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This study investigates the stressed-strained state
of a wheel flange in railroad rolling stock under the
action of lateral forces of the wheel-rail interaction
and the evolution of contact-fatigue damage. The
task addressed relates to the lack of a comprehen-
sive assessment of the risk of wheel flange failure,
which would simultaneously take into account bend-
ing stresses, contact fatigue, and changes in the thick-
ness of the flange due to operational wear.

The wheel flange is proposed as a bending element
loaded by the lateral force of the wheel-rail interac-
tion. An analytical dependence has been derived for
determining bending stresses depending on the thick-
ness of the flange and the magnitude of the later-
al force. A hazard index is proposed, constructed by
normalizing equivalent contact stresses relative to
the contact endurance limit of the wheel material.
Based on the combination of the contact index and the
fatigue safety factor, a combined criterion for assess-
ing the risk of flange failure has been devised.

A feature of the results is the established analyti-
cal dependence between the thickness of the flange and
the fatigue stresses of bending. It was found that reduc-
ing the thickness of the flange from 30 to 22 mm leads
to an increase in fatigue stresses by almost 1.9 times. A
map of the risk of fracture in the coordinates “flange
thickness-lateral force” was constructed, which makes
it possible to determine the areas of safe and danger-
ous operation.

The scope of practical implementation of the
results is railroad transport.

A condition for applying the findings is to assess
the technical condition and predict the resource of
rolling stock wheel flanges under the action of lateral
loads in the flange contact.

This study could contribute to increasing the effi-
ciency of the maintenance system of wheelsets for rail-
road transportation
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1. Introduction

One of the most loaded areas of the wheel is the flange,
which during operation is subjected to significant lateral
forces, contact stresses, and cyclic loads.

The most unfavorable operating conditions of the flange
occur when rolling along small-radius curves, at flange
contact, at two-point contact between the wheel and rail,
at intensive slipping and skewing of wheelsets. Under such
conditions, significant bending and contact stresses arise in
the wheel flange, which could lead to the evolution of contact
fatigue damage, crack formation, and subsequent destruction
of the flange.

During operation, the flange gradually wears out, which
is accompanied by a decrease in its thickness and a change
in the geometry of the wheel profile. A decrease in the thick-
ness of the flange leads to a change in the geometric charac-
teristics of dangerous sections, a decrease in the moment of
resistance, and an increase in the level of bending stresses. At
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the same time, the displacement of the flange contact point
along the height of the flange causes an increase in the arm
of the lateral force application and an increase in the bending
moment. The combined effect of bending stresses and contact
fatigue creates conditions for the development of dangerous
damage to the wheel flange.

The task to ensure the reliability of railroad rolling stock
wheels remains one of the most urgent in modern transport
mechanics. Of particular danger is the destruction of wheel
flanges, which could lead to a violation of conditions of inter-
action between the wheel and rail, an increase in dynamic
loads, and the occurrence of emergencies.

Under modern operating conditions of rolling stock,
timely assessment of the risk of wheel flange failure is par-
ticularly important. Using only the limiting geometric wear
parameters does not allow for full consideration of the impact
of changes in the stress state of the flange, the position of the
contact point, and the conditions for the evolution of contact
fatigue. In this regard, there is a need to devise methods for




assessing the risk of flange failure that would take into ac-
count the simultaneous impact of flange wear, changes in the
geometric characteristics of the cross-section, the position of
the point of application of lateral force, bending stresses, and
contact fatigue.

The results of research could be used to assess the tech-
nical condition of wheelsets, predict the resource of wheel
flanges, determine dangerous operating modes, as well as
improve rolling stock maintenance systems.

The practical application of research findings could con-
tribute to increasing the durability of wheelsets, reducing costs
for repair and maintenance of rolling stock, as well as also
improving the efficiency of wheel condition diagnosis systems.

Therefore, it is a relevant task to devise methods for as-
sessing the risk of destruction of railroad rolling stock wheel
flanges based on bending stresses and contact fatigue.

2. Literature review and problem statement

The process of railroad wheel failure caused by the for-
mation of a crack in the flange was investigated in work [1].
The authors performed an assessment of the loading con-
ditions that could cause the initiation of a fatigue crack,
its further propagation, and the final failure of the wheel.
The analysis used numerical modeling of the stress state of
the flange, assessment of the failure, and assessment of the
influence of overheating of the flange due to the incorrect
position of the brake pads. It was established that the failure
was caused by cyclic tensile stresses on the inner surface of
the flange while overheating contributed to the emergence of
additional residual tensile stresses.

However, the work left unresolved the issue of assessing
the risk of fracture of the flange depending on its thickness
and the magnitude of the lateral forces of the wheel-rail inter-
action. The authors perform an analysis of an already formed
crack and a specific case of failure, but no engineering cri-
terion was proposed that would make it possible to predict
the dangerous state of the flange before the crack occurs. In
addition, the study did not establish an analytical relation-
ship between the geometric wear of the flange and the level
of bending stresses. A likely reason is that the study tackles
post fracture and focuses mainly on the reconstruction of the
mechanism for the already occurred fracture. Most attention
is on the mechanics of fracture, the assessment of crack
growth, and the influence of thermomechanical factors,
while the issue of changing the bending stiffness of the flange
at its operational wear was not considered.

