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A general description has appeared in previous publications (21, 3k4) of a
new test apparatus constructed at the institute of Professor K. Kollmann, Tech-
nische Hochschule Karlsruhe. Here, the tire is mounted inside a drum of about
L meters diameter. In a later paper (1965), the construction of this entire

device was fully described together with some preliminary results from it.



PART I

THE TEST STAND

Many different test methods are used to determine the characteristics of
automobile tires. Running the tire on the vehicle itself may be considered the
oldest method of investigation (3, 10, 28, 55). It is extremely difficult to
maintain constant test conditions with this method, since frequent weather
changes can occur, and uneveness or waviness of the road surface influences the
load on the wheel so that this load is not a constant. As a consequence, load
oscillations occur at some high frequency. In addition to this, the mean or
average load on the wheel is limited by the weight of the vehicle, if one uses
the vehicle as a testing device. Twist and elastic deformation of the chassis
as well as the action of the suspension, and the steering system both greatly
influence measurements made on the highway. Nevertheless, this technique will
always be valuable and necessary for assessing the performance of a vehicle.
The development of tire measuring trailers for roadway experiments has helped
remove many of these difficulties (12, 15, 16, 38, 41, 47, L9, 50, 52). These
measuring trailers have worked well, and are particularly valuable for determin-
ing the friction coefficients between tire and roadway.

Most of the measurements of tangential forces on tires are performed on
test drums or test wheels (4, 27, 28, 30, Lk, 50). Generally these test drums
use the external surface and have diameters up to 2.5 meters. In such test
devices, it is easy to change parameters such as inflation, pressure, load, cam-
ber, and steer angle so that a map of tire characteristics may be easily and
quickly determined. Since one may apply indefinitely large forces, such char-
acteristics can be investigated up to the limits of tire rupture.

Due to the curvature of the test drum, and its steel surface, test results
deviate from those obtained on a flat roadway. In the literature there is appar-
ently no clear-cut statement of how drum data deviates from roadway data. Com-
parative measurements now available in various publications indicate contradictory
trends. For example, Gaus (16) obtained side forces on a steel drum which are
ten to fifteen percent greater than on a roadway, while the measurements of Gough
on the steel drum lie about 10% below those obtained on the road, and those of
Joy and Hartley (26) are about 17% below those obtained on the road. Bull (L)
gets similar results and his measurements must take preference since they are
based on identical surface textures of the drum and pavement. He used emery
paper for all surfaces and thus eliminated the influence of different friction
coefficients. His measurements gave smaller transverse forces on the curved drum



than on flat plane up to a steer angle of 4°. Comparative measurement taken on
the inside of drums are not yet available.

Measurements of rolling and slipping losses (3, 6, 11, 30, L0, L2, 43)
as well as of side force characteristics in yawed rolling (4, 15, 17, 20, 23,
37, 39, 44, L5, 50, 54, 56) have been known for many years. The designers of
tires and vehicles may use these characteristics in making overall comparisons
of the influence of different tires. Kamm (24, 28) has investigated the problem
of the tire under tractive or braking forces. The measurements were taken from
small tire models initially at rest. These models were made of solid rubber
of various stiffnesses. The results led to the concept of the circle of frie-
tion, as shown in Figure 1. These experiments with models were supplemented by
measurements taken from rolling automobile tires by Dietz and others (10). It
was found that the transverse or side forces could increase with very small
braking forces. One must assume that this phenomena comes about due to the way
in which this experiment was performed, since considerable scatter was present
in the data. Experimenting on the road with a skid trailer, Forster (12) found
in two series of measurements using various braking forces, all other conditions
being constant, that the resultant force calculated from the vector addition of
transverse and braking force actually changed magnitude with direction. These
results, of course, contradict the hypothesis derived from the model experiments,
namely that maximum coefficient of friction between wheel and pavement is inde-
pendent of direction.

Bull (L4), and later on Gaus (16), confirmed the effects reported by Dietz,
that with small braking forces the side force may increase whereas a tractive
force results in a decrease of the possible side forces. Even with all of this
information it still is not possible to obtain a general law of frictional effects,
since each of the observations reported were derived from separate measurements.
In direct contradiction to these measurements, which were made some time ago,
Tschudakow (50) states that the side force remains almost constant, and inde-
pendent of the magnitude of the tractive or braking force for all values below
a certain magnitude of the circumferential or braking force. Above this level
of braking or tractive force, the side force decreases and finally approaches
the same value for all yaw angles. This portion of the curve is a segment of a
circle which represents the circle of friction, since the maximum side force
approximately equals the maximum braking or tractive force. In contradiction
tc Forster, this reference concludes that the maximum coefficient of friction is
independent of whether the tire is being braked or under a tractive force, and
that the side forces were not influenced in magnitude by the braking or tractive
forces.

The results of Freeman (13) and the work of Bergman (1) concerning the
side force on a tire during acceleration contradict Tschudakow's observations
for small circumferential forces. For small steer angles, Freeman and Bergman
found that the side force decreased at first proportional to the increase of
the tractive force. As soon as the tractive force approached the maximum fric-
tion force produced by the tire, the side force further decreased and finally
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Fig. 1. Definition of the circle of friction. S = side force (transverse
force). R = resultant friction force. U = tractive or braking force.



went to zero. Bergman concludes that the gradual decrease of the side force
for small tractive forces was caused by the decay of the side force spring rate.
Continued decrease of side force, with increasing tractive force is presumed to
be due to the reduction of side force friction coefficient.

