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Abstract. Increasing the durability of the cutting tool when restoring the 

profile of the rolling surface of railway wheels by controlling the vibrations 

of the machine-tool-part system. Vibrations arising during the turning of the 

rolling surface of wagon wheels under various cutting modes were studied. 

To do this, a matrix of experimental planning was built using the Box-

Wilson method, according to which all factors change in turn (cutting depth, 

cutting speed, feed). After the experiment, a mathematical model is selected 

and the numerical values of the coefficients of this equation are estimated. 

In accordance with the power dependences accepted in the theory of cutting, 

a mathematical model was constructed for the experiments in the form of a 

logarithmic polynomial of the first degree series. Mathematical processing 

of measurement results using fractal dimension was carried out. The fractal 

dimension was determined by the normalized span method. A 

correspondence has been established between the durability of the he cutter 

and the intensity of its vibrations when turning railway wheels. A 

mathematical dependence of the fractal dimension on the cutting modes is 

obtained, which makes it possible to adjust the cutting speed or feed during 

the restoration of the rolling surface of the wheel in the presence of defects. 

Optimal cutting modes, which allow to achieve a given quality of the rolling 

surface of the wheel in the shortest possible time, give the highest value of 

fractal dimension. Defects in railway wheels such as sliders, bumps, and 

gouges lead to a decrease in fractal dimension. The determination of the 

fractal dimension in the process of turning wheelsets makes it possible to 

automatically adjust the cutting modes to ensure a given quality of the 

rolling surface of the wheel and the required durability of the cutting tool. 

1 Introduction 

Railway wheels are a responsible, heavily loaded element of rolling stock. Reliability and 

safety of operation largely depend on them. When organizing heavy traffic by rail, their 

working conditions are becoming more and more difficult [1-4]. 

The rolling surface profile, as defined by the relevant standard, has a significant impact 

on the reliability and durability of the wheels. The GOST 10791-2011 specification imposes 

strict requirements on the dimensional accuracy of railway wheels and the roughness of their 

surfaces, which can only be achieved through machining with specific features. These 
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features include fluctuations in the machining allowance due to both the unique 

characteristics of the wheel profile and wear during operation. Additionally, there are 

significant variations in the hardness of the machined material, depending on the carbon 

content in the melt and the characteristics of the workpiece production process, the presence 

of defects in the rolling surface. All this negatively affects the cutting conditions during wheel 

turning during repair, and, as a result, reduces the durability of the cutting tool and increases 

the processing time [5-7]. Reducing the durability of the tool leads, in turn, to an increase in 

the cost of sharpening carbide plates, as well as the purchase of new ones. In addition, the 

time for tool replacement increases. Because of this, the performance of restoring the rolling 

surface of the wheels is reduced.  

The main criterion for the machinability of any materials is the cutting speed allowed by 

the cutting tool with a certain resistance and other constant parameters.  

The best wheel machining processes (the highest resistance of carbide plates, the best 

quality of the treated surface) are observed when the tangential component of the cutting 

force Pz = f(v), is stabilized while maintaining constant cutting depth t, feed S and geometry 

of the cutting tool. 

It is known that the mechanical and physical properties of the tool depend on fluctuations 

in the machine-tool-part system during the cutting process [8-11]. Changing the processing 

conditions only changes the nature of the oscillation spectrum of the system, the level of its 

individual frequency components [6-8]. In [9], it was found that for each oscillation 

frequency there are some critical amplitude values, exceeding which leads to a sharp decrease 

in tool durability. The higher the oscillation frequency, the lower the critical amplitude 

values. The values of the critical oscillation amplitudes that occur when processing steel 45 

with a hardness of 190 НВ тwith a hard alloy of the Т15К6, grade are shown in Table 1. 

Cutting mode: V = 2,15 m/s, S = 2·10-4 m/r, t = 5·10-4 m. 

Table 1. Values of critical oscillation amplitudes 

Oscillation 

frequency, 

kHz 

10…15 7…10 3,5…4,5 2…3 

The amplitude 

of the 

oscillations, m 

(7…9)·10-8 (9…10)·10-8 (2…4)·10-7 (8…12)·10-7 

 

The extreme dependence of the durability of the cutting tool on the amplitude of 

vibrations in the frequency range from 150 to 3000 Hz is determined by the formula [10]: 

𝑇 = Θ ∙ 𝐴𝑚 ∙ 𝑒−𝑛𝐴,  

where Т is the durability of the cutting tool, min.; 

А is the amplitude of vibrations, microns; 

Θ, m, n are constants depending on the type of processed and tool material and cutting 

conditions. 

