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1. INTRODUCTION 

Th i s  r e p o r t  p r e s e n t s  f i n d i n g s ,  c o n c l u s i o n s  and recommenda- 

t i o n s  d e r i v e d  by t h e  Highway S a f e t y  Research  I n s t i t u t e  (HSRI) 

i n  a  r e s e a r c h  s t u d y  f o r  t h e  N a t i o n a 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  (NHTSA) e n t i t l e d  "Veh ic l e  Handl ing  Performance"  

( V I P )  The o b j e c t i v e s  of  t h e  s t u d y  i n v o l v e d :  

1 )  rev iew and r e f i n e m e n t  of  t e s t  p r o c e d u r e s  d e r i v e d  

i n  a  p a r e n t  NHTSA-sponsored s t u d y ,  "Vehic le  Handl ing  

T e s t  P rocedu re s "  (VHTP), which was completed 

by HSRI i n  1970 ; 

2 )  a p p l i c a t i o n  o f  t h e s e  r e f i n e d  t e s t  p r o c e d u r e s  t o  

t h e  o b j e c t i v e  measurement o f  s a f e t y - r e l a t e d  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  of  a  r e p r e s e n t a t i v e  sample of  

v e h i c l e s  ; 

d e t e r m i n a t i o n  of  t h e  minimum p h y s i c a l  r e q u i r e m e n t s  

f o r  t h e  e x e c u t i o n  o f  t h e s e  t e s t  p r o c e d u r e s .  

T h i s  r e p o r t  p r e s e n t s  m a t e r i a l  which can  be  more f u l l y  

u n d e r s t o o d  i f  t h e  r e a d e r  i s  a c q u a i n t e d  w i t h  t h e  concep t s  and 

methods p u t  f o r t h  i n  t h e  above c i t e d  r e p o r t  on t h e  I'HTP 

s t u d y .  I n  t h a t  work ,  a  r a t i o n a l  p r a g m a t i c  v i ewpo in t  was 

d e v e l o p e d ,  from which a  r e l a t i o n s h i p  between highway s a f e t y  

and v e h i c l e  per formance  was h y p o t h e s i z e d .  

Based on t h e  h y p o t h e s i s  t h a t  such  a  r e l a t i o n s h i p  e x i s t s ,  

t h i s  s t u d y  r e f i n e s  and e x t e n d s  t h e  per formance  measurement 

methodology deve loped  e a r l i e r  and a p p l i e s  t h i s  e x p e r i m e n t a l  

method t o  t h e  c o n s t r u c t i o n  of  a  d a t a  l i b r a r y  document ing s i x  

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  i n  o b j e c t i v e  t e r m s .  The o b j e c t i v e  

measures  s e l e c t e d  e x p r e s s  v e h i c l e  per formance  p r o p e r t i e s  

i n  t h e  c o n t e x t  o f  t h e  h y p o t h e s i z e d  r e l a t i o n s h i p .  Whereas 

t h e  c u r r e n t  s t a t e  o f  highway s a f e t y  r e s e a r c h  does n o t  p r o v i d e  



scientific proof for the hypothesized performance/safety 

relationship, it is postulated that this study provides 

safety-related performance data of value to the highway safety 

community, and whose value can be enhanced by further research. 

The data library generated in this study contains measure- 

ments of vehicle handling performance exhibited at the limits 

of tire-road adhesion. It follows that these measures do not 

constitute an evaluation of the handling properties manifested 

in normal driving, but rather characterize the emergency 

maneuvering capability of the tire-vehicle system. Further, 

the tern "open-loop" is applied to these measures since 

the driver has been removed as an active element in the 

system. 

The report documents the further development of vehicle 

handling test procedures and the application of the developed 

methodology to a test sample. With regard to the presentation 

of test data, "summary" is the key word. Sixteen data plots 

are presented that serve as a condensation of over one quarter 

of a million time histories that were recorded during the 

test program. A complete tape file of these test data will 
be preserved for public use, a documentation step believed 

to constitute a significant fruit of this study. Conclusions 

and recommendations are expressed based upon vehicle-test 

data, tire-test data, overall test experience, and the authors' 

convictions relative to the directions that future research 

should take. 



2 .  VEHICLE HANDLING TEST PROCEDURES 
- FURTHER DEVELOPMENTS 

C o n s i d e r a b l e  advancements were  made w i t h i n  t h i s  program,  

i n  t h e  d e s i g n  of  c e r t a i n  t e s t  ha rdware  s p e c i f i c a l l y  f o r  t h e  

u s e  i n  open - loop  l i m i t  maneuver t e s t i n g .  No tab l e  among 

t h e s e  a p p a r a t u s  a r e  t h e  f o l l o w i n g :  

1 )  q u i c k  d e t a c h  o u t r i g g e r s  f o r  t h e  r e s t r a i n t  of  v e h i c l e  

r o l l o v e r  ( F i g .  1 )  ; 

2 )  a u t o m a t i c  l i f t  f i f t h  wheel assembly t o  p e r m i t  

r e p e a t e d  t e s t i n g  i n  t h e  p r o x i m i t y  o f  a  s p i n o u t  

l i m i t  c o n d i t i o n  ( F i g .  2 )  ; 

3) s t e e r i n g  l i m i t e r  assembly made i n t e g r a l  w i t h  a  

s t e e r i n g  wheel f o r  r a p i d  a p p l i c a t i o n  t o  any t e s t  

v e h i c l e ,  which p r o v i d e s  a  p r e c i s i o n ,  a d j u s t a b l e  

c o n s t r a i n t  t o  d r i v e r - a p p l i e d  s t e e r  i n p u t s  ( F i g .  3 ) .  

C e r t a i n  open - loop  maneuvers i n v o l v e  s u c h  complex i n p u t s  of  

s t e e r i n g  and b r a k i n g  t h a t  d r i v e r  c o n t r o l  i s  c o n s i d e r e d  im- 

p r a c t i c a l .  An a u t o m a t i c  v e h i c l e  c o n t r o l l e r  was b u i l t  f o r  

u s e  i n  t h i s  s t u d y  which i n c o r p o r a t e d  a  number o f  new f e a t u r e s ,  

expanding  upon t h e  o r i g i n a l  concep t  d e r i v e d  i n  t h e  V e h i c l e  

Handl ing  T e s t  P rocedu re s  c o n t r a c t  t o  p r o v i d e  a  t e s t  a p p a r a t u s  

whose per formance  c o u l d  be  r e l i e d  upon unde r  a  c o n t i n u o u s  

t e s t i n g  r o u t i n e .  With t h i s  s y s t e m ,  servomechanisms r e p l a c e  

t h e  d r i v e r  a t  t h e  s t e e r ,  b r a k e ,  and a c c e l e r a t o r  c o n t r o l s  

( F i g .  4 ) .  Th i s  sy s t em can  be  programmed such  t h a t  p r e c i s e  

t ime  h i s t o r i e s  of  c o n t r o l  i n p u t s  a r e  o b t a i n e d ,  a s  d e s i r e d ,  

even  under  t h e  most s e v e r e  o f  emergency c o n d i t i o n s .  

For t e s t  v e h i c l e s  w i t h  manual t r a n s m i s s i o n s ,  t h e  unmanned 

c o n t r o l l e r - e q u i p p e d  v e h i c l e  i s  pushed i n i t i a l l y  by a  "chase"  

v e h i c l e  ( F i g .  S ) ,  from which a  r a d i o  l i n k  o p e r a t o r  c o n t r o l s  

c l u t c h  a c t u a t i o n  a s  w e l l  a s  t h e  s t e e r  b r a k e  and a c c e l e r a t o r  



i n  a  drone  f a s h i o n .  

