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The report begins with a general discussion of the factors affecting tire forces and moments, and a brief
historical review of associated research and testing activities. A discussion is presented of the principal
requirements for tire force and moment data as they derive from considerations of vehicle dynamics and tire
design. Factors affecting test machine selection and design are reviewed in a broad context ranging from
overall system structure to specific subsystem requirements. Methods for testing, data processing, and
presentation and interpretation of test results are discussed in detail. The report concludes with a discussion
of equipment and procedures for “special test,” not currently performed on a routine basis, but which provide

data of significant and growing interest to the vehicle designer.

Factors Affecting Tire Forces and Moments—The steady state force and moment properties of pneumatic

tires may be considered to comprise two phenomenologically distinct categories:
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A\ major determinant of a loaded tire’s configuration is the shape (macrogeomsg
is found-experimentally that the distortions produced when a tire is loaded agains
r, especially, convex) surface are different from those produced by a flat surfac
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curvature. —Consequenttytaboratory machinesemptoyed-tomeasure-tire—force—and-moment properties for
vehicle design and tire selection purposes frequently incorporate flat, rigid test surfaces.

A secondary determinant of the configuration of a loaded tire is the degree of relative motion (sliding)
between tire and roadway surfaces in the interfacial contact patch. For a given loading condition, the degree
of relative motion is a function of the interfacial friction coefficient, hence of the microgeometery and material

of both the tire and the roadway surface.

Thus, the frictional properties and elastic response of the

pneumatic tire are not physically independent. While the measurement of frictional tire properties has not yet
advanced beyond the realm of research, procedures for controlling the factors influencing friction in the
interfacial contact patch are sufficiently well developed that the confounding influence of these factors on
measurements of elastic tire response can be effectively eliminated.
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CONTAMINANTS—The presence of contaminants (such as water, dust, or oil) at the tire-roadway interface may

exert a substantial effect on the interfacial friction coefficient. Great care must accordingly

be exercised to

eliminate the possibility of spurious interface contamination during tire force and moment testing.

In the sections which follow, the factors mentioned above will be discussed in detail,

experimental data will be presented to illustrate their implications with respect to laboratory

and relevant
measurement of

the steady state force and moment properties of tires. First, however, a brief review will be made of some of

the major historical developments relative to the characterization and measurement of
moments.

Historical Background—AIthough the pneumat|c tire was first invented in 1845, and no Iess
Osborne Re v

performed Idter in the 1930’s by Evans(4) and Bull(5). The latter investigator examined conditi
longitudinal gnd side slip. Early measurements of tire forces and moment.generated on fl3
obtained in foad tests by Bradley and Allen(6) and Forster(7). Differences’between tire test
with flat and|curved surface conditions were first documented by Buli(5).

Early theoretical analyses of the forces generated by longitudinally and side slipping tires we
Julien(8) and Fromm(9,10). These analyses, which did¢noet consider carcass deformati
produced results which tend to agree qualitatively with experimental tire data over the wh
operating cqnditions from free rolling to full sliding. The basis for modern analytical treatme
response of|the “running-band” theory, developed independently by von Schlippe(11) and H3
assumes thpt the tire’s elastic characteristics can’ be determined by considering the def
equatorial lipe; that is, the intersection of the.tire surface, when undeformed, with the whe
Fiala(13) enjployed running-band theory, with*a’model accounting also for the flexibility of tre
the presencg of sliding in the tire-road contact area, to derive expressions for steady state tirg
yawing mornents, as functions of normal force, sideslip, and inclination angle, which

experimentdl data over a broad . range of operating condtiions(14,15). More r
analysts(16,[17,18) have adopted-approaches similar to Fiala’'s for the case where the

combined lohgitudinal and sideslip, to derive general tire force and moment characterizing rel
agree qualitatively with the limited experimental data available for the combined slip condition.
All of the sorcalled theoretical tire models cited above are in fact semi-empirical; that is, the
more parampters whose values must be obtained by measuring tire forces and moment unde
controlled tgst conditions. Hence, the development of these theories, rather than obviating
force and mpment testing, actually adds to it.
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Recent developments in tire force and moment testing methodology have proceeded along
lines.

several different

Vehicle-towed dynamometers permitting road measurements of tire forces and moments under the

broadest range of dynamic and environmental conditions have been developed both in this country(19,20) and

abroad(21,22).
from the low speed, “flat-plank” tester designed and built by the Dunlop Tire Company
Derivative machines have been described in the literature by Nordeen and Cortese

Modern laboratory equipment for measuring tire forces and moments has evolved primarily

in England(23).
(24), Ginn and

Marlowe(25), Dugoff and Brown(20) and van Eldik Thieme(22). These flat bed machines are nhow employed
routinely to evaluate tires for vehicle design and development purposes, and it is the technology of their design

and use which constitutes the subject of the SAE Recommended Practice J1106.

1.Numbers in parentheses designate References at end of report.
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Current research experimentation relative to the mechanics of tire force and moment generation includes
measurements with internal drum(23) and continuous belt(26) tire testers. The influence of drum curvature on
tire forces and moments is much less pronounced with the internal-track drum than with external-track
machines(27). The internal-track machine also has other features (namely, variable test surface material,
controllable surface water layer thickness) which are advantageous from the viewpoint of the tire mechanics
researcher. The moving belt tester provides the principal advances of drum type equipment (namely,
continuous, high-speed operating capability), plus a flat test surface. Its principal shortcoming for research
purposes has been difficulty of water layer control for wet surface testing(28) but these problems have been
solved in more recent versions.

Much of this technology has been somewhat slow to move from the research laboratory and be adopted as an
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Reference Axes and Terminology

Introduction—Understanding of terminology, a common axis system, and a consistent set of sign conventions
are required for any discussion of tire force and moment evaluation methodology. Material from the SAE
Vehicle Dynamics Terminology are reproduced here for reference purposes.

Tire Axis System—The selection of the T|re AXIS System descnbed |n SAE Veh|cle Dynamlcs Terminology

J670 is prob

orientation @

Since the m
there syste
complete daj
and compory
six compon
immediate i

Terminology
all tire force
definitions fa

These defini

Rolling Chdracteristics

LoADED R
wheel plar

STATIC LO

NOTE—In
tir

SPIN AXISH

ptions of spindle and kingpin axes are complicated and unique to pafticular vehiclg

these alternative axes is known.

s are less suitable for reporting of reference data on tire performanee. Experiencs
fa recorded with the tire axis system have been generally applicable to analyses o
ent stresses. The problem of axis transformation is one of-the’ reasons for mea
bnt, data even though some of the individual force_ and moment component
terest.

and sign conventions consistent with SAE VehicleyDynamics Terminology J670 sh
and moment testing. The othogonal coordinate system shown in the figure 4
rm the basis for a force and moment testing‘vocabulary.

tions are based on the current proposed’revision to SAEJ670.

\DIUS—(R ) is the distancé from the center of tire contact to the wheel center
e.

\DED RADIUS—The'loaded radius of a stationary tire inflated to normal recommen

general, static loaded radius is different from the radius of a slowly rolling tire.
b rolled intoyposition may be different from that of the tire loaded without being roll

—The'axis of rotation of the wheel. (See Figure 1.)

joments in terms
i systems can be

g4formations if the

s and situations,
e has shown that
vehicle motions
suring complete,
5 are of limited

ould be used for
nd the following

measured in the

ed pressure.

Static radius of a
ed.

SPIN VELO

L AR 1 ! " £l 1 1 (RG-S ) " H drrrnl 1
CITTY=—(VV) TTIT dllguial VCIUCIly Ul U1 WITCTT UIT WL Uic urc 15 Thouriteud,  al

Positive spin velocity is shown in Figure 1.

ut its spin axis.

FREE ROLLING TIRE—A loaded rolling tire operated without application of driving or braking torque.

FREE STRAIGHT ROLLING TIRE—A free rolling tire moving in a straight line at zero inclination angle and zero

slip angle.

LONGITUDINAL SLIP VELOCITY—The difference between the spin velocity of the driven or braked tire and the
spin velocity of the free straight-rolling tire. Both spin velocities are measured at the same linear velocity at

the wheel

center in the X’ direction. A positive value results from driving torque.
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FIGURE 1—TIRE AXIS SYSTEM

3.3.8 LONGITUDINAL SLIP (PERCENT SLIP)—The ratio of the longitudinal slip velocity to the spin ve

straight rofling tire expressed as a percentage.

NOTE—This quantity should not be confused with the slip number that frequently appe

anjalysis of tires in which the spin velocity;appears in the denominator.

3.3.9 EFFeCTIVE|ROLLING RADIUS—(R,) is the ratie of the linear velocity of the wheel center in the

spin veloclty.

3.3.10 WHEEL SKjp—The occurrence of sliding between the tire and road interface which takes

entire confact area. Skid can result from braking, driving and/or cornering.

3.4 Tire Forces|and Moments

3.4.1 TIRe Axis BYSTEM (FIGURE 1)—The original of the tire axis system is the center of tire conta
the interse¢ction of\the wheel plane and the road plane with a positive direction forward
perpendictylar tgthe road plane with a positive direction downward. The Y’ axis is in th¢

direction being.chosen to make the axis system orthogonal and right-hand.

locity of the free

ars in kinematic

" direction to the

place within the

t. The X' axis is

The Z' axis is
e road plane, its

3.4.2 TIRE ANGLES

3.4.2.1 Slip Angle—(a) The angle between the X' axis and direction of travel of the center of tire contact.

3.4.2.2 Inclination of Angle—(g) The angle between the Z’ axis and the wheel plane.

3.4.3 TIRE FORCES—The external force acting on the tire by the road having the following components:

3.4.3.1 Longitudinal Force (F,)—The component of the tire force vector in the X’ direction.

3.4.3.2 Driving Force—The longitudinal force resulting from driving torque application.
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3.4.3.3

3.43.4

3.4.3.5

3.4.3.6

3.4.3.7

3.4.3.8

3.4.3.9

3.4.3.10

3.43.11

3.4.3.12

3.4.3.13

3.4.3.14

3.4.3.15

3.4.3.16

Driving Force Coefficient—The ratio of the driving force to the vertical load.
Braking Force—The negative longitudinal force resulting from braking torque application.
Braking Force Coefficient (Braking Coefficient)—The ratio of the braking force to the vertical load.

Rolling Resistance Force—The negative longitudinal force resulting from energy losses due to
deformations of a rolling tire.

Rolling Resistance Force Coefficient (Coefficient of Rolling Resistance)—The ratio of the rolling resistance
force to the vertical load.