In study [2], current tasks of categorizing wear mecha-
nisms using artificial intelligence methods are considered.
The authors analyzed the possibilities of using artificial intel-
ligence-based approaches for automated recognition of wear
types based on surface images, damage parameters, and mon-
itoring data. The work shows that the use of machine learning
and computer vision methods makes it possible to increase the
speed and objectivity of identification of wear mechanisms
and creates prerequisites for designing intelligent systems for
diagnosing the technical condition of elements in tribological
systems. At the same time, the study left unresolved issues of
assessing the mechanical causes of damage development and
predicting the risk of destruction of structural elements based
on the parameters of their stressed state.

In the review paper on rolling fatigue and wear [3],
the authors systematized modern approaches to assessing

contact fatigue of wheels and rails. The mechanisms of
contact damage evolution and the influence of contact
stresses on surface degradation are considered. The issue
of simultaneously accounting for contact fatigue and flange
bending stresses remains unresolved. A likely reason is the
concentration of most RCF models on the contact patch and
subsurface stresses.

In [4], a thorough analysis of modern approaches to un-
derstanding and modeling creep forces in the wheel-rail sys-
tem was performed. The authors considered the tribological
aspects of the wheel-rail interaction, the influence of contact
conditions, surface layers, roughness, plastic deformation,
and friction coefficients on the formation of creep forces. The
work shows that creep forces play a key role in the processes
of adhesion, braking, wear, rolling fatigue, stability, and in-
teraction of a vehicle with a track. The complex multifactorial
nature of wheel-rail contact and the need to take into account
non-stationary contact conditions are also emphasized. The
authors analyze in detail the mechanisms of formation of
creep forces and contact stresses but do not consider the
wheel flange as a separate bending element prone to fatigue
failure at operational wear.

In [5, 6], the influence of curved sections of the track on
the reduction of wheel flange thickness was investigated.
The authors performed an analysis of the wear processes of
flanges using dynamic modeling of the wheel-rail interaction
and established that the radius of the curve, the magnitude of
the lateral forces, and the driving modes significantly affect
the intensity of flange wear. It was shown that in small-radi-
us curves there is a significant increase in contact loads and
an accelerated decrease in the thickness of the flange, which
can worsen conditions for the interaction of the wheel-rail
system. At the same time, the work left unresolved the issues
of assessing the change in the stress state of the flange due to
a decrease in its thickness and determining the level of bend-
ing fatigue stresses under the action of lateral forces.

In work [7], a multi-criteria optimization of the wheel
profile was proposed to reduce flange wear. The authors took
into account the interaction of the wheel with the worn rail
and the dynamic characteristics of the carriage. However,
no dependence was established between the geometry of the
flange and bending stresses. This is explained by the fact that
most attention is paid to profile optimization, and not to the
assessment of the risk of destruction.

The authors of [8] considered the task of optimizing the
profile of the rolling stock wheel in order to reduce the inten-
sity of flange wear when moving on worn rails. The authors
used methods of numerical modeling of the interaction of
the wheel and the rail and multi-criteria optimization of the
geometry of the wheel profile. The work shows that changing
the profile parameters makes it possible to reduce contact
stresses, the intensity of flange wear, and improve the con-
ditions for passing curved sections of the track. At the same
time, the work left unresolved the issues of evaluating the
flange bending stresses and their changes when the flange
thickness decreases due to operational wear.

In [9, 10], the optimization of the wheel profile was per-
formed taking into account damage to the railroad wheel and
dynamic characteristics. The authors showed that the geom-
etry of the profile significantly affects the conditions of the
wheel and rail interaction. At the same time, critical values
of the flange thickness under the action of lateral forces were
not determined. This is explained by the lack of a model of
flange bending as a separate structural element.



The authors of work [11] performed a comprehensive
analysis of dynamic loads in the wheel-rail system, deter-
mined the features of the change in contact forces and stress-
es under different operating conditions. They established the
relationship between damage to the wheel surface, wheel
and rail forces, and axle bending stresses. The work shows
that real operational loads are significantly variable and can
significantly affect the evolution of fatigue damage to the ele-
ments of the wheelset. However, the work left unresolved the
issues of assessing local bending stresses in the wheel flange
and determining the impact of reducing the thickness of the
flange on the risk of its destruction.

In [12] it is shown that the lateral forces of the wheel-rail
interaction are one of the determining factors of the occur-
rence of derailment, especially when passing through curved
sections of the track, switches, and irregularities of the rail
track. The importance of accurate modeling of the wheel-rail
contact for assessing traffic safety is also emphasized. The
authors analyze in detail the conditions for the occurrence of
wheel slippage and loss of stability of the rolling stock but do
not consider the change in the stressed-strained state of the
flange at its operational wear. The study also lacks a criterion
for assessing the risk of flange failure under the conditions
of the combined action of contact fatigue and bending loads.

