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Наведені результати теоретичних та  
експериментальних досліджень впливу  
шорсткості поверхонь на трібологічні 
властивості контакту «колесорейка» 
в криволінійних ділянках колії метрополі
тену. За результатами досліджень вста
новлені значення раціональної шорсткос
ті контактуючих поверхонь, що послугує 
передумовою створення технології пре
вентивного шліфування рейок для упо
вільнення їх зносу при русі в криволінійних 
ділянках колії метрополітену
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Даны результаты теоретических и экс
периментальных исследований влияния 
шероховатости поверхностей на три
бологические свойства контакта «колесо 
рельс» в криволинейных участках пути 
метрополитена. По результатам исследо
ваний установлены значения рациональной 
шероховатости контактирующих повер
хностей, что послужит предпосылкой со 
здания технологии превентивного шлифо
вания рельсов для замедления их износа 
при движении в криволинейных участках 
пути метрополитена
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1. Introduction

The velocity and safety of transportation process at 
railway transport depend on stability and durability of 
the contact components «wheel-rail» that can be guaran-
teed only by maintaining these components of railway 
infrastructure in constant «operable» condition [1].

The operating, constructional and tribological tech-
niques are used to prolong the life cycle of railway  
wheels and rails. To solve the problem of extremely heavy 
wear in the contact «wheel-rail» in curvilinear sections 
of underground railway tracks we have to use the tri-
bological techniques. They can be used to explore the 
regularities of contacting of forces which operate in con-
tact and values of rational parameters of microgeometry  
of contacting surfaces that in turn will allow pre-
dicting the wear rate of surfaces under various contact  
conditions.

The wear rate depends on mechanical and tribological 
factors, which in contacting in curvilinear sections of a track 
lead to extremely heavy wear. It is impossible to eliminate 
the wear of contacting surfaces entirely as an unconditional 

result of their interaction and that is why one can only reduce 
it to some minimum value.

Among the promising techniques used to reduce friction 
and wear in metal sliding pairs there is application of lubri-
cants and providing surface layers of metal with relevant 
mechanical properties and microgeometry. To implement 
these techniques it is necessary to study the influence of 
each factor (lubricating film, material impact, and surface 
microgeometry). At the second stage, one has to explore the 
composite impact of these factors on wear resistance of rails 
and wheels of rolling stock. 

2. literature review and problem statement

In order to reduce the wear rate in the contact «wheel-
rail» in recent years the researches were conducted that 
aimed to create conditions in which wheels of rolling stock 
and rails will wear out as slowly as possible. Basically, among 
the possible ways to achieve this, the change of the contact 
parameters was considered. In particular, it was noted that, 
despite the high cost of replacing worn-out wheels and 
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rails, and the labor content of repair work, the solution of 
these problems is a priority [2–4]. For now, the problem 
of reducing the wear rate for the contact «wheel-rail» tak-
ing into account all features of contacting wasn’t resolved. 
This problem is resolved in specific cases for a specific con-
tact [5–7]. The majority of these researches were conducted 
taking into account only some contact characteristics with 
a large number of simplifications. Also, these researches are 
complicated by differences in the interaction of friction pairs 
«wheel-rail» taking into account operating, constructional 
and tribological peculiarities of contacting, and that is why 
require a complex solution for a specific type and conditions  
of contacting. 

In [8] existing techniques of reducing side wear of rails in 
friction pair «wheel-rail» were analyzed and tribological tech-
niques of reducing extremely heavy wear of the side surface 
of rails as the most effective for contacting conditions of sys-
tem «wheel-rail» in curvilinear sections of the underground 
railway track were considered. For this purpose, it is neces-
sary to explore the impact of microgeometry of contacting  
surfaces on friction coefficient and wear rate.

