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Abstract: In this paper the traction force and traction efficiency of an agricultural type tire were evaluated, using a semi-empirical 

traction model of the driving wheel of a Romanian tractor; the model is based on Bekker's pressure-sinkage relationship and on the ASAE 

equations for traction force and traction efficiency. 

Tire deformation under vertical load was taken into account by the means of tire volume stiffness; three variants were considered in 

terms of tire cross-section: elliptical shape, spherical segment shape and toroidal shape. 

Experimental data, obtained when ploughing operations were performed, were used in order to validate the results predicted by the 

models, using goodness-of-fit analysis. 

It was concluded that the model based on the spherical segment shape of the tire cross section provided acceptable results for both 

traction force and traction efficiency in comparison with the experimental values; the other two models were more accurate in relation with 

the traction force, but proved to be less precise when referring to traction efficiency. 
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1. Introduction 

The agricultural tractor is rather a heavy machine and is used 

for a variety of operations, from tillage to haulage, under diverse 

conditions. The understanding and prediction of tractor performance 

has been a major goal of many researchers as it is necessary to 

understand the traction process in order to predict tractor 

performance in the field. In this context, computer models and 

simulation programs for predicting tractor performance help 

researchers to determine the relative importance of many factors 

affecting field performance of tractors, without conducting 

expensive and time consuming field tests. 

The traction process has a significant effect over fuel 

consumption, yield and soil compaction [1].  

Soil compaction is one of the main dangers threatening the 

agricultural land [2] and one of the most importance processes 

affection crop production [3]. This is why accurate prediction of tire 

traction may be an important tool for the management and control 

of soil compaction.  

The models concerning tire-soil interaction may be divided into 

three main categories [1, 4]: 

 empirical models, which relate vehicle and terrain 

characteristics by the means of experimental tests; these are 

simple models, but their predictions are difficult to extrapolate 

for other conditions then the ones in which the respective model 

was developed. 

 numerical models, which take into account the mutual 

deformation of tire and soil in order to predict the traction 

parameters; these models use the Finite Element Method (FEM) 

in order to describe the tire-ground interaction and are expected 

to provide the most accurate results, but they require accurate 

values for a great number of tire and soil parameters. Moreover, 

the high variability of the soil material makes the accurate 

measurement of its parameters difficult. Other models, like the 

ones based on Artificial Neural Networks (ANNs) require a 

large number of experimental data for the formulation, training 

and validation of the respective model; in the meantime, there is 

no certainty that the model is adequate for other field conditions 

than the initial ones. 

 semi-empirical models improve the empirical models by 

modelling some of the physical processes connected to tire-soil 

interaction. The basis for this type of models was laid by Bekker 

in 1956 [5]; the pressure-sinkage relationship that he developed 

describes soil properties. 

Semi-empirical models are a reasonable compromise between 

the simpler empirical models, for which the range of applicability is 

limited to the cases having similar conditions to the ones from 

which the models were derived, and the analytical models, which 

require in situ evaluation of a large number of soil and tire 

properties [6].  

Although many semi-empirical models for the estimation of 

models tire-soil contact process were developed, they generally do 

not take into account tire volume and tire stiffness [2]. 

In this study a semi-empirical model for predicting the traction 

force and traction efficiency for a 2WD agricultural tractor was 

considered, assuming that the shape of the tyre–ground contact area 

is a super ellipse; tire deformation under vertical load was taken 

into account by the means of tire volume stiffness; three variants 

were considered in terms of tire cross-section geometry: elliptical 

shape, spherical segment shape and toroidal shape. 

2. Basic model 

The model is based on the one presented in a previous paper [6] 

– fig. 1; it is assumed that, under the vertical load G, the wheel 

sinks into the soil, reaching the depth zc and the load induces tyre 

deflection zp. 

 
a) 

 
b) 

Fig. 1 Wheel soil interaction model 
a) wheel and soil deformation; b) contact surface 
 

The basic equation of the model is: 

(1) G = p·A = qp · Vp, 

where p is the tire-ground contact pressure, A is the area of the 

contact patch, qp is the tire volume stiffness and Vp is the volume 

change of the tire in the contact area. 

The tire-ground pressure was connected to the sinkage depth 

(zc) using the Bekker pressure-sinkage relationship: 

(2) 
nzkp  , 

where k and n are soil constants. 

