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Abstract. This study presents an analysis of the static strength of the underframe of the motorized 
dumpcar used in PE2M and PE2U industrial traction units by applying the finite element method 
(FEM). The analysis was conducted to determine the stress–strain state of the underframe structure 
under the action of vertical operational static loads that continuously affect its supporting 
elements. A three-dimensional model of the dumpcar’s main underframe was developed in 
SolidWorks. A corresponding finite element computational model was then created in ANSYS 
Mechanical, taking into account realistic boundary conditions and material properties. To evaluate 
the structural safety margin, the maximum equivalent (von Mises) stress and the total deformation 
were determined. The results indicate that the highest stress values occur near the joints between 
the central beam and the transverse subframe brackets. The obtained stress levels remain below 
the yield strength of the material, confirming that the frame possesses sufficient static strength. 
The findings of this study can be applied to optimise the design of the dumpcar’s underframe, 
enhance its operational reliability, and extend its service life.  
Keywords: industrial traction unit, industrial electric locomotive, industrial railway transport, 
quarry transportation, PE2U, PE2M, Finite element method, static strength, frame structure, stress 
analysis, deformation. 

1. Introduction 

At present, industrial traction units are widely used for freight transportation at major 
enterprises in Uzbekistan, such as Uzbekcoal JSC and Almalyk Mining and Metallurgical 
Complex JSC. These enterprises mainly operate traction units of the PE2M, PE2U, and MPE2U 
series for the transportation of various materials within mining facilities [1]-[3]. These types of 
traction units are designed for industrial railways electrified by direct current systems of 1500 V 
or 3000 V and were developed based on the PE2 series traction unit [4]-[6]. 

Industrial traction units play an essential role in the transportation of heavy loads, ensuring 
continuous operation in technological processes, and improving production efficiency. Their 
operational reliability primarily depends on the strength of their load-bearing structures, 
particularly the underframe elements [7]-[12]. During operation, the frame is constantly subjected 
to vertical, longitudinal, and transverse loads, which cause the development of static and dynamic 
stresses within the structure [13]-[16]. 

Traction units of the PE2M and PE2U types, especially those equipped with motorized 
dumpcars, operate under complex external loading conditions. Therefore, the underframe must be 
structurally optimal, durable, and well-adapted to real operating environments. Determining the 
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stress–strain state of the frame elements and evaluating their static strength are crucial during the 
design phase. Traditional analytical methods are insufficient for analysing such complex 
structures, making the application of modern computational tools – particularly the Finite Element 
Method (FEM) – the most effective approach [17]. Furthermore, according to international 
standards [18], [19], performing structural analysis of locomotive load-bearing frames using FEM 
is a mandatory requirement. 

The finite element method enables the determination of stress and deformation distribution 
within the structure with high precision, assessment of the safety margin relative to the material’s 
yield strength, and identification of critical stress concentration zones [20], [21]. Consequently, 
evaluating the stress state of the motorized dumpcar underframe of PE2M and PE2U traction units 
under static loading conditions through numerical modelling represents a relevant and practically 
significant research task. 

The primary objective of this study is to assess the static strength of the motorized dumpcar 
underframe used in PE2M and PE2U industrial traction units based on the finite element method. 
The analysis focuses on evaluating the stress distribution and identifying the most heavily loaded 
regions of the frame. Based on the obtained results, recommendations will be developed to 
improve the structural reliability and extend the service life of the frame. 

2. Materials and methods 

2.1. Design and structure of the motorized dumpcar underframe 

The underframe (Fig. 1) serves as the main load-bearing element of the dumpcar body and is 
designed to support various types of loads. It consists of a central beam, cantilever-welded upper 
frame support brackets, sidewall-opening mechanism brackets, and tilting cylinder brackets. The 
structure also includes reinforced housings with forged brackets for coupling devices, central and 
side support cones, stopper brackets that limit the rotation angle of the bogie in case of derailment, 
mounting platforms for barriers, a hand brake bracket, and channels for air pipes and electrical 
wiring installation [22]. 

