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1. Scope—This Information Report presents background and rationale for SAE Recommended Practice J1106,
Laboratory Testing Machine and Procedures for Measuring the Steady Force and Moment Properties of
Passenger Car Tires. The purpose of SAE J1106 is to define standards for equipment design and test
procedures so that data from different laboratories can be directly compared. Whereas such standardization
is not a requirement for testing associated with tire development, it is necessary in the context of vehicle
design and tire selection problems.

The basic approach employed in developing SAE J1106 was to consolidate and document existing technology
as embodied in equipment and procedures currently employed for routine tire evaluations. Equipment and
procedures whose current use is restricted to research applications were not considered. Research
experience is discussed in this Information Report, however, to the extent deemed necessary to provide
background and rationale for SAE J1106. Material is therefore included on speed effects, contaminants
dynamic testing, traction, surface geometry, and other subjects not considered in SAE J1106. The scope was
expanded in an effort to anticipate questions raised by SAE J1106.

1.1 Introduction—The motor vehicle industry is working toward a more complete understanding of the factors
contributing to the motions of vehicles on the roadway. This understanding is expressed in the form of a
variety of techniques for prediction of vehicle motion responses to road and operator inputs. The ability to
predict vehicle motion responses is desirable if the vehicle traffic system is to be controlled and designed for
optimum safety and utility.

The pneumatic tire is the primary control element in present ground vehicle systems. Forces and moments
developed at the tire-road interface provide the functions of support, directional control, braking and
accelerating capability. The manner in which these forces and moments are developed can be influenced
through changes in tire design. Tire input-output properties must be completely identified if vehicle motion
properties are to be predicted. These tire force and moment properties are analogous to airfoil properties
used in the design of aircraft. The tire force and moment tests discussed in this report are, therefore,
analogous to wind tunnel tests applied to various airfoil designs and have similar utility.

Documents

Document Sharing Hub

Full document details: SAE J1107_201208


http://www.avadocuments.com/doc/sae-j1107-201208
http://www.avadocuments.com/doc/sae-j1107-201208

SAE J1107 Stabilized AUG2012 Page 2 of 49

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.

1.2 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: (1) the geometric and
material properties affecting shear-force potential (that is, friction) at the tire-road-interface, and (2) the elastic
properties determining the shape of, and pressure distribution in, the interfacial contact area.

Measurements of frictional tire properties, which are severely confounded by synergistic interactions of tire,
road surface, interface contamination (primarily water), temperature, slip and speed effects, must presently be
considered to constitute research experimentation. Laboratory procedures most commonly used for routine
tire evaluations are restricted to the measurement of elastic tire properties. Specifically, the object of these
routine procedures is to characterize the mechanical response of the rolling tire to steady state deformations
from its free inflated shape. The deformations to which the tire is subjected in the laboratory and idealizations
of the deformations produced on a vehicle’s tires during steady state maneuvers over a perfectly smooth road.
For the measurements to be meaningful, it is necessary to establish controlled test conditions which do not
differ from over-the-road operating conditions in any aspect which significantly influences the tire’s elastic
response. In terms of the specific factors affecting tire performance, this requirement has the following
implications:

1.2.1 SPEED—The speed dependence of the steady state elastic properties of pneumatic tires is not great over the
range of normal highway driving. There is probably a threshold speed, however, below which a tire’s force
and moment response is speed dependent. This threshold speed has not been definitely measured, but
several laboratories test successfully at speeds of 1 mph.

1.2.2 TEMPERATURE—Some physical properties of rubber are known to vary with temperature so elastic properties
of tires are expected to vary with temperature. The effects of temperature on elastic properties has not been
carefully investigated.

1.2.3 RoAD SURFACE—The elastic response of a pneumatic tire is dictated by the compliance of its constituent
parts (cords, tread, etc.) and by the relative configuration of these parts under the conditions of external
loading. A major determinant of a loaded tire’s configuration is the shape (macrogeometry) of the road
surface. Itis found experimentally that the distortions produced when a tire is loaded against a curved (either
concave or, especially, convex) surface are different from those produced by a flat surface as to exert an
influence on the tire’s elastic response. The significance of this influence depends on the degree of
curvature. Consequently, laboratory machines employed to measure 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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1.2.4 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, and relevant
experimental data will be presented to illustrate their implications with respect to laboratory 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 tire forces and
moments.

