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Abstract

Tire parameters play a veircye.i nbpegretnadn tn gr wlne t

conditions for which a given tire is designe
(e. g., the radius of the tire, the widgth of
Among tire cthheea H eatl e rpir otpieadad,i es of the rubber
in tire behavior. Previous studies show that
dependent on temperatur e. Thus, a compr ehen
propertiebserofon htei rreubper formance for differe
road conditions is required.

Il n this study, a theoretica-icenodet ehact iboe

temperature changes obtained fhemghtheoimothke

—

Il m created by the heat generated due to t

coefficient at the contact patch i s obtainec
contact patch, dry fr i ctcitom ni sc ocebftfaicn eedn.t sKnfa
regions, the equivalent friction coefficient
experi ment al results for three similar tires
the experi mesntsagtfwdpyar ti oéstihave been selected
haveent igceaolmettirrye almuwt sd irfufbdbreecrmtdnpounds. Sever g

were conducted for the crholsleinng,i rkersakinng,hrare
tet s were performed for two different nor mal

pressures (21 psi (144.n8 kFha)e ea ntdl rea8 eltlfesmg(,e(r1adt?
-5AC, -lanMdC). The Terramechanics aRsi gbeen TuvsVeSd
conducting the tests. The results from this

tractive force with respect to parameters s
results also indicatelubabfthédet Yoenwi mbduouhe

traction among al l four tires used in this s

The model devel oped can be used to predict



the tire friction force, t he tahree awsa toefr weitl ma nf
di fferent ice temper gt vertecs., Tdhief freerseun tt sn of rr noan
with the obtained results from the experi men
the smallest value of sYtouwmgl ume daifl utsh ea ngdp & chief i
was shown to have the highest friction coeff

After wvalidating the results using experi me
perform a sensitieviptey famanlaynwsies won ht me stpierct t
of the tread rubber: t her mads eoorddd atsi vistpye,ci
roughness parameter of the rubber, and radi.
from t hsihsow ttuhdey sensitivity of the magnitude
mat er i al properties. The friction coefficien
rubber and has an inveér srdud luast i o rmprsdouigfhinea shee ¢

par amet er .
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Gener al AMusdireanccte

Il n oodeecitease the number of deaths and inj
increase the safstympbrthetvebi cimpyove t he t

t his, understanding the effects of di fferen
properties of the rubber, |l oad-icg pendstr mancg
requifred paramelay a very important role in

driving conditions for which a given tire

appropriately

| nhits prbeeetfects of different tirdeandlter
properties on tire performance on i chawesi ng
been st Fdbired he experi ment al part of this stu
than 30 tires with differefmts tmesdhywrwi avih agr aper
mo st i mmar eéainal egfr otplee f oub leersi gni ntghea bteisn e

performance on ice.

For the modeling pamtalgtitchis msde dTyhvea amosteem i
was validated usi a$y datdbhevatse dperpect méhe per
the tire by having information about its ma
mo d e | called ATII M2. 0 has several advantages.
(not a rutbhetr odawchke used to predict the pe
mat er i al properties. Il n addition, this model
the performance ofThdeaemouadkdl cdevelnomedeosan . be
tempture changes at the contact pat ch, t he t
regions, the height of the water film for di

et c. The results from this studexpeirmaeiece swi
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Nomencl atur e

Longitudinal slip ratio - ¥  Wheel angular speed [rad/s]
Thermal conductivity of  [W/mtK] |l Roughness parameter in [mm]

the rubber longitudinal direction

Specific heat of the rubbe [J/kgK] ’ Sliding velocity [m/s]

Temperature rise [ C] 0 Presste applied on the [mm]

rubber block
Nor mal | oad [N] —  Viscosity of the ice [mm]
Longitudinal [N] " Density of the ice [kg/m?]

Longitudinal velocity at [m/s] Thermal conductivity of ice  [W/mtK]

the axle of wheel

Latert heat of the ice J/kg 0  Specific heat of ice [J/kgK]

Melting temperature [ C] E  Modulus of elasticity of MPa
rubber

Ice temperature [ C] "Qw Height of the water film [mm]

Radii of the spherical [mm] do0  Average contact diameter [mm]

asperities

Roughness parameter of  [mm] & Mean root square gradient -

rubber

Shear streng [NNm2 0 Area of real [mm~2]

water film bet ween t he

Shear stren:[Nm2 Y Unloaded radius of the tire [m]
aspesritie

Length of the rubber [mm] 'Y  Loaded radius of the tire [m]
blocks



Chapter 1

| ntroducti on

1.1 Moti vati on

Vehicle per for masnucceh cahsa rtahcet etrriascttiicdsre t oyr, i taenrdi
handling are highly dependent on t Rhe,yasshar act
composit e smantaekriidaglf ues i @ gt mat erials such as r
A typical car tire conglilsjftTshe ft ragad emasrtt 6df re
than 15 r ubdghers cemmouwedi gned t,cusédr as PaOIVO L
the necessary grip c,amacictoy nfeorn ndyr iopiem@,t i mmas

goalds parnovi de a balance between different toi

hand/Jlaindg ! ow rolling resistance, a tire desig
t her mal properties such as stiffnesbBebwyaf or al
rubber. |t i s real |l y tnhpeosret apnrto pteor t k ecsw atr hea tc

ot hemd adjusting one of them oftenwhaaft§f eche t
best c 0 mb i nrautbilboenmpoofu ntdlse t o erafver mahnec eb eosft tphe

answer thascgmpséhensive study on t hesoenf fect :
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tire peinBeethadce Al t hough nowhadresied earr et Ise veeir
rubber compositionsseofof tneaned yafe talse m hies ccaor
comprehensive enough to predict the tire pe
rubber compounds. This problem is more chall
Among t he conductneudnbsetru dcioenss,s daanl itnbigt etde a d aan.
tchet USDOT Feder al Hi ghwayghAdesmmsboturt atli, 883 6d ate
and 136, 309 indruirviersg canusiedy[bdphad dcemorwea sreo atdl
numisend i ncrease t heitsaifsetiympgr tshet tvteenitcilree p
on i cel/usnndoewishtghedef fect of rubber compdésnosy p

interaction parameters such as friction coef

1.2 Probl em statement

Byi ncreasing the temperature at the contact
the melting temperature of ice, a water film
generated as a result of theséracthamagé iFfortc

of the friction from completely dry to a com

to viscous friction. Several parameternst, suc!|
temperature, and fheheubbee,compounfisuence t |
The height of the water film created in the

magnitude of the frictiolhhutsme fi fmpaioevret taite tshad
of the tvehschecessary to hahwef faecde eopf kenaocwh e
compdsu ndr oper tiidessnioowt etr pe ¢ a mastuerhs as t he hei gl

water film generated at the contact patch

Il n this study, d hienvnashte geditffee ct |- dpeaid safnifed ree rst,
such as ice temperature and the mateusiang pr o

exper i memotdaellaipapgdo ac hes .

For the modelingtpar mabhwsdd &wadaeemraorvcend and
morceo mpr ehensneovckelt ibye | mprolvdegelt hpedr modelus(

Thi s mopgreddim@tmrtti geet amstuehshkesi cti onal force a
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patahdan al sdomruecchi cgarcdamemgietrls gebdarhe rubber
compourmd t he tire

This model wité aobhupseenitéhse tso mul ation result
tire inselrdetr tlme rubber compoundssuncehe dad f
temperature Tamd oepicempvadrie)al so be alplredtiactudede
per f oronfa ntoiar aiss enign iatsi al values physical and
rubbobempoanndd t he pressure di stTrhiebhvt ¢ loeywiaddu dhiter

al so bexhafviitng such i nformation when selectin
The objectives of this project are to:
A ldentify important pdri-aaeotnedrist mfodnrist téimrm¢ ud e

A Conduct an experiment al gdti U d ye rteoe trismad satmied

as t he prtohpee rrtuibebse rooffchoemptoiurned nt rteiarde per f or man.

di fferent dr,imchgdcongditaandobyakieg.rolling
A lnvesthgartel ati onships bet ween i nadnidv itd u ael
per for mances ycaht ateseit cetriso n, ucsad enfgf iecxipeenrti ment al a

appresach

A Develop a mo-ieereatestictibinreodel by incor
for traction and braki nlgetawmalen hiendieviad i aln srhu |

pamat ers and the tire performance.

A Conduct sensitiviittcye anmalleysip®rdmrtmae ctei rpag e
to six rubber compound parameter s: t her mal (

densaintdy ,r oughness parameters of the rubber.

There is no study currently available in t@1l
mo d e | t hat i ncorporates t heanrdeltalparomasihi pes b

di ffrukemempounds tirreatdhe ot ipredict the perfor m



1.3 Maicantri butiremeanéht hi s

The proposed project aimsire snddyetrhaiaf pa
as ubempopmadpean i esr e paencfen s mamg xepr i meamtda |

model i ng. approach
For the experiment al part of this study, S €
with different rubber compounds. Il n order to

tire friction focbtes,ombheatiecunltiheexparei @arsti

considered for this study have been presente

For molhe !l i of§fg pai s samalyyt iac ssle mmodel has been
to predict the frictiontbeeiwhit er eaftti |tahned eta br see

interfhlte developed model, ATI1 1 M2 .i0o n iosf at hcec
previous mandel ATt oMMTMVS | abor atp3[y7]JaTheé&imgwn
mo d e | i's able-ittce pgreditdtont la¢ ttihree cont asct pat

The simulation results presented have been

previ ousntealp egti unky .

The ATI I M2. 0 has two main advantages. First
immoth dry and wet regions. Second, t he mode
properties of the tread thaoamdettlser & hwer, @ idonsi
to study the influence of di fferent rubber ¢
i nput data and the dauthezemeeodddi herd wxlpied atmieo

l ab at Virginia Tech.
Il n summary tihlkeutmaoms comhtt his work includes:

A Experimentally quantifying the effect o f

frictt lofer efeorr ol |l i ng-i cendnteoacbfotnhire
A Benchmark the existing theoretical mo d e |

A Expiement ally quantifying the effect of t



Il dentical tires with only difference 1in

driving conditions.

A Developing and-awnalliyd dtciand gnbd ee mibadunhtkes

sqgueeze out phenomena and incorporates s

A Conduct sensiti-vieyfrminal iyenswiotf htieepect
of rubber

1.4 Outl i nai derntthat i on

This dissertation includesx chapters:

After describing the main motivation and contribution of tteisearchn Chapter 1, Chapter 2
presents a comprehensive literature review tire-ice interaction. In this chapterseveral
approaches used to study the interachetweertires and ig/ roads have beensummarizedThe

advantages and disadvantages of the existing methods haverésented

In Chapter 3the experimental approacised in this study Isdbeen introducedseveratests were
conducted to achievievo main objectivesl: Study the effet of rubber compounds on tifee
performance?2: Study the free rolling condition of the tire to investigate the effective parameters
on effective rolling radius and frictional force at the contact pdtolrtires have been used in
this study. The tireweretested for various conditionscluding traction, brakingand free rolling

for different normal loasland inflation pressuse The results from the experimental study have

been presented in this chapter.

Chapter 4startswith a brief overviewof previoustire-ice models developed at TMVi&boratory

at Virginia Tech. The pros and cons of each model and the reasons for therrdmabloping a
improvedtire-ice model hae been explained. In this chaptatl the equations implemented for
developimg the new tirdce model hae beenexplained The inputs and outputs of the model and

alsothe results obtained for the chogegas inthis study have been presentedhis chapter.



In Chapter5, the developed model has been validated using datatedllegthe experimental
approachData obtained by experiment for tires with different rubber compoareisompared

with the simulation results.

In Chaptes, the validated model was used to perform a sensitivity analysis on the tire performance
with respect to six material properties of the tread rubber.

Finally, in Chapter7, the summaryof theresults obtainednd suggested futudrections for the
projectare presented



Chapter 2

Literature Revi ew

21 1 ce friction

|l t was aboutt hlaSt0 syceisdrresth tcemmb Mmor e iintthser edy e d
ofi ce and its chardtcd epriccuwed ctsh e Fealxiiasdeaeyln ahygreioef o B

surface of ice usi h8Hibs oefgfhad r tt svo caasc eobneeu dtoaf1s sti |
first studies on ice contact and ice frictio
After Faraday, Thomson focused -loink et hlea ycea n na

pressur ¢ 9inddlotwierve r,whRe waa!| d & ef of ci wsseed poermr ssolni d i |
[ 10]1 n hihe smeondyonedmdlhtaitngpriess stulme main reas
friction on ice. Alt hfoamgph et hihanr dQulytt an,as i me «
Bowde Hugndlst howed that frictional h etahtei nlgo we o u

friction coefficient on 1 ce.

Sincedit hear ent studies conducdaendd ftohHcausdion@f o

di fferemwi tihthhiteee | s Ahrtbuadcye .on tire i1 ce/ snow int e



popular due to its i mport anscuec hi na sd i[iflcfiedhrdema r tf
mo t odviezhe [clliZe]8.4]Consi dering t hteh et yopbej eocft iavwepsl iocfe
could be diff-ecenapplhiodatrieeinttinidnse tdreissshg ,gtiet o h
frictional foroe, Oor t ber gd b & warksapdoersti arteido nt o
structure that can reduce t hdg 1f%]itcho wgnh ctoheefrfe
severnalcést efature tthsattudfyoomsadc eqgn t hent maj or it

area of ,amcd tshpey taartee hmloedtelcy ease t he friction:

In the study[16], several types of experimental setups that have been designed and used around

the world to study ice friction have been introduceda g@gaeneri n ,t hies avaudpnb
instruments iktam fbcecuwrdi @astdeegfhhboisee e n u seeatlle f or r

experiment s, slinder eppgel i me mdutpdst idoenva Ic eesx p earni
devices.

To have betetehrescto mtgr oclo nod ihtex p@risibdiegn isalgildser mo

are bettehre olpatbioornast.orTy equi pment showed the

repeatability of the tests.

As shown [ilIn7 ]s,t o[dlhB¢shd f e data of friction par
runners can béei usednallynei geal friction para
monitored using an instrument ed [ &)jsiede.anFor
instrument ed tsheetmgp etr d three assouarttea estk aatrienag .o fT hiec er
ot heir study can be usferd ctto opnrade edf datahtwit negati tsTe re
measuring thewhpect oonaii bgf ridgTehsay .used sever a
gages in order to instrument a s&faft ef marnade .0 T
conducted sever al i ndoor and &o uhtadvoeo re ntoeusgths . c
ovetrhe test i nsguccho nadsi ¢ anpmiseanturte and humidity,
t he skate drhiavredrb,jmpeatrce. tchoeulrd results with ot

this area.



|l n anot,j d®]xspteurdiyment al tests havg bhenfcootuoc
saind e uvabnkidecre using Britishilowhiguezhu!| TimeTé Etmprer at
rangee2s2 C t ercéh oG ewn .

