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The reliability and durability of electric locomotive frames are strongly 

influenced by coupled thermomechanical effects arising during structural 

modernization, particularly due to welding-induced temperature gradients and 

operational dynamic loads. However, existing studies on composite cylindrical 

structures typically address thermal contact or mechanical loading separately, 

limiting their applicability to real conditions.This study proposes a unified 

numerical–analytical framework for the coupled analysis of contact temperature 

fields and the stress–strain state in composite cylindrical elements of modernized 

locomotive frames (VL80s series). The approach integrates three-dimensional 

heat conduction with spatial elasticity theory, enabling simultaneous 

consideration of welding-induced thermal effects and dynamic loading. The 

governing boundary value problems are solved using Fourier–Bessel series 

expansions, Laplace transforms, and iterative piecewise linear approximation. 

The model is calibrated using experimental data obtained from full-scale 

locomotive tests and validated against finite element simulations (SolidWorks). 

The results demonstrate high predictive accuracy, with deviations from 

experimental measurements within 3–10%. Structural reinforcement by welded 

plates reduces peak stresses in critical zones by 10–15%, while maintaining safety 

factors above regulatory limits (≥1.4), even under material aging conditions. The 

influence of thermal contact stresses is shown to be moderate but essential for 

accurate durability assessment. The main contribution of this work lies in the 

development of an experimentally validated coupled thermomechanical model 

and an efficient engineering-oriented computational algorithm for composite 

cylindrical structures under combined loading conditions. The proposed 

methodology provides a reliable tool for the design, modernization, and residual 

life assessment of locomotive frames and can be extended to other transport and 

mechanical systems operating under similar thermomechanical environments. 
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1. Introduction 

The reliability, durability, and safety of electric locomotive structures are critical factors in modern railway 
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transport systems, particularly under increasing operational loads and extended service life requirements. In practice, 

one of the most effective approaches to prolonging the operational lifespan of locomotives is the modernization of 

their main load-bearing structures, including the installation of reinforcing steel plates in zones prone to fatigue 

damage. However, such processes of modernisation, especially those involving welding, introduce complex 

thermomechanical effects that significantly influence the stress–strain state of the structure. 

Until now, the issue of the influence of thermal contact processes occurring in the frames of locomotives has been 

practically ignored due to the complexity of the resulting tasks and the presence of many variable external factors 

leading to complex boundary conditions. However, taking into account the temperature effects on the details of the 

frame of a spatial structure can significantly adjust its power and performance characteristics and will make it possible 

to purposefully create reliable modernized structures of increased strength for the conditions of the sharply continental 

climate of Central Asia and Kazakhstan. 

During welding, non-uniform heating and cooling generate contact temperature fields, residual stresses, and local 

material deformations. These effects are further compounded by dynamic loads arising during locomotive operation, 

including vibrations, traction forces, and track-induced irregularities. As a result, the accurate assessment of the 

combined influence of thermal and mechanical factors becomes essential for ensuring structural integrity and 

predicting the remaining service life of locomotive frames. 

Before making predictions about the thermal conductivity of the contact at the docking boundaries of a straight 

cylindrical rod composed of two parts, it is necessary to make a brief review of the scientific studies made on classical 

studies in this area, and it is also necessary to have an adequate understanding of the mechanical and thermal processes 

that affect the stress-strain state of the electric locomotive frames and its component parts and assemblies.  

In general, contact studies on the stress-strain state for cylindrical surfaces are divided into two groups, with the 

first group devoted mainly to the development of theory, dealing mainly with fundamental issues, and the second 

group, based on experimental studies and classified as applied research (S. Wahid & C. Madhusudana, 2000). 

A substantial body of research has been devoted to the analysis of heat transfer and stress–strain behavior in 

cylindrical and composite structures. Classical studies in the field of heat conduction in composite cylinders have 

established theoretical foundations for modeling thermal contact resistance and temperature distribution under 

simplified conditions. These models typically assume axisymmetric heat flow and idealized boundary conditions. At 

the same time, research in elasticity theory has addressed stress concentrations and deformation behavior in 

heterogeneous cylindrical bodies subjected to mechanical loading. 

Wahid, S. M. S., and Madhusudana, C. V. (S. Wahid & C. Madhusudana, 2000) analyzed theoretical and 

experimental studies on heat transfer in composite cylinders, classifying these studies as fundamental theories using 

idealized surfaces of complex configurations and applied studies examining the properties of specific materials and 

cylindrical objects. At the same time, it was noted that the application of complex mathematical models does not lead 

to concrete results and often does not agree with the data of experimental studies. 

In general, two basic models are proposed for studying heat conduction through cylindrical contacts: composite 

cylindrical rods or cylindrical shells. For the most part, the heat flow through composite cylinders is assumed to be 

axisymmetric and radial.  

Tulekov et al. (Tulekov et al., 2023) presents a predictive model of thermal contact conductivity through a 

cylindrical joint as a function of material properties, cylinder surface geometry and properties, and initial fit degree. 

More recent studies have extended these approaches by incorporating numerical methods and computational 

modeling techniques, including finite element analysis, to investigate the interaction between structural components. 

However, most existing models consider either thermal effects or mechanical loading separately. In addition, many 

approaches rely on simplified assumptions that do not adequately reflect real conditions, particularly in the presence 

of welding-induced residual stresses and dynamic loads. 

Bianchi et al. (Bianchi et al., 2025) carried out a theoretical analysis of the interaction between cylindrical tubes. 

Both isothermal and isothermal boundary conditions at the interface were studied. The results are presented in the 

form of a computer model to study the contact resistance, but this model did not take into account additional dynamic 

influences. 

Yovanovich M. M. (Yovanovich, 2000) offer a method for predicting the conductance of cylindrical contacts based 

on advanced models for conductance of flat contacts that considers contact pressure, microhardness, and surface 

roughness. The procedure is iterative in nature, and results are presented in the form of thermal contact conductance 

as a function of an estimated contact pressure. 

V.V. Vasiliev’s monograph (Vasiliev & Morozov, 2001) presents problems of spatial theory of elasticity for 

applied research, including the classical problems of the theory of elasticity of cylindrical shells.  

Importantly, the coupled effect of contact temperature fields and dynamic operational loading in composite 
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cylindrical elements of locomotive frames remains insufficiently studied. Existing works rarely integrate experimental 

data with analytical and numerical models, limiting their applicability for engineering practice. Furthermore, the 

influence of modernization measures, such as the installation of reinforcing plates, on the thermomechanical behavior 

of locomotive frames has not been comprehensively quantified. 

To address these limitations, this study aims to develop a unified numerical–analytical framework for modeling 

contact temperature fields and the associated stress–strain state in composite cylindrical elements of modernized 

locomotive frames. The focus is placed on structures of the VL80s electric locomotive, widely used in railway systems 

with harsh climatic and operational conditions. 

