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ABSTRACT

ACQUISITION OF FIELD DATA FOR AGRICULTURAL TRACTOR

KOYUNCU, Atay |
M.Sc., Department of Mechanical Engineering
Supervisor: Prof. Dr. Mustaféhan GOKLER

Co-Supervisor: Prof. Dr. Tuna BALKAN

May 2006, 78 Pages

During the operations of an agricultural tractor, front axle modt axle
support encounter the worst load conditions of the whole tractor. Ifefigrdof
these components is not verified by systematic engineeringoagpr the
customers could face with sudden failures. Erkunt Agricultural Nhacii
Company, which is located in Ankara, has newly designed and manufaittared
front axle support of its agricultural tractors. In this studg, design of 2WD
(Wheel Drive) Erkunt Bereket Agricultural Tractor’s front asi@oport has been
verified by developing a verification method, which involves testing the tractor on
a special test track and field and together with the compided engineering
analysis, in order to prevent such failures in the lifetime of the tractor.

For this purpose, a strain gage data acquisition system has bapgredds
measure the strain values on the component, while the tractor idirgpena a
test track and field. The locations of the strain gages have leermihed by
simulating the selected design load cases through finite eatermethod.

Measuring the maximum strains for the front axle support thae Hseen



experienced by the tractor while operating, the stress vhmasbeen calculated
and the design safety has been investigated considering thaatisatensile

strength. Secondly, the fatigue life of the component regardingctingred strain
data has been predicted. These processes have led the companyy ttheer

design of the front axle support.

Keywords: Agricultural tractor, strain gages, data acquisition, field tests, fatigu

life prediction
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Tar msal traktorlerin kullan m boyunca, on dingil ve 6n dingil smedi
traktor Uzerinde ki en kot yukleme kdlar yla kar la r. E er bu pargalar igin
tasar m dorulamas sistematik muhendislik yakla yla yap Imazsa, miieriler
ani ar zalar ile karla abilir. Ankara’da kurulan Erkunt Tar m Makineleri Sanayii
A. ., tar msal traktorleri icin 6n dingil mesnedinin tasar m n veiineai k sa bir
sure oOnce gerceklgrdi. Bu cal mada, traktorin kullan m sdresi boyunca
kar la labilecek bu tip ar zalar 6nlemek icin, iki gekerli Erkunt Bezetar msal
traktorlerinin 6n dingil mesnedinin tasar m dolamas , traktoriin 6zel bir test
pisti ve arazi Uzerinde test edilmesini ve bilgisayar desteklihendislik

analizlerini iceren bir daulama yontemi geltirilerek yap Id .

Bu amagla, traktor bir test sahas ve arazi Uzerinde réain, parca
Uzerindeki gerinimleri dlcebilecek bir gerinim dlger veri toplasmtemi dizayn
edildi. Gerinim dlcer konumlar secilen yikleme kbhar n n sonlu elemanlar
metodu yard myla benzetim vyaplarak tespit edildi. Parca rideriki

gerinimlerin o6lgtlmesi sonucunda gerilmeler hesapland ve tasgiivenli i

Vi



malzemenin gerilme mukavemeti ele al narak tetkik edildi. Eka&laparcan n
yorulma omri toplanan gerinim bilgilerine dayan larak ongorildi. Bregs

fabrikan n 6n dingil mesnedinin tasar m n n ddanmas na 6nculik etti.

Anahtar Kelimeler: Tar m traktorleri, gerinim olcer, veri toplama, arazi testleri,

yorulma émri tahmini.

VII



ACKNOWLEDGEMENTS

| express sincere appreciation to Prof. Dr. Mustdfan Gokler and Prof.
Dr. Tuna Balkan for their guidance, advice, criticism, systamstipervision,

encouragements, and insight throughout the study.

| would like to thank to ERKUNT TARIM MAKNALARI SANAY who
supported this thesis study through a project of university indastigeration. |
express sincere appreciation to Mr. Mimin Erkunt, Mr. Tuna AemaMr.Taner
Ozcan, Mr. Horst Christian, Mr. Rié Latif and Mr. Murat Geng for their

valuable contribution in development of the project.

| also would like to thank to METU-BT R Research & Application Center
for the facilities provided for my work, Bias Muhendislik for theiupport on the
use of modeling techniques for MSC/Nasftaand Magna Powertrain for their

comprehension to enable the usage of the software FEMFAT

Special thanks go to my colleagues, Evren An k, Pelin Sar , ®ierirk,
Serta¢c Koksal, Arda Celik]Jker Durukan, Mehmet Mat, Sevgi Sara¢, Emine
Unlu for their valuable support and aid; to my senior colleagues Otégim and

Ender Cengiz for their support and guidance.

| offer sincere thanks to my parents, Serhat and Esat Koyuncu, asidtary
Ay egul Koyuncu for their encouragement and faith in me.

VIiI



TABLE OF CONTENTS

PLAGIARISM L.t e e e e e e e eeneaans 11
AB ST R A CT - e 1l
(@ Y4TSR 1l
ACKNOWLEDGEMENTS ... 1l
TABLE OF CONTENTS ...t ee s 1
LIST OF TABLES ... e e e e e e eeeees [l
LIST OF FIGURES ...ttt e et e e e e et e e eaeees 11
CHAPTERS
1. INTRODUGCTION ...ttt e e e e e e e ee e e e e e eennnns 3
1.1. Design Verification in Agricultural Tractor Industry ..............cccceceeeeeennnnnn. 3
1.2. Verification Tests for Agricultural TraCtor..........ccooeevieeeeeiiiiiiieeiiiiin 3
1.3. Previous Studies in Agricultural Tractor Testing and CAE Analysis........ 3
1.4. Scope Of the StUAY ......cooiiiiiii e 3
2. FINITE ELEMENT ANALYSIS OF THE FRONT AXLE SUPPORT ............ 3
2.1. Design of the Front AXIe SUPPOIt..........ceiiiieiiei e 3
2.2. Finite Element Model of the Front Axle SUpport.......cccceeeeeeiiiieeiieeiiiinnns 3
2.3. Evaluation of the FE Analysis Results of the Front Axle Support............ 3
3. PRELIMINARY TESTS ... e e 3
N 1 =1 o =T =PTSRS 3
3.2. Strain Gage Data ACqQUISItION SYStEM.........cccvviiviieiiiiiiiiiee e ee e e, 3
3.3. Cantilever Beam EXPEerimeNnt..........cooouiiiiiiiiiiiiiaeieee e 3



3.4. Verification of the FE Analysis Results of the Front Axle Support.......... 3

3.5. Dynamic Strain Measurements on Fatigue Testing Machine..................... 3
4. FIELD TESTS OF THE FRONT AXLE SUPPORT ..o, 3
4.1 INEFOTUCTION ...ttt e e e e e e e e e e e e e e 3
4.2. Measurements on the TeSt TracCkK ..........ccccvviviiieiiiiiiiie e
4.3. Measurements ON Field ...
4.4. Evaluation of the Field Test RESUIS ...........cccvviiiiiiiiiiiieeec e 3
5. FATIGUE ANALYSIS OF THE FRONT AXLE SUPPORT ......coiiiiiiiiiiee. 3
5.1, INrOTUCTION ...t 3
5.2. Method of Influence FaCtOrS.........coovviiiiiiiiiiii e 3
5.3. MINEI'S RUIE ...t 3
5.4. Fatigue Analysis Procedure of the Front Axle Support........ccccceeevveeenenenn. 3
5.5. Fatigue Analysis Results of the Front Axle Support .......c...ccoeeeeevvieiivinnnns 3
5.5.1. Stress Cycles of the Field Test Measurements .............cccccevvvvnnnnnn.
5.5.2. Damage Results of the Field Test Measurements.............cccccceeunn.
6. DISCUSSIONS AND CONCLUSIONS ... oo 3
6.1. Discussions and CONCIUSIONS .........cuuviiiiiiiiiiiieee e
6.2, FULUIE WOTK ...t e e e e e e 3
REFERENCES ... e
APPENDICES
A. GG-25 MATERIAL PROPERTIES FOR CYCLING LOADING.................... 3
AL GENETAI S/N DALA ......uuuviiiiiiiiieieie et e e e e 3
A.2. GG-25 Mean Stress Influence Diagrams ..........ccoovvvvvveiiiiiiiiiiiiineeee e 3
B. ERKUNT BEREKET (60HP) TRACTOR DETAILS........cooi i 3



LIST OF TABLES

TABLES
Table 2.1 Load Components for the Selected Load Cases ............cceceeevvvvvvvvvvnvnnnnnns
Table 3.1 Rosette Strain Gage Dimensions for HBM RY81-3/350..............cccceu.. 3
Table 3.2 Rosette Strain Gage Application Data for HBM RY81-3/350 ............... 3
Table 3.3 Percent Error of the Measured Strains..............oooocciiiiiiiiiiiiiiiciceceeeeeeenn
Table 3.4 Front Axle Support Test RESUILS..........cceeeiviiiiiieiiccee e 3
Table 3.5 Strain Outputs at Different Frequency INputS...........coooovviiiiiiiiiiiiicinnnnn. 3
Table 4.1 Factor Comparisons Regarding the FE Analysis Results for the

Selected LOAd CASES .....ooviiiiiieiiiiiei ettt 3
Table 4.2 Measurements Results and Safety Factors..........ccccevvvvvviiiiiiiiieeeeeeeeee
Table 5.1 Damage Results on the Washboard Test Track..........cccoeeeevviviiiiieeeiennnnn.
Table 5.2 Damage Results on the Agricultural Field............cccoooiiiiiiiiiiiiiiies 3
Table B.1 Erkunt Bereket (60HP) Tractor Details.............ccceevvviiiviiiiiiiiiiieeeeeeeeee, 3

Xl



LIST OF FIGURES

FIGURES

Figure 1.1 Instrumented Wheel with Tire 520/70 R 38.........cceiiiiiiiiieiiiieeeeeeiiiiiinns 3
Figure 1.2 Tractor with Instrumented Wheel Driving over the Ramp.................... 3
Figure 1.3 Fatigue Damage Calculation from Load HiStory ............ccoeevevvveviiinnnnns 3
Figure 1.4 Data Acquisition System on the TracCtor .........cccceeeeeeeiiivveveeiiiiieeenn 3

