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Definiti

Length of the increasing and decreasing
pressure zones (see Figure 1)

General symbol used in representing any tire
parameter (see page 29)

Cornering stiffness, Ib/deg
Longitudinal stiffness, Ib/unit slip
Lateral frictional coupling
Longitudinal ﬁ'ictionallcoupﬁng
Combined frictional coupling value
Frictional coupling

Pressure distribution parameter
Pneumatic trail, inches

Lateral deflection stiffness, Ib/in
Friction reduction factor, sec/ft
Sliding velocity, ft/sec
Longitudmal velocity of the tire, mph

Slip angle, degrees
Longitudinal slip

Vertical tire load, Ib
Nominal tire Joad, Ib

Test velocity, mph
Nominal tire velocity, mph
Length of the contact patch
Width of the contact patch



X2

Longitudinal location of the sliding boundary
Maximum pressure value in the contact patch
Longitudinal tire braking force, ib

Denotes scientific Inotation.

Lateral tire force, 1b

Angle between the sliding direction and the tire
undeformed center line

Aligning torque, in-1bs
Statistical chi square (defined on page 3)



1.0 INTRODUCTION

UMTRI's existing tire model has been revised during 1988 to improve the prediction of side
force under conditions when the vertical load is changing drastically, such as in turns approaching
the rollover thresholds of trucks or in sudden obstacle-avoidance maneuvers. This work was
completed as part of a research program supported by the Motor Vehicle Manufacturers
Association. The overall objective of this program is to provide semi-empirical models for
representing the influences of operating conditions on the lateral and longitudinal shear forces
generated by truck tires.

The shear force characteristics of truck tires are highly dependent npon vertical load, tread
wear, pavement texture, and water depth. Information available from a limited amount of testing
has been used by UMTRI to estimate the influences of tread wear and pavement texture on the
levels of tire/road friction applicable for braking on wet surfaces [1]. In addition, we have
observed that vertical load has an important influence on the side force characteristics of truck tires
[2,3]. The results of these activities indicate that improved tire traction models are needed to allow
greater flexibility and to provide more accurate estimates of shear forces for extrapolating to vehicle
operating conditions for which analysts may only have limited amounts of test data for truck tires.

Based on the preferences of the MVMA Medium and Heavy Truck Performance Panel, we
have addressed the influences of vertical load on side force characteristics during this past year.
Work on factors influencing levels of tire/road friction will receive attention next year.

After providing background information on the semi-empirical tire model, the report presents
results obtained by using the model to study data measured for two types of radial truck tires.
Then the model is used to predict traction fields covering situations in which the tire is subjected to
both longitudinal and lateral slip. A concluding section discusses connections between this tire
model and future experimental and analytical studies pertaining to tires and vehicles. The
equations for the model are presented in Appendix A. Additional information concerning the
computation of traction fields is presented in Appendix B.

2.0 BACKGROUND ON THE TIRE MODEL

A Tire Model for Combined Steering and Braking Maneuvers
This section gives z brief description of the semi-empirical tire model used in this study.
The most important assumptions of the model are:

1) The pressure distribution can be approximated by a trapezoidal shape along the length of
the coaract pazch (see Figure 1). (Variations in pressure across the width of the contact
patck zre averzged together. Hence, the lateral distribution of pressure does not appear in
the amatvsis.)
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where:

F

Pmax= Ty w

L = length of the contact patch
W = width of the contact patch
a = length of the increasing and decreasing pressure zones

Figure 1. Approximation to the pressure distribution over the contact patch.

2) The contact patch can be divided into sliding and adhesive zones. (The boundary between
the sliding and cornering zones is denoted by the symbol xs.)

3) The longitudinal force, Fy, and the lateral force, Fy, are obtairied by integrating the shear
stress over the contact patch. Because of the form of the pressure distribution, there are
three different regions where xg may be found. These regions are:

a) Decreasing pressure region, L-a < xg L
b) Central region of pressure distribution, a < xs SL-a

¢) Increasing pressure region, 0.0 < x¢ < a (Here, the entire contact patch is sliding and
there is no adhesion region in the contact patch.)