The study of the influence of temperature loads on the
processes involved in wheel-rail interaction is reported
in [13]; it proves the need for joint consideration of mechani-
cal and thermal loads when assessing damage to wheels and
rails. Most attention is paid to thermomechanical processes
in the contact zone of the rolling surface while the wheel
flange is not considered as a separate structural element
prone to fatigue bending under the action of lateral forces.

Study [14] is essentially thermomechanical and tribo-
logical and is aimed at analyzing the transitional behavior
between rolling fatigue and thermal fatigue in the wheel-
rail contact zone. The work focuses on the processes of heat
release, contact stress development, and fatigue crack for-
mation on the wheel rolling surface, while the local flexural
strength of the flange and the influence of its geometric wear
remain outside the scope of the study.

In [15], a system was designed to monitor the wear of
wheel flanges of rolling stock under operational conditions.
The authors proposed a system for measuring the wear of
the wheel flange using sensor technologies and data process-
ing algorithms, which allows for continuous monitoring of
changes in the geometric parameters of the flange without
dismantling the wheelset. The work shows that the opera-
tional determination of the thickness of the flange makes it
possible to timely detect dangerous wear and increase the
efficiency of rolling stock maintenance. However, the work
left unresolved issues of assessing the stressed-strained state
of the flange and determining the risk of its destruction based
on the results of thickness measurements.

Numerical modeling of the interaction of the wheel with
the rail, taking into account different degrees of flange wear,
was carried out in [16]. It is proven that a decrease in the
thickness of the flange significantly affects the nature of
contact between the wheel and rail, the magnitude of lateral
forces, dynamic loads, as well as the conditions for passing
switches. However, the work does not consider the flange
as a separate structural element subject to fatigue bending.
The main objective of work [17] is to analyze the fatigue life
and model the problems of wheel-rail contact for a repeated
wheel loading cycle, taking into account the influence of

normal and tangential contact forces under different vehicle
loading conditions. The work investigates the influence of
tangential contact forces on the durability of the contacting
surfaces. The results of the finite element analysis showed
that contact damage and structural integrity of the wheel-rail
contact surface strongly depend on the type of contact force
and may depend on the track geometry parameters. However,
the work left unresolved the issues of the influence of flange
thickness and its geometry on the fatigue durability.

Study [18] proved the influence of wheel flange wear on
railroad rolling stock traffic safety indicators. Two traffic
safety criteria were considered — the risk of wheel derail-
ment and the criterion of unstable traffic. The result of the
work was the justification of the use of wheel profile control
systems for the timely detection of dangerous geometric
parameters. It was confirmed that geometric parameters
significantly affect traffic safety and the conditions of wheel-
rail interaction. However, the issue of assessing the risk of
flange failure based on bending stresses and contact fatigue
is absent, although it would be appropriate.

Our review of the literature [1-18] proves that in most
studies the wheel flange is considered mainly as an element
of contact interaction or a geometric parameter of the wheel
profile. The issues of assessing flange bending stresses,
changes in its bending stiffness during wear, as well as the
evolution of fatigue damage under the action of lateral forces,
remain insufficiently studied. The aforementioned studies
lack a comprehensive approach that would simultaneously
take into account contact fatigue, bending stresses, changes
in the thickness of the flange, and the influence of lateral
forces of the wheel-rail interaction. Therefore, there is a need
for research into this area.

3. The aim and objectives of the study

The purpose of our study is to assess the risk of fracture of
railroad rolling stock wheel flanges based on bending stress-
es and contact fatigue, which can be used to build intelligent
systems for monitoring the technical condition of wheelsets
in railroad rolling stock.

To achieve this aim, the following objectives were accom-
plished:

- to determine the geometric characteristics of dangerous
cross-sections of a wheel flange for the DSTU GOST 11018
profile for different values of flange thickness;

- to investigate the influence of the position of the point
of application of lateral force on the change in bending stress-
es in the wheel flange;

- to assess the influence of operational wear of the flange
on the fatigue strength reserve factor and the risk of fracture
development;

- to devise a combined criterion for assessing the risk of
fracture of the flange taking into account bending stresses
and contact fatigue.

4. The study materials and methods

4. 1. The object and hypothesis of the study

The object of our study is the stressed-strained state of
railroad rolling stock wheel flanges under the action of lat-
eral forces of the wheel-rail interaction and the evolution of
contact-fatigue damage.



The principal hypothesis assumes that a decrease in the
flange thickness and a shift of the flange contact point to
the upper part of the flange lead to a nonlinear increase in
bending stresses and an increase in the risk of contact-fa-
tigue damage.

