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Calculating the fatigue strength 
of load‑bearing structures 
of special self‑propelled rolling 
stock
Ziyoda Mukhamedova 1*, Sherzod Fayzibayev 2, Dilbar Mukhamedova 3, 
Aida M. Batirbekova 4, Kamila Jurayeva 5, Gushan Ibragimova 6 & Zakhro Ergasheva 1

This research primarily focuses on the strength indicators of the bearing structures of ADM-1 special 
self-propelled rolling stock. The special self-propelled rolling stock used by Uzbek railroads reaching 
the end of their functional life is a pertinent problem as Uzbekistan’s railway system is growing 
rapidly, but there is a lack of enough funds to buy new special self-propelled rolling stock. Hence, 
it is vital to fix the issues with ADM-1 special self-propelled rolling stock by overhauling them. At 
the outset, the researchers divided the frame of a special a self-propelled rolling stock into multiple 
sections. Subsequently, these individual sections were analyzed closely to spot out issues. The precise 
location of the fatigue defect occurrence on the longitudinal beams was determined by the analysis 
of the individual sections of the special self-propelled rolling stock. During the motor carriage’s 
modernization, which is an approach to extend the service life and improve the durability of special 
self-propelled rolling stock, this analysis helped in pinpointing exactly the location on the frame 
where the stress measurements had to be calculated. Pre- and post-modernization calculations were 
carried out on the vehicle to determine the optimal placement of the reinforcing plates. Additionally, 
normative calculations were also conducted and a new design mode distinct from the repair loads was 
implemented. The computation results revealed that the fatigue resistance reserve coefficient and 
service life value prior to the bearing structure’s modernization in section 1 were below the required 
values of n = 1.5 and 1.49, respectively. All the sections of the load-bearing structure fulfilled the 
fatigue resistance reserve coefficient standards after the modernization. The computational model of 
the motor carriage’s structural strength was created in the ANSYS Workbench platform. This research 
intends to enhance the strength determination procedures and provides recommendations for design 
and restoration of modern structures of special self-propelled rolling stock.
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Globally, railway accounts for 78% of the overall cargo transported, and hence, the issues of increasing reliability 
and resource-saving by modernizing the structural units of the railway equipment in service during their over-
haul, with the intent of extending their useful life are of significance in Uzbekistan. One of the main objectives 
of global anti-crisis programs is to try and attain "accelerated implementation of modernization, technical and 
technological reequipment of enterprises, improvement of reliability of materials, wide introduction of mod-
ern flexible technologies". This is the reason why there is an increased emphasis on the realization of scientific 
research towards the direction of non-destructive forecasting of properties and resources.

OPEN

1Department of Transport and Cargo Systems, The Faculty of Transportation System Management, Tashkent 
State Transport University, Tashkent, Republic of Uzbekistan. 2Department “Locomotives and Locomotive 
Establishment”, Faculty Railway Transport Engineering, Tashkent State Transport University, 100167 Tashkent, 
Republic of Uzbekistan. 3Head of Department of Psychology, The Faculty of Social Science, National University 
of Uzbekistan, Tashkent, Republic of Uzbekistan. 4Tashkent State University of Economics, Tashkent, Republic of 
Uzbekistan. 5Department Power Supply, Faculty Electrical and Computer Engineering, Tashkent State Transport 
University, Tashkent, Republic of Uzbekistan. 6Department Organization of transport system, Tashkent State 
Transport University, Tashkent, Republic of Uzbekistan. *email: mziyoda1987@gmail.com

http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-024-70169-0&domain=pdf


2

Vol:.(1234567890)

Scientific Reports |        (2024) 14:19205  | https://doi.org/10.1038/s41598-024-70169-0

www.nature.com/scientificreports/

In Uzbekistan’s railway industry, there is a special focus on issues such as resource-saving, particularly on 
extending the service life of special self-propelled rolling stock to make sure the entire railway network operates 
without interruptions.

Modernization of the rolling stock, including automatic carriages, as well as the application of cost-effective 
methods, will help in reducing the overall cost of transportation. Hence, the introduction of modern techniques 
and scientific developments to improve the dynamic performance of materials and structures of railway rolling 
stock is vital.