The results of the integrations are given on Appendix A.

4) The shear stresses in the adhesion zone of the contact patch are determined by the elastic
properties of the tire. (The quantity Cq, the cornering stiffness, represents the influence of



lateral elastic properties of the tire and Cs, the longitudinal (or circumferential) stiffness,
represents the longitudinal elastic properties of the tire.)

5) The shear stresses in the sliding zone of the contact patch are determined by the frictional
properties of the tire/road interface. (The friction level may vary with normal load, speed,
and other factors.)

These assumptions are typical of those used in developing semi-empirical tire models. See
References [4 and 5). The new features of this model are the introductions of second-order
polynomials to represent the changes in (the basic quantities describing the tire) /L, Cq, and i, 2s
brought about by changes in vertical load. In particular, the notion that the form of the pressure
distribution (as controlled by a/L.) changes as vertical load changes is 2 new idea. In the next
section, tire data are examined to develop quantitative results for the influences of vertical load on
the basic quantities (a/L, Cq, and ) describing tires.

3.0 PROCESSING OF TIRE DATA

Description of the Computer Algorithm for Processing Tire Data

The data processing algorithm determines the lateral parameters (Cq, Ly and a/L) for the tire
model using lateral force data such as that obtained from the UMTRI flat-bed tire test machine.
This algorithm uses the Levenberg-Marquardt method for nonlinear models [6]. The Marquardt
method is a statistical algorithm that, given a set of initial values for the parameters, makes use of
the gradient and a factor to accelerate the convergence of the fit minimizing the value of the sum of
the squares of the errors (X"2).

The algorithm has the flexibility of keeping some of the parameters fixed and then finiding the
best fit for the others. Furthermore, the program can be used to study the deviation and effects of
the variations of tire parameters from the best fitted values. Examples of these types of results are
presented later in this section.

Assumptions Made in Processing Tire Data

The main assumptions made in applying the data processing algorithm were:

1 - The longitudinal properties, Cs and [y, were not included; therefore, the only parameters to
be fitted were Cq, Ly and a/l.

2 - The sliding velocity, Vs, is almost nil. This means that in Equations 1 and 3 of Appendix A
the following relationship applies:

Hy=Ho=H

Note that this approximation is only valid for low test speeds and small angles.



Examples of Fitted Data

Six tires were studied in this project. The data for these tires were available at the time this
study was performed. The tires were tested on the UMTRI flatbed tire tester {7] at five different
loads and six different slip angles. To obtain the input data required by the program, the results of
the experiments were averaged beforehand and then fed to the computer. The list of the
experimental tires is given below.

Tire No Type Description
Michelin 11/80 R22.5 Pilote Full Tread

1

2 Michelin 11/80 R22.5 Pilote Full Tread
3 Michelin 11R22.5 XZA Full Tread
4 Michelin 11R22.5 XZA Full Tread
5 Michelin 11R22.5 XZA Half Tread
6 Michelin 11R22.5 XZA 1/3 Tread

Since the quality of fit was comparab‘le for all six tires, fitted values obtained for three of these
tires, tires #1, 3 and 6, are presented below to illustrate the match between measured and fitted
results for different tires. Parametric values for all six tires are presented in the next section.

TIRE # 1. MICHELIN 11/80 R22.5. FULL TREAD.

The results of the fitting process for the five different loads are presented in Figures 2 through
6. The experimental points are depicted by the dots, and the solid line represents the curve
generated by the model using the results for the best fit found for that particular load.

The variables plotted are the slip angle, «, in degrees along the abscissa, and the ratio of lateral
force, Fy, to normal load, Fz, along the ordinate.

The results of the fit are also presented in tabular form below each graph. The second and third
columns in these tabulations contain the values of the experimental force and the force estimated by
the model for each slip angle shown in the first column. The right-most column represents the
percentage difference between these two forces.

Examination of the results presented in Figures 2 through 6 show that a good fit is obtained for
this tire with an average overall error of approximately 1.05%.

TIRE # 3, MICHELIN 11R22.5 FULL TREAD.
The results of the fitting process for this tire are presented in Figures 7 through 11.