Figure 1.5 Rear Wheel Torque TranSAUCET ............eeueiiiiieee e e

Figure 1.6 Verification of a Tractor GearboX ...........coouuuiiiiiiiiiiiiiie e 3
Figure 2.1 Front AXIE SUPPOIT.......cooiiiiiiiiiieee e eeeeeeeees 3
Figure 2.2 Front AXIE LOAAS ........ceeuuiiiiiiiiiei e e e e e e e e e e e eeeaaenaannnes 3
Figure 2.3 Rotational Limit of the Front AXIe...........oovvveiiiiiiiiiiie e 3
Figure 2.4 Contact LOCALION ........coiiiiiiiiiiiiiiiiiae ettt e e e e e e e e e eeeeenees
Figure 2.5 FE-Model Mesh of the Front Axle SUppOrt .........ccceevieeiiieeiiiiiiiieieiiiiis 3
Figure 2.6 Free Body Diagram of the Front Axle for the “Front Wheel Reaction

r= Yo JRC T o N 10 = Vo [ 5o 3
Figure 2.7 Boundary Conditions and Forces for Front Wheel Reaction ................ 3
Figure 2.8 Boundary Conditions and Forces for “3-g Loading” ............cccovvvveennnne 3

Figure 2.9 Free Body Diagram of the Front Axle for the Loading Case define

by Erkunt Agricultural Machinery DeSigners.......cccccceeeeeeeeeeeeeveeeeniinnns 3
Figure 2.10 Boundary Conditions and Forces for Loading Case defined by

Erkunt Agricultural Machinery DeSIgNers...........ccoeevuviiviviiiiinneeeeeeeeeen 3
Figure 2.11 Graphical Representation of Maximum Stress Criterion .................... 3
Figure 2.12 Max. Principle Stress Plot for “Front Wheel Reaction”...................... 3
Figure 2.13 Max. Principle Stress Plot for “3-g Loading” ............ccccceeeeiieinieeeeeeennn. 3

Figure 2.14 Max. Principle Stress Plot for Loading Case defined by Erkunt
Agricultural Machinery DeSIgNErS........coouiiiiiiiiiiiiiiiiiiee e eeeeeiiieees 3

Figure 2.15 The Front Axle Support Design Verification Process Flow Chart...... 3

Xl



Figure 3.1 HBM RY81-3/350 Rosette Strain Gage .........ccceeeeieeeeeiiiiiiieiiiiiiiiineenn 3
Figure 3.2 Rectangular Rosette Strain Gage LayoutS.........ccoovvveeieiiieeeeeeviiiiiiinnn.

Figure 3.3 A Quarter Bridge Wheatstone CirCUit..........cccceeeevieeeeeieiiieeeeiiiiiceeenn, 3
Figure 3.4 Data Acquisition System Block Diagram............ccccevvvvvviviiiiiiiiieeeeeeeenn, 3

Figure 3.5 National Instruments SC 2345 CarTier ......cccooviiiiiiiiiiiieeeiiiiiieee e 3
Figure 3.6 National Instruments DAQCard 6024E..............cooviiiiiiiiiiiiineeeeeeeeeeee 3
Figure 3.7 Cantilever Beam Experimental Setup ...........cuvvvviiiiiiiiiiee e 3

Figure 3.8 Measured Strains for Different Weight Inputs at an Input Range of

0. DV ettt e e e e e e e e e e e e e e e 3
Figure 3.9 Front Axle Support TeSt UNit.........cooeeiiiiiiiiiiiiiiiiiiiii e 3
Figure 3.10 Measurement Location on the Front Axle Support...........cccceevevvvennnes 3
Figure 3.11 Instron 1255 Fatigue Testing Machine.........cccccoeeeeiiiviiiieeeiiiiin, 3
Figure 3.12 TeSt SPECIMEN ....coiiiiiiiiiiiiieee ettt e e e e e e e e e e eeeeeeeennnnas
Figure 3.13 Displacement and Strain vs. Time Plot at a Frequency of 3Hz........... 3
Figure 3.14 Displacement and Strain vs. Time Plot at a Frequency of 4Hz........... 3
Figure 3.15 Displacement and Strain vs. Time Plot at a Frequency of 5Hz........... 3
Figure 3.16 Displacement and Strain vs. Time Plot at a Frequency of 6Hz........... 3
Figure 3.17 Displacement and Strain vs. Time Plot at a Frequency of 7Hz........... 3
Figure 3.18 Displacement and Strain vs. Time Plot at a Frequency of 10Hz......... 3
Figure 3.19 Displacement and Strain vs. Time Plot at a Frequency of 20Hz......... 3
Figure 3.20 Displacement and Strain vs. Time Plot at a Frequency of 30Hz......... 3
Figure 3.21 Displacement and Strain vs. Time Plot at a Frequency of 40Hz......... 3
Figure 3.22 Bode Plot-Gain Curve of the System ... 3

Figure 3.23 Bode Plot-Phase Curve of the System...........ccccceeeiiiiiiiiiiiiieeeees
Figure 4.1 Diagrammatic Representation of the Data Acquisition System fo
1] [0 I IS TR 3
Figure 4.2 The Radial Washboard Test Track ..............cceeeiiiiiiiiiiiiiiiiieiiiiiiieeenn
Figure 4.3 Strain Data Acquired from Rosette Gage Channels on the
Washboard TeSt TracCk .........ccoovviiiiiiiiiiiiiiieeeeeee e 3

Figure 4.4 Principle Stress Data Calculated from Strain Data...............ccccoeeeiinns 3

Xl



Figure 4.5 Max. Principle Stress vs. Left-Wheel Position on the Track ................ 3
Figure 4.6 Frequency content of Test Track Strain Data...............eeeiiiiineneeeieneenne.

Figure 4.7 Field Strain Data Acquired from Rosette Gage Channels attarTrac

Speed Of AKM/N oo e 3
Figure 4.8 Principle Stress Data Calculated from Strain Data attoil &peed
OF AKM/N L s 3

Figure 4.9 Field Strain Data Acquired from Rosette Gage Channels attarTrac

Speed of 4km/h During Ploughing ......cccooovvieiiiiiiiiiecee e 3
Figure 4.10 Principle Stress Data Calculated from Strain Data at @fTract

Speed of 4km/h During Ploughing ... 3
Figure 4.11 Field Strain Data Acquired from Rosette Gage Channels at a

Tractor Speed of 8KM/N .....cccoi i 3
Figure 4.12 Principle Stress Data Calculated from Strain Data at @fTract

Speed Of BKM/N oo 3
Figure 4.13 Field Strain Data Acquired from Rosette Gage Channels at a

Tractor Speed of 8km/h During Ploughing.........cccceeevviiieiiiiiiiieeiiiiiinne, 3
Figure 4.14 Principle Stress Data Calculated from Strain Data at @fTract

Speed of 8km/h During Ploughing ... 3
Figure 4.15 Frequency Content of Field Operation Strain Data.............ccccccevvveeee.
Figure 5.1 Diagram of a component S/N CUIVE ..........ccceeeviiiiiiieeiiiiiiienee e e e
Figure 5.2 Damage ACCUMUIALION ........oovviiiiiiiieiiiee e e e e e e e e e e e
Figure 5.3 Miner's RUIE VEISIONS..........uuuuuiiiiiiiiiee et 3
Figure 5.4 Fatigue Analysis Procedure of the Front Axle Support..........c.cceeeeeeeee. 3
Figure 5.5 Stress Cycles in®1Qycles Washboard Track Strain Data

(Calculated by Rainflow Cycle Counting Method, c=1) ...................... 3
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)........covvieiiiiiiiciee e 3
Figure A.1 S/N CUrve Of GG-25......cccoiiiiieeeeiee e e e e e e 3

XV



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

Figure A.3 Influence of the Mean Stress on the Inclination of the Local
Component S/N Curve for GG25

Figure A.4 Influence of the Surface Roughness on the Endurance Stress Limit
of the Local Component S/N CUIVEe...........uuuuuviiiiiiiiiieee e

Figure A.5 Influence of the Surface Roughness on the Inclination of the Local

ComPOoNENt SIN CUMVE......ciiiiee e e e
Figure A.6 Influence of the Surface Roughness on the endurance Cycle Limit
of the Local Component S/N Curve for GG25

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

XV



CHAPTER 1

INTRODUCTION

1.1. Design Verification in Agricultural Tractor Industry

Agricultural tractor is in the class of mobile machines, whiololve the
traction process. The word “traction” and name “tractor” coramfthe word to
“draw” or “pull” so the tractor is basically a machine for pulling [1]. Thettats
also in the class of machines that involves operation under what ane kas

“off-road” conditions.

Main components of an agricultural tractor are axles, front sufgort,
chassis, transmission, rollover protection, and hitch systems. In ticelagal
tractor industry, the design of the tractor components and systerdene
according to predetermined specifications and requirements. The cnitosl
design criteria for the components are determined regarding tkagtst
requirements, since these components experience high loads ippli@taon
areas of agricultural tractors. Among the main components, thé entsal
loading conditions occur on the front axle, and front axle support, which is
directly subjected to the loads that are acting on the front{2kI®egarding 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, whiolukite the real
operating conditions, contribute to the design phase. Tests have al&ewn r
design verification and provide significant feedback during product development

process. Poorly tested product without proper verification may rdsult



unexpected problems for customers and subsequently to the producers. To
minimize the risks of failure, verification testing, which isnathod of testing a
product to assure that it meets all of its design specificafi®pshas to be

considered for the designed components of an agricultural tractor.

The design could also be verified by simulating the test environmwht
the help of the Computer Aided Engineering (CAE) models. The advartéges

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 eequir

advance training in most cases.
CAE models do not always correlate very well with real-world perforeanc

If a problem arises from the use of CAE, it might be diffi@nt 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 esgits use
constitutes a proactive strategy for identifying any desigicidaties that may
exist early in the design process. Product testing should be vasvadinal test

or confirmation of a good design [3].

1.2. Verification Tests for Agricultural Tractor

Tests of the agricultural tractors are concentrated on maerfprmance

tests and strength tests of the protective structures [4]. See is a



considerable amount of international agricultural tractor matwers, some
standard codes are classified in order to facilitate tradenbiling an importing
country to accept with confidence the results of tests carriednoanother
country. The first standard code for the official testing ofcaggural tractors was
approved on Z1 April 1959, by the council of the OEEC (Organization for
European Economic Co-operation), which became the OECD (OrganiZati
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 structuresaomow-

track wheeled agricultural and forestry tractors (Code 6).