1.3 Historical Background—Although the pneumatic tire was first invented in 1845, and no less a classicist than
Osborne Reynolds examined the rolling behavior of rubber wheels as early as 1876 (1)1, it was not until 1925
that Broulhiet(2) advanced the concept of slip angle which is the cornerstone idea behind current
understanding of the mechanics of tire force and moment generation. The concept arose during Broulhiet's
consideration of the automobile shimmy problem. This was also the subject of subsequent investigations in
Germany which gave rise to the earliest known measurements of tire side forces in yawed rolling on a drum-
type tester, by Fromm(3), in about 1931. More extensive drum measurements of tire forces and moments were
performed later in the 1930’s by Evans(4) and Bull(5). The latter investigator examined conditions of combined
longitudinal and side slip. Early measurements of tire forces and moment generated on flat surfaces were
obtained in road tests by Bradley and Allen(6) and Forster(7). Differences between tire test results obtained
with flat and curved surface conditions were first documented by Bull(5).

Early theoretical analyses of the forces generated by longitudinally and side slipping tires were performed by
Julien(8) and Fromm(9,10). These analyses, which did not consider carcass deformation, nonetheless
produced results which tend to agree qualitatively with experimental tire data over the whole spectrum of
operating conditions from free rolling to full sliding. The basis for modern analytical treatment of the elastic
response of the “running-band” theory, developed independently by von Schlippe(11) and Hadekel(12) which
assumes that the tire’s elastic characteristics can be determined by considering the deformation of the
equatorial line; that is, the intersection of the tire surface, when undeformed, with the wheel center plane.
Fiala(13) employed running-band theory, with a model accounting also for the flexibility of tread elements and
the presence of sliding in the tire-road contact area, to derive expressions for steady state tire side forces and
yawing moments, as functions of normal force, sideslip, and inclination angle, which agree well with
experimental data over a broad range of operating condtiions(14,15). More recently, several
analysts(16,17,18) have adopted approaches similar to Fiala’s for the case where the tire moves with
combined longitudinal and sideslip, to derive general tire force and moment characterizing relationships which
agree qualitatively with the limited experimental data available for the combined slip condition.

All of the so-called theoretical tire models cited above are in fact semi-empirical; that is, they involve one or
more parameters whose values must be obtained by measuring tire forces and moment under prescribed and
controlled test conditions. Hence, the development of these theories, rather than obviating the need for tire
force and moment testing, actually adds to it.

Recent developments in tire force and moment testing methodology have proceeded along several different
lines. 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). Modern laboratory equipment for measuring tire forces and moments has evolved primarily
from the low speed, “flat-plank” tester designed and built by the Dunlop Tire Company in England(23).
Derivative machines have been described in the literature by Nordeen and Cortese(24), Ginn and
Marlowe(25), Dugoff and Brown(20) and van Eldik Thieme(22). These flat bed machines are now 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
integral part of the product development process. Better techniques for instrumentation, data processing, and
vehicle simulation had to precede wide application of tire force and moment technology. The organization of
the industry has also tended to retard this growth. The tire is an integral component of the vehicle and cannot
be evaluated out of the context of the vehicle. Tire data were, therefore, of limited usefulness to the tire
industry without full knowledge of vehicle properties and defined performance objectives. A more widespread
understanding of vehicle dynamics and the activities of several independent research organizations with
knowledge of vehicles and tires have combined to overcome many of these problems. The industry appears to
be entering a time of rapid expansion in the application of tire force and moment technology.

The Ad Hoc Tire Force and Moment Subcommittee was formed with people experienced in the tire industry,
vehicle industry and independent research establishment. After considering alternatives, the Committee
agreed that SAE J1106 should be a concise and specific document directed at low speed laboratory testing on
high friction surfaces since these tests are regularly conducted by many laboratories and produce results that
are useful for design and development. The Committee anticipated that SAE J1106 would generate many
questions from workers in the field who are concerned with test validation, speed effects, contaminants,
surface geometry, test machine configurations, and other factors considered in Committee deliberations but not
included in SAE J1106. The Information Report was drafted by the Committee to provide this additional
background. Individuals on the Committee wrote particular sections which were combined with minimum
editing. Most of the technical writing was done during the first half of 1973 and is an indication of technology
existing prior to that time.

