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Abstract. Tractor slippage is one of the main economic and environmental indicators for composing of tractor 

units. It is a key indicator showing the rational interaction of the tire to the road (soil) surface. If it is too big or 

too small, big energy losses occur. Slippage depends not only on the vertical loads to the driving wheels, but also 

on the wheel and soil grip area. The grip area between the wheel and soil usually increases by reducing the tire’s 

air pressure. For the operation of tractor units (especially in agriculture) the preliminary calculation of the 

slippage, i.e. forecasting of the energy and economic task, is one of the most important. Tractor slippage 

prediction in most cases is calculated based on the traction coefficients. However, the coefficients mathematical 

expression does not include indicators that evaluate tire pressure in the tire. From the mathematical point of 

view, for the ability to optimize the slippage of the driving wheels, while at the same time seeking better 

ecological and economic performance, it is not enough to evaluate the traction coefficient dependencies on the 

traction forces and the vertical load of tires, but also dependencies on the tire performance indicators, too. This 

article will present a mathematical model that allows estimating the slippage of driving wheels at various air 

pressure in the tractor tires. Based on the experimental tractor slippage dependences on the traction power and 

air pressure in the tires and the calculations based on the empirical formula, the formulas for calculation of the 

limiting traction power and the degree of the coefficient of the mathematical model of the towing calculation 

were made. An expanded calculation method allows to calculate the slippage value of the tractor driven wheel 

for any permitted tire inflation pressure. 
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Introduction 

The main purpose of farm tractors is to perform drawbar work. This is defined by draw pull force 

and run speed. Draw pull and drive wheel slippage are the key indicators affected by interaction 

between the wheel and the soil surface [1]. Most scientific information sources show that about  

20-55 % of the available tractor power is wasted at the tire-soil interface, i.e. because of the drive 

wheel slippage and tire and soil deformation [2-4]. This energy consumes the tires and compacts the 

soil to a degree that may be detrimental to crop production. Efficient work of agricultural tractors 

includes: choosing an optimum work speed for a given tractor-implement unit; maximizing the 

tractive advantage of the traction devices, and minimizing the drive wheel slippage [5; 6]. Among 

these, minimizing of the fuel consumption could be done with little efforts.  

The agricultural tractors work at maximum efficiency, if their slippage is maintained in a certain 

rational range [7; 8]. As per the previous studies, it is recommended that farm tractors and drive 

wheels should be maintained to rational slippage at 10-15 % to get better tractive performance and less 

slippage as this results in the expenses of too much fuel consumption to move the wheels, whereas too 

much slippage (greater than 15 %) can result in excessive tire turn and power loss through the tire, 

which is non-productive [9-11]. Most of the scientists have an opinion that agricultural tractors 

working in soil are most efficient, when the drive wheel slippage is in the range of 8-12 % [5; 9; 12]. 

Also it was determined that the tractive power increases according to the increase of slippage. The 

biggest tractive power, during field application, the tractor reaches at slippage of 10-20 % [12-13]. 

However, due to the adverse effect on the soil, wheeled tractors must not exceed the slippage more 

than 15 % [12]. Therefore, when assembling the tractor units, it is necessary to consider not only the 

traction characteristics, but also the recommended value of the slippage. For example, the rational 

slippage value during ploughing application is about 8-12 %. The tire air pressure is playing big role 

on the driving wheel grip with the soil and slippage. For the agricultural tractor wheel slippage 

forecasting purpose, the tractive power and traction coefficient values are used [14; 15]. However, the 

proposed mathematical methods are not adapted for numerical evaluation of the tire inflation pressure. 

For the calculation of the optimal tractor wheel slippage it is important to know the attraction factor 

dependence on the size of the traction power and the vertical load on the tires, as well as the tire 

pressure indicators. The goal of this study is to investigate the tire air pressure influence on the tractor 

wheel slippage, tractive power and the traction coefficient. As well, according to the research results 
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data, to provide the wheel slippage forecasting methodology based on the numerical evaluation of the 

tire inflation pressure. 

