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1.0 INTRODUCTION

The research described in this report constitutes the
findings from a study to develop a methodology for determining
the role of vehicle handling in accident causation. To this end,
a three-part methodology has been developed:

1. Data Definition, Collection, and Analysis
2. Indepth Accident Reconstruction

3. Accident Avoidance Analysis

The first topic deals with methods for uncovering statistical

links between vehicle handling performance and accident experience;
the second consists of detailed methods for reconstructing the
pre-crash accident phase—that part where vehicle handling factors
are most important; and the third is concerned with a deterministic
approach to defining the influence of specific vehicle handling
characteristics on accident avoidance performance.

Section 2 of the report represents an attempt to bring the
task of determining the role of vehicle handling in accident
causation into a realistic perspective.

Section 3 consists of a discussion of the term "vehicle
handling" and offers definitions of both vehicle handling and
of a "vehicle handling accident." The difficulties. of identifying
a vehicle handling accident are also discussed here as well as
some of the'prob1ems associated with pinpointing a specific causal
effect or group of effects. An extensive review of the literature
on the subject of vehicle handling as an accident factor follows
in Section 4. Section 5 documents information that was obtained
from available accident data with respect to the accident
experience of specific make/models and vehicle size categories.
With the aid of information obtained from the literature review

and the available accident data, -a set of vehicle handling
parameters and indices was selected, as described in Section 6.



Where data was avaiiab]e, these parameters and indices were compared
with accident frequencies for various classes of accident
descriptors. Ultimately, the complete set of hand1ing parameters
and indices is to be analyzed for statistical correlation with
accident descriptors by applying the statistical analysis and

data collection methodology described in Section 7. The develop-
mental work carried out in pre-crash accident reconstruction is
described in Section 8, while Section 9 confains a brief example
of the use of pursuit-evasion methodology as a tool for determining
the influence of vehicle handling properties on accident avoidance
performance. Conclusions and recommendations from the study

follow in Section 10.

An executive summary of the report has been bound under
separate cover, as have been several associated appendices. The
appendices are primarily extensions of the main sections of the
report.
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2.0 A PERSPECTIVE

Some maintain that research into vehicle handling as a
causative factor in accidents is fruitless and therefore pointless.
Others argue that even if vehicle handling factors contribute to
accidents, the contribution is impossible to pinpoint and would
liken the research task to a search for the Holy Grail.

If nothing else, the methodology and research findings docu-
mented in this report provide ample grounds for such sentiment,
albeit with somewhat less pessimism. The difficulty in delimiting
the role of vehicle handling in accident causation lies in
isolating factors purely related to vehicle handiing from the
myriad of other factors which are also believed to be influential.
It appears that a research effort sufficient to produce definitive
conclusions relative to the role of vehicle handling will require
expenditures of time and funds well beyond any previous effort in
accident data analysis. Not only will more and better accident
data be required, but data relating to (1) vehicle accident risk
exposure, (2) vehicle handling performance, and (3) vehicle use
patterns will also be needed. Further, in each case, the amount,
accuracy, and detail of the required data will have to be an ordef
of magnitude greater than that which has been produced to date.

The difficulty of the task ahead is partly evident in
information that has already been uncovered. There is much evidence
to suggest that if accident rates are considered alone (without
considering confounding influences), those vehicles which are
considered to be the "best handling" vehicles are the very ones
that have the highest accident rates. These findings, of course,
cannot be taken at face value, since it is also well known (or
at least strongly suspected) that those persons who drive the
"better hand1ing" vehicles are also those who are more likely to
drive in a more aggressive manner. Driving aggressiveness is



just one of the confounding factors that must be accounted for,
however. Among other factors there is the exposure to accident
risk posed by the environment within which the vehicle is driven,
the manner in which the vehicle is maintained, and the "handling
performance" characteristics of the driver/vehicle system in an
accident avoidance maneuver. Without exception, adequate infor-

mation has not been available in previous research efforts in the
amount, detail, and accuracy necessary for deriving statistically
defensible conclusions. Consequently, as the literature review
in Section 4 will show, many fragmentary "conclusions" have been
developed, most of which are Tittle more than conjured hypotheses.
Even results from some of the best and most carefully conducted
studies have proven contradictory.

To underscore this latter remark, consider some of the
“findings from what are unquestionably two of the best research
efforts to date regarding vehicle factors in accident causation.
Jones [1], in a study of the contribution of car characteristics to
accident risk in Great Britain, states:

",..accident rates are much higher for young drivers,
falling to a minimum for the 34 to 54 age group and
then rising again for the 65+ group."

On the other hand, Reinfurt and Campbell [2], in a study of mileage
crash rates for certain car make and model year combinations, state:

"It is not the case that lower crash rates are regularly
associated with older drivers nor that higher crash rates
are necessarily associated with younger drivers."

Each of these studies was carried out by competent scientists, but
each arrived at seemingly opposite conclusions. Each of the authors
would agree, however, that déficiencies in available data were a
primary constraint on their research efforts.




The point to be made is that the methodology outlined here
can be used to determine the role of vehicle handling in accident
causation. Nothing short of a full-blown effort will produce the
sought-after conclusions, however. A partial effort, as all efforts
in the past have been, will again lead to partial and conflicting
results.
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3.0 DEFINITIONS

In order to initiate the development of a methodology for
determining the role of vehicle handling in accident causation,
the terms of interest must first be defined. That is, what does
the term "vehicle handling" mean, and what is a "vehicle handling
accident."  Obviously, the first term must be defined before the
second.

3.1 Vehicle Handling

The first obstacle to developing a definition for the term
vehicle handling is that there is 1little agreement, even among
prominent vehicle dynamics specialists, as to what this term means.
The narrowest definition would be 1imited only to the response
characteristics of the vehicle and then only to lateral response
characteristics, i.e., cornering performance. A wider definition
of vehicle handling, but again restricted just to the vehicle,
would include longitudinal as well as lateral response character-
istics, i.e., braking and acceleration as well as cornering.

A yet wider definition would include the interaction of the
driver and vehicle in jointly producing Tongitudinal and lateral
motions. The Timits of the definition here must be carefully drawn,
however, in order to circumscribe that portion of the driving task
which is a part of vehicle handling. As described in Appendix A,
subsection A.3.2, the driving task consists of three functions:
navigation, guidance, and control. Navigation includes those
functions which relate to the driver's ability to plan and execute
a trip. Guidance refers to the task of selecting a safe speed and
planning a long-term path on the roadway in view ahead. Neither of
these activities is important in relation to vehicle handling.

The control actions of the driver represent the primary area of
direct interaction between the driver and vehicle and hence jointly
influence "vehicle handling" performance. Control actions are short-




term, high-frequency activities on the part of the driver such as
obstacle avoidance, directional stability augmentation, lane keeping,
etc. The driver carries out these control actions by manipulating
the steering wheel, throttle, and accelerator, but is yet limited

by his reactions, his strengths, his relative "fit" with the work
space and controls within the vehicle, and ultimately by the motions
of the vehicle itself. A vehicle which corners at 0.9 g, but which
permits the driver to slide across the seat in the process, is
obviously not a good handling vehicle regardless of its "mechanical”
cornering characteristics. Similarly, a vehicle which requires an
inordinate amount of brake pedal force is in the same class. Thus,
it is evident that any definition of vehicle handling must include
the vehicle as well as considering the driver's control tasks.

There is yet a broader and more appropriate definition of
vehicle handling, however, and this includes considerations of the
road surface. All forces acting on a vehicle, cther than aerodynamic
forces, must arise at the tire-road interface. The friction couple at
the interface effectively limits ﬁhe maximum force levels.

With these thoughts, the sought-after definition takes the
following form:

Vehicle Handling - The Tateral and longitudinal motion

characteristics of the driver/vehic]e/road—surfate
system in response to short-term, high-frequency
control inputs.

3.2 The Vehicle Handling Accident

In light of the proposed definition for '"vehicle handling,"
a vehicle handling accident is one wherein a deficiency in the
short-term cornering, braking, and acceleration response charac-
teristics of the driver/vehicle/road-surface system was a causative
or highly contributing factor in the accident. The critical issue
here is what constitutes a deficiency. If an emergency situation
arises such that 0.6 g braking action would avoid the accident




while the "system" is only capable of producing 0.4 g, then it

is reasonably safe to say that a deficiency exists. If, on the
other hand, a 3.0 g braking deceleration is required while 0.9 g
is available, it is apparent that no "practical" braking action
(at least within the accepted state of the art) could have avoided
the accident. Thus, the definition of a vehicle handling accident
must lie within the band of unsuccessful avoidance maneuvers,
bounded on one side by available handling performance and on the
other by performance that is practically achievable. Any accident
that could have only been avoided by impractical levels of handling
performance is not a vehicle handling accident. An accident that
could have been avoided by practical improvements in handling
performance is a vehicle handling accident.

(Judgments as to what.is "practical" or "impractical" are
not absolute, of course, but depend to a large extent on custom
and cost considerations. For example, it is entirely possible to
produce a vehicle that will develop 3.0 g's of deceleration for
braking purposes, or even 5 or 10 g's. With existing rocket
technology, deceleration levels are possible which are an order of
magnitude greater than that available from the tire/road-surface
friction couple. Within present concepts of automotive design,
however, the use of retro-rockets for braking is not a "practical"
consideration. Similar arguments for automatically-quided
vehicles—eliminating the problem of drunk drivers—or for pre-
programmed emergency maneuvers, e.g., a maneuver designed to
utilize the full cornering capability of the vehicle, can also be
dismissed as not being currently "practical."” Thus the idea of
what is practical is somewhat subjective, but in this context will
be applied in terms of presently accepted design limitations.)

An accident that occurred because the complete capabilities
of the "system" were not utilized could also be considered a
vehicle handling accident, provided some vehicle characteristic
was the culpable element. (This Tlatter proviso would eliminate



accidents involving driving-under-the-influence, but would include
such possible factors as poor steering sensitivity or improper
relative positioning of the brake pedal and accelerator, among
many others.)

While it is natural to consider the maneuvering capabilities
of an automobile in accident avoidance in the context of defining
a vehicle handling accident, the definition need not be confined to
maneuvering performance nor to accident avoidance alone. (The term
"need not" is used here since by now it must be clear that any
definition chosen will be somewhat arbitrary.) A vehicle having
inadequate directional stability, i.e., one with a tendency to
wander from side to side on a flat, straight road, may lead to a
ran-off-the-road incident which is completely unrelated to the
vehicle's dynamic maneuvering performance. A vehicle having poor
directional stability would require a larger role on the part of
" the driver in the control task of stability augmentation. Thus,
system stability as well as the dynamic response to control action
should be considered in defining a vehicle handling accident.

These considerations lead to the following definition of a
vehicle handling accident:

Vehicle Handling Accident - An acc%dent that could have

been prevented by better vehicle handling perfor-
mance where such performance could be practically
upgraded by improvements in the driver/vehicle/
road-surface system.. '

Thus, an accident is a vehicle handling accident when (A) a
"system" deficiency exists, (B) that deficiency was a causative
or highly contributing factor in the accident, and (C) the "defi-
ciency" could have been eliminated on a practical basis by
improvements in (1) driver ski]ls, (2) vehicle design and main-
tenance, and/or (3) the road surface.
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4.0 LITERATURE REVIEW

Depending on one's point of view, the Titerature pertaining
to the role of vehicle handling in accident causation can be
considered either quite extensive or extremely limited. On the
one hand, considering the broad definition of vehicle handling as
encompassing the influences of the vehicle, the control actions of
the driver, and the road surface, the body of applicable literature
is vast. Virtually every study involving these three factors could
in some way be considered as contributing to the understanding of
the role of vehicle handling in accident causation. On the other
hand, the number of studies that purport to show a direct cause-
effect relationship between vehicle handling and accident causation
are quite limited. Further, with but one or two exceptions, these
‘latter few are so lacking in objective, unbiased investigative
technique as to be worthless. The first main task, then, in
reviewing the pertinent Titerature is to delimit the range of topics
and subtopics to be examined.

4.1 Scope of Review

The simple illustration shown on Figure 4.1 demonstrates the
definition of vehicle handling adopted for this study. Clearly,
the driver, the vehicle, and the roadway, each as separate entities,
interact to influence the motions of the vehicle as it transports
the driver, et al., along the roadway. The major thrust of the
present study, however, is in ultimately identifying those vehicle
properties which can be altered or regulated to influence the
accident record. Thus, a major part of the literature review has
been oriented toward material discussing (a) vehicle performance
factors, (b) the vehicle/driver interface, and (c) the vehicle/
roadway interface. Emphasis has been given, in all three of these
areas, toward material related to accident experience. This review
is presented in Appendix A. A more directed review has also been
prepared which is specifically concerned with the accident causation
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studies in which the role of vehicle handling is discussed. This
review is presented below. Specifically excluded from both reviews
is material dealing solely with the driver, the roadway, or the
driver/roadway interface. Accordingly, the review in Appendix A
roughly encompasses the right-half of Figure 4.1.

4,2 Accident Causation Studies—The Role of the Vehicle

Perhaps the largest problem encountered in evaluating work
in this field is the tendency of investigators to find as causes
those very factors which they set out to find. It has been noted,
for example, that "police officers tend to equate 'traffic viola-
tion' with 'accident causation'," and their report forms reflect
this by listing possible "contributing factors" that consist largely
of violations (plus weather conditions). Psychologists as well
"view traffic safety almost exclusively as a human problem" [3].
Other researchers commissioned to uncover the problems with alcohol,
or mechanical defects, or road design discover that their pet cause
is a factor in a surprisingly large percentage of accidents.

A related problem is the need felt by many investigators to
attribute to every accident a single cause. This often means that
as soon as a driver is identified as drunk or a tire is found to
be bald, the search for causes stops [4 - 6]. For example, "the
customary practice of subtracting the percentage of 'human factors'
accidents from 100 percent and attributing the remainder to
highway and vehicle factors is not logically defensible, since it
implies a form of exclusion principle not consistent with the
known facts" (71.

Obviously, the situation is far more complicated. Human,
vehicular, and environmental factors combine to create nearly every
accident. There are primary and secondary causes, contributing
factors, and factors which increase the severity of accidents
already having been "caused" to happen. These factors frequently
interact in subtle ways. If an accident follows an inappropriate
response by the driver, it is often arguable that a more forgiving

13




environment, or perhaps even a more "forgiving" vehicle, might
have allowed the driver to get away with his error. In such a
case, where is the blame? Indeed, if unforgiving enough, the
environment or vehicle might even be said to have caused the human
response to have been an inappropriate one. It is quite difficult
to delineate between the level of performance falling below the
task demand as opposed to the task demand rising above the level
of performance [3]. Kennedy [8] notes that "some of the most
terrible collisions involve first-class vehicles on first-class
highways, while much traveling on poor roads, sometimes in faulty
cars, is accomplished safely." But this indictment of the driver
is countered by the contention of Goddard and Haddon [7] that
although "in some 70 percent of....fatal accidents....a small group
of predominantly social and medical variables distinguish between
drivers who were fatally involved and drivers who were similarly
exposed but noninvolved (,this) does not imply that vehicle
factors ranging from mechanical dependability to human engineering
may not have also been involved in the causation of some of the
same accidents."”

It is therefore suggested that all studies of accident causes
be viewed critically.

4.2.1 General Causal Factor Studies. As noted above,

accident causation research cannot find causes for which the
researchers are not looking as being significant. A Targe majority
of studies in this area do not even consider vehicle performance

or design as a possible cause. Generally, vehicle causal factors
are limited to off-design performance factors alone, such as bald
tires, mechanical failures, faulty brakes, or tire blowouts. This
outlook clearly makes determination of the role of designed-in
performance impossible.

Typical results are given in the report by Treat and Joscelyn
[9] which contains a review of several additional studies. These
investigators recognized the present problem by noting that, while
tire blowouts and brake imbalances produce substantial evidence

14
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at the scene, steering and suspension problems may increase path
deviance and decrease lateral acceleration capabilities without

" generating concrete evidence. They admit that "no attempt was
made to account for the causal involvement of [steering and
suspension systems] degradation as a source of driver fatigue and
inattentiveness, or (with few exceptions) for the influence of
vehicle handling characteristics arising from system design."
Therefore, their results are consistent with others in the field,
namely, they find steering and suspension system involvement (due
to malfunction of failure) in but a few percent of all accidents.
Even though the characteristics of the as-new vehicle had not been
investigated as a cause, the evidence of the overall importance of
vehicle performance in accident situations led the authors to
recommend such research as a step towards safe handling standards.

Bundorf, in a similar study [10], notes that both vehicle
design and human factors affect the control performance of the
driver-vehicle system. Vehicle factors mentioned included visibility,
1ighting, and control locations as well as braking, acceleration,
and cornering performance. The difficulty was said to Tie with the
fact that "the driver and vehicle....appear so interactive that
at this time [1973], despite considerable effort, performance
criteria for either have been very difficult to establish." The
author felt that "either vehicle design factors relating to handling
are not principal factors in accident causation, or they are
important factors and the investigators have not learned to identify
them." His own opinion was that the former hypothesis was the
case. Fol]owing this contention, the author reported preliminary
results on an interesting experiment. A group of thirty Sheriff's
Patrol officers from Oakland County, Michigan, were given an
advanced driver training course in skid control, off-road recovery
techniques, controlled braking and evasive maneuvering. Over a
two-year period, their accident rate was halved while repair costs
per accident dropped sharply. The accident record of this group
was compared to a closely matched control group of officers. The
conclusion was that although the driver is most often to blame,

15
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the number of errors he would commit would decrease sharply were
he merely more familiar with the performance of his vehicle. Of
real interest is the magnitude of the accident rate reduction,
which suggests that "handling" accidents, broadly defined, are a
major portion of all highway collisions.

In a study of accidents in Monroe County, Indiana, MDAI
investigations [11] involved the determination of the causal
factors in 999 accidents. Vehicle factors were found to be (1) a
certain, (2) a probable causal, or (3) a severity-increasing
factor in 18 percent of the accidents. Contrasting with this low
estimate of the involvement of vehicle factors in accident causa-
tion is an in-depth study of fifty accidents in California that
occurred in 1964 [4]. The authors estimated that perhaps as many
as one-fourth to one-third of all accidents have mechanical
problems as contributing causal factors. Even as weakly stated
a conclusion as this, however, is difficult to justify on the
basis of only fifty accidents.

4.2.2 Loss-of-Control Accident Investigations. Other

accident causation studies have been restricted to those categories
of accidents most likely to involve vehicle performance factors
as causative agents.

The California Highway Patrol investigated 5,200 single-
vehicle accidents occurring in that State in September 1961 and
June 1962 [5]. This study included accidents in which vehicles
overturned in the roadway, struck fixed objects, or ran off the
roadway without subsequent collision. Causes cited were excessive
. speed, alcohol or drugs, drowsiness, faulty driving, adverse
conditions, distractions (inside or outside the vehicle), mechani-
cal failure, medical problems, defective vehicle design, or other
uninvolved ("unknown") vehicles. One-half of the reported single-
car accidents involved severe personal injury, versus one-third
of all multi-car accidents. Accidents attributed to vehicle
mechanical failure or unknown vehicles were least severe,

16



presumably due to retention of considerable control; those where
the least vehicle control may be assumed, such as accidents caused
by drowsiness, distractions, adverse driving conditions, or
alcohol, had significantly higher percentages of fatalities.

Females were involved in a hiéher proportion of single-
vehicle accidents than multiple-vehicle accidents, and were most
Tikely to have been involved due to faulty driving, adverse
conditions, or distractions from inside the vehicle. The authors
suggested that this finding may be explained by less driving
experience and fewer annual miles driven. The driver was more
1ikely to have been male when the accident resulted from drinking,
drowsiness, or excessive speed. The 15-24-year-old drivers, as a
group, were involved in five times as many single-vehicle acci-
dents as their numbers would have predicted, again pointing to the
possible role of inexperience.

The fallacy of equating "single-vehicle" accidents, meaning
those in which the cause was due solely to one vehicle, with
accidents in which only one automobile was involved was brought
out in this paper. For example, running off the road to avoid
another vehicle should not be considered a single-vehicle accident
from the causation standpoint. Conversely, future studies should
inc1hde collisions with parked cars and head-on collisions due
to one car crossing a median area.

A recent study performed in the Swedish ESV program, a joint
Saab-Volvo effort, involved investigations of skidding accidents
[6]. Their aim was to obtain information on (1) "typical accident
situations where steerability during braking would have prevented
or reduced the consequences of the accident," (2) "the proportion
of the total number of accidents which are accidents depending on
Tocked wheels," and (3) "the need of steering capacity during
emergency braking." The methods employed were statistical studies
of police reports, a Titerature survey, and interviews with
representative drivers.

