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Abstract: This article presents the results of a study focused on identifying the main causes of the
asymmetric (clinodual) wear of composite brake pads on freight wagons. A new scientific approach
to determining the clinodual wear of composite brake pads on freight wagons is proposed. It is
established that the harmful abrasion of the pad occurs during the movement of the freight train due
to an imperfection in the bogie-brake lever transmission. The causes of the non-normative frictional
wear of composite brake pads were investigated. This kind of wear leads to the tilting and abutting
of the upper end of the brake pads against the rotating wheel during train running. The results of
geometric and kinetostatic studies of the “pad-wheel” tribotechnical pair are provided to establish
the causes and consequences of the accelerated clinodual frictional wear of composite brake pads
on pendulum suspension in the bogies of freight wagons. The conditions of rotation of the wheels
during braking “for” and “against” the clockwise direction depending on the direction of the train
are considered. A new approach to brake-pad-wear prediction depending on the mileage of wagons
under operational conditions is proposed. The research conducted in this study contributes to the
development of the mechanical parts of freight-wagon brakes, increasing the efficiency of brake
operation and improving the safety of train traffic.

Keywords: transport mechanics; composite brake pad; clinodual frictional wear; unique point of
friction; train safety

1. Introduction

The reduction in the cost of transportation and operating costs for the maintenance
of rail vehicles is very important for the sustainability of railway infrastructure [1-5]. The
working condition and reliability of railway vehicles (RVs) play a major role. RV braking
equipment significantly affects both train traffic safety and energy saving. However, there
is currently a critical situation regarding the non-normative wear of composite brake pads
(CBPs) in wagons. In the case of freight wagons, the harmful friction of brake pads occurs
due to the slope of the surface of the brake pad making contact with the running surface
of wheels when the brake is not engaged. Such friction causes harmful consequences
for freight railway transportation [6-8]. The train’s resistance to movement increases
depending on the kilowatts of electricity consumed, resulting in thousands of tons of diesel
fuel being wasted. During operation, the pads wear abnormally, while their braking area
decreases. This negatively affects braking efficiency and worsens the safety of train traffic.

During braking, the contact forces of pressure on clinodual-worn CBPs are distributed
eccentrically along the reduced working area of friction. Due to this, significantly greater
frictional forces are concentrated on its upper parts, and intense frictional heat generation
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is concentrated. This causes the formation of numerous forms of high-temperature damage
(microcracks, shells, high scratches, etc.) on the rolling surface of the wheels. Therefore,
most wagon wheel pairs are operated with such defects. Hence, the dynamics of the wheels
rolling on the railway track have an additional increased resistance to movement and
increased energy consumption for the traction of freight trains [9].

The operating resource of freight-wagon CBPs with a wheelset gauge of 1520 mm with
formed clinodual wear is less than 50%. In this regard, they are replaced by new ones, and
abnormally worn pads are removed from the wagon. These removed pads have significant
remaining working mass due to a threat to traffic safety and they are taken to landfills
(Figure 1) [10].

(b)

Figure 1. Clinodual wear of a CBP: (a) pads removed from a wagon with large remaining working

mass; (b) overtime clearances between the “pad-wheel” tribotechnical pair.

Based on a review of existing studies, in many cases, the CBPs were bent and rubbed
their upper ends against the wheels during operation for short distances, even in freight
wagons that were put into operation directly from wagon-building factories or wagon-
repair enterprises, meaning that the mechanisms designed to ensure the uniform wear of
the pad surfaces no longer perform as intended.

The operation problems and appointment of the terms of maintenance and repair
of freight-wagon brake systems related to the elimination of the phenomenon of non-
normative wear of brake pads have not yet been sufficiently studied. From this point of
view, the scientific and technical studies dedicated to this problem have been carried out
for many years as part of the research and development work of the authors’ team [11-13].
One way or another, the successful solution to this problem relates to the improvement in
the mechanical brake system of freight wagons. In particular, it relates to the determination
of force factors for the clinodual wear of freight-wagon brake pads.

Therefore, there is a need to create measures aimed at solving the problem of the
clinodual wear of CBPs in freight wagons.

The problem of the uneven wear of brake pads arose at the beginning of the use of cast
structures in three-element bogies, MT-50 and TsNII-X3, which became associated with a
decrease in the performance of brake pads due to clinodual wear. Many works are devoted
to the study of the causes and consequences of this phenomenon. It is necessary to single
out the work of [14], which states that the number of redundant connections that prevent
the self-installation of the brake pads in the bogie relative to the rolling surface of the
wheels after the brakes are applied reaches significant values, namely 12; therefore, it was
recommended to make design changes to tighten the vertical levers of the bogie to reduce
these values. However, such a proposal has not been brought to operational perfection
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and has not been implemented in practice. This solution would not only contribute to the
self-alignment of the pads relative to the rolling surface of the wheelsets, but it would also
increase braking efficiency in curved sections of a track.

It was determined in [15] that the configuration of the brake lever transmission (BLT)
currently used in two-axle freight bogies does not ensure CBP wear to the minimum
permissible value in operation without additional manual adjustments by installing brake
pads of the maximum thickness. However, the authors of the article did not address the
issue of the non-normative wear and tear of the CBPs.

The research presented in [16] covers the methodology of estimating the brake-pad
pressures, including a structural analysis of the BLT mechanism, the determination of
the positions of the links based on the coordinate method, and force analysis. The study
was carried out with nominal pad sizes and different wheel diameters. However, the
research did not consider issues related to clinodual frictional wear and its effect on brake
pressure forces.