Materials and methods 

An important task for combining the tractor units is the preliminary calculation of the slippage, 

i.e. forecasting of the slippage. The forecasting of the tractor wheel slippage is based on evolving the 

traction power or traction coefficient [16; 17]. Fig. 1 shows the speed, forces, and wheel torque that 

are normally measured on a tractor during tractive performance tests. In the working condition Tf and 

Tr are the input torques, FT is the draw pull or net tractive force developed by the tractor, W is the 

vertical applied load on the wheels and Rf and Rr the vertical ground reactions. In the free rolling 

condition Tf and Tr are zero and FGf and FGr become FRf and FRr, the motion resistance force, and act in 

the opposite direction [17]. 
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Fig. 1. Speed and forces measured on tractor during traction testing 

The tractor forces are normally converted to a non-dimensional form by dividing by the vertical 

load W of the tractor on the tires as follows. 

• net traction coefficient of the tractor  

 TT cWF = ; (1) 

• gross traction or torque coefficient  

 GG cWF = ; (2) 

• total motion resistance coefficient of the tractor  

 RR cWF = . (3) 

Slippage s of the tractor is defined as follows:  
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where  ωr and ωf – angular velocity of the rear and front wheels; 

  v – forward speed of the tractor; 

 rer and ref – effective radiuses of the rear and front wheels. 

In the present paper, conventional Brixius model is basically used, which can deal with various 

kinds of soil types [18]. Research by Kim and Lee [17] in this model changed into a function of wheel 

slippage coefficient s and soil reaction index k in order to make calculus. Fig. 1 shows co-operating 

forces with the soil surface acting on a driving wheel by the wheel torque Tr, Tf and vertical load W. In 

equation 5, the drawbar pull FT is expressed by the difference of the total gross traction FG and total 

motion resistance FR.  
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 RGT FFF −= . (5) 

The gross traction FG, and total motion resistance FR of the tractor are defined as follows [18]:  
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By equations 5, 6 and 7 the drawbar pull FT can be defined as:  

 ( )( ) 















±+−−−±= −

k

sC
C

k

C
eeCWF

sCkC

G
6

4
5

1
32 11

m
, (8) 

where  C1; C2; C3; C4; C5 and C6 are Brixius constants and the values can be determined by a 

non-linear regression technique. 

For tractor traction tests, the driven wheel slippage is calculated from the experimental data in 

accordance to formula 4. Russian scientists Ginzburg, Parfionov and Shved have proposed an 

empirical formula for predicting tractor slippage [19]:  
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where  FT
lim

 – maximum traction power at limited slippage; 

slim – limited slippage (it is slippage, where at respective point it grows to full slippage, 

with almost no traction power); 

 b – indicator of the function grade. 

In order to combine the tractor slippage forecasting formula (9) with the tire inflation pressure 

values, an analysis of the experimental data of the slippage dependence on traction power at various 

tire pressures was performed. An analogous analysis was carried out to determine the tractor’s 

slippage dependence on the traction coefficient. 

For slippage dependency on drawbar pull tests at different inflation pressures in the tires, the 

tractor “Case Farmall 115U” was used. Tractor drawbar pull was performed by pulling tractors  

“Zetor 10540” and “MTZ 82”, which were connected on rigid link. There was fitted a drawbar pull 

measurement sensor. The main technical data of the tractors used in the experiments are shown in 

Table 1. Dry stubble was selected (hardness in 5 cm depth was 0.40 MPa, soil moisture in 5 cm depth 

was 14 %) for investigations. The investigations were performed with turn off front driving wheels 

and blocked rear axle differential. The tests were carried out with the same air pressures in the front 

and rear tires, respectively, at pressures of 80, 120, 140, 160, 200, 240 kPa.  

Table 1 

Tecnical data of tractors 

Parameter Case Farmall 115U Zetor 10540 MTZ 82 

Rated engine power, kW 83 78.3 58.82 

Weight of the tractor, kg 4250 4336 3420 

Wheelbase, mm 2350 2380 2450 

Front tires 
Michelin Multibib 

340/65 R24 
16.9 – 14 R38 16.9R38 

Rear tires 
Michelin Multibib 

540/65 R34 
12.4 – 28 TZ19 15.5R30 

Weight of the front axle, kg 1990 1848 1221 

Weight of the rear axle, kg 2260 2488 2449 
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Results and discussion  

Figure 2 shows the traction power of the tested tractor under 240, 200, 160, 140, 120 and 80 kPa 

of air pressure in the tires. The tests were carried out with an engaged tractor front axle and locked 

differentials. 

