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Abstract. All physical processes of contact phenomenon especially a slip mechanism occur in the superficial lay-
ers related to changes in the micro/macro-geometry of the surface. It is also the area where thermo-mechanical proc-
esses of non-isothermal nature arise. The persistent problems of damage to contact surfaces when being dynamically 
strained may only be gradually resolved using up-to-date metallographic methods, i.e. an experimental analysis of 
samples taken from the contact-stressed areas. This paper deals with a new theoretical approach to the loading analysis 
of contact surfaces during rolling and gives basic information about the study on the influence of dynamical loading in 
the contact area with the possible occurrence of wave effects in contact with the adhesion drive of a rail vehicle (as an 
example). The experimental part is based on laboratory testing applying a new-type designed device. 

Keywords: contact surfaces, rolling kinematical pair, dynamical loading, slip (adhesion) characteristic, contact 
temperatures.

1. Introduction

The persistent problems of damage to contact surfaces 
when being dynamically strained may only be gradually 
resolved using up-to-date metallographic methods, i.e. 
an experimental analysis of samples taken from the con-
tact-stressed areas. However, this generally known fact 
discloses its difficulties. The paper primarily focuses on 
the facts that result from the possible problems related 
to knowledge of loading modes. 

In principle, there are two basic approaches. One is 
the analysis of samples taken from the contact area of a 
real component which has been subjected to work load. 
This method is generally used in cases of evaluating the 
state obviously showing the existing erosion of the con-
tact surface. 

However, preventing the occurrence of contact lay-
er erosion requires such laboratory processes that can be 
based on knowledge about the nature of loading mate-
rial samples and its history and, especially, on informa-
tion characterizing the dynamics of loading. This is cru-
cial (and still widely ignored) for roll-away type contact 
pairs. Special attention is paid to the wheel and rail con-
tact pair which is particularly a typical example of dy-
namic loading. In spite of this, most of the analyzed forc-
es are unfortunately based on the classical Hertz theory. 

For example, the research by Beneš et al. (2008) points 
out the fact that the contact spot is the area where force 
effect is of impact nature. From the view of material, it is 
necessary to consider the influence of speed on deforma-
tion that can affect all material constants, including the 
basic parameters of fracture mechanics. 

An additional phenomenon, which must be paid 
special attention, is the origination of contact tempera-
tures, which, especially as a result of tangential forces, 
may reach values at which the structural influence of ma-
terial may occur in the local areas (Beneš and Záhorová 
2006).

2. The Phenomenon of the Occurrence of Possible 
Wave Effects in the Contact Area

The volumes of real material in the contact area consti-
tute a continuum in which, under specific conditions of 
loading, energy is transferred by means of wave effects. 

The impact nature of the load can be described by 
amplitude density with a band spectrum, which in real-
ity can overlap the line spectrum of natural frequencies 
that is typical of the continuous environment of the con-
tact areas. 

Before analytical speculation based on the research 
by Brepta (1997), it is necessary to point out that the as-
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sumption of a homogenous continuum in the given case 
is not absolutely correct due to the existence of a con-
siderably influenced thin superficial layer. Its dimension 
is very small in comparison with the dimensions of the 
contacting bodies. Therefore, the indicated speculation 
can be considered a useful guide towards the values of 
the occurring dynamic stresses. 

The compression wave propagates in the direction 
of the normal line of contact x at dilation speed c1 the 
magnitude of which depends on modules E and G, 
Poisson number η, Lamé constant λ1 and density ρ. Such 
relations include:
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For E = 2.1·1011 Pa, G = 0.8·1011 Pa, ρ = 0.795 N·s2·m-4, 
η = 0.3, the value of dilation speed is c1 = 5.97·103 m·s-1. 

The corresponding dynamic stress in the direction 
of normal line x is established by the equation: 
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It is obvious that the dynamic stress value depends 
on impact speed v0 which we will establish on the ba-
sis of the following speculation: from the static point of 
view, the length L of the instant contact spot is non-zero. 
As a result of rolling away at translational speed v, seg-
ment length L continuously emerges and disappears in 
time t = L·v-1 which is a very small value even at rela-
tively low translational speeds v. 

Therefore, when defining speed v0 we can start 
with limit value L → 0 which also results in v0 =̂  v. For 
example, for v = 100 km/h, we get the stress value of 
σx = 1305 MPa. We realize that this stress value corre-
sponds to an extremely short instant of time.

The considered medium (steel) can register these 
short instants. However, this fact is not accepted in clas-
sical theories about the limit states of material. 

