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SUMMARY

UNEXPECTED POWER STEERING

FAILURE STUDY

1



OBJECT

The object of this study was to assess representative drivers' reactions and
force output capabllities when confronted with an unexpected power steering
failure.

EQUIPMENT

The required transducers and a 6-channel Brush recorder were installed in a
1969 Oldsmobile 98, with one channel set to record each of the following:

50 ft-1bs.
180° or 360°
Lateral Acceleration +1.0g

Steer Torque +
+

Steer Angle

Fore-Aft Acceleration + 0.5 g
Velocity 0-50 mph
Brake Usage 0ff-On

The mode of failure approximated a belt failure or pump failure. This was
accomplished by placing an air-conditioning clutch on the power steering pump.
This clutch could be engaged or disengaged by a switch which was concealed on
the passenger side of the car. A switch connected to the ignition was also
present to simulate engine failure, but this was not used during the experiment.
Consequently, the drivers always had the ab111ty to keep the car moving if they
chose to use the accelerator.

The test courses were set up on the VDTA at the GM Proving Ground in Milford.
The courses were outlined with traffic cones, plus metal guard rails in the
critical areas where the failures would occur.

The experiment consisted of three phases; Intersection, Serpentine I, and

Serpentine II. Each of these phases is described below.

TEST PROCEDURE

Subjects were told they were taking part in a speed holding and steering smooth-
ness experiment. 1In all of the tests, each subject had the power steering failed
in only the intersection or serpentine course, but not in both. During the ex-
periment, subjects were given the chance to familiarize themselves with the course
before the power steering was failed. After the first failure, each subject was
then given a few runs through the course without the power steering being failed
s0 as to reduce his expectancy of the next failure. The second time the power
steering was failed was the final failure for each subject. For some subjects

a second "surprise" was not possible. Guard rails were used to outline the
sections of the courses in which the failures occurred to provide 'realistic"
motivation.



CONCLUSTONS

All men were capable of performing all tests. Men are therefore not instrumental
in determining a critical effort value. Women shall most likely be the prime
determiners of the minimum effort level the driving population would exert under
these circumstances.

Serpentine I was too easy for even the women subjects. Even though 217% of the
women exceeded their static hold levels during the maneuver, the course was
judged too easy. This can be judged from Figure 2 and Figure 4.

The Intersection test required much more torque and allowed all women subjects
to apply as much force as they chose in an attempt to complete the maneuver.
However, the fact that the gpeed during the Intersection maneuver was only 7-10
mph allowed many subjects the alternative of stopping the car before hitting
the rail, instead of turning through the intersection (3/16). See Table 1.

Serpentine II was designed to be more difficult than Serpentine I, being designed
such that approximately 50% of all women should find it difficult to complete

the course, based on known static hold data. However, 35% of the subjects were
motivated to exert higher efforts during the maneuver than they were capable of
during the static hold test (See Figures 2 and 4). There was, however, no
significant correlation (r = .019) between effort in the maneuver and static

hold effort (See Figure 3). Some subjects were motivated to exert higher efforts
during the maneuver, but it cannot be said that the weak subjects raised their
maximum levels under conditions of high motivation. That is, the 10th percentile
subject on the static hold test was not necessarily the 10th percentile subject
in the Serpentine II maneuver. I

The lowest effort in Serpentine IT was 240 in-1bs., or 30 lbs. rim force. This
was the effort exerted by one of the women who did not successfully complete
the course.

The total static hold distribution agreed closely with studies done by other
researchers, therefore, the test sample of women had approximately the same
distribution of static effort capability as the general population of women.
Subjects for Serpentine II seemed stronger than subjects in Serpentine I study.
See Figures 5 and 6. :

APPLICATION OF RESULTS

The results of this study are being used as the basis for determining the criteria
used to evaluate vehicle power-off steering effort for the 1970 Proving Ground
Product Evaluation Program.

Two tests are being conducted on all vehicles in the evaluation. One is to
measure peak efforts exerted in driving the "A" Curve with power inoperative.

This is the test that has been used in the past and is being used again this year.
It is a situation similar to the Intersection test in this study - a low speed,
right angle maneuver. The other test being conducted is to slowly apply and re-
lease steering torques to the steering wheel of the car and plot steady-state
lateral acceleration versus torque for a range of + 1/4 g lateral acceleration

(at 30 mph). This is a test similar to the Serpentine tests used in this study.
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The results of this study are being used to determine the maximum allowable rim
force on the steady-state torque versus lateral acceleration test. Since the
lowest torque exerted by the women in our study was 240 in-1b ( on a 16" wheel)
the maximum allowable rim force level on the steer torque versus lateral accel-
eration curves at 1/4 g was taken to be 30%1b. Essentiall&, this means that
any vehicle that requires more than 30%1b rim force to attain 1/4 g is judged
to have excessive steer effort power-off.

The "A" Curve is similar to the Intersection test. Our results on this test
indicate that steer effort was not the dominant variable in this situation,

as 13/16 women elected to stop the car rather than turn, even though the engine
was still running. Consequently, we were not able to determine a maximum
allowable effort level for the "A" Curve test. The judgments are then being
made on a relative basis, that is, relative to the best competitive car in a
given evaluation group. To do this, use has been made of an existing principle
in psychophysics or experimental psychology. A number of studies have been
made to determine the ratio of a just noticable difference in a stimulus. This
ratio is known as a Weber ratio. It has been found to be essentially indepen-
dent of nominal value. That is, subjects have been found capable of identify-
ing a 31 gram weight from a 30 gram weight, a 62 gram weight from a 60 gram
weight, and a 93 gram weight from a 90 gram weight. Realizing that this 3%
ratio was for lifting weights in a laboratory situation, we have chosen a 257
difference to be a readily noticable difference in steering effort. This

is conservative and a more exact percentage will be determined by an experiment
in the future. This 25% noticable difference ratio is also used in evaluating
the steady-state lateral acceleration tests when the levels required are less

than the absolutg maximum level of 30*1b.
i

Fredrick W. Hill
Vehicle Dynamics Laboratory

A. Paul Lawrence

Vehicle Dynamics Laboratory
/var
F-285

* The actual number used as a criterion is 27 1lb, which includes a provision
for a 10% increase in torque due to transient maneuvers preceeding the
steacy-state value. :
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APARATUS

TABLE 1. SUMMARY OF RESULTS

__SUBJECTS

STUDY RESULTS
Std. Oldsmobile Gear g . All subjects completed course successfully.
. Men L. K
26 psi F, 26 psi R A 2. 1 = 425 in-1b, s.d. = 61 in-1b.
INTERSECTION Right Angle 1. Two trials per subject (total = 8x2 = 16)
Intersection Course 2. Three (3) successful trials
8 W
omen 3. Twelve (12) stops in the Intersection.
[See Figure 1] 4. 1/16 subject froze and hit guard rail.
5. T =230 in-1b, s.d. = 87 in-1b.
Std. Oldsmobile Gear 8 Men . All subjects completed course successfully.,
26 psi F, 26 psi R 2. T =.217 in-1b, s.d. = 16 in-1b.
SERPENTINE I :
Rail disp. 10 £t 8 Womeﬁ‘ 1. All subjects completed course successfully,
[See Figure 1] 2. T =211 in-1b, s.d. = 25 in-1b.
11-1 Gear . 1. Two trials per subject (total = 16x2 = 32),
20 psi F, 26 psi R 2. 29 successful completions of course, ’
3. 2/32 deviated slightly off-course,
SERPENTINE II - 16 Women 4. 1/32 subject hit guard rail,
Rail Disp. = 5 ft. 5. 2/32 subjects slowed down considerably.
[See Figure 1] 6. 1/32 subject stopped completely in course,
7. T = 322 in-1b, s.d. = 38 in-1b.
Test car with power = _ _ _ _
STATIC inoperative - All Women 1. Peak Tavg 428 in-1b, s°dévg = 98 in-1b.
CAPABILITIES u=0 (ggb%E;Zi) 2. Hold T___ = 298 in-lb, s.d, _ = 90 in-Ib.
[See Figure 4] ave Ve
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OLDSMOBILE DIVISION

GENERAL MOTORS CORPORATION cc: R. W. Perkins
T. J. Krieg
D. E. Condon
' C. M. Scholfield
: C. J. Brady - P.G.
TO R. A. Dorshimer ADDRESS R. E. Rasmussen -~ P.G.v’f
R. E. Denzer - Eng. Staff
J. B, Bidwell - Eng. Staff
W. B. Thompson - S.S5.G.
FROM D. L. Nordeen ADDRESS R. P. Rohde - S.5.G.
SUBJECT POWER-OFF STFERING EFFORT DATE January 9, 1970

This letter outlines the status of this program and the presentation planned for
the General Technical Committee on this subject. Both the work to be done and
the proposed GTC presentation have become better defined with both subjects being
discussed in several informal meetings among the Proving Ground, Saginaw Steéring
Gear and Oldsmobile and at the December Chassis Subcommittee Meeting.

There are at least five areas for further investigation:

(1) Development of a proposed power-off steering effort criteria
- (0lds, P.G., S.S.G.)

(2) Analysis and identification of tire and vehicle factors contributing
to steering effort (P.G., S.S.G.)

(3) Measurement of power-off steering effort of General Motors and com-
petitive vehicles and interpretation of the data (P.G.)

(4) Investigation of vehicle and tire changes to reduce steering effort
with the constraints of existing tooling - for 1973-75 models
(01ds, S.S.G.)

(5) Investigation of vehicle and tire changés to reduce steering effort
without being restricted to use existing tooling - for 1975 models
or later (Eng. Staff, 0lds, S.S.G.)

The presentation to the GIC should include a discussion of all of these areas with
emphasis on actions Management can take to reduce the steering effort through de-
sign changes and/or to conclude that power-off steering effort is not a problem.
Since some of the information will not be available for several months, the pre-
sentation to the GTC should not be made until April at the earliest. Possibly,
the Chassis Subcommittee should select the material, demonstrations and alterna-
tives to be presented.

The existing knowledge and work remaining for each of the above areas is discussed
in greater detail in Attachment I. Attachment II lists specific items that will

be investigated by Saginaw Steering Gear, Proving Ground, Engineering Staff, and
Oldsmobile. The program outlined in this letter has been discussed with Engineer-
ing Staff, Proving Ground and Saginaw Steering Gear with general agreement obtained.

. ¢t2n¢¢22€5595;%k¢5;»/
Donald L. Nordeen
Asst. Chassis Engineer
ch
Atts.



ATTACHMENT 1

POWER-OFF STEERING EFFORT
Program, Deronstration and GTC.Presentation

This attachment provides more detail regarding the General Motors program to estab-
lish steering effort criteria, identification of vehicle modifications and compro-
mises to reduce steering effort, and the presentation of the problem and alternatives
to the General Technical Committee to resolve this question.

The program is a Corporation program with project involvement at Oldsmobile, Chevro-
let, Saginaw Steering Gear, Engineering Staff and the Proving Ground. There are at
least five areas for further investigation:

(1) Development of a proposed power-off steering effort criteria.

(2) Analysis and identification of tire and vehicle factors contributing
" . to steering effort.

(3) Measurement of power-off steering effort of General Motors and com-
petitive vehicles and interpretation of the data.

(4) Investigation of vehicle and tire changes to reduce power-off steering
‘effort within the constraints of existing tooling -- for 1973-1975
models.

(5) Investigation of vehicle and tire changes to reduce power-off steering
effort without being restricted to use existing tooling -- for 1975
models or later.

The knowledge and work remaining for each of these areas is expanded below including
which groups will undertake the various parts of the program.

Criteria

In the design of a power steering system, maximum attention and first priority should
be given to the performance of the system with power assist operative. Further, the
system should be designed for maximum reliability of the primary power system, thus
making the failure of the power system a low-probability event. An estimate of the
reliability of the power assist system will be made. With a high reliability of the
power system, the power steering system need not be designed to provide full perform-
ance in the event of a failure of the primary power assist system. This is the
philosophy employed in the design of the braking system and reflected in the brake
system standards. Reduced braking performance is obtained in the event of power
assist failure or of front or rear hydraulic system failure,.

Similarly, the power steering system need not be designed for the simultaneous occur-
rence of a power system failure in an emergency driving circumstance. Since these
two occurrences are nearly independent and each has low probability, the probability
of the combination is extremely small. It seems rather that the power steering
system design should allow a majority of drivers to complete the maneuver during
which the failure of the power assist occurs, and to bring the vehicle safely to a

[ 4
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stop. This means that the effort for normal maneuvers with power assist inoperative
should be less than the steering capability of a majority of the driving population.

Only limited data exist, however, to define normal driving. Published data indicate
that the lateral accelerations used in normal driving decrease as the speed increases.
Since the stopping distance at lower vehicle speeds is short, a safety-related cir-
cumstance has not been identified with loss of power assist below 30 mph. It is
therefore concluded that the most critical speed for loss of power assist is the
30-35 mph speed range. From existing data, it appears that 95% of the female drivers
operate below 0.25g lateral acceleration in this speed range. ‘

There are a number of questions regarding the existing data defining normal driving.
Does the variation in lateral acceleration used by female drivers correlate with
steering effort capabilities? (Do "weak' drivers operate at lower lateral accelera-
tions?) 1Is the recorded lateral acceleration the maximum lateral acceleration observed
during the corner or the average? Has the proper compensation for vehicle roll and
road superelevation been made in the recorded data? What is the performance of the
female drivers in making the critical driving maneuver (as selected for the steering
system evaluation) with power assist operative? How much handling performance is lost
if power assist is not operative?

The work at the Proving Ground to develop the performance criteria should continue
with Oldsmobile assisting with vehicles and vehicle modifications. The approval of
the criteria should be made the responsibility of the Chassis Subcommittee.

Steering Effort Analysis

Much of this work has already been completed by Chevrolet as part of their analysis

of effort of manual steering vehicles. Their analysis included the development of

a computer program to estimate steering effort from vehicle and tire parameters. An
analysis by Oldsmobile, on a more limited basis, agrees with the conclusions from

~ the Chevrolet study. These analyses can provide the basis for interpreting the steer-
ing effort data on GM and competitive vehicles and in indicating the vehicle and tire
parameter changes which should result in reduced steering effort. The analysis has
been verified by Chevrolet. This verification will be made more complete through the
steering effort measurements by the Proving Ground on production and modified vehicles.
The change in steering effort with tire wear will be measured by the Proving Ground.
The change in efficiency of the steering gear with miles will be determined by Saginaw
Steering Gear. :

Steering Fffort Measurements

Much of this work has been completed by the Proving Ground during their product per-
formance evaluation of 1970 GM and competitive vehicles. The work remaining is the
analysis of the data, repeat testing on certain vehicles to identify causes of dis-
crepancies in the existing data, and correlation of the effort data with vehicle and
tire parameters (at the minimum this should involve the measurement of overall steer-
ing ratio of selected 1970 vehicles). Steering effort measurements have already been
completed on two vehicles with modified front suspensions. The first is one built

by SSG for reduced manual steering effort and the second is one built by Engineering
Staff which has a zero scrub radius. The Proving Ground will continue to make the
steering effort measurements on vehicles with modified suspensions and/or different
tires. '
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The Proving Ground will also undertake an analysis of power-on steering effort by
tabulating such factors as steering torque gradient, maximum steering torque, and
steering system hysteresis for the 1970 cars.

Vehicle and Tire Parameter Changes (Short Term)

Without changing the knuckle, control arms, and steering system layout, it should
be possible to achieve some reduction in steering effort. Compensating changes may
be required to maintain on-center stability, returnability, and minimum wheel fight
in obtaining the reduced steering effort. It appears that suspension attachment
point relocations, wheel alignment changes, and steering gear efficiency improve-
ments are the most fruitful items for investigations. To maintain on-center stabi-
lity and returnability, power steering valve changes, reduced friction in the steer-
ing gear (both forward and reverse) and reduced ball-joint friction are likely to
be required. Since all of these changes tend to aggravate wheel fight, a steering
system damper may be required. This will be a cooperative project among Oldsmobile
and Saginaw Steering Gear. :

Radial-ply tires will also be considered because the reduced camber stiffness should
result in reduced steering effort, but with reduced vehicle understeer. The steering
effort can also be reduced by increasing front tire inflation pressure which will
also reduce vehicle understeer. In both cases, compensating changes, such as in-
creased front roll understeer and/or aligning torque compliance steer, will be re-
quired to maintain current handling performance. This phase of the project will be
handled by Oldsmobile with assistance from the Proving Ground in measuring tire
properties and steering effort. The suspension modifications will be discussed with
Chevrolet. g ’

'In evaluating the vehicle and tire parameter changes, careful attention will be given
to all aspects of vehicle ride and handling to identify what compromises must be made

to reduce steering effort.