2

Figure 2.1: British Pendulum Tester[20]

The results showed tihcaea wdhsri|farwmetticd mpsaerf d& tBuw b dn
mel ting paolisnots.hel@mn htahsat fr i ction increases by
A dr amat i wadbesearevaeed vianl ute of the friction coe

of snow was placed on the terrain.

The 1sared frictiensl bgbthghgngg the temperatur
c o mp artehde troucbeb efriFiguceRZsochro.ws at hpeesotths s st udy.



05+ rubber-ice
\ sand-ice with snow

rubber-ice with snow

-25 -20 -15 -10 -5 0
Figure 2.2: Friction coefficient vs. temperature for different types of terrains[19]

Tire parsamdt eessead patteplnayfa twher t iirmportan
perfor mance. hRepdernidviinngg ocnrontdi ti ons for which
parameters must be chosen appropriately (e.g
mat er i al properties of different sections).
fumomal ity on different sthapes befentf @drhaiug R e4le
Consideringtrtobh®&  mpnoteiveenr y c o mt &d¢ tu dtr e riirea imni 1
contiatcti,s i mportant to recognize the most e f

coeiff éamtc t he contact patch.

Several studiesvere conducted to investigate the effect of different parameters on the friction
coefficient of the rubber on ice. Most of the conductedistutsed experimental approasand

used rubber samples to conduct tbsts. It has been shown[a&fl] that the value of the friction
forcedepend®on thevelocity. In other stuigsby [11], [23]i [25] the effect of the temperature on
friction coefficient has been investigated. Normal loads effect investigated in different studies
such ag26], [27]. As shown in[28], parameters such as the roughness of the rubber affect the
value of the frition coefficient.The real contact area is atherimportant parameter and has been
investigated in various studiesich a$29]. Thematerial properties of the rubber also investigated

in different studies, such §30], which showsthe higher softness of the rubber resuittdigher

10



friction. The same increasing trehdsshownat [31], [32] for the resilienceand compliance of
the rubbe(33].

Il n a studyt hbey eglddfietcshamder surface stiffness a
coef f bectiveenetn i ce and rwudbleern dantuegSdgssveiya | hau b b e
compounds were desi gnédmaectbsdopferenugheessts
the samples was modified using the plasticiz
tests have beeevebadéeedwrditasceofand bul k hrrubber

friction coefficient. The results showed an
effect of rubber bl ock sl i dicr g awh@mms mohoet hr uibcb
sample with | ow wsdaed.f n@rs st theasotbleeer hand, high

friction3afipure28sbews at hpeestul 66 obtained by thi

06 ®Rough - Test | ™ Smooth - Test 117

NRough - Test2 ©Smooth - Test 2

—f—

.

0.45

0.4

Dynamic friction coefTicient

_

035

]

p=o]

SO hard

Figure 2.3: Dynamic friction coefficient for different roughness of the slider. Testl: Temperature8.8 C, Test
2: Temperature -9.5 C [34]

The amount ofvater created at the contact patch due to the increase in the temperature is an
important parameter that should be taketo account when one wants to study the-itee
interaction. The frictional force at the contact patch generates heat and, congeqezatses

the temperature of the tread and ice. The increase in the temperature of the ice wilheause
melting of some of the ice, thus creating water. This layer of water on the ice will change the nature
of the friction at the contact patch fromydo a combination of viscous and dry friction. Thus, to
study the friction coefficient at the contact patch of theitieecontact, it is important to find out

the parameters that affect the amount of water created at the contachpikelstudyby Giessler

11



et al.[35], the authordocused on the effect of ambient temperature orid&anteraction using
an experimental approadi. another study by Makkonen and Tikanmg8], it has been shown
that the friction at the tirece contact area can be considered as dry friction for vergpmed of
the vehicle or very cold temperature of the ice. However, for higher speed or for temperature close
to the melting temperature point of the ice, the heat generated by friction force may produce a

water film on the top of the ice.

Il n anodyhwebysSall iB3miheetefdédlect @fr oipe@nt atelde sinatwe r
friction-iaéeé ¢t¢betdadactrepatch (referred as Hal/l |
papeadgval uat ed -Tuismen gT raa cRteia®€n r ¥ o W RiguRrA43 )

(@ G

// ub
g

Hydraulic Lifters |

¥

Measuring Wheel —|

" Directing Wheel

Figure 2.4: (a) Schematic top view of the RB-Curve and (b) picture of the RT3-Curve trailer [37].

Te main variable during the tests was the r
i ce andt bBteeorw aaisn fsor Theiimr nesdbhsi ddoabl e c
bet wielkapeed of the vehicle anddtriggearddi shown
covered roady dlseclhobndcrreed heo sluer fhaicgehaensdt rHFNe nt i r
the ice reducedwhhtehascciuenuil @an i oy % %snow redu
to 81% for sdifseown{!| tgphe,y nsondoew)at el,h eayn da |l ,sena
effect of the number of p a 6 Bfersi cotfi otnh ec oterf uf ci kc
result shows a tdidecriedasiomg ctored fidiciied ta Kd.r i ce

Si mi | amweroabssuelrtvsed f or moder ate snaw. i Heoweweasrn r
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t

rend has been observed asatmel thenagt tgheen esrmad

changing t hee snnaotw.r e Mofr ee hpasses over moder at

S

now into a slippéearegys stutrsf acet. udAy pla&s gBEen s h

ankdi ghe[eYF.

I
0

r
I

120
T
1
90
|
4

60

HFN

40 Number of Data Points: [l |
1

160 306

Dry Dry with Ice Patches Ice

Figure 2.5: Lateral coefficient of friction for bare dry, dry with ice patches, and ice[37]

60

50

40

30 +

HFN

-10 - .
Light Snow Moderate Snow Heavy Snow
(1-3 cm) (3-10 cm) (10-15 cm)

Figure 2.6: Lateral coefficient of friction for three snow groups of light, moderate, and heavy37]

mstudy by Kihbhezefhhfect adbf structur e, hydr oph
n ice friction hast bteeenmmpsesnalt derpea e sflsoi rdbdd istf. i eTrh
esults show that itmer ebeae $ 0ob ¢ £ UDimdgomingfthinceasnst |
ower sliding speed tahmsk |tte mmpe mpati mt e olf o wére i ft:
l ose to itrhgeg paoecientmednd f or h i g hdeerc r syEeseetss , i
ougneand hydrophlomddit hashdreease.hawhng hathe
roovest heo wsdliidde cntgi on f rvieclto coint i nr @ rhgee | dbevcr e a s

n gami son with randomly d[46tibiB88YH grooves
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In the study bySkouvaklis et al[33] to compare the performance of different tires in winter, the

friction of rubber on ice and snow has been investigated. A new linear tribometer was designed

and introduced for measuring the friction coefficient of rubber in contact witRigere2.7 shows

the linear test setup used forthisstudyn  t hjirsu bsiteurd ysampl es have beer
the friction coefficient using a 8.nead tfo i c
13 C were chosen for thics i snudest@singhtehaol
1.5 kN wd®d heppluibdbder sampl es.

Figure 2.7: Linear friction machine. a) Ice tray, b) Table, c) measuring platform, d)milled track in ice, e)
rubber holder [33]

Using the test conducted, the effect of parameters such as speed, normal load, rubber properties,
and temperature on the friction coefficient has been investigated. It has been shown that the value

of the friction coefficients highly dependent on the height tbke water film generated at the

contact area and also the properties of i contact arealhey showed that the friction
coefficient decreases by generating water film at the contact area and increasebewbah

contact area increases. St&lip behavior has been observed for the high normal load and high
realcontactared. he results obtained show a decrease |

t he t e mpigurea8tshowse part aheresults obtained by this stufiy3].
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Il n a study by Nor hei m, by considering the pc¢
dependent par aonfetiecre, anhde senfofwe cptrsoperftriiecst iaonmd
coefficient «ofbeainr cirnavfets tthegrapteerdh muesnitfagd. 9 ]Jappr o a
In another experimental study by Zhang et [d0], the effective parameters dhe friction

coefficient betweerthetread of the tire and ice abeen investigatedrigure2.9 andFigure2.10

show the facility to measure the friction coefficient and also different types of spsaisezhin

this study.
l. 'ﬁ Pulley
Counterweight
Box
Weight
Linear lead rail reduction box

l.ead
block

Figure 2.10: Different types of specimerused in[40]

The resutlhtes ssehnosw t i vity of the fri,atnido naalls of o

rmkber ratio. Rubber ratio is a term that has
the speci mandisheubbst is the gap assumed to
be s akigure2.11, by increastimmg f mhiec tvieidnoccréeddyst ¢ & tcli ye n
and after reaching the maximum value wi/l |l fo
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Figure 2.11: Friction coefficient vs velocity for. (a) Load = 44kN (b) Load = 83kN (c) Load = 102kN (d) Load

Velocity (m/s)

(c)

Velocity (m’s)

(d)

= 130kN[40].

Il n a study by 4Mgduoannotnietna teitv ealmeasur ements of t h
for various |l ength scales has dlribpt wesend tfloe
friction coefficient and twhe-ltseght aceaet eopegnpa
used fort hteoaploygzrianpghy of the icteesurfgcef fbhel
sl ider on jtcoe.i nlvne satdidg atieont he effect of, visco
a misictail e rubber friction theory was used 1in
the possibil it yFigoré2.12sohcoaws iat &peamed [toitn gaf t hi s ¢
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Figure 2.12: Friction coefficient vs. sliding distance for different velocities (a) and different normal load (b)
[41]

In a study by[42], n ardeo winvestigate thearlibbéice friction dynamics, a
comprehensive experimental study has been conducted. In this study, the effect of pgrameters
such as vehicle speed and tire for¢es been investigated.

In the studes by Robertq13], [43], the influence of tread compounds on tire friction hasrb
investigatedln these studieghe researchers investigated the influence of tread compounds on

tire-ice friction by focusing on the effect of the glass transition temperature for an icy road at
different temperatures.

In an experimental stud35], the effect of ambient temperature on-iite interaction has been
investigatedand it has been shown that increasing the ambient temperature will increase the water

film created.Gi es s | er showed t habtiemy itrampeasdihreg et Hd
maxi mum traction decreases. HE OciCod®rt the st em
al so has been shown in this study that fricti

a phase change from snow to water.
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In the study condua@gdtieadnébw Mhkkopehor tase fr
b e g@msented. In this theagrijriction has been defined as the energy flux required to form the
surface at the contact asperities. From this thdwysuggested that the relevant contact area of

the dry ice is of almost molecular scale.

Wiese et al[45] developed a theoretical model to estimate the viscous friction coefficient for a
sample rubber block in contact with ice using the wlta generated in the contact patch. In this
study, it has been shown that rubber samples with different compounds show different results when

they are in contact with ice.

In the study conducted by Klapproth et[db], it has been shown that due to the thin water layer

will be generated at the contact gésa viscous friction is the dominating mechanism when rubber

is sliding on ice. In this study, a model has been presented to describe the height of the water film
using a timedependent differential equation. A thermodynamical equilibrium has been written to
obtain the height othe water film. The results obtained frothe numerical study have been
compared with experimental data foedifferent velocitiesof the rubber, normal pressure rubber
stiffness and the temperature of the ice. In this stuay/ they vere more interested in the high
values ofnormal pressure and also the ice temperatures close to the melting point, they only
considered the hydrodynamic regime of the contaud the mixedubrication regime has been

not take into account in their model

Some of the existing numerical models assumed a pure viscous friction at the gbfjt§4],

and some other models such[88], [51], and[52] considered a combination of viscous and dry
regimes at the contact area that means considering the effect of adhesive or hysteresis friction for
completely dry ice. In these modgin order to predict the friction coefficierdeveral equations

were used to obtain the heat transfer to the rubber and ice, the frictional energy, andrglye en

needed for melting the ice.

However as shown in Scaraggi and Persfs8], onecan consider no hysteresis friction for sliding

a rubber on smooth ice.
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For the experimental parf this study i Hi-$pbed LineaFr i ct i on Teshowamo ( Hi L
Figure 2.13, which islocated in atthe Institute of Dynamics arndibration Research, Leibniz

University of Hannover, Germanwyas used

| . steady state ; !

u(t) [§]
o

Fx(t)[N]
& ‘g‘ &
3

Fr(t) [N]

u(t) -]

0 1 2 3 4
Time t [s]

Figure 2.13: High-Speed Linear Friction Tester (HiLiTe) and its measuremats [46]

Figat4andi garts how a tpeesulotfs obtained by t|
sample A is thaedstubber sample C itshd he s
softer s aampilgeh esrh ofwsi ctf otohneomo et f i pressur e
The trend is inverse for hi gher values o

values from the simulation for higher pre

relativ u(E,pnm=2_5bar,T=—8’C} Sim. relativ u(E,pmm=2_5bsr,T=—8'C} Exp.

rel. 1 [%]

1 3 5 1 3 5
v [mis] v [m/s]

Fg 16. Simulated and experimental friction mefficients of different compounds at p,, =25 bar and Ty = —8 °C.

Figure 2.14: Simulation and experimental results obtained by 46|
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relativ u(E:pmm=1bar:T=—4‘C} relativ u(E:pnum=5bar:T=—4‘C}

120

100 F

40t

201

1 3 5 1 3 5
v [mis] v [mis]

Figure 2.15: Simulation results obtained by[46] for two different nominal pressures.

In the study conducted i$andeva et af54] numerical and experimental approack been used

to study the effect of ice temperature on the static and dynamic friction coefficients. Three types
of ice were onsidered for this study: Ice temperature of 0 to 1 °C in order to have a melting ice
surface, Ice temperaturé® -5° C to have wet ice, and ice temperatdr@® -12° C to have a dry

ice surface. The values of the static and dynamic friction coeffioed#fdifferent types of rubber
compounds in contact with all three types of icevehbeen obtained in this study. For the

experimental investigationhe device has been sownHigure2.16 was used in this study.

