
 

Abstract—This paper is part of a study to develop robots for 

farming. As such power requirement is an important factor to 

operate equipment attach to such robots. Predicting accurately 

the forces which act on the blade during the farming is very 

important for optimal designing of farm equipment, as soil-tool 

interaction plays major role in power consumption, thus. In this 

manuscript a finite element (FE) investigation of soil–blade 

interaction is presented for curved-shape blades. The focus is on 

modeling and behavior of a blade with different rake angles and 

different curvatures that moves through a block of soil. The soil 

considered is an elastic-plastic material with non-associated 

Drucker-Prager constitutive law. In order to consider connection 

between soil surfaces, soil-blade and soil-soil surfaces, special use 

of contact elements are employed. A new separation criterion is 

discussed and a procedure to evaluate the forces acting on the 

blade is described in detail. The developed FE model and the 

procedures used the FE results are compared with analytical 

results available for straight blades from classical soil mechanics 

theories to verify correctness of the proposed FE model. Then the 

effects of blade’s curvature and rake angle on blade force are 

examined. It is believed that the simulation method described 

may be applied to the soil-tool interactions analyses for 

complicated shapes of a blade and possibly for optimization of 

blades design. 

 

Keywords—Finite element analysis, soil-blade contact 

modeling, blade force, curve blade. 

I. INTRODUCTION 

HE motivation of this study is to develop autonomous 

vehicles for agricultural setting to help farmers in crop 

production. Soil-tool interaction, especially tillage, is a 

procedure of preparing the soil for seeding. About half of 

energy used for crop production is consumed by tillage 

operation because of high draft force on tillage as [1] stated. 

This high energy consumption is not only because of the 

motion of large amount of soil mass, but also because of 

inefficient methods of energy transfer to the soil as [2] stated. 

All soil-tillage interaction researches have been focused to 

develop force prediction models by using different kinds of 

soil (soil physical and mechanical characteristics), tool (tool 

shape, tool’s rake angle), and operating conditions (depth of 
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cut, width of cut, travel speed, etc.) as [3] stated. Since blade 

shapes affect the shape and size of the soil failure one and 

consequently forces on the blade, optimization of the tillage-

tool design will help to improve energy efficiency.  

Due to the complex nature of the system, prediction of forces 

in analytical models is limited to simple rectangular blades 

shape. Therefore, analytical method cannot provide enough 

information for optimum design of a tillage-tool. Improvement 

in computers and computational techniques has led to the 

development of a new generation of highly efficient programs 

for simulating real situations with several parameters as [4] 

stated. Numerical techniques, especially finite element method 

(FEM), help to analyze the soil–tool interaction with the 

development of a suitable constitutive (stress-deformation) 

relation for specific working condition. FEM can be used to 

predict information about the failure zone, field of stress, soil 

deformation, acting forces on blades for agricultural 

equipment without limitation on the shape of blades. There are 

several models have been done based on finite element 

analysis (FEA), such as [5]-[8]. In these research works, they 

proposed different types of FE models to simulate soil-tool 

interaction and to obtain response of tools during these 

interactions.  

From the numerical viewpoint soil separation is somewhat 

similar to the problem of cutting chips in machining 

operations [11]-[13], where various geometrical and physical 

separation criteria were developed based on critical values of 

displacements, strains, stresses, or strain energy to estimate the 

beginning of separation. A new criterion that uses the limit 

compacting strains in the direction of cutting is proposed here. 

When using this criterion to the FE model the soil particles are 

separated 'discretely' at consecutive nodes starting from the 

node that is nearest to the cutting edge of the blade. 

The overall objective of this research work is to develop a 

simulation procedure for modeling the soil-tool interaction for 

arbitrary shape of the blade. Here the proposed procedure is 

tested on the straight blades in order to compare it with 

available analytical/experimental results [9], [10]. In 

particular, the use of contact elements, modeling sliding and 

cutting as the blade moves through the soil is explained in 

detail, as well as the method of calculating the draft force for 

the separation process that in fact takes place discretely at 

successive nodes. The soil selected for this study is the type of 

soil commonly found in Saskatchewan.  
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II. CONSTITUTIVE LAW FOR SOIL 

In this research, the soil-blade interaction is modeled by the 

Drucker-Prager criteria with a non-associate flow rule 

controlled by the value of dilatancy angle 𝑣, which represents 

the volumetric expansion and frictional-dilatancy behavior of 

the material. If there is no volumetric expansion, then 𝑣 = 0 

(shear type of deformation only), which corresponds the 

direction 3 (vertical) of the increments of plastic strain in Fig. 