I n  a d d i t i o n ,  advancements were made i n  d a t a  a c q u i s i t i o n  

such  t h a t  a l l  c o n t r o l  i n p u t  and v e h i c l e  r e sponse  d a t a  c o u l d  

be g a t h e r e d  on magnet ic  t a p e ,  p e r m i t t i n g  a  computer ized  

p r o c e s s i n g  o f  a l l  t e s t  d a t a .  Th i s  e f f o r t  was unde r t aken  

n o t  on ly  i n  r e c o g n i t i o n  of  t h e  tremendous q u a n t i t y  of  d a t a  

t o  be g a t h e r e d  d u r i n g  t h e  f u l l - s c a l e  t e s t  program, b u t  a l s o  

t o  p e r m i t  t h e  g e n e r a t i o n  of  a  permanent t a p e  f i l e  of d a t a  

t o  be  made a v a i l a b l e  f o r  p u b l i c  u s e  a f t e r  t h e  c o n c l u s i o n  

o f  t h e  s t u d y .  

The t e s t  p rocedures  which were deve loped  d u r i n g  t h e  

VHTP s t u d y  were reviewed i n  t h i s  program and e x t e n s i v e l y  

r e f i n e d .  bluch of  t h e  r e f inemen t  d e r i v e d  from o b s e r v a t i o n s  

made d u r i n g  t h e  P i l o t  T e s t  Program, i n  which a  l a r g e  number 

of  a l t e r n a t i v e  p rocedures  were examined. I t  was de t e rmined  

t h a t  t h e  s i x  b a s i c  p rocedures  s h o u l d  be conducted  t o  t h e  

f o l l o w i n g  f o r m a t .  

1 )  S t r a i g h t  Line Braking  - t h e  e x e c u t i o n  of  s t r a i g h t  

l i n e :  c o n s t a n t - b r a k e - l e v e l  s t o p s  from an i n i t i a l  
4 0  mph, up t o  t h e  p o i n t  o t  lockup  a t  two f r o n t  

o r  r e a r  whee l s .  

2 )  Brak ing  I n  A Turn - t h e  e x e c u t i o n  of  c o n s t a n t - b r a k e -  

l e v e l  s t o p s  from a 40  n~ph ,  0 .3g  l a t e r a l  a c c e l e r a t i o n  

t u r n ,  up t o  t h e  p o i n t  o f  lockup  a t  two f r o n t  o r  two 

r e a r  whee l s .  

3) Roadholding I n  A Turn - t h e  examina t ion  o f  wheel 

hop r e sonance  th rough  t h e  e x e c u t i o n  of a  s t e a d y  

0 , 4 g  t u r n  a t  30 mph, a long  a  t r a j e c t o r y  which i n t e r -  

s e c t s  a g r i d  o f  r o a d  d i s t u r b a n c e  e l e m e n t s .  Three 

g r i d s  a r e  t r a v e r s e d ,  each  from t h e  same i n i t i a l  

t u r n ,  w i t h  t h e  d i s t u r b a n c e  e l emen t s  a r r a n g e d  t o  



impose 9 ,  11, and 1 4  H z  fundamenta l  f r e q u e n c y  

e x c i t a t i o n  t o  t h e  v e h i c l e  r u n n i n g  g e a r .  

4 )  T r a p e z o i d a l  S t e e r  - u s i n g  t h e  a u t o m a t i c  c o n t r o l l e r ,  

a  t r a p e z o i d a l  s t e e r i n g  wave shape  i s  a p p l i e d ,  from 

an i n i t i a l  s t r a i g h t  l i n e  c o u r s e  a t  40  mph. -4 wide 

r ange  o f  s t e e r  l e v e l s  i s  examined,  chosen  t o  b e  

i n c l u s i v e  o f  t h e  l i m i t  t u r n i n g  per fo rmance  of t h e  

v e h i c l e ,  

5 )  S i n u s o i d a l  S t e e r  - w i t h  t h e  c o n t r o l l e r ,  one c y c l e  

o f  a  s i n e  wave o f  s t e e r i n g  i s  a p p l i e d  from an 

i n i t i a l l y  s t r a i g h t  l i n e  c o u r s e  a t  4 5  mph and a t  

6 0  mph. Over a  r ange  of s t e e r  a m p l i t u d e s ,  t h e  

emergency l a n e  change per fo rmance  o f  t h e  v e h i c l e  

i s  a s s e s s e d .  

6 )  D r a s t i c  S t e e r  and Brake - one h a l f  c y c l e  o f  a  

s i n e  wave o f  s t e e r i n g ,  f o l l o w e d  by a  t imed  b r a k e  

a p p l i c a t i o n  a r e  i n p u t  from an i n i t i a l l y  s t r a i g h t  

p a t h  a t  5 0  and 6 0  mph. Over a  r ange  o f  s t e e r  

l e v e l  and b r a k e  i n p u t  t i m i n g s ,  t h e  v e h i c l e ' s  p r o -  

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

Upon r e v i e w i n g  c e r t a i n  d a t a  g e n e r a t e d  d u r i n g  t h e  p i l o t  

t e s t  p rogram,  l a r g e  u n e x p l a i n e d  v a r i a t i o n s  i n  peak l a t e r a l  

a c c e l e r a t i o n  r e s p o n s e  were o b s e r v e d .  Recogniz ing  t h a t  t h e  

c o n s i s t e n c y  of such  per fo rmance  p r o p e r t i e s  \$as c r u c i a l  t o  

t h e  v i a b i l i t y  of  l i m i t  maneuver measurement ,  a  s u b s t a n t i a l  

t i r e  and v e h i c l e  t e s t  e f f o r t  was u n d e r t a k e n  t o  d i a g n o s e  and 

c o r r e c t  t h i s  p rob lem.  The key f i n d i n g ,  whose d i s c o v e r y  l e d  

t o  a  s o l u t i o n  of t h e  p rob l em,  i s  r e p r e s e n t e d  by F i g u r e  6 ,  

showing a  d r a m a t i c  s e n s i t i v i t y  o f  peak s i d e  f o r c e  t o  t i r e  

s h o u l d e r  wear-the t y p e  o f  wear which a c c r u e s  d u r i n g  l i m i t  

t u r n i n g  t e s t s .  Thus ,  a  c l a s s i c  f a u l t  had been  i d e n t i f i e d ,  

b y  which t h e  t e s t  p r o c e s s  was a c t i n g  t o  t h e  a l t e r a t i o n  o f  



t h e  t e s t  c o n d i t i o n .  A p r a c t i c e  was deve loped  and employed 

t o  a c h i e v e  a  s t a b i l i z a t i o n  i n  s i d e  f o r c e  c a p a b i l i t y  of  each  

v e h i c l e ' s  t i r e s  p r i o r  t o  c o l l e c t i n g  t e s t  d a t a .  T h i s  f o r c e  

s t a b i l i z a t i o n  method i n v o l v e d  a  p r e l i m i n a r y  s e t  o f  l i m i t  

t u r n i n g  t e s t s  which were s e l e c t e d  t o  be  s u f f i c i e n t  f o r  a c c r u i n g  

s h o u l d e r  w e a r ,  a s  shown n e c e s s a r y  t h r o u g h  t e s t i n g  o f  e ach  

v e h i c l e ' s  t i r e s  on a mobi le  t i r e  t e s t  d e v i c e .  

I n  a d d i t i o n  t o  p r o c e d u r e  r e f i n e m e n t s ,  advances  were  

a l s o  made i n  t h e  c r u c i a l  a r e a  o f  d a t a  p r e s e n t a t i o n ,  w i t h  

p a r t i c u l a r  emphasis  p l a c e d  upon t h e  p r o v i s i o n  o f  measures  

which a r e  i n t e r p r e t a b l e  i n  a  s a f e t y  c o n t e x t .  The r a t i o n a l e  

b e h i n d  each  maneuver and t h e  i n t e r p r e t a t i o n  o f  t h e  r e s u l t i n g  

r e s p o n s e  was e x t e n d e d  and r e f i n e d ,  w i t h  p a r t i c u l a r  advances  

d e r i v i n g  from t h e  a v a i l a b i l i t y  of  new computed r e s p o n s e  

v a r i a b l e s ,  s i d e s l i p  a n g l e ,  and p a t h  c u r v a t u r e .  

