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ABSTRACT

The bolster is a primary structural component in a railroad bogie, vital for transferring vertical and
dynamic loads from the car body to the wheels. This study investigates the mechanical properties
of bearings made from ASTM A148 Grade 80-50 material under vertical static loading conditions.
The simulation was performed using Finite Element Analysis (FEA) with a student edition of the
software, implementing nonlinear static analysis. The research utilized a tetrahedral mesh and
employed a Newton-Raphson iteration method. Three variables were analyzed, two of which are
dependent: VVon Mises Stress (VMS) and total deformation resulting from loading conditions. The
independent variable is the load value as per AAR M-202 criteria. The study produced two load
values: P1 =536010.7 N and P2 = 854058.8 N. The simulation results indicate that the peak average
stress in the critical region is 305.58 MPa, which remains below the material's yield strength of 390
MPa. The maximum elastic deflection recorded is 0.102 mm, significantly below the permissible
limit set by AAR M-202 regulations. Bogie bolsters that meet ASTM A148 Grade 80-50 standards
are reliable for static loads and are provided with a safety factor in accordance with AAR M-202
regulations.
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INTRODUCTION

The train is one of the most widely used forms of public transportation. The advantages of this
mode include speed, affordability, and high carrying capacity. However, trains became part of
the "human-machine-environment.” This is an important motto that leads to the operational
sustainability of transportation modes like trains. Accidents are one of the consequences of
negligence involving humans, vehicles, and the environment. Train accidents can be caused by
external or internal factors, or a combination of both 1} 12 Bl Accidents caused by external
factors include human error, damage to railroad tracks, signal system failures, and unsafe
conditions at railroad crossings. Additionally, environmental factors such as heavy rain, floods,
and significantly reduced visibility contribute to a decline in operational safety levels (. The
presence of foreign objects or wildlife on the tracks also increases the risk of accidents [,
necessitating strict monitoring and maintenance of railroad infrastructure, as well as adequate
training for operators . Internal factors, including engine failures and issues related to the
construction and structure of the railroad tracks, also contributed to the decline in operational
quality. A bogie is the undercarriage of a rail vehicle structure. The bogie supports various
loads, including the car body and moving components such as wheels, suspension systems,
braking systems, and other propulsion equipment. The function of a bogie is to control the
train's stable movement, follow the track's curves, and dampen vibrations and shock forces
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during the journey. Many train accidents involve damage to the bogie, such as cracks in the
frame, damage to the wheel axles, or wheel failure '), In addition to mechanical damage, poor
track conditions, such as cracked or uneven rails, can also cause the bogie to derail or come off
the tracks, potentially leading to serious accidents. The vertical load on a train comes from its
weight (dead load) and operational loads, which include passengers, cargo, and additional
forces generated during acceleration and braking. Proper analysis of these loads can prevent
material fatigue and structural cracks. FEA is a numerical method used to assess the behavior
of complex structures by dividing them into smaller elements. In the analysis of bogie bolsters,
FEA has proven its effectiveness in simulating actual loading conditions and comprehensively
evaluating structural strength 8. Theoretically, FEA is highly effective for analyzing and
verifying the safety of bogie bolster designs under vertical static loading, and extensive
research has been conducted on bolster loading characteristics [°1. On the other hand, the finite
element method is widely used because it is inexpensive and efficient in analyzing complex
structures 1%, This section presents a static load analysis on the bolster used for the temporary
bogie lifter made of JIS G 3192 material [*2. This analysis emphasizes structural strength,
including stress, strain, and bearing deformation on the temporary bogie and temporary bogie
lifter, using Finite Element Analysis (FEA) with Tansy software. Additionally, we compare the
structural performance of the temporary bogie design with that of the temporary bogie lifter.
The results indicate that the temporary bogie lifting design has superior capabilities, as it can
withstand static loads of up to 10 tons. Furthermore, FEA applications have been used to
analyze static loading under various conditions, including vertical loads on the UGL 60 FT
flatcar bogie. The findings indicate that the bogie structure remains safe for use on flat tracks
because the maximum stress around the springs is still below the material's yield strength of
262 MPa 31, Additionally, research using FEA software was conducted to evaluate the strength
limits of the adapter frame for the bogie bolster according to UIC 615-4 standards, considering
various load variations, including longitudinal, vertical, and lateral loads M. The analysis
indicated that the maximum stress obtained under external loads was 91.244 MPa, with a
maximum deformation of 2.7855 mm. These values remained below the material's yield
strength, indicating that the design is safe and suitable for use. Next, research was conducted
to assess the impact of multidirectional static loads in vertical, horizontal, and lateral directions
on the movement and braking of the train . Subsequently, testing was performed on the
dynamic response and lateral stability of the bogie according to AAR MSRP C standards 2],
This testing illustrates the importance of numerical analysis in determining critical areas related
to stress, strain, and deflection before field testing. Thereafter, dynamic vibration analysis was
performed using Finite Element Analysis (FEA) 7. The results provided evidence that FEA
can accurately predict stress and strain distribution through 3D modeling . The utilization of
FEA for analyzing stress and strain distribution contributes to ensuring operator safety [,
Other studies have shown a high level of accuracy in validating FEA for predicting deformation
and stress on bearings *°!. Given the accuracy of FEA results in analyzing the maximum stress
contours on high-speed train bogies, it is recommended for use in yield strength (YS) testing
of SS400 material, in accordance with EN 13749 and ASTM A148 Grade 80-50 standards, as
well as AAR M-202 29 An intriguing aspect of the bogie bolster testing is that the yield
strength was not reached under static loading, even though the SS400 material was adapted to
the EN 13749 standard. This phenomenon poses specific challenges for bogies, particularly
concerning the static loading of ASTM A148 Grade 80-50 material, which is recommended as
a substitute for SS400 according to AAR M-202 standards. This discussion is important
because the distribution of static stress, especially at critical points, is susceptible to permanent
deformation. Additionally, there is a lack of information regarding static loading, potential
permanent deformation, and stress patterns in key areas to assess whether bolster components
made from ASTM A148 Grade 80-50 can meet the static stress standards outlined in AAR M-
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202. Therefore, further research using Finite Element Analysis (FEA) is needed. This study
evaluates train bogies manufactured by PT Kereta Api Indonesia (INKA). This research aims
to analyze and evaluate the stress and deformation experienced by the bogie when subjected to
a static vertical load applied to the bolster, in accordance with ASTM A148 Grade 80-50
standards. Testing was conducted using simulations with FEA software. The analysis results
are presented in the form of images, illustrating the minimum and maximum stress distribution
as well as the deformation resulting from the vertical load.

