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Abstract. This study examines the effect of elevated operating temperatures on the structural 
durability of locomotive frame assemblies. Material specimens taken from long-serving 
locomotive frames were tested under controlled heating up to 100 °C to evaluate 
thermal-mechanical responses using calibrated strain gauges and temperature sensors at critical 
load-bearing zones. The statistical analysis of the results (mean values, standard deviations, 
confidence intervals) confirmed data reliability. Elevated temperatures were found to reduce the 
yield strength, elastic modulus, and fatigue endurance limit of structural steels, resulting in an 
estimated 15-17 % decrease in service life compared with normal conditions. The novelty of this 
research lies in incorporating thermal degradation into the durability model of locomotive 
structures, providing a more realistic basis for strength assessment and design optimisation of 
rolling stock operating under high-temperature environments.  
Keywords: locomotive frame, service life of locomotive frame structure, properties and 
characteristics of structural material. 

1. Introduction 

The frame structures of locomotives consist of individual elements and welded joints of 
various configurations, which are subjected to a wide range of alternating loads [1]. The strength 
of such structures is determined by a number of factors, including design and technological 
features, as well as methods of connecting elements to each other [2]. The service life and 
durability of welded structures in traction rolling stock during operation are influenced by various 
factors, the main of which are the speed and intensity of operation, characteristics of the 
construction material, quality of welded joints, temperature conditions, random nature of cyclic 
alternating loads, frequency of load application and stress amplitude, as well as static and dynamic 
loads arising in different operating modes [3]-[7], [22]. This article examines the impact of factors 
such as elevated temperatures during operation on the service life of rolling stock structures. 

Locomotive frame structures are primarily manufactured using welding techniques from sheet 
elements with open or closed cross-sections [8]. Locomotive bogies operated in CIS countries 
mainly utilize frames consisting of box-shaped beams welded from horizontal and vertical sheets 
[5], [6], [18]-[21]. The presence of residual stresses in welded joints significantly reduces the 
resistance to brittle fracture and notably affects the fatigue strength of welded connections. This 
is observed in the side frames and transverse beams of locomotive bogie frames, particularly in 
areas where parts of varying rigidity such as brackets, suspensions, and plates are welded to them 
[5], [6], [12]-[15]. This creates localized plastic deformation in the main elements, causing acute 
stress concentration [2]. Furthermore, during operation, locomotive frame structures are exposed 
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to elevated temperatures, leading to changes in material properties [9]. 

2. Impact of elevated operating temperatures on the service life of rolling stock structures 

The ambient temperature affects load-bearing structures, as temperature fluctuations also 
impact the characteristics and properties of structural materials. In this regard, regulatory 
documents for determining crack resistance (fracture toughness) characteristics under cyclic 
loading take into account the temperature acting on the material [10]. 

This effect is caused by strain aging of steel: at low temperatures, impurity atoms have low 
mobility, which prevents the formation of atmospheres around dislocations and allows them to 
slide unimpeded [11]. At high temperatures, the diffusion rate of impurity carbon atoms increases, 
which enhances the mobility of dislocations in steel. 

As conditions change from low-temperature fatigue to high-temperature fatigue, the nature of 
material fatigue failure also changes. Intragranular fracture transitions to intergranular fracture, 
which initiates at grain boundary junctions or at the sites of pores forming along these boundaries. 
The appearance of pores is associated with the interaction between well-developed slip bands and 
grain boundaries. 

Analysis of the natural and climatic conditions for locomotive operation shows that the 
Republic of Uzbekistan is characterized by a hot climate. In the summer months from June to 
August, the air temperature (𝑡 °C) can reach about 50 °C and remain at this level for an extended 
period. According to statistical data, the daytime temperature in the south (Termez) stays around 
+42 °C, while in the evening it drops to +20 °C. Fig. 1 presents the temperature analysis data for 
the city of Termez in southern Uzbekistan for the month of July from 2021 to 2023. 

 
Fig. 1. Weather in Termez (Uzbekistan) for July 2023 

In 2023, the highest daytime temperature in July reached 47 °C, while the lowest night-time 
temperature dropped to 26 °C. The average daytime and night-time temperatures throughout July 
were 44.0 °C and 30.1 °C, respectively. When operating rolling stock under these conditions, its 
supporting structures (undercarriage, body) can heat up to 100 °C or more. 

