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Abstract

The railway suspension system is designed to reduce vibrations and shocks that occur when a train
traverses the tracks. Given the high level of vibrations experienced by trains at high speeds, it is
crucial to develop an effective suspension system to mitigate these vibrations. Previous studies
focused on static analysis of the locomotive’s primary suspension spring. However, static stress
analysis failed to reveal the cause of material failure, necessitating a dynamic analysis. This study
focuses on the dynamic modelling and analysis of the primary suspension spring made of 46SiCrMo6
steel. The simulation tests were conducted using Ansys Workbench for modal and harmonic response
analysis, while the geometric design of the spring was done in Inventor. The results showed that
during modal analysis testing, the spring exhibited six natural frequency modes, corresponding to the
train's bumping and turning conditions. The simulation of the 46SiCrMo6 steel spring indicated
deformation in the middle coil, where strain occurred, leading to frequent material failure in these
parts.
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1. Introduction

The railway transportation system is the backbone of smart cities and one of the
primary modes of transport in many countries worldwide [1]. This system has existed
for centuries and has undergone significant developments over time. In recent decades,
railway technology and speed have changed dramatically [2]. as evidenced by the
development and operationalization of the Jakarta-Bandung high-speed railway. This
project represents a significant step in transportation infrastructure development and is
expected to have a positive impact on society.

Although the use of railway public transportation is often encouraged, the travel
experience is not always optimal in terms of comfort [3]. Every mode of transportation
has aspects that need improvement or enhancement, and in the context of modern
transportation industry development, the integration of transport systems is essential for
advancing railways [4]. In some large islands or coastal regions, railways can be part of
a multimodal journey involving sea transport, such as ferries or cruise ships, where this
integration is crucial for long-distance freight transport.

As railway travel distances increase, the stability of high-speed trains becomes a
primary objective in optimizing bogie suspension parameters [5]. When trains operate
at high speeds, the frequency of external stimuli approaches the natural frequency of
critical bogie components, leading to vibrations [6]. Vibrations in the bogie and
wheelset can cause high levels of wheel wear [7], where the mechanical performance of
the bogie directly affects the safety and comfort of train operations [8]. Short-
wavelength rail corrugations induce strong vibrations in the axle boxes and bogie
frames, accelerating fatigue failure in bogie components and the train frame [9].
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Enhancing wheel conicity and damping can reduce unstable, low-frequency vibrations
in long trains [10]. Therefore, vibration analysis is crucial to improving comfort during
train operations.

Due to the high vibrations experienced during high-speed train operation,
developing a suspension system to mitigate these vibrations is essential [11]. The
dynamic behavior of trains heavily relies on suspensions that ensure stability and,
consequently, driving safety [12]. The suspension system is designed to reduce
vibrations and shocks as the train traverses the tracks, with the primary goal of
enhancing passenger comfort and protecting the train structure from shock-induced
damage. Therefore, the flexibility of the body and the suspension system are critical in
achieving driving comfort [13]. Although many effective bogie suspension systems
have been developed to improve ride comfort, certain aspects still require improvement
[14]. Thus, a thorough analysis is needed to identify the most suitable suspension
structure [15].

Previous studies have focused on the static analysis of the primary suspension
springs in locomotives [16]. Static load analysis is used to evaluate the response of a
structure to applied loads. However, this analysis has not fully revealed the causes of
material failure, necessitating a dynamic analysis [17]. The material used in testing is
also a critical factor.

The current study involves dynamic modelling and analysis of the primary
suspension spring using 46SiCrMo6 steel [18]. 46SiCrMob6 steel is a high-alloy steel
that meets EN 1.8065 standards, commonly used in manufacturing due to its superior
mechanical properties, such as high hardness and optimal toughness after hardening and
tempering processes. This material is well-suited as the primary material for train bogie
springs.

Testing the spring under various field conditions, such as during turning and
bumping, is crucial to understanding the material's limits. Therefore, comparisons of
stress, deformation, and natural frequency of the primary spring are studied to determine
the most suitable material.

2. Methods

This research conducted dynamic simulations of a primary suspension of
46SiCrMo6 steel spring for locomotive applications. It was conducted using Ansys
Workbench. The mechanical properties of 46SiCrMo6 steel were defined within the
data module, including Young’s modulus, yield strength, and tensile strength.
Meanwhile, the geometric design of the spring was created using Inventor. Several
reference data points were required to conduct this research. The geometric model of
helical spring dimensions was developed. Boundary conditions were applied by fixing
one end of the spring and allowing vertical movement on the other, while dynamic
loading conditions were simulated using time-dependent or vibration-based forces.