Figure 2.16: The schematic of the device was used jB4] 1- sample; 2 counterbody; 3- sample holder; 4
loads; 5 micrometer screw; 6 dynamometer.
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Figure2.17, Figure2.18, andFigure2.19 show the results obtained for all different types of rubber
compounds. As can be seen, the values of the friction coefficient haeremsing trend when

the surface switches from complistdry ice to melting ice.
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Figure 2.17: Kinematic friction for different rubbers in contact with dry ice [54]
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Figure 2.18: Kinematic friction for different rubbers in contact with wet ice [ 54]
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. O Friction on Melting Ice
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Figure 2.19: Kinematic friction for different rubbers in contact with melting ice [ 54]

Authorsat[55] usedthe theory of frictional melting and the principle of thermal balaockevelop
a new method for predicting the triact force of the tire in contact witihe highway covered with
ice. The results obtained by their methogr@compared with the experimental datggure2.20

shows the schematic of the setup was used for their study.

Figure 2.20: The schematic of the setup was used {55] where A-platform; B -tire; C-special hub; Dupper
guide arm; E-base; Fsector body; Gvertical shaft; H-horizontal pulled bar; | -lower guide arm; J-turntable;
1,3-angle measuring sensor; 2ravel sensor; 4,6force-measuring ring; 5-force measuring bar
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In this studythe computed results were compared with the available test results. From their results,
to increase the tire traction fordée inflation pressure should be lowered. For the modeling part
of their stug, they divide the contact area into two regiowet and dryas shown irFigure2.21.

_—
®
Water Tire Ice
x}.’f
/
[ —P

¢ OSoftening region

¢ Hliquid
region

¢ Olce region

Figure 2.21: Different regions in the contact patch[55]
The friction coefficientwas obtained by writing the thermal balance equation for each region.

Figure2.22 andFigure2.23 show a part otheresults obtained for this studés it can be seen

the friction coefficient decreases by increasing the slip ratio and the contact pressure.

24



0.20

Qe T 51 3]
e e Model in [3]
iy Current

e 0.15 |

3

c

0

o

< 010 }

(=]

<

2

(5]

£

3

S 0.05 F

14=0.25
T=-7°C
0.00 A . . .
0 3 6 9 12 15

slip ratio S

Figure 2.22: Traction force obtained by simulation in two different references vstest data[55] (Reference [3]
in the photo refers to[56])
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Figure 2.23; Traction force obtained by simulation in two different references vstest data for different
normal pressure[55] (Reference [3] in the photo refers t¢56])
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In a study byvanovic et al[42] experimental approach has been used to study the dyfratnin
coefficient of a tiran contact with ice. Two setu@seshown inFigure2.24, andFigure2.25 has
been used in thistudy:anelectricvehicle with an irwheel motor and a pion-disc tribomeer.
The operating parametersthis study werethe applied wheel torque, tire dwell time, initial tire

force, and initial vehicle speed.

Figure 2.24: Electrical vehicle with an in-wheel motor used in[42]

strain gauges on
both sides of arms

sample track
radius selected
by moving disc

pin sample

Figure 2.25: Schematic of the piron-disc tribometer used in[42]
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As shown inFigure2.25, the strain gauges attached to the deflection arms, which are designed for
carrying the rubber sample, can measure the frictional force. By insolating the tribometer, they had
control overthe ambient temperature within the range of 0 t&2®ith a tolerance of1.5C.

In the study byMakkonen and TikanmakB6], a treoretical model to predict kinetic ice friction

has been presented. Using existing experimental data, the authors show the presented model is
valid for the melting ice as well. The model was used to predickritti®n coefficient and the
highestof waterfilm for different materiad and different velocitiesn contact withthe ice, as

shown inFigure 2.26, Figure 2.27, andFigure 2.28. As can be seerthe values of the friction
coefficient decrease dramatically when the temperature gets close to the melting températur

the ice. Inaddition,the values of the friction coefficienlecreasdy increasing the height dahe

water film and increasing the velocity.

[ = o -
_—
F -
-
——
-

Ik T TT PP

Friction coefficient
o

-3|| —lce-ice

1 E-—'-"Ice-steel
[| =——lce-rubber
P weeloe-PMMA
10—30 -25 -20 -15 -10 -5 0

Temperature (°C)

Figure 2.26: Friction Coefficient obtained by modeling for four different materials in contact with ice for
different temperature [36]
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Figure 2.27: Height of water film generated at the contact patch obtained by modeling for four different
materials in contact with ice for different temperature [36]
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Figure 2.28: Friction Coefficient obtained by modeling for four different materials in contact with ice for
different velocities [36]
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despite the similarityt Hddi-receaiamdi sthe®mwa atni osm
di ffi csuwlyt tthat the tire which has been desi
perfor mance Thre isde days bweliShest ab eeetn aslh.own t hat

the void ratio of the tire, the snow tractio
Figure229s hows t he incompatibility of the i1ce an
rati o.
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Figure 2.29: Incompatibility of snow and ice [57]
Hi ggeins &mrexpéeri msedal approach to conduct r
They chose t hneget-leonip-8tBaaB8 ur € amd t he -25s.p6e2e dm/rsa.n (
They us®ddiacpitnri bomet er . From t heir sat udy,
decrease in the friction coefficient [dblRd t o

Il n the research confivooad bgh8amoEI ha eheato
tire in contacn iwnueéstsingavt ehthhseybpewrs ¢ imesnée ae i gl
rubber tread blocks wisdandligdemetnti ess.bb@o mpg a«
show was usedh ddetire sttairdryai Mmcicor ding to thei

wi | | decrease by increasing the speed and de
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rubblrérer eati on of the water film at the cont
me nteidom or the decreagé®d&l8iln friction coefficie
Giessler used a complete tire for the fricti
drum testresgarfoh. hTitke nor mal | O lateli, roafd O hteo

inflation pres8sbr eéamrarhqpgad dfeeh. £ ho,sienrc.l udle \nar
winter -gdasocsn tailrles, andwerret emosred Noardit & et i
wer e raoBtOatkem/ h speed.,t hEromfhasi oaespressure
effects the wvalue of friction ,bgpefhiccieast ng-
inflation pressure anthdetr eaisd ingratt HicGAHO & ansad ¢

I n addition to the effective parameters ment
tire in their tread hckce=xifgre.cidl oocfl & \neer esdutdbs d uadm
of tire ®byeen psptSuddhiae d 6 0 ]

Gisslefd4ds8howed higher traction of the tire
comparison with a tireseiitdpaledsamperri Rtiipkm
perform sever al tread bl ocksarndb maeonfoseermep | 8 5 p &
They showed that there is no decr eastehriere t h
sipes for the6 snp/és®@yl range of 1

22 Friction regimes on ice

The height of the wateim ftihlemuaiheuiece ophaygoeadf
The ice frictiomdowoaanehberdesi adved h rtelsgand eetr t o
fithaxsesn t he itdeysubdamcaary, mi x etdi, oaéh]d hydr

221 Dry friction

The friction of the ice called dr yT hwehiefent it chre r ¢
force is the amount of force required to st

aperities of two Fdoirf ftehree ntta nsgu@nftaicdela vfer i ct i on
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O t0
2.1

Wheobeis the area of real conft act thet weheerart Isd
needed to shear the bondsessercaadnnco sqgtetraitn e s
real contact area. The real contact area depe

pressufbkutsgetacht ain the frictionitcoesfimpent a

recogrmaet effemet eve parahe real contact ar e
region has been defined for the ice, it i S
conditions, even at very | ow toeampoelreactuuraers ,hs cta

222 Boundariyonfrict

When the height of water sifdg |anbaduwnt beet fweye nmd lhes
the boundary friction region wil/l be created
|l ower than melLandgt hemberir gthtr enf svatldrer f it lhman
roughness of the surface. Considerborughdaheg we

friction region, the frictyi drmweoeftfhiami d rmte idm

223 Mi xed friction

For the mixed ftreimpteirarn umegiodn,s otnmee points wit
hi ghet hmeehlatni ng t,bmpetstad U etihydatt eof fi |l m creat e
than the roughness of the surface. Thae exi s
decreasdheni bthebandss hand ubmn¢ca@aasen region of

write e&eqfean itome frictional force within the |

o 6zt p | — 2.2

Whetdes t he ftrheect ulbmi oditse dt e esal, Jdert el oc st g:

and h is the height of the water fil m.
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Al t hougthe dyi ngct h bwahteeirg hiite loafd hesi on bond betv

decrspathbe capillary water bridges between th
slider and result i n extra frictionhkarli dgees .st
The existing theoretical mo d e | doesy nwat etrake

bondt hbeni cti on f orce.

224 Hydrodynamic friction

When all the pointatempbratuhe heghen thae
and al sioghttheofhet he water film is higher t ha
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friction region, the assumptionnishéehaturtaee
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J WO 2.3
WheWwWes the shear strength of the water fil m.

For friction coefficientwenhavce alnl sefxeci egpttimo s
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Figure 2.30: Coefficient of friction for different regimes of the ice[16]
Serminal ¥t moadel is a suitable mo-delk Wwhnemir ane.i
retai me. Ho vee vedre,mefnitnimodel i ng has the advant a
and giving more detailed insight. More det ai
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23 Finite el ement model i ng

Due to t hed imiegahrl ynean purroep dortiteitahsu b b er |, obtaining
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repeat aabnlde stoe sotn.
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Finite el ement model i mgtihekdamehas béaden sumed

studi es.

Il n a study by Thfi&the &dreck !l Ihioeaisvelthiras name xe wa l

dex of the tire wear perfor mance. By si mu

(@]
O S

ndi,t hensire wear performance was evaluated

t readerarnadi innwesst i gated in a study by68fyadhar

(7))

ing finite el ement rarsatllhtesyi, sp.r oUpso snegd tthhea to btti:

design can affect tire grip performance. The

Bet ween the tire phwaigcal Fprompénrat icoefadndi e h
Mashadi 2&di md .finite ellheammmlte mordeedd nmat t ern o
used in this simulation. The effect of epar am
and tire rim diameter on tire perThe mammfcec twar
t hset i f f nbterseaodf pattern on the grip pWanfgoremanc
al[.6.3TNTheusddcdhe maxi mum fr i tt eaandd bDtehtew a & Mmfaotrb e

eval utahtei ntgire gr i p pemofdoerlMamgecedi mg otug ht IF&E€ r e s
obt atmed stiffness afddbEst meadadspape eahfect 1

distribution at t.he contact patch directly

Di fefnetr devel oped finite element tire model s
snow and the tire. For the tire, defining t
i mporstamits devel opi ng tahfet hir eemetdemees hagpseaeh
sect,aomacseach s eockte wenr als dmafdfeer ent materi al s.
each section, t he materi al properties of =eac

Figure23ls hows the tire an@fpits different secti ol
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Figure 2.31: Tire sections[64]

Tire tread section is the ntahteerpantin. offhéhe:
responsi bl ¢ as&krs diufcthemsntarrying | oad gffici.:
l ow rolling resistance, resisting tread wear,
road irr,agdlalsbieesponding to[8prnering and

Tire sections can be modeled wusing existing

mat eri al s. For  htyhpearrdehh masmo (s smdddali alave been
frequently in tirehfmonietle ngl smanti emetulso ch:g Mo
Neo HoakeénYout h. Each model has sever al coef
usitnhgempi r i cal approach.

Snow al smoo dced re db eu saipnpgr osheovheersadle pend on t he t ype
application that the model is going to be wus
ti-sreow simulation as the characteristics of

such as humidity and temperature of the envi

Il n a study by LEPe amgoedi fCaepd niartuecrkiearl mo d e | ( M|
mo d e | t he snowhtieinreonWsaicng wti tdh devel oped mod:«

rel ahtiipo nltset ween tshreowdiifnfteegreandt itoant epaacrtainoent efrosr

35



drawbar pull, tire ,deatdhleadteircan, aaxrdd |toinrgd tsuidn kn

He considered the tedrgwisanaw. the [ ow strengt
Longi tamnd nladt er al slip of the tire are effec
stresses and can change the i|ihhestfudyiiadg for

rel ati onshtitperbreaiwe ecno nitiarcet stress aonfd etsiteers | i

For t-Beowiraeteraction, finding the contact S
the tire that I's dependesnpp loine ds envoerr naglal n gl aor aadm e
depth of the snow, l ongitudinal and | ater al

| ot hsetrudtibees,si nkage of the tire and the mot.i
presented by developing a finite el ement mo
obt aimddehacompared with both t-hAeakypewcisme nts
The main drawbackodof considesiondi ¢ehe effect (o
t he eftfheeteé elofst at e onnato nditcadcdii [esBitSrkeosoyd 664 s

Figure232s hows the values obtained for the sink
di fferent sonhotranbay] 6dAls a d t c ainfr ibge@.3skaleing her nor ma

l oad results in higher val ueseaosfess ibnyk aignec.r elans
l ongitudinal slip.
-0.09
= = = Fz=4500N L ———
-0.1 ; -~ i
= Fz=6240N P = -
oy Fz=7500N e 4

=012

=013

Sinkage (m)

-0.14 |

-015

-0.16 |

-0.17 1 ! ! 1 1 I | I
-0.8 -0.6 -0.4 -0.2 0 0.2 04 0.6 0.8 1

Longitudinal Slip

Figure 2.32: Sinkage values for different longitudinal slip and different normal load[64]
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Figure 2.34: Effect of groove width on snow traction[57]
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31 Test setup

The Terramechanics Rig in the TMVS Lab at Virginia Tech has been used to conduct the tests. It
has been designed and developed to study tire performance on various terrain conditions like ice,
soil, etc., as wieas under various operational conditions, such as different normal loads, inflation
pressure, slip ratios, e{69]. It has undergonenprovements since its original design and recently

its functionality has been improved by the addition of a clutch and a brake sisteatiow the

study of the tires under free rolling as well as under braking cond[ii@hs

The Terramechanics Rig in its current configuration is showsigare3.1. Two motors provide

the longitudinal displacement gnespectively the rotational motion of the tire on the desired
surface (ice in this study). The carriage motor provaléesear speed of around 6 cm/s in the
longitudinal directionand the wheel motor enables us to simulate traction by applying positive
torque. Braking conditions can be simulated by applying a negative torque on the wheel; real
braking conditions can be obtained using the brake system. The flexible design ofjilesigs

the opportunity of performing tests with various camber angles and toe angles.

Figure 3.1: Experimental setup atTMVS laboratory for testing of tire on icy terrain

4 2



The normal load can be applied using air springs mounted on the top of the carriage. These springs
can applya normal load on the tire precisely & good range using the normal load controller
designed and installed for the system. The Kistler P650 force hub equipped with transducers is
used to record all forces and moments applied on the tire. LMS Test Lab software is used for
collecting and proassing the data.