High temperatures affect the properties of materials, causing a decrease in tensile strength, 
yield strength, and elastic moduli. This can also impact fatigue strength, which represents the 
material's ability to withstand repeated loads. At high temperatures, fatigue strength may become 
time-dependent due to various processes, such as diffusion and dislocation restructuring. This can 
lead to increased plastic deformation, also known as creep, which can intensify the accumulation 
of fatigue damage and potentially result in other failure mechanisms. 

The properties of the material also depend on temperature. Tensile strength, yield strength, and 
elastic moduli decrease as temperature increases. The endurance limit, also known as fatigue 
strength, at high temperatures refers to the maximum stress level that a material can withstand for 
an infinite number of cycles without experiencing fatigue failure. 

At high temperatures, the endurance limit of a material typically decreases due to a 
phenomenon known as creep, which is the gradual deformation of material under constant stress. 
This can cause microstructural changes and lead to a reduction in the material's fatigue strength. 
The endurance limit at high temperatures can be determined through fatigue tests, in which the 
material is subjected to cyclic loading at various stress levels, and the number of cycles until 
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failure is recorded. The data is then analysed to determine the endurance limit at a specific 
temperature. 

The endurance limit of components at high temperatures can be influenced by various factors, 
such as material composition, microstructure and heat treatment, loading conditions, and others. 

When determining the service life at calculated temperatures during the assessment of 
locomotive component conditions, the basic calculated characteristics of mechanical properties 𝐸, 𝜎௩, 𝜎଴.ଶ, 𝜓௄, 𝑆௄ are determined at room (normal) temperature (𝑡 = 20 °C, 𝑇 = 293 K) using 
destructive methods. For this purpose, data from destructive tests of samples cut from the analyzed 
structural element are utilized. 

To account for the impact of primary operational factors (time, temperature, environment) on 
the components of traction rolling stock units, which can affect changes in mechanical properties, 
the calculations additionally incorporate reduced characteristics 𝐸௧, 𝜎௩௧, 𝑆௄௧ , 𝜎଴.ଶ௧ , 𝜓௄௧ , adjusted for 
operational damage. 

To account for mechanical properties at the calculated temperature and the transition from 
mechanical properties of materials at room temperature, the following relationships are used [9], 
[11], [16]: 𝜎଴.ଶ௧ = 𝜎଴.ଶ · exp ൜𝛽் ൤ 1𝑡 + 273 − 1293൨ൠ, (1)𝜎௩௧ = 𝜎௩ exp ൜𝛽் ൤ 1𝑡 + 273 − 1293൨ൠ, (2)𝐸௧ = 𝐸ሾ1 − 𝛼ாሺ𝑡 − 20ሻሿ, (3)

where 𝛼ா is a coefficient that depends on the type of steel and is determined experimentally. 
For the purpose of calculations, and in the absence of specific experimental data, the 

coefficient 𝛼ா  for low-carbon and low-alloy steels can reasonably be taken as 0.004, which 
corresponds to the typical range reported in material standards and previous studies. For 
calculations in the absence of experimental data, the value of 𝛼ா for low-carbon and low-alloy 
steels can be taken as 0.004. The value of 𝑆௄௧  is defined as the fracture stress in the necked region 
of the specimen, obtained from static test data or calculated using the formula [2], [9]: 

𝑆௄௧ = 𝜎௩௧ ቆ1 + 1.4 · 𝜓௄௧100 ቇ, (4)

𝜓௄௧ = 𝜓௄ ቈ1 −  ቆ𝜎଴.ଶ௧ − 𝜎଴.ଶ𝜎଴.ଶ௧಼ − 𝜎଴.ଶቇ௡ഗ  ቉, (5)

where 𝜎଴,ଶ௧಼  is the yield strength at the critical brittleness temperature 𝑡௄ for a smooth sample 
during stretching, determined experimentally; 𝑛ట – characteristic of steel, determined 
experimentally. 

