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A new reduced–scale test rig is developed owing to significantly 
contribute to the applicability of the laboratory tests on rolling contact 
fatigue (RCF) in wheel-rail material. This paper introduces the dynamic 
analysis of the test rig, in order to assess the vibration behaviour of the 
system with respect to contact phenomenon. Finite element modelling 
(FEM) is used to simulate the mechanical behaviour of the test rig, 
representing dynamic response of the components under wheel impact 
loading conditions. To study the influence of scaling on the new rig, and 
to understand the functional relationships between the mechanical 
parameters, two tentative scales i.e. 1/5 and 1/7 are defined as global 
scale factors of the rig. FE models of the scaled test rig together with a 
model of actual-size railway system are analysed and their dynamic 
characteristics are compared. Based on results of dynamic simulations, a 
strong evidence of association between the chosen scale factors and 
dominant frequencies of vibrations was found. The major dynamic 
parameters of the new test rig are lastly derived based on the numerical 
investigations.  
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1. Introduction 

A considerable amount of literature has been 
published to advance the understanding of the 
influence of loading conditions on rolling 
contact fatigue (RCF) damage development in 
rail material; among them, numerous studies, for 
example [1-5], attempted to explain the rail RCF 
problem using a wide range of numerical 
methods and computational approaches. These 
works, carried out based on principles of the 
contact mechanics and fracture mechanics, 
described the contact behaviour and damage 
development of the wheel and rail materials. 
During the past three decades, a significant 
number of works has also become available on 

experimental investigation of the wheel–rail 
RCF with either full or reduced scale strategies. 
Researchers have carried out experiments almost 
from the beginning of contact mechanics 
research in railway field and various test rigs 
have been introduced until present.  

Full–scale test rigs are useful tools for 
assessing dynamic characteristics of the vehicle–
track system when their high costs are justified 
by their particular use. Where the area of 
research is rather broader, and the behaviour of a 
particular prototype vehicle is not the primary 
area of interest, then the use of a scaled test rig 
can offer a number of advantages in 
experimental studies [6, 7]. The most obvious of 
these advantages is, of course, the less space 
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occupied by the scaled rigs; this is coupled to a 
large cost saving and an ease of operability. A 
scaled rig is much easier to maintain and the 
mechanical handling of the testing facility is 
more manageable. That is also far easier to 
investigate different parameters, modify the 
testing conditions and run long-term duration 
experiments.  

In order to enhance the insight in the 
relationships among loading conditions, 
microstructural features, properties of the rail 
material and resulting RCF damage, a new 
reduced–scale test rig is developed. Experiments 
on this rig mainly aim at improving the 
predictability of RCF damage development in 
rails. The rig is capable of assessing damage 
development phases under laboratory-controlled 
conditions, and of predicting the effects of 
material microstructure on the defect initiation 
and growth. The test facility consists of several 
wheel components each of them rotating around 
a central pivot and running at a ring–shape rail 
track. A schematic view of the wheel-track 
system in the test rig is given in Figure 1. Wheel 
assemblies are composed of several 
subassemblies representative for primary 
suspensions of the railway vehicle and are 
supported by the top frame structure. It is 
possible to activate multiple wheels up to four in 
the system, moving on the track simultaneously. 
The rail track assembly is composed of different 
subassemblies likewise the components of actual 
track structure. The top surface of the horizontal 
rail ring is the running band in contact with the 
wheel tread. 

Although an extensive research has been 
carried out on experimental aspects of the RCF 
problem in rail, see some examples in [8-11], 
dynamic characteristics of the testing facilities 
did not receive enough attention until present. 
Most of the works in the technical literature 
dedicated to the results of experiments obtained 
from the test rigs, while less attention paid on 
dynamic behaviour of the rigs. This means, 
though researchers carried out different tests on 
railway rigs, less attention was paid to the 
dynamic nature of the test rigs, particularly 
when the rigs were designed or developed. This 
paper as part of undergoing researches related to 
design of the prescribed rig, examines the 

dynamic behaviour of the test facility. The main 
purpose of this study is to develop an 
understanding of the effects of different scale 
factors on the dynamics of the system. Several 
numerical models are introduced based on finite 
element method (FEM), to describe the vibration 
behaviour of the new rig with different scales. 
The influence of chosen scale strategies on 
dynamic responses are assessed.  