The adopted assumptions had a minor impact on the
results of our study. The wheel material was assumed to be
homogeneous and isotropic. The loads on the wheel flange
were cyclic in nature. The destruction of the flange was deter-
mined by the combined action of bending and contact-fatigue
stresses. The geometric characteristics of the cross-section
changed depending on the degree of wear of the flange. The
position of the flange contact point changed the magnitude of
the bending moment.

To simplify the calculations: the spatial contact of the
wheel and the rail was replaced by an equivalent lateral force;
temperature effects and residual technological stresses were
not taken into account; the influence of dynamic vibrations
of the carriage was taken into account in a generalized man-
ner through the magnitude of the lateral force.

The accepted assumptions allow for a parametric analysis
of the influence of flange wear and the position of the contact
point on the risk of wheel flange failure.

The work considered the locomotive wheel profile accord-
ing to the DSTU GOST 11018 drawing, which is used at the
Ukrainian railroads with a gauge of 1520 mm in accordance
with the Instructions for the formation, repair, and mainte-
nance of wheelsets of traction rolling stock of the Ukrainian
railroads with a gauge of 1520 mm. VND 32.0.07.001.2001.
The instructions have an analog of EN15313: Railroad
applications. In-service wheelset operation requirements.
Service and off-vehicle wheelset maintenance. The geometric
parameters of the wheels were taken in accordance with the
requirements by DSTU 9289:2024 Wheels for railroad rolling
stock. The standard has an analog of EN 13262:2020. Rail-
road applications - Wheelsets and bogies - Wheels — Product
requirements.

In the work, the thickness of the flange hy was considered
as the main parameter of operational wear. Analysis was
performed for three characteristic values: hy = 30, 25, 22 mm.

In this case, hy = 30 mm corresponds to the new profile,
hy= 25 mm is the minimum permissible thickness of flange
in operation, hy = 22 mm is a critical design value that is not
allowed for operation and is used to assess the risk of fracture
evolution.

To assess the influence of the position of a flange contact
point on the stressed state of the flange, six characteristic po-
sitions of application of lateral force Y were considered, which
corresponded to cross-sections 1-1, 2-2, 3-3, 4-4, 5-5, and 6-6.
The cross sections corresponded to different coordinates of
the contact point along the height of the flange and different
values of the arm of application of lateral force.

This approach makes it possible to take into account a
change in the position of the contact point when passing
curved sections of the track, two-point contact, change in
the position of the wheelset in the rail track, and operational
wear of the wheel profile.

4. 2. Wheel material and mechanical characteristics

The mechanical characteristics of wheel steel, typical for
locomotive wheels and railroad rolling stock, were used for
calculations.

The following material parameters were assumed in
the model: the elastic modulus of the wheel material,

E =2.1-10° MPa, Poisson’s ratio v = 0.30, the yield strength
of the material oy, = 550 MPa, the temporary resistance of
the material oy = 950 MPa, the endurance limit under a sym-
metric load cycle o_; = 380 MPa, the contact endurance limit
of wheel material oy = 1200 MPa.

To take into account the local concentration of stresses,
the concentration coefficient Ky = 2.0 was used.

To estimate the safety margin of the flange, the fatigue
strength margin was used

K="=, 6

where o_; is the material endurance limit; o is the calculated
bending stresses.

4. 3. Method for determining the geometric charac-
teristics of dangerous cross sections

To assess the stressed state of a wheel flange, a calcula-
tion scheme was used (Fig. 1), in which the flange is repre-
sented as a cantilever bending element loaded by the lateral
force of the wheel-rail interaction.
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Fig. 1. Calculation diagram of wheel flange
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The calculation scheme was built on the basis of a real
new wheel profile, DSTU GOST 11018, and took into account
the geometry of the flange, the change in the thickness of the
flange at wear, the position of the point of application of the
lateral force, as well as a change in the geometric character-
istics of dangerous cross sections.

Within the framework of the adopted scheme, the lateral
force Y was applied to different points on flange surface,
corresponding to cross sections 1-1, 2-2, 3-3, 4-4, 5-5, and 6-6.
This representation allowed us to take into account a change
in the position of flange contact along the height of the
flange under different conditions of wheel and rail interac-
tion (Fig. 2).

For each position of the force application point, the arm [
was determined, which characterized the distance from a
dangerous cross section to the point of application of the lat-
eral force and was characterized by the x coordinate.

To assess the influence of the position of a contact point
on a change in the stress state of the flange, the arm of the
lateral force application 5<[<30 mm was used. For cross
sections 1-1, 2-2, 3-3, 4-4, 5-5, and 6-6, the following were de-
termined: cross-sectional area - S; coordinates of the center
of gravity — x; moment of inertia of the section - J; moment of
resistance of the cross section — W.

Unlike simplified models, in which the flange is repre-
sented as a cross section of constant shape, the geometric
characteristics of the real profile of the flange were used in
our work (Fig. 3). That made it possible to take into account
the influence of changes in the shape and dimensions of the
cross section on the stressed state of the flange.

