s theory and calculation 
of creep forces study chapter 8 of [3] and chapter four of [4]. 

To compare the simulation and measurement Q forces are used. The 
simulated normal forces are compared with the measured one both in time 
and frequency domain. In frequency domain power spectral density is used 
[appendix1]. Following figures show the PSD of measured and simulated Q 
forces on wooden sleeper tangent track in summer conditions. Note that the 
data are from four wheels of a leading bogie of a master wagon.   
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Figure 6-8, PSD of measured and simulated dynamic vertical force of the 
right (Q111r) and left (Q111l) leading wheel. 

 

       
 

Figure 6-9, PSD of measured and simulated vertical force of the right 
(Q112r) and left (Q112l) trailing wheel. 

 

As it is mentioned the vertical forces are also compared in the time domain. 
Following figure shows the vertical forces of the trailing wheels of leading 
bogie as a function of distance. Good agreement between the measured and 
simulated vertical forces is seen in both time and frequency domain. The 
distance length of measured and simulated data is slightly different which 
causes a small shift to the left in horizontal axis of the simulated data. See 
figures (6-10) and (6-11).  
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Figure 6-10, Measured and simulated vertical force of the right (Q112r) 
trailing wheel. 

 

 

 

Figure 6-11, Measured and simulated vertical force of the left (Q112l) 
trailing wheel. 
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7 Rolling contact fatigue (RCF) 

In the first chapter a brief introduction about Multibody simulation software 
Gensys and its applications is presented. The second chapter deals with 
dynamic modelling of the iron-ore freight Fanoo wagons and three piece 
bogie’s components and their contributions in dynamic calculations. 
Chapter three investigates the different types and conditions of the track 
together with the modelling of its components. Validation of the model is 
the main scope of the forth chapter where vehicle-track interaction and 
track forces are studied. After presenting a validate model, it is tried to 
investigate the wheels’ rolling contact fatigue problem. 

 

7.1 Background  

MTAB checks the wheels every 80000 km (about 6 months). And if the 
wheels have any problem such as cracks and wear they will be changed and 
reprofiled again to get into the iron-ore transportation fleet. Despite the 
maintenance costs every wagon which has to be in the workshop waiting to 
be equipped by the renewed wheels has severe financial determents for 
LKAB. MTAB believes that most of the maintenances are due to rolling 
contact fatigue. And this problem has been escalated during the last 3 years. 
Present statistics shows that, first, the problem gets worse every year.  

 

Table 7-1, Number of wagon’s out of service in different seasons of two 
successive years. 

 

Year Jan Feb Nr. Of wagons 
in fleet 

2010 20 54 600 

2011 52 79 800 
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Based on the statistics which are shown in table (7-1), 12% of all wagons 
were out of service; however, in 2011 this amount reached up to 16%.  And 
second, the RCF problem rises dramatically in winters where in winter 
2010 number of affected wagons was even more than twice as much as 
summer time. Also the number of cracked wheelsets in the last three years 
is illustrated in figure (7-1).   

 

 

Figure 7-1, Number of cracked wheelsets due to RCF 
 

It is important to know there has been two types of cracks observed ion the 
wheels, continuous cracks on the tread and periodic separated ones. Figure 
(7-2) shows the picture of both types of failure taken in MTAB workshop. 
Following sub-chapters are the possible sources of RCF which are 
investigated in this study. 

 

 

 

 

 

 



64 

 

 

 

Figure 7-2, Cracks on wheels;  

a) Periodic crack. b) Continuous crack. 
 

7.2 Influence of concrete sleepers 

The wooden track has been used for several years; however, they are 
changed by concrete sleepers recently. As it is mentioned in chapter four of 
this study, Coenraad Esveld from Delft University of Technology believes 
that using concrete sleepers may increase the vertical track forces even up 
to 20%. Q forces are the main source of RCF in freight wagons due to the 
high axle load.  
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Figure 7-3, Comparison between simulated 99.85th percentile Q forces of 
concrete sleeper track in summer and winter. 