Table 1 presents the dimensions of the helical spring used in this study. These
dimensions are crucial to ensure accuracy in the simulation and geometric design of the
primary suspension spring.
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Table 1. Helical Spring Dimensions

Description Dimension

Wire Diameter (d) 33.5 mm

Outer Diameter (Do) 244.5 mm

Mean Diameter (D) 211 mm

Free Height (Hf) 360 mm

Test Load (W) 19.6 KN (per spring)
Number of Active Coils (n) 8

Pitch 63 mm

Additionally, each spring possesses specific material properties necessary for testing. In
this study, three different materials were compared, one of which is 46SiCrMo6 steel,
with material properties as shown in Table 2.

Table 2. Material Properties of 46SiCrMo6 Steel

Description Dimension
Tensile Strength 1850 MPa
Yield Strength 1400 MPa
Young’s Modulus (E) 200 GPa
Density (p) 7800 Kg/m?
Poisson’s Ratio 0.3

In this study, the modelling was conducted in stages, carefully considering the
experimental setup to match the original form of the object under investigation. The
research process began with determining the geometry based on the railway spring
design, referencing relevant journals. The modelling was then carried out using CAD
software Autodesk Inventor 2017, with the generated geometry exported in .stp file
format. This geometry was subsequently converted from a solid to a surface model
using Ansys software. The modelled spring was simulated using Ansys, employing the
Finite Element Analysis (FEA) method. The meshing process was conducted with
Ansys software to ensure the accuracy of the simulation. Following this, modal analysis
was performed by testing six natural frequency modes, and the results were linked to the
harmonic response according to the dynamic scenario set for the study. The simulation
results processed by Ansys were then thoroughly analyzed to achieve the objectives of
this research.

This comprehensive approach was aimed at giving deep insights into the dynamic
performance and durability of 46SiCrMo6 steel springs in locomotive suspensions. It
supports the design optimization and reliability improvements. The steps for conducting
this research are depicted in Figure 1. It initiated with identification and problem
formulation, material preparation according to the properties, and selection of
46SiCrMo6 steel, determining modelling, meshing, boundary conditions, processing
modal analysis, obtaining the results, and discussing them.
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Figure 1. Flowchart of research process

Figure 1 represents the structured research methodology in conducting the research
on the dynamic simulation of a locomotive’s primary suspension spring made from
46SiCrMo6 steel. The problem identification and formulation establish the research
objective and scope for determining the materials for the locomotive spring. The next
step is a discussion of material properties. It focuses on the selected 46SiCrMo6 steel as
it has high strength and fatigue resistance properties. The 3D model of the suspension
spring is subsequently created to do simulation, and the meshing process is applied to
discretize the geometry for finite element analysis. After defining appropriate boundary
conditions, the simulation is conducted for modal analysis processing. It is the
determination process of natural frequencies and mode shapes of the spring.

The review of modal analysis results is conducted in the next step. It is important to
set up the subsequent harmonic response analysis. Another set of boundary conditions is
applied to stimulate the constraints and dynamic loading. The harmonic response
analysis is a process to evaluate the spring behaviour under varying frequency
excitation. It particularly focuses on amplitude and stress response. At last, the results
and discussion phase interpret the simulation data.
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3. Results and Discussion

In the modal analysis, testing data were obtained across six modes, with each
material yielding different results. The six modes provided natural frequency (Hz) and
deformation (mm) results as Figure 2.

In Mode 1, as shown in Figure 2 (a), the largest deformation occurred in the middle
of the spring with a frequency of 49.785 Hz. In Mode 2, as shown in Figure 2 (b), the
largest deformation was observed on the side of the middle spring with a frequency of
55.29 Hz. In Mode 3, as shown in Figure 2 (c)4, the largest deformation again occurred
in the middle of the spring with a frequency of 64.399 Hz. In Mode 4, as shown in
Figure 2 (d), the largest deformation was located on the side of the middle spring with a
frequency of 64.578 Hz. In Mode 5, as shown in Figure 2 (e), the largest deformation
occurred at the top and bottom of the spring with a frequency of 96.269 Hz. In Mode 6,
as shown in Figure 2 (f), the largest deformation was again observed on the side of the
middle spring with a frequency of 101.76 Hz.

E: Modal

Total Defarmation 1
Type: Total Deformation
Frequency: 49,785 Hz

E: Modal

Total Deformation 2
Type: Total Deformation
Frequency: 55,29 Hz
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Type: Total Deformation
Frequency: 64,399 Hz
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4.9936 - 20 50183
3,0040 2113 40146
2.0063 2 70 3.011
1.0075 3 2.0073
0.09873 0 Min 1.0037
0 Min 0 Min
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9,0837 8.584 0,7705
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4.0018 4,202 4,6893
31,7439 3.219 3.6673
24959 2146 24440
1.248 1.073 1.2224
0 Min 0 Min 0 Min
(d) (b) (H

Figure 2. Modes: (a)Mode 1, (b) Mode 2, (c) Mode 3, (d) Mode 4, () Mode 5,

(f) Mode 6
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Once the analysis data were obtained, all the data were grouped by type, as shown
in Table 3. Table 3 presents the frequency data for 46SiCrMo6 steel, and deformation
data.

