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Li st of Abbreviati ons

Abbreviation Description

AERI Agricultural Engineering Research Institute
ATV All -terrain vehicle

Cl Cone index

Cliv CRRELGs instrumented vehicle
CRREL Cold Regions Research and Engineering Laboratory
DE Drawbar efficiency

DEM Discrete element method

DOE Design of experiment

DP Drawbar pull

DPC Drawbar pull coefficient

DSCP Digital Static Cone Penetrometer

DTS test Dynamic tiresoil test

FEM Finite element method

GA Genetic algorithm

GwC Gravimetric water content

ISC Initial soil compaction

LSA model Loadsinkage analyticanodel

MFTM Magic Formula tire model

SP test Solil properties test

SRTT Standard reference test tire

STS test Static tiresolil test

SUV Sportutility vehicle

SWIFT Short Wavelength Intermediate Frequency Tyre
TMVS Terramechanics, Multibody, and VelaSystems
T-Rig Terramechanics Rig

TRV Traction research vehicle

VWC Volumetric water content

WITS Wireless internal tire sensors



Nomencl atur e

Symbol Description Unit
a Half lengthof theflattened portion ofhetire-soil contact patch [mm]
Ai-1234 Empirica_l model parameters that re_Iate bulk density to
ome volumetric water content and cone index
Ac 2D tire-soil contact patch area
U, i=1, 2,3 4 Coefficients that relate the Magic Formula model parametel
tire normal load, soil cohesion, and soil friction angle.
B Stiffness factoof the MFTM model
Bi Model parameter ache LSA model
b Geometric parameter of tipdate in ©ntact with the soilthe [mm]
width (or smaller dnension) of a rectangular plaiethe radius
of a circular plate
by Tire section width [mm]
bw Wheel width [mm]
Br Geometry parameter that characterizes the plate dimension [mm]
the Terzaghi bearing pacity model
brs Tire-soil contact patch width [mm]
biizo1, 2, 3¢ Coefficients that relate tire normal load to the MFTM model
parameters
bi,i =1, 2, :Empirical model parametedd the multipass effect model
C Shape factoof the MFTM model
c Soil cohesion [kP4
Cn Soil cohesion at thieth pas=f the multipass effect model

Ci,i=01, 2, 3¢

Cii=1234
Cl

DPC
dI’Ut

dwheelsoil

Coefficients that relate tire inflatiqpressure to the MFTM

model parameters

Empirical model parameters that relate bulk density to
gravimetric water content and cone index

Cone index of soil [kPa]

Wheel numeric proposed hyismer and Luth

Cross probability

Tire diameter [mm]
Peak valuef the MFTM model

Model parameters dheLSA model

Amount of mutation for each gene

Tire deflection on a hard surface

Drawbar pull [KN]
Drawbar pull coefficient
Rut depth [mm]

Vertical distance between wheel center and undisturbed soi

surface [mm]



Symbol Description Unit

Clir Tread deptlof tire [mm]

E Curvature factoof the MFTM model

Ev Youngo6s modul us [kP4

d Drawbar efficiency

F Parameter that controls the disturbance of two random
chromosomes on the disturbing vector

Fz Tire normal load [kN]

Giiciosa I\/_Iodelparameues of the Pokrovskio

e displacement model

o Bulk density of soil [g/cn]

2 Unit weight of soil [N/m?]

hy Unloaded section height of tire [mm]

Itermax Max number of iterations

] Shear displacement

Ks Shear modulus

Ksn Shear modulus at thaeth pass of the mulpass effect model

Kt Tire stiffness in the tangential direction [KNm]

k Sinkage modulus

Kii=1,2 Mo d el parameters of anothet

ke Coefficient that represents the effect of soil cohesion rdage
modulusfort he Bekker 6s model

K'c Coefficient that represents the effect of soil cohesion on sin
modulusfort he Reecebds model

kr Reeceds sinkage constant

ki Coefficient that represents the effect of soil frictional angle ¢
sinkage modulubort he Bekker 6s model

K'. Coefficient that represents the effect of soil frictional angle ¢
sinkage modulubort he Reeceds model

&, o @ O Shape coefficient of thplate for the Terzaghi bearing capaci
model

MP Mutation probability

n Sinkage exponent

Np Number of pass in the mulpiass effect model

Ni, i=0,1 Coefficient that relates slip ratio to sinkage exponent

NP Number of individuals in the populat

Ncwm Mobility number for cohesive soils
Bearing capacity factors that are function of the soil friction

Ne, No, Ny angle and shape coefficients the Terzaghi bearing capacity
model

v Dimensionless coefficient of the LSA model

Tw Wheel angular speed [rad/s]



Symbol Description Unit
p Pressure [kPa]
Pgr Average groud pressure in the tire contact patsha hard [kPa]
ground
€] Average contact pressure in the4s@l contact patch [kPa]
Pi Tire inflation pressure [kPa]
L Soil friction angle
It Unloaded radius of tire [mm]
ro Rolling radius [mm]
r Loaded radis of tire [mm]
I'w Wheel radius [mm]
Ip Tire percent radial deflection
S Longitudinal slip ratio
S Horizontal shiftof the MFTM model
S Vertical shiftof the MFTM model
Sire Tire sinkage [mm]
G Normal stress [kPd
T Motor torque [N.m]
U Shearstress kPa
Ghax Shear strength (maximum shear stress that leads so soil fai kPa
da Tire angle at the exit of the flat portion of the {&@il contact
patch (point A)
ck Arbitrary tire angle [rad]
dy Gravimetric water content [9/g]
v Volumetric water content [m®/ m7]
dw Arbitrary wheel angle [rad]
(o171 Wheel entry angle (the acute angle between the centerline « [rad]
wheel and the beginning of the wheelil contact interface)
w2 Wheel exit angle (the acute angle between the cerget the [rad]
wheel and the end of the whesgil contact interface)
Chwm Wheel angle of the maximum radial stress point [rad]
U, i=1,2,:Model parameters of the Upadhyaya et al. empirical DPC
model
\% Disturbing vector
Vi Longitudinal velocity athe axle of wheel [m/s]
X Magic Formula model input
Xbest Best chromosome of one generation of population
Xp,i Chromosome that is crossed with the disturbing vector
Xr,i Randomly selected chromosome
Xm Optimal model input at the maximum Magdtormula model

output



Symbol Description Unit

Xc X coordinate of the tirsoil contact patch contour [mm]
3 Dimensionless contact pressure concentration coefficient of
LSA model
Y Magic Formula model output
Ym Maximum Magic Formula model output
Vs Asymptotic Magic Formula model output
z Sinkage of soil [mm]
Z Sinkage of tire [mm]
20 Sinkage ofire in towing mode [mm]
Z Z coordinate of the tirgoil contact patch contour [mm]
61 Model parameter of the parabolic tseil contact patch contou
model




Chapter 1

| ntroducti on

I n this chapter, the reseainaoahrdidoucteetininge do by
motivation behind this research, the objecti
contributions of this research. Next, the or

1.1 Backgr ouwnvod iavmd i on

Ti res mo un f-reaa dontehiocfl es derf e r m® leskoef tt § ids oo nl (
mul tiple apmami cataopmyerpgrted mi badaiayheasgygi or
duty vehicl e i pata acdmgt rpd cotuigda ntygi nolene ra tfriueclkd
aracinegtdponty vehicle (SUWBecianmsthefDalarmh Rl
|l ots of research hasnbeeamdusotmguatnad ag adelimo as
i nt ertalcdtisemglimeers to &dedtepremdrdtemanaeadover
soangoi | buerhdderrir @r. thiBa fsft iuasyo iolf itnitnegroa cvteisonk n o wl
fields such as soi l mechani cshedwirlrmmeehaei
ex pneent asls utcdhstass soii Iret eammwdeot Is. tTelsd s oi |-sotielst a

t eprtef erreagbdiyf ¢ i ci ent <sohtahteecst ersioz aticomdi ti on

soi l condition.

One concern insdihle isntuarha otéi dn aies | &viee pefrtf or
soildelMousefud oad traetiodd dynami-empinroidcedl!li na@
empirical which means some of its model parar
tests. (-Mhha&d tti ractoifdn t heoreadcadhgidhingo s oif &
soil.) Some commonly wused model pa3i akageritezs

and sheatael ltjemitght not be ther daedtt rchwotiicen f by
model i ng.



Tiinefl ation pressure is an opetrdahe eswallepar

i nt erracd @ aamcktheeaassuse It has been reported that
to the i mproveameardtacitn vtei rpedgd d bfr mhece educti or
compaction that is normally [uenflwanted in agr.
For passenger cpu r ptoisree sveahndc | mu lttiir es , [0 tt

accessi bl e odnmt atcitriev eofpfer f or mance at a wide r

combinedfeffeetinfdlaitp,omanpdraisnsiuriea,b nsoi-F e comf

road tractivesopelrfoesdosoogednd tl e informati ol
ti-g@i | t est data to pasam&bgei azno del arsafdodr a It hj
traction dynamics model-soaigl H®estapghtaatoohhe
of terramechanics model woul d add ea ofoéawd par

traction dynamics modesliinnkga g en taesdute &aAodvegiritoa tteh
few pieces of ddxsicsutsisngtaldes tneurlfateiict celt lhitke s ta | dantea

abouhbmulptass .a8Bfefse adte s, as amoammamnm acitr ee per
prediction tool, the Magic For mul at ¢th e et imoal e
ofrfoad tracti pe ede[cijBdlmaarecef these applicati
combined influence of tire inflation pressur

1.2 Research Objectives

I n oodaddtess the concerns bedmnnds tetde sitnaic i
previ cwesctasngln t o provide new thseghtracitnpnba 0h
the research documented iThhegrhiinsaerdyeaseht abj en

are | isted as bel ow:

1. Perform neseislsat g gtsg r eotri seod tl @l & veesltasp r el e
met htoaddsasumpartamencerrsel atfi 0 mabedryetsittr # o@fdf
t r actyinbamainwlse soi l respomwdd ht d htei rt eeesit n gfofi il

sufficiently epaatablei zed and r

2.l nvestigat e otpheer aitnifolnuae nm dpea rgafane a me tser s and 1



of i natbeoruetsitt # @@fdf tdryancatma irochsseo i | response to
Operational parameters i nctliuvodhe mtail ir @ iotiaidd, Il a

soi |l C 0,mpaancd icdunmgbses S

3.Use thetwoweptardatad er i z e htenordeed @sfd f utdre/dnaating i acrrs
mo d e l(eivnagl tulae emodel .p Dreametopr sew parsdamet er i ;

these tmoadts Lpposed to captwwroe |t hetphysitd DN

1.3 Research Approach

As for the research obj echtei iewaoslsiesatred iorb jtelhc
wer e achiheew ger btyeesntt anhe tma o & o yiphdidsseidgpe of mext s
(T a b4.3eT a b4.6eT a b4.7eT a b4.9eT a b4.1e) adarmad4le,t heemply ment of
t hteest facil(becBis)dlaandtiobloé ssoi | (Sprce3panlasad,on m
the test methods weleabdeaenboayptehfieersh dyt et .

The accompl i shmewmote sefar t hepobojvetsitedvieasi s f or
ful fill ment ofobtjheec ttihvier: dvdf&heed ebapnstibmd ata s o0on pr
for model paTlhenset emezhodoand otpdgent zart | omr pe
propmsdéel parameterization met hod.

As for the opt,i nbiazsaetdi oonn psroonger acno mwmioina iymsu s e d
t o dmittelee model iparwarhdt ereqgui re a proper initi
However, for a highly nonlinear mo d e | t o whi
di fficult to obtain a propeo geat tsbaéta gaudmest i
al gor(iSeabi @muas i ncorporated i nt o an opti mi

parameterization in this study.