For purposes of calculating side forces Bergman uses a model of the tire
made up of a three-dimensional system of springs. This permits describing tire
deformations in three directions, lateral or side deformations, radial defor-
mations and shear deformation in the circumferential direction. In taking into
account interactions of the spring systems resulting from these deformations
in the three principle directions, these calculations give good agreement with
measured data within the range of static friction. The transition from the
static friction range to the dynamic friction range was not considered in cal-
culations for circumferential force, so that the side forces asymptotically
approached the point of maximum circumferential force. According the Bergman's
calculations, this results in the circumferential force influencing the axial
force, but on the other hand it allows no feedback on the circumferential force
itself. Freeman's data did not include this range of maximum friction coefficient,

CONSTRUCTION OF THE TEST STAND

Purpose

The general requirement which should be fulfilled by any test stand is
that it should simulate as closely as possible real driving conditions. The
quality of the equipment depends on the possibility of obtaining all necessary

measurements easily, and with accuracy and reproducibility.

During a preliminary design study (%3, 34) fundamental designs of test
stands for tires have been examined critically:

1) drum with external tract

2) drum with internal tract

3) test conveyor or flat belt

L) test disk

5) test stand with flat plank machine.

The design of the device should accommodate the following requirements:
a) the normal velocity satisfied by design 1, 2, 3, k4

b) flat pavement satisfied by design 3, (4), 5



c) possibility of changing
running surface texture satisfied by design (1), 2, 4, 5

d) hydroplaning with definite fluid-
layer thickness satisfied by design 2.

With the exception of requirement b), the drum with the internal track
fulfills all these requirements. Therefore, an investigation was carried out
concerning the influence of the drum curvature on the contact area of the tire.
This influence has been kept small by choosing a fairly-large diameter for the
wheel, namely 3.8 meters. A track speed of about 25 km/h is sufficient to main-
tain layers of constant thickness of liquid, since at about 20 km/h the centrif-
ugal acceleration is 1 g. Since hydroplaning appears only at higher velocities,
the minimum velocity is 25 km/h does not hamper these studies. This is also
true for measurements on gravel, sand, and so on, since due to centrifugal forces
tract surfaces can be attached very simply by cementing. It was desired to study
not only the rolling tire, but also the influence of braking and tractive forces
on tire characteristics. For this purpose, the three force and moment components
resulting from the six degrees-of-freedom of the wheel must be measured. The de-
sign of the wheel suspensionrdescribed below was dictated by the requirement to
arbitrarily vary steering angle, camber, tire load and air pressure and, of
course, the size and fabric of the tires.

INFLUENCE OF DRUM CURVATURE ON THE GEOMETRY OF THE CONTACT AREA

Preliminary experiments and calculations were made concerning the influ-
ence of drum curvature, with both inside and outside tracks, on the geometry
of the tire contact area. These led to estimates of the ratio of maximum radial
deflection on the drum to those on the plane road, and gave an idea of how these
differences could be minimized by enlarging the drum diameter. The contact area
of geometry was measured as a function of load and air pressure for a series of
test tires on both concave, and convex surfaces of different radial curvature.
These measurements were compared with calculations done earlier (33, 34), as shown
in Figures 2 through 5. Calculations and measurements agree very well, so that
the calculations seem to give good estimates of the influence of drum curvature
on the deflection of a tire and on the geometry of the contact area.

Figure 6 shows the influence of drum curvature on the deflection f of the
tire, and on the length of the contact area L, these quantities being important
in sizing the drum for a test stand. _Obviously one cannot choose indefinitely
large drum diameters. Above a ratio 7= 6 the benefits are not as great as the
increasing costs of construction. For tires studied in this paper, R/r lies
between 5.5 and 6.0 (5.60-15 to 6.00-15).

The difference between the maximum deflection f on the drum and on a flat
plane is only a matter of millimeters. ©Since this is so small, it appears to
be more important to include the larger influence of the change of contact area
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Figs. 2 and 3. Influence on the tire deflection f of the tire load, air
pressure and drum curvature for a 6.00-15 tire with 100% profile. fp =

deflection on the drum. fg = deflection on the road. R = drum radius.

r = tire radius.
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Figs. 4 and 5. Influence on contact patch length L of the tire load, air
pressure and drum curvature for a 6.00-15 tire with 100% profile.
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between the two surfaces in assessing transverse or sideward forces on flat and
curved drums respectively. Thus, one of the tires tested (Figures 4 and 5) load-
ed with 300 kp has on the outside surface of the one meter radius drum a contact
patch length of 165 mm at an inflation pressure of 1.15 atmosphere, while on the
inside surface of the same drum it has the same contact patch length when infla-
ted with 3.0 atmospheres. Using a constant pressure of 1.8 atmospheres, and a
drum radius of 1 meter, a load of 390 kp. for the tire on the outside of the
drum gave the same length of contact patch as a load of 230 kp for the tire
running on the inside of the drum. Corresponding relations for the average
pressures in the contact area are given in Figures T and 8.

It has been proposed to reduce the air pressure in experiments on the out-
side of the drum (32). This would create a situation similar in the contact area
to that existing when the tire runs on a flat surface. Similarly, one would
have to increase the air pressure while running a tire on the inside of the drum.
In fact, Figure 8 shows that one may obtain the same average pressure in the
contact area on a curved drum surface as on a plane surface. For a 6.00-15 tire
with 300 kp load one must reduce the air pressure when running the tire on the
outside of a drum of radius R =+ 1.0m (R = + 1.9 meters) about 5% to 9% (3%
to 5%) while for the same tire running on the inside of the drum with radius
R = -1.0 meters (R = -1.9 meters) one must raise the pressure 6% to 10% (3% to

5%).

Comparative measurements of tires on test drums of different design showed
that side forces generated by running the tires on the outside of the drum were
always smaller than running tires on a flat pavement of the same surface structure.
Since a lower air pressure also reduces side forces, one might, as has been suggested
by Menger (32), create in these experiments approximately equal areas of contact,
but unfortunately the influence of both factors is to simultaneously reduce the
value of the side forces relative to those on a plane track. Therefore, it may
be concluded that it is not the average pressure p which is important for side
forces on a tire, but rather the ratio of p, .. to p. It is obvious that pmax/
p is greater on the outside surface of the drum than on a flat track or even on

inside of the drum, since Biax depends heavily f ...

