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Abstract—This article presents a comprehensive analysis of
the permissible speeds of railway rolling stock during
straight-line motion and when navigating curves with various
radii. The study addresses the growing demand for higher
operational speeds while maintaining safety standards and
infrastructure integrity. The objective is to determine the
dynamic and structural constraints that limit permissible
speeds under different track conditions. The research
methodology is based on analytical calculations and
numerical modeling of the interaction between the rolling
stock and the track infrastructure. Key factors considered
include the dynamics of vehicle movement, structural
strength of the metal constructions, the impact on the track,
unbalanced acceleration in curves, and stability against
wheel derailment. Special attention is given to the assessment
of lateral forces and their influence on both vehicle and track
components. The results demonstrate how permissible speeds
vary with track curvature and construction characteristics.
The study identifies threshold values for wunbalanced
acceleration and lateral forces, which serve as critical criteria
for speed limitations. The findings can be applied in the
design and modernization of railway vehicles, the
development of infrastructure guidelines, and the
formulation of regulatory standards aimed at improving
operational safety and performance in railway systems.

Keywords—railway track, curved section, rolling stock,
locomotive wheelset, vertical dynamics, axial stresses in rails

I. INTRODUCTION

One of the key directions for improving the efficiency
of the transportation process is the development of
innovative wagon designs capable of withstanding
increased wheel load on the rails [1, 2]. The introduction
of freight wagons with higher axle loads will allow for the
solution of the problem of increasing the weight limits of
freight trains without additional investments in the
development of track infrastructure. To effectively
develop heavy-haul transportation, it is necessary to use
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wagons with improved load capacity. Based on
international experience, the greatest economic benefit has
been achieved through the application of enhanced three-
component bogies for freight wagons [3-5]. Different
countries are considering increasing axle load within
various limits. For example, Australia has recommended
increasing the axle load to 37 tons; Canada, South Africa,
and Brazil to 30 tons; the USA to 25-32.4 tons; and India,
China, Russia, and Kazakhstan to 25 tons [6]. A significant
increase in axle load requires work on strengthening the
railway track, leading to high costs. However, an axle load
up to 30 tons typically does not require substantial
investments in track infrastructure. In this case,
comprehensive research is necessary to assess the impact
of rolling stock on railway infrastructure, as well as the
development of innovative wagon designs that can
minimize dynamic impact on the track.

Currently, several models of freight wagons with an
axle load of 25 tons have been developed and tested,
including models 18-194-1, 18-9855, 18-9810, and 18-
9996 (ZK1). The bogies of model 18-9855 have significant
differences from the most common bogie model 18-100
with an axle load of 23.5 tons. These bogies use side elastic
sliding bearings with constant contact, the wheelsets are
made of high-hardness steel, and cassette tapered bearings
are used in the axlebox with support on the side frame via
an adapter. Wear-resistant polymer gaskets are used in the
bearing unit. These technical solutions help reduce the
dynamic forces transmitted to the track. Articles [7, 8]
present the results of dynamic testing of freight wagons
with an axle load of 25 tons. The authors established that
the dynamic impact of wagons 18-194-1, 18-9810, and 18-
9996 (ZK1) lies within the established standards, with the
greatest negative impact on the railway track coming from
the bogies of model 18-9996 (ZK1).
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(b)

Fig. 1. Types of bogies (axle load; design speed). (a) basic (25 t; 120
km/h); (b) for increased speeds (20 t; 140 km/h); (c) with a carrying
capacity of (30 t; 100 km/h) [1, 2].

This article examines the impact of the 12-9920 model
hopper wagons on the railway track. The design of this
hopper wagon incorporates the 18-9996 (ZK1) bogie.
Compared to traditional three-component freight bogies,
this bogie has several structural features. It is designed for
an axle load of 25 tons and a maximum speed of 120 km/h
in both loaded and empty conditions see Fig. 1. The lateral
spread of the wheelset relative to the side frame has been
increased, which ensures better fitting in curves at higher
speeds. A rubber adapter is positioned between the axle
box and the side frame, which facilitates the radial
installation of the wheelset in curves. Additionally, the
ZK1 bogie uses diagonal connections, which eliminate
instability when navigating curved track sections. A
detailed description of this bogie design is provided in [9].