The central beam of the underframe is composed of two 55B2 I-beams and upper and lower 
plates with thicknesses of 16 mm and 20 mm, respectively, forming a box-shaped cross-section. 
A reinforcing plate is welded to the inner side of the lower plate, while gussets are welded between 
the webs of the I-beams to allow the passage of pneumatic pipelines. In addition, diaphragms are 
installed in the most heavily loaded sections to ensure the stability of the beam’s transverse cross-
section. Flanges with a thickness of 16 mm are welded to the outer surface of the lower plate to 
mount the central supports. 

All load-bearing elements of the frame are made of 09G2 low-alloy structural rolled steel, 
whereas the cast central support components are made of 20L steel [22]. The areas beneath the 
machinery compartment are equipped with bearing surfaces for the motor-fan assembly, along 
with openings designed for air ducts and the routing of electrical and pneumatic systems.  

Table 1. Mechanical properties of materials used in the frame structure analysis 
Material 

grade 
Yield strength, 𝜎଴.ଶ 

[MPa] 
Ultimate tensile strength, 𝜎௎்ௌ [MPa] 

Elastic modulus, 𝐸 
[GPa] 

Poisson’s 
ratio, 𝜇  

09G2 305 440 210 0,3 
20L 216 412 175 0,3 

2.2. Static loading scheme of the motorized dumpcar underframe 

The mean stress of the cycle, denoted as 𝜎௠, is assumed to be equal to the stress resulting from 
the constant vertical static loads, i.e., 𝜎௠ = 𝜎௦௧ [23]. These stresses represent the static component 
of the total load acting on the structure during operation. According to the strength requirements 
for metallic structures, the value of 𝜎௦௧ must not exceed 60 % of the material’s yield strength [24], 
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[25]. 
The static loads were determined based on the weight distribution data of the motorized 

dumpcar provided in Table 2. These loads account for the influence of the car body weight, 
payload, and additional masses acting through the centre sill, supporting brackets, and central 
support pivot zones. The obtained data were subsequently used for the finite element model setup 
and strength verification of the underframe structure under service-like loading conditions. 

 
Fig. 1. Motorized dumpcar underframe [22]: 1 – coupling housing; 2 – central support pivot; 3 – electrical 

wiring channel; 4 – center sill; 5 – hand brake bracket; 6 – air duct for traction motors; 7 – machinery 
compartment area; 8, 9 – tilting cylinder brackets; 10 – sidewall opening mechanism bracket;  

11, 12 – upper frame (underbody) support brackets 

Table 2. Weight data of the motorized dumpcar, ton 
Loaded mass of motorized dumpcar, 𝑀ெ஽ 

Payload capacity, 𝑀௉௅ 
Bogie mass, 𝑀஻ 

Underframe mass, 𝑀௅ி 
124 45.5 24.5 8.13 

The total weight force of all the equipment mounted on the underframe was calculated using 
Eq. (1): 𝐹௭ଵ = ሺ𝑀ெ஽ െ 2𝑀஻ െ𝑀௉௅ െ 𝑀௅ிሻ𝑔. (1)

The load acting on a single underframe (side) bracket was assumed to be evenly distributed 
among eight brackets and was determined using Eq. (2): 𝐹௭ଶ = 𝑀௉௅8 𝑔. (2)

A three-dimensional geometric model of the motorized dumpcar’s underframe was developed 
in the SolidWorks environment (Fig. 2). 

The model integrates the main structural components – the center sill, central support pivot, 
transverse beams, side brackets, and lateral support elements – into a unified assembly. 

During the modelling process, the actual dimensions, cross-sectional geometries, material 
properties, and locations of welded joints were carefully considered. 

As a result, a computational geometric model was constructed that accurately represents the 
real structural configuration and operating conditions of the motorized dumpcar’s underframe. 

The calculated loads acting on the motor dump car underframe (Table 3), including the vertical 
self-weight and the maximum load from the transported material, were applied to the supporting 
surfaces of the underframe and to the supporting surfaces of the side brackets as distributed forces 
(Fig. 3). The self-weight of the underframe was applied at the centre of mass as an acceleration 
due to gravity (𝑔 = 9.81 m/s2). 

When defining the boundary conditions, the support zones connecting the underframe to the 
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bogies were modelled as Fixed Supports. The applied load corresponded to the vertical static force 
acting on the motor dump car underframe under operational conditions. This loading configuration 
simulated the gravitational forces transmitted through the dump body during regular service. 

