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ABSTRACT 

Unwanted vibration and noise from railroads have a significant negative 

impact on the environment, causing damage to roads, buildings, and other 

structures. To mitigate this condition, rail pads have been installed as 
dampers to lessen the impact of vibration and shock on the railway track. 

The rail pad is made of a polymeric substance having nonlinear properties. 

This research examined the dynamic stiffness of rail pads made of 
thermoplastic elastomers (TPEs). ANSYS software was used to estimate the 

impact of temperature, toe load, and frequency under dynamic loading. The 

three-dimensional (3D) finite element model (FE) was created based on 
hyperelastic theory. The dynamic stiffness of the interlayer decreases with 

increasing temperature. For the effect of peak load and frequency, both 

parameters were directly proportional to dynamic stiffness. An increase in 
either parameter results in a stiffening of the interlayer. Frequency has the 

least effect on the dynamic stiffness of the track bed compared to temperature 

and peak load, with the average percentage difference between high and low 
being 28.31%, 55.57%, and 21.9%, respectively. 
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Introduction 
 

An important part of the railroads that keeps the operation running smoothly 
is the rail fastening system [1]. The rail pad, which is positioned below the 

rail, is one of the crucial parts of the fastening mechanism [2]–[4] The rail 

pad's primary purpose is to provide sufficient vertical rigidity for ballasted 
and slab track [5]-[6]. Elastic rail pads are a practical way to lessen wheel/rail 

contact, slow down ballast pulverization, and minimize railroad maintenance 

expenses. The sleeper's protection is one of the rail pad's purposes [7]-[8]. 
Additionally, the rail pad enhances the ballast's protection from larger 

dynamic overloads [9]-[10] 

The materials used to create the rail pads have significant nonlinear 
and dissipative mechanical properties that are greatly impacted by the loads 

and environmental conditions [11]. The excitation frequency [12]-[13], the 

amplitude of the load [14]-[15] the temperature [16], and the rail pad stiffness 
[13], [17] are all factors that have been documented in previous research. 

The mechanical properties of rail pads in operation settings have been 

examined through several experimental investigations and numerical 
calculations. Fenander [12] investigated the reaction of the pads using 

experimental work and discovered that stiffness very slightly increases with 

frequency and dramatically rises with preload. To improve the accuracy of 
the forecast of the broadband vibration and noise produced by high-speed rail 

vehicles, experimental research was undertaken to acquire frequency-

dependent dynamic performance of high-speed rail pads during the passage 
of rail cars [13]. The experimental work by Kaewunruen et al. [7] stated that 

the track surface (or vertical deviation) tends to deform at larger 

displacement amplitude and resonates at a lower wavelength of track 
roughness under dynamic conditions. 

Wei et al.  [14] modelled the rail pad numerically using the finite 

element method (FEM) and found that the vertical stiffness of TPE rail pads 
changed with load amplitude.  Koroma et al. stated that it was important to 

consider the preload effect on predicting the dynamic stiffness of TPEs rail 

pads using FE analysis [18]. To explore the effects of the stimulation 
frequency and displacement amplitude, Zhu et al. [15] modelled the rail pad 

using 3D-CVST. 

Analysing the rail pad geometry solutions in terms of deformation will 
consume a long time to complete the result by having the 

experimental approach in the laboratory. In earlier investigations, a variety of 

numerical calculation methods for estimating the dynamic stiffness of rail 
pads were investigated. Unfortunately, there needs to be more development 
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in analysing the rail pad hyperelastic material dynamic stiffness using finite 
element (FE) modelling. Therefore, this work predicted the behaviour of 

dynamic stiffness for a particular rail pad material, thermoplastic elastomers 

(TPEs), using FE analysis. The 3D model was established using ANSYS 
software. On dynamic stiffness, the effects of temperature, toe stress, and 

frequency were anticipated. 

