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Abdract
Technologies and computer capacity currently available allow usto employ design software and numerical methods to solve complicated problems
in very wide disciplines of engineering. It is also important for researches in agriculture. This study focused on obtaining optimum geometry
parameters of asubsoiler tine by using computer aided engineering (CAE) applications. A field experiment was conducted to determine draft force of
the subsoiler. The resultsfrom the experimental study were used in thefinite element analysis (FEA) to simul ate stress distributions on the subsoiler
tine. The maximum equivalent stress of 432.49 MPawas obtained in the FEA. Visua investigations and FEA results showed that according to the
tine’'s material yield stress point of 355 MPa, plastic deformation was evident. Based on the FEA results, an optimization study was undertaken to
obtain optimum geometry parameters without the occurrence of plastic deformation. According to the optimization study results, the optimum
parameters of the tine geometry and maximum equivalent stress of 346.61 MPa were obtained. In addition to this, the total mass of the tine was

reduced by about 0.367 kg.

Keywords: Subsoiler, optimization, finite element method, agricultural machinery design.

Introduction

Plants, which are grown under a controlled environment, need
some primary requirementsrelated to soil structure such asenough
space for root movement, enough organic material distribution
and enough water permeability. Hence, the soil must be prepared
for the plants by tillage before seeding and during their growth.
However, every year, soil in agricultural land becomes more
compacted structure (of about 250 mm of depth) due to the
repetition of thetillage process and traffic (wheel compaction) in
thefield. Thissoil compaction layer iscalled the hardpan or plough
(plow) pan. Thishard layer must be cut into parts becauseit does
not allow plant growth to diffuse and remain healthy. This soil
compaction directly affectsthe plant root in anegative manner, as
canbeseeninFig. 11

Therefore, subsoiling hasbecome an essentid tillage operation 2.
One of the most useful methodsto avoid soil compaction isdeep
tillage by using asubsoiler 3. A subsoiler isatillage tool that can
work up to depths of 450-750 mm under the surface of the land.
There are anumber of different subsoiler designsin thefield but
they al servethe same purposewhichisdeeptillagefor eiminating
hard layers.

In general, subsoilers are manufactured using steel for the
construction. Usually, asubsoiler hasamain framework, support
parts, tine and a narrow share. Subsoilers work under high level
soil reaction forces because of the deep tillage. If a subsoilers
elementsare unableto copewith theseforces, they become useless
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dueto plastic deformation, abrasion or parts breaking. Hence, the
constituent elements of a subsoiler construction must be durable
enough during tillage operations. Therefore, it isvery important
for the designers and agricultural machinery manufacturers to
predict deformation and structural stress distributions on the
machine elementsduring tillage operations, which will allow them
to manufacture optimised machinery by using predicted

knowledge.

Applicationsare continuously becoming more complex and large
scale in the design engineering world. Additionally, available
technol ogy, the proliferation of computersand softwarelet design
engineers solve complicated problems using computer aided
design (CAD) technology and numerical methodsin avirtual way
without committing to physical manufacture and testing. These
applications are typically termed computer aided engineering
(CAE). Mechanical design engineering hasbeen improving itself
rapidly by using such CAE applicationssincethe 1950's. Although
some engineering problems can be solved using analytical
methods and/or experimental methods, some problems are too
complicated or too large scale to be solved. Hence, engineers
refer to numerical methods to obtain approximate solutions for
their large-scaleand complicated problems. One of these numerical
techniquesisFinite Element Method (FEM) which hashuge usage
intheareaof mechanical design andinthemanufacturing industry.
The FEM is a numerical procedure that can be used to obtain
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Figure 1. Negative effect of compaction on corn rootsin
compacted soil (Ieft) and non-compacted soil (right).

solutionsto alarge class of engineering problemsinvolving stress
analysis, heat transfer, electromagnetism, and fluid flow. The
method was improved in the 1950’s and during the 1960’s,
investigators began to apply the FEM to other disciplines of
engineering *. Today, it is possible to see various application
samplesof FEM in many different disciplines of applied sciences.
For instance, they should inevitably be applied in agricultural
machinery design processesin today’s devel oping technological
ea

