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I.1 Topic description 

The research topic is about the modelling of the soil to analyse the soil-

wheel interaction. This phenomenon has played an important role in the 

agricultural researches since the centre of the last century because it occurs 

often in practice. The agricultural machines exert their traction force through 

the soil therefore shear and because of their adhesive mass, normal loads are 

applied into the top layer of the soil. Analysis of the soil-wheel interaction 

had done in terrain and in laboratory in unnatural conditions in the last 

century so far. The motion of the wheel, rolling resistance and net traction 

force were investigated in case of different velocities by both the driven and 

non-driven wheels. As a result, the agricultural machine’s suspensions, tyres 

have been evolved a lot. 

The biggest disadvantages of the test were their high price and the time of 

the development because design and development of unique machines and 

measurement processes as well were needed before conducting the 

measurements. They could take a few months. In the next phase the 

measurement data were evaluated which came into new difficulties. Because 

of these problems the measurement process had to be improved, resulting that 

the whole process had to be repeated. In the other hand soil-wheel interaction 

is a very important phenomenon not only in agricultural field, but in 

development of the mars and moon explorer vehicles’ running gears. In these 

cases the price of the test were extremely high. A lot of two-dimensional (2D) 

and three-dimensional (3D) discrete element model was born to analyse this 

interaction (Knuth et al., 2012; Nakashima et al., 2010). Their results cannot 

be used in case of soils on earth, but they help to improve the simulations by 

the setup of the load of the wheel. 
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I.2 History, research aims and development methods 

I.2.1. History 

In my work the kinematic and dynamic parameters of the rolling wheel 

on deformable terrain and the soil properties were presented as well which 

are able to describe the soil-wheel interaction. It can be summarized that in 

case of driven wheels the top layer of the soil is under shear and normal stress. 

Similar to that can be concluded by non-driven wheels as well with the 

difference that in this case the normal stress is higher. Laboratory direct shear 

test and in situ cone penetration test are commonly used to describe the soil 

behaviour under horizontal and vertical loads. Therefore, in my research 

these tests were used as well to characterize the soil models. The soil’s 

mechanical properties which determine the failure curve (namely the 

cohesion and internal friction angle) can be measured by direct shear test. The 

result of the cone penetration test, namely the soil resistance to penetration-

penetration depth curve can be used to characterize the soil in case of vertical 

loads. 

With the evolution of the information technology in the last decade, there 

were some possibility to model processes with numerical simulations. The 

Discrete Element Model (DEM) is able to simulate the soil material, but it 

was not usable so far because of the high calculation capacity of the 

simulations. So this method has been use only since the 2000s in case of soil-

tool (Tamás et al., 2013) and non-cohesive soil-rigid wheel interaction (Smith 

és Peng, 2013). As a result, different soil models were developed. These 

research are less about cohesive soil material which occurs most often in 

practice, therefore this type of soil model has to be developed by calibrating 

its properties. It can be asserted that the Linear and Parallel Bond and the 

Hertz-Mindlin with bonding contact models are commonly used to simulate 

the soil-tool and soil-measurement instrument interaction. The disadvantage 

of the method that the measured macro properties are not usable in DEM 

because the non-measurable micro properties have to be determined in the 

calculations. Based on the literature there are no methods to calibrate these 

properties to achieve similar shear force-shear displacement curve from the 

simulations than from the direct shear tests. Similarly, there are no 

investigations for the effect of the contact properties on soil resistance to 

penetration. In addition, if the boundary of the model is not equivalent (i.e. in 

case of cone penetration field test), there is no description how to determine 
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the size of the model to obtain that the model boundary has negligible effect 

on simulation results. 

In the literature the soil-wheel interaction has been investigated in case of 

rigid wheel on deformable non-cohesive terrain yet. However, it is possible 

to simulate tyre deformation, but the coupling of the Finite Element and 

Discrete Element Method has not been solved efficiently yet (Michael et al., 

2015). Therefore, the effect of a rigid wheel on soil was analysed in my 

research. 

I.2.2. Research aims 

The aim of my research were determined based on the overview of the 

literature. The most important is to develop a soil model to investigate the 

rolling of the rigid wheel on it. To achieve this, the soil model should behave 

correctly under vertical and horizontal loads as well. Therefore, the model 

contact properties have to be calibrated and measurements had to be taken. 

