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Abstract: For effective tillage, design and selection of tillage tool according to soil type and condition is very impor-
tant. The present study is carried out for in-depth investigation of different types of shovels of tine cultivator and be-
havior of soil in response to loads subjected during tillage using finite element analysis. Different types of shovels like 
reversible, duck foot, seed drill and cultivator shovel are simulated with different types of soil like sand, clay and loam. 
The origination, level and distribution of stresses and deformations in shovels experienced in different types of soils 
are probed. Furthermore, high stressed and crack sensitive regions are identified. The stresses of 18, 53, 64 MPa are 
generated in reversible shovel of tine cultivator during ploughing in sandy, clay and loamy soil respectively. In addition, 
results of different shovels are compared, and it is found that the duck foot type shovel experiences highest stress and 
deformation. The duck foot shovel experiences about 20 and 71% higher stresses in loam compared to that in clay and 
sand respectively. Moreover, the study of soil mechanical behavior shows that the soil block (clay soil) experiences ma-
ximum stress of 34 MPa while tilling with reversible shovel. The statistical analysis is also conducted that shows high 
significance of simulation results. 
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Tillage is an important practice in agriculture for 
the mechanical manipulation of soil for the purpose 
of crop production. It can help in the enhancement 
of  soil structure using bio-tillage practices, which 
are considered important for sustainable agriculture 
production (Zhang and Peng 2021). An effective and 

reliable tillage operation has a great impact on sus-
tainability and productivity of soil, and it is of high 
significance in terms of achieving tillage objectives 
with conservation of  energy and other resources 
(Zein El-Din et al. 2021). The tillage operations con-
sumed a large portion of energy available at  farms 
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due to high frictional and wear losses in tillage im-
plements. The development of durable and efficient 
tillage implements is important in this context. The 
actual soil-working component in tillage operation 
is a tillage tool, whose efficiency and reliability de-
pend upon various factors such as  cutting speed, 
soil type, soil condition, tillage tool design/geom-
etry, and tool material (Mustafa et al. 2015; Okoko 
and Ajav 2021). 

Tine cultivator is  one of  the common secondary 
tillage implements used for breaking clods and pul-
verizes the soil, making the soil condition favorable 
for optimum production of particular crop. The ac-
tual soil-working and most important part in the cul-
tivator is shovel that pierce the soil as  it is dragged 
through it  linearly; however, farmers face several 
problems during its operation like high energy losses, 
wear and damage i.e. breakage of shovel tip or crack-
ing, etc. leading to higher operational cost, poor soil 
tillage and productivity, and reduced implement 
field capacity and durability (Aramide et  al.  2021). 
To  overcome this problem, specific type of  shovel 
could be used in specific type (and condition) of soil 
(Šařec and Šařec 2015; Askari et al. 2017). Further-
more, for effective tillage, design and selection of till-
age tool (shovel) according to soil type and condition 
is  very important (Yezekyan et  al.  2021). Research 
in this area has significant importance. 

Several studies on  different tillage tools (shovels 
and others) have been conducted for investigating 
their behavior and force/power requirement. The 
study (Abbaspour-Gilandeh et al. 2020) investigated 
the effects of forward speed, moisture content of the 
soil, and tillage depth on energy and force require-
ment of  different cultivators. Shinde et  al.  (2011) 
and Tagar et al. (2015) investigated the effect of tool 
shape on  soil disruption. In  these studies, differ-
ent shapes of  tillage tool were analyzed in  single 
soil type. Another study (Abu-hamdeh and Reeder 
2003) investigated the forces acting on a disk using 
finite element modelling technique. In  this study, 
the tillage tool (disk) was examined in  clay and 
sandy loam soils at  different speed and tilt angles. 
Umesh et  al.  (2016) studied the failure investiga-
tion of  agricultural nine-tine cultivator (Galat and 
Ingale 2016). Du et al. (2013) studied the design and 
conducted finite element analysis of  rotary tillage 
blades (Du et al. 2013). This study analyzed the ba-
sic working principle of  rotary cutter by designing 
3D modelling of rotary tillage blade using the Solid-
Works software. The analysis of results shows that 

