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1.0 INTRODUCTION 

The resea rch  desc r i bed  i n  t h i s  r e p o r t  c o n s t i t u t e s  t h e  

f i n d i n g s  f r o m  a  s tudy  t o  deve lop  a  methodology f o r  de te rm in ing  

t h e  r o l e  o f  v e h i c l e  h a n d l i n g  i n  a c c i d e n t  causa t i on .  To t h i s  end, 

a  t h r e e - p a r t  method01 ogy has been developed: 

1. Data D e f i n i t i o n ,  C o l l e c t i o n ,  and A n a l y s i s  

2 .  I ndep th  Acc iden t  R e c o n s t r u c t i o n  

3. Acc iden t  Avoidance A n a l y s i s  

The f i r s t  t o p i c  d e a l s  w i t h  methods f o r  uncove r ing  s t a t i s t i c a l  

l i n k s  between v e h i c l e  h a n d l i n g  per formance and a c c i d e n t  exper ience;  

t h e  second c o n s i s t s  o f  d e t a i l e d  methods f o r  r e c o n s t r u c t i n g  t h e  

p re -c rash  a c c i d e n t  phase-that p a r t  where v e h i c l  e  hand1 i n g  f a c t o r s  

a r e  most impor tan t ;  and t h e  t h i r d  i s  concerned w i t h  a  d e t e r m i n i s t i c  

approach t o  d e f i n i n g  t h e  i n f l u e n c e  o f  s p e c i f i c  v e h i c l e  h a n d l i n g  

c h a r a c t e r i s t i c s  on a c c i d e n t  avoidance performance.  

S e c t i o n  2 o f  t h e  r e p o r t  rep resen ts  an a t temp t  t o  b r i n g  t h e  

t a s k  o f  de te rm in ing  t h e  r o l e  o f  v e h i c l e  h a n d l i n g  i n  a c c i d e n t  

c a u s a t i o n  i n t o  a  r e a l  i s t i c  p e r s p e c t i v e .  

S e c t i o n  3 c o n s i s t s  o f  a  d i s c u s s i o n  o f  t h e  te rm " v e h i c l e  

h a n d l i n g "  and o f f e r s  d e f i n i t i o n s  o f  b o t h  v e h i c l e  h a n d l i n g  and 

o f  a " v e h i c l e  h a n d l i n g  a c c i d e n t . "  The d i f f i c u l t i e s  o f  i d e n t i f y i n g  

a v e h i c l e  h a n d l i n g  a c c i d e n t  a r e  a l s o  d iscussed he re  as w e l l  as 

some o f  t h e  problems a s s o c i a t e d  w i t h  p i n p o i n t i n g  a  s p e c i f i c  causa l  

e f f e c t  o r  group o f  e f f e c t s .  An e x t e n s i v e  r e v i e w  o f  t h e  l i t e r a t u r e  

on t h e  s u b j e c t  o f  v e h i c l e  h a n d l i n g  as an a c c i d e n t  f a c t o r  f o l l o w s  

i n  S e c t i o n  4. S e c t i o n  5 documents i n f o r m a t i o n  t h a t  was o b t a i n e d  

f r o m  a v a i l a b l e  a c c i d e n t  d a t a  w i t h  r e s p e c t  t o  t h e  a c c i d e n t  

expe r ience  o f  s p e c i f i c  make/models and v e h i c l e  s i z e  c a t e g o r i e s .  

W i th  t h e  a i d  o f  i n f o r m a t i o n  ob ta ined  f r o m  t h e  l i t e r a t u r e  r e v i e w  

and t h e  a v a i l a b l e  a c c i d e n t  da ta ,  .a s e t  o f  v e h i c l e  h a n d l i n g  

parameters and i n d i c e s  was se lec ted ,  as desc r i bed  i n  S e c t i o n  6 .  



Where data was available, these parameters and indices were compared 
with accident frequencies f o r  various classes of accident 
descriptors. Ultimately , the complete s e t  of handling parameters 
and indices i s  to  be analyzed fo r  s t a t i s t i c a l  correlation w i t h  

accident descriptors by applying the s t a t i s t i c a l  analysis and 
data coll ection method01 ogy described i n Sect ion 7 .  The develop- 
mental work carried o u t  in pre-crash accident reconstruction i s  
described in Section 8 ,  while Section 9 contains a brief  example 
of the use of pursuit-evasion methodology as a tool fo r  determining 
the influence of vehicle hand1 i ng properties on accident avoidance 
performance. Conclusions and recomnendat i ons 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. 



2.0 A PERSPECTIVE 

Some maintain that  research in to  vehicle handling as a 

causative factor in accidents i s  f r u i t l e s s  and therefore pointless.  

Others argue that  even i f  vehicle handling factors  contribute t o  

accidents, the contribution i s  impossible t o  pinpoint and would 

liken the research task t o  a search for the Holy Grail .  

I f  nothing e l se ,  the methodology and research findings docu- 

mented in t h i s  report provide ample grounds fo r  such sentiment, 

a1 bei t with somewhat less  pessimism. The d i f f i cu l ty  in delimiting 

the role of vehicle handling in accident causation l i e s  in 

isolat ing factors purely related t o  vehicle hand; ing from the 

myriad of other factors which are  also believed t o  be in f luen t ia l .  

I t  appears t h a t  a research e f fo r t  suff ic ient  t o  produce def in i t ive  

conclusions re la t ive  t o  the role of vehicle handling will require 

expenditures of time and funds well beyond any previous e f fo r t  in 

accident data analysis. Not only will more and be t t e r  accident 

data be required, b u t  data relat ing t o  ( 1 )  vehicle accident r i sk  

exposure, ( 2 )  vehicle hand1 ing performance, a n d  ( 3 )  vehicle use 

patterns will also be needed. Further, 'in each case, the amount, 

accuracy, and  detai l  of the required data wi 11 have to  be an order 

of magnitude greater  than tha t  which has been produced t o  date. 

The d i f f i cu l ty  of the task ahead i s  partly evident in 

information tha t  has already been uncovered. There i s  much evidence 

t o  suggest that  i f  accident ra tes  are considered alone (without 

considering confounding influences),  those vehicles which are  

considered t o  be the "best handling" vehicles are the very ones 

t h a t  have the highest accident ra tes .  These findings, of course, 

cannot be taken a t  face value, since i t  i s  also well known (or  

a t  l eas t  strongly suspected) t h a t  those persons who drive the 

"bet ter  handling" vehicles are also those who are more l ikely  t o  
drive in a more aggressive manner. Driving aggressiveness i s  



just one of the confounding factors that must be accounted fo r ,  

however. Among other factors there i s  the exposure t o  accident 

risk posed by the environment within which the vehicle i s  driven, 

the manner in which the vehicle i s  maintained, and the "hand1 ing 

performance" characteris t i c s  of the dri ver/vehicl e system in an 

accident avoidance maneuver. Without exception, adequate infor- 

mation has not been available in previous research efforts  in the 

amount, detai 1 ,  and accuracy necessary for deriving s t a t i s t i c a l l y  

defensible conclusions. Consequently, as the 1 i terature review 

in Section 4 will show, many fragmentary "conclusions" have been 

developed, most of which are l i t t l e  more than conjured hypotheses. 

Even results from some of the best and most carefully conducted 

studies have proven contradi ctary. 

To underscore this  l a t t e r  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 [ I ] ,  in a study of the contribution of car characteristics t o  
accident risk i n  Great Britain, s t a tes :  

" . . .accident rates are much higher for  young drivers,  
fal l ing t o  a minimum for the 34 t o  54 age group and 
then rising again for the 65+ group." 

On the other hand, Reinfurt and Campbell [ZI, in a study of mileage 

crash rates for  certain car make and model year combinations, s t a te :  

" I t  i s  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 sc ien t i s t s ,  b u t  

each arrived a t  seemingly opposite conclusions. Each of the authors 
would agree, however, that  deficiencies in available data were a 

primary constra.int on thei r  research effor ts .  



The point t o  be made i s  t h a t  t h e  methodology out l ined here 
can be used t o  determine the  ro l e  of vehicle  handling in accident  - 
causation. Nothing shor t  of a  full-blown e f f o r t  wi l l  produce the  
sought-af ter  conclusions, however. A p a r t i a l  e f f o r t ,  as a1 1 e f f o r t s  
in t h e  past  have been, wil l  again lead t o  pa r t i a l  and conf l i c t ing  
r e s u l t s  . 
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3.0 DEFINITIONS 

I n  order t o  i n i t i a t e  the development of a methodology fo r  

determining the role of vehicle handl ing in accident causation, 

the terms of in teres t  must f i r s t  be defined. That i s ,  what does 

the term "vehicle handling" mean, and what i s  a "vehicle handling 

accident." Obviously, the f i r s t  term must be defined before the 

second. 

3.1 Vehicle Handling 

The f i r s t  obstacle to developing a definition for  the term 

vehicle handling i s  that  there i s  l i t t l e  agreement, even among 

prominent vehicle dynamics spec ia l i s t s ,  as t o  w h a t  t h i s  term means. 

The narrowest definition would be limited only to  the response 

characterist ics of the vehicle and then only t o  l a te ra l  response 

character is t ics ,  i  .e .  , cornering performance. A wider definition 

of vehicle handl ing, b u t  again res t r ic ted  just  t o  the vehicle, 

would include longitudinal as we1 1 as 1 ateral response character- 

i s t i c s ,  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 longitudinal and 1 ateral 

motions. The l imits  of the defini t ion here must be carefully drawn, 

however, in order t o  circumscribe t h a t  portion of the driving task 

which i s  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 re la te  to the d r ive r ' s  ab i l i ty  t o  plan and execute 

a t r i p .  Guidance refers t o  the task of selecting a safe speed and 

planning a long-term path on the roadway in view ahead. Neither of 

these ac t i v i t i e s  i s  important in relat ion to vehicle handling. 

The control actions of the driver represent the primary area of 

d i rect  interaction between the driver a n d  vehicle and hence jointly 

influence "vehicle handling" performance. Control actions are shor t -  



t e r n ,  h igh- f requency a c t i v i t i e s  on t h e  p a r t  o f  t h e  d r i v e r  such as 

o b s t a c l e  avoidance, d i r e c t i o n a l  s t a b i  1  i t y  augmentat ion,  l a n e  keeping,  

e t c .  The d r i v e r  c a r r i e s  o u t  these c o n t r o l  a c t i o n s  by m a n i p u l a t i n g  

t h e  s t e e r i n g  wheel,  t h r o t t l e ,  and a c c e l e r a t o r ,  b u t  i s  y e t  l i m i t e d  

by h i s  r e a c t i o n s ,  h i s  s t r e n g t h s ,  h i s  ' r e l a t i v e  " f i t "  w i t h  t h e  work 

space and c o n t r o l s  w i t h i n  t h e  v e h i c l e ,  and u l t i m a t e l y  by t h e  mot ions  

o f  t h e  v e h i c l e  i t s e l f .  A v e h i c l e  wh ich  co rne rs  a t  0.9 g,  b u t  wh ich  

p e r m i t s  t h e  d r i v e r  t o  s l i d e  ac ross  t h e  s e a t  i n  t h e  process ,  i s  

o b v i o u s l y  n o t  a  good handl  i n g  v e h i c l e  r e g a r d l e s s  o f  i t s  "mechanical"  

c o r n e r i n g  c h a r a c t e r i s t i c s .  S i m i l a r l y ,  a  v e h i c l e  wh ich  r e q u i r e s  an 

i n o r d i n a t e  amount o f  b rake  pedal  f o r c e  i s  i n  t h e  same c l a s s .  Thus, 

i t  i s  e v i d e n t  t h a t  any d e f i n i t i o n  o f  v e h i c l e  h a n d l i n g  must i n c l u d e  

t h e  v e h i c l e  as w e l l  as c o n s i d e r i n g  t h e  d r i v e r ' s  c o n t r o l  t a s k s .  

There i s  y e t  a  broader  and more a p p r o p r i a t e  d e f i n i t i o n  o f  

v e h i c l e  handl i n g ,  however, and t h i s  i n c l u d e s  c o n s i d e r a t i o n s  o f  t h e  

road  sur face.  A l l  f o r c e s  a c t i n g  on a  v e h i c l e ,  o t h e r  t han  aerodynamic 

f o r c e s ,  must a r i s e  a t  t h e  t i r e - r o a d  i n t e r f a c e .  The f r i c t i o n  coup le  a t  

t h e  i n t e r f a c e  e f f e c t i v e l y  1 i m i  t s  t h e  maximum f o r c e  l e v e l s  . 

W i t h  these though ts ,  t h e  s o u g h t - a f t e r  d e f i n i t i o n  takes  t h e  

f o l l o w i n g  form: 

V e h i c l e  Hand1 i n 9  - The l a t e r a l  and l o n g i t u d i n a l  mo t ion  

c h a r a c t e r i s t i c s  o f  t h e  d r i  v e r l v e h i c l  e l r o a d - s u r f a c e  

system i n  response t o  s h o r t - t e r m ,  h igh - f requency  

c o n t r o l  i n p u t s  . 

3.2 The V e h i c l e  Hand l ing  Acc iden t  

I n  l i g h t  o f  t h e  proposed d e f i n i t i o n  f o r  " v e h i c l e  hand l i ng , "  

a  v e h i c l e  handl i n g  a c c i d e n t  i s  one where in  a  d e f i c i e n c y  i n  t h e  

s h o r t - t e r m  c o r n e r i n g ,  b rak ing ,  and a c c e l e r a t i o n  response charac-  

t e r i s t i c s  o f  t h e  driver/vehicle/road-surface system was a  c a u s a t i v e  

o r  h i g h l y  c o n t r i b u t i n g  f a c t o r  i n  t h e  a c c i d e n t .  The c r i t i c a l  i s s u e  

he re  i s  what c o n s t i t u t e s  a  d e f i c i e n c y .  I f  an emergency s i t u a t i o n  

a r i s e s  such t h a t  0.6 g  b r a k i n g  a c t i o n  would a v o i d  t h e  a c c i d e n t  



while the "system" i s  only capable of producing 0 .4  g ,  then i t  

i s  reasonably sa fe  t o  say t h a t  a deficiency e x i s t s .  I f ,  on the 

other  hand, a 3.0 g braking deceleration i s  required while 0.9 g 

i s  avai lable,  i t  i s  apparent tha t  no "prac t ica l"  braking action 

( a t  l e a s t  within the accepted s t a t e  of the a r t )  could have avoided 

the  accident. T h u s ,  the def in i t ion  of a vehicle handling accident 

must l i e  within the band of unsuccessful avoidance maneuvers, 

bounded on one side by available handl ing performance and on the 

other by performance tha t  i s  prac t ica l ly  achievable. Any accident 

t h a t  could have only been avoided by impractical levels  of handl ing 

performance i s  - not a vehicle handling accident. An accident t h a t  

could have been avoided by pract ical  improvements in handling 

performance - i s  a vehicle hand1 ing accident.  

(Judgments as to  what  i s  "prac t ica l"  or  "impractical" are 

not absolute, of course, b u t  depend t o  a large extent on custom 

and cost  considerations. For example, i t  i s  en t i r e ly  possible to  

produce a vehicle tha t  will  develop 3.0  g ' s  of deceleration for  

braking purposes, or even 5 or 10 g ' s .  With exist ing rocket 

technology, deceleration levels  are  possible which are an order of 

magnitude greater  than t h a t  available from the t i  re/road-surface 

f r i c t i o n  couple. Within present concepts of automotive design, 

however, the use of retro-rockets for  braking i s  no t  a "prac t ica l"  

consideration. Similar arguments for  automatical ly-guided 

vehicles-eliminating the problem of d r u n k  drivers--or fo r  pre- 

programmed emergency maneuvers, e.g. , a maneuver designed t o  

u t i l i z e  the fu l l  cornering capabil i ty of the  vehicle, can a lso  be 

dismissed as n o t  being currently "prac t ica l . "  Thus the idea of 

what  i s  pract ical  i s  somewhat subject ive,  but in t h i s  context will  

be applied in terms of presently accepted design l imi ta t ions . )  

An accident t h a t  occurred because the complete capabi 1 i  t i e s  

of the "system" were n o t  u t i l i zed  could a lso  be considered a 

vehicle handl i n g  accident,  provided some vehicle cha rac te r i s t i c  

was the culpable element. (This 1 a t t e r  proviso would eliminate 



acc idents  i n v o l v i n g  d r i v ing -under - the - in f l uence ,  b u t  would i n c l u d e  

such p o s s i b l e  f a c t o r s  as poor s t e e r i n g  s e n s i t i v i t y  o r  improper 

r e l a t i v e  p o s i t i o n i n g  o f  the  brake pedal and a c c e l e r a t o r ,  among 

many o thers .  ) 

While i t  i s  n a t u r a l  t o  cons ider  t h e  maneuvering c a p a b i l i t i e s  

o f  an automobi le i n  acc iden t  avoidance i n  t h e  con tex t  o f  d e f i n i n g  

a  v e h i c l e  hand1 i n g  acc ident ,  t h e  d e f i n i t i o n  need n o t  be con f ined  t o  

maneuvering performance n o r  t o  acc iden t  avoidance alone. (The term 

"need n o t "  i s  used here s ince  by now i t  must be c l e a r  t h a t  any 

d e f i n i t i o n  chosen w i l l  be somewhat a r b i t r a r y  . )  A  v e h i c l e  hav ing 

inadequate d i r e c t i o n a l  s t a b i l i t y ,  i .e., one w i t h  a  tendency t o  

wander from s i d e  t o  s i d e  on a  f l a t ,  s t r a i g h t  road, may lead  t o  a  

ran -o f f - the - road  i n c i d e n t  which i s  comple te ly  u n r e l a t e d  t o  t h e  

v e h i c l e ' s  dynamic maneuvering performance. A v e h i c l e  having poor 

d i r e c t i o n a l  s t a b i l i t y  would r e q u i r e  a  l a r g e r  r o l e  on the  p a r t  o f  

t h e  d r i v e r  i n  t h e  c o n t r o l  t ask  o f  s t a b i l i t y  augmentation. Thus, 

system s t a b i l i t y  as w e l l  as t h e  dynamic response t o  c o n t r o l  a c t i o n  

should be considered i n  d e f i n i n g  a  v e h i c l e  hand l ing acc iden t .  

These cons ide ra t ions  l e a d  t o  the f o l l o w i n g  d e f i n i t i o n  o f  a  

v e h i c l e  hand1 i ng acc ident :  

Veh ic le  Handl ing Accident  - An acc iden t  t h a t  cou ld  have 

been prevented by b e t t e r  v e h i c l e  hand l ing  p e r f o r -  

mance where such performance cou ld  be p r a c t i c a l  l y  

upgraded by improvements i n  t h e  d r i v e r / v e h i c l e /  

road-surface system.. 

Thus, an acc iden t  i s  a  v e h i c l e  hand l ing  acc iden t  when (A) a  

"system" d e f i c i e n c y  e x i s t s ,  ( B )  t h a t  d e f i c i e n c y  was a  causa t i ve  

o r  h i g h l y  c o n t r i b u t i n g  f a c t o r  i n  t h e  acc ident ,  and ( C )  t he  " d e f i -  

c iency"  cou ld  have been e l i m i n a t e d  on a  p r a c t i c a l  bas is  by 

improvements i n  ( 1 )  d r i v e r  s k i l l s ,  ( 2 )  v e h i c l e  design and main- 

tenance, and/or ( 3 )  the  road sur face.  



4.0 LITERATURE REVIEW 

Depending on one's p o i n t  o f  view, the  l i t e r a t u r e  p e r t a i n i n g  

t o  the  r o l e  o f  veh i c l e  handl ing i n  acc ident  causat ion can be 

considered e i t h e r  q u i t e  ex tens ive  o r  extremely 1  i m i  ted. On t he  

one hand, cons ider ing the  broad d e f i n i t i o n  o f  v e h i c l e  hand1 i n g  as 

encompassing t he  in f luences  o f  t he  veh i c l e ,  t h e  c o n t r o l  ac t i ons  o f  

t h e  d r i v e r ,  and t he  road surface, the  body o f  app l i cab le  l i t e r a t u r e  

i s  vast .  V i r t u a l l y  every s tudy i n v o l v i n g  these th ree  f a c t o r s  cou ld  

i n  some way be considered as c o n t r i b u t i n g  t o  the understanding o f  

t h e  r o l e  o f  v e h i c l e  handl ing i n  acc iden t  causat ion.  On t he  o the r  

hand, the  number o f  s tud ies  t h a t  pu rpo r t  t o  show a  d i r e c t  cause- 

e f f e c t  r e l a t i o n s h i p  between veh i c l e  hand l ing  and acc iden t  causat ion 

a re  q u i t e  1  im i t ed .  Fur ther ,  w i t h  b u t  one o r  two except ions,  these 

' l a t t e r  few a re  so l a c k i n g  i n  ob jec t i ve ,  unbiased i n v e s t i g a t i v e  

technique as t o  be wor th less.  The f i r s t  main task ,  then, i n  

rev iew ing  t h e  p e r t i n e n t  l ' i t e r a t u r e  i s  t o  d e l i m i t  t he  range o f  t o p i c s  

and subtop ics  t o  be examined. 

4.1 S c o ~ e  o f  Review 

The s imple i l l u s t r a t i o n  shown on F igure  4.1 demonstrates t he  

d e f i n i t i o n  o f  v e h i c l e  hand l ing  adopted f o r  t h i s  study. C lea r l y ,  

the d r i v e r ,  t h e  veh ic le ,  and t he  roadway, each as separate e n t i t i e s ,  

i n t e r a c t  t o  i n f l uence  t he  motions o f  t he  v e h i c l e  as i t  t r anspo r t s  

t he  d r i v e r ,  e t  a l . ,  a long the  roadway. The major t h r u s t  o f  t he  

present  study, however, i s  i n  u l t i m a t e l y  i d e n t i f y i n g  those v e h i c l e  

p rope r t i es  which can be a l t e r e d  o r  regu la ted  t o  i n f l uence  t h e  

acc ident  record.  Thus, a  major p a r t  o f  the  l i t e r a t u r e  rev iew has 

been o r i en ted  toward m a t e r i a l  d iscuss ing (a )  v e h i c l e  performance 

f a c t o r s ,  ( b )  t he  v e h i c l e i d r i v e r  i n t e r f a c e ,  and ( c )  the veh i c l e /  

roadway i n t e r f ace .  Emphasis has been given, i n  a l l  t h ree  o f  these 

areas, toward m a t e r i a l  r e l a t e d  t o  acc iden t  exper ience. Th is  rev iew 

i s  presented i n  Appendix A. A more ' d i r e c t e d  rev iew has a1 so been 

prepared which i s  s p e c i f i c a l l y  concerned w i t h  t he  acc ident  causat ion 
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s t u d i e s  i n  which t h e  r o l e  o f  v e h i c l e  h a n d l i n g  i s  d iscussed.  T h i s  

r e v i e w  i s  p resented below. S p e c i f i c a l l y  exc luded f rom bo th  rev iews 

i s  m a t e r i a l  d e a l i n g  s o l e l y  w i t h  t h e  d r i v e r ,  t h e  roadway, o r  t h e  

d r i  ver l roadway i n t e r f a c e .  Acco rd ing l y ,  t h e  rev iew  i n  Appendix A 

r o u g h l y  encompasses t h e  r i g h t - h a 1  f o f  F i g u r e  4.1 . 

4.2 Acc iden t  Causat ion Studies-The Role o f  t h e  V e h i c l e  

Perhaps t h e  l a r g e s t  problem encountered i n  e v a l u a t i n g  work 

i n  t h i s  f i e l d  i s  t h e  tendency o f  i n v e s t i g a t o r s  t o  f i n d  as causes 

those v e r y  f a c t o r s  which they  s e t  o u t  t o  f i n d .  I t has been noted,  

f o r  example, t h a t  " p o l i c e  o f f i c e r s  t end  t o  equate ' t r a f f i c  v i o l a -  

t i o n '  w i t h  ' a c c i d e n t  causa t i on '  ," and t h e i r  r e p o r t  forms r e f l e c t  

t h i s  by l i s t i n g  p o s s i b l e  " c o n t r i b u t i n g  f a c t o r s "  t h a t  c o n s i s t  l a r g e l y  

o f  v i o l  a t i o n s  ( p l u s  weather c o n d i t i o n s ) .  Psycho log i s t s  as we1 1  

"v iew t r a f f i c  s a f e t y  a lmost  e x c l u s i v e l y  as a  human problem" [ 3 ] .  
Other researchers  comnissioned t o  uncover t h e  problems w i t h  a1 coho1 , 
o r  mechanical d e f e c t s ,  o r  r o a d  des ign  d i s c o v e r  t h a t  t h e i r  p e t  cause 

i s  a  f a c t o r  i n  a  s u r p r i s i n g l y  l a r g e  percentage o f  acc iden ts .  

A r e l a t e d  problem i s  t h e  need f e l t  by many i n v e s t i g a t o r s  t o  

a t t r i b u t e  t o  eve ry  a c c i d e n t  a  s i n g l e  cause. Th i s  o f t e n  means t h a t  

as soon as a  d r i v e r  i s  i d e n t i f i e d  as drunk o r  a  t i r e  i s  found t o  

be ba ld ,  t h e  search f o r  causes s tops  [ 4  - 61. For example, " t h e  

customary p r a c t i c e  o f  s u b t r a c t i n g  t h e  percentage o f  'human f a c t o r s '  

acc iden ts  f rom 100 pe rcen t  and a t t r i b u t i n g  t h e  remainder t o  

highway and v e h i c l e  f a c t o r s  i s  n o t  l o g i c a l l y  d e f e n s i b l e ,  s i n c e  i t  

i m p l i e s  a  fo rm o f  e x c l u s i o n  p r i n c i p l e  n o t  c o n s i s t e n t  w i t h  t h e  

known f a c t s "  [ 7 ] .  

Obvious ly ,  t h e  s i t u a t i o n  i s  f a r  more compl ica ted.  Human, 

v e h i c u l a r ,  and env i ronmenta l  f a c t o r s  combine t o  c r e a t e  n e a r l y  every  

a c c i d e n t .  There a r e  p r imary  and secondary causes, c o n t r i  bu t i  ng 

f a c t o r s ,  and f a c t o r s  wh ich  i nc rease  t h e  s e v e r i t y  o f  acc iden ts  

a l r e a d y  hav ing  been "caused" t o  happen. These f a c t o r s  f r e q u e n t l y  

i n t e r a c t  i n  s u b t l e  ways. I f  an a c c i d e n t  f o l l o w s  an i n a p p r o p r i a t e  

response by t h e  d r i v e r ,  i t  i s  o f t e n  a rguab le  t h a t  a  more f o r g i v i n g  



environment, o r  perhaps even a  more " f o r g i v i n g "  v e h i c l e ,  m i g h t  

have a l lowed t h e  d r i v e r  t o  g e t  away w i t h  h i s  e r r o r .  I n  such a  

case, where i s  t h e  blame? Indeed, i f  u n f o r g i v i n g  enough, t h e  

environment o r  v e h i c l e  m igh t  even be s a i d  t o  have caused t h e  human 

response t o  have been an i n a p p r o p r i a t e  one. I t  i s  q u i t e  d i f f i c u l t  

t o  d e l i n e a t e  between t h e  l e v e l  o f  performance fa1  1  i n g  below t h e  

t a s k  demand as opposed t o  t h e  t a s k  demand r i s i n g  above t h e  l e v e l  

of performance [ 3 ] .  Kennedy [8 ]  notes t h a t  "some o f  t h e  most 

t e r r i b l e  c o l l  i s i o n s  i n v o l v e  f i r s t - c l a s s  v e h i c l e s  on f i r s t - c l a s s  

highways, w h i l e  much t r a v e l i n g  on poor roads, sometimes i n  f a u l t y  

cars,  i s  accomplished s a f e l y . "  But  t h i s  i n d i c t m e n t  o f  t h e  d r i v e r  

i s  countered by t h e  c o n t e n t i o n  o f  Goddard and Haddon [ 7 ]  t h a t  

a l though " i n  some 70 pe rcen t  o f . .  . . f a t a l  acc iden ts . .  . .a smal l  group 

o f  p redominant ly  s o c i a l  and medical  v a r i a b l e s  d i s t i n g u i s h  between 

d r i v e r s  who were f a t a l l y  i n v o l v e d  and d r i v e r s  who were s i m i l a r l y  

exposed b u t  non invo lved ( , t h i s )  does n o t  i m p l y  t h a t  v e h i c l e  

f a c t o r s  rang ing  f rom mechanical dependabi 1  i t y  t o  human eng inee r ing  

may n o t  have a l s o  been i n v o l v e d . i n  t h e  causa t i on  o f  some o f  t h e  

same acc iden ts .  " 

It i s  t h e r e f o r e  suggested t h a t  a l l  s t u d i e s  o f  a c c i d e n t  causes 

be viewed c r i t i c a l l y .  

4.2.1 General Causal Fac to r  S tud ies .  As noted above, 

acc iden t  causa t i on  research cannot f i n d  causes f o r  which t h e  

researchers  a r e  n o t  l o o k i n g  as be ing  s i g n i f i c a n t .  A l a r g e  m a j o r i  t y  

o f  s t u d i e s  i n  t h i s  area do n o t  even cons ide r  v e h i c l e  performance 

o r  des ign  as a  p o s s i b l e  cause. Genera l ly ,  v e h i c l e  causal  f a c t o r s  

a r e  l i m i t e d  t o  o f f - d e s i g n  performance f a c t o r s  a lone,  such as b a l d  

t i r e s ,  mechanical f a i l u r e s ,  f a u l t y  brakes, o r  t i r e  b lowouts.  T h i s  

o u t l o o k  c l e a r l y  makes d e t e r m i n a t i o n  o f  t h e  r o l e  o f  des igned- in  

performance impossi  b l  e.  

T y p i c a l  r e s u l t s  a r e  g i v e n  i n  t h e  r e p o r t  by T rea t  and Josce lyn  

[9] which con ta ins  a  rev iew o f  seve ra l  a d d i t i o n a l  s t u d i e s .  These 

i n v e s t i g a t o r s  recogn ized t h e  p resen t  problem by n o t i n g  t h a t ,  w h i l e  

t i r e  b lowouts and brake imbalances produce s u b s t a n t i a l  ev idence 



a t  the scene, s teering and  suspension problems may increase path 

deviance and decrease l a te ra l  acceleration capabi 1 i  t i e s  without 

generating concrete evidence. They admit that  "no attempt was 

made t o  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 hand1 ing characterist ics arising from system design. " 
Therefore, thei r  results  are consistent with others in the f i e l d ,  

namely, they find steering and suspension system involvement (due 

to  malfunction of fa i lu re )  in b u t  a few percent of a1 1 accidents. 

Even t h o u g h  the characterist ics of the as-new vehicle had n o t  been 

investigated as a cause, the evidence of the overall importance of 

vehicle performance in accident si tuations led the authors t o  

recomnend such research as a step towards safe handling standards. 

Bundorf, i n  a s imilar  study [ 10 ] ,  notes t h a t  b o t h  vehicle 

design and  human factors af fect  the control performance of the 

driver-vehicle system. Vehicle factors mentioned included v i s i b i l i t y ,  

1 ighting, and control locations as we1 1 as braking, accelerat ion,  

and cornering performance. The di f f icul ty  was said to l i e  with the 

fac t  that  "the driver and vehicle .... appear so interactive that  

a t  th i s  time [I9731 , despite considerable e f f o r t ,  performance 

c r i t e r i a  fo r  e i the r  have been very d i f f i cu l t  t o  es tabl ish ."  The 

au thor  f e l t  tha t  "ei ther vehicle design factors relat ing t o  handling 

are  n o t  principal factors in accident causation, or they are 

important factors and the investigators have n o t  learned t o  identify 

them." His own opinion was t h a t '  the former hypothesis was the 

case. Following th i s  contention, the author reported preliminary 

results  on an interest ing experiment. A group of t h i r t y  Sher i f f ' s  

Patrol officers from Oakland County, Michigan, were given an 

advanced driver training course in skid control , off-road recovery 

techniques, control 1 ed braking and  evasive maneuvering. Over a 

two-year period, the i r  accident ra te  was halved while repair costs 

per accident dropped sharply. The accident record of th i s  group 
was compared to  a closely matched control group of off icers .  The 

conclusion was t h a t  although the driver i s  most often t o  blame, 



t h e  number o f  e r r o r s  he would comni t  would decrease s h a r p l y  were 

he mere ly  more f a m i l i a r  w i t h  t h e  performance o f  h i s  v e h i c l e .  O f  

r e a l  i n t e r e s t  i s  t h e  magni tude o f  t h e  a c c i d e n t  r a t e  r e d u c t i o n ,  

wh ich  suggests t h a t  " hand1 i ng" acc iden ts  , b r o a d l y  de f i ned ,  a r e  a  

major  p o r t i o n  o f  a l l  highway c o l l i s i o n s .  

I n  a  s tudy o f  acc iden ts  i n  Monroe County, I n d i a n a ,  MDAI 

i n v e s t i g a t i o n s  [I 11 i n v o l v e d  t h e  d e t e r m i n a t i o n  o f  t h e  causal  

f a c t o r s  i n  999 acc iden ts .  V e h i c l e  f a c t o r s  were found t o  be ( 1 )  a  

c e r t a i n ,  ( 2 )  a  p robab le  causal  , o r  ( 3 )  a  s e v e r i  ty-  i n c r e a s i  ng 

f a c t o r  i n  18 p e r c e n t  o f  t h e  acc iden ts .  C o n t r a s t i n g  w i t h  t h i s  low 

e s t i m a t e  o f  t h e  invo lvement  o f  v e h i c l e  f a c t o r s  i n  a c c i d e n t  causa- 

t i o n  i s  an i n - d e p t h  s tudy o f  f i f t y  acc iden ts  i n  C a l i f o r n i a  t h a t  

occur red i n  1964 [ 4 ] .  The au tho rs  es t ima ted  t h a t  perhaps as many 

as one- fou r th  t o  o n e - t h i r d  o f  a l l  a c c i d e n t s  have mechanical 

problems as c o n t r i b u t i n g  causal  f a c t o r s .  Even as weakly s t a t e d  

a  c o n c l u s i o n  as t h i s ,  however, i s  d i f f i c u l t  t o  j u s t i f y  on t h e  

b a s i s  o f  o n l y  f i f t y  acc iden ts .  

4.2.2 Loss-o f -Cont ro l  Acc iden t  I n v e s t i g a t i o n s .  Other 

a c c i d e n t  causa t ion  s t u d i e s  have been r e s t r i  c t e d  t o  those c a t e g o r i e s  

o f  acc iden ts  most 1  i k e l y  t o  i n v o l v e  v e h i c l e  performance f a c t o r s  

as c a u s a t i v e  agents. 

The Cal i f o r n i a  Highway P a t r o l  i n v e s t i g a t e d  5,200 s i n g l e -  

v e h i c l e  acc iden ts  o c c u r r i n g  i n  t h a t  S t a t e  i n  September 1961 and 

June 1962 [ 5 ] .  T h i s  s tudy  i n c l u d e d  a c c i d e n t s  i n  which v e h i c l e s  

ove r tu rned  i n  t h e  roadway, s t r u c k  f i x e d  o b j e c t s ,  o r  r a n  o f f  t h e  

roadway w i t h o u t  subsequent c o l  1  i s i o n .  Causes c i t e d  were excess ive  

. speed, a1 coho1 o r  drugs,  drowsiness , f a u l  t y  d r i v i n g  , adverse 

c o n d i t i o n s ,  d i s t r a c t i o n s  ( i n s i d e  o r  o u t s i d e  t h e  v e h i c l e )  , mechani- 

c a l  f a i l u r e ,  medica l  problems, d e f e c t i v e  v e h i c l e  des ign,  o r  o t h e r  

un invo lved  ("unknown") v e h i c l e s .  One-ha l f  o f  t h e  r e p o r t e d  s i n g l e -  

c a r  acc iden ts  i n v o l v e d  severe persona l  i n j u r y ,  versus o n e - t h i r d  

o f  a l l  mu1 t i - c a r  acc iden ts .  Acc idents  a t t r i b u t e d  t o  v e h i c l e  

mechanical f a i l u r e  o r  unknown v e h i c l e s  were l e a s t  severe,  



presumably due to  retenti  on of considerable control ; those where 

the l eas t  vehicle control may be assumed, such as accidents caused 

by drowsiness, d is t rac t ions ,  adverse driving conditions, or  

alcohol, had significantly higher percentages of fa ta l  i t i e s .  

Females were involved in a higher proportion of single- 

vehicle accidents t h a n  mu1 t iple-vehicle accidents, and were most' 
l ikely  t o  have been involved due t o  faulty driving, adverse 

conditions, or  d is t rac t ions  from inside the vehicle. The authors 

suggested that  th i s  finding may be explained by less  driving 

experience a n d  fewer annual miles driven. The driver was more 

l ikely t o  have been male when the accident resulted from drinking, 

drowsiness, or excessive speed. The 15-24-year-01 d drivers , as a 
group, were involved i n  f ive  times as many single-vehicle acci- 

dents as the i r  numbers would have predicted, again pointing t o  the 

possible role of inexperience. 

The fa1 1 acy of equating "single-vehicl e" accidents, meaning 

those in which the cause was due solely t o  one vehicle, with 

accidents in which only one automobile was involved was brought 

o u t  in th i s  paper. For example, running off the road t o  avoid 

another vehicle should no t  be considered a single-vehi c le  accident 

from the causation standpoint. Conversely, future studies should 

include coll isions with parked cars and head-on coll isions due 

t o  one car crossing a median area. 

A recent study performed in the Swedish ESV program, a j o in t  

Saab-Vol vo e f f o r t ,  involved investigations of skidding accidents 

[6]. Their aim was t o  obtain information on ( 1 )  "typical accident 
s i tuat ions  where steerabi 1 i ty 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 
locked wheels," and  ( 3 )  "the need of steering capacity during 

emergency braking." The methods employed were s t a t i s t i c a l  s tudies 

of police reports ,  a l i t e r a tu r e  survey, and  interviews with 
representative drivers.  



The police reports revealed t h a t  a t  l eas t  10.5% of a l l  

accidents invol ved locked wheels (be1 ieved t o  be conservative). 

A further 14.3 percent were termed "loss of road adhesion" 

accidents exclusive of locked-wheel -accidents, whi 1 e an additional 

21.4 percent of a l l  accidents involved braking without locked 

wheels. The 1 i terature survey produced a figure fo r  1 ocked-wheel 

accidents of approximately f i f teen percent of a1 1 accidents, 

ranging from 14.2 t o  15.8 percent in the three relevant studies 

reported o n .  The driver survey found that  25 to  48% of a l l  

accidents involved emergency braking, and  t h a t  1 ocked-wheel 

braking usually resulted i n  loss of control of the vehicle, the 

consequences being spinning of the vehicle, deviation from the 

proper lane, or leaving the roadway. 

Jones [ I 2 3  in the United Kingdom has also been concerned 

with accidents i n  which skidding was a fac tor ,  since i t  has been 

estimated that  one-third of a l l  accidents in Great Britain are due 

t o  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 suff ic ient  t ract ion 

(e i ther  whi l e  accelerating or braking) ; t i  re defects contributed 

t o  nine of the cases; eight involved unsuccessful avoidance 

maneuvers without braking, and six more were at tr ibuted t o  other 

mechanical defects or fai lures (excluding t i r e s  and brake systems) 

Of the f i f teen loss-of-control accidents, a t  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 l ightly loaded. Two of the f i f teen cases were skids 

due t o  front-wheel locking on the approach t o  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 sl ides were judged a more serious problem due to 

(1)  the greater ins tab i l i ty ,  ( 2 )  the probability of moving into 



t h e  pa th  o f  oncoming t r a f f i c ,  and ( 3 )  t h e  lessened occupant  

p r o t e c t i o n  i n  s i d e  impacts as compared t o  f r o n t a l  impacts.  

Jones noted t h a t  p resen t  b r a k i n g  systems may always meet 

s i t u a t i o n s  i n  which t h e  r e a r  wheels c o u l d  l o c k  be fo re  the  f r o n t .  

Avo id ing  t h i s  behav ior  w i t h o u t  t h e  use o f  a n t i l o c k  b r a k i n g  systems 

would r e s u l t  i n  l e s s  u t i l i z a t i o n  o f  t h e  a v a i l a b l e  t i r e - r o a d  

adhesion and would p o s s i b l y  i nc rease  acc iden ts  due t o  f r o n t  wheel 

lock-up d u r i n g  t h e  n e g o t i a t i o n  o f  curves.  

Another s tudy  o f  B r i t i s h  sk idd ing  acc iden ts  by Grime [13 ]  

examined those envi ronmental  f e a t u r e s  which were most l i k e l y  t o  be 

present  a t  t h e  s i t e  o f  an a c c i d e n t  which i n v o l v e d  l o s s  o f  t r a c t i o n .  

The r e s u l t s  a r e  expressed i n  Table 4.1 as t h e  r e l a t i v e  l i a b i l i t y  

o f  such a  f e a t u r e  t o  be assoc ia ted  w i t h  s k i d d i n g  acc iden ts ;  t h a t  

i s ,  t h e  numbers rep resen t  t h e  r a t i o  o f  t h e  f requency o f  occurrence 

o f  t h a t  f e a t u r e  a t  r e a l  acc iden t  s i t e s  wi th i t s  frequency o f  

occurrence a t  a1 1  p o s s i b l e  acc iden t  s i t e s  . 

Table 4.1 R e l a t i v e  Frequency o f  Occurrence o f  Roadway 
Features a t  t h e  S i t e s  o f  Sk idd ing  Acc idents .  

Roadway Feature 

S t r a i g h t  Road 

S l i g h t  Curve, Radius > 500 ft. 

Curve w i t h  Radius < 500 ft. 

Slope Less Than 1  :20 

Slope Greater  Than 1  :20 

J u n c t i o n  W i t h i n  50 yds .  

T r a f f i c  C i r c l e  

Smooth o r  F ine  Grained Road Surface 

Re1 a t i  ve Occurrence 
( 1  = Normal 

Grime [14 ]  a l s o  s t u d i e d  B r i t i s h  acc iden t  t rends f rom an 

e a r l i e r  pe r i od .  He examined t h e  importance o f  l o s s  o f  d i r e c t i o n a l  

c o n t r o l  as a  causa t i ve  f a c t o r ,  u s i n g  t h r e e  d i f f e r e n t  sources o f  

data:  a s e t  o f  453 acc iden ts  between 1955 and 1962 which were 



i n v e s t i g a t e d  on t h e  s p o t  (b iased  toward severe a c c i d e n t s ) ,  t h e  

p o l i c e  r e p o r t s  on a l l  728 acc iden ts  which occur red  i n  1956 and 

1958 on t h r e e  p a r t i c u l a r  t r u n k  roads,  and t h e  r e p o r t s  o f  188 

acc iden ts  i n  1961 on t h e  M1 l i m i t e d - a c c e s s  highway. Seventy 

pe rcen t  o f  t h e  M1 acc iden ts  ( e x c l u d i n g  those o c c u r r i n g  a t  j u n c t i o n s )  

were l o s s - o f - c o n t r o l  acc iden ts .  Approx imate ly  30% o f  the  a c c i  - 
dents on t h e  o t h e r  roads which occur red  i n  areas w i t h o u t  speed 

l i m i t s  were judged t o  be a  l o s s - o f - c o n t r o l  a c c i d e n t .  Loss o f  

c o n t r o l  acc iden ts  made up l e s s  than  15% o f  t h e  acc iden ts  i n  areas 

w i t h  a  30-mph speed l i m i t ,  however. 

The Highway Sa fe ty  Foundat ion [15]  s t u d i e d  t h e  importance o f  

t i r e  t r e a d  depth  i n  a c c i d e n t  causa t ion ,  and found s t r o n g  ev idence 

t h a t  t h i s  i s  a  l e a d i n g  c a u s a t i o n  f a c t o r .  T h e i r  c o n c l u s i o n  was 

t h a t  t h e  minimum l e g a l  t r e a d  depth  shou ld  be 4 /32  o f  an i n c h ,  t w i c e  

t h a t  comnonly recommended. An e a r l i e r  s tudy  by t h e  Foundat ion 

determined t h a t  t h e  inc idence  o f  t i r e s  w i t h  a  g i v e n  t r e a d  depth  

on acc iden t -  i n v o l v e d  automobi les  was i n v e r s e l y  p r o p o r t i o n a l  t o  

acc iden t  exper ience ( i . e . ,  t h e  s m a l l e r  t h e  t r e a d  depth ,  t h e  g r e a t e r  

t h e  f requency o f  a c c i d e n t s ) .  Comparisons were made by t h e  f o l l o w -  

i n g  r a t i o :  

% Acc idents  I n v o l v i n g  Vehic les  w i t h  a  Given Tread Depth 
% Veh ic les  w i t h  Given Tread Depth i n  General Use 

The denominator s t a t i s t i c  was determined f rom t h e  Ohio Random 

V e h i c l e  I n s p e c t i o n  Program. The r e 1  a t i v e  a c c i d e n t  invo lvements  

as computed by t h i s  r a t i o  v a r i e d  i n  an a lmost  l i n e a r  manner f rom 

0.54 a t  12/32 o f  an i n c h  t o  1.92 f o r  comp le te l y  b a l d  t i r e s .  ( T i r e  

f a i l u r e  was deemed t o  be an ex t reme ly  r a r e  cause o f  a c c i d e n t s . )  

There was c r i t i c i s m ,  b o t h  f rom p u b l i c  and p r i v a t e  groups, t h a t  

d r i v e r - r e l a t e d  elements were n o t  c o n t r o l l e d  f o r ,  s p e c i f i c a l l y  t h a t  

those  d r i v e r s  w i t h  b a l d  t i r e s  may be l e s s  r e s p o n s i b l e  d r i v e r s  o r  

may, due t o  economic c i rcumstances,  d r i v e  o l d e r  and/or more p o o r l y  

ma in ta ined  v e h i c l e s .  



In response t o  the cri t icism, 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 t r a f f i c  violations b u t  

no accidents. For accident-invol ved' cars ,  the re1 a t i  ve frequency 

ranged from 0.41 for new t i r e s  t o  2.45 for bald ones, while the 

other group showed a range of 0.85 for  new t i r e s  to 1 . 2 4  for  bald 

ones. Presumably, th is  finding suggests different  driver habits 

b u t  s t i l l  indicts low-tread t i r e s  as an accident causation factor. 

The trend was even more evident i f  only single-vehicle accidents 

were used in the analysis, and was strong enough that  replacement 

of a l l  t i r e s  a t  the 4/32 in .  l imit  would actually prove cost- 

effective due t o  an estimated seven to  eleven percent reduction 

in accidents. 

4.3 Correlations Between Accident Rates and Vehicle Descriptors 

I t  i s  clear  that vehicle performance does vary between makes 

a n d  models. If there i s  a connection between vehicle handling 

and accident experience, then some evidence o f  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 i s  the need to  control for  the influence of 
other variables. Different age groups have different  accident 

ra tes ,  so that the age distribution of the drivers of a particular 

group of cars must be accounted for.  A c a r ' s  marketing image may 

a t t r a c t  more reckless or more careful drivers from every age 

group, a factor for which i t  i s  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 t o  be used primarily 

in one kind of environment (e .g . ,  urban, comnuting, highway 

t ravel ,  etc.  ) .  A vehicle which tends to  sustain above average 

damage in a given coll is ion,  or which tends to  produce more serious 

injuries due to a poorer level of crashworthiness, i s  l ikely t o  
have a larger percentage of i t s  accidents reported to  the 



a p p r o p r i a t e  a u t h o r i t i e s .  A1 1 o f  these f a c t o r s ,  and o t h e r s ,  can 

a f f e c t  t h e  r e s u l t s  i n  any s tudy  a t t e m p t i n g  t o  c o r r e l a t e  a c c i d e n t  

c a u s a t i o n  w i t h  v e h i c l e  des ign.  The l i t e r a t u r e  summarized he re  

v a r i e s  g r e a t l y  i n  t h e  h a n d l i n g  o f  these f a c t o r s .  

4.3.1 The U n i t e d  S t a t e s  Exper ience.  Most  o f  t h e  work done 

i n  t h i s  c o u n t r y  r e g a r d i n g  t h e  connec t ion  between acc iden ts  and 

v e h i c l e  d e s c r i p t o r s  has been t h e  r e s u l t  o f  t r y i n g  t o  determine 

e i t h e r  what s i z e  c a r  i s  s a f e s t ,  o r  what  p a r t i c u l a r  makes and models 

a r e  s a f e s t .  U s u a l l y  no a t tempt  i s  made t o  answer t h e  f o l l o w - u p  

q u e s t i o n  o f  "Why?" S tud ies  concerned w i t h  v e h i c l e  s i z e  w i l l  be 

rev iewed f i r s t .  

I n  a r e p o r t  by t h e  Automot ive S a f e t y  Foundat ion  [16 ] ,  t h e  

f i n d i n g s  o f  separa te  s t u d i e s  o f  two d i s t i n c t i v e ,  and o p p o s i t e  types 

o f  roadways were summarized. One s tudy  was based on a c c i d e n t s  

o c c u r r i n g  on Route 66, wh ich  i s  l a r g e l y  an I n t e r s t a t e  l i m i t e d - a c c e s s  

highway and i s  a  wide smooth r o a d  i n  t h e  s e c t i o n s  t h a t  a r e  u n l i m i t e d -  

access. The r i s k  o f  hav ing  a  s i n g l e - v e h i c l e  a c c i d e n t ,  i n  terms o f  

accident ;  p e r  v e h i c l e  m i l e ,  were computed f o r  " s tandard "  ( g r e a t e r  

t han  3000 pounds i n  w e i g h t ) ,  "compact," and " s m a l l "  ( l e s s  than  2000 

pounds) c a r s .  Norma l i z ing  t h e  r e s u l t s  so t h a t  t h e  r i s k  assoc ia ted  

w i t h  t h e  average s tandard -s i ze  c a r  i s  1  y i e l d e d  r i s k s  f o r  compacts 

and smal l  automobi les o f  2 1/4 and 3 1/2,  r e s p e c t i v e l y .  The 

a d d i t i o n  o f  a  t r a i l e r  g e n e r a l l y  r a i s e d  t h e  s i  n g l e - v e h i c l  e  a c c i d e n t  

r a t e  by  a  f a c t o r  o f  4. 

The second s tudy  was concerned w i t h  a l l  a c c i d e n t s  o c c u r r i n g  

on a  3 .1-mi le  s e c t i o n  o f  a  r u r a l  C a l i f o r n i a  road,  c h a r a c t e r i z e d  by 

h i l l s  and curves,  w i t h  no s i d e  markings,  g u a r d r a i l s ,  o r  ma jo r  

j u n c t i o n s .  Over a  s i x - y e a r  p e r i o d ,  f u l l y  o n e - t h i r d  o f  a l l  r e p o r t e d  

a c c i d e n t s  were l a b e l e d  " l o s s  o f  c o n t r o l . "  Tab le  4.2 i n d i c a t e s  t h e  

g r e a t e r  p r o p e n s i t y  o f  smal l  ca rs  t o  r o l l  over,  compared t o  l a r g e r  

ca rs .  The sample s i z e  i s ,  o f  course,  t o o  smal l  t o  a l l o w  any 

q u a n t i t a t i v e  conc lus ions .  



Table 4.2. Occurrence o f  Rol l o v e r  Accidents 
Versus Other Loss-of -Cont ro l  

Number o f  Other 
Veh ic le  Number R o l l  i n g  Number R o l l  i n g  Loss-of -Cont ro l  
Type Over on Road Over o f f  Road Accidents 

Standard 0 7 

Compact 0  0 6 

Small 4  
( Fore ign)  

A New York s tudy [17]  u t i l i z e d  data f rom every a c c i d e n t  

r e p o r t e d  i n  t h a t  S t a t e  i n  t h e  f i r s t  n i n e  months o f  1968, exc lud ing  

those i n v o l v i n g  tax i -cabs.  The data  base was n e a r l y  300,000 

acc idents  i n v o l v i n g  approx imate ly  550,000 v e h i c l e s ,  85% o f  which 

were automobi les.  The i n v e s t i g a t i o n  was p r i m a r i l y  concerned w i t h  

i n j u r y  generat ion,  b u t  acc iden t  f requenc ies were a1 so c a l c u l a t e d .  

The r e s u l t s  showed t h a t  f o r e i g n  cars  were more l i k e l y  t o  be i n v o l v e d  

i n  non-co l l  i s i o n  acc idents  ( i  .e., ove r tu rn ing ,  runn ing  o f f  t h e  road) 

than were domestic cars .  W i t h i n  bo th  groups, compact cars  and 

s t a t i o n  wagons had more n o n - c o l l i s i o n  acc iden ts ,  r e l a t i v e  t o  t h e i r  

t o t a l  acc iden t  numbers, than d i d  l a r g e  cars .  

When t h e  rear -eng ined automobi les and s p o r t s  cars  were removed 

f rom t h e  sample, and t h e  remaining veh ic les  were grouped i n t o  f i v e  

weight  c lasses,  t h e  percentage o f  acc idents  which were non-co l l  i s i o n  

acc idents  formed a  l i n e a r  p l o t  w i t h  respec t  t o  t h e  l o g a r i t h m  o f  

t h e  average we igh t  f o r  each v e h i c l e  group. The r e s u l t s  were 

s t a t i s t i c a l l y  s i g n i f i c a n t ;  t h e  s tudy  d i d  no t ,  however, account f o r  

even t h e  most bas ic  confounding f a c t o r s ,  p a r t i c u l  a r l y  d r i v e r  age. 

I n  New Jersey,  acc iden t  frequency data  f rom t h e  Garden S t a t e  

Parkway ( 1  i m i  ted-access) were analyzed f o r  v e h i c l e  make, model , and 

s i ze ,  and were compared w i t h  exposure r a t e s  f rom Parkway surveys 

[18]. The exposure survey counted 230,000 automobiles, and t h e  



accident data involved 3,400 cars.  The authors compared each model's 

f rac t ion of the accident-involved cars with i t s  fract ion of the 

cars counted in the exposure survey, and  found tha t  standard-sized 

(1 arge) automobiles were over-i nvol ved in accidents compared t o  

small e r  cars.  

The accident index computed i n  t h i s  report was misleading, 

in t h a t  the authors merely subtracted the exposure ra te  from the 

accident ra te .  For example, i f  a popular car  made up  10.5% of the 

to ta l  vehicle population and 11 -0% of the accident-involved vehicles, 

i t  was assigned an accident index of 11.0-10.5 = t0 .5  (posi t ive  sign 

i s  indicative of over-involvement). Yet a rare foreign car could 

make u p  only 0.01% of the population, and have an accident ra te  of 

0.03%, making i t  involved in  fu l ly  three times as many accidents as 

i t s  numbers would predict ,  and i t  would receive an index of t0.02. 

For th i s  review, the accident index was recomputed by dividing the 

accident ra te  by the exposure ra te .  The positive ra te  exceeds the 

expected or predicted ra te  based on exposure alone; hence, an index 

of one i s  normal. Table 4.3 represents the resul ts  for  the s ix  s i ze  

classes established in the report .  One sees t ha t ,  on t h i s  basis ,  

intermediate-sized automobiles were s a f e s t ,  with safety decreasing 

w i t h  decreasing s ize .  The exception t o  t he  trend was the standard- 

s i ze  automobi l e y  which only bettered the mini-car category. 

  able 4.3. Accident Risk Index on Garden Sta te  Parkway 
by Automobile Size 

Exposure Rate Accident Rate Risk Index 
Size Class ( % ) (%)  ( 1  =Normal ) 
Standard 64.34 76.05 1 .I82 

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 

All Others 35.66 23.95 0.672 



Among t h e  conc lus ions  t h a t  can be drawn f r o m  t h e  d e t a i l e d  

breakdown a  r e  : 

1 )  The expensive " l u x u r y "  automobi les  had t h e  b e s t  

a c c i d e n t  r e c o r d s  o f  any s t a n d a r d - s i  ze c a r s .  

2) The C h r y s l e r  C o r p o r a t i  on i n t e r m e d i a t e  and compacts 

were among t h e  b e s t  o f  a l l  models, d e s p i t e  t h e  

poor  showing o f  t h a t  company's l a r g e r  c a r s .  

3 )  The smal l  compacts and f o r e i g n  c a r s  d i d  n o t  

e x h i b i t  a  c l e a r  t r e n d  t h a t  m i g h t  suggest  t h a t  p r i c e  

o r  performance i s  a  f a c t o r  i n  a c c i d e n t  c a u s a t i o n .  

Case, e t  a l .  [ 19 ] ,  used owner surveys t o  t r y  t o  determine t h e  

r e l a t i v e  s a f e t y  o f  d i f f e r e n t  s i z e  ca rs  i n  C a l i f o r n i a .  They asked 

t h e  owners o f  two d i f f e r e n t  makes o f  economy ca rs ,  two d i f f e r e n t  

domest ic  compacts, and two. f u l l  - s i z e d  ca rs  t o  answer q u e s t i o n s  

about  t h e i r  age, sex, annual mi leage,  e t c . ,  as we1 1 as t h e i r  a c c i -  

den t  reco rds .  Only 31% o f  t h e  addressees responded t o  t h e  m a i l e d  

q u e s t i o n n a i r e s ,  so t h e  r e s u l t s  a r e  n o t  f u l l y  r e p r e s e n t a t i v e .  Tab le  

4.4 g i v e s  t h e  computed a c c i d e n t  r a t e s ,  as w e l l  as i n f o r m a t i o n  about  

Tab le  4.4 Acc iden t  Rates and Age I n f o r m a t i o n  f o r  S i x  
Automobi 1  e  Makes, Based on Cal i f o r n i a  Survey 
o f  8900 Owners. 

