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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  o f  t h e  

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 Lloyd H .  Emery. 

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  Resea rch  

I n s t i t u t e  o f  The U n i v e r s i t y  o f  Michigan a t  Ann Arbo r .  

The s i m u l a t i o n  s t u d y  was conduc ted  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  Bendix Resea rch  L a b o r a t o r i e s  

a t  S o u t h f i e l d ,  Mich igan .  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, 1 9 7 1 ,  a  p i l o t  t e s t  program was begun a t  

TTI ,  p e r m i t t i n g  p r e l i m i n a r y  developments  i n  t e s t  p r a c t i c e ,  

a s  w e l l  a s  an examina t i on  o f  v a r i o u s  deg raded  component 

c o n d i t i o n 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 1 9 7 2 ,  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  ano-  

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

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

h a n d l i n g  per formance  of  two con temporary  p a s s e n g e r  v e h i c l e s .  
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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  Research  

I n s t i t u t e  (HSRI) i n  a  r e s e a r c h  s t u d y  f o r  t h e  N a t i o n a l  Highway 

T r a f f i c  S a f e t y  A d m i n i s t r a t i o n  (NHTSA) e n t i t l e d  "Component 

D e g r a d a t i o n ,  I n s p e c t i o n  Equipment :  S t e e r i n g  and Suspens ion  

Sys tem Per formance  . ' I  The p r imary  o b j e c t i v e  o f  t h e  s t u d y  

was t o  d e t e r m i n e ,  t h r o u g h  open - loop  t e s t i n g ,  how v a r i o u s  

r e a l i s t i c  t y p e s ,  d e g r e e s ,  and combina t i ons  o f  s t e e r i n g  and 

s u s p e n s i o n  s y s t e m  component d e g r a d a t i o n  a f f e c t  o b j e c t i v e  and 

q u a n t i t a t i v e  measures  o f  v e h i c l e  pe r fo rmance  i n  t h e  conduc t  

o f  a c c i d e n t  avo idance  o r  l i m i t  maneuvers .  

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  b e  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  a  companion s t u d y  sponso red  by NHTSA 

and e n t i t l e d  ' V e h i c l e  Handl ing  Performance"  1 7 1 .  The v e h i c l e  

t e s t  p r o c e d u r e s  and d a t a  p r o c e s s i n g  methodology t h a t  were  

deve loped  and a p p l i e d  i n  t h e  companion s t u d y  have a l s o  been  

u s e d  i n  t h i s  program.  A c c o r d i n g l y ,  t h e  p r imary  o b j e c t i v e  

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

d e t e r m i n i n g  t h e  i n f l u e n c e  o f  s t e e r i n g  and s u s p e n s i o n  sys t em 

d e g r a d a t i o n  on l i m i t  maneuver per formance  a s  measured by t h e  

f o l l o w i n g  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 :  

0s t r a i g h t  l i n e  b r a k i n g  

* b r a k i n g  i n  a  t u r n  

. r o a d h o l d i n g  i n  a  t u r n  

- t r a p e z o i d a l  s t e e r  

* s i n u s o i d a l  s t e e r  

* d r a s t i c  s t e e r - b r a k e  



I t  s h o u l d  b e  n o t e d  t h a t  t h e  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  p e r -  

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  l i m i t  maneuver 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  of  t h e  t i r e - v e h i c l e  s y s t e m .  F u r t h e r ,  t h e  t e r m  

"open - loop t t  s h o u l d  b e  u sed  i n  r e f e r r i n g  t o  t h e s e  measures  

s i n c e  t h e  d r i v e r  h a 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 .  

I n  o r d e r  t o  a t t a i n  t h e  d e s i r e d  o b j e c t i v e  w i t h i n  t h e  

p r e v a i l i n g  c o n s t r a i n t s  on t ime  and money, i t  was n e c e s s a r y  

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

computer  s i m u l a t i o n ,  and f i e l d  t e s t i n g  be  employed,  a s  a 

r e s u l t  o f  t h e  l a r g e  number o f  s t e e r i n g  and s u s p e n s i o n  sys t em 

d e g r a d a t i o n  modes t h a t  were  o r i g i n a l l y  s p e c i f i e d  by NHTSA 

t o  b e  a d d r e s s e d  i n  t h i s  program.  I n  a d d i t i o n  t o  d e t e r m i n i n g  

t h e  i n f l u e n c e  o f  

-worn b a l l  j o i n t s  

*worn t i e - r o d  ends  

- l o o s e  wheel  b e a r i n g s  

- l o o s e  s t e e r i n g  g e a r  

* f r o n t - e n d  mi sa l i gnmen t  ( t o e ,  c a s t e r  and camber) 