In addition to tire forces and moments, the Kistler sensor can also measure the rotational speed of
t he wheel hub and its angular position. The
longitudinal speed of the carriagge and the effective rolig radius ofthe tire are related by
equation 3.1 This equation has been usedofatainthe angular velocity required to have the
desired specific slip ratio in the Terramechanics Rig at TMVS. The linear speed of the rig was kept
constan{71].

V is the linear speed of the wheahd is its angular viecity. The effective rolling radius of the

tire'Y has been obtained using Equation 4:

Y —FF—7Y 3.2

where,’Y and’Y arethe unloaded radius and loadeadius of the tire, respectively. Thexere
measured foall the tires during the tesfg2].
To prepare the ice surface, the next steps were performed:
1. Removing a part of soilha nmeddlead ntribeel sc hoanmbtehr
|l evel of the tantd @Hamberg dfwot Heayreirg of th
of t-chhea nUFe Ig2d) e
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Figure 3.2: 1. Removing the soil inside the chamber and laying the metal-thannels

2. Placing a layer of insulation foam over the plastic tarp and covering it with another layer

of plastic sheel(Flgure3 3)

4‘0
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Figure 3.3: Placing the layer of insulation foam and covering it withthe layers of plastic sheet.

3. Rolling out the Custom Ice Rinks ice system (a tubular heat exchanger structure) on top of

the tarp(Figure3.4)
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Figure 3.4: Placing the Custom Ice Rinks ice system

4. Covering the pipes with insulation and preparing the ice system by connecting the pipes to
the chillerand ice mat. The ice mat helps to make the ice and keeps the temperature of the ice
at the desired value by circulating the cooled ethylene glycol in the plastic pipeJRidpa®

3.5)

Figure 3.5: Covering the pipes with insulation and connecting them to the chiller

1. The |l ast step was spraying about 2fimmeof v
days to reach albdiedEi8gdadmet hi ckness of
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Figure 3.6: Spraying of water on the custom Ice Rinks ice system

6. The ice surface was prepared using available tools in the lab to have tieel déstic
friction coefficient.(Figure3.7)

Figure 3.7: Icy terrain of the terramechanics rig at TMVS laboratory
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32 Study on the free rolling condition

Consideringhat tires play a vital role not only in the performance but also in the safety of a vehicle,
studying the tireroad interaction has always been a matter of interest, specifically when the tire is
traveling on icy roads. Ice is tricky terrain for even thest experienced drivers. The tractive
properties of the road change tremendously when it is covered by ice or snow. This alters factors
such as friction between the tires and the road, which in turn is responsible for the traction, braking,
and handlingproperties of the vehicle on that surface. It leads toss of road grip, which
obviously hampers the ride quality. Although there are a number of studies focused on tire
interaction with different surfaces such as ice for both braking and tractiomrparioe, there are

not many studies that cover the tire in its free rolling mode on ice. Considering the tire in its free
rolling condition is a necessary step in assessing the friction force at tieetinterface, which

can be used next to predict tbeque to be applied on the tire in order to creagraslip condition

in the tireice contact patch. Theeroslip condition is always difficult to obtain, as it needs a very

accurate assessment of the effective rolling radius of the tire.

One of the bjectives of this section t® makethe distinction between pure rolling and free rolling.

A tire in pure rolling is expected to move at the same longitudinal velocity as the vehicle. In other
words, the tractive force created in the contact patch isl égube resistive forgeand the tire
rotates on the road with zero slip. When the tire is in its free rolling conditiere is no torque
applied to the tire, so no tractive force is expected to occur. Still, in the longitudinal direction (the
direction of the tire travel), there may be resistance forces, primarily due to friction and rolling
resistance. Thus, a small negative longitudinal force is expected to be recorded by the Kistler
system on the Terramechanics Rig. The results from this sectiahoiv that for the free rolling

condition ofthetire in contact with the snowhere is some amount of slip ratio.

The effective rolling radius is an important tire parameter. It varies with operational conditions
(such as normal load, inflation pressuterrain type, etp It plays a significant role in the

simulation of the dynamics and performance of the vehicle. Furthermore, it is very important to
have accurate knowledge of the effective rolling radius of a tire in order to properly conduct

traction tests on the Terramechanics Rig at TMVS Lab. Only by starting with an acetfetive
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rolling radius one can calculate the torque needed to be applied to the tire in order to produce a
desired slip ratio in the tire contact patch.

There are severalccepted methods to find the effective radius of the tire: theoretically, via
experiments or simulation. One of the methods is finding the effective radius of the tire using the
slip ratio equation defined by SAE. Having the assumption of winetire isin the free rolling
condition the slip ratio is zero (assumes no friction at thedieel interface), the effective rolling
radius can be deduced by finding the ratio of the velocity of the wheel in the longitudinal direction

and its angular velocity, atepicted inequations 3.&2nd3.3.

Y - 3.3

where S is slip ratio, V is the velocity of the CG of the tire (meters/secdnd),the effective
radius,and ¥ 1 s t he (raiang/setoad). Asvcan e ceen fyegquation 3.1,He
effective rolling radius plays an important role for a driven wheel; for this &sdl have some
positive or negative values depérgl on the driving mode. As mentied above, one of the
motivations to estimate the effective rolling radius is for us to properly use it in defining the slip

ratio S of interest on the Terramechanic Rig.

Another method to obtain the effective rolling radius of tire is by directly mewsthre distance
traveled by the tire in one complete rotation. Thus, one can obtain the effective auliing of a
tire by usingthe equation below

0 ¢y 3.4

where L is the distance traveled by the tire during a complete rotation. In other words, L is the

perimeter of the tire with radiuy 8

Both methods to obtain the effective rolling radius mentioned above need some experimental tests
to find the unknown parameters such as linear velocity or angular velocity of the tire. There are
many other research slies conducted on findintpe rolling radius of the tire through developed
theoretical methods or simulation. From conducted research, one can say that the effective radius

of the tire is a function of the inflation pressure, the speed of the vehiclegyacadeters, and the
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load applied to the tire in the normal direction. For example, in work done by[R&zahe

effective radius of thére can be found using equation 3.2

Effective & loaded rolling radius
0.32
0.31
0.3
Eom
0
= \
B 020 \
0.27
0.9 4— —Effective rolling radius
' —Loaded roling radius
0.25 T T T T
1 2000 4000 go0a 8000 10000
Vertical load [N]

Figure 3.8: Experimental variation in effective and loaded rolling radius vs hormal load [73]

Considering the lack of references fthe effective rolling radius of tires on ieeovered roads, a

thorough investigation is needed for this.

One of the tasks needed to reach the objectives of this work is to benchmark the accuracy of the
existing methods for effective rolling radius determination. The investigation approach was to
experimentally study a tire under free rolling on ice. A set of experiments were thus designed and
conducted for the Standard Reference Test(BRTT) on a layer of ice in the TMVS Laboratory

at Virginia Tech under different applied normal Isahd varias inflation pressure conditions.

The data collected from the tests performed was used to obtain and compare the rdsailt for
effective rolling radius of the tire arile equivalent friction coefficient. The data collected on the
Terramechanics Rig byélt-axis wheel load measurement system P650 by Kistler was processed
to eliminate the noise of the raw data using zgrase filtering techniques in MATLAB. The ice

in the Terramechanics Rig was prepared and maintained at the same static coefficietmrof fri

for all tests, although we accede that this may not be the case for actual driving conditions. Other
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parameters measured during the tests conducted were the tire loaded radius, the thgth of
contact patch, and the temperature distribution initeede contact patch.

Normal load and inflation pressure were chosen as the variables of the operating conditions for
these experimental tests to study their effect on tire effective rolling radius. The data collected has
been further used to assess digaamic coefficient of friction (also calldtie equivalent friction
coefficient in this study) at the tiiee interface for all the conditions considered.

Sub-sectiors 3.21 and 3.22 consist of a description of thdesign ofthe experiment andhe

experimental method employed in this studyib&ection 3.23 presented the results from the
experimental study conductedutssection 3.24 is devoted to the analysis of the experiential
results. Finally, sectioB.25 presents the conclusions from this sesé and outlines the scope of

future work.

321 Design of experi ments

For the free rolling test of the tire, the standard reference test tire (SRTT), P225/60R16, was
chosen. All the tests were conducted in the months of January and February 2019 in the TMVS
Lab at Virginia Tech. To fulfill the main objective of this study, that is benchmarking the results
from experimental tests for the effective rolling radius of the tire and the resistance force, with
results from existing methods, several tests were corldoteSRTT on ice under different
operational conditions during free rolling, for several levels of normal load and inflation pressure,

in accordance with the design of experiment presented in the next section.

Table 1 shows the designtbeexperiment (DE) that was implemented in this study. As shown,

the varables of this study are the normal load and the inflation pressure. The tests were conducted

on an ice bed maintained at a temperature of athoQt while the ambient tenm
6 with a nominal thenommrallinflatiom prdaseoof 35 pahd Adrp

camber and toe angles. To account for the effect of changes in the normal load and the inflation
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pressure, seven levels from 60 % to 120 % of nominal values were used, for each of them,
respectively.

For each combination from thedE shown inTablel, three tests were conducted, and the average

results of these tests are presented in this pBperto the limitation that we had in the number of

tests and testing conditions none of the exgstmethodssuch asi Random assi gnmer
ARepeat ed mefarsraating the ROE svas gnplémented. The table was created based

on thecapability of the testing facilities ambjectives of the study.

Table 1. Design of exgriment

(Winter 2018- 2019)

Nominal values
Tire type SRTT
Normal Load 60%, 70%, 80%, 90%, 100%, 110%, 120% 7000 N
Inflation Pressure 60%, 70%, 80%, 90%, 100%, 110%, 120% 241.317 kR
Ice Temp. -10 -10

322 Procedur e

To find the effective rolling radius of the SR]lthree methods were implemented. As described
previously, all methods need experimental data. The first method is to obtain the effective radius
using eq. (2) and the second methoduirexs the distance traveled by the tire during a complete
rotation. For the third method, as it can be seen from equation (4), knowledge of the tire loaded

radius is needed.

For each test, first, the surface of the ice was prepared taaliaeBon coefficient of about 0.1.

Then, the tire was mounted, and the wheel motor was started in order to calibrate the Kistler sensor.
With the tire mounted, when the tire is touching the ice, the vertical wheel force reading by Kistler
P650 should be around 3,700 The longitudinal and the lateral force should be close to zero
when the camber angle is 0°. The normal load on the tire comes from the assembly of the tire, the
wheel, the Kistler wheel hub, the clutch, and the test tire frame. Air springs do not pnoyide a

normal load in this stage. After completion of the calibration step, the software is being set up. The
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PicPro software is used to control the motors (and thus the slip ratio, if applicable). Since this study

focuses on the free rolling condition, nodoe is applied to the tire.

The LabVIEW software is used to control the normal load using a PID controller. For the first set
of tests, seven levels of normal load were used, while a level of 80% of the nominal inflation
pressure (193.053 kPa) was usece Tde surface ofl O was chosen for all
The next step after applying the normal load is running the carriage motor when the clutch is not
engaged. Similarly, tests were also carried out for seven levels of inflation pressure (frdm 60%

120% of the nominal value in steps of 10%).

All the data measured by the Kistler sensor is collected by the LMS Test Lab software. The
distance traveled by the tire after a complete rotation, the loaded radius, the width of the contact
patch, and theohgitudinal speed of the wheel were also measured for each test. Thermocouples
and data loggers mounted the tire monitored the temperature changes in the contact patch of

the tire during the tests.

323 Resul t s

The results of these tests include visualeptstions, data measured during the test, and data
collected using the LMS Test Lab software. A zphase low pass filter (FIR) was applied to filter

the existing noise in the system. After filtering the data, the graph of longitudinal force versus
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time, normal forces versus time, equivalent friction coefficient versus time, and effective rolling

radius of the tire for the DOE conditions investigated were plotted using MATLAB.

Graphs for the loaded radius of the tire, the linear speed of the wheelnthetqmatch width, for
different conditionsand temperature changes in the contact patch were plotted using data collected
during the test.

For the first method used to estimate the tire effective rolling ratheslata for the angular speed
of the tire, and the data for the linear speed of the rig were used. Assumgrg-slip ratio, the

effective rolling radius of the tire was then calculated using the eq. (2), as stated earlier.

The second method used to calculate the effective rolling radius tifélwas by running the test

for the predefined conditions and by measuring the distance the tire traveled during a complete
rotation of the tire. In this casthe length covered hiyetire is equal tahe circumference of the

tire, and we can obtairhé effective rolling radiusf the tire using equation (3kor the third

methodonly, the measurement of the loaded radius of the tire was needed.

The graphs for the effective rolling radius of the tire for different applied normal loads and different
inflation pressure values for the three methods are presentedrapdred in the results section.
Based on visual observation, we can mention the visible footprint left on the ice as a result of the
tire rolling, as shown irFigure 3.9, when the tire temperature was arouhd .The footprint
section is more visible in comparison with our tests done when the tire temperature was around
6 i ndi cat i ng -Beezing of timeide tsurfaceg. Afeemedch mure the old footprint

was removed by resurfacing the ice to have the same friction coefficient for all tests. This also
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improved observational conditions to measure the footprithexfiext test run. It has also been
observed that by increasing the normal load, the widtheofdabtprint increased=igure3.10).

Figure 3.9: Trace of the tire developed on ice
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Figure 3.10: Variation in width of contact patch with the change in applied normal load

The secad section of the results is related to measuring the parameters at the end of each run of
the test manually. After each test, the loaded radius of the tire was measured. As expected, a
decrease was observed in the loaded radius of the tire when the tmachével was higher.
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However, there was also a slight increase in the loaded radius of the tire when the inflation pressure
of the tire was increasdéigure3.11).
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Figure 3.11: Variation in loaded radius with change in applied normal and inflation pressure
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Another parameter collected during the test was the temperature in the contact patch of the tire. A
shown inFigure3.12, eight thermocouples were installed alevith the tread of the tire and were
connected to data loggers to monitor the temperature of the footprint precisely. The results from
monitoring thetemperature are shown kgure 3.13 for one sample run. Considering the point

that tire material properties are highly dependent on temperature, having knowledge about how
temperature will change at foot print seo/tread area will help us to predict the changes in the
material properties of the rubber compounds and consequently predict tire behavior in contact with
ice in different ice and environmental temperatures.

