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Abstract. The paper analyses foreign removable body designs whose technical solutions were
adopted in the modelling of the load-bearing elements of a freight car removable body. Virtual
models were developed and analysed in SolidWorks Simulation using the finite element method.
The simulations enabled identification of stress concentration zones, safety factors, and fatigue
resistance indicators under operational loads while considering detailed kinematic boundary
conditions and realistic fastening parameters (hinged or rigid). Particular attention was given to
the frame as the primary load-bearing element; static analysis showed a maximum von Mises
stress of 471 MPa at a permissible value of 473.3 MPa, corresponding to a safety factor of 1.5,
while the end walls, crossbeam and sliding doors met applicable technical and regulatory
requirements. The results confirm the reliability of the proposed design and provide a basis for
further optimisation of metal consumption without compromising strength compliance.

Keywords: removable body, modelling, design, frame, finite element analysis, operational load,
stress-strain state.

1. Introduction

Improving the efficiency of freight transportation and increasing the throughput and carrying
capacity of heavily loaded railway sections under rolling stock shortages requires infrastructure
modernisation, integration of international railway networks, and the introduction of innovative
rolling stock with improved technical and economic characteristics [1, 2]. Wagons with removable
and interchangeable bodies are particularly promising because they reduce downtime during
seasonal fluctuations by minimising loading and unloading time and labour when changing cargo
types. Recent international studies confirm the effectiveness of this approach: European
researchers focus on modular freight wagon concepts, American studies emphasise lightweight
aluminium and composite structures, and Chinese works investigate sensor-based monitoring and
Al-assisted weight optimisation of freight bodies [3-6]. This study investigates the strength
characteristics of the load-bearing elements of a freight car removable body using the finite
element method implemented in SolidWorks Simulation [7]. The methodology includes 3D
modelling, material definition, boundary conditions [8], load application, and stress-strain
evaluation based on the von Mises criterion to identify critical zones, verify strength, and optimise
structural parameters in accordance with regulatory requirements.

2. Methodology and results

Based on a review of existing removable and replaceable body designs, taking into account
their advantages and disadvantages [9, 10], it was decided to develop a new design for a removable
body (Fig. 1) with sliding side walls and a roof, allowing the transport of various packaged and
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palletised cargoes requiring protection from atmospheric precipitation, with their fastening in
accordance with technical requirements and standards.

Fig. 1. Virtual model of the removable body loaded with packaged and palletised cargo

The removable body was designed and analysed using parametric modelling in SolidWorks.
The structure consists of a frame, two end walls, a crossbeam, and four sliding roof-integrated side
doors [11]. The load-bearing elements are fabricated from high-strength steel profiles [12, 13] by
semi-automatic welding. The end walls consist of box-section beams with arched upper members
and are equipped with eight fittings for securing and lifting operations, while the side walls are
designed as independent sliding doors with roller suspensions and locking devices. The selection
of the main load-bearing elements [14, 15] was based on a comparative analysis of four frame
variants with identical dimensions (12,200%3,200x180 mm). Strength analysis was carried out
under operational loads (Fig. 2) and kinematic boundary conditions, with hinged supports and
uniformly distributed vertical loading accounting for the self-weight of the structure.
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¢) Third option d) Fourth option
Fig. 3. Critical stress concentration zones in the analysed removable body frame variants

Strength analysis of the removable body frames (Fig. 3) made it possible to identify the most
highly stressed areas and structural nodes of the analysed variants, requiring reinforcement or

684 ISSN PRINT 2345-0533, ISSN ONLINE 2538-8479



STRUCTURAL STRENGTH ANALYSIS OF REMOVABLE FREIGHT CAR BODY USING FINITE ELEMENT MODELING.
OLMOS ZAYNITDINOV, RUSTAM RAHIMOV, DIYOR ZAFAROV, GEORGE TUMANISHVILI

design modification [16]. The maximum stresses were concentrated in the joints between the
longitudinal and transverse end beams.

Stress-strain analysis showed that maximum equivalent stresses [17] are concentrated in the
welded joints of the main longitudinal and transverse beams. To improve load-bearing capacity,
high-strength AISI 4340 steel was selected for the principal beams, while intermediate members
were designed from standard rectangular tubular profiles, enabling local strengthening with
reduced overall metal consumption. However, the use of AISI 4340 is limited by reduced
weldability and strict technological requirements, including preheating to 250-300 °C, controlled
welding with chromium-molybdenum filler, and post-weld heat treatment (550-650 °C) to relieve
stresses [18, 19]. The comparative strength results of the proposed frame variants, reflecting
differences in load paths, joint stiffness and material distribution, are presented in Table 1.