the parts near the assembling hole have  the larg-
est stress, and the area around blade tip has the larg-
est deformation. Sumit et al. (2016) studied the de-
sign, and analyze the shaft of two-furrow reversible 
shovel (Balwani et  al.  2016). The main objective 
of this study was to optimize the design of shaft as it 
gets bend or fails after some uses. After the analy-
sis it has been found that whenever there is sudden 
impact on the plough the shaft gets bend thus for ef-
ficient working the shaft is redesigned to withstand 
the different forces along with static and dynamic 
load. Sadek et  al. (2021) predicted the draft force 
for a high-speed disc implement using discrete el-
ement modelling (Sadek et  al.  2021). Draft forces 
were measured for an individually mounded disc us-
ing soil bin tests at low speeds in a sandy loam soil. 
Raut et al. (2014) studied the finite element method 
(FEM) analysis of nine-tine medium duty cultivator 
(Raut et al. 2014). The main objective of this analysis 
was to  increase the life of shovel by simply chang-
ing the material of shovel from EN45 (spring steel) 
(spring steel) to boron steel that have more allow-
able stress than the material EN45. Chirende et al. 
(2019) studied the application of  finite element 
analysis in modeling of bionic harrowing discs (Chi-
rende et al. 2019). The main objective of this study 
was to  find out the effects of  different biomimetic 
surface designs on  reducing soil resistance. Selvi 
et  al.  (2017) investigated the structural deforma-
tion behavior of the sub-soiler and para-plow tines 
using finite element method. In  this study, static 
stress-deformation analysis (in terms of  material 
strengths) were presented. Another study (Hosei-
nian et al. 2022) analyzed soil deformation and re-
action forces to dual sideway share during plowing 
using simulation and physical experiments. The 
study (Ananyev et al. 2021) carried out simulation 
study on  duck-foot tines of  different materials i.e. 
steel and isotropic fiberglass and found that fiber-
glass tine experiences less deformation relatively. 
The study (Kshetri et al. 2021) investigated soil-tool 
interaction for a vertical tine (mounted on  a disk) 
working at different rotational and linear velocities. 
The study (Sher et  al.  2021) used discrete element 
modeling approach for analysis of soil-tool interac-
tion of grouser shoe and clay soil. The simulations 
are carried out at  different moisture contents and 
Hertz Mindlin contact model was used. The study 
(Changbin et  al.  2023) proposed a model for draft 
force prediction in  shank type tillage tine. Valida-
tion experiments were also carried out in  soil bin 
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to check the prediction accuracy. The study (Kesner 
et  al.  2021) modeled stresses experienced by  chis-
el shank during soil tilling. The discrete element 
method (DEM) and FEM methods were used and 
strain gauges were also used for experimental vali-
dation. There are several studies related to modeling 
of soil behavior using Drucker prager yield criterion 
(Li et al. 2013; Armin et al. 2014; Tagar et al. 2015; 
Chirende et al. 2019; Orlando et al. 2019). The exist-
ing related studies mostly focused on tool and soil 
behavior, and force/power requirement for simple 
cases of specific tool type and/or condition. 

A comprehensive existing study considering dif-
ferent types of  shovels and its analysis in  different 
types of soils (tool-soil interaction and soil deforma-
tion) is not available. There is lack of related in-depth 
and comprehensive knowledge and understanding. 
With the advent of  high-end computational hard-
ware resources and the availability of  numerical 
modeling tools, it  is possible to simulate the entire 
machine-soil system for probing into the deeper de-
tails. The computer modeling can provide deeper 
details at  the element/unit level to  understand the 
origination and distribution of  stresses. The large 
use of tine cultivator worldwide and high losses and 
failure rates demands a comprehensive study in this 
context, that can enable us to reduce or avoid wear 
and tear in tillage implements through the use of en-
hanced designs and optimization strategies, and ap-
propriate tillage tool selection.

