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Abstract  
 
The paper analyzes factors significantly affecting the value of the adhesion coefficient. Investigations of vertical and 
horizontal dynamic load influence on the maximum coefficient of adhesion for three states of frictional contact «wheel-
rail» have been carried out. As a result of the experimental and theoretical studies, the dependences of the adhesion safety 
factor on the coefficient of vertical dynamics and relative to horizontal slipping were obtained. The method of determining 
the traction qualities of a locomotive using the criterion of the coefficient of safety for adhesion has been verified. 
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1. Introduction 
 

The adhesion has a complex physical nature of the contact molecular-mechanical interaction of wheels with rails. 
Moreover, the locomotive is a complex dynamic nonlinear oscillatory system subject to random disturbances, which 
complicates the numerical determination of the forces causing adhesion. 

Among the factors that significantly affect the value of the adhesion coefficient, it is customary to include the 
following [1-3]: 

 contamination on the rail head; 
 contact area between the wheel and rail; 
 geometric parameters of the track (curves, ups and downs); 
 influence of external environment (temperature, humidity and others). 

Finally, the calculation of adhesion is also a technical and economic problem, which is solved from the standpoint 
of conflicting requirements: on the one hand, with an increase in the load from the wheelset on the rails, the weight norms 
and the carrying capacity of the roads increase, which increases the economy and traction performance, and on the other 
hand, they increase the destruction of rails, wear of tires and rails, which reduces the efficiency of traction and may lead 
to disruptions in train traffic. For example, it is known that 98% of rail fractures occur due to contact stresses. Wheel 
slipping determines the wear and service life of wheelsets by 90%. According to statistical observations, for every 10 
thousand km of run, the thickness of the wheel rims for electric locomotives decreases from 0.5 to 1.5 mm. All this 
together generates uncertainty and complicates the construction of a computational model of the traction force for 
adhesion, which would be sufficiently reliable by the nature of adhesion, universal in taking into account the factors acting 
on the entire road network, and, finally, satisfying the technical and economic requirements.  

The purpose of the article is the research of vertical and horizontal dynamic load on the maximum coefficient of 
adhesion and presentation of graphical dependencies for three states of contact between a wheel and a rail.  
 
2. Research Results 
 

The main indicator that determines the potential for contact of a wheel with a rail in adhesion is usually considered 
to be the physical coefficient of adhesion, equal to the ratio of the maximum adhesion force developed by a single wheel 
when starting off with a constant vertical load and the absence of any dynamic disturbances to this load. 

Almost all data on the physical coefficient of adhesion were obtained experimentally. In laboratory conditions, 
when steel friction against steel, its values reach 0.6-0.7 [3]. However, in practice, physical adhesion coefficients 
measured on railways have a significant scatter and rarely exceed values of 0.40-0.45; even lower values down to 0.06 
have been recorded [4, 5]. The main reason for their decrease is contamination of the rolling surfaces of rails and wheels 
with oils, dust in combination with water, sand residues, fallen leaves, surface wear products, etc. 

The decrease in the traction capabilities of the wheel-rail contact with the increase in rolling speed is explained by 
two main reasons. First, an increase in the intensity of dynamic processes in the wheel-rail system. Secondly, the 
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phenomena associated with the duration of contact and the ductility of the wheel and rail materials. As for the last reason, 
the possibilities of its elimination seem to be very limited, while the first, associated with the dynamic characteristics of 
the crew, is quite manageable. 

The studies were carried out in the mode of realizing the traction force between the wheel and the rail. The tests 
were preceded by the preparation of the contact surfaces of the wheel and the rail to ensure its three states: clean dry (I), 
wetted with water (II), contaminated with lubricants (III). The sequence of the experiment is as follows [6, 7]. 

The stand flywheel is spun by an electric motor, accumulating kinetic energy. After turning off the electric motor 
and corresponding switchings of the torque converter, the torque from the flywheel is transferred to the wheel, which 
implements it in contact with the rail. This creates a braking force on the rails. During the tests, the vertical and horizontal 
components of the forces from the wheel to the rail are created using a press vibrator and a hydraulic system. 

The range of changes in the values of the dynamics coefficient dk  and relative cross slipping y  in the conducted 
experiments was determined based on the analysis of a priori information on the operational characteristics of the 
locomotive and taking into account the capabilities of the developed bench installation. Wherein dk  was measured from 
0 to 0.4, and y  from 0 to 1%. The vertical dynamic load and the horizontal transverse speed of the wheel along the rail 
changed according to the harmonic law: 
 
 (1 sin ); cos 2 cos 2 ,g st d yP P k wt V Aw wt A f ft  (1) 
 
where dstkP  – amplitude of vertical load; A – amplitude of wheel movements relative to the rail; f – transverse vibration 
frequency. 