The novelty of this study lies in conducting and

analyzing the test results of 12-9920 model hopper wagons
on the railways of Kazakhstan and establishing, based on
the conducted research, the safe operational conditions for
these wagons and the permissible speed limits, which are
reflected in the regulatory and technical documentation of
the Ministry of Transport of the Republic of Kazakhstan.
The current trend of increasing speeds on railways has
further intensified research aimed at accurately predicting
the stress-strain state of railway track elements. In these
studies, the Fuchs-Winkler elastic  foundation
model [10-13] is primarily used. The methodology for
calculating the stress-strain state of railway track under the
influence of rolling stock is also based on the Fuchs-
Winkler model [14, 15]. In this model, the railway track
foundation is represented as a collection of independent
elastic elements (springs), each responding to a load only
at its point of application. The ground’s reaction is
proportional to the settlement. This model allows for the
consideration of local soil deformations under load but
does not account for the interaction between adjacent
sections of the soil. This limitation does not introduce
significant inaccuracies in determining the calculated load
impact values on the track. According to [16—18], the main
calculation algorithm for track strength (Eisenmann
method) is based on the following key assumptions and
premises:
The rail is considered an uninterrupted beam of
infinite length with an unchanging cross-section,
resting on a continuous, equally elastic foundation;
Vertical forces are assumed to be applied in the
plane of symmetry of the rails. The rails of both
tracks are assumed to be equally loaded;

488

It is assumed that the wheels, during movement, do
not detach from the rails and do not create impact
forces;

The calculation is based on the assumption of a
linear relationship between the pressure on the unit
area of the foundation and the elastic settlement it
causes;

All track characteristics used in the calculation,
including permissible stresses, are considered non-
random values;

When calculating the rail’s bending, the minimum
possible value of the conditional yield strength of
rail steel is taken as the physical allowable stress;
Longitudinal thermal forces and cantilever forces
are not directly accounted for in the calculation but
are considered by a slight reduction in the physical
allowable stress;

Horizontal transverse forces and eccentric
application of vertical loads are accounted for by a
special factor £, which converts axial stresses at the
rail base to stresses at its outer edge;

The static load transmitted through the wheel to the
rail is considered a non-random value; the effects
of variable forces are treated as static;

The impact of all types of vibrations from the
suspension structure is considered empirically
through the additional compression of the spring
set and the dynamic stiffness of the suspension;
The effects of isolated track irregularities and
isolated or continuous wheel irregularities are
taken into account;

The resultant of all vertical forces, as calculated,
transmitted by the wheel to the rail, is taken at its
maximum value with a probability of ® = 0.994
that this value will not be exceeded;

The internal stresses in the upper structure
elements are not considered;

The calculation is performed for a given track
section when rolling stock of the same type and
configuration moves along it. The calculated
section is chosen where the spring compression is
greatest.

Before conducting the track strength calculations, tests
are carried out to determine the impact of the rolling stock
on the track and switches. During these tests, the following
parameters of the rolling stock are determined: vertical
dynamic coefficient related to the wheel weight of the
unsprung parts; the coefficient of transition from axial
stresses at the rail base to edge stresses f, which accounts
for the impact of horizontal forces on the rail and the
eccentricity of vertical load application; the dynamic axle
load; the stability coefficient against wheel derailment.
The methodology for determining the transition coefficient
from axial stresses at the rail base to edge stresses f is
detailed in [19]. This document defines the permissible
levels of impact indicators of railway rolling stock on the
track and switches, as well as experimental and calculation
methods for determining the impact indicators of railway
rolling stock on the railway track when the rolling stock
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moves at speeds of up to 250 km/h on 1520 mm gauge
railway tracks (see Fig. 1) [20].

II. MATERIALS AND METHODS

Comprehensive Dynamic and Track Impact Testing of
Rolling Stock involves tests during which dynamic
processes are simultaneously recorded both on the rolling
stock and in the elements of the track superstructure, as
well as in the elements of switch points [21]. Before being
put into operation, rolling stock undergoes various types of
testing to ensure it meets the required safety and
performance criteria, after which it is permitted to operate
on mainline tracks of general use. These tests define
permissible levels of impact that rolling stock can exert on
the track and switch points, as well as the methods for
accurately determining these impact indicators [22].

Tests are conducted to determine the actual values of
impact indicators during various types of testing of new,
upgraded, or in-service rolling stock. During
comprehensive dynamic tests and tests on the wagon’s
impact on the track, fixed straight and curved sections of
track of limited length are generally selected, which are
equipped with appropriate measuring instruments to
determine rail stresses, rail bending under the influence of
transverse horizontal forces from the wagon, stress on the
main earthwork platform, and forces from the rails on the
ties and ballast. During dynamic tests of wagons, the
following values and processes are measured and recorded
using special instruments:

Vertical and transverse (sometimes longitudinal)
horizontal accelerations of the wagon body in the body
bolster area (for passenger cars, also in the middle part of
the body) and on the bogie frame; Transverse horizontal
(frame) forces acting from the wheelsets on the bogie
frame. Tests of the 12-9920 model hopper wagons were
conducted in the Republic of Kazakhstan on various
sections of railway track: Straight track section (Berlik—
Zhidele, km 1489-1502, even track); Curve with a radius
of 400 m (Chokpar—Alaygyr, km 3817-3818, odd track).
The tests were conducted in accordance with the testing
program PN-0118-2016 [23, 24].