a b 
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The simulated resulting vertical track forces do not prove this theory and 
they are even slightly decreased. However, the simulation results show that 
the concrete sleeper track is more sensitive to the seasonal effect and 
vertical forces are increased up to 6%. Vertical forces of the wooden 
sleeper track are almost constant in winter and summer. Figures (7-3) and 
(7-4) illustrate the sensitivity of the concrete and wooden sleeper track to 
the seasonal effect. According to figure (5-14), even the frozen wooden 
sleeper tracks are considerably more flexible than the tracks with unfrozen 
concrete sleepers. Therefore, one conclusion can be that the dynamic 
behaviour of the track is more sensitive to the weather condition for highly 
stiff tracks than more flexible ones. This means that even a small change in 
flexibility of the relatively stiff tracks (concrete sleeper tracks) due to the 
weather condition results in high difference in dynamic behaviour of them 
while relatively flexible tracks (wooden sleeper tracks) seem neutral to the 
weather conditions.  
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Q111l Q111r Q112l Q112r
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summer

wooden sleeper-
winter

 

Figure 7-4, Comparison between simulated 99.85th percentile Q forces of 
wooden sleeper track in summer and winter. 

 

7.3  Influence of coefficient of friction 

Wheel-rail coefficient of friction may vary during a year. As it is discussed 
in this study, in dry cold freezing winter the friction is usually higher. 
Therefore, simulated wheel-rail coefficient of friction in winter is higher 

kN 
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than summer case. This increase does not have impact on vertical forces but 
it has great influence on the lateral track forces. According to [21] friction 
coefficient and the resulting lateral force may also increase the probability 
of rolling contact fatigue. In order to investigate the effect of friction and 
also to see if the rise in vertical track force is enough to cause rolling 
contact fatigue so called shakedown map is used. Following input 
parameters are used in shakedown map: 

• Yield stress in pure shear (torsion),     

• Vertical load magnitude,  

• Lateral load magnitude,  

Semi-axes of elliptic Hertzian contact area,  and  

To have a better understanding of the contact point and its directions, see 
figure (7-5) which shows the Hertzian contact patch. Calculation of the 
contact semi-axes is shown in [3] chapter 8. 

 

 

Figure 7-5, Contact patch according to Hertz. 
  

Dimensionless utilized friction coefficient,  in the horizontal axis of the 
shakedown map is given by: 

                                                                         (7-1) 

Where  is in the rail direction and is parallel with wheel-axle direction. 
The vertical axis of the shakedown map is normalized vertical load and it is 
given by: 

                                                           (7-2) 

a 

b  

 

(direction of travel) 

(lateral direction) 
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Note that is the maximum contact pressure and it is calculated in 
following way: 

                                                                                        (7-3) 

Where, is the elliptic contact area: 

                                                                                     (7-4) 

Figure (7-6) shows the so called shakedown map for the concrete sleeper 
track. And it illustrates the difference between probability of the rolling 
contact fatigue in summer and winter. The data are calculated based on the 
99.85th percentile of the normalised vertical force and the utilised friction 
coefficient. Note that the more distance with the curve into the gray area 
rises the probability of rolling contact fatigue. See more details in [21].  

 

 
 

Figure 7-6, Shakedown map of the concrete sleeper track in different 
seasons. 

 

The shakedown map illustrates that the rolling contact fatigue is likely 
happens even in the summer; however, in winters the probability of RCF is 
higher.  
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Together with investigation of influence of wheel-rail friction coefficient, 
the effect of lateral track forces is also discussed in this subchapter. 
Therefore, at first, the lateral forces of both concrete and wooden sleeper 
track in winter and summer are compared. Figure (7-7) illustrates the 
simulated lateral track forces for various conditions of the track. The figure 
shows that the lateral dynamic behaviour of the wooden sleeper track is less 
sensitive to the weather condition than the concrete one. The reason is 
discussed in previews subchapter (7-2).   

 

 
 

Figure 7-7, Comparison between simulated 99.85th percentile lateral Y 
forces. 

 

Simulated results also show that the lateral forces greatly depend on 
coefficient of friction. Figure (7-8) shows the comparison between the 
simulated lateral track forces of the concrete sleeper track in winter with 
different coefficient of friction. It is assumed that by using lubricants, 
coefficient of friction has been dropped from 0.5 to 0.25. The figure depicts 
that the lower friction coefficient decreases the lateral track forces 
dramatically.    
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Figure 7-8, Comparison between simulated 99.85th percentile lateral Y 
forces with different friction coefficient. Concrete sleepers, winter. 

