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PREFACE

T~e p~pose of this =epor~ is to descriJe the mechanics of tire roll-
:ng loss suf~ic:en~ly s~ ~ha~ those interested in ~nders~anding ~~el cons~'­

~ion in vebic:es may make comparative assessments c~ poten~ial ~:res for
given vehicle weights, tire i~flaticn pressures, and ~ire cons~ruc~ion fea­
tures.

Since tire constr~ct:on details are su~~ect to change, :~ sbould oe
understood tha~ ~he data given bere are proba:~y mere '~luable in icdiceting
~re~ds then in giving exac~ numerical \~lues for ~he rolli~ resis~ance of
current production t~es.

Tbe autbors would like to acknowledge the !inanacial support of the
United States Department of Transportation for tbe funds wbich ~de this
work possible. We would also like to tbank Mr. Stephen 3obo, Technical Moni­
tor, for originating this concept and :or macy suggestions as to the format
and content of it.

The data quoted in this report was obtained by tbe B. F. Goodrich Re­
search Laboratory and tbacks ere due to Dr. ~~ion Pottinger and Mr. David
Strelo~ :or tbeir very careful and accurate measurement procedures.

:':l
Precedingpage b\ ank
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NOMENCLATURE

c::ns-:s.::l'ts

r

:XM tire ro:l~ng resistance as ~easured ~y axle :::rce transducer, :t
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?
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r ...
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~~re rolling resis-:~~ce wher. r~~r.g or. a cy:~ndrical drum of
radius, 1b

tire load, :'0

ccnst.ant s

tire ir.flat~on pressure, pSi, initial cold value

drum radius

tire radius

tire loaded radius (axle height)

tire rolling radius
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E:"a.s :'i!'es (3):

KEY TO TIRE CONSTRUCTION NOTAiION

E:xa!:.nle

N

I
No. of plies

\
Sidewa.ll

Bias Belted Tires (33):

Radia.l T:"!'es (R):

it

4N + 2~ / uN

T
Belt

/
Tread

/
Belt

/
Tread



1. I NTROOUCT ION

:nte~es~ :~ :~el c~nse~·~:~=~ a~~ ~he ~a~:ona: goal of =c~e e~e~~; E~!i­

cie~t passenge" ca" vehicles ~as ge~era~ed c8nsijera~le :r.~erest in t~e phe­
nomenc~ ~f :he rol~~ng ~es:sta~ce 0: pne~a~ic ~~~es. :::5 gene~ally ~ec­

ognized t~at t~e p~e~atic ti~e represen~s 8~e 0: t~e ~ajor less mechanisms
:~r the engine :utpu~ of a veticle, the other ~echanisms being considere~ t:
be aerody~er.~c loss, transmission an~ c~ive train ine:~iciency, and tbe pOwer
needed for accele~a~io~ of toe ve~icle. ~be q~antitative influence :f tire
rolling resistance on fuel consumption depenjs bea"r_1y on the vehicle a~c on
the specific j~ivir~ cycle. ?he most pertir.er.t jata, at least fer passenge~

ca~ ti~es, seems to be that of ~ef. [1],· wticc shows that in the range 8f pres­
ent co~ercial ti~e cbaracteristics, end for ~ost d~iving cycles, a 10% change
in ti~e r811ing resistance yields a 2% cbar.ge in f~el econocy. !tis is a
ratio of 5:1 in sensitivity. However, this imp~8ve~ent factor decreases as
tire loss becomes less when ~o~e fuel efficient tires have been developed,
and a~e in use, their cont~ibution to the ove~all fuel consucption of tbe ve­
hicle will be smal: enougt so that a much large~ percentage change ir. ti:e
rolling ~esistance will be req~ired in order to achieve the same perce~tage

change in fuel consucption.

Recent trip length studies [3J,[4: show that the average trip len~h in
the United States is less than 5 ~iles, and that over 40% of the veticle miles
traveled by ~assenge~ cars is for trips ~ess tban 5 miles. Even ~~ther, due
to the tezperature sensitivity of pne~atic ti~es, thei~ rolling loss tends to'
be subs~antial~y higbe~ in the winter montbs than in tbe s~er ~nths, and
this fac~or, coupled with sbort t~ip lengths, means that a great deal of tbe
passenger car vehic:e t~ave: in the United States is carried out under condi­
tions wben the tires acco~t for a substantial pa~t of the veticle rolling
resistance. Clear:y, the role of the tire is a vital one in tbis problem,
and probab:y ~s the single rnos~ i=portant component outside =f the engine
which can be modified or improved tc aid in tbe goal of reducec f~e: consump­
tion.

squar-e '~::-ackets .... ...; 'the

1

:he



2. FU~DAMENTALS OF ROL~ING LOSS

!~ :5 useful ~o tt~~ cf tbe ... .:,..:.c:
.... - --

~r ~~~C~ as power ~ra~s~:ssio~ ~e'~ces, s~~ce ~hey t~ensm~~ powe~ f~~rn the
e~g:~e :0 the ~~ac~ay i,- =~je~ ~o p~cpel tbe ve~icle. ~is is acco~lishe~

~i:h a~ e~:icie~cy whic~ may vary ~~o~ nea~ly 100% to ze~o, altbough u~de~

~o~mal co~ditions of gooc trec:ion and steady-sta~e ~unning the e::icie~cy ;:
the ~ne~tic tires is ~~i~e big~, bei~g of ~he s~e order of =agnit~de as
- . ~ - h . ... . "... " 1"'<>::... 0 co... :1a c. 0 ... er pC""/e~ rar.sm:..SSlon cc·mponer.. s :.n ..ne ve ..lC.J.e say >oJ.7U"O • /./'

The u~powe~ed or free ~cl:ing wheels on a vehicle ~y be thoug~t a: as a s~e­

c:a1 case of ~owe~ed wheels, but no~ ~ith zero ~or;ue applied from external
sources.

The rolling loss cf a tire is made up of three ~a~ts:

(a) Friction or scrubbing betwee~ tire and ~oadway;

(b) Windage loss of tbe tire; and

(c) F~steretic losses of the tire materials due to cyclic stress­
ing. These have their origin in ty?ical st~ess-strain curves
such as shown i~ Fig~e 1, wbere the sbaded a~ea under the
curve is the energy lost in one stress cycle.

In normal operation the ti~e loss is essentially all hysteretic, the
grou=d friction and windage being negligible.

The hysteretic loss properties of a~ost all rubber ccmpeunds are qUite
~emperature senSitive, bei~ much l~ger at lew te=peratures than at higb
temperatures. :his is illustrated in Figure 2. This ~eans that tires have a
=uch h:gber rol~ing lass when first s~arting ~rom amb~ent t~perature ~ondi:ions

~ban after warming up ~e equilibri~ ru~~ing temperatures. Further, the
higher t~peratures ~n tbe tire ~ause the air in tbe tire to increase in pres­
sure, leading to red~ced tire deflecticn and even f~tber reductions in roll­
ing loss. 3ecause of tbese ~~o effec~s acting togetber, tires sbow a signifi­
cant ~educticn in r~:lir.g loss as they warm ~p. For passenger car tires tbis
re~uc~ion is ef the order of 1/3 of the initiel rolling less, and occurs over
a 2Q- to 30-min~te period.

:n = passenge~ ca~ ve~~cle every ~~~e per!:~~s at least =ne otbe~ ~unc­

~icr.. than carry~ng its assigned sr.are 0= the lead. ~:.s ~ey be either iriv­
ing, i~ the case c: the rea~ ~heels, er steer~ng i~ ~he case cf the fror.~

~heels. 30th of :hese e=fec~s obvio~sly i~f:ue~ce l~ss in the tire i~se:f,

an~ grea::y co~p1~ca:e ~uar.~~tetive eval~e~i~r. of one t~re jesigr. against an­
=~he~.. :O~ ~~at ~easc~ :he p~ese~t ~evi~N ~ill ~e ~es~~:c~e~ ~o f~ee r=:~~~g

2
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~ven wi~hi~ the f~am~Norj. ~f the restrict~o~s just stated, ~~e rolli~g

loss experie~ced by a pne~~~tic tire still is a ~ur.cti=r. of the t~~e initial
ir.~latior. press~e and te~pera~~e sta~e, both of which depend not only on
the le~gth of time of r~~i~ but also ~pon the ~etailed ru~n~ng history and
aT.bie~t te~pera~ure, as ~ell as ~he o~her opera~ing par~eters that normally
control tire rolling resistance such as ve~icle speed a~d ~eight. Thus the
unambiguous description of the rolling less of a F~eunatic tire requires the
complete specification of its operating characteristics. These ~ill be dis­
cussed in the subsequent sections.