The strength of the rear-mounted rollover protective structures oomnrar

track 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 10 008 varia
of tractors were tested for noise measurement at the drivingiopoir in most

cases, for the driver’s protection in case of tractor rollover [4].

The tough competition conditions in agricultural tractor industry, wisch
part of automotive industry, force tractor manufacturers improveettability of
their vehicles and preserve the quality of their products. Apart from these dtandar
tests based on OECD'’s standard codes, many agricultural traatarfanturers
conduct field tests in addition. The tractor is fitted with aeseof sensors and

data acquisition devices for measuring and recording tractoratopeal



parameters such as load spectra, engine speed, drawbar load,uednd f
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 beenezhout by several
researchers working in universities or agricultural tracbonganies. Some of the
related studies are summarized in the following paragraphs [2,5-13].

R. Spath [5] investigated the loads, which act on a tractorish&ss this
purpose, an instrumented wheel, which is shown in Figure 1.1, was deaighe
built which allows the wheel load and the draft and lateral for@teactor rear
wheel to be measured reliably and with sufficient precision. Bxjeris were
carried out including driving over a ramp, which is shown in Figure 1.2,ad a
loads were recorded. Such instrumented wheels are already bethop wsst cars
and trucks [6].

Figure 1.1 Instrumented Wheel with Tire Figure 1.2 Tractor with Instrumented
520/70 R 38 [5] Wheel Driving over the Ramp [5]

Institute of Agricultural Machinery of Technical University Muhig7]

started a project to investigate the loads on the tractor body.gdéle was



calculating the fatigue life of the tractor components. Attrawas equipped to
measure the loads on the tractor axles and the loads on three pdintThie
loads, while working on the field and driving on the ISO-tracks, wesasured.
A load spectrum was processed from the load time history by using rainftdsv c
counting method [8]. Finally, the total fatigue damage for thedrammponents
was calculated as shown in Figure 1.3, considering damage aetiomul
hypothesis defined by Miner [9].

Load- or Stress-Time History J Load Spectra
T ] : ‘
o T Counting
W | | |
e "Pﬁ 1 | method:
i Bl i Aviwe i
Bl b WAL AN rainflow
g\ VYUV TV cycle
3l - counting
 Time

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 Hisry [7]

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



Figure 1.4 Data Acquisition System on the Figure 1.5 Rear Wheel Torque
Tractor [10] Transducer [10]

T.F. Burks [11] developed a data acquisition system to measure vibration
data from an agricultural tractor. Accelerometers were mouoriethe front and
rear axle and on the driver’s seat. An ultrasound ground speed sessasedato
monitor velocity. These sensors were connected to a National Iestrsim
Modular Signal Conditioning Carrier (MSCC). LabVIEWrovide a Graphical
User Interface (GUI) to the data acquisition system; madageacquisition and
storage of ground speed and accelerometer signals. An obstacle w@srse
constructed to simulate rough field terrain. The tractor was dtiverugh the
course at prescribed velocities while data was collected tinenaccelerometers
and ground speed sensor. A position map was created to mark thelessind
provide a ground of known obstacles. Correlations could then be made metwee
the known obstacles of varying magnitude and the measured shock anidvibrat

events as a function of ground speed.

KISSsoft AG [12] verified an agricultural tractor’s transnagsdesign. The
objective of the study was the determination of the strength astand of the
tractor’'s transmission components. The transmission was verified) lsad
spectra as input. The critical parts inside the transmissioa identified. The
existing transmission was analyzed and verified using ddeachcases and load

spectra, which allows comparison for experience as shown in Figure 1.6.



Resulting

| safety
' CAE Model factors and
Load cases, load |::> for analysis |::> lifetime for
spectra for desig existing

design

17

Existing
design

Figure 1.6 Verification of a Tractor Gearbox [12]

Tata Consultancy Service [2] used CAE approach in order to antigze
new design of the front axle of an agricultural tractor. The g&wmmnaodels for
the existing design and proposed designs were created and impoibed i
ANSYS®, which is one of the finite element analysis program used in CAE
analysis and simulations. The existing design has no field fady@rts; so the
results of the current design were taken as basis for cauopawith results of the
proposed models. The proposed designs were evaluated for selectedoaarst
cases of the tractor. Based on the finite element analysiksteedesign 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 objectires to reduce
the weight of the component considering the load cases, whictulyected to
the front axle support. The load cases were simulated in adieit@ent program
called MSC/Nastrah where the front axle support was modeled with required
boundary conditions. The new design with reduced weight was verifiaddreg

the results of the CAE analysis.



1.4. Scope of the Study

This study aims to verify the existing design of Erkunt Ber@kattor’s
front axle support part. The design engineers of Erkunt Agricultusadhiviery
completed the design of the front axle support part, and it was nexdeake
verification testing for the design confirmation. The design remerg for the
front axle support part is, not to fracture during the lifetimehef tractor. The
fracture of the component could happen in two ways; an overload canses
exceeding stress situation on the critical locations of the componenfatigue
fracture caused by repeated loading on the field operations githlo& occurring
stresses are far below the material’s tensile streng#refore, the strength of the
front axle support against overload and fatigue are the requirethahtsiust be

verified.

For this purpose, strain measurements have been done while toe Bac
being driven on a field and on a test track. The overload safetybban
determined regarding the calculated maximum principle stresses by
comparing them with the component material’s ultimate tensémgth. Finally,
the fatigue life has been predicted from the strain timeinest of the front axle
support part. Stress cycles for the fatigue analysis havefbaad with the help
of the rainflow cycle counting method [8]. The total fatigue danfagéhe front
axle support has been calculated considering damage accumulatiohesygpot
defined by Miner [9].

In Chapter 2, the design for the front axle support part has beengavedt
with the help of finite element method, regarding the selected laadsc In
Chapter 3, the preliminary tests including data acquisition arpats, which
have been conducted on different test setups, are summarized. In Ghahter
results for the strain measurements on a test track and eld are demonstrated
and evaluated. In Chapter 5, the acquired strain data on the tesireacked for
the purpose of fatigue analysis and the results are summarizeisBions and

conclusions of the study are given in Chapter 6.



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 Erkunekgsr
Tractor, details of which are given in Appendix B, includes tasts analysis
steps. The Finite Element (FE) model of the front axle supportbeas
constructed in order to analyze the front axle support by using Bfet@ent
method. The front axle support, which is shown in Figure 2.1, is a ceanat®
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



The analysis of the FE model of the front axle support has been
implemented for the load cases that are considered during the désige front
axle support. A set of load cases for the agricultural tracbmt faxle supports
have been selected by surveying the literature and consultindettigners 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 byyama the FE
model for the selected load cases. One of the load casesk&asatthe front
wheel reaction of the tractor acting on the front axle support snstiidy. The
reaction force in the magnitude of 5985 N is shared by both of thers@# HP
tractor’'s front wheels while it stands still on a flat grounthc& the natural
application areas of the agricultural tractors are fields lilage rough terrain
characteristics, the tractors experience high dynamic loadsefohe Eicher
Tractor Company also took into account a load case named as “8hogl$a3]”
in addition to front wheel reaction. It is required on the field opmmatihat, 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 hasdedfared by
the designers of Erkunt Agricultural Machinery. This load case derssR9430N
vertical force acting on one of the front wheels of the tractbe [6ads, which

exerts on the front axle are shown in Figure 2.2, where:
Fu: Longitudinal Wheel Force on left wheel
Fy: Lateral Wheel Force on left wheel
F,: Vertical Wheel Force on left wheel
Fu: Longitudinal Wheel Force on right wheel
Fyr: Lateral Wheel Force on right wheel

F.r. Vertical Wheel Force on right wheel
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Figure 2.2 Front Axle Loads

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

Contact
Location

z
I

Figure 2.3 Rotational Limit of the Front Figure 2.4 Contact Location
Axle
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The load cases, which were considered by Eicher Tractor Compajnagrd
Erkunt Agricultural Machinery, have been taken as a referem¢bdd-E analysis
of this study. The front wheel reaction of Erkunt Bereket (60HRYctor is
9810N as stated by the designers of Erkunt Agricultural Machifgarding
the loads acting on the front axle as shown in Figure 2.2, the veliadl
components acting on both sides of the front axle are tabulated ie Zdbl
according to the selected three load cases. The loads for-thédading [13]”
are taken as three times greater than the standstill frorel wéection. For the
last load case, which was considered in the design of the fronsapp®rt by
Erkunt Agricultural Machinery, it is accepted that the load t;igon one of the

wheel of the tractor, and the value of the load is 29430N.

Table 2.1 Load Components for the Selected Load Ces

le l:zr
(N) (N)
Front Wheel 4905 4905
Reaction
3-g
? 14715 14715
Loading
Design Load
Case of Erkunt
Bereket Front 29430
Axle Support

2.2. Finite Element Model of the Front Axle Support

Throughout the 2B century the availability of stronger, lighter materials,
and consumer demands for reduced cost and increased reliabilityesalted in
a need for accurate stress analysis methods. This need hezldevielopment of
the finite element analysis method. The finite element methad nsmerical
method for solving complex problems of engineering as stated by Ldgan [

The finite element method was first used in engineeringysisaln the early

12



1960’s. The term finite element was used by Clough [15] in 1960 wlsergtdiar

and rectangular elements were used in engineering finiteerteamalysis. In the
1980’s the development of general purpose FEA (Finite Element Asjalys
software like ANSY8 and MSC/Nastrah were introduced. These software
packages use what are known as preprocessors and postprocesdarendyef

solve complex problems. In the 1990’s, finite element modeling becam& mor
advanced and easier to use by advanced meshing techniques and improved

graphical user interface.

MSC/Nastrafi 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 frolae support part
was constructed using Pro/ENGINEER CAD software by the Erkgritultural
Machinery designers. The finite element model mesh, which is showigure
2.5, has been created using solid tetrahedron elements. In generahlyises af
bulky objects like the one in this study requires the use of sigidemts. There
are two types of tetrahedron elements: linear and parabolicindae tetrahedron
elements are faster computationally but less accurate. Onottiey hand,
parabolic tetrahedron requires more computational resources butoleadré
accurate results. Another important feature of the parabolidhéetran is that
they can fit curved surfaces better. Therefore, in order to obtainade results,
parabolic tetrahedron elements have been created in the FE matel fobnt

axle support. There are 136124 elements and 216635 nodes in the model.