Vehicle and Tire Parameter Changes (Long Term)

There is potential for further reduction in steering effort if knuckles, control arms,
etc. can also be redesigned. The steering effort analysis indicates that moving the
kingpin axis rearward with respect to the spindle axis allowing a large negative
caster offset with a large positive caster angle should reduce the steering effort.
The short term changes discussed above can also be incorporated. It may be possible
to control the wheel fight by relocating the shock absorber from the control arm
attachment to an attachment to the knuckle forward of the kingpin axis and inclined
inward to the frame attachment. This could eliminate the need for a separate steer-
ing system damper.

Work to develop tires with reduced aligning torque should also be undertaken. Stabi-
lity augmentation through the steering system should be investigated as this may allow
reduction in effort through use of large negative caster without impairing on-center
stability and returnability. These long-range projects will be undertaken by Engi-
neering Staff with assistance from Saginaw Steering Gear and Oldsmobile Advance Design.

“Again, careful attention should be given to all aspects of vehicle ride and handling
to identify the compromises made to reduce steering effort. :

[ 4



Steering Effort Demonstrations

To provide a better comprehension of the steering effort problems, a demonstration
is planned at the Proving Ground with the PG handling the arrangements for all
engineering groups working on the problem. This demonstration will include the
vehicle and courses used to obtain the steering effort capabilities, a Toronado
provided by Olds and equipped with an electro-hydraulic power reserve system, and
a vehicle (also provided by 0lds) which has the maximum power-off effort allowed
by the Proving Ground criteria (25 1b. rim force at 0.25g lateral acceleration).
Because of the uncertainty of the weather occuring in the winter months, it is un-
likely that this demonstration can be scheduled until March or April.

GIC Presentation

The timing for this presentation would be better for April or later when the weather
is more certain for a good demonstration and when more results should be available,
The proposed presentation should be reviewed by the Chassis Subcommittee. This
procedure should allow resolution of the competing requirements of the presentation
and should provide for the presentation of alternatives on which the GIC can act.
The Chassis Subcommittee is an important group regarding the presentation. They
are in the best position to select the subject content and alternatives to be pre-
sented and to select the person who can best make the presentation.

An outline for this presentation has been prepared and discussed among Oldsmobile,
Saginaw Steering Gear and the Proving Ground. The preparation for the GIC presenta-

tion should continue, possibly at the direction of the Chairman of the Chassis Sub-
committee.

DLN:ch
1-9-70



ATTACHMENT II

POWER—OFF STEERINMG EFFORT
Project Responsibilities

Oldsmobile
(1) Investigate vehicle modifications to reduce steering effort for the
1973-75 models. ‘
(2) Provide Toronado equipped with electro-hydraulic power reserve system
for demonstration.
(3) Assist the Proving Ground by providing vehicles and vehicle modifica-
i tions for human factors studies.
(4) - Maintain close contact with Engineering Staff on the project to reduce
steering effort for the 1975 and later models.
(5) Determine magnitude of steering effort reduction with radial ply tires
' and with increased inflation and determine vehicle changes to maintain
“handling properties.
(6) Estimate the reliability of the power assist system.

Saginaw Steering Gear

1
(2)

(3)

(4)
(5)

(6)

Determine efficiency change with miles of the power steering gear.

Investigate methods for increasing the mechanical efficiency of the
power steering gear.

Investigate methods for reducing the zero-load friction of the steer-
ing gear. :

Provide steering linkage joints and ball joints with reduced friction.

Investigate methods for reducing the hydraulic boost for small steer-
ing inputs.

Hardware development for stability augmentation.



Proving Ground

(1) Development of proposed criteria for acceptable steering effort with
power assist inoperative.

(2) Determine effect of tire wear on steering effort.

(3) Continued measurement of steering effort on 1970, 1971 and modified
vehicles.

(4) Analysis of the test data - both power on and power off.

(5) Handle arrangements for the demonstration to the chassis engineers and
the GTC.

Engineering Staff

(1) Investigate vehicle modifications to reduce steering effort for the
1975 and later models.
(2) Work with the tire companies on the development of tires with reduced
©  aligning torque.

(3) Analysis of steering systenm augmentation proposals and further investi-
gation of augmentation possibilities.

Chassis Subcommittee

(1) Select the criteria for acceptable steering effort with power assist
inoperative.

(2) Approve the content of the presentation to the GIC on this problem.

DLN:ch;
1-9-70
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Fredrick W. Hill “~
February 3, 1970

FILE MEMO F-285

SUMMARY OF LITERATURE ON DRIVER LATERAL ACCELERATION BEHAVIOR

An investigation of available literature pertaining to the lateral acceleration

behavior of the driving public indicates that there are few applicable articles

available. There are a number of somewhat pertinent articles, but many of these
are incomplete, inaccurate, or concern particular situations only. A review of

the most pertinent and apparently accurate papers has resulted in the following

conclusions pertinent to driver maximum lateral acceleration behavior.

1. The best study found indicating driver habits gives a 'comfortable' lateral
acceleration distribution at 30 mph for 25 women drivers with a mean = 0.187g
and s.d. = 0.075. These were apparently not corrected for vehicle roll. A
reduction in lateral acceleration corresponding to 8 deg/g roll stiffness
gives a 50th percentile level of 0.164g and a 90th percentile level of 0.249g
for women.

2. A review of highway design guides indicates the highest allowable lateral
accelerations at design speeds are for intersection curves, with a nominal
maximum of 0.22g at 30 mph.

3. These statements and others indicate that it is certainly conceivable that
10% of the women drivers would willingly attain 0.22-0.25g at 30 mph in an
intersection turn on public roads without considering it excessive.

4, 1If steering effort tests and/or criteria are going to include situations that
are somewhat beyond the '"comfortable' region of lateral acceleration for this
10% of women drivers, a 0.25g maneuver at 30 mph can be considered conservative.

5. There is no known study which correlated lateral acceleration behavior and
physical strength.

Some of the pertinent works are summarized on the following pages.

Malcolm L. Ritchie, et al, Ritchie Inc., Dayton, Ohio. '"A Study of the Relation
Between Forward Velocity and Lateral Acceleration in Curves During Normal Driving",
Human Factors, 10(3), 1968, pp 255-258.

Vehicle Speed and lateral acceleration were monitored as fifty (25 male, 25 female)
subjects drove a 110 mile course 'comfortably' on public roads. Distributions of
lateral acceleration versus speed were reported. (Apparently not corrected for
accelerometer roll angle). The resulting distributions of lateral acceleration at
30 mph were, (See Figure 1)

Men: a_= .216g, s.d. = .085
y_ ] Not corrected for roll, apparently.
Women: ay = .187g, s.d. = .075
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Corrected Percentiles: Uncorrected:
Women Men Women Men
10 .080 .093 .091 .106
50 .164 .190 .187 .216
90 . 249 .286 .283 .326

J. G. Smith and J. E. Smith, "Lateral Forces on Vehicles During Driving,'" Auto-
mobile Engineer, December, 1967, p 510.

This paper describes work done on different London road systems ranging from
expressway to urban routes. The lateral accelerations were presented as a per-
centage of the total distance traveled on a course. The speed on the course varied
and the only speed datum recorded was the average speed = distance/time. This is
influenced by stop signs, stop lights, traffic, etc.

Data that are of some interest are the results for one driver on the motorway

(u avg. = 64 mph) and the fastest and slowest drivers on a rural route (u = 40.1
and 30.3 mph). (See Figure 2.) The data were corrected by the authors for lateral
acceleration, but the correction was about 307 from measured, corresponding to

18 deg roll/g - excessive.

The only general interpretations of these data of interest are,that for comfortable,
normal drivings}

1) One (1) driver had lateral accelerations more than 0.05g during less
than 5% of the distance traveled (at u = 64) on a highway.

2) The slowest driver on the rural route had lateral accelerations more
than 0.09gduring less than 5% of the distance traveled (at u = 30.3 mph)
on rural roads.

3) The fastest driver on the rural route had lateral accelerations more than
0.25g during less than 5% of the distance traveled (at u = 40.1 mph) on
the rural roads.

E. M. Bevilacqua and E. P. Percarpio, ''The Introduction - Lubricated Friction of
Rubber", Rubber Chemistry and Technology, Vol 41, No. 4, September 1968, p 832.

This paper discusses lateral accelerations acceptable to drivers in a curve. A dis-
tribution is presented and referenced, but does not really appear in the reference
given - probably a typographical error. The curve and speeds used are not given,
but this speed must be in the area of 20-30 mph (See Figure 3). The assumption is
then made that this distribution (mean lateral acceleration = 0.3g, 90th percentile
= 0.4g) is representative of the '"driving public.'" This is an untenable assumption.
The information in this distribution cannot be used because the speed is not given.
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H. W. Kummer and W. E. Meyer, ''Tentative Skid-Resistance Requirements for Main
Rural Highways', National Cooperative Highway Research Program Report 37, 1967.

A breakdown of lateral acceleration levels into light, comfortable, moderate and
excessive is made in a Table in this paper. This Table (See Figure 4) indicates
0.2g as the break point between '"comfortable" and "moderate" and 0.3g as the
break point between "moderate' and "excessive.'

No indication of the effect of vehicle roll on measured lateral acceleration is
made. The reference for the Table is a ''personal conversation with P. C. Skeels".
Mr. Skeels indicated that these remarks were based on a few engineers driving on
Proving Ground road systems and the Table is not based on any intensive study.
There is no indication that the results are speed dependent.

Highway design information incorporates some expected driver lateral acceleration
behavior. As near as I can determine, the most popular design guide is "A Policy
of Geometric Design of Rural Highways' by the American Association of State Highway
Officials, 1965, (also 1954). These (and other works) indicate the minimum allow-
able radius at a given speed is a function of side friction factor (g's lateral
acceleration) and super-elevation. Road design also includes determination of a
total friction factor which includes a combination of cornering and stopping, such
that the vector sum of the cornering and braking friction factors of the surface

is below some minimum allowable friction coefficient of the road surface. The
super—elevation rate e, is considered to have a practical maximum at .06-0.10 ft/ft
depending on weather conditions, etc. The maximum side friction factor is indicated
as 0.16 for 30 mph for a range of super-elevations for highway curves. It is
pointed out that this is for open roads and not intersectionms.

D. W. Loutenheiser, Chief, Highway Design Division, Bureau of Public Roads, ''Skid
Resistance Values Used in Geometric Design,' Proceedings, First International Skid
Prevention Conference, Part II, 1959, p 573.

The Chief of the Highway Design Division of the Bureau of Public Roads indicates
there are different criteria used for the design of curves at intersections. The
super—-elevation is limited at intersections. He indicates ''the above values apply
to open highway conditions for through traffic lanes. Curves at intersections are
considered in a different design category because of the various approach warnings
provided and the drivers' anticipation of more critical turning conditions within
the intersection. In such cases, drivers accept and use a higher side friction in
relation to speed than on open highway curves."

The design side friction factors for intersection curves are given as ranging from
0.32 at 15 mph to 0.16 at 40 mph. This corresponds to 0.32g and 0.16g lateral
acceleration. - A linear extrapolation would give 0.22g at 30 mph. He goes on to
say "'Such factors for the lower design speeds exceed the feeling of discomfort
limits above mentioned for open highway curve operations, but for the low speeds
involved, there remains a reasonable factor of safety. Operation on a minimum
radius intersection curve at design speed, 'such as 150-foot radius at 25 mph may
result in tire squeal and possibly some driver body sway, but the whole remains
within safe operating limits."

(A 150-foot radius curve at 25 mph corresponds to 0.28g).
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A design speed for a given curve is considered to be the speed that 92 to 987% of
the driving population would stay below on that curve with the highway in normal
conditions.

This paper indicates that the highest allowable road design lateral accelerations
are for lower speed intersection curves. The guide indicates 0.22g at 30 mph as a
practical maximum. The example given indicates a lateral acceleration higher than
the design guide. It is not known how well the public roads actually conform to
these guides., ' '

Fredrick W. Hill

Vehicle Dynamics Laboratory
FWH/var
F-285

cc: R. E. Rasmussen
K. J. McKenna
A, P. Lawrence
J. K. Lutz
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TasLE 11
AcCCIDENT INCIDENCE®

Intersoction Nonintersection

Condition
Clear 1.36 1.73
Rain or snow ' 20.05% 62.07°

¢ Per million vchicles passing, at intersections; por million vehicle miles, away from
intersections.

b As reported. We believe these figures should be divided by 5 on the basis of analysis
of raw data kindly provided by Professor Michacl. Conclusions are not altered by the changes.

The reasons for this are twofold. Pavements become more slippery when wet,
and drivers do not adjust sufficiently to the lowered coefficients.

Useful research on traction requires consideration of the entire system of
driver, vehicle, and road. When the normal requirements of driving have been
established, realistic specifications can be set for friction coefficients to provide
an adequate safety factor.

Comprehensive data required to determine those requirements precisely are
not yet available for the United States, but the extensive studies at the Road
Research Laboratory® (RRL) provide a good guide. Our experience in the col-
lection of data for the present scries of papers indicates reasonably good cor-
respondence between qualitative ideas of police and highway officials and the
estimates of the importance of road slipperiness given by Giles, Sabey, and
Cardew®:1%, Conclusions based on the RRL data will presumably require only
slight modification as data become available for the United States.

The RRL has suggested a skid resistance of 60 as an as-laid criterion for road
surfaces!! (approximately, a friction coefficient of 0.67 at 7 mph!®). The value
of this criterion may be illustrated by Figure 1, in which data reported separately
in the literature are displayed together to show graphically the physical require-
ments involved. This illustration relates driver tolerances, available coefficients,
and skidding accidents. Each of these is plotted as a separate curve in the upper
set; they are superimposed in the lower to emphasize the correspondence between
them, The abscissa scale represents acceleration for the curves representing driver
requirements, and available coefficient for those representing road properties
and accident frequency. The available coefficient of friction is numerically equal
to the acceleration in units of g when free sliding occurs, so these may be }ﬁrect]y
compared. T THELE!

Curve 1 shows total accelerations acceptable to driver§?/ based on ca. 800
observations of vehicles rounding a curve; Curve 2 is the distribution of coefficients
available on wet roads, based on approximately 950 sites in Germany®, the United
States™, and Great Britain'®, discussed in more detail in part III of this series.
hough Curve 1 represents only one driving condition, rounding a curve,
ers. and. may thercforc be comsidered
yrobable distribution _of accelerations requiré ¢ driving
ome approximations were necessary for the comparison in Curve 2
because 1t is not known how the German and English refercnce tread stocks
relate to each other, but errors from this cause wilt be small.

It follows then, that where these curves overlap, the probability of trouble
exists.- This is made abundantly clear by Curve 3 which is the likelihood of a skid-
ding accident, determined independently!® by investigation of 219 actual accident
sites. The abrupt change in slope occurs where Curves 1 and 2 cross, and Curve

eves 3 ’ S

we

LUBRICATED FRICTION 835

as a whole parallels the high side of the demand curve closely. It is obvious then
that a substantial fraction of drivers will eucounter a substantial fraction of roads
on which serious danger exists of an accident caused by skidding due to a low
coefficient. The arcas of Curves 1 and 2 which overlap indicate the fractions of
drivers and roads involved. About half of all paved roads are sufficiently slippery
to be potentially hazardous when wet. More importantly, about 909, of all driv-
ers may encounter slippery wet roads. :

This probably occurs because people drive on wet roads nearly exactly as
they do on dry. In 1956 Stohner'® reported quantitative support for the wide-
spread belief that drivers do not change their driving habits or speeds on wet
roads, Figure 2. Morcover, average driving speeds are increasing at a rate of
about one mile per hour per year", Figure 3, so that the problem becomes more
acute as time passes. We have discussed this briefly in a recent review!8; there

“are essentially no studies of which we are aware concerned with habits of drivers
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.. F1a. 1.—Driver requirements, road characteristics and probability of accidents.{(Curve 1:
acceptable accelerations;)Curve 2: composite data on friction levels on wet roads; C 5

likelThood of an accldent. Curves displayed separately in upper level, on same axes in lower,
Sources of data given in text.
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was 6, or approximately the same as on the winding moun- 6 BASED ON
tain road of the first test trip. 276 MILE TRIP
Figure 55 shows the deceleration pattern of Driver C, a 4 5 ® //z/y
again obtained with the pendulum decelerometer during the li.l S Z 'E_t_' /
276-mile trip of Figure 54. Note the two peaks at relative ox 4 % ,’_‘ 2—1 2 / —
. i 50 > = (8] - 9 A
decelerations (or friction numbers) of 10 and 20, the lower ouw ; 3] T 0o o
value being caused by routine speed changes due to road :8 3_—:; w ou V/ 5 8/—-
design and traffic, the higher one by full stops due to traffic, ¥ oz T 2 &
. . P s 22— o — Jdb____| A -/.__
STOP signs, or traffic signals. In 6 of the 122 applications 2 3 Lo g . g/
the traffic situation required severe decelerations of 40 or @ x i = £ I ua.l =
~ ) above (see also Table 10). Two of these cases were due a ‘a g x = ] ]
to driver inattention, and four were due to unexpected acts ol [/ //{
by other traffic participants. The speeds were below 20 TYPE OF DRIVING

mph in every case.