* d e g r a d e d  shock  a b s o r b e r s  

*whee l  mass imbalance 

b o t h  s i n g l y  and i n  c o m b i n a t i o n ,  i t  was e x p r e s s l y  r e q u e s t e d  

t h a t  b r a k e  imbalance  b e  c o n s i d e r e d  a s  a  d e g r a d a t i o n  mode 

which ,  i n  combina t i on  w i t h  s t e e r i n g  a n d / o r  s u s p e n s i o n  s y s t e m  

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



on l i m i t  maneuver ing  p e r f o r m a n c e .  Reques t s  were  a l s o  made 

f o r  HSRI t o  i n v e s t i g a t e  t h e  i n f l u e n c e  o f  l o n g  s h a c k l e s  ( a s  

u s e d  by " c a r  b u f f s "  t o  p r o v i d e  s p a c e  f o r  l a r g e  t i r e s  on 

r e a r  a x l e s )  and  l o o s e  r o l l  b a r  b u s h i n g s  on l i m i t  maneuver 

p e r f o r m a n c e .  

Given t h e  g e o m e t r i c  p r o g r e s s i o n  e x i s t i n g  between t h e  

number o f  t e s t  r u n s  and  t h e  s i z e  o f  t h e  t e s t  m a t r i x ,  HSRI 

s t r u c t u r e d  a  r e s e a r c h  app roach  t o  d e t e r m i n e  a  c o s t - e f f e c t i v e ,  

f u l l - s c a l e  t e s t  a c t i v i t y .  T h i s  app roach  (namely ,  t h e  o v e r a l l  

r e s e a r c h  p l a n )  i s  summarized i n  S e c t i o n  2 .  The a n a l y t i c a l ,  

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

a r e  d e s c r i b e d  i n  S e c t i o n  3.  The p i l o t  t e s t  p rogram,  con-  

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

i n  S e c t i o n  4 and  t h e  r e s u l t s  d e r i v i n g  f rom t h e  f u l l - s c a l e  

t e s t  program a r e  g i v e n  i n  S e c t i o n  5 .  Conc lu s ions  and 

recommendat ions  a r e  p r e s e n t e d  i n  S e c t i o n  6 .  

Ten a p p e n d i c e s  a r e  i n c l u d e d  i n  t h i s  r e p o r t .  Appendix I  

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

t h e  e a r l y  s t a g e s  o f  t h e  s t u d y .  Appendices  I 1  t h r o u g h  IV 

t r e a t  m a t t e r s  r e l a t e d  t o  v e h i c l e  s i m u l a t i o n .  Appendices  

V t h r o u g h  IX a r e  d e v o t e d  t o  v e h i c l e  t e s t i n g  s u b j e c t s .  

Appendix  X i s  i n  a  s e p a r a t e  volume, and  c o n t a i n s  g r a p h i c a l  

p r e s e n t a t i o n s  o f  t h e  l i m i t  maneuver pe r fo rmance  numer i c s  t h a t  

were  y i e l d e d  by t h e  r e s p o n s e  t i m e  h i s t o r i e s  measured d u r i n g  

t h e  f u l l - s c a l e  t e s t  program.  





2. STRUCTURE OF THE RESEARCH STUDY 

The major  c h a l l e n g e  p r e s e n t e d  by t h i s  s t u d y  d e r i v e d  

from t h e  s i z e  of  t h e  m a t r i x  o f  d e g r a d a t i o n  c o n d i t i o n s  t o  

be  examined.  I t  was de t e rmined  t h a t  adequa t e  c o n s i d e r a t i o n  

of  t h e  most i m p o r t a n t  e l emen t s  of  t h i s  m a t r i x  cou ld  o n l y  be  

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

p r o c e s s  by which t h e  v a s t  m a j o r i t y  of  d e g r a d a t i o n  modes cou ld  

be  shown t o  b e  n e g a t i v e l y  r e l a t e d  t o  v e h i c l e  pe r fo rmance .  I t  

was h y p o t h e s i z e d  t h a t  t h i s  e f f e c t i v e  r e d u c t i o n  of  t h e  m a t r i x  

would f o l l o w  from c e r t a i n  p r e c e p t s  o f  v e h i c l e  mechanics  which 

s u g g e s t e d  t h a t  v e h i c l e  l i m i t  pe r formance  cou ld  be shown t o  

have  a  n e g l i g i b l e  s e n s i t i v i t y  t o  many d e g r a d a t i o n s  o f  s t e e r -  

i n g  and  s u s p e n s i o n  sys t em components.  The p r i n c i p l e  o b s e r -  

v a t i o n ,  by which n e g a t i v e  s e n s i t i v i t i e s  might  be  e x p e c t e d  t o  

p r edomina t e ,  d e r i v e s  from t h e  phenomenon o f  t i r e  s h e a r  f o r c e  