The s i d e s l i p  r e s p o n s e ,  P ,  i s  f e l t  t o  b e  of  ma jo r  s a f e t y  

s i g n i f i c a n c e .  I t  i s  a rgued  t h a t  e x c e s s i v e  s i d e s l i p  r e s p o n s e s ,  

a s  o c c u r  unde r  l i m i t  maneuver ing c o n d i t i o n s  d i s o r i e n t  t h e  

d r i v e r  w i t h  r e s p e c t  t o  t h e  normal  view o f  h i s  v e h i c l e ' s  

p a t h ,  and c a u s e  t h e  v e h i c l e  t o  p r o j e c t  a  l a r g e r  t a r g e t  f o r  

c o l l i s i o n  i n  t h e  roadway. (See F i g u r e  7 . )  

The p a t h  c u r v a t u r e  r e s p o n s e ,  1 / R ,  p e r m i t s  t h e  e v a l u a t i o n  

o f  t u r n i n g  r e s p o n s e ,  w i t h o u t  i n t r o d u c i n g  any a m b i g u i t i e s  i n  

t h e  measure due t o  a  s i m u l t a n e o u s  s i d e s l i p  response-as was 

t h e  c a s e  i n  t h e  o r i g i n a l  VHTP p r e s e n t a t i o n s .  



3.  FULL-SCALE TEST PROGRAM 

A sample  of  v e h i c l e s  was s e l e c t e d  e a r l y  i n  t h i s  s t u d y ,  

t o  be  r e p r e s e n t a t i v e  o f  con temporary  p a s s e n g e r  v e h i c l e s  i n  

t e rms  of  t h e i r  h a n d l i n g  p r o p e r t i e s ,  t h e  marke t  r e p r e s e n t a t i o n  

of  f o r e i g n  and domes t i c  m a n u f a c t u r e r s ,  a n d ,  t o  a  l i m i t e d  

e x t e n t ,  i n  t e rms  of c e r t a i n  p e r c e i v e d  ove r invo lvemen t  i n  

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

v e h i c l e s ,  twe lve  were s e l e c t e d  f o r  f u l l - s c a l e  t e s t i n g .  

A d d i t i o n a l l y ,  a  1 3 t h  v e h i c l e  was t e s t e d  a s  a  j o i n t  a c t i v i t y  

w i t h  a  companion DOT c o n t r a c t .  The t e s t  v e h i c l e s  a r e  shown 

i n  F i g u r e  8 .  Of t h i s  g r o u p ,  t h e  Toyota  C o r o l l a  was n o t  

s u b j e c t e d  t o  t h e  f u l l  b a t t e r y  of t e s t s ,  f o l l o w i n g  damages 

i n c u r r e d  d u r i n g  t h e  r o l l o v e r  r e s p o n s e  shown i n  F i g u r e  9 .  Th i s  

r e s p o n s e  o c c u r r e d  d u r i n g  a  t r a p e z o i d a l  s t e e r  maneuver b e i n g  

conduc ted  f o r  pu rposes  o f  w e a r i n g - i n  t h e  t i r e  s h o u l d e r s .  

3 . 1  VHP FINDINGS 

The VHP r e s p o n s e  d a t a  g a t h e r e d  d u r i n g  t h e  f u l l - s c a l e  

t e s t  program a r e  p r e s e n t e d  below i n  summary form. Condensed 

d a t a  p l o t s  a r e  p r e s e n t e d  a s  a  c o n s o l i d a t i o n  of  t h e  d a t a  

from t h e  e n t i r e  s amp le ,  i n d i c a t i n g ,  a l s o ,  t h e  r ange  and t h e  

d i s t r i b u t i o n  of  pe r fo rmance .  These c o n s o l i d a t e d  p l o t s  were 

o b t a i n e d  by g r a p h i c a l  o v e r l a y  methods.  

3 . 1 . 1  STRAIGHT-LIYE BRAKING.  Three  c a t e g o r i e s  o f  l i m i t  

r e s p o n s e  can be d e f i n e d  among t h e  d a t a  c o l l e c t e d :  

a )  f r o n t  whee ls  l o c k  up f i r s t  / a s  t y p i f i e d  by t h e  

Lotus  Europa)  

b )  r e a r  whee ls  l o c k  up f i r s t  ( a s  t y p i f i e d  by t h e  

MIC -4mb a s  s  ado r )  

c )  4-wheel  a n t i l o c k  per formance  a s  r e p r e s e n t e d  i n  t h e  

sample b y  t h e  C h r y s l e r  I m p e r i a l .  



T y p i c a l  raw d a t a  t ime  h i s t o r i e s  a r e  shown i n  F i g u r e  10 .  

Except  f o r  t h e  c a s e  of  r e a r - w h e e l  l o c k u p ,  i n  which a  yaw 

d ive rgency  may r e s u l t ,  a l l  raw d a t a  from s t r a i g h t - l i n e  b r a k i n g  

r e sembles  t h e  example i n  F i g u r e  1 0 .  F igu re  11 p r e s e n t s  t h e  

d i s t r i b u t i o n  o f  performance f o r  t h e  t e s t  v e h i c l e  s ample ,  i n c l u d i n g  

an o v e r l a y  of  t h e  t h r e e  r e sponse  c a t e g o r i e s  t y p i f i e d  by t h e  

L o t u s ,  Ambassador, and I m p e r i a l .  Th i s  p l o t  d e f i n e s  t h e  range  

of  l o n g i t u d i n a l  a c c e l e r a t i o n ,  A x ,  v s .  b r a k e  p r e s s u r e ,  PB, 

r e p r e s e n t e d  by t h e  i n d i v i d u a l  p l o t s  from each v e h i c l e .  

C l e a r l y ,  t h e  r ange  of  v e h i c l e  performance on t h i s  p l o t  

i s  de t e rmined  b o t h  by d i f f e r e n c e s  i n  g a i n  (Ay/PB) and by 

d i f f e r e n c e s  i n  t h e  peak l o n g i t u d i n a l  a c c e l e r a t i o n  ach ieved  

w i t h o u t  l o c k i n g  2 wheels  on t h e  same a x l e .  The s p r e a d  of peak 

a c c e l e r a t i o n  performance i s  i n d i c a t e d  i n  t h e  f i g u r e  t o  be 

0 .22g .  

3 . 1 . 2  BRAKING-IN-A-TURN. As w i t h  s t r a i g h t - l i n e  b r a k i n g ,  

t h e  s i g n i f i c a n t  l i m i t  r e sponse  c a t e g o r i e s  a r e :  

a )  f r o n t - w h e e l  l ockup ,  a s  w i t h  t h e  Mercedes 

b )  r e a r - w h e e l  l o c k u p ,  a s  w i t h  t h e  MIC Gremlin 

c )  4-wheel a n t i l o c k  per formance ,  I m p e r i a l .  

F igu re  1 2  p r e s e n t s  raw d a t a  d e r i v i n g  from a  t y p i c a l  s u b -  

l i m i t  c o n d i t i o n ,  w i t h  no wheels  l o c k i n g .  The l o n g i t u d i n a l  

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

i n i t i a l l y  s t e a d y  t u r n ;  f o l l o w i n g  which ,  p a t h  c u r v a t u r e  

i n c r e a s e s .  