The experimental values of the maximum adhesion coefficient are determined by the formula: 
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where .c maxF  – maximum adhesion force measured at the moment of the beginning of skidding by a strain gauge on a 
magnetic rail brake; Fin – inertial coating on the adhesion force given by the expression rrin wmF , where rm  – rail 
mass (mr = 810 kg); rw  – acceleration of the rail at the moment of measuring the adhesion force. 

To experimentally evaluate the effect of dynamic forces in the «wheel-rail» contact on the realizable value of the 
maximum adhesion force, we will use the method of the theory of planning experiments, which allows us to significantly 
reduce the number of experiments and obtain a mathematical model of the process under study and evaluate the joint and 
independent influence of each of the observed factors on the process. The method of planning experiments involves 
choosing factors, their levels and intervals of variation, determining the response of the system, compiling a planning 
matrix and obtaining regression equations. 

In relation to the tasks of this article, we consider the coefficient of vertical dynamics and the relative speed of the 
cross-sliding of the wheel relative to the rail as variable factors, which are maintained at a given level during the 
experiments. 

Each factor can take one or several values in the experience – levels. The number of states of the research object 
required for the implementation of all possible combinations of factor levels is determined by the formula [1, 8, 9]: 
 
 EN U , (3) 
 
where N – states number; U – levels number; E – factors number. 

As a response in experiments, we select the maximum adhesion coefficient max. 
Solution of the problem, i.e. determination of the dependence of the maximum coefficient of adhesion max from 

the factors under study, we obtain in the form of the equation: 
 
 1,..., ky f x x , (4) 
 
where f  – response function; kxx ,1  – factors; maxy . 

We consider the coefficient of vertical dynamics and relative slipping as the factors under study. 
To construct an experiment plan, we select a starting point (basic or zero level), around which experimental points 

are determined that are symmetrical about the zero level. The results of the experiment with the selected set of factors 
allow us to build a model used to determine the values at other points in the factor space. 

We present the real and code values of the factors under study in Table 1. 
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Table 1

Real and coded values of the investigated factors

Factor Coded value Real value
X1 X2 kd y, %

Variation interval 1 1 0,2 0,5
Main level 0 0 0,2 0,5
Upper level 1 1 0,4 1,0
Lower level -1 -1 0,0 0,0

We begin the search for a mathematical model by considering all possible states of the system under study, which 
is under the influence of two factors, for this we implement a plan for a full factorial experiment (FFE) of type 2. Let us 
construct a matrix of planning and experimental results for various states of wheel-rail contact (Table 2).

Table 2
Matrix of planning and experimental results for different states of wheel-rail contact

Plan matrix Contact state
Experiment  x0 plan x1, x2 

x1 x2 iyiy 2
is y iyiy 2

îs y iyiy 2
îs y

1 1 1 1 1 0,296 0,0013 0,235 0,0019 0,089 0,00226
2 1 -1 1 -1 0,394 0,001 0,279 0,0016 0,106 0,00198
3 1 1 -1 -1 0,456 0,0012 0,313 0,0015 0,119 0,00213
4 1 -1 -1 1 0,55 0,009 0,388 0,00108 0,156 0,00176

1,696 0,0044 1,216 0,00554 0,47 1,0081

The experimental values of the adhesion coefficient were determined from the oscillograms according to the 
formula (2).

Checking the coefficient of adhesion coefficient according to Pearson's criterion showed its indicator as a random 
variable taken from the general population with a normal distribution.

The average value of the adhesion coefficient for all levels of factors was determined for the same rail speeds by 
the formula:
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i
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n
, (5)

where n is the number of experiments at a given level of factors and speed of movement ( n = 80). The experiment 
reproducibility error is:
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In order to eliminate erroneous results, the ratio 
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, which was compared with t - Student's t distribution at 

5% significance level. The results were rejected if the ratio was greater than the table value t - distribution.
The homogeneity of dispersions was checked according to the Cochran test at a 5% significance level. 
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. Obtained criterion values for all three contact states GI = 0,409; GII = 0,415; GIII = 0,308 do not exceed 

the tabular values, which means that the hypothesis of the homogeneity of variances is not rejected.
The dispersion of adhesion coefficient reproducibility was determined by the formula 
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Based on the proposal that adhesion coefficient linearly depends on the factors under study, we describe the 

interaction process in the form of a linear regression equation; which will allow us to assess the strength of the influence 
of the factors under study on the adhesion coefficient and to find out the effect of their interaction. 
 
 0 0 1 1 2 2 12 1 2y b x b x b x b x x , (8) 
 
where  – investigated response; b0, b1, b2, b12 – equation coefficients; x1, x2 – variable factors. 

