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Abgtract
JD 955 combine manufactured by Iran Combine Harvester Manufacturing Company was modified. Total weight and the loads applied on front axle
of modified combinewereincreased. The commercial finite element package ANSY SV 9.0 was used for the solution of the problem. Based onfinite
element analysis, redesign of front axlewas carried out for increasing mechanica strength, easy manufacturability and cost reduction. Results of static,
modal and transient analysis of proposed front axle under loading due to modified combine showed that the proposed model is suitableto install on
the modified combine. Results obtained by numerical method were verified experimentally. The strain measurement was carried out using strain
gauges. The calculated values of strain by numerical method werein good agreement with experimental data.
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Introduction
Theurgent issuesfor industrial companiestoday are how to reduce
the time and cost required for developing a new product 2.
Accordingly, they havetried to use the computer’s vast memory
capacity, fast processing speed, and user-friendly interactive
graphics capability to automate and tie together otherwise
cumbersome and separate engineering or production tasks, thus
reducing the time and cost of product development and
production. Computer-aided design (CAD), computer-aided
manufacturing (CAM) and computer-aided engineering (CAE) are
the technol ogies used for this purpose during the product cycle®.

Iran Combine Manufacturing Company (ICM Co) iscommitted
to excellence and competitiveness in the national market. This
company had manufactured JD 955 combines many yearsagoin
Iran. ICMCo modified existing product in order to improve its
product quality and efficiency while reducing development time
inthe existing combine“. Therefore, theloads applied on thefront
axle of combine were increased due to the modification in the
existing system. Front axleisone of the major and very important
componentsthat need athorough design, asthis part experiences
the worst load condition of the whole combine. Front axle of JD
955 combineshasnofield failure reports.

Leon et al. 5 used experimental and numerical methods for the
stress analysis of afrontal truck axle beam. The results obtained
by finite e ement method were verified experimental ly using photo-
stress. Mahanty et al. ¢ performed an experimental and numerical
analysisof atractor’sfront axle. Based onfinite element analysis
results, redesign was carried out for the front axle for weight
optimization and easy manufacturability. Five different models
were proposed based on ease of manufacturing and weight
reduction. The results obtained by finite element method were
analyzed by thirteen different certification test load conditions.
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Maly and Bazzaz ” used experimental and numerical methodsfor
design changefrom casting towelding for an axlecasing. Nanaware
and Pable® used finite element method for failureanalysis of rear
axle shafts of 575 DI tractors. Topac et al. ° studied a premature
failure that occurs prior to the expected load cycles during the
vertical fatigue tests of atruck rear axle housing prototype. In
thesetests, crack mainly originated from the same region on test
samples. To determine the reason of the failure, adetailed CAD
model of the housing was developed. Mechanical properties of
the housing material were determined viatensiletests. Using these
data, stressand fatigue analyseswere performed by finite element
method. Fatigue crack initiation |ocations and minimum number
of load cycles before failure initiation were determined. Results
provided from tests were compared with the analyses.

Themain objectivein the current study wasto analyze the front
axle of JD 955 combine under static loading conditions resulted
from the applied modifications and investigate the mechanical
strength of front axle of combine under new loading condition
and arrive at aconclusion whether existing front axle can do the
job or total redesign of the component isrequired. It was shown
that the front axle of JD 955 combine is not strong enough to be
installed on the modified combineand it is necessary to optimize
theexisting design of thefront axle of JD 955 combinein order to
install on modified combine. Therefore, the analysis and
optimization of front axle of the modified combinewas performed.
Dynamic analysisof optimized front axle hasto be performed for
investigating induced stress and strain due to cyclic loading
conditionsof field operation. Resultsobtained by numerical method
wereverified experimentally in order to investigate the accuracy
of finite element analyses.
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Materialsand M ethods

Geometry of current front axle: All vehicles are subjected to
both static and dynamicloads. It isvery difficult to determinethe
exact types and locations of loads that are applied on the
component. Current front axle of combine is considered as a
support for front wheels, hydraulic cylinders of the head of

combine, gearbox, bodywork or superstructure etc. Thefront axle
of combineisan assembly of lower and upper boxes, right and | eft
side bodyworks bases, right and left connection plates, hydraulic
cylinders supports and gearbox supports (Fig. 1).

Figure 1. Three dimensional model of front axle of JD 955
combine: (1) lower and upper boxes, (2) right side bodywork
base, (3) right connection plate, (4) gearbox supports, (5) left
side bodywork base, (6) |eft connection plate, (7) hydraulic
cylinders support.

Satic loads on front axle: Static |oads that are applied on front
axleof JD 955 combineareasfollows: vertical right bodywork and
left bodywork loads, vertical loads on the gearbox supports, head
lifting loads from hydraulic cylinders. A simplified diagram of all
kinds of load is shown (Fig. 2). The magnitudes of these forces
were determined by experimental and theoretical methods.