2. References—The following publications form a part of the specification to the extent specified herein. Unless
otherwise indicated the latest revision of SAE publications shall apply.
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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 Tire Axis System described in SAE Vehicle Dynamics Terminology
J670 is probably not obvious to many vehicle engineers who prefer to think of tire forces and moments in terms
of axes oriented in the wheel spindle or kingpin. Forces and moments in these alternative axis systems can be
easily derived from complete data reported in the reference system with relatively simple transformations if the
orientation of these alternative axes is known.

Since the motions of spindle and kingpin axes are complicated and unique to particular vehicles and situations,
there systems are less suitable for reporting of reference data on tire performance. Experience has shown that
complete data recorded with the tire axis system have been generally applicable to analyses of vehicle motions
and component stresses. The problem of axis transformation is one of the reasons for measuring complete,
six component, data even though some of the individual force and moment components are of limited
immediate interest.

Terminology and sign conventions consistent with SAE Vehicle Dynamics Terminology J670 should be used for
all tire force and moment testing. The othogonal coordinate system shown in the figure and the following
definitions form the basis for a force and moment testing vocabulary.

These definitions are based on the current proposed revision to SAEJ670.

Rolling Characteristics

LoADED RADIUS—(R ) is the distance from the center of tire contact to the wheel center measured in the
wheel plane.

STATIC LOADED RADIUS—The loaded radius of a stationary tire inflated to normal recommended pressure.

NOTE—In general, static loaded radius is different from the radius of a slowly rolling tire. Static radius of a
tire rolled into position may be different from that of the tire loaded without being rolled.

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

SPIN VELOCITY—(2) The angular velocity of the wheel on which the tire is mounted, about its spin axis.
Positive spin velocity is shown in Figure 1.

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 forque.
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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 velocity of the free
straight rolling tire expressed as a percentage.

NOTE—This quantity should not be confused with the slip number that frequently appears in kinematic
analysis of tires in which the spin velocity appears in the denominator.

3.3.9 EFFECTIVE ROLLING RADIUS—(R,) is the ratio of the linear velocity of the wheel center in the X’ direction to the
spin velocity.

3.3.10 WHEEL Skib—The occurrence of sliding between the tire and road interface which takes place within the
entire contact area. Skid can result from braking, driving and/or cornering.

3.4 Tire Forces and Moments

3.41 TIRE Axis SYSTEM (FIGURE 1)—The original of the tire axis system is the center of tire contact. The X’ axis is
the intersection of the wheel plane and the road plane with a positive direction forward. The Z’ axis is
perpendicular to the road plane with a positive direction downward. The Y’ axis is in the road plane, its
direction being chosen to make the axis system orthogonal and right-hand.

3.4.2 TIRE ANGLES

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

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

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

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

3.4.3.8 (Lateral Force (F,)—The component of the tire force vector in the Y" direction.
3.4.3.9 Lateral Force Coefficient—The ratio of the lateral force to the vertical load.

3.4.3.10 Slip Angle Force—The lateral force when the inclination angle is zero and plysteer and conicity forces have
been subtracted.

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

3.4.3.12 Normal Force (F,)—The component of the fire force vector in the Z’ direction.

3.4.3.13 Vertical Load—The normal reaction of the tire on the road which is equal to the negative of normal force.

3.4.3.14 Central Force—The component of the tire force vector in the direction perpendicular to 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.

3.4.3.15 Tractive Force—The component of the fire force vector in the direction of travel of the center of tire contact.
Tractive force is equal to lateral force times sine of slip angle plus longitudinal force times cosine of slip
angle.

3.4.3.16 Drag Force—The negative fractive force.

3.44 TIRE MoMENTS—The external moments acting on the tire by the road having the following components:

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

3.4.4.2 Rolling Resistance Moment (M,)—The component of the tire moment vector tending to rotate the tire
about the Y’ axis, positive clockwise when looking in the positive direction of the Y’ axis.