To moad ed o mp | e x pmhewvomdmao g e computati on cCos
accplm snoehsi g h d erloidseyh i ¢ hb assreed on the numeri cal
finite el ement met hod, otrhedmgecmiet al edbe mempi me
i s nordmogltleyd;a t hi s al so applivas itadiimencdiefiinhgt t
presamnudei nitial omoitlhec dvapa cct iIFon Belc .i feordde | ou
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the slip sinkagéeé enfofdeeclt @ogne atinned .eBe k k e r

14 Research Contri buti on

The research document ed I n t hi si rei stsrearcttaity
perforoomamodnh $bibk.research, a Standard Refer
sand were tested t hAndusgohirlmutletsitpsl eatt itrhee, TsMViISI ,

and the test data was anal yzed and fed i nt

par ametlephresncepabrch contributions are |isted

T A | ab test met hod twiarse odrterveend togianfat ttswosisit.umeky h
includes an estimati onatmeltdw dwhode It hleo i il tl
undweari oussbevecsmpmet hod, to recobytthet t
tire drmdtfiafdf fi chanatthwoiildedoron of the pre
s oialnd aqni teen soi |l ecampati oon Met hodcompact

characterized by bulk density.)

T The combiemed iordflture inflation pndssui @,
raotion drawbar dpmpteth, | engt h, tire siinnkage,
tracti othe mocdenbi ned influence of tire i n
compacti on, and nor mal |l oad on motion res

adi us i n ;t oalednogmbmiondeech a e o f initial soi l

-

>

or mal toacw, iaarfd atliooand epdr rensésdurees t huf ok engt |
a nroonl | iwmegr @ iareal yzed.

T A new phetnlbbmBraohbvhmalptass efrect fawomdst uat i
dicovered in thealsasid adii &#tddhreywt gpunletnio menon i s
from any phenompassan eff eédhtts muédcor deAd i n t

physical explanation was provided about t

1 Par amezteetri o swermléeetvedfoopreda bul k densitthye est i
Bek &e rpr essisnukraeg ea mmoadceil f,i @ d p B eskiknekraeg e mo d e |

the Magic Formonlaheéeipaer ammmdeéri zati on met hi
4



i nopti mipgrad g roatchnosmptud e modeThgadiaBie&k ése s

pressiumlkagecomolddel account for the slip si
validated, i n terms of the rut depth pre
Formul a ti adamoboddlifasasotnisr e i nfalnati onmtpraés
compasgcittasnpaaur acy itnheprdrdawharngp wilrbjodf wase

val i dghedst the test dat a.

T The proposed par amet eBteitka#etrmod e Immddiofdi heed
Bek BBermogwliledhes the rut reconstruct-s@inl fr ol
t estwlssddre test | dlbomaatifaroyn -doinlaandstsde ariec t
defl ecti onhret gstl ,msouvandi)eds Bweoldleér par amet er
met hodg,arceamwi t h tpaer ameatvemit 2 atniad rhpeimat & od |
si nktaegSehe modi f sedmoBekkempar ameterized by
val i dated against the test dat a.

Due t o t haean SfRalclts tchoammonl y used i nbyt itrier et e
manuf act uwahsoseni for téaered empeel imMeind paAdisa f

to the aflactget mantoumat ocamsoiidll -Rhe B®iIi hobi al
attainablieping t hfirsom mohientrs wifdo spwhd vTMES | ab
compl eted withithleohaonryt stainrde ,wasnltyest etthe n t h
devel oped test met hods iamdt lpias asnguiedyir aatlt yomap
to other t iTrhees dernvde | ® pdeddss .tceasnt pnreotdhuce par ame
val i dation dat a -rtooa db et ruascetdi oinn dtyinraemi acfsf mod e |
modelTmeg.devel oped parameterizati ona omat htoidr ec

dynamics model s

15 Di ssertation Outline

Thds ssertation is organized in six chapters
Chapltodrf erst aaduction of this study.

Chap2peresenps eheesrhi terature review on expe:
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model s f or tshoel égtaundy oonf ftriorme previ ous researc
are the soil condition characterization and
t hneo dienlg a pepsr, o anohd e | parameterization, and cru
and toqromeadotfract,tchef dgoamobés tire tinfdadamfdbn p

tractive performance, a-sdi t henbasactitenminol

ChapB8Béedescri bteoso& slma@par as ewisl amdeparforon hene't
experi meoft at hitTehses t fuudnyc t T eornrsa noef ¢ hisalmdl ectso tRh @
t ool s t o snoeials uarned tthiret bBteepsatr ch nmied eprrseapraer ee xtphl ea i snoe

in this chapter.

Chapdtfenr stroduces thet wed mawvthmees hdesi gn of ex
procedur es, and r edseuslictreiebdet@r i n ht hidtsesttls adertes ; i
di splaagedl.yzed

Chap3deert ail s the evalwuation of t he mo.del p a
Model s oé&dndntleeept apesegldaismead If foill owed by t he
bet whent eanhtdlideatrmodel t Ipa tstdnmoeédied n p agvaareu eetresd b
the proposed model parameterization methods

FinaCHapédeummari Zeqandohgs his studycomhecnutme nt

pertinent, tantthpsopbadygy future research dire



Chapter 2

Li terature Revi ew

This chapter inc[llubdrs @eatSEandd,s A.r okn , Khan,
PS. El's and H[ 1By Ramde sm@., Sandu[,1ByndR.J.HEeE.
C. Sandu, andwldt hEt h@spriroi ssigrreefmreormh BRIt € eawih

The -stairle i nteraction influences dtisroeg It rraecatcit
to tire traffic. Reseasohl onnmed ac¢pil en aspe C
conducted by v aroimomuoso daep p rhogascahnedaenttdhy d s a | aspe
of -s$orle Iinteraedinon hase chaypitew ;swiomexxiplesreiamg h

of these reviewed tdopisschaptalswi pbi nbedrou

T A brief introducti-eoni baxdthieemi nol ogy i n tir
T Soil parameters to characterize the soil C
1T Rel ationships and parameters of ,interest i
T Tire inflation,amrdessure influences

T Exi sting mofdfolad itm atcitien dynami cs

21 Basic Termi rRSol bgynter @cteon

The parameters theastoidharommdtaecrti Zpeadathhel y o idome ¢
and the soildddfaoremat uan fedom definition in e
of the parameters commamlaywywse dniigmtt mett iwroa |
ofrfoad dynamics because of the difference bet
Therefore, in this section, the basic termin

di ssertation is explained.
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ltreported in some |iterature that when the
the total tire stiffness (the carcass stiffn
the terrain can be regardedaadd[oindfliddHdwelnee]
it was found according to the test 3da@&tha,t a@she

test tire on the soil ,-zeurnodetri rteh ed enfolrentatli ol no a(dt
operation) . Given the elastic modiel off ntopra at i
a noonditire and a rolling tire cdanmemeiiolnlad

schemamii gte As sFkFowgalben unli ke the flat tire
tir-eoad dynamsaisl, ¢bhret a¢tr epatch consists of

portion BC at the front of the tire, and a c

'y
D\ ’ /C \ d\m'heei-soﬂ

77777777 AL ‘,\B// 7777777
T

(&) nowml |l ing tire on soil

i’fgt r

v
A local trough %

A ¥
Y7777

—’F_

(kA rolling titerenosobsbi&a rollin

Figure 2.1: Schematics of tiresoil interaction.

A urt i s formed to the Il eft of the point D (f
Fi gRibg , and rut depth, also named the plasti
some | i[tleFr]h,6 ire defined as the vertical di st

the damd ftice Gubrbgtham undi st lhe btedafsfuird ace (

8



Sinkage is defined as the vertical di spl ac

traffic) experienced by the soil when the soi
some pressure source, enkygage adue rtegq tah ewhrecerl m
pressure source i s named static sinkage, and
source and the terrain is named slip sinkage

The sinkage of a tire (tire sinkade)ni g heeft
soil contact patch, and when t-her &;l itph e etliorce
comprises statgipnilsag&.aghkt atnlde same point of s

the rut depth becausd dafhet lseni ¢1 asgptoinc urnd baun

di spl acement of soil. The elastic rebound co
pl astic behavior, sudh4gWhéeortdeyshng sandyg
certain |l evel, the rut Dbottom bde.cho.nersd veary m
|l onger be considered flat as it has someti me:

t hlei t e f 4,4 1Lr341.7 ]

Effective rolling radius, a[l 1s8o] erf d feecrt i vk tr @ «
rollinglepdioanher Hetenatume, the quotient of
(forward speed) of wheel center divVvicdhée by t
definition of effecttihteeacol bhnmod,adanrid wivroagkkiar

mode of the tire. I n this paper,ofr al Itiinmg roand
under 4 bélimnmngecondition i.e. [ lz4eThedrioVvVi ngga
is a special case of effective rolling radiu
radi2uls)] Theroelefl | ed condi ti on, i .e., zero drav
roll -mol fremg@ condi ti[on2]2,h]vehoinmee liin esrcapbdydrpet her
[ 23]t he frerolrloiilhMg ocornadietei on i s defined the ¢

zero driving andsbdaksmergt aroalgloien g hceo nfdhietei on

t he -psreolpfel l ed condition and equals the towing

The slip ratio defined in this paper is a f
the wWheelhe angul arlvys,peandd otfh e heep Iwth]enesy g haawru sb
Eqgua@mh) .( Eqgratiioondi(cates thatot ha tsil irgp | ul@dnégo



cond

I ti on oMottd aiSke ®tbit. dAASBi2l. 4 he zer o ddfiipneadt i

under T hoélingeéawdndist iderd i n-pdopedkedtbendetfon
soil, i1 .e., zero drawbaofpuht,zenoapa.Bgmenon
a Vv, 0
S=g8 — 3F00% 2.1
¢ [l =
When a tire is moving on soil in the tract.i
there are two types of | ong-sobuldi caht 8ot ceat

t rtaicve force and motion resistaptéaé]Tseo medt tmer

t he
resi
mot i
trac
forc
some
t he
(DP)
mot i
si mp
tire

and

Soi
rat.
rese
al so
t he

chos

sum of external motion resistance and t hi
stance igsy dues stigatthheonenenr t Hel.dhhye teex teesri sa
on resistance comprises compaction resi ¢
tive force iconaelrargi tftuaodimRlhEhaxdeod Dritqu
e minus the internal moft 246 hThe stisd atnicwee
ti mes name[dldafr atchn Wt p6fdroacdhe deter mi ned

horizont al componensti bf cehga2etiBpawbar ope

, occasionally referred to as net tract.i
on resj 2.6 phrcewlfaor cpul | coef ficiiegm2t7](@ BPC) ,

l'y the ratio of the DP over t.heT hdey ndaymmiacmit
nor mal |l oad can vary from the static tir

weight transfer effect.