(Lateral Force (Fy)—The component of the tire force vector in the Y’ direction.
Lateral Force Coefficient—The ratio of the lateral force to the vertical load.

Slip Andle Force—The lateral force when the inclination angle is zero and plysteer and conicity forces have
been suptracted.

Camber|Force (Camber Thrust)—The lateral force when the slip angle.is zero and the plysteer and conicity
forces have been subtracted.

Normal Force (F,)—The component of the tire force vectorin‘the Z’ direction.
Vertical . oad—The normal reaction of the tire on the read which is equal to the negative qf normal force.

Central Force—The component of the tire forcesvector in the direction perpendicular tg the direction of
travel of|the center of tire contact. Central force€' is equal to lateral force times cosine of slip angle minus
longitudinal force times sine of slip angle.
Tractive [Force—The component of the(tire force vector in the direction of travel of the centgr of tire contact.
Tractive [force is equal to lateral farce times sine of slip angle plus longitudinal force timgs cosine of slip

angle.

Drag Fofce—The negative tractive force.

3.4.4 TIRE MOMENTS—The external moments acting on the tire by the road having the following coamponents:

344.1

3.4.4.2

3.4.4.3

3.44.4

3.4.4.5

3.4.4.6

Overturning Moment (M,)—The component of the tire moment vector tending to rotate the tire about the X’
axis, positive elockwise when looking in the positive direction of the X' axis.

Rolling Resrstance-Morment{My)—Ttecompomnentof the—tire-moment-vector—tendng—to rotate the tire

about the Y’ axis, positive clockwise when looking in the positive direction of the Y’ axis.

Aligning Torque (Aligning Moment) (M,)—The component of the tire moment vector tending to rotate the
tire about the Z’ axis, positive clockwise when looking in the positive direction of Z’ axis.

Wheel Torque (T)—The external torque applied to the tire from the vehicle about the spin axis; positive
wheel torque is shown in Figure 1.

Driving Torque—The positive wheel torque.

Braking Torque—The negative wheel torque.
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3.5 Tire Force and Moment Stiffness—(May be evaluated at any set of operating conditions).

351

3.5.2

3.5.3

3.54

3.6

3.6.1

3.6.2

3.6.3

3.7

3.7.1

3.7.2

3.7.3

3.7.3.1 Sliding E

4.1

CORNERING STIFFNESS—The negative of the rate of change of lateral force with respect to change in slip
angle, usually evaluated at zero slip angle.

CAMBER STIFFNESS—The rate of change of lateral force with respect to change in inclination angle, usually

evaluated

at zero inclination angle.

BRAKING (DRIVING) STIFFNESS—The rate of change of longitudinal force with respect to change in longitudinal
slip, usually evaluated at zero longitudinal slip.

ALIGNING §

e LA Torolli-STicon oo rata td bhanacaao-—aof alicninao +
T

change in

Normalized
Coefficient

NOTE—AIth
con

coefficient is preferred.

CAMBER S
rolling tire

BRAKING (
tire to the

ALIGNING §
straight-ro

Tire Tractio

LATERAL T
free-rolling

DRIVING TIACTION COEFFICIENT—The maximum value of driving force coefficient which can

given tire

BRAKING T|
without lod

LA LORLIAL AY Tha a
P T INCS S (7 W TOINTING TONRYUTT O T HINES 3 hCTotC o ooy t—o

slip angle, usually evaluated at zero slip angle.

Tire Force and Moment Stiffness (Coefficients) Cornering Stiffness)Coeffig
—The ratio of cornering stiffness of a free straight-rolling tire to the vertical load.

ough the term cornering coefficient has been used in a number of techn
bistency with definitions of other terms using the word coefficient, the term corr
TIFFNESS COEFFICIENT (CAMBER COEFFICIENT)—The ratio of camber stiffness of

to the vertical load.

DRIVING) STIFFNESS COEFFICIENT—The ratio of;braking (driving) stiffness of a fre
vertical load.

ETIFFNESS COEFFICIENT (ALIGNING TORQUE COEFFICIENT)—The ratio of aligning st
ling tire to the vertical load.

h Coefficients

RACTION COEFFICIENT—The maximum value of lateral force coefficient which can
tire for a given road surface, environment and operating conditions.

nd road surface for a given environment and operating conditions.

RACTION-COEFFICIENT—The maximum value of the braking force coefficient which
king_awheel on a given tire and road surface for a given environment and operat

with respect to

ient (Cornering

cal papers, for
ering stiffness

a free straight-

e straight-rolling

ffness of a free

be reached on a

be reached on a

can be reached
ng conditions.

i - e N - - L L bl L | £ & - e £ o H
TaRMY FractiomCoeffrecrent—=The—vatue—ofthe OTarmMg—Torce CoeTcent o a tre obtained on a

locked wheel on a given tire and road surface for a given environment and operating condition.

Vehicle Dynamics and Tire Design Considerations

Introduction—Since the tire is a component of a vehicle, any tire performance evaluation must be related to its
influence on vehicle performance. Vehicle factors must be considered in selection of co
measured, accuracy requirements, and other test conditions. Some of these vehicle considerations are

summarized

in this section.

mponents to be

-10-
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4.2

4.3

Applicability of Data—Vehicle directional control is of primary importance to automobile designers.

With

advances in instrumentation and computer technology, some sophisticated vehicle directional simulation
procedures have developed. That tire forces and moments affect directional control is well documented(24).
This is emphasized in reports comparing radial to bias ply tires. Gough(29) wrote on the difference in aligning
torque and cornering stiffness between radial and bias ply tires and how this difference affects handing
behavior. Nordeen, Bidwell and Rasmussen(30) reported on a test for a complete set of tire force and moment
data. They interpreted the data to show relationships between force and moment variables and describe how
the variations affect vehicle directional responses.

Tire force and moment data have aided in tire development and evaluation. The recent evaluation of the radial
tire is an example of this area of application. The literature contains numerous reports describing how the

mani-nranor oo acia forant £ haoaliad tirac \aath o
T e 14

force and
handling. N

Tire force ar
very broad 1
cornering N
longitudinal
between late

The evaluati
describes te
Lippmann(3
envelopes s

Accuracy R
ranges. In
measureme
5% accurac
automotive

vehicle resp

can be mulfiplied to produce significanterrors in vehicle response simulation.

response er
measureme

aftha ¢ Ltiva oaalea i+ ALffo, rona hiac o
CHT PToptTtot S ot Tatmar okt e G CTe T T o oS- OCTieU—tiTe S

brdeen(31) has published a very comprehensive report on this area of application

d moment data have helped in the understanding of the physical principles ‘of tire
ange of conditions. Gough(29) describes aligning torque and cornering.stiffness
aneuvers. Peterson and Rasmussen(32) show the frequency 'dependence
force variations in a steady state operating environment. Bidwell(33) reports
ral force and tractive force in braking or accelerating conditions.

pn of road roughness is another area where tire force and/-moment data are applie
chniques for measuring the vehicle road interface trafisfer function for the verticg
b,36) has demonstrated that an increase in vertical and longitudinal force will res
mall amplitude bumps or pot holes in the road surface.

equirements—Tire force and moment measurements should be within pres
those cases where the force and moment data are used solely for tire d
ts may serve as ends in themselves; and, while maximum accuracy is always des
/ range may be tolerable, especially if only approximate numbers are sought.
ndustry, tire force and moment, data are often used as major inputs to mathem
bnse simulations, and experience has shown that errors in tire force and momen
Table 1 sh
ror multiplication resulting, from a worst case combination of 5% errors in tire fo
nts.

TABEE.1I—EFFECT OF 5% ERRORS IN TIRE DATA ON COMPUTED
VEHICLE RESONSE PROPERTIES

Worst Case 5%

spect to vehicle

operation over a
during transient
of vertical and
on the coupling

d. Butkunas(34)
| force direction.
ult when the tire

cribed accuracy
bvelopment, the
rable, a nominal
However, in the
atical models of
t measurements
ows the vehicle
ce and moment

Typical Error in Tire % Change
Car Data TN REsponse

Understeer 6.1°/g 5.2°/g 17
Steering Sensitivity (Front 8.1°/g 6.9°/g 15
Wheel Angle)

Lateral Acceleration Response  0.49 s 0.53s 8

Time

Yaw Velocity Response Time 0.15s 0.17 s 13

It can be seen from the Table 1 that errors in force and moment data can be multiplied by a factor of 3 to

produce large errors in vehicle response simulation.
consequences for the chassis design engineer.

Obviously the force and moment data

prescribed accuracy ranges.

This error multiplication would have serious negative

must fall within

-11-
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In order to obtain an acceptable overall system simulation accuracy, the accuracy of measurement of each
component subsystem must be considered. If an overall system simulation accuracy of 1% full scale is
required, subsystem measurement accuracies of less than 1% must be achieved.

Overall system measurement inaccuracies can arise from several sources. The following list represents the
major causes of tire force and moment measurement variations.

1. Inaccuracies in the instrumentation

a. Single transducer inaccuracy
b. Transducer channel interactions

2. Test[repeatability inaccuracies

TABLE 2—ACCURACY REQUIREMENTS

Accuracy After

System %'Full Scale
Transducer Range Compensation Accuracy

Normal Force —4000 Ib (18000 N) 10 Ib (44 N) 0.25%
Lateral Force + 4000 Ib (18000 N) 10 Ib (44 N) 0.25%
Longitudinal Force  + 200 Ib (900 N) 11b (44 N) 0.5%
Aligning Torque + 500 Ib-ft (700 N-m) 2 Ib-ft (2.7 \m) 0.4%
Overturning Moment + 1000 Ib-ft (1400 N-m) 10 Ib-ft (24-N-m) 1.0%
Rolling Resistance  + 200 Ib-ft (270 N-m) 1 Ib-ft(174 N-m) 0.5%
Moment

Slip Angle + 30° +.0.05° 0.17%
Inclination Angle +15° +0.05° 0.33%
Rolling Radius 7.5-16 in (191 mm) 0.05in (1.3 mm) 0.31%

3. Tire|force and moment property variation

a. Ingividual tire nonuniformities
b. Tife to tire variations

An overall system accuracy of (2% is a goal if tire force and moment data are to be meanirgfully applied to
vehicle dyngmics considerations.

The electronic instrumentation must be designed to have a minimal effect on overall system inqccuracy. To this
end SAEJ1106 gives.the acceptable limits of measurement variations for the control parameters and for the
output force [and moment measurements. It should be noted that these limits are expected to lje achieved after
transducer ghannel interaction, or crosstalk, has been reduced by linear compensation. Engirleers have found
it possible t i ion i i 9 9 ing linedr compensation
techniques.