Economy Domestic Compact F u l l  -S ized 

Vol kswagen Toyota Fa1 con Nova LTD P o n t i a c  

# Acc./ 

lo3 mi. 0.971 0.971 0.985 0.958 0.730 0.763 
(A1 1  Ages) 

.Percent o f  
D r i v e r s  
Under 20 4.5 3  .O 2.0 2.0 0.5 0.2 
Yrs. o f  
Age 

Mean Age 
o f 33.5 39.2 49.3 44.7 48.7 49.3 
D r i v e r s  



the age of t h e  drivers of each automobile make. The trend toward 

fewer accidents in large cars i s  visible,  b u t  when the results 

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 I l l inois  study from that 

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

Percent of All Percent of a l l  
Regi stered Acci dent-Invol ved 

Vehicle Size Vehi cl es Vehicles 

Compact 9.70 5.69 

Economy 6.58 5.59 

Sport 1.47 1.69 

Standard 82.25 87.03 

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

involved in accidents, even before corrections for driver age 

were made, and t h a t  they were very under-involved in pedestrian 

accidents. The California research did indicate, however, that 

the smaller vehicles had a poorer record with respect t o  loss-of- 

control accidents. 

The most recent writing on the subject of safey versus size 

i s  the a r t ic le  by Hart [ 2 0 ] .  Citing the already-mentioned 

California and New Jersey works, as well as other reports, Hart 

concluded that,  from the point of view o f  society as a whole, 

"small cars are much safer than large cars." His sumnary of the 

problem states t h a t  

"1) Large cars are involved in multi-car collisions 

more often than small cars in relation t o  their  

exposure. " 



" 2 )  Large cars are involved more frequently in 

pedestrian accidents. 

3) In col l i s ions  involving both large and small 

cars ,  the driver of the large car i s  more often 

a t  f au l t . "  Large cars are most l ikely  to  

cause accidents by infringement upon the road 

r ights  of other vehicles; the small ca r  i s  

more l ikely  t o  have caused an accident because 

of excessive speed. 

"4 )  A1 though small cars have a higher involvement in 

single-vehicle accidents,  they are  burdened 

( a )  by a high proportion of accident-prone (under 

25) dr ivers ,  ( b )  by i n s t a b i l i t i e s  which a r e  not 

s i ze  re la ted ,  and ( c )  by inclusion of the sport  

cars in t h a t  category." 

The author suggests tha t  the available data understates the 

small cars '  advantages because t h e i r  involvement ra te  i s  inf la ted  

by the col l i s ions  with large cars which are the f au l t  of the large 

ca rs '  drivers.  He then offers possible reasons fo r  t h i s  

d i f ferent ia l  accident r a t e :  

1 )  Large cars make larger targets  and/or project i les  

in accident s i tuat ions .  

" 2 )  American cars (which comprise a l l  of the standard 

c lass )  appear t o  have sof te r  suspensions. These 

sof te r  suspensions may increase the probabi 1 i  ty 

o f  loss of control in emergency s i tua t ions . "  

"3) Longer, wider hoods decrease vis i  bi 1 i  ty ." 
4 )  Driver e r ro r  may become more l ikely  as vehicle 

s i ze  increases, due t o  the discrepancy in s i ze  

between the driver and his  vehicle. 

5) More large cars may be defective due t o  ' t he i r  
higher repair  and maintenance costs . 



As f a r  as the question of accident involvement versus 

vehicle make and model i s  concerned, the only comprehensive work 

t h a t  may be added t o  the New Jersey investigation i s  an analysis 

by Milie [21]. This research used reports on 700,000 accidents 

in New York Sta te  in 1969 and 1970. Exposure was accounted fo r  by 

determining the number of vehicle regis t ra t ion months fo r  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 t o  be properly repaired 

with new parts with the result ing increase in reported numbers of 

minor accidents, the author compared models within the same s ize  

and value categories only. 

The accident ra tes  were weighted t o  account for driver age 

and  sex. The standardized ra tes  showed f a r  less  dispersion than 

the raw data alone. 

The New York data,  although not limited to  turnpike accidents, 

should have compared well with the New Jersey f igures.  I t  did n o t .  

The New York records showed the safest. compact, intermediate, and 

luxury cars t o  be Fa1 con, Fai r lane,  and Chrysl e r ,  respectively; 

the Chrysler faired poorly in New Jersey,  while the other two were 

a b o u t  average. The New Jersey study, admittedly not normalized for  

driver variables, showed 1 arge model -to-model variations , even 

within s ize  classes where driver e f fec t s  are l ikely  t o  be equal. 

The New York report found no s t a t i s t i c a l l y  s ignif icant  differences 

between models within a c lass .  

In addition to  investigations of the e f fec t  of s i ze  or make, 

other investigators have examined par t icular  vehicular design 

'character is t ics  for  evidence of t he i r  role in accident causation. 

Another study of New York Sta te  accidents compared front-engined 

compact cars to  those with rear-mounted engines [ 2 2 ] .  The resul ts  

seem t o  dispute a l l  of the feelings that  rear-engined cars are  

unsafe due to the i r  inherent handling problems. The accident 
involvement ra tes  were computed as accidents per 100,000 vehicle 



registrat ion months, and  were kept separately fo r  d i f ferent  age 

groups. Table 4.6 shows the important r esu l t s ,  which are  summarized 

as follows: 

1) Domestic front-engi ned automobiles had a higher 

accident involvement ra te  than domestic rear- 

engined cars (speci f ica l ly  Corvair) . 
2 )  Front-engined cars as a group had a higher 

involvement ra te  than rear-engined cars. 

3 )  Foreign front-engined cars had a higher rate for  

one age group; the differences were n o t  s ign i f i -  

cant fo r  other ages. 

Another 'study of the contribution of vehicular factors t o  
accident causation was concerned with the s t a b i l i t y  of rear- 

engined cars.  Hoffmann [ 2 3 ]  rel ied upon the work of others in 

concluding that  "there i s  some evidence from accident s t a t i s t i c s . .  . 
tha t  certain types of vehicles have control problems. These 

problems are shown by the large number of single-vehicle 'ran off 

roadway' and ' ro l lover '  accidents which they have (when) compared 

w i t h  other vehicles. " Several studies are  ci ted which agree that  

rear-engined swing-axle cars ro l l  over much more frequently than 

large,  conventional sedans. I t  i s  speculated tha t  1 imi t oversteer 

may lead t o  a sideways sl iding a t  the l imi t ,  instead of frontwards 

plowing, and that  th i s  might leave the vehicle more prone t o  
tripping by curbs. I t  i s  also noted t h a t  swing-axle suspensions 

generally do not actually jack-up or tuck under unti l  approximately 

0.7 g ' s  la tera l  acceleration i s  reached, making th is  feature a most 

unlikely cause of many accidents. 

The l a s t  several reports reviewed here a re  concerned with 

vehicular factors other than performance. The purpose of the 

review i s  t o  i l l u s t r a t e  the magnitude of the problem of controlling 

fo r  independent variables. The e a r l i e s t ,  by ~ c h r e i  ber [ 2 4 ]  , found 
t h a t  1960 accident reports on fleet-owned automobiles revealed a 



Table  4.6. Acc idents  p e r  100,000 Veh ic le  R e g i s t r a t i o n  Months 
f o r  Domestic and Fore ign Automobiles by Engine 
Loca t ion  and by D r i v e r  Age. 

Automobi 1  e  Type D r i v e r  Age Acc ident  Rate 

16-29 52.9 

Fore ign  f ron t -eng ined  30-54 24.2 

55-89 15.5 

T o t a l  35.6 

16-29 40.9 

Fore ign  rea r -eng i  ned 30-54 23.7 

55-89 13.4 

T o t a l  28.6 

16-29 50.5 

Domestic f ron t -eng ined  30-54 32.4 

55-89 29.5 

T o t c l  34.6 

16-29 37.4 

Domestic rea r -eng i  ned 30-54 20.3 

55-89 15.2 

T o t a l  23.7 



difference in accident rates among three similar  ( b u t  unidentified) 

makes. More s ignif icant  variat ions were found between those cars 

with radios, or  with power s teer ing,  and those without, however. 

Both of these options led t o  higher accident ra tes .  

Another more .recent investigation [ 2 5 ]  found t ha t  Department 

of Transportation regulations governing vehicle l ight ing,  wind- 

shield-washing, and  braking systems performance have reduced 

accident occurrences by a minimum of one percent t o  a maximum of 

nine percent, depending on the accident causation data one chooses 

t o  be1 i eve. 

Finally, a Massachusetts study of Pinto and Vega accident 

s t a t i s t i c s  revealed another pi t - f a l l  [ 2 6 ] .  The accident r a t e  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 a t  the 

end of the period. Driver variables,  weather conditions, and 

accident type could n o t  of fer  any clues as to  the reason. I t  was 

discovered, however, that  Vega sales had risen sharply following a 

long s t r ike  a t  introduction time in 1970, and  that  using vehicle 

regis t ra t ion months as an exposure index eliminated the differences 

in the two models' ra tes .  

4 . 3 . 2  The Brit ish Experience. A somewhat dated study 

provides an example of fa i lu re  t o  control fo r  even obvious influ-  

ent ia l  factors.  Giles and  Sabey [ 2 7 ]  used data on a l l  fa ta l  and 

serious accidents in Great Britain in 1956 t o  compile the figures 

shown in Table 4.7. The data seem t o  indicate that  increased power 

'and performance leads t o  a greater propensity to skid.  This same 
study, however, produced the s t a t i s t i c s  in Table 4.8 using 1957 

data, The l a t e r  data show that  younger drivers have more skidding 

accidents, ye t  the authors did not correct the vehicle data for  

the age of the drivers involved. Furthermore, the horsepower-to- 
weight r a t i o  would be a more logical variable than engine capacity, 



Table 4.7. Percentage o f  Accidents Which Invo lved  
Sk idd ing,  by Engine Size.  

(1956 F a t a l  and Ser ious Accidents Only, i n  Great B r i t a i n )  

% Sk idd ing - % Sk idd ing  - 
Engine Capaci ty Wet Road Accidents A l l  Accidents 

Less than 800 cc 17% 12% 

800-900 cc 15% 12% 

900-1000 cc 17% 12% 

1000-1200 cc 19% 1 5% 

1200-1400 cc 21% 16% 

1400-1 500 cc 22% 17% 

1500-1600 cc 22% 19% 

1600- 1800 CC*  (1  7%) (16%) 
1800-2600 cc 24% 21% 

Greater  than 2600 cc 28% 21% 

*This c l a s s  con ta ins  no veh ic les  r e g i s t e r e d  a f t e r  1949. 

Table 4.8. Percentage o f  Accidents Which Invo lved  
Sk idd ing,  by D r i v e r ' s  Age 

(1957 Fa ta l  and Ser ious Accidents Only, i n  Great B r i t a i n )  

Age Dry Roads Wet Roads I c y  Roads A l l  Condi t ions 

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% 0 % 4% 



as l a r g e r  cars may a c t u a l l y  be under-powered r e l a t i v e  t o  smal l  

ones desp i t e  having l a r g e r  engines; another p o s s i b i l i t y  i s  t h a t  

t he  l a r g e r  cars  may have more sk idd ing  acc idents  because t h e i r  

s i z e  has degraded t h e i r  hand l ing  qua1 i t i e s .  F i n a l l y ,  by n o t  

examining ac tua l  acc iden t  causes, t h e  poss i  b i  1  i t y  has been 1  e f t  

open t h a t  h i ghe r  speeds on t h e  p a r t  o f  t h e  more power fu l  ca rs  l e d  

t o  sk i dd ing  i n  t u rns  o r  w h i l e  brak ing,  i n  which case human dec i s i on  

making and n o t  design p e r s e  - i s  a t  f a u l t .  The compl icat ions 

i nvo l ved  i n  reaching honest conc lus ions about t he  r o l e  o f  performance 

i n  acc iden t  causat ion q u i c k l y  become almost overwhelming . 
( A t  t h i s  p o i n t ,  i t  i s  p e r t i n e n t  t o  observe t h a t  t he  use o f  

such f i g u r e s  as " t he  percentage o f  a l l  acc idents  f o r  t he  g iven  

v e h i c l e  type which i nvo l ved  t h e  c h a r a c t e r i s t i c  under s tudy"  can 

mask t h e  e f f e c t  o f  c h a r a c t e r i s t i c s  n o t  under s tudy.  For example, 

i f  an unusual ly  h igh  percentage o f  the acc idents  i n c u r r e d  by a  

s p e c i f i c  v e h i c l e  i n v o l v e  sk idd ing  on curves, t h e  t r u t h  may be t h a t  

t h e  handl ing i s  normal b u t  excep t iona l  brakes have l e d  t o  fewer 

than average c o l l  i s i o n s  a t  i n t e r s e c t i o n s .  Because percentages must 

add up t o  one hundred, i t  i s  p re fe rab le  t o  r e l y  on "number o f  such 
8 acc idents  per  10 vehic le-mi  l e s  ," o r  some s i m i l a r  s t a t i s  t i c ,  

whenever poss ib le .  ) 

Another e a r l y  study ( i n  t h e  1960 's)  used data f rom acc idents  

which were pe rsona l l y  i n v e s t i g a t e d  by the  author  [28] .  H is  r e s u l t s  

were pu t  f o r t h  cau t i ous l y ,  and again  were no t  we1 1  c o n t r o l  l e d  f o r  

t h e  age o r  sex o f  t h e  d r i v e r ,  o r  f o r  m i l es  d r i ven .  The number o f  

s t e e r i n g  t u rns  l ock - t o - l ock  was n o t  found t o  be a  p r e d i c t i v e  design 

f a c t o r ,  bu t  v e h i c l e  weight  was, w i t h  t h e  heav ies t  cars  hav ing more 

acc idents .  Low power-to-weight r a t i o  seemed t o  l ead  t o  fewer 

acc idents ,  a l though the  r e s u l t s  were n o t  conc lus ive  and were n o t  

c o n t r o l l e d  f o r  t o t a l  veh i c l e  weight,  v e h i c l e  usage, e t c .  The 

author  c i t e d  an American study, which i nd i ca ted ,  ins tead ,  t h a t  a  

h i ghe r  power-to-weight r a t i o ,  up t o  a  p o i n t ,  was sa fe r .  

A 1969 s tudy o f  over  600 acc idents  [ 29 ]  was c a r r i e d  ou t  i n  

a manner s i m i l a r  t o  t h e  M D A I  s tud ies  i n  t h i s  count ry  wherein 



accident-involved vehicles were examined t o  determine the exact 

accident cause. In addition t o  physical factors such as brake 

deficiencies or  bald t i r e s ,  the vehicle age, make, mileage, speed 

and load were recorded. Cars with less  than 10,000 miles on the i r  

odometers were found t o  be under-involved, while cars with over 

40,000 mi 1 es were over-involved in accidents. Contributing factors 

might be driver character is t ics  or maintenance records, as we1 1 

as vehicle design. Confirmed vehicle causal factors included brake 

factors ( i n  5% of the vehicles) and excessive steering-wheel play 

(3%).  Obstruction of forward vision contributed t o  17% of the 

accidents, and smooth t i r e s  t o  5%. Of in te res t  i s  the fac t  t h a t  
25% of the accident-involved vehicles - a n d  25% of a l l  vehicles 

(according t o  a random survey) had a t  l eas t  one smooth t i r e ,  ye t  

the in-depth investigations showed smooth t i r e s  t o  be a small factor 

in accident causation. Ti re pressure deficiencies were more common 

. i n  the accident-involved group than in the control group, and were 

estimated t o  have contributed t o  a minimum of 7% of the accidents. 

The part of the report of main in te res t  to  t h i s  review i s  

the comparison of accident ra tes  by vehicle make (although not by 

model) displayed in Table 4 .9 .  Here, the percentage of accident- 

involved cars from each manufacturer i s  compared with the per- 

centage of cars ,  in an exposure survey, made by the same manufacturer. 

Without corrections for  driver age, i t  i s  not surprising t h a t  the 
most expensive car (Jaguar) was the only one s ignif icant ly  under- 

involved, since i t s  drivers a re  1 ikely t o  be much 01 der t h a n  
average. 

The most recent resul ts  from Great Bri tain,  however, are 

included in a ser ies  of studies by I . S .  Jones, a1 1 di rect ly  related 

t o  the problem of determining the t rue  extent to  which vehicle 

hand1 ing character is t ics  a f fec t  the accident ra te .  

The f i r s t  report was based upon the informati on from 

questionnaires sent  t o  purchasers of a par t icular  brand of seat  

be1 t [30]. The sample was obviously not representative: urban areas 



Table 4.9. Accident Involvement Versus Exposure for  
Automobiles of Bri t ish Manufacture. 

Percentaqe of 
Percentaqe of Percentaqe of All Cars, as 
All Urban Accident A1 1 Rural Accident Estimated by  

Vehicle Make Involved Cars I nvol ved Cars Exposure Survev 

BM C 

Ford 

Roo tes 

Vauxhall 

Std. Triumph 

Jaguar 

Rover 

Foreign 

Misc. 

Not Known 

were under-represented due t o  less  be l t  usage, the more safety- 

conscious owners were more l ikely  to  respond, and of course people 

involved in fa ta l  accidents were under-represented. However, the 

resul ts  were confidential and i t  was hoped that  the respondents 

would be more truthful  than when answering pol i ce investigators.  

I t  was found tha t  rear-engined cars were less  l ikely  t o  become 

involved in rear-end coll i s ions ,  b u t  more 1 i kely to  be involved in 

single-vehicle accidents and single-vehicle rol lovers,  than 

front-engined cars. Looking a t  the single-vehicle accidents alone, 

the rear-engined car was s t i l l  the one most l ikely  t o  have over- 

'turned, with front-wheel-drive cars l e a s t  1 i kely. Because front-  
wheel-drive cars had more single-vehicle accidents, however, the 

to ta l  chance of rollover was approximately the same as for  

conventional ( front-engi ned , rear-wheel -dr i  ve) cars.  



A second report by Jones [31] established a relationship 

between measurable vehicle design parameters and frequency of 

overturning accidents. Because his e a r l i e r  work had shown that 

83% of a l l  overturning occurs in single-vehicle accidents, he 

looked a t  single-vehicle accident data alone. I n  th i s  study, 

Jones used as a measure of proneness t o  overturn, the number of 

single-vehicle accidents with overturning divided by the number of 

to ta l  single-vehicle accidents. 

This measure was computed for  19 models of automobiles using 

the British national accident s t a t i s t i c s  from 1969 and  1970, and  

was broken down into rural and urban accident ra tes .  Linear 

regression analysis showed that  the rural accident rate correlated 

with the simple center-of-gravi ty-height/track r a t i o ,  the corre- 

lat ion coefficient being 0.491 ; the urban correlation was n o t  

s ignificant .  Since many overturning accidents follow contact with 

abrupt changes in ground contour, the author used a simple model 

of an automobile-curb impact t o  approximately compute the 

minimum la tera l  velocity which would cause each of the 19 vehicles 

to  overturn i f  tripped by a curb. This minimum velocity correlated 

better  with the overturning probabi 1 i  t i e s  from the accident 

s t a t i s t i c s .  The correlation coefficient  was 0.66, s ignificant  a t  

the 1% level .  

The l a s t  work by Jones [ I ]  used the same data base, b u t  

calculated single-vehicle and mu1 t iple-vehicle accident rates fo r  

34 car models. Data from serious and fa ta l  accidents only were 

empl oyed because of the more accurate reporting procedures used 

in these accidents. (This res t r ic t ion may have biased the sample 

toward fewer large ca rs ,  however, since serious and fa ta l  accidents 

occur less frequently with 1 arger cars.  ) Using registrat ion 

figures and surveys of odometer readings, the accident rates were 
8 computed on the basis of accidents per 10 miles. With th i s  

accounting for exposure, the single-vehicl e accident ra te  (pre- 

sumably most strongly influenced by vehicle characterist ics 
because of the 1 arge number of loss-of-control accidents represented) 



did indeed show a greater range of rates between models than the 

mu1 tiple-vehicle accident ra te .  

Since the author knew the age and sex of a l l  involved drivers 

and since the overall accident rates fo r  various age groups and 

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

fo r  age and  sex. This involved the plausible assumption tha t  the 

distr ibution of accidents among the age groups i s  independent 

of the vehi cl e model involved. Because car-to-car accidents are 

much less  dependent on vehicle characteris t i c s ,  Jones contends 

that  the normalized car-to-car accident ra te ,  with driver e f fec t s  

removed, accurately ref lec ts  vehicle mileage or exposure. Thus he 

was able t o  include vehicle models for  which the mileage survey 

had not produced significant  resul ts .  Table 4.10 contains the 

r a t i o  of single-vehicle accidents t o  mu1 t iple-vehicle accidents, 

with the f i r s t  column representing the ra te  without driver e f fec t s  

accounted fo r ,  and the second representing the ra te  with a l l  driver 

age a n d  sex contributions removed.. The range of rates in the l a s t  

column should represent the contribution of a l l  e f fects  other than 

those due t o  the driver.  

Finally, the author compared the accident rates with k n o w n  

vehicle design parameters and with b o t h  objective and subjective 

measures of vehicle handling performance (obtained from road t e s t s  

conducted and reported by motor magazines) . On omitting sports 

cars from his sample, he found that  increased vehicle weight and 

wheel base resul ted in fewer s i  ngl e-vehicl e accidents. A1  so,  cars 

with large amounts of understeer a t  zero la tera l  accelerat ion,  b u t  

whose understeer decreases with increasing 1 ateral  accelerat ion,  

had the lowest single-vehicle accident ra tes .  The ra te  was also 

shown to  increase with increasing instabi 1 i  ty under severe braking. 

Many of these resul ts  were due, in par t ,  t o  t i e s  or interactions 

between the hand1 ing ratings a n d  vehicle weight, however. This 
interaction or re1 ationship between the various parameters compl i -  

cates the resul ts ,  b u t  regression techniques allowed him t o  draw 

the following important conclusions: 



f a b l e  4.10. Sing le -Veh i c l e  Accident Rates, W i th  and Wi thout  No rma l i za t i on  f o r  D r i v e r s  
Age, f o r  A l l  Models o f  Cars I nvo l ved  i n  B r i t i s h  Accidents i n  1969 and 197fl. 

Normalized Single-Vehicle Accident Rate r Single-Vehicle Accident Rate 
Model Code Number Normalized Car-Car Accident Rate Normalized Car-Car Acciclc~lt Kate 

Large 
Cars 

Medium 
Cars 

Small 
Cars 

2 6 
2 7 
2 8 

Sports 29 
Cars 30 

'31 

3 2 
33 
34 



Age e f f e c t s  account  f o r  about  40%, and t h e  p r o p o r t i o n  o f  

male t o  female d r i v e r s  f o r  about  30% o f  t h e  model-to-model v a r i a -  

t i o n  i n  s i n g l e - v e h i c l e  a c c i d e n t  r a t e s .  The horsepower- to-we ight  

r a t i o  accounts f o r  a  f u r t h e r  13%, and b r a k i n g  i n s t a b i l i t y  f o r  

about  3%. I f  t h e  d r i v e r  e f f e c t s  are '  removed, then  o n l y  abou t  35% 

t o  40% o f  t h e  remain ing v a r i a t i o n  i n  no rma l i zed  r a t e s  can be 

a t t r i b u t e d  t o  v e h i c l e  performance f a c t o r s .  

T h i s  l a t t e r  s t u d y  i s  p r o b a b l y  t h e  f i n e s t  p u b l i s h e d  t o  d a t e  

on t h e  t o p i c  o f  i n t e r e s t .  Even though t h e  r e s u l t s  a r e  n o t  

n e c e s s a r i l y  d i r e c t l y  a p p l i c a b l e  t o  t h e  prob lem i n  t h i s  c o u n t r y ,  

i t  does p r o v i d e  an e x c e l l e n t  example o f  t h e  impor tance o f  account -  

i n g  f o r  n o n - v e h i c u l a r  e f f e c t s ,  as w e l l  as p r e s e n t i n g  methods f o r  

how t o  do so. 

4.3.3 S tud ies  f r o m  Othe r  C o u n t r i e s .  Two research  s t u d i e s  

were found t h a t  p resen ted  a c c i d e n t  d a t a  as ev idence t h a t  v e h i c l e  

performance i s  a  f a c t o r  i n  a c c i d e n t  c a u s a t i o n .  

The f i r s t  s t u d y  1321 c i t e s  an a n a l y s i s  o f  a c c i d e n t  d a t a  

performed by  a  German insu rance  company. Tab le  4.11 i s  t aken  f rom 

Reference 32 and g i v e s  t h e  r e l a t i v e  a c c i d e n t  i nvo l vemen t  i ndex ,  

by v e h i c l e  model , f o r  twen ty  model s .  The most s t r i  k i  ng f e a t u r e  

a r e  t h a t  ( 1 )  t h e  h i g h e s t  i nvo l vemen t  r a t e s  a r e  f o r  expens ive  s p o r t s  

c a r s  wh ich  a r e  g e n e r a l l y  respec ted  f o r  t h e i r  o u t s t a n d i n g  c o r n e r i n g ,  

b r a k i n g ,  and a c c e l e r a t i o n  performance,  and ( 2 )  w i t h i n  each p a i r  o f  

models f rom one manu fac tu re r ,  t h e  f a s t e r ,  " s p o r t i e r "  model had t h e  

h i g h e r  invo lvement  r a t e .  No i n f o r m a t i o n  i s  a v a i l  ab le ,  however, 

as t o  how t h e  i n d i c e s  were computed o r  whether e f f o r t s  were made 

t o  c o n t r o l  f o r  confound ing v a r i a b l e s .  

In a  second s tudy  [ 3 3 ] ,  t h e  d e s i g n  c h a r a c t e r i s t i c s  o f  v e h i c l e s  

were examined f o r  c o r r e l a t i o n s  w i t h  A u s t r a l i a n  a c c i d e n t  data .  Rates 
8 ( a c c i d e n t s  p e r  10 m i l e s  d r i v e n )  o f  c a s u a l t y  and non-casual  t y ,  

s i n g l e - v e h i c l e ,  mu1 t i - v e h i c l e ,  and p e d e s t r i a n  a c c i d e n t s  were com- 

pared f o r  v e h i c l e s  w i t h  d i f f e r e n t  we igh ts ,  horsepower, b rake 

l i n i n g  area, o r  r a t i o s  o f  t h e s e  des ign  parameters .  D r i v e r  age 



Table  4.11 R e l a t i v e  R isk  o f  Acc iden t  Invo lvement  by Make 
and Model, Based on Acc iden t  Data f rom 
West Germany. 

R e l a t i v e  Acc iden t  
Manufac turer  V e h i c l e  Model Invo lvement  

Vol kswagen 1200/1300 54 

K70 86 

Ford  

Mercedes-Benz 

BMW 

Porsche 

K a d e t t  B  6  9 

Commodore GS Limo. 157 

Taunus T u r n i e r  

Capr i  RS/3.0 GXL 

F i a t  500 

850 S p i d e r  

B r i t i s h  Ley1 and M o r r i s  Mar ina 

Triumph TR4/6 

Lotus  Europa 204 

Maserat i I ndy 2  50 

Lamborghi n i  Espada/Jarama 250 

Lanc i a 2000 Coupe 231 



and sex, day o f  week, occupancy l e v e l  o f  t h e  v e h i c l e ,  and y e a r  

o f  manufac ture  were a l s o  recorded.  The a c c i d e n t  da ta  were f rom 

1961, w h i l e  t h e  m i leage  survey took  p l a c e  i n  1963 and 1964; hence 

i t  was necessary t o  assume t h a t  t h e  average m i l e a g e  accrued by 

each v e h i c l e  t y p e  d i d  n o t  v a r y  s i g n i f i c a n t l y  o v e r  t h a t  p e r i o d .  

When we igh t  and power were combined as a  r a t i o ,  t h e  h i g h e s t  

invo lvement  i n d i c e s  o b t a i n e d  were f o r  v e h i c l e s  w i  t h  medium power- 

t o  w e i g h t  r a t i o s  w i t h  l o w e r  invo lvement  b e i n g  observed i n  a l l  

t ypes o f  a c c i d e n t s  f o r  e x t r e m e l y  h i g h  and low va lues o f  power- to-  

w e i g h t  r a t i o s .  

Another  s i g n i f i c a n t  t r e n d  was a  pronounced decrease i n  

a c c i d e n t  invo lvement  w i t h  an i n c r e a s i n g  r a t i o  o f  a rea o f  b rake 

1  i n i n g  t o  horsepower. For  t h e  1  i n i n g  a r e a - t o - w e i g h t  r a t i o ,  t h e  

l o w e s t  a c c i d e n t  i nvo l vemen t  corresponded t c  t h e  h i g h e s t  r a t i o  c l a s s .  

The au tho rs  specu la ted  t h a t  some o f  t h e  performance f e a t u r e s ,  

p a r t i c u l a r l y  t hose  r e 1  a t e d  t o  horsepower, c o u l d  se rve  t h e  e x p e r i  - 
enced d r i v e r  w e l l  w h i l e  i n c r e a s i n g  t h e  a c c i d e n t  r i s k  f o r  t h e  l e s s  

exper ienced.  Evidence p o i n t s  t o  t h i s  hypo thes i s  b e i n g  t r u e  s i n c e  

t h e  h i g h e s t  horsepower and horsepower/wei g h t  c lasses ,  wh ich  had 

v e r y  l ow  o v e r a l l  i nvo l vemen t  r a t e s ,  had, by f a r ,  t h e  h i g h e s t  

a c c i d e n t  r a t e s  when o n l y  a c c i d e n t s  i n v o l v i n g  d r i v e r s  under t h i r t y  

y e a r s  o f  age were cons idered.  

4.4 Conc lud ing Remarks 

It i s  apparent  t h a t  v e h i c l e  f a c t o r s  do p l a y  a  r o l e  i n  

a c c i d e n t  causa t ion .  The r o l e  i s  n o t  unders tood;  indeed,  p a s t  

research  does n o t  p r o v i d e  a  means o f  a c c u r a t e l y  q u a n t i f y i n g  t h e  

'magnitude o f  t h e  r o l e .  

The works rev iewed he re  c o n t r a d i c t  one ano the r  i n  many 

r e s p e c t s .  Whi le  i n - d e p t h  i n v e s t i g a t i o n s  have f a i l e d  t o  i d e n t i f y  

v e h i c l e  performance as a  f r e q u e n t  causa l  f a c t o r ,  o t h e r  l e s s  d i r e c t  

ev idence suggests t h a t  i t  may be. The r o l e  o f  d r i v e r  i n e x p e r i e n c e  



i n  l o s s - o f - c o n t r o l  a c c i d e n t s  i s  genera l  l y  recogn ized  as we1 1  as 

the  p o t e n t i a l  f o r  a c h i e v i n g  s a f e r  highways by means o f  b e t t e r  

emergency maneuver t r a i n i n g .  These o b s e r v a t i o n s  i n d i c a t e  a  d r i v e r  

f a i l u r e  problem i n  t h e  d r i v e r - v e h i c l  e  c o n t r o l  system. What i s  

n o t  i n d i c a t e d  i s  t h e  degree t o  wh ich  t h a t  sys tem's  performance can 

be improved by changes i n  t h e  v e h i c l e  a lone.  

Research o u t s i d e  t h e  U n i t e d  S t a t e s  has i n d i c a t e d  t h a t  t i r e  

p ressu re  o r  t i r e  c o n d i t i o n ,  wh ich  a f f e c t s  h a n d l i n g  a lmost  e x c l u -  

s i v e l y ,  can cause acc iden ts .  B e t t e r  b r a k i n g  systems have a l s o  

been shown t o  be a  p a t h  t o  l o w e r  a c c i d e n t  r a t e s .  How t h e s e  r e s u l t s  

app ly  t o  t h e  t y p e  o f  d r i v i n g  s i t u a t i o n s  found i n  t h e  U n i t e d  S t a t e s  

i s  n o t  r e a d i l y  apparent .  

W i t h i n  t h i s  coun t ry ,  t h e  most s i g n i f i c a n t  f i n d i n g  i s  t h a t  

t hose  c a r s  w i t h  t h e  b e s t  avoidance capabi  1  i t i e s ,  p a r t i c u l a r l y  sma l l  

cars ,  have s e r i o u s  s t a b i  1  i t y  problems. The v e h i c l e  c lasses  w i t h  

t h e  l o w e s t  r a t e s  o f  o v e r a l l  a c c i d e n t  i nvo l vemen t  c o n s i s t e n t l y  

f a r e  p o o r l y  w i t h  r e s p e c t  t o  l o s s - o f - c o n t r o l  o r  s i n g l e - v e h i c l e  

acc iden ts .  Determin ing t h e  o p t i m a l  m ix  o f  s m a l l - c a r  maneuver- 

a b i l i t y  and b i g - c a r  s t a b i l i t y  may be t h e  most s i g n i f i c a n t  impact  

we can make i n  t h i s  f i e l d .  

Other  work i n  t h i s  c o u n t r y  tends t o  be l a r g e l y  c o n t r a d i c t o r y ,  

whether i n  t h e  area o f  a c c i d e n t  cause d e t e r m i n a t i o n  o r  model - t o -  

model a c c i d e n t  r i s k  comparisons. Much o f  t h e  problem i s  a  l a c k  

o f  adequate data ;  many s t u d i e s  r e p o r t e d  on t o o  few a c c i d e n t s  t o  

produce meaningfu l  r e s u l t s .  Another aspec t  o f  t h e  problem i s  a  

f a i l u r e  t o  account  f o r  t h e  myr iad  o f  independent v a r i a b l e s  wh ich  

make eve ry  a c c i d e n t  un ique.  

One d i s a p p o i n t i n g  aspec t  o f  even t h e  b e s t  research,  wh ich  

uses a c c i d e n t  d a t a  t o  p o i  n t  o u t  dangerous des ign  c h a r a c t e r i  s t i  cs ,  

i s  t h e  complete f a i l u r e  t o  ask, l e t  a lone  t r y  t o  answer, t h e  

q u e s t i o n  o f  "Why?" I n  many r e p o r t s  ev idence i s  p resen ted  t h a t  

suggests c e r t a i n  v e h i c l e  models a r e  v e r y  acc iden t -p rone ,  o r  t h a t  

c e r t a i n  general  v e h i c l e  c o n f i g u r a t i o n s  a r e  o v e r - i  nvo lved i n  



acc idents .  No at tempt  i s  made t o  l ook  f u r t h e r ,  however, t o  see i f  

those ex t r a ,  unpred ic ted  acc idents  were indeed t h e  r e s u l t  o f  

v e h i c u l a r  f a c t o r s .  And even i f  t h e  s t a t i s t i c s  i n d i c a t e  t h a t  t h e  

f a u l t  l i e s  w i t h  t he  veh i c l e ,  cou ld  n o t  the  f a u l t  be poor v i s i -  

b i l i t y ,  o r  poor ergonomic design, o r  poor h e a d l i g h t  o r  t a i l l i g h t  

e f f ec t i veness?  

I n  o the r  words, t h e  ex ten t  o f  t h e  r o l e  o f  v e h i c l e  p e r f o r -  

mance i n  acc iden t  causat ion i s  n o t  l i k e l y  t o  be known be fo re  

s t a t i s t i c a l  research, v e h i c l e  t e s t i n g  and r a t i n g ,  and improved 

acc iden t  r e p o r t i n g  a re  combined f o r  t he  purpose o f  answering t h a t  

s p e c i f i c  quest ion.  



BLANK 



5.0 EVIDENCE OF VEHICLE HANDLING FACTORS IN AVAILABLE A C C I D E N T  DATA 

While much accident data has been collected and  organized 

in computer f i l e s  in the United Sta tes ,  few of these f i l e s  have 

been examined with the idea of determining the role of vehicle 

handling in accident causation. One of the purposes of th i s  work 

was t o  carry out such an examination. 

A t  the Highway Safety Research Ins t i tu te  there are  upwards 

of two hundred separate accident f i l e s  which are available for  

research purposes. Most of these are special purpose f i l e s  which 

have l i t t l e  u t i l i t y  in the present application. To be usable for 

studies of vehicle handling, the f i r s t  prerequisite that  an acci- 

dent f i l e  must f u l f i l l  i s  tha t  the accident-involved vehicles must 

be identif iable t o  a re la t ively  f ine  degree. A second requirement 

i s  that  the parameters describing an accident must be differentiated 

in such a way as t o  have some meaning with respect t o  vehicle 

handling considerations. A third requirement i s  that  the data f i l e  

contain enough cases t o  produce meaningful s t a t i s t i c a l  resul ts  . 
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 1 a t t e r  two requirements being f u l f i l  led. 

A t  present, there i s  no existing data f i l e  that  s a t i s f i e s  a l l  

of these requirements. Two f i l e s  do, however, come close enough 

t o  provide useful information, speci f ica l ly ,  the mass-accident data 

f i l e s  from King County (Sea t t l e ) ,  Washington, and from the State 

of Texas. The resul ts  of studies in which these two f i l e s  were 

employed t o  examine vehicle hand1 i ng accidents will be described 

below. (The CPIR accident data f i l e  was also reviewed as part of 

th i s  work and i s  also discussed here.) 



5.1 The U t i l i t y  o f 'Mass Accident Data F i l e s  

As a l ready  imp l ied ,  t he  mass acc iden t  data f rom Texas and 

Washington S ta te  represent  two o f  t h e  bes t  sources o f  such data 

i n  t h e  Un i ted  States.  I n  each f i l e ,  t he  code l a b e l s  desc r i b i ng  

t h e  v e h i c l e  i nc1 ude make, model , and model year ,  bu t  w i t hou t  

re f inements  such as engine opt ions,  power versus manual s t e e r i  ng , 
t i r e  opt ions,  e t c .  I n  a d d i t i o n ,  each f i l e  conta ins severa l  code 

1  abel s  connot ing var ious acc iden t  event desc r i  p t o r s  , e. g  . , 
sk idd ing ,  over tu rn ing ,  head-on c o l l  i s i o n ,  avoidance maneuver, e tc .  

Fur ther ,  each f i l e  con ta ins  d e s c r i p t i v e  data on t h e  roadway, t he  

weather, t he  d r i v e r ,  t he  surrounding area, and o the r  r e l a t e d  

in fo rmat ion .  Each f i l e ,  i n  add i t i on ,  i s  probably  more accurate 

than t y p i c a l  mass acc iden t  data compi la t ions due t o  t he  apparent 

care w i t h  which t he  data i s  t reated;  no i n f o rma t i on  i s  a v a i l a b l e ,  

however, w i t h  respect  t o  t he  abso lu te  accuracy o f  t he  data.  

D i f fe rences  between f i n d i n g s  from the  two data se ts  can be 

expected t o  a r i s e  from th ree  areas: t he  d i f f e rences  i n  the veh i c l e  

popula t ions,  t he  d r i v i n g  environment, and i n  t h e  k inds o f  acc idents  

i nves t i ga ted .  Ce r t a i n  imported veh ic les  a re  more p reva len t  i n  the  

S e a t t l e  area (e .g . ,  Toyota) than i n  Texas, f o r  example, and much 

more r a i n y  weather occurs i n  Sea t t le .  The Texas data s e t  was 

r e s t r i c t e d  t o  s i ng l e - veh i c l e  accidents,  w h i l e  t h a t  from King 

County inc luded  both s i ng le - veh i c l e  acc idents  and the s t r i k i n g  

v e h i c l e  i n  acc idents  i n v o l v i n g  two o r  more veh i c l es .  

The o the r  d i f f e r e n c e  t h a t  may, o r  may no t ,  i n f l uence  the  

f i n d i n g s  i s  i n  the  d e f i n i t i o n  o f  a  " r epo r t ab le  acc iden t . "  A 

" r epo r t ab le  acc iden t "  i n  Texas i s  one which invo lves  death o r  

personal  i n j u r y ,  o r  a  minimum p rope r t y  damage o f  $250. A 

r epo r t ab le  acc iden t  i n  Washington i s  one which invo lves  a  minimum 

p rope r t y  damage o f  $100. 



The f i n d i n g s  ob ta ined  f rom analyses o f  t h e  Texas and King 

County acc iden t  data  a re  summarized i n  the  n e x t  two subsect ions.  

A t h i r d  subsect ion f o l l o w s  and con ta ins  a  d i scuss ion  o f  comparisons 

and d i f f e r e n c e s  as appropr ia te .  Appendix B presents  the  d e t a i  1  s  

o f  t h e  a n a l y s i s  o f  these mass acc iden t  data.  

5.1 .I Find ings  f rom the  King County ( S e a t t l e )  Data. The 

acc iden t  data f i l e  f rom King County ( S e a t t l e ) ,  Washington con ta ins  

approx imate ly  65,000 v e h i c l e  involvements which occur red i n  1973. 

I n  ana lyz ing  the  data,  an a t tempt  was made t o  i s o l a t e  as much as 

p o s s i b l e  t h e  i n f l u e n c e s  o f  v e h i c l e  f a c t o r s  on t h e  acc iden t  record .  

D r i v e r  i n f l u e n c e s  were cons idered o n l y  t o  t h e  e x t e n t  t h a t  t h e  cho ice  

o f  v e h i c l e s  by s p e c i f i e d  segments o f  t h e  d r i v i n g  p o p u l a t i o n  may 

a f f e c t  the acc iden t  r e c o r d  o f  t h a t  v e h i c l e .  Con t ro l s  f o r  exposure, 

whether f o r  v e h i c l e  popu la t i ons  , d r i v e r  popul a t i  ons , o r  t h e  

d r i v i n g  environment, were n o t  cons idered s i n c e  t h e  r e q u i r e d  data  

do n o t  e x i s t .  

The acc iden t  data  s e t  used i n  t h i s  i n v e s t i g a t i o n  cons is ted  o f  

approximately 9,500 v e h i c l e  involvements which were f i l t e r e d  f rom 

t h e  o r i g i n a l  65,000 cases. Veh ic le  s e l e c t i o n  was r e s t r i c t e d  t o  

passenger cars  and i n c l u d e d  o n l y  those v e h i c l e s  i n v o l v e d  i n  s i n g l e -  

v e h i c l e  acc idents  o r  which were t h e  s t r i k i n g  v e h i c l e  i n  acc iden ts  

i n v o l v i n g  two o r  more v e h i c l e s .  The data  s e t  was f u r t h e r  1  i m i  t e d  

t o  unimpaired d r i v e r s  and t o  acc iden ts  o c c u r r i n g  on wet o r  d r y  

road sur faces o n l y .  

I n  ana lyz ing  the  data  s e t ,  l i n k s  were examined between 

s p e c i f i c  v e h i c l e ,  d r i v e r ,  and road c l a s s i f i c a t i o n s  i n  severa l  

ca tegor ies  o f  acc idents .  Some s p e c i f i c  f i n d i n g s ,  as ob ta ined  

f rom t h e  King County data analyses,  are :  

Veh ic les  hav ing t h e  h i g h e s t  f requency o f  acc iden ts  

on curves a r e  the  sub-compact/mini and s p o r t y  

models--some o f  these v e h i c l e s  have more than t w i c e  

t h e  invo lvement  o f  t h e  t o t a l  data  sample. 



Accidents on wet surfaces do n o t  show any c l e a r  

t rends w i t h  respect  t o  v e h i c l e  types. 

Over turn ing acc idents  a re  c l e a r l y  c o r r e l a t e d  w i t h  

v e h i c l e  t r a c k  w id th .  The Toyota Corona-three t imes 

more invo lved  i n  ove r t u rn i ng  acc idents  than t he  

t o t a l  sample--had the  narrowest t r a c k  w id th .  

Rear-end acc idents  do no t  s t r o n g l y  c o r r e l a t e  w i t h  

any p a r t i c u l a r  veh i c l e  c lass,  a1 though t he  b rak ing  

performance and rear-end acc iden t  exper ience o f  

the Vega and Ford Capri seem t o  compare w e l l .  

"Sideswipe" and t u r n i n g  acc idents  a re  more prone t o  

occur w i t h  the l a r g e r ,  more bu l ky  veh ic les .  Side 

v i s i b i l i t y ,  veh i c l e  volume, and handl ing a g i l i t y  

appear t o  be impor tan t  f a c t o r s  i n  these acc idents .  

The h ighes t  f requenc ies o f  s k i dd ing  acc idents  

a re  assoc ia ted w i t h  spor ty  and sub-compact/mini 

type veh ic les ;  t he  lowest  a re  f o r  t h e  l u x u r y  sedan 

models (e.g., C a d i l l a c ) .  

Speeding i s  h e a v i l y  imp1 i c a t e d  i n  acc idents  i n v o l v i n g  

super spo r t  and European spo r t  ca r  veh ic les ;  t he  l e a s t  

i nvo lved  veh ic les  a re  the  l u x u r y  models. 

"Fa i  l u r e - t o - y i e l d "  and " i n a t t e n t i o n "  acc idents  are 

most commonly encountered w i t h  t h e  1  uxury models. 

Vehic les having t h e  most acc idents  w i t h  j u s t  one 

occupant ( t h e  d r i v e r )  f a l l  i n t o  t h e  personal l u x u r y  

and sub-compact c lasses. S u r p r i s i n g l y ,  t he  v e h i c l e  

most i nvo l ved  i n  acc idents  w i t h  more than one 

occupant i s  t he  VW---a load-re1 ated hand1 i n g  problem 

may e x i s t  here. 

Residence p r o x i m i t y  seems t o  have l i t t l e  i n f l u e n c e  

on acc iden t  exper ience. 



The v e h i c l e  body types most h i g h l y  i n v o l v e d  i n  

a c c i d e n t s  acco rd ing  t o  d r i v e r  o c c u p a t i o n  a re :  

P r o f e s s i o n a l  

C l e r i c a l  /Sal  es 

Luxury  Sedan 
Super S p o r t  

Sub-compact 
Super S p o r t  

Sk i1  led/Semi-Ski1 l e d  Super S p o r t  
Workers Luxury  Sedan 

Housewi ves/Domesti cs Luxury Sedan 
Persona l  Luxury  

S tuden ts ICh i  1 dren European Spor t s  Car 
Sub-Compact/Mini 

Male d r i v e r s  have t h e  h i g h e s t  f requency o f  a c c i d e n t s  

i n  c o n v e r t i b l e s  and super  s p o r t  c lasses  o f  v e h i c l e s .  

The most and l e a s t  i n v o l v e d  v e h i c l e  body types by 

d r i v e r  age a r e :  

Age Group 

15-19 

20-24 

25-29 

30-34 

35-39 

40-44 

45-49 

50- 54 

55-64 

'>64 

Most I n v o l v e d  

Speci  a1 ty /Pony 

European Spor t s  Car 

Sub-compact 

Personal  Luxury 

Standard/Ful  1 S i z e  

Luxury Sedan 

Luxury Sedan 

Personal  Luxury  

Luxury  Sedan 

Luxury  Sedan 

Leas t  I n v o l v e d  

Personal  Luxury 

Luxury  Sedan 

S t a n d a r d I F u l l  S i ze  

Sub-compact 

Super S p o r t  

S p e c i a l  t y l P o n y  

European Spor t s  Car 

Sub-Compact/Mini 

European Spor t s  Car 

European Spor t s  Car 

0 There i s  a t r e n d  th rough  t h e  age groups f rom 

a c c i d e n t s  w i t h  t h e  s p o r t y  v e h i c l e s  a t  t h e  younger 

ages, t o  t h e  s m a l l e r  domest ic  v e h i c l e s  d u r i n g  t h e  

young f a m i l y  yea rs ,  and t o  t h e  l u x u r y  models i n  

m i d d l e  and o l d  age. 



D r i v e r s  o f  s m a l l e r  v e h i c l e s  a r e  more i n v o l v e d  i n  

acc iden ts  when wear ing s e a t  be1 t s  than  a r e  d r i v e r s  

o f  l a r g e r  veh ic les-an excep t ion  i s  t h e  VW where 

s e a t  be1 t usage i n  a c c i d e n t - i n v o l v e d  v e h i c l e s  i s  

l e s s  than  o n e - h a l f  t h e  f requency f o r  t h e  t o t a l  sample. 

Acc idents  on curved s e c t i o n s  o f  road  i n c r e a s e  w i t h  

t h e  number o f  v e h i c l e  occupants i n d i c a t i n g  a  

hand1 i n g  and/or d i s t r a c t i o n  problem. 

The most i n v o l v e d  v e h i c l e s  i n  acc iden ts  on curved 

s e c t i o n s  o f  road  w i t h  more than  one occupant a r e  

t h e  sub-compact and s p o r t y  types.  The VW B e e t l e  

was by f a r  t h e  most i n v o l v e d  i n  these a c c i d e n t s .  

M i l i t a r y  personnel  and s tuden ts  a r e  t h e  d r i v e r  

occupat ions most h e a v i l y  i n v o l v e d  i n  acc iden ts  on 

curves.  

Male d r i v e r s ,  i n  genera l ,  a r e  a lmost  40% more 

i n v o l v e d  i n  acc iden ts  on curves than a r e  females 

and i n  p a r t i c u l a r  exper ience h i g h e r  f requenc ies  

o f  acc iden ts  on curves f o r  a l l  v e h i c l e  body types.  

The f requency o f  acc iden ts  on curves decreases w i t h  

i n c r e a s i n g  d r i v e r  age. 

S i g n i f i c a n t l y  fewer acc iden ts  occur  on curves when 

s e a t  be1 t s  a r e  used. 

There i s  a p p a r e n t l y  a  s t r o n g e r  dependence on v e h i c l e  

body t y p e  than on d r i v e r  age i n  acc iden ts  i n v o l v i n g  

s e a t  be1 t usage. 

Seat b e l t  usage i s  a p p a r e n t l y  an i n d i c a t o r  o f  d r i v e r  

prudence, i n  t h a t  v e h i c l e  types hav ing  t h e  l o w e s t  

f requenc ies  o f  acc iden ts  on curves a l s o  have a  low 

f requency o f  acc iden ts  on curves when sea t  b e l t s  

a r e  used, i .e . ,  sea t  b e l t  usage c o r r e l a t e s  w i t h  l ower  

a c c i d e n t  exper ience.  



There i s  a weak indication tha t  the number of occu- 

pants in accident-involved vehicles i s  greater  for  

older model years than for newer models. 

Drivers in the professional and c le r i ca l / sa les  occu- 
pations show a tendency toward having higher frequencies 

of accidents with l a t e r  model year vehicles; t h i s  

trend i s  reversed for  ski 11 ed/semi -s ki 11 ed workers and 

students. 

There are no c lear  trends in the r a t i o  of accidents 

with male drivers re la t ive  t o  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. 

I t  should be kept in mind that  the above findings are based 

on accident frequencies. For example, the f i r s t  finding . . . . 
"Vehicles having the highest frequency of accidents on curves are 

the subcompactjmini and sporty models-. . ." could also be in ter-  

preted as "...subcompact/rnini and sporty models have lower f re-  

quencies of accidents on s t ra igh t  secti'ons of road." Thus, the 

frequencies indicated in t h i s  analysis represent the proportion 

of accidents of a par t icular  type as experienced by a part icular  

c lass  of vehicle when compared t o  the to ta l  number of accidents 

of that  class of vehicle. In the case of the f i r s t .  finding, the 

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

% Accident on Curves: SubcompactjMini 

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

A t rue accident ra te ,  of course, would account for  the to ta l  number 

of miles driven by subcompact/mini vehicles and would be reported 



i n  a c c i d e n t s  on curves p e r  m i l e  o f  t r a v e l  on curves.  The m i leage  

d r i v e n  by i n d i v i d u a l  v e h i c l e  makes i s  n o t  a v a i l a b l e  i n  King 

County, however, n o r  i s  t h e  more r e f i n e d  s t a t i s t i c  p e r t a i n i n g  t o  

m i l e s  d r i v e n  on curves f o r  i n d i v i d u a l  v e h i c l  es. W i thou t  such 

exposure i n f o r m a t i o n ,  one i s  l e f t  t o  use a c c i d e n t  f requenc ies  

(and n o t  a c c i d e n t  r a t e s )  as a  means o f  e s t a b l i s h i n g  t rends .  The 

p i t f a l l s  i n  t h i s  procedure a r e  r e a l  and a  c a u t i o n a r y  a t t i t u d e  i n  

t h e  i n t e r p r e t a t i o n  o f  t hese  f i n d i n g s  i s  w e l l  adv ised.  

5.1.2 F ind ings  From t h e  Texas Data. The a c c i d e n t  da ta  f i l e  

f rom t h e  S t a t e  o f  Texas used i n  t h i s  s tudy was d e r i v e d  f rom a  5% 

random sample o f  t h e  v e h i c l e s  i n v o l v e d  i n  a c c i d e n t s  d u r i n g  1973, 

c o n s t i t u t i n g  approx ima te l y  39,000 v e h i c l e  i nvo l  vements . As was 

t h e  case i n  u s i n g  t h e  King County data ,  t h e  Texas da ta  were 

f i l t e r e d  so as t o  i n c l u d e  o n l y  passenger ca rs ,  un impai red d r i v e r s ,  

and wet  o r  d r y  road  c o n d i t i o n s .  U n l i k e  t h e  K ing  County da ta  s e t ,  

t h e  Texas da ta  s e t  was l i m i t e d  t o  j u s t  s i n g l e - v e h i c l e  a c c i d e n t s .  

As a  consequence, t h e  number o f  da ta  elements i n  t h e  Texas da ta  

s e t  (2622 cases) i s  c o n s i d e r a b l y  l e s s  than  was t h e  case f o r  t h e  

K ing  County data  s e t .  The fewer data  e lements,  c l e a r l y ,  r e s t r i c t e d  

t h e  l e v e l  o f  comp lex i t y  o f  t h e  ques t i ons  t h a t  c o u l d  be addressed. 

F o r  example, many ques t ions  t h a t  c o u l d  .be addressed i n  terms o f  

s p e c i f i c  make and model i n  t h e  King County da ta  s e t  had t o  be 

r e s t r i c t e d  t o  t h e  broader  c l a s s i f i c a t i o n  o f  body t ype  f o r  t h e  Texas 

da ta  s e t .  

S p e c i f i c  f i n d i n g s  o b t a i  ned f r o m  t h e  a n a l y s i s  o f  s ing1  e- 

v e h i c l e  acc iden ts  drawn f rom t h e  Texas 5% sample a r e :  

Small  v e h i c l e s  tend  t o  have t h e  h i g h e s t  f requenc ies  

o f  a c c i d e n t s  on wet  roads.  

Sma l le r  v e h i c l e s  tend  t o  be o v e r - i n v o l v e d  i n  a c c i d e n t s  

on curved roads.  

I n  a c c i d e n t s  i n v o l v i n g  l o s s  o f  c o n t r o l ,  t h e  s p o r t s  

ca rs  and t h e  l a r g e  ca rs  a r e  under - i nvo lved ,  w h i l e  t h e  

s m a l l e r  v e h i c l e s  a r e  over - , invo l  ved. 



There does n o t  appear t o  be any correlation between 

body type and loss-of-control accidents on wet roads. 

There i s  a c lear  correlation between body type and 
overturning. The sports cars and larger vehicles are  

under-involved, while the smaller vehicies, especially 

the Vol kswagen Bug,  are over-i nvol ved. 

Vehicle s ize  seems to  have a d i rect  correlation to  

h i t t ing parked cars. The larger body types have the 

highest frequencies and the smaller body types the 

1 owest frequencies. 

There i s  n o  obvious trend among accidents with jus t  
one occupant. 

@ Smaller vehicles are  involved in more accidents in which 

a speeding violation i s  c i t ed ,  while larger vehicles are 

less  involved. 

Male drivers are over-involved in accidents with sporty 

vehicles. 

O Younger 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 i s  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 exis ts  between the 

two categories, i t  i s  c lear  that  the average driver of a 

small car who i s  involved in an accident i s  several 

years younger than the average driver of a iarger  car 

involved in an accident. 



The mean age of drivers involved in accidents on 
curved roads i s  about three years less  t h a n  the mean 

age of a l l  drivers involved in accidents. 

As w i t h  the King County data s e t ,  i t  should be kept in mind that  

these findings are based on an analysis of accident frequencies 

and n o t  accident ra tes .  

5.1.3 Comparisons. An examination of the speci f ic  findings 

ci ted in Subsections 5.1.1 and  5.1.2 show some agreement, some 

disagreement, and many findings which are  n o t  related.  The l a t t e r  

s i tuat ion resul ts  from the differences in the way the two accident 

d a t a  se t s  are coded. In areas where the codi ngs are  s imi lar ,  

however, some in te res t i  ng comparisons can be made. 