. Figure 54. Brake application frequency as function o
By turning the decelerometer 90° the author measured & pp frequency as f f

traffic and highway geometry.

1 the range of lateral decelerations on straightaways and
g curves and found that the friction number (in this case _ ?
cornering slip number) at 50 mph did not exceed 10 on" .

straightaways (a reflection of small steering corrections
and body lean), approached 20 at speeds of 70 mph, and
did not exceed 25 to 30 on curves, hence is generally
lower than the brake slip number towards the end of a stop.

Although the number of possible combinations of factors
which can affect the driver deceleration pattern is much too

automobile manufacturers (50), The table indicates that
drivers appear to have a higher “built-in” tolerance for
deceleration during braking than in cornering. The ques-
tion of whether this pattern can be interpreted to mean

large to all have been encountered in a few tests (which
in addition were carried out with the driver's knowledge),
the tentative conclusions from Figures 52 to 55 do suggest .\' 50 DRIVER C
the approximate range of frictional needs for normal driv- = 40 BASED ON 122
ing. Again a friction number of 40 emerges as satisfying O BRAKE APPLICATIONS
the needs of normal traffic. The only exceptions are de- - 30 OVER 276 MILE TRIP
celerations which lead to a full stop. Here friction levels ‘:’
up to 50 may be called for towards the end of the stop, a. / \ T\
. . [« 20 A~
either to compensate for the lower deceleration levels se- < /
lected at the beginning of the braking process or to correct 10
. . . . X
for errors or misjudgment which might have occurred dur- a / \_;.‘4
ing the earlier portion of the maneuver. % o e
The results of this study are in general agreement with o 10 20 30 40 50
: the severity of braking and cornering which drivers accept SELECTED DECELERATION, 100 (d/ 0, %
E | - as less than uncomf9rtable. .The guidelines of Table 11 Figure 55. Driver behavior pattern during braking on cross-
~ are derived from driver opinion and are being used by country trip.
S———— —t ey
e ———

f:?é CRE 4

TABLE 11

CLASSIFICATION OF DECELERATION SEVERITY IN BRAKING AND
CORNERING BY DRIVER OPINION

DECELERATION, i
100 (d/g) d FRICTION PRIVER OPINION !
(%) (FT/SEC?) NUMBER BRAKING CORNERING

0-10 . 0- 32 10 Light Light

10-15 . 3.2- 48 15 Light Comfortable

15-20 4.8- 6.4 20 Comfortable Comfortable

20-25 6.4- 8.0 25 . Comfortable Moderate

25-30 . 8.0—- 9.6 30 Comfortable Moderate

30-35 9.6-11.2 35 Moderate - Excessive

35-40 11.2-12.8 : 40 Moderate Excessive

40-45 . . 12.8-144 45 Moderate —

45-50 - 14.4-16.1 50 ' - Excessive —_—

>50 . >16.1° >50 Excessive —_
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SUMMARY OF LITERATURE ON DRIVER LATERAL ACCELERATION BEHAVIOR

An additional article in the area of driver lateral acceleration behavior has come
to my attention. The data are presented in a form somewhat different from the pre-
vious articles, but allow similar interpretation. The results of this article do
not contradict any of the conclusions reached in the memo, but it does present a
detailed and complete study.

Taragin, A., "Driver Performance on Horizontal Curves,'" Proceedings, Third Annual
Meeting of Highway Research Board, 1954, p 446.

This study determined "mean speeds" at different points around a number of curves
on two-lane rural highways, primarily in New York State. A description of the
procedure and other pertinent sections of the article are attached.

This is probably the best and most complete study I have come across, but not all
sections are applicable to the investigation of driver lateral acceleration behavior.
Before indicating the results of this study, some limitation as to the applicability
of the results for our purposes is in order.

The drivers were not identified (intentionally so they would drive normally), there-
fore, women and men were not separable. Speeds measured were average speeds at

10 points in the curves. While there is an indication that the speeds did not change
much in the curves, any instantaneous changes in speed would introduce a squared
effect on lateral acceleration or side friction factor. Few of the results are given
in terms of complete distributions, only means and 90 and 95th percentiles. This
could have apparently been presented, however, as there are an indicated 125

vehicles counted at each curve. This (and most others) is an old article - 1954.
Road design techniques may have changed since then, but even if they did, the older
(pre 1954) roads still exist. My guess is that people's speed versus radius of
curvature behavior has certainly not decreased, but possibly increased since 1954 due
to higher attainable vehicle speeds. Consequently, the results of this study, for
the conditions under which it was made, should indicate lateral acceleration levels
that may be even higher today.

Pertinent Results of the Study:

1. On "sharper" curves, a number of drivers exceed the road design speeds. For
radii of curvature less than 750 feet, at least 10% of the drivers exceeded
the design speed. (See Figure 6, p 152)

2. Interpreting this figure in the study (Figure 6, p 452), the mean driver's
lateral acceleration (actual side friction factor) at 30 mph was approximately
.23g (R = 260 feet) and the 90th percentile driver's actual side friction
factor was approximately 0.27 (R = 220 feet). Similarly, lateral acceleration
levels for 30 mph can be interpreted from Figure 8, p 456. For a radius of
curvature corresponding to 30 mph for the 50th percentile driver (R =~ 280 feet),
the mean driver's side friction coefficient was approximately 0.19, and the
90th percentile driver's side friction coefficient was approximately0.30. Due
to the number of variables and their inter-relations, and the statistical varia-
tions, an infinite number of similar (but not identical) conclusions can be
reached.



« Addendum - File Memo, F-285 -2- Fredrick W. Hill
February 6, 1970

3. Super-elevation has a negligible effect on measured driver speed in curves.
Curvature has a "well defined" linear relationship with speed. Therefore,
for two curves with the same curvature, drivers will use a lower coefficient
of side friction (lateral acceleration) on the more steeply banked curve.

4. One of the study's conclusions is that '"ten percent of the drivers develop
a coefficient of side friction of 0.3 or more on horizontal curves sharper

than 15 degrees."

"I believe this conclusion is a typographical error, as it is not substantiated in
the text. However, it is indicated in the text (Figure 8, p 456) that for curvatures
greater than 10 degrees (mean speed between 39 and 25) the mean side friction factor
varied from approximately .10 to .21 and the 90th percentile friction factor varied
from .24 to .35.

Fredrick W. Hill

Vehicle Dynamics Laboratory
FWH/var

cc: R. E. Rasmussen
K. J. McKenna
J. K. Lutz
A. P. Lawrence
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416 TRAFFIC AND OPERATIONS

and northe

v to n point 0.10 of o mile north of
State Trunk : )

[lichw v 23

(¢) Thir per howr from a point
0.10 of o wile north of State Trank Highway 23,
northerly to a point 0.50 of a mile north of
State Trunl Highway 23;

(d) Forty-five miles per hour from a point
0.80 of a mile north of State Trunk Highway
23, northerly to a point 0.15 of a mile south of
County Trunk Highway “AY;

(e) Thirty-five miles per hour from o point
0.15 of a mile zouth of County Trunk Highway
«“A” northerly to a point 0.10 of a mile north
of U. 8. Highway 16; )

(f) Forty miles per hour frum n point 0.10
of 2 mile north of U. 8. Highwny 16, northerly
to a point 0.35 of a mile north of T. S. Highway
16.

Speed Zone Declaration—Location No. 5, U. 8.
Highway 51—.tt Lake Kegonsa (Dane County)

Fifty miles.per hour from a point 0.22 of o
mile southeast of its intersection with the town
road on the line common to Sections 22 and 23,
Township 6 North, Range 10 East, southerly
to a point 400 feet southeast of its intersection
with the town road on the line common to
Sections 25 and 26 of Said Township, except
that the stated speed limit for northbound
traffic only shall terminate at a point 0.29 of a

Driver Performance on

A. Tarsciy, Highway Engineer

mile soulheast of its interseetion with the tuwm
road on the line conumon to Sections 22 and 23
of said Townsiip.

Speed Zone Declaration—Location No. 6, Old
U.S. Highway i1—IFrom Villege of Menom-
onee Falls to Milwaukee-Waukesha Counly
Line
(a) Fifty miles per hour from the Waukesha-

Milwaukee county line northerly to a point

1,80’(3 feet southeast of County Trunk Highway

b

(b) Thirty-five miles per hour from a point
1,000 feet southeast of County Trunk Highway
“4” northerly to a point S00 feet southeast
of the town road on the line common to Sec-
tions 13 and 14, T8 N, R 20 &; :

(¢) Forty-five miles per hour from a point
800 feet southeast of the town road on the line
common to Sections 13 and 14, TS N, R 20 £,
northerly to a point 600 feet northwest of said
town road;

(d) Fifty miles per hour from a point 600
feet nmorthwest of the town road on the line
common to Sections 13 and 14, TS N, R 20 I,
northerly to a point 330 feet southeast of
County Trunk Highway “YY”;

(e) Thirty-five miles per hour from a point
330 feet southeast of County Trunk Highway
“YY" northerly to the south corporate limits
of the Village of Menomonee Falls.

Horizontal Curves

Highway Transport Research Branch, Bureaw of Public Roads

Thais report deals with the performance of passenger cars on horizontal curves having
a range in minimum sight distances from 200 to 635 feet and in curvature from 3 to
29 degrees. The locations studied were on two-lane highways primarily in New York
and Marvland, supplemented by locations in Illinois, Minnesota, and South Carolina.
A total of 8,400 free-nioving passenger car speeds were ohserved on the inside lanes of
35 different curves and on the outside lanes of 33 of these curves.

The analyses include investigations of the coefficient of side friction that vehicles
actually develop in traversing horizontal curves; the effect of superelevation on driver
behavior; sight distance as related to curvature; speed as related to sight distance and
curvature; and passenger-car speeds as compared to various standards for safe speeds

as based on stopping distances.

@® EXISTING highway svstems are conglom-
erations of varied geometric designs. Some
sections are designed in accordance with the
most-modern standards to accommodate large
volumes of traffic at relatively high speeds,
but these are by far in the minority. The

largest mileage of our highway system is of
two-lane design, often inadequate for the
volunte of traffic earried. In many areas the
most-common deficieney is insuflicient sight
distance for safe operation at desired speeds
on vertical and horizontal curves.

i
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The effect of vertical curves on driver be-
havior and vehiele speeds was discuszed in o
paper presented by B. . Lefeve at the 32
annual meeting of the Highway Researeh
Board in Jansary 1953, The problem of hori-
zontal curvatures and their effects on driver
performance is preseited in tlis report,

STUDY PROCEDURE

Driver performance and passenger-car
speeds were recorded on a number of horizon-
tal curves with minimum sight distances
ranging from 200 to 655 feet. Study locations
were confined to sections of two-lune highway
on which it might be expected that driver per-
formance would be affected by horizontal
curvature, superelevation, or limitation of the
sight distance. In no case did the approach
grade exceed 3 percent, and no section had a
vertical curvature in combination with the
horizontal curvature.

All locations were on rural highways re-
moved from the influence of intersections and
with a minimum of interference from roadside
development. The study included only pas-
senger cars, and to insure that none were
influenced by other vehicles traveling in the
same direction, those following another
vehicle within a time spacing of 6 seconds were
excluded.

The study was conducted in two phases.
The first phase was initiated in 1951 in co-
operation with the New York Bureau of High-
way Planning and included studies of driver
behavior on 15 horizontal curves. At these
curves speeds were recorded for each vehicle
at 100-foot intervals over a distance of 1,000
feet, starting 500 feet ahead of the centers of
the curves and ending 500 fect beyond the
centers. This included the entire lengths of
the curves which were from 400 to 900 feet
long. Observations of vehicle speeds on the
approaches, however, were not included in this
study. The data were obtained in such a man-
ner that the variation in speed on each curve
could be related to the variation in the sight
distance on the curve. The results obtained by
this phase of the study are discussed in the
first part of the report.

To supplement the data obtained in New

York, the second phase of the study made use

of data from studies conducted at 20 locations
in Maryland, Hiinois, Minnesota, and South
Carolina. This phase consisted of determining

A £ il 2 it et

passenger-car speeds at one point on each
curve, viz., at the point of minimumn sight
distance. The data collected at thesc locations
were combined with the New York data for
the greater portion of this report. .

The data at each study site were divided
into the foliowing two groups for analysis:
Group I, data for vehicles traveling in the in-
side lane of the curve; Group 1I, data for
vehicles traveling in the outside lane of the
curve,

The inside lane of a curve has a slightly
sharper curvature and shorter vadius than
the outside lane. This difference should be
kept in mind in the consideration of the re-
sults, because the curvatures as reported are
those as measured to the centerline of the
pavement. Sight distance measurements were
made separately for each direction of travel,
at the center of the lane, from a height of 414
feet to an object 4 inches high in the same
lane.

The speeds of approximately 125 free-mov-
ing passenger cars (not meeting another
vehicle and more than 6 seconds behind the
preceding vehicle) were observed for each
study. Satisfactory data were obtained for the
inside lanes of 35 different curves and for the
outside lanes of 33 of these curves involving
8,400 vehicles. Table 1 contains a general
description of each location and the observed
speed data at the point of minjmum sight
distance on the inside lanes. Table 2 shows
the same information for the outside lanes. In
these two tables the locations have been ar-
ranged in order by the magnitude of the minj-
mum sight distances (Column 8).

NEW YORK STUDIES

As has been mentioned, the studies in New
York consisted of recording vehicle speeds in
each of the two lanes over 100-foot sections
for a distance of 1,000 feet including the sharp-
est sections of the horizontal curves. The
individual car speeds were obtained by
measuring the time it took vehicles to. travel
the 100-foot distances between the stations on
each curve. A distribution of vehicle speeds
and the average speed was thus obtained for
vehicles while in each of the ten 100-foot
sections. Using sight distances recorded
separately for each direction of travel, the
design speed based on AASHO standards for
noupassing sight distances only was deter-
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curvature.

try to provide adequate sight distance for safe
operation at those speeds. It is important,
therefore, to determine to what extent drivers
influence their speeds by the combination of
curvature and superelevation and by the
available sight distances.
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' CURVATURE — DEGREES
Figure 5. Relation between minimum sight distance and curvature.
™ SPEED AS RELATED TO DEGREE OF CURVATURE
" \\ The speeds at which drivers operated on the
:--.__\(—a.vfr‘:f;’f§§°s3:ssfgucmon i curves of various degrees are shown by Figure
- b SN ! ! | 6. Separate curves are shown for the average
. ‘ , . >
H X3 Sn o g IPERCENTILE SPEED speed, the 90-percentile speed, and the 95-
-~ ' SO~ -so-pERcEnTILE sPeED P . !
: 7\L il ; ! percentile speed. The points for these curves
. | ALY . .
: avemice s w\‘\. SIaa.l o were plotted by combining the data shown in
. 3. \\“\'E\‘% - __|#% Tables 3 and 4. For this purpose it was found
e - BT Wt A -, . .
G > IR "S3—34 to be unnecessary to plot the data for the inside
K\ 3 R
E.. . - lanes, as shown by Table 3, separately from the
data for the outside lanes, as shown by Table
. 4, because for the same curve the average
difference was only 0.2 mph.
. Points are shown only for the average speed
° .
A7 Y amanne o oxceiy, ;5‘, ;3 "”, for each of the curvature groups in the tables.
3N e MG Q0 SO ‘ The point shown for a curvature of 16 to 20
Figure 6. Relation between speed and horlzontal — go0 onesents only one location, whereas all

the other points represent data averaged for 7
to 20 locations. The points for the 90- and
95-percentile curves are not shown, but they
fell as close to the respective curves as those
for the average spceds. Points representing
speeds at the individual curves as well as those
for the groups also came remarkably close to
the curves.