The proposed approach combines three-dimensional heat conduction modeling with spatial elasticity theory, 

enabling the simultaneous analysis of thermal and mechanical effects. The methodology incorporates advanced 

mathematical tools, including Fourier–Bessel series expansions, Laplace transforms, and iterative solution techniques, 

implemented in the MATHCAD 15 environment. In addition, the model is calibrated and validated using experimental 

data obtained from full-scale tests of locomotive frames under real operating conditions. 

The main contributions of this study are as follows: 

• development of a coupled thermomechanical model for composite cylindrical structures subjected to 

welding-induced temperature fields and dynamic loads; 

• formulation of an efficient numerical–analytical solution method suitable for engineering applications; 

• integration of experimental diagnostic data into the modeling framework to improve accuracy and reliability; 

• quantitative assessment of the effect of structural reinforcement on stress reduction and fatigue performance; 

• validation of the proposed model through comparison with finite element simulations and experimental 

measurements. 

The results of this work provide a scientific and practical basis for improving the design, modernization, and 

maintenance strategies of locomotive frames, contributing to enhanced reliability, safety, and cost-effectiveness in 

railway transport systems. 

2. Objects and Methods of Research 

The objects of the study are the structural elements of the modernized frame of the locomotive type composite 

cylinders under external loading by static and dynamic loads, as well as under the influence of contact temperature 

fields arising during welding. 

The research methodology includes the analysis of systems of equations in partial derivatives that describe 

oscillations of sections of elastic curvilinear elements of variable bending stiffness with a spatial arrangement of 

sections, taking into account the influence of increased speeds, the solution of which is carried out by the methods of 

operational Laplace calculus and the further use of iterative methods (the method of piecewise linear approximations) 

on a computer based on the Fourier and Bubnov-Galerkin methods, numerical studies were performed in the MathCad 

15 environment. For numerical calculation programs, 2 certificates of official registration of the computer program of 

the Republic of Uzbekistan (No. DGU 07664, 31.04.2020 and No. DGU 10286 of 24.02.2021) were received (Bhatti 

& Absamatov, 2025). 

The reliability of the results obtained is ensured by the use of well-known standard methods of strength of 

materials, dynamics and strength of machines, instruments and equipment, as well as the use of numerical methods: 

the Fourier method, piecewise linear approximation and the iteration method; as well as comparison of research results 

with known data and experimental studies. 

The methodology for conducting experimental studies was determined by a set of rules for the application of 

standard principles for carrying out full-scale tests, which consisted of studying external and internal dynamic and 

temperature effects, using appropriate equipment and apparatus (vibration sensors and strain gauges), and using an 

automated complex for recording and processing experimental data using probabilistic-statistical methods. 

The purpose of the proposed methodology of theoretical and experimental research to substantiate the process of 

modernization of the main frame of the VL-80 electric locomotive under operating conditions at JSC Uzbekistan 

Railways is to determine the maximum stresses and fatigue safety factors in the sections of the main frame of the VL-

80 electric locomotive body in design modes after welding (installation) of reinforcing plates. 

Currently, nine sections of 3VL-80s electric locomotives have been modernized using the proposed methodology. 

For example, the figure (Fig. 1) shows the modernization of unit 1 of the main frame bracket reinforcement of a VL-

80 electric locomotive body with the installation of reinforcing plates, completed at Ukrtemirmashtamir. 
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Figure 1: Modernization of Unit 1 of the Main Frame Bracket Reinforcement of the VL-80 Electric Locomotive 

Body with the Installation of Reinforcing Plates, Carried Out At The Ukrtemirmashtamir Unitary Enterprise. 

When upgrading a locomotive frame to extend its useful life, reinforcing steel plates are welded at the points of 

fatigue cracking. The heating and melting of the metal during welding creates internal stresses in the metal and its 

deformation caused by the following: 

- uneven heating and temperature distribution over the cross-section and length of the welded joint; 

- casting shrinkage of the weld metal; 

- structural changes in the metal during cooling. 

These welding stresses and strains are intrinsic or residual stresses and strains of the metal, since they do not 

depend on the application of external forces to it, but appear as a result of internal forces arising from welding (Zhang 

et al., 2023). 

In the proposed article two problems are considered for the model of force and temperature loading of the structural 

element of the composite cylinder type for the modernized frame of a locomotive: 

Problem 1 is the main problem for a rectangular cylindrical rod composed of two parts connected at the ends. 

Consider the axial tension of a composite rod whose two parts, made of different materials, are hard joined at the 

ends (Fig. 2). In distinction from the deformation of a monotonous body, when the corresponding stress state is 

determined elementary, a stress concentration arises in the contact zone of two materials with different values of elastic 

constants.  

 

Figure 2: Calculation Scheme for a Straight-Axis Cylindrical Rod Made of Two Parts, Docked at the Ends, for a 

Modernized Locomotive Frame. 

Studying it requires solving a spatial problem of elasticity theory with the following boundary conditions 

𝜎𝑟 = 0, 𝜏𝑟𝑧 = 0 at 𝑟 = 𝑎, −∞ < 𝑧 < ∞.     (1) 
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At 𝑧 → ±∞  𝜎𝑧 → 𝑃0 =
𝑃

𝐹
, 

and all other components of the stress tensor are zero; P is the normal force, F is the cross-sectional area of the 

rod. 

We accept the following assumption: we represent the lower and upper cylinders as semi-infinite. For each of them 

in this case it is necessary to set and solve two practical problems in stresses 

𝜎𝑧 = 𝑝0 + 𝑝(𝑟), 𝜏𝑟𝑧 = 𝑞(𝑟) at 𝑧 = 0,0 ≤ 𝑟 ≤ 𝑎;    (2) 

𝜎𝑧 = 0, 𝜏𝑟𝑧 = 0 at 𝑟 = 𝑎; 0 ≤ 𝑧 < ∞ -for lower cylinder; 

−∞ < 𝑧 ≤ 0 - for upper cylinder. 

The functions p(r) and q(r) in combination with the known value p0 determine the contact stresses. Since the 

component p0 associated with the normal force P is singled out in the normal contact stresses, p(r) must satisfy the 

condition                        

∫ 𝑝(𝑟)𝑟𝑑𝑟 = 0
𝑎

0
.                                                                                (3) 

To find p(r) and q(r), it is necessary to use the joint displacement conditions along the plane z=0 

 𝑢1(𝑟) = 𝑢2(𝑟),    𝜔1(𝑟) = 𝜔2(𝑟),   0 ≤ 𝑟 ≤ 𝑎.                                                        (4) 

Here u and ω are the radial and vertical components of elastic displacement belonging to the first and second semi-

infinite cylinders. 