MANUFACTURE AND SIMULATION
Bolster of Bogie Train

An important part of the traditional train bogie design is the bolster, which serves as the main
bridge between the bogie and the train body. This element ensures safe, stable, and comfortable
operation by distributing the load, allowing bogie rotation, and working with the suspension
system. According to the needs of various railroad vehicles, railroad bogie bearings can be
divided into the following categories: high-speed railroad bearings (HSTB), heavy-duty
railroad bearings (HDTB), also known as freight car bearings, and urban railroad bearings
(URTB) 24, Figure 1 shows the main components of a freight car bogie. One of the main design
principles of a bogie is its ability to evenly transfer the load from the train to the rails, thereby
reducing wear on the wheels and rails and minimizing the effects of vibration 2],

Side Frame

Bolster Spring
Wheel Shet

Figure 1. 3D Design of Main Bogie Component (a) Bogie, (b) Bolster
Research Flowchart

This study begins with a comprehensive literature review, gathering insights from prior
research relevant to the problem under investigation. Following this, a 3D model of the railway
bogie bolster was created using CAD software, based on actual dimensions. The material
properties of ASTM A148 Grade 80-50—including density, Young’s Modulus, Poisson’s
Ratio, and yield stress—were defined and assigned to the model.
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Figure 2. Research Flowchart

In the pre-processing stage of the finite element analysis, the bolster model was discretized into
smaller finite elements. Each element is governed by a local stiffness matrix [K] and force
vector [F], formulated using the Galerkin weak form to accurately represent structural behavior
under applied loads. A mesh convergence analysis was then performed to verify that the
simulation results remained consistent across different mesh sizes. This process ensures an
optimal balance between solution accuracy and computational cost. If convergence was not
achieved, further mesh refinement was conducted to improve result reliability.

Once mesh convergence was established, the simulation proceeded to the post-processing
phase, where the model was subjected to different types of loading, namely Vertical Centre
Plate Load (VCPL), Vertical Side Bearing Load (VSBL), and Transverse Load (TL). Each load
case was applied sequentially to observe its effect on the structure.

This analysis refers to two key criteria:
Oqug < Oy 1)

6‘max < 6allowable (2)

Where o,,,4 explains the average stress of the critical area under loading conditions, and o, is
the material’s yield stress. Meanwhile, &,,,, 1S the maximum deformation obtained from the
simulation, and 6,;;,whate 1S the allowable deflection limit based on AAR M-202 standards. If
either condition was not met, the design optimization step was carried out by adding fillets in
stress-concentrated areas to reduce the peak stress of the structure.

