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Fc Tire cornering force, the lateral component of
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SU Velocity of the vehicle in the x-direction
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X Vehicle longitudinal axis (forward Is positive)

SY Vehicle lateral axis (right is positive)

Z Vehicle vertical axis (down is positive)

I
Equivalent slip angle produced by canter effects

Tire slip angle (angle between ij' and tire centerplane)

-( Tire camber angle h
SSteer angle of wheel (angle between ' and the

"tire center plane)

Multiple of A2 at which the assumed parabolic
'IT 2
variations of small angle cornering and camber
stiffness with tire loading are abandoned to I
"preclude reversal in the sign of the side force
under conditions of excess tire loading

4',

Subscripts

t f Refers to the front wheels

r Refers to the rear wheels

•i Refers to a particular wheel

I - right front

2 - left front
3 - right rear

4- left rear
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INTRODUCTION

The mathematical description and numerical simulation of the

motion of ground vehicles has been a goal of many researchers for

some time. Since Broulhtet first applied a theoretical analysis to

study the shimmy problem, which eventually led to the standard use of

independent front-end suspensions, many other vehicle handling and

ride problems have been subjected to mathematical analysis. It was

I} not until the late 1950s when a group of former aeronautical engineers

2
at Cornell Aeronautical Laboratories under Milliken, made a coucen-

3 trated attack on the analysis of the entire vehicle that significant

progress in understanding ground vehicle dynamics was made.

Segel derived and validated a set of linear differential equa-

tions which described vehicle motion on a flat, smooth road in a

straight, constant speed maneuver. This set was analyzed by the

standard techniques of linear systems analysis and the results pin-

pointed the tires as one of the major Influences in lateral motion

and stability. Simultaneously, the theoretical analysis of the tire

SI Itself had been under study by many researchers, culminating In the

development of a model described by Fiala. 4  His work defined and

I showed the importance of the slip angle concept of tire force genera-

tion. Tire descriptions and research, based on Fiala's model,are now

generally accepted. Subsequently, other researchers discovered other

I parameters Involved in tire force generation; namely, those related

to camber and self-aligning torque. The veeicle model postulated

1'!
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and validated by Segel required forces due to all three sources:

slip angle, camber angle and self-aligning torque.

It was not until the middle 1960's that sufficient progress was

made on the analysis of enough parts of the automobile that a simula-

tion extending vehicle motion into the non-linear regime could be

i attempted. Again, it was engineers at Cornell. (McHenry and Deleys 5 )
1'who compiled the available Information and attempted to make It mutually

compatible. In the process, the vehicle tires resumed their dominant 3

Sirole in the generation of forces. However, it became apparent that

the available tire data did not encompass the entire range of anti-

, cipated motion. In particularx although data was available on side

force due to slip angle alone and camber angle alone, not enough was

known to specify completely the lateral forces generated when tires

were run with combined slip and camber angles.

Based on their extensive experience in the analysis and testing

of vehicles and tires, McHenry and Deleys postulated a tire force

model which appeared eminently reasonable and was, in fact, validated

In some full-scale tests with civilian passenger-car highway-type

5 tires. This model postulated that the side forces generated by tires

run at a camber angle could be approximated, for analytical purposes,

by adding an additional slip angle to that which actually existed.

This added angle Is called the "equivalent slip angle" or that slip

angle which would yield a side force "equivalent" to that generated

by the angle of camber.

.!I
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Since military tires, however, have a radically different tread

design and cross-sectional profile than do civilian tires, this study

was undertaken to determine the applicability of McHenry and Deleys,

f model to military tires and to obtain a better understanding of the

performance of military tires at combined slip and camber angles as

an aid to the -jesign of future military vehicles. Therefore, the

main purposes of this study were to:

1. Test the applicability of the McHenry and Deleys' mathematical

model of camber angle as an equivalent slip angle to military tires

and,.

2. Generate test data for the 7.00-16 NDCC military tire.

I A review of the theory and material pertinent to the elements

I ]of tire dynamics is presented prior to a description of the experi-

mentation accomplished.

I

I

I ,

.•,

"I.
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BACKGROUND

1. General

The vehicle and its operator are knitted together into a con-

trolled moving unit by the brake and accelerator for velocity changes

and by the steering mechanism for vehicle control. Each of these man-

machine interactions affect vehicle stability, and the investigation

of the combinations of both would cover the entire range of vehicle

stability. The scope of this study, however. will be limited to tire

dynamics resulting from steering wheel deflection; consequently,

braking and tractive effects are neglected.

