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ABSTRACT

One of the most important.as well as controversial
: s
issues in Agr1cultura1 Engineering, is the | pred1ct{on of
tractor performance under field cond1t1ons
"Predlctlon of tractor performance in-the-field reqeires
knowledge‘of the-fellowing factors:
a. soil and its properties

b. traction devices and their properties

. >

c. tractor design parameters.
~Unfortynately, the work that has been carried out ie
the.past is not complete enough to establish a firm grid of

:elatiohships as far as the three aforementioned factors are

' concerned. ‘ |

| The goals of 'this Study_eere:
a. the presentatlon and ana1y51s of each factor
.affectlng tractor performance as an ent1ty and in
?e‘ﬁT ' .conjunctlon with the ther factors . A
b. the development of 1n\5011 tractor performence
pre?ictlon models, u51?g as 1nput, tractor des1gn
"and performanceyltigpfgtlpn, tire 1nformat10n, and
Cone IndeX‘ aﬁd‘ \v//'- | \

,é;‘ the development of a. computerlzed tractor analy51s
database management system featur1ng tractor data
f;le.Input/Output,(I/o), simple regression
_enaly$ié,~graphics eaﬁabilities;‘the predictiqﬁ,

vi



e ﬂ
models and database management utilities.

For trattor ahalysis and prediétion, a tractor analysis
on-concrete_and three in-soil tractor performance predictioﬁ}
models were éeveioped. The three models wefe titled ASAE |
D230.4, OECD (Organiiation for Ecénomic,Cboperation and
Development), and HELLAS (High Efficienqy Localized N ~
Locomotive Analysis-Simulation Soffwage)} respectively. The
' ﬁodels were‘bqilt aq;ordinq to fﬁe coﬁéept of the tractor'as
a blabk box. | . .

" The progrﬁm aims in assisting a use? to prediét theﬁ
in-field performance of a traétof;whose‘perfdrmance is known
on concrete, The‘program is preéented and analyéed»in térmﬁ
éf capabilities and reliability;'glsc'the assumptions, under

which 'the program is valid, are delineated.

T
’
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1. INTRODUCTION

Farming is a three thousand year old process which
first evolved in the countries around the eastern
Mediterranean sea. Ciwilizations like Egyptian, Babylonian,
Assyrian anleellenic developed farming employing oxen and
horses. At that time the-implements in use were made out of
wood and iron (Isiod}an plow). During the sixteenth century,

when North America's settlement started, horses and oxen

were used both for transportation and implement draying.
éour or more animals were used for farmlng operatlons,
providing 1ncreased drawbar pull. During the trans1t10n from
the "Homesteader's Ox" to the steam eng1ne‘the“"Battle,of
Breeds" dominated the buildiag of the Western agrieultural "
embire. Battleiof Breeds.waswthe name given to the dispute
cohcerning hofse'breed superiority? The{underlying‘fact was

.the desperate need of the homesteader for more farm power

(MacEwan, 1974) o IV

.
o

&

The flrst stea% appl1cat1on was credlted to Heta %ff ,
Q‘Q‘N.A '3.,’

Alexandrla, The work of Otto von Guer1cke, Thomas Ngycom!n

N

»Watt opened new horlzons for the world. chhard

Trev1th1ck in England was credited with the appi1cat1oﬂ of

v steam to move an engrne on ralls just after 1800 Canaﬂlan
. .

Paid

farmens started using statzonary _steam engines dur1ng the
second half of the nlneteenth century Many. of these
‘ machines carrled the "Eagle englne,<trade mark_ofrJ.I,

. : 1
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.Paris (MacEwan, 1974). - r

.grip was evident.

Case. In 1855 tﬁe American farmer J. McCune connected his
portable stea& engine to’tﬂé truck wheels on which it was
mounted, thus providing self power for moving. In, 1869 Case
offered.an“SfHP porféble steam engine known as Old Number

(]

One and an improved thresher bearing the name "Eclipse".. In

1876 Case presented a steam tractor ready for the market and

good enough to win a gold medal at Philédelphié and later at

- A

The era of harnessing mechanical power for agricultural

use was a reality and the tractor started formatting.

-~

Through the years tephnoiogy will improve the tractor but

B —’ ‘ t, J 3 .
will not'change the major tractor design characteristics. ;

)

/Réag;&iess of the tractor's bulk, awkwardness of design and

\.\ ) ‘ ..
low eff1c1éQcy that characterized every design in its early

steps there was one feature worthg&gntioniné. The tractive
deV1ces were wide steel wheels w1th lugs, forecasting the
modern tread bars 6f the rubber tires. The concept of the

3

Ever since the early yeafgﬂgf tractor appearance the
question was "how can fhe oyeraII\Z;;c;Q} performance be
m&ximizgd2"4A Significant step tdwards traétor perforﬁance
improvemedt was‘the'substitntién 6f steel wheels witﬁ‘fﬁbber
tires. Rubber tires were introduced in agricg1Fure after
thei:-usébboth‘in the car énd airplane industries (Larsen,’
1981)., ‘ ; o |

. For a ‘few years follow1ng the 1ntroduct10n of ‘rubber
1

,txres in the mid- 1930's, ‘the people . 1nvolved 1n the

il ..
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agricultural industry sustained a controversy concetning the

a

tractive performance superiority of steel wheels compared to

——

wheels equipped with rubber:tires. Contemporary tractors

indicate the w1nn1ng trend. . ' A
Durxng ,the years tractor de51gn was 1mproved resulting

in increased feliability and durability. However, tractor

'performance;dld not show the same rates of 1mprovement At

that time the importance of knowledge of the,soil and |

traction device properties beCame clear to the tractor

[}

manufacturers. This observation led the researchers in a
) (%]

hzgh activity around three centers of interest which at the
same time were cCenters of technology These centers had

different perspectzvee and they were:

i

a. educational institutions studying the soil and its
properties from a scientific point of view
"b. tire companies testing the.existing tires and

develop1ng new generatlons of tires, and

c. tractor companles employed in the dlfflcult task of
tractor design development: : - .

¢ l'd "

The time invested in reeea{ch’for a'number of years was

characterized by the lack of coherence in the endeavors of

these centers of research Though a s1gn1f1cant amount of

information was produced‘and‘p:ocessed, the resultS*obtalned

-

did not advance the state of technology'as much aS‘expected;

The predzctlon models developed and submltted for use in the

I

1ndustry were limited to 1nd1v1dual areas of study and had

_no,1nformatyon to add to the»ggnal,pu;pose; which is tractor -——

i
-—

. B L e



performance improvement based on a élobal knowledge of

tractor environment relat1onsh1ps Another research related

problem was the lack of- standardlzatlon that devastated the.
agricultural market for a number of years.

Standardization in Agricultural Engineering was started
in 1909 by the American Society‘gf Agricultural Engineers
(ASAE) with the appointment of‘the Committee of '
Standardization of Farm Machinery, Farm Tractors and Their
Tests. Since then the ASAEiStandatds are .updated yearly and
constitute the guideline for the agricultural industry. The
most important feature of the standardization prqcess is the
cooperation in the endeavors of the industry and_tne,
educational institutions‘}oyards tractor development and
consequently tractor performance improvement. h

S Tractor performancevencompasses traction device.
performance, sin;e_soil4wheel interactfon is the'factor that
mekes the tractor‘s capabilities usefuf The overall tractor
performance is dlrectly dependent on tractor design and tire
performance. Optlmlzatlon of the tractor design parameters
is not sufficient to boost the overall tractor performance.
The . select1on of the appropr1ate t1re in terms of its de51gn
characterlstlcs (size, ply ratlng, lug angle, etc.) 1s
cruc1al in order to establlsh a close matchlng wlth both
tractor‘and terra1n. If thls link is defectlve the overall
»tractor performance Wlll be very poor regardless of the

tractor s capabxl1t1es However, .an aCCUrate ‘model- of the

' tractlon characterlstxcs‘!k.rubber tlres on a deformable'



- . dnd ballast estimation.

surface is yet to be accompiished (bOmier and Willans,

1979a). o ' | : 2

| So far the term "tractor.performancef has been used
extensively but has,not yet been-definea. Tractor s ~
.performance.comptises a number{of parameters providing
information on how:efficiently the tractor operates under a
specific tractor design - trattiopidevice - soil conditioo
combination. The most common parameters that determine

-

tractor performance are Tractive Efficiency, Dynamic and
. Y _ i . '
' Gross Traction Ratios, Force Eéficiency, forward velocity,

slip, Drawbar Eull and Drawbar Powet;\fhe aforementioned )
‘parameters can be plotted against slip and indicate the*‘
optimum operating conditions of a tractor tn * specific

field. Comparfog the actual and optimum operating conditions

of a tractor,_various recommendations ean,be made for | |
,optimizationﬁ'émong whieh,are'engine speed, ®ear Selection,

: U _ " o

: ,Initia}ly;;xhe goal was the estimation of tragtor

‘performance as a composite vector in three-dimensiohal

space. A comprehens1ve illustration of the tractor B . flk
performance in terms of soil propert1es, tlre |
characterlstlcs and tractor de51gn in the three dlmen51onal
”space is shown in’ Flgure 1. 1;'where. S
EW ~‘ohe axis would represent the. 5011 Factor
ii. one axis would.represent the tlre»fector~' R o 7;1‘A

-iii. one axis would fepresent]theftraEtoridesign.factor@

s
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Then the tractor performance of a specific tractor
LY

"equlpped with a spﬁagf;c set of tires on a specxflc soil™

would have been represented .by a deflnlte point in the
space, having axial coordinates (X,,Y,,Z, ) and polar
coordinates (TP;,al,b,).‘When polar coordinates were to be
used, TP; would refer to the magnitude of a tractor
performance eduivaieht vector and a, and b, would have been
angles determining the vector's.orientation in space. The
importent feature of this geometrical space would have been
‘
that ‘the tractor performepce, soil factor, tlre factor and
tractor de51gn factors 5éuld be represented by non-
dimensional vectors expressed as a function ,of performance.
Tractbr performances represented by vectors of the same
magnitude should have the same rating in terms of-

<

per formance. - . ' .

¥ The soil properties can be expressed as an index, using

the Cone Index value. The traction device properties can be
i

expressed as an index, using the tire specifications. The

tractor design parameters can be expressed as a tragtor
performance related index using engine speed, gear setting "
and ballast.

"

Using the three indexes and- a subjecﬁive interpretation
of the indexes, a tractor performan:e evalbation expressed
as a single ﬁumber can be obrained. Howeverf different
criteria are used ﬁo‘evaluate tractor performance, thus a

h-dimensiona% space would be required to describe tractor

performance in terms of important parameters, such as

)



forces, powers, ratios and efficiencies. In light of the
subjective selection of the important tractive performance
parameters the output of the program is a nldimensional
space and the tractor performénce evaluation is left to the
user's judgement of which.tractor performance parameter is
important and-which is not. A detailed description of the

inputs and the output of the models is provided in the sixth .

chapter.

R

The goals of this study include the presentation and

<.

analysis of the factors affeéting tractor performance, tﬁe
development of a model for in-field tractor perfor%ance
prediction,‘and the development of a completeiapplication
oriented éatabase managément system, built around three
predlctlon models. Towards in- field tractor pey formance
prediction three models were taken 1nto con51derat1on The’
first model was based on the work first presented by Zoz
(1972) and is also included in ASAE D2§0.3 (1984). The
second model was based on an in-field tractor performance
prediction model developed for the Orgénization for Economic
Cooperation and Development (1984). THe third model was .
',based on w1dely acceptable equations descrlblng 1n field
‘tractor performance. The 1nputs to the program 1nc1ude Cone
Index, tire information and tractor 1nformat;on.~Tractor and.
‘tire information afe provided through available libraries

created for the needs of the application,



2. TERMINOLOGY

Standardization in the agricultural industry demanded
and therefore developed an extensive}terminology. The
Standards presented by‘ASAE cover a wide.variety of topics
and they are the product of the combined efforts of the
people employed both in industry and in educational
institutions.

On the other hand organizations with a different scope,
like the Society of Automotiee!Engineers (SAE) and The Tire
and Rim Association Inc. (TRA),.have also presented
standards related to Agricultural Engineering. According to
ASAE terminology the- standards are classified accerding to a
number and a letter in front of tne-classification number .’
The letters represent Standards (s), Data (D) or Englneerlng
Practices (EP). Where appllcable, the SAE classification
number is appended to the- ASAE classification number.

In 1ntroduc1ng the ASAE Standards 1984 a.reference to
the . un1t system is required. The official ASAE unit system
is the Internatlonal System of Units (System Internatlonale
d'Unites, SI) If Engllsh units are to be referenced they
will normally follow the SI un1ts in brackets. The ]
‘Engxneerlng Practlce EP285.6 refers to the use of SInUnits.

- AS far as)Power‘andsMachinery is,conderned, the most
important Standatds, Data,and Enéineering Practices are
presented in,Appendix.A,.Table A}I. Sqil Strength is

, . , S ; o - | .
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~measured with the Soil Cone Penetromete}, whose description
is given in the ASAE S313.1 '

The Soc&ety bf Automotive Engineers in contributing to
the standardization process hés devoted Volume 4 of the 1984
SAE Handbdok'to.On—Highway Vehicles and Off-Highway
Machinery. The standards included in the‘SAE Handbook ére_
compatible with these presented in ASAE Standards—19b4. SAE
Stanéérds, Recommended Practices, or Lnformétion Repbrts

IS

with regard to sui£>ce vehicles begin with a designation
consisting of the letter "J" followed by a number (SAE

Handbook, 1984). The SAE designation is shown between
brackets following the ASAE coding in ‘the list éiven in
Appendix A, Table A.1.
. A reference sourée of terminology and tire information
is the 1984 Yearbook of The Tire and Rim Association Inc. |
(TRA). Page XIII of the Yearbook is deaicated to New Tire
Dimensions and particularly outiines Measuring Procedures
fpr New Tires, Definition of Terms arid the Method of
Calculating Percent Tire Deflection. The terminology
included in.the Definition df.Tetms is either compatiblé'or
»compleméntéry to the terminology contained in ASAE 5296;2,
Sectlon 4. Page XVI of the TRA Yearbook descrlbes the
approved ptocedure for roundlng data. Brlefly this procedure o
-1s shown in Appendlx A, Table A.3, ' | |
.The English unit systemﬁls‘used by the tife iﬁduétry in
*. defining tire'dimensioﬁs; All thé”infbrmation relative to |

tire dimensions is presented in inches unless otherwise



stated. Information concerning rim specifi&ations will not

. be taken into consideration since it is beyond the scope of
this stﬁdy. A reasonable assumption is the compatibility of.
the rim with the selected tire size.

Section 4 of The TRA Yearbook refers to agricultural
tires. Table A.4 is an index'of the agricultural section, Cn
page 4-02 of the TQA Yearbook the criteria for selecting
tires for agriculturai vehicles are listed. The definit%on
of terms maintains either compatibility or cbnsistency-to
the_ﬁerms presented on page;XIII of the Yearbook as well as
to ASAE S§296.2. .

The tires that aré used on tractors are céded according
.to their applicétion; using a letter and a number, and |
. according to thé tire size, using the section width of an

‘inflated newvtire and the rim diameter, both expressed in
inches. The tire coding schéme'is presehted in Table A.5.
The éforementioned coding implies that .the particular tires
are best for a épécific use. » |

A further stép in encoding tires is the use of letters
associated with the tire size, as describtives;'The two
letters that afe most freguéntly'used a§ an extension of the
sec;ion width component of the tire sizgiére Ehe leﬁter L,
‘cﬁafacterizing a' Low Section Height»tire'aﬁd'tﬁevléttét R,
;chaféctefizing a_Radiél Ply tire.; |

The énvi?onment and particularly the séii is a factor
'thaé greatly'affect$ the outcome'of’the fafﬁiné'dperaﬁipn. 
Seyerallsoil'élassification sYstemg-are-in use. Howeve:;.

< @

‘QD“’
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only a féw can be used by engineers.

The soil is a factor with maximum variability. The most
popular engineéred based soil classificatién system is the
Unified.Soil Classification System (USCS, 1960) and will be
followéd throughout this study.
| In c?nclhsion of the termiﬁoljﬁ: discussion it should
be declared that hereafter all the pe;tinent information as
well as formulae deduction.with regard.to_tractors, tires
and soil, will conform with the‘terminOIOgy_listed herein.
-Morg0ver, the ASAE Standards-1984, the 1984 Yearéook of The
Tire and Rim Associafion, Iné., the 1984 Handbook of the
Society of Automotive Engineers and the Unified‘Soii
Classification System will be considered as the pajor
sources of'informatioﬁ_and términology. If referénces to
other sources or standards are to be made they will be
sfated explicitly. 4 .

Terminology with regard té.Computing Science and

’

Engineering is not presented herein. However, deviation from

the standard methods of presenting information shoufd be "
po : v ta.

allowed 'due to the particular'characteristics of this field.

’



3. FROM THE PAST TO THE FUTURE

Earlf~attempts to use mechanical power for farming
operation; began aropnd_1850 taking advantage Qf steam
p@wer; Ho&ever, the first attempt to use steam for moving a
"reaction turbiné” - called aeolipile ~ ﬁs attributed to
Hero of‘Alekandria‘and 1s believed to have been made circa
AD 50. Since tﬁen, the pioneering work of Otto von Guericke
“around the year 1650 - Magdeburg.hemispheres - established
the theoreﬁical‘model on whichuthe contemporary engines are
implemented. The work of Denis Papin in France and Thomas
Newcomen in England aroqnd 1700 were the foundatioﬁs of .
steam engine‘application as a‘power plant. Newcbmeﬁ's engine
was the one that gave motive power to the industrial'
Revolugion. Another well known contribuéor of the steam
engfqé;evolution‘was James Watt. His work on steam engines
'in-tﬁe-late gightgenth to eérly nineteénth century led toi.
the foundatiq@ of the Boulton-and'Wétt.company. A -
éignificant step was the use of a reciprocating engine to
produce rota}Y‘motion_(Vén Riemsdijk‘and.Brown( 1980).

" The use of the steam engine in agricultural traction
~opened new horizons in farhing operations.-sfnce then'the'
traétor.hés been changed‘rémarkéblg in‘every aSpeét, though’

maintaining some ¢eéneral characteristics.

13
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In order to realize the changes the trecfor has
undergone due to technology evolﬁtion, the features of the
early'trac;or should be compared to the features of the
contemporary tractor. The.major-features of the early
tractor wvere:

- a low output power steam engine ae the power unit

- a heavy frame to accommodate and secure the boiler

steel wheels with lugs

- low travel speed - ‘ ..

lack of comfort or protéction for the operator

lack ef accessories for external equipment.

Each of the aforementioned features was considerably
developed, ;esUltiﬁg in the powerful modern tractor. The
study of tractor evolution can reveal which of these
features can be further developed and whlch ones have
already reached a maxlmum level.

The first feature of the tractor that should be
examined is the power unit and the associated fuel. The
middle - of the eighpeenth‘century found the world in the boom
of fhe industrial-fevolution}’The steam engine, even though
stationary, was both popular and prohéSing. A logical
,cehseQUenceﬂof this situation was that tﬂe first tractor was
poeered by a steam engine.; | -

The capabilities of these early'tfactdr power units
were very‘limited in terms‘of‘hea§y load»handling. Power
foutput was low due ‘to the low thermal eff1c1ency of the

'.early steam englnes. The evolut1on 1n power un1t deSIgn
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resulted in ;he.introdbction of the internal combustion
engine using fossil fuels. The new engine was operated with.
the Otto cycle. By the‘yéar 1919 when official tractor
performance testing began at the University of Nebraska's
Tractor Testing Laborédtory at Lincoln, two main fuels were
available -~ keroseng and gasoline (Larsen, 1981). Since fhen
the internal combaéstion eﬁgine has become the dominant ﬁype
of poher u5it for agricultural tractors.

The evolution of the pover units followed the trends in
fossil fuel use. By 1925 distillate was accepted as a
replacement for kerosene since it was cqnside;gaﬂg*gZ?FE%
fuel. However, kerosene continued in use until 1934,
Distillate remained a popular. and economical fuel for many.
years and continued in~use.until 1956 (Larsen, 1981).

On the other hand gasoline proved the most popular fuel
following World War II. Farmers liked gaso%ine because
gasoline engines started easier than those using distillate,
the dilution in the crankcase oii was less and there was’the
advéntage of étbcking_only one fuel on'the'farm. Another
advantage- of the gasolfne engﬁné was the higher cqmpréssiop
‘ratio = 7:1 - éompared to the @is;iiléte—burning éngine,
which had a cbmpreésion ratio of 4.7:5. The result was that :
gaSoline-engines with tQS same disﬁlacemént (bore and
'.stroke) as distillate-burning engines developed more power.
A new fuel'introduced in 1949 for use in agricultural
tracfo;s wésALiQUified‘Pet:oleum Gas (ﬁPG), pfiTarily

. propane. LPG—bu:ning engines also had a compression ratio of
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about 8:1 but the result in terms of output power was‘not
significantly different.érom gasoline‘(La;sen, 1981).

A significant change in power units was the
introduction of diésel engines in 1932. The first diesel
tractor tested at ﬁebraska'was a Caterpillar. Since then the
~trend in using diesei_as tractor fuel has steadily increased
(tarsen, 1981). The ascending course of the diesel engine in
terms of popularity began in the early 1960's. At
approximately the same time the countdown for gasoline and
L?G engines began. In the early 1970's tractors with LPG
~erigines were no lbnger‘being submitted for testing at
Neb;aska.‘At the same time gasoline enéiﬂes lost their
popularity and diesei became the dominant fractbr fuel..

The reasons for diesel,popula:ity were the following:

a. much higﬁer compression ratio - 14:1 minimum, 22:1

max imum —Mreéulting in hignsr output power

b. the cost of diesei fuel production was less

cdmpared to gasoline and LPG; resulting in lower-"'
price per unit volume | ‘ |

c. lower fuéi consnmptiOn o

d. lessféngine maintenance; therefore less opéfating'

cost, >_ |
'The‘conditiOns that madé the aiesel engine viable were:
.5. ‘increased durability of the engine alloyS‘ﬁo-

’withstand the;higher pressuréé -

b. an improved system of fuel injection in the

cylinders.
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Of course not only the ihprovement'of tractor enéine
design caused the improvement of the tractor performance. .
Factors like increased rated engipé speed and compression
ratios, use of turBocha:gers and intercoolers and improved
power trains and final drives boosted the power developed
both at the engine.a:d at the drawbar. However, due to
limited fossil fuel resources the following alternatives
should Qf considered in the near-fufufe:

a. use of alternative fuels for tﬁe engines, iike
methanol, ethanol and otherrcarbohydrét s, hydrpgen
or ammonia (Canadian Alternate éueis, 19835, or use
of vegetable oils, like Canola or Rapeseed oil
(Strayer and Craig, 1983) |

b. use of electrical powef units, like Allis-Chalpmers’
fuel cell (fc) experimental tractor. The 1008
individual fuel cells with, 1 V/fc provided 15 kW of
total electrical output. The fuel gas in use wés a

sl

mixture, largely propane (Larsen, 1981). o
As kar as combhstion engine éesign,is~concerned,tho
radical changes can be foreseen. Thefefo;e, the power unit -
has reached a léyel of maﬁurity and only mihor iﬁprovements
in_minimizing power losses sﬂ%uld be éxﬁected. Of course: |
that does not.imply that a revolutionary desfgn’is
impossible. P |

A¢v~Ano§hé%"féatu;:%:; the_early'tracfdfs'was the -heavy
¢onstfud%ion'ofmthe frame, as a result of,the bhlk:of ﬁhe

 systEm’prodhcing the steam; Also the use of steel for every



part of the tractor increased the gross weight remarkably.
Since the output power was very low the result was that the
,tractor'weight per unit power (kg/kW) had a negative
influence. Also, the tractive efficiency was %Sw, even
though the tractor was heavily ballasted forhtraveling at
low speeds (Domier and willanar 1978). The low tractive
efficiency was due to excessivermotion resistance.

With the introduction of the interpal combustion engine
and rmprovement of the tractor design, the available power
increased whereas the tractor‘;eight per unit of output
poner developed decreased. This change resulted in an
increase in travel speed due to a reducétion in motion
reeistance: However, this was not signif&cant until the
middle of the 1930's when pneumatic rubber tires with -lugs
replaced the steel wheels. Currently) the tractor weight has
been rednced considerably to the point that most of the time
added weight (ballast) is requ1red to increase drawhar pull
'and tractlve eff1c1ency. New. alloys, ‘the. use of plastlc and -
1mproved de51gns have contrlbuted 51gn1f1cant1y to tractor ~
- weight reductlon. Domler and. wlllans (1978) recommended a 60
kg/kw welght to power ratio for a two-wheel drlve tractor.
The contemporary tractor requ1res extra we1ght to obta1n

‘.

‘thls f1gure, therefore, there is no practlcal reason for

mak1ng a more l1ghtwelght-tractor. Now the 1mportant aspect

of tractor we1ghtlag is the dlstr1bution of the weight = -~

‘_between front and rear axle. Two-Wheel drlve (ZWD)

Four-Wheel dr1ve (4WD) and Front Wheel A551st (Fwa) tractors
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have different.reight‘distribotion requirements, regardless
cf the tractor weight. ‘ h

In early 1934, the University of Nebraska Tractor Test
Board offered to conduct drawbar tests on pnepmatic rubber
tires for no additional fee over the usual steel wheel
tests. The first rubber tired tractor tested was an R
Allis-Chalmers WC. The improvement in performancemwas‘
remarkable when pneumatie rubber tractor-tireé_were ueed
during the test. During the‘two'economf runs.the'power
developed showed over a‘25% increase at-the‘same'engine
speed and almoét“the same load.'suel eqonomy:waS-also
‘improved over 25% (Larsen, 1981). |

Ugdoubtedly the use of rubber tires on tractors was a
milestone in the development of agr1cu1tural tractors.

Firestone worklng with Allls—Chalmers, GOODYEAR;w1th‘,
Case and  later BFGoodrich with US Rubber, started .

e -

ekperimenting,on agricultural tractors. Today all three

companies - Eirestohe, GOODYEAR, BFGoodriéh - are some'o;"'

.the biggest names in the t1re 1ndustry. *

A
" The f1rst tractors were not propelled faster. than a:
'horse pulllng an 1mp1ement. Untll about 1900 the maxlmum
'tractor travel speed was approxlmately 4 km/h After 1900

and Untll 1936 the tractor travel speed 1ncreased very

11ttle. After the 1ntroductlon of pLeumatxc t1res the travel

aspeeds 1ncreased about f1ve fold The modern tractor can’

travel as fast ‘as 35 km/h ‘ ‘

’
1
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The new power transmissions developed by the tractor
‘companies contributed significently in both torgque and wheel '

speed increase, using a wide range of transmission ratios.

The, first steam engines drove the wheels directly without
‘vinterfefence of a trpnsmission. The introduction of
trdhsmissions for speed and torque selection c%nsiderably
1nc;eaee; the eff1c1ency of the tractor.w
The early fransm1551ons were mechanqcal trains of gears
to traWsfer the engine power to the drive wheels. Mechanical
transmissions are'of‘three mejor types: | |
a. Sliding gear '
b. Collar shift
c. Synchrpmesﬂ."
"&f :An advance to meehanical transmissions w%s the
‘Qintroduction of the ﬁYdraulie assist transmissions. In this"
type.of t;ahsmissien the gear was coupled with hydraulic
clutches;‘controll1ng the power flow "on thé go". At the ,
\\\\same tlme, planetary»gears were 1ntroduced., L “#Q;

The latest advances in transmissions are: e‘ .
as Hydrostat1c transmlssions )
b. Hydrodynamic transmlss1ons (Torque convgﬁb@%g)

The;characterlstlc of hydrostatlc transm1551ons is the

A

‘use’ of flUIdS at h1gh"b§essures and relatlvely low

veloc1t1es. Energy is trans%erred in a closed circuit

v

between a‘ positive dlsplacement pump dr1ven by the engine

%&fa p051t;ve d}splaeement motor, °®

- } s "&‘V
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The torgué converter is an autbmétic fluid drive that
transmits engine torque by means of hydraulic forces,
shifting smoothly through an infinite number of speeds. fhe
torque converters, driven by fluids at low pressures and
high velocities, are the opposite of hydrostatic
: tranSmissioqs. The ¢onverter section is coupled with a range
gear sectioﬁ followed by a final drive section.

A part of the power train that contributed
significantly in tractor performance improvement is the
differential. The most important feature of the differential

is that each'drivelwheel is allowed to rotate at a different
speed and still carry its own load. Additionally, the
‘differential can be locked so aéxto not allow independent
operation of'the wheels mounted dn the same axle. There are’
three types of differential locks:

a. Mechanical

b. Hydraulic

" c. Automatic (No-Spin).

There is cﬁnsidérable progress, in pqwet train design,
however, hore work can be done. Conventional transmissibns
6ffer a significantlcombination’of gears. HoWévef, the

A

losses of power in the transmission many times become
reduced power delivery to the

'

significant,(reshiting in
’driving axle.

An immeaiatg‘reSU}t of the travei.speed increase,
besides thé inc:eaée‘in field capacity, was an increage in

drawbar power under the same pull developed by‘the tractor.
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The last feature of the early tractors concerned

v

[N —— —

operator comfort and safety as well as lack of accessories,
In these areas no advances were observed till the 1960's.
During thé 1920's and 1930's the pr;ssed steel pan seat was
standard equipment for most farm tractors and the operator
waﬁ‘completély exposed to the dangers of roll-over as well
as to the adveréé weather éonditions. In the early 1960's
Joﬁn Deere introduced humanvfactor enéineering and in.the
middle of the decade the same company promoted Roll-Over
Protective Structures (ROPS). | |
Currently both operator comfort and safety are'primary
concerns of tractor manufacturihg companies. Both issues
have become so important that entire. departments of tractor
companies are dedicated to safety ahd comfort research.
Also, both issues are included in the ASAE standardization
code, which deals with the fallowing:
1. Safety '
Roll-Over protectivé drivers cab
Protection of other vehicles from }ong»agricultural

4

implements transportéd'bn,the highway
. Operator prqtection f{om moving parts (e.g. PTO).
2.‘Comfort ‘

Noise ﬁrotection

Operator proteétion from .adverse weathef’conditions

Operator protection from dust

Operator protection against tractor® vibration

N
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Signs and warning-lights providing ease of
operation. .

As far as accessories 1s concerned, early tractors were
equippeéd with a pulley for transmitting power to an external
implement. The PTO gradually replaced the pulley for power
tr;nsmisSion to an implement. The use of clutches enabled

‘indepgndén; operatioa of the PTO, thus becoming a very handy
tool for the tractor. The use of hydraulics gave birth to
many applications,_such as hydraulic three—poinE hitch for
maunted implements, power steering, hydraulic brakes, etc.
Hydraulic couplers enabled éhe transfer of ‘hydraulic power
to the implement. Electronics enabled operator's control of
the tfactdf "at the fingértip".

In conclugion'the contemporary trgétor is far ahead'in
terms of apbearance and capabilities from the early tractor. .
GShlich {1984) presented a review of the development of
t;actors and cher agricultural vehicles, eﬁphaéizing the

' optimization of power use; implement mouhtiné, power |
transmissién meghani%ms and operator cémfort. It is-

Gohlich's oﬁiniénfthat ﬁhe eméhésié in trgctof development

- will be concentr%ted_on reducing the total weight of the
tractor-implement\system in order to minimize ground

. ) , :
pressure and soil Eompaction. Also, the concept of. the front

A . ‘ .
‘mounted implement was referenced. Both use of electronics

are seen as important areas of future
V : s :

v

and operator comfort!

‘tractor research.
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However, there ié one more step'fhat the tractor has to
take. That islto become an "intelligeht" tool. A step |
toQards this direction is the use of microelectronics and
state-of—the—aft Sensors and actuators, Searcy and Ahrens
(1983) presented an idea of how microcomputer technology can
. affect traétor monitor and control. Hendrick et al k1981),
‘Shropshire et al (1983) and McKinion (1984) among other
researchers presented applications of microprocessors on
tractor monito;ing and‘control. Chancellor and Thai(1983),
Young et al (1983) and Smith (1984) préseﬂted studies on
automatic control of various functions ﬁf ﬁhe tractor, like
the engine speed, the steering and the trahsmission.

A tfacfor—environment;feedback process and control will
be required to complete the idea. The major probiem in
providing the tractor the ability to monitor tractor-
environment interaction i$ the'absehée‘bf established
knowledge in’'this area due to the variability afd
unpredictability‘oﬁ the gnvirpnment. The déveiopment of
computer simulation models strives for a feaiistic solution
of thié ﬁroblem. On the other hand, the use of.
microcomputefs on the traétor.will'enable the ;nderétanding

“and the efficient control of the system.

t
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4. LITERATURE REVIEW

S;udying tractdr performancé in-the-field is necessary
to iqves;igate‘the role of three major factors as well as
the mechanisms. through which these factors affect tractor
performance. The three factors are,

a. the soil

b. thevtraction*device

c. tﬂe tractor design

Thé abovementioned factors constitute the three major
dimensions that determine tractor performance and they are
characterized by multiple inter-relationships.

In ordér to analyze each factor and 'its contributing _%
role in aete;mining tractor performance, a ldgicalu !
differentiaﬁion of .the subjeéts was necessary. The
description of each factor includes a brief terminology,
when applicablé?\the properﬁies of each particular factor
and thﬁémechég%sms through which fractor performanée is
affected. Finally, the inter-relationéhips among the threei
faétors are presehted. o |

Thé literature review is structuraly divided.intO‘three
séctions relevanﬁ to sbil, traction devices aﬁdlt;actgr
design‘ This division'iﬁto subjeéts,whs.deCidea for bette;fv

Y

subject presentation.

25
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4:1. Soil and its properties

The soil is the medium of farhing opefation. Moreover,
soil is the factor that most greatly”affects tractor -
peéformance through its variability and unpredicgability.

