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INTRODUCTION

This symposium on commercial vehicle braking and
handling was sponsored by the Highway Safety Research
Institute of The University of Michigan. The purpose
of the symposium was to provide a review of the state
of the art in commercial vehicle braking and handling.
It was also designed to provide a forum in which
members of various research organizations, industrial
operations, and government agencies involved with the
topic could communicate ideas and concerns over problems
related to measuring and/or simulating the braking and
directional response of commercial vehicles.

The symposium had four technical sessions, entitled
"The Measurement of Commercial Vehicle Tire Properties,"
"Brake and Antilock System Performance,'" "Topics in
Computer Simulation," and "An Overview of Simulation
and Testing."  The symposium closed with a panel dis-
cussion on '"The Effects of Government Standards on

Commercial Vehicle Braking and Handling."

These proceedings contain papers and formal remarks
from those speakers who submitted a written version of
their presentation. By prior agreement with the authors,
these papers and remarks were not edited or changed
without their permission. All art work and graphic
material was supplied by the individual authors. Each
author is responsible for the content and validity of
his own work.

Neither the discussions following the papers nor
the comments of the panel members were transcribed for
inclusion in these proceedings.



The technical papers are presented herein in the
order given in the program. After the technical

papers the following items are presented:

(1) A copy of the luncheon speech by
W. D. Eberle, President and Chief
Executive Officer, Motor Vehicle
Manufacturers Association

(2) Formal opening statements from
several of the panelists

(3) A list of symposium attendees

(4) A copy of the program.
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INTRODUCTION

The prediction and understanding of the directional
stability, control, and braking characteristics of
commercial vehicles is no less dependent on a knowledge
of the general tire tractive properties than it is for
passenger cars. It is most appropriate then that the
opening session of this conference be concerned with
the measurement of commercial vehicle tire properties.
This paper deals with that subject by presenting truck
tire testing results from the Calspan Tire Research
Facility which has come to be known as "TIRF.'" The
overall operational features of TIRF are described in
some detail in Reference 1 and will be indicated only

very briefly here.

In their recent paper on the longitudinal traction
properties of truck tires, Ervin and Fancher [2] have
pointed out that very few devices are available for
measuring the shear performance of truck tires and only
a small number of studies dealing with such measurements
have been reported. They point out the difficulties of
constructing test facilities for measurement of shear
forces and moment properties of truck tires—difficulties
arising from the requirements for a large loading system
and wheel support assembly and for an adequate multi-
component force and moment balance system. We would
add that the problems associated with handling loads up
to 10,000 pounds or more carry through the construction,

calibration, dav-to-day operation and maintenance.

The Ervin-Fancher paper contains a review of the
very sparse literature on truck tire test facilities;
this will not be repeated here except to underscore the

observation that in the United States the laboratory



facilities currently in existence which can perform
even limited truck tire force and moment tests are
confined to two very-low-speed flat plank machines
(one with a 5,000-pound side force capability [3],
the other with a 10,000-pound load capacity) and the
Calspan TIRF whose capabilities are discussed herein.

Tielking, Fancher and Wild presented a cross-
section of cornering data on a free-rolling tire on
dry surfaces at low speed in Reference 4. At the SAE
Troy Truck Meeting in 1974, Bickerstaff and Hartley [5]
reported information on light truck tire traction
(braking) properties taken from the Calspan TIRF and
also from trailer tests and demonstrated the major
influence of tire load on dry pavement longitudinal
traction performance. In this paper, the TIRF truck
tire testing capability beyond either pure cornering
(no braking or driving torque application) or straight
braking (zero slip angle) on dry roads will be illus-
trated by some results of combined cornering and
braking tests on dry roads, by braking and cornering
data measured on wet roads, and by some dual tire test
results. It is hoped that these data will be useful
in indicating the capability of the facility as well as
in adding to the very sparse literature on the general
shear performance of truck tires. The authors will
indicate current limits of TIRF as regards truck tires
and discuss prospects for elimination of some of these

limits.




TEST FACILITY

A photograph of TIRF is shown in Figure 1 (frontis-

piece). The primary features of the machine are:

TIRE POSITIONING SYSTEM

The tire, wheel, force sensing balance, friction
brake, and hydraulic motor (to drive or brake the tire)
are mounted in the movable upper head. The head pro-
vides steer, camber, and vertical motions to the tire.
These motions (as well as vertical loading) are servo
controlled and programmable. The ranges of the position
variables, the rates at which they may be adjusted, and
other information are shown in Table I.

Table 1
TIRF CAPABILITIES

CHARACTERISTIC RANGE
TIRE SLIP ANGLE () £30°
TIRE CAMBER ANGLE (7) +30°
TIRE SLIP ANGLE RATE (x) 10°/SEC

TIRE CAMBER ANGLE RATE (i) 7°/SEC
TIRE LOAD RATE (i:z) (TYPICAL) 2000 LB/SEC

TIRE VERTICAL POSITIONING (2) 2 IN/SEC

ROAD SPEED (V) 0-200 MPH
TIRE OUTSIDE DIAMETER 18.5IN TO 46 IN
TIRE TREAD WIDTH 24 IN MAX.
BELT WIDTH 28 IN




ROADWAY

The 28-inch wide roadway is made up of a stainless
steel belt covered with material that simulates the
surface texture and frictional properties of actual
road surfaces. The belt is maintained flat to within
1 to 2 mils under the tire patch by the restraint pro-
vided by an air bearing pad which is beneath the belt
in the tire patch region. The roadway is driven by
one of the two 67-inch diameter drums over which it runs.
The road speed is servo controlled; it may be programmed

to be constant or varied.

The surfaces usually used are "Safety Walk.'#
These surfaces have excellent microtexture giving a
wet skid number’ of about 60 in the untreated condition.
The surfaces are honed to reduce the wet skid number
to lower values (typically surfaces of skid number 50
and 30 are used).

A unique feature of TIRF is the ability to carry
out tests under wet road conditions. A two-dimensional
water nozzle spans the roadway. This nozzle has an
adjustable throat which can be set to the desired water
depth. The flow through the nozzle is then varied by
controlling the water pressure. At each test condition
the water film is laid on tangential to the belt at
belt velocity. The film thickness may be varied from

as low as 0.005 inches up to 0.5 inches.

*Manufactured by the 3M Company

YAt 40 mph and 0.020 inches water depth using the ASTM
E-501 Standard Pavement Traction Tire.
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TIRE-WHEEL DRIVE

A drive system which is independent of the road-
way drive is attached to the tire-wheel shaft. This
separate drive allows variation of tire slip both in
the braking and driving modes. The tire slip ratio,

referenced to road speed, is under servo control.

BALANCE SYSTEM

Either of two six-component strain gage balances
surrounding the wheel drive shaft may be used. Three
orthogonal forces and three corresponding moments are
measured through this system. A fourth moment, torque,
is sensed by a torque link in the wheel drive shaft.

The load ranges of the basic passenger car and truck
tire balances are shown in Table II. Transfer of forces
and moments from the balance axis-system to the con-
ventional SAE reference system at the tire-roadway

interface is implemented in the data reduction computer

program.
Table IL
BALANCE SYSTEM CAPABILITIES
PASSENGER CAR
COMPONENT TIRE BALANCE TRUCK TIRE BALANCE

LOAD 4000 LB 12,000 LB
LONGITUDINAL FORCE +4000 LB +8000 LB
LATERAL FORCE +4000 LB 18000 LB
SELF ALIGNING TORQUE 4500 FT LB +1000 FT LB
OVERTURNING MOMENT 1000 FT LB $2000 FT LB
ROLLING RESISTANCE MOMENT +200 FT LB +400 FT LB




FACILITY VALIDATION

It has generally become accepted by industry and
government that passenger car tire data taken on TIRF
are valid, in the sense that forces, moments, power
losses measured on the facility, are the same as would
be experienced on the road under similar conditions.

In 1973, a round-robin validation program was sponsored
by the Motor Vehicle Manufacturers Association and the
Rubber Manufacturers Association in which identical
bias-belted and radial-ply tires were run at various

test conditions on the Calspan TIRF and eight other car
and tire industry facilities. Three of these facilities
were road testers (trailers or truck bed), two were
circular drums (external) and three (in addition to

TIRF) were flat-bed laboratory machines. Typical results

are shown in Figure 2.

