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T h e  c o n t e n t s  o f  t h i s  r e p o r t  r e f l e c t  t h e  views o f  t h e  

Highway S a f e t y  Resea r ch  I n s t i t u t e  which i s  r e s p o n s i b l e  f o r  

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

The c o n t e n t s  do n o t  n e c e s s a r i l y  r e f l e c t  t h e  o f f i c i a l  vie1;s 

o r  p o l i c y  o f  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  

Adminis t r a t i . o n .  





FOREWORD 

The r e s e a r c h  s t u d y  r e p o r t e d  h e r e i n  was s u p p o r t e d  by 

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  of  t.he 

U . S .  Depar tment  o f  T r a n s p o r t a t i o n .  The c o n t r a c t  t e c h n i c a l  

manager was S v e i n  I .  La r sen .  

T h i s  p r o j e c t  was d i r e c t e d  by t h e  Highway S a f e t y  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 a t  Ann Arbo r .  The 

t e s t i n g  a c t i . v i t y  was conduc t ed  w i t h  t h e  s u p p o r t  o f  t h e  

f a c i l i t i e s  and s t a f f  o f  t h e  Texas T r a n s p o r t a t i o n  I n s t i t u t e  

(TTI) a t  C o l l e g e  S t a t i o n ,  Texas .  

I n  November, 1971 ,  a  p i l o t  t e s t  program was begun a t  

T T I ,  p e r m i t t i n g  t h e  p r e l i m i n a r y  examina t i on  o f  s e v e r a l  

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

A s u p p l e m e n t a l  t e s t i n g  a c t i v i t y  f o l l o w e d ,  b e g i n n i n g  i n  

March 1972 ,  i n t e n d i n g  t o  r e s o l v e  c e r t a i n  anoma l i e s  i n  t h e  

p i l o t  t e s t  program d a t a  t h rough  an e x t e n s i v e  s e t  o f  t i r e  

p r o p e r t i e s  e x p e r i m e n t s .  I n  May, 1972 ,  a  f u l l - s c a l e  t e s t  

program was i n i t i a t e d ,  comple t i ng  i n  September  w i t h  t h e  

a c q u i s i t i o n  o f  a  d a t a  b a s e  r e p r e s e n t i n g  a  sample  o f  t w e l v e  

con temporary  p a s s e n g e r  v e h i c l e s .  The r e s u l t i n g  b a s e  d a t a  

ha s  been  s t o r e d  pe rmanen t ly  on d i g i t a l  magne t i c  t a p e  f o r  

f u t u r e  p u b l i c  u s e .  

The e x e c u t i o n  o f  t e s t s  on t h e  1 2 t h  v e h i c l e ,  an  

American Motors Ambassador,  was s u p p o r t e d  by t h e  American 

Motors C o r p o r a t i o n .  By mutua l  agreement  w i t h  NHTSA, t h e  

r e s u l t i n g  d a t a  i s  i n c l u d e d  w i t h i n  t h i s  r e p o r t .  
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1. INTRODUCTION 

T h 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 

recommendations d e r i v e d  by t h e  Highway S a f e t y  Resea rch  

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  Per formance  , ' I  The o b j e c t i v e s  o f  t h e  

s t u d y  i n v o l v e d :  

1) r e v i e w  and r e f i n e m e n t  o f  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 ,  

"Veh ic l e  Handl ing  T e s t  P rocedu re s ' '  (VHTP), 

which was comple ted  by HSRI i n  1970 [ l ]  

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 of  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  o f  v e h i c l e s  

3) d e t e r m i n a t i o n  o f  t h e  minimum p h y s i c a l  r e q u i r e -  

ments f o r  t h e  e x e c u t i o n  of  t h e s e  t e s t  

p r o c e d u r e s .  

Th 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  c o n c e p t s  

and methods p u t  f o r t h  i n  t h e  a b o v e - c i t e d  r e p o r t  on t h e  VHTP 

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 

deve loped ,  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  o f  a  d a t a  l i b r a r y  documenting 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  s a f e t y  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  of  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  s c i e n t i f i c  p r o o f  f o r  t h e  h y p o t h e s i z e d  p e r f o r -  

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

p r o v i d e s  s a f e t y - r e l a t e d  pe r fo rmance  d a t a  o f  v a l u e  t o  t h e  

highway s a f e t y  community, and whose v a l u e  can  b e  enhanced 

by f u r t h e r  r e s e a r c h .  

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

measurements o f  v e h i c l e  h a n d l i n g  per formance  e x h i b i t e d  a t  

t h e  l i m i t s  o f  t i r e - r o a d  a d h e s i o n .  I t  f o l l o w s  t h a t  t h e s e  

measures  do n o t  c o n s t i t u t e  an  e v a l u a t i o n  o f  t h e  h a n d l i n g  

p r o p e r t i e s  m a n i f e s t e d  i n  normal  d r i v i n g ,  b u t  r a t h e r  c h a r a c -  

t e r i z e  t h e  emergency maneuver ing c a p a b i l i t y  o f  t h e  t i r e -  

v e h i c l e  sy s t em.  F u r t h e r ,  t h e  t e rm  "open- loop"  i s  a p p l i e d  t o  

t h e s e  measures  s i n c e  t h e  d r i v e r  ha s  been  removed a s  an a c t i v e  

e l emen t  i n  t h e  s y s t e m .  

The r e p o r t  documents t h e  f u r t h e r  development  o f  v e h i c l e  

h a n d l i n g  t e s t  p r o c e d u r e s  and t h e  a p p l i c a t i o n  of  t h e  deve loped  

methodology t o  a  t e s t  s amp le .  I n  S e c t i o n  2 ,  m a t e r i a l  r e l a t e d  

t o  t h e  r e f i n e m e n t  o f  each  b a s i c  e lement  o f  t h e  measurement 

methodology i s  p r e s e n t e d .  I n  t h i s  s e c t i o n ,  c o n s i d e r a b l e  

r e f e r e n c e  i s  made t o  Appendices  I  - Automat ic  V e h i c l e  

C o n t r o l l e r ,  I 1  - T e s t  P r o c e d u r e s ,  I 1 1  - T i r e  S i d e  Force  

I n v e s t i g a t i o n ,  and V - Data  A c q u i s i t i o n  and P r o c e s s i n g .  Each 

o f  t h e s e  t o p i c s  i s  d i s c u s s e d  i n  summary f a s h i o n  i n  S e c t i o n  2 ,  

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

S e c t i o n  3 p r e s e n t s  t h e  r e s u l t s  of  t h e  f u l l - s c a l e  t e s t  

program w i t h  a  c o n s i d e r a b l e  number of  r e f e r e n c e s  b e i n g  made 

t o  Appendices  IV - T e s t  Sample S e l e c t i o n  and VII  - F u l l  S c a l e  

T e s t  Program Data  P l o t s .  However, summary t r e a t m e n t s  of  

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

t o  t h e  p r e s e n t a t i o n  of  t e s t  d a t a ,  "summary" i s  t h e  key word.  

S e c t i o n  3 p r e s e n t s  s i x t e e n  d a t a  p l o t s  t h a t  s e r v e  a s  a  



c o n d e n s a t i o n  of  over  one q u a r t e r  of  a  m i l l i o n  t ime  histcrrl.:-.:- 

t h a t  were r e c o r d e d  d u r i n g  t h e  t e s t  program, A complete  

t a p e  f i l e  of  t h e s e  t e s t  d a t a  w i l l  be  p r e s e r v e d  f o r  p u b l i c  

u s e ,  a  documenta t ion  s t e p  b e l i e v e d  t o  c o n s t i t u t e  a s i g n i f i c a n t  

f r u i t  o f  t h i s  s t u d y .  

I n  S e c t i o n  4 ,  c o n c l u s i o n s  and recommendations a r c  

p r e s e n t e d .  Judgments and o b s e r v a t i o n s  a r e  e x p r e s s e d  based 

upon v e h i c l e - t e s t  d a t a ,  t i r e - t e s t  d a t a ,  o v e r a l l  t e s t  

e x p e r i e n c e ,  and t h e  a u t h o r s '  c o n v i c t i o n s  r e l a t i v e  t o  t h e  

d i r e c t i o n s  t h a t  f x t u r e  r e s e a r c h  shou ld  t a k e .  





2 .  VEHICLE HANDLING TEST PROCEDURES: 
FURTHER DEVELOPMENTS 

A r e v i e w  o f  t h e  o p e n - l o o p ,  l i m i t - r e s p o n s e  t e s t  

methodology d e v e l o p e d  by HSRI unde r  an  e a r l i e r  c o n t r a c t  

e n t i t l e d  "Veh i c l e  Hand l i ng  T e s t  P r o c e d u r e s f t  (VHTP) con-  

s t i t u t e d  t h e  f i r s t  ma jo r  t a s k  o f  t h i s  s t u d y .  The adequacy 

of  t h e  methodology deve loped  i n  t h e  p r i o r  s t u d y  was e v a l u a t e d  

i n  t e rms  o f  t h e  o r i g i n a l  o b j e c t i v e ,  namely,  t h e  development  

o f  pe r fo rmance  measures  and t e s t  p r o c e d u r e s  t h a t  would 

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

e l e m e n t s  o f  t h i s  methodology were  examined:  

1. t e s t  f a c i l i t y  

2 .  t e s t  a p p a r a t u s  

3. t e s t  p r o c e d u r e  

d a t a  p r o c e s s i n g  

5 .  d a t a  p r e s e n t a t i o n  

T h i s  r ev i ew  and  e x a m i n a t i o n  l e d  t o  t h e  c o n c l u s i o n  t h a t  

r e f i n e m e n t s  s h o u l d  be  made i n  e ach  o f  t h e  above c a t e g o r i e s .  

These  r e f i n e m e n t s  a r e  summarized be low,  t o g e t h e r  w i t h  t h e  

r e a s o n i n g  and  e v i d e n c e  t h a t  l e d  t o  t h e  d e c i s i o n s  t h a t  were  

made. 

2 . 1  TEST FACILITY REFINEMENTS 

The p r i m a r y  t e s t  f a c i l i t y  needed  t o  conduc t  o p e n - l o o p  

l i m i t  maneuver measurements  i s  a  s k i d  pad  w i t h  a d e q u a t e  

app roaches  f o r  a c c e l e r a t i n g  up t o  s p e e d .  

Whereas t h e  o r i g i n a l  VHTP s t u d y  i n v o l v e d  t e s t i n g  t h a t  

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

program r e q u i r e d  t h e  e s t a b l i s h m e n t  o f  a  h i g h  q u a l i t y  d a t a  



b a s e ,  r e p r e s e n t a t i v e  o f  t h e  pe r fo rmance  r ange  i n  t h e  v e h i c l e  

p o p u l a t i o n .  Thus,  t h e  t e s t  s u r f a c e  i r r e g u l a r i t i e s  t h a t  were  

t o l e r a t e d  i n  t h e  e a r l y  work were  deemed e x c e s s i v e  i n  view o f  

t h e  pu rposes  o f  t h i s  p rogram,  and a  new a s p h a l t  s k i d  pad was 

c o n s t r u c t e d  by t h e  t e s t  s u b c o n t r a c t o r ,  Texas T r a n s p o r t a t i o n  

I n s t i t u t e ,  a t  t h e i r  f a c i l i t y  i n  C o l l e g e  S t a t i o n ,  Texas .  Th i s  

s k i d  pad ( F i g .  1 )  was c o n s t r u c t e d  by a p p l y i n g  two c o u r s e s  o f  

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

p a r k i n g  a i r c r a f t .  The 1% i n c l i n a t i o n  o f  t h i s  t e s t  s u r f a c e  

p r o v i d e d  ample d r a i n a g e  w h i l e  a s s u r i n g  a n  e s s e n t i a l l y  normal 

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

a d d i t i o n  t o  t h e  improvement i n  t e s t  s u r f a c e  q u a l i t y ,  t h e  

l o c a t i o n  o f  t h e  s k i d  pad a l s o  p r o v i d e d  l a r g e  runup and 

r e c o v e r y  a r e a s  which a r e  n e c e s s a r y  f o r  open - loop  t e s t s .  

The f r i c t i o n a l  p r o p e r t i e s  o f  t h e  t e s t  s u r f a c e  have an 

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

measurements .  Using t h e  ASTM method, d r y  s k i d  numbers of  

7 6 - 8 2  were o b t a i n e d  ( ave raged  o v e r  t h e  t e s t  s u r f a c e )  f o l l o w i n g  

t h e  s c r u b b i n g  o f  t h e  new a s p h a l t .  Data  w i l l  be  p r e s e n t e d  

l a t e r  showing t h e  peak l a t e r a l  f r i c t i o n  a c h i e v e d  on t h i s  

s u r f a c e  by each  t i r e  r e p r e s e n t e d  i n  t h e  t e s t  v e h i c l e  s amp le .  

A d d i t i o n a l l y ,  d a t a  w i l l  b e  p r e s e n t e d  r e l a t i v e  t o  t h e  s t a b i l i t y  

o f  t h e  peak  l a t e r a l  f o r c e  a c h i e v e d  by t i r e s  on t h i s  s u r f a c e  

a s  a  f u n c t i o n  of  ambien t  t e m p e r a t u r e  and s u r f a c e  w e t n e s s .  

The d imens ions  o f  t h e  s k i d  p a d ,  n o m i n a l l y ,  4 0 0  x 6 0 0  

f e e t ,  were  found  t o  be  more t h a n  a d e q u a t e  t o  conduc t  t h e  

l i m i t  r e s p o n s e  maneuvers deve loped  i n  t h i s  program.  A 

recommendation f o r  minimum s k i d  pad d imens ions  i s  g i v e n  i n  

Appendix VI .  

2 . 2  TEST APPARATUS REFINEMENTS 

I n  o r d e r  t o  make open - loop  maneuver measurements ,  t h e  

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

e x p e r i m e n t .  To t h i s  end ,  t h e  o r i g i n a l  VHTP s t u d y  d e f i n e d  



FIGURE 1 

Test Area at Texas Transportation Institute 



f o u r  maneuvers  which c o u l d  b e  conduc t ed  by a  d r i v e r  w i t h  

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

maneuvers were  d e f i n e d  i n v o l v i n g  complex waveshapes  o f  

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

r e l a t i o n s h i p s .  D r i v e r  c o n t r o l  was c o n s i d e r e d  i m p r a c t i c a l .  

A c c o r d i n g l y ,  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 d e s i g n e d ,  

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

t h e  c u r r e n t  p rogram,  t h i s  equ ipment  was e x t e n s i v e l y  r e d e s i g n e d  

t o  p r o v i d e  improved p r e c i s i o n ,  r e p e a t a b i l i t y ,  and u t i l i t y  o f  

a p p l i c a t i o n  a s  were  deemed n e c e s s a r y  t o  p r o v i d e  a  h i g h  q u a l i t y  

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

2 . 2 . 1  STEERING LIMITER. An a d j u s t a b l e  d e v i c e  f o r  

l i m i t i n g  s t e e r i n g - w h e e l  d i s p l a c e m e n t  was c o n s t r u c t e d  ( F i g .  2 )  

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

1. The s t e e r  l i m i t e r  was b u i l t  a s  a  comple t e  

assembly  t o  r e p l a c e  t h e  s t e e r i n g  wheel  

o f  t h e  t e s t  v e h i c l e .  T h i s  r ep l acemen t  was 

f a c i l i t a t e d  by mount ing t h e  l i m i t e r  on a  

s p l i n e d  hub which was f a b r i c a t e d  from a  s p a r e  

s t e e r i n g  whee l  p r o c u r e d  f o r  each  t e s t  v e h i c l e .  

Comprised o f  a  r o t o r  and a  s t a t o r ,  t h e  

assembly  was h e l d  f i x e d  by a  s t r a p  which 

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

2 .  A g r a d u a t e d  ax imuth  r i n g  was i n c l u d e d ,  p r o -  

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

be  " r e z e r o e d , "  a s  n e c e s s a r y ,  t o  accommodate 

changes  i n  t h e  z e r o - s t e e r  s e t t i n g  d e r i v i n g  

f rom f r o n t - e n d  mi sa l i gnmen t  and  t i r e  w e a r .  

3 .  A p o t e n t i o m e t e r  f o r  measu r ing  s t e e r i n g  d i s -  

p l acemen t  was pe rmanen t ly  i n s t a l l e d  i n  t h e  

s t e e r i n g  l i m i t e r ,  and was d r i v e n  by a  

p o s i t i v e  d r i v e  b e l t .  



Figure 2. 

Steering limiter assembly. 



2 . 2 . 2  BRAKE LIMITER. The d e v i c e  c o n s t r u c t e d  t o  l i m i t  

d r i v e r - a p p l i e d  b r a k i n g  i n p u t s  u t i l i z e d  a  concept  t h a t  

ma in ta ined  a  p r e s e t  l i n e  p r e s s u r e  i n  c o n t r a s t  t o  t h e  p e d a l  

d i sp lacemen t  l i m i t i n g  d e v i c e  used  i n  t h e  VHTP s t u d y .  By 
l i m i t i n g  l i n e  p r e s s u r e ,  a  p r e c i s e  c o n t r o l  of  b rake  i n p u t  

l e v e l  was ma in ta ined .  A h y d r a u l i c  c i r c u i t  ( s e e  F i g .  3) was 

c o n s t r u c t e d  by which bo th  p i s t o n s  of  t h e  mas te r  c y l i n d e r  

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

l i m i t e r  s e c t i o n  of t h e  d e v i s e d  c i r c u i t .  When t h e  p r e s s u r e  o f  

t h e  b rake  sys tem r i s e s  t o  equa l  t h e  p r e s s u r e  i n  t h e  b l a d d e r -  

t y p e  accumula tor  c o n t r o l l e d  by means of  a  h igh  p r e s s u r e  

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

mas te r  c y l i n d e r  r e s u l t s  i n  v i r t u a l l y  no a d d i t i o n a l  p r e s s u r e  

r i s e  s i n c e  t h e  f l u i d  f lows i n t o  t h e  accumula tor .  The s m a l l  

f l u i d  d i sp lacemen t s  invo lved  i n  a c t u a t i n g  t h e  b rake  system 

p e r m i t  a  p rocedure  by which a  d r i v e r  can r a p i d l y  push t h e  

b rake  p e d a l  t o  t h e  f l o o r ,  d i s p e n s i n g  t h e  complete f l u i d  

volume w i t h i n  t h e  mas te r  c y l i n d e r ,  t he reby  a p p r e c i a t i n g  a  

f i x e d  l e v e l  o f  l i n e  p r e s s u r e  equa l  t o  approximate ly  101% of  

t h e  n i t r o g e n - p r e c h a r g e  l e v e l .  A s m a l l  s t o r a g e  b o t t l e  of  

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

o p e r a t o r  t o  a d j u s t  t h e  b r a k i n g  l e v e l  r a t h e r  q u i c k l y ,  i n c r e -  

menting up o r  down i n  p r e s s u r e  l e v e l  as  n e c e s s a r y .  A 

p r e s s u r e  t r a n s d u c e r  ( p o t e n t i o m e t e r )  was i n c o r p o r a t e d  i n t o  

t h i s  p r e s s u r e - l i m i t i n g  d e v i c e  t o  r e c o r d  b r a k e l i n e  p r e s s u r e  

l e v e l s .  

2 . 2 . 3  AUTOMATIC CONTROLLER.  Three au tomat i c  c o n t r o l l e r s  

were c o n s t r u c t e d  s i m u l t a n e o u s l y  (under  s e p a r a t e  s u p p o r t  from 

t h r e e  companion DOT c o n t r a c t s * )  and i n c o r p o r a t e d  t h e  b a s i c  

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

*These c o n t r a c t s  were t h e  f o l l o w i n g :  DOT-HS- 031- 1- (159) ,  
- ( 1 2 6 ) ,  and - (143) .  
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f e a t u r e s  deemed n e c e s s a r y  t o  e x p e d i t e  t h e  e x e c u t i o n  o f  

t h i s  p rogram.  

The b a s i c  c o n t r o l l e r  c o n s i s t s  o f  t h r e e  servomechanisms 

t h a t  r e s p o n d  t o  a n a l o g  command s i g n a l s  d e r i v i n g  from a  s t o r e d  

f u n c t i o n  programmer o r  by way o f  a  r a d i o  l i n k  w i t h  a  t e s t  

o p e r a t o r .  Dur ing  t e s t  o p e r a t i o n s ,  t h e  t e s t  v e h i c l e  i s  gu ided  

i n i t i a l l y  i n  a  d rone  mode by an o p e r a t o r  who i s  r i d i n g  i n  

a c h a s e  v e h i c l e .  With c o n t r o l  s t i c k  command o f  s t e e r ,  b r a k e ,  

and a c c e l e r a t o r  d i s p l a c e m e n t s ,  t h e  o p e r a t o r  m a n i p u l a t e s  t h e  

t e s t  v e h i c l e  t o  a t t a i n  t h e  a p p r o p r i a t e  v e l o c i t y  and s p a t i a l  

p o s i t i o n  t o  conduc t  t h e  programmed maneuver .  When t h e  

v e h i c l e  v e l o c i t y  matches  a  p r e s e t  l e v e l ,  t h e  programmed t e s t  

b e g i n s ,  a s  does  r e c o r d i n g  o f  t h e  d a t a  i n  an  o n - b o a r d  t a p e  

r e c o r d e r .  When t h e  programmed maneuver i s  comple t ed ,  t h e  

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

The f o l l o w i n g  s i x  ma jo r  r e f i n e m e n t s  were  i n c o r p o r a t e d  

i n t o  t h e  d e s i g n  o f  t h e  new c o n t r o l l e r ,  t h e r e b y  expanding  upon 

t h e  o r i g i n a l  concep 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 

pe r fo rmance  c o u l d  b e  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 :  

1. A p r e s s u r e - c o m p e n s a t e d ,  v a r i a b l e - d i s p l a c e m e n t  

pump was mounted on t h e  e n g i n e  o f  t h e  t e s t  

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

and t h u s  a " c o n t i n u o u s  run"  c a p a b i l i t y .  

2 .  An a b o r t - b r a k e  f e a t u r e  was made i n t e g r a l  w i t h  

t h e  s e r v o - b r a k e  a c t u a t o r ,  t h e r e b y  removing t h e  

e a r l i e r  r e q u i r e m e n t  f o r  c o n n e c t i o n s  t o  b r a k e -  

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

3. A f u l l y  s o l i d - s t a t e ,  programmable f u n c t i o n  

g e n e r a t o r  was d e s i g n e d ,  i n c o r p o r a t i n g  a l l  sy s t em 

l o g i c  and program c i r c u i t s  on p l u g - i n  p r i n t e d  

w i r i n g  b o a r d s .  Quick a d j u s t  program s e l e c t o r s  

were  p r o v i d e d  t o  improve t e s t  e f f i c i e n c y .  



4 .  U n i v e r s a l  mounts were  p r o v i d e d  f o r  t h e  t h r e e  

servomechanisms t o  p e r m i t  i n s t a l l a t i o n  o f  t h e  

s e r v o  packages  w i t h o u t  r e q u i r i n g  t h e  f a b r i -  

c a t i o n  o f  s p e c i a l  b r a c k e t s .  (A t y p i c a l  

i n s t a l l a t i o n  i s  shown i n  F i g u r e  4 . )  

5 .  A s e l e c t a b l e  h igh / l ow  s t e e r i n g - g a i n  a d j u s t m e n t  

was p r o v i d e d  on t h e  r a d i o  t r a n s m i t t e r ,  p e r m i t -  

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

a d e q u a t e l y  a t  h i g h  speeds  (low g a i n )  b u t  s t i l l  

be  c a p a b l e  o f  commanding l a r g e  s t e e r  l e v e l s  

f o r  " c l o s e  q u a r t e r s "  maneuver ing a t  low s p e e d s  

( h i g h  g a i n ) .  

6 .  S e l e c t i o n  and c o n t r o l  o f  t h e  v e l o c i t y  t o  e x i s t  

a t  t h e  b e g i n n i n g  o f  t h e  t e s t  maneuver was p r o -  

v i d e d  by  employing c i r c u i t r y  i n  which a p r e s e t  

v a l u e  of  v e l o c i t y  i s  compared w i t h  t h e  v e l o c i t y  

s i g n a l  p roduced  by a  f i f t h  wheel  and t h e  p r o -  

grammed f u n c t i o n  c o n s t r a i n e d  t o  b e g i n  o n l y  when 

t h e  compared d i f f e r e n c e  p a s s e s  t h rough  z e r o .  

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

p r e s e n t e d  i n  Appendix I .  

I n  t h i s  program,  t h e  a u t o m a t i c  c o n t r o l l e r  was u t i l i z e d  

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

i n  a c c o r d a n c e  w i t h  t h e  f i n d i n g s  deve loped  i n  t h e  e x p l o r a t o r y  

expe r imen t s  conduc t ed  d u r i n g  t h e  p i l o t - t e s t  p h a s e .  I n  t h e  

f u l l - s c a l e  t e s t  p rogram,  ove r  4 5 0 0  programmed t e s t  maneuvers 

were conduc t ed ,  u s i n g  each  o f  t h e  t h r e e  new c o n t r o l l e r s  i n  

r o t a t i o n .  On t h e  b a s i s  o f  t h i s  t e s t  e x p e r i e n c e ,  a  s e t  o f  

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

v e h i c l e  t e s t i n g  w i t h  an  a u t o m a t i c  c o n t r o l l e r  a r e  s e t  f o r t h  

i n  S e c t i o n  4 o f  t h i s  r e p o r t .  





2 . 2 . 4  ADDITIONAL HARDWARE/ INSTRUMENTi4TIUN 

REFINEMENTS. The f o l l o w i n g  major  hardware  i t e m s  were  

r e d e s i g n e d  and c o n s t r u c t e d  f o r  u s e  i n  t h i s  prograin:  

1. A d e v i c e  ( F i g .  5) t h a t  a u t o m a t i c a l l y  provja les  

a  pneuma t i c  l i f t  o f  t h e  f i f t h  wheel whenever 

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

l i f t s  t h e  wheel  i n  r e s p o n s e  t o  d r i v e r  command 

i n  t h e  d r i v e r - c o n t r o l l e d  t e s t s .  I n  a d d i t i o n  

t o  t h e  l i f t  c y l i n d e r ,  a  second  pneumat ic  

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

wheel  from a r t i c u l a t i n g  abou t  i t s  v e r t i c a l  

h i n g e .  T h i s  a p p a r a t u s  was found t o  b e  n e c e s s a r y  

t o  p r e v e n t  t h e  f i f t h  wheel  from b e i n g  damaged 

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

e n c o u n t e r e d  i n  l i m i t - r e s p o n s e  t e s t s  and d u r i n g  

n e g o t i a t i o n  of  t h e  "rough road"  c o u r s e .  

2 .  Un ive r sa l -moun t  o u t r i g g e r s ,  f o r  p r e v e n t i n g  

v e h i c l e  r o l l o v e r .  Th i s  assembly  was d e s i g n e d  

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

o v e r  t h e  o u t r i g g e r  d e s i g n  u sed  i n  t h e  VHTP 

t e s t  p rogram.  Composed of  s t r u t s  f a b r i c a t e d  

from aluminum t u b i n g  and s u p p o r t i n g  s p r i n g -  

su spended  c a s t e r  whee ls  ( F i g .  6 ) ,  t h e  assembly  

f i t s  p a s s e n g e r  c a r s  of  a l l  s i z e s  and i s  a d j u s t e d  

t o  t o u c h  t h e  ground a f t e r  15"  o f  body r o l l  ( F i g .  

7 ) .  The o u t r i g g e r  weighs  88 l b s ,  and c o n t r i b u t e s  

4 4 . 5  s l u g - f t 2  t o  t h e  r o l l  moment o f  i n e r t i a  

of  t h e  t e s t  v e h i c l e .  

3 .  Wheel r o t a t i o n  t r a n s d u c e r s  u t i l i z i n g  p h o t o -  

e l e c t r i c  s e n s o r s  p r o v i d i n g  a  r e l i a b l e  

i n e x p e n s i v e  d e t e c t o r  o f  wheel  lockup  o c c u r r e n c e .  

The t r a n s d u c e r s  were c o n f i g u r e d  s u c h  t h a t  t h e  

d i f f e r e n c e  between t h e  o u t p u t  s i g n a l s  from two 

p h o t o  t r a n s i s t o r s  v iewing  t h e  b l a c k l w h i t e  mask 

on t h e  wheel  ( F i g .  8 )  p roduced  an o s c i l l a t i n g  

s q u a r e  wave a t  a  f r equency  synchronous  w i t h  

wheel  s p e e d .  

15  



Figure 5. 

Automatic lift 5th wheel assembly. 

Figure 6. 

Roll-restraining outrigger attachment 



Outrigger First 
Touches At About 
15 '  Roll Angle 

FIGURE 7 

Outrigger Configuration for Rollover Restraint 



Figure 8. 

Photoelectric wheel rotation transducer. 



Ref inements  i n  d a t a  a c q u i s i t i o n  were  made, c o n s t i t u t i n g  

a  s i g n i f i c a n t  improvement from t h e  p r o c e d u r e s  u sed  i n  t h e  

e a r l i e r  VHTP program.  I n  t h i s  program a l l  o f  t h e  r e s p o n s e  

d a t a  were  g a t h e r e d  on FM a n a l o g  magne t i c  t a p e ,  t h u s  p r o -  

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

i z e d  d a t a  p r o c e s s i n g  ( s e e  S e c t i o n  2 . 4 ) .  I n t e r f a c e  

e l e c t r o n i c s  were  deve loped  f o r  s c a l i n g  and c a l i b r a t i n g  t h e  

o u t p u t  o f  e ach  t r a n s d u c e r  ahead  o f  t h e  t a p e  r e c o r d e r ,  and 

a  c o n t r o l  l o g i c  s i g n a l  was p r o v i d e d  t o  s e r v e  a s  a  m a s t e r  

r e f e r e n c e  f o r  a u t o m a t i c  p r o c e s s i n g  of  t h e  d a t a .  

The t e s t  a p p a r a t u s  was assembled  i n t o  two t e s t  "packages , "  

one f o r  t h e  conduc t  o f  d r i v e r - c o n t r o l l e d  t e s t s  and t h e  o t h e r  

f o r  t h e  a u t o m a t i c a l l y - c o n t r o l l e d  t e s t s ,  t h u s  p e r m i t t i n g  two 

p a r a l l e l  t e s t  a c t i v i t i e s  t o  b e  m a i n t a i n e d .  Each package 

c o n t a i n e d  t h e  f o l l o w i n g  common e l e m e n t s :  

* A u t o m a t i c - l i f t  f i f t h  wheel  

* O u t r i g g e r  assembly  

*Wheel r o t a t i o n  t r a n s d u c e r s  (4 )  

*Yaw r a t e  gy ro  

*Da ta  i n t e r f a c e  module 

The t e s t  package  u sed  i n  t h e  d r i v e r - c o n t r o l l e d  t e s t s  a l s o  

c o n t a i n e d  t h e  f o l l o w i n g  e l e m e n t s :  

* S t e e r  and b r a k e  l i m i t e r  a s s e m b l i e s  

*FM t e l e m e t r y  t r a n s m i t t e r  f o r  remote  d a t a  r e c o r d i n g  

*Power s u p p l i e s  

*Communications r a d i o  f o r  c o o r d i n a t i o n  w i t h  t h e  

t e l e m e t r y  b a s e  o p e r a t o r .  ( I n  t h e s e  t e s t s ,  an  FM 

t e l e m e t r y  r e c e i v e r  e x i s t s  a t  a  remote  l o c a t i o n  w i t h  

t h e  t e s t  d a t a  r e c o r d e d  on FM magne t i c  t a p e . )  



The a u t o m a t i c  t e s t  package  c o n t a i n e d ,  i n  a d d i t i o n  t o  t h e  

common e l e m e n t s :  

*Au toma t i c  c o n t r o l l e r  assembly  

* R o l l  r a t e  gy ro  

* F M  t a p e  r e c o r d e r  (on -boa rd )  

2 . 3  TEST PROCEDURE REFINEMENTS 

S i x  b a s i c  t e s t  p r o c e d u r e s  were  deve loped  i n  t h e  V e h i c l e  

Hand l ing  T e s t  P rocedu re s  s t u d y  [ I ] ,  each  d i r e c t e d  towards  

a s s e s s i n g  a  s p e c i f i c  per formance  p r o p e r t y .  Each o f  t h e s e  

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

bances  s e l e c t e d  t o  e l i c i t  a  l i m i t  r e s p o n s e ,  b u t  which n e v e r -  

t h e l e s s  were  a r b i t r a r y  and ,  i n  some c a s e s ,  u n s a t i s f a c t o r y .  

A c c o r d i n g l y ,  a  P i l o t  T e s t  Program was per formed  t o  examine 

p o t e n t i a l  improvements i n  p r o c e d u r a l  s p e c i f i c a t i o n s .  For  

each  t e s t ,  p r o c e d u r a l  m o d i f i c a t i o n s  were examined by conduc t -  

i n g  expe r imen t s  w i t h  a  Ford Mustang o u t f i t t e d  f o r  t h e  d r i v e r -  

c o n t r o l l e d  maneuvers and a  Dodge Coronet  o u t f i t t e d  t o  per form 

t h e  maneuvers conduc t ed  w i t h  t h e  a u t o m a t i c  c o n t r o l l e r .  

I n  Appendix 1 1 ,  a comple te  s p e c i f i c a t i o n  f o r  each  t e s t  

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

program i n v e s t i g a t i o n ,  and l a t e r  a p p l i e d  t o  t h e  v e h i c l e  t e s t  

sample  i n  t h e  f u l l  s c a l e  t e s t  program.  

2 . 3 . 1  STRAIGHT-LINE BRAKING. Th i s  t e s t  i n v o l v e s  t h e  

measurement o f  s t r a i g h t - l i n e  b r a k i n g  e f f e c t i v e n e s s .  I n  

t h e  VHTP s t u d y  i t  was per formed  a t  an  i n i t i a l  v e l o c i t y  o f  

30 mph, w i t h  a  program o f  b r a k e  i n p u t s  d e s i g n e d  t o  p e r m i t  

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

o f  i n c i p i e n t  wheel  l o c k .  I n  t h e  p i l o t  t e s t  program conduc ted  

i n  t h i s  s t u d y ,  t e s t s  were  r u n  t o  compare t h e  r e l a t i v e  m e r i t s  

of  u s i n g  30 mph o r  4 0  mph a s  t h e  i n i t i a l  v e l o c i t y .  I t  was 

found t h a t  e i t h e r  i n i t i a l  s p e e d  c o u l d  be  c o n s i s t e n t l y  



a c h i e v e d  w i t h i n  0 . 5  rnph by h a v i n g  t h e  d r i v e r  a p p l y  t h e  

b r a k e  p e d a l ,  w h i l e  c o a s t i n g ,  when t h e  v e l o c i t y  i n d i c a t o r  

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

s p e e d  m o d u l a t i o n .  

The p i l o t  t e s t s  i n d i c a t e d  t h a t  t h e  40 rnph t e s t  p r o v i d e d  

two s i g n i f i c a n t  a d v a n t a g e s  o v e r  t h e  30 rnph t e s t :  

(1 )  a  more s e v e r e  t e s t  o f  t h e  b r a k e  sy s t em 

pe r fo rmance  i s  o b t a i n e d  because  o f  t h e  7 8 %  

i n c r e a s e  i n  k i n e t i c  ene rgy  t o  b e  d i s s i p a t e d .  

(2 )  An improved s i g n a l - t o - n o i s e  r a t i o  r e s u l t s  

w i t h  t h e  h i g h e r  i n i t i a l  v e l o c i t y ,  from t h e  

v i e w p o i n t  t h a t  a  per formance  numer ic  i s  

d e r i v e d  o v e r  l o n g e r  s t o p p i n g  t i m e s .  

S i n c e  t h e  i n i t i a l  v e l o c i t y  o f  40 rnph c o u l d  be  a c h i e v e d  w i t h  

p r e c i s i o n  comparable  t o  t h a t  a t t a i n e d  i n  30 rnph t e s t s ,  t h e  

fo rmer  was s e l e c t e d  a s  t h e  t e s t  p r o c e d u r e .  

I n  a d d i t i o n  t o  s e l e c t i n g  t h e  i n i t i a l  v e l o c i t y ,  t h e  

p i l o t  t e s t i n g  i n d i c a t e d  t h a t  t h e  lockup  c r i t e r i o n  (by 

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

b e  changed.  The s i n g l e - w h e e l  lockup  c r i t e r i o n ,  d e f i n e d  a s  

t h e  l i m i t  o f  c o n t r o l l a b l e  s t r a i g h t - l i n e  b r a k i n g  i n  t h e  

o r i g i n a l  VHTP t e s t s ,  c o r r e s p o n d s  t o  a  s u b l i m i t  c o n d i t i o n  i n  

t h o s e  c a s e s  i n  which t h e  p r e v a i l i n g  l e v e l  o f  b r a k e  imbalance  

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

l o c k e d  wheel  o f  t h e  same a x l e .  Thus,  t h e  t e s t  p r o c e d u r e  was 

changed t o  one i n  which b r a k e  l e v e l s  would b e  i nc r emen ted  

u n t i l  b o t h  whee ls  on any a x l e  were  s e e n  t o  l o c k  p r i o r  t o  

t h e  v e h i c l e  a t t a i n i n g  a  v e l o c i t y  below 10 mph. 

2 . 3 . 2  BRAKING IN A STEADY TURN. I n  t h e  VHTP v e r s i o n ,  

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

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

a  s t r a i g h t  c o u r s e  e q u i l i b r i u m )  was a  30 rnph s t e a d y  t u r n  



p r o d u c i n g  a  nomina l  l a t e r a l  a c c e l e r a t i o n  o f  0 . 3 g .  S t e e r i n g  

wheel  d i s p l a c e m e n t  was h e l d  f i x e d  t h r o u g h o u t  t h e  maneuver .  

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

program i n c l u d e d  t h e  e x a m i n a t i o n  o f  two i n i t i a l  v e l o c i t i e s  

(30 and  40 mph) and two i n i t i a l  l a t e r a l  a c c e l e r a t i o n s  ( 0 . 3  

and 0 . 4 g ) .  I t  was found  t h a t  each  combina t i on  o f  t h e s e  

i n i t i a l  c o n d i t i o n s  c o u l d  b e  pe r fo rmed  e a s i l y ,  a l t h o u g h  t h e  

h i g h e r  l a t e r a l  a c c e l e r a t i o n  imposed t h e  bu rden  of  a  s u b -  

s t a n t i a l l y  g r e a t e r  number o f  t e s t  r u n s .  When t h i s  maneuver 

i s  e x e c u t e d  w i t h  t h e  i n i t i a l  v a l u e  o f  A e q u a l  t o  0 . 4 g ,  
Y 

i n  c o n t r a s t  t o  0 .3g ,  t h e  l a t e r a l  t r a n s f e r  o f  t i r e  l o a d i n g  

i s  i n c r e a s e d  by 33 p e r c e n t ,  r e s u l t i n g  i n  a  wide band o f  

p r e s s u r e  l e v e l s  i n  which o n l y  t h e  i n s i d e ,  un loaded  whee ls  

w i l l  l o c k .  F u r t h e r ,  i n  t h e  0 . 4 g  t u r n ,  t h e  h e a v i l y  l o a d e d  

o u t s i d e  whee l s  r e q u i r e  t h a t  a  h i g h e r  l e v e l  o f  b r a k e - l i n e  

p r e s s u r e  be  s u p p l i e d  t o  p r o v i d e  lockup  o f  t h o s e  w h e e l s .  A 

l a r g e r  number o f  l o c k e d - w h e e l  s t o p s  a r e  r e q u i r e d  and p r e -  

sumably d e g r a d e  t h e  t e s t  p r o c e d u r e  f rom t h e  v i e w p o i n t  o f  

a c c e l e r a t e d  w e a r i n g  o f  t i r e s  and i n c r e a s e d  t e s t i n g  t i m e .  Thus 

t h e  0 .4g  A t e s t  c o n d i t i o n  was c o n s i d e r e d  u n d e s i r a b l e ,  and 
Y 

t h e  0 .3g  i n i t i a l  c o n d i t i o n  was r e t a i n e d .  

B rak ing  f rom t h e  h i g h e r  i n i t i a l  v e l o c i t y  o f f e r e d  t h e  

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

and t h i s  o b s e r v a t i o n  l e d  t o  t h e  40 mph i n i t i a l  v e l o c i t y  

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

The p i l o t  t e s t i n g  i n d i c a t e d  a  need  f o r  p e r f o r m i n g  

a l t e r n a t e  l e f t  and r i g h t  t u r n s  a s  a  means o f  (1 )  b a l a n c i n g  

t i r e  wear  and ( 2 )  i n t r o d u c i n g  t h e  asymmetry f a c t o r *  i n t o  t h e  

- -  - 

*"AsymmetryM h e r e  r e f e r s  t o  t h o s e  d i f f e r e n c e s  i n  r e s p o n s e  
which o c c u r  between l e f t  and r i g h t  t u r n i n g  t e s t s  e x e c u t e d  
unde r  t h e  same nomina l  c o n d i t i o n s .  



b a s i c  measurement p r o c e s s ,  such  t h a t  i t  may b e  e i t h e r  

a v e r a g e d  o u t  of t h e  d e t e r m i n e d  numer ic  o r  q u a n t i f i e d  a s  a  

s t a n d -  a l o n e  f i n d i n g .  

I n  view o f  t h e  s u b s t a n t i a l  l o a d  i n c r e a s e  o c c u r r i n g  on 

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

c o n s t r a i n  t h e  i n c r e m e n t i n g  o f  b r a k e  l e v e l  by t h e  o b s e r a n c e  

o f  s i n g l e - w h e e l  l o c k u p .  Al though  a  s u b s t a n t i a l  yaw d i s -  

t u r b a n c e  can  accompany t h e  l ockup  o f  one un loaded  wheel  f o r  

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

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

p r o c e d u r e  was s t r u c t u r e d  t o  c a r r y  t h e  s equence  t o  an obv ious  

l i m i t  condit ion-namely,  two whee ls  . l o c k i n g  on t h e  f r o n t  o r  

r e a r  even though a  p r a c t i c a l  l i m i t  o f  c o n t r o l l a b i l i t y  may 

have been  r e a c h e d  a t  a  lower  l e v e l  o f  b r a k i n g .  

2 . 3 . 3  TURNIKG ON A ROUGH SURFACE.  I n  t h e  VHTP s t u d y ,  

t h e  v e h i c l e ' s  a b i l i t y  t o  c o r n e r  o v e r  a  rough road  was 

a s s e s s e d  by e x e c u t i o n  o f  a  t e s t  i n v o l v i n g  s t e a d y  t u r n i n g  

o v e r  a  d i s t u r b a n c e  g r i d  whose fundamenta l  f r e q u e n c i e s  o f  

e x c i t a t i o n  cove red  t h e  r ange  o f  whee l -hop  f r e q u e n c i e s  

p o s s e s s e d  by p a s s e n g e r  c a r s .  Whereas t h e  p r e v i o u s  p r o c e d u r e  

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

p i t c h  t o  sweep f r e q u e n c y ,  a r e f i n e m e n t  was examined i n  which 

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

d i s t u r b a n c e  a r r a y s .  Th i s  r e f i n e m e n t  was m o t i v a t e d  by t h e  

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

t o  t h i s  t e s t ,  i n v o l v e d  an  examina t i on  o f  r e s o n a n c e .  The 

o r i g i n a l  p r o c e d u r e  somewhat confounded t h e  s e a r c h  f o r  

r e s o n a n c e ,  however ,  t o  t h e  e x t e n t  t h a t  b o t h  f r e q u e n c y  and 

v e l o c i t y  were  b e i n g  v a r i e d  a t  each  c o n d i t i o n ,  w h i l e  t h e  

v e l o c i t y  change a l o n e  i s  known t o  have an e f f e c t  on t h e  

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

magni tude  o f  a  yaw d i s t u r b a n c e  t h a t  might  a c c r u e  o v e r  t h e  

f i x e d - l e n g t h  c o u r s e .  



I n  t h e  VHTP s t u d y ,  t h e  d i s t u r b a n c e  g r i d  was c o n s t r u c t e d  

of  1 1 / 2  i n c h  d iamete r  s t e e l  , p i p e  a r r anged  p a r a l l e l  t o  one 

a n o t h e r  a t  a  nominal s p a c i n g  of  4 . 4  f t .  The g r i d  e lements  

adopted  i n  t h i s  s t u d y  were s l a b s  of  rubber  t i r e  t r e a d  s t o c k ,  

as  f i r s t  a p p l i e d  by t h e  C o r n e l l  A e r o n a u t i c a l  L a b o r a t o r i e s  

[ Z ]  i n  s i m i l a r  t e s t  a c t i v i t i e s .  These e lements  p r o v i d e  a  

" s o f t e r l 1  p r o f i l e  t o  the t i r e  ( F i g .  9) and impose a  r e l a t i v e l y  

broad  d i s t u r b a n c e  p u l s e  on t h e  v e h i c l e  compared t o  t h e  

1 1 / 2  i n c h  d iamete r  e lements  used e a r l i e r .  Three g r i d  

s p a c i n g s  were c o n s t r u c t e d ,  co r re spond ing  t o  e x c i t a t i o n s  of 

9 ,  11, and 14 H z  which f r e q u e n c i e s  span  t h e  range of  t y p i c a l  

wheel-hop f r e q u e n c i e s  w i t h  an approximate ly  l o g a r i t h m i c  

d i s t r i b u t i o n .  