3.4.4.3  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.

3.4.4.4 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.

3.4.4.5 Driving Torque—The positive wheel torque.

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

3.5.1 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.

3.5.2 CAMBER STIFFNESS—The rate of change of /aferal force with respect to change in inclination angle, usually
evaluated at zero inclination angle.

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

3.5.4 ALIGNING STIFFNESS (ALIGNING TORQUE STIFFNESS)—The rate of change of aligning torque with respect to
change in slip angle, usually evaluated at zero slip angle.

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

NOTE—AIlthough the term cornering coefficient has been used in a number of technical papers, for
consistency with definitions of other terms using the word coefficient, the term cornering stiffness
coefficient is preferred.

3.6.1 CAMBER STIFFNESS COEFFICIENT (CAMBER COEFFICIENT)—The ratio of camber stiffness of a free straight-
rolling tire to the vertical load.

3.6.2 BRAKING (DRIVING) STIFFNESS COEFFICIENT—The ratio of braking (driving) stiffness of a free straight-rolling
tire to the vertical load.

3.6.3 ALIGNING STIFFNESS COEFFICIENT (ALIGNING TORQUE COEFFICIENT)—The ratio of aligning stiffness of a free
straight-rolling tire to the vertical load.

3.7 Tire Traction Coefficients

3.7.1  LATERAL TRACTION COEFFICIENT—The maximum value of laferal force coefficient which can be reached on a
free-rolling tire for a given road surface, environment and operating conditions.

3.7.2 DRIVING TRACTION COEFFICIENT—The maximum value of driving force coefficient which can be reached on a
given tire and road surface for a given environment and operating conditions.

3.7.3 BRAKING TRACTION COEFFICIENT—The maximum value of the braking force coefficient which can be reached
without locking a wheel on a given tire and road surface for a given environment and operating conditions.

3.7.3.1  Sliding Braking Traction Coefficienf—The value of the braking force coefficient of a tire obtained on a
locked wheel on a given tire and road surface for a given environment and operating condition.

4. Vehicle Dynamics and Tire Design Considerations
4.1 Introduction—Since the tire is a component of a vehicle, any tire performance evaluation must be related to its
influence on wvehicle performance. Vehicle factors must be considered in selection of components to be

measured, accuracy requirements, and other test conditions. Some of these vehicle considerations are
summarized in this section.
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4.2 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
force and moment properties of the radial tire make it different from bias belted tires with respect to vehicle
handling. Nordeen(31) has published a very comprehensive report on this area of application.

Tire force and moment data have helped in the understanding of the physical principles of tire operation over a
very broad range of conditions. Gough(29) describes aligning torque and cornering stiffness during transient
cornering maneuvers. Peterson and Rasmussen(32) show the frequency dependence of vertical and
longitudinal force variations in a steady state operating environment. Bidwell(33) reports on the coupling
between lateral force and tractive force in braking or accelerating conditions.

The evaluation of road roughness is another area where tire force and moment data are applied. Butkunas(34)
describes techniques for measuring the vehicle road interface transfer function for the vertical force direction.
Lippmann(35,36) has demonstrated that an increase in vertical and longitudinal force will result when the tire
envelopes small amplitude bumps or pot holes in the road surface.

4.3 Accuracy Requirements—Tire force and moment measurements should be within prescribed accuracy
ranges. In those cases where the force and moment data are used solely for tire development, the
measurements may serve as ends in themselves; and, while maximum accuracy is always desirable, a nominal
5% accuracy range may be tolerable, especially if only approximate numbers are sought. However, in the
automotive industry, tire force and moment data are often used as major inputs to mathematical models of
vehicle response simulations, and experience has shown that errors in tire force and moment measurements
can be multiplied to produce significant errors in vehicle response simulation. Table 1 shows the vehicle
response error multiplication resulting from a worst case combination of 5% errors in tire force and moment
measurements.