Sofl from an engineering étandpoint is’ the loose
ag;iomerate of mineral and organic materials and’sedimehts
found above the bedrock (Holtz and Kovacs, 1981). The
agricultural soiis afe examined from different optical
corners, depehding on their use. From the Plant Sciencef
viewpoiht the soil is the medium fo; the planting operation.
From the Power and Machlnery viewpoint 5011 is the terrain
for off-the- road machinery. i

The, increasing produc;ion of diverse off-the-road
vehicles Has ggneréted a greater interest in‘the"theoretical
,stﬁdy of the principles involved in offfthe-road locomotion.
This study méy-bé called terramechanics. The off-the—;oad
locomotion encompasées the terrain evaluafion and
trafflcabillfy studiés (Reeéé,'1964) Kn1ght and Freitag
(1962) deflne traff1cab111ty studies as the vehlcle mob111ty~
on any terraln.,To be adequate for a‘vehlcle, ‘a soil must
EFve suffiqient”beéring capacity‘tovprevent the vehicle from
sinking too deeply and suffibiept t;&ctidn éapécify to
brOVidé ﬁhe:heceSSarykarward thfuéf of the vehicie's wheels
.or tracks. Both bear1ng capac1ty and tractlon capacity are

funct1ons of so1l strength and 1t is not p0551b1e to>"

separate the two effects.
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The study of the soil behavior inevitably is relevant
to the study of the physical and mechanical properties of
the soil, especially when the soil is considered as a
deformable body. In this aspect agricultural engineering is:
related to geotechnical engineering. The most important
aspect of geotechnical engineering, relevant to agricultural
engineering, is‘soil mechanicé which describes the mechanics

and properties of the soil (Holtz and'KoVacs, 1981).

4.1.1. What is soil?

SQiI is a heterogeneous nonl inear, nonconservat ive and
anisotroplcvmateﬁlal. The soil is heterogeneous due to 1ts
variabiliﬁy, nonlingar due to the form of the stress-strain
curve, nonconservative due to the ability‘to remember.
-changes occurred in the past and énisotropic due to
differences in behavior along dffferent directions. (Holtz
and Kovacs, 1981). | ‘
| Although ﬁhe study of soil fromvan engineering
viewpoint seems to be well defined, it is largely based on
‘empiricism[ case study and’ﬁeducatéd guess™ due to soil .
variability. Most current theories that are trying.to
pfedict and explain soil behavior_areibased on assumptiods
,liké soil-hombgeheity of lfneérity In some cases these
assumpt1ons may be valigd, however,'ln general terms they are

approxlmatlons. The nece551ty of pred1ct1ng and descr1b1ng
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soil mechanical behavior led researchers to develop methods

for measuring and classifying the soillaccording to certain
L

physical properties like strength, granular distribution

etc. The apparent properties of soil are due to soil

. structure, texture and guality of constituents.
. 4.1.2. Structure, texture and soil constituents

In geotechnical englneerlng practice, the term soil
StFUCtUPe describes both the geometric arrangement of the
partlcles or mineral gra1ns as well as the interparticle
forces whlch may act between them A term relevant to
structure, is soil fabric, whlch refers only to the
geometrical arrangement of the partlcles. The agricultural
soils are fine-grained cohesive soils, in which the .
‘interperticle‘forces are relatively large. Thereforé? both
the interparticle forces and the fabric of these sbdils must
be included in the soil'structure. Knowledge‘of both soil
properties is reduired to completely éescribe the soil. The -
structure strongly affects or goeverns the'engineerinéw
behavior of a particular soil, Most studies on cohesive soil
structures describe only the soil fabric. From the fabric .
certa1n rnferences are made-about the 1nterpart1cle forces. -
_Soxl behav1or 1n englneer1ng practice. 1s strongly influenced
by the macrostnucture of the soil, 1nclud1ng the
stratlgraphy of fine- gra1ned soil dep051ts. The

@;mlcrostructure is more 1mportant from a fundamental than
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an enqineering viewppint, although the undetstanaing of“the
microStructhte aids in general understanding of soil
behavior‘(Holtz and Kovacs,(4?81).

The soil texture is its appéafance or "feel"”, and
depends on the relative sizes and shapes of thee<particles,
as well as the range of distribution of those siies.
Basically the soil can be classified as coarse-textured

(coarse-grained) or fine-textured (fine-grained). For

fine-grained soils the présence of water greatly affects
their engineering response and particularly their plasficffy
and their Cohesfvenesst The grain size~d§stribution of .a
soil will be examined élong with the presentation of the
soil’classification systems (Holtz and Kovacs, 1981).

As far as the constituents of agricultural soils is
concerned, the term clay must be defined. In civil
engineering, clay means a soil which contains some clay
minerals as well as other mineral constituents, has
piasticity, is cohesive and dilatant (soil behavior is
affetted by the wéter contgnt). The most important clay

minerals in clay soils are Kaolinite, Montmorillonite,

Illite and Chlorite (Holtz and Kovacs, 1981). -

4.1.3, Soil classification

The soil classification for engineering purposes is

' ) . B
primarily based on «the grain size distribution and the

*

‘e
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mechanical differences attributed to the structure of the
soil.

The grain size distribution is plotted as percentage of
grain finer than a specific grain diameter versus'the
logarithm of the grain diameter, expressed in millimetres.
The particle size distribution is obtained through a process
called mechanical analysis or gradation test (Holtz and
‘Kovacs, 1981). ¢ )

‘Four widely known soil cla551f1catlon systems have been
3
introduced by, a) the Amerlcan Soc1e§§ for Testing and
Materials (ASTM, 1980), b) the American Association for
State Highway and Transportation Officials (AASHTO, 1978),
c) the d.S. Army Engineer Waterways Experiment Station
(1960) and the U,S. Bureau of Reclamation (1974), titled .

. ‘w':‘_ |

Unified Soil ;}f‘ j%ication‘System (USCS) and d) the

yassacgusettsrlﬁefitute of Technoiegy (Tay;or, 1948). The
most commonly used soil classification system for |
engineering purposes, 1nclud1ng'agr1cultural eng1neer1ng, is
the Un1f1ed Soil C1a351f1catlon System (Holtz and Kovacs,
:1981) | : o Y
The Un1f1ed Soil Classification System was orlglnally
developed by Professor A. Casagrande (1948) for ‘use in
a1rf1eld construction during World War Two. The system was
modlfled 1n 1952 by Prgé’ssor Casagrande, the US Bureau of
' Reclamatlon, and the US Army Corps. of Englneers to make it ’
surtable for other appllcatlons. The USCS is br1efly

descr1bed in Table A, 6 (Holtz and‘Kovacs, 1981).

\\_//

/
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The grain size distribution according to USCS is

determined from two numbers, , :—~\\\\~,/

i. Soil Fraction or Component

ii. Coefficient of Uniformity (C,) of the soil.

where: Dgo=grain diameter (mm) corresponding to 60% passing
D,o=grain diameter (mm) corresponding to 10% passing

The US Army Engineer Waterways %xperlment Station (WES)

uses this system of soil class1f1cat10n to report results of

tests for evaluation of the in-soil performance of tires
{Turnage, .1976). | f ! —

Another soil classiﬁihation system suitable for
 trafficability studies is the one introduced by the ‘American
Association of.State Highwéy and Transportation Officials

(Holtz and Kovacs, 1981).

4.1.4. %heory of soil compaction

Compact ion is the densification of soils+by the

- applicétion of mechanical energy. It‘ﬁéy also involve a -

modlflcatlon of the water content as well as the gradatlon

of the soil (Holtz and Kovacs, 1981). -
In civil eng1nee;1ng, and especially in fbhndation ané

'“-transgortatioﬁ asﬁects, soil comggctioh is a commbh

practice.vIn'agficultural engineering, as far as soil

“trafficability is concerned, cempactidn is desirable to

‘improve tractor performance due’to decreased slip and motion

%

-
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resistancét However, from & purely agricultural viewpoint,
soil compaction is detrimental, thereforé, soil compaction
by the tractor shouid be minimized. Off highway vehicles
interact w1th 5011 zg\hlgh rates of strain, resulting 1n
strain failure ?defofmatlons). This has resulted in a
special body of scientlfic activity and knowledge referred
to as Soil Dynamics (Wisher, 1982).

Earlier in the chapter the effect of the traction
. members on soil&stress and strain was referenced. Wood and
Wells (1984) presented a study with regard to the effects of
unpowered and powered wheels on a combined stress-strain
comoaction model. Soil deformgtion versus depth was

4

N
measured. The theoretical approafh of .the study was directed
\
kY
at the. combznatlon of the Froehllch Boussinesg soil pressure

! l

d1str1but1on equat1on with the log\l1neaf-relat10nsh1pl
between bulk density and. appl1ed stcess, as mod1f1ed hy Amir
.jéi al (1976) to include the effect of\s01l mo%sture
content The experiments were conducted Xn the ﬁnxver51ty of
Kentucky soil b1n. The results as far as éﬁtess straln
vrelatlonsth 1s concerned ‘were in agreement\w1th Gompactlon
theory and the Standard Proctor test results. Change&1n

~ volume due to soil deformatlon, resultzng from wheel t;
tra£f1c, was»termed as coeff;czent_of deﬁormation'(cd), and
:was defined aS'a.function'ofAinitial:andd?inal porosity of’af‘
.- 80il element, Most of the 5011 c%gPact1on models relate the

\

-‘volume change in so1l (porosxty) to applled stress.

e
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,runzt volume cube at equ111br1umi;2)stra1n gage was ‘t"

o .

“he Froehlich-Boussinesqg equation is the following:

© , 7 '
a:(vQ/szzl cos“‘”¢................;4fffii..........4.2'

'where 0 is the vert1ca1 compre551ve stress at -a specific

n'"!x

polnt in the spil mass, v is the Froehflch concentration
factor, z and ¢ are the polar coordlnates of the point 1n
question and Q is the point load on the surface contact
area..

The Froehlich concentratlon factor v in the
Froehlich- Bou551nesq’equat16n varies from four (hard, dry

soil) to six (wet soil) and descrlbes the increase of the

iso-pressure limé concentration about the load axis beneath

H

- the tire track.

Bowen et al (1984) preserited a computer model for -

/ . : L e el . s
determining the vertical stress d;strlbutlonf;n the subsoil,

resulting from a'combination‘of‘point and distributedvloads

.applied“tO'a tire print shape using Boussinesqg's eQuatidn.-

Summarizing their experlences, the authors p01nted out the

'merlts of the Erogram for educatlonal purposes.

N1chols et al’ (1984) developed a stress state

transducer for 5011 that measured normal pressures in s1x‘"

\predetermlned dlrecttons, to prov1de data for mathematlcally

determlnlng the complete stress state w1th1n a f1n1te 5011

reglon. The mathematics for deflnlng the state of stress at

LR

a p01nt, were based on the'calculatzon of the three:

0

1ndependent normal stresses (S",j vyr and Su) and the three

i

'1ndependent shearlng stresses (s,,,ks,,, and S,,) applled on a

v
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selected as the sensihg element, due-to geometrical
considerations and stress rate of change.

. Kline and Perumpral (1984) presented a computer fodel

) for predlctlng the vertical stress distribution resultlng

>

L4
from unlformly distributed loads over c1rcular and
&
elliptical areas. The compyter model was based on the

'Froehlich-Boussinesq equation, using finiteselement

anélysis, integrating the equation

'whefe‘dQn is an equivaient point load as the result of a

preséure p applied on a finite area dA,. The effect of

" contact area change, applied dynamic load change;

geometrical differences {(circular versus elliptical contact

.area), and the Froehlich concentration factor change, were

investigated. The ability to use an axi-symmetric model
(two-dimensional) instead of a three-dimensional model in
performlng finite element analysis, was very valuable.

Carpenter and Fausey (1983) presented a study

: concernlng the role of the tire size as a function of load,

for mmn;mlz1ng subsoil compaction. The objectlves of.the

stuéy were,“a)-the determination of the effects of weight,

- ‘weight. distribution. and tractive charawteristics upon

pressure distribution in the subsdil; b) the formulation of -
a graph1cal model to descrlbe pressure dlstrlbutlon in the
subsozl under tractor tlres and c). the development of a tlre_

'de51gn or conflguraglons, which would result in’ reduced

compaction while maintaining or improving the tractive °
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efficiency. In conducting the study, the interrelationships
bétween soil pressure, soil types, soil moisture and soil
compaction'were conéidered. The reséarchers used the formula

0=Q(1-cos”’8) ........ e et Y
'p;esented by Froehlich, for prediéting soil compressive
stresses. The angle 6 répresents one half the angle of a
circular cone whose vortex i$ at the point of stress. fhe
values of the concentration factor », varied from 3 to 6.
The design implicationé/of fhis study show that the surface
pressures should not exceed 100 kPa and for "this purpose the
'‘most s;itable configuration is tandem wheel arrangements
with second choice being a dual tire conf%guration. The
researchers concluded that.the solution to subsoil
compaction is either éhé further pressure reduction of thé?ﬂ
pneumatic tires or the appli;étion of controlled traffic .,
type operations.

éampbell and‘Dickson (1984) presented a comparisoﬁ of
four front tires with respect to soil cbmpéct{on, using a’
rear wheel designed to minimize cbmpaction. A conventional
cross-ply, a ;ide section croéé—ply, a Qide section radial
‘and a very wide section 10W’pressufe‘tire were tested. In
conclusion the widé section radial and the very w;de section
tires pfodﬁced appreciably.Emaller increases in soil bulk .
density than the other_two.tires{ when front-end Qeight was
- used, Without front-end we;ght insignificant differences

were observed implying that unnecessary front-end weiéht -

should be avoided. .
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Minimiﬁing compaction of agricultural*soils was the
primary reason for introducing the @oncept of prepared
traffié lanes or "controlled traffic" farming. The interest
in "controlled traffic" increased along with increasing
tractor power and weight.

Morling (1982) presented the concept of "controlled
traffic” as the operation of all loéd bearing wheels and
tractive ene}gy wheels én specific limited width compacted
traffic paths within the crop area. Adcordiné to this study
"contzolled traffic” has advantages. and disadvantages, as
opposed to the conventional random operation of crop
production equipment. The advantages }efer;ed to the<crop
growth, yield and timeliness, the soil presérva%ion, the
tractor'performange, the tillage sy9t§m, the farming
economical considerations and machinery standardization:
More specifically in tractor performance, better tractive
efficiency of powered wheels,‘less motion resistancg of
unﬁowered wheelspvuse of smaller wheels and tires (less
flotation ;eqﬁired), terrace action on side slopes (raised
Jpaths) and better timeliness for planfingvand'harvesting
operations were referenced. The diéadvantages relevant to
‘machinery are, the need for specific traffic pa;ﬁs that mdst
be;folloﬁed at-all times, matching of all the equipment in
hand with the path spacing aﬁd the need f°f'3h autoﬁatié
vguidancé system to maintain ﬁath location.‘Additibnal
disadvantages{relatiQe to crop prodﬁ;tibn were also

referenced.



: 37
\ :

A very interesting point made in this study is the
recognition of the inversely bropdrtional relationshipvof.
the soil cbmbaction and the moisture stress condition. Soil
compaCPioﬁ is beneficial unaér low soil moisture content. In .
terms of soil condition the "controlled traffic" was found
to be beneficial, pre;erving soil structure as well as water
and air permeability. Compacted soils need many years to
recover their st;ucthre.

Burt et al (1984a) Qorking on the traction
characteristics of grépared'traffic lanes, attempted a
comparison of pneumatic tire performance opefating on
prepared traffig‘lanes.and on simulated seedbed condition
for selected soil types and.soilbmoisture conditions; Net
' traction and tractive efficiency‘of the tires as yell as the
_ time delay following a flooded soil Cohdition for adéquatg
mobility on prepared traffic lanes and on ﬁhe'sdmulated
seedbed were detefmined. All the‘tests wére conducted using
theANational TillagevMachinery Laboratory single wheel
vaéfiéultural tife test machine. A wheel with lugs was tested
agéinst,a smbéth’tread wheel. Generaliy the traffic-lanes .
showed to be more beneficial,asvthe tgrrain traffiﬁability
dec:easeé due to indrea#ed_soil moisture conteht. The gain
in timeliness wés‘up‘to two days in favor of the traffic
lanes. ] | ‘ |

The commdn conclusion of the-afdfementionéd'Stﬁdies was
that thé advantages‘of the "Contrdlleﬁ trafficf ére more

than the disadvantagés, even though some technical

-
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adjustments are required.

Soil compaction is closely related to the grain size

‘distribution, the density of the soil solids p, and the

moisture content of the soil. The more fine-grained and
well-graded the soil is, the higher the dry density p, of
the soil after.compaction, fof the same moisture content.
Inversely, the soil compaction increases along with moisture

content until a maximum will “be attained (Holtz and Kovacs,

1981). , \5»

A {

Wells and Burt f1984) presented a study with regard to
bulk density ahd'cone penetration resistaﬁce of disturbed
soils due to powered pneumatic tire traffic. Two soil types
at varier moispure conditions were used during the tests.
Dual'probe‘nucleai gage bulk dehsi;y measurements were
compared to gravimetric core samples. The -soil bulk density
was measured below and besiée tire footprints. Generally;
gravimetfiomand nuclear‘gage methods for determiniﬂg |
moisture confedf and dry bulk deﬁsity gaveysignificantly
different results. The study was condpcted at the Na;ional
Tillage Mechinery Labofatory, Aubufn, AL.’andvﬁas'éarallel.'
to an aforementloned study presented by Burt et al (1984)

~ Cromer and McLendon (1984) motivated by the need<for
effic1ent water management, presented’e microproces56r~based
radio telemetry system for determlnatlon of soil m01sture
~content. B '

A standard aboratory compactxon test is the PPoctor

test measu;1ng soil Compactfve effort due to dynamlc

- -
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or impact compactiori. The resultant curve from the Proctorv
test determines soil compaction dry of Optimum; near or at
optimum and wet of optimum (Holtz and Kovacs,l1981);

Raghavan and McKyes (1977b) conducted a laborat%ry
study to determine thé effect of slip-generated shear on
soil compaction, using a shear bo*. The cohclusions of this
study were that maximum soil compaction occurs for slip |
values between 10 and 30% and that the combined effect of
normal stress and shear stress causes the same soil
compaction as twice the normal stress alone. |

Johnson et al (1985) studied the compactabiiity of
soilsiproduced from the mixing--of the topsoil with the
subsoil, dﬁe to farming opérétionsl Using a triaxial test

apparatus and the Proctor test,lthey measured volumetric

-strain versus hydrostatic stress and maximum density of the

topsoil, the subsoil and the mixture. An empirical equation

was derived, describing soil deformation as a function of -
hydrostatic stress and particle size distribution. The

percentage ‘of sand and the liquid limit of the sbiliaffééted

‘the Proctor density.

-

Gameda et al (1984)‘attempted to‘corrélate.predicted
soil stress as defined from models hased on the elastic-
thebry and acﬁual bulk density profiles in soils sﬁbjected

to compactive loads in order to'investigaté'thé7degfee of

"~ so0il compaction“induced by large agricultural vehicles. The

amount of load, the size of contact area between tire ahq'
soil, the distribution of contact pressure within this area,



and the texture, moisture content and bulk density of the
I3

soil was taken into consideration.

Johnson et al (1984) developed a mathematical model of

1

soil compactibn, using a method of predicting soil bulk

density caused by repeated hydrostatic loading, in an

attempt to simulate the effect from multiple passes of a

. pneumatic tire over a terrain. The soil volume change

hysterisis curvé was measured under repeated loading and
uploading. Moreover, the natural volumetric strain versus
the hydrostatic stféés was measured.

The analysis of the stress-paths is of major“concern
ﬁqr the researchers dealing with'soilldynamics, since it
;everely affects soil behavior (Holtz and Kovacs, 1981).

Timeliness and t;actor éo or ﬁo-go conditions probably
can be determined by the compaction-water content

relationship.
4.1.5, Soil strength and failure theories

An important propértg'qf‘;hefsbil is the.stress-strain
telationship.'Inﬁaéfining’sbil7agtribﬁtés it has_alfeady
beep said that gke.SOii is nonlinear. Moreover the
stréss;strain ?eiéfionship is,independent of timé,

By defining Strength of a material based on the

stress-strain felatiénShip,_it can ‘be said that this is the

‘maximum or yield stress, in other words the stress at .some

~strain which has been defined asifaIIUPé. To define



41

failure of the material tﬁfre arelmany f‘@ilur‘edcr‘itér"."a6
among which the most important is the\MQhP—Cou7omeFaiiuPe
criterion (Holtz and Kovacs, 1981)

Around the turn of this century Mohr (1900)
<hypothe51zed a criterion of fallure for real materials in
which he stated that materials fail when the shear stresé on
the failure plane at failure reaches some unique functifon of
the normal stress on that plane, or

f(qtr) Gt eee st en e et ee e e eereanas 4.5
A Y
‘where 7 is the shear stress and ¢ the normal stress. The
first f refers to the failure plane, whereas the second f
‘means at failure. The'T“ is called shear strength of the‘
‘material and is a very importantubroperty of the soil (Holtz
and Kovacs, 1981). ' .

Long-before the Mohrvfailure criterion,\Mohsieu; Dr.
Couiomb (1776) was employed with military defence works,
such as revetments and,fortress walls: Coylomb trying to
solve the problem:of lateral pressures exerted against
retainingLWalls devised an equation invblving stress,
cohesion (c)'énd'ahgle of internal friction (¢)'ofAtﬁe soil.
The Coulbmb's_equetion is, ’ o |

T¢=0 tane +“c.....,......;.;;.}p;.............;.....4.6
“where 7, is shear strength of the 5011 o is the app11ed |
normal stress and ¢ ‘and c are called strength paPametePs of
the 5011 as deflned above.‘ |

The comblnatlon of the two aforement1oned approaches"\

ges}'e birth to the ,Mohb~Cqqumb stre_ngth cnl{te‘nlon.' The
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Mohr-Coulomb criterion is by far the most popular sggehgth
criterion applied to soils agd can be written as,
Tee=O0gp LANY + C iuin ittt ittt iitnainseonensseseneenss 4.7
The aforementioned equation d?%ermines the Mohr failure
envelope of the soil, in other wofds a set of shear
stress-normal stress values, which define whether a material
can fail or not. The.Mohr failure envelop refers to "at
failure" (Holtz and Kovacs, 1981). _
~ ¥,
Micklethwait (1944) applied a modified Coulomb equation-
to track vehiclgs, defining maximum tractive effort. Bekker
(1956) further modified this equation making it applicable
to wheels as well'as.t;acks, aﬁd accouﬁting for wheel/track
slip and soil stress-strain relationship. The original’
eguation has been fevised by mady researchers over the @ast

two decades. The original and the revised Bekker model

computes net traction as the difference between gross

traction (thfusp) predicted from the riﬁ%vshear test and
motion resistance predicted from the’pl%te‘peﬁetra;ion test,
devgioped by‘Bernstein (1913). éekker;éitended Bernstein's -
relationship and Reece (1964545Uggested‘a modified version
of the ngker c¢mpactionvresistancé~gquation. DesCription ofv
the_tnacgor parameter équations and the'referencéd fests, as
summarized by'ﬁismer (1982), will be giveh in tﬂe
appropriate séctibns.v- | | o

McKibben (1938) attempted to relatefstansporf.wheelx
geometfy; slippage and a simple_measure ofr50i1 penetration

resistance, using rigid steel wheels and impact penetrometer
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readings. McKibben found that the rolling resistance of
steel wheels varied approximately from 0.6 to 1.3 power of
load, the -0.5 to -0.7 power of diameter and the -0.5 to 0.5
power of the width. Models describing soil—implemenﬁ
interaction were developed and dimensionless numbers\
representing th? gravit;tional, cohesivé and adhesive
cohponents of tﬁe soil reaction were calculated.

Yong et al (1976, 1977,-1978), Pérumpral and Desai
(1979) 'and other researchers, have applied the finite
element, methoé to the strain and disp%gcement states of
soil-machine systems. If the finite element method is proven
successful it may make generalized soil machine models .
possible for all off-road machinery. It also may‘contribute
to the ratlonallzatzon and measurement of soil propertles

significant to 5011 machine systems.

"4.1.6. Measuring soil properties
4.1.6.1. Soil‘strgngth - '
" The most ‘commonly used tests for determining soil ,
strength are dividéd into in situ tests and léboratory
tests;'Bdth‘types @ill be briefly describéd.VSOme of the
tests.afe rather‘complicated and fdf further details
. consultation of manuals and books on iaborétory testing is
recommended, especially %hése by thé ASTM (i980)? u.s. Army
Corps. of Ehgineérs (1970), U.S..Bureau of Reclamatzon (1974)

and lehop and Henkel (1962)
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A well known labdratory test for defining soil strength

t

_ N\ o
© is the pléte penetration test, based on the original concept

‘ ‘ £
of Bernstein (1913) who related the resistance of soil to
penetration by a plate or probe, as

p=k-* Z e e e e it e i it e e 4.8

where p was the resiétance of soil to pénetration of a given
plate or probe at any'depth z. The conStants k and n were

fitting parameters related to soil properties and the *
geometry of the plate (Wismer, 1982) f -

Holtz and Kovacs (1981) refer to the follow1ng soil
strength tests as the most popular laboratgry tests, ¢

a.'Direct Shear Test (DST) ,ﬁ” | |

?his is probably the oldest test. The .test in principle
is quite simple, consisting of a specimen"container, "shear
box"; separated horizdntaliy into two halves. The one-half
is either pushed or pulled horigontally with respect to the
fixed half. Eégure 4.1 shows the Direct Shear Test
apparatus. »

A normal load is applled to the soil spea1men in the
shear box through a . rigid loading cap Shear load, J
horlzontal deformat1on and vertical deformatlon .are measured
during the test, Dividingwshear force and normal force by

the nominal area of the specimen,"shear stress*and ndrmal

stress can be obta1ned The fallure plane thh thf§

i
T

apparatus is- Fonced to be horlzontal
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P 7

.
P /ivertical _Foy:’e -

AH : Vertical strain
T : Horizontal Force
& :Horizontal strain

——

- Figure 4.7 Direct Shear Test- Apparatus .

‘(Holtz‘andeovaés, 19815'
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The advantages of the DST are that the test is
inexpensive, fast and simple, esbecially for granulay
materials. The disadvantages of the DST include the problem
of controlling drainage, especially for fine-grained soil%
uncertainty whether‘the horizontal failure plane is‘the
»weakest‘direetion; serious stress ooncentration at the
sample boundaries, leading to highly nonuniform_stress
conddtions within the speoimen’and finally an uncontrolled
rotation of prinoipal planes and stresses occurring between
the start-oflthe test and.failure. |

A Volfson (1983) using speoially designed shear test
apparatuses mede an attempt to simulate‘the soil shear
stress produced by a wheel with lugs. Four direct shear test
and one ring shear test apparatuses were tested. The Mohr-
Coulomb envelops were determlned as a funct1on of soil Cone
Index. In Can1u51on the measured angle of internal friction
'remalned fa:rly constant, whereas the soil cohesion varied
w1th the geometry of the apparatus psed to determlne it. The
results 1mplled that the_cohes;on_anduthe angle of 1nternal
friction are soil-tire interf;;e'parameters rather than soil
properties.?u‘ | ' |

b Tr1ax1al Test (TT)

The TrlaX1al Test was developed about 1930 by A.
“eCasagrande wh11e at M I. T ThelTT comprlses the development
: of a cyl1ndr1ca1 compre551oq\:fst in an attempt to overcome
some of the serzous disadvantages of the DST Flgure 4.2 |

- =

shows the Tr1ax1a1 Test apparatus. TN
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Vertu:al Fnrce
AH Vertu:al stram .
- AV :Volume  change - .
AU Hgdrostatxc chan’ge R

F1gure 4,2, Traaxlal Test ?pparatus:_‘

. (Héltz and Kovacs, ]£81)
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The TT is much more complicated than the DST but also
much more versatile. Drainage can be contrOl}ed quite well
and-there is no rotatipn of the principal ‘planes. Stress
concentrations still exist, but they‘are significantly less
than in the DS%.?RUﬁeg;er, the failure plane ean oecur in
any-direction. An-added advantage 1s the reasonably adeqguate-
control over the stress paths to failure. This means that
complex sttess paths in the field can be modeled more
"effectivelyjin the laboratory with the TT. The stresses
"applied during the triaxial test are principal stresses.

lDuring a TT an axial load is agplied on.the'specimen
'throughha piston. What is measured is voluhe chdnge of the

. Q
specimen during a drained test or induced pore water

- pressure‘during an undrair‘test. -
_ c. other special labor®®ory tests are the following:

[

- Hollow Cylindrical Test

‘ - Plane Strain Test
4;True Triaxial or Cubqiéal Shear Test
- Torsional or Ring Shear Test

- Direct ‘Simple Shear Test

1

_Fleld tests for determlnlng ‘the soil strength or
compaction can be elther destructlve or nondestnuctlvaa*gn
agricultural eng1neer1ng the in- thedfleld soil strength is
,usually measured by the Cone penetrometer to obtain the 5011 ,
s.Cone-Index. | L, |
The Tor51onal or Ring Shear Test has been developed so

that the - test spec1men méy be sheared~te\yery large

e [ )
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deformations. This approach is sometimes necessary to obtain
the residual or ultimate sheaP‘Strength of certain
materials. The geometrical characteristics of theé ring shear
apparatus are shown in Figures 4.3 and 4.4%

d. other popular in situ tests are the following:

- annular grouser_plate ‘
- torsional shearhead

- Sheargraph

- 'Desometer ’ &

'The Desometer was designed and built by Taylor (Dunlap
et al, 1966) at the USDA National Tillage*Maqhinery
Laboratory, Auburn, AL., and is a device that applies a
constant normal load to an annulus while the annulus turns
at a constant. speed. -

Bailey andIWebEr (1965) presented a comparison of -
methods of measurzng soil. shear strength using artificial
soils. The flve devices tested were a triaxial cell, an
annular grouser plate, the same annular grouser plate with
enclosed outer perimeter, a torsional shearhead ‘and the

L)

commercially available Sheargraph. Only the triaxial
A
apparatus was a laboratory test and requ1red a soit sample.

5

The Cofre penetrometer and the shear vane were omitted
because theéy did not lend.themselves well to operation in
the shallow laboratory soil bin that was used in the study
The two art1f1c1al med:a used were mixtures of 5011 and oil,
Summarleng, the measurements of shear strength using the

' ’ ' ¥

Sheargraph were in agreement with the results from the
o R - : * '

=
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Figure 4.3, Torsional or Ring Shear Test Apparatus

@ (Holtz and Kovacs, :1981)
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Figure 4.4. Geometry of the Torsional or

Ring Shear Test Apparatus (Volfson, 1983)
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torsionaf shearhead, whereas the strength values indicated
by the torsion?l shearhead were always higher than those
from the annuli. Differences in the results'among the
various devices were indicated for the two sqilg.

Dunlap et al (1966) compared the in situ soil shear
values obtained with devices of different geometrical
shapes. The apparatuses tested were a Desometer, five
different grousered annuli’jﬂih varied diameters and widths,
a NIAE shear bbx, a Sheafgjaph and a Cone penetrométer. All
the tests were conducted in éhe cifcular soil bin at the
National Tillage Macﬁinery Laboratory. The conclusions drawn
from this studylwere based on the different soil strength
parameters measured by tﬁelsﬁeargraph, the annuli and the

NIAE shear box and imply that the intrinsic strength of the

soil is not being measured.

4.1.6.2. Bulk density and moisture content

TQb important soil pfopeéﬁies are the soil moisture
content ané bulk,deééity. Field controI'testsrcan be

- destructive or non‘desf;uctive.

Typical desfrugti&e tests aré'tbe following:

- the sand cone | , ~
- the balloén

- the o;l or water method

In all the above tests, soil is removed and Qeighea;‘On’

q .

the other hand the volume of the removed soil is measured by

é
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filling the void with sand or liquid. From soil weight and
volume the bulk density can be calculated.

Another test for bulk density measurement is the .
gravimetric test. The gravimetric determination of bulk
‘density consists of weighjng small samples:ot known volume.
The .Cornelison sampler is an apparatus which facilitates
extraction of such samples with minimal disturbance. The
soii moisture content can be measured by drying the sampled
soil and weighing after drying. The-difference in soil
weight before and after dry1ng divided by the dry welght of
the soil determines the moisture content.

A non-destructive test for measuring the -soil bulk
density and moisture content is carried out using the
_nuclear density/moisture gage. The operation of the gage in
principle is the measurement of the attenuation of gamma
rays or radioactive isotopes, caﬁsEd/by the soil particles.
The rad10act1v1ty attenuatxon or scatter is proportional to
jthe bulﬁ“den51ty of the material. Three broadly used
-itechaiques are the direct trapsmission, the backscatter and.
the air gap. Gage ca11brat10n against compacted materlals of

known dens:ty 1s necessary.
4.1.6.3. Soil stress status

In many cases the stre55>status'of the soil in situ
must be known. The 5011 stress transducers are of two types. ,

- moving type, electromechanlcal

) (
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- deforming diaphragm type.

The deforming diaphragm type of soil stress transducer
is the mcst common and is available in three configurations:

- acoustic or vibrating .wire

- piezoelectric - - ..

- electrical resistance strain gage.

Two important factors affecting stress measurements are
the transdncer stress-strain modulus to soil stress-strain
”mcdulus_ratio,fwhich must have a valpe of ten or greater,

and the transducer aspect ratio. Moreover, dense soil
pockets‘or loose soil pockefé give over-registration and
underrregistrationvof the soil stress status, respectively.

4;1.6.4. Cone.penetrbmeter and Cone index
) A

The soil Ccne penetrometer (CP) and the measuring,
recordingland“reporting procedures for soil strength are
-described‘by the ASAE Standard 313.1. The soil Cone .
penetrdmeter is recommended as a measuring dev1ce to provide
_n'a standard un1form method of character121ng the penetratlon
res1stence of S?llS; The force requ1red_to_press the 30°
circular cone thrcugh.the,soil,‘expressed in pounds” per
square inch erikilograms pef squarencentimetre, is an index
vpf»soilesffengtn calied Cone Index (Ci); ; '

The penetrometers £a11 1nto two general classes,
accordlng to the type of load applled

~~.the constant rate of penetratlon test
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- the impact-loading test

For the constant rate type the"forcé on the
penetrometer that is requirea‘to maintain a steady rate of
penetration is considered to be a measure of the soil '
consistency. Measurements are téken continuously with depth.
In the impact-loading test, the energy stored'in a spring or
in a weight at a known higher elevation is used to drive the |
penetrometer into the soil (Freitag, 1968).