During t h e  p i l o t  t e s t s ,  i n i t i a l  c o n d i t i o n  v a r i a b l e s  were 

examined, as  was done f o r  t h e  two t e s t  procedures  d i s c u s s e d  

above.  Combinations of  i n i t i a l  v e l o c i t i e s  of  30 and 40  mph 

(wi th  g r i d  s p a c i n g s  a d j u s t e d  a c c o r d i n g l y )  and i n i t i a l  l a t e r a l  

a c c e l e r a t i o n s  of  0 .3g and 0.4g were examined. I t  was found 

t h a t  t h e  4 0  mph t e s t  r e s u l t s  i n  a  d ramat i c  a t t e n u a t i o n  i n  

r e sponse  s e v e r i t y  i n  comparison t o  t h a t  r e s u l t i n g  a t  30 mph, 

a p p a r e n t l y  t h e  r e s u l t  of t i r e  dynamic f a c t o r s  a s  w e l l  a s  t h e  

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

g r i d .  I n  running  30 mph t e s t s  a t  l a t e r a l  a c c e l e r a t i o n s  of 

0 . 3  and 0 .4g ,  a s u b s t a n t i a l  i n c r e a s e  was observed i n  t h e  

r e l a t i v e  d i s t u r b a n c e  o c c u r r i n g  a t  t h e  0 .4g  l e v e l .  Thus a  

30 mph t u r n  a t  a  l a t e r a l  a c c e l e r a t i o n  of 0 .4g  over  rubber  

s t r i p s ,  c r e a t i n g  a  road  d i s t u r b a n c e  of  9 ,  11, and 1 4  H z ,  

was chosen a s  t h e  r e v i s e d  p rocedure  s p e c i f i c a t i o n ,  

2 .3 .4  TRAPEZOIDAL STEER. This  maneuver was o r i g i n a l l y  

c a l l e d  "Rapid Extreme S t e e r i n g "  o r  "Step S t e e r " .  I t  

i nvo lved  a r a p i d  a p p l i c a t i o n  o f  s t e e r i n g  d isp lacement  up t o  

a  f i x e d  l e v e l ,  f o l l o w i n g  t h e  removal of  d r i v e  t h r u s t .  I n  

t h e  VHTP s t u d y ,  t h e s e  maneuvers were conducted by a  t e s t  
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d r i v e r  a t  a n  i n i t i a l  v e l o c i t y  o f  30 mph. A l t e r n a t e  p r o -  

c e d u r e s  were  examined d u r i n g  t h e  p i l o t  t e s t  program o f  t h i s  

s t u d y ,  i n  which t h e  a u t o m a t i c  c o n t r o l l e r  was u sed  

e x c l u s i v e l y .  

A s e t  o f  e x p e r i m e n t s  was s t r u c t u r e d  a round  a  b a s i c  

t r a p e z o i d a l  s t e e r  i n p u t  d e f i n i t i o n  ( F i g .  1 0 ) .  The r a t e  

( o r  s l o p e )  o f  s t e e r  i n p u t  was c o n s i d e r e d  a  c o n t r o l  v a r i a b l e ,  

a s  were  s t e e r  l e v e l  and i n i t i a l  v e l o c i t y .  Two s e t s  o f  t e s t s  

were  r u n  h o l d i n g  s t e e r  i n p u t  ramp t i m e  and v e l o c i t y  f i x e d ,  

w h i l e  i n c r e m e n t i n g  s t e e r  l e v e l .  I n  t h e  f i r s t  s e t ,  w i t h  t h e  

i n i t i a l  v e l o c i t y  s e t  a t  30 mph and  t h e  ramp t i m e  s e t  a t  

0 .40  s e c o n d s ,  e s s e n t i a l l y  overdamped t ime  h i s t o r i e s  o f  yaw 

r a t e  and l a t e r a l  a c c e l e r a t i o n  were  o b s e r v e d  w i t h  t h e  t e s t  

v e h i c l e  (Dodge Corone t )  when t h e  s t e e r i n g  wheel  was d i s p l a c e d  

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

A l t e r n a t e  l e f t  and r i g h t  t u r n s  were  made a t  e ach  s t e e r  l e v e l ,  

b u t  no a p p r e c i a b l e  asymmetry o f  r e s p o n s e  was o b s e r v e d .  A 

s i m i l a r  s e t  o f  t e s t s  was made w i t h  t h e  i n i t i a l  v e l o c i t y  e q u a l  

t o  40 mph. The same ramp t i m e  and s t e e r  l e v e l s  were  u s e d .  

The r e s u l t s  of t h i s  s econd  t e s t  s e t  showed comparable  peak 

v a l u e s  o f  yaw r a t e  and l a t e r a l  a c c e l e r a t i o n ,  b u t  t h e  r e s p o n s e  

o f  t h e  v e h i c l e  was d e c i d e d l y  underdamped w i t h  s i g n i f i c a n t  

o v e r s h o o t  o f  t h e  q u a s i  s t e a d y - s t a t e  v a l u e .  A l s o ,  t h e  h i g h e r  

s p e e d  t e s t s  p roduced  a  s u b s t a n t i a l  r e s p o n s e  asymmetry,  

T e s t s  were  a l s o  pe r fo rmed  t o  i n v e s t i g a t e  t h e  r e l a t i v e  

m e r i t s  o f  u s i n g  ramp t i m e  a s  an i n d e x  v a r i a b l e  f o r  s e a r c h i n g  

o u t  t h e  l i m i t  c o n d i t i o n .  Two s e t s  of  t e s t  r u n s  were  con-  

d u c t e d  w i t h  Vo = 40  mph and w i t h  s t e e r i n g  l e v e l  and ramp t ime  

a d j u s t e d  a s  f o l l o w s :  
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S e t  a :  As, = Ng(80) 

RAMP TIFIE,  A t  = 0 . 2 ,  0 . 6 ,  1 . 0 ,  1 . 5 ,  2 . 0  

S e t  b :  A,, = N (12O) 
g  

RAMP T I M E ,  A t  = 0 . 2 ,  0 . 6 ,  1 . 0 ,  1 . 5 ,  2 . 0  

Both t e s t  s e r i e s  i n d i c a t e d  t h a t  t h e  peak  v a l u e s  of  yaw r a t e  

and l a t e r a l  a c c e l e r a t i o n  were  g e n e r a l l y  i n s e n s i t i v e  t o  wide 

changes  i n  ramp t i m e .  Al though  a  l o n g e r  d e l a y  was obse rved  

i n  a t t a i n i n g  peak  v a l u e s  o f  r and A w i t h  t h e  l o n g e r  A t  
Y 

i n p u t s ,  i t  was o b s e r v e d  t h a t  t h e  i n c r e a s e  i n  b o t h  p e a k s ,  a s  

o b t a i n e d  a t  A t  = 0 . 2  s e c ,  was o n l y  a b o u t  7 %  g r e a t e r  t h a n  was 

o b t a i n e d  i n  t h e  runs  i n  which A t  = 2 . 0  s e c .  C l e a r l y ,  t h e  

s e l e c t i o n  o f  ramp t ime  a s  an  i n d e x  v a r i a b l e  was u n a c c e p t a b l e  

f o r  t h e  p u r p o s e  of  s e a r c h i n g  o u t  l i m i t  p e r fo rmance .  

Ano the r  s e t  o f  r u n s  was made w i t h  s t e e r  a m p l i t u d e  f i x e d  

a t  a  l a r g e  l e v e l ,  AS, = N (16'1, w i t h  t h e  s t e e r i n g  ramp t i m e  
g  

s e t  t o  t h e  r e l a t i v e l y  l o n g  i n t e r v a l  o f  1 . 5  s e c .  V e l o c i t y  

was i ndexed  o v e r  a b r o a d  r a n g e  (Vo = 30,  35,  40,  45,  48,  50,  

52,  54 ,  56,  58,  60 mph) i n  an a t t e m p t  t o  d e t e r m i n e  i f  any 

f i r s t - o r d e r  change i n  t h e  c h a r a c t e r  o f  t h e  v e h i c l e ' s  l i m i t  

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

t h e  t e s t .  The r e s p o n s e  d a t a  i n d i c a t e d  a  r emarkab l e  i n s e n s i -  

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

Over t h e  30 t o  60 mph r a n g e ,  peak  ( r)  and (Av) measurements 
J 

remained  w i t h i n  1 0 %  o f  t h e i r  v a l u e s  a t  30 mph, a l t h o u g h  

d i f f e r e n c e s  i n  t h e  shape  o f  t h e  t i m e  h i s t o r y  were  o b s e r v e d  

a s  v e l o c i t y  i n c r e a s e d .  

On t h e  b a s i s  o f  t h e s e  p i l o t  t e s t  f i n d i n g s ,  i t  was con-  

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

f o r  t h i s  t e s t  and t h a t  t h e  ramp t ime  s h o u l d  b e  s e l e c t e d  

mere ly  t o  r e p r e s e n t  an  e r g o n o m i c a l l y  r e a s o n a b l e  v a l u e ,  



r e p r e s e n t a t i v e  o f  t h e  s t e e r i n g  i n p u t  r a t e  t h a t  d r i v e r s  

might  g e n e r a t e  unde r  emergency c o n d i t i o n s .  

A f t e r  some d e l i b e r a t i o n ,  a  c o n s t a n t  d e l a y  t ime  of  0 . 4  

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

was r a t i o n a l i z e d  t h a t  a  c o n s t a n t  d e l a y  t ime  would p r o v i d e  

f o r  t h e  lower  s t e e r i n g  r a t e s  t h a t  a  d r i v e r  would impose t o  

r e a c h  low l e v e l s  of  s t e e r  d i s p l a c e m e n t  and t h e  h i g h  p a n i c  

r a t e s  which l o g i c a l l y  might  accompany l i m i t  s t e e r i n g  l e v e l s .  

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

between s t e e r  r a t e  and s t e e r  l e v e l ,  b u t ,  f o r  p u r p o s e s  of  

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

An i n i t i a l  v e l o c i t y  of  40 mph was chosen  f o r  t h e  

t r a p e z o i d a l  s t e e r  p r o c e d u r e ,  c o n s t i t u t i n g  a  compromise 

s e l e c t i o n  governed  by t h e  f o l l o w i n g  major  f a c t o r s :  

1. i t  was deemed d e s i r a b l e  t o  employ a  s u f f i c i e n t l y  

h i g h  v e l o c i t y  s u c h  t h a t  3 t o  4  s econds  would 

e l a p s e  b e f o r e  v e h i c l e  speed  was e x c e s s i v e l y  

d i m i n i s h e d ,  and ,  

2 .  t h e  s e v e r e  t i r e  wear  p roduced  by t h i s  maneuver 

demanded t h a t  t h e  v e l o c i t y  be  min imized .  

2 . 3 . 5  SINUSOIDAL S T E E R .  T h i s  t e s t  was deve loped  i n  

t h e  VHTP s t u d y  t o  examine t h o s e  v e h i c l e  r e s p o n s e  p r o p e r t i e s  

which might  impose a  s i g n i f i c a n t  c h a l l e n g e  t o  a  d r i v e r ' s  

a b i l i t y  t o  c o n t r o l  t h e  v e h i c l e  i n  an emergency l a n e  change .  

I t  was h y p o t h s i z e d  t h a t  t h e  r e l a t i v e  asymmetry o f  a  v e h i c l e ' s  

r e s p o n s e  t o  a  symmet r ic  s i n e  wave o f  s t e e r i n g  i n p u t  would 

be  r e p r e s e n t a t i v e  o f  t h e  d e g r e e  o f  s t e e r  i n p u t  asymmetry 

which a  d r i v e r  would b e  r e q u i r e d  t o  p r o v i d e  i n  o r d e r  t o  a s s u r e  

a  change o f  l a n e s  with t h e  f i n a l  h e a d i n g  p a r a l l e l  t o  t h e  

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

e x e c u t i o n  o f  a  2 .0  s e c  p e r i o d  s i n e  i n p u t  o f  s t e e r i n g  f rom a  

c l o s e d  t h r o t t l e  c o n d i t i o n  a t  e ach  o f  4 i n i t i a l  v e l o c i t i e s .  

S t e e r i n g  a m p l i t u d e  was i n d e x e d  a t  e ach  v e l o c i t y  l e v e l  i n  a  

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



A c o n s i d e r a b l e  amount o f  p i l o t  t e s t i n g  was pe r fo rmed  

t o  examine a  g roup  o f  w i d e l y  d i f f e r i n g  t e s t  c o n c e p t s  w i t h  

t h e  o b j e c t i v e  o f  s i m u l a t i n g  an  emergency l a n e  change maneuver.  

The f o l l o w i n g  s e t s  o f  r e f i n e m e n t  t e s t s  were  pe r fo rmed :  

S e t  ( a ) ;  S i n g l e  s i n e  waves were  g e n e r a t e d  w i t h  2 . 0  

s econd  p e r i o d s ,  and a m p l i t u d e s  o f  .5Amax, .75Amax, and 

OAmax where  Amax i s  t h e  n o r m a l i z e d  s t e e r  a m p l i t u d e  d e f i n e d  

N 

%w max = 360 (*I(+$ 

V e l o c i t y  was i n d e x e d  t h r o u g h  30,  35,  40, 4 5 ,  4 8 ,  50,  5 2 ,  

54,  56,  58 ,  and 6 0  mph f o r  e ach  a m p l i t u d e .  T h i s  t e s t  s e r i e s  

p r o v i d e d  a  dense  m a t r i x  o f  r u n s  w i t h  a l t e r n a t i n g  l e f t  and 

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

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

h e a d i n g  o t h e r  t h a n  t h e  i n i t i a l  h e a d i n g .  I n  a d d i t i o n  t o  

asymmetry i n  t h e  yaw v e l o c i t y  r e s p o n s e ,  t h e  t e s t  v e h i c l e  a l s o  

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

t o - t h e - l e f t  s i n e  wave a s  opposed t o  a  l a n e - c h a n g e - t o - t h e -  

r i g h t .  

S e t s  ( b )  and ( c )  : The d e s i g n  of  t h e s e  two t e s t  s e r i e s  

d e r i v e d  f rom t h e  r e c o g n i t i o n  t h a t  t h e  s i n e  wave maneuver u sed  

i n  t h e  VHTP s t u d y  s a c r i f i c e d  r e a l i s m  i n  t h a t  t h e  s t e e r  

i n p u t s  were  n o t  c o n s t r a i n e d  o r  n o r m a l i z e d  t o  p r o v i d e  a  l a t e r a l  

d i s p l a c e m e n t  e q u i v a l e n t  t o  a  s i n g l e  l a n e  w i d t h .  The 

f e a s i b i l i t y  o f  d e v e l o p i n g  such  a  n o r m a l i z i n g  scheme was 

examined i n  t h e  p i l o t  t e s t i n g  t o  b e  d e s c r i b e d  be low.  

An a n a l y t i c a l  e x p r e s s i o n  was deve loped  r e l a t i n g  t h e  

ma jo r  v a r i a b l e s  o f  t h e  s i n e - s t e e r  t e s t  t o  l a t e r a l  d i s p l a c e -  

ment ,  assuming symmetry o f  v e h i c l e  r e s p o n s e  t o  s t e e r i n g  and 

an  a b s e n c e  o f  v e h i c l e  s i d e s l i p .  The condensed  form o f  t h i s  

r e l a t i o n s h i p  i s  s i m p l y  



where  

N = s t e e r i n g  g e a r  r a t i o  
g  

R = whee lbase  f e e t  

T  = p e r i o d ,  s e c .  

V = v e l o c i t y ,  f t / s e c  

A s w  = s t e e r i n g  wheel  a n g l e  

K = c a l i b r a t i o n  f a c t o r  

I n  o r d e r  t o  u t i l i z e  t h e  above e x p r e s s i o n ,  an i t e r a t i v e  s e t  

o f  r u n s  were  conduc t ed  a t  1 5  mph, a  s p e e d  a t  which a  v i s u a l  

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

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

e x p e r i m e n t a l l y  de t e rmined  f o r  a  s i n e - s t e e r  o f  2 . 0  s e c .  

p e r i o d ,  y i e l d i n g  a  v a l u e  f o r  t h e  c a l i b r a t i o n  f a c t o r ,  K. 

I n  t e s t  s e r i e s  ( b ) ,  s u c c e s s i v e  r u n s  were  made w i t h  s t e e r  

a m p l i t u d e  f i x e d ,  v a r y i n g  v e l o c i t y  and p e r i o d  such  t h a t  t h e  

e x p r e s s i o n  remained s a t i s f i e d  f o r  v a l u e s  o f  v e l o c i t y  e q u a l  

t o  3 0 ,  4 0 ,  45,  50, 54,  57 ,  and 6 0  mph. A v i s u a l  e s t i m a t e  o f  

t h e  l a t e r a l  d i s p l a c e m e n t  was l o g g e d ,  and i t  was found t h a t  

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

i n c r e a s i n g  v e l o c i t y .  S i m i l a r l y ,  s e t  ( c ) ,  which e x e r c i s e d  

t h e  same r o u t i n e ,  w i t h  t h e  e x c e p t i o n  t h a t  p e r i o d  was h e l d  

f i x e d  w h i l e  s o l v i n g  t h e  above r e l a t i o n s h i p  f o r  s t e e r i n g  ampl i  

t u d e  a t  each  v e l o c i t y ,  showed a  s e v e r e  a t t e n u a t i o n  i n  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  o v e r  t h e  v e l o c i t y  r a n g e .  The s e t  (b )  

r e s u l t s  r anged  from 1 2  f e e t  t o  a b o u t  2 f e e t  w h i l e  t h e  s e t  ( c )  

r e s u l t s  r anged  from 1 2  f e e t  t o  a  few i n c h e s  o f  l a t e r a l  d i s -  

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

15  mph t o  6 0  mph. These  f i n d i n g s  i n d i c a t e  a  v e r y  s t r o n g  r o l e  

b e i n g  p l a y e d  by dynamic f a c t o r s  and s l i p  phenomena. The 



c o n c l u s i o n  was t h a t  t h e  r e s o l u t i o n  o f  an  e f f e c t i v e  n o r m a l i z a -  

t i o n  scheme f o r  m a i n t a i n i n g  e q u i v a l e n t  d i s p l a c e m e n t  c r i t e r i a  

i n  t h e  s e l e c t i o n  o f  i n p u t s  was beyond t h e  s cope  of  t h i s  

p rogram.  

S e t  ( d ) :  Double s i n e  waves ,  o f  t h e  "over  and back" 

v a r i e t y ,  were  examined.  (See F i g u r e  1 1 . )  When a  s i n g l e  

s i n e  wave o f  s t e e r i n g  was a p p l i e d  t o  t h e  t e s t  v e h i c l e ,  o v e r -  

c o r r e c t i n g  r e s p o n s e s  were  g e n e r a l l y  o b t a i n e d .  Tha t  i s ,  i n  

a  l a n e  change t o  t h e  l e f t ,  t h e  v e h i c l e  would overcompensa te  

i n  t h e  s econd  h a l f  o f  t h e  s i n e  wave,  b r i n g i n g  t h e  v e h i c l e  

t o  a  t e r m i n a l  h e a d i n g  o f f  t o  t h e  r i g h t .  Whenever "over  and 

back" s t e e r  was a p p l i e d ,  i t  was obse rved  t h a t  t h e  second  

s t e e r  c y c l e  f u r t h e r  e x a g g e r a t e d  t h e  asymmetry p roduced  by 

t h e  f i r s t  wave, r e s u l t i n g  i n  a  r a t h e r  r i d i c u l o u s  t r a j e c t o r y .  

I t  a p p e a r s  t h a t  t h e  s t e e r  i n p u t  c o n s i s t i n g  o f  a  doub le  

s i n u s o i d  i s  n o t  a  v i a b l e  p r o c e d u r e  f o r  open - loop  t e s t i n g .  

Without  l oop  c l o s u r e ,  t h e  p r o p a g a t i o n  o f  r e s p o n s e  asymmetr ies  

o v e r  l o n g  p e r i o d s  p r o v i d e s  r e s u l t s  which s imply  d e l a y  

i n t e r p r e t a t i o n .  

S e t  ( e ) :  A r u n  was s e l e c t e d  from t h e  s e t  ( a )  d a t a  

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

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

was obse rved  t o  app rox ima te  a  symmet r i ca l  t r a j e c t o r y  

( s e e  F i g u r e  1 2 ) .  The t e s t  p r o c e d u r e ,  a s  e x e c u t e d ,  r e q u i r e s  

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

o p e r a t o r ,  who must i t e r a t e  t o  a c h i e v e  t h e  p r o p e r  c o r r e c t i v e  

i n p u t .  Al though  t h e  p r o c e d u r e  was pe r fo rmed ,  i t  was judged 

t o  b e  u n a c c e p t a b l y  cumbersome and s u b j e c t i v e .  

As a  r e s u l t  o f  t h e  a b o v e - d e s c r i b e d  e x p e r i m e n t s ,  i t  

was d e c i d e d  t h a t  l a n e  change pe r fo rmance  was s t i l l  b e s t  

examined by means o f  s i n g l e  s i n e  wave s t e e r i n g  w i t h  v e l o c i t y  

and a m p l i t u d e  v a r i a b l e .  I t  was conc luded  t h a t  s i n e  s t e e r  



I Ampli tude 

Time - 
FIGURE 11 

Double S i n u s o i d  Waveform o f  S t e e r i n q  I n p u t  

I " C o r r e c t e d "  T r a j e c t o r y  

I 

t I n i t i a l  T r a j e c t o r y  
R e s u l t i n g  From S i n e  

I I Wave Only 

C o r r e c t i v e  
S t e e r  I n p u t  

t i m e r  

F i g u r e  12 .  

C o r r e c t i v e  s t e e r i n g  i n p u t s  were added t o  
t h e  b a s i c  s i n e  wave shape  t o  f o r c e  
symmetr ic  t r a j e c t o r i e s  t o  r e s u l t .  



t e s t s  would b e  r u n  a t  e ach  o f  two i n i t i a l  v e l o c i t i e s ,  4 5  

and 60 mph, w i t h  t h e  a m p l i t u d e  o f  t h e  s i n e  wave d e t e r m i n e d  

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

where  o = 2 ,  4 ,  6 ,  8 ,  1 2 ,  1 6 .  By means o f  t h i s  r e l a t i o n -  

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

t h e  r a n g e  o f  l e v e l s  r e q u i r e d  t o  p r o v i d e  a  l a n e  change .  

(The r e l a t i o n s h i p  between t h e  f a c t o r s ,  V ,  R ,  and N i s  
g  

d e t e r m i n e d  on t h e  b a s i s  o f  t h e  k i n e m a t i c s  o f  s t e a d y  t u r n i n g . )  

I n  a d d i t i o n  t o  t h e  f i n d i n g s  deve loped  i n  t h e  above 

summarized s e t s  o f  t e s t s ,  a n  o b s e r v a t i o n  was made r e l a t i v e  

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

maneuver .  I n  t h e  p r e s e n c e  o f  a  2 0  mph wind ,  h a v i n g  a  com- 

p o n e n t  o f  1 2  t o  1 5  mph normal  t o  t h e  v e h i c l e ' s  p a t h ,  

e i g h t e e n  r u n s  were  made w i t h  t h e  Dodge, u s i n g  i n i t i a l  h e a d i n g s  

t h a t  a l t e r n a t e d  by 180 d e g r e e s  and a p p l y i n g  p r e c i s e l y  t h e  

same s i n e  wave s t e e r  i n p u t  e ach  t i m e .  (The v e l o c i t y  was t h e  

same i n  a l l  r u n s . )  Heading a n g l e  d e v i a t i o n s  w i t h  t h e  wind 

f rom t h e  l e f t  r a n g e d  f rom +26O t o  +9Z0 w i t h  a  mean o f  + 5 1 ° .  

With i d e n t i c a l l y  t h e  same i n p u t s  b u t  w i t h  t h e  wind from t h e  

r i g h t ,  measured d e v i a t i o n  i n  head ing  a n g l e s  r anged  from -15"  

t o  + 8 O ,  w i t h  an  a v e r a g e  o f  -10 ' .  Thus i t  a p p e a r s  t h a t  t h e  

l a t e r a l  wind l o a d i n g  on t h e  s u b j e c t  v e h i c l e  caused  by t h e  

d e f i n e d  wind c o n d i t i o n s  c a n  a l t e r  t h e  asymmetry o f  i t s  

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

t o  h a l f  o f  t h e  r a n g e  o f  t h e  o b s e r v e d  means,  o r  30 d e g r e e s .  

The l a r g e  s c a t t e r  a t t a i n e d  i s  presumably  t h e  r e s u l t  of  t h e  

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

t h e  t e s t  s e r i e s .  Th i s  f i n d i n g  i s  a d m i t t e d l y  c r u d e ,  b u t  i t  

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

s h o u l d  be  p l a c e d  on t h e  a t m o s p h e r i c  c o n d i t i o n s  e x i s t i n g  

d u r i n g  open - loop  t e s t i n g  . 



2 . 3 . 6  DRASTIC STEER-BRAKE. T h i s  maneuver was deve loped  

t o  impose t h e  maximum c h a l l e n g e  t o  a  v e h i c l e ' s  r o l l  s t a b i l i t y  

t h a t  c o u l d  be  d e r i v e d  s o l e l y  from t i r e - r o a d  s h e a r  f o r c e s .  

The maneuver ,  a s  o r i g i n a l l y  d e v e l o p e d ,  i n v o l v e d  a  t e s t  

s equence  i n  which a  h a l f  s i n e  wave of s t e e r i n g  i s  f o l l o w e d  by 

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

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

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

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

deve loped  i n  t h e  VHTP s t u d y  i n v o l v e d  a  t u n i n g  of  t h e  b r a k e  

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

f o r c e  (and t h u s  r o l l  moment) would c o i n c i d e  w i t h  t h e  o c c a s i o n  

o f  maximum r o l l  a n g u l a r  momentum ( F i g .  1 3 ) ,  which t i m i n g  

would t h e o r e t i c a l l y  c a u s e  a  maximum o v e r s h o o t  o f  t h e  r o l l  

t r a n s i e n t  t o  o c c u r .  I n  t h e  s i n g l e  s e r i e s  o f  t e s t s  t h a t  were  

e x e c u t e d  t o  examine t h i s  c o n c e p t ,  t h e  soundness  o f  t h i s  

p r i n c i p l e  was i n d i c a t e d .  I n  a  l a t e r  s e t  o f  r u n s ,  however ,  i t  

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

peak  r o l l  r a t e  was n o t  n e c e s s a r i l y  t h e  s i n g u l a r l y  w o r s t  c a s e  

unde r  a l l  c o n d i t i o n s .  S i n c e  r o l l  mot ions  a r e  de t e rmined  by 

t h e  complex i n t e r a c t i o n  o f  b o t h  n o n l i n e a r  dampers and non- 

l i n e a r  s p r i n g s  ( i n  t h e  p r o x i m i t y  o f  bump s t o p  c o n t a c t ) ,  t h e r e  

can a p p a r e n t l y  e x i s t  a r r angemen t s  o f  c h a r a c t e r i s t i c s  which 

y i e l d  a  l a r g e r  r o l l  r o t a t i o n  r e s p o n s e  when t h e  b r a k e  r e l e a s e  

i s  t imed  t o  c o i n c i d e  w i t h  t h e  peak a n g l e  a c h i e v e d  d u r i n g  t h e  

n a t u r a l  t r a n s i e n t  mo t ion .  

A s e t  o f  d r a s t i c  s t e e r - b r a k e  r u n s  was made i n  which 

b r a k e - o f f  t imes  were  v a r i e d  o v e r  a  r a n g e  o f  500 m i l l i s e c o n d s .  

S t a r t i n g  w i t h  t h e  t i m i n g  i n  which b r a k e  r e l e a s e  c o i n c i d e s  

w i t h  a  s y m p a t h e t i c  r o l l  r a t e  peak ( r e f e r r e d  t o  a s  t = 0 i n  

F i g .  1 4 ) ,  t h e  peak  v a l u e  o f  r o l l  a n g l e  a t t a i n e d  f o l l o w i n g  

b r a k e  r e l e a s e  was s e e n  t o  i n c r e a s e  t o  a  maximum a t  t = 0.400 

seconds  and t h e n  f a l l  o f f  a s  t h e  c r i t i c a l  t i m i n g  was 
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At time tr, the release of the brake input 
will cause the side force step to coincide 
with the occasion of maximum roll angular 
momentum. 



T = 2 . 0 0  Sec. 
V = 56  mph 

A = 2 3 6 '  
S W  

0  I I I . 5 0 0  + Time 
O ~ 1 0 0 . 2 0 0 * 3 0 0 . 4 0 0  

Brake Release Time Relative 
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Figure 1 4 .  

Peak r o l l  angle was seen t o  increase when 
brake re lease  time was delayed as  shown. 

exceeded .  These f i n d i n g s  i n d i c a t e d  t h a t  t h e  r e f i n e d  

p rocedure  s h o u l d  i n c l u d e  runs  t o  be  execu ted  w i t h  b r a k e  

r e l e a s e  o c c u r r i n g  b o t h  a t  t h e  i n s t a n t  of  peak r o l l  r a t e  

and peak r o l l  a n g l e ,  such  t h a t  t h e  maximum p o s s i b l e  r o l l  

r e sponse  would be  a t t a i n e d  i r r e s p e c t i v e  o f  t h e  p a r t i c u l a r  

s e n s i t i v i t i e s  of each  t e s t  v e h i c l e .  

For r ea sons  n o t  a l t o g e t h e r  c l e a r ,  t h e  Dodge Coronet 

and c e r t a i n  o t h e r  v e h i c l e s  have shown an i n c r e a s e  i n  t h e  

peak r o l l  r e s p o n s e  produced i n  d r a s t i c  s t e e r - b r a k e  maneuvers 

a s  i n i t i a l  v e l o c i t y  i s  i n c r e a s e d .  S i n c e  i t  i s  g e n e r a l l y  

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

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



doub ted .  N o n e t h e l e s s ,  i t  was conc luded  t h a t  t h e  d r a s t i c  

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

v e l o c i t i e s  o f  50 and 6 0  mph. 

a d d i  t 

p r o c e  

p e r f o  

f e a s i  

f r i c t  

2 . 3 . 7  REDUCED FRICTI 

i o n  t o  t h e  expe r imen t  

d u r e s  deve loped  e a r l i  

rmed d u r i n g  t h e  p i l o t  

b i l i t y  o f  p r o v i d i n g  a  

i o n  s u r f a c e  a s  a  t e s t  

ON COEFFICIENT TESTING. I n  

s conduc t ed  t o  r e f i n e  t h e  t e s t  

e r ,  a  s e t  o f  e x p e r i m e n t s  was 

t e s t  program t o  i n v e s t i g a t e  t h e  

n  a c c e p t a b l y  c o n s i s t e n t  low 

c o n d i t i o n .  

S i n c e  t h e  a s p h a l t  s k i d  pad  f a c i l i t y  c o n s t r u c t e d  a t  TTI 

f o r  t h i s  program was i n t e n d e d  f rom t h e  b e g i n n i n g  t o  p r o v i d e  

a s  smooth and homogeneous a  t e s t  s u r f a c e  a s  can be  p r o v i d e d  

t o  accommodate l a r g e  t u r n i n g  maneuvers ,  ex t reme c a r e  was 

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

N e v e r t h e l e s s ,  v a r i a t i o n s  i n  s u r f a c e  e l e v a t i o n  on t h e  o r d e r  

o f  318"  a r e  e n c o u n t e r e d  r e g u l a r l y  a c r o s s  t h e  pad i n  t h e  

v i c i n i t y  o f  t h e  j o i n t s  t h a t  a r e  p roduced  by each  p a s s  of  t h e  

p a v i n g  machine .  Thus,  when p e r f o r m i n g  wet t e s t  e x p e r i m e n t s ,  

i t  was n o t  a l t o g e t h e r  s u r p r i s i n g  t o  r e c o r d  w a t e r  d e p t h  

measurements which r anged  from l e s s  t h a n  0.010 i n c h e s  t o  

g r e a t e r  t h a n  0 .100  i n c h e s .  These  measurements  were  made 

w i t h  a  NASA-developed i n s t r u m e n t  u t i l i z i n g  a  c l u s t e r  o f  

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

l e a s t  c o u n t  o f  , 0 1 0  i n c h e s .  The d e p t h  measurement v a r i a t i o n s  

which c y c l e d  e v e r y  8 t o  1 2  f e e t  l a t e r a l l y ,  i n  t h e  p r o x i m i t y  

o f  t h e  p a v i n g  m a t r i x  j o i n t s ,  a l s o  v a r i e d  m o n o t o n i c a l l y  i n  

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

w a t e r i n g  t r u c k  a t  any g i v e n  l o c a t i o n .  

S i n c e  t h e  l a r g e  l a t e r a l  e x c u r s i o n s  p roduced  i n  open-  

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

p r e s c r i b e d  t r a j e c t o r y ,  i t  becomes n e c e s s a r y  t o  wet  v a s t  a r e a s  

o f  t e s t  s u r f a c e  t o  a c c o u n t  f o r  b o t h  t h e  unde t e rmined  and 

s e q u e n t i a l l y - i n d e x e d  p a t h  c u r v a t u r e  r e s p o n s e s  a s  w e l l  a s  t h e  



l o n g i t u d i n a l  o r  "down range"  u n c e r t a i n t y  e x i s t i n g  w i t h  

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

As an example ,  t h e  t r a p e z o i d a l - s t e e r  maneuver r e q u i r e s  a  

minimum r e c t a n g l e  hav ing  d imens ions  o f  300 f t .  down r a n g e  

and 200 f t .  i n  t h e  l a t e r a l  d i r e c t i o n .  To wet t h i s  a r e a  once 

r e q u i r e s  a  minimum of  7 t o  10 minu t e s  w i t h  one w a t e r i n g  

t r u c k .  S i n c e  t h e  n a t u r a l  p e r c o l a t i o n  o f  t h e  d e l i v e r e d  w a t e r  
a ccompl i shes  t h e  b u l k  o f  t h e  l e v e l  s e e k i n g  w i t h i n  one minu t e  

o f  t h e  p a s s a g e  o f  t h e  s p r a y  b a r ,  however ,  t h e  s u r f a c e  becomes 

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

l ong  b e f o r e  t h e  n e x t  t e s t  r u n  b e g i n s .  

Water d e p t h  v a r i a t i o n s  o f  t h e  o r d e r  measured on t h e  T T I  

s k i d  pad  f a c i l i t y  a r e  shown i n  t h e  l i t e r a t u r e  t o  have a  

p ro found  i n f l u e n c e  on t i r e - r o a d  f r i c t i o n  p r o p e r t i e s  [ 3 ,  4 1 .  

Data  p r e s e n t e d  i n  Re fe r ence  3  i n d i c a t e  t h a t ,  a t  t e s t  

v e l o c i t i e s  o f  40 mph, n o r m a l i z e d  peak l o n g i t u d i n a l  f o r c e  

c o u l d  b e  e x p e c t e d  t o  v a r y  from -55 t o  . 7  and no rma l i zed  peak 

l a t e r a l  f o r c e  from . 3 5  t o  . 6 5  w i t h  w a t e r  d e p t h s  r a n g i n g  from 

,010  t o  ,080  i n c h e s .  A t  6 0  mph, no rma l i zed  peak l o n g i t u d i n a l  

f o r c e  shows a  s p r e a d  r a n g i n g  from c l a s s i c  h y d r o p l a n i n g  v a l u e s  

( n e a r  0 .10 )  t o  a  l e v e l  o f  . 6 0 ,  w h i l e  l a t e r a l  f o r c e  d a t a  

i l l u s t r a t e s  an even g r e a t e r  s e n s i t i v i t y  t o  w a t e r  d e p t h ,  w i t h  

v a l u e s  r a n g i n g  from n e a r  z e r o  ( f u l l  l i f t  h y d r o p l a n i n g )  t o  

abou t  - 5 5 ,  w i t h i n  t h e  , 010  t o  ,080  i n c h  band o f  w a t e r  d e p t h s .  

Al though  t h e  a b o v e - c i t e d  f i n d i n g s  have n o t  been  o b t a i n e d  on 

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

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

has  been c o r r o b o r a t e d  by o t h e r  i n v e s t i g a t o r s  ( e . g . ,  s e e  

Re fe r ence  4 )  whose measurements have been made w i t h  t i r e  

f o r c e  measurement t r a i l e r s  o p e r a t e d  o v e r  paved r o a d  s u r f a c e s .  

On t h e  b a s i s  o f  t h e  above o b s e r v a t i o n s ,  i t  a p p e a r s  t h a t  

c o n d u c t i n g  open - loop  t u r n i n g  maneuvers on l a r g e  w e t t e d  

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

a  d a t a  b a s e  o f  low c o e f f i c i e n t  l i m i t - t u r n i n g  pe r fo rmance .  



While t h i s  c o n c l u s i o n  has  p ro found  i m p l i c a t i o n s  on t h e  

comprehens iveness  o f  t h e  v e h i c l e  h a n d l i n g  s a f e t y  a s se s smen t  

t h a t  can  b e  d e r i v e d  from open - loop  v e h i c l e  t e s t i n g ,  a 

b r o a d e r  view o f  t h e  problem i n d i c a t e s  a  l e s s e n e d  impact  

from t h i s  f i n d i n g .  I t  can b e  a rgued  t h a t  v e h i c l e  l i m i t  

pe r formance  on low c o e f f i c i e n t  s u r f a c e s ,  below 0 . 4 ,  i s  s o  

overwhelmingly a  m a t t e r  o f  t i r e  per formance  t h a t  l i t t l e  r e a s o n  

e x i s t s ,  c o n c e p t u a l l y ,  f o r  confounding  t h e  examina t i on  o f  t h e  

t i r e / v e h i c l e  sy s t em per formance  i n  t h i s  regime by f u l l  s c a l e  

t e s t i n g  o f  t h e  v e h i c l e .  Th i s  m a t t e r  w i l l  be  t r e a t e d  a g a i n  

i n  S e c t i o n  4 o f  t h i s  r e p o r t .  

2 . 3 . 8  TIRE SURFACE FRICTION STUDY. I n  t h e  rev iew of  

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  program,  l a r g e  

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 observed  

which cou ld  n o t  be  e x p l a i n e d .  I t  was h y p o t h e s i z e d  t h a t  

such  changes  i n  peak a c c e l e r a t i o n  per formance  cou ld  on ly  b e  

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

r o a d  i n t e r f a c e .  Recogniz ing  t h a t  c o n s i s t e n c y  of  f r i c t i o n  

c o n d i t i o n  was c r i t i c 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  e f f o r t  was u n d e r t a k e n  t o  i d e n t i f y  

c a u s e s  of  t h e  v a r i a t i o n  and t o  de t e rmine  compensat ing t e s t  

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

a r e  p r e s e n t e d  i n  d e t a i l  i n  Appendix 111 ,  and a r e  summarized 

i n  t h i s  s e c t i o n .  

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

t i r e  p r o p e r t i e s  which were f e l t  t o  b e  p o t e n t i a l l y  c u l p a b l e  

f a c t o r s  i n  t h e  v a r i a t i o n  phenomenon. U t i l i z i n g  expe r imen t s  

w i t h  t h e  HSRI Mobi le  T i r e  T e s t e r ,  and f u l l  s c a l e  v e h i c l e  

t e s t s ,  t h e  i n f l u e n c e  o f  f o u r  t e s t  c o n d i t i o n  v a r i a b l e s  on peak 

t i r e  s i d e  f o r c e  c a p a b i l i t y  was examined.  

1. T i r e  t r e a d  w e a r ,  a s  d e r i v e s  from t h e  conduc t  

of  l i m i t  t u r n i n g  t e s t s .  



2 .  Drying t i m e ,  a s  i t  a f f e c t s  t h e  r e c o v e r y  o f  

"dry pavement" f r i c t i o n  p r o p e r t i e s  f o l l o w i n g  

a  r a i n f a l l .  

3 .  T e s t  s u r f a c e  t e m p e r a t u r e ,  

4 .  T e s t  s u r f a c e  m a t e r i a l .  

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

o r  b u t t r e s s ,  wear on peak s i d e  f o r c e  c a p a b i l i t y  was made 

d u r i n g  Mobi le  T i r e  T e s t e r  expe r imen t s  and c o r r e l a t e d  w i t h  

v e h i c l e  e x p e r i m e n t s .  On c e r t a i n  t i r e s  i t  was found t h a t  s i d e  

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

wear and e v e n t u a l l y  a c h i e v e s  s t e a d y - s t a t e  a t  a  no rma l i zed  

f o r c e  l e v e l  t h a t  can b e  a s  much a s  4 0 %  h i g h e r  t h a n  i n  t h e  

unworn s t a t e .  I n  F i g u r e  15  i s  shown t h e  r e s u l t s  of  t i r e  

wea r ing  t e s t s  per formed  w i t h  t h e  Mobile T i r e  T e s t e r  on t i r e s  

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

s c a l e  t e s t  program sample .  The i n d i c a t e d  r anges  o f  no rma l i zed  

s i d e  f o r c e  measurements were made w i t h  each  t i r e  l oaded  t o  

app rox ima te  t h e  r e s p e c t i v e  v e h i c l e - i m p o s e d  l o a d s  on t h e  o u t -  

s i d e  t i r e s  i n  a  l i m i t  t u r n .  A l l  t i r e s  were o p e r a t e d  a t  20' 

s l i p  a n g l e  and s u b j e c t e d  t o  a  s e r i e s  of  t e s t  r uns  t o  o b t a i n  

t h e  per formance  bands i n d i c a t e d .  O the r  d a t a  i n  Appendix I11 

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

c o r r e l a t e d  by v e h i c l e  t e s t ,  i n  a d d i t i o n  t o  p r o v i d i n g  measure-  

ments i n d i c a t i n g  t h e  y a w - d e s t a b i l i z i n g  i n f l u e n c e  o f  h i g h e r  

f r o n t  t i r e  wear r a t e s  d u r i n g  l i m i t  t u r n i n g  e x p e r i m e n t s ,  

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

f u r t h e r  r e f i n e m e n t  of  t e s t  p r a c t i c e  was n e c e s s a r y  t o  minimize 

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

w i t h  n o n - s t e a d y  t i r e  s i d e  f o r c e  o u t p u t .  A p r o c e s s  was o u t -  

l i n e d  by which s e t s  o f  t e s t  t i r e s  would b e  worn i n  by 

p r e l i m i n a r y  l i m i t  c o r n e r i n g  t e s t s  o f  s u f f i c i e n t  number a s  t o  

a s s u r e  t h e  achievement  o f  s t e a d y - s t a t e  pe r fo rmance .  Al though 

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

p r o p e r t i e s ,  i t  was deemed t o  be  t h e  o n l y  r e c o u r s e  f o r  t h e  
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p u r p o s e s  o f  o b t a i n i n g  t h e  v e h i c l e  pe r fo rmance  d a t a  b a s e  i n  

t h i s  s t u d y .  An obv ious  p h i l o s o p h i c a l  c o n f l i c t  a r i s e s ,  

however ,  i n  a t t e m p t i n g  t o  l a b e l  t h e  nominal  c o n d i t i o n  o f  t h e  

d a t a  b a s e  e x p e r i m e n t s .  They do n o t  l i t e r a l l y  r e p r e s e n t  

o r i g i n a l  equipment  pe r fo rmance ,  n o r  do t h e y  n e c e s s a r i l y  

r e p r e s e n t  a  c o n d i t i o n  of  u sage  which v e h i c l e s  would be  

e x p e c t e d  t o  e x h i b i t  i n  any normal  d r i v i n g  m i s s i o n .  F u r t h e r  

d i s c u s s i o n  o f  t h e s e  m a t t e r s  i s  p r e s e n t e d  i n  t h e  Conc lus ions  

and Recommendations s e c t i o n .  I t  s u f f i c e s  h e r e  t o  summarize 

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

v a r i a b i l i t y  was i d e n t i f i e d ,  and t h a t  a  compensa t ing  t e s t  

p r a c t i c e  was a d o p t e d ,  i n  an  a t t e m p t  t o  a s s u r e  d a t a  c o n s i s t e n c y .  

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

v a r i a b i l i t y ,  d a t a  i s  p r e s e n t e d  i n  Appendix I11  i n d i c a t i n g  

t h a t  

a )  "dry pavement" f r i c t i o n  p r o p e r t i e s  were  

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

t e s t  pad ,  a s  soon  a s  t h e  s u r f a c e  "appeared  

dry" ,  t h a t  i s ,  no p e r c e p t a b l e  d a r k e n i n g  was 

n o t i c e a b l e  i n  comparison t o  t h e  d ry  " c o n t r o l "  

s u r f a c e ,  

b )  no monotonic  e f f e c t  on t i r e  s i d e  f o r c e  o r  

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

d e r i v e  from l a r g e  changes  i n  t e s t  s u r f a c e  

t e m p e r a t u r e ,  o v e r  t h e  r ange  i n v e s t i g a t e d ,  

c )  no s p e c i f i c  r e p e a t a b i l i t y  advan t ages  were  

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

t o  a s p h a l t ,  i n  any of  t h e  expe r imen t s  

r e g a r d i n g  t i r e  wear  o r  s u r f a c e  t e m p e r a t u r e .  

Thus no r e f i n e m e n t s  i n  t e s t  p r a c t i c e  were  found n e c e s s a r y  

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

m a t e r i a l  f a c t o r s .  



2 . 4  DATA PROCESSING REFINEMENTS 

Dur ing  t h e  o r i g i n a l  VHTP s t u d y ,  raw d a t a  was r e c o r d e d  

on l i g h t - b e a m  o s c i l l o g r a p h s  mounted i n  t h e  t e s t  v e h i c l e .  