It may be seen that the road test data show signi-
ficant spread, with the TIRF data falling near the
center of this spread. The single drum data (120 in
diameter) are in good agreement as are most of the flat-
bed data. One set of the outlying data from a flat-bed
plank machine was found to be too low due to insufficient
rolling length to obviate tire relaxation effects; when
the rolling distance was extended, agreement was
improved. The remaining outlier data are also from a
plank machine—shorter than the first—so these data are
also suspect. Taking these factors into account, plus
the acquisition of an extensive body of test data over
the past two years, the TIRF passenger car tire results
have come to be accepted as representing the actual
forces and moments produced under steady-state operating

conditions.
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Formal correlation tests have not been run on
truck tires. As pointed out above, test facilities
that are capable of handling truck tires are very
limited. The data comparisons of Bickerstaff [5] are
the only published comparisons with on-the-road data.
A number of braking tests are being initiated at
Calspan and it is hoped that in the coming months more

direct comparisons with road test can be made.

TRACTION FIELD DEVELOPMENT ON DRY PAVEMENT

On TIRF, truck tires are usually braked by a disc
brake mounted on the wheel axle shaft. The free-rolling
tire is set to the wanted slip angle and load at the
proper road speed. It is then braked at the desired rate
until the wheel is brought to a stop. During this
period, six-component force and moment data are recorded
by the data system at a sampling rate of up to 100
samples per second (the so-called continuous sampling
mode). As soon as the tire reaches lock-up, the brake
is released, the tire taken to the next operating condi-
tion and the process repeated. This procedure is
continued until all data are secured or until the data
storage capacity of the computer is reached. At this
point the run is stopped, data are computed, processed,
and put into disc and/or tape storage and a new run is
started.

The reduced data of a bias-ply 10.00-20 truck tire
braked at a road speed of 40 mph and a load of 4,500
pounds are shown in Figures 3, 4, and 5. The longitudinal
and lateral forces (F, and Fy) have been nondimensionalized
by dividing them by FZ. In Figure 3, the longitudinal
force coefficient is plotted against slip ratio at slip

13
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angles of 0, 2, 4, and 8°; in Figure 4, the lateral
force coefficient is similarly plotted against slip
ratio. The traction field for the braking quadrant

is constructed by plotting the lateral force coeffi-
cient vs. the longitudinal force coefficient as in
Figure 5. To achieve good definition of the field, it
is important to generate numerous data points up to
slip ratios of about 15%, that is, between the free-
rolling condition and the peak of the longitudinal
force, as demonstrated in Figure 5. The interval from
the time of brake application to lock-up was only about
0.5 seconds. Recently, much larger rates of brake
application have been accomplished so that an even denser,
almost continuous distribution of points is obtained.

The aligning torque (MZ) 1s plotted against longi-
tudinal force coefficient in Figure 6. At positive slip
angle with no braking (F, ® 0), the aligning torque is
positive, which in the SAE convention* means that the
torque 1s self-"aligning" (tends to turn the tire toward
zero slip angle). Application of the brakes and decvelop-
ment of braking force, however, leads to large nega-
tive aligning torques which tend to increase the slip
angle; this has been likened to a '"negative caster angle
effect" [6]. With the compliances inevitably present
in truck steering systems, this sign reversal could have
significant implications in truck handling and be a
matter of concern in connection with meeting FMVSS 121.

The authors had hoped to be able to present
aligning torque data for a radial-ply truck tire which
were expected to exhibit quite different aligning torque
behavior than the bias-ply truck tires. This expecta-

tion was based on characteristics measured on passenger

*SAE J670-C, Vehicle Dynamics Terminology

17
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car tires (Reference 7). A faulty strain gage (a
manufacturer's quality control problem) on one of the
beams of the truck tire balance, however, necessitated
curtailment of tests so that these data are not
available for this paper. It is suggested, however,
that differences in bias-ply and radial-ply tires
under combined cornering and braking may be important
in some FMVSS 121 considerations.

WET ROAD PERFORMANCE

It is curious that the National Highway Traffic
Safety Program as regards vehicle stability and control
has been concerned with dry road* rather than wet road
vehicle performance since it has been well established
that most loss-of-control accidents take place on wet
roads [8]. On TIRF, truck tire tests performed under
wet-road conditions show marked differences between tires
in both their cornering and braking capabilities and
suggest, therefore, opportunities to improve vehicle
lateral and longitudinal response under hazardous
(slippery) road conditions.

Two surfaces were used with nominal skid numbers
of 30 and 60. Whereas passenger car tire testing is
usually done with 0.020 inch of water on the surface to
conform with ASTM skid trailer practice, these tests
used 0.060 inch of water in view of the larger drainage
grooves in the truck tire treads. Although both ribbed
and lugged tires were tested, only some of the grooved
tire results will be reported here.

*Unlike the highway counterpart wherein the primary
effort is directed toward improved wet road
performance.

19



ASTM standard pavement tires* were used as
reference tires to '"calibrate'" the surfaces. Runs
were made with both 0.020 inch and 0.060 inch of
water; the mcasurcd skid numbers arc shown in Figure 7.
At 20 mph, the circumferential grooves in the ASTM tires
were able to provide the necessary drainage. As the
speed increased to 40 and 60 mph, drainage was increas-
ingly inadequate with the tires reaching near hydo-
planing conditions on both surfaces with 0.060 inch of
water at 60 mph. At 40 mph and 0.060 inch water depth,
the skid numbers of the two surfaces were 30 and 50.

Figure 8 is a lateral force-slip angle-road speed
carpet plot of a '"control" tire with superior wet road
performance as compared to two other tires shown in
subsequent figures. In Figure 8, the vertical axis is
lateral force and the horizontal axis slip angle. The
nearly vertical curve on the left of the carpet plot is
thus a plot of lateral force versus slip angle at 20 mph.
For 40 and 60 mph, the zero slip angle origin is shifted
to the right-—generating two more curves. The points of
constant slip angle are connected to produce the carpet
plot. The slopes of the load curve at zero slip are the
cornering stiffnesses. The slopes of constant slip angle
lines show the sensitivity of the tire to speed.

In Figure 9, the control tire is compared with two
other tires on the two surfaces (nominal skid numbers
of 30 and 50 at 0.060 inch water depth). These other
tires differ from the control tire in compound and tread
pattern. In Figure 10, the tires are 'rated" by using

the ratio of two lateral forces at 10° slip angle—the

*ASTM E-501-74

20
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lateral force of the candidate tires at given speeds
and the lateral force developed by the control tire at
20 mph, It may be seen that significant differences
exist between the tires on both surfaces although it
appears that they may come together at sufficiently
high speeds.

Straight braking comparisons were also made of
these tires. Figure 11 is a computer generated plot of
the normalized tractive force (Fx/Fz) versus slip ratio.
From plots such as these, the peak and slide coefficients
were determined and plotted as in Figure 12. Again it
is apparent that significant differences are present
among these three tires.

DUAL TIRE RESULTS

Dual truck tires are tested on TIRF in essentially
the same fashion as single tires. Figure 13 shows a
set of dual 8.00-16.5 (C) light truck tires mounted on
TIRF. Their (free-rolling) cornering test results are
shown in Figures 14 through 19, with single-tire test
results added for comparison. Figure 14 indicates that
the lateral force coefficients of both single and dual
tires, compared at the same vertical load per tire (here
1,800 pounds), are virtually identical for all slip
angles tested. One would therefore expect corresponding
cornering coefficients to be identical, too, which is
very nearly true as Figure 15 demonstrates.

Lateral forces of the single and dual tires, however,
are not identical if they are generated by tire camber-
ing rather than side-slipping. Figure 16 suggests that
in this case the two footprints of the dual tires act
as parallel individual units, each contributing to the
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total lateral force according to its share of vertical
load. Consequently, the camber coefficients of the
dual and single tires are different, as illustrated in

Figure 17.