As with manyvother.advancements in‘moﬁern science and
fenginéering, the cone penetrometer test was developed by the
military (U.S. Army Engineer wss; 1944), as an extension of
the soil penetrometer work of Proctor (1933) and McKibben
(1938). Essentiéllj, it is a hiéh penetration rate bearing
capacity test; during which the force ‘on the cone as a
function of depth of penetration.ié recorded. Soil\étress‘
per unit.area can be calculated knowing the cone base. Since
the 5011 Cl 1s used for calculation of soil stress, use of
.kN/m or kPa would be more approprlate as a reporting unit
when the SI system is used. . S

The cone penetrat1on test is used to predlct tractlve
capab111t1es of off- road veh1cles (Wismer and Luth 1974),

, pged;ct draft force of an*;mplement‘(Glllland Vanden Berg;
1567).‘assess compaétion causéd by-vehfcle t£éffic aﬁd
characterize the soxl in terms of- crop grow1ng ab111ty LT
'(Raghavan and McKyes, 1977a). Wlsmer and:Luth (1974)
5developed an equatlon descrlblng the dlmen51onless rat1o Ca

'3(Whee1 Numer1c) as a funct1on ‘of the CI, the. tire
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N

"dimensions widthf(b)*and diameter (d),(and\the tire load

(W). The eqguation is the followihgf

C, = (CI*bxd)/W..... Ceeeen e reerenees ettt 4.9

Knight and Freitag (1962) presented a study.with regard -
to the measnrement of soil trafficability characteristics
using the cone penetrometer. The results were compared with
those obtained from shear vane, truss and taper penetrometer
tests. No sign;ficant difference was'megsured.fhev
experiments were conducted‘in the U.S. Army Engineer
Waterways‘Experiment Station. Empirical measurements on .
bearing—traction capacity nere"related.to CI,'measured by
the CP. The soil remolding index was defined as the rdtio of
the CI of a compacted conrfined sample over the CI of the
same sample before compactlon. The rating cone Index;'the’
final measure of soil trafficabilit&, was defined as the
product of the in sltu CI and the remoldlng 1ndex. The
‘vehicle cone index was defined as the minimum rating cone
index necessary for completlon of flfty passes ‘of the >
veh1cle over the same path. Vehicle performance versus CI’
values_yerehpresented for flne-gra1ned‘solls, sand soils and
"snow;‘Egnationsffor Mohility‘Nunber'estimation were '
presented. o - o | _\h (\ N

Fre1tag {1968) presented a study with regard to
penetratlon test for 5011 measurements, a1m1ng to
demonstrate the extent and the l1m1tat1ons of penetrometers 1
The study was concentrated on the constant rate type .

.trometer. Attempts to correlate the penetrat1on ’ _4 =
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resistance with the soil stress-strain properties-were not
particularly successful,.
The cone penetrometer test .does not differentiate
between cohesion and angle of internal friction in
"estimating soil shear strength. The same cone index value
can'be attained w{th many different combinations of soil
cohesion and friction. The penetrometer can be useful when
separatlon of these two 5011 strength parameters 1is not
required, or when one of these_tends to be zero. The cone
penetration test can provide the means for evaluation of
soil re-orientation and change of the mechanical properties,
due to "overcompaction™. |
 Aécording to Freitag (1968) the factors that affect

cone penetrometer.measurements are; the size of penetroPetef
shaft relative to cone siae; the surface finish® of the cone,
the size and the shape of the cone, and the,rate of
penetration. The size of the penetrometer shaft, relative to
the’diameter ot‘the cone, can influence the results of the
test in two ways. The soil dlsplaced by the passage of the
cone tends to move outward and upward and to ;Eess ‘into the
openlng of the 5011 left by the cone. If the shaft is
'relatlvely small the pressure relief w111 tend to reduce the
penetratloh re51stance. On the other hand if the shaft has
nearly the same dlameter as the cone, the drag of the soil
on- the shaft could cause an apparent increase in penetrat1on

resxstance. Plac1ng the force- measurlng dev1ce at the base:

.*of the cone theoret1cally would solve the problem. In .
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~

fine-grained soils the roughness of the cone benetrometer
surfate was not found to have a great effect on penetration
resistance. In sand the differences were found significant.
No explanation‘was given. The cone size (base area) and
shape (pointed apex angle) are two relevant geometrical cone
. penetrometer parameters, affecting the‘penetration.

toe

resistance per unit area of the apparatus. Figure 4.5 shows

v

the effect of cone size on penetration resistance. The rate

ef penetratiqn can also affect the preesure required to
cause the penetration._Fféure 4.6 shows the strengtn ratio
(expressed in terms ofethe ratio of‘penetrat;on resistance
'of the standard 3.226 cm? cone penetrometer at a penetratiOn
rate of 1.83 m/min to the pinetration resistance of the same
"cone at a different penetration rate) YerSus penetration
rate. The penetration resistance is low at low rates of.
‘penetration,}increasing drastically as the rate of
penetration increases. At the upper end of the curve, the
. trend appears to level off again. fn conclusion the opnosite
ftrends in the relation netween'penetration resistance and
epne size on one hand, and penetratienﬁresistance and
;Znetration'rate on the other hand, establish a, common besis
for cone penetrémeter meésurements“(Freitag,'{QGB)

lMuiqheen et al (1976) presented an evaluat1on report
-concern1ng the measurements of soil strength usxng the cone
penetrometer and a- sphere. The underly1ng\concept was’ the

] measurement Of soil shear, comp:gji‘ve and compound strength
: X Y L ,

S S R
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and soil-metal friction using a snarp and a blunt probe. The
t
researchers concluded that the relative proportidns of the
soil strength components vary with soil moisture content,
with cone 'index becoming increasingly insensitive to/gge;:
strengtheor compressive strength changes as moistureﬁcontent
increases. The penetrometer was found useful for comparing
the relative strengths of soils under conditjons of similar
moisture content and structural é%ate,
| Wells and Lewis (1980) describe a method for remote
electronic acquisition of soil CI. The scope of their work
was the. development of a manually transported, one-perSon A\
operated penetrometer, electronically measuring and
recording a large_number ofuforce‘penetgatioq\relationships,
individually ldentifiable. Information storage and
transmlss1on to a malnframerfor further processing were
considered. The electron1cvcapab111tres of e penetrpmeter
were based on a microcomputer. No descriptizf\of’the ‘

hardware components were presented

o Upadhyaya et al (1982) presented 2 study. of the
Performance of controlled fleld tests to relate C;”\Ori%lk7
dens1ty and moisture contént. “The model1ng of the predzctlon
-equation for cI employed.the dimensional analysis technique..
n The experlmentSS’Ere conducted in two d1£ferent locatlons. A
,noddlnear regression model was- employed for statlstlcal
ana1y51s. Experlments w1th varylng bulk den51t1es at a -
constant mo1sture content and vary1ng m01sture content at a

2

constant bulk den51ty were conducted The relat1onsh1p
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between CI, bulk density p and moisture content 8 was found

‘to be,
a(CI/K)=a(p/p,)" e™®* ....... ettt 4.10
where a, b and n are positive constants, ps is the soil
pagticle density, K is the bnlk‘modulns and ¢ is a non-
-~—»dimensional scaling factor. An important inference made from
this study concerned the contr1but10n of the rotary tiller
in soil un1form1ty, at least in terms of mo1sture content.
Ayers and Bowen (1983) determined soil den51ty profiles
employing an e§isting soil faﬁlure theory (pearing capacity
analysis for deep foundations). The purpese of the study was
ée.‘to 1nvest1gate whether a one to one relationship exists |
K between penetration resistance and 5011 den51ty for all soil
m01sture contents. The validity of the model was examined
with several ‘sand-based soils in the laboratory,~nsing tne
Torsional (Ring) Shear test, and <in- fzeld conditions, using
the CP for penetratlon re51stance measurements. Using a
multlple linear regre551on'ana1ysiS'the soil strength

’ ‘4

parameters were expressed in terms of bulk den51ty and

LAt

m01sture content. _ v _
J Tollner and Clark (1984) compared the performance of a
1ubr1cated and a conventlonal 5011 CP. A cont1nuous flow1ng

ponmer was employed as a. lubr1cant. Varlous 50115 and
N . » s

;rea ments were examlned The purpose was the 1nvestlgat1on
o Sk

OP that would produce data with reduced varlatlon about

'.,r«.
sample means or. 1ncreased dlfferences 1n respect1ve
'1

treatment means..CI means and varlances were measured amh

P | . .
' o - o \ : o o S 4
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compared for the CP. The researchers found a highér
‘coefficient'of variation yith the lubricated CP.

| Experience indicates that the cone penetrometer ie less
successful in measuring shearistreﬁgth than beéring';apacity
since.the cone penetration resistance is more sensitive to
soil disturbance than the bulk density, due to deformations

caused by the traction members.
4.1.7. Soil bin facilities - S

Wismer (1984) presented a survey éohcerningﬁgoil bin
facilities characteristics end utilization. Iﬁ this survey
the dimensions, the capébilities and the utilizatien of the
soil bins are presentedvalqeg with ba%%f statisties. |

Most of the reported facilities a?%_of‘an indoot type.
In terms of fuhctional test capabilities of the 5011 bin , .
.fac111t1es, tlllage is the most common w1th wheel tractlon

%

;mmedlately followlng ' S , ZE

“The ope:atlng sozl bin- fac111t1es use_a wide variety of t
iso1ls, with loams belng predom1nant. Also{!varlatlons 1n‘”'
.mo1sture, densa.tyfohesmn, angle of mternal frxct:on and
cone 1ndex value have been reported Art1f1c1al sozls are
:used, with an. 011 sand-clay mixture be1ng the domznant
fcomb;natlon. ‘ ‘g*l ”/{,l‘_ '

The soil strengtﬁ and condltlon tests 1n use, fdti
3corre1at1ng machlne performance and for controll1ng the

preparatlon of test sect1ons, are the cone. penetrometer, theiﬁ

-
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ring/plateﬂShear, the'dravimetric moisture and density, the
Atteberg’limits (liquid and plastic); the triaxial shear,
.the plate penetration,‘the unconfined compressiom, the
'nuclear moisture—density, the.tenslle strength and the vane

shear. The aforementioned soil tests were presented by‘rank

L]

-

order of use. - v ' L . ‘ (

Not all the laboratories support tillage test

L

fac111t1es. Among the soil bins that support such a facility Sﬁ

PN

4

81% can test pass1ve tools, 46% can test powered tools and
h35% can test both passive and powered tools. . ”?
Notvall the laboratories supported traction 'test ‘
facillties. Amonglthe soil bins that support su;h a facilitf
‘91% conduct wheel-traction tests, 27% conduct track traction

tests and 23% conduct both types of tests. A
Utlllzatlbn of the 5011 b1n in research encompasses !

educatlonal 1nst1tutlons and manufacturers. The range of
a,

subjects addressed by the laborath1es 1ncludes tract1oﬁ RN

=

-eff1c1ency, tlllage tool shape and force relat1ons, tool

performance and 501l-mach1ne»mode11ng -Some unusual research

$ ',*

. 9
‘-sgbjects reported are, rlmless wheel boat type tlllage )

.
.

b_machlne, so1l re1n¥orcement and soil anchors. So11 models
’ .

fors seil-machine. systems were, also the subject of research
'“efforth 1nc1ud1ng cr1t1cal state so1l mechanlcs pr1nc1ples,

,cyclo1d@c propertles of SOllS, two d1men51onal and . w%
three—dimen51onal f1n1te element models.. o S

. e < . v ’ )
L e e
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4.2. Traction devices and their properties

9
The traction devices or traction members constitute the

interface factor between tractor and soil. The traction

devices.are divided into the following two major classes:

- track-type traction devices

A

- rubber tires.

The terminology that applies to traction devices has
been presented in the chépter titled Terminology.-Only
rubberxtire properties and behavior will be analyzed. Also,
very brief information with regard to rim sizes and tire-rim
matching will‘beApresented for integrity purposes. |

2 Hereafter, the terms traction devices and traction

"

members will apply“interchangeably to rubber tires.
Moreover, the term motion resistance will be regarded

" identical to rolling resistance and either term can be used

s ¥

interchangeably.

o
3

4.2,1. Tife classification
!

L %
5.3ubber téres;areuélaSSified.according to: :
_a. construction . | |
b, use. ' . | . “

According to-their‘construction ;ﬁbbér tires.are .

divided into Bias-ply or diégoﬁal tires and Radial tires.

" The Bias—ply or'diagonal tire has thg'cordé'ih the

individual plies of the carcass arranged in a diagonal from

o
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N

bead-to bead configuration. Structural stiffness is obtained
by alternating the cord direction of each ply producing a
criss—cross cord‘macrix.

The Radial tire is a two-element structure. From the
inside to the outside of the tire there is a group of'plies
with the cords arranged in a radlal configuration from bead
to bead, superlmposed by a rigid multiple- ply belt with the
. cords arranged in a near circumferential configuration.

Bohnert and Kenadf (1975) presented a comparative
analysis of Radial and Bias-ply drive wheel tractor cires,
inclodihg brief information about tire.cohstruction. Figures
4.7 and 4.8 show the aforementioned tire cohstruction '
differences. »

The advantages of the radial over the bias-ply tires
will be examined in a subsequent section. : M

e o : \ : : N,
A different way tq class1fy tractor .tires is according

to their use. The cla551f1cat10n scheme is as follows.

rear agrﬁcultural ulges

‘rear 1ndustr1al tires

1

front tractor tires .

implement‘ti:es

;logiskidder tires -

.Wlthln each of the aforementloned classes the t1re

de51gn dlffers, so that the t1re becomes more eff1c1ent

4

under certaxn so1l cond1t1ons.v S S G

|

.In agrlcultural practlce the powered tractlon members L

‘can be in a s;hgle, dual or trsze conflgurat1on, in order



Figure 4.7.

)

Radial ply tire construction

/

7/
NN

f///§

'-Figufe 4.8..Bias ply tire congtructién‘

'
A !
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to provide better tract1on and flotat1on and to cause less
soil compactlon. The unpowered traction members are used in

a single configuration in order to avoid excessive rolling

‘resistance.

' 4.2.2. Rim and rim-tire matching

”

The r{m‘is the metal construction that is attached to a
tractor axle and on which the rubber tire is mounted. The
two rim dimensions that are important for rim*tire matching
are, the rim diameter (ASAE Standarda} 1984) and the design -
rim width'(TRA Yearbook, 1984). ASAEm8219:2 (SAE J712a)
refers to rim specifications such as rim size, inset
(reversible rim) and ocutset (nonreversible rim), and maximum
rated radial wheel load The agricultUral tires are designed
to carry a spec1f1ed load at a spec1f1ed 1nflatlon pressure
when mounted on a spec1f1ed w1dth rim (GOODYEAR 1984) |
| The rim-tire matching is a very important factor forh
propet performance and long life of the t1re. Accqulng to
the Farm Tlre Handbook (GOODYEAR 1984),‘use of a rim w1der /
than recommended re5ults\1n a flattenlng of the tread face.
Undersloose 5011 condltlons tractlon may beﬁlmproved° ";_ B
however, 1n hard 50115rthe tractlve effort is reduced. \On
che other hand use of a narrower ram than "the recommended
‘results An both reduced tractlon and 1ncreased wear._In1§oth \

; cases the chances of tlre damage are 1ncreased con51derably

oo -
.
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and extra caution is advised by the tire manufacturers with
regard to rim-tire matching.

Hoemsen (1984), using computerized finite element
modeling and analysis, attempted to determine the.rim change:
in order to withstand higher static loads. Various materials
were investigated. Three load cases were ahalyzed. Rim
structural performance for Qarigus materials and sizes was
determinedqgn terms of the perfcrmance factor. The
perfqrmance factor is determined by the ratio of the
endurance strength of the material.to the maximum combined
stress level in"the,compcnent, and shouldvhever be less than

c one. Using a stronger material for the r1m was proven mcre'
advantageous,_ln terms of percent endurance lbmlt incr ease;

a.g’

than 1ncrea51ng the thlckness of the standard mater1al

>

:4.2.3. Tire parameters
Each tire is‘designedwwtth.specific.characterist}cs ?nv
~order to be able‘tc comply with different tractor .designs
h»and so1l cond1t10ns. The tire parameters that affect tire '
’ perfOrmance are the t1re s1ze, the ply ratlng, the 1n£lat10n’
pressure, the load,factor, the lug dlmen51ons, the t;re ,‘
effective.arm and deflectlon, the t1re dlameter, the t1re’
’hwldth ang -the- aspect ratlo.j | l' _ ‘
Domier (1978) presented a comparlson of the t1re »
“parameters on a Dynamlc Tract1on Rat;o versus Sl1p bas1s,

r.
determ1ned from the results reported by the Un1vers1ty of

L e



Nebqaska tractor test reportsr The way these parameters
affect tire performance is also referenced. |

‘ Tire construction is a factor that affects tire Av
performance, however, this aspect will be examined
separately. The aforementioned parameters.aredanalyzed in
the foilowing sections.

A

.- 4.2.3.1. Tire size
. _ ¢
The tire size is probably the most important tire' -
parameter examined when a tire is to be mounted oh a
tractor; Tire manufacturers encode the tires,yniformly

¢

accordzng to a code approved by the Rubber Manufactu%irs

: Assoc1at1on. The code ‘was - created in tHe interest of

simplifying reference to specific. types of agr}cultural:
tires, regard}ees of the manufacturer (GOODYEAR, 1984). "

oA comparison of‘the*tire‘dimensions of tiresvmade.by
different manufacturers, (GOODYEAR BFGoodrlch Flrestone)
revealé dﬂfferences in the t1re dlmen51ons as low as a few"
tengaF of ‘an 1nch (2-5 mm) |

Dwxer et al (1974a, b) worklng in the NIAE UK

‘:developgd a Handbook of Agrlcultural Tyre Performance,

1nclud1ng performance characterlstlcs of Selected t1re sizes

and the assoc1ated term1nology. F1gure 4. 9’shows a sectlon

‘of the tractlon member w1th thd assoc1ated d1men51ons, as

R
SN

‘f,they were presented 1n the aforementloned Handbook The

'7ﬁterm1nology Ay compatlble w1th the one 1ncluded in the ASAE

8

I3
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7,

» D: Tyre overall diameter
\ R: Nominal rim ‘diameter
t , i . -
l . 1
ok ! ; H H: Tyre section height
1 ) . '
‘ o ' S: Tyre section -
~
’ . " W: Tyre width
- -— =3 . ) ) ~
. y ] b D
’ . H/S: Aspect ratio
>

,,_?}. »

. . ‘_Fi_ghre 4‘_.9. 'ubefinitvipns of tire dinieps_ig_ri-S‘f

2 i

<
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Stan'}iax;;d $296.2 (1984).

The methodology 6f marking and reporting tire sizes
encohpasses three mainpmethods (Dwyer et al, 1974b). The
first method or form, which is the simplest, is used for
tractor steering wheel tires, trailer and implement: tires.
The first number represents tire section and the second
number represents the nomlnal rim dlameter The format of
reportlng these tires is-tire Sectlon rim djameter. The
E second form, Qh1ch is the dual marking system, is used for
tractor driving wheel tires which were originally marked as

.for steering wheel ‘tires. However, when wide rims were

introduced and the measured tire section changed, the need

for, a dual miiking system became apparent. The dual marking,

&)
system was intended to be for an interim period only, with
N . ’ S . ra

the new marking eventually becoming standard.'Newerlsizes,do

4

not have the older markings. The format of report}ng these
" tire sizes is new tire section/old tire sec'tfon-him
dlameteP.LThe last form is used for high flotat1on or low
section helght or low. aspect ratlo tires. The format of

these t1res 1s tIPe section/aspect Patio (%) le diameten.

I

However, low sect1on height. %ﬂres are reported by the

Ty

--manufacturers by appendlng the letter L to the tlre sectlon
] , ..r

glv1ng no‘further 1nformat10n w1th regard to t1re aspect
'.rat1o. The t1re 51ze affects 1nd1rectly the t1re performance

through the tire d1men$1ons. SR :Zvl

v
e

e . : i : . .
. PO . . . Q)

1
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4.2.3.2. Ply rating

¢ Wt

The ply rating of a tire is a measure of its resistance
to bursting under pressure, ideptifying the maximum safe
inflation pressure and the maximum allowable load on a tire

_used in a spec1f1c type serv1ce. Or1glnally, the ply-= rat1ng

-~

~N
was the number of cord plles used in the construction of ‘the

tire. The use .of stronger materials in tire‘construction

made thﬁs number an equ1valent strength index (ASAB 1984).

[y

Domler (1978) fourid no effect of’ plx rat1ng on tire

\".—
performance on concrete. The ply—ratlng‘ls another tire "
d S : .

index, indirectly affecting tire performance through the
. b - " e R
maximum allowable inflation pressure and load on the tire!l .
o - ‘o
Yo ?

4.2.3.3 Inflﬁtion pressure

¢

b . The ﬁire,inflation pressure is a factar that directly

affects tirejperformance and usually is combined with, the

e

t1re load.‘

»

‘t: Dom1er (1978) reported that for tires operat1ng on a
inkin

concrete surface a 14 kPa. (2 p51) increase i ire pressure,'

: coupled llth a correspondlng 1ncrease in t1re 1gAd ;- resultedv

S

in a 0. 5% 1ncrease im sllppage, whereas a 28 kPa (4 p51)

ulncrease in pressure caused a 1% 1ncrease in sllppage. When

duals wrth reduced 1nflatlon pressure were used a decrease

of 1 5 to 3 0% 1n t1re sllppage was recorded -as compared tc

51ngle txres w1th hlgh 1nflat1on pressure. e
N e . ' . S Y

”..
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Tire inflation bressure directly'affects tire -
performance, through the tire shape and the tire-soil
contact area, and indirectly through the allowable dynamlc'
load on the tractlon devxces, therefore the ballastlng
recommendations. Tire underlnflatlop has the same effect as

© tire onerloading, nhlch is tire overdeflection caus{ng

uneven and rapid tire wear. Tite underinflation cauyses an
»

increase in soil-tire .contact area, providing better
N , o

traction, éarticularly under poor soil conditions,

, exchange forhhigher tire damage risk. On the other ‘hand, ~“‘9

% tire overinflation reduces traction due to reduced soil-tire

v

contact area and reduced tire flexing characteristics When
the tire is over1nflated the tread wear concentrates at the 'i

e

tlre centerllne-area. (GOODYEAR 1984). '] P

~

When the tire 1% ballasted with llquld ballast
" {solution of calc1um chlor;de in yater), the*tlre pressure
uremains the';ane. Only 75% of the tire volu%eushould be
filled with.liquid'uallast. When checking the true operatihg

pressure of lquId filled tires the valve should be- at the o

bottomvof the tire and. the t1re temperature must be low
(GOODYEAR 1984). 1In llqu1d ballasted txres, the 25% of the %

tire. voluméroccu ied by air ma1nta1ns the flexlng

f,characterlstlcs of the tlre whlch then can absorb 25% more

| 1mpact than a tlre wh1ch is 11qu1d welghted to 100%.

R Y

When a dr1v1ng tlte is operating in a furrow

(mouldboard plow1ng operat1on) or in the down slope poszt1pn ’

.t

(hlllszde farm1ng operatlon) an 1ncrease 1n the tzre

A wt
-



v | U
inf¥ation pressure of 28 kPa (4 psi) is recommended in order
to avoid sidewabl buckling. When‘a driving wheel operateé in
a'highftordue service, maximum inflation pressure.for the - |
tireusiﬁe and ply-rating is recommended (GOODYEAR, 1984).
N i;&ﬁwyer (19755, working at NIAE,‘reported that the
<pert0rmance of a tire Qperatlng in a furrow,’compared to a
‘ tlre of thejgame load and pressure eperat{né»on the soil
J‘:surface} was -not aubstantially different in terms of "
ttna e eﬁfgc1ency The hzgher coeff1c1ent of tract;on for
“the thre in the furrow was compenqated by the higher
§~~ coeff c1ent of roll1n9 re51stance for the same t1re.
dif . Burt and Bailey (]981) presented a study, conducted in~
the 5011 bin of the NTML u51ng a rad1al tlre, 1nvestlgat1ng
t&e effects of load and 1nflat10n pressuré on ﬁ&re

petformance. Burt et al (1983) contlnued the study of the

effects‘of ballast”and inflation pressure an the tractive

. ? . ‘

eff&dlency of selected bias and radial-ply tractor tires

operated under frgld cond1t10ns. The experlments cdnszsted

[l

of the measurement of varlous load and 1nflat1on pressure
. comb;natlons under constant drawbar pull Generally, the

:esults did not show a con51stency, 1mply1ng that tract1¢e\

-, g

"_eff1c1ency cannot be maxlmlzed at a part1cular level oﬁ

drawbar pull by select1ng dynamlc load and 1nflat10n

A.,__

,?:.values, and the neev_ﬁor anqautamatrc controlbsystem‘iorrtnejffﬁl
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“
two parameters was evident.

Hemingway et al (1982) presented a prototYpe system;to

" control tire inflation pressure on-the-move. Optimum tire

performance was obtained by matching tire inflation pressure

and tire deflection with varying levels of tire loading, and

- ground conditions. The goal was an increase in traction with

a parallel reduction in soil compaction. The analysis for

the inflation pressure control was based on the influence of

the tire 1nflat10n pressure on tractlon, on 5011 compactlon

.

and on safety aspects. Dmfferences of t1re deflectxons on
u‘

concrete and in- 5011 were measured for the same lpad and

2

" pressure. Trres were‘found to deflect-less 1n—5011. The»

p!ototype con51sted of a. 51ngle cylrnder a1r compre%sor w1th'

“a capac1gy of 2 L/s and the associated plpewgrk The air was

deﬂlvered to the centerllne of the axle and from there to

the tire valive through a rotary valve. Each -tire - 1nflatlon‘

pressure was tested 1ndependently The

change varxed from 0.15 to 0.20 ba 1n._increased

deflectfﬁn resulted -in reduced wheel Sllp at constant level
of drawbar pul; or increased drawbar pull at constant level

)

of wheel sllp A p01nt shown from the tests was that

deflectxon was proport1onal to t1re self clean1ng a a

-

tract1on ablllty. The system would requ1re a method of

measuring 1n 5011 t1re deflectnbn A gage 1nstalled in the f

% 1

t1re would be the most appropr1ate. Conflguratlons for such

a system are preSentqu;n the sect1on assoc1ated w1th t1re

deflectxon.~

; Coen e X A

ire pressure rate of
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' 4.2.3.4. Load factor

. The load factor has been{arbitrarfly defined .as the
‘ratio of the static load on‘the driving wheels to the.

allowable load, as spec1f1ed by the TRA Yearbook (19&4)

R
Increase of the load factof on concreee results in an
E ol 3

”1ncrease in travel reductlon and a decrease in tractzve
§
‘efficiency (Domier, 1978). - . A L
o~ The load factor effect is present when ianation'j

S L . - LN
“*pressure versus tractive performance measurements.are taken.
The load factor is meaningful for a specified inflation

pressure,

. 4.2.3.5. Lug parameters o _ "\ T -

The two lug parametefg that are 1mportant in SRR
"4¢determ1h1ng t1re performance are the lug angle and the lug
he1ght, both 1ncluded in the ASAE Standard 5296 2 The two

”angles that are usged by the“t1re manufacturers are 45° a : d

-57°.'50r§t151n91y,'the tire manufacturers report the_67°t1ug SR

'angle t1res as 23°, measurlng the lug angle from a 1
| perpendlcular to the one’ proposed by ASAE Many of th ’
hffcontemporary tlres do not haVe a un1que lug angle across the

lug. In suGh a case, an on- average<lug angle can be

‘Vestzmated One manufacturer reports a radlal t1re w1th such T

a 1ug de51gn hav1ng an on average 40°'lug ang e (50°

?‘accordlng to 5269 2). The 67° lug angle tzre oes nge 1ie'§;¥i‘f;

r . . R
roou 13 -



better tractlon ‘on most soil under dry COndlthnS. On the
other hand the 45° lug angle t1re performs better under wet
soxl cond1t1ons Tlres with 1mproved tractlve abllitles use
narrower lug angles for 1mproved performance under adverse
5011 cond1t1ons In comparing tlres with 67° Iug angle,
versus. tlres w1th 45° lug 'angle operatlng on a concrete\
surface, Dom1er (1978) d1d not obtaln con51stent results.
Houever, an 1ncrease in tractlve eff1c1ency was detected
with 45° 1lugs. ) e

The other important.IUg»parameter'is the lug height.
The role of the lug height is completely d1fferent when a
- tractor is tested on concrete and when operating in-soil.
‘When the* tractor is tested on concrete the smaller the lug
helght the better the tractive performance. Nebraska test
code does not allow a 1lug hexght less than 65% compared to a
new t1re. Usually,etractors tested in Nebraska are e%#1pped
w1th tires close to thls wear limit.

When the tires operate in-soil the lug helght
requirements diffe?fwith soil conditions. In dry, hard soil
large lugs perform worse, since they have. dlffigulty to®
penetrate the soil surface. In wet, soft 5011 the greater
tread depth 1mproves tractive performance, provxdrng extra
thrust exceedxng the addltlonal motion resistance. Greater'
lug height facilitates greater lug surface, thus decreasing
soil shear stresses. ‘ - , I

Dwyer (1975) comparing five tires with 0, 20, 35, 50
.and' 756 mm lug height, found that the tires with 20, 35 and
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50 mm lug height performed similarly operating on an average
soil, the 75 mm lug height tire perfarmed better in wet -soil
conditions and the tire with no lugs performed better in a
few dry, loose soils. Motion resistance showed a strong
tendency to increase with lug height increase.
. {' . , ~ . '
4.2.3.6. Tire effective arm and deflection
‘The term tire effective arm is used synonymously td
tire ‘rolling radlus}and is calculated as the dlfference of .
the t1re radius (overall tire diameter d1v1ded by two) and
the t1re~deflect10n. The tire effective arm is used

.

extensively in the®computer program that will be presented

in a subsequent chapter and is used instead of the term .
rolling redius. The purpose of this innevation was to avoid -
confusion withAthe tire radius or the tire loaded radius;
The tire effective arm takes into consideration the tire
deflect1on, as calculated by a general1zed load- deflectlon

\1

relationship. Tire load is considered the dynamic'load'on
\
the axle, accounting for welght transfer from the front to

the rear of the tractor. ’
Recent 1nfo:matlon prqyided'by Kenady (BFGoodricﬁ),
Charles (Firestone) ,and Ellis-(GOODYEAR) with fegard to.
load- deflectlon relatlonshlp, enabled the derlvatlon of an
“ equatlon, based on certaln assumptlons. The equatlon and the
-assoc1ated analys}s are.presented ;n chapter s1x, The |

calculated effective arm is used in the eqguations for

| b
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e%;nmting moments around the rear anie

gfﬁﬁ%easurement of the t1re deflect1on is always desirable,
3§wmh not easy to obtain dur1ng 1n—sox1 operatlons. It is
‘ generally accepted’that the rubber tire,"for the same load
and.inflation pressure, deflects less in soil than on
EOncrete, possibly due to soil defdrmation (yieiding).
Knight and Green (1962), working at the U.S. Army Waterways
Experiment Station installed five potentiometer assembl1es
1ns1de a tubeless tire. The potentlometer assembly consisted
of a 11near and a circular potentiemetet. All five
potentiometers.were mounted on thefrim and transmitted their.
data to an eighteen-channel direct—writing-oseillograp% |
through a twenty channel slip ring mounted on the axle hub.
Briefly the tire deflectlons were found to be dependent on
tire load and inflation presgpre; type of 5urface upon which
the tire operates and tire veipcity. The magnitudqb%fl
influence of each of these factors was approximately in the.
order in which they are llsted.lA 51m11ar design to the one

presented by anght and Green. reportedly has been developed

’ . . NI

by Freitag and Smith (1966). ° u
Burt“et el (i984b), yorkdng at NTML, presented a three-

-dimensional, sonic digitizing system for tire de%lectidn‘ﬂ

measurenents. The system was developed to permit'the“

est1mat10n of the d1rect10n of the stress vectors at the

: SOll t1re 1nterface and the t1re strains in the radlal

“/Pngentzal and lateral d1rect1ons, w1th respect to the wheel
ri

m. Lugide;ormatxon studxes were a;so-conducted@.The

O
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innovation of the system was that mMe physical contact yes
required between the sensing device amd the device being
studied. The system consisted of sound emitters and
receivers and the associated electronics for signal
measurement andlinterbretation. The response of the system

was quite satisfactory and repeatable. Y.
4.2.3.7. Tire diameter . .

The tire diameter is specified in ASAE S296.2 and is
reported by the tire manufacturers as ouerall tire diameter.
» -Domier (1978) reported a decreese in travel reduction
and an increase in maximum trdctive efficiency with an |
increase in ti¥e diameter for tires operating on a concrete
surface. . | ‘~; \

T1reslw1th large diameter are necessitated by the need
for better flotation, less soil compaction and less motion
resistance. On the other hand‘”larger tires require more
1nput térque in order to. develop ‘the same thrust as exerted
'by smaller tlres. Increaszng tractor 51ze, with subsequent

0y

_1ncrease 1n tractor we1ght and englne power, conforms with
the use of larger tires, since more bearing capac1ty is
' requxred (load factor) and more torque is del1vered to the

tractlon members.



new tire. Tire manufacturers report the sectioh width, not
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-”4.2.3.81V52re width

The tire wﬁdth%is specified in the ASAE S$296.2 for a

’

including protective ribs and deécorations.

Domier (1978) reported that no differences in dynamic
traction ratio and tractive efficiency ‘were -obtained on
A .

concrete surface over the normal traction range for two' .

tires differing in width by 33%. -

4.2.4. Tire ballasting

S The traction or pulling power that a tire can exert is

.proportional to the weight carried by the tire. In turn the

weight carried by the tire is determined by the tractor

design. Any further increase of the tractor weight’is -

:i’

achieved using‘ballast. The ballast 1s usually added on the

powered wheels. 1f the steerlng Stab1l1ty of the tractor-1s-

ﬁ .,
1nadequate additional welght may be added on.xhe front end

of the tractor.

Theomost common ballast in use is elther cast iron

-

mounted on the r1m or 11qu1d ballast 1nserted in the tire.
P 2 ‘
The’ comp051t16n of the 11qu1d ballast,.accordlng to the

recommendatlcns of the tire manufacturers, can vary from .

