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Abstract. Due to the widespread failure of subway cars, the Tashkent Metropolitan Company
requires the development of a new method for upgrading the frames of multiple unit rolling stock
bogies scheduled for major repairs. This method improves dynamic performance and increases
strength and reliability (in particular, for subway car bogies). This article presents a dynamic
calculation of a modernized design for a multiple unit metro bogie, substantiating its dynamic and
strength parameters. Numerical studies were conducted using the MATHCAD 15 programming
environment. The calculations performed allow us to identify the bogie components that require
reinforcement. The design presented in this article is protected by Patent of the Republic of
Uzbekistan for Invention No. TAP 06498 [1].

Keywords: electric rolling stock, metro electric trains, frames of the bogies, dynamic
performance, increase strength and reliability, algorithm.

1. Introduction

According to the International Union of Public Transport, a metro is a predominantly intracity
passenger transport system with its own railway lines, completely separated from vehicular and
pedestrian traffic. The first metro in the world was the London Metro, opened in 1863 and
electrified in 1890. The Beijing Metro is the busiest. The Shanghai Metro leads in terms of line
length and number of stations, the New York Metro leads in terms of number of lines, and the
Saint Petersburg Metro leads in terms of average station depth. In the world, the task of assessing
and forecasting the resource of electric trains of the metro has been considered in many scientific
works and is relevant at the present time. This is due to both economic and organizational reasons
caused by the aging of the fleet of electric rolling stock and the desire to prevent dangerous
destruction, based on the standardized parameters of the resource, safety and risks under strength
conditions.

However, one of the specific features of metro systems is the higher reliability requirements
for rolling stock compared to surface transportation, due to the tunnel nature of train travel with
minimal headways and poor track infrastructure. In other words, any failure — that is, an event that
disrupts the functionality of a metro car — can lead to disruption of the schedule for one line, and,
in severe cases, disrupt the entire metro system and the modern city's transportation system.

Thus, the most important characteristics of metro rolling stock are reliability indicators,
primarily failure-free operation. Currently, in metro systems in Uzbekistan and neighboring
countries operating Russian-made electric trains, one of the least reliable components in the design
of older-generation cars is the bogie frames.

Currently, one of the least reliable components in the design of the Tashkent Metro’s
81-717/714 series electric rolling stock and its modifications is the bogie frames. The
manufacturer specifies a service life of 16 years for the spindle bogie frames of this rolling stock,
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while the service life of the guided bogie frames is 2.5 million kilometers (approximately
25 years). However, given operational practices (the cars operate on a single route) and
maintenance (they are serviced at their Home Depot), as well as the absence of dangerous failures
in the bogie frame metalwork of the metro cars, there is reason to believe that the service life of
their supporting structures has not been exhausted.

In light of the above, there is an urgent need to determine the technical condition of existing
bogie frame structures after extended use, establish their strength compliance with current
regulatory requirements, and numerically assess their remaining service life. This work included
an analysis of operational damage to the metal structures of Tashkent Metro bogie frames for cars
of the 81-717.5,81-714.5, and 81-717 and 81-714 series, which have exceeded their manufacturer-
specified service life.

In this regard, conducting scientific research to improve the methodology for calculating the
residual life of the frames of metro electric train bogies at high speeds is relevant both for the
Republic of Uzbekistan and for the entire international community, where the metro is widely
deployed.

Despite years of research, experience, and improvements in running gear design, potential
directions for further development continue to be identified [7-14].

In Uzbekistan, the problem of optimizing the operation of wheels and rails by reducing contact
stresses during the dynamic interaction of wheel pairs of rolling stock, as well as the development
of methods for calculating the dynamic strength of frame structures of locomotives of complex
configuration and methods for calculating the resource for transport engineering were studied by
Academician of the Academy of Sciences of the Republic of Uzbekistan, Professor Glushchenko
A.D., Professors Fayzibaev Sh.S., Khromova G.A., Shermukhamedov A.A., Rakhimov R.V.,
Khamidov O.R., Zainutdinov N.S., Radjibayev D.O. and their students [15-21].

Under the influence of cyclic dynamic loads, the strength properties of the metal of the parts
and structures of the undercarriage of electric trains (bogie frames, main frames and bodies, parts
of wheel pairs, etc.) degrade, their fatigue resistance decreases, the yield strength and brittleness
of the material increase, which can lead to their destruction. Therefore, conducting scientific
research in this area with the development of a method for calculating the residual life of bogie
frames of electric trains with an assessment of their reliability for the conditions of the Republic
of Uzbekistan is a relevant topic.

2. Methodology

The research methodology includes the compilation of mathematical models for optimizing
the spring suspension system of a high-speed electric train with improved elastic-dissipative
suspension properties and justification of dynamic strength parameters. Standard methods of
resistance of materials, theory of elasticity, theory of vibrations, dynamics and strength of
machines using computers were used for research. Numerical studies were performed in the
Mathcad 15 programming environment using numerical methods: boundary element method,
piecewise linear approximation and iteration method.