Figure 2.5 FE-Model Mesh of the Front Axle Support
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There are three phases of analysis, which are preprocessiagpon and
postprocessing. In the preprocessing phase the finite element matel fobnt
axle support has been defined with its boundary conditions and the exerted
external loads by using Patran software. In the next step,dbelns transferred
to the MSC/Nastrahsoftware, which has solved the model for requested stress
results. Then the stress results have been post processed insBétrane for
visualizing the results for the front axle support.

The forces are transferred from the tractor wheels to tm &xle support
via front axle pivoting shaft. The reaction force on the pivoting st is
determined from the front axle free body diagram, which is pteden Figure
2.6. The force application locations for the load cases named ad ‘ftheel
reaction” and “3-g loading” are presented on the pivoting shaft holée dfont
axle support in Figure 2.7, and Figure 2.8, respectively. The forcésatha
transferred to the pivoting shaft from the front wheels is thm ef the wheel
forces (k and F), which have a value of 9810N and 29430N for the “front
wheel reaction” and “3-g loading”, respectively. The forces, whiehaating on
the pivoting shaft as shown in Figure 2.7 and Figure 2.8, are locatieel middle
of the shaft holes of the front axle support; therefore the fmu®onents for the
two holes are the half of the force value acting on the pivoting .shh#
specified forces have been applied to the nodes, which are located simthe
holes of the front axle support. For the third load case, there caccostact
situation between front axle and front axle support, which is showrgurd=R.4.
Therefore, a contact forceHs applied to the front axle support on the contact
location. The force components on contact location and on shaft holes, ihic
presented in Figure 2.10, have been calculated from the free bodgndiafjthe
front axle, which is presented in Figure 2.9. In the free body daragfahe front
axle, the contact force {Fhas been calculated as 83620N, and the reaction
forces, R, and R, acting on the front axle regarding the pivoting shaft joint are
52363N and 17385N, respectively. Since front axle support is fixed to thertra
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 fotthe “Front Wheel Reaction and 3-g
Loading”

Pivoting
Shaft Holes

. 4905N 4905N )
: Fixed
Boltholes

Figure 2.7 Boundary Conditions and Forces for FrontWheel Reaction

IZ

1 29430N

Fixed
Boltholes
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Figure 2.8 Boundary Conditions and Forces for “3-g_oading”
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Figure 2.9 Free Body Diagram of the Front Axle fothe Loading Case defined by Erkunt
Agricultural Machinery Designers

Fixed
Boltholes

F2=29430N

Figure 2.10 Boundary Conditions and Forces for Loaithg Case defined by Erkunt
Agricultural Machinery Designers

The front axle support design is manufactured from GG-25 [16], caaly
iron. For the purpose of solving the finite element model, the valus®diilus
of Elasticity and Poisson’s Ratio are needed. Modulus of Elgséind Poisson’s
Ratio has been taken as 120,000 and 0.23, respectively. Since the so-called GG
25 material is brittle regarding its metallurgical structuhee result evaluations
have been done considering its ultimate tensile strength (uniaxial tereiogtis}

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 normassstre
Coulomb, or Rankine criterion, is often used to predict the failurdérivtfie
materials. The maximum stress criterion states thatiréaibccurs when the
maximum (normal) principal stress reaches either the unitemaion strength

(s,), or the uniaxiacompression strengtls() as defined in Equation 2.1 where

s, ands, are the principle stresses.
$.<5,5,<5 (2.1)

Graphically, the maximum stress criterion requires that ttge pgrincipal

stresses lie within the zone, which is shown in Figure 2.11.

2 S,

A
v
n

Figure 2.11 Graphical Representation of Maximum Stess Criterion [17]

Maximum principle stress results for each of the load cas@rasented in
Figure 2.12, Figure 2.13, and Figure 2.14. The color bar range for thepless
is set at a maximum stress of 250MPa in order to compareeshéis with the
material’s tensile strength. However, for the first and sedoad case since the
maximum principle stress is much smaller than the matetei'sile strength, the
range maximum is set below 250MPa for a better representation.
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Figure 2.14 Max. Principle Stress Plot for LoadingCase defined by Erkunt Agricultural
Machinery Designers

It should be noted that the maximum values of the principle strbases
been detected on the nodes of the boltholes, where the fixed boundary conditions
have been applied. Therefore, the stress results on nodes of badtteolmst of
interest in the evaluation process. The maximum principal stadse for the
load case, which is named as “front wheel reaction”, is about 1%ZdRBaown in
Figure 2.12. For the second load case the maximum principal g#lessis about
45MPa, and for the third load case it is about 203MPa, which are shdwgune
2.13 and Figure 2.14, respectively.

When comparing the maximum principle stress valusgs) (with the
material’'s tensile strengths(), the most critical load case is the third load case

defined by the Erkunt Agricultural Machinery designers, which corsider

contact between front axle and front axle support. However, it couktalbed
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that, maximum principle stress values have been found on the nodes, vehich ar
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 shawrigure

2.15. During the field tests, the strain components have been planned tomemeas
on the specified points of the front axle support by using strainsgade
specified point for the strain measurements has been selectedecmgsithe

finite element analysis results of the front axle support, whiehpeesented in
Figure 2.12, Figure 2.13, and Figure 2.14. It is expected that duringettie f
operation, the front axle support part experiences the maximum stnathe

point, which is indicated in the results of the analysis.

Resulting

safety

CAE factors and

Load Model for lifetime for
cases for analysis existing

design design

Design of the
Front Axle
Support

Figure 2.15 The Front Axle Support Design Verificaion Process Flow Chart

The design verification process aims to determine the regusiafety
factors regarding the maximum measurement strain values odetkemined
point of the front axle support during the field tests. The lifetimieffront axle
support has been also predicted against fatigue fracture congitteximeasured

strain values on the same point.
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CHAPTER 3

PRELIMINARY TESTS

In this chapter, firstly the elements of the data acqarsiiystem that has
been used to acquire the strain data for the front axle support dugifigltl tests
are described in details. Then, preliminary strain data adquisiests are

explained.

3.1. Strain Gages

Strain gage is a very effective and most commonly used device in
experimental stress analysis. The strain gage measuragdtage strain over the
gage area on the mounted surface of a specimen. Usage oath@ate is based
on the reduction in the cross sectional area of a conductor whichscause
proportional increase in its resistance. The resistance elemeritee gage are
arranged in longitudinal folds to maximize the length of the conducher falder
improves gage sensitivity and minimizes the change in resistancetodue

transverse load [18].

A single element gage measures only the normal strain patalldéie
conductor fold. This limitation does not provide a complete evaluation ctéle
of strain at the measurement location. When dealing with the conspless
fields like the one in this study, a rosette strain gage shoulddak Tkerefore,
the strain measurements in the field experiments have been docity diseng
HBM RY81-3/350 [19], which is a rectangular rosette bonded constantagritbil

resistance strain gage as shown in Figure 3.1. This type of gage has been
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selected because it is primarily intended for general-purpose atal dynamic
stress analysis. The dimensional and application data for the RB81-3/350

strain gage rosette is listed in Table 3.1 and Table 3.2, respectively.

A
v

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

Table 3.1 Rosette Strain Gage Dimensions for HBM R1-3/350 [19]

Dimensions
(mm)
Gage Length (a) 3
Grid Width (b) 0.9
Matrix Length (c) 9.7
Matrix Width (d) 14.6

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

Data Type Value
Temperature Range -70...+200 °C (static)
-200...+200 °C (dynamic)
Resistance 350
Fatigue Life 10 cycles at +1000strain
Gage Factor (GF) 2.02 (At room temperature (23°Q))
Transverse Sensitivity( 0.01
Temperature Coefficient (115 + 10)20/K
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The pattern of the rectangular rosette strain gage has titieggendent 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.

A

Figure 3.2 Rectangular Rosette Strain Gage Layou{20]

X

A Wheatstone quarter bridge circuit has been used to measuredine st
The Wheatstone bridge is well suited for the measurement dif gmaages of a
resistance and, therefore, is also suitable to measure th@mes change in a
strain gage. It consists of 4 resistors, (R, Rs;, Ry) arranged in a diamond
orientation as shown in Figure 3.Bn input DC voltage (\), or excitation
voltage, is applied between the top and bottom of the diamond and the output
voltage (M) is measured across the middle. The voltage reading is converted t

strain values using Equation 3.1 [21].

Figure 3.3 A Quarter Bridge Wheatstone Circuit [20]
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- 4(\/out /Vln) (1+i)

= (3.1)
GF(1+ 2(\/out /\/m) I%

R is the lead resistanceg B the gage resistance, and GF is the gage factor
of the applied strain gage. The value of the gageof (GF) as specified in Table
3.2 for HBM RY81-3/350 gage can be used for the iappbns at room
temperature (23°C). The gage factor changes astdhwerature changes
regarding the temperature coefficient specifiedTable 3.2. In the case of
constantan measuring grid the gage factor increaséise temperature increases.
The temperature change at measuring point alsotaftlee resistance of the strain
gage grids. This effect is called as “thermal otit@nd is independent of the
mechanical load on the test object. However, stheeselected rosette gage is a

self-compensated gage, the thermal output effeejested [19].

In the case of a rosette gage application, for ed¢he independent grid a
quarter bridge is constructed to measure the strdimese measurements are then
used in order to calculate the principal straina @bint. Each of the three strain
grids has a corresponding measured strain magnityde, and 3, to calculate
the maximum and the minimum strains. However, tleasared strain has to be
adjusted for transverse sensitivity (K). The adjdsstrain values,', ,', 3', are

calculated by using Equations 3.2, 3.3, and 3.4 [20

. 1-
& =1 Kz(éI K e) (3.2)
&l =T e+ K) - K(gt gl (3.3)
=l e ke (3.4)
& = 1- Kz &-Keg :
where:

: Poisson’s Ratio
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The strain magnitudes can be used to determineipainstresses in terms
of principal strains. For the rectangular rosettais gage, maximum principal
strain (may, Minimum principal strain (i) and resultant direction f) are

calculated using Equations 3.5, 3.6, and 3.7 [28]pectively.

b= [+ e)r|(d- &+ 26 (& & 35

ew=y (d+d)-|(é- &)+ 24 (2 B 3.9

fo=ttan's ZeZT'T(qTJrT ¢) (3.7)
2 & - &

Applying the relationship between the biaxial straand stress, the
maximum principal stress {ay and the minimum principal stress,) can be

calculated using Equations 3.8 and 3.9 [20], resypady.