A better fit is obtained as normal load increases, especially for the upper ends of the curves.
The standard error decreases considerably for high loads.

In general, a good fit is obtained for this tire with an average overall error of about 1.09%.
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Figure 10. Results for Tire #3 at 7950 lbs
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TIRE # 6, MICHELIN 11R22.5, 1/3 TREAD,

This tire is the same type as tire # 3 except that 2/3 of the tread groove depth has been wom
away, leaving only 1/3 of the original groove depth.

The results of the fitting process for this tire are presented in Figures 12 through 16.

As before, a better fit is obtained at the higher values of normal load — in this case for the
center part the curve. The standard error decreases considerably at high loads.

The average overall error for this tire is approximately 1.32%.

In general, we can say that the errors and discrepancies for these fittings are mainly due to the
pre-averaging process applied to the experimental data and the uncertainties related to the
measuring device. These errors can be greatly reduced if all of the experimental data were used,
without pre-averaging, to find the parameters for the tire model. In that case, the data processing
program would have more data to work with and it could calculate the uncertainty associated with
the experiment for each data point, thereby providing a means for minimizing the standard fitting
error.

Influences of Variations in Tire Parameters

Variations from the best fitted parameters for tire # 3 were done to observe the influences of the
parameters used in the tire model. Variations in Cq, py and /L. were done for a normal load of
5970.00 lbs, which is close to the nominal one of 6040 Ibs. (See Figure 9 showing the
experimental and fitted results at 5970 1bs.)

Variations in Cg

Co was changed by £ 10% from the best fitted value of 908.10 1b/deg. The resulting
plots are presented in Figure 17. This parameter primarily influences the initial siope of
the curve such that offsets are quite noticeable for slip angles above 2°. A positive
increment to Cq increases the adhesion component of the lateral force. The influences
of the variations in Cq start to subside at slip angles greater than 12°,

Variations in

}L or fy was changed by £ 10% from the best fitted value of 0.7417. The results of
these changes are shown in Figure 18. The variations in W introduced a noticeable
change on the upper section of the curve, specially for slip angles greater than 4°, That
is because | determines the magnitude of the contribution to lateral force from the
sliding zone of the contact patch. Therefore, increasing the value of | will increase the
force at higher slip angles.

Variations in a/L

Figure 19 shows the effects caused by a + 10% change in a/L from the fitted value of
0.2351. These particular variations in a/L. introduced an almost unnoticeable change in
the lateral force curves. However, greater changes, £ 45%, produced more noticeable
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changes in the curves (see Figure 20). These deviations are substantial at slip angles of
4°. At 4°, a 45% increase in a/L causes a decrease in lateral force compared to the point
produced at the fitted value of a/L. However, at larger slip angles the increase in a/l
produces an increase in lateral force. A 45% decrease in /L produces just the opposite
effects, as illustrated at the top of Figure 20.

As the shape parameter, a, becomes larger, the pressure distribution becomes smaller
on the ends and higher in the middle. When the shape parameter, a, is larger, the
sliding boundary will be located more towards the front of the contact patch than it
would have been if /. were not increased and everything else remained the same.
This, in effect, makes Cq, less effective in determining lateral force as slip angle
increases and it makes Jy more effective at large slip angles in the range from 8 to 12
degrees. In other words, the shape of the pressure distribution as represented by a/L.
can have a rather complicated influence on the shape of the lateral force curves at slip
angles above 4 degrees. Nevertheless, at 4 degrees and less, increasing a/l. reduces
the lateral force predicted by the tire model.

Representation of Fitted Values

All fitted parameters, Cq, iy and a/L., for all six test tires, have been represented as a function
of load, Fz, and velocity, V. The general parametric equation used for this purpose is of the form:

C=Cp+Cy* (Fz-Fzg) +Ca* (Fz-Fz0)2+C3 * (V- V) + C4 * (V- Vp)?

where the constants C3 and Cy are set equal to zero for this study, since the tests were performed at
a single low speed and values of C3 and C4 are not needed in fitting the data. By using a stafistical
polynomial regression fit, constants Cj and Cz were found for each of the quantities, Cq, My and
a/L . Figures 21, 22, and 23 show the results of the regression for all six tires.

