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Abstract 
 

An explicit 3D finite element model of a comprehensive railway track is established. 

Using this model, a study is performed which focuses on supported track systems. 

Within the model variations in the stiffness of rail pads and under sleeper pads are 

investigated which induce changes in vertical forces acting on the rail surface and 

influences the wheelset movement. By applying an angle of attack to the wheelset the 

lateral forces are influenced and calculated. Using varying track parameters, the 

impact of rail pad stiffness, under sleeper pad stiffness, and angle of attack on critical 

variables such as maximum contact pressure, vertical and lateral forces and 

displacements is shown. This theoretical understanding facilitates an optimized design 

of the track system and its interacting parameters. 
 

Keywords: finite element model, track system, track stiffness, rail pad, under sleeper 

pad, angle of attack. 
 

1  Introduction 
 

The operation of railways is challenging due to high competition with other forms 

of transports. High costs arise regarding repairs and maintenance of the rail system 

and they have a high share of the total operational costs. Most of repairs comes from 

wheel or rail reprofiling, wear, out of round wheels or rail corrugation and other 

wheel-rail surface defects. There are several aspects for wheel and rail damage 

especially the dynamic behaviour of the train-track system and the operational 

conditions [1], [2]. Fault diagnosis have a major role in monitoring railway conditions. 
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Time maintenance costs, could be saved by an early diagnosis of the emerging faults. 

The main aim of track monitoring is to detect possible causes of defect before they 

cause any failure or prevent rail operation [3]. 

In wheel-rail damage simulations, the main problem is the wide range of time and 

length scale. Dynamic simulations using multi-body system software can cover length 

of hundreds of kilometres using fast contact calculation models which are accurate 

enough to regard the tribological parameters like contact patch size, distribution of 

pressure and shear stresses, creepage and sliding. Most models proved itself in 

predicting the wheel-rail damage correctly, but, there are problems beyond the 

accuracy of the model itself from the end user perspective [1]. 

Over the years many models have been introduced to study the rail track damage [4]. 

Zhu at al. 2013 made 3D finite element model to study the interface damage resulted 

among prefabricated slab and cement asphalt mortar layer. As a result the model was 

capable of predicting the cracks initiation and growth [5]. Another study investigates 

the initiation of damage in concrete in slab tracks [6]. The influence of random track 

irregularities on fatigue damage of fastening clips is published in [7].  

The rail track system developed over the years and many elements were added to 

enhance its performance. During the train movement, the vehicle-track interaction 

causes high impact loads and thus fatigue and degradation of vehicle components and 

rail infrastructure. Pads are used below the rails and the sleepers to give flexibility to 

the track and to damp the transmission of vibrations and noise. The rail pad is 

responsible for the flexibility of the infrastructure [8]. Stiffness of the rail pad has 

impact on the track performance which was mentioned in a study that investigated the 

influence of rail pad stiffness on rail corrugation [9]. A study about the influence of 

the rail pad stiffness on vehicle-track interaction and corrugation growth is presented 

in [10]. A rail pad is usually made from a polymetric compound, rubber, or composite 

material. In most cases, dynamic responses of the railway tracks are involved directly 

with noise and wear phenomena in railway track environment. The exciting numerical 

models or simulations of railways tracks mostly exclude the influence of preloading 

on the nonlinear dynamic behaviour of rail. The effect of dynamic rail pad 

characteristics and its influence on the dynamic response of railway tracks is shown 

in [11].  

Under sleeper pads are elements attached beneath the surface of sleepers to give an 

intermediate elastic layer between the sleeper and ballast. The under-sleeper pads are 

usually made of polyurethane elastomer with foam structure with encapsulated air 

voids. The main reason of installing under sleeper pad is to decrease ground vibrations 

and to reduce ballast damage. After investigation on the effect of under sleeper pad 

on dynamic train track interaction, results indicated that the effect of the under sleeper 

pad on train track interaction is remarkable mainly in the frequency range 0-150 Hz 

[12]. Under-sleeper pads reduces the stresses transmitted to the ballast and the 

underlying layers and reduces the size of deformation and degradation of ballast [13]. 

An analysis of the effect of under sleeper pads on the railway vehicle-track dynamic 

interaction in a transition zone was made in [14]. Using a 3D finite element model of 

prestressed concrete sleepers with under sleeper pads was made in [15]. That under- 

sleeper pads can enhance the performance of ballast under cyclic load is shown in 

[16].   
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Investigations about the angle of attack are presented in [17], [18]. Measurement 

methods for the angle of attack of wheelsets in curves are presented in [19]. An 

experimental study on the influence of friction modifiers on wheel-rail dynamic 

interaction with different angle of attacks was made in [20].  
 