Data  p r o c e s s i n g  and a n a l y s i s  was l i m i t e d  t o  v i s u a l  i n t e r -  

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

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

e t c .  Such d a t a  p r o c e s s i n g  and a n a l y s i s  i s  most l a b o r i o u s  

and  t h e r e b y  d i s c o u r a g e s  e f f o r t s  towards  making a  more 

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

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

I n  t h i s  p rogram,  ma jo r  r e f i n e m e n t s  i n  d a t a  p r o c e s s i n g  

were  accompl i shed  by r e s o r t i n g  t o  a n a l o g  magne t i c  t a p e  

r e c o r d i n g s  and computer  a n a l y s i s  o f  t h e s e  r e c o r d i n g s .  These  

changes  l e d  t o  t h e  development  o f  an e f f i c i e n t  and f l e x i b l e  

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

e l emen t  a s  w e l l  a s  p r o v i d i n g  f o r  t h e  compu ta t i on  o f  o t h e r  

r e s p o n s e  v a r i a b l e s .  D e t a i l e d  i n f o r m a t i o n  on t h i s  d a t a  

p r o c e s s i n g  s y s t e m  w i l l  b e  found  i n  Appendix V .  

The t s p e - r e c o r d e d  d a t a  o b t a i n e d  i n  b o t h  t h e  d r i v e r -  

and a u t o m a t i c - c o n t r o l  t e s t  s e r i e s  were  g i v e n  i d e n t i c a l  

f o r m a t s  t o  f a c i l i t a t e  d a t a  a n a l y s i s .  The a u t o m a t i c a l l y -  

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

whereas  t h e  d a t a  p roduced  by t h e  d r i v e r - c o n t r o l l e d  v e h i c l e  

was t r a n s m i t t e d  v i a  t e l e m e t r y  t o  a  b a s e  s t a t i o n  ( s e e  F i g .  1 6 ) .  

S c a l e s  f o r  e ach  o f  t h e  r e c o r d e d  v a r i a b l e s  were  e s t a b l i s h e d  

d u r i n g  t h e  p i l o t  t e s t  program a s  g u i d e d  by e x p e r i e n c e  g a i n e d  

i n  t h e  p r e v i o u s  VHTP s t u d y .  

The r e c o r d e d  raw d a t a  s i g n a l s ,  a s  g e n e r a t e d  t h r o u g h  an 

i n t e r f a c e  module ( s e e  Appendix V ) ,  were  p r o c e s s e d  on HSRIfs  

h y b r i d  computer  s y s t e m  ( F i g .  1 7 ) .  S i g n i f i c a n t  f e a t u r e s  o f  

t h i s  d a t a  p r o c e s s i n g  s y s t e m  a r e  i t e m i z e d  be low:  
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F I G U R E  1 7  

D a t a  P rocess ing  S y s t e m  - B l o c k  D i a g r a m  

A n a l o g  F M  
T a p e  
Playback 

t 
A n a l o g  
R a w  D a t a  

A n a l o g  
C o m p u t e r  

- and 
M o d e  C o n t r o l  

t 
D i g i t a l  
R a w  D a t a  

D i g i t a l  
C o m p u t e r  

and 
C o m p u t e d  
R e s p o n s e s  

1 6  T i m e - H i s t o r y  
V a r i a b l e s  

v v 

3 2  D i g i t i z e d  
Q u a n t i t i e s  

4 0  S a m p l e s / S e c  

B r u s h  R e c o r d e r  

D i g i t a l  
M a g n e t i c  

R e c o r d e r  



1. A m o d e - c o n t r o l  s i g n a l  was g e n e r a t e d  i n  t h e  

i n t e r f a c e  module t o  i n d i c a t e  t h e  v a r i o u s  

c a l i b r a t i o n  modes and  t e s t  e x e c u t i o n  modes. 

The h y b r i d  computer  i n  o p e r a t i n g  on t h e s e  

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

n u l l e d  any z e r o  s h i f t s  p r i o r  t o  making f u r t h e r  

c o m p u t a t i o n s .  

2 .  The raw d a t a  s i g n a l s  were  p r o c e s s e d  t h rough  

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

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

t h e  s i d e s l i p  r e s p o n s e  and s p a t i a l  t r a j e c t o r y  

o f  t h e  t e s t  v e h i c l e  on a  c o n t i n u o u s  b a s i s .  

3 .  The raw d a t a  s i g n a l s  and t h e  computed v a r i a b l e s  

were  d i g i t i z e d  f o r  s t o r a g e  on d i g i t a l  magne t i c  

t a p e s .  These d i g i t a l  t a p e s  form a  l i b r a r y  of  

t h e  t i m e  h i s t o r i e s  p roduced  i n  each  t e s t  r u n  

per formed  on e v e r y  v e h i c l e  t e s t e d  i n  t h i s  

program.  

4 .  Using t h e  d i g i t a l  t a p e s ,  f u r t h e r  p r o c e s s i n g  o f  

a l l  d a t a  was e f f e c t e d  by computing r e s p o n s e  

numer ics  f o r  each t e s t .  With t h e  a i d  o f  a  

v a r i e t y  of  d i g i t a l  a l g o r i t h m s ,  t h e  unwie ldy  

t i m e  h i s t o r y  fo rma t  was r educed  t o  a  few 

numbers f o r  each  r u n ,  i n d i c a t i n g  t h e  most 

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

5 .  A v a r i e t y  of  o u t p u t  f o rma t s  e i t h e r  e x i s t  o r  can  

be  g e n e r a t e d  a t  wi l l - the  d i g i t a l  t a p e s  ment ioned  

above ,  p e n - r e c o r d e d  a n a l o g  t r a c e s  o f  raw and 

computed v a r i a b l e s ,  and d i g i t a l  l i s t i n g s .  



2 . 5  VEHICLE PERFORMANCE DATA PRESENTATION AND INTERPRETATION- 
REVIEW AND REFINEMENTS 

I n  many d i s c i p l i n e s ,  t h e  p r e s e n t a t i o n  o f  t e s t  d a t a  

r e q u i r e s  mere ly  t h a t  t h e  expe r imen t  b e  d e f i n e d  and t h e  

measured v a r i a b l e s  i d e n t i f i e d .  I n  t h e  c o n t e x t  o f  a c q u i r i n g  

measures  o f  v e h i c l e  h a n d l i n g  pe r fo rmance  deemed t o  be  s a f e t y  

r e l e v a n t ,  d a t a  p r e s e n t a t i o n  i t s e l f  l i e s  a t  t h e  h e a r t  of  t h e  

p rob lem.  I n  a d d i t i o n  t o  s e l e c t i n g  l i m i t  maneuvers and t h e  

t e s t  p r o c e d u r e s  a s s o c i a t e d  t h e r e w i t h ,  i t  i s  d e s i r a b l e  t h a t  

t h e  d a t a  p roduced  i n  t h e s e  maneuvers b e  p r o c e s s e d  and p r e -  

s e n t e d  s o  a s  t o  enhance b o t h  t h e i r  meaning and r e l e v a n c e  t o  

s a f e t y  i s s u e s .  Without  a  r e l a t i o n s h i p  between per formance  

measures  ( o r  per formance  numer i c s )  and a c c i d e n t  s t a t i s t i c s  

e s t a b l i s h e d  from r e s e a r c h  s t u d i e s ,  t h e  v e h i c l e  d y n a m i c i s t  

and t h e  t e s t  e n g i n e e r  must n e c e s s a r i l y  r e s o r t  t o  pragmat ism 

and i n t u i t i o n  t o  d e r i v e  d a t a  p r e s e n t a t i o n s  which a r e  

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

Each o f  t h e  open - loop  maneuvers ,  a s  f i n a l i z e d  d u r i n g  t h e  

p i l o t  t e s t i n g  conduc t ed  i n  t h i s  s t u d y ,  was re -examined  w i t h  

r e s p e c t  t o  r e f i n i n g  l i m i t  maneuver per formance  numer ics  and 

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

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

b a s e  upon which t h e  r e l a t i o n s h i p  t o  s a f e t y  i s  h y p o t h e s i z e d .  

I t  must b e  emphasized t h a t  t h e s e  hypo these s  i n v o l v e  t h e  

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

r e s p o n s e  c a t e g o r i e s  and t h a t  a b s o l u t e  judgments w i t h  r e s p e c t  

t o  s a f e t y  a r e  n o t  o f f e r e d .  

I t  s h o u l d  b e  n o t e d  t h e s e  r e f i n e m e n t s  d e r i v e  from t h e  

development  of  new c o n c e p t s  f o r  e v a l u a t i n g  v e h i c l e  r e s p o n s e  

a s  w e l l  a s  from d a t a  p r o c e s s i n g  developments  which c u r r e n t l y  

p r o v i d e  r e s p o n s e  v a r i a b l e s  p r e v i o u s l y  u n a v a i l a b l e .  



2 . 5 . 1  STRAIGHT-LINE BRAKING. As i n  t h e  VHTP s t u d y ,  

maximum d e c e l e r a t i o n ,  whee l s  u n l o c k e d ,  h a s  been  i d e n t i f i e d  

a s  t h e  p r i n c i p l e  pe r fo rmance  measure  o f  i n t e r e s t  i n  t h i s  

t e s t .  Da ta  w i l l  b e  p r e s e n t e d  i n  t h e  form shown i n  F i g u r e  1 8 ,  

w i t h  d i s t i n c t i o n s  p r o v i d e d  f o r  t h o s e  r u n s  which r e s u l t e d  i n  

l ockup  o f  two whee ls  on t h e  same a x l e .  I t  i s  h y p o t h e s i z e d  

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

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

b r a k i n g ,  b e c a u s e  o f :  

a )  t h e  absence  o f  s t e e r i n g  c o n t r o l  which accompanies  

t h e  l o c k i n g  of  b o t h  f r o n t  w h e e l s ,  and 

b )  t h e  c l a s s i c a l  d i r e c t i o n a l  i n s t a b i l i t y  which 

accompanies  l ocxup  of  b o t h  r e a r  wh.z<i.s .  

The o r d i n a t e  v a r i a b l e ,  " ave rage  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  a  d i g i t a l  a v e r a g e  o f  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  

p roduced  o v e r  t h e  t ime  s p a n  d u r i n g  which t h e  v e h i c l e  s lowed 

from 35 mph t o  1 0  mph. Th i s  v e l o c i t y  "window" i s  chosen  t o  

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

i n i t i a l  v e l o c i t y  and b r a k e - p e d a l  a p p l i c a t i o n  r a t e s  a t  t e s t  

i n i t i a t i o n  and t o  e l i m i n a t e  t h e  i n f l u e n c e  on a v e r a g e  d e c e l -  

e r a t i o n  t h a t  de r i .ve  from t h e  i n c r e a s e  i n  b r a k i n g  e f f e c t i v e n e s s  

o c c u r r i n g  a t  low r u b b i n g  s p e e d s  between l i n i n g  and d r u m l d i s c .  

Th i s  l a t t e r  e f f e c t  i s  o f  conce rn  because  i t  t e n d s  t o  b i a s  

upward t h e  a v e r a g e  d e c e l e r a t i o n  pe r fo rmance  o f  a  motor  

v e h i c l e  w i t h o u t  c o n t r i b u t i n g  s i g n i f i c a n t l y  t o  min imiz ing  

s t o p p i n g  d i s t a n c e .  

2 , 5 . 2  BRAKING IN A STEADY T U R N .  Three  d a t a  p l o t s  have 

been  deve loped  f o r  p r e s e n t a t i o n  o f  v e h i c l e  r e s p o n s e  i n  t h i s  

maneuver.  The f i r s t  p l o t ,  shown i n  F i g u r e  1 9 ,  i s  i d e n t i c a l  

t o  t h a t  u sed  t o  d e m o n s t r a t e  s t r a i g h t -  l i n e  b r a k i n g  e f f e c t i v e -  

n e s s .  The two o t h e r  p r e s e n t a t i o n s ,  F i g u r e s  2 0  and 2 1 ,  
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r e p r e s e n t  t u r n i n g  r e s p o n s e  e v a l u a t i o n s  t h a t  have been made 

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

p a t h - c u r v a t u r e  t i m e  h i s t o r i e s  by computer  p r o c e s s i n g .  

Note t h a t  t h e  s u b j e c t  maneuver i n v o l v e s  an  i n i t i a l l y  

cu rved  p a t h  whose c u r v a t u r e  can  change a s  a  r e s u l t  o f  

b r a k i n g .  I t  i s  a r g u e d  t h a t  d r i v e r s  do n o t  a p p l y  b r a k i n g  

w i t h  t h e  i n t e n t i o n  o f  e f f e c t i n g  a  change i n  d i r e c t i o n a l  

r e s p o n s e .  Consequen t ly ,  an  i n t e r p r e t a t i o n  scheme i s  needed  

which comprehens ive ly  d e s c r i b e s  t h e  p r o p e r t i e s  of  a  t u r n  such  

t h a t  d e v i a t i o n s  from t h e  i n i t i a l  t u r n  can  b e  r e c o g n i z e d  and 

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

d e t e c t  d e v i a t i o n s  o r  changes  from t h e  i n i t i a l  c o n d i t i o n ,  

which change d r i v e r s  would have t o  r e c o g n i z e  and accompany 

w i t h  a  s t e e r i n g  c o r r e c t i o n .  

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

maneuver t o  be  a  c o n s t a n t  p a t h  r a d i u s  ( o r  c u r v a t u r e )  t r a j e c -  

t o r y ,  o v e r  which t h e  v e h i c l e  m a i n t a i n s  a  z e r o  v a l u e  o f  

s i d e s l i p  a n g l e .  (These r e s p o n s e  v a r i a b l e s  a r e  diagrammed 

i n  F i g u r e  2 2 . )  I t  i s  p o s t u l a t e d  t h a t  t h e  i d e a l  t u r n  d e f i n i -  

t i o n ,  e x p r e s s e d  i n  t h e s e  t e r m s ,  r e p r e s e n t s  a  comprehensive  

manner o f  v i ewing  d i r e c t i o n a l  r e s p o n s e  i n  t h i s  o r  any t u r n i n g  

maneuver.  

The s i d e s l i p  r e s p o n s e ,  a ,  i s  f e l t  t o  be  o f  major  s a f e t y  

s i g n i f i c a n c e .  I t  i s  a r g u e d  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. The r a r i t y  o f  emergency maneuver ing e v e n t s  

s u g g e s t s  t h a t  d r i v e r  a d a p t a b i l i t y  under  such  c i r c u m s t a n c e s  

must  d e r i v e  f rom t a l e n t s  o t h e r  t h a n  t h o s e  a t t a i n a b l e  from 

l e a r n i n g  ( t r i a l  and e r r o r )  e x p e r i e n c e ,  Thus t h e  a n a l o g  o r  

c o n t i n u o u s  measurement o f  s i d e s l i p  a n g l e  and s i d e s l i p  r a t e  

i s  l ooked  upon as r e p r e s e n t i n g  an  e r r o r  q u a n t i t y  which imposes 
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The S i d e s l i p p i n g  V e h i c l e  i n  a Curved P a t h  



a  m o n o t o n i c a l l y  i n c r e a s i n g  c h a l l e n g e  t o  t h e  human c o n t r o l l e r  

t o  c l o s e  t h e  l o o p .  Note t h a t  t h e  p a t h  c u r v a t u r e  measure  

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

t r a j e c t o r y  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  r e s p o n s e .  I n  t h e  VHTP s t u d y ,  

yaw r a t e  and l a t e r a l  a c c e l e r a t i o n  measures  were  u s e d , w i t h  

t h e s e  v a r i a b l e s  becoming u n i n t e r p r e t a b l e  under  c o n d i t i o n s  

o f  s e v e r e  s i d e s l i p  r e s p o n s e .  

F i g u r e  20 p r e s e n t s  t h e  peak  r a t e  o f  change o f  s i d e s l i p  

a n g l e  t h a t  o b t a i n s  when b r a k i n g  i n  a  t u r n  a s  a  f u n c t i o n  of  

a v e r a g e  d e c e l e r a t i o n .  Al though  peak s i d e s l i p  a n g l e  a l s o  

would be o f  i n t e r e s t  h e r e ,  poo r  a c c u r a c y  i s  o b t a i n e d  i n  

computing s i d e s l i p  a s  v e l o c i t y  goes  t o  z e r o .  N e v e r t h e l e s s ,  

i n  t h i s  s h o r t l i v e d  maneuver,  i t  i s  f e l t  t h a t  b o t h  13 and b 
each  r e f l e c t  t h e  same phenomenon, w i t h  b e i n g  a  s u b s t a n t i a l l y  

more s e n s i t i v e  measure .  Th i s  measure  w i l l  r e a d i l y  c h a r a c -  

t e r i z e  t h e  l i m i t  pe r formance  o f  v e h i c l e s  which e x h i b i t  lockup 

o f  r e a r  whee ls  p r i o r  t o  lockup  o f  f r o n t  w h e e l s .  

Conve r se ly ,  l o c k i n g  of  f r o n t  whee ls  p r i o r  t o  r e a r  whee ls  

i s  c h a r a c t e r i z e d  by a  l o s s  o f  p a t h  c u r v a t u r e  which l o s s  i s  

i n d i c a t e d  by a  s h a r p  d e c r e a s e  i n  1 / R  i n  F i g u r e  2 1 .  The 

i d e a l  v a l u e  o f  no rma l i zed  p a t h  c u r v a t u r e  r e s p o n s e ,  d e f i n e d  

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

s t e a d y  t u r n  v a l u e ,  would b e  1 . 0 ,  i n d i c a t i n g  t h a t  no  

d i r e c t i o n a l  a d j u s t m e n t  would b e  r e q u i r e d  due t o  b r a k i n g .  

2 . 5 . 3  ROADHOLDING IN A T U R N .  I n  t h e  VHTP s t u d y ,  t h e  

r o a d h o l d i n g  per formance  o f  a  v e h i c l e  t r a v e r s i n g  a  s i m u l a t e d  

r o a d  d i s t u r b a n c e  was c h a r a c t e r i z e d  i n  t e rms  of  yaw r a t e  and 

l a t e r a l  a c c e l e r a t i o n  change r a t i o e d  t o  t h e  i n i t i a l  t u r n  v a l u e s .  

S i n c e  t h i s  exper iment  ha s  a d i r e c t  ana logy  t o  t h e  b r a k i n g -  

i n - a - t u r n  t e s t ,  i t  was de t e rmined  t h a t  a  comparably r e f i n e d  

d a t a  p r e s e n t a t i o n  b e  employed.  The e n c o u n t e r  o f  a  r oad  



d i s t u r b a n c e  i n  a n  i n i t i a l l y  s t e a d y  t u r n  can  b e  viewed i n  

t h e  same t e rms  a s  was b r a k e  a p p l i c a t i o n  i n  a  t u r n ,  w i t h  

d i r e c t i o n a l  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 ,  c o n s t i t u t i n g  comprehens ive  d e s c r i p t o r s  o f  v e h i c l e  

t u r n i n g  b e h a v i o r .  F i g u r e s  23 and 24 show t h e s e  d i r e c t i o n a l  

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

r o a d  roughness  f r e q u e n c y .  S p e c i f i c a l l y ,  F i g u r e  23 p r e s e n t s  

a  n o r m a l i z e d  a v e r a g e  p a t h  c u r v a t u r e ,  d e f i n e d  a s  t h e  ave rage  

v a l u e  o f  1 / R  (computed o v e r  t h e  1 second  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 )  r a t i o e d  t o  t h e  i n i t i a l  v a l u e  o f  1 / R .  For  

v e h i c l e s  which s u f f e r  a  heavy l o s s  i n  t i r e  s i d e  f o r c e s ,  t h i s  

q u a n t i t y  w i l l  i n d i c a t e  a  t a n g e n t i a l  d e p a r t u r e  from t h e  

h y p o t h e t i c a l  roadway by r e g i s t e r i n g  v a l u e s  of  no rma l i zed  

p a t h  c u r v a t u r e  n e a r  z e r o .  

F i g u r e  24 p r e s e n t s  peak s i d e s l i p  r a t e  p l o t t e d  v e r s u s  

d i s t u r b a n c e  f r e q u e n c y .  I n  b o t h  t h e  r o a d h o l d i n g  maneuver and 

t h e  b r a k i n g - i n - a - t u r n  t e s t ,  t h e  b measure  i s  u sed  f o r  i t s  

e a s e  o f  compu ta t i on  and i n  r e c o g n i t i o n  o f  i t s  s e n s i t i v i t y  

a s  an  i n d i c a t o r  o f  d i r e c t i o n a l l y  u n s t a b l e  r e s p o n s e s .  Fo r  

v e h i c l e s  which become h e a v i l y  d e s t a b i l i z e d ,  w i t h  a  l a r g e  

yaw moment imbalance  r e l a t i v e  t o  yaw moment o f  i n e r t i a ,  an  

e x c u r s i o n  i n  8 w i l l  b e  s e e n  v e r y  q u i c k l y ,  whereas  t h e  s i d e -  

s l i p  r e s p o n s e  ( t h e  i n t e g r a l  o f  8 )  i s  s l o w e r .  Thus t h e  

c r u c i a l  q u e s t i o n  "has t h e  v e h i c l e  r e a c h e d  a  l i m i t  of  p e r -  

fo rmance?"  can be  b e s t  a n t i c i p a t e d  t h rough  examina t i on  o f  

t h e  s i d e s l i p  r a t e .  

These r e f l e c t i o n s  a r e  t h e  b a s i s  f o r  making c e r t a i n  

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

b u t  t h e y  do n o t  a d d r e s s  t h e  more d i f f i c u l t  m a t t e r s  o f  d r i v e r  

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

t h a t  f u r t h e r  r e s e a r c h  w i l l  f i n d  d r i v e r s  t o  be  e q u a l l y  s e n s i -  

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

c o n t r a r y ,  i t  i s  s u s p e c t e d  t h a t  q u i t e  d i f f e r e n t  d r i v e r  r e s p o n s e  
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mechanisms may a p p l y  t o  each  d e r i v a t i v e .  N e v e r t h e l e s s ,  we 

submi t  t h a t  a n  e q u a l  t r e a t m e n t  o f  each  d e r i v a t i v e  can  be  

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

t i v i t i e s  t o  s i d e s l i p  w i l l  a t  l e a s t  b e  monoton ic ,  i . e . ,  "more 

i s  wor se t t  i n  a  s a f e t y  s e n s e .  For  example ,  i n  t h e  F i g u r e  24 

p r e s e n t a t i o n  o f  peak  k r e s p o n s e  t o  r o a d  r o u g h n e s s ,  t h e  

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

p r o p e r t y  which imposes more c h a l l e n g e  t o  t h e  d r i v e r  ( t h a n  

l e s s ) ,  and t h a t  l a r g e  @ ' s  c o u l d  b e  e x p e c t e d  t o  f o l l o w  i f  

t h e  d e s t a b i l i z e d  c o n d i t i o n  were  a l l o w e d  t o  p e r s i s t .  

2 . 5 . 4  TRAPEZOIDAL STEER. T h i s  maneuver r e s u l t s  i n  a  

J - t u r n  t r a j e c t o r y  which i s  n o t  r e p r e s e n t a t i v e  o f  any r e a l i s -  

t i c  highway maneuver b u t  d o e s ,  n e v e r t h e l e s s ,  p r o v i d e  t h e  

c o n d i t i o n s  a p p r o p r i a t e  f o r  e x a m i n a t i o n  of  t h e  t r a n s i t i o n  

from s t r a i g h t - l i n e  mot ion  t o  l i m i t  t u r n i n g ,  such  a s  may occu r  

i n  t h e  i n i t i a l  p h a s e  o f  an  o b s t a c l e  avo idance  maneuver.  The 

e f f e c t i v e n e s s  w i t h  which a  v e h i c l e  pe r fo rms  an o b s t a c l e  

avo idance  t a s k  i n  an  emergency,  a s  a  r e s u l t  o f  a  s t e e r i n g  

i n p u t ,  would seem t o  b e  d e t e r m i n e d  by t h e  a b i l i t y  o f  t h e  

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

manner.  As a  consequence o f  h a v i n g  n o n - s t e e r a b l e  r e a r  

w h e e l s ,  t h e  motor v e h i c l e  a c h i e v e s  l a t e r a l  d i s p l a c e m e n t  o n l y  

by means o f  a  c u r v i l i n e a r  t r a j e c t o r y .  I t  f o l l o w s  t h a t  a  

c h a r a c t e r i z a t i o n  o f  t h e  c u r v i l i n e a r  p a t h  p roduced  by a  r a p i d  

s t e e r i n g  i n p u t  can  s e r v e  a s  a  measure  of  t h e  o b s t a c l e  a v o i d -  

ance  c a p a b i l i t y  of  a motor  v e h i c l e .  

I n  t h e  VHTP s t u d y ,  d a t a  o b t a i n e d  from t h e  s o - c a l l e d  

" s t e p  s t e e r "  t e s t  were  p r e s e n t e d  i n  t h e  form o f  peak v a l u e s  

o f  l a t e r a l  a c c e l e r a t i o n  and n o r m a l i z e d  yaw r a t e .  I t  a p p e a r s  

t h a t  a  b e t t e r  measure  o f  t u r n i n g  pe r fo rmance  i s  g i v e n  i n  

F i g u r e  25. Normal ized p a t h  c u r v a t u r e ,  RS ( l /R )  aVe i s  o b t a i n e d  

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

o v e r  a  2 - s econd  p e r i o d  f o l l o w i n g  t h e  i n i t i a t i o n  o f  t h e  s t e e r  

t r a p e z o i d .  By t h e  a v e r a g i n g  p r o c e s s ,  t h e  measure  combines 
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t h e  dynamic d e l a y  t o g e t h e r  w i t h  t h e  a c h i e v e d  l e v e l  o f  p a t h  

c u r v a t u r e .  The n o r m a l i z i n g  t e r m ,  RS, i s  t h e  v a l u e  o f  p a t h  

c u r v a t u r e  d e r i v i n g  f rom a  s t e a d y  l g  t u r n  a t  4 0  mph, and i s  

u sed  s i m p l y  t o  o b t a i n  a  c o n v e n i e n t  s c a l e .  

The s i d e s l i p  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 ,  a s  

p r e s e n t e d  i n  F i g u r e  2 6 ,  i s  a g a i n  s e e n  a s  a  d r i v e r  c h a l l e n g e  

f a c t o r .  The measure  p r e s e n t s  t h e  peak v a l u e  of  B o b s e r v e d  

w i t h i n  t h e  f i r s t  2 s econds  o f  t h e  maneuver .  F i g u r e  26 p l o t s  

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

s t e e r  l e v e l s ,  w h i l e  F i g u r e  2 7  i n d i c a t e s  t h e  " p r i c e "  i n  t e rms  

o f  s i d e s l i p  a n g l e  "pa id"  f o r  t h e  l e v e l  o f  p a t h  c u r v a t u r e  

t h a t  i s  a c h i e v e d .  I t  i s  h y p o t h e s i z e d  t h a t  o b s t a c l e  avo idance  

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

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

2 . 5 . 5  SINUSOIDAL STEERING. The s i n u s o i d a l  s t e e r  t e s t  

i s  d e s i g n e d  t o  evamine t h e  e f f e c t i v e n e s s  w i t h  which s t e e r i n g  

c o n t r o l  can  p roduce  a  l a n e  change ,  i n  a  l i m i t  s e n s e .  Whereas,  

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

emergenc i e s  o b t a i n  f rom c l o s u r e  o f  t h e  c o n t r o l  l oop  by t h e  

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

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

an  open - loop  t e s t i n g  p r o c e d u r e .  I m p l i c i t  i n  t h e  u s e  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  i s  t h e  p r o p o s i t i o n  t h a t ,  i n  normal 

d r i v i n g ,  symmet r ic  s t e e r i n g  i n p u t s  a r e  found  t o  b e  a p p r o p r i a t e  

f o r  p r o d u c i n g  l a n e  change t r a j e c t o r i e s .  I n  a n  emergency 

i t  i s  h y p o t h e s i z e d  t h a t  t h e  d r i v e r  l o o p - c l o s u r e  bu rden  i s  

l e a s t  when a  l a n e  change can  b e  a c h i e v e d  i n  r e s p o n s e  t o  

c o n t r o l  i n p u t s  which a r e  d i r e c t l y  e x t r a p o l a t e d  from normal  

d r i v i n g .  

The r e s p o n s e  t o  s i n u s o i d a l  s t e e r i n g  was e v a l u a t e d  i n  

t h e  VHTP s t u d y  i n  t e rms  o f  t h e  d e v i a t i o n  i n  head ing  a n g l e ,  

a measure  t h a t  q u a n t i f i e d  t h e  n o n - p a r a l l e l i s m  o f  t h e  t r a j e c -  

t o r y .  The measu re ,  a s  d e v e l o p e d ,  p r o v i d e d  no b a s i s  f o r  







comparing t h e  a t t a i n e d  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 o  

t h e  nomina l  w i d t h  o f  a  highway l a n e .  I t  was conc luded  t h a t  

a  r e f i n e d  measure  s h o u l d  b e  deve loped  t o  e v a l u a t e  t h e  

r e s p o n s e  t r a j e c t o r y  d i r e c t l y ,  by compu ta t i on  o f  a  " l a n e  

change d e v i a t i o n "  measure .  

Th i s  measu re ,  A ,  i s  d e f i n e d  a s  an  i n t e g r a l  e r r o r  t e rm 

o p e r a t i n g  on t h e  l a t e r a l  d i s p l a c e m e n t  t ime  h i s t o r y ,  y ( t ) ,  

F i g u r e  28, and i s  e x p r e s s e d  by t h e  f o l l o w i n g  r e l a t i o n s h i p :  

Note t h a t  t h e  measure h a s  u n i t s  o f  f e e t ,  r e p r e s e n t i n g  an 

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

1 2  f e e t  a s  de t e rmined  o v e r  t h e  compu ta t i on  t i m e ,  3 . 4  s e c o n d s .  

The " i d e a l "  v a l u e  would b e  z e r o ,  i n d i c a t i n g  a  s t e p  change 

i n  l a t e r a l  d i s p l a c e m e n t  o f  p r e c i s e l y  1 2  f e e t .  Th i s  measure ,  

A ,  i s  p l o t t e d  i n  F i g u r e  29,  a s  a  f u n c t i o n  of  t h e  a m p l i t u d e  

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 .  As d e f i n e d ,  A = 1 2  f o r  a  

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

F u r t h e r  d a t a  p r e s e n t a t i o n  r e f i n e m e n t s  a r e  p r o v i d e d  by 

computing t h e  s i d e s l i p  r e s p o n s e  and p l o t t i n g  v e r s u s  s t e e r  

i n p u t ,  a s  shown i n  F i g u r e  3 0 .  Peak s i d e s l i p  a n g l e  can  a l s o  

be  c r o s s - p l o t t e d  w i t h  t h e  l a n e  change d e v i a t i o n  measure ,  A ,  

a s  shown i n  F i g u r e  31.  I t  i s  h y p o t h e s i z e d  t h a t  t h e  d r i v e r  

l o o p - c l o s u r e  bu rden  i s  monotonic  w i t h  b o t h  o f  t h e  v a r i a b l e s  

p l o t t e d  i n  F i g u r e  31 such  t h a t  d e s i r a b l e  per formance  i s  

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

2 . 5 . 6  DRASTIC STEER AND BRAKE. The d r a s t i c  s t e e r  and 

b r a k e  p r o c e d u r e  p roduces  a  v a r i e t y  o f  r e s p o n s e  c o n d i t i o n s ;  

however ,  t h e  maneuver i s  d e s i g n e d  o n l y  t o  e v a l u a t e  t h e  r o l l o v e r  

t e n d e n c y .  I n  t h e  VHTP s t u d y ,  t h e  f i n d i n g s  were  p r e s e n t e d  t o  

e i t h e r  show t h a t  t h e  v e h i c l e  r o l l e d  o v e r  o r  d i d  n o t .  A s m a l l  

r e f i n e m e n t  h a s  been  added i n  t h i s  s t u d v  w h e r e i n  t h e  peak r o l l  
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a n g l e  a t t a i n e d  by each v e h i c l e  i n  a  d r a s t i c  s t e e r  and brake  

maneuver i s  de termined and p l o t t e d  ( s e e  F i g .  3 2 ) .  Veh ic l e  

r o l l o v e r ,  as  r e s t r a i n e d  by t h e  o u t r i g g e r s ,  would r e g i s t e r  

on F i g u r e  32 a s  a  peak r o l l  a n g l e  o f  20 '  o r  l a r g e r .  







3 .  FULL-SCALE TEST PROGRAM: 
EXECUTION AND FINDINGS 

Th i s  s e c t i o n  o f  t h e  r e p o r t  i s  concerned  p r i m a r i l y  w i t h  

p r e s e n t i n g  t h e  e x p e r i m e n t a l  f i n d i n g s  t h a t  were produced i n  

t h e  major  t e s t  program mandated by t h e  r e q u i r e m e n t s  of  t h i s  

s t u d y .  S p e c i f i c a l l y ,  t h e  o b j e c t i v e  was t h a t  o f  a p p l y i n g  t h e  

s i x  o p e n - l o o p ,  l i m i t  maneuver measu re s ,  d i s c u s s e d  i n  S e c t i o n  2 ,  

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

S i n c e  i t  was r e q u e s t e d  t h a t  t h e  v e h i c l e  t e s t  sample be  

r e p r e s e n t a t i v e  of  t h e  domes t i c  and f o r e i g n  v e h i c l e s  a v a i l a b l e  

f o r  pu rchase  i n  t h e  U.S. and t h a t  t h e  sample  f u r t h e r  span  

t h e  spec t rum o f  h a n d l i n g  q u a l i t i e s  p o s s e s s e d  by p r e s e n t  day 

p a s s e n g e r  c a r s ,  t h e  p r o c e s s  used  t o  s e l e c t  t h e  t e s t  sample 

i s  b r i e f l y  i n d i c a t e d  below and summarized,  i n  f u r t h e r  d e t a i l ,  

i n  Appendix IV. A l i s t i n g  f o l l o w s  of (1)  t h e  v e h i c l e s  t h a t  

were a c t u a l l y  t e s t e d  i n  t h i s  program,  and ( 2 )  t h e  many p r o c e d u r e s  

and t e s t  p r a c t i c e s  t h a t  were obse rved  and u sed  t h roughou t  t h e  

f u l l - s c a l e  t e s t  a c t i v i t y .  I n  an e f f o r t  t o  g i v e  t h e  r e p o r t  

maximum r e a d a b i l i t y ,  t h e  r e a d e r  s h o u l d  n o t e  t h a t  t h e  d e t a i l e d  

t e s t  f i n d i n g s  have been  g a t h e r e d  i n t o  a  s e p a r a t e  a p p e n d i x ,  

t h e  body of  t h e  t e x t  b e i n g  l i m i t e d  t o  a  h i g h l y  compact 

summary which c o n s t i t u t e s  an overv iew o f  t h e  d a t a  b a s e  t h a t  

was e s t a b l i s h e d  i n  t h e  c o u r s e  o f  t h i s  p r o j e c t .  

3 . 1  SELECTION OF THE VEHICLE TEST SAMPLE 

Two d i s t i n c t  a n a l y s e s  were  conduc ted  t o  s e l e c t  a t e s t  

v e h i c l e  sample  t h a t  would span  t h e  r ange  o f  l i m i t  h a n d l i n g  

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

These a n a l y s e s  i n c l u d e d :  

a )  a  c h a r a c t e r i z a t i o n  o f  t h e  v e h i c l e  p o p u l a t i o n  i n  

t e rms  o f  d e s i g n  d i f f e r e n c e s ,  mechanica l  c h a r a c t e r -  

i s  t i c s ,  and per formance  l e v e l s  ; 



b) an examinat ion  of a c c i d e n t  d a t a  t o  d e t e c t  ove r -  

involvement a t t r i b u t a b l e  t o  v e h i c l e  performance 

c h a r a c t e r i s t i c s .  

Appendix IV documents t h e s e  ana lyses  and p r e s e n t s  t h e  r a t i o n a l e  

t h a t  was used t o  s e l e c t  a  f i f t e e n - v e h i c l e  t e s t  sample.  For 

budgetary  r e a s o n s ,  t h i s  sample was reduced t o  e l e v e n  wi th  

ano the r  v e h i c l e  be ing  added from a  companion s t u d y ,  r e s u l t i n g  

i n  an a c t u a l  t e s t  sample of 1 2  v e h i c l e s .  I t  shou ld  be noted  

t h a t  t h e  f o l l o w i n g  major des ign  d i f f e r e n c e s  and/or  v e h i c l e  

c a t e g o r i e s  were r e p r e s e n t e d :  

4 v e h i c l e s  were imported c a r s  

1 v e h i c l e  had a  r e a r  engine  l o c a t i o n  

1 v e h i c l e  had a  mid-engine l o c a t i o n  

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

* 1 v e h i c l e  was equipped w i t h  a  four-wheel  a n t i l o c k  system 

3 v e h i c l e s  weighed l e s s  than  2000 pounds 

4 v e h i c l e s  weighed more than  4 0 0 0  pounds 

4 v e h i c l e s  had 4-wheel independent  suspens ion  

I n  a d d i t i o n ,  a  l a r g e  number of suspens ion  des igns  were 

r e p r e s e n t e d .  An i t emized  l i s t  o f  v e h i c l e  p r o p e r t i e s  possessed  

by t h e  sample i s  g iven  i n  Table VII of Appendix IV. The a c t u a l  

t e s t  sample c o n s i s t e d  of t h e  fo l lowing  v e h i c l e s  ( a l l  were 1971 

models) : 

Volkswagen Super B e e t l e  

C h r y s l e r  Imper i a l  

Mercedes 300 S E L  

Lotus Europa 

Aus t in  America 

AMC Gremlin 

P o n t i a c  F i r e b i r d  Trans Am 

Ford Galaxie  



9 .  Oldsmobile Toronado 

10 .  Dodge Coronet 

11. Chevrole t  Brookwood s t a t i o n  wagon 

1 2 .  AMC Ambassador 

I n  a d d i t i o n ,  a  Toyota C o r o l l a  1 2 0 0  was o u t f i t t e d  f o r  t e s t i n g  

b u t  l a t e r  removed from t h e  sample when r e p e a t e d  o u t r i g g e r -  

r e s t r a i n e d  r o l l o v e r  responses  du r ing  t i r e  b r e a k - i n  runs 

r e s u l t e d  i n  t h e  f a i l u r e  of a  l a r g e  number of suspens ion  components. 

This  response  anomaly i s ,  however, i nc luded  i n  t h e  d i s c u s s i o n  

of t h e  t e s t  r e s u l t s  ( s e e  S e c t i o n  3 . 3 ) .  Photographs of t h e  twelve 

v e h i c l e s  a r e  shown i n  F igure  33. 

3 . 2  TEST PRACTICE EMPLOYED IN THE FULL-SCALE TEST PROGRAM 

Vehic le  t e s t  p r o g r e s s  was f a c i l i t a t e d  by conduct ing  

two p a r a l l e l  s e r i e s  of expe r imen t s ,  w i t h  t h e  equipment r e q u i r e d  

t o  perform t h e  d r i v e r  and automat ic  s e r i e s  of  t e s t s  be ing  

s e q u e n t i a l l y  i n s t a l l e d  and u t i l i z e d  i n  each of t h e  t e s t  

v e h i c l e s .  To f a c i l i t a t e  t h e  i n s t a l l a t i o n  of  t h e  t e s t  equ ip -  

ment i n  t h e  f i e l d ,  a  number of v e h i c l e  m o d i f i c a t i o n s  were 

made. These m o d i f i c a t i o n s  inc luded  t h e  fo l lowing  permanent 

i n s t a l l a t i o n s  f i t t e d  t o  each v e h i c l e :  

a  f i f t h  wheel mount b r a c k e t  

brake  l i n i n g  thermocouples a t  l e f t  f r o n t  and r i g h t  

r e a r  wheels 

a  plywood p l a t f o r m  f o r  mounting t e s t  i n s t r u m e n t a t i o n  

a  s t e e r i n g  l i m i t e r  mount b r a c k e t  

b rake  l i m i t e r  connect ion  tub ing  

p a i n t e d  b l a c k l w h i t e  masks on each wheel 

f r o n t - w h e e l  s p i n d l e  mounts f o r  f ron t -whee l  r o t a t i o n  

d e t e c t o r s  

r ea r -whee l  r o t a t i o n  d e t e c t o r  mounts 

o u t r i g g e r - t i e - c a b l e  b o l t s  i n  t h e  f r o n t  and r e a r  

bumpers 



AMC Ambassador A u s t i n  America 

C h e v r o l e t  Brookwood Dodge Corone t  

P o n t i a c  F i r e b i r d  TransAm Ford  G a l a x i e  

F i g u r e  3 3 .  T e s t  v e h i c l e  sample  



AMC Greml in  C h r y s l e r  I m p e r i a l  

Lo tu s  Europa Mercedes 300 SEL 

Oldsmob i l e  Toronado Volkswagen Supe r  B e e t l e  

Fiqure 33.  (con't) 



1 0 .  h y d r a u l i c  pump mount and d r i v e  p u l l e y  on t h e  engine  

11. 1 2 - v o l t  f u s e  b l o c k  and t e r m i n a l  

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

was s u b j e c t e d  t o  t h e  SAE b rake  b u r n i s h i n g  procedure  (J843a) and 

was d r i v e n  a  minimum of  500 mi le s  i n  a  normal t r a f f i c  e n v i r o n -  

ment. T i r e s  f o r  a l l  v e h i c l e s  were purchased  d i r e c t l y  from t h e  

manufac tu re r s  such t h a t  a l l  exper iments  on any v e h i c l e  were 

run  w i t h  t i r e s  o b t a i n e d  from a  common l o t .  T i r e s  were "broken 

i n "  on each v e h i c l e  by s u b j e c t i n g  them t o  normal d r i v i n g  

ove r  100 t o  200 m i l e s .  

P r i o r  t o  i n i t i a t i n g  e i t h e r  t h e  d r i v e r  o r  au tomat i c  

s e r i e s  t e s t s  on each v e h i c l e ,  t h e  fo l lowing  p r a c t i c e s  were 

obse rved :  

1. The v e h i c l e  was weighed p r i o r  t o  i n s t a l l a t i o n  

of t h e  i n s t r u m e n t a t i o n  package.  

2 .  While t h e  v e h i c l e  remained i n  i t s  empty s t a t e ,  

t h e  f r o n t - e n d  a l ignment  (and i n  t h e  c a s e  of independent  

r e a r  s u s p e n s i o n s ,  t h e  r e a r  a l ignment)  was a d j u s t e d  

t o  be w i t h i n  t h e  o r i g i n a l  equipment m a n u f a c t u r e r ' s  

s p e c i f i c a t i o n .  

3 .  A p h y s i c a l  c a l i b r a t i o n  was performed on a l l  d a t a  

t r a n s d u c e r s .  

4 .  The ins t rumen t  package was i n s t a l l e d  and f u n c t i o n a l  

checks were made. 

5 .  The i n s t r u m e n t - l a d e n  v e h i c l e  was weighed. 

6 .  Measurements of wheel a l ignment  were made on t h e  

i n s t r u m e n t - l a d e n  v e h i c l e .  

7 .  The s t e e r i n g  r a t i o ,  N G ,  was measured s t a t i c a l l y .  

This  r a t i o  was de termined as  t h e  average  r a t i o  

f o r  b o t h  wheels t u r n e d  12' l e f t  and r i g h t :  



where: tisW = s t e e r i n g  wheel ang le  f o r  1 2 '  l e f t  

t u r n  on l e f t  f r o n t  wheel 

6 = s t e e r i n g  wheel angle  f o r  1 2 '  r i g h t  
S W 2  t u r n  on l e f t  f r o n t  wheel 

6sW = s t e e r i n g  wheel angle  f o r  1 2 O  l e f t  

t u r n  on r i g h t  f r o n t  wheel 

6 = s t e e r i n g  wheel ang le  f o r  1 2 '  r i g h t  
Sw4 t u r n  on r i g h t  f r o n t  wheel.  

The v a l u e  of N G  was used t o  compute t h e  c o n t r o l  

i n p u t  l e v e l s  of s t e e r i n g  p e r  t h e  procedures  o u t l i n e d  

i n  Appendix 11. 

8 .  Next ,  t r i a l  runs were conducted,  w i th  sample d a t a  

t aken  and checked. 

9 .  N e w t i r e s  which h a d b e e n  "broken in"  by a t  l e a s t  

100 mi le s  of  d r i v i n g  were i n s t a l l e d  p r i o r  t o  

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

1 0 .  During t h e s e  s t a b i l i z a t i o n  t e s t s ,  t i r e  i n f l a t i o n  

p r e s s u r e s  were main ta ined  a t  t he  manufac tu re r ' s  

recommended c o l d  i n f l a t i o n  p r e s s u r e  and t h e  f u e l  

t ank  was main ta ined  between h a l f  f u l l  and f u l l .  

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

a f t e r  20 runs and the  t i r e s  were t r a n s f e r r e d  t o  an 

o p p o s i t e  d i agona l  p o s i t i o n .  F u r t h e r  runs were 

conducted as  d i c t a t e d  by t h e  w e a r - i n  scheme o u t l i n e d  

i n  Appendix 111. 

1 2 .  P r i o r  t o  a l l  d a t a - t a k i n g  sequences ,  t h e  v e h i c l e  

was d r i v e n  over  a  3-mi le  paved c o u r s e ,  and i n f l a t i o n  

p r e s s u r e  were a d j u s t e d  as  n e c e s s a r y .  An e l e c t r i c a l  

c a l i b r a t i o n  sequence was conducted a s  o u t l i n e d  i n  

Appendix V .  