The influence of the rate of motion and roughness of con-
tacting surfaces on the voltage value in the contact «wheel-
rail» was defined for conditions of main-line railways in the 
works [9, 10]. For contacting in underground railway tracks 
especially in curvilinear sections of a track, the problem con-
nected with definition of the dependence of the friction coef-
ficient on microgeometry parameters of contacting surfaces is 
still insufficiently explored, taking into account the specifics 
of the friction pair.

In [11] values of force stresses in the contact «wheel-rail» 
for contacting conditions in underground railway tracks in 
straight-line sections of a track were defined. For contacting 
conditions in curvilinear sections, it is necessary to take into 
account the action of side forces and also material charac-
teristics. 

To create rational microgeometry parameters of con-
tact in [12] it was offered to grind rails. When grinding 
it is necessary to take into account peculiarities of con-
tacting conditions and material of contact bodies that is 
possible for conditions of the underground railway, ta-
king into considera tion uniformity of rolling stock and 
elements of the upper structure of the underground railway  
track on lines. 

The grinding of wheels [13, 14] of rails in the process of 
operation on the railway track is used to extend their lifetime 
for a long time [15]. This type of work is mainly aimed at pro-
filing of the rail top and is not intended for creating certain 
parameters of surface microgeometry. Considering this fact, 
it is necessary to define the processing technique of wheels 
and rails when grinding by selecting the appropriate abrasive 
material that creates a rational roughness. 

In order to increase the friction coefficient in the con-
tact «wheel-rail» and accelerate the wearing-in of contacting 
surfaces for conditions of pit-run railway transport in [12] 
the value of rational roughness was defined. However, these 
researches were conducted in order to increase the friction 
coefficient by giving contacting surfaces certain roughness 
under the condition of contacting in difficult conditions of 
heavy-weight pit-run railway transport to increase adhesion 
coefficient in contact. Therefore, it is impossible to use them 
to determine rational, from the standpoint of minimum, 
friction coefficient in contact «wheel-rail» in curvilinear sec-
tions of the underground railway track. 

That is why the researches, considering the major forces 
which operate in contact «wheel-rail» in curvilinear sections 
of the underground railway track, seem to be promising, par-
ticularly taking into account operations of side forces, condi-
tions of contacting and material properties of real contact 
bodies. Previously in [16] the contact «wheel-rail» on the 
side surface of a track using friction machine was modeled. 
This work is a continuation and practical implementation of 
the works [8, 16].

3. goals and research tasks

The researches were conducted to determine the impact 
of parameters of roughness of contacting surfaces of wheel 
and rail in curvilinear sections of the underground railway 
track on the processes of their friction and wear. 

To achieve this goal, the following problems were solved:
— the values of maximum contact stresses, which operate 

in curvilinear sections of the underground railway track tak-
ing into account action of side forces were defined;

— the values of forces, which operate in the real con-
tact «wheel-rail» in curvilinear sections of the underground 
railway track to create force, which was applied to the 
«model contact» on a friction machine were defined; 

— the parameters of rational roughness of the side sur-
face of the rail top in curvilinear sections of the underground 
railway track by criteria of minimum friction and wear rate 
in contact were found.

4. determination of rational parameters of 
microgeometry of contacting surfaces  

in the tribo-contact «wheel-rail» in curvilinear sections 
of the underground railway track

4. 1. theoretical researches of determination of ratio-
nal parameters of microgeometry of contacting surfaces 
in the contact «wheel-rail» in curvilinear sections of the 
underground railway track

It was established that if friction is without lubrication, 
friction force decreases as the roughness rate of contacting 
surfaces increases [17]. In a con siderable interval of changes 
in the degree of roughness, friction force remains constant, 
and if the surface was very roughly worked it is possible to 
observe a low increase in friction force (Fig. 1).