17



The police reports revealed that at least 10.5% of all
accidents involved locked wheels (believed to be conservative).
A further 14.3 percent were termed "loss of road adhesion"
accidents exclusive of locked-wheel accidents, while an additional
21.4 percent of all accidents involved braking without locked ‘
wheels. The literature survey produced a figure for locked-wheel
accidents of approximately fifteen percent of all accidents,
ranging from 14.2 to 15.8 percent in the three relevant studies
reported on. The driver survey found that 25 to 48% of all
accidents involved emergency braking, and that locked-wheel
braking usually resulted in loss of control of the vehicle, the
consequences being spinning of the vehicle, deviation from the
proper lane, or leaving the roadway.

Jones [12] in the United Kingdom has also been concerned
with accidents in which skidding was a factor, since it has been
estimated that one-third of all accidents in Great Britain are due
to loss of control. Jones reported on investigations into the
causes of sixty so-called loss-of-control accidents. Only
eighteen could be explained solely by human error or environmental
factors. Fifteen others resulted from lack of sufficient traction
(either while accelerating or braking); tire defects contributed
to nine of the cases; eight involved unsuccessful avoidance
maneuvers without braking, and six more were attributed to other

mechanical defects or failures (excluding tires and brake systems).

0f the fifteen Toss-of-control accidents, at least ten
involved braking, with seven cases of spinout, as happens when
the rear wheels lock prior to the front wheels. Most of these
cases occurred on wet roads, and six of the seven involved
vehicles were 1lightly loaded. Two of the fifteen cases were skids
due to front-wheel locking on the approach to a curve; both
occurred on wet roads. There was one case in which acceleration
caused loss of traction on the rear wheels and led to an accident.
The rear wheel slides were judged a more serious problem due to
(1) the greater instability, (2) the probability of moving into
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the path of oncoming traffic, and (3) the lessened occupant
protection in side impacts as compared to frontal impacts.

Jones noted that present braking systems may always meet
situations in which the rear wheels could lock before the front.
Avoiding this behavior without the use of antilock braking systems
would result in less utilization of the available tire-road |
adhesion and would possibly increase accidents due to front wheel
Tock-up during the negotiation of curves.

Another study of British skidding accidents by Grime [13]
examined those environmental features which were most likely to be

present at the site of an accident which involved loss of traction.

The results are expressed in Table 4.1 as the relative liability
of such a feature to be associated with skidding accidents; that
is, the numbers represent the ratio of the frequency of occurrence
of that feature at real accident sites with its frequency of
occurrence at all possible accident sites.

Table 4.1 Relative Frequency of Occurrence of Roadway
Features at the Sites of Skidding Accidents.

Relative Occurrence

Roadway Feature ‘ (1 = Normal)
Straight Road 1.0
Slight Curve, Radius > 500 ft. ‘ 1.8
Curve with Radius < 500 ft. 48

STope Less Than 1:20 3.8
Slope Greater Than 1:20 13
Junction Within 50 yds. 7.3
Traffic Circle >80
Smooth or Fine Grained Road Surface 1.5

Grime [14] also studied British accident trends from an
earlier period. He examined the importance of loss of directional
control as a causative factor, using three different sources of
data: a set of 453 accidents between 1955 and 1962 which were
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investigated on the spot (biased toward severe accidents), the
police reports on all 728 accidents which occurred in 1956 and

1958 on three particular trunk roads, and the reports of 188
accidents in 1961 on the M1 Timited-access highway. Seventy
percent of the M1 accidents (excluding those occurring at junctions)
were loss-of-contr61 accidents. Approximately 30% of the acci-
dents on the other roads which occurred in areas without speed
limits were judged to be a loss-of-control accident. Loss of
control accidents made up less than 15% of the accidents in areas
with a 30-mph speed 1imit, however.

The Highway Safety Foundation [15] studied the importance of
tire tread depth in accident causation, and found strong evidence
that this is a leading causation factor. Their conclusion was
that the minimum legal tread depth should be 4/32 of an inch, twice
that commonly recommended. An earlier study by the Foundation
determined that the incidence of tires with a given tread depth
on accident-involved automobiles was inversely proportional to
accident experience (i.e., the smaller the tread depth, the greater
the frequency of accidents). Comparisons were made by the follow-
ing ratio:

% Accidents Involving Vehicles with a Given Tread Depth
% Vehicles with Given Tread Depth in General Use

The denominator statistic was determined from the Ohio Random
Vehicle Inspection Program. The relative accident involvements

as computed by this ratio varied in an almost linear manner from
0.54 at 12/32 of an inch to 1.92 for completely bald tires. (Tire
failure was deemed to be an extremely rare cause of accidents.)
There was criticism, both from public and private groups, that
driver-related elements were not controlled for, specifically that
those drivers with bald tires may be less responsible drivers or
may, due to economic circumstances, drive older and/br more poorly
maintained vehicles.
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In response to the criticism, a follow-up study compared
the involvement rates of the different tread depths on cars
involved in accidents in which a moving violation occurred with
the rates for a sample of cars that had traffic violations but
no accidents. For accident-involved cars, the relative frequency
ranged from 0.41 for new tires to 2.45 for bald ones, while the
other group showed a range of 0.85 for new tires to 1.24 for bald
ones. Presumably, this finding suggests different driver habits
but still indicts low-tread tires as an accident causation factor.
The trend was even more evident if only single-vehicle accidents
were used in the analysis, and was strong enough that replacement
of all tires at the 4/32 in. 1imit would actually prove cost-
effective due to an estimated seven to eleven percent reduction
in accidents.

4.3 Correlations Between Accident Rates and Vehicle Descriptors

It is clear that vehicle performance does vary between makes
and models. If there is a connection between vehicle handling
and accident experience, then some evidence of the over- or under-
involvement of various makes and models ought to appear in the
accident record. The primary problem in studies which attempt to
gather such evidence is the need to control for the influence of
other variables. Different age groups have different accident
rates, so that the age distribution of the drivers of a particular
group of cars must be accounted for. A car's marketing image may
attract more reckless or more careful drivers from every age
group, a factor for which it is nearly impossible to control.
Different classes of cars may be driven a fewer or greater number
of miles than average each year, or may tend to be used primarily
in one kind of environment (e.g., urban, commuting, highway
travel, etc.). A vehicle which tends to sustain above average
damage in a given collision, or which tends to produce more serious
injuries due to a poorer level of crashworthiness, is likely to
have a larger percentage of its accidents reported to the
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appropriate authorities. All of these factors, and others, can
affect the results in any study attempting to correlate accident
causation with vehicle design. The literature summarized here
varies greatly in the handling of these factors.

4.3.1 The United States Experience. Most of the work done

in this country regarding the connection between accidents and
vehicle descriptors has been the result of trying to determine
either what size car is safest, or what particular makes and models
are safest. Usually no attempt is made to answer the follow-up
question of "Why?" Studies concerned with vehicle size will be
reviewed first.

In a report by the Automotive Safety Foundation [16], the
findings of separate studies of two distinctive, and opposite types
- of roadways were summarized. One study was based on accidents
occurring on Route 66, which is largely an Interstate limited-access
highway and is a wide smooth road in the sections that are unlimited-
access. The risk of having a single-vehicle accident, in terms of
accidents per vehicle mile, were computed for "standard" (greater
than 3000 pounds in weight), "compact," and "small" (less than 2000
pounds) cars. Normalizing the results so that the risk associated
with the average standard-size car is 1 yielded risks for compacté
and small automobiles of 2 1/4 and 3 1/2, respectively. The
addition of a trailer generally raised the single-vehicle accident
rate by a factor of 4.

The second study was concerned with all accidents occurring
on a 3.1-mile section of a rural California road, characterized by
hills and curves, with no side markings, guardrails, or major
junctions. Over a six-year period, fully one-third of all reported
accidents were labeled "loss of control." Table 4.2 indicates the
greater propensity of small cars to roll over, compared to larger
cars. The sample size is, of course, too small to allow any
quantitative conclusions.
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Table 4.2. Occurrence of Rollover Accidents
Versus Other Loss-of-Control

Number of Other
Vehicle Number Rolling  Number Rolling Loss-of-Control

Type Over on Road Over off Road Accidents
Standard 0 7 22
Compact 0 0 ' 6
Small 4 5 9
(Foreign)

A New York study [17] utilized data from every accident
reported in that State in the first nine months of 1968, excluding
those involving taxi-cabs. The data base was nearly 300,000

accidents involving approximately 550,000 vehicles, 85% of which
" were automobiles. The investigation was primarily concerned with
injury generation, but accident frequencies were also calculated.
The results showed that foreign cars were more likely to be involved
in non-collision accidents (i.e., overturning, running off the road)
than were domestic cars. Within both groups, compact cars and
station wagons had more non-collision accidents, relative to their
total accident numbers, than did large cars.

When the rear-engined automobiles and sports cars were removed
from the sample, and the remaining vehicles were grouped into five
weight classes, the percentage of accidents which were non-collision
accidents formed a linear plot with respect to the logarithm of
the average Weight for each vehicle group. The results were
statistically significant; the study did not, however, account for
even the most basic confounding factors, particularly driver age.

In New Jersey, accident frequency data from the Garden State
Parkway (limited-access) were analyzed for vehicle make, model, and
size, and were compared with exposure rates from Parkway surveys
[18]. The exposure survey counted 230,000 automobiles, and the
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accident data invo1véd 3,400 cars. The authors compared each model's
fraction of the accident-involved cars with its fraction of the

cars counted in the exposure survey, and found that standard-sized
(1arge) automobiles were over-involved in accidents compared to

smaller cars.

The accident index computed in this report was misleading,
in that the authors merely subtracted the exposure rate from the
accident rate. For example, if a popular car made up 10.5% of the
total vehicle population and 11.0% of the accident-involved vehicles,
it was assigned an accident index of 11.0-10.5 = +0.5 (positive sign
is indicative of over-involvement). Yet a rare foreign car could
make up only 0.01% of the population, and have an accident rate of
0.03%, making it involved in fully three times as many accidents as
its numbers would predict, and it would receive an index of +0.02.
~ For this review, the accident index was recomputed by dividing the
accident rate by the exposure rate. The positive rate exceeds the
expected or predicted rate based on exposure alone; hence, an index
of one is normal. Table 4.3 represents the results for the six size
classes established in the report. One sees that, on this basis,
intermediate-sized automobiles were safest, with safety decreasing
with decreasing size. The exception to the trend was the standard-
size automobile, which only bettered the mini-car category.

Table 4.3. Accident Risk Index on Garden State Parkway
by Automobile Size

Exposure Rate Accident Rate Risk Index
Size Class (%) ] (%) (1=Normal)
Standard 64.34 76.05 1.182
Intermediate 13.42 6.40 0.477
Large Compact 11.73 7.43 0.633
Medium Compact 3.29 2.54 0.772
Small Compact 6.74 ‘ 6.90 1.024
Miniature 0.46 0.68 1.478
Standard 64.34 76.05 1.182
A11 Others 35.66 . 23.95 0.672
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Among the conclusions that can be drawn from the detailed
breakdown are:

1) The expensive “Tuxury" automobiles had the best
accident records of any standard-size cars.

2) The Chrysler Corporation intermediate and compacts
were among the best of all models, despite the
poor showing of that company's larger cars.

3) The small compacts and foreign cars did not
exhibit a clear trend that might suggest that price
or performance is a factor in accident causation.

Case, et al. [19], used owner surveys to try to determine the
relative safety of different size cars in California. They asked
the owners of two different makes of economy cars, two different
domestic compacts, and two-full-sized cars to answer questions
about their age, sex, annual mileage, etc., as well as their acci-
dent records. Only 31% of the addressees responded to the mailed
questionnaires, so the results are not fully representative. Table
4.4 gives the computed accident rates, as well as information about

Table 4.4 Accident Rates and Age Information for Six
Automobile Makes, Based on California Survey
of 8900 Owners. ‘

Economy Domestic Compact Full-Sized
Volkswagen Toyota Falcon Nova LTD Pontiac

# Acc./
105 mi. 0.971 0.971 0.985 0.958 0.730 0.763
(A11 Ages)
Percent of
Drivers :
Under 20 4.5 3.0 2.0 2.0 0.5 0.2
Yrs. of :
Age
Mean Age .
of 33.5 39.2 49.3 44.7 48.7 49.3
Drivers
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the age of the drivers of each automobile make. The trend toward _ f
fewer accidents in large cars is visible, but when the results V ;
were normalized for the various driver characteristics, no
consistent trends remained.

This same report cited a 1961 study, also done in California
and summarized in Table 4.5, as well as an I1linois study from that

Table 4.5. 1961 California Accident Involvement
Comparison, by Size of Car

e

Percent of All Percent of all .

Registered Accident-Involved y

Vehicle Size Vehicles Vehicles g
Compact 9.70 5.69

Economy 6.58 5.59 i

Sport 1.47 1.69

Standard 82.25 87.03 .

same period. Both reports found that the smaller cars were under- 5

involved in accidents, even before corrections for driver age
were made, and that they were very under-involved in pedestrian i
accidents. The California research did indicate, however, that

the smaller vehicles had a poorer record with respect to loss-of-
control accidents. '

The most recent writing on the subject of safey versus size
is the article by Hart [20]. Citing the already-mentioned
California and New Jersey works, as well as other reports, Hart
concluded that, from the point of view of society as a whole,
"small cars are much safer than large cars." His summary of the
problem states that

"1) Large cars are involved in multi-car collisions
more often than small cars in relation to their
exposure."
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ll2)

||4)

Large cars are involved more frequently in
pedestrian accidents.

In collisions involving both large and small
cars, the driver of the large car is more often
at fault." Large cars are most likely to
cause accidents by infringement upon the road
rights of other vehicles; the small car is

more likely to have caused an accident because
of excessive speed.

Although small cars have a higher involvement in
single-vehicle accidents, they are burdened

(a) by a high proportion of accident-prone (under
25) drivers, (b) by instabilities which are not
size related, and (c) by inclusion of the sport
cars in that category."

The author suggests that the available data understates the

small cars' advantages because their involvement rate is inflated

by the collisions with large cars which are the fault of the large

cars' drivers. He then offers possible reasons for this

differential accident rate:

1)

II2)

ll3)

Large cars make larger targets and/or projectiles
in accident situations.

American cars (which comprise all of the standard
class) appear to have softer suspensions. These
softer suspensions may increase the probability
of loss of control in emergency situations."

Longer, wider hoods decrease visibility."

Driver error may become more likely as vehicle
size increases, due to the discrepancy in size
between the driver and his vehicle.

More large cars may be defective due to ‘their
higher repair and maintenance costs.
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As far as the question of accident involvement versus
vehicle make and model is concerned, the only comprehensive work
that may be added to the New Jersey investigation is an analysis
by Milie [21]. This research used reports on 700,000 accidents
in New York State in 1969 and 1970. Exposure was accounted for by
determining the number of vehicle registration months for each make
and model of automobile. Because accidents are only reported for
damage exceeding a certain fixed amount, and because newer and
more expensive automobiles are more apt to be properly repaired
with new parts with the resulting increase in reported numbers of
minor accidents, the author compared models within the same size
and value categories only.

The accident rates were weighted to account for driver age
and sex. The standardized rates showed far less dispersion than
the raw data alone.

The New York data, although not Timited to turnpike accidents,
should have compared well with the New Jersey figures. It did not.
The New York records showed the safest compact, intermediate, and
Tuxury cars to be Falcon, Fairlane, and Chrysler, respectively;
the Chrysler faired poorly in New Jersey, while the other two were
about average. The New Jersey study, admittedly not normalized for
driver variables, showed large mode]-td—mode] variations, even
within size classes where driver effects are likely to be equal.

The New York report found no statistically significant differences
between models within a class.

In addition to investigations of the effect of size or make,
other investigators have examined particular vehicular design
"characteristics for evidence of their role in accident causation.
Another study of New York State accidents compared front-engined
compact cars to those with rear-mounted engines [22]. The results
seem to dispute all of the feelings that rear-engined cars are
unsafe due to their inherent handling problems. The accident
involvement rates were computed as accidents per 100,000 vehicle
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registration months, and were kept separately for different age
groups. Table 4.6 shows the important results, which are summarized
as follows:

1) Domestic front-engined automobiles had a higher
accident involvement rate than domestic rear-
engined cars (specifically Corvair).

2) Front-engined cars as a group had é higher
involvement rate than rear-engined cars.

3)  Foreign front-engined cars had a higher rate for
one age group; the differences were not signifi-
cant for other ages.

Another study of the contribution of vehicular factors to
accident causation was concerned with the stability of rear-
engined cars. Hoffmann [23] relied upon the work of others in
concluding that "there is some evidence from accident statistics...
that certain types of vehicles have control problems. These
problems are shown by the large number of single-vehicle 'ran off
roadway' and 'rollover' accidents which they have (when) compared
with other vehicles." Several studies are cited which agree that
rear-engined swing-axle cars roll over much more frequently than
large, conventional sedans. It is speculated that 1imit oversteer
may lead to a sideways sliding at the limit, instead of frontwards
plowing, and that this might leave the vehicle more prone to
tripping by curbs. It is also noted that swing-axle suspensions
generally do not actually jack-up or tuck under until approximately
0.7 g's lateral acceleration is reached, making this feature a most
‘unlikely cause of many accidents.

The last several reports reviewed here are concerned with
vehicular factors other than performance. The purpose of the
review is to illustrate the magnitude of the problem of controlling

for independent variables. The earliest, by Schreiber (241, found
that 1960 accident reports on fleet-owned automobiles revealed a




Table 4.6. Accidents per 100,000 Vehicle Registration Months
for Domestic and Foreign Automobiles by Engine
Location and by Driver Age.

Automobile Type Driver Age Accident Rate
16-29 52.9
Foreign front-engined 30-54 24.2
55-89 15.5
Total 35.6
16-29 40.9
Foreign rear-engined 30-54 23.7
55-89 13.4
Total 28.6
16-29 50.5
Domestic front-engined 30-54 32.4
55-89 29.5
Total 34.6
16-29 37.4
Domestic rear-engined 30-54 20.3
55-89 15.2
Total 23.7
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difference in accident rates among three similar (but unidentified)
makes. More significant variations were found between those cars
with radios, or with power steering, and those without, however.
Both of these options led to higher accident rates.

Another more recent investigation [25] found that Department
of Transportation regulations governing vehicle lighting, wind-
shield-washing, and braking systems performance have reduced
accident occurrences by a minimum of one percent to a maximum of
nine percent, depending on the accident causation data one chooses
to believe.

Finally, a Massachusetts study of Pinto and Vega accident
statistics revealed another pit-fall [26]. The accident rate for
the 1970-71 combined calendar years was 37% higher for the Vega
than for the Pinto when calculated by dividing the number of acci-
dents in that period by the number of registered vehicles at the
end of the period. Driver variables, weather conditions, and
accident type could not offer any clues as to the reason. It was
discovered, however, that Vega sales had risen sharply following a
Tong strike at introduction time in 1970, and that using vehicle
registration months as an exposure index eliminated the differences
in the two models' rates.

4.3.2 The British Experience. A somewhat dated study

provides an example of failure to control for even obvious influ-
ential factors. Giles and Sabey [27] wused data on all fatal and
serious accidents in Great Britain in 1956 to compile the figures
shown in Table 4.7. The data seem to indicate that increased power
‘and performance leads to a greater propensity to skid. This same
study, however, produced the statistics in Table 4.8 using 1957
data. The later data show that younger drivers have more skidding
accidents, yet the authors did not correct the vehicle data for

the age of the drivers involved. Furthermore, the horsepower-to-
weight ratio would be a more logical variable than engine capacity,
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Table 4.7. Percentage of Accidents Which Involved

Skidding, by Engine Size.

(1956 Fatal and Serious Accidents Only, in Great Britain)

Engine Capacity

Wet Road Accidents

% Skidding -

% Skidding -
A1l Accidents

Less than 800 cc

800-900 cc
900-1000 cc
1000-1200 cc
1200-1400 cc
1400-1500 cc
1500-1600 cc

1600-1800 cc*

1800-2600 cc

Greater than 2600 cc

17%
15%
17%
19%
21%
22%
22%
(17%)
24%
28%

12%
12%
12%
- 15%
16%
17%
19%
(16%)
219
214

*This class contains no vehicles registered after 1949.

Table 4.8.