The laboratory and field investigation could have been more extensive 
in budget and time for design options. As a result, the FE method was created 

to analyse the impact of key factors quickly. The proposed model may be 

used to evaluate how rail pads' dynamic stiffness would behave under various 
parametric circumstances. FE analysis can be employed as a decision-support 

tool for maintenance practitioners to evaluate the dynamic stiffness of 

railpads. This enables them to make well-informed decisions about 
maintenance strategies. By using FE analysis, practitioners can identify areas 

that require improvement, predict the performance of various railpad 

configurations, and optimize maintenance interventions. These actions aim to 
enhance overall track performance and minimize long-term costs. 

 

 

Material and Method 
 

Rail pad 
The material of the rail pad in this study is thermoplastic elastomers (TPEs). 

The rail pad is a rubber-like material that exhibits nonlinear behaviour. The 

hyperelastic model is used to show the nonlinear behaviour of the rail pad for 
rubber-like materials. Equation (1) shows the general principal stresses for 

the Ogden model. As shown in Equation (2), the Ogden formula was applied 

to model the dynamic stiffness characteristic of rail pads under uniaxial 
dynamic load [19]. The rail pad's dimensions are 150 mm long, 150 mm 

wide, and 8 mm thick (l x w x t). 

The Ogden model is an all-encompassing hyperelasticity model with a 
Helmholtz free energy per reference volume stated in terms of the major 

stretches being used. There are numerous ways to express the Ogden model's 

Helmholtz free energy. The principal stresses σi, i ∈ [1]-[3], for the Ogden 

model, are given by: 
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where J is a Jacobian determinant, N is the number of chains per reference 
unit volume, α is the shear displacement, and μ is the shear modulus. The 

indices i and j take the values 1, 2, and 3. Then, the stresses from the 

incompressible Ogden model in uniaxial loading are given by; 
 

σ𝑢𝑛𝑖𝑎𝑥 =
2

𝐽
∑

2μk

𝛼𝑘

[ λ𝛼𝑘 − (
1

√𝜆
)

𝛼𝑘

 ] 

𝑁
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(2) 

 

Rail and sleeper 

To represent the rail and sleeper, a solid element with a nominal cross-
sectional form was employed. Steel and concrete were used to make the rail 

and sleeper, respectively. In solid materials like steel and concrete, linear 

elasticity is a normal technique for modelling the mechanical behaviour of 
very small strains [20]-[21]. The rail constructions' characteristics and 

attenuation factors are stated in Othman et al. [22]. The figures were gathered 

from various scientific journals and the web's typical material attributes.  
 

Simulation test campaign 
CATIA V5 software was used to generate the models for the rail, rail pad, 
and sleeper. The International Union of Railways (UIC) design guidelines 

were followed when creating the steel rail. Figure 1 depicts in isometric 

detail the rail, rail pad, and sleeper in 3D. 
 

 

 

 

 

 
(a) (b) 

 

Figure 1: 3D Model of (a) simplified fastening system, and (b) rail pad [22] 
 

The fastening system's 3D model was then imported into the ANSYS 

programme for analysis as well as simulation. It was projected that toe load, 
temperature, and frequency would have an impact on the TPE's dynamic 

stiffness. Standard toe load measurements are 18 kN. The toe load occurred 

in three instances. First, the scenario that reflected the 18 kN system's 
appropriate assembly. Then, 5 kN and 30 kN of under- or over-torque, 
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respectively, were studied. These were assessed to demonstrate the impact of 
excessive toe load tightness. 

Starting at the typical room temperature of 20 °C, the simulation was 

run at various temperatures. Considering Malaysian conditions, a 52 °C 
maximum and a 0 °C minimum temperature were used for the test. The 

hottest temperature ever recorded in Malaysia was 40.1 °C. However, the rail 

pad's temperature might reach as high as 52 °C due to heating brought on by 
the wheels' repetitive motion over the railway. To use comparable 

temperature ranges, four distinct temperatures were included (0 °C, 20 °C, 35 

°C, and 52 °C). 
 