Figure 21 shows that the worn tires, 6 and 5, exhibit greater cornering stiffnesses than the
other tires. Peak values are also reached at lower loads for the wom tires. The fully treaded tires
exhibit similar characteristics, but they have their peak values in the neighborhood of 8,000 1bs.

Interestingly, for the new tires these results for cornering stiffness indicate that both the low
profile 11:22.5 and the normal profile 11:22.5 have nearly the same cornering stiffnesses at all
loads and that both samples of each type of tire are nearly identical.

Figure 22 shows that the 2/3 worn tire has a greater value of y for all values of vertical load.
Tire #5, 1/2 worn, has greater | than the rest of the new tires for normal forces greater than 4,000
Ibs. (This is the only tire data yielding a negative value of curvature.) Since the flatbed machine
only operates at low speed and its surface is not a real road, the friction values may not be
representative of those obtained in service as some types of roads. However, results from the
flathed have been found to be similar to those obtained from testing tires on good, dry concrete
surfaces.

Again the new tires look to be remarkably similar.
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Figure 23 depicts the behavior of a/Lwith respect to vertical load. In this case tire #6 exhibits
the lowest values of all the tires. All tires present a negative curvature. The peak values of a/L come
at heavier loads for the worn tires (that 1s, in between 4,500 1bs and 5,500 1bs for the wom tires,
while the new tires have their maximum values in the neighborhood of 3,000 Ibs).

An example data set for this representation is given below for tire #1.
Cq = 929.37 + 0.0725 * (Fz - Fzp) - 1.776E-05 * (Fz - Fzp)?

Hy = 0.7139 - 2.2479E-05 * (Fz - Fzp) + 3.846E-09 * (Fz - Fzp)?

a/L = 0.2382 - 2.9422E-05 * (Fz - Fzg) - 4.082E-09 * (Fz - Fz0)?

where Fzp is the nominal load and has a value of 6,040 Ibs.

It is important to point out that this regression will induce another uncertainty to the fitted
values. This uncertainty is the smallest for Co which is more precisely defined through a better fit.
The parametric values, such as those listed above for tire #1, may be used to study tire behavior in
predictive computer programs such as the one described in the next section.

4.0 PREDICTION OF TRACTION FIELDS

The enhanced representation of side force capability has been incorporated into a model for
predicting traction fields under conditions of combined longitudinal and lateral slip. (This model
has been programmed for use on IBM PC's. Persons interested in computerized versions of the "
models should contact the authors of this report.) This section provides an overview of the
elements of the methodology for predicting traction fields. -

A Brief Description of the Computer Program

The computerized model predicts the tire forces, Fx and Fy, the aligning torque, and roll-off
tables relating Fx and Fy for slip angles varying from 0° to 20° (0.35 radians) and longitudinal
slips varying from 0.0 to 1.0 (free rolling to locked wheel). The equations described in appendix
A are used in the computerized model for predicting traction fields. English units are used
throughout the program.

The computer program is capable of generating tables and plots in the above ranges, as well as
computing a single table of forces and aligning moments for a specified values of either the slip
angle « or the longitudinal slip Sx. The calculations are also performed at constant values of load
and velocity. :
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Description of Tire Parameters

Clearly, tire parameters must be supplied to the computer program. As discussed previously,
all the tire parameters are representad by functions of the following form:

C=Co+Cy* (Fz-Fzo) + Co* Fz-Fz0)2 + C3 * (V- Vo) + C4 * (V - V)2

where:
Fzg = tire nominal load, lbs
Vo = tire nominal speed, mph.
C = the parameter in question
Cg = value of the parameter at nominal load and velocity.
Ci1 = rate of change with respect to load
Cz = quadrafic term or curvature with respect to load.
C3 = rate of change with respect to velocity
C4 = quadratic term or curvature with respect to velocity.
Fz = simulation load, lbs .
V = simulation velocity, mph

This equation accounts for the changes in basic tire parameters associated with operating at
different speeds and loads.

