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1 Topic Description, Research Aims 

Sustainable plant production and within this tillage is key to providing food in sufficient quantity and 

quality for the increasing population. In Australia, the US and the countries of Europe, environmental-friendly 

tillage methods are increasingly given prominence. Within agriculture, the role of tillage is to ensure 

appropriate soil conditions for the crops best suited for cultivation in the given region. Comprehensive tests 

and analyses need to be performed to determine the tillage procedures suitable to the changed climate and 

environment. Soil erosion caused by water and wind is a danger for agriculture worldwide. Erosion directly 

impacts the sizes and quality of farmed areas and indirectly, through plant production, the quality and quantity 

of manufactured food. Inappropriate agrotechnical land use may result in soil degradation of catastrophic 

dimensions.  

Mulch cultivators are becoming increasingly important in the new system of soil tillage. Choosing an 

optimized tool geometry is especially important for ensuring appropriate soil loosening. For proper tool 

design, we need to know the working mechanism and the energy need of cultivator sweeps. The aims of my 

research are summarized below: 

1. One of the aims is to create a model for the soil-sweep interaction based on the Discrete Element Model 

(DEM), making it possible to set the soil cohesion parameter for various types of agricultural soils and to 

model cracks, breakage and other measurable mechanical soil characteristics used to describe the tillage 

process. The model is intended to provide a more reliable foundation for designing cultivator sweeps.  

2. Soil mechanics tests are predominantly used to measure macromechanical soil properties. This is my 

starting point as well, but with the added aim to provide highly accurate settings for the micromechanical 

properties needed for using the DEM model. The macromechanical and micromechanical parameters used 

for particle contacts will be verified using the results of direct shear box simulations as well as the results 

of a more complex triaxial shear simulation. 

3. When investigating micromechanical characteristics, I will reproduce real-life soil mechanics by varying the 

parameters of the parallel-bond model to study their impact on model behavior in terms of crack and 

breakage formation. The suitability of the model will be demonstrated by comparing simulated and actual 

soil bin and shear test results. 

4. In addition to the static parameters, speed-dependent dynamic parameters (damping) will also be analyzed 

because the soil’s moisture content causes a capillary effect which in turn significantly affects the energy 

requirement of soil loosening due to the size of the deformation zone forming in front of the tool. 

5. I intend to use the simulation results of the soil–sweep model to validate it against results published by other 

researchers. Using simulations, I will analyze the contact between sweep and cohesive soil to determine the 

impact of the rake angle (β), tillage depth and tillage speed of a given sweep tool on draft force and tillage 

quality. I intend to refine the test method to make it suitable for determining optimal values for sweep rake 

angle and speed versus achieved looseness. 

The leading-edge Discrete Element Method provides more accurate results than did previous approaches, 

and requires less human labor compared to field measurements. The simulation results will be used to develop 

a method useful for farm equipment manufacturers. 



4 

2 History, Development Methods 

The operation of sweep tool can be analyzed through measurements in the field (in situ) or via laboratory 

soil bin measurements. Analytical methods can be used to determine the expected draft force required for a 

given soil type (Figure 1), but not for analyzing the quality of soil loosening achieved by a sweep tool. 

Modeling of soil–tool interaction

Models for determining 

draft force

Mechanical models 

of soil breakage

Analytical

Numerical

Empirical

Discrete Element 

Method

Finite Element 

Method

Computational 

Fluid Dynamics

Cracking

Collapse

Progressive 

cutting

Viscous

SPH method

 

Figure 1 Models found in the literature for studying mechanical soil–tool interaction. 

Out of the numerical methods finite element models (FEM) can only provide a partial description of the 

mechanical interaction between soil and tool due to their limited ability to describe cracks. The same can be 

said about CFD (computational fluid dynamics) simulations that use an approach based on fluid mechanics to 

describe soil movement. From among continuum models, SPH (smoothed particle hydrodynamics) is suitable 

for investigating soil loosening. The SPH method also lends itself for using macromechanical settings, but is 

unsuitable for describing soil mixing or the movement of aggregates/clusters formed by cohesion. 

When examining the soil–tool interaction model, the probably most modern approach is to describe the 

modeled soil as a set of discrete and completely rigid particles and use particle dynamics (the DEM method) 

for simulation. According to this assumption, soil breaks into discrete, detached components during cutting 

and rupturing, making it possible to analyze soil deformation and/or breakage. 

Sadek et al. (2011) used the DEM method for analyzing soil-sweep interaction. They conducted a shear 

test in DEM and validated the results using a direct shear box in the laboratory, paying special attention to the 

soil’s moisture content. Their results indicated that soil moisture can be reproduced using a contact model 

based on parallel-bonds between particles of finite volume [1]. 