The work in [17] focuses on the justification of the coordination of dimensional chains
of freight wagons to determine the nature of freight-wagon brake-pad-wear intensity. A
methodology for calculating the dimensional chains of the CBPs is proposed, which allows
the determination of the limit deviations of the component links for brake pads that wear
out evenly.

The authors’ team presents in [18] the results of comparative tests of different types
of brake pads of Ukrainian and foreign productions in freight wagons. Tests of brake
pads from a domestic manufacturer and pads made in the USA confirmed their ability
to reduce the number of defects on the wheel rolling surface. However, it should be
noted that the existing design and operation of the BLT of the freight-wagon bogie con-
tributes to the formation of clinodual wear of any type of brake pad, regardless of the
manufacturer [19-21].

The study of scientific and technical sources about the performance of BLTs of modern
freight wagons proves that none of the latest BLT bogie designs [22-24] solve the problem.
This is due to the fact that BLT developers proposed the creation of a variety of auxiliary
devices for counteracting the forces that tilt the pads to rest against the wheels in the bogies;
however, these devices were only based on a kinetostatic analysis of the BLT mechanism.

The work in [23] highlights the results of operational tests of a new Chinese bogie
design (model ZK1) with the BLT. In this bogie, a change in the mounting of the triangle was
made by relying on guide brackets specially cast in the side frames of the bogie. However,
this difference in the BLT fastening design has significant disadvantages. This relates to
a significant intervention in the design of the most responsible load-bearing parts of the
bogie cast in the side frames. Likewise, the reliability of the specified cast-in brackets under
the conditions of load dynamics in the non-suspended parts of the bogie acting from the
brake system will be reduced in comparison with the general reliability of the side frames.
Fatigue cracks can occur in the points of contact of the triangle spike with the side frame,
which poses a threat to traffic safety. In addition, it is possible to predict increased wear of
rubber bushings and a decrease in their performance during operation. Fastening the BLT
in the bogie generates the risk of detachment and loss of the triangular components on the
track [25-32].

Specialists and scientists from different countries have carried out a significant amount
of research on BLTs. Based on these studies, various BLT devices and mechanisms have been
developed to eliminate or slow down the intensive wear of brake pads. A device for the
removal of freight-wagon brake pads with the automatic correction of the relative position
of the brake pads relative to the rolling surfaces of the wheels is proposed in [33]. However,
such a device complicates the BLT and requires periodic time-consuming adjustments in
operating conditions. Due to this, the use of this device has not become practical.

The studies in [34,35] propose improvements in the designs of wagons regarding tri-
botechnical units and innovative materials that influence the safety of train traffic, efficient
operation of brakes, and operating costs of freight wagons. From the point of view of the
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application of such structures, the train running speed is significantly increased; further-
more, the axial load of the wagons is significantly increased, the resource of tribotechnical
parts is increased, and the operation of railway vehicles brakes is improved. However,
there are several issues related to the non-standard wear of freight-wagon brake pads,
which need special attention for their successful application [36,37]. Therefore, problems
related to the abnormal wear of freight-wagon brake pads remain relevant [38,39]. To
solve them, it is advisable to modernize the elements of the BLT in order to improve the
operational reliability of the brakes and increase the safety of train movement in railway
transport [40,41].

The studies in [42,43] highlight the peculiarities of the operation of brake pads and
specify the requirements of materials for their production. It is noted that they should have
high strength and wear resistance to prevent the destruction of brake pads; moreover, they
should have sufficient hardness to ensure minimal wear of the wheel during braking [44].
This can be achieved by a change in the brake-pad material. However, the frictional
properties of the brake pads must have an appropriate friction coefficient, which will make
it possible to perform appropriate braking and stop the train with the shortest braking
distance in case of extreme situations.

Based on a review of the literature, we established that the issues related to the
problem of the abnormal wear of freight-wagon brake pads are quite relevant and require
further research.

In this regard, the goal of this study is to research the factors that affect the asymmetric
wear of brake pads of freight wagons. This research contributes to developing improve-
ments in the mechanical parts of freight-wagon brakes, thus increasing the efficiency of
brake operation and the safety of train traffic.

2. Materials and Methods

At present, a brake lever transmission system of the triangular type is used (Figure 2)
on railways with a gauge of 1520 mm. Such a transmission system is equipped with
composite brake pads, which have a nominal mass of 3.2 kg and the following geometric
parameters: length of 340 mm, thickness of 65, and width of 80 mm. The gap between
the block and the wheel should be 5 mm to 8 mm with a working device such as those
presented in [45-48].

Figure 2. A model of a brake lever transmission system of a two-axle wagon with brake pads:
1, 2—vertical lever; 3—triangle; 4—brake pad; 5—pad holder; 6—pendulum suspension; 7—delimiter
of clearance; 8—spacer triangle; and 9—bracket with a lock (a device for uniform pad wear).
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This brake lever transmission system works as follows: the load created by the brake
cylinder from the horizontal lever is transmitted through the longitudinal thrust to vertical
lever 1 located on the bogie. As a result, triangle 3 moves and brake-pad 4 sticks to the
rolling surface of the wheels. The further movement of vertical lever 1 causes the delimiter
of clearance 7 to move, which activates vertical lever 2 and, at the same time, the second
pair of brake pads is pressed against the wheels [49].

The clinodual wear of brake pads occurs due to the imperfect design of the triangle
structure and the low reliability of the device for uniform removal of the pads from
the wheels.