Figure2. Loads applied onfront axleof JD 955 combine: F, head lifting
loads from hydraulic cylinders, F,, horizontal component of F, F,
vertical component of F,, F, vertical load on the gearbox supports, F_
vertical right bodywork load, F vertical left bodywork load.

Stressanalysisof front axle of JD 955 combine harvester under
static loading: The commercial finite element package ANSY S
V9.0 was used for the solution of the problem °. Several

simplifications of the model structure have been made with the
purpose of reducing the analysistime and size of model. To build
thefiniteelement model, the front axlewas modeled using SOLID
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82, atwo dimensional e ements, and SOLID 95, ahexahedra three
dimensional element. At first the cross section areas of the lower
box, upper box, hydraulic cylinder supports and connection plates
were meshed using SOLID 82 elements and then cross section
areaswere extruded using the SOLID 95 elements. Theindividual
components have been coupled together so that thereis no free
motion between components.

Thenext step wasthe definition of the boundary conditions. All
degrees of freedom are constrained at the nodes placed on the
connection plates of the model. Then the loads that had to be
previously described and defined were applied on the model.

The static analysis of front axle was carried out after several
sensitivity analyses; elements with average size of 10 mm were
used. The finite element model of front axle of JD 955 combine
consisted of 19,000 elementsand 123,000 nodes (Fig. 3).
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Figure3. Finiteelement mode of front axleof JD 955 combine.

After obtaining the solution, the results of analysis can be
reviewed using post processing to determine maximum induced
stress and its location. In designing parts to resist failure, it is
assumed that the internal stresses do not exceed the strength of
thematerial. If thematerial tobeusedisductile, thenitistheyield
strength that designer isusually interested in, because a permanent
deformation would constitutefailure. The distortion energy theory
is also called the Von Mises theory, which is the most suitable
theory to be used in ductile materials .

Von-Mises stress ¢’ is calculated by using theformula:

i

’ {(O-l 70'2)2 +(O-2 70‘3)2 +(O-1 70'3)2
o 2

wherec,, 6, and 6, are principal stresses associ ated with thethree
principal directions. According to distortion energy theory,

allowable stressin order to avoid fracture is equal to yield stress
strength. Factor of safety can be calculated by dividing yield

stressto maximum Von-Mises stress.

Optimization of front axle of modified combine: The results of
stress analysis of front axle of JD 955 combine harvester under
static loading showed that the front axle of JD 955 combineisnot
strong enough to be installed on the modified combine.

Conseguently the optimization of the current model of axle was
carried out. During the optimization processthe eval uation of the
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different alternative combination of product design parameter is
carried out to achieve one or several objective functions.
Furthermore a search strategy has to be defined to find the
combination of design parameters that fulfills the objective
functions.

Three different optimization procedures exist: a) size, b) shape
and c) topology. In this study the procedure applied was for the
size optimization. For this purpose, based on the resulting stress
map, the thickness of the lower and upper boxes was increased,
strengthening the place where maximal stress appeared. In order
to eliminatethe effect of eccentric loads dueto vertical bodywork
bases (Fig. 1), the horizontal bodywork bases were used instead
of vertical ones(Fig. 4).

- _',:‘ A~ Horizontal
- Bodywork bases

o
L >
.."'f \:‘*-\._ = ;:ﬁ%

Figure4. Three dimensional model of optimized front axle.

Material data: The current front axle and optimized front axle
were made from St 37-2 with following material properties. E =
200,000 M PaYoung's modulus, v= 0.3 Poisson’sratio, p = 8000
kg/m? density, 0,=235M Payield stressand o, = 340 MPalimit
stress.

Static analysisof optimized front axle: Thefinite element model
of the optimized front axle required in the analyses was composed
viacommercia finiteelement package ANSY SV 9.0 preprocessing
environment. The optimized front axle was modeled with SOLID
82 and SOLID 95 that have been previously described. Then all
degrees of freedom are constrained at the nodes placed on the
connection plates of the model. The next step was the definition
of theloadsthat had to be previously described and defined. The
static analysis of front axlewas carried out after several sengitivity
analyses; elements with average size of 10 mm were used. The
sizeof thefinitemodel isapproximately 15,000 e ementsand 100,000
nodes.

Dynamic analysis of optimized front axle: During use in the
field, ground profileisaninput of vertical excitation to combine.
Therefore, thefront axleis subjected to cyclic loading conditions
of field operation. There are two general classes of vibrations,
freeand forced. Freevibration takes placewhen asystem oscill ates
under the action of forcesinherent in the system itself, and when
external impressed forces are absent. The system under free
vibration will vibrate at one or more of its natural frequencies,
which are properties of the dynamical system established by its
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mass and stiffness distribution. Vibration that takes place under
the excitation of external forcesiscalled forced vibration. When
the excitation is oscillatory, the system isforced to vibrate at the
excitation frequency. If thefrequency of excitation coincideswith
one of the natural frequencies of the system, a condition of

resonance is encountered and |arge dangerous oscillations may
result. Thus, the calculation of the natural frequenciesis of major
importancein the study of vibrations*2.