As the service life of ADM-type motor carriages at JSC "Uzbekistan Temir Yollari", comes to an end by 2025, 
it is expected that there will be a mass failure of all operating equipment. Hence, an objective analysis and feasible 
solutions to extend the service life of ADM-type special self-propelled rolling stock on the Uzbek Railways is 
pertinent and have thus been proposed in this study.

Literature review
The design and modernization of mechanical components, chassis, and spring suspension systems in special 
self-propelled rolling stock intend to achieve several key objectives. These key objectives include expanding the 
existing functional capabilities, enhancing reliability, and improving the overall strength and durability.

Drawing upon the basic principles put forth in the theory of vibrations as specified by Wang1, Chernysheva2, 
Jing3, Gong4, the modelling of dynamic processes becomes possible.

Fundamental research on the strength calculations of the bearing structure of rolling stock has been car-
ried out by foreign researchers like Lovska5, Hubar6, Musayev7, Bondarenko8, Fomin9, Zayniddinov10, Vallely11, 
Gokhan12 and others.

Modern methods for estimating the residual life of bearing structures of rolling stock on railroads are under-
taken in studies done by Lu13. In these studies, the principles of norms and rules for the operation of rolling 
stock beyond the specified service life are proposed. In one of the studies, the authors analyze the change in 
the endurance limit of the structure under the action of multi-cycle loads, which eventually leads to the loss of 
bearing capacity. Defects from various loads, resulting from episodic and repair loads with excessive allowable 
stresses, were not considered.

This paper focuses on the effect of long-term operation of railway rolling stock on the performance charac-
teristics of its load-bearing structures. The stages of fatigue failure of low-carbon steels are studied, along with 
the likelihood of assessing the probability of fatigue cracks in them. It needs to be noted that the issue of fatigue 
failure of other elements, except for welded joints, was not considered during the study.

The issues related to the creation of a comprehensive test bench for fatigue life testing of cars are considered to 
assess the accumulated fatigue stresses, so a test of equivalent car mileage of 3125 million kilometers or 25 years 
was conducted. However, fatigue testing of cars by the proposed method requires a considerable amount of time.

Experimental and theoretical studies on the durability of new and modernized dump trucks are discussed. 
The analysis of damage occurrence on such cars shows that the main part of damage occurs during loading, in 
the case when the car body is subjected to deep impacts of large mass from a height. It is possible to reduce the 
level of impact loading if a protective layer of loose cargo is placed on the car floor. The question of the strength 
of the car beam is not considered.

The paper gave a set of tests, the selection of a test specimen for routine testing of rolling stock, the order 
of performance and methods of technical diagnostics and routine tests, data processing, and the evaluation of 
results. A comprehensive approach to the assessment of the residual service life of railroad vehicles was proposed, 
but no specific methodology of the part of the rolling stock was given.

As per analysis, it is evident that present research on the dynamic properties of self-propelled rolling stock 
relies heavily on various mathematical modeling techniques. While these studies have yielded positive results, 
the integration of optimization principles into the design of load-bearing structures still remains limited. This 
limitation is due to two reasons: the lack of robust optimization methods utilizing simple numerical models 
and the absence of a well-defined optimization methodology for physical models. Furthermore, the selection 
of the target function poses a major challenge, as optimizing the primary criterion often makes it mandatory 
to constrain secondary ones. To solve this problem, it is necessary to try and achieve consistency between local 
optimization results and customize them to a specific rolling stock type.

A closer look into the reasons for the failure of automatic locomotives operated in Uzbekistan’s JSC "Uzbeki-
stan Temir Yollari", identified that the majority were attributed to mechanical issues (about 50%), followed by 
electrical issues (31.8%) and hydraulic issues (18.2%) in the equipment. It is necessary to emphasize the signifi-
cance of robust and stable supporting structures, specifically, the frame of the automatic carriage. Additionally, 
it is also mandatory to prevent malfunctions by adopting proactive measures, including frequent checks that 
identify potential failures, along with quality control checks throughout the operational process.