The acceptable limits for measurement variations are given in Table 2.

Good instrumentation design and frequent calibration checks are necessary in order that the measurements
stay within acceptable limits of accuracy. It must be recognized, however, that variations in tire force and
moment data will arise when conducting repeated tests of the same tire or when conducting single test on each
of many tires of the same brand and construction. The data variation due to these sources is less easy to
control, necessitating a judicious interpretation of the test data. It is felt that while a nominal overall system
accuracy of 2% is required, it is realistic to interpret the data as being only 4% accurate.

-12-
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It has been found that tire force and moment variations have occurred as the same tire is tested repeatedly. In
those cases where the tire-wheel assembly is taken off the test fixture or, further, where the tire is removed
from the wheel, measurement variation can arise due to different tire-wheel assembly/test fixture or tire/wheel
orientations. Part of this source of variation can be removed if care is taken to index tire, wheel and test fixture
orientations.

If a particular tire undergoes a large number of force and moment test or experiences significant usage
between tests, force and moment data may show appreciable variation due to tread wear. Rasmussen and
Cortese(37) have reported that many tire properties are significantly changes as tread depths are reduced by
usage. The wet traction properties may undergo significant change; and while the effect of reduced tread
depth on dry road force and moment performance |s less well known Rasmussen and Cortese have shown
that the maggt e tire goes from
anewtoah

If the inflatign pressure is not carefully monitored during testing, variations in the force‘\and njoment data can
be expected. The relationships between tire properties and inflation pressure have\been we|l reported in the
tire and automotive industries. Nordeen(31) has reported that a 2 psi variation in inflafion pressure is
detectable Qy a chassis engineer, and he shows the effect of a 4 psi inflation pressurel change on the
relationship petween lateral force and slip angle.

Design engipeering groups do not usually design a vehicle for operation on a single brand tirg; rather, it must
accept sevefal brands of original equipment tires. It has been faund that a range of tire properties exist for
different brapds of OE tires rather than unique values(31). This.must be taken into account when tire force and
moment datf are used as input to vehicle handling simulations

Even if pregautions are taken to minimize data variation due to inflation pressure or tire-wheel assembly
mountings RQetween tests, there exist measurement:variations when different tires represe¢nting the same
original equipment brand and tire construction are.tésted. The B. F. Goodrich Company has encountered tire
to tire variability in the measurement of aligning torque and cornering coefficients. Table 3|represents their
findings for yariation between 70 tires in 17 rep€ated tests.

TABLE 3—TEST VARIABILITY

Stahdard Deviations (% of Mean) Standard Deviations (% of Mean)
Cornering Coefficient Aligning Torque
Coefficient
Tire fo Tire 3.1% 6.0%
Test|to Test 2.8% 2.4%

Tests condugted at the Goodyear Tire Company on eight tires representing the same type of cpnstruction have
shown that WReRN ply Steer variations are removed, a lateral force diiference ol b% between tires can be
expected at a 1 deg slip angle. An aligning torque variation of 25% was found at 1 deg slip angle and 10% at 4
deg slip angle.

Tire production variations, or tire uniformity properties, will also have an effect on the accuracy of tire force and
moment data. Curtiss has found that at small sip angles the peak-to-peak variation in forces and moments can
cause form 20-30% error in force and moment measurements. For this reason, it is necessary that tire intrinsic
nonuniformities be compensated for by suitable averaging and filtering techniques.

-13-
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4.4

51

5.2

Tire Symmetry and Non-Symmetry—An important consideration in tire force and moment testing is the fact
that forces can be generated during tire rotation due to either mass, stiffness or dimensional non-symmetries of
the tire. These are commonly called tire nonuniformity effects and are a result of manufacturing non-uniformity
or intentional design. Manufacturing nonuniformities can generate significant radial first harmonic (38) and
lateral first harmonic forces. Non-symmetries due to fabrication and design are “conicity” and “ply steer.”

There is a possible source of non-symmetrical force generation other than those intrinsic to the tire. If the
weighing system, or mechanism supported on the measurement transducers, is of appreciable inertia and
located where motion is experienced, inertial forces will be generated 939).

The effects of intrinsic tire nhon-symmetrical forces and forces due to weighing system interaction should be

am—andnatinceladad un tha foran and s amaant cbhavrantavictin Aot Lo aordaor to-ca
DT ot ot mreTrToatC o o riCTorceanro 1 iormeTre criaracterrotac— oot i oTaCtT to~C9

separated fr,
and ply ste
conditions a
to misalignm

Factors Aff

br forces, it is necessary to test by steering and rotating in both directions ¢
hd solving for tire conicity force, ply steer force and apparent machine camber;~M
ent cannot be separated from tire ply steer force.

pcting Test Machine Section

Introductiop—Fundamental requirements for a tire force and moment.machine are a tir

positioning §
resulting for

The specific
ordering tire
directional s

ystem to generate steering modes, a running surface for the tire and a system|
es and moments.

approach selected is based on the intended application of the acquired data. A
5 0N a comparative basis can be different than that'to provide data for direct appl
imulations. Likewise, equipment to measure>only forces and moments at sma

minimum load variation might be designed differently from equipment to provide data throug

angles and |

There have
These mach
and sophisti

bads that could be expected in all modestof vehicle operation.

ines have ranged from extremely-simplified devices to some newer devices of
cation. All can be considered useful in the study of tire forces and moments if

understanding equipment limitations and,data application.

Test Machi
whether the
a very distin
testing.

Close consi
shows that 4
maintaining

e Location—In consideration of the basic design approach to be taken, the
facility should be laboratory or outdoor equipment. At first, an outdoor facility wol
Ct advantage of.having a wide variety of road surfaces on proving grounds and pu

leration-0f the frictional characteristics of public roads and even specially const
xisting road use is actually a disadvantage. A great deal of literature is devoted td
road surface frictional characteristics (40). Contaminates such as dusty, oil,

rrect for conicity
r at least three
fchine steer due

B mounting and
to measure the

method for rank
cation to vehicle
Ul slip angles at
h a range of slip

been many types of force and maoment machines built and utilized for development purposes.

jreat complexity
care is taken in

first question is
Id seem to have
blic highways for

ucted skid pads
the problems of
moisture, loose

material, roa

! 1 ! R H ! £ " Ll [T (e . 1
U TUUYITICSS dAdllU variaturis 1T utyrecT Ul pavellichit PUTSTT dlil 1eau U TT1dlveETly PJU

r data collection

and repeatability. These problems can be reduced by repeated tests and statistical data analysis, but the

resolution of small differences is limited.

Data exemplifying these variations have been reported by

Gengenbach(41).

Temperature variations is another disadvantage of an outdoor location. Not only does temperature affect the
frictional characteristics of the road surface, but it also affects the relative stiffness of the tire and possibly the
transducer and signal conditioning equipment used for data collection. This, of course, adds another
dimension to the accuracy and resolution problem.

-14-



https://saenorm.com/api/?name=c6a5d8f9073f9937e7c7bcde3a0946e8

SAE J1107 Issued JAN75

53

531

53.2

54

Because of road surface effects on low slip angle resolution and the potential variations that could occur at high
slip angle on skid conditions due to frictional variation of roads, outdoor testing does not seem attractive. The
requirements for tire evaluations can better be satisfied by testing under idealized and controlled conditions
such as those provided in a laboratory environment.

General Arrangement of Machine—The next basic design consideration is the relative movement of the tire
and road surface. Here we have the option of moving the tire over the road surface or moving the test surface
past a fixed tire.

Fixeb RoAD SURFACE-MOVING TIRE—This type of arrangement offers several alternatives. The first could be
a tire test stand moved on wheels or rails in a straight line over a flat surface. The length of travel would have

to accomn

cadat o tao ot

and then ¢
laboratory

otate-acceteration-of-the-tire—cardagedp-totest-speed—acqisiion-of-data—at
eceleration of the test stand. This could be a real disadvantage, especially in'e
facility. In most cases the time utilized for data acquisition would be vety,shqg

considerafions. This would greatly reduce test efficiency and accuracy: the shorttest timg

the ability
built and u

Rather thg
The adva
test time ¢
footprint w
distortion,
feasible, ig

Both of th
the transd
transmissi
accuracies

FIXED TIRE
would be {

to measure forces and moments during a complete revolution. A device of this
sed by NASA and others.

n running the tire in a straight path, the tire could be run in a cireular path, such 3
tage of this system is a closed loop test cycle so that efficiency is very good wit
uration. However, the relative curvature of the road surface path under the tirg
hich induces other forces and moments, even at zerd. slip and camber angles.
a circular path would have to be made large enough; that is, 120 ft (36.6m) radit
not practical.

pse systems have other disadvantages. Sifice movement of the tire will also me
ucers and measuring system, inertial efrors can be introduced, as well as €

pn of signals through slip rings or rotary transformers. These can be quite serio
required in measurement.

-MovING ROAD SURFACE—The most obvious choice for this type of general mach

machine

pproach in the industry for years, mainly due to their test efficiency and test mode

The next ¢hoice for a moving\read surface would be a flat one. This, of course, is the mos
Two apprdaches can be made; a flat bed roadway of finite length which is moved under the fjre; a continuous
belt which|forms a flat-ttnning surface under the tire. The first type of machine has been K

General

type of epuipmentsis reliable in terms of flat surface measurements.

productivi

otors, B. F\Goodrich, the University of Michigan (24,25) and others for a numbs
The main dig
anddimitations in test modes that can be used to the finite length of the roadw

and stop test-cycle.

constant speed
bnsideration of a
rt due to space
might eliminate
hature has been

s around a disc.
N no limitation in
distorts the tire
[To minimize this
s which, though

an movement of
frors caused by
us in light of the

ne configuration

0 use a dynamometer wheel,for the test surface. Flywheels or drums have been fhe standard test

flexibility.
t ideal situation.

uilt and used by
r of years. This
advantages are
ay and the start

The continuous belt-type surface offers the advantage of a continuous operating surface where time for a
complete test cycle can be minimized and there are no limitations on the types of test modes (stepped,

swept, sin

usoidal) that can be run. Existing equipment has shown the feasibility of this

approach(42,43,44).

machine design

Tire Positioning System—The function of this system is the application of vertical load to the tire against the
running surface and of slip (steering) angle and inclination (camber) angle.