THE TEST DRUM AND ITS DRIVE MECHANISM

The design of the apparatus is shown in Figure 9. The drum (4) is driven
by a DC motor (1) of 110 kw power at 1500 rpm. The motor has continuous speed
control by means of a Ward-Leonard device. A six-speed truck transmission allows
a number of torque values to be applied to the drum and also allows very low
speed to be obtained. A constant step down gear (2) is added, corresponding
to the ratio of the drum and test tire diameter. Thus the DC motor and the
test tire run at approximately the same speed. For simplicity, a heavy duty
truck rear axle was used with the differential blocked off in such a way that
this axle can be used as a right angled transmission.

Between the transmission and the drum a torsion measuring hub (3) provides
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a measure of torque acting on the shaft. The data is obtained in binary code
and is fed out with a set of slip rings (5), from which it is transmitted into
a binary decoder which displays the torque reading..

Design radial loads for the test tire are up to 1,000 kg, while the re-
sulting side forces are minor compared to centrifugal forces insofar as drum
stresses are concerned.

THE TEST WHEEL AND ITS DRIVING MECHANISM

The test wheel is mounted together with its hub, suspension, loading mech-
anism, measuring and driving apparatus on a frame (17). The two roller bearings
of the frame are preloaded and therefore are free of axial and radial motion,
The axis of rotation was carefully centered below the geometric center of contact
area and on the axis of the drum. Since both bearings have the same center of
pressure, the frame can be supported without stress on two rollers run on a
curved rail. The frame can be rotated by a friction transmission (18) which
gives two constant velocities. This allows a continuous as well as "step-wise"
change of the steer angle. This angle may be read off a scale (14) using a
light beam. Because of the optical length available here, the accuracy of the
slip angle is plus or minus one minute.

The main frame (16) is situated on the fundamental frame. It can be raised
by four eccentric rollers and the test wheel can be drawn back about one meter
in order to allow for easy assembly. In a running position this main frame is
locked together with the fundamental frame. The test wheel can be raised pneu-
matically by the unloading mechanism (19) which is attached to the main frame,
and can be easily lowered on the running drum without impact. The arm (19)
of the unloading mechanism serves as a protective member for the test wheel such
that, in the case of a tire defect, the rim will not come in contact with the drum.

The motor for the test wheel (12) has power of 110 kw at 1500 rpm. Together
with clutch and the transmission (10) it is mounted on a swinging frame which
also is supported by the main frame (15). The driving and braking moments acting
on the test wheel are counterbalanced by a measuring member (13). The frame
(15) is centered in the main frame (16) and makes up, together with a front and
rear tip frame, a hinged parallelogram. These frames remain parallel for any
camber adjustment. The camber is adjusted by the spindles which are connected
with the front tip frame. The hinges of the two tip frames are level with the
track and the drum. Thus there are no relative movements with respect to the drum
in the area of contact or in the change of the camber, since the test wheel
itself is also suspended by parallel arms.

The angle of camber may be read off the scale at the main frame. The scale
reads one degree for every ten millimeters and therefore is usable only for coarse
adjustments. For fine adjustments the spindles are provided with very accurate
marks for each full degree. The different sizes of tires made the possibility of
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vertical movements of the frame (15) necessary. Therefore, two lift spindles
are built into the two tip frames. Both lift spindles are driven by worm gears
which are connected by a drive shaft. The lift spindles also allow one to level
the rear steering joints of the triangular shaped steering arms. One should
evenﬁually be able to read the tire sizes from the size of these adjustments.
Figures 9 through 11 give a survey of the entire test appartus.

THE WHEEL SUSPENSION

The hub construction and wheel suspension are illustrated in Figures 12
and 13. The braking and driving torques are transmitted to the hub (5) by two
Rzeppa joints (6), and the drive shaft. The center of the Rzeppa joint inside
the hub lies in the mid-plane of the wheel. The play of the hub is adjusted by
two cone-type bearings. The distance between the two joints is exactly equal to
the length of the two triangular shaped steering arms (8 and 9). This helps to
avoid displacements by changes of the length of the drive shaft during positioning
of the test wheel. The rear Rzeppa joint is held by a leaf spring coupling
(item 9 of Figure 9), which is very soft in the axial direction but torsionally
rigid. Thus no axial forces may be transmitted through the drive shaft. To
avoid camber changes during positioning the test wheel, the hub of the test wheel
is extended by means of two ball joints and two triangular shaped steering arms,
each of 650 millimeters length. This arrangement gives only very small axial
displacement in the contact area even with large deflections of the test wheel
during positioning. The four joints (10) which suspend the steering arms in the
frame are connected with the appartus for measuring side forces, circumferential
forces, the camber moment and the friction moment in the hub bearings.

The measuring apparatus, Figure 14, is kept horizontal by the hinge (L)
and the rear transverse steering system for all values of camber. The forces are
transmitted through the measuring element (5) which deflects as a beam by means
of the double tension rod support. The two tension rods transmit the vertical
forces and the horizantal circumferential forces directly to the frame, while
the axial horizontal forces act on the beam (5). The tension rod support allows
a frictionless measurement of circumferential and side forces. During calibration
no significant hysteresis was detected. The beam (5) can be replaced by other
beams of different sensitivity. The tire is loaded by a coil spring (Part 6,
Figure 9) which is attached to the frame by a spindle. The load acts on the lower
triangular steering arm and hence through a load cell which is kept vertical by
a special guide. Thus, feedback effects on the measurements of circumferential
side forces are avoided. Springs of different spring rates are available for diff-
erent load ranges. If damping is desired the spring may be combined with a shock
absorber in parallel. The loading equipment is designed so that the coil springs
may be replaced by hydraulic or pneumatic systems, in the event that the load
on the wheel approaches a 1,000 kp.

