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ABSTRACT

ACQUISITION OF FIELD DATA FOR AGRICULTURAL TRACTOR

KOYUNCU, Atayıl
M.Sc., Department of Mechanical Engineering
Supervisor: Prof. Dr. Mustafa İlhan GÖKLER
Co-Supervisor: Prof. Dr. Tuna BALKAN
May 2006, 78 Pages
During the operations of an agricultural tractor, front axle and front axle
support encounter the worst load conditions of the whole tractor. If the design of
these components is not verified by systematic engineering approach, the
customers could face with sudden failures. Erkunt Agricultural Machinery
Company, which is located in Ankara, has newly designed and manufactured the
front axle support of its agricultural tractors. In this study, the design of 2WD
(Wheel Drive) Erkunt Bereket Agricultural Tractor’s front axle support has been
verified by developing a verification method, which involves testing the tractor on
a special test track and field and together with the computer aided engineering
analysis, in order to prevent such failures in the lifetime of the tractor.
For this purpose, a strain gage data acquisition system has been designed to
measure the strain values on the component, while the tractor is operating on a
test track and field. The locations of the strain gages have been determined by
simulating the selected design load cases through finite element method.
Measuring the maximum strains for the front axle support that have been
IV

experienced by the tractor while operating, the stress values have been calculated
and the design safety has been investigated considering the material’s tensile
strength. Secondly, the fatigue life of the component regarding the acquired strain
data has been predicted. These processes have led the company to verify the
design of the front axle support.
Keywords: Agricultural tractor, strain gages, data acquisition, field tests, fatigue
life prediction
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ÖZ

TRAKTÖR İÇİN ARAZİ VERİLERİNİN TOPLANMASI
KOYUNCU, ATAYIL
Yüksek Lisans, Makina Mühendisliği Bölümü
Tez Yöneticisi: Prof. Dr. Mustafa İlhan GÖKLER
Ortak Tez Yöneticisi: Prof. Dr. Tuna BALKAN
Mayıs 2006, 78 Sayfa
Tarımsal traktörlerin kullanımı boyunca, ön dingil ve ön dingil mesnedi
traktör üzerinde ki en kötü yükleme koşullarıyla karşılaşır. Eğer bu parçalar için
tasarım doğrulaması sistematik mühendislik yaklaşımıyla yapılmazsa, müşteriler
ani arızalar ile karşılaşabilir. Ankara’da kurulan Erkunt Tarım Makineleri Sanayii
A.Ş., tarımsal traktörleri için ön dingil mesnedinin tasarımını ve üretimini kısa bir
süre önce gerçekleştirdi. Bu çalışmada, traktörün kullanım süresi boyunca
karşılaşılabilecek bu tip arızaları önlemek için, iki çekerli Erkunt Bereket tarımsal
traktörlerinin ön dingil mesnedinin tasarım doğrulaması, traktörün özel bir test
pisti ve arazi üzerinde test edilmesini ve bilgisayar destekli mühendislik
analizlerini içeren bir doğrulama yöntemi geliştirilerek yapıldı.
Bu amaçla, traktör bir test sahası ve arazi üzerinde çalışırken, parça
üzerindeki gerinimleri ölçebilecek bir gerinim ölçer veri toplama sistemi dizayn
edildi. Gerinim ölçer konumları seçilen yükleme koşullarının sonlu elemanlar
metodu yardımıyla benzetim yapılarak tespit edildi. Parça üzerinde ki
gerinimlerin ölçülmesi sonucunda gerilmeler hesaplandı ve tasarım güvenliği
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malzemenin gerilme mukavemeti ele alınarak tetkik edildi. Ek olarak, parçanın
yorulma ömrü toplanan gerinim bilgilerine dayanılarak öngörüldü. Bu süreç
fabrikanın ön dingil mesnedinin tasarımının doğrulanmasına öncülük etti.
Anahtar Kelimeler: Tarım traktörleri, gerinim ölçer, veri toplama, arazi testleri,
yorulma ömrü tahmini.
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CHAPTER 1
INTRODUCTION

1.1. Design Verification in Agricultural Tractor Industry
Agricultural tractor is in the class of mobile machines, which involve the
traction process. The word “traction” and name “tractor” come from the word to
“draw” or “pull” so the tractor is basically a machine for pulling [1]. The tractor is
also in the class of machines that involves operation under what are known as
“off-road” conditions.
Main components of an agricultural tractor are axles, front axle support,
chassis, transmission, rollover protection, and hitch systems. In the agricultural
tractor industry, the design of the tractor components and systems is done
according to predetermined specifications and requirements. The most critical
design criteria for the components are determined regarding the strength
requirements, since these components experience high loads in the application
areas of agricultural tractors. Among the main components, the most critical
loading conditions occur on the front axle, and front axle support, which is
directly subjected to the loads that are acting on the front axle [2]. Regarding the
loads on the components, it is required that these components should not have
failure during the operation of an agricultural tractor.
It is mostly insufficient unless tests or experiments, which simulate the real
operating conditions, contribute to the design phase. Tests have a key role in
design verification and provide significant feedback during product development
process. Poorly tested product without proper verification may result in
1

unexpected problems for customers and subsequently to the producers. To
minimize the risks of failure, verification testing, which is a method of testing a
product to assure that it meets all of its design specifications [3], has to be
considered for the designed components of an agricultural tractor.
The design could also be verified by simulating the test environment, with
the help of the Computer Aided Engineering (CAE) models. The advantages of
CAE approaches over conventional testing include the following [3]:
 Rapid identification of potential design deficiencies.
 Reduction in number of prototypes.
 Reduction in resource requirements for testing.
 Reduction in engineering design changes.
However, there are some risks and disadvantages in its use including:
 CAE models can become quiet complex and difficult to use. They require
advance training in most cases.
 CAE models do not always correlate very well with real-world performance.
 If a problem arises from the use of CAE, it might be difficult and costly in
both time and money to recover the failure.
 Software can be very expensive to acquire and use.
The use of CAE models is preferred in the early stage of design, as its use
constitutes a proactive strategy for identifying any design deficiencies that may
exist early in the design process. Product testing should be viewed as a final test
or confirmation of a good design [3].

1.2. Verification Tests for Agricultural Tractor
Tests of the agricultural tractors are concentrated on mainly performance
tests and strength tests of the protective structures [4]. Since there is a
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considerable amount of international agricultural tractor manufacturers, some
standard codes are classified in order to facilitate trade by enabling an importing
country to accept with confidence the results of tests carried out in another
country. The first standard code for the official testing of agricultural tractors was
approved on 21st April 1959, by the council of the OEEC (Organization for
European Economic Co-operation), which became the OECD (Organization for
Economic Co-operation and Development). The current OECD Codes [4] for
tractor testing relate to:
 The tractor performance, according to the Full Code (Code 1).
 The tractor performance, according to the Restricted Code (Code 2).
 The strength of protective structures (dynamic tests, Code 3).
 The strength of protective structures (static tests, Code 4).
 Noise measurement at the driver’s position (Code 5).
 The strength of the front-mounted rollover protective structures on narrowtrack wheeled agricultural and forestry tractors (Code 6).
 The strength of the rear-mounted rollover protective structures on narrowtrack wheeled agricultural and forestry tractors (Code 7).
 The strength of protective structures on track laying tractors (Code 8).
More than 2000 tractor models have received performance test approval
since the Codes were established in 1959. Furthermore, more than 10 000 variants
of tractors were tested for noise measurement at the driving position, or in most
cases, for the driver’s protection in case of tractor rollover [4].
The tough competition conditions in agricultural tractor industry, which is a
part of automotive industry, force tractor manufacturers improve the reliability of
their vehicles and preserve the quality of their products. Apart from these standard
tests based on OECD’s standard codes, many agricultural tractor manufacturers
conduct field tests in addition. The tractor is fitted with a series of sensors and
data acquisition devices for measuring and recording tractor operational
3

parameters such as load spectra, engine speed, drawbar load, and fuel
consumption as the tractor is doing normal field work. This operational
information then used for the purpose of design verification.

1.3. Previous Studies in Agricultural Tractor Testing and CAE Analysis
Agricultural tractor tests and CAE analysis have been carried out by several
researchers working in universities or agricultural tractor companies. Some of the
related studies are summarized in the following paragraphs [2,5-13].
R. Späth [5] investigated the loads, which act on a tractor chassis. For this
purpose, an instrumented wheel, which is shown in Figure 1.1, was designed and
built which allows the wheel load and the draft and lateral force at a tractor rear
wheel to be measured reliably and with sufficient precision. Experiments were
carried out including driving over a ramp, which is shown in Figure 1.2, and axle
loads were recorded. Such instrumented wheels are already being used in test cars
and trucks [6].

Figure 1.2 Tractor with Instrumented
Wheel Driving over the Ramp [5]

Figure 1.1 Instrumented Wheel with Tire
520/70 R 38 [5]

Institute of Agricultural Machinery of Technical University Munich [7]
started a project to investigate the loads on the tractor body. The goal was
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calculating the fatigue life of the tractor components. A tractor was equipped to
measure the loads on the tractor axles and the loads on three point hitch. The
loads, while working on the field and driving on the ISO-tracks, were measured.
A load spectrum was processed from the load time history by using rainflow cycle
counting method [8]. Finally, the total fatigue damage for the tractor components
was calculated as shown in Figure 1.3, considering damage accumulation
hypothesis defined by Miner [9].