2  Finite Element Model 
 

The objective of this study was to develop a finite element model to simulate the 

behavior of a rail-wheel system under operational conditions. For the model the 

commercial software ABAQUS/Explicit is used. The model contains the components 

that are considered essential for describing of the railway infrastructure. The vehicles 

are represented simplified by an axle and two wheels. The used wheel profiles are 

S1002, and the rails are modelled with 60E1 profiles. The geometry of the wheel axle 

is modeled as continuum with steel properties To ensure an accurate representation of 

contact interactions, the mesh size at the contact region between wheels and rails is 

set to 1.5 x 1.5 mm. The wheelset moves in the model over a running distance of 4000 

mm on straight rails. The vehicle weight is applied via forces acting at the center of 

each wheel. Due to the use of continuum elements for the axle and the wheels, the 

masses rotational inertia, and deformation behavior of both are regarded, the weight 

of the bogie is simulated through a force and the primary suspension is applied using 

a spring-damper system. The mechanical system is sketched in Figure 1.  

 

 

 
Figure 1 Kinematic model of the wheel suspension. 

 

Because clips are seen as an important part of the rail fastening system, they are 

modelled with a predetermined preload using a spring. The elements representing the 

area where the clips are pressed onto the rail foot are fixed in both longitudinal and 

lateral axes, allowing movement solely in the vertical direction.  

Below the rails, rail pads (ZW700) and below the sleepers under sleeper pads are used 

representing polyurethane-based materials. The rail pads are connected to both the rail 

and sleeper through tie connections, while the under-sleeper pads are connected 

through tie connections with the ballast and the sleepers. The ballast is modeled as 
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continuum with a given elastic modulus to represent a predefined stiffness varying 

along the length of the sleeper, see Figure 2.  

 

 
Figure 2 Geometrical setup of the ballast. 

 

 

At the end of the modeled rails symmetry conditions are taken as boundaries. The 

Figure 1 represent the FE model used for this investigation. The parameters of the 

model are shown in table 1. 

 

 

 
Figure 3: Illustration of straight railway system. 
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Parameters Unit Value 

Rail profile - 60E1 

Rail density kg m-3 7800 

Young’s modulus of rail GPa 210 

Sleeper density kg m-3 2510 

Young’s modulus 

sleeper 

GPa 33 

Sleeper spacing  m 0.6 

Length of sleeper m 2.6 

Mass of sleepers kg 320 

Length of Track  m 6.2 

Track gauge m 1.435 

Wheelset load kN 220 

Train speed km h-1 120 

Static wheel load N 110000 

Primary suspension 

stiffness 

N/m 1220000 

Primary suspension 

damping 

N.s/m 30000 

Clip preload N 9000 

Clip stiffness N/m 700000 

Ballast stiffness centre N/mm³ 0.1 

Ballast stiffness sides N/mm³ 0.2 

Table 1: Parameters used for the FE model. 

 

 

 

3  Results 
 

In this study, the influence of three track parameters on the dynamical behaviour of a 

rolling wheelset is investigated. The three parameters are the stiffness of the rail pads, 

the stiffness of the under-sleeper pad and the influence of a lateral force introduced 

by applying an angle of attack and holding the lateral position of the wheelset 

constant. The variables investigated are the vertical displacement of the wheelset, the 

vertical and lateral contact forces between wheels and rail.  

Three different stiffness values were considered for the rail pads, namely Cpad 60 

kN/mm, 200 kN/mm, and 600 kN/mm. The parameters taken for the study are 

presented in Table 2:  

 

Parameters Unit Value 

Angle of attack ° 0 0.05 0.1 

Rail pad stiffness kN/mm 60 200 600 

Bedding modulus under 

sleeper pad 

N/mm³ 0 0.15 0.3 

Table 2: Variation of the parameter used for this investigation 
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In Figure 4 the vertical displacement of the wheelset is plotted. The wheel is put onto 

the rail at a distance of 0 m in the diagram. A vertical oscillation of the wheelset is 

excited which can be damped out by dissipative processes during rolling as e.g. by the 

primary suspension damper or the damping behaviour of the rail pads. The damping 

behaviour of the pads and the under-sleeper pads is not regarded in the model at hand. 

The damping of the primary suspension damper is active. 

 

In Figure 4 the results of the simulation are shown. The red dashed vertical lines in 

Figure 4 represent the sleeper positions along the track. The diagram shows the 

vertical displacement of the wheelset while rolling two meters along the track. During 

applying the wheels on the rails, the pads, sleepers and ballast are compressed and 

move downwards and are reflected. This process introduces an oscillation into the 

whole system as can be seen in figure 4. Usually such oscillations will fade out due to 

the system relevant damping features as described above. To see the pure stiffness 

influence of pad and under-sleeper pad, damping effects are neglected. 