F igu re  1 3  p r e s e n t s  a  raw d a t a  sample of  t h e  l i m i t  

r e s p o n s e  t o  b r a k i n g - i n - a - t u r n  c h a r a c t e r i z e d  by lockup o f  t h e  

f r o n t  whee l s .  C h a r a c t e r i s t i c a l l y ,  t h i s  l i m i t  i s  i n d i c a t e d  

by an immediate drop i n  t h e  A and r t ime h i s t o r i e s ,  w i t h  
Y 

n e g l i g i b l e  s i d e s l i p  ( t a n @ )  and a  d e c r e a s e  i n  p a t h  c u r v a t u r e  



t o  z e r o .  The d i v e r g e n t  end c o n d i t i o n  of t h e  P and 1 / R  t ime  

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

when t h e  fo rwa rd  v e l o c i t y  a p p e a r i n g  i n  t h e  denomina tor  of  

b o t h  v a r i a b l e s  goes  t o  z e r o .  T h i s  nomina l  r e s p o n s e  a l s o  

t y p i f i e s  t h e  pe r fo rmance  e x h i b i t e d  by v e h i c l e s  w i t h  4-wheel  

a n t i l o c k  s y s t e m s .  

I n  F i g u r e  1 4 ,  raw d a t a  a r e  p r e s e n t e d  f o r  t h e  r e a r - w h e e l  

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

r e s p o n s e  t h a t  t y p i f i e s  t h i s  l i m i t  c a t e g o r y .  

s i d e s l i p - r a t e  and p a t h - c u r v a t u r e  r e s p o n s e s  a r e  p r e s e n t e d  

i n  F i g u r e s  15  and 1 6 ,  summariz ing t h e  per fo rmances  e x h i b i t e d  

a c r o s s  t h e  v e h i c l e  sample .  These  p l o t s  i n d i c a t e  t h e  r ange  

and d i s t r i b u t i o n  o f  b r a k i n g -  i n -  a -  t u r n  pe r fo rmance ,  t o g e t h e r  

~ c i t h  l i n e s  r e p r e s e n t i n g  t h e  approx imate  mean per fo rmance  

o f  t h e  v e h i c l e s  t y p i f i e d  by f r o n t - w h e e l  l o c k ,  r e a r - w h e e l  l o c k ,  

and no wheel  l o c k i n g  l i n i t  pe r fo rmance .  I t  i s  c l e a r  t h a t  

t h e  o n l y  v e h i c l e s  e x h i b i t i n g  s u b s t a n t i a l  s i d e s l i p  a r e  t h o s e  

which e x h i b i t  r e a r - w h e e l  l o c k u p ,  w h i l e  e i t h e r  f r o n t -  o r  r e a r -  

wheel  lockup  can  cause  a  d r a m a t i c  l o s s  i n  p a t h - c u r v a t u r e  

r e s p o n s e  a t  t h e  l i n i t .  

I n t e r e s t i n g  f e a t u r e s  of  t h e  p a t h  c u r v a t u r e  p r e s e n t e d  

i n  F i g u r e  16 i n c l u d e  t h e  g e n e r a l l y  i n c r e a s i n g  t r e n d  i n  

no rma l i zed  l / R  w i t h  i n c r e a s e d  b r a k i n g ,  a s  w e l l  a s  t h e  p r e -  

dominance o f  s u b l i m i t  p o i n t s  showing v a l u e s  g r e a t e r  t h a n  

1 . 0 .  An e x p l a n a t i o n  o f  t h e s e  c h a r a c t e r i s t i c s  i s  p r o v i d e d  

by r e f l e c t i o n  upon t h e  u n d e r s t e e r  c o n t r i b u t i o n  t o  p a t h  

c u r v a t u r e  t h a t  a c c o m ~ a n i e s  a  d e c r e a s i n g  v e l o c i t y  w i t h  c o n s t a n t  

s t e e r  a n g l e .  As t h e  u n d e r s t e e r  v e h i c l e  s lows  down, even  i n  

t h e  absence  o f  b r a k i n g ,  p a t h  c u r v a t u r e  g a i n  i n c r e a s e s .  Thus ,  

t h e  r e s u l t s  p l o t t e d  i n  F i g u r e  16 i n d i c a t e  t h e  summation 

o f  two p a t h - c u r v a t u r e  r e s p o n s e s ;  one d e r i v i n g  s imp ly  from 



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

t o  t h e  b r a k i n g  p r o c e s s .  

3 . 1 . 3  ROADHOLDING IN A T U R N .  Two c a t e g o r i e s  o f  l i m i t  

r e s p o n s e  a r e  o b s e r v e d  i n  t h e  r o a d h o l d i n g  i n  a  t u r n  d a t a :  

1 )  p redominant  whee l -hop  r e s o n a n c e  o f  f r o n t  s u s p e n s i o n  

i s  e x h i b i t e d ,  r e s u l t i n g  i n  s i g n i f i c a n t  l o s s  i n  

p a t h  c u r v a t u r e  w i t h o u t  l a r g e  s i d e s l i p ;  

2 )  r e a r  whee l -hop  r e s o n a n c e  d o m i n a t e s ,  c a u s i n g  a  

d e s t a b i l i z i n g  yaw moment and a  r e s u l t i n g  s i d e s l i p  

e x c u r s i o n .  

Example t ime  h i s t o r i e s  c h a r a c t e r i s t i c  o f  t h e  r e s p o n s e  caused  

by  dominant whee l -hop  r e s o n a n c e  o f  t h e  f r o n t  whee ls  a r e  g i v e n  

i n  F i g u r e  1 7 .  Note t h a t  t h e  y a w - r a t e  r e s p o n s e  d e c r e a s e s  q u i c k l y ,  

when t h e  v e h i c l e  c o n t a c t s  t h e  d i s t u r b a n c e  g r i d ,  c a u s i n g  t h e  

computed p a t h - c u r v a t u r e  r e s p o n s e ,  1 / R ,  t o  d rop  l i k e w i s e .  

Dominant r e sonance  a t  t h e  r e a r  whee ls  y i e l d s  t h e  t ime  

h i s t o r i e s  shown i n  F i g u r e  1 8 .  With a  s u b s t a n t i a l  l o s s  i n  

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

p a t h  c u r v a t u r e  d rops  toward z e r o .  

The r e s p o n s e s  among t h e  sample  a r e  summarized i n  F i g u r e s  

19 and 2 0 ,  i l l u s t r a t i n g  t h e  r ange  and d i s t r i b u t i o n  o f  t h e  

d a t a  f rom t h e  1 2 - v e h i c l e  s amp le .  As i n d i c a t e d  i n  F i g u r e  1 9 ,  

t h e  range  o f  n o r m a l i z e d  p a t h  c u r v a t u r e  d a t a  e s s e n t i a l l y  

c o v e r s  t h e  r a n g e  of  c o n c e p t u a l  p o s s i b i l i t i e s .  While c e r t a i n  

v e h i c l e s  showed r a t h e r  s l i g h t  l o s s  i n  p a t h  c u r v a t u r e ,  upon 

e n c o u n t e r i n g  t h e  r o a d  roughness  g r i d ,  o t h e r s  e x h i b i t e d  an 

e s s e n t i a l l y  t a n g e n t i a l ,  z e r o  c u r v a t u r e ,  r e s p o n s e .  Dominant 

f r o n t  wheel  r e s o n a n c e  i s  o v e r l a i d  on F igures  19 and 2 0  a s  

e x h i b i t e d  by  t h e  F i r e b i r d .  Dominant r e a r  wheel  r e s o n a n c e  

i s  o v e r l a i d  on b o t h  f i g u r e s  a s  i n d i c a t e d  by  t h e  Volkswagen. 