Percentage of Accidents Which Involved

Skidding, by Driver's Age

(1957 Fatal and Serious Accidents Only, in Great Britain)

Age Dry Roads Wet Roads Icy Roads A1l Conditions
Under 20 9% 21% 67% 14%
20-24 7% 20% 65% 12%
25-29 7% 15% 46% 11%
30-39 6% 12% 42% 9%
40-49 5% 8% 47% 7%
50-59 4% 10% 22% 7%
60-69 2% 3% 22% 3%
Over 70 4% 0% 4%

0%
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as larger cars may aétua]ly be under-powered relative to small

ones despite having larger engines; another possibility is that

the larger cars may have more skidding accidents because their

size has degraded their handling qualities. Finally, by not
examining actual accident causes, the possibility has been left

open that higher speeds on the part of the more powerful cars led

to skidding in turns or while braking, in which case human decision
making and not design per se is at fault. The complications

involved in reaching honest conclusions about the role of performance
in accident causation quickly become almost overwhelming.

(At this point, it is pertinent to observe that the use of
such figures as "the percentage of all accidents for the given
vehicle type which involved the characteristic under study" can
mask the effect of characteristics not under study. For example,

if an unusually high percentage of the accidents incurred by a
' specific vehicle involve skidding on curves, the truth may be that
the handling is normal but exceptional brakes have led to fewer
than average collisions at intersections. Because percentages must
add up to one hundred, it is preferable to rely on "number of such

accidents per 108 vehicle-miles," or some similar statistic,

whenever possible.)

Another early study (in the 1960's) used data from accidents
which were personally investigated by the author [28]. His results
were put forth cautiously, and again were not well controlled for
the age or sex of the driver, or for miles driven. The number of
steering turns lock-to-Tock was not found to be a predictive design
factor, but vehicle weight was, with the heaviest cars having more
accidents. Low power-to-weight ratio seemed to lead to fewer
accidents, although the results were not conclusive and were not
controlled for total vehicle weight, vehicle usage, etc. The
author cited an American study, which indicated, instead, that a
higher power-to-weight ratio, up to a point, was safer.

A 1969 study of over 600 accidents [29] was carried out in
a manner similar to the MDAI studies in this country wherein
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accident-involved vehicles were examined to determine the exact

accident cause. In addition to physical factors such as brake

- deficiencies or bald tires, the vehicle age, make, mileage, speed
and load were recorded. Cars with less than 10,000 miles on their
odometers were found to be under-involved, while cars with over
40,000 miles were over-involved in accidents. Contributing factors
might be driver characteristics or maintenance records, as well :
as vehicle design. Confirmed vehicle causal factors included brake
factors (in 5% of the vehicles) and excessive steering-wheel play
(3%). Obstruction of forward vision contributed to 17% of the
accidents, and smooth tires to 5%. Of interest is the fact that
25% of the accident-involved vehicles and 25% of all vehicles

(according to a random survey) had at least one smooth tire, yet :
the in-depth investigations showed smooth tires to be a small factor i
in accident causation. Tire pressure deficiencies were more common
in the accident-involved group than in the control group, and were
estimated to have contributed to a minimum of 7% of the accidents.

SR R e T T T T S

The part of the report of main interest to this review is
the comparison of accident rates by vehicle make (although not by 4
model) displayed in Table 4.9. Here, the percentage of accident-
involved cars from each manufacturer is compared with the per-
centage of cars, in an exposure survey, made by the same manufacturer.

Without corrections for driver age, it is not surprising that the
most expensive car (Jaguar) was the only one significantly under-
involved, since its drivers are likely to be much older than
average. '

The most recent results from Great Britain, however, are
included in a series of studies by I1.S. Jones, all directly related
to the problem of determining the true extent to which vehicle
handling characteristics affect the accident rate.

The first report was based upon the information from
questionnaires sent to purchasers of a particular brand of seat
belt [30]. The sample was obviously not representative: urban areas
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Table 4.9. Accident Involvement Versus Exposure for
Automobiles of British Manufacture.

Percentaqe of

Percentage of Percentage of A11 Cars, as

A11 Urban Accident A11 Rural Accident Estimated by
Vehicle Make Involved Cars Involved Cars Exposure Survey
BMC 45.5% 47.8% . 49.2%
Ford 24.1 23.0 22.3
Rootes 8.8 8.4 9.2
Vauxhall 6.4 3.9 7.5
Std. Triumph 6.2 6.2 5.8
Jaguar 2.3 3.4 12.5
Rover 1.3 2.2 1.7
Foreign 2.6 3.9 2.3
Misc. 2.6 0.6 1.7
Not Known 0.2 0.6 0.2

were under-represented due to less belt usage, the more safety-
conscious owners were more likely to respond, and of course people
involved in fatal accidents were under-represented. However, the
results were confidential and it was hoped that the respondents
would be more truthful than when answering police investigators.
It was found that rear-engined cars were less likely to become
involved in rear-end collisions, but more 1ikely to be involved in
single-vehicle accidents and single-vehicle rollovers, than
front-engined cars. Looking at the single-vehicle accidents alone,
the rear-engined car was still the one most 1ikely to have over-
‘turned, with front-wheel-drive cars least likely. Because front-
wheel-drive cars had more single-vehicle accidents, however, the
total chance of rollover was approximately the same as for
conventional (front-engined, rear-wheel-drive) cars.
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A second report by Jones [31] established a relationship
between measurable vehicle design parameters and frequency of
overturning accidents. Because his earlier work had shown that
83% of all overturning occurs in single-vehicle accidents, he
looked at single-vehicle accident data alone. In this study,
Jones used as a measure of proneness to overturn, the number of
single-vehicle accidents with overturning divided by the number of
total single-vehicle accidents.

This measure was computed for 19 models of automobiles using
the British national accident statistics from 1969 and 1970, and
was broken down into rural and urban accident rates. Linear
regression analysis showed that the rural accident rate correlated
with the simple center-of-gravity-height/track ratio, the corre-
lation coefficient being 0.491; the urban correlation was not
significant. Since many overturning accidents follow contact with
abrupt changes in ground contour, the author used a simple model
of an automobile-curb impact to approximately compute the
minimum lateral velocity which would cause each of the 19 vehicles
to overturn if tripped by a curb. This minimum velocity correlated
better with the overturning probabilities from the accident
statistics. The correlation coefficient was 0.66, significant at
the 1% level.

The Tast work by Jones [1] used the same data base, bht
calculated single-vehicle and multiple-vehicle accident rates for
34 car models. Data from serious and fatal accidents only were
employed because of the more accurate reporting procedures used
in these accidents. (This restriction may have biased the sample
toward fewer large cars, however, since serious and fatal accidents
occur less frequently with larger cars.) Using registration
figures and surveys of odometer readings, the accident rates were
computed on the basis of accidents per 108 miles. With this
accounting for exposure, the single-vehicle accident rate (pre-
sumably most strongly influenced by vehicle characteristics
because of the large number of loss-of-control accidents represented)
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did indeed show a greater range of rates between models than the
multiple-vehicle accident rate.

Since the author knew the age and sex of all involved drivers
and since the overall accident rates for various age groups and

for both sexes were also known, he was able to normalize the rates

for age and sex. This involved the plausible assumption that the
distribution of accidents among the age groups is independent

of the vehicle model involved. Because car-to-car accidents are
much less dependent on vehicle characteristics, Jones contends
that the normalized car-to-car accident rate, with driver effects
removed, accurately reflects vehicle mileage or exposure. Thus he
was able to include vehicle models for which the mileage survey
had not produced significant results. Table 4.10 contains the
ratio of single-vehicle accidents to multiple-vehicle accidents,
with the first column representing the rate without driver effects
accounted for, and the second representing the rate with all driver
age and sex contributions removed.. The range of rates in the last
column should represent the contribution of all effects other than
those due to the driver.

Finally, the author compared the accident rates with known
vehicle design parameters and with both objective and subjective
measures of vehicle handling performance (obtained from road tests
conducted and reported by motor magazines). On omitting sports
cars from his sample, he found that increased vehicle weight and
wheelbase resulted in fewer single-vehicle accidents. Also, cars
with large amounts of understeer at zero lateral acceleration, but
whose understeer decreases with increasing lateral acceleration,
had the lowest single-vehicle accident rates. The rate was also
shown to increase with increasing instability under severe braking.
Many of these results were due, in part, to ties or interactions
between the handling ratings and vehicle weight, however. This
interaction or relationship between the various parameters compli-
cates the results, but regression techniques allowed him to draw
the following important conclusions:

37

TR




Table 4.10. Single-Vehicle Accident Rates, With and Without Normalization for Drivers
Age, for All Models of Cars [nvolved in British Accidents in 1969 and 1970,

Single-Vehicle Accident Rate Normalized Single-Vehicle Accident Rate
Model Code Number Normalized Car-Car Accident Rate Normalized Car-Car Accident Rate :
1 .302 . 374
2 .516 : 678
3 .393 - .408
Large 4 .262 .414
Cars 5 .283 : 467
6 .308 _ .436
7 .242 . 340
8 . 383 .447
9 .385 .464 i
10 .625 .578 ;
Medium 11 .430 .502
Cars, 12 .224 .273
13 .464 .526
14 .390 .455
15 .408 .488
16 .782 .695
17 .585 .662
18 .454 .588
Small 19 .564 .600
Cars 20 .482 : .453
21 .701 .656
22 . 395 .452
23 .600 .473
24 .672 T .515
25 .752 ) . .510
26 1.083 ’ . 375
27 .982 . 745
28 . 800 .833
Sports 29 1.318 1.000
Cars 30 .776 .645
‘31 .841 .693
32 1.282 .672
33 1.719 o .694
34 .513 .546
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Age effects account for about 40%, and the proportion of
male to female drivers for about 30% of the model-to-model varia-
tion in single-vehicle accident rates. The horsepower-to-weight
ratio accounts for a further 13%, and braking instability for
about 3%. If the driver effects are removed, then only about 35%
to 40% of the remaining variation in normalized rates can be
attributed to vehicle performance factors.

This latter study is probably the finest published to date
on the topic of interest. Even though the results are not
necessarily directly applicable to the problem in this country,
it does provide an excellent example of the importance of account-
ing for non-vehicular effects, as well as presenting methods for
how to do so.

4,3.3 Studies from Other Countries. Two research studies

were found that presented accident data as evidence that vehicle
performance is a factor in accident causation.

The first study [32] cites an analysis of accident data
performed by a German insurance company. Table 4.11 is taken from
Reference 32 and gives the relative accident involvement index,
by vehicle model, for twenty models. The most striking feature
are that (1) the highest involvement rates are for expensive sports
cars which are generally respected for their outstanding cornering,
braking, and acceleration performance, and (2) within each pair of
models from one manufacturer, the faster, "sportier" model had the
higher involvement rate. No information is available, however,
as to how the indices were computed or whether efforts were made
to control for confounding variables.

In a second study [33], the design characteristics of vehicles
were examined for correlations with Australian accident data. Rates
(accidents per 108 miles driven) of casualty and non-casualty,
single-vehicle, multi-vehicle, and pedestrian accidents were com-
pared for vehicles with different weights, horsepower, brake
lining area, or ratios of these design parameters. Driver age
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Table 4.11

Relative Risk of Accident Involvement by Make
and Model, Based on Accident Data from

West Germany.

Relative Accident

Manufacturer Vehicle Model Involvement
Volkswagen 1200/1300 54
K70 86
Opel Kadett B 69
Commodore GS Limo. 157
Ford Taunus Turnier 70
Capri RS/3.0 GXL 210
Mercedes-Benz 200/220 96
600 220
~ BMW 1800/2000 113
| 2002 ti 209
Porsche 356 204
914 242
Fiat 500 53
850 Spider 157
British Leyland Morris Marina 100
Triumph TR4/6 204
Lotus Europa 204
Maserati Indy 250
Lamborghini Espada/Jarama 250
Lancia 2000 Coupe 231
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“and sex, day of week, occupancy level of the vehicle, and year
of manufacture were also recorded. The accident data were from
1961, while the mileage survey took place in 1963 and 1964; hence
it‘was necessary to assume that the average mileage accrued by
each vehicle type did not vary significantly over that period.

When weight and power were combined as a ratio, the highest
involvement indices obtained were for vehicles with medium power-
to weight ratios with lower involvement being observed in all
types of accidents for extremely high and low values of power-to-
weight ratios.

Another significant trend was a pronounced decrease in
accident involvement with an increasing ratio of area of brake
lining to horsepower. For the lining area-to-weight ratio, the

lowest accident involvement corresponded tc the highest ratio class.

The authors speculated that some of the performance features,
particularly those related to horsepower, could serve the experi-
enced driver well while increasing the accident risk for the less
experienced. Evidence points to this hypothesis being true since
the highest horsepower and horsepower/weight classes, which had
very low overall involvement rates, had, by far, the highest
accident rates when only accidents involving drivers under thirty
years of age were considered.

4.4 Concluding Remarks

It is apparent that vehicle factors do play a role in
accident causation. The role is not understood; indeed, past
research does not provide a means of accurately quantifying the
‘magnitude of the role.

The works reviewed here contradict one another in many
respects. While in-depth investigations have failed to identify
vehicle performance as a frequent causal factor, other less direct
evidence suggests that it may be. The role of driver inexperience
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in loss-of-control accidents is generally recognized as well as
the potential for achieving safer highways by means of better
emergency maneuver training. These observations indicate a driver
failure problem in the driver-vehicle control system. What is

not indicated is the degree to which that system's performance can
be improved by changes in the vehicle alone.

Research outside the United States has indicated that tire
pressure or tire condition, which affects handling almost exclu-
sively, can cause accidents. Better braking systems have also
been shown to be a path to lower accident rates. How these results
apply to the type of driving situations found in the United States
is not readily apparent.

Within this country, the most significant finding is that
those cars with the best avoidance capabilities, particularly small
cars, have serious stabi]ity problems. The vehicle classes with
the lowest rates of overall accident involvement consistently
fare poorly with respect to loss-of-control or single-vehicle
accidents. Determining the optiha] mix of small-car maneuver-
ability and big-car stability may be the most significant impact
we can make in this field.

Other work in this country tends to be largely contradictory,
whether in the area of accident cause determination or model-to-
model accident risk comparisons. Much of the problem is a lack
of adequate data; many studies reported on too few accidents to
produce meaningful results. Another aspect of the problem is a
failure to account for the myriad of independent variables which
make every accident unique.

One disappointing aspect of even the best research, which
uses accident data to point out dangerous design characteristics,
is the complete failure to ask, let alone try to answer, the
question of "Why?" In many reports evidence is presented that
suggests certain vehicle models are very accident-prone, or that
certain general vehicle configurations are over-involved in
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accidents. No attembt is made to look further, however, to see if
those extra, unpredicted accidents were indeed the result of
vehicular factors. And even if the statistics indicate that the
fault Ties with the vehicle, could not the fault be poor visi-
bility, or poor ergonomic design, or poor headlight or taillight
effectiveness?

In other words, the extent of the role of vehicle perfor-
mance in accident causation is not Tikely to be known before
statistical research, vehicle testing and rating, and improved
~ accident reporting are combined for the purpose of answering that
specific question.
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5.0 EVIDENCE OF VEHICLE HANDLING FACTORS IN AVAILABLE ACCIDENT DATA

While much accident data has been collected and organized
in computer files in the United States, few of these files have
been examined with the idea of determining the role of vehicle
handling in accident causation. One of the purposes of this work
was to carry out such an examination.

At the Highway Safety Research Institute there are upwards
of two hundred separate accident files which are available for
research purposes. Most of these are special purpose files which
have 1ittle utility in the present application. To be usable for
studies of vehicle handling, the first prerequisite that an acci-
dent file must fulfill is that the accident-involved vehicles must
be identifiable to a relatively fine degree. A second requirement
is that the parameters describing an accident must be differentiated
in such a way as to have some meaning with respect to vehicle
handling considerations. A third requirement is that the data file
contain enough cases to produce meaningful statistical results.
Finally, the raw data must have been collected in a random fashion
and must be reasonably accurate. Any derived findings would be
spurious without these latter two requirements being fulfilled.

- At present, there is no existing data file that satisfies all
of these requirements. Two files do, however, come close enough
to provide useful information, specifically, the mass-accident data
files from King County (Seattle), Washington, and from the State
of Texas. The results of studies in which these two files were
employed to examine vehicle handling accidents will be described
below. (The CPIR accident data file was also reviewed as part of

this work and is also discussed here.)




5.1 The Utility of Mass Accident Data Files

As already implied, the mass accident data from Texas and
Washington State represent two of the best sources of such data
in the United States. In each file, the code Tabels describing
the vehicle include make, model, and model year, but without
refinements such as engine options, power versus manual steering,
tire options, etc. In addition, each file contains several code
labels connoting various accident event descriptors, e.qg.,
skidding, overturning, head-on collision, avoidance maneuver, etc.
Further, each file contains descriptive data on the roadway, the
weather, the driver, the surrounding area, and other related
information. Each file, in addition, is probably more accurate
than typical mass accident data compilations due to the apparent
care with which the data is treated; no information is available,
however, with respect to the absolute accuracy of the data.

Differences between findings from the two data sets can be
expected to arise from three areas: the differences in the vehicle
populations, the driving environment, and in the kinds of accidents
investigated. Certain imported vehicles are more prevalent in the
Seattle area (e.g., Toyota) than in Texas, for example, and much
more rainy weather occurs in Seattle. The Texas data set was
restricted to single-vehicle accidents, while that from King
County included both single-vehicle accidents and the striking
vehicle in accidents involving two or more vehicles.

The other difference that -may, or may not, 1nfiuence the

findings is in the definition of a "reportable accident." A
“reportable accident" in Texas is one which involves death or
personal injury, or a minimum property damage of $250. A
reportable accident in Washington is one which involves a minimum
property damage of $100.




The findings obtained from analyses of the Texas and King
County accident data are summarized in the next two subsections.
A third subsection follows and contains a discussion of comparisons
and differences as appropriate. Appendix B presents the details
of the analysis of these mass accident data.

5.1.1 Findings from the King County (Seattle) Data. The
accident data file from King County (Seattle), Washington contains

approximately 65,000 vehicle involvements which occurred in 1973.

In analyzing the data, an attempt was made to isolate as much as
possible the influences of vehicle factors on the accident record.
Driver influences were considered only to the extent that the choice
of vehicles by specified segments of the driving population may
affect the accident record of that vehicle. Controls for exposure,
whether for vehicle populations, driver populations, or the

driving environment, were not considered since the required data

do not exist.

The accident data set used in this investigation consisted of
approximately 9,500 vehicle involvements which were filtered from
the original 65,000 cases. Vehicle selection was restricted to
passenger cars and included only those vehicles involved in single-
vehicle accidents or which were the striking vehicle in accidents
involving two or more vehicles. The data set was further limited
to unimpaired drivers and to accidents occurring on wet or'dry
road surfaces only.

In analyzing the data set, 1inks were examined between
specific vehicle, driver, and road classifications in several
categories of accidents. Some specific findings, as obtained
from the King County data analyses, are:

® Vehicles having the highest frequency of accidents
on curves are the sub-compact/mini and sporty
models—some of these vehicles have more than twice
the involvement of the total data sample.
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Accidents on wet surfaces do not show any clear
trends with respect to vehicle types.

Overturning accidents are clearly correlated with
vehicle track width. The Toyota Corona—three times
more involved in overturning accidents than the
total sample—had the narrowest track width.

Rear-end accidents do not strongly correlate with
any particular vehicle class, although the braking
performance and rear-end accident experience of
the Vega and Ford Capri seem to compare well.

"Sideswipe" and turning accidents are more prone to
occur with the larger, more bulky vehicles. Side
visibility, vehicle volume, and handling agility
appear to be important factors in these accidents.

The highest frequencies of skidding accidents

are associated with sporty and sub-compact/mini
type vehicles; the lowest are for the luxury sedan
models (e.g., Cadillac).

Speeding is heavily implicated in accidents involving
super sport and European sport car vehicles; the Teast
involved vehicles are the luxury models.

"Failure-to-yield" and "inattention" accidents are
most commonly encountered with the luxury models.