The test wheel may be rotated through another plus or minus 5 degrees over
and above the steer angle available from the fundamental frame. This additional

1k
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Fig. 10. Tire test bench with drum and test wheel driving system.
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Fig. 11. Test wheel driving system. Test wheel at an angle of slip of
about 25° with 10° camber angle.
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Fig. 12. Design of the suspension and hub. Further details are given
in the text.
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Fig. 13. Hub with suspension. (a) Load mechanism with spring and hydraulic
shock absorber. (b) Hub. (c) Ball joint. (d) Force free suspension for

null adjustments. (e) Upper triangular shaped steering arm. (f) Measuring
element for the load. (g) Drive shaft. (h) Steering shaft. (i) Lower tri-

angular shaped steering arm. (k) Bayonet flange for slip rings. (1) Unload-
ing mechanism post.
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Fig. 14. Measuring system with sensor (5) and spring leaf suspension for cir-
cumferential forces and side force, as well as the friction in a camber mo-
ment. For additional explanation see the text.
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flexibility was provided to allow later investigations of fast steering changes.
The steering mechanism itself serves for measurement of self aligning moments.

METHODS OF MEASUREMENT

Strain gages mounted on beam and ring-shaped force transducers are used to
measure forces and moments on the tire. ©Since only strain gages are used, a
simple uniform electrical circuit was possible. All strain gages were used in
the form of full bridges with temperature compensation. Data can be read directly
from the bridges or can be fed into an x-y plotter, this latter method being
extremely convenient during the evaluation of a tire.

Any desired combination of quantities may be chosen for the x-y coordinates.
For example, one may plot:

restoring moment versus side force

side force versus circumferential force
restoring moment versus circumferential force
side force versus load

If one plots restoring moment versus side force, as first done by Gough, inter-
pretation of the data requires a knowledge of the steer angle. During continuous
adjustment of this angle, an impulse or tick controlled by a photocell at each
full degree, is superimposed on the voltage of the Y coordinate, so that the x-y
pen trace is interrupted by a mark.

Figure 15 is a block diagram of the measuring circuit. The voltages of the
four force tranducers, labeled ML through M4 are summed within the inverter labeled
SG to give the side force and are indicated on the bridge labeled MBl. This
bridge output goes through an RC element into the arm of the plotter. The output
of the sensor M, giving restoring moment, goes through the bridge circuit labeled
MB2 and through another RC element to the other arm of the x-y plotter.

The measuring elements for finding the circumferential and the side forces
on the wheel, are situated at the four joints of the parallel triangular-shaped
steering arms in the front tip frame, Figure 16. With these elements the camber
moment and the frictional moment in the bearings can be determined simultaneously.
The forces are transmitted from the hub onto the steering arms and then to the
measuring elements. The cross-over or interaction effect of circumferential
and side forces is about 0.1% for forces up to limits of the force transducer in
the circumferential as well as the transverse directions. No nonlinearity was
observed, so that this effect is smaller than the accuracy of the bridges used,
a figure of about plus or minus 2% of full scale. Each range of the bridges was
separately calibrated. No deviations from these calibrations could be observed

21
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Fig. 16. Perspective view of the wheel suspension illustrating force deter-
mination on four Jjoints of the triangular steering arms. 1. Test tire.

5. Hub. 7. Drive shaft. 8. Upper triangular steering arm. 9. Lower tri-
angular steering arm. 10. Ball joint. 1l1. Loading spring. 12. Dynamometer
for measuring load. 1k4. Steering shaft.
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during later control calibrations. Null adjustment of the bridges could be obtained
between experiments even with the test stand rumning. To accomplish this, the

test wheel was unloaded using the apparatus previously described and pneumatically
lifted from the track and suspended by means of a special lock. The null drift
remains very small even during long test runs.

The hub is suspended in the two triangular arms and can be rotated about the
vertical axis as shown in Figure 17. The moment M about this axis, the restoring
moment, is supported by the two steering shafts (14) and the swinging steering
arms (16). By means of this arrangement of the arms (16) the shafts absorb only
the couples or couple forces resulting from the restoring moment and they are not
acted upon by the axial forces from transverse or side thrust of the wheel.
Restoring moment is determined by means of two ring dynamometers (15) which were
built into the steering shaft. Strain gages on both dynamometer rings together
form a full Wheatstone bridge. The data is displayed on a measuring bridge.

The dynamometers can easily be exchanged and selected for a particular test.

The tire load acts from a spring on the dynamometer, Figure 16, and from
there to the lower or triangular steering arm and thus the test wheel. A special
guide maintains the ring in a vertical position. The vertical alignment is con-
trolled by the measuring bridges such that under a load of LOO kp, in the range
of highest sensitivity, no deflection is noticeable on the bridge due to cir-
cumferential and side forces. This method was much more accurate than alignment
with a plumb bob and spirit level.

The force transducer is calibrated for loads acting from the tire onto the
pavement. This is accomplished by letting the tire stand on a horizontal suspen-
ded plate. The calibration can be carried out using a previously calibrated
load range or dynamometer. Loading of the wheel is not completely frictionless.
A difference of plus or minus three percent is observed during calibration with
increasing as opposed to decreasing loads.

During driving or running conditions the load approaches a mean value, due
to small load changes caused by eccentricity from the tires. 1In all experiments,
the load is accurately adjusted at the speed at which the tire is investigated.

The air pressure is measured by a manometer. It can be controlled and
adjusted during running, by means of a rotating seal. All the data presented is
taken with the air pressure measured after tire warm up.