In this paper, we present a case study which was carried out to
enablethe structural optimization of an agricultural tool through
using CAE applications. The main purpose of the case study was
to provide asample situation where it was possible to obtain the
optimum geometry parametersof agricultural machinery and tools
without any plastic deformation under defined boundary
conditions. Although much research can be found about
subsoilers, its effects or its soil interaction conditions, it can be
concluded that there have been limited studies about the structural
optimization of the construction and constituent elements using
CAE applications. However, afew similar studiesrelated to CAE
have been presented in agricultural engineering research. Gameda
et al. ® investigated the effect of subsoil compaction on corn
production yield under axle load. Mouazen and Nemenyi ©
investigated and analyzed soil-loosening processes in non-
homogeneous sandy loam soil with subsoiler using FEM.
Zeytinoglu " investigated strength conditions for a support part
of aplough by using FEM, and 2D finite element moddl was created
and the equations were solved using Matlab software. The study
concluded that therewas no failure on the model under the defined
boundary conditions. Degirmencioglu et al. & conducted an
optimization study for aframework of plow by using FEM. Stress
distributionswereinvestigated by means of FEM simulationsand
it was suggested that benefits would include material weight
reduction on the main frame work. Poodt et al. °investigated
subsoil condition under the heavy wheel load on the sugar beet
area. An analysiswas made by using FEM for arelevant calcaric
fluvial soil profile, the mechanical propertiesof whichwerelargely

known. In the study, it also focused on FEA profitsto visualize
the soil compaction problems.

Our study focused on obtaining optimum geometry parameters
of asubsoiler tine by using computer aided engineering (CAE)
applications. A field experiment was conducted to determine draft
force of the subsoiler.

Materialsand M ethods

Field experiment: Computer aided measurement systems were
utilized for the field experiment. A two-tractor method and
computer-data logger connected dynamometer were used to
measure draft force of the subsoiler. The tractor speed was
4 km/h during the tillage operation. The field soil texture was:
sand 15%, clay 30% and silt 55%. The study was carried out in
BATEM (Bat1 AkdenizAgricultural Research Indtitute) agricultural
field test site, Aksu, Antalya, which is located in the West-
Mediterranean region of Turkey. Field experiment results were
created according to datafrom datal ogger, where amaximum draft
forceof 38,320 N was measured. Subsoil er-tractor-dynamometer
connectionsand field experiment dataare presented in Fig. 2 and
3, respectively.

Finiteelement analysisof the subsoiler tine: All thedimensions
were measured on the experimental subsoiler, then a3-dimensional
(3D) solid model and its assembly process were created using
Solidworks 3D parametric design software. The 3D solid model of
the subsoiler and its significant dimensionsaregivenin Fig. 4.
The study focused on the deformation of a single tine of the
subsoiler. Therefore, all components of the assembled solid model
of thesubsoiler werenot used inthe FEM andysis. Thecommercial
FEM software package, Ansys Workbech, was utilized for the
FEM stressanalysisprocess. The FEM analysiswasset upin 3D,
linear, static and i sotropic material model assumptions. Whenrea
working conditionswere eval uated, the boundary conditionswere
applied tothemodel properly. Maximum draft force magnitudefor
each tine was accounted for according to the experimental study
data. The draft forcewas assumed as 12,773 N for each tine that
was applied on the surface of the narrow share in the opposite
direction of the movement of the tine. Standard steel materia
propertiesfor St-52 were assigned for thetinematerial (Table1).
Ansys Workbench meshing functions were utilized to create a
mesh structure of thetine ', and a10 Node Quadratic Tetrahedron
(10 Node Tetrahedral Structural Solid/Solid 186) €lement typewas

Table 1. Materia propertiesof thetine (St-52).

Properties Unit Value
Young’s Modulus [GPa] 205
Tensile Ultimate Strength [MPa] 520
Yield Strength [MPa] 355
Poisson Ratio [-1] 0.29
Density [kgm™] 7870

e TN,
"N\ =~
= ' e

Figure 2. Subsoiler-tractor connections, dynamometer and experimental study.

532

Journal of Food, Agriculture& Environment, Vol .8 (2), April 2010



"3U11 U} JO UOIIRULIOJEP PUE S}INS3J UOTINWIS NT- 9 9InB1

aury
Jo suonnqrusiq
SS24)§ SASIT\[ UWOA

mog
ssang
$SM)G SISI] WO xepy

UIN TZYTT'0
pasiono 4

Xe N 6v'cer
edNHUN

SAIB (S351IN-UOA) WeeAInbg adAL
SS9.55 Jusfeninb3

IBUIIL YV
SOUIL JO UONUULIOJIQ

Xe N 9TT'8T
ww N

uorew.ogep [e10] adAL

uolyew joep el

‘aU1) JB|10S0NS U} JO BINJINIS S PUE SUONIPUCY Apunod *ppow pijos dg ‘G anbi4

\

NELLTT 80104
W ' Z voddrs oupullfo
ww ‘o poddns poupullAo

[ean3PNAS 21

g0-I)owered usIsaq

(4@

Z0-I)weIed uSisa(q

(&% (a))