The positioning system must be designed with two basic considerations: the mode of test operation and the
techniques used for measurement of the forces and moments.
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Alternatives in setting slip and inclination angles include fixed position with manual settings of input
parameters, fixed position with servo control of input parameters, and dynamic testing based either on manual
input or servo control.

The simplest machine would consist of load application by dead weight load and manually setting the tire to the
desired slip and inclination angles and locking in position. The disadvantages of this system are very low
productivity due to test set-up time and lack of capability for running transient tests.

In a servo control system where the test input parameters are set automatically based on output data selection
and sequence, selection of the variable input is important. The choice to design the machine with all variables

being controlled (vertlcal load, S|Ip angle, |ncI|nat|0n angle) is difficult smce structural r|g|d|ty and minimum

most likely
machines hg

TEST MOD

variables §

input at a

being collg

basis, res
length of
condition,
desired ol
lateral for
averaged.

Fixed poin
time if the
enough to
is especial
the fixed t
reduce thg
function of
and equal
sweep rats
angle or Ig

Criteria fo
been firml
a closed f
establish 3

and|date for setting and Iockmg Whlle the other two can be varlably control
ve been built with servo control of all modes, however(26).

s—The test sequence for servo controlled systems can include fixed point test
nd readout data), ramp-type input (that is, sweeping slip angle or’vertical load)
onstant sinusoidal frequency. Steady state testing implies that during a test perid
cted the independent variable remains fixed. The simplest way for doing this is
ing at each test value long enough to record data. This time ’period is based d
he tire and the nonuniformities of the tire. Published_ data(24) show that for
a steady state lateral force is reached in approximately one-half of a wheel revo
tput data for force and moment measurement are_the d-c levels of the tire gen
e variation of the tire also has to be considered" Data for one revolution of th

t testing has the main disadvantage of beihg time consuming. More data can be {
independent variable is swept with time. Care must be taken in establishing
minimize errors due to dynamic characteristics of the test system and the tire. Th
ly important when it is desired to'minimize effects of temperature and wear whig
bst mode. High slip angle sweep rates will minimize wear at a given test velocif
e accuracy of force and moment measurement.
load or slip angle is rqughly a first order time lag in which the time constant is ve

p is then approximately determined by the allowable error in tire lateral force ata g
ad.

independent variable sweep rates which assure near steady state forces and m

established. Complete enough knowledge of tire relaxation characteristics does
prm . salution of this problem. Current practice at most laboratories is to use emp
cCeptable sweep rates.

gtion angle is the
ed. Successful

ng (set all three
or an oscillating
d when data are
on a fixed point
n the relaxation
a set slip angle
ution. since the
prated force, the
e tire should be

aken in a limited
bweep rates low
is type of testing
h might occur in
y, but it will also

Work by Segel(44) indicates lateral force as a

ocity dependent

approximately to the relaxation length of the tire divided by the velocity. The maxinum permissible

ven value of slip

bments have not
hot exist to allow
rical methods to

The third type of test mode is transient or dynamic testing. A positioning system for transient testing requires
low inertia with rigid support which will probably limit its load range capability. This type of testing is usually
only applicable when speed capability is available on the machine for direct vehicle simulation. There has not
been much experimental work to date, but the new Calspan machine will have this capability along with
existing dynamometers at B. F Goodrich and Uniroyal.
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5.5.2

5.5.3

Sinusoidal input of independent variables can be used for steady work, especially if high machine speeds are
used, but excessive test time would cause rapid tire wear and temperature changes. Published work939,44)
has shown that to obtain lateral force and aligning torque responses equivalent to 99% of the steady state
value, the tire spatial frequency must be approximately 0.016 c/ft (0.053 c/m) or less. At 60mph (98 km/h),
the maximum slip angle rate would have to be 500 deg/s or 1.4 Hz. Careful consideration of hardware
design should always be made when considering this type of testing in light of these frequency response
constraints for accurate tire testing and potential machine resonance interactions.

Size and Independent Variable Considerations—The requirements for sizing the machine are based on the
range of tire sizes to be tested. Present passenger tire sizes range from an “A” size tire on a 13 in nominal rim
diameter to an “N” size on a 15 in rim. Future automotive requrrements based on smaller car development
work could g : A 127 mm) and rim
diameters | increased brake
capacity. ThHe maximum trre width should be based on the widest tire available on the market|which will be an
N50-14 size| The loaded radius or spindle height above the test interface is based an, this tir¢ size range with
the added consideration of deflection due to maximum expected test load.

From these [tire size considerations, the machine should be capable of testing’tires up to 32
diameter, 13 in (330 mm) in width and handle rims from below 13 in (330 mm)—possibly 10 in
maximum of| 16 in (406 mm) in diameter. Rim width would be a minimum,of’4 in (102 mm) wig
of 9 in (221 |mm) for passenger tire testing. Since the machine is to-be designed to accura
forces only,

in (813 mm) in
(254 mm)—to a
e to a maximum
ly measure tire
he wheels should be a special heavy-duty constructiofifor minimum wheel deflection. The wheels
should also pe uniform to minimize wheel induced nonuniformiti€s. This is important becausg the forces that
will be used|as data output are based on the average of the forces that will be used as data Qutput are based
on the averdge of the force variations through one revolution of the tire. Any distortion in the {ire forces due to
the wheel cquld give erroneous data.

The total tire envelope required for the machine.Should be based on the above dimensio
space for th¢ tire to be positioned through * 30.deg slip angle and + 15 deg inclination angle.

SLIP ANGLE—The ranges of the independent test variables should be based on vehicle o
case of slip angle the usual range falls,within 5 deg; however, in the case of accident avoid3
angles ar¢ reached where pure_sliding occurs. A great deal of data has shown that ong
between J0 and 30 deg are reached, the lateral force is mainly a function of the frictional ¢
the tire/roqd interface. A 30'deg angle ensures that the data will be obtained at the frictid
sweep in $oth directions (+ and —) should be designed into the machine to permit averaging
in the tire and to preventwear conditions that would bias the data. Angle adjustment capal
1 deg increments (arless) up to 4 deg, because of the critical nature of this range, and no I

s and providing

peration. In the
nce maneuvers,
e slip angles of
haracteristics of
nal limit. Angle
of asymmetries
ility should be in
nger than 4 deg

increments at the<higher slip angles (above 12 deg).

INCLINATIONCANGLE—The operating range of inclination angle on vehicles is up to 10-5 ¢leg under some
extreme n frection again from
considerations of asymmetry averaging and wear biasing and should be in 1 deg increments (or less) for the
full range.

LoAD—The load range for the machine is based on the tire sizing range and the variation in load as seen on
the vehicle. Load transfer from the inside wheels to the outside wheels caused by lateral acceleration is
important to vehicle dynamics. Since the amount of load transfer depends on a particular vehicle’s
suspension, dimensions and location of the center of gravity as well as lateral acceleration levels, it is
important that a standard load range be chosen for testing which will cover the loading and unloading
conditions in vehicle turning. Vehicle work has shown that a range of 40-160% of the tires rated load covers
these conditions. Since data will often be plotted as a function of load, a maximum of 400 Ib (1780 N)
increments and no less than five increments over the load range should be used to ensure accurate
interpolation.
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5.6

INFLATION PRESSURE—Inflation pressure can have a significant effect on lateral forces and aligning torque
due to its stiffening of the tire structure. A variation of one psi can vary cornering stiffness by 5% and camber
stiffness by 3%(24). For this reason it is important that inflation be controlled accurately during a test cycle
and that standard settings be used for data comparison. The base inflation for the rated load of a passenger
tire is established as a cold setting. During road operation, the temperature buildup of the tire causes an
increase in pressure of about 4 psi (27.6kPa). This “hot” inflation would, therefore, be the actual running
condition of the tire, and force and moment data generated at the “hot” condition would be more
representative of vehicle conditions. The inflation pressure for testing should, therefore, be based on the
recommended cold inflation for rated load conditions of the tire plus 4 psi (27.6 kPa) for low speed testing.

Test Surface—Width and length of the test surface must be considered. Thickness is also important if the

do
e

ause erroneous

belt’s structy
readings for
length which

The surface
length to be

lateral deformation of the tire which occurs during cornering and inclinatiens

previously n

The length equirements are based on a minimum rolling distance €or obtaining steady statg

suitable ave

The distance
a tire is roll
deformation
contact bac
back toward

The force dy
distance is r
distance is g

In addition, t
of the tire is
complete re
length for ac

Road Simul
sliding tires.
(texture, cu

ral-stiffressis-a-factorrpreventing-distortiorandHateralmovementwhich-cod
the tire lateral force. The surface width is based on the maximum tire tread w
will be tested.

tested through the maximum possible slip angle. Some additional test width i
For the ra
entioned, a width of 18 in should be adequate to meet this criteria.

aging of tire nonuniformity.

b dependence of the lateral force buildup is due ¢0'the basic mechanics of the tire
bd at a fixed slip angle, the tread and carcass are deformed laterally. The 4
increases for a given tread element as thetire rolls and the element passes
the wheel plane.

e to this elastic lateral deformationis the lateral force of the tire. Starting from rej
pproximately one-half a tiré ¢ircumference.
here are variations inttire forces and moments, depending upon which portion of th
in the contact patch/ Because this variation changes the force level during ong
olution shouldybe-made to obtain a mean value of the varying lateral force. Th
curate, steady state data should, therefore, be one and one-half revolutions of the
ation-—<There are many factors which affect the forces and moments develog

This'section is concerned with roadway and tire-roadway interface factors; in p
vature, condition), speed and temperature. These discussions are based o

dth and contact

width is based on the rotation of the rectangle formed by the widest\tread wigith and footprint

5 needed due to
ge of tire sizes

p force data and

behavior. When
mount of lateral
from initial road

through the contact length. At some peint it reaches a maximum deflection after which it slips

st, a finite rolling

bquired to develop the steady state lateral force for a given slip angle. It has beef shown that this

e circumference
b revolution, one
e total minimum
tire.

ed by rolling or
articular, surface
h the best data

available at
investigation

" . £ e < bl . H ! " " 1 ! !
e ure U Wiy, OUITIC Ul U1 YuCSUUTTS TAlStU 4Alt TIUL yEU TESUIVEU dllu 4

wait a thorough

The effects of test speed and surface curvature are discussed in some detail. These discussions are based on
the best data available at the time of writing. But these questions are not entirely resolved. Testing for the
effects of curvature requires that speed, surface texture, and weighing system characteristics be held constant.
Only the new Calspan high speed belt machine is capable of this type of testing. Testing for speed effects is

complicated
investigation

by tread temperature changes and treadwear.

