
Abstract
Cereals combine harvester is one of the agricultural machines

that work under challenging conditions, and different forces are
applied to its parts. This study aimed to analyse static and dynamic
loads on the rear axle of the JD955 combine harvester to optimise
it. First, real loads on the axle were measured by a special electron-
ic system in stationary and moving modes on roads and farms with
various forward speeds. Then, a geometric model of the axle was
designed in the CATIA software. Finally, the ANSYS Workbench
software performed static, harmonic, transient, and dynamic anal-
yses using the finite element method. The mean of maximum loads
on the axle in stopped mode, asphalt road, dirt road, and inside the
farm (while moving parallel and perpendicular to the farrows and
turning in farm end) were equal to 15.067, 18.830, 49.167, 21.428,
27.07 and 27.857 KN, respectively. There was a relatively linear
relationship between the axle load and deformation. At the maxi-
mum load of 49.167 KN, the maximum von Mises stresses of 1200,
85.848, 21.392, and 1.754e-14 MPa were obtained in static, tran-
sient, dynamic, and harmonic analyses, respectively. Since struc-

tural errors in the axle were numerically close to zero, the calculat-
ed stress values had good accuracy. The axle fatigue life for most
loads was equal to the ideal value of 106 cycles. The least fatigue
safety factor was obtained from 0.072 to 0.745 in static analysis
and from 0.174 to 1.029 in linear transient analysis. According to
the analysis results, it was necessary to optimise the existing axle
design. So, a rectangular piece was suggested as the suitable design
for the JD955 rear axle middle section.

Introduction
Applying new technologies to design agricultural vehicles

and, as a result, their high reliability can prevent the fracture of
machine parts and delays in sensitive to-time agricultural opera-
tions. A combine harvester is one of the cereals harvesting
machines that work in complex, and uneven conditions. Many
loads are applied to the combine in working conditions, so its parts
must have enough resistance and be able to withstand the various
loads. The axle is a shaft between two wheels, and its functions
are: maintaining the position of wheels relative to each other and
to the vehicle body, bearing the weight of the vehicle and external
loads, absorbing shocks due to the road roughness, and resisting
the applied bending moments and loads. The combine rear axle is
most likely to be failed in uneven agricultural lands and costs the
farmer both financially and in terms of time. In practice, the axle
faces some stimulus, such as resonance, fatigue, and failure stress-
es. The fracture of the rear axle shaft occurs because of a momen-
tary shock load or fabrication process defectives (Mujahidin and
Andoko, 2019), and the main parts of the axle must be strong
before any additional loading (Nanaware and Pable, 2003).
Therefore, the type, position, and value of applying loads to the
axle must be specified correctly for the optimal design of the axle.
Meanwhile, the axle design process requires both static and
dynamic analyses.

The strength of machine parts can be checked using finite ele-
ment analysis (FEA) software to select the most suitable material
(Pourdarbani and Tarighi, 2019). The FEA is a powerful method
for determining the machine parts’ stress, strain, and deformation
under various loads. This method allows analysis in software envi-
ronments without needing a physical model. So, the FEA can
identify critical and non-critical points of machine parts quickly
and confidently (Jahanbakhshi et al., 2018). Modal analysis is the
process of determining the dynamic parameters of a system,
including the natural frequencies, damping coefficients, and shape
of modes, to use them for creating a mathematical model of the
system’s dynamic behaviour. With the help of modern FEA,
almost any linear dynamic structure can be discretised, and as a
result, the capabilities and scope of theoretical modal analysis
have been significantly increased (Ewins, 2000). A satisfactory
correlation exists between design by analytical method and the
FEA results (Dhande and Ulhe, 2014).
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Various studies have been conducted on the design and analy-
sis of agricultural vehicles parts by a computer during the last
decades, such as ploughs (Jahanbakhshi et al., 2018), tractors
(Mahanty et al., 2001; Rasekh et al., 2009; Jahanbakhshi and
Heidarbeigi, 2019), combine harvesters (Azadbakht et al., 2013a;
Azadbakht et al., 2013b; Hussain et al., 2022), sugarcane loader
(Azevedo et al., 2020), heavy-duty trucks (Leon et al., 2000; Abd
Rahman et al., 2008; Topaç et al., 2009; Avikal et al., 2020;
Tretjakovas and Čereška, 2021) and mini truck (Guo et al., 2020).
Some researchers analysed the tractor-trolley axle using FEA (Paul
et al., 2013; Ramachandran et al., 2016). When the trailer tank was
full, the trailer axle static loads, shear forces, and bending
moments were calculated. The results showed that the existing axle
was essentially safe but was not ideal and needed to be modified.
The maximum von Mises stress occurred at both ends of the exist-
ing and proposed shaft but in smaller areas with fewer values in the
proposed shaft (Bansal and Kumar, 2012). 