Figure 3.12 Thermocouples installed to monitor the temperature changes dhe tread
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As can be seen from fig. 13, the temperature in the tire contact patch increased, despite being in
contact with-10°C ice. As this study is a part of more compredive research on tire performance
ontheice, we will not go through the temperature data obtained in detail now, but we attribute this
behavior to the heat produced due to friction and pressure in the contact patch.
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Figure 3.13: Rise in temperature atthe contact patch

The last section of the results is related to the data collected by the LMS Test Lab software. The
Kistler sensor measured and transferred the data collected. For thisastlydthe longitudinal

force, the normal force, and the angular velocity of the tasneeded for analysis.

Figure 3.14, Figure 3.15, and Figure 3.16 present the results processed for a sample run. The
sample run test is for free rolling of the SRTT amice surface having a temperature-df0

with a measured static friction coefficient of 0.1, with an applied normal load o®§,66r 28

psi inflation pressure, and camber and toe angles of 0°. Although we tried to reduce the sensor
noise using a zerphase FIR low pass filter in MATLAB, as it can be seen, there is still some
fluctuation and noise, but they are considered wiliceptable limits for the scope of this project.
These noises are more visiblaegraph for longitudinal force versus time. As we conducted the
tests for the free rolling condition, the value of the longitudinal force measured is only related to

the resistance force and so it has a relatively small value; the value of the error is also small
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compared with the longitudinal forces. To analyze the distribution of the vertical force values and
of the longitudinal force values and the range over which tteeisl@cattered, graphs have been
created for the histogram of the respective forces and for the implemented central limit theorem
for both data sets, and are presentdeignire3.17 andFigure3.18. According to the central limit
theorem, when random samples are taken from a datansetheir means are calculated several
times, the calculated data should follow a standard distribatiore. This is what is observed for

both forces. As it can be seen, the results validate that there have been a few times that the normal

load exceeded the filtered value, but the majority of the data is within the specific range of 5,560
5,570N.
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Figure 3.14: Raw and filtered data of longitudinal force against time
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Figure 3.15: Raw and filtered data of normal force against time
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Figure 3.16: Variation in equivalent friction coefficient against time
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Figure 3.17: a. Implementation ofthe central limit theorem for vertical force distribution, b. Histogram of
data from vertical force distribution
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Implementation of Central Limit Theorem for longitudinal force distribution

Histogram of Data from longitudinal force distribution
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Figure 3.18 a. Implementation ofthe central limit theorem for longitudinal force distribution, b. Histogram

of data from longitudinal force distribution

324 Experi mental study analysis

Two major forces occur in the contact patch on the rotating tire whennitasntact with the
terrain: the tractive force and the resistive force. The difference between these two forces is defined
as the drawbar pull. In a free rolling test, there is no tractive farmkthe values of drawbar pull

only show the resistive forc&Jsing the data collected by the Kistler sensor for the normal load
and the longitudinal force during each test run, the equivalent friction coefficient (dynamic) can
be calculated as the ratio of drawbar pull recorded by Kistler at each instadi¢kanstantaneous
normal load applied on the tire. The results for the equivalent friction coefficient are shown in

figure 16 for the sample test.

The results for the equivalent friction coefficient for SRTTthaice at-1 0 with diffe
applied normal loads and different inflation pressures, with zero camber and toe angles are shown
in Figure3.19throughFigure 3.27.
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3251 nfl uence oft heebfr emal i Yeadadodinus of the tire |

For this study, as shown in DOE, seven levels of normal loads frorl@0% of the nominal
load were applied on the SRTT. The inflation pressure was 28 psi, which is 8aétmaofal
pressure (35 psiand the camber and toe angles were set at zero degrees. As shayungB.19,

the magnitude of the longitudinal force caused by the resistance force increased for intneasing
values of the normal load.
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Figure 3.19: Longitudinal force versus time at various percentages ofaminal normal load

Figure 3.20 shows the equivalent friction coefficient for all levels of normal load tested. Recall
that the ice static friction coefficient measured at the beginning of each test was jusdldelow
The result illustrated ifrigure 3.20 proves that the dynamic friction coefficient is much smaller
than the static one. It catso be noticeffom Figure3.20that tte tire followed a similar path for

all performed tests and that the difference in the equivalent coefficient of friction noticed is solely
due to the difference in the normal load.
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Figure 3.20: Equivalent friction coefficient versus time at various percentages of nominal normal load

Figure 3.21 shows the trend of the absolute mean value of the equivalent friction coefficient by
increasing the normal load. This phaclearly demonstrates the increase in the value of the

equivalent friction coefficient with the increase in the normal load.

0.0345
0.034
0.0335
0.033
0.0325
0.032
0.0315
0.031
0.0305
0.03

0.0295
4000 5000 6000 7000 8000 9000

Normal load (N)

y = 7E07x + 0.0277
R2=10.9787

Mean of equivalent friction coefficient

Figure 3.21: Variation in the mean of equivalent friction coefficient versughe percentage of nominal normal

load
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As can be seen fromigure 3.22, the values of the effective rolling radius obtained using the
second and third methedescribed earlier are really close to each other. Thesabtained by

the first method are much lower than for the other two methods. The main reason for this might be
attributed to the assumption that the slip ratio is zero during free rolling. Also, as shB\gars

3.23, there were some shaghangesn the angular velocity value3he changes are caused by
stick-slip phenomena when a tire is moving on the ice.
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Figure 3.22: Effective rolling radius obtained by three methods vs normal load
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Figure 3.23: Angular velocity of the wheel vs time

32411 nfluence of itnheef BeCONVPreaduus ohnh the tir

As mentioned, the inflation presswkthe tire was changed in seven levels from 60% to 120% of

the nominal pressure of 35 psi to find out the relationship between these parameters and other tire
parameters such as tire forces an@ffective rolling radius. During the test, the normablazas

kept constant at a value of 5,600 N, the ice temperature was k&pf@t and the static friction
coefficient was at just below 0.1. As showrkigure3.24, the magnitude of the longitudinal force
decreased when the inflation pressure increased. The negative sign of the longitudinal force shows
that this force is inhe opposite direction of tire movememind that means it is a resistive force,

as expected.
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Figure 3.24: Longitudinal force versus time at various percentages of nominal inflation pressure

As shown inFigure3.25, the equivalent friction coeffient decreased with an increase in inflation

pressure.
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Figure 3.25: Equivalent friction coefficient versus time at various percentages of nominal inflation pressure

Figure3.26 shows the decrease in the mean value of the equivalent friction coefficient when the
inflation pressure increased. It is obvious from the graph that the slope for the lower pressure is
steeper than at higher pressures. While there are satadies regarding the variation of the
contact patch area with respect to the inflation pressure, including in our laboratory, further
investigation is needed to study the correlation between the area and shape of the contact patch
and the friction coei€ient, as the results obtained in this study indicate that clearly there is one,

in spite of the classical physitiseory.
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Figure 3.26: Variation in mean of equivalent friction coefficient versus percentage of nominal inflation

pressure
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Similar to the results for the effective rolling radius for different normal loeidsye 3.27 shows
that the values of the effective rolling radius obtained using the second and third methods are very
close to each other for all levels of the inflation pressure used, while the first method implemented

led to lower values.
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Figure 3.27: Effective rolling radius obtained by three methods vsinflation pressure

325 Concl usi on

As a part of a comprehensive study of tire performanciheite, several testfor the SRTT in

free rolling condition were conducted. In these tests, the normal load and the inflation pressure
were the variables of the experimerdaad the rest ofhe parametersincluding the tire and ice
temperature and the ice static friction coefficjemhskept constantThe results collected kthe
six-axis wheel load measurement system Kistler P650 for the longitudinal force and the normal
load were used to obtain the effective rolling radius of the tire via three methods, as well as the
equivalent friction coefficientOther data collected during the test include the width of the contact
patch, the loaded radius thfetire, the temperature changegtat contact patch, and the distance
traveled by the tire during a complete rotation. The effect of the parametersecedsithe
inflation pressurgand the normal load on the effective rolling radius of the tire and on the
equivalent friction coefficient were investigated. The results show an increase in the width of the

contact patch when the normal load increases. Hmeesrelationship was observed for the
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equivalent friction coefficient with the increase in the normal load. However, a decrease in the

loaded radius of the tire was seen, as expected.

On the other hand, by increasing the inflation pressure, the loaded iracreased, as expected

A downward trend was observed in the equivalent friction coefficient when the inflation pressure

increased. The effective rolling radius of the tire was obtained for all the combinations of the

design ofthe experiment table vithree methoddMethods 2 and 3 result in very similar values

but the results from the first method were lower. The reason for this might be the assumption of

zero slip for the free rolling condition.

These experimental results are in agreement witexisting models and theoretical or simulation

based studies conducted by other researchers in this field, as referenced earlier. Future work
includes using the effective rolling radius obtained to define the zero slip conditions for traction
tests in ordeto investigate other aspects of tire performanceherice, such as theffect of the

rubber compound.

33 Study on the effect of rubber compoun

Mechanical and thermal properties of the rubber compounds of a tire play an importanthrele
overall performance of the tire when it is in contact with the terrain. Although there are many
studies conducted on the propertigéghe rubber compounds of the tire to improve some of the
tire characteristicssuch as the wear of the tread, thisra limited number of studies that focused

on the performance of the tire when it is in contact with ice.

This section covers the experimental investigation of the effect of rubber compounds on tire
performance in contact with ice. For this, four tinese been selected for testing. Three of them
are completely identical in all tire parametéssich as tire dimensions), except for the rubber
compounds. Several tests were conducted for the chosen tires in three mode8inigedraking,

and traction.The tests were performed for two different normal loads (4 kN and 5.6 kN), two
different inflation pressures (21 psi (144.8 kPa) and 28 psi (193, kiPal)three tire temperature
levels ¢10A G5A Cand-1 A C The Terramechanics Rig at TMVS at Virgirffiach has been used

for conducting the tests. The results from this study show the sensitivity of the magnitude of the
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tractive force with respect to parameters such as tire temperature, normal load, etc. The results also
indicate that the tire with the Ieagt value of the Young modulus has the highest traction among
all four tires used in this study.

This section includes six stdections. 8b-section3.3.1presents the input data for the material

properties of the selected tiresulBsection 33.2describs the testing procedure selected for this

study. In Sib-section3.3.3 the design othe experiment for this study is presented. The results
from the experimental study are presentedub-&ction3.3.4 A brief summary of the obtained

results and the cafusions of the study are presented i-Section3.3.5

3.31 Mat errioaple rpt i ® ¢ e ditreedsh e

To fulfill the main objective of this studyour tireswere chosen, three tires provided by Sumitomo
(named B, C, and G) and the standard referenceree¢SRTT), P225/60R16. Tires B, C, and G
are all manufactured by the same company and are identical in tire dimensions and also tread

pattern. They are only different in terms of the material properties of their tread.

Table2 andTable3 show the thermal anshechanical material properties of each tire tested.
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Table 2: Specific heat values for tires B, C, and G at different temperatures

Temp/ |B C G
-5 1.84 2.03 2.09
1.88 2.14 2.26
5 1.92 2.18 2.29
10 1.94 2.21 2.31
15 1.96 2.23 2.34
20 1.99 2.26 2.36
25 2.02 2.29 2.39
30 2.05 2.32 2.42
35 2.07 2.35 2.45
40 2.09 2.37 2.47
45 211 2.39 2.49
50 2.12 2.40 251
55 2.13 2.42 2.52
60 2.16 2.44 2.54
65 2.18 2.46 2.56
70 2.20 2.49 2.59
75 2.23 2.52 2.62
80 2.26 2.55 2.65

Table 3: Young Modulus values for tires B, C, and G at different temperatures

Young Modulus Frequency:10 Hz

Sample| Temp E'[MPa] | E"[MPa] | TAN-D | E*[MPa]
[ ]

B -11.2 4.002 | 1.106 0.276 4.152
-8.3 3.697 | 0.946 0.256 3.816
-5.6 3.495 | 0.808 0.231 3.587
2.7 3.401 | 0.765 0.225 3.486
0.4 3.137 | 0.587 0.187 3.191

Sample| T e mp [| E'[MPa] | E"[MPa] | TAN-D | E*[MPa]

C -11.7 5.12 1.205 0.235 5.26
-8.4 4.916 1.044 0.212 5.025
-5.3 4.556 0.839 0.184 4.633
-2.3 4.197 0.771 0.184 4.268
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0.6 4.153 0.762 0.184 4.222
Sample| Temp E'[MPa] | E'[MPa] | TAN-D | E*X[MPa]
[ ]

G -11.8 7.421 1.508 0.203 7.573
-8.5 6.628 1.24 0.187 6.743
-5.3 6.489 1.115 0.172 6.584
-2.3 6.184 0.992 0.16 6.263
0.6 6.03 0.983 0.163 6.11

According to the data given by Sumitomo, the density of the tread section of the tires B, C, and G
are 1,103 kg/My 1,094 kg/m, and 1137 kg/m3, respectively. These values a&atively close to

each other. Furthermore, although outside the scope of this paper, our research on these tires
indicates that the rubber tread density is slightly affecting the viscous tire friction. As it can be
seen from tables 1 and 2, tire B hasldwest value of both the Young modulus and the specific

heat, compared with the other two other tires.

To study the performance of each tire on ice, several tests were conducted under different
operational conditions: traction performance for differdiptratios (from 2% to 30%), free rolling
condition, and alsthebraking condition for twdevels of normal load (4 kN and 5.6 kN) and two
levels of inflation pressure (144.8 kPa and 193 kPa), in accordance with the design of experiment
presented in theaxt section The inflation pressure has been measured using a digital pressure
gauge witha resolution of 0.5 psiThere were minimal differences in the ambient conditions in

the lab during testing (in terms of temperature and moisture).

3.32 Desi gnp erinitme

Table4d s hows t het hexgieg r(D@R)finplementedf o r t hiAsit veas udy.
mentioned, the three of the chosen tires are completely identical in all tire parameters except in
their rubber compounds. Th, in this studythe variables are material properties of the tread,
applied normal loadheinflation pressure of the tire, percentage of slip ratio, and temperature of
the ice and tire. Although the ambient temperatuas notthe desired variable ithis study, as it

was not possible to conduct all the temtsthe same day, this parameter was also measured and
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has been presented for each case of DOE. During all the tests, the camber and toe angles were

equal to zero. However, the flexible designlad tig gives us the opportunity of performing tests

with various camber angles and toe angles in the future, if needed.

For each combination from the DOETable4, at least two tests were conducted and the agerag

results of these tests are presentetiisipaper.