In addition to the values of the tire parameters at their nominal values the program for
evaluating traction fields requires the following coefficients:
» Cornering Stiffness, Cqy

Cornering stiffness is obtained from flat bed measurements. The units are entered in
Lb/deg. The coefficients with respect to load and velocity are in the following units:

Coeffici Uni
Cy 1b/deg/lb
C2 ‘ Ib/deg/1b?
C3 1b/deg/mph
C4 1b/deg/mph2

 Lateral frictional coupling, Uy

This parameter is obtained from flat bed measurements, mobile dynamometer
measurements, or theoretically derived levels of friction. The parameter is
dimensionless. The coefficients with respect to load and velocity are in the following

units:
Coefficient ~Lnits
Ci 1/1b
G 1/1b2
Cs 1/mph

Cy | 1/mph?
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« Longitudinal frictional coupling, px

This parameter is obtained from the tire mobile dynamometer measurements or
theoretical considerations. The parameter is dimensionless. The coefficients with
respect to load and velocity are in the following units:

Coefficient Lnit s
Cy 1/1
C2 1/1b2
Cs3 1/mph
Cq 1/mph?

+ Longitudinal stiffness, Cg

This parameter is also obtained from the tire mobile dynamometer measurements. The
parameter has units of Ib/unit slip. The coefficients with respect to load and velocity are
in the following units:

Coefficient _Units
i1 Ib/ib
C 1b/1b2
C3 Ib/mph
Cy4 Ib/mph?

« Pressure distribution parameter, a/L

This parameter is obtained from flat bed measurements, as explained in the previous

chapter. This parameter is dimensionless. The coefficients with respect to load and
velocity are in the following units:

Coefficient Units
C1 1/1b
Cs 115?
Cs 1/mph
Cs 1/mph?

¢ Pneumatic treail, Xp

This parameter is obtained from flat bed measurements usually at a slip angle of 1°,
The parameter has units of inches. The coefficients with respect to Joad and velocity are
in the following units:

G 1;2
C2 in/l

Cs in/mmph
Cs in/mph?
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« Lateral deflection stiffness, Cy

This parameter is obtained from flat bed measurements too. The parameter has units
of 1b/in. The coefficients with respect to load and velocity are in the following units:

Coefficient nits
Cy 1b/in/lb
Cs 1b/in/Th?
C3 Ib/in/mph
Cy4 1b/in/mph?

s Friction reduction factor, Ag

This parameter is also obtained from the tire mobile dynamometer measurements and
indicates the variation of the total frictional coupling with respect to sliding velocity.
The parameter has units of sec/ft. The coefficients with respect to load and velocity are
in the following units:

C1 sec/ft/lb

Ca sec/ft/1b?
Cs sec/ftymph
C4 sec/ft/mph?

Example Predictions

Tire #1, the 11/80 R 22.5 Pilote, has been used to illustrate the types of results predicted by the
model. The values used for the lateral properties, Cq, and /L, are those presented in the previous
chapter. Cy and Xp were deduced from flatbed data. The properties, Cg and Ag, were derived
from previously existing tire data. The frictional parameters, {ix and Ly, are based on flat bed data
in this case. The computed results, shown in Figures 24 through 27, are for a load of 6,040 lbs
and a velocity of 40 mph. Appendix B contains a numerical listing of the parametric values as they
were entered into the computer. It also contains tabulations of the computed results.

The upper most curve in Figure 24 represents the same side force situation as that discussed
previously (see Figure 4), except that in this case the friction level is being influenced by sliding
velocity through the non-zero value of As, the friction reduction factor. Hence, the value of side
force starts to decline for slip angles greater than approximately 12 degrees. The other curves in
Figure 24 show the influences of increasing amounts of longitudinal slip on lateral force. Clearly,
lateral force is greatly reduced, even at large slip angles, if longitudinal slip is above 0.25.

The influences of slip angle on longitudinal force are illustrated in Figures 25 and 26. The
presentation in Figure 26 is easier to interpret even though both figures present equivalent
information. The upper curve in Figure 26 is a traditional presentation of longitudinal force as a
function of longitudinal slip. The other curves in Figure 26 show that longitudinal force is
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influenced by slip angle but that the influence is modest up to levels of slip angle that correspond to
conditions at which heavy trucks would be expected to roll over.