The overturning moment coefficients, Figure 18,
are not very different, which is perhaps surprising
since MX/FZ represents the lateral offset of the center
of pressure, y—a quantity one would expect to be longer
for dual than for single tires. Similarly, the aligning
torque coefficients of both configurations do not show
significant differences (Figure 19). With the exception
of camber effects, these results are in agreement with
data reported by Tielking, Fancher, and Wild [4] who
found that for 8-22.5 (D) tires, the traction force and
the aligning torque generated by the dual configuration
are nearly twice as large as corresponding values

generated by a single tire.

FACILITY LIMITATIONS

TIRF was initially designed to serve as a test
facility for passenger car tires. At the conclusion
of the preliminary design phase, Calspan was asked by
the Motor Vehicle Manufacturers Association, one of the
primary sponsors of the facility,* to make provisions
for testing truck tires without materially changing
the concept or cost of the facility. Hence, the design
was modified so that the tire positioning and loading
systems would accommodate truck tire sizes and loads.
It was also found necessary to construct a separate
truck tire balance system for loads up to 12,000 pounds
(Table II). It was known, however, that a maximum load
of 12,000 pounds was inconsistent with the capacities

of both the braking and the air bearing systems.

*Along with the Rubber Manufacturers Association
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Testing experience to date has shown the air
bearing upper load to be 8,000 pounds or just under
150% of the T&RA load for a 10.00-20(E) tire at 85
psi. At this load, slip angles have been run up to
at least 16°. Studies are now underway on the replace-
ment of the air bearing with a water bearing. The
system appears to be completely practical and the
performance should be adequate up to 12,000 pounds tire
load.

Current braking capability limits maximum load to
6,000 pounds or less if the full range of slip ratios
from free-rolling to locked-wheel is to be covered.

The exact upper load depends upon the peak and sliding
traction coefficients for the particular tire. (Obviously,
higher loads can be run on wet roads than on dry roads.)
Extension of the braking performance to higher loads

is difficult. The roadway itself is driven by an
hydraulic drive with an installed power of 450 hp. When

a tire is braked, the braking force on the belt results

in a torque on the driving drum. If this torque exceeds
the drive capability, the roadway will be rapidly
decelerated—rapidly because the inertia of the roadway
system is quite low (low inertia is a requirement for

good speed control). With large braking loads it is not
uncommon to bring the roadway completely to rest in a

few seconds. Increasing the drive horsepower to be able
to maintain constant speed, and a dry traction coefficient
of 0.8, approximately 850 hp are dissipated in the

contact patch of a sliding tire. It would be practical,
however, to couple inertia to the simulated roadway so
that the rate of slow-down would match that of commercial

vehicles being braked.
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While truck tire power consumption 1s not a
specific subject of this meeting, it is a topic of
high national priority at this time. TIRF, as it
stands, has the capability for stcady-state measurec-
ments of tire rolling resistance or power consumption
at loads, slip angles, and torques up to the maximum
values of interest. TIRF appears to be the only
facility in the U.S. with this capability, and truck

tire power consumption tests are being initiated.

SUMMARY

The Calspan Tire Research Facility (TIRF) as a
laboratory apparatus for testing truck tires 1is
described and typical truck tire test results are
presented. Test results are shown for a combined
lateral slip (slip angle) and longitudinal slip (brak-
ing) operations of a 10.00 x 20 truck tire on a dry
road surface. The measured lateral and longitudinal
forces and aligning torques are used to portray the
"traction field" for this tire. The aligning torque
behavior possibly has important implications on the

handling characteristics of a truck under heavy braking.

Wet road cornering and braking characteristics of
three different 10.00 x 20 truck tires measured on
TIRF show significant differences. It is noted that
wet road handling and braking performance of trucks (as
well as passenger cars) has received very little atten-
tion in the National Highway Traffic Safety Program in
spite of the fact that the majority of skidding accidents
occur on wet roads. The presented results show the
practicability of wet-road testing of truck tires on
TIRF.
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Comparisons are made of single versus dual tire
performance. The presented results indicate that for
equivalent loads, little differences exist in cornering,
aligning torque, and overturning moment coefficients.
The camber coefficients of dual tires, however, appear
to be different from corresponding values of single
tires.

TIRF's upper limits of load and brake forces are
certainly below those desirable to evaluate tire-vehicle
systems with respect to proposed FMVSS 121. The current
limit on tire load is extended fairly readily and, in
fact, steps are being taken that are expected to extend
the load up to at least 12,000 pounds. Increasing the
braking capability would involve more expensive modi-
fications of the facility. These modifications appear
to be practical; their implementation, however, is
contingent upon justification of the additional capital
investment required.
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MOBILE MEASUREMENT OF TRUCK TIRE TRACTION

R. D. Lrvin
[lighway Safecty Rescarch Institute
The University of Michigan

ABSTRACT

A mobile dynamometer system has been developed for
use in measuring the lateral and longitudinal traction
properties of truck tires on actual paved surfaces.
The apparatus is described, together with certain prac-
tices which are employed in its use. Data are presented
covering basic characteristics measured with the longi-
tudinal-testing portion of this apparatus. The data
describe those sensitivities of truck tire traction which
are of first-order relevance to the limit braking behavior

of heavy trucks on dry pavements.

41




INTRODUCTION

The technical litcrature is virtually devoid of
experimental measurements describing the traction pro-
perties of commercial vehicle tires. Indeed, only very
recently has the technical capability been developed for
conducting measurements of the friction-limited shear
force properties of such tires. Notable reportings of
this capability have been made by the Goodyear Tire and
Rubber Company (1), the Highway Safety Research Institute
(HSRI) (2, 3, 4), and the Calspan Corporation (5). While
the latter reporting describes a high-speed laboratory
machine, the preceding publications describe devices for
conducting over-the-road measurements. This paper
supplements HSRI's previous publications, presenting a
total truck tire traction measurement system, heretofore
presented only in part, and providing data concerning
longitudinal traction which has been documented in detail

within the technical report of Reference 4.

MOBILE TRACTION MEASUREMENT APPARATUS

The HSRI mobile dynamometer in its current stage
of development consists of a tractor, semi-trailer vehicle
which permits investigation of either longitudinal or
lateral traction characteristics of heavy truck tires.
The system, shown in Figure 1, permits measurement of
longitudinal properties by way of the trailer-configured
dynamometer as it is towed and serviced by the instru-
mented tractor. Mounted on the same tractor is a
structure supporting a lateral traction measurement
system, as diagrammed in the plan view of Figure 2. Each
test system is basically designed to expose a truck tire
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specimen to a set of operating conditions which cover
the full range of possible loads, velocities, longi-
tudinal or angular slip, and pavements such as can be
encountered under either normal or emergency situations

on the highway.

The longitudinal traction dynamometer, shown in
Figure 3, is a welded trailer structure of pipe and
plate sections, designed for economy of construction
and for stiffness. The test wheel is situated approxi-
mately at the trailer c.g. position and is supported by
a parallelogram suspension. This suspension configura-
tion, shown in Figure 4, derives from attempts to achieve
three fundamental qualities in a mobile traction

measurement machine, viz.,

1) The elimination of kinematic interactions
between the loads applied to the test wheel
and resulting shear forces and moments.

2) The employment of a low-spring rate loading
mechanism (an air spring), to assure the
attainment of the desired load levels while
neither (a) sacrificing frequency response
in the vertical degree of freedom of the test
wheel, nor (b) imposing a significant through-
coupling of the vibrations of the foundation
vehicle to the test wheel.

3) The minimization of the value of the
"unsprung" mass, i.e., the mass which is
displaced with the vertical motion of the

test wheel spin axis.

The parallelogram linkage suspension is thus pro-
vided to assure kinematic isolation of forces while
assuring a zero inclination (camber) of the test wheel
plane.
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Figure 3. Test Wheel Mounted on the Longitudinal
Force Trailer.
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The use of an air spring loading mechanism permits
a controllable vertical load condition and, in the case
of the HSRI machine, imposes a nominally 350 1b/in
coupling between the trailer and the test wheel—while
operating at a common mid-range load of 5000 1b., FZ.
At higher loads, the spring rate rises to a maximum
value of 1000 1b/in at a load of 20,000 1bs., while
the spring rate, of course, diminishes to zero at zero
inflation of the air spring. These spring rates con-
trast with corresponding leaf suspension rates of trucks
which are five to eight times stiffer at comparable rated

wheel loads.