Temperature of a tire is carried out by means of a set of five slip rings

attached to the hub, which allows thermocouple data to be fed out of the rotating
wheel system.
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Fig. 17. Schematic view of the method for determining restoring moments.
5. Hub. 8. Upper triangular steering arm. 9. Lower triangular steering

arm. 1h. Steering shaft. 15. Dynamometer for the restoring moment.
16. Steering arm.
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PART II

TEST RESULTS

TEST CONDITIONS

New vehicle tires have a hard external layer due to vulcanization in the
mold. Initially this results in small side force values. We know that vehicles
having new tires exhibit characteristics in steering, and braking which are dif-
ferent in the beginning than later on. The magnitude of this change, and the
time required varies for all types of tires. It is especially large for tires
having been stored for a long time.

The temperature of the tire also has an important influence on test results,
particularly on the smooth steel surface of a test drum. For a tire started cold,
we Tirst have smaller side forces and restoring moments, and only after the tire
has been running for a time, i.e., when the equilibrium temperature is reached,
we obtain more or less constant values for side force and restoring moment,

Figure 18 shows for three tires of different construction, and for a steer angle
of o = 3°, how side force and restoring moment change during the time of adjust-
ment. We see that, in particular for the conventional tire which is investigated
here, the magnitude of change in side force and restoring moment is considerable.

Figure 19 represents the increase in side force of a tire started cold, during
six sets of measurements. These sets were recorded sequentially, by increasing
the steer angle from 0° to 9°, and then decreasing it to 0° again. For the earlier
sets, one can observe a marked difference between the corresponding values for
increasing and decreasing steer angle.

For further investigations we now make the following assumptions:

1. TFor every steer angle the tire is run until its equilibrium temperature
is reached. This implies that the measured values are almost constant.

or

2. The tire is run under a steer angle of 0° until heated up to the oper-
ating temperature. Then the measurements under different steer angles
are taken after the tire has been running for a short time in the steered
condition.

The first method cannot be applied for larger steer angles, since most tires

start to become sticky after a short time. This leads to incorrect test results.
Therefore, for the investigations described in here, the following procedure has
been adopted: The hard external layer of the tire is removed, then the tire is run
until it is warmed up to a constant temperature, under the locad and inflation
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pressure needed for the measurement but without steer angle. The conditions
during the warming up time can be controlled at the bridge by observing the cir-
cumferential force, resulting from the rolling and slipping losses. These losses
decrease with increasing tire temperature, and they tend toward a constant value,
which is also an indication that constant operating conditions for the other
measurements have been reached.

STEER ANGLE ADJUSTMENT

By means of an optical calibration device the test wheel with hub is adjusted
to the geometric zero point of the steer angle, defined as parallelism between
the wheel shaft and the drum shaft. A circumferential line on the drum was lo-
cated by means of a light beam and’ the wheel was checked again. Using a measur-
ing base of about 2.5 m, it is possible to adjust the wheel with an accuracy of
+ 1/4 mm. This corresponds to an accuracy of the geometric zero point of plus
or minus one minute. '

It is proposed in Ref. [17] to proceed from the physical and not from the
geometrical zero point for tests on vehicle tires. The physical zero point is
defined as that position of the wheel under which the wheel is free from side forces.
For most tires the geometric zero point does not coincide with the physical zero
point. Gauss believes that this phenomenon is generated by a slightly asymmetric
tread profile. The magnitude of the deviation of the physical zero point from
the geometric one is determined by the amount of asymmetric wear. Deviations of
up to 1.5° have been observed.

Gauss's observations can be verified. One has, however, observed in addi-
tion that in numerous cases even new tires show large deviations between the
physical and geometric zero point before operation with nonzero steer angle.

This was found in particular for some types of belted tires. Some tires show
negative side forces at the geometric zerc point. Others, however, show positive
side forces. The direction of the side force at the geometric zero position

could not be changed when the tire was rotated on the rim. The magnitude of the
side force could be influenced only a little by this operation. From this ob-
servation, we can conclude that the fabric (construction) of a tire is responsible
for its performance. This is true in particular if we have regions of asymmetric
fabric, which can never be prevented completely.

Another observation which has been made for individual tire types should
be mentioned here. The load was changed under constant inflation pressure. It
was observed that for a = 0° the side force increased under increasing load.
But these side forces could be decreased again when the inflation pressure was
increased. We believe that for tires showing this phenomenon, the magnitude of
the deflection 'f', which is also a measure for the stresses in the cord-wires,
might be of importance.

The physical zero point for the side force does not always correspond to
the physical zero point of the restoring moment. This has been found in part-
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icular for belted tires, where for a side force S' = O considerable restoring
moments could be observed. For example, for a load of 350 kp and an air pressure
1.8 atmospheres gauge, the values for the restoring moment were between 0.6 and

0.8 mkp. These observations have been made on a larger number of tires from the
same series and they can therefore not be purely accidental (random). This must be
a basic characteristic for this type of tire, one which is influenced by the con-
struction or manufacturing process.

This characteristic with respect to the restoring moment could not be ob-
served for tires of the same type, but from a later series. Since the construc-
tion of this type of tire has not been changed, we must assume that this is a
question of how the tire is manufactured. This observation is illuminating inso-
far as it indicates that the performance of a tire is not only a function of its
construction, but also of the manufacturing. One of the reasons might be that
the belt or band is not symmetric about the center plane of the tire, or that the
orientation of the belt is oblique and thus makes one believe that the camber
has been changed.

Finally, the following reasons were of importance for the decision to refer
the steer angles to the geometric zero position:

1. The behavior of the side force in the geometric zero position is in
many cases a property of the tires, which has its history in the construction
or in the techniques of manufacturing.

2. For a number of tires the physical zero position of the side force is
not equal to the physical zero position of the restoring moment.

3. The design of vehicle tires is in general governed by gecmetrical aspects.

INVESTIGATIONS ON CAR TIRES

The reproducibility on the new test stand was tested by detailed preliminary
studies. It was possible, by an extensive series of measurements, to obtain a
survey of the scatter within the sets of different tire types. Special attention
was paid to the influence of drum curvature when comparing measurements made on
drums with external tracks and on drums with internal tracks. By performing
steer angle investigations on a smooth drum surface, the values measured here could
be compared with values measured on other test stands. It was found that the
influence of steer angle, camber, load and air pressure on the tire characteristics
is of the same tendency as for test stands with an external track. The values
for the side force, however, are in general higher on the internal track.