———— s




A3 R
e — : . o b b A A8 St b s e ot gt e e e e L A ok e < ove 7 &+ = i rmrecme s e+ e
oL
CTARAGIN: DRIVER PERFORMANCE 453
e S . : TABLE 3
CUANE -] COEFFICIENT OF =IDE URICTION AS RELATED TO SPEED ON HORIZONTAL CURVES
DE LANE ) Inside eurve lune ou two-lane highways
Pl 5 N Spgfb:}]g‘dg;‘;‘,‘l’j:’“ I Coefcient of side friction
[ Curvature groap Super- M;nm@nm Study
; eTEE T elevation 5 D site No. |~
: i . ; Ave, 907% 95%%  lAvg. speed; 90C; speed 937, speed
i i 48] ; (2) (3) ) (5 (6) ) ® 1+ ® . uy
- ! ' - i
‘?'“"—:_’—"‘ﬁ'— deg.-min, : Seet mph mph mphk : !
: 1. 3-50 ! 303 11 16.6 55.1 58.5 |02 0.139
e — 135 i 377 a1 51.7 38.3 60.2 {001A1 0.173
: L 4-35 : 303 12 10.8 16.5 19.0 {0,033 0.101
FRUUENGS NE SN 3-00 i 360 19 0.9 53.1 56,0 | 0.060 0.042
; 3-30 i 500 33 45.5 54.0 56.4 | 0.077  « 0.088
i N ' A}
sema om0 © Avg. 351 P00 am 5.1 53.4 56.6 | 0.103 0.119
(SR S 4-00 ©0.082 490 32 39.5 9.5 7.0 | © 0,073 0.110
‘ ; 1-35 i 0.039 450 1 28 15.0 2.5 58.5 ! I 0.000 0.134
o | 1-00 0.052 w0 | 20 5.0 0 550 0,090 0.110
R 4-00 i 0.060 500 34 10.2 7 50.6 | . 0.051 0.060
: i 430 L 0.062 510 35 3.5 0 546 1 C0.086 0.095
[ - ! R
; Avg. 413 ° i 0.053 182 ' 42.6 51.7 55.9 | 0.037 0.079 0.101°
I .
, 2 5-40 {0 0.033 107 24 3.5 9.4 52.4 | 0.003 0.129 0.14u
. ; . 6-52 L 0,036 236 5 38.6 6.3 7.6 1 0.084 0.13¢ 0.145
O N S , 5-30 Po0.042 170 31 41.0 51.8 53.8 §  0.056 0130 0.144
. ! 530 - L0.042 135 2% 37.5 6.5 183 0.048 0.037 0.108
Py . : 6-52 bo0.042 342 17 1.6 6.8 491  0.097 0134 0.152
# o 23 Ave. 605 ;. 0.03 378 0.4 | 81 | os02 00w 0125 0.140
) 6-00 0.062 140 27 2.5 55.0 5.3 0.063 0.150 0168
arvature 6-30 0.062 100 23 2.5 5005 53.4 | 0.075 0.132 0.155
. 5-40 ' 0069 169 30 3.9 9.7 52.1 0.059 0.095 0.111
Avg. 6-03 i 0.064 136 3.0 51.7 51.3 0.0687 0.125 0.145
[0 DEGREE OF CURVATURE 3. 802 0 324 16 44.3 52.0 5.7 ¢ 0.1 | 0.254 0.271
9-10 0.042 256 6 44 7.5 9.1 1 0141 0.200 0.215
. ' 7-00 0.052 350 18 41.5 9.5 52,2 1 0.0%9 0.149 0.171
ch drivers operated on the ‘ ‘
grees are shown by Figure Avg, 804 i 0.031 310 42,4 9.7 5.7 1 0.139 0.202 0.221
wre shown for the averae 7-30 0.062 420 25 39.2 8.7 5.6 | 0.072 0.146 0.162
ntil . erage 740 0.061 371 20 10.6 16.7 8o | 008 0.132 0.150
ntile speed, and the 95- 9-30 0.073 320 14 37.8 15.0 47.6 ; 0.086 | 0.132 0.179
"f_P?lﬂtsl ng tthes? curves Avg. 813 | 0.066 370 39.2 16.8 9.0 . 0.081 | 0.144 0.153
wining the data shown in ;
this b LT 4540 10-18 0.038 308 13 1.9 16.3 7.1 0.174 | 0.220 0.
11s purpose it was found 7 12415 0.045 255 7 35.7 41.5 12.9 0.137 | 0.201 0:
plot the data for the inside e} 18 0.068 | 207 8 40.4 19.7 52.9 0194 | 0.329 0.3
tble 3, separately from the “‘{ Avg. 12-06 I 0.050 297 39.3 15.8 7.6 0.166 | 0.248 o
lanes, as shown by Table xo-% 0.073 300 10 35.5 1.0 6.4 0.074 1 0.153 g. 5(—)2
s . .. 11- 0.073 320 {5 36.0 15.0 16.8 0.094 0.187 2
0 0":]0 }clur\e the average 11-30 0.0%0 380 2 1005 195 524 0,110 0250 0.250
.2 mph. . R
5 %Y Avg. 10-50 0.075 333 37.3 16.2 18.5 0.101 | 0.15 0.293
anly for the average speed D"’I i - i
. 2 - 5 9 35 32
iture groups in the tables. P 75. 17-30 0.062 | 215 2 36.5 4.0 5.0 0.211 ! 0.335 0.35
ra cabirm 19%. 2000 0.062 300 9 25.1 2.7 31.5 0.151 | 0.236 0.274
o Cll]r‘att““e °f1 16 to 20 }J{) 23-50 0.077 215 3 35 | 362 | 381 ! 020 1 03 0.3
1€ location, w i
N » Whereas all 20y Avg. 26-25 - 0.0%0 238 29.3 33.0 34.8 0.177 | 0.266 . 0.304
esent data averaged for 7 ' a7 ; P - i ? 5
: 25-00 0.033 2 1 237 23.9 29,4 0.081 | 0161 0.17
¢ points for the 90- and P 20-30 0.083 220 4 8.0 34.5 36.0  0.103 0.202 0.227
are not shown, but they <. - TR et ‘ !
AT not shown, but they L Avi. 22-45 | oo | 20 2.8 1317 | 327 . 0.094 | 0.184 0.201
tspeetive curves as those Y : -

wds. Points representing
il enrves as well as t}ios: The method of least squares was used to fit  curvature was found to give the best fit. The
“me remarkably close to a straight line, a hyperbola, and a parabola to resulting equations with the ('()l‘l'(fsl)llﬂ«[illg
S the data for the individual locations. The standard errors and coefficients of correla-
straight-line relation between speed and  tions are shown below where 17 is the speed
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CORIFICIENT OF SIDE FRICTION AS RELATED TO £PEED ON HORIZONTAL CURVES
Qutside errve Lane on two-lane highways -
: Sujpr- ’ Minimum § Study bp:rgdh?tj'::f:l:?:m Coefficient of side friction
Curvature group elevation 8. D, ' site No, |——— 7 : ! : T
’ i Avg. f 905 i 9590 Avg. speed! 909 speed F95C7 spead
w @ @ SRR I BN @
—_— S U NS S ! i ; i -
deg.-min, ] Jloperft. 1 et Lomph L mph : mph i
1. 3-50 S A -V S A U BT 53.0 | 553 0.0%2 0.112  0.124
4-35 P02 3w b ul 46,9 ¢ 825 1 BNT 1 0.097 0.127 ;i  0.123
435 P0.028 P 489 )2 2.4 42 504 1 0.008 0.091 i 0.10%
3-00 P0.030 ¢ 360 0 19 3.9, T L ogtie L oo 0.040 | 0.05
3-30 o040 1 a0 L 33 45.0 | 6.0 | 387 | o.o1 0.0% ; 0.099
Avg. 3-54 i 6,027 wo Poa3 b os0.7 ) a2 1 0.058 0.080 | 0.102
1 ' i ! H ! i
400 0.042 - 500 32 | 39.0 9.5 53.1 0.029 0.072 1 0.000
1-33 0.049 | 557 | 2% 5.5 52.0 53.0 0.052 0.096 | 0.101
2-45 0.052 1 10 | 29 8.0 58.0 | 609 0.022 0.036 | 0.087
4-00 0.060 i 500 | 34 3.0 52.0 54.9 0.015 0.066 | 0.081
4-30 0.052 | 520 | 3 43.0 54.0 | 57.2 0.035 0.091 | 0.110
Avg. 3-58 Loees3 L 507 | 43.7 53.1 | 558 0.036 0.078 | 0.091
2 5-40 0.033 | 550 24 6.0 52.9 56.2 0.107 0153 | o0.177
6-52 0.036 | 452 5 36.9 2.1 43.9 0.073 0.105 | 0.119
5-30 0.042 | 50 26 38.0 7.5 9.9 0.051 0.103 0.118
5-30 0.042 | 43 31 0.5 9.0 51.0 0.063 0.112 0.125
6-52 0.0i2 | 439 17 40.4 8.2 50.9 0.089 0.11% 0.165
Avg. 6-05 0.059 | 406 40.4 7.9 1 50.4 0.077 0.124 : 0.141
6-00 0.062 | 440 27 0.0 50.0 |- 50.6 0.050 0.113 0.118
6-30 0.062 100 23 1.5 51.0 | 33.7 | 0.009 0.136 0.157
415 0.062 220 2 38.0 8.0 405 o018 0.041 0.05%
5-40 0.069 316 30 1.5 7.4 97 ) 0085 0.080 0.095
. 1 ]
Avg. 535 0.083 & 344 0.2 | 47.8 Ios0.1 | 0.02 | o086 | o.101
3. 8-02 0 452 16 40.3 1 47.0 | 49.3 0.153 0.208 0.:
9-10 0.042 433 6 0.7 7.1 1 495 0.136 0.196 0.
7-00 0.052 375 18 2.0 | 475 | 33.9 0.092 0.133 0.
Avg. 804 0.031 427 4.0 | 4.2 | 509 0.128 | 0.179 0.213
7-40 0.064 635 20 46.3 | 33.0 i 56.0 0.125 | 0.188 0.217
9-30 0.073 320 14 37.0 | 4.2 ! 463 0.079 0.144 0.165
Avg. 835 0.068 487 4.6 | 486 | 5.2 0.106 ! 0.169 [ 00195
4. 10-18 0.038 77 13 37.0 44.2 6.5 0.127 0.197 0.222
12-15 0.045 391 7 35.2 0.4 42.9 0.132 0.189 0.218
13-44 0.068 - 323 8 41.2 6.9 8.6 0.205 0.235 0.311
Avg. 12-06 0.050 364 | 37.8 43.8 6.0 0.152 | 0.221 | 0.249
i i i
10-00 0.073 325 10 37.5 4.3 5.5 0.091 0.156 0.169
11-00 0.073 340 15 35.0 2.0 3.8 0.0%5 0.154 0.174
11-30 0.080 380 22 39.0 48.0 9.3 0.124 0.230 0.247
Avg. 10-50 0.075 348 3.2 | 4.8 | 46.2 0.100 0.179 | 0.196
6. 23-50 0.077 455 3 32.2 36.2 37.8 0.212 0.289 | 0.319
20-30 0.083 220 4 30.0 35.0 37.2 0.132 0.210 | 0.248
25-00 ! 0.083 300 1 22.6 28.5 29.4 0.066 0.155 | 0.170
Avg. 22-45 | o083 | 260 { 263 | 8.8 | 333 | 0101 | o0.18  0.212

in miles per

hour and D is the curvature in

The high coeflicients of correlation as found

degrees. for the\e equations indicate that operuting
Coefi- _speeds are closely related to the degree of
Stand- cieniof  curvature for the range between 2 1l(~w and
e et 30 e, curves included Tin this’ ‘stud\ The
Speed Equation dusted) justed) " " average speed is lowered by 3 mph. for each 4
. mph. deg. that the’ curvature increases, and the 7
‘&)'f;'e';‘fih’m'e':::: po s na - 0.neD Yoy oMY 95-percentile speed is lowered by 1 mph. for™ "
95-percentile.... Vis = 58.46 — 1.000D  3.51  0.83 each l-deg. increase in curvature, = - )




. .
PR P e
PR

>
e LR 1 b e b e et e e i A e S S R 5 4 o MmN 2

TARAGIN: DRIVER PERFOURMANCIE 455
) i . i 1 l i T \1 T
ZONTAL CURVES || _.asedoN FGRL:ULzAt i
S+F» Q-QQRLY. ]
s i i e = g= SUPERELEVATION — 1. /ft,
“aefticie 1 iction [ 4 FeCOEFFICICNT OF SIDE FRICTICN I
wefticient of side friction E —. SO e 10 60MPH , 0.15 FOR 55 HPH,
e e —_ g O.14 FOR TCMPH ]
coeed 1 900 speed | 957 spee Ve SPEED IN MILES PER HOUR
\;m:d, '%3’;’“‘ ; ) usop;“d ; R=RADIUS OF CURVATURE INFEET
e .
w
2 0.112 0.124 2
w7 0.127 0.133 =
103 0.09 0.10% o
13 0.030 0.050 e
Tl 0.0% 0.099 g
s 000 ¢ 0au 2
2| 0.073 0.000 2
2 0.096 0.101 u
022 0.056 0.057 C
)15 0.065 0.081 0
!)jf_:—-o;ogl !—‘2—10_~ SOURCE: TRANSITION CURVES FOR HIGHWAYS, p.191 .
036 | 0.078 ; 0.091 - BUREAU OF PUBLIC ROADS
e e e i e '
- — o H 1 1 1 Lo 1 1 | |
107 0.153 0.1 .
073 0. 106 0119 1) “ 8 12 6 20 24 28 32 36
051 0.103 0118 CURVATURE ~DEGREES
003 0.112 0.125
039 0.114 0.166 Figure 7. Maximum curvature for varlous assumed design speeds.
077 0.124 0.141 : '
230 0.113 0.118 Superimposed on Figure 6 isa curve showing curves included in this study the maximum
ooe 0188 PR speeds that are presumed to be safe for the  was only 0.0S3. ST
015 0.050 0.095 various degrees of curvature. These “safe” The family of curves on Figure 7, used to
2 | 0.0% 0.101 speeds are based_on_the average _s_upe_rqlg_\_fa- represent cun.'ent des;gp przz?tiges, is‘bﬁsed on
153 0.203 0. 5% tion for each of the curvature groups in Tables  a safe coefficient of side friction of 0.16 for
136 0.196 0.221 3 and 4 and the current standards of highway  speeds up to 60 mph. 0.15 for 65 mph. and
99 " e e e .. . - P e e
ViGN WL L . design as €hown in Figure 7. Thisis a cuived ” 0.14 for 70 mph. ,
s | 0179 0.213 : relation between spced and curvature,
] g8 | 021 l whereas the actual perfotmance of driversis y  COEFFICIENT OF SIDE FRICTION UTILIZER
G L 9.1 : straight-line relation. A driver traveling ab the One of the factors of highway design for
106 | 0.169 0.195 ‘ average speed of all free-moviug vehicles does  which factual data have been seriously lacking
127 0.197 0.222 not exceed what is consider afe d on s the coefficient of side friction that vehicles
205 | 0285 | 0.3 ' any of the curves. The fastest 10 percent of actually develop as they negotiate various
™ P oot the drivers, however, do exceed the safe speeds  curves. From the data recorded for this study
1 0.156 o160 on curves sharper than 8 deg. and 6 CUITES __and by using the following basic formula, the
v 015 0,174 __sharper than 16 deg. the average driver travels  coefliclents of side friction developed on the
124 b.236 & 0.247 at about the safe speed, indicating that nearlv  horizontal curves included in this study were
10 0.179 | 0.196 / half of the drivers exceed the safe speed. At determined:
212 0.280 | 0.319 , individual locations included in this study, 10 _ 0067V
R Rt BT percent of the drivers exceeded the safe speed P s
4 : i ercent of the drivers exceeded the 5a1¢ SPUEME = -
" by as much as 10 mph. It is apparent, there- R
| o | o _fore, that when the road is clear and dry many " T
drivers_actually utilize a coefficient of side !
of correlation as found : “friction which excecds that mfénded 1 mod=" F o= coefficient of side friction
adicate that operating ern~1;_1gvl_}\\'vqy_ design. Normally a low. value of V = speg’(l, miles per hour
ated to the degree of side friction 1s purposely used in design to R = radius of curve, fect
e between 2-deg. and provide some margin of safety. To reduce the S = superclevation, feet per foot
‘ll ]H}.thls study. The needed side fmctlo'n, highway designers make The basic data for each of the curves in-
by 3 mph. for each 4 use of superelevation. Generally, however, the  ¢luded in the study and the caleulated co-
':"‘ increnses, and the superelevation is limited to a maximum of efficients of side friction are shown in Tuble 3
OWer r . . .
wered by 1 mph. for 0.10 foot per foot, and even on the sharpest for the inside lanes and in Table 4 for the

t curvature,
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0.4 ——
LEGEND
£ Average
0.3 T B4 90 Fercentite

- £33 95 Percentile

COEFFICIENT OF SIDE
FRICTION UTILIZED

DATA

Lodkia : AL IRS% sralald i sxiad
Superelevation LOW HIGH LOW HiGH LOW HIGH LOW HIGH LOW HIGH  LOW HIGH
Rate - f1./ft. .027 053 .039 064 .03 066 .050 075 062 070 .083
Min. sight dist, fi 369 482 373 438 310 370 297 333 215 258 210
No.of locotions 5 5 5 3 3 3 '3 3 1\ \2 2
60
[0
: g
I g 50— u__
(= 4 £ :
W o
wa 40t
0w
w
-J
=30}
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CURVATURE — DEGREES

Figure 8. Relation between speed, coeflicient of side friction, and superclevation for instde lanes of horizontal
curves on two-lane highways.

outside lanes. In thesc tables the horizontal
curves have first been arranged in groups ac-
cording to degree of curvature. Each of these
groups has been further divided into two
subgroups, the first subgroup including curves
having relatively low superelevations and the
other including curves having the higher
superelevations.

