e-ISSN 2617-9059 Transport Systems and Technologies, 43, 2024

DOI:10.32703/2617-9059-2024-43-9
UDC 629.4.023.14

Igor Martynov'*, Yuri Kalabukhin?, Alyona Trufanova®, Stanislav Martynov*

!Department of wagons engineering and product quality, Ukrainian State University of Railway Transport,
Feuerbach Square, 7, Kharkov, 61050, Ukraine. ORCID: https://orcid.org/0000-0002-0481-3514.

2Department of marketing, business activity and economic theory", Ukrainian State University of Railway
Transport, Feuerbach Square, 7, Kharkov, 61050, Ukraine. ORCID: https://orcid.org/0000-0003-3693-7607.

3Department of wagons engineering and product quality, Ukrainian State University of Railway Transport,
Feuerbach Square, 7, Kharkov, 61050, Ukraine. ORCID: https://orcid.org/0000-0003-1702-1054.

“Department of operation and repair of rolling stock, Ukrainian State University of Railway Transport,
Feuerbach Square, 7, Kharkov, 61050, Ukraine. ORCID: https://orcid.org/0000-0003-1826-6053.

“Corresponding author: martinov.hiit@gmail.com

Analysis of stress state of passenger car bodies

The overwhelming majority of compartment cars owned by Ukrzaliznytsia JSC were manufactured
in Germany in the 70-80s of the last century. They have exhausted their resource. The metal structures
of the frame and body are badly worn. Extending the service life of such cars requires a thorough study
of the possibilities of their further use. The article discusses the results of an analysis of the stress-strain
state of passenger car bodies. A three-dimensional model of the body was built. Body strength
calculations were performed using the finite element method using the ANSYS software package. The
racks and upper trim of the side walls, roof arches, etc. were considered as rods. The body frame,
substructure, side wall cladding, end walls, roof cladding and floor deck were modeled using plate finite
elements. Calculations were carried out in accordance with the requirements of current regulatory
documents. The maximum speed was assumed to be 160 km/h. The developed model was verified. The
results obtained were compared with the results of experimental studies (strength tests). The similarity
of the results confirmed the correctness of the created model. A study was carried out of the stress-strain
state of the body at nominal sizes with standard skin thicknesses. It has been established that the stresses
arising in the most loaded areas do not exceed the permissible values for structural steels. The resulting
model of the body will subsequently make it possible to determine the wear limits of the load-bearing
structures of the frame and body. It also allows, using the calculation-probabilistic method, taking into
account the probabilistic nature of all existing loads, to calculate the reliability indicators of the car
and its final life.

Key words: passenger car, body, resource, wear, stresses.

Introduction. Ukraine's movement into the European Union poses various challenges for the
country's society and economy. But for railway transport, the primary task is the integration of domestic
1520 mm gauge railways into the European transport system [1].

This issue is especially relevant for ensuring passenger transportation. Passenger cars of JSC
"Ukrzaliznytsia" were mainly inherited from the former USSR. The level of wear in the vast majority
of cars exceeds 90%. The rolling stock primarily used by Ukrzaliznytsia is not only physically outdated
but also morally obsolete.

But, in addition to physical wear and tear, passenger rolling stock is morally outdated and does not
meet even the minimum requirements for comfort systems. The compartment width, fire safety system,
ventilation system, toilets, and smoothness of movement do not meet European standards.To
successfully compete with road transport, the railway must provide passengers with more comfortable
conditions along the route, and the duration of a train trip should not exceed the time spent on a bus.

111


https://orcid.org/0000-0002-0481-3514
https://orcid.org/0000-0003-3693-7607
https://orcid.org/0000-0003-1702-1054
https://orcid.org/0000-0003-1826-6053

e-ISSN 2617-9059 Transport Systems and Technologies, 43, 2024

Passenger cars of the Kryukov Carriage Works fully comply with European sanitary standards and
have improved design and comfort. However, the factory's production capacity and limited funding do
not allow for the replacement of the entire fleet of passenger cars.

Another problem facing railway workers is ensuring the required speeds. To do this, it is necessary
that the load-bearing elements of the body and frame comply with the requirements of current regulatory
documents. Therefore, for cars that have already been in use for many years and have exhausted their
service life, it is necessary to study the stress-strain state of the body and frame, taking into account
wear.

The aging of the cars continues at a rapid pace, and it is not compensated by the arrival of new cars.
Extending the service life of passenger cars through modernization, reconstruction, and modification is
not a temporary measure but a fundamental requirement of market economic relations. However, while
these cars still meet normative requirements in terms of passenger comfort, their operation is
unacceptable in terms of ensuring safe movement due to a decrease and even loss of the body's load-
bearing capacity.