13.  T e s t  procedures  were conducted,  w i th  e l e c t r i c a l  

c a l i b r a t i o n s  r e p e a t e d  whenever a  run  sequence 



exceeded 25 samples .  A sample number was a s s i g n e d  

t o  each t e s t  run  and t o  each mode of  t h e  e l e c t r i c a l  

ze ro  and g a i n - s e t  c a l i b r a t i o n  sequence.  Each 

sample was r eco rded  i n  a  d a t a  l o g  book as  w e l l  a s  

b e i n g  i d e n t i f i e d  on t h e  v o i c e  channel  of t h e  

t a p e  r e c o r d e r .  

14 .  Fol lowing a l l  t e s t s  i n  a  s e r i e s  ( d r i v e r  o r  au to -  

ma t i c )  a  pos t - c a l i b r a t i o n  sequence was conducted 

and t h e  p h y s i c a l  g a i n s  of a l l  t r a n s d u c e r s  compared 

w i t h  t h e  va lues  t aken  p r i o r  t o  t h e  s e r i e s .  I f  any 

of t h e  c r i t i c a l  r e sponse  v a r i a b l e s  were seen  t o  

have v a r i e d  more t h a n  t h e  amounts i n d i c a t e d  below, 

t h e  e n t i r e  t e s t  s e r i e s  was r e p e a t e d .  

V a r i a b l e  Allowed C a l i b r a t i o n  V a r i a t i o n  

A 
X 

1 1 / 2 %  

A 1 1 / 2 %  
Y 

r 2 % 

4 2 %  

v 5  1 1 / 2 %  
15 .  F ron t -end  a l ignment  was measured fo l lowing  each 

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

wheel p o s i t i o n s  r e s u l t i n g  from t e s t i n g .  

1 6 .  Recordings were o b t a i n e d  of envi ronmenta l  c o n d i t i o n s  

throughout  t h e  t e s t  program, even though i t  was 

recognized  t h a t  no b a s i s  c u r r e n t l y  e x i s t s  f o r  

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

t e s t  r e s u l t s .  

1 7 .  The t e s t  pad was swept p e r i o d i c a l l y  w i t h  a  scrubbing  

sweeper t o  minimize t h e  d e t e r i o r a t i o n  of f r i c t i o n  

p r o p e r t i e s  caused by s u r f a c e  con tamina t ion .  

18 .  Skid  t r a i l e r  measurements were made on t h e  t e s t  

s u r f a c e ,  i n d i c a t i n g  average  dry  pavement ASTM 

s k i d  numbers of 76-82. 



19 .  A l l  r e sponse  d a t a  g a t h e r e d  d u r i n g  t h e  t e s t  program 

was s t o r e d  and t r a n s p o r t e d  i n  m a g n e t i c a l l y  s h i e l d e d  

c o n t a i n e r s .  ridhen t a p e  d a t a  c a n i s t e r s  were manual ly  

c a r r i e d  o n t o  commercial a i r l i n e  f l i g h t s ,  t h e  a i r l i n e s  

were r e q u e s t e d  t o  d e a c t i v a t e  whatever  h i g h  gauss  

m e t a l  d e t e c t o r s  may have been o p e r a t i o n a l .  

Height  of  t h e  i n s t a l l e d  i n s t r u m e n t s  i n  t h e  au toma t i c  t e s t  

s e r i e s  were measured on each  v e h i c l e  t o  enab le  e s t i m a t e s  t o  

be made of t h e  e l e v a t i o n  of  t h e  c e n t e r  o f  mass o f  t h e  i n s t a l l e d  

l o a d .  A t a b l e  of  t h e s e  c a l c u l a t e d  v a l u e s  i s  g iven  below. 

The i n s t a l l e d  gea r  weighed 515 pounds.  I n  each v e h i c l e ,  

however,  s e a t s  were removed, such t h a t  t h e  n e t  l oad  compares 

f a b o r a b l y  w i t h  a  nominal two pas senge r -no  luggage c o n d i t i o n .  

I n  comparing e s t i m a t e d  c . g .  h e i g h t s  of  a  v e h i c l e  loaded  w i t h  

two pas senge r s  and no luggage ,  i t  would appear  t h a t  no v e h i c l e  

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

For t h e  Chevro le t  s t a t i o n  wagon, whose c . g .  h e i g h t  was measured 

i n  t h e  l a b o r a t o r y ,  t h e  t e s t e d  c o n d i t i o n  invo lved  a  n e t  

c . g .  h e i g h t  approximate ly  , 0 1 0  i nches  below t h a t  of t h e  

nominal two pas senge r -no  luggage c o n d i t i o n .  

Table  of C . G .  He ights  
of t h e  I n s t a l l e d  515 l b .  Load 

Used i n  t h e  ACV T e s t s  

Veh ic l e  

Mercedes 
A u s t i n  
Volkswagen 
I m p e r i a l  
Lotus 
Ga lax ie  
Toronado 

h  Veh ic l e  h  

25.6 Gremlin 26.9 
24.8 F i r e b i r d  26.6 
26.6 Toyota 2 5 . 2  
27.4 Chevro le t  26.6 
2 4 . 1  Dodge 23.6 
26.6 Ambassador 26 .1  
2 7 . 4  

3 . 3 .  VHP FINDINGS 

The VHP r e sponse  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. (A  complete  



c a t a l o g  of  t h e  d a t a  p l o t s  produced f o r  each v e h i c l e  w i l l  be 

found i n  Appendix V I I . )  Each l i m i t  r esponse  maneuver i s  cons ide red  

and d i s c u s s e d  i n  t u r n ,  w i t h  t h e  o b j e c t i v e  of i d e n t i f y i n g  

t h e  t y p i c a l  r e sponse  c a t e g o r i e s  produced by t h e  sample.  Ijoth 

raw d a t a  r e p r o d u c t i o n s  and condensed d a t a  p l o t s  a r e  employed 

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

S p e c i f i c a l l y ,  t h e  condensed d a t a  p l o t s  a r e  p r e s e n t e d  i n  a  

form which c o n s o l i d a t e s  t h e  d a t a  from t h e  e n t i r e  sample ,  

i n d i c a t i n g ,  a l s o ,  t h e  range and t h e  d i s t r i b u t i o n  of  performance.  

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.  I t  appears  t h a t  a  r i g o r o u s  s t a t i s t i c a l  t r e a t m e n t  

of t h e  d a t a  b a s e  might be  a d v i s a b l e  i n  any f u t u r e  p r o c e s s i n g  

of t h e s e  d a t a .  

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

r e sponse  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  wheels  lock  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  wheels  lock  up f i r s t ,  as  t y p i f i e d  by t h e  AMC 

Amb as  s ador  

c )  4-wheel a n t i l o c k  performance as  r e p r e s e n t e d  i n  

t h e  sample by t h e  C h r y s l e r  I m p e r i a l ,  

Typc ia l  raw d a t a  t ime h i s t o r i e s  a r e  shown i n  F igure  34. 

Except f o r  t h e  c a s e  of r ea r -whee l  lockup ,  i n  which a  yaw 

divergency 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 rak ing  

resembles  t h e  example i n  F i g u r e  34. F i g u r e  35 p r e s e n t s  

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

by means of an o v e r l a y  of  t h e  t h r e e  response  c a t e g o r i e s  

t y p i f i e d  by t h e  Lo tus ,  Ambassador, and I m p e r i a l .  This  p l o t  

d e f i n e s  t h e  range o f  Ax v s .  PB as  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  p r e s e n t e d  i n  Appendix V I I .  The p l o t  was c o n s t r u c t e d  

by approximat ing  each v e h i c l e ' s  mean performance by s i x  

d i s c r e t e  p o i n t s ,  a l though  t h e  p l o t s  i n  Appendix VII 
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S t r a i g h t  L i n e  Braking Raw D a t a  T i m e  H i s t o r i e s  
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indicate far larger numbers of samples for certain vehicles. 

Clearly, the range of vehicle performance on this plot 

is determined both by differences in gain ( A x / P B )  and by 

differences in the peak longitudinal acceleration achieved 

without locking two wheels on the same axle. The spread 

of peak acceleration performance is indicated in the figure 

to be 0.22g. 

3.3.2 BRAKING-IN-A-TURN. As with straight-line braking, 

the significant limit response categories are 

a) front-wheel lockup, as with the Mercedes 

b) rear-wheel lockup, as with the AMC Gremlin 

c) 4-wheel antilock performance, Imperial. 

Figure 36 presents time histories produced in a typical 

sublimit condition, with no wheels locking. The longitudinal 

acceleration is seen to rise abruptly following brake application 

in the steady turn. Path curvature increases from its initial 

value, in this case, as the vehicle slows to a stop. 

Figure 37 presents a raw data sample of the limit response 

to braking-in-a-turn characterized by lockup of the front 

wheels. Characteristically, this limit is indicated by an 

immediate drop in the k and r time histories, with negligible 
Y 

sideslip (tanP) and a decrease in path curvature to zero. 

The divergent end condition of the b and 1/R time histories 

reflects the computational instability that results when the 

forward velocity appearing in the denominator of both variables 

goes to zero. This nominal response also typifies the perform- 

ance exhibited by vehicles with 4-wheel antilock systems. 

In Figure 38, raw data are presented for the rear-wheel 

lockup case, clearly indicating the unstable directional response 

that typifies this limit category. 
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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  39 and 4 0  f o r  t h e  t e s t  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  range  and d i s t r i b u t i o n  of  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  w i t h  l i n e s  r e p r e s e n t i n g  t h e  a p p r o x i -  

mate mean per formance  of  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 m i t  pe r formance .  

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 - w h e e l  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 m i t .  

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

i n  F i g u r e  40  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  1 / 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 of  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 rov ided  

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  accompanies 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  of  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  40  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 imply  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  from 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 .  I t  would a p p e a r ,  t h e n ,  t h a t  t h i s  p l o t  i n d i c a t e s  

a  r e sponse  p r o p e r t y  r e p r e s e n t i n g  an u n d e s i r a b l e  e f f e c t  of 

u n d e r s t e e r ,  a t  l e a s t  p e r  t h e  s a f e t y  h y p o t h e s i s  e x p r e s s e d  

e a r l i e r .  Such an o b s e r v a t i o n  runs  c o u n t e r  t o  c o n v e n t i o n a l  

judgement which h o l d s  t h a t  t h e  p o s i t i v e  b e n e f i t s  of unde r -  

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

C l e a r l y ,  a b r o a d  r ange  i n  p a t h - c u r v a t u r e  r e s p o n s e  was 

measured w h i l e  t h e  s i d e s l i p  r e sponses  a r e  r a t h e r  c o n f i n e d .  

The a p p a r e n t  s p r e a d  i n  any o f  t h e s e  measu re s ,  however ,  i s  

h e a v i l y  dependent  upon t h e  s c a l e  chosen f o r  d a t a  p r e s e n t a t i o n .  
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FIGURE 4 0  
Summary Plot - Braking In A Turn 



The i n c r e a s i n g  t r e n d  i n  normalized pa th  c u r v a t u r e ,  w i th  

i n c r e a s i n g  A i s  p a r t i a l l y  due t o  an anomaly i n  t h e  d a t a  x ' 
p r e s e n t a t i o n  scheme. S ince  ( l /R)  ave i s  computed only  over  

t h e  f i r s t  one second of r e sponse ,  fo l lowing  brake  a p p l i c a t i o n ,  

t h e  l e v e l  of d e c e l e r a t i o n  d i r e c t l y  determines the  v e l o c i t y  

decrement w i t h i n  which t h e  one-second average i s  e v a l u a t e d .  

Because p a t h - c u r v a t u r e  ga in  i s  i n v e r s e l y  r e l a t e d  t o  v e h i c l e  

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

mechanisms i n  t h e  b rak ing  p rocess  can d i s t u r b  t h e  l a t e r a l -  

f o r c e  b a l a n c e ,  an i n c r e a s e  i n  1 / R  w i th  i n c r e a s i n g  l e v e l s  of 

A i s  g e n e r a l l y  observed.  
X 

C e r t a i n  v e h i c l e s  were seen  t o  i l l u s t r a t e  marked asymmetry 

i n  response t o  r i g h t  v s .  l e f t  t u r n  b r a k i n g .  Of p a r t i c u l a r  

n o t i c e ,  t h e  Lotus Europa i n d i c a t e d  d r a m a t i c a l l y  d i f f e r i n g  

p a t h - c u r v a t u r e  responses  between r i g h t  and l e f t  t u r n s .  

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

response a r e  observed i n  the  d a t a  produced by t h e  roadholding 

i n  a  t u r n  maneuver: 

1. predominant wheel-hop resonance of f r o n t  suspens ion  

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  pa th  

c u r v a t u r e  wi thou t  l a r g e  s i d e s l i p ;  

2 .  r e a r  wheel-hop resonance dominates ,  caus ing  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  

excur s ion .  

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  of  the  response  caused by 

dominant wheel-hop resonance of t h e  f r o n t  wheels a r e  given 

i n  F igure  4 1 ,  Note t h a t  t he  yaw-ra te  response dec reases  q u i c k l y ,  

when the  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 ,  caus ing  t h e  

computed p a t h - c u r v a t u r e  r e sponse ,  1 / R ,  t o  drop.  

Dominant resonance a t  t h e  r e a r  wheels y i e l d s  t h e  t ime 

h i s t o r i e s  shown i n  F igure  4 2 .  With a  s u b s t a n t i a l  l o s s  i n  
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r e a r - t i r e  s i d e  f o r c e ,  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 t h e  

p a t h  c u r v a t u r e  d e c r e a s e s  toward z e r o .  I t  i s  i n t e r e s t i n g  t o  

n o t e  t h a t  t h e  6 and 1 / R  measures  i n d i c a t e  a  d r a m a t i c a l l y  

a l t e r e d  d i r e c t i o n a l  r e sponse  w h i l e  t h e  yaw r a t e  s i g n a l  

remains  remarkably s t e a d y .  This  phenomenon, d e r i v i n g  from 

t h e  i n a b i l i t y  of t h e  yaw r a t e  gyro  t o  d i s t i n g u i s h  t h e  r o t a -  

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

from t h e  r o t a t i o n  accompanying s i d e s l i p  r a t e ,  i l l u s t r a t e s  t h e  

u t t e r  inadequacy of  yaw r a t e  a s  a  measure of  performance i n  

t h i s  maneuver.  

Data p r e s e n t e d  i n  Appendix VII f o r  each  v e h i c l e  a r e  summarized 

i n  F i g u r e s  43 and 44 ,  i l l u s t r a t i n g  t h e  range  and d i s t r i b u t i o n  

o f  performance i n  t h e  t e s t  v e h i c l e  sample .  A s  i n d i c a t e d  i n  

F i g u r e  43 ,  t h e  range  of no rma l i zed  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  

cove r s  a l l  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 encoun te r ing  

t h e  road  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 sponse .  

I t  s h o u l d  be n o t e d  t h a t  F i g u r e  43 was c o n s t r u c t e d  w i t h o u t  

i n c l u d i n g  t h e  d a t a  produced by t e s t i n g  e i t h e r  t h e  Mercedes,  

o r  Lo tus .  The omiss ion  o f  t h e s e  v e h i c l e s  from t h e  summary 

p l o t  d e r i v e s  from t h e  o b s e r v a t i o n  o f  r e sponse  anomal ies  which 

a r e  n o t  e x p l a i n a b l e  by means of  b a s i c  k i n e m a t i c  p r i n c i p l e s .  

F i g u r e  45 shows an example of raw d a t a  t a k e n  w i t h  t h e  Mercedes 

which shows l a t e r a l  a c c e l e r a t i o n  n o t  on ly  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 i s 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  of  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  computed p a t h - c u r v a t u r e  r e sponse  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  of t h e  i n i t i a l  p a t h  t h a n  would be  t h e  c a s e  f o r  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 sponse  can be unde r s tood .  However, no major  d a t a  
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a c q u i s i t i o n  problem c o u l d  be  i d e n t i f i e d  which would s u g g e s t  

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

v a l i d i t y  i s  m a i n t a i n e d ,  d e s p i t e  t h e  o b s e r v a t i o n  of  a  h i g h  

l e v e l  o f  h i g h  f r equency  n o i s e  i n  t h e  l a t e r a l  a c c e l e r a t i o n  

s i g n a l  on most v e h i c l e s .  L a t e r a l  a c c e l e r a t i o n  s i g n a l s  i n  

exces s  of 4g p e a k - t o - p e a k  ampl i tude  a t  40  Hz r e s u l t e d  i n  t h i s  

maneuver,  which s i g n a l  t h e  p h y s i c a l  r ange  o f  t h e  t r a n s d u c e r s ,  

and t h u s  were c l i p p e d .  Th i s  v i b r a t i o n  l e v e l ,  which i s  comple t e ly  

unknown i n  r i d e  o s c i l l a t i o n  s p e c t r a  [ 5 ] ,  was unexpec ted  and remains  

t o  be  f u l l y  unde r s tood .  

Accord ing ly ,  a  c a u t i o n a r y  n o t e  i s  a t t a c h e d  to  t h e  d a t a  

p l o t s  f o r  t h i s  maneuver ( s e e  Appendix VII )  i n d i c a t i n g  t h a t  

c e r t a i n  d i s t o r t i o n s ,  b e l i e v e d  t o  b e  s m a l l ,  may e x i s t  i n  t h e s e  

d a t a .  

3 .3 .4  TRAPEZOIDAL S T E E R .  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 s  e x e c u 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  c a p a b i l i t y  

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

of  t h e  t i r e s  i s  a c h i e v e d .  These c a t e g o r i e s  of  b e h a v i o r  a r e :  

1. A " sp inou t "  l i m i t  r e sponse  i s  a c h i e v e d ,  by which 

a  d r a m a t i c  yaw d ive rgence  i s  expe r i enced  a s  a  r e s u l t  

of  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  on t h e  

r e a r  t i r e s  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 ch ieved  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  capa -  

b i l i t y  on t h e  r e a r ,  such  t h a t  any p e r t u r b a t i o n s  

o f  v e h i c l e  s i d e s l i p  beyond t h i s  nominal  t r i m  c o n d i t i o n  



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

t hus  account ing  f o r  t h e  s t a b i l i z i n g  yaw moment 

which p reven t s  any f u r t h e r  a c c r u a l  of r e a r  t i r e  

s i d e  f o r c e .  

3.  A r o l l o v e r  response  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  dur ing  t h e  h igh  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  aggravated  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  of t h e  t e s t .  The c o n t a c t  of t h e  

wheel r i m  w i th  t h e  t e s t  s u r f a c e  can f u r t h e r  c o n t r i b u t e  

t o  a  r o l l o v e r  response .  

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 ,  

r e s p e c t i v e l y ,  r e s u l t  i n  t ime h i s t o r i e s  such as a r e  p resen ted  

i n  F igures  46 and 4 7 .  I n  F igure  46  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 a  divergency i n  s i d e s l i p  response .  In  F igure  4 7 ,  

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 sponse .  This  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  

performance which t h e  v e h i c l e  i s  i ncapab le  of exceeding ,  

b u t  which g e n e r a l l y  i s  accompanied by a  sma l l  s i d e s l i p  

response .  The d r i f t o u t  c o n d i t i o n  i s  t hus  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  v e h i c l e  t u r n i n g  performance b u t  does 

n o t  involve  t h e  c o n t r o l l a b i l i t y  cha l l enge  of t h e  s p i n o u t  

l i m i t .  

I t  should  be no ted  t h a t  t h e  v e h i c l e  whose t u r n i n g  i s  l i m i t e d  

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

which i s  p e r f e c t l y  ba lanced  t o  accrue  l a t e r a l - f o r c e  s a t u r a t i o n s  

on the  f r o n t  and r e a r  t i r e s  s imul t aneous ly .  Thus t h e  t r a p e z o i d a l -  

s t e e r  performance e x h i b i t e d  a c r o s s  t h e  sample i s  n o t  reduced 

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 ,  b u t  r a t h e r  i s  summarized 

i n  a  g e n e r a l  form, as  shown i n  F igure  48. This  p r e s e n t a t i o n  

s u g g e s t s  t h a t ,  improved o r  more e f f i c i e n t  t u r n i n g  i s  a s s o c i a t e d  

w i t h  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 .  F igure  4 8  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  
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FIGURE 50 
Summary Plot - Trapezoidal Steer 



and p a t h - c u r v a t u r e  d a t a  shown i n  F igures  49 and 50. Example 

d a t a  from a  s p i n o u t - l i m i t e d  vehicle ( e . g . ,  t h e  VW) 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  of t h e s e  p l o t s .  Whereas F igure  48 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  performance i n  terms of 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  49 

and 50 p r o v i d e  a  c l e a r  view of  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  expec 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 tremendous s p r e a d  i n  t h e  average  p a t h - c u r v a t u r e  

measures shown i n  F igure  50 d e r i v e s  from t h r e e  f a c t o r s  which 

a r e  e v i d e n t  i n  t h e  t ime h i s t o r y  d a t a .  

1. C e r t a i n  v e h i c l e s  i n d i c a t e  a  l a r g e  d e l a y  i n  yaw 

r e s p o n s e ,  t hus  minimizing t h e  average  v a l u e  which 

i s  computed over  a  two-second p e r i o d .  

2 .  C e r t a i n  v e h i c l e s  acc rue  such a  l a r g e  v e l o c i t y  l o s s  

over  two seconds t h a t  t hey  can e x h i b i t  a  t i g h t l y  

curved p a t h  l a t e r  i n  t h e  r u n ;  thus  b i a s i n g  t h e  average  

v a l u e  upward. 

3 .  Large d i f f e r e n c e s  i n  p a t h - c u r v a t u r e  c a p a b i l i t y  

e x i s t ,  s imply because  o f  t h e  d i f f e r e n c e s  i n  t h e  

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

t i r e s .  This  f a c t  i s  i l l u s t r a t e d  by t h e  range of 

l a t e r a l  a c c e l e r a t i o n  l e v e l s  shown i n  F igure  51. 

The d a t a  i n  F igure  5 1  r e p r e s e n t s  t h e  range and d i s t r i b u t i o n  

of t h e  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  expe r imen 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 .  Thus, i t  can be concluded 

t h a t  contemporary v e h i c l e s  e x h i b i t  l a r g e  d i f f e r e n c e s  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 y ,  b o t h  when t i r e s  a r e  unworn and when 

t h e i r  t i r e s  have been l a t e r a l - f o r c e  s t a b i l i z e d .  





The f o l l o w i n g  a d d i t i o n a l  p l o t s  a r e  p r e s e n t e d  i n  

Appendix V I I :  

Peak A v s ,  normal ized  s t e e r  l e v e l  
Y 

* Peak r v s .  normal ized  s t e e r  l e v e l  

Peak B v s .  normal ized  s t e e r  l e v e l  

Note t h a t  t h e s e  p l o t s  of peak A and r a r e  p r e s e n t e d  f o r  
Y 

comparison w i t h  e a r l i e r  t e s t  f i n d i n g s  even though each  p l o t  

r e p r e s e n t s  an i n c o n c l u s i v e  view of  t h e  t u r n i n g  r e sponse  of  

a  s i d e s l i p p i n g  v e h i c l e .  

I t  was s e e n  t h a t  c e r t a i n  amounts of  asymmetry a r e  e x h i b i t e d  

i n  t h e  r e sponse  p l o t s  of each of  t h e  i n d i c a t e d  v a r i a b l e s .  

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

v e h i c l e s ,  t h e  e x t r a  t e s t  burden  of measuring b o t h  p o l a r i t i e s  

of  r e sponse  seems t o  have been war ran ted .  

Both t h e  Volkswagen and blercedes v e h i c l e s  were observed  

t o  r o l l o v e r  i n  response  t o  a  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  

au toma t i c  s e r i e s ,  was r o l l e d  comple te ly  over  o n t o  i t s  roof  

(F igu re  5 2 ) .  Th is  unexpected r e s u l t  made i t  c l e a r  t h a t  o u t -  

r i g g e r s  shou ld  be  used i n  conduc t ing  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  Mercedes 

300 SEL, when t h i s  v e h i c l e  e x h i b i t e d  a  r o l l o v e r  r e sponse  of  

such  s e v e r i t y  t h a t  a  complete  t r a n s f e r  of v e h i c l e  weight  t o  

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

pavement. The ensu ing  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 

suspens ion  f a i l u r e s .  The c o s t l y  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  s u g g e s 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 

be  i n c u r r e d  by p e r m i t t i n g  complete  f o l l o v e r  r a t h e r  t h a n  by 

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



F i g u r e  5 2 .  

R o l l o v e r  r e s u l t i n g  from t r a p e z o i d a l  
s t e e r  i n p u t .  



3 . 3 . 5  SINUSOIDAL STEER TEST. 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 range of  r e sponses  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  t h e  s t e e r  

ampli tude s imply  r e s u l t s  i n  l a t e r a l  d isp lacements  which a r e  

i n  excess  of  t h e  nominal dimensions of  t h e  roadway. Thus, 

w i t h  r e g a r d  t o  a  l a t e r a l  d isp lacement  r e s p o n s e ,  t h e  concept  

of a d e f i n e a b l e  l i m i t  would n o t  seem t o  app ly .  C e r t a i n  

v e h i c l e s  i n  t h e  sample,  however, i n d i c a t e d  a  remarkable p r o p e n s i t y  

f o r  ach iev ing  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  over  t h e  

e n t i r e  range  of s t e e r i n g  ampl i tudes .  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  achieved  t h i s  l i m i t  i nvo lve  very  

complex mot ions ,  f o r  which no g e n e r a l i z e d  under s t and ing  

has  been developed.  

Two c a t e g o r i e s  of yaw response  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  as  asymmetries of  d i r e c t i o n a l  

ga in  i n  response  t o  t h e  l e a d i n g  and t r a i l i n g  ha l f -waves  of 

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 sponses  have been 

grouped i n t o  "undercor rec t ive"  and " o v e r c o r r e c t i v e "  yawing 

motions i n  which t h e  2nd h a l f  of 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 ecovery  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  heading .  

In  t h e  u n d e r c o r r e c t i v e  r e sponse ,  t h e  v e h i c l e  accumulates  

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

recovery  h a l f  of  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 .  

A raw d a t a  sample t y p i c a l  of t h i s  c o n d i t i o n  i s  shown i n  F igure  

5 3 .  The v e h i c l e ' s  f r o n t  t i r e s ,  du r ing  t h e  second h a l f  wave 

of s t e e r i n g  i n p u t ,  expe r i ence  an i n s u f f i c i e n t  s i d e s l i p  ang le  

of the  recovery  p o l a r i t y  t o  e f f e c t  s u f f i c i e n t  r e s t o r i n g  yaw 

moment. C a r r i e d  t o  t h e  ex t reme,  a  s p i n o u t  i s  i n i t i a t e d  

w i t h  t h e  f i r s t  h a l f  wave of  s t e e r i n g ,  which s p i n o u t  t h e  
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second h a l f  of t h e  symmetric s t e e r  i n p u t  i s  i ncapab le  of a r r e s t i n g .  

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  t ime 

h i s t o r i e s  shown i n  F igu re  54,  r e s u l t s  i n  a  t e r m i n a l  heading 

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-the recovery  h a l f  of  t h e  s t e e r i n g  i n p u t  

be ing  more e f f e c t i v e  t h a n  t h e  i n i t i a l  s t e e r i n g  i n p u t .  The 

p h y s i c a l  mechanism unde r ly ing  t h i s  phenomenon remains t o  be 

f u l l y  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 igu res  55 through 

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

1. Peak s i d e s l i p  response  v s .  s t e e r  l e v e l  a t  45 and 

60 mph (F igu res  55 and 56) ; 

2 .  Lane change d e v i a t i o n  v s .  s t e e r  l e v e l  a t  4 5  and 60 

mph (F igu res  57 and 5 8 )  ; 

3 .  S i d e s l i p  response  v s .  l a n e  change d e v i a t i o n  a t  45 

and 60 mph (F igu res  59 and 6 0 ) .  

I n  F igures  55 and 56,  t he  peak s i d e s l i p  angle  e x h i b i t s  a 

monotonic 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  narrow performance range f o r  t h e  sample.  F igures  57 and 58 

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  man i f e s t  a  r ea sonab le  

approximat ion of  a  l ane-change  t r a j e c t o r y  over  a  wide band 

of s t e e r  i n p u t s ,  wh 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 sp lacements  

of s u b s t a n t i a l l y  l a r g e r  dimension.  

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

va lue  of  A o c c u r r i n g  a t  some va lue  of s t e e r  l e v e l ,  a ,  between 

4 and 1 0 .  Below t h e s e  va lues  of o ,  t h e  s t e e r i n g  ampli tude 

i s  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 sp lacement  

n e a r  1 2  f e e t ,  (when o=O, t h e  v a l u e  of  A must be 1 2 ,  because 

t h e  v e h i c l e  w i l l  run a  s t r a i g h t  cou r se  1 2  f e e t  away from 

t h e  a d j a c e n t  l a n e ) .  I t  was observed 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  va lues  of A a t  h i g h e r  s t e e r  l e v e l s  a l s o  
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FIGURE 57 

Summary Plot - Sinusoidal Steer - 45 mph 
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FIGURE 58 

Summary Plot - Sinusoidal Steer - 60 mph 







m a n i f e s t  an u n d e r c o r r e c t i v e  yaw re sponse .  A d d i t i o n a l l y ,  

many of t h e  v e h i c l e s  e x h i b i t e d  s i g n i f i c a n t  amounts of  asymmetry 

i n  t h i s  measure ,  when l a n e  changing t o  t h e  l e f t  compared w i t h  

l a n e  changing t o  t h e  r i g h t .  

F i g u r e s  59 and 60 summarize t h e  A/@ r e sponses  f o r  t h e  

sample.  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 sponses  n e a r  

t h e  o r i g i n ,  o t h e r s  appear  t o  d e f i n e  t h e  range  f o r  b o t h  t h e  

A and t h e  6 v a r i a b l e s ,  

3 .3 .6  DRASTIC STEER AND BRAKE. The on ly  l i m i t  r esponse  

of 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  of  an 

u n s t a b l e  r o l l  motion.  Sample t ime h i s t o r i e s  o b t a i n e d  f o r  a  

v e h i c l e  e x h i b i t i n g  a  l i m i t i n g  r o l l  response  a r e  shown i n  

F igu re  61.  Fol lowing r e l e a s e  o f  t h e  b r a k e ,  a  d rama 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  obse rved ,  accompanied by a  r o l l  

moment imbalance which r a p i d l y  i n c r e a s e s  t h e  r o l l  ang le  up 

t o  t h e  p o i n t  of  o u t r i g g e r  c o n t a c t .  Only t h e  Volkswagen and 

Mercedes e x h i b i t e d  such  a  l i m i t  r e sponse  wi th  peak r o l l  ang le s  

exceeding  0 . 4  r a d i a n s ,  p r i o r  t o  t h e  motion be ing  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  62 and 63. 

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

ang le 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 igu re  6 4 ,  

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

r a d i a n  band.  

3 . 3 . 7  OTHER FINDINGS OF THE FULL-SCALE TEST PROGRAM. 

I n  t h e  cou r se  of  conduct ing  t h e  f u l l - s c a l e  t e s t  a c t i v i t y ,  

c e r t a i n  o b s e r v a t i o n s  were made r e l a t i n g  t o  v e h i c l e  performance 

and t e s t  methodology. These i t ems  w i l l  be d i s c u s s e d  below. 

1. On many v e h i c l e s ,  mechanica l  f a i l u r e  of s t e e r i n g  

and suspens ion  sys tem components was observed t o  

r e s u l t  from r e p e a t e d  l imi t -maneuver  t e s t i n g .  I n  

l i m i t - t u r n i n g  maneuvers,  f a i l u r e s  were expe r i enced  
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w i t h  c o n t r o l  a rms ,  wheel s p i n d l e s ,  w h e e l s ,  and r e a r -  

a x l e  i n n e r  f l u i d  s e a l s .  Var ious  b r ake  sys tem 

components f a i l e d  d u r i n g  r e p e a t e d  l i m i t  b r a k i n g ,  

i n c l u d i n g  b r a k e  s h o e s ,  back-up  p l a t e ,  m a s t e r  

c y l i n d e r ,  and ,  i n  c e r t a i n  v e h i c l e s ,  b r a k e - l i m i t i n g  

v a l v e s .  A s  ment ioned e a r l i e r ,  t h e  r e s t r a i n t  o f  

r o l l o v e r  r e sponse  w i t h  o u t r i g g e r s  was obse rved  t o  

c a u s e  mass ive  f a i l u r e s  i n  s u s p e n s i o n  components 

a s  a  r e s u l t  of t h e  v i o l e n t  energy  exchanges 

accompanying t h e  r o l l - h o p p i n g  phenomenon. 

2 .  D e f l a t i o n  o f  t h e  o u t s i d e  f r o n t  t i r e  d u r i n g  l i m i t  

t u r n i n g  was obse rved  w i t h  c e r t a i n  o f  t h e  h e a v i e r  

t e s t  v e h i c l e s .  These o c c u r r e n c e s  g e n e r a l l y  

r e s u l t e d  i n  wheel f a i l u r e ,  e x c a v a t i o n  of  t h e  

t e s t  s u r f a c e ,  and s e v e r e  d i s t o r t i o n s  i n  f r o n t - e n d  

a l i g n m e n 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 ,  a s  w e l l  

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

f e l t  t o  be somewhat a g g r a v a t e d  by t h e  maintenance 

o f  "cold"  i n f l a t i o n  p r e s s u r e  a s  a  t e s t  p r a c t i c e .  

Al though t h e  p rocedu re  of  m a i n t a i n i n g  t h e  c o l d  

i n f l a t i o n  l e v e l  appea r s  w a r r a n t e d  on s a f e t y  g rounds ,  

i t  i s  c l e a r  t h a t  t i r e  s t r u c t u r a l  p r o p e r t i e s  a r e  

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

t h i s  p r a c t i c e  can  r e s u l t  i n  r e sponse  anomal ies  

which may n o t  occu r  a t  h i g h e r  i n c l a t i o n  l e v e l s .  

3 .  The Toyota  C o r o l l a  e x h i b i t e d  r e p e a t e d  r o l l o v e r  

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

l i m i t - t u r n  e x p e r i m e n t s .  These t e s t s  were b e i n g  

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

a  s e t  o f  t i r e s  p r i o r  t o  pe r fo rming  t h e  d r i v e r -  

s e r i e s  t e s t s .  A f t e r  e x p e r i e n c i n g  numerous s u s p e n s i o n  



failures as a result of a violent rolling response, 

(Figure 65) the vehicle was removed from the test 

sample to preserve test schedules. 

4. While being operated in the automatic test series, 

the Austin America was heavily damaged in a collision 

with a pole. This event occurred when the engine 

failed while the vehicle was being negotiated 

through a confined section of the test facility. 

Hydraulic power loss occurred and was followed 

by an abort brake application but substantial 

velocity existed prior to impact resulting in 

major damage (Figure 66) . This experience emphasizes 

the need for sufficient operating clearance while 

guiding vehicles remotely. Destruction of the 

vehicle occurred prior to completing the 60 mph 

sinusoidal-steer tests and the drastic steer brake 

tests. 



F i g u r e  6 5 .  

Response t o  t r a p e z o i d a l  s t e e r  input- 
a p p l i e d  by a  d r i v e r ,  d u r i n g  t i r e  
w e a r - i n  t e s t s .  



F i g u r e  6 6 .  

Impact  damage i n c u r r e d  f o l l o w i n g  
l o s s  o f  c o n t r o l l e r  power.  





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  o f  t h e  program 

b e a r i n g  on t h e  conduc t  o f  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  f rom l i m i t  t u r n i n g  maneuvers .  

F ive  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 o f  " O . E . "  

l i m i t  c o r n e r i n g  per formance  cannot  b e  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  r u n s  a s  a  means o f  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 c 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 of  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 u n s  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  

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

of  some v e h i c l e s  w i l l  be s u b s t a n t i a l l y  lower  i n  

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

would o c c u r  from e i t h e r  

a )  d i f f e r e n t  t i r e  s e l e c t i o n ,  o r  

b)  t h e  same b a s i c  O . E .  t i r e ,  m a n i f e s t i n g  (by some 

m o d i f i c a t i o n  o f  d e s i g n )  i t s  f u l l  p o t e n t i a l  

a s  i n d i c a t e d  by t h e  per formance  e x h i b i t e d  w i t h  

a  worn s h o u l d e r .  

4 .  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  o f  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  o f  i t s  

d i r e c t i o n a l  r e s p o n s e  p r o p e r t i e s .  A s i m i l a r  c o n c l u s i o n  

i s  p r e s e n t e d  i n  a  GM document [ 6 ]  which s t a t e s  



t h a t  " . . . m i x i n g  of worn and new t i r e s  on t h e  f r o n t  

and r e a r  of a  c a r  can s u b s t a n t i a l l y  a l t e r  t h e  

ba lance  of t i r e  p r o p e r t i e s  t h a t  a f f e c t  v e h i c l e  

hand l ing  performance."  

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  shou lde r  wear a l s o  i l l u s t r a t e  a  s t a b l e  

performance 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  of 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  

performance envelopes can be o b t a i n e d ,  a l though 

admi t t ed ly  non-O.E. performance,  on v e h i c l e s  

equipped w i t h  shoulder-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 .  

Support f o r  t h e s e  conclus ions  d e r i v e  from t h e  d a t a  p r e s e n t e d  

i n  Appendix IV. 

Two o t h e r  b a s i c  conclus ions  d e r i v e  from t h e  s i d e - f o r c e  

v a r i a t i o n  experiments  t h a t  were performed wi th  t h e  t i r e s  

used on t h e  t e s t  v e h i c l e  sample:  

6 .  No s y s t e m a t i c  v a r i a t i o n s  i n  t i r e  s i d e - f o r c e  c a p a b i l i t y  

were seen  t o  accompany a s p h a l t  pavement tempera tures  

ranging  from 8 3 O  t o  l l g ° F .  

7 .  An a s p h a l t  s u r f a c e  which has  been we t t ed  wi th  water  

(only)  can be presumed t o  have recovered  i t s  dry  

f r i c t i o n  p r o p e r t i e s  a s  soon a s  t h e  s u r f a c e  "appears  

d r y , "  ( i . e . ,  no r e s i d u a l  d i s c o l o r a t i o n ) .  

S i x  major conclus ions  have been reached from t h e  f i n d i n g s  

produced i n  the  f u l l - s c a l e  t e s t  program: 

8 .  I n  g e n e r a l ,  modern v e h i c l e s  va ry  widely  i n  t h e i r  

l i m i t  maneuvering p r o p e r t i e s .  

9 .  C e r t a i n  modern passenger  v e h i c l e s  can be caused t o  

r o l l  over  on a  smooth s u r f a c e ,  as  a  r e s u l t  of s t e e r  

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



10 .  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  maneuvering on a  smooth s u r f a c e .  

11. C e r t a i n  v e h i c l e s  w i l l  p rov ide  v e r y  n e a r l y  a  l a n e  

change t r a j e c t o r y  i n  r e sponse  t o  s i n u s o i d a l  s t e e r  

i n p u t s  which span  a lmos t  t h e  e n t i r e  e rgonomica l ly  

a c h i e v a b l e  range  of s t e e r  a m p l i t u d e s .  

1 2 .  C e r t a i n  v e h i c l e s  can r o l l  ove r  s o  v i o l e n t l y ,  a s  a 

r e s u l t  of maneuvering on a  smooth s u r f a c e ,  t h a t  t h e  

u s e  of  o u t r i g g e r s  t o  a r r e s t  such motion w i l l  n o t  

n e c e s s a r i l y  r e s u l t  i n  minimum damage be ing  i n c u r r e d .  

1 3 .  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 echnology  i s  i nadequa 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 .  

The use  of t h e  au toma t i c  c o n t r o l l e r  i n  t h i s  program 

y i e l d s  a  number of  o b s e r v a t i o n s  which pe rmi t  t h e  r ea sona -  

b i l i t y  of  i t s  a p p l i c a t i o n  t o  h a n d l i n g  s t u d i e s  t o  be a s s e s s e d :  

1 4 .  The a p p l i c a t i o n  of  au toma t i c  c o n t r o l l e r s  t o  t h e  

open- loop  measurement of  l i m i t  r e sponses  appears  

t o  be  a  p r a c t i c a l  expe r imen ta l  method. (Whereas 

an assessment  of  " p r a c t i c a l i t y "  i s  s u b j e c t i v e  i n  

n a t u r e ,  f u r t h e r  o b s e r v a t i o n s  a r e  made i n  s u p p o r t  

of t h i s  judgment . )  

1 5 .  I t  has  been found t h a t  i n s t a l l a t i o n  of  t h e  system 

i s  p o s s i b l e  on any pas senge r  v e h i c l e  i f  c e r t a i n  

minor a l t e r a t i o n s  a r e  a l l owed ,  f o r  example,  m o d i f i -  

c a t i o n s  t o  o b t a i n  c l e a r a n c e  and mounting s u p p o r t  

f o r  an a u t o m a t i c  l i f t  f i f t h  whee l ,  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  s e r v o s ,  and an engine-mounted 

h y d r a u l i c  pump. The i n s t a l l a t i o n  o f  t h e  au toma t i c  

c o n t r o l l e r  package i s  u s u a l l y  a c h i e v a b l e  w i t h  

3 man-days of t e c h n i c i a n  e f f o r t ,  once t h e  r e q u i r e d  

m o d i f i c a t i o n s  have been made t o  t h e  v e h i c l e .  



16 .  A l e v e l  of r e l i a b i l i t y  has  been ach ieved  which i s  

comparable t o  o t h e r  complex expe r imen ta l  a p p a r a t u s ,  

such  a s  t a p e  r e c o r d e r s ,  s t a b l e  p l a t f o r m s ,  e t c . .  On 

t h e  a v e r a g e ,  one hour  i s  s p e n t  i n  maintenance f o r  

eve ry  t e n  hour s  s p e n t  i n  runn ing .  S e t - u p  t ime 

i s  r e q u i r e d  w i t h  each v e h i c l e  i n s t a l l a t i o n  f o r  

g a i n  c a l i b r a t i o n  and ze ro  s e t t i n g .  

17 .  The q u a l i t y  of t h e  a u t o m a t i c a l l y - c o n t r o l l e d  t e s t s  

i s  such  t h a t  an o v e r a l l  p r e c i s i o n  ( i n i t i a l  v e l o c i t y ,  

i n p u t  wave s h a p e s ,  and i n p u t  t iming)  w i t h i n  2 %  i s  

c o n s i s t e n t l y  ach ieved .  

1 8 .  The a p p a r a t u s  has  been found s u f f i c i e n t l y  rugged 

as  t o  s u f f e r  no ill e f f e c t s  from a c t u a l  r o l l o v e r  

o c c u r r e n c e s ,  a l t hough  such expe r i ences  have been 

s o  i n f r e q u e n t  a s  t o  d i scourage  g e n e r a l i z a t i o n .  

19 .  The s a f e t y  haza rds  a s s o c i a t e d  w i t h  o p e r a t i o n  o f  an 

unmanned v e h i c l e  i n  t h e  p rox imi ty  of  o t h e r  v e h i c l e s ,  

p e r s o n n e l ,  and b u i l d i n g s  dese rves  s e r i o u s  a t t e n t i o n ,  

b u t  th rough t h e  observance  of  c e r t a i n  p r e c a u t i o n s  

a  h i g h  l e v e l  of  o p e r a t i o n a l  s a f e t y  can be a s s u r e d .  

2 0 .  The drone-mode o p e r a t i o n  i s  s u f f i c i e n t l y  s t r a i g h t -  

forward  such t h a t  no d i f f i c u l t y  has  been expe r i enced  

i n  t r a c k i n g  a l a n e  a t  speeds  up t o  60 mph w i t h  

any of  t h e  v e h i c l e s  t e s t e d  t o  d a t e .  The v e r s a t i l i t y  

of o p e r a t i o n  p rov ided  by drone c o n t r o l ,  compared 

w i t h  r a i l  o r  w i r e - p a t h  guidance o r  o t h e r  schemes 

f o r  d e l i v e r i n g  t h e  v e h i c l e  t o  t h e  p o i n t  a t  which 

t h e  maneuver shou ld  be  i n i t i a t e d ,  has  g r e a t  b e n e f i t ,  

e s p e c i a l l y  when a  v a r i e t y  o f  t e s t  f a c i l i t i e s  must 

be u sed .  

2 1 .  The au toma t i c  c o n t r o l l e r  i s  a  compl ica ted  system 

of mechan ica l ,  e l e c t r i c a l  and h y d r a u l i c  a s sembl i e s  

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



a t t e n t i o n  o f  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  o f  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  be  u sed  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  d imens ions  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  RECOMMENDATIONS 

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  ha s  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  Veh ic 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 ha 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  of  

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  

be 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  be  a  rev iew o f  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  d e t e r -  

mine t h e  range  o f  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  s h o u l d  

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  performance 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 wea r ing .  

Much 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  of  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 ,  exper iments  must be 

conducted which can demons t ra te  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 performance 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  as  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  response  o f  t h e  motor 

v e h i c l e  shou ld  be e v a l u a t e d  t o  de te rmine  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  performance 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 sponse .  

With r e g a r d  t o  t h e  d a t a  b a s e  which has  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  use  of  t h e  d a t a  l i b r a r y  shou ld  be made. 

S t u d i e s  shou ld  be  conducted t o  examine a l t e r n a t i v e  response  

e v a l u a t i o n  schemes. Various c o r r e l a t i o n  s t u d i e s  could  be 

conducted 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  des ign  

p r o p e r t i e s  and t h e  measured performance c h a r a c t e r i s t i c s .  