10-101oweIed uSisaQ
(g

0c0e

B|10SNS U} JO PO P110S IE PUE SUOSUBWIQ ¥ 94nB14

‘ - 10

me, i
ﬂoww % SLTT

0LTT 0c0e

"800} 1elq "'£2Inbi4
zeee TI8 ¥60C (o)
YelN uiN  afleeny  8olojieiqg

SEIIN

(N>) @040y 1eIQ

e BRURLg YO

533

Journal of Food, Agriculture& Environment, VVol.8 (2), April 2010



used in the meshing operation. Total nodes of 9219 and total
elements of 4562 were obtained in the mesh structure of thetine.
For the single tine, the solid model, boundary conditions, and
mesh structure of thetine are shown, respectively, inFig. 5.
After pre-processor operations, post process solving procedures
weregenerated for the FEM analysis. According to thesimulation
results, amaximum equivalent stress of 432.49 M Paand amaximum
deflection of 18,116 mm were obtained. The stress results were
compared with theyield point (355 MPa) of thetine'smaterial and
found that the maximum stress exceeded the yield point, which
signified that there was plastic deformation on thetine. Not only
the theoretical comparison, but also visual investigations of the
tine confirmed that there were deformations on thetine. The FEM
simulation prints and deformation picturesaregiveninFig. 6.

Optimization of the subsoiler tine: Typically, an element of a
machine can work without failure but it doesn’t mean that it has
best design. Today’s competitive industry forces manufacturers
to generate the best design for their products. In the context of
this paper, this can be defined as an optimization problem and it
can be formulated mathematically and solved. Today, computer
integrated optimization techniques are used to obtain the best
design parameters for products. The mathematical meaning of
optimization is obtaining conditions (parameters), which give
maximum or minimum magnitude of a function . A design
optimization problem is defined with three constituents, which
are design parameters (variables), design constraints, and goal
functions (objective functions) 2.

Generaly, an optimization problem can be defined asfollows: To
findout thevalueof X={ X, X,, ... Xp} that ensuresas constraints
of g (*)<0,j=1,2,..mandh (x) =0,i=1,2,...n whichare
minimized f(x) function. There f(x) isobjectivefunction; gj (x) and
hi (x) are design constraintsthat are equality and inequality; X,
X, ... Xp are design parameters (Fig. 7). According to Fig. 7, if
point X* is the minimum for f(x) function, that means it is the
maximum for -f(x) function.

f(x) f(x)
'

X*, Minimum of f(x)

1
0 boxx X
.

X*, Maximum of -f(x)

AN

Figure7. Curve of optimization.

A structural optimization problem can be classified with respect
tothetypeof the structura behaviour, thetype of design variables
and the type of the structure to be optimized. There are mainly
three classes of structural optimization problems: sizing (mass),
shape and topology (or layout), depending on the type of the
structureto be optimized (Fig. 8) 2.

Thefollowing isfocused on the structural size optimization of
the subsoiler tine. FEM resultsand visual investigationssignified
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(a) (b) (e)
Figure 8. Structural optimization: size (a), shape (b) and topological
optimization (c).

that there was plastic deformation. Hence, the objective function
was predefined to obtain design parametersfor the optimum tine
geometry without plastic deformation with possible minimum mass.
It means that the stress magnitude must be under the yield point
of material. In addition to this, the mass must be the minimum
possibleto gain the optimum material weight. Inthe optimization
study, not all of the feature dimensions were used. Initial design
parameters were assigned as DP, (Design parameter-01), DP,,
(Design parameter-02) and DP,, (Design parameter-03) which have
vauesof 30 mm, 70 mmand 1000 mm, respectively (Fig. 5). Design
constraints were assigned for the design parameters asfollows:

10mm< DP, <80mm (@D}
30mm< DP_,<100mm ()]
DP_,=1000 mm (Constant ) 3

The Ansys Workbench DesignXplorer optimization module
was utilized for the optimization study. The DesignXplorer
environment is a powerful tool for designing and understanding
the analysis response of parts and assemblies . A “what-if”
parameter study strategy was sel ected in the optimization module.
According to thedesign constraints, 45 different design setswere
created within themodule, and then FEM analyseswere conducted
for al design setsautomatically by the module. Response results
were set up for equivalent stress (Von Mises), total deformation
and total mass of thetine. All of the design sets and variations of
the results which are dependent on the design parameters are
presented in Table 2. In addition to this, charts that show the
relationship between results and design sets are given in
Fg.9-11
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Figure 10. Relationship between global maximum deflection
and design sets.
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Table 2. Variations of the design sets and results.
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Figure 11. Relationship between tine mass and design sets.
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Design set number

Design

Design

Global Max. Stress

Design Sets Parameter-01 Parameter-02 Mass Deflection (Von Mises)
[Number] [mm ] [mm ] [kq] [mm ] [ MPa ]