In this light, the present study is  conducted, 
in  which finite element analysis of  shovels of  tine 
cultivator during plowing is  carried out in  differ-
ent types of soils to probe into the origination, level, 
and distribution of stresses. In addition, soil failure 
pattern is also studied. The main objectives of  this 
study are to analyze the mechanical behavior of dif-
ferent types of tillage tools like reversible, seed drill, 
duck foot, and cultivator shovel of  tine cultivator 
in  response to  loads experienced during plowing 
in different types of soil, and the behavior of differ-
ent soil types like sand, clay and loam soil during 
plowing by tine cultivator. The stresses and displace-
ments experienced in  different shovels and soils 
are compared. The statistical analysis of simulation 
results is also conducted at the end. This study can 
help in designing and tillage tool selection according 
to soil type and condition leading to reduced losses 
and damages, less operational cost, enhanced soil 
tillage and productivity, and increased implement 
field capacity and durability. 

MATERIALS AND METHODS 

This section deals with details about geometri-
cal modeling, materials, meshing, and simulation 
methodology. Geometrical models of different types 
of  shovels i.e. reversible, seed drill, duck foot, and 
cultivator shovel are created in  Design Modeler 
(ANSYS 16.0) and simulated in different soil types. 
Finite element analysis [(static structural dealing 
with steady load and response conditions (ANSYS 
2015)] is carried out to analyze the mechanical be-
havior of shovels in response to forces experienced 
during soil cutting. Moreover, soil failure pattern 
is  also studied. Boundary conditions and loads are 
applied as in real field condition. The FEM is a nu-
merical technique for finding approximate solutions 
to  boundary value problems for partial differential 
equations. In simple terms, FEM is a discretization 
method for dividing a very complicated problem 
into small elements that can be  solved in  relation 
to each other (ANSYS 2015). 

After discretization and assembling the elements 
at  nodes, the unknown parameters/quantities are 
obtained by minimizing energy functional, consist-
ing of all associated energies of  the FE model. The 
minimum functional can be found according to the 
following Equation (1), where derivative of  the en-
ergy functional with respect to unknown gird point 
potential is zero. 

0F
P
∂

=
∂

	 (1)

where: F – the energy functional; P  – unknown grid 
point potential i.e. displacement in solid mechanics. This 
works on the principle of virtual work. 

The governing equations for rigid body can be at-
tained by minimizing total potential energy, which 
can be expressed as below.

1
2

T T TdV d bdV d qds
Ω Ω Γ

π = ς ε − −∫ ∫ ∫ 	  (2)

where: Ω – the stress component; ε – the strain com-
ponent; d – displacement vector at any point; b – force 
component; q – surface traction component; s – bound-
ing surface. 

The surface and volume integrals are defined over 
entire structure region Ω and that boundary part sub-
jected to Γ load. The first term in the Equation shows 
strain energy, second term shows potential energy 
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of body force, and third term represents potential en-
ergy of distributed surface loads. For FE displacement 
method, within one element, d = Nu whereas, N – ma-
trix of interpolation functions; u– vector of displace-
ments at nodes. The strains within element can be ex-
pressed as  ε  =  Bu, whereas B is  strain displacement 
matrix. Moreover, the stresses can be  expressed as 
Ω = Eε , whereas E – young's modulus of elasticity. 