For completeness, let us also state that the compo-
nents of stress in the plane perpendicular to normal line 
x are defined by the relation:
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In connection with the speculation about the prop-
agation of deformation waves, it is necessary to point out 
the phenomenon of Rayleigh waves. This wave motion 
process is specific considering the fact that the plane of 
oscillation is perpendicular to the tangential plane. The 
amplitudes in the direction of the normal line decrease 
exponentially. Therefore, the above described wave mo-
tion manifests itself predominantly as skin effect. For 
details see the research by Brepta (1997) containing the 
following empirical formula for the speed of propagating 
these waves:

( )0.89
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where: speed c2 is the speed of transverse wave motion 
and equals c2 = 3.200 m·s-1. For the Poisson number 
η  =  0.3, we obtain cr = 4.470 m·s-1. The phenomenon 
of propagating the described superficial wave motion 
actually exists. Still, it has not yet been answered which 
part of energy is transferred by means of this kind of 
wave motion. 

An analogy with high-frequency transfers of elec-
tricity applying normal conductors suggests that such 
skin-effect transfers a considerable part of transported 
electricity which necessarily brings a question whether 
it is not the same in case of the dynamic loading of the 
contact surfaces. 

Owing to the fact that thin superficial layers of the 
rolled-away wheel show substantial changes in material 
constants, there are conditions for additional waves de-
scribed by Achenbach (1973). These are shear waves the 
occurrence of which is conditioned by the existence of 
a thin elastic layer adhering to an elastic medium with 
distinctly different material constants.

3. The Occurrence and Importance of Thermal Effect 
in the Contact

Adhesion drive is typical in the occurrence of tangential 
force T the instant magnitude of which is given by the 
instant value of normal line wheel force and the status 
of the contacting surfaces in the contact. The rail vehi-
cle theory uses the slip characteristic, which in princi-
ple expresses the tangential deformation property of the 
surfaces accompanied with increasing tangential slips 
s. The processes taking place in the contact area nec-
essarily have thermodynamic nature and are diffusion 
processes. In case of small tangential deformations and 
slips, the generated contact temperature will be very low, 
so material volumes are in a state near thermodynamic 
equilibrium. The system behaves as isolated and mini-
mally influenced by any external effects. If the linearity 
of the dependence of slip s on tangential force T in this 
area were positively proved (Lata and Čáp 2010), the 
possibility of changes in the steepness of the slip charac-
teristics could be ruled out. If we accept the established 
phenomenon of the instant relation between tangential 
force T and normal line force R, i.e. if we introduce the 
term coefficient of adhesion µ, the slip characteristic is 
the function of µ = f (s). For the mean value of the gen-
erated contact temperature TK we suggest the following 
relation:
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where: µ is the coefficient of adhesion; R is wheel force 
[N]; a, b are the lengths of the half-axes of contact 
surface [m];  λ  =  55.0 is the thermal conductivity of 
steel [J·s-1·m-1·K-1]; ρ = 0.79·10 4 is the density of steel 
[N·s2·m-4]; cp = 460 is the specific thermal capacity of 
steel [J·kg -1·K-1], 1 2v vΦ = -  is speed function 
[(m·s-1)0.5]. Then the slip is expressed by the equation:

 v2 = v1 – s·v2, (6)
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where: v1 is the circumferential speed of the wheel and 
v2 is its advancing speed. 

The speed function can then be expressed in the fol-
lowing form:

( )1 1 1 11 1v v sv s vΦ = - - = - - . (7)

As we are interested in the progress of contact tem-
peratures TK in the entire range of slip s, let’s introduce 
the respective analytical function in relation to contact 
temperature TK. Its expression is based on the above men-
tioned fact that adhesion processes have strong diffusion 
nature. The processes of a similar type have proved to be 
successfully described from the probability position, e.g. 
on the basis of the Gauss distribution. By introducing the 
error function (Likeš and Machek 1981; Papoulis 1991) 
expressing the dependence of the coefficient of adhesion 
µ on slip s, we get the following relation:
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Symbol σ is the standard deviation of normal dis-
tribution (the mean value of the distribution function 
is zero). The stated function limits to value µ = 0.5. Ac-
cording to research done by adhesion drive theoreticians 
(Lata and Čáp 2010; Spiryagin et al. 2008), adhesion 
characteristics have a real peak and along with increas-
ing slip s, the adhesion process converts to the process of 
shear friction. Therefore, we further propose corrected 
function µ(s) = cor.erf (s) as a subtraction of two func-
tions while setting the condition that for s → ∞, the coef-
ficient of adhesion converts into the coefficient of pure 
shear friction f. The corrected function is:

 (9)

So as to fulfil the condition stated above, the value 
of the correction coefficient is given by the equation:

a  = 0.25 – 0.5·f .  (10)

Statistical parameters s1, s2 and ν determine the 
shape of the slip characteristics. Their values will be es-
tablished by experimentation on the upcoming labora-
tory testing device. 