Vehicles having the most accidents with just one
occupant (the driver) fall into the personal luxury
and sub-compact classes. Surprisingly, the vehicle
most involved in accidents with more than one
occupant is the VW—a load-related hand]ing problem
may exist here. '

Residence proximity seems to have little influence
on accident experience. )
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@® The vehicle body types most highly involved in

accidents according to driver occupation are:

Professional Luxury Sedan
Super Sport

Clerical/Sales Sub-Compact

Super Sport
Skilled/Semi-Skilled Super Sport
Workers Luxury Sedan
Housewives/Domestics Luxury Sedan

Personal Luxury

Students/Children European Sports Car
Sub-Compact/Mini

@® Male drivers have the highest frequency of accidents
in convertibles and super sport classes of vehicles.
@® The most and least involved vehicle body types by
driver age are:
Age Group Most Involved Least Involved
15-19 Specialty/Pony Personal Luxury
20-24 European Sports Car Luxury Sedan
25-29 Sub-Compact : Standard/Full Size
30-34 Personal Luxury Sub-Compact
35-39 Standard/Full Size Super Sport
40-44 Luxury Sedan Specialty/Pony
45-49 Luxury Sedan European Sports Car
50-54 Personal Luxury Sub-Compact/Mini
55-64 Luxury Sedan European Sports Car
>64 Luxury Sedan European Sports Car
@® There is a trend through the age groups from

accidents with the sporty vehicles at the younger
ages, to the smaller domestic vehicles during the
young family years, and to the luxury models in
middle and old age.
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Drivers of smaller vehicles are more involved in
accidents when wearing seat belts than are drivers
of larger vehicles—an exception is the VW where
seat belt usage in accident-involved vehicles is

less than one-half the frequency for the total sample.

Accidents on curved sections of road increase with
the number of vehicle occupants indicating a
handling and/or distraction problem.

The most involved vehicles in accidents on curved
sections of road with more than one occupant are
the sub-compact and sporty types. The VW Beetle
was by far the most involved in these accidents.

Military personnel and students are the driver
occupations most heavily involved in accidents on
curves.

Male drivers, in general, are almost 40% more
involved in accidents on curves than are females
and in particular experience higher frequencies
of accidents on curves for all vehicle body types.

The frequency of accidents on curves decreases with
increasing driver age. '

Significantly fewer accidents occur on curves when
seat belts are used.

There is apparently a stronger dependence on vehicle
body type than on driver age in accidents involving
seat belt usage. ‘

Seat belt usage is apparently an indicator of driver
prudence, in that vehicle types having the lowest
frequencies of accidents on curves also have a low
frequency of accidents on curves when seat belts

are used, i.e., seat belt usage correlates with Tlower
accident experience.
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@ There is a weak indication that the number of occu-
pants in accident-involved vehicles is greater for
older model years than for newer models.

® Drivers in the professional and clerical/sales occu-
pations show a tendency toward having higher frequencies
of accidents with later model year vehicles; this
trend is reversed for skilled/semi-skilled workers and
students.

@® There are no clear trends in the ratio of accidents
with male drivers relative to accidents with female
drivers as a function of model year.

@® Among the driver age brackets, only the 15-19-year age
group experiences a higher frequency of accidents with
older vehicles.

It should be kept in mind that the above findings are based
on accident frequencies. For example, the first finding ....
"Vehicles having the highest frequency of accidents on curves are
the subcompact/mini and sporty models—..." could also be inter-

preted as "...subcompact/mini and sporty models have lower fre-
quencies of accidents on straight sections of road." Thus, the
frequencies indicated in this analysis represent the proportion
of accidents of a particular type as experienced by a particular
class of vehicle when compared to the total number of accidents
of that class of vehicle. In the case of the first finding, the

frequency for subcompact/mini vehicles would be computed as follows:

% Accident on Curves: Subcompact/Mini

- (Number Accidents on Curves: Subcompact/Mini) x 100
Total Accidents Involving Subcompact/Mini Cars

A true accident rate, of course,would account for the total number
of miles driven by subcompact/mini vehicles and would be reported
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in accidents on curves per mile of travel on curves. The mileage
driven by individual vehicle makes is not available in King
County, however, nor is the more refined statistic pertaining to
miles driven on curves for individual vehicles. Without such
exposure information, one is left to use accident frequencies
(and not accident rates) as a means of establishing trends. The
pitfalls in this procedure are real and a cautionary attitude in
the interpretation of these findings is well advised.

5.1.2 Findings From the Texas Data. The accident data file

from the State of Texas used in this study was derived from a 5%
random sample of the vehicles involved in accidents during 1973,
constituting approximately 39,000 vehicle involvements. As was
the case in using the King County data, the Texas data were
filtered so as to include only passenger cars, unimpaired drivers,
and wet or dry road conditions. Unlike the King County data set,
the Texas data set was limited to just single-vehicle accidents.
As a consequence, the number of data elements in the Texas data
set (2622 cases) is considerably less than was the case for the
King County data set. The fewer data elements, clearly, restricted
the level of complexity of the questions that could be addressed.
For example, many questions that could be addressed in terms of
specific make and model in the King County data set had to be

restricted to the broader classification of body type for the Texas
data set.

Specific findings obtained from the analysis of single-
vehicle accidents drawn from the Texas 5% sample are:

@® Small vehicles tend to have the highest frequencies
of accidents on wet roads.

® Smaller vehicles tend to be over-involved in accidents
on curved roads.

® In accidents involving loss of control, the sports
cars and the large cars are under-involved, while the
smaller vehicles are over-involved.
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@® There does not appear to be any correlation between
body type and loss-of-control accidents on wet roads.

@® There is a clear correlation between body type and
overturning. The sports cars and larger vehicles are
under-involved, while the smaller vehicies, especially
the Volkswagen Bug, are over-involved.

® \Vehicle size seems to have a direct cor'relation to
hitting parked cars. The larger body types have the
highest frequencies and the smaller body types the
Towest frequencies.

@® There is no obvious trend among accidents with just
one occupant.

©® Smaller vehicles are involved in more accidents in which
a speeding violation is cited, while larger vehicles are
less involved.

® Male drivers are over-involved in accidents with sporty
vehicles.

@ VYounger drivers are over-involved in accidents on wet
roads.

@® There were about 2-1/2 times more males involved in
accidents than females.

@® For those drivers involved in accidents, the mean age
of the male driver is 3.2 years younger than the female
driver.

@® The mean age of drivers involved in accidents ranges
from about 19-27 for the smaller cars and 25-40 for the
larger cars. Although some overlap exists between the
two categories, it is clear that the average driver of a
small car who is involved in an accident is several
years younger than the average driver of a Targer car
involved in an accident.
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® The mean age of drivers involved in accidents on
curved roads is about three years less than the mean
age of all drivers involved in accidents.

As with the King County data set, it should be kept 1in mind that
these findings are based on an analysis of accident frequencies
and not accident rates.

5.1.3 Comparisons. An examination of the specific findings
cited in Subsections 5.1.1 and 5.1.2 show some agreement, some
disagreement, and many findings which are not related. The latter
situation results from the differences in the way the two accident
data sets are coded. In areas where the codings are similar,
however, some interesting comparisons can be made.

Table 5.1 consists of rankings of several kinds of accident
descriptors for various vehicle body types. (See Appendix B
for the body type classifications into which specific make/model
classes fall.) Rankings are given for both the Texas and King
County data with the Towest ranking numbers representing the
greatest involvement with that kind of accident descriptor. For
example, the subcompact/mini class had the highest frequency of
accidents on curves in Texas. The bodyvtype categories are ordered,
more or less, in increasing size from the top down with the excep-
tion of the lowest three body types. These latter three are
considered to be in a separate specialty/pony category.

The first four columns on-the left, i.e., Accidents on Curves,
Accidents on Wet Roads, Overturning Accidents, and Accidents with
One Occupant Only, are accident classifications that are asso-
ciated with vehicle handling factors. The four columns on the
right, i.e., Male Drivers, Drivers Between Ages 15-19, Mean Driver
Age, and Mean Model Year, represent factors that are associated
with various measures of vehicle exposure.
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When the rankings for King County and Texas are averaged,
there is a rough increase in accident frequencies with vehicle
size for Accidents on Curves, Accidents on Wet Roads, and Over-
turning Accidents. Accidents with One Occupany Only seem to peak
in the intermediate to standard size body types, although the
pattern is weak. (The purpose of including Accidents with One
Occupant Only is to explore the possible influences of vehicle
loading on accident frequencies. Loaded vehicles, particularly in
the rear, generally have less understeer and a lower static margin
and hence may exhibit poorer handling qualities. Vehicles
exhibiting higher frequencies of accidents with more than one

occupant could, presumably, be experiencing load-related handling
problems, namely, the vehicles exhibiting the lowest frequencies
of accidents with one occupant only.) If there is any handling

problem deriving from loading, it would be expected to appear
with the smaller vehicles, since any load added to a smaller
vehicle represents a greater proportion of the total weight of
the vehicle. As is evident, however, no clear trend is apparent.

On examining the four exposure columns on the left of Table
5.1, the one that stands out is Mean Driver Age, in that there is
a monotonic increase in driver age with increasing vehicle size.
Another interesting feature in Table 5.1 pertains to the differ-.
ences in mean age of the drivers in the King County accident data
set as compared to the Texas data. The Texas data, it may be
recalled, contains only single-vehicle accidents, while the King
County data contains both single-vehicle accidents and the striking
vehicle in accidents involving two, or more, vehicles. It is
known, generally, that the mean age of drivers involved in single-
vehicle accidents is lower than for accidents as a whole. Thus,
the bias toward lower mean driver ages in the Texas data is to be
expected. The differences, ranging between one and six years,
seem high, however.
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The highest percentages of male drivers involved in accidents
are associated with the super sport vehicles. No clear pattern
of male involvements is apparent in the other vehicle classes.

The preponderance of accidents involving drivers aged 15-19
years is concentrated among specialty/pony, European sports car
and smaller class vehicles.

The Mean Model Year of vehicles in the subcompact and sub-
compact/mini classes is two to three years younger than the other
classes. This finding results from the recent large increase of
these smaller vehicles as a result of their wider manufacture in
the United States in the years 1970-1973 and the growth in import
car sales.

More specific comparisons of the King County and Texas data
sets show some interesting results. Tables 5.2 and 5.3 show per-
cent accidents on curved sections of road as a function of vehicle
make and model for the King County and Texas data sets, respectively.
0f the top six over-involved vehicles from the King County data,
four are also over-involved in the Texas data. The only contra-
dictory finding involves the Pinto—over-involved in accidents on
curves in King County, but under-involved in Texas. Again, as a
point of information, the percentages given were computed as
follows, e.g., for the VW:

% VW Accidents on Curves

_ (Number of VW Accidents on Curves) x 100
Total Number of VW Accidents

The high percentage of smaller vehicles involved in accidents
on curves suggests that vehicle handling may possibly be a factor
here. It should be kept in mind, however, that, as per Table 5.1,
smaller vehicles are usually driven by younger drivers, and younger
drivers characteristically have higher accident frequencies than
average. One is left, apparently, then, with the chicken-eqg
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Table 5.2. Seattle Single-Vehicle and Striking Vehicle
Percent Accidents on Curved Sections of Road.

Vehicle Make/Model

Make/Model % Involvement (N)

Most Involved

Opel Kadett, 1900, Ralye 25.0 (56)
VW Beetle 19.5 (41)
Toyota Corona, Crown 18.6 (97)
Pinto 18.2 (214)
Cougar 18.0 (89)
Dodge Coronet, Charger 17.9 (123)
Least Involved
AMC Classic, Rebel, Matador 5.7 (88)
AMC Ambassador 7.0 (43)
Chrysler 7.1 (126)
Thunderbird, Landau 7.7 (104)
Cadillac Calais, DeVille, Brougham 7.7 (78)
Electra 225 _ 9.1 (55)
" 01ds F-85, Cutlass, Vista-Cruiser 9.1 (153)
Total % Involvement ' 13.5 (9,523)

g = {100) Accidents on Curves for a Given Make/Model
Total Accidents for a Given Make/Model
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Table 5.3. Texas Single-Vehicle Percent Accidents
on Curved Sections of Road.

Vehicle Make/Model

ake/Model

Most Involved

VW Beetle

Opel Kadette, Other
Dodge Coronet, Charger
Camaro

Toyota Corona, Unknown

Least Involved

9 =

Cadillac DeVille

Buick LeSabre, Wildcat
Thunderbird

Pinto

Ford LTD

Total % Involvement

% Involvement (N)

24.6 (118)
21.1 (19)
18.2 (66)
16.7 (54)
16.3 (43)
0.0 (21)
1.8 (55)
4.0 (25)
4.3 (46)
5.7 (70)

11.4 (2,622)

_ (100) Accidents on Curves for a Given Make/Model

Total Accidents for a Given Make/Model

59




dilemma. In order to point up the situation, consider Table 5.4
which shows the mean driver age for the vehicles Tisted in
Tables 5.2 and 5.3 as being most involved in accidents on curves.

Table 5.4. Driver Age Versus Make/Model Identified as
"Most Involved" in Accidents on Curves.

Mean Driver Age

Vehicle King County (Seattle) Texas
Opel Kadette 24.6 20.9
VW Beetle 26.6 22.5
Toyota 27.8 23.9
Pinto 28.4 25.2
Cougar 29.9 --

Dodge Coronet, Charger 29.3 26.1
Camaro 241 22.4

Similarly, consider the same information (Table 5.5) for the
vehicles listed in Tables 5.2 and 5.3 as being least involved.

Table 5.5. Driver Age Versus Make/Model Identified as
“Least Involved" in Accidents on Curves.

 Mean Driver Age

Vehicle King County (Seattle) Texas
AMC Classic, Rebel 34.9 --
AMC Ambassador . 38.6 --
Chrysler 43.6 : 36.4
Thunderbird ' 35.1 33.2
Cadillac 44.3 43.0
Buick Electra 39.3 --
Olds F-85, Cutlass, etc. 35.0 27.4
Buick LeSabre 38.9 37.2

Ford LTD | - 33.0




~ The most striking comparison between Tables 5.4 and 5.5 is that
the mean ages of drivers are all under 30 years for the most
involved vehicles and, with the exception of one case, are all
over 30 years for the least involved vehicles. The cause-effect
relationship in vehicle handling accidents with respect to vehicle
properties and driver skill/attitudes/experience is, therefore,
not resolved.

As a final note, the finding that the Pinto is most involved
in curve accidents in King County and least involved in Texas
cannot be explained by age considerations. A difference in
exposure to driving on curves may be a factor here, but this
statement is only speculation.

A comparison of accidents on wet surfaces in King County

and Texas is shown on Tables 5.6 and 5.7, respectively. The make/
model comparisons between most involved and least involved
vehicles on these tables do not compare nearly as well as do the
data drawn from accidents on curves. One reason is due to the
fact that the make/model classifications for the two sets of data
do not match one-to-one. Another is that many make/model classes
in the Texas data were not involved in enough accidents to produce
any meaningful statistical information. Falling into this
category are the AMC Ambassador, the Buick Riviera, and the
Mercury Cougar which were most involved in wet surface accidents
in King County, but were not among those evaluated in Texas due to
too few accident cases. If these three vehicles are removed from
the King County data set and the next three vehicles in order of
percent involvement are added, then the listing of the most

involved vehicles on Table 5.6 reduces to the following tabulation:

Make/Model % Involvement (N)
Valiant, Duster 42 (188)
Plymouth Belvedere, Satellite, GTX 41 (156)
Vega 41 (152)
Chevrolet Chevelle, Nomad, 40 (235)
Greenbrier
Opel Kadette, 1900, Ralye : 39 (56)
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Table 5.6. Seattle Single-Vehicle and Striking Vehicle
Percent Accidents on Wet Surfaces

Vehicle Make/Model

Make/Model % Involvement (N)

Most Involved

AMC Ambassador 47 (43)
Valiant, Duster 42 (188)
Plymouth Belvedere, Satellite, GTX 41 (156)
Vega 41 (152)
Riviera 40 (50)
Chevrolet Chevelle, Nomad, Greenbrier 40 (235)
Cougar 39 (89)
Least Involved
Ford Capri 23 (61)
AMC Gremlin 25 (20)
Buick LeSabre, Wildcat, Centurion 26 (96)
Buick Electra 225 | 26 (55)
AMC American, Hornet ' 27 (67)
Mercury Monterey, Parklane, Marquis 27 (102)
Buick Special, Skylark, Sportwagon 28 (133)
Total % Involvement 36 (9,523)

y = (100) Accidents on Wet Surfaces for a Given Make/Model
Total Accidents for a Given Make/Model
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Table 5.7. Texas Single-Vehicle Percent Accidents
on Wet Surfaces

Vehicle Make/Model

Make/Model ' % Involvement (N)

Most Involved

Opel Kadette, Other 42.1

(19)
Buick Skylark, Special 38.2 (34)
Valiant, Duster 33.3 (54)
Pinto 32.6 (46)
Vega 32.3 (31)

Least Involved
Dodge Dart, Swinger 13.9 (36)
Cadillac DeVille 14.3 (21)
Ford LTD 15.7 (70)
Thunderbird 16.0 (25)
Plymouth Belvedere, Satellite 17.6  (34)
Total % Involvement 21.9 (2,622)

y = (100) Accidents on Wet Surfaces for a Given Make/Model
0 Total Accidents for a Given Make/Model
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Each of these make/models has a counterpart in the Texas data

and it can be noted that three of the top five most involved
vehicles in King County also make up three of the top five most
involved vehicles in Texas. It is evident, then, that there is

a reasonable comparison among make/models for accidents on wet
surfaces in the two sets of data. It should be noted that driving
conditions in the two areas differ substantially. Whereas Texas
can generally be classified as dry and flat, King County is just
the opposite. This difference accounts for the larger percentage
of wet surface accidents in King County. The similarity in
findings obtained from such diverse driving environments is even
more remarkable.

Overturning accidents are compared on Tables 5.8 and 5.9 for
the two data sets. Four out of the top six vehicles most involved
in overturning accidents in King County also make up four of the
top five vehicles most involved in overturning accidents in Texas.
Overturning accidents are the most recognizable accident type
that can be associated with a vehicle design property. The over-
turning potential of a vehicle is, among other things, directly
related to the ratio of its center-of-gravity height to track
width. Since the height of the center of gravity is largely
determined by ground clearance and the size of people, it does not
vary greatly from vehicle to vehicle. Consequently, the major
factor determining the overturning potential is track width. In
the data shown on Tables 5.8 and 5.9, the vehicles showing the
highest frequencies of rollover accidents are also the ones with
the narrowest track widths. For example, prior to the 1974 models,
the Toyota Corona had the narrowest track of any of the vehicles
Tisted (51.2 in. track in front and 50.4 in. in the rear). By
comparison, the VW Beetle has a front rack of 51.5 in. and a rear
track of 53.1 in. The front and rear track of the Pontiac Fire-
bird are 61.3 in. and 60.0 in., respectively. A1l vehicles in
the "Most Involved" category have track widths of 57.5 in., or
less, with the exception of the Plymouth Belvedere/Satellite model.
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Table 5.8. Seattle Single-Vehicle and Striking Vehicle
Percent Overturning Accidents

Vehicle Make/Model

Make/Model

Most Involved

Toyota Corona, Crown
Ford Capri

VW Beetle

Vega

Pinto

Valiant, Duster

Least Involved

%

Ford Fairlane, Torino, Falcon

0ldsmobile F-85, Cutlass,
Vista-Cruiser

Chrysler
Thunderbird, Landau
Cougar

Firebird

Total % Involvement

% Involvement (N)

8.4
4.9
4.9
3.9
3.7
3.4

O O O o o

2.8

(274)

(153)
(126)
(104)
(89)
(60)

(9,523)

_ (100) Overturning Accidents for a Given Make/Model

Total Accidents for a Given Make/Model
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Table 5.9. Texas Single-Vehicle Percent
Overturning Accidents

Vehicle Make/Model

Make/Mode]l % Involvement (N)

Most Involved
VW Beetle 13.6 (118)
Toyota Corona, Unknown 7.0 (43) 1
Pinto 6.5 (46)
Plymouth Belvedere, Satellite 5.9 (34)
Valiant, Duster 5.6 (54)

Least Involved
Chevrolet Chevelle 0.0 (130)
Pontiac Bonneville, Catalina 0.0 (67)
0ldsmobile 88 0.0 (58)
Buick LeSabre 0.0 (55)
Chevrolet Camaro | 0.0 (50)
Chrysler . 0.0 (50)

Total % Involvement 2.5 (2,622)

g = (100) Overturning Accidents for a Given Make/Mocdel
Total Accidents for a Given Make/Model
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'A11 vehicles in the "Least Involved" category have track widths

of 58.5 in., or over, with some as high as 63.5 in. The data show
the importance of track width in reducing overturning potential,
although again, as shown in Table 5.3, the majority of the most
involved vehicles are also driven by younger drivers.