The superelevations used to separate the

data into the subgroups were related to the _
curvatures. For 3- and 4-deg. curves the
division was made at a superelevation of about
0.04 foot per foot. This value increases as the
degree of curvature increases, and for the
sharper curves the division was made at about
0.08 foot per foot. The coeflicients of side
friction are shown for the average speed, for
the 90-percentile speed, and for tlhie 95-per-
centile speed on each curve.

Figures 8 and 9 were plottetl from the aver-
age values for each group in Tables 3 and 4.
The values for the superelevations and mint-
mum sight distances are averages for each
group of curves. Figure 8 is for the inside lanes

of the curves, whereas Figure 9 is for the out-
side lanes. The lower portion of these figures
shows the average and the 90- and 95-per-
centile speeds for each curvature group. The
top portion of the figures shows the cor-
responding coefficient of side friction utilized
in negotiating the various curves at the indi-
cated speeds.

It may be noted from Tigures 8§ and 9
the operating speeds are abont the
“horizontal curves of similar degree,
of the superelevations, s xthm the Timits of _
this study. This appears to be true for both
“the inside and outside lanes. The amount of _
_superelevation, therefore, lm(l little or no
t on the opomhmr &pe(\tls

opemtm"”speul, it 10110\\\ th at the utilized
_coefficient_of side friction was lower when the
supereley ation was hwh “than when it was
“Tow. TFor example, for the Tuside lanes (I'igure
S) on curves of 10 to 15 deg. the side friction
for drivers traveling at the average speed was
0.17 when the superelevation was 0.050 foot
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CURVATURE - DEGREES

Figure 9. Relation between speed, coefficient of side friction, and superelevation for outside lanes of horizontal
curves on two-lane highways.

per foot and 0.10 when the superelevation
was 0.075 foot per foot. The high-speed driv-
ers developed higher coefficients of side fric-
tion. Likewise, the drivers traveling at the 95-
percentile speed had coefficients of side friction
averaging 0.28 when the superelevation was
0.050 and coefficients of 0.22 when the superele-
vation was 0.075 foot per foot. In both of these
cases the difference in side friction between
the low and higher superclevations was about
the same, being 0.06 in the one example and
0.07 in the other. On curves of less than 7 deg.
the difference was less, being in the neighbor-
hood of 0.02 or 0.03.

These figures also show that the utilized co-
efficient of side friction generally increased as
the degree of curvature incrensed, and that
the coefficient was slightly lower for the out-
side than for the inside lanes.

CRITICAL CRITERION OF SUPERELEVATION

Since it was found that curvature affected
the operating speeds on horizontal curves but
that superelevation had little or no effect, the

analysis was directed to the percentage of
vehicles that exceeded safe speeds based on
curvature and superelevation. Superelevation
is normally expressed in units of feet per foot
of pavement width and the curvature in de-
grees. To facilitate the determination of the
number of vehicles that were operating at
unsafe specds in relation to the geometric
features of the highway, it was found desirable
to express the superelevation in terms of feet
per foot of pavement width per degree of
curvature, a term hereafter identified as the
“unit of superelevation.” An extremecly high
degree of correlation was found to exist when
this unit of superelevation was related to the
percentage of vchiclesxe eceding the “safe”
speed. Figure 10 shows this relation.

The abscissa on Figure 10 is the unit of
superevlevation just discussed. The ordinate
shows the pereentage of vehicles exceeding the
safe speed. Only one curve is shown for both
lanes of travel, because when individual curves

-weredrawn for the inside and outside lunes, the

curves coincided. This is casily understood if
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method of least squares to the basic data for
the inside and outside lanes combined. The
curves on each figure rep1e~cnt speed contours.
Shown on each figure is also the standard
error within which tlle speeds can be assumed
to be correct.

These figures show that the sight distance
has a compqmtl\ ely small oi’fect on vehicle
_speeds, whereas curvature has a consmlemhle

effect. With a constant curvature the average
change in speed is about 0.8 mph for each 160-
foot. (immm in sight distance. With a eonstant
sight distance the averuge \'wml clianges uni-
fomm. about 0.7 mph. for ench 1-deg. d\.mn

in curvature. Based on the relation Detween
sight distance and curvature, however, a 3-deg,
dmng? in curvature, which causes u 2.1- mph
change in speed, is necessary to produce a
chonge in gight distances sufficient to cause a
change in speed of 0.8 mph. Curvature, there-
fore, causes nearly three times as great a
dnm% in speed as sight distance, under com-
paral)‘e conditions. Thb is as true for the 90-
and 95-percentile speeds as for the average
speed.

SUMMARY AND FINDINGS

This _report _deals with_the performance of _

_passenger cars (_)__g_]_}_g_g_p;pntal curves having a
“range in_minimum sight d dxstancea from ’OO to
ﬁa.lieeLamLm_c\mxture from 3 to 20 dey.
_The locations studied were on two-lane wh—
ways prmmnl\' in \e\\ York and \I.u\l.md
supplemente ( ns in 110 ""\Imnf‘

iy
sofa,.and. South_Carolina, n

i ——— —————————-

{ total of S,400
free moving p’l»onvex

car \peeda were ob-

The anah: S m(lude'_m\ estvutlom of the )

coefﬁment of side friction that v ehu.lcs actu '11
develop in traversing horizontal cur
effect of superelevation on driver Lelmnu

sight distance as related to curvature; spemf
as rel related to sight distance and curvature; and

pAssenger-car peeds as comparerl to various

~standards for-safe speeds as based on sfopping”

_distances. ___

The data indicate the following for the
conditions of speed and sight distance gener-
ally prevailing in the areas where the studies
were conducted:

1. Drivers of free-moving passenger cars do
not change their speeds appreciubiz after
entering a horizontal curve. Any adjustment
in speed that is made because of curvature or
limited sight distance is made on the approach
to the curve. Observations of vehicle speeds on
the ‘1[)])10‘1(‘1103 were not included in this study.

2. Speeds in the outside Janes were about
the same as those in the inside lanes despite
the fact that minimum sight distances were,
on an average, 20 percent greater in the out-
side lanes than in the inside lanes of the curves

e T N ———— e e
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4. Superelevation as normally used in terms
of feet per foot of pavement width without
regard to the sharpness of the curve bears no
relation to the percentage of vehicles exceed-
ing the safe speed b'hed on curvature, super-
ele\'atlon, and coelficient of side fnctlon A
close correlation exists, however, between the
superelevation per foot of width per degree of
curvature and the percentage of vehicles ex-
ceeding the computed safe speed bused on
curvature and superelevation. The term
“unit superelevution” has been applied to this
expression. The analysis indicates that few
vehicles exceed a safe speed on horizontal
curves designed with a unit superelevation of
more than 0.005 foot per foot of width per
degree of curvature. This is a simple unit to
apply in the design of horizontal curves.

5. The minimun sight distance on horizon-
tal curves is not necessarily controlled by or
related to the degree of curvature. On the
curves studied, however, there was a general
tendency for the flatter curves (those of longer
radii) to have the longer minimum swht
distances.

6. Operating speed and degree of curvature

... are closely related. and_the relation js_linear.
Drivers do not drive at the extremely high
" speed pex mitted b) the (Ie\wn on 04,4 (_unc

._._,Qometuue;. by as ,muLI.L..l»._.lo.Illl)lL.__

7. Considering curvature and sight distance

only, curvature l)aa a much-wxeatel effect on
vehlcle speed than sight (llsl.lll(.‘(}

8. Driver p(‘lf()lllld!)(t, on horizontal curves
is such that when the minimumn sight distance
is 400 feet or longer, few drivers exceed what
“‘can be considered a safe speed, regardless of

, ,.zl S L
i ) ' ) TARAGIN D DRIVER PERFORMANCL 465
neluded in these stwdios. Dperating condi- which of the commonly emploved factors are
tions, ax far as the minimnm sieht distance is used in computing stonping distances. With
concerned, were more eritical for the incide  the shorter sight distances, however, most
lines than for outside lanes, especially on the  diivers stay within o :peu] from which they
sharper curves, could come to a stop within the availuble
3. The amount of superelevation_on the  sight distance only if no allowasnice iz made
weurves studied had ve effect on whulo muwl for perception and reaction tine. Detween
_For tlus reason th 5 vtxhzm u)(‘lfu tent of side these two extremes the pereentage of vehieles
“riction on the sume degiee of curvature s exceeding  the safe speed f].(’[)(‘,[l(l.s on the
lower when the superclevation is high th,m criterion used to determine the sale speed.
when it is_low. Ten perc From these studies it appears that sighi
de\ CIQ}_ a_coetlicient of side “or) distances should be at least 400 feot (if meus-
more on honmntul "llll‘.? \}xuzlm thXrT5  ured from a height of 414 feet to 4 inches) on
deg. 2\ coefficient ¢ of side triction 01 0. lt) ho“— horizontal curves on main rural highwayvs if
ever, is rarely exceeded on cu drivers are to be expected to stop when un
less. object suddenly appears in thelr lane.

COMPARISON OF DRIVER BEHAVIOR ON HORI-
ZONTAL AND VERTICAL CURVES

Along with the study carried out as a
cobperutive project between the Bureau of
Public Roads and the New York Department
of Public Works, a companion study on verti-
cal curves was included in the program. The
results of the studies on vertieal curves were
reported at the January 1933 annual mectm(r
of the Highway Research Bmud by B. Al
Lefeve. It is interesting to eompare the results
of these two studies.

Following is a comparison of vehicle speeds
on vertical and horizontal curves having the
same minimum sight distance:

Average speed 95-percentile speed

Minimum sight Vertical ~ Horizontul — Vertical Horizenta!
disfance® curves curzes curies curces
Sfeet mph. mpl. mph. mph.
200 42 30 54 37
300 13 7 56 16
400 16 41 57 31
500 16 43 5% 54

® Sight distance in both cuses measured to a 4-inch ob-
ject.

It will be noted that with the sanie ninimum
sight distance, vehicle speeds are considerubly
lower on horizontal curves than on verticul
curves. The difference in speed is greater when
the sight distance is low than when it is high.
This tends to confirm Conclusion 7 (above)
that sight distance has ouly a minor influence
ou speeds on horizontal or vertical cnrves, It
sight distance were the controlling factor
there would be the sume reduction in speed
with a reduction in sight distance on the
vertical curves as on the horizontal curves.

st e e
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Fredrick W. Hill
Vehicle Dynamics Laboratory
May 11, 1970

FILE MEMO F-285

STEERING EFFORTS ~ POWER ASSIST FAILURE

Attached is a series of tracings of steering torque recordings for some
females in the 30 mph, 0.3g cornering test I arbitrarily looked at these
and tabulated the maximum torque level each woman held or exceeded for one
second or longer. This is an arbitrary way of viewing the data. These
torques had a distribution described by:

Al
[ ]

average across 10 subjects of the torgue held
or exceeded for 1 second.

= 18.6 ft-1b = > 27.9 1b rim
o = 4.1 ft-1b = > 6.1 1b rim

(Harvard static hold over 5 sec, T = 25.8 ft-1b, o = 7 ft-1b)

This compares to the distribution of peak maneuvering effort levels of:

T =26.8 ft-1b
3.3 ft-1b

> 40.2 1b rim
> 4.0 1b rim

n
Il

o

The shape of the torque curves are different from subject to subject, It appears
from viewing the traces that{ftl is about constant.
. ' . J‘f”/%
On the pages following the sketched traces, I have tried to prove that the - AL
would be constant for this maneuver, within the control limits of speed and %
lateral displacement in the lane. I was not quite able to finish the analytical
proof, but intuition and scrutiny of a number of torque traces does imply that
the average torque over the time required for the maneuver is approximately con-
stant. I don't know what to do with that "fact" at this time.

Fredrick W. Hill
Vehicle Dynamics Laboratory
FWH/var

Attachments

F-285
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File Memo F-~285

Consider the test maneuver - failed curve only:

- o ..,,,,,,u |
) T -~

The car is going straight till time tp . At that time, the steering assist is
deactivated and a turn started. The turn is completed at ¥, and the steering
wheel is returned to straight ahead. The car then follows a straight path. The
speed is '"constant" and the path is "well defined" within a 12-foot lane. The
required lateral accelerations histories should be Hgdmidar from run to run.

Let &

angle of turn R = 200 ft fadius

u = initial and final vector velocity, u is in direction of car

longitudinal axis at beginning and end as car is going straight
at both beginning and end.

The amount of work involved in getting from the state §tffd, the state at C, =
/ - Y

W=z Mi, -z Md

at t=tl b

2

/

U, =uwx+0y
A
Lys W X r U~ E T

N , 2 2
Wx = $Muy, _Lmu = LMutlntyf-1) = - Ve Mu gen™ ¥

2 1y

pNS?: 2?}4(/6L%2uvn zf¢-d9 = 94 A4bL%}L44»Z'}[

et s E M zem Y
= = — t
)@;;ﬁnL Jl¢/ﬂ t—bwﬂ/ > /LfLé A
F PN
If the initial and final velocities are the same and fvicTton losses are neglected
(or constant) the total work done on the car should be the same for all rums. If
the efficiency of the steering system remains constant, the total work done on

the steering wheel should also be the same from run to run.



-2«

Consider work done on the steering wheel

(=)
Wi - d4 >
SRE L i

by the previous discussion

M c W* = Ol = K
qﬁﬂww w‘; \« ﬂu)&m Crosee

We also know that
d r ) T2
—/ d“t g] {(cz) ) 2 0-070 = ComadasT

Consequently: Zf
A

fz “/dr CondTrs ]

[ b st

T
f U A+ i Conatart

I can't prove the last step

Therefore ?3

FWH/var
F-285
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Inter-Organizational Letters Only
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General Motors exssmm Proving Grounds Milford, Michigan 48042

=

Date: June 7, 1970
Subject: Maximum Steering Wheel Rim Force

To: D. L. Nordeen, Assistant Chassis Engineer
Oldsmobile Division
Lansing, Michigan

Dick Rasmussen informed me that you were interested in the maximum steering
wheel rim force which men were capable of generating. I can make an estimate
of this force based on the Static Turn distribution from the Surprise Failure
study done this past year.

At the conclusion of the surprise failure test, all subjects were asked to

turn the steering wheel to the right and left as hard as they could. The power
assist was inoperative. Hand positions during maximum torque were along lines
inclined 45° to the left and right of the vertical for the right and left turn-
ing directions respectively. Subjects' hands were positioned diametrically
opposite each other. Peak instantaneous torque and a level of torque which
could be held for 3 seconds, called hold torque, were recorded.

A total of 16 men produced 58 readings in each of the PEAK and HOLD conditionms.
The distributions of efforts proved to be normal and these distributions are
shown in the accompanying diagram. From these distributions the 95%-ile sub-
jects may be interpolated. Since an 8 inch radius steering wheel was used in
the test, all torques, shown in inch-pounds, should be divided by 8 to get the
corresponding pounds of rim force. It should be noted that our equipment was
only calibrated to read as high as 600 inch-1lbs (75 1lbs rim force). However,
only one subject was able to hold the meter over the scale limit.

Summary of Data - Static Distribution (Surprise Failure - GMPG) July, 1969

Peak Capability (Pounds of Rim Force)

Mean Std. Dev. N © 95%-ile
Left 51.7 8.6 29 66.3
Right 50.8 8.2 29 65.6
Hold Capability (Pounds of Rim Force)

Mean Std. Dev. N 95%-ile
Left 34.1 8.2 29 48.1
Right 35.4 7.4 29 46.9

Product Assurance/Engineering Staff/General Motors Corporation

pereTT e



Maximum Steering Wheel Rim Force
Page Two

Summary of Harvard School of Public Health, "Vehicle Handling: Force Capa-
bilities for Braking and Steering", May, 1969, investigated only the force . -*°
capabilities of women and not men, so the study is irrelevant to your question.