The solution corresponding to condition (2) for both lower and upper cylinders should practically be the solution 

of the first main problem. Therefore, using the stress functions in the form of K.V. Solyanik-Krass (Sumbodo et al., 

2025), we represent the stresses and displacements for the lower constituent body in the form 

𝜎𝑧 = 𝑔0𝜎̃𝑧 − 2𝐴 − ∑(𝐶𝑘 − 𝛾𝑘𝑧𝐶𝑘
0)𝛾𝑘𝑒−𝛾𝑘𝑧

∞

𝑘=1

𝐽0(𝛾𝑘𝑟) − 

          − ∫ {𝐴(𝜆)𝐼0(𝜆𝑟) + 𝐴0(𝜆)[2𝐼0(𝜆𝑟) + 𝜆𝑟𝐼1(𝜆𝑟)]}𝜆 𝑠𝑖𝑛 𝜆 𝑧𝑑𝜆,
∞

0
     (5) 

𝜏𝑟𝑧 = 𝑔0𝜏̃𝑟𝑧 − ∑[𝐶𝑘 + (1 − 𝛾𝑘𝑧)𝐶𝑘
0]𝛾𝑘𝑒−𝛾𝑘𝑧

∞

𝑘=1

𝐽1(𝛾𝑘𝑟) + 

+ ∫ [𝐴(𝜆)𝐼1(𝜆𝑟) + 𝐴0(𝜆)𝜆𝑟𝐼0(𝜆𝑟)]𝜆 𝑐𝑜𝑠 𝜆 𝑧𝑑𝜆
∞

0
 ,                                                      (6) 

𝜎𝑟 = 𝑔0𝜎̃𝑟 + 𝐴 + 2(1 + 𝜈1)𝐴0 +
1

𝑟
∑ {

[𝐶𝑘 + (2 − 𝛾𝑘𝑧)𝐶𝑘
0]𝛾𝑘𝑟𝐽0(𝛾𝑘𝑟) −

−[𝐶𝑘 + 2(1 − 𝜈1)𝐶𝑘
0 − 𝛾𝑘𝑧𝐶𝑘

0] 𝐽1(𝛾𝑘𝑟)
} 𝑒−𝛾𝑘𝑧

∞

𝑘=1

+ 

          +
1

𝑟
∫ {𝐴(𝜆)[𝜆𝑟𝐼0(𝜆𝑟) − 𝐼1(𝜆𝑟)] + 𝐴0(𝜆) [

−𝜆𝑟𝐼0(𝜆𝑟) + (𝜆𝑟)2𝐼1(𝜆𝑟) +

2(1 − 𝜈1)𝐼1(𝜆𝑟)
]} 𝑠𝑖𝑛 𝜆 𝑧𝑑𝜆

∞

0
,                       (7) 

𝜎𝜑 = 𝑔0𝜎̃𝜑 + 𝐴 + 2(1 − 𝜈1)𝐴0 + 

+
1

𝑟
∑{2𝜈1𝐶𝑘

0𝛾𝑘𝑟𝐽0(𝛾𝑘𝑟) + [𝐶𝑘 + (2 − 2𝜈1 − 𝛾𝑘𝑧)𝐶𝑘
0] 𝐽1(𝛾𝑘𝑟)}𝑒−𝛾𝑘𝑧

∞

𝑘=1

+ 

+
1

𝑟
∫ {𝐴(𝜆)𝐼1(𝜆𝑟) + 𝐴0(𝜆)[(1 − 2𝜈1)𝜆𝑟𝐼0(𝜆𝑟) − 2(1 − 𝜈1)𝐼1(𝜆𝑟)]} 𝑠𝑖𝑛 𝜆 𝑧𝑑𝜆

∞

0
,                              (8) 

𝑢 =
𝑔0𝑎

2𝜇1
𝑢̃ +

𝑟

2𝜇1
[𝐴 + 2(1 − 𝜈1)𝐴0] +

1

2𝜇1
∑ 𝐶𝑘 + (2 − 2𝜈1 − 𝛾𝑘𝑧)𝐶𝑘

0]𝑒−𝛾𝑘𝑧𝐽1(𝛾𝑘𝑟) +∞
𝑘=1  

+
1

2𝜇1
∫ {

𝐴(𝜆)𝐼1(𝜆𝑟) +

+𝐴0(𝜆)[𝜆𝑟𝐼0(𝜆𝑟) − 2(1 − 𝜈1)𝐼1(𝜆𝑟)]
}

∞

0
𝑠𝑖𝑛 𝜆 𝑧𝑑𝜆 ,                                           (9) 

𝜔 = 𝐶1 +
𝑔0𝑎

2𝜇1
𝜔̃ −

𝑧

2𝜇1

[𝐴 + 2𝜈1𝐴0] +
1

2𝜇1
∑ 𝐶𝑘 − (1 − 2𝜈1 + 𝛾𝑘𝑧)𝐶𝑘

0𝑒−𝛾𝑘𝑧𝐽0(𝛾𝑘𝑟) +

∞

𝑘=1
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+
1

2𝜇1
∫ {𝐴(𝜆)𝐼0(𝜆𝑟) + +𝐴0(𝜆)[2(1 − 𝜈1)𝐼0(𝜆𝑟) + 𝜆𝑟𝐼1(𝜆𝑟)]}

∞

0
𝑐𝑜𝑠 𝜆 𝑧𝑑𝜆  ,                            (10) 

We write down the solution for the upper cylinder component similarly with the only difference that we use an 

exponent from the positive argument γk z, since the variable z in this case varies in the interval [0, -∞]. 

The designations adopted in formulas (5) ÷ (10) are quite traditional by analogy with the works [1÷6,10].    It is 

worth special mentioning only the component of the solution (5), including the multiplier g0, which has the stress 

dimension. From the viewpoint of the formal solution of the first main problem for a semi-infinite cylinder this 

component is superfluous. However, it is necessary to eliminate possible discontinuities in the radial displacements at 

r=a when the condition of joint displacements along the contact plane is satisfied. 

Thus, as a result of fulfilling four boundary conditions for the lower cylinder, four for the upper cylinder, and two 

conditions for the coherence of elastic displacements along the contact plane, we obtain a system of ten equations with 

respect to the unknowns 𝐴(𝜆, ), 𝐴0(𝜆), 𝐶𝑘, 𝐶𝑘
0, 𝐵(𝜆), 𝐵0(𝜆), 𝐷𝑘 , 𝐷𝑘

0, 𝑝𝑘, 𝑞𝑘 The last two unknowns are the coefficients 

of the Fourier-Bessel series representing the unknown functions 𝑝(𝑟)and 𝑞(𝑟) 

𝑝(𝑟) = ∑ 𝑝𝑘𝐽0(𝛾𝑘𝑟)∞
𝑘=1 ;        𝑞(𝑟) = ∑ 𝑞𝑘𝐽1(𝛾𝑘𝑟)∞

𝑘=1 .                                              (11) 

If we consider the algebraic relations between 𝐴(𝜆, ), 𝐴0(𝜆),  𝐵(𝜆), 𝐵0(𝜆),  С𝑘, 𝑝𝑘 и 𝐷𝑘, 𝑞𝑘  the system of ten 

equations can be reduced to a set of six equations of the following form 

𝑝𝑘 − 𝛾𝑘𝐶𝑘
0 + ∫ 𝐴0(𝜆)𝐸𝑘(𝜆)𝜆

∞

0
𝑑𝜆 + 𝑔0 ∫ 𝜍∗(𝜆)