It Is obviously desirable that a wheel undergoing maneuvers

maintain a rolling motion. Considering Figure 1. When the tire Is in

I a pure rolling mode, its velocity vector, u , lies in the plane of the

wheel, parallel to the X-axis. The wheel plane (the XY-plane) is

I normal to the road. However, the tire could be propelled in a pure

skidding mode. In this case, its velocity vector would be normal to

the wheel plane, parallel to the Y-axis. If the velocity vector of

the wheel has components in both of these directions, the tire is both

skidding and roli'ng. It is this combined situation which generates

vehicle stability and control forces and with which this study is

primarily concerned.

I
I
I



R- 16o0

i5

'I x ".
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2. Steering Dynamics

An introduction to the field of tire dynamics would be incomplete

without the mention of slip angle and the generation of lateral corner-

ing forces and self-aligning torque. The tire is a dynamic body.

Dependent on interacting design parameters, it not only rolls along

the road, but also bends and flexes under load changes caused by

surface Irregularities and weight transfer within the supported vehicle.

IConsequently, it does not necessarily roll along the direction Indicated

by the intersection of the wheel plane and road surface, but may take

scne different course. The angle formed between the plane of the wheel

and the plane of some Imaginary wheel rolling along the path actually

taken, is called the "slip angle." Referring to Figure 2, this angle

SIs shown as ofand Orfor the front and rear wheels, respectively.

How this angle actually arises can be seen from the following

discussion. In order for a vehicle to deviate from a straight line,

and external force must be provided. This force can only be provided

by the tires. Once into the turn, the vehicle is subjected to a

j centrifugal force which would carse the vehicle to travel along a

tangent to its path of motion. This centrifugal force is countered

I by tire generated centripetal forces. These forces (shown as f and

F In Figure 2) cause the tire-ground contact patch to distort so

that the rolling tire plane Is at an angle to the direction of motion

of the wheel center, n. Conversely, if the driver Introduces to the

wheel a steering angle, r, oblique to the 4irection of vehicle motion,I
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a. Vehicle Entering Turnj
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I b, Front Wheel During Turn

FIGURE 2. DIAGRAM OF A VEHICLE DURING A TURNING MANEUVER7
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the tire will develop a distortion that will generate between the tire-

road Interface side forces and turning moments.

With the steering angle held constant, the wheel center velocity

changes to a new vector, a', with the angle between G and u' less than

the steering angle, #. When ,' is established, a slip angle, 0, isI4
said to prevail. That the slip angle is less than the steering angle

is a consequence attributable to tire elasticity. This phenomena will

be discussed further, but it should be noted here that the term "slip

angle" is a misnomer since the tire actually stretches or creeps rather

than slips. Also, note that, due to the angular yaw velocity that Is

S I taken by the vehicle, the rear tires also develop a slip angle and

corresponding cornering forces.

Referring now to Figure 2b, at this juncture the side thrust F

Shas changed direction by the slip angle of, and is denoted as Fs. The

force Fc, called "cornering force", is introduced and Is the component

of F., lying in the plane of the tire contact patch, and normal to the

new velocity vector, G1. Note that at zero slip angle Fs Fc, since

the new velocity vector and the old are the same.

I
I

I
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3. Cornering Force and Camber ThrustIi
The cornering force has been introduced as a lateral force in the

I tire-terrain contact plane, perpendicular to the wheel velocity vector.

The existence of the cornering force Is attributed to the elastic

properties of the tire, and is present only when a slip angle prevclls,

1 I.e., when the wheel's velocity vector does not P'e in it3 plane.

Figure 3a depicts a tIr3 turned through a steering angle, *,
greatly exaggerated in this figure for clarity. Now imagine the

movement of an Incremental element of tire as it travels through the

1' icontact patch. For simplicity of discussion, essume that there is no

tire distortion before road contact and that the road Is parallel to

the vector u so that u - ul.

Initially, the tire element contacts the road at point I which

is on the wheel center plane AB. As the wheel rotates and moves along

vector n', the contact element must move to points 2, 3, 4 and 5,

unless it slips along the road surface. The wheel center plane, now-

ever, remains along line AB, hence the tire must be distorted by the

distance 2a, 3b, 4c and 5d.

The resultant of these incremental distortions In the tire-road

i Interface is the tire force, F5 . Since there is greater distortion

i at the rear of the contact patch, this resultant is rearward of the

wheel center, thus generating a moment about the wheel center called

the "self-aligning torque." F can be resolved Into two components:

Fc, the previously mentioned corne. ing force normal to the wheel

Ic



R-16og

* 10I ,o
x, u

3 Ul Initial Tire Direction

A. -D F A
'Pllane*

Ic ~1

Contact Patch II

*B

I a. Comparison of Steering Angle, • and Slip Angle,

a' 14heel Center Plane

Sb. Schematic of the Tire Contact Patch

I ~ FIGURE 3. SCHEMATIC OF A STEERING TIRE2
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FIGURE 5,TYPICAL SIDE FORCE DISTRIBUTION IN THE CONTACT PATCH
OF A PASSENGER CAR TIREjWITH DIFFERENT SLIP ANGLES, 0'
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center velocity u, and D, parallel to u, a drag force opposing tire

motion and, consequently, acting as an additional rolling resistance.