The tractor is the main machine in agriculture and is almost used
in all operations, so its parts are under different loads and should be
strong enough. Tarighi et al. (2011) performed a static and dynamic
analysis of the front axle shell of the Mitsubishi MT 250D tractor by
the FEA using SolidWorks and CosmosWorks, v. 2010 softwares.
The values allowable stress and safety factors were less than the
required values. In Oyyaravelu et al. (2012) study, the FEA was car-
ried out on the front axle of a tractor using ANSYS software. The
stress value exceeded the safe limit, and total deformation showed
that the fracture was unavoidable. Modification of the axle geometry
was suggested, and analysis was done with the same load and
boundary conditions. The stress value and total deformation of the
modified axle were within the safe limits. Aduloju et al. (2014)
investigated the effect of angular displacement of the front axle of a
tractor relative to its cast iron support shell to find the worst load
conditions on the support using Pro-Engineer and MATLAB soft-
wares. The failure analysis by Pro-Mechanica software showed that
the safety factor was good. In Pourdarbani and Tarighi’s (2019)
study, the Cm45 steel was proposed to fabricate the front axle of the
MF285 tractor based on the safety factor in static loading obtained
from the FEA by ANSYS software.

Combine harvesters are the standard machines for farm prod-
uct harvesting. Jafari et al. (2006) analysed the front axle of the
JD955 combine harvester in static and dynamic loading to evaluate
its mechanical strength using ANSYS v.9 software. The axle safety
factor was very low and decreased under cyclic loading in field
operations. Therefore, the use of a stronger body and reduced
welding point were suggested for modification. Khanali et al.
(2010) performed the FEA for the front axle of the JD955 combine
harvester under static loading conditions. The calculated value of
the safety factor was very low, so the front axle of this combine
needed to be optimised. The results were proved using experimen-
tal methods too. 

The main objective of this research was to determine the
strength of the rear axle of JD955 combine harvester under real
static and dynamic loads while moving on the road and farm.
Finally, the optimal design of the axle was proposed to prevent
axle fracture while working on the farm.

Materials and Methods
The rear axle specifications

JD955 combine harvester is the standard cereal harvesting
machine in Iran. The rear axle of the JD955 combine harvester has

been made from a thin-walled, hollow steel shaft with a uniform
thickness of 8 mm (Figure 1). Each side of the axle is connected to
the rim of the rear wheels by a spindle, and its middle part (pivot)
is connected to the combine body through a kingpin. This axle is a
dead shaft that bears only the combine weight and the wheels’
loads and does not transmit any torque. The mechanical properties
of the axle material are according to Table 1.

                             Article

Figure 1. A) Rear axle of JD955 combine harvester; B) cross sec-
tion of the axle; C) loads on the rear axle of combine harvester in
static mode.

Table 1. Mechanical properties of the rear axle of JD955 combine
harvester (Budynas and Nisbett, 2011).