'pure vater’ to a solution. of 60% CaClz, depend1ng on the
-prevalllng temperatures. The w1de acceptance of l1qu1d |

ballast was mainly due to 1tsllow cost and its satasﬁactory.
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performanc,.'The major drawback for ballastlng "the tlre with
CaCl2 is the need for spec1al equ1pment preventlng in-
field read]ustment, as it is the case for cast 1ron ballast

Ve
Tire load and’ 1nflat1on pressuﬁe jointly affect the .

”tangehtiai pull (thrust) the tire can exert. Maximum

tangentlal pull |is atta}ned by the tire when carrylng 80 to
95% of the rated load ;t specific 1nflat10n pressure For
each unit of welght added%the tangentlal pull 15;1ncreased
by a fraction.vBoth“weight'apd pull dre expressed either in
LN or pounds~(lbs). GOODYEAR (1984)‘has diven example% of

efficiency as percentage of. tangential® pull increase
. A

of ballast added, under various surface .conditions:

Concréte - 66% ' B
Dry.Clay 55% -
~ Sandy Loam 50%
| Dry Sand -  36% )

'Green Alflfa 36%°

Domler and wlllans (1978) ;nvest1gat1ng maxlmum versus ,
opt1mum tract1ve eff1c1ency reported that a 60 kg/kw we1ght

to power ratio on a two-wheel dr1ve tractor was adequate to

'f attain maxlmum tract1ve eff1c1ency at field veloe;tles over

' <

8 km/h A loss in eff1c1ency of 3 to 5% was observed at

1ower velocxtles. Capltal costs and field capacity. versus

added ballast were also est1mated .
Harr1son (1970) presented a study on the way the_

)

. maximum tract1ve eff1c1ency

'_orm of the quadrat1c curve that

v\

AN
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rTepresents tractor drawbar power lofs versus added 3?Tlast,

i

~an attempt was made to estimate the ballast at which\-the

2

minimum of the function occurs. The ballast was estimated as
a linear function 6f the drawbar pull. The furction was
defined by setting the first derivative of the total power

loss to the load equal to zero.

>

Bashford (1975) presénted a Study concerning the -
effects of bailast'on the tire élippage and the use of the
maximum available drawbar power. He concluded that the
optimum operation slippage should range from 16; for firm
soil to 15% for soﬁt'soil. He also:hade available
coefficients to hse to multiply the PTO horsepower to obtain
tractor weight in pounds, for typical Nebraska firm, tilled
and soft soils. o '

A very important aspect in ballasting a t;actof'is'the

weight distribution for a two-wheel, a four-wheel and a

front wheel assist.tractor..ﬂ common'mistake in Ballasting a .,

-

tractor is the inapptopriate,wéight distribution betweer [
front and rear of the tractor, takiné‘ihfo cbhéide:ation'thél_
dynamic‘weigﬁt transfer. The tractor Qeighf_distribution fo:
the three tractor types, in terms of’front to rear static

we}ght fatid; are}represedﬁed by.the followihé Qrdgfs:of“'

| mégniﬁude: ';;_ ¢ |

. a. .2WD,730;7O~

b. FWA, 40:60 - . -

®

c - 4WD,."?060:‘40;'
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The reason for ballasting the 2WD tractor so lightly on
the front end is that the ballast should be adéduate to
maintain steering etability providing at the same time the
minimum motion resistance possible. Since traction is |
obtained through the rear wheels, noet’of tractor's'weight
shoulo he concentrated on the rear of the tractor.

The reason for ballasting‘the FWA tréctor in a‘40:60
ratio is that part of the traction is prov1ded by the front

‘wheels, therefore a welght comparable to the size of the

‘front tractive dev1ces should be maintained oﬁ the front of

the tractor.r .v.
" The reason for ballasting -the 4WD tractor more heavily
at the front is that weight distribution equ111br1um is
obtalned under ;oad conszderlng the weight transfer from
front to rearf/The welght is distributed over equal size
tractlon members.. .

Bioome et al (1982) carried out an.experimentfgg

Oklahoma State University, in order to demonstrate ‘the

"effect of ballastbin'tractor*implement matching. An

Allis-Chel@erS'2WD'trector was tested in-field,at three

" ballast levels using a towea implement. The tréotor weight
: d1str1but10n was 25: 75 "The. results were compared wlth

:theoretlcal results obtalned from predlctlon equations g1ven

in the ASAE Standards._For the four s0il Cone Index values

that were assumed the travel speed at maximum Tractive

i Eff;c1eney was 1ndependent‘of 5011 strength,._
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Bloome et al (1983k‘presented a literadure compllat1on
comparing the ASAE D230 3 pred1ct10n equations with the
single wheel test results reported by NIAE (Dwyer et al,
1976) in terms of pull at 20% slip, motion resistance and
wipeel numeric. Eqguations relatingltractor weight per unit of
PTO power with'actual ground speed mere also compared.
EQuations providing an estimate of ballast as a function ot'
ground speed under. spectfic tractive efficiency were-
presented: Static weight distribution recommendations were
'reported for.ZWDn FWA and 4WD tractors in terms of rear
weight as a percentage of total traotor weight. The figures
reported were for 2WD tractors,\75%,for'towed,implements,
70% for semi-mounted implements, 65% for integral |
implements; for FWA tractors 60%;, for 4WD tractorsq 40% for
mounted implements and 35% for toweéd implements. Comparing
2WD and 4WD tractors they concluded that ballasting

recommendations (kg/kW) at the same field speed should not ’

Q”be éonsiderably different though 4WD tractors can better
'g;‘ut111ze higher mmass-to-power ratlos. Optlmum tractor mass
twwas found proportlonal to englne power output. ‘Ballast

%ishould not be increased on soft _soils, The recommended \

«

f m1n1mum ballast was found approx1mately equal to the

recommended opt1mum ballast at 80% englne loadlng

Lyne et al (1982) 1nvestzgated the effects of ballast

;;"1 L

on the spec1f1c fuel consumpt1on. The exper1ments were

carrled out on a clay 5011 and the parameters monltored

through the test were 1nput torque to each dr1ve wheel,



angular veloc1ty of the dr1V1ng wheels, drawbar pull

foryard Veloclty, englne speed fuel conSumptlon-and tlme
; All‘the szxteen comb1nat1ons of ‘fQur s at1c loads and four

1nflat10n pressures were con51dered During all the |

experxments the engine was fun’at max1mum speed in thlrd

-gear. In-conc1u51on‘low values-of ‘in-field, spec1f1c fuel

$ ’

consumption can be attalned at high levels of output power -
by 51multaneously opt1m1z1ng englne performance and Tract1ve
Eff1c1ency Englne performance opt1m1zat1on was attained by 2
selectlng an’ approprlate gear rat1o ahd englne speed for a
given load Tract1ve Efficiency optimization was attained by
selecting the approprlate dynamic load ahd. inflation

pressure.

'4.2.5. Bias-ply versus radial tires .

In comparlng b1as ply and rad1al tlres a number of
features have to be con51dered ‘The dlfferencs in cord
arrangement g1ves different performance chara:terlstlcs. The

ffadlal tire cords run from bead. to bead at rlght angles to
the d1rect1on of rotatlon, as compared to the dlagonal '.
#pattern of the trad1t1onal bias ply t1re cord layers. Radial

- construct1on results in 1ncreased tire flex1b111ty to

P

d

'conform better w1th ground contours..Rad1al t1res, under the-
‘same load cond1t1ons, perform Vlth less sl1p, therefore they
Ztravel £aster and develop h1gher drawbar pover, 1ncreas1ng

'-the tractor s Tract1ve Eff1c1ency._} ‘"" S -
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" In the Agricultural Englneerxng Journal (June 1975) an
,economlcal comparison among bias-ply and radial tires was
presented. At that time the price of the radials was
considerably hlgher than the eggigalent_bias—ply tires,
However, a glogal analysisloj/the radial tlre'benefits
resulted in the cohclusion that radials are here to stay.
Higher drawbar pdner fuel eff1c1ency, fleld e£f1c1ency,
less slip and: greater life expectancy. for radials over
b1as ply-tlres were reported as the major advantages.

( Inverslon of the sllp drawbar pull relatxonsh1p'shows
that rad1a1s exert more drawbar pull at a certaln level of
.sltpvcompared to b1as—pl; tires. In order to increase o
‘drawbarlpnll for bias—ply tires, additional ballast is
requrred Beside the fact that tractor weight increase is
canly, an axle load 1ncrease 15 not always possible wlthout
chang1ng t1re ply rating. o
| The radials lower slippage, the increased traction, the

”better flotatlon and the reduced ;oll compactxon are

N ’ -

attrlbuted to the1r longer and_ W1der footprlnt as an
_1mmed1ate result of thelp.flexxng characterlst1cs.

Alberta Agriculture, Agdex 740-1/1983 presented an

0 '
&

analysis of radlal tires for agrlcultural tractors in terms
of varlous performance parameters Reduced sl1ppage, h1gher
’drawbar pull at specific sl1p level 1ncreaseﬁ flotatxon,
namproved fuel eff1c1ency and longer t1re tread 11fe for
radial tlr”s make them advantageous over b1as ply tlres,,

}’espec1ally for larger tractors. The aforement1oned
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advantages outweigh and justify the hidher price of'thé\\
. s ,

radial tires. ) ‘ N
- Bohnert and Kenady (&§75) gresented a comparative
performance analy51s of bias- ply and radlal drlve tires, and
de11neated the bas1c radlal tire mechanics, whlch make the -
perfo;hance 1mprovements feas1ble. Loaded red1al tires show
greater vertical deflection,'resulting in ‘an approximately
22% increase in contact area. This is obtained through the

.difference of th idewall and. tread moduli of radial‘tires,

tion of tread to contact the ground for
‘a'givén tire.ioed. Th researchers found that radlal tlres
in the 0 to 30% slio range exhibit higher Tractive
Efficiency and Pull Ratio, both on a tilled soil and on’ sod
for both molded.and.comnercial tires} Testing of both tire
types revealed better reSponse of‘radials in "carcass
buckling” when subjected to-high torque levels, as compared
‘to bias'tires. ‘The ‘buckling is causedvby compressive forces
q’appl1ed to the t1re. The dlfference in behav1or is expLalned
s )

by the sttess cord posztlon relatlve to the ground

relatlonsh1p of the t1res. The rad1al low modulus 51dewalls

allow the des1gn to behave 11ke a tors1onal sprlng

o Radial tlres gxh1b1t 1mproved r1de ab1l1t1es since theyhfmur

- e

’ transm1t less excztatzonal force than blas t1res when an
"obstacle 1s encountered The b1as ply tLre effect1ve arm

,/'ex 1ts greater dependency on load, as compared to rad1al

thres. That maﬁes radxal t1res more su1tab1e for 4WD

tractors, helpxng malntaln comparable veloc1t1es of the two

rl
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axles,

L
A

‘Turnage (1976) described towing resistance as the sun
of reszstance from soil- t1re 1nteract10ns and from 1nternal
motion re51stance. The tire performance comparlsdn used four
radial tires, two bias-ply tires and two 501ls. The

experiments were run at the Waterways Experiment Statjon

using single tire laboratory tests. Flexible wersusvstiff

tlre performance evaluation was carried_out uff
dimensionless wheel numerics. These wheel numerics are used
bybthe'OECD tractor performance Simulation model as Mobility
Numbers.oTurnage concluded that flexible tires at

deflectxons up to 35%, exhibit cldsely related'clay-tire and_”
sand-tire numerics for a broad range of;tire.stiffness and |
deflections. The numerlcs are closely related to soil- tzre
1nteract1ons. Var1ab111ty was obsqrved on the effect of the

hl

tire 1nterna1 motion resistance on the in- 5011 total towed

v .

force coeff1c1ent for dlfferent tire: stlffnesses. _ ,
Charles (1983) presented a stjdy concernzng the effects ’
'o£ t1re load and 1nflat1on pressure on radlal t1re tract1on; -
' Performance.ighree d1fferent t1re stat1c loads at constant
1nf1atxon pressure and flve d1fferent 1nf1atlon pressures at
. ‘constant t1re statlc load were tﬁsted In conclus1on he 1n'fa::.
*stated that the adjustment of. both the t1re ballast and the.
‘;nflat1on pressure can pfov1de optlmal tract1ve f1eld
_performance. Peak Tract1ve Eff1c1ency was observed at 10%
}.sllp The peak Tractlve Eff1c1ency at constant 1nflatgon

var1ed between 79% and 83% for the sod and between 71%

K] . . 'n_.‘ S
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and 74% for the tilled soil. The peak Tractive Efficiency»at
constant load varied between 77% and 82% for the sod, and

between 60% and 72% for the tilled soil.
4.2.6. Dual tires
i The use of duals on tractors was a natural conseqguence

of the increase of tractor welght and power. The major

advantage of duals is that they can sustaln the hlgherl

“tractor. weight at lower .inflation pressures, 1mprov1ng

'TractiVe Efficiency and causing less soil compaction.

The advantage of ‘duals as compared to 51ngles is

empha51zed as 5011 m01sture content. 1ncreases. Be51des the

'tractbr flotatlon is another fac

N :
1ncrease 1n tractlve performance when duals are used

L]

dor. Duals,  and even more so

\

trlples,4assure better tractor f otatlon ‘and traffzcablllty

’ on wet soils, affec/)ng the trmellnes of the farm1ng

,/ - v °

‘operat1ons. BN %

Domler and Frlesen (19693 found no slgnlflcant . ‘
d1fference between 51ngles and duals under nqQn- cohe51ve soxl
5 &
condltlons. On wet clay 501ls (cohe51ve) the duals 1ncrea§ed

,tractlon by as much as 18% 5 . " 4 a

v

Dwyer and Hexgho (1984) studled the tractlve

',perfOtmance of large traotor dr1ve wheel t1res 1n comparlson ~

'f,w1th duals. In conclus1on they f0und that the tractlve

B dperformance of the w1der tires was 1nferlor to that of the .

.
& 4

Y

cohvent&bﬂal 51zes, dueeto the fact that’ the drawbar pull

. e 3
: I . N . Noe . RN .
. . e

)

AN
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increases less in proportion to the load increase and the

motion resistance ingreases more in proportion to the load
1ncrease. The use of duals maintains the proportlons and
provxdes additional increase in tractlve performance if the
tires are spaced by one tire width. The authors stated that
the existing relatibnships can adequately'predict the

performance of dual wheels of conventional sizes.
4.3. Tractor design

In this section the major trector parameters will be
examined, being classified into psimary and residual
paraheters;wThough many Sf the parameters are affected both
ex the $oil and the trac;ﬁve device, an effort will be made
to stay as close as p0551b1e to the mechanlcs of the system

The pertlnent terminology with regard to tractor'

e

parameters 4s given by the ASAE Standa&d 5296.2: "
- t \ *

4 v
'4.3.1. Primary tractor parameters ;
‘ ' . - I ]
e ) “ w0
. , Primary parameters are.defined the ones that are
functions of tractor design exclquvely. These paraméters
are the'engine'speed the gear, the PTO power, the axle

L)

. pbwer, the axle torque and- flnally the front ‘rear and total

stat1c welght. I

i \ “ . .' ¢
o The startzng poznt in analyz1ng tractor behav1or is the

s

englne power englne speed or the eng1ne torque engxne speed

‘ i
s L4

)Loa'
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relationships. These relationships characterize tractor
engine behavior and the relevant ihformationo{éfgfven‘by'thé
PTO test and the tractor "lugging ability". A dééifable
torque curve is one that increases‘significantly as speéd
decreases and is therefore stable. Such a torque curve
results in a minimum of engine igggd variationi Engine speéd
is an index of the engine torque and power, and hereafter
will be considered as such (Liljedahl et al, 1979).

The operatinélgear is associated w;th the torque and
power transmission ratio to the differential and the final
drive. The torque, poﬁer and angular velocity of a powered
axle are tractor design paraméters in the sense that Ehey
are exclusive functions of the engine speed and the

opefating gear. Also they'are independent of wheel and soil

parameters, .
. - . LN

Transmission ratio information for each gear, through.
\ v 1
the tractor power train is not provided by the Nebraska

Tractor Test Report. The transmission ratio for a specific

gear can be calculated as the ratio 6f~the engine speed over

the axle .speed. This methéd is used by the OECD simulation‘
model to compensate for missing information, when theb
Nebraska Tractor Test Reporf iq”uéed as a source.

The power and angular speed measured on the PTO is an’
index of ené&ne performance knowing the engine to PTO
transmission ratio from tﬁe PTO performanceftesf..

The front, rear and total static weight are tractor

- parameters and are fairly constant. Static tractor weight -



and wveight distribution can be modified using additional
ballast. The static tractor weight distribution is the basie
for dynamic weight distribution calculation, due to weight
transfer from the front to the rear of the tractor.

The tractqr paraﬁeters described so far are the basis
fer in-soil tractor performaace‘prediction and they
eharacterize the tractor as a "black box".

A tractor parameter that was not con51dered throughout
thlS study is the fuel consumptlon. Khalilian et al (1984)
presented various revised fuel consumption equations for
diesel engines. Fuel efficiencies of naturally aspirated,
turbocharged and turbocharged—interCOoled tractors were
compared using regression analysis. The field data were in
agreement with the estimated values, using the modified
equations. A comparison of the moaified and the fuel economy
equatioas included in ASAE D230.3 against 'measured values,
showed that the ASAE equations overpredict fuel consumption
or underpredict fuel efficiency by more‘fhan 20%.
Turbocharger and turbochargeréintercooled engines showed
'increased fuel efficieney.fy _

VPang,et al (1984) presented a method;of indicating
t;aqtor fuel consumption by measuring tbe temperature of the
eXhaust gas; The researehers observed a nearly linear
relatlonsh1p between fuel consumptlon and exhaust
temperature at a certa1n d1stance from the englne, expressed
in the form of a third degree polynom1al The standard error

of estlmate of the method was found to be 0.07 L/ha.

P4
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Jurek and Newendrop\?19§3) presented in-field fuel
efficiency comparisons of Qarious John Deérevtractors, using
John Deere's programmable drawbar dynamometer (Dyna-Cart).
The parameters tested were dual versus single rear tires,
radial ply versus bias ply rear tires, FWA (Mechanical Front
Wheel Drive) versus 2WD, and the effect of shifting |
on4the—go to match the engine speed to the load. With
respécthto fuel efﬁiciency,.theﬂreseafchers found that in
varying load cénditions shiftiné'on—thé-go provided an
increase of up to 10% in efficiency (ha/L). Radial tires
caused an increase of up to 10% in fuel efficiency,
particularly for the 2WD fractor. The FWA tractors showed an

"improvement of up to 19% in fuel efficiency under poor

tractive conditions.

4.3.2. Residual tractor parameters ‘ ,

The residual or tractof performance parameters describe
tractor performance and they are affected by the proberties
of both.the soil and the tractive devices. The residual
paramefers'afé.the tractor thrﬁst; the drawbar pull, the
drawbar power, the weiéhtvtransfer and the‘dynamjc front and.
réar/ﬂ%ights, the motion}reéistanceavthe slip,,the'travel '
ratio, the theofetical and ground velocity, the Dynamic
Traction_Ra;io (DTR), the Gross Traction Ratio (GTR), the .
f:ééfée Effic@ency,':he powér coe}ficiehf and the Tractivéu

~Efficiency (TE).'Fidure‘4.10 shows the important gebmetricél
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e

TWS  : Tractor Static Weight
RWS :Bear Static Weight

" FWS :Front Static Weight 9 ;
RWD : Hear Dgnamic Weight T,
FWD :Front Dgnamic Weight = .
PULL : Drawbar Pull %
DBH - : Drawbar Height .
THR : Thrust : : ©
FWINR : Front wheel motion resistance |
RWIIR : Rear wheel motion resistance

CGDST : distance of center of - ' o

. gravity from rear axle
WHLBS - Whealbase
] : ixle Torque -

VA 4:' Ground speed

-8 : Angle of unplement draft®

with horizental

Figu;e 4».1‘0. Free body'diégra-fn of,‘a 2WD tractor
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characteristics of the tractor and the forces applied on the

system for a 2WD tractor.
The method of caleulating the /residual parameters is
based on moment summation around the rear axle. In th}s
section th rEJatlonshlps among the parameters will be
described btgefly. Section 6.5 d@nalytically describes the

various relationships among thé soil, tractive device and

tractor design, in the form of equations for 2WD, FWA and

4WD tractors.

The (gross) thrust of d tractor is proportional to the
Jo .
axle torgque and inversely ﬁrqportional to the tire effective

: /
arm, . ; N

; -~
The motion or rolling resistance force is a compesite
parameterlcombining the effects of the tractor weight, the
soil bearing capacity, the.tlre 512‘[ the 1nflat1on pressure
and number of tires. This force 1s_proport10nal to the
tractor weight, the tire pressure'andlwidtﬁ, and the numberfi_
of tires, and is inve:sely proportional to the soil bearing

-

capacity and tire diameter. The motion reésistance applies to’
,beth-powerea and,unpowered wheels. The powered wheels‘can“a\
overcome fheif own'motion resistance. The unpowered wheels
cause a parasitic motion resistance'forcefwhich muse be.
errcome by the'bewered'wheels.~The multi—passingbeffecg"‘Z;

applies to FWA and 4WD tractors and describes the decrease

in motion res1stance of the rear wheels due to the packlng‘

of the front wheels.

e
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The drawbar pull is the difference between the thrust

" and the tractor motion‘resistance. It is also called net

pull and is usually plotted versus slip.'The drawbar power
is the product of the drawbar pull and the ground speed.
According to the previous analysis, the drawbar power
increases as the' ground speed increases. The dragbar\power
is a more‘important parameter than the drawbar pull and
provides information about tractor performance; The drawbar
pull that is developed is related to the tillage implement
draft Upadhyaya (1984) developed a prediction equation for
tlllage "tool draft using mechanxcs and dimensional analys1s.
The draft was estimated as a function of tool width, depth‘
ot‘operation, dynamic eone index (Wismer and Luth, iS?é);
soil wet bulk density and forward velosggy..The equation was

found to be valid for both subsoiler and moldboard plow,

. . . - “
when static cene index, rather than dynamic cone index was

used.

Slip represents the percentage of loss in forward

- velocity and is affected'by the load exerted on the tractive

device, the'Charaeteristics of the tractive device and the
5011 strength The travel ratio represents the ratio of the’
tractor veloc1ty over the theoretlcal (no load) veloézty and

¥
is. expressed as a decimal. The travel ratlo is the

complement of sllp, expressed as a dec1mal The theoretical

velocity is meanlngfuL for tractlve members and ‘is

proportlonal to the englne speed and gear. The actual or.

ground veloc1ty represents tractor movement in the dzrect1on
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of travel, per unit of time. The actual velocity is
proportional to the no-load velocity and inversely
proportional te the élip. It is also the factor having the
lr}atgest effect on the orawbar powei.tRicha;dson et al (1983)
“ﬁtesented an approach for measuring ground velocity using a
duaI Beam_Doppler radar. The radar performance was found to
be satisfactory, showing inmunity to various sources of
noise, iike dust ana wind speed. The sensor accuracy was
found to be dependent on the location of the sensor on the
vehicle and by the‘pitch, yaw and roll motions of the
vehicle as it moved across the field. The use of a dual beam
radar.Sensor showed improved petﬁormance compa;ed to a
single-beam tadar unit.

During tractor operation, regafdless of "load
.application on the tractor, thereﬁis a weight transfer from
the ftont of the tractor to the rear. fhe amount of weight
tranefer is a function of‘tne torque applied on the driving
wheelA the drawbar'pull,"the tire effective arm the drawbar
}helght and the tractor wheelbase. For ‘a 2WD tractor the

wnght transfer is stralghtforward. However fo@ a FWA and

Sw

4WD tractor equ1valent" parameters should be developed to
*equate the general vehlcle performancé to the rear axle.
We1ght transfer is greater in lower gears, 1ncrea51ng rear
axle wexght and drawbar pull Statlc we1ght dlstr1butlon
recommendat1ons for a 4WD tractor. make clear the concept of -
vthe we1ght transfer. Flgure 4.11 shows the ‘same’ 1nformat1on

‘as Flgure 4.10, but for a. 4WD tractor.
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TSW  : Tractor Static Weight
- HWS. :Rear’ Static Weight
FWS - :Fromt Static Weight
- BWD  :Bear Dgnamic Weight . -
FWD :Front Dynamic Weight ;|
RULL : Drawbar Pull o ?
~ DBH  : Drambar Hexght ’ | f £
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~ . "Figure 4.11, Free Body1diagram*of,a,4WDﬁtractdr, o



99

.Dynamtc front and rear ;elght are the loads on the front and
rear axles respectlvely, con51der1ng welght transfer. The
total tractor weight does not change.

The Dynamic Traction Ratio or pull ratio or trectioh
coeff1c1ent 1$’the ratlo of drawbar pull to dynam;g rear
load for a ZWD tractor or total tractor weight for a FWA and
a 4WD tractor. The Gross Traction Rat1o is the rarlo of the
thrust, e*erted by any traction member, over dynamic load,
as defined for tpe DTR. Force efficiency is defined as the
ratio of DTR over GTR and determines the fraction of the
total force, exerted by the tractor, that is finall§‘useful.

The power coefficient (Persson, 1967) indicates how

- much output power a wheel w;TB7a given vertical 1load
prqﬁuces whenrdriven with eﬂaTxen rotational speed.'The
power coeff1c1ent determines the utilization of the usef;l
pull’as a funct1on of the travel ratio 'and is equal to. the
pull ratio times the travel ratio. The Tractlve Efficiency

&is the ratio of output (dragwbar) to ioput (axie) power. It
is also expressed as the product of the Force Efficiencf and
the travel ratlo. Bashford (1976) deflned the drawbar power
Tto PTO povwer as tire eff1c1ency and plotged the rat1o versus'
slip. Even though the shape of the tire eff1c1ency curves is
the same as Tractive Eff1c1ency curves, the actual values of
the t1re e£f1c1ency are sllghtly lower than the values-of
'Tractlve Eff1c1ency at the same ‘slip level F1gure 4,12 ’
shows the forces appl1ed on a 51ngle wheel |
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- Vertical ioa(l

w
Q@ : Input torque
T : Thrust

MR : Motion resistance
P :Pal -
R K Soil reagtioh |

TER: Tire effective arm

Al

?iguré 4.12, Static free body diagram °

B of.a single wheel. (Peters;[1984)‘;
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4.3.3. Tractor field performance prediction

20%4£1972) presented & study with regard to in-soil
‘tractor performance prediction based on'tire performance
under evefage field'conditions. The underlyingzconcept was
the use of the Nebraska Tractor Test Report daéa to predict
the in-soil tyd@tor oerformance As a first step tire
performance evaluatlon tests were carrled out since the tire
performance is hxghly dependent on the soil surface
condition. Not all '‘possible soil types were tested but the
oerformance tests were of ; comparative héfure,:comparing
perforhance‘with a tire operating satisfactorily in the
field. «“

Zoz (1972) calculated the tire performance in terms of
the Dynamic Traction Ratio (DTR), resulting from a certain
weight transfer. Tﬁe_weight transfer celculation Qas,based
on“the angle and location of the lihé'of draft, with the
ho;izontai oomponent representing draﬁber pull. The dynamic
yeight'coefficient_was determined as a function of Eﬁe

[y

geomet#icel tractor Characteristics and the draft angle
" below horizénﬁel. The ooefficient incofporated‘weight
Vtransfer from both the 1mplement and the front of the
}tractor. However, no prov1saon ‘was made for the torque
app11ed on the tractlon member. DTR was przmarlly a. functlon'
- of the travel reductlon or- sllp of the drlve wheels.‘Its

magnztude was also depended on the t1re character15t1cs.



102

o~ In order to determine Tractlve Efficiency the axle*and

drawbar peuer are required. The axle power i's converted to a’

tangential force and a velqgcity, but not all the power is

e ' / . . .
\converted to-drawbar power. Tangential force is lost due to

N

| ! i . . . A o . Y.
motion resistance and forward'veloc1ty 1s lost due to slip,. .
\ <

, both cau51ng tractlve efficiency to be less .than one hundred
apercent. / ' .
/
of the‘zero slipvpornt at the self propelled“or zero pu%l
condition, By this‘definition, tire‘efficiency,_traCtiue
efficiency and dynamic ratio must be Zero when travel
reduction is zero. | |

Tire‘performance as an interfacinﬁ factor between
tractor capabilities Qﬁd soil limitations is affected by the
Sllp, the axle torque, the -drawbar pull, the front and rear
tractor welght the tire size‘ the number of tires on.the
axle, ‘the tire pressure and the soil condltlon. 511p of;the

¥

.tractlve members is~ the prlmary 1ndependent varlable.‘f

Optlmum drawbar pull is determined from mag1mum Tractlve A\“‘

"Eff1c1ency for each s0il” cond1t1on.

By reduclng the tire load and pressure,, and 1ncreas;ng 3

the t1re size and number of tires, the wheel tractlve

s

‘performance can be 1mproved 51gn1f1cantly, due to ground

~.contact pressure rellef By - 1ncrea51ng the t1re szze or. the‘dﬁ’“”

number of t1res, both tzre and " tractor performance are

»1mproVed favon?bly Tlre performance 1s proportlonal to sozl .

jstrength Tractlve Eff1c1enc1es of over 90% may be obtazned

An important point made by.Zoz (1972) is the’gefinition
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on a~concrete\surface, wyhile 50% is dlfflCth to bbtaln in

L

[

2

-

£ Y, sofi qr §andy condltlens et N
Q'In the determgnat;on of tractoruperformance from tire

o ? .

performanqe curves, Zoz.maée.uie of the tire Tract1we

,Efﬁiciency‘and-éhe DTR, wﬂich Wre‘both empirical funetiens

of s%ip. For a gliven weighk,~50“loed Speed, axle power andég
‘3'\ 2eight‘tran$£ef c0effie;ent~a slip valee.can be calculated

.. S )

“ and 'the drawbar pull,

3

AN

the drawbar power and the ‘travel speed

.. . . 2 . .
can be determined. The solutiof is a trial and error
o o . .

°approach The'exact 501ution can *be obtained directly if the

Ra

ratxo and Sllp are known. ER

.

) tractor performance predictor chart,

algorlthm; based on tbe chart,

-

>

[

, ~

A tractor dxawber éerformance predzctor chart was

RWS{SO/(AHP*375)=TE*(DR”FDﬁCY/(1-TR/100)

where:

b

3

developed by 2oz (1972) u51ngA§hevequat1on'

'(i.-

'RWS = static rear wei#ht (lbs)

SO = no?load travel speed (miles/hr)
AHP = axle power (HP)

TE = tire efficiency (dimensionless)

DR = dynamic ratio.‘(dWionless) .
DWC -= dynamic welght c eff1c1ent (dlmen51onless)'

‘/ °

7
TR = travel reductlon (dlmen51onless)

* s o 00

e functlonal relat1onsh1ps between tire efflcxeﬁcy, dynam1c

)

'

RN P

&

The development and the graphical solutlon of Zoz's

v ‘

discussed'in detail, in the sixth chapter, -

%

v 2

along with the computef

Al

will be described and -

ay
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The 1mplement fits in the equation through the weight
transfer coefficient under average field conditions. The DWC
used was 0.65 for mounted implements, 0.45 for semi- mounted
.implements and 0.25 for towed implements.

The s?ilvin use is classified as firm, tilled and éoftﬁ”
Description of the soil type is given, in order to cover a
wide range &f soils. However, a ralhge of Cone Index values
that‘designates each soil class, was not presented. In the
computer model that will be presented in a shbsequent
chaprer, average values of 1050 kPa, 700 kPa and 350 kPa
were assumed as average values for firm, tilled and soft
soil, respectively.

A simple graphical predicfor was devised by Zoz (1972)
for in-soil 2WD rrac;dr'performance predictibn,las an y
oubgrdwth\of a computerized iterative process. The purpose
of the prediEtor development was to-simpfify the process of
the in= sdll tractor performance parameter predlctlon using
as 1nputs readlly avallable information. Drawbar “pull
calculatlonkwas-based on rear statlc-welght instead of
dynamic values. No-load.or advertised speed was used as an
lentry point to the predlctor chart. In the model to be'>
presented the use of the tire effective arm, the
_(computeriiation of the process and the availabiiity of
ground speed 1nformatlon will change the requ1red input

parameters, obtained by extrapolatlng the 1nformftlon froma

the Nebraska Tractor Test Report and the tractor analysis on

concrete.

2 -
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Figure 4.13 shows various relationships in caloulating
power distribution throughout the tractor. Two relationships
given by Zoz (1972), and not shown in Figure 4.13, are:

Axle Power = 0.96 (PTO POWEL) . v e snenennnnnnn... 4.12

Drawbar Power = 0.92 (Axle POWEL)...vvuusennnnnn... 4.13

and are used during the trxactor analysis on concrete.
4.3.4. Further developments

Zoz and Brixius (1979) described equations for in-field
~rractor performance prediction based on information of .
tractor performance on concrete. The tractor performance on
concrete was reported as a. function of the tread bar height,
tire manufacturer, tire hardness and age, tire'construction
(bias or radial ply), dynamic weignt'(% of the carrying
capacity), tire rubber conditioning prior to test, ambient
temperature and track cleanlinese. Pull Ratio and Drawbar
Power to PTO Power ratio were plotted as a’function of slip.
The Similarity of the Drawbar/PTO Power curve with the
Tractive Efficiency curve was pointed out. The’Pull.Ratio
was expressed as an exponential function of the wheel slip
(Ss), tire hardness'(k) geometrical wheel parameters (b, d)
and vertical wheel load (W), in the following eqguation,

P/H=1.02 (1-ek(ba/H)S) .......;.,..;..;..........;4314‘

The Torque Ratio was described as a function of the

Pull Ratio and the motion re51stance was defined as 2% of

the d{ﬁamic tire load. Equation 4.15 describes this

. v \
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relationship, in which Q represents Torgue.
Q/rWd1.02 (1-eX(bA/MIS) g 02 4.15
The Tractive Efficieney was described as the ratio of
the Pull Ratiq and the Torgque Ratio. The influence of the
tire was expressed through the tire loading factor tire'.
hardness and slip. Slnce the equatlons were meant to be used

b

for concre:e, no provision to include soil properties was
er, similar equations, reported by Wismer and

v«made. How
Luth (1974), had substituted the tire hardness coeff1c1ent
with the soil Cone Index. While Zoz (1972) determined ratios

2

on a static tire load basis, Zoz and Brixius (1%79) used'

dynamic tire load for the determination of Puli Ratio and

‘Torque Ratio.