I compaction can be characterized by mul
o, ai retpe28@Merabbll Ky dereani tfyr egauent |y used
arch as the single parameter to quantify

chosen to quantify $o0,illb uclokmpdaecst $i ieotng d cAdl s
Cl and water content . For this reason, [

en to quantify soil compaction.
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22 Experi mesitnalt hTee sSt-Suodiyl olfntTarraect i on

The studyoidf ithitreg acti expdraitméd wwcehseéd sseso ioln
ti-ge@ei Is,taqntd tire teshsse ntastf ewcamsles conduc
road perfor mance, detetrhpgam ea mebd ieir s p eamamestad ri d &
or parameteri zei Wi élfne stehnet swsooddyl sO haofe it a ¢ Eisbd B8, a
mostly related to the Fhbelsaiola dtindosstosn raerhee v a o t
t he st udyr ooafd ttirraectofwéi ptahé smampocetopic of t|
andan I mportant bsroa N c hi na fe rTaltidsi Dgber astéiokting oduc e s

various types e&asfoidoitlesttesstasndandc et iprag amet er s

221 Soi | ConditionakktiaackefTéegtasi on

Il n the stswdy cafmowmirae heé i ®aioln ébeed scdhtar act er i z
per specttyipviessallofpr opesraiile st kbsauscshr,baosc &t wah er con
soddmpaatngdonl| shearcionngmopnyloyper t yparamelt erexsuc
(gradat or particl,eosezendestod @b intgi d myd elxu (kR I

density (bulk density), wat erhecsolnotnenthe soil
and -stoirleoptepér | parameters need stod | be ueva lt thaat
soi l condition is ,chamadact i isz ewd rlasidadliscdi efnedi

compaorsbel p researcher sawmkeo twants to repeat

Asorf 4 diel tceoxteu rien,d e x , bmalt ke r d ecrosnit eeynd g n ddm er retc |
can be made by performing soil tAeSsTthbsr slpSe@ i f i
standards f arstpalb2uftld péd,19d3;Z]j2AH s tfamrd &33d SAE
stanaklaowdt the remol ding tClstanddaMItThMe smaadwlarr &
for bul kl 3dlmed i AYTM st andar ds3,f]xF]3.&%vhter conten

Apenetration test must be done to deter mine
penetrometer directly measures the CI; yet ,
speed to form a static [p3edn]etl rneaetrinan i va&h ybe ac!

penetrometmeasndesetheéyClhebyperneetartaitnigon tditsot a

11



[ 4.0]

Soi l friction angle and soil|l -CowH eanbo ne qaurad i
Equa@Rlomdaiul ti ple typmpgan dfed atuenamiohe st hese t wo
the most ¢ omnhoeneers ty pies atiohmep rtersesBiexgpmah d i ntge xotnu rteh e

classification of the test soil andftbhbhelkrnd
t est needs Ftoo kx ampiv®erret shear test i's only ¢
purely cohesi ve, I [ 1]1 frstcad pestasnfgl Rbe &r izreg
shear test i's not preferabl e, because the so
cannot be generally considered equal] 28pAst he
an alternati vet hseotinhod rtioc ttehgammli laantge kee aina@n, t he
test with a dynamic cone penetrometer coul d
established by s[R4.Z3]sTieasnt sr efsoerartchheereval uati on
soi l cohesion are 21302discussed in Section
t..,=C +dan 2.2

I n the SAE st-anddrdebhbolbe mpBéhdlatgukeiviatiuan
condition characterization requires evaluat:i
par amet er s osfi ntkhaeg ep raensds hsehaera rd i sstprl eascge .mle @ t rel
tests necessary for the evalsiankageodnd hehea
shear displacement rel at2.o3n.sz2hip are discusse
222 Ti$Soi | Téear a motRderlsat isohshnperest

A tire moving on soft soil could operate in
mode), traction mode (al so ref ¢d3@dDMmamisc dr i
ti-ge@i | (DTS ompspedsewieaes!| v either in fields |

(1 ab DTtSo tsatduedksyt-n o @d ogdér f ot mavn g dp]diBfen t he
tracti pagMol[de8]and in thepd@8haekilmd Madbe t est s
conducted in a sois$t bsoi lt hawhicloemttahasfitdéaldteE
outdoor on natural terrains. I n the | ab DTS

12



to achieve the olmj dcetviede amnali Is od d mpreodtsitarr e | ¢

DTS testctoul dhéeemore uncontroll able uncertai
hence it could be more difficult than in DT
However, i n, | abeDUOSualkebysused soilr éndeéireanp o s
range of test tire Il ongitudinal speed | ow, wk
deemed a Thetirnsestramentation of test facilit
ti-gei | tests and the paerametaerr snetalsaitr et raeg e st

Tabadlé T a bAde

Table 2.1: Instrumentation of test facilities and parametersthat can be measuredor the laboratory dynamic
tire-soil tests, part 1.

Test Faciliti Sensor s Meas uP & da me

The dynamometer wi.l . Dr awblalr, piu
; : Sensing par

two | arge soil bi wheel / spr o

Dynamomet e slip and s

Thawheel fo

Ki s t6l 5atth ek | F 3wheel mo n
Sensor wheel angul

di spl acel

Drawhdrd @
vertical w
C

Whe el I on
UPM indoor tire trONo SOKKIgdmR o speed

Univerai MalBYBN a 5 g sokkisamMr o Wheel revol

KY OWA 1DORO
di spl acement

Labor[ad ®]ry

Terramechanics ri

Strain gage t

Tire sin

Torque tran I nput whee
Traction research .
ARS National Sp52] 3l oad cell Vertical w
Load cel |l Drawbar |
Vertical o«
Altlerrain vehicle ( Potenti ome test machi
machi ne-ARBSNAt i on f rame
Dynamifcs82Lab 6l oad cel l Longitudin
and | ater a
Octagonal ri Dr awbar |
Linear pote Tire sin
Il ndoor traction me:¢
Uni ve[rssaijt y Rotary enc Wheel revol
Strain gat Driving t

Longi tudin

Rotary enc displace.i

13



Table 2.2: Instrumentation of test facilities and parameters that can be measured for the laboratory dynamic
tire-soll tests, part 2.

Test Faciliti Sensor s MeasulP &dame

Ring transct Drawbar ¢

Tire traction test
Agricuhituela$4 Uy Torque tran l nput whee

El ectpliat forn Static ver

force
Load CeII:Drawbar pul
wheel fo
Indoor traction mea Optic tachoWheel l ongi
Uni ver sfistdy], L Encoder Wheelureonl
Not specif Tire sinl
Extended oct Later al wh
transducel
Il ndoor tire testin Dynograph r. Dawbar pt
[ 56]
LVDT Tire defl
Single wheel tester .
Research Inst[5ul Load cell Vertical w
A fifth whee Wh e e | d kseptr
. . . encoder l ongi tudir
Single t|rengndppaaDigita| encode Wheel / spr
Road Dynamics Rese .
. . wheel revolutio
Cranfi el d 5WBn]i ve
Tal cum powde . .
Soil displ

drawstring t

Table 2.3: Instrumentation of test facilities and parameters that can be measured for the field dynamic tire
soil tests, part 1.

Test Facili Sensor s MeasuPadamet ¢
Lateral and 1«

4sheam | oad force, inpuand

i tu tire test sedlfi gning
Tehi an] Optcoounter Whe el  ongi t

Vel ocity tr Whe el revol u

Strain gauge l nput wheel

NI AE Mk Il sip@gl Strain gat Drawbar pu
Tache®ner at o Wheel I0n_g|t

revolution

Single Wheel T Not mentioDrawbar pul I,
UDESG(J 61] wheel revol u

14



Forward spet¢ Wheel Inoanlgistp

Whe el RPM s Wh e el revol u

Load cell for Drawbar pul I,
Single Wheel T l oads forces
Machine, Univer Torque tran Wheel input

Dav(iiBpadhyaya e
El evation of
sur face,

Axl e height Axl ehtheig

Front dept'

Rear depth Elevation of

Table 2.4: Instrumentation of test facilities and parameters that can be measured for thigeld dynamic tire-
soil tests, part 2.

Test Facilii Sensor Measr €dr amet ¢
Single wheel t e . .

Uni ve[rés2it y Piezoelectric Wheel forces a

I nstrumentedr ¥a Rotating whee Three wheel f

wheel mo me t

DynamiceglTegtubl
of Techw8log Datron CORRE' Vehicle I ongi

Vertical, | ¢

Triaxial ¢ l ongitudi nal

Cold Regions F Véocity se Wh e e | revol u
(CERnF?AEi)_neienrsi?nrc”gl/JmLe Linear moti on Turning an:
(Clve4] Moti on pack Vehicle acce
Fifth wheel Vehicle |l ongi

Portable Tire Te
Transport Labor:
[ 65]

Large tire test
Dynamics Group, Wh e e | force

Pr et[o6r6i]a
Single wheRdad
Dynamics Resear Not mentio Torque, slip,
Cranfi el d 5WBni

Ki s@G6aexri s for 3 wvwhe for3ewhee:
transduce moment s

Wh e e | force
mo ment s

Fr olna bd.1e G a bd4e Gictl ear that mast ttaptabl amgiolf i tmi
wheel forces and wheel moments, and some of |
i nput Tthoer gqrueea stohtdeait @ tofatt hese measurements ca
drawbaul |, drawbar <coefficient, or drawbar e
par ameters commonly used t o charact-roade t|

conditions.

15



A fefw the test TakAldTiatbd2elsa bl2ABes taemddbAddanl s o can

measurseoitthedef ormati on par amet elr shg(rseoidi nrkeasgpec
soi |l di spl acementsemspalrits tferdo m nu stithireg rtt alsbél teesr naal
met hods ttohsenedsuresponse parameters have beer
Soi l sinkage was measuriedel assabnDédtSnakesTisr &
a string potentiometer, and an wultrasonic seil
sensors and an accelerometer, and theéw8Were

| mage processing technique was uti l[i6zédehdd t o m
rut depth in f5]dind bDTH tmesatssur ement met hods d
and Guthrie et al., two groups ofi nsdmonnts odr
behind the moving tire such that the wundi st u
measur ed, and another group of sensors or <ca

measure the tire | oaded radi us.

Asi de from mnmarcde vparpamdtberrsesponse grag amet
rel até@e geomet-spi bf i nher ic kseoan icnotnetrhbett b epra(ttcih
parameter si nolfe i chytreadmisd ithierbtdhdee pr essur e di str
striem st bseoitli rceonAfacaclpianghmi ni ature pressur e
of tire tread amndredrungalc owtlrde snse acsfustehke ponnas
pat[fcth8 ] and att-axhahgfohceetransducers in a s
me a stulme® r ma | t btearnegsesn,t i atl hleatt ee a4 a@&nd ess of t he
soiolntact 6@gdrntoclir hedit he @tei on ald actoan tnad¢cdts usrterdeys sc a
approxi mate the three di mensoiolnaactto sptarttedses, dii. se
stress as a function of both the angul ar p o
contact patch, if an adequate number of tran

as to @eoaubrrgekihle cont agt tphat ¢h rcdumriot ati on.

Pressiumleage rel ati omdteiap an & pd hmecaermesnttr e sed at
concerns-sion It hemtteirraet i on s sfuadry ,t hme apsaurr emeetne r ¢
in these saekbati ensbrRp®d.i2n Secti on
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23 TireR®ad Traction Dynamics

An | mpor tafnts$ carskp eicrtttehtea ¢ io@mff its acti on dynarm
closely related to the acceler-abtabbnecebeer &od mal
soi |l compaction of the terrain where the ti
coefficient (DPC) , and drawrhmonleyf fucetanpgr g

charadt ermiozadifact i ve .perf or mance

231 Modeling #&pproache

The tiwroemdoftimadel iomg was attempt exhi rbhyy pr ev
empirical [a7pld]rd4g6a cSheemsp | r i Cc a | [alp3d]r4Pd cthlreesor et i C
appropzpwumer i cals[a@dmIplag/lhdd wor t hi mhghratti on
the boundarhye bfetrveee n hraepep rad aocr heemse qiusedtyeetdantdl vy
defined; i n someat hecemipr e tciad alr ed@aprnin @acsth, ps cou

cl ai med ®mphbei £ emwiebh o pietr st al esbmgdierf ii mald i n t hi s

2311 Empirical Approach

The empirical approach is purely based on t

t i-g @i | test s, and the data determines the mat

Usi ngdPt hhmeasurements freomifieedtdadyaBmMBEct €81
Luth modeled the DPC of a tire moving on the
numer i c andeBEgluiag2B)oatTedmpsi r i c al mo d e | captured
by using the cone index (Cl) as &muianZhmpme r( d e |
[ 7.1]

DPC=0.751-exp( 90.8,s) ?}a.c—z 0:04 2.3
(g
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24