Characteristic                              Sign                      Value

Material type                                           St                   Construction steel
Density                                                     ρ                        7850 kg/m3

Tensile strength                                       Sut                         460 MPa
Yield strength                                          Sy                          250 MPa
Poisson’s ratio                                          ν                                0.3
Modulus of elasticity                               Ε                           207 GPa
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The rear axle loads
According to Figure 1, loads applied to the rear axle of the

combine in static mode are axle weight (FW), steering cylinder
force (Fh), rear wheels’ reaction forces (Fr and Fl), and vertical load
from the combine body (FC). FW has a constant value and is
applied across the axle length. Fh can be measured by the hydraulic
oil pressure of the steering system while the combine is moving.
According to the combine catalogue, the weights on two rear
wheels in static mode are 1610, 1290, and 1040 kg without the cut-
ting platform when the platform is down and when the platform is
up, respectively. FC value changes when the combine moves in var-
ious operating conditions and must be measured.

Measuring the vertical load of the axle
An electronic force measurement system was fabricated to

determine the real load on the middle of the axle (FC) (Rezaei et
al., 2022). The system consisted of a coupling, a compression load
cell with10 tons capacity, an amplifying circuit for load cell output
voltage, a data logger, and a laptop. The coupling consisted of two
steel plates, one connected to the combine body via a kingpin and
the second to the combine rear axle via another pin. The combine
weight was transferred to the axle only through the load cell locat-
ed in the middle of the coupling. The data logger received and
saved load voltages from the load cell and transmitted them to the
laptop for analysis.

Field tests were performed to determine the loads on the axle
in working conditions at three locations, including dirt road,
asphalt road, and wheat farm (Figure 2). The dynamic loads on the
rear axle were determined, and the data from these tests were used
for the next analysis.

Modelling and analysis of the axle
A 3D geometric model of the axle was designed in CATIA

v.2015 software. All components were placed so that there was no
movement between them. For the convenience of analysis, some
components, such as spindles and hydraulic cylinders, were
removed in the simplified model. 

ANSYS Workbench v. 2015 was used for FEA, and desired
parameters were obtained (Mokhtari et al., 2015). Mechanical
properties of the axle components were introduced to the software
according to Table 1. The meshing of the model was done using the
Solid95 element by considering the finest elements (at the model
corners with 0.290740 mm length edges) to achieve more accurate
results (Chaphalkar and Khetre, 2016). For applying boundary
conditions, the two sides of the axle, which are the junctions of
spindles, were introduced as fixed supports in the software. All
wide loads were defined as compressive loads over the upper sur-
face of the axle. The load cell forces were defined as concentrated
loads on the lower half of the pinhole’s inner surface. Finally, the
amount of deformation, von Mises stress and strain, structural
error (SE), fatigue life, and fatigue safety factor were determined
for all loads applied to the axle in static, harmonic, transient, and
dynamic analysis.

Theory of analysis
The modal analysis was used to find the axle’s natural frequen-

cies and the shape of natural modes. When a vehicle such as a com-
bine harvester travels on a rough road, the frequency of loads on it
is calculated from Eq. (1):

                                                                               
(1)

   

where V is the vehicle velocity (m/s), λ is harmonic movement
wavelength (m), and ƒ is the applied frequency to the vehicle in
motion (Hz). According to rows spacing in seed planters, 15 to 40
cm (Srivastava et al., 1995), and the forward speed of combine har-
vesters on a farm (1.2 to 20 km/h) (Hunt, 2001), the maximum
excitation frequency of the combine while working in a farm is
obtained from Eq. (2):

                             Article

Figure 2. Field tests in: A) asphalt road; B) dirt road; C) wheat farm.
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(2)

   

So, to prevent resonance and early fracture of the axle, the first
natural frequency of the axle should be more than twice the exci-
tation frequency, i.e., more than 75 Hz (Budynas and Nisbett,
2011). 

The SE shows the amount of lost energy in loading; its unit is
millijoules (mJ). By calculating this parameter, it is determined
where the model meshing needs to be finer to have more accurate
results-areas of the model with high errors in stress calculation
identified by the SEs determination. 

