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The contents of this report reflect the views of the
Highway Safety Research Institute which is responsible for
the facts and the accuracy of the data presented herein.
The contents do not necessarily reflect the official views
or policy of the National Highway Traffic Safety
Administration.






FOREWORD

The research study reported herein was supported by
the National Highway Traffic Safety Administration of the
U.S. Department of Transportation. The contract technical

manager was Svein I. Larsen.

This project was directed by the Highway Safety Research
Institute of The University of Michigan at Ann Arbor. The
testing activity was conducted with the support of the
facilities and staff of the Texas Transportation Institute
(TTI) at College Station, Texas.

In November, 1971, a pilot test program was begun at
TTI, permitting the preliminary examination of several
alternatives with respect to test procedure and logistics.
A supplemental testing activity followed, beginning in
March 1972, intending to resolve certain anomalies in the
pilot test program data through an extensive set of tire
properties experiments. In May, 1972, a full-scale test
program was initiated, completing in September with the
acquisition of a data base representing a sample of twelve
contemporary passenger vehicles. The resulting base data
has been stored permanently on digital magnetic tape for

future public use.

The execution of tests on the 12th vehicle, an
American Motors Ambassador, was supported by the American
Motors Corporation. By mutual agreement with NHTSA, the
resulting data is included within this report.
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1. INTRODUCTION

This report presents findings, conclusions and
recommendations derived by the Highway Safety Research
Institute (HSRI) in a research study for the National
Highway Traffic Safety Administration (NHTSA) entitled
"Vehicle Handling Performance." The objectives of the

study involved:

1) review and refinement of test procedures
derived in a parent NHTSA-sponsored study,
"Vehicle Handling Test Procedures' (VHTP),
which was completed by HSRI in 1970 [1]

2) application of these refined test procedures
to the objective measurement of safety-
related vehicle handling properties of a

representative sample of vehicles

3) determination of the minimum physical require-
ments for the execution of these test

procedures.

This report presents material which can be more fully
understood if the reader is acquainted with the concepts
and methods put forth in the above-cited report on the VHTP
study. In that work, a rational pragmatic viewpoint was
developed, from which a relationship between highway safety

and vehicle performance was hypothesized.

Based on the hypothesis that such a relationship exists,
this study refines and extends the performance measurement
methodology developed earlier and applies this experimental
method to the construction of a data library documenting six
vehicle handling properties in objective terms. The objec-
-tive measures selected express vehicle performance properties
in the context of the hypothesized safety relationship.



Whereas the current state of highway safety research does
not provide scientific proof for the hypothesized perfor-
mance/safety relationship, it is postulated that this study
provides safety-related performance data of value to the
highway safety community, and whose value can be enhanced

by further research.

The data library generated in this study contains
measurements of vehicle handling performance exhibited at
the 1limits of tire-road adhesion. It follows that these
measures do not constitute an evaluation of the handling
properties manifested in normal driving, but rather charac-
terize the emergency maneuvering capability of the tire-
vehicle system. Further, the term "open-loop" is applied to
these measures since the driver has been removed as an active

element in the system.

The report documents the further development of vehicle
handling test procedures and the application of the developed
methodology to a test sample. In Section 2, material related
to the refinement of each basic element of the measurement
methodology is presented. In this section, considerable
reference is made to Appendices I - Automatic Vehicle
Controller, II - Test Procedures, III - Tire Side Force
Investigation, and V - Data Acquisition and Processing. Each
of these topics is discussed in summary fashion in Section 2,

in order to achieve continuity in the presentation.

Section 3 presents the results of the full-scale test
program with a considerable number of references being made
to Appendices IV - Test Sample Selection and VII - Full Scale
Test Program Data Plots. However, summary treatments of
these latter topics are provided in the text. With regard
to the presentation of test data, "summary'" is the key word.
Section 3 presents sixteen data plots that serve as a



condensation of over one quarter of a million time historirs
that were recorded during the test program. A complete

tape file of these test data will be preserved for public

use, a documentation step believed to constitute a significant
fruit of this study.

In Section 4, conclusions and recommendations are
presented. Judgments and observations are expressed based
upon vehicle-test data, tire-test data, overall test
experience, and the authors' convictions relative to the

directions that future research should take.






2. VEHICLE HANDLING TEST PROCEDURES:
FURTHER DEVELOPMENTS

A review of the open-loop, limit-response test
methodology developed by HSRI under an earlier contract
entitled "Vehicle Handling Test Procedures" (VHTP) con-
stituted the first major task of this study. The adequacy
of the methodology developed in the prior study was evaluated
in terms of the original objective, namely, the development
of performance measures and test procedures that would
provide an indicator of precrash safety quality. Five basic

elements of this methodology were examined:

1. test facility

2. test apparatus

3. test procedure

4. data processing

5. data presentation
This review and examination led to the conclusion that
refinements should be made in each of the above categories.
These refinements are summarized below, together with the

reasoning and evidence that led to the decisions that were

made.

2.1 TEST FACILITY REFINEMENTS

The primary test facility needed to conduct open-loop
limit maneuver measurements is a skid pad with adequate

approaches for accelerating up to speed.

Whereas the original VHTP study involved testing that
served primarily as a demonstration of feasibility, this

program required the establishment of a high quality data



base, representative of the performance range in the vehicle
population. Thus, the test surface irregularities that were
tolerated in the early work were deemed excessive in view of
the purposes of this program, and a new asphalt skid pad was
constructed by the test subcontractor, Texas Transportation
Institute, at their facility in College Station, Texas. This
skid pad (Fig. 1) was constructed by applying two courses of
bituminous asphalt over a concrete ramp formerly used for
parking aircraft. The 1% inclination of this test surface
provided ample drainage while assuring an essentially normal
gravity vector for all possible vehicle trajectories. In
addition to the improvement in test surface quality, the
location of the skid pad also provided large runup and

recovery areas which are necessary for open-loop tests.

The frictional properties of the test surface have an
important influence on the results obtained in limit-response
measurements. Using the ASTM method, dry skid numbers of
76-82 were obtained (averaged over the test surface) following
the scrubbing of the new asphalt. Data will be presented
later showing the peak lateral friction achieved on this
surface by each tire represented in the test vehicle sample.
Additionally, data will be presented relative to the stability
of the peak lateral force achieved by tires on this surface

as a function of ambient temperature and surface wetness.