I t  s h o u l d  b e  n o t e d  t h a t  t h e  F i g u r e  19 p l o t  was c o n s t r u c t e d  



w i t h o u t  t h e  c o n t r i b u t i o n  o f  d a t a  f rom e i t h e r  t h e  Mercedes 

o r  Lotus  t e s t  v e h i c l e s .  The o m i s s i o n  o f  t h e s e  v e h i c l e s  from 

t h e  summary p l o t  i s  b a s e d  upon t h e  o b s e r v a t i o n  o f  r e s p o n s e  

d a t a  anoma l i e s  which a r e  n o t  e x p l a i n a b l e  t h rough  b a s i c  k i n e m a t i c  

p r i n c i p l e s .  I n  F i g u r e  2 1 ,  an  example o f  raw d a t a  t a k e n  

w i t h  t h e  biercedes t e s t  v e h i c l e s  shows l a t e r a l  a c c e l e r a t i o n  

n o t  o n l y  d e c r e a s i n g  d u r i n g  t h e  t r a v e r s a l  of  t h e  d i s t u r b a n c e  

g r i d ,  b u t  a l s o  making a  l a r g e  e x c u r s i o n  of  p o l a r i t y  o p p o s i t e  

t o  t h a t  o f  t h e  i n i t i a l  t u r n .  As a  r e s u l t ,  t h e  p a t h  c u r v a t u r e  

r e s p o n s e  i n d i c a t e s  a  change i n  p o l a r i t y ,  s u g g e s t i n g  a  t r a j e c t o r y  

which i s  f u r t h e r  o u t  o f  t h e  i n i t i a l  p a t h  t h a n  would be  a  

nominal  t a n g e n t i a l  t r a j e c t o r y .  No mechanism h a s  been  d e f i n e d  

by which t h i s  r e s p o n s e  c o u l d  be  u n d e r s t o o d .  

3 . 1 . 4  SUMJIARY O F  RESULTS IN TRAPEZOIDAL STEER TEST. 

I n  t h e  e x e c u t i o n  of  t h e  t r a p e z o i d a l  s t e e r  t e s t  p r o c e d u r e ,  a 

sequence  of  s t e e r  l e v e l s  i n  c o n d u c t e d ,  by which i n c r e a s i n g  

l e v e l s  of  l a t e r a l  a c c e l e r a t i o n  r e s u l t ,  e v e n t u a l l y  s a t u r a t i n g  

t h e  l a t e r a l  f o r c e  o u t p u t  a t  c e r t a i n  t i r e s .  The sample was 

found t o  be  grouped i n t o  t h r e e  c a t e g o r i e s ,  d i s t i n g u i s h e d  

by t h e  manner i n  which t i r e  s i d e  f o r c e  s a t u r a t i o n  i s  a c h i e v e d .  

1 )  *A " s p i n o u t "  l i m i t  r e s p o n s e  i s  a c h i e v e d ,  by which 

a  d r a m a t i c  yaw d i v e r g e n c e  i s  e x p e r i e n c e d  a s  a  r e s u l t  

o f  r e a r  t i r e  s i d e  f o r c e  s a t u r a t i o n  b e i n g  i n c u r r e d  

a t  an i n p u t  l e v e l  which s t i l l  l e a v e s  c o n s i d e r a b l e  

s i d e  f o r c e  c a p a b i l i t y  on t h e  f r o n t  t i r e s .  

2 )  A d r i f t o u t  l i m i t  i s  a c h i e v e d  i n  which t h e  f r o n t  

t i r e s  s a t u r a t e  i n  s i d e  f o r c e  p r i o r  t o  r e a r  t i r e s ,  

r e s u l t i n g  i n  r e s i d u a l  u n r e a l i z e d  s i d e  f o r c e  c a p a -  

b i l i t y  on t h e  r e a r ,  which p r o v i d e s  f o r  a  s t a b l e  

yaw c o n d i t i o n .  

3) A r o l l o v e r  r e s p o n s e  can  be  e x h i b i t e d  due t o  t h e  l a r g e  

moment a r i s i n g  d u r i n g  t h e  h i g h  l a t e r a l  a c c e l e r a t i o n  



t u r n ,  a s  a g g r a v a t e d  by dynamic f a c t o r s  i n  t h e  

t r a n s i e n t  p o r t i o n  o f  t h e  t e s t .  The c o n t a c t  o f  

t h e  whee l  rim w i t h  t h e  t e s t  s u r f a c e  f u r t h e r  con-  

t r i b u t e s  t o  t h e  r o l l o v e r  r e s p o n s e .  

The two d i r e c t i o n a l  r e s p o n s e  l i m i t s ,  c a t e g o r i e s  1 and 2 

above ,  i n d i c a t e  raw d a t a  t i m e  h i s t o r i e s  t y p i f i e d  by t h e  d a t a  

shown i n  F i g u r e s  2 2  and 23 ,  r e s p e c t i v e l y .  I n  F i g u r e  2 2 ,  

t h e  s p i n o u t  l i m i t  i s  d e p i c t e d  by d i v e r g e n c y  i n  s i d e s l i p  r e s p o n s e .  

I n  F i g u r e  2 3 ,  t h e  d r i f t o u t  l i m i t  i s  r e p r e s e n t e d  by a  

s t a b l e  d i r e c t i o n a l  r e s p o n s e .  Th i s  d r i f t o u t  l i m i t  d e f i n e s  

a  boundary  i n  t u r n i n g  per formance  which t h e  v e h i c l e  i s  i n c a p a b l e  

o f  e x c e e d i n g ,  b u t  which g e n e r a l l y  i s  accompanied by a  s m a l l  

s i d e s l i p  r e s p o n s e .  The d r i f t o u t  c o n d i t i o n  i s  t h u s  r e p r e s e n t a t i v e  

of  a  c e r t a i n  i n e f f i c i e n c y  i n  a  v e h i c l e ' s  pe r formance  b u t  does  

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

l i m i t .  

The t r a p e z o i d a l  s t e e r  per formance  e x h i b i t e d  a c r o s s  t h e  

sample  i s  n o t  r educed  i n t o  s p i n o u t  and d r i f t o u t  c a t e g o r i e s ,  

however ,  b u t  r a t h e r  i s  summarized i n  a  g e n e r a l  fo rm,  a s  shown 

i n  F i g u r e  24. I n  t h i s  p r e s e n t a t i o n ,  an  improved pe r fo rmance  

i s  h y p o t h e s i z e d  t o  be t h e  maximum p a t h  c u r v a t u r e  a t t a i n a b l e  

w i t h  minimum s i d e s l i p .  Th i s  f i g u r e  r e p r e s e n t s  a  c r o s s - p l o t  

of t h e  s i d e s l i p  r a t e  and p a t h  c u r v a t u r e  d a t a  shown i n  F i g u r e s  

2 5  and 26. Example d a t a  from a s p i n o u t - l i m i t e d  v e h i c l e  (WV) 

and an a p p a r e n t l y  d r i f t o u t - l i m i t e d  v e h i c l e  (Toronado) a r e  

p r e s e n t e d  a s  o v e r l a y s  on each  o f  t h e s e  p l o t s .  Whereas 

F i g u r e  24 i s  u s e f u l  f o r  c a t e g o r i z i n g  o v e r a l l  l i m i t  p e r fo rmance  

i n  t e rms  o f  p a t h  c u r v a t u r e  w i t h o u t  e x c e s s i v e  s i d e s l i p ,  t h e  

d a t a  i n  F i g u r e s  25 and 26 p r o v i d e  a  c l e a r  v iew o f  t h e  manner 

i n  which t u r n i n g  p r o p e r t i e s  change a s  s t e e r  l e v e l  i s  i n c r e a s e d .  

I t  would seem r e a s o n a b l e  t o  e x p e c t  t h a t  t h e s e  t r a n s i t i o n s  

a r e  a l s o  r e l e v a n t  a s  d e t e r m i n a n t s  of  v e h i c l e  c o n t r o l l a b i l i t y .  