s a t u r a t i o n .  S i n c e  t h e  maneuver ing enve lope  of  t h e  pneumat ic -  

t i r e d  motor v e h i c l e  i s  de t e rmined  p r i m a r i l y  by t h e  o r d e r  

and d i s t r i b u t i o n  w i t h  which t i r e  s h e a r  f o r c e s  s a t u r a t e ,  i t  

f o l l o w s  t h a t  any change i n  v e h i c l e  l i m i t  pe r formance  must 

d e r i v e  from a  s i g n i f i c a n t  ad ju s tmen t  i n  t i r e  f o r c e s  under  

c o n d i t i o n s  of  h i g h  a n g u l a r  s l i p  ( a t  which s i d e  f o r c e  i s  q u i t e  

i n s e n s i t i v e  t o  s m a l l  changes i n  s l i p  a n g l e )  and under  c o n d i -  

t i o n s  o f  l o n g i t u d i n a l  s l i p  app roach ing  wheel  l ockup .  To 

t h e  deg ree  t h a t  d e g r a d a t i o n  c o n d i t i o n s  would n o t  c a u s e  

s i g n i f i c a n t  changes  i n  s l i p ,  t i r e  f o r c e s  would n o t  b e  modi- 

f i e d  i n  any s i g n i f i c a n t  way a t  t h e  l i m i t  of  pe r formance  and 

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

A d d i t i o n a l l y ,  i t  was c l e a r  t h a t  many o f  t h e  d e g r a d a t i o n  

modes cou ld  be  r e p r e s e n t e d  by a  common f u n c t i o n a l  r e l a t i o n -  

s h i p .  S t e e r  i nde t e rminacy  t h u s  i s  a  g e n e r i c  r e p r e s e n t a t i o n  

o f  s t e e r i n g  g e a r  box l a s h ,  s t e e r i n g  g e a r  box l o o s e n e s s ,  t i e  

r o d  end l a s h ,  wheel  b e a r i n g  p l a y ,  e t c .  



The e x a m i n a t i o n  o f  b a s i c  s e n s i t i v i t i e s  t o  g e n e r i c  

d e g r a d a t i o n  modes was u n d e r t a k e n  by s i m u l a t i o n .  The f i n d i n g s  

d e r i v i n g  from t h e  s i m u l a t i o n  s t u d y  were  t h e n  u sed  t o  

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

o f  t h e  s i m u l a t i o n  was a s s e s s e d ,  and a  q u a n t i f i c a t i o n  o f  

c e r t a i n  pe r fo rmance  s e n s i t i v i t i e s  was o b t a i n e d .  These  com- 

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

program i n  which two v e h i c l e s  were  s u b j e c t e d  t o  a  compre- 

h e n s i v e  s e t  of t e s t s  t o  p r o v i d e  s o l i d  e x p e r i m e n t a l  d a t a  

i n d i c a t i v e  o f  t h e  s e n s i t i v i t y  o f  v e h i c l e  pe r fo rmance  t o  

c r i t i c a l  d e g r a d a t i o n s  a c r o s s  a  b r o a d  r a n g e  o f  l i m i t  maneuver ing 

c o n d i t i o n s .  

I n  each  o f  t h e s e  program s t a g e s ,  c e r t a i n  component 

d e g r a d a t i o n  s t a t e s  were  e v a l u a t e d  which r e p r e s e n t e d  t h e  

v i r t u a l l y  maximum l e v e l  o f  wear  o r  d e t e r i o r a t i o n  a s  was f e l t  

t o  b e  a c h i e v a b l e  w i t h o u t  j e o p a r d i z i n g  s t r u c t u r a l  i n t e g r i t y .  

T h i s  concep t  o f  a  v i r t u a l l y  maximum l e v e l  o f  wear  c o n s t i t u t e d  

t h e  means by which a r t i f i c i a l  d e g r a d a t i o n  o f  components was 

s c a l e d ,  and t h u s  r e p r e s e n t s  a  key e l emen t  i n  t h e  s e l e c t e d  

app roach .  The p r emise  t h a t  a  f i n d i n g  of  n e g a t i v e  s e n s i t i v i t y  

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

b a s e d  upon a  d e m o n s t r a t i o n  o f  i n s e n s i t i v i t y  f o r  t h e  maximal ly  

deg raded  s p e c i e s  a p p e a r s  t o  b e  r a t i o n a l  and d e f e n s i b l e .  Thus ,  

b a l l  j o i n t s  and t i e - r o d  ends  were  f a b r i c a t e d  w i t h  b a l l  s t u d s  

ground down u n t i l  s t r u c t u r a l  c o n t i n u i t y  was t h r e a t e n e d .  