As shown in Fig. 2 the tractor’s slippage decreases while reducing the tire pressure. In the case of 

traction power less than 15 kN, tractor slippage was low at all tested tire inflation pressures and varied 

in a range of 4-7 %. At higher tractor loads, the tire pressures had a much greater impact on slippage. 

With a traction power of 20 kN, the tractor slippage was about 17 %, when the air pressure in the 

driven wheels was 240 kPa and about 7 % of slippage – when the tire pressure was 80 kPa. By 

increasing the traction power to 22.5 kN, the wheel slippage increased to 26 % at the tire pressure of 

240 kPa and up to 9 % of slippage was reached, when the tire pressure was 80 kPa. From Figure 2 it 

can be seen that when the tire pressure decreased from 240 kPa to 80 kPa the traction power of the 

tractor has increased in average for about 5 kN, while maintaining the driven wheel slippage at set 

value. Similar results were shown in previous own publications and other researchers’ scientific works 

[2; 15; 20-22]. 
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Fig. 2. Tractor slippage s dependence on traction power Ft  

and tire inflation pressure p in stubble 

According to the data presented in Figure 2, the nominal (maximum) traction power FT(lim) 

dependence on the tire inflation pressure was calculated. When the traction power reaches its nominal 

value (maximum), the tractor slippage increases to its full slip at almost not increased traction power. 

The nominal traction power FT(lim) dependence on the tire pressure p is shown in Figure 3. The figure 

shows that nominal traction power depends on the air pressure in the tires and has linear dependence.  

According to the dependence (Fig. 3), a mathematical equation (10) was developed to calculate 

the nominal traction power at any given value of tire air pressures, when the nominal values of these 

sizes are known.  

 apapFF vvt −+= maxmax , (10) 

where  Fvmax – maximum tractor traction power at nominal tire inflation pressure; 

 pv – nominal tire inflation pressure; a is the coefficient of the function.  

The coefficient of the function a of the tested tractor was 0.0293. 

Based on the data presented in Figures 2 and 3, and the results of the calculations according to the 

formula (9), the tractor slippage mathematical function grade indicator b dependence on the tire 

inflation pressure p graph (Fig. 4) were calculated. 
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Fig. 3. Tractor limited traction power FT (lim) dependence  

on tire inflation pressure p 
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Fig. 4. Tractor slippage mathematical function grade indicator b  

dependence on tire inflation pressure p value 

The analysis of the dependence (Fig. 4) shows sufficiently good R
2 

values, when the curve was 

approximated in parts. The maximum value (R
2
=0.9575) shown for the curve section a–d, taking into 

account that used tire pressure limits during the tests are between 80-200 kPa. Based on the 

dependence (Fig. 4), a mathematical equation (11) was developed. According to tractor slippage 

calculation formula (9), the grade of b values at any permitted air tire inflation values, when the 

nominal values of these are known, can be calculated.  

 
( )vjpjp

vebb
−= , (11) 

where  bv – slippage calculation mathematical function grade indicator b value, at nominal tire 

inflation pressure; 

 pv – nominal tire pressure;  

 j – the coefficient of the function.  

The coefficient of the function j of the tested tractor at tested conditions and at the tire inflation 

pressure 80-200 kPa was 0.0036. 
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Conclusions 

1. The study has shown that known mathematical methods for forecasting the wheel slippage are not 

suitable for numerical evaluation of the tire inflation pressure.  

2. Based on the experimental tractor slippage dependences on the traction power and air pressure in 

the tires and the calculations based on the empirical formula (9), the formulas for the calculation 

of the limiting traction power FT
lim

 and the degree of the coefficient b of the mathematical model 

of the towing calculation (Formula 9) were made. An expanded calculation method allows to 

calculate the slippage value of the tractor driven wheel for any permitted tire inflation pressure.  

3. For further studies, this method, based on the numerical evaluation of the tire inflation pressure, 

could be expanded for tractor wheel slippage forecasting by including the traction coefficient. 
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