0 30 70 18.244 18.116 432.490 Initial Design
1 30 30 9.171 240.750 3699.700

2 30 35 10.313 149.750 2085.700

3 30 40 11.453 99.612 1463.900

4 30 45 12.591 69.548 1130.000

5 30 50 13.726 50.450 890.870

6 30 55 14.859 37.745 722.420

7 30 60 15.99 28.959 594.320

8 30 65 17.118 22.698 500.680

9 30 70 18.244 18.116 432.492 Derived Initial Design
10 30 75 19.367 14.688 374.290

11 30 80 20.488 12.069 326.750

12 30 85 21.607 10.037 287.580

13 30 90 22.723 8.435 255.340

14 30 95 23.837 7.156 229.150

15 30 100 24.949 6.122 206.440

16 10 70 5.9233 56.263 1308.500

17 15 70 8.9073 36.934 873.330

18 20 70 11.955 27.461 648.760

19 25 70 15.067 21.837 517.150

20 30 70 18.244 18.115 432.630 Derived Initial Design
21 35 70 21.485 15.474 368.870

22 40 70 24.79 13.497 324.200

23 45 70 28.16 11.966 284.780

24 50 70 31.595 10.740 257.120

25 55 70 35.094 9.738 231.680

26 60 70 38.657 8.904 213.020

27 65 70 42.283 8.198 194.830

28 70 70 45.974 7.593 179.950

29 75 70 49.734 7.067 168.410

30 80 70 53.554 6.608 156.740

31 10 100 8.1796 19.415 706.860

32 15 95 11.724 14.744 460.920

33 20 90 14.955 12.846 385.560

34 25 85 17.877 12.116 346.610 Approved Final Design
35 30 80 20.488 12.069 326.980

36 35 75 22.793 12.541 319.120

37 40 70 24.79 13.497 322.550

38 45 65 26.483 15.004 335.150

39 50 60 27.873 17.196 358.020

40 55 55 28.96 20.338 389.400

41 60 50 29.745 24.874 441.800

42 65 45 30.23 31.584 506.360

43 70 40 30.416 41.909 616.620

44 75 35 30.311 58.653 802.030

45 80 30 29.906 88.149 1258.100
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Resultsand Discussion
According to the objectives of the optimization study, evaluations
were generated for all “what-if” study results, then design set
number 34 (see Table 2) was agreed asthefinal designfor thetine.
The “what-if” study results showed that not only the stress
concentration, but also the mass of the tine are reduced, the
resultant reduction being 0.367 kg. This means that the mass of
the tine was reduced by 2.01%. A comparison of the initial and
final design parametersaregivenin Table 3.

When the use of embedded energy is considered in the
manufacture of such equipment, machine weight reduction
becomes an important issue for product design as well. The
scientificliteratures signify that agricultural machinesof 1 kg has
anequivalent energy of 62.7 MJ* 16, Thesimulation applications,
which are based on 3D modeling, numeric methods and
optimization methods are therefore becoming more common place
in the product design area, not only for product design time, but
also manufacturing costs and energy consumption can be
decreased by using these applications. Consequently, the usage
of these applications in the agricultural machinery design and
manufacturing process will provide important benefits to create
optimum designs of the agricultural machineries and costs.

Table 3. Comparison of theinitial and final design.

Subsoiler Tine Parameters Unit Initial Design  Final Design
Design Parameter-01 [mm)] 30 25
Design Parameter-02 [mm)] 70 85
Design Parameter-03 [mm)] 1000 1000
Equivalent Stress (max.) [MPa] 432.490 346.610
Global Max. Deflection [mm] 18.116 12.116
Mass kgl 18.244 17.877
Conclusions

This study was focused on the structural optimization of

agricultural deep tillage machinery and tools by means of CAE
applications. For this purpose, a case study was constructed and
presented. A subsoiler which hasthreetineswas used in the case
study. According to the study, a number of points can be
summarized asfollows:

1. Maximum draft force of the subsoiler was cal culated as 38.32 kN
in the field experiments. This meansthat each tine has
12.773 kN maximum draft forces.

2. Inthe FEM stressanalysis, the maximum equivalent stresswas
432.490 M Pa, and atotal deflection of 18.116 mm wasobtained
ontheinitial design of thetine. When compared with theyield
point of thetine material, the results signified that there was
plastic deformation occurring on thetine.

3.A“what-if” parameter strategy was used in the optimization
study and in total, 45 design sets were created and solved.
After consideration of all of theresults, design set number 34

was agreed asthe optimum design of thetine under the defined
conditions.

4. Thefinal design of thetine hasmaximum global stressof 346.61

M Paand maximum total deflection of 12.116 mm.
5. Total mass of thetine was reduced by 0.367 kg, the equivalent
of 2.01%.
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