𝐸𝑘(𝜆)

𝐹1(𝜆,𝑎)
𝜆𝑎𝑑𝜆 = 𝑞𝑘

∞

0
; 

𝐴0(𝜆)𝐹1(𝜆𝑎) + ∑ 𝛾𝑘𝑎𝑏(𝛾𝑘, 𝜆)𝐽0(𝛾𝑘𝑎) [−
𝑝𝑘

𝛾𝑘
+

2𝜆2

𝛾𝑘
2+𝜆2 𝐶𝑘

0] = 0∞
𝑘=1 ; 

−𝑝𝑘 + 𝛾𝑘𝐶𝑘
0 + ∫ 𝐵0(𝜆)𝐸𝑘(𝜆)𝜆𝑑𝜆 = 𝑞𝑘

∞

0
 , (12) 

𝐵0(𝜆)𝐹2(𝜆𝑎) − ∑ 𝛾𝑘𝑎

∞

𝑘=1

𝑏(𝛾𝑘, 𝜆)𝐽0(𝛾𝑘𝑎) [−
𝑝𝑘

𝛾𝑘
+

2𝜆2

𝛾𝑘
2 + 𝜆2

𝐷𝑘
0] = 0 

−
𝑝𝑘

𝛾𝑘
+ 2(1 − 𝜈1)𝐶𝑘

0 = 𝜔 [−
𝑝𝑘

𝛾𝑘
+ 2(1 − 𝜈2)𝐷𝑘

0]; 

−
𝑝𝑘

𝛾𝑘
− (1 − 2𝜈1)𝐶𝑘

0 + ∫ 𝐴0(𝜆)𝑀1,𝑘(𝜆)
∞

0

𝑑𝜆

+ 𝑎𝑔0 ∫ 𝜍∗(𝜆)
𝐸1,𝑘(𝜆)

𝐹1(𝜆, 𝑎)
𝑑𝜆 = 𝜔 [

𝑝𝑘

𝛾𝑘
+                +(1 − 2𝜈1)𝐷𝑘

0] +
∞

0

𝜔 ∫ 𝐵0(𝜆)𝑀2,𝑘(𝜆)𝑑𝜆
∞

0

 ; 

The ways of further transformations (12) are seen well enough: one can get rid of, using the first and third 

equations; and using the fifth equation, which is simply algebraic, one can eliminate the set of unknowns 𝐷𝑘
0. Let us 

assume the equality of Poisson's coefficients 𝜈1 = 𝜈2 = 𝜈, composing the composite cylindrical rod. 

The following designations will also be used hereafter 

𝑎1 = 1 +
1

𝜔
;  𝛽1 = − [2 +

1−𝜔

2(1−𝜈)𝜔
] ;          (13) 

𝑎2 = 2(1 − 2𝜈);            𝛽2 = 2𝜔 +
1−𝜔

2(1−𝜈)
 .   

As a result, after transforming (12) with (13) we get a set of two equations 

𝐶𝑘
∗ = ∑ 𝛤𝑖,𝑘

(1)𝐶𝑘
∗ + ∑ 𝜃𝑖,𝑘

(1)𝑝𝑖
∗ + 𝛥𝑘

(1)∞
𝑖=1

∞
𝑖=1                                               (14) 

𝑝𝑘
∗ = ∑ 𝛤𝑖,𝑘

(2)𝐶𝑘
∗ + ∑ 𝜃𝑖,𝑘

(2)𝑝𝑖
∗ + 𝛥𝑘

(2)

∞

𝑖=1

∞

𝑖=1

 

The coefficients and free terms of infinite systems (14) are represented as 

𝛤𝑖,𝑘
(1)

=
1

𝛼1𝛽1−𝛼2𝛽1
∫ [

−𝛽2 (1 +
1

𝜔
)

2𝜆2

𝜆2+𝛾𝑖
2 𝜆𝑎𝐸𝑘(𝜆) +

+𝛽1
4𝜆2

𝜆2+𝛾𝑖
2 𝛾𝑘𝑎𝑀𝑘(𝜆)

]
∞

0

𝐽0(𝛾𝑘𝑎)𝑏(𝛾𝑖,𝜆)

𝐹(𝜆𝑎)
𝑑𝜆; 
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𝛤𝑖,𝑘
(2)

=
1

𝛼1𝛽1−𝛼2𝛽1
∫ [

−𝛼1
4𝜆2

𝜆2+𝛾𝑖
2 𝛾𝑘𝑎𝑀𝑘(𝜆) +

+𝛼2 (1 +
1

𝜔
) (−

2𝜆2

𝜆2+𝛾𝑖
2) 𝜆𝑎𝐸𝑘(𝜆)

]
∞

0

𝐽0(𝛾𝑘𝑎)𝑏(𝛾𝑖,𝜆)

𝐹(𝜆𝑎)
𝑑𝜆; (15) 

𝜃𝑖,𝑘
(1)

=
1

𝛼1𝛽1−𝛼2𝛽1
∫ {

𝛽2 [2 −
2𝜆2

𝜆2+𝛾𝑖
2 (1 −

1

𝜔
)

1

2(1−𝜈)
𝜆𝑎𝐸𝑘(𝜆)] −

−𝛽1 [1 + 𝜔 +
2𝜆2(1−𝜔)

(𝜆2+𝛾𝑖
2)2(1−𝜈)

𝛾𝑘𝑎𝑀𝑘(𝜆)]
}

∞

0

𝐽0(𝛾𝑘𝑎)𝑏(𝛾𝑖,𝜆)

𝐹(𝜆𝑎)
𝑑𝜆; 

𝜃𝑖,𝑘
(2)

=
1

𝛼1𝛽1−𝛼2𝛽1
∫ {

𝛼1 [1 + 𝜔 +
2𝜆2(1−𝜔)

(𝜆2+𝛾𝑖
2)2(1−𝜈)

𝛾𝑘𝑎𝑀𝑘(𝜆)] −

−𝛼2 [2 −
2𝜆2

𝜆2+𝛾𝑖
2 (1 −

1

𝜔
)

1

2(1−𝜈)
𝜆𝑎𝐸𝑘(𝜆)]

}
∞

0

𝐽0(𝛾𝑘𝑎)𝑏(𝛾𝑖,𝜆)

𝐹(𝜆𝑎)
𝑑𝜆; 

𝛥𝑘
(1)

=
𝑔0

𝛼1𝛽1−𝛼2𝛽1
∫ [𝛽2𝜆𝑎𝐸𝑘(𝜆) − 𝛽1𝛾𝑘𝑎𝑀𝑘(𝜆)]

𝑎𝜍∗(𝜆)𝐽0(𝛾𝑘𝑎)

𝐹(𝜆𝑎)
𝑑𝜆

∞

0
; 

𝛥𝑘
(2)

=
𝑔0

𝛼1𝛽1−𝛼2𝛽1
∫ [𝛼1𝛾𝑘𝑎𝑀𝑘(𝜆) − 𝛼2𝜆𝑎𝐸𝑘(𝜆)]

𝑎𝜍∗(𝜆)𝐽0(𝛾𝑘𝑎)

𝐹(𝜆𝑎)
𝑑𝜆

∞

0
. 