.J Leviticus and Reyes (1983a,b) presented studies with
regard to traction on concrete in terms of Dynamic Ratio,

J)/Trattive‘Quotient and Tractive‘Efficiency The two studies.

| were a cont1nuat1on of the work presented by Zoz and Brixius
(1979) and the SAE Task Force Flnal Report (1978). The
variables that affect tlre,performance on a concrete track
were‘classified as tire parameters, track condition, tractor
configuration, ana size. The analysis was perforned enla
group'qf tractorerciessified according to the power range,
the tractor configuration the number of tires on the drlve
axle ‘and the t1re constructlon. The Dynamlc Ratlo and the

| Tract:ve E£f1c1ency were presented as generallzed equatlons

of the ones presented by Zoz and Br1x1us (1979) Tractlve

Quot1ent was def1ned as the exponential ‘part of the‘
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equations presented by Zoz and Brixius. In order to perform
a regression analysis of the Pull Ratio and the Tractive
Efficiency on each group of tractors, the equations were
given a logarithmic form. In the equations presented by Zoz
and Brixius *he values of the "maximum dynamic ratio" and
the rubber tire hardness were constants. Accordinfg to this
study both parameters varied within each tractor group.

The most important issue reported by the SAE Ta;k Force
(1978) was the develobment of an equation for a bias-ply
tire rolling radius prediction. The rolling radius of a tire
was given as a function of the unloaded tire tadius and the
dynamic loaded radius. The dynamic loaded radiua‘Was
calculated from the atatic loaded radius and the tire
defleCtion due to weight transfer. The tire deflection was
calculated by the tire load- deflectlon curves. Solving the
eguation 4. 12 for Pull Ratio with the Sllp as the unknown ’
varlable and properly substltutlng the Pull Rat1o by the
"dlfference of the Torque Ratio and the motlon.re51stance
fcoefflcient, the value of slip was calculated. B

Charles_and SChuring-(1984) presented-an'eQuation,for‘
_predicting the effective rolling radius of agricultural
" drive t1res, as a function -of the loaded and the unloaded
tire radlus, and an emp1r1cal constant Kk determined through
exper1mental procedures. One  radial and three bias ply-tires
were'tested under zero drawbar pully’The k values were
de;ived from the statlstical analysia‘of’thgﬁdata.;The(

observed differences were attributed to the differences in
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tire design. )
Brixius and Wismer (1978) studied the role of slip.in
traction, defining zero conditions. The terms towed wheel
(zero torque), self-propelled gueel (zero oull) and drivinc
wheel.were defined. At zero torque or zero pull the slip is
zero. When pull is developed, some relatdve motion between
the traction element and the supporting medium must occur'
‘due to shear forces through‘atraih in the traction member or
supporting oedium; The most common zero condition is zero S
pull on a hard surface. Slip was defined as a hard surface )
‘performance paraheter whereas, travel reduction was defined
as a test surface performance parameter. Travel reduction is
soil dependent and does not have a fixed basis..Equations
‘describing drawbar pull and tractive efficiency as a
function of soil propertles (c1), tlre dimensions and slip
were’presented{ The equations'were: | _
B/W=0.75(1-e70-3¥C,¥S) _ (1.2/C,+0.04) ...h..i.... 4. 16
‘_1TE=[.‘1Z(.1..’2/Cn+(‘J.O4)/(0;.75(1-e-0’3*gcq*s))](1-5') e 8,17
‘The rolling radius does not affect Pull Ratio and h
Tractive Efficiency, but does affect Torque Ratio and motion
re51stance. The roll1ng radius was calculated by the method ;
mentloned prev1ously. However, the measurements concern a
ehard surface and the tire does not . deflect 1n 501lcas much‘
,as 1t does on concrete. | : D
| Usually tractor performance paraﬁeters are plbtted
éersusfslip In order to remove tﬁe effect of thlS factor,

Jthe Tractlve Eff1c1ency can be plotted versus Pull Ratzo.

~
w4
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Adsit and Clark (1983) performed a field study using

equations 4.16 and 4.17, to predict in-field 4WD tractor

performance as a function of-slip, taking into consideration

.the soil Cone Index values. The researchers found that a

tractipn model based on the Wismer and Luth equations can
predict the power-to-weight ratio for various speed and
drawbar pull regimes. They also predicted that the ratio
will remaihﬂconstant i1f the soil sufface is firm and if slip
is above 10%.

Upadhyaya and Nobari (1984) investigated‘the soil-low
preésure pneumatic tire interaction, queling the tire
material as layered, orthotropic and rubber-fibfe ;omﬁbbitey
and the soil as distributed springs. In the,mafhematical

model that wés developed, the inflation pressure, the

‘'vertical axle load and the applied torque were included.

Further model development is required, before the analysis

will be complete.



5. COMPUTER MODELS OF PHYSICAL SYSTEMS

\

5.1; what’is a computer model?

According to Speckhart ahd Green (1976), a computer
model is the emulatiom of a physical system using a set of
logital relationships; eﬁpressed in terms of nontrivial
mathematical equations, that govern and describe the
behavior of the system.

The concept of the'computer model‘first emerged in
large computers; due to the fact that the emulat{om of a
physical system requ1res the solution of many and
complicated relatlonsh1ps, demandlng an outstand1ng
capablllty of number crunchlng The complexity of the
s;mﬁlatlon models has been increasing along with the
‘hardware capabilities end the software support of the
computers, as well as the complex1ty of the contemporary
problems and the better understanding gf the mechanlsms of
the phy51cal systems.

The early computer models were wrltten in FORTRAN, The—
study of the time dependent response of the phy51cal systems
’caused the development of spec1a1 purpose simulation. models,
..as opposed to general purpose,models developed for'des1gn

. .
analysis, case study and decision making.

|



5.2. Compiter models liferature.review

The computer models extend to a wide range of
applicacions, and they are divided into two groups that are
rof particular interest in agricultural engineering.

| ‘Thecfirst group of applications concerns general
purpose models relevant to farm management'and decision
.making, based on efficiencies or tractor-implement—farmvsize
matching.

Colvin et al (1984) presented a menu driven interactive
computer-simulation model, named TERMS, in order to predict
field capacity and fuei nse for a'specific field operation
and crop. An important feature was the use of a data library
y containing field, implement and tractor information The
inputs are machlnery design spec1f1catlons, operatlng
condltlons and costs. The outputs concern n;chlnery
“operation and field statistics, and operating costs. The.
simulation technique USéd'segmentation of che field into -
cells and. calculation of‘thevcell"paramecers, which at the
end of the day were poolea ”

Buck et aL (1984) presented a general purpose
51mulatlon model for ana1y21ng dlfferent mobile machxnery
operatlons.,The model was written in FORTRAN for an IBM
System/370 and involved an Input/output program‘and a
51mulat10n program,‘uszng the 51mulatxon software package o
“called SLAM and FORTRAN subroutines to adjust the program ﬁo

tbe system be1ng simulated. The input information concerned
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the equipmentvto be uged,”the field layout and the tasks to
be ‘performed. Each piece of machinery was treated as a
"black box" with certain attrrbutes. The'field was
represented by a set of locations at which tasks were
performed or materials were stored. Tﬁe model calculated the
‘time required to compiete a task, the distance or area
covered, the draft and tﬁe PTO power required, the energy
required and the fuel consumed. The major drawback of the
application was that user programming was reqguired to match
the model with the system to be simulated. )

The secondrgroup of applications refers to,engiheering
models that are rele&ant to tractor desigm, traction

. devices, soil behavior and‘tmeir interaction. These modéls
are mainly to predict_tractor gerformance.

Smith et al (1982) presented an engineering design
oriented aoplication integrating three computer programs.
Two of the'programs, DRAM and AbAMS,_were simulatiod models

»apolicabie‘to two-dimensional and three—dimensional analysis
of mechanisms and vehicle dynamios, respectively The DRAM
and ADAMS 51mulat1on models used a mnemon1c coded language
to input parameters and prov1ded solutlons to static,
‘dynamic, k1nemat1c or design problems (1nterference) The
th1rd program named»HAL, was a graphics package-for drawing
'stat;c colored three-dimensional imagés amd performing
anzmat1ons,_to illustrate the operatlon of the proposed

design. Post&rocessors fac111tated the display of the.

results usxng a screen refreshlng termlnal The 51mulatlon
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of mechanisms and vehicle dynamics using images'éliminated
the need to build some initial pfotoéypes of a new machine.

Peters (1983), in analyzing ﬁh; weight transfer on four
wheel drive fractors, developedja user-oriented interactive
software for prediction ahd invéstigation of dynamic force
reactions on the tractor. Twelvé tractor parameters were
Ealculaped, providing values for any”two of .them. The
tractor‘parameters concerned lengths, forces, torques,
ratios and efficiencies. The major equation of the model is
the weight transfer prediction, based on moment summation
around the rear axle. '

.McLaren gt al (1983), using staqdard performance
equations and providing input parameters relative to tractor
design, soil strength, angle of drawbar pull,’and vehicle

traction ratio, predicted in-field tractor performance and

’ .
Lo R

tractor longitudinal stability. The tréctér‘pérfﬁrmahce was
.weibressed in terﬁs of ratios and efficieﬁciés, which were
‘plotted on a perfqrmance-versus slip diagram. The model waé
extended to include angle of sideslopé and "éffective" |
tractot performance paramefers were éalcﬁlated taking intq
'accountvthe storage of potential energy when the‘tractoruwas‘
moving uphill. The stability of the tractor'againét over=
turn was-estiﬁated by calculating the criticdl.froht'dynami;
}oad ratio.‘> | | ‘

. Summers (f983)f_Summe;s and Von Baréen (1983) and
Summers et al (1983); preSented}a CSMP simulatibn model to

predict gross vehicle motion and drive train motions for 2WD
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and 4WD tractors. The model simulated the operation of the
tractor engine, the power train and thetﬁ@nal drive, and was
used to analyzeée a new tractor power}tranemission design. The
engine operation was simulated by an engine torque-speed
relationship. The power train and the final drive were
simulated by lumped masses connected by.torsional springs,
transmlttlng torque and subjected to angular motlon
Szmulated forward velocity, wheel sllppage and engine speed
were compared to measured data. Soil wvariability was "
included in'tne model using a standard pattern of soil
conditions., The predicted values correlated well with the
experimental data.
| Witney (1983), using empirical"relationsﬁips, attempted'
to predict the required power level and match a tractor with
an 1mplement for a particular machlnery operatlon on a
‘speclflc soil. The relatlonsh1ps referred to soil m01sture,
soil propertles, plow draft mobrllty number, soil damage
penalty, avazlable and requ1red workdays, 5011 aggregate
breakdown, crop ‘timeliness penaltles and power and mach1nery
costs. The use of a nomograph, named "Ploughlng Performance .
Predlctor", helped 1n calculat1ng draft’ developed by a plow
in order to estlmate requ1red drawbar powver, BUllt in, log1c
'tallowed the el1m1nat1on of non- fea51ble or- non- reasonable
solutlons. ) |
Sudduth (1984) presented an appl1cat10n orlented

computer program for three p01nt hltCh de51gn and

evaluatlon, named Interactlve Hltch Des1gn and Analyszs
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System. The system was capable of displaying outputs both in

tabular and graphics format using a two-screen function. The
outputs included listing of input data, lift ‘capacity,

mechanical disadvantages of the.design, line ot pull, linear
and;angular motions of moving parts, loads on the hitch due

" to forces and inertial effects, implement'attitude (pitch,

roll and yaw), forces and pressﬁres induced by the implement-

and weight transfer. Input data were'supplied to the program
either from the user through the keyboard or from ab
predefined database file. The program used threehseparate
data files providlng information about the hitch and the
tractor.design; the implement‘and-the QUlck-coupler. An
important feature of the program was the use of

two- dlmen51onal equations for three dimensional analysxs’of
the xﬁplement hltch |

»

@llne and Perumpral (1984) developed a computernmodel

to pre rc\\the vartical 5011 stress dlstrlbutlon, caused by

‘.‘ Tt

.fthe wheel SOll 1nt‘rface» 1ntegrat1ng p01nt loads over the

contact area. The mo Was based onﬂBou551nesq S stress
d15tr1but1on theory. Wheel 5011 contact area shape and

.magnltude, dynamlc load and 5011 concentratzon factor were

v

calculated

5.3. Tractor analysis computer models

‘1.‘
-

o in all the englneerzng dlsclpllnes the use of computer

EE models tends to be a' common pract1ce in predzctlng a.

\ o - v
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,s&stem's.behavior.lln agricultural engineering the system
can be the tractor, the implement, the soil, an irrigation
techniqde,_a heat transfer system or a control Syétem. Power
and machinery,.as a‘field'within'agricultural engineering,
is interested mainly in tractor performance,. ba3ed on
tractor, tire ano soil.information. ’
TheLtractor performance computer'models are divided
‘into two major categories,.accordimg to the suhject of
study. The first category considers the tractor as a system
or "black box", determlnlng tractor performance in terms of
global parameters, like powers forces, ratios or
efficiencies. The second category considers the tractor &s
aﬁ.assembly‘of-systems,fcooperating wighin‘the-tractor's
power train, definea as a series-of axles ‘and clutches or
gear'trains, which in turn are defined ae lumped masses
connected by massless‘torsional springs. The performanCe of
the systems is measured in terms of tractor performance.
These approaches to tractor analy51s can be deflned as
' macroana1y51s .and microanalysis respectively. The‘
macroanaly51s cons1aers the tractor performancgffgbm ‘the -
user's po1nt of view. In contrast, .the m1croana1y51§
examines the 1nterac?Tons 1n51de-the tractor from the
desxgner s po1nt of v1ew.(1n both cases, a maJor problem in
developing a rea11st1c model of tractor performance is the

’.descrlptlonAof the tractor-sorl 1nterface.

f%%fv Soil modellng can be 1mplemented eithgt by a set-of

soxl parameters at d1screte stages or by an emp1r1cal

> ) -

‘ , e
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equation involving various soil parameters and fitting
A . '
constants. In most cases the first option is selected since

satisfactory models do not exist for describing the soil as

.

N

a deformable body.
The computer models can be divided into two major
categories according to the approach to analyze the system.
The first‘category refers to deterministic models which'use

mathematical and logical reiationsh&ps to calculate®values
for system parameters using direc; or iterative procedures,
when values for input parameters are specifiedQ In -
deterministic models the results are dependent on parameters
other than'time. The second caeegory refers to simuietion
models, which predicf the 5ystem;e dynamic response‘over
time to various external stimuli. |
- Determin{étic models are’u;ually written in high level
‘languages, like BASIC or FORTRAN, 'providing a significant
input/Output (I1/0) capability. Some models support extensive
databese, containing paraﬁeters required for the solution-
proCedures. An‘iﬁportant‘feature of the models can be.their
ability to cooperate with other models written in different
brogramm1ng languages, ‘since various languages are designed
for handllng different prooesses.

Two—dimensional ano Ehree-dimensional F&nite Element‘
Analy51s (FEA) is a procedure used by determ1n15t1c models
‘in varlous appllcatlons of agr1cu1tura1 englneerlng Davzs

and Cooke (1983) presented a friendly or eésy-to-learn—and-

use computer software to perform Finite Element Analysis.
. : ) [ ; .

¢
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0y

Upadhyaya et al (1984), presented a Finite Element Model

" concerning prediction of the tractive ability of pneumatic

tires.

The de&elopment of simuiazﬁon models is assisted by the
uée of‘simulation oriented-computer'languages, like CSMP',
which is a FORTRAN based computer language, and.GPSSZ.
Initial and terminal conditions, as well as time dependent
functions, are important features of thege language;,
enabling the simulation of a system's transient response
with ease.

The use of computerized images (graphicé) is an
important accessory of computer models. Computer Aided
Design (CAD) uses graphics techniques extensively, '
facilitating the easy design and analysis of new conégptg,
both in méchanics and electronics. Digital Image Processing
(DIP)‘sppplémented by digitél mathematics,_enabie the
pictorial representatioh of physicé; systéms (Pits, 1984).

Model genefalization, using redefinable parameters
through'an‘interactiVe»eperétion, is importaﬁt.:Programming'
skills, software support, and hafdware advéntages and'_
limitations, gré_impqrtAnf factors for program reliability,
understandability and user friendliness. In addition a
.database‘can make easily accessible qnd managable a large’

# .
database. Program interaction can be crucial dyring

-

information processing.

. Y g

y o .
1. CSMP: Continuous System Modeling Program.

2. GPSS: General Purpose Simylation: System.
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5.4. Pros and cons of computer models

-

Up—t;]date technology ‘in agricultural "engineering
offers many alternatives through a number of'feaSible
combinations. In order to select the optimum solution in
farming operations, an analysis of various machinery,
implement and soil combinations is required using a trial )
and error method. This approach is usually costly and time
consuming. A somputer model attempts to predict how a piece
of‘machinery would or shbuld behave under various
conditions. The analysis and the emulation of a system using
diffefen; strategies can be of significant importance for
primary\elimination of non-feasible or nsn-profitable
solutions.

The pros, supporting the development and use of a
computer model, are the following:

a. 'b§ using a cohputer model the required time, money,
edbipment and trained personnel‘is'léss than that
of an actual experiment; |

b. an experlment is limited by the ava1lable hardware
(tractors, Aimplements, tlres, data acqu1s1t10n
systems) whereas a computer model is not;

c. the arb1f1c1al env1ronment generated by the model.
can estébllsh a flrm basis of compar1son among
‘d1fferenk designs or different strateg1es, freeing
the study\{rom the effects of the env1ronmental

" randomness'\or "noise";
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d. simulation satisfies the need fot a measure or
‘ indication of a design performance Pnder several
circumstances, prior to the manufacturing of the
deSion. '
On the other hand the cons in developing and using a
comouter model, are the folloming:

a. the computer model complexity and ability to access
and process information are largely dependent on
computeruexecution power, operating system
capabilities, software support and operating cost;

b. the results trom a computer model are unreliaole
‘until they are verified by an experiment, since the
development of a computer model is based on certain
assumptlons, affectlng the validity of the model;

c. the equatlons used in ‘a model are valid only w1th1n
a specified range of values for input parameters.

)

A model can do only what an engineer would be able to
do, but it wlll perform the task much faster and with more
degrees of freedom, using more complex computatlonal
-algor1thms. However, if the underlying mechanisms of a
physzcal system are not well def1ned the use of a’ computer
model is mean:ngless. ln tractor performance, the major
-uproblem in terms of mechanism understanding and evaluation

-remalns in def1n1ng the soil- tractlon device’ 1nteractlon

whenpéo1l is con51dered a deformable body.
./ '
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5.5. Why use a microcomputer

Three factors that encouraged the transition from the
large mainframes to the microcomputer domain were the
operating costs associated with repeated running of the
computer models on mainframes, the inability of most
terminals connected to mainframes to display digital images
and the dependency of the application on the availability or
compatibility of the mainframe operating system. On the
other hand, microcomputers are slower and not very well

¢

supported in terms of both hardware and software compared to
. ‘ ) L
large computers. However, the operating system of most:

mierocomputers is transparent, allowing user interaction
that is not possible on mainframe systems. As well, the
proper use of the microcomputer operating system can

'con51derably improve the application performance. Recent

1

developments in the microelectronics area and 1mprovements

Q
in® software support for microcomputers have opened new

horizons in the proce551ng of 1nformat10n.

IS

In order ‘to design a computer model on a microcomputer,
- several factors relative to the avaxlable hardware and

software should be taken into consideration. Four attributes'

o ’

for dec1d1ng in favor of a microcomputer, that were ‘also
'-de51gn goals, were: |
‘a. portability,’

b. ' Universality,

c. 1interactive operation, and
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d. integration. :

Portaoility is defined as the abflity to transport
physically a machine readable copy of the computer program
on an easily transferable media between g%mputer systems.
Universality 1s associated with the ability;of the computer
program to operate on several computer systems that have
common characteristics in terms of the hardware and the
associated operating system. Interactive operation is
defined as the abiltty of the user to guide the procedures
‘or select the data used during application execution. The
concept of an integrated software is defined in terms of
unified structure, multitasking ability and sharing of
intormatidn (Lu, 1984), in a‘way that enhances’ the computer
model usefulness. ‘

Structurally the model for this project was de51gned to
be a 51ngle disk, complete appllcat1on package us1ng a
-popular operatlng system 1nstalled in. a broadly used micro
computer. An 1mportant factor in u51ng'a m1crocomputer based
model 1s the select1on of the programmlng language to |
1mplement the appllcatlon. The Advanced BASIC V2.1, by
Microsoft ;nc; (1982), prov1ded a flex1ble language capable
of handllng keyboard screen, disk access and pr1nt1ng
operat1ons. In addltlon, the language 1ncluded commands’ that
dcould control graph1cs dlsplays. The four characterlstlcs
llsted above, are completely satlsfled using the MS-DOS
operat1ng system on ehe IBM Personal Computer (PC). An added

advantage is that, the same operatlng system is used by many
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IBM PC compatible miqrocomputers, thus enab;ing a model
developed for an IBM-PC to run on microcomputers
manufactured by other companies.

The major édvantages in using an IBM PC, as opposed to
using the University of Alberta's Amdahl mainframe system,
{s application integrétion and portability. The major .
disadvantages are reduced numerical accuracy for complex
operations and the lack:of extensive éomputer'language
support. Since several complex mathematical algorithms

‘available in specialized languages.(e.g. APL?}), had to be

»

« programmed in BASIC on the IBM PC for this application.
5.6. The operating system
4 - .

The disk operating system (bOS) is a program that
conﬁrols ail'the computef functions and makes it pdssibie
for other system and applicatidn'programs'to work
(Wolkerton; 1984)..The IEM PC uses the MS?DOS‘(DiSk
Operatihg System) by Microsoft Inc. Detail information about
the opefating‘syStem is available in the'IBM Disk Operating
Sysfem (1983) manual.‘The latest évailable version of

. MS-DOS, ,is V2.1.
5.7. BASIC

-The Beginners Ali—purpose'Symbolic~Instruction Code

3. - A,Pfogramming Language
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(BASIC) is a h{gh level computer fanguage which is neither
basic nor for beginners anymore.

Programs written in BASIC can be éxecuted under the
control of the operating system using a BASIC interpreter or
by compiling the prograﬁ into object code that contains thé
machine langﬁage code.

.The BASIC Interpreter is a link between the applicatign
and the operating system. Each prbgram statement is o
translated into a seqguence of maéhine language"operatibn
codgs gnd operands, whicﬁ are directed to the‘operating
system for immediate execution before the_nekt statement is
translateé‘ Program execution is slow, due to the time
‘required for the Interpreter to trahslate the s&atement and
execute the task., ’ |

The limitation of the IBM PC Micrdsoft BASIC is that
the Interpréter workspace is logicaliy limited to 64 K of
“memory. The abiliﬁy.of the Interpreter to trace program
execution and inform the user e#plicitly about the<sou;ce of
error‘is-very important for program development and
debugging. ‘ |

- A BASIC Compiler is avéilable|to convert a BASIC
program into machiné code. The compileererforms'the
translétion phase in one stép without the execution phaée.
Thub the application becdmes‘independéntfof the high level
lanquage as the object code is a colleétion of machine
language étatements} The aanntages in compiling a program

‘are’ the elimination of the logical memory restrictions and
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" — the increased speed of(pfogram execution. More extensive
information about BASIC(A) can be found in “the IBM BASIC

(1983) manual.

5.8. Database Management
o

The integrated software presented in the fol%owigé
chapter is essentially a database hanagement system designed
specifically for analyzing tractor performancé. Cook (1984)
éefined the keywofds Database, Database management"system
(DBMS), File, Record, Field and File manager and théese are
the basis of‘the discussion in the ne#t chapters.

The thrée,mosé common aatabase management systems and
their pros and cons, are:
a. Relational. A relational database consists of

horizontal row recdrds 1ﬁ an arbltrary order of rows.

The database is easily’ modlfled but 'long access tlmes

requ1red to recover datas
b. Hierarchical. The hierar;hical databases orders the
data items accofding to a speéifiéd hierarchy of
attributes, creating iogical lihks between related dapa
“items. Infbrmation searches are fast, but additicns and
deletions to the database must take 1nto~account the1r
effects on the llnes of connectlon. |
c. Network. ‘The network.dat§base allows for moré‘complex

links between data records;5inc1ﬁding'latergi

connections between related items_and,maﬁyﬂto one

.
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links, in which several higﬁ—level items'point to a
common lower-lével item. Modifications to this type of
database éan be even more complex than for tﬁe
hierarchical database but the sharing of some items cén
reduce storage rerirements. \

The hierarchical model is essentially a tree-structured
'scheme in whlch high-order pleqéﬁ of information are linked
through branches to lower-order attrlbutes. This type of
database is characterized by the one—to—m;ny linkages
be;ween data files. The computef model for this project used
a hiérarchical database for storing information on floppy -
diSks.‘The-lejéis of fhe tree-structure for the datagase

consists “of"*he tractor type, the unit system and the

particular design data element grduping. Both records and

fields can be randomly accessed in the database. A



6. TRACTOR ANALYSIS ON CONCRETE AND

IN-SOIL TRACTOR PERFORMANCE PREDICTION

-

6.1. Introduction

The integratea software package, that was developed for
tractor analysié and'prediqtion,”included a tractor analysis
on concrete and three in-soil traqter performance prediction .
models. The three moéels were titled ASAE D230.4, OECD
(Organlzatlon for Economlc Cooperatlon and Development), and
HELLAS (High Eff1c1ency Localized Locomotive Analy51s-
Simulation Software), respectively.

In developing'the models, the maiof assumptien‘was the
considerat ion of the tnacton as a- “black box“ which at a
speciflc engine speed and gear will dellven to the filnal
drive the same amount of power, negardless of soll

condit ions or other environmental variable conditions.
6.2. On concrete tractor analysis input and output

The tractor analy51s on.eoncrete calculatés the
characteristics of the tractor as a "black box" us1ng nﬁ}I///
establlshed tractor mechanxcs and actual data on‘concrete
'surfaqe. During the analy515"both soil and_lmplement factors

were disregarded. o S

128
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For the*%%ggtor analysis on concrete the inputs were:
\ractor database files 1nclﬁ§?ﬁg tractor deszgn
1nformat10n and the drawbar performance test,
prov1ded by the Nebraska Tractor Test Report

(NTTR) ;
b. .tYre database files including information provided -
by two tire companies (GOODYEAR, BFGoodrich).

The tractor inférmation concerned the following
parameters: 4 \

a. tractor design S&gameté?s 

- étatic front, réZr and\ﬁotal weight;

- drawbar height and\yheelbase,
- distance of center o§ grav1ty from rear axle'

- rated engine spped_an&\PTO power;
' \

A}

b. tractor performance parameﬁfrs Y

: : v \
-.gear setting; : \\
- engine speed in gear N; \\X N

; N
- drawbar pull and power in gear N; \

RN

- ground velocity in gear N; 5

- slip in -gear N.
Thé~t1re 1nformat10n 1nc1uded the followlng parameters*

¢

- t1re size;

e

o
- t1re ply,rat;ng;75.~

.~ tire pressure; . AT
- number of tires;
- tire loaded radlus-

- tire overall d1ameter'
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and tire

- tire width; F A
, “R

- maximum load for speciffc-ply and preséufe.

output provided information for twenty one tractor

design parameters, and ‘twenty two tractor

performance parameters.

The

prbvided

a.

output, in addition to the input parametérs, :
information congerning; . |
pertinent tractor parameters in gear N

- PTO power;

- axle power and axle torque; »

tractor perggrméncé parameters {n gear ﬁ
ﬁ gross thfﬁst; | |

- theoretical velocity; - ' “;.*

7

travel ratio; : .

- dynamic traction or pull ratio;
y ' 4

gross traction or torque ratio; ‘

fo;pé efficiency; o .
- poﬁef‘coefficient; |
- tractivé efficiency; .
—'éYnamié front ahd rea;,ﬁeiéht; 
-;céfculéted weightlffansﬁé:. o’
tire related'ihfqtmafion j~"5. .

- front and rear ti}evlbading faqtor; R

- tire effective arm.

tire-soil interface parameters

- motion or rolling‘resistance‘cqefficient;.

- motion or rolling resistance. -
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6.3. Tractor analysislalgorithm

Depending on:-the type of the tractor being analyzed,
‘ ¢ .

two different paths were followed for'the calculation of the
. ‘ . ' R
derived tractor performance parameters on concrete. Table §

B. 2 in Appendlx B, presents the nomenclature of the

14

variables. The subscrip; i represents an array.

The first path eoncerned 2WD and FWA (with the assist
disengaggd)}tractors. The  equations involved in the first
path, were the fqliowing:

) a. approximation of thé:calculated weight transfer
TCWTR1;= PULL,+TDBH/(WHLBS*UCF) ........... ..... P 6.

b. calculation of the weight transfer
. TCWJR2,= gTORQbE;—pULni + (TEA,~TDBH)-

‘ | RRCF*TSFWT-*(TEA;—TRF))/(WHLBS*UCF)' .......... c..6.2

-~
‘o

k;.‘ calculation of the Dynamlc Traction Ratﬂo

TDTR = PULL,/(TDRWT, *UCF).........................,.; ..... 6.3
d: calculatlon of the Gross Tractlon Ratio

TGTR; = THRUST 1/ {TDRWT{#UCF ) v o et vteieeiinnneeenennenanan. 6.4

*

. e}; calculatxon of the Force Efficiency
"TFCEFFgTDTR/TGTRx...‘......I......".’.-.'..l.......v...ﬂ.s5

f. calculat1on of the Travel Ratloﬁ

¢

/ ' .
TRRT = 1-(SLIP /100) ......;......;..........;;...........6 6.

g. calculat1on of the ,theoretical speed _ g

vi- VA/TRRT:........‘.....‘...Q.l...l...'.......q..‘.c.,'0:6.7

“h. calculatlon of the Tractive Efficiency

L

TREFF‘- TFCEFF *TRRTICOCQODQDOOOOOQOOOl.l..l..l.l..;...ll.s.s



\
\

\, .
. | 132

. ,
1. calculation of the axle input power

TAXPWR, = THRUSTX*VI/3:6..‘ ................................. 6.9
j. calculation of the PTO power
PTOPWR, = TAXPWR,/0.96 teeteeraan I 6.10
The coefficient 0.96 represents the Axle Power/PTO
Power ratio according to Zoz (1972) and Domier and Willans
(19795. The PTO calég}ation is not involved during the
in-soil tractor performénce pfediction and is used only as
an approximate control of the axle power.
.k. calculation of the power coefficient
PWREFF ;= TDTR ¥ TRRT, . vt vttnurnonsnoennncanoanennnnnnnnnns 6.11
1. calculatibn‘of front and rear tire loﬁding
PLDF= SFWT*IPF*?OO/(NUMF*LDI':*PF)..m... ........ ceseonas ..6.12
PLDR= SRWT*IPR*100/(NUMR*LDR*PR)........‘. ........... ess.6.13
' Equations 6.14 to 6.24 formed a subrouffne which was
called after :equations 6;1 and 6.2. Thé equations of tﬁe
subroutine were the following: |
m. ’calculation of the dynamic rear weight ,

TDRWT; = éRWTchanzg.....,....:....................;;...6.34
n. calcﬁlation of the dynamic. front weight '
'TDFW'i‘i:»S;TOTL-TDRWTi TP P I
o.-'calcu;ation of/the total ﬁstiod resistante |
RRTOTL = (RRC_R*TbRWTﬁﬁRCEl*TDFWTi JAUCF . e v ievvnneninnsne 6,16

:Figufes_s.l and 6.2, given by Inns and Kilgour (1978),
show the effect of tire éize and inflation pressurg.on the’

rolling resistance coefficient. For the purposes of the

model the graphs were digitized and the best fit equations
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Figure 6.1. Effect of wheel diameter on the coefficient

of rolling resistance. (Inns and Kilgour, 1974)
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were hsed in the program. The resultant equations are
presented in Appendix B, Table B.6.
.p. calculation of the gross thrust
THRUST = PULL,*RRTOTL, ¢« e et ettt v teeesenaneenneennnnnns 6.17
| g. calculation of the tire effective arm
TEA, = “(TDR/2)-(TDR‘WT1*PHI.1)-.3*SCONV N T 1
Figure 6.3-preéentsra sample load—deflectienrcurQe,r
courtesy of BFGoodrich, showing ehe linearity of the
relationship above a certain valuerf tire load. The
intercept of the linear equation is assumed to be 7.5 mm

(0.3 inches). This figure is‘empirical and represents an
average value of the intercepts'measured on various curves,
;anging from5 to 10. mm. The slope of the linear
relationship for rated conditions is estimated using the
- equation: L
tan¢= (xz—x,)/loadm; ...................;...w:.........;-6.19
where: X,=0.3%SCONV - |

X,=(overall diameter)/Z-(loaded radius)
SCONV=0.0254 (SI) or 1.0 (english)

‘o Co;rectioﬁ of the loedfdeflection cﬁrve is required if
the tire inflation pressure is different then the rated;
Equation 6.20 describes the sLope of the cﬁrve,,taking into
consideration the tlre 1nflat1on pressure.

TANPHI (R1,R2,R3,14, 15)= (R1/2 R2 0. 3*SCONV)*R3/(I4*IS)..6 20
where. Ri=tire diameter

R2=tire loaded radius

R3=tire inflation pressure
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I4=rated load
" IS5=rated inflation pressure 0

Equatlons 6.21 and 6.22 express equation 6.20 in a
parametrlc format as this is used in the computer program.
PHI 1= FN TANPHI (TDR,TRR,PR,LDR,IPR).......... ....... 6.21
PHI2= FN TANPHI (TDF,TRF,PF,LDF,IPF)........ te s e s as e .6.22
where: PHI%=slope of the linear rela;ionship for r;ar tﬁrés

PHI2=slope of the linear relationship/@%r front tires

The deflection of /the tire, for loads within the
linearity limits of the curve and for rated inflation
pressure, is given by the relationship:

(éeflection)i=6= (load)i¥tan¢—0.3*SCONV .;f;...‘.........6.23

r. caléulation 6f the axle input torque
TORQUE; = THRUSTi*TEAi.......................;............6.24

All of the above equations were involved in an
iterative procedure. The number of iterations was equal to
the number of observations. Equations 6.{2 and 6.13 were an
éxéeptidn, since ﬁhey were executed once,.