Due to the self-weight design of the brake system parts, there is a gravitational force,
G (Figure 3a), under the influence of which the brake pad tilts by turning the kinematic
node, d, around until it is pressed by the force, U, with a value of 150 N to 200 N against the
rotating wheel [10]. At the same time, the parameter, d, was obtained from the design and
technological documentation for the brake lever transmission system. With the increase in
frictional wear, an area of harmful abrasion, Qy,,, is formed. The force, U, is distributed on
this plane by the specific force, gs.. Under the action of such forces, the friction force, Fg,
is formed, and the force of resistance, By, to the rolling of the wheel arises and is realized
during the wheel/rail contact.

(a) (b)

Figure 3. A scheme of the formation of clinodual frictional wear of the brake pad: (a) reproduction
of the initial center of abrasion of the brake-pad upper end during movement without braking;
(b) braking with a pad brake with the development of its clinodual frictional wear.

According to a calculation scheme (Figure 3a), the following equation can be written:

G-a:u-b:»uz%, (1)
where G is the gravitational force generated by the weight of the bogie-brake-system parts,
U is the force of pressing the top of the block to the wheel, a is the distance from the hinge, 4,
of the pendulum suspension to hinge ¢, a = d + ¢, and b is the distance from hinge c to the
point of action of force G, b =c.

The force, F 2 during movement (rotation of the wheel, w) is realized during the wheel /rail
contact, which forms a harmful force of resistance to movement, i.e., Fg=Bs (Figure 3a) and,
as a result, increases the energy consumption for train movement [10,50].

During braking with a pad with upper wear, the pressure force, K, on the pad causes
its rotation around point A (Figure 3b). Therefore, the upper already-worn part of the brake
pad moves away from the rolling surface of the wheel and does not participate in braking.
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The lower part of the block is pressed against the wheel but with a shortened part.
Due to this, the specific brake pressures, gsp, are redistributed unevenly along the pad.
In the upper part of the pad, much larger specific braking pressures are concentrated,
which gradually decrease towards its bottom. Due to this, the intensity of pad wear
and the temperature of the tribotechnical steam during braking change proportionally.
The resulting value of the braking force in the presence of clinodual pad wear takes the
following form:

Bys = Frp = K- 9k - Cp, (2)

where K is the force of pressing the brake pad to the wheel, ¢ is the friction-coefficient
brake pad, and ¢p is the friction area reduction factor due to clinodual pad wear.

Figure 3 shows a schematic flat view (in the form of a curved rod) of the model with
an interpretation of new pad wear, which occurs due to the conditions of its suspension
with an advance angle, « (Figure 3b). Here, based on the equations of statics, the sum of
the moments of force for the brake lever equals zero Y M(e) = 0, relative to the accepted
fixed point of the hinge, e. Under this condition, the estimated braking force acting from
the vertical lever of the BLT in a four-axle freight wagon is determined [51].

The behavior of brake pads and clinodual wear pads is explained as follows: the
increase in the wagon’s mileage leads to the wear of the entire working surface of the brake
pad occurring in such a way that the pad area, Qy,, also naturally increases. However,
the thickness and bending stiffness of the brake pad decrease in braking modes under the
influence of the brake-pad pressure, and thus it more easily assumes a more stable and
balanced position (Figure 3b). In addition, any increase in the pad area, Qy,,, relates to
increasing the value of the specific contact pressure during braking, which approaches the
nominal value.

Naturally, the thickness of the brake pad is not constant, but it changes depending on
its wear during operation. However, during the movement of a bogie without braking, the
pad (having a dynamic eccentricity, | cd ) tilts and its upper end touches the wheel rolling
surface. As a result, an unforeseen local center of frictional wear, Qy,,, appears (Figure 3).
The presence of angle « accelerates this process because the effective area of the braking
surface of the pad becomes smaller, and the contact frictional stress between the pad and
the wheel increases. As a result, the upper worn part of the pad does not reach the wheel
during braking, and it does not participate in the formation of the braking force. The
frictional interaction of the pads with the wheels, and therefore the braking process, is
significantly distorted due to the redistribution of specific pressures along the length of the
pads. Therefore, this research proposed the force analysis approach as the solution to the
problem in a disintegrated way by refining the method for quasi-static analysis.

Figure 4 shows an example of the result of a computer simulation of the clinodual
wear formation of the CBP with the known upper harmful wear of the 9 mm pad with a
regulatory gap of 7 mm (as an example) between the wheel and the pad. This 3D model
of the block was created using SolidWorks software version 2015 (Dassault Systemes
SOLIDWORKS Corp., Waltham, MA, USA). Surfaces 2, 5, and 6 were isolated by means of
graphic works provided in the software. The general value of this area was determined
based on the studies in this field and taken as an example. At the same time, the area
of harmful abrasion of the composite brake pad was 5569.31 mm?. It corresponds to the
wagon mileage of 48.38 thousand km.

For design reasons, the so-called brake-pad lowering angle, «, as well as other angles
and structural dimensions needed for the implementation of the braking process, was
determined in brake systems.

The angle, 8, also called a suspension angle (Figure 3b), exists for the pendulum with-
drawal of the brake pads from the wheels during the release of the brake. Suspension 1 deviates
and the withdrawal of brake-pad 2 from wheel 3 occurs due to the action of gravitational
forces formed by its own weight, G (after braking) [50].
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Figure 4. A 3D model of the CBP with clinodual wear: 1—harmfully worn pad surface; 2—a line
of separation of planes; 3—a plane of brake (working)-pad wear; 4—a block body; 5—the result of
brake wear; and 6—the result of harmful wear.