 
Fig.	1.	Dependence	of	friction	force	on	the	roughness	of	

unlubricated	contacting	surfaces:	I	—	adhesion	zone;	II	—	zone	of	
prevalent	molecular	wear;	III	—	optimal	zone	of	molecular-kinetic	

wear;	IV	—	zone	of	prevalent	mechanical	wear;	V	—	zone	of	
microcutting
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The law of variation in friction coefficient with roughness 
is different for friction of rest and friction of motion [17]. 
When sliding, the friction coefficient depending on rough-
ness passes through a minimum. The increase in friction 
force with an increase in roughness for sliding friction force 
is explained by energy dissipation, which occurs when sliding 
and increases with increase of roughness. The increase oc-
curs faster than the decrease of the friction force component 
caused by the decrease of the contact area.

Considering molecular-mechanical nature of friction [18] 
it was established that the dependence between the friction 
coefficient and the rate of roughness has to be represented 
by a U-shaped curve. At sufficiently clean surfaces, the 
pair metal-metal forms nodes of adhesion owing to close 
contact. The change in friction coefficient in this area is 
represented by dropping curve piece. Further increase in 
roughness rate leads to the fact that the process of adhe-
sion does not develop and interaction of surfaces in this 
area occurs owing to mechanical hooking of microrough-
nesses. The higher the friction coefficient in this interval 
of values of roughness parameters, the higher the rate 
of roughness. The value of rational roughness equals to 
minimum friction coefficient and minimum value of wear  
of materials (Fig. 2).

Fig.	2.	Dependence	of	friction	coefficient	on	roughness	
of	contacting	surfaces

The wheel rolling along the rail is the rolling of one 
cylindrical surface with radius r1 along another one with  
radius r2 [19].

According to the theory [20] with additions [21], in [11] 
maximum contact voltages in the contact «wheel-rail» in 
direct sections of the underground railway track were de-
fined. As in curvilinear sections of a track contact spot has 
non-elliptic contact, so the value of maximum contact vol-
tages should be determined by the technique [22]. According 
to this technique the value of maximum contact voltages in 
curvili near sections of a track should be defined taking into 
account correction coefficients for analogous values defined 
using the technique [20] with additions [21] in [11] in direct 
section of a track. The total value of correction coefficients 
can be 2÷2.5.

The maximum contact voltages in the contact «wheel-
rail» under conditions of underground railway were cal-
culated earlier in [11], but without taking into account 
actions of side forces in curvilinear sections of a track, which 
significantly affect the value of contact voltages. That is 
why in this work actions of side forces were taken into  
account (Fig. 3):

Fig.	3.	Maximum	contact	voltages	in	accordance	with	[20–23]:	
1	—	contact	on	the	surface	of	rolling	rail	(contacting	is	

predominantly	in	direct	sections	of	a	track);	2	—	contact	on	the	side	
surface	of	the	rail	top	(contacting	is	predominantly	in	curvilinear	

sections	of	a	track)

The wear rate of contacting surfaces depends on the type 
of their contact interaction. That is why to have higher wear 
resistance it is necessary to provide elastic interaction of 
contacting bodies.

The wear rate I can change within the range from 10–3 to 
10–12 cm3/cm [14]. Considering the contact «wheel-rail» as 
a multiple contact, there is a fundamental equation to calcu-
late the wear rate of the given contact [24]:
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After the wear rate in the contact «wheel-rail» in cur-
vilinear sections of a track is calculated, it will be pos-
sible to select rational contacting parameters of the given  
system. 

4. 2. Bench tests to determine rational parameters 
of microgeometry of contacting surfaces in the contact 
«wheel-rail» in curvilinear sections of the underground 
railway track

We use the above values of contact voltages to model the 
contact «wheel-rail» at a laboratory bench.

In order to simulate in laboratory conditions the con-
tact «wheel-rail» in the curvilinear section of a track, it is 
necessary to recalculate parameters of the modeling sample in 
such a way that maximum contact voltages in the «modeling»  
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contact corresponded to maximum contact voltages in the 
real contact.

To define rational roughness of contacting surfaces in 
la boratory conditions, it is also necessary to generate param-
eters of surface roughness that means to select the granular-
ity of abrasive material, by which they will be worked. 