Thus, the solution of the problem is reduced to the minimum possible number of solutions of equations - two. They 

form a set of two related infinite systems of linear algebraic equations, which we solve by iterative transformations 

using the Simpson procedure for solving integrals in the MATHCAD 15 programming environment. 

Problem 2 - the problem of heat conduction for a rectangular cylindrical rod made of two parts connected at the 

ends. 

To solve analytically (using computer for iterations and piecewise linear approximation) in case of fixed 

temperature at the ends the two-dimensional heat conduction problem for any function of a point heating source using 

two-dimensional heat conduction equation in cylindrical coordinates - r and φ.  In this case the equation according to 

(Vujanović et al., 2012) has the form 

∇2𝑇 − 𝐹(𝑇) ∙
𝜕𝑇

𝜕𝑡
= 0 .                                                                  (16) 

For a fixed temperature at 𝑇 =  𝑇𝑘 . Equation (16) will take the form 

∇2𝑇 −
1

𝛾𝑘
2 ∙

𝜕𝑇

𝜕𝑡
= 0 , (17) 

where  

                ∇2𝑇 =
1

𝑟
∙

𝜕

𝜕𝑟
(𝑟 ∙

𝜕𝑇

𝜕𝑟
) +

1

𝑟2 ∙
𝜕2𝑇

𝜕𝜑2  .                                                        (18) 

We assume that along the length Z (0 ≤ 𝑍 ≤ 𝐿 =
𝐿𝑐

2
 ) the change in the temperature field (in first approximation) 

is insignificant, i.e. along the length of the working cylinder (cylinder) of the absorber (OZ axis), the process is 

isotropic. We obtained the Laplace equation of the form 

∇2𝑇 =
1

𝑟
∙

𝜕

𝜕𝑟
(𝑟 ∙

𝜕𝑇

𝜕𝑟
) +

1

𝑟2 ∙
𝜕2𝑇

𝜕𝜑2 = 0,     (19) 

which admits partial solutions of the type 

𝑇𝑚(𝑟, 𝜑) = (𝐴 ∙ 𝑟𝑚 +
𝐵

𝑚
) ∙ (𝛼 cos 𝑚𝜑 + 𝛽 sin 𝑚𝜑),    (20) 

where m = 0, 1, 2 ..., and  𝑇0(𝑟, 𝜑) = 𝐴 + 𝐵 ∙ ℓ𝑛(𝑟),     (21) 

where А, В, α, β - are arbitrary constants determined by the boundary conditions. 

We obtain the solution of equation (19) using the Fourier method in the form 

𝑇𝑘(𝑡, 𝑟, 𝜑) = 𝑇𝑘(𝑡) ∙ 𝑊𝑘(𝑟) ∙ 𝑈𝑘(𝜑).                                                            (22)       

Substituting (22) and its derivatives into equation (19), we obtain, by dividing the variables, a system of 3 ordinary 

differential equations of the form 
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𝑑2𝑈𝑘(𝜑)

𝑑𝜑2 + 𝑚2 ∙ 𝑈𝑘(𝜑) = 0 , (23) 

where 𝑚2 =  𝜆𝑘
2 ∙ 𝑟2;  𝜔𝑘

2 = 𝛾𝑘
2 ∙ 𝜆𝑘

2  ; 

1

𝛾𝑘
2 ∙

𝑑𝑇𝑘(𝑡)

𝜕𝑡
+ 𝜆𝑘

2 ∙ 𝑇𝑘(𝑡) = 0 , (24) 

𝑑2𝑊𝑘(𝑟)

𝑑𝑟2 +
1

𝑟
∙

𝑑𝑊𝑘(𝑟)

𝑑𝑟
+ 𝜆𝑘

2 ∙ 𝑇𝑘(𝑡) = 0 .                                                    (25) 

To obtain the well-known Bessel equation from equation (26), let us introduce the notation 1 −
𝜐2

𝑟2 = 𝜆𝑘
2 , then we 

obtain the differential Bessel equation of the classical type in the form 

𝑑2𝑊𝐾(𝑟)

𝑑𝑟2 +
1

𝑟
⋅

𝑑𝑊𝐾(𝑟)

𝑑𝑟
+ (1 −

𝜐2

𝑟2) ⋅ 𝑊𝐾(𝑟) = 0,     (26) 

where 𝜐 is a real number; 𝑍𝑚(𝑟) is a cylindrical function, provided that the solution Т is bounded at r = 0  𝑍𝑚(𝑟) 

is a Bessel function of the first kind - 𝐼𝑚(𝑟) which is calculated by the formula 

          𝐼𝑚(𝜐) = (
𝑟

2
)

𝑚

⋅ ∑
(−1)𝑘

𝐾!⋅Г(𝑚+𝑘+1)

∞
𝑘=0 ⋅ (

𝑟

2
)

2⋅𝐾

,                 (27) 

provided ( |𝑎𝑟𝑔( 𝑟)| < 𝜋 ). 

The form of the solution of equation (23) according to (Guerrieri, 2023) is known 

𝑈𝐾(𝜑) = 𝛼 ⋅ cos 𝑚𝜑 + 𝛽 ⋅ sin 𝑚𝜑,      (28) 

where 𝑚2 = 𝜆𝐾
2 ⋅ 𝑟2, arbitrary constants, α and β are determined from boundary conditions: 𝑇(0, 𝑟, 𝑡) = 𝑇𝐻1    

when t > 0; 𝑇(𝜑𝑚𝑎𝑥, 𝑟, 𝑡) =  𝑇𝐻2 subject to change 

        0 ≤ 𝜑 ≤ 𝜑𝑚𝑎𝑥 ;  0 ≤ 𝑟 ≤ 𝑟𝑚𝑎𝑥 =
𝐷

2
  .                                                            (29) 

The boundary conditions for equation (23) have the form: 

𝑇(𝜑, 0, 𝑡) = 𝑇𝐻,     where t > 0;  𝑇 (𝜑, 𝑟𝑚𝑎𝑥 =
𝐷

2
, 𝑡) =  𝑇𝑚𝑒𝑑 

subject to change           0 ≤ 𝜑 ≤ 𝜑𝑚𝑎𝑥 ;  0 ≤ 𝑟 ≤ 𝑟𝑚𝑎𝑥 =
𝐷

2
  .                                       (30) 

           The initial condition is taken as 

                   𝑇(𝜑, 𝑟, 0) = 𝑇ℎ𝑒𝑎𝑡(𝑟, 𝜑), (heating temperature)    (31) 

where it refers to a point heat source (e.g., that arises during welding) that creates a temperature field along the 

radius r and angle φ, in the form of 

𝑇ℎ𝑒𝑎𝑡(𝑟, 𝜑) =  𝑇0 ∙ cos(𝑚ℎ𝑒𝑎𝑡𝜑) ∙ 𝑒−𝑛ℎ𝑒𝑎𝑡∙𝑟 ,     (32) 

where the coefficients 𝑚ℎ𝑒𝑎𝑡and 𝑛ℎ𝑒𝑎𝑡 are determined from experimental data.  