1. On the other hand, for the flow rule associated with 

criterion (1) the increments of plastic strains would have 

direction 1 that contains shear deformation and dilatations 

characterized by the dilatancy angle 𝑣 = 𝜑 . According to [14] 

for real materials angle 𝑣 is usually less than 𝜑 and should be 

within the limits 0 < 𝑣 < 𝜑 as indicated by direction 2 (the 

values of parameters used in the paper are listed in Table I).  

In the numerical analysis with the external load increasing a 

typical material behavior defined by this law is plotted with 

dotted curve. It starts with elastic deformations until the yield 

criterion is reached and then the curve lines up with the yield 

surface (points are on this surface). Plastic deformations 

generated along the yield surface may be considered as 

compacting.  

 

 

 

Fig. 1 The Drucker-Prager material law with non-associated 

flow rule 

 

 

 

Since the separation status in FE can only be defined at 

nodes, the simulated separation process is 'discrete' in this 

sense that there would be some stress relieve when the status 

at a particular node is changed from initially connected to 

separated. For example if just before the first separation the 

stress state is defined by 𝑇1 then just after separation it will be 

lowered and back in the elastic region. In this region the 

highest stress state, defined by 𝐵1, will be typically at the 

opening's tip, i.e. at the node to be separated next. Then after a 

further load increase (controlled here by the forced blade's 

displacement) the stress state is observed at the node that 

would separate next. This stress state must first reach the yield 

surface again and then followed it until arriving at point 𝑇2 

where the separation criterion is met again. After separating at 

the subsequent node the stress state drops to 𝐵2, and so on. 

III. MATERIAL AND METHODS 

A. FE Modeling 

In the FE general 3D model both soil and blade are 

represented by the hexahedral elements SOLID45 from the 

ANSYS [15] library of elements, which have 8 nodes and 3 

degree of freedoms (DOF) at each node. The soil-blade 

connection is modeled by the contact elements CONTACT173 

and TARGET170 placed along the separation surfaces as 

discussed in the next section. Several meshing patterns were 

tried to verify convergence. Due to a large number of 

equilibrium iterations required for convergence, the 

calculations are generally long (typically lasting several hours 

on a computer with Intel core i5 4 GHz processor and 3.2 GB 

of RAM). Thus for computational efficiency and to make a 

balance between computational effort and accuracy, each 

model was meshed with higher density near the contact areas, 

and only the models that can be considered converged are 

shown in this study.   

B. FE Model Description 

Geometry of the FE model is sketched in Fig. 2. The model is 

parametric with several parameters defining the geometry of 

soil and tool. The soil block is 𝐿𝑠 = 300𝑚𝑚 long, 𝑤𝑠 =
300𝑚𝑚 wide, and 𝑑𝑠 = 150𝑚𝑚  deep. These dimensions 

were selected in such a way that the solution in the vicinity of 

the blade is not sensitive to the block’s size. The starting point 

of the blade’s travel in the soil block is denoted by 𝐿𝑒 =
115𝑚𝑚, and 𝐿𝑓 = 50𝑚𝑚 is maximum distance blade can 

travel while cutting the soil (which is also length of contacts 

between upper and lower blocks of soil). These dimensions 

will be justified later.  Parameter 𝑤1 is the width of cut soil 

(also the width of blade), 𝑤2 is the side width of soil block 

(note that 𝑤1 + 2𝑤2 = 𝑤𝑠). The depth of blade inside the soil 

is 𝑑1; which is also called the cutting depth of blade.  The 

cutting portion of the blade is defined by three 

parameters 𝛼,𝛼𝑐 , and 𝑑1 where 𝛼 is the angle of the blade's tip 

with respect to horizontal separation plane (the rake angle), 

and 𝛼𝑐  is the angle of blade at the soil surface. The blade's 

total height is 1 = 100𝑚𝑚, this parameter does not affect the 

cutting process. The other parameters shown in Fig.3, such 

as 𝛼𝑎𝑣𝑔 , the average blade slope, 𝛽, the blade’s arc angle, and 

R, the blade's radius of curvature can be calculated from: 