 

2. Scaling law  

Various scaling strategies are available for 
reduced-scale mechanisms. The starting point to 
define similarity in testing mechanisms, is the 
geometric scaling, i.e. the definition of scaling 
factors for all dimensions in the test rig. General 
scaling rules can be used to relate small-scale 
rigs to their full size equivalents. References 
[12-16] are some examples of available studies 
on scaling methodologies in railway test 
facilities. Most of these works are based on 
reducing all dimensions by the scale factor N, 
whereas material properties are kept the same 
[12]. The scaling strategy of [12, 16] is used in 
the present research to derives parameters of the 
new test rig, based on scaling are kept the same 
[12]. The scaling strategy of [12, 16] is used in 
the present research to derives factors on 
original variables. Table 1 gives the scaling 
factors of test rig parameters (such as dimension, 
mass, stiffness, damping and material 
properties), obtained using the chosen similarity 
law; see [17, 18] for details of scaling strategies. 

According to the scale factors in Table 1, one 
can see that the overall scale factor of the rig 
(parameter N) has significant influence on all 
variables. This means, the geometric and 
mechanical properties of the system are directly 
dependent upon the overall scale. To simulate 
the test rig behaviour, two tentative scales i.e. 
N=5 and N=7 were selected as the overall 3 
scale of the new rig and all corresponding 
variables were determined based on the scale 
factors in Table 1. By applying the prescribed 
values of N, results of dimensional analysis on 
the equivalent one–fifth and one–seventh scaled 
rigs are determined as listed in Table 2. The 
values of the actual vehicle–track system in this 
table are taken from [19, 20], for the wheel 

 [
 D

O
I:

 1
0.

22
06

8/
IJ

R
A

R
E

.3
.2

.9
 ]

 
 [

 D
ow

nl
oa

de
d 

fr
om

 ij
ra

re
.iu

st
.a

c.
ir

 o
n 

20
25

-0
5-

31
 ]

 

                             2 / 11

http://dx.doi.org/10.22068/IJRARE.3.2.9
https://ijrare.iust.ac.ir/article-1-147-en.html


                                                                                                                                                                     Naeimi et al. 

                                                                          International Journal of Railway Research (IJRARE)       11 

 
 

(a) (b) 

Figure 1. A schematic view of the wheel-track system in the test rig (single/multiple wheels over half of a rail 

track) 

 

 
profile S1002, rail profile UIC54E1 and concrete 
sleepers. Corresponding values of parameters for 
the scaled cases were calculated by applying 
scale factors on original quantities. 

By applying the mentioned scale factors over 
wheel–track components, the scaled geometry of 
the test rig components were determined. The 

precise target values of the geometric parameters 
in the reduced scale conditions are demonstrated 
in Figure 2. Dynamic simulations in the current 
study performed for the precise geometries of 
1/5 and 1/7 models. 

From engineering viewpoints, it is not 
possible to exactly employ the calculated 
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Figure 2. The Geometry of components in 1/5 and 1/7 scaled test rig, all dimensions in mm, (a) rails, (b) wheels, 

(c) sleepers 

geometries (nominal values) and variables of 
Table 2 and Figure 2 in the scaled cases. Indeed, 
nominal values need to be further adjusted in the 
construction stage of the rig, owing to reach 
practical parameters for convenient 
manufacturing. 