The dimensions of the skid pad, nominally, 400 x 600
feet, were found to be more than adequate to conduct the
limit response maneuvers developed in this program. A
recommendation for minimum skid pad dimensions is given in

Appendix VI.

2.2 TEST APPARATUS REFINEMENTS

In order to make open-loop maneuver measurements, the
test process must prevent the driver from influencing the
experiment. To this end, the original VHTP study defined
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four maneuvers which could be conducted by a driver with

his control inputs constrained by passive mechanisms. Two
maneuvers were defined involving complex waveshapes of
steering and braking and, in addition, critical phase
relationships. Driver control was considered impractical.
Accordingly, an automatic vehicle controller was designed,
constructed, and utilized in these latter experiments. In

the current program, this equipment was extensively redesigned
to provide improved precision, repeatability, and utility of
application as were deemed necessary to provide a high quality

data base, covering a large sample of vehicles.

2.2.1 STEERING LIMITER. An adjustable device for
limiting steering-wheel displacement was constructed (Fig. 2)
to provide the following features:

1. The steer limiter was built as a complete
assembly to replace the steering wheel
of the test vehicle. This replacement was
facilitated by mounting the limiter on a
splined hub which was fabricated from a spare
steering wheel procured for each test vehicle.
Comprised of a rotor and a stator, the
assembly was held fixed by a strap which
fastened to the A pillar.

2. A graduated aximuth ring was included, pro-
viding a scale for steering level which could
be '"rezeroed," as necessary, to accommodate
changes in the zero-steer setting deriving

from front-end misalignment and tire wear.

3. A potentiometer for measuring steering dis-
placement was permanently installed in the
steering limiter, and was driven by a

positive drive belt.



Figure 2.

Steering limiter assembly.



2.2.2 BRAKE LIMITER. The device constructed to limit
driver-applied braking inputs utilized a concept that
maintained a preset line pressure in contrast to the pedal
displacement limiting device used in the VHTP study. By
limiting line pressure, a precise control of brake input
level was maintained. A hydraulic circuit (see Fig. 3) was
constructed by which both pistons of the master cylinder
dispense fluid into all four brakes as well as into the
limiter section of the devised circuit. When the pressure of
the brake system rises to equal the pressure in the bladder-
type accumulator controlled by means of a high pressure
source of nitrogen, further dispensing of fluid from the
master cylinder results in virtually no additional pressure
rise since the fluid flows into the accumulator. The small
fluid displacements involved in actuating the brake system
permit a procedure by which a driver can rapidly push the
brake pedal to the floor, dispensing the complete fluid
volume within the master cylinder, thereby appreciating a
fixed level of line pressure equal to approximately 101% of
the nitrogen-precharge level. A small storage bottle of
nitrogen is carried in the test vehicle, permitting the
operator to adjust the braking level rather quickly, incre-
menting up or down in pressure level as necessary. A
pressure transducer (potentiometer) was incorporated into
this pressure-limiting device to record brakeline pressure

levels.

2.2.3 AUTOMATIC CONTROLLER. Three automatic controllers
were constructed simultaneously (under separate support from
three companion DOT contracts*) and incorporated the basic

elements contained in the original controller, plus additional

*These contracts were the following: DOT-HS-031-1-(159),
-(126), and -(143).
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Schematic of Brakeline Pressure Limiting System
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features deemed necessary to expedite the execution of

this program.

The basic controller consists of three servomechanisms
that respond to analog command signals deriving from a stored
function programmer or by way of a radio link with a test
operator. During test operations, the test vehicle is guided
initially in a drone mode by an operator who is riding in
a chase vehicle. With control stick command of steer, brake,
and accelerator displacements, the operator manipulates the
test vehicle to attain the appropriate velocity and spatial
position to conduct the programmed maneuver. When the
vehicle velocity matches a preset level, the programmed test
begins, as does recording of the data in an on-board tape
recorder. When the programmed maneuver is completed, the

operator is again in control and guides the vehicle to a halt.

The following six major refinements were incorporated
into the design of the new controller, thereby expanding upon
the original concept to provide a test apparatus whose

performance could be relied upon under a continuous testing

routine:

1. A pressure-compensated, variable-displacement
pump was mounted on the engine of the test
vehicle to provide continuous hydraulic power,
and thus a "continuous run" capability.

2. An abort-brake feature was made integral with

the servo-brake actuator, thereby removing the
earlier requirement for connections to brake-

lines or master cylinder.

3. A fully solid-state, programmable function
generator was designed, incorporating all system
logic and program circuits on plug-in printed
wiring boards. Quick adjust program selectors

were provided to improve test efficiency.

12




4, Universal mounts were provided for the three
servomechanisms to permit installation of the
servo packages without requiring the fabri-
cation of special brackets. (A typical

installation is shown in Figure 4.)

5. A selectable high/low steering-gain adjustment
was provided on the radio transmitter, permit-
ting the test operator to control the vehicle
adequately at high speeds (low gain) but still
be capable of commanding large steer levels
for "close quarters' maneuvering at low speeds
(high gain).

6. Selection and control of the velocity to exist
at the beginning of the test maneuver was pro-
vided by employing circuitry in which a preset
value of velocity is compared with the velocity
signal produced by a fifth wheel and the pro-
grammed function constrained to begin only when

the compared difference passes through zero.

The detailed design of the automatic controller is
presented in Appendix I.

In this program, the automatic controller was utilized
to conduct three of the six vehicle handling test procedures
in accordance with the findings developed in the exploratory
experiments conducted during the pilot-test phase. In the
full-scale test program, over 4500 programmed test maneuvers
were conducted, using each of the three new controllers in
rotation. On the basis of this test experience, a set of
observations with respect to the facility and quality of
vehicle testing with an automatic controller are set forth
in Section 4 of this report.

13
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2.2.4 ADDITIONAL HARDWARE/INSTRUMENTATION
REFINEMENTS. The following major hardware items werc
redesigned and constructed for use in this program:

1.