Ensuring the static and dynamic stability of the frame is vital, as it directly impacts the ability to perform 
essential tasks on electrified railway lines. The study hypothesizes that fatigue cracks appearing on the frame 
might be caused by the attachment of heavy equipment in the central section. This placement could lead to cracks 
under exceptional loads exceeding permissible stress levels.

Modern structural analysis has expanded significantly beyond the traditional focus of stress and strain dis-
tribution. It is vital these days to determine the lifespan of structures14,15. This research thus focuses specifically 
on addressing the issue of failure conditions within structures. To facilitate this, the frame of the motor carriage 
is regarded as a solid body. Within the field of deformable solid mechanics, two main approaches have been 
developed to address this issue.

The first approach involves modeling the development of defects such as pores and cracks. This model 
accounts for how changes in defect size impact the boundary conditions of the analyzed structural element16–18. 
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The second approach estimates the degree of material damage within structural elements without explicitly 
considering the presence or growth of specific defects19

Materials and methods
Aligned with the overall research objectives, this research paper defines a much narrower goal, which is to gen-
eralize and analyze the structural scheme of ADM special rolling stock, enabling the development of a method 
for calculating locomotive lifespan during operation.

Due to the fact that the base part of the car is subjected to the most significant degradation, below is a scheme 
of the frame of the car.

The general layout of the frame in Fig. 1 consists of a backbone beam 1, two longitudinal side beams 2, two 
end beams 3 (often called buffer beams), two kingpin beams 4, and several cross beams 5. The critical elements 
of the frame, which usually cannot be replaced, are elements 1, 2, 3, and 4. Other elements, if damaged, can be 
replaced with new ones during scheduled repairs. We suggest installing reinforcing pads on the non-replaceable 
areas of the frame to prevent crack growth.

In the process of studying the components of the frame of a motor carriage, instead of the limit of deteriora-
tion of the standard σ − 1, we consider the limit of deterioration of the frame element, σD−1, diagnosed using 
the following formula:

In engineering practice, the following formula for determining the KσD coefficient, taking into account the 
above factors, is accepted 20:

where Kσ is the best stress concentration index (ratio of the wear limit of a folded standard to the wear limit of 
a standard with a stress concentrator), calculated using the following formula:

(1)σD−1 = KσDσ−1

(2)KσD =
1

(

Kσ

/

Kd + 1
/

KF − 1
)/

Kv

(a)

(b)

Figure 1.   Calculation diagram of the main frame special self-propelled rolling stock type of ADM-1 special 
self-propelled rolling stock (insert without designations).
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Here, ασ is an abstract index of stress concentration, diagnosed from nomograms (for example, in 21, q is an 
index of material susceptibility to stress concentration; Kd is an index of influence of unconditional dimensions of 
transverse separation or scaling agent (ratio of the limit of deterioration of a specimen of a specified cross-section 
to the limit of deterioration of a specimen with an ordinary diameter), determined for the basis of nomograms; 
KF is the index of influence of the plane finish property (ratio of the limit of deterioration of the specimen with 
the examined quality of the plane finish to the limit of deterioration of the specimen, due to which the Where 
hypocycloid was obtained) and is determined on the basis of nomograms; Kv is the index of influence of easy 
hardening (ratio of the limit of deterioration of the specimen with the examined plane finish to the limit of dete-
rioration of the unhardened specimen) and is determined on the basis of nomograms. The values of the material 
impressiveness index to the concentration of forces for the sake of various material images22 are given in Table 1.

The data in Table 1 shows that the more serviceable the material design and the less clear the transferred 
material appear to be, the more sentimental it is to stress concentration (the closer the actual force concentration 
index Kσ is to the abstract stress concentration factor ασ).

The following formula is proposed for the conversion factor of the fatigue limit KσD:

where K1 is the coefficient taking into account the heterogeneity of the material; K2 is the coefficient that takes 
into account the internal stresses of the material of the part.