T T
=% ell-'-f * ll-lu \/(elT - eaT)2+ 26- (qT"' @T) 2 (3.8)

max

T T
Sm=s ST - gl et 26t (& 9)° @9

where:

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

A data acquisition system, the block diagram ofchhis shown in Figure
3.4, could be defined basically as a system thantfies and stores datéhere
are five components to be considered when buildifgasic data acquisition

system:
Physical System
Transducers and sensors
Signal Conditioning
Data Acquisition Hardware

Application Software

Physical | Sensor |l Signal | || DAQ

System Conditioning] | Hardware | | Software

Figure 3.4 Data Acquisition System Block Diagram

Data acquisition begins with the physical phenometiocbe measured. This
physical phenomenon could be the temperature obmt the intensity of a light
source, the pressure inside a chamber, the forpkedpto an object, or many
other things. In order to convert a physical pheaoom into a measurable
electrical signal, such as voltage or current, @ensr transducers are needed.
The appropriate transducer converts the physiceh@imena into measurable
signals. Sometimes transducers generate signaldiffault or too dangerous to
measure directly with a data acquisition device. iRstance, when dealing with
high voltages, noisy environments, and extreme lagd low signals, signal
conditioning is essential for an effective systérhe data acquisition hardware
acts as the interface between the computer andutsedde world. It primarily

functions as a device that digitizes incoming agamnals so that the computer
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can interpret them. Lastly, software transforms Bt& and the data acquisition
hardware into a complete data acquisition, anaglgsid presentation tool.

Strain gage data acquisition system senses thie staga via strain gages
placed on the test part. When there occurs a detavmon the part, strain gage’s
grids also deform and this deformation makes aagelichange in the Wheatstone
bridge circuit. Therefore, data acquisition systeinould have the capability of
constructing a Wheatstone bridge circuit. Sincaistgage pattern type is three-
element rectangular rosette, all the elements ef rifsette are connected to
different Wheatstone bridge circuit. Quarter Whimatte bridge circuits have the
active gages, which are the elements of the reatangpsette.

National Instruments Company has a product named “SCC Portable Low
Cost Signal Conditioning®, whose “SCC-SG Serie® designed for strain gage
input. The “SCC-SG02” consists of dual channel istrgage modules for
conditioning quarter bridge strain gages. Each ohbof this module includes an
instrumentation amplifier, a 1.6kHz low-pass fijtand a potentiometer for bridge

offset nulling. Each module also includes 2.5V &t@dn source.

In order to transfer the input signals from thaistrgage input modules to
the data acquisition card; National Instrum&n®&C-2345 series carrier with
configurable connectors [22] has been used. Thigecawhich is shown in
Figure 3.5, includes sockets for SCC modules. S€4523arrier holds up to 20
SCC modules. The selected data acquisition carithwis National Instruments
DAQCard 6024E [23] as shown in Figure 3.6, is dest for laptop-based
measurements. The card could acquire data up t&H2)0and has a 12-bit
resolution.

Real time testing requires real time control systeim acquire, record,
analyze, and present data. For this purpose, MATY/&Bnulink and Real-Time
Windows Targét have been used. The Real-Time Windows T&rigtused to
create real-time control systems. Control systequires MATLAB® to provide
command line interface for the Real-Time Windowsge&, and SimulinR to

model physical systems and controllers using bthagrams [24].
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Figure 3.5 National Instruments SC 2345 Figure 3.6 National Instruments
Carrier [22] DAQCard 6024E [23]

3.3. Cantilever Beam Experiment

The objective of this experiment is to become fanivith the strain gage
measurements and to determine the measurementadrtbe data acquisition
system with a known mechanical input, which hasnbagplied to the sensing
element of the measurement system and the systgatdwas been compared for
verification. For this purpose, a uniaxial straiagg has been mounted on a
cantilever beam. The cantilever beam has been axeme end and the other end
has been free. In cantilever beam tests, commengmeering, a load is applied
to the free end of the beam. The top of the beaim iension and the bottom of
the beam is in compression. Since the mounted gageslong the principle
stress directions of the stress state, which oeduny bending load, the so-called

bending stress theory suggests a relationship Bquation 3.10:

s=M (3.10)

where:

M: Bending Moment
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Z: Section Modulus

Section modulus is related to the geometry of tet parts and it is not
changed during the experiments. Likely, consideritgpoke’'s Law, stated in
Equation 3.11, and by knowing the beam materialappulied load, the strain)(

could be theoretically calculated.

s =e.E (3.11)
where:
E: Modulus of Elasticity

The beam material has been aluminum and the Moddl&asticity value
for aluminum is 70,000MPa. The strain gage dataiiattepn system defined in
Section 3.2 has been used in order to acquirendti@a from a cantilever beam.
Except from a rosette gage, a uniaxial strain degebeen used since the stress
state is uniaxial. The mounted uniaxial strain gageBM LY13-3/350 [19]. The
gage has been mounted a distance of 37mm towaedfxéd end of the beam,
which has the dimensions of 162mm in length, 15mnwidth, and 5mm in
thickness. The cantilever beam experimental setughown in Figure 3.7. The
theoretical strain calculations for the selectedvim weights have been done

considering the bending stress theory and Hooka¥s. L

Figure 3.7 Cantilever Beam Experimental Setup
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The duration of the recording period is about 1doséds, and in this period
the strain responses for the selected weights haea measured. The recorded
strain output is shown in Figure 3.8. The duratimtween T and 29 seconds,
270g weight has been applied to the cantilever b&dran the weight has been
removed from the system, and betweBradd %' seconds, second load has been
applied, which has a weight of 660g. Similarly, weight has been applied dt 7
second. At the end of the test period, betweébarsd 18" seconds 1050g weight
has been applied to the cantilever beam. The streasurements have been
fluctuated between two limits during the load apgion periods. The difference
between two limits for each weight inputs has b2enstrains. Since the data
acquisition card has a 12-bit resolution, it carasuee 2* or 4096 voltage levels.
When the input range of the measurement is £0.B& data acquisition card has
a sensitivity of 0.000244V. The corresponding straklue for the sensitivity is
2 strains.

350

300

N
n
o

N
o
o

150

100

Strain (microstrain)

50

_5%

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, whk equal to 2.1strains,
for each weight inputs as shown in Figure 3.8 imgared with the sensitivity of
the data acquisition card, which iss®rains at an input range of +0.5V, it could
be concluded that the channels of the data acgusitard has a bit error that
interferes with the results of the strain measurégmerhe percent errors of the
measured strains, which are indicated in Table B&ye been calculated
regarding the theoretical strains. The percentemwbthe strain measurements for

all weight inputs are within engineering accuracy.

Table 3.3 Percent Error of the Measured Strains

. Theoretical Strain Measgred
Weight (g) (Microstrain) _Straln _ % Error
(Microstrain)
0 0 0 0
270 74.9 73.5 1.9
660 185.1 184.8 0.2
1050 294.3 296.1 -0.6

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

Computer aided engineering still faces many chghbsnin simulation
accuracy. To obtain a meaningful analysis resatig)ytical models such as finite
element model should accurately represent the weald application. This is

normally achieved by experimental correlation.

In this experiment, in order to verify the resutfsthe FE analysis of the
front axle support, an experimental correlation tfog FE analysis results of the
load case, which has been defined by the desigoersrkunt Agricultural
Machinery for the front axle support as discusse&ection 2.1, has been done.
The load case has been simulated in front axlestpgst unit, which is shown in
Figure 3.9. The front axle beam has been loadedrenside by two loading

pistons to simulate the loading condition of themart. The maximum principle
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strain at a certain location has been measuredr whalec load, for different load
levels for the purpose of finite element correlatio

Fixed
Boltholes

Front Axle
Support

Loading
Pistons

Front Axle

Figure 3.9 Front Axle Support Test Unit

The strain measurement has been achieved by tlan sfjage data
acquisition system. A data acquisition softwareedaspon MATLAB®/Simulink
and Real-Time Windows Tardetmodule has been used to record strain
measurements. The rosette gage has been mountet tiea critical point of the
front axle support part that has been determinenh fihe FEA results, which is
shown in Figure 3.10, since it is not possible twunt the gage on the exact area.
The determined area on the support has been gramtédleaned, and strain gage
which response the deformations under loads has berinted with a special
adhesive. Since the stress condition is biaxiagette type strain gage, which

measures three directional deformations on a pbat,been applied on the part.
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The used strain gages have been rosette type HBRLEY350. The temperature
of the experimental environment has been recorde@23C, which could be

accepted as room temperature.

Figure 3.10 Measurement Location on the Front Axl&upport

The maximum principle stress has been calculatech fthe measured
rosette strain data and compared with the FEA t®sulorder to verify the finite
element model. The strain data has been acquibetdtfie channels of strain gage
modules and the strain data has been convertedrésssdata by using the
Equation 3.4. The comparisons have been done bettheeresults of FEA and

calculated stress results from rosette strain data.

Experimentally, there are many sources of errom@t ttould lead to
inaccurate test measurements. One of these possildes is the geometry
difference between thanalytical CAD model and the geometry of the phgisic
part. Other possible sources of errors could irelangaterial in-homogeneity,
manufacturing tolerance and residual stress, amgdeature, etc. Many of these

errors are highly localized and unpredictable.

Table 3.4 shows the correlation results. The marinaifference between
the calculated and the measured maximum principalns at all of the load
inputs have been found to be 7.7%. The percent efrthe stress results for all

load values is within engineering accuracy. Thigkmifference indicates that a
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very good correlation has been found by consideaihgpossible manufacturing
and experimental errors. Since the FEA results thedtest results are close to
each other, it could be stated that the FEA metisod reliable way of

determining the strain gage location on the frote gupport part.