 

𝛼𝑎𝑣𝑔 =
𝛼𝑐 + 𝛼

2
,    𝛽 = 𝛼𝑐 − 𝛼, 𝑅 =

𝑑1

𝑐𝑜𝑠𝛼 − 𝑐𝑜𝑠𝛼𝑐
 

                                                                                       (1𝑎, 1𝑏, 1𝑐) 

Table II lists values of the above parameters which were used 

in the first phase of the study. In the next phase, the effects of 

the angles 𝛼, and 𝛼𝑐  on the force acting on the blade are 

examined (which through equations (6) can be interpreted as 

effects of the blade's curvature).  
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TABLE I 

SOIL AND BLADE PARAMETERS USED IN PRESENT ANALYSIS 

Properties Soil Blade 

C- Cohesion 20𝐾𝑝𝑎  

𝜑- Soil internal friction 

angle 
35°  

𝑣 - Dilatancy angle 20°  

𝜔 - Soil water content 7%  

 𝐸 - Modulus of elasticity 5 𝑀𝑝𝑎 
200000 5 

𝑀𝑝𝑎 

 𝜇 - Poisson’s ratio 0.36 0.3 

 𝜌 - Density  1220 
𝐾𝑔

𝑚3 7850
𝐾𝑔

𝑚3 

 𝜑𝑏  - Blade-soil friction 

angle  
23° 

 

TABLE II 

SOIL-TOOL MODEL DIMENSIONS THAT USED IN FIRST MODEL 

ANALYSIS 

𝑤1(𝑚𝑚) 𝑑1(𝑚𝑚) 𝐿𝑓(𝑚𝑚) 

50 50 50 

𝐿𝑒(𝑚𝑚) 𝛼(°) 𝛼𝑐(°) 

115 60-75-90 
35-45-60-

75-90 

 

Fig. 2 3D soil-tool model and dimensions for narrow blade 

 

Fig. 3 Parameters characterizing a curved blade 

 

C. Interaction Modeling 

The soil-tool interaction is modeled using the ANSYS 

contact elements CONTACT173 and TARGET170 on four 

surfaces shown in Fig. 4.  Contact elements with both bonding 

and sliding options are used to model soil separation (soil-soil) 

along three surfaces, 1 and 3 (for vertical cuts) and along the 

surface 2 (for horizontal cut). These surfaces will be referred 

to as the separation surfaces. However, on the surface 4 

(referred to as the sliding surface), there is no soil separation 

and the soil is allowed to slide along surface of the blade (soil-

blade contact), therefore the contact elements with only sliding 

option are used.   

 

Fig. 4 3D Soil-blade model with contact surfaces. (1, 2, 3: 

contact surfaces with bonding and sliding option, 4: contact 

surface with sliding option)                             

   The separation and sliding surfaces are actually two surfaces 

connected by the contact elements as indicated in Fig. 5 (this 

picture is not to scale). Any relative soil motion takes place on 

these surfaces during the soil-blade interaction.  The 

separation surfaces are parallel to the direction of the blade’s 

motion (only the line representing the horizontal separation 

surface is shown), while the sliding surface is parallel to the 

blade.   

 

 

Fig. 5 Schematic details of modeling a blade-soil interaction 

D. The Separation Principle  

The elements above and below the expected separation 

surface are connected at nodes using the contact elements that 
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allow to activate or deactivate the bonding forces between 

them. The highest stress/deformation level is observed always 

in the element which is at the tip of the opening and is of a 

particular interest during the whole simulation.  At the 

beginning all bonding forces are active and this element (to be 

referred to as the tip element) is adjacent to the tip of blade. 