'Qp Lﬁtut"euca

A. Paul Lawrence
Vehicle Dynamics Laboratory

APW/jmj
Attachment

cc: R. T. Bundorf
. E. Rasmussen
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AT

File F~866

The attached data sheets summarize steering effort data obtained by

the Vehicle Dynamics Laboratory on 1970 - 1973 model year passenger cars.
This information was utilized in response to the NHTSA Information Request
for steering effort data. Steering wheel rim force in pounds, vehicle
front wheel weight and loading are shown, where available, for the three
standard tests performed. These include dynamic effort measured using

the unconstrained (S-turn) path method at speeds of 10 and 30 mph and
static effort. The test procedures used are documented in Report No.
PG-31415 (VDL File No. F-544). Data was obtained for each vehicle from

the references listed on each data sheet.

H. K. Mueller
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COMMENTS OF GENERAL MOTORS CORPORATION

WITH RESPECT TO STEERING EFFORT

DESCRIPTION
The National Highway Traffic Safety Administration (NHTSA) is considering rule
making action in the area of steering effort. A request for performance
and technical information on this subject was sent to Mr. E. N. Cole by
Mr. Robert Carter, Associate Administrator, Motor Vehicle Programs. Steering
effort data and design guidelines were requested for standing vehicles and
those operating at various speeds. Data applicable to loss of pump driving
power, loss of hydraulic fluid, speed, tire inflation, misaligmment, loading,

steering column angle, braking, and road roughness are desired.

SUMMARY OF GENERAL MOTORS INFORMATION

1. General Motors does not have established guidelines for steering effort
performance. Steering effort performance for manual and power steering
vehicles is established mainly through subjective evaluation and judgment
of what is commercially acceptable to the driving public. In addition, a
steering rim force test procedure has been developed so that vehicles can
be objectively compared. During the development of a new chassis design,
these tests are performed for comparison with previous models as well as

competition.

2. Various attempts to establish steering effort guidelines based on driver
force capability have yielded widely divergent results. Human effort
research is complicated by many experimental and measurement problems.

These include motivation, learning, anthropometry, task requirements, the



nature of the performance metric, and statistical problems inherent
with defining the performance of extremes in the driver population
distribution. When all attempts to measure driver force capability
are compared, it is clear that these factors have a major influence
on the results observed and experiments truly representative of the

field situation have yet to be rum.

The highest effort requirements are encountered for low speed maneuvers
at moderately high lateral accelerations in large front-heavy vehicles
where power assistance has been lost due to pump belt breakage, engine
stall, or other malfunction. These effort levels are influenced mostly
by front wheel weight and steering ratio although caster alignment
setting; tire type, pressure, and wear state; and steering system
mechanical efficiency also contribute to a minor degree. If there is a
safety problem associated with power-off steering effort, this should
be most often observed where large front-heavy cars are operated by
relatively weak female drivers. Little accident data is available
where loss of power assist is alleged to be a causal factor. However,
those cases which have been reviewed fail to show a preponderance of
the weak female-big car situation. Drivers and vehicles involved in
loss of power assist accidents appear to be representative of

the entire driver-vehicle population. That is, half of the involved
drivers are males and most of the vehicles are moderately sized. This
suggests that change in effort resulting from a loss of power
assistance may be a stronger causal factor than the magnitude of the

failed power effort. Therefore, improvement in the present system



might best be achieved by continuing to minimize the frequency of
power assistance failure and training drivers to cope with cars when
failures occur, rather than attempting to regulate levels of power-off

effort.

The current General Motors test for steering force performance includes

static measurement of the force-steering wheel angle relationship for a

stationary vehicle and dynamic measurement of the force-lateral acceleration

relationship for quasi-steady state conditions at 10 mph and 30 mph. The
road test is conducted on a large paved surface where a driver cam slowly
apply steering wheel angle at constant vehicle speed through the range

of +0.45 G lateral acceleration without concern for the resulting vehicle
path. The road test is applicable to manual and power steering vehicles

including the case of simulated power failure through removal of the pump
drive belt. The static test is not run in the power-off condition since

these data are not of any apparent significance to safety or customer

convenience.

The plots made in the vehicle during these maneuvers are interpreted in
various ways. Gradients and points of inflection might be tabulated

for tests of power steering cars. For manual steering cars or simulated
power-off tests, force levels at 0.25 G are frequently tabulated. This
point was arbitrarily selected for vehicle comparison to provide the
most repeatable data in a condition that is close to the most severe
case for many vehicles. Vehicles tested in a power-off condition exhibit
a large band of steer force-lateral acceleration hysteresis. The value
tabulated represents the force required to gradually achieve a 0.25 G

lateral acceleration. Due to hysteresis, much less force is required



6.

to hold the vehicle at that condition. These data are therefore
difficult to compare with human strength measurements. If power
should fail during a 0.25 G maneuver, less than the indicated force
is required to sustain the maneuver. A driver required to quickly
initiate a 0.25 G maneuver with failed power steering will apply more

than the indicated force due to inertia and damping effects.

Since there were no major chassis model changes represented in 1974
GM passenger cars, no quantity of data exists at this time for this
model year. Data for recent models will be presented as a function of
front wheel weight. These plots can probably be used to estimate the

performance of 1974 model cars.

NHTSA should carefully consider the consequences of restrictive

regulation of steering effort performance for manual steering cars

and the power-off condition for power steering cars. An attempt to
modify the existing state-of-the-art with a restrictive regulation
could leave manufacturers between two undesirable alternatives of
providing costly backup systems for cars or increasing steering

gear ratios. A significant increase in steering ratio, resulting

from an unrealistic effort requirement, could lead to a decrease in
maneuverability and accident avoidance capability. The few accidents
related to loss of power assistance would not appear to justify a
general degradation of vehicle capability. Similarly, the cost/benefit

ratio of a backup system should be carefully evaluated.



GENERAL COMMENTS

Motor vehicles must obviously be designed so that the forces required
for control are in all situations compatible with operator capabilities.
Establishing objective proof of compatibility is difficult and must
necessarily involve an objective vehicle test procedure, knowledge of
available data on human capability, review of field performance and
accident data. Driving experience with a variety of vehicles is also

helpful when all of these clinical data are finally combined and interpreted.

Critical conditions for power steering failures which might lead to a design
guide are extremely difficult to define. General Motors does not believe
the state-of-the—art in this area is sufficiently well advanced to permit
such definitions, nor does the accident picture appear to warrant concern.
The following paragraphs will define the state-of-the-art in the areas of
objective vehicle testing, human steering force capabilities measurement,
current levels of steering effort on GM vehicles, and results of accident

data file searches for accidents associated with loss of power steering.

Steering Effort Objective Tests

General Motors has used a variety of test procedures over a period of years

to objectively evaluate steering system performance. Up to the late 1960's,
steering effort tests were run with an instrumented steering wheel that

could be readily adapted to any vehicle steering system. Peak steering
torques were read on a meter as a test driver maneuvered the vehicle along

a painted road course approximating a cosine-like path at a fixed speed.
Static effort was also measured with this system. The equipment was developed

when many vehicles still had manual steering.



As power steering became more prevalent, a new approach to steering system
testing was developed. Earlier torque wheels scaled for manual systems

were not suitable for power system evaluation. A new torque wheel with a
more versatile transducer was designed to adapt to the steering shaft spline.
The earlier test procedure required considerable driver skill for speed

and path control. An improved test procedure was developed to be less
dependent on the driver and provide more than a single numerical evaluation
of peak steering force. Force data are now recorded on an X-Y plotter in
the car as a function of lateral acceleration. Steady state lateral
acceleration is accurately calculated as the product of vehicle velocity

and yaw rate obtained from an onboard gyro. The driver's task is simply

to maintain speed and slowly rotate the steering wheel at about 300/sec
while the plotter traces a loop of steering torque vs lateral acceleration
in the range of #0.45 G. Tests are repeated several times and the results
treated statistically. Speeds of 30 mph are used to represent normal driving
and speeds of 10 mph represent parking lot maneuvering. This approach re-
quires a large paved area such as the Vehicle Dynamics Test Area at the GM

Proving Ground. A detailed procedure is in Appendix A.

Driver Capability

A survey of the literature shows several studies that attempt to define

*
human effort capability. These include work done at Harvard(l) s Ford(z)

and Man Factors, Inc.(3). General Motors has conducted similar studies
and additional work where driver motivation levels higher than those in
the published literature are believed to have been achieved. When the

results and methodology of all studies are compared, it is evident that

human capability observed in any experiment is strongly influenced by the

nature of the experimental procedure.

*Numbers in parentheses ( ) indicate reports listed in the Reference.
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Motivation is one of the most dominant factors. It is difficult to achieve
high motivation levels in an experiment using a steering buck. It is also
difficult to achieve high motivation levels in vehicle studies because of
potential hazards to drivers. GM work has indicated that many drivers will
elect to stop a vehicle when steering assistance is lost at speeds in the
10 mph to 15 mph range. Drivers do not make a strong effort to use one mode
of control when an effective alternative is available. Thus instrumented
vehicle tasks of this nature have resulted in low observed steering force
levels. GM studies run at higher speeds, in situations demanding that the
driver exercise steering control, have indicated much higher efforts than

those observed in GM low speed studies or those reported by other investigators.

The GM studies, run at higher speeds, illustrate another important aspect

of driver force capability testing. Effort required to complete the desired
task can affect the maximum effort levels determined. The GM study was run

at two effort levels, but both within the capabilities of a majority of subjects.

Two different maximum effort levels were observed.

Other experimental variables, such as the technique for measurement of
maximum effort (sustained or peak), type of task (transient or near steady
state), can all affect human capabilities measurements. It is likely that
any practical experiment done on a proving ground will not duplicate behavior
in a real potential precrash situation. Therefore, any determination of

driver capability should be interpreted with caution.

Typical Steering Force Test Results

Raw data plots for the GM Steering Force Test Procedure are shown in
Figures 1, 2, 3 and 4 for a static test on a manual gear car, dynamic

test of a manual car, power-on, and power-off tests of a power gear car.



Tabulations of data taken with vehicles of various front wheel weights
are shown in Figures 5, 6, 7 and 8 for the corresponding conditions. The
conditions for tabulation (0.25 G lateral acceleration at 30 mph) were
chosen somewhat arbitrarily as explained previously. Vehicles are all

GM products from the past four model years.

Field Data

Data arising from customer usage of various vehicles is sure to be the
most dependable source for direction on effective improvements to the
vehicle system. The studies conducted at Indiana University(4) included
the accident causation category of "binding'(undue effort required)"
which would seem applicable to the situation of excessive steering effort.

No accidents of this category were tabulated among the 999 studied.

A review was made of the General Motors file of so-called "1241 forms".
These forms are generally filed by the divisional zone offices as the
result of an investigation of an alleged vehicle safety defect. Of a total
of approximately 23,000 such forms, 210 (0.9%) were cases in which

power steering failure was alleged and/or possible and of these 82

(0.47%) were identified as cases where power steering failure was probably

involved.

Maximum power—-off effort studies have concentrated on females; and, based on
strength studies, one would expect females to be over-represented in these

cases. In addition, the power-off effort levels increase as front end weight



increases, and one would expect an over—-involvement of large cars. However,
of the 82 cases where power steering failure was probably involved, only

24 (29%) of the drivers were female and only 3 were driving luxury sedans.
Thus, it is apparent that power steering failures are a very small percentage
of the incidents reported in this file and there is no evidence which would
suggest weaker members of the population or heavy cars are over-involved.
This would imply that some other aspect of power steering failure (rather

than the magnitude of the effort) was involved.

Studies of MIC accident files have also been conducted. Of 7012 injury-

only accidents, 46 (0.7%) cases were alleged to have had some form of power
steering failure. Unfortunately, only allegations of the drivers are

reported in this file. Without supporting material and independent verification
of the loss of power steering, it is difficult to assess the allegations.

None of the cases could be positively identified as having power steering

failures.

SPECIFIC COMMENTS

The NHTSA has requested information on steering effort relating to 1974
passenger cars ranging from standard sized station wagon to subcompacts.
Data was requested with regard to all steering systems available on a
particular vehicle, as well as specific conditions of the test. Because of
the minimal model changes for 1974, General Motors does not have data on
any 1974 models. We will attempt to respond to the specific NHTSA questions

with appropriate data from prior model years.



Stationary Vehicle Steering Effort - The NHTSA requested information

on steering effort plotted vs steering wheel angle for a stationary

vehicle. When power assist was available, additional data were

requested with loss of power assist (loss of pump drive) and after

loss of the hydraulic fluid.

The General Motors steering effort test procedure (Appendix A) has

been used for most steering effort tests since 1970.

However, standard

practice has been to conduct the following tests on vehicles.

Type of Steering Test Type Data Taken

Stationary Torque vs Steering Wheel Angle

Manual 10 mph Torque vs Lateral Acceleration

30 mph Torque vs Lateral Acceleration

Power On (Only 10 mph Torque vs Lateral Acceleration
When Requested) 30 mph Torque vs Lateral Acceleration
Power Off 10 mph Torque vs Lateral Acceleration

30 mph Torque vs Lateral Acceleration

Thus, the only data for which steering effort vs steering wheel angle

are available are for manual steer vehicles (Figure 1). This and all

other steering data presented (Figures 1 through 8) were taken at

two passenger load with new tires. All steering gear adjustments, wheel

alignments and tire pressures were set to nominal specifications for

the particular vehicle tested.

Stationary data are taken on a 3M grit surface so that tire-road

interface effects are standardized.
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the mean of the clockwise and counterclockwise effort for a minimum
of three trials. Data are calculated from the approximately constant
effort level reached at higher steering wheel angles. Figure 2 shows
a typical manual steer dynamic test, and Figure 6 summarizes the data
for a number of 1970 through 1973 GM vehicles as a function of front
weight. The data in Figures 6, 7 and 8 are also mean values of three
or more clockwise and counterclockwise tests. To enable consistent
comparisons between effort levels of various vehicles, curves are

evaluated at 0.25 G steady state lateral acceleration.

Figures 3 and 4 show typical dynamic test data for power-on and power-
off steering effort. Figures 7 and 8 are summaries of power-on and off
effort levels for a number of 1970 through 1973 GM vehicles. Power-off
effort levels are measured with the power steering pump belt removed.
It is apparent from Figures 5, 6 and 8 that steering effort is a strong
function of vehicle front end weight. Power steering vehicles of a
front weight comparable to manual steering vehicles, have higher effort
due primarily to the lower steering ratios used in power steering

vehicles.

Steering Effort Design Guidelines - The NHTSA requested information on

design guidelines used to determine maximum effort levels upon failure
of power assist including results of any tests conducted in the |
development of these guidelines. General Motors does not now have
a design guideline for maximum power—off steering effort. Clearly

from the data in Figure 8, high efforts are incurred on our heavier

11



front weight vehicles. These effort levels could be expected to

be higher at slow speeds or with the vehicle stationary.

High power-off effort must be balanced against ease of control for
normal driving. The higher front weight vehicles would require a
significant increase in steering ratio if their effort levels were
to be reduced to levels quoted in Reference (3), for example. GM
has performed a number of studies which measured driver performance
for high numerical steering ratios (manual and power) vs lower
steering ratios (power only). These studies confirm subjective
opinions that high steering ratios result in a less maneuverable
vehicle. Thus, General Motors has chosen to install lower numerical
ratio steering gears in vehicles which offer power assist and to

restrict manual steering to lighter front weight vehicles.

The accident data would appear to justify the design tradeoff chosen.
The Indiana study, our MIC files and 1241 forms indicate from zero
to 0.97 involvement of loss of power assist. These low involvement
rates would not, in our opinion, justify increasing steering ratios
to meet some particular maximum steering effort criteria. Such a
design might seriously compromise the accident avoidance capability
of our passenger cars and actually have a detrimental effect on the

accident rate.

Vehicle Parameter Effects on Steering Effort - The NHTSA requested

data on steering effort as affected by vehicle speed, tire inflation,

12



misalignment conditions, overloaded vehcles, tilt angle of the

steering column, braking pressure and road roughness.

Vehicle Speed - Figures 9 through 11 show the effects of vehicle speed

with data taken from various vehicles. Figures 9 and 10 show data at

10 and 30 mph for manual steering and power-off cases, respectively.
Figure 11 shows data at speeds ranging from 20-40 mph for a power-off
test. The data shown in Figure 9 is for the same vehicle whose static
data are shown in Figure 1. Comparing these graphs, it is apparent that
steering effort increases as speed decreases, with the most significant

increases occurring below 10 mph.

Tire Inflation Pressure - Tires have a significant effect on

steering effort primarily through the effects of aligning torque.
Both rolling and non-rolling aligning torques are affected by tire
parameters such as inflation pressure, wear state, size and type
of tire. General Motors has no meaningful steering effort test
data on the effects of these tire parameters. Although test data
has been run, these effects are apparently smaller than test

variability.