INFLUENCE OF THE TRACK SURFACE

The adjustment mechanism described in Part I, causes a continuous change
in steer angle with an angular velocity of 0.4°/second. This means the traveling
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time for a measuring curve from O to 10° is 25 seconds. At the same time the
measured values can be recorded by a X-Y plotter. Although the measuring time is
relatively small, the rolling surface (contact surface) of most tires becomes
sticky for larger steer angles, even under small loads. The results from meas-
urements performed on a conventional tire shown in Figure 20 (reproduction of

the original, reduced in scale) show the problems arising when determining the map
of tire characteristics on a smooth steel surface.

The map of tire characteristics becomes much clearer if, after Gough, the
tire tests are performed on a rough surface. The difference in the trend of the
characteristics can be seen from the results presented in Figure 21, which were
obtained from a conventional tire on a corundum surface of grain size K80. The
values for the side force are higher for the finer grain size than for the coarse
one. The values for the restoring moment vary only little for both grain sizes.

The increase in restoring moment on the corundum surface compared to the
smooth steel surface, however, is considerable. This observation has been made
for all comparative tests.

The influences of the track surface on the steer angle characteristics is
basically the same for belted tires, as for conventional tires. The magnitude
of the influence, however, varies.

Within the range of steer angles of O to 9°, the observations pertaining
to the influence of the track surface can be summarized as follows:

1. The side force as well as the restoring moment are larger on a corundum
surface than on a smooth steel drum surface for all types of tires. DBut this is
only true if we omit all measurements from tires whose tread surface had become
sticky before the measurement was made.

2. The side force is larger on the corundum surface with fine grain, than
on the one with coarse grain. The difference in the values, however, is small.

7. No trend is apparent for variation of restoring moment with grain size.
In general the differences are small.

L. The drum surface has almost no influence for steer angles up to 2°%;
however, at 4° the influence can be quite considerable.

5. The order of classification with respect to the steer angle behavior
may change when we go from the smooth steel' surface to the corundum surface,
especially for larger steer angles. This, however, has not been observed if the
results obtained from the corundum surface with different grain size were compared.

6. The influence of the tire temperature on the test results is smaller
for investigations made on the corundum surface than on the smooth steel surface.
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Fig. 20. Map of tire characteristics (after Gough) for a smooth steel surface
(reduced reproduction of the original). Tire 6.00-15, profile 100%, rim Lx15,
p = 1.8 atu, V = 50 km/h.
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Fig. 21. Map of tire characteristics of a conventional tire 6.00-15 on a
corundum surface. Grain size K 80 (reduced reproduction of the original),
profile 90% to 100%. The other data are the same as in Fig. 20.
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INFLUENCE OF THE CONDITION OF THE PROFILE (TREAD)

It has been observed over and over again that the condition of the profile
has a considerable influence on the characteristics of a tire. For the series
of measurements performed on a corundum surface, the tire wear increases, parti-
cularly for larger steer angles. It was found that a comparison between the maps
of tire characteristics is possible only if the profile condition is also given.
Therefore several tires of different construction were investigated for different
profile conditions. The degree of wear was defined as:

h
Profile condition = =— . 100%

h,

ho is the profile depth of the new tire and h is the profile depth of the test
tire. Due to the irregular wear along the tire circumference, the profile depth
at the center was measured at L4 to 8 equally distributed locations. Then the
average was taken from these values. The information given for the profile
condition refers to the profile at the beginning of any series of measurement
(Figure 22).

For every steer angle a gradually increasing side force can be obgserved with
decreasing profile. The influence of the profile condition on the change in
side force (cornering force) first increases with increasing steer angle, then
it decreases again for larger steer angles. This observation and the fact that
for large steer angles, the change in profile condition has little effect on
the restoring moment are true for all tires inveatigated.

Figure 2% shows the side force increase per 1 mm wear (AS'/mm) as a func-
tion of the steer angle with different wheel loads as a parameter.

Fach of these curves shows a maximum for a certain steer angle. The smaller
the load, the smaller the steer angle for which the maximum is reached. We also
notice that the increase in side force due to wear is not proportional to the
load, but is relatively larger for small wheel loads. This can be seen clearly
rrom Figure 24 where increase in side force due to profile wear is related to
the side force for a new tire. For a steer angle of 2°, the increase in side
force for 100% of profile wear (0% condition) is about L0% compared to a new
tire for a load of 300 kp. For a load of 100 kp the increase is almost 90%.
Large steer angles, however, change this tendency completely. Thus for a = 9°,
the corresponding values for the increase in side force are 15.5% for 300 kp,
and 11.5% for 100 kp of wheel load.

The steer angle characteristics of a tire are greatly influenced by its

profile condition. Thus, it is necessary to know the profile condition in order
to judgea tire's characteristics.
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THE TIRE UNDER TRACTIVE AND BRAKING FORCES

The maximum circumferential force which can be transmitted by a vehicle
tire depends on the coefficient of friction between the tire and the pavement,
and also on the magnitude of the wheel load. The coefficient of friction not
only depends on the quality (condition) of the tire, and the pavement, but also
on the speed [5], the contact area pressure and the temperature [36]. We define
two kinds of friction coefficients:

U
1. The static coefficient of friction by, Eax
US(lOO%)
2. The dynamic coefficient of friction by = T

Therefore, the static coefficient of friction is the ratio between the high-
est possible circumferential force, that can be transmitted and the corresponding
wheel load. The dynamic coefficient of friction is in general given for 100%
slip. For all tires investigated on the test stand, the dynamic coefficients
were smaller than the static coefficients. However, the ratio “y/“h is different
for each pair of tire and pavement values., For some tires, measurements of the
side force under right hand and left hand steer angle gave different values.
Similarly, it was observed that for some tires the measurements of the circum-
ferential force were dependent on the sense of rotation of the tire. For most
tires the scatter in the circumferential force was small for both directions of
rotation. The obvious supposition that the larger deviations result from profile
(tread) effects could not be verified, because sometimes profiles which were
symmetric with respect to their circumference, were dependent on the sense of
rotation whereas for asymmetric profiles no influence of the sense of rotation
could be observed.