Table 5.1 consists of rankings of several kinds of accident 

descriptors fo r  various vehicle body types. (See Appendix B 

for  the body type c lass i f ica t ions  into which speci f ic  rnake/model 

classes f a l l  .) Rankings are  given for both the Texas and King 

County data with the lowest 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 body' type categories are ordered, 

more or l e s s ,  in increasing s ize  from the t o p  down with the excep- 

tion of the lowest three body types. These l a t t e r  three are 

considered t o  be in a separate special tylpony category. 

The f i r s t  four columns on,the l e f t ,  i . e . ,  Accidents on Curves, 

Accidents on Wet Roads, Overturning Accidents, and Accidents with 

One Occupant Only, are accident c lass i f ica t ions  that  are asso- 

ciated with vehicle handling factors .  The four columns on the 

r igh t ,  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, 





When t h e  rank ings  f o r  K ing County and Texas a re  averaged, 

t h e r e  i s  a  rough inc rease  i n  a c c i d e n t  f requenc ies  w i t h  v e h i c l e  

s i z e  f o r  Acc idents  on Curves, Acc idents  on Wet Roads, and Over- 

t u r n i n g  Acc idents .  Acc idents  w i t h  One Occupany Only seem t o  peak 

i n  t h e  i n t e r m e d i a t e  t o  s tandard  s i z e  body types,  a l t hough  t h e  

p a t t e r n  i s  weak. (The purpose o f  i n c l u d i n g  Acc idents  w i t h  One 

Occupant Only i s  t o  e x p l o r e  t h e  p o s s i b l e  i n f l u e n c e s  o f  v e h i c l e  

l o a d i n g  on a c c i d e n t  f requenc ies .  Loaded v e h i c l e s ,  p a r t i c u l a r l y  i n  

t h e  r e a r ,  g e n e r a l l y  have l e s s  unders tee r  and a  l ower  s t a t i c  marg in  

and hence may e x h i b i t  poo re r  hand1 i ng qua1 i t i e s .  Veh ic les  

e x h i b i t i n g  h i g h e r  f requenc ies  o f  acc iden ts  w i t h  --- more than  one 

occupant cou ld ,  presumably, be exper ienc ing  l o a d - r e l a t e d  hand l i ng  

problems, namely, t he  v e h i c l e s  exh i  b i t i n g  t h e  l owes t  f requenc ies  

o f  a c c i d e n t s  w i t h  - one occupant o n l y . )  I f  t h e r e  i s  any hand l i ng  

problem d e r i v i n g  f rom l o a d i n g ,  i t  would be expected t o  appear 

w i t h  t h e  s m a l l e r  v e h i c l e s ,  s i n c e  any l o a d  added t o  a  s m a l l e r  

v e h i c l e  rep resen ts  a  g r e a t e r  p r o p o r t i o n  o f  t h e  t o t a l  we igh t  o f  

t h e  v e h i c l e .  As i s  e v i d e n t ,  however, no c l e a r  t r e n d  i s  apparent .  

On examining t h e  f o u r  exposure columns on t h e  l e f t  o f  Table 

5.1, t h e  one t h a t  stands o u t  i s  Mean D r i v e r  Age, i n  t h a t  t h e r e  i s  

a  monotonic i n c r e a s e  i n  d r i v e r  age w i th .  i n c r e a s i n g  v e h i c l e  s i z e .  

Another i n t e r e s t i n g  f e a t u r e  i n  Tab le  5.1 p e r t a i n s  t o  t h e  d i f f e r -  

ences i n  mean age o f  t h e  d r i v e r s  i n  t h e  K ing  County a c c i d e n t  data  

s e t  as compared t o  t h e  Texas data .  The Texas data ,  i t  may be 

r e c a l l e d ,  con ta ins  o n l y  s i n g l e - v e h i c l e  acc iden ts ,  w h i l e  t h e  King 

County data  con ta ins  bo th  s i n g l e - v e h i c l  e  acc iden ts  and t h e  s t r i k i n g  

v e h i c l e  i n  acc iden ts  i n v o l v i n g  two, o r  more, v e h i c l e s .  I t  i s  

known, g e n e r a l l y ,  t h a t  t h e  mean age o f  d r i v e r s  i n v o l v e d  i n  s i n g l e -  

v e h i c l e  acc iden ts  i s  l ower  than f o r  acc iden ts  as a  whole. Thus, 

t h e  b i a s  toward l ower  mean d r i v e r  ages i n  t h e  Texas data  i s  t o  be 

expected. The d i f f e r e n c e s ,  rang ing  between one and s i x  years ,  

seem h igh,  however. 



The highest percentages of male drivers involved in accidents 

are associated with the super sport vehicles. No c lear  pattern 

of male involvements i s  apparent in the other vehicle classes.  

The preponderance of accidents i  nvol vi ng drivers aged 15-1 9 

years i s  concentrated among specialty/pony, European sports car 

and small e r  c lass  vehicles. 

The Mean Model Year of vehicles in the subcompact a n d  sub- 

compact/mini classes i s  two to  three years younger than the other 

c lasses ,  This finding resul ts  from the recent large increase of 

these smaller vehicles as a resu l t  of t he i r  wider manufacture in 

the United States in the years 1970-1973 and the growth in import 

car  sales . 
More speci f ic  comparisons of the King County and Texas data 

s e t s  show some interest ing resu l t s .  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 s e t s ,  respectively. 

O f  the top s ix  over-involved vehicles from the King County data ,  

four are also over-involved in the Texas data. The only contra- 

dictory finding involves the Pi n t m v e r - i n v o l v e d  in accidents on 

curves in King County, b u t  under-involved in Texas. Again, as a 

point of information, the percentages given were computed as 

follows, e . g . ,  fo r  the V W :  

% 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 tha t  vehicle handling may possibly be a factor 

here. I t  should be kept in mind, however, t h a t ,  as per Table 5.1, 

smaller vehicles a r e  usually driven by younger dr ivers ,  and younger 

drivers character is t ica l ly  have higher accident frequencies than 

average. One i s  l e f t ,  apparently, then, with the chicken-egg 



Table 5.2. S e a t t l e  Single-Vehicle  and S t r i k i n g  Vehicle 
Percent Accidents on Curved Sec t ions  of Road. 

Vehicle MakeIModel 

Ma ke/Model % Involvement ( N )  

Most Invol ved 

Ope1 Kadett ,  1900, Ralye 25.0 (56)  

VW Beet le  19.5 (41)  

Toyota Corona, Crown 18.6 (97)  

P in to  18.2 (214) 

Cougar 18.0  (89)  

Dodge Coronet, Charger 17.9 (123) 

Least  Involved 

AMC C l a s s i c ,  Rebel, Matador 5.7 (88) 

AMC Ambassador 7.0 (43)  

Chrysl er 7.1 (126) 

Thunderbi r d ,  Landau 7.7 (104) 

Cadi1 l a c  Cal a i s ,  Devil l e ,  Brougham 7.7 (78)  

E lec t ra  225 9.1 (55)  

Olds F-85, C u t l a s s ,  V i  s t a - C r u i s e r  9.1 (153) 

Total  % Involvement 13.5 (9,523) 

$ = (100) Accidents on Curves f o r  a Given MakeIModel 
Total  Accidents f o r  a Given Make/Model 



Table 5.3. Texas S ing le -Veh ic le  Percent  Accidents 
on Curved Sect ions o f  Road. 

Veh ic le  Ma ke/Model 

Ma ke/Model 

Most I n v o l  ved 

VW Bee t le  

Ope1 Kadette,  Other 

Dodge Coronet , Charger 

Camaro 

Toyota Corona, Unknown 

Least I nvo l ved  

C a d i l l a c  D e V i l l e  

Buick  LeSabre, W i l dca t  

Thunderbi r d  

P i n t o  

Ford LTD 

% Involvement ( N )  

To ta l  % Involvement 11.4 (2,622) 

% = 
(100) Acc idents  on Curves f o r  a  Given MakeIModel 

To ta l  Accidents f o r  a Given Make/Model 



dilemna. I n  o r d e r  t o  p o i n t  up t h e  s i t u a t i o n ,  cons ide r  Table 5.4 

wh ich  shows t h e  mean d r i v e r  age f o r  t h e  v e h i c l e s  1  i s t e d  i n  

Tables 5.2 and 5.3 as be ing  most i n v o l v e d  i n  acc iden ts  on curves.  

- -- - - - - - - - - - -- 

Tab le  5.4. D r i v e r  Age Versus Make/Model I d e n t i f i e d  as 
"Most I n v o l v e d "  i n  Acc idents  on Curves. 

Mean D r i v e r  Age 

Vehi c l  e  K ing County (sea ttl e )  Texas 

Ope1 Kadet te  24.6 20.9 

VW B e e t l e  

Toyo t a  

P i n t o  

Cougar 

Dodge Coronet, Charger 

Carnaro 24.1 22.4 
-- - 

S i m i l a r l y ,  cons ide r  t h e  same i n f o r m a t i o n  (Tab le  5 . 5 )  f o r  t h e  

v e h i c l e s  l i s t e d  i n  Tables 5.2 and 5.3 as be ing  l e a s t  i n v o l v e d .  

Table 5.5. D r i v e r  Age Versus Make/Model I d e n t i f i e d  as 
"Least  I n v o l v e d "  i n  Acc idents  on Curves. 

Mean D r i v e r  Age 

Veh ic le  King County ( S e a t t l e )  Texas 

AMC C l a s s i c ,  Rebel 34.9 - - 
AMC Ambassador 38.6 - - 
Chrys l  e r  43.6 36.4 
Thunderbi r d  35.1 33.2 

Cadi 11 ac 44.3 43 .O 
Bu ick  E l e c t r a  39.3 - - 
Olds F-85, Cut lass ,  e t c .  35.0 27.4 
Bu i c  k LeSa b re  38.9 37.2 
Ford  LTD - - 33.0 



The most s t r ik ing comparison between Tables 5 .4  and  5.5 i s  t h a t  

the mean ages of drivers are a l l  under 30 years fo r  the most 

involved vehicles and, with the exception of one case,  are  a l l  

over 30 years fo r  the l eas t  involved vehicles. The cause-effect 

relationship in vehicle hand1 i ng accidents with respect t o  vehicle 

properties and  driver ski1 l l a t t i  tudeslexperience i s ,  therefore,  

n o t  resol ved. 

As a f inal  note, the finding t ha t  the Pinto i s  most involved 

in curve accidents in King County and l eas t  involved in Texas 

cannot be explained by age considerations. A difference in 

exposure t o  driving on curves may be a factor here, b u t  t h i s  

statement i s  only speculation. 

A comparison of accidents on wet surfaces in King County 

and Texas i s  shown on Tables 5 .6  and 5 . 7 ,  respectively. The make/ 

model comparisons between most i nvol ved and  l e a s t  i nvolved 

vehicles on these tables do not compare nearly as well as do the 

d a t a  drawn from accidents on curves. One reason i s  due t o  the 

f a c t  that  the make/model c lass i f ica t ions  for  the two se t s  of d a t a  
do not match one-to-one. Another i s  t h a t  many make/model classes 

in the Texas data were not involved in enough accidents t o  produce 

any meaningful s t a t i s t i c a l  information. Fa1 1 ing in to  t h i s  

category are the AMC Ambassador, the Buick Riviera, and the 

Mercury Cougar which were most involved in wet surface accidents 

i n  King County, b u t  were not among those evaluated in Texas due t o  
too few accident cases. If  these three vehicles are  removed from 

the King County data s e t  a n d  the next three vehicles in order of 

percent involvement are added, then the l i s t i ng  of the most 

involved vehicles on Table 5.6 reduces to  the following tabulation: 

Ma ke/Model % Involvement ( N )  

Valiant , Duster 42 (188) 

Plymouth Be1 vedere, Sate1 1 i t e ,  GTX 41 (156) 

Vega 41 (152) 
Chevrol e t  Chevel l e  , Nomad, 
Greenbrier 

Ope1 Kadette, 1900, Ralye 39 (56)  



Table 5.6. Seat t le  Single-Vehicle and Striking Vehicle 
Percent Accidents on Wet Surfaces 

Most Involved 

Vehi cl e Ma ke/Model 

% Involvement (NI 

AMC Ambassador 

Valiant, Duster 

Plymouth Belvedere, Sate1 1 i t e ,  GTX 

Vega 

Riviera 

Chevrol e t  Chevell e ,  Nomad, Greenbrier 

Cougar 

Least Invol ved 

Ford Capri 

AMC Greml in 

Buick LeSabre, Wildcat, Centurion 

Buick Electra 225 

AMC American, Hornet 

Mercury Monterey , Park1 ane, Marquis 

Buick Special, Skylark, Sportwagon 

Total % Involvement 36 (9,523) 

% = 
(100) Accidents on Wet Surfaces fo r  a Given Make/Model 

Total Accidents for  a Given Make/Model 



Table  5.7.  Texas S i n g l e - V e h i c l e  Percent  Acc idents  
on Wet Surfaces 

V e h i c l e  Ma ke/Model 

MakeIModel % Invo lvement  ( N )  

Most  I nvo l  ved 

Ope1 Kadette,  Other 42.1 (19)  

Bu ick  Sky la rk ,  Spec ia l  38.2 (34 )  

Val i a n t ,  Duster  33.3 (54)  

P i n t o  32.6 (46 )  

Vega 32.3 (31)  

Least  I n v o l v e d  

Dodge Dar t ,  Swinger 

C a d i l l a c  D e V i l l e  

Ford  LTD 

Thunderbi r d  

Plymouth Be1 vedere, Sate1 1  i t e  

T o t a l  % Involvement 21.9 (2,622) 

% = (100) Acc idents  on Wet Surfaces f o r  a  Given Make/Model 
T o t a l  Acc idents  f o r  a  Given Make/Model 



Each o f  these make/model s  has a  c o u n t e r p a r t  i n  t h e  Texas data  

and i t  can be no ted  t h a t  t h r e e  o f  t h e  t o p  f i v e  most i n v o l v e d  

v e h i c l e s  i n  K ing  County a l s o  make up t h r e e  o f  t h e  t o p  f i v e  most 

i n v o l v e d  v e h i c l e s  i n  Texas. I t  i s  e v i d e n t ,  then, t h a t  t h e r e  i s  

a  reasonabl  e  compari son among make/model s  f o r  a c c i  dents on wet 

su r faces  i n  t h e  two s e t s  o f  data.  I t  shou ld  be noted t h a t  d r i v i n g  

c o n d i t i o n s  i n  t h e  two areas d i f f e r  s u b s t a n t i a l l y .  Whereas Texas 

can g e n e r a l l y  be c l a s s i f i e d  as d r y  and f l a t ,  K ing  County i s  j u s t  

t h e  oppos i te .  Th is  d i f f e r e n c e  accounts f o r  t h e  l a r g e r  percentage 

o f  wet s u r f a c e  acc iden ts  i n  K ing County. The s i m i l a r i t y  i n  

f i n d i n g s  ob ta ined  from such d i v e r s e  d r i v i n g  environments i s  even 

more remarkable.  

Over tu rn ing  acc iden ts  a r e  compared on Tables 5.8 and 5.9 f o r  

t h e  two data  se ts .  Four o u t  o f  t h e  t o p  s i x  v e h i c l e s  most i n v o l v e d  

i n  o v e r t u r n i n g  acc iden ts  i n  King County a l s o  make up four  o f  the  

t o p  f i v e  v e h i c l e s  most i n v o l v e d  i n  o v e r t u r n i n g  acc iden ts  i n  Texas. 

Over tu rn ing  acc iden ts  a r e  t h e  most recogn izab le  a c c i d e n t  t ype  

t h a t  can be assoc ia ted  w i t h  a  v e h i c l e  design p r o p e r t y .  The over -  

t u r n i n g  p o t e n t i a l  o f  a  v e h i c l e  i s ,  among o t h e r  t h i n g s ,  d i r e c t l y  

r e l a t e d  t o  t h e  r a t i o  o f  i t s  c e n t e r - o f - g r a v i t y  h e i g h t  t o  t r a c k  

w i d t h .  Since t h e  h e i g h t  o f  t h e  c e n t e r  o f  g r a v i t y  i s  l a r g e l y  

determined by ground c lea rance  and t h e  ' s i ze  o f  people,  i t  does n o t  

va ry  g r e a t l y  f rom v e h i c l e  t o  v e h i c l e .  Consequently, t h e  major  

f a c t o r  de te rm in ing  t h e  o v e r t u r n i n g  p o t e n t i a l  i s  t r a c k  w i d t h .  I n  

t h e  data  shown on Tables 5.8 and 5.9, t h e  v e h i c l e s  showing t h e  

h i g h e s t  f requenc ies  o f  r o l l o v e r  acc iden ts  a r e  a l s o  t h e  ones w i t h  

t h e  nar rowest  t r a c k  w i d t h s .  For  example, p r i o r  t o  t h e  1974 models, 

t h e  Toyota Corona had t h e  na r rowes t  t r a c k  o f  any o f  t h e  v e h i c l e s  

l i s t e d  (51.2 i n .  t r a c k  i n  f r o n t  and 50.4 i n .  i n  t h e  r e a r ) .  By 
comparison, t h e  V W  B e e t l e  has a  f r o n t  rack  o f  51.5 i n .  and a  r e a r  

t r a c k  o f  53.1 i n .  The f r o n t  and r e a r  t r a c k  o f  t h e  Pon t iac  F i r e -  

b i r d  a r e  61.3 i n .  and 60.0 i n . ,  r e s p e c t i v e l y .  A l l  v e h i c l e s  i n  

t h e  "Most Invo lved"  category  have t r a c k  w id ths  o f  57.5 i n . ,  o r  

l e s s ,  w i t h  t h e  e x c e p t i o n  o f  t h e  Plymouth Be lvedere /Sa te l l  i t e  model. 



Table 5.8. ~ e a t t l e  Single-Vehicle and Striking Vehicle 
Percent Overturning Accidents 

Vehicle MakeIModel 

Make/Model % Involvement ( N )  

Most Involved 

Toyota Corona, Crown 8.4 (97) 

Ford Capri 4.9 (61) 

VW Beet1 e 4.9 (41) 

Vega 3.9 (152) 

Pinto 3,7 (214) 

Val i a n t ,  Duster 3.4 (188) 

Least Involved 

Ford Fair1 ane, Tori no, Fa1 con 0 (274) 
Oldsmobile F-85, C u t 1  a s s ,  
Vista-Crui se r  0 (153) 

Chrysl e r  

Thunderbi rd, Landau 

Cougar 0 (89) 

Fi rebi rd 0 (60) 

Total % Involvement 2.8 (9,523) 

% = (100) Overturning Accidents ' f o r  a Given MakeIModel 
Total Accidents for  a Given Make/Model 



Table 5.9. Texas Single-Vehicle Percent 
Overturning Accidents 

Vehi cl e Ma ke/Model 

Ma ke/Model % Involvement ( N )  

Most Involved 

VW Beet1 e 13.6 (118) 

Toyota Corona, Unknown 7.0 (43) 

Pinto 6.5 (46) 

Plymouth Belvedere, S a t e l l i t e  5.9 (34) 

Val i a n t ,  Duster 5.6 (54) 

Least Involved 

Chevrol e t  Chevel l e  0.0 (130) 

Pontiac Bonnevil l e ,  Catal ina 0.0 ( 6 7 )  

Oldsmobi l e  88 0.0 (58) 

Buick LeSabre 0.0 (55) 

Chevrol e t  Camaro 0.0 (50) 

Chrysl e r  0.0 (50) 

Total % Involvement 2.5 (2,622) 

= (100) Overturning Accidents f o r  a Given Make/Model 
Total Accidents fo r  a Gi.ven Make/Model 



A l l  v e h i c l e s  i n  t h e  "Least  Invo lved"  category  have t r a c k  w id ths  

of 58.5 i n . ,  o r  over,  w i t h  some as h i g h  as 63.5 i n .  The data  show 

t h e  importance o f  t r a c k  w i d t h  i n  reduc ing  o v e r t u r n i n g  p o t e n t i a l ,  

a l though again,  as shown i n  Tab le  5.3, t h e  m a j o r i t y  o f  the most 

i n v o l v e d  v e h i c l e s  a re  a l s o  d r i v e n  by younger d r i v e r s .  

Accidents on 'curves,  on wet su r faces ,  and o v e r t u r n i n g  a c c i -  

dents rep resen t  t h r e e  a c c i d e n t  ca tegor ies  where v e h i c l e  hand l ing  

problems may become ev iden t .  Other acc iden t  d e s c r i p t o r s  such as 

l o s s  o f  c o n t r o l ,  sk idd ing ,  rear -end c o l l  i s i o n ,  s ideswipe,  wet-curve 

involvements , number o f  v e h i c l e  occupants, d r i v e r  occupat ion,  d r i v e r  

age and sex, and many o t h e r s  may p r o v i d e  i n f o r m a t i o n  concern ing t h e  

i n f l u e n c e  o f  v e h i c l e  handl i n g  on acc iden t  causa t ion .  These f a c t o r s ,  

and o the rs ,  as cou ld  be i n v e s t i g a t e d  w i t h  t h e  K ing County and 

Texas data  are  discussed i n  Appendix B.  

5 . 2  The CPIR Data F i l e  

The C P I R  Acc ident  Data F i l e  c o n s i s t s  o f  acc iden t  data  which 

i s  recorded on t h e  General Motors C o l l i s i o n  Performance and I n j u r y  

Report  L m g  Form. The f i l e  c o n s i s t s  o f  cases r e p o r t e d  by Mu1 t i -  

D i s c i p l i n a r y  Acc ident  I n v e s t i g a t i o n  (MDAI) teams under the  sponsor- 

s h i p  o f  t h e  Na t iona l  Highway T r a f f i c  S a f e t y  A d m i n i s t r a t i o n ,  the  

Motor Veh ic le  Manufacturers Assoc ia t i on ,  and t h e  Canadian Department 

o f  T ranspor ta t i on .  As o f  March 1975, t h e r e  were 7,799 case 

v e h i c l e s  coded i n  t h e  f i l e .  

The purpose i n  examining t h e  f i l e  was t o  determine whether 

t h e r e  was any i n f o r m a t i o n  which c o u l d  be immediately u t i l i z e d  i n  

shedding some l i g h t  on t h e  r o l e  o f  v e h i c l e  h a n d l i n g  i n  acc iden t  

causat ion.  I t  was a n t i c i p a t e d  t h a t  subsequent work would i n v o l v e  

deve lop ing indep th  a c c i d e n t  data  c o l l  e c t i  on methods which would be 

o r i e n t e d  toward t h e  i d e n t i f i c a t i o n  o f  v e h i c l e  handl i n g  f a c t o r s  i n  

acc iden ts .  These methods would then be used t o  c o l l e c t  a  s e t  o f  

acc iden t  c a s e s - - s p e c i f i c a l l y  i n v e s t i g a t e d  f o r  v e h i c l e  hand l ing  

fac to rs - -wh ich  should be used as a data  s e t  f o r  s t a t i s t i c a l  



analysis. Ultimately t h i s  d a t a  s e t  would be used to  determine 

the role of vehicle handling in accident causation in s t a t i s t i c a l  

terms. As a f i r s t  s tep ,  however, i t  was of in te res t  to  determine 

what  could be done with the d a t a  already in the CPIR f i l e .  

In making t h i s  assessment, i t  appeared advisable to f i l t e r  

out passenger car accidents wherein only unimpaired drivers were 

involved. (See the discussion in Section 3 regarding the rationale 

for  res t r i c t ing  vehicle handling accidents to  those involving 

unimpaired drivers.  ) A vehicle handl ing accident, a t  t h i s  juncture, 

was determined to  be one where the driver attempted to  execute an 

avoidance maneuver prior  to  the col l i s ion events. Using th i s  

f i l t e r i ng  rat ionale,  some 722 CPIR accidents were identif ied where 

the driver attempted t o  brake (348), s t e e r  ( 9 1 ) ,  brake and s tee r  

(268), accelerate (11) ,  or accelerate and s tee r  ( 4 ) .  A sample of 

twenty-four of these 722 cases were then carefully reviewed for  

purposes of determining whether vehicle handl i  ng 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 a n d  s teering.  The twenty-four 

cases are identif ied in Table 5.10. 

In th i s  review, vehicle handling was considered t o  be a 

causative factor i f  a bet ter  performing vehicle or a more determined 

driver action could have avoided the accident (see Section 3 .2) .  

In order t o  decide whether vehicle handling was a fac to r ,  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 t h i s  degree of information, although 

'none were informative enough t o  pin-point the sequence of driver 

perception, decision making, and control action. 

In a l l  seventeen of these cases, i t  could reasonably be 

concluded t h a t  the driver of the case vehicle was a causative 

factor in the accident. In no case could i t  be def in i te ly  concluded 
t h a t  a bet ter  performing vehicle (e.g. , shorter  braking distance, 



Table 5.10. CPIR Cases Reviewed f o r  Vehicle Handling Factors 

Case - Description 
A.  Vehicle Hand1 ing : Accidents Involving Only 

Braking Maneuvers 

1. AA-144 Car-to-Car Rear-End Impact/Unl i censed Dri verl 

2 .  AA-324 Passenger Car/Pedestrianl 

7 .  201 PedestrianICar Coll i s ionl  

8. AA-195 CarIPedestrian Col 1 i s ionl  

9. B.U.71-14 Car/Car Angle Coll ision3 

10. 4-ME-20 F i r s t  Impact - Auto/Truck/Auto2 

Second Impact - Auto/Auto/Freeway 

B.  Vehicle Handling: Accidents Involving Only 
Steering Maneuvers 

1. 71-36B Three Vehicles: Front t o  Side,  Side t o  Side5 

3 .  71-3 Car/Car - In tersect i  on6 

4. 64 Car/Car Front-to-Rear Col 1 i sion5 

5. 36 Fixed Object Impact5 

. 6 .  4-ME-37 Auto/Truck - Head-on2 

7. 4-ME-26 Auto/Auto - Left FrontILeft Front2 

8. AA-344 Single Vehicle/Loss of Controll 

9. AA-140 Two CarIHead-On Col 1 i sionl 

10. AA-302 Passenger CarIRight-Angle Intersection 
Coil is ion with Passenger Carl 



Case - 

Table 5.10 (Cont.) 

C. Vehicle Hand1 ing: Accidents Involving Braking 
and Steering Maneuvers 

1. UNM 66 Two Vehicle Intersect ion Collision7 

2. MI-325 CarICar ~ead-On8 

3 .  HSRI-454 Car/Loss of Control 

4. OK-333 Car/Loss of Control 

Authors 

'Highway Safety Research I n s t i t u t e  

2 ~ a y o r  Co11 ege of Medicine 

3Boston University 

4Accident and  Defect Investi 'gati on Division, 
Ottawa, Canada 

5Cornell Aeronauti cal Laboratory 

6Universi ty  of Southern Cal i fornia  

?University of New Mexico 

*University of Miami 



o r  s h o r t e r  t u r n i n g  r a d i u s )  would have prevented the  a c c i d e n t .  

There were, however, s i x  cases where v e h i c l e  performance may have 

been a  c o n t r i b u t i n g  f a c t o r  wh ich p r e c i p i t a t e d  t h e  a c c i d e n t .  These 

i n c l u d e d  l o s s  o f  c o n t r o l  events i n  cases A-197, 025-71, 36, AA-344, 

HSRI-454, and 0K-333. The separate  c o n t r i b u t i o n s  o f  t h e  d r i v e r  

and v e h i c l e  (as  w e l l  as perhaps t h e  roadway) c o u l d  n o t  be reasonably  

determined w i t h  the  i n f o r m a t i o n  a v a i l a b l e ,  however. 

I t  i s  e v i d e n t  t h a t  t h e  CPIR a c c i d e n t  f i l e ,  as p r e s e n t l y  

c o n s t i t u t e d ,  i s  n o t  s u i t e d  f o r  making d e c i s i o n s  i n  a  d e t e r m i n i s t i c  

manner r e g a r d i n g  t h e  presence, o r  l a c k  t h e r e o f ,  o f  v e h i c l e  handl i n g  

f a c t o r s  i n  case acc iden ts .  A more s p e c i f i c  scheme f o r  g a t h e r i n g  

i n f o r m a t i o n  w i  11 be r e q u i r e d  which i s  s p e c i f i c a l l y  o r i e n t e d  toward 

r e c o n s t r u c t i n g  t h e  p re -c rash  phase o f  the  accident-the phase i n  

which v e h i c l e  h a n d l i n g  f a c t o r s  a r e  most i m p o r t a n t .  Such a  scheme 

i s  presented and d iscussed i n  S e c t i o n  7 and Appendix D o f  t h i s  

r e p o r t .  Even w i t h  t h e  a i d  o f  t h e  proposed scheme, t h e  p i n - p o i n t i n g  

o f  events  i n v o l v i n g  d r i v e r  p e r c e p t i o n ,  d e c i s i o n  making, c o n t r o l  

a c t i o n s ,  e t c . ,  w i l l  be most d i f f i c u l t .  A t  l e a s t  as d i f f i c u l t  w i l l  

be t h e  task  o f  assess ing t h e  i n t e r a c t i o n  between t h e  d r i v e r ,  t h e  

v e h i c l e ,  and t h e  road s u r f a c e  i n  a r r i v i n g  a t  f i n a l  d e c i s i o n s  w i t h  

r e s p e c t  t o  t h e  causa t i ve  f a c t o r s .  

I f ,  on t h e  o t h e r  hand, t h e  C P I R  data  i s  contemplated f o r  use 

as a  da ta  base f o r  making s t a t i s t i c a l  i n f e r e n c e s  r e g a r d i n g  the r o l e  

o f  v e h i c l e  handl i n g  i n  a c c i d e n t  causa t ion ,  then o t h e r  d i f f i c u l t i e s  

w i l l  a r i s e .  These d i f f i c u l  t i e s  a r e  d iscussed (more a p p r o p r i a t e l y )  

i n  Sec t ion  7 .  
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6.0 SELECTION OF VEHICLE HANDLING PERFORMANCE DESCRIPTORS AND 
CONSTRUCTION OF A VEHICLE HANDLING DATA FILE 

I n  de te rm in ing  t h e  r o l e  o f  v e h i c l e  h a n d l i n g  i n  a c c i d e n t  

causa t ion ,  i t  i s  necessary  t o  break down t h e  elements o f  a  

passenger c a r  i n t o  those  qua1 i t i e s ,  q u a n t i t i e s ,  d e s c r i p t o r s ,  

d imensions,  e t c . ,  t h a t  d e s c r i b e  i t s  hand1 i n g  performance.  Next  

i t  i s  necessary t o  do t h e  same w i t h  t h e  acc ide 'n t  even t ,  i .e., b reak 

down t h e  even t  i n t o  i t s  e lemen ta l  d e s c r i p t o r s ,  each o f  wh ich  may 

have a  connec t ion  w i t h  t h e  v e h i c l e  h a n d l i n g  p r o p e r t i e s  o f  t h e  

d r i v e r / v e h i c l  e l r o a d - s u r f a c e  system. Having per formed these  tasks ,  

one must  proceed t o  ( 1 )  c o l l e c t  t h e  necessary v e h i c l e  and a c c i d e n t  

d a t a  and ( 2 )  c o n s t r u c t  t h e  r e l a t e d  computer ized da ta  f i l e s .  The 

f i n a l  s t e p  i s  t h a t  o f  comput ing no rma l i zed  a c c i d e n t  r a t e s  and 

a n a l y s i n g  t h e  r e s u l t a n t  d a t a  f o r  c o r r e l  a t i o n s  between v e h i c l e  

d e s c r i p t o r s ,  a c c i d e n t  d e s c r i p t o r s ,  and a c c i d e ~ t  r a t e s .  T h i s  l a t t e r  

t a s k  i s  exceed ing ly  complex and t h e  n e x t  s e c t i o n  o f  t h i s  r e p o r t  

( S e c t i o n  7 )  d iscusses t h i s  c r u c i a l  aspec t  o f  t h e  o v e r a l l  methodology.  

The process o f  d e f i n i n g  and s e l e c t i n g  v e h i c l e  h a n d l i n g  

d e s c r i p t o r s  i s  d i scussed  below. F o l l o w i n g  c o n s i d e r a t i o n  o f  each 

o f  t h e  s teps  employed i n  t h i s  task ,  d e c i s i o n s  a r e  made as t o  t h e  

fo rm and c o n t e n t  o f  a  v e h i c l e  h a n d l i n g '  da ta  f i l e  as governed by  

p r a c t i c a l  c o n s i d e r a t i o n s  and a v a i  1  a b l e  da ta .  

6.1 S e l e c t i o n  o f  V e h i c l e  Hand1 i n g  Performance D e s c r i p t o r s  

The method used t o  f o r m u l a t e  a  s e t  o f  passenger c a r  p r o p e r t i e s  

s u f f i c i e n t  t o  d e s c r i b e  i t s  h a n d l i n g  performance i n v o l v e d  t h e  

' f o l l o w i n g  f i v e  s teps :  

1. i d e n t i f y  v e h i c l e  c h a r a c t e r i s t i c s  gove rn ing  d r i v e r  

b e h a v i o r  and r i s k  p e r c e p t i o n  

2. i d e n t i f y  v e h i c l e  c h a r a c t e r i s  t i c s  gove rn ing  d r i v e r -  

veh i c l e  per formance i n  a c c i d e n t  avo idance maneuvers 



3 .  identify the descriptors defining the in i t i a l  

conditions and control failures leading t o  an 

accident event 

4. formulate hypotheses linking accident descriptors 

t o  vehicle performance descriptors 

5.  d e f i n e n e e d e d a c c i d e n t d a t a a n d v e h i c l e  

performance da t a  

Each of these steps i s  defined in the following subsections. 

6.1.1 Vehicle Characteristics Governing Driver Behavior 

and Risk Perception. The objective here i s  t o  identify a l l  aspects 

of driver-vehicle control and vehicle response characteristics that 

could conceivably influence a dr iver 's  perception of the degree t o  

which he i s  driving in a prudent ( i . e . ,  "safe") manner. I n  

identifying these characteristics,  i t  i s  reasonable t o  consider 

the manner in which a driver perceives risks and establishes his 

driving norm. I t  i s  further reasonable t o  identify those charac- 

t e r i s t i c s  that influence the dr iver 's  perception of the controllabili ty 

and s tab i l i ty  of his vehicle. To the degree that a driver gains 

the impression t h a t  his vehicle i s  highly controllable and i s  in- 

sensitive t o  external disturbances, i t  can be assumed that a driver 

perceives his vehicle t o  be "roadworthy. " 

Nine characteristics have been postulated as probable influ- 

ences of the dr iver 's  perception of the roadworthiness of his 

vehicle: 

(1)  acceleration produced in response t o  throt t le  

over the range of operating speeds 

( 2 )  abi l i ty  of the driver t o  modulate the thrust of 

the drive wheels so as t o  prevent wheel spin 

( 3 )  abi l i ty  of the driver t o  modulate his braking 

input so as t o  achieve a desired deceleration 

and prevent lockup of e i ther  the front or rear 

wheels 



( 4 )  lack of a directional  response t o  a braking input 

(5) a b i l i t y  of dr iver  t o  perceive t ire-road t rac t ion 

levels  as influenced by road conditions 

(6) change i n  the s t a t i c  and dynamic response to  s teer-  

ing over the range of operating speeds 

(7) amount of and change in the directional response 

result ing from road camber and cross-winds over 

the range of operating speeds 

(8)  degree t o  which a brakinglturning maneuver i s  

affected by road roughness causing a jounce/ 

rebound response of the running gear 

(9) level of operator comfort as influenced by seating,  

r ide  motions, noise, vibrat ion,  e t c . ,  over the 

range of operating speeds. 

Given tha t  the above nine character is t ics  o r  qua l i t i e s  con- 

s t i t u t e  the performance factors t h a t  influence the d r i ve r ' s  

conscious or subconscious a t t i  tude towards the roadworthi ness of 

his vehicle, methods a re  then required fo r  defining these qua l i t i e s  

in  objective terms. By and large,  however, the premise tha t  

driver perception of roadworthiness influences the process by which 

drivers make judgments re la t ive  t o  the prudency of t he i r  driving 

behavior i s  largely unexplored. Consequently, t o  a large extent ,  

logic and in tu i t ive  reasoning must be used t o  develop the required 

objective measures. The required 1 i s t ,  developed on t h i s  

in tu i t ive  basis ,  follows in Table 6.1. 

6.1.2 Vehicle Characterist ics Governing Driver-Vehicl e 

Performance in  Accident Avoidance Maneuvers. Vehicle character- 

i s t i c s  governing driver-vehicle performance in acci dent-avoidance 

maneuvers are  n o t  necessarily those which can be or are  perceived 

by a driver in his assessment of vehicle roadworthiness. Although 
there a re  no data t o  indicate that  t h i s  hypothesis i s  valid,  i t  



Table 6.1. Performance Measures and/or Design Parameters Serving 
to  Quantify Driver Perception of Vehicle Roadworthiness 

Qua1 i ty Measure or Parameter 

(1)  acceleration produced ( a )  t rans ient  response of 
i n  response t o  t h ro t t l e  engine t o  s tep t h ro t t l e  
over the range of operating displacement a t  specified 
speeds road-loadi ng  conditions 

( b )  velocity vs. time 
performance data 

( c )  maximum speed on level 
grade 

(d )  integral of thrus t  
available minus level 
road-1 oad thrus t  

( e )  r a t io  of engine horse- 
power t o  weight of vehicle 

( 2 )  ab i l i t y  of driver t o  ( a )  accelerator-pedal di s -  
modulate the thrus t  of the placement per unit dis-  
drive wheels so as to  prevent placement of the t h ro t t l e  
wheel spin valve 

( b )  t ightness of t h ro t t l e  
control and level of 
f r i c t ion  in the th ro t t l e -  
control sys tem 

( c )  response time of the 
engine-drivel ine system 

(d)  accelerator pedal force 
per uni t  disp.1 acement of the 
peda 1 

( 3 )  ab i l i t y  of the driver ( a )  pedal -force/decel e r a t i  on 
t o  modulate his braking input gain 

(4 )  lack of a directional ( a )  magnitude of king-pin 
response t o  a braking input o f f se t  

(5 )  ab i l i t y  of driver to  ( a )  magnitude of dry f r i c t ion  
perceive t i  re-road in the steering system 
traction levels  

(b)  presence/l ack of power- 
steering system 

( c )  radius of gyration in 
yaw ratioed t o  the wheel base 



Table 6.1 ( C o n t . )  

( 6 )  change in s t a t i c  a n d  
dynamic response t o  steering 
over the range of operating 
speeds 

Measure or Parameter 

( a )  understeer level and 
change in understeer with 
vehicle payl oad 

(b )  to ta l  cornering 
coeff ic ient  of the ins ta l  led 
t i r e s .  and i t s  variation with 
payl oad 

( c )  body ro l l  per unit 
1 a tera l  acceleration 

(d)  level of ro l l  damping 

( e )  r a t i o  of c.g. height 
t o  t rack width 

( f )  radius of gyration in 
yaw ratioed t o  the wheel base 

( 7 )  amount and change of ( a )  understeer level and 
directional  response result ing change in understeer with 
from road camber and crosswinds ve hi cl e pay1 oad 

( b )  ro l l  compl i ance-rol 1 
s t e e r  product 



can be conceived t h a t  t h e r e  a r e  v e h i c l e s  t h a t  cause a  d r i v e r  t o  

behave i n  a  ve ry  c a u t i o u s  o r  o v e r l y  p ruden t  manner even though 

t h e  emergency maneuvering capabi 1  i t y  o f  t h e  v e h i c l e  i s  reasonab ly  

h igh .  Consequently, i t  becomes necessary t o  i d e n t i f y  those 

c h a r a c t e r i s t i c s  o r  q u a l i t i e s  t h a t  a r e  presumably r e l e v a n t  t o  

a c c i d e n t  avoidance, p e r  se, r a t h e r  t han  t o  t h e  d r i v e r ' s  impress ion  

o f  t h e  degree t o  which he can e x e r c i s e  c o n t r o l .  

Ten general  c a t e g o r i e s  o f  performance c h a r a c t e r i s t i c s  , 
p o s t u l a t e d  t o  i n f l u e n c e  o r  c o n s t r a i n  t h e  a b i l i t y  o f  a  d r i v e r -  

v e h i c l e  system t o  a v o i d  an acc iden t ,  a re  l i s t e d  below. An under- 

s tand ing  o f  t h e  mechanics o f  t i r e - v e h i c l e  systems, as c u r r e n t l y  

e x i s t s ,  i s  employed t o  ( 1  ) i d e n t i f y  s p e c i f i c  open-loop measures 

o f  v e h i c l e  performance, ( 2 )  s p e c i f y  mechanical  p r o p e r t i e s  o f  t h e  

system, and ( 3 )  s p e c i f y  des ign  parameters t h a t  a re  e i t h e r  known t o  

i n f l u e n c e  d r i v e r - v e h i c l e  performance o r  can be p o s t u l a t e d  as a  

1 i k e l y  de terminant  o f  d r i v e r - v e h i c l  e  performance i n  acc iden t -  

avoidance maneuvers. These measures jp rope r t i  es jparameters a r e  

t a b u l a t e d  i n  Tab le  6 .2  t o  t h e  r i g h t  o f  t h e  emergency maneuvering 

c h a r a c t e r i s t i c s  w i t h  which they  a re  assoc ia ted .  The symbols and 

n o t a t i o n s  used a r e  taken f rom Reference 35 and are  d e f i n e d  a t  t h e  

end o f  Tab le  6.2. 

6.1.3 Acc iden t  Event D e s c r i p t o r s .  I t  appears reasonab le  

t o  break down an acc iden t  event  such t h a t  f o u r  c a t e g o r i e s  o f  

d e s c r i p t o r s  can be used t o  i d e n t i f y  t h e  c h a r a c t e r i s t i c s  o f  t h e  

event .  The p o s t u l a t e d  c a t e g o r i e s  a re :  

1. The " i n i t i a l  c o n d i t i o n s "  d e s c r i b i n g  t h e  d r i v e r /  

v e h i c l e / r o a d - s u r f a c e  sys tem p r i o r  t o  t h e  a c c i d e n t  

even t  . 
2 .  The c i rcumstances p r e c i p i t a t i n g  t h e  acc iden t .  

3 .  The, c o n t r i b u t i n g  judgments, d e c i s i o n s  and a c t i o n s  

o f  t h e  d r i v e r .  

4, The p a t h  o f  t h e  veh i cTe (s ) .  

Tab le  6.3 c o n s t i t u t e s  a  d e l i n e a t i o n  o f  each o f  these d e s c r i p t o r  

c a t e g o r i e s .  

7 8 



Table 6.2. Emergency Maneuver Performance Measures 

(1)  la tera l  or  curvil inear 
motion capabil i ty on dry 
road surfaces 

( 2 )  qua1 i  t i e s  inhibit ing or 
promoting driver ab i l i t y  t o  
u t i l i z e  the max. curvil inear 
capability in a controllable 
manner 

( a )  l imi t  response t o  
trapezoidal s t e e r  input of 
u t=24,  as measured by the 
response numeric RS ( l /R)ave 
[351 

(b )  l imi t  s teady-state 
l a te ra l  acceleration in a  
constant-vel oci ty  turn 
( i . e . ,  in a standard skid- 
pad t e s t )  

( c )  product of the r a t i o  of 
track width t o  c.g. height 
and peak value of Fy/Fz)t ire,  

as measured a t  FZ = Car Weight/4 

( a )  early saturat ion of 
cornering capabil i ty as 
measured by value of 
u I saturated 124 [351 

('c) magnitude of peak side- 
s l i p  response a t  a1=24 [35] 

( d )  nonlinear increase in 
peak s ides l ip  ra te  as 
Rs(l/R)a,e increases as 

measured by U" b,eak/24, where 

u I break i s  the value of normal- 

ized s t e e r  angle a t  which the 
departure from quasi 1  inear 
behavior occurs [35] 

( e )  magnitude of ssw when 

u'  = o' a t  which RS(l/R)ave 

f i r s t  reaches a  niaximum 



Table  6.2 (Con t . )  

Characteri s t i  c/Qual i ty Measure/Parameter 

( f )  time delay between 
ini t ia t ion of trapezoidal 
s teer  input and peak value 
of yawing velocity response 
[351 

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

( h )  damping in yaw as defined 
by the ratio r t o  rmin P 
(following r ) as a function 

P 
of a '  [35] 

(3)  straight-1 ine decelera- 
tion capability without loss 
of steering control and 
directional stabi 1 i ty (on  
dry surfaces) 

( 4 )  straight-1 ine decelera- 
tion capability without loss 
of steering control and 
directional s tab i l i ty  (on 
wet road surfaces) 

( a )  l imit  wheels-unlocked 
decel erati  on capabi 1 i ty 

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

(b) rat io  of gross net area 
of t i r e  footprint 

(c )  product o f  ( a )  and ( b )  

(5) qualit ies inhibiting or ( a )  order of wheel lockup 
promoting driver abi l i ty  t o  on dry road surface 
u t i l ize  maximum stopping 
abi 1 i ty (b)  order of wheel lockup 

on a wet road surface 

(c )  decelerati on/pedal - 
force gain 

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



Table 6.2.  (Cont.) 

( e )  damping r a t i o  of the 
pi tch osc i l l a t ions  of the 
sprung mass 

(6 )  capabi l i ty  t o  execute a ( a )  product of A $  and A 
f a s t  lane change with a produced a t  3 .4  sec. follow- 
symmetric (b ipolar )  s teering ing a 2-sec. s ine  wave of 
input s t e e r i  ng  with a = ~ ) ~ , ~  

(evaluate t h i s  product f o r  
s t e e r  r igh t  f i r s t  and s t e e r  
l e f t  f i r s t  a t  V=45 and 60 
mph) average resu l t s  f o r  
both speeds t o  y ie ld  a 
separate numeric fo r  s t e e r  
r igh t  f i r s t  and s t e e r  l e f t  
f i r s t  [35] 

( b )  above numerics averaged 
f o r  r igh t  and l e f t  lane 
changes 

( c )  numerics in ( a )  sub- 
t racted t o  y ie ld  a measure 
of asymmetry in behavior 

( 7 )  qua l i t i e s  which make a (a)  response t o  a  2-sec. s ine  
vehicle forgiving t o  s teer ing  wave of s teering as quanti- 
e r ro r s  in a f a s t  lane change f ied  by the integral  

d where = radius vector 

from original  t o  the  B vs. 
P 

A curve and a i s  the variable 
along the curve (evaluated 
separately fo r  V=45 mph and 
60 m p h )  [35] 

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

(c )  response t o  a  2-sec. s ine  
wave of s teer ing  as quantif ied 
by 
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(8)  r e s i s t a n c e  t o  r o l l o v e r  
i n  maneuvers caus ing l a r g e  
s i d e  f o r c e s  t o  be c r e a t e d  
a t  ti re - road  c o n t a c t  

( e v a l u a t e d  s e p a r a t e l y  f o r  
45 and 60 mph) [35] 

( d )  mean o f  t h e  numerics i n  
( c )  as eva lua ted  f o r  t h e  two 
speeds . 

(a )  p roduc t  o f  

where + 
PI max 

i s  t h e  maximum 

v a l u e  o f  + o b t a i n e d  i n  t h e  
P  

t o t a l  s e r i e s  o f  N t e s t  runs  and 

1 i s  t h e  average 
i 

o f  t h e  va lue  o f  + a t t a i n e d  i n  
N t e s t  runs  [35] 

( b )  r a t i o  o f  h e i g h t  o f  c . g .  
above ground t o  t h e  average 
t r a c k  w i d t h  

( c )  r a t i o  o f  h e i g h t  of c a r  
t o  average t r a c k  w i d t h  

m u l t i p l i e d  by a  cons tan t  t h a t  
r e f l e c t s  t h e  r a t i o  of c .g.  
h e i g h t  t o  t o t a l  h e i g h t  

(9)  d e c e l e r a t i o n  capabi  1 i t y  (a)  maximum v a l u e  o f  A,/ 
. i n  a  t u r n  b e f o r e  encoun te r ing  

l o s s  o f  s t e e r i n g  c o n t r o l  o r  ach ieved p r i o r  t o  wheel l o c k  

d i r e c t i o n a l  i n s t a b i l i t y  due t o  i n  a  r i g h t  t u r n  and i n  a  

l ockup  o f  f r o n t  o r  r e a r  wheels, 
l e f t  t u r n  [35] 

r e s p e c t i v e l y  ( b )  mean o f  t h e  two numerics 
d e f i n e d  i n  ( a )  



Tab le  6.2 (Cont . )  

C h a r a c t e r i  s  t i  c l Q u a l  i t y  MeasureIParameter 

(10)  q u a l i t i e s  i n h i b i t i n g  o r  ( a )  p r o d u c t  o f  
p romot ing  d r i v e r  a b i  1  i ty  t o  
s t a y  i n  a  cu rve  d u r i n g  b r a k i n g  

*peak ave 

where Ro( l /R )  lpeak is the 
minimum v a l u e  o f  t h e  average 
p a t h  c u r v a t u r e  r a t i o  as a  
f u n c t i o n  o f  Ax l a v e  and - 
*x l ave  i s t h e  va lue  o f  Ax ave 

a t  wh ich  t h e  maximum v a l u e  
o f  Ro( l /R)  i s  o b t a i n e d  [35] 

(11) a b i l i t y  o f  v e h i c l e  t o  ( a )  mean v a l u e  o f  Ro( l /R )  
" h o l d  t h e  road"  i n  t h e  
presence o f  road  roughness averaged o v e r  a l l  runs f o r  

a l l  t h r e e  rouqhness 
f r e q u e n c i e s  [35] 

SYMBOL I N D E X  

Symbol 

*x 

4 
Fz 

R 

D e f i n i t i o n  

L o n g i t u d i n a l  a c c e l e r a t i o n  o f  v e h i c l e  

L a t e r a l  f o r c e  on v e h i c l e  

V e r t i c a l  f o r c e  on v e h i c l e  t i r e s  

lJheel base 

S t e e r i n g  gear r a t i o  

Yaw r a t e  

Ins tan taneous  r a d i u s  o f  c u r v a t u r e  

I n i t i a l  r a d i u s  o f  c u r v a t u r e  

Radius o f  c u r v a t u r e  f o r  a  s teady 1  g  
t u r n  a t  40 mph 

V e h i c l e  s i d e s l i p  ang le  



Symbol 

6sw 

SYMBOL I N D E X  (Con t .  ) 

Definition 

Steering wheel amplitude for sine s teer  
tes t s  

Lane change deviation in sinusoidal 
s teer  tes t s  (see Reference 35 for  a  more 
complete definit ion) 

Normalized s teer  angle in trapezoidal 
s teer  tes t s  

Roll angle 

Heading angl e  



Table  6.3. Acc ident  Event D e s c r i p t o r s  

I. The I n i t i a l  Cond i t i ons  

1. Veh ic le  d e s c r i p t o r s  , 

( a )  make, model , and model y e a r  

(b )  engine s i z e  

( c )  t y p e  o f  t ransmiss ion  

( d )  power boosts on c o n t r o l s ,  i f  any 

(e)  make, s i z e ,  and model o f  i n s t a l l e d  t i r e s  

2. Veh ic le  o p e r a t i o n a l - s t a t u s  d e s c r i p t o r s  

( a )  mechanical c o n d i t i o n  o f  s t e e r i n g  and 
suspension components 

( b )  m o d i f i c a t i o n s ,  i f  any, t o  s t e e r i n g  and 
suspension components 

( c )  passenger/payload weights  and d i s t r i b u t i o n ,  
i n c l u d i n g  f i l l  s t a t u s  o f  t h e  f u e l  tank 

(d)  c o l d  i n f l a t i o n  pressures o f  i n t a c t  t i r e s  

(e)  speed o f  v e h i c l e  p r i o r  t o  c o n t r o l  a c t i o n  
o r  maneuver d e c i s i o n  

( f )  l o c a t i o n  o f  v e h i c l e  w i t h  respec t  t o  
l e a d i n g  and f o l l o w i n g  elements i n  t h e  
t r a f f i c  stream 

3. T i r e - r o a d  i n t e r f a c e  d e s c r i p t o r s  

( a )  presencelabsence o f  i n t e r f a c i  a1 contami nant  

(b )  measure o f  f r i c t i o n a l  q u a l i t y  o f  roadway 
under t h e  p r e v a i  1  i n g  contaminant c o n d i t i o n  

( c )  depth o f  t r e a d  on each t i r e  

( d )  presence and amount ( i  .e .  , magnitude) o f  road  
p r o f i l e  hav ing a  f requency con ten t  t h a t  would 
e x c i t e  a  s i g n i f i c a n t  response ( jounce/rebound) 
o f  the  t i re -whee l  system 1 eading t o  e f f e c t i v e  
r e d u c t i o n s  i n  t i  re- road c o n t a c t  



4. Roadway descriptors 

( a )  roadway geometry (tangent, curve, grade, 
entrylexi t ramp, intersection) requiring 
a maneuver independent o f  the maneuver(s) 
associated with the accident 

( b )  posted speed a t  location where accident 
occurred 

( c )  85th percentile speed of t r a f f i c  a t  
location where accident occurred 

(d )  external distract ions (scenery, pedestrians, 
e t c . )  

( e )  general vi s i  bi 1 i ty of roadway, t r a f f i c ,  
and obstacles as influenced by time of day, 
weather, and 1 ighting provided by vehicle 
and luminaires 

( f )  intensity (amount) and nature of the 
t r a f f i c  requiring survei 11  ance by driver 

5. Trip objectives 

( a )  t r i p  purpose (degree of urgency, degree 
of routineness) 

(b)  level of responsibility f e l t  by driver for  
safety of passengers 

( c )  travel-time pressures, i f  any 

6.  Driver descriptors 

(a )  age and sex 

(b )  weight and hejght 

( c )  years of driving experience 

7. Driver s ta tus  (condition) 

( a )  fami 1 i a r i  ty  with vehicle 

(b )  familiari ty with route 

(c), psycho-motor impai rments , i f any 

( d )  driver-vehicle f i t  from the ergonomic 
point of view . 



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

1 .  Vehicle-roadway conf l ic ts  

( a )  sudden emergence of roadway curvature 
in to  d r i ve r ' s  l ine  of s ight  

( b )  misinterpretation of signing requiring 
a sudden route correction 

( c )  appearance of pavement i rregul ar i  ty 
which would cause problems i f  
traversed a t  speed 

( d )  sudden change in t i re-road surface 
f r i c t i on  couple ( e . g . ,  ice  on bridge) 

( e )  unexpected change in lane geometry 

( f )  change in t r a f f i c  s ignal ,  placing 
driver in a compromised position 

( g )  rea l iza t ion or recognition that  vehicle 
i s  moving along an undesired trajectory 

(h)  location of vehicle along roadway a t  
ins tant  the above conf l ic ts  were 
perceived 

2, Vehicle-traffic conf l ic ts  

( a )  sidewise encroachment of another vehicle 
in the lane of travel 

( b )  sudden deceleration of a preceding 
vehicle 

( c )  turning t r a f f i c  a t  an intersection 

( d )  presence of vehicles desiring t o  cross 
o r  enter  the traveled lane 

(e)  location of vehicle with respect to the 
t r a f f i c  elements a t  the ins tant  the above 
confl i cts  were perceived 

3 .  Vehicle-obstacle confl i c t s  

( a )  sudden emergence of an obstacle in the 
desired lane of .travel 



( b )  diversion of d r ive r ' s  attention leading 
t o  a compromised relationship with 
obstacles and t r a f f i c  i f  and when 
attention i s  restored 

( c )  lack of at tention t o  caution signs leading 
to  high speed encroachment of t r a f f i c  
barriers  

( d )  location of vehicle in relationship to 
obstacles a t  the instant the driver 
perceived the above conf 1 i cts  

111. Driver Judgment, Decisions, and Control Actions 

1. Evidence that  driver misjudged speed and distance 
relat ive t o  the confl ict  t o  be resolved 

2 .  Evidence t h a t  driver misjudged the control margin 
established by the i n i t i a l  conditions 

3 ,  Distance and time ut i l ized by driver in deciding 
on his control actions 

4. The location of the vehicle a t  the instant that 
control actions were ins t i tu ted t o  resolve a 
confl ict  or maintain vehicle s t ab i l i t y  and 
control 

5. Driver's objective, v iz . ,  t o :  

( a )  slow down 

( 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 



IV. VehicleTrajectory 

1. Locationofimpact  

2 .  Speed a t  impact 

3 .  Location a t  which vehicle l e f t  roadway or 
overturned 

4. Estimate of the braking and turning accelera- 
tions required t o  produce the observed 
trajectory 

5. Degree t o  which the vehicle sideslipped or 
s p u n  

6. Degree t o  which the vehicle did not recover 
from the i n i t i a l  maneuver 

7 .  Final rest ing place of vehicle relat ive t o  
the struck obstacle, the roadway, and the 
point of impact 



6.1.4 Hypothesis Formula t ions.  The hypotheses presented 

he re  a r e  d i v i d e d  i n t o  two c lasses:  

1. those r e l a t i n g  v e h i c l e  performance t o  d r i v e r  

r i s k  t a k i n g ,  and 

2 .  those r e l a t i n g  v e h i c l e  performance t o  acc iden t  

avoidance. 