Thus, more power is needed to maintain steady-state motion in a turn

than is required In straight-ahead motion.

SContrary to the simplified presentation of Figure 3, the lateral

I force, F, is not a maximum at the very end of the contact patch. As

the tire element moves through the contact patch, the pressure steadily

Increases to a maximum and then decreases to zero due to the rotation

of the wheel and the initially circular shape of the tire. Thus at

• some point the tire-road frictional bond becomes less than the stress

caused by distortion. At that point the bond will break, causing tire-

road sliding and force deterioration. This situation Is depicted

graphically In Figure 4.

I Figure 5 shows a plot of side force distribution versus contact

patch length for various si; z.,igles. The circular curve represents

I the envelope of maximum available tire-road friction due to the tire

contact pressure id the tire-road coefficient of friction. The area

under any curve is the total side force developed at that angle of

slip, and the first moment of this area about the center of the contact

patch is the self-aligning torque.

A convenient parameter is called the "pneumatic trial." This

is the imaginary distance behind the wheel center where all the side

force may be considered to be concentrated. This distance may be

I calculated by dividing the self-aligning torque by the total side force.

The self-aligning torque and the moments caused by the designed caster

Ii
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I13
angle must be opposed by the steering mechanism. These noments also

'I cause the wheel to return to the straight-ahead direction when the

steering wheel is released.

I Figure 6 shows typical side thrust and self-aligning torque plots

for various slip angles for a particular load on a given tire. The

ii slope of the side force curve at I - 0 is called the "cornering coeffi-

Sclent" or the "cornering stiffness" and is one of the most Important

parameters of a tire In vehicle motion simulation and analysis.

I If we Increase the load on the tire, Initially we get an Increase

In cornering force, as would be expected. However, as the load In-

creases, the tire patch area Increases at a greater rate so that the

tire contact pressure actually decreases. This decrease in pressure

causes the tire-road friction bond to fall further and further forward

so that, eventually the side force reaches a maxim.um and then begins

to fall off with increasing load. A typical plot of side force verses

I load for various slip angles is shown In Figure 7.

Ir. addition to the side fcrce generated by tire slip angle. Oires

also generate a side force If the plane of the wheel Is not perpendicular

to the plane of the road (see Figure 8). This force is called ",amber

thrust," and is In the same direction as the camber angle, (p,

SICamber angle between the tire and road are designed into the

veh'cle. However, w-th changing roll angle and suspension deflectiun,

this angle may also change, yielding significant variations In camber

thrust during a dynamic maneuver.

I e~~-Ž
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I FIGURE 6. TYPICAL TIRE CHARACTERISTIC PLOTS'
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4. Cornering Theory

lp cHenry and Deleys 5 postulated that the total side force deve-

loped by a tire on which a camber angle is Imposed during a cornering

maneuver, can be represented analytically by combining the force

SI generated by the actual cornering slip angle with an additional incre-

mental slip angle, called the '"equilv-ent slip angle" to be used to

account for camber thrust. This total angle, in combination with

pressure, load and other pertinent tire parameters, could then be

utilized to predict total side force. Their development of this

concept is presented below for completeness.

In Figure 8, let Fo be the radial loading of the tire, i.e.,

the load applied parallel to the plane of the tire, through Its axis.

ii This loading is dependent only on the suspension deflection and the

tire dynamics and is Independent of the tire position with respect to

Sthe local terrain. The tire-terrain contact point (which Is actually

an area) is defined as the intersection of the terrain plane, the

wheel plane, and a plane through the wheel axis, normal to the terrain,

I From the radial force, the normal force Fn , the component of Fo

perpendicular to the road plane, on which side, traction and braking

forces depend, can be calculated. The total side thrust, Fs, including

both the effects of camber thrust and slip angle, is the component of

F parallel to the ground plane. Applying statics, instantaneously,

LI with no vertical or lateral accelerations, and considering only forces

perpendicular to the tire plane

- Ir-______
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F0 - Fncesqp + F5sincp()

or

Fn - Fnsect - Fstancp (2)

'I Thus, with'tho radial load and camber angle known, the normal load and

side thr'ust can be determined.

As mentioned before, small angle cornering stiffness, Cso is

"defined as the partial derivative of the side force with respect to

sliD.

McHenry and Deleys 5 observed that a plot of cornering stiffness

versus tire normal load can be approximat' by a parabola such as shown

in Figure 9. Thus

"" Fs A, 2
i SO"50 •.a A + AIFn "LFn (3)

2

-AFn (Fn'A2) +hoAI- o2(4)
2A

,Here, Ao, A,, and A2 are coefficients of the parabola chosen to obtain

the desired fit to measured data.