The basic design principle behind air spring
loading, then, is that the machine incorporates a
relatively "soft" loading member (which is also virtually
frictionless) and thereby attains features which serve
to enhance the quality of the vertical load condition
which is imposed upon the test tire. With such a mechanism,
it 1s then straightforward to obtain precision selections
of vertical load through the use of commercially

available precision regulators.

The unsprung mass which is associated with the
vertical degree of freedom of the test wheel on the HSRI
machine weighs 1850 1bs., when outfitted with a
10.00 x 20/F tire and the corresponding 20 x 7.50 disc
wheel rim. By such a configuration, the '"wheel hop"
system indicates a natural frequency of approximately
5 Hz (for an effective radial spring rate of the tire
of 5000 1b/in). In general, a high frequency wheel
hop system permits a minimal vertical load fluctuation
as the tire follows the varying profile of the test
surface. In the design of HSRI's longitudinal force
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dynamometer, the "quality' deriving from a reduced size
of the unsprung mass was compromised with the obvious
needs of strength, stiffness, and economy of construc-
tion of the wheel support assembly. The longitudinal
force, FX, vertical load, Fz’ and brake torque, Tb’

are transduced by way of a serial-mounted load cell.
These signals, together with wheel angular velocity and
vehicle velocity, constitute the primary data channels
for the machine.

The nominal pitch and jounce trim of the HSRI
trailer are controlled through the use of self-leveling
air suspensions on both the trailer rear axle and the
tractor rear tandem. Thus, as a given vertical load is
transferred from the two respective axle sets to the
test wheel, through inflation of the test wheel air
spring, the tractor and trailer leveling systems adjust
to a running equilibrium at which the trailer assumes
its design trim attitude. The use of air suspensions
on both ends of the trailer also contributes to
attenuation of ride motions, thus further assuring
quality in the vertical load condition.

The test trailer is capable of mounting any tire
in the 20-inch rim size, and above, which is:

a) less than 46 inches in free diameter, and

b) 18 inches or less in maximum section width.

Tires can be loaded to a maximum level of 20,000
1b., although, to date, brake torque limitations have

prevented the lockup of tires on high friction surfaces
at loads exceeding about 15,500 1bs.

The lateral traction dynamometer shown schematically

in Figure 5, mounts two tire samples on opposing
steerable spindles outboard of the tractor's wheel
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tracks. The two tires are '"toed-in" together by an
electrohydraulic servo system covering a slip angle

range from -1° to +30°. The test wheel spindles are
mounted upon a solid cross-axle which is constrained

by a single longitudinal pivot pin.

The pin itself is fastened within a cage which
can move only vertically, as constrained by a set of
four ball-spline bearings. The vertically-"floating"
cage 1s then loaded through inflation of a set of air
springs. This machine thus incorporates a suspension
designed to maximize the three 'fundamental virtues'" of
mobile measurement described earlier—but for the more
complicated case in which two tires are needed to achieve
a side force equilibrium on the foundation vehicle.
Clecarly, the "pivot axle'" arrangement provides for a
load equalization between both tires while also providing
a higher frequency response to road profile irregulari-
ties which are uncorrelated, side-to-side. The "floating
cage' provides the needed kinematic isolation of the
vertical load from forces in the ground plane by virtue
of its rectilinear antifriction constraints. The air
spring loading configuration again provides for precision
load selection while incorporating a low spring rate
coupling between the unsprung mass(es) and the foundation

vehicle.

The two wheel spindles are '"steered" to equal but
opposing slip angles by an electrohydraulic servo system
which incorporates two sets of actuating cylinders as
shown in Figure 6. The linkage arrangement which
mechanically couples both spindles together permits the
use of a single control loop, operating on the feedback
signal from the one instrumented wheel while assuring
common slip angles, side to side, even in the event of

a servo power failure.
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The system permits mounting of any tire within
the 30" to 48" range of free diameters and which is
less than 18" in cross-section width. The measurement
of tire force and moment conditions is achieved by
way of a serial multicomponent load cell which trans-
duces lateral and vertical force components as well as

aligning moment.

Data signals from either the longitudinal or
lateral test apparatuses are conditioned and recorded
within a tractor-mounted module. The module serves as
a self-contained data acquisition laboratory as well as
the operator's station for selecting and initiating test
control functions. As shown in Figure 7, the operator's
module provides an array of hard-wired electrical
controls in addition to certain pneumatic and hydraulic
control elements.

MEASUREMENT PRACTICES AND EXPERIENCE

While the total mobile test system described here
1s currently operational, the lateral force dynamometer
is only beginning its initial program of experiments
and is cited in this paper merely as an up-to-date
reporting of HSRI test capabilities. The longitudinal
force trailer has been utilized in a program of baseline
experiments, providing data which is presented in the
remainder of this paper. For a detailed discussion of
the data presented here, the reader should consult
Reference (4),

The measurement of longitudinal traction properties
has involved the repeated execution of a basic test
cycle over a range of loads, velocities, pavements, and
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tire samples. The test cycle incorporates the wheel
spin-down transient shown in Figure 8. This time
history derives from a controlled-onset brake torque
application followed by an automatic brake release.

By means of an appropriate throttling valve setting,

the flow of air into the chambers of a dual-wedge drum
brake is controlled to provide a gradual approach toward
the peak force condition, thus increasing the quantity
of data gathered in the vicinity of the peak longitudinal
force. The locked-wheel condition is constrained to
approximately 150 milliseconds duration to minimize the
load variations that derive from '"flat-spotting," as

reported previously (2, 3).

In preparation of a new sample for testing, a tire

"

is "broken-in," on the test machine, for a distance of
approximately 10 miles, and at a velocity of 40 mph,
followed by the execution of six preliminary "lockup
cycles" for purposes of removing any surface contaminants

remaining from the tire molding process.

It has been rationalized that customary prepara-
tions employed in passenger car tire testing, such as
utilization of a 100-mile free-rolling break-in prac-
tice, are most likely inappropriate for preparation of
heavy truck tire samples, given that the slip encrgy
experienced in a single lockup far exceeds the accumu-
lated work history encountered during the free-rolling
practice. Accordingly, the initial application of six
lockup cycles is seen by HSRI as a more satisfactory
method for assuring that the sample experiences the
necessary transition in tread surface conditions prior
to data-taking. It would appear from data which are
presented later that the tires examined in HSRI's

initial test sample did indeed exhibit a quite stable

55



_ —+—4 to 6——-I
seconds

150' —Locked
Sec. Wheel

—— R S e o e e M —
Wheel Angular ’h“.
Velocity

Longitudinal
Force

B - ;-_JW time —»=

Figure 8. Approximate time scale of the basic
"lockup cycle."

- 56



traction performance over the sequence of test runs,
following the indicated break-in procedure. The need
for such a brecak-in practice, however, has not been

explored.

In HSRI's mobile experiments, raw data has been
recorded directly on FM analog tape and subsequently
processed through a hybrid computer system. Final cal-
culations of averaged traction performance have been
performed digitally and all filtering has incorporated

no-phase-lag digital techniques.

In processing the data gathered at low test
velocities in HSRI studies, it was observed that the
longitudinal traction force which accrues at the locked-
wheel condition can involve a transient process, pro-
bably thermal in nature, which spans a significant range
of FX values. As shown in Figure 9a, the FX time
history for a lockup cycle at 3 mph indicates a time-
dependency in the FX response, following achievement of
100% slip. (The locked-wheel value is sustained here
through manual override of the automatic brake release
circuit.) The non-single-value relationship between FX
and slip causes the '"slide'" value of Fx (such as was
calculated during processing) to assume a value which
1s somewhat below the initial value of FX at 100% slip
and above the ''steady-state'" value. The implications
of this FX time-decay phenomenon are illustrated in
Figure 9b in which are plotted the '"u-slip" (that is,
normalized longitudinal force, Fx/Fz versus longitudinal
slip, s), curves obtained for a single 10.00 x 20/F
tire over the examined range of velocities. The time-
dependent '"tails" are manifested visibly on the 3-mph
and 10-mph curves but are indistinguishable at higher
velocities. In the processing of data presented in
this paper, the Fx/Fz value at 100% slip was determined
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Figure 9a.