Analysis of recent research and problem statement. A large number of studies have been devoted
to increasing the strength and durability of passenger cars. Problems and prospects of passenger carriage
construction are discussed in article [2]. Standard [3] contains structural and crashworthiness
requirements for railroad passenger equipment of all types

The authors of article [4, 5] consider the technical condition of frames and bodies of passenger cars
with a service life that exceeds the standard. A statistical analysis of the dependence of wear on the
duration of operation for various types of cars was carried out.

The study [6] states that in conditions of systematic underfunding of the industry, carrying out
overhaul repairs of passenger cars is a possible alternative to purchasing newly manufactured cars. At
the same time, it is necessary to ensure the necessary level of strength, reliability and modern level of
comfort.

Articles [7, 8] discuss possible options for organizing the repair and maintenance of passenger cars
after major overhauls.

Works [9, 10] discuss the issues of reducing the weight of the body of a passenger car built by the
Kryukov Carriage Plant, model 61-779. The authors built a three-dimensional computational model.
Then, using the finite element method, strength calculations of the car body were performed.

Research [11, 12] is devoted to the analysis of the residual life of passenger cars, taking into account
the strength of the bodies of open and compartment type cars.

In [13, 14], using the finite element method, a collision of a passenger car with a rigid wall was
simulated. Structural weaknesses in the original design were identified. The authors assessed the
accident rate and developed proposals for modernizing the passenger car.

A method to analyze the impact of design features of the integral scheme of passenger cars bodies
on their stiffness and strength characteristics is proposed in [15].

Article [16] is devoted to the results of modeling the load of urban rail rolling stock. The calculations
simulate various loading modes. The authors come to the conclusion that the resulting stresses are 75%
of the permissible ones.

In this framework, the paper [17] proposes a new dynamic optimization approach to support the
design of railway vehicle car bodies subject to static loads. The proposed methodology aims to minimize
the mass of the metallic structure.

The purpose and tasks of the study. The purpose of this work is to study the effectiveness of
improving the structures of the bodies of passenger cars that have exhausted their resource (the stress-
strain state of compartment cars bodies that have exhausted their resource). To do this, it is necessary to
build a calculated 3D model of the body and frame of the 47D car without a spinal beam in the middle
part and, using the finite element method, determine the stress-strain state of the load-bearing elements
of the body and frame, taking into account possible wear and tear in operation.

Materials and methods of research. The finite element method (FEM) is currently a fundamental
method for solving solid mechanics problems using numerical algorithms. The method is based on
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discretization of the object in order to solve the equations of continuum mechanics under the assumption
that these relationships are satisfied within each of the elementary regions. These areas are called finite
elements. They can correspond to a real part of space or be a mathematical abstraction, like the elements
of rods, beams, plates and shells. Within the finite element, the properties of the area of the object limited
by it are assigned (this could be, for example, characteristics of the rigidity and strength of the material,
density, etc.) and the fields of quantities of interest are described (in relation to solid body mechanics,
these are displacements, deformations, stresses, etc.). d.). Parameters from the second group are assigned
at the nodes of the element, and then interpolating functions are introduced, through which the
corresponding values can be calculated at any point inside the element or on its boundary. The task of a
mathematical description comes down to connecting the factors acting at the nodes. In continuum
mechanics, these are, as a rule, displacements and forces.

The problem of determining the displacement field in the design of an axle box unit can be reduced
to the problem of minimizing the total potential energy based on nodal displacements,

Body strength calculations were performed using the finite element method using the ANSYS
software package in accordance with the requirements of DSTU [18]. The body was considered as a
system of rod and plate finite elements. The calculation scheme is shown in Fig. 1 and in Fig. 2.
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Fig. 1. Passenger car 47]1 body model

As the rods, the racks and upper strapping of the side walls, roof arches, etc. were considered. The
body frame, lower trim, side wall cladding, end walls, roof cladding and flooring were modeled using
plate finite elements.

Rod finite elements work in tension (compression), bending, torsion and displacement. Flat finite
elements work for bending (like plates) and for stretching (compression) under the action of forces
whose lines of action lie in the middle plane.

In total, the design scheme contains 1,659,958 nodes and 722,470 finite elements.

Normative documents [18] provide for the need for calculations according to three calculation
modes:

- | calculation mode corresponds to touching from a place, emergency braking at low speeds,
collision during maneuvering, etc.;

- Il calculation mode - train movement on the calculation climb (for passenger cars when they are
included in freight trains);

- l11 calculation mode - movement with design speed and adjustable braking.

113



e-1SSN 2617-9059 Transport Systems and Technologies, 43, 2024

[} 56403 1e+04 (man)
]

Fig. 2. Passenger car 47D frame model

Each of these calculation modes corresponds to a combination of loads that are added to the car body.
Three groups can be distinguished: about longitudinal, vertical and lateral loads. Below is a description
of each group.