In a similar manner, they postulated that camber stiffness, the

partial derivative of camber thrust with respect to camber angle, '1

measured at zero camber angle, can also be approximated with a quadratic:

I co acp 'O n (5)

4
"- -F .(A . - FnI

4i
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3 Again, A3 and A4 are constants achieving the best fit to measured

data (see Figure 10).

Under extreme loadings, the data for both cornering and camber

stiffness are no longer parabolic, but appears to level off. The

loading at which this occurs is given the value o1A2, where, usually,SI 0.80 < OT < 1.15 and A2 is the coefficient of Equations (3) and (4).

The concept of a non-dimensional slip angle can now be developed

}I to generate the equivalent slip angle to be used in the approximation

of camber angle effects.

Assuming zero traction and braking, the side forces generated

at small slip angles can be written as:

Fs (6)-

F5 1- 2 h_0A 1  (7)
SF~ss" A2

II If the forward velocity of the wheel is u and the transverse velocity

Is v, then the slip angle of the tire, I, Is not the steering angle,

*,but

Therefore: A

Fs AIFn(FnLA2) - A0A2  v

i 1 and the side force generated by small camber angles can be written as:
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FIGURE 9. TYPICAL PLOT OF CORNERING STIFFNESS VS LOAD1
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! ""0 A4 /2 QT A2

Load, Fn
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C (8)

I - -AFrFn(Fn-A 4 )1 ) (9)

Because of unavailable data for large camber angles, McHenry

and Deleys dSsumed that the camber thrust under a constant normal load

- I reaches Its maximum at yp - 450, Accordingly, a parablic relation of

camber force to camber angle was adopted, as shown In Figure I].

Equation (8) can then be modified to the following form which covers

all camber angles from 0 to 2'. AF(Fn- A4)1
AF(F 2rlcl (10)'sc L A4  qIT

I4

S• I Range of

.Avallable Data

S0 450 90°
!*ICamber Angle, (f (degrees)

FIGURE 11, ASSUMED CAMBER THRUST VS CAMBER ANGLE

II
SI
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1I
UFor kp -, (Cp- 2 qIqiI)- ' I and themaximum camber thrust

as a function of normal load Is given by:

Fsc max W ik 3Fn 'n -A)4 IT
L0

Note, that for 60 , 900, Fsc O.

MIlIIken8 assigns an angle p' which, for small angles will give

the same side force as the cam"er angle, V. Is called the "equiva-

lent slip angle" which, froa Equation (6):

F -C '(0

sc soft, (10)

But, from Equation (8):

F sc C co• (8)

Therefore, for small angles

Co
[I -'"•("

and, from Equation (10), for larger angles

S-0 (t. C. .Ip p) (12)
so

Thus, the total side force resulting from small slip angles and the

entire range of camber angles is

I Fs -s+ F + s - o (P+ p') (13)
sS

The purpose of this study ;s to conduct an experimental program

to assess the validity of Equation (12) as it pertains to the U. S.

I
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5 Army NDCC military tire used on 1/4-ton trucks. In other words, is

the side force generated by comber angle Independent of slip angle?

I

.1I

I

I

I

I
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I

EXPERIMENTAL PROGRAM

1. Program Philosophy

When considering methods for the measurement of tire forces, it

would seem obvious to measure tire loads while the tire is operating

on a vehicle. However, tire performance invariably includes efoects

due to the vehicle suspension, its mass, and operator controls. Con-

sequently, for this study the tires were placed on the wheels of an

unsprung trailer, thereby eliminating the effects due to both operator I

and suspension, yet still retaining tire-terrain contact and the

resulting Interaction. This specially-designed trailer allowed for

variation of camber angle simultaneously with slip angle, normal load,

and, of course, tire pressure. Since the Inputs to McHenry's lateral

force expressions consist of normal load, camber angle, slip angle,

cornering stiffness and camber stiffness, this trailer lends Itself

well to the problem under Investigation while maintaining simplicity

in testing.

Data was obtained for the military 7.00-16 NDCC tire, which is

I used on the 1/4-ton truck. Forces were measured at 3 miles per hour,

for steady state slip angles up to 10 degrees. Camber angle and tire 4

normal load were also varied. Testing was accomplished, by the author,

during August and September of 1970 and resulting in the accumulation

of over 800 data points.

I

I
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1 2. Test Apparatus

The trailer utilized in this study is shown in Figures 12 and 13. {m
It consisted of a functional T-frame, devoid of suspension. The axle

5 shafts were pivoted about a vertical kingpin to Induce toe-in or

toe-out of the tires. This rotation was controlled by a telescoping

Stie rod in the form of a double-ended Jack screw; the angle of toe-in

was equal for both tires. The Jack screw was transversely fixed toI
the frame and was turned by a reversible electric motor controlled

) I through an umbilical cable from the prime mover. A linear potentlomater

and a large protractor, used for visual observation and calibration,

I Indicated the toe-in angle of the tires with respect to the trailer

longitudinal centerline.