Time dependence of locked-wheel value of
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by averaging the digital samples accumulated over the
first 100 msec. following the detection of 100% slip.
Thus the time-dependent behavior at low velocities has
not been routinely characterized in the data which are to
follow.

DATA DESCRIBING BASIC LONGITUDINAL
TRACTION SENSITIVITIES

In Figure 10, a typical summary of u-slip curve-
shapes is shown, indicating load sensitivity on the
left and velocity sensitivity on the right. All load-
sensitivity runs were made at a nominal velocity value
of 40 mph; all velocity-sensitivity runs were made at
a vertical load value nominally equal to the Tire and

Rim Association load rating for each respective tire.

In terms of overall curve shapes, the data in
Figure 10 confirm the large fall-off in Fx/Fz from the
peak to the 100% slip condition, as was reported in
previous work (2, 3)—a dry pavement traction charac-
teristic whose proportions clearly distinguish heavy
truck tires from passenger car tires. It is signifi-
cant to note also that the p-slip curves representing
differing load conditions are virtual scale models of
one another throughout the slip range, while gross
changes in curve shape are seen to accompany the
differing velocity conditions. In terms of the mech-
anisms of longitudinal force production, it appears
that a linear sensitivity of tread rubber friction to
the relative velocity in the contact patch accounts for
the bulk of the observed velocity influence on traction
performance in the high-slip regime.
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As shown in Figure 11, the non-normalized Fx
versus slip curves verify a first-order dependency of
so-called longitudinal stiffness (Cg) on vertical load

where

The C, parameter is characteristically influenced by
vertical load because of the increasing length of the
tire-road contact patch with increased load. In the
data presented, the load range is sufficiently broad
that the Cg versus E relationship is seen to stiffen
markedly at the higher load level. As expected,
however, Cg has been found to be unaffected by varia-
tions in velocity as was illustrated in the normalized

data curves of Figure 10.

The "u-slip" data (such as shown in Figure 10) has
been reduced further to yield numeric characterization
of FX/Fz at the peak of the curve and at the 100% slip
(or "slide'") point. These peak and slide characteri-
zations are utilized here to illustrate a variety of

basic findings.

Let us examine, first, the variation in perfor-
mance measured for a six-tire sample on an asphalt
pavement. Figure 12 summarizes the sample's traction
sensitivity to normalized vertical load, i.e.,
FZ/Fz(rated)' On recognizing that the tire sample
included four "F"-rated tires (open symbols) and two
"H"-rated tires (closed symbols), we note that the
traction data produced by the tires having a common

load-range rating are rather tightly grouped, especially
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with regard to peak values. It is surprising, however,
that the size 15 x 22.5/H wide base single tire (code
UU15) provides such a small increment in normalized
traction when the load is reduced from the rated value
(8460 1bs) to 0.4 of the rated value (3380 1bs). This
performance suggests, for example, that the wide base
single is less suitable for operation at lower loads
than tires which are rated in the lower load range. As
shown in Figure 13, with vertical load (non-normalized)
plotted on the axis of abscissa, the wide base tire
provides a reduced tractive performance (compared to
10.00 x 20/F's) when the value of FZ is below about
8000 1bs. Thus the notion that one can "tire-up" to
resolve stopping performance deficiencies in heavy

trucks may not be a universal axiom.

Figure 14 illustrates the influence of velocity on
the normalized traction behavior of the six-tire sample
as measured on the asphalt pavement. The data show a
rather narrow band within the respective peak measure-
ments and slide measurements across the tire sample,
with consistent gross trends exhibited in all cases.
The data in Figure 14 again place the H-rated tires
(codes FT12 and UU1S5) at the lower boundary of perfor-
mance for these experiments in which each tire was

operated at its rated load.

To characterize the repeatability of the data
presented in Figures 12 through 14, the data obtained
from a set of five repeat runs which were interspersed
within data runs for each tire are plotted in Figure 15.
Each repeat run represents the average of six locking
cycles conducted at 40 mph and the T § RA rated load
on each tire. Data points are presented, left to right,

in the order in which they were gathered. Below each
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group of peak and slide data presented in Figure 15

for each tire, the standard deviation of the measures

1s printed. 1In general, the indicated repeatabilitics
arc of considerably higher quality than is observed,
say, 1n peak readings gathered using ASTM skid trailers.
In addition to the observed repeatability, it is most
significant to note that the test process is causing

no monotonic trend in peak/slide characteristics as a
function of work history. Thus we have concluded that
each tire sample was behaving in a stable fashion

throughout the sequence of test runs.

To demonstrate the influence of pavement surface
characteristics on peak and slide traction, results have
been summarized as load and velocity sensitivities for
a baseline tire tested on four different test surfaces.
Figure 16 1llustrates the extent to which the four
pavement selections altered the load sensitivities of
this tire. While there appears to be a changing rank
among the surfaces in terms of the peak and slide trac-
tion values, the two asphalt surfaces which were
examined generally provided higher peak traction per-

formances than did two concrete surfaces.

Figure 17 indicates the influence of the pavement
differences on velocity sensitivity. Whereas previously
reported measurements indicated a profound difference
between peak traction performances on concrete and
asphalt, these data show basically comparable trends

among the two asphalt and two concrete surfaces.

To characterize the statistical repeatability of
the data describing pavement influences, the '"check run"
values of peak and slide traction are plotted for each

of two baseline tires in Figures 18 and 19. As before,
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these data points are plotted from left to right as
they were acquired. It is significant to note that

the higher variability in the repeated check run
measurements indicated for the TRC-concrete data is
common to both tire samples. It is believed that this
variability derives from a spatial inhomogeneity which
characterizes the TRC Hi Speed Track facility. As a
consequence of a pavement grinding operation which was
employed to correct certain "high spots' which ensued
from the paving process, there exist areas of differing
surface texture (and apparently differing friction
potential), among which areas HSRI did not discriminate

in conducting its traction experiments.

Comparing the repeatability data presented in
Figures 18 and 19 and previously in Figure 13, it would
appear that the repeatability of measurements of truck
tire longitudinal traction depends more upon pavement
uniformity than upon the stationarity of innate tire
properties.

CONCLUDING REMARKS

This paper has presented a mobile test system
which has recently been developed to permit measure-
ments of truck tire traction behavior. While this
apparatus is not totally unique in its capability, it
represents the only such hardware outside of private
industry. As such it represents a most significant
means by which truck tire traction data can and will

continue to be presented in the open literature.

Although the data which have been presented herein
represent a limited examination of an important group

of traction influences, it is believed that they
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establish, to first order, the behavioral mechanisms
involved in the generation of longitudinal traction
by truck tires on dry surfaces.

Clearly, much more experimental work needs to be
done, and the results made available, before the
general field of truck tire traction mechanics can be
called a technology. A broader base of truck tire
longitudinal traction data is needed to establish the
degreé'of generality which is applicable to findings
presented herein. Experiments should also be designed
and conducted to investigate, on an elemental level,
the mechanics of dry traction such as applies to the
operating conditions and tread materials of heavy truck
tires. Insight into the mechanisms involved in the pro-
found peak-to-slide '"fall-off" of heavy truck tires
operating on dry pavements would be useful to the
development of an adequate semi-empirical model of the
process and for the design of tires with improved braking

performance at high slip.

Efforts should also be directed at the development
of a standard practice in truck tire preparation that
is both maximally efficient and comprehensively effec-
tive in assuring stable, representative samples for

testing.

Finally, the work being done at HSRI and elsewhere
to investigate the longitudinal traction mechanics of
truck tires should be expanded into the angular slip and
combined slip portions of the traction field so that a
comprehensive understanding of this critical truck

component can be developed.
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MEASUREMENT AND PREDICTION OF
COMMERCIAL VEHICLE BRAKE TORQUEL

T.M. Post
Highway Safety Research Institute
The University of Michigan

ABSTRACT

A new test vehicle has been developed at HSRI to
measure time histories of brake torque over-the-road
at nearly constant velocity. Four truck air brakes
were used 1n an initial test program which included
tests to assess the influence of brake pressure,
rubbing speed, and drum temperature on brake torque.
Special tests were included to measure hysteretic
effects.