As the blade starts to move, stresses go through the elastic 

phase (see the broken line in Fig. 1) until the solid line 

representing the yielding condition (1) is reached (where the 

Drucker-Prager plasticity rules are followed). In the tip 

element the strain component 𝜀𝑥  (in the direction of the blade's 

motion) is monitored continuously. The elasto-plastic process 

will continue until 𝜀𝑥  reaches a predefined magnitude of  𝜀𝑐  

(which may be referred to as the limiting compacting strain) 

with the stress state reaching point 𝑇1 in Fig. 1. At this instant 

the force bonding the nodes at the opening's tip (of the tip 

element) is deactivated, and the node separate generating the 

first opening of length equal to the size of the element's side. 

This is also associated with the stresses being relieved to the 

state denoted by point  𝐵1, which will again be inside the 

elastic range (i.e. inside the surface defined by the yielding 

condition), and a drop in the value of 𝜀𝑥below 𝜀𝑐 . With the 

blade moving forward the stress state will be increasing to 

reach the yielding condition again but at the new tip of 

opening that is now away from the blade's tip. The strain 𝜀𝑥  

will become equal to 𝜀𝑐  at 𝑇2 and the node separate at this tip 

increasing the opening's length by the size of that element and 

causing the stress (and strain) relieve indicated by point 𝐵2, 

and so on. The separation criterion, calculating forces on the 

blade and numerical experimentation to set a predefined 

magnitude of 𝜀𝑐  are explained in details in [16].  

Some details of the meshing and opening after three 

separations are shown in Fig. 6. One can note in the enlarged 

picture that the elements above the separation line have shrunk 

about 30% in the horizontal direction, which is the 

consequence of assuming 𝜀𝑐 = 0.3. 

 

Fig. 6 The soil deformation after three separations (note the 

opening in front of the blade's tip) 

IV. RESULTS 

A. Validation of The FE Model 

As mentioned in Section 2, for straight rectangular blades 

the predictions of draft forces are available in [17]. In order to 

compare with these predictions, the straight blades(𝛼 = 𝛼𝑐)  

with three different rake angles(𝛼 = 60°, 75°, 90°) are 

analyzed. These three cases are modeled with the element size 

e = 8mm and compacting strain limit 𝜀𝑐 = 0.3.  A typical plot 

of the blade forces calculated by the procedure presented in 

the previous section and the average forces plot 𝐹 are shown 

in Figs.7 and 8. The average forces 𝐹 are almost horizontal 

after the first iterations already, and the corresponding draft 

forces are 𝐹𝐷 = 605𝑁, 540𝑁 and 440𝑁 for rake angles 𝛼 =

90°, 75°, and 60° respectively.  

 

Fig. 7 Variation of draft forces for different rake angles 

and  𝜀𝑐 = 0.3 

 

Fig. 8 Variation of the averaged draft forces for different rake 

angles and  𝜀𝑐 = 0.3 

As can be observed the draft force acting on the blade 

becomes almost constant after the blade’s motion of about 

5mm inside the soil. It justifies the use of 𝐿𝑓 = 50𝑚𝑚. 

The following expression for the horizontal draft force was 

proposed in [17] for straight rectangular blades: 

𝐹𝐷
𝐴 = (𝛾𝑠𝑑1

2𝑁𝛾𝐻 + 𝑐𝑑1𝑁𝑐𝐻 + 𝑄𝑑1𝑁𝑞𝐻 )𝑤1                           (2) 

Where  𝛾𝑠 is soil specific weight, c is soil cohesion, Q is 

bearing pressure (due to soil accumulation), 𝑑1 is cutting 

depth of the blade inside soil and (𝑁𝛾𝐻 ,𝑁𝑐𝐻 ,𝑁𝑞𝐻 ) are 

horizontal cutting factors that depend on the soil friction angle 

𝜙, and the blade rake angle α.  In our case, for narrow 

blades  𝑄𝑑1𝑁𝑞𝐻 ≈ 0, while the factors 𝑁𝛾𝐻 ,𝑁𝑐𝐻  obtained from 

[10] are listed in Table III for different rake angles and 

constant ratios of the blade width (𝑤1) over the cutting depth 

(𝑑1). 
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TABLE III 

THE CUTTING FACTORS FOR THE CASES PRESENTED IN FIG. 2. 