S ince  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  performance 

can be v a l i d a t e d  f o r  a  h o s t  of 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  i n  t h e  t e s t ,  t h e  need 

f o r  a  broadened unde r s t and ing  of  t h e  mechanics of  l i m i t  

r e sponse  i s  a  major  problem. Qu 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 imse 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  response  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  motions a r e  s o  complex t h a t  t h e y  

deny any s imp le  e v a l u a t i o n  o r  c h a l l e n g e  of  v a l i d i t y .  I t  appears  

t h a t  t h e  on ly  s u r e  method f o r  g a i n i n g  t h i s  unde r s t and ing  i s  t o  

unde r t ake  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  mathemat ica l  models of t i r e - v e h i c l e  sys t ems .  E f f o r t s  

must be  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  

mechanisms 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  

o f  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  be reduced  

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  ev idence  o f  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  be  

most v a l u a b l e .  
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APPENDIX I  

AUTOMATIC VEHICLE CONTROLLER 

THE REQUIREMENT FOR AN AUTOMATIC C O N T R O L L E R  

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

p r o p e r t i e s  of  a  v e h i c l e  minus t h e  d r i v e r .  Consequen t l y ,  a  

r e q u i r e m e n t  e x i s t s  f o r  min imiz ing  d r i v e r  i n f l u e n c e  i n  t e s t  

e x e c u t i o n .  D e s p i t e  t h e  a b i l i t y  o f  many t e s t  d r i v e r s  t o  app ly  

c o n t r o l  i n p u t s  i n  an  open - loop  manner w i t h o u t  r e g a r d  f o r  

v e h i c l e  r e s p o n s e ,  t h e r e  r e s i d e  c e r t a i n  l i m i t a t i o n s  on i n p u t  

f i d e l i t y  which t h e  d r i v e r  i s  i n c a p a b l e  of  improv ing .  

D r i v e r  c o n t r o l  i s ,  i n  g e n e r a l ,  deemed t o  be an a c c e p t a b l e  

method i n  t h o s e  t e s t  p r o c e d u r e s  i n  which t h e  obse rved  l a c k  o f  

d r i v e r  p r e c i s i o n  i s  known t o  have a  n e g l i g i b l e  e f f e c t  on 

v e h i c l e  r e s p o n s e  o r  i n  which t h e  i n f l u e n c e  o f  i m p r e c i s e  

i n p u t s  a r e  s i g n i f i c a n t  b u t  can  be  t o l e r a t e d  by v i r t u e  o f  

d a t a  i n t e r p r e t a t i o n  schemes which f o c u s  on s p e c i f i c  a s p e c t s  

o f  t h e  o v e r a l l  r e s p o n s e .  

I n  c e r t a i n  open - loop  l i m i t  pe r fo rmance  t e s t  p r o c e d u r e s ,  

however ,  c o n t r o l  i n p u t  f u n c t i o n s  a r e  r e q u i r e d  which p l a c e  

u n r e a s o n a b l e  demands upon a  t e s t  d r i v e r  f o r  t h e i r  a d e q u a t e  

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

problems i n  t h e  p r o v i s i o n  o f :  

i n i t i a l  v e l o c i t y  

2 .  s t e e r i n g  f u n c t i o n  shape  

b r a k i n g  f u n c t i o n  shape  

4 .  pha se  r e l a t i o n s h i p  between s t e e r i n g ,  b r a k i n g  

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



In the sinusoidal steer procedure, for example, the 

requirement for accuracy of the steering function shape, as 

well as level, automatically eliminates the unaided driver 

as a viable controller. Certain mechanical measures can 

be employed as aids in executing simple inputs, such that 

the driver is enabled to act simply as a power element (such 

as the application of a quasi-constant rotational rate of 

steering displacement until contacting a mechanical stop, 

for provision of a trapezoidal steer function). Where 

feasible, simple devices are generally desirable to insure 

control input fidelity without requiring an excessive hard- 

ware burden. 

In test maneuvers involving complex inputs, e.g., 

combined applications of steering and braking, servo 

actuation becomes attractive. Moreover, in the research 

context, the versatility and precision of a programmable 

automatic control system is required. Only by the use of 

such a system can a vast regime of potential test procedures 

be considered in an efficient manner. Further, by virtue 

of the precision that an automatic controller provides, the 

effects of imprecision can be systematically studied to 

determine the extent to which simplified methods might be 

acceptable. 

THE HSRI AUTOMATIC VEHICLE CONTROLLER 

An Automatic Vehicle Controller has been developed at 

HSRI which replaces the driver with servomechanisms that 

provide control actuation to the steering shaft, brake and 

accelerator pedals. By way of a radio control transmitter 

(Figure I-1), operated from a "chase" vehicle, continuous 

control of steering, braking and acceleration is achieved 



F i g u r e  1 - 1 .  
Radio  c o n t r o l  t r a n s m i t t e r .  

F i g u r e  1 - 2 .  
S t e e r i n g  s e r v o .  

F i g u r e  1 - 3 .  
Brake s e r v o .  F i g u r e  1 - 4 .  

A c c e l e r a t o r  s e r v o .  



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

command from t h e  t r a n s m i t t e r  o p e r a t o r ,  t h e  d rone  mode i s  

i n t e r r u p t e d  t o  p e r m i t  a  pre-programmed s e t  o f  c o n t r o l  i n p u t  

t ime  h i s t o r i e s  t o  b e  g e n e r a t e d  by t h e  i n s t a l l e d  s e r v o s ,  

The d e s i r e d  program o f  c o n t r o l  i n p u t s  i s  g e n e r a t e d  from 

c i r c u i t r y  c o n s t i t u t i n g  an  o n - b o a r d  f u n c t i o n  g e n e r a t o r .  

The t i m e  a t  which t h e  s t o r e d  program i s  i n i t i a t e d  i s  

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

o f  t h e  v e h i c l e  w i t h  t h e  programmed l e v e l ,  t h e r e b y  p r o v i d i n g  

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

g i v e n  t e s t .  

I t  i s  d e s i r a b l e  t h a t  t h e  pe r fo rmance  o f  t h e  s t e e r  and 

b r a k e  servomechanisms have  a r e l a t i v e l y  b r o a d  bandwid th  

compared t o  t h e  low f r e q u e n c y  c o n t e n t  o f  p o s s i b l e  c o n t r o l  

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

t ime  h i s t o r i e s .  S t e e r  and  b r a k e  s e r v o s  have  been  d e s i g n e d  

t o  p r o v i d e  l i n e a r  o p e r a t i o n  o v e r  a  bandwid th  i n  e x c e s s  of  

30 H z .  The s t e e r  s e r v o  ( F i g u r e  1 - 2 )  h a s  a  t o r q u e  c a p a b i l i t y  

o f  50 f t / l b s  a t  t h e  s t e e r i n g  s h a f t  which t o r q u e  can  b e  

a c h i e v e d  a t  i t s  d e s i g n  r o t a t i o n a l  v e l o c i t y ,  1300 d e g / s e c ,  

The b r a k e  s e r v o  ( F i g u r e  1 - 3 )  ha s  a  peak  f o r c e  c a p a b i l i t y  o f  

400 l b s ,  which f o r c e  can b e  a c h i e v e d  a t  i t s  peak t r a n s l a t i o n a l  

r a t e ,  130 i n / s e c .  

The a c c e l e r a t o r  a c t u a t o r  ( F i g u r e  1 - 4 )  i s  a  r e l a t i v e l y  

low pe r fo rmance  s e r v o ,  w i t h  a  1 2  H z  bandwid th ,  and a  16 l b  

f o r c e  c a p a b i l i t y .  

The f u n c t i o n  g e n e r a t o r  ( F i g u r e  1 - 5 )  o p e r a t e s  w i t h  a  

s i n g l e  m a s t e r  c l o c k  which c o n t r o l s  t h e  t i m i n g  o f  t h e  program 

e v e n t s  o v e r  a maximum program te rm o f  10 s e c o n d s .  

S t e e r  f u n c t i o n  i n p u t s  can  assume e i t h e r  a  s i n u s o i d a l  o r  

t r a p e z o i d a l  waveshape,  o r  any s u p e r p o s i t i o n  o f  t h e  two. 

S i n g l e  s i n e  waves a r e  i n i t i a t e d  a t  a  t i m e ,  t l ,  and i f  



F i g u r e  I - 5 a .  
Programmed f u n c t i o n  g e n e r a t o r .  
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F i g u r e  I - 5 c .  
F u n c t i o n  g e n e r a t o r  c i r c u i t  c a r d s .  

F i g u r e  I -  5b.  
F u n c t i o n  g e n e r a t o r  c o n t r o l  p a n e l .  



d e s i r e d ,  a  s econd  s i n e  wave can  b e  i n i t i a t e d  i n  t h e  same 

program a t  t 2  ( s e e  F i g u r e  1 - 6 ) .  The p e r i o d ,  TI and T 2 ,  

o f  e ach  wave i s  a d j u s t a b l e ,  a s  i s  t h e  amp l i t ude  o f  each  

" h a l f  wave,"  A1, A 2 ,  A 3 ,  and A 4 .  E i t h e r  wave may be  

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

o b t a i n e d  mere ly  by s e l e c t i n g  a  s i n g l e  wave whose A 2  

a m p l i t u d e  i s  s e t  t o  z e r o .  

S t e e r i n g  t r a p e z o i d s  can  b e  p roduced  hav ing  t h e  g e n e r a l  

c o n f i g u r a t i o n  shown i n  F i g u r e  1 - 7 ,  w i t h  a d j u s t a b l e  p a r a m e t e r s ,  

t 3 ,  t 4 ,  A,-, and S1. T h i s  wave shape  can  a l s o  be  i n v e r t e d .  

Brak ing  i n p u t s  c an  b e  g e n e r a t e d  w i t h  t r a p e z o i d a l  wave 

s h a p e s  a s  i n  F i g u r e  1 - 8 .  Two s u c c e s s i v e  t r a p e z o i d s  a r e  

a v a i l a b l e  w i t h  s e l e c t a b l e  p a r a m e t e r s ,  t 5 ,  t 6 ,  t 7 ,  t g ,  S 3 ,  

and A g o  A b r a k e  a p p l i c a t i o n  o r  r e l e a s e  can  be  s e l e c t e d  t o  

o c c u r  a t  any t i m e  i n  t h e  program,  b u t  t h e  obv ious  l o g i c a l  

c o n f l i c t s  must b e  avo ided  ( t 6  must be  g r e a t e r  t h a n  t 5 ,  e t c . ) .  

A c c e l e r a t o r  i n p u t s  can  b e  programmed i n t o  a  maneuver a s  

s t e p  f u n c t i o n s  o n l y .  Both t h e  o n / o f f  t i m e s  and l e v e l  a r e  

a d j u s t a b l e .  

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

by t h e  t e s t  v e h i c l e ' s  e n g i n e .  A p r e s s u r e  compensated 

v a r i a b l e  d i s p l a c e m e n t  pump i s  d r i v e n  by t h e  eng ine  t h rough  

a  V b e l t ,  F i g u r e  1-9. The pump draws f l u i d  from a  r e s e r v o i r  

F i g u r e  1 - 1 0 ,  d e l i v e r i n g  a  maximum of  5 gpm a t  1500 p s i  t o  a  

c i r c u i t  package ,  F i g u r e  1-11, which s t o r e s  f l u i d  f o r  u s e  

d u r i n g  t h e  peak f low r e q u i r e m e n t s  of  t h e  s t e e r  and b r a k e  

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

E l e c t r i c a l  power i s  d e r i v e d  f rom t h e  v e h i c l e ' s  1 2  v o l t  

c h a r g i n g  sys t em,  d r i v i n g  a  1 1 5  v o l t  s q u a r e  wave i n v e r t e r ,  

F i g u r e  1 - 1 2 ,  which i n  t u r n  powers DC s u p p l y  modules .  The 



FIGURE 1-6 

Programmable  S t e e r i n g  Command 
One o r  Two S i n e  Waves of S t e e r i n g  D i s p l a c e m e n t  



Programmable S t e e r i n g  Command 
One Trapezo id  of S t e e r i n g  Disp lacement  



FIGURE 1-8 

Programmable Brake Commands 
One or Two Trapezoids of Pedal Displacement 
(or Force) 



F i g u r e  1 - 9 ,  
Hydrau l i c  pump. 

F i g u r e  1 - 1 0 ,  
Hydrau l i c  sys tem r e s e r v o i r .  

F i g u r e  1-11, F i g u r e  1 - 1 2 ,  
Hydrau l i c  c i r c u i t  assembly ,  Power i n v e r t e r  w i t h  f i l t e r .  



e l e c t r i c a l  power consumption i s  l e s s  t h a n  150 w a t t s ,  w h i l e  

a t  t imes  o f  peak h y d r a u l i c  f low r e q u i r e m e n t ,  t h e  pump 

draws 6 Hp from t h e  e n g i n e .  

The t o t a l  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  .;ystem weighs 

2 5 7  l b s .  

The o p e r a t i o n  of t h i s  sy s t em i n  manual t r a n s m i s s i o n  

v e h i c l e s  h a s  been accompl i shed  f o r  t h e  s i m p l e  c a s e  o f  one 

s e l e c t e d  g e a r .  A c l u t c h  a c t u a t o r  i s  p r o v i d e d  t o  app ly  o r  

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

command. With t h e  v e h i c l e  i n i t i a l l y  a t  r e s t ,  t h e  c l u t c h  i s  

d e p r e s s e d  and t h e  p r o p e r  g e a r  i s  s e l e c t e d  manua l ly ,  w i t h  

t h e  eng ine  r u n n i n g .  The v e h i c l e  i s  pushed by t h e  chase  

v e h i c l e  ( F i g u r e  1 - 1 3 )  u n t i l  a  v e l o c i t y  of  20 mph i s  a c h i e v e d .  

The chase  v e h i c l e  i s  t h e n  backed away and t h e  c l u t c h  r e l e a s e d .  

Over 400 t e s t  runs  were  e x e c u t e d  on t h e  Lotus  t e s t  v e h i c l e  

by t h i s  p r o c e d u r e .  

Approximate ly  6000 t e s t  r uns  were  e x e c u t e d  w i t h  t h r e e  

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 s  i n  twe lve  a u t o m o b i l e s ,  

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

from t h i s  e x p e r i e n c e  a r e  p r e s e n t e d  i n  t h e  Conc lus ions  

s e c t i o n  ( 5 . 1 ) .  



F i g u r e  1 - 1 3 .  
Opera t ion  of  t h e  au tomat ic  c o n t r o l l e r  i n  
a  v e h i c l e  w i t h  manual t r a n s m i s s i o n .  



APPENDIX I1 

TEST PROCEDURE SPECIFICATIONS 

I n  t h i s  append ix ,  t h e  s p e c i f i c  p r o c e d u r e s  used i n  

c o n d u c t i n g  t h e  f u l l  s c a l e  t e s t s  a r e  p r e s e n t e d .  For each  

o f  t h e  s i x  maneuvers t h e  f o l l o w i n g  i t ems  a r e  i d e n t i f i e d :  

1. " I n i t i a l  C o n d i t i o n q i n d i c a t e  t h e  s t e a d y -  

s t a t e  c o n d i t i o n s  from which t h e  l i m i t  maneuver 

p o r t i o n  of t h e  t e s t  b e g i n s .  

2 .  " Inc remen ta l  C o n t r o l s "  i d e n t i f i e s  t h e  i ndex  

v a r i a b l e s  w i t h  which t h e  t e s t  i s  sequenced .  

3 .  "General  C o n s t r a i n t s "  s p e c i f y  t h e  p r e -  

l i m i n a r y  s t e p s  t o  b e  observed  p r i o r  t o  t e s t  

i n i t i a t i o n ,  a s  w e l l  as  c e r t a i n  c o n s t r a i n t s  

t o  be  obse rved  d u r i n g  t h e  t e s t  s equence .  

4 .  "Minimum S i g n a l s  Requi red"  l i s t s  t h o s e  

i n p u t  and r e s p o n s e  v a r i a b l e s  which a r e  

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

t h e  e x p e r i m e n t a l  r e s u l t s ,  and t h u s  must be 

r e c o r d e d .  

5 .  "Procedure"  s p e c i f i e s  t h e  sequence  o f  s t e p s  

t o  be obse rved  d u r i n g  t h e  e x e c u t i o n  of t h e  

t e s t  maneuvers .  

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

which assume t h a t  t h e  t e s t s  a r e  b e i n g  conduc ted  w i t h  t h e  u s e  

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



VHTP #1 - STRAIGHT-LINE BRAKING 

I n i t i a l  C o n d i t i o n s :  Vo = 40 mph 

I n c r e m e n t a l  C o n t r o l s :  P B - -  Brake Line  P r e s s u r e  

Gene ra l  C o n s t r a i n t s :  

1 )  A l l  b r a k e  l i n e s  a r e  t o  be  c o n t r o l l e d  by one 

p r e s s u r e  l i m i t e r  assembly .  

2 )  Brake l i n i n g  t e m p e r a t u r e s  a r e  n o t  t o  exceed 

250°F, p r i o r  t o  any r u n .  

Minimum S i g n a l s  Requ i r ed :  A x ,  V 5 ,  W1, W 2 ,  W 3 ,  W 4 ,  MC 

P rocedu re :  

1. S e t  i n i t i a l  b r a k e  l i n e  p r e s s u r e  l e v e l  t o  

200 p s i .  

2 .  Approach t e s t  pad above i n i t i a l  v e l o c i t y .  

3 .  Manual ly  i n i t i a t e  t e s t  mode. 

4 .  Coas t  down t o  i n i t i a l  v e l o c i t y .  

5 .  Rap id ly  d e p r e s s  b r a k e  p e d a l  t o  t h e  p h y s i c a l  

l i m i t  o f  i t s  s t r o k e ,  h o l d i n g  s t e e r i n g  wheel 

f i x e d .  

6 .  Allow v e h i c l e  t o  d e c e l e r a t e  t o  a  comple te  s t o p  

and h o l d  f o r  2 seconds  minimum a f t e r  any p i t c h  

mot ion has  s e t t l e d  o u t .  

7 .  Te rmina t e  t e s t  mode. 

8 .  I n c r e a s e  b r ake  l i n e  p r e s s u r e  by 100 p s i  i n c r e -  

ments and r e p e a t  s t e p s  2 t h rough  7 u n t i l  a  

p o s i t i v e  wheel lockup  i s  d e t e c t e d ,  above 1 0  mph. 



9 .  Dec rea se  b r a k e  l i n e  p r e s s u r e  by 100 p s i  and 

e x e c u t e  s t e p s  2 t h rough  7 t w i c e .  

1 0 .  I n c r e a s e  b r a k e  l i n e  p r e s s u r e  by 2 5  p s i  i n c r e -  

ments and r e p e a t  s t e p s  2 t h rough  7 t w i c e  a t  

each  p r e s s u r e  s e t t i n g  u n t i l  two whee ls  i n d i c a t e  

p o s i t i v e  wheel  lockup above 1 0  mph. 

VHTP # 2  - BRAKING IN A TURN 

I n i t i a l  C o n d i t i o n :  Vo = 40 mph 

6 = a n g l e  r e q u i r e d  f o r  i n i t i a l  
S W  

l a t e r a l  a c c e l e r a t i o n  t o  b e  

0 . 3 g .  

I n c r e m e n t a l  C o n t r o l s :  P B - -  Brake Line  P r e s s u r e  

Gene ra l  C o n s t r a i n t s :  

1 )  A l l  b r a k e  l i n e s  a r e  t o  b e  c o n t r o l l e d  by one 

p r e s s u r e  l i m i t e r  assembly .  

2) Brake l i n i n g  t e m p e r a t u r e s  a r e  n o t  t o  exceed 

250°F, p r i o r  t o  any t e s t  r u n .  

3)  Per form t r i a l  t e s t s  t o  d e t e r m i n e  s t e e r i n g  wheel  

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

a c c e l e r a t i o n  of  0 .3g a t  4 0  mph. 

Minimum S i g n a l s  Requi red :  A r ,  V 5 ,  W1, W 2 ,  W3, W4, MC *X' y '  

P r o c e d u r e :  

1. S e t  i n i t i a l  b r a k e  l i n e  p r e s s u r e  t o  2 0 0  p s i .  

2 .  Approach t e s t  pad  above i n i t i a l  v e l o c i t y .  

3 .  Manual ly  i n i t i a t e  t e s t  mode. 



4 .  Rap id ly  a p p l y  s t e e r i n g  i n p u t  t o  l i m i t  s t o p .  

5 .  Coas t  down t o  i n i t i a l  v e l o c i t y .  

6 .  Rap id ly  d e p r e s s  b r a k e  p e d a l  t o  t h e  p h y s i c a l  

l i m i t  o f  i t s  s t r o k e ,  h o l d i n g  s t e e r i n g  wheel 

f i x e d .  

7 .  Allow v e h i c l e  t o  d e c e l e r a t e  t o  a  comple te  

s t o p  and h o l d  f o r  2 seconds  minimum a f t e r  any 

p i t c h  mot ion has  s e t t l e d  o u t .  

8 .  Te rmina t e  t e s t  mode. 

9 .  Repeat  s t e p s  2 t h rough  8 f o r  o p p o s i t e  p o l a r i t y  

s t e e r i n g  i n p u t .  

1 0 .  I n c r e a s i n g  b r a k e  l i n e  p r e s s u r e  i n  100 p s i  i n c r e -  

ments ,  r e p e a t  s t e p s  2 t h rough  9  u n t i l  a p o s i t i v e  

wheel  lockup  i s  d e t e c t e d  above 1 0  mph. 

11. Decrease  b r a k e  l i n e  p r e s s u r e  100 p s i  and r e p e a t  

s t e p s  2 t h rough  8 t w i c e  f o r  each s t e e r i n g  

p o l a r i t y  u n t i l  2 whee ls  on a s i n g l e  a x l e  i n d i c a t e  

p o s i t i v e  wheel lockup  above 10 mph. 

VHTP # 3  - TURNING ON A ROUGH ROAD 

I n i t i a l  C o n d i t i o n :  Vo = 30 mph 

6sw = Angle r e q u i r e d  f o r  i n i t i a l  

l a t e r a l  a c c e l e r a t i o n  t o  be  

0 . 4 g .  

I n c r e m e n t a l  C o n t r o l s :  Three  r o a d  d i s t u r b a n c e  g r i d s  

fundamenta l  f r e q u e n c i e s  o f  9 ,  11, and 1 4  H z .  



G e n e r a l  C o n s t r a i n t s :  

1 )  Pe r fo rm t r i a l  t e s t s  t o  d e t e r m i n e  s t e e r i n g  wheel  

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

a c c e l e r a t i o n  o f  0 . 4 g  a t  30 mph. 

2 )  V e l o c i t y  and l a t e r a l  a c c e l e r a t i o n  i n i t i a l  

c o n d i t i o n s  a r e  t o  be  a c h i e v e d  upon i n i t i a l  con-  

t a c t  w i t h  t h e  d i s t u r b a n c e  g r i d .  

3) Road d i s t u r b a n c e  g r i d s  a r e  t o  b e  l a i d  o u t  a s  

i n  F i g u r e  11-1. 

Minimum S i g n a l s  R e q u i r e d :  A x ,  A y ,  r ,  V 5 ,  MC 

P r o c e d u r e :  

1. Approach t h e  t e s t  a r e a  above t h e  i n i t i a l  v e l o c i t y .  

2 .  Manual ly  i n i t i a t e  t e s t  mode. 

3 .  Apply s t e e r i n g  i n p u t  t o  l i m i t  s t o p ,  t imed  t o  

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

4 .  Manual ly  l i f t  f i f t h  wheel  p r i o r  t o  t r a v e r s i n g  

g r i d s .  

5 .  Te rmina t e  t e s t  mode a f t e r  e x i t i n g  f rom t h e  g r i d  

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

6 .  Each o f  t h e  t h r e e  g r i d s  (o f  9 ,  11, and  14  H z  

c o n s t r u c t i o n )  i s  t o  be s u c c e s s f u l l y  t r a v e r s e d  

f i v e  t i m e s .  A s u c c e s s f u l  t r a v e r s a l  r e q u i r e s  

t h a t  a l l  f o u r  whee ls  c o n t a c t  a l l  g r i d  e l e m e n t s .  



Fundamental  Frequency 

C e n t e r  S p a c i n g  - F e e t  

Course  Length  - Feet 

FIGURE 11-1 

Road D i s t u r b a n c e  Course  Layout  



VHTP $ 4  - TRAPEZOIDAL STEER 

I n i t i a l  C o n d i t i o n s :  Vo = 40 mph 

I n c r e m e n t a l  C o n t r o l s :  

f o r  0' = 4 , 6 , 8 , 1 2 , 1 6 , 2 0 , 2 4  

where R = wheel  b a s e  i n  f e e t  

N = o v e r a l l  s t e e r i n g  r a t i t 3  
g  

Gene ra l  C o n s t r a i n t s  : 

1 )  A l l  f u n c t i o n  g e n e r a t o r  t ime  s e t t i n g s  a r e  f i x e d  

f o r  a l l  v e h i c l e s .  

S t e e r  T r a p e z o i d  S t a r t  = 1 . 0 0  s e c  (100) ] Note :  

Ramp Time = .40 s e c  (40)  I C o n t r o l l e r  
s e t t i n e s  r e f e r  

S t e e r  T r a p e z o i d  S t o p  = 4 . 5 0  s e c  (450) t o  ~ ~ ~ " H S R I  

T o t a l  Time = 5.50 s e c  (550) Automat ic  
V e h i c l e  C o n t r o l l e r  

2) A l l  unused f u n c t i o n  g e n e r a t o r  c o n t r o l s  a r e  t o  be  

s e t  a t  z e r o  magn i tude ,  w i t h  s t a r t  t imes  s e t  a t  

v a l u e s  g r e a t e r  t h a n  9 .00  s e c  ( 9 0 0 ) .  

Minimum S i g n a l s  Requ i r ed :  A x ,  A r ,  V 5 ¶  MC Y '  

P r o c e d u r e :  

I .  Knowing t h e  o v e r a l l  s t e e r i n g  r a t i o ,  compute 6 
SW 

f o r  f i r s t  a v a l u e ,  and s e t  t r a p e z o i d  l e v e l  

a c c o r d i n g l y .  

2 .  S e t  s t e e r i n g  t r a p e z o i d  c o n t r o l s  f o r  0 . 4  second  

ramp t i m e ,  w i t h  a S W  p o l a r i t y  t o  " l e f t  t u r n . "  

3 .  Maneuver v e h i c l e  w i t h  d rone  c o n t r o l s  i n t o  approach  

p a t h  above i n i t i a l  v e l o c i t y  c r i t e r i o n .  



4 .  I n i t i a t e  f u n c t i o n  g e n e r a t o r  c y c l e .  (Tape 

r e c o r d e r ,  t e s t  mode and maneuver e x e c u t i o n  

c y c l e  a u t o m a t i c a l l y . )  

5 ,  Execute maneuver tw ice  ( s t e p s  3 and 4) f o r  a  

l e f t  t u r n  and twice  f o r  a  r i g h t  t u r n .  

6 .  Compute 6 s w  v a l u e  f o r  t h e  n e x t  a' v a l u e  and 

e x e c u t e  s t e p s  2 th rough 5 u n t i l  a l l  o ' v a l u e s  

have been execu ted .  

VHTP # 5  - SINUSOIDAL STEER 

I n i t i a l  Cond i t ions :  Vo = 45 mph ( 1  complete run s e t )  

V = 60 mph (1  complete  run  s e t )  
0 

Inc remen ta l  C o n t r o l s :  1 )  Vo = 45, 60 m ~ h  

f o r  a  = 2 , 4 , 6 , 8 , 1 0 , 1 2 , 1 4 , 1 6 , 1 8  

where V = I n i t i a l  v e l o c i t y  i n  
f t l s e c  

k = wheel base  i n  f t .  

N = o v e r a l l  s t e e r i n g  r a t i o  
g  

Genera l  C o n s t r a i n t s :  

1 )  A l l  f u n c t i o n  g e n e r a t o r  t ime s e t t i n g s  a r e  f i x e d  

f o r  a l l  v e h i c l e s :  

S t e e r  S t a r t  = 1 . 0 0  s e c  (100) 

S ine  P e r i o d  = 2.00 s e c  (200) 

T o t a l  Time = 5 . 0 0  s e c  (500) 

2) A l l  unused f u n c t i o n  g e n e r a t o r  c o n t r o l s  a r e  t o  be 

s e t  a t  ze ro  magnitude w i t h  s t a r t  t imes  s e t  a t  

c a l u e s  g r e a t e r  t h a n  9.00 s e c  (900) .  



3) Each i n i t i a l  v e l o c i t y  t h r e s h o l d  i s  a  s e p a r a t e  

t e s t  s e q u e n c e .  

4 )  T h i s  t e s t  i s  n o t  t o  be  e x e c u t e d  when wind 

v e l o c i t y  normal  t o  t h e  i n i t i a l  p a t h  exceeds  

15  mph. 

Minimum S i g n a l s  Requ i r ed :  A x ,  A r ,  V5, MC Y '  

P r o c e d u r e :  

1. Knowing t h e  s t e e r i n g  g e a r  r a t i o  and v e h i c l e  

wheel  b a s e ,  compute d s w  f o r  t h e  f i r s t  v e l o c i t y  

and f i r s t  a v a l u e -  

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

g e n e r a t o r .  

3 .  S e t  s t e e r i n g  s i n u s o i d  c o n t r o l s  f o r  2 . 0  s e c .  p e r i o d ,  

s i n u s o i d  a m p l i t u d e s  e q u a l  t o  t h e  c a l c u l a t e d  6s;, 

and " l e f t  t u r n "  p o l a r i t y .  

4 .  Maneuver v e h i c l e  w i t h  d rone  c o n t r o l s  i n t o  approach  

p a t h .  

5 .  I n i t i a t e  f u n c t i o n  g e n e r a t o r  c y c l e .  (Tape r e c o r d e r ,  

t e s t  mode and maneuver e x e c u t i o n  c y c l e '  

a u t o m a t i c a l l y . )  

6 .  Execu t e  maneuver t w i c e  ( s t e p s  4 and 5 )  f o r  b o t h  

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

7 .  Repea t  s t e p s  3  t h rough  6 f o r  e ach  a '  v a l u e .  

8 .  Repea t  s t e p s  2 t h rough  7 f o r  e ach  Vo v a l u e .  



VHTP #6  - DRASTIC STEER AND BRAKE 

I n i t i a l  C o n d i t i o n s :  Vo = 5 0  mph ( 1  comple t e  s e t )  

V = 60 mph ( 1  comple t e  s e t )  
0 

I n c r e m e n t a l  C o n t r o l s :  1 )  Vo = 50,  60 mph 

- 22 6sw - %w* 

f o r  y = 0 . 7 5 ,  1 . 0 0  

3) Brake r e l e a s e  t i m e s ,  s e l e c t e d  

a f t e r  v iewing  r e s p o n s e  d a t a  i n  

p r o c e d u r e  s t e p s  #9 and #16 

G e n e r a l  C o n s t r a i n t s :  

1) These  f u n c t i o n  g e n e r a t o r  t i m e  s e t t i n g s  a r e  f i x e d  

f o r  a l l  v e h i c l e s :  

S t e e r  S t a r t  = 1 . 0 0  s e c  (100) 

S i n e  P e r i o d  = 2 .00  s e c  (200) 

T o t a l  Time = 5 .00  s e c  (500) 

Brake  Ramp = 0 .05  s e c  (005) 

2) Brake a p p l i c a t i o n  and  r e l e a s e  t i m e s  a r e  " tuned"  

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

3) A l l  unused  f u n c t i o n  g e n e r a t o r  c o n t r o l s  a r e  t o  b e  

s e t  a t  z e r o  magni tude  w i t h  s t a r t  t i m e s  s e t  a t  

v a l u e s  g r e a t e r  t h a n  9 . 0 0  s e c  ( 9 0 0 ) .  

4 )  The b r a k e  f o r c e  s h o u l d  b e  l a r g e  enough t o  l o c k  

a l l  f o u r  whee l s  b u t  s h a l l  n o t  exceed  2 5 0  l b s .  



Minimum S i g n a l s  Requ i r ed :  A x ,  A y ,  r ,  V 5 ,  6, M C  

P r o c e d u r e :  

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

2 .  Knowing t h e  o v e r a l l  s t e e r i n g  r a t i o  and v e h i c l e  

whee l  b a s e  ( s e e  Tab l e  1 -  compute 6SW*. 

3 .  S e t  s t e e r i n g  s i n u s o i d a l  c o n t r o l s  f o r  a  2 . 0  second  

p e r i o d  w i t h  f i r s t  h a l f  a m p l i t u d e  s e t  t o  

(6s,* t imes  f i r s t  y v a l u e )  and second  h a l f  

a m p l i t u d e  s e t  t o  z e r o .  

4. S e t  6 b r  c o n t r o l s  t o  z e r o .  

5 .  Maneuver v e h i c l e  w i t h  d rone  c o n t r o l s  i n t o  approach  

p a t h  above i n i t i a l  v e l o c i t y  c r i t e r i o n .  

6 .  I n i t i a t e  f u n c t i o n  g e n e r a t o r  c y c l e .  

7 .  Repeat  s t e p s  5 and 6 .  

8 .  Examine t h e  r e s p o n s e  d a t a  from t h e  p r e v i o u s  two 

r u n s ,  d e t e r m i n i n g  t h e  t ime  a t  which t h e  yaw r a t e  

t ime  h i s t o r y  was s e e n  t o  have r eached  95% of  i t s  

peak v a l u e .  

9 .  S e l e c t  b r a k e  a p p l i c a t i o n  t i m e ,  t 5 ,  t o  c o i n c i d e  

w i t h  t i m i n g  o f  95% peak yaw r a t e  v a l u e ,  and b r a k e  

r e l e a s e  t i m e ,  t 6 ,  e q u a l  t o  ( t 5 + 2 . 0 ) .  

S e t  b r a k e  ramp t ime  t o  0 .050 s e c .  

11. S e t  b r a k e  l e v e l  f o r  a m p l i t u d e  of  f u l l  b r a k e  p e d a l  

s t r o k e ,  w i t h  f o r c e  n o t  t o  exceed  2 5 0  l b s .  

1 2 .  Maneuver v e h i c l e  w i t h  d rone  c o n t r o l s  i n t o  approach  

p a t h  above i n i t i a l  v e l o c i t y  c r i t e r i o n .  

1 3 .  I n i t i a t e  f u n c t i o n  g e n e r a t o r  c y c l e .  

1 4 .  Repeat  s t e p s  1 2  and 1 3 .  



15 .  P l a y  back t a p e  r e c o r d e r  s i g n a l  of  r o l l  r a t e ,  4 ,  
o n t o  t h e  pen  r e c o r d e r ,  a l o n g  w i t h  f u n c t i o n  

g e n e r a t o r  t ime  b a s e ,  t a ,  

16 .  Examine t h e  r e s p o n s e  d a t a  from t h e  p r e v i o u s  two r u n s ,  

d e t e r m i n i n g  t h e  v a l u e s  f o r  b r a k e  r e l e a s e  t i m e ,  t 6 ,  

from t h e  r o l l  r a t e  r e s p o n s e .  Two r e l e a s e  t i m i n g s  

a r e  t o  be  s e l e c t e d ,  t and t Z ,  c o i n c i d i n g  w i t h  2nd 
P  

s y m p a t h e t i c  p o l a r i t y  peak and 3 rd  z e r o  c r o s s i n g ,  

r e s p e c t i v e l y .  

1 7 .  S e t  b r a k e  r e l e a s e  t i m e ,  t 6  t o  t . r e p e a t  s t e p s  5  
P ' 

and 6 t w i c e  f o r  each  v a l u e  o f  y .  

1 8 .  S e t  b r a k e  r e l e a s e  t i m e ,  t 6  t o  t Z ;  r e p e a t  s t e p s  5  

and 6 t w i c e  f o r  each  v a l u e  of  y. 

1 9 .  Repeat  s t e p s  1 7  and 18  f o r  second  v e l o c i t y  t h r e s h o l d .  

2 0 .  A r o l l o v e r  i s  coun ted  and logged  i f  an o u t r i g g e r  

wheel t ouches  t h e  t e s t  s u r f a c e .  A r o l l o v e r  

o c c u r r e n c e  t e r m i n a t e s  t h e  t e s t  s e q u e n c e ,  



APPENDIX I 1 1  

TIRE LATERAL FORCE INVESTIGATION 

BACKGROUND 

I n  t h e  p i l o t  t e s t  p h a s e  o f  t h e  VHP and S/SS programs ,  

v e h i c l e  r e s p o n s e  d a t a  from t r a p e z o i d a l  s t e e r  t e s t s  were  

g a t h e r e d  which i n d i c a t e d  a  l a r g e  v a r i a t i o n  i n  peak  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 v e r  a  two-week p e r i o d .  A l a t e r  

s e t  of  t e s t s  on a n o t h e r  v e h i c l e  o p e r a t e d  o v e r  a  t h r ee -week  

p e r i o d  con f i rmed  t h e  p r e v i o u s  r e s p o n s e  v a r i a t i o n s .  S i n c e  

t h i s  v a r i a b i l i t y  s e r i o u s l y  deg rades  t h e  v i a b i l i t y  o f  t h e  

l i m i t  pe r fo rmance  measurement p r o c e d u r e s ,  a  r e s e a r c h  s t u d y  

was u n d e r t a k e n  t o  i d e n t i f y  t h e  c a u s a t i v e  f a c t o r s  c o n t r i -  

b u t i n g  t o  t h e  n o n - r e p e a t a b l e  r e s p o n s e .  I t  was h y p o t h e s i z e d  

t h a t  t h e  magni tude  o f  t h e  v a r i a b i l i t y  c o u l d  o n l y  be  e x p l a i n e d  

by a  major  change i n  c o n d i t i o n s  a t  t h e  t i r e - r o a d  i n t e r f a c e .  

Thus ,  t h e  r e s e a r c h  e f f o r t  was d e s i g n e d  t o  i n v e s t i g a t e  t h e  

r e l a t i o n s h i p  between peak  l a t e r a l  f o r c e  c a p a b i l i t y  o f  t h e  

t i r e  and each  o f  t h r e e  p o t e n t i a l  t e s t  v a r i a b l e s :  t i r e  wea r ,  

s u r f a c e  w e t n e s s ,  and pavement t e m p e r a t u r e .  Exper iments  

d i r e c t e d  toward  t h e  i n v e s t i g a t i o n  o f  each  f a c t o r  w i l l  b e  

t r e a t e d  h e r e  i n d i v i d u a l l y .  

INVESTIGATION INTO THE RELATIONSHIP BEWTEEN TIRE SIDE FORCE 
CAPABILITY AND TIRE TREAD WEAR 

S i n c e  t h e  t r a p e z o i d a l  s t e e r  maneuver and b o t h  o t h e r  

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

i n v o l v e  r e p e t i t i v e  t e s t i n g  w i t h  t h e  t i r e s  e x p e r i e n c i n g  l a r g e  

s i d e s l i p  a n g l e s ,  a c o n s i d e r a b l e  d e g r e e  o f  t i r e  wear  i s  



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

o f  t h i s  t y p e  o f  wear i s  q u i t e  d i f f e r e n t  from t h a t  o b t a i n e d  

i n  normal  d r i v i n g ,  The most r a p i d  changes  i n  t r e a d  p r o f i l e  

t a k e  p l a c e  a t  t h e  o u t s i d e  s h o u l d e r  and sometimes f u r t h e r  

up t h e  s i d e w a l l .  

I n  r e c o g n i t i o n  o f  t h e  m u l t i - v a r i a b l e  c h a r a c t e r  of  

v e h i c l e  t e s t i n g ,  i t  was de t e rmined  t h a t  s p e c i f i c  f i n d i n g s  

on t i r e  p r o p e r t i e s  c o u l d  o n l y  b e  o b t a i n e d  t h rough  expe r imen t s  

w i t h  t i g h t  c o n t r o l  on c o n d i t i o n  v a r i a b l e s .  The HSRI Mobile 

T i r e  T e s t e r  was u sed  a s  t h e  e x p e r i m e n t a l  a p p a r a t u s  f o r  

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

s l i p  a n g l e  t o  a  t i r e  such  t h a t  i t  cou ld  b e  i n c r e m e n t a l l y  

worn i n  a  manner ana logous  t o  t h a t  o b t a i n e d  i n  t e s t i n g  t h e  

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

w i t h  t h e  wea r ing  p r o c e s s .  

The f i r s t  two t i r e s  s u b j e c t e d  t o  t h i s  exper iment  were 

a  Un i roya l  L78-15 F a s t r a k  and a Goodyear F78-14 P o l y g l a s .  

These  t i r e s  were p r o v i d e d  a s  o r i g i n a l  equipment on t h e  two 

t e s t  v e h i c l e s  w i t h  which v a r i a b i l i t y  i n  t r a p e z o i d a l  s t e e r  

d a t a  had been  f i r s t  o b s e r v e d .  Each t i r e  was s u b j e c t e d  t o  a  

sequence  o f  r uns  o v e r  b o t h  c o n c r e t e  and a s p h a l t  by which 

t h e  Mobile T i r e  T e s t e r ,  t r a v e l l i n g  a t  4 0  mph, lowers  t h e  t i r e  

o n t o  t h e  pavement a t  a  20' s l i p  a n g l e  and a  s e l e c t e d  l a r g e  

v e r t i c a l  l o a d .  T i r e  t r e a d  p r o f i l e s  were  measured by u s e  o f  a  

c o n t o u r  copying  d e v i c e  and r ep roduced  v e r s u s  ave rage  s i d e  

f o r c e s  f o r  each  d a t a  s amp le ,  i n  F i g u r e  111 -1 .  Data  s e t s  

were  g a t h e r e d  i n  g roups  of  4 r u n s  e a c h ,  d e s i g n a t e d  a s  a  

" l ap"  o f  t h e  Mobi le  T i r e  T e s t e r  i n v o l v i n g  a  p a t h  o v e r  t h e  

TTI f a c i l i t y  a s  shown i n  F i g u r e  111 -2 .  The v e r y  f i r s t  p i e c e  

o f  d a t a  w i t h  t h e  new t i r e ,  t h e n ,  i s  on c o n c r e t e ,  f o l l owed  by 

two runs  on a s p h a l t ,  and one more on c o n c r e t e .  



Tread P r o f i l e  - Outs ide  Shoulder  

a=20° F =1550 Un i roya l  L 7 8 - 1 5  F a s t r a k  
z 
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FIGURE 111-1 



Mobile T i r e  T e s t e r  

"Lap" Layout  

2nd Data P o i n t  
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3 rd  Data P o i n t  
A s p h a l t  
(Diagona l  t o  
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FIGURE 111-2 
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The t i r e  d a t a  shown i n  F i g u r e  1 1 1 - 1  t h u s  i n d i c a t e s  a  

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

wea r .  I t  i s  a p p a r e n t  t h a t  t h e  f i r s t  d a t a  p o i n t ,  on c o n c r e t e ,  

r e p r e s e n t s  a  c o n d i t i o n  whereby a  s i g n i f i c a n t  improvement 

i n  t h e  t i r e ' s  l a t e r a l  f o r c e  c a p a b i l i t y  i s  t a k i n g  p l a c e ,  even  

a s  t h e  r u n  p r o g r e s s e s  o v e r  9 s e c o n d s ,  s e e  F i g u r e  1 1 1 - 3 .  

Note i n  F i g u r e  1 1 1 - 3  t h a t  t h e  f o r c e  i s  i n c r e a s i n g  a s  r u n s  

p r o g r e s s  on b o t h  c o n c r e t e  and a s p h a l t .  

Th i s  r emarkab l e  r e s u l t  was conf i rmed  w i t h  a  s econd  

Un i roya l  L78-15 F a s t r a k  t o  a s s u r e  t h a t  t h e  g e n e r a l  f i n d i n g  

was n o t ,  f o r  some r e a s o n ,  a t y p i c a l .  (See F i g u r e  1 1 1 - 4 . )  

A s i m i l a r  wear s e n s i t i v i t y  ( f o r c e  i n c r e a s e )  c h a r a c t e r i s t i c  

was t h e n  o b t a i n e d  w i t h  t h e  Goodyear F 7 8 - 1 4  P o l y g l a s  t i r e .  

( F i g u r e  111 -5 )  I t  i s  presumed t h a t ,  a l t h o u g h  t h e  f i r s t  

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

F i g u r e s  1 1 1 - 1 ,  4 ,  and 5 ,  t h e  wea r ing  p r o c e s s  i s  t h e  dominant 

i n f l u e n c e .  I f  t h e  f i r s t  run  had been  o v e r  a s p h a l t ,  t h e  

l o w e s t  f o r c e  would be  e x p e c t e d  t o  have been  obse rved  t h e r e  

a l s o .  

A d d i t i o n a l  f o r c e  d a t a  was t a k e n  on a s p h a l t  f o r  t h e s e  

two t i r e  t y p e s ,  a t  s l i p  a n g l e s  of a = 5 ,  1 0 ,  1 5 ,  20° ,  a f t e r  

t h e y  had been worn.  Th i s  d a t a  was needed t o  de t e rmine  t h e  

adequacy o f  t h e  a = 20" c h o i c e  i n  r e p r e s e n t i n g  peak f o r c e  

c a p a b i l i t y  d u r i n g  t h e  wear e x p e r i m e n t s .  I n  F i g u r e  1 1 1 - 6 ,  

b o t h  t i r e s  a r e  s e e n  t o  be  o p e r a t i n g  a t  app rox ima te ly  peak 

s i d e  f o r c e  a t  a = 20'. 