Load Spectra
Counting
method:
rainflow
cycle
counting

Calculating the total
damage via adding all
partial damages (due to
damage accumulation
hypothesis, e.g. Miner)

Calculating the
partial damage
for each load or
stress situation

Figure 1.3 Fatigue Damage Calculation from Load History [7]

A.D. Yahya [10] developed an instrumentation and sensor system for an
agricultural tractor. The system was constructed on the tractor, which is shown in
Figure 1.4, and was capable of recording information for drawbar pull force, drive
wheel torque and both vertical and horizontal forces at the 3-point hitches of the
tractor implement. The data acquisition system utilized a locally designed
drawbar pull transducer to measure horizontal pull at tractor drawbar point, wheel
torque transducers, which is shown in Figure 1.5, to measure the torque at both
tractor rear wheels, and a 3-point auto hitch dynamometer to measure the
horizontal and vertical forces on the implement behind the tractor.
5

Figure 1.4 Data Acquisition System on the
Tractor [10]

Figure 1.5 Rear Wheel Torque
Transducer [10]

T.F. Burks [11] developed a data acquisition system to measure vibration
data from an agricultural tractor. Accelerometers were mounted on the front and
rear axle and on the driver’s seat. An ultrasound ground speed sensor was used to
monitor velocity. These sensors were connected to a National Instruments
Modular Signal Conditioning Carrier (MSCC). LabVIEW® provide a Graphical
User Interface (GUI) to the data acquisition system; manage data acquisition and
storage of ground speed and accelerometer signals. An obstacle course was
constructed to simulate rough field terrain. The tractor was driven through the
course at prescribed velocities while data was collected from the accelerometers
and ground speed sensor. A position map was created to mark the obstacles and
provide a ground of known obstacles. Correlations could then be made between
the known obstacles of varying magnitude and the measured shock and vibration
events as a function of ground speed.
KISSsoft AG [12] verified an agricultural tractor’s transmission design. The
objective of the study was the determination of the strength and lifetime of the
tractor’s transmission components. The transmission was verified using load
spectra as input. The critical parts inside the transmission were identified. The
existing transmission was analyzed and verified using several load cases and load
spectra, which allows comparison for experience as shown in Figure 1.6.

6

CAE Model
for analysis

Load cases, load
spectra for design

Resulting
safety
factors and
lifetime for
existing
design

Existing
design
Figure 1.6 Verification of a Tractor Gearbox [12]

Tata Consultancy Service [2] used CAE approach in order to analyze the
new design of the front axle of an agricultural tractor. The geometric models for
the existing design and proposed designs were created and imported into
ANSYS®, which is one of the finite element analysis program used in CAE
analysis and simulations. The existing design has no field failure reports; so the
results of the current design were taken as basis for comparison with results of the
proposed models. The proposed designs were evaluated for selected worst load
cases of the tractor. Based on the finite element analysis results, redesign was
carried out for the front axle.
Eicher Tractor Company [13] redesigned the front axle support of an
agricultural tractor with the aid of CAE simulations. The objective was to reduce
the weight of the component considering the load cases, which are subjected to
the front axle support. The load cases were simulated in a finite element program
called MSC/Nastran®, where the front axle support was modeled with required
boundary conditions. The new design with reduced weight was verified regarding
the results of the CAE analysis.

7

1.4. Scope of the Study
This study aims to verify the existing design of Erkunt Bereket Tractor’s
front axle support part. The design engineers of Erkunt Agricultural Machinery
completed the design of the front axle support part, and it was needed to make
verification testing for the design confirmation. The design requirement for the
front axle support part is, not to fracture during the lifetime of the tractor. The
fracture of the component could happen in two ways; an overload causes an
exceeding stress situation on the critical locations of the component or a fatigue
fracture caused by repeated loading on the field operations although the occurring
stresses are far below the material’s tensile strength. Therefore, the strength of the
front axle support against overload and fatigue are the requirements that must be
verified.
For this purpose, strain measurements have been done while the tractor is
being driven on a field and on a test track. The overload safety has been
determined regarding the calculated maximum principle stresses and by
comparing them with the component material’s ultimate tensile strength. Finally,
the fatigue life has been predicted from the strain time histories of the front axle
support part. Stress cycles for the fatigue analysis have been found with the help
of the rainflow cycle counting method [8]. The total fatigue damage for the front
axle support has been calculated considering damage accumulation hypothesis
defined by Miner [9].
In Chapter 2, the design for the front axle support part has been investigated
with the help of finite element method, regarding the selected load cases. In
Chapter 3, the preliminary tests including data acquisition experiments, which
have been conducted on different test setups, are summarized. In Chapter 4, the
results for the strain measurements on a test track and on a field are demonstrated
and evaluated. In Chapter 5, the acquired strain data on the test track are used for
the purpose of fatigue analysis and the results are summarized. Discussions and
conclusions of the study are given in Chapter 6.
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CHAPTER 2

FINITE ELEMENT ANALYSIS OF THE FRONT AXLE SUPPORT

2.1. Design of the Front Axle Support
The verification process for the front axle support of the Erkunt Bereket
Tractor, details of which are given in Appendix B, includes tests and analysis
steps. The Finite Element (FE) model of the front axle support has been
constructed in order to analyze the front axle support by using finite element
method. The front axle support, which is shown in Figure 2.1, is a cantilevered
structure that is bolted to the chassis and pivots on the front axle.

Front Axle Support

Front Axle

Boltholes
Pivoting Shaft

Figure 2.1 Front Axle Support
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The analysis of the FE model of the front axle support has been
implemented for the load cases that are considered during the design of the front
axle support. A set of load cases for the agricultural tractor front axle supports
have been selected by surveying the literature and consulting the designers of
Erkunt Agricultural Machinery.
Eicher Tractor Company [13], as discussed in Section 1.3, verified the
design of the 24 HP Eicher Tractor’s front axle support by analyzing the FE
model for the selected load cases. One of the load cases was taken as the front
wheel reaction of the tractor acting on the front axle support in this study. The
reaction force in the magnitude of 5985 N is shared by both of the Eicher’s 24 HP
tractor’s front wheels while it stands still on a flat ground. Since the natural
application areas of the agricultural tractors are fields that have rough terrain
characteristics, the tractors experience high dynamic loads. Therefore, Eicher
Tractor Company also took into account a load case named as “3-g loading [13]”
in addition to front wheel reaction. It is required on the field operations that, the
front axle support should resist the load that is 3 times greater than the front wheel
reaction of the tractor stands on a flat ground.
One of the design requirements for the front axle support of the Erkunt
Bereket Tractor was to withstand a loading situation, which has been defined by
the designers of Erkunt Agricultural Machinery. This load case considers 29430N
vertical force acting on one of the front wheels of the tractor. The loads, which
exerts on the front axle are shown in Figure 2.2, where:
Fxl: Longitudinal Wheel Force on left wheel
Fyl: Lateral Wheel Force on left wheel
Fzl: Vertical Wheel Force on left wheel
Fxr: Longitudinal Wheel Force on right wheel
Fyr: Lateral Wheel Force on right wheel
Fzr: Vertical Wheel Force on right wheel
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Tire Patch
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Figure 2.2 Front Axle Loads

Tire Patch

The pivoting shaft is fixed on the front axle support and front axle could
rotate around x-axis on the pivoting shaft. However, the rotation is limited to 12°
as shown in Figure 2.3. Then, contact takes part between front axle and front axle
support, the location of which is shown in Figure 2.4.
Contact
Location

z

x
12°

Figure 2.4 Contact Location

Figure 2.3 Rotational Limit of the Front
Axle
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The load cases, which were considered by Eicher Tractor Company [13] and
Erkunt Agricultural Machinery, have been taken as a reference for the FE analysis
of this study. The front wheel reaction of Erkunt Bereket (60HP) Tractor is
9810N as stated by the designers of Erkunt Agricultural Machinery. Regarding
the loads acting on the front axle as shown in Figure 2.2, the vertical load
components acting on both sides of the front axle are tabulated in Table 2.1
according to the selected three load cases. The loads for the “3-g Loading [13]”
are taken as three times greater than the standstill front wheel reaction. For the
last load case, which was considered in the design of the front axle support by
Erkunt Agricultural Machinery, it is accepted that the load is acting on one of the
wheel of the tractor, and the value of the load is 29430N.

Table 2.1 Load Components for the Selected Load Cases

Front Wheel
Reaction
3-g
Loading
Design Load
Case of Erkunt
Bereket Front
Axle Support

Fzl
(N)

Fzr
(N)

4905

4905

14715

14715

29430

2.2. Finite Element Model of the Front Axle Support
Throughout the 20th century the availability of stronger, lighter materials,
and consumer demands for reduced cost and increased reliability have resulted in
a need for accurate stress analysis methods. This need led to the development of
the finite element analysis method. The finite element method is a numerical
method for solving complex problems of engineering as stated by Logan [14].
The finite element method was first used in engineering analysis in the early

12

1960’s. The term finite element was used by Clough [15] in 1960 when triangular
and rectangular elements were used in engineering finite element analysis. In the
1980’s the development of general purpose FEA (Finite Element Analysis)
software like ANSYS® and MSC/Nastran® were introduced. These software
packages use what are known as preprocessors and postprocessors to efficiently
solve complex problems. In the 1990’s, finite element modeling became more
advanced and easier to use by advanced meshing techniques and improved
graphical user interface.
MSC/Nastran® and Patran, general-purpose finite element analysis software
packages has been used in conjunction with 3D CAD (Computer-Aided Design)
solid geometry in this study. The geometric model for the front axle support part
was constructed using Pro/ENGINEER CAD software by the Erkunt Agricultural
Machinery designers. The finite element model mesh, which is shown in Figure
2.5, has been created using solid tetrahedron elements. In general, the analysis of
bulky objects like the one in this study requires the use of solid elements. There
are two types of tetrahedron elements: linear and parabolic. The linear tetrahedron
elements are faster computationally but less accurate. On the other hand,
parabolic tetrahedron requires more computational resources but lead to more
accurate results. Another important feature of the parabolic tetrahedron is that
they can fit curved surfaces better. Therefore, in order to obtain accurate results,
parabolic tetrahedron elements have been created in the FE model of the front
axle support. There are 136124 elements and 216635 nodes in the model.