Upadhyaycao nedtucdled field DTS tests with the
[ 76]and the DP measurements fempn rtihcealt eBRG m
Equat2bptnha(t& ditcalkke any soi l par ameter as an
par amet7rd Mod e | parameterization results of thi
showed t hatodempiprairaanetmr s varied between dif
same tire under t he7,[s]a6nel htiisr ed enmoornnsat Ir altoeasd t h e
condition on the DPC while such influence ¢

empirical [OF¢C model

DPC=y(1 -exp( 1 9) 25
Later, the Upadhyaya et al. empirical DPC m
of cone index and gravimetric water content

the cone i mdeetxr ixandvagre&qucalBmd)iitcig @Mbut the regr
analysis to compute the coefdi gyiehds deesti rabeé
[ 7.8]

o 2,
u1=0.311+0.06% 40.00%' $.089 008 5 & ¢ 2.6

R cCIGh Za

- 5376 o7edtt 4028 21152 4

u, 2a 2a Cly Za 07

s01h & T 3p6a4g 30915

2a Cl(y 2Za

To obtain better regression results, the mo:
DPC model were related to the model par amet er
st rekissspl acemenBEqun2i8ieo9 [ 4,9]from which i mprove
made by relating the model parameters of the

t he model par amet erssi nkfa gteh el qRiedgtlcDéo(2fis)[eBBJur e
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wF, =6.675 +0.952f . -19.20§_K.b 2.8

o

D o)
1 4682 413.06% P Kog szt 2.9
u, ¢ fmax 28 = K Qa
uF, =173 ¥0.572¢, ., 8.58%_ K. 5.67—% 2.10
B 15.[} -r 06183 Stée #, 1'3466[.} -8717 2a 1'71362abé’14'198 0 0.685

bUF, =088k —— 6~ B0 @ TAT (1:aA) 211

¢ < ¢ ¢k = *Age -

Li ktehe Upadhyaya et al. empirical DPC model ,
to charact ersitzaet stlhDg gtedady onship 1is the Ma
(MFTMB.l1]Because 6f etmpea rMERBM natur e, t he dat e
coll ected from dynamic tiremotdeeslit sparsamaltway

Opti mirzceaddont o be perf or medevtad tutaltecs thees mbdatl a
parameoer she hMET M as t het hdee sti eSalyledraafia .tmett v o d s
been proposed to perffopamrametept izat 8,1Bj13dh t &
[ 8.4]

Al't hough the MFTM was ori-rgdadl dyn8didgHp$o s ed

attempts have been made to extoeardd dtyimiE Buses of
Pauwel ussen and Laib parameterized the MFTM
farm tires [dr Bseasniddye ss,oitlhe model parameters

with tire nor mal | oad, s o,i | a sc oshheosw no 84, W1 abEngdu ast o«
21 %by equati-egpt hecakemiractivel 86hdet medRFTIN
[ 7]

B(Cr o (c;:a1 g: & tan+/)(1(") 3er‘%) 212
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D@in(C dictarB ) ((;al g: @ tam/) 2.13

BAC mrosC ar@arB ) ; . . )
5 =(c & FO F +an Fexp( £1) 214
For cohesivelagil {hsumbdaebk parameters of t}

be functi enisr eofpn uabeqalicalydbio(@s8 ( and the MFTM was
compute thd dcdroevild8ajrci puwlt

_CIa® a8

New 3 2.15
2.1
D=0.73 ——
Ney +2.18 216
0.71
=0.15 +———
2 Ney - 0.78 211
BCD=3.63log, (\, ) 0.4 2.18
23.1.2 Semimpi r ipcalacAp
The mgmpiricalbaspppraddogh appl i es s omei mkagteh e
model s and theaiesmppiarcieamaint s meoarel!l s, and combin
soi | mechanics models and tire mechHhamnfi cae tmord

on sofBasgsaiall.l y, ¢t hmp cho&ntizlheat abhedr ter DT i Z C
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component of the pressuroeve(rr atdhoea It isrbentt@ s pE
calcgrasse traassuvmmihfegpi ne e(@axil simiaegamdgi bl e
compaction resibtanbe bebbedotri D@l gancéei sbha
by subtract the compaction resistance from t

Shuml evich and Oset iemmskKiyr i dcead edaoipreal c taf 6ne nmo
pdror med field DTS test s, and validateidn t he

both traction moldy asidndprieolé hf ddthde actoar e part
the Shumlevich and ®Wsetonmbyedirhbeco dtha etodpdt
as a par abol &1 D Tpheer JEaghuodbd n eamo ( o -sshheeaar ds tsrpd sasc e
mo d e | ansdl PBeéskisnmkraege model t wer 8hampbevedhi and

traction model

z,=dy 2% 2.19

Senatore andd Sa nampmmiprriogpalsest eady state tire
sinkage ef fpacts aenfd emul tiint o acco¢dBtlewpeni memp
tests remained vtad ildeat pe mfhd rsmeseelntichetd el mand t b
mo d e | par amet-empi of c.élThhiemosdelpi si nkmgiederfdd cliy
setting slip ratio as an indepebBdaeat22@®dar ( abl
Equat22)ln¢22Raccount for t hepaisnsf loune nscoei |o fs hneualrt
The geomet rsyoiolf ctohnet nattitt dépeatrcehdi al streo®s !l di st
contact patch were portrayelddhiidhet Wen@GhandaReé
modle87kspectivel y.

n=n, Ms 2.20
s g
cn:c¥3 1l exp%so) o8 @np 221
T é b g j



5 o 1
K.=k.F1 & expl®) h, M, 2.22
T e bl a 1
2313 Theoretical Approach
The theoretical appr oac hs uasdeonpktasg ep uarnedl ys htehaer

di spl acement model s.

Take the theoretical performanf24phtntad yLo aa |
Sinkage Analyt]jBEhuéat2B8wagmodsekd in an integr
patch to calcul ate compact@®onanraéd gitgtcanc es,hea

di spl acenenipguwtdizdwaé used in another integr
force.
_ 1
"B, D, 2.23
L+ 2w D x '
B Ez
t=gGexp( G,j) & g 2gex{ G,j} 2.24
The model par amgz DD, B,fr,3B qreaaltatoend (t o t he soi
soil friction ahgtdpasantlepd by nb ddde2njsindy t he mo
parameters 28#% GEG,Gg Gsicam Ge r edarntealctt ogrtcwend p
soi | cohesion an®.4gyoaislk of rcil ¢ath ievoemp csak Wadahteet e r s o f
TPA madenvariant soil par aifbe tdeerpse,n da nodh tthheei rs hw

of the pl at essiunskeadg ei nt epsrtesssaunrdeheh enmrd el e ptag anm

[ 24]this could be an -edpaniagé ovdel somasesd

pressiumlkage model (Bekker modéle) Bekketr henos el
found to vary with [t8l§4d8.9]lLymasscwhamedantdesiTPA
works for vehicles with tires; hadwevei bude oa
t h eestoii contact patdh4were not provided in

22



2314 Numeri cal Approach

Il n the numeri cal approach, such as the fin
el ement met hodi &iDsEcM)aen dt zheadesacsielth nd fi-marsuend f i ni t

el ememts a gaiomuw@ulodr , el liptical, ;gdhpehetriircemal g al
benodelalseda FEM [ 7V 0fao dledumpesdnosde?,7]7.3]n t he
sudy of -rtoiarde tofafct i on, the DEM is applied mos

sand; the FEM has been applied[®b] both frict

I n theoFmMdel t he tire-saonid sionitle rbaechta voino r ai n
mo d e | is needed to characterize the elastic
behavior -shrsadmpestumrder vari oAlsl dto aodfi nsgo iclo ncdoi
model s have been proposfedd]9;ahtdbogthmyo mmaeen lrye vu
soi | constitutive mod®lid imtehacstodyaok t he
Prager modg¢l9 a8widt h ha aaQlliafyi efud;dFariClomu | o mb model
has aelnsouthiel i zed i p 9%MOeh |B7alrilni esro met wdipévdas chct h
strstsrsai n model[ 9wra]sT haetstee mdtaessd opl asti ¢c model s
in ABAQUS wirtirenad lws@8ntsevfea@ae¢ researchers r an
running on the deUS§r9fabQ[®] 0d1di0l2]i n ABAQ

|t i's worth noting that the soil constitut
continuum, and even though the soil constitu
the | arge s¢i7/]ldifladmmatyi ame still reported
predicting the signifiwhaemt tshoei Is|filpow atth aot ocfa
is plgmMml so, i n mositsoafl timag estawcdy omf wthierree t he
shear str essosi li ncotnhtea ctti rient e€Cd wlcemb sf miodteil erda |
doedisndepend on the slip ratio; the inability
the contact shear stress can result in the
prediction.

Il n the DEM, t hle imaihhes ocdntmoadte modalmpehat
mechaniwmth the damping being either toi scou

compute the contact force/ moment bet ween two
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l deal | vy, t he ctoern qaiclte flmecaeusaeanarbye soi l prese

efflex@Q4]However, It i s found that the cohesi
research as a part of simplification of DEM
al so i ncludes i gnaonrd nsge tctoinntga czte rmoo ndeanmipsi ng, an
of DEM modell ingni $heomngpee pléanddand ttoh eb ec ommosac

computing power.

Both FEM and DEM aarieg hf ecaotmpruetsit t waonnda | n o t rea
ncor pdrmatdéee multismwddwadywn dneir csg ;enatlloa tgiedn over

(7]

hortcdMadsgegn et al . di scretizedumetical anidr a
oad tr aomhiiccrh mvoeadke Itbsoeddy idny nnauritcis environment
el mer mdd vehicle dynhmaamirés$ |l i mhkeatMaadmsen et
heoretical soi l mechanics modelt si ¢sdilantkl asgaed p ¢

—~+ = =

el ationshipsvehotiicabntsdlr elssad el at-defnosrhmat,i oann

]

el ationship, t ogmpiheirc adi t hanohsei samd helanamo

]

di spl acement model , twearrmea wbsaad ptud t en@mdio3sie i tl h &

232 Rel ati onshi pMedBbhr & mgaenede sSMBa@rea met eri zati on

Compared with soil physical property par ameé
i ndreexl ated soil parameters are more commonly
of-f oad traction model s to|] 2hlatrhaect eoe zetl d des i

parameters can be evalwuated by using cone pe

The prsisskuage hr pl at henshhecaarr c&itspelsasc e ment re
pressure distribution (r adsioaill sctornetsasc tdipsattrcil
geometry -9b6ilt heont acet patch could be the fo

consi derreedt iienalddymmwmo r i cal ty r moddlf itmggcti on.

Mul ti pl esipmkeasgsaeurmodel s andhsgaverdalspsheames!
were developed in previous|[ L;0}cemrrlayt usroemealneda pve |
semimpirical modelsesh oédsH hieend Ble kEZRlm,atti o@& Reece
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moeEquatdPhanfd the Janosi eEmd aH2Z2myaamw(it toh moel at i

simpl er

model s a

mat hemati cal f or msempwerriec alo atdirripeo aocaft fie

s [d&E]4.9 111341d4 ]i n

ak, 0
p= * 8 2.25
FH 72
az 't
p=(cki gk ¢ 2.26
(o o585 ¢
t= . 8 -exp /K, 2.27
The pressure di sstoriilbuctoinotna citn ptahec ht iirse af f ec
nor mall l oad, tire inflati on [plrQéd sFleraet,tpdsm i | c
were made to model the pseislsucendact rpatuctchprt
parabolic pressure distributi onr ovads torfa cetni oan
agricultural tires. SchjBnnidg beautt ii aln. mprdep o &
the ratio of actual tire inflation pressure
tire manufacturef 1686itrhg sa Gmoadaedd odiimdmuftor t he
slip ratio on the |l ocation of Itnoect mi@esitmadn aIr ¢
stress distribution model-soot i g in[n8r]layotnpsia odpeor ss
the influence mofdes bavmedrcatsi onat hys with shieght
semimpi ri calo atdiarcet ioofff mode¢lL.3fevel oped by
? érWHN n
T(k +lh )z doosq, -cosg) (M ta5)a
P(g.) =1 : @ \ . ) 5 2.28
| ar. e - O (%]
i(k1+k2bN)a=§ gcose, - & (g5 -0 cos . di( w g < aF
T o : é Q.- @& + a (1
Al sno sicempi ri cal Ity r moodaddlf itnrgact i on, the bull do
to be comsitdhereadl cul ati on of [tlMe peostsebhgl bma
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t heroau |l Wulbledozi ngec Urowecde p or ttshoodnlt ad d it Tphaetotr hcree
associated with the bulldozing effsecbhteacamghb
capaci t yE geugaut2aiz §i[ndl (f ]

p=cN/, % N, / tNg,2 2.29

Unl i ktey ptsheemimp i r i ¢ alpe ra ppelwtdiciddin 2 he numer i c al

to modelr otaidr @ rafeft pesa smkuwargee r el ati onship i1 s n
instead, tser sion | r 6t ateigcdqnesmk PM)e f oancdelaatti v e
vel ocity/ di st anceen rtehleateil ,emesemitp et bet ween t h
the [EM) directly model ed.