Table 1. Results of strength calculations for removable body frames

Test parameters a ‘Framg des1£‘gn olztlons‘ d
Applied load, kN 200
Yield strength of material, MPa 710
Permissible stresses, MPa 473.3
Maximum stress at joints, MPa 583 623 631 422
Safety factor 0.7 1.6 1.1 24
Frame weight, kg 1,339 4,054 5,871 3,088
Criterion for completion of cyclic tests until the structure loses stability
Elements 96,391 | 93,116 | 16,904 | 66,446
Assemblies 192,274 | 185,327 | 29,583 | 120,995

Analysis of Table 1 confirmed the optimality of the fourth frame variant, which exhibited the
lowest stress concentration at critical joints and the highest safety factor (2.4), and was therefore
adopted as the basic design. A comprehensive FEM-based assessment, including static and cyclic
analyses, was performed to evaluate the fatigue resistance of the end wall frame. The square-
section beams and arched upper ties provide a rational stiffness distribution under tension and
bending, which is consistent with published studies on framed freight structures [20]. Under the
adopted standard-based boundary conditions (Fig. 4(a)), the end wall was supported on hinged
fittings, and tensile forces of 120 kN were applied to the upper fittings with load coefficients in
accordance with standards [14, 15]. Additional bending analysis using horizontal loads of 80 kN
simulated inertial effects, enabling evaluation of structural stability and prevention of residual
deformations in critical joints. The equivalent von Mises stresses are shown in Fig. 4(b).
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a) Calculation diagram for tension b) Stress-strain state
Fig. 4. Boundary conditions and equivalent stress distribution in the removable body end wall

Galvanised steel sheet (1.5 mm) was used for end wall cladding, increasing rigidity and
corrosion resistance. Analytical tensile and bending simulations showed a maximum equivalent
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stress of 66 MPa in the upper frame near the crossbeam attachment, which is within the elastic
range and well below the yield strength, ensuring a sufficient safety margin [21]. Fatigue analysis
at N = 10° cycles revealed no critical damage zones, confirming structural reliability.

The load-bearing capacity of the AISI 4340 steel crossbeam was also evaluated. FEM analysis
under kinematic boundary conditions (Fig. 5) with a uniformly distributed load of 200 kN
simulated compressive forces during lifting, enabling assessment of bending stiffness and
operational reliability.

/
P=200 kN
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Fig. 5. Kinematic boundary conditions of the crossbeam during strength calculation

The calculations produced equivalent von Mises stress distributions (Fig. 6(a)) and the static
safety factor of the crossbeam structure (Fig. 6(b)).

a) Equivalent stresses b) Safety factor
Fig. 6. Equivalent stress distribution and safety factor of the crossbeam

Strength analysis of the crossbeam showed a maximum equivalent stress of 368 MPa at a
permissible value of 473.3 MPa, corresponding to a safety factor of 1.9 and full compliance with
regulatory requirements. FEM analysis was also performed for the sliding side doors designed to
enable loading and unloading through the upper opening. Each door is hinged to the body frame
at the lower part and fixed to the crossbeam at the upper part. To reduce weight while maintaining
strength, the doors were manufactured from 6063 aluminium alloy with hollow profiles and
1.5 mm corrugated sheet cladding [22, 23]. Strength and durability were evaluated under
distributed outward forces of 10 kN simulating inertial loads during uneven train motion. The
simulation identified stress concentration zones at joints and attachment points and assessed
structural rigidity under bending. The results are presented in Fig. 7.

a) Stress-strain state b) Fatigue strength
Fig. 7. Equivalent stress state and fatigue strength of the removable body sliding doors
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The strength analysis of the sliding door structural elements showed that the highest equivalent
stresses occur at the roller support attachment points, reaching 111 MPa, which agrees with the
typical localisation of peak stresses in movable aluminium-framed panels and remains below the
permissible limit of 140 MPa. Fatigue strength analysis also demonstrated that the fatigue safety
factor significantly exceeds unity, confirming reliable and trouble-free operation of the sliding
doors throughout the entire service life of the removable body.

3. Conclusions

Strength investigations of the load-bearing elements of the removable body were performed
using the finite element method in the SolidWorks environment. Finite element models of the
main structural components were developed to evaluate their strength characteristics and construct
equivalent von Mises stress distribution diagrams. Comparative strength analysis of four frame
variants showed that the fourth design provides the most favourable stress distribution and safety
factor. Analysis of the stress distribution in the body frame, end walls, crossbeam and sliding
doors under operational static and dynamic loading conditions confirmed that the maximum
equivalent stresses do not exceed the permissible values of the selected materials. The developed
numerical models proved to be adequate, and the obtained results demonstrate high operational
reliability of the structure while ensuring optimised metal consumption and efficient performance
under static and dynamic loading conditions.

For the selected fourth frame variant, the maximum equivalent stress reached 422 MPa at a
permissible value of 473.3 MPa, with a safety factor of 2.4, which justifies its adoption as the base
design. For the crossbeam under a design load of 200 kN, the maximum equivalent stress was
368 MPa with a safety factor of 1.9. In the end wall frame, peak stresses did not exceed 66 MPa
and were localised near the crossbeam connection, confirming a high static strength margin. For
the sliding doors, the maximum equivalent stress reached 111 MPa at the roller support attachment
points, with a permissible value of 140 MPa, while fatigue analysis confirmed reliable operation
of the structural elements throughout the service life. The obtained results can be used for further
local weight optimisation of the structural geometry, reduction of metal consumption, preparation
of design documentation, and future experimental validation of the proposed design.
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