Before performing laboratory tests, the following ranges  
of changes in parameters of surface roughness were se-
lected: Ra = 1…4 mcm. According to these values, abrasive 
paper Р150, Р220, Р320, Р500 was selected. Before per-
forming the following series of tests, produced mo deling 
samples were worked by selected for each series of tests 
abrasive paper to obtain contacting surfaces with the 
roughness Rа = 1, 2, 3, 4 mcm, and also at different loads 
P = 7, 10, 13 kgf. Materials for producing modeling samples 
of contacting bodies were selected in accordance with mate-
rials of wheel and rail.

According to tribology works [24, 25], it is known that 
it is possible to predict the wear rate of friction components 
indirectly by means of experimental determination of fric-
tion force in contact. This conventional approach allows 
reducing labor intensiveness of researches and at the same  
time impro ving the accuracy and informativity of measure-
ment results. 

To measure maximum force and friction coefficient in 
contact, a laboratory bench was used (Fig. 4).

This bench makes possible to simulate contact «wheel-
rail» using circuit «disk-plane». The disk has a spherical 
surface of rolling that helps to reproduce the process of 
wheel rolling on the rail under conditions of single-point  
contact. 

The experimental technique provides application of ver-
tical force P to the roller, which in terms of dimension ratio 
of the real contact «wheel-rail» in the curvilinear section of 
the underground railway track meets the same specifications 
for laboratory models. Using the connecting shaft, constant 

twisting moment M is supplied from the electric motor to 
the roller. Under the motion platform, a linear potentiometer 
was attached to the bed plate. The runner of the potenti-
ometer is connected to the object table and moves with it.  
The potentiometer is connected to a digital transducer, 
which can be connected to a computer via USB-input. The 
digital transducer, springs and linear potentiometer together 
represent a digital dynamometer. During the experiment, 
the signal from the digital dynamometer is displayed on  
a computer screen in the form of a graph, which describes 
the dependence of the roller friction force on the table  
movement.

According to each series of measurements, the average 
friction force is calculated and then the average friction coef-
ficient for each series of tests is calculated (Table 1).

Fig.	4.	Circuit	of	laboratory	bench:	1	—	bed	plate;	2	—	guidepost;	
3	—	supporting	arm;	4	—	motion	platform;	5	—	flywheel	of	cross-

feed;	6	—	rail	sample	(plate);	7	—	connecting	shaft;	8	—	wheel	
sample	(roller);	9	—	roller	frame;	10	—	point	of	load	application;		

11	—	spring;	12	—	electric	motor

Table	1
Research	results	on	the	friction	machine	under	conditions	of	unlubricated	contact	