The results from the program were used to
develop a semi-empirical formula to simulate torque

as a function of time during a spin-down process.
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INTRODUCTION

The last few ycars have witnessed the promulgation
ol government safcty standards which have significantly
increased the demands to be met by commercial vehicle
brakes. The most notable standard is FMVSS 121 (1)*

which stipulates maximum stopping distances for many

b

commercial vehicles, and minimum torque requirements
for commercial vehicle brakes. Since this standard
requires a significant upgrading of commercial vehicle
brakes, much recent interest has been generated in
brake testing.

Compliance with the brake torque requirements of
I'MVSS 121 is based on an inertial dynamomcter test,
in which time historics of torque are measured as a
function of brake line pressure and initial veloclity
during spin down. Inertial dynamometers suitable for
these measurements have for years been a primary test
tool used by brake manufacturers to characterize theilr
brakes, usually through an average torque value during
the spin-down cycle. lHowever, the current interest
in brake fade (particularly with regard to the loaded
60 mph facets of FMVSS 121) and hysteresis during
antilock cycling (the wheel lock provisions of the
standard have caused the vehicle manufacturers to
adopt antiskid braking systems in many cases) have
made it desirable to be able to measure torque as a
function of time at a constant wheel spin rate. Such
a constant speed device has been developed at the
Highway Safety Research Institute of The University
of Michigan (2). In the present paper, some results
from the initial brake test program of this device are

reported (3). In addition, some analytic modeling in

*
Numbers in parentheses designate References at
end of paper.
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which the brake torque time histories are simulated is
presented. The parameters used in the analytic model
were chosen to reflect the results and conclusions of

the test program.

EXPERIMENTAL APPARATUS

The brake test device makes use of a modified
tractor-trailer and associated apparatus (Fig. 1). It
is outfitted with modular items which supply electric
and hydraulic power, and an operator's station con-
tained in the forward module. The unique feature of
this device 1s that it operates at nearly constant
velocity. It can be used as either a truck tire tester
or a truck brake tester. It is capable of handling
up to 20,000 1bs. of vertical load and 240,000 in-1b.
of brake torque. The combined weight of 45,000-50,000
1bs. of tractor-trailer allows quasi-constant speed
experiments up to 70 mph.

Figure 2 shows the control and data acquisition
equipment located in the operator's station. Here,
brake line pressure and vertical tire loads are con-
trolled by the operator. It is instrumented with an
I'M analog tape recorder which records time histories
of brake torque, brake linc pressure, vehicle velocity,
wheel spin velocity and two drum temperatures. These
measurement signals are then transferred to a six-channel
pen recorder for a visual confirmation of the test.

Figure 3 shows the mounting and measuring device.
The wheel is mounted on a spindle arrangement which,
in turn, is fastened to a strain gauge load cell
member. The load cell measures longitudinal and
vertical tire forces as well as brake torque. The
angular velocity of the test wheel is measured by a
DC tachometer while a fifth wheel is used to obtain the

vehicle's longitudinal velocity. The steady-state drum

79




*IoTTRIL

-103081] POTFTPON

.

I @xn3tg

80



U
: B - b

~
-

.

FERUE Gt hiy,

*Z 9andTyg

81



90 TIAS(Q SuTansedol pue SUTIUNOR

¢ 2aIndTg

82



temperature 1s measured utlllzling an iron-constantan
thermocouple imbedded in a copper rod which extends

through the lining and rubs on the brake drum.
INITIAL TEST PROGRAM

Four commercially available truck air brakes were
used in the test program including two S-cam and two
dual wedge brakes.

Specifications describing these brakes are given
in Table 1. Brakes A and B are S-cam types, while
brakes C and D are the dual wedge brakes. Note that
brake D was tested with two different types of drums,

namely, a cast iron drum and a centrifugally cast drum.

BURNISH

The burnish procedure for ecach brake consisted
of 100 brake applicators at a brake line pressure of
40 psi at vehicle speed 55 mph for a duration of 3-4
seconds. During this procedure, brake information,
such as brake line pressure,brake torque, the vehicle
and wheel spin velocity and the drum temperature are
obtained. The drum temperature is not allowed to
exceed 600° F.

A typical set of burnish data is shown in Figure
4 in which brake torque is plotted against burnish
test number. The cross-hatched region is enveloped
on the top by the peak torque and on the bottom by
the torque obtained after three seconds of application.
Note that after about 80 burnish runs, the values of
both the peak and the 9-second faded torque reach a
steady value. A smoothed approximation of the drum
temperatures are plotted along the bottom, denoted
by the dashed line. The dips in the temperature curve

indicate that the burnish procedure was stopped for
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extended periods of time. It is interesting to note
that these temperature dips at runs 31 and 61 produce

corresponding anomalies in the value of the torque.

TEST MATRIX

The initial test program was built around a
standard test matrix consisting of brake application
runs made at a variety of operating conditions. The
nominal values of brake pressure, velocity, and initial

drum temperature used in this matrix are:

(1) Brake Pressures 40, 60, 80 psi
(2) Vehicle Velocities 20, 40, 55 mph
(3) Initial Drum
Temperatures 200°, 350°, 500° F

The pressure is maintained for at least three seconds.
In some cases, lower pressures were used to prevent
wheel lock.

Examination of the time histories of the relevant
parameters leads to a better understanding of the
test process. Recorded data from two consecutive
brake applications are shown in Figure 5. In the first
run, #38, the pressure reaches 40 psi, the nominal
velocity 1is 55 mph, and the initial drum temperature
is 350° F. Inspection of the wheel velocity trace
indicates that the test wheel did not lock and the
torque reached a maximum of 120K in-1b in less than
one second and decreased significantly after that.

Sixty psi was attempted in run #39 in which wheel
lock did occur momentarily, as indicated by the wheel
velocity trace. An automatic pressure release circuit
becomes operative at a preset low value of wheel speed
preventing excessive tire wear associated with a pro-

longed locked wheel condition.
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Three torque values have been used to characterize
brake performance in this study.

(1) Peak torque
(2) Three-second "faded torque"
(3) Average torque

The peak and the three-second faded torques are as
indicated in run #38 of Figure 5. The average torque
is defined by the following equation:

TAVE = PT/P (1)

where

P
T

And the bars denote a time average.

Pressure

Torque

BRAKE TEST RESULTS

A typical set of data for one of the brakes tested
in the test program is shown in Table 2. These results
give rise to an important observation: Initial tem-
perature has neither a consistent nor significant in-
fluence on brake torque within the range of temperatures
employed. This trend was also found to hold for the
other brakes tested. Reflecting this finding, the
values of torque used to represent the standard matrix
test will be the average torque over the range of
initial temperatures employed at each pressure-speed
condition.

Figure 6 exhibits a carpet plot of the peak and
the three-second faded torque as a function of speed
and pressure. The solid lines denote the peak torque
while the dotted lines denote the three-second faded

torque. Here ''fade" is defined as the difference
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Table 2.

Data from a Standard Test Matrix

Brake Di - Cast Iron Drum

Pressure Velocity Temperature Peak Torque 3-Second Average
psi mph °F K in-1b K in-1b K in-1b
40 20 200 64 61 62

350 78 69 74

500 93 82 87

40 200 64 64 64

| 350 69 53 61

500 61 56 59

55 200 63 51 57

350 61 35 50

500 53 44 50

60 20 200 104 102 103
350 Lock
500 Lock

40 200 108 85 98

350 106 85 97

500 98 85 93

55 200 98 63 80

350 97 53 75

500 84 63 74

80 20 200 144 125 135
350 Lock
500 Lock

40 200 133 112 123
350 Lock

500 116 93 104.5

55 200 106 80 93

350 96 56 85

500 120 65 93
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between the peak and the three-second faded torque,
shown in the figure as the length of the vertical
lines. The wedging shape of these curves indicate
that fade increased with increasing speed and/or pres-
sure.