Figure 2.5 FE-Model Mesh of the Front Axle Support
13

There are three phases of analysis, which are preprocessing, solution and
postprocessing. In the preprocessing phase the finite element model of the front
axle support has been defined with its boundary conditions and the exerted
external loads by using Patran software. In the next step, the model is transferred
to the MSC/Nastran® software, which has solved the model for requested stress
results. Then the stress results have been post processed in Patran software for
visualizing the results for the front axle support.
The forces are transferred from the tractor wheels to the front axle support
via front axle pivoting shaft. The reaction force on the pivoting shaft (Rz) is
determined from the front axle free body diagram, which is presented in Figure
2.6. The force application locations for the load cases named as “front wheel
reaction” and “3-g loading” are presented on the pivoting shaft holes of the front
axle support in Figure 2.7, and Figure 2.8, respectively. The forces that are
transferred to the pivoting shaft from the front wheels is the sum of the wheel
forces (Fzl and Fzr), which have a value of 9810N and 29430N for the “front
wheel reaction” and “3-g loading”, respectively. The forces, which are acting on
the pivoting shaft as shown in Figure 2.7 and Figure 2.8, are located in the middle
of the shaft holes of the front axle support; therefore the force components for the
two holes are the half of the force value acting on the pivoting shaft. The
specified forces have been applied to the nodes, which are located on the shaft
holes of the front axle support. For the third load case, there occurs a contact
situation between front axle and front axle support, which is shown in Figure 2.4.
Therefore, a contact force (Fc) is applied to the front axle support on the contact
location. The force components on contact location and on shaft holes, which is
presented in Figure 2.10, have been calculated from the free body diagram of the
front axle, which is presented in Figure 2.9. In the free body diagram of the front
axle, the contact force (Fc) has been calculated as 83620N, and the reaction
forces, Rz, and Ry, acting on the front axle regarding the pivoting shaft joint are
52363N and 17385N, respectively. Since front axle support is fixed to the tractor
chassis with bolts and nuts, fixed boundary condition has been defined on the
nodes of the boltholes of the front axle support.
14
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Figure 2.6 Free Body Diagram of the Front Axle for the “Front Wheel Reaction and 3-g
Loading”
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Figure 2.7 Boundary Conditions and Forces for Front Wheel Reaction
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Figure 2.8 Boundary Conditions and Forces for “3-g Loading”
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Figure 2.9 Free Body Diagram of the Front Axle for the Loading Case defined by Erkunt
Agricultural Machinery Designers
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Figure 2.10 Boundary Conditions and Forces for Loading Case defined by Erkunt
Agricultural Machinery Designers

The front axle support design is manufactured from GG-25 [16], gray cast
iron. For the purpose of solving the finite element model, the values of Modulus
of Elasticity and Poisson’s Ratio are needed. Modulus of Elasticity and Poisson’s
Ratio has been taken as 120,000 and 0.23, respectively. Since the so-called GG25 material is brittle regarding its metallurgical structure, the result evaluations
have been done considering its ultimate tensile strength (uniaxial tension strength)
value, which is 250MPa.
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2.3. Evaluation of the FE Analysis Results of the Front Axle Support
The maximum stress criterion [17], also known as the normal stress,
Coulomb, or Rankine criterion, is often used to predict the failure of brittle
materials. The maximum stress criterion states that failure occurs when the
maximum (normal) principal stress reaches either the uniaxial tension strength
( σ t ), or the uniaxial compression strength ( σ c ) as defined in Equation 2.1 where

σ 1 and σ 2 are the principle stresses.
(2.1)

σ c < σ 1,σ 2 < σ t

Graphically, the maximum stress criterion requires that the two principal
stresses lie within the zone, which is shown in Figure 2.11.

σt

σ2
σ t σ1

−σ c
−σ c

Figure 2.11 Graphical Representation of Maximum Stress Criterion [17]

Maximum principle stress results for each of the load case are presented in
Figure 2.12, Figure 2.13, and Figure 2.14. The color bar range for the result plots
is set at a maximum stress of 250MPa in order to compare the results with the
material’s tensile strength. However, for the first and second load case since the
maximum principle stress is much smaller than the material’s tensile strength, the
range maximum is set below 250MPa for a better representation.
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15MPa

Figure 2.12 Max. Principle Stress Plot for “Front Wheel Reaction”

45MPa

Figure 2.13 Max. Principle Stress Plot for “3-g Loading”
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203MPa

Figure 2.14 Max. Principle Stress Plot for Loading Case defined by Erkunt Agricultural
Machinery Designers

It should be noted that the maximum values of the principle stresses have
been detected on the nodes of the boltholes, where the fixed boundary conditions
have been applied. Therefore, the stress results on nodes of boltholes are out of
interest in the evaluation process. The maximum principal stress value for the
load case, which is named as “front wheel reaction”, is about 15MPa as shown in
Figure 2.12. For the second load case the maximum principal stress value is about
45MPa, and for the third load case it is about 203MPa, which are shown in Figure
2.13 and Figure 2.14, respectively.
When comparing the maximum principle stress values ( σ 1 ) with the
material’s tensile strength ( σ t ), the most critical load case is the third load case
defined by the Erkunt Agricultural Machinery designers, which considers a
contact between front axle and front axle support. However, it could be stated
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that, maximum principle stress values have been found on the nodes, which are
located in the same positions of the front axle support for each of the load cases.
As discussed in Section 1.4, the field tests have been conducted in the
design verification process of the front axle support, which is shown in Figure
2.15. During the field tests, the strain components have been planned to measure
on the specified points of the front axle support by using strain gages. The
specified point for the strain measurements has been selected considering the
finite element analysis results of the front axle support, which are presented in
Figure 2.12, Figure 2.13, and Figure 2.14. It is expected that during the field
operation, the front axle support part experiences the maximum strain on the
point, which is indicated in the results of the analysis.

Load
cases for
design

CAE
Model for
analysis

Field
Tests

Resulting
safety
factors and
lifetime for
existing
design

Design of the
Front Axle
Support
Figure 2.15 The Front Axle Support Design Verification Process Flow Chart

The design verification process aims to determine the resulting safety
factors regarding the maximum measurement strain values on the determined
point of the front axle support during the field tests. The lifetime of the front axle
support has been also predicted against fatigue fracture considering the measured
strain values on the same point.
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CHAPTER 3

PRELIMINARY TESTS

In this chapter, firstly the elements of the data acquisition system that has
been used to acquire the strain data for the front axle support during the field tests
are described in details. Then, preliminary strain data acquisition tests are
explained.

3.1. Strain Gages
Strain gage is a very effective and most commonly used device in
experimental stress analysis. The strain gage measures the average strain over the
gage area on the mounted surface of a specimen. Usage of the strain gage is based
on the reduction in the cross sectional area of a conductor which causes a
proportional increase in its resistance. The resistance elements on the gage are
arranged in longitudinal folds to maximize the length of the conductor. The folder
improves gage sensitivity and minimizes the change in resistance due to
transverse load [18].
A single element gage measures only the normal strain parallel to the
conductor fold. This limitation does not provide a complete evaluation of the state
of strain at the measurement location. When dealing with the complex stress
fields like the one in this study, a rosette strain gage should be used. Therefore,
the strain measurements in the field experiments have been done directly using
HBM RY81-3/350 [19], which is a rectangular rosette bonded constantan foil grid
resistance strain gage as shown in Figure 3.1. This type of strain gage has been
21

selected because it is primarily intended for general-purpose static and dynamic
stress analysis. The dimensional and application data for the HBM RY81-3/350
strain gage rosette is listed in Table 3.1 and Table 3.2, respectively.
d
b

A

B

C

a

c

Figure 3.1 HBM RY81-3/350 Rosette Strain Gage [19]

Table 3.1 Rosette Strain Gage Dimensions for HBM RY81-3/350 [19]

Gage Length (a)

Dimensions
(mm)
3

Grid Width (b)

0.9

Matrix Length (c)
Matrix Width (d)

9.7
14.6

Table 3.2 Rosette Strain Gage Application Data for HBM RY81-3/350 [19]

Data Type

Value

Temperature Range

-70...+200 °C (static)
-200...+200 °C (dynamic)

Resistance

350 Ω

Fatigue Life

107 cycles at ±1000µstrain

Gage Factor (GF)

2.02 (At room temperature (23°C))

Transverse Sensitivity (K)

0.01

Temperature Coefficient

(115 ± 10) 10-6 1/K
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The pattern of the rectangular rosette strain gage has three independent grids
oriented at 0°, 45°, and 90° as shown in Figure 3.2. This orientation allows for
three independent strain measurements to be obtained for a single point.

y

C

B

A

x

Figure 3.2 Rectangular Rosette Strain Gage Layouts [20]

A Wheatstone quarter bridge circuit has been used to measure the strain.
The Wheatstone bridge is well suited for the measurement of small changes of a
resistance and, therefore, is also suitable to measure the resistance change in a
strain gage. It consists of 4 resistors (R1, R2, R3, Rg) arranged in a diamond
orientation as shown in Figure 3.3. An input DC voltage (Vin), or excitation
voltage, is applied between the top and bottom of the diamond and the output
voltage (Vout) is measured across the middle. The voltage reading is converted to
strain values using Equation 3.1 [21].