Roughness of contacting 
surfaces

Friction coefficient f
f

___

1 2 3 4 5 6 7 8 9 10

When P = 7 kgf

Rа = 1 mcm 0.252 0.255 0.254 0.253 0.256 0.257 0.258 0.260 0.259 0.261 0.255

Rа = 2 mcm 0.233 0.234 0.233 0.234 0.235 0.237 0.237 0.239 0.241 0.240 0.235

Rа = 3 mcm 0.237 0.239 0.240 0.238 0.239 0.237 0.239 0.242 0.241 0.240 0.239

Rа = 4 mcm 0.242 0.244 0.241 0.244 0.246 0.248 0.246 0.247 0.244 0.248 0.245

When P = 10 kgf

Rа = 1 mcm 0.259 0.262 0.260 0.262 0.262 0.258 0.262 0.266 0.263 0.264 0.262

Rа = 2 mcm 0.235 0.238 0.234 0.237 0.239 0.240 0.241 0.237 0.236 0.237 0.237

Rа = 3 mcm 0.237 0.241 0.237 0.239 0.243 0.239 0.242 0.242 0.243 0.243 0.241

Rа = 4 mcm 0.245 0.249 0.241 0.246 0.244 0.249 0.246 0.248 0.251 0.253 0.247

When P = 13 kgf

Rа = 1 mcm 0.261 0.260 0.263 0.265 0.267 0.264 0.265 0.268 0.267 0.264 0.265

Rа = 2 mcm 0.238 0.239 0.242 0.243 0.241 0.245 0.242 0.243 0.239 0.240 0.241

Rа = 3 mcm 0.245 0.245 0.247 0.244 0.244 0.243 0.243 0.246 0.243 0.246 0.245

Rа = 4 mcm 0.249 0.250 0.253 0.254 0.251 0.250 0.251 0.253 0.249 0.254 0.252
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The values of the average friction coefficient for all the 
examined range of roughness of contacting surfaces are 
shown in Fig. 5.

a

b

Fig.	5.	Graphical	display	of	test	results	under	conditions	of	
unlubricated	friction:	а	—	dependence	of	friction	coefficient	on	

the	roughness	of	contacting	surfaces;	b	—	dependence	of	friction	
coefficient	on	vertical	load	at	a	given	roughness	of	contacting	

surfaces

Using the obtained values of the microgeometry of con-
tacting surfaces in the friction pair «wheel-rail», we define 
the value the wear rate in the «modeling» contact according 
to test results at a laboratory bench (Fig. 6).

Shown in Fig. 6 point-by-point diagrams reflect the values 
of wear rate of the side surface of the rail top of underground 
railway depending on the roughness of contacting surfaces.

Fig.	6.	The	values	of	wear	rate	in	the	«modeling»	contact		
«wheel-rail»	according	to	test	results	at	a	laboratory	bench

5. research results on definition of rational roughness 
of contacting surfaces in the contact «wheel-rail» in 
curvilinear sections of the underground railway and  

their discussion 

The analysis of previous researches in the sphere of contac-
ting interaction of the tribosystem «wheel-rail» gave an oppor-
tunity to apply the methodological approach when performing 
research of the impact of roughness of contacting surfaces on 
tribological characteristics of the contact «wheel-rail» in curvi-
linear sections of the underground railway track. According to 
this approach, when carrying out laboratory «modeling» tests it 
is appropriate to calculate the sliding friction force and using the 
obtained data to calculate the friction coefficient and wear rate.

The laboratory researches have proved that roughness 
of contacting surfaces significantly affects the friction force 
in the «modeling» contact and there is a region of minimum 
friction when the roughness value equals 2 mcm. Using this 
value of microgeometry parameters of contacting surfaces, 
the wear rate is I = 0.53∙10–9 cm3/cm.

The obtained results of laboratory researches were applied 
when performing operating tests of the rails of the under-
ground railway in order to design a process of preventative 
rail-grinding in curvilinear sections of the underground rail-
way track that will provide minimum costs of friction and wear. 

To extend the lifetime of rails, which are operated in 
underground railway tracks it is necessary to create such 
conditions of their mutual contacting that could give an 
opportunity to operate in longest possible terms without 
prejudicing the security and uninterrupted processes of pas-
sengers’ transportation [1]. For this purpose, it is necessary 
to monitor the wear of contacting surfaces and, if it is re-
quired, to carry out a proper action to reduce the wear rate of 
rails in curvilinear sections of the underground railway track, 
because under these conditions rails are subjected to heavy 
wear. Using tribological techniques, it is possible to signifi-
cantly slow down the process of defect formation of rails [8].

The results obtained after performing laboratory tests 
confirmed that there is a well-defined dependence between 
the roughness of contacting surfaces and the friction coef-
ficient and as a result it affects the wear rate in the tribo-
contact «wheel-rail». The opinion of scientists that the 
dependence between the friction coefficient and roughness 
degree has the form of the U-shaped curve with inflection in 
the point of minimum value of the friction coefficient, which 
corresponds to exactly rational in terms of contact tribology 
roughness value is also confirmed. 