Data from the standard matrix has been used to
produce Figure 7. Here, average torque is plotted
against brake pressure along lines of constant
velocity. This torque-pressure representation looks
similar to the conventional results from a spin-down
dynamometer. However, it should be emphasized that
these results are from constant speed tests while
the spin-down dynamometer curves are expressed in

terms of initial velocity.

SPECIAL PURPOSE TESTS

The standard matrix was supplemented with two
additional tests. The first was designed to measure
the hysteresis in the line pressure/brake torque
relationship resulting from cyclic braking as in
antilock operation. The second, called the drag
test, was used to study the effects of quasi-constant
temperature levels on brake torque.

In the hysteresis test, the pressure was in-
creased to a preset level and then decreased at a
controlled rate. The torque levels achieved during
the pressure rise were compared to those obtained
during the pressure release. Tests with and without
wheel lock were performed. The dotted line in Figure 7
represents the instantaneous torque level reached
during the pressure rise.

Figures 8 and 9 display the complete torque loop
associated with the pressure rise and fall. The tests
were repeated at two velocities--a low and an inter-
mediate velocity. The arrows indicate the chronology
of the pressure history.
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In Figure 8, the torque begins to rise at a push-
out pressure of about 10 psi and wheel lock occurs
at a pressure of about 70 psi for each velocity, at
which point, the brake torque immediately drops to a
value indicative of the product of the sliding tire
force and the effective tire radius. The pressure is
then reduced and the eventual wheel spinup occurs at
about 40 psi. Any further reduction in brake pressure
reduces the torque level. The length of the solid
portion of the horizontal line is a measure of the
brake hysteresis.

The same brake tested in which no wheel lock occurs
gives results as shown in Figure 9. It was observed
for all the brakes tested that hysteresis is greater
when wheel lock occurs.

The drag test results are shown in Figure 10, in
which brake torque is plotted against time. The brake
was operated continuously at 40 psi. The test began
with a drum temperature near ambient and terminated
when the drum temperature reached 500° F. The test
was performed at very low speed (4-6 mph) and again
at higher speeds (20-25 mph). While during the lower
speed tests the brake torque increased along with
increasing drum temperatures, the opposite result was
found at the higher speeds, that is, the torque faded
with time. This result supports the theory that the
energy rate plays an important role in association
with brake fade.

ANALYTICAL TECHNIQUES

The commercial vehicle research in progress at
HSRI has many facets in addition to the measurement
of brake torque. For example, significant effort

has been expended to produce a computer simulation
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of commercial vehicle braking (4,5,6). Presently, the
simulation is being modified to reflect time varying
brake torque to reflect brake fade. The brake fade
algorithm is based in large part on empirical results
measured using the mobile brake dynamometer.

A semi-empirical relationship in which torque and
surface temperature (7) are linearly related has been
established with surprisingly good results.

The faded torque is given by the following equation:

- S 6(t)
T (t) = T,,o(P, V) {1————-} (2)
F UF
° eT(Vo)

where:

UE © the unfaded torque

= the drum surface temperature rise
T = the fade parameter

brake pressure

= initial velocity

+ < "9 o o
1]

= time

Thus there are two empirical parameters used in the

model, the unfaded torque TUF and the fade parameter

S
! Although it is not surprising that the value of
the unfaded torque is pressure dependent, both TUF and
BT may be functions of initial velocity. Each parameter
can be chosen to insure that both the average torque
and the functional shape of the torque history accurately
simulate the experimental results.

There are two types of data to which this semi-
empirical relationship can be applied to determine

these two quantities:

97



(1) Conventional spin-down dynamometer
representations of either average
torque versus brake pressure or
torque versus time at a given
pressure.

(2) Data from the constant-speed mobile

dynamometer.

Spin-down torque-time curves differ in character
from resulting constant-speed torque curves, as shown
in Figure 11. While during constant speed tests the
torque decreases monotonically in time after the peak,
the spin-down results show the torque increasing toward
the end of the stop.

Examination of the corresponding drum surface tem-
perature histories in Figure 12 shows an analogous
trend in the character of these curves. The temperature
during the constant speed tests increased monotonically
in time while the temperature decreased towards the
end of the stop for the spin-down test.

These torque-speed-temperature interdependencies
lend credibility to the implications of equation (2)
that the transient temperature rise has a first-order
effect on the brake torque.

CONCLUDING REMARKS

Data has been presented which was gathered from
a test matrix tailored to the capabilities of the

apparatus. The findings from the data indicate:

(1) Drum-shoe rubbing speed is an
important factor influencing
the brake torque obtained at
a given pressure.

(2) Initial drum temperatures in
the 200-500°F range have little
influence on the level of brake
torque.
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(3) The data generated in this study
indicate that the rate of energy
input to the drum is the more
pertinent factor, i.e., the time
history of the change in temperature
is more important than the

temperature itself.

Based on these findings, a semi-empirical brake fade
model has been developed in which torque is assumed
to vary linearly with the temperature change at the

lining/drum interface.
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SIMULATION IN ANTILOCK SYSTEM DEVELOPMENT

G. A. Cornell
Bendix Research Laboratories
and
B. E. Latvala
Bendix Heavy Vehicle Systems Group

ABSTRACT

This paper discusses the use of computer simula-
tion in the development of antilock systems for air-
braked vehicles. The need for such simulations, the
parameters significant to antilock development, and
discussions concerning physical simulations and
vehicle testing are included. Comparisons of simula-
tion and test results are presented.
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INTRODUCTION

The development of antilock brake systems for
air-braked vehicles has been made necessary by the
safety standards established by the National Highway
Traffic Safety Administration. This development has
proved to be a complex and difficult problem, not
only with respect to cost and component design, but
also with respect to the system dynamics. Antilock
system development has therefore led to the need for

computer simulation.

This paper discusses the need for computer simula-
tion and the parameters found to be significant to
antilock system performance. Specific simulation
models are described briefly. Problems of vehicle
testing are noted to justify the emphasis on simulation
as a design tool. Finally, a comparison of simulation

results and vehicle test data is presented.

NEED FOR SIMULATION

Analysis of the factors involved in the operation
of an antilock braking system proved very useful in
developing the basic equations and relationship between
the brake, wheel, vehicle, and tire-road interface.
However, understanding the dynamic interrelationship
between the various factors is significantly more
difficult, and manually reducing calculated results to
meaningful data which can be applied to system develop-
ment is too time-consuming to be effective. When the
large number of factors affecting the antilock system
are considered, it is obvious that a great deal of
analysis is required to gain a good understanding of
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the effects of all parameter variations. Some of

these parameters are listed below.

PARAMETERS SIGNIFICANT TO ANTILOCK SYSTEM PERFORMANCE

The components significant to antilock brake
system performance are depicted in Figure 1. These
components are the brake modulator, brake charac-
teristics, wheel dynamics, vehicle dynamics, speed

sensor and control logic.

The brake modulator increases and decreases the
brake pressure by means of a solenoid controlled by
the control logic. A functional sketch of a modulator
is shown in Figure 2. The solenoid is in effect
positioned to close off the port to the atmosphere or
to the reservoir. Closing off the port to the atmos-
phere allows pressure to build; closing off the reser-
voir port allows pressure to decay. The reservoir,
delivery, brake chamber volumes, the port areas, brake
line sizes and lengths, and the initial brake applica-
tion rate all affect the dynamics of the brake pressure.

The wheel dynamics are affected by the brake
torque, road torque, wheel inertia, weight on the wheel,
and the vehicle velocity. The brake torque is, of
course, generated as a result of the brake pressure.

The gain between the two is highly nonlinear with speed
and brake temperature and also varies as a function of
lining composition and type of brake.

Wheel inertia affects the wheel dynamics and,
for dual wheels, is typically twice that of a single
wheel. Road torque is generated from the slippage
between the tire and the road. This slippage is defined
by
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SLIP = 100 VEHICLE VELOCITY

and typically generates a coefficient of friction u
between the tire and road as shown in Figure 3. The

road torque, QR’ is then given by
Qp = RWu

where R is the wheel radius and W is the weight on the
wheel. The maximum road torque is generated on most
road surfaces when SLIP equals 10 to 30 percent, i.e.,
when the wheel velocity is 70 to 90 percent of the
vehicle velocity. The weight on the wheel can have

a wide range of values since the vehicle can be empty
or loaded, and it can be towing a loaded trailer or
driven bob-tail without a trailer. The wheel weight is
also a dynamic quantity that varies during braking.
When the vehicle decelerates, the wheel weight trans-
fers from the rear to the front of the vehicle. The
dynamics of the transfer are a function of the vehicle
and suspension characteristics.