For each dangerous cross section, the following param-
eters were additionally determined: half-width of the cross
section — a; half-height of the cross section - b.
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Fig. 2. Schematic showing the application of lateral force Y
at different values of flange thickness: a — A= 30 mm;
b— h=25mm; ¢c — hy=22 mm

Section 2-2

Fig. 3. Example of constructing a 2-2 cross section to
determine the geometric parameters of a flange

Parameters a and b were used to describe the geometry
of dangerous cross sections of the flange and determine their
geometric characteristics. The values of parameters were
determined for each position of the point of application of the
lateral force and for each value of flange thickness.

4. 4. Method for determining bending stresses

To determine stresses in the flange, provisions from the
classical theory of bending of beams and resistance of mate-
rials were used [19-21].

Bending stresses were determined using the following
dependence

M
O-b = W’ (2)

where M is the bending moment;
W is the moment of resistance of the dangerous cross section
J

The bending moment was defined as
M=Y-l, @

where Y is the lateral force of the wheel-rail interaction;
lis the lateral force application arm.
To assess the influence of lateral load on the stressed state
of the flange, the generalized lateral force Y = 200 kN was used.
For each position of the contact point and for each value
of flange thickness, the following were determined: bending
stresses; fatigue safety factor; failure hazard parameters.
The amplitude of fatigue stresses was determined using
the following dependence

where oy is the amplitude of fatigue stresses;
K, is the stress concentration coefficient.
To assess the stressed state of the flange, an analytical
method based on provisions from the resistance of materials
and the classical theory of bending was chosen. The use of this
approach is due to the possibility of studying the influence of the
geometric parameters of the flange, the position of the point of
application of the lateral force, and a change in the moment of
resistance of the cross section on the level of bending stresses.

4. 5. Method for assessing the risk of flange fracture

To assess the contact component of the risk of fracture,
the following index was used

R= i’ (6)
where o, is the equivalent contact stress;

oy is the contact endurance limit of the material.
The fatigue safety factor was determined as

n,=—+, @)



o_; — material endurance limit;

oy - fatigue stress amplitude.

For a comprehensive assessment of the risk of flange fail-
ure, a combined criterion is proposed

1
C=R-—,

ny

®

where R is the contact hazard index.
Our study is computational and analytical in nature and
is based on determining the geometric characteristics of the

the following were determined: cross-sectional area — S; pa-
rameters a and b; moment of inertia J; moment of resistance W;
bending stresses oy; fatigue safety factor k (Tables 1-3).

The bending moment W was determined using depen-
dence (4). The results of the bending moment calculations are
given in Table 4.

Fig. 4 show a change in the moment of resistance W of
cross sections depending on the position of the cross section
and the thickness of the flange, which was determined from
formula (3), and its change - according to Tables 1-3.

real flange profile and subsequent parametric analysis of Table 1
the stressed state at different values of flange thickness and Geometric characteristics of flange cross sections
positions of the lateral force application point. We used Solid- at hr=30mm
Works Simulation software (France) and the Mathcad 15 c S ) P W
computer algebra and computer-aided design system (USA). Secrgzsn mn’qz n?m ml’n mr;l“ mn;3 I\Z;a k
The calculation of bending stresses was performed on the
basis of classical provisions from material resistance and the -1 2306 | 750 | 98 | 55413 | 5654 | 177 | 2.5
theory of beam bending [20]. Fatigue strength assessment was 22 4476 |105.0| 13.2 | 189575 | 14362 | 139 | 3.2
based on fatigue fracture mechanics approaches [19, 20]. To as- 3-3 6418 |129.0 | 15.2 | 352125 | 23243 | 129 | 3.5
sess the contact component, provisions from contact mechanics 4-4 8114 |149.0 | 16.2 | 497280 | 30696 | 130 | 3.5
and contact fatigue of the wheel-rail system were used [1, 20]. 5.5 9651 1166.01 17.2 | 657310 | 38327 | 130 | 34
6-6 11279 | 181.0 | 19.5 |1053543| 54028 | 111 | 4.1
5. Results of parametric study on the risk of wheel Table 2
flange fracture Geometric characteristics of flange cross sections
. . L. at hy=25mm
5.1. Determinong the geometric characteristics of
dangerous wheel flange cross sections Cross | S, L@ b, J, . W,3 Obs K
To assess the impact of operational wear on the stressed section | mm mm | mm | mm mm MPa
state of the flange, the geometric characteristics of wheel pro- 1-1 1529 | 750 | 6.5 | 15798 | 2449 408 1.1
file cross sections, DSTU GOST 11018, were determined for 22 3213 | 105.0 | 10.0 | 82425 | 8243 243 1.9
three values of ﬂange thickness h.fz 30, 25, 22 mm. 3.3 4794 129.0 | 11.8 | 166 382 | 14 100 213 21
The calculation .of geometric characteristics was per- 44 | 6182 | 1490 | 13.2 | 269016 | 20330 | 196 23
formed for cross sections 1-1, 2-2, 3-3, 4-4, 5-5, and 6-6, which s 2230 | 1660 | 143 | 381053 |26 647 | 188 4
corresponded to different positions of the point of application : : :
of lateral force along the flange height. For each cross section, 66 9005 | 181.0 | 15.9 | 571136 | 35921 | 167 2.7
—@— hf =30 mm
—&— hf =22 mm
't 40000 -
S
=
(%2}
= 30000 A
3
S
o
S
S
15 20000 A
(9]
)
n
10000 A
0- T T T T T T
1-1 2-2 3-3 4-4 5-5 6-6