All of these phenomena await a thorough

-18-



https://saenorm.com/api/?name=c6a5d8f9073f9937e7c7bcde3a0946e8

SAE J1107 Issued JAN75

6.1

Environmental Factors—One of the potential advantages of testing within the laboratory is that the
environment and test surface conditions are subject to measurement and control so that comparative data for
different tires or different operating conditions will not be confounded by changes in these test factors. The
importance of these factors cannot be overemphasized as may be illustration by consideration of some of the
variability encountered in testing out-of-doors.

The notion that roads possess some unique friction coefficient has been discussed by Kummer and Meyer
(reference 40). Force transmission between a tire and either a wet or dry road is a frictional process which
involves the road, the tire and any interface contaminates (water, for example). Hence, the terms pavement (or
tire) friction coefficient, slipperiness, etc., are misleading since they are not pavement (or tire) properties alone.
Any dry pavementfree-ef-dust-andHoosetrateral-wil-preduce—high—skid-orshp—resistanee-with normal tires,
regardless df speed. When a surface is wet, however, the ski or slip resistance is significantly reduced as the
sliding speedl increases. Data from steady state skid test on wet and dry Portland cementconfrete pavements
are shown i} Figure 2.

100

80 T T = DRY

7.50 x 14 TIRES

SKID NUMBER, SN

20

L = 1085 LB P, =125 psi
1 1

A

0
0 10 20 30 40 50 60
SLIDING SPEED, V, MPH

FIGURE 2—STEADY STATE SKID TESTS WITH DIFFERENT TIRES ON DRY
AND WET CEMENT CONCRETE SURFACE (40)

NOTE— Mpst of the figures in this text have been taken from previously published literature. It was
impractical to pravide Sl units for most of these figures due to space limitations. [The figures are,
therefore, reproduced as originallly published without SI units.

The macrosgopicand microscopic roughness of pavement surfaces have large effects on wef skid resistance.
Sharply tipped, unpolished aggregate of adequate void width produces a high sip and skid resistance, whereas
rounding of the-ips due to traffic polishing drastically reduces the resistance. This pattern isIfrequently found
on four-lane highways where the traffic lane and the passing lanes will have quite different characteristics.
Figure 3 shows skid number characteristics as a function of sliding speed for various wet surface types.
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S5URE 3—CLASSIFICATION OF PAVEMENT SURFACES ACCORDING TO THHRIR
FRICTION AN DRAINAGE PROPERTIES (40)

T

Temperaturg has been found to be a significant factors influence\steady state skid resistance. [This is shown in
Figure 4, where both temperature and skid number are_shown over a 24 h period. Duripg this period a
39 °F (-1.1 °C) temperature change (from 70 ° (21.1 *€)~to 100 ° (37.8 °C)) produced a decrease in skid
number of nearly 20%. The skid number dependence on temperature is further illustrated in Figure 5. Here
the change in British Pendulum number’ from a reference condition at 70°F (21.1°C) is shown as a function of
temperature

: .
N ]
]
40 = ! —t——t{—110{
_ : ik
“ 30 : y—+ 901 =
=0 INY ! &
a ! '
2 o ] I S
701
= T/ ! | BITUMINOUS CONCRETE =
s ' V = 40 mph | a
PPy IO 1 n ! r .Y =
' ' ] v w
— PM —t— : AM -l =
0 | A | :
5 9 5 9 5

TIME OF TEST, HRS

FIGURE 4—INFLUENCE OF HOURLY CHANGES IN WET SURFACE TEMPERATURE
ON STEADY STATE SKID NUMBER (40)

1.The British Pendulum Number (BPN) is derived from the British Portable Tester, a device for determiing skid
resistance properties of pavements. For the present purposes, the BPN may be considered roughly equivalent to
skid number. (reference 40)
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BALMER (1962) —|

" GILES ET AL (1962)— /<
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TEMPERATURE, T, F

BRITISH PENDULUM KuMZE®,| BPN
£
©
o
o
o
=)

y NATURAL (ORIGINAL
BRITISH) RUBBER
SUIDER LOAD = 5.9 LB

. SLIDING SP§ED = aph

BURTH: P.C. CONCRETE

KUMMER & MOORE:‘, BEHR-MANNING PAPER
BALMER: EPOXY\PLATE

-6 GILES: AVE:\OF 8 DIFFERENT ROAD
SURFACE

-8

-10

FIGURE 5—COMPARISON OF WET PAVEMENT TEMPERATURE CORRECTION VALUES,
FOUND BY DIFFERENT WORKERS. (SPREAD IS LARGELY DUE TO DIFFERENCES IN
SURFACE GEOMETRY AND CORRESPONDING DIFFERENCE IN ADHESION
AND HYSTERESIS CONTRIBUTION.)

Difficulties ir} road testing on wet surfaces may be seen in the data of Figure 6 (reference 41).| Here the lateral
traction coefficients are shown as a function of speed. The road test results showed consid¢rable scatter as
indicated by|the\shaded bands while laboratory machine (internal drum) data are shown by well defined lines.
Water depthp fram 02.-2.0 mm were tested in the machine. There is considerable difficulty in dssigning a water
depth for the road tests. First, an appreciable paved area is required over which there may be considerable
variation. Second, these maxima are the result of several runs at different speed with the possibility that water
depths were not the same during all of them. Nonetheless, from estimates made of the water depth in an area
believed to be typical, a value of 1.5 mm was assigned. While this in general agreement with the machine
data, the scatter precludes any quantitative understanding of the effect of water depth.
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(precipitation history), and from hour to hour (temperature changes). They will be vastly diff
br the pavement is wet or dry. When wet, the skid number will depend upon ho
P not attractive surfaces upon to do precision-tire research at or near limiting slip g
The laboratory offers the

upon wheth
roadways ar
because of
opportunity
roadways ar

Surface TeX

Gengenbach (41) has reported that ap-abrasive paper (carborundum) surface was stable g
) it maintained its properties-over an extended period. At the Technische Hochsch

initial wear-i
Delft, Spainl
carborundur
and rubber 5
then used to

A commerci
terms of bas

in this regarrli. Their conclusions are summarized as follows:

CORNERING FORCE VS SPEED WET SURFACES—A5.60-15 TIRES (BIAS PLY

e provided.

N abrasive papers (45). Spaink made measurements of the coefficient of friction

TESTER

MAXIMUM COEFFICIENT OF FRICTION

¥~2.0 mm

120 150

o

o

60
VELOCITY (km/h)

90

E 6—COMPARISON OF ROAD TEST AND LABORATORY (DRUM) DATA MAX

ustrations show that even for a particular tire, the skidy\numbers of actual paver]
will vary from place to place on the pavement (different degrees of polish),

the practical impossibility of controlling,environmental conditions.
of providing good control and measurement provided surfaces generally r

IMUM

hents will not be
rom day to day
erent depending
w wet. Outdoor
r skid conditions

bpresentative  of

ture Factors—Numerous testing groups have used carbide surfaces on labonatory machines.

has carried out an extensive program in making friction and drainage measurer

lider, and correlated outflow measurements using a drainage meter. The same o
obtain outflow.mméasurements of road surfaces occurring in practice.

ic chdracteristics and stability. Rasmussen and Cortese (37) have reported on th

nd that after an
Lile, University of
hents on various
of these papers
tflow meter was

ol material-called Scotchwalk® has been used on low speed testers with satisfactory results in

Pir investigations

“Routine tire force and moment testing is done with an artificial road surface consisting of medium grit
Scotchwalk material. This has a number of advantages:

friction coefficient is similar to that of a new concrete road surface.

s. This tends to magnify the influence of various tire design factors.

1. The
2.
load
3.
device.
4,

Minor contamination of the tire or road surface does not affect the test results.”

1.Manufactured

by the 3M Company.

The high friction coefficient provides a maximum strain to the tire structure at high slip angles and

The friction properties of the material are stable with use and can be easily cleaned with a vacuum
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It is also noted that there are significant differences between Scotchwalk and smooth steel. Several tires were
run on a steel surface that had also been tested on Scotchwalk. Differences in force and moment properties

between the

two surfaces were quite variable with different tire configurations.

It is not known whether these differences were related to tread compounds or the presence of minor amounts
of contamination. The tires were not given special handling or cleaning before testing on steel. No special
cleaning is required in order to obtain repeatable data with Scotchwalk.

Tungsten carbide grit bonded to a steel surface has also been used. This type of material has also been
applied to high speed tire uniformity machine road wheels with some success. Sheets of this material were
obtained for a flat-bed machine in various grit sizes. Four tires of a set were tested on the front surfaces with

todl (D7) and oNn  ThA da

haoon

Crit-cizavyariad bao A6
OTIC SIZC varC O ot TV e CTT 0O

a closest to that

results repo
obtained on

Tests with the various tungsten carbide grits involved checking of tire performance-before &

These spot

during a test.
coarser grit g¢ppeared to cause severe shredding of the tread surface which usually results in s

lateral force

Krempel(46
observationg
during the tg

A Gough plg

observed that the tread surface became sticky at higher slip angles even under small loads.

the curves g
properties W
test curves

screeching i
and volume

Figure 8 comnpares the data obtained far'a conventional cross-ply on three different surface

differences
The values
The differen
lateral force

steel surfacq.

finoct ot + tad nraovadad
tCCO— o7/ ot oo T Hc e STyt StIC O pPTroviato—oT

Scotchwalk. Trends indicate that a still finer grit size would be a optimum matcht

hecks determined when the abrasion to the tread surface had been sufficient to a
These spot checks indicated that the finer grit produces the least\change in ps

capability.

has described difficulties encountered on a smooth steelsurface at length.
valid results on smooth steel can only be obtained if the\tire tread surface does n
St.

t is shown in Figure 7. Although the test time fora curve from 0-10 deg was on

ccurred when the slip angle exceeded 4 deg. They are caused by changes of t
th increases in temperature. At larger slip'angles (approximately 6 deg), the disg
could be observed acoustically. Withtincreasing slip angle, frequency and mag
hcreased continuously. Discontinuities in the curves, however, caused sudden
of the sound. Running on silicon carbide surfaces showed no tendencies fo

can be observed between\the curves obtained on the smooth steel and silicon g
Ces, with the cornering force on K80 as a base, are shown in Figure 9. The diffe

5 on the two silicon,earbide surfaces are small in comparison to the one obtaine

Figure 10,)the peak of the aligning torque of the radial tire on silicon carbide s
bn the-Smooth steel surface and 50% higher for the conventional tire.

kes-the following general statements on the influence of the test surface:

b Scotchwalk.

nd after testing.
ter performance
rformance. The
bme reduction in

\ccording to his
bt become sticky

y 25 s, Krempel
Discontinuities in
he tread surface
ontinuities in the
hitude of the tire
Changes in pitch
I discontinuities.
5. Considerable
arbide surfaces.

bf the lateral force on fine-aggregate (K80) are generally higher than on coarser aggregate (K30).

rences between
0 on the smooth

urfaces is 100%

Lateral force and aligning torque are larger on a silicon carbide surface than on smooth steel, as long

as no tires are taken into consideration whose tread surface was already sticky or became sticky
during the measurements.

es of the lateral force on K80 (fine) and K30 (coarse) do not differ much.