3. EFFECT OF OPE~AT!NG VARIABLES

S:"::ce a:'l :-:..:.bbe:- ccrrpcund s ex:J.:"c:,,:, :.e::i~e:-a:':':'1"e s er.s ; -:: ~."e l:JSS :::~a::,,~:::'e::-:s­

~:=s, ~O::~~ ~es:s~a~ce ~~ e ;~e~a~~c ~~~e je?e~ds ~~ :~S =pe~a:~~g :.e~pe~s-

sta~e ~he~ ~~e vet~cle begi~s a t~:p, e~d ~a~~s ~p d~e :c i~~e~~al ~yste~e:ic

less as :he :.::-~p P~Qg~=sses. J~ng tbe ~ar~-u~ ;rocess t~e ~~lling ~es:s~a~=e

of ~he :i~e de:~eeses, a~~ even:~a~ly the ti~e ~eac~es scme ~ea~-e~~i:i~~i~

~~:v:~g, such as i:. an ~~ba:. e~;~~o~e~:, :he ti~e is cons:an:ly char~i~g t~­

pe~a~~e, bu: due to its poc~ ~~e~~a~ conducti'r~ty it does so ~::h a rela:ively
small se: of perturbations about some average warm or hot state. The detailed
desc~iption of suct a :~pe~ature state is a func:ion c~ the exact d~iv:ng cycle
and ca~not ~e desc~ibed speci~ically. I~ bas ~een cus~cma~y ~n ~he s:udy of
tire roll~~ resis:a~ce to evaluate this t~~e of effect at s~e convenient con­
stant speed in orde~ :0 provide a base-line ~easu:eme:.t agai:.st whi:h one tire
cou:d be co~ared ~i:h a~otber. This is probably as sa:isfac:cry a so:uticn
as can be obtained at ~his :~e ~or ~he e~fect o~ r~nning :ime or t~~p length.

A t~~ical plo~ of ~i~e rcll~~g ~esista~ce ve~s~s "~~~~~g time :s stown i~

?:g~e 3 ~or Goodyear GR78-l L radia: tire. Th~s is typical of the ki~d cf roll­
ing "esista~ce "espo~se to time wbi:h a pne~at:c tire e~~ibits.

The"e has bee~ co~side"able i,-terest i,- t~e influecce of load and ~~~~ing

t Lme on t:Je rol7..ing resista~ce c:~ pneumat i.c tires, and ?ig'J.!'es L - 7 present
data en this sU~je=: for four common sizes of ~assenger ca~ tires, t:Jese ~eing

G'78-::.4 and h-r8-:5 'oias tires, and GP.;8-1L. and ?-:;\78"-15 radial tires. I~ this
csse the :i~e ~oll:~g ~esis~ance is plot~ed as a funct~on of load car~ie~, for
the :ase whe"e ~he co:d i~~a~ion pressure is set prior ~o the begir~ing of ~he

tes~. T~e ro:l~ng resis:ance is p:o~ted a~ varicus values of :ime rangi,-g fro~

~he ini~ia: 0" :be start~ng val~e up to ~~e eq~:libri~ value.

!t ~ay be seen f~o~ these ~igures that ~he~e :s a nearly l:~ear relation­
sr.i~ ~etween :he :~"e ro::':ing "esistance and ~he load for the equi:::ri~ case,
as il:ustrated ~:: ?igu.res L - 7. I:l all f'our c~ these sets of data the ::near
~e:a~:o~s~ip be~~ee~ :~ad a~d ~~l~~ng resis~ance is ve~y ~~~se, an= ~~the~, ~~

a ~te~:: c Lo s e a~p~ox:"'=e.~:'O:1 -:he :,:):':':"::g ~esis:.a.:l=e ·,a::,:s:J.es a t :e:-o ~cac., -;.lith e.
st~aig~~ ~i~e j~aw~ ~~~oug~ ~~e da~a po:~~s ~ea~ly i~~e~esc~~~g ~he o~ig:n

rol:~ng r es i s t anc e and load. This is il1'..:.s-c=-a-ced i::. ?~g'.:.res i... - ":" by means
~ashe~ ~ine e~e~d~~g :~c~ ~~e =a~a pci~~s ~o ~he ze~o load conc:~i~L.

.- _..... a.

s ::C\.tls such a
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lca~ :'s ap?a~e~~:y :c~~~::~usJ ~U~ is we~l E~own a~c ~as led ~~ the cc~c~ a~~

ve~y ~se:~l co~:ep~ c~. ~~e c~e:~:"~:e~~ ~f To~ling ~esis~a~ceJ w~:ct :s ce:~ne~

as -:.je :!"cll:ng :!"es:'s-:.ar.ce ~ivi~e~ oy :he loa~ ca:!"~:'e~. Us:r.g :he ~ata c:' ?:'~:!"es

~ - 7, the coefficier.: of :!"cll:'ng :!"esis-:.ance ~y be :!"eplct~e~ as a f~~ctior. of
loa~ a::= t~e end :'s showr. in ?ig~es e 1: f~:!" -:.~e same fo~:!" :i~es.

r:e~ oy a ti:!"e w:~l be the s~e o~ a given ver.icle :n a g:'ver. -:.ire posi-:.ion, so
a co=pa:!"ison of tne ro~ling resis-:.ance coefficier.ts will show whic~ :i:!"e is the
~ost efficient for a giver. appl:ca-:.:o::. On tte cthe:!" hand, tests of ::re :!"ol:­
ing :!"esis-:.ance are usual:y ca:!":!"ied out at the ti:!"e :!"ated load a:!" at some ~ela­

tively :a:!"ge fraction of it, such as 80% of tire :!"e~ed load. Di:!"ect presenta­
:ior. of the ~clling resistance ur.der these conditicns is dependent or. the ~oe~

ca:!":!"ied by tbe tire, w~ich, of co~rse, varies for diffe:!"e::t tire sizes. Hence,
the concept of the coefficient :s a ge::eralizing and extremely ~sef~l or.e fo:!"
both -:'he presentation and i~terpretaticn of data.

?ig"...u-es 8 - 11 show that for the two bias and two :!"adial t i r-es de scz-ibed
the:!"e, the coefficient of :!"olling :!"esistance increases with increasing load
for the cold, o:!" i~i~ia~, state. :or the equilibri~ state the coefficients
of :!"olling ~esis~ance are, on tbe ave:!"age, esse~tially indepe~den: of load.

Ex~ination of data taken at fixec tire loaj and va:!"iable initial ir.!-_a­
tio~ pressure shows tbat the ~i:!"e :!"clling resis~ance decreases as the ir.:la~ior.

;ressu~e :s inc:!"eased. This is ca~sed p:!"~a:!"ily by :be :!"educed deflection of
the tire when running ~nder a bigber inflation p:!"ess~e as coopared with lower.
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shown ir. t~e ;ast, and present data col~ec~ed fer ttis ~andbock s~bstar.tiate

ttis conclusion, the rol:ing :!"esistance is ~ea:!":y linear ~ith the :!"ecip~ocal of
i::itia: inflation pressure ~nde:!" conditions of capped ai:!", stea::l.y state r~nn:ng
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::.g-...:.res E 1: and 12 - 15 nov sugge s t -:::a:. the !"e:a:':~r:s:::; 'oe-:"',;ee~ e:'J.:"­
~:b~i~ ~~ll:Lg ~esista~ce, ~;ad ~~ ~he ~~~e a~= :~i~:al i~:~sti=~ pressu=e
=2Y be ex;~esse~ :~ ~he ~~~~ o~·~ ~~)I

( ,., \"-
.-.:. -e- c ) ( , i. . ... \ -:

r z \ p ...

F = load or: t. ::'=e
z

p = initial inflatior. pressure

c ,
p

= constants

.. =ore thorough expos:ti~n o! :his concept w·" be made in Sec~ion IV o! this
tandbook.

Examir.a~ion o! the same !ig~es also shows tha: no co~parab1y si~p~e =e1a­
:ionship exists !or the relatior. oe~~een 108= a;.d pressure 8,,= i;.itial or cold
tire rolling resistance. '~e resis:~~ce is not linear with load nor with the
reciprocal o! pressu=e, and nc generalized relation such as that of E~. (1) has'
yet. been proposed.

The q~es:ion o! speed e!fec~ en rollir.g resistar.ce has been one of consi~er­

able unce=tai,,~y in :he earlier publishe~ literature. Some rneas~r~ents have
been reported showing rather ~arked effects of speed or. rolling resistance,
~~ile other ~easurements show very little e!fect. A recent series of measure­
mer.ts en a single set of tires carried out by a n~ber of the cajor American
tire can~fact.urers sh~wed :oa: the rolling resistance o! :he sample tires was
nearly independent of speed within the speed rar:ges n~~al:y encour.tered or: :he
;~erican higrr~ays today [~j. :ig~e 16 shows ~he ~e~~ value of ro::ing resis~ance

f~r five different c~~on A~eri~an passenger car tires at t~ree ci~~erent speeds
as ~eesured :ver nine ~iffere~~ la~oratories ranging ~r=m a cu-incc ~iameter cy­
lind=ical i~~~ to a f1a~ surface. T~ese ~easure~ents were carr:e~ out at 30,
5:, an~ ~c =~n, and show t~at the ro::ing resistance is nearly cons:an~ ~i~~

s~ee~ ~~ := 5C =ph, w~i:e 2t ~C =pt the ge~e~al :endency is ~O~ a srna~~ :~=~easel

:: is su~i5e~ :~at the e~fe~:s here are c~~bina:ions cf higter :e=-?era:ure ar.~

g~ea~e~ ;~ess~~e b~ld~p ~ss~c:a~e~ wit~ highe~ ~~~~i~g speeds, ~c~le at the sa=e
~L~e g~e2~e~ ~y~a=ic e::e=~s a~e a:s: ~5s0c:~~e= ~:t~ t~ese t:g~e~ s~eeds. ~~e

t~= i~::~e~:es a~e c~~~~e~a~~~r~) a~j p~cba~ly ~e~= ~o =ause :~e ~ela~:'lely ~~~-
_-..-.- spee::

:"s a::
::'" -::::"5

:r:e , - as s es s t.ng :.he
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~assenge" car ~i"es we~e tes~ec for their ~olling ~esista,-ce char~cte"is~ics.