The tire camber angle was varied from -2 degrees to +8 degrees

I by inclining the kingpin. An extra wheel trailing to Lhe rear along

the trailer frame centerline connected t.,rough an angular potentiometer

measured trailer yaw relative to the direction of travel. This extra

wheel Is called a "Beta" wheel.

Side thrust generated by each tire was transmitted axially

through the wheel hub to a load cell mounted directly behind the

sub-axle of each wheel. Free floating wheel bearings permitted

I freedom of movement, although several wheel revolutions under a parti-

cular lateral load were necessary to allow equilibrium to ensue. Since

both tires were yawed at equal, but opposite angles, the side forces

SI developed must be equal, but opposite. Measuring both tires, therefore,

was a redundancy. If one tire produced a greater side force than the
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I I other at the Imposed angle, the trailer would develop a yaw angle,

thereby reducing the slip angle of the former tire and Increasing that

of the latter, thereby equalizing the forces. Thus the need for a

Beta wheel.I
The prime mover employed during the test was a 1969 Chevrolet

C-20 Suburban Station Wagon. The vehicle housed all control and

recording equipment. The vehicle had sufficient power to maintain

constant velocity egainst the heavy drag Imposed during large normal

-Jr "tire loads and slip angles. The control panel was mounted so that

the test operator could view the large toe-in protractor mounted on

the trailer. The panel providad the switches needed to activate the

data recorders and to set the toe-in angle.

Two strip chart oscillographs reccrded tire side thrust, as

measured by the load cells behind the stub axles; trailer yaw,

measured by the fifth wheel angular potentiometer; and toe-in angle

Jr of the tires, as measured by an angular potentiometer. Both recorders

were of the same type and used carrier amplifiers giving an Internally

SI generated excitation voltage. Thus, they were capable of measuring

outputs from either active AC or passive DC transducers and reflected

outstanding stability and repeatability when used with resistance

type strain gauge bridges. To reduce drift, the amplifiers were given

a 15 minute warm up period before each day of testing, and were left

5 on throughout the test day. The 115 volt AC power required by the

recorders was supplied by an Inverter operating off the vehicle battery.

Kg
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FIGURE 12. "TOE-IN" TRAILER
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IFIGURE 13. CLOSE-UP OF TIRE AT HIGH SLIP ANGLE
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|

A load cell indicator was used to measure the weight on the

trailer tires and to calibrate the tire side thrust load cells.

"II

IA

tI

I
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3. Test Procedure

A pa;r of new 7.00-16 NDCC tires were mounted on the toe-in

trailer and balanced. Since the majority of accidents with the vehicles

using these tires had pressures In the 24 to 28 psi range, and since

preliminary tests Indicated that presst'res near 28 psi yielded com-

prehensive data most applicable to the McHenry analysis, the test

program was run with the pressure maintained at 28 psi. This pressure

was checked each day prior to initiat!on of testing.

Initially, calibration procedures were extremely time. consuming.

With experience gained by repetition, the time required to calibrate

was reduced to approximately two hours before testing each day. After

calibration, the trailer was towed from the static test area about a

quarter of a mile to the test site, a parking lot at Stevens Institute

of Technology.

Each camber angle test used ten to twelve different slip angles,

each with loads of approximately 500, 700, 900, 1100 and 1300 pounds

j per tire. The camber angles used were 00, +20, +40 and +60 (positive

camber angle Indicates that the tire plane slants outboard of the

vehicle, from bottom to top). The slip angles used were from -1° to

+100 in one degree increments (oositive slip indicates toe-in).

For a given camber angle and load, measurements were made for

each slip angle. To Insure steady-state conditions, each test was

run for a distance of 100 feet. The load was changed after each series

of slip-angle runs and the series repeated. During all test periods,

the weather was clear or partly cloudy with temperatures ranging from

I: • • • • . . .,,.• .. . . : •,.• • . . .. ..... . • . .. , '' i! • • . . ...
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1 750 to 850. No corrections were made for deterioration of Ires or

change of pavement conditions during the test. Tire wear was notice-

able but slight, and it was assumed It would have no Influence on the

validity of the subsequent data analysis. It became evident, however,

that there exists a need to study the effect of tire wear on lateral N

force generat ion.

All tests were conducted at approximately 3 mph, based on the

study by Nothstine and Beauvais 9 of Ford Motor Company, which Indicated

that side forces are rather Independent of velocity on dry pavements

(see Figure 14). However, in tests conducted on wet pavement, by

I Kam and Starrett of the Davidson LaboratoryI0 there was a definite

reduction In side force as velocity was increased. Therefore, all

tests were conducted on dry pavement.