L ikewi se ,  shock  a b s o r b e r  d e g r a d a t i o n ,  wheel  imba l ance ,  b r a k e  

imba lance ,  and o t h e r  d e g r a d a t i o n  modes were  r e p r e s e n t e d  by 

ex t reme l e v e l s  of  d e t e r i o r a t i o n .  I f  v e h i c l e  pe r fo rmance  

e x h i b i t e d  a  p o s i t i v e  s e n s i t i v i t y  t o  an imposed maximum l e v e l  

of component wea r ,  a s  was found t o  b e  t h e  c a s e  f o r  shock  

a b s o r b e r  d e g r a d a t i o n ,  o t h e r  non-maximum d e g r a d a t i o n  l e v e l s  

we re  examined.  The mechan i ca l  means by which v a r i o u s  l e v e l s  

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

a r e  p r e s e n t e d  i n  Appendix V .  



3. TEST PLAN DEVELOPMENT ACTIVITIES 

The scheme f o r  r e l a t i n g  l i m i t  maneuver ing pe r fo rmance  

t o  s t e e r i n g  and  s u s p e n s i o n  sys t em d e g r a d a t i o n s  o r i g i n a l l y  

e n v i s i o n e d  t h e  t e s t i n g  o f  e i g h t  v e h i c l e s  i n  an O . E .  and 

a  deg raded  s t a t e .  As was d i s c u s s e d  i n  S e c t i o n  2 ,  t h e  number 

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

o f  an  e f f i c i e n t  t e s t  p l a n  becomes an  o v e r r i d i n g  r e q u i r e -  

ment .  I n  a d d i t i o n ,  i t  was n e c e s s a r y  t h a t  a d d i t i o n a l  methods 

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

Consequen t ly ,  a  b a l a n c e d  program o f  a n a l y s i s ,  s i m u l a t i o n ,  

l a b o r a t o r y  t e s t s ,  and f i e l d  t e s t s  was conce ived  i n  o r d e r  t h a t  

f i e l d  t e s t i n g  of  t h e  e i g h t  v e h i c l e s  ( c a l l e d  o u t  i n  t h e  

c o n t r a c t  between t h e  U n i v e r s i t y  and Depar tment  o f  T r a n s p o r t a -  

t i o n )  c o u l d  b e  h e l d  t o  minimal  l e v e l s .  

The e i g h t  v e h i c l e s  s p e c i f i e d  a s  t h e  t e s t  sample  f o r  

t h i s  i n v e s t i g a t i o n  were  s e l e c t e d  by DOT t o  match t h e  s i x  

v e h i c l e s  u s e d  i n  a  r e l a t e d  s t u d y  [ ' 2 1 ,  w i t h  two v e h i c l e s  

b e i n g  added t o  supplement  t h e  v a r i o u s  s u s p e n s i o n  and s t e e r i n g  

sy s t em d e s i g n  c o n f i g u r a t i o n s  r e p r e s e n t e d  by t h e  o r i g i n a l  s i x  

v e h i c l e s .  These  e i g h t  v e h i c l e s  a r e  l i s t e d  below t o g e t h e r  

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

Ford  Mustang F r o n t  s u s p e n s i o n :  c o i l  s p r i n g  on 

uppe r  A-arm, s t r u t - t y p e  lower  con-  

t r o l  arm, and t e l e s c o p i n g  shock  

a b s o r b e r s .  

Rear  s u s p e n s i o n :  s e m i - e l l i p t i c  l e a f  

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

shock  a b s o r b e r s .  

S t e e r i n g :  h y d r a u l i c  c y l i n d e r  a s s i s t e d  

l i n k a g e  b e h i n d  f r o n t  whee l  c e n t e r -  

l i n e .  



2 .  C h e v r o l e t  
S t a t i o n  Wagon 

3 .  Dodge Corone t  

4 .  Ambassador 

F r o n t  S u s p e n s i o n :  uppe r  A-arm, c o i l  

s p r i n g  on l ower  A-arm, t e l e s c o p i n g  

shock  a b s o r b e r s .  

Rear  s u s p e n s i o n :  s e m i - e l l i p t i c  l e a f  

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

shock  a b s o r b e r s .  

S t e e r i n g :  i n t e g r a l  power a s s i s t e d  

g e a r  box w i t h  l i n k a g e  b e h i n d  f r o n t  

whee l  c e n t e r l i n e .  

F r o n t  s u s p e n s i o n :  uppe r  A-arms , 
l o n g i t u d i n a l  t o r s i o n  b a r s  on s t r u t -  

t y p e  lower  c o n t r o l  arm,  t e l e s c o p i n g  

shock  a b s o r b e r s .  

Rear  s u s p e n s i o n :  s e m i - e l l i p t i c  l e a f  

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

s h o c k  a b s o r b e r s .  