Figure 27 is the lateral force counterpart of Figure 25. In this case the curves are easy to
interpret because they do not intersect for the ranges of slip angle considered. As in Figure 24,
these curves show the dramatic effect of longitudinal slip on lateral force. The influences of the
lateral parameters (Cq and /L ) are important at low levels of longitudinal slip, but their influences
are greatly reduced as longitudinal slip increases and a large fraction of the contact patch is sliding.

5.0 CONCLUDING REMARKS

This study has included work investigating the details of the generation of lateral force. It has
also included efforts to incorporate those details into a comprehensive model of traction fields. In
order to use these results it is necessary to gather and process tire data with the model in mind.
Certain types of essential data can be measured by flatbed and mobile dynamometers such as those
employed by UMTRI. Figure 28 illusirates the sources of data that are convenient to use in
estimating parameters for the tire model.

During the next fiscal year, UMTRI plans to address issues associated with friction levels
pertaining to truck tires operating on wet roads. That effort will provide the basis for using the
comprehensive tire model to predict traction fields on poor wet roads, for example. It will
contribute to answering questions associated with the block labelled "friction decisions" in Figure
28.

Also, UMTRI has plans to upgrade its mobile dynamometer so that tire forces can be measured
when the tire is subjected to both longitudinal and lateral slip. With this capability, it would be
possible to make comparisons between model predictions and measured data under conditions of
combined slip-—something that has never been done before for truck tires. This would provide a
good test of our understanding of the basic mechanisms determining tire shear force properties.

Finallv, the analyses performed in this study show that including a nonuniform pressure
distribution that changes shape as a function of vertical load represents a salient advancement in tire
modeling.
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APPENDIX A

TIRE MODEL FOR COMBINED STEERING AND BRAKING MANEUVERS
This appendix gives equations describing the semi-empirical tire model.
EQUATIONS
The frictional coupling between the road and the tire is defined as;

B=io* (L-Ag* V)

(1)
where:
, 2 1/2
VS=UW*[S;+13H((I) ] (2)
*2*
p’{)"“’x'i'(p'y"ux) ;t' 8 (3)
-1, tan &

6 =tan ( 5. ) @

Vg is the sliding velocity, and g is the combined frictional coupling. 8 is the angle
between the sliding direction and the undeformed center line of the contact patch. Defining
also A as; :

c ; 172
x=[si+(ﬁ‘f-*ma)]
S

5)
Using these definitions and after the integration we obtain for each pressure zone.
 Case (1) '
Decreasing pressure zone, L-a < xg S L. Sliding will occur when:

Xs ' L*Fz*(1-5;)

L L*F,*(1-8,)+2*Cg* A (L) *(1-a/L) (6)
F _Cs*Sx(f_,_}2+ i *[Falcos 6 1-.’3?.)2

XTS5, \L] T2F@Ly*Q-al)| L -
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- “Cu*tanﬂ(xs)z _nr[Fgsin [ x|
Y=T1°5, \L) T2¥@D*1-any| T @
+ Case (2)
Central region of pressure distribution, a < xg € L-a. Sliding will occur when:
x,  B*Fz*(1-S,)
L oaxcg*n *-aL) ©
2
FX=CS*S f_i +Ll.*[FzCOSG 1-.’.(_3.-_3_
1-5; \L (1-al) L 2L (10)
Ca*tanﬁ(xs 2+}J.*F smG( X a )
Y=71-5, |\ (-aL)y | L 2L (11)
« Case (3)
Increasing pressure zone, 0.0 € x < a. Sliding will occur at all points.
I:Y: 93 * Ile* sin 6 (13)
ALIGNING TORQUE
The aligning torque is calculated as follows:
Ap=-F, *XpHs|+ F, *Fy/C
T="Fy APIATIY Yy FxIMy (14)
ROLL-OFF TABLES
The roll-off tables are computed as follows:
F oS,
ROLL-Xy s = (15)
XO.SO;S,
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AN EXAMPLE OF PARAMETRIC INPUT AND NUMERICAL QUTPUT FOR A TRACTION FIELD