II

I
I_ _
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4. Test Results

All results presented here are corrected for trailer yaw as

measured by the Beta wheel. In the program, no yaw angles greater

than 1.50 were measured. Figure 15 shows a typical plot comparing

measured data and that corrected for trailer yaw.

Due to erratic performance of the left wheel load cell laterr attributed to a faulty bearing, only data measured on the right wheel

is presented here.

Figures 16 through 20 depict measured side force versus slip

angle at 0 camber at various normal loads. Their slopes at 00 slip

define their respective cornering stiffness values, which are listed

In Table I and plotted in Figure 21.

TABLE I

Cornering Stiffness vs Normal Load from Figures 16-20

1 Fn (Ib) s (lb/deg)

490 75.5

700 111.0

905 130.0

1120 155.0

m b1310 138.0

By means of a least squares fit, the plot of Figure 21 may be approxi-

mated by the parabolic quadratic of Equation (4) using the following

coefficients:

I., , . . - . .. .. ./
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Weight Per Wheel - 1310 lbs
00 Camber
28 PSI
7.00-16 NDCC

1250

A0

1000
IV

.00

**0000
LL.
* 750

500

"• Uncorrected for Trailer Yaw
250

"/0 - Corrected for Trailer Yaw

S 1 2 5 7 9 10

Slip Angle, 0, (degrees)

FIGURE 15. EFFECT OF TRAILER YAW CORRECTION
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Weight Per Wheel - 490 lbs
00 Camber

28 PsI
7.00-16 NDCC

1250

1000 lt
SI) 750PRED ICTS750

500

MEASURED

1 250 -

1 2 3 4 5 6 7 8 9 10

Slip Angle, 0 , (degrees)

FIGURE 16. COMPARISON OF MEASURED AND PREDICTED
SIDE THRUST VS SLIP ANGLE -490 LBS LOAD

.7 , T"
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Weight Per Wheel - 700 lbs
00 Camber
28 PSI
7.00-16 NDCC

S1250 /

1000 -PREDICTEDI 1000

S750

UO MEASURED

500

IA

1 250I
I1 2 3 5 6 7 8 9 10

Slip Angle, 0, (degrees)

FIGURE IT. COMPARISON OF MEASURED AND PREDICTED
i SIDE THRUST VS SLIP ANGLE - 700 LB LOAD
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150 WsIght Per Wheel - 905 lbs

0 Camber
28 PSI
7.00-16 NDCC /I

i 125

PREDICED

I , I A AMEASURED

!A

I

1 2 3 5 6 7 8 9 O
SlAp Angle, , (degrees)

FIGURE 16. COMPARISON OF MEASURED AND PREDICTED
I SIDE THRUST VS SLIP ANGLE - 905 LBS LOAD

l1l
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Weight Per Wheel - 1120 lbs

1500 00 Camber28 PSI
7.00-16 NDCC

PREDICTED
1 1.o

1000

!A

h~b¶750 A AMEASURED

750

500 -

250 Ai

1 2 3 4 5 6 7 8 9 10

Slip Angle, 0 , (degrees)

FIGURE 19. COMPARISON OF MEASURED AND PREDICTED
SIDE THRUST VS SLIP ANGLE - 1120 LBS LOAD
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I1500 Wtlght Per Wheel - 1310 lbs

28 PSI
7.00-16 NDCC

1250 PREDICTE

1000

!A

AMEASURED

.,750A

o.U

I 2"70

gA
ii 500

250 A

i ii • ~,ii•

1 2 3 4 5 b 7 $l

SSlip Angle, 0, (degrees)

FIGURE 20. COMARISON OF MEASURED AND PREDICTED5 SIDE THRUST VS SLIP ANGLE *1310 LBS LOAD
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4oSI 0

i A 0 = - 2120 ib/rad

A = 19.2 (14)

Figures 22 through 26 present the results of measured side force

versus camber angle at zero slip angle for various normal loads. A

listing of this data is in the appendix. These plots do not look

at all like that postulated by McHenry and Deleys in Figure i1 (page

21). Instead, the data appears to fall into two regimes. The Initial

regime extends from zero camber angle to approximately 2½°. In this

regime the Cornering Force-Camber Angle curve is linear and has a low

I slope. Somewhere between 20 and 30 camber angle, depending on load,

the curve makes an abrupt increase in slope.I This abrupt change of slope is a surprising result. It appears

only rarely in the literature of commercial tire tests, and when it

I does, It occurs between 0 and 1/2 camber. A possible explanation

may appear in the differing geometry between military NDCC tires and

commercial civilian ones. The commercial tire normally has a broad

I contact surface extending from sidewall to sidewall as may be seen in

Figure 27. This creates a lateral force due to sidewall elasticity

with the Introduction of even a slightest amount of camber. However,

the military tire has a rounded contact surface, and the introduction

of small camber angles may not introduce much sidewall effects. Con-

sequently, only small values of camber stiffness will be obtained at

low camber angles.
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TABLE I I

Camber Thrust Versus Normal Load

F (l)- (Ib/deg)

490 40
700 85

I905 88
1120 113
1310 103

The slopes of the camber thrust vs camber angle are listed in

Table 2 and plotted against load in Figures 28 for the Initial range

and in Figure 29 for the second range. The initial range slopes do

[I not fit the parabolic relationship postulated by McHenry and Deleys,

but the second range of slopes do. This is the first Indicaiion that
the McHenry and Deleys relationships do not apply to military tires.