~~ese ~ests ~~~bered scme Es differer-t ~ires er-cscpassi,-g ~8S~ :f ~~e :o~on csr.­
s-:r'..:.c-:i.on E.~d :n2nufact~:"e~s. T::'e ~esul-:s of t::ese :'ests a~e ex~resse=. :'5 -:::'e
~tselu~e val~e ~f ro~ling resis~ance at 20~ of ~he ra~e~ :oa~ :f eac~ :f the
~:~es, and a~e p~~t~ec i~ :~g~re ~7 as a fu~ctio~ == t~e ~:~e lead ~g~~ng, ~~~~

:~e increasi~g leae rati~gs jei;.g ;lot~ed to t~e ~igtt of t~e fig~re. (Indi­
~id~al test results are give~ ir- Table !.) In this curve eac~ ~eas~~ed ro:li,-g
resis~ance is pletted as a si,-gle point s~owing t~e rolli~g ~esis~ance v~:ue oj­
tained at e~~ilibrium condi~ions and at a speed cf 50 c;n using 2~ psi i;.itia~

inflation pressure and ca~ped air condi~io~s. T~e relling resistar-ce 'r~:~es ~re

generally see~ to increase as ~he ti"es becc~e bigger in size, but of cou"se the
~oad carried by them also i~creases. ?r:~ the data plotted it is see,- ~tat ra­
dial tires are mere efficie~t than s~~i~arly sized bias and bias-belted tires.
It is also seer- that where core than one tire of a given construc:ion was ~es~ed,

considerable spread can be observed in the data. This implies that there are
differneces between the ro~ling resistance of the sane size ti"es from diffe"ent
~a~ufacture~s, as well as differences between rolling resistance of t~e s~e

s~ze tires ~rom the same ~anu~act~re". :he exact quantitative value of s~ch

sFread is a matter for further investigation.

~ost of the :r.e.~or Amer-Lcar; tire:7l.anufactL:.rers r:ow have je'ie:'o:;:me~t :;:"~g"a=:s :'or
so-called "fL:.el efficier:t" tires, that is, tires with ffiarkec.ly reduced ro:'lir..g
"esistance but wit~ acceptable levels of per:'ormance i~ othe" a"eas. Three of
t!1ese tires were also tested for this program o'f measureme::t, and the resulting
rolling resistance values are also plotted in Figures ~7 and 18 L:.sing a special
syobol for the data poi::t. lNhile these ti~es are designed to ~perate r.or~ally

at either 26 or 35 psi inflation pressure, we have adjusted the ti~e rolling re­
sistance to a value of 24 psi in order to ~ake the data consistent with the ether
meaSL:.r~ents given in those figL:.res. When this is done it is clear that these
tires do not e~,ibit much improvement over existing comrne~cial radial tires.
:hei~ advantage se~~s to be that they can be operated at bigher pressures, 5L:.ch
as 26 0" 35 psi, in which case they are more f~el efficier-t than existi~g lcwer­
pressure radial tires.

This sa~e data may be presented in a somewhat differer:t fashion by plottir..g
the coefficient of rolling resistance of the tires discussed in Fi~~re 17, again
as a function of tire load rating. This is shown in Figure 18. From this it
may been seen that for a given vehicle the most efficient tires in ter~s of ro:'l­
i~g resistance are the larger sizes, sir.ce their coefficients o~ ~olling re­
sistance are slightly less than those of the smeller sizes. Again the radia:'
ti~es are defintely ~ore efficie~t then bias a::d bias-be:~ed t:"es, and are to
:e preferred where available.

:he role of aspect "etio is ~ot clear in ?igL:.re 13. 0:: the who:'e the"e ~ay

be some tende~cy for low aspect ratio ti~es to exhibit s:ight:y reduced rollir.g
resistance coefficients as ccmpa"ed with higher aspec~ ratio tires. This woul~

be exnect ed :~rom nhvs i cs L ccnside"atior.s. :'he ef:'ect is 51':1all in t!1i s da t a a::.i- - ~ .
~~e benef~~s, ~f ttey ex~st, are ~c~ very st~~king.
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!n v:ew of tbe ~apii:y ~~c~eas~~g n~be~s o~ lig~~ ~r~cks and vans -- ~he