This dependence is the result of the influence of two opposite factors: a decrease and an 

increase in tool wear at different vibration intensities. For example, the cutting force and 

friction in the cutting area decrease with increasing vibrations. But at the same time, 

vibrations of the cutting tool lead to fatigue destruction of its cutting edges. 

Such a dependence 𝑇 = 𝑓(𝐴) means that for each specific technological process there is 

a certain optimal (by the criterion of durability) oscillation amplitude, at which the greatest 

tool durability takes place. 

Based on this, it can be said that the management of dynamic processes that occur during 

the turning of railway wheels is an urgent task. 
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The purpose of this work is to develop a methodology for controlling dynamic processes 

in restoring the profile of the rolling surface of railway wheels by controlling vibrations of 

the machine-tool-part (MTP) system. 

2 Materials and methods 

A fractal dimension was used to determine the relationship between the vibration of the 

cutting tool and its durability. This is one of the modern methods that allows you to determine 

the features of random structures [12]. The larger the fractal dimension, the higher the 

vibrations. There are several methods for determining fractal dimension. In this work, the 

normalized span method was used, which is based on the definition of the Hurst index. 

The fractal dimension: 

𝐷 = 2 − 𝐻, 

where H – the Hurst index. It is defined from the expression: 

𝑅(𝜏) 𝑆(𝜏)~𝜏𝐻⁄ , 

where R – the magnitude; 

S – the standard deviation: 

𝑆(𝜏) = √
1

𝜏
∑ {𝜉(𝑡) − 〈𝜉〉𝜏}2𝜏

𝑡=1 ; 

τ – is the value of the time interval. 

Figure 1 shows an example of determining the fractal dimension in coordinates R/S(τ). 

The curve is plotted on a double logarithmic scale, after which a linear approximation is 

performed. The Hurst exponent is the tangent of the angle of inclination of the resulting 

straight line. 

 

 

Fig. 1. An example of the definition of fractal dimension 

Approximately, the Hurst index can be determined by the least squares method using the 

formula: 

ln (
𝑅

𝑆
) = ln(𝑐) + 𝐻 ∙ ln(𝑛), 

where c is a measure of correlation; 

n is the number of observations. 

The dependence of the fractal dimension on the cutting depth, feed and cutting speed is 

expressed by a formula like:  

𝐷(𝑡, 𝑆, 𝑉) = 𝐶𝐷 ∙ 𝑡𝑥𝐷 ∙ 𝑆𝑦𝐷 ∙ 𝑉𝑧𝐷,                                                (1) 

where 𝐶𝐷 – is a constant coefficient; 

𝑥𝐷 , 𝑦𝐷 , 𝑧𝐷- indicators of the degree of influence of cutting depth, feed and cutting speed 

on the fractal dimension.  
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To obtain this dependence, the method of a complete factorial experiment [13-15] was 

used, the basis of which is regression analysis, which allows translating a power function of 

a polynomial of the form  

 

𝑦̂ = 𝑏0 + 𝑏1 ∙ 𝑋1 + 𝑏2 ∙ 𝑋2 + 𝑏3 ∙ 𝑋3                                           (2) 
 

with regression coefficients b0, b1, b2, b3, 

where 𝑋1, 𝑋2, 𝑋3 – factors converted to dimensionless variables: 

 

𝑋1 =
2∙(ln 𝑡−ln 𝑡𝑚𝑎𝑥)

ln 𝑡𝑚𝑎𝑥−ln 𝑡𝑚𝑖𝑛
+ 1; 

𝑋2 =
2∙(ln 𝑆 − ln 𝑆𝑚𝑎𝑥)

ln 𝑆𝑚𝑎𝑥−ln 𝑆𝑚𝑖𝑛
+ 1;               (3) 

𝑋3 =
2∙(ln 𝑉−ln 𝑉𝑚𝑎𝑥)

ln 𝑉𝑚𝑎𝑥−ln 𝑉𝑚𝑖𝑛
+ 1. 

 

ln 𝐷 = 𝑦̂, ln 𝐶𝐷 = 𝑏0, 𝑥𝐷 = 𝑏1, 𝑦𝐷 = 𝑏2, 𝑧𝐷 = 𝑏3. 

Table 2 shows the lower and upper levels of factors determining the range of variation. 