 

To investigate the effect of decreasing the lateral track forces by using 
lubricants on the wheel-rail contact area, once again shakedown map is 
used. Figure (7-9) shows the shakedown map for the concrete sleeper track 
in winter condition with different friction coefficients. The data are 
calculated based on the simulated 99.85th percentile of the normalised 
vertical force and the utilised friction coefficient. The figure shows the 
importance of coefficient of friction in rolling contact fatigue. According to 
equation (7-1), it can be said that the reduction of the friction coefficient 
leads to a drop in the value of the lateral track forces which results in the 
less utilised friction coefficient and finally decreases the probability of the 
rolling contact fatigue. 

 

kN 



70 

 

 

 

Figure 7-9, Shakedown map of the concrete sleeper track in winter with 
different friction coefficient. 

 

 

7.4  Influence of resonance 

Despite the continuous cracks on the wheels tread, considerable amount of 
failure in iron-ore line are the periodic cracks on the tread. Periodic RCF 
often happens due to a resonance between the one or more components of 
the vehicle with an excitations comes from the track. For instance, as it is 
mentioned in chapter three, it is a possibility of resonance with the wheelset 
hunting frequency and the carbody’s yaw Eigen frequency around 1 Hz. 
Therefore, modal analysis has been done in simulation to investigate any 
possible resonance. According to klingel’s equation, see figure (7-10), 
frequency of the sinusoidal motion of iron-ore freight wagon, considering 
the low conicity, stiff bogie and vehicle speed around 60 km/h, is around 
0.5 Hz.   

 

Utilized friction coefficient,  

N
or

m
al

iz
ed

 v
er

tic
al

 lo
ad

 

 

6 

μ = 0.5  

μ = 0.25  

 

1. Q111r 
2. Q111l 
3. Q112r 
4. Q112l 

1 3 
2 4 

1 3 

2 4 



71 

 

 

Figure 7-10, Frequency of sinusoidal motion according to Klingel's 
equations for a free wheelset and for stiff suspension respectively, as 

function of vehicle speed and conicity. 
 

The modal analysis results show there is a resonance between carbody 
motion and the hunting frequency. Figure (7-11) shows swaying of the 
carbody at 0.41 Hz. 

 

 

Figure 7-11, Carbody's mode shape at 0.41 Hz, 

Rear view of the vehicle. 
 

Modal analyses also show that there might be a coincidence between the 
bolster’s Eigen frequency and the sleeper passing frequency at around 27 
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Hz, see figure (7-12). The sleeper passing frequency is calculated according 
to chapter 4 of this study and the concrete sleeper distance of 0.65 m, the 
vehicle speed is considered between 60 to 65 km/h. This phenomenon is 
unlikely happens in wooden sleeper case while the distance between the 
sleepers is 0.5 m and the sleeper passing frequency with the same speed is 
around 33 Hz. While the RCF problem was less before replacing the 
wooden sleepers with concrete ones and considering the fact of periodic 
cracks, one conclusion can be the high probability of resonance between the 
sleeper passing frequency and the bolster Eigen frequency in the vehicle.  

 

 
 

Figure 7-12, Eigen motion of the bolsters at 27 Hz. 
 

7.5 Influence of contact pitch area 

Not appropriate contact geometry may result in small contact pitch area. If 
the contact area would be extremely small the risk of rolling contact fatigue 
is higher [21]. For a typical passenger train the elliptic contact pitch area is 
about 160 mm2 [3], while for freight trains due to the high axle load greater 
contact area is needed. Figure (7-13) shows the variation of contact pitch 
area for concrete sleeper track in the leading bogie- trailing wheelset- right 
wheel. The picture illustrates that the average value of the contact area is 
hardly reaches to 100 mm2. In this case, according to equation (7-3), the 
maximum contact pressure increases and it probably leads to the plastic 
deformation.    
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Figure 7-13, Variation of elliptic contact area contact area of trailing 
wheelset-right wheel (Ae112r). 

 

To conclude, wheel cracks which are created due to the rolling contact 
fatigue at the depth between 3 to 10 mm are results of the high vertical 
loading and bad contact geometry with small contact patch [21]. However, 
other reasons such as resonance, high friction coefficient, high lateral track 
forces and frozen track with concrete sleepers also might have significant 
impact on RCF. 
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8 Conclusion and future work 

8.1  Conclusion 

This study tries to investigate the severe wheels’ rolling contact fatigue on 
the iron-ore line. Therefore, Multibody simulation Swedish software 
Gensys is used to build a dynamic model of the freight wagon carbody and 
running gear as well as the track components. Previous attempts has been 
mostly done on the simulation of the Fanoo wagons and three piece bogies 
[6] while this study mostly has focused on dynamic modelling of the 
wooden and concrete sleeper track. In order to find out the reason of 
escalating the fatigue problem in winter, dynamic properties of the track is 
modified both for winter and summer conditions. Time integration and 
modal analysis are used to investigate the possible sources of RCF. Results 
are listed below.  