Each s e t  o f  hypotheses i s  fo rmu la ted  on t h e  b a s i s  o f  a one-to-one 

r e 1  a t i o n s h i p  between dependent and independent v a r i a b l e s .  

Obviously,  hypotheses which l i n k  two o r  more v e h i c l e  q u a l i t i e s  

a c t i n g  i n  concer t  t o  i ncrease/decrease t h e  invo lvement  r a t e  i n  

a s i g n i f i c a n t  manner can a l s o  be developed. Note a l s o  t h a t  the  

hypotheses speak o n l y  t o  q u a l i t a t i v e  d e s c r i p t o r s  i n  terms o f  

v e h i c l e  performance and t h e  acc iden t  event .  C l e a r l y ,  t h e  hypo- 

theses c o u l d  be c a s t  i n  an o b j e c t i v e  fo rmat  by s u b s t i t u t i n g  s p e c i f i c  

. o b j e c t i v e  q u a n t i t i e s  f o r  t h e  assoc ia ted qua1 i t a t i v e  d e s c r i p t o r .  

Th is  s u b s t i t u t i o n  has, i n  f a c t ,  been done. I n  l a t e r  sec t ions  o f  

t h e  r e p o r t ,  s p e c i f i c  acc iden t ,  v e h i c l e ,  and road-su r face  

d e s c r i p t o r s  a r e  s p e c i f i e d  t o  d e f i n e  the  r e q u i r e d  data  s e t s  (Sec t ions  

6.2, 7, and 8) and t o  determine a v e h i c l e  h a n d l i n g  supplement f o r  

t h e  CPIR acc iden t  r e p o r t  form ( S e c t i o n  8 ) .  The hypotheses presented 

i n  Tables 6 .4  and 6.5 c o n s t i t u t e ,  i n  e f f e c t ,  a means f o r  c r y s t a l i z i n g  

one 's  thoughts and f o r  subsequent ly devel  op i  ng these more s p e c i f i c  

ou tpu ts .  

Tab le  6.4. Hypotheses R e l a t i n g  Veh ic le  Performance Measures 
t o  D r i v e r  R isk  Margins 

1. H igh l e v e l  o f  a c c e l e r a t i  o n / t h r o t t l e  g a i n  (and 
q u i c k  responsiveness o f  d r i v e  t h r u s t  t o  a p p l i -  
c a t i o n  o f  t h r o t t l e )  leads t o  d r i v e r  w i l l i n g n e s s  
t o  accept  narrower gaps i n  merging w i t h  and 
c r o s s i n g  a g a i n s t  a stream o f  t r a f f i c .  

2. L o w l e v e l s o f a c c e l e r a t i o n / t h r o t t l e g a i n a n d  
s l u g g i s h  response o f  d r i v e  t h r u s t  t o  t h r o t t l e  
leads t o  unconservat i  ve a p p l i c a t i o n  o f  the  
t h r o t t l e  i n  a c c e l e r a t i o n  maneuvers. 
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3 .  Low l e v e l s  o f  a c c e l e r a t i o n / t h r o t t l e  g a i n  and 
s l u g g i s h  response t o  t h r o t t l e  l eads  t o  t h e  
maintenance o f  headways t h a t  a r e  l ower  ( s m a l l  e r )  
t han  would be deemed p r u d e n t  by t h e  average 
d r i v e r - v e h i c l e  combinat ion  i n  comparable 
c i  rcurnstances . 

4. Easy m o d u l a t i o n  o f  t h e  t h r o t t l e ,  i . e . ,  a  
c a p a b i l i t y  o f  p r e c i s e l y  c o n t r o l  1  i n g  d r i v e  t h r u s t ,  
i n  comb ina t ion  w i t h  an a b i l i t y  t o  ' p r e c i s e l y  
modula te  b r a k i n g  , 1 eads t o  1  ower ( s m a l l  e r )  head- 
ways be ing  ma in ta ined  than  would  be t r u e  i f  t h e  
o p p o s i t e  performance qua1 i t i  es e x i s t e d .  

5. A c a p a b i l i t y  f o r  p r e c i s e l y  c o n t r o l l i n g  d r i v e  
t h r u s t  l e a d s  t o  d r i v e r  w i l l  i ngness t o  execute  
t r a c t i  on-demandi ng maneuvers on r e d u c e d - f r i  c t i  on 
s u r f a c e s  t h a t  a r e  h i g h e r  t h a n  what wou ld  n o r m a l l y  
be t h e  case. 

6. P l a t o o n  avoidance behav io r  i s  n o t  r e l a t e d  t o  t h e  
a c c e l e r a t i o n  and b r a k i n g  p r o p e r t i e s  o f  a  v e h i c l e  
o t h e r  than  i t  i s  more p robab le  t h a t  v e h i c l e s  
wh ich  p r o v i d e  more comfo r t  t o  t h e  d r i v e r  a t  h i g h  
o p e r a t i n g  speeds w i  11 t e n d  t o  a v o i d  p l a t o o n s  
by  o p e r a t i n g  a t  v e l o c i t i e s  i n  excess o f  p l a t o o n  
speeds. 

7. Pedal - f o rce /dece l  e r a t i o n  ga ins  p r o v i d i n g  g r e a t e r  
p r e c i s i o n  i n  m o d u l a t i n g  t h e  brake w i l l  l e a d  t o  
d r i v e r s  a c c e p t i n g  smal l e r  headways i n  a  t r a f f i c  
st ream. 

8. Pedal-forceldeceleration ga ins  p r o v i d i n g  g r e a t e r  
p r e c i s i o n  i n  m o d u l a t i n g  t h e  brake w i l l  l e a d  t o  
d r i v e r s  making l e s s  c o n s e r v a t i v e  appl  i c a t i o n  o f  
t h e  brake i n  a  d e c e l e r a t i o n  maneuver. (Less 
c o n s e r v a t i v e  means he w i l l  b rake more e n e r g e t i c a l l y  
o r  t h a t  he w i l l  d e l a y  l o n g e r  b e f o r e  a p p l y i n g  t h e  
b rake  . ) 

9. V e h i c l e s  t h a t  e x h i b i t  min imal  d i r e c t i o n a l  response 
d u r i n g  b r a k i n g  make d r i v e r s  more c o m f o r t a b l e  and 
more 1 i k e l y  t o  ope ra te  a t  h i g h  speeds and, con- 
v e r s e l y ,  v e h i c l e s  t h a t  e x h i b i t  a  l a r g e  s e n s i t i v i t y  
t o  brake imbalance w i l l  be d r i v e n  more c o n s e r v a t i v e l y  
w i t h  r e s p e c t  t o  speed s e l e c t i o n .  
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10. V e h i c l e s  des igned t o  g i v e  t h e  d r i v e r  a h i g h  
degree o f  awareness o f  t h e  t r a c t i o n  l e v e l s  p r e -  
v a i l i n g  a t  t h e  t i r e - r o a d  i n t e r f a c e  w i l l  be 
d r i v e n  more c o n s e r v a t i v e l y  (speeds and headways) 
on reduced t r a c t i o n  s u r f a c e s .  

11. V e h i c l e s  t h a t  e x h i b i t  l e s s  change i n  t h e i r  s t a t i c  
and dynamic response t o  s t e e r i n g  as speeds and 
pay loads a r e  v a r i e d  w i l l  be d r i v e n  a t  speeds t h a t  
a r e  h i g h e r  t han  t h a t  speed wh ich  wou ld  be deemed 
p r u d e n t  by an average d r i v e r  i n  a v e h i c l e  whose 
d i r e c t i o n a l  b e h a v i o r  i s  more s e n s i t i v e  t o  speed 
and pay load.  

12. V e h i c l e s  t h a t  a r e  l e s s  s e n s i t i v e  t o  e x t e r n a l  
d i s t u r b a n c e s  t h a n  t h e  average v e h i c l e  w i l l  be 
d r i v e n  a t  speeds t h a t  a r e  h i g h e r  t h a n  t h e  speeds 
a t  wh ich  t h e  average p r u d e n t  d r i v e r  w i l l  d r i v e  
an average v e h i c l e .  

13. V e h i c l e s  t h a t  a r e  l e s s  s e n s i t i v e  t o  changes i n  
r o a d  crown a r e  l i k e l y  t o  be d r i v e n  a t  h i g h e r  
speeds on crowned r u r a l  roads w i t h  a g r e a t e r  
l i k e l i h o o d  o f  a v o i d i n g  p l a t o o n s  by means o f  
c o n t i n u a l  pass ing  maneuvers. 

14. V e h i c l e s  t h a t  e x h i b i t  a h i g h  l e v e l  o f  wheel c o n t r o l  
( i  .e., damping o f  t h e  wheel hop mode) i n  t h e  
presence o f  road  roughness w i l l ,  on  t h e  average,  
be maneuvered more a g g r e s s j  v e l y  on rough pavements 
than  i s  t h e  case f o r  v e h i c l e s  whose maneuver ing 
per formance i s  more s u b s t a n t i a l l y  degraded by 
r o a d  roughness.  

15. V e h i c l e s  t h a t  e x h i b i t  a h i g h  l e v e l  o f  wheel c o n t r o l * ,  
i n  comb ina t i on  w i t h  ( 1 )  an i n s e n s i t i v i t y  t o  q u a s i -  
s t a t i c  e x t e r n a l  d i s t u r b a n c e s  , ( 2 )  good b r a k i n g  
m o d u l a t i o n ,  and ( 3 )  good r o a d  f e e l  a r e  more l i k e l y  
t o  be d r i v e n  under weather  c o n d i t i o n s  and c i r cum-  
s tances i n  wh ich  an average p r u d e n t  d r i v e r ,  i n  an 
average v e h i c l e ,  would e l e c t  n o t  t o  make t h e  t r i p .  

16. V e h i c l e s t h a t p r o v i d e a h i g h l e v e l  o f o p e r a t i n g  
c o m f o r t  a r e  more l i k e l y  t o  be ope ra ted  a t  h i g h e r  
speeds f o r  1 onger d u r a t i o n s  o f  t ime .  



Table 6.5.  Hypotheses Relating Vehicle Performance Qua1 i t i e s  t o  
Driver Success/Failure in Avoiding an Accident 

1. Drivers with minimal driving experience ( i  . e n ,  
number of emergencies), on being exposed t o  an 
emergency occurring duri ng good weather, are  
1 i kely to make maneuver demands that  are  1 ess 
than the inherent maneuveri ng capabil i ty of the 
vehicle. 

2 .  Conversely, such drivers are 1 ikely,  during reduced 
tire-road f r i c t ion  conditions, t o  make maneuver 
demands that  are  greater than the maneuvering 
potential possessed by the vehicle. 

3 .  Vehicles possessing large steady-state curvil inear 
motion capabil i ty on a dry surface are not 1 i kely 
t o  be more successful i n  avoiding obstacles ( i  . e . ,  
be less  involved in accidents) than are  vehicles 
with lesser  curvilinear motion capabil i ty.  

4 .  Vehicles that  respond more quickly to  steering 
control (without significant  overshoot in the i r  
response) are l ikely t o  be less involved in accidents 
where the primary maneuver requirement i s  one of 
displacing the vehicle to the r ight  or l e f t  as 
quickly as possible. 

5. A vehicle that  exhibits a large s ides l ip  angle as 
i t  a t t a ins  a large path curvature i s  more l ikely 
t o  become uncontroll able by an average driver and 
consequently be more involved in accidents that  
require emergency turning to  avoid a col l i s ion.  

6. Emergency braking in urban t r a f f i c  scenarios i s  
l ikely  t o  resul t  in panic stops w i t h  a l l  wheels 
locked such that  locked-wheel t i  re-traction levels 
are the primary determinant of coll is ion avoidance 
potenti a1 . 

7. The success of emergency braking maneuvers in opera- 
tional scenarios involving high t r a f f i c  speeds and 
various external disturbances depends primarily on 
the level o f  deceleration that  can be achieved 
without locking front  or rear wheels. Consequently, 
vehicles with we1 1 balanced braking systems and 
effect ive  t i r e s  should be less productive of accidents 
involving braking a t  high speeds provided drivers are 
not operating such vehicles with less margin for e r ro r .  



Table 6 .5  (Cont.) 

8. A higher probability of wheel lockup exis ts  for  
braking on wet (reduced f r i c t ion)  surfaces leading 
t o  the hypothesis that  vehicles having pedal force/ 
deceleration gains providing fo r  good modulation 
are  less  l ikely t o  become involved in braking- 
related accidents on wet roads. 

9. Vehicles with high pedal force/deceleration gains 
should be over-i nvol ved in dry-road braking acci - 
dents when driven by small females tha t  possess less  
than average maximum pedal-force capabil i t i e s .  

10. Vehicles that  possess response characteri s t i  cs such 
tha t  a symmetric steering input of short duration 
produces a substantive la tera l  displacement with 
minimal heading change are  more 1 i kely to be under- 
involved in accidents in which the required obstacle 
avoidance maneuver must be constrained so as to  
keep the vehicle o n  the roadway. 

11. Vehicles exhibiting a response t o  a symmetric steering 
input of short duration in which the magnitude of 
la tera l  displacement i s  not overly sensit ive to  
driver error ( i  . e . ,  choosing the correct s t ee r  amp1 i -  
tude) are more forgiving and consequently are l ikely 
to  be less involved in accidents resulting from 
unsuccessful lane change maneuvers. 

12. Vehicles with design characteri s t i c s  that  minimize 
thei r  rollover potential from both a s t a t i c  a n d  a 
dynamic viewpoint are less l ikely to  be involved in 
rol lover accidents accompanyi ng the executi on of a 
dras t ic  maneuver or following those maneuvers in 
which the vehicle departs from the paved roadbed. 

13. Vehicles capable of achieving in turns a wheels-un- 
locked longitudinal deceleration 1 eve1 only mi nimal ly 
reduced from the values at tainable in s t ra ight- l ine  
braking should be less  productive of loss-of-control 
incidents accompanying braking on curved roadway 
sections. 



Table 6.5 (Cont.)  

14.  Vehic les i n  which r e a r  wheels l o c k  up p r i o r  t o  
f r o n t  wheels a re  1  i k e l y  t o  be more i nvo l ved  i n  
brak ing-re1 ated acc idents  than veh i c l  es i n  which 
t h e  f r o n t  wheels l o c k  f i r s t .  Th is  d i f f e r e n t i a t i o n  
shou ld  be more pronounced f o r  acc idents  i n  which 
d r i v e r s  a re  r equ i r ed  t o  brake du r i ng  a  t u r n .  

15. Vehic les  i n  which t h e  v e r t i c a l  mot ion o f  the  wheel 
masses i s  h i g h l y  c o n t r o l l e d  by the  se lec ted  l e v e l  
o f  shock absorber damping a re  l i k e l y  t o  be l ess  
i nvo l ved  i n  acc idents  occu r r i ng  on rough road 
sur faces than on smooth road surfaces. 

6.2 Vehic le  Performance Parameters and I nd i ces  

On t h e  bas is  o f  t h e  reasoning, arguments, and hypotheses 

presented above, v e h i c l e  performance desc r i p t o r s  have been i d e n t i  - 
f i e d  which, on being c o r r e l a t e d  w i t h  t he  acc iden t  record,  would 

speak t o  t he  r o l e  o f  veh i c l e  hand l ing  i n  acc iden t  causat ion.  

U n f o r t u m t e l y ,  data on v e h i c l e  performance, as de f ined  by the  

desc r i p t o r s  presented e a r l  i e r ,  i s  n o t  gene ra l l y  a v a i l  able.  I n  

c e r t a i n  cases, the  data do n o t  e x i s t  f o r  a l l  makes and models i n  

t he  v e h i c l e  popu la t i on  and i n  o the r  cases, t h e  data may e x i s t  b u t  

a re  n o t  gene ra l l y  a v a i l a b l e  t o  the  highway s a f e t y  researcher .  

Accord ing ly ,  i t  i s  necessary t o  d i s t i n g u i s h  between performance 

desc r i p t o r s  t h a t  c o n s t i t u t e  an i d e a l  f u l f i l  lrnent o f  t he  r equ i r e -  

ments es tab l i shed  by the  hypotheses posed e a r l i e r  and desc r i p t o r s  

t h a t  can be ob ta ined  f rom c u r r e n t l y  a v a i l a b l e  sources. A prag- 

ma t i c  r e s o l u t i o n  o f  t h i s  problem r e s u l t s  i n  the  estab l ishment  o f  

a  "non- idea l "  s e t  o f  desc r i p t o r s  which can be d i v i d e d  i n t o :  

-des ign parameters 

*hand1 i n g  performance i nd i ces  

e l  i m i  t hand1 i n g  performance i n d i c e s  



6.2.1 Design Parameters. Design parameters a re  those 

quant i t ies  or specif icat ions which describe a vehicle in terms of 

weight, dimensions, load d i s t r ibu t ions ,  e t c .  The handling- 

related design parameters l i s t ed  in Table 6.6 can be obtained 

from the  passenger car specif icat ions [36] published by the Motor 

Vehicle Manufacturers Association, as derived from data supplied 

by the domestic manufacturers of motor cars.  

6.2.2 Normal Handl ing Performance Indices. Normal handl ing per- 

formance indices (see  Table 6 . 7 )  are defined here as quant i t ies  which 

describe vehicle performance under ordinary driving conditions. 

The f i r s t  thir teen of the indices l i s t ed  in Table 6 . 7  were 

derived from the Design Parameters tabulated in Table 6 . 6 .  T h u s  

these performance indices can be determined fo r  a l l  American 

passenger cars.  The next seven indices can be derived from t e s t  

data produced in steady turns and in t rans ient  responses t o  a 

"step" displacement of the steering wheel. The f inal  s ix  indices 

can be collected from information published in popular motoring 

magazines such as Motor Trend, Road and Track, e t c .  

6.2.3 Limit Handl ing Performance Indices. Limit handl ing 

performance indices are properties which describe the performance 

o f  a vehicle a t  the l imi ts  of i t s  con t ro l l ab i l i ty .  Nineteen 

indices were derived from the Vehicle Handling Performance [35] 

numerics developed earl  i e r  f o r  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 t o  

those s i tuat ions  in which applicable data can be obtained. 



Table 6.6. Design Parameters 

Parameter Name 

Wheel base 

Length 

Average Track 

He igh t  

Ground Clearance 

Manufacturer 's  Spec. F ron t  T i r e  Pressure 

Manufac tu re r ' s  Spec. Rear T i  r e  Pressure 

F r o n t  Brake E f f ec t i veness ,  % 

Manual Brake L i ne  Pressure a t  100 l b  Pedal Load 

Power Brake L i ne  Pressure a t  100 1b Pedal Load 

Manual S tee r i ng  Overa l l  Gear Ra t i o  

Power S tee r i ng  Overa l l  Gear R a t i o  

Area o f  Side Window Glass 

Curb Weight 

Curb Weight on F r o n t  Ax le  

% Load on F ron t  Ax le  f o r  F ron t  Seat Passengers 

% Load on Fron t  Ax le  f o r  Rear Seat Passengers 

Symbol 

Pl 00 

i o o  

G~ 

G~ 

A 



Table 6.7. Normal Hand1 ing Performance Indices 

Index Name Symbol 

Yaw Moment of Inertia (From Iz=l  .26 W-1750 , I z 
see Ref. 37) 

Non-dimensi onal I, 

Weight Distribution wF/w 

Brake Torque Imbalance 

Zero Speed Path Curvature Gain 

Roll-Over Potential 

Wind Disturbance Potential 

Stat ic  Margin Empty (SME)' 

Stat ic  Margin Loaded (SML) 

ASM = SME - SML 

Ti re Pressure Imbalance 

. Horsepower t o  Weight Ratio 

f ( ~ , ~ , h , L )  - - Side Area 
W W 

'This expression for s t a t i c  margin assumes that the front and 
rear cornering stiffnesses are equal and roll  effects are 
negligible. 



Table 6.7. (Cont.) 

Index Name Symbo 1 

Braking In s t ab i l i t y ,  A [38] 

Lateral Acceleration Response Time 'I aY 
(time t o  achieve 90% of steady-state A value) 

Y 

Yaw Velocity Response Time 'I 
V Y  

Roll Compliance, degrees per g 

Steering Sens i t iv i ty ,  l a t e r a l  accelerat ion 6 
per 100" steering wheel angle 

Yaw Sensi t iv i ty ,  yaw angular accelerat ion 

per degree of s teer ing wheel angle 

Characterist ic  Speed, mph "ch 

Total Understeer, degrees per g K 

Time t o  Accelerate from 0 t o  30 mph 

Time t o  Accelerate from 0 to 60 mph 

Time t o  Travel a Quarter-Mile from a 

Standing S t a r t  

Speed a t  End of Quarter-Mile from a 
Standing S t a r t  

" q 

Stopping Distance from 30 mph d30-0 

Stopping Distance from 60 mph d60-0 



Table 6.8. L i m i t  Hand1 i ng Performance I n d i c e s  . 

Index Name Sym bo 1  

L i m i t  Response t o  a  Trapezoida l  Steer  I n p u t  

Ea r l y  Sa tu ra t i on  o f  Corner ing Capabil i t y  

Change i n  Path Curvature R a t i o  w i t h  Respect a"* 
t o  S teer  Angle 

Peak S i d e s l i p  Response 

Steer Angle a t  Which Veh ic le  Departs ' i reak I r , 1 
from Quasi  1  i n e a r  Behavior 

I *  
a B ~  

Nonl i near 
Corner 

S tee r i ng  Wheel a t  Maximum Path Curvature R a t i o  
02  0' 

L i m i t  Wheel s-Unlocked Dece le ra t ion  C a p a b i l i t y  

i n  S t r a i g h t - L i n e  B rak i ng  
(Ax)ave  / st. L i  ne 

The Average o f  t h e  Product o f  Heading (A)(A$)~ ( A )  ( N R  

E r r o r  and Lane-Change Displacement E r r o r  2 

Product o f  Heading E r r o r  and Lane-Change (A) (A$) 
Displacement E r r o r  a t  t h e  End o f  a  2-sec. 

f o r  L e f t  and R igh t  Lane-Change Maneuvers 

t = 3.4 

Vo= 45 m p h ,  60 mph Lane- Change Maneuver 



Table 6.8. (Cont . )  

Index Name Symbol 

The D i f f e rence  Between t h e  Products o f  

Heading E r r o r  and Lane-Change Displacement ( A ) ( A $ ) ~  - ( A ) ( A $ ) ~  

E r r o r  f o r  L e f t  and R igh t  Lane-Change Maneuvers 

The I n t e g r a l  E r r o r  f rom P e r f e c t  Performance 

i n  Lane-Change Displacement and S i d e s l i p  t8 @doA 

Angle Over a Range o f  Normal i z e d  Heading 

The Average o f  the  I n t e g r a l  Lane-Change 

E r r o r  f o r  Speeds o f  45 mph and 60 mph i8 @tar.  

The Average Response t o  a Two-Second 

Lane Change a t  45 mph and 60 mph 

Vo=45 mph, 60 mph 

V,=45 V;60 

The Response t o  a Two-Second Lane Change 
18 

R o l l  Response Under Large Side Forces 

as Q u a n t i f i e d  by the  Product o f  t he  

Average Peak R o l l  Angle i n  N Tests Times 

t he  Maximum Peak R o l l  Angle. 

Angles (see Table 6 .2  i t em  ( 7 ) ( a )  f o r  t h e  

d e f i n i t i o n  o f  t h e  v a r i a b l e  a) 

as Q u a n t i f i e d  by t he  Product o f  Lane- ( B ~ ) ( A )  
Change Displacement E r r o r  and Peak S i  des'l i p  u '=2 

( i i $ + p  ) k p  max ) 

Vo=45 mph ,60 mph 

Angl e. 



Table  6.8. (Cont. )  

Index Name Symbo 1  

Maximum D e c e l e r a t i o n  i n  a  Turn P r i o r  

t o  Wheel Lock Up 

Average o f  Maximum D e c e l e r a t i o n  i n  a  Turn 

Performance f o r  R i g h t  and L e f t  Turns 

Curve F o l l o w i n g  Dur ing  B r a k i n g  as Q u a n t i f i e d  

by t h e  Q u o t i e n t  o f  t h e  Peak Value o f  t h e  

Average Path Curvature  R a t i o  and t h e  

Corresponding Average D e c e l e r a t i o n  

Roadholding i n  t h e  Presence o f  Road 1 
R o ( ~ ) a v e  

Roughness as Q u a n t i f i e d  by Path 

Curvature  R a t i o  



6.2 .4  Design Parameters Corrected f o r  Loading. S ince i t  

i s  c l e a r  t h a t  i n -use  f a c t o r s  such as l o a d i n g  and t i r e  i n f l a t i o n  

pressures w i l l  a c t  t o  g i v e  a  motor v e h i c l e  d i f f e r e n t  hand l ing  

p r o p e r t i e s  than a re  i m p l i e d  by t h e  parameters and i n d i c e s  

de f i ned  i n  Tables 6.6 and 6.7, c e r t a i n  parameters and performance 

i n d i c e s  have been r e d e f i n e d  so as t o  account f o r  cond i t i ons  

p r e v a i l i n g  a t  t h e  t ime  o f  t h e  acc iden t .  Table 6.9 i n d i c a t e s  

t he  ex ten t  t o  which design parameters and performance i n d i c e s  

based on curb  weight  load ings  can be recomputed t o  r e f l e c t  t he  

i n f l u e n c e  o f  in -use v a r i a b l e s  o r  se r v i ce  f a c t o r s .  The u t i l i t y  

and p r a c t i c a l i t y  o f  t h i s  approach remains t o  be demonstrated, 

however. 

6.2.5 Veh ic le  Handl ing Data F i l e .  As has been i m p l i e d  

e a r l i e r ,  t h e  v e h i c l e  handl ing parameters and i n d i c e s  l i s t e d  i n  

Tables 6.6, 6.7, and 6.8 represen t  both t h e  s t a t e  o f  t h e  a r t  and 

t h e  compromise t h a t  must be trade between what i s  des i r ed  and what 

i s  a t t a i n a b l e .  Al though t h e r e  i s  a  l i m i t e d  body o f  exper ience 

t h a t  r e l a t e s  some s p e c i f i c  i n d i c e s  t o  issues o f  c o n t r o l  l a b i l  i t y ,  

ve ry  l i t t l e  i s  known on the  r e l a t i o n s h i p  between t he  t abu la ted  

ind ices/parameters  and t h e  acc iden t  record .  

I n  t h i s  i n v e s t i g a t i o n ,  i t  was f e l t  t h a t  an e f f o r t  should  be 

made t o  demonstrate t h e  p r a c t i c a l i t y  o f  genera t ing  a  v e h i c l e  

hand1 i n g  da ta  f i l e .  Fur ther ,  as w i l l  be discussed i n  Sec t ion  7 ,  

i t  was a l s o  f e l t  t h a t  some e f f o r t  should be made t o  demonstrate the  

u t i l i t y  o f  such a  f i l e  i n  e s t a b l i s h i n g  c o r r e l a t i o n s  between i n d i c e s  

and acc iden t  r a t e s  even though t h e  a v a i l a b l e  r a t e  da ta  cannot be 

co r rec ted  f o r  exposure and o t h e r  confounding va r i ab l es .  

.Accord ing ly ,  cons iderab le  e f f o r t  was devoted t o  c o l  l e c t i n g  and 

o rgan i z i ng  an access ib le  computer f i l e  con ta i  n i  ng da ta  co r res -  

ponding t o  t he  v e h i c l e  parameters and i n d i c e s  l i s t e d  i n  Tables 6.6 

and 6.7. Since t h e  data a re  qu i  t e  ex tens i  ve and v o l  uminous--cover- 

i n g  a l a r g e  number o f  makes, models, and model years-the data a re  

n o t  documented i n  t h i s  r e p o r t .  However, t h e  data can be made 

a v a i l a b l e  e i t h e r  as a l i s t i n g  o r  i n  ca rd  form a t  a  nominal c o s t  t o  

p a r t i e s  t h a t  reques t  i t .  A l t e r n a t i v e l y ,  the  data f i l e  can be accessed 

by o u t s i d e  o rgan i za t i ons  through t h e  U n i v e r s i t y  o f  Mich igan computer 

system. 
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Table  6.9. Design Parameters and Performance I n d i c e s  
Cor rec ted f o r  Loadi ng . 

Parameter Name Symbol 

Ac tua l  Weight A 

Ac tua l  Weight on F r o n t  Ax le  FA 

Actua l  Weight on Rear Ax le  W~~ 

Ac tua l  Yaw Moment o f  I n e r t i a  I ZA 

7 

Ac tua l  Non-Dimensional Yaw Moment o f  I n e r t i a  
' ZA 

Ac tua l  Weight D i s t r i b u t i o n  

Ac tua l  Brake Torque Imbalance 

Actua l  S t a t i c  Marg in  (SMA) 

Ac tua l  T i r e  Pressure Irnbal ance 

Ac tua l  Side Area t o  Weight R a t i o  

Ac tua l  Side Area t o  Yaw Moment o f  

I n e r t i a  R a t i o  

S ide Area 

A 

S ide Area 

* ZA 

Horsepower t o  Weight R a t i o  (From V I N  Number) HP/W A 

R a t i o  o f  Ac tua l  Radius o f  ~ y r a t i o n  t o  Wheelbase ,I-- 



7.0 STATISTICAL ANALYSIS AND DATA COLLECTION METHODOLOGY 

From e a r l i e r  d i scuss ions ,  i t  shou ld  be c l e a r  t h a t  t h e  t a s k  o f  

de termin ing  t h e  r o l e  o f  v e h i c l e  hand1 i n g  i n  a c c i d e n t  causa t i on  

w i l l  indeed be d i f f i c u l t .  A methodology i s  needed which c u r r e n t l y  

does n o t  e x i s t .  Data t h a t  i s  n o t  g e n e r a l l y  a v a i l a b l e  w i l l  have 

t o  be c o l  1 ected.  Since t h e  r e q u i r e d  a c t i v i t i e s  a r e  t ime-consuming 

and c o s t l y ,  a p l a n  i s  needed wh ich  w i l l  y i e l d  t h e  necessary d a t a  

and produce t h e  needed r e s u l t s  i n  an e f f i c i e n t  and t i m e l y  manner. 

The methodology ou t1  i n e d  here  i s  based on u s i n g  t h r e e  o r ,  

perhaps, four  s e t s  of data.  The main t h r e e  s e t s ,  i n  b road terms,  

can be e n t i t l e d :  

a. Veh ic le  Exposure t o  R isk  Data 

b.  Acc ident  Data 

c. Veh ic le  Hand l ing  Data 

The f o u r t h  da ta  s e t  i s  l e s s  t a n g i b l e  than these t h r e e ,  b u t  i t  c o u l d  

prove t o  be t h e  most i m p o r t a n t  f a c t o r  o f  a l l  i n  t h e  a c c i d e n t  

process, o r ,  on t h e  o t h e r  hand, m i g h t  p rove t o  be un impor tan t .  

Th i s  l a t t e r  s e t  o f  da ta  w i l l  be c a l l e d  " V e h i c l e  Image Risk  Data." 

I n  t h e  c o n t e x t  o f  t h i s  s tudy ,  "Image R isk "  i s  a te rm which a l l u d e s  

t o  those v e h i c l e  c h a r a c t e r i s t i c s  which p r o j e c t  a p a r t i c u l a r  "image" 

t o  i t s  d r i v e r  (e.g.  , "macho," " s p o r t y , "  " reserved,"  "sedate," e t c . )  , 
namely, those c h a r a c t e r i s t i c s  which suggest  t h a t  t h e  v e h i c l e  i s  

h i g h l y  c o n t r o l  1 a b l e  and roadworthy.  It i s  hypothes ized t h a t  t h i s  

image, i n  t u r n ,  i n f l u e n c e s  t h e  " r i s k "  assumed by t h e  d r i v e r  i n  

o p e r a t i n g  h i s  v e h i c l e ,  as determined by speed, headway maintenance, 

b r a k i n g  de lay  tendency, e t c .  

Some o f  t h e  more i m p o r t a n t  p o i n t s  t o  be addressed i n  e s t a b l i s h -  

i n g  t h e  above-def i  ned data  1 i b r a r i e s  a r e  "how much data  i s  needed 

and i n  what d e t a i l ? "  C l e a r l y ,  t h e  answers a r e  dependent upon t h e  

re f i nemen t  w i t h  which t h e  r e l a t i o n s h i p  between v e h i c l e  h a n d l i n g  

and acc iden t  causa t i on  i s  t o  be determined.  For example, i f  one 
i s  i n t e r e s t e d  i n  knowing which c a r  models have t h e  h i g h e s t  a c c i d e n t  



ra tes ,  t h a t  i s  one level of refinement. I f  the question i s :  

"Which car models have the highest accident ra tes  given 
tha t  each model i s  driven by an identical  population of 
dr i  vers?" 

then t ha t  i s  a  second, b u t  more refined question. Further, i f  

the question i s :  

"Which car  models have the highest accident ra tes  given 
that  ( 1 )  each model i s  driven by an identical  popula- 
t ion of dr ivers ,  a n d  ( 2 )  each model i s  driven in an 
identical  r i sk  scenario ( i  . e . ,  the same t r a f f i c ,  roadway, 
and environmental condi t i  ons ) ? "  , 

we have a th i rd  level of refinement. And, f i n a l l y ,  we could ask, 

"What car  models have the highest accident ra tes  given 
t ha t  (1 )  each model i s  driven by an identical  population 
of dr ivers ,  ( 2 )  each model i s  driven in an identical  
risk scenario, and (3 )  each model has an identical  image 
r isk?" ,  

c lea r ly ,  an even higher level of refinement. 

In addition t o  these 1evels .of  refinement of the general 

question posed above, uncertainties can a r i s e  in attempting t o  

breakdown the general question of "what?" t o  t h a t  of "why?" Rather 

than being concerned with accident ra tes  i  nvol ving a par t icular  

model, a  more speci f ic  question of i n t e r e s t  t o  t h i s  study would be: 

"What i s  the relat ionship between d i f fe ren t  levels  of under- 
s t e e r  a n d  accident ra tes  on curves during wet weather, 
given tha t  the ra tes  fo r  each level of understeer being 
examined are  normal i  zed fo r  (1 ) dr i  ver popul ation 
influences, ( 2 )  exposure influences, and ( 3 )  iniage r isk  
i  nfl uences?" 

or a1 ternatively , 

"What i s  the relat ionship between spec i f i c  levels  of 
'brake 1 ine pressure versus pedal force '  and accident 
ra tes  f o r  the s t r ik ing  vehicle in rear-end accidents,  
given t h a t  the ra tes  f o r  a l l  'pressure versus force '  
levels  are  normalized fo r  (1 ) dr iver  populat,ion 
influences , ( 2 )  exposure i  nfl uences , and (3 )  image 
r i sk  influences?" 



As w i l l  become c l e a r  i n  t h e  d i s c u s s i o n s  t h a t  f o l l o w ,  t h e  

amount o f  d a t a  needed t o  answer each succeeding l e v e l  o f  d e t a i l ,  

o r  re f i nemen t  , increases g e o m e t r i c a l l y  . On t h e  o t h e r  hand, w i t h o u t  

a t t a c k i n g  t h e  q u e s t i o n  i n  reasonab le  d e t a i  1, i t  w i l l  be imposs ib le  

t o  o b t a i n  an unb iased answer r e g a r d i n g  t h e  r o l e  o f  v e h i c l e  h a n d l i n g  

i n  a c c i d e n t  causa t ion .  Never the less ,  a t  t h i s  p o i n t  i t  i s  n o t  

p o s s i b l e  t o  know t h e  resources which can be a l l o c a t e d  towards 

o b t a i n i n g  an answer; n e i t h e r  i s  i t  p r a c t i c a l  t o  predetermine t h e  

accuracy w i t h  wh ich  an answer w i  11 be cons idered acceptab le .  There- 

f o r e ,  t h e  methodology presented he re  i s  couched so as t o  r e l a t e  t h e  

requ i rements  r e g a r d i  ng d e t a i  1 and accuracy d i r e c t l y  t o  t h e  numbers 

o f  r e q u i r e d  data .  I n  t h i s  way, t h e  methodology can u l t i m a t e l y  be 

t a i l o r e d  t o  t h e  needs o f  t h e  use r .  

I n  t h e  subsect ions  wh ich  f o l l o w ,  t h e  s t a t i s t i c a l  a n a l y s i s  

aspects o f  t h e  methodology s h a l l  be d iscussed f i r s t .  These d i s -  

cuss ions a r e  f o l l o w e d  by s p e c i f i c  recorrrnendations r e g a r d i n g  t h e  

k inds  o f  d a t a  needed and t h e  methods o f  c o l l e c t i n g  o r  a c q u i r i n g  

same. L a s t l y ,  a  t r i a l  a p p l i c a t i o n  o f  t h e  developed methodology i s  

presented,  as c o u l d  b e s t  be done w i t h  t h e  data  t h a t  a r e  a v a i l a b l e .  

S t a t i s t i c a l  A n a l y s i s  

Any i n v e s t i g a t i o n  i n t o  t h e  re1  a t i o n s h i p  between a  v a r i a b l e  and 

t h e  i n c i d e n c e  o f  t r a f f i c  acc iden ts  must s t a r t  w i t h  a  hypo thes i s  con- 

c e r n i n g  t h a t  v a r i a b l e ' s  r o l e  i n  t h e  a c c i d e n t  process.  An a c c i d e n t  

can be cons idered t h e  c u l m i n a t i o n  o f  a  c h a i n  o f  e r ro r ' s  o f  omiss ion 

and/or  commission on t h e  p a r t  o f  t h e  d r i v e r ,  t h e  v e h i c l e ,  t h e  road- 

way, and u n f o r t u n a t e  c i rcumstances.  Since hand1 i n g  c h a r a c t e r i s t i c s  

a f f e c t  a  v e h i c l e ' s  a b i l i t y  t o  maneuver i n  a v o i d i n g  an acc iden t ,  such 

c h a r a c t e r i s t i c s  a r e  presumed t o  i n f l u e n c e  t h e  1  a s t  p r e - c o l l  i s i o n  

a c t  o f  t h i s  cha in .  One measure of t h e  e f f e c t i v e n e s s  o f  v e h i c l e  

h a n d l i n g  i n  a c c i d e n t  avoidance, then,  would be t h e  p r o b a b i l i t y  o f  

hav ing an a c c i d e n t ,  g i v e n  t h a t  a  v e h i c l e  i s  " i n  inuninent danger o f  

c o l l i s i o n "  as a  r e s u l t  o f  p r i o r  c a u s a t i v e  f a c t o r s .  



A1 though t h e r e  i s  no a r g u i n g  t h a t  a c c i d e n t  p r o b a b i l i t y  i s  an 

a p p r o p r i a t e  measure, t h e r e  i s  a l s o  no a rgu ing  t h a t  i t i s  i m p r a c t i c a l  . 
There i s  v i r t u a l l y  no p r a c t i c a l  way o f  de te rm in ing  how many " i n  

imn inen t  danger o f  c o l l i s i o n "  s i t u a t i o n s  occur i n  a  g i v e n  popul a- 

t i o n  o f  v e h i c l e s  over  a  p e r i o d  o f  t ime.  An a l t e r n a t i v e  measure i s  

t h e  number o f  acc iden ts  per  m i l e  d r i v e n ,  i .e. , t h e  raw a c c i d e n t  r a t e .  

There i s  one ou ts tand ing  problem i n  u s i n g  raw a c c i d e n t  r a t e s  as 

a  proxy  f o r  t h e  p r o b a b i l i t y  o f  an acc iden t ,  however. The d i f f i c u l t y  

l i e s  w i t h  t h e  f a c t  t h a t  n o t  every  m i l e  d r i v e n  exposes a  v e h i c l e  t o  

t h e  same number o f  hazards.  How a  v e h i c l e  i s  d r i v e n ,  t h e  c h a r a c t e r  

o f  t h e  road,  t h e  weather, l i g h t  c o n d i t i o n s ,  and many o t h e r  f a c t o r s  

a f f e c t  t h e  number o f  " i n  imminent danger o f  c o l l i s i o n "  s i t u a t i o n s  

which a r e  encountered i n  t h a t  m i l e .  Fo r  example, one would expect  

more hazardous encounters p e r  m i l e  on an i c y  s t r e e t  i n  rush  hour  

t han  on a  d ry ,  spa rse l y  t r a v e l e d  f reeway.  To ach ieve o b j e c t i v e  

v a l i d i t y ,  comparisons between va r i ous  v e h i c l e  make/models, hand1 i n g  

r e l a t e d  des ign  parameters,  o r  performance i n d i c e s  shou ld  be drawn 

on t h e  b a s i s  o f  t r u e  a c c i d e n t  r a t e s .  The e f f e c t s  o f  a l l  confounding 

f a c t o r s  shou ld  be accounted f o r ,  and t h s  raw a c c i d e n t  r a t e s  a d j u s t e d  

a c c o r d i n g l y .  A  techn ique which can be used i n  c a r r y i n g  o u t  t hese  

adjustments i s  c a l l e d  " i n d i r e c t  s t a n d a r d i z a t i o n . "  

7.1 .I I n d i r e c t  S t a n d a r d i z a t i o n .  I n d i r e c t  s t a n d a r d i z a t i o n  [39 ]  

i s  a  techn ique based on t h e  assumpt ion t h a t ,  when c o n s i d e r i n g  a  

p a r t i c u l a r  v e h i c l e  c l a s s ,  t h e  a c c i d e n t  r a t e  o f  t h a t  v e h i c l e  c l a s s  i s  

due, i n  p a r t ,  t o  t h e  r a t e s  assoc ia ted  w i t h  t h e  types  o f  d r i v e r s  and 

envi ronmental  c o n d i t i o n s  under which t h e  v e h i c l e s  a r e  opera ted.  I t  

c o u l d  be, f o r  example, t h a t  a  p a r t i c u l a r  v e h i c l e  i s  d r i v e n  p r i m a r i l y  

by i r r e s p o n s i b l e  and r e c k l e s s  speeders. Such a  c l a s s  would no doubt  

e x h i b i t  a  h i g h  a c c i d e n t  r a t e ,  b u t  n o t  n e c e s s a r i l y  because t h e  v e h i c l e  

i t s e l f  i s  p o o r l y  designed.  By a d j u s t i n g  t h e  r a t e  t o  account  f o r  these 

d r i v e r s ,  a  more accu ra te  r e f l e c t i o n  o f  t h e  t r u e  r a t e  i s  ob ta ined .  

T h i s  adjustment  process i s  o u t l i n e d  below. 



Rk = raw accident ra te  f o r  a given vehicle c lass  k 1  

'sj = spec i f i c  accident r a t e  f o r  fac tor  c lass  j2 

RS = overall r a te  for  en t i r e  population 

M k j  = mileage fo r  a given vehicle c lass  k and fac to r  
c lass  combination j 

The f i r s t  calculat ion t o  be made in indirect  standardization i s  the 
overall r a te  tha t  would obtain i f  the spec i f i c  ra tes  fo r  the fac to r  
combination were applied t o  the given vehicle c l a s s ,  i  . e . ,  

I t  follows tha t  the indirect  adjusted ra te  i s  

R L n d i  rect 
ind. - = Rk k 

- R s  iy- 

Note tha t  t h i s  scheme requires tha t  accident ra tes  be known for  a l l  
vehicle classes and a l l  fac tor  combinations, b u t  not for  a l l  combina- 
t ions of classes and factors .  Mileage f igures fo r  - a l l  combinations 
o f  classes and factors  are  required, however. 

Iuvehicle c lass"  refers  t o  the s e t  of vehicle make, model, model 
year,  and other appropriate new car charac te r i s t i c s  that  make one 
vehicle unique from another. 

2"Factor c lass"  refers  to  any combination of exposure fac tors  tha t  
uniquely describe the conditions under which a vehicle i s  driven. 



I n  p r a c t i c a l  terms, t h e  b a s i c  techn ique  o f  i n d i r e c t  s t a n d a r d i -  

z a t i o n  can be i l l u s t r a t e d  th rough  t h e  use o f  F i g u r e  7.1. Th is  

f i g u r e  i s  an example da ta  sheet  wh ich  shows a c c i d e n t  r a t e s  as such 

r a t e s  a r e  r e l a t e d  t o  k v e h i c l e  c l a s s e s  (R,, R2, R3,. . . .  ,Rk) i n  t h e  

r i g h t  column and j f a c t o r  combinat ions  ( r S 1 ,  rs2, rs3,. . . ,r ) i n  
S j 

t h e  bot tom row. The m i l e a g e  es t ima tes ,  M k j ,  f o r  combinat ions  o f  

v e h i c l e  and f a c t o r  c l a s s e s  a r e  g i v e n  i n  t h e  c e l l s  o f  t h e  m a t r i x .  An 

example o f  t h e  use o f  i n d i r e c t  s t a n d a r d i z a t i o n  as a p p l i e d  t o  e x i s t i n g  

a c c i d e n t  and exposure da ta  i s  presented i n  Appendix C.  

7.1.2 P o p u l a t i o n  S ize .  The " p o p u l a t i o n "  f rom which samples 

o f  a c c i d e n t  and exposure d a t a  a r e  t o  be d e r i v e d  i s  d e f i n e d  t o  be t h e  

number o f  m i l e s  d r i v e n  by a  group o f  v e h i c l e s  o v e r  a  g i v e n  t ime  p e r i o d  

w i t h i n  a  s e l e c t e d  geograph ic  area.  The s i z e  o f  t h i s  p o p u l a t i o n  ( o f  

m i l e s )  can be determined by c o n s i d e r i n g  each v e h i c l e - m i l e  d r i v e n  t o  

be an "exper iment,"  t h e  r e s u l t  o f  wh ich  i s  e i t h e r  an a c c i d e n t  o r  no 

a c c i d e n t .  The t o t a l  number o f  such exper iments  ( o r  m i l e s )  r e q u i r e d  

by a  g i v e n  a n a l y s i s  w i l l  be t h e  r e q u i r e d  p o p u l a t i o n  s i z e .  The 

r e q u i r e d  sample s i z e ,  on t h e  o t h e r  hand, w i l l  a l s o  be a  f u n c t i o n  o f  

t h e  d e s i r e d  accuracy  o f  t h e  r e s u l t s .  

To d e r i v e  a  r e l a t i o n s h i p  between p o p u l a t i o n  s i z e  and accuracy,  

we shou ld  no te ,  f i r s t ,  t h a t  i f  t h e  c i rcumstances o f  every  a c c i d e n t  

and eve ry  m i l e  t r a v e l e d  were known e x a c t l y ,  and i f  t h i s  i n f o r m a t i o n  

were a v a i l a b l e  f o r  a n a l y s i s ,  t h e n  q u e s t i o n s  o f  accuracy  would be 

academic. Answers would be as e x a c t  as p o s s i b l e .  I n  p r a c t i c e ,  o f  

course,  f i n a n c i a l  l i m i t a t i o n s  a lmost  always p r e v e n t  t h e  a c q u i s i t i o n  

o f  complete i n f o r m a t i o n ,  and hence s t r u c t u r e d  sampl ing  techn iques 

must be employed. When o n l y  a  p a r t  o f  a  d a t a  p o p u l a t i o n  i s  sampled, 

however, t h e  r e s u l t f n g  a n a l y s i s  per formed on t h e  d a t a  becomes l e s s  

accu ra te .  There i s  a  t r a d e o f f ,  then,  between sample s i z e  and 

accuracy.  S o p h i s t i c a t e d  sampl i n g  methods can m in im i  ze t h e  accuracy  

l o s s ,  b u t  complete accuracy,  c o n s i s t e n t  w i t h  sampl ing  an e n t i  r e  popu la-  

t i o n ,  can never  be ach ieved i r r e s p e c t i v e  o f  t h e  soph is  t i c a t i o n  employed 

i n  a p a r t i a l  sampl ing  procedure .  S ince  n e i t h e r  t h e  f i n a n c i a l  resources,  



Figure 7.1. An example data sheet illustrating the 
use of indirect standardization. 



nor the desired accuracy of results are currently known, i t  appears 
, 

appropriate t o  structure the methodology in the form of a tradeoff 

between accuracy and population s ize.  

On considering a mile driven t o  be an "experiment," the 

establishment of an accident record i s  equivalent t o  observing many 
experiments in which an accident may, or may not, have resulted. 

If the number of accidents i s  divided by the number of miles 
driven (number of experiments), a s t a t i s t i c  i s  derived which i s  

called a proportion. This s t a t i s t i c  has a distribution, that i s ,  i f  
the whole procedure were repeated under identical ci rcumstances , the 
proportion would l ikely be different.  Thus, the proportion s t a t i s t i c  
i s  a random variable which has an approximate normal dis t r ibut ion,  
with variance equal t o  P(1-P)/n, where n i s  the number of "experiments" 
(or  miles) and P i s  the true proportion. (For this  expression for 

variance t o  be a good approximation, the number of accidents should 
be greater than 5 . )  This situation means that even i f  the number 
of accidents and the number of miles driven by a population of 
vehicles were known exactly, the observed accident rate would s t i l l  

be only an estimate o f  the true rate.  

The variance o f  the proportion can be used t o  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 
t o :  

where r i s  an observed rate.  On rearranging ( 7 . 3 ) ,  i t  i s  seen that 

*A 95% confidence interval represents an interval encompassing a n  
observation within which the true rate  would likely l i e ,  with 95% 
probabil i ty. 



where C .  I ,  can now be treated as the desired s ize  of the confidence 

interval .  

I n  order to  i l l u s t r a t e  the u t i l i t y  of Equation (7.4) in 

designing a methodology for establishing the role of hand1 ing in 

accident causation, consider the case in which 

6 r = 2.5 accidents/lO miles 

and the desired s ize  of the confidence interval i s  

6 C.I . ( r )  = 3.92 accidents/lO miles. 

6 From Equation ( 7 . 4 ) ,  we find t h a t  n - 2 .5  x 10 miles. 

With an estimate of the number of miles (or "population") 

which need t o  be included in the study, i t  i s  then possible t o  

.estimate the s ize  of the accident sample and the length of the study 

period. As a point of reference, the drivers of Sea t t l e ,  Washington, 
6 drove approximately 7,000 x 10 mi 1 es in the year 1970. Assuming 

6 an accident ra te  of approximately 2 . 5  acc/lO miles (which i s  about 

what  would be expected according t o  t h e  preliminary results  of 

Appendix C ) ,  the following table can be constructed which relates 

confidence interval t o  mi 1 eage sampl ed. . 

Table 7.1. Accident Rate Confidence Interval 
vs.  Miles Driven 

n Required 

C . I . ( r )  ( r  = 2 . 5  acc/lO 6 miles) 

6 0.25 acc/lO miles 614.7 x lo6 miles 

6 0.5 acc/lO miles 6 153.7 x 10 miles 

6 1.0 acc/lO miles 6 38.4 x 10 miles 

6 2.0  acc/lO miles 9.6 x lo6 miles 

6 5.0 acc/lO miles 6 1.5 x 10 miles 



T h e  above analysis and  computations show how the accuracy 

of the estimated accident ra te  depends upon the number of miles 

sampled of the to ta l  miles driven by the subject group of vehicles. 

Naturally, the more mileage data obtained, the bet ter  the result ing 

ra te  estimates. A point t ha t  should be s t ressed,  however, i s  t h a t  

the above-derived re1 a t i  onship between accuracy and mi 1 eage sampled 

i s  based on the assumption of exact knowledge of the number of acci- 

dents and  number of miles driven in each category--something which i s  

impossible t o  obtain before the f ac t .  Thus the sample s ize  figures 

obtained fo r  each level of accuracy represent lower bounds only. 

Their use should only be t o  serve as benchmarks for  experimental 

planning purposes. 

In practice,  a geographic locale and a study period would be 

selected,  a n d  neither the miles driven, nor the number of accidents 

sustained by the drivers within the locale would be known exactly 

beforehand. Both would have t o  be estimated. The true accuracy 

versus sample s ize  re1 a t i  onship i s  therefore compl icated even further 

by t h i s  degree of uncertainty. In e f f e c t ,  an experimental process 

i s  being observed where the number of experiments ( i  . e . ,  a mile 

driven) i s  not known exactly and can only be estimated. The number 

of these experiments which resu l t  in accidents i s  also subject t o  
estimation. 

The convolution of a l l  these random processes i s  t o o  compl i -  

cated t o  analyze. Instead, a separate analysis i s  presented showing 

the e f fec t s  of accident sample r a t e  a n d  mileage sample s ize  on the 

accuracy of the resulting accident ra tes .  A complete analysis i s  

not presented, b u t  enough deta i l  i s  provided t o  allow in te l l igen t  

decisions t o  be made concerning sizes of vehicle populations, accident 

samples , and mi 1 eage samples. 

The figures presented in Table 7.1 are based on a single 

accident ra te  estimate. Since accident rates fo r  a l l  vehicle and 

factor combination classes are  needed, these mileage values must be 

multiplied by e i the r  the number of vehicle c lasses ,  H ,  or the number 

of fac tor  c lasses ,  C ,  depending on which i s  the larger .  ( I f  H were 



la rger  t h a n  C ,  fo r  example, and the d a t a  sample were large enough 

t o  y ie ld  a su f f i c ien t  number of en t r i es  per c lass  when divided 

evenly in to  H par ts ,  the sample will - a '  p r io r i  be large enough when 

divided evenly into C par ts . )  For example, i f  there are  100 

vehicle classes,  200 factor classes,  and a C . I . ( r )  equal t o  0.25 
6 acc/lO miles i s  desired (an  approximate er ror  of 5% in estimating 

the t rue  accident r a t e ) ,  then the Max(H, C )  = 200, and 
6 (200)(614.7 x lo6) = 122,900 x 10 miles would have t o  be driven by 

the vehicle population being observed during the study period. A t  a 

ra te  of 2.5 acc/lo6 miles, a to ta l  of 307,300 accidents would have 

t o  be reported in the study period fo r  the selected population. 

Knowing the population s ize  required ( i  . e . ,  the number of 

"experiments") and the number of miles per year which are expected 

t o  be driven by a population of vehicles, i t  i s  then possible t o  
determine the length of the required study period. For example, i f  

the geographic locale of the study area were confined t o  Sea t t l e ,  

Washington, and a l l  vehicles in th i s  area were of i n t e r e s t ,  then the 
6 study period would have t o  be almost 18 years long (122,900 x 10 mi. I 

6 7,000 x 10 milyr) .  Obviously, a larger geographic area or a 

relaxation in accident ra te  accuracy would be required t o  obtain a 

study period of reasonable length. As will be noted l a t e r ,  a study 

period of reasonably short duration i s  al'so desirable t o  insure tha t  

the handling character is t ics  of the vehicles involved in the 

selected popul ation remain reasonably constant over time and close 

t o  thei r measured condition. 

I t  should be noted, of course, that  these numbers are  approxi- 
6 mations since i t  has been assumed that  r = 2.5 accIl0 miles and 

t h a t  a uniform distr ibution of mileages exis ts  among a l l  c e l l s .  

This l a s t  assumption i s  very probably not correct ,  b u t  since the 

in te res t  here i s  only in determining the order of magnitude of n ,  
the approximations should be suff ic ient  for  the purpose of 

determining a population s ize .  



7.1.3 A c c i d e n t '  Data Sampling Frequency. Once t h e  p o p u l a t i o n  

s i z e  i s  determined,  t h e  n e x t  s t e p  i s  t o  determine t h e  sampl ing 

f requency a t  which a c c i d e n t  da ta  i s  t o  be c o l l e c t e d .  

S ince t h e  a c c i d e n t  r a t e  v a r i e s  l i n e a r l y  w i t h  t h e  number o f  

acc iden ts ,  e r r o r s  i n  e s t i m a t i n g  t h e  number - o f  a c c i d e n t s  i n  a  c e l l  

a l s o  l i n e a r l y  i n f l u e n c e s  t h e  es t ima ted  a c c i d e n t  r a t e  f o r  t h a t  c e l l .  

When an a c c i d e n t  i s  i n v e s t i g a t e d  and assigned t o  a  c e l l ,  t h e  a c c i -  

den t  w i l l  be c lassed  acco rd ing  t o  t h e  combinat ion  o f  v e h i c l e  t y p e  

and f a c t o r  va lues i n v o l v e d .  The o v e r a l l  e s t i m a t e  o f  t h e  number o f  

a c c i d e n t s  i n  a p a r t i c u l a r  c e l l  i s  formed by d i v i d i n g  t h e  sampled 

number i n  t h e  c e l l  by t h e  sampl ing f requency.  So i f  t h e  sample f r e -  

quency were 100% (a1 1  acc iden ts  i n v e s t i g a t e d ) ,  t h e  sample number o f  

acc iden ts  i n  t h e  c e l l s  would be e x a c t l y  t h e  s t a t i s t i c  des i red .  I f  

o n l y  1% were sampled, t h e  e s t i m a t e  would be 100 t imes t h e  sample 

number. Any e r r o r  i n  t h e  o v e r a l l  e s t i m a t e  comes m a i n l y  f rom t h e  

process o f  e x t r a p o l a t i n g  f rom the  sample t o  t h e  o v e r a l l  number o f  

a c c i d e n t s .  