 

3. Dynamic simulation of the test 

Finite element method (FEM) is widely used 
in wheel–rail contact problem. In most of 
previous works, two solid rolling bodies are put 
together to generate an elliptic contact and 
simulate rolling condition. With the finite 

element method the half–space assumption can 
easily be dropped, and the nonlinear material 
properties can be well considered [19]. 

Furthermore, it can deal with the dynamic 
issues in contact problem by performing 
transient FE simulations. The wheel–track 
interaction was treated in [19, 20] with an 
explicit FE method. In the current research, the 
same FE approach is used for the reduced–scale 
prototypes. The hybrid multi–body–finite–
element model of half–track and one wheel, 
shown in Figure 3, is created to simulate the 
dynamic behaviour of the wheel–track system. 
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Figure 3. The hybrid model of a single wheel on a half rail track system 

 

Figure 4. FE modelling of the wheel–track dynamic interaction in various scenarios 

Table 3. Assumed parameters for dynamic simulations 

 
 

The FE models of the scaled test rig were 
built based on two scale scenarios (1/5 and 1/7) 
according to the proposed geometries of Figure 
2. Besides the scaled models, the actual-size 

model of wheel–track system was also modelled 
for the purpose of comparison. 

Three-dimensional FE analysis with explicit 
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Figure 5. Comparative results of vertical wheel–rail contact forces for the smooth rail in three FE models 

 

 

Figure 6. Distribution of nodal stress in different FE models, Von Mises stress (left), shear stress (right) 

algorithm was employed and particular attention 
was paid to the contact zone, so that a sufficient 
accuracy was obtained by applying finest mesh 
arrangement in the contact zone. 

The FE models of the discussed alternatives 
i.e. the actual-size, 1/5 scale and 1/7 scale 
models are shown in Figure 4. The smallest 
element size at the investigated zones of each FE 
model is shown below the models. Since the 
analogical models were made up of the same 
materials, vibration behaviours of the scaled 
models were maintained in similarity of the 
actual-size model. elements. Mechanical 
parameters and material properties were set in 
the models based on the values in Table 2. 

Nonlinear contact took place on the level of 
surface between the scaled wheel and rail Table 
3 gives the assumptions of dynamic simulations 
in various models. Based on this table, an 
average rolling speed of 60 km/h was considered 

for all scenarios as an operational speed 
practically conceivable in the test rig. A 
combination of vertical and tangential loads was 
applied in dynamic simulations. The vertical 
sprung mass on wheel component was assumed 
12000, 480 and 245 kg for the case 1, 2 and 3 
correspondingly (see Table 3). The dead weights 
of the wheel–rail components were 
automatically included in the numerical analysis. 
A traction coefficient (ratio of tangential to 
vertical load) of 0.15 was applied in all models. 
Frictional rolling contact problem was treated in 
all cases by assuming a constant friction 
coefficient between the wheel and rail material.  

 

4. Results and discussions  

4.1. Wheel-rail contact forces  
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Figure 7. Distributions of pressure in contact patches of three models 

 

 

Figure 8. Distributions of surface shear stress in contact patches of three models 

 

After the rolling initialization with a constant 
velocity, the dynamic simulation was started. 
Meanwhile, the required loads applied on wheel 
let it to simulate frictional rolling condition in 
the presence of normal and tangential loads. 
Dynamic forces in each FE model were obtained 
during the entire wheel passage. The results of 
the wheel–rail contact forces in three FE models 
were extracted as demonstrated in Figure 5. In 
order to display results of different models in 
this figure, the time axes were normalised by 
dividing the values over their peak quantities 
(simulation time). Moreover, the force vectors 
were normalised relative to the corresponding 
static loads (for the purpose of comparison). 
Hence, a value of the dynamic force greater than 
one represents a load increase with respect to the 

static wheel load. As shown in this figure, 
contact forces in all cases have some 
fluctuations around the static values. High 
frequency vibrations and wave propagations in 
the wheel and rail continua mainly caused these 
fluctuations. Due to higher accuracy in the 
solution zone, fluctuations were decreased in 
this part with fair attenuation rates. Although 
contact forces were quite different in various FE 
models, dynamic implication factors 
(Fdyn/Fstat) were relatively in the same range.  