The combine rear axle was assumed to be a fixed-ended beam
under harmonic and transient loads at its midpoint (Tarighi et al.,
2011). Completely inverted oscillating loads were applied to the
axle according to its natural frequencies for harmonic analysis. The
transient analysis was done in two stages. First, the maximum tran-
sient force (Fmax) was considered to be six times the static load
(Khanali et al., 2010). In dynamic analysis, from the data recorded
in field tests, the effects of 20 loads on the axle were investigated
throughout 20s for each path.

Results and Discussion
The average values of maximum loads applied to the combine

rear axle in various working conditions are shown in Figure 3. For
example, minimum and maximum loads were obtained equal to
15.067 KN and 49.167 KN in stopped mode and moving uphill a
dirt road, respectively. The real loads were defined as concentrated
forces applied to the middle of the axle in all analyses.

In the modal analysis, the axle’s values of six natural frequen-
cies were obtained from 11.86 to 216.91 Hz, as shown in Table 2.
These frequencies were used to apply harmonic loads. Since the
axle deformations may not be acceptable for all frequencies, defor-
mation at each frequency was determined separately to identify at
which frequency the deformation is more uniform and logical.
Then, the harmonic analysis was performed for that frequency.

According to Table 2, most natural frequency modes of the
JD955 combine harvester are more than 75 Hz, except for the first
natural frequency, so no resonance occurs at these frequencies.
However, in the first frequency, there is a possibility of resonance
phenomenon during the combine movement inside a farm, and it is
better to change the axle structure. 

Axle deformations
Table 3 shows the total deformations of the axle in maximum

load for various analyses. A relatively linear relationship exists
between the deformation value and the amount of the applied load.
The least deformation occurred for the most minor loads, i.e.,

15.067 KN in static loading at the workshop. However, the maxi-
mum deformation occurred in 18.830 KN and 49.167 KN loads,
respectively. Maximum directional deformation occurred in Z-axis
direction (perpendicular to the loading direction), which caused a
slight bending in the middle of the lower connection of the axle in
the +Z direction.

Two samples of the axle deformation in static and harmonic
analysis are shown in Figure 4. By performing a modal analysis
dependent on static analysis, the frequency deformations of the axle
were obtained more realistically. The most and the least deforma-
tion along X-axis occurred symmetrically on both sides of the lower
part. However, in general,, the highest deformation occurred in the
middle of the lower part, and the least deformation occurred in the
spindles at both ends of the axle. In harmonic analysis, the axle
deformation had an inverted linear ratio with the load value, and the
values were generally very small in all directions. Changes in Y and
Z directions were very few, and most occurred in the X axis.

Figure 5 shows two samples of velocity and acceleration of the
axle deformations in transient analysis. The axle’s total deformation
happened with more velocity and acceleration in its middle section,
which is actually the axle’s gravity centre. In dynamic analysis,
although there was a linear relationship between the load and defor-
mation in each direction, the deformations had fewer values than
static and transient analysis and more than harmonic analysis.

                             Article

Table 2. Six first natural frequencies of the axle.

Vibrating mode                                 Vibrating frequency (Hz)

1                                                                                        11.86
2                                                                                      100.19
3                                                                                      144.79
4                                                                                      165.75
5                                                                                      178.19
6                                                                                      216.91

Table 3. The total deformations of the axle in various analyses (mm).

Test conditions                      Maximum load (KN)               Static analysis                 Harmonic analysis                 Transient analysis

Stationary mode                                           15.067                                    0.089-1.038                                2.5–15-5.3–13                                    0.031-0.660
Asphalt road                                                 18.830                                    0.110-1.293                                2.3–15-4.8–13                                       0-0.303
Dirt road                                                       49.167                                       0-1.280                                      0-1.55–16                                      0.031-0.683
Parallel to furrows                                        21.428                                       0-0.561                                      0-6.77–17                                          0-0.385
Perpendicular to furrows                              27.075                                       0-0.707                                      0-8.55–17                                          0-0.389
Farm end turning                                          27.875                                       0-0.726                                    1.1–19-5.2–16                                       0-0.389