Before the operational tests, the hopper wagons were
equipped with strain gauges assembled into special
measurement circuits to measure the dynamic vertical
coefficients of the first and second stages of the suspension
system, as well as frame forces. The strain gauges were
attached to the side walls and suspension beams of the
hopper wagons. To determine the accelerations of the
bogie and body, as well as ride smoothness indicators,
accelerometers were installed Fig. 5.

Signals from all used sensors were transmitted via
cables to the input of the measurement system and
recorded on the hard drive of a portable computer. For the
subsequent ability to measure the dynamic vertical
coefficients of the first and second stages of the suspension
system, after equipping the hopper wagons with strain
circuits, static tests were carried out during which the static
load from the wagon body to the bogie was determined at
the locations of the strain circuits. Additionally, a special
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loading device was used to calibrate the frame force
measurement circuits.

The sensor placement diagram is shown in Fig. 2 [25].

Ram: Frame Force Measurement Circuit;

KD 11, KD I p: Measurement Circuits for the Vertical
Dynamic Coefficients of the First Stage;

KD II: Measurement Circuits for the Vertical Dynamic
Coeftficient of the Second Stage;

Yt, Zt, Yk, Zk: Accelerations of the Bogie Frame and
Wagon Body in the Transverse and Vertical Directions
(see Fig. 2).

KD1p

KD Il

I o] 2
Yk,Yz

=

[ o0o ] J

KD11,
Yt, 2t

Fig. 2. Sensor placement for registering processes to determine dynamic
indicators of the 12-9920 hopper wagon.

Fig. 3 shows the oscillogram of the primary
measurements of dynamic processes recorded during
movement along the straight track section.

KD1pr_20-2FIRFilter

00284 10 20

Fig. 3. Vertical dynamic coefficient of the first stage of the suspension
system of the 12-9920 Hopper wagon during movement along the straight
track section [26].

For measuring stresses at the rail edge of rail elements,
strain gauges are used that meet established technical
requirements and specifications for such devices [27].
Stress measurements are performed using strain gauge
circuits with temperature compensation, formed on the
outer and inner edges of the rail base in one transverse
section of the rail. Active strain gauges are oriented
parallel to the longitudinal axis of the rail, while the
compensation gauges are oriented perpendicular to the
longitudinal axis of the rail.

Active strain gauges are attached at a distance of 2 to 5
mm from the outer and inner edges of the rail base. The
number of measurement sections on one rail of a
25-meter rail joint is at least 12. The method (Fig. 4) is
based on the use of a direct proportional relationship
between lateral forces and the difference in bending
moments acting on symmetrically located points A and C
of the rail cross-section relative to the neutral axis. A
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complete Wheatstone bridge with temperature self-
compensation is used as the measuring device.

The diagram directly determines the lateral forces in the
local coordinate system of the rail and theoretically cannot
introduce a significant error due to the presence of
eccentricity e. The locations of the sensors on the track
sections are shown in Fig. 5. The measurement data
obtained during the movement of hopper wagons in
different directions were processed separately. The records
were grouped by speed and by different processes. For
each process, data arrays were obtained that characterize
the impact on the track of each wheelset of the hopper
wagon separately, depending on the speed. The resulting
data arrays were subjected to statistical processing.

B I
i

|
I
|
1

®©,

6

Fig. 4. Diagram of locations of strain gauges on the rail web: 1-6: strain
gauge numbers; Fy: lateral force; Fz: vertical force; e: eccentricity; 11, 12:
distances from the plane of application of the lateral force Fy to points A
and C of the rail cross-section [25].

Numerous experimental studies show that the variation
series of the stress distribution in the lower edges of the
rail base, caused by the passage of the hopper wagon over
the rail, follows a normal or generalized normal
distribution. For the obtained set of values, the maximum
probable values of the quantity are determined with a
probability of 0.994. The distinctive feature of stress
processing in the edges of the rail base on the straight track
section is that data for both rail tracks are combined into
one series. Meanwhile, the stresses in the outer and inner
edges of the rail base are processed separately. Fig. 6
shows the oscillograms of the primary measurements of
the impact on the track, recorded during movement along
the straight track section.

The establishment of permissible speeds for the
movement of semi-wagons model 12-9920 based on track
strength. The determination of the permissible speed of
rolling stock movement based on track strength conditions
is carried out in accordance with the Methodology for
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Assessing the Impact of Rolling Stock on the Track to
Ensure its Reliability based on the criteria provided in [28].
When determining the permissible speeds for the operation
of rolling stock based on track strength conditions, the
stresses in the elements of the track superstructure of the
specified design are considered when the rolling stock
moves at various speeds on straight sections and curves of
different radii [29]. As a result, charts similar to Fig. 1 are
obtained. When plotting the value of the strength
assessment criterion on the graph at the point of its
intersection with the calculated value, the permissible
speed of the rolling stock is obtained. In Fig. 1, the rolling
stock is represented by a wagon with the strength criterion
based on stresses in the rails [30].