A device (Fig. 5) that automatically provides
a pneumatic 1lift of the fifth wheel whenever
the vehicle spins to a large sideslip angle or
lifts the wheel in response to driver command
in the driver-controlled tests. In addition
to the 1ift cylinder, a second pneumatic
cylinder applies a brake to prevent the lifted
wheel from articulating about its vertical
hinge. This apparatus was found to be necessary
to prevent the fifth wheel from being damaged
during the spin outs that are frequently
encountered in limit-response tests and during

negotiation of the '"rough road" course.

Universal-mount outriggers, for preventing
vehicle rollover. This assembly was designed

to provide weight and installation cost savings
over the outrigger design used in the VHTP

test program. Composed of struts fabricated
from aluminum tubing and supporting spring-
suspended caster wheels (Fig. 6), the assembly
fits passenger cars of all sizes and is adjusted
to touch the ground after 15° of body roll (Fig.
7). The outrigger weighs 88 1bs. and contributes
44,5 slug—ft2 to the roll moment of inertia

of the test vehicle.

Wheel rotation transducers utilizing photo-
electric sensors providing a reliable
inexpensive detector of wheel lockup occurrence.
The transducers were configured such that the
difference between the output signals from two
photo transistors viewing the black/white mask
on the wheel (Fig. 8) produced an oscillating
square wave at a frequency synchronous with
wheel speed.

15



Figure 5.

Automatic 1ift 5th wheel assembly.
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Figure 6.

Roll-restraining outrigger attachment
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Touches At About
15° Roll Angle

FIGURE 7
Outrigger Configuration for Rollover Restraint
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Figure 8.

Photoelectric wheel rotation transducer.
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Refinements in data acquisition were made, constituting
a significant improvement from the procedures used in the
earlier VHTP program. In this program all of the response
data were gathered on FM analog magnetic tape, thus pro-
viding the versatility and efficiency deriving from computer-
ized data processing (see Section 2.4). Interface
electronics were developed for scaling and calibrating the
output of each transducer ahead of the tape recorder, and
a control logic signal was provided to serve as a master

reference for automatic processing of the data.

The test apparatus was assembled into two test '"packages,"
one for the conduct of driver-controlled tests and the other
for the automatically-controlled tests, thus permitting two
parallel test activities to be maintained. Each package

contained the following common elements:
«Automatic-1ift fifth wheel
«Qutrigger assembly
Wheel rotation transducers (4)

*Gyro stabilized platform with accelerometers

measuring A_ and A
X y

*Yaw rate gyro

*Data interface module
The test package used in the driver-controlled tests also
contained the following elements:

«Steer and brake limiter assemblies

*FM telemetry transmitter for remote data recording

«Power supplies

«Communications radio for coordination with the
telemetry base operator. (In these tests, an FM
telemetry receiver exists at a remote location with

the test data recorded on FM magnetic tape.)

19



The automatic test package contained, in addition to the

common elements:
+Automatic controller assembly
*Roll rate gyro

*FM tape recorder (on-board)

2.3 TEST PROCEDURE REFINEMENTS

Six basic test procedures were developed in the Vehicle
Handling Test Procedures study [1], each directed towards
assessing a specific performance property. Each of these
test procedures involved control inputs or external distur-
bances selected to elicit a limit response, but which never-
theless were arbitrary and, in some cases, unsatisfactory.
Accordingly, a Pilot Test Program was performed to examine
potential improvements in procedural specifications. For
each test, procedural modifications were examined by conduct-
ing experiments with a Ford Mustang outfitted for the driver-
controlled maneuvers and a Dodge Coronet outfitted to perform

the maneuvers conducted with the automatic controller.

In Appendix II, a complete specification for each test
procedure is given, as refined through the pilot test
program investigation, and later applied to the vehicle test
sample in the full scale test program.

2.3.1 STRAIGHT-LINE BRAKING. This test involves the
measurement of straight-line braking effectiveness. In
the VHTP study it was performed at an initial velocity of
30 mph, with a program of brake inputs designed to permit
a precise determination of deceleration achieved at the point
of incipient wheel lock. In the pilot test program conducted
in this study, tests were run to compare the relative merits
of using 30 mph or 40 mph as the initial velocity. It was
found that either initial speed could be consistently

20



achieved within 0.5 mph by having the driver apply the
brake pedal, while coasting, when the velocity indicator
crossed the desired value, thus eliminating a need for
speed modulation.

The pilot tests indicated that the 40 mph test provided
two significant advantages over the 30 mph test:

(1) a more severe test of the brake system
performance is obtained because of the 78%

increase in kinetic energy to be dissipated.

(2) An improved signal-to-noise ratio results
with the higher initial velocity, from the
viewpoint that a performance numeric is

derived over longer stopping times.

Since the initial velocity of 40 mph could be achieved with
precision comparable to that attained in 30 mph tests, the

former was selected as the test procedure.

In addition to selecting the initial velocity, the
pilot testing indicated that the lockup criterion (by
which the sequencing of brake level is constrained) should
be changed. The single-wheel lockup criterion, defined as
the 1imit of controllable straight-line braking in the
original VHTP tests, corresponds to a sublimit condition in
those cases in which the prevailing level of brake imbalance
may leave a substantial side force capability on the non-
locked wheel of the same axle. Thus, the test procedure was
changed to one in which brake levels would be incremented
until both wheels on any axle were seen to lock prior to

the vehicle attaining a velocity below 10 mph.

2.3.2 BRAKING IN A STEADY TURN. In the VHTP version,
this test utilized the same procedure as the straight-line
braking test, except the initial condition (instead of being
a straight course equilibrium) was a 30 mph steady turn

21



producing a nominal lateral acceleration of 0.3g. Steering

wheel displacement was held fixed throughout the maneuver.

