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INFLUENCE OF THE THIRD BODY OF THE RAILWAY TRANSPORT 

RUNNING GEAR INTERACTING ELEMENTS ON THEIR TRIBOLOGICAL 

PROPERTIES 

 
Summary. The instability of tribology properties of interacting surfaces of the railway 

transport running gear provokes the vibrations, noise and high rate of various kinds of wear 

and other undesirable phenomena. These properties, especially the friction coefficient and 

wear rate vary in the wide range and there are not the reliable methods for their prediction 

and control that complicates solution of various problems. 

The dependence of variation of tribological properties of the interacting surfaces on the 

properties and destruction degree of the third body was ascertained experimentally. The 

slip speed and load have especially great influence on the destruction of the third body. The 

tribological properties of the contact zone and instability of the friction coefficient change 

sharply at the progressive destruction of the third body. The signs of beginning and 

development of destruction of the third body and its laws are revealed in the laboratory 

conditions that can be used as a basis for prediction of tribological properties of these 

surfaces. 

As supposed reasons of the wheel sliding on the rail are cited a movement of the 

wheelset in the curve, a wheelset with the wheels of different diameters and a wheelset 

with one elliptical wheel. The mechanisms of the wheel sliding on the rail for these cases 

are explained. 

 

 
1. INTRODUCTION 

It is difficult to predict and control the friction forces, wear rate of various types, vibrations and 

noise of the heavy loaded interacting surfaces of the railway transport running gear that decreases 

traffic safety, increases energy loses on friction etc. Many works are devoted to the researches into 

dependences of the tribological properties on the various factors [1-5], though their mechanisms of 

generation and variation are not always clear that complicates revelation of the parameters influencing 

them [6, 7]. 

There are many reasons of generation of vibrations and noise at movement of the train, part of 

which are well studied, predictable and ways of thir decrease are known. The interacting surfaces of 

wheels and rails are characterized by the various types of irregularities: 5-20 mm gaps in the rail joints 

were the rail tread surfaces are spaced by 0.5-2 mm in the vertical direction; the various wear traces 

(rail corrugation, fatigue etc.) and various deviations from the wheel roundness, are the sources of 

vibrations and noise. 

The wheels and rails interaction is accompanied by the forced and self-exited vibrations of 

various frequencies [8-12]. As the main reason of the forced vibrations is considered macro- and 

micro-asperities of the rail (periodic and separate asperities) and the friction between the wheel and 

rail is thought the source of the self-vibrations. It must be noted that to various working conditions of 
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the heavy loaded contacting surfaces and wear types correspond typical for them micro-asperities 

which can be different from the initial micro-asperity [13]. The researches have shown an important 

role of the tread and steering surfaces in generation of the vibrations (self-vibrations) and noise, whose 

reasons are not studied sufficiently. There is quite vague information on the reasons of the self-

vibrations generated at interaction of the wheel and rail [8]. 

The generation of vibrations in the contact zone of the heavy loaded interacting elements of the 

railway transport running gear are stipulated by the complex processes proceeding in the contact zone: 
as a result of interaction of surfaces with the environment, they are coated by the layers of various 

physical and chemical origins that are the components of the third body in the contact zone and have a 

great influence on the tribological properties of the contacting surfaces. According to observations by 

Godet, dry friction is largely determined not by the properties of friction materials of the contacting 

pair, but by the characteristics of the structure and composition of the thin film that is formed on the 

surfaces of both bodies because of compaction of the wear product, its chemical composition and 

oxidation. Destination of the third body in the tribological systems is separation of the contacting 

surfaces, providing with the stable friction forces of proper values and protection of the surfaces 

against damage of various types. Tribological properties of the third body greatly depend on the initial 

properties of its component elements and features of the contact zone. The sliding velocity, power and 

thermal loading and the sliding distance have especially great influence on the destruction of the third 

body. For providing the stability of the third body in the contact zone of the wheels and rails and 

reduction of the derailment probability, energy consumed on traction, environment pollution and 

maintenance expenses, the decrease of the sliding distance and relative sliding is especially important. 

The rail-wheel squeal in curves is the most common type of vibrations and noise. It is especially 

typical for high-speed movements, when because of various reasons the relative sliding and sliding 

distance increase. This contributes destruction of the third body, seizure of the surfaces at direct 

contact, subsequent destruction of the seized surfaces and instability of the friction forces and relative 

movement of surfaces. 