Figure 3.3 A Quarter Bridge Wheatstone Circuit [20]

23

ε=

−4(Vout / Vin )
R
(1 + L )
GF (1 + 2(Vout / Vin )
Rg

(3.1)

RL is the lead resistance, Rg is the gage resistance, and GF is the gage factor
of the applied strain gage. The value of the gage factor (GF) as specified in Table
3.2 for HBM RY81-3/350 gage can be used for the applications at room
temperature (23°C). The gage factor changes as the temperature changes
regarding the temperature coefficient specified in Table 3.2. In the case of
constantan measuring grid the gage factor increases as the temperature increases.
The temperature change at measuring point also affects the resistance of the strain
gage grids. This effect is called as “thermal output” and is independent of the
mechanical load on the test object. However, since the selected rosette gage is a
self-compensated gage, the thermal output effect is rejected [19].
In the case of a rosette gage application, for each of the independent grid a
quarter bridge is constructed to measure the strains. These measurements are then
used in order to calculate the principal strains at a point. Each of the three strain
grids has a corresponding measured strain magnitude, ε1, ε2, and ε3, to calculate
the maximum and the minimum strains. However, the measured strain has to be
adjusted for transverse sensitivity (K). The adjusted strain values, ε1T, ε2T, ε3T, are
calculated by using Equations 3.2, 3.3, and 3.4 [20].

ε1T =

1 −υ K
(ε1 − K ε 3 )
1− K 2

(3.2)

ε 2T =

1−υ K
[ε 2 (1 + K ) − K (ε1 + ε 3 )]
1− K 2

(3.3)

ε 3T =

1 −υ K
(ε 3 − K ε1 )
1− K 2

(3.4)

where:
υ: Poisson’s Ratio
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The strain magnitudes can be used to determine principal stresses in terms
of principal strains. For the rectangular rosette strain gage, maximum principal
strain (εmax), minimum principal strain (εmin) and resultant direction (θp) are
calculated using Equations 3.5, 3.6, and 3.7 [20], respectively.

1

ε max = ( ε1T + ε 3T ) +
2


1

ε min = ( ε1T + ε 3T ) −
2


T
1

2 
2
− ε 3T ) +  2ε 2T − ( ε1T + ε 3T )  


(3.5)

T
1

2
2
− ε 3T ) +  2ε 2T − ( ε1T + ε 3T )  


(3.6)

(ε
(ε

 2ε 2T − ( ε1T + ε 3T ) 
1
−1

φ p = tan φ 


2
ε1T − ε 3T



(3.7)

Applying the relationship between the biaxial strain and stress, the
maximum principal stress (σmax) and the minimum principal stress (σmin) can be
calculated using Equations 3.8 and 3.9 [20], respectively.

σ max =

E  ε1T + ε 3T

2  1 − υ

  1 
+

  1+υ 

(ε

T
1

2
2
− ε 3T ) +  2ε 2T − ( ε1T + ε 3T )  


(3.8)

σ min =

E  ε1T + ε 3T

2  1 − υ

  1 
−

  1+υ 

(ε

T
1

2 
2
− ε 3T ) +  2ε 2T − ( ε1T + ε 3T )  


(3.9)

where:
E: Modulus of Elasticity
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3.2. Strain Gage Data Acquisition System

A data acquisition system, the block diagram of which is shown in Figure
3.4, could be defined basically as a system that quantifies and stores data. There
are five components to be considered when building a basic data acquisition
system:
 Physical System
 Transducers and sensors
 Signal Conditioning
 Data Acquisition Hardware
 Application Software

Figure 3.4 Data Acquisition System Block Diagram

Data acquisition begins with the physical phenomenon to be measured. This
physical phenomenon could be the temperature of a room, the intensity of a light
source, the pressure inside a chamber, the force applied to an object, or many
other things. In order to convert a physical phenomenon into a measurable
electrical signal, such as voltage or current, sensors or transducers are needed.
The appropriate transducer converts the physical phenomena into measurable
signals. Sometimes transducers generate signals too difficult or too dangerous to
measure directly with a data acquisition device. For instance, when dealing with
high voltages, noisy environments, and extreme high and low signals, signal
conditioning is essential for an effective system. The data acquisition hardware
acts as the interface between the computer and the outside world. It primarily
functions as a device that digitizes incoming analog signals so that the computer
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can interpret them. Lastly, software transforms the PC and the data acquisition
hardware into a complete data acquisition, analysis, and presentation tool.
Strain gage data acquisition system senses the strain data via strain gages
placed on the test part. When there occurs a deformation on the part, strain gage’s
grids also deform and this deformation makes a voltage change in the Wheatstone
bridge circuit. Therefore, data acquisition system should have the capability of
constructing a Wheatstone bridge circuit. Since strain gage pattern type is threeelement rectangular rosette, all the elements of the rosette are connected to
different Wheatstone bridge circuit. Quarter Wheatstone bridge circuits have the
active gages, which are the elements of the rectangular rosette.
National Instruments® Company has a product named “SCC Portable Low
Cost Signal Conditioning“, whose “SCC-SG Series” are designed for strain gage
input. The “SCC-SG02” consists of dual channel strain gage modules for
conditioning quarter bridge strain gages. Each channel of this module includes an
instrumentation amplifier, a 1.6kHz low-pass filter, and a potentiometer for bridge
offset nulling. Each module also includes 2.5V excitation source.
In order to transfer the input signals from the strain gage input modules to
the data acquisition card; National Instruments® SC-2345 series carrier with
configurable connectors [22] has been used. This carrier, which is shown in
Figure 3.5, includes sockets for SCC modules. SC-2345 carrier holds up to 20
SCC modules. The selected data acquisition card, which is National Instruments®
DAQCard 6024E [23] as shown in Figure 3.6, is designed for laptop-based
measurements. The card could acquire data up to 200kHz, and has a 12-bit
resolution.
Real time testing requires real time control systems to acquire, record,
analyze, and present data. For this purpose, MATLAB®/Simulink and Real-Time
Windows Target® have been used. The Real-Time Windows Target® is used to
create real-time control systems. Control system requires MATLAB® to provide
command line interface for the Real-Time Windows Target®, and Simulink® to
model physical systems and controllers using block diagrams [24].
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Figure 3.6 National Instruments
DAQCard 6024E [23]

Figure 3.5 National Instruments SC 2345
Carrier [22]

3.3. Cantilever Beam Experiment

The objective of this experiment is to become familiar with the strain gage
measurements and to determine the measurement error of the data acquisition
system with a known mechanical input, which has been applied to the sensing
element of the measurement system and the system output has been compared for
verification. For this purpose, a uniaxial strain gage has been mounted on a
cantilever beam. The cantilever beam has been fixed at one end and the other end
has been free. In cantilever beam tests, common in engineering, a load is applied
to the free end of the beam. The top of the beam is in tension and the bottom of
the beam is in compression. Since the mounted gages are along the principle
stress directions of the stress state, which occurred by bending load, the so-called
bending stress theory suggests a relationship as in Equation 3.10:

σ=

M
Z

(3.10)

where:
M: Bending Moment
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Z: Section Modulus
Section modulus is related to the geometry of the test parts and it is not
changed during the experiments. Likely, considering Hooke’s Law, stated in
Equation 3.11, and by knowing the beam material and applied load, the strain (ε)
could be theoretically calculated.
(3.11)

σ = ε .E
where:
E: Modulus of Elasticity

The beam material has been aluminum and the Modulus of Elasticity value
for aluminum is 70,000MPa. The strain gage data acquisition system defined in
Section 3.2 has been used in order to acquire strain data from a cantilever beam.
Except from a rosette gage, a uniaxial strain gage has been used since the stress
state is uniaxial. The mounted uniaxial strain gage is HBM LY13-3/350 [19]. The
gage has been mounted a distance of 37mm towards the fixed end of the beam,
which has the dimensions of 162mm in length, 15mm in width, and 5mm in
thickness. The cantilever beam experimental setup is shown in Figure 3.7. The
theoretical strain calculations for the selected known weights have been done
considering the bending stress theory and Hooke’s Law.

Figure 3.7 Cantilever Beam Experimental Setup
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The duration of the recording period is about 11 seconds, and in this period
the strain responses for the selected weights have been measured. The recorded
strain output is shown in Figure 3.8. The duration between 1st and 2nd seconds,
270g weight has been applied to the cantilever beam. Then the weight has been
removed from the system, and between 4th and 5th seconds, second load has been
applied, which has a weight of 660g. Similarly, no weight has been applied at 7th
second. At the end of the test period, between 9th and 10th seconds 1050g weight
has been applied to the cantilever beam. The strain measurements have been
fluctuated between two limits during the load application periods. The difference
between two limits for each weight inputs has been 2.1µstrains. Since the data
acquisition card has a 12-bit resolution, it can measure 212 or 4096 voltage levels.
When the input range of the measurement is ±0.5V, the data acquisition card has
a sensitivity of 0.000244V. The corresponding strain value for the sensitivity is
2µstrains.
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Figure 3.8 Measured Strains for Different Weight Inputs at an Input Range of ±0.5V
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When the strain difference between two limits, which is equal to 2.1µstrains,
for each weight inputs as shown in Figure 3.8 is compared with the sensitivity of
the data acquisition card, which is 2µstrains at an input range of ±0.5V, it could
be concluded that the channels of the data acquisition card has a bit error that
interferes with the results of the strain measurements. The percent errors of the
measured strains, which are indicated in Table 3.3, have been calculated
regarding the theoretical strains. The percent errors of the strain measurements for
all weight inputs are within engineering accuracy.