Table 2. Factor values and variation intervals 

Parameters 
Unit of 

measurement 

Factor levels 

lower upper 

t mm 4 5 

S mm/r 0,7 1,3 

V rpm 9,6 12,8 

 

The half-difference between the values of the upper and lower levels of factors is taken 

as a unit of t, S, V: the value (ln 5 − ln 4)/2 is taken as a unit of cutting depth, (ln 1,3 −
ln 0,7)/2 is taken as a unit of feed, and  (ln 12,8 − ln 9,6)/2. Thus, the depth, feed and speed 

of the rubber are converted by dividing them into accepted units. 

 

𝑏0 = (∑ 𝑋0𝑖 ∙ 𝑦̅𝑖)/𝑁; 

𝑏1 = (∑ 𝑋1𝑖 ∙ 𝑦̅𝑖)/𝑁;            (4) 

𝑏2 = (∑ 𝑋2𝑖 ∙ 𝑦̅𝑖)/𝑁; 

𝑏3 = (∑ 𝑋3𝑖 ∙ 𝑦̅𝑖)/𝑁, 

 

where N is the number of options, N = 8; 

𝑦̅𝑖 is the average value of the experimental result in the i-th experiment; 

𝑋0𝑖, 𝑋1𝑖, 𝑋2𝑖, 𝑋3𝑖 – the level of factors 𝑋0, 𝑋1, 𝑋2, 𝑋3 in the first experiment. The dummy 

variable 𝑋0 = +1. Factor levels instead of +1 and -1 are written as "+" and "-" (see Table 3). 

The experiment was planned according to the rule of the "Italian cube" (Fig. 2). The 

vertices of the cube are the cutting modes used in the experiment. 

As a result, we get an expression of the form 

 

ln 𝐷 = ln 𝐶𝐷 + 𝑥𝐷 ∙ ln 𝑡 + 𝑦𝐷 ∙ ln 𝑆 + 𝑧𝐷 ∙ ln 𝑉, 

 

having tested which, we obtain the equation (1). 
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Fig. 2. Research plan according to the "Italian cube" 

3 Results 

To determine the fractal dimension, an experiment was conducted to measure vibrations 

occurring during the turning of wheelsets in various cutting modes in the presence of defects 

and without them using multifactor analysis. To do this, each of the cutting mode parameters 

(cutting depth, feed and speed) were set to two values – the largest and the smallest (Table 

2). 

Wheels of GOST 10791-2011 grade 2 with and without skating surface defects were 

processed. The wheel turning machine UBB-112 was used for turning. A tangential plate 

LNUX 301940 23 made of a hard alloy of the KS-35 brand was used as a cutting tool. 

A two-channel diagnostic vibration analyzer KON.ТЕSТ С9000 with CTC AC102-1A 

piezoelectric vibration sensors was used to measure vibrations (Fig. 2). The vibration sensor 

was attached to the cutter holder using a magnet. 

 

 

 

Fig. 2. Vibration analyzer KON.ТЕSТ С9000 with CTC AC102-1A vibration sensors 

The calculation results are shown in Table 3.  
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Table 3. The experimental plan and the results of the fractal dimension calculation 

Experience 
number 

X0 X1 X2 X3 The average value of 

the fractal 

dimension 𝐷̅ code code 
t, 

mm 
code 

S, 

mm/r 
code V, rpm 

1 + + 5 - 0,7 - 9,6 1,42065 

2 + + 5 + 1,3 - 9,6 1,44905 

3 + - 4 - 0,7 - 9,6 1,3781 

4 + - 4 + 1,3 - 9,6 1,36521 

5 + + 5 - 0,7 + 12,8 1,39264 

6 + + 5 + 1,3 + 12,8 1,30417 

7 + - 4 - 0,7 + 12,8 1,46166 

8 + - 4 + 1,3 + 12,8 1,37678 

 

Substituting the experimental results into formulas (4), we obtain: 

b0 = 0,3313; 

b1 = - 0,00156; 

b2 = - 0,01439; 

b3 = - 0,00724. 

Then the equation of the model (2) will be written as follows: 

 

𝑦̂ = 𝑏0 + 𝑏1 ∙ 𝑋1 + 𝑏2 ∙ 𝑋2 + 𝑏3 ∙ 𝑋3 = 0,3313 − 0,00156 ∙ 𝑋1 − 0,01439 ∙ 𝑋2 −
0,00724 ∙ 𝑋3. 