Boundary conditions and meshing 
Figure 2 demonstrates the finite element method's applied toe load, load, and 
boundary conditions, incorporating frictionless and fixed support. The force 

produced as wheels pull on rails is known as the applied load. The load was 

time-based in cycles and for each steadily raised load applied, the 
deformation of the rail pad was recorded. An imposed boundary condition is 

used in this simulation. It was used at the base of the concrete sleeper as a 

fixed support. On the edges of the rail pad, frictionless support was used. 
While the simulation analysis is being performed, these boundary conditions 

give mediocre support and prohibit any component from moving freely. 

 

 
 

Figure 2: Boundary condition for fastening system railway track [22] 

 
The contact between two surfaces also impacts the simulation results. 

The location of the interaction was therefore established. A friction 
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coefficient was used to identify the rail, sleeper, and rail pad as having 
frictional contact. In this work, the friction coefficient was set at 0.16 [23]. 

Two distinct geometries in this frictional contact can convey shear stresses. 

That kind of circumstance is referred to as “sticking”. 
Mesh creation is necessary for any physical problem's finite element 

model. Nodes and elements are used to define it. The 3D element was used to 

model the fastening system. All components (rail, concrete, and rail pad) 
used the multi-zone method for meshing. This meshing technique was 

frequently employed due to speed and accuracy. The multi-zone approach is 

the best meshing technique since it discretized the model with the fewest 
number of elements while simultaneously having the highest element quality 

and least skewness [24]. One advantage of the multi-zone approach in this 

context is the ability to tailor the mesh resolution to different regions of the 
rail pad, ensuring higher accuracy where it is most needed. This adaptability 

is particularly beneficial in capturing the complex behaviour of rail pads, 

which experience nonlinear effects due to their material properties and the 
dynamic loads imposed on them. The element quality and skewness of the 

mesh were assessed to guarantee a high mesh grade.  

 
Dynamic analysis 
Elastic deformation, 𝛿 is required to determine the rail pad's dynamic 

stiffness. The following equations can be used to compute this: 

 

𝛿 =
𝜎 × 𝐿

𝐸
=

𝐹 × 𝐿

𝐴 × 𝐸
 

(3) 

 
where the normal stress σ, the elastic modulus E, the force F, the length L, 

and the area A are present, for computing the modulus of elasticity E, the 

equation is: 

𝐸 =
𝜎

휀
 (4) 

 

where 휀 represents the strain. This can be determining the average stress 𝜎, 

using the formula below: 

 

𝜎 =
𝑃

𝐴
 

(5) 

 

where A is the area and P is the normal force. 

Dynamic tests were used to assess the effects of different service 
conditions on the pad. Thus, in this work, the dynamic stiffness under the 

influence of different temperatures, toe loads, and frequency were estimated. 
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The dynamic testing utilised the three amplitudes described in standards EN 
13481-2 and EN-13146-9 [25].  

TPE rail pad material was used for the test in the dynamic simulation, 

and it was exposed to reference conditions such as the applied load, toe load, 
and boundary condition. For dynamic analysis, the finite element equations 

of motion were numerically time-integrated [25]. The rail pad in Figure 3 

underwent a dynamic examination by having 100 sinusoidal cycles for each 
load applied. The deformation of the rail pad for each load was recorded.  

 

 
 

Figure 3: Dynamic cycle of load-deformation 

  
 

Results and Discussion 
 
Validation  
For validation of the simulation model, a mesh convergence test was 

performed. The parameters for the mesh setup considered in this 
investigation are shown in Table 1. The deformation of rail for load 80 kN 

starts stabilized at 10 mm size of elements. The simulations with sizes of 

elements 10 mm, 9 mm, and 8 mm produced readings comparable to those in 
the validation research study [25]. However, it took longer than the 

simulation to complete as the size of the element decreased. As the size of 

elements reduces, the number of nodes and elements increases. This 
contributes to the longer time taken for the simulation to complete.  