Accidents on curves, on wet surfaces, and overturning acci-
dents represent three accident categories where vehicle handling
problems may become evident. Other accident descriptors such as
loss of control, skidding, rear-end collision, sideswipe, wet-curve
involvements, number of vehicle occupants, driver occupation, driver
age and sex, and many others may provide information concerning the
influence of vehicle handling on accident causation. These factors,
and others, as could be investigated with the King County and
Texas data are discussed in Appendix B.

5.2 The CPIR Data File

The CPIR Accident Data File consists of accident data which
is recorded on the General Motors Collision Performance and Injury

Report Long Form. The file consists of cases reported by Multi-
Disciplinary Accident Investigation (MDAI) teams under the sponsor-
ship of the National Highway Traffic Safety Administration, the
Motor Vehicle Manufacturers Association, and the Canadian Department
of Transportation. As of March 1975, there were 7,799 case

vehicles coded in the file.

The purpose in examining the file was to determine whether
there was any information which could be immediately utilized in
shedding some light on the role of vehicle handling in accident

-causation. It was anticipated that subsequent work would involve
developing indepth accident data collection methods which would be
oriented toward the identification of vehicle handling factors in
accidents. These methods would then be used to collect a set of
accident cases—specifically investigated for vehicle handling
factors—which should be used as a data set for statistical
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analysis. Ultimately this data set would be used to determine

the role of vehicle handling in accident causation in statistical
terms. As a first step, however, it was of interest to determine
what could be done with the data already in the CPIR file.

In making this assessment, it appeared advisable to filter
out passenger car accidents wherein only unimpaired drivers were
involved. (See the discussion in Section 3 regarding the rationale
for restricting vehicle handling accidents to those involving
unimpaired drivers.) A vehicle handling accident, at this juncture,
was determined to be one where the driver attempted to execute an
avoidance maneuver prior to the collision events. Using this

filtering rationale, some 722 CPIR accidents were identified where
the driver attempted to brake (348), steer (91), brake and steer
(268), accelerate (11), or accelerate and steer (4). A sample of
twenty-four of these 722 cases were then carefully reviewed for
purposes of determining whether vehicle handling factors were a
causative mechanism in the accident [34]. Ten of the cases involved
braking maneuvers only, ten involved steering maneuvers only, and
the remaining four involved braking and steering. The twenty-four
cases are identified in Table 5.10.

In this review, vehicle handling was considered to be a
causative factor if a better performing vehicle or a more determined
driver action could have avoided the accident (see Section 3.2).

In order to decide whether vehicle handling was a factor, enough
information had to be available in a given report to reasonably
reconstruct the vehicle paths and associated driver control actions.
Seventeen of the cases had this degree of information, although
‘none were informative enough to pin-point the sequence of driver
perception, decision making, and control action.

In all seventeen of these cases, it could reasonably be
concluded that the driver of the case vehicle was a causative
factor in the accident. In no case could it be definitely concluded
that a better performing vehicle (e.g., shorter braking distance,

68

e



Table 5.10. CPIR Cases Reviewed for Vehicle Handling Factors

Case Description

A. Vehicle Handling: Accidents Involving Only
Braking Maneuvers

1. AA-144 Car-to-Car Rear-End Impact/Unlicensed Driver!
2. AA-324 Passenger Car/Pedestrian!

3. AA-105 Car/Car/Rear-Impact!

4. 4-ME-13 Auto/Auto/Front-End/Rear-End?

5. MVD-10 Auto/Auto-Rear-End?

6. AA-197 Motorcycle/Car Head-On!

7. 201 Pedestrian/Car Collision!

8. AA-195 Car/Pedestrian Collision!

9. B.U.71-14 Car/Car Angle Collision3

10. 4-ME-20 First Impact - Auto/Truck/Auto?

Second Impact - Auto/Auto/Freeway

B. Vehicle Handling: Accidents Involving Only
Steering Maneuvers

1. 71-368 Three Vehicles: Front to Side, Side to Side®
2. 025-71 Car/Parked Cars/Collision*

3. 71-3 Car/Car - Intersection®

4. 64 . Car/Car Front-to-Rear Collision®

5. 36 Fixed Object Impact5

.6. 4-ME-37 Auto/Truck - Head-0On2

7. 4-ME-26 Auto/Auto - Left Front/Left Front?2

8. AA-344 Single Vehicle/Loss of Controll

9. AA-140 Two Car/Head-On Collision!

10. AA-302 Passenger Car/Right-Angle Intersection

Collision with Passenger Car!
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Case

1. UNM 66
2. MI-325
3. HSRI-454
4. OK-333

Table 5.10 (Cont.)

C. Vehicle Handling: Accidents Involving Braking
and Steering Maneuvers

Two Vehicle Intersection Collision?
Car/Car Head-0On®
Car/Loss of Control!l

Car/Loss of Controll

Authors

lHighway Safety Research Institute
2Bayor College of Medicine
3Boston University

“Accident and Defect Investigation Division,
Ottawa, Canada

SCornell Aeronautical Laboratory
University of Southern California
7University of New Mexico
8University of Miami
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or shorter turning radius) would have prevented the accident.

There were, however, six cases where vehicle performance may have
been a contributing factor which precipitated the accident. These
included loss of control events in cases A-197, 025-71, 36, AA-344,
HSRI-454, and 0K-333. The separate contributions of the driver

and vehicle (as well as perhaps the roadway) could not be reasonably
determined with the information available, however.

It is evident that the CPIR accident file, as presently
constituted, is not suited for making decisions in a deterministic ]
manner regarding the presence, or lack thereof, of vehicle handling

factors in case accidents. A more specific scheme for gathering
information will be required which is specifically oriented toward
reconstructing the pre-crash phase of the accident—the phase in

which vehicle handling factors are most important. Such a scheme
is presented and discussed in Section 7 and Appendix D of this

R L

report. Even with the aid of the proposed scheme, the pin-pointing
of events involving driver perception, decision making, control
actions, etc., will be most difficult. At least as difficult will
be the task of assessing the interaction between the driver, the

450 w5

vehicle, and the road surface in arriving at final decisions with
respect to the causative factors.

If, on the other hand, the CPIR data is contemplated for use
as a data base for making statistical inferences regarding the role J
of vehicle handling in accident causation, then other difficulties :
will arise. These difficulties are discussed (more appropriately) ;
in Section 7. i
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6.0 SELECTION OF VEHICLE HANDLING PERFORMANCE DESCRIPTORS AND
CONSTRUCTION OF A VEHICLE HANDLING DATA FILE

In determining the role of vehicle handling in accident
causation, it is necessary to break down the elements of a
passenger car into those qualities, quantities, descriptors,
dimensions, etc., that describe its handling performance. Next
it is necessary to do the same with the accident event, i.e., break
down the event into its elemental descriptors, each of which may
have a connection with the vehicle handling properties of the
driver/vehicle/road-surface system. Having performed these tasks,
one must proceed to (1) collect the necessary vehicle and accident
data and (2) construct the related computerized data files. The
final step is that of computing normalized accident rates and
analysing the resultant data for correlations between vehicle
descriptors, accident descriptors, and accident rates. This latter
task is exceedingly complex and the next section of this report
(Section 7) discusses this crucial aspect of the overall methodology.

The process of defining and selecting vehicle handling
descriptors is discussed below. Following consideration of each
of the steps employed in this task, decisions are made as to the
form and content of a vehicle handling data file as governed by
practical considerations and available data.

6.1 Selection of Vehicle Handling Performance Descriptors

The method used to formulate a set of passenger car properties
sufficient to describe its handling performance involved the
"following five steps:

1. identify vehicle characteristics governing driver
behavior and risk perception

2. identify vehicle characteristics governing driver-
vehicle performance in accident avoidance maneuvers
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3. identify the descriptors defining the initial
conditions and control failures leading to an
accident event

4. formulate hypotheses Tlinking accident descriptors
to vehicle performance descriptors

5. define needed accident data and vehicle
performance data

Each of these steps is defined in the following subsections.

6.1.1 Vehicle Characteristics Governing Driver Behavior

and Risk Perception. The objective here is to identify all aspects

of driver-vehicle control and vehicle response characteristics that
could conceivably influence a driver's perception of the degree to
which he is driving in a prudent (i.e., "safe") manner. 1In
identifying these characteristics, it is reasonable to consider

the manner in which a driver perceives risks and establishes his
driving norm. It is further reasonable to identify those charac-
teristics that influence the driver's perception of the controllability
and stability of his vehicle. To the degree that a driver gains
the impression that his vehicle 1is highly controllable and is in-
sensitive to external disturbances, it can be assumed that a driver
perceives his vehicle to be "roadworthy."

Nine characteristics have been postulated as probable influ-
ences of the driver's perception of the roadworthiness of his
vehicle:

(1) acceleration produced in response to throttle
over the range of operating speeds

(2) ability of the driver to modulate the thrust of
the drive wheels so as to prevent wheel spin

(3) ability of the driver to modulate his braking
input so as to achieve a desired deceleration
and prevent lockup of either the front or rear
wheels

74



(4) lack of a directional response to a braking input

(5) ability of driver to perceive tire-road traction
levels as influenced by road conditions

(6) change in the static and dynamic response to steer-
ing over the range of operating speeds

(7) amount of and change in the directional response
resulting from road camber and cross-winds over
the range of operating speeds

(8) degree to which a braking/turning maneuver is
affected by road roughness causing a jounce/
rebound response of the running gear

(9) level of operator comfort as influenced by seating,
ride motions, noise, vibration, etc., over the
range of operating speeds.

Given that the above nine characteristics or qualities con-
stitute the performance factors that influence the driver's
conscious or subconscious attitude towards the roadworthiness of
his vehicle, methods are then required for defining these qualities
in objective terms. By andllarge, however, the premise that
driver perception of roadworthiness influences the process by which
drivers make judgments relative to the prudency of their driving
behavior is largely unexplored. Consequently, to a large extent,
logic and intuitive reasoning must be used to develop the required
objective measures. The required list, developed on this
intuitive basis, follows in Table 6.1.

6.1.2 Vehicle Characteristics Governing Driver-Vehicle

Performance in Accident Avoidance Maneuvers. Vehicle character-

istics governing driver-vehicle performance in accident-avoidance
maneuvers are not necessarily those which can be or are perceived
by a driver in his assessment of vehicle roadworthiness. Although
there are no data to indicate that this hypothesis is valid, it
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Table 6.1.

Performance Measures and/or Design Parameters Serving

to Quantify Driver Perception of Vehicle Roadworthiness

Quality

(1) acceleration produced
in response to throttle
over the range of operating
speeds

(2) ability of driver to
modulate the thrust of the
drive wheels so as to prevent
wheel spin

(3) ability of the driver
to modulate his braking input

(4) lack of a directional
response to a braking input

(5) ability of driver to
perceive tire-road
traction Tevels
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Measure or Parameter

(a) transient response of
engine to step throttle
displacement at specified
road-loading conditions

(b) velocity vs. time
performance data

(c) maximum speed on level
grade

(d) integral of thrust
available minus level
road-load thrust

(e) ratio of engine horse-
power to weight of vehicle

(a) accelerator-pedal dis-
placement per unit dis-
placement of the throttle
valve

(b) tightness of throttle
control and Tevel of
friction in the throttle-
control system

(c) response time of the
engine-driveline system

(d) accelerator pedal force
per unit displacement of the
pedal

(a) pedal-force/deceleration
gain

(a) magnitude of king-pin
offset

(a) magnitude of dry friction
in the steering system

(b) presence/lack of power-
steering system

(c) radius of gyration in
yaw ratioed to the wheelbase
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Table 6.1

Quality

(6) change in static and
dynamic response to steering
over the range of operating
speeds

(7) amount and change of
directional response resulting
from road camber and crosswinds

(Cont.)
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Measure or Parameter

(a) understeer level and
change in understeer with
vehicle payload

(b) total cornering
coefficient of the installed
tires and its variation with
payload

(c) body roll per unit
lateral acceleration

(d) level of roll damping

(e) ratio of c.g. height
to track width

(f) radius of gyration in
yaw ratioed to the wheelbase

(a) understeer level and
change in understeer with
vehicle payload

(b) roll compliance-roll
steer product




can be conceived that there are vehicles that cause a driver to
behave in a very cautious or overly prudent manner even though

the emergency maneuvering capability of the vehicle is reasonably
high. Consequently, it becomes necessary to identify those
characteristics or qualities that are presumably relevant to
accident avoidance, per se, rather than to the driver's impression
of the degree to which he can exercise control.

Ten general categories of performance characteristics,
postulated to influence or constrain the ability of a driver-
vehicle system to avoid an accident, are listed below. An under-
standing of the mechanics of tire-vehicle systems, as currently
exists, is employed to (1) identify specific open-loop measures
of vehicle performance, (2) specify mechanical properties of the
system, and (3) specify design parameters that are either known to
- influence driver-vehicle performance or can be postulated as a
likely determinant of driver-vehicle performance in accident-
avoidance maneuvers. These measures/properties/parameters are
tabulated in Table 6.2 to the right of the emergency maneuvering
characteristics with which they are associated. The symbols and
notations used are taken from Reference 35 and are defined at the
end of Table 6.2.

6.1.3 Accident Event Descriptors. It appears reasonable

to break down an accident event such that four categories of
descriptors can be used to identify the characteristics of the
event. The postulated categories are:

1. The "initial conditions" describing the driver/
vehicle/road-surface system prior to the accident
event.

2. The circumstances precipitating the accident.

3. The contributing judgments, decisions and actions
of the driver.

4, The path of the vehicTe(s).

Table 6.3 constitutes a delineation of each of these descriptor
categories.
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Table 6.2. Emergency Maneuver Performance Measures

Characteristic/Quality

(1) lateral or curvilinear
motion capability on dry
road surfaces

(2) qualities inhibiting or
promoting driver ability to
utilize the max. curvilinear
capability in a controllable
manner
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Measure/Parameter

(a) 1imit response to
trapezoidal steer input of
o'=24, as measured by the
response numeric Rg(1/R)
(35] ave

(b) 1imit steady-state
lateral acceleration in a
constant-velocity turn
(i.e., in a standard skid-
pad test)

(c) product of the ratio of
track width to c.g. height

and peak value of FY/FZ)tire’

as measured at FZ = Car Weight/4

(a) early saturation of
cornering capability as
measured by value of

Oéaturated/24 [35]
(b) aRS(]/R)ave/ao'

(c) magnitude of peak side-
slip response at ¢'=24 [35]

(d) nonlinear increase in

peak sideslip rate as
RS(]/R)ave increases as
measured by O'break/24’ where
°6reak is the value of normal-

ized steer angle at which the
departure from quasilinear
behavior occurs [35]

(e) magnitude of &g, when

' =o' at which Rs(l/R)
first reaches a maximum

ave

= L
(Gsw = Ng 10 ° ) [35]



Table 6.2

Characteristic/Quality

(3) straight-line decelera-
tion capability without loss
of steering control and
directional stability (on
dry surfaces)

(4) straight-line decelera-
tion capability without loss
of steering control and
directional stability (on
wet road surfaces)

(5) qualities inhibiting or
promoting driver ability to
utilize maximum stopping
ability

(Cont.)
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Measure/Parameter

(f) time delay between
initiation of trapezoidal
steer input and peak value
of yawing velocity response
(35]

(g) damping ratio of the
roll oscillations of the
sprung mass

(h) damping in yaw as defined
by the ratio rp to min
(following rp) as a function

of o' [35]

(a) limit wheels-unlocked
deceleration capability

(a) classical measure of
braking efficiency on a
wet road

(b) ratio of gross net area
of tire footprint :

(¢) product of (a) and (b)

(a) order of wheel lockup
on dry road surface

(b) order of wheel lockup
on a wet road surface

(c) deceleration/pedal-
force gain

(d) pedal force capability
of the 50 percentile female
driver minus the pedal force
required to Tock the wheels
on a dry road surface




Table 6.2.

Characteristic/Quality

(6) capability to execute a
fast Tane change with a
symmetric (bipolar) steering
input

(7) qualities which make a
vehicle forgiving to steering
errors in a fast lane change

(Cont.)
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Measure/Parameter

(e) damping ratio of the
pitch oscillations of the
sprung mass

(a) product of Ay and A
produced at 3.4 sec. follow-
ing a 2-sec. sine wave of

steering with °=°)Amin

(evaluate this product for
steer right first and steer
left first at V=45 and 60
mph) average results for
both speeds to yield a
separate numeric for steer
right first and steer left
first [35]

(b) above numerics averaged
for right and left Tane
changes

(c) numerics in (a) sub-
tracted to yield a measure
of asymmetry in behavior

(a) response to a 2-sec. sine
wave of steering as quanti-
fied]8by the integral

]gcbdcs where ¢ = radius vector

from original to the ep VS,

A curve and o is the variable
along the curve (evaluated
separately for V=45 mph and
60 mph) [35]

(b) mean of the above numeric
as evaluated for the two speeds

(c) response to a 2-sec. sine
wave of steering as quantified
by
18

Bp(o) x A (o)

0=2



Table 6.2.

Characteristic/Quality

(8) resistance to rollover
in maneuvers causing large
side forces to be created
at tire-road contact

(9) deceleration capability

.in a turn before encountering
loss of steering control or
directional instability due to
lockup of front or rear wheels,
respectively

(Cont.)
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Measure/Parameter

(evaluated separately for
45 and 60 mph) [35]

(d) mean of the numerics in

(c) as evaluated for the two
speeds .

(a) product of

N
1
L I | Z%
max i=1 "4
where ¢p|max is the maximum

value of ¢p obtained in the
total series of N test runs and

LD

i=1

b is the average
i _
of the value of ¢_ attained in
N test runs [35]

(b) ratio of height of c.qg.
above ground to the average

“track width

(c) ratio of height of car

to average track width
multiplied by a constant that
reflects the ratio of c.qg.
height to total height

(a) maximum value of Al ave

achieved prior to wheel lock
in a right turn and in a
Teft turn [35]

(b) mean of the two numerics
defined in (a)




Table 6.2

Characteristic/Quality

(10) qualities inhibiting or
promoting driver ability to
stay in a curve during braking

(11) ability of vehicle to
"hold the road" in the
presence of road roughness

(Cont.)

Measure/Parameter

(a) product of
1 -
x A
Ro ]/R:Ipeak X»ave
where Ro(l/R)lpeak is the

minimum value of the average
path curvature ratio as a

function of Ax'ave and

Axlave isthe value of Axlave

at which the maximum value
of Ro(1/R) is obtained [35]

(a) mean value of Ro(l/R)

averaged over all runs for
all three roughness
frequencies [35]

SYMBOL INDEX

Symbol Definition

Ax Longitudinal acceleration of vehicle

Fy Lateral force on vehicle

Fz Vertical force on vehicle tires

L Wheelbase

Ng Steering gear ratio

r ' Yaw rate

R Instantaneous radius of curvature

'RO Initial radius of curvature

Rs Radius of curvaturé for a steady 1 g
turn at 40 mph

B Vehicle sideslip angle
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SYMBOL INDEX (Cont.)

Symbol Definition
6sw Steering wheel amplitude for sine steer
tests

=§§%UN9;0=2,4,6,8,12,16

A Lane change deviation in sinusoidal
steer tests (see Reference 35 for a more
complete definition)

g Normalized steer angle in trapezoidal
steer tests

¢ Rol1l angle
1 Heading angle
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Table 6.3. Accident Event Descriptors

I. The Initial Conditions

1.

Vehicle descriptors

(a)
(b)
(c)
(d)
(e)

make, model, and model year
engine size

type of transmission

power boosts on controls, if any

make, size, and model of installed tires

Vehicle operational-status descriptors

(a)

(b)

(c)

(d)
(e)

(f)

mechanical condition of steering and
suspension components

modifications, if any, to steering and
suspension components

passenger/payload weights and distribution,
including fill status of the fuel tank

cold inflation pressures of intact tires

speed of vehicle prior to control action
or maneuver decision

location of vehicle with respect to
leading and following elements in the
traffic stream

Tire-road interface descriptors

(a)
(b)

(c)

presence/absence of interfacial contaminant

measure of frictional quality of roadway
under the prevailing contaminant condition

depth of tread on each tire

presence and amount (i.e., magnitude) of road
profile having a frequency content that would
excite a significant response (jounce/rebound)
of the tire-wheel system leading to effective
reductions in tire-road contact
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Roadway descriptors

(a)

(b)

(c)

(f)

roadway geometry (tangent, curve, grade,
entry/exit ramp, intersection) requiring
a maneuver independent of the maneuver(s)
associated with the accident

posted speed at location where accident
occurred

85th percentile speed of traffic at
location where accident occurred

external distractions (scenery, pedestrians,
etc.)

general visibility of roadway, traffic,

and obstacles as influenced by time of day,
weather, and lighting provided by vehicle
and luminaires

intensity (amount) and nature of the
traffic requiring surveillance by driver

Trip objectives

(a)

(b)

(c)

trip purpose (degree of urgency, degree
of routineness)

level of responsibility felt by driver for
safety of passengers

travel-time pressures, if any

Driver descriptors

(a)
(b)
(c)

age and sex
weight and height

years of driving experience

Driver status (condition)

(a)
(b)
(c)
(d)

familiarity with vehicle
familiarity with route

psycho-motor impairments, if any

driver-vehicle fit from the ergonomic
point of view




II.