Section

Fig. 4. Dependence of the moment of resistance Won the position of cross section
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—A— hf =22 mm
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The results of our calculations 450 -
showed that with an increase in
the height of the cross section, the
value of the moment of resistance 400 1
W increases for all studied values
o flange thickness. The maximum 350 -
values of Ware observed in the 6-6 &
cross section, which is explained 4
by the increase in the cross-sec- 8 300 -
tional area and its geometric di- ¢
mensions. 7
The results demonstrated that 2 2501
the most intensive decrease in geo- 2
metric characteristics is observed & 200 1
in the lower part of the flange
where the values of parameters b,
J, and W take minimal values. 150
A decrease in parameters a and
b at operational wear of the flange
leads to a decrease in the stiffness 100 1—
of dangerous cross sections and 1-1
an increase in the sensitivity of
the flange to the action of later-
al loads.
Table 3
Geometric characteristics of flange cross sections
at hr= 22 mm
Cross S, a, b, J, w, Ob, k
section| mm? | mm | mm | mm* mm? MPa
1-1 | 1465 | 750 | 62 | 14032 | 2263 | 442 1.0
2-2 2937 | 105.0 | 8.8 56170 | 6383 313 14
3-3 | 4344 | 129.0 | 10.5 | 117227 | 11164 | 269 1.7
4-4 5595 | 149.0 | 11.4 | 173289 | 15201 263 1.7
55 | 6791 | 166.0 | 12.2 | 236623 [ 19395 | 258 | 1.7
6-6 8516 | 181.0 | 14.9 | 470010 | 31 544 190 2.4

Table 4

Change in bending moment depending on the position of the
point of application of lateral force

Cross section [, mm M, KN-m
1-1 5 1
2-2 10 2
3-3 15 3
4-4 20 4
5-5 25 5
6-6 30 6

5.2. Investigating the influence of the position of
the point of application of lateral force on the change
in bending stresses

To assess the influence of the position of flange contact
on the stressed state of the flange, the calculation of bending
stresses was performed according to formula (2) and Ta-
bles 1-3 for six positions of the point of application of lateral
force Y (Fig. 5), which corresponded to cross sections 1-1, 2-2,
3-3,4-4, 5-5, and 6-6.

The calculations used a generalized lateral force Y =200 kN,
which corresponds to unfavorable conditions of flange contact
and was used for parametric assessment of the influence of oper-
ational wear on the stressed state of the flange.

T T T T T

2-2 3-3 4-4 5-5 6-6

Section

Fig. 5. Dependence of bending stresses o, on the position of cross section

The arm of application of the lateral force varied within
5<1<30 mm.

The results of our calculations showed that changing the
position of the point of application of lateral force significant-
ly affects the level of bending stresses in the wheel flange.

For the new profile hy = 30 mm, the values of bending
stresses varied within the range of 111 < 0, <177 MPa.

For the thickness of the flange hy = 25 mm, the values of
stresses were within the range of 167 < o, <408 MPa.

For the critical state hy = 22 mm, the bending stresses
reached the limits of 190 < ¢), < 442 MPa.

The results showed that with a decrease in the thickness of
the flange, the level of bending stresses increases significantly.
The highest stress values are observed in the lower part of the
flange, where the values of the moment of resistance have min-
imal values.

The results of the calculations also showed that with an
increase in the height of the contact point, the increase in
bending moment is partially compensated for by an increase
in the moment of resistance of the cross section. Consequent-
ly, a decrease in the level of bending stresses is observed in
the upper part of the flange compared to the lower cross
sections.

Our dependences confirm the significant influence of
operational wear and the position of the point of application of
lateral force on a change in the stressed state of a wheel flange.

5.3. Assessing the impact of operational wear on
the fatigue strength safety factor

To assess the risk of developing fatigue damage to the
flange, the fatigue strength safety factor was determined, which
was calculated using dependence (1). The amplitude of fatigue
stresses was determined using dependence (5). The results of the
fatigue safety factor calculations are given in Tables 1-3, Fig. 6.

For the new profile hf = 30 mm, the values of fatigue
safety factor are within 2.5 < k < 4.1, which corresponds to
the safe level of operation.

For thickness hy = 25 mm, the values of fatigue safety fac-
tor are reduced to 1.1 < k < 2.7, which indicates an increased
risk of fatigue damage.
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Fig. 6. Dependence of the safety factor k on the position of a cross section

For the critical state iy = 22 mm in the lower part of

the flange, the values of fatigue safety factor are reduced
to k=1, which corresponds to the limit state for fatigue

strength.