Suspension Alignment - Several aspects of suspension geometry ¢an

affect steering effort, including caster, kingpin inclination,
spindle length and various geometric and compliance steer properties.
Of these, only caster is directly affected by suspension alignment.

The 30 mph test on a number of different vehicles has indicated that

13



steering effort is increased (decreased) from 1 to 8% for increases
(decreases) of 1 degree in caster angle about a nominal zero degree
caster setting. No test data is available on the remainder of the
suspension geometry effects. However, it is known that kingpin
inclination and spindle length affect primarily static and low speed
(less than 10 mph) efforts. Geometric and compliance steer properties

affect primarily high speed (greater than 10 mph) effort levels.

Qverloaded Vehicles - Although front end weight can have a significant

effect on steering effort as shown by Figures 5 through 8, General

Motors does not have steering effort test data on overloaded vehicles.

Tilt Angle of the Steering Column - Tilt angle of the steering column

is a human factors item which has been studied by some researchers(s).

General Motors does not have any data on human capabilities with various

column angles.

Braking Pressure - Braking pressure can affect steering effort—-

particularly stationary effort. General Motors, however, has no test

data on steering effort with brakes applied.

Road Roughness - General Motors has no data on this aspect of steering

effort.
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APPENDIX A

STEERING EFFORT TEST PROCEDURE
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STEERING WHEEL RIM FORCE TEST PROCEDURE USED

Equipment

1.1 Torque sensitive steering wheel (0 - *50 1b ft) with signal conditioning
equipment that will supply an output voltage to operate one channel of
an X-Y-Y recorder.

1.2 Steering wheel angular displacement device (0 - *9000) with signal
conditioning equipment that will supply a voltage to operate another
channel of an X-Y-Y recorder.

NOTE#L The angular displacement device should be equipped with a
slip-clutch in thepotentiometer drive portion. When testing manual
steer vehicles the total steering wheel angle displacement may be
greater than the range of the steering wheel angle transducer.

1.3 TUniaxial accelerometer (0-1 g) with mounting adapter so that it can
be mounted laterally on the rear axle of the test vehicle and with

signal conditioning equipment that will supply a voltage to operate
the X channel of an X-Y-Y recorder. (Characteristic speed test

instrument may be used as an alternative.)
1.4 X-Y-Y Recorder.
1.5 Inverter: 12 VDC to 120 VAC @ 60 cps.
1.6 Fifth wheel with speed readout (resolution of 0.5 mph).

1.7 Graph paper with 20 divisions per inch and a grid area of 9 inches
by 6 inches (PG-1004 or equivalent).

1.8 3M adhesive backed grit surface (medium) firmly cemented to the pave-
ment so that the test vehicle front wheels can be easily driven onto
and off the test surface.

1.9 Chalk or marking crayon for marking tire.

1.10 Hydraulic jack for 1lifting front end of the test vehicle.

1.11 Vacuum cleaner for cleaning static test grit surface.

Procedure
2,1 Test Preparation

2,1.1 Calibrate steering wheel torque transducer per paragraph
2.2.2.2 and lateral accelerometer per paragraph 2.3.1.3

2.1.2 Install instrumentation in test vehicle. (Items 1.1, 1.2,
- 1.4, 1.5, 1.6)
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2,2

2.1.3

2.1.4
2.1.5

2,1.6

Install the accelerometer (Item 1.3) on the rear axle of
the test vehicle with its sensitive axis parallel to the

axle. (Characteristic speed instrument can be installed
as an alternative.)

Adjust tire pressure according to test request specifications.

Fill vehicle fuel tank.

Weigh vehicle and record weight. Add weight if necessary to
conform to test request, and reweigh.

NOTE#2 Fifth wheel should be lowered when weighing vehicle.

Static Test

20201

2.2.2

2.2.3

2,2.4

2.2.5

2.2.6

2.2.7
2.2.8

2.2.9

Turn on Instrumentation using an external power source rather
than the inverter (Item 1.5).

Install the graph paper on the X-Y-Y recorder and calibrate
as follows:

2.2.2.1 Steering wheel angle so that 1 inch along the X-axis
is equal to 200° of steering wheel rotation.

2,2,2.2 Steering wheel torqﬁe so that:

A) 1 inch along the Y, axis equals 2 1b rim force
_for vehicles equipped with power steering gear.

B) 1 inch along the Y, axis equals 20 1b rim force
for vehicles equipped with manual steering gear.

Remove all foreign particles from the grit pads with the
vacuum cleaner. Tires should also be clean.

Push or allow the vehicle to coast onto the grit pads with
the front wheels straight ahead.

Mark tire to indicate where it is resting on the grit pad.

NOTE#3 This marking is for reference only so that the same
portion of the tire is not reused.

Adjust the pens for zero position on the graph paper. Caution
should be used not to touch the steering wheel.

Start the vehicle if it is equipped with power steering.
Lower the pens.

Rotate the steering wheel slowly (approximately 30 deg/sec)
and smoothly from the center position to clockwise lock,

back through the center to counterclockwise lock, and back
to the center.
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NOTE#4 Rotate the steering wheel in vehicles equipped with
manual steering to ¥900° in place of the lock position.

NOTE#5 Starting direction, whether clockwise or counterclockwise,
is a choice of the operator. However once committed the
convention must be adhered to for the remainder of the test.

2.2,10 Raise the pens.

2.2,11 Back the vehicle off the grit pads.

2,2,12 Shut off the engine if it is running.

2.,2.13 Raise the front of the vehicle under test with the hydraulic
jack and rotate the tires approximately 120°.

2,2,14 Complete step 2.2.2 through step 2.2.13 a total of three times.
A new sheet of graph paper must be placed on the recorder
before each successive run.

Dynamic Test

2.3.1 Install the graph paper in X-Y-Y recorder and calibrate as
follows:

2.3.1.1 Steering wheel torque on the Y, axis so that:

A) 1 inch along the Y, axis equals 2 1b rim force
for vehicles equipped with power steering gears.

B) 1 inch along the Y, axis equals 20 1b rim force
for vehicles equipped with manual steering gears.

2.3.1.3 Vehicle lateral acceleration on the X axis so that
1 inch equals 0.1 g.

2,3.2 Proceed to the V.D.T.A. and adjust the pens of the X-Y-Y
plotter to the zero position with:

A) The wheels straight ahead.

B) The vehicle on a level surface (fl% slope).

C) The operator not making contact with the steering wheel.
2.3.3 Accelerate to 10 mph (il/Z mph) using speed as indicated by

the 5th wheel and allow speed to stabilize. Maintain velocity

throughout the test run.

2.3.4 With the vehicle headed straight ahead and the driver's hands
off of the steering wheel, lower the pens.

2.3.5 Rotate the steering wheel at 10°/sec from the center position

to clockwise lock back through the center to lock in the
counterclockwise direction and back to zero. (See Note #5).
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2.3.6 Raise pens.

2.3,7 Complete step 2.3.3 through step 2.3.6 a total of three times.
A new sheet of graph paper must be placed on the recorder before
each successive test run.

2.3.8 Complete step 2.3.3 through step 2.3.6 three times with a vehi-
cle velocity of 30 mph (¥1/2 mph), a steering wheel angular
rate of 30°/sec., The steering wheel should be turned in either
direction only until 0.45 g lateral acceleration 1s generated.

2.4 Power Failure Test

2.4.1 If the vehicle has power steering, remove the power steering
belt.

2.4.2 Change the scale on the Y] axis (rim force) of the recorder so
that 1 inch equals 20 1b rim force.

2.4,3 Repeat step 2.3.2 through step 2.3.7 for the conditions estab-
lished in step 2.3.8 only.

NOTE: It is suggested that the inexperienced operator monitor steering
wheel angle versus time on a Brush Recorder so that steering velocities
may be checked. Tape may be placed on the steering wheel at 20 degree
increments to aid the operator in establishing a constant input rate.
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General Motors s Proving Grounds Milfard, Michigan 48042
Date: March 12, 1974
Subject: Data for NHTSA Steering Effort Response
To: Robert A. Rogers

Envirommental Activities Staff
GM Technical Center
Warren, MI

Enclosed are the steering effort data you requested for the NHTSA
steering effort response document. A table listing the data is
included.

NHTSA requested steering effort data for standard size passenger
cars, standard size station wagons, intermediate passenger cars,
compact passenger cars and subcompact passenger cars. They also
requested information on steering effort for each of the steering
systems available on the above cars, The data included with this
letter is the latest data available for each of the car-steering
type categories, As we discussed on Monday, the data is available
primarily as a function of lateral acceleration. Static data was
taken on the manual steering cars. I have given you only raw
‘data as it exists in our files or in reports.

One additional NHTSA request was for steering effort vs. speed and

a number of other vehicle parameters. The only data which we have
available was included with the draft of steering effort response
dated February 25, 1974. Figures 10 and 11 of the draft show the
effects of speed on steering effort. Vehicle Dynamics has no other
data which consistently shows the effects of other vehicle parameters.

Dick Rasmussen and myself are most anxious to assist you in any way
we can on this particular response. Please do not hesitate to give
us a call if there are questions with respect to the enclosed data.

Keith J% McKenna v
Staff Project Engineer
Vehicle Dynamics Laboratory

/car

ce: R. T. Bundorf
R. R. Gannon
R. E. Rasmussen
Enclosure

F-866 Engineering Staff/General Motors Corporation



Vehicle

Standard Size Passenger Car
Oldsmobile "B" Body

Standard Size Station Wagon
Chevrolet Kingswood

Intermediate Size Passenger Car
Chevrolet Chevelle

Intermediate Size Passenger Car
Oldsmobile "A" Body

Compact Passenger Car
Buick Apollo

Compact Passenger Car
Chevrolet Nova

Subcompact Passenger Car
Chevrolet Vega

VEHICLE TEST DATA FOR NHTSA
STEERING EFFORT RESPONSE

Steering Model Data
Type Year Enclosed
Power 1972 30 MPH Power On

30 MPH Power Off

Power 1970 30 MPH Power Off
Manual 1973 Static

30 MPH
Power 1972 30 MPH Power On

30 MPH Power Off

Manual 1973 Static

30 MPH
Power 1970 30 MPH Power Off
Manual 1973 Static

30 MPH
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STEERING EFFQRT DATA SHEET

DATE: /p - 27 -4 5

RECORDED BY: 725 £ 7 V|

VEHICLE INFORMATION:

MAKE:__CAEy'y  pints3wes) CAR NO. Joold
7

MODEL: Y Dool G0 . ENGINE SIZE KOO Coefny
. 7 : —— A .
YEAR: /9 70 GroreZC | - o
STEERING v POWER  OF WHEEL DIA.__ /%75 inches (a)

' : 7.2 _inches (B)

MANUAL
' A

BRAKE TYPE: O/2:/%  FRONT 8

DEYM __ REAR

TIRE SIZE: _// 7845 FRONT - TIRE PRESSURE (COLD, LIGHT LOAD)

//78x+5 REAR  FRONT _R ¥  pst
Cereest MAKE  REAR O & psi
FRONT WHEEL ALIGNMENT:

CASTER LF _+0.S  pEcrEES RF _~ ©-3  DEGREES
CAMBER LF _ +0,3  pEGREES RF_~O '325‘ DEGREES
TOE-IN 3/16 INCHES

ODOMETER: R /S MILES

TEST INFORMATION: ER I EFFO7

CAR WEIGHT (FULL TANK GAS) EQUIPMENT NUMBERS: -
(includes 2-Pass. +Equip,) L& ]2,//0/67"'
RF /@D LBS. A . PLOTTER /,mon&d &3 Reulse
. ] — -~
. & = 29.3s
LF 272 Lss. FIFTH WHEEL /& 2 4 74 Curc PR
RR /54 Lss. TORQUE TRANSDUCER ‘5
LR /5 22 LBS. BRIDGE ooz
POWER SUPPLY ¢ .
PLOTTER SETTINGS:
POWER ON X / VOLTS/IN "A' LOOP X __/ VOLTS/IN
Y../.#% VOLTS/IN A OLTS/I
Y (pover off N YIOLTZII:I
*2_.& VOLTS/IN manual) 24— = EEeos
POWER OFF /__ VOLTS/IN —

X
(manual) Y, .5 VOLTS/IN
Y2 '3 VOLTS/IN
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Date

VENICLE DESCRIPTION

D. Salcwaky

Opecrator
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Uniroyal

. T_2131
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Tire Mako
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anual
30 mph
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&

Steerin

C

Chevell

Model

Speed

R _24

24
G78
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Tire Press

Tire Si
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Car No.
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T.C.W,
Power

January 1972

Date:
Operator:
Steering

/F-2370,/R~1805
28F, 28R

Goodrich

Report No. PG-31123
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STEERING EFFORT
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Date

SCRIPTION

Buick

DE

(

A
]

HICL
Make

Y
4

VI

D. Salewsky

Opecrator;
Ste

R_1883

Test Weight: F_2146

'1‘

anual
30 mph

M

g-

erin

Flrestone

24

ke:

¥
'3

irc M

Apollo

Model:

Speed

24

R

Tire Press; T

Tire Si

1338
1973

Car No.:

15 in,
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VEHICLE INFORMATION:

STEERING EFFORT DATA SHEET

Oer, G, 19¢ ¢

DATE:

RECORDED BY: ~—. {72

MAKE : Cuevy Mooy CAR NO. P& 22¢C72
MODEL: $S -35c -1D ENGINE SIZE 35°C -4,
YEAR: 1970 GROUL I
o 14.5
STEERING v POWER OE WHEEL DIA. 5.5 inches
MANUAL Genr BRATO 16—\
BRAKE TYPE: _Di5¢ FRONT
DR REAR ‘
TIRE SIZE: £ 7C-/4% TFRONT TIRE PRESSURE (COLD, LIGHT LOAD)
£ 70-/4 REAR FRONT Z4 psi
Grepyrtrz MAKE REAR 2£ psi
FRONT WHEEL ALIGNMENT:
CASTER LF Y0.75 DEGREES RF +O.S DEGREES
CAMBER LF —0.25  DEGREES RF O DEGREES
1 J
TOE-IN /3277 INCHES
ODOMETER: &3 MILES

TEST INFORMATION:

CAR WEIGHT (FULL TANK GAS)

2 PASS + B¢,

RF /140 LBS.
JC9c¢ . ,
LF /¢ LBS 2239
RR 97C 1BS.
LR  9%Y 1Bs.
PLOTTER SETTINGS:
] 2l -
POWER ON X &2 VOLTS/IN
Y ¢.i VOLTS/IN
POWER OFF X /-C -VOLTS/IN
Y ¢.2 VOLTS/IN

EQUIPMENT NUMBERS: [P

PLOTTER _XY-mcoecr & AugG. CeRe Ritn

Fomce - SEPeac
FIFTH WHEEL — 43 <=

- Z/as

TORQUE TRANSDUCER _ 2
BRIDGE Z5-3y C
POWER SUPPLY /&7

cse

_ — i -~ . fvct.r)/,1,= 8.8 =205/,

"A" LOOP X /- VOLTS/IN For eeqes (FReE Fenr
TR Y_¢.5 VOLTS/IN ALl TESTS  Civ fBERX
, Cor §1761
DQ/VG,<..~ I}L’v e - é\p,_:w_.,—,g
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Date

DESCRIPTION
Chevrolet
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VEHICLI

Salewsky

C.

D,
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Oper

R_1303

F_l455
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ire Make

'-l\

Make

Manual

ing

Steer

Firestone

24

T

Vega

Model:

14 1in,

30 mph

ing Wheel Dia.

Speed
Steer
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7-18-73

D.

.
.

Date
Oper

SCRIPTION
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4
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VE
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-

9

C. Salew
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.
.

1455 R 1303
Firestone

r

Test Weight

Chevrolet

No. PG- 33485

14 in.

ia.

Manual
Static

eel D

1

Steering Wi

Steering:
Speed

24

A70-13

Figure 7
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1973
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Date
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Steer
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T
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STEERING EFFORT
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VEII"CLE DESCRIPTION
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Operator

R__1798

2131

F

Test Weight

Chevrolet
Chevelle
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Manual
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F 246  R_24

Tire Make
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STEERING EFFORT

January 1972

Date

2523
‘Test :‘Weight:

No.

0ldsmobile

Make
| Model

T.C.W,
Power

Operator:

F-2636, R-2022
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1
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Date

Subject

-

To:

~-8¢6

inier-Qrganization

Environmeniai Acibvitias Sl

Ceinerai Molors Corporation

Genera) Motors Technica! Center
varren, Michigan 48020

April 19, 1974

NHTSA IR on Steering Effort -,

Messrs: J. B. Ridenour - Oldsmobile
W. J. Owen ~ Cadillac
R. Rasmussen - Vehicle Dynamic Lab (PG)
~ T. C. McCann - Legal Staff
R. T. Bundorf - Enginezring Analysis

Attached is the final draft of a proposed response to the subject information
request. This submission has been reviewed by Engineering Analysis, Vehicie
Dynamics Laboratory and Legal Staff and is being forwarded for any final
comment that you might have.