As a rule, the permissible speed of rolling stock is
determined based on the stresses in the rails. If the
calculated stresses in other elements of the track
superstructure (on the ties, ballast, or main embankment
platform) exceed the permissible values, a decision is
made to increase their capacity (by increasing the quantity
or size) [31, 32]. The maximum stresses in the elements of
the track superstructure are determined by the formulas:
In the base of the rail due to its bending under the
action of the moment M:

Pl

oy = M _ T | kglem? (1)
W AkWw
e In the edges of the rail base:
o, = fo,,kgem’ )

In the tie for crushing under the plate (for wooden
ties) and in the pad for concrete ties:

1,

_Q _ K pu kgem? 3)
o 2w
e In the ballast under the tie:
o, = Q _ K, pu, kglem? 4)
Q, 20,
where:
W: the section modulus of the rail relative to its base, cm?
(Table 1);

f: the conversion factor from axial stresses in the rail base
to edge stresses, considering the effect of horizontal loads
on the rail and the eccentricity of the application of the
vertical load [26, 33].

The area of the rail base plate, cm? (Table I). The area of
the half-tie, considering the correction for its bending, cm?
(Table I).

Table I provides the calculated parameters of the track.
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Fig. 6. Stresses in the outer edge of the rail base during the movement of the 12-9920 hopper wagons along the straight track section [26].

TABLE I. CALCULATED TRACK PARAMETERS

Parameter

Values

Type of rail

R65

Type of ballast

crushed stone

Type of sleepers reinforced concrete wooden
Number of sleepers per 1 km of track, pcs/km 1840 2000 1840 2000
Modulus of elasticity of the trackbed, kg/cm? 1500 1670 295 270
The distance between the axes of the sleepers, cm 51 55 51 55
Moment of inertia of the rail at the bottom of the base, cm 417 417 417 417
Area of the half-sleeper with a correction for bending, cm? 3092 3092 2853 2853
Width of the bottom bed of the sleeper, cm 27.6 27.6 25 25
Depth from the sole of the sleeper, cm 55 55 50 50
Cross-sectional area of the rail, cm? 82.65 82.65 82.65 82.65
Moment of inertia of the rail relative to its central horizontal axis, cm* 3540 3540 3540 3540
Area of the pad, cm? 518 518 612 612
Distance from the horizontal neutral axis to the outermost heads, cm 9.71 9.71 9.71 9,71
The distance from the horizontal neutral axis to the extreme fibers of the sole of the rail, cm  7.69 7.69 7.69 7,69
Rail head width, cm 7,5 7.5 7.5 7.5
Width of the rail sole, cm 15 15 15 15
Moment of inertia of the rail’s cross-section relative to the most distant fiber at the base, cm®> 358 358 358 358
Section modulus of the rail’s cross-section relative to the most distant fiber at the base, cm? 435 435 417 417
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The calculation formula for determining the
normal stresses in the ballast (including on the
main platform of the subgrade) at a depth of 4
from the bottom of the sleeper along the design
vertical is as follows [34, 35]:

(6))

on=on + o+ oi3, kg/em?

on and oy3: the stresses due to the influence of the
1st and 3rd sleepers, respectively, located on both
sides of the design sleeper (Fig. 7);

o the stress due to the influence of the 2nd
(design) sleeper at the section of the track under
the design wheel.

Par

-

©
>
oF
,/"/T/ ,\QQQ«\ 5
| &

e
= T
///"/i i

Vadd

V, km/h
40 00

Fig. 7. Stresses at the edges of the rail base of type R50

when a wagon passes.

The normal vertical stresses under the design
sleeper are determined based on the solution of a
plane problem in the theory of elasticity,
considering the trackbed as a homogeneous
isotropic medium, using the following formula:

where:

o:=a[2.55C, +(0635C, ~1.275C, |m] (0)
b b
b b 7
'2n 24K @
bh
- 8
Pob AR’ ®)
m=—" > ©)
0, +4.35

oy the stress under the design sleeper in the
ballast, averaged across the width of the sleeper,
kg/cm?;

b: the width of the sleeper’s bottom plate, cm;

h: the depth of the ballast layer from the bottom
of the sleeper, cm;

m: the transition coefficient from the averaged
pressure across the width of the sleeper to the
pressure under the sleeper’s axis, where m < 1 is
assumed as m = 1.