Table 3.4 Front Axle Support Test Results

Calculated o
Measured | Measured | Measured Stress | MSC/Nastran
Load ; . . from Calculated
Strain Strain Strain % Error
(kN) (Grid a) (Grid b) (Grid ¢) measured Stress
strain (MPa)
(MPa)

36.0 794.6 796.6 424.6 120.3 123.6 -2.7
34.2 755.5 756.5 403.3 114.2 117.4 -2.8
32.4 738.6 738.6 393.7 111.5 111.3 0.2
30.6 692.8 694.8 370.4 104.9 105.1 -0.2
28.8 662.3 662.6 353.2 100.1 98.9 1.2
27.0 602.2 603.2 321.6 91.1 92.7 -1.8
25.2 581.1 583.3 310.9 88.1 86.5 1.8
23.4 551.3 550.3 293.3 83.1 80.4 3.2
21.6 509.2 510.4 272.1 77.1 74.2 3.8
19.8 476.7 A477.7 254.6 72.1 68.0 5.7
18.0 420.2 421.2 224.5 63.6 61.8 2.8
14.4 353.6 354.1 188.7 53.5 49.4 7.7
0.0 0.0 0.0 0.0 0.0 0.0 0.0

3.5. Dynamic Strain Measurements on Fatigue Testing Machine

Design verification of the front axle support regsithe measurement of the
dynamic strain values, which the part could expesgeon the field operations.
The term dynamic strain is used to describe tha@mstwhich varies in magnitude
over a short time interval. The objective of thepemment is to determine
whether HBM RY81-3/350 rosette gage is capableesponding to strains of
specified frequencies.

Constant amplitude loading test has been conduicteETU-B LT R

Center, on Instrdh 1255 fatigue-testing machine, which is shown igufé 3.11.
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In constant amplitude tests, mechanical forcesappdied at test pieces such that
the test parameter, which has to be controlledd(Ils&roke, strain), always varies
between two defined limits (without any significamegularities, interruptions,
reversings, which may occur on the way betweenlimis). In this experiment

stroke has been controlled because of the madniitations.

Figure 3.11 Instron 1255 Fatigue Testing Machine

In the most familiar type of constant amplitudedivg tests, the controlled
parameters vary in a sine wave form. The stroketdirhave been selected as
+0.005mm, considering the theoretical strain ouytmtich has been measured
with the rosette gage. The selected stroke valseblean equal to £83trains,
and therefore no plastic deformation has been ¢éegedhe strain gage output
responses have been evaluated for different in@euéncies, which are 3Hz,
4Hz, 5Hz, 6Hz, 7Hz, 10Hz, 20Hz, 30Hz, and 40Hzpeesvely.
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It is known from the cantilever beam test as diseddn Section 3.3 that the
channels of the data acquisition card has a 1rbitr,ewhich results in an error
value of 36 strains for the input range of £10V. In order tcmase the strain

fluctuation, the input range has been set at +0.5V.

The test specimen has been selected as an unnagéeichen as shown in
Figure 3.12, which is used in many investigatiohgatigue of materials [25].
Since the loading is uniaxial (in one directiomg directions of the principle axes
are known. Therefore, the HBM RY81-3/350 3-elemmdette gage has been
mounted considering the principle axes. One ofgdmge axes has been aligned to
coincide with the principle axes. Additionally, teehas been no need to wire the
3 elements on the gage. The element aligned wehptinciple axes has been

wired in order to measure the strain values.

Figure 3.12 Test Specimen

Sinusoidal shape stroke input has been appliedaddsting machine. The
strain gage measurements for the input frequemdi8siz, 4Hz, 5Hz, 6Hz, 7Hz,
10Hz, 20Hz, 30Hz, and 40Hz have been plotted orsttuke input versus time
graph, which are shown in Figures 3.13-3.21, raspey. The strain outputs are

also in sinusoidal shape at the same frequencigseasputs have.
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Figure 3.21 Displacement and Strain vs. Time Plotta Frequency of 40Hz

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

output at each frequency.

Gain=20" log,, (Output/ Inpu) (3.12)
Phase= ..~ f 360 (3.13)
where:

tgelay TiMe shift

f: Frequency of the signal
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Table 3.5 Strain Outputs at Different Frequency Inputs

Frequency Input Output
f (Hz) Strain( mm/mm)| Strain( mm/mm)

3 +90.3 +85.2

4 +88.3 +83.1

5 +86.6 +80.2

6 +85.0 +79.2

7 +85.0 +79.3
10 +83.3 +79.3
20 +82.8 +79.3
30 +72.5 +68.3
40 +57.7 +54.9

Bode plots for the gain and phase are shown inr€ig22 and Figure 3.23
on a logarithmic scale with logarithmic frequengytbe horizontal and gain and
phase on vertical axis. The bode plots of mosthef dontrol systems typically
have a gain of nearly 0dB (i.e., where output= th@at low frequencies and
decline at higher frequencies. When the gain falls-3dB (i.e., where output=
0.7*input), the system reaches the bandwidth fraqué26]. After the bandwidth
frequency, the gain starts falling off.

Gain (dB)

Frequency (Hz)

Figure 3.22 Bode Plot-Gain Curve of the System
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Because of the machine limitations, the maximunuirfeequency that has

been applied to the system has been 40Hz. Thermesmj the system after 40Hz

frequency could not be determined from the gaiveuHowever, since the gain

has not fallen down to 3dB before 40Hz frequenchichv is shown in Figure

3.22, it could be stated that the bandwidth fregyeof the system would be

higher than 40Hz. The gain curve of the systemcatéis that the gain nearly

equals to 0dB up to the frequency of 40Hz, whiclansethat the rosette gage

responses well to the dynamic strain inputs of maxn 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 verifiedtésting the agricultural
tractor on its real operating condition or simuigtithe testing environment via
computer aided methods. In addition to the gemisks and disadvantages of the
CAE approach, which have been summarized in Seétibnto simulate the field
tests in CAE environment for this study, the whieaeld histories for the Erkunt
Bereket Agricultural Tractor are required. The whiead data of the possible
fields could then be utilized in CAE environmentest the complete mechanism
of the tractor’'s front axle and front axle supp@tsimulated. However, the
construction cost of a load data acquisition systeecluding wheel force
transducers, which acquire the wheel load datahenttactor axles, is quiet
expensive. Alternatively the strain gage data agtion system, which acquires

the strain data on the front axle support part,lm&apreferred.

The layout of the strain gage data acquisitionesysas shown in Figure 4.1
shows that the rosette gage grids are connectetatmels of the SCC strain gage
modules, which are located on the SC-2345 Cariflibe SC-2345 Carrier is
connected to DAQ Card using the SHC68-68-EP cdalile. DAQ Card is fitted
into the PCMCIA slot of the laptop computer. Thepestimental setup of this
system is cheaper and the results of the field testild be directly used for the

purpose of overload safety calculation and fatigfeeprediction.
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Laptop P(

\

DAQ Card |« SC-2345
Carrier
|:| |:| |:| — Strain Gage
3 o4 2% Modules
14243 (5CC)
Rosette Gage a
> Grids b
(Front Axle Support)| c
TRACTOR

Figure 4.1 Diagrammatic Representation of the Dat@cquisition System for Field Tests

4.2. Measurements on the Test Track

There are several ways to predict the fatigue dife tractor component.
The simplest method is to test the agriculturattbaon the determined fields by
driving up to specified kilometers in order to cdeip its lifetime. Although
testing the tractor on the fields is simple, thecpss is time-consuming, and
expensive. The second method is to make a labgrégst with the real data
acquired from the fields that a tractor operatdse Third method is testing the
tractor on a special test track. In this way tineetiduration could be decreased in

certain amounts.

In this study a radial washboard test track, whicks developed by the
engineers of Erkunt Agricultural Machinery for \ddiing the durability
performance of the tractor, has been used. Therstiediagram of the track is
shown in Fig. 4.2. The radial washboard track wesighed to match the fatigue
damage generated during the lifetime of the trabyrsimulating compressed
testing cycles. The goal is to achieve the fullilliom cycles without any cracks

in the major components of the vehicle. This temtk has been constructed with
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12 obstacles, the 6 of which have heights of 100@mand the remaining has
50mm (B) heights. The obstacles have circular esestions. 1 million cycles are

completed on the track at a constant tractor spe&km/h.

B\A
B
B 9m
B
A
A
A
B YA
B

Figure 4.2 The Radial Washboard Test Track

The test tractor has to be driven 33 days (8 himuasday) in order to reach
1 million cycles on the radial washboard test trd¢&wever, acquiring the strain
data, which could be utilized for the fatigue Igfeediction of the component, can
reduce the duration of the test. Since the tesk tr@peats itself in every cycle, the
test duration could be decreased from 1 millioriey¢o 1 cycle, and the acquired
test data has been repeated 1 million times forfdtigue life analysis. For this
purpose, FEMFAY, which has a FEMFAY-STRAIN module for calculating the
fatigue behavior at strain gages applied on thesteacture based on measured
strain-time histories, has been used. The dethitlseofatigue life analysis for the

front axle support are given in Section 5.

It is not possible to mount the strain gage on iatpwhich is positioned at
the corner of a component. Since the maximum plactress values regarding
the results of the FE analysis for three load céise® been determined on the
corner position of the front axle support, HBM RY¥8/MB50 rosette gage has been
mounted near to that position. During the measunésnehe strain gage data

acquisition system as described in Section 3.1 baea used. Before starting the
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test, in order to null the system, the tractor hasen lifted to ensure that there
have been no loads acting on front wheels. Thenetsteractor has been taken to
the test location and the shunt calibration ofghgtem has been done in order to
calibrate the data acquisition system. For thigppse a shunt calibration resistor,
which has a resistance of 301khas been connected to the input terminals of the
rosette gage channels. By comparing the expectédgeochange (Vexpected,
which is calculated by the Equation 4.1 [21], witle measured voltage change

( Vmeasurepy @ correction factor @ has been found by using Equation 4.2 [21].