The Precipitating Event (A Vehicle/Roadway/Traffic/
Obstacle Relationship Requiring Driver Action in
Excess of Normal Guidance)

1. Vehicle-roadway conflicts

(a)

(b)

sudden emergence of roadway curvature
into driver's Tine of sight

misinterpretation of signing requiring
a sudden route correction

appearance of pavement irregularity
which would cause problems if
traversed at speed

sudden change in tire-road surface
friction couple (e.g., ice on bridge)

unexpected change in lane geometry

change in traffic signal, placing
driver in a compromised position

realization or recognition that vehicle
is moving along an undesired trajectory

location of vehicle along roadway at
instant the above conflicts were
perceived

2. Vehicle-traffic conflicts

(e)

sidewise encroachment of another vehicle
in the lane of travel

sudden deceleration of a preceding
vehicle

turning traffic at an intersection

presence of vehicles desiring to cross
or enter the traveled lane

Tocation of vehicle with respect to the
traffic elements at the instant the above

cconflicts were perceived

3. Vehicle-obstacle conflicts

(a)

sudden emergence of an obstacle in the
desired lane of travel
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(b) diversion of driver's attention leading 1
to a compromised relationship with i
obstacles and traffic if and when '
attention is restored

(c) lack of attention to caution signs leading
to high speed encroachment of traffic
barriers

(d) location of vehicle in relationship to
obstacles at the instant the driver
perceived the above conflicts i

III. Driver Judgment, Decisions, and Control Actions !

1. Evidence that driver misjudged speed and distance
relative to the conflict to be resolved

2. Evidence that driver misjudged the control margin
established by the initial conditions

3. Distance and time utilized by driver in deciding
on his control actions

4. The location of the vehicle at the instant that
control actions were instituted to resolve a
conflict or maintain vehicle stability and
control

5. Driver's objective, viz., to:

(a) slow down

(b) stop

(c) change lane or leave roadway
(d) avoid obstacle by steering

(e) avoid obstacle by steering and braking

(f) speed up to avoid being struck by a
moving vehicle

6. Evidence of control action satisfying these
objectives:

(a) nature of control action

(b) amount of control action
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Iv.

Vehicle Trajectory

1.
2.

Location of impact
Speed at impact

Location at which vehicle left roadway or
overturned

Estimate of the braking and turning accelera-
tions required to produce the observed
trajectory

Degree to which the vehicle sideslipped or
spun

Degree to which the vehicle did not recover
from the initial maneuver

Final resting place of vehicle relative to

the struck obstacle, the roadway, and the
point of impact
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6.1.4 Hypothesis Formulations. The hypotheses presented

here are divided into two classes:

1. those relating vehicle performance to driver
risk taking, and

2. those relating vehicle performance to accident
avoidance.

Each set of hypotheses is formulated on the basis of a one-to-one
relationship between dependent and independent variables.

Obviously, hypotheses which Tink two or more vehicle qualities
acting in concert to increase/decrease the involvement rate in

a significant manner can also be developed. Note also that the
hypotheses speak only to qualitative descriptors in terms of

vehicle performance and the accident event. Clearly, the hypo-
theses could be cast in an objective format by substituting specific
objective quantities for the associated qualitative descriptor.

This substitution has, in fact, been done. In Tater sections of

the report, specific accident, vehicle, and road-surface

descriptors are specified to define the required data sets (Sections
6.2, 7, and 8) and to determine a vehicle handling supplement for
the CPIR accident report form (Section 8). The hypotheses presented
in Tables 6.4 and 6.5 constitute, in effect, a means for crystalizing
one's thoughts and for subsequently developing these more specifit
outputs.

Table 6.4. Hypotheses Relating Vehicle Performance Measures
to Driver Risk Margins

1. High level of acceleration/throttle gain (and
quick responsiveness of drive thrust to appli-
cation of throttle) leads to driver willingness
to accept narrower gaps in merging with and
crossing against a stream of traffic.

2. Low levels of acceleration/throttle gain and
sluggish response of drive thrust to throttle
leads to unconservative application of the
throttle in acceleration maneuvers.

90

g



Table 6.4 (Cont.)

Low levels of acceleration/throttle gain and
sluggish response to throttle leads to the
maintenance of headways that are lower (smaller)
than would be deemed prudent by the average
driver-vehicle combination in comparable
circumstances.

Easy modulation of the throttle, i.e., a
capability of precisely controlling drive thrust,
in combination with an ability to precisely
modulate braking, leads to lower (smaller) head-
ways being maintained than would be true if the
opposite performance qualities existed.

A capability for precisely controlling drive
thrust Teads to driver willingness to execute
traction-demanding maneuvers on reduced-friction
surfaces that are higher than what would normally
be the case.

Platoon avoidance behavior is not related to the
acceleration and braking properties of a vehicle
other than it is more probable that vehicles
which provide more comfort to the driver at high
operating speeds will tend to avoid platoons

by operating at velocities in excess of platoon
speeds.

Pedal-force/deceleration gains providing greater
precision in modulating the brake will lead to
drivers accepting smaller headways in a traffic
stream.

Pedal-force/deceleration gains providing greater
precision in modulating the brake will lead to
drivers making less conservative application of

the brake in a deceleration maneuver. (Less
conservative means he will brake more energetically
or that he will delay longer before applying the
brake.)

Vehicles that exhibit minimal directional response
during braking make drivers more comfortable and
more likely to operate at high speeds and, con-
versely, vehicles that exhibit a large sensitivity

to brake imbalance will be driven more conservatively
with respect to speed selection.
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10.

11.

12.

13.

14.

15.

16.

Table 6.4 (Cont.)

Vehicles designed to give the driver a high
degree of awareness of the traction levels pre-
vailing at the tire-road interface will be
driven more conservatively (speeds and headways)
on reduced traction surfaces.

Vehicles that exhibit less change in their static
and dynamic response to steering as speeds and
payloads are varied will be driven at speeds that
are higher than that speed which would be deemed
prudent by an average driver in a vehicle whose
directional behavior is more sensitive to speed
and payload.

Vehicles that are less sensitive to external
disturbances than the average vehicle will be
driven at speeds that are higher than the speeds
at which the average prudent driver will drive
an average vehicle.

Vehicles that are less sensitive to changes in
road crown are likely to be driven at higher
speeds on crowned rural roads with a greater
likelihood of avoiding platoons by means of
continual passing maneuvers.

Vehicles that exhibit a high level of wheel control
(i.e., damping of the wheel hop mode) in the
presence of road roughness will, on the average,

be maneuvered more aggressively on rough pavements
than is the case for vehicles whose maneuvering
performance is more substantially degraded by

road roughness.

Vehicles that exhibit a high level of wheel control,
in.combination with (1) an insensitivity to quasi-
static external disturbances, (2) good braking
modulation, and (3) good road feel are more likely
to be driven under weather conditions and circum-
stances in which an average prudent driver, in an
average vehicle, would elect not to make the trip.

Vehicles that provide a high level of operating

comfort are more likely to be operated at higher
speeds for Tonger durations of time.
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Table 6.5.

Hypotheses Relating Vehicle Performance Qualities to
Driver Success/Failure in Avoiding an Accident

Drivers with minimal driving experience (i.e.,
number of emergencies), on being exposed to an
emergency occurring during good weather, are
likely to make maneuver demands that are less
than the inherent maneuvering capability of the
vehicle.

Conversely, such drivers are likely, during reduced
tire-road friction conditions, to make maneuver
demands that are greater than the maneuvering
potential possessed by the vehicle.

Vehicles possessing large steady-state curvilinear
motion capability on a dry surface are not likely
to be more successful in avoiding obstacles (i.e.,
be less involved in accidents) than are vehicles
with lesser curvilinear motion capability.

Vehicles that respond more quickly to steering
control (without significant overshoot in their
response) are likely to be less involved in accidents
where the primary maneuver requirement is one of
displacing the vehicle to the right or left as
quickly as possible.

A vehicle that exhibits a large sideslip angle as
it attains a large path curvature is more likely
to become uncontrollable by an average driver and
consequently be more involved in accidents that
require emergency turning to avoid a collision.

Emergency braking in urban traffic scenarios is
likely to result in panic stops with all wheels
locked such that Tocked-wheel tire-traction levels
are the primary determinant of collision avoidance
potential.

The success of emergency braking maneuvers in opera-
tional scenarios involving high traffic speeds and
various external disturbances depends primarily on

the Tevel of deceleration that can be achieved

without locking front or rear wheels. Consequently,
vehicles with well balanced braking systems and
effective tires should be less productive of accidents
involving braking at high speeds provided drivers are
not operating such vehicles with less margin for error.
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10.

n.

12.

13.

Table 6.5 (Cont.) E

A higher probability of wheel lockup exists for
braking on wet (reduced friction) surfaces leading
to the hypothesis that vehicles having pedal force/
deceleration gains providing for good modulation
are less likely to become involved in braking-
related accidents on wet roads.

Vehicles with high pedal force/deceleration gains
should be over-involved in dry-road braking acci-
dents when driven by small females that possess less
than average maximum pedal-force capabilities.

Vehicles that possess response characteristics such
that a symmetric steering input of short duration
produces a substantive lateral displacement with
minimal heading change are more likely to be under-
involved in accidents in which the required obstacle
avoidance maneuver must be constrained so as to

keep the vehicle on the roadway.

Vehicles exhibiting a response to a symmetric steering
input of short duration in which the magnitude of
lateral displacement is not overly sensitive to

driver error (i.e., choosing the correct steer ampli-
tude) are more forgiving and consequently are likely
to be less involved in accidents resulting from
unsuccessful lane change maneuvers.

Vehicles with design characteristics that minimize
their rollover potential from both a static and a
dynamic viewpoint are less likely to be involved in
rollover accidents accompanying the execution of a
drastic maneuver or following those maneuvers in
which the vehicle departs from the paved roadbed.

Vehicles capable of achieving in turns a wheels-un-
Tocked Tongitudinal deceleration level only minimally
reduced from the values attainable in straight-Tline
braking should be less productive of loss-of-control
incidents accompanying braking on curved roadway
sections.
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Table 6.5 (Cont.)

14. Vehicles in which rear wheels lock up prior to
front wheels are likely to be more involved in
braking-related accidents than vehicles in which
the front wheels lock first. This differentiation
should be more pronounced for accidents in which
drivers are required to brake during a turn.

15. Vehicles in which the vertical motion of the wheel
masses is highly controlled by the selected level
of shock absorber damping are likely to be less
involved in accidents occurring on rough road
surfaces than on smooth road surfaces.

6.2 Vehicle Performance Parameters and Indices

On the basis of the reasoning, arguments, and hypotheses
presented above, vehicle performance descriptors have been identi-
fied which, on being correlated with the accident record, would
speak to the role of vehicle handling in accident causation.
Unfortunately, data on vehicle performance, as defined by the
descriptors presented earlier, is not generally available. In
certain cases, the data do not exist for all makes and models in
the vehicle population and in other cases, the data may exist but
are not generally available to the highway safety researcher.
Accordingly, it is necessary to distinguish between performance
descriptors that constitute an ideal fulfillment of the require-
ments established by the hypotheses posed earlier and descriptors
that can be obtained from currently available sources. A prag-
_matic resolution of this problem results in the establishment of
a "non-ideal" set of descriptors which can be divided into:

-design parameters
+handling performance indices
«limit handling performance indices
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6.2.1 Design Parameters. Design parameters are those

quantities or specifications which describe a vehicle in terms of
weight, dimensions, load distributions, etc. The handling-
related design parameters listed in Table 6.6 can be obtained
from the passenger car specifications [36] published by the Motor
Vehicle Manufacturers Association, as derived from data supplied
by the domestic manufacturers of motor cars.

6.2.2 Normal Handling Performance Indices. Normal handling per-
formance indices (see Table 6.7) are defined here as quantities which

describe vehicle performance under ordinary driving conditions.
The first thirteen of the indices listed in Table 6.7 were
derived from the Design Parameters tabulated in Table 6.6. Thus
these performance indices can be determined for all American
passenger cars. The next seven indices can be derived from test
data produced in steady turns and in transient responses to a
"step" displacement of the steering wheel. The final six indices
can be collected from information published in popular motoring
magazines such as Motor Trend, Road and Track, etc.

6.2.3 Limit Handling Performance Indices. Limit handling

performance indices are properties which describe the performance
of a vehicle at the Timits of its contfo]]abi]ity. Nineteen
indices were derived from the Vehicle Handling Performance [35]
numerics developed earlier for the National Highway Traffic
Safety Administration. These indices are given in Table 6.8, as
derived from the ideas expressed in Table 6.2 and limited to
those situations in which applicable data can be obtained.
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Table 6.6. Design Parameters

Parameter Name Symbol
Wheelbase L
Length | L
Average Track . T
Height H
Ground Clearance h
Manufacturer's Spec. Front Tire Pressure PF
Manufacturer's Spec. Rear Tire Pressure PR
Front Brake Effectiveness, % r
Manual Brake Line Pressure at 100 1b Pedal Load P]00
Power Brake Line Pressure at 100 1b Pedal Load PfOO
Manual Steering Overall Gear Ratio GM
Power Steering Overall Gear Ratio GP
Area of Side Window Glass A
Curb Weight ' W
Curb Weight on Front Axle NF

% Load on Front Axle for Front Seat Passengers %FF
% Load on Front Axle for Rear Seat Passengers %FR
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Table 6.7. Normal Handling Performance Indices

Index Name

Yaw Moment of Inertia (From IZ=1.26 W-1750 ,

see Ref. 37)

Non-dimensional Iz

Weight Distribution
Brake Torque Imbalance

Zero Speed Path Curvature Gain

Ro11-Over Potential

Wind Disturbance Potential

Static Margin Empty (SMp)!

Static Margin Loaded (SML)

ASM = SME - SML

Tire Pressure Imbalance

- Horsepower to Weight Ratio

Symbol

WF/W x 100

10°
GL

1This expression for static margin assumes that the front and
rear cornering stiffnesses are equal and roll effects are

negligible.
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Table 6.7. (Cont.)

Index Name Symbol
Braking Instability, A [38] V'I“3§)év
at Zaw
Lateral Acceleration Response Time Tay
(time to achieve 90% of steady-state Ay value)
Yaw Velocity Response Time Tyy
Ro1l Compliance, degrees per g K¢
Steering Sensitivity, lateral acceleration N(S
per 100° steering wheel angle
Yaw Sensitivity, yaw angular acceleration Ts
per degree of steering wheel angle
Characteristic Speed, mph UCh
Total Understeer, degrees per g K
Time to Accelerate from 0 to 30 mph To-30
Time to Accelerate from O to 60 mph | To-60
Time to Travel a Quarter-Mile from a Tq
Standing Start
Speed at End of Quarter-Mile from a Vq
Standing Start
Stopping Distance from 30 mph d30_0
Stopping Distance frpm 60 mph d60-0
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Table 6.8. Limit Handling Performance Indices.

Index Name Symbo]
Limit Response to a Trapezoidal Steér Input Rs(%)ave 5 = 28
.- 4
Early Saturation of Cornering Capability —53%%£§£99
o[t B
Change in Path Curvature Ratio with Respect o~
to Steer Angle
Peak Sideslip Response B
Plo- = 24
Steer Angle at Which Vehicle Departs Oﬁreak
o . ' 1
from Quasilinear Behavior 24 (3|R_(5) ]
? R_avel, Linear/
3B Nonlinear
Corner
Steering Wheel at Maximum Path Curvature Ratio Ssu
o=0"
]
Rs(ﬁ)ave max
Limit Wheels-Unlocked Deceleration Capability (Ax)ave '
in Straight-Line Braking St.Line
Product of Heading Error and Lane-Change (a)(ayp)
Displacement Error at the End of a 2-sec. t=34
Lane-Change Maneuver Vo= 45 mph, 60 mph
The Average of the Product of Heading (A)(Anp)L + (A)(Alp)R
Error and Lane-Change Displacement Error 2

for Left and Right Lane-Change Maneuvers
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Table 6.8. (Cont.)

Index Name

The Difference Between the Products of
Heading Error and Lane-Change Displacement
Error for Left and Right Lane-Change Maneuvers

The Integral Error from Perfect Performance
in Lane-Change Displacement and Sideslip
Angle Over a Range of Normalized Heading
Angles (see Table 6.2 item (7)(a) for the
definition of the variable 9)

The Average of the Integral Lane-Change
Error for Speeds of 45 mph and 60 mph

The Response to a Two-Second Lane Change

as Quantified by the Product of Lane-
Change Displacement Error and Peak Sideslip
Angle.

The Average Response to a Two-Second
Lane Change at 45 mph and 60 mph

Ro11 Response Under Large Side Forces

as Quantified by the Product of the
Average Peak Roll Angle in N Tests Times
the Maximum Peak Roll Angle.
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Table 6.8. (Cont.)

Index Name

Maximum Deceleration in a Turn Prior
to Wheel Lock Up

Average of Maximum Deceleration in a Turn
Performance for Right and Left Turns

Curve Following During Braking as Quantified
by the Quotient of the Peak Value of the
Average Path Curvature Ratio and the
Corresponding Average Deceleration

Roadholding in the Presence of Road
Roughness as Quantified by Path
Curvature Ratio

Turn




6.2.4 Design Parameters Corrected for Loading. Since it

is clear that in-use factors such as Toading and tire inflation
pressures will act to give a motor vehicle different handling
properties than are implied by the parameters and indices
defined in Tables 6.6 and 6.7, certain parameters and performance
indices have been redefined so as to account for conditions
prevailing at the time of the accident. Table 6.9 indicates
the extent to which design parameters and performance indices
based on curb weight loadings can be recomputed to reflect the
influence of in-use variables or service factors. The utility
and practicality of this approach remains to be demonstrated,
however.

6.2.5 Vehicle Handling Data File. As has been implied

earlier, the vehicle handling parameters and indices listed in
Tables 6.6, 6.7, and 6.8 represent both the state of the art and
the compromise that must be made between what is desired and what
is attainable. Although there is a lTimited body of experience
that relates some specific indices to issues of controllability,
very little is known on the relationship between the tabulated
indices/parameters and the accident record.

In this investigation, it was felt that an effort should be
made to demonstrate the practicality of generating a vehicle
handling data file. Further, as will be discussed in Section 7,
it was also felt that some effort should be made to demonstrate the
utility of such a file in establishing correlations between indices
and accident rates even though the available rate data cannot be
corrected for exposure and other confounding variables.
-Accordingly, considerable effort was devoted to collecting and
organizing an accessible computer file containing data corres-
ponding to the vehicle parameters and indices listed in Tables 6.6
and 6.7. Since the data are quite extensive and voluminous—cover-
ing a large number of makes, models, and model years—the data are
not documented in this report. However, the data can be made
available either as a Tisting or in card form at a nominal cost to
parties that request it. Alternatively, the data file can be accessed
by outside organizations through the University of Michigan computer

system.
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Table 6.9. Design Parameters and Performance Indices

Corrected for Loading.

Parameter Name

Actual Weight
Actual Weight on Front Axle
Actual Weight on Rear Axle

Actual Yaw Moment of Inertia

Actual Non-Dimensional Yaw Moment of Inertia

Actual Weight Distribution

Actual Brake Torque Imbalance

Actual Static Margin (SMA)

Actual Tire Pressure Imbalance
Actual Side Area to Weight Ratio

Actual Side Area to Yaw Moment of
Inertia Ratio

Horsepower to Weight Ratio (From VIN Number)

Ratio of Actual Radius of Gyration to Wheélbase
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Wep/ (Hp-Hep)
Pe/Pg
Side Area
Wa
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7.0 STATISTICAL ANALYSIS AND DATA COLLECTION METHODOLOGY

From earlier discussions, it should be clear that the task of
determining the role of vehicle handling in accident causation
will indeed be difficult. A methodology is needed which currently
does not exist. Data that is not generally available will have
to be collected. Since the required activities are time-consuming
and costly, a plan is needed which will yield the necessary data
and produce the needed results in an efficient and timely manner.