S t e e r i n g :  i n t e g r a l  power a s s i s t e d  

g e a r  box w i t h  l i n k a g e  b e h i n d  f r o n t  

whee l  c e n t e r l i n e .  

F r o n t  s u s p e n s i o n :  c o i l  s p r i n g  on 

uppe r  A-arm, s t r u t - t y p e  l o w e r  c o n t r o l  

arm,  t e l e s c o p i n g  shock  a b s o r b e r s .  

Rear  s u s p e n s i o n :  4 - t r a i l i n g  l o c a t i n g  

l i n k s ,  r i g i d  a x l e ,  c o i l  s p r i n g s ,  

t e l e s c o p i n g  shock  a b s o r b e r s .  

S t e e r i n g :  i n t e g r a l  power a s s i s t e d  

g e a r  box w i t h  l i n k a g e  ahead  o f  f r o n t  

whee l  c e n t e r l i n e .  



5 .  O ldsmob i l e  F - 8 5  F r o n t  s u s p e n s i o n :  c o i l  s p r i n g  on 

lower  A-arm, uppe r  A-arm, t e l e -  

s c o p i n g  shock  a b s o r b e r s .  

Rear  s u s p e n s i o n :  c o i l  s p r i n g s ,  

r i g i d  a x l e ,  4 - t r a i l i n g  l o c a t i n g  

l i n k s ,  t e l e s c o p i n g  shock  a b s o r b e r s .  

S t e e r i n g :  i n t e g r a l  power a s s i s t e d  

g e a r  box w i t h  l i n k a g e  ahead  o f  

f r o n t  whee l  c e n t e r l i n e ,  

6 .  Volkswagen 
1500 B e e t l e  

7 .  A u s t i n  America 

8 .  Fo rd  P i c k - u p  
Truck  

F r o n t  s u s p e n s i o n :  McPherson s t r u t  

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

and  c o i l  s p r i n g s .  

Rear  s u s p e n s i o n :  swing a x l e s  w i t h  

t r a i l i n g  a rms ,  t r a n s v e r s e  t o r s i o n  

b a r s ,  and t e l e s c o p i n g  shock  a b s o r b e r s ,  

S t e e r i n g :  manual g e a r  box w i t h  

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

wheel  c e n t e r l i n e .  

F r o n t  s u s p e n s i o n :  f r o n t  wheel  d r i v e ,  

two w i s h b o n e s ,  s t r u t  on l ower  f r a m e ,  

h y d r o l a s  t i c .  

Rear  s u s p e n s i o n :  i n d e p e n d e n t  

t r a i l i n g  a rms ,  h y d r o l a s t i c ,  

S t e e r i n g :  manua l ,  r a c k  and  p i n i o n  

d e s i g n .  

F r o n t  S u s p e n s i o n :  c o i l  s p r i n g s  on 

t w i n  I beam, t e l e s c o p i n g  shock  

a b s o r b e r s .  

Rear  s u s p e n s i o n :  s e m i - e l l i p t i c  l e a f  

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

shock  a b s o r b e r s .  

S t e e r i n g :  h y d r a u l i c  c y l i n d e r  a s s i s t e d  

l i n k a g e  b e h i n d  f r o n t  whee l  c e n t e r l i n e .  
9 



The above e i g h t  v e h i c l e s  (1971 models) were p rocured  f o r  

t h i s  program and p rov ided  b o t h  t h e  requi rements  and t h e  

d a t a  needed t o  execu te  a  methodology des igned  t o  y i e l d  

maximum i n f o r m a t i o n  on ,  and under s t and ing  o f ,  performance-  

d e g r a d a t i o n  i n t e r a c t i o n s  w i t h o u t  exceeding  t ime and funding  

r e s t r i c t i o n s .  

The methodology des igned t o  a c h i e v e  program o b j e c t i v e s  

c o n s i s t e d  of  a  number of s t e p s .  The s t e p s  employed t o  

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

a c t i v i t i e s ,  each be ing  an e s s e n t i a l  e lement  of t h e  o v e r a l l  

p l a n .  These a c t i v i t i e s  ( o r  methodologica l  s t e p s )  a r e  

d e s c r i b e d  below. I n  summary form, they  were:  

(1) The v a r i o u s  suspens ion  and s t e e r i n g  system 
des igns  c o n t a i n e d  i n  t h e  e i g h t - v e h i c l e  sample 

were ana lyzed  t o  c h a r a c t e r i z e  t h e i r  f u n c t i o n a l  

mechanical  p r o p e r t i e s  i n  bo th  t h e  OEM and t h e  

degraded c o n d i t i o n .  

( 2 )  The e x i s t i n g  h y b r i d  v e h i c l e  dynamics s i m u l a t i o n  

was augmented and r e f i n e d  t o  e x p l i c i t l y  r e p r e -  

s e n t  t h e  func. t iona1 c h a r a c t e r i s t i c s  i d e n t i f i e d  

i n  ( 1 ) .  