DVex cted — R3V|n( Rcal . R) - i (41)
> R4&cal + R( I3cal+ B) 2

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

DV.
— DVexpected ( 4 ) 2)

measured

Fe

The temperature of the test environment is imporsamce the strain gage
output is affected by the temperature changes.tésiehas been conducted on
May 25" 2005 at 12:00 in Ankara, and the local maximumpterature has been
about 24°C, which could be accepted as room teryeror the calculation of
the gage factor of the strain gage. Thereforeyéhee of the gage factor has been
taken as specified in Table 3.2. The strain dataldeen measured one hundred
times in a second on each channels of the strgje geodule. The acquired strain
data, which is shown in Figure 4.3, as expectes |b@al peaks while the wheels
are crossing over the obstacles. Applying the imrlahip between the biaxial
strain and stress, the maximum principal stresstia@aninimum principal stress
can be calculated using Equations 3.4 and 3.5ectisply. The principle stress

plot is shown in Figure 4.4.
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maximum stress values coulkba@ate with the

local

The calculated

washboard track as shown in Figure 4.5, considghagthe front left wheel was

passing over the constructed obstacles when l@zspoccurred.
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X (m)
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e

30
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Figure 4.5 Max. Principle Stress vs. Left-Wheel Pasbn on the Track
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It could be stated that associated stress valueslate well with the track
topology regarding the obstacle positions and heifie collected data points is
almost equal between two obstacles A and B, i@ .diliving time between two
obstacles is same as expected, since the tractoa lt@nstant speed of 7km/h.
Additionally, higher peak values has been acquivade the front left wheel was

passing over the higher obstacle.

The frequency content of the collected strain dateportant in order to be
sure about the strain gages measurements resulis. diynamic strain
measurements, which have been conducted on tlypidéatesting machine, have
indicated that the mounted strain gage rosettedcoagponse well a maximum
input signal with a frequency component of 40Hzoider to find the frequency
components of a signal, a common use of Fouriestoams could be applied in
time domain. Considering the data sampled at 10@Hd,converting the data to
the frequency domain, the discrete Fourier tramsfof the signal is found by
taking the 4096-point Fast Fourier Transform (FR¥hich is shown in Figure
4.6. As conclusion, the frequency components ofcibliected signal are below

40Hz, and a maximum frequency content of 3Hz ituthed in the signal.
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Figure 4.6 Frequency content of Test Track Strain Ata
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4.3. Measurements on Field

The field measurements have an importance in treguaeverification
process of the front axle support for the detertionaof the local stresses
occurring on the critical sides of the componentthis way the overload safety
factor of the front axle support could be deterdimegarding the measured
strains on real operating conditions. Additionaltiie measured strain values
during the operation on the agricultural field abalso be analyzed in order to

predict the fatigue life of the component.

The field measurements have been done in SincarkarAn on an
agricultural field, the soil type of which is clagince the %60 of the Turkey’s
agricultural fields are composed of clayey soil][2Ihe test has been conducted
on May 28" 2005 at 14:00, and the temperature condition kas bhe same with
the washboard track test as discussed in SectibriTe tractor has been driven
at a speed of 4km/h and 8 km/h inside a distanc886f meters. During the

measurements, the data has been acquired at arsgunape of 100Hz.

The strain measurements and the calculated pranstpess results including
driving of the tractor on the field and driving Whiploughing at a speed of 4
km/h and 8km/h are shown in Figures 4.7-4.14. Trineciple stress results for the
related operations on field including the maximunngpal stresses and the
minimum principal stresses, have been calculatedgpjying the Equations 3.4

and 3.5, respectively.

Considering the data sampled at 100Hz., and cangethe data to the
frequency domain, the discrete Fourier transforrthefsignal is found by taking
the 8192-point Fast Fourier Transform as shownigure 4.15. The frequency
components of the collected signal are below 4Gkl a maximum frequency

content of 2Hz is included in the signal.
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Figure 4.7 Field Strain Data Acquired from RosetteGage Channels at a Tractor
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Figure 4.15 Frequency Content of Field Operation $&ain Data

4 .4. Evaluation of the Field Test Results

The rosette gage has been mounted near to the exacal point as
discussed in Section 4.2. It could be pointed eatnfthe results of the FE
analysis that on the measurement point, a lowesstresult has been expected.
Therefore, the measurement results have been edjbgta factor. This factor, in
this case, has been determined dividing the figiéenent analysis result for the
point, which has the maximum principle stress valmethe stress result on the
point, which the measurements have been done. ddter$ for selected load
cases are shown in Table 4.1.

The adjustment factor (c) could be selected asngidering the maximum
value, which equals to 1.9, in Table 4.1. The dated maximum principle
stresses from measured strains have been multipligtie adjustment factor in
order to obtain the adjusted maximum principlesstes, which are the estimated
stress values for the exact critical point. Thegafactor values, which are shown

in Table 4.2, could be calculated via dividing #tgusted maximum stress values
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that have been recorded in the different operatiopsthe material’'s tensile

strength value.

Table 4.1 Factor Comparisons Regarding the FE Anabis Results for the Selected Load

Cases
Stress on Stress on Exact] Adiustment
Measurement Point Point F{actor ()
(MPa) (MPa)
Front Wheel 9 15 1.7
Reaction
3-g
Loading 2! ® -
Design Load Case of
Erkunt Bereket 103 203 1.9
Front Axle Support

Table 4.2 Measurements Results and Safety Factors

Measured | Adjusted Safety Factor
Max. Max. -
A A for Material’s
Principle Principle .
Tensile Strength
Stress Stress (250MPa)
(MPa) (MPa)
Field (4km/h) 20.1 40.2 6.2
Field During Ploughing
(akm/h) 23.3 46.6 5.4
Field (8km/h) 21.3 42.6 5.9
Field During Ploughing
(8km/h) 24.6 49.2 5.2

It is clear that, occurring stresses on the measemé point, when
considering the material mechanical propertieshatow the materials safety
stress. The requested overload safety factor @frtint axle support is 4.5, which
has been determined by the Erkunt Agricultural Maety designers. The
calculated safety factor values for the field ofers are higher than the
requested safety factor. Therefore, the front axigport 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 dynamaids with different
amplitudes. These loads arise mainly from the roegh of the roads. When
determining the life of the vehicle components, dperating conditions have an
importance. If this vehicle is an agricultural ti@aclike the one in this study, the
design of the components has to be done considératgthe main operational
areas are agricultural fields. Therefore, the tatiganalysis of the tractor
components should be done regarding the load c¢onslitof the agricultural
fields.

In this chapter, the fatigue life of the front aslgoport component has been
predicted in FEMFAT softwareby evaluating the test data acquired from the
radial washboard test track that has been desciibefection 4.2. The stress
cycles, which are required for the fatigue life lsteis, has been established in
FEMFAT® by the rainflow cycle counting method [8] as desed in Section 5.5,
and the damage values have been calculated by BliReate [9] as discussed in
Section 5.3. Secondly, the strain data that has bequired on the agricultural

field has been used to calculate the fatigue lifeéh@ corresponding field.

5.2. Method of Influence Factors

Machine parts, which are subjected to repeateds|oace found to have

failed when the actual maximum stresses are faowbdahe ultimate tensile
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strength of the material. The failures occur oritgrathe loading is being repeated
a large number of times. This kind of failure ifl@a fatigue failure [28].

The prediction of the fatigue life in this studyldased on the procedure of
influence factors for the criterion of failure. Theaterial’s S/N diagram, which is
shown in Figure 5.1, is mainly influenced from rws, mean stress, surface
roughness, state of hardening and tempering, arohddogical treatment of the
surface [29]. The ordinate of the S/N diagram ikedathe stress amplitude and
this amplitude must always be accompanied by tmeben of cycles N to which
it corresponds. When using a log-log plot, S/N chagis described by endurance
stress limit, endurance cycle limit §My), and S/N curve inclination (k).
Endurance stress limit is the stress amplitudewfioich the fatigue life goes to
infinity and the corresponding number of cycle e tendurance cycle limit
(Nendy. S/N curve inclination (k) is the inverse of thlpe of the S/N curve
before the endurance cycle limit. The main purposthe method of influence
factors is to determine these three parametergdiogato the local conditions of

the component.

STRESS
AMPLITUDE

(log)

Ultimate
Stress Limit

K ... S/N Curve Inclination
k = cota

Endurance |4
Stress Limit

y

Low High Endurance N (log)
Cycle Cycle Cycle Limit
Fatigue Fatigue Nendu
(» 10°) (» 1C°- 1C9)

Figure 5.1 Diagram of a component S/N curve [29]
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5.3. Miner’'s Rule

The linear hypothesis of damage accumulation byek|[A] is the basis of
nearly all known methods of predicting the fatigifie in engineering purposes.
According to this rule applying ;ncycles with stress amplitude of; Aand
corresponding fatigue life endurance & shown in Figure 5.2, is equivalent to
consuming ©N; of the fatigue resistance. The same assumptioply &p any
subsequent block of load cycles. Failure occuthef fatigue resistance is fully

consumed.

STRESS
AMPLITUDE

(log)

Figure 5.2 Damage Accumulation [29]

In Figure 5.2, it implies failure at the momentimplied in Equation 5.1.

l+i+& =1 (51)
Nl N2 N3

If more than three blocks are applied, this equaitogeneralized as shown

in Equation 5.2.
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LI
oL (5.2)

When the Equations 5.1 and 5.2 satisfy, a destruadf the component
occurs. If fatigue life predictions are made witte tMiner’s rule, it should be
realized that the results are associated with taio¢ies of the reliability of the
rule. If the rule is used, extrapolation of S-Nw&g below the fatigue limit is
recommended in order to allocate fatigue damagéribations to small cycles
below the fatigue limit. The following modificatisrto the original Miner’s rule
could be associated in order to deal with the damgagffects of oscillating

stresses, which lie beyond the endurance stregsdirthe 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 timelination k is

lengthened until the stress amplitudg)(reaches O.

The modified Miner’s rule, suggested by Haibach]{Enhdurance strength

inclination is 2k-1.

STRESS
AMPLITUDE
(log)
A
Kk ... S/N Curve Inclination
Miner Options:
Se original
Sa modified
k mod — 2k-1
elementary
t P>
/ / V V Nelerr Nmod N (Iog)
g J
v~

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 functisaghey must be preceded
by linear or nonlinear finite element analysis.ifa solver imports analysis
results to calculate the fatigue life of a compdnénthis study, measured strain-
time histories received from strain gages basedoramic loading have been
used as an input for FEMFATwhich performs fatigue analyses in combination
with widely used finite element programs [31]. Tdmalysis procedure, including
the usage of FEMFAT-STRAIN module, which is a FEMFATsoftware module
for assessing damage from measured strains, ignstically represented in
Figure 5.4, and could be described with the folluyvsteps:

1. Application of the strain gages on the front axipport.

2. Measurement of the strain-time history for eachistgage to be considered
under multiaxial dynamic loading (Strain gage rtsdtas a three time-
histories, each independent from the other). Infétigue analysis, the 1-
cycle portion of the strain history that was acegdion the washboard track
has been used. Since the durability tests duratiotme washboard track has
been 18 cycles, the portion of the strain-time history heen repeated 10

times.
3. Definition of the strain gages in FEMFA®nvironment.