Longitudinal loads are the longitudinal tensile or compressive force applied to the front or rear
gussets, respectively. When calculating according to mode I, a compressive force of 2.5 MN is applied,
mode Il is not considered by the authors, when calculating according to mode 11, the strength of the
body is separately evaluated both under the action of a tensile force of 1 MN and under the action of a
compressive force of the same magnitude (the case is considered action of a stretching force).

The group of vertical loads is formed by the gravity of the car body, the gravity of the internal
equipment, equipment and passengers with luggage. This group, in addition to the static loads listed
above, also includes additional dynamic components caused by the acceleration of the body in the
vertical direction during the carriage movement.

The force of gravity Q acting on the car body is equal to the difference between the gross weight of
the car and the weight of the trolleys. During the calculations, the car body was initially loaded by the
force of gravity acting on the body's metal structure and by the gravity of large equipment units. A force
equal to the difference between Q and the weight of the metalwork and equipment was applied to a
uniformly distributed load acting on the floor of the car (Fig. 3).
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Fig. 3. Scheme of application of a vertical load on the body of a passenger car
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When calculating according to the I mode, only the vertical static load is taken into account. When
calculating according to mode 11, the dynamic component is also taken into account by multiplying the
static load by a factor 1 + kg,,, where kg4, — calculated value of the coefficient of vertical dynamics for
the car body.

The value k,, is calculated according to known formulas [18].

— 4 1
kay = kay |[—In—F=—=, (1)
T 1-— P(kdv)

where kg, is the average value of the vertical dynamics coefficient (mathematical expectation of the
random process of changing the vertical dynamics coefficient k4, (t);
P(kg4,) — confidence probability. It is equal to P(k4,)=0.97.

The average value of the vertical dynamics coefficient k , BusHaYa€THCS 3 HACTYIIHOO (HOPMYIIO0

V —15

kgy=a+36-10"* b )
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(2)

where a is an empirical coefficient, which for car bodies is equal to a=0.05;
b — coefficient depending on the number of axles in the cart (for biaxial carts b is equal to 1);
fs¢ — static deflection of spring suspension (fs; = 0,15 v);
V — speed of movement in m/s.
During the calculations, it was assumed that the car moves at a maximum speed of 160 km/h and the
third calculation mode is used.
Thus, for movement at a speed of 44.4 m/s, the average value of the coefficient of vertical dynamics

kg Was

— 44,4 — 15
kay = 0,05 +3,6- 107" - 1————=10,121

4 1
ks = 0,121\/3'14 557 = 025

The action of the lateral load should be taken into account only when calculating according to mode
I11. The force, which is equal to the difference of the centrifugal force and the horizontal component of
the gravity force, which arises as a result of the elevation of the outer rail, for passenger cars is 10% of
the gross force of gravity, i.e. 61 kN. Also taken into account is the force of wind pressure, which divides
the area of the side projection of the body by the specific wind pressure (500 N/m?), which for this car
is equal to 38.6 kN. Thus, the total lateral load will be 99.6 kN. It is applied to the upper and lower lining
of the side walls.
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When carrying out calculations, two options for applying loads were considered. The first option
corresponds to the | calculation mode, the second option — to the Il calculation mode at a speed of
160 km/h.

The following options for changing the design and parameters of the body were considered:

— the thickness of the sheathing of the side walls and roof is 2.5 mm;

— the thickness of the sheathing of the side walls and roof is 2 mm;

— the thickness of the sheathing of the side walls and roof is 1.5 mm;

The developed model was verified. At the first stage, the calculation of the body with standard skin
thicknesses was carried out. The obtained results were compared with the results of experimental studies
(strength tests). The similarity of the results confirmed the correctness of the created model.

Fig. 4. Diagram of stress distribution in the frame pivot assembly

A

Fig. 5. Diagram of stress distribution in the body of passenger car
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It has been established that the most loaded part of the structure is the thrust bearing unit. The
maximum stress in the frame occurs at the junction of the pivot and center beams. When calculated
according to 3 calculation mode, it reaches a value of 203 MPa.
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The greatest stress in the body occurs in the upper corners of window openings, which are natural
stress concentrators. With a sheathing thickness of 2.5 mm, it is 114 MPa. When the sheathing thickness
is reduced to 1.5 mm, the stress increases to 178 MPa.

In the area above the window openings at the boiler end, when calculated according to 3 calculation
mode , the maximum stress was 105 MPa with a sheathing thickness of 2.5 mm. When the sheathing
thickness is reduced to 1.5 mm, the stress increases to 171 MPa, which is acceptable for the 09G2Kh

steel grade used.