The d a t a  i n  F i g u r e  2 7  r e p r e s e n t s  t h e  r ange  and d i s t r i b u t i o n  

o f  peak l a t e r a l  a c c e l e r a t i o n s  e x h i b i t e d  d u r i n g  t h e  t i r e  

s h o u l d e r  b r e a k - i n  e x p e r i m e n t s .  C l e a r l y ,  a  s i g n i f i c a n t  s e n s i -  

t i v i t y  t o  s h o u l d e r  wear i s  t h e  r u l e .  F u r t h e r ,  i t  can  b e  s a i d  

t h a t  contemporary v e h i c l e s  e x h i b i t  a  l a r g e  r ange  i n  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 i e s  i n  b o t h  t h e i r  unworn and t h e i r  

t i r e  s i d e - f o r c e - s t a b i l i z e d  c o n d i t i o n s .  

R o l l o v e r  r e s p o n s e s  were obse rved  w i t h  t h e  Volkswagen and 

Alercedes t e s t  v e h i c l e s  i n  r e s p o n s e  t o  t r a p e z o i d a l  s t e e r  i n p u t .  

The Volkswagen,  which was t h e  f i r s t  v e h i c l e  t o  be t e s t e d  

i n  t h e  a u t o m a t i c  s e r i e s ,  was r o l l e d  comple t e ly  ove r  on to  i t s  

r o o f  ( F i g .  2 8 ) .  Th i s  r e sponse  made i t  c l e a r  t h a t  t h e  u s e  

of  o u t r i g g e r s  was n e c e s s a r y  f o r  t h i s  maneuver.  

S u b s t a n t i a l l y  more damage was i n c u r r e d  on t h e  Nercedes  

300 SEL, when i t  e x h i b i t e d  a  r o l l o v e r  r e s p o n s e  of such  s e v e r i t y  

t h a t  a  comple te  t r a n s f e r  o f  v e h i c l e  we igh t  t o  t h e  o u t r i g g e r  

was s e e n  t o  o c c u r ,  w i t h  a l l  f o u r  whee ls  o f f  t h e  pavement.  

The e n s u i n g  o s c i l l a t i o n ,  i n  which t h e  v e h i c l e  mounted t h e  

o u t r i g g e r  and f e l l  t h r e e  t i m e s ,  caused  major  s u s p e n s i o n  

f a i l u r e s .  The r e p a i r  of t h e s e  e x t e n s i v e  f a i l u r e s ,  such  

t h a t  t e s t i n g  c o u l d  resume,  i n d i c a t e d  t h a t ,  i n  c e r t a i n  c a s e s ,  

l e s s  damage might  b e  i n c u r r e d  by p e r m i t t i n g  comple te  r o l l o v e r  

r a t h e r  t h a n  r e s t r a i n i n g  i t .  

3 . 1 . 5  SUMMARY OF SINUSOIDAL STEER TEST RESULTS. I n  t h i s  

maneuver,  v e h i c l e s  can e x h i b i t  a  wide r ange  o f  r e s p o n s e s  

which a r e  p a t e n t l y  u n l i k e  a  l a n e  change.  Most commonly, 

i n c r e a s i n g  s t e e r  amp l i t ude  s imp ly  r e s u l t s  i n  l a t e r a l  d i s p l a c e -  

ments which a r e  i n  e x c e s s  of t h e  nominal  d imens ions  o f  t h e  

roadway. Thus,  w i t h  r e g a r d  t o  l a t e r a l  d i s p l a c e m e n t  r e s p o n s e ,  

t h e  concep t  of  a  d e f i n e a b l e  l i m i t  would n o t  seem t o  a p p l y .  

C e r t a i n  v e h i c l e s  i n  t h e  s amp le ,  however ,  i n d i c a t e d  a  remarkab le  

p r o p e n s i t y  f o r  n e a r - p e r f e c t  l a n e  change t r a j e c t o r i e s  o v e r  t h e  



e n t i r e  r a n g e  o f  s t e e r i n g  a m p l i t u d e s .  Thus ,  a  l a t e r a l  d i s p l a c e -  

ment " s a t u r a t i o n "  o r  l i m i t  was e x h i b i t e d ,  b u t  t h e  mechanisms 

by which c e r t a i n  v e h i c l e s  a c h i e v e d  t h i s  l i m i t  i n v o l v e  v e r y  

complex m o t i o n s ,  f o r  which no g e n e r a l i z e d  u n d e r s t a n d i n g  h a s  

been  deve loped .  

Two c a t e g o r i e s  o f  yaw r e s p o n s e  l i m i t  have been  i d e n t i f i e d ,  

however ,  which can  be c h a r a c t e r i z e d  a s  asymmetr ies  of  d i r e c t i o n a l  

g a i n  i n  r e s p o n s e  t o  t h e  l e a d i n g  and t r a i l i n g  h a l f - w a v e s  o f  

t h e  s i n u s o i d a l  s t e e r  i n p u t .  These  l i m i t  r e s p o n s e s  have  been  

grouped i n t o  " u n d e r c o r r e c t i v e "  and " o v e r c o r r e c t i v e "  yawing 

mot ions  i n  which t h e  2nd h a l f  o f  t h e  s i n e  wave i s  viewed 

a s  t h e  c o r r e c t i v e  o r  r e c o v e r y  s t a g e ,  d u r i n g  which t h e  d r i v e r  

i s  a t t e m p t i n g  t o  r e e s t a b l i s h  h i s  i n i t i a l  h e a d i n g .  

I n  t h e  u n d e r c o r r e c t i v e  r e s p o n s e ,  t h e  v e h i c l e  accumula t e s  

a  l a r g e  s i d e s l i p  a n g l e  e a r l y  i n  t h e  maneuver ,  such  t h a t  t h e  

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

X raw d a t a  sample  t y p i c a l  o f  t h i s  c o n d i t i o n  i s  shown i n  F i g u r e  2 9 .  

The o v e r c o r r e c t i v e  r e s p o n s e ,  a s  t y p i f i e d  by t h e  raw d a t a  

of  F i g u r e  30 ,  r e s u l t s  i n  a  t e r m i n a l  h e a d i n g  which i s  d i r e c t e d  

back toward t h e  o r i g i n a l  l a n e  from which t h e  maneuver began- 

t h e  r e c o v e r y  h a l f  of  t h e  s t e e r i n g  i n p u t  b e i n g  more e f f e c t i v e  

t h a n  t h e  i n i t i a l  i n p u t .  The p h y s i c a l  mechanism u n d e r l y i n g  

t h i s  phenomenon remains  t o  b e  i d e n t i f i e d .  

S i x  summary p l o t s  a r e  p r e s e n t e d  i n  F i g u r e s  31 t h rough  

36 ,  i n d i c a t i n g  t h e  r ange  and d i s t r i b u t i o n s  o f :  

1 )  s i d e s l i p  r e sponse  peak v s .  s t e e r  l e v e l  ( F i g u r e s  31 

and 32 [ c o v e r i n g  t h e  45 mph and 60 mph c o n d i t i o n s ] ) ;  

2) l a n e  change d e v i a t i o n ,  A ,  v s .  s t e e r  l e v e l  ( F i g u r e s  

33 and 34 [45 mph and 6 0  rnph]), where A e x p r e s s e s  

an ave rage  l a t e r a l  d e v i a t i o n  from a  " t a r g e t  l a n e , "  

1 2  f e e t  o v e r  f rom t h e  i n i t i a l  p a t h ;  



3) s i d e s l i p  r e s p o n s e  v s .  l a n e  change d e v i a t i o n  ( F i g u r e s  

35 and 36 [ 4 5  mph and 60 mph]) . 
I n  F i g u r e s  31 and 32 t h e  peak s i d e s l i p  a n g l e  i s  s e e n  t o  

e x h i b i t  a  monoton ic  upward t r e n d  f o r  a l l  v e h i c l e s ,  and c l e a r l y  

i n d i c a t e s  a  na r row pe r fo rmance  r ange  f o r  t h e  s amp le .  