Amer:~an veh~cle ~l~e~, ~~e ~~lli~g ~esis~a~ce cha~acte~is~~~s ~f lig~t ~r~~k

~~res is a~ ~or~a~t :acto~ ~~ vehicle ~~el 5~ule~:o~. :~~ ~~a~ ~eascn e.
~~~? ~f fo~~ C~~OI~ s:zes ~~ :igh~ ~~uc~ ~:~es ~e~e c~=se~ a~~ ~ol~:~g ~es:s-

t ance !:'1eas:..:.:"e::len~5 c arr i ec cut ':II:. :'he=. ~:"::ce :'~e:; ar e c-:::sij,e~a':)l:: Larger s.::c.
~~e~~~e a~ ~:g~e~ ;~ess~~es a~c ~~a=s ~ha~ ;asse~ge~ ca~ t:~es. ~ne ~es~lts ~:

~~ese rneas~reme;.~s are ;rese;.~ed i~ Ta~:es II ~~~~gh ,~.

TAELE E.-rES':' DA':.:"'::;DR 7.00-1; LT T!?.E

Dia. = 29.6 in.

Tire Inflation
Rolling Resis~a!'lce

Load, Pressl.:.re
10 ( cold) . 'Os! ~ 0 t = iC rr.in ---.... - .... e

1220 25 28.6L. 22. :;5 20.88
1220 35 23·27 17·30 16.l..:.1
1220 45 19·5L. 14.92 14.17
960 35 16.26 12.;8 1:..63

1480 -x- 27 .45 20.88 18.95....:;>

TABLE III. -'!EST DATA E'OR 8. OCR 16.5 LT TI?.E

Dia. = 28.;.4 in.

24.62 16.~ 1;.01
22.06 . = 77 14.Ll-,./. I I

19.82 , = "', :'3.51-,.",."""'"
17 .7~ 13· 1 12.61
2L..62 .~

'" ... = ,:-;,).{
-' -,.",-/-

Rolling Resista~ce
Tire !nna~icn

Load, Press~re

1':: (cold) . -=5i

lc:J h=....
lC:1C -.~........
l610 65
~ 33(" ::;:;- ~

l,sLO :;:;

t :: 0

28

t =10 :I:.:"~ t = 'te



~3:Z iv.: :EST 'DA.:'."-. FOR 8. 75R .,. -.c.;

~:'a. _ .. .I..

~oad,

lt

Ir.f1a-c :'c::
~essu::-e

(~old) ns ; -c = J

Rol::'ng Res:'s~a~ce

't = :.:: lI:.:'n

le5e,
1850
lSse
1550
2110

55
27.19

18.82
20.00
27. L.7

18.52
'2.7.68
16.L.;
15.28
19.'70

:..6.73
15·53
15·53
14.93
l7.61

TABLE V. -TEST DATA FOR 9.50-16.5 LT T'7"P";'---
Dia. = 30.56 in.

Tire I n:'1a't ion
Rolling Resistance

Load, P!"essu::-e
1b (cold), 'Osi t = 0 t • 10 min t =te

2190 40 40.07 28.80 24.04
2190 50 32.95 25·53 22.12
2190 60 29.09 22.12 20.19
1880 50 26.72 20.78 18.41
2500 50 ;8.00 28.50 24.34

~.ELE v~.-COEFFICIEN~ OF ROLLING PESISTANCE FOR LIGh~ ~UCK ~?ZS

AT 7i~ICAL LOADS AJ~ PRESSU?~S

T:'::-e Size

7.00-15 L~

B.OOR le.;
,r; '7=';< 1 ~ =.-·1 .......... __ ......

( A)

~::U':at:'cn

P::-eSS:.l:-e
( cc ld) J ps i

=.=.

( E)'

80'% T:'::-e
Load at
Maxirr.u;:

?!-essure

1220
1610
1850
219C

2:::

Equili":lril:1Il
Roll:'~g

Resistance a':.

Conc.iticns A,B

16.Ll
:..4.L.l

22.:'2

Coeff:'cient
of Rcl:'i~g

?esis"a~ce,

1:/DOO 1"b

1;. !.I 5
Q ac::
\""i,.//

, r" .........
-"""-"-"



The red~ct:on in ~~l~i~g ~esistar.ce as the ti~e wa~s ~p car. be e:~~essed

as the ~atiQ c~ ~olli~g ~esistance at e~ui:ib~i~ to :het at :he cold, O~ i~i­

tiel, state. This data is g:,en i~ ?igu:e 19 ~o~ the s~~e g~o~p o~ tires de­
sc~ibed in ?ig~res ~7 and 13. ~he~e see=.s to be ,ery little :~end to t~is

data. The~e may be some small dif~e~ences ~e~Neen bias a~d cadial tires since
bias const~~ctions se~~ to exhibit a slig~tly lowe~ ~atic o~ e:~ilibri~~ drag
to initial drag, ~ut other than that, Size, aspect ratio, and lead range see~

to matter ve~y little.

Tbe tires used ir. the tests plotted in ?is~res 17 and 13 were ~an~fact~red

by a variety of different PEerican ~nufact~rers :n 1973 - 197 5, an~ their de­
tailed descript:or. :s g:ve~ i~ Table I of ttis report.

From Figure 3 it was observed earlie~ that the eQ~ili~ri~ runni~ state
of the ti~e appears to ~e reached somewhere after 10 to 20 ~inutes runn:ng,
~,d at 30 minutes of operation at a reasor.able speed such as 50 mph, ~oSt

passenger car tires are almost at their equilibriQrn temperat~re state and hence
at the steady state val~e of their rolling resistance. Approximate ~ethods f~r

calculating such war~-up tines have been presented in the past [5]. Generally
such war~-up ti~es are of value for studying the fuel cons~pt:en characteris­
tics of vehicles in short urban trips, but there is some interest also in the
length of time necessary for the tire to be stationary in order for it to cool
down to its ~bien~ state and again regain its high val~e o~ i~itial rolli~g

loss. A short study done cn this for the prese~t report shows that tire roll­
ing resistance as a ~nction of coolir~ time ~y be plotted aFprcximately in
?igure 20, where the ceoling time is measured frem the tire rel:ing resistance
equilibrium value, as indicated at time t = 0 on F:gure 20. Froo this data it
was conclude= that the time to regain the cool state i~ substant:ally longer
than the warm-up time, which is consistent with the approximate heat transfer
coe~~icients that would be appropriate for the mov:ng and stationary states of
the tire. Such :nformation is also of value :n the study of short urban dr:·ring
cycles.

Some considerable i~terest has been shown in the role of tire wear in
~odi~ying the rolli~g resistance o~ a new tire, since essentially al: of the
measurements which have been ~ade on tire relling resistance have been done en
n~~ tires. For the purposes o~ this study, t~o pairs of tires with 'rery spe­
cific charac~eristics were collected ~rom used automobiles. Each of these
pairs was made up of one tire which was nearly at its fully worn condition,
while the second tire had been kept as a spare and was essentially urrNor~.

~ese tires were tested for ro~ling resista~ce uLder identical conditions of
:nflaticn, load, and t~e, and their results reported ~or purposes of this re­
;ort. Subsequent to this test progr~, each of the worn tires of the pair was
retreeded by e con~ercial retreader and the tire again ~easured for its rolling
resistence value. The ~esults of these ~eesur~~e~ts are shewn in ?igure 21,
where it is seer. that in coth cases the retreaded tire shows tigter rolling :oss
than either the new tire or its worn counterpart. Cautior. should be used i~

interpreting this as a general result due to the sna~: a~o~nt of jata or. this
s~bjec~.

;0



80 % TRA Load
Cold Inflation Pressure 24 psi
Copped Air
50 mph Speed

ot3"Tire • 13" Radial
6 t4"Tire A t4"Rodial
o15"Tire - 15"Rodiol
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I
I
i
I

Speed 50 mph

Load 7801bs.

(a )

I i
Tire 200 Goodyear

I

, BR78-13
,

Cold Inflation Pressure 24 psi , MMFW FNA 413

,,

18 !
I

~ L I
. ~16 - I

tf14 Cold Iii
Z '( ----~----------±---~-.-.,I I .!.. Is 12 : I 'i'

~ i~! I
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5 6
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COOLING TIME, MINS.
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FIGURE 20. ~OLLING ~S!S~ICE VS. C~OLING T~~
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I I l I ISpeed 50 mph Tire 041 Goodyear

Load 1340 lb. LR78-fS MJV4 FNE 044

2 Cold Inflation Pressure 24 psi

:d
Cold I I I
~-----------------
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FIGURE 20. CONTINUED
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(c )

sp1eed 50 m~h I Tire~O unirO~OI
Load 1104 Ibs. I GR78-15

Cold Inflation Pressure 24 psi APVW DR 015

18 Cold I I I
~ 16~------T-~-------

...J ~
u.,j14 r:

~12~.P'1
~ 10' Equi!.
a::
~ 8..----+-------+------ ----+-----+------i
...J
...J 6oa::
...J 4~---__t--~---__+----+_--_+_--_+--____i
<X
.... 2z

706020 30 40 50
COOLING TIME, MINS.

10

o""'---__....l-__--I-__---l. ..l.--__........__--l..__---J

o

FIGURE 20. CONTINUED
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4 I
2 I (e )

00
I I
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COOLING TIME, MINS.

i 1

Tire 127 Goodyear,
A78-13 Bias

!

I
I
I
I

I I
Speed 50 mph

Load 720 Ibs.

I
I

i !
Cold Inflation Pressure 24 psi ; MKY3 E9H 493

I I '

i i ~ I I :

Cold I I i I· , i&-----------------
I I I I I :
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Ca~t:on shc~ld alsc be ~se~ i~ ~s:~g ~his ~es~l~ as :~~~ca~ive c~ t~e

aoour.t c: ~ol~~~g loss ~~a: ~a~ ~e ass~~e~ ~o ~he ~~ead 0: a :i~e. A: :i~s~

g Lanc e i -: :r~ght appear ~::a:: :~e ir.:....::..:.e:1ce c:.... t ae '":~ee:: :'s r e a s onab Ly s~2:1 :::'"~

dete~~~~~g t~e ove~a~l ~=:l~~g :~ss c~ ~he ::~e. ~eweve~J i~ sho~~c be ~e~-

o~izec :he~ a wo~~ t:~e ex=i::~s a so~ew~e~ ~i~~er~~t ~c~~e~~ i~ i~s ce~cass

than does a new ti~e. ~~~s p~cbably ~eans tha~ one ca~no~ ~se the ~e~a~ion­

st~p be~Nee~ e ~:~ wo~ .. O~ =~:fe~ ti~e an~ a cew ti~e as in~icative 0: :be