Chen et al. (2013) developed a DEM model to study the introduction of sludge into the soil, using their 

model to analyze the quality of loosening and the vertical and horizontal force components required to cut the 

soil. The results of their validated model were within an error margin of 10 percent compared to actual 

measurements. As yet, they have not researched the relationships between modeled dynamic soil behavior and 

micro properties [2]. 

Obermayr et al. (2014) studied soil behavior by roughly grouping soils in three categories: cohesive, non-

cohesive, and cemented soil. As they stated, the model parameters they used during validation do not represent 
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the only good set of parameters because the macromechanical properties of the given soil can also be arrived 

at using different settings [3]. 

Ucgul et al. (2014) modeled the contact using hysteretic springs with linear elasticity. They measured the 

angle of repose and the penetration resistance of the “dribbled” particle set in order to adjust the contact 

parameters of non-cohesive soil [4].  

No published DEM research has used a model able to simulate the relationship between cohesive soil and 

the sweep tool imported from the CAD system, taking into account the cracks forming in the soil. 

While triaxial shear simulations have been performed on stones, no study results obtained for soils have 

been published yet. This literature overview shows that no researcher has used the DEM model to simulate 

both direct and triaxial shear for validating the parameters of the parallel-bond model. 

Parameter Sensitivity Analysis of the DEM Soil Model Using Shear Box Simulation 

During validation a parameter sensitivity analysis was performed to clarify the operation principles of 

parallel-bonds. The effects of micromechanical characteristics were analyzed using direct shear box simulation 

(Figures 2a,b). 

a)      b) 

Figure 2 a) DEM model of the laboratory direct shear box; b) Parallel-bonds breaking during horizontal displacement of 

the lower half of the box.  

Figure 2b clearly shows the broken parallel-bonds and the cracks forming along the sheared cross-section. 

Parameter Sensitivity Analysis of the DEM Soil Model Using Triaxial Shear Simulation 

The parameter sensitivity of the parallel-bond model was also studied using triaxial shear simulation, 

available in the PFC
3D

 software (Figures 3a,b,c). 

a)      b)      c) 

Figure 3. a) The triaxial shear simulation model; b) particles (yellow) and parallel-bonds broken up (black); c) surviving 

parallel-bonds after shearing (black) and the resulting shear curve at confinement of 54156 Pa. 

Figures 3a,b,c show the results of the triaxial shear simulations. Figure 3c shows where parallel-bonds 

(marked black) have broken up and disappeared from the sample, outlining the crack planes. 
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The Laboratory Soil Bin Test 

To validate the DEM simulation, the laboratory soil bin (Figure 4) of the National Research and 

Innovation Centre at the NARIC Institute of Agricultural Engineering was used to measure the draft force 

required by duck foot sweep tools and to analyze their tillage quality. The soil bin was 50 m length, 1.95 m 

width and filled with sandy soil, with cohesion adjusted by adding water and compacting with a vibrator. 

Equipment used: a Spider-8 (HBM GmbH) data acquisition unit at a sampling rate of 800 Hz, an 

IBMX600 portable computer (IBM), and a ROD 430 rotary encoder (Heidenhain 295 444 7 645 07). 

a)      b)      c) 

Figure 4 Laboratory soil bin and measurement cart – a) 1: sandy soil, 2: soil leveler, 3: compacting device, 4: duck foot 

sweep, 5: 3-point suspension, 6: draft cart; b) fixing of the tool, c) the test. 

Tests were conducted along the 18m test track of the soil bin at three preset speeds (slow – 0.5 m/s, 

medium – 1.33 m/s, and maximum – 2.38 m/s) determined using a ROD 430 rotary encoder (Heidenhain 

295 444 7 645 07).  

For each run along the test track the draft force (N) needed to move the sweep, the time spent along the 

track (s) and the speed of the measurement cart (m/s) were measured. 

Discrete Element Models of the Soil–Sweep Interaction 

The main dimensions of the 3D DEM model developed for the test are shown in Figure 5, where the tine 

length is 228 mm, the 2γ cutting angle is 70° and the β rake angle is 25°. 

 

Figure 5 3D layout and dimensions of the modified DEM model used to model soil–sweep interaction 

(L = 1000mm, W = 1000mm, H = 450mm). 

During DEM simulation, the soil–sweep interaction was investigated across an even broader range of 

speeds (0.8–4.1 m/s). 