F i g u r e s  33 and 34 c l e a r l y  i l l u s t r a t e  t h a t  c e r t a i n  

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

change t r a j e c t o r y  o v e r  a  wide band of  s t e e r  i n p u t s ,  w h i l e  

o t h e r s  e x h i b i t  l a t e r a l  d i s p l a c e m e n t s  o f  s u b s t a n t i a l l y  l a r g e r  

d imens ion .  

The b a s i c  t r e n d  f o r  a l l  v e h i c l e s  i l l u s t r a t e s  a  minimum 

v a l u e  o f  A a t  some v a l u e  o f  s t e e r  l e v e l ,  o ,  between 4 and 1 0 .  

Below t h a t  v a l u e  of o ,  t h e  s t e e r i n g  a m p l i t u d e  was n o t  s u f f i -  

c i e n t l y  l a r g e  t o  r e s u l t  i n  a  l a t e r a l  d i s p l a c e m e n t  n e a r  1 2  f e e t ,  

(when a = o ,  t h e  v a l u e  o f  A must be  1 2 ,  b e c a u s e  t h e  v e h i c l e  will 

run  a  s t r a i g h t  c o u r s e ,  a lways  1 2  f e e t  away f rom t h e  a d j a c e n t  

l a n e ) .  I t  was o b s e r v e d  t h a t  t h e  v e h i c l e s  which e x h i b i t  t h e  

l a r g e s t  v a l u e s  of  h a t  h i g h e r  s t e e r  l e v e l s  a l s o  m a n i f e s t  

t h e  u n d e r c o r r e c t i v e  yaw r e s p o n s e .  

F i g u r e s  35 and 36 summarize t h e  h / B  r e s p o n s e s  f o r  t h e  

s amp le .  Whereas c e r t a i n  v e h i c l e s  c l u s t e r  t h e i r  r e s p o n s e s  

n e a r  t h e  o r i g i n ,  which i s  c o n s i d e r e d  d e s i r a b l e ,  o t h e r s  

a p p e a r  t o  d e f i n e  t h e  r a n g e  o f  b o t h  t h e  A and 3 v a r i a b l e s .  

3 . 1 . 6  SUI\DNRY OF DRASTIC STEER AND BRAKE TEST RESULTS. 

The o n l y  l i m i t  r e s p o n s e  o f  i n t e r e s t  i n  t h i s  maneuver i s  t h e  

m a n i f e s t a t i o n  o f  an u n s t a b l e  r o l l  mo t ion .  A sample  o f  t h e  raw 

d a t a  t ime  h i s t o r i e s  g a t h e r e d  f o r  a  l i m i t i n g  r o l l  r e s p o n s e  a r e  

shown i n  F i g u r e  37. With b r a k e  r e l e a s e ,  a  d r a m a t i c  i n c r e a s e  

i n  l a t e r a l  a c c e l e r a t i o n  i s  o b s e r v e d ,  accompanied by a  r o l l  

moment imba l ance  which i n c r e a s e s  r o l l  a n g l e  up t o  t h e  r e g i o n  

o f  o u t r i g g e r  c o n t a c t .  



Only t h e  Volkswagen and Mercedes t e s t  v e h i c l e s  e x h i b i t e d  

such a  l i m i t  r e sponse  w i t h  peak r o l l  a n g l e s  exceeding  0 . 4  

r a d i a n s ,  b e f o r e  t h e  motion was a r r e s t e d  by t h e  o u t r i g g e r s ,  

F igu res  38 and 3 9 .  

A summary of t h e  r ange  and d i s t r i b u t i o n  o f  peak r o l l  

a n g l e s  e x h i b i t e d  by t h e  sample a r e  p r e s e n t e d  i n  F i g u r e  4 0 ,  

showing t h e  r ange  of s t a b l e  r e sponses  t o  f a l l  w i t h i n  a 0 . 2  

r a d i a n  band. 



4 .  CONCLUSIONS AND RECOMMENDATIONS 

CONCLUSIONS 

The most s i g n i f i c a n t  s i n g l e  f i n d i n g  of  t h e  program 

b e a r i n g  on t h e  conduc t  of  open - loop  per formance  t e s t i n g  i s  

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

of  t h e  s h o u l d e r  wear r e s u l t i n g  from l i m i t  t u r n i n g  maneuvers .  

Four s p e c i f i c  c o n c l u s i o n s  r e s u l t  from t h i s  f i n d i n g :  

1 )  I t  a p p e a r s  t h a t  adequa t e  measurements of "O.E." 

l i m i t  c o r n e r i n g  per formance  cannot  be made f o r  

c e r t a i n  t i r e - v e h i c l e  sys tems  by a  t e s t i n g  method 

t h a t  u t i l i z e s  r e p e t i t i v e  runs  a s  a  means of  s e a r c h i n g  

f o r  t h e  l i m i t ,  s i n c e  t h e  t e s t i n g  p r o c e s s  a c t s  t o  

a l t e r  t h e  O . E .  c o n d i t i o n .  

2 )  The r a t e  o f  change o f  s i d e - f o r c e  c a p a b i l i t y  w i t h  

t e s t  r uns  i s  s o  l a r g e  w i t h  many t i r e - v e h i c l e  sys tems  

as  t o  r e n d e r  any compensat ing t i r e  change p rocedu re  

i m p r a c t i c a l .  

3) I n d i s c r i m i n a t e  changing of t i r e s  a t  any of t h e  

whee ls  of  a  v e h i c l e  s u b j e c t e d  t o  s e v e r e  c o r n e r i n g  

maneuvers may r e s u l t  i n  a  wide s c a t t e r i n g  of i t s  

d i r e c t i o n a l  r e sponse  p r o p e r t i e s .  

4) Those t i r e s  t h a t  i n d i c a t e  a  s u b s t a n t i a l  s e n s i t i v i t y  

t o  s h o u l d e r  wear a l s o  i l l u s t r a t e  a  s t a b l e  per formance  

regime which i s  e s t a b l i s h e d  a t  a  s u f f i c i e n t l y  low 

l e v e l  o f  wear t h a t  t i r e  s t r u c t u r a l  i n t e g r i t y  i s  

n o t  y e t  compromised. Thus ,  c e r t a i n  per formance  

enve lopes  can b e  o b t a i n e d ,  a l t h o u g h  a d m i t t e d l y  

non-O.E. pe r fo rmance ,  on v e h i c l e s  equ ipped  w i t h  

shou lde r -worn  ( i . e . ,  s i d e - f o r c e  s t a b i l i z e d )  t i r e s .  



Major c o n c l u s i o n s  have been  r eached  from t h e  f i n d i n g s  

produced i n  t h e  f u l l - s c a l e  t e s t  p rogram:  

5 )  I n  g e n e r a l ,  modern v e h i c l e s  v a r y  w i d e l y  i n  t h e i r  

l i m i t  maneuver ing p r o p e r t i e s .  

6 )  C e r t a i n  modern p a s s e n g e r  v e h i c l e s  can  b e  caused  

t o  r o l l  ove r  on a  smooth s u r f a c e ,  a s  a  r e s u l t  o f  

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

7 )  C e r t a i n  v e h i c l e s  e x h i b i t  t i r e  d e f l a t i o n  due t o  bead 

u n s e a t i n g  w h i l e  maneuver ing on a  smooth s u r f a c e .  

8 )  E x i s t i n g  r e d u c e d - f r i c t i o n  t e s t  t e chno logy  i s  i n a d e -  

q u a t e  f o r  conduc t ing  l i m i t  maneuver (open - loop )  

t e s t i n g ,  a t  e l e v a t e d  v e l o c i t i e s .  

9 )  The a p p l i c a t i o n  o f  a u t o m a t i c  c o n t r o l l e r s  t o  t h e  

open - loop  measurement o f  l i m i t  r e s p o n s e s  appea r s  

t o  be  a  p r a c t i c a l  e x p e r i m e n t a l  method. 