I f  t h e  d i s t r i b u t i o n  o f  acc iden ts  among a l l  c e l l s  i s  random 

and t h e r e  a r e  d  c e l l s ,  one would expect  a  p r o p o r t i o n  o f  l / d  o f  t h e  

t o t a l  acc iden ts  t o  f a l l  i n t o  each c e l l .  I n  r e a l i t y ,  o f  course,  f o r  

any f i n i t e  number o f  acc iden ts ,  a l l  c e l l s '  w i l l  n o t  have t h e  same 

number o f  e n t r i e s ,  even i f  t h e  l i k e l i h o o d  f o r  an a c c i d e n t  f a l l i n g  

i n t o  a g i ven  c e l l  i s  equal f o r  a l l  c e l l s .  I n  f a c t ,  t h e  p r o p o r t i o n  

o f  t h e  t o t a l  acc iden ts  found i n  a  g i ven  c e l l  would be a  random 

v a r i a b l e  w i t h  an expected va lue  o f  l / d  and a  standard.  d e v i a t i o n  

approx ima te l y  equal t o :  

where 



rn = 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 )  i s  based on the assumption that 

the values of the cell  entries have a normal distribution. In 

actual i ty ,  the distribution of th is  s t a t i s t i c  i s  of the Poisson type, 

and when m/d < 5 ,  the expression given by Equation ( 7 . 5 )  i s  

inaccurate, On the other h a n d ,  a Poisson distribution i s  cumbersome 

t o  use for large values of m/d and the normal distribution i s  easy t o  
use and i s  an excellent approximation in this  l a t t e r  region.) 

The 95% confidence interval a b o u t  an observed accident ra te  i s  

3.92 times the standard deviation. For a fractional sampled 

population, this  confidence interval for the proportion of accidents 

in an individual cell i s  given by: 
1 

The confidence interval for the estimated number of accidents for 

the ent i re  vehicle population is  proportional t o  C . I .  ( A ) ,  where the 

proportion equals the inverse of the sampling frequency. T h a t  i s ,  

i f  C.I.(A) i s  the confidence interval of the fractional sample, then 

the confidence interval for the ent i re  population i s :  

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

where 

x = sample ra te  = m/Total Number of Accidents 

This l a s t  expression i s ,  of course, an approximation since an equal 

distribution of accidents among classes i s  assumed. Nevertheless, 

the expression i s  useful in t h a t  i t  can be used t o  estimate order- 

of-magnitude values for x .  



As an example, consider a vehicle population t h a t  experiences . 

approximately 5,000 accidents in a year.  I f  there were 100 fac to r  

combinations within which these accidents could be c l a s s i f i ed ,  then 

the following re la t ionship  between accident sample frequency and 

confidence interval  would e x i s t ,  a l a  Equation (7 .7 ) :  

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

1 % 200.01 (275.7)2 2.0 

The associated accident ra te  confidence in tervals  would be d i rec t ly  

proportional t o  the above confidence in tervals  f o r  accidents alone 

because of the l inear  relat ionship between accidents a n d  accident 

ra tes .  

7.1.4 Exposure Data Sampl i ng .  The mileage exposure da ta ,  

M . (see  Figure 7 .1 ) ,  serve two purposes, namely, t o  ( 1 )  a s s i s t  in 
k~ 

determining accident ra tes  f o r  a1 1 fac tor  and vehicle c lasses ,  and 

( 2 )  provide mileage estimates fo r  a l l  combinations of both fac to r  

classes and vehicle classes as used in indirect  s tandardization.  

There a r e  obviously many more separate estimates required for  t h i s  

l a t t e r  purpose ( i  . e . ,  the f i r s t  purpose c a l l s  fo r  mileage estimates 

f o r  the r igh t  column and lower row of Figure 7 .1 ,  while the second 

purpose c a l l s  f o r  estimates fo r  a1 1 i n t e r i o r  matrix elements). 
Therefore, the sample s izes  necessary fo r  mi 1 eage estimates wi 11 

always be more than adequate fo r  determining the accident r a t e  

estimates Rk and r (again, see Figure 7.1 ) . For t h i s  reason, the 
S j 

'Computed by the use of the Poisson dis t r ibut ion which i s  a be t t e r  
estimate of the confidence interval  fo r  small values of m/d. 

2These values were computed by Equation (7 .7)  where a normal 
d is t r ibut ion was assumed, b u t  the r a t i o  m/d here i s  l e ss  than 5 
and the values a re  not as accurate as those computed by the 
Poisson d i s t r ibu t ion .  



e s t i m a t e d  accuracy o f  t h e  a c c i d e n t  r a t e s  w i l l  a lways be p r i m a r i l y  

a f u n c t i o n  o f  t h e  e r r o r  i n  t h e  m i leage  e s t i m a t e s .  

The i m p o r t a n t  f a c t o r s  i n  c o l l e c t i n g  exposure d a t a  a r e  ( 1 )  t h e  

r a t e  a t  wh ich  d r i v e r s  a r e  t o  be sampled f o r  r e p o r t i n g  t h e  m i leage  

t o  wh ich  t h e i r  v e h i c l e s  have been exposed, and ( 2 )  t h e  l e n g t h  o f  

t h e  p e r i o d  o v e r  wh ich  d r i v e r s  w i l l  be asked t o  r e c a l l  t h i s  "m i leage  

exposure." ( T h i s  l a t t e r  p e r i o d  w i l l  be  denoted as t h e  " I n t e r v i e w  

R e c a l l  Pe r iod . "  I t  w i l l  be assumed a t  t h i s  p o i n t  t h a t  m i l e a g e  

exposure d a t a  w i l l  be o b t a i n e d  f r o m  d r i v e r  i n t e r v i e w s  a t  d r i v e r  

l i c e n s e  renewal c e n t e r s  and f r o m  t r i p  l o g s  o b t a i n e d  th rough  m a i l e d  

surveys.  J u s t i f i c a t i o n  f o r  t h i s  assumpt ion w i l l  be  p resen ted  l a t e r  

A t  f i r s t  g lance,  t h e  d r i v e r  sample r a t e  and t h e  i n t e r v i e w  r e c a l l  

p e r i o d  used t o  e s t a b l i s h  exposure m i g h t  appear t o  be p u r e l y  p r o -  

cedura l  q u e s t i o n s .  Both  f a c t o r s  are ,  however, d i  r e c t  l y  r e 1  a t e d  t o  

t h e  accuracy o f  t h e  expected r e s u l t s .  

I t  has been p o i n t e d  o u t  t h a t  when t h e  number o f  v a r i a b l e s  o r  

t h e  number o f  f a c t o r  l e v e l s  i nc reases ,  t h e  number o f  r e q u i r e d  

m i leage  es t ima tes  i nc reases  a l s o ,  and more da ta  w i  11 be needed. To 

see how f a s t  t hese  needs grow, c o n s i d e r  j u s t  f i v e  v a r i a b l e s ,  each 

w i t h  f o u r  l e v e l s .  The number o f  separa te  es t ima tes  r e q u i r e d  wou ld  
5 be 4 o r  1,024. I f  i t  can be assumed t h a t  t h e r e  i s  independence 

between some o f  t h e  v a r i a b l e s ,  t hen  t h i s  number c o u l d  be reduced.  

(The assumpt ion o f  independence may n o t  be r e a l  i s t i c  i n  many cases, 

however. ) The e x p o n e n t i a l  i n c r e a s e  i n  d a t a  requ i remen ts  s h o u l d  be 

k e p t  i n  mind when v a r i a b l e s  a r e  b e i n g  s e l e c t e d .  Where independence 

between v a r i a b l e s  i s  assumed, m i leage  e s t i m a t e s  f o r  a l l  combinat ions  

o f  v a r i a b l e s  do n o t  have t o  be es t ima ted ,  as t h e  m i leages  can be 

e s t i m a t e d  by mu1 t i p l y i n g  t h e  m a r g i n a l  d i s t r i b u t i o n s  o f  t h e  f a c t o r s  

i n v o l v e d .  For  example, i f  20% o f  t h e  m i l e s  a r e  d r i v e n  a t  n i g h t ,  

and 10% i n  wet  weather,  t hen  2% ( .20 x .10 = .02) o f  t h e  m i l e s  a r e  

d r i v e n  on r a i n y  n i g h t s .  

7.1.5 A c c i d e n t  Rate Accuracy. The accuracy o f  m i leage  

es t ima tes  i s  a  comp l i ca ted  i s s u e .  O f  course., t h e  r e a l  o b j e c t i v e  i s  

t o  o b t a i n  accuracy  i n  t h e  i n d i r e c t l y  s t a n d a r d i z e d  v e h i c l e  a c c i d e n t  

r a t e - t h e  m i leage  es t ima tes  a r e  o n l y  i n c i d e n t  t o  t h i s .  



On assuming that a l l  rates used in Equation ( 7 . 1 )  are known 

exactly (v iz . ,  R S ,  R k ,  Ri), the only source of  inaccuracy that 

remains i s  the M figures. I f  these l a t t e r  quantities are 
k j 

estimated, then these estimates are random variables and can be 
used t o  trace backwards from the desired confidence interval width 

for the indirectly standardized rates ,  t o  the corresponding accuracy 
required of the mileage estimates, and thence t o  the mileage 
population size.  Thus in the following analysis, Mkj, as used in 
Equation (7 .1) ,  will be treated as a random s t a t i s t i c ,  the estimated 

t h mileage in the kj- cell for the ent i re  population. 

On recalling Equation ( 7 . 1 ) ,  i t  can be noted that  the mileage 

estimates affect the adjusted accident rate ,  R i y  for a given vehicle 

model which i s  in the denominator of the R:" s t a t i s t i c f  quation 

( 7 . 2 ) .  This means that the errors in R:" vary inversely with 

errors in Ri. For example, assuming that RS, Rk, and the true value 

of RI; are each 2.5 acc/l06 miles, i t  can be seen from the following 
table that the errors in R;" are very sensitive t o  negative errors 

in R k y  b u t  n o t  so sensitive t o  positive errors.  ( A l l  units are in 
6 accIl0 miles.) Since there i s  no  way of control1 ing the sign of 

Error in R k  R L ~ ~  i  nd k Error in R k  

the errors,  i t  appears advisable t o  keep the accuracy of  R k  t o  
6 i  nd within about *1 accIl0 miles. The confidence interval of R k  

can then be approximated by that  of R k .  



Referring again to  Equation (7 .1 ) ,  i t  will  be noted t h a t  R i  
can be thought of as being individual mileage estimates f o r  each 

factor  combination associated with vehicle c lass  k where the weights 

a re  the standard accident ra tes  of each fac to r  cl a ss ,  i . e . ,  

If  now i t  i s  assumed t ha t  a l l  r ' s  a re  constants equal t o  2 .5  
6 S j 

acc/lO miles f o r  a l l  j ,  and a l l  the estimated M k j  s t a t i s t i c s  are 

independent, then the 95% confidence interval  for-R;  can be related 

t o  the M ( t h a t  i s ,  assuming estimates of M are normally 
k j k j 

d i s t r ibu ted)  by: 

where the symbol v ( ) implies the variance of a quant i ty .  

Since the M a re  estimates of the t o t a l  population mileage 
k j 

f o r  par t icular  combinations of vehicle and fac to r  c lasses ,  values 

fo r  these quant i t ies  must be determined from the sample estimates 

by mu1 t ip lying corresponding sample mileages by the inverse of the 

sample frequency. Specif ica l ly ,  i f  

S = Mileage exposure sample frequency ( i  . e . ,  the percent 

of the e n t i r e  population sampl ed) 

L = Number of recal l  in tervals  in the study period 

( e . g . ,  L = 52 i f  the recal l  interval  i s  one week 

and the study period i s  one year)  
- 
m k j =  

average mileage of the sample in the k j  c e l l  



- - - &= 1 ( i  . e . ,  m 
k j 

and g i s  the number of 
9 

individual samples fa l l ing  in to  a given c e l l ) ,  

then we can write the following: 

and 

T h u s ,  i f  L = 52 and S = lo%,  then 

Finally, there i s  the relat ionship between the variance of 

the individual ce l l  sample mi 1 eage est imates,  the driver recal l  

interval  for  estimati ng mi 1 es t raveled,  a n d  the sampl ing frequency 

for  selecting drivers t o  be interviewed. I t  seems reasonable 

t h a t  the shorter  the recall  period, the more accurate the respondent's 

mileage estimate. I t  would be bcth ea s i e r  and more accurate to  

recal l  mileage fo r  one week than fo r  a whole month, f o r  example. 

As a point of reference, the data used in connection with the preliminary 

studies reported in Appendix C ( a1  t h o u g h  n o t  mentioned there)  show a sample 

standard deviation of 500 miles f o r  the estimated mileage s t a t i s t i c  

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

Using 500 miles fo r  the sample standard deviat ion,  and  presuming 

now tha t  g drivers f a l l  in each c e l l ,  then the sample standard 

deviation fo r  the average mileage of these g individuals will be 

5 0 0 1 6  . Thus, in approximate terms, 



where 

VAR = the sample variance of the exposure mileage fo r  a 
group of drivers fa l l ing  in to  a par t icular  fac tor  

and vehicle combination 

P = the to ta l  population of drivers from which the 

sample i s  extracted 

S = the sample ra te  

C = the number of fac tor  classes 

H = the number of vehicle classes 

I t  will be noted t h a t  the term PS in Equation' (7.12) represents the 

to ta l  number of drivers interviewed, CH equals the to ta l  number 

of c e l l s  (see Figure 7.1 ) , and PS/CH equals the number of people 

interviewed per c e l l .  If i t  i s  assumed now t h a t  the drivers being 

interviewed are uniformly distr ibuted through a l l  c e l l s ,  and i f  

i t  i s  further assumed t h a t  

VAR = (500 mi . ) 2  

6 P = 10 drivers 

then 

Finally, by combining Equations (7.1 1 )  and (7.12) 

L2CH ( VAR)  
( k  = PS3 



Equation (7.13) re la tes  the variance of the estimated mileage 
driven by the en t i re  population f a l l i ng  in to  cel l  k j  t o  the 

variance of the response of the sample population t o  the question: 
"How many miles were driven under the conditions of ce l l  k j  during 
the response period?" This relat ionship can be used in determining 
the s ize  of the mileage sample and the length of the mileage recall  

period. 

Unfortuna,tely , the functional 1 ink between the estimated cel l  

variances, V(rkj) , and the accuracy of indirect ly  standardized 
r a t e ,  R:" , canno be carried fur ther .  Ultimately, i t  would be 

desirable t o  express the accuracy of the indirect ly  standardized 

ra tes  as a function of:  

1. Population s ize  

2 .  Length of study period 

3. Accident sample s ize  

4. Mileage sample s ize  

5. Mileage recall  period 

The result ing relat ionships are  too complicated fo r  complete 
analysis ,  however (e.g . , variances of variances of estimates before 
the f a c t ) .  This complexity i s  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 t o  obtain accident rates which a re  
f ree  of confounding influences, the next s tep  i s  t o  analyze these 

ra tes  fo r  dependence upon vehicle hand1 i ng fac tors .  Si nce 
s t a t i s t i c a l  methods (namely, correlat ion analysis and stepwi se 
1 inear regression techniques) are  avai lab1 e and have been empl oyed 
fo r  t h i s  purpose, these methods need not be discussed fur ther  here. 

The reader i s  referred t o  Jones [ I ]  f o r  a d i rect ly  applicable example. 



While Jones' work i s  p i onee r i ng  i n  t h e  sense t h a t  he 

demonstrates a  means f o r  d i r e c t l y  assess ing t h e  r o l e  o f  v e h i c l e  

hand l i ng  i n  acc iden t  causat ion,  he was 1  i m i  ted,  u n f o r t u n a t e l y ,  

t o  a  group o f  34 veh i c l es  f o r  which he was ab le  t o  acqu i re  handl i n g  

data.  Th is  l i m i t a t i o n  l e d  t o  u n c e r t a i n t i e s  i n  t h e  c o r r e l a t i o n  

analyses i n v o l v i n g  acc iden t  r a t e s  and handl i n g  v a r i a b l  es. The 

c o r r e l a t i o n  c o e f f i c i e n t s  t h a t  Jones ob ta ined  were, i n  most cases, 

n o t  s t a t i s t i c a l l y  s i g n i f i c a n t .  Al though s t a t i s t i c a l  s i g n i f i c a n c e  

i s  n o t  t he  "end-a1 1  " c r i t e r i o n  f o r  a  demonstrated r e l a t i o n s h i p  

between two va r i ab l es ,  l a c k  o f  same i s  c e r t a i n l y  a  l e s s  d e s i r a b l e  

s i t u a t i o n  than i s  o therw ise  t h e  case. 

The most d i r e c t  way o f  i n c reas ing  t h e  chance t h a t  a  

s t a t i s t i c a l l y  s i g n i f i c a n t  r e l a t i o n s h i p  can be found between two 

v a r i a b l e s  i s  t o  inc rease  t he  number o f  da ta  p o i n t s  a v a i l a b l e  f o r  

ana l ys i s .  I n . t h e  p resen t  s i t u a t i o n ,  i n c reas ing  t he  number o f  data 

p o i n t s  means ga the r i ng  v e h i c l e  hand l ing  da ta  on a  l a r g e r  group o f  

veh i c l es .  The number o f  veh i c l es  r e q u i r e d  can be determined by 

examining Jones ' c o r r e l a t i o n  p l o t s .  Such an examinat ion leads t o  

t h e  observa t ion  t h a t  a t  l e a s t  70 veh i c l es  would be necessary t o  

y i e l d  s t a t i s t i c a l l y  s i g n i f i c a n t  r e s u l t s  f o r  many o f  t he  handl i n g  

va r i ab l es  which he considered. For  some handl i n g  va r i ab l es ,  i t  

appears t h a t  as many as 100 veh i c l es  would be needed. 

Since t h e  handl i n g  va r i ab l es  recorrmended f o r  a n a l y s i s  i n  t h i s  

methodology a r e  more d i v e r s e  than those cons idered by Jones, i t  

would appear t h a t  hand l i ng  data w i l l  have t o  be ob ta ined  f o r  a t  

l e a s t  100 veh i c l es  i f  t he  methodology proposed h e r e i n  i s  t o  be 

implemented. Al though such a  number may appear t o  be conseruat ive,  

i t  should  be kep t  i n  mind t h a t  t he  r e l a t i o n s h i p  between v e h i c l e  

handl i n g  parameters and acc iden t  causat ion and/or involvements i s  

e s s e n t i a l l y  unknown. Fu r t he r ,  as w i l l  be po in ted  o u t  l a t e r ,  i n  

o r d e r  t o  guarantee a  reasonable chance f o r  success i n  t h i s  endeavor, 

the  acc i den t  data,  exposure - to - r i sk ,  image r i s k ,  and v e h i c l e  

handl i n g  da ta  should  be co l l ec ted ,  w i t h i n  a  two-year pe r i od .  I f  a 

l e s s e r  number o f  veh i c l es  a re  measured f o r  handl i ng p r o p e r t i e s  



i n i t i a l l y  and more handling data i s  found t o  be necessary 1 a t e r ,  

d i f f i c u l t i e s  could a r i se  in finding vehicles which have n o t  aged 

o r  deteriorated t o  the  point where t h e i r  handling propert ies  have 

changed. In simple words, the measurement of t o o  few vehicles will  

c rea te  a very high r i sk  of producing resu l t s  t h a t  wil l  be 

i  nconcl us i  ve. 

7.1.7 Summary of S t a t i s t i c a l  Analysis. Clearly,  a 

methodology for  demonstrating the ro le  of vehicle handling in 

accident causation involves a host of complex analyses t o  derive 

findings tha t  are both conceptually and  s t a t i s t i c a l l y  meaningful . 
The major accomplishments with respect t o  f u l f i l l i n g  the s t a t i s t i c a l  

analysis  requirements of t h i s  study a r e  believed t o  be the following: 

1. The accuracy of the accident r a t e s  has been defined 

as a function of the mileage driven in the  selected 

geographic locale during the  study period, given tha t  

the miles driven a n d  accidents sustained a re  k n o w n  
exact ly.  

2 .  A re la t ionship  has been developed re1 ating the accuracy 

of the accident estimates t o  the accident sample s i z e .  

3 .  An analyt ica l  formulation has been developed f o r  

tracing the e f f e c t  of the  variance in  the individual 

mileage estimates ( f o r  the  mileage reca l l  period) on 

the mileage estimates fo r  the e n t i r e  population during 

the  study period. 

A1 t h o u g h  the analyses f a l l  short  of completely specifying the overall  

relat ionships desired,  they const i tu te  tools  t h a t  a re  essent ia l  t o  
planning the data collect ion programs tha t  a r e  required t o  e s t ab l i sh  

the ro le  of vehicle handling in accident causation. 



7.2 Data Collection Plan 

As pointed o u t  in the introduction t o  Section 7.0, the three ,  

or  four, se t s  of data required t o  implement a methodology fo r  

determining the role of vehicle handling in accident causation a re :  

a .  Vehicle Exposure-to-Risk Data 

b. Accident Data 

c. Vehicle-Hand1 ing Data 

and possibly 

d .  Vehicle Image-Risk Data 

Obviously these four d a t a  se t s  a re  qui te  diverse. Although each data 

s e t  will require d i f ferent  methods of acquisi t ion,  each individual 

collect ion program must be coordinated with the other three.  In 

the subsections t h a t  follow, i t  i s  reconmended t h a t  exposure-to- 

r isk data be coll ected by means of dr iver  surveys. I t  i s  recomnended - 
t h a t  accident data be collected in the usual manner, namely, by 

means of accident reports .  The acquisi t i  on of vehicle-hand1 ing data 

wi 11 c lear ly  require an extensive measurement program. Final l y ,  

the acquisition of vehicle image-risk data will require tha t  surveys 

be made of speed, lane keeping, a n d  headway maintenance patterns 

(under everyday t r a f f i c  conditions) fo r  each of the vehicle models 

included in the study. 

The data collect ion tasks will have t o  be coordinated in 

several ways. F i r s t ,  a l l  four s e t s  of data must be limited t o  a  

speci f ic  s e t  of veh ic1es -a  group of speci f ic  make, model, and 

model year classes.  Second, a l l  data elements collected in the 

vehicle exposure-to-risk studies wi 11 a lso  have to  be collected 

i n  the  accident investigations.  (On  the other hand, there are  

cer ta in  accident data elements which need not--and cannot -be  

collected in the exposure s tud ies . )  Third, a l l  four data collec-  

t ion programs will have t o  be carried out within a 1 imi ted time 

period. Fourth, i t  appears tha t  both the exposure-to-risk and the 

accident d a t a  (and perhaps the vehicle image-risk d a t a )  should be 

coll  ected within the same geographic locale.  



The need fo r  limiting a l l  four se t s  of studies t o  a speci f ic  
' 

s e t  of vehicles stems from the requirement fo r  comparing vehicle- 

handl ing properties with accident descriptors.  Vehicl e-hand1 ing 

data fo r  almost a l l  vehicle models i s  generally unavailable. Such 

data will have t o  be acquired through a structured measurement 

program. In order t o  minimize costs ,  the number of vehicle models 

t o  be measured will have t o  be limited. I t  i s  neither necessary 

nor advisable t o  measure a1 1 vehicles, b u t  as has already been 

mentioned, a group of about 100 should be enough t o  provide 

s t a t i s t i c a l  significance in subsequent regression analyses. 

As has already been mentioned, the need fo r  carrying out the 

data collect ion tasks within a limited time period i s  primarily 

influenced by considerations involving the val idi ty of the vehicle- 

handl ing data.  I t  i s  known tha t  the handl ing properties of in- 

service vehicles can change d ras t i ca l ly  with time, primarily as a 

resu l t  of t i r e  wear and t i  re rep1 acement. Thus, i f  handl ing pro- 

per t ies  are t o  be compared in any meaningful way with accident 

s t a t i s t i c s ,  the accident-involved vehicles should be re la t ively  

new, leading to the recornendation that  involved vehicles should be 

no more t h a n  two years old,  since beyond th i s  age, most vehicles are 

equipped with replacement t i r e s  or  possess O E  t i r e s  that  a re  heavily 

worn. Further, since i t  follows t h a t  the accident a n d  exposure 

data must be collected during the same time period, i t  seems 

reasonable t o  recommend that  the image-risk d a t a  be collected 

concurrently. The level of e f fo r t  t o  be expended in these data 

collect ion programs should be based on the number of data elements 

required and  on the advisabi l i ty  of constraining the study period 

. t o  a period of no more t h a n  two years so as t o  minimize changes in 

the character is t ics  of the vehicle population. 

The need t o  col 1 ec t  exposure-to-risk and accident data within 

the same geographic area i s  obvious. I t  makes no sense t o  co l l ec t  

exposure data in California and  accident data in Iowa, fo r  example, 

since driver and vehicle populations could be quite d i f ferent  in 

the two s t a t e s ,  and, c lear ly ,  the driving environment i s  obviously 

di f ferent .  Since the exposure data will be used t o  normalize the 

accident data,  a one- to-one correspondence between the two i s necessary. 



Each of the required data collect ion programs i s  worthy of 

fur ther  discussion. Specific facets  of these programs are treated 

below. 

7.2 . I  Collection of Vehicle Exposure-Risk Data .  The accident 

ra te  s t a t i s t i c  ( i . e . ,  accidents per'mile) i s  influenced by many 

conditions and factors .  An accident i s  a natural t r igger  fo r  

i n i t i a t i ng  a data collect ion ac t iv i ty .  The conditions a t  an acci- 

dent scene are recorded fo r  law enforcement and legal purposes. 

B u t  who records the condi t i  ons during normal driving? How many 

miles are  driven under various weather, road, dr iver ,  and vehicle 

conditions? The acquisition of t h i s  type of information i s  much 

more d i f f i cu l t .  In f a c t ,  there are  no f i l e s  of exposure data com- 

parable t o  the extensive f i l e s  t h a t  ex i s t  f o r  accidents. Without 

exposure data, however, the computation of accident ra tes  i s  n o t  
possible and any attempt t o  determine the role  of vehicle handling 

in accident causation without exposure data w'ill be unsuccessful. 

I t  follows that  an exposure d a t a  f i l e ,  tai lored speci f ica l ly  t o  

vehicle hand1 ing considerations, will be necessary. 

The subject of exposure i s  n o t  cew. Much has been written 

about the topic [40, 411, and many schemes have been proposed fo r  

coll ec t i  ng exposure data ,  viz.  : 

1.  Interviews with drivers a t  l icense renewal off ices  

2. Surveys of drivers using t r i p  logs 

3 .  Roadside surveys a t  check lanes 

4 .  Indirect methods 

Each of these schemes has i t s  good and bad points. 

A good discussion of the methods which involve the in te r -  

viewing of drivers a t  l icense renewal off ices  i s  given in Reference 

40. This method has advantages in t h a t  ( 1 )  a large amount of data 

per dol lar  can be acquired in terms of dr iver ,  vehicle, and roadway 

factors ,  and ( 2 )  the method i s  eas ie r  t o  apply than some of the 



other techniques. Further, the requirement for  collecting d a t a  
i n  a random manner can be readily accomplished. The drawbacks 

t o  the interview method are that  drivers ( 1 )  do n o t  always recall  

the i r  driving experiences over the designated recall  period as 

well as might be desired and ( 2 )  may give biased answers. 

Conducting exposure surveys by requesting drivers t o  maintain 

t r i p  logs yields much of the same type of information as does the 

interview a t  the 1 icensing off ice .  The uncertainties surrounding 

driver reca l l ,  and the attendant bias thereof,  i s  eliminated, 

however. On the other hand, the tr ip-log method i s  much more 

expensive per datum coll ected in that  compensation would probably 

have t o  be provided t o  respondents t o  ensure a suff ic ient  and t ru ly  

random response. 

The theory of sampling 123 and the f i e ld  application [42] 

of techniques involving roadside surveys a t  check-1 anes i s  reasonably 

well in hand. The major benefit of the check lane method i s  t ha t ,  

i f  carefully done, the bias problem can be reduced or eliminated. 

On the other hand, collection problems can be very d i f f i c u l t .  If  

vehicles are merely observed while passing an observation point ,  

very l i t t l e  specif ic information can be obtained on the d r ive r ,  e . g . ,  

sex and perhaps a crude guess of age. If vehicles are stopped a t  a  

police check-lane, more d a t a  are available,  b u t  the cost of such 

data i s  high, and the amount that  can be collected i s  limited. 

Further, the need t o  sample in a l l  weather and l igh t  conditions, 

and along a l l  types of roads compounds the d i f f i cu l ty .  Many 

separate check-lane locations will be required and sampling periods 

will have t o  encompass the en t i re  24-hour day. These requirements, 

fo r  example, lead to  check-lanes a t  night along freeways--an 

operation t h a t  i s  dangerous and probably n o t  pract ica l .  

The idea behind indi rect-exposure methods [41] i s  that  the 

proportion of the various character is t ics  t h a t  are exhibited in 

the so-called nonculpable vehicles in a population of mu1 t ip le -  

vehicle accidents i s  indicative of the proport ion o f  these 



c h a r a c t e r i s t i c s  i n  t h e  v e h i c l e  p o p u l a t i o n  as a  whole.  A1 though 

t h i s  i d e a  may have some v a l i d i t y ,  t h e r e  i s  a  p o t e n t i a l  f l a w  i n  

t h i s  concept  wh ich  i s  p a r t i c u l a r l y  s e r i o u s  i n  a  v e h i c l e  h a n d l i n g  

s tudy .  I n  e f f e c t ,  i t  may t u r n  o u t  t h a t  supposed " n o t - a t - f a u l t "  

v e h i c l e s  c o n t r i b u t e  i n  a  p a r t i a l  way t o  c e r t a i n  k i n d s  o f  a c c i d e n t s  

as a  r e s u l t  o f  p r o p e r t i e s  o r  q u a l i t i e s  t h a t  make them p o o r e r  avo ide rs  

o f  a c c i d e n t  s i t u a t i o n s .  Thus, t h e  s o - c a l l e d  " n o t - a t - f a u l t "  v e h i c l e  

may be a  b iased  i n d i c a t o r  o f  t h e  p r o p e r t i e s  o f  t h e  v e h i c l e  

p o p u l a t i o n  a t  1  arge.  

Four s p e c i f i c  methods o f  c o l l e c t i n g  exposure d a t a  f o r  t h e  

a c c i d e n t  r a t e  a n a l y s i s  have been ment ioned a long w i t h  some o f  t h e  

b e n e f i t s  and drawbacks o f  each. The s e l e c t i o n  o f  an a p p r o p r i a t e  

method c o u l d  be a  s i g n i f i c a n t  research  e f f o r t  i n  i t s  own r i g h t .  

F o r t u n a t e l y ,  however, much o f  t h e  b a s i c  work has a l r e a d y  been done. 

S p e c i f i c a l l y ,  C a r r o l l  [40]  determined t h a t  a  m a i l e d  q u e s t i o n n a i r e -  

t y p e  survey w i t h  a t t a c h e d  t r i p  l ogs ,  combined w i t h  i n t e r v i e w s  a t  

1 i cense  renewal o f f i c e s ,  c o n s t i t u t e s  t h e  b e s t  m i l e a g e  e s t i m a t i o n  

method. T h i s  recomnendat ion i s  adopted here .  

There a r e  s t i l l  seve ra l  ques t i ons  which must  be answered 

b e f o r e  a  f u l l - s c a l e  exposure survey can be performed. Some o f  t hese  

ques t ions  r e l a t e  t o  t h e  i n f o r m a t i o n  t o  be a c q u i r e d  i n  t h e  q u e s t i o n -  

n a i r e ,  some t o  t h e  r e q u i r e d  sample s i z e ,  and some t o  p o s s i b l e  methods 

o f  i n d u c i n g  a  h i g h  response f r a c t i o n .  I t  shou ld  be no ted  t h a t  

C a r r o l l  [40]  has a l r e a d y  done c o n s i d e r a b l e  p r e l i m i n a r y  research  

w i t h  r e s p e c t  t o  t h e  i n f o r m a t i o n  t o  be acqu i red .  O n  d e v e l o p i n g  a  

q u e s t i o n n a i r e  and e v a l u a t i n g  i t  by means o f  a  p i l o t  survey,  he 

proceeded t o  s e l e c t  t h r e e  dependent v a r i a b l e s  r e 1  a t e d  t o  r i s k  and 

s i x  independent v a r i a b l e s  r e 1  a t e d  t o  v e h i c l e ,  d r i v e r ,  and roadway 

d e s c r i p t o r s ,  as l i s t e d  i n  Tab le  7.2. A l though  C a r r o l l  argued r a t h e r  

e f f e c t i v e l y  t h a t  t hese  n i n e  v a r i a b l e s  r e p r e s e n t  t h e  b e s t  s e t  t o  

n o r m a l i z e  e x i s t i n g  mass a c c i d e n t  da ta ,  t h e r e  a r e  s e v e r a l  reasons why 

t h i s  s e t  i s  n o t  optimum f o r  s t u d y i n g  t h e  r o l e  o f  v e h i c l e  h a n d l i n g  

i n  a c c i d e n t  causa t ion .  



Table 7 .2 .  Selected Exposure Variables from Carroll Study [40]. 

Dependent Variables Level s on Ques t i  onnai re  

Miles Driven Last 30 Days Open 

Miles Driven. Last 7 Days Open 

Number of Accidents Last 3 Years Open 

Inde~endent Variables 

Vehicle Type 

Dri ver Sex 

Road Type 

Light Condition 

Driver Age 

Model Year 

7 :  Car, Small Truck, Large 
Truck, Tractor-Trail e r ,  
Bus, Taxi, Other 

2 :  Male, Female 

4:  City S t r ee t s ,  Urban 
Freeways, Rural Freeways, 
Rural Roads 

2 :  Day, Night 

Open 

Open 

F i r s t ,  i t  will be presumed tha t  additional elements can be 

added t o  accident reporting procedures, so t ha t  the exposure data 

elements need n o t  be res t r i c ted  t o  information on exist ing accident 

forms. Next, i t  i s  obvious t h a t  the "Vehicle Type" var iable ,  as 

denoted by Carroll , wi 11 have t o  be defined much more speci f i  cal ly 

t h a n  Table 7 . 2  indicates.  Third, several other variables wil l  have 

t o  be included which are  strongly suspected of influencing accidents 

related t o  vehicle hand1 ing, e .g . ,  road a1 ignment, pavement surface 

condition ( v i z . ,  wet, dry, bumps, chuck holes, e t c . ) ,  driver 

experience, e t c .  I t  thus appears tha t  the variables shown in Table 

7.3 const i tu te  a reasonable s e t ,  as an i n i t i a l  basis fo r  developing 

a questionnaire. The wording of the questionnaire should, of course, 

be carefully developed so as t o  motivate the  respondents and thus 

yie ld  reasonably accurate and unbiased answers. A1 though i t  i s  not 



Tab le  7.3. Reconmended Exposure V a r i a b l e s  f o r  
V e h i c l e  Hand1 i ng A n a l y s i s .  

D r i v e r  I n f o r m a t i o n  

D.O.B. Occupat i  on 
Sex Annual Income 
H e i g h t  M a r i t a l  S t a t u s  
Weight Number o f  C h i l d r e n  
C o r r e c t i v e  Lens R e s t r i c t i o n  Number o f  V e h i c l e s  

Regul a r l y  D r i v e n  
Years Formal Educa t i on  
Years D r i  v i  ng Exper ience 
Formal D r i v i n g  Educa t i on  
V i o l  a t i o n s  Dur ing  P rev ious  

Twelve Months 

Seat  Be1 t Usage P r a c t i c e  

V e h i c l e  I n f o r m a t i o n  

V e h i c l e  No. 

Make 
Model 
Model Year 
Number o f  Doors 

VIN Number 
Number o f  Engine C y l i n d e r s  
Power S t e e r i n g  
Power Brakes 
Automat ic  Transmi ss i o n  

Odometer Readi ng 
P ressu re  A t  Which T i r e s  Are  Ma in ta ined ,  T h i s  V e h i c l e  
Tread Depth A t  Which T i r e s  Are Replaced, T h i s  V e h i c l e  
P e r i o d i c  L u b r i c a t i o n  P r a c t i c e ,  T h i s  V e h i c l e  

Es t ima ted  T o t a l  M i l e s  D r i v e n  T h i s  V e h i c l e  
Es t imated M i l e s  D r i v e n  T h i s  V e h i c l e  L a s t  Twelve Months 
Es t ima ted  M i l e s  D r i v e n  T h i s  V e h i c l e  L a s t  T h i r t y  Days 
Es t ima ted  M i l e s  D r i v e n  T h i s  V e h i c l e  L a s t  Seven Days 
Number o f  Acc iden ts  W i th  T h i s  V e h i c l e  L a s t  Three Years 

Es t ima ted  % T r a v e l  on Rura l  Freeways, T h i s  V e h i c l e  
Es t ima ted  % T rave l  on Urban Freeways, T h i s  V e h i c l e  
Es t ima ted  % T r a v e l  on Urban S t r e e t s ,  T h i s  V e h i c l e  

' E s t i m a t e d  % T r a v e l  on Rura l  Roads, T h i s  V e h i c l e  
Es t ima ted  % T rave l  as P a r t  o f  Occupat ion,  T h i s  V e h i c l e  

Es t imated % T r a v e l  i n  Darkness, T h i s  V e h i c l e  
Es t ima ted  % T r a v e l  i n  Rainy Weather, T h i s  V e h i c l e  
Es t ima ted  % T r a v e l  on Curved, o r  Wind ing  Roads, T h i s  V e h i c l e  
Es t ima ted  % T r a v e l  i n  Foggy Weather, T h i s  V e h i c l e  

Running Speed D r i v i n g  H a b i t s ,  T h i s  V e h i c l e  



possible t o  define an appropriate questionnaire a t  th i s  point in  

time, the steps for  developing the questionnaire can be s e t  down, 

viz. : 

1 .  develop pilot-survey questionnaire using 

proposed vari abl es 

2 .  carry o u t  p i lo t  survey 

3 .  analyze resul ts  by: 

a .  evaluating pilot-survey questionnaire 

b. evaluating f ea s ib i l i t y  of p i lo t  survey methods 

c .  estimating costs of f inal  survey 

4. se lec t  f inal  variables 

a n d  5 .  revise questionnaire. 

Given t h a t  these steps are carried o u t  a n d  the ensuing exposure 

survey i s  performed in a coordinated manner with the other data 

collect ion programs, exposure data sui table  for  normalizing the 

accident d a t a  and obtaining valid accident ra tes  will r esu l t .  

7 . 2 . 2  Accident Data Coll ection. There are  several concerns 

which must be addressed with respect t o  collecting accident d a t a  
fo r  determining the role of vehicle handling in accident causation. 

F i r s t ,  as discussed in Section 7.1, upwards of 300,000 cases will 

be required. Second, as has been previously mentioned, the acci- 

dent d a t a  should be acquired within a two-year period from a well- 

defined geographic area. Third, the d a t a  will have t o  be of 

su f f i c ien t  qua1 i t y  and detai l  as requi red t o  examine questions 

related t o  vehicle hand1 ing. Finally , the acci dent-invol ved 

vehicles will have t o  be confined t o  the speci f ic  group fo r  which 

vehicle handling data have been or wi 11 be acquired. 

Collecting data on accidents within a two-year period vi rtual ly 

constrains the accident investigation t o  that  of pol ice  agency 

reporting. As i s  well known, police reporting i s  frequently 
def ic ient ,  in both accuracy and detai 1.  Nevertheless, there seems 



t o  be no other a l ternat ive  b u t  t o  develop a reporting system in 

which i t  i s  recomnended certain speci f ic  elements of information 

are  gathered by having the police use a supplemental report form. 

Clearly, the importance of accuracy will have t o  be impressed upon 

the police agencies who are  collect ing the data within a designated 

area. 

The speci f ic  information additional t o  w h a t  i s  normally 

collected can be ident i f ied  by f i r s t  examining a typical accident 

reporting form used by police agencies, as i s  exemplified by 

the State of Michigan form shown on Figure 7 . 2  On comparing the 

data elements in Figure 7 . 2  with those l i s t ed  in Table 7.3 ,  and on 
considering other factors related to  vehicle handling, we can 
identify the fol 1 owing informational elements as deserving o f  

col 1 ec t  i on : 

Fi r s t  Pr ior i ty :  

Vehicle 

Vehicle Identif icat ion Number (VIN) 
Model Power Steering? 
Number of Doors Power Brakes? 
Odometer Readi ng Automatic Transmiss ion? 
Gas Gauge Reading Number o f  Cylinders in the 

Engi ne 

Driver 

Height of Driver \ 
Weight of Dri ver 
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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Second Priori ty : 

Vehicle 

Pressure in Each Tire 
Tread Depth of Each Tire (Center of Pattern) 
Lubrication Sticker Presence and Mileage 

Indicated on Same 
Inches of Steering Wheel Play 

Driver 

Occupation 
Annual Income 
Years Formal Education 
Years Driving Experience 
Formal Driver Education 
Number of Vehicles Regularly Driven 
Viol ations Previous Year 
Accidents Previous Three Years 

Road Condition 

Surface Skid Resistance Qua l i t i e s  

A sample supplemental form i s  n o t  given here since,  as with 

the exposure collection program, a ser ies  of steps similar t o  those 

outlined in Subsection 7 . 2 . 1  should be ins t i tu ted to develop a 
practical and e f f i c ien t  reporting procedure. 

7 . 2 . 3  Vehicle Hand1 ina Data Collection. As discussed 

in Section 6 ,  properties influencing vehicle handling can be 

divided into three categories, v iz . :  

-design parameters 

*normal handl ing performance indices 

a 1  imit handl ing performance indices 

In principle, i t  would be desirable t o  have a data l ibrary which 

contains a l l  of the above elements for  each of the models in the 

motor-car population. Correlation studies could then be conducted 

t o  determine which of these performance descriptors or design 

parameters correlate with specif ic kinds of accident involvements 

or ,  a l ternat ively ,  hypotheses relat ing specif ic descriptors t o  
overinvol vements in accidents could be checked for  val idi  ty.  



From the standpoint of trying t o  determine whether vehicle 

handling makes a s ignificant  contribution t o  the accident record, 

the existence of a complete handling data 1 ibrary can be con- 

sidered t o  be an ideal s t a t e  of a f fa i r s .  Unfortunately, such a 

s t a t e  of a f fa i r s  does not ex i s t  and i t  becomes necessary t o  consider 

the implications of trying to  achieve th is  s t a t e  or  achieving a 

lesser  s t a te  as dictated by the r ea l i t i e s  of the s i tuat ion.  Clearly, 

the establishment of a data b a n k  defining the performance charac- 

t e r i s t i c s  and relevant design parameters of motor cars has n o t  been 

a routine task pursued by the motor vehicle industry nor has i t  

been a task that  has been consistently pursued by the research 

comnunity under the auspices of the Federal Department of 

Transportation. 

Since the collection of the desired d a t a  i s  b o t h  time- 

. consuming and cost ly ,  the ef for ts  expended t o  date re f l ec t  e i the r  

motivations and needs peculiar t o  the motor car design and 

development task or the desire of the federal government t o  advance 

i t s  capability for defining and issuing needed motor vehicle safety 

standards. Further, i f  handling data have been obtained by the 

car manufacturing companies, i t  i s  frequently considered pro- 

prietary. I t  follows that  a complete and systematic collection of 

vehicle performance d a t a ,  as needed ( i n  the ideal sense) t o  
implement the proposed methodology wi 11 come into existence only 

i f  the creation of such a data bank  i s  mandated by the government. 

In the interim, investigators are required t o  (1 )  adopt an ad hoc 

approach and ( 2 )  "scrounge" for  'data wherever they can find i t .  

With respect t o  the three categories of data identif ied 

ea r l i e r ,  we find that the current s t a t e  of a f fa i r s  i s  one in which 

certain design parameters (bearing on vehicle performance) are 

included in the passenger car specifications publ ished by the M V M A  

(see Table 6.6 in Section 6 ) .  ( I t  would appear that  comparable 

information can also be obtained for  foreign vehicles.) To a 
1 imi ted extent, performance indices descri ptive of normal hand1 ing 

behavior (see Table 6 . 7 )  have been measured and publ ished i n  the 



open 1 i te ra ture .  As a1 ready mentioned, measurements of th i  s 
k i n d  (when conducted by a manufacturer) are generally considered 

proprietary. However, normal handling indices ( t h a t ,  by def in i -  

t ion ,  are  open loop) are n o t  very d i f f i c u l t  nor expensive t o  obtain 

and  t he i r  release by manufacturers seems t o  be inhibited more by 

legal and pol icy considerations than by technical considerati.ons. 

On the other hand, the acquisi t ion of " l imi t  handling performance 

indices,"  (see Table 6.8) e i t he r  by industry or government, i s  

a much more demanding enterprise and  requires a s ignif icant  amount  
of do1 1 a r  expenditures . 

However, we do n o t  seem t o  have a choice. Either a l l  or  

part  of these three categories of handling data must be acquired 

for  a s ignif icant  number of vehicles or  the  "determination of 

the role of vehicle handling in accident causation" becomes a 

meaningless phrase. As has been discussed earl i e r ,  the development 

. o f  a l ibrary  of handling indices ( e . g . ,  Tables 6 . 7  a n d  6.8) fo r  

upwards of 100 vehicle models should be adequate for  investigating 

the question of i n t e r e s t .  The tes t ing methods and data collect ion 

procedures involved in deriving these indices have been treated 

elsewhere [ l o ,  35, 37 ,  43, 44, 451 and thus need n o t  be repeated 

here. 

In choosing vehicles f o r  the group of 100, consideration 

should be given t o  selecting vehicles that  have wide divers i ty  in 

cornering, braking, and  acceleration charac te r i s t i c s ,  and which 

a re  as widely distr ibuted as possible in the designated vehicle 

population. I t  i s  recomnended tha t  the selection process be 

i n i t i a t ed  by f i r s t  choosing vehicles in the order of t he i r  numbers 

in the  designated population. Appropriate substi tut ions should 

then be made in a second s tep  t o  insure a diversi ty of charac te r i s t i c s .  

7.2.4 Collection of Vehicle Image Risk Data. As was 

discussed e a r l i e r ,  the reason for  considering "image r isk"  as a 
f ac to r  in accident causation stems from a concern t h a t  vehicle 

hand1 ing performance indices,  as objectively measured, may not or  

will not explain any finding t h a t  one vehicle i s  more accident 
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prone than another. I t  seems 1 i kely, for  example, that  an 
individual driver may drive one vehicle one way and a d i f ferent  

vehicle in a completely different  manner. One could conjecture 

that  a driver in a Porsche might drive f a s t e r ,  maintain smaller 

headways, and take more chances t h a n  he or she would i f  driving 

an  Imperial. Further, most car enthusiasts would agree tha t  a 
Porsche would be ranked higher in terms of handling performance 

than most large American cars. Thus, there i s  a danger that  i f  

accident rates are adjusted only for such factors as driver age, 

experience, e t c . ,  we would s t i l l  obtain biased resu l t s ,  namely, 

the "better" handl ing performance of a part icular  vehicle may be 

submerged by the fac t  t h a t  t h a t  vehicle i s  character is t ica l ly  driven 

in a more risky manner. Ample reason for  th i s  concern i s  available 

in the l i t e r a tu r e ,  e .g . ,  Table 4.11, where i t  can be noted t h a t  
vehicles generally considered as bet ter  handl ing vehicles are  

overinvol ved in accidents. 

I t  i s  proposed that  image risk information be gathered by 

monitoring t r a f f i c  patterns. For example, i t  i s  recomended t h a t  
observations be made of the ( 1  ) speed, ( 2 )  g a p  or headway, ( 3 )  lane 

keeping, a n d  ( 4 )  lane selection behavior of drivers as a function 

of the vehicle being driven. I n  proposing these four variables, we 

are  hypothesizing that  speed i s  directly related t o  r i sk .  Further, 

we hypothesize t h a t  (1)  the shorter the headway a driver maintains 

w i t h  respect t o  the vehicle immediat-ely ahead, the higher the level 

of "image r i sk , "  ( 2 )  side-to-side movements within the lane or a 
passing maneuver (par t icular ly  on a two-lane, two-way road) evidences 

an increase in image r i sk ,  and ( 3 )  select ing the lane characterized 

by moderate or high speed travel ( i  . e . ,  with respect to  vehicles 

traveling on roadways with a t  l eas t  two lanes in one direction) 

constitutes evidence of a higher "image r i sk .  " 

Data pertaining t o  these variables should ideally be 

collected a t  several d i f ferent  1 ocations-freeways , s t a t e  trunk- 

l ines ,  county roads, urban a r te r i a l  s ,  e tc .  Further, care should 

be taken to  avoid heavily congested areas where t r a f f i c  volume 

significantly inhibi ts  the free movement of individual vehicles. 



C l e a r l y ,  t h e  c o l l e c t i o n  o f  image r i s k  da ta  c o n s t i t u t e s  a  new 

u n d e r t a k i n g  r e q u i r i n g  c o n s i d e r a b l e  i n g e n u i t y  f o r  i t s  imp1 ementa t i  on. 

A scheme t h a t  appears t e c h n i c a l l y  f e a s i b l e  i n v o l v e s  t h e  use o f  t h e  

ORBUS I11 System [46]  wh ich  reco rds  v e h i c l e  speed, t h e  t ime,  and 

a f r o n t a l  p i c t u r e  o f  t h e  d r i v e r  and v e h i c l e ,  i n c l u d i n g  t h e  1  i cense  

p l a t e .  Wi th  t h i s  i n f o r m a t i o n  and r e g i s t r a t i o n  reco rds ,  i t  i s  

t h e o r e t i c a l l y  p o s s i b l e  t o  i d e n t i f y  t h e  d r i v e r ,  t h e  make, model, and 

model y e a r  o f  t h e  v e h i c l e ,  t h e  weather c o n d i t i o n s ,  t h e  l a n e  o f  t h e  

v e h i c l e ,  and t h e  p l  a c m e n t  w i t h i n  t h a t  l a n e .  The passage t imes  

o f  success ive  v e h i c l e s  c o u l d  be i n t e r p r e t e d  t o  y i e l d  headway main-  

tenance. A m o d i f i c a t i o n  t o  t h e  ORBUS System t o  i n c l u d e  a  s i d e  v iew 

p i c t u r e  a t  t h e  same t i m e  t h e  f r o n t a l  v iew i s  be ing  taken  would 

undoubted ly  a i d  i n  t h e  v e h i c l e  i d e n t i f i c a t i o n  t a s k .  

7 . 3  T r i a l  A p p l i c a t i o n  o f  t h e  Methodology 

I n  l i g h t  o f  t h e  above d i s c u s s i o n ,  i t  i s  obv ious t h a t  no 

a c t u a l  v e r i f i c a t i o n  o f  t h e  desc r ibed  a n a l y t i c a l  methods and data  

c o l l  e c t i o n  procedures can be accompl ished s h o r t  o f  imp lement ing  

much o f  t h e  recomnended p l a n .  Never the less ,  handl i n g  data  does 

e x i s t  f o r  a  few v e h i c l e s ,  and mass a c c i d e n t  da ta  i s  a v a i l a b l e  

p e r m i t t i n g  us t o  make 1 i m i  t e d  comparisons between c e r t a i n  h a n d l i n g  

parameters and v a r i o u s  a c c i d e n t  s t a t i s t i c s .  Such a  s tudy was under- 

t aken  t o  demonstrate,  i n  a  p r e l i m i n a r y  way, t h a t  i t  i s  p o s s i b l e  t o  

combine handl  i n g  i n f o r m a t i o n  w i t h  an a c c i d e n t  da ta  f i l e  t o  search 

f o r  f i n d i n g s  r e l a t e d  t o  t h e  r o l e  o f  h a n d l i n g  i n  a c c i d e n t  c a u s a t i o n .  

S ince v a l i d  e x p o s u r e - t o - r i s k  da ta  was n o t  ava i  1 ab le ,  comparisons 

can be drawn o n l y  i n  terms o f  a c c i d e n t  f requenc ies ,  comparable t o  

what was done i n  S e c t i o n  5 .  Consequent ly ,  i n  r e v i e w i n g  t h e  f i n d i n g s  

presented below, t h e  reader  shou ld  be aware t h a t  t h e  use o f  a c c i -  

den t  f requenc ies ,  r a t h e r  than  t r u e  a c c i d e n t  r a t e s ,  g i v e s  r e s u l t s  

t h a t  c o u l d  be comp le te l y  d i f f e r e n t  i f  i t  were p o s s i b l e  t o  account  

f o r  exposure t o  r i s k  and image r i s k .  



7.3.1 Procedure. As indicated in Section 6.6, available 

vehicle parameter a n d  performance index data were organized into 

an accessible computer f i l e .  Concurrently, an accident data f i  l e  

was constructed from accident cases from King County, Washington 

containing only vehicles for  which parameter data was available. 

The accident d a t a  were further f i l t e r ed  along the 1 ines discussed 

i n  Section 5.1 . I  in order t o  r e s t r i c t  the f inal  s e t  t o  cases most 

1 i  kely t o  involve handl ing-related causation factors .  The vehicle 

parameter d a t a  a n d  the associated accident data were then made 

jointly accessible through a computer subroutine so that  the f re -  

quency of accidents involving any parti  cul ar  vehicle parameter could 

be di rect ly  compared with any of several accident descriptors. 

Ten accident descriptors were selected from the King County 

f i l e  for correlation with handl ing descriptors,  viz .: 

1. Character of Road (Straight  or Curved) 

2 .  Road Surface Condition (Wet or Dry) 

3. Rollover Action 

4. Skidding Action 

5. An Avoidance Maneuver (Yes or No) 

6. Driver Sex 

7 .  Driver Age 

8. Driver Occupation 

9. Number of Vehicle Occupants 

10. Character of Road a n d  Road Surface 

Interrogation of the computer f i  les  yielded numerous tab1 es showing 

the re1 ationshi p between selected vehicle parameters and these 

accident descriptors. Some of these tables show a connection 

between parameter values and accident frequencies; the majority 

do n o t .  Again we caution that  i rrespective of whether an apparent 

connection, or lack of connection, i s  indicated here, i t  should be 

kept in mind that  these resul ts  are preliminary and should not be 

considered as def in i t ive  findings. 



7.3.2 R e s u l t s .  As d i scussed  i n  S e c t i o n  6, v e h i c l e  

d e s c r i  p t o r s  have been c l a s s i f i e d  i n t o  t h r e e  c a t e g o r i e s  , namely, 

(1 )  d e s i g n  parameters (see Tab le  6 .6) ,  ( 2 )  normal handl  i n g  

performance i n d i c e s  (see Tab1 e  6 .7 ) ,  and ( 3 )  1  i m i  t hand l  i ng 

performance i n d i c e s  ( see  Tab le  6 . 8 ) ,  The d e s i g n  da ta  a r e  a v a i l a b l e  

f o r  a l l  American automobi les  f rom 1969 onward t h r o u g h  t h e  MVMA 

S p e c i f i c a t i o n  Forms [ 3 6 ] .  Consequent ly ,  t h e r e  was more t h a n  an 

adequate number o f  a c c i d e n t  cases w i t h  wh ich  t o  d e r i v e  s t a t i s t i c a l  

canpar i  sons. However, normal hand l  i ng performance da ta  were 

a v a i l a b l e  f o r  o n l y  s i x t y  v e h i c l e s .  Even so, t h e r e  was g e n e r a l l y  

enough v a r i a t i o n  among these s i x t y  t o  show a  r e l a t i o n s h i p  between 

a c c i d e n t  exper ience and s p e c i f i c  h a n d l i n g  i n d i c e s ,  i f  such a  

r e l a t i o n s h i p  e x i s t s .  

U n f o r t u n a t e l y ,  t h e  same cannot  be s a i d  f o r  t h e  o t h e r  two 

c l a s s e s  o f  v e h i c l e  d e s c r i p t o r s .  L i m i t  handl  i ng performance d a t a  

were a v a i l a b l e  o n l y  f o r  t w e l v e  v e h i c l e s .  Some o f  these v e h i c l e s  

(e.g., Lo tus ,  A u s t i n  American, Mercedes) occu r  so i n f r e q u e n t l y  i n  

t h e  domest ic  v e h i c l e  p o p u l a t i o n  as  t o  be a lmos t  c o m p l e t e l y  un rep re -  

sented i n  t h e  a c c i d e n t  s t a t i s t i c s .  There fo re ,  no meaningfu l  r e s u l t s  

c o u l d  be ob ta ined ,  even on a  demons t ra t i on  b a s i s .  

(A t tempts  t o  c o r r e l a t e  des ign  parameter and normal h a n d l i n g  

i n d i c e s  f o r  v e h i c l e  l o a d i n g ,  as p e r  Tab le  6.9, were g e n e r a l l y  

unsuccess fu l .  A  techn ique  was deve loped f o r  p r e d i c t i n g  v e h i c l e  

l o a d i n g  by  e s t i m a t i n g  t h e  w e i g h t  o f  v e h i c l e  occupants,  s i n c e  t h e  

a c t u a l  we igh ts  o f  occupants was n o t  a v a i l a b l e .  The e s t i m a t i n g  

process i n v o l v e d  t a k i n g  t h e  age and sex o f  t h e  occupant and a s s i g n i n g  

a cor respond ing median w e i g h t  as determined f rom p o p u l a t i o n  surveys.  