The methodology outlined here is based on using three or,
perhaps, four sets of data. The main three sets, in broad terms,
can be entitled:

a. Vehicle Exposure to Risk Data
b. Accident Data
¢c. Vehicle Handling Data

The fourth data set is less tangible than these three, but it could
prove to be the most important factor of all in the accident
process, or, on the other hand, might prove to be unimportant.

This latter set of data will be called "Vehicle Image Risk Data."
In the context of this study, "Image Risk" is a term which alludes
to those vehicle characteristics which project a particular "image"
to its driver (e.g., "macho," "sporty," "reserved," "sedate;" etc.),
namely, those characteristics which suggest that the vehicle is
highly controllable and roadworthy. It is hypothesized that this
image, in turn, influences the "risk" assumed by the driver in
operating his vehicle, as determined by speed, headway maintenance,
braking delay tendency, etc.

Some of the more important points to be addressed in establish-
ing the above-defined data libraries are "how much data is needed
and in what detail?" Clearly, the answers are dependent upon the
refinement with which the relationship between vehicle handling
and accident causation is to be determined. For example, if one
is interested in knowing which car models have the highest accident
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rates, that is one level of refinement. If the question is:

"Which car models have the highest accident rates given
that each model is driven by an identical population of
drivers?"

then that is a second, but more refined question. Further, if
the question is:

"Which car models have the highest accident rates given
that (1) each model is driven by an identical popula-
tion of drivers, and (2) each model is driven in an
identical risk scenario (i.e., the same traffic, roadway,
and environmental conditions)?",

we have a third level of refinement. And, finally, we could ask,

"What car models have the highest accident rates given
that (1) each model is driven by an identical population
of drivers, (2) each model is driven in an identical
risk scenario, and (3) each model has an identical image
risk?", ’

clearly, an even higher level of refinement.

In addition to these levels of refinement of the general
question posed above, uncertainties can arise in attempting to
breakdown the general question of "what?" to that of "why?" Rather
than being concerned with accident rates involving a particular
model, a more specific question of interest to this study would be:

"What is the relationship between different levels of under-
steer and accident rates on curves during wet weather,
given that the rates for each level of understeer being
examined are normalized for (1) driver population
influences, (2) exposure influences, and (3) image risk
influences?"

or alternatively,

"What is the relationship between specific levels of
'brake Tine pressure versus pedal force' and accident
rates for the striking vehicle in rear-end accidents,
given that the rates for all 'pressure versus force'
levels are normalized for (1) driver population
influences, (2) exposure influences, and (3) image
risk influences?"
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As will become clear in the discussions that follow, the
amount of data needed to answer each succeeding level of detail,
"~ or refinement, increases geometrically. On the other hand, without
attacking the question in reasonable detail, it will be impossible
to obtain an unbiased answer regarding the role of vehicle handling
in accident causation. Nevertheless, at this point it is not
possible to know the resources which can be allocated towards
obtaining an answer; neither is it practical to predetermine the
accuracy with which an answer will be considered acceptable. There-
fore, the methodology presented here is couched so as to relate the
requirements regarding detail and accuracy directly to the numbers
of required data. In this way, the methodology can ultimately be
tailored to the needs of the user.

In the subsections which follow, the statistical analysis
aspects of the methodology shall be discussed first. These dis-
‘cussions are followed by specific recommendations regarding the
kinds of data needed and the methods of collecting or acquiring
same. Lastly, a trial application of the developed methodology is
presented, as could best be done with the data that are available.

7.1 Statistical Analysis

Any investigation into the relationship between a variable and
the incidence of traffic accidents must start with a hypothesis con-
cerning that variable's role in the accident process. An accident
can be considered the culmination of a chain of errors of omission
and/or commission on the part of the driver, the vehicle, the road-
way, and unfortunate circumstances. Since handling characteristics
affect a vehicle's ability to maneuver in avoiding an accident, such
characteristics are presumed to influence the last pre-collision
act of this chain. One measure of the effectiveness of vehicle
handling in accident avoidance, then, would be the probability of
having an accident, given that a vehicle is "in imminent danger of
collision" as a result of prior causative factors.

107



Although there is no arguing that accident probability is an
appropriate measure, there is also no arguing that it is impractical.
There is virtually no practical way of determining how many "in
imminent danger of collision" situatiqns occur in a given popula-
tion of vehicles over a period of time. An alternative measure is
the number of accidents per mile driven, i.e., the raw accident rate.

There is one outstanding problem in using raw accident rates as
a proxy for the probability of an accident, however. The difficulty
lies with the fact that not every mile driven exposes a vehicle to
the same number of hazards. How a vehicle is driven, the character
of the road, the weather, light conditions, and many other factors
affect the number of "in imminent danger of collision" situations
which are encountered in that mile. For example, one would expect
more hazardous encounters per-mile on an icy street in rush hour
than on a dry, sparsely traveled freeway. To achieve objective
validity, comparisons between various vehicle make/models, handling
related design parameters, or performance indices should be drawn
on the basis of true accident rates. The effects of all confounding
factors should be accounted for, and the raw accident rates adjusted
accordingly. A technique which can be used in carrying out these
adjustments is called "indirect standardization."

7.1.1 Indirect Standardization. Indirect standardization [39)

is a technique based on the assumption that, when considering a
particular vehicle class, the accident rate of that vehicle class is
due, in part, to the rates associated with the types of drivers and
environmental conditions under which the vehicles are operated. It
could be, for example, that a particular vehicle is driven primarily
by irresponsible and reckless speeders. Such a class would no doubt
exhibit a high accident rate, but not necessarily because the vehicle
itself is poorly designed. By adjusting the rate to account for these
drivers, a more accurate reflection of the true rate is obtained.

This adjustment process is outlined below.
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Let

o
[}

K raw accident rate for a given vehicle class k!

rSj = specific accident rate for factor class j2
RS = overall rate for entire population
Mkj = mileage for a given vehicle class k and factor

class combination J

The first calculation to be made in indirect standardization is the
overall rate that would obtain if the specific rates for the factor
combination were applied to the given vehicle class, i.e.,

7 st (7.1)
R, = S+ 7.1
‘ 2 M
J
It follows that the indirect adjusted rate is
pindirect _ pind. _ o fgﬁ_ (7.2)
k k S k )

Note that this scheme requires that accident rates be known for all
vehicle classes and all factor combinations, but not for all combina-
tions of classes and factors. Mileage figures for all combinations
of classes and factors are required, however.

1"Yehicle class" refers to the set of vehicle make, model, model
year, and other appropriate new car characteristics that make one
vehicle unique from another.

2"Factor class" refers to any combination of exposure factors that
uniquely describe the conditions under which a vehicle is driven.
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In practical terms, the basic technique of indirect standardi-
zation can be illustrated through the use of Figure 7.1. This
figure is an example data sheet which shows accident rates as such

rates are related to k vehicle classes (R], RZ’ R3,....,Rk) in the
right column and j factor combinations (rS], reps rS3""’rSj) in

the bottom row. The mileage estimates, Mkj’ for combinations of
vehicle and factor classes are given in the cells of the matrix. An
example of the use of indirect standardization as applied to existing
accident and exposure data is presented in Appendix C.

7.1.2 Population Size. The "population" from which samples

of accident and exposure data are to be derived is defined to be the
number of miles driven by a group of vehicles over a given time period
within a selected geographic area. The size of this population (of
miles) can be determined by considering each vehicle-mile driven to

be an "experiment," the result of which is either an accident or no
accident. The total number of such experiments (or miles) required

by a given analysis will be the required population size. The
required sample size, on the other hand, will also be a function of
the desired accuracy of the results.

To derive a relationship between population size and accuracy,
we should note, first, that if the circumstances of every accident
and every mile traveled were known exactly, and if this information
were available for analysis, then questions of accuracy would be
academic. Answers would be as exact as possible. In practice, of
course, financial limitations almost always prevent the acquisition
of complete information, and hence structured sampling techniques
must be employed. When only a part of a data population is sampled,
however, the resulting analysis performed on the data becomes less
accurate. There is a tradeoff, then, between sample size and
accuracy. Sophisticated sampling methods can minimize the accuracy
loss, but complete accuracy, consistent with sampling an entire popula-
tion, can never be achieved irrespective of the sophistication employed
in a partial sampling procedure. Since neither the financial resources,
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Figure 7.1. An example data sheet illustrating the

use of indirect standardization.




hor the desired accuracy of results are currently known, it appears
appropriate to structure the methodology in the form of a tradeoff
between accuracy and population size.

On considering a mile driven to be an "experiment," the
establishment of an accident record is equivalent to observing many
experiments in which an accident may, or may not, have resulted.

If the number of accidents is divided by the number of miles
driven (number of experiments), a statistic is derived which is
called a proportion. This statistic has a distribution, that is, if
the whole procedure were repeated under identical circumstances, the
proportion would likely be different. Thus, the proportion statistic
is a random variable which has an approximate normal distribution,
with variance equal to P(1-P)/n, where n is the number of "experiments"
(or miles) and P is the true proportion. (For this expression for
variance to be a good approximation, the number of accidents should
be greater than 5.) This situation means that even if the number
of accidents and the number of miles driven by a population of
vehicles were known exactly, the observed accident rate would still
be only an estimate of the true rate.

The variance of the proportion can be used to derive the order
of magnitude of n as a function of the desired accuracy of the
resulting rates. In particular, the 95% confidence interval*
encompassing an estimated rate would have a value approximately equal
to:

r(1-r)

C.I.(r) = 3.92 -

(7.3)

where r is an observed rate. On rearranging (7.3), it is seen that
.92 2
n o= [21 r] r(1-r) (7.4)

S

*A'QS% confidence interval represents an interval encompassing an
observation within which the true rate would likely lie, with 95%
probability.
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where C.I. can now be treated as the desired size of the confidence
interval.

In order to illustrate the utility of Equation (7.4) in
designing a methodology for establishing the role of handling in
accident causation, consider the case in which

r = 2.5 accidents/10% miles

and the desired size of the confidence interval is

C.I.(r) = 3.92 accidents/10% miles.

From Equation (7.4), we find that n = 2.5 x 10° mites.

With an estimate of the number of miles (or "population")
which need to be included in the study, it is then possible to
.estimate the size of the accident sample and the length of the study
period. As a point of reference, the drivers of Seattle, Washington,

drove approximately 7,000 x 106

miles in the year 1970. Assuming
an accident rate of approximately 2.5 acc/]O6 miles (which is about
what would be expected according to the preliminary results of
Appendix C), the following table can be constructed which relates

confidence interval to mileage sampled.

Table 7.1. Accident Rate Confidence Interval
vs. Miles Driven

n Required

C.1.(r) (r = 2.5 acc/10° miles)
0.25 acc/10° mites 614.7 x 10° mites
0.5 acc/10% mites 163.7 x 10% mites
1.0 acc/10% mites 38.4 x 10° mites
2.0 acc/10® mites 9.6 x 10° mites
5.0 acc/10° miles 1.5 x 108 mites
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The above analysis and computations show how the accuracy
of the estimated accident rate depends upon the number of miles
sampled of the total miles driven by the subject group of vehicles.
Naturally, the more mileage data obtained, the better the resulting
rate estimates. A point that should be stressed, however, is that
the above-derived relationship between accuracy and mileage sampled
is based on the assumption of exact knowledge of the number of acci-
dents and number of miles driven in each category—something which is
impossible to obtain before the fact. Thus the sample size figures
obtained for each level of accuracy represent lower bounds only.

Their use should only be to serve as benchmarks for experimental
planning purposes.

In practice, a geographic locale and a study period would be
selected, and neither the miles driven, nor the number of accidents
sustained by the drivers within the locale would be known exactly
beforehand. Both would have to be estimated. The true accuracy
versus sample size relationship is therefore complicated even further
by this degree of uncertainty. In effect, an experimental process
is being observed where the number of experiments (i.e., a mile
driven) is not known exactly and can only be estimated. The number
of these experiments which result in accidents is also subject to
estimation.

The convolution of all these random processes is too compli-
cated to analyze. Instead, a separate analysis is presented showing
the effects of accident sample rate and mileage sample size on the
accuracy of the resulting accident rates. A complete analysis is
not presented, but enough detail is provided to allow intelligent
decisions to be made concerning sizes of vehicle populations, accident
éamples, and mileage samples.

The figures presented in Table 7.1 are based on a single
accident rate estimate. Since accident rates for all vehicle and
factor combination classes are needed, these mileage values must be
multiplied by either the number of vehicle classes, H, or the number
of factor classes, C, depending on which is the larger. (If H were
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larger than C, for example, and the data sample were large enough
to yield a sufficient number of entries per class when divided
evenly into H parts, the sample will a' priori be large enough when
divided evenly into C parts.) For example, if there are 100
vehicle classes, 200 factor classes, and a C.I.(r) equal to 0.25
acc/]O6 miles is desired (an approximate error of 5% in estimating
the true accident rate), then the Max(H, C) = 200, and

(200)(614.7 x 106) = 122,900 x 106 miles would have to be driven by
the vehicle population being observed during the study period. At a
rate of 2.5 acc/]O6 miles, a total of 307,300 accidents would have
to be reported in the study period for the selected population.

Knowing the population size required (i.e., the number of
"experiments") and the number of miles per year which are expected
to be driven by a population of vehicles, it is then possible to
determine the length of the required study period. For example, if
- the geographic locale of the study area were confined to Seattle,
Washington, and all vehicles in this area were of interest, then the

study period would have to be almost 18 years long (122,900 x 106 mi.

7,000 x 106 mi/yr). Obviously, a larger geographic area or a
relaxation in accident rate accuracy would be required to obtain a
study period of reasonable length. As will be noted later, a study
period of reasonably short duration is aTso desirable to insure that
the handling characteristics of the vehicles involved in the '
selected population remain reasonably constant over time and close
to their measured condition.

It should be noted, of course, that these numbers are approxi-
mations since it has been assumed that r = 2.5 acc/]O6 miles and
that a uniform distribution of mileages exists among all cells.

This last assumption is very probably not correct, but since the
interest here is only in determining the order of magnitude of n,
the approximations should be sufficient for the purpose of
determining a population size.
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7.1.3 Accident Data Sampling Frequency. Once the population

size is determined, the next step is to determine the sampling
frequency at which accident data is to be collected.

Since the accident rate varies linearly with the number of
accidents, errors in estimating the number of accidents in a cell

also linearly influences the estimated accident rate for that cell.

When an accident is investigated and assigned to a cell, the acci-
dent will be classed according to the combination of vehicle type
and factor values involved. The overall estimate of the number of
accidents in a particular cell is formed by dividing the sampled
number in the cell by the sampling frequency. So if the sample fre-
quency were 100% (a1l accidents investigated), the sample number of
accidents in the cells would be exactly the statistic desired. If
only 1% were sampled, the estimate would be 100 times the sample
number. Any error in the overall estimate comes mainly from the

’process of extrapolating from the sample to the overall number of
accidents.

If the distribution of accidents among all cells is random
and there are d cells, one would expect a proportion of 1/d of the
total accidents to fall into each cell. In reality, of course, for
any finite number of accidents, all cells will not have the same
number of entries, even if the 1ikelihood for an accident falling
into a given cell is equal for all cells. In fact, the proportion
of the total accidents found in a given cell would be a random
variable with an expected value of 1/d and a standard deviation
approximately equal to: '

d d .
LA , if %3_5. (7.5)

where
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m = total number of accidents investigated in a
fractional sample

d = maximum value of H or C, the number of vehicle

or factor classes.

(The derivation of Equation (7.5) is based on the assumption that

the values of the cell entries have a normal distribution. In
actuality, the distribution of this statistic is of the Poisson type,
and when m/d < 5, the expression given by Equation (7.5) is
inaccurate. On the other hand, a Poisson distribution is cumbersome
to use for large values of m/d and the normal distribution is easy to
use and is an excellent approximation in this latter region.)

The 95% confidence interval about an observed accident rate is
3.92 times the standard deviation. For a fractional sampled
population, this confidence interval for the proportion of accidents
in an individual cell is given by:

The confidence interval for the estimated number of accidents for
the entire vehicle population is proportibna1 to C.I.(A), where the
proportion equals the inverse of the sampling frequency. That is,
if C.I.(A) is the confidence interval of the fractional sample, then
the confidence interval for the entire population is:

1 -

1
d
(3.92) - - (7.7)

1]
o —

x| —

1 =
C.I. ;-[C.I.(A)] =

where

x = sample rate = m/Total Number of Accidents

This last expression is, of course, an approximation since an equal
distribution of accidents among classes is assumed. Nevertheless,
“the expression is useful in that it can be used to estimate order-
of-magnitude values for x.
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As an example, consider a vehicle population that experiences .
approximately 5,000 accidents in a year. If there were 100 factor
combinations within which these accidents could be classified, then
the following relationship between accident sample frequency and
confidence interval would exist, a la Equation (7.7):

Sample Frequency, x  C.I. (Accidents) % Error (C.I1./2m)

1% 200.01 (275.7)2 2.0
5% 120.0! (123.3)2 1.2
10% 87.22 0.9
20% 61.62 0.6

The associated accident rate confidence intervals would be directly

proportional to the above confidence intervals for accidents alone
because of the linear relationship between accidents and accident
rates.

7.1.4 Exposure Data Sampling. The mileage exposure data,

Mkj (see Figure 7.1), serve two purposes, namely, to (1) assist in
determining accident rates for all factor and vehicle classes, and
(2) provide mileage estimates for all combinations of both factor
classes and vehicle classes as used in indirect standardization.
There are obviously many more separate estimates required for this
latter purpose (i.e., the first purpose calls for mileage estimates
for the right column and lower row of Figure 7.1, while the second
purpose calls for estimates for all interior matrix elements).
Therefore, the sample sizes necessary for mileage estimates will
'always be more than adequate for determining the accident rate
estimates Rk and rSj (again, see Figure 7.1). For this reason, the

1Computed by the use of the Poisson distribution which is a better
estimate of the confidence interval for small values of m/d.

2These values were computed by Equation (7.7) where a normal
distribution was assumed, but the ratio m/d here is less than 5
and the values are not as accurate as those computed by the
Poisson distribution.
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estimated accuracy of the accident rates will always be primarily
a function of the error in the mileage estimates.

The important factors in collecting exposure data are (1) the
rate at which drivers are to be sampled for reporting the mileage
to which their vehicles have been exposed, and (2) the length of
the period over which drivers will be asked to recall this "mileage
exposure." (This latter period will be denoted as the "Interview
Recall Period." It will be assumed at this point that mileage
exposure data will be obtained from driver interviews at driver
license renewal centers and from trip logs obtained through mailed
surveys. Justification for this assumption will be presented later.)
At first glance, the driver sample rate and the interview recall
period used to establish exposure might appear to be purely pro-
cedural questions. Both factors are, however, directly related to
the accuracy of the expected results.

It has been pointed out that when the number of variables or
the number of factor levels increases, the number of required
mileage estimates increases a]so; and more data will be needed. To
see how fast these needs grow, consider just five variables, each
with four levels. The number of separate estimates required would
be 45 or 1,024. 1If it can be assumed that there is independence
between some of the variables, then this number could be reduced.
(The assumption of independence may not be realistic in many cases,
however.) The exponential increase in data requirements should be
kept in mind when variables are being selected. Where independence
between variables is assumed, mileage estimates for all combinations
of variables do not have to be estimated, as the mileages can be
estimated by multiplying the marginal distributions of the factors
involved. For example, if 20% of the miles are driven at night,
and 10% in wet weather, then 2% (.20 x .10 = .02) of the miles are
driven on rainy nights.

7.1.5 Accident Rate Accuracy. The accuracy of mileage

estimates is a complicated issue. Of course, the real objective is
to obtain accuracy in the indirectly standardized vehicle accident
rate—the mileage estimates are only incident to this.
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On assuming that all rates used in Equation (7.1) are known
exactly (viz., RS’ Rk’ R&), the only source of inaccuracy that
remains is the Mkj figures. If these latter quantities are
estimated, then these estimates are random variables and can be
used to trace backwards from the desired confidence interval width
for the indirectly standardized rates, to the corresponding accuracy
required of the mileage estimates, and thence to the mileage
population size. Thus in the following analysis, Mkj’ as used in
Equation (7.1), will be treated as a random statistic, the estimated
mileage in the kj£b~ce11 for the entire population.