con~~:b~~:o~ of the tread al=ne, s~nce ~he ~=c~easec je~~~~icL of ~~e ca~­

cess ~en~s :0 ~ask the :~ead e:fect. ~is po:n~ needs :~~~he~ s~~~y and expe~i­

ment.

Fina~~J, tbe ~roble~ of :i~e selection :o~ a give~ veticle ~equi~es fu=­
ther elabo~a:ion. :f rolling ~esistance is the only, or ~o~e ~ortant c~i­

terion, the da:a of Figures 17 and 18 sbow that the bes: strategy is to selec~

an over-size :ire and ope~ate it in an ~~der-loaded con~itior.. T~is is con­
:irmei by test data obtained specifically for this report, Nhere several ti~es

of differe~: load ratings Nere run at :denticel loads, ~ost of the underloaded.
T~e equilibrium va~ues of the rolli~g resistance are given :n Table 'III as
:llust~a:ive cf this phenomenon.

TABLE VII. -E~:.rllIBRIL~ RO~L!NG RESISTANCE ?OR TIRES OF "JA~.rCUS SIZES
\.i'NDE.~ ':HE SAME LOAD

TIRE MFGR LOAD jRATED EQUILlBR IUM ROLLING
LOAD RES ISTANCE, Ibs

C78-14 Goodyear
840/1050 11.442P+ 2F 12P

£78-14 Dunlop 840/1190 10.032P + 2F 12P

F78-14 Dunlop 840/1280 9.554P

H78-14
Goodyear

840/1510 9.632P + 2F 12P

GR78-15 Goodrich 1104/1380 12.49
2P+2S/2P

LR78-15 Goodrich 1104/1680 11. 97
2P+2S/2P



4. MEASUREMENT METHODS AND JATA REDUCTION IN ROLLING LOSS ~EASUREMENTS

need fo!'" ver-y ac cure.t.e , ;"e;~::c.:.l:ible !:Les.s~=-:lg sys t ezis :"::ie~e:'"~1e~~ c f "~ea~h,=:­

ef~ec~s: a~~ the ~eed ~o wa~ the ti!'"e up ~ho~o~g~:y p~i~r to ~eas~!'"~~g ~~S

equ~~i~ri~ r~:li~g resis~a~ce, s~ar~i~ froc a co~o~ ~e~?era~u:e s~a~e.

All ~his is mos~ easi:y do~e icdocrs, ar.~ by far :he =cs~ co~or. i~door e~~i~­

ment is t~e cyl~ndr~cal roadwheel.

It is necessa~y ~o ~:e~~lJ de~:~e t~e ~e:a~~c~st~?S be~Neen ~~~~t:t~es

~eas~ed on cy~indri:al roadwheels anc ~~ose ~easured on :~e road, since ~n

tbe final a~a:ysis it is ~be rolling resistance on the road ~hat in~luences

vehicle ~uel econo~·.

gi ver. ~:1

':'he re-
~~e details of the deriva:ions of the various relations~ips are

the A??endix. Ybs~ of these have appeared in previous reports :6:.
suIts of :he analyses in ~be Appendix ~ay be s~rized i~~o separa~e

one due ~o tire s:ress a~d one due to ~easure~ent methods.

4.1 STRESS EFFECTS

ef~ec:'s,

For the same tire load and inflation ~ressure the rolling res:s:.a"r.ce of
a tire on a curved drum of radius ~ is greater tban on a f2.a~ surface due to
increased s~ress levels in tbe tire. :he relationsti? be~~een these is

where

= Fr ( l +
r ~ 2./2

R /
( ? '-J

F.< = rclling resistance on a drlJZ:l of radius R• R

~r = rclli::g res:'s~a:;ce on -:~e :'igbway

r = outs:.c.e ~3.d:''.ls of :.he -;.,...~.... _- -

!+ • 2 ~ASURE~81T GEO~TRY



no~al ~orces w:~h ~eas~e~ ~~ll:~g

ti~r. 0: ~he ti~e. T~e ~ela~:o~s~ip

wtle!'e

is :=aL:.se~ by
~...... o :.S

e:"as~ic

( ~ \
~ ,..... ,'

= ~~l:~~g ~esis~ance ~~~ai~ed ~~=n axle ~crce ~ees~~entsJ

~aker. on a ir~ of ~ad:'us ~

loaded rad:~s (axle height) 0: ~be tire above drum surface

actual rolling resistance of the ~:re on the c~yec d!'~

(3) 7he rolling resistance on a cu~ved dr~, whe,- measured by eitber
drum sba:~ ~o!'que, coast down or cotor electrical powe!' conve!'ted to to!';ue,
:s giver. by Eq. (4)

T
w
R

(4 )

whe!'e Tw :s the d!'~ axle or drag to!'que ana rt 1S the dr~ !'aci~s. :x
R

is
agair. ~he ac~ual rolling !'esistan:=e of the tire or. the curved ~rum.

(:) When a tire 1s powe!'ed to drive a free:y !'olling dr~ and the axle
:~o!'ce on either the c.r:.l!!l or t i.r e is used as a measur-e 0: ro:'ling 10'55, ~hen

the !'olling resista~ce 0: the tire er. the curved dr~ is giver. by

r
=

= F
x

(R + r L)
M r /...

4.3 COMBI~ED ~FFECTS

;"0



!~ one w~shes ~c c~~du=t a ~est ~~ a ~~vec ~~~ ~5~~g the s~e ~~~e

l~ads as use1 O~ :he ~=a1, t~e~ ~=~~ ~c~=ec~~Qn fer st~ess e~:e~~s (~~. (2~)

an:' :o'!" ~ee.slL"'"'e=:e:::' ge::n:e::-~~ :':1.1..:.5:' be z.ad e , :or exarrp Le , in the c s se ·Nhe~e

axle ~~~ce :~a~s~~ce= ~ees~~e~e~~~ a~e ~sed, a~c ~te :~ad :5 ~e:~ ~h= s~e

given by Eqs. ~2) ~~d (3; ~us~ be
da~a :0 that en :je ~:a~ s~:ace.

u.se':' s:"::'L:.:'ta.~eoLls:'y :"n o:-de~ -:.= ~ed.tlce t~e

~:s g:ves E~. (6)

, 11//( r \, :: \ . . )= ( - +
...J t t",

:xM \'""- - ?) l. -,
? R /

Load a~= :"n::a~:~~ press~e a:-e ~he ~os~ ~por~an~ Ya~~ables ce:~n~~g

:.:'re rc~li:lg r e s Ls t anc e , O:le cay observe frem ?:g:.J.res h - 7 end 8 - 11 :.ha::
~he~e exis~s c:ose l~nea~:ty of the rolling ~esista~ce w:~h loec ~n ti~e and
with :be ::eci?r~ca: of in:lat~or. ~ressu:e. These ~elat~ons lead to one me­
thod of measu:ing the ~cl:ing res:s~ance at a selecte~ ,-~ber of pcints a~d

uSing ~h~s info~~ation ~o predict the ~olli~g ~es~s:ance o~ the sa~e ti~e at
o~he~ load a~~ press~e values. ~t~s consists of expressi'-6 the ~i~e ~olling

~esister..ce in ~he form 0: E~. (7).

=

where

'J'ro
=

F = t~re rollir.g resistance at load F , pressure ?
z

= slope of the load deper.dence cf

= slope cf the reciprocal pressure depende~ce of F J
~

whe~e lip is used to define the slope

~he s Lcpe Lead depenience of ~clling ~esistar..ce KL is obtained by ~e­

~esistance ove~ e ~ange of :oads spa~x~ng the approp::i­
ir. ~~es~ion, an~ passing :he jes~ s~~aig~t ::ne tt~o~g~

a s~~;:e p~ess~~e, say P:, al~h~~g~ :~ ~ay_

~ ·_· - ·_· '..a_~-_'y, ~ ~~~ ~~O~~ -f -~e ~~gss~~C.. p' ........ _ .... _ ...... _ 'W .... _--- __

:5 =a~~ied c~t by va~y~~g :/; cve~ a ~a~ge

:"1



and ~h:ee ~:~~ere~t lo~ds.

(7~J s:~ce ~he slope ~f ~~e

Suc~ a ca~e~ ;l~t ~a~~~~ be ~e;~ese~~e~ :y ~q.

l~ac de?e~de~=e a~~ ~he ;~ess~~e cepe~de~=e a~e

o~he? tha~ ~hcse =eas~~ec.

FlGU?~ 22. C~T PLOT 8: R8LL:~G ~S!S~~CE AS A ~_~C~ON

OF LOAD f....".;'"D PP.ESSUP.E

!~ cases where the slcpes ~r gradie~ts of rolli~g resista~ce with load
and pressure do ~o~ vary sign~f:cantlYJ ~ben Zq. (7) becc~es an adequa~e repre­
ser.tat:o~ and the da~a may be presented as shown in F:~~re 23.

Fz ,.1­
o p.

1
Fz ,..!...

3 Po

:-I G"U"'?E 2 :; .

:':'2



In Fig~re 23, as -­
~appe= ai~ C~ ~e~~late~

~he ~ire is in~~a~et at

tior. pressures ~f ~he tire.

Ar. a:ter~a~e a~proach, a~~ o~e ~~ich res~l~s :~ ~ore rapic ac~ie,eme~~

o~ eq~:l~b~i~ co~c~ti~~sJ ~~vc:ves us~~g ~e~la~ed a~r c~~c:~:ons :~ ~he

tes~ :~~g~a=. ~e~e~ ~~ est~te is ~de of scme ~eesc~able ~~~ ;~essu=e

:~is is atded ~e ~he ie-
sired cole ir.~a~io,- press~e a~d is use~ as ~be reg~la~ec air ,al~e a~

~bich rolling resis~ance is oo~ainet. The air pressure is mai~tainec at tbis
constant value during tbe warn ~p process of the tire, a~d tbe tire roliing
resis~ance reaches its equili~ri~ ;~~ue q~icker than in ~be capped air ex­
periment. This bas the adva~tage o~ reducing test tine i~ order to obtain
da~a peints. The re~~~ated values of pressure are then uset to o~~e plots
such as Figu~es 22 or 23. This is a very e~ficie~t process in te~s of tes~

time, since in the case cf ?igure 22 it requires nine points to obtai~ an ade­
quate carpet plot over a range of loads and pressures, ~bile in ?igure 23
only five points are required. In the case of regulated air, it bas been re­
pcrted that equilibri~ tLDes ca~ be reacbed in approx~ately lC ~o 15 min­
utes, while ir. the case of capped air 20 to 30 minutes are needec.

A:. lt ' L ... hat ,,- ( ... ) hat .. "" ....'1 a erna'te approacn ~o '"' a ~ 0.;. .:.q. " uses a some-.... , e.~ 0.1. _ eren", 'r..ew
of the depe~dence of rolling resistance on load anc press~e in o~der to
give a pretictive framework ~hic~ is zo~e genera~. This concept begins ~itb

tbe ooser'mtion that tte~e is a ~earlY linear relationship tbrough the ori­
gin 0: ~he tire equilibrium ro:ling resistance versus load c~ve, and an
equally linear ~elatio~stip bet~een ~he reciprocal of cold inflation ,res sure
anc relling resis~ance, altnough he~e the linear extrapolation does not pass
through -:be crigi:l. This is clearly seen by refe~ence tc ?igures L - 7 and
8 - 11. This gives rise te a genera: :~onn fer the c ependenc e of equilibri:J:l!
rolling resistance on load and pressure, given in Eq. (8).

= F.,. (-c
:~z \)

"c
(8~

c~~sta~~s fer ea=~ t~~ec , c
TP -

=

.. z' ~

• :.-. J ~ J ='e:i::e~ as -~-'---
/ .,,
\ I )



=