J When this latter data is fitted to a parabola, the other two coeffi-

cients of Equation (8) become:

A -11.3
3-5 A4 = 2280 lb (15) v

The appearance of two slopes with military tires is surprising

and must be considered in the design of future vehicles. During a

1 maneuver resulting in less than 3? of camber angle, the driver experi-

ences an assurance of lateral stability due to minimal side thrust.

When this assurance results in a maneuver increasing the camber angle

beyond 3°• a sharp increase in camber thrust occurs. In conjunctionI



R- 16og

48

4n -N

4,

0 V
C,

-UN

C14%

(soai~apsqj)I OSOUJI4S iqwe



I R- l6o9
49

II

so. %0

0

oc

CC

4Jp-

Goo

LATL
(sa*j~spsqj)I OsaujpS jqw0

IL.



R- 1609

50

with other governing factors such as pavement characteristics, vehicle

SI speed, cargo location and weight, and suspension geometry, handling

qualities may abruptly change. This postulation Is, at present, not

I yet proved, and further Investigations must be conducted to verify its

McHenry and Deleys analysis of side thrust prediction provided

enlightening, if not conclusive, results when comparing predicted

curves with measured data, as shown previously in Figures 16 through

1 20 and 30 through 34. (Note that these figures are corrected for

trailer yaw as discussed earlier.) It must be stated that their

analysis, used specifically for computer simulation of tire dynamics

IIn vehicle-barrier impact studies, makes no pretense at predicting

side force for an entire range of slip angles. Rather. It only attempts

to approximate the variation of lateral force slope with normal load

of 00 slip.

I From Equation (13), the side thrust F is a linear function of

the slip angle, B with constant normal load and 0° camber angle.

From the derivation of that equation:

I nA Fn(FA 2 ) A AoA2 vFs = I A (I - ) (16)

with ~'=0. Since =('
u

Fs !-AIFn(Fn-A2 ) + AA2 1 2(1)I= A2

Figures 16 through 20 compare the prediction of this relation to the

measured values throughout the range of normal loads tested. Note

that the slope of the predicted curve does not approximate the measured 41
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slope at 00 slip, although the approximation over the range of 0 - 4o

Is better. Figures 30 through 34 compare the predicted and measured

values of side thrust for the various values of camber angle tested.

~ I The predicted curves are again linear with a constant but difforent

slope for each F., as may be seen In the following equation:

AS AIFn(Fn'A2) ",,A,2 0 .A, 2
"" AA 2. (u + (18)

2

The measured side force data compare well only at small camber and

slip angles. The predicted curves do not support these characteristics;

In fact, for any normal1 load, the three curves relating side thrust

V" to slip angle have a notable difference in side force as camber angle

increases. Q!ualitatively then, the prediction theory is not supported.

This may be true only of military non-directional, cross-country tires,

and may be due to the roundness, stiffer sidewalls, and/or tire tread

pattern. These observations lead to the conclusion that the concept

I of "equivalent" slip angle Is not applicable to simulation of vehicle

motion concerning military tires of the type tested.iI

I It must be recognized that McHenry and Deleys derived their

equations for utilization in a computer simulation Involving commercial

tires whose geometric and dynamic characteristics differ significantly

I from the military tire tested herein. The approximation of these tires

may be closer, especially in the linear regime, but there is no con-

I sideration of saturation, where the side thrust reaches a maximum and

"- Ithe tire begins to slide, a phenomenon prevailing at moderate slip

angles for low loads. Although, beyond the Intent of this study,



R-16o9

I i Weight per Wheel,490 lbs-- 28 PSI
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FIGURE 30. SIDE THRUST VS SLIP ANGLE FOR
VARIOUS CAMBER ANGLES AT 490 LB LOAD
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Weight Per Wheel 700 lbs
28 PSI
7.00-16 NDCC

i•Measured

-- /S

•) U.0 r' !13 0 ml.. easured

ft 0 0

15000

+20 MeasuredLI .00

5000

,• 20 Camber
bo 40'l / Camber

0 60 Camber

1 2 3 4 5 6 7 8 9 10 If 12

i Slip Angle, zS , (degrees)

fFIGURE 31 SIDE THRUST VS SLIP ANGLE FORSI VAR IOUS CAMBER ANGLES AT 700 LB LOAD
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FIGURE 32. SIDE THRUST VS SLIP ANGLE FOR5 VARIOUS CAMBER ANGLES AT 905 LB LOAD
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IFIGURE 33. SIDE THRUST VS SLIP ANGLE FOR