According to these, the aim of my research are the followings: 

1) To simulate the soil shearing process, the soil model had to be 

developed which is able to simulate the results of the direct shear box 

measurements (namely the shear force-shear displacement curve) 

accurately. 

2) Another aim in case of soil shearing calculations to develop a 

calibration process which can be used to determine the contact 

properties resulting such soil model that behave similarly to real 

soils. 

3) To simulate the bearing capacity of the soil, the soil model had to be 

developed as well that shows similar behaviour under vertical loads 

to real soils. 

4) In case of cone-penetration simulations the main aim to investigate 

the effect of the contact properties on soil penetration resistance-

penetration depth curve. With this results it can be determined which 

contact parameters increase and which one decrease the soil 

resistance. 

5) Another aim in case of cone penetration calculations to analyse the 

effect of the model boundary on simulation results. 

6) By modelling the soil-wheel interaction the aim is to determine that 

how the soil models – which are calibrated to the results of direct 
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shear and cone penetration test, respectively – can be used to 

investigate this phenomenon. 

I.2.3. Development methods 

To characterize the soil models which are made from spherical elements 

with different radius, numerical direct shear and cone penetration test were 

developed (Figure 1). The effect of the properties of the Hertz-Mindlin with 

bonding contact model on simulation results were analysed in both cases. In 

the direct shear simulations these parameters were calibrated not only to the 

soil’s macro properties, but to the shear force (Fshear)-shear displacement 

curve at given normal load (Fnormal) as well. To achieve these results, the 

equation was applied that fits closely to the measured shear force values in 

the range of zero to maximum force and was determined by using the analogy 

from the soil displacement under rigid wheel. 

The effect of the model’s height and model’s cross section size were 

analysed in the cone penetration simulations. Soil models with different cross 

section size and height were created using the Linear and Parallel Bond as 

well as the Hertz-Mindlin with bonding contact models. The cross section of 

the model was determined by the area ratio value which depends on the 

cone’s projected area. 

 
Figure 1. The soil model for the sensitiviy test of the contact properties in case 

of numerical direct shear (a) and cone penetration simulations (b) and the 
geometry of the used penetometer cone (c). 

In the next phase of the research a machine was designed and developed 

(Figure 2) to measure the kinematic and dynamic parameters (i. e. drawbar 

pull, slip, etc.) of the driven and non-driven wheels in the laboratory soil bin 
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of the National Research and Innovation Centre (NARIC) Institute of 

Agricultural Engineering. Measurements were conducted in case of three 

different wheel velocities (in the range of 0,47…1,86 m/s) and two different 

vertical loads. 

 
Figure 2. CAD model of the machine developed for the soil bin test (a) and its 

position in the NARIC Institue of Agricultural Engineering (b). 

The rolling of the rigid wheel was modelled in case of soil models which 

are calibrated to the measurements results of soil direct shear and cone 

penetration tests. The load, velocity and slip of the wheel was set up 

according to the soil bin measurements. 

I.3 Research summary and theses 

As a result of the numerical direct shear simulations, the contact 

properties are determined that have effect on the three parameters of the shear 

force-shear displacement function. In the next phase a calibration process was 

developed to calibrate the contact properties step by step to achieve similar 

results to the measurement curve in the range of zero to maximum shear 

force. 

 
Figure 3. The effect of the soil model cross section on penetration resistance in 

axonometric view (a) and front view (b). 
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As a result of the numerical cone penetration simulations, the three 

contact parameters were determined that can be used to increase the model’s 

vertical resistance. It can be asserted as well, that the model’s cross section 

size has great effect on penetration resistance. In addition, the size of the cross 

section was determined where this effect can be minimized (Figure 3). 

Analysing the model’s height, it can be asserted that this dimension has 

negligible effect on soil penetration resistance. 

From the simulation of rolling wheel on deformable soil it can be 

concluded that the deformation of the soil model is very similar to the one 

from the measurement in case of soil model which was calibrated to the direct 

shear box test (Figure 4). Approximating the drawbar pull can be done in case 

of wheel velocity of 0,5 m/s and wheel load around of 334 N while using this 

soil model. 

 
Figure 4. The soil model deformation in front view (a) and axonometric view 

(b) and the deformation of the real soil at the time of the measurements (c). 

According to the results, the following new scientific results can be asserted. 