The second péth for the calculétion of"the derived 
tractor performaﬁce parameters cqﬁcerned 4WD and FW@‘(with'
the assist engaged)”tractors. A number of eguations were
modified to account for diffe:ences in trattor'ﬁechanics and
‘these equations are: |

a. calculation of a tire.loading pafameters
PRMTR1-'(IPF/(LDF*PF)+IPR/(LDR*PR))*50..................6 25
. PRMTR2= (NUMF+NUMR)/2............,......................6 26

b. calculation of front and rear tire loading



PLDF= PRMTR1#SFWT/(PRMTR2-(PRMTR2 MOD 2)) ... uvvvuuuununn. 6.27
PLDR= PRMTR1#SRWT/(PRMTR2+(PRMTR2 MOD 2)).4.......... ...6.28
c. calculation of the Dynémic Traction Ratio
TDTR;= PULL,/(STOWTHUCE) &1 v'rvvussseheeeeneaieeennns. .6.29
- d. calculafion»of the Groés Traction Ratio
TGTR,= THRUST;/(STOWT*UCF) .......... ettt ..6.30
o e. calculation of the axle input power
TAXPWR ;= (THRUST /2) %V, /3.6 tuurenneenneencaneecnonnnnns 6.31
f. calculation of the PTO power ‘
: p?ropwni= 2%TAXPWR,/0.96 v iiiimennnnnnnnnnnns Cereeae cee..6.32
The equations of the subroutine that‘were different
from the ones Alreédy presented, are the following:
'g. calculation of the tife effeétive arm
TEA,= ((TDF/2)-TDFWT, #PHI 2+ (TDR/2)-TDRWT,+PHI 1) /2~
= 3#8CONV) . ittt ittt tetinneenneenennenee 6.33
. h.‘ calcuiation‘of the axle input torque |
TORQUE = THRUST,#TEA; /2.1 v e v'iennnnnnnneeennnnnnsnnenss.6.34
‘Equations 6.1 to 6.34 are independent of a unit system
dﬁe to the céefficieﬁt UCF, which was iﬁdludéd to compensatef
for the difzerence Bétween'force and mass. The value of the
coefficient was OQQDQBi‘for SI -units and 1.0 for English

unitsy. 1 .

6.4. Models input and output
. The in-soil tractor performanCe»prédictidh&ﬁodels used

the pertihent tractor performance'informatiOn from the
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[ .(D.
analysis on concrete as_input parameters. The input
information for the in-soil traétor performance prediction
models included:

a. tractor informétioﬁ;

b. tire information;

c. soil strength, associated with the soii type and

expressed in terms of the soil Cone Index value;
d. implement hitch type, affecting all the weight
transfer related parametefs.

The tractor input parameters to the hodels, based on
the "black box" concept, were:

- gear setting;

-.engine RPM in gear N;

- PTO power in_ggar N;

- axle szQer ih gear N;

- axle torque in gear N;

- theoretical velocity in‘géar N.

Typical soil Cone Index values were built ia the(model,r
and unless othefwise spécified; were assumed to be:v

- 1050 kPa for Firm soil; . | h y

- 700 kPa for Tilled soil; | |

- 350 kPa for Soft soil.

Thevabove default Cone Index values cohld.be_ovérriddén
by the user. | | v

| The implement ﬁitchvtypeﬂwas iqtrbdhéed’through a

weight transfer coefficient, being equal to:
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- 0.30 for integral implements;’ ~-
- 0.15 for semi-mounted_implements;

-— 0.00 for towed implements.

The output information was the same as described in

section 6.2, ) : )

: . w

~

6.5. In-soil tractor performance prediction models

Three 1in-soil tractor performaocevoredictioh models,
based on different algorithms, were implemented. The basis
for the first model was the ASAE Agriculturai Machinery
Menagement Data 230.4 (1984), which was an e?tensfon of the
‘work presented by 2oz (1972) and thereafter Qas adopted by
ASAE. The second model was based on a proposal by OECD .
.(1984) for predicting tractor field(perEOrmance from test
data using the Mobility Number and empirical equations. The
third model named ngh Eff1c1ency Localized Locomot1ve
Analysis-simulatlon Software (HELLAS), vas based on the
Wisher,ana Luth (1974) eque;ionrfor Pull Ratio calculacion

~—

and standard tractor mechanics. - . A | : (“)

6.5.1. ASAE D230.4 model - 3
The ASAE D230.4 model was the author's first approach o
e
for in-soil tractor performance predlctlon. The underlying
concept was the use of the Zoz's nomogram in a computerlzed

procedure.
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6.5.2. Description of Zoz's graph

The Zoz's (1972) tractor performance predictor chart is
composed of three gquadrants and is §hown in Figure 6.4. The
variables on the axes represent’ the input information that
is necessary for a graphical solution and the output
information that is provided by “the chart.

- The inputs are zero-slip (theoretical) velocity, axle
power, static rear axle force, type of soil and type of
implement.hitéh. The first two parameters are calculated by
the tractor analysis algorithm. The static’rear axle‘force
is provided by the NTTR. The type of soil and the type of
implement hitch are selected by the user, as will be
described in the next chapter. The output of the chart
prévides information éoncé;ning slip, ground speed, Dynamic
Traction or Pull Ratio and Tractive Efficiency. The
procedures of chart development and use are described by 262

A

(1972).
6.5.3. Implement?tion and model algorithm

The procedure to determine theIeQUations tha§~descfibe
the curvés éf the chart comprised the following éteps:
a. Accurdte copyinq/of the_nbmbgram frém-the.ASAE
~Standar§s 1984'F, | ' |

b. Digitizing of the hart.

-~



a .\'
&
£
Figure 6.4. Zoz's chart - ASAE D230.4 (ASAE Standards, 1984) has
been removed from the text because of the unavailability of copyright;

permission,
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. » .
c. Numerical analysis of the data.
d. Processing of the adjusted data using simple regression

analysis to establish the best fit equation.

The eqeetions of the aigitized curves are presented in
Appendiva, Table B.6. Figure 6.5. shows the flow-chart of
the model.

After the complete set of eqeations was established,
ﬁhe algorithm was implemented following the procedure that
is used for fhe graphical solution of the chart. Before
entering the model algorithm the motion resistance and the
tire effective arm vere calculated. The entry point of the
model was the zero-slip or theoretlcal veloc1ty 051ng the
logic of the chart the Sllp was calculated and compared
against a limit of 30%. If the Sllp was higher than th1s
limit, the tractor ballast on the rear wheels was
incremented and the slip,calculetion was repeated. Tﬁe
auto;incremenéing of the ballast ‘was limited‘by the rated

tire loading. After the calculation of the slip, the values

‘for Pull Ratio and Tractive Efficiency were determined;ﬁAll

. the other tractor performance parameters were calculated’*! |

o

using the equatzons 6. 1 to 6. 34,

I8

6.5.4. A;sumptioﬁs and limitations

The major assumptions, on which the model was based,

are described in the ASAEvD230.4.
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SRWT_
TAXPWR

Y ®SRWT
TAXPWR

SLIP=
f{(soil, hitch)

Increment
ballast

4

TRRT
PULL={(soil, hitch)
TCWTR
TDFWT

TDRWT

“TDTR

TGTR

TFCEFF~/’

PWR]

 THRUST

" TEA
 TREFF={(soil)
TOPWR

Figpre 6.5. 'ASA_‘E‘ D_.23,,0.-_4 modél fl'sélﬁ-chéhrt'.
g ) ’ : ‘ ; . 1-
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"An important limitationlof the model is the application
to 2WD tractors'only,' However, the model was tested, on the
FWA and the 4WD tractors to investigate the results.

Other limitations concern model implementation and
scope: A limitation with.respeCt to the model implementation
is the accuracy of the dlgitized curves. Figures C.109-C.110
in Appendlx C, show the calibration curves of the“models.ge
limitation‘with respect to the scope of the model for
velidity of the results; is the upper limit of slip which

confines the model to 30% slip.
6.5.5. Discussion

The logic of the model is straightforward. No major,

modlflcatlons were introduced to the model, other than-: the

.calculation of the. we1ght transfer w1th1n the tractor and

the accountlng of the welght transfer 1n the calculatlon of
! .

In order to maxlmlze accuracy the process of drg1t1z1ng
was repeated tw1ce, s1nce the results of the flrst o
d1g1t121ng were not satlsfactory. Durlng the second N _ rfrﬁl

d1glt1z1ng process varlous chart stat1st1cs, such as or1g1n'

. ,_,—\

and scale, were 1ncluded for each quadrant. Numerlcal

ana1y51s converted the d1glt1zed values 1nto real . values.,_

The regre551on analys1s was performed on the adjusted

.
s
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The validation of the model can only. encompass slip
value, Pull Ratio and Tractive Efficiency. -All the other
equations were selected from the literature and were

assembled. as required.
6.6.1. OECD model

The Organization for Economic Cooperation and
Development contriButing to the development 6f standard
codes for the offi$i$£ testing of agricultural tractors“and‘
protectivevsfrUCtgres, presented a model (1984) for
prediction of tractor field perférﬁancé'ffom test data. The

model was the product e cooperation of the United

Kingdom and France.
6.6.2. Model algorithm.

-Thé~mode1 was-baSed on empirical equations as_ a

N

functlon of ‘the Mob111ty Number (M{ ‘The Mob111gx Number is

f

»

glven by the equat1on°v
M=C, ;/(G/h)/(1+b/2d) ,635

where:’ ’_=Wheel Numeric= CI*b*d/w
N - Cl=Cone Index ) . |
baundeflected-tzre wzdth
o d-undeflected tire dlameter
w-vertlcal load on the tire-

. -.8=tire deflection
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N g .
h=tire section height

The empirical relationships are the following:
Cra=RR/W= 0.049+(0.287/M) ......... P e 6.36
(cT)m,,arm/w; 0.‘7’96-(0.92/M) ..... S ‘ ....... ....6.37
k= 4.838+(0.061*M)/(cTﬁwx...,........ ..... ettt ...6.38
Co=T/W= (Cq).., (1¥e'“5)..ﬂ......................;........6.39
NT= £(Cp)eac * £(Cr)tront +ovvvevnrenrennenssenessaenaninn. 6.40
DP= NT=£(RR,up.) o evnonnnsnnnsnnnnnns T ST 6.41
T='NT+RR¥,{+E(RRHOM) ............... et e 6.42

whére:vCRR=coefficient of rolliné resistance
(C%)mx=maximum coefficieht of traction
RR=rolling resistance
me=ﬁaximum‘Thrust
k=parameter
C,=coefficient of traction
.NT=N§t Traction
) DP=Dranbar’Pullv
.o T=Thrust o o o ~ |
‘ in addition, e?uations 6.2 andv6;18 p;ovided QQ
estimate of tractor weigﬁt transfer and tire effec;ive arm
'to.éiée thé moééi a dynamiC'charaéter. The flow-chart<of‘the
model is'shown in Figure 6.6. - |
The steps involved in the-aigorithm were the following:
1. C;iqulation of the\mobﬁlity-ﬁumber on ;he front and
rear wheels. | ,
2. Cé%gulatibn of ;hé rélling resistahge on the front and

rear wheels using the rolling resistance coeffiqient.



: i SLIP=0, TCWTR=0 '

' | TORWT, TDFWT '

Mobility Number (M)
Motion Res. Coeff.={(M)
Motion Resistance=§(M)

Max. Coeff. of Traction=§(M)

Coeff. of Traction =§(M)

PULL :

TCWTR
THRUST

SRWT+10

STOWT
TRRT
TDTR
TGTR

~ TFCEFF
PWREFF

" TEA

~ TREFF

TDPWR

i)

-Figure 6.6. OECD model flow-chart.

.
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‘

3. ~ Calculatiédn of the maximum coefficient of tra;tion.

4, Calculation of the parameter k.

5.  Calculation of the coefficient of traction for a slip
value. , ‘

6. Calculation of the Pull for the slip valye.

7. Calculation of the Thrust for the slip.value._

8. _ Calculation of the axle Torque based on the Thrust.

9. Compare calculated and known axle Torque.

10. If calculated Torque is less than known axle Torque

then increment slip, go to 11 or else go to 12.

11. If slip is less than or equal to 20% then‘go to 6 or

else reset slip, increment ballast and go to 1,

12, Calculation of tractor perfdrmance parameters.

6.6.3. Assumptions

o

The OECD Tractor Tests are carried‘out on concrete,

like the Nebraska Tractor Tests, for standardization’

purposes. The empirical equations as a function of Mobility

Number were established after a very large number of tests

with a range of agricultural tires in many different field

conditions over a number of years.

4

The note by the OECD Spcrétariat mentioned two

assumptions. According to the first assumption, if the

tractor is operated with an integral implement, it may be.

assumed that the weight of the implemént tepléces some of

the ballast used in the test. Accprding~to‘the second
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assumption, the Drawbar Pull of aa implement is applied very
nearly at the ground level; therefore, it may be assumed
that the vertical load exerted on the tires is independent
of the magnitude of the Drawbar Pull. Apparently OECD over-
simplified the effect of weight transfer to the rear axle
from the implement duerto the exerted Drawbar Pull, in‘order
to avoid extra complications.

The original model_ased tractor engine°torque and
traasmission ratios to calculate the available torque at the
axle. The model, based on the "black box" concept, assumed
the torqae at-the axle as calcula};d during tractor
analysis, and disregarded the engine power and the power
‘losses across the tractor powervtrain.. ‘

The OECD eriginal proposal assqmed the use of’the tire
static loaded radius in ‘the equations'calculating moments
arog&d the rear axle. The model calculated the tire

effect1ve arm taking into consideration tire deflection;’

6.6.4. Limitations

-
.-

The predictive methed was based onuthe‘presented
empirical relaticnshipsabetveen tractive performange
parameters,-tire informatiqﬁ.and~soi1~stren§th.* ”

An important limitation is the nature of the medel.AThe
ehpiricai equations of the originai model were_based.Oh o
statlc loads. The model that is presented ﬁas modified to

account for we1ght transfer, chang1ng the load dlstr1but1on
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- )

across the tractor and making doubtful the validity of the
empirical equations for ,the new operating conditions.

L]

-

6.6.5. Discussion

The OECD is an'all—tractor performance prediction
model using tractor information on concrete and empirical
equat1ons descrlblng tgactor mechanlcs. The or1g1nal model
provided exact solutions but.was based on static
relationships rather than dynamic ones, assum1ngythe_static
- axle load from the Tractor Test Report. The model was’

- modified by the author to account for weight transfer
through an iterative.procedure, taking into conﬁideration
not only the exerted drawbar pull but also the torque
appl1ed on the tractive devices. .

A cohceptual problem of the original modelvpresented b}
OECD.was the use of‘static,welghtbin‘the calculation,of the
MohilityuNumber. The computer hodel that -is presented in
this study accounts for weight transfer,,increasing the
magnitude of  the load applled on the rear wheels and
decrea51ng the magn1tude of the load applled on the front
-wheels. The 1ncreased load on the rear wheels caused a -
decrease of the Mobll;ty Number, whlch in turn caused an
increase in the rolling resistance'and:the drawbar pull,
,therefore the Thrust. Since the Torque is calculated'as'the
product of the Thrust and the tire effect1ve arm, it 1s

-obvious that the calculated and the known Torque, at step 10
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of the algorithm, ‘are balancing at very low slip values. The
dependency of the original model on static weight was proven

“to be a great problem.

The accuracy of the results at this stage can not be
determined, however, the fadt‘that certain forces and
dimensions were over-simplified during the deyeldpment bf
the empirical equations raises certain'questions about the;
accuracy of the model. ., ‘

In addition, there is no way to validate the modified
OECD model with respect to the original model, eince at this
stage the two models are different in'prineiple.

i , . . . bl

6.7.1. HELLAS model

The High Efficienc§»Locaiized Locomotive Anelysis-,
Simulation Software (HELLAS) is a model‘based en the wismer
and Luth (1974) equatlon for Pull Ratlo and well establlshed
tractor mechanlcs. The equatzons of the model were made'
ava1lable through the l1terature and were presented durlng
the tractor analy51s algorlthm descr1ptlon. The flow-chart
of the model is shown in Flgure 6 7.

The results_of the_pred1ct1on model were obteined
throughvan‘iterative procedure. The independent variahle was
the slip, wgich was incrementedainfyariabie steps. The
incrementing of the ballast was a function of the slipand.

~ the rated tire loading.
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TCWTR~={(PULL)"

TDRWT=SRWT+TCWTR

]

STOWT
TRRT
© TDTR
~ TGTR
TFCEFF
PWREFF
THRUST

TEA
TREFF

TDPWR

-

Figure 6.7. HELLAS model flow-chart.
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6.7.2. Model algorithm-

Thelqentral equation of the model was a variation of
the Wismer and Luth (1974)‘equation,

P/W=0.75 (1-e"0-3*C.*S) + (1.2/c,+0.04) ..... e 6.40
where: P;Draﬁbar Pull

-S=Slip;

Fof the purposes of the modei, equation 6.40 was
multiplied by W to provide a value for Drawbar Pull. In
addition the term (1.2/C,+0.04)*W was repiaced by the total-
motion resistance.'The algofithm of the model is th% o
following: . _ . \
1. The slfp valﬁe wgs set to zero.

2. Calculation of the motion resistance. i

3. Calcﬁlation of the Drawbar Pull using equation 6.40.

4. quculétioﬁ of the weigﬁt transfer using equation 6;2:

5. Calculation of the axle Torque. .

6. Comparison of tﬁelcalculated and knownP%x1é Torque.

7.. . 1f calculated Torque is less' than known Torgue thgni
°incremght tﬂe slip or else go tq’9.

A8. 1f slip is greagef tﬁéh S1iDP)ineticone 1ndex) then increment

‘Ballast ‘and go to 1 or else go to 3.

49. Calculate the tractor performance parameters.
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6.7.3.‘Discussion

The HELLAS is an all-tractor performance prédiction
model. The algorithm described above is straightforward aﬁd
is baséd‘qn mechanical relationships of the tractor.

1 . The Wismer and Luth eguation and the differences from
the Zoz and Brixius vgrsioh of the equation were discussed
in a previous chapter. Thé only ppint that should be
repeated is that the Wismer and Luth eqhation uses the Cone
Index value in caaculating the Tractive Qubtient (Leviticus

gﬁ and Reyes, 1983a) whereas Zoz and Brixius (1979) use the
"fubber tire hardness. |

Usiﬁg the éone Index value for in-soil tractor
performance brediction,'different conditions are established
for each ‘type of soil. -

- Model comparison is possible only with real data, since

there is no similar cbmplete model to compare with.

6.8. Comparison of the‘modéls'

—

. | . " e
The models were compared in teffns of the follow{hg four.
tractor performance parameters:

a. Travel Reduction (TR) or Slip

. b. . Drawbar Pull.(DgpL) >

c.  Dynamiq Traction or Pull Ratio ARR)

L
d. . Tractive Efficiency (TE). o ///\\}E .

P
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In addition, the models were compared implicitly in
terms of ground speed and Drawbar‘Pull, throu%p the Travel
.Reduction and Tractive Efficiency, respectively. For
illustration purposes, the values obtained for a FORD TW-20
2WD tractor, a KUBOTA M5500 DT Front Wheel Assist (FWA)
tractor and a CASE 4890 D 4WD tractor ére presented in barv
graéhs for nine'different soil-implemehtvhitch'éomhinations.
The modgl'comparison concerns all the possible combinations
of firm, tilled and soft soil with integral, semi-mounted
and towed implements. The tractor analysis data sheets.are
shown in.ﬁppendix c, Tables‘C;l; C.2 and 6.3. The bargraphs
for moael comparisos are shown in'figurés C.1 to C.36 for
the ZWD tractor, Figures C.37 to C.72 for the FWA tractor
- and Figures'C.73‘to C.108 for the‘4WD tractor.
 In teris of Travel Réddétfon the general trends are:
i, the TR“decreases‘as‘qhevgear increases
ii. the TR decréases.as the soil Cone Index increases. .

F1gures €.1-C.9, C.37-C.45 and C.73-C. 81 present the TR

’ comparlson for the three models, for the 2WD, FWA and 4WD

'tractorzﬁ respectrvely For the. ASAE D230 4 model the TR is

evenly strlbuted among soils, varylng from 24% for f1rm

‘5011/mounted 1mp1ement to 38% f;r soft soil/towed inplement
‘for the 2WD tractor, from 27% for firm soil/mounted
implement to 53% for soft 5011/towed implement for the FWA
tractor and fromv}7% for firm sorl/mounted implement to 34%v
'for soft so;l/towed 1mp1ement for the 4WD, at the lowest‘

geat. The model shows 1nsen51t1v1ty to the type of 1mplement
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hitch except for soft soils. For the QECD model the TR is
severely underpredicted, 'for all the soil-implement hitch
combinetions, varying from 4.4% for firm soil/mounted
implement to 4.6%_for soft soil/towed implement for the 2WD
tractor, are 10.1% for all soil-implement, hitchcombinations
for the FWwa tractor and fro£’6.8% for firm soil/mounted
implement to 8.0% for soft soil/towed implement for the‘kWD;
at the lowest gear. For the HELLAS model the TR is wldely
distributed among 501ls, varying from 19% for f1rm
‘501l/mounted 1mplement to 42% for soft soil/towed implement
for the 2WD tractor, from 19% for flrm 501l/mounted
1mplement to 70% for soft so11/towed ;mplement for the FWA

;c

tractor and from 18%_for firm soil/mounted implement to 42% -

’

for soft soil/towed implement for the 4WD, at the lowest

a

gear.

It’ should be mentloned that in soft so1ls (350 kPa) the

- »

Sllp increases uncontroilably due to the loading factor

i%‘he ground

‘llmltatlons under the current tlre conf1gura n.

1

' speed shows the opposite trends. compared to the TR.
In terms of the Drawbar Pull- the trends are:

i. the D!gi decreases as ‘the geer 1ncreases ,

ii. the'DBPL increaSes as the‘soil Cone Index increases.
Flgures c. 10~C. 18 C.46=C.54 and C. 82 ~-C. 90 present the

DBPL comparlson for the ‘three models, for the 2WD, FWA and

4wD tractorsyxrespect1vely. For the ASAE D230.4 model the

DBPL is widely distributed among soils, varying from 59 kN

for firm s8il/mounted implement to 38 kN for soft soil/
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mounted implement for.the 2WD tractor, from 26 kN for firm

vsoil/mounted implement to 20 kN for soft soil/mounted °

iﬁplement for the FﬁA tractor and from 100 kN for firm soil/
mounted implement to 56 kN for soft soil/towed implement for
the 4WD)'at-the,lowest gear. Because of the fact thatAthe
slip values fof.the FWA tractor in the soft soil exceeded

the limits, the results can be considered as a typical

‘example of erroneous results. The OECD model predicted lower

DBPL for all the soil-implement hitch combihatione, with
lfttle variatlon ahong soils and implement hitches for the
FWA tractor. For the 2WD and(ewn tractor the model predicted
lower values on firm-soil and higher values on tilled and
soft soil. The DBPL partlally reflects the low slip values.
The HELLAS model, compared to ASAE D230.4 predlcted higher
DBPL values at low gears'and lower. DBPL values at hlgher
gears for the FWA tractor.' For the ZWD and 4WD tractor the
model pred1cted h1gher values at all the t1mes. The DBPL
varies from about 62 kN for f1rm soll/mounted 1mplement to

54 kN for soft soil/towed 1mplement for the 2WD tractor,

”'ﬁrom 27 kN for f1rm soil/mounted 1mplement to 23 kN for soft
f)%soxl/towed implement for the FWA tractor ‘and from 120 kN for
#f}&t;rm so1l/mounted 1mplement to 85 kN for soft’ sozl/towed

.:1mplement for the 4WD, at the lowest gear.,’

The Pull Rat io reflects the combined effect of sl1p,

'welght transfer and ballastxng The 11m1tat1ons applled to

TR and DBPL are also apg%1cable to PR, The general trends

are:
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i. the PR decreases as the gear increases
ii. the PR oecreases as the soil Cone Index decreases.
Figures C.19-C.27, C.55-C.63 and C.91-C.99 present the

PR comparison for the three models, for the_ 2WD, FWA ahd 4WD

<

tractors, respectively. For the ASAE D230.4 model the .type
of'implement hitCh-affects the PR dffferently for the three
soils. The PR‘varies from 0.80 for firm soil)mounted
imblement.to 0.32 for_soft soil/mounted impl@gent forlthe‘
2WD tractor, from 0.80 for firm soil/mounted fmplement to
0.45 for‘soft soil/mounted implemehtrfor the FWA tractor and
from 0.79 for firm soil/towed 1mplement to 0.34 for soft
so1l/towed implement for the 4WD, g? the lowest gear. The PR~

. in the soft so11 has a different trend than the other so1ls, :
due to the exce551ve TR values. For ‘the OECD model there is.

. no s1gn1f1cant change of the PR a&Sng the 50115. The model

- The OECD model uses dlfferent welght gﬁansfer coeff1c1ents
from the 1mplent to the tractor, compared to the HELLAS
model. The HELLAS model shows better dxstr1but1on of PR
among soils’ compared to the -other models,‘varyxng from 0. 75‘

: for f1rm sozl/mounted 1mp1ement to 0. 44 for soft so11/towed
1mplement for the "2WD tractor, from 0. 66 for f1rm so1l/
mounted 1mplement to 0. 53 for soft 5011/towed 1mplement for
the FWA tractor and from 0.65. for f1rm 501l/mounted
1mp1ement to 0.40 for soft 5011/towed 1mplement for the 4WD
‘at the lowest gear. The model showed 1mmun1ty to the effect

of the 1mplement hitch.



159

"~

" The DPawban Power is analyzed through the Tractive -
Efficiency, since they‘have,tge same trends . ®The TE’is
affgcted by the TR and DBPL._There‘is no general treno among
' the models. .

,Figures.c:.zs—c.zs, C.64-C.72 and C.100-C.108 present< 1
'the'TE'comparison for the three models, for.the 2WD,, FWA and

4WD tractors, respectlvely For the ASAE D230 4 model the -

valzdzty of the TE value ‘depends on the TR value, for when@wr

S
TR exceeds the 30% limit the results are not realistic. 2

Fxgures C.70~C.72 show thib fact clearly In'contrary
AFlgures C B4 G.36 show a better Pesponse of the TE for a 2WD
tractor :verifying the 11m1tat10n of the model to 2WD C
tractorsr The TE shows 1mmun1ty to the effect af the
1mplement/h1tch. The OECD model behaves d1fferently than the
‘other twa models. by not be1ng able to reach a peak. The
reason 1s the balanc:ng of the avallable and the calculated

vt

" Torque ‘at. very low TR values. The TE is’ d;rectly

>

: jproportlonal to the 5011 strength and shows 1mmunity to the "’“

¢

”type of, 1mplement hltch The HELLAS model behaves well for

l

- ~all the 501lsﬁand 1mplement Hltch comb1nat1ons,,even when

,or '

'the TR exceeds the spec1f1ed 11m1ts. The TE at both s1des of
»'the peak changes smoothly. The TE 1s d1rectly proportlonal

tOche soil strength and shows 1mmun1ty to the type of.

-
e

\;‘1mp1ement h1tch The peak of the curve varles from 84% for

‘f;f1rm 501l/mounted 1mp1ement to 57% for sOft 501l/towed’

.4

'_1mp1ement for the ZWD tractor,, from 76% for f1rm

'so1l/mounted ;mplement to 49% for soft 501l/towed 1mp1ement

) o
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for the FWA tractor and from 85% for %frm soil/ mounted

implement to S55% for soft soil/towed implement for the 4WD.
6.9. Discussion

‘A key factor during slip calculation and tractor
performance optimization is ballast auto-incrementing.
However, in various occasions, such as soft soils, the need

for excessive ballast is. beyond the loadrcarrying _
capabilitiee cf the ;ire. A solution to this problem can be
the change Of\the tire configuration. The’auto-incrementing
ofﬁthe tire cpnfiguration, such as duals, was considered and
'rejected, since the program f?“lﬁ have gone toc far in
deciding on behalf of the user. The implemented.

: adto—incrementingiof the applied\ballast on the tractor nas
con§ideredfthe maximum that the ptogram should do for
tractdr pmrformance optlmlzatlon. -

Ancﬂher factor that may beflmportant in %:termlnlng the

goil- ractlve.dev1ce 1nteractlon is the muitl-paSSlng effect

>

and fhe resultant changes in. 5011 Cone Index. Spec1fica11y,

o~

) the front tires of the tractor dynamlcally compact the 5011
and the rear t1res move on a soil with hlgher Cone Index .
value. However, no 1nformat10n concern1ng ‘the d1fferences in
terrain traff;cab11;ty due to sQ1l compactxop.was found in |
" . the relevant‘literature. For that feaSOthhe muiti~passin§

effect was substltuted w1th a mot1on re51stance reduction on -

H

. the rear traction dev1ces to compensate for changes in soxl

*
» o
[y
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strength during the farming operation. Coefficients of 0.95

for 2WD, 0.90 for FWA and 0.85 for 4WD tractors were used

for this ourpoSe. The coefficients were determined by the
author based on the- fact that, the soil compaction due to
the combined effect of loading and shear stress application,
is twice.the compaction resulted lrom loading only.

3
h

6.10. Conclusions

The ASAE D230.4 model lacks flexibility due to the
rigidlty of the eQUations involved in the_algorithm and the
strict applxcatlon of the limitations. The procedures
1nvolved for a mechanlstlc transfer of the nomogram into a
computer simulation model are not very accurate. .

fThe OECD model was designed for. static tractor analysis
and is not capable of handllng the effects of weight -
transfer in tractor mechanlcs. The . results of this model can
not be directly evaluated The modlflcatlons of the model
with the 1ntroductlon of the dynamlc welght and the tire-

effective arm d1rectly affected the results of the model

" The Sllp values, calculated by thlS model are unreal1st1c

that the emplrlcal equatlons may need rev151on. '

The HELLAS model was found the most flex1ble under any

I'cond1t10ns, with smoother trans1t10ns, less d1screpancy and

'more reallstlc response to soil strength The model. was .

assembled grom compatrbleq broadly accepted tractor.

pérfdrmancenrelationships, the validation of which can be
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located in the relevant literature. Even though in-soilr
experimentation is required for validation of thé‘model, the
" HELLAS model seems to be the most suitable for further

applications. \ . o



7. DATABASE MANAGEMENT SYSTEM FOR TRACTOR ANALYSIS

.

7.1. Software development

The integrated software package which is presented in

this chapter, is a complete tree-structured hierarchical

*DBMS Eight functions and a help facility were implemented

for software frlendllness and funct1onal1ty The core of the
’software is the three in-soil tractor performance predlctlon
models, which were described in the preV1ous chapter. The-
idea.for an integrated software package emerged'durlng |
program development. | | ,
. . The program was developed in several stages: between
January 1984 and ‘December 1985, The cr1ter1a for |
d15t1ngu1sh1ng the stages of program development were the

\
programmlng language, the hardware that was ﬂivolved the

ALY

degree of software 1ntegrat1on, .the user frlendllness and
the 1mplementatlon of the DBMS ~The succe551ve stages of
qoftware development were calléd veﬁsions. |

The flrst veﬁslon of -the software was based on the

«'_Waterloo M1¢roFortran V1 2 programmlng language for he IBM

¥

é

PC, operated through the Waterloo Ed1tor v1 2 The tasks
performed by this version were data retrleval data
proce551ng and output of the results: to the prlnter. Edltor
1ne££1c1ency, program length 1nterpreter 1neff1c1ency 1n

error. trappxng and 11m1ted I/O capab111t1es were the major

163 : - f \ ii”?'
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‘drawbacks. Disk access during program execdtion was llmited.
A relational DBMS was used slowing program execution. lhe
tractor analysis\was reliable.‘The;tire information whs
collected from Handbooks supplied by\various tire companies
(GOODYEAR, BFGoodrich, Firestone, etc.) and the 1984 SAE
Handhjok Vol.4. fhe tire rnformation was in a single data,
file and english units were used. - 2

" The second version of theﬂSOftWare vas characterized;by
reprogramming the MicroFortran program in Microsoft BASICA
v2.00. Structuredvprogramming,was introduced and thedtasks
-were selected. through a main .menu, Stand- alone 1npnt output
tractor data f11es replaced the batch tractor f1le.iThe DBMS -
changed from relatlonal to h1erarch1cal The tractor data _
files were coded according to their NTTR number. The outpqtﬁﬁ?'

,

' file was created by merging the input and the derlved .

.°

'information. Mic;oFortran utility programs were“psed for -

database management C oo : oo

Ps »

In the thlPd version of the software ‘the statlst1ca1 . i" -
.;package and the graph1cs package were added -New features ‘

for user fr1end11ness, program eff1c1ency and religbility

vere 1ncluded The addition® of the new rout1nes caused the. ) ?
ent1re structure of the program to be altered 1ntrodnc1ng - |
subrout1nes of common functlonal1ty. Menus and I/O '

§

loperatlons were def1ned as general purpose’ subrout1nes.

“Memory eff1c1ency and software 1ntegrat1on were 1mproved

41ncreas1ng ptogram complex1ty. Major problems qere program

1 4

mod1f1cat1on and el1m1nat1on of subroutxne 1nteractxon. Both

. . R ‘-lv. . t . . . X .
@ .- S T : ot : - . i .