The lateral force is generally larger on silicon carbide surfaces with finer aggregate size. However, the

No tendency can be established regarding the influence of the aggregate size on the aligning torque.
Up to 2 deg slip angle, the test surface effect is insignificant; however, it has a considerable effect by 4

The rank order of tires in their performance when operated at slip angles may be different on smooth

steel and silicon carbide surfaces (especially at larger slip angles). No change in rank order could be
found on silicon carbide of different aggregate size.

As shown in
higher than
Krempel mal
1.
2.
valu
3.
4,
deg.
5.
6.

The tire temperature is of lesser influence on silicon carbide than on smooth steel surfaces.
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FIGURE 7—GOWUGH PLOT OOBTAINED ON SMOOTH STEEL DRUM TREAD
CQNDITION 100%; I.P. = 25.6 PSI; SPEED = 31.2 MPH
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FIGURE 10—INFLUENCE OF THE DRUM SURFACE ON ALIGNING TORQUE (N1)

Surface Curvatare-Factors—DBrams-have-beenusedforstructarartegrtytestrgfermany years and they
have also been used for mechanical performance testing. The most common arrangement is the external
drum; however, one machine has been developed at Karlsruhe in which testing is done inside the drum (27).
In addition, Porsche has such a drum.

Running on a curved surface is not equivalent to running on one which is flat. Drums of various sizes are often
used in tire testing. Tests comparing tire performance on flat and curved surfaces have been carried out by
Krempel (46), Bull (5), Freudenstein (47), and Killmann (48), leading to different results.

To determine the geometric influence of the drum curvature on the effective rolling radius it was first assumed
by Kollmann that cross section A (see Figure 11) of the tire deflection is the same in all three cases.
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2). This implies

th of the contact patch is also influence by the drum{curvature and can be detefmined using the

(Eq. 2)
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FIGURE 12—VERTICAL DEFLECTION OF TIRE 6.00-15: TREAD CONDITION 100%;
AS A FUNCTION OF INFLATION PRESSURE, DRUM CURVATURE AND VERTICAL LOAD
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With Lp » Sp

(that is, the length of the contact patch Lp, as measured on the curved surface was set equal to the chord Sp.
The error introduced by this assumption does not exceed 0.1% even for extreme contact patch lengths and
small drum diameters.) Again, calculations and test results show reasonable correlation (46).

TR +r
fo= fr3| R (Eq. 3)

The difference is contact patch lengths for a tire on a flat road surface and a tire on a drum (D»12 ft (3.7m) is of
the order of 5-10% depending on type of tire, inflation pressure and load. Krempel determined the ratios of fp/
fr and Lp/Lg as a function of R/r. (R = radius of drum; r = radius of undeflected tire) as shown in Figure 13.

1.4 . v
FOR TIRE 5.90-15
Hit
fr | LR R=2.8
R= 4.1
1.2 R =6.24 FT
\;\\ _EQ INTERI1OR. DRUM
1.0 S~ R 1D gyrer10r DRUM
.061 Tr
1,052
1.0 % :
0.95 QDN
0.943
/ j fo
0.8 B IN'II’ERIOR DROM
Ly /
ﬂ; EXTERIOR DRUM
o6l [ 1 % .
0 2 " 6 8 10

Rl Ed

FIGURE 13—CALCULATED INFLUENCE OF DRUM CURVATURE ON VERTICAL TIRE DEFLECTION
FYAND LENGTH OF CONTACT PATCH L

The width of the contact pateh is influence only sightly by the drum diameter. Thus the chanpe in the area of
the contact meatch is mainty-determined by the change in the length (L). Hence L seems to be|the major factor
for the diffefences inJateral force of a tire on a flat and a curved surface. Figure 14 shows|the influence of
drum curvatire on’the area of the contact patch.

A 6.00-15 tirg_tinder a load of 661 Ib (2940 N) and 25.6 psi (176.5 kPa) inflation pressure has & contact area of
17.8in? (0.01148 m2) on an exterior drum of R - 6.4 ft (1.902m).; The inflation pressure must be increased to
30.5 psi (210.3 kPa) to obtain the same area on an interior drum of the same radius, otherwise the contact area
on the interior drum will be 5-10% higher (In this particular case 7%). If the inflation pressure is the same, a
load of 610 Ib (2710N) for the interior and 661 Ib (2940 N) for the exterior drum will generate the same contact
area. The differences in contact area between the tire on a flat surface and on an interior drum are
approximately half of those mentioned above. Corresponding results can be determined for the theoretical
mean contact pressure:

vertical load
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14—INFLUENCE OF DRUM CURVATURE ON THE AREA OR THE CONTACT]
AFFECTED BY WHEEL LOAD AND INFLATION PRESSURE FOR A 6.00-15 TI

or drum gives a greater contact area, the calculated mean pressure is smallg
empel found that in the case of the interior drum anincrease in inflation pressur

d have the same effect for the interior drum.

hring lateral force on exterior drums and flat surfaces have been carried out
h (47). 1t was found that the lateral forces obtained on exterior drums were alw.

those measl
h) on the fl
Figures 15

the shape o
different surf

LATERAL FORCE (Lbs)

%:nd 16, cornering force on a flat'surface (covered with allundum) is approximately
on the allunglum covered drum surface: €amber force, however, seems to be more significan

red on flat surfaces. Bull, assuminga minimal speed effect, conducted his tests ¢
surface and 29 mph (47 km/h) ‘on’a steel drum of 2.8 ft (0.85 m) radius. As cs

the surface. Unfortunately Bull evaluated the influence of the test curvature on
aces, thus the conclusion may be confounded by the surface variable.

PATCH
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r than on a flat
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hys smaller than
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FIGURE 15—COMPARISON OF FLAT AND CURVED SURFACES
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FIGURE 16—EFFECT OF SURFACE ON CAMBER.FORCE

It is clear that the pressure and shear force distribution in the contact patch are also influghced by surface
curvature. Rigure 17 shows the pressure distribution in the contactypatch of a tire on a flat sufface (solid line).
It is believed that the center of pressure will shift further forward.on an exterior drum a d fall bgck on an interior
drum in comparison to the flat surface due to hysteretic losses_in the rubber. As the vertical d¢formation on an
exterior drur is larger than on an interior, the losses should be greater causing a greater shil"L of the center of

the pressurd. The altered pressure distributions will, of*Ceurse, have effects on the self-aligni

test tires.

PRESSURE

CENTER OF CONTACT PATCH
EXTERIOR DRUM (e.d.)

FLAT SURFACE (f.s.)

CENTER OF PRESSURE DISTRIBUTION ON DIFFERENT TEST SURFACES

g torques of the

FIGURE 17—CROSS SECTIONS IN LONGITUDINAL DIRECTION THROUGH

CENTER OF PRESSURE DISTRIBUTION

If the center of the pressure on an exterior drum is shifted forward, the rolling resistance of the tire must
increase in order to compensate for the increased rolling resistance moment M = pdA-e (W = vertical load, e =
forward shift of c.p. of normal force). Experimental verification of this reasoning appears to be missing.
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6.4

Effect of Speed—It is well established that speed has a pronounced effect on the force and moment
properties of a free rolling tire operating under wet roadway conditions as illustrated by Figure 18. On dry
roads speed also affect forces and moments where appreciable sliding takes place in the tire-road interface. It
has generally been believed that the velocity of travel over the usual passenger car ranges has a small
influence on the basic force and moment characteristics of tires on flat roads, as long as the tire operates in the
“frictional mode"—that is, as long as there is no gross slippage in the contact patch.

1200

12

.
1/0‘/\1 .

STip Angle (deg)

Vertical
Load
Ib

1000 —

800

Lateral
Force, Fy

b

600

400

200

o———\/ = 20 mph
- == = V =60 mph

FIGURE 18—INFLUENCE OESPEED ON LATERAL FORCE GENERATED BY 4/
TIRE ROLLING FREELY ON WET CONCRETE

Recent experimental data (26) prevides new information on this matter. Runs were made op a G78-15 bias
belted tire af the design load (1380 Ib (6100 N)). Inflation pressure was 24 psi (165.5 kPa) cold. Velocities of
5, 15, 30 ani60 mph (8.0, 24.17 48.3 97 kM/h) were run. The measured lateral forces and aligning torques are
shown in Figures 19 and20. A carpet plot presentation is used, with lateral force plotted agaipst slip angle for
the various gpeeds; thus lines of constant velocity and constant slip angle are shown. Qualitatjvely, the lines of
constant slig angle show that at low slip angles (70 to 6 deg), the lateral force increases slightly as the velocity
increases. Quantitatively, the increase of cornering stiffness between 5 mph (8.0 km/h) and 0 mph (97 km/h) is
10%; at 12 degrslip angle, the later force is reduced by about 10% over this same range.

The aligning torques do not show a slope variation at the small slip angles, but there is a reduction of torque
from about 117ft:Ib (159 Nm) at 5 mph (8.0 km/h) to 109 Ib (485 N) at 60 mph (97 km/h). The angle of
maximum aligning torque is reduced from about 4.6 deg at 5 mph (8,0 km/h) to 4.1 deg at 60 mph (97 km/h).
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FIGURE 19—EFFECT OF SPEED;ON LATERAL FORCE OF A
BIAS BELTED TIRE ON DRY ROAD
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Weighing Systems

SLIP ANGLE ~ DEG

HIGURE 20—EFFECT OF SPEED ON ALIGNING TORQUE OF A FREE ROLLING

BIAS-BELTED TIRE ON DRY ROAD

Requirememnts—The general requirements for weighing system range and accuracy are olitlined in J1106,
particularly Tables 1-4.xSome special comments may be helpful. The normal force range |of 1.6 times the
largest tire Vertical load-“capacity is a minimum requirement. If the data are to be used for anflyses of vehicle
overturning behavioy, this range may be insufficient. A tire may carry twice its load capacity in[sever cornering.