COMEINED TIRE MODEL
FILE NAME:Z: TIRE#1-L.FXY

Date: &-25-1988 Time: 14:50: &6

PR —— R PR it it i e e — " - e

Comment : Michelin Fileote 11/BC R 22,5 XIA (Tire #1)

Nominal Load = &040,00 1b

Neminal Velocity = 4(, QOO MPH

Neminal Values of:
Cornering Stifiness, Lalfa = F29.370 Lb/dey
Lateral Friction Cosff., Mu-y = .713500
tongitudinal Feriction Coef+f., Mu-x = LTLITIR00
Longitudinal Stiffness, Ce = 471%0.9 Lb/7unit slip
Frpzaure Distribution Farameter, a/l = JZ3BZO0
Freumatic Trail, Xp = 1,.97%240 inches
Latersl Deflection Stiffness, Cy = A414.82 1b/in

Friction Reductiom Factor, As = L B7O0ODE-QZ sec/F¢t

o e e e Mt o [rmp PR ———— L Sl

Fate of Change and Curvature with Respect to Load

Linear Coetf. Quadratic Coeff.

Calfa . 725000E-01 -, 177L00E~04
Mu—y ¢ -, 224790E~04 . 3B4&0O0E~OB
Mu—y - 224790E~04 -.3IB4&00E-0B
Ce s 1.54750 -, 581 340E-QF
a/1 -, 254220E~04 ‘ -. &OB200E~0B
Xp ok L IET7LLOE~OD L 1S0300E=-08

Cy . QODOOO ’ » QOOBOO

P YA L O0000O0 OO OO0

Hate of Change and Curvature with Respecrt to Speed
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Cal+a
M=y
Mu-—~

Cs
arsl

Xp

As

-

I3

am

Linsar Coeff.
. OO00Q0
L QDOGGO
» QOOCO0
266,091
. DOQO00
. DOOOOO
Mislelnlalele]

. QOOOO0
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Suadratic Coeff.
. QOOO0O0
L O0OQOO
2.50400
Ms]slelalsle)
. DOCGO0O
. DOO000

L DOO000



COMEINED TIRE MODEL

FILE NaME:C:TIRE#i-1.FXY

Simulatiorn Load = &040,.00 Lb
Simulation Velocity = 40 . QOO MPH
Alpha = o (D
S Fu (1b) . Fy ) alig. Torg. (in-1b}

L 00 L 00 D0 o 0
LI0 ITTE. 0L . 00 . DO
20 Ig71.78 - D0 o DO
A 3651, 69 L0 : . 00
L 40 I4T1 .61 » Q0 . 00
e ne1.47 L 0 . DO
.20 2051, 26 L 00 .00
1,00 Tii1.08 . D0 e lnl

Alpha = 1.00

S Fu {1b) Fy (1b) Alig., Torg. (in-1lb)
Bl o D B&1.47 ~1580. 44
L Lo TIZ4 A3 LHOP, 24 -1b66.B82
.20 IS8 B2 TiE.49 22,47
. ol 2644.¢1 212,09 &7.48
L A0 TARTV 64 149,57 40,57
. B0 209,81 B&, 98 18.3
A= 2550, 50 o%. 68 4,392
1,00 21310.76 Ib. B4 - 52

Alpha =  Z.00

S Fa (1b) Fy (1b) Alig. Torg. (in-1b)
A2 L D0 1607,92 2738, 44
L 10 TZT4.8Y 1182.6% -283.02
ety EBOT LT 664,85 238,11
P TS0 T&2EL1B 421.75 122,327
.40 T415.80 298, 21 Bo.12
. &0 "@aa.qg 173,732 30.46
. BO S48, 27 111,22 g.98
1. 00 2109.80 TI.68B -1,08

Alpha = 4,00

& Fu (1b3 Fy (1b) Alig. Torg. (in-ib)
L0 iy 2807.9S -~&074, 06
L 10 oenilol 2124.20 ~IZ21.56
R I6T1. 24 1269, 60 400, 40
L0 540,73 B2E. 3 . 244,09
L a0 ITET.TZ4 S8e, 02 2. 33
-S4 Z29&8. 66 88,67 59,15
=To) IEIT. 17 2Z21.94 17.47
1. 00 210%,94 147.26 -2, 23
Alpha = 8. 00
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1]