Using the obtained under laboratory conditions values 
of rational microgeometry parameters of the contact «wheel-
rail» under conditions of contacting in the curvilinear section 
of the underground railway track, it is possible to develop 
the technology of preventative rail-grinding of tracks Utility 
Enterprise «Kharkov Metro» (Ukraine) to predict extreme 
wear. However, the results obtained under laboratory con-
ditions must be compared with the corresponding values, 
which will be obtained after «field» tests on underground 
railway tracks. This work is a continuation and practical im-
plementation of the works [8, 16]. Researchers on definition 
of rational parameters of microgeometry of contacting sur-
faces of wheels and rails will be conducted under conditions 
of underground railway to specify and compare the results 
obtained under laboratory conditions. As a result, it will give 
an opportunity to obtain rational parameters of roughness of 
contacting surfaces in contact «wheel-rail» and to develop  
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the technology of preventative rail-grinding at the Utility 
Enterprise «Kharkov Metro» (Ukraine). 

6. conclusions

After analyzing the research in the field of contact in-
teraction of the tribosystem «wheel-rail» to reduce wear of 
contacting surfaces, some problems were solved in this work: 

1. The values of contact voltages σ = 1536.25 MPa, 
which act in curvilinear sections of the underground railway 
track considering side forces were defined. 

2. The range of force values P = 7, 10, 13 kgf, which 
must be applied to the «modeling» contact to represent at 
a laboratory bench the force impact on the contact «wheel-
rail» in curvilinear sections of the underground railway 
track was defined.

3. The parameters of rational roughness of the side 
surface of the rail top in curvilinear sections of the 
underground railway track that is Rа = 2 mcm were de-
fined. If contacting surfaces of the wheel and the rail are 
worked in accordance with the given coefficient value 
friction will be minimum f = 0.241. The wear rate is I =  
= 0.53 ⋅ 10–9 cm3/cm.
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Наведено результати експеримен
тального визначення в’язкості смол 
газозбірникового і холодильникових 
циклів при їх змішуванні. Було виміря
но значення динамічної в’язкості газо
збірникової і холодильникової смоли 
при змішуванні в інтервалі темпера
тур 55–80 °С. Температурна залеж
ність більш виражена для більш в’язких  
сумішевих композицій. Встановлено 
аномальне зниження в’язкості від 
прог нозованих значень за емпірич
ними залежностями при додаванні 
5–20 % мас. холодильникової смоли до 
газо збірникової

Ключові слова: в’язкість суміші, 
ем піричні залежності, смола газозбір
никового та холодильникового циклів

Приведены результаты эксперимен
тального определения вязкости смол 
газосборникового и холодильникового 
циклов при их смешивании. Измерены 
значения динамической вязкости газо
сборниковой и холодильниковой смол 
при смешении в интервале темпера
тур 55–80 °С. Температурная зависи
мость более выражена для более вяз
ких смесевых композиций. Установлено 
аномальное снижение вязкости от 
прогнозируемых значений по эмпири
ческим зависимостям при добавлении 
5–20 % масс. холодильниковой смолы  
к газо сборниковой

Ключевые слова: вязкость смеси, 
эмпирические зависимости, смола газо
сборникового и холодильникового циклов
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1. Introduction

Coal tar is the second largest product of coking plant 
after coke. The tar is unique and irreplaceable raw source of 
condensed aromatic compounds, oils and pitch [1]. Recovery 
of tar from the high temperature coking process takes place 
during the cooling and partial condensation of the volatile 

products from coke oven. Condensation occurs twice while 
cooling gas processes: in the collecting main (≈75–90 °C) 
and in the primary gas cooler (PGC) to ≈25–40 °C.

As the result of two step condensation a heavy tar 
called «from collecting main» and a light tar called «from 
primary cooler» are produced in the condensation section 
of the chemical coking plant shop. Thus, in practice, all coal 