Fatigue strength is evaluated by a conditional safety factor.
The formulas of safety factor can now be written separately for normal and tangential stresses 23–25:

The following notations are introduced in these formulas:
σms, τms are the average normal and tangential stresses of the cycle at which the endurance diagram has a 

fracture;
K ′
σD = 1

KσD
 , K ′

τD = 1
KτD

;
ψσ is the coefficients characterizing the sensitivity of the material to the cycle asymmetry.
The fatigue safety factor is determined using the following formula 26:

A part is considered serviceable if n determined by Equation (4) is not lower than the minimum permissible 
value of the safety factor [n]; i.e., the strength condition has the form n ≥ [n] 27. In most cases in mechanical 
engineering, [n]=1.5/2.5. On the other hand, if n >> [n], i.e., n is much higher than the minimum permissible 
value, then the part is over-sized and can be lightened if its dimensions are determined by strength conditions 
but not by the stiffness conditions as well as structural and technological considerations. The mechanical char-
acteristics of the steel frame of the ADM-1 railcar are given in the Table 2.

The main parameters for determining the safety factors by sections are given in Table 2.

Methodology of calculation of residual fatigue life of the frame of motor carriages
Modernization of rolling stock
This study investigates the feasibility of adopting a practical approach to modernization for special self-propelled 
rolling stock. The focus of this research lies on identifying and addressing the critical weaknesses in the frame 
through techniques like welding cracks and installing reinforcing plates. These specific intervention procedures 
aim to achieve a significant extension of service life of the rolling stock.

Additionally, the modernization procedures aim to reduces the stress levels in critical areas of the frame, 
enhancing the overall durability of the rolling stock. By revamping the existing fleet in a cost-effective manner, 
this approach to modernization will result in a reliable and efficient railway transportation system.

(3)Kσ = 1+ (ασ − 1)q

(4)KσD =
Kd · KF

Kσ · K1 · K2

(5)nσ =
σ−1

K ′
σD · σa + ψσ · σm

by
σT

σm
>

1

K ′
σD

·

(

σT

σmS
− 1

)

(6)n =
nσnτ

√

n2σ + n2τ

Table 1.   Values of the material sensitivity coefficient to stress concentration for various types of materials.

Material type q

Cast materials and materials with internal sources of concentration and defects (gray cast iron, etc.) 0.1–0.2

Cast heat-resistant alloys, steel and aluminum castings, modified cast irons 0.1–0.4

Low carbon steels, heat resistant deformable alloys, austenitic corrosion resistant steels, aluminum deformable alloys 0.3–0.5

Medium carbon steels, low alloy steels 0.4–0.6

Structural alloy steels 0.6–0.7

High-alloy steels (such as corrosion-resistant steels of martensitic class), titanium alloys martensitic class), titanium alloys 0.7–0.9
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Design
In this study, the authors on the basis of the generalized fatigue strength calculation methodology, offer a meth-
odology for estimating the residual life of the frame of motor carriages with expired service life.

Fatigue strength is assessed by the fatigue resistance reserve factor, which is calculated using the following 
formula:

where σa,N is the endurance limit (in amplitude) for the control zone at a symmetrical cycle and steady-state 
loading mode at the basic number of cycles N0 = 107; σa,e is the amplitude of dynamic stress of the conditional 
symmetrical cycle, reduced to the basic number of cycles N0, equivalent to the damaging effect of the real mode 
of operational stresses for the design service life; [n] is the minimum allowable reserve factor of fatigue resist-
ance for the selected zone.

The calculated value σa,N is determined using the following formula:

where σa,N is the endurance limit (by amplitude) for the control zone at symmetric cycle and steady-state mode 
of loading at basic number of cycles N0 = 107 ; σ a,N is the median value of endurance limit of the control zone; 
Zp is the quantile of distribution σa,N corresponding to one-sided probability of 95%, Zp = 1.645; Vσa,N is the coef-
ficient of variation of endurance limit in the material.

The value σ a,N is determined using the following formula:

where σ−1 is the average (median) value of the endurance limit of a smooth standard specimen under a sym-
metrical bending cycle on the basis of No = 107; (kσ )k is the average value of the total coefficient of reduction in 
the endurance limit in the selected control zone in relation to the endurance limit of a smooth standard specimen, 
(kσ )k determined according to the following.