Many negative phenomena (wear, noise, vibrations) are generated because of the wheel sliding on 

the rail. For elimination of the wheel sliding in the curves, the wheel thread surface is given a conical 

form with the intention of making the outer wheel to roll on the greater diameter passing the greater 

distance than the inner wheel and rotate both wheels through the equal angles, maintaining this way 

radial position of the wheelset axle. However, this intention can be realized only for a certain 

combination of such parameters, as are radius of the rail-track curvature, mass and speed of the rolling 

stock, friction coefficient between the wheel and rail, etc. Therefore, practically the outer wheel rolls 

on the less diameter than necessary and in the case of the free wheelset (without bogie), it falls behind 

the inner wheel, inclining the wheelset axle from the radial position. 

In the case of the non-free wheelset, the bogie makes the wheelset maintain a radial position, 

forcing the outer wheel to roll the greater distance not to fall behind the inner wheel. Thereat, the outer 

wheel rotates through the greater angle than the inner one and the wheelset axle is twisted. The angle 

of twist of the wheelset can increase up to the value that is stipulated by the friction force between the 

wheel and rail. When this angle of twist reaches the limited value the wheel slides on the rail due to 

action of the wheelset axle elastic moment tending to bring it back to the equilibrium position. 

Similarly, the wheel will slide on the rail at rolling in the straight rail-track of the wheelset with 

the wheels of different diameters or with one wheel having an elliptical form. The mechanisms of the 

wheel sliding on the rail for the three noted cases are considered and explained in the next paragraphs. 

 

 
2. MOVEMENT OF THE WAGON WHEELSET IN THE CURVE 

At pure rolling of the free wheelset (without bogie) in the curved rail-track with radius of 

curvature R of the internal rail, its axle will be inclined from radial position because both wheels will 

have passed equal distances l. However, in the wagon wheel-set rolling with velocity V, the outer 

wheel is constraint to maintain the radial position and pass greater distance l+∆l, rotating relative to 
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the inner wheel in the clockwise direction if it is seen from axial direction A (Fig. 1). At that, the 

wheel-set axle is twisted through angle φ equal to the ratio of the difference ∆l of the outer and inner 

arcs to the radius D/2 of the wheel tread surface, supposing that the both wheels are rolling on the 

thread surfaces of equal diameters: 

φ=2∆l/D                                                                     (1) 

From the drawing α = l/R = (l+∆l)/(R+∆R) = ∆l/∆R, 

where 
∆l=l∆R/R,                                                                    (2) 

and therefore 
φ=2l∆R/DR.                                                                  (3) 

 

               
Fig. 1. Movement of the wagon wheel-set in the curve 

  
On the other hand, the maximum angle of twist of the wheel-set axle φmax depends on the friction 

force 
F=fQ                                                                        (4) 

and is calculated by the known from the resistance of materials, formula 
φmax = ML/IpG,                                                                 (5) 

where M is a torque caused by the friction force  
M=FD/2=fQD/2;                                                               (6) 

f – friction coefficient; Q –vertical load (half of the load on the wheel-set) of the wheel on the rail; L – 

length of the wheel-set axle; Ip – polar moment of inertia of the wheel-set axle cross section; G – 

modulus of rigidity (share modulus) of the axle material.  

We determine distance between the worn out segments of the rail or path l (at travelling this path 

the wheels are rolling on the rail without sliding), at rolling of which the axle is twisted on the 

maximum angle φmax,, from (3) replacing φ by φmax:  

l=DR φmax /2∆R= MLDR/2IpG∆R                                              (7) 

and putting the found l into (2) we obtain difference of the paths passed by the outer and inner wheels 

at which the axle is twisted on the maximum angle φmax 

∆l = MLD/2IpG.                                                                    (8) 

 

 
3. MOVEMENT OF THE WAGON WHEELSET WITH THE WHEELS OF DIFFERENT 

DIAMETERS IN THE STRAIGHT RAIL-TRACK 

At rolling of the free wheel-set (without bogie) with the wheels of different diameters D and 

D+ΔD in the straight rail-track the distance l, the greater wheel passes a greater distance l+∆l, 

deflecting the wheel-set axle from its perpendicular position relative to the rail track (Fig. 2a). But in 

the wagon wheel-set the axle being constraint to retain perpendicular position the smaller wheel is 

forced to pass the same distance l+∆l and rotate relative to the greater wheel in the clockwise 
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direction, if it is seen from axial direction A. At that, the wheel-set axle is twisted through angle φ that 

is determined by formula (1), from where, considering (5) we obtain the value of ∆l (see formula (8)) 

corresponding to the maximum angle of twist φmax. 