Procedural refinements studied in the pilot test
program included the examination of two initial velocities
(30 and 40 mph) and two initial lateral accelerations (0.3
and 0.4g). It was found that each combination of these
initial conditions could be performed easily, although the
higher lateral acceleration imposed the burden of a sub-
stantially greater number of test runs. When this maneuver
is executed with the initial value of Ay equal to 0.4g,
in contrast to 0.3g, the lateral transfer of tire loading
1s increased by 33 percent, resulting in a wide band of
pressure levels in which only the inside, unloaded wheels
will lock. Further, in the 0.4g turn, the heavily loaded
outside wheels require that a higher level of brake-line
pressure be supplied to provide lockup of those wheels. A
larger number of locked-wheel stops are required and pre-
sumably degrade the test procedure from the viewpoint of
accelerated wearing of tires and increased testing time. Thus
the 0.4g A_ test condition was considered undesirable, and

the 0.3g initial condition was retained.

Braking from the higher initial velocity offered the
same advantages observed in the straight-line braking tests
and this observation led to the 40 mph initial velocity
condition being selected for this procedure.

The pilot testing indicated a need for performing
alternate left and right turns as a means of (1) balancing
tire wear and (2) introducing the asymmetry factor* into the

*"Asymmetry'" here refers to those differences in response
which occur between left and right turning tests executed
under the same nominal conditions.

22



basic measurement process, such that it may be either
averaged out of the determined numeric or quantified as a
stand-alone finding.

In view of the substantial load increase occurring on
the outside tire in a turn, it is clearly inappropriate to
constrain the incrementing of brake level by the obserance
of single-wheel lockup. Although a substantial yaw dis-
turbance can accompany the lockup of one unloaded wheel for
certain vehicle configurations, this type of anomalous
response is difficult to evaluate in the field. Thus, the
procedure was structured to carry the sequence to an obvious
limit condition—namely, two wheels .locking on the front or
rear even though a practical limit of controllability may
have been reached at a lower level of braking.

2.3.3 TURNING ON A ROUGH SURFACE. In the VHTP study,
the vehicle's ability to corner over a rough road was
assessed by execution of a test involving steady turning
over a disturbance grid whose fundamental frequencies of
excitation covered the range of wheel-hop frequencies
possessed by passenger cars. Whereas the previous procedure
utilized three velocities over a disturbance array of fixed
pitch to sweep frequency, a refinement was examined in which
a constant velocity was used in traversing three different
disturbance arrays. This refinement was motivated by the
recognition that the concept of limit response, as applied
to this test, involved an examination of resonance. The
original procedure somewhat confounded the search for
resonance, however, to the extent that both frequency and
velocity were being varied at each condition, while the
velocity change alone is known to have an effect on the
side force output of the oscillating tire, as well as the
magnitude of a yaw disturbance that might accrue over the

fixed-length course.

23



In the VHTP study, the disturbance grid was constructed
of 1 1/2 inch diameter steel pipe arranged parallel to one
another at a nominal spacing of 4.4 ft. The grid elements
adopted in this study were slabs of rubber tire tread stock,
as first applied by ‘the Cornell Aeronautical Laboratories
[2] in similar test activities. These elements provide a
"softer" profile to the tire (Fig. 9) and impose a relatively
broad disturbance pulse on the vehicle compared to the
1 1/2 inch diameter elements used earlier. Three grid
spacings were constructed, corresponding to excitations of
9, 11, and 14 Hz which frequencies span the range of typical
wheel-hop frequencies with an approximately logarithmic

distribution.

During the pilot tests, initial condition variables were
examined, as was done for the two test procedures discussed
above. Combinations of initial velocities of 30 and 40 mph
(with grid spacings adjusted accordingly) and initial lateral
accelerations of 0.3g and 0.4g were examined. It was found
that the 40 mph test results in a dramatic attenuation in
response severity in comparison to that resulting at 30 mph,
apparently the result of tire dynamic factors as well as the
reduction in test duration over a fixed-length disturbance
grid. In running 30 mph tests at lateral accelerations of
0.3 and 0.4g, a substantial increase was observed in the
relative disturbance occurring at the 0.4g level. Thus a
30 mph turn at a lateral acceleration of 0.4g over rubber
strips, creating a road disturbance of 9, 11, and 14 Hz,

was chosen as the revised procedure specification.

2.3.4 TRAPEZOIDAL STEER. This maneuver was originally
called "Rapid Extreme Steering'" or "Step Steer". It
involved a rapid application of steering displacement up to
a fixed level, following the removal of drive thrust. In

the VHTP study, these maneuvers were conducted by a test

24
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driver at an initial velocity of 30 mph. Alternate pro-
cedures were examined during the pilot test program of this
study, in which the automatic controller was used

exclusively.

A set of experiments was structured around a basic
trapezoidal steer input definition (Fig. 10). The rate
(or slope) of steer input was considered a control variable,
as were steer level and initial velocity. Two sets of tests
were run holding steer input ramp time and velocity fixed,
while incrementing steer level. In the first set, with the
initial velocity set at 30 mph and the ramp time set at
0.40 seconds, essentially overdamped time histories of yaw
rate and lateral acceleration were observed with the test
vehicle (Dodge Coronet) when the steering wheel was displaced
over the following range of values:

by = Ny x (4°), (6°), (8°), (12°), (16°), (20°)
Alternate left and right turns were made at each steer level,
but no appreciable asymmetry of response was observed. A
similar set of tests was made with the initial velocity equal
to 40 mph. The same ramp time and steer levels were used.
The results of this second test set showed comparable peak
values of yaw rate and lateral acceleration, but the response
of the vehicle was decidedly underdamped with significant
overshoot of the quasi steady-state value. Also, the higher
speed tests produced a substantial response asymmetry.

Tests were also performed to investigate the relative
merits of using ramp time as an index variable for searching
out the limit condition. Two sets of test runs were con-
ducted with V0 = 40 mph and with steering level and ramp time
adjusted as follows:

26
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Set a: ASW = Ng(S )

RAMP TIME, At = 0.2, 0.6, 1.0, 1.5, 2.0

Set b: ASW = Ng(lZ )

RAMP TIME, At

1}

0.2, 0.6, 1.0, 1.5, 2.0

Both test series indicated that the peak values of yaw rate
and lateral acceleration were generally insensitive to wide
changes in ramp time. Although a longer delay was observed
in attaining peak values of r and Ay with the longer At
inputs, it was observed that the increase in both peaks, as
obtained at At = 0.2 sec, was only about 7% greater than was
obtained in the runs in which At = 2.0 sec. Clearly, the
selection of ramp time as an index variable was unacceptable

for the purpose of searching out limit performance.