The sought value of durability by the criterion of fatigue strength for the selected zone was determined using 
the following formula:

where m is degree index in the equation of the fatigue curve in amplitudes. For welded structures made of rolled 
steel without strengthening treatment of seams, m = 4; Tк is the required value of design life; Nc1,Nc2,Nc3 is the 
number of cycles for 1 year of operation for longitudinal, vertical, repair, and other loads; σ I

aj,σ
II
ak,σ

III
ah  is the 

(7)n =
σa,N

σa,e
≥ [n]

(8)σa,N = σ a,N (1− zp · vσa,N )

(9)σ a,N =
σ−1

(kσ )k

(10)Tk =

(

σa,N
[n]

)m
· N0

Nc1 ·
∑

j

(

σ I
aj

)m
· PIj + Nc2 ·

∑

k

(

σ II
ak

)m
PIIk + Nc3 ·

∑

h

(

σ III
ah

)m
· PIIIh

Table 2.   Mechanical characteristics of steel of ADM-1 railcar frame.

Details Frame (longitudinal beams) Mpa

Steel grade ST3

σB, tensile strength 355

σ−1

Bend 160

Sprain 125

Torsion 135

σT
Bend 245

Sprain 200

σD1
Bend 215

Sprain 190

σms
Bend 110

Sprain 95

ϕ
Bend 0.483

Sprain 0.355

(σT/σms – 1)
Bend 1.23

Sprain 1.1

K1 1.16

K2 1.05

Kd 0.654

KF 0.778
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amplitudes of dynamic stresses, reduced to a symmetric cycle, equivalent to experimentally obtained asymmetric 
cycles from shock longitudinal loads (in j ranges), from oscillations on the spring suspension (in k ranges), from 
test internal pressure, repair loads (in n ranges); Pj,k,n is the probability (frequency) of occurrence of amplitudes 
at corresponding stresses; N0 is the basic number of cycles. Below is Fig. 2 which shows the algorithm for solv-
ing formula (8).

Algorithm for calculation of fatigue strength of the bearing structure of motor carriages.
In order to determine the safety margin of the frame of the motor carriage, a spatial model was built. In this 

case, the ANASYS Workbench software package was used. The strength calculation was carried out using the 
finite element method.

All numerical parameters for the calculation of the frame of the motor carriage in operation were taken on 
request from Joint Stock Company (JSC) "Uzbekistan Temir Yollari".

The initial data for the calculation were taken as follows: the value of the material time resistance limit in 
the control zone and the average (median) value of the endurance limit of a smooth standard specimen under a 
symmetric bending cycle on the basis of no for the points under study: σB = 355 MPa, σ−1 = 160 MPa. The main 
parameters for determining safety factors for sections are given in Table 3

Results of the study
To confirm the obtained values, the authors carried out the results of fatigue strength calculation in ANSYS 
Workbench system28.

To calculate the fatigue strength, the SN approach was chosen, i.e., the fatigue curve is specified by a sequence 
of points of stress amplitudes under a symmetric cycle of loading and durability, and the Goodman model was 
chosen to account for the effect of cycle asymmetry.

Figure 2.   Steps involved in deriving the formula for calculating the fatigue strength of the bearing structure of 
special self-propelled rolling stock.

Table 3.   Parameters for determination of fatigue safety factors by sections. ψσ is the coefficient characterizing 
the influence of average cycle stress on the limit amplitude; σ II

st  is the static stress from the body gravity force.