The total potential energy of  a meshed (discre-
tized) structure is the sum of energy of all elements.

e e
Π = Π∑ 	  (3)

whereas Πe shows potential energy of  each ele-
ment, given below: 
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By taking derivative of above equation:
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From above, the element equilibrium equation can 
be written as: 

0ku f− = 	 (6)

Where:

e

T Tf N pdV N qds
Ω Γ

= +∫ ∫ ;   		 1 ( )
2 e

T Tk B EB udV
Ω

= ∫

K is known as element stiffness matrix. The vector f 
and u varies according to the physical system and 
application under study. For problems of solid 
mechanics (as in our case), displacement is state 
(degree of freedom) vector (d) and mechanical force 
is forcing vector (f).

The details of present analysis are discussed in fol-
lowing subsections.

Types of shovel studied. The most important part 
of the cultivator is a shovel that pierces the soil, as it 
is  dragged through it  linearly. The following types 
of shovels are studied. (i) Reversible shovel: It is made 
of  carbon steel and used for loosening and stirring 
the soil, (ii) duck foot shovel: It is also made of car-
bon steel and used for destruction of weeds and re-
tention of  soil moisture, (iii) seed drill shovel: It  is 
wide range shovel for deeper tillage than reversible 
and duck foot shovel and also used to cover the seed. 
It is also made of carbon steel, (iv) cultivator shovel: 
It is also a common type of shovel used to cut the soil.

Geometrical/FE model and meshing. The geo-
metrical models of  shovels are drawn in  ANSYS 
Design Modeler (ANSYS 16). The geometrical mod-
els, dimensions and brief description of shovels are 
shown in Table 1.

After building models of shovels in Design Model-
er, face split function is used to split the bottom face 
of shovel to simulate the real field loading process. 
The split face is the part of a shovel that experiences 
soil penetration resistance force in actual. Following 
above, in ANSYS Mechanical, 3-D 10-Node Tetra-
hedral Structural Solid elements (Solid 187) are used 
to simulate the FE model of shovels and soil block. 
The degree of  freedom for this element is UX, UY, 

Sr. No# Shovel type Geometry Dimensions (mm) Description 

01 reversible
thickness: 4

It is a common type of shovel used 
for loosening and stirring the soilwidth: 50

length: 254

02 duck foot
thickness: 4

It is used for destruction of weeds 
and retention of soil moisturewidth: 150

length: 250

03 seed drill 
thickness: 4

It is a comparatively long shovel 
for deep tillage to cover the seedwidth: 40

length: 300

04 cultivator 
thickness: 4

It is also a common type of shovel
 used to cut the soilwidth: 50

length: 254

Table 1. Different types of shovels
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UZ (ANSYS 2013). Such elements are well suited 
to model irregular meshes as in our case. The mesh-
ing is carried out using tetrahedrons. Mesh refine-
ment is  carried out to  attain the best results and 
to prevent convergence problems. Mesh refinement 
of soil block is also performed with great care. Be-
ginning from a coarse mesh, finer and finer mesh-
es are successively selected and results of different 
meshes are compared.

The number of elements and nodes in reversible, 
duck foot, seed drill and cultivator type shovel mod-
els are 3782 and 5807, 6222 and 10751, 5020 and 
8417, and 4028 and 6183 respectively. The element 
size used for meshing in shovels is 2 mm, and in soil 
block is 5 mm. The meshed models of shovels and 
soil block are shown in Figure 1.

Afterwards, different types of shovels models are 
simulated with FEM, a numerical method for solv-
ing complex problems or  dividing complex prob-
lems into small elements that can be solved in rela-
tion to each other.

Materials. The material used in shovel is carbon 
steel. The physical and mechanical properties of car-
bon steel are given in Table 2.

We simulate shovels with three type of  soils 
that is  sandy, clay and loam. The resistance values 
of these soils, that are used in our analysis are given 
below in Table 3. 