                   
                                           a                                                                                      b  

Fig. 2. Movement of the free wheel-set in the straight rail-track: a) with the wheels of different diameters or with 

one elliptical wheel; b) parameters of ellipticity 

The following proportion can be written from the drawing: (l+∆l)/l = (D+ΔD)/D or ∆l/l= ΔD/D, 

from which we obtain distance l between the worn-out segments at passing of which the wheel-set 

axle will be twisted through angle φmax: 

l=∆lD/ΔD= MLD2/ 2IpGΔD                                                          (9) 

  
  

4. MOVEMENT OF THE WAGON WHEELSET WITH ONE ELLIPTICAL WHEEL IN 

THE STRAIGHT RAIL-TRACK 

Consider a free wheel-set with one wheel of diameter D and other elliptical wheel with the small 

D and bigger D+ΔD diameters moving in the straight rail-track (Fig. 2a,b). 

At one revolution, these wheels will pass the different distances, correspondingly l and l+∆l, 

deflecting the wheel-set axle from its perpendicular position relative to the rail-track (Fig. 2a). 

However, in the wagon wheel-set the axle being constraint to retain perpendicular position, the wheel 

with diameter D is forced to pass the same (greater) distance l+∆l and rotate relative to the elliptical 

wheel in the clockwise direction if it is seen from axial direction A. At that, the wheel-set axle is 

twisted through angle φ that is determined by formula (1). 

The difference of distances passed by the wheels at one revolution is ∆l=L–πD, where the length 

of the elliptical tread surface 

L=π[3(a+b)-(3a+b)(a+3b)]                                                        (10) 

or 
∆l= π[3(a+b)-(3a+b)(a+3b)]-πD                                                    (11) 

The value ∆l
I
 corresponding to maximum angle of twist φmax is obtained considering 

formula (5) 
∆l

I
 = φmax D/2 = MLD/2IpG                                                        (12) 

The distance l at passing of which the wheel-set axle will be twisted on the angle φmax will be then 

l=πD∆l
I
/∆l                                                                      (13) 

In all the three cases considered above, at removing or decrease of the torque M acting on the 

wheel that takes place at its vertical vibrations when the friction force F decreases, the angle of twist of 
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the axle will start to decrease. Suppose φmax falls down to zero during time t. This will take place at 

rotation of the inner wheel in the clockwise direction relative to the outer wheel on the angle φmax since 

the flange of the outer wheel is pressed on the rail and the friction force arisen between the flange and 

rail additionally restricts its movement. Obviously, during this time t the inner wheel will roll and slide 

simultaneously on the rail and the rolling and sliding distance on the rail will be 

Sr = Vt                                                                           (14) 

We note that the rolling and sliding distance on the wheel tread surface is 

Sw = ∆l + Sr 

or for the variant of the elliptical wheel 

Sw = ∆l
I
 + Sr                                                                     (15) 

where ∆l or ∆l
I 
is a sliding friction path and the wavelength of the worn-out rail (Fig. 3) 

W = l+Sr                                                                        (16) 

  

 
  
Fig. 3. The rolling and sliding distances on the rail and wheel 

 

This value of the wavelength assumes that at release of the inner wheel the friction force acting 

on it from the rail is zero. When the friction force differs from zero the wavelength will be less since 

its both components will decrease and its value depends on the friction force magnitude. 

To determine time t we present the wheel-set as a one-mass torsional vibratory system (Fig. 4a), 

where C is the torsional rigidity of the wheel-set axle, I – total moment of inertia of the inner wheel. 

Then, angle of twist φmax will fall down to zero in conformity with a law of free vibrations of this 

vibratory system during the period P/4 (Fig. 4b). 

 

 

 

 

                                 

 

a)                                                    b)                        
Fig. 4. a) One-mass torsional vibratory system; b) Graph of the system free vibrations 

 

At that, period of free vibrations 

P = 2π√𝐼/𝐶                                                                    (17) 

and consequently, time t will be 

t = P/4 = 
𝜋

2
 √𝐼/𝐶                                                                (18) 

The average velocity of the wheel contact point relative to the wheel center (Fig. 5) 

Vw = −
𝐷φmax

2𝑡
 + Vr                                                                 (19) 

where Vr = - V is a velocity of the rail contact point relative to the wheel center. 

We note that maximum velocity of the wheel contact point relative to the wheel center 
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𝑉𝑤
𝐼 = - 

𝐴⍵𝐷

2
 + Vr = - φmax√

𝐶

𝐼
×

D

2
 + Vr                                                                       (19

I
) 

where A = φmax is an amplitude of the wheel-set shaft torsion vibrations; ⍵ = √𝐶/𝐼  - cyclic 

frequency of vibrations. 