The numerical ratio of force K and force P [51] equals the following formulation:
K=P-cosa, 3)

where P is the force that acts on the brake pad from the triangle side during braking, and «
is the angle between the horizontal axis that passes through the center of the wheel and the
middle of the brake pad, C.

In this study, the contact area of the force interaction of the CBP adjoining and rubbing
against the wheel during braking was considered to disintegrate. It is a composition of
elementary sectoral platforms, to which an opposing reaction, F, is applied in the form of
distributed discrete forces, dF, directed at the friction angle, 7, to the general normals of the
discrete surfaces’ pads, dQ, and wheels, for example, | OC| (Figure 5) [49,50].

Figure 5. A scheme of the reaction formation of the wheel, F = K = P-cosw, as the sum of the forces,
dF, acting on the sections, dQ, of the working surface of the CBP, Qef.

That is, the balanced state is determined here for each section, dQ, of the working
(brake) pad area, Qs
1
szi-m~Dw-dT, 4)
where m is the width of the CBP; Dy, is the diameter of the rolling circle of the wheel in the
plane that “cuts” the pad symmetrically, Dy, = 2:Ry; and d7 is the sectoral angle of discrete
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Lrcle of friction Grcle

separation, ng, from the top, T+, to the bottom, 7}, of the working surface of the pad in the
sector, T.

In this case, the opposing reaction, F, to the pressure force, K, is decomposed into the
forces, dF, which acts on the sites, dQ, of the entire area, Qef:

T
F=[ar, Q= [dQ=3m Dy [ar, ©)
Q T

According to the assumptions presented in the work [52], all considered forces should
lie in the cross-sectional plane of the block, which coincides with the plane of the figure [50]
(a scheme in Figure 6), and the lines of action of the forces, 4F (in the sector, T, coverage of
the wheel by the pad) practically converge to the point, c, of the circle with radius r [52]:

=, (6)

of friction ™\

Uircle of unigue points

~_Rolling circle

/
\\ /.
- . lrcle of

Rolling surface unigue points

(a) (b)

Figure 6. A scheme of the construction of unique points: (a) circles; (b) front and rear brake pads in
the direction of movement.

As mentioned above, the forces, dF, themselves form friction angles, , with their
normals to their discrete friction planes, dQ. This angle in the sector (t; — 73) does not
depend on the location of the site, dQ, nor does it depend on the change in the size of the
sector (T; — Tp) during operation (calculation of pad wear starts from angle 7;). Considering
this, the lines of action of forces, dF, are tangent to the friction circle of radius r = | Oc| for
any degree of wear within the braking sector (t; — 7). They form right angles with the
corresponding radii:

Oc| = 3 - Dy -sin, )

where 7 is the friction angle.
Substituting the value:
¥ = arctangg (8)

leads to the desired expression for r in the form of Equation (6). Furthermore, the circle
with the radius, r, which depends only on the coefficient of friction ¢y, is called the circle
of friction.
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Obviously, the lateral forces, dF, are tangent to the friction circle at lateral points a and
b and form an arc, Uab, on it. At the same time, points A and B of the arc form UAB, where
the distributed forces, dF, opposing the pressing force, K, act within the braking sector,
T=(Tt — Tp).

It should be noted that, in the case of modern brake systems of freight wagons, the
angle of coverage of the wheels by the brake pads is the same in almost all designs. At
the same time, the values of (7; — T;) are such that elementary reactions, dF, applied to
elementary platforms, dQ, for all points of the braking sector converge practically in the
middle of the arc, Uab, i.e., at point c. In other words, the composition of elementary
reactions, dF, form a system of forces converging at one point. It follows that the resulting
effect of this system of forces, F, is determined both by the magnitude and by the direction
from the polygon of converging forces and it also passes through the midpoint of the
arc, Uab, i.e., point c. Furthermore, the points similar to c considering the features of the
occurrence of clinodual wear in brake pads are called unique points [50].

It is clear that the coordinates of unique points in different designs of braking mech-
anisms depend on the friction coefficient, ¢y, as well as on some other indicators of the
mechanical braking system of bogies. For example, they depend on the geometric parame-
ters of the brake pad, in particular, from the position of the bisector, | OC |, which divides
the angle of coverage of the pad into equal parts: (t; — 73)/2.

The essence of the research method is that, for almost all braking mechanisms of freight
wagons (regardless of the modifications of lever gears and triangles), the geometric locus of
unique points is an arc of a circle with a radius r;, = 0.25-Dy, (Figure 6a). Figure 6a shows a
circle described from the center, O;, which lies in the middle of the bisector, | OC|1, of the
braking sector, 7. It is called the circle of unique points, c.

It can be noted that the tangents | Aal and |Bb| drawn from points A and B to the
friction circle form equal triangles, AOaA and AObB, which coincide with each other when
one of them is turned by angle (t; — 1), which is as follows:

/bOa = /BOA =1, — 13, )

It is known that the friction coefficient between the brake pad and the wheel changes
during braking not only due to changes in the pressure in their contact, but also due to
changes in wheel speed during operation, temperature, and other factors. Therefore, it
is necessary to identify the position of unique points at different friction coefficients to
determine the reaction vector of the wheel, F, and the point of its application in different
braking modes.

First of all, it is shown that points c and C bisect each of the arcs, ab and AB,
respectively (Figure 6a).