(3)  The s i m u l a t i o n  was e x e r c i s e d  t o  examine i n  a 

comprehensive manner t h e  i n f l u e n c e  of  s u s -  

pens ion  and s t e e r i n g  sys tem d e g r a d a t i o n  on 

l i m i t  maneuver performance.  

( 4 )  P i l o t  t e s t s  were conducted t o  develop e x p e r i -  

mental  t echn iques  and t o  conf i rm t h e  t r e n d s  

i n d i c a t e d  i n  t h e  s i m u l a t i o n  e x e r c i s e s .  



The f i r s t  two m e t h o d o l o g i c a l  s t e p s ,  c i t e d  above ,  con-  

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

o f  t h a t  which had  been  deve loped  e a r l i e r  unde r  NHTSA 

a u s p i c e s  [ 4 ] .  Th i s  a c t i v i t y  i s  summarized i n  S e c t i o n  3 . 1  

be low ,  w i t h  a d d i t i o n a l  d e t a i l s  b e i n g  g i v e n  i n  Appendix 111. 

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

v e h i c l e  p a r a m e t e r  d a t a  b e  a c q u i r e d .  Th i s  a c t i v i t y  i s  

summarized i n  S e c t i o n  3 .2  be low,  w i t h  f u r t h e r  d e t a i l s  b e i n g  

g i v e n  i n  Appendix 11. (An e x t e n s i v e  s e t  o f  p a r a m e t e r  d a t a ,  

a p p l i c a b l e  t o  t h e  e i g h t  v e h i c l e s  i n  t h e  s t u d y  s ample ,  w i l l  

a l s o  b e  found i n  t h i s  Appendix . )  The r e s u l t s  o f  t h e  s i m u l a -  

t i o n  s t u d y  a r e  d i s c u s s e d  i n  S e c t i o n  3 . 3 ,  a  comple te  p r e s e n -  

t a t i o n  o f  t h e s e  f i n d i n g s  b e i n g  r e l e g a t e d  t o  Appendix IV. 

The f i n d i n g s  o f  t h e  p i l o t  t e s t  program a r e  p r e s e n t e d  

s e p a r a t e l y  i n  S e c t i o n  4 ,  r a t h e r  t h a n  b e i n g  i n c l u d e d  i n  t h i s  

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

3 . 1  SIMULATION REFINEMENTS 

The mechan i ca l  p r o p e r t i e s  o f  s t e e r i n g  and s u s p e n s i o n  

sys t em components were  a n a l y z e d  t o  deve lop  m a t h e m a t i c a l  

d e s c r i p t i o n s  o f  (1)  t h e  f u n c t i o n a l  c h a r a c t e r i s t i c s  o f  degraded  

b a l l  j o i n t s ,  t i e - r o d  e n d s ,  wheel  b e a r i n g s ,  s t e e r i n g  g e a r ,  

and  shock  a b s o r b e r s  and ( 2 )  t h e  i n f l u e n c e  o f  wheel  a l i g n m e n t  

v a r i a b l e s ,  wheel-mass  imbalance  and b r a k e - t o r q u e  imba lance .  

Degraded b a l l  j o i n t s ,  t i e - r o d  e n d s ,  wheel  b e a r i n g s ,  and 

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

i n  t h e  s t e e r i n g  s y s t e m .  Degraded b a l l  j o i n t s  and wheel  

b e a r i n g s  a l s o  c o n t r i b u t e  t o  p l a y  i n  f r o n t - w h e e l  camber a n g l e .  

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

p l a y  which t r e a t m e n t  r e p r e s e n t s  a  somewhat more d r a s t i c  

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

t h e s e  components i s  accompanied by l o a d - l a s h  e f f e c t s  due t o  

s p r i n g  l o a d i n g .  



A model of  t h e  s t e e r i n g  sy s t em was deve loped  t o  i n c l u d e  

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

f rom p l a y  due t o  wheel b e a r i n g s ,  b a l l  j o i n t s  and t i e - r o d  

ends .  T h i s  model i s  f u l l y  d e s c r i b e d  i n  Appendix 111.  