Figure 3. Average values of maximum loads on the combine rear
axle in various working conditions.
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The combine’s rear axle is a solid steel structure and showed
elastic behaviour against the loads. In fact, the deformations creat-
ed in it, although very small, were elastic. Since the axle behaviour
against loads never exceeded the elastic limit, its deformations
were proportional to the applied forces in most analyses.
Therefore, Hooke’s law, which represents the linear relationship
between force and deformation, was established for the axle. So,
equations related to elastic structures could be used to calculate
stress and strain in the axle.

Von Mises stress and strain
Von Mises stress and strain distributions throughout the axle

structure were very similar in all analyses. According to Table 4,
maximum von Mises stress and strain in the axle were obtained due
to static, transient, dynamic, and harmonic loading, respectively.

In harmonic analysis, von Mises’ maximum stress and strain
occurred in some points of the lower part at its middle and near the
spindles. Average values of these parameters occurred at scattered
points of the lower part and junction points of the spindles and

                             Article

Figure 4. A) Total deformation of the axle in the static analysis under 49.167 KN loading; B) total deformation of the axle in harmonic
analysis at a frequency of 100.19 Hz.

Table 4. Range of the axle von Mises stress and strain values in various analyses.

                                                        Load (KN)                       Static analysis                Harmonic analysis                    Transient analysis

Stress                                                             15.067                                 0.0008-115.76                         2.373–16-3.680–11                               0.00058-83.784
                                                                      18.830                                 0.0011-143.87                          2.132–16-3.32–11                                0.00065-401.05
                                                                      49.167                                  0.0018-1200                           1.0095–9-1.74–14                                0.00062-85.848
                                                                      21.428                                 0.0011-527.52                         4.399–20-7.60415                                0.00107-489.17
                                                                      27.075                                 0.0013-619.54                         5.549–20-8.874–15                               0.00109-494.17
                                                                      27.875                                 0.0012-636.54                         2.009–19-6.077–14                               0.00109-486.66
Strain                                                             15.067                                9.50–9-0.00078                         3.17–21-2.323–16                                9.439–9-0.00042
                                                                      18.830                                1.18–9-0.00097                        2.853–21-2.094–16                               5.814–9-0.00205
                                                                      49.167                                 2.37–8-0.0062                          5.81–25-8.942–20                                9.637–9-0.00043
                                                                      21.428                                 1.03–8-0.0027                         2.533–25-3.897–20                                9.146–9-0.0029
                                                                      27.075                                 1.28–8-0.0037                         2.211–25-5.328–20                                9.311–9-0.0029
                                                                      27.875                                 1.29–8-0.0038                         1.917–24-3.080–19                                9.332–9-0.0029
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main shaft. Other axle areas, including the triangular shape part,
the main shaft, and the spindles, had the least stress and strain val-
ues. In transient analysis, the highest values of von Mises stress
and strain occurred in the middle of the lower part, and the least
values occurred in the spindles and some points of the kingpin hole
(Figure 6). Dynamic analysis showed that the axle loads were not
very much in the form of impact loads. However, they are a bunch
of near-value loads that enter the axle for a while. So, the dynamic
analysis stresses, strains, and deformations were less than other
analyses. Strain changes in the static and harmonic analysis were
very different. While the axle strain changes in the dynamic anal-
ysis were very similar to the static analysis.

Structural error
The axle SE values were close to zero, so calculated stress val-

ues were relatively accurate. The distribution of SE was almost the
same in all loadings, and most of the axle areas had no problem
showing the stress parameter. But, two ends and the middle of the
lower part, some points between the main shaft and the triangular
shape part, and a few points between the main shaft and spindles
had very low SE values. Maximum values of the axle SE in the
static and transient analysis are shown in Table 5. The maximum
SE occurred at the highest concentrated load, i.e., 49.167 KN. So,
the more applied, the more accurate meshing. Maximum SE had a
minimal increase with the load increasing like deformation.