Results of numerical direct shear tests 

The sensitivity test of the properties of the Hertz-Mindlin with bonding 

contact model were done in the range showed in Table 1 in case of numerical 

direct shear test. The results of the simulations, namely the shear force-shear 

displacement curve can be approximated in the range of zero to maximum 

force values with Formula 1: 

Fshear=

Fmax∙ (1-e
- 

j

l)

1-e
- 

j0
l

, (1) 

where: 

 Fshear is the shear force, dimension in N, 

 Fmax is the maximum of the shear force, dimension in N, 
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 j is the shear displacement, dimension in mm, 

 l is the depth where the shear deformation ends, dimension in mm, 

 j0 is the shear displacement at Fmax, dimension in mm. 

According to the results of the simulations the following statements can 

be done: 

Thesis 1 

Table 1. The settings of the sensitivity test in case of direct shear simulations. 

 cohesive soil 
non-cohesive 

soil 

Timestep (dt) [s] 5e-06 

Particle radius (Re) [mm] 1,33…3 

Contact radius (Rc) [mm] 1,6…3,6 

Coefficient of restitution between the 

particles (esoil) [-] 
0,5 

Coefficient of restitution between particle 

and wall (esoil-wall) [-] 
0,5 

Frictional coefficient between the 

particles (µsoil) [-] 
0,4 0,6 

Frictional coefficient between particle and 

wall (µsoil-wall) [-] 
0,6 

Parallel Bond normal strength (σmax) [Pa] 31 310 4 596,19 

Parallel Bond shear strength (τmax) [Pa] 44 280 6 500 

Particle density (ρsoil) [kg/m3] 1 600…2 000 

Particle shear modulus (Gsoil) [Pa] 1,44e+06…1,44e+08 

Poisson-ratio (νsoil) [-] 0,2…0,3 

Parallel Bond radius (R̅) [mm] 0,5…3 

Parallel Bond normal (k
n
) and 

shear stiffness (k
s
) [Pa/m] 

9,5e+06… 

4,75e+07 

1,5e+06… 

7,5e+06 

It can be asserted, that in direct shear simulations while using spherical 

particles: 

 The particle density and Poisson-ratio has negligible effect on 

shear force-shear displacement curve. 

 The particle’s shear modulus has great effect on the results in case 

of cohesive and non-cohesive soils as well. This property changes 
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the parameters of l and Fmax of Formula 1 according to the equation 

of Formula 2 and Formula 3: 

l=43,39916∙Gsoil
-0,17918 , (2) 

Fmax=18,60338∙Gsoil
0,16258 . (3) 

 In case of cohesive soil and Gsoil=1,44e+07 Pa and 

k
n
= k

s
=9,5e+06 Pa/m, by increasing the Parallel Bond radius will 

cause an increase of the maximum shear force (Fmax) and of the 

parameter of l according to the quadratic equations shown in 

Formula 4 and Formula 5. 

Fmax=9,68979∙R̅
2
+36,70301∙R̅+238,50530  (4) 

l=0,04700∙R̅
 2

+0,87295∙R̅+1,32086  (5) 

Related own publications: (Kotrocz and Kerényi, 2017; Kotrocz és Kerényi 

2018c). 

Thesis 2 

In case of spherical discrete elements and cohesive and non-cohesive soils 

as well, a calibration process was developed (Figure 5) that can be used to 

calibrate the properties of the Hertz-Mindlin with bonding contact model to 

the shear force-shear displacement curve in the range of zero to maximum 

forces. The approximation of this curve can be done using Formula 1. It is 

proved, that the relative errors of the maximum shear force from the soil 

model which are calibrated to the shear force-shear displacement curve of 

normal load of 400 N, and from the measurements are under 10 % in case of 

normal load of 300…600 N, thus the failure curve of the model are 

appropriate to the real soil material in this range of normal load as well. 
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Figure 5. The calibration process for numerical direct shear test. 

Related own publications: (Kotrocz és Kerényi, 2013a; Kotrocz és Kerényi, 

2013b; Kotrocz és Kerényi, 2014a; Kotrocz és Kerényi, 2014b; Kotrocz és 

Kerényi, 2017; Kotrocz és Kerényi, 2018c). 
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Results of numerical cone penetration tests 

The sensitivity test of the properties of the Hertz-Mindlin with bonding 

contact model were done in the range showed in Table 2 in case of numerical 

cone penetration simulations. The minimum value of the Parallel Bond 

stiffness was determined by the bond shear strength and the particle’s contact 

radius with Formula 6: 

k
n
=k

s
=

τmax

2∙Rc

. (6) 