Table 4: Design of experiment forthe study of the effects of rubber compound on tire performance on ice

Nominal load=7 kN

Nominal inflation pressure=241 BBa§i)

Level 1 Level 2 Level 3 Level 4
Tire type SRTT Tire B Tire C Tire G
Load [kN] 4 5.6 4 5.6 4 5.6 4 5.6
Inflation Pressure [%] 60 80 60 80 60 80 60 80
Tire Temp [°C] -10,-5,-1 -10,-5,-1 -10,-5, -1 -10,-5, -1
Ice Temp [°C] -10,-1 -10,-1 -10,-1 -10,-1
Slip ratio 0%, 2%, 4%, 8%, 12%, 15%, 20%, 30%
Free rolling Free rolling test performed for each case
Braking Braking test performed for each case

Pressure distribution measuremc

Pressure at the contact patch measured for eiffarase of the DO}
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friction coefficient of the ice was checked ar
tools available in the |l ab t'9 marntaenfthetcol
However, it is neceabaeywas® measuoedthbptt héi &r
for each test for ,banhsistescympotduncongrahe tesst.
to the static frict i €overicgdhe tonnedingeipdas with insisgath e t i r
and preparing the ice system by connecting the pipes to the outdoors chiller and the ice mat placed
inside the rig. The ice mat helps make the ice and keeps the temperature of the ice at the desired
value by circulating the cooled ethylene glycol ia filastic pipes/tubes.

These are the steps that have been completed
1. Preparing and i nstr umedntG)ngwitthhe ttheestmotcioruepsl e(:

2. Conducting the traction etsesB,s G,oranvdarG ofurso rs |
SRTT, onl1DA€ wemperaturelO0ATi5AAeC)t emper at ur e

3. Conducting the traction t egatnsd fGo rf rwanr iSouunsi t sol
SRTT, onlA€Cetwmpbrature-1AChire temperature =

4. Conducting free rolling tests for each case
5. Conducting braking tests for each case of th

6. Pressure distribution meaguwrldmergt,s bumkarngst

operations.

7. Data processingy odf ctoimpeas awiitvhe ditfufder ent r ub

331 The temperature changes at the contact are

Another parameter collected during the test was the temperature at the contact of the tire with the
ice. As shown irFigure 3.28, eight thermocouples were installed along with the tread of the tire
and were connected to data loggers to accurately monitor the temperature of the tire in its footprint
on ice. Since material properties are highly dependent on temperaturestandielg how
temperature changes at the footprint section/tread area help us improve the model used to predict
the changes in the material properties of the rubber compounds and, consequently, to better predict

the tire behavior in contact with ice for f@ifent ice and environmental temperatures.
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Figure 3.28: Eight thermocouples installed to monitor the temperature changes at the tread

The data collected for the temperature changes at the contact patch has been used to validate the

results obtained using the developed model

332 Resul t s

The results obtained fr omhke®OE ttebltes ico naruddre d

effects of the rubber compounds on tire perfo
The experimental data thatbwadovbhbdedeaedategort

1. Data obtained for the tire per fionr mahnec eT MOVNS iLc

includes tire forces and moments in differen
2. Data was measured and col | ecweerde bnyo utnhteerdnoocno ut
to monitor the tire temperature changes. Th

temperature of the room were measured and r e
3. The |l ast category @ff etsis e r @&addaatsat sw abse t mapansdu rt eod

pressure pad measurement tool. This data has

Part of the experimental resultascollected by the LMS Test Lab software. To filter the existing
noise in the system, a zepbase low pasfilter (FIR) has been used. The longitudinal force of the
tire is the main performance parameter of this study. Using data collected for the longitudinal force
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of the tire, the drawbaulls coefficient and the equivalent friction coefficiensheeen ckulated
and plotted versus time for all cases in DOE using MATLAB.
Tests have been conducted for the following t

a) Traction, braking, and free rolling tests for tiresl@\ Gn contact with ice atl0A Gor 5.6 kN
normal loa and 193 kPa inflation pressure;

b) Traction, braking, and free rolling tests for tires5#& Gn contact with ice at10A Gor 5.6 kN
normal load and 193 kPa inflation pressure;

c) Traction, braking, and free rolling tests for tiresB& Gn contact vith ice at-1A C 4 kNr
normal load and 144.8 kPa inflation pressure.

The results for each condition are presented next:

3321 Traction, braking, and,afnrde e rwdltlhi ng 3t &dtas
(80% of nominal inflaon mal preaduf¢( &) %aod BoO
with tire tenlplerfad uirne caornd hncdk Ct vinaemnthh ¢ cte at
temperature of 10 AC

Figure3.29s hows t he resul tlses afhitshyphdessaat | ggmeop RSt &1. €
to compare the performance of the tires exper.i
forces vs. slip ratio; these graphs show t he

forces ( daraovédbsa)r whidd tfhe tire was moving for we

it can be seen, due to the small magnitude of
bet ween the performance of the tires in | ow s
The secohdgpgaphet hod | dursawaare pull coefficient,
any small variation in the nsursmatlo |soeaed tahpep | d ie

bet ween the performances of theftbdtiesi moree acl
the peak value of the drawbar pull i's more i m
peak values are <c¢cl| eaAks oint bomarm ke pesemm,f tgirragl

performance than givens tCesamnhdc @ndintdieonds he
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Figure 3.29: Longitudinal force for tires B, C, and G with 193 kPa inflation pressure and 5.6 kN normal load
in contact with ice at-10 °C, the ambient temperature of 10 °C, and tie temperature of-10 °C.
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Figure 3.30: Drawbar pull coefficient for tires B, C, and G with 193 kPa inflation pressure and 5.6 kN normal
load in contact with ice at-10 °C, the ambient temperature of 10 °C, and tire temperature of-10 °C.
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Figure 3.31: Drawbar pull coefficient for tires B, C, and G with 193 kPa inflation pressure and 5.6 kN normal
load in contact with ice at-10 °C,the ambient temperature of 10 °C, and tire temperature of5 °C.
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Figure3.32a nklgure3.33s how t he comparative results
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Figure 3.32 Comparative results for the longitudinal force for tires B, C, and G with 193 kPa inflation

pressure and 5.6 kN normal load ircontact with ice at-10 °C,the ambient temperature of 10 °C, and tire

temperature at-10 °C vs. tire temperature at-5 °C.
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Figure 3.33: Comparative results for drawbar pull coefficient for tires B, C, andG with 193 kPa inflation

pressure and 5.6 kN normal load in contact with ice atl0 °C, the ambient temperature of 10 °C, and tire

temperature at-10 °C vs. tire temperature at-5 °C
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Figure 3.34: Longitudinal force for tires B, C, and G with 144.8 kPa inflation pressure and 4 kN normal load
in contact with ice at-1°C, tire temperature of -1°C, and the ambient temperature of 10°C for SRTT, tire B,
and tire C, and 15°C for tire G.
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Figure 3.35: Drawbar pull coefficient for tires B, C, and G with 144.8 kPa inflation pressure and 4 kN normal
load in cantact with ice at-1°C, tire temperature of -1°C, andthe ambient temperature of 10°C for SRTT,
tire B, and tire C, and 15°C for tire G.
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Figure 3.36: Drawbar pull force with error bars for tires B, C, and G with 144.8 kPa inflation pressure and 4
kN normal load in contact with ice at-1°C, tire temperature of-1°C, and the ambient temperature of 10°C
for SRTT, tire B, and tire C, and 15°C for tire G.
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Figure 3.37: Drawbar pull coefficient with error bars for tires B, C, and G with 144.8 kPa inflation pressure
and 4 kN normal load in contact with ice at-1°C, tire temperature of -1°C, and the ambient temperature of
10°C for SRTT, tire B, and tire C, and 15°C for tire G.

As it can be seen, tire B exhibited a higher tractive force under all testing conditions. Based on

these resultone can determine which tire compoyretforms better without having to compare

the performance of the tires at specific temperatures, as the ranking of the tire performasce seem

to be the same for all temperatures tested. However, the results are helpful in assessing the

sensitivity of the ragnitude of the tire forces with respect to the tire temperature.

Results for free rolling tests of tires B, C, an&i@ure3.38 andFigure3.39 show the longitudinal
force of the tire when it is in free rolling. For the free rolling condititvere is no applied torque
on the wheelso the only force in the longitudinal direction is the resistive force (rolling resistance

and friction force).

In order to have similar tésg conditions for all the cases of DOE, several instruments were used
to prepare the ice surface such that the measured friction coefficient using our slider friction
measurement tool was always around 0.1. However, it is required to mention thaluinis vt

equal to the friction coefficient of the tiiee interaction and cannot be used for validation of the

model. For tireice interaction, there are several parameters that affect the friction coefficient, such
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as material properties of the treadbber, normal load, inflation pressure, etc. None of these
parameters play a role in the friction coefficient measured by the slider.

For these tests, the Kistler sensor has been calibrated when the tire was rotating and in free rolling
condition on theae surface. By calibrating the Kistler sensor this way, a significant portion of the
resistive force has been removed from the measured longitudinal force. While this is desired for
the traction portion of the study, as the remaining longitudinal fortteeis representative of the
tractive force, it affects the accuracy of estimating the tetastive force in free rollinglhus, to

obtain the exact value of the tire resistive force, the Kistler sensor should be calibrated when the
tire is rotating buttiis not in contact with the ice surfa¢dégure3.40 showsthe results for the free

rolling test of tire B when the rig was calibrated this way. The small variation in the longitudinal
force during the test coulae due to small differences in the ice surface friction and in the applied

normal load.

The small values obtained for the resistive forcEigure3.38 andFigure3.39 are caused by the
difference in the ice surface characteristics for different runs. This means that calibrating the
Kistler system on the ice surface cannot remove all the resistive force from the measured
longitudinal force. As presented kigure 3.38 and Figure 3.39, the remained resistive force for

tire B is higher than tires C and G for all cases of the DOE. Tire C has the dayexl resistive

force value in all cases studied.

In addition, as it an be seen from the presented figures, larger friction forces resulted when the
tire was cooler and also when the applied normal load was higher. More research is still needed to

fully understand the effects of each parameter separately.
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Figure 3.38: a) Longitudinal force (friction force) for tires B, C, and G with 144.8 kPa inflation pressure and
4 kN normal load in contact with ice at-1°C, the ambient temperature of (10 °C for tires B and C, and 15 °C

for tire G), and tire temperature of-1 °C; b) Average value of the friction force.
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Figure 3.39: Average value of the friction force for tires B, C, and G with 193 kPa inflation pressures.6 kKN

normal load in contact with ice at-10 °C, the ambient temperature of 10 °C, and tire temperature of10 °C
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Figure 3.40: Longitudinal force (friction force) for tire B with 193 kPa inflation pressure and 5.6 kN normal
load in contact with ice at-10 °C,the ambient temperature of 10 °C, and tire temperature of10 °C. The rig

was calibrated when the tire was not in contact with the ice surface.
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3.3.4.5 tRhbe wlkti n gf @ref f br masacB, C, and G

In addition b the tests for free rolling, several tests were conducted for the braking performance
of the tires.Figure 3.41 shows the results for the braking performance of the tire for the system
calibrated with theire in contact with the ice.
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Figure 3.41: Results for braking tests for tires B, C,and G with 144.8 kPainflation pressure and 4 kN normal
load in contact with ice at-1°C, the ambient temperature of (10 °C for tire B and C and 15 °C for tire G), and

tire temperature of -1 °C. The rig was calibrated when the tire was in contact with the ice surface.

Figure3.42 shows the results for the braking performance of tire B for the system calibrated when

thetire was not in contact with the ice.
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Figure 3.42: Results for braking tests for tire B with 193 kPa infhtion pressure and 5.6 kN normal load in
contact with ice at-10 °C,the ambient temperature of 10 °C, and tire temperature of10 °C. The rig was

calibrated when the tire was not in contact with the ice surface.
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As the longitudinal force of the tire fone braking condition is highly dependent on the applied
braking force, it is bettemot touse the magnitude of the maximum resistive force to compare the
tire performance. However, the general trend can be useful. For example, in all the/edsase

a pick value at the beginning of applying the braking force.

Figure 12 includes two modes of driving: free rolling and braking. The horizontahtities
beginning of each graph (values below 200 N) shows the value of the tire friction force in free
rolling. After that, the sharp increase in the absolute value of the friction force is due to the applied
braking force. As it can be seen from the free rolling part of the graph, the magnitude of the
absolute value of the tire B friction force higher thantif@ C, which in turn is higher than for tire

G. This order coincides with the one obtained in sectiorids.the freerolling condition.

333 Conclusi on

In order to experimentally study the effect of the rubber compound on tire performathesoe,

seveal tests have been conducted for three similar tires but with different material properties of
the rubber compounds. The tests were conducted for free rolling, braking, and traction conditions
for different normal loads, inflation pressure, and differasg¢ and tire temperature. The

comparative results have been presented for all three tires under different test conditions.

From the presented results, tires at lower tempematsinew higher tractive performance.
Increasing the tire temperature causes temiim on the iceand thus it decreases the friction
coefficient. Furthermore, it has been found that the best tractive performance is obtained at higher
slip ratio values when the tire is warmer. For example, it can be seen that the pick value of the
longitudinal force for 5.6 KN normal load for tires-40 °C happened around 5% slip ratio;
however, the pick value of the longitudinal force for the tireS&C happened around 8% slip
ratio. The longitudinal force increases until it reaches a maxivalne, and then it decreases until

it almost plateaus to a constant value.

From the experimental results, the best, under all testing conditiereptained for tire B, which
had the smallest value of the Young modulus and specific heat parametegsilbe also show
tha the ranking order fotires B, C, and G is not dependent on the testing conditions. However,

the results indicated the sensitivity of the magnitude of the tire forces with respect to the tire
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temperature, as the tire temperaturecffiehe rubber compounds properties. The resultghéor

free rolling performance show that tire B has the largest absolute value of the resistive force among
the tires tested. Tire C has the next largest resistive force. These results show the sehtikvity
magnitude of the friction force with respect to the rubber physical and thermal parameters, such as
Young modulus and specific heat.

Further investigation is required to improve the correlations between rubber compound properties

and tire performace under traction, braking, and free rolling. The experimental work should also

be accompanied by computational modeling, which isecily orrgoing in the TMVS Lab.
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Chapter 4

Senminal yMa calbifngiri re Perforn
| c e

The mateial properties of the rubber compounds, which are highly dependent on temperature,
have a vital role in tire behavior. A comprehensive study on the effect of the rubber properties on
tire performance for different temperatures, as well as different roaditons is required to

adequately predict the performance of tires on ice.