The stresses at a depth of h under the design
sleeper, caused by the influence of adjacent
(neighboring) sleepers, are determined using the
following formula:

o, =0250, A4 (10)

wherei=1;3

2
38
®(6
£Elz
(22 =%
wie
8
Railway sleeper 1 Railway sl|eeper 2 Railway sleeper 3
by b
[
b ) D
(7] | =7 NN < >
651,2 N ___'pﬁp 4 | «Gg32
A e O, >l
} t
=
O

Fig. 8. Diagram of pressure transfer to the subgrade from three adjacent sleepers.

Considering that the design axis is located above
the second (design) sleeper No. 2, the stresses
under the first and third sleepers are obtained
accordingly [36]:

O

hy

=0.256, 4
(11)

o, =0.256,, 4

I

where:
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6512 and 653,2: the average value of stresses on the
sole of the sleepers adjacent to the design one,
kg/cm?;

A is a coefficient that takes into account the
distance between the sleepers /;, the width of the
sleeper b and the depth h (see Fig. 8):
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A=0—-6,+0.5(sin26 —sin 26)) 12)
The angles and (in radians) between the vertical
axis and the directions from the edge of the
sleeper to the design point (Fig. 7) are determined
using the following formulas:

I +0.5b
91 =arctg S (13)
Is—0.5b
= 14
(92 =arctg P (14)

The above formulas are applicable when 4 > 15 cm.
e The stresses in the ballast under the design tie of
the by, are determined by the formula:

Kl

20
a

pll
eq

o

br = (15)

In this case, the load of the design wheel located
above the design sleeper is calculated using
Eq. (15), and the load from the neighboring
wheels is calculated using Eq. (16), i.e.:

Pl =PI+ 3 P (16)
where:
Zpavgn = Pannll—z (17)

for a two-axle trolley

The stresses in the ballast under the sleepers
adjacent to the design sleeper are determined
based on the condition of the maximum dynamic
load of the design wheel located above the design
sleeper and the average loads from the other
wheels [37]. (Fig. 4):

kil
s

20
a

pll

o (18)

6pc =

where for two-axle bogies:

12};‘,?*771 + Z ave 1, ,—1) (19)
Under the sleeper Nel;
PCI; Pdt;r?xﬂls + ZPavgﬂ(h,zﬂs) (20)

Under the sleeper Ne3;
When determining the ordinates, the indices mean:
[;: the distance between the axes of the sleepers;
li-» and l,-3: the distances between the 1st, 2nd, and 3rd
axes of the bogie, respectively.
Using the above methodology, the stresses in the track
structure elements (Figs. 9-11) were calculated for
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movement on straight and curved track sections. The
calculations were performed wusing the Excel
application [38].

Based on the experimental data and the methodology
provided above, the stresses in the track structure elements
(Figs. 9-11) were calculated for movement on both
straight and curved track sections. The calculations were
performed using the Excel application [3]. The results of
comprehensive tests on freight cars with increased axle
load, with models of bogies such as 18-194, 18-9855
Fig. 12, and others, are presented in works [39, 40]. When
comparing similar results for the ZK1 bogie, which is
installed on the 12-9920 flatcars, the following
conclusions can be drawn. The conducted tests showed
that the maximum values of interaction forces are more
significantly influenced by the design and condition of the
rolling stock and track than by the difference in axle load,
which, when the load is increased to 25 tons, is 6%, while
the variation in the maximum values of dynamic
parameters of the cars and their impact on the track can
reach up to 30%. The dynamic performance and track
impact indicators of the cars with the 18-194, 18-9855, and
ZK1 bogies are approximately the same. The greatest
negative  impact on the railway track s
caused by the 18-9996 (ZK1) bogies Fig. 12. Analysis of
Figs. 9-11 showed that the stresses in the track structure
elements under the action of the hopper car model 12-9920
do not exceed the permissible limits when moving on a
track with a typical design [14, 15]. Similarly, calculations
were performed for other track structures.

3000
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L 3
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#  [op]
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—= R=000
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Voitage, kgiem*
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RN

500

Fig. 9. Maximum bending and twisting stress at the
edge of the rail base.
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Fig. 10. Maximum stress in the ballast under the sleeper.
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Fig. 11. Maximum stress on the main platform of the subgrade.
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Fig. 12. Consideration of loads from the vehicle axles when determining the stresses on the main platform of the subgrade (for example, the distances
from sleeper No. 1, the neighbors of the design sleeper No. 2, to the wheels of the three-axle bogie are shown).