CORRELATION OF MOBILE TIRE TESTER RESULTS WITH VEHICLE TESTS 

T r a p e z o i d a l  s t e e r  t e s t s  were conduc ted  t o  d e t e r m i n e  

t h e  e x t e n t  t o  which v e h i c l e  t e s t  r e s u l t s  cou ld  be  shown 

t o  c o r r e l a t e  w i t h  t h e  Mobi le  T i r e  T e s t e r  d a t a  ( conce rn ing  
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t i r e  wear  s e n s i t i v i t y ) .  A t r a p e z o i d a l  s t e e r  sequence  was 

per formed  on a  Dodge Coronet w i t h  Goodyear F78-14 P o l y g l a s  

t i r e s  t h a t  had been h e a v i l y  worn due t o  p r e v i o u s  t e s t i n g ,  

f o l l owed  by a  sequence  w i t h  worn r e a r  b u t  new f r o n t  t i r e s  

( t h e  t e rm  "new t i r e s "  a lways r e f e r s  t o  t i r e s  t h a t  have been 

broken  i n  w i t h  100 o r  200 m i l e s  o f  "normal" d r i v i n g ) .  Peak 

l a t e r a l  a c c e l e r a t i o n s  ach i eved  a r e  p l o t t e d  v e r s u s  s t e e r  

a n g l e  i n  F i g u r e  111-7. The worn t i r e  sequence  was r u n  go ing  

up i n  s t e e r  l e v e l  and t h e  n e w - f r o n t ,  w o r n - r e a r  t i r e  c o n d i t i o n  

was run  s t a r t i n g  w i t h  t h e  h i g h e s t  s t e e r  l e v e l  and go ing  

down. The f i r s t  two ( l e f t  t u r n )  runs  w i t h  2 new t i r e s  show 

a  .23g lower  a c c e l e r a t i o n  r e s p o n s e  t h a n  was o b t a i n e d  a t  t h e  

h i g h e s t  s t e e r  l e v e l  w i t h  a l l  worn t i r e s .  The s l i g h t  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  a t  t h e  n e x t  lower  s t e e r  l e v e l  w i t h  

2 new t i r e s  appea r s  t o  i n d i c a t e  t h e  i n c r e a s e d  f o r c e  p o t e n t i a l  

o f  t h e  new t i r e s  w i t h  cumula t i ve  wear .  A t  t h e  c o n c l u s i o n  

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

was e v i d e n t  from t h e  e l e v a t e d  per formance  o b t a i n e d  i n  s i x  

more runs  a t  t h e  h i g h e s t  s t e e r i n g  l e v e l .  (These s i x  runs  

a r e  shown i n  t h e  hexagon i n  F i g u r e  1 1 1 - 7 . )  

The w e a r / s i d e  f o r c e  d a t a  from t h e  Mobile T i r e  T e s t e r  

was more d i r e c t l y  c o r r e l a t e d  w i t h  d a t a  g a t h e r e d  u s i n g  a  

C h e v r o l e t  S t a t i o n  Wagon, equ ipped  w i t h  a  s e t  o f  (4 )  new 

Un i roya l  L78-15 F a s t r a k  t i r e s .  T r a p e z o i d a l  s t e e r  r e sponses  

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

p rocedu re  ( i . e . ,  6 S w  = 400') employing a l t e r n a t i n g  s e t s  of 

t h r e e  l e f t  and t h r e e  r i g h t  t u r n s  on b o t h  a s p h a l t  and c o n c r e t e .  

These d a t a  a r e  p l o t t e d  i n  F i g u r e  111 -8  and show t h a t  t h e  

t i r e  wea r ing  p r o c e s s  i s  accompanied by l a r g e  changes  i n  t h e  

v a l u e  of  peak l a t e r a l  a c c e l e r a t i o n .  

A d e g r a d a t i o n  i n  d i r e c t i o n a l  s t a b i l i t y  appea r s  t o  r e s u l t  

from t h e  wea r ing  p r o c e s s  a s  q u a n t i f i e d  by t h e  d a t a  i n  

F i g u r e  1 1 1 - 9 ,  d e p i c t i n g  an i n c r e a s i n g  s p i n - t y p e  r e sponse  on 
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a s p h a l t  ( i n c r e a s i n g  peak  v a l u e  o f  v e h i c l e  s i d e s l i p  a n g l e ) .  

T h i s  r e s u l t  i s  a t t r i b u t e d  t o  t h e  h i g h e r  r a t e  of  wear  

o c c u r r i n g  on t h e  f r o n t  t i r e s  r e s u l t i n g  from t h e  l a r g e  l o a d  

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

p e n s i o n .  A s i m i l a r  m a n i f e s t a t i o n  o f  t h e  e f f e c t i v e n e s s  o f  

t i r e  wear  d i s t r i b u t i o n  i n  d e s t a b i l i z i n g  t h e  l i m i t  t u r n i n g  

r e s p o n s e  a l s o  a p p e a r s  i n  F i g u r e  1 1 1 - 9 ,  where  d a t a  i s  p r e -  

s e n t e d  f o r  t e s t s  pe r fo rmed  w i t h  worn t i r e s  i n s t a l l e d  on t h e  

f r o n t  whee ls  and new t i r e s  on t h e  r e a r  a x l e .  A f t e r  a  few 

s p i n - o u t  r e s p o n s e s ,  t h e  new r e a r  t i r e s  show an a p p a r e n t  

t r e n d  toward more wea r ,  and t h u s  g r e a t e r  v e h i c l e  s t a b i l i t y .  

The r e s u l t s  o b t a i n e d  w i t h  t h e  Mobile T i r e  T e s t e r  and 

t h e  t e s t  r e s u l t s  o b t a i n e d  w i t h  t h e  C h e v r o l e t  and Dodge show 

v e r y  c l e a r l y  t h a t  t h e  t i r e  wear  p roduced  i n  t h e  t r a p e z o i d a l  

s t e e r  maneuver h a s  a  v e r y  l a r g e  i n f l u e n c e  on t h e  maximum 

s i d e  f o r c e s  p roduced  by t h e  t i r e s  and ,  c o n s e q u e n t l y ,  h a s  a  

l a r g e  i n f l u e n c e  on t h e  peak l a t e r a l  a c c e l e r a t i o n s  t h a t  a r e  

a t t a i n e d ,  i n c l u d i n g  t h e  c h a r a c t e r  of  t h e  t o t a l  v e h i c l e  

r e s p o n s e .  

Da ta  o b t a i n e d  r e c e n t l y  from t h e  f l a t  bed t i r e  t e s t  

machine a t  Gene ra l  Motors P rov ing  Ground a l s o  i n d i c a t e  a  

s i g n i f i c a n t  change i n  l a t e r a l  t i r e  f o r c e  c a p a b i l i t y  a s  a  

f u n c t i o n  o f  wea r .  I n  t h e  GM work,  t i r e  wear  was a c h i e v e d  

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

t h e  t r e a d  f a c e  was i n c u r r e d ,  i n  a  manner more ana logous  t o  

normal  d r i v i n g  wea r .  Al though  t h e  c o n d i t i o n s  a r e  n o t  t h e  

same and n o t  d i r e c t l y  comparable  t o  t h e  MTT r e s u l t s ,  t h e  

same t r e n d  i s  e v i d e n t .  Exp re s sed  i n  s i m i l a r  t e r m s ,  t h e  GM 

d a t a  shows an i n c r e a s e  i n  F IFZ, norma l i zed  l a t e r a l  f o r c e ,  
Y 

from .69  t o  . 8 1  ove r  t h e  f u l l  r a n g e  o f  t i r e  wea r .  
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INVESTIGATION INTO THE RELATION BETWEEN TIRE SIDE FORCE 
CAPABILITY AND SURFACE DRYING TIME 

The d r y i n g  t ime  exper iment  c o n s i s t e d  o f :  (1)  w e t t i n g  

o n e - h a l f  of  t h e  s k i d  pad w i t h  a  w a t e r  t r u c k ,  ( 2 )  measur ing  

maximum no rma l i zed  t i r e  s i d e  f o r c e  w i t h  t h e  Mobile T i r e  

T e s t e r  a t  s e v e r a l  t imes  and a t  s e v e r a l  l o c a t i o n s  a s  t h e  pad 

was d r y i n g  and (3 )  measur ing  peak l a t e r a l  a c c e l e r a t i o n  

o b t a i n e d  w i t h  t h e  C h e v r o l e t  S t a t i o n  Wagon i n  a  l i m i t  

t r a p e z o i d a l  s t e e r  maneuver a s  t h e  pad was d r y i n g .  

The wes t  ( low s i d e )  of  t h e  a s p h a l t  t e s t  pad was h e a v i l y  

w e t t e d  by making a  s e r i e s  of  p a r a l l e l  p a s s e s  ove r  t h e  l e n g t h  

o f  t h e  s k i d  pad w i t h  t h e  w a t e r i n g  t r u c k .  The Mobile T i r e  

T e s t e r  t e s t s  and t h e  v e h i c l e  t e s t s  s t a r t e d  a s  soon a s  p o s s i b l e  

a f t e r  t h e  w a t e r  t r u c k  had f i n i s h e d .  The w a t e r  dep th  ove r  

t h e  w e t t e d  p o r t i o n  of  t h e  s k i d  pad v a r i e d  c o n s i d e r a b l y  due 

t o  s m a l l  unevenness  i n  t h e  pad s u r f a c e  caused  by t h e  a s p h a l t  

l a y i n g  p r o c e s s .  Almost immedia te ly  a f t e r  w e t t i n g  t h e r e  were 

a r e a s  of s t a n d i n g  w a t e r  and a r e a s  of  a s p h a l t  which were 

d i s c o l o r e d  from w e t t i n g  b u t  o v e r  which no w a t e r  was s t a n d i n g .  

The Mobile T i r e  T e s t e r  was used  t o  make s i d e  f o r c e  

measurements on a r e a s  o f  t h e  a s p h a l t  s k i d  pad w i t h  d i f f e r i n g  

w a t e r  c o n d i t i o n s .  T e s t s  were  made i n  a r e a s  of  s t a n d i n g  

w a t e r ,  i n  a r e a s  d i s c o l o r e d  by w e t t i n g ,  and i n  a r e a s  which had 

n e v e r  been w e t t e d .  The t e s t s  were made u s i n g  a  Chev ro l e t  

S t a t i o n  Wagon t i r e  o p e r a t e d  a t  20" s l i p  a n g l e  and 40 mph. 

The r e s u l t s  a r e  summarized i n  Tab l e  1 1 1 - 1 .  The no rma l i zed  

l a t e r a l  f o r c e  c a p a b i l i t y  of t h e  s u r f a c e  v a r i e d  from 0 .56  t o  

0 . 8 0  a t  two d i f f e r e n t  l o c a t i o n s  on t h e  s u r f a c e  j u s t  a f t e r  

i t  had  been w e t t e d .  I n  j u s t  l e s s  t h a n  two hou r s  a f t e r  t h e  

s u r f a c e  had been  w e t t e d  a lmos t  a l l  of  t h e  s t a n d i n g  w a t e r  

was gone.  A s e c t i o n  of  a s p h a l t  which was s t i l l  d i s c o l o r e d  

f rom w e t t i n g  had a  normal ized  l a t e r a l  f o r c e  c a p a b i l i t y  of  



abou t  0 . 8 3 .  The a s p h a l t  which appea red  d ry  a f t e r  hav ing  

been w e t t e d  had  a  no rma l i zed  l a t e r a l  f o r c e  c a p a b i l i t y  o f  

0 .96  which was i d e n t i c a l  t o  t h e  no rma l i zed  l a t e r a l  f o r c e  

c a p a b i l i t y  o f  t h e  p r t i o n  o f  t h e  s k i d  pad which had n e v e r  

been w e t t e d .  

S i m u l t a n e o u s l y  w i t h  t h e s e  t i r e  t e s t s ,  t r a p e z o i d a l  

s t e e r  maneuvers were conduc ted  w i t h  t h e  Chev ro l e t  Wagon on 

t h e  s k i d  pad .  The t e s t  r e s u l t s  a r e  p r e s e n t e d  i n  F i g u r e  

111 -10 .  Note t h a t ,  b e f o r e  t h e  pad was w e t t e d ,  t h e  maximum 

l a t e r a l  a c c e l e r a t i o n  o b t a i n e d  i n  a  s e r i e s  of  6 t r a p e z o i d a l  

s t e e r  maneuvers v a r i e d  from 0.84 t o  0 .87g .  A f t e r  t h e  pad 

was w e t t e d ,  t h e  maximum l a t e r a l  a c c e l e r a t i o n  o b t a i n e d  i n  6  

t r a p e z o i d a l  s t e e r  t e s t s  v a r i e d  from 0.65 t o  0 .78g .  (This  

s p r e a d  i n  v a l u e s  demons t r a t e s  t h e  v a r i a b i l i t y  i n  l a t e r a l  

f o r c e  c a p a b i l i t y  r e s u l t i n g  from v a r i a t i o n s  i n  w a t e r  d e p t h . )  

The maximum l a t e r a l  a c c e l e r a t i o n  o b t a i n e d  i n  t e s t s  performed 

a p p r o x i m a t e l y  2 hou r s  a f t e r  w e t t i n g  t h e  s u r f a c e  v a r i e d  from 

0 .825  t o  0 .86g ,  i n d i c a t i n g  t h a t  t h e  s u r f a c e  had e s s e n t i a l l y  

r e c o v e r e d  i t s  "dry" f r i c t i o n  p r o p e r t i e s .  

On t h e  b a s i s  of  t h e s e  f i n d i n g s ,  i t  i s  conc luded  t h a t  

v e h i c l e  t e s t i n g  can commence a f t e r  a  r a i n  when t h e  pavement 

appea r s  t o  be  d r y ,  t h a t  i s ,  t h e  a s p h a l t  i s  no l o n g e r  d i s -  

c o l o r e d  from w e t t i n g .  



TABLE 111-1. SUMMARY OF MTT (MOBILE TIRE TESTER) 
WET TEST DATA, F /F 

Y Z  

D i s c o l o r e d  
Wet From 

( S t a n d i n g  W e t t i n g  Appears  Dry Not Wet ted  
Time Wate r )  ( P a r t i a l l y  Wet) A f t e r  W e t t i n g  (Dry S u r f a c e )  

A s p h a l t  S k i d  Pad 
40 mph 
1550 l b s .  Load, FZ 
20' S l i p  Angle 
"20%" Worn Chevy S.W. T i r e ,  T i r e  #1 
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INVESTIGATION INTO THE RELATION BETWEEN TIRE LATERAL F O R C E  
CAPABILITY AND PAVEMENT SURFACE TEMPERATURE 

To o b t a i n  t e s t  d a t a  ove r  a  wide r ange  of  a s p h a l t  pad 

t e m p e r a t u r e s ,  t i r e  f o r c e  measurements and t r a p e z o i d a l  

s t e e r  maneuvers were per formed  w i t h  t h e  Chev ro l e t  Wagon 

ove r  a  p e r i o d  of  7 d a y s ,  morning and a f t e r n o o n .  I t  i s  

c l e a r  t h a t  t h i s  exper iment  i n v o l v e d  u n c o n t r o l l e d  v a r i a b l e s  

s i n c e  env i ronmen ta l  f a c t o r s  such  a s  humid i ty  and wind cou ld  

have been changing ove r  t h i s  p e r i o d .  However, a l l  of t h e  

t i r e s  were  w e l l  worn and t h u s  t i r e  wear i s  n o t  b e l i e v e d  t o  

have been a  s i g n i f i c a n t  f a c t o r  i n  t h e s e  t e s t s .  The pad was 

n o t  w e t t e d  d u r i n g  t h i s  p e r i o d .  

The t e s t  r e s u l t s  f o r  t h e  a s p h a l t  pad a r e  shown on 

F i g u r e  111-11 .  S i m i l a r  r e s u l t s  a r e  shown f o r  t h e  c o n c r e t e  

pad i n  F i g u r e  111-12 .  I t  i s  s e e n  t h a t  t h e r e  i s  ve ry  l i t t l e  

change i n  peak l a t e r a l  a c c e l e r a t i o n  produced i n  a  t r a p e z o i d a l  

s t e e r  maneuver when t h e  a s p h a l t  pad t e m p e r a t u r e  v a r i e d  from 

83OF t o  119°F.  On t h e  b a s i s  of  t h e s e  d a t a  i t  i s  conc luded  

t h a t  pad s u r f a c e  t e m p e r a t u r e  does n o t  have a  s i g n i f i c a n t  

i n f l u e n c e  on t h e  peak l a t e r a l  a c c e l e r a t i o n  t h a t  can be  

a t t a i n e d  by a  v e h i c l e .  I t  can a l s o  be conc luded  t h a t  any 

o t h e r  env i ronmen ta l  f a c t o r s  such  a s  humid i ty  o r  wind which 

may have been v a r y i n g  t o  some e x t e n t  ove r  t h e  s even -day -  

p e r i o d  d i d  n o t  have a  s i g n i f i c a n t  e f f e c t  on t h e  t e s t  d a t a .  

Thus no t e s t  c o n s t r a i n t  i n v o l v i n g  s u r f a c e  t e m p e r a t u r e  was 

adop ted .  

LATERAL FORCE CAPABILITY AS EFFECTED BY TIRE WEAR AND 
TEMPERATURE EFFECTS AS RELATED TO PAVEMENT TYPE 

The t e s t  r e s u l t s  showing t h e  i n f l u e n c e  of  t i r e  wea r ,  

a s  g i v e n  i n  F i g u r e s  1 1 1 - 1 ,  4 ,  5 ,  and 14 th rough  23 ,  were 

o b t a i n e d  on b o t h  c o n c r e t e  and a s p h a l t  s u r f a c e s .  While t h e  
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I 
Mobile T i r e  Tester Data  T i r e  No. 1 
(w/Uniroyal L78-15 F a s t r a k )  A T i r e  No. 2  

Concre te  

Surface T r a p e z o i d a l  S t e e r  Data  L e f t  Turn 
(w/Chevrolet  S t a t i o n  Wagon) X R i g h t  Turn 

Data  Taken Over 7 Days 

Ad jo in ing  A s p h a l t  S u r f a c e  Temperature O F  

(Measured Concur ren t ly  With These T e s t s  on Concre t e )  

F I G U R E  1 1 1 - 1 2  



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

c o n c r e t e  f o r  a lmos t  a l l  o f  t h e  t i r e s  t e s t e d ,  t h e r e  does 

n o t  appea r  t o  be any s i g n i f i c a n t  d i f f e r e n c e  between t h e  two 

s u r f a c e s  w i t h  r e s p e c t  t o  t h e  manner i n  which t i r e  wear 

p r o g r e s s e s .  

Pad t e m p e r a t u r e  does n o t  have a  s i g n i f i c a n t  i n f l u e n c e  

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

s u r f a c e .  U n f o r t u n a t e l y ,  t h e  t e m p e r a t u r e  of  t h e  c o n c r e t e  

s u r f a c e  was n o t  measured d i r e c t l y .  However, t h e  r e s u l t s  

g i v e n  i n  F i g u r e  111-13  i n d i c a t e  t h a t  t empera tu re  change was 

n o t  a  s i g n i f i c a n t  f a c t o r  i n f l u e n c i n g  t h e  deve loped  l a t e r a l  

f o r c e  d u r i n g  t h e  seven-day  measurement p e r i o d .  

I n  summary, no t i r e  wear o r  t e m p e r a t u r e  f a c t o r s  have 

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

ove r  an a s p h a l t  s u r f a c e  f o r  v e h i c l e  t e s t  p u r p o s e s .  

CONCLUSIONS BASED ON THE INVESTIGATION 

The r e s u l t s  o b t a i n e d  w i t h  t h e  Mobile T i r e  T e s t e r  and 

t h e  t e s t  r e s u l t s  o b t a i n e d  w i t h  t h e  Chevro le t  and Dodge show 

v e r y  c l e a r l y  t h a t :  

1. The t i r e  wear produced  i n  t h e  t r a p e z o i d a l  

s t e e r  maneuver has  a  ve ry  l a r g e  i n f l u e n c e  on 

t h e  maximum s i d e  f o r c e s  produced by t h e  t i r e s  

and consequen t ly  has  a l a r g e  i n f l u e n c e  on t h e  

peak l a t e r a l  a c c e l e r a t i o n s  t h a t  a r e  a t t a i n e d .  

A d d i t i o n a l l y ,  t h e  c h a r a c t e r  of  t h e  l i m i t  

r e s p o n s e  of  t h e  v e h i c l e  can  a l t e r  markedly a s  

d i s s i m i l a r  t i r e  wear r a t e s  a r e  acc rued  a t  f r o n t  

and r e a r .  



2 .  The pad s u r f a c e  t e m p e r a t u r e  v a r y i n g  o v e r  t h e  

r a n g e  (83°F t o  119°F)  has  no f i r s t  o r d e r  

i n f l u e n c e  on peak s i d e  f o r c e .  

3. The i n f l u e n c e  o f  s u r f a c e  we tnes s  f o l l o w i n g  a  

r a i n f a l l  can  b e  presumed n e g l i g i b l e  upon 

r e c o v e r y  o f  a p p a r e n t  d r y n e s s ,  i . e . ,  no 

pavement d i s c o l o r a t i o n .  

APPLICATION OF LATERAL FORCE VERSUS WEAR FINDINGS 

S i n c e  t i r e  l a t e r a l  f o r c e ,  and consequen t ly  v e h i c l e  

l a t e r a l  a c c e l e r a t i o n ,  ha s  been shown t o  i n c r e a s e  r a p i d l y  

w i t h  s e v e r e  c o r n e r i n g  wea r ,  i t  was n e c e s s a r y  t o  e s t a b l i s h  

a  t i r e  wea r ing  p rocedu re  t o  e l i m i n a t e  l a r g e  v a r i a t i o n s  i n  

v e h i c l e  t e s t  r e s u l t s .  Based on F i g u r e s  111-1  and 1 1 1 - 8 ,  i t  

was e s t i m a t e d  t h a t  t h e  t i r e  wear e f f e c t s  produced i n  2 0  

t r a p e z o i d a l  s t e e r  maneuvers i s  e q u i v a l e n t  t o  t h e  amount o f  

t i r e  wear p roduced  d u r i n g  one " lap"  o f  t h e  MTT, a s  d e f i n e d  

i n  F i g u r e  111 -2 .  The r e s u l t a n t  p rocedu re  was de t e rmined  

i n  a  two s t e p  p r o c e s s .  

The f i r s t  s t e p  n e c e s s i t a t e d  g a t h e r i n g  t h e  t i r e  wear d a t a  

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

w i t h  t h e  MTT. T e s t  c o n d i t i o n s  f o r  each  of  1 2  t i r e s  measured 

were:  

1. 20' s l i p  a n g l e  

2 .  40 mph s t e a d y  v e l o c i t y  

3. T i r e  i n f l a t i o n  p r e s s u r e  s e t  t o  a v e r a g e  o f  

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

r e s p e c t i v e  t e s t  v e h i c l e  

4. Normal l o a d  

Z 
= . 3O[Vehic le  Weight + 3001 + 50 l b s .  



Under t h e s e  c o n d i t i o n s ,  l a t e r a l  f o r c e  d a t a  was c o l l e c t e d  f o r  

a l l  sample t i r e s  o v e r  1 0  " l a p s "  o f  t h e  MTT. The r ange  o f  

t h i s  d a t a  i s  summarized i n  F i g u r e  111-13 .  The b a r s  i n d i c a t e  

t h e  r ange  o f  d a t a  c o l l e c t e d  f o r  each  t e s t  t i r e .  The 

s e p a r a t e  d a t a  p o i n t s  c o l l e c t e d  d u r i n g  each  run  f o r  a l l  t i r e s  

a r e  shown i n  F i g u r e s  111-14 t o  111-23 .  

Th i s  d a t a  was t h e n  a n a l y z e d  and t a b u l a t e d  t o  de t e rmine  

t h e  number of  l a p s  r e q u i r e d  f o r  t h e  r a t i o ,  F / F  t o  
Y z '  

s t a b i l i z e  w i t h i n  5% of  i t s  l o n g - t e r m  ave rage  v a l u e .  Based 

on t h e  c o r r e l a t i o n  d a t a  t a k e n  w i t h  t h e  Chevro le t  Brookwood, 

t h i s  y i e l d s  an  e q u i v a l e n t  number of  l i m i t  t r a p e z o i d a l  s t e e r  

maneuvers r e q u i r e d .  Table  111-2 p r e s e n t s  a  l i s t i n g  of t h e  

p e r t i n e n t  t i r e  w e a r - i n  v a l u e s  f o r  each  of t h e  measured t i r e s .  

TABLE 111-2. TIRE WEAR-IN DATA 

A s p h a l t  No. Laps To E q u i v a l e n t  
Long-Term Wear I n  To L i m i t  T r a p e z o i d a l  

V e h i c l e  T i r e  FIT/ F , Within  0 .05  S t e e r  Maneuver 

VW 

I m p e r i a l  

Flercedes 

Lotus  

*Aus t i n  

Gremlin 

Trans  -Am 

Toyota 

G a l a x i e  

Toronado 

Coronet  

Brookwood 

C o n t i n e n t a l  
560-15 

Goody e a r  
L84-15 

F i r e s  t o n e  
735-14 

Goodyear 
F60-15 

Goodyear 
F60-15 

Un i roya l  
F78-15 

F i r e s t o n e  
578-15  

Goodyear 
F78-14 

Un i roya l  
L78-15 

2 0 

4 0  

2 0  (min.)  

2 0  (min . )  

3  0 

4 0 

3  0 

2 0  (min . )  

4 0  

30 

5 0 

5  0 



I t  i s  i n t e r e s t i n g  t o  n o t e  t h e  wide v a r i a t i o n  i n  t h e  

number o f  r u n s  r e q u i r e d  t o  w e a r - i n  t h e s e  d i f f e r e n t  t y p e s  of  

t i r e s .  I t  i s  a l s o  i n t e r e s t i n g  t o  n o t e  t h a t  t h e s e  t i r e s  

seem t o  d i v i d e  i n t o  4 r anges  o f  l a t e r a l  f o r c e  c a p a b i l i t y .  

The VW, Greml in ,  and G a l a x i e  t i r e s  have v e r y  l a r g e  l a t e r a l  

f o r c e  c a p a b i l i t y  ( F  / F  1 . 0 7 ) .  The I m p e r i a l ,  Mercedes ,  
'max 

Toronado, Corone t ,  and Brookwood t i r e s  have l a r g e  l a t e r a l  

f o r c e  c a p a b i l i t y  ( .  9 9  5 - F Y / F  5 1 . 0 2 ) .  The L o t u s ,  Trans-Am, z - 
and Toyota  t i r e s  have r e l a t i v e l y  low l a t e r a l  f o r c e  c a p a b i l i t y  

( 0 . 8 1  5 - F Y / F  < 0 . 8 8 ) .  The A u s t i n  t i r e  was measured t o  have  z = 
an  e x c e p t i o n a l l y  low l a t e r a l  f o r c e  c a p a b i l i t y ,  a l t h o u g h  i t  

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

f o r c e / s l i p  a n g l e  r e l a t i o n  which peaked a t  s u b s t a n t i a l l y  below 

a = 20° ,  such  t h a t  t h e  i n d i c a t e d  f o r c e  l e v e l  does  n o t  r e p r e s e n t  

"peak" s i d e  f o r c e .  

The second  p h a s e  o f  t h i s  p r o c e d u r e  r e q u i r e s  t h a t  t h e  

v e h i c l e  b e  t e s t e d  w i t h  t h e  number o f  " e q u i v a l e n t  t r a p e z o i d a l  

s t e e r "  r u n s  shown i n  T a b l e  111-2  p r i o r  t o  c o l l e c t i n g  t h e  

l i m i t  pe r formance  d a t a .  The conduc t  o f  t h i s  p r e l i m i n a r y  s e t  

o f  t r a p e z o i d a l  s t e e r  t e s t s ,  d e s i g n a t e d  a s  t i r e  b r e a k - i n  

t e s t s ,  was g i v e n  a d d i t i o n a l  c o n s t r a i n t s :  

1. The minimum number o f  t e s t  r u n s  was chosen t o  

b e  20, a l t h o u g h  MTT d a t a  showed no wear e f f e c t  

f o r  c e r t a i n  t i r e s .  

2 .  T i r e s  were  c r o s s - r o t a t e d  a f t e r  2 0  r u n s  i f  a d d i -  

t i o n a l  l i m i t  b r e a k - i n  t e s t s  were  r e q u i r e d .  

3 .  V e h i c l e  r e s p o n s e  d a t a  was r e c o r d e d  d u r i n g  t h e  

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

a u t o m a t i c  t e s t  package  i n s t r u m e n t s .  

4 .  A l l  t e s t  t i r e s  were  o r i g i n a l l y  b roken  i n  w i t h  

a  minimum of  100 m i l e s  of  s t a n d a r d  d r i v i n g ,  

p r i o r  t o  i n i t i a t i n g  any o f  t h e  w e a r - i n  t e s t s .  



Asphalt 

0 Concrete 

0.70 I I I I I Laps 
1 2 3 4 5 6 7 8 9 1 0  

La t e r a l  Force/Wear Data, Mobile T i r e  
Tes t e r ,  Continental  560-15 ( W ) .  

u = 2 0 ° ,  FZ=730, 2 2  p s i ,  40  mph 

FIGURE 111-14. 



Asphalt 
0 Concrete 

Laps 
1 2 3 4 5 6 7 8 9 1 0  

La t e r a l  Force/Wear Data, Mobile T i r e  
Tes t e r ,  Goodyear L84-15 ( I m p e r i a l ) .  

a=20°,  FZ=1580, 2 3  p s i ,  4 0  mph 

FIGURE 111-15.  



0 A s p h a l t  

0 C o n c r e t e  

0 . 7 0  I Laps 
0 1 2 3 4 5 6 7 8 9 1 0  

L a t e r a l  Force/Wear D a t a ,  Mobile T i r e  
T e s t e r ,  F i r e s t o n e  735-14 ( M e r c e d e s ) .  

a=20° ,  F Z = 1 3 0 0 ,  32 p s i ,  4 0  mph 

FIGURE 1 1 1 - 1 6 .  
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A s p h a l t  
0 Concre te  

0 0 

) 1 2 3 4 5 6 7 8 9 1 0  
Laps 

L a t e r a l  ~ o r c e / W e a r  Data, Mobile T i r e  
T e s t e r ,  Dunlop 155 HR13 ( L o t u s ) .  

a=20° ,  FZ=630, 22 p s i ,  4 0  mph 

FIGURE 111-17. 



A s p h a l t  

0 C o n c r e t e  

0. 701 
0 1 2 3 4 5 6 7 8 9 1 0  

Laps 

L a t e r a l  F o r c e / W e a r  D a t a ,  t l o b i l e  T i r e  
T e s t e r ,  G o o d y e a r  6 4 5 - 1 4  ( G r e m l i n ) .  

a = 2 0 ° ,  F Z = 9 0 0 ,  2 8  p s i ,  4 0  mph 

FIGURE 1 1 1 - 1 8 .  



Asphalt 
0 Concrete 

Latera l  Force/Wear Data, 1,lobile Tire  
Tes ter ,  Goodyear F60-15 (Trans A m ) .  

a=20°, F =630, 2 2  p s i ,  4 0  mph 
z 

Laps 

FIGURE 111-19. 



Asphalt 
0 Concrete 

Lateral Force/Wear Data, Mobile Tire 
Tester, Dunlop 155-13 (Toyota) . 
u=20°, FZ=710, 22 psi, 40 mph 

1 0 1  0.70 

FIGURE 111-20. 
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0 Asphalt 
0 Concrete 

I I Laps 
1 2 3 4 5 6 7 8 9 1 0  

La te ra l  Force/Wear Data, Mobile T i re  
Tes te r ,  Uniroyal F78-15 (Galaxie) . 
a=20°, FZ=1310, 28  p s i ,  40  mph 

FIGURE 1 1 1 - 2 1 .  



Lateral Force/Wear Data, ldobile Tire 
Tester, Firestone J78-15 (Toronado). 

1.00- 

0.90- 

0.80- 

0.70 

a=20°, F,=1570, 24 psi, 40 mph 

0 0 q 
0 

0 0 

apo q ) o  0Oo0 a 0 0 0 0 0  0 
0 

0 0 

4' 'ao0 
0 

a Asphalt 
0 Concrete 

I I I I I I I I I 
0 1 2 3 4 5 6 7 8 9 1 0  

Laps 

FIGURE 111-22. 



Asphalt 
0 Concrete 

Laps 
0 1 2 3 4 5 6 7 0 9 1 0  

Lateral Force/Wear Data 
Mobile Tire Tester 
Dunlop 5.95-12 (Austin) 

a=20°, FZ=750, 2 8  psi, 40 mph 

FIGURE 111-23 



APPENDIX I V  

SAMPLE VEHICLE SELECTION 

Th i s  appendix  c o n t a i n s  t h e  f i n d i n g s  and r a t i o n a l e  f o r  

t h e  s e l e c t i o n  of  15  v e h i c l e s  a s  a  t e s t  sample .  These 

v e h i c l e s  were s e l e c t e d  on a  t e c h n i c a l  b a s i s ,  u t i l i z i n g  d a t a  

a v a i l a b l e  i n  t h e  l i t e r a t u r e  and i n  HSRI Acc iden t  Data  f i l e s ,  

t o  be r e p r e s e n t a t i v e  of  t h e  p o p u l a t i o n  of domes t i c  and 

f o r e i g n  p a s s e n g e r  c a r s  and m u l t i - p u r p o s e  p a s s e n g e r  v e h i c l e s .  

Due t o  t ime  and money c o n s t r a i n t s  a r i s i n g  from t e c h n i c a l  

d i f f i c u l t i e s  d u r i n g  t h e  c o u r s e  o f  t h e  p r o j e c t ,  o n l y  11 of  

t h e s e  v e h i c l e s  were t e s t e d  d u r i n g  t h e  f u l l  s c a l e  t e s t  

a c t i v i t i e s .  The Toyota C o r o l l a ,  Ford Bronco,  Microbus,  

and Ford Mustang were d e l e t e d .  

Wherever p o s s i b l e ,  t h e  v e h i c l e  sample i s  c h a r a c t e r i z e d  

by v a r i o u s  p a r a m e t e r s  and s p e c i f i c a t i o n s  p e r t i n e n t  t o  v e h i c l e  

h a n d l i n g  per formance .  Two d i s t i n c t  a n a l y s e s  were conducted :  

1. A c h a r a c t e r i z a t i o n  of t h e  v e h i c l e  p o p u l a t i o n  

i n  te rms  o f  d e s i g n  d i f f e r e n c e s ,  mechanica l  

c h a r a c t e r i s t i c s  and per formance  l e v e l s .  

2 .  An a n a l y s i s  of  a c c i d e n t  d a t a  t o  d e t e c t  o v e r -  

involvements  a t t r i b u t a b l e  t o  v e h i c l e  per formance  

c h a r a c t e r i s  t i c s .  

A l l  o f  t h e  r e q u i r e d  i n f o r m a t i o n  was n o t  a v a i l a b l e  i n  t h e  

a p p r o p r i a t e  f o r m a t .  A d d i t i o n a l  s o u r c e s  of  d a t a ,  such a s  

v e h i c l e  t e s t i n g  a s  per formed by independen t  groups w i t h  

r e g u l a r  t r a d e  p u b l i c a t i o n s ,  were reviewed and u t i l i z e d  a s  

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

from a b l e n d  o f  pragmatism,  v e h i c l e  mechanics a n a l y s i s ,  and 

a c c i d e n t  d a t a  a n a l y s i s .  



ACCIDENT DATA ANALYSIS 

The f i r s t  a r e a  of a n a l y s i s  u t i l i z e d  a c c i d e n t  d a t a  f i l e s  

t o  i d e n t i f y  (1)  s p e c i f i c  v e h i c l e  models ,  o r  ( 2 )  s p e c i f i c  

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

t h e  t o t a l  a c c i d e n t  p o p u l a t i o n .  E igh teen  d a t a  banks of mass 

a c c i d e n t  d a t a  a r e  a v a i l a b l e  a t  HSRI, each cove r ing  a  s p e c i f i c  

a r e a  o r  a c c i d e n t  t y p e .  For t h i s  a n a l y s i s ,  HSRI s e l e c t e d  t h e  

Oakland County,  Michigan a c c i d e n t  f i l e  f o r  t h e  c a l e n d a r  

y e a r  1969. This  f i l e  l i s t s  c r a s h e s  i n  a  county w i t h  a  popu la -  

t i o n  of  n e a r l y  one m i l l i o n  peop le  and which has  a  wide c r o s s -  

s e c t i o n  of  r u r a l  and urban  a r e a s .  The pr imary  r ea son  f o r  

u s i n g  t h i s  f i l e  i s  t h e  a d d i t i o n a l  encoding i n t r o d u c e d  over  

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

29,265 a c c i d e n t  c a s e s  w i t h  179 v a r i a b l e s  each .  By means of  

t h e  Veh ic l e  I d e n t i f i c a t i o n  Number (VIN), p o s i t i v e  i d e n t i f i -  

c a t i o n  can  be  made as  t o  v e h i c l e  model, body s t y l e ,  

manufac tu re r ,  and y e a r  of  manufac ture  f o r  a  s u b s e t  of  c a s e s .  

A t w o - f o l d  a n a l y s i s  was performed on t h e  a v a i l a b l e  d a t a .  

I t  appea r s  r e a s o n a b l e  t o  assume r o l l o v e r  a c c i d e n t s  and 

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

p o t e n t i a l  h a n d l i n g  d i f f i c u l t i e s .  Hence t h e  a n a l y s i s  a t t empted  

t o  de te rmine  which v e h i c l e  t ypes  a r e  ove r invo lved  o r  under -  

i nvo lved  i n  t h e s e  two t y p e s  of  a c c i d e n t s .  

I t  i s  c l e a r  t h a t  t h e  q u e s t i o n  of whether  o r  n o t  o t h e r  

f a c t o r s  a r e  i nvo lved  i n  t h e  cause  of  t h e s e  t ypes  of a c c i d e n t s  

must be c o n s i d e r e d  i n  an a n a l y s i s  of  t h i s  n a t u r e .  Accord- 

i n g l y ,  an a t t e m p t  was made t o  c o n s t r u c t  a  s t a t i s t i c a l  model 

t o  no rma l i ze  o t h e r  p o s s i b l e  c a u s a t i v e  f a c t o r s ,  such as  d r i v e r  

age ,  t h e  c o n d i t i o n  o f  t h e  road  s u r f a c e ,  and d r i n k i n g  

involvement .  

These e f f o r t s  l e d  t o  a  n e g a t i v e  f i n d i n g ,  namely,  very  

l i t t l e  v a r i a n c e  i n  r o l l o v e r  a c c i d e n t s  can b e  a t t r i b u t e d  



t o  f a c t o r s  such  a s  t h o s e  c i t e d  above .  On t h e  o t h e r  hand,  

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

a c c i d e n t s  can b e  a t t r i b u t e d  t o  d r i v e r  a g e ,  r oad  s u r f a c e  

c o n d i t i o n ,  e t c .  N o t w i t h s t a n d i n g  t h i s  f i n d i n g ,  a p p l i c a t i o n  

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

a n a l y s i s  d i d  n o t  a p p e a r  w a r r a n t e d  a f t e r  t h e  raw d a t a  were  

t a b u l a t e d .  

I n  c o n t r a s t  w i t h  o t h e r  a c c i d e n t  f i l e s ,  Oakland County 

p o l i c e  code v e h i c l e s  a s  t h e  "number one" and "two" v e h i c l e s  

w i t h o u t  making judgments a s  t o  c u l p a b i l i t y .  Consequen t ly ,  we 

canno t  assume t h a t  t h e  v e h i c l e  coded a s  #1 i s  a  " s t r i k i n g "  

v e h i c l e  r a t h e r  t h a n  a  " s t r u c k "  v e h i c l e .  T h i s  f a c t  p l a c e s  

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

can be  pe r fo rmed .  

I f  t h e  e n t i r e  f i i e  i s  examined,  r a t h e r  t h a n  t h e  s u b s e t  i n  

which t h e  VIN numbers can b e  u sed  t o  i d e n t i f y  a  s p e c i f i c  

model ,  we o b t a i n  Tab l e  IV-1  i n  which v e h i c l e s  a r e  i d e n t i f i e d  

o n l y  by t h e  name o f  t h e  m a n u f a c t u r e r .  The t a b l e  t a b u l a t e s  

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

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

( g i v e n  a s  a  p e r c e n t a g e ) .  I t  i s  a p p a r e n t  t h a t  Volkswagens 

have a  t endency  t o  r o l l  r e l a t i v e  t o  t h e i r  number o f  s i n g l e -  

v e h i c l e  a c c i d e n t s  t h a t  i s  a t  l e a s t  t h r e e  t imes  g r e a t e r  t h a n  

any o t h e r  make l i s t e d .  

I f  we assume t h a t  v e h i c l e s  coded a s  v e h i c l e  #1 r e f l e c t  

t h e  d i s t r i b u t i o n  by make i n  t h e  t o t a l  a c c i d e n t  p o p u l a t i o n ,  we 

can  c o n s t r u c t  Tab l e  IV-2 ,  p r o d u c i n g  a  r a n k i n g  t h a t  r e f l e c t s  

r o l l o v e r  invo lvement  w i t h  r e s p e c t  t o  t h e  t o t a l  a c c i d e n t  

p o p u l a t i o n  i n  Oakland County.  Again t h e  Volkswagen s t a n d s  o u t  

a s  a  make hav ing  a  g r e a t e r  t endency  t o  r o l l  t h a n  any o t h e r  

b r a n d  o f  c a r .  A t a b l e  s i m i l a r  t o  Tab l e  I V - 2  can  a l s o  b e  

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



TABLE IV-1  

V e h i c l e  Make 

V o l k s w a g e n  

A m e r i c a n  M o t o r s  

C h r y s l e r  

P l y m o u t h  

F o r d  

P o n t i a c  

C h e v r o l e t  

C a d i l l a c  

M e r c u r y  

Bu i  ck 

Dodge 

O l d s m o b i l e  

Number o f  
R o l l o v e r  A c c i d e n t s  

V e h i c l e  Make 

V o l k s w a g e n  

A m e r i c a n  M o t o r s  

C h r y s l e r  

P l y m o u t h  

F o r d  

P o n t i a c  

C h e v r o l e t  

Bui  ck  

M e r c u r y  

C a d i l l a c  

Dodge 

O l d s m o b j  l e  

Number o f  S i n g l e  
V e h i c l e  A c c i d e n t s  

9 6 

4 6 

3  7 

1 3 9  

49 7 

39 7 

6 2 7  

3 2 

9 1 

1 3 0  

1 1  7 

1 4  3  

TABLE I V - 2  

R o l l o v e r s  a s  a  
P e r c e n t  o f  S i n g l e  
V e h i c l e  A c c i d e n t s  

R o l l o v e r s  a s  a  
P e r c e n t  o f  t h e  # 1  
V e h i c l e  P o p u l a t i o n  



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

Tab l e  IV-3 r e s u l t s  and ,  n o t  s u r p r i s i n g l y ,  shows t h a t  t h e r e  

i s  o n l y  a  s m a l l  d i f f e r e n t i a t i o n  between makes ( i . e . ,  b r a n d s )  

i n  t h e i r  t endency  t o  become i n v o l v e d  i n  a  s i n g l e - v e h i c l e  

a c c i d e n t .  

A more meaningfu l  a n a l y s i s  would,  i n  t h e o r y ,  be  o b t a i n e d  

i f  t h e  p o p u l a t i o n  were  b roken  down i n  g roup ings  r e p r e s e n t i n g  

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

The problem always e x i s t s ,  however ,  i n  t h a t  t h e  g r e a t e r  t h e  

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

i n  each  c e l l  p roduc ing  a  l e s s e r  s t a t i s t i c a l  s i g n i f i c a n c e  

f o r  t h e  f i n d i n g .  A c c o r d i n g l y ,  an  e f f o r t  was made t o  group 

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

and ,  i n  c e r t a i n  i n s t a n c e s ,  s p e c i f i c  models w i t h o u t  d e f i n i n g  

a  c a t e g o r y  t h a t  would r e s u l t  i n  s o  few v e h i c l e s  t h a t  i t  

would n o t  be  p o s s i b l e  t o  compute s t a t i s t i c a l l y  s i g n i f i c a n t  

ove r invo lvemen t s .  These c o n s i d e ~ a t i o n s  l e d  t o  t h e  g roup ings  

t h a t  a r e  d e f i n e d  i n  Tab l e  IV-4,  which g roup ing  has  been  used  

i n  t h e  a n a l y s e s  t o  be  rev iewed  below.  