For all cases, however, the maximum circumferential force was larger for
traction than for braking. The deformations due to circumferential forces on a
wheel at rest are symmetric in both directions. They are independent of the
direction. This idea, however, cannot be used for the wheel under traction
and braking. Under traction the contact patch of the tire is reduced in area,
before entering the contact region and extended when leaving it. For braking
this effect is the other way around. [5, 22] But since, according to Koesster
and Hey [5,22], the resultant of the pressures in the contact area does not
coincide with the center of the contact area for both cases, the deformations in
a rolling tire are not symmetric with respect to the direction of the circumfer-
ential force. The effect on tire behavior can be observed on the test stand.

With increasing tractive force the rolling radius of the tire increases
slightly, while decreasing with increasing braking force. This gives rise to
the idea that the tire under tractive force, makes contact through the bulge of
the tread caused by shrinkage before entering the contact area. By this pro-
cess the wheel axle is raised slightly. Under braking, however, the tread and the
carcass of the tire are slightly indented, due to dilatation before entering
the contact area. This implies a decrease in the rolling radius of the tire.

Tires with worn tread can transmit higher circumferential forces on a dry
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pavement than new tires; however, the influence of the tread on the circumferential
force is smaller than on the side force.

No uniform tendency can be found in the effect of the air pressure on the
maximum transmissible circumferential forces, Figure 25. For very small air
pressures (less than 1 atmosphere gage), the transmitted circumferential force
increases with increasing air pressure. For some conventional tires, the increase
continues up to air pressures of L4 atmospheres gage (see Fig. 25 at the top).

The difference between the circumferential forces for traction (+ U), and for
braking (- U) is only slightly effected by the inflation pressure. On the other
hand, the belted tire 165 R 15, shown at the bottom of Fig. 25, reaches a maximum
for the circumferential forces at an air pressure between 1.5 and 2 atmospheres
gage. Air pressure influences the maximum traction and braking forces in a
similar way. The maximum circumferential force is in general, larger for traction
than for braking.

THE TIRE UNDER CIRCUMFERENTTIAL AND SIDE FORCE

There are only a few measurements available on the influence of the circum-
ferential force on the side force. The work from Tschundukow [50] mentioned
earlier investigates a tire under the influence of braking forces. The measure-
ments obtained point-by-pdint and their scatter do not allow any extensive survey,
particularly near the limit of adhesion. Bergman's and Freeman's measurements
do not reach the limit of adhesion for a tire studied under traction. In addition,
it seems that both results contradict each other within the range of small cir-
cumferential forces. Bergman's measured curves do not have a horizontal tangent
for zero circumferential force, and steer angle of more than 1°, but have a con-
giderable slope. We therefore must conclude that in the range of small braking
forces, the curves still increase, which verifies Gauss's observation that for
small braking forces the side forces increase at first. On the other hand,
Tschundukow believes that for a certain steer angle of the wheel the side force
remains constant under variations of the circumferential force (braking force),
and that it starts decreasing only at a certain magnitude of the circumferential
force. The reproduction of the original data, reduced in scale, (Figures 26 and
27) confirms both observations. The behavior of the side force investigated in
Fig. 26 for a conventional tire is typical for this kind of tire construction;
i.e., a relatively large decrease of the side force under tractive forces - U,
at the beginning A typical observation for this tire, is that with increasing
tractive forces, the side force does not decrease linearly for small steer angles
as is the case for most conventional tires.

A number of these tire types have been investigated on different pavement
surfaces, under various tread conditions and wheel loads. Except for the absolute
magnitude of these measurements, nothing changed in the characteristic picture of
this tire. Tires of same type of construction, but from different manufacturers
show a similar behavior, but one can notice after a few sets of measurements
that each tire type has its own individual characteristics., For belted tires
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Fig. 26. The side force S' as a function of tractive force (+U) and braking
force (-U) for different steer angles. Tire 6.00-15, profile 100%, rum 4Jx15,
G = %00 kg, p = 1.8 atu, V = 50 km/h.
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Fig. 27 The side force S' as a function of the tractive force (+U) and
braking force (-U) for different steer angles, belt tire l65R-l5, profile
60%. All other data same as in Fig. 26.
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(see Fig. 27) the decrease in side force under traction and the increase under
braking is much less. Judging this tire on a basis of individual measurements
might give rise to the idea, that small circumferential forces have no influence
on the side forces. All of the new tires in this series had a positive side

o

force for @ = 0°.

The results from another belted tire (Fig. 28) which had heavy one-sided
wear show that, due to the irregular tread, the characteristic picture can change
completely. This type of tire also shows a similar tendency to the tires in
Fig. 27, if it is worn.

According to Bergman [1] the combination of the side force, and the cir-
cumferential force leads to a change in the spring rate in the direction of
the side force. It we consider the displacements of an area element AF in the
contact area under a non-zero steer angle, and under the influence of the cir-
cumferential force, we find that the observed change in spring rate is only due
to the effects of additional stresses in the contact area caused by the circum-
ferential force.