Another set of runs was made with steer amplitude fixed
at a large level, ASW = Ng(16°), with the steering ramp time
set to the relatively long interval of 1.5 sec. Velocity
was indexed over a broad range (VO = 30, 35, 40, 45, 48, 50,
52, 54, 56, 58, 60 mph) in an attempt to determine if any
first-order change in the character of the vehicle's limit
turn would derive from the level of initial velocity used in
the test. The response data indicated a remarkable insensi-
tivity to vehicle velocity at this high steer input level.
Over the 30 to 60 mph range, peak (r) and (Ay) measurements
remained within 10% of their values at 30 mph, although
differences in the shape of the time history were observed

as velocity increased.

On the basis of these pilot test findings, it was con-
cluded that steer level was the appropriate index variable
for this test and that the ramp time should be selected

merely to represent an ergonomically reasonable value,
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representative of the steering input rate that drivers

might generate under emergency conditions.

After some deliberation, a constant delay time of 0.4
sec. was selected for use at all levels of steer input. It
was rationalized that a constant delay time would provide
for the lower steering rates that a driver would impose to
reach low levels of steer displacement and the high panic
rates which logically might accompany limit steering levels.
The constant delay obviously forces a linear relationship
between steer rate and steer level, but, for purposes of

test simplicity, this selection appeared warranted.

An initial velocity of 40 mph was chosen for the
trapezoidal steer procedure, constituting a compromise

selection governed by the following major factors:

1. it was deemed desirable to employ a sufficiently
high velocity such that 3 to 4 seconds would
elapse before vehicle speed was excessively

diminished, and,

2. the severe tire wear produced by this maneuver
demanded that the velocity be minimized.

2.3.5 SINUSOIDAL STEER. This test was developed in
the VHTP study to examine those vehicle response properties
which might impose a significant challenge to a driver's
ability to control the vehicle in an emergency lane change.
It was hypothsized that the relative asymmetry of a vehicle's
response to a symmetric sine wave of steering input would
be representative of the degree of steer input asymmetry
which a driver would be required to provide in order to assure
a change of lanes with the final heading parallel to the
initial heading. The original procedure involved the
execution of a 2.0 sec period sine input of steering from a
closed throttle condition at each of 4 initial velocities.
Steering amplitude was indexed at each velocity level in a

search for a limiting excursion in yaw response.
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A considerable amount of pilot testing was performed
to examine a group of widely differing test concepts with
the objective of simulating an emergency lane change maneuver.
The following sets of refinement tests were performed:

Set (a); Single sine waves were generated with 2.0

second periods, and amplitudes of ’SAmax’ '75Amax’ and
1.OAmaX where Amax i1s the normalized steer amplitude defined
as
Ny
Bsw = 360 (7775) (1)
max

Velocity was indexed through 30, 35, 40, 45, 48, 50, 52,

54, 56, 58, and 60 mph for each amplitude. This test series
provided a dense matrix of runs with alternating left and
right turns, in which increasing velocity generally results
in greater asymmetry of vehicle response, producing a final
heading other than the initial heading. In addition to
asymmetry in the yaw velocity response, the test vehicle also
exhibited gross differences in its response to a lane-change-
to-the-left sine wave as opposed to a lane-change-to-the-
right.

Sets (b) and (c): The design of these two test series
derived from the recognition that the sine wave maneuver used
in the VHTP study sacrificed realism in that the steer
inputs were not constrained or normalized to provide a lateral
displacement equivalent to a single lane width. The
feasibility of developing such a normalizing scheme was
examined in the pilot testing to be described below.

An analytical expression was developed relating the
major variables of the sine-steer test to lateral displace-
ment, assuming symmetry of vehicle response to steering and
an absence of vehicle sideslip. The condensed form of this

relationship is simply
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24,2

TV Asw
lateral displacement, y = K o
g
where
Ng = steering gear ratio
2 = wheelbase feet
T = period, sec.
Vv = velocity, ft/sec
Aow ~ steering wheel angle
K = calibration factor

In order to utilize the above expression, an iterative set

of runs were conducted at 15 mph, a speed at which a visual
assessment of lateral displacement is feasible. The steering
angle resulting in a 12-foot lateral displacement was
experimentally determined for a sine-steer of 2.0 sec.
period, yielding a value for the calibration factor, K.

In test series (b), successive runs were made with steer
amplitude fixed, varying velocity and period such that the
expression remained satisfied for values of velocity equal

to 30, 40, 45, 50, 54, 57, and 60 mph. A visual estimate of
the lateral displacement was logged, and it was found that

a gross attenuation of lateral displacement occurred with
increasing velocity. Similarly, set (c), which exercised

the same routine, with the exception that period was held
fixed while solving the above relationship for steering ampli-
tude at each velocity, showed a severe attenuation in lateral
displacement response over the velocity range. The set (b)
results ranged from 12 feet to about 2 feet while the set (c)
results ranged from 12 feet to a few inches of lateral dis-
placement being achieved at velocity levels ranging from

15 mph to 60 mph. These findings indicate a very strong role
being played by dynamic factors and slip phenomena. The

31



conclusion was that the resolution of an effective normaliza-
tion scheme for maintaining equivalent displacement criteria
in the selection of inputs was beyond the scope of this

program.

Set (d): Double sine waves, of the "over and back"
variety, were examined. (See Figure 11.) When a single
sine wave of steering was applied to the test vehicle, over-
correcting responses were generally obtained. That is, in
a lane change to the left, the vehicle would overcompensate
in the second half of the sine wave, bringing the vehicle
to a terminal heading off to the right. Whenever "over and
back" steer was applied, it was observed that the second
steer cycle further exaggerated the asymmetry produced by
the first wave, resulting in a rather ridiculous trajectory.
It appears that the steer input consisting of a double
sinusoid is not a viable procedure for open-loop testing.
Without loop closure, the propagation of response asymmetries
over long periods provides results which simply delay

interpretation.