In this section, a theoretical model has been developed feicgirmteraction. The developed
model, ATIIM2.0, is a combined and improved version of the previous models [6]lMand

ATIIM [3], from TMVS laboratory at Virginia Tech. The temperature changes obtained from the
model areused to calculate the height of the water film created by the heat generated due to the
friction force. Next, the viscous friction coefficient at the contact patch is obtained. By using the
thermal balance equation at the contact patch, the dry frictiobtained. Knowing the friction
coefficients for the dry and wet regions, the equivalent friction coefficient is calculated. The model
has been validated using experimental results for three similar tires with different rubber

compounds properties. The de developed can be used to predict the temperature changes at the
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contact patch, the tire friction force, the areas of wet and dry regions, the height of the water film
for different ice temperatures, different normal Isagtc.

This section includesesen suksections In Sub-section4.1, the methodology followed for the
development of the new tiidce model (ATIIM20) is presentedSubsection 4.2the approach

for improving the TIM has been mentioned. Sdetion 4.3the input dataequired bythe mode|

has been explned.The results from the simulation are shown ubSection4.4. The developed
model has been validated Bub-section 4.5, Some experimental results are presented in this
section too.Sensitivity analysis on tire performance wittspect to material properties of the
rubber using ATIIM2.0 has been covered in sectionA lerief summary of the simulation results
and the conclusions of the study are discussedilirs&ction4.7.

41 Modbhckground; previous versions (TI M

The original tireice model (TIM) was developed by Dr. Anudeep Bhoopdl&m This model
consists of three main moduldsgure4.1 shows the modular structure of the TIM. As it can be
seen, the pressure distribution at the contact patch will be predicted by the first module; in the
second modulehe temperature rise at the contact area is calculated. By having the temperature
rise at the contact patch, the average friction coefficiemtbbeacomputed by the third module of

the TIM. In this model, the friction coefficient can be obtained by solving the thermal balance

eguation at the contact patch based on the principle of heat balance, as shipureih?2.
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Figure 4.1: Structure of the tireiice model (TIM). [6]

surface tread

Heat conducted

Figure 4.2: Thermal balance equation at the contact path based on the principle of heat balancg6]

I'n this model, Jaegerds temperature

at the contact patch:

roi

4.1

4.2

s e

"Gis the thermal conductivity of the rubbér, is the specific heat of the rubbér,is the density

form

of the rubber, and "Yis the temperature rise at point P(X, y, z) on the tread as a result of a moving

heat source located at (X, Y, Z) withe magnitude ofy [74] [75]. This model has several pros

and cons. As it will be presented in the results section, TIM is an appropriate model fongodeli
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the friction of the tire on dry ice. However, as the governing equations do not consider the water
film generated at the contact patch for different tire maneuvers, such as different slip ratios or
braking conditions, the results for the wet ice prestiavith TIM are not as accurate as the results
predicted for dry contact. In addition, this model only has three inputs for the material properties
of the rubber; they are the density, the theroeedductivity, and the specific heat of the rubber.

Thus, t is not a sufficiently detailed model when one wants to compare tires with different rubber
compounds.

To improve the TIM, Dr. Emilio Jimenez [3], [5] added several moduli in order to calculate the
height of the water film generated at the contact pattgrding to the schematics shown in Figure

4.3. This new model, now called ATIIM, can predict the viscous friction at the contact patch using
the predicted height of water film.
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Figure 4.3: Modular structure of the Advanced Tire-Ice Interface Model. [5]

In this model, the same approach was used torotitaitemperature changes at the contact patch
as in the TIM. However, the main objective of the ATIIM was obtaining the viscous friction
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coefficient at the contact patch. So this modelntyaiocused on wet tractioib].

In this study to investigate the functionality of ATIIM for comparing the performance oirése t
with different material properties of the tread, this model was used to obtain the viscous friction
for tires B, C, and G. As it can be seen in ATIIM cannot capture a clear and correct trend for these

tiresd performances.

Although the presented ressiby ATIIM show that this model is an appropriate model to predict

the viscous friction coefficient in the contact patch for a tire that is in contact with wet ice, this
model stild]l i mpl ements only three wmifartdathee r ubb
inputs for the TIM (the density, the thermal conductivity, and the specific heat of the rubber). Thus,

it still has the same disadvantage as TIM has in predicting the friction coefficient for different tires

with different rubber compounds.
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Figure 4.4: Average viscous friction for tires B, C, and G obtained using the ATIIM. Inflation pressure:

144.79 kPa, Nominal load: 4 kN, Ice temperature:sl , Static friction coeffic

In order to tudy the effect of rubber compounds on the tire performandbedoe, a model that
accounts for more physical and material properties was required. In addition, as the contact area
includes both dry and wet regions, to study the performance of the pietireson ice, a model

that is suitable for and can accurately predict both dry and wet friction, mastgieyed
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42 Newly devel oped extension of the TI M

As mentioned earlier, the original version of the TIM can predict the friction coefficient bygolvin

the thermal balance equation at the contact patch. However, as there is no term in this equation to
consider the effect of the water film created at the contact patch, the precision of this model for
the wet contact is not as high as for the dry contact.

In this study, to improve the results obtained for wet traction using the TIM, another term has been
added to the thermal balance equation, in order to consider the heat absorbed by ice during the
deformation from solid to liquid, called the latent heftthe ice.

n abo 4.3

whered is the mass of the water created at the contact patch and can be obtained using the height
of the water film crea&d and the water density. As it will be presented in the results section, despite
adding the latent heat term to the thermal balance equation to consider the effect of the water film
and to increase the precision of the model for wet traction, the exterisine TIM still cannot

predict the friction coefficient for wet traction as accurate as ATIIM2.0 can. That may be due to

several assumptions that have been considered to solve the thermal balance ¢§uations

Figure4.5 shows the average friction coefficient for tires B, C, and G that has been obtained using

the extension of TIM. As it can be seen, the results are in the acceptable range when compared
with the experimental results. In addition, as it can be seenFdigure4.5that the results obtained

using the extension of TIM have the correct trend and indicate a decrease in the value of the friction
coefficient when the wet region started to appear at the contact acedhen the friction

coefficient increases with an increase in the slip ratio. However, as mentioned earlier, although
TI'M is an appropriate model to obtain the coe
account for enough rubber tread pagdens, it cannot capture the performance for wet contact
accurately. This justifies the need to have another model to obtain the viscous friction when the

tire is in contact with wet ice.
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Figure 4.5: Average friction force for tires B, C, and G obtained using the extension of TIM for wet and dry
regions. Inflation pressure: 144.79 kPa, Nominal load: 4 kN, Ice temperaturel
~0.1.
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43 Newtdgvel oped ATI I M2. 0

To solve the problems of the prior models, in this study, ATIIM has been improved such that the

new model, ATIIM2.0, can predict viscous friction for wet regions, dry friction coefficient at dry
regions, and also combined friction whea have both types of regions, using several additional
rubber compounds properties, such as Youngods |
rubber ‘Y , and the roughness paramet@rof the rubber. By doing so, not only a model that is
appropriate for wet and dry conditions has been developed, but also, as it will be presented in the
results section, the accuracy of the results has been improrgzhed with the previous models

for tires with different rubber compounds.

In order to develop the ATIIM2.0 several sections in the modular structure of the ATIIM have
been changed. One of the main changes is in the approaches used to obtain tbétheigfter

film and the viscous friction. Using the new approaches, the new model (ATIIM2.0) has several
additional inputs for the rubber thermal and mechanical properties. Considering the fact that the
height of the water film caalso beinfluenced bythe effects of the roughness, in the new model

the extension of the thermodynamic equation, which can include the roughness effects, has been
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implemented. In this approach, a term to consider the squetzghenomena has been added to

the thermodynamicguation,[45].

In addition, the extended model has been passed frord@pendent representation to an x

dependent one, as shown in the ageun:

This equation describes the basic approach to model the viscous friction coefficient of rubber
sliding on smooth ice. For the ATIIM2.0, this differential equation has been solved to obtain the
height of the water film and consgently to obtain the viscous friction coefficient. In this equation

I is the roughness parametertire longitudinal direction of motion, is the sliding velocity,

0 is the pressure applied on the rubber blegK,, _, 0 are the viscosity, density, thermal
conductivity, and specific heat of the icespectivelyD is the latent heat of the iceY is the
melting temperaturéy is the ice temperatur&w is the height of the water film, artiddis the

average contact diameter obtained using the equation:
o0 =UYda ——= 4.5
v 7

where'Yis the radii of the spherical asperitiéss the roughness parameter of rubber, ariis
the mean root square gradient.

To solve the equation dimensionled® coordinates and...have been defined:

w i
-— weE e T
w Q

Where
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and

@ — 4.7
whereO is the secalled melting index:
0o —I ——- 4.8
Using the dimensionless coordinates, the-fimster differentiakequation 4.3ecomes:
— - 4.9

As there is no explicit analytical solution for this equation, an approximate solution has been used.
The following equation can be written for the viscous friction coiefit due to the existence of

the asymptotic height of the water fil@ :

‘ — 4.10

As it can be seen, the friction coefficient is dependent ondigdtof the water film, the pressure
in the contact patch, the sliding speed, and also the pardiréegris dependent on the modulus
of elasticity E and the mean root square gradiegtll is also known as the relative real contact

area and can babtained by:

I p Q8 T 411
where D is the modulus of elasticity.
| 4.12

wherell andll are the roughness parameters in longitudinal and lateral directions, respectively.

By solving the equation using an approximate solution method, the friction coefficient can be

obtained:

* — 0 0 0 413

Where
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' - 4.14

and a is the length of the rubber blocksr the first term of this equatioi®( we have:

O 4.15

mn G—L p 4.16

where the unknown factor f has been choseich thatt "Q p8Q is the secalled quasi

liquid water layer that is created as a result of ice surface exposure to the environment even if the
temperature is below the meflgjitemperature Tm.

Q ¢dad o1 CAME™M Y 4.17

0 is depend on the melting index and can be obtained using the following equation:

0 —_— 4.18

For the second and third termeaguation 4.12we can write:

O — p 6 ... 0mm 4.19
0 —— —at— —O1 GO GE 4.20
where:

p o 7 4.21

As described, by changing the approdd], to obtain he water film and the viscous friction
coefficient in ATIIM2.0, rubber parameters have been incorporated intomtigel. These
parameters are EY(o ung 6 s  Ma dhich is shg mean root square gradient, attie

roughness parameter of rubber). this study, as there was not enough information for the
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roughness parameters of the tread of the tires used in the experimental part of this research, the

constant values of & T® wandd @& ‘ d&have been used for all three tires.

After finding the wscous friction for the wet area, the dry friction in the dry area has been
calculated. The principle of thermal balance is employed here in order to compute the average
friction coefficient in the tire contact patch for the dry regioBased on the preis work[55],

the heat generated in the contact patch due to the frictional mechanism ai ite iinterface is
divided into timee parts. The first part is conducted through the ice surface, the second part is
conducted through the tire tread, and the remaining heat diffuses through the water film if present.
In the case of dry friction, as the contact patch is completely dryedieconducted through the

water film is zero.

I N oY 4.22
n o o= Y 4.23
n — Y 4.24
n n I 4.25

Equation 4.2Xepresents the heat generatethatcontact patch based on the average pressure at
the contact patcf6]. The values of the static coefficient of friction, slip ratio, and longitudinal
velocity was obtained from the experimentafudy. The pressure value iaquation 4.21was

obtained from the experimentaibptained pressure maps.

The heat conducted through the ice surface and through the tread is represenueatiby 4.22
and 4.23The depth of penetration was initially estimated in order to computeehege friction;
the depth value was further modified to match the friction from the simulation and from the indoor

test program.

The temperature rise ("Y is obtained from the temperature rise simulations for dry regéous
then it is plugged intequation 4.22nd4.23. The heat balance at the dry contact paticha is
represented by equation 4,24ith the only unknown being the average frictionfGoent at the

contact patch.
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Atfter finding the values of the dry friction coefficient and of the viscous friction coefficient, the
total friction, which is a combination of the friction values for wet and dry regions, is obtained
using the percentagestbie contribution of each type of friction. To obtain this value, the ratio of
wet region area to the total area of the contact patch has been obtained using ATIIM2.0. Next, the

average value of the total friction coefficient has been obtained usingltveirig equation:
: nQB o p N Qidw 4.26

where

nol @ 4.27

In summary, the pressure distribution at the contact area was used to find the temperature rise.
After that the temerature rise at the contact patch was used to predict the heitffewaéter film

and to find the wet and dry regions within the contact area. By having the hetbétatter film,

the viscous frictiorcoefficientwas calculated. The dry friction coefioit was found by having

the tempeature rise at the dry regiorisinally, by using the developed appth, the equivalent

friction coefficientwas obtained

4.4 Ti 4 € e moamdari son

Il n this sedtcieo Mmotdlerl sse dteivred o p e d a hRAsehToMWSS siosmec
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viscous friction coefficient; however, ATI1 I M
coefficient and also it can calcul ateetabe eql

of wet and dry regions.

98



ATI I M and ATI I M2. 0 used abasdd eecqudt iagms)o atc

height of water film and friction coefficien
of water film caused by the cont acta ofestuh «
frictional wor k, and HoeeeAqugdzedi @dutnop h ecroonms
sqgueeze out effect. l nvolving the squeeze ou
mor e materi al parameters of tshter utcrteuarde roufb bAelrl

by wihi®dMhand ATI IdM nosnlty,haver mal condubeiwvity
Sstrusst brue ATl I M2. 0 has 3 more parameters, [
parameter of rubber, meansrebbowsghate ¢ghadkee
specifically Young modul ug oapml| dytiicmpsms Aotwnr |
to develop a model t hat can be used fibs Cco0mg
needed to incor poperttei ey ri@sn mstdhren rcnicadreelp r o

TI'M can find the dry frictiarmrecaefnftiacite nth ofwee
ATl I M and ATI I M2. 0 can obtain friction coef fi

Re al contact ar eas wars inmpgutc omari almeteadr for TI
be a constant value of 0.8 in the ATI I M str uc
the real contact based of the roughness para
Il n addition, in botadagdl Mabhmds ATbrMpreksuaeen
used to calculate the friction coefficient d
uses the | ocal values of pressure and temper
Among these t hATelel MR2o.dOe | lsa so ntlihye gr aphi cal us e
Mat ITahbi.s hel ped using the ATI MM2. 0 more easie
can easily input the values of rubber mat er
coefficient oft watkai g il m, Sso on.