Material ASTM A148 Grade 80-50

The car bogie is designed to withstand dynamic and static loads during train operation.
Therefore, the use of materials capable of maintaining the durability and safety of the bogie
frame structure is critical. In its development, many types of materials have been applied as
bogies, including the most common, such as B and C class cast steel, as defined in the AAR
M-202 standard, with chemical and mechanical properties shown in Tables 1 and 2 231,
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Bogie bearings are typically made from materials that meet ASTM A148 Grade 80-50
standards, as well as those that meet AAR M202 standards, due to the advantageous properties
outlined in Table 3. A comparison of the material characteristics that meet AAR M202 with
those that meet ASTM A148 Grade 80-50 shows that AAR M202 materials (see Tables 1 and
2) are generally less suitable for critical requirements in the manufacture of railroad bogie
bearings.

Table 1. Chemical Composition of Cast Steel for Bolster AAR M202

Material C< Si< Mn< P< S< Cus Ni< Cr< Mo<
Grade

Class B 028 040 100 0.030 0.030 0.30 0.30 - -
Class C 028 040 150 0.030 0.030 030 035 030 0.30

Table 2. Mechanical properties of Cast Steel for Bolster AAR M202

Material Grade Class B Class C
Tensile strength >485 >620
Yield Strength >260 >415
Elongation Rate >24 >22
Reduction rate in the section >36 >45
Impact absorption >20(-7°C) >20(-18°C)

Table 3. Mechanical Properties of ASTM A148 Gr 80-50

Material Grade Value
Density (kg/m3) 113
Young's Modulus (GPa) 190
Poisson's Ratio 0.29
Tensile Ultimate Strength (MPa) 630
Tensile Yield Strength (MPa) 390

Loading Test Condition

Figure 3a illustrates the loading mechanism for the side bearings and center plate on the bogie,
following AAR M-202 standards. Figure 3b provides a free body diagram of the structure,
while Figures 3c—3f show the load on the center plate, Fso1 and Fsb2, positioned 584.2 mm from
the center plate. The forces applied to the structure are represented as Fsb1x and Fsh2x. The
reactions to the load forces at each support are indicated in two dimensions as Rix, Ry, Rax, and
Ray. This approach ensures that any deformation observed during testing is not attributed to
other loads.

The equilibrium conditions for these loading scenarios can be mathematically expressed as:
1. Equilibrium of forces in the x-direction

2E =0=R1,+R2y — Fop1x — Fepx = Fopax = 0 ©)
2. Equilibrium of forces in the y-direction

YF,=0=R1,+R2,=0 (4)
3. Moment equilibrium about the left and right support

XMpi =0 Fgpix-a— Fopx b —Fgpox ¢+ Ryt d =0 (5)
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YXMp; =0 = Foppr s (d—c) — Fcpx'(d_b)_Fsblx'(d_a)+R1x'd=0 (6)

"Here, a, b, and c represent the distances between a support (R), while d denotes the total length
between the two supports.”

Figure 3. (a) lllustration of a physical testing condition; (b) Free body diagram of the loading with the boundary
condition applied in FEA software; (c) Loading center plate; (d) Fixed support center plate;
(e) Loading side bearing; (f) Fixed support side bearing.

The applied load values for VCPL and VSBL, based on the AAR M-202 standard, are detailed
in Table 4, along with the allowable maximum deviations.

Table 4. Test Loading Values

Items Code Load (N) Deviation Maximum (mm)
. P1 536010.7 2.667
Vertical Centre Plate P3 1027500 0.635
. . . P1 536010.7 1.778
Vertical Side Bearing P> 854058.5 0635
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Formulation of the Finite Element Analysis

Finite Element Analysis (FEA) is a computational method utilized to address complex
mechanical challenges by partitioning a physical model into smaller, manageable components
known as finite elements 24?1, This technique has demonstrated high efficiency and accuracy
in the analysis of large structures, such as train bogies 22, FEA integrates mathematical
calculations of displacement, strain, and stress that arise from both static and dynamic loading
conditions. Figure 4 depicts the analysis of a railroad bogie subjected to a static vertical load
on each bearing in a three-dimensional model. In these analyses, the selection of structural
meshing is critical, as it can significantly impact the resulting data. In this instance, tetrahedral
modeling was chosen to mitigate singularities in the calculations.