Therefore, 10 mm was used for further simulation in the current 

investigation, as the time taken for completion was less compared smaller 
size of elements.   

Figures 4(a) and 4(b) demonstrate the outcomes for load displacement 

in dynamic analysis. The load was applied at 5 kHz for 100 cycles. The toe 
load was 18 kN and the temperature was at 20 °C, known as the reference 

condition. This numerical computation followed the experimental setting of 

the previous study [25]. For the results, the average value of 100 cycles of 
deformation was taken. The dynamic compressive force that nonlinearly 

boosted the rail pad's displacement is seen in Figure 4(a). Figure 4(b) shows 

displacement is high at the edge of the railpad at a maximum load of 80 kN. 
These dynamic loads can lead to stress redistribution within the railpad 
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material, causing higher displacement at the edge where the load is 
concentrated. The simulation's results agree with those reported by Sainz-Aja 

et al.'s experimental test [25]. The average percentage error was 4.68%, as 

tabulated in Table 2. The rigid body displacement, which occurred at 20 kN, 
30 kN, and 40 kN, was corrected for accurate results. This was a common 

problem for geometrically nonlinear small-strain conditions [26]. As a 

percentage error below 10%, it was concluded that the simulation model 
could be accepted.   

 

Table 1: Mesh convergence analysis 
  

Size of 

element 

(mm) 

Nodes Elements 

Time 

consumption 

(min) 

Average total 

deformation at 80 

kN (mm) 

19.4 
(Default) 

28457 5624 24 0.40 
16.0 32505 6555 27 0.39 
12.0 37267 7650 30 0.38 
10.0 39648 8197 30 0.33 

9 40838 8470 32 0.33 

8 42028 8743 33 0.33 

 

 
(a) 

 
 

 

                        (b) 

Figure 4: (a) Evaluating the contrasts between simulation versus 
experiment results [25], and (b) TPE rail pad displacement 

 

Dynamic stiffness assessment 
 

The influence of temperature 
Throughout the operation, the rail pad is exposed to a range of temperatures. 
Figure 5 demonstrates how temperature affects the TPE rail pad's dynamic 

stiffness. The temperature that has been analysed were 0 °C, 20 °C, 35 °C, 

and 52 °C. The load was applied at 5 kHz for 100 cycles. 18 kN was the toe 
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load for both sides and the applied load was up to 80,000 kN in the step of 
5000 kN. The deformation of rail pad increase as temperature increase. This 

trend is in agreement with previous work [27]-[28] 

 
Table 2: Comparing simulation and experimental results [25] 

 

Load (N) 
Deformation Percentage error 

(%) Reference Simulation 

19000 0.00 0.00 0.00 
20000 0.04 0.05 11.43 
25000 0.09 0.08 6.90 
30000 0.12 0.12 1.47 
35000 0.15 0.15 0.52 

40000 0.18 0.19 3.03 
45000 0.21 0.21 0.68 
50000 0.24 0.23 4.97 
55000 0.26 0.25 6.91 

60000 0.28 0.26 6.23 
65000 0.30 0.28 6.64 
70000 0.32 0.30 5.83 
75000 0.34 0.31 6.43 

80000 0.35 0.33 5.71 

 

Figure 6 illustrates the effect of temperature on the elongation of a 

railpad under a maximum load of 80 kN. The red colour area is the highest 
deformation while the blue colour area shows the lowest deformation occurs. 

At a temperature of 0 °C, the highest deformation value is 0.0821 mm at the 

near centre of railpad. As the temperature increases, the highest deformation 
moves towards the edge of railpad. For temperature 52 °C, the highest 

deformation is 0.1697 mm more than 51% increment. At the highest 

temperature, the areas experiencing significant elongation were 
predominantly located at the edges of the railpad, as compared to the lowest 

temperature in this study. The value of maximum deformation increases as 

the temperature increases. 
Table 3 shows the percentage difference of deformation between the 

lowest and highest temperatures at 0 °C and 52 °C, respectively. The average 

percentage difference between 0 °C and 52 °C is 28.31% for the stated 
dynamic load applied. The deformation difference decreases as the dynamic 

load increases. At 2 kN load, the percentage difference of deformation is 

63.98%. As the load reaches 80 kN, the percentage difference of deformation 
reduces to 11.91%. This demonstrates how the impact of temperature 

diminishes as dynamic load increases. 