No. sections

1 1′ 2 2′ 2′′ 3 3′ 4

Kσ 1.2 1.2 1.17 1.17 1.17 1.2 1.2 1.41

K′σD 2.87 2.87 2.8 2.8 2.8 2.87 2.87 3.37

σT/σms – 1/K′σD 0.43 0.43 0.44 0.44 0.44 0.43 0.43 0.36

θσ 1 1 1 1 1 1 1 1

Before modernization

 σst max. MPa 91.57 132.4 35.1 48.5 23.25 127.15 41.6 75.6

 σst. MPa 22.8 39.97 31.9 33.9 21.45 36.25 32.25 35.1

After modernization

 σst max. MPa 67.05 102.0 26.75 40.3 22.98 127.15 41.6 75.6

 σst. MPa 20.95 25.56 24.13 28.3 21.1 36.5 32.25 35.1
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The finite element model of the ADM-1 railcar was created using the program, which is shown in Fig. 3.
When finding the stress distribution in this problem, we use three-dimensional finite elements (solid type).
The data in Table 4 are obtained from the experimental test results from Fig. 4. Determining the fatigue curve 

of a material under symmetrical loading, especially under cyclic bending conditions, usually involves experi-
mental tests. These data are experimental test results. Fatigue curves provide important information about the 
fatigue behavior of a material under cyclic loading conditions. In the design process, it is used to estimate the 
durability and reliability of the components made of the material.

The stress state corresponds to bending, so the data on the fatigue resistance of the beam material, given in 
Table 4, were used.

Figure 3.   Finite element model of ADM-1.

Table 4.   Data on the fatigue resistance of the beam material.

N 100 1000 10,000 100,000 1,000,000

σa, MPa 355 315 262 148 86

Figure 4.   Fatigue curve under symmetric loading.
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To ensure the correct interpretation and understanding of the data presented in Figs. 5, 6 and 7, the load and 
fastening parameters are as follows: type of applied load: bending. Information about the size of the load: Fa = 
345 kN. In static condition, under a symmetric bending cycle. In the process of simulation, the rail axes of the 
frame are fixed.

Based on the results of solving the static problem for this structure, the stress and strain fields are found. As 
an example, Fig. 5 shows the results of the static calculation of the given structure at the resultant load equal to 
Fa = 345 kN in the form of stress intensity distribution (equivalent stress according to the hypothesis of specific 
energy of shape change). The color palette in the right part of the figure specifies the correspondence of colors 
to different intervals of stress levels. Stress values are given in MPa.

This Fig. 7 presents the distribution of the safety factor across different sections of the railcar frame.
The safety factor is calculated based on the stress amplitude and fatigue life data derived from the finite ele-

ment analysis. It provides a visual representation of the safety margins under the given load conditions
Figures 5, 6 and 7 show the results of fatigue life (life) and stress amplitude safety factor (safety factor).
The maximum and minimum values of fatigue resistance characteristics are summarized in Table 5.

Discussion of the results of programmatic and theoretical studies of automotor cars
Our research was carried out on ADM-1-type railcar, which were in long-term operation on the railroads of 
Uzbekistan.

Figure 5.   Stress distribution of the frame.

Figure 6.   Distribution of durability.
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In order to determine the cracks occurring in the frame of the railcar during operation, we divided the 
frame of the special self-propelled rolling stock into sections. In-depth statistical and analytical analysis of non-
replaceable structural elements of the frame by sections was carried out (Tables 5 and 6).

The calculation results of fatigue resistance reserve factor (formula) and durability by fatigue strength criterion 
(formula 7) are shown in Table 6.

We calculate the endurance limit (by amplitude) for the control zone in a symmetric cycle and the steady-state 
mode of loading in the basic number of cycles using the expression (7):

The endurance limit (by amplitude) for the control zone at a symmetric cycle and steady-state mode of load-
ing at the basic number of cycles is 133.68 MPa.

From Table 6, it is established that the fatigue resistance reserve coefficient calculated by Formula (6) and 
the service life value calculated by Formula (9) before modernization of the bearing structure of railcars only in 
section 1 have values less than the required n=1, 5 and Tk = 30 years, respectively, (1.49 and 29.8 years). After 
modernization, all sections of the bearing structure meet the requirements for the fatigue resistance reserve 
factor and the value of service life. Thus, the residual resource of the bearing structure of special self-propelled 
rolling stock after overhaul with a service life extension is not less than 10 years, during which the guaranteed 
trouble-free operation of this type of rolling stock is provided.