 

To obtain equation (1) in the natural values of the factors, it is necessary to substitute their 

values from the conversion formulas (3) instead of 𝑋1, 𝑋2, 𝑋3 and then perform potentiation: 

ln 𝐷 = 0,3313 − 0,00156 ∙ (
2∙(ln 𝑡−ln 5)

ln 5−ln 4
+ 1) − 0,01439 ∙ (

2∙(ln 𝑆 − ln 1,3)

ln 1,3−ln 0,7
+ 1) −

0,00724 ∙ (
2∙(ln 𝑉−ln 12,8)

ln 12,8−ln 9,6
+ 1)= = 0,3313 − 0,01398 ∙ ln 𝑡 + 0,02094 − 0,04649 ∙

ln 𝑆 −0,00219 − 0,05033 ∙ ln 𝑉 + 0,12108 = 

= 0,47113 − 0,01398 ∙ ln 𝑡 − 0,04649 ∙ ln 𝑆 − 0,05033 ∙ ln 𝑉. 

After potentiation, we have: 

𝐷 = 𝑒0,47113 ∙ 𝑡−0,01398 ∙ 𝑆−0,04649 ∙ 𝑉−0,05033. 

4 Analysis of the results 

When analyzing the results, the reproducibility, significance and adequacy of the model were 

checked. 

Reproducibility was assessed using the Cochran criterion. In this case, the variance at 

each point of the experiment was calculated:  

𝑠𝑖
2 =

∑ (𝑦𝑞𝑖 − 𝑦̅𝑖)
2𝑁

1

𝑛 − 1
, 

where n is number of measurements; 

𝑦𝑞𝑖  – the result obtained in the relevant experience; 

𝑦̅𝑖 – the average value of the response at a point in the matrix. 

The Cochran criterion is the ratio of the largest variance obtained in experiments to the 

sum of the variances of all experiments: 

𝐺 =
𝑠𝑚𝑎𝑥

2

∑ 𝑠𝑖
2𝑁

1
=

0,0159

0,0655
= 0,2428. 
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The critical value of the Cochran criterion for the 5% significance level is Gcr = 0,2926. 

The hypothesis of uniformity of variance is accepted, since the experimental value of the 

criterion does not exceed the tabular one. 

The significance was checked using the Student's criterion: 

𝑡 =
|𝑏𝑖|

𝑠{𝑏}
, 

where 𝑠{𝑏} – the standard deviation of the regression coefficients: 

𝑠{𝑏}
2 =

𝑠{𝑦}
2

𝑁
 

where 𝑠{𝑦}
2  – the variance of reproducibility. 

According to the results of the calculations, it was obtained that the coefficient b0 is 

significant, and the coefficients b1, b2, b3 – are insignificant. This indicates that vibrations 

during turning of wheelsets when using the above cutting modes depend mainly on the 

characteristics of the wheel steel (hardness, presence of rolling surface defects, etc.). 

In order to understand how much the model predicts the results of the experiment, the 

Fisher criterion was used: 

𝐹 =
𝑠ад

2

𝑠{𝑦}
2 , 

where 𝑠ад
2  – the variance of adequacy; 

𝑠{𝑦}
2  – the variance of reproducibility. 

The variance of the adequacy 𝑠ад
2  is called the residual sum of squares divided by the 

number of degrees of freedom 𝑓1: 

𝑠ад
2 =

∑ ∆𝑌𝑖
2𝑁

1

𝑓1
=

∑ (𝑦̅𝑖−𝑦̂𝑖)2𝑁
1

𝑁−(𝑘+1)
, 

where 𝑦̅𝑖 – the average response value in the experiment; 

𝑦̂𝑖 – is the response value predicted by the model based on the conditions of the 

experiment; 

𝑓1 – is the number of degrees of freedom, which is the difference between the numbers of 

experiments and the coefficients that are calculated from the results of experiments 

independently of each other: 

𝑓1 = 𝑁 − (𝑘 + 1), 

where 𝑁 – number of experiments; 

𝑘 + 1 – the number of calculated coefficients. 

The calculated criterion is compared with the tabular one. If 𝐹 < 𝐹𝑡𝑎𝑏𝑙𝑒, then the model 

is adequate to the response function. In our case, the tabular value of the criterion 𝐹𝑡𝑎𝑏𝑙𝑒 =
2,18, and the calculated value is 𝐹 = 0,270764268 , therefore the model is adequate to the 

response function. 

5 Conclusion 

Analyzing the results obtained, the following conclusions can be drawn: 

1. Optimal cutting conditions, which ensure a given level of wheel surface finish in the 

shortest possible time, yield the highest possible fractal dimension.. 

2. The presence of defects in railway wheels, such as sliders, bumps, dents, leads to a 

decrease in fractal dimension. 

3. Vibration monitoring during the process of wheelset turning allows for automatic 

adjustment of cutting parameters to ensure a desired level of quality of the wheel's rolling 

surface and the required longevity of the cutting tool. 
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