Indeed, a connection of points ¢ and C with the center, O, provides the following

equality:

/bOc = /BOC = (T*;J (10)

Figure 6a shows a scheme of construction of unique points. It can be seen that a
triangle, AOBD, can also be connected to its equal triangle, AOCc, by turning to an angle
(Tt — Tp)/2. The angle is a straight line, and the straight line, |cC/1, is tangent to the friction
circle. Therefore, the point, ¢, can be observed as a point of an intersection of the friction
circle with the circle built on the axis as on the diameter. This circle is a circle of unique
points that change their location due to changes in the friction coefficient, ¢r.

3. Results

The following values of friction coefficients of a friction pair were considered: ¢y = 0.05;
¢r=0.28; and ¢ = 0.34. For the clarity and simplicity of the description of the procedure of
determining unique points (for different ¢y), the calculation-graphical method of construct-
ing polygons of forces acting on of quasistatic-equilibrium objects was applied.
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The determination of the unique points (Figure 6b) consists of drawing (according
to a specific ¢y) a friction circle, which marks the middle points, C; and C;, of the contact
arcs of the friction surfaces of the brake pads and wheels of the wheelset. Here, circles of
unique points for the front (right) and rear (left) in the course of movement of the pads
on segments | OC; | and | OC; | as on diameters are constructed [50]. Then, the points of
intersection of the friction circles with the wheels are the unique points ¢y, ¢y, . . ., cg, for the
right and left pads when the wheel rotates clockwise. During the rotation of the wheel in
the opposite direction, the unique points are c, cf, ¢, and c§ for the right pad and ¢}, ¢}, c3,
and ¢}, for the left pad.

However, knowing the coordinates of only one unique point, ¢, is not sufficient to
determine the direction of action of the total reaction, F. Therefore, one should identify
another point through which the vector, F, passes.

Regarding the above, all active force factors ensuring the quasi-static equilibrium of
the articulated elements of the suspended brake pad during the braking of the bogie are
presented in Figure 7. Let this point be some point, j, that lies on the line, led |, of the
connection of the suspension hinge of the block, e, with point d (the kinematic node of
articulation of the block and its pendulum suspension).

Rolling circle

Urcle of \ ) |

. 2 \
friction | ™ _

Lircle of unigue
points

Figure 7. Forces acting on the brake pad and a pendulum suspension.

To find the location of point j, the conditions of equilibrium of the block together with
its hinged pendulum suspension under the action of the following forces and moments were
considered: forces —K = F represented an interaction of the wheel and a pad; force G was
created due to the weight of the wedge dual-worn pad (for example, we took G =20 N)
applied at its center of gravity, s; the force, P, of lever pressure from the side of the triangle
on the pad (the vector of this force acts according to the research in [53] and should be
directed horizontally); and forces T were reactions of the pendulum suspension, which can
(approximately) be considered to be directed vertically along the line, |ed |, of the element
of the pendulum suspension of the brake pad.

This is caused by the fact that the pad together with the elements of its pendulum
suspension (shown as led | in Figure 7) are under the influence of the specified force factors
in equilibrium. According to this, their main vector and main moment are equal to zero.
Hence, the system of equations of the quasi-static equilibrium of all elements of the brake
pad relative to their suspension points, ¢, can be written in a vector—scalar form as follows:

F+G+P+T=0. (11)
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The expression of the moments relative to point e have the following form:
F-|ne|+G-hg—P-hx =0, (12)

where h/G and hy are the arms of action of the moments of the respective forces, while the
arm |pel for simplicity is denoted by a.

In addition, under the condition of the moments of forces balance of the system
(relative to point d), the following formulation for the forces acting on the pad itself
was written:

F-|dm|—G-hG:|:Mff=0, (13)

where i is the arm of action of the moments of the corresponding forces, which equals |dm |.
The arm, Idml, is denoted as b for simplicity; M is the moment of friction forces,
which is positive at the kinematic node of point 4 when the pad is located in front of
the wheel rotating clockwise and negative when the pad is located behind the wheel
rotating counterclockwise.

Excluding F from Equations (12) and (13) in case of the absence of the upper harmful
abrasion contact on the pad, the following ratio was obtained:

G-hG:EMff 7P-hX—G~h/G

- e (14
Equation (14) is reduced after transformations to equality:

p- hx -G h/G a

m =5 = w = const., (15)

Having marked the ratio between the numerical parameters taken from Figure 7, the
following expression is provided:

ll_a_ . o
E—E—w, ll+lz—l, (16)

where [ = led| is the length of the pendulum suspension, [; = l¢j! is the distance from
point j to point ¢, and I = |jd | is the distance from point j to the kinematic node at point
d (Figure 8).

(a) (b)

Figure 8. A scheme of the interaction of the CBP with the wheel during braking: (a) coincidence
of the center of wear with the center of the contact arc of the pad; (b) determination of the excess
moment for the deviation of the center of wear from the center of the pad.
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Considering Equation (16), the location of point j is determined from the following relations:

ll = lziiu’
{ P (17)

Based on the formulas above, points ¢ and j were found. The line of action of reaction, F,
passes through them during active braking, and the direction of its action was also observed.
Thus, everything necessary to close the polygon of forces j and analyze the effect of force
factors that determine the real upper harmful wear of the CBP were determined. Therefore,
it can be concluded that the task was solved.

The determination of the point of a concentrated application of the force, F, to the
brake pad can also be carried out graphically for clarity. It is easy to identify this place as
the point, H, of the intersection of the action line of the force, F, with the arc, UAB (Figure 7).