Modal analysis of optimized front axle: Modal analysisis used
to determinethe vibration characteristics (natural frequenciesand
mode shapes) of a structure or a machine component whileitis
being designed. For performing modal analysis, finite element
model of optimized front axle was used. The applied boundary
condition in this analysiswas as similar as boundary conditions
applied on the static analysis. After obtaining the solution, the
resultsof analysis can be used to determinethe natura frequencies
and their appropriate mode shapes. When a vehicle such as
combine is traveling over a rough road, the value of excitation
frequency (frequency of harmonic loads that applied on front
axle) iscalculated by theformula:

flY
2
where, Visthe speed of the vehicle measured in m per second; A
isthe wavel ength of the harmonic motion, measured in m. Inthe
above equation the quantity f'is obtained in cycles per second.

Considering thetypica row spacing rangefrom 150to 400 mmin
drill seeders®, thefield ground profileismodeled with asinusoidal
wave with a wavelength of 0.3 m and amplitude of 0.15 m.
considering the combine speed ranges from 1.2 to 20 km/h, the
maximum value of corresponding frequency iscalculated asbelow:

[ 2
"~ 36x0.3

=18.52Hz

Therefore, afrequency rangefrom zeroto 20 Hz isconsidered for
frequency range of harmonic loads.

Transient analysis of optimized front axle: When a dynamical
systemisexcited by asuddenly applied non-periodic excitation,
the responseto such excitationis called transient response, since
steady state oscillations are generally not produced *2. In transient
analysis, front axle of combineis considered as abeam that was
subjected to two dynamic right and | eft bodyworksloads (Fig. 5).

Thebeam wasmoded ed with atwo-dimensional e ement, BEAM3.
Some geometrical attributes of cross-section area of axleis used
as real constants of this element. After this step, the dynamic
loads were applied on the model. A dynamic loading condition
consists of two load steps (Fig. 6).

Inthefirst load step, theforceincreased during therisetime, the
value of force at the end of thefirst step, reached the maximum
value. During the second load step, value of load remained
constant at maximum value. Risetime and maximum value of two
dynamic |oads applied on the axle were cal culated by considering
some assumptions. Assuming the combinefallsfrom 0.5 m height,
its speed when reaching the ground, was calcul ated as follows:
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Figure 5. Beam model of front axle subjected to
transient loads.
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Figure6. Load versustimecurvein dynamic
loading.

V, =/2gh =3.13M/

where, V, isthe combine speed when reaching the ground in metres
per second and hiisthefall height in metres.

Assuming that the combinetires are compressed by 0.1 m, therise
time can be cal cul ated using following equation:

b2
r_\7i_v

=0.06s

wheret, istherisetimein second; h' is the tire compression in
metre and _. is the average speed during rise time in metre per
second. A%ve equation includes the assumption that the fina
speed of the combine during risetimeiszero.

To calculate the maximum va ue of dynamic load, thefollowing
equation can be used:

=m,x Atl =m; x 006 52m, =53m,g

AV, 3.13

whereF _ isthemaximum valueof dynamicload, m
isthe applied static mass on the front axleand g is
the accel eration dueto gravity. Thisequation means
that dynamicload is5.3fold asthe static load.

In dynamic loading conditions, the vertical
acceleration of lumped mass of the vehicle body due

acceleration for tractors and agricultural machinery isconsidered
69 Thisissueapproximately verifiesthe mentioned assumptions
and cal culationsfor obtaining the rise time and maximum value of
dynamic loads applied on the front axle. In this study to increase
thedesign factor of safety, the maximum value of dynamicloadis
considered six times as much as the applied static load.
Subsequently, the defined boundary conditions applied to the
model wereanalyzed using post processing. Theresultsof analysis
were used to identify value of maximum induced stress.

Experimental validation of the FEM analysis: The results
obtained by finite element method were verified experimentally.
The stress measurement was carried out using strain gauges. In
thisstudy four characteristic pointsA, B, C and D onthetop box
of front axle of JD 955 combine were selected for the stress
measurement by strain gauges (Fig. 7). The measured strainswere
compared with the values of calculated strains at same pointson
the front axle of JD 955 combine by finite element method for
verification purpose.