~~~'o"~'~~ -os (o~\) _c-..~ (,~'.'" '_e_c,_~s ~o
~ ..- _..-...~ -. . -./ -

F.. = ­...
-0

Nbicb :s a~ ex;~essio~ ~or ~olli~g ~esistan~e a~ any loat and ?~ess~e as a
~unctio~ == ~he ~olling ~esis~a~ce:.. a~ scme base-~i~e ~onditions of load

-0
?zo and p"essu:e Po. This exp~ession contains o~ly ~ consta~t cp, cba~ac-

teristic of the tire, and expressing the sensi~ivity of tha~ ti~ers rolling
~esis~ance to ~nflation press~re. Hence the ~se o~ the s)~bol cp denoti~g

a pressure coefficie~t is appropria~e.

This means that the entire load-pressure-rolli~resistance map of a tire
can be deter~ned i~ one value 0: ~be rolling resistance Fro is kr.own at one
load Fzo and one inflation p~essure Po, provided that the constant cp is a:so
known for the tire. This constant may be dete~ned mcst easily by fixing
load Fz at its base-line value and meas~ring the tire "oiling resistance

o
over several press~es, such as shown in Fi~~e 2~.

( Fr -1)
~

A ~n~~ of two Noul= be necessary,
~se a~ least t~ee ;~:n:s i~ ~r1e~ ~=

"ou::



:t~s ~as been ~o~e f~~ :=~ ~asse~ge~ ~a~ ~i~es, ~ne :ig~t ~~u=~ ~:~e

~~je~ a ~es~ ~~~g~~ ca~~:e~ O~~ ~~~ ~~~s ~e~c~~, a~= ~~e res~~~s a~e ~~e­

se~~e~ ~~ :ab~e ~~:II :~ each case} ~~~ee ;c:~~s ~e~e ~se~ ~~ ie~e~:~e t¢e
constant c_ :"'0:- each 'Jf -:::J€ :"':" ve ~:":"es, :"'c:'~~w·:::g .,.::::..~::. :.~:s =o::s-:'a!'::. :"':;r

e.._~_ .... ~-_'~_e :...'":as ·.:se~ -'~:-., .... ... . . . .. ~....
~ _ _ __ ?~e~l~~ o~~e~ ~~ __~~g ~es~s~a~~e va~ue5 e:. ~~:_e~e~~

loacs anc ~~ess~es. ~~ese ~e~e co=pa~e~ ~:'~h ~es~ ~ata ~b~a:'~e= ~~== t~e

s~e t~~es. :~om ~be p~e~i:ti~~s ~f Ta~le 1~:: a~c the c~~~es~o~t~~g ~ea­

s~ra~e~~s :~ a~pee~s ~he~ :'0 a ~:~se ap~~~x~=e:'i~~ t~e ~o~:i~g ~es:s~a~ce

of :.he ~:"~e =a~ ~e je~e~=i~e~ as a ~~~c~ic~ c~ ~Qed an~ :'~~~:'al ~ress~e usi~g

';:'c /'"10" w..: ........ -~,: "'ons-a I"" ·""'e..:"..,- ":iIQo-e-~":":""'lc:r."'; e e,...:-~,...--,,· .. ~... -~.,..~~..... \ - /, _woo ...,- _ • ~ -:l w -·'e ..L_J -"-'-'--- _'"' - .:.....- •• ~c::. __ J '"',j ....- "'-

pci~ts. I~ ~he case of tbe passe~ge~ ca~ ~i~e ~a~a =f :able ~~~~ ~~=se ~c:n~s

~e~e ~~~a:~ed ~y ca;pec a~~ ~es~s w:~= ~he ~:~e :~:la~e~ ~~~~ ccl~ ~~::a~:c~

cond:tions. S~la~ co~pu~atio~s ~ere carr:ec =~~ for t~e rolli~g resis~a:1ce

of a l:gtt ~ruck ~ire, ar.d t~e res~l~s of these are shown :n Ta~le IX. ~ere

the data was ob~ai:1e~ fro~ reg~latej a:r tes~s, so the ~ethoc a;~ears to work
well for bot~ techr.:~ues.

TABLE vrrr, -ME,;,Su"?E: VS. :ALC"...;:"';'.TI:~ VA!.U::S OF :lC:L.:z:NG
?ESrS~~~:~ US:NG ~~. (10)

GOODYEAR FIRESTONE GOODYEAR UNIROYAL
G78-14 alAS H78 -'5 BIAS GR78-14RAD HR78 -15 RAD

CD" .564*
,

cD" .456* CD" .547", cD ".468 8

SIN CKL9 E24443 ISIN wKvxvEE 145 i SIN MKMA HCE354 SIN APV"( sz025

LOADIPRES I ~RECIC. MEAS I ?R~IC. MEAS. ?REDIC, MEAS. I PREDIC. MEAS.
I

828 20 13.10 1359

!

I

l
9.42 9.54

828 24 1\.78 11.32
,

8.63 8.79,
966 18 16.32 16.61

,
\ 1.60 11.66I ,

iI
t1 04 20 17.47 17.52 I ,

12.56 12.42
I

I
I

I
I

I
I1104 28 14.44 14.49 I 10.76 10.45

1380 24 1963 1993 14.39 14.24
1380 28

1

18.04 19.62 13.45 I 13.02 I

1656 24 2~.55 23.70 . 17.27 I 16.35 I ;I

906 i 20 I 13.28 13.80 I 9.76 9.93I :

9061 24 I

i

12.14 11.55 8.80 8.72
I

12.191057
1

18 16.38 16,49 12.14

\208 20
!

17.71 17.99 13.01 12.78
12081 28 15.11 15.30

I
10.81 I 10.84I

I
I , I ro.ss1208 i 32 , 14.30 14.24 \O.t 3 I

2G I 20.24
~

21.29 IG.66 I 14.74~ 510 I ! I I

15101

II

I I i28 !
I 18.88 I , 9.64

!
13.52 14.14

i I i !1812 I 2G I 24.28 i 25.19 I I 17.60 18.05

·Cetermlned from Fzo: I 10';, PI: ~6, Po" 24 , ~3: 32 PSI cola

"OeterrT'\Inec from Fzo: i208. ~,: 16, Po"2';,° 3..32 pSI cold



67- inc.!:. :i:-;.u:
8.75 ~-~~.5 :~g~~ ~~ck T~~e

c., = O.32S
.'"

Ab s .
..:,~ <:­r.,j-_ ....

E:-r-::r = C.;; :'0

18.50 22.80
(18.53) (2-= , 7 \,,/ • ..1. 1 I

16.80 20.80 24.80
(17.14' (21. 40) (2'" """,'....... (v)

16.00 19.~ 23.80
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- • .:::: I j _ ... 'wI.I

500 10 1080 ' . 1500 :.':>.c

';)1"
6.25 13.80 21.10

-""' psi (" ~o' (:':;.78; (20.63)e.o ..... )

'%c:. psi
;.25 10.70 2.;·90.. ./ (- 2A\ (11"1 "'6\ (~5·84);. -' J ...,./ )

4 0'" 9·;0 1;.90
50 psi ' .. /

(4.63) (9.27) (13.90)

~:..
4.85 8.80 12·90

""'/ ps:" (4.29) (8·57) (12.86)

30 psi
4.75 8.70 :2.40

(4.07) (8.1:;; (12.20)

2000 1'0 2;00 1:: ;coc 1b
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APPENDIX

MEASUREMENT ~ETHODS AND DATA REDUCTION rN ROLLING LOSS MEASUREMENTS

:~e ~eas~~e=e~t Qf ~~lli~g ~es:s~a~ce ca~ :e a ~~:f:=~l~

:5 nc~ take~ :~ c~ea~~y ~e~i=i~g t~e ~ela~~o~sh~p be~Nee~ ~~e

:;:rocess

~~tites and ~~e t~ue ~oll~~g res~s~2nce, of t~e t~re. :~~s is bece~se :je j~-

r ec t :.:;pl:'~a:':'::n ::-' '":~e :"~ll':'::g r e s ::'.s-:2r.ce :'s t c · re:::.=:...e ~:..le: econcray , :.J:::'c::
oc=~s ~~ ~~e ::a: ~~ad s~face. O~ !~e o~~e~ ~a~~, =~s~ ~~::~~g ~es~s~ance

~eas~e~e~t5 a~e =ace ~~ cyl:~cr~cal ~=·~S beca~se 0: t~ei~ CQ~OC avail­
abi:~ty in t~e tire ~ncus~ry and because they allow su:~ic~e~: stable r~~ni~g

for t~e :~re to reecj its ther~al eQuili~riuc s~ate. :Qr t~~S ~eesor., it is
nec es sary to ~leal"ly de:-i~e the r-eLat Lons hi.ps bet..... e er; Quantities measur-ed on
cyli::drical ~oedw~eels er.d those observed ~n the hig~~ay. 7he :sllowing an­
alyses atrt ezap't :0 exarai.ne ~he :ec=nically ir::por-:.ant test c::Jr~fig1.:.!'ati::ms in
order of increasing co~lexi~J. ?or clarity all ccmputat~ons use f~rce ~e­

suLterit s only.