Let us present Equation (11) in a slightly different form, G+ P+ T = —F. It is not
difficult to notice that the main vector of the sum of forces G, P, and T (force F) also passes
through point H. This point to some extent characterizes the distribution of forces dF on the
surface of the CBP and also determines its wear. This means that the nature of pad wear
depends on its location on the contact, UAB. Therefore, point H is called the center of the
wear of the brake-pad working surface.

In general, quite symmetrical (uniform in thickness) pad wear is associated with
the case shown in Figure 8b. The point H lies behind the center, UAB, by a distance
characterized by some small shift, J, the value of which can be found using the following
expression [50]:

4. Ry(sinw)

(5—h'q)k_((sin2-¢x)—§—2~tx_Rw>.(Pk' (18)

where 1 is the distance between the point of concentrated friction force application (point C)
and the point, H; ¢y is the friction coefficient between the wheel and the pad; and 2-« is the
angle of coverage of the wheel pad, 2.0 = 7.

Regarding the fact that ¢ is a relatively small value, it can be neglected in further
calculations. In other words, if the point, H, deviates from the center, C, by a small
amount, then the pad wear relative to the |OC| line should be expected to be close to
symmetrical (Figure 8a).

In the general case provided in Figure 8b, the center, Hy, of wear does not coincide
with the center, C, of the contact UAB pad. Regarding this, the reaction, F, in the form of
the force, F, applied at point H; adds the moment relative to point C. At this moment,
M; causes the formation of a wedge in the upper part of the pad (Figure 8b):

M, =F - 6. (19)

When changing the direction of the rotation of the wheel, the corresponding reaction, F,
does not change during braking. The numerical value of the moment, M, is also cal-
culated according to Formula (19), and only the value for the lower part of the pad, Hy,
is substituted.

The moment M, is denoted as M; when the moment acts on the pad during the
rotation of the wheel clockwise, and as M;’ when against it.

It is established that the moments M; and M}, depend on many parameters, such as
the nominal size of the pad; its one-sided wear, Ac, coordinates of the center of gravity
of the pad; the angle, a, of the axis of the pendulum suspension; and the magnitude and
the direction of the force, F, during braking. Of course, the analysis of all factors affecting
the performance of brake pads is very difficult. At the same time, the influence of several
named parameters on M; and My, is weak. This study examined the effect of these moments,
with the main one being one-sided damaging pad wear at the upper end of Ab.

As the practice has shown [10,12,45], pad wear mostly occurs with the formation of
clinodual wear at the upper end of the pad. Therefore, the size, b, at the bottom of the pad
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remains practically unchanged, and the value, Ab, on the top of the pad varies from zero
tob.

According to the technical conditions of maintenance of freight-wagon brake systems [45],
the pressure forces of the pads on the wheels do not change during operation regardless of
the mileage of the wagons. However, the presence of clinodual wear of the pads indicates
an undesirable effect of the additional redistribution of power factors during braking due
to the significant intensity of wear of the pad’s upper end.

Furthermore, the research and determination of the moment magnitude, My, acting on
the pad after wearing it by Ab were performed. This meant that the type of dependence
for a symmetrical brake pad of a freight-wagon bogie for Ab =0, b = by (where by is the
thickness of the new pad, Figure 9) was determined.

Clircle of umigue points

(ircle of friction

Figure 9. Determining the wear centers of the CBP during a two-direction operation.

It should be noted that, due to the cumbersomeness of formulas and mathematical
transformations during the analytical description of this problem (due to this, calculations
are not fully presented in the work), as well as for the convenience of understanding ap-
proaches to obtaining practical results, it is advisable to carry out all research calculations
graphically. In addition, in order to reduce the accompanying graphic errors, the corre-
sponding geometric constructions on an increased scale of lengths, forces, and moments
were performed. The obtained results based on validated values for the practice of tabular,
graphic forms, or analytical forms of recording, using computer standard procedures of
modern regression analysis, are presented in [54,55].

Let us illustrate the method of solving the problem of the quasi-static balance of forces and
moments acting during wheel braking with a pad brake, implemented geometrically (Figure 9):

1. The output data of the problem, which include the following parameters, such as the
radius of the rolling circle, Ry; the pad width, m; friction coefficients between the
wheel and the pad, ¢g angle of coverage of the pad, 7; and initial configuration of the
location of the CBP (points A, B, e, d), are formed.

2. The radius of the friction circle corresponding to the specified friction coefficient is
calculated using Formula (6).

3. Then, the unique points (co5; c2; c4; C{) 5; Ch; €j) as a result of the intersection of friction
circles for the initial friction coefficients (¢p = 0.05; ¢ = 0.28; and ¢g3 = 0.34) with a cir-
cle of unique points described with the center at point O; and radius 7 = 0.25-Dy, are
geometrically determined.

4.  Furthermore, an arc, O’, and marking the intersection points O}, OQ with circles of
radius Ry, are geometrically drawn from point B with the radius Ry,. Then, the centers
A’ and A/, located on UAA( and formed by the radius AB with the center at point
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10.

11.

B are drawn. Points O} and O} determine the position of the center of the wheel
relative to the clinodual-worn pad.

The next step is to draw arcs with the radii O}d and O%d from point O to the intersec-
tion with the trajectory of kinematic node movement d. The intermediate positions
occupied by the kinematic node, d, relative to the center of point O (points Dy and D,
are marked in Figure 9) are determined. This is the result of pad upper-end wear by
the amounts of Ab and 2-Ab.