4. Definition of the fatigue material properties foetGG-25, which are shown

in Appendix A.1.

5. Definitions of the several influence factors (metersurface roughness...).
The following influence factors is considered i thatigue life prediction

process of the front axle support:

Influence of the mean stress on the endurancesdires (f, ») as shown

in Figure A.2, Appendix A.2.

Influence of the mean stress on the inclinatiorthef S/N curve (f<) as

shown in Figure A.3, Appendix A.2.
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Influence of the surface roughness on the endursimess limit (§r o) as
shown in Figure A.4, Appendix A.2.

Influence of the surface roughness on the inclomaf the S/N curve

(fsr.s) @s shown in Figure A.5, Appendix A.2.

Influence of the surface roughness on the endureyde limit of the S/N
curve (krc) as shown in Figure A.6, Appendix A.2.

. Transformation of all the strain-time historieoistress-time histories.
. Fatigue life analysis for each of the strain gadermation.

. Results including the damage values.

Component on the Test
Bench

Specimen S/N Curvg

\14

4

® .
Strain-Time Histories at |—> FEMFAT <: Materlgl tStrength
Strain Gage Channels STRAIN ata

Influence Factors:
Mean Stress
Surface
Roughness

Output:
Damage Value

Figure 5.4 Fatigue Analysis Procedure of the FronAxle Support
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5.5. Fatigue Analysis Results of the Front Axle Support

The results are presented as stress cycles iro8éct.1 and damage results
in Section 5.5.2, by considering the rosette gagénsdata acquired from the test
track and the field operation. Stress cycles hasenbobtained by applying
rainflow cycle counting algorithm [8]. The obtainadhplitude stress and mean
stress values have been used for the damage c¢moul®amage results are
important for the prediction of fatigue life. Thenadyses have been done
according to Miner’s rule considering fatigue damagcumulation. The simplest
method for fatigue life predictions appears to lbe Miner’s rule. Unfortunately,
this rule is not reliable, because it assumesayees with stress amplitude below
the fatigue limit are supposed to be non-damagimgeality, these cycles can
extend fatigue damage created by cycles with aog#ditabove the fatigue limit.
Extending the S-N curve below the fatigue limitdpnsidering the modifications
in Miner’s rule as described in Section 5.3, eliates this deficiency [29].

5.5.1. Stress Cycles of the Field Test Measurements

The data are often measurements of stress vamsatibrsome point. This
gives rise to a vast amount of data. An importargstjon is how the amount of
data can be reduced in such a way that the rengamhéta gives an as good
prediction of the fatigue lifetime as possible. cddting a rainflow matrix for the

measured load provides the data reduction [29].

The rainflow counting algorithm has been used iMFBT® software for
the analysis of fatigue data that has been measuréde track and field in order
to reduce the spectrum of the varying stress inteteof simple stress reversals.
Its importance is that it allows the applicationMiher’s Rule in order to assess
the fatigue life of a structure subject to compleading. The algorithm was
developed by Tatsua Endo [8] in 1968. The streskeagsults for the test track
and field are presented in Figure 5.5 and 5.6 esgely.
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Figure 5.5 Stress Cycles in faCycles Washboard Track Strain Data (Calculated by
Rainflow Cycle Counting Method, c=1)

Figure 5.6 Stress Cycles for 380m Field Operationt&in Data During Ploughing at a
Tractor Speed of 8km/h (Calculated by Rainflow Cya Counting Method, c=2)
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Every stress cycle is composed of an amplitudesstaad mean stress. The
FEMFAT®-STRAIN program has calculated a damage valuedoh ef the stress
cycle that has been determined from the rainfloaleegounting algorithm for the
washboard test track and field. The stress cyae llas the maximum damage
input for the front axle support is composed of @amstress of 10.8MPa and an
amplitude stress of 25.9MPa for the washboard tesckhown in Figure 5.5, and
a mean stress of 12.1MPa and an amplitude stre36.2MPa for the field test
during ploughing at a tractor speed of 8km/h asvshim Figure 5.6. It should be
noted that in Figure 5.6 the normalization factorthe stress results is 2.

5.5.2. Damage Results of the Field Test Measurements

The fatigue analysis has been done consideringhitee versions of the
Miner’s rule. The results, which are shown in Tabl#&, indicate that the most
conservative version is as expected the elememtdey which considers the

stresses down to zero amplitude when calculatiagiéimage results.

Since the damage result for elementary Miner's mdesion is below 1,
which is the critical value for failure, it couletlzoncluded that, on the washboard

track the failure of the component would not odouone million cycles.

The strain data acquired on field operation duphaughing at a speed of
8km/h has been also utilized in order to calcullaéedamage value corresponding
to the operation distance. The results are showrabie 5.2. The damage results,
which has been calculated regarding the strain fdmt&ractor operation on the
selected field in a distance of 380m as describegeiction 4.3, indicate that front
axle support part could experience fatigue failfter 5,937,500km operation on
the selected field. When the economical life, whigtaccepted as 1,000,000km
for Erkunt Bereket Agricultural Tractor, is takema account, it could be stated
that the front axle support would experience ndufaiin the lifetime of the

agricultural tractor.
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Table 5.1 Damage Results on the
Washboard Test Track

Table 5.2 Damage Results on the

Agricultural Field

Total Total
o o Total Total
Miner’'s Dainage Dainage Miner’s Damage | Damage
Rule (c=1)* (c=2)* Rule P PN
Versions ac (1o Versions | (1) (c=2)
(380m) (380m)
cycles) cycles)
Original 0 0.71 Original 0 0
Modified | 2.0x10° | 0.79 Modified |6.4 x 10"°| 4.2 x 10'°
Elementary| 1.8 x 10° 0.91 Elementary| 5.1 x 10**| 6.4 x 10°

* ¢ is the normalization factor for the

stress results as described in

Section 4.4

* ¢ is the normalization factor for th

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 aglgoport has been
verified in this study. Verification is often used just another step in design
process. The verification in design phase inclugeetotype builds and
verification events. This leads the design enginetr trial and error method,
which in turn makes many engineering design changesotype production and
prototype testing. However, in this study verifioat has been used as the
verification of a completed product. This savesetiand money and forced the
design engineers complete the product design, wiadha more solid and built-in

quality, prior to verification.

The design requirement for the front axle suppant s, not to fracture
during the lifetime of the tractor. The fracturetbé component could happen in
two ways; an overload causes an exceeding strégatisn on the critical
locations of the component or a fatigue fractunesed by repeated loading on the
field operations although the occurring stressedarbelow the material’s tensile
strength. The design requirements for front axlppsut have determined the

testing and analysis process for the purpose afjde®rification.

Accurate load scenarios for the durability tests aritical for reliable
durability assessments. Any inaccuracies may rdsuthe risk of customers

experiencing failures. Verification tests in thisidy have been done on the
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washboard test track, which was developed by Erlagricultural Machinery
engineers, and on an agricultural field in Turkeyming to represent the real

world situations that the product could face.

During the field tests the strain data has beewiead| from the front axle
support by equipping it with the strain gage datquasition system. The support
has not been tested on a separate test unit; tint fa@s been tested on the tractor
while operating. The preliminary strain data acifiais tests have been conducted
with the strain gage data acquisition system. Tde Icase, which has been
defined by Erkunt Agricultural Machinery designdos the front axle support,
has been simulated in front axle support test diits loading condition has also
been analyzed with the help of finite element métt®ince the FEA results and
the test results have correlated well, the resfithe FE analysis for the three
selected load cases have been used in order tohinstrain gage location on the
front axle support. The rosette type strain gage lteen tested in a test setup
where dynamic loads in different frequencies hasenbapplied to a fatigue test
specimen. The results have indicated that strage gauld response well to the

dynamic strains at a specified frequency.

The field measurements have been done on a seledetrack and on a
field while tractor is doing normal fieldwork. Theverload safety has been
evaluated considering the maximum and minimum stegerienced by the
tractor on the selected track and field. In thisleation, the requested safety
factor against material’s tensile strength has bato taken into account.
Additionally the acquired strain data has beenzetil to predict the life of the

product against fatigue fracture.

The determination of the safety factor against loaer and fatigue life
regarding the operation on agricultural field sfiatieat the component would not
fail in the lifetime of a tractor. The redesigntbe front axle support was being
considered if the component could experience faitither regarding overload or
fatigue fracture. As a result, this study indicatieal, 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 Erkunteiket 4 wheel-drive

(WD) tractors could be done considering the sarsiectenditions.

The similar verification process could be appliedtite other parts of the
agricultural tractor like axles, chassis componerdad transmission

components.

The wheel loads for Erkunt Bereket tractor couldabquired by equipping
the wheels of the tractor with the wheel force sducers. The acquired
wheel load histories that represent the typicalgesaf the agricultural
tractor on fields can be utilized on a durabiliégttrig 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.1l. General S/N Data

General S/N information for a 7.5 mm thick tenscmmpression specimen
manufactured from GG-25 material is [16]:

Alternating endurance strength: 65 MPa
Slope of S/N curve: 8.2
Cycle limit of endurance: £0

The S/N curve regarding this information is showirigure 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 i tfatigue life prediction

process [29]:

Influence of the mean stress,j on the endurance stress limit as shown in
Figure A.2.

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

Influence of the mean stresspj on the inclination of the S/N curve as
shown in Figure A.3.

Figure A.3 Influence of the Mean Stress on the Inolation of the Local Component S/N
Curve for GG25 [29]
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Influence of the surface roughness fRon the endurance stress limit as
shown in Figure A.4.

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

Influence of the surface roughness giRon the inclination of the S/N curve

as shown in Figure A.5.

Figure A.5 Influence of the Surface Roughness on ¢hinclination of the Local Component
S/N Curve [29]
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Influence of the surface roughness gron the endurance cycle limit of the
S/N as shown in Figure A.6.

Figure A.6 Influence of the Surface Roughness onéhendurance 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) Tractdnjch is shown in Figure
B.1, are given in Table B.1.

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

Engine .
Volume 3.3 (Liters)
Gear Box 16+8
Maximum 58HP
Power
Maximum 299Nm
Torque
Weight 3010kg

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