he parameterization of the aforemertihened
' i bration aimet res pnediSiso nppasemttaianil rygsoivlal ues
chanics parameter s, such as si Fato@esiNounn

dul usa,ndetvca.l;ues of s ome , otslhobere mddewh ipar aanree

Q& O o © 4

ramdhese. model urmplairkeneg @®irls , physi cal propert

o © 3 3 O

rectly measured. The evaluation -sodi It hoers es an

—
(9]

sts and the measupruetnse ntmoddaetla ionfp umosd e la nodu to t

o
D

related to these parameters from these te

—h
~—+

hese parameters are purely about the s

s or other tool,s et.lgat, ismtsein &othewictod othh @ ng
ti o6 Yowduwltlhe traditional t est met hods of
mpression test, the iIisotropic compression
aluate tThesdepapamameteseri zati on for mos
s on the | ab -asxoiall tceosnipsr esswsd hd nane etsli ® @t id
mpress$9daHowsver , the soil sampled in the |
tur al soi | .s dtudes ttso wehraet ,peFrifedrdmed t o det err
e soil c o sLtQi7t)iunt itvlee nfoideslli ¢ tl ests, dtilsd ug die d

S5 O =
> 9 O ® O O 9 o
o <

—+

st at uish hlgndn s.oriol dtee £tr mi - mechhei matofphe amenheact
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mo d e | i n atolpeg iDrEM,ati on program need t ot e run

mi cmec hani cal paesoe p&F roxdouaree tthee DEM sitmul at i
the soil me ¢ h[alnQi[8cl) Ptl adr] trlresiupkagel Q44 §A4

introduced earlier, the DEM somué¢atdoeamatlha iae
spent i n ocputninmingattihces omeog@asammpti on wil |l be

contact stiffnesswbhBRassamgent ioalbeditrhec tsiaomme &
direpgt0dh

Il f the model parameter to be evalwuated i s a
thatadtntwirt h the soil, such as the -seimpkagecal
model s and of-shkbar sbHeapl atemsst model s and

between tire -andkagel teshe phaet ehedre-sttoeislte us
test must be ¢hrer wEeBino®bel omb friction model
to compute the sheairl sdortsacti npatthceh ;t ihroewe v e

coefficient of frictiom whaaslvieadswe xgpneerdi e 2yt a |buae
[ 11[3114]

Mobile frame

LVDT sensor

Ny
Hydraulic ram .
/

I

Normal load N Stress sensor

o s
p=dN/2B? \i‘///— Plate — g

B z :
Soil o S5 o

Figure 2.2: Plate-sinkage test(source from Gotteland and Benoit, 2006[115], Figure 1; reprinted with
permission from Elseviel).

For t hose atdi rte accftfi onpmogdesedt hast e e mk atglee |
mo d e | and skhear sii spsacementer om@d etl madtel e n

paramatieomnzincl udes t hteh ep aprradnsestuergee z ambdeh ah ¢
strebesar di spl,acemeatofmowilch was donei by usi
pressure with siw&raiges taedar it hter elsad awiotf b ms hear
the -pl akage tests and|[dHlEd[fl.t]lest s respective
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—~+ O — —

(@Bevametrenulaammrd sshear -phabdésbéastet heotpl2d 8 |Fé¢2g
and Fi;gurreepmiliorht epder mi ssi).on from EI se

(bRectangul ar sheashep(atestoerfitom, plEp®BYFydguerer
with permissi.on from EI s i

Figure 2.3: Plate-shear tests.

However, I mitnkkeage pleattes and shear test s, i

ectangul ar oatanmeilmg wvdedraplthe ty,0lt teo i

nteraction of the tool with the sodsloil n t
Nt erpti8Bloea rsteoi | test can be a promising te:
ressiumleage model -sahnedars hdeiasrp | satcreeanesnt -r m@ad e | u
raction dynamics modeling, although it has |

hat . hdleeest field DTS tests found their wuse
i re oafdf traction model s thagi rmkaege ndedeln demd
t rretsesar di spl acretmjlenth o wgphd eP|l ackett peidnt ed o
nteraction could nosoréepi asen@ecahametead | gal
h e pfsd mkwargee dnodbkarahesar esls spl acement mo d e
erformingi nhagepltaeet s and shear tests using

i re oafdf per f or mance.
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24 Ef f ect of Tire I nflation Pressure

Tire inflation pr essfuare dfish éa nt-iiorefdl oypetrr o iorr gnaf

and soil ,gaoedpiacthas been investigated in DTS
Theombiimegd uence of tire inflation pressure
wi dt heeone imdehkhradtilvee Itengtisoot tbet acrepatc
pressure of a few points on the | ug was stud

R-I agricul t ur6adlhdt raa cGooord yteiarre 18. 4 R38 -Dyna T

agricul turfall@¥r2e00t eaentdyr eoam and cl ay | oam.
run at a constthaentf isdlidg DTa8 itoestilsn for the | at
tire inflation pressure on net traction and

i nvestilgadtled

Il n | ab DTS tests to study thiarte arnol il n onrge arsees
inflation pressure | ed to a decrlda,seb6 imadiodll
tire on c¢clay | oam, a n dn spurcehs siunrfel ubdericaaeen eanfd ratmiarle
|l oad inct5édewbiedde EIl wal eedadecralhseobsernmédat ha
Bridged4®2ond Hly, lug M tractor tire fkrPobam it s
and to 166 kdkec mreasudatendriemesaot i on resi stance
l odm21]

The testt hfeisaulldt ®DT®S done in the past at mu

ndi cate that | owering tire iinfmflatemaeom@mfdéssu

—+

ractdepending on the tire dédeigmfadmueénsei lofc
elycarfd aitin on pressur e otnr dataican oenf fcioeifdn ¢y ec
f slip ratio up to 100% wa-288s6bhilbdasgmcftioal
n concrtelremtfairgl c€,ul ti vat ed f hpealddd yolffd ss aonfd ys a n

o o <

| oam and | oamy sand with stubbl e. From the t
the tire inflation pressure iIimproved tracti
with stubble but not siohiftfe¢@atigldn the fi

Extensive field DTS t es$ tlenihvaelr sbiieteyn r otfio anC@aulb & e
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(UCD) single wheel traction tester. -tWulllfesadhn

Yol o | oam soil at two | evels of inflation pr
found htcehange bet ween tawmoi drevperléss sadif & adoieddh @ f ©
traetiperfoImaBashf ord et al . tested 18. 4R42

wheat stubblapl cswed aser aade of Sharksburg sil
ihfati on pressur e, and drewad toactuseomet ha
achieved on the wheat stubble surface for bo
pl owed sur ft &ale&. 4R42 otnilrye wi t h [oavE]r i nfl ati or

Several stiirne tnmoe &ttli -mreadfdynamics take tire |
a model i nput oatdndyhamt-CT¥RE 06N.0O1 MAagi ¢ For mul
take the influence of tire inflation pressur
functions of the [t1Z24H?ppiagien pres-B¥YRRBdAd t haea
6 .

1 Magic Formula equations can only achieve
inflation pressuredynmnamacsumndt eal t i mededMi tthhd .
f

inflation pressure, second order polynomials
and inflation pressure dependenci[els2 0]JApdrhte |
from the Magic For mul a, another el ement of S|
(SWI FT) mo d e | t hat accounts for the tire i
envel opvingr bied at @dm@ m@bhZd]m

I n theroadedypynhdédmi eesmpigaoamelsdmire model s accc

sinkage reaendttime shri @ssur e -sdoislt rd donutta cotn p ant cthh;

influenced by the[105Fhentfateonapt asgtghet he
set the tire infllatioputpresbkeayei @mpgl iacinmoldy c c
pressure changes; the compaction re[si&gftdAnce
the empirical 7®DP€ Imotdlkklexampl es. The Senator
the Upadhyayanpetri @lal $HE@i model both have t hi
ma e | i nput ; the for mer needs the tire i1infla
maxi mum nofm8llasdrtlse | atter has one model p
the tire I nff7.&Jti on pressure
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't wasl tdat i n no existingilriet emtoadteudr ewva st heex t
|l argéatmon pressiureoakiahgastand Ky ouwms idnygy atmh ec
ti-gei | tests.
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Chapter 3

Experi ment al Setup

This chapteri alnsc[lfubdpensR.maHee,r C. Sandu, and J

permi ssion from EIl sevier, and the agreement

Theool s andusapiplae at ast(dpisacgiti dmdd) ii mc|CQuhdaep ttelre
TerramechanTieckss cRiingE, ptrheessufr eamappengesegst emet
content sensor, a soil sampl i ncgh akptitgarb amat @ ha
these tools and appariatadus oinm taemrdmst lofelot Huesier |

preparation.

31 Tool spaadaAlAus

The main test facility in the te&stg) pradg rtahm
Terramechanics, Mul ti body, and Vehicle Systerl
c alme s eemi g&IoemAfter being mountef®Rignt oheheéesa

can spin at a preset constant revolution sp

motor). A separnrait@geanommotror()t hppowear s t he trans
the soil bin (or the |l ongitudinal movement o
| ongi tudi nal speed of 6 c¢cm/ s. Under this mot |
aclvieed by wvarying the revolution speed of the
nor mall | oad was appl indd doyyn aamipcaai lrl yo dc gani ters asltplre
val uesitaygPel D controll er. The <contlrdolp rsoipgpomali ow
val ve that regul ated the mass flow of the ai
force hub measured the three wheel forces an:

of 160 Hz. More details abmudf -Rthlge Elancbeohoa
[ 12[7128]
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Figure 3.1: Terramechanics Rigbefore November2017,at the TMVS Lab, Virginia Tech.

Before NoWleMmbetrhe test tire mounted on the
in towing mode; the motor t drtgBree.aad sveatysf e tr mant
rolling radius, defined in the free rolling
measured dor ewxhtyl yes tTihmati on of t pheer ftqirrnaesd r o |

descr iSheecdtdiiofn. ¢ @l cul ate sl ip ratios-sion |t hesltas
conduct eNo vbeentb@®rr&i nce NaEWwdmbhera mbwtdchbhet ween
wheel mott b vamedédla ds baefetn, i ncor porated ., nto t

enabt hseegpar &t whbeeb torque from trhel Iwihreggel ofand

(ani-wbhesxehafl tua chemb| y. (b) -zonowmi ew of the

Figure 3.2: Assembly of tire, wheel, shaft, and clutctof the Terramechanics Rigafter November2017 The
clutch is disengaged; the teeth are separated.
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ATekscanE pressurws matpipliinzge ds ytsda emeasur e and
di strii mitei o r e cThmetad it cwpantpom.ent sofTksbEA s Sy s
3150 pressure pad that consists of pressur e

maxi mum pressure this pressure pad can meas:!

sensels totally, with i1its spatealenksm@per ol
Before wuser,e tphaed purnedsesruwe nt equilibration anc
ensured all the sensel readings were al most
the pressure pad. Af ter the equilibration w
guar anfterecé hereadi ng of the pressure pad woul ¢
nor mall |l oad as possi bl e. During thepbaatdc t
inside a prdthectwiise ,cdhe] ¢prlees sium ecep rttchaesdio, wWww t
the nor mal | oad was increased gradually to t
would occur to the pressure pad as a consequ
Il n the test program, ¢déhe bestsambétkemeasnike me
of bul k density, gravimetric water content (

needo be taken A osoitlhes anepsiti nsgoikli.t was utili

t he s olihle bsion .| samploifmmguklinumonsiils,t eslhews amp
FigB3with a 10.08 c¢cm he&iimgrmder awal vamel, 8 5t. Wb alnu
scoop, and a dEeamds tbd rotw thradmneseasialmps aemp Iwiansg ,t atp p

by the dead bl ow hammer such that thédaheoil ]

scoop of the soil sampling kit was used to r
bottom of the sampler were | iddedn awaytaht &k
end of sampling.