III. RESULT AND DISCUSSION

The experimental section is laid with R65 rails on
reinforced concrete ties. The ballast is crushed stone. The
tie density is 1840 ties/km. Before the tests on this section,
a track measurement wagon was run. According to the
measurement results, the maximum allowable speed was
determined to be 120 km/h. The straight travel direction
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for the hopper wagons was assumed when the 12-9920
hopper wagons moved with the first wheelset forward.
The vertical dynamic coefficients of the first and second
stages of suspension were determined as the ratio of the
dynamic signal values recorded by the strain gauge
schemes to the signal value obtained during static tests.
The vertical dynamic coefficients were processed without
considering the quasistatic component. To measure the
accelerations of the truck frames, accelerometers were
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installed on the side frames of the hopper wagon trucks
above the wheelset axles. To measure the accelerations of
the body and the ride quality parameters, accelerometers
were installed on the bodies of the hopper wagons at the
points where the body rests on the over-spring beam.

Frame forces were measured using calibrated strain
gauge schemes, which were glued to the side frames of the
hopper wagon trucks. The estimated values of the
processed processes were determined as the maximum
probable values of the measured values at each speed
separately. The estimated values were calculated with a
probability of 0.9985.

Based on the data processing results at the specified
speed, separate data arrays were formed for each
measurement scheme. Using these data arrays, the
estimated values of the parameters were found. All
measurements were broken down by speed and movement
direction. In each run, one maximum amplitude value of
the dynamic process was selected. The frame force values
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were taken into account with the quasistatic component,
while the acceleration values were processed without
considering the quasistatic component. To evaluate the
magnitude of the frame forces, the ratios of the frame
forces to the static load from the wheelset on the rails were
considered.

Fig. 13 shows the graphs of the dependence of the
vertical dynamic coefficient of the first suspension stage
on speed during the movement of the hopper wagons along
the straight track section [32]. Fig. 14 shows the graphs of
the dependence of the vertical dynamic coefficient of the
second suspension stage on speed during the movement of
the hopper wagons along the straight track section [32].
Fig. 15 shows the graphs of the dependence of the ratio of
the frame forces to the static load from the wheelset on the
rails to speed during the movement of the hopper wagons
along the straight track section [32].

In this and the subsequent figures, the following is
indicated:
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Fig. 13. Vertical dynamic coefficient of the first suspension stage of the loaded 12-9920 hopper wagon during movement
along the straight track section [26].

Figs. 10—12 show that the values of the first and second
stage vertical dynamic coefficients of suspension, as well
as the ratio of frame forces to the static load on the rails of
the 12-9920 hopper wagon, do not exceed the allowable
limits. Based on the instantaneous values of the frame
forces and the first stage vertical dynamic coefficient of
the suspension, the stability reserve coefficient against
wheel derailment (hereinafter referred to as the
KZU) [33, 34] was calculated. The following values for
the hopper wagon parameters were used in the calculations:
w: friction coefficient between the tread of the approaching
wheel and the rail, u = 0.25;

f: the angle of inclination of the wheel tread to the
horizontal plane, £ = 60°

YP: frame force, including the quasi-static component in
curved track sections—instantaneous values recorded
during each measurement, kN;

Q: gravitational force of the unsprung part of the hopper
wagon acting on the wheel axle cheek, O =22.6 kN for the
empty wagon, O = 108.8 kN for the loaded wagon;

Kdl, Kd2: vertical dynamic coefficients for the first stage
of suspension (excluding dissipative forces and including
the quasi-static component in curved track sections) for the
approaching and non-approaching wheels of the wheelset,
respectively—these are instantaneous values recorded
during each measurement;

w" friction coefficient between the rolling surface of the
approaching wheel and the rail, u'= 0.25;
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q: gravitational force of the unsprung parts applied to the
wheelset, g = 18.78 kN;

2b: the distance between the points of application of
vertical loads to the wheel axle cheeks, 25 =2.036 m;

al: the distance between the point of application of the
vertical load on the axle cheek of the approaching wheel
and the contact point on the tread, al =0.265 m;

a2: the distance between the point of application of the
vertical load on the axle cheek of the non-approaching
wheel and the contact point on its rolling surface, a2 =
0.228 m;

r: the radius of the wheel at the rolling circle, » = 0.479 m.

The minimum values of the stability reserve coefficient
against wheel derailment, calculated from the data
registered on the straight track section, are provided in
Table I. As seen from Table I, the minimum value of the
stability reserve coefficient against wheel derailment on
the straight track section is significantly higher than the
regulatory value. Additionally, during dynamic tests, the
magnitudes of vertical and horizontal accelerations of the
bogies and carriages, as well as the ride smoothness of the
12-9920 model hopper cars, were assessed. It was found
that the accelerations of the bogies and carriages, as well
as the ride quality indicators, meet the requirements when
moving at speeds up to the design speed.