Table 3.3 Percent Error of the Measured Strains
Weight (g)

Theoretical Strain
(Microstrain)

0
270
660
1050

0
74.9
185.1
294.3

Measured
Strain
(Microstrain)
0
73.5
184.8
296.1

% Error
0
1.9
0.2
-0.6

3.4. Verification of the FE Analysis Results of the Front Axle Support

Computer aided engineering still faces many challenges in simulation
accuracy. To obtain a meaningful analysis results, analytical models such as finite
element model should accurately represent the real world application. This is
normally achieved by experimental correlation.
In this experiment, in order to verify the results of the FE analysis of the
front axle support, an experimental correlation for the FE analysis results of the
load case, which has been defined by the designers of Erkunt Agricultural
Machinery for the front axle support as discussed in Section 2.1, has been done.
The load case has been simulated in front axle support test unit, which is shown in
Figure 3.9. The front axle beam has been loaded on one side by two loading
pistons to simulate the loading condition of the support. The maximum principle
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strain at a certain location has been measured under static load, for different load
levels for the purpose of finite element correlation.

Fixed
Boltholes

Front Axle

Front Axle
Support

Loading
Pistons

Figure 3.9 Front Axle Support Test Unit

The strain measurement has been achieved by the strain gage data
acquisition system. A data acquisition software based upon MATLAB®/Simulink
and Real-Time Windows Target® module has been used to record strain
measurements. The rosette gage has been mounted near to the critical point of the
front axle support part that has been determined from the FEA results, which is
shown in Figure 3.10, since it is not possible to mount the gage on the exact area.
The determined area on the support has been grinded and cleaned, and strain gage
which response the deformations under loads has been mounted with a special
adhesive. Since the stress condition is biaxial, rosette type strain gage, which
measures three directional deformations on a point, has been applied on the part.
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The used strain gages have been rosette type HBM RY81-3/350. The temperature
of the experimental environment has been recorded as 22°C, which could be
accepted as room temperature.

Figure 3.10 Measurement Location on the Front Axle Support

The maximum principle stress has been calculated from the measured
rosette strain data and compared with the FEA results in order to verify the finite
element model. The strain data has been acquired from the channels of strain gage
modules and the strain data has been converted to stress data by using the
Equation 3.4. The comparisons have been done between the results of FEA and
calculated stress results from rosette strain data.
Experimentally, there are many sources of errors that could lead to
inaccurate test measurements. One of these possible errors is the geometry
difference between the analytical CAD model and the geometry of the physical
part. Other possible sources of errors could include material in-homogeneity,
manufacturing tolerance and residual stress, and temperature, etc. Many of these
errors are highly localized and unpredictable.
Table 3.4 shows the correlation results. The maximum difference between
the calculated and the measured maximum principal strains at all of the load
inputs have been found to be 7.7%. The percent error of the stress results for all
load values is within engineering accuracy. This small difference indicates that a
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very good correlation has been found by considering all possible manufacturing
and experimental errors. Since the FEA results and the test results are close to
each other, it could be stated that the FEA method is a reliable way of
determining the strain gage location on the front axle support part.

Table 3.4 Front Axle Support Test Results

Load
(kN)

Measured
Strain
(Grid a)

Measured
Strain
(Grid b)

36.0
34.2
32.4
30.6
28.8
27.0
25.2
23.4
21.6
19.8
18.0
14.4
0.0

794.6
755.5
738.6
692.8
662.3
602.2
581.1
551.3
509.2
476.7
420.2
353.6
0.0

796.6
756.5
738.6
694.8
662.6
603.2
583.3
550.3
510.4
477.7
421.2
354.1
0.0

Calculated
Stress
MSC/Nastran®
Measured
from
Calculated
% Error
Strain
measured
Stress
(Grid c)
(MPa)
strain
(MPa)
424.6
120.3
123.6
-2.7
403.3
114.2
117.4
-2.8
393.7
111.5
111.3
0.2
370.4
104.9
105.1
-0.2
353.2
100.1
98.9
1.2
321.6
91.1
92.7
-1.8
310.9
88.1
86.5
1.8
293.3
83.1
80.4
3.2
272.1
77.1
74.2
3.8
254.6
72.1
68.0
5.7
224.5
63.6
61.8
2.8
188.7
53.5
49.4
7.7
0.0
0.0
0.0
0.0

3.5. Dynamic Strain Measurements on Fatigue Testing Machine

Design verification of the front axle support requires the measurement of the
dynamic strain values, which the part could experience on the field operations.
The term dynamic strain is used to describe the strain, which varies in magnitude
over a short time interval. The objective of the experiment is to determine
whether HBM RY81-3/350 rosette gage is capable of responding to strains of
specified frequencies.
Constant amplitude loading test has been conducted in METU-BİLTİR
Center, on Instron® 1255 fatigue-testing machine, which is shown in Figure 3.11.
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In constant amplitude tests, mechanical forces are applied at test pieces such that
the test parameter, which has to be controlled (load, stroke, strain), always varies
between two defined limits (without any significant irregularities, interruptions,
reversings, which may occur on the way between two limits). In this experiment
stroke has been controlled because of the machine limitations.

Figure 3.11 Instron 1255 Fatigue Testing Machine

In the most familiar type of constant amplitude loading tests, the controlled
parameters vary in a sine wave form. The stroke limits have been selected as
±0.005mm, considering the theoretical strain output, which has been measured
with the rosette gage. The selected stroke value has been equal to ±83µstrains,
and therefore no plastic deformation has been expected. The strain gage output
responses have been evaluated for different input frequencies, which are 3Hz,
4Hz, 5Hz, 6Hz, 7Hz, 10Hz, 20Hz, 30Hz, and 40Hz, respectively.
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It is known from the cantilever beam test as discussed in Section 3.3 that the
channels of the data acquisition card has a 1-bit error, which results in an error
value of 36µstrains for the input range of ±10V. In order to decrease the strain
fluctuation, the input range has been set at ±0.5V.
The test specimen has been selected as an unnotched specimen as shown in
Figure 3.12, which is used in many investigations of fatigue of materials [25].
Since the loading is uniaxial (in one direction), the directions of the principle axes
are known. Therefore, the HBM RY81-3/350 3-element rosette gage has been
mounted considering the principle axes. One of the gage axes has been aligned to
coincide with the principle axes. Additionally, there has been no need to wire the
3 elements on the gage. The element aligned with the principle axes has been
wired in order to measure the strain values.

Figure 3.12 Test Specimen

Sinusoidal shape stroke input has been applied to the testing machine. The
strain gage measurements for the input frequencies of 3Hz, 4Hz, 5Hz, 6Hz, 7Hz,
10Hz, 20Hz, 30Hz, and 40Hz have been plotted on the stroke input versus time
graph, which are shown in Figures 3.13-3.21, respectively. The strain outputs are
also in sinusoidal shape at the same frequencies as the inputs have.
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Figure 3.14 Displacement and Strain vs. Time Plot at a Frequency of 4Hz
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Figure 3.13 Displacement and Strain vs. Time Plot at a Frequency of 3Hz
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Figure 3.16 Displacement and Strain vs. Time Plot at a Frequency of 6Hz
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Figure 3.18 Displacement and Strain vs. Time Plot at a Frequency of 10Hz
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Figure 3.19 Displacement and Strain vs. Time Plot at a Frequency of 20Hz
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Figure 3.20 Displacement and Strain vs. Time Plot at a Frequency of 30Hz
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Figure 3.21 Displacement and Strain vs. Time Plot at a Frequency of 40Hz

A Bode Diagram [26] could characterize the difference between the input
and the output at any given frequency with just two parameters; gain and phase
shift. Gain, which displays the ratio of the output to the input in decibels (dB), is
defined by Equation 3.12. The maximum output and the input values are indicated
in Table 3.5. Phase displays the time shift of the output with respect to input in
degrees as shown in Equation 3.13. The value of the time shift has been
determined considering the time delay between the stroke input and the strain
output at each frequency.