The measu

rque. For large

values of axle torque, the longitudinal force may be approximately equal in magnitude to the normal force.

Orientation—Tire forces and moments must ultimately be expressed in the coordinate system of Figure 1.
Therefore, it is mandatory that the geometric relationship between the Tire Axis System and the measured
forces and moments be recorded at all times during the testing to guarantee a complete coordinate
transformation is made easier if the Tire Axis System and the coordinate system of force and moment
measurement are fixed relative to each other or, ideally, are coincident. But with modern data analysis
techniques, a fixed relationship between these two coordinate systems does not necessarily shorten data

reduction time.
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Type—Two types of weighing systems are common. The first uses six distinct unidirectional load transducers.
Three of these are placed parallel, and often coincident, with the x’ y’ z’ axes of the Tire Axis System to
primarily measure the three forces; the other three are positioned to measure the tire moments about these
axes. This weighing system is generally fixed with respect to the Tire Axis System. The second type employs
an integrated multi-directional force transducer which is concentric with the tire spin axis. This weighing
system is not fixed relative to the Tire Axis System, changing orientation with changes of tire inclination angle
and loaded radius.

The advantages of the first type are related to the use of distinct force transducers.
transducer can primarily measure a given tire force or moment.

If properly located, each
This allows the designer to size each

transducer for best accuracy In addition, if testing condltlons change thereby aItermg the magnitude of only

some of theg

measured d
each transd
low resonan
nonuniformit
machine ope

With the mu
between the
system. F(
frequently u

But there arn
forces and n
each orthog
this motion
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This allows
insignificant

If the machi
be met. Ind
one must tej
(A70-13) wo

¢ force transducer cannot generally be made rigid enough to eliminate siz

These displacements result in no-linear interactions between\trahsducers
ring calibration and accounted for from displacements transverse-to the load ¢
cer to minimize the interactions. Also, with a large mass between the tire and fg

frequencies may be encountered. These will probably not.be’ excited by tire fo
ies if the speed is low (below 5 mph) (8 km/h). These resonances might be
brating at normal road speeds.

ti-directional transducer system, it is possible to.minimize the mass and obtain 3
center of tire contact and the transducer, thereby raising the natural frequencyj
rther, the higher stiffness results in reduced interactions. This type of trans
bed for high-speed testing to obtain the regquired bandwidth.

e disadvantages. Such transducers are not commercially available for the meg
homents. Their design and fabrication must be done with care to obtain the req
bnal direction. Since the orientation of the transducer changes with respect to the
hust also be measured dufing testing and considered in data reduction.

—The frequency respense of the weighing system should be 40 times the tire rot
the measurement'\of tire force and moment variations up through the fourt
loss of data.

e is to be used for the measurement of tire relaxation characteristics, special re
rder tosmeasure relaxation characteristics at the lowest important reduced freque
5t at 23 mph (37 km/h) for a 0.5 Hz absolute frequency (see 11.3). At this sp
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ired depends on

Typical Weighing Systems—Two common types of weighing systems have been described in general terms.
The specific layout of some typical systems is important.

The most common system utilizing distinct, uni-directional force transducers employs three nested frames
surrounding the tire. These allow changes of tire slip angle, inclination angle and vertical load. The outer-most
frame is grounded through six uni-directional force transducers. A schematic diagram of this system is shown
in Figure 21. The Z transducer measures tire normal force. The Y, and Y, transducers, in the y’' z’ plane,
measure lateral force and overturning moment. Similarly, the X; and X, transducers in the X’ z’ plane, measure
longitudinal force and rolling resistance moment. The X3 transducer, parallel to the x’ z’ plane, measures
aligning torque. These transducers do not move relative to the X’ y’ z’ system.
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FIGURE 21—TYPICALMULTI-TRANSDUCER WEIGHING SYSTEM

A second cpmmon multi-transducer* system is shown in Figure 22. In this system the tir¢ axle is directly
supported by five transducers. (The'sixth constraint, required for the axle housing, is not shoyn.) The X, and
X, transducers, parallel to the-read plane, measure longitudinal force and aligning torque. Trahsducers Z; and
Z, measure [normal force and“ever-turning moment. Lateral force is measured with type Y trapsducer. Rolling
resistance mjoment cannetpe measured with this system. Since the transducers are fixed relptively to the tire
spin axis, they more withirespect to the x’ y’ 2’ coordinate system with changes of inclination gngle and loaded
radius. Thefefore, these variables must also be measured.

The commoh @eighing system employing a multi-directional force transducer is arranged with the transducer

H ot 4 H Llalil +la. + £ I NNl 1 H | pu |
concentric with-the-tire SpiraxiS—ofRe e Systemor rgttre—zzZthe—axretstantheverea:

These transducers are often patterned after those used in wind tunnel studies and employ an array of strain
gaged beams which are arranged and sized to measure the tire forces and moments. The transducer is fixed
with respect to the tire spin axis, requiring the measurement of inclination angle and loaded radius.

Typical experience in terms of resolution and transducer interaction depends somewhat on weighing system
design. Recent designs of system s employing a multi-directional transducer have demonstrated excellent
resolution and low interaction characteristics. With any design, the present state-of-the-art should provide
resolution of 0.5% of full scale. Transducer interactions should be between 0.5% and 1.0% of the input force.
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FIGURE 22—ANOTHER TYPICAL MULT|-FRANSDUCER WEIGHING SYSTEM

Calibration [Procedures—One of the most important elements in obtaining an accurate weighing system is a
thorough calibration. Attention to detail is verymportant in this portion of the machine development.

A number of steps are normally involved.inra periodic calibration, performed about every six months. the first
step is geonpetric alignment of the weighing system at zero angular positions, before the trangducer(s) is (are)
installed. After installation, the firsticalibration run is performed. These data are next analyzed and steps are
taken to reduce transducer interactions. Finally, the weighing system is recalibrated. An adfitional task, not
directly a pdrt of the calibration;is performed before testing can begin. This is the interaction compensation,
usually part pf the data redugtion program in a computer.

Calibration ghould be 'a_consideration early in the machine design phase. A few precautions taken at this time
will save time and,doubt during the actual calibration. Weighing system alignment is usuplly very difficult
unless each| major“part of the machine has been previously marked for exact alignment. Parts should have
numerous machined surfaces and reference marks which will not change with time. T

A further aid is the installation of benchmarks in the floor of the test room. These permanent marks are most
conveniently placed in the X’ z’ and y’ X’ planes. Other consideration should be given to the hardware needed
for the introduction of known forces during calibration. Finally, adjustment in transducer orientation must be
provided to facilitate interaction reduction.

Weighing system alignment is normally a repetitive, interactive process. The components of the weighing
system must be aligned for zero displacements and angular rotations relative to the x' y’' z’ axes. (The
reference original and axes are defined by the centerline of the roadway and the mounting hub.) Since each
alignment change usually affects other alignment components, the process should be repeated at least once.
Conventional shop tools are used. These include various types of micrometers, scales, and levels. A transit
and plumb line are also very helpful.
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8.1

The transducer installation is not complete with physical installation. Care should be taken to ensure that the
cells are aligned with the x’ y’ z’ axes and contained in the orthogonal planes. When installed, the positions of
the transducers in a multi-transducer system must be recorded for use in the data reduction program. To
ensure that transducer capacity is not wasted through imbalance, the weighing system should bee balanced so
that its center of gravity is near the z’' axis. Finally, transducer null balances (voltage reading with no tire force
input) should be recorded for future reference.

Some decisions must be made just prior to calibration. While six linearly independent force inputs must be
applied for a complete calibration, their actual location is not restricted. Typical practice, with a multi-
transducer system, is to apply a force at or near each transducer to exercise primarily that transducer. The
range should be large enough to exercise the transducer as much as the largest tire would. Generally, the
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n to define the system response, especially the interactions.

put hardware should have been selected during the design stage. Dead, weight
hydraulic jacks are common tools for introducing the forces. Pulleys suffer from t
known, and possibly high, friction. Hydraulic jacks require an additional transdug
are sometimes difficult to align accurately due to their short length:
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bduction is primarily an art. In a multi*transducer system, the interaction source
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Data Processing

Introduction—The problem of data processing for a tire force and moment machine can be considered as a
series of transformations applied to information derived from a system of force and motion transducers to
generate data in a form suitable for plotting, storage or other analyses. The nature of these transformations
depends on the design of the machine and the completeness of the data set that is ultimately desired. This
discussion will consider a most general case where multiple transformations are required by a moving
transducer system and there is need for a complete data set. It should be clear from the discussion that
certain of these transformations may not be required if other transducer systems are specified or if limited data
sets are of primary interest.
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8.2

8.3

8.4

8.5

Data Transformation System—The data processing problem can be considered in block diagram form with
the system shown in Figure 23. This arrangements is somewhat arbitrary, but useful for conceptual purposes.
The force and motion data originating from strain gages, potentiometers, or differential transformer transducers
can be viewed as a multi-component vector that must be rescaled and reoriented through a series of
transformations for recording in the desired form. Each transformation can be viewed as a matrix manipulation

for conceptual purposes.

effectively combined into a single transformation.

The hardwa
data proces
and digitizeq
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FIGURE 23—DATA TRANSFORMATION STAGES

e required for these transformations will not be discussed in detail 'since a variety
Eing methods can be applied to yield similar results. Transducer output voltages
directly with suitable analog to digital conversion equipmeht.\, The transformati
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Interaction Compensation—A tire, force and moment machine weighing
is an array of six or more force transducers. It is rarely possible to produce a systsg
nteractions. That is, a force verndor applied in the direction of the principal aq
vill, in general, result in some level of output signal from all components. Itis impo
f mechanical interaction withicareful system design. To simplify the implementat
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b chosen to eliminate the interaction components so that a force vector applied
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Tire Axis Transformation—It is rarely possible to design a force and moment machine with a transducer axis
system that is coincident with the reference tire axis system. Since the original of the tire system is in the road
plane, the road surface usually precludes location of transducers at this level. A geometric transformation is,
therefore, required to produce data in the tire axis system from data in the transducer axis system (24). If the
transducer axis system maintains a fixed relationship to the tire system, this transformation is relatively simple
and invariant. Many machines employ a spindle axis transducer system, however, and for these machines the
axis transformation will vary with test conditions. Spindle motion data must then be included in the geometric
transformation. This is an additional complicating factor but need not preclude the acquisition of valid data.
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8.6

If the three transformations discussed in this section are linear, they may be combined into a single matrix
operation. This is often done because the only data of interest are the final force and moment data tabulated in
the tire axis system. Conceptual separation of the three operations is important for understanding and error
analysis for any proposed system design. Implementation of these transformations on a computer with
assumed transducer output data can provide useful insight to component accuracy requirements and error
multiplication effects that can result from particular transducer geometries.