Reduced dynamic stiffness is a result of increased rail pad 
displacement. Thus, increasing temperature leads to a lessening in dynamic 
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stiffness [25]. The rail pads' elastic modulus will decrease as the temperature 
rises. As a result, the rail pads endure greater deformation the lower their 

modulus of elasticity. In general, the temperature has an inverse relationship 

with the rail pad's stiffness. As a result, the rail pad's rigidity declines as the 
temperature rises. Temperature increases molecular mobility, thereby 

allowing the rail pads to lengthen at a microscopic level. However, as the 

compression load increases, the molecular mobility is restricted, resulting in 
less deformation due to temperature. According to the underlying theory of 

materials science, the inverse relationship between temperature and rail pad 

stiffness can be explained by increased molecular mobility at higher 
temperatures, leading to greater microscopic lengthening of the rail pad, 

while increased compression load restricts molecular mobility, resulting in 

reduced deformation due to temperature. 
 

 
 

Figure 5: The rail pad deformation for different temperature 
 

 
Temperature at 0 °C 

 
Temperature at 20 °C 

 

 
The temperature at 35 °C 

 
Temperature at 52°C 

 

Figure 6: The effect of temperature on the elongation of rail pads at a 

maximum load of 80 kN 

0.0 0.1 0.2 0.3 0.4

0

10000

20000

30000

40000

50000

60000

70000

80000

90000

L
o
a
d
 (

N
)

Deformation (mm)

 Temperature  0°C

 Temperature 20°C

 Temperature 35°C

 Temperature 52°C



Evaluating the Nonlinear Dynamic Stiffness of Rail Pad Using Finite Element Method 

165 

Table 3: Comparison of deformation differences between high and low 
temperatures for different loads. 

 

Load (N) 
Deformation 

Differences (%) 
0 °C 52 °C 

19000 0.00 0.00 0 
20000 0.03 0.09 63.98 
25000 0.06 0.15 57.87 
30000 0.10 0.18 47.20 
35000 0.13 0.21 37.39 

40000 0.17 0.24 29.94 
45000 0.19 0.25 22.90 
50000 0.21 0.27 20.73 
55000 0.23 0.28 18.45 

60000 0.25 0.30 16.80 
65000 0.27 0.31 14.94 
70000 0.28 0.33 13.30 
75000 0.30 0.34 12.65 

80000 0.32 0.36 11.91 

 

Effect of toe load  
Figure 7 shows the impact of various toe loads, 5 kN, 18 kN, and 30 kN, the 
TPE rail pad's dynamic stiffness under reference conditions (at a temperature 

20 °C). Increasing the toe load results in an increase in the vertical dynamic 

stiffness. The highest railpad deformation occurred at toe load 30 kN rather 
than 5 kN and 18 kN. The significance of the gap difference also shows the 

difference between 5 kN and 30 kN compared to 18 kN and 30 kN in its 

deformation value. The results agreed with previous work carried out by 
Sainz-Aja et al. [25] and Oregui et al. [29]. Also, it is clear that when the toe 

stress increases, the rail pad's deformation decreases even under the same 

weight. On this effect, the toe load restricts the longitudinal and lateral 
deformation of the rail pad. The restriction rises as the toe load increases the 

compress. The rail pad will likely benefit from high preloads and become 

stiffer [30]. The information about toe load and its effect on restricting rail 
pad deformation is relevant in this study as it suggests that higher toe loads, 

resulting in increased compression, can lead to greater restriction and 

stiffness of the rail pad, which can influence its deformation behaviour under 
different frequencies and temperatures. 