TABLE II. STABILITY RESERVE COEFFICIENT AGAINST WHEEL DERAILMENT ON A STRAIGHT TRACK SECTION

Minimum value of the stability margin against derailment

(KZU)
Car Direction of Movement speed of sideways movement speed of on a straight track
km/h km/h
50 70 80 90 100 110 120
Straight path 270  3.33 2.53 2.63 219 2.64 2.38
Empty hopper car
Reverse travel 2.38 2.58 2.70 240 2.34 2.02 2.19
Straight path 322 3.5 2,87 298 3.00 3.13 2.97
Loaded hopper car
Reverse travel 2.92 3.10 2.78 3.10 2.95 3.09 3.06
Permissible value 1.4
Straight running Reverse gear
1st trolley on the move (trolley 1) 2nd trolley on the move (trolley 1)
T 1,00 T T 1,00
S s g |
§ 0,80 + § 0,80 f
3 00 & 0.3 S 060+
ok % S
(4 f L 0.40 0.40 e A L2 $ r 0,43 0,42
E F Ly * v - 4 E F hy ~ 4, 0,36
S 040 f 036 2 e en 3 g 040 fob7 076 0.32 031 L~
s E 0,17 T 3§ A © & - 3 §, 3
Ys:-30,20: 5 S F 020 = S s
$ 0,00 F $ 0,00 F +
40 50 60 70 80 90 100 110 120 130 40 50 60 70 80O 90 100 110 120 130
Speed, km/h Speed, km/h

Fig. 14. Vertical dynamic coefficient of the second suspension stage of the loaded 12-9920 hopper wagon during movement along the straight
track section [26].
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Fig. 15. The ratio of frame forces to the static load from the wheelset on the rails of the loaded 12-9920 hopper wagon during movement along the
straight track section [26].

Empirical relationship of the vertical dynamic
coefficient of the spring suspension stage with respect to
the speed of movement Fig. 16. When calculating stresses
in the elements of the track superstructure, an analytical
expression is used to describe the relationship between the
vertical dynamic coefficient of the spring suspension stage
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and the speed of movement, based on data obtained from
tests [16]. To form this expression, the vertical dynamic
coefficients recorded on the guiding bogies were combined
into a single data array. The data array included
measurement results from both straight sections and
curves. For the obtained variation series, the maximum
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probable values of the vertical dynamic coefficient (kz)
were calculated for each implemented speed [17].

Based on data processing using the least squares method,
this relationship can be described by the empirical
formula [18]:

kq=0.0051 V + 0.0933 @1
For an empty hopper car:
xq=0.0034 V + 0.0207 (22)

For a loaded hopper car:
where: V: the speed of movement, km/h.

The given formula is considered valid for the speed
range from 25 to 120 km/h.

The obtained dependencies are shown in Figs. 10-12.
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Fig. 16. Generalized dependence of the vertical dynamic coefficient of
the spring suspension stage on the speed of movement of the empty
hopper car model 12-9920.
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Fig. 17. Generalized dependence of the vertical dynamic coefficient of
the spring suspension stage on the speed of movement of the loaded
hopper car model 12-9920.

Determination of the permissible speeds for the
movement of hopper cars model 12-9920 based on the
wheel-rail stability coefficient against derailment Fig. 17.
The leading wheels of the bogies of wagons, when moving
along curves and often even on straight track sections, may
engage with the lateral edges of the rail heads. If the
horizontal dynamic pressure force of the wheel on the rail
head (RB) is large, and the vertical force (RB) is small
Fig. 18. (for example, due to unloading caused by the
oscillations of the wagon body), there is a possibility that
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the flange of the wheel will roll onto the rail head. As the
movement continues, the flange rolls onto the rail head,
and the wheel may derail. This phenomenon is most
commonly observed with empty wagons, where the
projection of the force RB1 becomes smaller than the
opposing projections of other forces [19, 20].

Y
B

Fig. 18. Coefficient of stability against wheel derailment.

The coefficient of stability against wheel derailment
can be determined by the formula [24, 27]:

tgB—u
1+uxtgp

x = [Kyk] 23)

where:

p: the angle between the tangent to the surface of the wheel
flange and the horizontal, f = 60°

(i the coefficient of friction between the interacting
surfaces (the wheel and the rail), u = 0.25.

The results of the experimental data processing showed
that the dynamic indicators characterizing the running
performance of the hopper car model 12-9920 do not
exceed the permissible values [29]. The following
parameters are within the standard limits:

e The coefficient of the transverse stability margin
of the wagon against overturning when moving on
curved sections of the track;

Body accelerations in vertical and horizontal
transverse directions in both empty and loaded
states of the wagon;

The coefficient of the structural margin for the
deflection of the spring suspension, considering
the maximum load from the axle to the rails;

The coefficients of the stability margin of the
wheel against derailment for all confidence
probabilities (Table II) [15, 21].