In both model studies, 4 measurement spheres were placed along and 4 transversal to, the path of the tool 

(Figure 6). The measurement values obtained for these spheres were averaged to determine the porosity and 
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the coordination number as metrics for the degree of looseness. The sliding fraction, reflecting the energy 

imparted to the soil, is a metric reflecting actual clod crushing. 

a)       

PFC3D 3.00

Itasca Consulting Group, Inc.
Minneapolis, MN  USA

Job Title: sC2_mA_tA10

Settings:  ModelPerspective
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Rotation
 X:  20.000
 Y:   0.000
 Z: 330.000

Dist: 5.129e+000 Mag.:        1
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b) 

Figure 6 Locations of the measurement spheres a) along and b) transversal to the tool path, used for evaluating 

measurement results. 

During the 3D DEM simulation, 10,000 particles were used to simulate the soil, with a predefined friction 

coefficient of μ = 0.6 for both particle–particle and particle–wall friction. Local damping (α = 0,0) and the 

normal and shear stiffnesses of the discrete particles were also set for particle radii in the range of 0.01–

0.013m. During the dynamic tests, only viscous damping was used for the bonds between soil-constituting 

particles. Local damping constraining particle acceleration was completely neglected as it doesn’t play a role 

in real-life soil physics. 

3 Research Summary and Theses 

This paper describes the test results obtained using the Discrete Element Method (DEM). As a first step 

direct shear simulation and triaxial shear simulation were used to study the tuning parameters of parallel-bonds 

used to describe an assembly of discrete elements. The suitability of the soil model was validated against the 

laboratory measurement results of a direct shear test. After creating the 3D DEM soil model and the CAD-

based sweep model, simulations of the interaction between the two models in the soil–sweep model were 

presented.  

The rake angle (β), tillage depth and tillage speed of a given sweep tool were analyzed, taking into account 

draft force and tillage quality. Laboratory soil bin measurements using wet sandy soil were performed in the 

National Research and Innovation Centre at the NARIC Institute of Agricultural Engineering. Cohesion was 

created by the dampness of the sandy soil under investigation. The simulations run on the DEM based soil–

sweep model used the parallel-bond contact model where the determining factors were normal and shear bond 

stiffnesses and strengths as well as the related geometry and its dimensions. The suitability of the model was 

validated by comparing the simulation results with the results of laboratory soil bin measurements. 
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THESES, NEW SCIENTIFIC RESULTS 

Thesis 1 

Soil–sweep interaction using the Discrete Element Method (DEM) can be modeled based on the 

algorithm shown in Figure 7 below: 

Adjust c, ϕ, E,γ based on Step 4. 

Kn, Ks, λ, Kn,Ks,σc,τc,

Adjust cracking tendency based on Step 4.

λ, Ec

Start

Create soil model (DEM)

Compare lab and simulated 

results of shear tests.

Use measurement spheres
Determine degree of clod crushing.

Determine degree of loosening. 

Determine coordination number.

Determine loosened cross section.

Determine surface elevation.

Compare simulation with resistance 

results measured in lab.

End

Modeled interaction between soil 

model and implement model.

Adjust viscous damping 

coefficient (βi). 

Create sweep tool model (CAD)

1.

2.

3.

4.

5.

6.

7.

8.

9.

10.

No

No

Yes

Yes

 

Figure 7 The DEM model of soil–sweep interaction 

 Algorithm parameters: Kn: particle normal stiffness [N/m]; Ks: particle shear stiffness [N/m];   : parallel-

bond radius multiplier [-];   
n
: normal stiffness of the parallel-bond [Pa/m];   

s
: shear stiffness of the parallel-

bond [Pa/m];   c: elasticity modulus of the parallel-bond [Pa]; : normal strength of the parallel-bond [Pa]; 

: shear strength of the parallel-bond [Pa]; c: cohesion [Pa]; ϕ: internal friction angle [°]; Ec: elasticity 

modulus [Pa]; γ: Poisson’s ratio [-]; βi: viscous damping coefficient [-]. 

Related own publications: [K4],[K5],[K6],[K13],[K23],[K28] 
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 The preset parameters used in the static parameter sensitivity tests were as follows: Kn = 2e4 [N/m], Ks = 

1e4 [N/m],  = 1 [-],   
n
 = 2e6 [Pa/m],   

s
 = 1e6 [Pa/m], = 8e3 [Pa], = 4e3 [Pa], R

[Φ]
 = 2.55–3.45 [mm] 

– particle size. Based on the results of these tests the following thesis can be stated: 

Thesis 2 

An assembly of discrete elements and modeled using parallel-bonds, increasing the inter-particle 

friction coefficient (µ) from 0.2 to 1.0 increases cohesion but has no effect on the internal friction 

angle. 