The dependences of stress on thickness are presented in Fig. 6 and 7.
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Fig. 6. Diagram of stress distribution in the body of passenger car (speed 160 km/h)
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Fig. 7. Diagram of stress distribution in the body of passenger car (speed 120 km/h)

Analyzing the obtained dependencies, we can conclude that such body elements as the frame, roof
and end walls, regardless of the design mode, have a sufficient margin of safety.

Thus, based on the results obtained, it can be concluded that the decrease body skin thickness up to
2 mm is significant does not affect the stress-strain joint standing.

The proposed option for reducing metal containers of the car body structure together with other
activities will increase travel speed, reduce electrical consumption energy for traction and thereby
increase the technical economic characteristics of passenger car.

Conclusion:

1. A finite element model of the body of a rigid compartment car 47D has been constructed. Beam
and plate finite elements were used for modeling.

2. A study of the stress-strain state of the body at nominal dimensions with standard sheathing
thicknesses was conducted. It was found that the stress occurring in the most loaded areas do not exceed
the permissible values for structural steels.

3. The obtained body model will further allow determining the limit values of wear for the load-
bearing structures of the frame and body and calculating, by probabilistic methods considering the
probabilistic nature of all acting loads, the reliability indicators of the car and its ultimate service life.
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AHaJi3 HANIPY’KEHOr 0 CTAHY KY30BiB acaKMPCbKUX BaroHiB

Iepesascna wacmuna Kynevinux eazonie énacnocmi AT Yrpsanisnuys 6yna eucomosnena y Himeuuuni y 70-
80-x poxax murynoeo cmonimms. Bonu suuepnanu enacuuii pecypc. MemanokoHcmpyKyii pamu ma Ky306a CUTbHO
snoweni. 1Ipo0oecenns mepminy cayxicOu maxkux 6a20oHi6 NOMpeOYE PemenbHO20 GUUEHHS MOJMCIUBOCEl
iXHbO20 NOOANLULO20 BUKOPUCTIANHA. Y CINAMME PO32NAHYMO Pe3YIbMamu anauisy HanpyiceHo-0eghropmosanoo
CMany Ky308i8 nacaxicupcokux 6azonis. Ilob6yoosano mpueumipny mooenv Ky306a. Pospaxyhku Ky3oea Ha
MIYHICMb BUKOHYBANUCL MEMOOOM CKIHYEHUX eleMeHMI8 3a 00NoMOo20l0 npozpamnozo komnaexcy ANSYS. Ax
CMPUIICHT PO327IA0ANTUCA CINOAKU MA 8epXHsa 008'a3ka OiuHux cmin, oyeu oaxy i m. 0. Pama Ky306a, HUdiCH:
008'a3Ka, 00WUBKA OIUHUX CMIH, MOpYesi CIIHU, 00UWUBKA 0AX) MA HACTNUIL RIOI02 MOOEI0BANUCS 3d OONOMO20H
NAACTMUHYACMUX CKIHYEHUX eleMeHmis. Po3paxynku npogoounucs 6ionoGioHo 00 8UMO2 YUHHUX HOPMAMUGHUX
Odokymenmis. Makcumanvna weuokicme pyxy npuumanacs pienoio 160 km/200. Byno 30iticneno eepugixayiro
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Ppo3pobaenoi modeni. Ompumani pe3yibmamu NOPIGHIOBANU 3 PE3VIbMAMAMU eKCHePUMEHMATbHUX 00CTIONCEHD
(6unpobyeans miynocmi). Ilodibnicms pezyromamis niomeepouna npaguibHicms cmeoperoi mooeni. Ilposederno
00CIOICEHHSI HANPYIHCEHO OeDOPMOBAHO20 CMAHY KV308d NPU HOMIHAALHUX PO3MIpAX 3i CMAHOAPMHUMU
moswunamu obwueu. Becmanosneno, wo nanpyau, wo GUHUKAIOMb V HAUOLIbW HABAHMAICCHUX MICYSX, He
nepesuuyIonms 0oNyCmuMi 3HAYeHHs: KOHCMpYKYiunux cmanetl. Ompumana mMooeib Ky306a HA0Ai 003601Umb
BUSHAYAMU SPAHUYHI GeIUYUHU 3HOWY8AHHA HeCYuux KOHCMPYKYil pamu i Ky3068a 1 po3paxogysamu
PO3DAXYHKOBO-IMOGIDHICHUM MEMOOOM 3 YPAXYBAHHAM IMOGIDHICHO20 XApaKmepy 6CiX HAGAHMANCEHb, WO OIOMb,
NOKA3HUKYU HAOIUHOCMI 8a20HA T 11020 OCMAMOYHULL pecypcC.

Knrouoei cnosa: nacasxxcupcokutl 6a2om, Ky308, pecypc, CHpAulo8aHts, HANPYHCEHHSL.

120