Wheel camber a n g l e  was t r e a t e d  i n  t h e  augmented s i m u l a -  

t i o n  a s  t h e  sum of  t h e  non-degraded  camber a n g l e  ( a s  

de t e rmined  by s u s p e n s i o n  d e f l e c t i o n )  and an amount o f  camber 

due t o  p l a y  i n  t h e  wheel  b e a r i n g s  and b a l l  j o i n t s .  The 

p o l a r i t y  o f  t h e  camber a n g l e  o f f s e t  due t o  p l a y  changed w i t h  

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

Damping f o r c e s  c r e a t e d  a t  t h e  wheel  by shock  a b s o r b e r s  

were  computed by t a k i n g  i n t o  a c c o u n t  t h e  mounting a n g l e  o f  

t h e  shock  a b s o r b e r  and t h e  e f f e c t i v e  g e a r  r a t i o  o f  t h e  

mounting l o c a t i o n .  The damping a t  t h e  wheel  was r e p r e s e n t e d  

i n  t h e  s i m u l a t i o n  by p i e c e w i s e  l i n e a r  app rox ima t ions  t o  t h e  

shock  a b s o r b e r  per formance  d a t a  a c q u i r e d  by l a b o r a t o r y  

measurements ( s e e  S e c t i o n  3 . 2 . 3 ) .  Degraded shock a b s o r b e r  

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

t h e  O . E .  f o r c e .  I t  s h o u l d  be  n o t e d ,  however,  t h a t  t h e  shock  

a b s o r b e r s  u sed  i n  t h e  t e s t  program were  degraded  i n  a  more 

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

Misa l ignment  o f  t h e  f r o n t  whee ls  was modeled by d e f i n i n g  

p a r a m e t e r s  t h a t  q u a n t i f y  t h e  change i n  wheel  a l i gnmen t  from 

t h e  s p e c i f i e d  O . E .  v a l u e .  These  p a r a m e t e r s  a r e  symbo l i zed  

by:  

E K 1  and E K 2  

THE1 and THE2 

FEE1 and FEE2 

f o r  t o e  changes  a t  t h e  r i g h t  

and l e f t  f r o n t  w h e e l s ,  r e s p e c t i v e l y  

f o r  c a s t e r  changes  a t  t h e  r i g h t  

and l e f t  f r o n t  w h e e l s ,  r e s p e c t i v e l y  

f o r  camber changes  a t  t h e  r i g h t  

and l e f t  f r o n t  w h e e l s ,  r e s p e c t i v e l y  



Wheel imba l ance  was t r e a t e d  a s  a  r o t a t i n g  f o r c e  a t  t h e  

wheel  rim. The magni tude  o f  t h i s  f o r c e  was g i v e n  by 

m R R rim [ (RPS) i ]L  

where  mR i s  t h e  mass i m b a l a n c e ,  R r i m  i s  t h e  rim r a d i u s ,  and 

(RPS)i i s  t h e  wheel  a n g u l a r  v e l o c i t y .  A r a t e  r e s o l v e r  c i r c u i t  

[ 5 ]  was u s e d  t o  d e t e r m i n e  t h e  h o r i z o n t a l  and v e r t i c a l  com- 

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

k i n g  p i n  was i n c l u d e d  i n  t h e  s t e e r i n g  sy s t em c a l c u l a t i o n s .  

A c a p a b i l i t y  f o r  s i m u l a t i n g  b r a k e  imba l ance  was a c h i e v e d  

by e x t e n d i n g  t h e  e x i s t i n g  s i m u l a t i o n  t o  p r o v i d e  (1 )  b r a k e -  

l i n e  p r e s s u r e  i n p u t  t o  each  wheel  and ( 2 )  a  p r e s s u r e - t o r q u e  

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

I n  a d d i t i o n  t o  t h e  a f o r e g o i n g  r e f i n e m e n t s ,  t h e  e x i s t i n g  

s i m u l a t i o n  was a l s o  m o d i f i e d  and e x t e n d e d  t o  i n c l u d e  t h e  

mechan i ca l  p r o p e r t i e s  o f  i n d e p e n d e n t  r e a r  s u s p e n s i o n s  and  

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

(1)  a n t i - p i t c h  e f f e c t s  

( 2 )  a  v a r i e t y  o f  f r o n t  and r e a r  r o l l - c e n t e r  l o c a t i o n s  

( 3 )  l o n g  s h a c k l e s  ( a s  employed t o  l o c a t e  t h e  l e a f  

s p r i n g  u sed  i n  r e a r  s u s p e n s i o n s )  

( 4 )  worn r o l l - b a r  b u s h i n g s  

( 5 )  d i f f e r e n t  t i r e  f o r c e  c h a r a c t e r i s t i c s ,  f r o n t  

and  r e a r .  

3 . 2  LABORATORY MEASUREMENTS OF STEERING AND SUSPENSION 
SYSTEM PARAMETERS 

To accompl i sh  t h i s  t a s k ,  two temporary  l a b o r a t o r y  

f a c i l i t i e s  were  f a b r i c a t e d .  They c o n s i s t e d  o f  



(1 )  a  d e v i c e  f o r  measur ing  s t e e r i n g  sys tem 
p r o p e r t i e s ,  and 

( 2 )  a  s e t - u p  f o r  measur ing  s u s p e n s i o n  p r o p e r t i e s .  