Related own publications: [K2],[K3] 

The comparison of direct shear box results with those of triaxial simulations proved the following thesis: 

Thesis 3 

In a parallel-bond model the tendency of the model soil for cracking depends on the parallel-bond 

radius multiplier ( ) and the elasticity modulus of the parallel-bond (  c) as follows:  

- In direct and triaxial shear simulations increasing the parallel-bond radius multiplier (  = 0.2-1.0) 

has no significant effect on peak stress or near-cracking stress.  

- In shear simulations, increasing the parallel-bond radius multiplier (  = 0.2–1.0) will increase the 

number of broken parallel-bonds in the direction perpendicular to inter-particle contacts. 

- Increasing the elasticity modulus of the parallel-bond model (  c) will increase the number of 

parallel-bond breakups in the direction of shearing. 

Related own publications: [K2],[K3],[K6] 

The preset parameters used in the dynamic parameter sensitivity tests were as follows: Kn = 4e4 [N/m], Ks 

= 2e4 [N/m], = 1 [-],   
n
 = 2e7 [Pa/m],   

s
 = 1e7 [Pa/m], = 2e4 [Pa], = 1e4 [Pa], R

[Φ]
 = 10–13 [mm] 

– particle size, α =0 [-], βi=0 [-]. Based on the results of these tests the following thesis can be stated: 

Thesis 4 

In the dynamic parameter sensitivity test of the soil–sweep model with damping neglected, draft force 

increased, then plateaued, then decreased as the inter-particle friction coefficient (µ) was increased 

from 0.1 to 0.8, then from 0.8 to 0.9, then from 0.9 to 1.0 respectively. 

Related own publications: [K4],[K5] 

Thesis 5 

After setting the elasticity modulus (  c) of parallel-bonds in the soil–sweep interaction model, the 

model needs to be refined in the speed range 0.8–4.1 m/s by taking into account viscous damping. If 

an appropriate value is selected for the viscous damping coefficient (βi), sweep draft force and the size 

of the deformation zone as calculated from the model will exactly match the actual measurement 

results. 

Related own publications: [K4],[K5] 

Thesis 6 

When running the soil–sweep interaction model at usual tillage speeds (2.1–4.1 m/s), setting the 

parallel-bond radius multiplier to  = 1 will yield the lowest sweep draft force (Figure 8).  

Related own publications: [K2],[K4] 
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Figure 8 Effect of the parallel-bond radius multiplier (used to model the liquid bridges between soil particles) on 

simulated sweep draft force for different tillage speeds (2.1–4.1 m/s) 

Thesis 7 

Using the developed model for successive approximation, speed, depth and sweep rake angle can be 

determined as a function of tillage quality parameters and draft force. 

Related own publications: [K4],[K5] 

4 Expected practical benefits of this research 

The soil–sweep interaction model created may primarily benefit farm equipment manufacturers as a state-

of-the-art product design tool that is less expensive than on-site measurements and is able to reconstruct the 

necessary conditions (weather, time of day, etc.). The model is equally suitable for studying a single tool or 

groups of tools. Tests on groups of tools can be used to reproduce results already published. Simulations can 

use the exact geometry of the tool, enabling farm equipment manufacturers to make qualitative as well as 

quantitative comparisons between different tools. 

A next step in evolving the simulations may be the investigation of the sweep and the clarification of its 

role, with special regard to how vibrating components of tillage machines and the spring-loaded shank affect 

draft force. 

The results of static and dynamic verifications as well as the novel relationships presented in this study can 

also be used to simulate the behavior of other objects interacting with the soil, (e.g. soil–tool, soil–wheel, 

construction machines, off-road vehicles, etc.). Since viscous damping acting on the bonds was used to study 

the working of cultivator sweep tool only, new tests will be needed to verify the suitability of the method for 

other types of tools. 

The method presented can be used to identify and analyze further relationships based on measurement 

results and practical experience gained in the fields over the past decades. Advances in computer science hold 

the promise that particle sizes orders of magnitude smaller can be used in the DEM model in the future. 

Smaller particle sizes will enable more accurate results (e.g. for rupture propagation, porosity, etc.) from 

investigated soils of different compositions and moisture contents. 

The preliminary tests conducted to validate the soil–sweep DEM model were performed in laboratory 

conditions; I intend to extend the model’s usability by performing field measurements. 

The DEM method used makes it possible to model and study other agricultural “live” materials. 
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