1 0 )  The a u t o m a t i c  c o n t r o l l e r  i s  a  compl i ca t ed  sy s t em 

of mechan i ca l ,  e l e c t r i c a l  and h y d r a u l i c  a s s e m b l i e s  

which ,  i n  t h e  e v e n t  o f  breakdowns,  does r e q u i r e  

t h e  a t t e n t i o n  of  a  compe ten t l y  t r a i n e d  t e c h n i c a l  

s t a f f .  D e s p i t e  i t s  h i g h  l e v e l  of  r e l i a b i l i t y  

and t h e  e a s e  o f  d rone  c o n t r o l ,  t h i s  equipment  

s h o u l d  b e  used  o n l y  on a  t e s t  f a c i l i t y  of s u f f i c i e n t l y  

generous  dimensions  a s  t o  p e r m i t  a  s p a t i a l  margin  

f o r  o p e r a t o r  judgment and r e a c t i o n .  

4 . 2  RECObDIENDATI ONS 

I t  i s  e v i d e n t  t h a t  s u b s t a n t i a l  p r o g r e s s  has  been  made 

i n  r e f i n i n g  t h e  open - loop  t e s t  methodology which was o r i g i n a l l y  

p roposed  and deve loped  i n  t h e  V e h i c l e  Handl ing  T e s t  P rocedu re s  

s t u d y .  The d i s c o v e r y  o f  t h e  t i r e  s i d e - f o r c e  s e n s i t i v i t y  



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

t h e  l i m i t  t e s t  c o n c e p t ,  however ,  and much r e s e a r c h  needs  t o  

b e  done t o  a d d r e s s  t h e  f o l l o w i n g  r e l a t e d  m a t t e r s :  

1 )  The p h y s i c a l  mechanism must be  i d e n t i f i e d  by which 

s m a l l  amounts of  s h o u l d e r  wear can produce  f i r s t -  

o r d e r  changes  i n  peak s i d e  f o r c e .  

2 )  There  s h o u l d  b e  a  rev iew of t i r e  d e s i g n  p r a c t i c e ,  

upon i d e n t i f y i n g  t h e  above mechanism, such  t h a t  t h e  

d e s i g n  v a r i a t i o n s  r e q u i r e d  t o  a s s u r e  r e a s o n a b l e  

s i d e  f o r c e  s t a b i l i t y  a r e  de t e rmined  and r e c o g n i z e d  

i n  t h e  t r a d e  o f f  w i t h  o t h e r  d e s i r a b l e  t i r e  p r o p e r t i e s .  

3) T i r e  p r o p e r t i e s  r e s e a r c h  s h o u l d  be  conduc ted  t o  

de t e rmine  t h e  r a n g e  of  s h e a r  f o r c e  per formance  which 

accompanies t r e a d  wear under  normal  u s a g e .  I t  shou ld  

be de t e rmined  whe the r  t h e  s h o u l d e r  wear produced 

d u r i n g  l i m i t  t u r n i n g  r e p r e s e n t s  a  per formance  s t a t e  

which t h e  t i r e  w i l l  n a t u r a l l y  e x h i b i t  i n  t h e  c o u r s e  

of normal  w e a r i n g .  

Sluch r e s e a r c h  i s  needed t o  p r o v i d e  an u n d e r s t a n d i n g  o f  

t h o s e  f a c t o r s  which de t e rmine  d r i v e r - v e h i c l e  per formance  under  

emergency c o n d i t i o n s .  S p e c i f i c a l l y ,  expe r imen t s  must be  conduc t ed  

which can demons t r a t e  t h e  r e l a t i o n s h i p  between d r i v e r - v e h i c l e  

sys tem per formance  and t h e  open - loop  p r o p e r t i e s  of v e h i c l e s ,  

such  a s  have been  measured i n  t h i s  s t u d y .  The s e n s i t i v i t y  

of  d r i v e r s  t o  t h e  s i d e s l i p  r e s p o n s e  o f  t h e  iilotor v e h i c l e  

s h o u l d  be  e v a l u a t e d  t o  d e t e r m i n e  whether  a monotonic  d e g r a d a t i o n  

i n  d r i v e r  c o n t r o l  pe r formance  d e r i v e s  from i n c r e a s i n g  s i d e s l i p  

r e s p o n s e .  

With r e g a r d  t o  t h e  d a t a  b a s e  which h a s  been  g e n e r a t e d ,  

c o n s i d e r a b l e  f u r t h e r  u se  of t h e  d a t a  l i b r a r y  s h o u l d  be  made. 



S t u d i e s  s h o u l d  be  conduc t ed  t o  examine a l t e r n a t i v e  r e s p o n s e  

e v a l u a t i o n  schemes.  Var ious  c o r r e l a t i o n  s t u d i e s  c o u l d  b e  

conduc t ed  t o  e v a l u a t e  t h e  r e l a t i o n s h i p  between v a r i o u s  d e s i g n  

p r o p e r t i e s  and t h e  measured pe r fo rmance  c h a r a c t e r i s t i c s .  

S i n c e  t h e  t ime  h i s t o r y  d a t a  e x i s t s  i n t a c t  i n  a  t a p e  l i b r a r y ,  

computer  s i m u l a t i o n s  i n t e n d i n g  t o  model l i m i t  pe r formance  

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

maneuver c o n d i t i o n s .  

As was made e v i d e n t  f r e q u e n t l y  d u r i n g  t e s t i n g ,  t h e  need 

f o r  a  b roadened  u n d e r s t a n d i n g  o f  t h e  mechanics  of  l i m i t  

r e s p o n s e  i s  a  major  p rob lem.  Q u i t e  o f t e n ,  t h e  t e s t  e n g i n e e r  

f i n d s  h i m s e l f  i n  a  p o s i t i o n  i n  which c e r t a i n  d a t a  i s  d i s c a r d e d  

because  t h e  i n d i c a t e d  r e s p o n s e  i s  known t o  be  c o u n t e r  t o  some 

p h y s i c a l  p r i n c i p l e .  I n  some l i m i t  maneuver t e s t i n g ,  t h i s  

p r o c e s s  f a i l s  because  t h e  mot ions  a r e  s o  complex t h a t  t h e y  

deny any s i m p l e  e v a l u a t i o n  o r  c h a l l e n g e  o f  v a l i d i t y .  I t  a p p e a r s  

t h a t  t h e  o n l y  s u r e  method f o r  g a i n i n g  t h i s  u n d e r s t a n d i n g  i s  t o  

u n d e r t a k e  w e l l - s t r u c t u r e d  r e s e a r c h  d i r e c t e d  towards  improving 

t h e  ma thema t i ca l  models of  t i r e - v e h i c l e  s y s t e m s .  E f f o r t s  

must b e  c o n c e n t r a t e d  i n i t i a l l y  on t h e  i d e n t i f i c a t i o n  of t h o s e  

mecllanisms i n  which t h e  r e a l  n o n l i n e a r  v e h i c l e  d i f f e r s  from 

e x i s t i n g  models .  

B a s i c  r e s e a r c h  i s  needed  t o  p r o v i d e  an  a c c i d e n t  r e p o r t i n g  

approach  which w i l l  c o n t r i b u t e  toward t h e  i d e n t i f i c a t i o n  

of  t h e  r o l e  p l a y e d  by h a n d l i n g  f a c t o r s  i n  a c c i d e n t s .  For 

example ,  t h e  h e a v i l y  s i d e s l i p p i n g  v e h i c l e  w i l l  f r e q u e n t l y  

l e a v e  a  v i s i b l e  pavement marking which can  a c t u a l l y  b e  r educed  

t o  a  s i d e s l i p  a n g l e  measu re ,  knowing v e h i c l e  whee lbase  and 

t r a c k .  Such i n f o r m a t i o n  a s  can  g i v e  e v i d e n c e  of  t h e  e x t e n t  

t o  which c o r r e c t i v e  a c t i o n s  were  a t t e m p t e d  would a l s o  b e  most 

v a l u a b l e .  
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