Table 3. Calculated acting forces, kN 
Self-weight force Load weight force 

209.7 55.8 

 
Fig. 2. Finite element model of the motor dump car underframe 

 
Fig. 3. Loading scheme of the underframe 

The developed geometric model was imported into the ANSYS Workbench software 
environment, where a finite element analysis was performed using the Static Structural module. 
The mechanical properties of the materials used in the simulation corresponded to those presented 
in Table 1. 

For the mesh generation, a combination of tetrahedral and hexahedral elements was employed, 
with the element size optimised to ensure high computational accuracy. As a result, the generated 
mesh consisted of 1436845 nodes and 317280 elements. 

3. Results and discussion 

The finite element analysis of the traction unit motorized dumpcar’s underframe revealed that 
the mean stress during the loading cycle reached approximately 51.7 MPa, while the total strain 
did not exceed 0.00074 (Table 4). These results indicate that the structural behaviour of the frame 
remained within the elastic region, confirming that the applied loads were below the material’s 
yield limit. The obtained stress levels demonstrate a stable response of the frame assembly under 
static loading, suggesting adequate stiffness and load-bearing capacity. 

The analysis of the biaxiality indication parameter, which varied between –1 and 0.9996 with 
an average value of –0.216, provides further insight into the complex nature of the stress 
distribution. Localised zones with 𝐵 ൎ –1 correspond to areas dominated by pure shear, typically 
occurring near geometric discontinuities or central support sockets. In contrast, regions with  𝐵 ൎ 1 indicate biaxial tension, usually associated with the top surface zones exposed to distributed 
loads. 

On average, the negative biaxiality value (–0.216) implies that the stress state across most of 
the frame is predominantly uniaxial tension, accompanied by a small compressive component 
acting in the opposite direction. Such a mixed stress condition is characteristic of welded and 
bolted steel frame structures subjected to bending and torsional loads. These local stress variations 
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are likely to serve as initiation sites for fatigue cracks during long-term operation, particularly near 
the junctions between the frame web and support elements. 

Overall, the obtained numerical results demonstrate that the frame structure operates under a 
safe stress level, yet the observed stress gradients and biaxial effects should be considered in 
fatigue life assessment and residual strength evaluation of industrial traction unit frames. 

Table 4. Calculation results 
Mean stress, 𝜎௠ [MPa] Strain Biaxiality indication, B Safety factor 

51.7 0.00074 –1 to 0.9996 (average – 0.216) 2.07 
 

 
a) Diagram of equivalent stresses 

 
b) Strain diagram 

 
c) Biaxiality indication 

 
d) Safety factor diagram 

Fig. 4. Results of finite element analysis 
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4. Conclusions 

The numerical and analytical investigations carried out in this study enabled a detailed 
assessment of the mean stress behaviour in the PE2M(U) industrial traction unit’s motorized 
dumpcar underframe under static operational load cycles. 

Using the finite element method implemented in ANSYS Mechanical, a three-dimensional 
model of the underframe was developed to examine the distribution of equivalent (von Mises) 
stresses, total deformations, and stress biaxiality parameters within the main structural elements – 
namely, the centre sill, cross beams, and central support pivot. 

The simulation results revealed that the highest equivalent stresses occur near the junctions 
between the centre sill and transverse beams, reaching approximately 51.7 MPa, with a minimum 
safety factor of 2.07, while the maximum total deformation remains below 0.00074. These stress 
levels correspond to roughly 24 % of the yield strength of 09G2 steel, confirming that the 
underframe possesses sufficient static strength and a considerable margin of safety. The biaxiality 
indication values, ranging from −1.0 to +0.9996, indicate complex mixed-stress states that are 
typical of welded load-bearing structures used in traction vehicles. 

From an engineering perspective, the obtained results make it possible to propose several 
design improvements aimed at increasing the structural durability of the dumpcar underframe: 

– Reinforcing the centre sill – cross beam junction. 
– Locally thickening the bracket plates in stress concentration areas. 
– Optimizing the geometry of welded joints to achieve a more uniform load distribution. 
Overall, the study confirms the effectiveness of the proposed FEM-based methodology for 

evaluating the static stress distribution and structural integrity of industrial traction unit 
components. Future research will focus on extending the current model to parametric and fatigue 
analyses, which will allow for a more precise prediction of long-term durability and the residual 
service life of underframes operating under cyclic loading conditions. 
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