The a t tempt  was n o t  s u c c e s s f u l ,  however, i n  t h a t  parameter a d j u s t -  

ments f o r  occupant l o a d i n g  produced no n o t i c e a b l e  improvements i n  

c o r r e l a t i o n s  w i t h  a c c i d e n t  f r e q u e n c i e s .  ) 

I n  t h e  d i s c u s s i o n  t h a t  f o l l o w ,  we, t h e r e f o r e ,  c o n s i d e r  o n l y  

t h e  r e 1  a t i  onsh i  p  o f  des ign  parameters and normal handl  i ng p e r f o r -  

mance i n d i c e s  t o  a c c i d e n t  d e s c r i p t o r s .  Each o f  t h e  parameters and 

i n d i c e s  wh ich  show some r e 1  a t i o n s h i p  t o  t h e  a c c i d e n t  d e s c r i p t o r s  

a r e  d i scussed  i n  t u r n .  



Of the design parameters examined, four are (more or l e s s )  

related t o  vehicle s i z e ,  namely, curb weight, overall length, 

wheelbase, and track. Each of these variables were found t o  exhibit  

a consistent relat ionship to  accident frequencies. Comparisons 

of accident frequencies in terms of the various accident descriptors 

as a function of these parameters are  given in Figures 7.3 through 

7.10. (The s t a t i s t i c s  shown represent tha t  percentage of accidents 

of a par t icular  type as compared t o  the to ta l  number of accidents 

occurring for vehicles with a par t icular  vehicle parameter value.)  

Accidents occurring on curves, under wet conditions , on curves 

under wet conditions, and those involving skidding are shown on 

Figures 7.3 t o  7.6. Accidents involving rol lover,  avoidance maneuvers, 

female drivers,  and vehicles with more than one occupant are shown 

on Figures 7 . 7  t o  7.10. 

In examining Figures 7.3 t o  7.6, i t  i s  evident t h a t  there 

i s  a consistent trend toward fewer accidents as curb weight and 

wheelbase increase in value. Accidents as a function of overall 

length tend t o  peak a t  lengths associated with compact cars .  Accident 

trends associated with track width are  less  consistent .  Accidents 

on curves show a general downward trend as track width increases 

while wet weather accidents tend t o  peak a t  track widths between 

54 and 58 inches. Skidding accidents a n d  accidents on curves in 

wet weather are  essent ia l ly  independent of track width. 

The most consistent trend in Figures 7.7 to  7.10 i s  that  

of rollover accidents. Rollover accidents consistently decrease 

with increasing values of a l l  four vehicle s ize  variables. Acci- 

dents involving avoidance maneuvers tend t o  peak again a t  parameter 

values associated with compact cars.  Accidents involving female 

drivers show no consistent trends except in the case of overall 

length where a d i s t i nc t  downward trend i s  evident. No consistent 

trends are apparent for  accidents involving more than one vehicle 

occupant . 
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Of the twenty-six normal hand1 ing performance indices 1 i s ted  

i n  Table 6.7, the following s ix  show a consistent  relat ionship 

with a t  l e a s t  one accident descriptor:  

1. Yaw Moment of Iner t ia  

2.  Steering Sensi t iv i ty  

3 .  Horsepower-to-Wei g h t  Ratio 

4. Rollover Potential 

5. Wind Disturbance Potential 

6. Brake Torque Distribution 

Accident frequencies in a l l  classes tend t o  decrease as 

yaw moment of i ne r t i a  increased beyond values of 1,500 s l u g - f t a 2  

(Figures 7.11 and 7.12). This finding i s  very l ike ly  the r e su l t  

of the f a c t  that  yaw moment of i ne r t i a  i s  closely correlated 

w i t h  vehicle s i z e  and weight. 

For steering s ens i t i v i t y  there i s  a general increase in 

accident frequencies fo r  val ues greater  than 0.5 g/lOOO s t ee r i  ng  

wheel deflect ion (Figures 7.13 and 7 . 1 4 ) .  The trend i s  n o t  a l l  

t h a t  consis tent ,  however, except for  accidents occurring on 
curves. 

Accident frequencies as a function of horsepower-to-weight 

r a t i o  are  shown on Figures 7.15 and 7.16. Accident frequencies 

of a l l  types tend t o  become less  fo r  horsepower-to-weight r a t i o  

greater  than 0.05. This finding i s  again s ize  related in t ha t  

larger  vehicles have higher horsepower-to-weight ra t ios  than 

smaller ones. (Vehicles vary in weight by a fac tor  of two or 

three ,  while engines vary in horsepower by factors  of between 

eight  and  t en . )  

Accident frequencies as a function of ro l l  over potenti a1 

a re  shown on Figures 7.17 and  7.18. Obviously, the primary 
question i s  whether t h i s  parameter i s  related t o  the occurrence 

of rol lover accidents. (Rollover potential i s  defined here t o  be 

a dimension from the ground t o  the centroid of the  projected 

s ide  area divided by the track width.) In t h i s  regard, i t  i s  
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obv ious t h a t  r o l l o v e r  a c c i d e n t s  do t e n d  t o  i n c r e a s e  w i t h  

i n c r e a s i n g  va lues  o f  r o l l o v e r  p o t e n t i a l .  The t r e n d  i s  n o t  

m o n o t o n i c a l l y  upward, however. Comparison w i t h  F i g u r e  7.10 

shows t h a t  t r a c k  w i d t h ,  a lone,  tends t o  c o r r e l a t e  b e t t e r  w i t h  

r o l l o v e r  a c c i d e n t s  than  does t h e  r.01 l o v e r  p o t e n t i a l  parameter.  

A b e t t e r  p r e d i c t o r  o f  r o l l o v e r  a c c i d e n t s  than  e i t h e r  o f  t hese  

m i g h t  w e l l  be t h e  r a t i o  o f  c e n t e r - o f - g r a v i t y  h e i g h t  t o  t r a c k  

w i d t h .  S ince  c.g. h e i g h t s  v a r y  by  no more than  two o r  t h r e e  

i nches  f o r  t h e  e n t i r e  spectrum o f  passenger cars ,  however, i t  

c o u l d  be t h a t  t r a c k  w i d t h  i s  as good as any more e l a b o r a t e  d e f i n i -  

t i o n  f o r  d e f i n i n g  r o l l o v e r  p o t e n t i a l .  (The reason c.g.  h e i g h t  

was n o t  i n c l u d e d  i n  t h e  p r e s e n t  s tudy  i s  due t o  t h e  f a c t  t h a t  such 

i n f o r m a t i o n  i s  n o t  a v a i l a b l e  f o r  most passenger c a r s . )  

The v a r i a t i o n  o f  a c c i d e n t  f requenc ies  w i t h  w ind d i s t u r b a n c e  

p o t e n t i a l  i s  shown on F igu res  7.19 and 7.20.  Wind d i s t u r b a n c e  

p o t e n t i a l  i s  d e f i n e d  t o  be t h e  r a t i o  o f  s i d e  area t o  w e i g h t .  I t  

i s  e v i d e n t  t h a t  a c c i d e n t s  i n v o l v i n g  road  c u r v a t u r e  and wet weather  

i n c r e a s e  w i t h  i n c r e a s i n g  va lues '  o f  t h e  w i n d - d i s t u r b a n c e - p o t e n t i a l  

parameter.  There i s  aga in  a  v e h i c l e  s i z e  f a c t o r  a t  work he re  

i n  t h a t  as v e h i c l e  we igh ts  i nc rease ,  t h e  s i d e  area i nc reases  a t  

a  l ower  r a t e  than  does t h e  w e i g h t .  Thus, t h e  l ower  va lues  o f  

s i d e  area t o  w e i g h t  r a t i o  a r e  a s s o c i a t e d  w i t h  t h e  l a r g e r  automobi les .  

On t h e  o t h e r  hand, a c c i d e n t s  on wet roads,  curves,  and wet  curves 

appear t o  be b e t t e r  c o r r e l a t e d  w i t h  t h e  w ind  d i s t u r b a n c e  p o t e n t i a l  

parameter than  w i t h  any o t h e r  s i z e - r e 1  a t e d  parameter ( e  .g. , 
c u r b  we ight ,  wheel base, and o v e r a l l  l e n g t h ) .  

F igu res  7.21 and 7.22 show a c c i d e n t  f requenc ies  as a  f u n c t i o n  

o f  b rake to rque  d i s t r i b u t i o n ,  i .e.  , t h e  r a t i o  o f  t h e  p r o p o r t i o n  

o f  b r a k i n g  on t h e  f r o n t  wheels t o  t h e  p r o p o r t i o n  o f  w e i g h t  on 

t h e  f r o n t  wheels. The f i n d i n g s  a r e  g e n e r a l l y  unremarkable 

excep t  f o r  t hose  assoc ia ted  w i t h  a c c i d e n t s  on curves and on wet  

curves.  The fo rmer  shows a  genera l  upward t r e n d  w i t h  i n c r e a s i n g  

d i s t r i b u t i o n  o f  b rake  p r o p o r t i o n i n g  t o  t h e  f r o n t  wheels.  The 
upward t r e n d  f o r  a c c i d e n t s  on wet  curves i s  even s t r o n g e r .  These 

r e s u l t s  a r e  i n t e r e s t i n g  s i n c e  t h e  q u e s t i o n  o f  how t o  p r o p e r l y  
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proportion brakes for  conditions other than straight-1 ine motion 

i s  controversial. Increasing brake proportioning on the front 

wheels of an automobile tends t o  decrease the possibi 1 i  ty of 

rear-wheel lockup and  should enhance vehicle stabi 1 i  ty.  On the 

other hand, proportioning more braking capa bi 1 i  ty to  the front  

wheels tends t o  increase the possibil i ty of front-wheel lockup 

and thus degrades the ab i l i ty  to  s t ee r .  The results  presented in 

Figure 7.21 suggest t h a t  the l a t t e r  occurrence i s  the mechanism 

t h a t  accounts for  the observed trends. On the other hand, there 

i s  also the possibil i ty that  the braking efficiencies (of the 

vehicles included in th is  analysis) are significantly less on  wet 

roads in comparison t o  dry roads, as the brake proportioning 

parameter i s  increased. In other words, the data are a1 so 

possibly explained by a decreased ab i l i ty  t o  u t i l i z e  available 

wet road f r ic t ion (without wheel lockup) with an increase in 

the front wheel proportioning parameter. Clearly, more data 

comparable t o  that  presented in Figure 7.21 should be collected 

as a means of resolving whether brake proportioning, as commonly 

carried o u t  t o  optimize the s t ra ight- l ine  braking process, should 

be influenced by considering the consequences related t o  the 

ab i l i ty  of average drivers t o  brake safely on wet curves. 

Although we have plotted only those results  which show some 

consistent trend or relat ionship,  a l l  of the derived data for  

the additional parameters and indices i s  given in Appendix E .  

7 . 4  Summary 

A methodology t o  determine the role of vehicle handling in 

accident causation has been proposed which requires that  (1 )  acci- 

dent d a t a ,  ( 2 )  handling data, ( 3 )  exposure-to-risk data,  and 

( 4 )  image-risk data be collected and analyzed. The method has 

been (par t i a l ly )  applied, in a very preliminary way, t o  demonstrate 

that  i t  i s  feasible t o  combine data l ibrar ies  in fulf i l lment of 
the desired objective. 



A t  t h i s  point in time, i t  appears t h a t  the  methodology, as 
conceived and proposed, should be applied in a fu l l - sca le  

endeavor addressed t o  the question of i n t e r e s t .  As of t h i s  

writing, i t  appears tha t  the developed methodology will  require 

t h a t  handl ing data be collected fo r  approximately 100 vehicle 

models in order t o  obtain b o t h  a  su f f i c i en t  spread in handling 

charac ter is t ics  and an exposure t o  r i sk  su f f i c i en t  t o  produce 

accident numbers su f f i c i en t  fo r  analysis .  I t  was also pointed out 

t h a t  the additional data required t o  implement the method01 ogy 

should be obtained both within a two-year time frame and within 

a common geographic area. 

The accident d a t a  should include a t  l e a s t  300,000 cases,  

requiring tha t  i t  be collected through a police accident reporting 

system by means of a  supplemental reporting sheet.  The exposure- 

to-risk data should be acquired both through a mailed questionnaire 

survey and through interviews a t  1 icense renewal of f ices .  Vehicle 

handling performance data shou1.d be acquired by means of a  dynamic 

test ing activity--40th fo r  normal handling and l imi t  handl ing 

properties.  Finally, image-risk datd should be coll ected by means 

of automated t r a f f i c  surveys a t  selected locat ions.  These surveys 

should identify dr iver  and vehicle while simultaneously recording 

such variables as speed, lane of t r a v e l ,  position in lane,  car  

following distance, and weather conditions. 

These data would be analyzed t o  produce true accident r a t e s ,  

namely, rates  t h a t  are normal i  zed for  confounding influences such 

as dr iver ,  exposure, and  image fac tors .  On comparing t rue  accident 

ra tes  with various accident descr ip tors ,  we would, hopefully, be 

able t o  define the r e l a t ive  accident causation potential tha t  can 

be associated with a given level of a  speci f ic  vehicle handling 

descriptor.  



8.0 ACCIDENT RECONSTRUCT ION METHODOLOGY 

I t  i s  generally recognized tha t  indepth accident recon- 
s t ruct ion methodology, as currently practiced, i s  not par t icular ly  
well suited t o  identifying the handl ing character is t ics  of 

vehicles as accident causation factors .  For a  variety of reasons, 
emphasis i s  and has been placed on the crash and post-crash 
phases of the accident-those areas which r e l a t e  t o  occupant injury 
and vehicle crashworthi ness. A1  though i t  i s  recognized that  these 
areas a re  important--and there i s  no intention t o  degrade t he i r  

importance here-emphasis must be placed on d i f fe ren t  aspects of 
accident reconstruction i f  handl ing-re1 ated causation factors are  
to  be exposed. I n  par t icular ,  vehicle handl ing fac to rs ,  i f  such 
are  involved in an accident ,  influence the pre-crash phase of the 
accident. To establish beyond question whether vehicle handl ing 

' 

fac tors  were involved in an accident, a  substantial  amount of 
information appears t o  be needed. For example, one would l ike  t o  
know the following information: 

1. Histories of the driving cues presented t o  the 
dr iver ,  his or  her decision processes, and his 
or  her control act ions.  

2 .  The pre-crash path(s)  of the vehic le(s)  including 

the length, location,  and microscopic characteris  t i c s  
of skid marks. 

3. The character is t ics  of .  the f r i c t i on  a t  the t i r e -  
road interface.  

4 .  The "handl i  ng" characteris  t i c s  of involved 

vehicles--as determined by basic design, and as 
modified by loading, t i r e  pressures, and other 
f i r s  t-order e f fec t s .  

5. The maintenance and repair  s t a tus  of the involved 
veh i c l e -pa r t i cu l a r l y  in re la t ion t o  identifying 
the influence of mechanical condition as a  fac tor  
other than the influence of basic design. 



6. The physical condition a n d  capacities of the d r ive r ( s )  . 

(e.g . , aler tness ,  experience, reaction capacity , 
physical s trength,  e t c . ) .  

7 .  The ergonomic matching of the driver with the 

vehicle, . i . e. , the arrangement and placement of 

driving controls and the required forces fo r  t he i r  

manipulation. 

8. The ambient environment. 

9. The macroscopic character is t ics  of the roadway, 

e.g. ,  geometric a1 ignment, pavement roughness, 

s ight  obstructions, e t c .  

( I t  should be emphasized that  the in te res t  here i s  n o t  with vehicle 

defects as accident causative mechanisms. Rather, the concern i s  

with the performance character is t ics  of new and in-use vehicles, 

t h a t  i s ,  are there vehicle performance factors that  lead t o  a n  

over- or underinvolvement in accidents?) 

Obviously, some of these elements are ,  and will be, d i f f i -  

cu l t  t o  obtaiw-the f i r s t  item l i s t ed  above representing a good 

case in point. Without a recording device on the vehicle i t  w i l l ,  

a t  bes t ,  be d i f f i c u l t  ( i f  n o t  impossible) t o  establish the 

sequence of cue assimilation, driver decisions and driver control 

actions in the pre-crash accident phase. Yet the historical  record 

of th i s  phase i s  a  vir tual  necessity in establishing the break- 

downs in the vehicle/driver/road-surface system t h a t  led t o  the 

ultimate crash. 

Regardless of the d i f f i cu l t i e s  involved, however, i t  appears 

that  there a re  areas in which accident reconstruction methodology 

can be upgraded in order t o  bet ter  understand the pre-crash phase. 

Such upgrading i s  highly relevant t o  the objectives of th i s  study 

and, consequently, a  portion of the study e f fo r t  was devoted towards 

upgrading specif ic aspects of the pre-crash reconstruct ion process 

and the associated reporting procedures. These topics are  treated 
be1 ow. 



8.1 Acc iden t  Recons t ruc t ion  Aids 

I n  t h i s  s tudy,  f i v e  t o p i c s  o f  re levance  t o  t h e  r e c o n s t r u c t i o n  

and a n a l y s i s  o f  t h e  p re -c ras  h  i n t e r v a l  were examined, namely: 

* a n a l y s i s  o f  s k i d  marks 

ede te rm ina t i  on o f  pavement s k i d  r e s i s t a n c e  

*measurements o f  pavement s l o p e  ( s u p e r e l e v a t i o n  and 

grade) ,  cu rve  speed, and 1  i g h t  i n t e n s i t y  

*measurements o f  d r i v e r  r e a c t i o n  t ime,  peda l  f o r c e  

s t r e n g t h ,  and g r i p  s t r e n g t h  

. d e t e r m i n a t i o n  o f  t h e  main tenance/ repa i  r s t a t u s  o f  

t h e  v e h i c l e  o f  i n t e r e s t .  

The f i r s t  two t o p i c s  a r e  t r e a t e d  below, i n  some dep th .  The 

remain ing t o p i c s  a r e  t r e a t e d  by r e v i e w i n g  t h e  equipment t h a t  was 

developed s p e c i f i c a l l y  t o  se rve  as a  s e t  o f  a c c i d e n t  r e c o n s t r u c t i o n  

t o o l s .  A t  t h e  end o f  t h i s  s e c t i o n ,  r e f e r e n c e  i s  made t o  t h e  need 

f o r  an a c c i d e n t  r e p o r t i n g  form t h a t  i s  p a r t i c u l a r l y  s u i t e d  f o r  

i n v e s t i g a t i n g  t h e  r o l e  o f  v e h i c l e  h a n d ? i  ng i n  a c c i d e n t  c a u s a t i o n .  

S ince t h e  comprehensive supplemental  f o rm e n t i t l e d  " V e h i c l e  

Handl ing Supplement" (developed h e r e i n  as  an addendum t o  t h e  C P I R  

fo rm now be ing  used i n  M D A I  a c t i v i t i e s )  i s  a  v e r y  l a r g e  document, 

i t  i s  n o t  i n c l u d e d  i n  t h e  body o f  t h i s  r e p o r t .  The reader  w i l l  

f i n d  t h i s  supplemental  f o rm i n  Appendix D preceded by a  s h o r t  

e x p o s i t i o n  o f  t h e  ph i l osophy  govern ing  4 t s  development. 

8.1 .I S k i d  Mark A n a l y s i s .  S k i d  marks, i f  p r e s e n t ,  can be a 

.va luab le  source o f  i n f o r m a t i o n  a t  an a c c i d e n t  scene. One o f  t h e  

o b j e c t i v e s  o f  t h i s  s tudy  was t o  de te rm ine  t h e  e x t e n t  t o  wh ich 

s k i d  marks can be ana lyzed and i n t e r p r e t e d  t o  y i e l d  c o n s i d e r a b l y  

more i n f o r m a t i o n  than  i s  commonly e x t r a c t e d  a t  p resen t .  

The approach t o  s k i d  mark a n a l y s i s  begins w i t h  t h e  r e c o g n i t i o n  

t h a t ,  i n  theory ,  i n f o r m a t i o n  shou ld  be con ta ined  i n  t h r e e  aspects  

o f  s k i d  marks, v i z . ,  ( 1 )  t h e  gross l e n g t h  and c u r v a t u r e  o f  t h e  

marks, ( 2 )  t h e  s h o r t  i r r e g u l a r i t i e s  i n  t h e  g ross  f e a t u r e s ,  and 

( 3 )  t h e  macroscopic t r e a d  element p a t t e r n s .  S k i d  mark l e n g t h s  



are  used in accident. reconstruction t o  determine braking distance 
(and hence stopping distance or distance over which a  speed change 

has occurred), with curvature used t o  indicate the presence of a  
c r i t i c a l  speed ( i  . e . ,  t h a t  speed a t  which a  vehicle just begins 
t o  lose t rac t ion when following a  curved path) .  Short i r r egu l a r i t i e s  
in skid marks such as co l l i s ion  scrubs or braking gaps, e t c . ,  can 

be used t o  pinpoint events in a  co l l i s ion  or t o  pinpoint dr iver  

act ions.  Both of these topics have been treated extensively i n  

the l i t e r a t u r e  [ 4 7 ]  and wil l  not be discussed fur ther  here. 

Tread element patterns ( o r  lack thereof)  in  skid marks can 

be used to  determine the occurrence of braking, s teer ing,  accelera t -  

ing, or  combinations thereof ,  on the part  of a  dr iver .  Such 
patterns can consis t  of actual tread imprints, r i b  marks, tread 

edge marks, and s t r i a t i on  marks. bJhile the presence of tread 
element patterns in skid marks has been mentioned in the l i t e r a t u r e ,  

the fu l l  meaning of such patterns was not k n o w n .  Accordingly, work 
was undertaken i n  t h i s  study to  determine the information t ha t  can 

be extracted from tread element patterns.  This investigation led 
t o  the following conclusions: 

1  Actual tread imprints ( i  . e . ,  a  deposited image of 
the t i r e  t read)  only occur i n  s t r a i gh t - l i ne  braking 

and then only under longitudinal s l i p  conditions of 
between 5 and 20%. (One hundred percent longitudinal 

s l  ip represents 1  ocked-wheel braking , w h i  l e  braking 
a t  l e ss  than 100% indicates the braked wheel i s  s t i l l  

p a r t i a l l y  ro l l  i n g  . ) . 

2 .  Tread imprints very probably only occur in skid marks 

produced by f ront  t i r e s  and even then a r e  undoubtedly 
qui te  rare since:  

a. passenger car  t i r e  tread imprints are not 
eas i ly  discernible unless a  t i r e  loading 

condition ex i s t s  which i s  equivalent t o  a t  
l e a s t  a  40% weight t r ans fe r  t o  the f ront  t i r e s ;  



b. i n c ' i p i e n t  wheel l ockup  i s  v i r t u a l l y  d e s t i n e d  

t o  occu r  f o r  any s l i p  c o n d i t i o n  g r e a t e r  t h a n  

20% because o f  t h e  brake f o r c e - s l  i p  r a t i o  

c h a r a c t e r i s t i c  o f  t h e  pneumatic t i  r e .  

3. --- Tread r i b  marks o n l y  occu r  i n  s t r a i g h t - 1  i n e  b r a k i n g  

and then  o n l y  when t h e  wheel i s  l ocked .  

4. Tread edge marks a r e  made by  f r o n t  t i r e s  wh ich  a r e  

h i g h l y  loaded as t h e  r e s u l t  o f  t h e  l o a d  t r a n s f e r  

produced by b r a k i n g  . 
5. S t r i a t i o n  marks a r e  p r e s e n t  i n  s k i d  marks when a  

t i r e  i s  be ing  s u b j e c t e d  t o  a  l a t e r a l  s l i p  c o n d i t i o n ,  

i .e., when a  v e h i c l e  i s  t u r n i n g  o r  c o r n e r i n g .  

6 .  S t r i a t i o n  marks make an ang le  t o  t h e  gross  d i r e c t i o n  

o f  t h e  s k i d  mark which i s  dependent b o t h  on t h e  

l a t e r a l  s l i p  ang le  and t h e  l o n g i t u d i n a l  s l i p  c o n d i t i o n .  

The ang le  i s  independent o f  v e h i c l e  speed. 

7 .  S t r i a t i o n  marks appear as i n t e r m i t t e n t  s k i d  mark 

e lements,  two t o  t h r e e  i nches  i n  w i d t h ,  wh ich  a r e  

spaced a t  i n t e r v a l s  o f  two t o  f o u r  inches on t h e  

pavement . 
8. The w i d t h  and spac ing o f  s t r i a t i o n  marks i s  

undoubted ly  i n f l  uenced by t h e  i n t e r i o r  t r e a d  p a t t e r n  

o f  t h e  t i r e  and by t h e  edge p a t t e r n  a long  t h e  s i d e  

o f  t h e  t r e a d .  Even so, t i r e s  such as t h e  ASTM t i r e  

w i t h  a  s imp le  c i r c u m f e r e n t i a l l y - r i  bbed t r e a d  and a  

f e a t u r e l e s s  edge p a t t e r n  e x h i b i t  t h e  same i n t e r -  

m i  t t e n t  s t r i a t i  on marks as do f u l  l y - t r e a d e d  t i r e s .  

A t y p i c a l  s e t  of s t r i a t i o n  marks made w i t h  an ASTM 

t i r e  under l a b o r a t o r y  c o n d i t i o n s  i s  shown on F i g u r e  

8.1. 



F i g u r e  8.1 



9. The appearance of skid marks i s  not grossly affected 

by t i r e  pressure except when the t i r e  experiences 

a ver t ica l  deflect ion greatly i n  excess of i t s  
deflect ion a t  rated load and pressure. 

10. Tire load and traveling speed influence the darkness 
o f  skid'marks. Heavier loads and lower speeds produce 

darker marks. 

As mentioned, the angle t ha t  a  s t r i a t i o n  mark makes with 
the gross d i rect ion of a  skid mark i s  dependent upon the prevailing 

conditions of 1  ongi tudi nal and 1 ateral  s l  i p .  This observed depen- 
dence i s  consistent  with the recognition t ha t  the motion of the 

t i r e  tread across the pavement surface i s  the resu l t  of ( 1 )  the 

t rans la t ional  velocity of the wheel and ( 2 )  the rotat ional  velocity 
of the tread about the spin axis of the wheel. A kinematic 
description of the motion i s  depicted in Figure 8.2 where: 

- 
V = t rans la t ional  velocity of the wheel h u b  
- 
x = a  horizontal axis located i n  the centerplane of 

the wheel passing through the wheel h u b  ( o r  axle)  

a = l a t e r a l  s l i p  angle or  s t e e r  angle of the t i r e  w i t h  

respect t o  the direction of trans1 ational motion 

Re = ef fec t ive  rol l ing radius of  the  t i r e  

n = angular velocity of the t i r e  
- 
V t  = velocity of tread element along the road surface 

e = angle of a  s t r i a t i o n  mark ( o r  tread element 

velocity vector) with respect to  a  l i n e  which i s  

perpendicular to  a  tangent to  the skid mark. 

From Figure 8.2 i t  i s  evident t ha t  

and tha t  

V cos e = Re n s i n  a t 
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Vt  s i n  e = V - Re n cos a (8.2) 

On d i v i d i n g  (8 .2 )  by (8 .1 ) ,  t h e  f o l l o w i n g  express ion  f o r  t h e  

angle,  e, i s  obta ined:  

V tan = R~ n s i n  a 
- c t n  a (8.3) 

Examinat ion o f  t h e  k inemat ics  o f  t i r e  mot ion w i t h  b r a k i n g  a p p l i e d  

(see F i g u r e  8.3) shows t h a t  

where 

= l o n g i t u d i n a l  s l  i p parameter 

"cx = l o n g i t u d i n a l  s l i p  v e l o c i t y  

x = v cos a (8.6) 

S u b s t i t u t i n g  Equat ion (8.4) i n t o  (8.3)  and r e a r r a n g i n g  

y i e l d s  : 

2 tan = 11-s ) s i n  2 a 
- c t n  a 

X 

Th is  l a t t e r  equa t ion  i s  t h e  d e s i r e d  express ion f o r  t h e  s t r i a t i o n  

ang le  as a  f u n c t i o n  o f  l o n g i t u d i n a l  and l a t e r a l  s l i p .  It may 

be no ted  t h a t  i f  s, = 0, then a = 0 and t h e  s t r i a t i o n  ang le  i s  



F i g u r e  8.3. T i r e  k inemat i c  convent ions 



equal t o  t h e  s l i p  ang le .  S i m i l a r l y ,  i f  sx  = 1,  e = 90' and t h e  

s t r i a t i o n  marks become c o l i n e a r  w i t h  t h e  d i r e c t i o n  o f  t h e  s k i d  

mark. The independence o f  t h e  s t r i a t i o n  ang le  w i t h  v e l o c i t y  i s  

c l e a r l y  e v i d e n t .  

A t  t h e  scene o f  an acc iden t ,  t h e  o n l y  i n f o r m a t i o n  a v a i l a b l e  

t o  an i n v e s t i g a t o r  would be t h e  ang le  o f  t h e  s t r i a t i o n  marks. From 

Equat ion  (8 .7)  i t  i s  c l e a r  t h a t  knowledge o f  t h e  s t r i a t i o n  mark 

ang le  i s  n o t  s u f f i c i e n t  t o  u n i q u e l y  determine va lues  f o r  l o n g i -  

t u d i n a l  and l a t e r a l  s l i p .  There are ,  however, some deduct ions  t h a t  

can be made a t  t h e  a c c i d e n t  scene, v i z .  : 

1. I f  t h e  ang le  o f  t h e  s t r i a t i o n  marks i s  between 0" 

and 90°, some s t e e r i n g  a c t i o n  i s  t a k i n g  p l a c e .  

2. I f  t h e  s t r i a t i o n  marks a r e  p a r a l l e l  t o  t h e  a x i s  

o f  t he  s k i d  mark, then only b r a k i n g  a c t i o n  i s  

t a  k i  ng p l  ace. 

3. I f  t h e  s t r i a t i o n  ang le  i s  g r e a t e r  t han  30" b u t  

l e s s  than  9 0 ° ,  then a  combinat ion  o f  s t e e r i n g  and 

b r a k i n g  i s  o c c u r r i n g .  (The maximum f r o n t  t i r e  

s t e e r  ang le  f o r  a  t y p i c a l  passenger c a r  i s  no more 

than  30". Any s t r i a t i o n  mark ang le  g r e a t e r  t han  

30°, then,  must r e s u l t  f r om a combinat ion  o f  s t e e r i n g  

and b rak ing .  Note t h a t  e = a when sx = 0 . )  

4 .  I f  t h e  s t r i a t i o n  ang le  i s  l e s s  than 90°, t hen  t h e  

l o n g i t u d i n a l  s l i p  r a t i o ,  sx, i s  n o t  l i k e l y  t o  be 

g r e a t e r  than 20%. (As noted e a r l i e r ,  i n c i p i e n t  wheel 

l ockup  g e n e r a l l y  occurs f o r  s l i p  r a t i o s  g r e a t e r  t han  

10 t o  20% which leads immedia te ly  t o  va lues  o f  e o f  

90'. ) 

8.1.2 Pavement Sk id  Resistance.  The f r i c t i o n a l  qua1 i t y  

o f  t h e  road s u r f a c e  i s  an i m p o r t a n t  p i e c e  o f  i n f o r m a t i o n  when an 

a c c i d e n t  i s  be ing  recons t ruc ted .  T h i s  s ta tement  i s  p a r t i c u l a r l y  

t r u e  i f  s k i d  marks a re  p resen t ,  s i n c e  t h e  v e h i c l e  v e l o c i t i e s  d e r i v e d  



from the length or curvature of skid marks i s  d i rect ly  dependent 

upon the coeff ic ient (s)  of f r i c t ion  assumed t o  ex i s t  between t i r e s  

and the road surface. Typically, a n  accident investigator estimates 

the applicable coefficient  of f r i c t ion  by resorting t o  one of the 

many tables of such coefficients  that 'have been published over the 

years, e .g . ,  Reference 47. There i s  l i t t l e  question, however, 

t h a t  such practices can and  do  lead t o  large errors .  

Ideally, the best way t o  determine the maximum forces t ha t  

could be generated by the t i r e s  of a vehicle on  a  given surface 

would be t o  t e s t  one or more of i t s  t i r e s  with a suitable t e s t  

device on the surface u p o n  which the accident occurred, preferably 

r ight  a f t e r  the accident. Several t e s t s  a t  speeds bracketing the 

accident velocit ies woul d be necessary. Cl ear ly ,  such a procedure 

i s  impractical. Nevertheless, investigators s t i l l  need a uniform 

(and  reasonably accurate) procedure for assessing the f r ic t ional  

quality of a given section of road, a  procedure that  can be rapidly 

carried out a t  the accident scene. An optimum procedure would 

account for  the t i r e s  involved and the pavement surface in combina- 

t ion.  A more practical approach, however, would involve separate 

measurements of ( 1 )  the t i r e s  and  ( 2 )  the road surface. This l a t t e r  

course i s  viewed as being the only viable course and i s  the one 

adopted here. Basical l y ,  methods were developed for incorporation 

into an accident investigation procedure which involve characterizing 

( 1 )  pavement surfaces by photo-interpretation analysis and ( 2 )  

t i r e s  by wear and descriptive labels .  

Over the past several years,  Schonfeld, a t  the Ontario 

Department of Highways, has developed a method fo r  determining 

pavement skid numbers by means of a stereo-photograph analysis 

technique [48, 491. In applying t h i s  method, i t  i s  recomnended 

t h a t  f ive  t o  ten pairs of stereo photographs be taken of the pave- 

ment section of in te res t .  The acquisition of these stereo pairs 

i s  fac i l i t a ted  by use of a specially constructed camera box equipped 

with a 35 mm camera and f lash- l ight .  (Figure 8.4 shows a box 
constructed for  t h i s  purpose.) The stereo pairs can then be viewed 

through a s tereo projector so that  an observer i s  afforded a 
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t h ree -d imens iona l  p e r s p e c t i v e  o f  t h e  pavement su r face  o f  i n t e r e s t .  

F i g u r e  8.5 shows such a  p r o j e c t o r  w i t h  two s e t s  of s t e r e o  p a i r s  

and a  r e f e r e n c e  wedge f o r  e s t i m a t i n g  s u r f a c e  p r o j e c t i o n  d imensions.  

A t y p i c a l  s e t  o f  s t e r e o  p a i r s  f o r  a  f i n e  aggregate  a s p h a l t  s u r f a c e  

w i t h  a  l i g h t  c o a t i n g  o f  J e n n i t e  i s  shown on F i g u r e  8.6.  Note t h e  

r e f e r e n c e  wedge and s c a l e  wh ich  a r e  s l i g h t l y  d i s p l a c e d  i n  one 

p i c t u r e  w i t h  r e s p e c t  t o  t h e  o t h e r .  

The s k i d  number o f  t h e  sample i s  de termined by  c l a s s i f y i n g  

t h e  t e x t u r e  e lements i n  t h e  sample i n  accordance w i t h  t h e  seven 

groups of t e x t u r e  parameters wh ich  e a r l i e r  i n v e s t i g a t o r s  found t o  

have a  r e c o g n i z a b l e  e f f e c t  on pavement s k i d  r e s i s t a n c e .  These 

parameters a r e :  

1. H e i g h t  - The most p r e v a l e n t  h e i g h t  o f  s u r f a c e  

p r o j e c t i o n s  i n  t h e  sample, i . e . ,  p r o j e c t i o n s  wh ich  

may come i n  c o n t a c t  w i t h  t h e  t i r e .  

2 .  Width  - The most p r e v a l e n t  w i d t h  o f  s u r f a c e  

p r o j e c t i o n s  i n  t h e  sample. 

3, A n g u l a r i t y  - The p r e v a l e n t  shape o f  s u r f a c e  

p r o j e c t i o n s .  

4. D e n s i t y  - The d e n s i t y  of spac ing  o f  s u r f a c e  

p r o j e c t i o n s .  

5 .  P r o j e c t i o n  Tex tu re  - The s i z e ,  sharpness,  o r  

roundness o f  t h e  mi c r o - p r o j  e c t i o n s  on t h e  s u r f a c e  

o f  t h e  s tone aggregate  p r o j e c t i o n s  . 
6. Background T e x t u r e  - The s i z e ,  sharpness,  o r  

roundness o f  t h e  mi c r o - p r o j e c t i  ons on t h e  s u r f a c e  

o f  t h e  f i l l e r  m a t e r i a l  between t h e  s tone  aggregate .  

7. Undra ined C a v i t i e s  - The p r o p o r t i o n  o f  c a v i t i e s  

(dep ress ions  o r  h o l e s )  i n  t h e  background s u r f a c e  

wh ich  do n o t  have e x i t  d ra inage  channe ls  and 

wh ich  h o l d  wa te r  under wet  s u r f a c e  c o n d i t i o n s .  
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By w e i g h t i n g  each t e x t u r e  parameter  acco rd ing  t o  a  p re -  

determined scheme, a  s k i d  number i s  o b t a i n e d  which has been 

demonstrated t o  compare w e l l  w i t h  t h a t  y i e l d e d  by t h e  ASTM s k i d  

t e s t  procedure.  The a c t u a l  mechanism o f  d e t e r m i n i n g  t h e  s k i d  number 

f o r  a  s u r f a c e  i s  c a r e f u l l y  l a i d  o u t  . i n  two re fe rences  [48,  493 

which shou ld  be c o n s u l t e d  by those i n t e r e s t e d  i n  imp lement ing  t h e  

process.  A l t e r n a t i v e l y ,  arrangements can be made t o  have t h e  

O n t a r i o  Department o f  Highways determine s k i d  numbers on a  c o n t r a c t u a l  

b a s i s  f r o m  s t e r e o  p a i r s  s u p p l i e d  t o  them f r o m  o t h e r  o r g a n i z a t i o n s .  

As a  second a l t e r n a t i v e ,  t h e  Schonfe ld  method has r e c e n t l y  

been automated by adap t i ng  t h e  s tereo-photgrammetr ic  techn iques o f  

a e r i a l  mapping t o  o b t a i n  a  th ree -d imens iona l  c o n t o u r  o f  a  s e c t i o n  

o f  pavement s u r f a c e  [ 5 0 ] .  The con tou r  map i s  reproduced e l e c t r o n i -  

c a l l y ,  r e s u l t i n g  i n  a  d i g i t i z e d  s e t  o f  d a t a  t h a t  desc r i bes  t h e  

th ree-d imens iona l  su r face .  Computer a1 g o r i  thms a r e  used t o  ( 1  ) 

process these  da ta  and ( 2 )  c l a s s i f y  t h e  s u r f a c e  t e x t u r e  au to -  

m a t i c a l l y ,  f o r  example t h e  average h e i g h t ,  w i d t h ,  and a n g u l a r i t y  

f o r  each o f  t h e  macro- and m i c r o p a r t i c l e s  on t h e  s u r f a c e  a r e  c a l -  

c u l a t e d  a  l a  t h e  Schonfe ld  method and an e s t i m a t e  o f  t h e  pavement 

s k i d  number i s  produced. C l e a r l y ,  t h ?  main advantage o f  t h e  au to -  

mated method i s  t h e  removal o f  t h e  human a n a l y z e r  f rom t h e  s k i d  

number d e t e r m i n a t i o n  process,  r e s u l t i n g  i n  a  more r a p i d  and accu ra te  

p rocess ing  o f  t h e  f i e l d  da ta  ( i  .e.,  t h e  s t e r e o  p a i r s ) .  

The advantages o f  u s i n g  t h e  Schonfeld method i n  a c c i d e n t  

r e c o n s t r u c t i o n  l i e  w i t h  t h e  quickness t h a t  t h e  necessary pho tog raph ic  

i n f o r m a t i o n  can be acqu i red .  T y p i c a l l y ,  t h e  camera box can be 

p laced  ove r  a  s e l e c t e d  pavement s u r f a c e  and photographs taken  i n  a  

m a t t e r  o f  two o r  t h r e e  minutes .  No e l a b o r a t e  s k i d  t r a i l e r s ,  

r e c o r d i n g  dev ices  and s i m i l a r  equipment i s  necessary.  The box and 

photograph ic  equipment a r e  e a s i l y  t r a n s p o r t e d  by c a r .  F u r t h e r ,  

one s e t  o f  s t e r e o  photos p rov ides  a l l  t h e  i n f o r m a t i o n  necessary t o  

d e r i v e  t h e  v a r i a t i o n  i n  s k i d  number w i t h  r e s p e c t  t o  speed. 

( A  pavement s k i d  number, i t  may be r e c a l l e d ,  i s  a number 

which, when d i v i d e d  by 100, c o n s t i t u t e s  t h e  c o e f f i c i e n t  o f  f r i c t i o n  

t h a t  e x i s t s  between a  road  s u r f a c e  and a  n o n - r o t a t i n g  s tanda rd  t e s t  



t i r e  [51, 521. The t e s t  i s  ordinari ly conducted a t  40 mph with 

water being deposited in front  of the t e s t  t i r e  in order t o  y ie ld  

a "uniform" water coating of 0.02 inch over the t e s t  surface. 
The result ing skid number i s  a standard measure of the surface 
skid resistance a t  40 m p h .  To obtain the skid resistance variation 

with speed, t e s t s  a t  other speeds a re  necessary. Since the skid 

number represents only the pavement skid resistance seen by a 

single t i r e ,  i t s  relat ionship to  the coefficient  of f r i c t ion  between 

the road surface and the t i r e s  on an actual vehicle i s  rather 

indirect .  Further, the t e s t  i s  intended t o  es tabl ish  wet surface 

skid resistance only. Estimates of coefficient  of f r i c t ion  fo r  

dry surfaces must be made by other means. Fortunately, however, 

dry skid resistance i s  much less variable than that  under wet 

conditions with values of 0.8 t o  1.0 being typical coeff ic ient  of 
f r i c t i on  levels  covering a wide range of t i r e  and surface 

conditions [ 5 3 ] .  ) 

As has been mentioned, the determination of the coeff ic ient  

of f r i c t ion  prevailing during an accident requires b o t h  a knowledge 
of the surface and the t i r e s  mounted on the vehicle. Although 
the character is t ics  of the surface can be determined using the 

Schonfeld method, those of the t i r e  must be established by other 

means and entered into the accident record in a manner such that  

the subsequent reconstruction process i s  faci 1 i  ta ted .  The Vehicle 
Handling Supplement t o  the C P I R  accident report form (as  presented 

in Appendix D )  suggests a sui table  data collect ion format. 

8.1.3 Reconstruction Tools and Equipment. Several additional 

tools and equipment developed or acquired during the  project for  
- aiding in the reconstruction of the pre-crash accident phase are 

deserving of comnent in th i s  section of the report .  

Figure 8.7 shows a s e t  of sample impressions taken from a 
pavement surface with the i l l  ustrated clay-1 i ke modeling compound. 

Such impressions are valuable in tha t  they provide,an actual 
three-dimensional record of the pavement surface which can be 

eas i ly  stored fo r  future reference. Further, the impressions 
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consti tute a supplementary piece of information which can be used 

in conjunction with the stereo photographic process. 

Figures 8.8 and  8.9 show two views of an adjustable level 

which can be used for making rapid measurements of pavement slope 

(crown, grade, or superelevation). The modified 1 eve1 i s  simply 

laid on the pavement surface, and  the movable level i s  adjusted 

and fixed a t  the level position. Readings on the scale are in units 

of slope ( i n / i n ,  f t / f t ,  %) as per the highway design convention. 

The adjustable level was designed t o  replace the conventional and 

cumbersome surveying technique using a t r ans i t  and stake. 

Figures 8.10 and 8.11 show a precision t i r e  pressure gauge 

and a contour gauge, respectively. This pressure gauge greatly 

f a c i l i t a t e s  acquisition of accurate t i r e  pressure measurements on 
vehicles involved in accidents. Tire gauges commonly used in 

. service stat ions and sold for measuring inflat ion pressure are 

notoriously imprecise and variable with temperature. Since t i r e  

pressure has a f i rs t -order  effect  on vehicle handl ing performance, 

accurate t i r e  pressure measurements are a necessity in any accident 

reconstruction e f fo r t  concerned with such performance. 

Likewise, tread wear i s  known  t o  have an important e f fec t  on 
handl ing performance, particularly under 1 imi t maneuvering condi- 

t ions.  Typically, a measurement of tread depth has been used to  

characterize t i  re wear. The di f f icul ty  with th i s  single measure- 

ment i s  that  there i s  no uniform standard for making th i s  depth 

measurement a n d ,  fur ther ,  a single tread depth measurement in no  

way characterizes the to ta l  wear s t a te  of a typical t i r e .  Tire 
wear can be uneven and asymmetric as the result  of misalignment, 

wheel imbalance, loose wheel beari ngs , high cornering forces, e t c .  

The contour gauge i l lus t ra ted  in Figure 8.11 provides a means for  

obtaining a complete profi le  of the cross-section of the t i r e  

tread, yielding an excellent picture of the s t a t e  of tread wear. 
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F igure  8.10 

F i g u r e  8.11 



Figures 8.12 t o  8.14 are i l lus t ra t ions  of devices which have 

been fabricated or adapted for  use in determining driver capabi l i t ies .  

Figure 8.12 i s  an i l lus t ra t ion  of a device which can be used t o  

measure driver reaction time. The device can be used t o  t e s t  

simple reaction time or reaction time including a binary decision 

process. The device i s  set-up such t h a t  an operator administering 

the t e s t  presses a button on one panel which simultaneously causes 

a clock t o  s t a r t  and one of two l igh t s  t o  go on on a second panel. 

The person taking the t e s t  then presses an appropriate b u t t o n  on 
the second panel t o  extinguish the l i gh t .  Simple reaction time 

i s  measured when the subject knows which one of the two l igh t s  

will be illuminated on the second panel. Reaction time including 

a binary decision i s  measured when the subject does not know which 

of the two l igh t s  will go on .  

The device shown in Figure 8.13 was developed fo r  measuring 

a d r ive r ' s  strength in pushing a foot pedal. The device can be 

adjusted t o  the physical dimensions of the subject so  t ha t  maxi- 

m u m  force can be applied. The purpose of the device i s  t o  determine 

the strength of the driver in applying brake force. Studies have 

shown [54] tha t  a t  l eas t  5% of the female driver population i s  not 

capable of exerting enough brake pedal ' force t o  produce maximum 

deceleration in the average passenger car .  The influence of th i s  

finding on accident causation i s  n o t  known a n d  therefore should be 

investigated. 

Figure 8.14 shows a device suitable for  measuring the 

strength of a d r ive r ' s  gr ip .  As with the pedal-force device, the 

purpose of measuring gr ip  strength i s  t o  obtain an understanding 

of the relationship between th i s  index of driver capabil i ty and 

accident causation. The grip strength t e s t  i s  easy t o  administer 

and the device i s  clearly very portable. If grip strength should 

prove t o  correlate well with pedal-force strength,  the l a t t e r  t e s t ,  

being more d i f f i cu l t  t o  apply, could be dispensed with. 
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The r e c o n s t r u c t i o n  t o o l s  and equipment i 1  l u s t r a t e d  i n  

F igu res  8.7 t o  8.14 a r e  i n tended  f o r  use w i t h  t h e  a c c i d e n t  

r e p o r t i n g  fo rm developed i n  t h e  cou rse  o f  t h i s  s tudy .  

8.2 Repor t i ng  Procedures 

A V e h i c l e  Hand1 i n g  Supplement t o  t h e  C P I R  form was developed 

f o r  purposes o f  g a t h e r i n g  i n f o r m a t i o n  wh ich  c o u l d  be used t o  

i d e n t i f y  v e h i c l e  h a n d l i n g  f a c t o r s  i n  an a c c i d e n t .  The f o r m  i s  

p resen ted  i n  Appendix D. I n  keep ing w i t h  t h e  d e f i n i t i o n  o f  v e h i c l e  

h a n d l i n g  adopted i n  t h i s  r e p o r t ,  t h e  supplement r e q u i r e s  t h a t  da ta  

be o b t a i n e d  t o  d e f i n e  t h e  driver/vehicle/road-surface system. As 

has been d i scussed  e a r l i e r ,  t h e  t a s k  o f  s e p a r a t i n g  o u t  v e h i c l e  

des ign  and performance f a c t o r s  as a c c i d e n t  causes r e q u i r e s  t h a t  

o t h e r  f a c t o r s ,  i .e.,  those r e l a t e d  t o  t h e  d r i v e r  and t h e  road,  must  

be c a r e f u l l y  i d e n t i f i e d .  Thus, t h e  supplement i s  d i v i d e d  i n t o  

s e c t i o n s  wh ich  deal  w i t h  t h e  f o l l o w i n g  f i v e  c a t e g o r i e s  o f  

i n f o r m a t i o n :  

1  ) Environment 

2 )  Roadway 

3 )  V e h i c l e  

4 )  Opera tor  

5 )  Acc iden t  K inemat ics  

The supplement i s  assembled i n  a  modular  f a s h i o n  such t h a t  

p a r t s  ( o r  pages) can be added o r  d e l e t e d  depending upon t h e  case 

under s tudy .  For  example, a1 though i t  i s  t r u e  t h a t  t h e  

e n v i  ronmen t a l  c o n d i t i o n s  su r round i  ng two veh i  c l  es i n v o l  ved i n  a  

g i v e n  a c c i d e n t  w i l l  a lmost  always be t h e  same, t h e  roadway 

c o n d i t i o n s  c o u l d  be d i f f e r e n t - - e . g . ,  two v e h i c l e s  approach ing an 

i n t e r s e c t i o n  on d i f f e r e n t  roads.  The re fo re ,  i f  t h e r e  i s  i n t e r e s t  

i n  t h e  two sepa ra te  v e h i c l e s ,  a  roadway c r o s s - s e c t i o n  f o r  each can 

be prepared.  



Majo r  emphasis i n  t h e  v e h i c l e  s e c t i o n  i s  g i v e n  t o  

e s t a b l i s h i n g  t h e  maintenance c o n d i t i o n  and m o d i f i c a t i o n s  t o  

o r i g i n a l  equipment. The i d e n t i f i c a t i o n  o f  t h e  v e h i c l e  (excep t  

f o r  t i r e s )  i s  a1 ready g i ven  i n  t h e  p a r e n t  C P I R  form. The emphasis 

on maintenance and m o d i f i c a t i o n s  i s  n o t  f o r  t h e  purpose o f  

a t t r i b u t i n g  a c c i d e n t  causa t i on  t o  these f a c t o r s ;  r a t h e r ,  t h e  

purpose i s  t o  assess t h e i r  i n f l u e n c e ,  i f  any, on t h e  "as-new" 

hand1 i n g  qua1 i t i e s  o f  t h e  v e h i c l e .  

There i s  cons ide rab le  evidence suggest ing  t h a t  t h e  o p e r a t o r  

i s  a l a r g e ,  i f  n o t  t h e  major ,  f a c t o r  i n  a c c i d e n t  causat ion .  

Fu r the r ,  i t  has been shown t h a t  d r i v e r  age and sex a r e  two 

c h a r a c t e r i s  t i c s  t h a t  c o r r e l a t e  w i t h  a c c i d e n t  exper ience.  However, 

t h e  s p e c i f i c  q u a l i t i e s  t h a t  make d r i v e r  age and sex i m p o r t a n t  

have never been p i n p o i n t e d  w i t h  p r e c i s i o n .  For  example, i s  i t  

p h y s i c a l  s t r e n g t h ,  s t a t u r e ,  mental a t t i t u d e ,  exper ience,  m a t u r i t y  , 
and combinat ions t h e r e o f ,  o r  are t h e r e  o t h e r  d r i v e r  q u a l i t i e s  

which make age and sex c o r r e l a t e  w i t h  a c c i d e n t  exper ience? Or 

i s  d r i v e r - v e h i c l e  matching a  f a c t o r ?  Are young people more 

i n v o l v e d  i n  acc iden ts  because they  d r i v e  more Vol kswagens o r  

a r e  Vol kswagens more i n v o l v e d  i n  acc iden ts  because they a r e  d r i v e n  

more by young people? Whatever t h e  case ( i f  indeed t h e r e  i s  a  

connec t i on ) ,  p i n p o i n t i n g  t h e  answer w i l l  r e q u i r e  t h a t  more i n f o r -  

ma t ion  be gathered about d r i v e r  c h a r a c t e r i s t i c s  than has t y p i c a l  l y  

been t h e  case. The d r i v e r  s e c t i o n  o f  t h e  supplement has been 

developed w i t h  t h i s  p o i n t  o f  v iew. The s p e c i f i c  i n f o r m a t i o n  t o  

be c o l 1  ec ted i nc ludes  body dimensions, p h y s i c a l  s t r e n g t h  measure- 

ments, r e a c t i o n  t imes,  v i s i o n  performance, p h y s i c a l  c o n d i t i o n ,  

academic educat ion ,  d r i v e r  educat ion ,  d r i v i n g  exper ience,  and 

f a m i l i a r i t y  w i t h  t h e  area, among o t h e r  v a r i a b l e s .  

I n  t h e  acc iden t  k inemat ics  s e c t i o n ,  t h e  emphasis i s  on a  

c a r e f u l  a n a l y s i s  o f  s k i d  marks. T h i s  s e c t i o n  can be expanded t o  

seve ra l  pages f o r  any number o f  s k i d  marks w i t h  each s k i d  mark 

and i t s  causa t i ve  t i r e  be ing  s e r i a l l y  i d e n t i f i e d .  Space i s  
a l l o t t e d  f o r  denot ing  the  v e h i c l e  mot ions  and d r i v e r  a c t i o n s  t h a t  



seemingly corre la te  with the skid mark information. The 

information i s  again supplemental t o  the C P I R  form with the 

objective of ass is t ing the reconstruction of the accident e i the r  

manually or by means of computer simulation. 

In general, the philosophy adopted in developing the Vehicle 

Handling Supplement was that  of including every variable that  , 

could e i ther  be directly related t o  a vehicle handling factor  or 

could confound an analysis seeking to  establish the influence of 

hand1 i ng . 
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9.0 A DETERMINISTIC METHODOLOGY 

The a n a l y t i c a l  methodology desc r i bed  i n  p rev ious  s e c t i o n s  o f  

t h i s  r e p o r t  i s  based on t h e  use o f  s t a t i s t i c a l  i n f e r e n c e  as a  

means o f  de te rm in ing  t h e  r o l e  o f  v e h i c l e  h a n d l i n g  i n  a c c i d e n t  

causa t i on .  C l e a r l y ,  a  s t a t i s t i c a l  approach i s  b u t  one o f  s e v e r a l  

ways i n  which i n s i g h t  can be developed i n  unders tand ing t h i s  complex 

and v e r y  d i f f i c u l t  c a u s e / e f f e c t  r e l a t i o n s h i p .  For  example, P r e n t i c e  

[55] has shown t h a t  Game Theory can be used as a  t o o l  i n  o p t i m i z i n g  

d r i v e r  s t r a t e g i e s  i n  c a r - t o - c a r  a c c i d e n t  avoidance.  F u r t h e r ,  R ice  

[ 56 ]  has developed methods o f  comparing a c t u a l  c a r / d r i v e r  p e r f o r -  

mance w i t h  performance t h a t  i s  t h e o r e t i c a l l y  a v a i l  a b l e  th rough  t h e  

use o f  what he has c a l l e d  a  9-g  diagram. 

I n  t h i s  s e c t i o n  o f  t h e  r e p o r t ,  a  d i f f e r e n t  approach i s  t aken  

towards e v a l u a t i n g  t h e  a c c i d e n t  avoidance capabi 1  i t i e s  o f  a  v e h i c l e /  

d r i v e r  system as a  means o f  supplement ing t h e  f i n d i n g s  t o  be drawn 

u s i n g  t h e  t o o l s  o f  s t a t i s t i c a l  i n f e r e n c e .  The approach i s  an 

a d a p t a t i c n  o f  t h e  p u r s u i t - e v a s i o n  a n a l y s i s  methods which have been 

developed as a  means o f  e v a l u a t i n g  a i r - t o - a i r  combat weapons systems. 

I n  t h e  m i l i t a r y  c o n t e x t ,  t h e  o b j e c t i v e  o f  an a t t a c k  by an a i r - t o -  

a i r  m i s s i l e  i s  t o  g e t  as c l o s e  as p o s s i b l e  t o  a  t a r g e t  a i r c r a f t  

be fore  i t s  warhead i s  detonated.  A measure o f  t h e  e f f e c t i v e n e s s  o f  

t h e  m i s s i l e ,  then,  i s  t h e  magnitude o f  t h e  c l o s e s t  approach, o r  

miss  d i s tance ,  t h a t  t h e  m i s s i l e  can ach ieve under a  g i v e n  s e t  o f  

a t t a c k  c o n d i t i o n s .  Changes i n  t h e  des ign  o f  t h e  m i s s i l e  ( o r  i n  

launch t a c t i c s ,  guidance s t r a t e g i e s ,  c o n t r o l  1  aws, e t c .  ) can be 

.eva lua ted ( u s u a l l y  th rough s i m u l a t i o n  techn iques )  by n o t i n g  t h e  

e f f e c t  o f  such changes on t h e  miss d i s t a n c e ,  

I n  an a c c i d e n t  avoidance s c e n a r i o  i n v o l v i n g  autombi les ,  t h e  

s i t u a t i o n  i s  j u s t  t h e  oppos i te  w i t h  r e s p e c t  t o  miss d i s t a n c e .  A 

b e t t e r  pe r fo rm ing  c a r  i n  an a c c i d e n t  avoidance c o n t e x t  i s  one 

t h a t  i s  a b l e  t o  i nc rease  t h e  miss d i s t a n c e  r e l a t i v e  t o  t h a t  o f  a 

competing des ign .  Fu r the r ,  a  necessary r e q u i  rement f o l l o w i n g  t h e  



i n i t i a l  a c c i d e n t  avoidance maneuver i s  t h a t  t h e  au tomob i les  c a r r y  

o u t  a  s a f e  recove ry  phase. I t  does l i t t l e  good t o  a v o i d  an e r r a n t  

v e h i c l e  i n  t h e  r i g h t  l a n e  by  maneuvering i n t o  t h e  l e f t  l a n e  and 

s t r i k i n g  an oncoming v e h i c l e .  It i s  c l e a r ,  then,  t h a t  t h e r e  a r e  

b o t h  s i m i l a r i t i e s  and d i f f e r e n c e s  i n  r e 1  a t i n g  a c c i d e n t  avoidance i n  

t h e  highway c o n t e x t  t o  t h a t  o f  a t t a c k  t a c t i c s  i n  a i r - t o - a i r  combat. 