Gravimetric water content was measured by f

stanf@&7dlsmmedi ately after the soil wasesampl ¢
vol ume of t he, swaertp| e n skintoywnwas cal cul at ed. N
constant mass; t he f i nallhec odnisftfaenrte nntaes si nw atsh em

the moment before drying the soitabhb mhss mowm
cal cul at ed. An AMIR digital scal e of 500 gr a

0.01 gr ams accuracy was used t o measur e ma
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mi crowave oven with 600 W maxi mum epto wlee n saintdy .
the final constant mass, and the mass differ e

content of the sample soil were calcul ated.

(a) Sampler was imme (b) Soil around the san

(camp@ler was seale (d) Sampler was taken o
Figure 3.3: Soil sampling kit and its use
Vol umetric wat er content was measured by
voletnr i c water|[ DMt entompobeeti eal epcatirri co fwalt2er
sensor rods that can measure the average vol
the 12 c¢cm sensor rods. During the measur emer
inserted into the soild The measur ement aeesl
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VWC prod% n@lr 5% espectively.

Cone index was Hwerabsou rde2dl BuSsD inggi taa | Static Co
[ 131 During operation, the Digital Static Con
such that the cone penetrated verntiocfaltlhye abnSdC
proceeded unt il 12 cm penetration depth w a
penetration resistance force and recorded th
whol e penetration process. The conxi munnd e X

penetration forcdq 1b4y Totabsee caorneesd DoEHG etDNBeC RS s 1 . °
and the resolution of the penétdH@t bON. resi st

Di stance measur ememt swer eoft ackuene rlbsy ouwrsiangBos

Laser Measur e. When betwgenhan!| abpecameasdr ¢
measuritmg et h ® aidre dt hrea ds ¢uisst iat pd iexc@ewas phpeed o
the soil for better | aser refl ectaisosFiagwhr é @n c
3.4.

Figure 3.4: Laser measure being used between the tire and soil.

Record of the rut Eohedbogt peisotrted lRli@ddas @i
byL2066,0600hiBkperpllagthitc sheckcntew Malm& elboprdadary o
vertically project,edasondtetpiitrBee®peéiarnset cobheeat e
pl astic sheets that wadrekead eilny aoorhosre nt teo rbwet |

cavéefy to avoid as stmucli angg aptve ismicdd at o keep
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r ut i ntact.

Figure 3.5: Use of two conjunct pieces of plastic sheet tecord the rut boundary.

3.2 SofPt e parMettihoond

The soil preparation was completed in the
around 15 c¢cm (15 cm is the maxi mum value of
study, as intedwillalt elre. iJenxipSieastoimneen t est s of t he t
soil track resulted from the soilThe eopbajreacttiiov
of etbhoil preparatbbh tentdbt each measioai h tceomeald tt;i o
expeacd to be realized after going through the
There wemaesnfeopusr of the soil preparati on met

and compacting.t epur iangs htohvee If iwasst ussed t o r en
Comi nghdae osecandeseewnsc toedli e the soil, wi t
el iminating the soil | umps and ensuring the
| evewlhser dragged by the carriage moving from t
to create a fl at S ¢Fii lg BBcelarc kt hea sf shrotwima sg tne pt,h
compacting The rsmolalggre dweosy ¢ he carriage from t
the rear end, and then back to t he Afl rstome end
water content of the treisg csooulld imott hbee snoa il n the
hi gham tt he [Il2Whlee hdeld roe,e t he four maian dttesps.
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driest ,cowhdiictchh oins anobhet hempoi i aptrepar@ati on

the water contachienvabhe.t est i's re

I n t heoitli rteest s ®r cahlgbemgp st sy,et i ti mportant

characterize the soil condition of thhe tes:
homogeneous, and insufficient characterizat:.i
i mpossibility i nsuclotnsp awiitehgadttdhee rade.sltllitemgi ng V¢
control the soil agownem t trbealt eovfahnét h et etcensnto | @iyl
enough t-of fbeec tciowse, fadomd | mbe uise controlling th

rendersega sskewed

(b)
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(c) (d

Figure 3.6: Soil after: (a) the shoveling; (b) the tilling; (c)the leveling; (d) thecompacting of the soil
preparation method.

The soil pr e marogpthieainh i me tshtouddy f aci |l i tates ¢
condition and, toget hert hseoit h p apkearmg@3 doweai shunr e m

4 . 4. AAndb. tontributes to the sufficient charac
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Chapter 4

Test Program

This chapter i nc[llubdje sR.maHee,r i G.l sSdmdiut h anke J

permi ssion from EIl sevier, and the agreement
The i ndoorofewvalrueatpieonf or mance onr egp,bnaanadd or
soi | condition was conducted with 3a&at tEthe@er
TMVS | aboViartgoirnyi leeefTie endwtod w etdhe t,esit. @.r,ogtrfaen | a
soi | progyethieesthestc stitrhee dsetdd tlsjcda aetodnr ethees td y n ¢

t
t
t

-3 @i Iswiee £t peedr f ommdeve@@ 016 t20 Nodeimbem June
o Novz2nb®and t he dteasatidmscloufditnhge stehe r el ati o
ests, test procederpsesaehdetesh tkekbslts,

41 Test Program Overview

Di ffestenat weee completed in the test progr a

between these tests iTdeintesvoducedpileteldi $ ns e

t

[
t

heir relationsthi guwae e summari zed i n
Al | the tests of the test progrsaom Iwetrees tcsar(r
est) and t-Beibdybhamies, tthe test soil was pl a

oll owing the steds2awbdstei badthe SebbDranory
est soil was not prepared. The test tire wa
n the static deflection tests. I[Tahbeo reattlaaireys o f

i-g@®i | of e LWEwer e used to set nomi nlada berl atporrya

dynami-scoitli rteests before the Terramechanics R

r

ol l'ing radi use dVorvesfibdlesr (only sinc
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. Soil Condition Characterization
To Investigate

—-
Pass Data Pressure-Sinkage Relationship
Soil Properties Tests
Shear Stress-Shear
— . Displacement Relationship
Static Tire Deflection
Tests (on Rigid Surface) Pressure Distribution in the
g E—.- llnﬂaliun Pressure to Test Cuntact Area
g B
¢ 3 Static Tire-Soil Tests
o Geometry of the Contact Area
% Estimated Rolling Radius
Dynamic Tire-Soil
Té::s Tire Tractive Performance and
Soil Response

Multi-Pass Effects

Figure 4.1: Relationship of the tests performed in the test program.

The titbhroasghleut est pRragr aMRWas97S Uniroya
St anBafdrencet ASeRSTIT )T i rAes [ffaorra niehtee rtsi rdefh et e rtee
width istfBd5emmnl|l oaded rtahder e di siepPpB8t Besmm, m

unl oaded section height is 135 mm.

(a) SRTT wused in all th(bPirweddd the  ssthtifest
reconstruction

Figure 4.2: Test tires inthe test program

Another tire testesd, lornleystisn ftolre tshte2tBibd 5thierc
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R19 VIOM+S Bicoelplivier de al (t lsee anismetlhleir)basi c par
of thihe tire, wi dt hi re @B8Dbo addbe.dbtbh,a dti hues tirsead

i 87mm, and the wunl oald2e9dmbs5ect i on hei ght i s
The soil tested ihne tshaemet elsaa npyr osgar nadm awsa st hte ¢
[ 127]lts textur al compositions andTaslhdte of it

Table 4.1: Physical properties of the test soil.

Soil type Cl aywl] g Silgl [ g Sandrl][ g Maxi mum bu
classi fi < 0.002 O0.0®250 mn 0052mm [ g/flg m

Loamy sa 0 16% 84 % 1.983
@The maxi mum bul k density was obtainedl8®f%] the standard proctor test
42 Laboratory Soi l Properties Test

Il n order tsoo me ¢ toedr mion d properties of t he t e
properties test (I ab SPt hteerset d a rweauss psesrd il a r pnrreadp.
each of them can be char,@aafasmr iazdeedg ubay o enwenrbeel
paramebaessder edt irreet agdféefdvtegemrcft or mance twerbee c¢ he
measured in the | adfISPcttestthe Budikl deompda gt iro
compaction redildAtjavat er,o troed tattmetde tios srod d o rptoerdo
influence t-fbeashedrspltaesment rel dtliuemshei @ hae
tracti veil[fidrlc2er [@dne isrodé x mex< hani cal property
been commonly useeoin eoxpairdihnsetnuehile s iared sel e
input of some empi rrqriacad veldiefd§ 58 3fddlrisiegetoisleo f t
par amet er sbec moesaesnurtea | nvetrlee bludlkk SRnNnses$sty, co
gravimetric Iwmattehri sc sretcan to.n, the procedures ¢

are explained one after another.

421 Procedures of Lamtoireas ofeystSoi | Prope

Il n the | ab SP test, a spot of soil i n the sa
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of ClI were taken at that spot by wusing the D
into the soil by using thendehd wsei ghsatmpbiwn
four measurements of the CI were taken at I
using t@e DGR Tri b&d2ismchedcthiadont he ClI of the
could be approximated by t heFimpddnel dfusthatfesu

|l ocations where the sampler was tapped i nsi d:¢
spdtol | owi ng aheesit efs Sexdiel smmpl er contai ni ng
away, and the gravimetric water content and I

The procedures of the | ab BEBPprastetdasndescrsiob

wi de range of soil compaction was tested.

® Location where the penetration resistan
was measured

O Location where the soil sampler was
pressed into the soil

Figure 4.3: Schematic of the locations for the measurements dfie Cl and the merged sampler.
422 Rsul ts of Laboratory Soil Properties Tests

The measut BOAe hGWC,ofand bul k density from the
bel ow. Whialved melteer ccontent of the test soil e
e CI of rtamgedefésyo ns 0312016 kPa to 1631 kPa. T h

ried from 89% to 97 %. A gener al t heomme coul

h
a

i ndex, i . e., from a few hundred to over a
ompaction, tWwbhicbnmeandex value colhd waféec
o

ntent of the testosrisgitouhdthet sbel maimnmt aif n
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than thel 12WTdeemsure the same | evel -0dilsoil
tests andneane®tvleedr oda soi l watesotcbntest si (it h
|l evel s are close and | ow,. %a sl twhiel It ebset dsiosiclu swsa
left at its driesitscowdi then sGE® ITcabéZecesu o f

Table 4.2: Some soil physical and mechanical properties of the test soil in various soil conditions

Sample Conadéx [GraV|metr|c Dry bul k Rel ative ¢

RN [0/ §m [g. &y cn
1 518. 95! 0. 3l 9 1.720 89 .92 8
2 822.92: 0. 4 7 1.735 90 .9%0 3
3 326.20: 0. 640 4 1.728 89 .9 8
4 1631.01 0. M6 4 1.870 97 .9%0 2
5 363.27: 0. P 6 1.771 91 . %0
6 1238.0¢ 0. 901 1.817 94 931
7 1193.6¢C 0. 8 2 1.846 95 .9%8 0
8 748.78. 0. &4 3 1.793 93.90 7
9 810. 56! 0. & 3 1.756 91 %11
10 733.95"° 0. BR 2 1.745 90 .% 6
11 1289.09¢ 0. 20 4 1.856 96 .93 2

T he relative compactionitygy obOherraheomakliathéille. Huykbdbeksdeywy (see

43 St atic Tire Deflection Test

Il mhe static tjrehdefileetiowhl aesos pressur e
tire inflation Ilpocaedssappeli eddhet morimal tire was
specified value and maintained at that val ue
statically | oaded. This section introduces t
Next reshéts of the static tire deflection te
to ttherdasewsl ts f wvaaniitowro iars plecadsed radi us with

vaatii on in contiaet imdtl amnidoimtolp mad sl omad

431 Procesdofbbtati c Tire Deflection Test

As for the static tire deflechkeoheséestsesvebsn
inflation pressure andlarbd3emdlo Isho adetsatre @ ctdhi es ptl e

was either infl ated or defl ated to the presete
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applied gradually to 5 kN, Thked4d3® nT ly e nt eéhaefmtad r |

measwemewmoafled radius and the pressure distri

and recorded, foll owed by releasing the norn
end of each test. The same proceduresn were
combinations of the nor mal | oad | evel and th

Table 4.3: Design of experiment for the static tire deflection testsn November of2016

Operational Levels

Nor mal Nload 5
. ) o 16103, , 1/8u142,4 24/ 165, 27/186, 3C
Tire infl dpison 42/ 290

(a) In the t20slt6s. of (b) In the200d9t s o

Figure 4.4: Pressure pad andigid surface.