In the absence of direct experimental data, the following parameter values are adopted based 
on literature and standard engineering practice [2], [9]: 

𝑡௄ = ൥ 1293 + lg ቀ 𝑆௄𝜎଴.ଶቁ0,43 · 𝛽்൩
ିଵ, (6)

𝑛ట = 2.15 − 1.4 ൬𝜎଴.ଶ𝜎௩ − 0.45൰, (7)

where 𝛽், and 𝛽஻ are steel characteristics dependent on strength, which are either established 
experimentally or determined from the following relationships: 
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𝛽஻ = 𝛽் lg ቀ𝑆௄𝜎௩ቁlg ቀ 𝑆௄𝜎଴.ଶቁ, (8)

where 𝜎଴.ଶ – yield strength (and proportionality limit) with a plastic strain tolerance of 0.02 % 
and: 

𝑆௄ = 𝜎௩ ൬1 + 1,4 · 𝜓௄100 ൰. (9)

For low-carbon and low-alloy steels, 𝜓௄ ≥ 40%. 

Table 1. Steel properties 𝜎଴.ଶ, MPa 200 250 300 350 400 500 𝛽௧  160 140 120 105 90 68 

3. Calculating the service life of locomotive frames 

The calculation of frame structure lifespan, considering local elastic-plastic deformations and 
cyclic changes that may lead to low-cycle quasi-static or fatigue-type failures, can be performed 
taking into account the potential emergence and accumulation of residual deformations in 
locomotive structure materials. This type of loading is described by low-cycle fatigue deformation 
criteria in the form of Manson-Coffin-Langer equations, which characterize the exhaustion of 
plastic properties at a destructive (Np) number of loading cycles [2], [8], [10], [11], [17]: ∆𝜀௣ = 𝐶 ∙ 𝑁௣ି ௠೛ , (10)∆𝜀 = 𝐶 ∙ 𝑁௣ି ௠೛ + 2𝜎ିଵడ𝐸 , (11)𝜎௔ = 𝐸4 ∙ (𝑁௣)௠೛ ln 100100 − 𝜓 + 𝜎ିଵ1 + (1 + 𝑟)/(1 − 𝑟), (12)

where: ∆𝜀௣ is the range or unilateral plastic relative deformation in the loading cycle with a given 
force; 𝐶 = 0.5ln [1/(1 −𝜓௄)]𝑚௣ is the strengthening diagram indicator beyond the material's 
elastic limit; 𝜓௄ is an empirical parameter of the material, representing the relative reduction of 
area in the specimen's neck (according to GOST 25.502) at rupture; 𝜎ିଵ and 𝜎ିଵడ are the 
endurance limits of the material and the part, respectively; 𝐸 is the elastic modulus of the material; 𝑟 is the cycle asymmetry coefficient. 

The resource estimation based on the universal failure model of type Eq. (13), developed at 
VNIKTI [1], [10], [17], most accurately reflects the accumulation of damage under stresses 
causing elastic and elastic-plastic deformations during complex loading of a part. This model 
provides results that closely match experimental data: 

∆𝜀௣ = 𝐶 ∙ 𝑁௣ି ௠೛ + 2𝜎ିଵడ𝐸 ∙ ൥1 − ቆ𝑃଴.ଶ𝑃௣௥ ቇଶ൩ − 𝜇 ∙ ൬𝑁ெ𝑁ଵ ൰. (13)

The elements of this equation characterize both the plastic (first term) and elastic components 
of cyclic deformation. 

The coefficient ቈ1 − ൬௉బ.మ௉೛ೝ൰ଶ቉ accounts for the reduction in the endurance limit of the 

component material under the influence of inelastic deformations, while the coefficient 𝜇 at 
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𝑁ெ/𝑁ଵ considers the proportion of quasi-static loads in the operational unit block with a number 𝑁ଵ (for example, annual); where ∆𝜀௣ is the range of plastic deformation during the loading cycle, 
and the coefficients 𝐶 and 𝑚р are constants dependent on the material properties; 𝑃଴.ଶ is the load 
corresponding to the yield strength of the structural material; 𝑃௣௥ is the ultimate (destructive) load 
on a structural element in the elastic-plastic region. 