The general solution of the equation system of equations (23)-(25) is 

𝑇(𝜑, 𝑟, 𝑡) = ∑ 𝑇𝑘(𝑡) ∙ 𝑊𝑘(𝑟) ∙ 𝑈𝑘(𝜑)∞
𝑘=1  ,     (33) 

where  𝑊𝐾(𝑟) = 𝐼𝑚(𝜈𝑟) – Bessel function of the first order, 

𝜈2 = 𝑟2 ⋅ (1 − 𝜆𝑘
2 ) – is the natural frequency of the impulse change of the temperature field in time, determined 

from the frequency equation of the form 𝑈𝐾(𝜑) = 𝛼 cos 𝑚𝜑 + 𝛽 sin 𝑚𝜑, and function 𝑇𝐾(𝑡) will have the form 

      𝑇𝐾(𝑡) = 𝑇𝑂 ⋅ cos(𝑚ℎ𝑒𝑎𝑡𝜑) ∙ 𝑒−𝑛ℎ𝑒𝑎𝑡∙𝑟 ⋅ 𝑒−𝜔2⋅𝑡.                                              (34) 

Thus, the general solution of the system of equations (23)-(25) for the two-dimensional problem of temperature 

field propagation in a cylindrical compound cylinder will have the following form 

𝑇𝐾(𝜑, 𝑟, 𝑡) = ∑ 𝑇𝑂𝑘 ⋅ cos(𝑚ℎ𝑒𝑎𝑡𝜑) ∙ 𝑒−𝑛ℎ𝑒𝑎𝑡∙𝑟 ⋅ 𝑒−𝜔2⋅𝑡 ∙ 𝐼𝑚(𝜈𝑟) ∙ (𝛼 cos 𝑚𝜑 + 𝛽 sin 𝑚𝜑)∞
𝑘=1 ,        (35)  

where the coefficients α and β in equation (35) are determined by iteration method using MATHCAD 15 

programming environment, we also obtain the frequency value λk by the frequency equation. 
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Figure 3: Volumetric Graphical Dependence of Contact Temperature Deformations and Stresses Arising in the 

Welded Reinforcing Plate (Steel Grade St3) On The Modernized Sidewall of the Main Frame of the Locomotive 

Body. 

 

Figure 4: Volumetric Graphical Dependence of Contact Temperature Deformations and Stresses Arising in the 

Sidewall of the Modernized Main Frame of the Locomotive At The Installation Site of the Welded Reinforcing Plate 

(Steel Grade St3). 

An integrated approach to modeling contact temperature deformations at the installation site of a steel reinforcing 

plate (grade St3 steel), welded to the modernized sidewall of the main frame of a locomotive body, using a three-

dimensional heat conduction equation, consists of a step-by-step (modular) solution to this problem by analogy with 

works (Togizbayeva et al., 2023). 
The calculations were performed in the MATHCAD 15 environment and are shown in Figures 3–4, respectively, 

for a welded reinforcing plate (steel grade St3) and a modernized sidewall of the main frame of the locomotive body 
(for the VL-80s electric locomotive) at the installation location of the welded reinforcing plate. 

An analysis of the volumetric graphical dependencies (Figures 3 and 4) reveals an increase in the values of contact 
thermal deformations and stresses in the sidewall of the modernized locomotive main frame (specifically, the VL80s 
electric locomotive) at the location of the welded-on reinforcing plate, both in its central portion and closer to the 
attachment points. This also corresponds to practical observations, as metal surface destruction and the accumulation 
of erosion cavities are observed at the welded-on reinforcing plate installation points. However, overall, the contact 
thermal stresses arising both in the main frame of the locomotive body sidewall and in the welded-on reinforcing plate 
itself are low, confirming our technology for welding reinforcing plate installations to increase strength and extend 
the service life of the locomotive being repaired during overhaul. 

3. Results and Their Discussion 

In this connection we have carried out computer calculations of 𝜀𝑘
(1)

 and 𝜀𝑘
(2)

 for the initial system (12). The 
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calculations were performed for various values of ν in the interval [0;0.5]. Table 1 presents the values of 

( )1

k  and 
( )2

k  , calculated for four different at fixed 𝜈 = 0.25. In the calculations 60 terms of the series were kept, which 
guaranteed the accuracy of the significant figure. 

Table 1: The Calculations for Various Values of ν in the Interval 

k 𝜔 = 1 𝜔 = 0,5 𝜔 = 0,1 𝜔 = 0,01 

𝜀𝑘
(1)

 𝜀𝑘
(2)

 𝜀𝑘
(1)

 𝜀𝑘
(2)

 𝜀𝑘
(1)

 𝜀𝑘
(2)

 𝜀𝑘
(1)

 𝜀𝑘
(2)

 

1 0.291 0.758 0.369 0.626 0.468 0.474 0.499 0.432 
20 0.300 0.335 0.382 0.373 0.530 0.415 0.591 0.426 
40 0.170 0.175 0.217 0.197 0.301 0.223 0.336 0.230 
60 0.119 0.118 0.148 0.133 0.206 0.151 0.229 0.169 

As one would expect, the approximations from above were given with a significant overestimation of   

𝜀𝑘
(1)

 and 𝜀𝑘
(2)

. 

The results obtained show that by keeping 60 terms in the systems (12) and switching to finite systems of linear 
algebraic equations, it is possible to organize a convergent iterative process according to Picaro’s scheme using the 
programming environment MATHCAD 15 (Bhatti & Absamatov, 2025). 

An analysis of the volumetric graphical dependencies (Figures 3 and 4) reveals an increase in the values of contact 
thermal deformations and stresses in the sidewall of the modernized locomotive main frame (specifically, the VL80s 
electric locomotive) at the location of the welded-on reinforcing plate, both in its central portion and closer to the 
attachment points. This also corresponds to practical observations, as surface metal destruction and the accumulation 
of erosion cavities are observed at the welded-on reinforcing plate installation points. 

However, overall, the contact thermal stresses arising in both the main frame of the locomotive body sidewall and 
in the welded-on reinforcing plate itself are low, confirming our technology for welding reinforcing plate installations 
to increase strength and extend the service life of the locomotive being repaired during overhauls. 