The measurement of | oaded radius was accomp
Laser Measure and a retractable rul er. For e
the nor mal | oad | eved laenvdelt,h et hionsfel attwoo nd epwriec
measure the distance between the wheel cent

containing the pFiegé4e anplad hssownm sit @mmade dwa s

radi us.
The measurement of twhe mgroenpd et e ddiantdr irkewtoira
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TekscanE pressurien mappo ndgamscyest wimt h3thefrhet ep
measuremeate dmidasentt he f or mat of pPredsere me
and each pressur e ma p di spl ays t he a@erage
measurements whi2cmi hedlksabout 1

Unit: psi Unit: psi Unit: psi
20C 20C 20C

khp) Area: 18829 mm? Force: 5.00 kN kh)  Area: 23115 mm? Force: 4.98 kN khn)  Area: 29789 mm? Force: 4.96 kN

250 15C

10C

Length [mm]

0 100 200 300 0 100 200 300 0 100 200 300
Length [mm] Length [mm] Length [mm]
(ad)2 iprsfil ateisepu® | ( b3)0O iprsfil ati pnb5p (cA¥psiinfl ati onb5p
nor mal | oac nor mal |l oac nor mal |l oac

Figure 4.5: Pressure map samples from the static tire deflection tesin November of 2016

Later in 20k&scwnEhpt Besurree frarpbpiisnhge ds y(sat em
pressure pad was purchased; software was upg
were completed to investigate tihet reifldetcitomfi

contact patch between a tire and rigid surf acd
from that of the tests conducted in 2016 in
|l evel s, 5 kN, 6 k N, laantdi o/n kpNr, e swshuirlee Itehvee It iwae
ranging from 12 psi to 42 plsaibd4et teare il mtaedrewda lr
; dedelvedf atnide i ond

pressure | evel had two runs of tests instead

was not measured in each test

inflation press Uabd3k ewacsosnmdeuacst eldi2 8 thed dAhigmas d s e
prssure pad was a hew one, al tth ofurgodhm otfh e hoen es a
Nov e nOelr6

Table 4.4: Design of experiment for the static tire deflection tests in August of 2019.

Oper atimetadr ! Levels
Nor mal | oad 56,7
Tire infl §dpison 1m2,/ 11284, 24/ 165, 30/ 207,
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432 Resul tatbot Bire Deflection Tests
4321 Loaded (RaadiRugi d Ground)

The threethleaaded sr adi us éyanhttebyaske mensa
from the three tests at the same tire inflat
then tabullaind& dilmunh3®? With the valuoediab tFh
r, the unloaddyl aedtiboerdblérghldgepnown, the m
t hédand%c®dl umn were taken as thendabubsoituothe
Equatd4il)ont dl amaé cuhe percept radial defl ecti on

ry-r
r,=
hf_dtr

Table 4.5: Measurements of loaded radius ad their resultant values ofpercent radial deflection.The
measured data is fromstatic tire deflection tests in November of 2016.

4.1

Tire inflati Loaded mmjadi us Per craditdafl| ec

Average r AverBogeh
rul er r e measure r

15 296. 0 295. 2 33.29%

18 299. 8 299. 7 30.04%

21 303.7 303.5 27.04%

24 307.0 307.0 24.38%

27 310.0 310.2 21.97%

30 312.2 312. 3 20. 27 %

33 315.0 314.3 18.39%

36 316. 2 315. 8 17.34%

39 317.3 316. 8 16.50%

42 319.0 319.0 15.00%
It can beTdmlbadatsia® PO psi, and 42 psi res
15% radi al defl ection respectively. These th
as the values of the tire inflation pressure
test, asréeheyi Veldy tloow, medi um, and high rad
can be maadbd5e rwohnren the tire inflation pressur
the inflation pressBerpgelicemteduaeidalbyd&f Ipsat i
tham However, when the i nfIpastii,ont hper etsisruer ed eifs
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increase by a2%marnd emd atr y¥enaatrdayanmdi me t he i nf | &
i s redlipcseid. by

4322 Pressure Distribut(ioonn Ringitdh eGr@oumtda)ct Pat ch

The pressbr gddaipsspliany some vertical bl ack st
grooves of the tire tread rppeatatnadrgmowhdarree otnhl erc
Among these thré&eghleasundemamd liat i on pressu
of the contact patch remains wunchanged whil
Anot her observation worth mentioning is abou

for the relatively high pressure. At 42 psi

area is primarily around thetcematetiok imél a
as |low as 18 psi, the relatively high pressu
t he contact pat ch. I n addi tion, t he accept

measur ement mightFibgd6hehmoresthmhaet ed amydard devi
pressure readings from the three tests at tt
plotted for all/l the sensels in rnndedewindtaicdn
smal |l er than 1.5 pstihnea@aomaufardiemag rtee $tnp d iat wiotnh
1542 psi and assuming that the pressure dis
same for all 3 runs, tnmeea srerpeemed mtb ida ulyd obfe tfhc
for most sensels of the pressure pad.

(a)2 iprsfil ati pn5p ( b3)9 iprsfil ati pn5p (c3)6 iprsfil ati pnS5p
nor mal | oac nor mal | oac nor mal | oac
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Figure 4.6: Standard deviation of sensel pressure readings for all three static tire deflectidastsin November
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al most |l i neaclrgawet hnanhhe tire inflation pre
pressure in the contactssmatechcowirtelh at ese wi bhh
Schwan[gh3aimt terms of two aspects. First, t he
increasear| yfwathohi peebsed urwe .a Seschainedhn i poi( 86,
35 p&Fiygda8ethe average pressure in the contac
preswhrbke abovettlra tewsmsouamegte ipnr t he contact pat

tire inflation pressure.
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Figure 4.7: Variation s of the average measured contact patch area with tire inflation pressufeom the tests
done in November of 206.
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Figure 4.8: Variation s of the average sensel pressure in the contact patch with tire inflation pressuft®m the
tests done in November of 2016

Average sensel pressure readAogusstisobbfRalilfe
way as that for t he Atl sst, s aivrer dNgwe mglr oru nadf p2 Gkl
as thet hneotrinbalofl oad over Itthecamnh &icy dageitadfcrhomr
the average sensel pressure reading 1 s near

pressur e.
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Figure 4.9: Variation of the average sense pressure readings and average ground pressure with tire
inflation pressure and normal loadfrom the tests done in August of 2019

CompaFi gg9ae aFidg 4.8, e at 5 kN nor mal | oad and
pressur e, the aver agemsvenheéeln Re pditnhghitd foeftr letaht
| at teelr .diSfuf erence i saondnpo s eiralesld ypadeova ptuastd lye me 1
t hesprure pad 0dA9t wastasths aod 2ew one whil e
2016 wasesnean sbme senstellsntofi whe ede otresseghs o f 2
when the tire was | oaded on the ground, t he
test of 2016.

& c| eaFri gfd@9temat the trend of average sense
grund pressure w.pr.t the inflFagdBs e Bperseiesdseusr,e t

i ncrease in average sensel pressure reading
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t he nor mal | oads |feavrel s mal.leer, tlh aknN,t hie i ncr ea
inflation pressure | evel, tiee,i 6fpatiomhpse

influenti al than the tire nor mal |l oad to the

44 Labor &t @it y-8$0 iEBlisnt &

The st-apit tesées is divided into twolhpehases
aim of t hsotisétsattsi ci nt wWrauid yt @ fe 2t0ilmiat e t he rol | i
rolling test tire on the fte6Gt(ctmhdos |t eastt trhieg Ic
| ongi t udiTnhael sstpaeteidt) t es e s asns uJmueldy tohfat2 Otlh7e | o
of ar dlrleieng tire moving forward at 6 c¢cm/ s on
same-rrodonding tiseibninhéehsamame physiHia@lalli t@ nc

tire andolthengonire are at the same nor mal I

pointed out that the vertical tire stiffness
of ¢ttire k4] However, in the | abvaDTeShttlegstOs 216 &my/
smal | value for the Il ongitudinal speesdoi ITher

t essinh Jul ycooufl d20ble7 r easonabl e.

The st-apiti he®éesoPeadt wd 2i0mhs. The ftrgatai m
the effect of nor mal l oad, inflatidnrreedegsur e
and rut si.zeThpearsaenteotnedr sai mDwpsot ol ® ecfbandsth@ruicm

f ormed bryuttthiendg i r e

I n this seaediroandi ushevd.oatdhe rolling radius |
the test procdduoredssabe tObscsithedec foll owed b

results fsrom the test

441 Loaded Radius and Rolling Radius

With the | oaded| oadedsr adidutsheafold itnigr e akdn ouvws

on a rigid flat sur[fl88de coul d be evaluated a
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Figure 4.10: Schematic of thetire -soil interaction profile in the towing mode.
dri v

i-sombvnggcondihieohréeerero

When the tire
travels by t

the def or[n2a2bdn & tstoe | whe el center
|l eng@t ha2 the same time, the rag athiecoral wapnqlge

the following two equations:
VX:rOWW=2t—al 4.3
WW:% 4.4



Hence

a
ro:_ 45
Qa
|t i smewnmtritchni ng at t Fegdh@es dopi ateessd rbhyt ed
rolling of aEqtuiart@3pn@4)doihlo,] dy dtor ot henfgr.éeere o
I f t he ftr-sel liismoghbdgn HAgwatlilomot be valid anymo

The geomeRirgydIo® ndiheat es:

r=r, cosq,) 4.6

a=r,sin(g,) A7
Combining (EYu@?)itomget her , the rollingar radiu
function of | oaded radius a@#d. unl oaded radiu
Theref orud,i nggu ktshtei tval ue of the | oadedofradi u:

JuR9limEqQuatd4i2oamd assuming the Ilrooddadgr adirwes c
can be approximated byeitmhwmoihoamded nr adhieu s amfe |
same nor mal | oad and at the same tire inflat

the same soil at the |l ongitudinal speed of 6

442 Procesdlimador St ant y-8oiTli r Ees't

Before tthies®etteastti,c soi l preparati on was com
described3i.8 T®e wthitean n t he soi l compaction |
experi menl abfoorrat otrigscei ke st , zero trips o f con
compaction | evel), two trips (medium soil o
compaction | evel) were done.

Ri ght bef ot bg etiadcshhVegVCaant@il c of t hcel d eesltd csaotiH e n
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where the contact ,warte hmevaoud rdd b ktl Fbrovg en gitdit rhees s
descri bed3.iblef9®e et iapmp!| ying the nor mal |l oad to
t hose meavwaisrh@me ht stshiMeWChi bceaause i nserting the
HS2P into thet B®NCl ntiag hme acshularnegge t he mechani cz:
and medas@®r i mggquired an intact FSgidl dfltuesrt rtal e
the | ocation relativethted ahd YIWCt avetr ep anteals u
measurements were not taken at the | ocation

measurements requiheednepsneemanitondsevoftetto t

change the soil mechani cal property of the p
o x 77 7 Lateral Direction |
| |« ® '
I % :
! x angn_udinal I
I x Direction I
. % .
i X !
. ;)X "
e s o f s s s e s = s I

® Location where the DSCP was pressed

¥ Location where the moisture sensor rod
were pressed

Location where the tire and soil would b
in contact

Figure 4.11: Schematic of the location for the measurements of Cl and VWC.