                             Article

Figure 5. A) Total velocity (mm/s);  B) total acceleration (mm/s2) of the axle in transient analysis.

Table 5. Maximum standard error in the static and transient analysis under concentrated loads.

Test conditions              Maximum load (KN)                                 Static analysis (mJ)                            Transient analysis (mJ)

Stationary mode                                  15.067                                                                 2.2962                                                              2.2962
Asphalt road                                        18.830                                                                 17.942                                                               1.666
Dirt road                                              49.167                                                                  21.72                                                                2.409
Parallel to furrows                               21.428                                                                  4.196                                                                2.688
Perpendicular to furrows                    27.075                                                                  6.657                                                                2.743
Farm end Turning                               27.875                                                                  7.034                                                                2.743
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Figure 6. A) Von Mises stress;  B) von Mises strain under a load of 49.167 KN in transient analysis.
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Nevertheless, the minimum SEs fluctuated with the load increas-
ing. In total, most axle areas had low SE, and the axle meshing was
correct and acceptable.

Fatigue life
The whole axle was defined as one piece, and its working life

was obtained at each loading (Figure 7). The axle fatigue life for

most of the loads was more than 106 cycles, but at high loads, some
points of the axle had a shorter life. As shown in Table 6, in the static
analysis, the less fatigue life was for 49.167 KN loading, obtained
when the combine moved uphill of dirt road. In transient analysis,
less fatigue life was obtained under a load of 27.075 KN, obtained
when the combine moved perpendicular to furrows inside the farm.

                             Article

Figure 7. The axle fatigue life under the load of 49.167 KN.

Table 6. The axle fatigue life ranges in static and transient analysis (cycle).
Test conditions                      Maximum load (KN)                                Static analysis                                  Transient analysis 

Stationary mode                                           15.067                                                       1.892e5-106                                                      1000000
Asphalt road                                                 18.830                                                        85838-106                                                     2682.3-106

Dirt road                                                       49.167                                                        150.06-106                                                       1000000
Parallel to furrows                                       21.428                                                        1255.2-106                                                     1527.4-106

Perpendicular to furrows                             27.075                                                        826.26-106                                                     1487.5-106

Farm end turning                                         27.875                                                         770.1-106                                                      1547.9-106

Table 7. Range of the axle fatigue factor of safety in static and transient analysis.

Test conditions                      Maximum load (KN)                                Static analysis                                  Transient analysis 

Stationary mode                                           15.067                                                         0.745–15                                                        1.029–15
Asphalt road                                                18.830                                                         0.599–15                                                        0.215–15
Dirt road                                                       49.167                                                         0.072–15                                                        1.004–15
Parallel to furrows                                       21.428                                                         0.163–15                                                        0.176–15
Perpendicular to furrows                             27.075                                                         0.139–15                                                        0.174–15
Farm end Turning                                        27.875                                                         0.135–15                                                        0.177–15

Table 8. Various parameters for the proposed design of axle in different loads.

Test conditions                             Static analysis                                Transient analysis                              Harmonic analysis

Total deformation (mm)                            0.253-1.976                                                0.0402-1.964                                               1.342–17-4.54–16

von Mises stress (MPa)                             0.0024-263                                                0.0015-264.6                                              1.524–18-2.735–13

von Mises strain                                     2.716–8-0.00172                                           3.072–8-0.0013                                             1.12–23-1.451–18

Fatigue factor of safety                                0.328-15                                                      0.326-15                                                               -
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The fatigue factor of safety
Two samples for the factor of safety distribution along the axle

are shown in Figure 8. More axle points had a safety factor of less
than 15, the maximum safety factor in the software. Some points
of the kingpin hole, the triangular shape part wings, most of the
main shaft surface, most of the lower part areas, and some points
between the main shaft and the spindles had a safety factor of less
than 15. However, areas of the spindles that were opposite to the
main shaft junction, two ends of the kingpin hole, had a safety fac-
tor equal to 15. 