The s i t u a t i o n s  a r e  s i m i l a r  enough, however, such t h a t  t h e  p o s s i b l e  

b e n e f i t s  ach ievab le  i n  a p p l y i n g  p u r s u i  t - e v a s i o n  a n a l y s i s  t o  

a c c i d e n t  avoidance a r e  o f  c o n s i d e r a b l e  i n t e r e s t .  

The d i s c u s s i o n  he re  w i l l  c o n s i s t  o f  ( 1 )  t h e  p r e s e n t a t i o n  o f  

a  s i m p l e  mathemat ica l  model d e s c r i b i n g  t h e  d i  f f e r e n t i  a1 geometry o f  

two v e h i c l e s  i n v o l v e d  i n  a c c i d e n t  avoidance,  ( 2 )  t h e  app l  i c a t i o n  

o f  t h e  model t o  t h e  s i m u l a t i o n  o f  a  s i n g l e  a c c i d e n t  avo idance 

scenar io ,  and ( 3 )  t h e  m a n i p u l a t i o n  o f  t h e  s i m u l a t i o n  r e s u l t s  i n t o  a  

fo rm which can be used t o  show t h e  i n f l u e n c e  o f  c o r n e r i n g  c a p a b i l i t y  

on a c c i d e n t  avoidance performance.  

9.1 D i f f e r e n t i a l  Geometry 

The ang le  and d isp lacement  convent ions  d e s c r i b i n g  t h e  h o r i z o n t a l  

mot ions  o f  two v e h i c l e s  i n v o l v e d  i n  an a c c i d e n t  avo idance s i t u a t i o n  

a r e  shown on F i g u r e  9.1. The equa t ions  d e s c r i b i n g  v e h i c l e  m o t i o n  

can be broken down i n t o  those  d e s c r i b i n g  r e l a t i v e  m o t i o n  and those  

d e s c r i b i n g  a b s o l u t e  mo t ion .  The equa t ions  gove rn ing  r e l a t i v e  

mo t ion  can be w r i t t e n  as f o l l o w s :  

R = VB cos (4.q) + VA cos (0-$1 

a = VB s i n  (++q) - V A  s i n  (e -q )  

Xr = VA cos e + V B  cos 4  

4- = VA s i n  e - VB s i n  4  





The abso lu te  mot ion  equat ions are g i v e n  by: 

jA = VA s i n  e 



a = 4' i d t  + €I0 

The terms DA and DB r e p r e s e n t  t h e  l o n g i t u d i n a l  a c c e l e r a t i o n s  a p p l i e d  

t o  t h e  A  o r  B  v e h i c l e ,  r e s p e c t i v e l y ,  a l o n g  i t s  v e l o c i t y  v e c t o r .  

S imi  1  a r l y ,  t h e  terms nA and ng r e p r e s e n t  1  a t e r a l  a c c e l e r a t i o n s  

a p p l i e d  normal t o  a  v e l o c i t y  v e c t o r .  The terms on t h e  r i g h t  s i d e  

o f  Equat ions  (9 .5)  t o  (9 .8 )  and ( 9 . 1 5 ) .  t o  (9 .20)  w i t h  a  z e r o  sub- 

s c r i p t  a r e  q u a n t i t i e s  c o n s t i t u t i n g  i n i t i a l  c o n d i t i o n s .  

9.2 A p p l i c a t i o n  

The above equa t ions ,  p r o g r a m e d  i n t o  a  d i g i t a l  computer t o  

comprise a  s i m u l a t i o n  model, were used t o  e v a l u a t e  t h e  a c c i d e n t  

. s c e n a r i o  d i a g r a m e d  a t  t h e  t o p  o f  F i g u r e  9.2.  The s c e n a r i o  r e p r e -  

sen ts  a  s i t u a t i o n  i n  wh ich  v e h i c l e  A, t r a v e l i n g  i n  t h e  r i g h t  l a n e ,  

i s  c o n f r o n t e d  by  a  second v e h i c l e ,  B, t r a v e l i n g  i n  t h e  o p p o s i t e  

d i r e c t i o n  and wh ich  has c rossed  o v e r  i n t o  A ' s  l a n e  o f  t r a v e l .  A 

i s  i n i t i a l l y  t r a v e l i n g  a t  45 mph and i s  p o i n t e d  a t  an ang le  o f  10" 

toward  the r i g h t  pavement edge. B i s  t r a v e l i n g  a t  60 mph and i s  
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F i g u r e  9.2. An a c c i d e n t  avo idance per formance example. 



also  pointing a t  the. r igh t  pavement edge ( i . e . ,  with respect t o  

A's direction of t r a v e l ) ,  b u t  a t  an  angle of 15". Further, a t  the 

point a t  which the  simulation i s  i n i t i a t e d ,  B i s  in the process 

of making a 0.4 g cornering maneuver back in to  his  own lane. B 

chooses only t o  s t e e r  during t h i s  maneuver and does n o t  brake or 

accelerate.  

With these i n i t i a l  conditions const i tu t ing the  assumed accident 

scenario,  a se r i es  of simulation runs were made in which vehicle A 

attempts t o  a v o i d  B (B 's  maneuver remains f ixed) .  A's avoidance 

capab i l i t i e s  are  i l l u s t r a t ed  by the three curves on Figure 9.2 which 

represent d i f fe ren t  combinations of avoidance t a c t i c s .  The ordinate 

on Figure 9.2 i s  the Minimum Approach Distance t h a t  A can be from 

B and s t i l l  avoid a co l l i s ion .  Obviously, the closer A could be t o  
B ,  and avoid a co l l i s ion ,  the be t t e r  a re  A's capab i l i t i e s  in 

accident avoidance, i  . e . ,  the longer the dr iver  of A could wait 

before executing an avoidance maneuver. 

The three curves on Figure 9.2 show t h i s  Minimum Approach 

Distance as a function of the l a te ra l  accelera t ion,  n A ,  t h a t  A uses 

in i t s  avoidance maneuver. A negative value of nA means t h a t  vehicle 

A turns t o  i t s  r igh t  and  vice versa. As would be expected, i t  i s  

c lea r  that  a  maneuver t o  the r ight  by A'(countering a maneuver t o  

i t s  r igh t  by B )  i s  the best s t ra tegy,  and t h a t  la rger  values of 

l a t e r a l  acceleration in the maneuver a1 low fo r  a closer approach 

( i  . e . ,  smaller values of Minimum Approach Distance) before the 

maneuver i s  i n i t i a t ed .  Perhaps n o t  qui te  so apparent i s  the 

influence of braking or acceleration on accident avoidance performance. 

On Figure 9.2, the upper curve i s  fo r  0.6 g ' s  of braking, the 

lower curve i s  fo r  0.6 g ' s  of acceleration and  the middle curve 

represents no braking or accelerat ive action.  I t  i s  apparent from 

the point of view of accident avoidance t h a t  in t h i s  scenario 

acceleration i s  preferable t o  braking. If vehicle A accelera tes ,  

i t  i s  able t o  move out of the p a t h  of vehicle B more rapidly.  

Braking, on the other h a n d ,  causes vehicle A t o  l inger  in the p a t h  

of vehicle B a  b i t  longer. In t h i s  pa r t i cu la r  scenario,  accelerat ing 



while cornering t o  the r igh t  i s  the optimum maneuver t o  avoid a n  
accident ,  If a n  impact does occur, however, the sever i ty  of the  

impact would undoubtedly be greater  i f  an accelerat ive t a c t i c  were 

employed. Further, i f  an accident was avoided by using an  
accelerat ive maneuver, the subsequent recovery maneuver very 

probably would a l so  be more d i f f i c u l t .  

Regardless of what longitudinal maneuver .(braking, accelera t ing,  

or  none) i s  employed, however, i t  i s  qui te  apparent tha t  a  cornering 

maneuver has a f a r  greater  influence on the outcome. This r e su l t  

i s  in tu i t ive ly  apparent when one notes t ha t  a  l a t e r a l  displacement 

of seven t o  ten f e e t  i s  enough t o  avoid an accident while a longi- 

tudinal distance of upwards of eighty fee t  i s  necessary t o  come 

t o  a f u l l  s t o p  from 45 mph by applying the brakes. The fac to rs  

t ha t  apparently inh ib i t  drivers from using 1 a te ra l  maneuvers more 

frequently in accident avoidance (Reference 57 shows t ha t  19.5% of 

drivers involved in accidents employ braking before the impact 

while only 9.0% employ s teer ing)  undoubtedly stem from the unknown 

dangers of the recovery phase, i  . e n ,  e i t he r  gett ing off the road 

or i n t o  the  opposing lane of t r a f f i c .  

9.3 Cornering Performance Versus Accident Avoidance Performance 

One of the benefi ts  t ha t  derive from the above kind of analysis 

i s  an understanding of how changes in vehicle handling performance 

influence accident avoidance performance. As noted in the previous 

subsection, the Minimum Approach Distance, as shown on the ordinate 

of Figure 9 .2 ,  i s  a measure of accident avoidance performance, 

while vehicle 1 a t e ra l  accelerat ion performance (o r  cornering 

capab i l i ty ) ,  the abscissa on Figure 9.2, i s  one measure of vehicle 

hand1 ing performance. By examining t h i s  re1 at ionship,  i t  becomes 

possible to  answer the very intr iguing question,  

"How does a 10% improvement in cornering performance 
influence a vehic le ' s  potential a b i l i t y  t o  avoid an 
accident?" 



The answer can be sought  f r o m  a  p l o t  l i k e  t h a t  shown on F i g u r e  9.3. 

The l o w e r  c u r v e  on F i g u r e  9.3 shows t h e  p e r c e n t  improvement i n  

a c c i d e n t  avo idance performance (as  measured by t h e  Mininium Approach 

D i s t a n c e  on F i g u r e  9 .2 )  as a  f u n c t i o n  o f  0.2 g  i n c r e m e n t a l  changes 

i n  l a t e r a l  a c c e l e r a t i o n  performance: The upper  c u r v e  i s  a  p l o t  o f  

t h e  p e r c e n t  change i n  t h e  absc i ssa  s c a l e  as 0.2 g ' s  o f  l a t e r a l  

a c c e l e r a t i o n  c a p a b i l i t y  a r e  added, e.g.,  t h e  r i g h t m o s t  p o i n t  on t h e  

absc i ssa  s c a l e - i n d i c a t i n g  a  des ign  change t h a t  wou ld  improve t h e  

l a t e r a l  a c c e l e r a t i o n  c a p a b i l i t y  o f  a  v e h i c l e  f r o m  0 .8  g ' s  t o  1.0 

g 's--represents a  25% improvement i n  c o r n e r i n g  per fo rmance,  i .e., 

100 x ( 1  .O-0.8) /0.8.  

On comparing t h e  upper c u r v e  w i t h  t h e  l o w e r  cu rve ,  i t  w i  11 be 

no ted  t h a t  i m p r o v i n g  t h e  l a t e r a l  a c c e l e r a t i o n  per fo rmance o f  a  

v e h i c l e  f rom 0.6 g ' s  t o  0.8 g's--a 33% i n c r e a s e - r e s u l  t s  i n  o n l y  an 

8% i n c r e a s e  i n  a c c i d e n t  avo idance per fo rmance.  The r e s p e c t i v e  c o s t s  

a s s o c i a t e d  w i t h  i n c r e a s i n g  c o r n e r i n g  c a p a b i l i t y  ( improvements i n  

t i r e s ,  suspensions,  road  s u r f a c e s ,  d r i v e r  s k i 1  l s ,  e t c .  ) and b e n e f i t s  

a c c r u i n g  f r o m  reduced a c c i d e n t  expe r ience  have n o t  been computed, 

b u t  i t  i s  c l e a r  t h a t  such e x e r c i s e s  c o u l d  be under taken.  

9.4 Summary 

I t  cannot  be argued t h a t  t h e  ma themat i ca l  model employed h e r e  

i n v o l v e s  many simp1 i f y i n g  assumpt ions.  No a t t e m p t ,  f o r  example, 

has been made t o  account  f o r  t h e  c o m p l i c a t e d  h a n d l i n g  per fo rmance o f  

a  v e h i c l e  as i t  approaches i t s  l i m i t  maneuver ing reg ime.  N e i t h e r  

has any c o n s i d e r a t i o n  been g i v e n  t o  t h e  manner i n  wh ich  b r a k i n g  

a c t i o n  l i m i t s  a  v e h i c l e ' s  a b i l i t y  t o  c o r n e r .  However, t h e r e  i s  no 

reason why such r e f i n e m e n t s  c o u l d  n o t  be added w i t h i n  t h e  b a s i c  

framework d e s c r i b e d  above. C l e a r l y ,  a  f u l l - f l e d g e d  v e h i c l e  dynamics 

s i m u l a t i o n  c o u l d  be employed. A c c o r d i n g l y ,  a  p o t e n t i a l  e x i s t s  f o r  

i n v e s t i g a t i n g  t h e  i n f l u e n c e  o f  any s p e c i f i c  h a n d l i n g  p r o p e r t y  on t h e  

a c c i d e n t  avo idance performance o f  a  mo to r  v e h i c l e .  F u r t h e r ,  i t  

i s  p o s s i b l e  t o  add d r i v e r  i n f l u e n c e s  ( r e a c t i o n  t i m e ,  c o n t r o l  f o r c e  



Change i n Lateral Accel e r a t i  on Performance . 
Figure 9.3. Accident avoidance performance versus 1 a te ra l  

acceleration performance. 



1 imitat ions,  maneuver ac t ions ,  e tc .  ) and roadway influences 

(surface skid res is tance ,  geometric fea tu res ,  roughness, e t c .  ) 

t o  t h i s  approach. A1 though not a panacea, pursui t-evasion methods 
represent a determinist ic  approach fo r  examining the  role  of vehicle 
handling in col l i s ion or accident causation, as opposed t o  examining, 
on a s t a t i s t i c a l  bas is ,  fac tors  which may be deemed t o  be causative 
or contributory t o  the accident record. Given the complexity and 
elusiveness of the issue,  i t  could be argued tha t  both approaches 
could and should be pursued in pa ra l l e l .  
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10.0 CONCLUSION 

The p r i m a r y  f i n d i n g s  f r o m  t h e  r e s e a r c h  per fo rmed i n  t h i s  

s t u d y  c o n s t i t u t e  a  s t a t i s t i c a l  a n a l y s i s  methodology app l  i c a b l e  

t o  t h e  d e t e r m i n a t i o n  o f  t h e  r o l e  o f  v e h i c l e  handl  i n g  i n  a c c i d e n t  

causa t i on .  Secondary f i n d i n g s  c o n s i s t  o f  ( 1  ) an i n d e p t h  a c c i d e n t  

r e c o n s t r u c t i o n  methodology wh ich  can be a p p l i e d  t o  t h e  p r e - c r a s h  

a c c i d e n t  phase-that phase where v e h i c l e  h a n d l i n g  f a c t o r s  a r e  

impor tan t - -and ( 2 )  a  d e t e r m i n i s t i c  method01 ogy wh ich  can be 

a p p l i e d  t o  assess v e h i c l e  h a n d l i n g  per formance i n  terms o f  

a c c i d e n t  avo idance performance.  

There i s  ample ev idence t o  show t h a t  American passenger c a r s  

e x h i  b i t  a  w ide range o f  handl  i n g  per formance c h a r a c t e r i s t i c s .  

Whi le  many h a n d l i n g  p r o p e r t i e s  have been hypo thes i zed  as h a v i n g  

a  l i n k  t o  a c c i d e n t  causa t i on ,  t h e  l i t e r a t u r e  rev iewed i n  t h e  

c o n t e x t  o f  t h i s  s tudy  i s  v i r t u a l l y  d e v o i d  o f  any d e f e n s i b l e  

s u p p o r t i n g  ev idence.  There a r e  many reasons f o r  t h i s  s t a t e  o f  

a f f a i r s .  One o f  t h e  p r ime  d i f f i c u l t i e s  i s  t h e  d r i v e r ' s  a b i l i t y  

t o  adapt  t o  wide v a r i a t i o n s  i n  v e h i c l e  h a n d l i n g  per formance.  

Through a d a p t a t i o n ,  t h e  d r i v e r  can make what m i g h t  be c o n s i d e r e d  

a  poor  handl  i n g  v e h i c l e  pe r fo rm reasonab ly  e f f e c t i v e l y .  Another  

m a j o r  d i f f i c u l t y  d e r i v e s  f r o m  t h e  m y r i a d  o f  con found ing  f a c t o r s ,  

n o t  d i r e c t l y  r e l a t e d  t o  t h e  v e h i c l e ,  wh ich  make eve ry  a c c i d e n t  

un ique .  If a c c i d e n t  c a u s a t i v e  f a c t o r s  r e l a t e d  t o  v e h i c l e  h a n d l i n g  

a r e  t o  be d i s t i l l e d  f rom t h e  a c c i d e n t  r e c o r d ,  t h e  i n f l u e n c e s  o f  

n o n - v e h i c l e  f a c t o r s  must  be t a k e n  i n t o  account .  

The s t a t i s t i c a l  a n a l y s i s  methodology p resen ted  i n  S e c t i o n  7 

was s p e c i f i c a l  l y  developed f o r  d e t e r m i n i n g  whether  v e h i c l e  

handl  i n g - r e l a t e d  f a c t o r s ,  as can be hypo thes i zed  t o  p l a y  a  r o l e  

i n  t h e  a c c i d e n t  process,  a re ,  i n  f a c t ,  i n v o l v e d .  I t  was conc luded 

t h a t  t h e  needed methodology r e q u i r e s  t h e  e x i s t e n c e  and use o f  

f o u r  k i n d s  o f  da ta ,  v i z .  : 



1. V e h i c l e  Exposure t o  R isk  Data 

2. Acc iden t  Data 

3. V e h i c l e  Hand l i ng  Data, and p o s s i b l y  

4 .  V e h i c l e  Image R isk  Data 

I n  each case, t h e  da ta  t h a t  must be c o l l e c t e d  a r e  e i t h e r  un ique  

o r  have never  b e f o r e  been c o l l e c t e d  i n  t h e  q u a n t i t y  and d e t a i l  

t h a t  appears t o  be r e q u i r e d .  

T h i s  c i rcumstance r e s u l t s  f r o m  t h e  l e v e l  o f  r e f i n e m e n t  o f  

t h e  ques t i ons  wh ich  must  be answered i n  o r d e r  t o  l i n k  v e h i c l e  

hand1 i n g  performance t o  a c c i d e n t  exper ience .  M e r e l y  d e t e r m i n i n g  

wh ich  v e h i c l e  makes and models have t h e  h i g h e s t  a c c i d e n t  r a t e s  

w i l l  n o t  produce d e f i n i t i v e  o r  s u f f i c i e n t  c o n c l u s i o n s .  U l t i m a t e l y ,  

answers must  be o b t a i n e d  t o  ques t i ons  such as:  

"What i s  t h e  r e l a t i o n s h i p  between d i f f e r e n t  l e v e l s  o f  

u n d e r s t e e r  and a c c i d e n t  r a t e s  on curves d u r i n g  wet  

weather,  g i v e n  t h a t  t h e  r a t e s  f o r  each l e v e l  o f  under-  

s t e e r  be ing  examined a r e  no rma l i zed  f o r  ( 1 )  d r i v e r  

p o p u l a t i o n  v a r i a b l e s ,  ( 2 )  exposure t o  r i s k  v a r i a b l e s ,  

and ( 3 )  image r i s k  v a r i a b l e s ? "  

The s tudy  has shown t h a t  t h e  d e t e r m i n a t i o n  o f  s t a t i s t i c a l l y  

s i g n i f i c a n t  answers t o  ques t i ons  o f  t h i s  l e v e l  o f  r e f i n e m e n t  

r e q u i r e s  da ta  o f  unprecedented d e t a i  1  and q u a n t i t y  . 
It i s  g e n e r a l l y  acknowledged t h a t  exposure t o  r i s k  da ta  

i s  needed t o  n o r m a l i z e  a c c i d e n t  da ta  so as t o  y i e l d  a c c i d e n t  

r a t e s ,  i .e. ,  a c c i d e n t s  p e r  m i l e  t r a v e l e d .  However, t h e  t y p e  o f  

m i l e s  d r i v e n ,  t h e  k i n d  o f  d r i v e r ,  t h e  env i ronmenta l  c o n d i t i o n s  , 
e t c .  ( i  .e., t h e  o p e r a t i n g  r i s k  t o  wh ich  a  v e h i c l e  has been 

exposed) shou ld  be accounted f o r  i n  a  n o r m a l i z i n g  process.  F u r t h e r ,  

i t  appears t h a t  exposure t o  r i s k  d a t a  has never  been c o l l e c t e d  

b e f o r e  where t h e  type o f  v e h i c l e  d r i v e n  has been s p e c i f i c a l l y  

i d e n t i f i e d  a long  w i t h  t h e  cond i t , i ons  o f  o p e r a t i n g  r i s k .  



C o l l e c t i n g  exposure t o  r i s k  da ta  w i l l  be much more expensive 

t h a n  c o l  l e c t i n g  a c c i d e n t  d a t a  by r o u t i n e  p o l  i c e - r e p o r t i n g  

methods s i n c e  s t r u c t u r e d  i n t e r v i e w s  o r  surveys must be c a r r i e d  

ou t .  

The s tudy  has i n d i c a t e d  t h a t  a  minimum o f  300,000 a c c i d e n t  

cases w i l l  be  r e q u i r e d  t o  draw conc lus ions  about  v e h i c l e  h a n d l i n g  

f a c t o r s .  T h i s  number i s  n o t  firm ( i . e . ,  more c o u l d  ve ry  w e l l  

be  needed), s i n c e  t h e  a c t u a l  number o f  cases w i  11 depend upon 

t h e  l e v e l  o f  comp lex i t y  o f  t h e  ques t i ons  posed and t h e  d e s i r e d  

conf idence i n  t h e  r e s u l t i n g  answers. The a c c i d e n t  cases shou ld  

be l i m i t e d  t o  a  s e l e c t e d  number o f  v e h i c l e s  (app rox ima te l y  100) 

f o r  which hand l i ng  da ta  a r e  a v a i l a b l e  o r  o t h e r w i s e  ob ta ined .  

The a c c i d e n t  data  need n o t  be o f  t h e  l e v e l  o f  t h e  i n v e s t i g a t i v e  

d e t a i l  used i n  M D A I ,  b u t  shou ld  be more accu ra te  and c o n t a i n  more 

d e t a i l  t han  i s  t h e  case i n  p o l i c e  r e p o r t i n g .  Because o f  t h e  l a r g e  

number o f  cases r e q u i r e d ,  i t  i s  recomended t h a t  t h e  data  be 

c o l l e c t e d  th rough p o l i c e  agencies t h a t  have been o r i e n t e d  t o  t h e  

impor tance o f  accuracy and thoroughness.  

V e h i c l e  h a n d l i n g  d a t a  must be d e r i v e d  f rom measurements o f  

new v e h i c l e s  and shou ld  i n c l u d e  b o t h  normal and l i m i t  h a n d l i n g  

performance i n d i c e s .  These performance i n d i c e s  w i  11 c o n s t i t u t e  

t h e  " independent v a r i a b l e s "  i n  c o r r e l a t i o n  and r e g r e s s i o n  ana lyses 

c a r r i e d  o u t  t o  i d e n t i f y  1  i n k s  w i t h  a c c i d e n t  r a t e  descr ip tors- the  

"dependent v a r i a b l e s .  " The 100-veh i c l  e  sample shou ld  r e p r e s e n t  

a  w ide c r o s s - s e c t i o n  o f  v e h i c l e  c h a r a c t e r i s t i c s  and, i n  a d d i t i o n ,  

shou ld  be w e l l  rep resen ted  i n  t h e  v e h i c l e  p o p u l a t i o n  e x i s t i n g  

w i t h i n  t h e  geograph ica l  area i n  wh ich  t h e  a c c i d e n t  and exposure 

d a t a  a r e  t o  be c o l l e c t e d .  C o l l e c t i n g  h a n d l i n g  d a t a  on such a  

l a r g e  number o f  v e h i c l e s  w i l l  unques t ionab ly  be a  f o r m i d a b l e  

and expens ive  under tak ing .  

I t  i s  recommended t h a t  v e h i c l e  image r i s k  da ta  a l s o  be 

acqu i red .  These da ta  would be used t o  account  f o r  "image" f a c t o r s  

wh ich  may cause t h e  same i n d i v i d u a l  d r i v e r  t o  d r i v e  one v e h i c l e  

(say, a s tandard  sedan) i n  a  p ruden t  manner and ano the r  (say ,  a  



sports  car)  in a decidedly risky manner. Consistent differences 

in driving patterns could account for  differences in accident 

ra tes .  Sports cars as a general c lass  seem to be more involved 

in accidents than conventional passenger cars even though the 

former are almost universally considered t o  have be t t e r  handl ing 

character is t ics  t h a n  the 1 a t t e r .  

Because of the related use t o  which the various se t s  of data 

a r e  t o  be applied, i t  i s  recommended that  accident, exposure t o  
r i sk ,  and image r isk data a l l  be collected within a two-year 

period and  in the same designated geographic area.  

I n  addition t o  the major e f fo r t  directed towards the 

development of a s t a t i s t i c a l  approach for  determining the role of 

vehicle handl ing in accident causation, tools were a1 so developed 

t o  a s s i s t  in assessing the influence of vehicle handling factors 

in individual accidents. Such a cl inical  approach requires that  

the investigator attempt t o  reconstruct the pre-crash phase of 

an accident-that phase where vehicle hand1 ing factors will appear 

i f  indeed such are present. Since avai 1 able reconstruction 

methodologies f a l l  short in being able t o  completely define the 

pre-crash actions of the driver and the result ing velocity and 

acceleration components of the vehicle, e f fo r t s  were directed 

speci f ica l ly  towards the development of those facets  of a recon- 

struction methodology t ha t ,  when appl i  ed, should substant ia l ly  

increase the information available concerning vehicle handl ing 

as an accident causative factor .  

As indicated in t h i s  report ,  the complexity of the overall 

problem prompted the application of pursui t-evasion t a c t i c s  of 

Game Theory t o  accident avoidance scenarios with the objective of 

gaining additional insight .  Methods were demonstrated fo r  showing 

how vehicle handling perforniance can be d i rec t ly  compared with 

accident avoidance performance through a vehicle handl i  ng  simulation 

model. The work presented herein i s  embryonic, however, and 

needs t o  be developed fur ther  with vehicle, dr iver ,  and roadway 

representations t h a t  a re  considerably more real i s t i c  than those 

employed in t h i s  preliminary exercise. 



In closing, the use of a s t a t i s t i c a l  approach in determining 

the  role of vehicle handling in accident causation c a l l s  for  

coll ec t i  ng and analyzing several types of data i  n unprecedented 

amounts. Implementing the program will be a formidable and 

costly undertaking. Pressures wi 1.1 undoubtedly a r i  se fo r  reducing 

the scope of the program recomended herein as a means o f  
answering the questions of in te res t .  Certainly there i s  nothing 

wrong with reducing scope and  costs--provided the eventual 

objectives are  n o t  jeopardized. A good deal of care should 

therefore be exercised before making any decisions t o  reduce 

segments of the proposed program. The consequences of col lec t ing 

fewer data elements in terms of reduced confidence in resul ts  can 

be clearly established through the methods developed in Section 7 .  

A1 t h o u g h  the recomended program will be costly t o  implement, 

there are supplementary benefits tha t  should be careful ly con- 

sidered. Much of the derived data (having the form recomended 

here) wi 1 1  be appl icable t o  studying and  confirming hypotheses 

not necessarily related t o  vehicle handling. ' In pa r t i cu la r ,  the 

accident and exposure-to-risk data plus a few additional data 

elements in each collect ion program, could very well provide very 

useful information. After a l l ,  a t  t h i s  point in time, t ru ly  

valid exposure-to-risk d a t a  i s  vir tual  ly non-existent. Consequently, 

val id accident ra te  information i s  also vi r tual ly  non-existent. 

I t  would therefore be worthwhile t o  consider the u t i l i t y  of the 

data t o  be derived from research investigating the role of 

vehicle handling factors in terms of studying the influence and 

role of other factors and t o  plan the collect ion task accordingly. 
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APPENDIX A 

SUPPLEMENTAL LITERATURE REV1 EN 

The 1  i t e r a t u r e  reviewed i n  t h i s  s e c t i o n  encompasses t h e  

r o l e  o f  v e h i c l e  handl i n g  i n  a c c i d e n t  causa t ion  as i t  re1 a tes  t o :  

a. Veh ic le  Performance Fac to rs  

b. The V e h i c l e / D r i v e r  I n t e r f a c e  

c. The Vehicle/Roadway I n t e r f a c e  

Another p o r t i o n  o f  the  l i t e r a t u r e  rev iew i s  g i ven  i n  S e c t i o n  4, 

where acc iden t  causa t ion  s t u d i e s  d i r e c t l y  r e 1  a t e d  t o  v e h i c l e  

handl i n g  a r e  discussed. 

. A. 1  Veh ic le  Performance Factors  

I f  i t  i s  presumed t h a t  "improvements" i n  v e h i c l e  performance 

can f a v o r a b l y  i n f l u e n c e  t h e  acc iden t  reco rd ,  two quest ions a r i s e :  

a. What improvements a r e  f e a s i b l e ?  

b .  How much improvement can be r e a l  i z e d ?  

The main d i f f i c u l t y  here,  however, i s  i n  d e f i n i n g  what c o n s t i t u t e s  

an "improvement. " Some performance i n d i c e s  , such as s topp ing  

d i s t a n c e  ( i . e . ,  t he  s m a l l e r  t h e  b e t t e r ) ,  would seemingly r e l a t e  

d i r e c t l y  t o  improved s a f e t y .  For o t h e r s ,  e  .g. , unders tee r love r -  

s t e e r ,  an optimum l e v e l  i s  n o t  immedia te ly  e v i d e n t .  

As a  f i r s t  s tep  i n  de te rm in ing  whether a  p a r t i c u l a r  p e r f o r -  

mance index has any bear ing  on s a f e t y ,  i t  would be good t o  know 

whether the  values o f  t h a t  index va ry  s i g n i f i c a n t l y  i n  t h e  as-new 

v e h i c l e  popu la t i on .  I f  the  v a r i a t i o n  i s  s i g n i f i c a n t  and t h e  index 

indeed i n f l u e n c e s  s a f e t y ,  t hen  the  i n f l u e n c e s  o f  t h e  index ought 

t o  show up i n  t h e  acc iden t  record .  



As i s  we1 1  known, new automobi les do va ry  w i d e l y  i n  many 

hand l i ng  performance i n d i c e s .  Some o f  these have been t r e a t e d  

i n  t h e  1 i t e r a t u r e .  

A . l . l  B rak ing  Performance. Two aspects o f  b r a k i n g  per-  

formance a re  o f  i n t e r e s t  w i t h  r espec t  t o  acc iden t  avoidance: 

s topp ing  performance and yaw s t a b i l i t y .  Stopping performance i s  

e a s i l y  compared by r eco rd i ng  t h e  d i s t ance  i t  takes f o r  a  v e h i c l e  

t o  s t op  f rom a  g i ven  v e l o c i t y  on a  known sur face .  Stopping 

d i s t ance  i s  n o t  t h e  whole s t o r y ,  however, s i nce  i t  g ives  no i n d i -  

c a t i o n  o f  c o n t r o l  l a b i  1  i t y .  Thus, s topp ing  d i s t ance  w h i l e  

m a i n t a i n i n g  d i r e c t i o n a l  c o n t r o l  i s  a  more r e a l  i s t i c  c r i t e r i o n .  

Data pub1 i shed  annua l l y  by t he  Na t i ona l  Highway T r a f f i c  

Sa fe ty  Admini s t r a t i o n  [58] show t h a t  new passenger cars  d i f f e r  

s u b s t a n t i a l l y  i n  s topp ing  d is tance  capabi 1  i t i e s .  These r e p o r t s  

. con ta i n  s topp ing  d is tances from 60 mph f o r  l i g h t l y -  and f u l l y -  

loaded automobil es, as we1 1  as performance w i t h  power-ass is t  systems 

i n a c t i v e .  Data f o r  1973 veh i c l es  show t h a t  t he  range i n  s topp ing  

d is tances  v a r i e s  by 67% w i t h  f u l l y  ope ra t i ona l  systems, by over  

150% w i t h  t h e  p a r t i a l  f a i l u r e  o f  one subsystem (power brakes o n l y ) ,  

and by over  200% w i t h  t o t a l  power brake u n i t  f a i l u r e  (see Table 

A . l ) .  

A t  t he  Highway Sa fe ty  Research I n s t i t u t e  o f  The U n i v e r s i t y  

of Michigan, i n v e s t i g a t i o n s  o f  t he  1  i m i  t b r a k i  ng performance o f  

a sample o f  twe lve  d i f f e r e n t  automobi les a l s o  found 1  arge v a r i a -  

t i o n s  i n  t h e  responses [43]. In some cases t h e  f r o n t  wheels were 

found t o  l o c k  f i r s t ,  w h i l e  i n  o thers  t h e  r e a r  wheels locked  f i r s t .  

Premature r e a r  wheel lockup u s u a l l y  in t roduced  sp in -ou t  response. 

The veh i c l es  g e n e r a l l y  e x h i b i t e d  a  1 i n e a r  r e l a t i o n s h i p  between 

brake 1  i n e  pressure and average l o n g i t u d i n a l  dece le ra t i on  when 

braked i n  a  s t r a i g h t  l i n e ,  b u t  t h e  range i n  s lope o f  t h i s  r e l a t i o n  

s h i p  v a r i e d  by a  f a c t o r  o f  two f o r  t h e  severa l  veh i c l es .  Peak 

dece le ra t i ons  ( w i t h o u t  l o c k i n g  two wheels) ranged from approx i -  

mate ly  0.7 g ' s  t o  0.9 g ' s  among t h e  twe lve  cars  t es ted .  



Table  A.1. B rak ing  Performance Data f o r  1973 Automobi les as 
Furn ished by t h e  Manu fac tu re rs :  S topp ing  
Dis tances f rom 60 mph. 

(Extremes i n  each ca teqorv  marked) 

. P a r t i a l  F a i l u r e  Brake 
L i g h t  Load Max. Load o f  One Power Uni  t 

V e h i c l e  ( f t . )  ( f t .  Subsys tem F a i l u r e  

A l f a  Romeo 
2000 B e r l  i n a  144 (min)  146 (mi n)  316 f t .  170 f t .  (m in )  

Oldsmobi l e  
Cut1 ass 240 (max) 208 639 433 

Subaru 1400 
S t a t i o n w a g o n  230 243 479 

Volvo 142E & 
144E 161 185 271 (m in )  226 

Renaul t 12 
S t a t i o n  Wagon 180 170 690 (max) 

Cadi 11 ac 
F l  eetwood 2 00 201. 585 516 (max) 

B r a k i n g  d u r i n g  a t u r n i n g  maneuver a l s o  showed two b a s i c  

types o f  response ( n e g l e c t i n g  t h e  case o f  a v e h i c l e  w i t h  a f o u r -  

wheel a n t i l o c k  system). When e i t h e r  p a i r  o f  wheels l o c k e d  a t  t h e  

l i m i t ,  t h e  curved pa th  o f  t h e  v e h i c l e  q u i c k l y  widened and co rne r -  

i n g  a c t i o n  ceased. 

I n  an e a r l i e r  HSRI s tudy ,  f o u r  w i d e l y  d i f f e r i n g  automobi les  

were t e s t e d  i n  a program which l e d  t o  t h e  development o f  t h e  

t e s t i n g  procedures used i n  t h e  work d iscussed above: a domest ic  

s t a t i o n  wagon, a domest ic  r e a r - e n g i  ned compact sedan, a f o r e i g n  

l u x u r y  sedan, and a f o r e i g n  l u x u r y  s p o r t s  c a r .  The s t r a i g h t - l i n e  

b r a k i n g  t e s t  r e s u l t s  f rom t h e  s tudy  a r e  summarized i n  Tab le  A.2. 

The compromises i n h e r e n t  i n  s t a t i o n  wagon des ign  r e s u l t e d  i n  r e a r -  

wheel l ockup  when l i g h t l y  loaded,  b u t  t h e  C o r v a i r ' s  low performance 

r a n k i n g  i s  more s u r p r i s i n g .  





There has long been an in te res t  in vehicle response t o  

braking while cornering with regard to  accident causation. In 

terms of vehicle control,  a spin-out response i s  unstable and 

causes immediate loss of active control by the driver. A spin- 

out i s  caused when the rear t i r e s  lose the ab i l i ty  to  produce side 

force, as occurs in rear-wheel lockup. When the front  t i r e s  lock 

during a cornering and braking maneuver, these t i r e s  also lose the 

ab i l i ty  t o  generate side force,  b u t  a spin-out response does n o t  
occur. Rather, the yaw a t t i tude  of the vehicle remains confined 

within narrow l imits .  Under these circumstances, the path of the 

vehicle becomes a s t ra ight  l ine  and in th i s  sense the driver no 

longer can control i t s  motion. The driver can easi ly regain path 

control,  however, by releasing t h e  brake. The same i s  n o t  true 

a f t e r  a rear-wheel lockup has caused a spin-out. 

Because of these vastly differing responses in terms of driver 

control ,  there has long been a debate as to the safety qual i t ies  of 

vehicles which exhibit e i the r  front wheel lockup f i r s t ,  or rear 

wheel lockup f i r s t .  I t  has generally been presumed that  the former 

i s  better  a n d  this  has led t o  the wide use of braking systems with 

more braking power proportioned t o  the front  wheels. The s i tuat ion 

i s  n o t  as clear-cut as i t  might appear a t  f i r s t  glance, however. 

If the weight of a vehicle i s  proportioned such that  60% i s  

supported by the front  wheels and 40% by the rear wheels, then i t  

could be argued t h a t  the brake proportioning o u g h t  t o  be s imi lar ,  

i . e . ,  60% front  and  40% rear.  Under heavy braking, however, there 

i s  a substantial load transfer  t o  the front  wheels. Therefore, 

i t  has been argued that  an even greater proportion of the braking 

power ought to be allocated t o  the front  wheels. Systems with heavy 

front brake proportioning exhibit the best braking efficiency on 

dry surfaces-braking efficiency meaning the percent ut i  1 ization of 

the available tire-road f r ic t ion coefficient .  

As the surface becomes more sl ippery,  however, load transfer  

becomes less and a vehicle with heavy front  brake proportioning 

will brake less ef f ic ient ly .  I n  f ac t ,  as the tire-road f r i c t ion  



c o e f f i c i e n t  approaches zero,  optimum brake p r o p o r t i o n i n g  approaches 

t h e  f r o n t - t o - r e a r  s t a t i c  l o a d  d i s t r i b u t i o n .  From t h i s  d i s c u s s i o n ,  

i t  i s  c l e a r  t h a t  t h e  s u b j e c t  o f  optimum brake p r o p o r t i o n i n g  i s  a  

c o n t r o v e r s i a l  one. 

With t h i s  background, a  s tudy  by L i s t e r  [ 5 9 ]  i s  o f  i n t e r e s t  

i n  i l l u s t r a t i n g  t h e  i n f l u e n c e s  o f  b rake p r o p o r t i o n i n g  and l o a d  

t r a n s f e r  on b r a k i n g  e f f i c i e n c y .  A summary o f  h i s  s tudy  i s  shown 

i n  Table A .3 .  Note t h a t  t h e  f r o n t - t o - r e a r  b rake p r o p o r t i o n i n g  o f  

each v e h i c l e  i s  g r e a t e r  t han  t h e  f r o n t - t o - r e a r  we igh t  d i s t r i b u t i o n .  

Note f u r t h e r ,  however, t h a t  w h i l e  d r y  road  b r a k i n g  e f f i c i e n c y  

v a r i e s  between 87% and 91%, wet road  e f f i c i e n c i e s  range o n l y  between 

70% and 76%. ( F o r  t h e  M o r r i s  S i x ,  f o r  example, t h e  d r y  road  

b r a k i n g  e f f i c i e n c y  = .88(100)/1.0 = 88% w h i l e  t h e  wet road  b r a k i n g  

e f f i c i e n c y  = .37(100)/ .5 = 74%. ) Thus, where c i rcumstances wou ld  

o r d i n a r i l y  d i c t a t e  t h e  b e s t  u t i l i z a t i o n  o f  a v a i l a b l e  f r i c t i o n  

forces-i  .e. , under wet condi  t i o n s - b r a k i n a  e f f e c t i v e n e s s  i s  

a c t u a l l y  reduced. 

I n  ano the r  s tudy  o f  t h e  v a r i a b i l  i t y  o f  b r a k i n g  performance, 

D1F i n v e s t i g a t e d  s i x  proposed a n t i l o c k  b r a k i n g  systems f o r  t h e i r  

Exper imental  Safe ty  Veh ic le  [ 6 0 ] .  The d i f f e r e n t  systems were 

eva lua ted  by computer s i m u l a t i o t i  f o r  s topp ing  d i s t a n c e  i n  a  s t r a i q h t  

l i n e  f rom 60 mph and f o r  performance d u r i n g  a  0.3 g  l a t e r a l  

a c c e l e r a t i o n  t u r n ,  w i t h  f i x e d  s t e e r  angle,  f r o m  an i n i t i a l  speed 

o f  40 mph. The s u r f a c e  s k i d  number was a l s o  v a r i e d  ( e i t h e r  20 o r  

80) as was t h e  v e h i c l e  l o a d i n g  c o n d i t i o n .  The c h r a c t e r i s t i c s  o f  

t h e  s i x  systems a r e  summarized i n  Tab le  A.4. The s i m u l a t i o n  

showed t h a t  systems 1, 4, and 5 were about  equa l ,  and b e t t e r  t han  

-system 3, i n  s t r a i g h t - l i n e  performance. System 1 ( t h e  most 

expensive)  was t h e  o n l y  one t h a t  d i d  n o t  show a  s i g n i f i c a n t  i nc rease  

i n  wet s topp ing  d i s t a n c e  when t h e  optimum pedal  f o r c e  was exceeded. 

Fo r  performance i n  a  t u r n ,  t h e  systems w i t h  a n t i - s k i d  

modulators e x h i b i t e d  no s t a b i l i t y  problems, and system 1  stopped 

s h o r t e s t  o f  a l l .  The o t h e r  systems (3 ,  4, and 5 )  c o u l d  s t o p  n e a r l y  





Tab le  A.4. Summary o f  Var ious  B r a k i n g  Systems 
Eva luated b.y AMF S i m u l a t i o n  

F r o n t  F r o n t  Rear 
M e t e r i  nq P r o p o r t i o n i n g  P r o p o r t i o n i  ng A n t i - S k i d  

System Valve  Val ve -- Val ve Modu la to r  

1  None None None 4-wheel 

2  F i x e d  None F i  xed, F r o n t -  2-wheel, 
to-Rear Rear 

3 F i x e d  None F ixed,  F r o n t -  None 
to-Rear 

4  F i x e d  None V a r i a b l e ,  F r o n t -  None 
to-Rear  

5 F i x e d  V a r i a b l e ,  Va r ia  b l  e  , F r o n t -  None 
R i g h t - t o - L e f t  to -Rear  

6 F i x e d  V a r i a b l e ,  V a r i a b l e ,  F r o n t -  2-wheel, 
R i g h t - t o - L e f t  to-Rear Rear 

as q u i c k l y  i f  u t i l i z e d  o p t i m a l l y ,  b u t  f u r t h e r  pedal  f o r c e  i nc reases  

caused lockup  and s p i n n i n g .  The i n s t a b i l i t y  p rob lem was l e a s t  

w i t h  system 5, g r e a t e s t  w i t h  system 3, i n  t h i s  subgroup. 

The c o n c l u s i o n  o f  t h e  r e p o r t  was t h a t ,  based s o l e l y  on p e r -  

formance, system 1  (4-wheel a n t i - s k i d ) ' w a s  t o  be p r e f e r r e d ,  f o l l o w e d  

by  system 6 and then  5. 

A.  1.2 O b j e c t i v e  E v a l u a t i o n s  - o f  V e h i c l e  Hand1 i n g  Performance. 

V e h i c l e  b r a k i n g  performance i s  an area one m i g h t  f e e l  i s  most l i k e l y  

t o  be d i r e c t l y  r e l a t e d  t o  v e h i c l e  s a f e t y .  I t  i s  a l s o  q u i t e  

v a r i a b l e  among new v e h i c l e s  (as  w e l l  as be ing  s e n s i t i v e  t o  main-  

tenance) .  Furthermore,  t h e  r e l a t i o n s h i p  between component des ign  

and f i n a l  performance i s  reasonab ly  we1 1 unders tood by automobi l e  

manufac turers ,  t h e  performance d i s s i m i l a r i t i e s  presumably a r i s i n g  

f r o m  d i f f e r e n c e s  i n  p r i o r i t i e s  and c o s t  c o n s t r a i n t s  . 



The r e l a t i o n s h i p  between v e h i c l e  d i r e c t i o n a l  c o n t r o l  p r o -  

p e r t i e s  and b o t h  hig'hway s a f e t y  and subsystem d e s i g n  a r e  more o f  

a mystery .  D e s p i t e  t h i s  mystery ,  o r  perhaps because o f  i t ,  t h e r e  

e x i s t  more modern research  r e p o r t s  on t h i s  t o p i c .  

T h i s  s e c t i o n  covers  i n v e s t i g a t i o n s  o f  t h e  a c t u a l  performance 

v a r i a t i o n s  among e i t h e r  r e a l  automobi 1  es o r  proposed des igns .  

A s i g n i f i c a n t  r e p o r t  by Okada, e t  a l . ,  o f  Toyo Kogyo Co., L t d . ,  

has c l a s s i f i e d  v e h i c l e  1  i m i  t handl  i n g  performance i n t o  f i v e  

c a t e g o r i e s .  The c a t e g o r i e s  were based on p a r a m e t r i c  s t u d i e s  w i t h  

a  s o p h i s t i c a t e d  d i g i t a l  s i m u l a t i o n  model [ 61 ] .  The c l a s s i f i c a t i o n s  

have t o  do w i t h  t h e  performance i n  t u r n i n g  maneuvers beyond t h e  

range o f  o r d i n a r y  d r i v i n g  tasks ,  and may be i d e n t i f i e d  b o t h  

q u a n t i t a t i v e l y  and qua1 i t a t i v e l y .  F i g u r e  A .  1  p l o t s  each t y p e  o f  

response as degrees o f  u n d e r s t e e r  ( f r o n t  wheel s t e e r  ang le  minus 

Ackerman ang le )  versus l a t e r a l  a c c e l e r a t i o n .  O f  p a r t i c u l a r  

impor tance i s  t h e  o v e r l a y i n g  o f  a l l  o f  t h e  graphs a t  l o w  l a t e r a l  

a c c e l e r a t i o n s .  T h i s  s i m i l a r i  t y  p o i n t s  o u t  t h e  inadequacy o f  

d e s i g n i n g  o r  e v a l u a t i n g  c a r s  f o r  s p e c i f i c  handl  i n g  p r o p e r t i e s  t o  

be measured o n l y  a t  moderate 1  a t e r a l  a c c e l e r a t i o n s  . 
A  q u a l i t a t i v e  d e s c r i p t i o n  o f  each response t y p e  f o l l o w s :  

Gradual D r i f t :  V e h i c l e  u n d e r s t e e r  gradua l  l y  i nc reases  w i t h  

i n c r e a s i n g  1  a t e r a l  a c c e l e r a t i o n .  F r o n t  s l  i p  ang les  a r e  always 

g r e a t e r  t han  r e a r  s l i p  ang les .  The v e h i c l e  d r i f t s  a t  r e l a t i v e l y  

l o w  1  a t e r a l  a c c e l e r a t i o n s  d e s p i t e  c o n s i d e r a b l e  r e a r  t i r e  r e s e r v e  

g r i p .  As t h e  u n d e r s t e e r  becomes excess ive ,  s t e e r i n g  becomes 

d i f f i c u l t  and respons iveness i s '  v e r y  s low.  

Sudden D r i f t :  V e h i c l e  u n d e r s t e e r  i n c r e a s e s  1 i n e a r l y  t o  a  --- 
c e r t a i n  l a t e r a l  a c c e l e r a t i o n ,  t hen  t h e  v e h i c l e  sudden ly  d r i f t s ,  

e x h i b i t i n g  severe  l i m i t  unders tee r .  T h i s  m i g h t  r e s u l t  f r o m  t i r e s  

w i t h  h i g h  c o r n e r i n g  s t i f f n e s s  b u t  low maximum c o r n e r i n g  f o r c e  

(i .e., c e r t a i n  r a d i a l - p l y  d e s i g n s ) ,  o r  c o u l d  be caused by n o n l i n e a r  

f r o n t  r o l l  s t i f f n e s s .  
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Figure A .  1.  patterns of understeer charac te r i s t i c s  . 



Drift  and Reverse: Understeer causes in i  t i  a1 d r i f t i ng ,  

followed by a  sudden switch t o  l imi t  oversteer a t  s t i l l  higher 

la tera l  accelerations. Again, t h i s  behavior may be due t o  t i r e  

properties or nonlinear ro l l  s t i f fnesses .  The f i r s t  pair  of t i r e s  

t o  lose a l l  grip are the rear  ones. 

Linear and Reverse: Understeer increases 1  inearly with a 
sudden change to  oversteer a t  the l imi t .  This .response type has 

the  longest l inea r  region and  the highest l i m i t ,  and  i s  eas ies t  

t o  control a t  high l a te ra l  accelerations. However, there i s  l i t t l e  

warning of the approach of the handling l imit  and the order of t i r e  

breakaway i s  unpredictable. 

Gradual Reverse: I n i t i a l  understeer gradually changes t o  

oversteer as 1 ateral  acceleration increases. This might be caused 

by large rear ro l l  s t i f fness  or  large t rac t ive  effects  on rear  

t i r e  cornering properties. 

What was most s ignif icant  about t h i s  research was the f ac t  

t ha t ,  by a1 t e r i  ng rol l  s t i f fness  charac te r i s t i c s ,  center-of-gravi ty 

height, or t i r e  charac te r i s t i c s ,  the authors were able t o  cause 

the same basic vehicle t o  exhibit  any and  a l l  of these responses 

in turn while demonstrating a  constant degree of steady-state 

unders teer  a t  lower 1  ateral  accelerations ! This i s  par t icular ly  

interest ing in the l igh t  of other parameter studies [ 60 ]  which 

measured vehicle directional response in 0 .4  or 0 . 5  g maneuvers 

and  concluded tha t  the handling was re la t ively  insensit ive t o  
suspension variat ions.  

I n  the U.S . ,  the Experimental Safety Vehicle Program contained 

one of the f i r s t  se t s  of comprehensive hand1 ing speci f ica t ions .  

Although not d i rect ly  based on safety research, the specif icat ions 

encompassed the safety-related areas of rol lover resistance,  maxi- 

mum cornering power, t rans ient  response times, con t ro l l ab i l i ty  a t  

breakaway, as well as t e s t s  of vehicle sens i t iv i ty  t o  load var ia t ions ,  

wet pavement, t i r e  pressure changes, road bumps, and sidewind gusts. 



As a resu l t  of the ESV e f fo r t  in formulating these speci f ica t ions ,  . 

a number of analytical parameter studies were carried out by 

di f ferent  ESV designers, par t icular ly  AMF, Vol vo, and A1 fa  Romeo. 

In the AMF study [60] ,  i t  was found that  actual performance 

could be controlled.within l imi ts  by a balanced design of vehicle 

accident-avoidance subsystems such as springs, s t ee r ing ,  engine 

and dr ivet ra in ,  brakes, t i r e s  , etc .  The performance envelope, 

however, i s  generally s e t  by overall vehicle character is t ics  such 

as : 

a )  curb weight and  location of center of gravity 

b) load conditions 

c )  moments of ine r t i a  of the vehicle 

d )  overall d imens ionso f theveh i c l e ,  i . e . , h e i g h t ,  

width, wheelbase, front  a n d  rear  track widths, 

e tc .  

The Volvo research led t o  the f inal  choice of suspension 

design parameters f o r  the Volvo ESV [ 6 2 ] .  As in the AMF study, i t  

was found that  reducing roll  s t i f fness  increased understeer. Under- 

s t e e r  was reduced, however, by increasing the effect ive  s t i f fness  

of the steering system. Other changes had re la t ive ly  small e f f ec t s ,  

especially when contrasted with the severe changes in response tha t  

could be caused by load variat ions.  An unexpected finding was t ha t  

the sidewind sens i t iv i ty  was markedly affected by changes in the 

s t a t i c  cas ter  of the f ront  wheels, and that  se t t ings  which reduced 

p a t h  deviation ( the  ESV program's c r i t e r i a  for  the standard) caused 

the vehicle t o  "feel" unstable. A f inal  conclusion was tha t  ro l l  

. s teer  e f fec t s  should be eliminated, as such effects  can present 

serious directional control problems on older,  heavily cambered 

roads. 

In the Alfa Romeo study, b o t h  the ESV c r i t e r i a  a n d  a closed- 

loop lane-change simulation were used to  evaluate f i ve  "al tered" 

vehicles [63]. The base vehicle was compared with an understeering 

configuration, a neutral s t e e r  version, and an oversteeri ng 



configuration. Also tested was a vehicle with a twenty percent 

weight increase and  a ten percent increase i n  radius of gyration; 

the purpose was t o  estimate the possible ef fects  of future 

passive safety requirements. 

ESV steady-state requirements were only met by the under- 

steering vehicle, a1 t h o u g h  the base a n d  the over-weight vehicles 

were nearly acceptable. Only the oversteering, car fa i led  the 

transient  yaw response requirement . 
In the severe lane-change maneuver ( the  driver had to  

i n i t i a t e  a successful lane change when the distance t o  the lane 

blockage was half that  required for  a 0 .4  g s t op ) ,  the base a n d  

understeering vehicles were s table ,  while the other three los t  

control and ran off the road. Stabi l i ty  came a t  the expense of 

degraded handling quali ty,  however, with a poor r a t i o  of la tera l  

acceleration t o  s t ee r  input angle. A1 though i t  fai led ESV t e s t s ,  

the oversteering case exhibited good hand1 ing properties. The 

configuration with excessive weight, a1 t h o u g h  clearly an under- 

steering vehicle by ESV standards, had such poor response that  i t  

faired most poorly in the lane-change maneuver, showing the l eas t  

stabi 1 i  ty . 
The report was c r i t i c a l  of the ESV approach to  handling 

specif icat ions,  with i t s  emphasis on smooth-track tes t ing.  " A  
fundamental characterist ic  of the vehicle, in order t o  judge i t s  

active safety quali ty,  i s  i t s  behavior on a rough surface. Such 

behavior involves not only considerations of comfort, b u t  

especially of roadholding. " 

Among the experimental work with actual vehicles i s  the t e s t  

report by the Digitek Corporation which established the ESV 

c r i t e r i a  [64]. Six 1969 vehicles, ranging from a Jaguar "EM type, 

t h rough  domestic sedans and a s ta t ion wagon, t o  a Lincoln 

Continental , were subjected t o  the proposed ESV test ing procedures 

t o  determine the numerical values for  the standards. The range 
of responses exhibited by the s ix  cars was much wider than the 

range eventually a1 1 owed by the ESV specifications . 



A plot of steering wheel angle versus l a te ra l  acceleration 

on the skid pad showed the Jaguar and the rear-heavy s ta t ion  

wagon t o  have near-linear relationships u p  to  t he i r  l imi t s ,  

indicative of neutral - s t ee r  character is t ics .  The 1 arger domestic 

sedans required ever-i ncreasing s t e e r  inputs t o  maintai n higher 

cornering speeds, with severe understeer a t  t he i r  somewhat 1 ower 

l imi ts .  The Rambler compact tested had such slow steering response 

that  i t  required over twice the s t e e r  input of the Jaguar for  mild 

cornering and about four times as much input, amounting t o  v i r tual ly  

a complete rotation of the steering wheel, t o  corner a t  one-half g! 