• Using concrete sleepers increases the vertical dynamic track forces and 
raises the fatigue probability in winters. 

• Using rail profile UIC60 with sleeper distance of 65 cm changes the 
sleeper passing frequency to the bolster’s Eigen frequency and results 
in resonance and increase the RCF probability. 

• There might be another resonance between the vehicle sinusoidal 
motion frequency and the carbody’s sawing Eigen motion at around 
0.5 Hz.   

• Dry freezing winter raises the wheel-rail coefficient of friction and 
increases the lateral forces which, according to shakedown map, results 
in higher possibility of RCF.  

• Small wheel-rail contact area due to the wheel and profile geometry 
leads to higher normal stresses and results in plastic deformation.   
 

Note that there are always uncertainties in simulation results due to many 
assumptions and simplifications as well as limitations of software and 
experimental data; however, simulation can get hints and ideas to the users 
such as companies, researches and universities.   
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8.2  Future work 

To tune the dynamic properties of the track measured data is used as 
reference; however, due to lack of experimental data, there are a lot to 
know in lateral direction especially in case of the frozen track. Moreover, in 
case of further increasing the axle load, more investigations are needed on 
the wheel-rail interaction. Besides, possibilities of increasing the speed of 
the iron-ore trains are needed to be studied. It is possible to build a model 
of locomotives to investigate the rolling contact fatigue. Vehicle suspension 
also needs to be studied more, especially around model of damping 
elements in suspension system and coefficient of friction on wedge 
surfaces. More validation with the new track force measurements is 
possible while the new track measurement has been done in winter by 
Interfleet in 2011.  
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Appendix 1 

Power Spectral Density calculation (PSD) 

The data is collected every 0.0017 sec in measurement process. Therefore, 
the sampling frequency is: 

 
   

Also, as the excitation reference is the track irregularities with strongly 
random behaviour, power spectral density is calculated for the stochastic 
process. Calculation of the PSD is given in [22] and also presented here: 

   

Where: 

•  
• N is the length of the signal. 
•  is the window function. The measured force signal is divided 

into M blocks to get an average. 
• DFT is Discrete Fourier Transform. 
•   is the force signal divided into M blocks. 

To get less random error  50% overlapping is used in averaging 
process.  The normalised random error- calculated according to [22] and for 
the stochastic power spectral density by 50% overlapping, hanning window 
and  number of blocks- is: 

  

By decreasing the number of samples in each block the random error also 
decreases. For instance, by using   the error will be half. 

The same procedure is done for the simulated normal force and the error is 
approximately the same as the measured one.  
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Appendix 2 

Dynamic characteristics of the track 

 

 

 

 

Wooden sleeper track 

                       Kytg     Cytg      Kzbg       Czbg         Kztb      Cztb          Kyrt    Cyrt     Czrt  Myt  Mzt    Js 

Summer    135e6     50e3   41250e3   144.92e3   400e6     178.351e3  84e6  19.5e3  190e3 410  410   24   

Winter       216e6   41.6e3  57.75e6  120.77e3    560e6   148.625e3   84e6   19.5e3 152e3  410  410   24 

Kzrt 

Concrete sleeper summer   1700e6 ( 1 – Cos ( 0.15 ( 2π/ 0.5 x) ) ) 

Concrete sleeper winter      2400e6 ( 1 – Cos ( 0.1 (2π / 0.5 x) ) ) 

Wooden sleeper summer    210e6 ( 1 – Cos ( 0.15 (2π / 0.65 x) ) ) 

Concrete sleeper winter      420e6 ( 1 – Cos ( 0.1 (2π / 0.65 x) ) ) 

Concrete sleeper track 

                        Kytg       Cytg        Kzbg       Czbg      Kztb     Cztb      Kyrt    Cyrt     Czrt     

Summer    270e6      40e3       5600e6     500e3    130e6    180e3    75e6     15e3   50e3     

Winter       432e6    33.33e3   11200e6   4167e3   260e6   150e3    75e6    15e3    40e3     
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