The general form of the equilibrium equation in FEA states that the internal resisting force
generated by displacement (K-u) is equal to the applied external force (F), as shown in equation

(7).
K-u=F (7)

Each element in the model contributes to the overall stiffness of the structure. For solid 3D
elements (e.g., tetrahedral), the local stiffness matrix Ke is defined as

K, = J, B"-D-BdV (8)

The assumption that a material behaves in a linear, elastic, and isotropic manner facilitates the
definition of the stress-strain relationship. This relationship is essential for comprehending how
materials respond to different loading conditions, allowing for the prediction of deformation
and potential structural failure. Consequently, it plays a vital role in ensuring safety and
reliability in design.

oc=D-¢ (9)

In this context, K represents the global stiffness matrix of the entire structure, while the other
symbols denote the following: (u) the nodal displacement vector, F the external nodal force
vector, V, the volume of the element, B the strain displacement matrix, D the elasticity matrix,
o the stress vector, ¢ the strain vector, and D the elastic stiffness matrix for a 3D isotropic
material.

-
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Figure 4. 3D Solid Tetrahedral Elements Mesh
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Mesh Convergence

The quality and accuracy of the finite element analysis (FEA) of a structure are influenced by
the shape and type of the mesh, as well as the number of nodes. In this analysis, a tetrahedral
mesh 281 with an initial size of 10 mm was selected. During the convergence process, the mesh
size was adjusted, ranging from 6 mm to 1 mm. Figures 5a and 5b illustrate the general shape
of the refined mesh. Based on the convergence results, a final mesh size of 2 mm was chosen,
as demonstrated by the convergence graph in Figure 5(c). Table 5 shows the convergence of
the tetrahedral mesh of the bolster bogie structure.

2 mm mesh area

f

Transition mesh,
ranging from 2mm to
. 10 mm

(b) Global Mashing Area

Datail of the mesh transition from
coarse mash to finer

Max Von Misess Suwess (MPa)

~
)
N
e
E
-

Refinement Element Sioe (mm)

Figure 5. Mesh area of (a) 10 mm global mesh, (b) 6-2 mm refined mesh, (c) Convergence Graph

Table 5. Mesh Convergence Data

Refinement Element Size (mm) Max Von Misses Stress (MPa)
18.3
18.9
19.2
20.7
21.1
21.2

PNWk~OTO

RESULTS AND DISCUSSION
Vertical Centre Plate

Finite Element Analysis (FEA) is recognized as a method for analyzing complex and large-
scale structures. The measurement results yielded precise values for the mechanical
characteristics of this structure. This study used FEA to test the mechanical properties of the
bogie bolster, focusing on stress and deformation. Analysis of these test results yielded the
results illustrated in Figure 6. Figures 6a and 6b present the simulation results obtained from
vertical loading P1 and P3 on the Vertical Center Plate (VCP). The findings reveal critical
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stress concentrations, according to the Von Misses stress criterion, occurring in the area below
the bearing near the fixed support application (as indicated by the red circle). As a result, this
area was identified as a critical zone. The calculated average stress value (cavg) Was determined
to be 196.09 MPa for P1 loading and 305.58 MPa for P3 loading, respectively. It was observed
that the stress contours for both loads, P1 and P3, widened as the magnitude of the load
increased. This observation aligns with the research findings of other researchers, such as 16}
[17]. [18]. [29], [30]. [31]. 132 However, consistent with previous studies, plastic deformation did not
occur because the average stress (cavg) Calculated in both scenarios remained below the
material's yield strength (oy). The results are detailed in Tables 6 and 7.

- BYF

Upper side

. Average: 196.09 MPa

VERTICAL CENTER PLATE LOAD P4

5

Highest Stress Elements
Concentration
(a)

g
i Bottom side
§
: .

Highest Stress Elements

Concentration
* Average: 305.58 MPa
(b)

Figure 6. Stress Contour of Vertical Centre Plate (a) Load P1, (b) Load P3
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Figures 7a and 7b depict the deformation contours for loads P1 and P2. The figures show that
the highest deformation at the Vertical Control Point (VCP) occurs at the center of the plate,
indicated by the red color in a square inset, which corresponds to the point of load application.
As the applied load increases from P1 to P3, the deformation contours expand significantly.
This trend suggests a structural response that increases with the load magnitude, consistent with
findings from other studies [*6} [17) [18]. [2°] "yUnder the P1 loading condition, the maximum
recorded deformation is Smax = 0.482 mm, while under the P3 loading condition, the maximum
observed deformation is Omax = 0.926 mm. Other research corroborates this trend, indicating
that the cushion structure undergoes increased local bending with larger loads.
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Figure 7. Deformation Contour of Vertical Centre Plate (a) Load P1, (b) Load P3
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Vertical Side Bearing