Table III presents the permissible speeds for the
movement of the hopper car model 12-9920, the following
conditional symbols in the form of letters are used to the
left of the permissible speed values:

K: the design speed of the rolling stock;

H: the permissible speed of the rolling stock, established
by the value of the accepted unattenuated acceleration on
curved sections of the track, with the outer rail elevated by
150 mm.
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TABLE III. EXPERIMENTAL DATA ON THE ESTIMATION OF THE
COEFFICIENT OF STABILITY OF THE WHEEL FROM DERAILMENT

The coefficient of Acceptable Actual probability
stability of the wheel probability, no Empty Loaded
from derailment more than carriage carriage
1.15 0.0001 <0.00001 <0.00001
1.25 0.0001 0.00007 <0.00001
1.45 0.001 0.00098 0.00086
1.6 0.01 0.00551 0.00282

As seen from Table IV, the operation of 12-9920 model
flatcars at a speed of 120 km/h is permitted on straight
sections of track of standard design (rails R65, ballast—
crushed stone/asbestos, sleeper spacing of at least 1840 per

km) and on curves with radii not less than 600 m. When
the 12-9920 flatcars move on curves with radii less than
600 m, the maximum speed must be limited by the
magnitude of the uncompensated acceleration. When
moving on tracks that differ from the standard design, the
speed of the 12-9920 model flatcars is limited by the
standards for the permissible maximum stresses in the
elements of the track structure and on the main platform of
the earthwork. The obtained permissible speeds allow for
the safe operation of the 12-9920 model flatcars on the
railways of Kazakhstan. The results of experimental
studies can be used to calculate the stress-strain state of
continuously welded track and to optimize the rolling
stock of freight cars with increased axle loads.

TABLE IV. PERMISSIBLE SPEEDS FOR THE MOVEMENT OF HOPPER CARS MODEL 12-9920

Type of rails; reduced

Permissible speeds, km/h

Radius of curves, m

wear of the rail head in mm; number Direct

of sleepers per 1 km; type of ballast 1000 800 700 600 500 400 350 300
R65(6) 2000, 1840 CS, As and harder 120 120 120 120 120 H-85 HS80 H70 H65
R65(6) 2000, 1840 Gr and harder 100 100 100 90 80 80 H-80 H-70  H-65
R50(6) 2000, 1840 CS, As, Gr, S 75 75 75 75 75 75 75 H-70  H-65
R50(6) 1600 CS, As, Gr 65 65 65 65 65 65 65 65 65
R50(6)2000, 1840 S 75 75 75 75 75 75 75 H-70  H-65
R50(6)1600 S 65 65 65 65 65 65 65 65 55
R43(6)1840 CS, As 65 65 65 65 65 60 50 45 35
R43(6)1600 CS, As 60 60 60 60 60 60 45 35 25
R43(6)1840 Gr 70 70 70 70 65 60 45 40 25
R43(6)1600 Gr 60 60 60 55 50 45 40 35 20
R43(6)1840 55 55 55 55 50 45 40 30 20
R43(6)1600 S 45 45 45 45 45 40 30 20 10

IV. CONCLUSION

The development of heavy freight traffic in Kazakhstan
poses challenges for increasing axle loads. In this context,
the introduction of cars with increased load capacity
requires research aimed at establishing safe operating
conditions for rolling stock and ensuring the stability of the
railway infrastructure [35]. During the dynamic testing of
flatcars, dynamic indicators were assessed, including the
vertical dynamic coefficient, wheel stability against
derailment, and the lateral and vertical forces acting from
the wheel on the rail. It was determined that the maximum
values of the dynamic indicators do not exceed the
normative permissible levels when operating on a standard
track.

Based on experimental data, the maximum axial stress
in the rail foot due to its bending was obtained. This
parameter serves as the initial parameter for calculating the
strength of the railway track. Using the commonly
accepted methodology, stresses in the elements of the track
structure and on the main platform of the earthwork were
determined, which allowed for the justification of the
permissible operating speeds of the 12-9920 model flatcars
on railways of different designs [36].

The permissible speed for the 12-9920 model flatcar
when moving on standard track designs on straight
sections and large-radius curves (up to 600 m inclusive)
can be set at the design speed (120 km/h). For movement
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on small-radius curves, the permissible speed must be
determined based on the limitation of uncompensated
acceleration [37, 38]. The permissible speed for the 12-
9920 model flatcar when moving on other track designs
should be determined based on the limitation of
uncompensated acceleration as well as the track strength
criterion. The methodology is based on calculations of
dynamic characteristics and modeling of the interaction of
rolling stock with track infrastructure [41]. The results can
be applied in the design of railway transport, the
modernization of rolling stock and the development of
regulatory documentation to ensure traffic safety.
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