Set (e): A run was selected from the set (a) data

and repeated in set (e) with increasing levels of corrective
steering following the first sinusoid until the lane-change
was observed to approximate a symmetrical trajectory

(see Figure 12). The test procedure, as executed, requires
careful observation and estimation on the part of the test
operator, who must iterate to achieve the proper corrective
input. Although the procedure was performed, it was judged

to be unacceptably cumbersome and subjective.

As a result of the above-described experiments, it
was decided that lane change performance was still best
examined by means of single sine wave steering with velocity
and amplitude variable. It was concluded that sine steer
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Corrective steering inputs were added to
the basic sine wave shape to force
symmetric trajectories to result.
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tests would be run at each of two initial velocities, 45
and 60 mph, with the amplitude of the sine wave determined
by the following relationship:
_ 66 2

Ssw = T 10 ° Ng
where co=2, 4, 6, 8, 12, 16. By means of this relation-
ship, steer amplitude could be constrained to encompass
the range of levels required to provide a lane change.
(The relationship between the factors, V, £, and Ng is
determined on the basis of the kinematics of steady turning.)

In addition to the findings developed in the above
summarized sets of tests, an observation was made relative
to the control of test conditions for the sinusoidal steer
maneuver. In the presence of a 20 mph wind, having a com-
ponent of 12 to 15 mph normal to the vehicle's path,
eighteen runs were made with the Dodge, using initial headings
that alternated by 180 degrees and applying precisely the
same sine wave steer input each time. (The velocity was the
same in all runs.) Heading angle deviations with the wind
from the left ranged from +26° to +92° with a mean of +51°.
With identically the same inputs but with the wind from the
right, measured deviation in heading angles ranged from -15°
to +8°, with an average of -10°. Thus it appears that the
lateral wind loading on the subject vehicle caused by the
defined wind conditions can alter the asymmetry of its
response to sinusoidal steering over a range at least equal
to half of the range of the observed means, or 30 degrees.
The large scatter attained is presumably the result of the
nonuniformity of the wind conditions prevailing throughout
the test series. This finding is admittedly crude, but it
has serious implications with regard to the constraints that
should be placed on the atmospheric conditions existing

during open-loop testing.
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2.3.6 DRASTIC STEER-BRAKE. This maneuver was developed
to impose the maximum challenge to a vehicle's roll stability
that could be derived solely from tire-road shear forces.

The maneuver, as originally developed, involved a test
sequence in which a half sine wave of steering is followed by
a brief pulse of braking such as to cause the vehicle to
attain a large sideslip angle and at the occasion of brake

release, realize a virtual step input of side force.

The single anticipated refinement to the basic procedure
developed in the VHTP study involved a tuning of the brake
release time such that the resulting step input of side
force (and thus roll moment) would coincide with the occasion
of maximum roll angular momentum (Fig. 13), which timing
would theoretically cause a maximum overshoot of the roll
transient to occur. In the single series of tests that were
executed to examine this concept, the soundness of this
principle was indicated. In a later set of runs, however, it
was observed that tuning brake release to coincide with the
peak roll rate was not necessarily the singularly worst case
under all conditions. Since roll motions are determined by
the complex interaction of both nonlinear dampers and non-
linear springs (in the proximity of bump stop contact), there
can apparently exist arrangements of characteristics which
yield a larger roll rotation response when the brake release
1s timed to coincide with the peak angle achieved during the

natural transient motion.

A set of drastic steer-brake runs was made in which
brake-off times were varied over a range of 500 milliseconds.
Starting with the timing in which brake release coincides
with a sympathetic roll rate peak (referred to as t = 0 in
Fig. 14), the peak value of roll angle attained following
brake release was seen to increase to a maximum at t = 0.400

seconds and then fall off as the critical timing was
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with the occasion of maximum roll angular

momentum.
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Peak roll angle was seen to increase when
brake release time was delayed as shown.

exceeded. These findings indicated that the refined
procedure should include runs to be executed with brake
release occurring both at the instant of peak roll rate
and peak roll angle, such that the maximum possible roll
response would be attained irrespective of the particular

sensitivities of each test vehicle.

For reasons not altogether clear, the Dodge Coronet
and certain other vehicles have shown an increase in the
peak roll response produced in drastic steer-brake maneuvers
as initial velocity is increased. Since it is generally
true that tire shear force potential decreases with

increasing velocity, the generality of this finding is
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doubted. Nonetheless, it was concluded that the drastic
steer-brake procedure should be executed at initial
velocities of 50 and 60 mph.

2.3.7 REDUCED FRICTION COEFFICIENT TESTING. In
addition to the experiments conducted to refine the test
procedures developed earlier, a set of experiments was
performed during the pilot test program to investigate the
feasibility of providing an acceptably consistent low

friction surface as a test condition.

Since the asphalt skid pad facility constructed at TTI
for this program was intended from the beginning to provide
as smooth and homogeneous a test surface as can be provided
to accommodate large turning maneuvers, extreme care was
taken in both the engineering and construction phases.
Nevertheless, variations in surface elevation on the order
of 3/8" are encountered regularly across the pad in the
vicinity of the joints that are produced by each pass of the
paving machine. Thus, when performing wet test experiments,
it was not altogether surprising to record water depth
measurements which ranged from less than 0.010 inches to
greater than 0.100 inches. These measurements were made
with a NASA-developed instrument utilizing a cluster of
machined translucent prisms to probe depth levels to a
least count of .010 inches. The depth measurement variations
which cycled every 8 to 12 feet laterally, in the proximity
of the paving matrix joints, also varied monotonically in
relationship to the elapsed time between passes of the

watering truck at any given location.

Since the large lateral excursions produced in open-
loop handling experiments are not constrained to follow a
prescribed trajectory, it becomes necessary to wet vast areas
of test surface to account for both the undetermined and

sequentially-indexed path curvature responses as well as the
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longitudinal or '"down range' uncertainty existing with
respect to the precise location of maneuver initiation.

As an example, the trapezoidal-steer maneuver requires a
minimum rectangle having dimensions of 300 ft. down range
and 200 ft. in the lateral direction. To wet this area once
requires a minimum of 7 to 10 minutes with one watering
truck. Since the natural percolation of the delivered water
accomplishes the bulk of the level seeking within one minute
of the passage of the spray bar, however, the surface becomes
segregated into zones of significantly varying water depth
long before the next test run begins.