Resultsand Discussion

The equivalent Von Mises stress distribution of the front axle of
JD 955 combine under static loading is provided from the finite
element analysis (Fig. 8). The maximum Von Mises stress appears
on the upper box and near to the right and left connection plates
(Fig. 8). The calculated maximum von Mises stressis 170 MPg;
72.3% of the yielding point of material. The vaue of factor of
safety was 1.38 and found to beless than required value. Cal culated
value of factor of safety is very low and obviously this value
decreases under cyclic loading conditionsof field operation. This
means that the front axle of JD 955 combine doesn't satisfy the
safety conditionsfor maximum loading evenif itisexerted Setically
and thereisaneed to optimizetheexisting design of thefront axle
of JD 955 combinein order toinstall on modified combine.

The results of the analysis of the meshed model of optimized
front axle under static loading, with elements of averagesizeof 10
mm are given as Von Mises stress distribution (Fig. 9). The
maximum Von Mises stresswas 55 M Pa. Consequently thevalue
of factor of safety was4.27. The present study clearly indicated
that the optimized front axle was strong enough to beinstalled on
themodified combine.

to the road surface roughness can be six times as
much asthe accel eration of gravity. Thismeansthat
the maximum dynamic |oads can be increased six
times as much as the corresponding loads in static
loading conditions. The amount of dynamic
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Figure 7. Experimental setup of strain measurement. (a) Wheatstone bridge circuit
and strain measurement apparatuses (el ectric power supply, voltmeter, active and
dummy strain gauges, resistance and connecting wires). (b) Arrangement of strain
gauges on the front axle of JD 955 combine.

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



Element solution AN
Apr 252006
STEP=1 18:58:17
SUB=1
TIME=1
SEQV (NOAVG)
DMX=.424E-03
SMN=13404
SMX=.170E+09
.378E+08 . 755E+08 113E+09 .151E+09
.189E+08 .566E+08 .944E+08 .132E+09 .170E+09
Figure8. Von Mises stressdistribution on front axle of JD 955 combine

under staticloading.

wavelength of harmonic motion, the excitation frequency range

Considering the combine speed variations and normal

was calculated to be from 0 to 20 Hz. The first four natural

frequencies of the optimized front axlewere calcul ated as:

f,=315Hz, f,=361Hz, f,=410Hzand f,= 419Hz.

Element solution l\l\l
May 4 2006
STEP=1 15:31:34
SUB=1
TIME=1
SEQV  (NOAVG)
DMX=.101E-03
SMIN=1263
SMX=.552E+08
I J—
1263 .123E+08 .245E+08 .368E+08 491E+08
.613E+07 .184E+08 .307E+08 .429E+08 552E+08

Figure 9. Von Mises stress distribution on front axle.

According to the natural frequency values and excitation
frequency range, it was concluded that the natural frequency
values were much higher than those of the excitation frequency.
Therefore, the condition of resonance was not encountered. The
first four mode shapes of thefront axlearegiveninFig. 10.

The results of the transient analysis showed that the maximum

bending stressin the optimized front axlewas 206 MPa. Thevaue

AN DISPLACEMENT AN
DISPLACEMENT Apr 233006 A
STEP=1 20:50:05 STEP=1 20:50:52
SUB=1 SUB=2
FREQ=315425 FREQ=360.977

DMX=.18202

Thefirst mode shape

AN
DISPLACEMENT Apr 252006

20:52.20

STEP=1 STEP=1
suB=4 SUB=5
FREQ=410.396 FREQ=418.927
DMX=.915476 DMX=.920284

Thethird mode shape

DMX=.31166

The second mode shape

AN
DISPLACEMENT Apr 252006

20:52:58

Thefourth mode shape

Figure 10. Thefirst four mode shapes of front axle.

Table 1. Measured and calcul ated strains.

Point  Measured strain ~ Calculated strain ~ Percent error
A 0.382x10° 0.340x10° 11.0
B 0.497x10° 0.452x10° 9.0
C 0.764x10™* 0.829x10™ 8.5
D 1.146x10™ 0.960x10™ 16.2
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of maximum bending stress dueto transient
loading conditions was lower than theyield
stress strength. Because the transient
dynamic loads were applied on the axle
suddenly, apermanent deformation could not
takeplace. Therefore, it isconcluded that the
optimized front axle of combine has enough
strength under transient loading conditions.

The amount of measured strain, calcul ated
strain and percent error at pointswherestrain
was measured are presented in Table 1. The
quantity percent error shows the difference
between the measured and cal culated strains.
The percent error variesfrom 16.2%to 8.5%,
with an average value of 11.18%. The low
error percent clearly indicatesthat the values
of strain calculated by finite element method
were in good agreement with experimental
data

The front axle of JD 955 combine is not

strong enough to beinstalled on the modified
combine and thereis aneed to optimize the
existing design of the front axle of JD 955
combine in order to install on modified
combine. Based on the results of FEM
analysesof front axle of JD 955 combine, the
optimization of the current model of axlewas
carried out.The optimized front axle of
combine has enough strength under static,
harmonic and transient |oading conditions.
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