On recalling Equation (7.1), it can be noted that the mileage

estimates affect the adjusted accident ratg, R/, for a given vehicle
model which is in the denominator of thg Rlnd statistic—Equation
(7.2). This means that the errors in R;nd vary inversely with
errors in Ri. For example, assuming that RS’ Rk’ and the true value

of RL are each 2.5 acc/100 miles, it can be seen from the following
table that the errors in R;nd are very sensitive to negative errors
in Rk’ but not so sensitive to positive errors. (A1l units are in

acc/]O6 miles.) Since there is no way of controlling the sign of

Error in Rk Rk R;nd Error in R;nd
-1.5 1.0 6.3 +3.8
-1.0 1.5 4.2 1.7

0 2.5 2.5 0
+1.0 3.5 1.8 0.7
2.0 4.5 1.4 -1.1

the errors, it appears advisable to keep the accuracy of Rk to
within about #1 acc/]O6 miles. The confidence interval of R]nd

k
can then be approximated by that of Rk'
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Referring again to Equation (7.1), it will be noted that Ry
can be thought of as being individual mileage estimates for each
factor combination associated with vehicle class k where the weights
are the standard accident rates of each factor class, i.e.,

X roi M
R =

>
M, .
i oK

If now it is assumed that all rsj's are constants equal to 2.5
acc/]O6 miles for all j, and all the estimated Mkj statistics are
independent, then the 95% confidence interval for Ré can be related
to the Mkj (that is, assuming estimates of Mkj are normally
distributed) by:

. M .
C.I.(R!) = 3.92 rZ.E\/ ki (7.9)
k 3 ? i

where the symbol \//( ) implies the variance of a quantity.

Since the Mkj are estimates of the total population mileage
for particular combinations of vehicle and factor classes, values
for these quantities must be determined from the sample estimates
by multiplying corresponding sample mileages by the inverse of the
sample frequency. Specifically, if

S = Mileage exposure sample frequency (i.e., the percent
of the entire population sampled)
L = Number of recall intervals in the study period

(e.g., L = 52 if the recall interval is one week
and the study period is one year)

mkj= average mileage of the sample in the kj cell
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(i.e., My = —g and g is the number of
individual samples falling into a given cell),
then we can write the following:

Lm.
- kJ
Mkj = — (7.10)

and

LzV(ﬁkj) 7.11)

v(Mkj) = T

Thus, if L = 52 and S = 10%, then

\/(Mkj) 270,400 \/(Fﬁkj). |

Finally, there is the relationship between the variance of

the individual cell sample mileage estimates, the driver recall

interval for estimating miles traveled, and the sampling frequency

for selecting drivers to be interviewed. It seems reasonable

that the shorter the recall period, the more accurate the respondent's
mileage estimate. It would be beth easier and more accurate to

recall mileage for one week than for a whole month, for example.

As a point of reference, the data used in connection with the preliminary
studies reported in Appendix C (although not mentioned there) show a sample
standard deviation of 500 miles for the estimated mileage statistic

as reported by individual drivers for a one-month recall period.

Using 500 miles for the sample standard deviation, and presuming

now that g drivers fall in each cell, then the sample standard

deviation for the average mileage of these g individuals will be

500//g . Thus, in approximate terms,
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_ VA
\ (mkj) - B/ (7.12)

where

VAR

the sample variance of the exposure mileage for a
group of drivers falling into a particular factor
and vehicle combination

P = the total population of drivers from which the
sample is extracted

S = the sample rate
C = the number of factor classes

H = the number of vehicle classes

It will be noted that the term PS in Equation (7.12) represents the
total number of drivers interviewed, CH equals the total number

of cells (see Figure 7.1), and PS/CH equals the number of people
interviewed per cell. If it is assumed now that the drivers being
interviewed are uniformly distributed through all cells, and if

it is further assumed that

VAR = (500 mi.)2
P = 10% drivers
S = 1%
¢ = 100
H =10

then

- 2
\v/(mkj) - (500) = 25 x 10° mi.2

(108)(107%)/(10%) (10)

Finally, by combining Equations (7.11) and (7.12)

\/<Mk3'> - L (7.13)
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Equation (7.13) relates the variance of the estimated mileage
driven by the entire population falling into cell kj to the
variance of the response of the sample population to the question:
"How many miles were driven under the conditions of cell kj during
the response period?" This relationship can be used in determining
the size of the mileage sample and the length of the mileage recall
period.

Unfortunzfe] , the functional link between the estimated cell

variances, \V/

Mkj , and the accuracy of indirectly standardized
rate, R;nd , cannot be carried further. Ultimately, it would be

desirable to express the accuracy of the indirectly standardized
rates as a function of:

1. Population size

2. Length of study period

3. Accident sample size

4. Mileage sample size

5. Mileage recall period
The resulting relationships are too complicated for complete
analysis, however (e.g., variances of variances of estimates before

the fact). This complexity is undoubtedly the reason why such
relationships have not been developed heretofore.

7.1.6 Accident Rate Analysis. On assuming that the methods

outlined above will be used to obtain accident rates which are

free of confounding influences, the next step is to analyze these
rates for dependence upon vehicle handling factors. Since

statistical methods (namely, correlation analysis and stepwise

linear regression techniques) are available and have been employed
for this purpose, these methods need not be discussed further here.
The reader is referred to Jones [1] for a directly applicable example.
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While Jones' work is pioneering in the sense that he
demonstrates a means for directly assessing the role of vehicle
handling in accident causation, he was limited, unfortunately,
to a group of 34 vehicles for which he was able to acquire handling
data. This limitation led to uncertainties in the correlation
analyses involving accident rates and handling variables. The
correlation coefficients that Jones obtained were, in most cases,
not statistically significant. Although statistical significance
is not the "end-all" criterion for a demonstrated relationship
between two variables, lack of same is certainly a less desirable
situation than is otherwise the case.

The most direct way of increasing the chance that a
statistically significant relationship can be found between two
variables is to increase the number of data points available for
analysis. In the present situation, increasing the number of data
points means gathering vehicle handling data on a larger group of
vehicles. The number of vehicles required can be determined by
examining Jones' correlation plots. Such an examination leads to
the observation that at least 70 vehicles would be necessary to
yield statistically significant results for many of the handling
variables which he considered. For some handling variables, it .
appears that as many as 100 vehicles would be needed.

Since the handling variables recommended for analysis in this
methodology are more diverse than those considered by Jones, it
would appear that handling data will have to be obtéined for at
least 100 vehicles if the methodology proposed herein is to be
implemented. Although such a number may appear to be conservative,
it should be kept in mind that the relationship between vehicle
handling parameters and accident causation and/or involvements is
essentially unknown. Further, as will be pointed out later, in
order to guarantee a reasonable chance for success in this endeavor,
the accident data, exposure-to-risk, image risk, and vehicle
handling data should be collected within a two-year period. If a
lesser number of vehicles are measured for handling properties
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initially and more handling data is found to be necessary later,
difficulties could arise in finding vehicles which have not aged
or deteriorated to the point where their handling properties have
changed. In simple words, the measurement of too few vehicles will
create a very high risk of producing results that will be
inconclusive.

7.1.7 Summary of Statistical Analysis. Clearly, a

methodology for demonstrating the role of vehicle handling in
accident causation involves a host of complex analyses to derive
findings that are both conceptually and statistically meaningful.

The major accomplishments with respect to fulfilling the statistical
analysis requirements of this study are believed to be the following:

1.  The accuracy of the accident rates has been defined
as a function of the mileage driven in the selected
geographic locale during the study period, given that
the miles driven and accidents sustained are known
exactly.

2. A relationship has been developed relating the accuracy
of the accident estimates to the accident sample size.

3.  An analytical formulation has been developed for
tracing the effect of the variance in the individual
mileage estimates (for the mileage recall period) on
the mileage estimates for the entire population during
the study period.

Although the analyses fall short of completely specifying the overall
relationships desired, they constitute tools that are essential to
planning the data collection programs that are required to establish
the role of vehicle handling in accident causation.
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-7.2 Data Collection Plan

As pointed out in the introduction to Section 7.0, the three,
or four, sets of data required to implement a methodology for
determining the role of vehicle handling in accident causation are:

a. Vehicle Exposure-to-Risk Data

b. Accident Data

c. Vehicle-Handling Data
and possibly

d. Vehicle Image-Risk Data
Obviously these four data sets are quite diverse. Although each data
set will require different methods of acquisition, each individual

collection program must be coordinated with the other three. In
the subsections that follow, it is recommended that exposure-to-

risk data be collected by means of driver surveys. It is recommended
that accident data be collected in the usual manner, namely, by
means of accident reports. The acguisition of vehicle-handling data

will clearly require an extensive measurement program. Finally,
the acquisition of vehicle image-risk data will require that surveys

be made of speed, lane keeping, and headway maintenance patterns
(under everyday traffic conditions) for each of the vehicle models
included in the study.

The data collection tasks will have to be coordinated in
several ways. First, all four sets of data must be limited to a
specific set of vehicles—a group of specific make, model, and
model year classes. Second, all data elements collected in the

-vehicle exposure-to-risk studies will also have to be collected

in the accident investigations. (On the other hand, there are
certain accident data elements which need not—and cannot—be
collected in the exposure studies.) Third, all four data collec-
tion programs will have to be carried out within a limited time
period. Fourth, it appears that both the exposure-to-risk and the
accident data (and perhaps the vehicle image-risk data) should be
collected within the same geographic locale.
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The need for limiting all four sets of studies to a specific
set of vehicles stems from the requirement for comparing vehicle-
handling properties with accident descriptors. Vehicle-handling
data for almost all vehicle models is generally unavailable. Such
data will have to be acquired through a structured measurement
program. In order to minimize costs, the number of vehicle models
to be measured will have to be limited. It is neither necessary
nor advisable to measure all vehicles, but as.has already been
mentioned, a group of about 100 should be enough to provide
statistical significance in subsequent regression analyses.

As has already been mentioned, the need for carrying out the
data collection tasks within a Timited time period is primarily
influenced by considerations involving the validity of the vehicle-
handling data. It is known that the handling properties of in-
service vehicles can change drastically with time, primarily as a
result of tire wear and tire replacement. Thus, if handling pro-
perties are to be compared in any meaningful way with accident
statistics, the accident-involved vehicles should be relatively
new, leading to the recommendation that involved vehicles should be
no more than two years old, since beyond this age, most vehicles are
equipped with replacement tires or possess OE tires that are heavily
worn. Further, since it follows that fhe accident and exposure
data must be collected during the same time period, it seems
reasonable to recommend that the image-risk data be collected
concurrently. The level of effort to be expended in these data
collection programs should be based on the number of data elements
required and on the advisability of constraining the study period

-to a period of no more than two years so as to minimize changes in
the characteristics of the vehicle population.

The need to collect exposure-to-risk and accident data within
the same geographic area is obvious. It makes no sense to collect
exposure data in California and accident data in Iowa, for example,
since driver and vehicle populations could be quite different in
the two states, and, clearly, the driving environment is obviously
different. Since the exposure data will be used to normalize the
accident data, a one-to-one correspondence between the two is necessary.
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Each of the required data collection programs is wokthy of
further discussion. Specific facets of these programs are treated
below.

7.2.1 Collection of Vehicle Exposure-Risk Data. The accident

rate statistic (i.e., accidents per mile) is influenced by many
conditions and factors. An accident is a natural trigger for
initiating a data collection activity. The conditions at an acci-
dent scene are recorded for law enforcement and legal purposes.
But who records the conditions during normal driving? How many
miles are driven under various weather, road, driver, and vehicle
conditions? The acquisition of this type of information is much
more difficult. In fact, there are no files of exposure data com-
parable to the extensive files that exist for accidents. Without
exposure data, however, the computation of accident rates is not
possible and any attempt to determine the role of vehicle handling
in accident causation without exposure data will be unsuccessful.
It follows that an exposure data file, tailored specifically to
vehicle handling considerations, will be necessary.

The subject of exposure is not rew. Much has been written
about the topic [40, 41], and many schemes have been proposed for
collecting exposure data, viz.:

1. Interviews with drivers at license renewal offices
2. Surveys of drivers using trip logs
3. Roadside surveys at check lanes

4. Indirect methods

Each of these schemes has its good and bad points.

A good discussion of the methods which involve the inter-
viewing of drivers at license renewal offices is given in Reference
40. This method has advantages in that (1) a large amount of data
per dollar can be acquired in terms of driver, vehicle, and roadway
factors, and (2) the method is easier to apply than some of the
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other techniques. Further, the requirement for collecting data
in a random manner can be readily accomplished. The drawbacks
to the interview method are that drivers (1) do not always recall
their driving experiences over the designated recall period as
well as might be desired and (2) may give biased answers.

Conducting ekposure surveys by requesting drivers to maintain
trip logs yields much of the same type of information as does the
interview at the licensing office. The uncertainties surrounding
driver recall, and the attendant bias thereof, is eliminated,
however. On the other hand, the trip-log method is much more
expensive per datum collected in that compensation would probably
have to be provided to respondents to ensure a sufficient and truly
random response.

The theory of sampling [2] and the field application [42]
of techniques involving roadside surveys at check-lanes is reasonably
well in hand. The major benefit of the check lane method is that,
if carefully done, the bias problem can be reduced or eliminated.
On the other hand, collection problems can be very difficult. If
vehicles are merely observed while passing an observation point,
very little specific information can be obtained on the driver, e.g.,
sex and perhaps a crude guess of age. If vehicles are stopped at a
police check-lane, more data are avai]éb]e, but the cost of such
data is high, and the amount that can be collected is limited.
Further, the need to sample in all weather and light conditions,
and along all types of roads compounds the difficulty. Many
separate check-lane locations will be required and sampling periods
will have to encompass the entire 24-hour day. These requirements,
-for example, lead to check-lanes at night along freeways—an
operation that is dangerous and probably not practical.

The idea behind indirect-exposure methods [41] is that the
proportion of the various characteristics that are exhibited in
the so-called nonculpable vehicles in a population of multiple-
vehicle accidents is indicative of the proportion of these
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" characteristics in the vehicle population as a whole. Although

this idea may have some validity, there is a potential flaw in

this concept which is particularly serious in a vehicle handling
study. In effect, it may turn out that supposed "not-at-fault"
vehicles contribute in a partial way to certain kinds of accidents

as a result of properties or qualities that make them poorer avoiders
of accident situations. Thus, the so-called "not-at-fault" vehicle
may be a biased indicator of the properties of the vehicle

population at large.

Four specific methods of collecting exposure data for the
accident rate analysis have been mentioned along with some of the
benefits and drawbacks of each. The selection of an appropriate
method could be a significant research effort in its own right.
Fortunately, however, much of the basic work has already been done.
Specifically, Carroll [40] determined that a mailed questionnaire-
type survey with attached trip logs, combined with interviews at
license renewal offices, constitutes the best mileage estimation
method. This recommendation is adopted here.

There are still several questions which must be answered
before a full-scale exposure survey can be performed. Some of these
questions relate to the information to be acquired in the question-
naire, some to the required sample size, and some to possible methods
of inducing a high response fraction. It should be noted that
Carroll [40] has already done considerable preliminary research
with respect to the information to be acquired. On developing a
questionnaire and evaluating it by means of a pilot survey, he
proceeded to select three dependent variables related to risk and
six independent variables related to vehicle, driver, and roadway
descriptors, as listed in Table 7.2. Although Carroll argued rather
effectively that these nine variables represent the best set to
normalize existing mass accident data, there are several reasons why

this set is not optimum for studying the role of vehicle handling
in accident causation.
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Table 7.2. Selected Exposure Variables from Carroll Study [40].

Dependent Variables Levels on Questionnaire
Miles Driven Last 30 Days Open
Miles Driven Last 7 Days Open
Number of Accidents Last 3 Years ' Open

Independent Variables

Vehicle Type 7: Car, Small Truck, Large
Truck, Tractor-Trailer,
Bus, Taxi, Other

Driver Sex 2: Male, Female
Road Type 4: City Streets, Urban

Freeways, Rural Freeways,
Rural Roads

Light Condition 2: Day, Night
Driver Age Open
Model Year Open

First, it will be presumed that additional elements can be
added to accident reporting procedures, so that the exposure data
elements need not be restricted to information on existing accident
forms. Next, it is obvious that the "Vehicle Type" variable, as
denoted by Carroll, will have to be defined much more specifically
than Table 7.2 indicates. Third, several other variables will have
to be included which are strongly suspected of influencing accidents
related to vehicle handling, e.g., road alignment, pavement surface
condition (viz., wet, dry, bumps, chuck holes, etc.), driver
experience, etc. It thus appears that the variab]es shown in Table
7.3 constitute a reasonable set, as an initial basis for developing
a questionnaire. The wording of the questionnaire should, of course,
be carefully developed so as to motivate the respondents and thus
yield reasonably accurate and unbiased answers. Although it is not
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Table 7.3. Recommended Exposure Variables for
Vehicle Handling Analysis.

Driver Information

D.0.B. Occupation

Sex Annual Income
Height Marital Status
Weight ' Number of Children

Number of Vehicles
Regularly Driven

Years Formal Education

Years Driving Experience

Formal Driving Education

Violations During Previous
Twelve Months

Corrective Lens Restriction

Seat Belt Usage Practice

Vehicle Information

Vehicle No.

Make VIN Number

Model Number of Engine Cylinders
Model Year Power Steering

Power Brakes
Automatic Transmission

Number of Doors

Odometer Reading

Pressure At Which Tires Are Maintained, This Vehicle
Tread Depth At Which Tires Are Replaced, This Vehicle
Periodic Lubrication Practice, This Vehicle

Estimated Total Miles Driven This Vehicle

Estimated Miles Driven This Vehicle Last Twelve Months
Estimated Miles Driven This Vehicle Last Thirty Days
Estimated Miles Driven This Vehicle Last Seven Days
Number of Accidents With This Vehicle Last Three Years

Estimated
Estimated
_Estimated
Estimated
Estimated

Estimated
Estimated
Estimated
Estimated

% Travel
% Travel
% Travel
% Travel
% Travel

% Travel
% Travel
% Travel
% Travel

on
on
on
on
as

in
in
on
in

Running Speed Driving

Rural Freeways, This Vehicle
Urban Freeways, This Vehicle
Urban Streets, This Vehicle
Rural Roads, This Vehicle

Part of Occupation, This Vehicle

Darkness, This Vehicle

Rainy Weather, This Vehicle

Curved, or Winding Roads, This Vehicle
Foggy Weather, This Vehicle

Habits, This Vehicle
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possible to define an appropriate questionnaire at this point in
time, the steps for developing the questionnaire can be set down,
viz.:
1. develop pilot-survey questionnaire using
proposed variables

2. carry out pilot survey

3. analyze results by:
a. evaluating pilot-survey questionnaire
b. evaluating feasibility of pilot survey methods
c. estimating costs of final survey

4. select final variables
and 5. revise questionnaire.
Given that these steps are carried out and the ensuing exposure
survey is performed in a coordinated manner with the other data

collection programs, exposure data suitable for normalizing the
accident data and obtaining valid accident rates will result.

7.2.2 Accident Data Collection. There are several concerns

which must be addressed with respect to collecting accident data
for determining the role of vehicle handling in accident causation.
First, as discussed in Section 7.1, upwards of 300,000 cases will
be required. Second, as has been previously mentioned, the acci-
dent data should be acquired within a two-year period from a well-
defined geographic area. Third, the data will have to be of
sufficient quality and detail as required to examine questions
related to vehicle handling. Finally, the accident-involved
vehicles will have to be confined to the specific group for which
vehicle handling data have been or will be acquired.

Collecting data on accidents within a two-year period virtually
constrains the accident investigation to that of police agency
reporting. As is well known, police reporting is frequently
deficient, in both accuracy and detail. Nevertheless, there seems
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to be no other alternative but to develop a reporting system in
which it is recommended certain specific elements of information
are gathered by having the police use a supplemental report form.
Clearly, the importance of accuracy will have to be impressed upon
the police agencies who are collecting the data within a designated
area.

The specific information additional to what is normally
collected can be identified by first examining a typical accident
reporting form used by police agencies, as is exemplified by
the State of Michigan form shown on Figure 7.2 On comparing the
data elements in Figure 7.2 with those listed in Table 7.3, and on
considering other factors related to vehicle handling, we can
identify the following informational elements as deserving of
collection:

First Priority:

Vehicle
Vehicle Identification Number (VIN)
Model Power Steering?
Number of Doors Power Brakes?
Odometer Reading Automatic Transmission?
Gas Gauge Reading Number of Cylinders in the
Engine
Driver

Height of Driver

Weight of Driver -

Corrective Lens Restriction From Driver's License
Marital Status

Number of Children

Occupants & Payload

Estimated Weight Each Occupant
Estimated Weight of Cargo
Position of Cargo

Road Condition

Bumps or Potholes in Surface
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