CASE l-FRE:E:.Y ::lOLL::NG:::::ST TIRE ON ?U: S:';7.FACE

For this case ei~her the ~ire axle ~y cove or the test surface cay ccve.
Figure A-l sc~~s a f~ee body jia~~ of tbe force resul~ants acticg on ~he

t~re end 'lheel.

N =Fz



':c.ere F.... :.s

,) :X = '"'. : ';'v,
:<:.~ yo

\
) = 0; ';' = :'T.
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\
~1 = 0; s = F rL 0 z'=-l r e

F r
r e

t: =-1 Fz

. - ; 1 ,Q,. ~ _--

().-1;

(A-2)

!te measured horizor.tal force is ~~e t~re ro:ling resis~ance.

f=rce res~l~ant ~oves ~o~Nard by an offset c
1

as giver. i~ ~~.

:'~e vertical
(";-3).

T~is is tee ~j~e of measurement ~hich is carried ~ut on the ::~ ~achi,-e

a~ Calspa~, :~c., 3uffalo, N.Y., or a:ternately :s t~e t~e of measu:ement
Nnich would be cbtained by an instrumented axle force tra,-sducer en a vetic:e
cr So trailer.

An alterr.ate version of this type o~ motion is given in Case 2 be:ow.

CASE 2-TI:S:' rrxz i.nIDER '!ORG.ti'E AT CONSTJl...'I':' VELCCI'I'Y ON :t.AT SUP7..A..CE

:0 this case, a tor~ue applied ~o ~he tire is used to ~ropel

at a cons~ant velocity, where the r.otation is the same as used in
!~e a~~rc~riate equations of equilibri~ are giver. by

to ~he

Figure .':"'-1.

'\ :' = O· F = NL .y , z

\"
\ )oJ = O· '1'- = T (A-L. ;
L , • <:'2

=

-" - ..-- -~ .. .;, .....

s ccvn ... -~..".c. -~"- - .':"-2 is
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:!G,JRE A-2. ??EE BODY ;:)I..~.G?i·....\1 OF A ROLL::;:NG ::'I?,E ON A FLAT SL~FACE

~l'NDER APPLEJ TORG.L"E

N

Vehicle

FIGlJ.'"tE A - 3. ??EE 30DY DIAG?ll"M OF A pow'1:?.ED T:?,E J?.IVI!:G A V3:!IC:Z

one
:i~~=es A-l ~id A-2 ~ay be rela~ed by

c cmpLe't e r evo Iu t acn of the 4;:'z-e ':Jy :he
'Nork :'::n:e ::'n

~ . 2:1' . !"
r

= ~. 21'1'

51



r = !"'
r

(A-5 )

F r

= !' .2
, ;'

z

T
F r

E2 = = .s.s:
;' F

z z

and

€, ....
- = -l f 1
€2 r

r

so that ::'0 rma1 force r e suLt arrt offse'ts e:e !lot t!:e sa):1e :"n tbe two cases. :f
additional tor':1.ue is applied, then the wheel .... i11 eitber accelerate or w:"11
be capable of exerting a fo!"ce on e vehicle in order to propel .... forward at~w

ccns'tarrt velocity. This :"s :'ll'.:.strated i~ Figure A-3, ..... here the driving
:"crce is denoted as ..., and :'s shown acting on the driven -:ire and in an oppo-~D

site se::.se on the vehicle which :..t propels. Again toe o:'fset of the vertical
:'orce resul-:ant is denoted by E3J and tt-is :nl!!.y be differe:-:t :'~~It ':.hat of ':.be
:'l"'eely ,, . cases such as shewn ir=. Fig'..tres A-l Ol'" A-2.ro __~ng

GASE 3-T!R.E OP!AATION ON .A. CYLnIDRICAL SURF..A.CE

The ti!"e is assumed to con:'orm 'tc the cyli::.drice.: dr~ as
A-L. The dl"'~ l"'otates cloc~~:"se due to a clockwise torque ~R'

also sllbjec'ted to a dl"'iving torque Tw

shown :"n Figul"'e
The wheel is

The :'ree body diagr~ of the tire i::. Figure A-4 shows the forces acti::.g
~r. the tire. These are :":cr~al e.r.d tangentia: to the drum sur:'ace, be:cg ce­
::oted by t ae nOr::lal force :~ anc the tire roll:'::.g :-es:'s"Cance, : x-=-, now o::'set
jy an arc ler.gtb E4 along the dl"'~ surface :rom the vert:"cal l:.r.e c= cer.ters.

Each el~er.t 0: dr~ s~face has act:'::g or. it a pressure cc~poner.t ::or=al
tc ':.he surface and one "Canger.-::'al to it. ~he co~or.e~t nor~:' t2 the s~face

;asses through the jr~ ce::~er ca~si::.g r.o ~ornen~ abo~":. ~he ~e~ter. ~en=e, ~he

cesul~ar.~ c~ the r.orzal ~orces, ~ade QP tc the s~ of :he s~a:: :~cre~en~a~

~cr~al c~~cne~~s, =a~~o~ cause a~y ~ome~~ abc~~ ~he d~~ =e~~e~ a~~'~~s~ be
'Car.ger.~:'a:'



~esulta~~ ~a~ge~~~a: :~~~e ~~ ~~e

:te ~or~a~ :a~=e ~es~::a~:. :~e~,

Drum

0=
Direction

of
Rotation

FI GU?.E A-4. ?.ESUL':.A..NT :ORC:::S eN T~ '!':3.E ioI-:-=r.z ~CLLI..\jG eN A :-;:ST DRtn·1

A bo~~zcr.~al :~rce :x' :s stowr. a~ ~:g~~ ~ngles to t~e cen~e= ~:~e je­
t~een ~he ir~ ar.d ~~e t~~i. T~:s is ~~e :=~ce ~~r~2~:J meas~ed by an ax~e
~or~e :~a~sduce~~ The e~ua~i~cs of e~~~l~b~:~ f~r ~~e :ire it5et~ a~e H~:t-

t en ";,elcw J

'fa:!' :ab7..ss :

- zL...
= OJ ;:"

- z =



- -:.

cr

\""
) ?-(
L"

= cos :::-.: - I'; si n c =

.' = :xR - ,." Fz- xM -
\"

1'1A = 0; .. E:4 + FXM rr. T.",. = 0L - z -

(A-B)

( A _ Q 1
/ /

where r. :5 the axle height above the dr~ su:~ace. Us:~g Eq. (A-B) and the
.!J

,ela~ior. E4 = ~ in Eq. (A-9) gives

Fz . RQ = (FxR - a ? Z ) :-1 - ~...

or

= (A-10)

This ~an be used in .,.,- .... (A-B) to give

.,.. ..- ,,- an

=

ir:t.e:-~a:' ~_." ......- -'- ~se5 a r:egative value fOT R.

(A-11)

?:'nally, the :,o~~ue :..::p:..rt T~ :0 'the dj":"lBltcI:le":e~ d.~';.:,!Il can be cb't a i n ad :"'~OI!l

~he ::-ee body diagr~ 0: tha~ d:r~, a~d by taking ~ornen~s aoo~t ~oint 3 of
?:g~e A-L of ~he dr~, ~~e ob~ains

(Po. -12)



~~ely, ~~a: ~~ :~e f~ee~y ~=~:i~g ~i~e ~~e~e ~~ = 2.
o"o:.a1::;s

0si::g ':"~.
1"",.-.- __ .. :me

= -x;) j( :- )
P. J

~~is ~s ~he c~~~i~i~~ ~~ic~ c~--~·~ly is ~~~~d ~te,- ~ ~:-i<e,- ~ynamo=eve:- ~~~

powe~s a :~ee~1 r~ll~~g ~~~e =o~~~e~ ~~ bea~~~gs C~ a~ axle ~=~~e ~~a~s=uce~.