Wheel load and the tire-road friction coefficient
combine to produce the braking force and, in turn, the

vehicle deceleration and stopping distance.

The wheel velocity processed from the speed
sensor for use in the control logic must be filtered
to reduce noise. A compromise must be made between
the resulting dynamic lag and the amount of noise that
can be tolerated.

Many schemes have been devised for the control
logic, but they all either control the wheel velocity
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by cycling about the peak of the u-slip curve or
they develop a wheel slip that nominally produces
the maximum tire-road friction coefficient.

SPECIFIC MODELS FOR SPECIFIC NEEDS

Once the need for simulation has been established,
a major step is to determine the model configuration
and the level of complexity required. Effort has been
made to minimize complexity and to use different models,
depending on the requirements of each development
phase.

CONCEPT DEVELOPMENT

Generating candidate control concepts requires
some means of evaluating performance. This level of
development does not require exact answers; often the
systems engineer is more interested in the character
of control or the significance of a given parameter.
Identifying the system components which, if improved,
would improve system performance, aids in concentrating
effort in the proper areas.

The most basic model will serve this need. A
single-wheel model, as shown in Figure 4, has all of
the basic elements of the control loop.

VEHICLE CHARACTERISTICS

More sophisticated models are required when
studying weight transfer and side-to-side brake and/or
road coefficient unbalance. These characteristics are
very significant to the antilock system, and both
require a minimum of two wheels. For weight transfer,
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a bicycle configuration is used. For the other, a
two-wheel axle configuration is used. These two
models, shown in Figures 5 and 6, permit evaluation

of the following variables:

1. Fore and aft weight transfer.

2. Variation in center of gravity location.
3. Variation in wheel base.

4, Side-to-side weight transfer (curve).

5. Brake unbalance.

6. Road coefficient unbalance.

7. Interaction between axles.

COMPONENT DEVELOPMENT

The models described above serve to define
desirable component system characteristics or evaluate
system performance with existing component performance.
Refining or optimizing performance of a particular
component, for example the modulator, necessitates

defining a detailed model of that component.

A detailed part-by-part mathematical model of the
brake modulator was therefore developed for an optimi-
zation program. Once defined and optimized, the
detailed model was simplified for use in the system
simulations.

SIMULATION WITH PROTOTYPE COMPONENTS

Bench testing of individual prototype components
is necessary and desirable, but does not test their
effect on closed-loop system performance. In addition,
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no prototype performs exactly like the model. It is
therefore desirable to test closed loop, in the
laboratory, as much of the system hardware as possible
prior to vehicle testing.

Operating the actual hardware, including the con-
trol logic and the air brake system, as shown in Figure
7, allows convenient prototype testing and parameter
optimization for best system performance. In addition,
parameters such as percent slip and individual wheel
contribution to efficiency can be determined. This
approach minimizes problems during vehicle testing
because prototype '"bugs" have been identified prior to
vehicle testing. Because the prototype components have
been operated with the model, differences between vehicle
test data and simulation results can be attributed to
the vehicle and tire-road interface modeling, thus
simplifying analysis of the data. It has been found
that the time saved in vehicle testing alone is worth
this step; the improved confidence in the accuracy of
the vehicle data and insight into dynamic component
performance have been extremely valuable to the system
and component designer.

VEHICLE TESTING

Vehicle testing of an antilock system has several
disadvantages:

A great deal of time, money and effort must be
expended for relatively little data.

*Variability of conditions makes quantitative
analysis of data very difficult and time-
consuming.
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-Because the vehicle is being operated at the
braking performance limit, damage to tires,
brakes, and suspension can easily occur, with

possible injury to the driver.

*Interaction between the instrumentation and
antilock electronics requires special pre-
cautions when monitoring the electronics or
speed sensors.

These characteristics of vehicle testing justify the
emphasis on simulation as a tool in developing and
testing antilock systems. If sufficiently high corre-
lation can be developed between the vehicle and simula-
tion performance, vehicle testing need only be used to
confirm antilock system performance and certify vehicle
performance.

COMPARISON OF SIMULATION AND VEHICLE DATA

To date, four different antilock systems were
developed using the simulation models described. These
systems were then vehicle tested. The comparison of
simulation and test data showed that the simulations
were effective in predicting qualitative performance
and relative performance levels of the different systems.
In addition, optimization of the system parameters
during vehicle testing demonstrated that the optimum
parameter values selected by simulation were also
optimum of the vehicle.

Wheel velocity behavior in the simulation is
considered to be in agreement with vehicle test data
as shown in Figure 8. Differences that appear are due
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to the simplified weight transfer simulation model
utilized. Weight transfer models that consider the
vehicle pitch dynamics should reduce the observed
differences.

CONCLUSIONS

Antilock brake systems have been designed using
relatively simple simulation models. These models,
structured to accommodate different developmental
phases, have proven to be effective design tools. Com-
parison of vehicle and test data has demonstrated that
the simulation adequately predicts system behavior. It
has also been demonstrated that optimization of the

system parameters can be accomplished using these various

simulation models.
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A GENERAL- PURPOSE SIMULATION FOR
ANTISKID BRAKING SYSTEMS

C. C. MacAdam
Highway Safety Research Institute
The University of Michigan

ABSTRACT

A general purpose digital computer program for simulating
the wheel sensor, control logic, and pressure modulator
characteristics of antiskid systems is presented. The
flexibility of the program is demonstrated by simulation
results which reproduced the basic features exhibited
by three antiskid systems tested in a laboratory setting.

A final example showing the simulation result achieved
using a proportional controller scheme for pressure

modulation is also included.
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INTRODUCTION

The antilock simulation presented in this paper is
a flexible and general-purpose program which allows
for the simulation of the basic features exhibited by
many of today's widely varying antilock systems. The
program is presently being used in conjunction with
the HSRI truck and tractor-trailer digital simulation
for the study and prediction of antilock braking

performance.

The simulation concentrates on three areas common
to most antilock systems: (1) wheel sensor, (2) control
logic module, and (3) pressure modulator. Additional
features and special options such as general purpose
counters and one-shots are included for extended
flexibility. Axle-by-axle systems are allowed for as
well as three side-to-side options: (1) worst wheel,
(2) best wheel, and (3) average wheel. Figure 1 shows
the general block structure of the antilock program
and its relationship to the main program represented by
the "Vehicle Dynamics" block. Wheel speed, w, 1is
received from the main program and processed by the wheel
sensor wherein an effective time delay occurs resulting
in delayed wheel speed and acceleration signals, wd"and
Wy These signals along with X, vehicle velocity, X,
vehicle acceleration, and feedback from the pressure
modulator, are input to the control logic module. The
control logic outputs an ON/OFF solenoid command signal
to the pressure modulator which in turn generates the

brake pressure, P, returned to the main program.

The remaining sections of the paper outline and
explain each of these areas in more detail. In
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addition, laboratory test results for three different
antilock sytems in use today, and the simulation of
the basic features exhibited by these systems, are
presented. '

USER DICTIONARY OF VARIABLES/PARAMETERS

In order to offer flexibility to the program user
as regards variable and parameter programming choices,
a table or dictionary of pertinent antilock variables/
parameters is included. This table includes such items
as maximum and minimum pressure in the last cycle,
times of the last ON or OFF solenoid command, maximum
and minimum wheel accelerations in the last cycle, and
other parameters that might be of special interest to
an antilock system. The dictionary, as shown in
Figure 2, is simply a listing of such variables and

parameters which are available to the user.

The purpose of the dictionary is to allow the
program user to select, from a wide variety of possible
antilock variables/parameters, only those which are of
interest to the particular system he is attempting to

simulate.

A user selects, for programming purposes, a
particular variable/parameter by referring to its
variable I.D. numeral shown in Figure 2. S<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>