Simulation Methodology. Boundary conditions 
are applied to the model to simulate real field load-
ing process. Fixed support is  applied to  the upper 
part of a shovel (other than split face). The bound-
ary conditions for shovels are shown in  Figure 2. 
For clay soil block, Drucker prager elastic perfectly 

plastic material model is used. Drucker prager mod-
el is  widely used for soil in  several existing studies 
(Li et al. 2013; Armin et al. 2014; Tagar et al. 2015; 
Chirende et  al.  2019; Orlando et  al.  2019). It  is a 
pressure-dependent model used for determination 
of  plastic yielding (deformation) of  soil. Soil block 
is  constrained in  all directions from bottom side 
as  shown in Figure 3. While, shovel load is applied 
on the other side to the bottom side of the soil block. 
It demonstrates how the clay soil deforms during till-
ing operations in response to the applied load. On the 

0.00

0.00 0.00

50.00 50.00 50.00

50.00 150.00

0.00 0.00100.00 (mm)

100.00 (mm) 300.00 (mm)

100.00 (mm) 100.00 (mm)

Figure 1. Meshing of shovels and soil block model

Figure 2. Boundary conditions applied to the shovel: (A) 
reversible shovel analysis (B) duck foot shovel analysis 
(C) seed drill shovel analysis and (D) cultivator shovel 
analysis

Table 2. Mechanical properties of carbon steel

Table 3. Soil types and their resistance

Source: Topakci et al. 2010; Raut et al. 2014

Material property Value and unit
Density 7 870 kg·m–3

Young's modulus 200 GPa
Poisson's ratio 0.29
Bulk modulus 158 GPa
Shear modulus 77 GPa
Tensile yield strength 415 MPa
Tensile ultimate strength 540 MPa

Type of soil 
Soil resistance Optimum moisture content

(kg·cm–2) (%)
Sandy 0.20 3.50
Clay 0.40–0.56 7.18
Loamy 0.50–0.70 13.30

0.00

0.00

Force: 73 N Force: 213 N
Fixed support Fixed support

0.100

0.100

0.150

0.150

0.225

0.225

0.150

0.050

0.050

0.075

0.075

0.200 (m)

0.200 (m)

0.300 (m)

0.300 (m)

0.00

0.000.00 0.00

Force: 62 N Force: 54 NForce: 54 N
Fixed support Fixed supportFixed support

(A) (B)

(D)(C)



112

Original Paper, 69, 2023 (3): 107–117	 Research in Agricultural Engineering

https://doi.org/10.17221/58/2022-RAE

other hand, 0.2, 0.56, 0.7 kg·cm–2 loads are applied 
separately for sandy, clay and loamy soil, respectively 
to the bottom side of the shovels (split face) to sim-
ulate soil loads during tillage operation. In  ANSYS 
Mechanical, static structural analysis is  considered; 
and inertial and damping effects are ignored because 
this type of analysis deals with static loads only.

Statistical Analysis. The modeling results of these 
simulation experiments were also compared by us-
ing statistical tool (Statistic software, version 8.1). 
Statistical results were analyzed at  5% significance 
level and their means were also compared at  least 
significance design (LSD) test. These simulation 
experiments are carried out in ANSYS. In ANSYS, 
"level of significance" refers to the level of confidence 
that a user has in the results obtained from a simula-
tion. The level of  significance is used to determine 
the level of accuracy required in a simulation, that 
the results of the simulation will fall outside of the 
desired level of accuracy. It also can affect the com-
putational cost of  the simulation. For tradeoff be-
tween accuracy and computational cost, this prob-
ability value is 0.05 (5 %) in ANSYS.

RESULTS AND DISCUSSION

In this section mechanical behavior of  different 
types of shovels against different soils is discussed. 
Furthermore, the behavior of  soil block (clay soil) 
during tillage operation with reversible shovel of tine 
cultivator is also discussed. 