Inasmuch as ASE plans to submit this material on April 25, 1974, it is requested
that any comments you might have be in this office no later than noon of
April 24, 1974, Your cooperation is appreciated, :

i

Automotive Safety Engineering

imp
cc: L. C. Lundstrom
D. E. Martin




Envirdnmental Activities Staff
General Motors Corporation - -

General Motors Technical Center
Warren, Michigan 480380

Mr. Robert L. Carter
Associate Administrator

AL - I A ¥4
Motor Vehicle Programs

National Highway Traffic Safety Admlnlstratlon
Washlngton, DC 20590 B :
Re: N40-30
KLK v

Dear Mr. Carter:

This is being submitted in response to your letter of February
4, 1974, requesting "performance data and other technical data"

related to the steering effort of GM vehicles.
Comments

It is noted in your letter that the information requested will

be used to formulate rulemaking actions. General Motors wishes
to again express its concern (as prev1ously expressed in its
August 15, 1973 comments to the NHTSA on Advance Notice of
Proposed Rule Making, Docket No. 73-10, Notice 1 - Rollover
Resistance and its October 26, 1973 comments to the NHTSA on
Advance Notice of Proposed Rule Making, Docket No. 73-17, Notice
1 -~ Directional Control) about the NHTSA overall program plan
for vehicle handling. The subject request and both of the rule-
making actions noted above fall within the vehicle handling area.
General Motors wishes to reiterate its previously stated position
that the NHTSA should refrain from a fragmented approach to the
subject of vehicle handling which may lead to unrealistic and
uneconomical compromises in the design of vehicles. It is there-

fore proposed that the rulemaking suggested relative to this sub-

ject be incorporated into one docket in order to promulgate an



overall vechicle handling rule in lieu of rules on specific topics

such as rollover, braking-in-a~turn and steering effort.

Discussion.

Data were requested with regard to all available steering systems
and specific test conditions for 1974 passenger cars ranging from

standard~sized station wagons to subcompacts.

Because of the minimal model changes for 1974, General Motors
relied upon certain data generated during the development of prior
model year vehicles and components which in its judgment remained
applicable to the 1974 models. It would have served no useful
engineering purpose to repeat many of these tests and evaluations
for 1974 models. Accordingly, General Motors will, in most
instances, respond to the specific NHTSA questions with appropriate

data from prior model years.

Item 1 -- Stationary Vehicle Steering

Request: The NHTSA fequested information on steering effort
required to turn the wheels of standing vehicles plotted
versus steering wheel angle. When power assist is avail~
able, additional information was requested on the steer-
ing effort after loss of pump driving power and after

loss of hydraulic-fluid.



[S8)

Response: General Motors conducts stationary Vehicle éteering
‘ effort tests on manual steer vehicles, only. Thus,

for stationary vehicles, the only data (equally
applicable to the 1974 model cars) is steering effort
(torque) vs. steering wheel angle for intermediate
(Chevrolet Chevelle -- as representative of therPontiac
LeMans'and Buick Century), compact (Buick Apollo -- as
representative of the Chevrolet Nova, Pontiac Ventura,
and Oldsmobile Omega) , and subcompact (Chevrolet Vega
and Opél:kseena'Manta) passengér cars (figurés 1

through 4).

Figure 5 presents data which responds to the NHTSA request
for additional information on static steering effort after
loss of pump driving power and after loss of hydraulic .

fluid, in a power assist system.

Note: All steering data presented (figures 1 through 33)
were taken at two passenger load with new tires (except
Opel data where load distribution per axle and tire pro-.
file are noted). All stéering gear adjustﬁents, wheel
alignments'(except where noted otherwisg) and tire pres-
sures were set to nominal specifications for the partic-
ular vehicle tested. Stationary vehicle tests were con-
ducted on a 3M grit surface so that tire~road interface

effects were standardized.

Item 2 -- Steering Effort Design Guidelines

Request: The NHTSA requested information on design guidelines used
to determine steering effort upon failure of power assisted
units, including the results of any tests conducted in the

development of these guidelines.

A . - - e B S Nk
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Response: €Steering effort performance for both manual steering -.
and power steering General Motors' vehicles is established
through subjective evaluation and judgment by engineering

~and other experienced personnel.

Critical conditions under which power steering failures _

might necessitate a design guide are extremely difficult
. ' to define. General Motors does not believe the state-

of-the-art in this area is shfficiently well advanced

to perﬁit such definitions.

In addition, steering effort studies of driver force
capability have failed to yield conclusi&e results.

Human effort research is complicated by'many experimental
and measurement problems. These include motivation,
1earning, anthropometry, task requirements, the nature of
the performance metrié; and statistical problems inherent 
with defining the performance of extremes in the driver\
population distribution. « When all attempts to measure
driver force capability are compared, it is clear that
these numerous factors have a majo& influence on the
results observed and experiments truly representative of
the field situation are not currently feasible.,,ASAa.
result, GM has not reasonably been able to estéblish
guidelines for steering effort performance more definite
than the subjective evaluation by engineering and other

experienced personnel, noted above.

Item 3 -- Vehicle Parameter Effects on Steering Effort

Request: The NHTSA requested all data which relate to the relation-
ship of steering effort to vehicle speed, tire inflation,
misalignment conditions, overloaded vehicles, tilt angle
of the steering column, braking pressure, and road

roughness.



Respo

nse: Vehicle Speed -- General Motors' domestic, dynamic

tests for steering”efforé, performed during the vehicle

design development and validation process, are conducted
on a large paved surface where a driver can slowly apply
steering wheelnangle at constant vehicle speed through
the range of 0.45G lateral acceleration. These steer-
ing effort tests are generally conducted at two speeds --=
10 and 30 mph. Therefore, with the exception of Figures
28 through 33 -~ which present the results of a special
test series (i.e. effect of caster angle change on
steering effort) xun at 10, 20 and 30 mph -- data dev-
eloped during the design process, presented herein for

domestic vehicles, is necessarily limited to that obtained

'at'10<and,301mph;

Dynamic tests for steerlng effort, performed by General
Motors Overseas Operatlons (1mporters of the Opel Manta),
are conducted‘by<drlv1ng the vehicle through both a large
andfsmallffédiiffiéﬁre oo (see Figure 34 for course dimen-
sions), at a constant vehicle speed. Steering effort
moment (Newton - centimeter) vs. steering wheel angle
(degrees) data for a 1974 Opel Manta are presented in

figures 23 through 27.

Data submitted (Figures 6 through 33 attached) in response
to this request is summarized below and is the latest
availableyzapplicable to 1974 models, for each of the

car-steering type categories requested.



- Figure

10
11

12

13

- 14
15
16

17

18

19

20

21

22

Vehicle

Standard Size Passenger Car
Oldsmcbile "B" Body

Standard Size Station Wagon

Chevrolet Kingswood -

Intermediate Size Passenger
Chevrolet Chevelle

Intermediate Size Passenger
Oldsmobile "A" Body

11
"

Compact Passenger Car -
Buick Apollo

Compact Passenger Car
Chevrolet Nova .

Subcompact Passenger Car
Chevrolet Vega

Steering Model
Type Year
Power 1972
" "
Power 1970
Car Manual 1973
" "
Car Power 1972
Manual 1973
11 "
Power 1970
n ”"
Manual 1973

10

10

30

30

30

10

30

10

10

30

30

10

30

30

30

10

30

Data
Attached

mph Power

mph Power
mpthower
mph Power

mph Power

mph Power

mph Power
mph Power

mph Power

mph Power

mph Power

On

Off
On
Off

Off

On

Off
On

Off

On

Off



Figure
23

24
25
26
27
28
29
30
31

32

33

Vehicle

Subcompact Passenger Car
Opel Ascona/Manta

"

Intermediate Size Passenger Car
Oldsmobile "A" Body at zero
Degree Caster Setting

"

Intermediate Size Passenger Car
Oldsmobile "A" Body at -2 Degree

Caster Setting

Steering Model
Type Year
Manual 1974
[} 1"

" "

" n
" "
Manual 1973

Proto.

©

Data .
Attached

6.2 mph Small
Figure ©*

12.4 mph Small
Figure o9

6.2 mph Large
Figure @@

12.4 mph Large
Figure 09

18.6 mph Large'
Figure @0

10 mph

20 mph

30 mph

10 mph

20 mph

30  mph



4]

[o}

With regafd to steering effort testing that'is“applicable to the
design and development of 1974 model General Motors passenger

cars under the certain specific conditions you enumerate (tire
~inflation, suspension alignment, overloaded vehicles, tilt angle
of the steering column, braking pressure and road rbughness), test
d?ta of this nature is rarely obtained (See however, Figures 28
through 33 attached, which present data on one car regarding the
effect of a 2 degree caster dlfference at 10 20 and 30 mph) .
Instead, General Motors relies upon the subjectlve evaluation of

experienced englnecrs, as explained above.

In view of the broad nature of this request and the vast complexity
of vehicle handling in general, General Motors proposes that a
meeting be held with.you and members of yoﬁr staff to permit a
complete and thorough review of this topic. Mr. D. P. Reed of

our Washington Office will be in contact with you to discuss this
proposal.

Very truly yours,

David E. Martin, Manager
Automotive Safety Engineering

14
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FIGURE 45

EFFECT OF HYDRAULIC FLUID IN A NON-POWERED
POWER STEERING SYSTEM

Test Vehicle: 1974 Oldsmobile "A"
" Car Specifications:  Total Weight ~ 4535 lbs,
: Front Wheel Weight - 2645 Ibs.

H78 x 14 Belted Tires
Standard Power Steering System

Test Resulfs

Maximum Effort (Ft. Lbs.)

With Oil Without Qil
L R L R

Static Turning on "3M" Surfacé

90° 26 277 ¢ 37 25

Steering 180° 46 43 53 46
Wheel 270° . 62 62 55 58
Rotation 360° 72 68 72 65

Lock 73 70 74 67
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General Motors s Proving Grounds
from the deck of ...

R. E. Rasmussen

—rbi R. T. Bundorf

K. McKenna informs me that the copy of the
Mueller memo on steering effort data that

I sent you was an old one. The mistake in -

the classification code had been recognized
and corrected. This is a current copy and
should replace the initial page on the one
you have.
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FILE COPY .
DO 0T REMCVE

The attached data sheets contain summaries from a review of GM 1241 forms
and MIC accident data involving alledged power steering system failures
on GM vehicles. Individual cases were reviewed to determine if a loss in
power steering assist was a causal factor in.the accident. Based on

available information, each ease was classified as follows:

I. Power steering failure probable
I1. Indeterminate power steering involvement

III. Power steering not involved

Cases where a power steering failure was associated with the accident were
placed in Category I. Information regarding the operating condition of the
power steering system at the time of the accident was generally provided by

a GM zone office representative investigating the case. Cases were classi-
fied in Category I when, in the opinion of the investigator, a malfunction

of the steering system was a causal factor in the accident. No cases were
classified in this category solely on driver allegation. Category I1I cases

are those where driver allegation of a loss in power assist were not confirmed
by investigation or other supporting evidence. Cases were placed in Category
II1I when the causal factors of the accident were determined and were not related

to the power steering system.
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DATE June 24, 1970

SURVEY OF INFORMATION ON POWER STEERING SYSTEM FAILURES

Objective

To place the problem of power—off steering effort performance in a
practical perspective by examining customer service and accident
information on steering system failures.

Procedure

Attention was directed to the SRDL-MIC accident report files, PH&H
Quality Research Report, Customer Service 1241 Forms, and Legal Staff
Litigation files.

Results

None of the above mentioned sources contain a statistically definitive
quantity of data, however, the information that is available is sum-
marized below.

1. SRDL-MIC Files - Data on 1968 and 1969 model year accident reports
have been combined to yield a total distribution.

Total Cases - 4685 (1002)
Alleged Mechanical Failures (of all types)------ 127 (2.7%)
Alleged Steering Failures 28 (0.6%)
Power Steering Not Involved or Probably

Not Involved -~--- - 15
Indeterminate Power Steering Involvement————- o e 12
Power Steering Failure Probable : 1

There were 37 alleged brake and 18 alleged tire failures reported which
accounted for 43% of all mechanical failures. The 28 alleged steering
failures represented 227 of all mechanical failures.

2. PH&H Report - Data collected from 2800 1968 and 1969 Chevrolets
indicated a steering system repair and replacement rate of 0.12%/1000
miles for the first 30,000 miles. Components related to power assist

(pump, belt, reservoir, etc.) accounted for about 60% of all steering
system repairs and replacements.

7 ned, /Lwé e/ /(////;

e p————

PG FILE (3) AUTHOR:
VDL File (10) Fredrick W./E}ll
Surplus (20) APPROVED:; /C%B'V‘ »—= §
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Engineer—-in-Char

ehicle Dynamlcsg Laboratory
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Survey of Information on Power Steering System Failures
Page Two

4.

1241 Forms - A survey of about 600 reports indicated that approxi-

mately 10X involved steering system malfunctions. Of these, 62% were

related to Iinkage, 15X were related to power assist, and 23% were
of indeterminate nature.

Litigation Files - Legal Staff provided information on 22 cases that
related to steering systems. The nature of the alleged malfunction
was obscure in many cases. The identifiable allegations were rather
evenly distributed among valve blockage, broken pulleys, loss of fluid,
jamming, engine stall, and belt failure. Over half the cars were
driven by males and all but 2 cases were related to medium or small
gsize vehicles having less than median power-off effort levels.

Conclusions

1.

2'

There are many kinds of steering system failures. System improvement
should involve all areas.

Steering system failures appear to constitute a significant percentage
of vehicle mechanical failures. An excessive failure rate on a failure
per mile basis has not been determined.

Litigation can result from many types of alleged malfunctions, and is -
not restricted to "high power—off effort" vehicles. Reduction of
power-off effort on relatively high effort vehicles to lower levels
will not necessarily eliminate litigation, but could conceivably aid
in defense of such cases.



General Motors sssmmms Proving Grounds
from the deck of ...

R. E. Rasmussen

—rb: Tom Bundorf

Here is the supporting data that you asked
for on the subject of power steering failures
This is an analysis of 1241 forms done .

in February by one of our engineers.
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The attached data sheets contain summaries from a review of GM 1241 forms
and MIC accident data involving alledged power steering system failures

on GM vehicles. Individual cases were reviewed to determine if a loss in -
power.steering assist was a causal factor in the accident. Based on

available information, each case was classified as follows:

7.’i> Power steering not involved
" II. Indeterminate power steering involvement

s III. Power steering failure probable

Category I cases are self explanatory. Driver allegation of a loss im
pover assist where no supporting evidence was avéilable comprise Category
II. Accidents where some type of malfunction in the steering system was

identified by an investigator after the accident were placed in Category III.

H. K. Mueller
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QUESTIONS ON MAN FACTORS STEERING EFFORT CAPABILITY TEST

What was the effort level required to perform the task, namely
steering through the 60 foot radius curves at 15 mph?

Was the needle valve in the power steering pump-gear by-pass valve
adjusted during the test or was it kept at a constant level?

What percentage of the subjects completed the turn and/or brake
to a stop? That is, did the subjects turn the car through the
maneuver or did they simply brake to a stop?

What was the variation in vehicle speed at the time of power steering
failures?

The comment was made in the report that the brake failure was not as
obvious as the steering failure. Was this due to some mechanical "clunk"
obvious to the subject or other radical change in the car?

What was the resolution of the recording equipment?

Were the order effects randomized among age and stature characteristics
of the sample population?

I would question the representativeness of the sample in that friends
and relatives of previous subjects were used, test subjects from previous

Man Factor studies, etc. What was percentage of these individuals?

Was the data tested for normality?



PRESENTATION TO NHTSA ON STEERING EFFORT F-866

(BLANK)
74-121 Steering Effort (Title)
- 74-122 GM Subjective Rating Scale
74-123 Steering Effort - list of subjects covered
74-124 General Motors Steering Torque Test Techniques
74-125 Steering Laboratory Facility (circa 1950's)
74-126 " " " " "
74-127 " " " " " - (not used in presentation)
(70-86) A-Curve - drawing
(b 39) Steering torque test wheel (Instrumentation Eng. Slide)
74-128 Static Test - text
BLANK - Movie of Static Test - M-52
v74—129 Stationary Manual Steer Torque Data
74-130 Dynamic Test - text
BLANK - Movie of Static Test -~ M-52
74-131 Dynamic Manual Steer Torque Data
74-132 Test Conditions - text
74~133 Why Dynamic Test - text
74-134 Data Evaluation (subtitle)
(74-139) Sta