Gain = 20 × log10 (Output / Input )

(3.12)

Phase = tdelay × f × 360

(3.13)

where:
tdelay: Time shift
f: Frequency of the signal
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Table 3.5 Strain Outputs at Different Frequency Inputs

Frequency
f (Hz)
3
4
5
6
7
10
20
30
40

Input
Output
Strain(µmm/mm) Strain(µmm/mm)
±90.3
±85.2
±88.3
±83.1
±86.6
±80.2
±85.0
±79.2
±85.0
±79.3
±83.3
±79.3
±82.8
±79.3
±72.5
±68.3
±57.7
±54.9

Bode plots for the gain and phase are shown in Figure 3.22 and Figure 3.23
on a logarithmic scale with logarithmic frequency on the horizontal and gain and
phase on vertical axis. The bode plots of most of the control systems typically
have a gain of nearly 0dB (i.e., where output= input) at low frequencies and
decline at higher frequencies. When the gain falls to –3dB (i.e., where output=
0.7*input), the system reaches the bandwidth frequency [26]. After the bandwidth
frequency, the gain starts falling off.
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Figure 3.22 Bode Plot-Gain Curve of the System
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Figure 3.23 Bode Plot-Phase Curve of the System

Because of the machine limitations, the maximum input frequency that has
been applied to the system has been 40Hz. The response of the system after 40Hz
frequency could not be determined from the gain curve. However, since the gain
has not fallen down to 3dB before 40Hz frequency, which is shown in Figure
3.22, it could be stated that the bandwidth frequency of the system would be
higher than 40Hz. The gain curve of the system indicates that the gain nearly
equals to 0dB up to the frequency of 40Hz, which means that the rosette gage
responses well to the dynamic strain inputs of maximum 40Hz frequency.
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CHAPTER 4

FIELD TESTS OF THE FRONT AXLE SUPPORT

4.1. Introduction

The front axle support design could be verified by testing the agricultural
tractor on its real operating condition or simulating the testing environment via
computer aided methods. In addition to the general risks and disadvantages of the
CAE approach, which have been summarized in Section 1.1, to simulate the field
tests in CAE environment for this study, the wheel load histories for the Erkunt
Bereket Agricultural Tractor are required. The wheel load data of the possible
fields could then be utilized in CAE environment where the complete mechanism
of the tractor’s front axle and front axle support is simulated. However, the
construction cost of a load data acquisition system including wheel force
transducers, which acquire the wheel load data on the tractor axles, is quiet
expensive. Alternatively the strain gage data acquisition system, which acquires
the strain data on the front axle support part, can be preferred.
The layout of the strain gage data acquisition system as shown in Figure 4.1
shows that the rosette gage grids are connected to channels of the SCC strain gage
modules, which are located on the SC-2345 Carrier. The SC-2345 Carrier is
connected to DAQ Card using the SHC68-68-EP cable. The DAQ Card is fitted
into the PCMCIA slot of the laptop computer. The experimental setup of this
system is cheaper and the results of the field tests could be directly used for the
purpose of overload safety calculation and fatigue life prediction.
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Laptop PC
SC-2345
Carrier

DAQ Card

1
Rosette Gage
Grids
(Front Axle Support)

2 3

Strain Gage
Modules
(SCC)

a
b
c
TRACTOR

Figure 4.1 Diagrammatic Representation of the Data Acquisition System for Field Tests

4.2. Measurements on the Test Track

There are several ways to predict the fatigue life of a tractor component.
The simplest method is to test the agricultural tractor on the determined fields by
driving up to specified kilometers in order to complete its lifetime. Although
testing the tractor on the fields is simple, the process is time-consuming, and
expensive. The second method is to make a laboratory test with the real data
acquired from the fields that a tractor operates. The third method is testing the
tractor on a special test track. In this way the time duration could be decreased in
certain amounts.
In this study a radial washboard test track, which was developed by the
engineers of Erkunt Agricultural Machinery for validating the durability
performance of the tractor, has been used. The schematic diagram of the track is
shown in Fig. 4.2. The radial washboard track was designed to match the fatigue
damage generated during the lifetime of the tractor by simulating compressed
testing cycles. The goal is to achieve the full 1 million cycles without any cracks
in the major components of the vehicle. This test track has been constructed with
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12 obstacles, the 6 of which have heights of 100mm (A) and the remaining has
50mm (B) heights. The obstacles have circular cross-sections. 1 million cycles are
completed on the track at a constant tractor speed of 7km/h.

B

A

B

Ф9m

A
B
B

A

A
A
B

B

A

Figure 4.2 The Radial Washboard Test Track

The test tractor has to be driven 33 days (8 hours in a day) in order to reach
1 million cycles on the radial washboard test track. However, acquiring the strain
data, which could be utilized for the fatigue life prediction of the component, can
reduce the duration of the test. Since the test track repeats itself in every cycle, the
test duration could be decreased from 1 million cycles to 1 cycle, and the acquired
test data has been repeated 1 million times for the fatigue life analysis. For this
purpose, FEMFAT®, which has a FEMFAT®-STRAIN module for calculating the
fatigue behavior at strain gages applied on the real structure based on measured
strain-time histories, has been used. The details of the fatigue life analysis for the
front axle support are given in Section 5.
It is not possible to mount the strain gage on a point, which is positioned at
the corner of a component. Since the maximum principle stress values regarding
the results of the FE analysis for three load cases have been determined on the
corner position of the front axle support, HBM RY81-3/350 rosette gage has been
mounted near to that position. During the measurements, the strain gage data
acquisition system as described in Section 3.1 have been used. Before starting the
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test, in order to null the system, the tractor has been lifted to ensure that there
have been no loads acting on front wheels. Then the test tractor has been taken to
the test location and the shunt calibration of the system has been done in order to
calibrate the data acquisition system. For this purpose a shunt calibration resistor,
which has a resistance of 301kΩ, has been connected to the input terminals of the
rosette gage channels. By comparing the expected voltage change (∆Vexpected),
which is calculated by the Equation 4.1 [21], with the measured voltage change
(∆Vmeasured), a correction factor (FC) has been found by using Equation 4.2 [21].
∆Vexp ected =

R3Vin ( Rscal + R4 )
V
− in
R4 Rscal + R3 ( Rscal + R4 ) 2

(4.1)

where:
Rscal: Value of the shunt calibration resistor
R4: Resistance of active strain gage
R3: Resistance of completion resistors
Vin: Input voltage

FC =

∆Vexp ected

(4.2)

∆Vmeasured

The temperature of the test environment is important since the strain gage
output is affected by the temperature changes. The test has been conducted on
May 25th 2005 at 12:00 in Ankara, and the local maximum temperature has been
about 24°C, which could be accepted as room temperature for the calculation of
the gage factor of the strain gage. Therefore, the value of the gage factor has been
taken as specified in Table 3.2. The strain data has been measured one hundred
times in a second on each channels of the strain gage module. The acquired strain
data, which is shown in Figure 4.3, as expected, has local peaks while the wheels
are crossing over the obstacles. Applying the relationship between the biaxial
strain and stress, the maximum principal stress and the minimum principal stress
can be calculated using Equations 3.4 and 3.5, respectively. The principle stress
plot is shown in Figure 4.4.
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Figure 4.3 Strain Data Acquired from Rosette Gage Channels on the Washboard Test Track
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Figure 4.4 Principle Stress Data Calculated from Strain Data
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50

The calculated local maximum stress values could associate with the
washboard track as shown in Figure 4.5, considering that the front left wheel was
passing over the constructed obstacles when local peaks occurred.
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It could be stated that associated stress values correlate well with the track
topology regarding the obstacle positions and height. The collected data points is
almost equal between two obstacles A and B, i.e. the driving time between two
obstacles is same as expected, since the tractor has a constant speed of 7km/h.
Additionally, higher peak values has been acquired while the front left wheel was
passing over the higher obstacle.
The frequency content of the collected strain data is important in order to be
sure about the strain gages measurements results. The dynamic strain
measurements, which have been conducted on the fatigue testing machine, have
indicated that the mounted strain gage rosette could response well a maximum
input signal with a frequency component of 40Hz. In order to find the frequency
components of a signal, a common use of Fourier transforms could be applied in
time domain. Considering the data sampled at 100Hz, and converting the data to
the frequency domain, the discrete Fourier transform of the signal is found by
taking the 4096-point Fast Fourier Transform (FFT), which is shown in Figure
4.6. As conclusion, the frequency components of the collected signal are below
40Hz, and a maximum frequency content of 3Hz is included in the signal.
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Figure 4.6 Frequency content of Test Track Strain Data
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4.3. Measurements on Field

The field measurements have an importance in the design verification
process of the front axle support for the determination of the local stresses
occurring on the critical sides of the component. In this way the overload safety
factor of the front axle support could be determined regarding the measured
strains on real operating conditions. Additionally, the measured strain values
during the operation on the agricultural field could also be analyzed in order to
predict the fatigue life of the component.
The field measurements have been done in Sincan, Ankara, on an
agricultural field, the soil type of which is clay, since the %60 of the Turkey’s
agricultural fields are composed of clayey soil [27]. The test has been conducted
on May 25th 2005 at 14:00, and the temperature condition has been the same with
the washboard track test as discussed in Section 4.2. The tractor has been driven
at a speed of 4km/h and 8 km/h inside a distance of 380 meters. During the
measurements, the data has been acquired at a sampling rate of 100Hz.
The strain measurements and the calculated principle stress results including
driving of the tractor on the field and driving while ploughing at a speed of 4
km/h and 8km/h are shown in Figures 4.7-4.14. The principle stress results for the
related operations on field including the maximum principal stresses and the
minimum principal stresses, have been calculated by applying the Equations 3.4
and 3.5, respectively.
Considering the data sampled at 100Hz., and converting the data to the
frequency domain, the discrete Fourier transform of the signal is found by taking
the 8192-point Fast Fourier Transform as shown in Figure 4.15. The frequency
components of the collected signal are below 40Hz, and a maximum frequency
content of 2Hz is included in the signal.
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Figure 4.7 Field Strain Data Acquired from Rosette Gage Channels at a Tractor Speed of
4km/h
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Figure 4.8 Principle Stress Data Calculated from Strain Data at a Tractor Speed of 4km/h
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Figure 4.9 Field Strain Data Acquired from Rosette Gage Channels at a Tractor Speed of
4km/h During Ploughing
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Figure 4.10 Principle Stress Data Calculated from Strain Data at a Tractor Speed of 4km/h
During Ploughing
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Figure 4.11 Field Strain Data Acquired from Rosette Gage Channels at a Tractor Speed of
8km/h
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Figure 4.12 Principle Stress Data Calculated from Strain Data at a Tractor Speed of 8km/h
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Figure 4.13 Field Strain Data Acquired from Rosette Gage Channels at a Tractor Speed of
8km/h During Ploughing
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Figure 4.14 Principle Stress Data Calculated from Strain Data at a Tractor Speed of 8km/h
During Ploughing
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Figure 4.15 Frequency Content of Field Operation Strain Data

4.4. Evaluation of the Field Test Results

The rosette gage has been mounted near to the exact critical point as
discussed in Section 4.2. It could be pointed out from the results of the FE
analysis that on the measurement point, a lower stress result has been expected.
Therefore, the measurement results have been adjusted by a factor. This factor, in
this case, has been determined dividing the finite element analysis result for the
point, which has the maximum principle stress value, by the stress result on the
point, which the measurements have been done. The factors for selected load
cases are shown in Table 4.1.
The adjustment factor (c) could be selected as 2 considering the maximum
value, which equals to 1.9, in Table 4.1. The calculated maximum principle
stresses from measured strains have been multiplied by the adjustment factor in
order to obtain the adjusted maximum principle stresses, which are the estimated
stress values for the exact critical point. The safety factor values, which are shown
in Table 4.2, could be calculated via dividing the adjusted maximum stress values
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that have been recorded in the different operations by the material’s tensile
strength value.