Another aspect of the testing conducted on the bogie bolster involves loading on the vertical
side bearings, which aims to determine material characteristics in accordance with ASTM
A148 Gr 80-50 standards and adheres to AAR M-202 standards. Loading is applied by P1 and
P2 at the Vertical Side Bearing (VSB). The simulation results indicate that the critical stress
concentration matches the results obtained from the Vertical Compression Plate (VCP);
however, the VSB reveals that the critical area is more concentrated in the middle of that edge,
as illustrated in Figures 8a and 8b. In this critical zone, the average stresses are measured at
141.16 MPa for loading P1 and 204.24 MPa for P2. Furthermore, observations for the VSB
show stress contours for each load, P1 and P2, with the region of high stress expanding as the
magnitude of the applied load increases. Nevertheless, the calculated values in both cases
remain below the material's yield strength. Additionally, it was found that no plastic
deformation occurred under either loading condition, as detailed in Tables 6 or 7.

VON MISES STRESS

__BEAN

Upper Side P o g Bottom side

Average: 141.16 MPa

Highest Stress
Elements
Concentration
(a)

VERTICAL SIDE BEARING LOAD P1

BRI

Bottom side

Upper side
Average: 204.24 MPa

VERTICAL SIDE BEARING LOAD P2

Highest Stress
' Elements
Critical Area - Concentration

(b)

Figure 8. Stress Contour of Vertical Centre Plate (a) Load P1, (b) Load P2
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Figure 9. Deformation Contour of Vertical Side Bearing (a) Load P1, (b) Load P2

Figures 9a and b illustrate the deformation contours of the bogie bolster due to vertical loads
P1 and P2. The most significant deformation under VSB loading occurs in the bearing side
region directly at the point of load application. As loads P1 and P2 increase, the deformation
contours expand. This expansion indicates a structural reaction proportional to the magnitude
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of the load. Under the loads applied by P1 and P2, the maximum recorded deformation values
were for P1, 6max = 0.082 mm, and for P2, dmax = 0.132 mm.

Table 6. Von Mises Stress Results

Load Oy Gavg
Code (N) (MPa) (MPa)
Vertical Centre Plate
P1 536010.7 390 196.09
P2 1027500 305.58
Vertical Side Bearing
P1 536010.7 390 141.16
P2 854058.5 204.24
Table 7. Total Deformations Results
Ormax dAllowable
Code L(?\Ia)d (mm) (mm)
Vertical Center Plate
P1 536010.7 0.482 (elastic) 2.667 (elastic)
P2 1027500 0.926 (elastic) 0.635 (plastic)
Vertical Side Bearing
P1 536010.7 0.082 (elastic) 1.778 (elastic)
P2 854058.5 0.132 (elastic) 0.635 (plastic)

Table 7 shows that plastic deformation did not occur in any loading scenario from P1 to P2.
This is also evident in the deformation contours under VCP and VSB loading conditions, where
the stress level in the peak deformation region was below the material's yield strength o,. This
indicates that the bearing structure remained within the elastic range under all applied loading
levels.

CONCLUSION

An examination of the vertical load on the central plate and side bearings of the railroad bogie
structure has been performed. The stress and deformation analysis of the structure was
conducted using Finite Element Analysis (FEA) with a converging mesh and an element size
of 2. The simulation findings from the Vertical Center Plate (VCP) and Vertical Side Bearing
(VSB) indicate that the bolster constructed from ASTM A148 Grade 80-50 material exhibits
commendable mechanical performance under static loading conditions. The critical stress
region shows that as the applied load increases, the high-stress zone expands progressively, yet
it does not exhibit any indicators of concentration that may suggest a failure risk. Under VCP
and VSB loading conditions, the average stress (cavg) in the critical stress region for loads P1
and P2 remains below the yield strength (cy) of ASTM A148 Grade 80-50 material, which is
capped at 305.58 MPa. These observations suggest that the bearings remain within the elastic
range under all stress conditions, indicating that no permanent deformation or structural failure
is anticipated. This conclusion supports the notion that ASTM A148 Grade 80-50 is a suitable
material for bearings exposed to significant static stresses due to its high yield and tensile
strength. The existing pillow design meets the mechanical strength and safety criteria
established by the AAR M-202 standard. The selection of appropriate materials, adequate
structural rigidity, and uniform stress distribution under static loading conditions demonstrate
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that the bolster component is sufficiently reliable for rail applications. The research concludes
that the choice of material standards is a critical factor in the design of a railroad bogie structure
for its specific application. Furthermore, the selection of material standards will help mitigate
excessive deformation of the bogie, thereby ensuring safety and comfort. It is recommended
that dynamic and fatigue analyses be conducted to further verify the reliability of the bearings
under these operational conditions.
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