-
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tractor and tire source files were expanded.” New information
was added in the tractor fi;es The tire, files were updated
u51ng information from the ASAE Standards (1984) and The
Tire and R1m Association, Inc. Yearbook (1984).. o
The fourth version of the softwaredincluded the in-soil
‘tractor performance prediction models. The utilityvprograms
for database management’were improved and linked to the main
program using a CHAIN (BASIC, 1982) teohnigUe. Additional
general purpose subroutines were created Two major changes
1n the DBMS were the. change of the tractor files from
seguentlal to random access, and the 1ntrodnctloilof a new
flle cla551f1cation system allowing easier database
management. The DBMS is shown in Flgures 7.1 and 7 2 for
0rd1nary -and Slmulatlon structures, respectlvely The tire
records vere cla551f1ed rnto dmfferent random'access files
naFed after the manufacturlng company One 51gnif1cant'
1mprovement was the introduction of d1rector1es. The - tractbr?
ﬁatabase dlrectory was'a sequent1al file mcludlng the make
of tractor and the file name. The tire database dlrectory
was a sequent1a1 f11e based on t1re 51zes and ply ratlngs.
'”Three tlre flle d1rector1es were ava1lable for search
. ’ The fffth VeFSIon of software featured the expan51on ofg
the program for use 1n ah fBM PC with elther Monochrome or4»~

. t - -~
Color/Graphlcs Adapter. The utlllty programs were 1mproved

- o¥ é*‘ 1

Vfac1l1tat1ng tractor and t1re ﬁatabase management, and dlsk
&

,.

management from w1th1n the. program The t1re d1rectory flles'

P

L) o -
- e

were changed to random access flles. The S R

[ I L P P T
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Phyﬂcal‘ - ,

Database S ‘ DISK DRIVE l

Database Al
Type | ORDINARY * " I SIMULATION
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System ENGLISH | METRIC

Tractor
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.. File.ID

N
~/

Figure 7.1. DBMS - Ordinary database structure
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. System
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"Ly o Soil
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Figure 7.2. DBMS - Stimulation database s:ructﬁre.; .
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integrated software was configured in two diskettes. The

first diskette contaiged the system files and the source

libraries. The second-diSkettg contained application and

data files, included nine BASICA programs, one document file
' ﬂo ; '
and six tire data files.

The sixth version of the program was the stage during

which the'various BASIC prdgrams were assembled in one
program and Complled The 1ntegrated software became a
s1ngle disk single-program application, including the DOS

Assembly language subroutines, the tire libraries ahd the
L - : .

0 help facility. Figure 7.3 shows' the structural tree of “fhe:

'3

program,
I3 : " “. }

7.2. Software attributes

" a
~ ‘9.
o s

From -the programming point of view the most-importaut
. . . Al - el - N

‘" s ) ) I3 . 4 ‘k
_attributes of -the lntegrated software were software

7

stiucture, effichency, 1ntegrat10n' multltasklng, user

frlendllness, modlflab1?€ty,"expandabar&ty, uniformlty,t

rellablllty and database capab111t1es. ¢ o
In terms of structure, the program was modular with a

central routlne 11nk1ng the nine avallable optlons in ‘a '

o
I \

- fr ee structure. The tree structure of the program uses a set

of common functlonallty subrout@ne§

Memory ef£1c1ency through multzple use o!hbarlables and
arrays, time eff1C1ency through the development of more

sophxstlcated algorxthms, and structure effxc1ency.througp
, S S I e

e ¥ (

‘.\ LI . N
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1st level
redirection

) 2nd level .
' - gredirection’

. R .

3rd il,evel.

- DAL ..
~ -redirection r

‘ F‘igdtéi 7.3, S'f.r;tx‘ctpr‘al t.rge““of‘-litrhe,f program:

Y

o o . "’_ X
i , A . - W @ 1
. s
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F.
\

‘the use of many small general purpose subroutines resulted
;1n h1gher software mod1f1ab111ty and.performance, and

!
increased 1ntegratlon.kThe software integration was measured

_in terms of information sharing among the various options of -
: -

the software. In terms of multitagking, the eight eXecutahle

routines and the-on—ifne HELP cover a wide range of

funct1ons.

User frlendly programmmg was attempted for user &
comfort through the use of explicit menus and messages and
an-oh—line HELP. It is up to the user to evalute the effort.

Software expan51on is p0551ble through user - programmlng
in Assembly lapguage. User access to the llbrar1é§ is ~ -

g s
" allowed. The user accessible tire f1les was named USER.
Software uniformity is defined in terms of I/O handl1ng

»

procedures and sharlng of 1nformat10n. Software unlformlty

*
vwas a need for program compllatlon. The database

’ capab111t1es of the software 1ncreased W1th.the 1ntroductlon_

of fac1l1t1es for creat1ng new records, ed1t1ng and
dlsplﬁz; ex1st1ng records, and u%datlng and searchlng the
database, US of random access £il s and d1rector1es

.s1gn1f1¢antly 1mproved the eff1c1epcy of the hlerarchlcal

DBMS. ) R ) ’ . o 'f’ ';‘. ;°- - . -
L . . . ‘

Software rellablllty was dependeht on- tﬁe computer

numerlcal accuracy and the structure of the tractor .o

performance pred1ct10n algorlthms. R S e

“tf-.
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&4

o - | 70

>

G 7.3. Limitations

The software limitation of the package is that only one
fxle can “be actlve at a time.

The hardware limitation is the numerlcal accuracy of

~

the IBM PC, due to the design of the~m1croprocessor The -

L

dware limitation was revealed durlng statlstlcal

7 -
b ’ /
analy51s, where calculatlons of hlgh accuracy were requ1red

‘/
L

7.4. Software structure and implementation

. : . v o
.All the routines involve subroutine calls in various

dépths. After completion of a task the control may or‘may

- ’ ) . . ’ ‘ 13 )
not return to the Ma1n Menu, since branching from on¢

v
rout1ne~d1rect1y to another was 1mplemented Thlrty seven

- and random access file handlrng, The subroutine map;_;

be presented along w1th the descr1pt1on o? eagh routlne.g

program subroutlnes were wrltten ‘to perform number and
strlng manlpulatlon, I/O operations (screen, prlnter and
disk drives), mathematlcal calculatlons, loglcal relatlons,
: » "

. ,‘ . . . N e ) v ' . . ,'\;' e ,’"‘J .
provzdlng“addresses, titles and comments,'ls“gzven in

Append;x B Table B 4 Fzgure 7. 4 represents the’ block

fagdlagram of the software. The flow—chart of each routlne w111

£

g?he program levels were 1dent1f1ed by labels d1splayed

o
.

’at thé top of the screen. Thé menus were either a lust of

optzons or. preformated pages. The bottom of the screen was

reserved for messages and user 1nputs.
o o N

J
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:three levels were used sequentlally. Howeyer t"

executlon can return to any level us1ng alterna_

‘that contaxns the NTTR number represents

} The funst'ion keys F1, F2, F3 F4, F5, F67 and F10,
located at the left sxde of the43eyboard were asngned
special tasks. The ESG key was ﬂsed td 1ncerrup{ an
act1v1ty.,The,ed1t1ng keys of the numeriﬁal.kéxpad’ locatq@,
at the right side of the keyboard, were also a551gned
various functions.'Theﬁtasks assigned to all thesé keys are

’ - A3 i . -
described in Appendix B, Table B,5. L

'The tree-structure of the software, comprises three
olevels of menus:

Level 1. Main Menu

Level 2. No-File Menu P T e - ¥R

. \
Level 3, Routine dependent ‘menus.: »
E u‘?&i
The Main Menu p.Qvided nine options, The No- F11e Ménu

requested forrthe phﬁsxcal locat»on of the database (drnve A

.or B) to 1n1tr£l1ze a database Enterzng a routlne, specaal

menus gu1ded the user for parameter selectlon. : ‘ . 7

Follow1ng the tree~structure from top to bottom vthe

"A

2

- (soft 1nterrupt) and funct1on key F10 (hard 1nterrupt3 aret'

!‘ . cR

0
B

prov1ded for thls purpose~

' The database classrfxcat1on system and 1nformatzon

_necogn1t1on depend .on the 1nput parameter format The fxeld

the ID of the'

tractor flle Any alphanumerxc user entry is acceptable 1n

’three.thousand are recommended as user enir1es, The

-

»

'[ thzs fzeld Numbers leSS than one thousand or greater than‘-_-~'
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requested tire.lnformation is database dependent Thex- o R
database for ZWD and FWA- tractors requests front and tear '
tire 1nformat10n, whereas the database for 4WD tractors

requests 1nner and outer t1re 1nformat10n. The t1re sxze

assfgnment rules are glven in Appendlx B and must be

followed at all t1mes, since thlS 1s the: only ‘way for the"a_ﬂ*”“
Adatabase to 1dent1fy and locate the appropr1ate tire .

1nformatlon Upper case letters are 51gnlf1cant for t1re

-

size recogn1t1on. The varrous flelc entries: are 1nte;preted

LIS
-

‘ accordlng to an 1nternal format.

3

7.5. Program options

The program options were selected through a Main Menu.r“'
The Main Menu was the flrst level of the program Provk\jng -

primary control of the follow1ng funct1on5°"

‘1."Dlsplay H‘E L P facility ‘f"'fb
K 2, Create'arnew tractor_file
| 3. Edit an ola‘tractor fileA v
. 'Retrleje>a databaseffilef E . 7vh';f5“,'~ E ffj;téﬁ

:,f'Rﬁn'Graphics’package"

4
5
6. Run'SimulatEOn-package
7. IBM Ser;al Communlcatlons U;_;V
B.J‘Run Ut111t1es package {. tr°;i,-'» ﬂ:.:' ; Jf?ffig;_ i?‘;
.'J_b,hATerm1nate program execut1on. vi - p | ‘ R
} The functlons are examlned 1n detall 1n the follow1ng ‘7'“l¢£

'sect1ons., SR
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"7.S.t: Display‘HELé facility T R ¥
TherHELP facilityfds'an on;line texttile, providing,
‘program general 1nformat1on | \
The three stages of the HELP facility evolutlon were a~
‘sequent1a1 file, a random access ﬁlle and a program built- in
‘iAssembly language subroutlne./"

The HELP fac1l1ty is 1nvoked e1ther through the Ma1n

~Menu-or through the_functron ‘key F1.

h?;S.ZgJCreateQa'new tractor file

The second opt1on of the 1ntegrated software

::foacrlltated the creatlon and process1ng of a new database
;frecord The £low chart of the routlne 1s shown in the F1gure
7.5 ‘ | e |
| ‘ In order to establlsh a new record theﬁinfOrmation was
t.‘entered 1n two preformated pages. The flrst page, involving
teenty one parameters (listed 1n Append1x B Table B.3) |
K}requested tractor desagn 1n£ormat1on u51ng ‘a- format with
fleld entrxes. A special edltor was de51gned to handle the-
fleld entrles,‘whlch were treated as strlngs of characters
assembled One character at a, tlme. Speczal functions were
.]{fassxgned to the edltlnb keys- The second_page reqguested

¢

'"gpznformat1on for S1x tractor performance parameters sorted in

!

';ﬂpa gear ascendlng order. The requested tractor performance

&

’ﬂparameters were descr1bed 1n sectlon 6.2. The number of
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DESIGN
PARAMETERS

PERFORMANCE
PARAMETERS

~ CLEAR
" | PARAMETERS

Figute 7:5. Flow-chart of create routine
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I

1

nobservatione, which was specified in'page one, determined
the ‘number ofrentries.per parameter. A maximum of twenty
entries per parameter was possible: The page ;as filled in a
unidireetional way and no means for‘alterfng an entry -were
provided. Table B.B8 in Appendix BT“$hows the layout of the
random access tractor file with the location of the
parameters and the §§ e of fields.

For file processiing tire information was retrieved'from
the appropriate database. The data processing involved the
computations_desoribed in section 6.3; If no tireu
information was found the derived‘parameters were passed to

- . : . / .
the disk with a zero argument. Tractor database directory.

updating was performed.

x, 7.5.3. Edit an old tractor file ' )

14 ) C P .
The database editing routine performed the modification .

\
and process1ng of exxst1ng database flles. Figure 7, 6
illustrates the flow chart of the ed1t1ng rout1ne. The
edited files must have‘been created elther using thé’
'.prev1ous routlne or the approprlate ut111ty, due to. the(
specxal format requxrements of the random access f1les,
"fv The ‘tractor des1gn and performance parameter menus,
described 1n the” preV1ous routlne, dlsplayed the 1nput
I_tractor 1nformat1on The uset’ could modlty the entries,
change page,- proceed to data proce551ng or termlnate the

: ¢
",ed;tzng.
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Figﬁre 7.6. Flow-éhart of e§i£ r§utihe‘;'
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The modification of the first page waS'performed USing'
the special-editor that was mentioned in the'prerious'
'routinei The modification .of the second page was carried out
using the general purpose editor. The editing keys‘were
assigned special function. The modified variables were field
adjusted and highlighted. The file processing followed.the

.

same procedure as the previous routine.
. ) ,
- l !

7.5.4. Retrieve a‘database-fjle =
. : . * - ' .

This routine directed the tractor information to the
“standard outpuf devices. The two avaiiable options were .S
for output to the screen and P for output to the prlnter._If‘
the devxce was not supported an error message was - B
,dlsplayed. F;gure 7.7 illustrates the ‘flow-chart of this
routine.. N C | e -

'On‘the.screen the filedwas displayed in four pages.
-Analytically, the information displayed on every page is
given in Appendlx B, Table B.8. The ¢ontrol over the four
pages was 1mplemented on the editing ke;s fac111tat1ng o
bxdxrectlonal w1ndow refresh |

The output to the printer prov1ded tractor 1nformat1on
in a tabular format. Page formattlng was 1mplemented Th:

r-user was«requ1red to adjust the perforatxon of the paper to;}v“a

the head of the prlnter.

EN
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" NO-FILE
MENU_ . P , MENU

' SEND SCREEN

G-

| Figure 7.7. Flow-chart of r_et;ie've rout‘ihe_
' ) e - S y o
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7.5.5. an:Graphicsdpackage

The graphics'pactaée{presentéd‘a‘curve on _the screen
descrlblng the relatlonshlp between two tractor performance
parameters. .The equat1on desCr1b1ng the curve was determined
by the regress1on analy51s algorlthm, presented 1n the .

—

prev1ous chapter. ‘Fiqure. 7.8 1llustrates the flow- chdrt of

the Graph1cs package.
If a Color/Graphzcs Dlsplay Adapter card is avazlable,~

the curve is contlnuous and is obt21ned u51ng graphlcs
1nstruct10ns at the high resolution mode{'If a/Monochrome/
Printer Display Adapter is avallable the curve is discrete -
and is obta1ned using aster1sks, in an attempt to emulate
the graphacs process. By pressing the Shift-PrtScr keys the
contents of the screen can be prlnted on ‘the matrix prlnter.

All of the twenty two parameters of the menu could be
comblned u51ng the ed1t1ng keys. . A .

Before ruhning the graphics package, several, flags were
tested. in order to avoid erroneous resnlts.NIf any onejof :
thebflags Qas;rgised, data processing.was halted and an
"perror mesSagevwas»displayed at the bottomﬁof the screen.'One-

.. point of 1nadequacy of the Graphlcs package, as well as’ the .
ent1re software, is the 1nab111ty to combine 1nformat10n

'from d1ffe;ent data flles on the screen, proh1b1t1ng dlrect

visual comparxson of 1nformat1on.
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7.5.6. Regression analysis algorithm

The reqgression’ analysis was performed over 484

different pairs of data sets, which were selected through a

menu offerlng two listings of twenty two parameters that can

be combined. A best fit curve,is determined by the least

‘'squares method to establish an equation describing the pair

of data sets.'Usng the best fit equation sixty data points

were calculated. The best fit eduationrwas selected from one

of the following nine equations, using the coefficient of

determinat fon r*:

(1]

(2]
[3]
(4]
[5]
6]
(7]
18]
191

--\\ |

[

Y

Y

Y

.

[

i

> O K o> > >
~

n

A+

A =%

—

+

+

/-

B # Bevreensenensnonenonennns U
EXR(‘B *})4‘.‘...’..'...;...'.:........'... 7 2
(A,+B*x)....n...‘...'.I.........-.”.......7‘3

B/x..on..'ooc-coo.-non'ooo-oqoolouonoovv07-4»

B ~* LOG(X).Q;....ol;-olcaoq.ooo-o,c-obooc705

xsnaob.oenuoo--oal...uo-nouo.-o0000000007069

(A+B*X)..-.....q.....\:‘.....'...p.....7.7
B*X+C*X...n.oo’ooo.o-.o-‘oo-o-‘o."ooo7'8

B*x+c*x2+D*x3.."......l.'.'..79

‘Equation 7.1 1s llnear. Equatlons 7.2 to 7.7 are- not

’s

<

dlrectly linear but they can e3511y be transformed 1nto

‘linear equations and processed u51ng llnear regresslon

[

<»analy51s, llke equatzon 7.1 At the end of ‘the calculatlons

‘on the transformed set of equatlons, the results should be

"fadjusted applyxng 1nverse transformatzon. The equatlons

?

1nvolved in the algorlthm for the l1near gegresslon ‘are the

e
Lo A ° . .
S e . L me
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following:

a. Sum of X

SX=SxX+X, li=1,...,n) ....... Ceeeeee e e el 7,10
b. Sum 'of“x2 . |
sx2=§x2+(x,)2 .................. .;......,.....; .......... 7.12
, C. Sum of Y |
SYSSYAY, .. i U P PR 7.13

d. Sum of Y2
SY22ST24 (1,02 v eenreenennssesneeeneneneennns T8
e. Sum of cross products XY
SXY=SXY+(X}¥Yi5. ...... e i S TN
f. Slope of thg;ﬁegréssion line |
SLPj=(NOBS*SXY-SX*SY3/(NOBS*SX2-SXZ)u.f;;......t......;.7.16
A g.,Interceépffb)
ij=(sY—5Lpi*sx)/ﬁoﬁs'ﬁ..............;.................;.7.17
h. Coeffiéiegt of correlation , i" _
Rcc=(sxy-s§55§/uoss)//((sxz-sxz/uoas):(sYzfgyé/Noas)) ...7.18
i. Cogfficient ?f.aeterminatibﬁ_ :' ‘
sz=acc2,Kﬂ...:;..;...,............{.;....;.....,.,.....7.49
ky/érror sum of squares u N
SSE= SY2 (SYZ/NOBS) SLP;* (SXY-5X35/NOBS) A B L R
' //l Standard error of estimate B S g
ssj=V(ssa/(NoBs -2)) ................}............[.......7;2i :
/ . When 'a subscript (1) ls-assoc1ated with a var1able'an»

na subscrlpt () is a530c1ated w1th a .

uatxons 1s‘aescr1bea

--.‘,‘/.
W G0 e
o

; im 11ed The theoret1cal T
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~

explicitly:by,Steel'and Torrie (1980), chapter ten, titled

L1near Regress1on '“"? ' _“ 'f'

Equatlons 7.8 and 7.9 represent a secohd and a. thlrd
degree leynom1al respectlvely and the best f1t-equatlon ig
calculated using Multlple Linear: Regre551on analy51s. The

equatlons 1nvolved 1n multlple ll&gar regre551on u51ng

patrlx nbtatlon, are the follow1ng.

a. Coeff1a1ents of best f1t equation

X'X £ b -~x Y.........................Q;..‘.............7{22l

b. Coeff1c1ent of multlpleﬂcorrelatlon

R2 (SSR SYZ/NOBS)/(SYZ SYZ/NOBS) ........................7.23

where' SSR = Sum of Squares (model) (b +.x X'Y).
§tandard error: of estimate

SE:V((SYz ssn)/(noas 3)) ,;...L,;..;..,...l..,...,...,,;7;24

A matr1x w1th a pr1 . is the original matfix

'transposed Chapters twelve to fourteen of Steel and Torrle

(1980), glve the . theoretlcal background of the Multlple

.

. Linear Regress1on. S ' o cod

)
Equat1on 6 22 1nvolves matr1x d1v151on between matrices

x X and X' Y to dete m1ne the best flt equatlon coeff1c1ents.f

»D1rect d1v1s1on of the matr1ces x x and X' Y could nOt be

ixmplemented therefore the matr1x x x was 1nverted and the

bKoelllng (1983). attemptlng matr1x 1nver5ion by'maklng the ufu
¥ s

vaas tested 1ndependently from the maln program ]

1nner product of the 1nverse matrlx (x X)’ w1th the matrix

'y was calculated An algorlthm deVeloped by Wolfe and//

4

'wmatrlx flrst upper and then lower tr1angular.,The algor1thm~;bf o
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s L »

hd .

: >
‘expected results compared to an APL program that was used as

standard Under these c1rcumstances the algor1tnm was

rejected. , ' - ) .

A}

. ’ N o . . . . . .i‘
The solution for matrix inversion was found in Steel

and Torrie (1980), pg. 295, by argeneralized equation. The

required in the use of t%e‘matrices. The insufficient number

computations were very complicated and extreme caution was

of Significant didits of the dOuble precision numbers"

1mp1emented on the IBM PC, had the tendency to- multlply
b

small errors u&rough the 1terat1ve computatlons. The

f

approach'for the calculatlon of the best flt'equatron can

not be- characterlzed ‘as "orthodox"; however, it is

‘follow1ng can be stated:

a.

vcalculated 1n ‘the IBM PC were 1dent1ca1 to the

fourth dec1ma1 dxglt- ”'f;:_, -‘\a-ﬁﬁ£g7

'effectlve. g o /. R .

=

Dlscussing'thevresults of the StatistidalfanalySis} the

s -

the values of the coefflcients of the equations
3 -

[ : .

fthe Valyes of the coefffclents of detenminatlon

S

fﬁ;calC01ated;1n"IBM PC were 1dent1cal to the values Ll
calculated by t e SIMPREG to the thlrd decxmal dlgzth-}ﬁf
\gthe values of the standard dévfation of estlmate | B

’:C31CUlated in IBM PC were 1dent1cal to the’values_ﬂf’rv~

)
Q" Lo

»

@.coeff1c1ents calculated by i?e SIMPREG, at least to the-‘

-

IS
C

fl carculated by the SIMPREG to the thzrd deczmal d1g1t*'ﬁff |
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d. the best fit equation was selected by the program,
‘based on the values of the coefficients of

determination; the selection of the best fit equation

<

¥ .
was proven reliable.

’

/ :
Usually, the statistical analy51s for defining the best

f1t equation 1is performed in APL, which 1s extremely

“powerful for this purpose. One of the Utlllty programs

,_l1m1tat10ns of the mlcrocomputer.‘

regress1on anaIyS1s should be attr1buted'

‘ff1le structures. Therefore, the 1mp1ementat10n ot the

available at the Agricultural Engineering Department of the
University of Alberta, implemented in the main computer

(Amdhalls)w is the ANBA-SIMPREG which performs re%fessiqn

Danalys1s and is highly reliable. The IBM PC‘implemented

regresslon analysxs algor&thm was compared to the MTS

1mplemented SIMPREG using as criterion the accuracy of the

‘results.. The llmlted accuracy of the. IBM_PC 1mplemented

1

o the hardware /

4 Cn

Be51de ‘the MTS 1mplemented APL . Waterloo MicroAPL

V2. 00 1s.ava11able for the IBM(PC but it ¥s not capable of

handllng hlgh accuracy calcukatlons such a's matr;x

(S

J1nvers1on. In-add1t1on use of dlfferent languages was not
. . S s

v

“,de51rab1e due to the loss in software 1ntegrat1on and v a

unzformlty, loss in user comfort an& dlﬁflculty in matehing,

'

statmst1ca1 analyszs 1n BASIC was essent1a1

4

&



- 187

7.5.7. Run Simulation package

The simulation package included three in-soil tractor
performance prediction models, which were examined in detail .
in the previous chapter."

A menu prov1ded the selectlon of tractor performance

model, type of 5011 and type of implement hitch. By

eelecting the type of soil a default Cone Index value ‘was -

assumed. The user was given the option to override the-Cone

-

Index value. The flow-chart of the Simulation package is

shown in Figure 7.9.
The option of saving the simulation file‘was provided
The output f11e name was assembled by the program using the

£

file ID, the soil type, the type of implement hltch and. the
model . The code. for reading the output filename is as
toilows:

a, soil: S1=girm;«52=tilled; S3=soft;

'b. " implement: Ii=mounted; I2=semi-mounted; Isetoﬁed;

- c. model: ML'=ASAE 230.4; ML2=OECD; ML3=HELLAS,
Tﬁe;frle name reads as [ID}[S#][J#];LML#].
o N S C (

7.5.8. Serial Communications: - -

©
N <

The' serial. communicetions of the IBM PC with a remote
¢ - ) L »
computer requ1red the presence of a Serial Commpnications

-

A&apter (RS 232C) The program to support sericl

communlcatlons for the: time belng has not»been implemented.



RESTART

SELECT MODEL

fs'ELECThTY"p"'lE
OF SOIL

SELECT TYPE'
OF HITCH

ASSIGN .
CONE INDEX

ANSR="YES~

l SIMULATION l

ANSR="NO"
[ %

Figure 7.9. Flow-chart of the Simulation package;'
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7.5.9. Utility programs

Four utility programs were available as extemsion to
the main program. PrqQtection of the database agaltst misuse
and correcting actions, were implemented. The four available
utilities were: |

a. Ttactor library utility

b. Tire library utility

c¢. File management utility \

d. USER defined prOgram‘

Presging of ESC issued an interrupt request, which was
“acknowledged and processed ab\thevend of each cycle,A P
minimizing the chances of 1051ng flles due to uncongrolled
1nterrupts. ‘Misuse of the 1/0 fac111t1es caused the display
of appropriate error messages.

9

7.5.9.1, Tractor library utility

The tractor library utility converted tractor records,

I read from a sequential source file, into individual random
acceSS'object'filee compatible with the DBMS. AR internal

format was used during :ead/wrlte operatlons..é

. k Batch file processing or’ processing of selected records

\

of the source file was p0551ble. Batch f11e processxng was _
the default state, startlng from the first tecord of the
source flle_and stopping after processing one hundred

. . ;L x
records or when an End Of File was encountered, whichever

\
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~occurred first. The processing of a set of records reduired
the number of the records to be processed and the ordinal‘
number of the starting fecord. The user was provided with a
"search" tool to locate a record in the source file,‘using
the file ID. Once the record was located ité ordinél number
was automatically assignéd'as the stafting record.

The utility involved one source and two objeét files.
The source file could be any valid DOS file name.‘Defaulf
drive was assumed to be A and default éxténsion was assumfd
to be SIU. The object files had no real default yaiues. The
fileﬁames weré assembled by the informatioﬁ obtained during
the several steps of the utility using four sggments:'

| [drivel:[ID]lunit system].[tractor type]

Two types of object files were generated in the
destination drive. Object files in English units were
created usipg a unit cbnvgrsion'algorithm.,The object file
unit. system formed the second half of the object file name.
The tractor type was reqguested in order to.form the ’
éxtension of the object file. Tractor type'and.unit system'
degignatéd a distinct database class and subclass,
respectively.\ | »

‘ The first half of the random access tractor data file
rame represented the file ID (NTTR humbervbr equivalent). . .
The first half of the directory file name was ORD ané this'.
f gfiLe‘was ?;eatéd’auﬁomatically with ﬁhe same drive, unit’ N

JSY;tem:anﬁléxtehsién SpecifiCatﬁdhsvés.thé individual object
- tfactor'fi;es.thén opening a databése'a sea£ch was

K



~with the program's-internal pattern.
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performed for a directory file.

Due to the limitations in the source file format, the
flles FWAFWD S1U, FWA4WD SIU and 4WD SIU were recommended
far use. ,These files were source libraries andlmere
avallablq for ed1t1ng The user could insert new. records

using a word processor with the only limitation ¢of format

compatlblllty. It is hlghly recommended to 1msert the new

. Yecords in the appropriate existing source files instead of

; ' s

. creat 1ng new ones.

Interruptlng the process by pressxng ESC caused all

open files to be closed to avoid lossxof flles Two

\

11m1tatlons were that the source £11e shoUT“\be an ASCII°

. file an8l’ ‘that the source file format should be,eompatlble

© 7.5.9.2. Tire library utility

\ «

\

4
The t1re library utility fac111tated\seQuenbr5f\fb /.
random access tire file conversion, t1re flle 1nsbe€‘)en
and updating of the USER tire flles. N
Durlng format conversion two random acgcess object tlles

" were created Only the source fllename and ‘the destination .

dr1ve were requested The default dr1ve for all three files

was A The default for object and dlrectory £1lenames, was

°

the source f1lename. The default extension for the source

e

4, ASCII: American Standard Code for Information interchAngé

~

~
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tire-file was DAT, for the object tire file was RND and for

‘the. directory file was DIR. One of the source libraries

——,

< ~

GOODYEAR.DAT, GOODRICH.‘DAT. and USE}-‘R.DAT Should be used as a
source file, since the main progrem has built-in the list of
the acceptable tire data fileSi The source libraries can be
modified using a word;processor. A useful fearure was the
record counrer at &he\beginning of the directory helping the
retrieval, search, display‘and updating‘of the tire files.
The directory provided informetionoabout the record number,
tire size, tire ply rating and tire type. The tire data file
providedlinformation about rated inflation pressure, rated:
load, static loaded radius, overall_diamerer and tire
X;Section.width. Two limitations were that the source file
should be an ASCIT file and that the source file format
should be compatible with the program's internal pattern.
The inspection of the tire data files was also
possible. The powerdof this utility became obvious when an
error message concerning available tire information was !
'diéplayed during*tractor data processingr During file read ‘
the rire records were read bidirectionally using the keypad
keys. The counter located at the. Beginning of the directory
file and the 1nternal record counter prov1ded ‘information -
about the "where 'w1th respect to the boundarlesr Wraparound
at both file boundarles was 1mplemented Durlng record
search1ng the t1re size and the ply ratlng were requested
If the ply ratlng was not: spec1f1ed the f1rst occurrence of

matchxng t1re s;;es-was displayed If no matchlng t1re sizes

A
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were found an error message was displayed. No interfupt was
1mplemented ‘ y
If the user wished to prov1de new tire 1nformatxon the

flles USER.DIR and USER RND were avallable in the diskette.

'
-

7.5.9.3. File management utility \

p
The file manaéement'utility facilitated four basis
- functions of file handling from within Fhe software.‘Tne
functions were COpy, Rename, Creéée andabeleté\filesl Upon
’selection of a function a window was oﬁened providing a menu
to enter the approprxate information. Immediate program !
1nterrngt was;1mplemented. 1f destructive file operat1on was
to be executednthe uéer would have been quest;oned tO{Verlfy o
the operation; |

5 : ' o

7.5.9.4. User defined brogram

The user definedvprogram optionAprdvided a pointer to
the memory location 90000H, where a user -program can be
loaded.” . ° )

oy

. i 1.6, Conclusions .
% 'In'conclusion, the preéram is usef?friendiy,' '
fac1l1tat1ng on-line help, is fast due to Comp1lat;on and .

Assembly language programmzng and 1s convenxently 1ntegrated
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[od

through a'hierarchical Database Management System.

Among the limitations of the prbgram is the inability
'té handle'mbre than one file at a time and the inability to
perform regression analysis on large numbers, such as RPM.‘
“ -The fact that the program contains three models and is

easy-to—}earn—and-use can make it a good educational aid.
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8. SUMMARY AND CONCLUSIONS

Three in-soil tractor performance predicrion models
were developed and presented. The modéle were>developed
using eff~the—shelf equations, mdéa ied or extended as
required, in order to be complete a d take into account
dynamiegbarameters, such as calcufated weight transfer.

The models were analyzed and compared in terms of
"travel reduction or Sllp, Drawbar Pull, Pull or Dynamlc

Traction Ratio and Tractive Efficiency. Commenting on the

models the following can be stated:

a. The. ASAE D230.4 model was orlglnally des1gned by”?oz
(1972) for 2wWD tractor in-soil performanee predzctlon.
The model can be applied, with caution, to 4WD traetors

o~ | by cohsidering e%pivalent parameters applicable to both
front and rear“;ractien éevicesb The model gave poor
results with FWA tractors. ' - .

b. The OECD model was originally aesigned as»an | .

all tractor staklc -‘analysis method using emp1rrcp¥

%
equatlons as a functaon of the Mobility Number.: fﬁe sV

Jilcatlon of the original model by the authorjg v %?3'7
'through the 1ntroduct10n of the calculated we1ght ';:

‘transfer was ‘not successful 'The reasons for model
inbalance were rela;ed;to~the 1nvaf1d1ty of the

empirical .equations under non-static conditibéns.

195 -
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'c. The HELLAS model was built around the Wismer and Luth
, (1974) equation for Pull R;tio calculation. The model
was designed for all-tractor in-soil dynamic
performance analysis. The fact that the Wismer‘and'Lutha
equatlon is a functlon of the soil Cone Index and-also:
applies to a traction device makes the model suitable
for all-tractor analysis with no limitations.
?or the calculation of the moments around the rear rR

. %
axle, the static tire radius was replaced by the tire

affective arm, which in the literature can be found as tire
rolling radius. The 1mportance of the substitution of the
statlc tire radius w1th the tire effective arm in the
calculations is shown1in the equation giving Torgue Ratio,
presented by Wismer and Luth. The~implementation.of’the '
model was made péssible.using'tire load-deflection curvas;
‘supplied by.fhe'tire coﬁpanies." b
The integrated software presented in this study was
‘developed with'the‘perspective of portability, universality,
user friendliness and integration. The integfatad software
was developed to accommodate three in-soil tracfof
performanée,prediction models using a desktop microcamputer,

"A menﬁfariven hierapahica;‘DBMs was daveloped.around
EheAmgdals for the needs of. .the software; ;h 1ntroduct1on
-of random access files and difectoriescth(:eqably enhanced
appl1cat1on power. The tractor analy51s a1med in data

'preparatxon con51sted of the calculatzon of the tractor :
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o

characceristics on the driving axle, in'order to ‘establish
the tractor as a "black box". The tractor analy51s algorithm
was reliable. The predxctlon models were developed using
off-the-shelf equations.

| The hardware capabllltles of the IBM PC in terms of
numerlcal and graphlcs processing were limited. The -
statistical analy51s, even though double prec1s1on numbers
were used, was not as accurate as it would be in a large
computer. However, for the purpose of ;he applxcatlcn the
accuracy of the results was adeguate. The'graphical
representation of variegs tractor performance relationships,
either using“hi§h¢8r low resolution screen, gave an
advantage co.the application. - s

Program intéération made possible the shariﬁg of
information among the varidus routines of the-program. The
sucdessful°handling of information was based on the
capability of the‘program to access individual fields and
records of the randdh‘access tractor'database files for read
and vrite operations.