Tire deflection zp is affected by the volume change  Vp, which 
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will be addressed in the next section. 

The traction force was calculated assuming that it is limited 

only by the soil shear strength, based on the Mohr– Coulomb 

equation (Maclaurin, 2007) for the maximum shear stress:  

(3)  tgpcmax
 

where c is soil cohesion [kPa], p is the vertical pressure [kPa] and  

is the internal friction angle. 

The traction force and traction efficiency were calculated using 

the formulae given in the ASAE S296 standard [7]: 

(4) Ft,ef = Ft – Rr 

(5) 
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where Ft is the traction force due to the shear stress at the tire-soil 

interface, Rr is the rolling resistance of the wheel, Bn is the wheel 

numeric and s is the wheel slip. 

3. Tire deformation 

In order to evaluate the volume change of the tire in the contact 

area, due to vertical load, three cases were taken into account: 

 elliptical shape of the tire cross-section; 

 spherical segment shape of the tire; 

 toroidal shape of the tire. 

3.1. Elliptical shape of the tire cross-section 

For this variant the shape of the tire cross-section was 

considered to be an ellipse [8]; under vertical load, the cross-section 

is deformed (Fig. 2), with the minor axis decreasing from h to h-zp 

and the major axis increasing from b to lw. 

 

Fig. 2. Elliptical 

shape of tire cross-

section 

b-tire width 

(unloaded state); 

h – tire section height 
(unloaded state). 

The major axis of the ellipse was calculated assuming that the 

perimeter remained the same: 

(7) 2

pp

2

w zzh2bl   

The tire volume change Vp was calculated as the cross-section 

area multiplied by the length of the contact patch: 

(8)   pwd0p zhlrhbr5,0V  , 

with the terms of the equation defined according to Fig. 1 and Fig. 

2. 

3.2. Tire as a spherical segment 

In this variant the tire was considered as a spherical segment, 

delimited by two symmetrical vertical planes and by the rim (Fig. 

3). 

The tire volume change due to vertical load was calculated with 

the formula: 

(9) 
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Fig. 3. Tire as a spherical 

segment (unloaded state) 
 

di – rim diameter; 

b-tire width; 
h – tire section height; 

r0 – tire free radius. 

3.3. Tire as a toroid 

In this case the tire was considered to be a toroid, as shown in 

Fig. 4; in the loaded condition, the tire section height has decreased 

from h to h-zp and tire radius in the contact area has increased from 

r0 to rd (see also Fig. 1). This assumption was also addressed by 

other authors [9]. 

 

Fig. 4. Tire as a toroid 

 
a) unloaded state 

dimensions; 

b) loaded state 
dimensions. 

The tire volume change for this case was given by the formula: 

(10) 
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4. Experimental data and goodness-of-fit analysis 

Experimental tests were performed in order to obtain data 

regarding the traction force and traction efficiency; the values 

predicted by the models were then compared with the experimental 

data based on a goodness-of-fit analysis. 

The traction tests were performed during ploughing with the 

P2V variable width plough, using the Romanian 2WD tractor U-

650; the tractor was fitted with a dynamometric frame and an 

electronic dynamometer. The main characteristics of the tractor, and 

drive tyre are summarized in Table 1.  

Soil characteristics on the test field are shown in Table 2. 

Table 1:  Characteristics of the U-650 tractor and drive wheels 

Item Value 

Load on the drive tire [kN] 11.75 

Type of drive tire 14.00 – 38 

Overall diameter of tire [m] 1.58 

Tire width [m] 0.367 

Lug width [m] 0.04 

Lug length [m] 0.24 

Lug height [m] 0.025 

Distance between lugs [m] 0.195 

Transversal radius of the under tread 

[m] 
0.3 

In order to evaluate the goodness-of-fit between model and 
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experimental data the following criteria were considered [10]: 

 mean absolute deviation (MAD) – represents the mean of the 

absolute value of the deviation between each model prediction 

and its corresponding data point: 

Table 2: Characteristics of the test soil 

Item Value 

Soil deformation modulus, K [m] 0.05 

Coefficients for the sinkage 
equation 

k 55 

n 1.3 

Soil cohesion, c [kPa] 25 

Angle of internal friction,  [0] 32 

Average cone penetrometer index, CI [kPa] 970 

 

(11) 
n

dm
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n

1i

ii





 

where mi is the model mean for point i, di is the data mean for each 

point i and n is the number of points being compared; 

 root mean squared deviation (RMSD): 

(12) 
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 mean scaled absolute deviation (MSAD): 

(13) 
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where mi is the number of values contributing to each 

experimental data mean di (in our case mi = 4) and si is the 

standard deviation for each data mean. A MSAD value of 1.5 

shows that, on average, the model was 1.5 standard errors off 

from the experimental data. 