The design of experiimeetdsg b OEY| Wi co fstunelad ti ate
i mabdéeThmeasur e mée@®lit samd VWC were averaged for
| evel a nTda bldbes tAelds oi,n da bdbeotwwhrer tirelienmkel atic
and one nloewalt el ohdsen to hea-seedsed asm t hey st
in 15%, ann0d% 30% of the percent radial Thhefl ect
average values of ClI for the tests at | ow, m
and eight tri ps 2o0/f4 kdP@nPpdalkc®D ngn RKBIR®D @awn s hn

T a b4.6e
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Table 4.6: Design of experiment for thelaboratory static tire-soil tessin July of 2017.

Operational pan(’)\']?mlb Levels
Nor mad [ & N] 1 5
Tire infl dpison/pr 3 181,243200 74229 0
Soi |l co(@pf ekePhaWeg n [/ cciiin 3 2%.58P), 4689 8)5806,12 B)8

I
t h
t h
me
w a
re
Fi
en
i
as
ce
of
ab
t e
of
co

SO

n each -ssotialwiteemstdecse@nf i gas apaemlée io.ne. ,| evel 0

e nor mal | oad, one | evel of the tire infl a
e nor mal |l oad applied to the tire was sl o
asuremeindt @aficeé hketdween t he wheel center anc
s taken by using a Bosch GLM 15 Compact L ¢

|l eased and the tire was | ifted up and move
nyal It he rut depth was measurriegddily mas ikmaogt hh &

d of the test. Assuming tihlat (saedyl asdi dr
| u sbtyr saabd6an™a b4l after unl oading and | ifting
ex plSeacnteidolnthe values of dilsé ance Gepwkeean:t
nter and the surface of the undisturbed so

the static tire Fing @Yaee Tshei Is,a mes pirlolcwedturr aets
ove were repeat ewi tfhoeg saammd hteas tt woo rt feisg wisr at i
sts were performed for alals TPde®lée elshe caownmdri ago
the threloachdd esadifudg htehat were coll ected
nfigurati on wausa tsfdgpns taintdu ttehde irmotld iEhgg r adi us

il compaction, tir e lionafdl astpieocni fpireeds sbuyr e, h aan

(a) Side view of (b) Front view of
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Figure 4.12. M easurement of the depth of the rut formed by the compaction brought by the staticallpaded
tire.

The design of expesbmkentesovs t heOst Bdlelce bfr

47. Since the | oaded radius was measured at 5
pressurset aitnisad ihtlei teest s i n July of 2017, as foc
t et kK,N nor mal | oad was excluded, and only 6 :
for the nor mal |l oad | evel s, the tirenihétvals
remai ned t he tshaemet easst st hiant 200f1 7 . The rut reco
nor mal |l oad, tire inflation pressur e, and in

2017; the only diff.erfAmanrett hfiereat aime SIRG Tt eat Pt
describedd. hw&schal saoa tested.

Table 4.7: Design of experimentfor the laboratory static tire-soil tests inOctober of 2019.

ObjeciTest Operational Number ¢ Levels
Nor mal |l oat 2 6, 7
Tire infl at
Loaded SRTT [psi]/[kP 3 181,243200 74229 0
measur P
Soi l c o (@l akcPta 3 (224,00@)76 11,02 ®)6,
VWCc §# cin (888 10®9
Nor mal | oat 1 5
Rut SRTT Tire '.”f/'aktp 3 181243200 74229 0
recons: Pire _[pS|] [
Soi |l co(@fl &kcPta 3 (217. 88, (058838 %)
VWC P/ ccfiin (907.77, 1.

lts worth menfisiaonei nqithat ©BByYyit mempacthath
two values of CheasdméWRageaepadtei velvelafter t
of soil preparation either for |orw, exnemrdp luan,
Tabd7e the values of ClI and VWC at the | ow soi
tests are 217.88 kPa and 0. 77 %, very <c¢l ose
compactinn hevieoladed radius meamsgneéemewict heses
the 274.58 kPa ahabdbe 4T/h% raesf dries,t etdh @ ni ni ti al
represented by these weal ssead doft oClb ean ch eVWG& neea

Each atisoitti he®c¢tasfob2e0r19 had al most the same
statisoitli d@by se2xOche/p,t itnh atthe tests for the mea
t hreor mal | oad to dreentamad hedt whengt fafnwa st halt s c
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measur erherdtosngi tudi nal coordinate, | at er al C (
sever alonphoei nuwfoaceal ong the boundary of t he
reconstQnuec twiessnt.conducted for each oTfabdhee t est
Ther ef or36 tteosttad | (weurnes coof Mptlecesthesd) s ur ed | oaded
not substitutdRd totestEtigmat ebenhad@useo,| |iimg20 8, |
of the Terramechanics Rig was cdpakl ¢ odfl i bgi
tire andméasceemdret of rolling radiusi dmr a
4.5) 2.4

I

r
g
i
:i'
£
§
i
&

(a) Rutcoadrtckmeasheese ment ¢ (bPoi nts on dafhewhiudah pec od
measur ed.

Figure 4.13 Measurements of longitudinal coordinates lateral coordinates, and rut depth (vertical
coordinates) for several points on the rut profileBlue points are along the boundary of the ru{drawn on a
plastic sheet) yellow points are on the surface of the rut.

Thmeasurements of | ongitudinal coordinate,
coordinate) were completed by using a set o f
were taken for the points on  Filgedt put t Bear i at
boundary was drawn on the plasti &. 4 hTeherte ei nort
four columns of points were chosswnr emerithe; rad
column consisted of five points with the sanm
for these columns of poiFmi#&l B\hoet es a nmea tw st yh easse (
of poi mteyxyewercdhosen on htelnte $u rdfthaew epwas rfudri mend

in the tread [FatgedrBm Because of t hat, t he t
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considered in the rut reconstruction.

Drawiemgr uth boundary and measuring coordinat

performed in a way such that the FriwgtdI&as kep
The points along the Ildasatwincr rahedtounfdauryt @en t
had zero rut dept h. Only 1l ongitudinal and |
boundary points. The data points of |l ongitud
coordinate f or ptohientasf oorne niehnet irontedpr of i |l e wer
on the spline interpblradt omroftiol @ econstruct

443 Re s ullLtashb oorf&tt @t y-8o iTli r EBest s

4431 Loaded Radius and Rut Depth

The three measurements of foheeanoh depthcand
the ¢si-adeiidisn 20Iwer e averagetUOad®al To sftedi liint a
comparison between tthies at &s tnlst2s0 ldyin @ mtoltimd t¢ hfert at
static tire (drefltleetiromi)d e dnt aNov@lnbifeexc aver age
measur emmoemtde dofradi us and their resultant rol
for both hteg ptes @rfe pr eBaemBe dT hteo gred lhleirng nr adi 1
on the rigid f1l at sur Egoatdearns Bal s li2owlatsai ned
origi omplolsye dpifroargaad rf | [@a1.8lsur f ace

Table 4.8: Measured loaded radius, measured rut depth ahtheir resultant values of rolling radius and
percent radial deflection.The measured data is from the static tiresoil tests in July of 2017.

AV egrea Average 1

Tire in Soi l Percent Rol I ing
measur | oaded |

pressur compac dept [ mm] defl ect [ mm]
18 Lo w 28. 67 310.83 2B8% 329. 0¢
30 Lo w 30.33 322.83 12.01%9 333.0¢
42 Lo w 28. 33 328.67 7.45% 335. 0¢
18 Medi u 12.00 307. 33 24. 119 327. 8¢
30 Medi u 13.67 320.67 13. 709 332. 3¢
42 Medi u 15. 33 325.67 9. 79% 334.01
18 Hi gh 800 305.50 25.55% 327. 2¢
30 Hi gh 9. 33 318.67 126% 331. 6¢
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42 Hi gh 9.67 324.17 10. 969 333.51

18 Ri gi N/ A 299.75 30.0409 325. 2¢

30 Ri gi N/ A 312.25 20.279 329.51

42 Ri gi N/ A 31®0 15.00%9 331.7¢
At thendamei on pressure and nor mal |l oad, th
i n ttihree rl aochedeermlp ar ed wi th the rigid surface. T
radi al defl ection between the soil and the ri

| arger than 4. 04 %tftierf ladtli acmmeptessubhevehdpiodry
byFi gyt €4 From the perspectsveaeh oéfetbrceol hi ng
radius between the rigid surface and the soi
t hat roamgle.s70f rmm to 3. 70 mm, Rihg&lhe can be o0bs

Soi l compaction might be as asnftliuentiindll att o

becatuhsee di f ference in rolliindd atadinup,r edrsau ght

be around 2.00 mm, still small er than the 3.

soi | c omp acAtlisoon, cihta ncgaenT abbel.8ed miIingld.1fSr o ant t hese

di fferences in the | oaded radius and in the

test soil tend to be more obvious as the tir
35

| | == Inflation Pressure 42 psi
=%~ Inflation Pressure 30 psi
Inflation Pressure 18 psi

w
o

N
(¢,
T

N
©

Percent Radial Deflection [%)]

low medium high rigid
Soil Compaction Level

Figure 4.14: Variations of the percent radial deflection with the soil compaction levelThe measured data is
from the static tire-soil tests in July of 2017.
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Figure 4.15: Variations of rolling radius with the soil compaction level.The measured data is from the static
tire-soil tests in July of 2017.

The trend osf itrhel ovaadd da ori dodnings ramdd uisn wi t h t h
| exaln be summari zed by analFyzgidikidg nlh g db® ok en
When the soil compaction increases, for all
radi al defl ection imadieasedecwdhades tTaeb Irend pgo
48it can be found that the | oaded radius at t
inflation pressure |tehcatlos4e mpl doia ditedd et rhaed il uasr goef

This makes sense, as the tire tends to behayv
tire inflation pressure i ncrleabdlgesl saoc ds it dives stoh
for the | evels of initial soil cohnep d ocotaideerd, riar
measured i notfheRWiWsdSs talsways small er than the

Ther eiftorcegul d be r etalstolnea btl eeghtthot kaksesnwmeanalt | o a d
t htei re inflation pressure smaller than or eqtl

when runni ng adn 6t lten/tse tt heoitlest ri g carriage

As for thlemuaridapi dnpatchtei ondiell mgdam gd.d & e .
shows tikernommhamndgeget h among different combinati

| evel and t he soisl ccloenapra gfiditadmh alte vtenle Illawer
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Figure 4.16: Variations ofrut depth with tire inflation pressure. The measured data is from the static tiresoil
tests in July of 2017.
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Figure 4.17: Measurement data of loaded radius at 5, Gnd 7 kN normal load; 18, 40,and 42 psiinflation
pressure and low, medium, and high initial compaction. The data isfrom the static tire-soil tests in July of
2017and in October of 2019.
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Figure 4.18. Measurement data of rut depth at 5, 6, and 7 khNhormal load; 18, 40, and 42 psinflation
pressure and low, medium, and high initial compaction.The data is from the static tire-soil tests in July of
2017 and in October of 2019.
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Figure 4.19: Variation in rut length with inflation pressure at 6 and 7kN normal load; 18, 40, and 42 psi
inflatio n pressure; and low, medium, and high initial compactionThe data is from the static tire-soil tests in
October of 2019.
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SRTT1, 5kN, 30psi, Compaction:Medium
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Figure 4.20: Measured data points ofthe longitudinal coordinate, lateral coordinate, and vertical coordinate

(rut depth) of the points on the rut profile; the rut was formed by the SRTT at 5 kN normal load, 30 psi

inflation pressure, and medium intial soil compaction. The data is from the static tire-soil tests in October of

2019.
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SRTT1, 5kN, 42psi, Compaction:High Sinkage [g\m]
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Figure 4.21: Rut reconstruction for SRTT at 18, 30, and 42 psi and low, medium, and high initial soil
compaction.The ruts were formed in the static tiresoil tests in October of 2019.
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