5.4. Construction of a
combined criterion for as-
sessing the risk of flange
fracture

For a comprehensive as-
sessment of the risk of wheel
flange fracture, a combined
criterion has been proposed
that corresponds to depen-
dence (8). The contact haz-
ard index can be determined
using dependence (6). But in
our work, the index R was
used as a generalized param-
eter of contact hazard, char-
acterizing the degree of ap-
proach of contact stresses to
the contact endurance limit
of the wheel material. Due
to the fact that the purpose
of the work was to assess
the influence of operational
wear on the risk of flange
fracture, contact fatigue was

taken into account using the dimen-
sionless contact hazard index R.

For a parametric assessment of
change in the risk of flange fracture
at different degrees of wear, charac-
teristic values of the contact hazard
index were adopted:

- R = 0.40 - moderate level of
contact interaction;

-R = 0.60 - increased level of
contact interaction;

- R = 0.80 - dangerous level of
contact interaction.

The results of our calculations
of the combined criterion for the
danger of destruction at R = 0.80 are
given in Table 5.

To assess the level of danger of
flange collapse, the following areas
were identified: C < 0.30 - safe con-
dition; 0.30<C <0.60 - high-risk
zone; C>0.60 - dangerous condi-
tion (Fig. 7).

Our results showed that the
most dangerous are the lower cross

sections of the flange, which are characterized by minimum
values of the moment of resistance; maximum bending

stresses; minimum values of the safety factor; maximum
values of the combined hazard criterion.
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Fig. 7. Dependence of the combined failure hazard criterion Con the position of a cross section

Table 5
Value of the combined failure hazard criterion Cat R= 0.80
Cross section k at hy = 30 mm C k at hy= 25 mm C k at hy =22 mm C
1-1 2.5 0.32 1.1 0.73 1.0 0.80
2-2 3.2 0.25 1.9 0.42 1.4 0.57
3-3 3.5 0.23 2.1 0.38 1.7 0.47
4-4 3.5 0.23 2.3 0.35 1.7 0.47
5-5 3.4 0.24 2.4 0.33 1.7 0.47
6-6 4.1 0.20 2.7 0.30 2.4 0.33




6. Discussion of results based on the parametric study
of the risk of wheel flange destruction

Our studies could be used as a basis for designing digital
intelligent systems for monitoring the technical condition of
railroad rolling stock wheelsets and the risk of their destruction.

The derived dependences (Fig. 4, Tables 1-3) showed that
when the flange thickness is reduced from h; = 30 mm to
h; = 22 mm, the moment of resistance of the cross sections
decreases by 1.7-2.5 times. The most intensive decrease in
geometric characteristics is observed in the lower part of the
flange where the values of parameter b take minimal values.

In [5, 6, 16] it is shown that the reduction in flange thick-
ness significantly affects contact conditions, the magnitude
of lateral forces, and the dynamics of interaction in the
“wheel-rail” system. At the same time, those studies did not
evaluate the change in the bending stiffness of a flange at its
operational wear.

In [7-10], most attention was paid to the optimization of
the wheel profile and the reduction of wear intensity. The au-
thors showed an important influence of the profile geometry
on the contact conditions and dynamic characteristics of roll-
ing stock. However, the local bending strength of the flange
and a change in the moment of resistance of dangerous cross
sections at operational wear were not considered.

Our dependences (Fig. 5, Table 4) showed that the posi-
tion of the point of application of the lateral force significant-
ly affects the level of bending stresses in the wheel flange.

When the thickness of the flange is reduced to
hy =22 mm, the bending stresses in the lower part of the
flange reach o, = 442 MPa, which is approximately 2.5 times
higher than the stress level for the new profile.

Our results are consistent with the conclusions drawn
in[1, 11,12, 17, 18], which show a significant influence of
lateral forces and contact loads on the evolution of wheel
damage. However, no dependence between the reduction in
flange thickness and the increase in local bending stresses
was determined in those studies. In [4], the important role of
creep forces in the formation of contact loads and wear pro-
cesses in the wheel-rail system is shown. The results in our
study confirm that creep forces and lateral interaction forces
not only affect the contact processes but also determine the
level of local bending stresses in a wheel flange.

The derived dependences (Fig. 6) showed that the thickness
of the flange and the position of the point of application of force
Y of the flange significantly affect the fatigue safety factor.

For the new profile iy = 30 mm, the values of safety fac-
tor correspond to the safe level of operation. However, when
the thickness of the flange is reduced to hy = 22 mm in the
lower cross sections of the flange, the safety factor decreas-
es to k=1, which corresponds to the limit state for fatigue
strength.

Our results confirm the conclusions drawn in [3, 13, 14, 17],
which show the important role of contact fatigue, cyclic loads,
and thermomechanical processes in the evolution of wheel dam-
age. At the same time, the cited papers focused on the contact
patch, subsurface stresses, and thermomechanical processes,
while local bending stresses of the flange were not considered.