For obtaining essential orientation, Fig. 1 contains 
the theoretically calculated progress of the slip charac-
teristic for the alternative values of parameter ν1 and the 
coefficient of shear friction f = 0.1. 

Progress shown in Fig.  2 indicates that the steep-
ness of the characteristics defined by the tangent in point 
[0, 0] is influenced by parameter ν2. The actual value of 
steepness, which from our point of view may be only 
one, can be determined by experimentation.

So as to set the criterion of linearity, we start with 
the relation to the derivation of the corrected function at 
point [0, 0] which has the following form:

 (11)

For defining the criterion of linearity, the condition 
that the deviation of function µ(s) from the tangent at 
point [0, 0] is less than or equal to the deviation was used 
which corresponds to change in slip by 0.1%:

.  (12)

After substituting the corrected function µ(s) = cor.
erf (s), we will arrive at the sought dependence of tem-
perature TK on slip s:
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The next diagram on Fig. 3 contains the example 
of the calculated temperatures TK for speeds v1 = 10; 30; 
50 m·s-1. Wheel force is R = 105 N, the radius of the wheel 
is 625 mm, the radius of the profile of the wheel tread is 
340 mm and the radius of the rail head is 300 mm. The 
corresponding dimensions of the contact spot according 
to Hertz are a = 14.32 mm; b = 5.77 mm.
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Fig. 1. The dependence of slip characteristics µ = f (s) on 
alternative statistical parameters σ1 (expressed by means of 

the tangent at the zero point)
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Fig. 2. The dependence of slip characteristics µ = f (s) on 
alternative statistical parameters s2
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4. Laboratory Device for Studying  
Adhesion Characteristics

For the experimental study of the progresses of tangen-
tial forces at the set or variable slip s, another type of 
a laboratory device was developed, which is expected 
to verify or supplement the existing opinions based on 
the established coefficient of adhesion µ, i.e. on the ra-
tio between radial loading force and incurred tangential 
force. The principle of its activity is described by means 
of the diagram presented in Fig. 4. The tested samples of 
material 2, 3 are disc-shaped and have similar diameter. 

Both discs are driven directly by vector-controlled 
synchronous servomotors 4, 5. The upper system 3, 4 is 
located on rest 6 pivoted in relation to machine frame 
1 around the indicated axis A. Servomotor 5 is located 
on horizontally-sliding rest 7. The shaft of the upper disc 
3 is fitted with torsionally-flexible dynamograph 8. The 
radial loading of both discs can be adjusted by means of 
vertical drawbars 9 linked to girder dynamographs 10 in 
the bottom part. The dynamic component of this loading 
is incurred by a pair of rotational vibrators 11 the mo-
tors of which are equipped with programmable control. 

The bearing of vibrators on spring-loaded rest 12 enables 
their self-synchronization. The horizontal oscillation of 
rest 7 (indicated by arrows I, II) bearing servomotor 5 is 
controlled by program-controlled motor 13 by means of 
crank mechanism 14.

The device is proposed for two test modes. In the 
first mode, the speeds of both motors are set so that the 
selected tangential slip is incurred; it is also possible to 
set the transverse oscillation of rest 7. Flexible dynamo-
graph 8 sends a signal about the value of the adhesively 
transferred torque including its changes in time. In this 
way, it is possible to test working modes within the entire 
range of the set tangential slips with the contribution of 
transverse slips. The modes are tested either as stable or 
transient. The second mode of tests has similar nature, 
except that one of the servomotors is controlled as a gen-
erator. In this case, the slip is incurred by adhesive proc-
esses in the contact of both discs.

These tests carefully monitor the dynamic mani-
fests of the system around the maximum of the incurred 
tangential force where unstable states are presumed on 
the basis of the classical adhesion theory (Yamazaki et al. 
2004; Bureika and Mikaliūnas 2008).

5. Conclusions

The paper has presented a new theoretical approach to 
the loading analysis of contact surfaces during rolling 
material exploitation. After the statistical calculation of 
the slip characteristics and their dependences in the in-
troduction, basic information about two new types of 
testing devices was given for studying the influence of 
the dynamic load of contact surfaces in the contact area 
of a rolling kinematical pair. The essential substantiation 
of building these facilities is presented in the first part 
of contribution. The next chapter deals with the possi-
ble occurrence of wave effects in contact with adhesion 
drive for a rail vehicle and points out the necessity of 
experimental research focused on the limit states of the 
rail and railway wheel material. The final part presents 
speculation about occurring thermal effects in the con-
tact along slip characteristics described within the entire 
range on the basis of the probability theory that can be 
very important and dangerous from the view of mate-
rial damage in the contact between the rail and railway 
wheel, for example.    
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