 

4.2. Contact patch stresses 
To evaluate the distribution of stresses in the 

contact patches of different FE models, further 
simulations were carried out using FE models 
with higher accuracy. The size of elements in the 
contact zones reduced to a third of the previous 
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Figure 9. The amplitude spectra of the wheel–rail dynamic forces in different FE models 

Table 4. Dominant frequency contents in all amplitude spectra of the dynamic forces in smooth rail models 
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models. Figure 8 and 9 show the distributions of 
pressure and surface shear stress in contact 
patches of three models. According to these 
results, further evidences for approximate stress 
levels in different modes were observed. In 
contrast, contact patch sizes and dimensions 
were far smaller in the scaled models than the 
actual system. The reduction rates were 
according to the same scale factors that applied 
on geometries (Table 1). 

 

4.3. Frequency responses  

Performing a fast Fourier transform (FFT) 
analysis, dynamic wheel–rail forces were 
transformed to the frequency domain and the 
results in different FE models were compared. 
The amplitude spectra of dynamic forces are 
shown in Figure 9. To compare frequency 
contents of the forces in various models, 
locations of the dominant frequencies (with peak 
amplitudes) marked as f1 to f6 in each diagram. 
A wide range of frequencies starting from zero 
to 30 kHz was considered owing to cover all low 
frequency and high frequency contents, 
particularly for the scaled cases.  

The magnitudes of dominant frequencies in 
all curves were determined and the results were 
summarized in Table 4. This table compares 
frequencies of the vibration in three FE models. 
To identify the relationships between dominant 
frequencies, ratios of frequencies relative to the 
actual case are also given in the table.  

From the data in Table 4, it is apparent that 
there is a significant difference between average 
frequencies of the models. Comparing the 
results, an evidence of linear scaling on 
frequency values were distinguished. Apart from 
two first dominant frequencies f1 and f2, the rest 
of frequencies in the scaled models had near 
ratios relative the actual case. The average ratios 
of the dominant frequencies in the 1/5 and 1/7 
scaled models were 5.03 and 7.10 relative to the 
actual case, respectively. Note that f1 and f2 
results were excluded from average calculations 
as outliers. Obtained ratios were fairly close to 
the overall scale factors of the test rig in two 
scaled scenarios (N=5 and N=7). This finding 
confirms the anticipated association between the 

scale factor and the frequency parameter and 
supports the previous expectation of linear scale 
on frequency in Table 1 (ϕf=N). 
 

5. Conclusions  

A new reduced–scale test rig consisting of 
rotating wheel components on a ring–shape rail 
track system was developed for wheel-rail 
contact studies. Applying the scaling law, 
geometries and mechanical properties of the 
small-scale test rig was determined. Using finite 
element method, the transient dynamic behavior 
of the test rig models and the actual railway 
were studied. Dynamic forces, stress levels, 
contact patch sizes and frequency contents of 
dynamic forces in the test rig models compared 
to the results from the actual railway system. 
The results of dynamic simulations confirmed 
predictions of scaling factors on different 
variables according to the selected scaling law:  

1) The stress levels of the wheel-rail material in 
the test rig environment were relatively identical 
to the actual railway. This was a significant 
advantage of the selected scaling strategy, 
confirmed by the numerical simulations.  

2) A linear increase in the frequency contents 
with the scale factor of N was observed almost 
for all the transient simulations.  

3) The scale factors on dynamic forces were in 
the order of 1/N2.  

4) Reverse-linear scale factors of 1/N were 
observed on the dimensions of contact patches in 
different cases.  

Taken together, these findings support the 
effectiveness of the chosen scaling strategy for 
the test rig in terms of dynamic behaviors and 
parameters.  
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