4. Theoretical and EXPERIMENTAL RESULTS 

Based on the results of numerical calculations in the MATHCAD 15 programming environment for the modernized 
section of unit 1 of the bracket reinforcement on the main frame of the VL-80 electric locomotive body, it was 
established that the total stresses in the most loaded section do not exceed the tensile strength and are equal to σ sum 
= 123.71 MPa at a design speed of VEq = 110 km/h, while the tensile strength for this section 1 is equal to: 

n =
[σ𝑎𝑑𝑑]

σ s𝑢𝑚
=

240

123,71
= 1,94.                                                                     (36) 

The calculated safety factor was greater than 1.6, i.e., this section 1 meets the safety factor requirement. 
Moreover, even if we take into account the aging of the main body frame material, when, according to formula 

(2), the resulting total stresses should be 

                                                (σУ + σSТ)   [σ] = 218,18 МPа,                                                                     (37) 

the safety factor taking into account the aging of the material will be equal to 

n𝑎𝑔𝑖𝑛𝑔 =
[σ]

σ s𝑢𝑚
=

218,18

123,71
≈  1,764.                                                                  (38) 

When testing the fatigue strength, it was taken into account that the main frame components of the electric 
locomotive body, subject to alternating asymmetric stress, require an additional safety margin due to the presence of 
stress concentrators and a number of other factors. At the same time, the fatigue limit is reduced by reducing the 
variable component of the maximum permissible stress by a factor of kσ. The fatigue strength reduction factor for the 
component compared to the reference sample kσ =2,4.  

Coefficient of material sensitivity to cycle asymmetry 

                                                    ψσ =
2σТ−σ0

σ0
= 0,6,                                                                             (39) 

where σТ = 200 МPа , σ0 = 250 МPа , σm = 69,778 МPа 
At the same time, the limit of endurance 
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σendur =
σТ

kσ
+ (1 −

2σТ−σ0

σТkσ
) σm ,                                                               (40), 

where according to numerical calculation σendur = 131,36  МPа . 
Fatigue strength reserve taking into account maximum stress 

nσ =
σendur

σm+σarav
=  1,427,                                                                       (41) 

where σa𝑟𝑎𝑣 = 22,216 MPa – reduced amplitude voltage, which is calculated using the formula      

                                           σrav = 2,17 √(∑ 𝑅𝑖i ),
6

                                                                           (42) 

where Ri is the reduced amplitude stress of the calculated asymmetric cycle of dynamic loading of frame parts, 
calculated according to the numerical calculation in the program compiled for the MATHCAD 15 programming 
environment (Bhatti & Absamatov, 2025). 

As a result of numerical studies on the sections of the main frame of the VL-80 electric locomotive body, it was 
established that, taking into account the modernization carried out by installing reinforcing linings, the fatigue strength 
is sufficient, since it exceeds the minimum value of 1.4. 

Based on the analytical and numerical studies conducted (Avdeeva et al., 2023; S. M. Wahid & C. Madhusudana, 
2000; Zhang et al., 2023) and a comparative analysis with our experimental studies (Togizbayeva et al., 2023), the 
following general conclusions can be drawn: 

1. A generalized method for calculating the dynamic strength of frame structures of complex-configured 
locomotives for transport engineering has been developed, taking into account the influence of contact dynamic and 
thermal loads, as well as longitudinal, transverse, and torsional components of traction forces at elevated speeds, 
specifically for the main frame and bogie frames of the VL-80 electric locomotive (Avdeeva et al., 2023; S. M. Wahid 
& C. Madhusudana, 2000; Zhang et al., 2023). 

2. As a result of numerical calculations performed using the MATHCAD 15 programming environment, the 
maximum stresses in the design modes were obtained, determining the strength of the sidewalls of the VL-80 electric 
locomotive body frame after reinforcement by installing reinforcing platens. The results are summarized in Table 2. 

  3. Figure 6 (Fig. 6) shows a graph of the change in dynamic displacements of the sections of the main frame of 
the body of a VL-80 electric locomotive of standard design during bending vibrations over time (in the middle of the 
span). 

4. Based on the data in summary Table 2, the following conclusions can be drawn: 
- the maximum total stress values calculated for the most unfavorable possible load combinations for the design 

loading conditions of the main frame of the VL-80 electric locomotive do not exceed the permissible values; 
- strengthening the main frame of the body by installing reinforcing plates reduces the maximum stresses compared 

to the existing design by 10-15%, depending on the loading conditions. 

Table 2: Maximum Stresses in the Design Modes of the Main Frame of the VL-80 Electric Locomotive After 
Modernization with Reinforcement by Installing Reinforcing Plates 

№ Name of the Mode Maximum Stress, MPa 

1. Weight loading - 21,5 МPа 

 

2. 

Single traction Additional Stresses + 49,6 

Total With Weight + 66,0 

3. Double traction Additional Stresses +97,5 

Total With Weight +114,0 

4. Compression with a force of 250 t (2.5 MN) 
along the axis of the automatic couplings 

Additional Stresses -198,5 

Total With Weight -211,8 

5. Tensile force 250 t (2.5 MN) along the axle of 
the automatic couplers 

Additional Stresses +198,5 

Total With Weight +215,3 

6. Impact of 250 t (2.5 MN) on the automatic 
coupling 

Additional Stresses -174,8 

Total With Weight -198,1 

7. 250 t (2.5 MN) jerk on the automatic coupling Additional Stresses +174,8 

Total With Weight +174,8 

5. According to experimental data, torsional stresses in the electric locomotive body frame are very small and were 
not recorded by measuring equipment (Togizbayeva et al., 2023). Therefore, we did not take them into account in our 
calculations of dynamic strength. 
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Figure 5: The Most Stressed Areas of the Electric Locomotive Frame. 

 

Figure 6: Graph Of Changes in Dynamic Displacements of the Sections of the Body frame of the VL-80 Electric 
Locomotive of Standard Design During Bending Vibrations Over Time (In The Middle Of The Span). 

6. Experimental data are presented for the first time for upgraded VL80 electric locomotive body frames with the 
installation of reinforcing plates. 

The modeling was conducted based on the characteristics of the VL80s electric locomotive main frame 
components obtained during measurement runs (Togizbayeva et al., 2023). During the runs, information was collected 
on the actual loads occurring in the VL80s electric locomotive main frame, as well as data for testing the developed 
onboard diagnostics algorithm under rolling stock vibration conditions. 

The signals (possible diagnostic parameters) obtained during the measurements were evaluated using various 
algorithms as a function of time and frequency. In the first case, the statistical parameters were calculated and divided 
into classes; in the second case, the frequency spectra were analyzed and the transfer function was calculated. Only 
some of the evaluation algorithms turned out to be suitable for diagnostics.  

Full-scale experimental studies on dynamic vibrations of the main body frame and bogie frames were carried out 
on VL80s electric locomotives.  

The objectives of the experimental studies were:  

1. Analysis of dynamic vibrations of the main body frame and bogie frames of the VL80s electric locomotive 

under operating conditions at “Uzbekistan Temir Yullari” JSC, taking into account the installation of reinforcing pads 

on it.  
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2. Determination of the prevailing frequency spectrum of oscillations and the construction of amplitude-frequency 

characteristics (AFC) according to the sections of the main frame of the body and frames of electric locomotive bogies. 

Comparison of the obtained results with theoretical calculations and known experimental studies (Avdeeva et al., 

2023; S. M. Wahid & C. Madhusudana, 2000; Zhang et al., 2023). 