Sliding velocity 

Vsl = Vw – Vr                                                                                                        (20) 

Relative sliding velocities 

Kr=
𝑉𝑠𝑙

𝑉𝑟
×100%   and   Kw=

𝑉𝑠𝑙

𝑉𝑤
×100%                                              (21) 

The depth of the worn-out layer a year of the rail segment Sr 

h= i∆lN                                                                    (22) 

where i is the wear intensity and N – number of cycles which is determined as follows 

N = N1N2N3N4                                                                (23) 

where N1 is a number of the trains passing by a day; N2 – number of wagons in the train; N3 – number 

of wheels on one side of the wagon; N4 – number of days a year. 

 

 
5. THE EXPERIMENTAL RESEARCHES INTO BEHAVIOUR OF TRIBOLOGICAL 

PROPERTIES OF THE CONTACT ZONE 

Despite the considerable quantity of works, devoted to study of behavior of tribological 

properties of the heavy loaded interacting surface of rails, wheels and brake shoes, as well as other 

interacting surfaces, the proper results are not obtained yet.  

To fill the gaps, we carried out the experimental researches on the twin disk machine MT1. The 

researches were performed at rolling of discs with sliding up to 20% (Fig. 5a) and at pure slip, 

imitating operation of the wheel and brake shoe (Fig. 5). The rollers imitating the wheel and rail had 

diameters of 40 mm and widths of 10 and 12 mm. The tests were performed at single application of 

the friction modifier on the rolling surface of the roller. After certain number of revolutions, a thin 

layer of the friction modifier was destroyed that was revealed by sharp increase of the friction 

moment and initial signs of scuffing on the surfaces. Without repeated feeding of the friction 

modifier, the damage process was progressed. The rollers with various degrees of damage are shown 

in Fig. 5: b) with initial signs of damage; c) damage in the form of a narrow strip; d) damage of the 

whole contacting area. 

 

       
                                  a                           b                c                    d 

Fig. 5. The twin disk machine MT1 (a) and stages of damage of the interacting surfaces: b) damage in the 

separate points; c) damage in the form of the narrow strip; d) damage on the whole area of the contacting 

surfaces 

 

In Fig. 6 are shown the operating member of the twin disk machine and experimental samples of 

the brake shoe. 

The experimental samples, a disk with diameter of 50 mm and width 12 mm was made from 

steel 45 and a brake shoe has been cut out from the wagon brake shoe. The experiments were carried 

out at 1000 rev/min and contact pressure (1 – 2) MPa. Before the experiment, the friction modifier 

was applied on the contacting surface of the disk. Although the number of the variable parameters in 
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such experiments is limited, it can give us a qualitative picture of the brake pads working capacity. As 

for a quantitative information, the field tests will be necessary for its obtaining. 

 

 
a                                  b                                c 

Fig. 6. An operating member of the twin disk machine and experimental samples of the brake shoe: a) brake 

shoe mounted in the slot of the machine; b) experimental sample in the process of the test; c) experimental 

samples after tests 

 

Artificial separation of the interacting surfaces by the third body is not usually used in the 

friction brakes and their interacting surfaces are not protected from direct interaction. 

When there is a friction modifier between the interacting surfaces, they are not in direct contact 

and thus the friction force is in this case formed by the shear between the layers of the third body. 

Because of this the contact pressure is distributed more evenly, that can unload the interacting 

surfaces and decrease the destruction rate (Fig. 7). 

 

                                           

Fig. 7. Interaction of the brake shoe and disk at presence and lack of the friction modifier in the contact zone 

 

The phenomenon of seizure is typical for interacting surfaces. This may occur if the seizing 

surfaces are juvenile (free from dirty, oxide films and adsorbed layers) and are approached to the 

inter-atomic distance [7]. With time, the number of such places may increase until formation of the 

continuous zones of seizure. The atoms lying on the crystal surface are surrounded by the less number 

of the neighboring atoms, than the atoms inside the crystal, and therefore, they possess some excess 

of free energy and are disposed to form additional connections with other atoms that turn out to be 

near the juvenile surface. At approached juvenile surfaces close enough, as a result of interaction 

between atoms of the seizing crystals, the energy-stable configurations of electrons are formed that 

correspond to the system minimal potential energy in comparison with the atoms inside the crystals. 

The main demand imposed on the wheel/rail and friction brake interacting surfaces materials is a 

providing of the stable friction forces with proper values of longevity of the interacting surfaces. The 

friction factor varies in the wide range that causes increase of the damage rate of the interacting 

surfaces, auto-vibrations and noise. Our experimental researches have shown that variation of the 

friction coefficient, wear rate and damage type depend on the relative sliding velocity (creep, slip), 

contributing destruction of the third body, and a degree of destruction of the third body. In Fig. 8 are 

shown dependences of the friction coefficient and damage types (wear rate) on the creep, slip and 

relative sliding velocity. 