Water depth variations of the order measured on the TTI
skid pad facility are shown in the literature to have a
profound influence on tire-road friction properties [3, 4].
Data presented in Reference 3 indicate that, at test
velocities of 40 mph, normalized peak longitudinal force
could be expected to vary from .55 to .7 and normalized peak
lateral force from .35 to .65 with water depths ranging from
.010 to .080 inches. At 60 mph, normalized peak longitudinal
force shows a spread ranging from classic hydroplaning values
(near 0.10) to a level of .60, while lateral force data
illustrates an even greater sensitivity to water depth, with
values ranging from near zero (full 1ift hydroplaning) to
about .55, within the .010 to .080 inch band of water depths.
Although the above-cited findings have not been obtained on
actual road surfaces and thus should be considered as being
valid primarily for demonstrating trends, the basic scaling
has been corroborated by other investigators (e.g., see
Reference 4) whose measurements have been made with tire

force measurement trailers operated over paved road surfaces.

On the basis of the above observations, it appears that
conducting open-loop turning maneuvers on large wetted
surfaces does not constitute a viable method for establishing
a data base of low coefficient limit-turning performance.
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While this conclusion has profound implications on the
comprehensiveness of the vehicle handling safety assessment
that can be derived from open-loop vehicle testing, a

broader view of the problem indicates a lessened impact

from this finding. It can be argued that vehicle 1imit
performance on low coefficient surfaces, below 0.4, is so
overwhelmingly a matter of tire performance that little reason
exists, conceptually, for confounding the examination of the
tire/vehicle system performance in this regime by full scale
testing of the vehicle. This matter will be treated again

in Section 4 of this report.

2.3.8 TIRE SURFACE FRICTION STUDY. In the review of
certain data generated during the pilot test program, large
variations in peak lateral acceleration response were observed
which could not be explained. It was hypothesized that
such changes in peak acceleration performance could only be
attributable to variation in friction properties at the tire-
road interface. Recognizing that consistency of friction
condition was critical to the viability of 1limit maneuver
measurement, a substantial effort was undertaken to identify
causes of the variation and to determine compensating test
practices. The findings resulting from this investigation
are presented in detail in Appendix III, and are summarized

in this section.

The study concentrated on the investigation of certain
tire properties which were felt to be potentially culpable
factors in the variation phenomenon. Utilizing experiments
with the HSRI Mobile Tire Tester, and full scale vehicle
tests, the influence of four test condition variables on peak

tire side force capability was examined.

1. Tire tread wear, as derives from the conduct

of limit turning tests.
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2. Drying time, as it affects the recovery of
"dry pavement'" friction properties following

a rainfall.
3. Test surface temperature.

4. Test surface material.

A remarkable finding related to the influence of tire shoulder,
or buttress, wear on peak side force capability was made
during Mobile Tire Tester experiments and correlated with
vehicle experiments. On certain tires it was found that side
force improves dramatically as the buttress first begins to
wear and eventually achieves steady-state at a normalized
force level that can be as much as 40% higher than in the
unworn state. In Figure 15 is shown the results of tire
wearing tests performed with the Mobile Tire Tester on tires
representing original equipment for the vehicles in the full
scale test program sample. The indicated ranges of normalized
side force measurements were made with each tire loaded to
approximate the respective vehicle-imposed loads on the out-
side tires in a limit turn. All tires were operated at 20°
slip angle and subjected to a series of test runs to obtain
the performance bands indicated. Other data in Appendix III
indicates the degree to which this wear sensitivity is
correlated by vehicle test, in addition to providing measure-
ments indicating the yaw-destabilizing influence of higher

front tire wear rates during limit turning experiments.

The principal conclusion from these findings was that
further refinement of test practice was necessary to minimize
the otherwise inevitable degradation of cornering test results
with non-steady tire side force output. A process was out-
lined by which sets of test tires would be worn in by
preliminary limit cornering tests of sufficient number as to
assure the achievement of steady-state performance. Although
this procedure is clearly an artificial alteration of tire

properties, it was deemed to be the only recourse for the

41



(8

‘pejeTIWNODR JIROM ISPTNOYS
Se e3lRp 20I0J 9pPTS buTasyleb 20TASP 3S93 SIT3 ST TJOW

® UO uni oI9M SOITL - obuery 90104 TRISIRT POZTTRUION
ST dJdNdDId
oL 60 80 L O 90 SO

LR R A I AR

-llllllllllllllllllillllllllll..Z......:.

}

UIOM JIOPINOYS =d— MON
o3ury o010 [BIS93BT POZITBWION

L ee o e v oo e

R I Y

D A I I I B A S Y

e e oo d

p e e e e e e

-lllllllfll-:..:...

R R N I R IR

I - - - - - - -

e e e e ec o e coeocfeocceceoceccnoe

L A N I RN

e e e s 00 e 00 e

LR R R Y

@ e e e o0

L I BN AT

e e oo ec v e e e

® e e e ceece o

e o e e o0 c e 0 e e ces e e o o

e e e 0 e e 0000

eeeccececcech

e e e ecc e e e

LI A R )

e e e e ccc o0

N XX

: yeI3sed ST-8.7T TeLoaTun/poomdoorg

I mmﬂmkﬁo& pI-824d h@@%@oow\pQQOHOU

" uotrdweY) ST-8/.[ 9UO0ISSITIJ/OPBUOIO],

’ yealseqd ST-8.d Tedoxtuf/9IXeIEH

poads puein ¢1-55T dorung/BIT0I0D
T'LD seI84T0d ST-094 1B94LP00H/PITGRIT]
“Teysn) xemod $I1-Sy°9 IBOAPOOH/UTTWOIY
" TBeS PI0Y ZI-56°§ dorung/urisny
110dg dS ¢€TY¥-SST doTung/sniof
..