Rake angle (𝛼°) 𝒘𝟏 𝒅𝟏  𝑁𝛾𝐻  𝑁𝑐𝐻  

90° 1 8.65 17.96 

75° 1 7.15 13.56 

60° 1 4.94 9.25 

Using these factors and parameters from Table III in equation 

(2) the draft force on the blade are calculated and compared 

with FE results as shown in Table IV. 

TABLE IV 

COMPARISON BETWEEN FE AND ANALYTICAL RESULTS FOR 

DIFFERENT BLADE RAKE ANGLES 

Rake angle  

(𝛼°) 

FE 

 𝐹𝐷(𝑁) 

 

Analytical 

𝐹𝐷
𝐴 

 

Difference  

% 

90° 1 8.65 17.96 

75° 1 7.15 13.56 

60° 1 4.94 9.25 

As shown in Table IV, differences between these three models 

are relatively low which is another indication on validity of 

our method used in the FE simulation. 

 

B. Effect of changing blade’s curvature on draft force 

Three FE models are studied in order to investigate the effects 

of changing the radius of curvature of the blade while keeping 

the rake angle constant. The shapes of curved blades are 

shown in Fig. 9 (a), (b), (c) and are controlled by the angle 𝛼𝑐  

that increases from 60° to 90°. For Fig. 9 (a), since 𝛼 = 𝛼𝑐 =

60° the blade is actually straight. From Fig. 10 it is obvious 

that by decreasing the radius (or increasing the curvature) 

while keeping the rake angle constant the blade force 

increases. It should be noted that also the blade’s average rake 

angle 𝛼𝑎𝑣𝑔   is increasing from 60° to 75°.  Fig. 11 depicts how 

this parameter affects the blade force that increases from 440N 

to 605N. In the other words this means more inclined blade 

requires less draft force to move inside the soil.  

 

Fig. 9 FE models for 𝛼 = 60°and different 𝛼𝑐 , (a) 𝛼𝑐 = 60°, 

(b) 𝛼𝑐 = 75°, (c) 𝛼𝑐 = 90°. 

 

Fig. 10 The averaged draft forces for different 𝛼𝑐  for the rake 

angle α = 60°. 

 

Fig. 11 The draft forces with different blade’s average rake 

angles for α = 60°. 

 

C. Some Deformation Results  

Figures 12-13 show deformation of soils after the blade has 

been moved by about 7mm.  As seen in Fig. 12 (a) and (b), in 

front of the blade the soil has swelled up in upward and lateral 

directions with respect to its original configuration in a pattern 

similar to that indicated in Shumulevic [18]. Also, each layer 

of soil above separation surface is pushed upward in a convex 

form as shown in Fig. 13. 

 

  

 

Fig. 12 Displacement patterns of the soil at u=7mm: (a) in 

front of the blade, (b) at the top surface. 
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Fig. 13 Details of displacement of soil in front of the blade at 

u=7mm. 

V. CONCLUSION 

In this paper a new procedure for simulating the soil–blade 

interaction by the Finite Element Method is presented, which 

combines the Drucker-Prager non-associated constitutive law 

with a compaction strain based separation criterion to describe 

the behavior of soil while being cut by the blade. Several 

separation and sliding surfaces were defined and utilized in the 

analysis. The elements on these surfaces were bonded to each 

other using contact elements, however during motion of blade 

through soil, the bonding along the separation surfaces were 

allowed to break, resulting separation of the soil elements in 

front of the blade. The proposed model verified as simulation 

results from FEA had good correlation with analytical soil 

mechanics findings for straight blades. Also the effects of 

curved blade’s geometrical parameters on the draft force were 

examined permitting to relate this force to the blades 

curvature, rake angle, etc.  The procedure presented here can 

be extended to the analysis of blades of arbitrary shapes, 

which in turn can be used in optimization of the tillage 

operations. 
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