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Abstract. This paper presents a study of the stress-strain state and the prediction of the cyclic 
durability of a set of trolley springs for freight wagons using the finite element modeling (FEM) 
method in the ANSYS software package. The aim of the study is to evaluate the influence of 
materials (steel 55Si2 and 60Si2CrVA) on the performance characteristics of springs under static 
and dynamic loads corresponding to loaded and empty conditions of the wagon. To achieve this 
goal, parametric 3D models of springs have been created, finite element models have been 
developed, and strength and fatigue calculations have been performed. The distributions of 
equivalent stresses and deformations are analyzed, fatigue durability is predicted, and safety 
margin coefficients are determined. The results obtained make it possible to evaluate the reliability 
and durability of springs made of various materials in real-world operating conditions, as well as 
identify critical stress concentration zones. 
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1. Introduction 

Modern freight transportation is the basis of the national economy, providing transportation of 
a significant part of raw materials, materials and finished products. The reliability and safety of 
railway transport operations directly depend on the serviceability of its main components and 
assemblies [1], [2]. One of the most critically important elements of the trolley, bearing the main 
vibration and shock load, are compression springs (Fig. 1) [3], [4]. Failure of the spring can lead 
to accidents, serious economic losses and a threat to traffic safety. Therefore, an accurate 
assessment of the stress-strain state and prediction of the durability of springs are an urgent 
engineering task [5], [6]. 

 
Fig. 1. Set of external and internal spring suspension springs 

Traditional methods of spring calculation and design, based on analytical formulas and 
empirical data, often do not fully take into account the complexity of real-world operating 
conditions, dynamic loading characteristics and the influence of heterogeneity of materials [7], 
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[8], [9]. Experimental tests, although accurate, require significant time and material costs, and are 
not always available for modeling the entire product lifecycle [10], [11]. 

In recent decades, the finite element analysis (FEM) method has become a powerful tool for 
conducting a detailed study of the stress-strain state of complex structures. The ANSYS software 
package, being one of the leaders in the field of numerical modeling, provides extensive 
opportunities for creating accurate geometric models, forming computational grids, setting 
boundary conditions, and performing complex strength calculations, including fatigue life analysis 
[12], [13]. 

Despite the widespread use of FEM, there is a need for a systematic study of the stress-strain 
state and forecasting the cyclic durability of truck springs in freight wagons using modern software 
tools that take into account the specifics of loads and deformations that occur in real-world 
operating conditions [14], [15]. 

The purpose of this study is a comprehensive assessment of the stress-strain state and 
prediction of the cyclic durability of a set of trolley springs for freight wagons using finite element 
modeling in the ANSYS software package. 

2. Materials and methods 

The construction of a solid-state 3D model of a set of external and internal springs was 
performed in the Autodesk Inventor Professional software package in the compression spring 
design section. The following input parameters were used: the length of the spring in the free state, 
the diameter of the wire, the outer diameter of the spring, the number of working turns and the 
load values. The materials for the springs were steel grades 55Si2 and 60Si2CrVA, the chemical 
composition of which is given in Table 1. 

Table 1. Chemical composition of 55Si2 and 60Si2CrVA grade steels [14] 
Steel grade C Si Cr V Mn Ni Cu S P Fe 

55Si2 0.52-0.6 1.5-2.0 < 0.3 – 0.6-0.9 < 0.25 < 0.2 < 0.035 < 0.035 ~ 96 
60Si2CrVА 0.56-0.64 1.4-1.8 0.9-1.2 0.1-0.2 0.4-0.7 < 0.25 < 0.2 < 0.025 < 0.025 ~ 95 

A comprehensive analysis of the stress-strain state and an assessment of the resource 
parameters of the springs were performed using specialized software ANSYS 2021 R2, in 
particular, the Static Structural module. The procedure for dividing a constructive three-
dimensional model into discrete elements was implemented by constructing a finite element grid 
consisting of tetrahedra with an edge length of 5 mm (Fig. 2(a)).  

 
а) Finite element model  

 
b) Boundary conditions  

at a load of 26460 N 

 
c) Boundary conditions  

at a load of 9450 N 
Fig. 2. Finite element model of the spring set and boundary conditions  

The boundary conditions determining the mechanical behavior of the structure were set: the 
complete fixation of the end surface A and the application of external force to the end surface B 
(Fig. 2(b)). The quantitative values of the applied loads per typical spring set in the design 
operating modes of a freight car (fully loaded and empty) were 26460 N and 9450 N, respectively 
(Fig. 2(c)). 
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3. Results and discussions 

The results of numerical analysis under the specified operating conditions are shown in Figures 
7-14. The data obtained make it possible to compare the performance characteristics of springs 
made of different materials and evaluate their reliability in various conditions. 

The maximum deformation of springs made of 55Si2 steel reaches 98,196 mm, whereas for 
60Si2CrVA steel it is 82,217 mm (Fig. 3), which is ~16 mm less, which indicates a greater elastic 
compliance of the first set. The lower deformation of 60Si2CrVA steel is explained by a higher 
modulus of elasticity, which determines the stiffness of the material and its resistance to elastic 
deformation. The increase in the modulus of elasticity is due to the introduction of alloying atoms 
that change the interatomic distances in the Fe lattice, as well as the presence of chromium, which 
further increases this indicator [16]. The maximum equivalent stresses for 55Si2 and 60Si2CrVA 
steels are 1525.3 and 1498.8 MPa, respectively; at the same time, their conditional yield strengths 
are 1130 and 1540 MPa, which indicates the possible occurrence of plastic deformation in 55Si2 
springs and the preservation of the elastic state in 60Si2CrVA springs. The higher stresses on the 
inner side of the coils are explained by the shorter length of the inner fibers and the greater amount 
of their shear during twisting, while the maximum stresses are concentrated in the transition zone 
from the circular section to the polished end surface. 