 Pearson correlation coefficient r2; 

 percentage of points within 95% confidence interval of data 

(Pw95CI) – represents the percentage of model predictions that 

lie within the 95% confidence interval of each corresponding 

experimental data point 

The analysis was applied to both traction force and traction 

efficiency data. 

5. Results and discussion 

Fig. 5 and 6 present the results concerning the traction force and 

traction efficiency of the tire, for the three variants taken into 

account; the experimental data is also shown in the respective 

charts. 

 

Fig. 5. Model and experimental results for traction force 

The data in Fig. 5 shows that the variants for the elliptical shape 

of the tire cross-section and the toroidal shape of the tire predicted 

quite similar values for the traction force for wheel longitudinal slip 

lower that 30%; the values provided by the respective models were 

generally lower than the ones obtained during field tests. 

On the other hand, the model based on the spherical segment 

shape of the tire has provided significantly higher values for the 

traction force in comparison with experimental data. 

Table 3 presents the results of the goodness-of-fit a between the 

experimental data and the model data; from this point of view the 

best goodness-of-fit is achieved for the first and third model. 

Nevertheless, the Pearson correlation coefficient r2 is only 5.6% 

lower for the spherical segment model in comparison with the other 

two models. 

Table 3: Goodness-of-fit analysis for traction force 

Item 

Model 

elliptical cross-

section 

spherical segment 

shape 
toroidal shape 

r2 0.952 0.897 0.951 

MAD 0.6927 1.3617 0.7502 

MSAD 4.195 6.785 4.391 

Pw95CI 

[%] 
66.7 22.2 66.7 

RMSD 0.8613 1.4163 0.8899 

Fig. 6 presents the results concerning the traction efficiency 

data; the chart clearly shows that the model based on the spherical 

segment shape of the tire best fits with the experimental results. 

This assumption was confirmed by the results of the goodness-of-fit 

analysis, which are summarized in Table 4. 

 

Fig. 6. Model and experimental results for traction efficiency 

Table 4: Goodness-of-fit analysis for traction efficiency 

Item 

Model 

elliptical cross-

section 

spherical segment 

shape 
toroidal shape 

r2 0.013 0.657 0.013 

MAD 0.1087 0.0241 0.1104 

MSAD 1.861 0.454 1.888 

Pw95CI 
[%] 

77.8 100 77.8 

RMSD 0.1746 0.0333 0.1742 

Thus, for the above mentioned model, all the items addressed 

by the goodness-of-fit analysis were more favourable in comparison 

with the other two models (higher r2, lower MAD, MSAD and 

RMSD, all the model points within the 95% confidence interval of 

the experimental data). 

6. Conclusions 

A modified semi-empirical model for the prediction of traction 

performance of a tractor driving wheel is presented in this study. 

The model took into account three variants for the shape of the tire:  

 elliptical shape of the tire cross-section; 

 spherical segment shape of the tire; 

 toroidal shape of the tire. 

Each of the above mentioned variants led to a different equation 

for calculation the volume changes of the tire in the contact area, 
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due to vertical load. 

Experimental results from ploughing tests were used in order to 

validate and verify the applicability of the model, by the means of a 

goodness-of-fit analysis.  

The goodness-of-fit analysis showed that, when considering the 

traction force data, the Pearson coefficient r2 was comprised 

between 0.897 and 0.952, depending on the model taken into 

account; when referring to traction efficiency, only the model based 

on the spherical segment shape of the tire provided reliable results 

(r2=0,657, compared to 0.013 for the other two models. 

Overall, it was concluded that the model based on the spherical 

segment shape of the tire could be considered as the best 

compromise for predicting reliable data for both the traction force 

and traction efficiency. 

However, it should be mentioned that the models were 

confronted with experimental data collected for one type of soil and 

a certain soil condition; further tests, performed on different soils 

and in different conditions, have the potential to improve the 

accuracy of the model.  
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