Curve Fitting—All detailed engineering measurements are subject to a degree of variability due to
phenomena that cannot be understood or controlled. Tabulation or plotting of raw engineering data is
frequently of limited usefulness since statistical variabilities tend to hinder application and interpretation. Tire
force and moment tests are run on a very few samples of a partlcular deS|gn under |deal|zed conditions. The
data must b y for comparison
purposes al ffinal processing,
curve fitting st results.

hough test accuracy and test conditions are controlled to the extent possible.
and plotting must be selected to facilitate interpretation and proper application of {

Each tire fofce and moment component can be influenced by vertical deflection (or.normal force) slip angle,
inclination ahgle, and applied tractive force (driving or braking). Since each compenent, in the most general
case, can bg considered as a nonlinear function of four independent variablesy.tire data are freguently recorded
as surface-like functions of at least two variables. A third variable is sometimes introduced through nesting of
two variable|plots. No satisfactory technique for expressing the most general four variable plot has yet been
developed. | Obviously many different combinations of variables ¢ould be plotted but atténtion has been
directed malnly to plots of tire force, moment, and geometric cemponents as functions of pormal force-slip

angle and n
test where Iq
that statistic

brmal force-inclination angle. These plots are most often used for data taken fr
ngitudinal forces are not applied. Since they represent three dimensional surfacg
hl procedures used to process and fit data be of the surface fitting variety.

Some labor

readily avail@ble. If curves obtained with a two dimefsional procedure are plotted in a three di
plot form, it is clear that the resulting surface is irregular and does not represent a best fit to th
Surface fittilg can be accomplished manually by plotting raw data in carpet plot (49,50) form 3
of constant @angle and normal force with curye templates. This is a tedious procedure that req

judgment an
an additiona
each line of
form.

A more pra
dimensional
applied soni
mathematicg
continuous

tories apply two dimensional curve fitting, procedures to tire data because they

d skill. In addition to fitting lines to the data, lines must intersect on certain ording
constraint. Once data have been manually fitted with the form of a carpet plot, i
constant slip angle with*a cubic polynomial to convert the hand-drawn surface ir

Ctical and aut@matic procedure for generating a mathematical model represen
data surfaces is based on jointed bi-cubic spline polynomial functions. These
e years-ago in computerized auto body drafting work (51). They can be co

| equivalent to the drafting template used to generate, in a piece-wise fashior,

Curve with a complete and unique shape. These functions provide a smooth

bm a free-rolling
ps, it is desirable

are familiar and
nensional carpet
e available data.
nd drawing lines
uires substantial
te axes which is
is possible to fit
to mathematical

ing these multi-

functions were
hsidered as the
a smooth and
and continuous

surfaces ratl

) 1 =) £ £ o Lo 1 s 1 Lo ol
IS uiarrcurves, TTowevel.  TTHT TUITIT UT a DIFLUDIC PUTYTIUTTHAN 1S STTUWTT UETUVV.

A = C, X3+ CX*+C X +C,
A, +CcX®+CX?+C X +Cy
Ag+CoX®+CioX°+C1 X+ Cyp
Ay = CigX*+Cp X"+ CygX + Cyg

Z = ALY HAYPHALY +A,

(Eq. 5)
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8.7

The term spline is derived from the fact that a number of these polynomials can be used to represent various
sections of a data surface. Polynomial coefficients can be chosen so that the surface represented is smooth
and continuous at the joints between two polynomials. Cubic polynomials have proved to be sufficient for
representation of most tire data surfaces. Lower order polynomials can be used for some surfaces that are
less complicated. Experience has shown that higher order polynomials introduce waviness in the data and do
not improve fitting accuracy. Relatively large digital computers are required at present for implementation of
this approach.

The polynomial coefficients further provide a convenient medium for storage and retrieval of processed data.
Coefficients for a complete set of tire data surfaces can be stored on a few dozen computer cards. Simple
programs can then be written for retrieval or further manipulation of the data. While the splined polynomials
are concepiually—eomplicated—they—need—rever—be—manipulated—er—interpreted—by—the—engineer after the
necessary cpmputer software is developed. The computer can quickly evaluate these funetions, list or plot the
results in any desired format.

Most tire dafa contain biases and a degree of asymmetry between positive and negative slip gngle information
as well as lefft and right rotation mode. Opinions differ on the need for representing.these factprs in processed
data. Laborptories that are m ore tire oriented generally favor presentation of ‘data, as measyred, with biases
and symmetries clearly indicated so that this information can be related.to construction vafiables. Vehicle
oriented laboratories frequently remove these factors or consider them separately as fhey make data
interpretation more difficult. Some tires are constructed with a coftrolled degree of asymrmetry for special
reasons. Pgsitive and negative data must be presented separatély for these tires. Alternatively, the curves
may be forcgd through the origin with both y-intercepts reported separately. The spline polynomial approach
can be applied in either case. With a suitable choice of joints, polynomials can be developed (for all quadrants
of data. Offget effects can be eliminated by neglecting the-constant term (C4g). Asymmetried can be handled
by reflection|of polynomials in one quadrant and averaging of the coefficients.

Tire uniformjty characteristics can also be troublesome for low speed tests at small angles vhere force and
moment varfations due to nonuniformities are large compared to forces and moments associgted with slip and
camber angles. Test laboratories vary in their'approach to this problem. Filtering and other techniques can be
applied but these generally required extended test time and more data. Most agree that it is more desirable to
prescreen tifes for uniformity and test the‘best samples of a particular lot.

Derived Dafa Processing—In addition to basic data surfaces generate directly from routine fgqrce and moment
tests, a varigty of functions can‘be derived to assist in the interpretation and application of tedt results. These
functions inglude the friction ellipse used to show the relationship between lateral and longituglinal forces (24),
a camber rplloff function(31), used to represent combined inclination and slip angle pgrformance, load
sensitivity and, load transfer sensitivity functions (52) used to represent gradient and curvature phenomena of
particular significanee. o vehicle performance. Most of these functions are really approxipations used to
simplify the ¢ompliCated tire data space. Calculation of some of these functions requires a defgree of technical
judgement gnd-fias not been formalized at this time. Some of these functions will be discusged further in the
section on datamterpretation:

Presentation of Results—Two problems related to tire force and moment data concern the automotive and
tire industries (53). The first is the problem of computer storage of force and moment data; a compact form is
needed to aid vehicle directional control simulations. This problem particularly concerns the automobile
companies and is somewhat an in-house task since its solution is directly dependent on a particular company’s
computer capabilities. This section will address the second problem, that of developing a standard format for
tire force and moment data to facilitate adequate communication between the tire and automotive companies.
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Force and moment characteristics of the free-rolling tire are influenced by vertical load, slip angle and
inclination angle. The usual test procedure is to set two of the variables constant and vary the third. Raw test
data, the force and moment measurements, and then recorded. When the quantity being varied has run
through the desired range of values, the two variables being held constant can be varied and the third variable
again run through the desired range of values. In addition to holding two of vertical load, slip angle or
inclination angle constant, there are test variables such as inflation pressure and speed of rotation. These can
be varied for each combination of values of slip angle, inclination angle and vertical load. It is obvious that
unless test variables are clearly identified and a systematic procedure for variation is developed, any data
transfer between companies can be confusing and inefficient.

A suggestion has been made that a standard machine- sen3|ble computer format be developed for the transfer
of force andpmen i eld of a computer
card or magnetic tape is offered as a form for data transfer. This type of technique would\be useful for the
transmittal of raw data.

Whether raw test data is compacted in computer format or not, it is still essential that'the technjque for variation
be systematjc and uniform. To this end the following method is put forward as‘\a uhiform prpcedure for data
presentation.

Tire force arld moment data should include the following:

Tire|identification, to include size, brand and construction-features.

Inflation pressure.

Test| speed (depending on machine concept).

Tabulilar printout of test data and graphical presentation (families of curves) as follows:

cooo

Latgral force vs slip angle at five (5) different leads (in the range of 40-160% rated loafl).

Aligning torque vs slip angle at five (5) different loads in ranges from 40-160% rated Iqad.

Latgral force vs vertical load at different slip angles (+ 1 deg, 2 deg, 4 deg, 6 deg, 8 d¢g and 10 deg).
Aligning torque vs vertical load“at different slip angles (x 1 deg —10 deg).

Latgral force vs aligning torque at different vertical loads from 40-160% rated load apd at slip angles
ranging from + 1 deg'to’10 deg (Gough plots).

Step d. of the-apove data presentation method involves more than the transmittal| of raw data. It
requires that\the data be presented graphically.

The inconvehienge of multiple plots to show the effect of two independent variables can bea vgided by use of a
graphical presgntation techniqgue known as carpet plots. Here only one of the paramegers, slip angle,
inclination angle or vertical load, is held constant and the other two are allowed to vary through their desired
range of values. At least one of the independent variables must take on nominal values. The force and
moment measure of interest is then plotted against values of the two independent variables. A carpet plot
showing the effect of slip angle and vertical load on aligning torque is shown in Figure 24 (30). An attractive
feature of the carpet plot is that it provides a method for interpolating with respect to both variables.
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FIGURE 24—ALIGNING TORQUE CARPET PLOT

bhical technique that has beén-tsed in tire force and moment data presentation is
mental work. V.E. gough paints out the sensitivity of the automobile to fluctuation
torque (29,54). In hiswreports he has plotted lateral force versus aligning torqu

Nt is plotted againstyanother force or moment measurement; in the case of carpet
or moment measurement is plotted against another force or moment measuremel
pf classical plets, a force or moment measurement is plotted versus a test paramd
w of gough/plots (Figure 25 and Figure 26) used to compare radial and bias bel
angle are test parameters (55).

the Gough plot.
s in lateral force
e with slip angle

load treated as patameters. The uniqueness of these plots is that one fgrce or moment

plots of classical
nt; in the case of
ter. An example
ed tires; vertical

Gough plots

have proved to be more useful for manual steering applications than for power st

bering studies.

The two graphical techniques described above have evolved in the history of tire force and moment data
presentation. Other less widely used special plots have been developed by individual testers to reflect their

test objectives and research orientations.

In order to provide uniformity in data presentation, it is

recommended that the tire force and moment data be presented in the carpet plot format whenever it is
possible to do so.
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