The a c c i d e n t  f i l e  s u b s e t  ( w i t h  t h e  VIN d a t a  encoded 

t h e r e i n )  p roduces  t h e  raw d a t a  t a b u l a t e d  i n  Tab l e  I V - 5 .  I t  

w i l l  b e  n o t e d  t h a t  t h e  two American f r o n t - w h e e l - d r i v e  

au tomob i l e s  (Group D )  y i e l d  t h e  s m a l l e s t  number o f  a c c i d e n t  

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

v e h i c l e  p o p u l a t i o n .  I t  s h o u l d  a l s o  b e  n o t e d  t h a t  t h e  v e h i c l e s ,  

a s  g rouped ,  p roduce  a  d i s t r i b u t i o n  t h a t  i s  app rox ima te ly  t h e  

same i r r e s p e c t i v e  o f  whe the r  t h i s  d i s t r i b u t i o n  i s  computed on 

t h e  b a s i s  of  v e h i c l e s  coded a s  #1 o r  # 2 .  The o n l y  marked 

d i f f e r e n c e  i n  t h e  t a b l e  between t h e  p e r c e n t a g e  of  #1 and # 2  

v e h i c l e s  i n  t h e  a c c i d e n t  p o p u l a t i o n  i s  Group M ( a l l  v e h i c l e s  

manufac tured  by Volkswagen) where i t  i s  s e e n  t h a t  s i g n i f i -  

c a n t l y  more Volkswagens a r e  coded #1 t h a n  # 2  i n  t h e  a c c i d e n t  

r e p o r t s .  I n  t h i s  s u b s e t  o f  1969 Oakland County a c c i d e n t s ,  we 



TABLE IV-3 

S i n g l e  Veh .  A c c i d e n t s  
No. o f  Veh. No. o f  S i n g l e  a s  a  % o f  t h e  # 1  

V e h i c l e  Make Coded # 1  V e h i c l e  A c c i d e n t s  V e h i c l e  P o p u l a t i o n  

O l d s m o b i l e  9  50 1 4 3  

V o l k s w a g e n  6  72  9  6 

C h e v r o l e t  4956  6 2 7  

F o r d  

Dodge 1 0 6 4  1 1 7  

A m e r i c a n  M o t o r s  435  4  6  

P l y m o u t h  1 3 6 3  1 3 9  

B u i c k  1 4 5 0  1 3 0  

C h r y s l e r  

C a d i l l a c  

TABLE I V - 4  

Group 

A 

Manufac tu re r  Body S i z e  

American Motors a l l  excep t  
min i  6 s p o r t  

compact 

Gene ra l  Motors i n t e r m e d i a t e s  
Chev ro l e t  p e r s o n a l  l u x u r y  
P o n t i a c  p e r s o n a l  l u x u r y  

Gene ra l  Motors f u l l - s i z e d  
Buick p e r s o n a l  l u x u r y  

C a d i l l a c  p e r s o n a l  l u x u r y  
O ldsmob i l e  p e r s o n a l  l u x u r y  

Chevro l e t  s p o r t  compact 
P o n t i a c  s p o r t  compact 
Plymouth s p o r t  compact 
Dodge s p o r t  compact 

American Motors min i  
C h e v r o l e t  m in i  
Dodge min i  
Ford min i  
Plymouth min i  

C h r y s l e r  f u l l - s i z e d  
Dodge f u l l - s i z e d  
I m p e r i a l  f u l l - s i  zed 
Plymouth f u l l - s i z e d  

Dodge i n t e r m e d i a t e  
Plymouth i n t c r m e d i a t e  

Chev ro l e t  compact 
Ford compact 
Dodge compact 
Mercury compact 
Plymouth compact 

Ford Motor Co. f u l l - s i z e d  
Ford Motor Co. p e r s o n a l  l u x u r y  

Ford and Mercury i n t e r m e d i a t e  

Ford and Mercury s p o r t  compacts 

Volkswagen a1  l 

a l l  s t a t i o n  wagon 

a l l  van t y p e  
(VW Mic robus ,  e t c . )  

Yea r s  - 
a l l  

1968- 
1969- 
1969- 

1969- 
a1  1 

a l l  
a l l  

a l l  
a l l  
a l l  
a l l  

a l l  
a l l  
a11  
a l l  
a l l  

1967-  
1967- 
1967- 
1967-  

1967-1970 
1967-1970 

a l l  
a l l  
a 1  l 
a l l  
a l l  

1969- 
1969-  

1 9 6 8 -  

a 1  1 

a l l  

a l l  

a l l  

'This  group was added l a t e r  and i s  no t  i n c l u d e d  i n  t h e  t o t a l s  
u sed  i n  computing p e r c e n t a g e s  f o r  g r o u p s  A t h rough  0 .  
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f i n d  t h a t  t h e r e  a r e  1080 s i n g l e - v e h i c l e  a c c i d e n t s  and 93 

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

The d a t a  i n  Table  IV-5 have been used  t o  compute f o r  

each  g roup ing  invo lvement  r a t i o s  d e f i n e d  a s :  

p e r c e n t a g e  of  r o l l o v e r s  
p e r c e n t a g e  o f  a l l  a c c i d e n t s  

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

These invo lvement  r a t i o s  a r e  t a b u l a t e d  i n  Tab l e  IV-6 where 

a  number o f  g r e a t e r  t h a n  one can be i n t e r p r e t e d  a s  an o v e r -  

invo lvement  and a  number l e s s  t h a n  one i s  an under involvement .  

Note t h a t  t h e  v e h i c l e  groups  a r e  o r d e r e d  i n  t h e  t a b l e  i n  

acco rdance  w i t h  t h e i r  r o l l o v e r  involvement  r a t i o .  The 

r a n k i n g  w i t h  r e s p e c t  t o  s i n g l e - v e h i c l e  a c c i d e n t  involvement  

i s  a l s o  shown. 

Examinat ion of  Tab le  IV-6 shows t h a t  two groups ( a l l  

Volkswagens and a l l  v a n - t y p e  v e h i c l e s )  a r e  h e a v i l y  ove r -  

i n v o l v e d  i n  r o l l o v e r  a c c i d e n t s .  A second  c l e a r  f i n d i n g  i s  

t h a t  s t a t i o n  wagons (Group 0) a r e  markedly unde r invo lved  i n  

r o l l o v e r  a c c i d e n t s .  T h i r d l y ,  i t  i s  s e e n  t h a t  t h e  Volkswagens 

and t h e  vans  a r e  a l s o  markedly o v e r i n v o l v e d  i n  s i n g l e - v e h i c l e  

a c c i d e n t s .  I n  g e n e r a l ,  t h e r e  appea r s  t o  be a  s t r o n g  c o r r e -  

l a t i o n  between r o l l o v e r  and s i n g l e - v e h i c l e  a c c i d e n t  involvement  

r a t i o s .  For  pu rposes  o f  g u i d i n g  t h e  s e l e c t i o n  of  t h e  1 5  

v e h i c l e  sample ,  t h e  c o n c l u s i o n  was drawn t h a t  one s p e c i f i c  

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

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

I t  i s  l e s s  c l e a r  whe ther  t h e r e  i s  a  d e s i g n  grouping  t h a t  can 

be r e l i a b l y  a s s e s s e d  a s  making a  s m a l l e r  t h a n  normal c o n t r i -  

b u t i o n  t o  t h e  a c c i d e n t  r e c o r d s  a s  a  r e s u l t  o f  i t s  good 

per formance  c h a r a c t e r i s t i c s .  



TABLE I V - 5  

Number o f  
R o l  l o v e r s  

0 

Number o f  
S.V.A.  

A 
Number o f  

11 Veh.  

A 
Number o f  Veh.  X1 
h'2 V e h .  Veh .  X2 

( a )  
V e h i c l e  

G r o u p  

TOTAL 

* T h i s  f i g u r e  i s  t h e  sum o f  v e h i c l e s  c o d e d  I 1  a n d  K 2  

TABLE I V - 6  

V e h i c l e  Number o f  
Group  R o l l o v e r s  

N 2 2 

M 3 3 

I  7 

L 1 1  

F 2 

H 5 

R o l l o v e r  
I n v o l v e m e n t  

No. o f  S i n g .  S.V.A. S.V.A. 
V e h i c l e  A c c i .  I n v o l v e m e n t  R a n k i n g  



VEHICLE DESIGN AND PERFORMANCE ANALYSIS 

The problems and d i f f i c u l t i e s  t h a t  a r e  i n h e r e n t  t o  t h e  

t a s k  of  p r e d i c t i n g  v a r i a n c e  i n  l i m i t  maneuver per formance  

has  been p r e v i o u s l y  d i s c u s s e d  i n  HSRI1s r e s p o n s e  t o  

RFP-NHTSA-1-A517, To summarize b r i e f l y ,  t h e  major  d i f f i -  

c u l t i e s  a r e  t h e  i n a b i l i t y  t o  o b t a i n  i n f o r m a t i o n  on (1) t h e  

mechanics  of  t i r e s  and ( 2 )  d a t a  t h a t  d e f i n e  t h e  d i s t r i b u t i o n  

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

maneuvers .  Recogniz ing  t h a t  t h e r e  a r e  v e r y  l i t t l e  p u b l i s h e d  

d a t a  by which i t  i s  p o s s i b l e  t o  make a  r e l i a b l e  p r e d i c t i o n  

o f  l i m i t  maneuver per formance ,  HSRI s u g g e s t e d  t o  DOT t h a t  we 

would u t i l i z e  per formance  d a t a  t o  t h e  deg ree  t h a t  t h e s e  d a t a  

were  a v a i l a b l e .  S u b s e q u e n t l y ,  i t  was de t e rmined  t h a t  t h e  

m a j o r i t y  of  t h e  o b j e c t i v e  per formance  d a t a  c o l l e c t e d  on b e h a l f  

of  t h e  "Motoring Which" p u b l i c a t i o n  i n  Grea t  B r i t a i n  app ly  t o  

v e h i c l e s  which are n o t  e x p o r t e d  t o  t h e  U.S. f o r  s a l e .  

F o r t u n a t e l y ,  a d d i t i o n a l  s o u r c e s  o f  o b j e c t i v e  d a t a  were found ,  

p r i m a r i l y  from magazines p u b l i s h e d  on b e h a l f  o f  t h e  motor 

v e h i c l e  e n t h u s i a s t .  Given t h a t  t h e r e  i s  no b a s i s  f o r  j udg ing  

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

a t t i t u d e  h a s  been one of  "making do ."  

V e h i c l e  r e s p o n s e  t o  s t e e r i n g  and b r a k i n g  i n p u t s  depends 

on a  l a r g e  v a r i e t y  o f  v e h i c l e  and t i r e  p a r a m e t e r s .  Abso lu t e  

v a l u e s  of  t h e s e  p a r a m e t e r s  do n o t ,  however,  s e r v e  t o  i n d i c a t e  

r e s p o n s e  o r  per formance  d i f f e r e n c e s .  R a t h e r  i t  i s  p r o p e r  

t o  compare t i r e  and v e h i c l e  p a r a m e t e r s  a f t e r  t h e y  have been 

r educed  t o  an a p p r o p r i a t e  nondimens iona l  form.  Some of  t h e s e  

nondimens iona l  forms a r e  r e a d i l y  d e r i v e d  from t h e  l i n e a r i z e d  

e q u a t i o n s  o f  mot ion d e s c r i b i n g  a  motor v e h i c l e  and o t h e r s  may 

b e  deduced b o t h  from p h y s i c a l  r e a s o n i n g  and ma thema t i ca l  

d e s c r i p t i o n s  of  t h e  n o n l i n e a r  t i r e - v e h i c l e  sy s t em.  



Although  many nondimens iona l  p a r a m e t e r s  were  o r i g i n a l l y  

advanced by HSRI t o  s e r v e  a s  a  b a s i s  f o r  c h a r a c t e r i z i n g  t h e  

motor v e h i c l e  p o p u l a t i o n  from a  per formance  p o i n t  o f  v iew,  

i t  d i d  n o t  p rove  t o  be  p o s s i b l e  t o  g e n e r a t e  a l l  of  t h e  

d e s i r e d  t a b u l a t i o n s .  C e r t a i n  d a t a  cou ld  be  g e n e r a t e d  f o r  

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

v e h i c l e s ,  and v i c e  v e r s a .  U l t i m a t e l y ,  i t  proved  n e c e s s a r y  

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

p r e d i c t o r s  o f  per formance  i n  some o f  t h e  l i m i t  maneuvers 

deve loped  e a r l i e r  by HSRI: 

(1)  nondimens iona l  v a l u e  of  yawing moment o f  

i n e r t i a  

( 2 )  d i s t r i b u t i o n  of  w e i g h t  between f r o n t  and r e a r  

a x l e s  

(3) b r a k e  t o r q u e  d i s t r i b u t i o n  between f r o n t  and 

r e a r  a x l e s  (no rma l i zed  by t h e  we igh t  d i s t r i b u t i o n )  

( 4 )  p a t h  c u r v a t u r e  g e n e r a t e d  a t  z e ro  speed  by a  

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

minimum v a l u e  o f  t i r e  r e s e r v e  l o a d  ( p e r c e n t )  

( 6 )  h e i g h t  o f  c . g .  t o  a v e r a g e  t r a c k  

( 7 )  peak b r a k i n g  c a p a b i l i t y  (wheels  un locked)  

( 8 )  peak c o r n e r i n g  c a p a b i l i t y  

The f i r s t  q u a n t i t y  p r o v i d e s  a  measure  of  t h e  nondimen- 

s i o n a l  yaw damping p o s s e s s e d  by a  v e h i c l e  and t h e  yawing 

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

c o e f f i c i e n t  o f  t h e  t i r e s  can be  assumed t o  b e  t h e  same f o r  

a l l  members of  t h e  v e h i c l e  p o p u l a t i o n .  T h i s  l a t t e r  assumpt ion  

i s  o b v i o u s l y  n o t  v a l i d .  Consequent ly ,  i t e m  (1)  can  on ly  b e  

an i n d i c a t o r  of  t h e  a fo remen t ioned  v e h i c l e  p r o p e r t i e s .  Although 

e f f o r t s  were  made t o  deve lop  a rough p r e d i c t o r  of  t h e  



c o r n e r i n g  c o e f f i c i e n t  o f  t i r e s ,  a s  i n s t a l l e d  on a  g i v e n  

v e h i c l e ,  t h e  a t t e m p t  had  t o  b e  abandoned .  

A more i m p o r t a n t  t i r e  p r o p e r t y ,  w i t h  r e s p e c t  t o  l i m i t  

maneuver pe r fo rmance ,  i s  t h e  maximum t r a c t i o n  t h a t  c an  be  

g e n e r a t e d  on a  g i v e n  s u r f a c e .  S i n c e  t r a c t i o n  d a t a  a r e  n o t  

a v a i l a b l e  f o r  t h e  m u l t i t u d e  o f  t i r e s  t h a t  a r e  u s e d  on v e h i c l e s  

t o d a y ,  t i r e  t r a c t i o n  l e v e l s  may b e  p a r t i a l l y  deduced from 

maximum a c c e l e r a t i o n  measurements ,  i t e m s  ( 7 )  and (8!, w i t h  

some e v i d e n c e  o f  t r a c t i o n  pe r fo rmance  d e r i v i n g  f rom i t e m  ( 5 ) - -  

t i r e  r e s e r v e  l o a d .  

Weight d i s t r i b u t i o n s ,  p e r  s e ,  i s  n o t  a  c l e a r - c u t  

i n d i c a t o r  o f  t h e  manner i n  which a  v e h i c l e  w i l l  p e r fo rm a t  

t h e  l i m i t .  I t  i s  a  p r o p e r t y ,  however ,  which a  d e s i g n e r  must 

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

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

t h e  d e g r e e  t h a t  we igh t  d i s t r i b u t i o n  becomes f u r t h e r  b i a s e d  

when a  v e h i c l e  i s  loaded t o  i t s  maximum c a p a c i t y ,  t h e  p o t e n t i a l  

f o r  change i n  l i m i t  p e r fo rmance  i s  s i g n i f i c a n t l y  i n c r e a s e d .  

Des igns  t h a t  p roduce  a  l a r g e  s h i f t  i n  c . g .  l o c a t i o n  a s  a  

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

means t o  e v a l u a t e  t h e  i n f l u e n c e  o f  w e i g h t  b i a s  and s u s p e n s i o n  

s t a t i c  trim on t h e  mechan i ca l  p r o p e r t i e s  of  t i r e s  and 

s u s p e n s i o n  and t h e  r e s u l t i n g  impac t  on l i m i t  maneuver 

pe r fo rmance .  

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

mum b r a k i n g  pe r fo rmance  a s  a  f u n c t i o n  o f  l o a d i n g  and t i r e -  

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

i n f l u e n c e s  t h e  o r d e r  o f  wheel  l o c k - u p  and l o c k - u p  t e n d e n c i e s  

i n  maneuvers i n v o l v i n g  combined t u r n i n g  and b r a k i n g .  Accord-  

i n g l y ,  i t  a p p e a r s  t h a t  t h i s  nond imens iona l  v a r i a b l e ,  a s  

a d j u s t e d  by w e i g h t  b i a s ,  s h o u l d  be  t a k e n  i n t o  c o n s i d e r a t i o n  

i n  s e l e c t i n g  a  v e h i c l e  t e s t  s amp le .  



C l e a r l y ,  t h e  m d e r s t e e r  l e v e l  o f  a  v e h i c l e  and t h e  

change i n  t h i s  l e v e l  a s  a  f u n c t i o n  o f  l a t e r a l  a c c e l e r a t i o n  

a r e  per formance  c h a r a c t e r i s t i c s  c o n s t i t u t i n g  a  s u b s t a n t i v e  

means f o r  d i s c r i m i n a t i n g  among t h e  e l emen t s  of  t h e  v e h i c l e  

p o p u l a t i o n .  U n f o r t u n a t e l y ,  such  d a t a  a r e  n o t  i n  t h e  p u b l i c  

domain.  N e v e r t h e l e s s ,  i t  i s  p o s s i b l e  t o  e s t a b l i s h  t h e  b a s i c  

s t e e r i n g  r e s p o n s e  g a i n  which u n d e r s t e e r  m o d i f i e s  a s  a  f u n c t i o n  

of  speed  and l e v e l  o f  l a t e r a l  a c c e l e r a t i o n .  Given t h a t  

s t e e r i n g - w h e e l  imputs  i n  emergency maneuvers a r e  u l t i m a t e l y  

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

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

o v e r a l l  s t e e r i n g  r a t i o  and whee lbase )  i s  a  f a c t o r  o f  i n t e r e s t .  

The r a t i o  o f  c . g ,  h e i g h t  t o  ave rage  t r a c k  s h o u l d ,  i n  

t h e o r y ,  be  a  v a l i d  i n d i c a t o r  o f  r o l l o v e r  p o t e n t i a l ,  p r o v i d e d  

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

which i s  r e l a t i v e l y  c o n s t a n t .  O the r  d e s i g n  f e a t u r e s ,  

however,  p l a y  a  s i g n i f i c a n t  r o l e  and ,  i n  c e r t a i n  c a s e s ,  

s u s p e n s i o n  geometry may c o n s t i t u t e  t h e  c r i t i c a l  f a c t o r .  Not-  

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

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

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

some ex t reme v a l u e s  of  c . g .  h e i g h t  t o  ave rage  t r a c k .  

A l l  of  t h e  d e s i g n  v a r i a b l e s  o r  v e h i c l e  p a r a m e t e r s  d i s -  

c u s s e d  above were  t a b u l a t e d  f o r  a  l a r g e  number o f  models 

a n d ,  where p o s s i b l e ,  f o r  f o r e i g n  v e h i c l e s  s o l d  i n  t h e  U.S. 

(The o v e r a l l  t a s k  was compl i ca t ed  c o n s i d e r a b l y  by t h e  myriad 

o f  c h o i c e s  a v a i l a b l e  t o  t h e  consumer i n  t h e  domes t i c  v e h i c l e  

m a r k e t . )  These t a b u l a t i o n s  t o g e t h e r  w i t h  t e s t  f i n d i n g s  of  

maximum a c c e l e r a t i o n  p l o t t e d  a s  shown i n  F i g u r e  IV-1  

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

The f i n a l  s e l e c t i o n  o f  t h e  t e s t  sample  was ba sed  on 

t h e s e  f i n d i n g s  w i t h  t h e  a i d  o f  a  p r a g m a t i c  and somewhat 

a r b i t r a r y  method f o r  i n t e r r o g a t i n g  t h e  summarized d a t a .  

The f i n a l  s e l e c t i o n  p r o c e s s  and t h e  r e s u l t s  a r e  summarized 

below.  
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Maximum S t e a d y  A c c e l e r a t i o n s  
( C o r n e r i n g  a n d  B r a k i n g )  

A c h i e v e d  by 57  V e h i c l e s  T e s t e d  
by S p o r t s  Car G r a p h i c  on t h e  D i g i t e k  S k i d  Pad 



SUMMARY OF THE FINAL S E L E C T I O N  PROCEDURE 

I n  g e n e r a l ,  t h e  c r i t e r i o n  u sed  f o r  v e h i c l e  s e l e c t i o n  

i n v o l v e d :  

( a )  a  s e a r c h  f o r  an  ex t reme v a l u e  a l o n g  a  

cont inuum o f  a  s i n g l e  v a r i a b l e  o r  p a r a m e t e r ,  

( b )  a  s e a r c h  f o r  v e h i c l e s  t h a t  a r e  l o c a t e d  n e a r  

t h e  edge o f  t h e  maneuver ing s p a c e  d e f i n e d  i n  

F i g u r e  IV-1 ,  

( c )  c o n s i d e r a t i o n  o f  t h e  f i n d i n g s  of  t h e  a c c i d e n t  

a n a l y s i s ,  

( d )  c o n s i d e r a t i o n  of  o t h e r  f a c t o r s ,  b o t h  t e c h n i c a l  

and p r a g m a t i c  i n  n a t u r e .  

Among t h e  l a t t e r  f a c t o r s ,  HSRI i d e n t i f i e d :  

( a )  o v e r a l l  s i z e  and we igh t  

( b )  v e h i c l e  c o s t  a s  a  r e f l e c t i o n  o f  component 

q u a l i t y  and e n g i n e e r i n g  i n v e s t m e n t  

( c )  l o c a t i o n  o f  d r i v i n g  whee ls  

(d )  c . g .  s h i f t  due t o  l o a d i n g  

( e )  h i g h  power t o  w e i g h t  r a t i o  a s ,  f o r  example ,  

e x i s t s  i n  a  s o - c a l l e d  "muscle" c a r  

( f )  p r e s e n c e  o f  a  wheel  a n t i l o c k  sys t em.  

I n  a d d i t i o n  t o  t h e s e  c o n s i d e r a t i o n s ,  some t e s t  d a t a  were  

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

l a t e r a l  a c c e l e r a t i o n  (deg ree s  p e r  g ) .  Al though  r o l l i n g  

compl iance  was n o t  d i s c u s s e d  a s  a  v a r i a b l e  s e r v i n g  t o  

d i f f e r e n t i a t e  among t h e  e l emen t s  o f  t h e  v e h i c l e  p o p u l a t i o n ,  

i t  a p p e a r s  t h a t  t h i s  d i m e n s i o n a l  p a r a m e t e r  has  a  v a r i a t i o n  

i n  e x c e s s  o f  100 p e r c e n t  ( i . e . ,  two t o  o n e ) .  I t  p roved  



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

m i n a t i o n  w i t h o u t  r e q u i r i n g  a  v e h i c l e  t o  be chosen t h a t  

o t h e r w i s e  would n o t  b e  s e l e c t e d .  

I n  t h e  f o l l o w i n g  o u t l i n e  o f  t h e  s e l e c t i o n  p r o c e s s ,  we 

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

v e h i c l e  sample .  As each  v e h i c l e  i s  i d e n t i f i e d  i t  i s  g iven  

a  number ( i n  p a r e n t h e s e s ) .  A t  t h e  c o n c l u s i o n  o f  t h e  

d i s c u s s i o n ,  t h e  p e r t i n e n t  d a t a  a r e  t a b u l a t e d  f o r  a l l  1 5  

v e h i c l e s  l i s t e d  i n  Table  I V - 7 .  

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

i n i t i a l  c o s t ,  t h e  Mercedes 300SEL (1)  i s  d e s i g n e d  w i t h  a  

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

d e f l e c t i o n  f i x e d  f o r  a l l  l o a d i n g  c o n d i t i o n s .  The Mercedes 

c o n s t i t u t e s  a  r a t h e r  l a r g e  v e h i c l e  i n  t h e  impor t  p o p u l a t i o n  

( cu rb  we igh t  i s  3920 pounds) and f o r  pu rposes  of  c o n t r a s t i n g  

i t s  pe r formance  w i t h  a  l a r g e  l u x u r y  domes t i c  v e h i c l e ,  i t  

appea r s  l o g i c a l  t o  s e l e c t  a  C h r y s l e r  I m p e r i a l  ( 2 )  (a 2 -door  

s edan  weigh ing  4795 pounds ) ,  which v e h i c l e  f u r t h e r  p r o v i d e s  

t h e  o p p o r t u n i t y  t o  e v a l u a t e  t h e  i n f l u e n c e  o f  a  f ou r -whee l  

a n t i l o c k  sys t em on l i m i t - m a n e u v e r  pe r fo rmance .  

Cons ide r  n e x t  t h e  d e s i r a b i l i t y  o f  hav ing  f r o n t ,  r e a r ,  

and f o u r - w h e e l  d r i v e  v e h i c l e s  i n  t h e  sample .  Three  v e h i c l e s ,  

o t h e r  t h a n  c o n v e n t i o n a l  r e a r  d r i v e  v e h i c l e s ,  were  s e l e c t e d .  

The Oldsmobi le  Toronado (3 )  i s  a  l a r g e  s i z e  l u x u r y  c a r  

p o s s e s s i n g  f r o n t - w h e e l  d r i v e  which can f u r t h e r  be  compared 

w i t h  t h e  C h r y s l e r  I m p e r i a l  ( 2 )  and t h e  Mercedes 300 SEL (1). 

The A u s t i n  America ( 4 ) *  i s  a  s m a l l  f r o n t - w h e e l  d r i v e  c a r  

whose per formance  can and s h o u l d  b e  compared w i t h  t h e  s m a l l  

r e a r - d r i v e  v e h i c l e s .  I n  o r d e r  t o  cove r  a l l  wheel  d r i v e  

c o n f i g u r a t i o n s ,  a Ford Bronco ( 5 ) ,  w i t h  t h e  fou r -whee l  d r i v e  

o p t i o n ,  was added t o  t h e  v e h i c l e  sample .  

* A l l  v e h i c l e s  marked w i t h  an a s t e r i s k  a r e  p a r t  o f  t h e  f i v e -  
v e h i c l e  sample s h a r e d  w i t h  t h e  Component Wear and 
Degrada t i on  S tudy .  



A t  t h i s  p o i n t ,  we chose  t o  c o n s i d e r  v e h i c l e s  t h a t  

r e p r e s e n t  two ex t remes  i n  t h e  nondimens iona l  v a l u e  o f  yawing 

moment o f  i n e r t i a .  The C h r y s l e r  I m p e r i a l  ( 2 )  a p p e a r s  t o  

rank  v e r y  h i g h  on t h i s  s c a l e  ( i  = , 294)  w i t h  t h e  Lotus  
X 

Europa (6) ( i x  = , 142 )  r a n k i n g  among t h e  l owes t  i n  t h i s  

r e g a r d  due t o  i t s  m id -eng ine  d e s i g n .  A second  r e a s o n  f o r  

s e l e c t i n g  t h e  Lotus  Europa (6)  i s  i t s  r e l a t i v e l y  h i g h  v a l u e  

o f  maximum l a t e r a l  a c c e l e r a t i o n  (A = . 84 )  a s  r e p o r t e d  
Ymax 

i n  t e s t s  per formed  by S p o r t s  Car Graph ic .  A t  t h e  low end 

of  t h e  maximum l a t e r a l  a c c e l e r a t i o n  s c a l e  we f i n d  t h e  A u s t i n  

America ( 4 ) *  (A = . 6 2 4 ) ,  a  c h o i c e  t h a t  t h u s  s e r v e s  on 
Ymax 

two c o u n t s .  

With r e s p e c t  t o  we igh t  d i s t r i b u t i o n ,  t h e  Toronado (3 )  

appea r s  t o  be  w e l l  up among c a r s  w i t h  a  l a r g e  fo rward  we igh t  

b i a s  (Wf/W = , 6 0 2 ) .  A v e h i c l e  s e r v i n g  t o  r e p r e s e n t  a  l a r g e  

r e a r w a r d  we igh t  b i a s  i s  t h e  VW Super  B e e t l e  (7 )  * (Wf/W = $ 4 4 ) .  

Of c o u r s e ,  t h e  a c c i d e n t  r e c o r d ,  a s  a n a l y z e d  above ,  p r o v i d e s  

f u r t h e r  ground f o r  s e l e c t i n g  t h e  W Super  B e e t l e  ( 7 ) * ,  

a l t h o u g h  i t  must b e  r e c o g n i z e d  t h a t  t h i s  v e h i c l e  ha s  a s u s -  

p e n s i o n  t h a t  d i f f e r s  from t h e  VW's t h a t  were i n v o l v e d  i n  t h e  

s i n g l e - v e h i c l e  a c c i d e n t  and r o l l o v e r  s t u d y .  A second  r e a s o n  

f o r  s e l e c t i n g  t h e  V l V  Super  B e e t l e  ( 7 ) *  i s  i t s  l a r g e  v a l u e  o f  

e s t i m a t e d  c . g .  h e i g h t  t o  ave rage  t r a c k  ( . 6 0 4 ) .  On t h e  o t h e r  

hand ,  one of  t h e  l owes t  v a l u e s  of  t h i s  p a r a m e t e r  i s  p o s s e s s e d  

by t h e  Ford Mustang (8)  * ( - 4 5 3 ) .  A v e h i c l e  p o s s e s s i n g  an 

e s t i m a t e d  c . g .  h e i g h t  t o  ave rage  t r a c k  t h a t  i s  even h i g h e r  

t h a n  t h e  VW Super  B e e t l e  i s  t h e  Toyota  C o r o l l a  1200 ( 9 )  

1 .618)  and i t  i s  i n c l u d e d  i n  t h e  sample f o r  a d d i t i o n a l  r e a s o n s  

o f  ( a )  r e p r e s e n t i n g  t h e  J a p a n e s e  impor t s  and (b )  b e i n g  a  

s econd  v e h i c l e  w i t h  a  low v a l u e  o f  measured maximum l a t e r a l  

a c c e l e r a t i o n  (A = - 6 5 ) .  
Ymax 



A s t a t i o n  wagon i s  t h e  v e h i c l e  c o n f i g u r a t i o n  t h a t  

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

b u t i o n  a s  a  r e s u l t  o f  l o a d i n g .  Al though  i t  may be  

a n t i c i p a t e d  t h a t  an  i n t e r m e d i a t e  wagon w i t h  a  s i x - c y l i n d e r  

e n g i n e  might  s u f f e r  t h e  most i n  t h i s  r e s p e c t ,  t h e  Chev ro l e t  

Brookwood Wagon ( l o ) *  was i n c l u d e d  i n  o r d e r  t o  t a k e  

advan t age  o f  i t s  p r e s e n c e  i n  t h e  f i v e  v e h i c l e s  b e i n g  s h a r e d  

w i t h  t h e  Suspens ion  and S t e e r i n g  System Wear and Degrada t i on  

S tudy .  I t  s h o u l d  be  n o t e d  t h a t  t h e  r ea rward  we igh t  b i a s  of  

t h e  Brookwood ( l o ) *  (Wf/W = , 452 )  i s  a lmos t  a s  l a r g e  a s  t h e  

VW Super  B e e t l e .  

A v e h i c l e  i s  added t o  t h e  sample  by c o n s i d e r i n g  t h e  

s p a c e  of  maximum maneuver ing c a p a b i l i t y  r e p r e s e n t e d  by 

F i g u r e  IV-1.  I t  i s  c l e a r  from examining t h i s  f i g u r e  t h a t  

motor v e h i c l e s ,  on t h e  a v e r a g e ,  a r e  a b l e  t o  b r ake  a t  h i g h e r  

a c c e l e r a t i o n s  t h a n  t h e y  can  c o r n e r ,  a  t e s t  r e s u l t  t h a t  

c e r t a i n l y  i s  i n  agreement  w i t h  t h e o r e t i c a l  e x p e c t a t i o n s .  With 

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

t h i s  t e s t  s amp le ,  t h e  v e h i c l e s  t h a t  were  t e s t e d  appea red  t o  

be  a b l e  t o  c o r n e r  a t  a c c e l e r a t i o n s  r a n g i n g  from 0 .63  t o  

0 .84g .  The r a t i o  o f  maximum l o n g i t u d i n a l  a c c e l e r a t i o n  t o  

maximum l a t e r a l  a c c e l e r a t i o n  r anges  from 0.875 t o  1 . 3 2 .  I t  

i s  c l e a r  t h a t  t h e  Lotus  Europa (6 )  r e p r e s e n t s  a  v e h i c l e  w i t h  

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

c a p a b i l i t y .  A t  t h e  low end o f  t h e  c o r n e r i n g  and b r a k i n g  

per formance  s c a l e  we i d e n t i f y  t h e  Gremlin  (11)  

(A = . 6 8 ;  A = . 8 7 9 ) ,  one o f  t h e  U . S .  m in i - compac t s .  
Ymax 'max 

When c h a s s i s  r o l l  p e r  u n i t  of  l a t e r a l  a c c e l e r a t i o n  i s  con-  

s i d e r e d ,  we a l s o  f i n d  t h a t  t h e  Gremlin  (11) ha s  l a r g e  r o l l  

compl iance  ($/Av = 1 0 . 7  deg /g)  r e l a t i v e  t o  t h e  Lotus  Europa (6)  

(@/Ay = 4 . 5 2 ) .  o n l y  t h e  Toyota  C o r o l l a  (9 )  ( A  = 1 1 . 5 )  
Y 

and t h e  Corona have l a r g e r  r o l l  compl iance  t h a n  t h e  Gremlin .  



With r e s p e c t  t o  t i r e  r e s e r v e ,  i t  i s  found t h a t  t h e  

Lotus  Europa ( 6 )  i s  r e p r e s e n t a t i v e  of  v e h i c l e s  w i t h  l a r g e  

r e s e r v e  l o a d  c a p a c i t y  (29 .48  p e r c e n t )  whereas  t h e  Ford 

Mustang ( 8 )  has  t h e  l owes t  r e s e r v e  l o a d  c a p a c i t y  (0 .55  

p e r c e n t )  of  any o f  t h e  v e h i c l e s  p roposed  f o r  t h e  sample .  

Only two p a r a m e t e r s  remain f o r  c o n s i d e r a t i o n .  With 

r e s p e c t  t o  t h e  z e r o - s p e e d  v a l u e  of  p a t h  c u r v a t u r e  g a i n ,  we 

f i n d  t h a t  t h e  Gremlin (11) w i t h  a  manual s t e e r i n g  g e a r  

p o s s e s s e s  a  v e r y  s m a l l  v a l u e  ( -00429  f t - l / r a d )  n o t w i t h s t a n d i n g  

i t s  s m a l l  whee lbase .  The VW Super  B e e t l e  ( 7 ) *  has  a  p a t h  

c u r v a t u r e  g a i n  ( .00877 f t - ' / r a d )  t h a t  i s  t w i c e  t h a t  of  t h e  

Gremlin (11) and p o s s e s s e s  t h e  l a r g e s t  v a l u e  of  t h i s  

pa r ame te r  of  any o f  t h e  v e h i c l e s .  With r e s p e c t  t o  b r a k e  

t o r q u e  d i s t r i b u t i o n ,  no d a t a  were r e a d i l y  a v a i l a b l e  f o r  

v e h i c l e s  of f o r e i g n  manufac ture  and consequen t ly  t h i s  

pa r ame te r  has  n o t  been  weighed i n  deve lop ing  t h e  sample .  

The a c c i d e n t  a n a l y s i s  s u g g e s t s  t h a t  a  v a n - t y p e  v e h i c l e  

be i n c l u d e d  i n  t h e  sample. The VW Microbus (12)  was s e l e c t e d  

f o r  r e a s o n s  o f  i t s  p o p u l a r i t y  and i t s  low p r i c e .  I t  f o l l o w s  

t h a t  i t  p o s s e s s e s  t h e  h i g h e s t  v a l u e  o f  e s t i m a t e d  c . g ,  h e i g h t  

t o  ave rage  t r a c k  of  any of t h e  v e h i c l e s  i n  t h e  sample .  

The "muscle" c a r  i n  t h e  sample i s  t h e  F i r e b i r d  Trans  Am 

( 1 3 ) .  F i n a l l y ,  a  c o n s i d e r a t i o n  of t h e  p e r c e n t a g e  of  t h e  

market  s t i l l  a ccoun ted  f o r  by t h e  f u l l - s i z e  s t a n d a r d  

au tomob i l e  l e a d s  t o  t h e  i n c l u s i o n  of  a  Ford G a l a x i e  ( 1 4 ) .  

The l a s t  v e h i c l e  i n  t h e  sample was t a k e n  from t h e  seven  

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

d e g r a d a t i o n  s t u d y  and i s  t h e  Dodge Coronet  ( 1 5 ) ,  an  

i n t e r m e d i a t e  s i z e  v e h i c l e .  

A breakdown of  t h e  sample  shows t h a t  f i v e  o f  t h e  

v e h i c l e s  a r e  impor ted  c a r s .  I t  s h o u l d  be  c l e a r  t h a t  each of 

t h e s e  were s e l e c t e d  t o  implement t h e  t e c h n i c a l  p o r t i o n  o f  t h e  

r a t i o n a l e .  Of t h e  ten remain ing  domes t i c  v e h i c l e s ,  f o u r  a r e  



Genera l  Motors p r o d u c t s ,  t h r e e  a r e  produced by Fo rd ,  two by 

C h r y s l e r ,  and one by American Motors .  I t  would appea r  t h a t  

t h e  sample  i s  rough ly  r e p r e s e n t a t i v e  o f  t h e  r e l a t i v e  c o n t r i -  

b u t i o n  made by each  major  p r o d u c e r  t o  t h e  domes t ic  marke t .  

Th is  r e s u l t  i s  a  b y - p r o d u c t  of  t h e  s e l e c t i o n  p r o c e d u r e  and 

was n o t  c o n s i d e r e d  t o  be an i m p o r t a n t  o r  n e c e s s a r y  f e a t u r e  

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



TABLE I V - 7  

TABULATION OF VEHICLE PROPERTIES FOR 
THE SAMPLE OF FIFTEEN VEHICLES 

C h r y s l e r  Imp .  ( 2 - d r . )  1 0 . 5 7 '  4 2 9 0 '  4795 '  . 2 5 8 2 '  , 5 4 7 '  1 . 0 9 5 '  4 9 6 '  3 . 3 "  . 5 0 1 1  

M e r c e d e s  300 S E L  3 . 5  9 . 3 5 3  3 1 9 0 ~  5 9 2 0 "  . 2 9 9 5 3  472 '  2 . 3 ' '  . 5 3 5 6  

O l d s m o b i l e  T o r o n a d o  1 0 . 2 4 '  4 0 1 7 '  4 5 7 7 '  . 2 7 2 1 1  , 6 0 2 '  1 . 1 8 8  5 4 8 '  6 . 6 1 5  . 4 7 1 '  

L o t u s  E u r o p a  7 . 5 8 2  3 7 0 2  1455 '  . 1 4 2 4 ~  . 4 6 0 2  2 9 . 4 8 '  . 4 6 2 2  

6  70 
F i r e b i r d  T r a n s .  A m .  9 . 0 0 '  2 9 0 5 ' 3 6 9 5 '  . 3 1 2 7 '  , 5 7 8 ' '  1 . 0 8 4 '  t o  7 . 6 '  . 4 5 3 l  

777  
T o y o t a  C o r o l l a  1200  7 . 6 ~ ' ~  909 '  !75512 . 3 0 7 g 2  . 5 6 0 2  7 2 7 l 8 5 . 6 '  . 6 1 8 1 8  

A m .  M t r s .  G r e m l i n  8 . 0 0 '  1 5 9 0 ~ 2 6 1 4 ~  . 3 0 1 3 ~  . 5 8 5 l  1 . 0 6 2 '  4 2 g 1  9 . 2 '  ' . 4 9 5 l  

F o r d  B r o n c o  7 . 6 7 4  1 ~ 9 5 ~ ~ 3 1 7 5 ' ~  . 2 7 5 0 1 6  . 5 7 s L 6  5 4 3 1 6 1 7 . 2 2 1 6 . 6 5 3 ' 3  

VW M i c r o b u s  7 . 8 7 5  1 9 1 2 ~ ~ 2 9 0 4 ~ ~  . 1 7 9 2 1 4  . 4 4 0 1 1  8 2 0 ~ 1 1 . 8 "  , 7 6 4 '  

V W  S u p e r b e e t l e  * 7 . 9 5 '  1 1 7 3 ~  1 9 7 0 2  . 3 0 3 5 '  . 4 4 0 2  877 '  4 . 5 '  , 6 0 4 ~  

F o r d  M u s t a n g  * 9 . 0 8 1  2 2 7 0 1  31861  . 2 7 8 2 1  , 5 7 5 1  1 . 0 8 3 1  4981  0 . 5 5 1 5 . 4 5 3 1  

A u s t i n  A m e r i c a  * 7 . 7 9 '  8 7 8 1 4 1 9 6 2 8  . 2 7 0 5 1 4  . 6 3 0 9  5 . 0 1 5  . 5 2 5 7  

Dodge C o r o n e t  * 9 . 8 3 '  2 7 1 5 '  3 5 4 1 1  , 2 5 3 5 '  , 5 4 2 '  1 . 1 0 5 ~  5 4 4 l  2 .4"  . 4 8 4 l  

5 5 5  
Chevy Brookwood Wagon * 1 0 . 4 2 '  4 1 8 5 '  4 7 0 3 ~  , 2 6 4 2 '  , 4 5 2 '  t o  2 . 5 1 5  . 4 9 a 1  

6 8 5  
F o r d  G a l a x i e  ( 4 - d r . )  1 0 . 0 8 ~  3 4 1 0 ~  4 0 9 0 '  . 2 6 4 0 1  . 5 6 3 '  1 . 0 4 8 '  4 3 9 '  1 . 4 8 1 5 . 4 7 0 '  

* p u r c h a s e d  f o r  S/SS Wear & D e g r a d a t i o n  s t u d y  



Symbols  

IZ  
= t o t a l  v e h i c l e  yaw moment o f  i n e r t i a  

Tf /T  = p e r c e n t  o f  t o t a l  b r a k i n g  done  by f r o n t  w h e e l s  

1 / ( G  x W.B.) = o v e r a l l  s t e e r i n g  r a t i o  x w h e e l b a s e  

Data  S o u r c e s  u s e d  i n  C a l c u l a t i o n s  

1 - D a t a  t a k e n  f rom 1 9 7 1  AMA S p e c s .  - -  I Z  computed  f r o m  G M  model  

2 - D a t a  t a k e n  f rom t a b u l a t i o n s  d e v e l o p e d  by  Andrew G i l b e r g  

3 - D a t a  t a k e n  from Mercedes  s a l e s  l i t e r a t u r e  - -  I  computed f rom 
G M  model 

4 - D a t a  t a k e n  from A u t o m o t i v e  I n d u s t r i e s  m a g a z i n e  w i t h  s h i p p i n g  
w e i g h t  c o r r e c t e d  t o  c u r b  w e i g h t  

5 - D a t a  t a k e n  from VW manual  e n t i t l e d  " S e r v i c e  W i t h o u t  Guesswork"  

6  - D a t a  t a k e n  from A r c u r e  Mercedes  t e c h n i c a l  d a t a  

7  - D a t a  t a k e n  from A u s t i n  s a l e s  l i t e r a t u r e  

8 - D a t a  t a k e n  from A u s t i n  o w n e r ' s  manual  

9  - Data  t a k e n  f rom a c t u a l  w e i g h i n g  of  v e h i c l e  

10 - D a t a  t a k e n  from 1970 A M A  s p e c s . ;  71 AMA s p e c s .  d i d  n o t  c o n t a i n  
n e c e s s a r y  d a t a  

11  - Data  t a k e n  from Consumer R e n o r t s ,  Augus t  1 9 7 1 ,  p .  SO1 

12 - D a t a  t a k e n  from T o y o t a  s a l e s  b o o k l e t ,  J a n u a r y  1 9 7 1  

1 3  - D a t a  t a k e n  from Bronco s a l e s  b o o k l e t  

14 - Data  c a l c u l a t e d  u s i n g  I = ( 1 / 1 2 ) ~ ( ~ *  + w2) 

1 5  - D a t a  t a k e n  from m a n u f a c t u r e r s '  consumer  i n f o r m a t i o n  s h e e t  w i t h  
new v e h i c l e  

16 - D a t a  t a k e n  from Ford  D e a l e r s  t r u c k  s a l e s  manua l  

17 - Data  c a l c u l a t e d  u s i n g  t i r e  s i z e ,  t i r e  p r e s s u r e ,  a n d  g r o s s  
v e h i c l e  w e i g h t  f rom m a n u f a c t u r e r s  s p e c s . ,  a n d  t i r e  l o a d  
r a t i n g  1971  T i r e  & R i m  A s s o c .  Yearbook 

1 8  - D a t a  t a k e n  from T o y o t a  C o r o l l a  1200 s a l e s  b r o c h u r e  



APPENDIX V 

DATA ACQUISITION AND ANALYSIS 

TRANSDUCER CAPABILITIES AND CALIBRATION 

The v a r i o u s  s i g n a l s  r e c o r d e d  on t h e  magne t i c  t a p e  a r e  

l i s t e d  i n  Tab l e  V-1 w i t h  t h e i r  nominal  r a n g e s .  These s i g n a l s  

a r e  a l s o  i d e n t i f i e d  by v e h i c l e  t e s t  sy s t em.  For  many of  

t h e s e  components,  s econda ry  o r  back-up  hardware  were 

a v a i l a b l e  and u t i l i z e d  t o  cope w i t h  equipment breakdowns.  

Each t r a n s d u c e r  s i g n a l  was r o u t e d  t h rough  c i r c u i t s  i n  

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

l e v e l s  f o r  b o t h  s y s t e m s .  The s i g n a l  l e v e l s  were  a d j u s t e d  

t o  y i e l d  a  f u l l  s c a l e  c a l i b r a t i o n  l e v e l  of  7 1 %  of  t h e  l i n e a r  

dynamic r a n g e  o f  t h e  tape r e c o r d e r s .  The b l o c k  diagrams of  

F i g u r e s  V - 1  and V - 2  i l l u s t r a t e  t h e  comple te  sys tems  used  t o  

r e c o r d  d a t a .  