T~e axle ~o~:e ~~a~sGu~er ~i~: ~e:~~j :he ~~2~ti~y :X~ a~d ~~~~ ~~is ~~e

- 1'': - .,.Q ~ -- ,..,...c: ..... _.,..,...c:Ii ';" ...,., .. -...... ; --"'~ ...... " .':'c:-": - !~":'- t : i:'\ - ,c •_0 __ n~ __s_;:,~a. "''-' -x";) __s~ _e ec.. .... __.•~ ~<.;.. ,.-'-_./) -.1:1_ may ~D-

se~ve the ~els~:o~ be7wee~ ~he ~~~e ~~ll~ng ~es~s~ance :o~=e a~d ~he axle
~orce vransducer meas~~e~v.

be Low •

:his leads ~o ~he conclusior. g~ver. ~~e~ia:.ely

P~le force ~ra:lsducer ~eesure~ents made on a ?cwered dr~ =isrepresent
the r~lling resistance of ~~e tire ~n the curvec dr~, gi~:lg a :-olli:lg re­
sistance smaller ~han the ~r~e value ~n a convex cr~~ ac~ larger then ~he

tr~e val~e of a concave dr~. The reason fer this is ir.terac~ion ef tbe con­
tact pressure ferce resultant with ~he r~11ir.g resistance measuremer.t. To
correc~ such ~orce meas~emer.ts, ~he axle ~orce ~:-ar.sduce~ ~eas~~eme=~ should
be multi?lied by the fac~c~ (~ + r:/~).

Exacinatior. of ~he ~ree body diagrao shown i:l ?~~~re A-4, s~~ws that ~he

torq~e on the drur- is rela~ed t~ the tire ~ol:ir.g res~stance for~e ji~ectly

thr~ugh ~he iruo radius as giver. in ~q. ~A-12). This leais ~o the co~on

measureme:1~ syst~ where either a d~~ axle torque ~rar.sducer or ~otor powe~

meter is used ~o obtain ~he torque needed tc drive the dr~ at c~ns~a=~ ve­
locity.

SHAF: ?JElQ.\.'E, ~·lOTOF. PJi-iE::I ..;.:.m COAS':' 001im lv!EAS:.rp~;'TS

OF :~LY ::I:J:U)TG T:RE ON C'!:.INDRICAL JRti!v1

It ~ay be seen ~~o~ ~q. (A-12) ~he~ ei~he~ torque, ?ower i~put or coast
do~n =eesu:eme~ts :n a ;o~e~e~ d~~, e:~he~ c~nvex ~~ cc~cave, ~e~:e~~ ~~e

~~ue ~e~~e c~ :~e ~=l:i~g ~esis~an~e ~f the ~~~e ~~ a c~rved s~~facE: although

. X:;

:.:: -:~e ac s enc e



~t~s, Eq. (.;-11) :"s 1e:':

=

:i::'s :-:.a:,~ be ~el.atei:':' :'he !"~:'l:":;.g r e s Ls t anc e c:- ~he :':'!"e i:-. 'the same ·Jay
~hat ?~~~e A-2 ~ela~es ~o ?~gure A-~, w~e~e :~ ~ay ~e ass~ed ~ha~ t~e ~ela­

t:o~ be~ween to~q~e ~ecessary ~o keep ~~e Hneel i~ co~~c~ a~~ the f=~ce ~ec­

ess~rJ to do ~he saoe a~e g~ven ~~ Eq. (A-15).

= ...
-~ (A-15)

F~cm ~his one may concl~de ~r.at the e!!ect:ve ~olling

is given by Eq. (A-16):
the ti~e

(A-16)

This leads ~o the gene~al rule for measur~e~t of the ~olli~g ~esistance ~s:ng

a powered ~ire an~ a f~eely rolling drum as given below.

?'Jw:::...~ ':':EE A:8 ~y ROU::W JRtJ?~, '(.-:::-{ AXI.Z FORCE
:0.SU?D1E~r!' OR '!'O~UE MEA.SUP.EMEN'!'

Where a pcwe~ed tire :s used ~o d~ive a f~eely ~olling dr~, the reletion­
sti~ be~~een ~he torque needed ~o ro~ate ~he ti~e a~d d~~ and the rolling
~esistance of the ti~e ?XR as giver. by Eq. (A-15), or if an axle force t~ar.s­

ducer is used either on the pcwe~ed axle or on the d~~, the relationships
jetween ~he ~eas~ed axle force Fx~ and the rolling resistance of the tire
?xR is given by E~. (A-16).

T!RE S~~SS E:':'~CTS

:he ~re~~us discussic;. concerning ~easure~e~~ ~ethods or. flat and
~u~ved ~~~S =cnsije~ec o~~y ~he ki~em2~:cs o~ de~e~i~~~g ~ol~:~g ~esis~a~ce

:o~~e en the t~~e :~~C :o~~e cr ~orque ~eas~e~ents ~ede a~ ethe~ =enve~~e~~

~cca~~o~s. ~c cor.s:~e~ation ~as g~ven in ~hose analyses t= the fact ~tB~ ~he

~cll~ng ~es~s~ance ~f ~he tire a~ a g~ven lead oay ~e 1i!fe~e~~ cn a c~ved

s~1":"'ace :::'a:'! cr; a :j.s.t sur-f'ac e due t o :.~e ::"ac,,: tha-: on a cur-ved suz-f'ac e :-a!"ge:"

:i!"e :'ef:e~-:i~ns ar-e eI:~::t.:.!:.~e~e~: sc -:ha~ r..:"g::Je!' cyc Li c s t r es se s ar e ge::J.e:-a~e·-:'.

s·, ,... _.... -:!f"'\lQ""'"'-----J



by tne ~ark :~~es :~ ?:~e A-51

:,~:.s :::e~r:.s

= 2.:l. si~ ! = .... ..,.. si:l e

Ass~~e both I a~~ 9 to be s~ll ar.gles. Tber. appr::x:.mat:.::n

L = 2R I (A-18 )

Tee ~axi=~ tire deflect:'on 5 is given by

5 = ~(1 - cos 6) + R(l - cos 7)

~-r
\ I I
\)'1 r\ I

\11

( "- ' 9 ':"\. - I

57



...l. -~ .. ""'I
"e!l--" asspr-i::g soal.:"

0 2 2 (; )9- ? L. ;.
5 = t: ... ?{ = -

2 2 2 ~ /

~.,.

'--.

, /2 (?: . ) -1/2
~

.L .
= " -/ ...

2
v

2R-.
\

I "I ~I"""
\ ..~-~ ..... ;

(A-21)

Consider ~ext the c~~ss sEction o~ the ~:re a~ i~s ce~ter ~~ace, as
shewn i:'! ?:'g'..U'e A-6. :he '''i--:=.th ~ of ':he c orrt.ac t pa.th is gi 'fen by

b = 2r, sin Q - 2r. Q, - we.... ,...,

:..rbere

"/I :: tire sec1::i.cr. ""i:ith

... = rad:'lls 0:' 1::'re cross sect:'cn-,-

""::'so

(A-22)

= :'1 (1 • cos e)

Roadwheel
Surface

w e2

2 2
(A-23 )

~._~~, ­
-~--_ ......."'\~



:0=0:'::.:

=

~J ~he ~i~e is ~he ?r~duc: o~ :~s c~~~ac~ :~ea ~~i ~~:~::~~ ;ress~e ~=.

a::.'i :... ..;.:--:::Ier -:~at the ::~~-:s.c-: area :s an ,=~:':"p5e -:t' se~i-rr..a.~:;::'" 3.:<:~_S :,/2 (~.J..
(A-22.):· a::.d se.:ni-i:l':':1cr axz s 'b/2 (:::~. (."'-2t.);. US:'::'€:z :"=:r i:::e t:'.::-e l::a·::

or

z
=

L '0-..,
"~o 2 2

= .....
'\4' 2 -"';0 ( \ • !~. 1

- .;

.=. - (A-25 '~I
:\ I!" /

= (A-26)

3y ge::.e!'al =onside!'stion of li:1ear e:astici~1 the strai::. en a 'bo~y is ~r~~or­

tional to tee deflec~io:1 at a poir.~ diVided by a c~arscter:5t:c le::.gth. :::qua­
tion (A-26) describes :he ~axi=~ deflec:i=:n. :or t~e same ~:.::-e, t~e de~lec­

tion oc a flat s~face ~ould 'be given oy Eq. (A-27).

= (A-27)

If the loads, 1r.flatio~ pressures and geometries a.::-e the 5a~e, ~hen the
ratio of tire deflec~icn on the dr~ to those on :be flat surface a.::-e gi,en
by ::q. (A-28).

!" )1/2
it

=

I~ :s ~,own ~~~= a ~~at ieal of tes~ ~a~a ~~e~ :0 a f~~s~ :~pr~x~~at~~~ ~~~

equilibr:~ rolli:1g !"esis~a~ce of the ~::e :s ~r=:por~:'=nel ~= :~e fi:s~ ==~er

of i~s ieflec~i:~ :cr :~e same ccl= :~~la~~on ~ress~~e) sc :he~ :~ :5 :~t:c:­

pa~ed :tat a ~s~:c o~ ~o:l~~~ ~es~s~a~=e C~ a C~~ ~o ~ha~ ~~ ~ f::~ s~~:ace

:.s :te saae as gi're::. ':y Eq, (':'.-28:,.

~ \ 1/2
+ ~)
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