Then, the corresponding points, By and By, on the rolling circle of the wheel are deter-
mined when they intersect with arcs of radius Ad drawn from the centers D; and D,.
When the positions of points By and B, are determined, the centers C; and C; on the
UAB braking sector of the clinodual-worn pad are determined. To conduct this, the
points on the same rolling circle of the wheel with arcs are marked. Their radii are
equal to the chords, which are in the contacts of the arcs UBA;/2 and UBA, /2. These
arcs are drawn from centers By and B, respectively.

The wear of the pads during wheel rotations clockwise and counterclockwise is
observed at their intersection points, UAB, with lines c4j, c4j1, and c4j and cflj, c&jl,
and c}j, for the centers H; and H; (the points Hj, and H; are not presented in Figure 9).
At the same time, the coordinates of point j are represented by Formula (16) for the
variable location of the pendulum suspension of the brake pad, led|. These points
are not marked in Figure 9 because they will have constantly different coordinates
due to the braking process, which is a time function.

Furthermore, the moments M; and M, are calculated using Formula (19). The force,
F, is determined for each value, Ab, from the force’s polygon (Figure 10). The arms
At and Ab are determined directly by their measuring from Figure 9. The lengths of
the perpendiculars descend from the centers C, Cq, and C, on the line of action of
the force.

The cycle is repeated for the next value of the friction coefficient according to the
initial data up to the last of the available ¢y.

At the final stage, the graphoanalytical solution of the problem in the form of depen-
dencies for moments M; and M, for two-way wheel movement is obtained together
with the various friction coefficients, ¥f under the condition of clinodual wear in the
upper-pad part.

3k 477
Scale (0 @
7mm - 025 kN I

R
7 <775

Figure 10. The polygon of the forces acting on the CBP.

In addition to the described methodology, a computer program algorithm was devel-

oped for the analytical solution of similar problems [50]. Corresponding calculations in the
form of control problems were calculated for the new and for the clinodual-worn brake

pads with initial thicknesses of 2/3-bg and 1/3-by, respectively (Figure 11).
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Tmm-1TkN X
Tmm-1TkN =<

A Vi
(b) (c)

Figure 11. The dependence of the moments M; and M, on the Av for a symmetrical pad: (a) when
b = by; (b) when b =2/3-by; and (c) when b =1/3-by.

It can be seen that, during the movement of railway vehicles (“forward” and “backward”),
there is a clinodual wear of the brake pads with the parameters confirmed in operational
conditions. In addition, the values of the moments M; and M, and, therefore, wear of the
pads during the two-way movement of the wheels are different [50].

Thus, the formation of clinodual wear during braking is ultimately due to the excess
moment of forces, which is determined by the following formulation:

AM = M; — M,,. (20)

The magnitude and direction of action of excess moments depend on the location of
the wear centers Hy, and H; relative to the centers of the contact arc of the pad AB. The
results of the calculations are presented in the form of graphs in Figure 11. With the help of
this graphical solution, it is possible to determine the dependences for the values of excess
moments as functions of the value Ab of one-sided wear of the brake pads acting on the
new (Figure 12a) and on the worn (Figure 12b) pads with different coefficients of friction:

/ / /
{ AM' = Mt,,_ Mb;, ' 1)
AM" = M; — M,,.

Hence, the graphs of the dependencies AM'(At) and AM" (At) built using the calcu-
lation for the new and for the worn pads in real operating conditions provide a reason to
estimate the magnitude and direction of the excess moment.

It can be seen in Figure 12 that the excess moments AM’ and AM” practically do not
depend on the friction coefficient. However, these moments increase with the increase in
clinodual pad wear.

In order to eliminate clinodual wear of CBPs in freight wagons, the moment AM’
should equal to zero, i.e.,

My — My = 0. (22)

However, this is possible only if the line of symmetry of the CBP passes through the
point, j, of the pendulum suspension because only then are the wear centers Hy, and H;
located symmetrically to the center, C [10,50].

In our opinion, it is very difficult to achieve the conditions described in Formula (22)
for the operating conditions. Indeed, if we assume that, even in a new pad, the point j lies
on its axis of symmetry, then, in practice, it should shift from this axis. The first reason
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N

M

for this is that, during the wear of the CBP, point j does not move along the straight line,
ICj !, but along the arc, |jj'|, described from point e (Figure 9). The second reason is that, as
the pad wears, the values of G, hg, and h’G change. This means that the input parameter
is changed in the Formula (17). Therefore, the coordinates of point j change during the
operation of the pads. Probably, the clinodual wear of the brake pad cannot be eliminated
by choosing the initial position of the hinge point, d, of the new pad.

Tmm - 167 kN

M N - when 9= 028 Y1/ — when 9= 028
—  when 9= 034 - ——  when 9= 034
S S
D DN
N =
| M |
S S
~ ~
S I
(b) (c)

Figure 12. The dependence values of the excess moments AM’ (At) and AM” (At) on the parameter,
Ab, for a symmetrical pad: (a) when b = by; (b) when b = 2/3-by; and (c) when b =1/3-by.

4. Discussion

This study proposed the use of a force analysis to solve the problem of the clinodual
wear of pads, which disintegrate due to the application of the method of the quasi-static
analysis of CBPs. At the same time, the feature of the harmful abrasion of the pad at
the upper end, which causes clinodual wear, is taken into account. A rational place for
mounting the pad was determined, which made it possible to eliminate its abnormal wear,
as well as increase the performance of the pads for the entire inter-repair period of operation
of the wagon.

The research conducted in this study created the prerequisites for the development of
a device for the uniform removal of brake pads from the wheels, which was equipped with
10 wagons in the fleet of freight wagons of the Ukrzaliznytsia Stock Company (Ukraine) [10].
Operational tests of this device are currently underway.