Behavior of shovel
Reversible shovel with sandy soil. The distribution 

of Von-Mises stress in reversible shovel while tilling 
in  sandy soil is  shown in  Figure 4(A). At  the bot-
tom side, 1/3rd part of  the shovel (fixed with tine) 
experiences maximum stress of  18.9 MPa. The to-
tal deformation in  reversible shovel during tilling 

in  sandy soil is  shown in  Figure  4(B). The bottom 
side of a shovel (subjected to soil) experiences maxi-
mum deformation of 0.116 mm. The minimum and 
maximum safety factor observed for the reversible 
shovel with sandy soil is  15. The safety factor (SF) 
is the ratio of the stress at which failure occurs to the 
stress that actually occurs in the part. Therefore, a SF 
of 15 means that the loads causing the stress could 
be increased by a factor of 15 before failure occurs. 
In case of sandy soil, the soil resistance is too small 
to affect the shovel.

Duck foot shovel with sandy soil. The distribution 
of Von-Mises stress in duck foot shovel while tilling 
in sandy soil is shown in Figue 5(A). Middle part of the 
shovel (fixed with tine) experiences maximum stress 
of 28 MPa. The total deformation in duck foot shovel 
during tilling in sandy soil is shown in Figure 5(B). The 
bottom side of a shovel (subjected to soil) experiences 
maximum deformation of 0.38  mm. The minimum 
and maximum safety factor observed for the duck 
foot shovel in loamy soil is 4.8 and 15 respectively. 

Seed drill shovel with sandy soil. The distribu-
tion of  Von-Mises stress in  seed drill shovel dur-
ing tilling in  sandy soil is  shown in  Figure 6(A). 

Reversible shovel with soil block

Fixed support

Fixed support

Figure 3. Boundary conditions applied to the soil

Figure 4. Reversible shovel analysis with sandy soil (A) 
Von-Mises stress distribution and (B) total deformation 

0.00
50.00

100.00 (mm)

50.00
0.00 100.00 (mm)

Reversible shovel analysis (Sandy soil)

Reversible shovel analysis (Sandy soil)

Equivalent stress

Total deformation

Unit: MPa

(A)

(B)
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At  the bottom side, 1/3rd part of  the shovel (fixed 
with tine) experiences maximum stress of 21 MPa. 
The total deformation in seed drill shovel during till-
ing in sandy soil is shown in Figure 6(B). The bottom 
side of shovel (subjected to soil) experiences maxi-
mum deformation of  0.13  mm. The minimum and 
maximum safety factor observed for the seed drill 
shovel in loamy soil is 6.7 and 15 respectively. 

Cultivator shovel with sandy soil
The distribution of  Von-Mises stress in  culti-

vator shovel during tilling in  sandy soil is  shown 
in Figure 7(A). At the bottom side, 1/3rd part of the 
shovel (fixed with tine) experiences maximum stress 
of 17 MPa. The total deformation in cultivator shovel 
during tilling in sandy soil is shown in Figure 7(B). The 
bottom side of shovel (subjected to soil) experiences 
maximum deformation of  0.07 mm. The minimum 
and maximum safety factor observed for the cultiva-
tor shovel in loamy soil is 12 and 15 respectively. 

Behavior of soil
The distribution of Von-Mises stress in soil block 

(clay soil) during tilling with reversible shovel is 

Figure 6. Seed drill shovel analysis with sandy soil (A) 
Von-Mises stress distribution (B) total deformation 

Figure 7. Cultivator shovel analysis with sandy soil (A) 
Von-Mises stress distribution (B) total deformation 
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Figure 5. Duck foot shovel analysis with sandy soil (A) 
Von-Mises stress distribution (B) Total deformation
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shown in Figure 8(A). The soil block (clay soil) expe-
riences maximum stress of 34 MPa while tilling with 
reversible shovel. The maximum deformation expe-
rienced by the soil block (loamy soil) is of 17.5 mm. 
The total deformation in  soil block during tilling 
with reversible shovel is shown in Figure 8(B).