Uaer friehdlihess was promoted identifying eachﬁstage
in the tree-structure of'éhe DBMS through unified‘menuS'ahd
easy qptidh seiettion implemented on meaningfdl keys.-&nv
addition, the on—iihe-helpawas a signifiCaﬁ;;feature,'
increasing user friendliness. _§_' ‘

The. comp1lat10n of the program made a number of
features p0551b1e. The two most’ 1mpertant were the
capability of the program to exceed the logzcal 11m1t of the, :

+

| / : f;.7
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64 K imposed by the BASIC Interpreter and the improvement of

A=

the execution speed up}to twentyﬂtimes. Assembly lgnguagi
prbgramming conéiderably-enhanced the scope of the
integrated software. ' -

The ovégall performance of the software remains to be
evaluated by the user.‘If an in:g%il tractor performance
prediction model is to be selected f6r'further software
development,”the HELLAS model which was based on the Wismer

and Luth equation, should be selected.



9. RECOMMENDATIONS FOR FURTHER WORK

9.1. Antroduction - ' | ?mf

L= . :
The reqommenédtibns for further work_fall into the
foilowing“three categories: :
a. 'prqgrammingrtechniques;
.b, . program scope; | ; .

® -
c. experimental verificatilon of the models. ,

—

2,2. Programming techniques
| | /
In order to increase program power ehe following
feathres'éhou;d'be implemenfed: g
a. ,Allbqa;iOn’of anhappropriate s;ze bu?&er ig~th$‘
memory to facilitanVSimultaneous dieplay,of mere
ﬁhan one tractor file at a-time. |
,-CombinatiOn of the eXieting-menue with the COncepte
of'tne\W*naewV tak1ng advantage of the Mouse '

capab111t1es. The purpose of this mod1f1catlon 1s

to enhance user f;lendl;ness,h

9.3. Ptograﬁ sc§pe,
In order to broaden ‘the scepe of the software the'
followzng features should be - 1ncorporated. |
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a. Introduct1on df fuel cdhsumptlon information from

g ¥ Coen . t\

% the Nebr&ska Tractoc Test reporv

. . .
N ° ¢ & ¢

. L :
»bs ,Introductlon Qf’ 1mplement information. The
' L “ .. ° - s : .

. N v . & ‘. B . ': .
informatien can be used by the,imodels for in-soil
. - e, . ' . 3, " .
tractor performénce gredlctlo#-u51ng a particular
, S -
. ? ‘.. 8 , . : .
1mplement, field capacatY'calcuiatlon or tractor-

1mplement matchzng optlmlz?tlon“

< c. Intquuctlon of an algorlthm s1mulat1ng field
' operation (t1me11ness, yield, etc.) when 1mplement

“and field'gettérn”informatfon are provided.

.
» . ¢ - : -

- 9.4. Modegrexéerimeﬁtal verification

* o
a

- i,

o

. K . . . ' f a o
’

The 1n 5011 tractor performance pqulct;og models wvere

develope@' §1ng off the shelf relationships.

Two argas requirlng ‘further research Fre the proper
calculation of thejtlre effectlvevarm during in-soil tractor
opération~and‘the development of an equation to relate

rolllng re51stance coeff1c1ent»w1th tire size and soil

P
» !

stfength : “' : N f ‘ .'aﬁp

Experlmental in- soil model ver1f1catloﬁﬁcs essentlal
and’can be obta1ned-us1ng an .on-tractor 51ngle-board
'mxcrocomputer connected to a number of transducers 1nstalled

‘&
in appropr1ate locatxons of the tractor.

v
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A

Two key factorsrthat reguire further development are
soil strength and bearing capacity. The soil, Cone
Penetrometer is currently the most convenient way to obtain

in situ evaluation of the soil strength, in order to use

_this information in a trafficability analysis. However, Cone

o .

Index measurements with the soil Cone Penetrometer .

constitute a weak lihk of the in-field tractor performance

[ 4

prediction analysis and for that reason require further

_standardization of the 'sampling methods and better

interpretation of .the results. N
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ASAE

ASAE
ASAE
ASAE

ASAE

ASAE
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Table A.1

Standards, Data and Engineering Practices

$203.10~

$205.2

$207.10
$209.5
$219.2

$220.4

D230.4

EP291.1

(ASAE Standards 1984)

(SAE J1170), Rear Power Take-Off for
Agricultural Tractors. (rel.; ANSI/ ASAE

$331.3) ‘o

(SAE J722), Power Take;@ff (PTO) Definitions
and Terminology for Agrxcultural Tractors.

(rel.: ASAE S333.1)

(SAE J721), Operating Requirements for

Tractors and Power Take-Off Driven Implements.

(565,3708), Agricultural Tractor Test Code.

£.: Table A.4)

(SAE J712a), Agricultural Tractor and

Equipment Disc Wheels. (rel.: ASAE S218.2)

(SAE J711c), Tire Selection Tables for
Agricuitu:al Machines‘df Future Design. (rel{:
TRA “1984 Yearbook) | |
Agricultural Machinery Management Data (This
ASAE Data source waé the guideline for one of

the computer models) ' .

Tetm1nok§g§ and Def1n1t1ons for 5011 Tlllage '

and Sozl Tool Relat:onsh1ps.

——



ASAE

ASAE

ASAE
ASAE

ASAE

ASAE

$295.2

$296.2

$346. 1

$390.1

'EP391.1

S414

225

Table A.1 (Cont'd)

-

(SAE J709d)/ Aéricultﬁrél Tractor Tire
Loadings, Torgue Factors and Inflation
Pressures.

Uniform Terminology for Traction of
Agricultural Tractors, Self Propelled
Iﬁplements and Other Traction and Transport
Devices. |

(SAE J884) Liq&{? Ballast Table fof Drive
Tires of Agricultural Machines.

(éAE J1150) Classifications and Definitions of
Agricultural Equipment. .

Agricultural Machinery Management.
Termiholdgy»and Definitions forvAgricultural

Tiliage Implements. (rel.: ASAE $338.1)
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Table A.Z'
Agriculg u%gl Tractor Test Code (ASAE 5209 5)
W ““QASAE Standards 1984)
\ \ z{ .
Test Conditions o '
Detailed Descriptiongof Test Procedure
B.1 Preparation of tractor for performance runs.
B.2 Mechanical bower outlet performance
B.Z.ﬁ Maximuﬁ power¥fuel‘consumption
B.2.2 Varying power-fuel consumption
B.2.3 Power at standard Power Take-Off speed
B.3 ‘Drawbar performance }\\ \\
B.3.1 Maximum drawbar performance//
B.3.2 Varying drawbar poﬁer fuel éonsumptlon
| 1ncludlng sound levéi at op%;ator stat;on

B.3.3 Drawbar pull versus tfavel speFd

"B.3.4 Exterior sound level \\ \ \

C.

D.

F.

Finél Inspection

Calculations and Formulas

Definition of Terms

Uniform;Method of'Publishing/Resulté.

’

Ve



227

Table A.3

3 -

Approved Procedure for Round1ng Data

_(The Tire and Rim Assocgatlon Inc.; Yearbook 19§4)

A A
: .fi?',‘”? %

Measurement Customary SI .7 Cdnversion Accuracy

_unit unit ___factor
Dimensions 1nch (1n) millimeter mm=25.4#%1n - nearest
Distance mile (mi) kilometer km=1,609#+mi nearest

o o - {(km) - km
Load ‘ pound {(1b) kilogram kg=0.4536*1b nearest
, (kg) : : kg
Inflation Pounds per kilopascal  kPa=6.895*psi nearest
Pressure = squareé in. (kPa) kPa
- (psi) © .

Speed : miles per kilometers km/h=1.609*mph nearest
' . ‘hour (mph) per hour . km/h

: ~ (km/h) R
Torque inch4p?und Newton.meter N.m=,113*in-1lb nearest
- - (in-1b)

B

¥, Applicable in tire

*e

-

Vehicles:

(N.m) - ..+ N.m

W

dimensions.

-~

\ Table A4

) - /

'& Index of Agr1cultura1 Sectlon

(The Tire an@ Rim Assoc1at1on,1nc., Yearbdbk d984f

o

' Tire Type .

1. Agricultural
.~ Tractors Used
- inp Field;Se:vice

v~

f2 Agracultural
-Implements ’

‘3 Log Sk1dders

N —

1.3.

. Steering Wheel

-Diagonal (Bias). bly Drxve Wheels

1.2.1. S1ngles_ ,
1.2.2, Duals = '« . 7
Radial Ply'Drive Wheels

“(S1ngles and Duals)

Al el

'All

>
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- Tgble A.5
Tire Coding Ngmenclature

(The Tire and Rim Association Inc., Yearbook 1984)

Code Number ‘ ‘ . Tire Type

b F-1. | Agricultural Single Rib Tread
g F-2 ' Agricﬁltu;al Dual or Triple Rib Tread
F-3 : Industrial Multiple Rib Tread
7 R-q Drive Wheel Regylar Tread
R-2 Cane and Rice Drive Wheel; Deep Tread
© R-3 Drive Wheel, Shallow Tread
R;4 Ipdus;rial Tractor, Drive Wheel, ‘

Ihgermediatg.Tread

I-1 Rib Tread.
’ ~
CI-20 Moderate Traction
. I-3 Traction Tread - . .

Plow Tail Wheels

Smooth Tread

F}fFront-tifes ' ' e G
R: Drive .wheel, usually féa; tires

»

1: Implement tires S .

¢
-
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Table A.6

\

Unified Soil Classification System (USCS)

(Holtz and Kovacs, 1981)

L
Hajor Divisions sg;:,;;s Tgpjca] Names
‘o well-greded gravels,grbvel sand mixtures,
. § y GW Title or no Maes. -
0 tg a oo, Poorly graded gravels, gravel sand
v £ e s | @GP mixtures, 1itle or no fines.
o« — > 8c =
o 2 =2 [ Sn{i‘,
P gravels, gravel sand mixtures
g Sy | 22 |G i
o £ I - : :
Q = Clayey gravels, gravel-send-cl
5l e £ yey gravels, gravel-send-clay
£ 8 ST |GC| mixtures. ‘
- © 4 z ‘ w
Q‘S b . ‘ SW well-greded sands, gravelly sands,
n £ g L .+ little or no fines.
o5 wid | @€ -
¢ S ns S oa Poorly~graded sends, gravelly sands,
g ® Vs S| 1ttie or no fines. -
o L £
Q- -
S nwiy & Silty sands, sand-silt mixtures.
f I n & Sm .
. £ °or
o c b= -
. b § S@ Clayey sends, sand-clay mixtures.
; .
° . Inorganic silts and very fine sands, rock
n
n %‘ w Bﬂ]L flour, silty or cleyey fine sands or cleyey
"R = ~ silts with slight plasticity.
o7 : ,
: £ o 5 Inorganic clays of low to medium -
L Y g = @Eﬂ plesticity, gravelly clays, sandy
‘D ‘0 E : cleys,silty clays, lean cleys.
N £ = 3
:‘ - T Orgenic silts and organic stity clays
o 3 © = ©IL,| of low plasticity..
c 'g ' ' ,
S .‘: o ' . Inorgantc silts,micaceous or
GRS >~ § m ~ diatomaceous fine sandy or
© < R = N silty soils, elestic silts.
. K- (@] o] .
c .:] N
z,yf45"//’ o 3 Inorganic clays of high plasticity,
A € s CH fat clays. - : :
= n E : - ' -
' E ;;.’ : Orgenic clays of medium to high
©w g O)L! plesticity, orgenic siits. -
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System Unit:

System board:

Display:

Kezboaré:

" major groupS:

. 231

Table B. 1

IBM PC Hardware Design

sténd—alone, tabletop unit, containing the
power sppply, the speaker, the disk drive(s)
and the system board. -

The Intel 8088 microprocessor.

The 8087 Math Coprocessor (optionali.

ROM in 48 Kbytes of memory.

A maximum of 256 K on board RAM.

An B284A Clock Generator.

An B259A Interrupt Controller,

An 8255A-5 Programmable Peripheral Interface.
An 8253-5 Programmable Interval Timer.

An 8237A-5 Direct Memory Access Controller.

Supporting Integrated Circuits (IC).

Monochrome Display with Monochrome Display and

. Pfinter Adapier or Color Display with Color/

Graphics Monitor_Adapter.

The keyboard has 83 keys, arranged in three )
left side ¢ 10 programmable function keys;
center : 58 keys in a typewritef layout;

righg)side : 15-key keypad.
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Table B.1 (Cont'd)

Printer: | 80 CPS IBM dot matrix printer (optional). The
printers are either Matrix Printers or
Graphics Prinfersm Matrix Printers cannot
support graphics printout.

Disk drives: One or two 5'/,", siqgle or double sided disk

i

drives.

L

Note: The above information is an extract of selected topics

f;om the IBM PC Technical Reference and the book of

Rector and Alexy (1980) describing the Intel 8086/8088

family of microcomputers. -



HELLAS Integrated Software Subroutine Map

Table B.2

233

0
Addresé Title Comments

10 Initialization Trapping of errors

300 Main program

470 Main Menu

620‘ Create new“file

840 ‘Subroutine 1 Put general information in

tirefile -
1050 Subroutine 2 Find tire siée, calculate
. parameters, put tire info into
tractor file
1270 Tractor analysis .
2190 General erpose Handling of inputs aé sﬁrings
editor | |

1430 Sﬁbrou;ine 3 Put pa:améteré into file
'1550 ' Check database .

1690 Subfohtine 4 »No-File mehu‘~ '

1810 Subtoutine 5 “Entries of'No-File.Menu

1850 Subrouting 6 Display standard format
. 1910 Subrbutine'7 ' FIELD”statements '

195é:*‘ Subroutine 8 Reset tractor performance

o arrays'k |
2250 Subroutine 9 Assigh sténda:6 fopmét fields
‘ into variables | r
2420 Edit old file | |

)

—



Table B.2 (Cont'd)

Address Title Comments

2680 Edit entry !

2900 Subroutine 10 ' Standard format entrie’s
2950 Tractor file fields

3080 Tire file fields

3120 Subroutine 11 - j Céntrol flow of file read
Supervisor control offset
;180 Subroutine 11/A Tractor general information
3280 Subroutine 11/3 PUT first set of parameteré
3330 Subroutine 11/C PUT secondlset of parameters
3420 Subroutine 11/D PUT third set of parameters
3460 Subroutine 11/é PUT regression parameters
‘3500 'Subroutine 11/F PUT regression parameters
.3540 Subroutine 12 - Control flow of file read
Supervisor .

3600. ';Subr0utinev12/A " fTractor general information
3720 Spbroutine 12/B ‘ GET‘first set of parameters
3770 Subroutine 12/C . - GET seéond set»oquarameters
3800 Subroutine f2/D Jt GET third sét of pérameters
3830 Sbbroutfee 12/E '  -'GET‘regression parameters
»3860 Subroutiﬁé,13 - Qon;fol flow of wriféﬂscreen

Supervisor - —_
' 3970 ~ Subroutine 13/A. Write .page zefo ‘ )
4040 ? Subroutine 13/B Write page one
‘4070  ‘Subfoutine 13/C Writefpége two:

\

iiQJOQ Subroutine 13/D’ Write page three

A

f
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Table B.2 (Cont'd)

-Address Title ' Commenfz
4160 Printout file
4390 ‘Subroutine 14/A Print tractor information
4460 Subroutine 14/B . Print tractor performance
information
4660 Simulation routine
4760 Select model, éoil & implement
4940 + Model 1 ASAE D2§0.4
5390 Model 2 OECD
5640 Model 3 | HELLAS
5890 Rolling Resistance coefficient v
6010 - Release éimulationroutput
6130 ‘Update directory
6240 General purpose editor
- 6360 Option selection menu |
.6650 Communication péckager(not implemented)-
%6680 Statistical anaiYsis
6830 . Load.values . Yy
7070 Simple regresionAanaiysis\\
. 7190 Multipie.regressidn analysié
| 7450 . Matrix division | |
7500 ‘vaatrig_iﬁvetéion |
7700  Subroutine 14 . Calculate p;gaictéd{éaiues
7820 V/G_ra;pllxiics o | o
8000 Célor;graphics / High resolution
~ Axes labels | |

8030



Table B.2 (Coht'd)

236

Address T%tle Comments
8070 Monochrome graphics / ASCH]

8210 Service routines = Group 2

9630 Utilities’ ‘

9820 Tractor library utility

10340 Tire library utility

11120 File manager

11450 Cheék filename syntax

11510 Error handling
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Table B.3

Standard Format for Tractor Design Parameters

- Field . Type of parameter

Job nqmberl \ integer
Number of observations - : _ 1integer
Tractor full name - ) alphanumeric
Rated engine power | real
Test location . ' . alphanumeric
Test number ' , alphanumeric
Date(s) of test alphanumeric
Tést track strface alphanumeric ‘
Front (Inner) tire size | “alphanumeric
Front (Inner) tire ply rating integer
Front (Inner) tire pressure 'v ’ vinteger
Number of front (Inner) tires : integer
Rear (Outer) tire size T alphanumeric
Rear (O@tef) tire ply rating - integer -
Rear (Oufer) tire presSu:e ‘ | integer _ {
Npﬁber of rear (Outer) tires ' integer
Front Static weight‘ - g_ "real
Total tractor weight , 2 real -

, . . )
Drawbar height :ﬁ ‘ real
Wheelbase  ¥ - Vx - feala

Rated engine RPM 4 o .intégert



—ga

Page one:

Page two:

includes the basic menu of tractor design

specifications plus information about:

v\ \

!

Display Tractor File Information.

rear static weight
)

front tire rolling radius
rear tire rolling radius

total rolling resistance coefficient

Table B.4

238

. , : . ¢
distance of center of gravity from rear axle

front'ti}e loading
Eear tire loading
gear Setting
engine RPM
Thrust

tire effective arm
Dra&bar Power

PTO Power

Axle input‘Power

Drawbar Pull



-

' Page three:

Page four:

239

¢

Table B.4 (Cont'd)

gear settimy

ground speed

theoretical §péed

glip

travel ;atio

dynamic front weight (axle)
dynamic rear weight (axle):
cglculated weight transfer
g;ar setting |
axle input torque

Dynamic Traction Ratio (DTR)
Gross Traction Ratio (GTR)
Force Efficiency

Power cqefficient
Tractive“Efficiehéy

total motion resistance
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Table B.5

List of Variables for Program Equations Y,

DFRONT : Front tire size

" SFWT

DREAR : Rear tire size
IFPLY - : Front tire ply rating
1PF : Front tire iﬁfl&tion pressure at rated load
IPR : Rear tire inflétion'pressure,at rafed load
IRPLY : ﬁear tire ply rating )
IRPM : Engine épeed .
LDF : Fronf tire rated ioad
LDR E RearvtireArated load ‘
NGR : Gear selection
NUMF : Number of f;ont'tires
 NUMR : Nuﬁber of rear tires
PF : Front tire inflation pressure -
PLDF : Percent ibading oﬁzfront.tires
PLDR : Percent-loading of.reér tires
" PR " Reér.ti}e.inflation pf%ssu:e
'PRMTR :'Pafaﬁéte: (ct) |
PTOPWR : PTO Power
“RULL : Drawbar Puli
_PWﬁEFF : Power céeffiéiéntT i
BRCF : Métigh résis;aﬁcé'éeifﬁiéientlof.frodt‘tifés
RRCR’ ;'MOtiqﬁ-;eS@#féncefCoef?%qientgqffreé#itifeﬁ
' ngTQTE1: T;a¢tof_;o;al mdtioh resistance*» . N
' ‘%rStatiplfrontzweighﬁ o |



SLIP
SRWT
STOWT *

TAXPWR

TCGDST

TCWTR
TDBH
TDBPWR
TDF
TDFWT
TDR
TDRWT
 TDTR
TEA
TFCEFF

TGTR

THRUST

TORQUE

TREFF

. TRF.
‘TRR |

TRRT
,‘vf

VA

WHLBS

2] .e . o .

.o [ L) . ee | ea Y] oo .e . ae . s . .. .e Y3

,Tractor wheelbase
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Table B.5 (Cont'd)

Wheel slip or travel reduction
Static- rear weight

Total ttactor weight

Axle input‘power .

Tractor static cehter of'gravity
Tractor calculated weight transfer

Tractor drawbar height’

Drawbar Power

Front tire overall diameter

‘Tractor dynamic front weight

Rear tire overall diameter

Tractor dynamic rear Weight
Dynamic Traction or Pull Ratxo ;
Tire effectlve arm (roll1ng radlus)
Force Efflclency

Gross Traction or Torque Ratlo'

‘Gross Thrust

.Axle_(wheel) input»Torque " S

Tractive Efficiency
Front tire loaded radius .

Reaf'tire loaded radius

fTravel Rat1o

Theoret1cal (zero sl1p) tractor velocxty;\

Actual (ground) tractor veloc1ty



‘Table B.6
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Equations for the ASAE D230.4 Prediction Model

Legend:

Soil

i Firm (F),

Soft (S)

.Implement‘:-Integral‘(IIf, Semi-mounted (SI), Towed (TI)

Quadrant 1

YCOO
Y00
Y500
Y100
Y800

Yq00

t
=-0,02010 + X*0.1111

=-0.,01700 + X=*0. 1381

=-0.01660 + X*0.1645

=-0.00150 + Xx0.1897

=-0.02520 + X%0.2192

==0.02617 + X*0.2467

Y‘°°0=-0¢01600 +.X*0. 2737

Y¥1100=-0.04000 + X*0.3030

¥1300=-0.05840-+ X%0,3300

Y1300==0.03170 + 'X%0.3515

¥,400°-0.04920 + X%0.3803 -

 Yyg00=-0.06180 + K=0.4356

Y1000=-0.03100 + X%0.5165

Y34002-0. 14410 + £20.6346

~

.qu}



Quadrant?

F/II1: Y=1/(-0.0273+0.0770%2#X)

F/SI:
F/TI:
T/II;
T/S1:
T/TI:
S/11:
S/S1:

S/TI:

Quadrant 3

Pull Ratio

F/I1: Y=-0.03845
F/SI: ¥Y=-0.02850
F/TI: Y=-0.02690,

JT/I1:
T/SI:
T/TI:

S/11:

S/SI1: ¥=-0.06950

S/TI:

Tréétive Effitiency

F/
T/

¥=117.3558
¥=120.4186

¥Y=134.5241

Y2-0.02613
¥=-0.02124
¥=-0.02260

=-0.07320

¥=-0.07150

+

+

L4

Table B.6 (Cont'd)

¥=25.17217+x" 1-5084
¥=1/(-0.06178+0.08248+X)
v=27.767+x" 1.6026
Y=1/(-0.06178+0.08248%X)

Y=44.84557xx 1-92993

X%86.79160 + X?*23.3799

X%x84.21870 + X%%21.3694

X%x93.02687 + X%x23.1864

Xx0.06798
X%0.06730
X*0.05979
X#0,05170
X%0.04820
X%0.04590
X%0.03827

Xx0,03496 .

X%0.03277

%

[ 4
X?%0.001290
X%%0.,001940
X?%0.001700

;x2*0.001297

X2%0,001275
X?£0.001360
X2%0.001240
X7%0.001100
X%%0.001000

¥=0.39930 + X#0.08280 - X2%0.00520 + -

Y=0.28685 + X%0.06498 - X?%0.00356 + X’#0.0000055

ot

®

X3%2,1465

X3%x1.8515

X’%1,9700

X’+x9,20E-06

X7%0.000024

X3%1,90E-05
X3%0.000015
X3x0.000014

A

X%$0.000017

X%%0,000015 .

X’%0.,000013

X3%1,14E-05

X3%0.0000900
-y

S/ : Y=0-20415 + X#0.05000 - X?#0.00230 + X%+.00002900

243
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Table B.7
Equations Involved in the Calculation of
~ the Motion Resistance Coefficient

(Inns and‘Kiléour, 1974)

Concrete:

Pasture: _
¥20.09580 - 9.10E-05+X + &.50E-084X?
Cuitivated and settled loam:’
¥=0.23327 - 1.30E-04%X + 2.40E-09xX’
Freshly cultivatedlloam: |

¥=0.59835 - 7.65E-04%X'+ 2.00E-07%X% - 1.00E-10*X> -

Corredtioﬁ of»mqtion resistance coefficient for tire
inflation pressure coméargd to 100 kPé; e |

Yy = 0.005770 + 0.87526*X

Y,p0= 0.000288 + 1.02078#X

¥,50=-0.008700 + 1.21117#X

Y300=-0.015230 + 1.434894X
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APPENDIX C
TRACTOR DATA SHEET AND

SAMPLE OUTPUTS
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Abreviations

L]

-

2M : Two-Wheel Drive Tractor
" FWA : Front Wheel Assist Tractor

Four-Wheel Drive Tractor

4WD :

TR : Travel Reducfién or Slip

DBPL : Drawba;_Pull

PR : Pull or Dynam?é Traction Ratio '

" TE - : Tractive Efficiency

S, : Firm soil '
S, : Tilled soil
S, : Soft soil R

{

Iﬁtegral implement

-t
-
.o

-
nN
L1d

Semi-mounted implement

—
w
..

- Towed impleméht,
\' 'L |

The models are rep:eéénted in the histogramé as

ollows:
W2z . mseE p230.4

~ HELLARS




omgoub'p g

SFWT
1651

DBH

0.335

ENG RPM

2392
2201
2200
2200
8200
2202
2199
2198
. 2200
2198

6ND SPEED TH SPEED

4.010
4.840 -
3.000°
6.340
6.820
8.000
8.930
.10.420
1R.4630
16.010

TORQUE

39.900
*39.639
38.773
© 31.017
30.729 -
26.3530
83.901"

4 21.8%3 .

17.911
14.230

Table C.1. Data Sheet for the FORD TW-20 2WD Tractor.

TRACTOR
TEST LOCATION
TEST NUMBER
TEST DATE
RELEASE DATE
HMETHOD
BURFACE

+ TYPE OF HITCH.
TIRES: FRONT

’ REAR

KW @ 2200 RPM

SRWT STOWT
61642 7793
WHLBS CGDIST
2.783 0.590
TR EF ARM THRUST
0.610 65.411
0.610 64,951
0.611 63.431
0.620 50.041
0.620 49.551
0.625 42.471
0.627 38.091
0.630 33.721
0.634 28.261
0.638 22.3%2
SLIP
4.714 14.940
5.463 11.410
5.565 . 10.150
7.016 6.500
7.294 6.%500
8.429 5.090
9.365 4,640 -
£ 10.839 3.870 .
13.043 3.170 -
16.387 2.goo
DTR 6TR
0.864 0.897
0.839 0.892
0.B44 0.873
0.681 0.715
0.474 - 0.709
0.584 0.620
L 0.527 - 0.5:3
0.46B 0.505
0.393 |, 0.430
0.346

-0.308 |

-

FORD TW~2G DIESEL ,
NEBRASKA /

1300
28703-10/04/79
03~-12-1986
NEBRASKA
CONCRETE
TOWED
11.00X16 : &6 : 220 : 2
18.40x38 8 110 : &
101.11
RATED RPM FRR 'RRR
2200 0.447 0.782
PLDF (%) PLDR (%) MT RES CF
. 70.744 0.064

72.424

-4

'

DB POWER PTO POWER AXLE POWER

70.100 89.224 85.657
83.990 102.676 98.569
84.740 102.136 98.050
B86.710: 101.588 97.525
89.190 104.581 .100.397
88.970 103.585-" -  99.442
88.440 103.213 | 99,085
90.500 105.764 101.53%
90.580 106.663 102.7396
. B88.540 105.981 101.742
TRV. RAT DFWT | DRWT
0.851 3463.261 7429.739 1t
0.886 | 372.242 7420.7%8 1
0.899 401.919 7391.081 1
0.935 663.350 ° 7129.6%0 .
0.93S 672.917 7120.084
0.949- 811.148 ~6981.832
©0.954 . B8946.4645  6896.335
0.961 - 981.986 6811.014
0.968B 1088.%89  4704.411
0.977 1203.978  6589.023
FRC EFF PWR COEFF  TREFFY
0.943 0.735 0.818
- 0.962. ‘0.761 0.852
0.962 |, 0.756 0.8b64
0.951 0.636 0.889,
0.951 0.631 0.888
0.943 0.555  + 0.B95S
0.936 0.503 © - 0.893
0.928 0.450 0.891
0.914 0.380 0.88%
0.891 ’ 0.870

0.301

‘

, -

248

PULL

62.970
62.510
&0.990
47.600
47.110
40.030
35.650
31,280,
25.820
19.910

CALWTR

287.739
278.758
249.081

. 987.6%0

978.084

. 839.851
. 754..335"
669.014 " .

Sé2.411
447.022

' RRTOTL

2.041
2.441
C2.441
2.4061
2.441
2.441
2.641
2.441.
S 2.441
2.442



10
11
12

14

GR

10
11
12
13
14

10
11
12
13
14

Table C.2. Data Sheet for the KUBOTA M5500 FWA Tractor.

.

TRACTOR
TEST LOCATION
TEST NUMBER
TEST DATE
RELEASE DATE
METHOD
SURFACE
TYPE OF HITCH
TIRES: FRONT
" REAR
KW @ 2400 RPM

1

SFWT SRWT STOWT
1433 2518 3951
\ :
DBH WHLBS CGDIST
0.495 2.055 0.745"
ENG RPM- TR EF ARM THRUST
2469 0.603 29.066
2400 0.604 27.267
26402 - . 0.610 19.971
2400 0.613 15.323
2401 0.615 12.48%
6ND SPEED TH SPEED SLIP
3.980 4.678 14.920
4.520 S.181 12.760
6.470 7.075 8.550
8.870 9.465 6.290
10. 940 . 11.512 4.970
TORQUE DTR GTR
17,520 0.881 0.915
16.472. 0.835 0.870
12.173 0.438 0.675
9,393, 0.500 0.%38
7.679°

0.430 " 0.450

KUBOTA M3300 DT

NEBRASKA
1369

04/10-16/10/1980
03-12-1986

Q

’

249

NEBRASKA
CONCRETE
TOWED .
9.50Xx24 : 6 1140 1 2
16.90X28 1 & 3 1283 1 2
40.26 '
RATED RPM 'FRR RRR
2400 0.478 0.645
PLDF (%) PLDR (X) MT RES CF
112.582 68.387 0.038
DB POWER PTO POWER AXLE POWER - PULL
30.910  39.343 37.769 27.970
32.870 - 40.878 39.242 26.170
33.930 40.883 "39.248 18.870
3%.020 41.968 40.289 14.2280
34.380 41.387 39.924 11.380
TRV RAT DFWT DRWT CALWTR
1 0.851 713,377 3237.623  719.423
0.872 757,473  3193.527 679.%27
0.915 934,304  3016.696  496.696 -
0.937 1050.217 2900.783 382,783
.0.950  1119.788 2831.212  313.212
FRC EFF PWR COEFF  TREFFY RRTOTL
0.962 © 0.749. 0.818 1.096
0.860 . 0.729 0.638 1.097
0.945 0.584 . 0.863 1.101
0.928 0:668 0.869 1.103
0.912 0.389 0.866 1.103
A
3

5



*

g

coNourwn B YDNOCUTWM

-06~401?&10m g

\\\\ :
1
Q/.
TRACTOR . CASE 4890 DIESEL
TEST LOCATION NEBRASKA
TEST NUMBER 1330
TEST DATE 22/10-29/10/1979
RELEASE DATE 03-12-1986
METHOD NEBRASKA /
SURFACE CONCRETE /
TYPE OF HITCH TOWED / .
TIRES: INNER 20.80X34 : B : 110 : &
OUTER 20.80X3%4 : B : 110 : &
KW @ 2200 RPM 188.97
SFWT SRAWT STOWT RATED RPM FRR RAR
s2s80 , 7630 12910 2200 © 0.800 0.800
. DBH WHLBS CGDIST PLDF (%) PLDR (%) MT RES CF
0.455 2.794 1.143 51.247 ' 74.056 0.115
)
ENG RPH TR EF ARM THRUST DB POWER PTO POWER AXLE POWER PULL
2299 0.682 129.760 141.660 183.034 87.856 122.890
2199 ' 0.682 126.087 150.860 - 191.378 91.862 119.210
2199 0.682 114.272 159.120 193.158 92.716 107.370
2200 0.682 96.045 166.020 198.279 95.174 91.110
2200 0.682 91,949 165.890 198.008 95.044 84 . 600
2200 0.682 78.736 166.450 199,154 95.5%4 71.7680
. 2201 0.682 69.904 167.640 201.6:0 96.776 52.910
2200 0.682 86.701 166.940 204 .344 98.085 49.680
GND SPEED TH SPEED SLIP TRV RAT - DFWT DRWT CALWTR
" 4.1%0 %.875 14.870 0.851 30%59.816  98%0.184 2220.18¢4
4.%50 5.246 13.070 0.869 3120.%49  9789.451 2159.451
5.340 5.842 8.590 . 0.914 3315.94B  9594.0%2  1964.051
6.960 6.989 6.140 - 0.939 3%84.293  9325.707 1695.707
7.060 7.473 5.5%0 0.944 3691.731 9218.270 1588.270
8.3%0 - 8.742 4.480 0.955 3903.634 9006.3b66 1376.3867
9.590 9.968 3.790" 0.962 4049.689 ° BB60:.312 1230.312
12.100. 12.453  2.8%0 0.971 42bB,028 . B641.972 1011.972
TORQUE DTR 6TR FRC EFF PWR COEFF  TREFFY RRTOTL
64,216 0.970 1.085 0.947 10.826 0.806 6.870
Y- 7S 0.941 0.996 0.945 0.818 0.821 &6.877
38.939 0.848 o0.902 0.940 - 0.77% 0,858 &.902
33.%10 . 0.719 0.774 0.929 0.675% 0.872 6.935
31.196 . 0.668 . .0.723 ‘0.924 '0.631 0.873- 6.949
26,830, 0.587 -0.622 0.911 - 0.%41 0.871 . 6,976
23.820 , 0,497 0.%532 0.900 0.478_ 0.866 T 6.994°
"19.321 0.392 0.448 0.876 0.381 0.851 7.021
“’ .
P
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vTabie_C;3._Data'Sheet for the C

-

ASE 4890 4WQ Tractor.
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‘Figure C.1.
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- Figure C.4.
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Programmer's note

The BASIC program presented is the High-Level language
paft of the integrated package. In addition to the
High—Levei language source code, niée Aésembly language
ﬁoduies were prdgrammed and Linked to the compiled BASIC
progrém; The nine Assembly language modules are an
integrafed part of the séftware. The proér&m may NOT run
without . the Aséembly lénguage moduies.

Bgth'BKSIC.and Assembly languége source code have been

"submi£ted td the Department of Agricultpral Engineerjﬁg of

the University of Alberta.