The experimental studies on wagons proved that no damage or wear and tear during
operation was detected on the devices. The obtained values of wear and tear of the CBPs in
experimental wagons proved that their service life is at least 210,000 km. Therefore, the
CBP performance provides the inter-repair period of wagon operation, taking into account
the periodic adjustment of the bogies.

As a shortcoming of this study, it can be noted that the authors did not take into
account the gaps in the hinge joints of the levers of the brake lever transmission system
during theoretical studies.

The advantage of the conducted research in comparison with the analyzed sources
is that the authors investigated for the first time the rationality of the location of the hole
and suspension of the triangle of the brake lever transmission system of the freight-wagon
bogies, model 18-100, depending on the amount of upper harmful abrasion of the pad.

The limitation of this study is the fact that it focused on the design of bogie model
18-100, which has found serial use on railways with a gauge of 1520 mm. In the future, we
plan to integrate the obtained methodology into the study of the wear of brake pads and
other types of freight-wagon bogies.

The conducted research contributes to the improvement in traffic safety conditions;
the reduction in rolling resistance of trains in traction and coasting modes, which leads to
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the reduction in energy carriers for the traction of trains; the reduction in surface defects of
the wheels of wagons and, accordingly, the rails; and the improvement in environmental
friendliness [56,57].

Further development of this study will consist of the optimization of the geometric
parameters of the brake pad. Moreover, one of the options for the development of this
research is to use new materials for the production of pads [58,59], thus ensuring strength
indicators and maintainability during manufacture, operation, and repair.

5. Conclusions

1.  The method of quasi-static analysis was applied to determine the harmful wear of the
composite brake pads of freight wagons. This method made it possible to carry out
a geometrical analysis of the pendulum suspension system of CBPs with clinodual
wear and its interaction with the wheel. Moreover, this approach made it possible to
establish that the unique point is the point of intersection of the friction circle. The
position of the point on the axis of the pendulum suspension makes it possible to
determine the mathematical values for the arms of the moments of forces during
braking for the upper and lower parts of the CBP.

It was determined that the coverage angle of the brake pad decreased due to its wedge
duality. This leads to increasing the specific pressures in the upper part and decreasing the
pressures in the lower part. Because of this, the uneven wear of the lower part of the pad
increases. This lower part performs the braking mechanism.

2. The force factors that ensure the quasi-static equilibrium of the articulated elements of
the suspended pad during the braking of the freight-wagon bogie were determined,
which made it possible to create the prerequisites for solving the problems related
to the clinodual wear of CBPs. Based on the performed quasi-static analysis, it was
determined that the moments for the upper and lower parts of the CBP depended on
many parameters. Excessive values of the moments lead to the formation and increase
in the intensive wedge dual wear of pads during the movement of freight wagons.
It was established that, due to the clinodual wear of the pad, the braking area of its
upper part decreased with the increase in the mileage of wagons, which negatively
affected both the braking efficiency of the freight train and the safety of train traffic.

3. The methodology and procedure for an analytical solution to the problem of the
quasi-static balance of forces and moments acting during braking of a wheel with
a pad brake in the case of two-way traffic, if identical events occur during braking,
were presented. Based on the results of this study, it was established that, to eliminate
the clinodual wear of the pads, the excess torque should be equal to zero. A rational
place for mounting the block was determined, which made it possible to eliminate its
abnormal wear in operational conditions.
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Nomenclature

a Distance from the hinge, d, of the pendulum suspension to hingec,a=d + ¢

b Distance from the hinge, ¢, to the point of action of force G, b =¢

by Thickness of the new pad, b = by

By Force of resistance to rolling

c Circle of unique points

ledl  Dynamic eccentricity

d Kinematic node
Diameter of the rolling circle of the wheel in the plane that “cuts” the pad

Dy . _
symmetrically, Dy = 2-Ry

dF Form of distributed discrete forces

p Sectoral angle of discrete separation, Qef, from the top, T4, to the bottom, 7},

T of the working surface of the pad in the sector, T

e Fixed point of the hinge

F Opposing reaction

Fgy Friction force

G Gravitational force generated by the weight of the bogie-brake-system parts
Distance between the point of concentrated friction force application (point C)
and point H

H Point center of wear of the brake-pad working surface

hg Arm of action of the moments

hx Arm of action of the moments of the respective forces

K Pressure force on the pad

l Length of the pendulum suspension, [ = |ed |

I Distance from point j to pointe, [; = | ¢

I Distance from point j to the kinematic node at pointd, I = |jd |

m Width of a brake pad

M, Moment that causes the formation of a wedge in the lower part of the pad

My Moment of friction forces

M; Moment that causes the formation of a wedge in the upper part of the pad

P Force that acts on the brake pad from the triangle side during braking

Qef Working (brake) pad area

Quem  Area of harmful abrasion

Jse Specific force

r Circle with radius

Ry Radius of the rolling circle

s Center of gravity

T Force reactions of the pendulum suspension

u Force of pressing the top of the block to the wheel

N Angle between the horizontal axis that passes through the center of
the wheel and the middle of the brake pad, C

20 Angle of coverage of the wheel pad, 2-a =T

B Suspension angle

0% Friction angle

0 Shift

Ac One-sided brake-pad wear

AM Excess moment of forces

Av One-side harmful wear

¢p Friction-force-reduction factor due to clinodual pad wear

T Angle of coverage of the pad

QK Friction-coefficient brake pad

Rotation of the wheel
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