Table 4.1 Factor Comparisons Regarding the FE Analysis Results for the Selected Load
Cases

Stress on Exact
Stress on
Point
Measurement Point
(MPa)
(MPa)
Front Wheel
Reaction
3-g
Loading
Design Load Case of
Erkunt Bereket
Front Axle Support

Adjustment
Factor (c)

9

15

1.7

27

45

1.7

103

203

1.9

Table 4.2 Measurements Results and Safety Factors

Field (4km/h)
Field During Ploughing
(4km/h)
Field (8km/h)
Field During Ploughing
(8km/h)

Measured
Max.
Principle
Stress
(MPa)
20.1

Adjusted
Max.
Principle
Stress
(MPa)
40.2

23.3

46.6

5.4

21.3

42.6

5.9

24.6

49.2

5.2

Safety Factor
for Material’s
Tensile Strength
(250MPa)
6.2

It is clear that, occurring stresses on the measurement point, when
considering the material mechanical properties, is below the materials safety
stress. The requested overload safety factor for the front axle support is 4.5, which
has been determined by the Erkunt Agricultural Machinery designers. The
calculated safety factor values for the field operations are higher than the
requested safety factor. Therefore, the front axle support design is safe according
to the overload situation.
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CHAPTER 5

FATIGUE ANALYSIS OF THE FRONT AXLE SUPPORT

5.1. Introduction

The loads that the vehicles experience are dynamic loads with different
amplitudes. These loads arise mainly from the roughness of the roads. When
determining the life of the vehicle components, the operating conditions have an
importance. If this vehicle is an agricultural tractor like the one in this study, the
design of the components has to be done considering that the main operational
areas are agricultural fields. Therefore, the fatigue analysis of the tractor
components should be done regarding the load conditions of the agricultural
fields.
In this chapter, the fatigue life of the front axle support component has been
predicted in FEMFAT® software by evaluating the test data acquired from the
radial washboard test track that has been described in Section 4.2. The stress
cycles, which are required for the fatigue life analysis, has been established in
FEMFAT® by the rainflow cycle counting method [8] as described in Section 5.5,
and the damage values have been calculated by Miner’s Rule [9] as discussed in
Section 5.3. Secondly, the strain data that has been acquired on the agricultural
field has been used to calculate the fatigue life on the corresponding field.

5.2. Method of Influence Factors

Machine parts, which are subjected to repeated loads, are found to have
failed when the actual maximum stresses are far below the ultimate tensile
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strength of the material. The failures occur only after the loading is being repeated
a large number of times. This kind of failure is called fatigue failure [28].
The prediction of the fatigue life in this study is based on the procedure of
influence factors for the criterion of failure. The material’s S/N diagram, which is
shown in Figure 5.1, is mainly influenced from notches, mean stress, surface
roughness, state of hardening and tempering, and technological treatment of the
surface [29]. The ordinate of the S/N diagram is called the stress amplitude and
this amplitude must always be accompanied by the number of cycles N to which
it corresponds. When using a log-log plot, S/N diagram is described by endurance
stress limit, endurance cycle limit (NEndu), and S/N curve inclination (k).
Endurance stress limit is the stress amplitude for which the fatigue life goes to
infinity and the corresponding number of cycle is the endurance cycle limit
(NEndu). S/N curve inclination (k) is the inverse of the slope of the S/N curve
before the endurance cycle limit. The main purpose of the method of influence
factors is to determine these three parameters according to the local conditions of
the component.

STRESS
AMPLITUDE
(log)
Ultimate
Stress Limit

k ... S/N Curve Inclination
k = cot α
α
Endurance
Stress Limit

Low
Cycle
Fatigue
(≈
≈ 103)

High
Cycle
Fatigue

Endurance
Cycle Limit
NEndu
(≈
≈ 106 - 107)

Figure 5.1 Diagram of a component S/N curve [29]
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N (log)

5.3. Miner’s Rule

The linear hypothesis of damage accumulation by Miner [9] is the basis of
nearly all known methods of predicting the fatigue life in engineering purposes.
According to this rule applying n1 cycles with stress amplitude of A1 and
corresponding fatigue life endurance N1 as shown in Figure 5.2, is equivalent to
consuming n1/N1 of the fatigue resistance. The same assumptions apply to any
subsequent block of load cycles. Failure occurs if the fatigue resistance is fully
consumed.

STRESS
AMPLITUDE
(log)

A1
A2
A3
N1

n1

n2

N2

N3

N (log)

n3
Figure 5.2 Damage Accumulation [29]

In Figure 5.2, it implies failure at the moment as implied in Equation 5.1.
n1 n2 n3
+
+
=1
N1 N 2 N 3

(5.1)

If more than three blocks are applied, this equation is generalized as shown
in Equation 5.2.
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∑

ni
=1
Ni

(5.2)

When the Equations 5.1 and 5.2 satisfy, a destruction of the component
occurs. If fatigue life predictions are made with the Miner’s rule, it should be
realized that the results are associated with uncertainties of the reliability of the
rule. If the rule is used, extrapolation of S-N curves below the fatigue limit is
recommended in order to allocate fatigue damage contributions to small cycles
below the fatigue limit. The following modifications to the original Miner’s rule
could be associated in order to deal with the damaging effects of oscillating
stresses, which lie beyond the endurance stress limit of the component S/N curve,
which is shown in Figure 5.3:
 The original Miner’s Rule.
 The elementary Miner’s rule: The S/N curve with the inclination k is

lengthened until the stress amplitude (σA) reaches 0.
 The modified Miner’s rule, suggested by Haibach [30]: Endurance strength

inclination is 2k-1.

STRESS
AMPLITUDE
(log)

k ... S/N Curve Inclination
Miner Options:
σE
σA

original
modified
k mod = 2k-1
elementary
Nelem Nmod

n
Figure 5.3 Miner’s Rule Versions [29]
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5.4. Fatigue Analysis Procedure of the Front Axle Support

Fatigue calculations are post-processing functions, so they must be preceded
by linear or nonlinear finite element analysis. Fatigue solver imports analysis
results to calculate the fatigue life of a component. In this study, measured straintime histories received from strain gages based on dynamic loading have been
used as an input for FEMFAT®, which performs fatigue analyses in combination
with widely used finite element programs [31]. The analysis procedure, including
the usage of FEMFAT®-STRAIN module, which is a FEMFAT® software module
for assessing damage from measured strains, is schematically represented in
Figure 5.4, and could be described with the following steps:
1. Application of the strain gages on the front axle support.
2. Measurement of the strain-time history for each strain gage to be considered
under multiaxial dynamic loading (Strain gage rosette has a three timehistories, each independent from the other). In the fatigue analysis, the 1cycle portion of the strain history that was acquired on the washboard track
has been used. Since the durability tests duration on the washboard track has
been 106 cycles, the portion of the strain-time history has been repeated 106
times.
3. Definition of the strain gages in FEMFAT® environment.
4. Definition of the fatigue material properties for the GG-25, which are shown
in Appendix A.1.
5. Definitions of the several influence factors (material, surface roughness…).
The following influence factors is considered in the fatigue life prediction
process of the front axle support:
 Influence of the mean stress on the endurance stress limit (fm,af) as shown

in Figure A.2, Appendix A.2.
 Influence of the mean stress on the inclination of the S/N curve (fm,sf) as

shown in Figure A.3, Appendix A.2.
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 Influence of the surface roughness on the endurance stress limit (fSR,af) as

shown in Figure A.4, Appendix A.2.
 Influence of the surface roughness on the inclination of the S/N curve

(fSR,sf) as shown in Figure A.5, Appendix A.2.
 Influence of the surface roughness on the endurance cycle limit of the S/N

curve (fSR,cf) as shown in Figure A.6, Appendix A.2.
6. Transformation of all the strain-time histories into stress-time histories.
7. Fatigue life analysis for each of the strain gage information.
8. Results including the damage values.

Component on the Test
Bench

Specimen S/N Curve

Strain-Time Histories at
Strain Gage Channels

FEMFAT®
STRAIN

Material Strength
Data
Influence Factors:
 Mean Stress
 Surface
Roughness

Output:
Damage Value
Figure 5.4 Fatigue Analysis Procedure of the Front Axle Support
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5.5. Fatigue Analysis Results of the Front Axle Support

The results are presented as stress cycles in Section 5.5.1 and damage results
in Section 5.5.2, by considering the rosette gage strain data acquired from the test
track and the field operation. Stress cycles have been obtained by applying
rainflow cycle counting algorithm [8]. The obtained amplitude stress and mean
stress values have been used for the damage calculation. Damage results are
important for the prediction of fatigue life. The analyses have been done
according to Miner’s rule considering fatigue damage accumulation. The simplest
method for fatigue life predictions appears to be the Miner’s rule. Unfortunately,
this rule is not reliable, because it assumes that cycles with stress amplitude below
the fatigue limit are supposed to be non-damaging. In reality, these cycles can
extend fatigue damage created by cycles with amplitude above the fatigue limit.
Extending the S-N curve below the fatigue limit by considering the modifications
in Miner’s rule as described in Section 5.3, eliminates this deficiency [29].