Table 1. The settings of the sensitivity test in case of cone penetrometer simulations. 

 cohesive soil 
non-cohesive 

soil 

Timestep (dt) [s] 5e-06 

Particle radius (Re) [mm] 1,33…3 

Contact radius (Rc) [mm] 1,6…3,6 

Coefficient of restitution between the 

particles (esoil) [-] 
0,5 

Coefficient of restitution between particle 

and penetrometer (esoil-pen.) [-] 
0,5 

Frictional coefficient between the 

particles (µsoil) [-] 
0,4 0,6 

Frictional coefficient between particle and 

penetrometer (µsoil-pen.) [-] 
0,6 

Parallel Bond normal strength (σmax) [Pa] 31 310 4 596,19 

Parallel Bond shear strength (τmax) [Pa] 44 280 6 500 

Particle density (ρsoil) [kg/m3] 1 600…2 000 

Particle shear modulus (Gsoil) [Pa] 1,44e+06…1,44e+08 

Poisson-ratio (νsoil) [-] 0,2…0,3 

Parallel Bond radius (R̅) [mm] 0,5…5 

Parallel Bond normal (k
n
) and 

shear stiffness (k
s
) [Pa/m] 

9,5e+06… 

4,75e+07 

1,5e+06… 

7,5e+06 

According to the results of the simulations the following statement can be 

done: 
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Thesis 3 

It can be asserted, that in cone penetration simulations while using spherical 

particles: 

 The particle density and Poisson-ratio has negligible effect on 

penetration resistance-penetration depth curve. 

 By increasing the Parallel Bond radius, the resistance of the soil 

model is increasing as well. 

 By increasing the Parallel Bond stiffness up to three times of the 

minimum value (can be calculated with Formula 6) the model’s 

vertical resistance is increasing as well. But in the other hand 

further increase in the value of Parallel Bond stiffness has no 

significant effect on penetration resistance-penetration depth 

curve. 

 By increasing the particle’s shear modulus in the range of 

Gsoil=1,44e+06…4,32e+07 Pa the model’s vertical resistance is 

increasing as well. But in case of higher particle shear moduli, this 

property has negligible effect on penetration resistance-

penetration depth curve. 

Related own publications: (Kotrocz és Kerényi, 2018a; Kotrocz és 

Kerényi, 2018b; Kotrocz és Kerényi, 2019b). 

Thesis 4 

By using the Linear and Parallel Bond and the Hertz-Mindlin with 

bonding contact models with spherical particles with radius of 

Re=1,33…4,5 mm in numerical cone penetration simulations there is a 

model’s cross section size that has no effect on the penetration resistance-

penetration depth curve. This cross section size can be calculated with the 

area ratio of 50…64 times than the projected area of the penetrometer cone 

in case of both contact models. 

Related own publications: (Kotrocz et al., 2016; Kotrocz és Kerényi, 

2018a, Kotrocz és Kerényi, 2018b; Kotrocz és Kerényi, 2019b). 
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Thesis 5 

By using the Linear and Parallel Bond, and the Hertz-Mindlin with 

bonding contact models with spherical particles with radius of 

Re=1,33…4,5 mm in numerical cone penetration simulations the model’s 

height has no effect on the penetration resistance-penetration depth curve.  

Related own publications: (Kotrocz et al., 2016; Kotrocz és Kerényi, 

2018a, Kotrocz és Kerényi, 2018b; Kotrocz és Kerényi, 2019b). 

Thesis 6 

It can be asserted, that while using the properties of the Hertz-Mindlin 

with bonding contact models, shown in Table 2 with spherical particles and 

while modelling the rigid wheel as wall, in case of rolling on the soil in 

constant depth: 

 The soil model, calibrated to the results of direct shear test with 

normal load of 400 N, is able to approximate the drawbar pull of 

the wheel in case of wheel velocity of 0,5 m/s and wheel load 

around of 334 N. 

 By using the same soil model, the drawbar pull of the rigid wheel 

is not changing significantly in case of wheel velocity of 

0,5…1,85 m/s. 

 The soil model, calibrated to the results of cone penetration test, 

can not be used for proper simulation of deformation of real soil. 

Related own publications: (Kotrocz és Kerényi, 2013b; Kotrocz és 

Kerényi, 2014a; Kotrocz és Kerényi, 2014b; Kotrocz és Kerényi, 2019a 
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