This article is devoted to the development of a new method for assessing the reliability
indicators of the frames of subway electric train bogies based on the results of diagnostics;
numerical studies were performed in the MATHCAD 15 programming environment.

The novelty of this topic is the improvement of the methodology for calculating the residual
life of electric train bogie frames at high speeds for the conditions of the Republic of Uzbekistan.

As a result, a scientific substantiation of methods for increasing the reliability and durability
of electric train bogie frames will be conducted using a newly developed mathematical model for
calculating the residual life of electric train bogie frames at high speeds for the conditions of the
Republic of Uzbekistan.
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3. Theoretical and practical results

The stresses that arise in the parts of the subway car bogie frames during operation are in most
cases variable in time, and they are often random functions of time. If the level of variable stresses
exceeds a certain limit, then a process of gradual accumulation of damage occurs in the material
of the part, leading to the formation of a crack, its development and the final destruction of the
part. This process is conventionally called metal fatigue, and the corresponding destruction is
called fatigue [2, 3].

The Department of Operation of Subway Cars of JSC “Uzbekistan Railways” in Tashkent has
identified a significant number of fatigue cracks, despite their repair according to the instruction
CT 336, which significantly weakens the most dangerous sections. Figure 1 shows a photograph
of a subway car bogie of modification 81-717/714 with fatigue cracks in the bogie frame after
30 years of operation.

This circumstance has caused the need for further improvement of dynamic characteristics and
increase in strength, reliability and failure-free operation, as well as justification of the frequency
of non-destructive testing during diagnostics [4,5].

The Tashkent metro lines use cars of the following models: 81-717, 81-714, 81-717.5,
81-714-5. Cars of the 81-717.5 and 81-714.5 models are a modification of cars 81-717 and 81-714.

Cracks of the bogie frame

e

Fig. 1. The bogie frame of the 81-717/714 series subway wagon with fatigue cracks

The modernized subway car body frame is made of welded channel-shaped beams. The basic
unit of the bogie, on which all the undercarriage equipment is mounted, is a welded H-shaped
frame. The frame consists of side chords and two cross beams. The side chords of the frame are a
channel 180 mm high with a horizontal shelf width of 70 mm. The chords are made of separate
parts (beams), which are butt-welded using electric arc welding. The side chords have oval holes
for welding the outer skin of the body walls.

When calculating the bogie frame of a multi-car subway car, it is considered as a spatial rod
system, numerical studies were carried out in the programming environment MATHCAD 15.

The calculation of the dynamic strength of the subway car bogie frame is carried out in the
following order:

1) The values of the forces acting on the frame are determined and the main design loading
schemes are compiled, which are the initial ones for all further calculations.

2) The main design loading schemes are divided into simpler auxiliary ones: vertical and
horizontal, symmetrical and antisymmetrical loads are considered separately.

3) The auxiliary and main loading schemes of the subway car bogie frame are calculated.

4) The values of normal stresses are determined for the main loading schemes of the subway
car bogie frame. The values of shear stresses are not determined in the calculation, due to their
insignificant value. It should also be noted that the places (grain) of maximum shear and maximum
normal stresses do not coincide.

5) The stresses in the design sections are summed up from the most unfavorable and possible
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combinations of loads in operation: 5.1. traction on a straight line; 5.2. braking on a straight line.
The stress state of the subway car bogie frame is characterized by the values of the maximum total
stresses from the above-listed operating modes of the subway car, as well as the values of stresses
acting when rolling out the wheel pairs (when lifting the subway car by the bogies).

We have conducted a comparative analysis of the stress-strain state of the subway car bogie
frame (with and without reinforcing pads) with the calculation of fatigue strength coefficients, on
the basis of which it is possible to predict the possible further useful life of the mechanical part of
the subway car (specifically, for the two-axle frame of the modernized bogie of subway cars mod.
81-717/714 — Fig. 1).

The design sections for the two-axle frame of the modernized bogie of metro cars mod. 81-
717/714 for determining stresses are the junction points of the cross beams to the longitudinal
beams (sidewalls), the average sections of the longitudinal beams (before reinforcement and
modernized with reinforcement) [15-21]. A quasi-static strength calculation is performed using
the force method for each design mode. For the calculation, the parameters were adopted for St20,
which has the following characteristics: fatigue limit for a symmetrical cycle o_; = 19.5 MPa;
yield strength of at least oy, = 308.7 MPa; ultimate strength oy, = 425 MPa; tensile strength
ors: = 468 MPa; permissible tensile (compressive) stresses: [o] = 240 MPa [2].

Based on the quasi-static strength calculation, a dynamic calculation of the frame of the metro
motor-car bogie was then performed, numerical studies were carried out in the MATHCAD 15
programming environment. The theoretical and numerical studies were carried out based on the
works of the authors of this article [21+22].

The numerical calculation algorithm consists of 4 stages.

Stage 1. Quasi-static calculation for possible unfavorable combinations of static loads [4, 5].
Based on the quasi-static calculation, the design parameters for the reduced moment of inertia and
reduced mass for the subway car bogie frame were calculated with the division of the entire
longitudinal beam (the side of the bogie frame) into 20 points, subject to a change in
0<X<243m.