Comparison
This section deals with comparison of maximum 

stresses and deformation generated in  different 
types of shovels i.e., reversible, duck foot, seed drill 
and cultivator, due to  forces subjected by  differ-
ent soil types i.e., loam, clay, and sand. Maximum 

stresses generated in  different types of  shovels, 
due to  forces subjected by  different soil types are 
shown in Figure 9. The duck foot type shovel expe-
riences higher stresses as compared to other shovel 
types; while the loam is subjected to higher stresses 
on shovels as compared to other soil types. The duck 
foot shovel experiences about 20% higher stress-
es in loam compared to that clay, about 64% higher 
in  clay compared to  sand, and about 71 % higher 
in loam compared to that in sand. There are almost 
similar results for other shovel types in these soils. 
These results are summarized in Table 4. The com-
parison of stresses within different types of shovels 
for different soils is summarized in Table 5. 

Maximum deformation generated in  different 
types of shovels, due to forces subjected by different 
soil types are shown in figure 10. The duck foot type 
shovel experiences larger deformation as compared 
to other shovel types; while the loam subjected larg-
er deformation on shovels as compared to other soil 
types. The duck foot shovel experiences about 15% 
larger deformation in loam compared to that in clay, 
about 72% larger in clay compared to that in sand, and 

Figure 8. Behavior of soil block against reversible shovel 
(A) Von-Mises stress distribution in soil block (clay soil) 
and (B) total deformation in soil block (loamy soil)

Figure 9. Maximum stresses generated in different types 
of shovels, due to forces subjected by different soil types
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Sr. No. Duck foot shovel Reversible shovel Seed drill shovel Cultivator Shovel
compared to clay

1 20.408 higher in loam 17.187 higher in loam 21.324 higher in loam 20.505 higher in loam
compared to sand

2 64.102 higher in clay 66.037 higher in clay 64.681 higher in clay 65.000 higher in clay
compared to sand

3 71.428 higher in loam 71.875 higher in loam 72.213 higher in loam 72.105 higher in loam 

Table 4. Comparison of maximum stresses (% age) generated in shovels for different soil types
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about 77% larger in loam compared to that in sand. 
The comparison results in  percentage (% age) for 
other shovels are shown in Table 6. The comparison 
of deformation within different types of shovels for 
different soils is summarized in Table 7.

In this section, the obtained results are compared 
for different cases; but cannot be  compared with 
other studies due to unavailability of existing results. 
There are several existing studies related to  differ-
ent tillage tools and operations, as mentioned ear-
lier in  introduction section. But there is  no exist-
ing experimental or modeling based study available 
on tine cultivator shovel thermo-mechanical analy-
sis. The experimental work on this topic is an impor-
tant research direction. The possible continuation 
of  the present study can be  experimental thermo-
mechanical measurements. 

At present, to ensure maximum reliability of  the 
models, the following measures are taken into con-
sideration:

(i) 3D geometrical models (of shovels under study) 
with maximum details are simulated to obtain high 
solution accuracy. 

(ii) Real field conditions are simulated/considered 
to obtain the best results.

(iii) Mesh convergence experiments are performed 
to verify that meshing is sufficiently accurate. 

(iv) The material model and type are selected ac-
cording to recommendations by previous studies.

(v) Element selection is  carefully carried out ac-
cording to  recommendations by  previous studies. 
Statistical analysis

The modeling results were also compared by using 
statistical tool (statistic 8.1). Statistical results were 
analyzed at  5% significance level and their means 
were also compared at LSD test. Mean values for the 
shovels (duck foot shovel, reversible shovels, seed 
drill shovel, cultivator shovel) varies in  range from 
0.93 ± 0.05, 0.28 ± 0.05, 0.22 ± 0.05, and 0.09 ± 0.05 
for deformation and 60.50  ±  2.17, 43.13  ±  2.17, 
42.57 ± 2.17, and 23.70 ± 2.17 for stresses respective-
ly. Standard error (SE) for deformation was found 
as  0.07; whereas for stress, it  was found as  3.07. 
ANOVA test was conducted for the stress and de-
formation which indicates that the results are highly 
significant for all the types of  soil (loam, clay and 
sand) and shovels (duck foot shovel, reversible shov-
els, seed drill shovel, cultivator shovel). The results 
support the modeling studies and revealed highly 
significant results; which also makes evident that the 