The | ast but not l east, TI'M was validated us
tires with estimated values for material pr o

12 tires. The informptopartegardinigr édae mablee
tires were sent by company to our group.

Besides these major di fferences, there are
ATI I M was developed to use pressure whsthibut

collected by appl yi hnigcet osrlgue ttohinsi naipcp rtohaec ht ii
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measureme-ntefdrstrrbution for different slip
in a low slip regioncel motbedtdenr hdeo ‘haalvied aat etdi
collected in our | aboratwerye cramrpgade s@& cmo del
is compati bmeoumrerebswmue distribution measur el
mo dreé quiinmfeosr mat i on f ofr tthe priemesnwrieo npa d.

Table5: Tire-ice modelszomparison

TIM ATIIM ATIIM2.0
Dry friction \% - \%
coefficient
Viscous - Vv \%
friction
coefficient
Equivalent - - \%
friction
coefficient
Rubber x  Density x  Density x  Density
material x  Thermal x  Thermal x  Thermal
parameters conductivity conductivity conductivity
incorpomates x  Specific heat x  Specific heat x  Specific heat
x  Young modulus
x  Roughness
parameter of
rubber
x  Mean rout
square gradient
Driving Traction Braking and Traction Braking and Traction
condition
Squeezeut - - \
term
Real contact - - \Y,
area
Local pressurg - - \%
to obtain
viscous
friction
Local - - \Y,
temperature tq
obtain dry
friction
GUI - - v
Validation Two tires 3 tiresestimated values | 12tires with six different rubber
compound by having exact
values for material properties
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45 ATI | MRarOametri zati on

In general, as it is shown kgure4.6, ATIIM2.0 required four sets of input: parameters related
to the rubber material properties, those related to the ice and water characteristics, operational
parameters, and inputs regarding pressure distribution data. The input parameters fréscene Te
system are the pressure map dimensions and specifications, and pressure distribution data at the

contact patch, that was collected by the experimental approach for each tire at different slip ratios.

__________________ -

————————————————— .:Input: Ice and water parameters |
Input: Rubber parameters : % Ti.o: Ice temperature

% Cp: Specific Heat |:°:° L: Latent heat of the ice
:l':' A: Thermal conductivity of ice
|:°:° 1n: Viscosity of the water

f
I

I

I

|

1 % E:Young’s Modulus

I ) _

1 % p: Density I Cjce: Specific Heat
I

I

I

I

I

|

% Ir: Roughness parameter

-

% K : Thermal conductivity I \()u!fputs:
. _ 1 » Temperature changes at
#+ R =The radii of spherical asperltles|- contact patch

>
=
=
=<
N
=

Height of water film
Friction coefficient
Area of wet region

Area of the contact patch
t Wet and dry regions in

the contact patch

Input: Operational parameters

|
| |
| |
I < S:Slip ratio |
: < V: longitudinal speed |

|
| |
| |

7V VYV Y

“* us: Static friction coefficient
“+ Fz: Normal load

: Input from TekScan system :

e e e e e e e e e o,

| ** Pressure distribution data |

L7

. . 1
: ¢ Pressure mat dimensions andI
I specification I

Figure 4.6: Inputs and outputs of the ATIIM 2.0
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451 Data related to materi al properties of the

The first input data category is related to the material properties of the tire and includes the

(1),

spherical asperities of the rubbéf , and the roughness paramet@r of the rubber.

density the,thbemapecohdaocheatt yCpk) You

For the rubber parameters, specific heatvlue Youngdés modul us, t her ma
density wee given by the tire manufacturer company for different temperatures. The roughness
parameters canda were taken from (Wiese et al., 2012xable6 shows the rubber inputs values

t his

for tires B, C, and G atl dat a, tire B

According to
modulus and specific heat. Tire C has the sedowed values of these parameter$e density
of the rubber tread section of the tires B, C, and G are given as 1,103 kg/m3, 11894 d&ul
1,137 kg/m3, respectively.

Table6: Material properties of tire B, C, and G

Tire B Tire C Tire G
Fy: Specific heat (J/kg K) 1.871*1C 2.126*1C 2.242*1C
E : Youngds Modul us ( MP 3.3783 4.1909 6.1419
J o Denm3ty (kg 1103 1094 1137
I : Roughness parameter 6.5 6.5 6.5
K : Thermal conductivity (W/mK) 0.3 0.3 0.3
nz: The mean root square gradient 0.35 0.35 0.35
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452 The pressure distribution at the contact

The pressure distribution data at the contaeh avas collected using a TekScan Pressure Pad
3150 (Tekscan, Inc., South Boston, Mass§he inputswere used from Tekscan system are the
pressure distributiomlata in the contact area and the pressure mat dimensions. The distance
between each pixel of th@essure mat is 8.4 mrithe pessure Pad was attached to a wooden
platformwith the metal Uchannels to secure the pad in place. A thin protective film was attached
to the top surface of the pressure pad. Thus the surface beneath the TekScan was riggmooth

surface(Figure4.7).

Figure 4.7:Tekscan pressure pad mounting

For the calibration of the pressure pad, an equilibrator showiguire4.8 was used to apply a
uniform known load. The pressure pad was placed into the equilibrator. The equilibrator applies

a uniform pressure load using an air compressor.
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Figure 4.8: Tekscan R equilibrator for the pressure pad (Tekscan, Inc., South Boston, Mass).

After calibration, the desired normal load and slip ratio (ISTVS Standards, 1977) were applied
on the tire. Several tests were conducted at TMVS for the desired conditiatis¢btbe required
data for all three tires B, C, and G, in fnedling, traction (with a slip ratio from 2% to 15%), and
braking conditions while the tire was on the pressure pad. The protective film placed on the
pressure pad helped in protecting tlag ffor testing under different slip ratioBigure4.9 shows

the pressure distribution for tire B 4% (a) and 15% (b) slip ratios

o

422
387
352
37

o

422
387
352

246

a) 4% slip ratio 15% slip ratio

Figure 4.9: Pressure distribution (kPa) for tire B at 4% (a), and 15% (b) slip ratios. The leftright direction
here is the longitudinal direction of the tire.
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453 Data related tametpersati onal p a

The operational values were taken from the conditions for the experimental part of this study.
The normal load was 4 kN, and the longitudinal speed was 0.06 m/s, which is equal to the linear
speed of the Terramechanic Rig at TMVS. The staticidnctoefficient was equal to 0.1,
measured before conducting the test using a slider friction tester. The slip ratio was changed from

(2% to 15%).

454 Data rellad eadndawamet er s

Ice and water parameters were found at a temperatufle of. The viscosity of
1.787*103, the latent heat value is 333 kJ/kg, the specific heat of the ice is 2.027 kJ/kg K, and the

thermal conductivity of the ice is 2.22 W/m K.

46 Si mul atull s r es

I n this section, the simulation results obt
rubber compounds on tir e Usiegrthe dTlIIM2ZAOaodealsmousingi c e a
the material and thermal parameters of the tread compoundaarabtain the viscous, dry, and
total friction coefficient in the contact patch. We conducted such simulations for all the tires used
in this study. The results obtained for tire B and C will be presented first. Next, the results obtained

for all three ties will be compared.

46.1 Si mul eetsiud rntrsa cftoitom ef @r

In this section, to show the ATIIM2.0 capabilities, one sample result from each type of possible

model output is presented.
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ATIIM2.0 is able to predict the distribution of the height of thater film created at the contact
patch, temperature change distribution, pressure distribution, wet and dry regions at the contact
area, viscous friction distribution, area of the contact patch, arde ofet region, and also the
average values for grviscous, and total friction coefficient, for different tice conditions, such

as traction and braking, different ice temperature, and different normal loads.

Figure4.10 shows the simulation results for viscs, dry, and total friction of tire B when it is in
contact with-1 C ice for a normal load of 4 kN for the slip ratio of 2%, 4%, 8%, 10284 and

15%. As it can be seen, the value of the viscous friction is increasing by increasing the slip ratio.
This matches with the results obtained by previous styé@je$54]. The incease in the values of

the viscous friction is higher in the lower slip ratios range and it tends to a constant value for higher

slip ratios.

The simulation results also show that the dry friction reackesakimum value at slip ratios

around 10%. Thelack line in the graph shows the total friction coefficient for both regions.

0.2 1 L L] 1 L L]
€015} > ? o
.d_" [ [>d
2 B
=
@
3 04} o
.S > Total
3 __
& 0.05} * by H
* Viscous
0 1L L 1 1 L 1
2 4 6 8 10 12 14 16

Slip ratio (%)
Figure 4.10: Simulation results for viscous, dry and total friction of tire B

In addition to the information regarding the friction coefficient, ATIIM2.0 is able to provide more
data at the contact patchigure 4.11 to Figure 4.20 shows several sample results for pressure
distribution, temperature changes, the height of water film, the viscous friction coefficient

distribution, and the wet and drggions at the contact area for tire B with 4% &@eél slip ratio.
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Figure 4.11: Pressure distribution (Pa) in the contact patch for tire B with 4% slip ratio modeled by
ATIIM2.0
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Figure 4.12: Pressure distribution (Pa) in the contact patch for tire B with10% slip ratio modeled by
ATIIM2.0

By looking at the pressure distribution in the contact patch, the larger value of pressure at the
leading edge can lmbserved. By increasing the slip ratio, the increase in the pressure distribution

in the leading edge is more visible.
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Figure 4.13: Temperature rise in the contact patch for tire B with4% slip ratio modeled by ATIIM 2.0
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Figure 4.14: Temperature rise in the contact patch for tire B with10% slip ratio modeled by ATIIM 2.

As it can be seen, there is a general increase in the temperature rise freatimg ¢dge to the
trailing edge. This is due to the fact that when the tire is rolling, from the leading edge to the
trailing edge, each block of rubber will be a heat source for the next block. By comparing the
results for temperature rise for two dikkert slip ratios, one can say that in general, an increasing

trend can be observed in the temperature rise with the slip ratio increase.
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Figure 4.15: Height of the water film (mm) obtained for tire B with 4% slip ratio modeled by ATIIM 2.0
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Figure 4.16: Height of the water film (mm) obtained for tire B with 10% slip ratio modeled by ATIIM 2.0

As it can be seen fromigure4.15 andFigure4.16, there is a higher height of water film in the
trailing edge of the tire. These results wetpeeted and agréevith the results for the temperature
change at the contact patch. There is more water generated when the temperature is higher. By
comparing the results for two different slip ratios, one can say that the height of water film

generatednicreases with an increase in the slip ratio.
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Figure 4.17: Viscous friction coefficient distribution in the contact patch for tire B with 4% slip ratio modeled
by ATIIM2.0
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Figure 4.18: Viscous friction coefficient distribution in the contact patch for tire B with 10% slip ratio
modeled by ATIIM2.0

Figure4.17 andFigure4.18 show the viscous friction distribution in the contact patch. Sirtolar

the results for the height of the water film, the value of the viscous friction coefficient is lower in
the leading edge dletire. Although considering the Eq 11 our initial expectation could have been
higher values of friction for lower values oftlvater film height, due to the fact that in the leading

edge the pressure is higher than in the trailing edge and the differences in the pressure values is
larger than the differences in the water film height, the general trend is an increase in tlé value

the viscous friction force from the leading edge to the trailing edge. In other words, the difference
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in the value of the pressure negates the effect of the water film height. However, as the wet area
increases from the leading edge to the trailingeetlae total friction coefficient decreases.

For two different slip ratios, agaithe expectation is to obta&ower viscous friction coefficient
with an increase in the slip ratio as the height of water film will meee However, according to
Eq, sirce the sliding velocity appears in the numerator, by increasing the slip ratio, higher values

of viscous friction arén factobtained.

Direction of the motion
——

0 50 100 150 200 250 300 350 400
Longitudinal Position (mm)

Figure 4.19;: Wet and dry regions in the contact patch for tireB with 4% slip ratio modeled by ATIIM 2.0
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Figure 4.20: Wet and dry regions in the contact patch for tire B with10% slip ratio modeled by ATIIM 2.0
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The blue sections iRigure4.19 andFigure4.20 show the wet area in the contact patch. As it can

be seen, there is a larger wet area when the slip ratio increases.

46.2 Si mul eetsiud rtrsa cftoinom ef &€r

Material propeties of tire C have been used as inputs into ATIIM2.0. In addition, data collected
experimentally using a Tekscan Pressure Pad 3150 for the pressure distribution in the contact area
has been employed to calculate the temperature changes in the comrtdeagare4.21 presens

the results for viscous, dry, and total friction coefficients obtained using ATIIM2.0 for tire C for
different slip ratios (2%4%, 8%, 10%, 12%, and 15%) wigm inflation pressure of 21 psi and
applied normal load of 4 kN.

As it can be sen fromFigure4.21, the friction coefficient of the wet region (viscous friction) has
an increasing trend with the change in the slip ratio from 0% to 15%. This result cotifg&ms
results presented by other seg]54]. As expected, dry iition coefficients have higher values
than total and viscous friction coefficients. The total (or equivalent) friction coefficient has a
decreasing trend for lower slip ratios (s<8%) and will remain almost constant (with small

fluctuations) for higher gbi ratios.

By increasing the slip ratio, although the magnitude of the viscous friction coefficient increases
there is a general decreasing trend for the total friction coefficient. The reatiuia fdrenomenon

is that by increasing the slip ratio, thea of the wet region also increases. By increasing the area
of the wet region, the viscous friction contributes mimréhe value of the total friction and this

causes a decline in the value of the total friction coefficient.
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Figure 4.21: Simulation results for tire C for dry, viscous, and total friction coefficient

Figure4.22to Figure4.26 show results for temperatureastges, the height of water film, the wet

and dry regions, the pressure distribution, and the distribution of the viscous friction coefficient
for tire C with 8% slip ratio, as predicted by ATIIM2.0.
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Figure 4.22: Pressure distribution (Pa) at the contact area modeled by ATIIN2.Ofor tire C at 8% slip ratio
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Figure 4.23: Temperature rise at the contact area modeled by ATIIN2.Ofor tire C at 8% slip ratio

Similar to the data for the pressure distribution, a general increasing trend from the leading edge

to the trailing edge can be observed for the temperature rise in the contact area.

ion
Direction of the motl

Figure 4.24: Height of the water film (h) at the contact area modeled by ATIIM2.0for tire C at 8% slip ratio

As expected, by increasing the temperature rise at the¢i@ntact patch, the height of the water

film generated increases.
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