The range of the fatigue factor of safety due to concentrated
loads in the static and transient analysis is shown in Table 7. In the
static analysis, by increasing the load, unsafe areas gradually
increased, and areas with a safety factor equal to 15 decreased. The
areas close to the spindles, the middle of the main shaft, and the
middle of the lower part had the least safety factor, equal to 0.072
for 49.167 KN loading. In the transient analysis, the safety factor
values for unsafe areas were between 1.82 and 10, and very few
points were faced with the least safety factor. Moreover, the mini-
mum safety factor was equal to 1.004 for 49.167 KN loading. 

Proposed design for the axle
According to the results of various analyses, optimisation of

the existing design of the JD955 combine harvester axle was nec-
essary; therefore, two designs were proposed as follows:
a) Thickness of two edges of the triangular shape part that are

welded to the main shaft and the kingpin hole be increased by
about 10 mm, and the thickness of the other two edges be
increased by about 2 to 5 mm.

b) Wings of the triangular shape part be removed and replaced
with cubes because a rectangular mass balance is better than a
triangular mass balance and can keep the axle balanced in the
ups and downs of a moving path. It will also have better stress
resistance.
To ensure the effectiveness of these two plans, both were

designed in CATIA software and transferred to ANSYS
Workbench software. Then the same analysis- previously per-
formed for the existing axle- was done with the maximum mea-
sured load, i.e., 49.167 KN. Results of the analysis showed that
both plans were more robust than the existing design, but the supe-
riority of the second design was quite evident. Therefore, Figure 9
was proposed as a suitable design for the rear axle of the JD955
combine harvester. As shown in Table 8, von Mises’s stress and

                             Article

Figure 8. Distribution of the fatigue factor of safety along the axle under a load of 49.167 KN in A) static and B) transient analysis.
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strain values for the proposed axle were approximately a quarter of
the same values for the existing axle. Also, the safety values for
static and transient loading were much more and almost eight
times compared to the existing axle.

Some samples for static analysis of the proposed axle are
shown in Figure 9. Although total deformations or the proposed
axle in various loads were slightly more than values   obtained for
the existing axle, much less bending occurred in the middle of the
axle. Using more resistance material can cover this slight deforma-
tion. High von Mises stress areas were reduced in the proposed
design. The distribution of safety factors in the proposed design
was almost similar to the existing design, but areas with low safety
factors were smaller.

Conclusions
From real-time data collection, it was found that most loads

applied to the middle of the rear axle of the JD955 combine har-
vester were between 10 and 20 KN. When climbing an uphill, the
maximum unusual load applied to the axle was about 50 KN. The
results of this maximum load were used to optimise the existing
design of the JD955 rear axle. The existing rear axle of the JD955
combine harvester was subject to much stress at some very uneven
ups and downs, which may be fractured over a long time. If the
axle joint points to the spindles (which are axle supports) and the
axle middle part (which is the axle centre of gravity) are strength-
ened, less deformation and low stress and strain will occur in the
axle and its safety factor will increase. Finally, in order to optimise
and increase the strength and reliability of the rear axle of the
JD955 combine harvester, the following changes were suggested:
- Using a rectangular piece instead of the triangular shape part in

the middle of the axle;
- ncreasing thickness of the triangular shape part in the middle

of the axle;
- Using a stronger alloy for the middle of the axle, especially for

the triangular shape part.

Nomenclature
λ: harmonic movement wavelength (m)
ν: Poisson’s ratio
ρ: density
Ε: modulus of elasticity

ƒ: applied frequency to the vehicle in motion (Hz)
fmax: maximum excitation frequency
FC: vertical load from combine body
Fh: steering cylinder force
Fmax: maximum transient force           
Fr and Fl: rear wheels’ reaction forces 
FW: axle weight
Sut: tensile strength
Sy: yield strength
V: vehicle velocity (m/s)
FEA: finite element analysis
SE: structural error
St: steel
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