Sr. No. Loam soil Clay soil Sandy soil

1
compared to reversible shovel

35 higher in duck foot shovel 32 higher in duck foot shovel 36 higher in duck foot shovel

2
compared to seed drill shovel

36 higher in duck foot shovel 36 higher in duck foot shovel 37.5 higher in duck foot shovel

3
compared to cultivator shovel

38 higher in duck foot shovel 38 higher in duck foot shovel 39 higher in duck foot shovel

4
compared to seed drill shovel

2.5 higher in reversible shovel 5.5 higher in reversible shovel 3 higher in reversible shovel

5
compared to cultivator shovel

5 higher in reversible shovel 9 higher in reversible shovel 5.5 higher in reversible shovel

6
compared to cultivator shovel

2.4 higher in seed drill shovel 4 higher in seed drill shovel 2.8 higher in seed drill shovel 

Table 5. Comparison of maximum stresses (% age) within different types of shovels

Table 6. Comparison of maximum deformation (% age) experienced by shovels in different soil types

Sr. No. Duck foot shovel Reversible shovel Seed drill shovel Cultivator Shovel
compared to clay

1 15.3 larger in loam 20 larger in loam 23 larger in loam 20 larger in loam 
compared to sand

2 72.72 larger in clay 68.7 larger in clay 67 larger in clay  65 larger in clay 
compared to sand

3 77 larger in loam 75 larger in loam 75 larger in loam 72 larger in loam 
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shovel types have different stress and deformation 
results for each kind of soil.

These simulation experiments are carried out 
in ANSYS. In ANSYS, "level of significance" refers 
to the level of confidence that a user has in the re-
sults obtained from a simulation. The level of  sig-
nificance is used to determine the level of accura-
cy required in a simulation, and the results of  the 
simulation will fall outside of the desired level of ac-
curacy. It  also can affect the computational cost 
of  the simulation. For the tradeoff between accu-
racy and computational cost, this probability value 
is 0.05 (5 %) in Ansys.

CONCLUSION

The results in this work give understanding about 
mechanical behavior of shovels and soil block dur-
ing tillage operation, which can aid the development 
of enhanced design strategies and appropriate tillage 
tool selection; leading to  reduced losses and dam-
ages, less operational cost, enhanced soil tillage and 
productivity, and increased implement field capac-
ity and durability. The obtained results show that 
the duck foot shovel experiences about 20% higher 
stresses in loam compared to that in clay, about 64% 
higher in  clay compared to  sand, and about 71% 
higher in loam compared to that in sand. There are 
almost similar results for other shovel types in these 
soils. On the other hand, the duck foot shovel expe-
riences about 15% larger deformation in loam com-
pared to that in clay, about 64% larger in clay com-
pared to that in sand, and about 69% larger in loam 
compared to  that in  sand. The overall conclusions 
for different cases are:

(i) 1/3rd part of the shovels experiences maximum 
stress as it is fixed with tine of cultivator.

(ii) The bottom tip of the shovel experiences maxi-
mum deformation.

(iii) Overall in the case of loamy soil, shovels expe-
rience high stresses and displacements. 

(iv) In  the case of  sandy soil, shovels experience 
less deformation and stress. 

(v) The duck foot type shovel experiences the high-
est stress and deformation among all scenarios.

(vi) Drucker prager elastic perfectly plastic mate-
rial model can be used for soil tilling simulation.

(vii) The statistical analysis shows a high signifi-
cance of simulation results.

The experimental work on this topic is an impor-
tant research direction. The possible continuation 
of  the present study can be  experimental thermo-
mechanical measurements.
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