σa,N = σa,N
(

1− zp · vσa,N
)

= 160 · (1− 1.645 · 0.1) = 133.68MPa

Figure 7.   Distribution of the safety factor.

Table 5.   Maximum and minimum values of fatigue resistance characteristics.

No Minimum value Maximum value

1 Durability distribution, cycles 198,770 1,000,000

2 Factor of safety distribution 0.75486 15.0

3 Distribution of the stress state characteristic −0.99999 0.98878

4 Distribution of equivalent stress amplitude, MPa 9.3696e−004 114.19

Table 6.   Summary table of fatigue resistance reserve coefficients and design service life.

No. sections 1 1′ 2 2′ 2′′ 3 3′ 4

Before modernization

 n 2.35 1.49 3.06 1.81 4.96 1.59 2.7 1.93

 Tк 198.73 29.8 555.37 65.72 3835.0 40.7 338.33 89.3

After modernization

 n 2.6 2.1 4.39 3.64 5.04 1.59 2.7 1.93

 Tк 290.0 125.1 2348.1 1109.82 4083.4 40.7 338.33 89.3
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The proposed method is the calculation of the fatigue strength characteristics of the load-bearing system in 
special self-propelled rolling stock in the ANSYS Workbench system, according to which it is established that 
at an acting load of 345 kN, the highest stresses occur in sections 1 and 11 (section A–A) and section 4 (section 
D–D) of the main frame sidewall. The equivalent amplitude stress in sections 1 and 11 is within 114 MPa, the 
durability is estimated at 198,770 cycles, and the safety factor is 0.75 (corresponding to failure). Modernization 
of the frame with the application of reinforcing pads allowed us to reduce stresses in the specified zones by 23% 
(92.7 MPa). To increase the durability up to 1,000,000 cycles, it is recommended to increase the value of the 
safety factor above one.

This table summarizes the fatigue resistance reserve coefficients and the design service life both before and 
after the modernization of the railcar frame.

The values in this table are based on more comprehensive calculations that include not only the safety factors 
but also the endurance limits and other parameters according to formulas (6) and (9).

These calculations take into account the median values of endurance limits, coefficients of variation, and the 
required service life, which are not directly illustrated in Fig. 6.

The key difference lies in the scope and depth of the calculations:
Figure 6 focuses on the safety factor distribution, which provides an immediate visual insight into how safe 

each section of the frame is under the specified loading conditions.
Table 6 includes a detailed assessment of the fatigue resistance reserve and the calculated service life before 

and after modernization, considering additional factors and criteria.
Thus, while Figure 6 provides a snapshot of the current safety status, Table 6 offers a more detailed and lon-

gitudinal view of the frame’s durability and safety over its expected service life.

Conclusions
Our investigation focused on identifying recurring frame failure locations in special self-propelled rolling stock, 
that were beyond the point of restoration. From this analysis, it became evident that there was a propensity for 
crack development in long beams supporting heavy equipment. To address these critical frame sections, we 
propose the installation of proper reinforcing liners to mitigate the issues of further crack propagation.

A computational model of the frame’s strength was developed using the ANSYS Workbench program suite. 
This model incorporated not only standard loading modes but also the number of loading cycles for one year of 
operation, including longitudinal, vertical, and repair loads. The uniqueness of this model lies in its considera-
tion of repair loads acting on the frame of special self-propelled rolling stock, making it significantly different 
from existing models.

According to the results of the stress state assessment, it was determined that the most critical point on the 
frame is section 1 of the longitudinal beams, while the maximum design stress was 132 MPa. A method for 
determining the faults in the frame of a special self-propelled rolling stock and increasing the strength of the 
longitudinal beam of a special self-propelled rolling stock was proposed. Its uniqueness is that the defect is 
eliminated by welding the crack and installing reinforcing plates during the modernization of the special self-
propelled rolling stock.

Based on the results, it is proposed to introduce this method of repair, combining both restoration and rein-
forcement, for all types of special self-propelled rolling stock operated in Uzbekistan.

Data availability
The data presented in this study are available on request from the corresponding author.
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