VARIOUS CAMBER ANGLES AT 1120 LB LOAD
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it Is possible their analysis could be altered to approximate the

measured data curves by parabolic or elliptic equations more closely

fitting the observed results.[I

I

:1
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I CONCLUS IONS

The following conclusions are made:

(I) The generation of lateral force data along with derivation

of the tire parameter coefficients for the T.00-16 military NDCC tire

provide an information base which can be correlated and Integrated

into the study of the handling qualities of military vehicles.

(2) McHenry and Deleys' model for camber thrust cannot be used

, I for the prediction of the lateral force characteristics of military

; Itires.

(3) Lateral forces In the T.00-16 NDCC military tire in the

linear region are virtually Independent of camber variation for

camber angles up through +60.

S!. (4i) There is an extensive initial range in the camber thrust/

camber angle curve where there Is but a slight increase of camber

thrust with Increasing camber angle. This initial range may be im-

portant In the study of military vehicle dynamics.

I

I

I.
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RECOMMENDATI ONS
[I:-

The following recommendations are made:

(1) A new trailer should be built or the present trailer modified

to diminish Internal dynamic deviations between tires resulting from

Inconsistent translation of forces through the wheel housing and

I bearings.

"(2) A device should be added to the toe-in trailer to measure

self-aligning torque at the tire contact patch.

(3) A program should be conducted with this tire which extends

the range of loadings so that It resembles those the tire experiences

I in normal day-to-day use in the hands of military personnel.

(4) Extensive tests should be indertaken to determine the

validity of results obtained from the toe-in trailer in relation to

other types of aquipment used for the measurement of tire dynamic

properties.

I
.1
'I

II
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MEASURED TIRE SIDE FORCE FOR VARIOUS CAMBER (y) AND SLIP (•) ANGLES

7.00-16 iCC TIRE AT 28 PSI

NORMAL LOAD SLIP ANGLE SIDE FOOCE, Fs, ý1b)
Fn, (ib) 0, (degree) (ý=0°) (cp=2) (%-4) (G=cO)

S490 -1 - - 40 100
1 490 0 - 30 120 175
U .490 1 165 230 240 275

490 2 260 385 440 425
490 3 325 470 560 545
4 490 4 380 505 690 645
490 5 380 525 740 770

K ' 490 6 405 590 800 840
490 7 410 610 800 900
490 8 450 620 820 920
490 9 420 630 820 9301 490 10 440 630 830 940

700 -1 - - 50 150
700 0 - 30 125 275
700 1 200 205 250 350
700 2 340 470 500 470
700 3 410 590 675 670
700 4 530 650 850 86C

S700 5 540 790 975 1050
700 6 590 860 1075 1130
700 7 650 900 1150 1190
700 8 620 900 1225 1230
700 9 680 930 1250 1400
700 10 650 930 1325 1450

905 -1 - - -50 150
0905 0 - 40 125 300
905 1 200 270 250 400
905 2 340 550 500 520
905 3 470 615 675 680
905 4 600 830 850 910I 905 5 620 930 975 1140
905 6 680 960 1075 1200
905 7 720 1010 1150 1260

S905 8 750 1040 1225 1330
905 9 780 1180 1250 1600
905 10 850 1205 1325 1675

(Cont'd)
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MEASURED TIRE SIDE FORCE FOR VARIOUS CAMBER (cp) AND SLIP ()ANGLES

1 7.00-16 NDCC TIRE AT 28 PSI

NORMAL LOAD SLIP ANGLE SIDE FORCE, Fs0 (lb)
Fn, (Ib) p, (degree) (cp-0 0 ) (y=2') (c-) (cp6°)

1120 --- -50 175
1 1120 0 - 45 l00 325
1120 1 250 270 225 425
1120 2 440 520 500 600
1120 3 540 580 675 675
1120 4 580 830 880 970
1120 5 720 920 960 1200
1120 6 800 950 1100 1280
1120 7 840 1180 1175 1350
1120 8 880 1230 1300 1675
1120 9 880 1330 1350 1775
1120 10 930 1305 1425 1825

1310 -1 - - - 10 150

11310 3 570 515 740 720

11310 4 720 770 820 970
1310 5 780 850 930 1190
1310 6 860 840 1165 1290
1310 7 870 1175 1315 1330
1310 8 1075 1225 1390 1650
1310 9 1100 1350 1540 17504
1310 10 1175 1400 1565 1850

!
!I

:!
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