Stage 2. Finding the natural frequencies of the system and studying the natural oscillations.
The transcendental frequency equation of the system of the form is solved by the iteration method:

E;'shwgX + EychwgX + Ez'sinwgX + E4'coswgX = 0,X = 1. (1)

The natural frequencies of oscillations for the system are found in the form:

()
The study of natural vibration modes is carried out in the form:
2
(Nl (1 + w_,z() + w3
WX, t) = 2z + shwgX + chwgX
s A3)

+sinwpX + w}/w? - coswpX} * (A cOSPpy, t + By sinppy,t).
Stage 3. Dynamic calculation of the subway car bogie frame. A dynamic calculation of the

sidewall of the subway car frame is performed as it moves along a joint unevenness. A solution is
sought for dynamic displacements in the form:
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W6 = ) W) - We(®), @
k=1

where Wy (X) — natural functions; and dynamic movements of the sections of the sidewall of the
subway car bogie frame — Wi (t) represent the dynamic deflection of the sidewall of the bogie
frame over time.

Stage 4. Calculation of static and dynamic stresses for the sections of the sidewall of the
subway car bogie frame with varying external load nyy (t) and verification of permissible stresses
taking into account strength and fatigue conditions [21-22].

The smallest permissible value of the actual safety factor under these conditions is determined
by the formula:

Im 511
R NCIT S ©)
where (ay + o*st) is the maximum total stress under impact (or static loading) with a force of
2.5 MPa along the axis of the automatic coupling, taking into account weight stresses; S is the
stress concentration coefficient.

The calculated frame of the subway car bogie is designed to ensure the absence of stress
concentrations in the transition areas from the non-reinforced profile to the reinforced one and in
the areas where the transverse elements of the bogie frame adjoin the sidewall. For the bogie frame
units whose design was changed simultaneously with the change (reinforcement) of the sidewall,
all this allows us to adopt the coefficient §, = 1. Therefore:

[6] = [0y, + 0] = 280.4 MPa. (6)

When checking the fatigue strength of the bogie frame, taking into account that the frame
elements are subject to alternating asymmetric stress, a material sensitivity coefficient to cycle
asymmetry P, = 0.6 is introduced, as well as an additional safety factor due to the presence of
stress concentrators K, = 2.4.

In this case, the endurance limit for the frame elements of the subway car bogie will be equal

to:
Orst ( 207s¢ _Uo)
= 1—-— , = 131.306 MPa. 7
OenlL Ko + Orst Ko m OenL a ( )
Bl 3742 4 -
% T 1 T
th——ﬁ T = = = h
B 2100 A

i T
Fig. 2. The sidewall sections of the bogie frame

4. Conclusions

Based on the results of the theoretical-numerical calculation, the following general conclusions
can be made regarding the assessment of the vibration impact on the cross-sections of the subway
car bogie frame:

1) Fig. 3 shows a graph of vertical oscillations of the sidewall sections (A-A) of a subway car
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bogie Z,;, and body oscillations Z,, during its movement along a track with a change in time ¢t. It
follows from Fig. 3 that the process of oscillations of the bogie frame sections and the subway car
body is harmonic. At a design speed of movement Vj,,,s, = 100 km/h, the resulting oscillations
(vertical displacements) are insignificant and amount to + 4.8356 mm. At the same time, with
increasing speed, they will increase. At a maximum speed V4, = 250 km/h, the maximum
vertical oscillations of the bogie Zcb will reach + 10.6931 mm.

0.06

0.036

Zes, 0.012 Z g
Zv,m \ \

-0.01

-0.036

—0.06
0.089 1.6712 3.2534 4.8356 6.4178 8

ts
Fig. 3. Graph of vertical oscillations of the sidewall sections (A-A) of a subway car bogie
as it moves along a track with changes in time

2) Fig. 4 shows a graph of the dynamic displacements of a metro car bogie from impact forces
as it moves over time along a track with varying track roughness at a speed of V = 100 km/h.
Clearly, as the roughness Hy increases from 2 to 6 mm, the dynamic displacements of the subway
car bogie frame from Z;, increase from +1.131 mm to £1.632 mm.
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Fig. 4. Graph of dynamic displacements of a subway car bogie due to impact forces as
it moves over time along a track with varying unevenness at a speed of V = 100 km/h

—15x10

3) Fig. 5 shows the diagram of bending moments in the section of the sidewall of the subway
car bogie frame M; (kN-m), while the compressive stress is equal to g, = —48.425 MPa, in
section A-A.

4) The data of the theoretical calculation carried out by the authors of this article are confirmed
by the results of experimental studies carried out by the authors of the works [15-21].

5) As aresult, a scientific substantiation of methods for increasing the reliability and durability
of electric train bogie frames was carried out using a new mathematical model developed for
calculating the residual life of electric train bogie frames at high speeds for the conditions of the
Republic of Uzbekistan.
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Fig. 5. Bending moment diagram in the section of the sidewall
of the subway car bogie frame in section A-A
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