XTUS0Yq H[-SS°/ SUO0ISSIT/SOPodIop

SBI84A10d ST-+¥8T1 dIesdpoon/Tetaoduy

ST-09°S TeB3lUSUTIUOD/ST399g MA

42



purposes of obtaining the vehicle performance data base in
this study. An obvious philosophical conflict arises,
however, in attempting to label the nominal condition of the
data base experiments. They do not literally represent
original equipment performance, nor do they necessarily
represent a condition of usage which vehicles would be
expected to exhibit in any normal driving mission. Further
discussion of these matters is presented in the Conclusions
and Recommendations section. It suffices here to summarize
that a first-order source of vehicle turning response
variability was identified, and that a compensating test

practice was adopted, in an attempt to assure data consistency.

With regard to the three other potential sources of
variability, data is presented in Appendix III indicating
that

a) "dry pavement'" friction properties were
recovered following wetting of the asphalt
test pad, as soon as the surface "appeared
dry'", that is, no perceptable darkening was
noticeable in comparison to the dry 'control"

surface,

b) no monotonic effect on tire side force or
vehicle limit turning capability is seen to
derive from large changes in test surface

temperature, over the range investigated,

c) no specific repeatability advantages were
identified for a concrete surface compared
to asphalt, in any of the experiments

regarding tire wear or surface temperature.

Thus no refinements in test practice were found necessary
in relation to the temperature, drying time, and surface
material factors.
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2.4 DATA PROCESSING REFINEMENTS

During the original VHTP study, raw data was recorded
on light-beam oscillographs mounted in the test vehicle.
Data processing and analysis was limited to visual inter-
pretation of oscillograph traces: reading peak values of a
given response variable, detecting values at critical points,
etc. Such data processing and analysis is most laborious
and thereby discourages efforts towards making a more
sophisticated evaluation of time histories or towards

performing continuous mathematical analyses.

In this program, major refinements in data processing
were accomplished by resorting to analog magnetic tape
recordings and computer analysis of these recordings. These
changes led to the development of an efficient and flexible
system for processing the raw data, eliminating the manual
element as well as providing for the computation of other
response variables. Detailed information on this data

processing system will be found in Appendix V.

The tepe-recorded data obtained in both the driver-
and automatic-control test series were given identical
formats to facilitate data analysis. The automatically-
controlled vehicle tests employed on-board data recording
whereas the data produced by the driver-controlled vehicle
was transmitted via telemetry to a base station (see Fig. 16).
Scales for each of the recorded variables were established
during the pilot test program as guided by experience gained
in the previous VHTP study.

The recorded raw data signals, as generated through an
interface module (see Appendix V), were processed on HSRI's
hybrid computer system (Fig. 17). Significant features of

this data processing system are itemized below:
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A mode-control signal was generated in the
interface module to indicate the various
calibration modes and test execution modes.
The hybrid computer in operating on these
signals automatically scaled for gain and
nulled any zero shifts prior to making further
computations.

The raw data signals were processed through
analog circuits that represented the simple
kinematic relationships required to determine
the sideslip response and spatial trajectory
of the test vehicle on a continuous basis.

The raw data signals and the computed variables
were digitized for storage on digital magnetic
tapes. These digital tapes form a library of
the time histories produced in each test run
performed on every vehicle tested in this

program.

Using the digital tapes, further processing of
all data was effected by computing response
numerics for each test. With the aid of a
variety of digital algorithms, the unwieldy
time history format was reduced to a few
numbers for each run, indicating the most

significant properties of the vehicle's response.

A variety of output formats either exist or can
be generated at will—the digital tapes mentioned
above, pen-recorded analog traces of raw and
computed variables, and digital listings.
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2.5 VEHICLE PERFORMANCE DATA PRESENTATION AND INTERPRETATION—
REVIEW AND REFINEMENTS

In many disciplines, the presentation of test data
requires merely that the experiment be defined and the
measured variables identified. In the context of acquiring
measures of vehicle handling performance deemed to be safety
relevant, data presentation itself lies at the heart of the
problem. In addition to selecting limit maneuvers and the
test procedures associated therewith, it is desirable that
the data produced in these maneuvers be processed and pre-
sented so as to enhance both their meaning and relevance to
safety issues. Without a relationship between performance
measures (or performance numerics) and accident statistics
established from research studies, the vehicle dynamicist
and the test engineer must necessarily resort to pragmatism
and intuition to derive data presentations which are

interpretable in the safety context.

Each of the open-loop maneuvers, as finalized during the
pilot testing conducted in this study, was re-examined with
respect to refining limit maneuver performance numerics and
their presentation format. This refinement is discussed
herein, together with a discussion of the philosophical
base upon which the relationship to safety is hypothesized.
It must be emphasized that these hypotheses involve the
identification of the relative safety quality of certain
response categories and that absolute judgments with respect

to safety are not offered.

It should be noted these refinements derive from the
development of new concepts for evaluating vehicle response
as well as from data processing developments which currently
provide response variables previously unavailable.
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2.5.1 STRAIGHT-LINE BRAKING. As in the VHTP study,
maximum deceleration, wheels unlocked, has been identified
as the principle performance measure of interest in this
test. Data will be presented in the form shown in Figure 18,
with distinctions provided for those runs which resulted in
lockup of two wheels on the same axle. It is hypothesized
that the occurrence of this condition represents a safety-
relevant 1limit to the controllable range of straight-1line

braking, because of:

a) the absence of steering control which accompanies
the locking of both front wheels, and

b) the classical directional instability which

accompanies loc«up of both rear whceils.

The ordinate variable, "average longitudinal acceleration,"
is a digital average of the longitudinal accelerations
produced over the time span during which the vehicle slowed
from 35 mph to 10 mph. This velocity '"window'" is chosen to
avoid the complications resulting from variabilities in
initial velocity and brake-pedal application rates at test
initiation and to eliminate the influence on average decel-
eration that derive from the increase in braking effectiveness
occurring at low rubbing speeds between lining and drum/disc.
This latter effect is of concern because it tends to bias
upward the average deceleration performance of a motor
vehicle without contributing significantly to minimizing

stopping distance.

2.5.2 BRAKING IN A STEADY TURN. Three data plots have
been developed for presentation of vehicle response in this
maneuver. The first plot, shown in Figure 19, is identical
to that used to demonstrate straight-line braking effective-

ness. The two other presentations, Figures 20 and 21,
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