. l:)(:.\
. 10
20
.
. A0
. 50
. BO
1,00

Ex

. 00
IO
20
.30
. 40
. B
. BO
§ .00

e

X
o (0
.10
20
A
A
L G0
. B0

1.00

L00G
. 11
.20
P
. GO
. B0
. BO
.00

Alpha
L Gl
1,00
2. 00
4,00
g, N
T, 0
12,00
1 &, 00

o MO
1, 000
1.000
1,000
1. Q00
1, 000
1. 000
1, D00
1. 000

Frx o ilhb)
L0
2213.62
I09Z, 11
I2T0.88
T196.%
2E90. 65
2503T.36

090,94

Fx (1lb)
ale]
19210.42
2800,93
J0&7.17
30780462
2B36.55
2474.94
Z2079.01

Fr (1)
D0
1620, 34
224,29
zg72.82
2044, 62
277278
2445. 18
2064.,95

Fw (1b}
.00
1208, 33
2047, 44
2482.41
24688.26
2621.13
2T64. 60
2029, 30

Alpha

Alpha

Alpha

Fy (1b)
708,28
I176.37
2172.84
13522, 94
1123.09

&77.09
47%.78
293.81

10,00

Fy (1lb}
IBIS. &2
I348.58
2449, 40
1802.735
1357.12

B3Z. &0
545,94
Toh. 59

2.00

Fy (ib)
TBS4.37
444,14
24682.77
2035, 24
1565, 81

8D, 29
649, 66
43B. 92

= 14£.Q0

Fy (ib)
I708,.31
I464.83
2930.03
2372.73
1905, 61
1252, 48

848, 326
581.89

Mu=-x Roll-0f+ Table

Longitudinal Slig,

.10
1. 000
.71
.74
. 874
&GO
. 569
. ABRZ
. ZE0

. 20

1, D00
. P94
LI
. FIB
LTeS
LT2E

. BE2
. S2B

« 20
1,000
.98

L 992
.70
L BFO
. B340
. 787
. LBO

46

Sx

AQ
1., 000
. 999
. 995
. 582
931
. 897
. BI®
7730

Alig.

Alig.

Alig.

Alig.

1., 000

Torg. |
~-2578.&67
-12B. &3
4ZT1.41
54,77
248. I35
i04.88
21.21

-5, 43

Torg. ¢
~208E. 63
-193.76
I54.48
I4B. 19
2465.49
119.24
5. 68

~7.&9

Torg. ¢
-1817.21
-~414,5%
202,56
T07.24
261.52
127.06
3I7.91

-10.55

Torg. {
-1747.03%
-726.42
-83I.%94
157.62
199. 20
120.87
25,08

-18.48

L0

. PR
. P58
.991
L FhE
. 743
. F27
.876

in=1lb)

in—1b)

in=1b}

in-ip)

. B0

1.000
1, 000
L9
PRI
. R81
271
. 7s8
. 728

1000
1., 000
1, OO0

. eT9

7R

RO

LIES

LF7E

LFal



Alpha
Rl
1,00
oL 00
4, 00
£.00
100, 00
12,00

1&. G0

L0
1,000
1. OO0
1,00
1, 000
1, 000
1. 000
1, 000
1. 000

L 10
1,000
. 708
TIE7
. 757
. BS7
L B78
.B94

93

Mu—y Roll-0+ff Table

lLonaitudinal Blip,

L 20
1, D00
L2391
L A41E
L4528
. 5B&
AL
W ETE
L 791

.l
1. 000
L2844
. wbZ
L 294
411
470
.Ta8

L &40

47

8

. 40
1.000
. 174
. 186
210
L TOT
. 254
. 405
. olA

L B0
1.000
L1l
L 108
L1323
. 187
w17

~
255

-
0

. BU
1,000
DES
L 0O&9
LOTE
11
142
. 169

. 229

1,00
1. 000
L 083
. 04&
OS2
.07
L 098
» 114
L1357