Table 1. Frequency data for 46SiCrMo6 steel and deformation
Mode  46SiCrMo6 46SiCrMo6

steel steel
1 49.785 8.9886
2 55.29 12.339
3 64.399 9.0329
4 64.578 11.232
5 96.269 9.657
6 101.76 11.002

After all the data were categorized, the next step was to analyze the data in the form of a
graph, as shown in Graphs 1, 2, 3, and 4.
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Graph 1. Frequency Comparison with Material

Graph 1 shows that the natural frequency from the modal analysis of the
46SiCrMo6 material tends to increase with each subsequent mode. This graph
represents the relationship between vibration mode and the natural frequency, which is
determined in Hertz. It is the data of the frequency results of a suspension spring made
of 46SiCrMo6 steel. It is commonly used in locomotive applications. The first mode
occurs at 49.785 Hz and mode 2 at 55.29 Hz. Meanwhile, modes 3 and 4 have very
close values. They are 64.399 Hz and 64.578 Hz, respectively. It indicates the
possibility of symmetric vibration patterns. The fifth mode shows a significant incline in
frequency to 96.269 Hz. It proposes a higher-order deformation pattern with a more
rigid response. This frequency distribution provides essential information for dynamic
analysis, as a resonance occurs when excitation frequencies match these natural
frequencies.
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Graph 2. Deformation Comparison Graph with Material

Graph 1 and 2 show that the maximum deformation in the modal analysis of the
46SiCrMo6 material shows a fluctuating pattern, rising and falling with each mode.

Modal analysis was conducted to identify the natural frequencies and mode shapes
of the spring. This is necessary because resonance occurs if the excitation frequency
matches one of the natural frequencies, leading to large-amplitude oscillations.
Following the modal analysis simulation, the next step was to simulate the harmonic
response. This section aims to determine the frequency and amplitude of the material
test. The identification of resonant frequencies and the assessment of vibration
amplitude were conducted to analyze the output of the harmonic response simulation.
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Graph 3. Amplitude vs. Frequency Comparison for Deformation

Graph 3 presents the relationship between amplitude and frequency in the deformation
of a primary suspension spring in locomotives. It shows a clear resonance behavior.
According to this graph, the highest amplitude was recorded at 487.91 mm with a
frequency of 50 Hz. It indicates a strong resonant frequency in the spring where it
experiences maximum deformation due to dynamic excitation. The lower peak of the
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resonant is at 240 mm, which appears shorter after the first. It offers the presence of
another natural frequency or a harmonic. Apart from these peaks, the amplitude reaches
almost zero across the remaining frequency range. It shows the drop-off values of
amplitude in different frequencies. The decreased values of amplitude in these
frequencies indicate that the suspension spring system has less response to frequencies
outside the resonant range.
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Graph 4. Amplitude vs. Frequency Comparison for Von-Mises Stress

Graph 4 displays the relationship between frequency and amplitude from the Von-Mises
stress of the primary suspension spring in the locomotive. The graph shows two
different resonance peaks. It indicates frequencies where the spring experiences
significant stress amplification due to dynamic excitation. The first peak occurs at 50 Hz
with 171.0 mm amplitude. Meanwhile, the highest amplitude was recorded at 1231.5
mm with a frequency of 96 Hz. It represents the primary resonant frequency at which
the spring is most vulnerable to stress-induced deformation. Beyond 120 Hz, the
amplitude sharply drops off and remains low. It shows the stable behaviour in those
areas. The identification of resonant frequencies is important in locomotive suspension
design as the operation near this part leads to excessive stress, fatigue, or failure of the
suspension spring.

4. Conclusion

In this study, the analysis was conducted on the primary suspension spring of a
locomotive to determine the natural frequency through modal analysis, deformation,
and von Mises stress in harmonic response analysis. The analysis was carried out using
three different materials with the Ansys application, and the conclusions drawn are as
follows:

From the modal analysis, it was found that the spring experiences six natural
frequency modes, representing the train's condition during bumping and turning. The
deformation point on the spring most frequently occurs in the middle coil, where strain
causes frequent material failure.

In the modal analysis, the maximum deformation occurred in mode 2 at 12.339
mm, while the highest frequency occurred in mode 6 at 101.76 Hz. Meanwhile, in
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harmonic response analysis, the highest amplitude for deformation was recorded at
487.91 mm with a frequency of 50 Hz. Meanwhile, the highest amplitude for von Mises
stress was also recorded at 487.91 mm with a frequency of 50 Hz. The dynamic
simulation of the spring was conducted using 46SiCrMo6 steel, indicating that further
research should be conducted using different materials.
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