The cars were tested fo r  t he i r  maximum cornering power on 

wet a n d  dry skid pads for  a variety of t i r e  pressures. The resul ts  

were quite dependent on f ront  t i r e  pressures. The dry-road range 

was spanned by the Lincoln and Rambler (0.55 t o  0.58 g ' s ,  and 0.54 

t o  0.62, respectively) a t  one end and  the Jaguar (0.70 t o  0.77 g ' s )  

a t  the other. The control-at-breakaway a n d  cross-wind sens i t iv i ty  

t e s t s  also showed ranges o f  a factor of two between the best a n d  

worst performing vehicles. 

A British investigation by Jacobson [65] examined the safety 

and handling aspects of punctured t i r e s ,  a n d  did considerable 

research on the ef fect  of off-design t i r e  pressures on directional 

control performance. He claimed that  f ive t o  eight percent of a l l  

British cars have s ignif icant ly  mismatched or incorrect t i r e  

pressures and suggested t h a t  a  serious safety problem may be caused 

by slow deflations which go unnoticed unti l  a  sudden turning or 

braking maneuver el ic i  t s  an exaggerated or unpredictable response. 

The author tested numerous vehicles and  many combinations of 

wheels and t i r e s ,  under many load and road conditions. Part of the 

program involved the lowering of inf la t ion pressures in increments 

to  determine the thresholds of control labi l i ty  f o r  the average 

driver.  On a good skid pad, with properly inflated t i r e s ,  the t e s t  

vehicles achieved from 0.56 to  0.96 g ' s  l a te ra l  acceleration, 

depending on the c a r ,  before control was l o s t .  With pressures of 



from ten t o  f i f t e e n ' p s i ,  typical ly  only 0.25-0.30 g ' s  could be 

a t ta ined before the t i r e  would leave the rim or i t s  sidewall 

would contact the road surface.  

A f inal  s e t  of experimental s tudies of the handling differences 

between automobiles were performed a t  HSRI. The f i r s t  was the 

previously mentioned four-car study: the Ford s ta t ion  wagon, 

Corvair, Mercedes 250, and Toyota 2000 GT [ 4 4 ] .  Besides the 

braking t e s t s  already reported on, the cars were subjected t o  a 

variety of hand1 ing t e s t s  . 
In a t e s t  of the response t o  rapid s t e e r  i  nputs , recorded 

as l a t e r a l  acceleration versus f inal  s t e e r  angle, the Toyota and 

Corvair showed rapid and l inear  responses with suddenly-approached 

l imi t s .  The Ford reached i t s  l imi t  more gradually, b u t  the 

response was slower ( i  . e .  , greater  s t e e r  inputs were always needed 

t o  reach a given cornering radius than fo r  the other c a r s ) ;  the 

Mercedes f e l l  in between. When these maneuvers were plotted as 

peak yaw ra te  versus peak l a te ra l  accelerat ion,  the Corvair alone 

showed a trend toward rapidly increasing peak yaw ra tes  as the 

sever i ty  of the maneuver increased. This was evidence of the 

Corvair 's  tendency to  spin o u t  a t  i t s  l imi t .  Of additional 

i n t e r e s t  was the f a c t  tha t  runs were al'so made w i t h  off-design 

t i r e  pressures-this had l i t t l e  e f f ec t  on the Corvair and Mercedes 

graphs while leading t o  much more s ca t t e r  near the l imi t  fo r  the 

Ford s ta t ion  wagon and Toyota sports  car .  

A t e s t  of roadholding on a rough surface measu'red the 

decrement in cornering performance as speed increased, and  ranked 

the cars in order of Mercedes ( b e s t ) ,  Corvair, Ford, and Toyota. 

The resu l t s  were found t o  be very dependent on t i r e  pressures. 

Also dependent on in f la t ion  pressure, as well as on load condition, 
were the performances in the sinusoidal s t e e r  t e s t .  Hiqh speed 

o r  off-design pressures caused divergent resul t s  fo r  the Corvai r 

a t  even moderate s t e e r  angles, and fo r  the Toyota as the t e s t  
became more severe. The f inal  t e s t  was an attempt t o  induce 

vehicle rol lover and again the responses were a l l  d i f fe ren t .  Only 



t h e  C o r v a i r  r o l l e d , , a n d  aga in  t h e  response was made s i g n i f i c a n t l y  

more severe  when i n f l a t i o n  pressures  were i n c o r r e c t .  

Two yea rs  l a t e r ,  HSRI t e s t e d  a  sample o f  e i g h t  d i f f e r e n t  1971 

p r o d u c t i o n  ca rs  f o r  t h e i r  handl  i ng s e n s i t i v i t y  t o  s e r i o u s  degra-  

d a t i o n  of t h e i r  s t e e r i n g  and suspension sys tems [45 ] .  A1 though 

component deg rada t ion  i s  n o t  d i r e c t l y  r e l e v a n t  a t  p r e s e n t ,  

seve ra l  comments i n  t h e  summary r e p o r t  a r e  o f  i n t e r e s t .  F i r s t ,  

" . . . . t h e  range o f  1  i m i  t handl  i ng performance e x h i  b i  t e d  among new 

c a r s ,  as d e r i v e s  f rom des ign d i f f e r e n c e s ,  i s  much l a r g e r  than  t h e  

i n - u s e  changes i n  performance o f  i n d i v i d u a l  v e h i c l e s  d e r i v i n g  f rom 

degrada t ion  o f  s t e e r i n g  and suspension sys tern components. " The 

au tho rs  f u r t h e r  no ted  t h a t  many degraded c o n d i t i o n s  which had 

r e l a t i v e l y  i n s i g n i f i c a n t  e f f e c t s  on l i m i t  per formance i n v o l v e  

f a c t o r s  which i n c r e a s e  t h e  demand o f  l o w e r - l e v e l  d r i v i n g  t a s k s .  

The inc reased  l e v e l  o f  d r i v e r  a t t e n t i o n  r e q u i r e d  by such c o n d i t i o n s  

c o u l d  e a s i l y  l e a d  t o  e a r l y  d r i v e r  f a t i g u e ,  and t h a t  t h i s  m i g h t  

i n  f a c t  c o n s t i t u t e  a  l a r g e r  s a f e t y  problem than  t h e  s l i g h t  

d e t e r i o r a t i o n  i n  1  i m i  t performance p r o p e r t i e s .  

I n  t h e  most r e c e n t  HSRI r e p o r t ,  E r v i n  [66 ]  no ted  t h a t  many 

v e h i c l e s  t e s t e d  i n  t h e  e a r l i e r  programs [43,44] had shown a  

pronounced response asymmetry, pe r fo rm ing  d i f f e r e n t l y  i n  s i  ne- 

wave s t e e r  i n p u t  t asks  when t h e  i n i t i a l  s t e e r  was t o  t h e  r i g h t  

t han  when i t  was t o  t h e  l e f t .  A lso ,  i t  was p o i n t e d  o u t  t h a t  some 

c a r s  were so s e n s i t i v e  t o  s ide-winds t h a t  t h e y  m i g h t  pass t e s t  

c r i t e r i a  under some wind c o n d i t i o n s  and s p i n  o u t  under o t h e r s .  

It was a l s o  no ted  t h a t  p a r t i c u l a r  combinat ions o f  b rake  and s t e e r  

a p p l i c a t i o n s  c o u l d  cause some v e h i c l e s  t o  o v e r t u r n  on smooth 

su r faces .  

A . 2 . 3  S u b j e c t i v e  Reports on S a f e t y  and Hand l i ng .  There a r e  

many a r t i c l e s  wh ich  p o s t u l a t e  p o s s i b l e  r e l a t i o n s h i p s  between 

v e h i c l e  design,  performance, and s a f e t y .  These a r e  o f  i n t e r e s t  

because they  p o i n t  o u t  hypotheses which  researchers  may w ish  t o  

t r y  t o  prove o r  d i s p r o v e  as s u f f i c i e n t  da ta  and methodo log ies  

become a v a i l a b l e .  



Janeway [67 ]  has prepared a  good sumnary o f  t h e  i d e a l  

o b j e c t i v e s  i n  c r e a t i n g  a  good-hand1 i n g  v e h i c l e ,  and o f  t h e  

r e l a t i o n s  between des ign and hand1 i n g  performance. The r e p o r t  

i s  a  r e v i e w  o f  t h e  f a c t o r s  i n  v e h i c l e  des ign  which determine 

h a n d l i n g  p r o p e r t i e s  and o f  t h e  (1962) s t a t e  o f  t h e  a r t  knowledge 

o f  t h e  t i e s  between s a f e t y  and h a n d l i n g .  The areas a r e  the reby  

i d e n t i f i e d  where improvements m i g h t  reasonably  be made. The 

aspects concern ing t h e  a u t h o r  a r e  two i n  numher: ( 1 )  t h e  i n h e r e n t  

d i r e c t i o n a l  s t a b i l i t y  under road  and w ind  i n p u t s ,  and ( 2 )  t h e  

ease and p r e c i s i o n  w i t h  which v e h i c l e  v e l o c i t y  ( d i r e c t i o n  and/or  

magni tude) may be s e t  o r  a l t e r e d  a t  t h e  d r i v e r ' s  w i l l .  Even an 

i d e a l  design,  o f  course,  must work w i t h i n  t h e  f i n i t e  l i m i t s  imposed 

by t i re -pavement  f r i c t i o n ,  and t h e r e f o r e  remains a t  t h e  mercy o f  

v a r i a t i o n s  i n  road  and weather c o n d i t i o n s  f o r  which o n l y  d r i v e r  

judgment can compensate. 

For  c o r n e r i n g  s t a b i l  i t y ,  s u f f i c i e n t  unders tee r  i s  b e s t  assured 

by p l a c i n g  ove r  f i f t y  p e r c e n t  o f  t h e  w e i g h t  on t h e  f r o n t  wheels, 

even a t  maximum v e h i c l e  l o a d .  A h i g h  tracklrear-roll-center-height 

r a t i o  w i l l  m in im ize  r e a r  1  a t e r a l  we igh t  t r a n s f e r  (an  o v e r s t e e r  

e f f e c t ) .  A h i g h  r a t i o  o f  t r a c k  w i d t h  t o  c e n t e r - o f - g r a v i t y - h e i g h t  

w i  11 1  essen t h e  r o l l  over  tendency.  Rear-engi ned ca rs  o f t e n  f a i  1  

i n  a l l  o f  these c r i t e r i a ,  because they  a r e  u s u a l l y  sma l l  (wh ich 

a l s o  means t h a t  a  n e u t r a l  o r  rearward-b iased w e i g h t  d i s t r i b u t i o n  i s  

p r o p o r t i o n a t e l y  more a f f e c t e d  by e x t r a  passengers than  i n  a  l a r g e r  

c a r ) ,  o f t e n  narrow, and always have independent r e a r  suspensions 

(which c o n t r i b u t e s  t o  o v e r s t e e r  th rough r e a r  r o l l  camber e f f e c t s  

and h i g h  r o l l  c e n t e r s ) .  S t a t i o n  wagons a l s o  tend  toward r e a r  

w e i g h t  b i a s ,  and have p o o r l y  d e f i n e d  maximum a l l o w a b l e  loads .  

Methods e x i s t  f o r  i n t r o d u c i n g  r e a r  unders tee r  e f f e c t s .  

D i f f e r e n t i a l  t i r e  pressures a r e  o f t e n  used, b u t  a r e  n o t  p r e f e r a b l e  

because o f  t h e  r e l i a n c e  upon t h e  d r i v e r  f o r  p r o p e r  maintenance. 

Rear suspension s t e e r  e f f e c t s  can be used, b u t  compl iance s t e e r  i s  

t o  be p r e f e r r e d  over  t h e  more common r o l l  s t e e r  approach; r o l l  



' 

s t e e r  e f fec t s  exhibit  a time lag in t rans ient  maneuvers as well 

as introducing objectionable dynamics i f  excited a t  cer ta in  

frequencies. 

Aerodynamic s t a b i l i t y  can a lso  be obtained only with an 

understeeri ng ca r ,  according t o  Janeway. Stream1 ini  ng moves the 

center of side-wind pressure forward, necessitating a fur ther  

forward placement of the center of gravity.  (The author does n o t  

foresee a return of f i n s ,  helpful t h o u g h  they may be!) Small cars 

are again a t  a  disadvantage, due to  high surface-to-weight r a t i o s .  

Dynamic handling improvements are  dependent on adequate 

suspension control (shock absorber damping), f a s t  s teering r a t i o s ,  

minimized ro l l - s t ee r  e f f ec t s ,  and understeer a t  a l l  expected speeds 

and l  ateral  accelerat ions.  

A l a t e r  NHTSA report also deals with the needs of vehicle 

performance [68]. Agreeing with Janeway on the hand1 i  ng problems, 

especially on the role of gusty side-winds in the degradation of 

safe vehicle operation, the report also l i s t s  as accident avoidance 

fac to rs ,  "vehicle stopping capabi l i ty ,  t i r e  1 imi ta t ions ,  head1 ight  

l imitat ions [and] accelerat ion. .  .capabi l i ty ."  Two interes t ing 

points concerning vehicle safe-hand1 ing problems were made. F i r s t ,  

"design of front-end suspension systems i s  a  compromi se between 

the need to  keep the t i r e s  in contact 'with the road under a l l  

conditions while providing a comfortable r ide and minimum degra- 

dation in steering capabi l i ty ."  Secondly, i t  i s  observed that  the 

minimum speed a t  which hydroplaning can occur on wet surfaces i s  

a  function of t i r e  inf la t ion pressure. 

An a r t i c l e  by G .  Jones indicates the greater  emphasis placed 

on active safety and the role of the vehicle by foreign manufacturers 

[69]. Speaking as a member of the Brit ish Leyland ESV project ,  he 

said t h a t  " .  . . .from a broad consideration of a l l  the available 

information and from our own accident investigations,  i t  i s  evi- 

dent that  avoidance of accidents i s  no l e ss  a p r io r i ty  t h a n  occupant 

protection and tha t  the handling and s t a b i l i t y  of vehicles i s  a  



subject of great  importance.. . . [The] designer has t o  consider. .  . . 
side-wind s t a b i l i t y ,  t rac t ion  under poor gr ip conditions,  s tabi  1 i  t y  

under braking and vehicle r ide ."  

Noting the lack of relevant data ,  Jones says tha t  " i t  would 

be of great  benefit  t o  have c l e a r  objective evidence of required 

performance 1 eve1 s based on accident i  nvesti gations b u t  i  nevi tably 

the interact ion of a number of fac tors  involved in each individual 

accident makes i t  d i f f i c u l t  t o  es tab l i sh  t h i s .  Investigations a r e ,  

however, being carried out t o  t r y  and r e l a t e  accidents t o  handling 

charac te r i s t ics .  Experience of vehicles having e i t h e r  oversteered 

or  understeered pr ior  to  accidents has been su f f i c i en t  t o  emphasize 

the basic importance of these e f f ec t s  r e l a t i ve  t o  s a fe ty . "  

The importance of unders teer-overs t ee r  measures i s  indicated 

in a comparison of lane-change maneuvers performed by an under- 

s teer ing vehicle and by the same vehicle in an oversteering con- 

f igurat ion due to  d ra s t i c  t i  re pressure changes. The understeering 

car completed the maneuver successful ly .  The oversteering vehicle,  

because of i t s  slower response, developed a large phase lag between 

s t e e r  input and motion output,  contrary to  dr iver  expectations.  

In a limi t-type maneuver, the vehicle continued turning across 

additional lanes a f t e r  the s teer ing wheel had reached fu l l  reverse 

lock. 

The author concludes tha t  driver control i s  maximized when 

understeer i s  present and when the yaw natural frequency i s  high 
and phase lag i s  a t  a minimum. To accomplish t h i s ,  one would l i k e  

t o  combine s t i f f  t i r e s  (high cornering c o e f f i c i e n t ) ,  long wheel base, 

and low yaw ine r t i a .  Conflicts a r i s e ,  however; safety regulations 

force ine r t i a s  up, while long wheelbases slow the s t e e r  r a t i o s  and 

increase turning c i r c l e s ,  thereby reducing maneuverabi 1 i  ty . One 

answer, then, i s  t o  use the widest,  s t i f f e s t  t i r e s  compatible with 

the vehicle. 



The e n t i r e  q u e s t i o n  o f  what  comprises " s a f e  hand1 i n g "  i s  

v iewed r a t h e r  u n i q u e l y  i n  a  r e p o r t  by  Bergman o f  Fo rd  Motor  

Company [70 ] .  He depar t s  f rom t h e  approach t h a t  v e h i c l e  p e r f o r -  

mance 1  i m i  t s  must  be i nc reased .  T e s t i n g  t w e l v e  random v e h i c l e s  

r e v e a l e d  mean capabi 1  i t i e s  o f  0.83 g ' s  l a t e r a l  a c c e l e r a t i o n  and 

0.75 g ' s  l o n g i t u d i n a l  d e c e l e r a t i o n ;  research  had shown t h a t  o n l y  a 

sma l l  f r a c t i o n  o f  a c t u a l  d r i v e r s  e v e r  a t t e m p t  c o r n e r i n g  a t  even 

0.35 g ' s  o r  b r a k i n g  a t  0.60 g ' s .  Tab le  A . 4  r e v e a l s  t h e  minimum 

s a f e t y  marg in  t h a t  i s  n o t  u t i l i z e d  by  t h e  d r i v e r .  

- - -- -- - 

Tab le  A.4. Minimum S a f e t y  Margins-Vehicle Capabi l  i t y  
Versus Maximum Demands 

Maximum Dry Road 
Mode Demand C a p a b i l i t y  S a f e t y  Marg in  Wet Road ( v = . 4 )  

Corner ing  0.35 g ' s  0.83 g ' s  5 9% 12% 

B r a k i n g  0.60 g ' s  0.75 g ' s  20% -50% 

The a u t h o r ' s  argument i s  t h a t  d r i v e r  l i m i t a t i o n s  and t h e  

d r i v i n g  s i t u a t i o n  dominate t h e  s a f e t y  p i c t u r e ,  m o d i f i e d  b y  v e h i c l e  

and env i ronmenta l  c o n d i t i o n s .  W i t h  t h e  e x c e p t i o n  o f  severe  b r a k i n g  

on wet  roads,  t he  v e h i c l e ' s  l i m i t s  o f  c a p a b i l i t y  a r e  t o o  h i g h  a l r e a d y  

f o r  m o d i f i c a t i o n s  o f  t hose  l i m i t s  t o  a f f e c t  highway s a f e t y .  

I t  i s  p o i n t e d  o u t  t h a t  t h e  c o r n e r i n g  l i m i t  o f  t h e  average 

v e h i c l e  i s  a c t u a l l y  h i g h e r  than  i t s  b r a k i n g  l i m i t ,  y e t  a  much s m a l l e r  

percentage o f  t h e  l i m i t  i s  u t i l i z e d  by normal d r i v e r s .  T h i s  i s  

presumably due t o  t h e  r e l a t i v e  ease w i t h  wh ich  a  d r i v e r  can p e r f o r m  

each maneuver: s t e e r  maneuvers r e q u i  r e  enough e f f o r t ,  c o o r d i n a t i o n ,  

t i m i n g ,  and p r o p e r  r e c o v e r y  t h a t  t h e  d r i v e r  f i n d s  i t  f a r  s i m p l e r  t o  

dec ide upon a  b r a k i n g  response t o  emergencies. Th is  i s  t h e  b a s i s  o f  

t h e  a u t h o r ' s  hypo thes i s  t h a t  t h e  ease o f  c o n t r o l ,  as e s t i m a t e d  by 

average d r i v e r s ,  i s  a  f a r  b e t t e r  measure o f  a  v e h i c l e ' s  s a f e  p e r -  

formance than t h e  o b j e c t i v e  open- loop o r  s k i d  pad t e s t s  u s u a l l y  

suggested. The a im o f  des igne rs  wou ld  then  be t o  c r e a t e  automobi les  



which encouraged t he i r  drivers t o  use the bu i l t - in  capab i l i t i e s  when 

confronted with a potential accident. 

In other work, Segel [71] has also attempted t o  define the 
handling "problem" in terms of safe ty .  He proposes four questions 
t o  evaluate handling subjectively:  . ( I )  Does the vehicle respond to  
s teer ing so tha t  one may change course rapidly,  precisely,  and 

eas i ly?  ( 2 )  Does i t  follow a selected path i r respect ive  of aero- 

dynamic or road disturbances? ( 3 )  Do the t i r e s  remain in contact 

with the road i r respect ive  of r ide disturbances? ( 4 )  Does the  

vehicle respond t o  steering displacement and force levels  in a 
manner conducive t o  safe  control in emergencies? 

In the discussion following the a r t i c l e ,  the author s t a t e s  
t ha t  he suspects a1 1 American automobiles have s imi lar  steady-state 

o r  fixed control dynamic charac te r i s t i c s ,  and t h a t  he doubts t ha t  
accident rates can be related t o  such steady-state measures of per- 

formance as understeer or  s t a t i c  margin. Rather, the "handl ing" 
differences a r i s e  out of d i f fe ren t  steering sys tem charac te r i s t i c s  , 
including required force l eve l s ,  road feel t ransmitted,  gear r a t i o ,  
e t c .  Segel ' s  concern w i t h  subjective measures of control labi 1 i ty 

paral lel  t o  some degree those of Bergman in the a r t i c l e  above. 

In a general indictment, McCaffrey [ 7 2 ]  claims t ha t  North 
American cars have, "in the l a s t  twenty-five years [exhibited] 
serious deteriorat ion i n  t h e i r  high-speed handl ing qua1 i t i e s  ," 
primarily due to  the emphasis on r ide qual i ty  and extreme understeer. 
Sudden s tee r  or  wind inputs create objectionable osc i l l  atory ro l l  
and/or yaw motion. He c a l l s  f o r  less  yaw ine r t i a  and more yaw 
dampi ng  . 

As a f inal  comnent on performance and safe ty ,  Orme, e t  a l .  

[73] note that  vehicles with lower wind resistance require l e ss  
t r ac t ive  force f o r  the maintenance of high forward ve loc i t i e s ,  and 
therefore o f fe r  a greater  margin of safe ty  fo r  sudden maneuvering 

o r  f o r  res i s t ing  disturbances. Although i t  i s  possible t o  imagine 
s i tuat ions  in which t h i s  could be s ign i f i can t ,  i t  i s  not mentioned 
as a possible important accident causative factor .  



A. 3 The Vehicle/Driver Interface 

In the system composed of the d r ive r ,  vehicle,  and roadway, 

the number of variables potent ia l ly  influencing dr iver  behavior i s  

oppressively large.  Man i s  an adaptive element in t h i s  system, b u t  

w i t h  f i n i t e  adaptation l imi t s .  Within the l imits of his capabil i t , i e s  

man i s  able t o  a d a p t  his performance in such a way as t o  produce an 

invariant  system response over a wide range of system parameters. 

This property i s  cal led the "U-Hypothesis" [ 74 ]  and  i s  i l l u s t r a t ed  

in Figure A . 2 .  For example, the f r i c t ion  load on a control k n o b  can 

THE "U" H\'POTHESIS 

VARIATIONS I N  CONTROL PARAhlETERS 
- -- - 

Figure A . 2  



be v a r i e d  over  a  wide range w i t h  no change i n  t h e  a b i l i t y  o f  man 

t o  move t he  knob. However, when performance does d e t e r i o r a t e ,  i t  

u s u a l l y  decreases sha rp l y  a t  extreme va lues and t h e  e r r o r  

accumulates r a p i d l y ,  and, i n  t h e  case o f  automobi le d r i v i n g ,  

sometimes f a t a l l y .  I n  t h e  words o f  S u l l i v a n  and Me i s t e r  [ 7 5 ]  

"...man i s  s u f f i c i e n t l y  f l e x i b l e  t h a t  he can adapt t o  some o f  t he  

most f l a g r a n t  abuses o f  h i s  a b i l i t i e s  and c a p a c i t i e s  w i t h o u t  t h e  

l e a s t  measurable decrement i n  performance. I t  i s  o n l y  when a  p re -  

c i p i t a t i n g  s t r ess  f a c t o r  i s  in t roduced  o r  t he  l i m i t s  o f  h i s  

adap t i ve  to le rances  a re  surpassed does h i s  performance degrade 

s i g n i f i c a n t l y . "  Man's a d a p t a b i l i t y  i n  d r i v i n g  i s  p r e c i s e l y  t h e  

reason i t  i s  so d i f f i c u l t  t o  separate p u r e l y  v e h i c l e - r e l a t e d  

causa t ion  f a c t o r s  f rom t h e  acc iden t  record.  

The two ma jo r  areas o f  d r i v e r / v e h i c l e  i n t e r a c t i o n  a re  i n  

( 1 )  t he  ergonomic matching o f  t h e  v e h i c l e  i n t e r i o r  (e.g. ,  sea t  

p o s i t i o n i n g ,  l o c a t i o n  o f  s t e e r i n g  and b rak i ng  c o n t r o l s ,  r e q u i r e d  

c o n t r o l  fo rces ,  e t c . )  t o  t h e  d r i v e r ' s  phys i ca l  dimensions and 

s t r e n g t h  c a p a b i l i t i e s  and ( 2 )  t h e  d r i v e r ' s  performance i n  t he  

v e h i c l e  s t e e r i n g  c o n t r o l  l oop .  These areas a r e  n o t  complete ly  

separated, o f  course, s i nce  t h e  former i n f l uences  t h e  l a t t e r .  

Nevertheless, most research has t r e a t e d  these areas as mu tua l l y  

exc l us i ve .  

A.3.1 The D r i v e r  Working Environment. I n  des ign ing  t h e  

d r i v e r ' s  work space, cons i de ra t i on  must be g iven t o  t h e  s t i m u l i  

used by t he  d r i v e r ,  and t o  t h e  speed, p r e c i s i o n  and muscular f o r ce  

c a p a b i l i t i e s  which t h e  d r i v e r  can c a l l  upon. 

The most impor tan t  s t i m u l i  a re  v i s u a l  [ 7 6 ] .  A lso impor tan t  

a re  k i n e s t h e t i c  ( f e e l ,  touch, t ens i on  i n  muscles),  s t a t i c  ( e q u i l  i- 

brium-semici  r c u l  a r  canal s ) ,  a u d i t o r y  (ears )  , and i n  some emergency 

s i t u a t i o n s ,  01 f a c t o r y  (nose).  A cons tan t  s t imu lus  i s  ignored  by 

t h e  b r a i n  so t h a t  a  s t imu lus ,  t o  be r e a d i l y  sensed, must be 

i n t e r m i t t e n t .  



The eyes of a  dr iver  may have cer ta in  defects ,  e .g . ,  myopia, 

astigmatism, ca ta rac t s ,  e t c .  The eye requires time t o  adjus t  t o  

a  level of illumination. Large variat ions i n  i l lumination a re  

dangerous. The presence of large numbers of red l i g h t s ,  e . g . ,  t a i l  
l i g h t s ,  s top l i gh t s ,  parking l i gh t s ,  advert ising,  t r a f f i c  l i g h t s ,  
road repairs ,  e t c . ,  can form a  constant stimulus which i s  ignored 
by the  brain. Further, variat ion in the in tensi ty  of t a i l  l i gh t s  

can cause errors  in judgment. A dull l i gh t  appears t o  be fur ther  
away than a bright l i gh t .  

According t o  P l a t t  [ 7 7 ] ,  the brain can analyze about one 

stimulus per second. Thus, in some measure, the dr iver  ac ts  as a  

sampl ed data sys tem control 1  e r .  

The brain responds more quickly t o  an audio stimulus (i . e . ,  
t i r e  squeal) than to a  visual one. If  p rac t i ca l ,  then, i t  i s  

desirable to  supplement a  visual stimulus with an audio one. An 

example might be a  radio signal transmitted from a  t r a f f i c  sign 

and received in the car .  

Considerations in matching the i n t e r i o r  of a  vehicle t o  

d r ive r  needs include seat ing,  the poss ib i l i ty  of the foot  becoming 
trapped between the top of the accelerator and the bottom of the 

brake pedal, the inclination of the accelerator pedal, clearance 

under the steering wheel f o r  knees, the s teer ing wheel diameter, 
e t c .  [78 ] .  Some twenty-one body dimensions a r e  considered t o  be 
important with respect to  t h i s  matching: 



General 

1 )  H e i g h t  

2)  Weight 

Body He igh ts  

S i t t i n g  h e i g h t ,  e r e c t  

S i t t i n g  h e i g h t ,  normal 

S i t t i n g  eye h e i g h t ,  normal 

Shoulder  h e i g h t  - seated 

Elbow h e i g h t  - seated 

Knee h e i g h t  - seated 

P o p l i t e a l  h e i g h t  - seated (knee a t  90" and 135")  

Th igh h e i g h t  - seated ( a t  pop1 i t e a l  , t r u n k  and 
m i d p o i n t  r e g i o n )  

Body Breadths 

11) Shoulder  b read th  

12)  Elbow b read th  

13) Seat b read th  

14)  Shoe b read th  

Body Depths 

15)  Chest depth  

16)  Abdomen depth  ( r e l a x e d )  - seated 

Body Lengths 

17) But tock-knee l e n g t h  

18)  But tock-pop1 i t e a l  l e n g t h  

19) Shoe l e n g t h  

Dynamic Body Measurements 

20) F u n c t i o n a l  arm reaches 

21) F u n c t i o n a l  l e g  reaches 

Wi th  r e s p e c t  t o  s e a t i n g ,  t h e  f o l l o w i n g  dimensions were 

recomnended : 



1. Seat Breadth  (measured h o r i z o n t a l l y  on s e a t  

s u r f a c e ) .  18 i n .  f o r  a  s i n g l e  sea t ;  20 i n .  p e r  

person on mu1 t i  p l  e  sea t .  

2 .  Seat Depth (measured on s e a t  s u r f a c e  f rom t h e  

SRP* t o  a  v e r t i c a l  p lane  tangent  t o  t h e  most 

fo rward  p o i n t  on t h e  f r o n t  o f  t h e  s e a t ) .  Optimum 

18 i n .  

3 .  Seat H e i g h t  (measured v e r t i c a l l y  f rom t h e  f l o o r  t o  

a  h o r i z o n t a l  p lane tangen t  t o  t h e  h i g h e s t  p o i n t  on 

t h e  cush ion) .  Maximum 14 i n . ,  minimum depending 

on l o c a t i o n  o f  f o o t  peda ls  and f i e l d  o f  v i s i o n .  

4. Back res t  Breadth  (measured h o r i z o n t a l l y  a t  e l  bow 

h e i g h t ) .  20 i n .  p e r  person. 

5. Backres t  He igh t  (measured f rom t h e  SRP* t o  a  h o r i -  

z o n t a l  p lane tangen t  t o  t h e  top  o f  t h e  b a c k r e s t ) .  

17 i n .  t o  21 i n . ;  n o t  c r i t i c a l  i f  i n  t h i s  range. 

6. I n c l i n a t i o n  o f  Seat Sur face (measured f r o m  t h e  

h o r i z o n t a l ) .  7 " ,  b u t  a d j u s t a b l e  through a  w ide r  

range. 

7. I n c l i n a t i o n  o f  Back res t  (measured f rom t h e  v e r t i c a l  ) . 
2 Z 0 ,  b u t  a d j u s t a b l e  through a  w i d e r  range. 

8. Range o f  Fore-and-Af t  A d j u s t a b i l  i t y .  A  minimum o f  

8 i n . ,  i n  increments  o f  1  i n .  o r  l e s s .  

9. Range o f  V e r t i c a l  A d j u s t a b i l i t y .  A  minimum o f  5 i n .  

i n  increments o f  1  i n .  o r  l e s s .  

10. Armrest  H e i g h t  (measured v e r t i c a l l y  f rom s e a t  

s u r f a c e ) .  9 112 i n . ;  p r e f e r a b l y  a d j u s t a b l e  f rom 

8 i n .  t o  11 i n .  

*The SRP, o r  Seat Reference P o i n t ,  1  i e s  a t  t h e  i n t e r s e c t i o n  o f  
t h e  p lane o f  t h e  u n d e f l e c t e d  s e a t  s u r f a c e  w i t h  t h e  p lane  o f  
t h e  back res t  i n  1  i n e  w i t h  t h e  c e n t e r  o f  t h e  s t e e r i n g  column. 



11. Seat t o  Roof Dis tance (measured v e r t i c a l l y  f rom 

SRP t o  r o o f ) .  A minimum o f  38 i n .  w i t h  sea t  i n  

lowes t  p o s i t i o n .  

12. S tee r i ng  Wheel-Seat D is tance  (measured v e r t i c a l l y  

f r om  lowes t  p o i n t  on wheel t o  neares t  p o i n t  on sea t  

su r f ace ) .  Minimum 5 112 i n .  

13. Backrest-Dashboard Dis tance (measured h o r i z o n t a l  l y ,  

a t  knee he igh t ,  from backres t  t o  dashboard o r  

c l o s e s t  s t r u c t u r e ) .  Minimum 26 i n .  w i t h  seat  

rearmost,  minimum 22 i n .  w i t h  sea t  foremost.  

I n  t h e  area o f  c o n t r o l  l o c a t i o n s ,  McFarland, e t  a1 . [ 7 9 ] ,  

i n d i c a t e  t h a t  . . . ."hand c o n t r o l s  should  be between t h e  shoulder  and 

w a i s t  l e v e l s ,  and i n  f r o n t  o f  t h e  opera to r ,  f o r  t h e  g rea tes t  speed 

and accuracy o f  movement. " For c o n t i  nuously-operated c o n t r o l s  , 
placement a t  about elbow h e i g h t  i s  bes t .  Foot c o n t r o l s  should be 

n o t  more than 10 inches above t h e  f l o o r  w i t h  8 inches t h e  optimum. 

The a x i s  o f  a  r o t a t i n g  f o o t  pedal should be about 4  inches from 

t h e  heel f o r  maximum f o r c e .  For minimum s t r a i n ,  t he  t h i g h  should 

be h o r i z o n t a l  and the  lower  l e g  a t  45" f rom t h e  v e r t i c a l .  I f  t h e  

t h i g h  i s  e leva ted  from t h e  seat ,  a g rea te r  f o r c e  can be exer ted.  

To accommodate persons o f  d i f f e r e n t  body s i z e ,  t h e r e  should be 

8 112 inches o f  adjustment i n  t he  pedal  r o d  and f o o t  r e s t s .  The 

maximum speed o f  body mot ion i n  ope ra t i ng  c o n t r o l s  cannot be expected 

t o  exceed 10 f t l s e c ,  f o r  s h o r t  movements o f  l e s s  than  two f e e t ,  

i f  accuracy i n  s topp ing  i s  requ i red .  I f  speed i s  s t ressed ,  speeds 

may exceed 20 f t l s e c .  

Resistance t o  movement g ives  t he  ope ra to r  a  c o n t r o l  cue. 

Accuracy o f  movement increases a f t e r  a  smal l  i n i t i a l  f o r c e  has 

been appl ied,  and optimum ranges seem t o  be 5-30 pounds f o r  hand 

c o n t r o l s ,  and 7-60 pounds f o r  f o o t  c o n t r o l s .  

W i t h i n  t h e  passenger compartment, t h e  i d e a l  temperature 

range i s  68°F t o  72°F. Manual d e x t e r i t y  f a l l s  o f f  markedly below 



50°F. Relative humidity i s  preferable in the range between 25 

and  50 percent. High humidity i s  permissible fo r  temperatures 

up t o  a b o u t  90°F, b u t  humidities below 15% cause discomfort t o  
the eyes a n d  nose. In general,  35 t o  40 cu.ft./min. of fresh a i r  

should be supplied fo r  each person. The noise level should n o t  

exceed 75 decibels i f  damage t o  hearing i s  t o  be avoided. At 55 

decibels, conversation i s  i n t e l l i g ib l e  a t  several f e e t ;  a t  65 

decibels, comunication i s  d i f f i c u l t ;  a t  75 decibels ,  communication 

i s  marginal. Reducing the exhaust gas velocity t o  below 500 f t / s ec  

with only a small pressure variation will render the gas flow 

re la t ively  quiet .  Vibrations of frequencies between 25 and 40 

cycles per second, and  60 and 90 cycles adversely influence bino- 

cular  vision. The undesirabil i ty of vibration increases with 

amp1 i tude and frequency. 

A.3.2 The Human Operator in the Driving Task. The driving 

task can be broken down into three functions: navigation, guidance, 

and control [80]. Navigation includes those functions which 

re la te  t o  the task of selecting a safe  speed a n d  planning a long- 

term p a t h  on the roadway in view ahead. Control a c t i v i t i e s  include 

the physical manipul a t i  on of the vehicle. Whi le  performance a t  

the control level i s  overt ,  t h a t  a t  the .guidance level i s  a decision 

process. The driver must evaluate the immediate s i tua t ion ,  make 

appropriate speed and p a t h  decisions, and  t r ans la te  these in to  

control actions. In control 1 ing the vehicle, the driver exerci ses 

la tera l  and longitudinal control through the steering wheel , 
accelerator,  and  brake. The control actions of the driver represent 

the primary area of d i rec t  interaction of the driver and  vehicle. 

Since the early 19501s, many studies have been carried o u t  
i n  attempting t o  understand and describe the driving process in 

mathematical terms. Early attempts were general ly based on re1 a t i  ng 

human tracking task performance t o  the driving task [81]. Such 
tracking tasks can be c lass i f ied  according t o  the nature of the 

i n p u t  t o  the human control ler  [82] .  



1. In a COMPENSATORY system, the con t ro l l e r ' s  task 

i s  t o  null an e r ro r  signal t o  zero. The absolute 

output of the system i s  of no consequence. 

In a PURSUIT system, the con t ro l l e r ' s  task again 

i s  t o  null the er ror  t o  zero, b u t  unlike a com- 

pensatory system, bo th  the system o u t p u t  and the 

input t o  the system are  displayed to  the dr iver .  

Thus, the human controller  may distinguish indi- 

vidual properties of these signals by di rect  

observation, rather than jus t  a difference as 

represented by an er ror  s ignal .  

3 .  In a PREVIEW system, the displayed information i s  

s imilar  t o  that  of a pursuit display except that  

i n p u t  information extends from the present time 

unti l  some time in the future.  Preview control i s  

more akin t o  the driving task a n d  can be 1 i  kened 

t o  a curving road being displayed in front  of the 

dr i  ver . 

These basic defini t ions of tracking task functions have led 

t o  numerous studies of operator performance under control 1 ed experi - 
mental conditions [83-871. The resul t  of these studies has been 

the development of a l inear  t ransfer  function for  the continuous 

performance of the human operator which takes the form [88] : 

where K i s  a gain which i s  adjustable by the operator over a range 

of 1 t o  100; TD i s  a reaction time (o r  transport)  delay; rN i s  

a coefficient  of f i r s t -o rder  lag inherent in the neuromuscul a r  

system; and  rL  a n d  a re ,  respectively, lead and lag coefficients  
which can be adjusted by the human along with K so t ha t  the output 

performance corresponds t o  some preset  performance c r i t e r i a .  



Human operator performance i s  not 1 inear and  not continuous , 
however, and  numerous attempts have been made t o  account f o r  

observations of nonl inear and in termi t t a n t  performance. Bekey 

[89] proposed a simple model of the human operator consist ing 

of a periodic sampler, a f i r s t - o rde r  hold and a time delay plus 

f i r s t -o rder  lag term. His model best matched experimental data 

with a sampling period of 0.33 sec. and a delay time of 0.06 sec.  

Others w h o  have developed in termit tant ,  nonlinear models of the 

human operator include the Lemay-Westcott "Force Program" model 

[go], the Young sampled d a t a  model f o r  eye tracking [91] , the 

Elkind combined force program and sampled data model [ 9 2 ] ,  the 

Costel l o  Surge model [93] ,  and several more [94-961. 

Unlike a simple tracking task ,  the fu l l  visual f i e l d  i s  

available,  so a driver has many cues t o  ass imi la te .  This d ivers i ty  

of information makes the def in i t ion of cues used by the dr iver  

very d i f f i c u l t .  Regardless of t h i s  d i f f i cu l t y ,  however, the 

general closed-loop character  of dr iver  steering control i s  shown on 

Figure A.3 [75]. The controlled element consists  of the l a t e r a l /  

direct ional  dynamics of the vehicle and the s teer ing system, as 

we1 1 as the geometry of the visual f i e l d  from which the dr iver  

ext racts  the guidance and control cues. The roadway environment 

provides inputs t o  the system, including p a t h  commands t o  be 

followed and  disturbances ( e  . g .  , bumps) t o  be regulated. 

The cues which the dr iver  may use t o  carry o u t  guidance 

and control functions are l i s t e d  in Table A.3. The vehicle 

motions involved a re  depicted in Figure A.4 [97]. In Table A.3, 

the portion of the f i e l d  of view which probably dominates sensa- 

t ion i s  shown as the "estimated source." The form of the cue o r  

"estimated basis" i s  given in the next column, and the driver i s  

assumed t o  be responding as i f  he were operating on the motion 

variable shown in the f i r s t  column. 
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Table  A.3. P o s s i b i l i t i e s  f o r  V i sua l  Sensat ion  

Mo t ion  Est imated Source Est imated Bas is  

Heading Cen t ra l  f i e l d  Angle between a  r e f e r e n c e  
Angle, VJ 

l i n e  on t h e  v e h i c l e  and 
a  re fe rence  1  i ne i n  t h e  
roadway. 

Heading 
Rate, r 

Path  
Angle, Y 

Path Angle 
Rate, i. 

Time- 
Advanced 
L a t e r a l  
D e v i a t i  oil 
yl ( t+T)  

E n t i r e  f i e l d  Angu lar  mo t ion  o f  t h e  
e n t i r e  v i s u a l  f i e l d .  

Near, p e r i p h e r a l  f i e l d  Streamer-1 i ke mot ion  o f  
t e x t u r a l  p o i n t s ,  o r  a  
v i s u a l  p a t t e r n .  

Near, p e r i p h e r a l  f i e l d  Rate o f  change o f  st reamer-  
1  i ke mot ion  o f  t e x t u r a l  
p o i n t s .  

Cen t ra l  and f a r  f i e l d s  Curvature  o f  t h e  pa th ,  
which p rov ides  f o r  feed- 
fo rward ,  p u r s u i  t - 1  i ke 
c o n t r o l  o p e r a t i n g  on t h e  
v i s u a l  p a t t e r n .  

Cen t ra l  and f a r  f i e l d s  Displacement a t  a  prev iew 
d i s tance  . 

. F igu re  A.4. D i r e c t i o n a l  Mot ions o f  a  Car. 



The motion variables in  Table A.3 may be sensed visual ly  or  
may be "computed" from visual sensations. Heading angle a r i ses  

d i rec t ly  from the visual f i e l d  geometry. Path angle and path 

angular ra te  may derive from streamers of moving reference points 
[98-1011, or ra tes  of change of these streamers. Vehicle motions 

a re  probably "computed" by the dr iver  which r e su l t s  in a pattern 

which he can compare w i t h  an external pattern.  The comparison 

then produces a stimulus t o  which the driver responds. An example 

is given by a curved road which produces a path angular r a t e  input 
t o  the driver with a resul t ing s teer ing response. 

While the elements of the steady-state driving task have 
become reasonably well understood in recent years ,  the f i e l d  s t i l l  
remains an a r t i s t i c ,  empirical science. For t r ans ien t  and 

emergency driving maneuvers, the understanding i s  much less  

developed. Further, the in f l  uences of d i f fe ren t  matches of driver 
and vehicle charac te r i s t i c s  are  jus t  now bei ng examined. Recent 

work a t  the Texas Transportation I n s t i t u t e  [I021 was carried o u t  
t o  evaluate the performance of four widely di f fer ing vehicles with 
eight  d i f fe ren t  dr ivers .  The drivers were asked to  drive t h e i r  

vehicles through ten d i f fe ren t  handling t e s t s  ranging from 
"repl ica t ive"  maneuvers such as braking in a turn ,  roadholding 
i n  a turn,  d ras t i c  s t e e r  and brake, e t c .  [ 35 ] ,  t o  "surprise" 

maneuvers such as a sudden obstacle,  blind corner, sudden lane 

change, e t c .  The performance parameters which indicated the 
1 argest  differences between vehicles (presuming driving performance 

was uniform) included s i de s l i p  angle, yaw r a t e ,  i n i t i a l  s t e e r  

angle, and s ides l ip  angular ra te .  The parameters which indicated 

the l e a s t  differences between vehicles were rol l  angle and longi- 
tudinal accelerat ion.  In general , the maneuvers which most 
frequently produced differences in dr i  ver-vehicl e performance were 

t rans ient  maneuvers such as a lane change or avoidance maneuvers. 
When a loss of control (spin-out)  occurred on a low-friction 
surface,  i t  always occurred during the recovery phase of an 
avoidance or lane-change maneuver. As dr iver  response requirements 



increased in the t e s t s ,  performance a l so  increased u p  t o  a point 

and then f e l l  o f f .  This behavior suggests t ha t  drivers tend t o  

"give up" i f  the task becomes too d i f f i c u l t .  

Presently, there a re  a t  l e a s t  four programs underway which 

involve the development of simulators t o  fu r the r  study driver-  
vehicle handling performance [103-1061. Potent ia l ly ,  these e f fo r t s  

wil l  add fur ther  t o  an understanding of the ro le  of vehicle 

handling in accident causation. Nonetheless, a de f in i t ive  under- 

standing of the many factors  tha t  influence driver and vehicle 
interactions i s  s t i l l  many years d i s t an t .  

A . 4  The Vehicl e/Roadway Interface 

Interaction between the  vehicle and the roadway i s  through 

the forces generated a t  the t i re-road in terface .  These forces 
can be separated in to  three categories: 

a .  Frict ion Forces 
b .  Geometric Forces 

c .  Surface I r regular i ty  Forces 

The influence of each of these as a potential accident causal 

fac tor  i s  discussed in the following subsections. 

A.4.1 Frict ion Forces. The f r i c t i on  forces between the 

t i r e  and the road are  influenced by the t i r e ,  the road surface 

texture ,  and surface contaminants such as water, o i l ,  i c e ,  o r  
snow. 

The properties of the t i r e  which are  important include tread 

pat tern ,  tread wear, t i r e  construction, and rubber compound. Tread 
pattern has the  most influence when water i s  on the pavement 

surface. A pattern tha t  allows the surface water t o  be squeezed 
out t o  the sides of the t ire-road contact patch wi1,l provide the 
best wet surface t rac t ion [107]. On a dry surface,  however, tread 
pattern has much less  influence [108].  In f a c t ,  a bald t i r e  has 
s l i gh t l y  be t t e r  t r ac t ive  charac te r i s t i c s  on a dry surface than does 
a t i r e  with a grooved tread pattern.  



Tread wear i s  i m p o r t a n t  i n  wet  t r a c t i o n .  Severa l  s t u d i e s  

have shown t h a t  under wet  s u r f a c e  c o n d i t i o n s  t i r e  t r a c t i o n  

decreases w i t h  t r e a d  depth  [107, 109-1 131. Under d r y  pavement 

c o n d i t i o n s ,  however, c e r t a i n  k i n d s  o f  t r e a d  wear p a t t e r n s  such 

as severe shou lde r  wear have been shown t o  a c t u a l l y  i n c r e a s e  

maximum c o r n e r i n g  f o r c e  l e v e l s  [35] . 
Wi th  t h e  r e c e n t  advent  o f  t h e  wide use o f  r a d i a l  t i r e s ,  

t h e r e  has been much i n t e r e s t  i n  t h e  i n f l u e n c e s  o f  t i r e  c o n s t r u c -  

t i o n  on v e h i c l e  hand1 i n g  and t r a c t i o n .  Rad ia l  t i r e s ,  appear ing  

t o  be p a r t i a l l y  f l a t ,  g i v e  t h e  impress ion  o f  hav ing  l e s s  c o r n e r i n g  

f o r c e  c a p a b i l i t y .  No th ing  c o u l d  be f u r t h e r  f rom t h e  t r u t h ,  

however. The most o u t s t a n d i n g  advantage t h a t  r a d i a l - p l y  t i r e s  

have over  conven t iona l  b i a s - p l y  t i r e s  i s  a  r e l a t i v e l y  u n i f o r m  

and cons tan t  ground p ressu re  ove r  t h e  c o n t a c t  pa tch .  I n  c o n t r a s t ,  
. t h e  ground p ressu re  i n  t h e  c o n t a c t  p a t c h  f o r  a  b i a s - p l y  t i r e  

v a r i e s  g r e a t l y  f r o m  p o i n t  t o  p o i n t ,  as t r e a d  elements pass th rough  

t h e  c o n t a c t  pa tch  and undergo a  complex l o c a l i z e d  squ i rm ing  

mot ion .  The b e l t  i n  a  r a d i a l - p l y  t i r e  i s  s u f f i c i e n t l y  f l a t  and 

l a t e r a l l y  r i g i d  t o  g r e a t l y  reduce these mot ions  and d i s t o r t i o n s  , 
w i t h  a  r e s u l t i n g  m i n i m i z a t i o n  o f  s c u f f i n g  and wear. I n  c o r n e r i n g  

maneuvers, a  r a d i a l  t i r e  r e q u i r e s  a  s l  i,p ang le  o f  perhaps o n l y  2" 

t o  produce t h e  same s i d e  f o r c e  as an e q u i v a l e n t  b i a s - p l y  t i r e  w i t h  

a  3" s l i p  ang le .  

The r o l e  o f  t h e  r u b b e r  compound i n  p roduc ing  f r i c t i o n  f o r c e s  

i s  comp l i ca ted  and remains somewhat c o n t r o v e r s i a l .  Most agree 

t h a t  f r i c t i o n  between t h e  t i r e  and road  s u r f a c e  i s  made up o f  

adhesion and h y s t e r e s i s  components. Adhesion f r i c t i o n  a r i s e s  

f r o m  t h e  t i r e - r o a d  i n t e r f a c e  shear  s t r e s s  i n  t h e  t i r e  and i s  o f  

p r i m a r y  impor tance under d r y  s u r f a c e  cond i  ti ons [I 141. H y s t e r e s i s  

f r i c t i o n  i s  caused by damping losses  w i t h i n  t h e  r u b b e r  when t h e  

l a t t e r  i s  " f l o w i n g "  o v e r  and around t h e  road  s u r f a c e  a s p e r i t i e s .  

H y s t e r e s i s  f r i c t i o n  i s  o f  most impor tance under wet  s u r f a c e  

c o n d i t i o n s .  A good d i s c u s s i o n  o f  t h e  t i r e - r o a d  f r i c t i o n  mechanism 

can be found i n  References 108, 114, and 115. 



The influence of road surface properties on  tire-road 

tract ion can be i l lus t ra ted  by the surface classifcat ions pro- 

posed by All bert and Walker [ I  161 and then l a t e r  modified by 

Kumner [114]. As shown on Figure A.5, pavements can be c lass i f ied  

according t o  two di f ferent  asperi ty s i ze  scales which a f fec t  

f r i c t ion  and contact patch water expulsion properties: 

SURFACE TYPE 

@ SMOOTH mrnmmm 
@ FlNE TEXTURED,ROUNDED 

@ FlNE TEXTURED, GRITTY 

@ COARSE TEXTURED, ROUNDED 

@ COARSE TEXTURED, GRITTY 

SLIDING SPEED,V, mph 

Figure 4.5. Classification of Pavement Surfaces According t o  
Their Friction and Drainage Properties . 



1. Smooth surfaces (bleeding aspha l t ,  highly polished 

stone asphalt or  cement concrete surfaces) .  

2 .  Fine-textured, rounded surfaces (worn stone or 
s i l i c a  sand surfaces of f ine  gradation).  

3 .  Fine-textured, g r i t t y  surfaces (new s i l i c a  sand or 
metal carbide-epoxy surfaces) .  

4. Coarse- textured, rounded surfaces (pol ished slag or 
limestone surfaces of 1 arge gradation or uncrushed 
gravel surfaces) .  

5 .  Coarse-textured, g r i t t y  surfaces (new s lag pavements 
consisting of 1 arge par t ic les  , possessing 1 arge- and 
small -scale macroscopic roughness, or 1 imestone 
surfaces which contain more than 10 percent sand- 
sized s i l iccous  mater ia l ) .  

The g r i t t y  or harsh microtexture of a surface determines i t s  basic 
f r i c t i on  properties and hence i t s  low-speed skid number. The 
coarse or open macrotexture of a surface determines i t s  contact 
patch water expulsion charac te r i s t i c s .  Water expulsion charac- 
t e r i s t i c s ,  in turn ,  determine the variation in skid number with 
speed. 

A.4.2 Geometric Forces. The role of geometric forces i n  

the t i re-road in terface  i s  straightforward in some ways, b u t  

somewhat circumspect in others.  The geometric forces tha t  a r i s e  
from curvature, grade , and superelevati on are  we1 1 understood and 
need no fur ther  discussion here. There i s  a secondary role  t ha t  
roadway geornetrics influence, however, tha t  i s  not widely k n o w n .  

I t  has been shown [ I 1 7 1  t ha t  pavement width and cross-slope have 
an important bearing on the accumulated water depth on road sur-  
faces under rainy conditions. Further, i t  i s  well documented tha t  
surface water depth has a large influence on pavement skid 
resistance [107, 1091. Finally,  i t  has been demonstrated t ha t  



sections of road having moderate crosscslopes and wide widths of 

paving ( e . g . ,  a wide gradual curve of radius one mile with a paved, 

superelevated outside shoulder) can be very dangerous during wet 

weather [118]. While i t  can be demonstrated that  such curves 

can be easi ly negotiated under steady cornering conditions, a  

si tuation call  ing for an emergency handling maneuver can be 

disastrous. Thus, roadway geometrics contribute t o  a  reduction 

in avai lable skid resistance by causing increased water accumula- 

tions on the road surface and a lower margin of safety for  

emergency si tuations . 

A.4.3 Surface Irregulari ty Forces. Several researchers have 

attempted to  re la te  roadway roughness t o  various aspects of 

vehicle handling performance. ( I t  should be noted that  the purpose 

of almost a1 1 early studies of roadway roughness was t o  ensure 

vehicle ride comfort. In general, there i s  a  d i rect  tradeoff in 

vehicle suspension design with regard t o  providing r ide comfort 

versus roadholding ab i l i t y .  Only recently, i t  seems, has road- 

holding ab i l i ty  been of much concern t o  the U.S. automobile 

manufacturer. ) The earl i e s t  pub1 i  shed material on vehicle 

responses t o  road roughness i s  apparently that  of Quinn [119]. 

He modeled the vehicle suspension system in terms of a t ransfer  

function using techniques a1 ready we1 l  developed in the aeronautical 

f i e ld .  This work and  much of his subsequent work [120, 1211 was 

primarily r ide-related.  In f a c t ,  the emphasis on ride factors as 

influenced by road roughness has led the IS0 t o  develop a pro- 

posed standard for  generalized road inputs [122, 1231. 

Although many theoretical attempts have been made t o  
optimize vehicle suspension sys tems for  combined ride and road- 

holding properties, the earl i e s t  apparent experiment work ( i  .e .  , 
work available outside the automotive industry) on factors other 

t h a n  ride i s  t h a t  of Brickman, e t  a l .  [124]. Their concern was 

w i t h  the influence of road roughness on braking efficiency.  Although 
the work showed a def in i te  re1 a t i  onship between road roughness, 

surface f r i c t i on ,  and braking performance, the resul ts  are not 

eas i ly  extended to actual practice.  The work was carried out on 



a 1 aboratory t e s t  apparatus w i t h  the t e s t  t i  re  mounted on a 

r ig id  axle.  The random "roadway" was produced by an undulating 

r ig id  surface under the t i r e .  No suspension components were 

i  ncl uded. 

Quinn's most recent work has been concerned with the e f f ec t s  

of road roughness on vehicle steering [125]. I n  t h i s  work he 

investigated the i  nfl uence of road roughness on vehicle cornering 

maneuvers. He concl uded tha t  roughness a1 one could precipi ta te  

a spin-out in a passing maneuver i f  a  driver had to  react  quickly 

in returning t o  his  lane. The work i s  open t o  serious question,  

however, due t o  the many assumptions used in deriving the r e su l t s .  

For example, the vehicle was modeled as a s o r t  of bicycle without 

a ro l l  degree of freedom and without a suspension system. Further, 

the l a te ra l  t i r e  forces were assumed t o  build u p  instantaneously 

w i t h  s l i p  angle and were n o t  assumed t o  be influenced by t rans ient  

e f fec t s .  While the work i s  perhaps useful as a f i r s t  s t ep ,  i t  can 

by no means be considered def in i t ive .  

A more r e a l i s t i c  approach t o  investigating roadholding in 

the presence of surface undulations has been i n i t i a t ed  by 

Schaippati [I 261. While recognizing the complexities of the 

problem, he has begun a study which includes the driver response 

as we1 1 as t h a t  of the vehicle t o  road i r r egu l a r i t i e s .  The work 

i s  f a r  from complete, however. Preliminary studies have shown 

tha t  a r t i f i c i a l l y  constructed surfaces can be used t o  simulate 

actual bumpy surfaces and t h a t  the response of the vehicle/driver 

system i s  s imi lar  in b o t h  cases. 