The processes in the contact area are complicated but they can be simplified
(Fig. 29). Let the direction of the drum track be from A to B. The tire runs
under a steer angle . AC is the meridian of the tire for which the area element
AF just touches the track in A. Under the effect of steer angle the area element
is carried along by the track and is deflected more and more from its tire meri-
dian. If it has reached, for example, point S,;, then the distance 0S; is equal
to the amount of deflection of the area element AF due to steer angle. Under
a braking force without steer angle, the area element would be deflected by
the distance OUB’ and under tractive force by OUA, These considerations are
based on the assumption of no slip in the contact area, and therefore the area
element can move only along the line A-B. The resultant displacement of 0S,,
and OUp corresponds to the distance ORg. The partial side force on the tire due
to AF is then, for braking, ASB = CS’UBRB and for traction ASA = CS’UARAO Hence
ASB is CS‘OUB Q times greater and ASA is C 'OUA o smaller than AS, the partial
side force without circumferential force. With increasing circumferential force,
and also for large steer angles we will have slip in the contact area, which is
superimposed more and more on to the displacements, and slip caused by pure de-
formation while running.

For tires with a small slip due to circumferential deformation, the dif-
ference in the distances UgRy and UARA respectively is also smaller and therefore
the influence of the circumferential force on the side force is less. For belted
tires compared to conventional tires, the ratio of slip due to deformation while
running is about 1:3.

Near the limit of adhesion the following conclusions are based on a great
number of measurements:

1. Side force and circumferential force influence each other.
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Fig. 28. The side force S' as a function of tractive forces (+U) and
braking force (-U) for different steer angles. Belted tire 165R-15,
profile %0%. All other data same as in Fig. 26.
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2. The maximum transmissible tractive force, the braking force and the max-
imum side force are in most cases not of the same magnitude.

5. The envelope for the forces transmitted in an arbitrary direction is a
circle only for special cases.

L. The deviations from the so-called static friction circle may attain as
much as 20%.

5. The circumferential force reaches a distinct static friction value up
to steer angles of 5°. After this value it decreases.

We arrive at about the same results if we investigate the influence of the
circumferential force on the camber force. The test result for positive and
negative camber are given in Fig. 30 for a conventional tire. For both camber
directions, we can notice a distinct increase of the camber force under braking
forces and a decrease under tractive forces.

Figures 31 and 32 show the behavior of the camber force of two belted
tires with asymmetrical side force behavior for @ = 0° and U = O Kp. The tire
in Fig. 31 generates a side force of S = -12 Kp, the one in Fig. %2, a side force
of S = + 17 Kp at geometric zero position. In addition, the latter tire was not
completely round. Both tires show a completely asymmetric characteristic.

MAXTMUM FRICTION

The idea that the transmissible friction forces on a vehicle tire are inde-
dependent of the force direction can be true, if the assumption is made that all
influences of the parameters like wheel load, air pressure, profile (tread)
condition, speed and so on have the same effect on the tire in circumferential
direction, as well as in the direction of the side force. However, the measure-
ments performed on the test stand do not agree with this idea:

1. For increasing load the maximum side force increases less than the
transmissible circumferential force.

2. The decrease in transmissible circumferential force which has been
observed for several types of tires, when the air pressure was increased over
1.5 atu, could not be observed for the maximum side force within the investigated
range up to 4 atu.

3. The transmissible circumferential force is different for traction and
braking.

L. The speed has a greater influence on the transmissible circumferential
force than on the maximum side force.

5. The influence of the tread condition on the side force is mostly greater
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Fig. 30. Camber force 8" as a function of tractive and braking force for
different camber angles. Conventional tire 6.00-15, profile 60%, rim
4Jx15, G = 300 kg, p = 1.8 atu, V = 50 km/h.
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Fig. 31. Camber force S" as a function of tractive and braking force for
different camber angles. Belted tire 165R-15, profile 40%. All other
data same as in Fig. 30.



Fig. 32. Camber force S" as a function of tractive and braking force for

different camber angles. Belted tire 165R-15, profile 60%. All other
data same as in Fig. 30.
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than on the circumferential force.

From these observations we must conclude the following:

The transmissible friction forces in their limiting values are with few exceptions,
dependent on the direction of the force. The envelopes for the measurements
plotted in Fig. 26 to 28 show the dependence of the maximum transmissible friction
forces, on the direction of the force for different tire types under a wheel load
of 300 Kp and a speed of 50 k /h. By performing several measurements, the influ-
ence of the load on the shape of the curve for the transmitted friction forces

has been investigated. They are plotted in Fig. 33 to 35 for three different

tire constructions. With increasing load, these envelopes become more and more
elliptic. If we know the transmissible circumferential force for a = 0° and the
maximum side force for U = OKg, we can compute the curve by the formula:

where{  is the transmissible braking force or the transmissible tractive force
at o = 0°.

The influence of the speed on the maximum side force, and on the transmissible
circumferential force is different. No influence of the speed could be observed
for steer angles up to 5 to 6°. Also for larger steer angles the influence of
speed is still small. A distinct decrease in side force with increasing speed,
could be observed only near the maximum of the side force (Fig. 36). But also,
here the influence of speed is smaller than on the transmissible circumferential
force.

The decrease is practically linear for the side force as well as for the
circumferential force. The curves of equal tread condition, (80%) for the max-
imum side force, and the transmissible tractive force intersect at a speed of
123 Km/h. At this speed the friction coefficient for this tire under a load
of 200 Kp, and an air pressure of 1.8 atu is equal in the direction of the
side force (usmax) and in the circumferential direction (“max>’

In particular, for this speed the concept of a friction circle is appro-
priate. Below this speed we have elliptic curves, (Fig. 37) with their larger
semi-axis in circumferential direction. At higher speeds the larger semi-axis
lies in the direction of the side force.

These measurements were periormed on a tire under traction. For a tire
under braking force, or for different tire types, loads, air pressures, tread
conditions,etc., the diagram changes as well as the speed for which the friction
values “Smax and p.. are equal.
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Fig. 35. Friction curves as a function of wheel load, belted tire 165R-15,
profile 60%. All other data same as in Fig. 33.
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