The continuous and initial (restorable) destruction of the third body provides the stable (or with 

small impulses) “negative friction”. Destruction of the third body in the multiple places (in the broken 

narrow strips) leads to a certain increase of the friction moment and to “neutral friction”. The 

irreversible destruction of the third body leads to spacious damage of the third body, adhesive 

junction of micro-asperities, disruption of these junctions and increase of the friction forces (“positive 

friction”) (Fig. 8a). 
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In Fig. 8b are shown dependences of the damage types (wear rate) on the slip, where the mild 

and sever wear rates correspond to the low relative sliding velocity and continuous or initial 

destruction of the third body, while the catastrofic damage type corresponds to the multiple and 

progressive destruction of the third body. 

 

                 
                              a                                                b                                             c 

Fig. 8. Dependence of the tractive force (friction coefficient) on the creep (a) [2, 4]; dependence of damage 

types on the slip (b) [15] and dependence of the friction coefficient on the relative sliding velocity (c) 

 

At certain conditions, the third body undergoes to progressive irreversible destruction. In Fig. 8c 

is shown dependence of the friction coefficient on the relative sliding velocity, increase of which 

causes the increase of destruction degree of the third body; the types of damage at various destruction 

degree of the third body are shown also. 
As it is seen from the Fig. 8 the negative, neutral and positive behaviours of the friction forces, 

as well as the mild, sever and catastrophic wear and types of damage of the interacting surfaces are 

stipulated by the properties and degree of destruction of the third body. 

The dependences of the wear types (rates) on the relative sliding velocity are shown in Fig. 8b. 

The middle and severe wear rates are not greatly differing from each other and when the sliding 

velocity exceeds a certain value, a highly intensive catastrophic wear begins. 

The three zones can be distinguished in Fig 8c. At low relative sliding speed, full separation of 

the interacting surfaces and continuous third body provide high wear resistance of the interacting 

surfaces and relatively stable friction coefficient (zone 1 Fig. 8c). In such conditions, the main 

damage types are the fatigue and plastic deformations and the zone “mild” in Fig. 8b corresponds to 

zone 1 in Fig. 8c. The small-scale increase of the sliding speed leads to appearance of small damage 

sources in multiple places and emergence of small splashes of the friction moment (zone 2, Fig. 8c). 

The typical damage types of this zone are fatigue, plastic deformation, adhesive wear and limited rate 

of scuffing and the zone “sever” in Fig. 8b corresponds to zone 2 in Fig. 8c. At further increase of the 

relative sliding speed, destruction of the third body becomes irreversible and extending, and multiple 

seizures become uninterrupted (causing scuffing), propagating on the whole width of the interacting 

surfaces. The corresponding wear becomes "catastrophic" and the zone of the same name in Fig. 8b 

corresponds to zone 3 in Fig. 8c. 

Therefore, we have the three stages of the wear: wear at continuous third body; wear at 

reversible discontinuous third body and wear at irreversible discontinuous third body. The first stage 

is characterized by the stable friction coefficient and minimal wear rate; the second stage does not 

greatly differ from the first one; a sharp increase of the friction coefficient in the contact zone at the 

third stage indicates beginning of the irreversible (progressive) destruction of the third body and is 

characterized by sharp instability of the friction factor and catastrophic wear rate. 

In terms of tribological characteristics, zones 1 and 2 indicate the acceptable working conditions 

of the tribological system and can provide its improved running ability. In contrast to this, zone 3 is 

characterized by the sharp increase of the value and instability of the friction coefficient, wear rate 

(“catastrophic wear”), vibrations and noise and operation in this zone is inadmissible. In this zone, the 

rate of the “catastrophic” wear depends on the properties of interacting surfaces and third body also 

that should be considered at its prediction. 
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6. CONCLUSIONS 

 

 Variation of the friction coefficient as well as other tribological properties of interacting 

surfaces depends on the properties and degree of destruction of the third body; 

 The friction coefficient, its stability and beginning of destruction of the third body can be 

ascertained in the laboratory by the wear traces on the laboratory samples. The rise of the 

third body destruction, is clearly reflected in the oscillogram of the friction moment, 

obtained in the laboratory conditions, allowing prediction of the third body destruction; 

 The mechanisms of the wheel sliding on the rail at movement of the wheelset in the curve 

and geometrical deviations of one of the wheels are explained. 
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