TABLE 1—EFFECT OF 5% ERRORS IN TIRE DATA ON COMPUTED
VEHICLE RESONSE PROPERTIES

Worst Case 5%

Typical Error in Tire % Change
Car Data In Response

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

Lateral Acceleration Response  0.49s 0.53s 8

Time

Yaw Velocity Response Time 0.15s 0.17s 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. This error multiplication would have serious negative
consequences for the chassis design engineer. Obviously the force and moment data must fall within
prescribed accuracy ranges.
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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) 101b (44 N) 0.25%
Lateral Force + 4000 Ib (18000 N) 101b (44 N) 0.25%
Longitudinal Force % 200 Ib (900 N) 11b (44 N) 0.5%
Aligning Torque + 500 Ib-ft (7OON-m)  21b-ft (2.7 N-m) 0.4%
Overturning Moment + 1000 Ib-ft (1400 N-m) 10 Ib-ft (14 N-m) 1.0%
Rolling Resistance  + 200 Ib-ft 270 N-m) 1 Ib-ft (1.4 N-m) 0.5%
Moment

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

3. Tire force and moment property variation

a. Individual tire nonuniformities
b. Tire to tire variations

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

The electronic instrumentation must be designed to have a minimal effect on overall system inaccuracy. 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 be achieved after
transducer channel interaction, or crosstalk, has been reduced by linear compensation. Engineers have found
it possible to reduce channel interaction inaccuracies from 5% to less than 0.2% using linear 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.
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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 is less well known, Rasmussen and Cortese have shown
that the magnitudes of the lateral force and the aligning torque are significantly increased as the tire goes from
a new to a half-worn condition.

If the inflation pressure is not carefully monitored during testing, variations in the force and moment data can
be expected. The relationships between tire properties and inflation pressure have been well reported in the
tire and automotive industries. Nordeen(31) has reported that a 2 psi variation in inflation pressure is
detectable by a chassis engineer, and he shows the effect of a 4 psi inflation pressure change on the
relationship between lateral force and slip angle.

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

Even if precautions are taken to minimize data variation due to inflation pressure or tire-wheel assembly
mountings between tests, there exist measurement variations when different tires representing the same
original equipment brand and tire construction are tested. 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 variation between 70 tires in 17 repeated tests.

TABLE 3—TEST VARIABILITY

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

Tests conducted at the Goodyear Tire Company on eight tires representing the same type of construction have
shown that when ply steer variations are removed, a lateral force difference of 5% 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, itis necessary that tire intrinsic
nonuniformities be compensated for by suitable averaging and filtering techniques.
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4.4 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 non-symmetrical forces and forces due to weighing system interaction should be
separated from and not included in the force and moment characteristic data. In order to correct for conicity
and ply steer forces, it is necessary to test by steering and rotating in both directions for at least three
conditions and solving for tire conicity force, ply steer force and apparent machine camber. Machine steer due
to misalignment cannot be separated from tire ply steer force.

5. Factors Affecting Test Machine Section

5.1 Introduction—Fundamental requirements for a tire force and moment machine are a tire mounting and
positioning system to generate steering modes, a running surface for the tire and a system to measure the
resulting forces and moments.

The specific approach selected is based on the intended application of the acquired data. A method for rank
ordering tires on a comparative basis can be different than that to provide data for direct application to vehicle
directional simulations. Likewise, equipment to measure only forces and moments at small slip angles at
minimum load variation might be designed differently from equipment to provide data through a range of slip
angles and loads that could be expected in all modes of vehicle operation.

There have been many types of force and moment machines built and utilized for development purposes.
These machines have ranged from extremely simplified devices to some newer devices of great complexity
and sophistication. All can be considered useful in the study of tire forces and moments if care is taken in
understanding equipment limitations and data application.

5.2 Test Machine Location—In consideration of the basic design approach to be taken, the first question is
whether the facility should be laboratory or outdoor equipment. At first, an outdoor facility would seem to have
a very distinct advantage of having a wide variety of road surfaces on proving grounds and public highways for
testing.

Close consideration of the frictional characteristics of public roads and even specially constructed skid pads
shows that existing road use is actually a disadvantage. A great deal of literature is devoted to the problems of
maintaining road surface frictional characteristics (40). Contaminates such as dusty, oil, moisture, loose
material, road roughness and variations in degree of pavement polish all lead to relatively poor 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.
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