5.5.1. Stress Cycles of the Field Test Measurements

The data are often measurements of stress variations at some point. This
gives rise to a vast amount of data. An important question is how the amount of
data can be reduced in such a way that the remaining data gives an as good
prediction of the fatigue lifetime as possible. Calculating a rainflow matrix for the
measured load provides the data reduction [29].
The rainflow counting algorithm has been used in FEMFAT® software for
the analysis of fatigue data that has been measured on the track and field in order
to reduce the spectrum of the varying stress into a set of simple stress reversals.
Its importance is that it allows the application of Miner’s Rule in order to assess
the fatigue life of a structure subject to complex loading. The algorithm was
developed by Tatsua Endo [8] in 1968. The stress cycle results for the test track
and field are presented in Figure 5.5 and 5.6, respectively.
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Figure 5.5 Stress Cycles in 106-Cycles Washboard Track Strain Data (Calculated by
Rainflow Cycle Counting Method, c=1)

Figure 5.6 Stress Cycles for 380m Field Operation Strain Data During Ploughing at a
Tractor Speed of 8km/h (Calculated by Rainflow Cycle Counting Method, c=2)
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Every stress cycle is composed of an amplitude stress and mean stress. The
FEMFAT®-STRAIN program has calculated a damage value for each of the stress
cycle that has been determined from the rainflow cycle counting algorithm for the
washboard test track and field. The stress cycle that has the maximum damage
input for the front axle support is composed of a mean stress of 10.8MPa and an
amplitude stress of 25.9MPa for the washboard track as shown in Figure 5.5, and
a mean stress of 12.1MPa and an amplitude stress of 30.2MPa for the field test
during ploughing at a tractor speed of 8km/h as shown in Figure 5.6. It should be
noted that in Figure 5.6 the normalization factor for the stress results is 2.

5.5.2. Damage Results of the Field Test Measurements

The fatigue analysis has been done considering the three versions of the
Miner’s rule. The results, which are shown in Table 5.1, indicate that the most
conservative version is as expected the elementary rule, which considers the
stresses down to zero amplitude when calculating the damage results.
Since the damage result for elementary Miner’s rule version is below 1,
which is the critical value for failure, it could be concluded that, on the washboard
track the failure of the component would not occur in one million cycles.
The strain data acquired on field operation during ploughing at a speed of
8km/h has been also utilized in order to calculate the damage value corresponding
to the operation distance. The results are shown in Table 5.2. The damage results,
which has been calculated regarding the strain data for tractor operation on the
selected field in a distance of 380m as described in Section 4.3, indicate that front
axle support part could experience fatigue failure after 5,937,500km operation on
the selected field. When the economical life, which is accepted as 1,000,000km
for Erkunt Bereket Agricultural Tractor, is taken into account, it could be stated
that the front axle support would experience no failure in the lifetime of the
agricultural tractor.
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Table 5.2 Damage Results on the
Agricultural Field

Table 5.1 Damage Results on the
Washboard Test Track

Original

Total
Damage
(c=1)*
(106
cycles)
0

Total
Damage
(c=2)*
(106
cycles)
0.71

Modified

2.0 x 10-5

0.79

Elementary 1.8 x 10-3

0.91

Miner’s
Rule
Versions

Miner’s
Rule
Versions

Total
Damage
(c=1)*
(380m)

Total
Damage
(c=2)*
(380m)

Original

0

0

Modified

6.4 x 10-16 4.2 x 10-10

Elementary 5.1 x 10-12

6.4 x 10-8

* c is the normalization factor for the
stress results as described in
Section 4.4

* c is the normalization factor for the
stress results as described in
Section 4.4
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CHAPTER 6

DISCUSSIONS AND CONCLUSIONS

6.1. Discussions and Conclusions

The design of the Erkunt Bereket Tractor front axle support has been
verified in this study. Verification is often used as just another step in design
process. The verification in design phase includes prototype builds and
verification events. This leads the design engineer into trial and error method,
which in turn makes many engineering design changes, prototype production and
prototype testing. However, in this study verification has been used as the
verification of a completed product. This saves time and money and forced the
design engineers complete the product design, which had a more solid and built-in
quality, prior to verification.
The design requirement for the front axle support part is, not to fracture
during the lifetime of the tractor. The fracture of the component could happen in
two ways; an overload causes an exceeding stress situation on the critical
locations of the component or a fatigue fracture caused by repeated loading on the
field operations although the occurring stresses are far below the material’s tensile
strength. The design requirements for front axle support have determined the
testing and analysis process for the purpose of design verification.
Accurate load scenarios for the durability tests are critical for reliable
durability assessments. Any inaccuracies may result in the risk of customers
experiencing failures. Verification tests in this study have been done on the
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washboard test track, which was developed by Erkunt Agricultural Machinery
engineers, and on an agricultural field in Turkey, aiming to represent the real
world situations that the product could face.
During the field tests the strain data has been acquired from the front axle
support by equipping it with the strain gage data acquisition system. The support
has not been tested on a separate test unit; in fact it has been tested on the tractor
while operating. The preliminary strain data acquisition tests have been conducted
with the strain gage data acquisition system. The load case, which has been
defined by Erkunt Agricultural Machinery designers for the front axle support,
has been simulated in front axle support test unit. This loading condition has also
been analyzed with the help of finite element method. Since the FEA results and
the test results have correlated well, the results of the FE analysis for the three
selected load cases have been used in order to find the strain gage location on the
front axle support. The rosette type strain gage has been tested in a test setup
where dynamic loads in different frequencies have been applied to a fatigue test
specimen. The results have indicated that strain gage could response well to the
dynamic strains at a specified frequency.
The field measurements have been done on a selected test track and on a
field while tractor is doing normal fieldwork. The overload safety has been
evaluated considering the maximum and minimum stress experienced by the
tractor on the selected track and field. In this evaluation, the requested safety
factor against material’s tensile strength has been also taken into account.
Additionally the acquired strain data has been utilized to predict the life of the
product against fatigue fracture.
The determination of the safety factor against overload and fatigue life
regarding the operation on agricultural field stated that the component would not
fail in the lifetime of a tractor. The redesign of the front axle support was being
considered if the component could experience failure either regarding overload or
fatigue fracture. As a result, this study indicated that, there is no need to consider
a redesign of the component.
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6.2. Future Work

As a future work followings could be proposed:
 The verification of front axle support for Erkunt Bereket 4 wheel-drive

(WD) tractors could be done considering the same test conditions.
 The similar verification process could be applied to the other parts of the

agricultural tractor like axles, chassis components, and transmission
components.
 The wheel loads for Erkunt Bereket tractor could be acquired by equipping

the wheels of the tractor with the wheel force transducers. The acquired
wheel load histories that represent the typical usage of the agricultural
tractor on fields can be utilized on a durability test rig in order to optimize
the fatigue performance of the tractor components.
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APPENDIX A
GG-25 MATERIAL PROPERTIES FOR CYCLING LOADING

A.1. General S/N Data

General S/N information for a 7.5 mm thick tension/compression specimen
manufactured from GG-25 material is [16]:
 Alternating endurance strength: 65 MPa
 Slope of S/N curve: 8.2
 Cycle limit of endurance: 106

The S/N curve regarding this information is shown in Figure A.1.

Figure A.1 S/N Curve of GG-25 [29]
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A.2. GG-25 Mean Stress Influence Diagrams

The following influence factors is considered in the fatigue life prediction
process [29]:
 Influence of the mean stress (σm) on the endurance stress limit as shown in

Figure A.2.

Figure A.2 Influence of the Mean Stress on the endurance stress limit of the Local
Component S/N Curve for GG25 [29]

 Influence of the mean stress (σm) on the inclination of the S/N curve as

shown in Figure A.3.

Figure A.3 Influence of the Mean Stress on the Inclination of the Local Component S/N
Curve for GG25 [29]
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 Influence of the surface roughness (RZ,B) on the endurance stress limit as

shown in Figure A.4.

Figure A.4 Influence of the Surface Roughness on the Endurance Stress Limit of the Local
Component S/N Curve [29]

 Influence of the surface roughness (RZ,B) on the inclination of the S/N curve

as shown in Figure A.5.

Figure A.5 Influence of the Surface Roughness on the Inclination of the Local Component
S/N Curve [29]
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 Influence of the surface roughness (RZ,B) on the endurance cycle limit of the

S/N as shown in Figure A.6.

Figure A.6 Influence of the Surface Roughness on the endurance Cycle Limit of the Local
Component S/N Curve for GG25 [29]
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APPENDIX B
ERKUNT BEREKET (60HP) TRACTOR DETAILS

The details of the Erkunt Bereket (60HP) Tractor, which is shown in Figure
B.1, are given in Table B.1.

Table B.1 Erkunt Bereket (60HP) Tractor Details [32]

Engine
Volume
Gear Box
Maximum
Power
Maximum
Torque
Weight

3.3 (Liters)
16+8
58HP
222Nm
3010kg

Figure B.1 Erkunt Bereket (60HP) Agricultural Tractor [32]

78