The coefficients of the regression equation are determined by the formula: 
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where i = 1,2; j = 0,1,2 – factor number. 

As a result of calculations, we obtain the dependence of the adhesion coefficient on the factors under study. 
Mathematical models of the processes under study for three states of wheel-rail contact are presented in Table 3. 
 

Table 3 
Mathematical models of the investigated processes for three states of wheel-rail contact 

 

State of «wheel-rail» 
contact 

Regression equation 

I 
II 
III 

yI = 0,424 – 0,048x1 – 0,079x2 – 0,002x1x2 
yII = 0,304 – 0,0297x1 – 0,0468x2 – 0,0775x1x2 

yIII = 0,118 – 0,0135x1 – 0,02x2 – 0,005x1x2 
 

The adequacy of the obtained mathematical models will be established by comparing the calculated and 

table values of the Fisher criterion at a 3% significance level, for which 
yS

SF ag
2

2

, where 
N

i

i
ag f

yS
1

2
2  – 

dispersion of adequacy; f – the number of degrees of freedom. 
The experimental values of the Fisher criterion are less than the table values, which indicates the adequacy of the 

obtained equations. 
The significance of the coefficients in the regression equations was checked by the Student's t-test for a significance 

level of 0.05. The obtained confidence intervals were compared with the absolute values of the coefficients of the 
regression equations. Since the coefficients turned out to be larger than the confidence intervals, they are significant. 
Analyzing the obtained regression equations, we can conclude that with an increase in the studied factors, the maximum 
adhesion coefficient decreases. In addition, the factor has a greater influence on the maximum coefficient of adhesion 
than the factor x1, because |0,079| > |0,048|; |0,0468| > |0,0297|; 0,02 > 0,0135. 

In the equations of Table 3 factors are included on a coded scale. Then translated from coded values to natural 
values using the formulas: 
 

 1
0,2

0,2
dk

x ;    2

0,5
0,5

yx . (10) 

 
Substituting these expressions in the equations of table. 3, obtain the following:  

 

 

0,549 0,23 0,154 0,02 ;

0,388 0,188 0,109 0,078 ;

0,156 0,0925 0,05 0,05 .

I
max d y d y

II
max d y d y

III
max d y d y

k k

k k

k k

 (11) 

  
The obtained mathematical models describe the adhesion qualities of wheel and rail in the presence of external 

dynamic disturbances (oscillations of the vertical and horizontal load in the wheel-rail contact). In Fig. 1 obtained 
dependences for three states of contact between the wheel and the rail are graphically presented. 

In addition, the purpose of the bench tests carried out was to verify the methodology for determining the traction 
qualities of a locomotive using a criterion for this, called the coefficient of safety for adhesion. 

For this, in the process of conducting tests to determine the influence of dynamic loads on the maximum coefficient 
of adhesion, the coefficient of adhesion safety for the coefficient of traction was also determined 7.00k . 
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Fig. 1 Theoretical (correlational) dependences of the maximum adhesion coefficient on the coefficient of vertical and 
horizontal load: a – clean dry rail; b – rail wetted with water; c – rail contaminated with lubricants 

 
In Fig. 2 shows the dependence of the adhesion safety factor on the vertical dynamics coefficient kd and relative 

to horizontal slipping y , plotted for mean values 7.0  obtained in experiments. Analysis of the results obtained indicates 
a significant effect of dynamic loads on the coefficient of safety for adhesion. So an increase in the coefficient of vertical 
dynamics from 0 to 0.4 decreases 7.0 by 17%, and an increase in the relative cross slipping from 0 to 1.0% reduces 7.0

by 25%. 
 

         
 

Fig. 2 Experimental dependences of the coefficient of safety for adhesion on the coefficient of vertical dynamics kd and 
relative to horizontal slip y  

 
3. Conclusions 
 

Comparing the two methods for assessing the influence of dynamic loads on the traction qualities of the wheel-to-
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rail tribological contact based on the maximum values of the coefficient of adhesion and the values of the coefficient of 
safety for adhesion, it can be concluded that the results are similar. So with an increase kd and y values as maximum 
adhesion coefficient max and the coefficient of safety for adhesion 7.0  decrease. Moreover, if with growth of kd from 0 
to 0,3 max decreases by 12.7%, then 7.0  decreases by 10%; with growth y  from 0 to 1,0% max is decreased by 28%, 
and 7.0  for 20%, those. The difference of these estimates in absolute values is 2...8%, leaving their character unchanged. 

This conclusion can serve as confirmation of the expediency of applying the developed criterion – the coefficient 
of safety for adhesion – for a comparative assessment of the traction qualities of locomotives and its individual wheelsets. 
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