 

a 

 

b 

Figure 7: Experimental Research 

a). Installation Locations of Strain Gauges on the Locomotive Frame 

b). Sample Of Experimental Record: Longitudinal Stresses in the Frame of the Vl80s Electric Locomotive Bogie 

and Processing of the Total Frequency Spectrum. 
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3. Analysis of the stress-strained main frame of the body and bogie frames of the VL80s electric locomotive under 

various loading conditions and comparison of experimental data with theoretical data. The experiments were carried 

out in series with repetitions over several days. During the tests, the total time, data on the speed mode of the electric 

locomotive were recorded, vibrations and deformations were also recorded on the main frame of the electric 

locomotive body (Fig.6). 

Table 3 provides generalized information about the values of vibration accelerations at various control points 

during the tests. Based on the interpretation of the obtained vibrograms, the main active vibration accelerations at the 

control points were determined.  

To determine the prevailing frequencies at the control points and to analyze the vibration spectrum of the main 

body frame and bogie frames of the VL80 electric locomotive, standard software for personal computers in the form 

of “Analyzer 2022” and “Analysis Center” packages was used (Fig7). 

From the spectral analysis of the obtained experimental records, it can be seen that vibrations of the main body 

frame and bogie frames of the VL80 electric locomotive under the influence of a driving load that occurs when the 

electric locomotive moves along a track with periodic unevenness and in curves experience a wide frequency spectrum 

of dynamic loads (from 0.1 to 5000 Hz). Vibrations with higher frequencies are also present in the spectrum, but they 

are not characteristic of mechanical systems and are explained by the presence of harmonic components in the 

spectrum.  

Table 3: Information about the Conducted Experimental Measurements 

Control Point Maximum 

Amplitude at 

H338, mm 

Maximum 

Amplitude on 

Monitor, dB 

Vibration 

Acceleration, Hz 

Voltage, MPa 

Body Frame Vertically 

(Midspan) 
31 66,8 2,07 

Bending 

68 MPa 

Body Frame 

Horizontally 

(Midspan) 

87,5 160 6,0 
Longitudinal 

38 MPa 

From the analysis of the obtained experimental results it follows that the stress-strain state of the main frame parts 

of the VL80s electric locomotive body corresponds to known theoretical studies and practical measurements 

previously carried out by other researchers (Abdurasulov et al., 2025; Sethi et al., 2025; S. Wahid & C. Madhusudana, 

2000). 

As part of the study, a comparison of the results of a mathematical model of the frame structure of a locomotive 

frame of complex configuration with a model constructed using the finite element method also showed non-critical 

discrepancies (Table 4). 

Table 4: Comparison of the Results of a Mathematical Model of the Design of a Locomotive Frame of Complex 

Configuration with a Model Constructed Using the Finite Element Method 

№  Name of the Mode Maximum Stress 

Determined by the 

Mathematical Model, 

MPa 

Maximum Stress 

Determined by 

FEM, 

MPa 

Discrepancies, 

% 

1. Compression with a 

Force of 250 t (2.5 

MN) along the axis 

of the automatic 

couplings 

Additional stresses -198,5 -215,35  7.2% 

Total with weight -211,8 -218,2  3% 

2. Tensile force 

250 t (2.5 MN) 

along the axle of the 

automatic couplers 

Additional stresses +198,5 +216,3  8% 

Total with weight +215,3 +238,3  10% 

5. Conclusion 

Based on the theoretical and experimental studies conducted, the following general conclusions can be drawn: 

1. Computational studies to determine the actual stresses occurring in the welded seams of the main body frame 
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components where fatigue cracks had formed were used to select rational sizes of complex-configured reinforcing 

plate for the main body frame components of VL-80 electric locomotives. 

2. Theoretical studies have established that the movement of a railway vehicle is accompanied by vertical 

vibrations of the locomotive body with a natural frequency typically of 1–2.5 Hz, while vibrations with an acceleration 

of (0.15–0.3) g arise due to track irregularities. Consequently, the vibration amplitude is smaller on seamless track, 

while it is greater on track with welds (with a rail length of 25 m and 12.5 m). The locomotive bogie also has its own 

natural vibration frequency—typically around 4–15 Hz, with acceleration reaching (2–3) g. As a result of system 

vibrations, dynamic stresses with an amplitude of up to 40 MPa arise in the bogie (Togizbayeva et al., 2023). 

3. A generalized mathematical model and an analytical-numerical method have been developed for three-

dimensional modeling of changes in contact temperature fields at the location of a steel plate welded to the modernized 

sidewall of the locomotive body's main frame. 

4. The scientific novelty of the proposed numerical-analytical method lies in the development of a coupled 

thermomechanical model that integrates three-dimensional thermal conductivity with the theory of spatial elasticity. 

Unlike traditional approaches, the proposed model simultaneously takes into account thermal effects caused by 

welding and dynamic loads during operation, allowing for a more realistic representation of operating conditions. 

An efficient computational algorithm based on Fourier-Bessel series, Laplace transforms, and iterative methods 

has been developed. The approach ensures stable convergence and is suitable for engineering applications, reducing 

computational complexity compared to full-scale numerical models. 

5. Experimental validation using full-scale tests of VL80 locomotives demonstrated relatively high model 

prediction accuracy, with deviations within 3–10%. This confirms the reliability of the proposed methodology for 

practical application. The effect of structural reinforcement with welded plates was quantitatively assessed. The results 

show an increase in safety factors by 10–15% in critical areas while maintaining safety factors above regulatory limits 

(≥1.4), even under material aging conditions. 

6. Thermal contact effects were found to have a moderate but significant impact on the stress-strain state. Taking 

them into account improves the accuracy of durability prediction, particularly in welded joints.Fatigue strength 

analysis confirmed the adequate durability of the modernized structures, with safety factors exceeding the minimum 

required values, confirming the effectiveness of the proposed modernization strategy. 

8. An engineering method of analytical and numerical calculation is proposed, which enables quasi-static and 

dynamic modeling of the stress-strain state of the main body frame and bogie frames of locomotives with a modernized 

reinforced supporting framework, based on numerical calculation programs, for which two certificates of official 

registration of a computer program of the Republic of Uzbekistan have been received (No. DGU 07664, dated April 

31, 2020, and No. DGU 10286 dated February 24, 2021). 

9. In order to improve operational safety, an improved "Methodology for expert technical diagnostics of VL-80s 

electric locomotives in order to extend their useful life" has been developed. Its application in the modernization of 

locomotives during overhaul will improve their dynamic characteristics, increase the strength and reliability of the 

supporting structures of the electric locomotive frames. 10. A new method for modernizing locomotives during 

overhauls has been developed to improve dynamic performance, increase strength, reliability, and extend their useful 

life. Implementation of the proposed modernization method for nine 3VL80s electric locomotives resulted in an 

economic benefit of 678 million soums in 2022 (reference from JSC Uzbekistan Railways dated March 30, 2023, No. 

H/5527-19). 

11. The developed tools and proposed methods for calculating modernization parameters can be widely used in 

the design of new electric and diesel locomotives, as well as in scheduled overhauls and overhauls of existing 

locomotives, including their modernization. 
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