In work [1], the important influence of cyclic tensile
stresses and residual thermal stresses on the development of
flange cracks is shown. The results in our study confirm that
even in the absence of thermal factors, a critical decrease in
the thickness of the flange could lead to the transition of the
flange to a state close to fatigue failure.

One of the principal findings in our study is the devised
combined criterion for assessing the risk of flange fail-
ure (Fig. 7, Table 5). The calculation results showed that for
hs = 22 mm the value of hazard criterion in the lower part of
the flange reaches 0.80, which corresponds to a dangerous
operational state.

The reviewed literature [1-18] lacks a comprehensive cri-
terion that would simultaneously take into account contact
fatigue, bending stresses, and changes in the thickness of
the flange. In [2, 15], the prospects of using intelligent moni-
toring systems and automated control of wear parameters of
flanges are shown. At the same time, there is no mechanical
criterion in the cited studies that would make it possible to as-
sess the risk of destruction based on the results of measuring
the geometric parameters of the flange.

A particular danger is the destruction of wheel flanges,
which could lead to a violation of conditions for interaction
between the wheel and rail, an increase in dynamic loads,
and the occurrence of emergencies.

Assessment of the risk of destruction of the wheel flange
in railroad rolling stock by bending stresses and contact
fatigue makes it possible to take into account the change in
the bending stiffness of the flange at operational wear. This
allows us to assess the influence of the position of the point of
application of lateral force in the contact of the wheel flange
and the rail on the level of bending stresses, as well as on the
dependence of fatigue safety factor on the thickness of the
flange. The devised criterion makes it possible to assess the
risk of flange failure during operation.

A basic condition for using the research results is their
application to the wheels in railroad rolling stock when as-
sessing their technical condition.

The limitation of this study is that the generalized later-
al force and parametric index of contact hazard were used
without full three-dimensional modeling of the contact
interaction of the wheel and rail. In addition, temperature
effects and residual technological stresses were not taken
into account.

The disadvantage of our study is that the parametric as-
sessment of contact hazard may change under actual modes
of movement of the carriage, rail profile, as well as operating
conditions. This disadvantage is a prospect for subsequent
studies. In the future, these issues will be resolved.

7. Conclusions

1. As a result of our parametric study, the geometric
characteristics of the dangerous cross sections of wheel
flange, DSTU GOST 11018 profile, were determined for
flange thickness hy = 30, 25, 22 mm. It was found that when
the flange thickness is reduced from 30 to 22 mm, the mo-
ment of resistance of the dangerous cross sections decreases
by 1.7-2.5 times. A feature of our result is the consideration
of the real geometry of the flange and changes in the geomet-
ric characteristics of dangerous cross sections at operational
wear. Unlike other studies, in which the flange is considered
mainly as an element of contact interaction, the flange is con-
sidered in this work as a separate bending element. The re-
sults are explained by a significant decrease in parameters b,
the moment of inertia j, and the moment of resistance W in
the lower part of the flange at operational wear.

2. The influence of the position of the point of applica-
tion of lateral force on the change in bending stresses in



the wheel flange was investigated. It was found that when
the flange thickness is reduced to hy = 22 mm, the bending
stresses in the lower part of the flange reach o, = 442 MPa,
which is approximately 2.5 times higher than the stress
level for the new profile. In contrast to known approaches,
our work establishes an analytical relationship between the
reduction in flange thickness, the change in the moment of
resistance, and the increase in local bending stresses. The
results are explained by the nonlinear increase in stresses
with a decrease in the bending stiffness of dangerous flange
cross sections.

3. The influence of operational wear on the fatigue
strength reserve factor of a wheel flange was assessed. It
was established that at the critical value of flange thickness
hy=22mm in the lower cross sections of the flange, the
fatigue safety factor decreases to k ~ 1, which corresponds
to the limit state for fatigue strength. A feature of our result
is the consideration of the combined influence of bending
stresses and operational wear of the flange on the change in
fatigue strength. In contrast to existing studies on contact
fatigue, our work shows that the risk of damage evolution is
determined not only by contact stresses but also by a decrease
in the bending stiffness of the flange at its wear.

4. A combined criterion for assessing the risk of flange
failure has been devised, which makes it possible to simul-
taneously take into account contact risk; level of fatigue
strength; change in geometric characteristics of the flange;
influence of lateral forces; as well as a degree of operation-
al wear. It has been established that for a flange thickness
hy =22 mm, the value of hazard criterion in the lower part
of the flange reaches C = 0.80, which corresponds to a dan-
gerous operational state. Unlike existing approaches, the pro-
posed criterion allows for a comprehensive assessment of the
risk of flange failure, taking into account the simultaneous
influence of contact fatigue, bending stresses, and geometric
wear. Our results could be used to improve systems for mon-
itoring the technical condition of wheelsets and predicting
dangerous wear of wheel flanges.
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