 

The result in Figure 4 show, that the rail pad stiffness influences the amplitude and 

the wavelength and frequency of the vertical wheelset displacement. The simulations 

show that a rail pad stiffness of 600 kN/mm results in lower vertical wheelset 

displacement compared to a stiffness of 60 kN/mm. On other hand, the rail pad 

stiffness of 60 kN/mm exhibited higher vertical wheelset displacement which also 

influences the wavelength and thus the frequency of the vertical oscillation of the 

wheelset. This oscillation is influenced by the sleeper mass, the ballast stiffness but 

also significantly from the pad stiffness.  

 

 
Figure 4: Vertical displacement of the wheelset. 

 

Figure 5 shows the vertical contact forces between the wheels and the rail. Without 

using an angle of attack, introducing lateral forces or applying the wheelset shifted 

relative to the centre of the track, the results for the left and right wheel remains the 

same. Therefore, the contact forces for only one wheel-rail interaction are shown.  

 

The vertical contact forces show naturally the same wavelength as the vertical wheel 

displacement but in contrary to the displacement they are oscillating around the static 

load of 110 kN with similar amplitude. This means the rail pad stiffness only slightly 

influences the contact forces. A remarkable influence of the rail pad stiffness can be 

seen in the position of the maximum forces. While for a stiffness of 200 kN/mm the 

maximum contact force seems to be correlated with the wheel position above the 

sleeper, the other stiffnesses shift the maximum away from this position due to change 
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of the wavelength. The lateral forces of the left and right rails are represented in Figure 

6. 

 

 
Figure 5: Vertical force on the rail surface. 

 

 
Figure 6: Lateral force on the rail surface. 

 

Figure 7, presents the FE simulation results for a high-load case, highlighting the 

contact pressure (cpress) as well as the parameters cslip1 and cslip2. For this 

simulation, the rail pad stiffness was set to 600 kN/mm. Notably, no under-sleeper 

pad was used, and the angle of attack was not considered. 

 
 

Figure 7: Plot of the wheel rail contact pressure with 600 kN/mm used for rail pad 

stiffness, without considering under sleeper pad and angle of attack. 

 

In Figure 8, the vertical displacement of the wheelset is shown varying the under-

sleeper pad stiffness. The result in Figure 8 shows that the stiffness of the under-

sleeper pad has an effect similar to that of the rail pad, as shown in Figure 4. According 

to the simulations, an under-sleeper pad stiffness of 0 N/mm³ (which means there is 

no under sleeper pad) results in lower vertical wheelset displacement. Conversely, an 
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under-sleeper pad stiffness of 0.15 N/mm³ leads to higher vertical wheelset 

displacement. This increased displacement also affects the wavelength and, 

consequently, the frequency of the wheelset's vertical oscillation. 

 

 
Figure 8: Vertical displacement of the wheelset. 

 

The results shown in Figure 9 are similar to those of rail pad stiffness illustrated in 

Figure 5. This indicates that under sleeper pad stiffness also has a minimal effect on 

the contact forces. However, a notable influence of under sleeper pad stiffness is 

shown in the location of the maximum forces. The maximum contact forces aligns 

with the wheel position above the first sleeper, and due to changes in the wavelength, 

the maximum contact force is shifted. Figure 10 shows the results of the lateral forces 

of the left and right rails. 

 

 

 
Figure 9: Vertical force on the rail surface. 

 

 

 
Figure 10: Lateral force on the rail surface. 
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In Figure 11, the vertical displacement of the wheelset is shown in dependency of the 

applied angel of attack of the axle. The angle of attack has no influence on the 

wavelength and frequency of the vertical wheelset displacement, although it may 

cause a slight change in amplitude. The simulations show that a 0.1° angle of attack 

leads to lower amplitude compared to no angle of attack considered.  

 

 
Figure 11: Vertical displacement of the wheelset. 

 

Figure 12 shows the vertical contact forces between the wheels and the rail in 

dependency of the applied angle of attack. Similar to the results of the rail pad 

stiffness, the vertical contact forces show naturally the same amplitude and 

wavelength as the vertical wheel displacement. This means the angle of attack has no 

influences on the vertical contact forces. In contrary to rail pad stiffness results or 

under sleeper pad results, the maximum contact force seems to be correlated with the 

wheel position above the start of sleeper. Figure 13 shows the results of the lateral 

forces of the left and right rails 

 
Figure 12: Vertical force on the rail surface. 

 
 

Figure 13: Lateral force on the rail surface. 
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4  Conclusions and Contributions 
 

In summary, our study points out the significant impact of the rail pad and under 

sleeper pad on the maximum contact pressure acting on the rail surface in railway 

track system.  

• Applying an angle of attack to the wheelset produces oscillating lateral forces 

on the rail surface. 

• Rail pad stiffness and under-sleeper pad stiffness determines the amplitude 

and wavelength of vertical oscillations during the wheelset run. 

Only a near to complete model of the track system is able to regard these influencing 

factors. Regarding such factors in railway design and maintenance will allow to design 

a track with optimized stiffness and damping values and will help to ensure track 

stability and safety. 
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