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

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

a  s e p a r a t e  c a l i b r a t i o n  t e c h n i q u e :  

Acce l e rome te r s  - The Humphrey I n e r t i a l  Package 

was suspended  on a  " s i n e  t a b l e "  and i n c r e -  

mented t h rough  s e v e r a l  i n c l i n a t i o n  a n g l e s .  The 

a p p r o p r i a t e  component of t h e  g r a v i t y  v e c t o r  was 

de t e rmined  f o r  each  i n c l i n a t i o n  a n g l e  and 

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

l e v e l s ,  i n  g ' s ,  f o r  d e t e r m i n a t i o n  of  each  

a c c e l e r o m e t e r  g a i n .  

2 .  R a t e  Gyros - R a t e  gyros  were  mounted on t h e  

s i n e  t a b l e  and a l l owed  t o  o s c i l l a t e  i n  s i m p l e  

harmonic  mo t ion .  A c a l i b r a t e d  r o t a r y  p o t e n -  

t i o m e t e r ,  p r o v i d i n g  t h e  t i m e  h i s t o r y  o f  

a n g u l a r  d i s p l a c e m e n t  was r e c o r d e d  t o g e t h e r  w i t h  

t h e  r a t e  gy ro  o u t p u t  on a  l i g h t - b e a m  o s c i l l o -  

g r a p h .  The r e s u l t i n g  d i s p l a c e m e n t  and r a t e  
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FIGURE V-2 
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TABLE V-1 

TRANSDUCER DESCRIPTION 

Tape 
Channel 

S i g n a l  
Symb o  1 

A 
X 

A 
Y 

r 

vs 

%w 

W 1 + W 2  

W3+W4 

Pb 

'BR 

F~~ 

t~ c 

i 
"'H 

Con t ro l  

Transducer  
Device  

T ransduce r  
Range Sys tern 

FSC 
Value 

Humphrey I n e r t i a l  
Package 

Humphrey I n e r t i a l  
Package 

Humphrey Rate  Gyro 

T r a c k t e s  t F i f t h  Wheel 

k 9 0  d e g / s e c  AC-DR 

0-100 mph AC-DR 

2900" AC - DR 

60.0 d e g / s e c  

50 mph 

500 deg Geared Rotary  
P o t e n t i o m e t e r  

I n t e r f a c e  Wheel 
R o t a t i o n  C i r c u i t  

N / A  AC-DR 

I n t e r f a c e  Wheel 
R o t a t i o n  C i r c u i t  

N/A AC-DR 

Brake Line  P r e s s u r e  
P o t e n t i o m e t e r  

1500 p s i  DR 1000 p s i  

L i n e a r  P o t e n t i o m e t e r  6" Exten-  AC 
s i o n  

500 l b s  AC 

0-10 s e c  AC 

Lebow Load C e l l  250 l b s  

1 0  s e c  F u n c t i o n  Gene ra to r  
Time Ramp 

AST Rate  Gyro +40 d e g / s e c  AC 

360" DR 
Cont inuous 

40 d e g / s e c  

360 deg .  Humphrey I n e r t i a l  
Package 

I n t e r f a c e  C i r c u i t  

N/A Imp l i e s  Not A p p l i c a b l e  



s i n u s o i d s  a r e  r e l a t e d  by t h e  s imp le  

harmonic motion e q u a t i o n s :  

Aw cos 

The o s c i l l o g r a p h  t r a c e s  a r e  t h e n  ana lyzed  

f o r  p e r i o d  and ampl i tude  of o s c i l l a t i o n  t o  

de te rmine  t h e  v o l t a g e  c a l i b r a t i o n  i n  d e g / s e c .  

3 .  F i f t h  Wheel - A d i g i t a l  r eadou t  dev ice  i s  

a t t a c h e d  t o  a  f i f t h  wheel p u l s e - t y p e  tachometer .  

Dr iv ing  ove r  a  measured m i l e ,  t h e  f i f t h  wheel 

t i r e  i n f l a t i o n  p r e s s u r e  i s  a d j u s t e d  t o  y i e l d  

5 2 8 0  p u l s e s ,  o r  1 p u l s e  p e r  f o o t .  These 

p u l s e s  a r e  compared a g a i n s t  a  c r y s t a l -  

c o n t r o l l e d  t ime  b a s e  i n  a  d i g i t a l  tachometer  

c i r c u i t  t o  y i e l d  m i l e s  p e r  hour .  Then t h e  

ana log  tachometer  v o l t a g e  f o r  t h e  f i f t h  wheel 

i s  measured a t  s e v e r a l  s t e a d y  v e l o c i t y  cond i -  

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

o u t p u t  a s  r e f e r e n c e .  

4 .  Con t ro l  I n p u t s  - The v a r i o u s  p o t e n t i o m e t e r  

d e v i c e s - - s t e e r i n g  wheel and b r a k e  p e d a l  

d i s p l a c e m e n t - - a r e  s imply c a l i b r a t e d  a g a i n s t  

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

5 .  The Lebow Load C e l l  f o r  b rake  f o r c e  was p r o -  

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

t h i s  c a s e ,  no p h y s i c a l  l oad  r e f e r e n c e  was 

e f f e c t e d  a t  each r e c a l i b r a t i o n  of t h e  d e v i c e .  

6 .  The wheel r o t a t i o n  c i r c u i t  and c o n t r o l  mode 

l e v e l s  a r e  f u n c t i o n a l l y  checked b u t  a r e  n o t  

c a l i b r a t e d .  



A d d i t i o n a l  c a l i b r a t i o n s  i n c l u d e d  p e r i o d i c  main tenance  

on t h e  t a p e  r e c o r d e r s  and t e l e m e t r y  sy s t em a c c o r d i n g  t o  t h e  

r e s p e c t i v e  m a n u f a c t u r e r s r  recommendat ions .  A l l  c a l i b r a t i o n s  

were per formed  w i t h  t h e  equipment  runn ing  i n  t h e  t e s t  

v e h i c l e .  Va r ious  c a l i b r a t i o n s  were a l s o  per formed  a s  i n t e r -  

n a l  a d j u s t m e n t s  i n  t h e  a u t o m a t i c  c o n t r o l l e r :  v e l o c i t y  

t h r e s h o l d ,  s i n e  p e r i o d ,  r a d i o  d rone  g a i n s ,  a b o r t  t h r e s h o l d  

l e v e l s ,  and c a l i b r a t i o n  o f  t h e  a d j u s t a b l e  command l e v e l s  on 

t h e  programmable c o n t r o l .  The f i n a l  c a l i b r a t i o n  a c t i v i t y  

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

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

module. 

TEST EXECUTION 

During t h e  t e s t  s e q u e n c i n g ,  t h e  v e h i c l e  c o n t r o l  i n p u t s  

were  i nc r emen ted  t h rough  t h e  v a r i o u s  l e v e l s  a s  d i s c u s s e d  i n  

Appendix 11 .  A f t e r  r e c o r d i n g  t h e  p r e - c a l i b r a t i o n  modes, t h e  

d a t a  was r e c o r d e d  f o r  a t y p i c a l  sample:  

1. Automat ic  System - The t e s t  o p e r a t o r  maneuvers 

t h e  v e h i c l e  i n t o  t h e  approach  l a n e s  t o  t h e  s k i d  

pad .  The on -boa rd  t a p e  r e c o r d e r  b e g i n s  r e c o r d -  

i n g  when t h e  f u n c t i o n  g e n e r a t o r  i s  armed. Th i s  

p r o v i d e s  a  run-up  t ime  p r i o r  t o  t h e  maneuver 

i n i t i a t i o n  a s  t h e  v e h i c l e  c o a s t s  down th rough  

t h e  v e l o c i t y  t h r e s h o l d .  The r e c o r d e r  a u t o -  

m a t i c a l l y  s h u t s  o f f  a t  t h e  end of  f u n c t i o n  

g e n e r a t o r  t ime  ramp. 

2 .  D r i v e r  System - The t e s t  v e h i c l e  d r i v e r  approaches  

t h e  t e s t  pad i n  t h e  same manner and he  g i v e s  a  

v e r b a l  command on t h e  c i t i z e n ' s  band r a d i o  t o  

t h e  b a s e  s t a t i o n  t e l e m e t r y  o p e r a t o r .  The b a s e  

t a p e  r e c o r d e r  i s  t h u s  s t a r t e d  a  few seconds  



p r i o r  t o  t e s t  e x e c u t i o n .  Fo l lowing  t h e  

t e r m i n a t i o n  o f  t e s t  mode, c o n t r o l l e d  by a  

s w i t c h  n e a r  t h e  d r i v e r ,  t h e  t a p e  r e c o r d e r  

i s  manual ly  t u r n e d  o f f .  

O s c i l l o g r a p h  t r a c e s  o f  t h e  raw d a t a  were  c r e a t e d  

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

t e s t s .  Data  t a p e s  from t h e  a u t o m a t i c  sy s t em t e s t s  were  a l s o  

"dumped" r e g u l a r l y  on t h e  b a s e  s t a t i o n  equipment t o  v e r i f y  

t h e  c o n t i n u e d  p r o p e r  f u n c t i o n i n g  of  t h e  sy s t em and t r a n s d u c e r s .  

HYBRID ANALYSIS AND DIGITIZATION 

HYBRID SYSTEM. The FM magne t i c  d a t a  t a p e s  were  p r o -  

c e s s e d  on t h e  HSRI Hybr id  Computer f a c i l i t y .  Th i s  f a c i l i t y  

c o n s i s t s  of  an  App l i ed  Dynamics AD-4 a n a l o g  computer and 

an IBM 1800 d i g i t a l  computer .  Va r ious  p e r i p h e r a l  d e v i c e s  

a r e  a s s o c i a t e d  w i t h  each  b a s i c  computer a s  shown i n  F i g u r e  

1. Ampex FR 1900 Fbl 1 4 - c h a n n e l  t a p e  machine f o r  

r e p r o d u c i n g  d a t a  t a p e s .  

2 .  Hewle t t -Packa rd  l O l A  Dual Beam O s c i l l o s c o p e  

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

3 .  Brush Mark 200 Recorder  ( 2 ) ,  t o t a l  o f  16 

channe l s  f o r  p l o t t i n g  t ime  h i s t o r y  d a t a .  

4 .  H e w l e t t - P a c k a r d  2FA Dual Pen X-Y p l o t t e r  f o r  

p l o t t i n g  t r a j e c t o r y  d a t a .  

5 .  HSRI h y b r i d  i n t e r f a c e  u n i t  f o r  h y b r i d  communi- 

c a t i o n  s i g n a l s  and d a t a  t r a n s f e r .  

6 .  IBM 1442 c a r d  r e a d e r - p u n c h  f o r  i n p u t  d a t a .  

7 .  IBM 1443 l i n e  p r i n t e r  f o r  l i s t i n g  e d i t e d  

t a p e  f i l e s .  

8 .  IBM 2401 Type I t a p e  d r i v e ,  9 t r a c k ,  800 BPI,  

f o r  d i g i t i z e d  d a t a  s t o r a g e .  





IBM 1810 d i s c  d r i v e s  f o r  program s t o r a g e .  

1 0 .  IBM 1816 p r i n t e r  keyboard f o r  o p e r a t o r  

i n t e r a c t i o n  and c o n t r o l  of  t h e  program 

sequence  . 
11, Calcomp 565 d i g i t a l  p l o t t e r  f o r  f i n a l  a n a l y s i s  

and v a l i d i t y  c h e c k s ,  

The b a s i c  program i s  des igned  t o  be  h i g h l y  i n t e r a c t i v e .  Each 

of  t h e s e  hardware d e v i c e s  i s  u t i l i z e d  a t  t h e  a p p r o p r i a t e  t imes  

i n  t h e  program sequence .  The program sequence  i s  d i r e c t e d  

by t h e  o p e r a t o r  and can be  i n t e r r u p t e d  a t  any t i m e .  

TEST SEQUENCE MODE CONTROL 

A t e s t  sequence  i s  d e f i n e d  t o  be  a s i n g l e  c a r  e x e c u t i n g  

a  s i n g l e  maneuver i n  a  s i n g l e  c o n d i t i o n .  Each t e s t  s equence ,  

r eco rded  on magnet ic  t a p e ,  was p r e f a c e d  by i n i t i a l i z e  

sequence  ( I S )  mode and concluded by end of sequence  (EOS) 

mode. I n  a d d i t i o n ,  t h e  t h r e e  c a l i b r a t i o n  modes (Zero 

C a l i b r a t i o n  (ZC) , F u l l  S c a l e  C a l i b r a t i o n  (FSC) , and Zero 

Data (ZD)) were r e c o r d e d  immediately  f o l l o w i n g  IS mode. A l l  

v e h i c l e  t e s t  runs  were r e c o r d e d  i n  "da t a"  mode. These f i v e  

modes a r e  s w i t c h - s e l e c t e d  on t h e  i n t e r f a c e  module. A s i x t h  

mode, t e s t  mode, i s  g e n e r a t e d  u n i q u e l y  i n  each v e h i c l e  s e r i e s  

a t  a  t ime  immedia te ly  p r e c e d i n g  t h e  c o n t r o l  i n p u t  a p p l i c a t i o n .  

A t y p i c a l  t e s t  sequence  would be  r e c o r d e d  a s  f o l l o w s :  

1. I n i t i a l i z e  Sequence 30 seconds  

2 .  Zero C a l i b r a t i o n  30 seconds  

3 .  F u l l  S c a l e  C a l i b r a t i o n  60 seconds  

4 .  Data - Zero Data 30 seconds 

5 .  Data - T e s t  Mode as  r e q u i r e d  

6 .  End o f  Sequence 30 seconds  



NOTES : (1) Zero d a t a  i s  r e c o r d e d  w h i l e  t h e  v e h i c l e  

i s  s t a n d i n g  s t i l l  on a  l e v e l  s u r f a c e  w i t h  

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

( 2 )  T e s t  mode was i n i t i a t e d  when t h e  v e h i c l e  

was t r a v e l i n g  i n  a  s t r a i g h t  l i n e  above 

t h e  i n i t i a l  v e l o c i t y  r e q u i r e m e n t s ,  2 

seconds  p r i o r  t o  c o n t r o l  i n p u t  e x e c u t i o n .  

(3) Every d a t a  sample  r e c o r d e d  on t h e  t a p e ,  

i n c l u d i n g  a l l  s equenc ing  and c a l i b r a t i o n  

modes, was a s s i g n e d  a  un ique  sample 

number on t h e  l o g  s h e e t s .  

( 4 )  A l l  t r a n s d u c e r  c a l i b r a t i o n s  a r e  r e f e r e n c e d  

a s  FSC e q u i v a l e n t s .  The t r a n s d u c e r  

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

l e v e l s  a r e  l i s t e d  i n  Tab l e  V - 1 .  

A t y p i c a l  d a t a  sequence  would be  a n a l y z e d  a s  shown i n  

F i g u r e  V-4. During t h e  i n i t i a l  phase s  of  t h e  program 

e x e c u t i o n ,  t h e  d i g i t a l  computer has  main c o n t r o l  ove r  t h e  

a n a l o g ;  d u r i n g  t h e  a c t u a l  d a t a  a n a l y s i s ,  t h e  a n a l o g  computer 

has  main c o n t r o l .  Modi f ied  s equenc ing  o r  c o n t r o l  mode 

s e l e c t i o n  can  be  s e l e c t e d  a t  t h e  o p e r a t o r ' s  d i s c r e t i o n  by 

manual ly  o v e r - r i d i n g  t h e  automated l o g i c  s equenc ing  d u r i n g  

t h e  d a t a  a n a l y s i s  p h a s e ,  S e v e r a l  e r r o r  r ecove ry  o p t i o n s  a r e  

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

u n a n t i c i p a t e d  prob lems .  P rog ram-gene ra t ed  comments and 

o p e r a t o r  c o n t r o l  o p t i o n s  a r e  l i s t e d  on t h e  t y p e w r i t e r -  

keyboard t o  document t h e  p r o c e s s i n g  and c a t a l o g  t h e  d i g i t i z e d  

t a p e s .  

ANALOG ANALYSIS 

The d a t a  s i g n a l s  r e c o r d e d  on t h e  magne t i c  t a p e  f a l l  i n t o  

f o u r  b a s i c  c a t e g o r i e s :  
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1. Pr imary  v e h i c l e  r e s p o n s e  d a t a  t o  b e  a n a l y z e d  

w i t h  b a s i c  k i n e m a t i c s  e q u a t i o n s .  

2 .  V e h i c l e  c o n t r o l  i n p u t s  and i n f o r m a t i o n a l  

d a t a .  

3. Analog m u l t i p l e x e d  wheel  r o t a t i o n  d e t e c t o r s  

t o  b e  decoded and r e c o n s t r u c t e d  a s  t ime  s i g n a l s .  

4 .  C o n t r o l  channe l  l o g i c  t o  b e  decoded f o r  mode 

c o n t r o l .  

A b a s i c  f u n c t i o n a l  b l o c k  d iagram f o r  t h e  ana log  computer 

i s  shown i n  F i g u r e  V-5.  A l l  d a t a  s i g n a l s  a r e  i n i t i a l l y  

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

n e c e s s a r y  z e r o  and g a i n  c o r r e c t i o n s  and f i l t e r i n g .  

The p r imary  v e h i c l e  r e s p o n s e  d a t a  i s  p r o c e s s e d  w i t h  t h e  

f o l l o w i n g  e q u a t i o n s :  

= I r d t  



Switches 

FIGURE V-5 

Basic Analoq Block Diagram 



D e f i n i t i o n  o f  t h e s e  t e rms  can  b e  found  i n  T a b l e  V - 2 .  A l l  

o f  t h e s e  compu ta t i ons  a r e  i n i t i a t e d  a t  t h e  b e g i n n i n g  o f  t e s t  

mode by l o g i c a l  s w i t c h i n g ;  a l l  i n t e g r a l  compu ta t i ons  a r e  

i n i t i a l i z e d  a t  z e r o  e x c e p t  f o r  V x ,  which i s  i n i t i a l i z e d  by 

t h e  i n s t a n t a n e o u s  f i f t h  whee l  v e l o c i t y ,  V 5 .  

The whee l  r o t a t i o n  d e t e c t o r s  a r e  t r i g g e r e d  by l i g h t -  

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

Each wheel  g e n e r a t e s  a  s q u a r e  wave w i t h  a  p e r i o d  e q u a l  t o  t h e  

w h e e l ' s  r o t a t i o n a l  p e r i o d ;  t h e  s q u a r e  waves from an a x l e  o f  

whee ls  a r e  a s s i g n e d  d i f f e r e n t  magni tudes  and t h e n  added 

t o g e t h e r  ( a n a l o g  m u l t i p l e x e d )  t o  form one s i g n a l  and c o n s e r v e  

t a p e  c h a n n e l s .  T h i s  combined s i g n a l  i s  d e - m u l t i p l e x e d  by t h e  

a n a l o g  l o g i c ;  t h e  m u l t i p l e x e d  s i g n a l  d r i v e s  a n a l o g  compara- 

t o r s  s e t  t o  d e t e c t  t h r e s h o l d s  between t h e  f o u r  p o s s i b l e  

v o l t a g e  v a l u e s .  The l o g i c  s t a t e s  o f  t h e  compara to r s  a r e  

combined and u sed  t o  t r i g g e r  t i m e  d u r a t i o n  a m p l i f i e r s  

synch ronous ly  w i t h  wheel  r o t a t i o n  r a t e s .  

The c o n t r o l  channe l  i n f o r m a t i o n  i s  decoded i n  a  manner 

s i m i l a r  t o  t h e  wheel  r o t a t i o n  s i g n a l s .  The c o n t r o l  s i g n a l  

i s  a  DC v o l t a g e  w i t h  a  un ique  v a l u e  f o r  each  mode. Th i s  

s i g n a l  d r i v e s  a  s e t  of  a n a l o g  l o g i c  e l emen t s  t o  s w i t c h  s t a t e s  

i n  t h e  v e h i c l e  mechanics  c i r c u i t s ,  c o n t r o l  t h e  p e r i p h e r a l  

equipment  and s i g n a l  t h e  d i g i t a l  computer .  

TYPICAL SEQUENCE 

I t  w i l l  be  i l l u s t r i o u s  t o  c o n s i d e r  t h e  computer a c t i -  

v i t i e s  f o r  a  t y p i c a l  s e q u e n c e .  As shown i n  F i g u r e  V-4,  t h e  

d i g i t a l  computer  ha s  p r imary  c o n t r o l  i n  t h e  i n i t i a l  p h a s e s .  

P a r a m e t e r  d a t a  i s  r e a d  from punched c a r d s  t o  i d e n t i f y  t h e  

a n a l o g  e l emen t s  i n  u s e  and t o  s p e c i f y  v a r i o u s  d a t a  v a l u e s  

f o r  f i l t e r i n g  e f f e c t s ,  c a l i b r a t i o n  magn i tudes ,  e t c .  The 

d i g i t a l  computer t h e n  s e t s  t h e  a n a l o g  c o e f f i c i e n t  d e v i c e s  t o  

t h e  p r o p e r  magni tudes  and pe r fo rms  a  s t a t i c  check o f  a l l  



a n a l o g  v o l t a g e  e l emen t s  t o  t e s t  t h e  a n a l o g  c i r c u i t .  When 

t h e s e  s t e p s  a r e  completed s a t i s f a c t o r i l y ,  t h e  a n a l o g  and 

d i g i t a l  t a p e  machines ,  t h e  Brush r e c o r d e r s  and X - Y  p l o t t e r  

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

computer and decoded l o g i c  s i g n a l s ,  based  on t h e  c o n t r o l  

c h a n n e l ,  c o n t r o l  t h e  s equence .  

The f i r s t  expec t ed  mode i s  I n i t i a l i z e  Sequence ( I S ) .  

During I S ,  t h e  d i g i t a l  computer s t o r e s  c e r t a i n  c o n t r o l  

i n d i c a t o r s  on t h e  magne t ic  t a p e  and s e t s  i n t e r n a l  l o g i c  

s w i t c h e s  f o r  l a t e r  r e f e r e n c e .  

During Zero C a l i b r a t i o n  (ZC) mode, t h e  d i g i t a l  computer 

r e a d s  t h e  i n i t i a l  ana log  s t a g e  t e n  t imes  and computes t h e  

n e c e s s a r y  v o l t a g e  o f f s e t  t o  c o r r e c t  f o r  t a p e  machine and 

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

t h e  ana log  and t h e  v o l t a g e s  a r e  r e a d  a g a i n  a s  a  check .  A l l  

o f  t h i s  i n f o r m a t i o n  i s  a l s o  s t o r e d  on t h e  d i g i t a l  o u t p u t  t a p e .  

During F u l l  S c a l e  C a l i b r a t i o n  (FSC) mode, t h e  d i g i t a l  

computer a g a i n  r e a d s  t h e  i n i t i a l  ana log  s t a g e s  t e n  t imes  and 

computes t h e  g a i n s  th rough  t h e s e  a m p l i f i e r s .  The d e s i r e d  

g a i n  i s  known from t h e  i n p u t  deck ;  t h e  a c t u a l  g a i n  w i l l  be 

s l i g h t l y  wrong due t o  v a r i a t i o n s  i n  t h e  complete  sys tem h a r d -  

ware .  Gain c o n t r o l  p o t e n t i o m e t e r s  a r e  r e s e t  t o  c o r r e c t  f o r  

t h e s e  e r r o r s  and t h e  v o l t a g e s  a r e  r e a d  a g a i n  a s  a  check .  A l l  

of  t h i s  i n f o r m a t i o n  i s  a l s o  s t o r e d  on t h e  d i g i t a l  o u t p u t  

t a p e .  

During Zero Data (ZD) mode, t h e  d i g i t a l  computer r e p e a t s  

t h e  p rocedu re  and e q u a t i o n s  of  t h e  Z C  mode. Vo l t age  o f f s e t  

e r r o r s  g e n e r a t e d  by t h e  t r a n s d u c e r s  a r e  n u l l e d  a t  t h i s  t ime .  

The h y b r i d  sys tem i s  now ready  f o r  v e h i c l e  t e s t  s amp le s .  

The n e x t  mode i s  & t a  and t h e  d i g i t a l  computer s w i t c h e s  t o  

r e a d  t h e  32 ADC c h a n n e l s .  A t  t h e  s t a r t  o f  t e s t  mode, t h e s e  

channe l s  a r e  d i g i t i z e d  and s t o r e d  on t h e  magne t ic  t a p e  a t  a  



r a t e  o f  5 0  s amp le s  p e r  s e c o n d  p e r  ch-annel u n t i l  t h e  end o f  

t h e  t e s t  mode. T a b l e  V-2 i d e n t i f i e s  t h e  samples  s t o r e d .  

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

e ach  t e s t  s amp le .  

Upon e n c o u n t e r i n g  End o f  Sequence (EOS) mode, t h e  d i g i t a l  

computer  c l o s e s  t h e  magne t i c  t a p e  o u t p u t ,  c l e a r s  c e r t a i n  

i n d i c a t o r s  and  prompts  t h e  o p e r a t o r  t o  i n i t i a t e  t h e  n e x t  t e s t  

s equence  o r  b r a n c h  e l s e w h e r e .  V a l i d i t y  checks  may b e  p e r -  

formed by dumping t h e  d i g i t a l  t a p e  f i l e  d a t a  t o  t h e  main 

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

DIGITAL ANALYSIS AND NUMERIC DEFINITION 

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

c o n s i s t s  o f  d i g i t a l  m a g n e t i c  t a p e s  c o n t a i n i n g  t h e  32 

d i g i t i z e d  v a r i a b l e s  s t o r e d  i n  s e q u e n t i a l  f i l e s .  Each d a t a  

f i l e  r e p r e s c n t s  one t e s t  sample  and c o n t a i n s  a  d i s c r e t i z e d  

t i m e  h i s t o r y  o f  e ach  o f  t h e  32 v a r i a b l e s .  A t  t h e  b e g i n n i n g  

o f  e ach  f i l e  i s  a h e a d e r  r e c o r d  c o n t a i n i n g  i n f o r m a t i o n  on 

t h a t  f i l e ' s  c o n t e n t s .  The i n f o r m a t i o n  c o n t a i n e d  i n  t h i s  

h e a d e r  g i v e s  t h e  t y p e  o f  maneuver b e i n g  pe r fo rmed ,  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 h e  c o n d i t i o n  code ,  t h e  sample  number, t h e  

t e s t  and p r o c e s s i n g  d a t e s ,  t h e  f i l e  number,  t h e  number of  

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

C a l i b r a t i o n  d a t a  a s s o c i a t e d  w i t h  each  d a t a  s equence  i s  s t o r e d  

i n  c a l i b r a t i o n  f i l e s  b e f o r e  and a f t e r  e v e r y  s equence  o f  d a t a  

f i l e s .  

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

shown i n  F i g u r e  V-6.  The o v e r a l l  o p e r a t i o n  i s  c o n t r o l l e d  

by a  m a i n - o p t i o n  c o n t r o l  program which r e a d s  t h e  h e a d e r  

r e c o r d  o f  a  f i l e  and d e t e r m i n e s  what b r a n c h i n g  o r  t a p e  c o n t r o l  

i s  r e q u i r e d .  A t  t h e  n e x t  l o w e s t  l e v e l  a r e  s i x  subprograms 

which a r e  a c c e s s e d  f rom t h e  m a i n - o p t i o n  c o n t r o l  program.  Each 

subprogram pe r fo rms  t h e  r e q u i r e d  numer ic  c a l c u l a t i o n s  



TABLE V-2. IDENTIFICATION OF VARIABLES 

Identification 
Number Symbol Description 

Longitudinal acceleration 

Lateral acceleration 

Yaw rate 

Fifth wheel velocity 

Steer wheel angle 

Multiplexed wheel rotations, 
front axle 

Multiplexed wheel rotations, 
rear axle 

b 

F~~ 

'BR 
tac 

C 
$H 

Brake line pressure 

Brake pedal force 

Brake pedal position 

Time base of automatic controller 

Roll rate 

Vehicle heading angle, as 
measured 

Control channel (MC) 

Time base on AD-4 

CONT 

t~~ 
REF AD-4 voltage reference 

Longitudinal vehicle velocity, 
body axis 

Lateral vehicle velocity, 
body axis 

x-Displacement, fixed axis 

y-Displacement, fixed axis 

Vehicle heading angle, as computed 

Tangent of vehicle sideslip angle 

Vehicle sideslip angle 

Derivative of vehicle sideslip 
angle 

Wheel rotation indicator, left front 



TABLE V-2 (Cont) 

Identification 
Number Symb 01 Description 

2 6 WZIND Wheel rotation indicator, 
right front 

Wheel rotation indicator, 
left rear 

Wheel rotation indicator, 
right rear 

x-Direction velocity, fixed 
axis 

y-Direction velocity, fixed 
axis 

3 1 1/R Path curvature 

3 2 $ Roll angle 
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Keyboard/ Calcomp 
Typewriter Routine 

Control 
Program 

t Main-Option 
Control Program 

A ---+ Tape Drive 4- 

VHTP 1 VHTP 4 VHTP 6 

Output Maximum 
Select ion Routine Value 

~ o u t i n e  

P r i n t e r  

Figure V-6 

BLOCK DIAGRAM OF D I G I T A L  PROGRAM STRUCTURE 



a s s o c i a t  

s u b p r o g r  

which a r  

p r i n t i n g  

ed w i  

ams , 
e  u s e  

o u t  

t h  a  p a r t i c u l a r  VHTP maneuver.  Th 

i n  t u r n ,  i n t e r a c t  w i t h  v a r i o u s  sub 

d  f o r  smooth ing ,  f i n d i n g  maximum v  

t h e  r e s u l t s .  

e s  e  

r o u t i n e s  

a l u e s ,  and 

The p r o c e s s i n g  o p e r a t i o n  i s  comple t e ly  a u t o m a t i c  w i t h  

no need  f o r  any o p e r a t o r  i n t e r a c t i o n .  The numerics  computed 

f o r  e ach  VHTP t e s t  sample a r e  p r i n t e d  o u t  i n  t a b u l a r  form 

on t h e  l i n e  p r i n t e r  d u r i n g  t h i s  mode. However, t h e  p r o -  

c e s s i n g  may be  i n t e r r u p t e d  a t  any t ime  and c o n t r o l l e d  

comple t e ly  from t h e  k e y b o a r d / t y p e w r i t e r ,  w i t h  a d d i t i o n a l  

o p t i o n s  a v a i l a b l e  such  a s  Calcomp p l o t t i n g  o f  any two 

v a r i a b l e s ,  comple te  c o n t r o l  of  t h e  t a p e  u n i t ,  and a r b i t r a r y  

subprogram b r a n c h i n g .  

The f o l l o w i n g  sequence  i s  t y p i c a l  of  t h e  o p e r a t i o n s  t h a t  

t h e  d i g i t a l  p r o c e s s i n g  program p e r f o r m s .  The m a i n - o p t i o n  

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

f i l e  and de t e rmines  whether  o r  n o t  i t  i s  a  d a t a  f i l e .  I f  i t  

i s  n o t  ( hence ,  a  c a l i b r a t i o n ,  i n i t i a l i z e  s equence ,  o r  end 

of sequence  f i l e ) ,  i t  s k i p s  o v e r  t h e  p r e s e n t  f i l e  t o  t h e  

n e x t  f i l e .  Once a  d a t a  f i l e  i s  e n c o u n t e r e d ,  t h e  program 

de t e rmines  what t y p e  o f  maneuver i s  b e i n g  per formed  and t h e n  

b ranches  t o  t h e  subprogram a s s o c i a t e d  w i t h  t h a t  p a r t i c u l a r  

VHTP maneuver.  The VHTP subprogram i d e n t i f i e s  t h e  v a r i a b l e s  

needed f o r  i t s  p a r t i c u l a r  numer ic  c a l c u l a t i o n s  and p a s s e s  

t h i s  i n f o r m a t i o n  t o  t h e  v a r i a b l e  s e l e c t i o n  and smoothing sub -  

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

t o  c o r e  s t o r a g e ,  smooths ,  and r e t u r n s  them t o  t h e  VHTP s u b -  

program.  The VHTP subprogram t h e n  per forms  t h e  n e c e s s a r y  

numer ic  c a l c u l a t i o n s ,  u s i n g  t h e s e  smoothed v a r i a b l e s ,  and 

o u t p u t s  t h e  r e s u l t s  t o  t h e  l i n e  p r i n t e r .  Program c o n t r o l  i s  

t h e n  r e t u r n e d  t o  t h e  m a i n - o p t i o n  c o n t r o l  program which r e a d s  

t h e  n e x t  f i l e  heade r  r e c o r d ,  and t h e  above c y c l e  i s  r e p e a t e d .  



I f  t h e  p r o c e s s i n g  i s  i n t e r r u p t e d  f o r  keyboa rd l t ype -  

w r i t e r  c o n t r o l ,  t h e  v a r i a b l e s  u sed  i n  numeric c a l c u l a t i o n s  

f o r  t h e  l a s t  d a t a  f i l e  remain i n  c o r e  s t o r a g e  and a r e  n o t  

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

r equ i r emen t  t o  r e - p o s i t i o n  t h e  t a p e  and r e a d  d a t a  t h a t  

normal ly  would have been l o s t  upon comple t ion  of  t h e  c a l -  

c u l a t i o n s  of  t h e  l a s t  f i l e .  Hence, many o p e r a t i o n s  may be  

performed on t h i s  same d a t a  from t h e  k e y b o a r d / t y p e w r i t e r  

such  a s  Calcomp p l o t t i n g ,  p r i n t i n g ,  s e a r c h i n g  f o r  maximum 

v a l u e s ,  o r  even f u r t h e r  smoothing.  

The f o l l o w i n g  d e f i n e s  and e x p l a i n s  t h e  i n d i v i d u a l  numerics 

t h a t  were c a l c u l a t e d  f o r  each VHTP maneuver: 

VHTP 1: a )  (A ) - - -  J I A  Z &  
x  i Z .Ax x  ave  t o  i=l  i 

= ave rage  l o n g i t u d i n a l  
d e c e l e r a t i o n .  

where 

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

A i s  t h e  d i s c r e t i z e d  r e p r e s e n t a t i o n  of 
X i l o n g i t u d i n a l  d e c e l e r a t i o n  

t i s  t h e  i n i t i a l  t ime a t  V = 35 mph 
0 

t l  i s  t h e  f i n a l  t ime  a t  V = 10 mph 

i i s  t h e  i n t e g e r  count  of  d a t a  p o i n t s  ove r  

t h e  summation i n t e r v a l  

V i s  t h e  v e l o c i t y  

t i s  t ime  



1 1 n  
VHTP 2 :  a )  (A ) - - -  

X 
L A  / A d t  z --- x ave  t l - t o  to  t -.t X .  1 o  i=l I 

= ave rage  l o n g i t u d i n a l  
d e c e l e r a t i o n  

where 

i ,  V ,  t a r e  d e f i n e d  t h e  same 

a s  under  VHTP 1 a)  . 
1 

1 (K) a v  VHTP 2 :  b )  Ro(R)av = - = ave rage  p a t h  c u r v a t u r e  r a t i o  
(B) 0 

where 

and ,  

1 
( )  i s  t h e  d i s c r e t i z e d  r e p r e s e n t a t i o n  of  

i 
p a t h  c u r v a t u r e  

1 (R) i s  p a t h  c u r v a t u r e  

i s  t h e  p a t h  c u r v a t u r e  a t  t h e  t ime  t h e  (B) 0 
b r a k e s  a r e  a p p l i e d  

i s  t h e  ave rage  p a t h  c u r v a t u r e  f o r  1 (ii) a v  
second a f t e r  t h e  b r a k e s  a r e  a p p l i e d  

2 i s  t h e  t ime  t h e  b r a k e s  a r e  a p p l i e d  

t2+1 i s  t h e  one second f o l l o w i n g  b r a k e  a p p l i c a t i o n  

S f  i s  t h e  d i g i t i z i n g  r a t e  i n  s amples / second .  
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VHTP 5: b )  P ( t )  = Maximum a b s o l u t e  v a l u e  of  s i d e s l i p  
P a n g l e .  

where 

t i s  d e f i n e d  over  t h e  i n t e r v a l  [ t 5 , t 5 + T ]  

t 5 , t 5 + T  d e f i n e d  a s  i n  a ) .  

VHTP 5: c)  A$(t5+T) = Heading a n g l e  a t  t h e  t ime ( t 5 + T )  

where 

t 5 , T  a r e  d e f i n e d  a s  i n  a ) .  

VHTP 6 :  a )  m m a x  = Maximum a b s o l u t e  v a l u e  of r o l l  a n g l e  
over  t h e  e n t i r e  maneuver t ime i n t e r v a l .  



APPENDIX VI 

RECObO!ENDATION OF THE MINIMUM PHYSICAL REQUIREMENTS 
FOR THE CONDUCT OF OPEN-LOOP LIMIT HANDLING TESTS 

In  F i g u r e  VI -1  i s  shown a  g e n e r a l  requ i rement  f o r  t h e  

minimum s i z e  t e s t  a r e a  r e q u i r e d  f o r  open- loop  l i m i t  h a n d l i n g  

t e s t s .  This  l a y o u t  i s  c o n f i g u r e d  w i t h  t h e  i n t e n t i o n  of  

imposing t h e  minimum s p a t i a l  r equ i r emen t  on h igh  q u a l i t y  

paved s u r f a c e .  Thus a  l e s s e r  q u a l i t y  g raded  "runout"  s u r -  

f a c e  i s  d e f i n e d  a long  w i t h  an " o b s t a c l e - f r e e "  margin .  The 

dimensions  of  t h e  t e s t  s u r f a c e  d e r i v e  from t h e  t r a j e c t o r i e s  

which accompany open- loop  t u r n i n g  t e s t s .  The dimensions  of 

t h e  recovery  a r e a s  a r e  de te rmined  by t h e  needs  of  au toma t i c  

c o n t r o l l e r  o p e r a t i o n  from 6 0  mph. I n  t h e  c a s e  of  t h e  6 0  mph 

s i n u s o i d a l  s t e e r  t e s t  , f o r  example,  t h e  v e h i c l e  can f i n i s h  

t h e  maneuver w i t h  a  t e r m i n a l  head ing  r o t a t e d  a s  much a s  6 0 '  

from i t s  i n i t i a l  head ing .  Under such  c i r cums tances ,  a  margin 

i s  needed f o r  o p e r a t o r  judgment, p l u s  a  smooth b r ak ing  

t r a n s i t i o n  and f i n a l l y  a  t u r n - a r o u n d .  

Although no c l e a r  b a s i s  e x i s t s  f o r  e s t a b l i s h i n g  a  maximum 

t e s t  s u r f a c e  i n c l i n a t i o n ,  a  g r ade  of 1 1 / 2 %  p r o v i d e s  adequa te  

d r a i n a g e  f o r  most c l i m a t e s  and c o n t r i b u t e s  a  r e l a t i v e l y  sma l l  

d i s t o r t i o n  t o  t h e  " h o r i z o n t a l  p l ane"  i d e a l i z a t i o n  of t h e  

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

S i n c e  many o f  t h e  v e h i c l e  r e sponse  c a t e g o r i e s  d i s c u s s e d  

i n  t h e  t e x t  a r e  n o t  c u r r e n t l y  no rma l i zeab l e  t o  account  f o r  

s u r f a c e  f r i c t i o n  p r o p e r t i e s ,  t h e r e  appea r s  t o  be no c l e a r  

s t a t e m e n t  which can s p e c i f y  minimum o r  maximum f r i c t i o n  of  

t h e  t e s t  a r e a .  N e v e r t h e l e s s ,  i t  would seem t h a t  a  "high 

c o e f f i c i e n t "  p r o p e r t y  as  c h a r a c t e r i z e d  by ASTM dry " sk id  

numbers" of  7 0  and above would p r o v i d e  f o r  t h e  l a r g e  a c c e l e r a -  

t i o n  c o n d i t i o n s  under which t h e  v e h i c l e  d e s i g n  can p l a y  a  

s i g n i f i c a n t  r o l e  i n  cktermining t i r e / v e h i c l e  sys tem r e sponse .  



FIGURE VI-1 

Minimum Recommended Test Area ~imensions 



F u r t h e r  f a c i l i t i e s  r e q u i r e m e n t s  i n c l u d e  t h e  f o l l o w i n g ,  

f o r  main tenance  of  a  f u l l - t i m e  t e s t  e f f o r t :  

-Machine shop 

-Welding shop 

-Garage and h o i s t  f a c i l i t i e s  w i t h  

- f r o n t  end a l i gnmen t  a p p a r a t u s  

- t i r e  changer  

- E l e c t r o n i c s  shop w i t h  f u l l  complement of  modern 
d i a g n o s t i c s  equipment f o r  main tenance  o f  ana log  
c i r c u i t s  

- I n s t r u m e n t a t i o n  c a l i b r a t i o n  f a c i l i t y  

- r a t e  gyro  pendulum o r  r a t e  t a b l e  

- p r e c i s i o n  i n c l i n o m e t e r  and t a b l e  f o r  
a c c e l e r o m e t e r  c a l i b r a t i o n  

-gauge  c a l i b r a t o r  

- f i f t h  wheel c a l i b r a t o r  

- the rmocouple  c a l i b r a t i o n  

The t e s t  a p p a r a t u s  r e q u i r e d  f o r  t h e  conduct  of  t h e  s i x  

open- loop  p rocedu re s  would n e c e s s a r i l y  i n c l u d e  t h e  f o l l o w i n g :  

1. S t e e r i n g  L i m i t e r  mechanism, c a p a b l e  of  

p r o v i d i n g  a  mechanica l  s t o p  a t  any s t e e r  

wheel p o s i t i o n  from 500" c lockwise  t o  500" 

c o u n t e r c l o c k w i s e .  Th is  d e v i c e  s h o u l d  have 

an ad ju s tmen t  f o r  c o r r e c t i n g  t h e  "zero"  d i s -  

p lacement  p o s i t i o n  a s  t e s t i n g  p r o g r e s s e s  t o  

account  f o r  t i r e  wear and f r o n t  end mi sa l i gnmen t .  

2 .  Brake Level  L i m i t e r  - c a p a b l e  o f  c o n s t r a i n i n g  

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

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

o f  l e v e l s  a c h i e v a b l e  w i t h i n  250 l b s .  of  

p e d a l  f o r c e .  



A n t i - r o l l o v e r  o u t r i g g e r s .  

Wheel r o t a t i o n  d e t e c t o r s .  

Brake  l i n i n g  t e m p e r a t u r e  r e a d o u t  d e v i c e  

(100' t o  400°F) .  

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

c a p a b l e  o f  r e p e a t e d  o p e r a t i o n  o v e r  a  

r o a d  roughnes s  c o u r s e  and unde r  s p i n o u t  

c o n d i t i o n s .  

Au toma t i c  c o n t r o l l e r ,  o f  a  d e s i g n  c o n f i g -  

u r a t i o n  c a p a b l e  o f  p r o v i d i n g  

a .  S t e e r i n g  t r a p e z o i d s  o f  0 . 4  s e c .  ramp 

t i m e ,  and a d j u s t a b l e  l e v e l  t o  500' 

cw and ccw. 

b .  S t e e r i n g  s i n e  waves o f  2 s econd  p e r i o d  

w i t h  a m p l i t u d e  a d j u s t a b l e  t o  360'. 

S i n e  wave must be p r o v i d e d  i n i t i a l l y  cw 

o r  i n i t i a l l y  ccw. 

c .  Combined s t e e r i n g  and b r a k i n g  i n p u t s ,  by 

which a  h a l f  s i n e  wave o f  s t e e r i n g  i s  

f o l l o w e d  by a t r a p e z o i d a l  b r a k e  i n p u t .  

The l e v e l  o f  t h e  s t e e r i n g  and b r a k i n g  a s  

w e l l  a s  t h e  p h a s e  r e l a t i o n s h i p s  must b e  

a d j u s t a b l e .  Brake i n p u t  ramp t ime  i s  

,050  s econds  and  t h e  s t e e r  h a l f  s i n e  wave 

i s  of  1 second  h a l f  p e r i o d .  

Da t a  a c q u i s i t i o n  and p r o c e s s i n g  a p p a r a t u s  i s  

needed  t o  p e r m i t  t h e  u l t i m a t e  g a t h e r i n g  o f  body 

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

t i m e  h i s t o r i e s .  S u f f i c i e n t  i n f o r m a t i o n  can  b e  

o b t a i n e d  w i t h  t r a n s d u c e r s  measu r ing  Ax, A y ,  r ,  

and V5 a s  p e r  t h i s  s t u d y ,  o r  w i t h  f r a m e - f i x e d  



a c c e l e r o m e t e r s  and A )  r a t e  gyros  ( r ,  6, 
8 )  o r  B) v e r t i c a l  gyros  - ( 4  and 8) p l u s  

a  yaw r a t e  gyro  ( r ) .  Other  m u l t i p l e  a c c e l  

e rome te r  s o l u t i o n s  a r e  a l s o  p o s s i b l e  t o  

p e r m i t  t h e  computat ion of  body s i d e s l i p ,  

p a t h  c u r v a t u r e ,  and t r a j e c t o r y .  Analog t o  

d i g i t a l  c o n v e r s i o n  equipment i s  needed a t  

some p o i n t  i n  t h e  p r o c e s s i n g ,  such  t h a t  

d i g i t a l  computa t ion  o f  r e sponse  numerics  

can be e f f e c t e d .  