 

Effect of frequency  
The results for dynamic stiffness under the effect of frequency are depicted in 

Figure 8. It has been observed that the stiffness of rail pads rises with 

frequency. This supports the findings provided by previous researchers [25]. 
Dynamic loads with a frequency of 20 Hz have the lowest deformation 
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compared to 2.5 Hz. In comparison between 2.5 Hz and 20 Hz, the different 
percentage of the deformation was 7.68%. The deformation is larger for a 

frequency of 2.5 Hz and it is notable that the deformation difference does not 

have much significance when the frequency is more than 5 Hz. 
 

 
 

Figure 7: Toe load's impact on dynamic stiffness 
 

  
 

Figure 8. The effect of frequency load dependence on the dynamic stiffness 
 

Figure 9 compares rail pad deformation for different frequencies and 
temperatures, providing insights from a mechanics and materials science 

perspective regarding the effect of heat. The reference case allows for 

comparison, revealing a significant disparity in deformation between high 
and low temperatures at the lowest frequency of 2.5 Hz. Conversely, at the 

highest frequency of 20 Hz, the difference in deformation is less pronounced. 

The average difference in deformation between high and low temperatures is 
measured at 16.87% for 2.5 Hz and 8.70% for 20 Hz. These results suggest 
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that, compared to lower frequencies, higher frequencies have a reduced 
impact on the dynamic stiffness of the TPE rail pad when subjected to 

temperature variations. These findings are consistent with Squicciarini et al.'s 

research [31], indicating that temperature decreases the rail pad's shear 
modulus while frequency increases it, thus influencing the dynamic stiffness 

of the elastomeric rail pad. 

 

 
 

Figure 9: The dynamic stiffness of the rail pad at various temperatures and 

frequencies 
 

 

Conclusion 
 

The predicted trends of dynamic stiffness using the FE method were found to 

be in good agreement with previous work, indicating the accuracy of the FE 
analysis method. The TPE rail pad displays high nonlinearity and variability 

with the loading condition. Temperature, toe load, and frequencies were the 

sensible factors that were investigated. The results of the simulation allow for 
the following inferences: 

i. The TPE rail pad's dynamic stiffness reduced as temperature decreased. 

It was normal for this kind of behaviour in polymeric materials. As 
temperature varied in the range of 0-52 °C, changes in stiffness were 

seen by fixing the other variables to reference standard values. The 

results demonstrated the great thermal sensitivity of the rail pad. 
ii. Toe loading correlated with dynamic stiffness. When the toe stress rises, 

the rail pad becomes firmer. 

iii. The displacement of the rail pad changes because of the rise in 
frequency in the range of 2.5 Hz and 20 Hz, growing into a sizeable 

distortion. This demonstrates how frequency influences the pads' 

dynamic stiffness. At low frequencies, the frequency impact becomes 
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significantly different. Typically, the rail pads get stiffer as the 
frequency rises. 

In this simulation, comparing temperature and toe load, the frequency 

has a low influence on affecting the rail pad's dynamic stiffness. FE analysis, 
utilizing advanced simulation techniques and software like ANSYS, offers a 

cost-effective alternative to traditional physical testing methods in the 

railway industry. By creating virtual models of TPE rail pads and conducting 
simulations, engineers can accurately predict their behaviour under different 

operating conditions, including temperature variations. This eliminates the 

need for costly and time-consuming physical prototypes and extensive 
testing, resulting in substantial cost savings in material procurement, 

manufacturing, and experimental procedures. By integrating this degradation 

model into the FEM simulations, engineers can gain valuable insights into 
the potential degradation mechanisms of TPE rail pads, such as fatigue, 

creep, or material aging due to environmental factors. This enables them to 

forecast the performance degradation of rail pads and make informed 
decisions regarding maintenance schedules, replacement intervals, and 

overall system reliability. As a result, it might aid in the creation of decision 

support systems to improve maintenance and optimise track performance, 
hence reducing costs and prolonging the usable life of the infrastructure. 
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