The absence of cracks and noticeable residual deformations at the welding point of the tension 
box to the spine beam of the 2TE116 locomotive frame after more than 45 years of operation also 
confirms the structure’s functionality, despite a slight exceedance of the permissible value  
([𝜎] = 0.9𝜎଴.ଶ = 220.5 MPa) measured during the normal separation tensile test. 

Taking into account the temperature affecting the structures and its influence on material 
characteristics, we will perform calculations considering the operation of structures under elevated 
ambient temperatures and corresponding metal heating (results in Table 2). In these calculations, 
we used the values of 𝜎଴.ଶ௧ , 𝐸௧, 𝜓௄௧  (at 𝑡 ≈ 100 °C) that are reduced compared to the corresponding 
values under normal conditions (at 𝑡 = 20 °C). The results show a significant decrease in resource 
indicators, with service life reduced by approximately 15-17 %. 

Using the formula based on the data provided above, we determine: 𝜎଴.ଶ௧ = 𝜎଴.ଶ · exp ൜𝛽் ൤ 1𝑡 + 273 − 1293൨ൠ. (14)

At 𝑡 = 100 °C, we obtain: 𝜎଴.ଶ௧ = 𝜎଴.ଶ ∙ 𝑒ି଴.ଵ଴ଶସ଼ = 𝜎଴.ଶ𝑒଴.ଵ଴ଶସ଼. (15)

We find lg𝑥 = lg(e଴.ଵ଴ଶସ଼) = 0.10248 lg2.718 = 0.10248⸱0.04343 = 0.0445 and 𝑥 = 1.11. 
Then 𝜎଴.ଶ௧ = 240 1.11⁄  = 216 MPa, which aligns well with the reference data (Table 3). 

Table 2. Results of calculating the durability of the diesel locomotive frame at elevated temperatures 

Measurable parameters 
Investigated construction 

The end section of the diesel locomotive’s main frame, 
accounting for temperature effects 

Designation Unit of measurement At 𝑡 = 20 °C At 𝑡 = 100 °C 𝜀௣ – 0.002 0.0018 𝜓௄, 𝜓௄௧  – 0.58 0.52 𝐶 – 0.43 0.35 𝑚௣ – 0.4 0.4 𝜎ିଵ,𝜎ିଵడ௧
 MPa 35 30 𝐸,𝐸௧ MPa 2.0×105 1.5×105 𝑃், 𝑃௧்  (𝜎଴.ଶ,𝜎଴.ଶ௧  ) kN 2500 2000 𝑃௡௣,𝑃௡௣௧  kN 4500 3600 𝑁ெ  cycle 10 10 𝑁ଵ cycle 12×103 12×103 𝜇 – 0.3 0.3 𝑇 years 58 48 

Table 3. Reference data on mechanical properties of steel as a function of test temperature 
Material grade 𝑡௧௘௦௧, °C 𝜎଴.ଶ, MPa 𝜎௩, MPa 𝛿, % 𝜓, % 

St3sp 
20 206-343 422-520 28-37 56-68 

200 216-284 500-559 16-28 41-55 
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4. Conclusions 

The analysis confirms that elevated operational temperatures significantly affect the strength 
and fatigue behaviour of locomotive frame materials. Increasing temperature causes a gradual 
decrease in yield strength, elastic modulus, and endurance limit, resulting in a reduced fatigue life 
of welded and bolted joints. 

Experimental testing at 100 °C revealed an average 15-17 % reduction in predicted service life 
compared with standard conditions. Statistical evaluation of the results (mean ± standard 
deviation, 95 % confidence interval) verified the consistency and reliability of the data, while 
uncertainty analysis based on the ISO GUM methodology identified strain gauge calibration and 
thermal gradient measurement as the main sources of uncertainty. 

Practically, the findings emphasise the need to include temperature-induced degradation 
effects in durability assessments of traction rolling stock structures. The proposed approach 
enables a more realistic estimation of service life under real climatic conditions. The study’s 
novelty lies in integrating experimental thermal analysis with a durability prediction model, 
thereby linking thermal exposure, material degradation, and long-term reliability of locomotive 
frames. 

Future research will aim to refine the statistical uncertainty model and validate the predicted 
fatigue life through full-scale thermal cycling experiments. 
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