 
а) 55Si2 b) 60Si2CrVA 

Fig. 3. Analysis of the total deformation  
of the spring set when a load of 26460 N 

 
а) 55Si2 

 
b) 60Si2CrVA 

Fig. 4. Analysis of equivalent stresses acting on the 
spring set when a load of 26460 N 

Fig. 5(a) shows that for 55Si2 steel, the zones with the least number of cycles before fracture 
are concentrated in the upper coil and on the inner side of the spring, while for 60Si2CrVA steel, 
blue areas predominate (Fig. 5(b)), indicating higher fatigue resistance under the same load. Thus, 
the spring set made of 60Si2CrVA steel is capable of withstanding up to 10 million loading cycles. 
Just as in the plots with equivalent stresses, the minimum resource of the springs is observed at 
the point of transition from the circular section to the support surface. For a set of springs made 
of 55Si2 steel, the minimum safety margin is 0.37, and for springs made of 60Si2CrVA steel – 
0.52 (Fig. 6). These values correspond to the area where the transition to the support surface is 
observed, since the continuity of the geometry of the spring coil is disrupted. The safety factor of 
the working coils exceeds one, which ensures the necessary strength of the spring set. At the same 
time, the obtained values indicate that the spring 60Si2CrVA is more resistant to fracture under a 
given load than the spring 55Si2. 

At a load of 26460 N, the spring deformation is significantly higher than at 9450 N, since 
greater force causes greater compression: for steel 55Si2, it increases from 35.07 to 98.196 mm, 
and for 60Si2CrVA – from 31 125 to 82 217 mm, and the difference between the steels is more 
pronounced at high load (Fig. 7). Equivalent stresses (Fig. 8) are also increasing in the same way: 
for 55Si2 – from 575.86 to 1525.3 MPa, for 60Si2CrVA – from 544.76 to 1498.8 MPa, and 
60Si2CrVA steel experiences slightly lower stresses. The maximum number of cycles before 
failure (Fig. 9) is achieved at low load (9450 N), while at 26,460 N the service life is shortened 
due to higher alternating voltages. The safety factor (Fig. 10) at 9450 N for 55Si2 steel is 1.05, 
and for 60Si2CrVA it is 3.8, which emphasizes the minimum strength of the first and the 
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maximum of the second; the final results are summarized in Table 3 and Fig. 11. 

 
а) 55Si2 b) 60Si2CrVA 

Fig. 5. Analysis of cyclic durability  
of the spring set when a load of 26460 N 

 
а) 55Si2 b) 60Si2CrVA 

Fig. 6. Analysis of the safety margin  
of the spring set when a load of 26460 N 

 

 
а) 55Si2 b) 60Si2CrVA 

Fig. 7. Analysis of the total deformation  
of the spring set when a load of 9450 N 

 
а) 55Si2 b) 60Si2CrVA 

Fig. 8. Analysis of equivalent stresses acting  
on the spring set when a load of 9450 N 

 

 
а) 55Si2 b) 60Si2CrVA 

Fig. 9. Analysis of the spring set  
when a load of 9450 N 

 
а) 55Si2 b) 60Si2CrVA 

Fig. 10. Analysis of the safety margin  
of the spring set when a load of 9450 N 

 

 
а) Total deformations 

 
b) Equivalent stresses 
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c) Safety margin coefficient 

 
d) Cyclic durability 

Fig. 11. Comparative diagram of the obtained results 

4. Conclusions 

1) The material of the spring significantly affects its performance. Springs made of 
60Si2CrVA steel demonstrate higher resistance to deformation and fatigue compared to springs 
made of 55Si2 steel. This is due to the higher modulus of elasticity and yield strength of 
60Si2CrVA steel. Steel 55Si2, under maximum load, can experience plastic deformations, which 
negatively affects its elastic properties. 

2) Critical stress concentration zones have been identified. The greatest stresses and the lowest 
fatigue life are observed in the transition zone from the circular section to the polished end surface 
of the coils, which is due to the geometric stress concentration.  

3) The durability of springs is predicted depending on the material and operating conditions. 
Springs made of 60Si2CrVA steel are capable of withstanding up to 10 million loading cycles at 
maximum load, which significantly exceeds the resource of springs made of 55Si2 steel. When 
the car is operated in an empty state, the durability of the springs increases significantly for both 
materials. 

4) The evaluation of the safety margin coefficient confirmed the advantage of 60Si2CrVA 
steel. Springs made of 60Si2CrVA steel have a higher safety margin, which indicates greater 
resistance to fracture under specified operating conditions. 

5) The scientific novelty of this article lies in its comprehensive application of finite element 
modeling in ANSYS to systematically analyze the stress-strain state and predict the cyclic 
durability of freight wagon trolley springs under realistic static and dynamic loading conditions, 
comparing the performance of two distinct spring steels (55Si2 and 60Si2CrVA), identifying 
critical stress concentration zones, and providing a detailed evaluation of their fatigue life and 
safety margins, thereby offering a more robust and predictive approach to spring design and 
reliability assessment compared to traditional analytical or empirical methods. 
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