Both f a c i l i t i e s  and t h e i r  u s e  i n  t h i s  program a r e  d e s c r i b e d  

below. An e x i s t i n g  h i g h  per formance  l a b o r a t o r y  t e s t i n g  

machine was employed t o  measure  t h e  f o r c e - v e l o c i t y  

c h a r a c t e r i s t i c s  o f  shock  a b s o r b e r s ,  new and deg raded .  

3 . 2 . 1  STEERING SYSTEM MEASUREMENT TECHNIQUES. F i g u r e  

3 . 1  i s  a  pho tog raph  o f  t h e  t e s t  s e t - u p  u sed  f o r  s t e e r i n g  

sy s t em measurements .  The d e s i g n  p e r m i t s  a  p u r e  t o r q u e  t o  

be a p p l i e d  t o  one f r o n t  wheel  on t h e  v e h i c l e ,  w i t h  t h e  

s t e e r i n g  wheel h e l d  f i x e d  and t h e  o t h e r  f r o n t  wheel  f r e e  t o  

r o t a t e  abou t  i t s  s t e e r i n g  p i v o t .  The f r o n t  whee l s  a r e  r e s t i n g  

on s p e c i a l l y  p r e p a r e d  t u r n  and s l i d e  t a b l e s .  (About 8 f t / l b s  

o f  t o r q u e  a r e  r e q u i r e d  t o  r o t a t e  t h e s e  t u r n  and s l i d e  t a b l e s  

unde r  an  8 0 0  l b .  v e r t i c a l  l o a d . )  A t u r n - b u c k l e  i s  u sed  t o  

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

i n c r e a s e  o r  d e c r e a s e  t h e  t o r q u e  a p p l i e d  t o  t h e  whee l .  Cable  

t e n s i o n  i s  measured w i t h  a  l o a d  c e l l .  By measur ing  t h e  s t e e r  

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

t h e  compl iance  i n  t h e  s t e e r i n g  l i n k a g e  and i n  t h e  s t e e r i n g  

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

and l i n k a g e  r a t i o  a r e  known. 

The i n f l u e n c e  o f  s t e e r i n g - g e a r  p l a y ,  t i e - r o d  end p l a y ,  

and l o o s e  b a l l  j o i n t s  on t h e  r e l a t i o n s h i p  between s t e e r i n g  

t o r q u e  and s t e e r  d i s p l a c e m e n t  were  measured w i t h  t h i s  d e v i c e .  

S i n c e  a  c o n s i d e r a b l e  amount o f  coulomb f r i c t i o n  i s  d i s t r i b u t e d  

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

o f  t o r q u e  a r e  needed t o  overcome t h i s  f r i c t i o n ,  t h e r e b y  p e r -  

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



Figure 3.1. Steering system measurement f i x t u r e  



r e s u l t .  A l so ,  a  worn " b a l l "  i n  s p r i n g - l o a d e d  b a l l  j o i n t s  

(and i n  t i e - r o d  ends)  r e s u l t s  i n  what appea r s  t o  be  more of 

a  change i n  s t e e r i n g  compliance than  a d d i t i o n a l  f r e e  p l a y .  

A t y p i c a l  s e t  of t e s t  r e s u l t s  a r e  p l o t t e d  i n  F i g u r e  3 . 2 .  

I n  t h i s  example, t h e  s t e e r i n g  gea r  box adjus tment  was backed 

o f f  t o  g i v e  t h e  f r e e  p l a y  shown, approximate ly  k0.014 r a d i a n s  

a t  t h e  f r o n t  whee l s .  These d a t a ,  a s  o b t a i n e d  on a  Chevro le t  

s t a t i o n  wagon, y i e l d e d  a  s t e e r i n g - c o l u m n  s t i f f n e s s  of  1290 

i n . l b . / r a d .  and a  s t e e r i n g - l i n k a g e  s t i f f n e s s  o f  391,000 

i n . l b . / r a d .  

3 .2 .2  SUSPENSION SYSTEM MEASUREMENTS. To o b t a i n  s u s -  

pens ion  c h a r a c t e r i s t i c s ,  t h e  sprung mass of  t h e  v e h i c l e  under 

t e s t  was h e l d  i n  p l a c e  by v a r i o u s  arrangements  of c h a i n s ,  

c a b l e s ,  and s u p p o r t s  w h i l e  a  f r o n t  wheel ,  independent  r e a r  

wheel ,  o r  r e a r  a x l e  was moved up from t h e  rebound bump s t o p  

i n t o  t h e  jounce bump s t o p .  Both k inemat i c  and mechanical  

p r o p e r t i e s  were measured: (1) wheel t o e ,  camber, and s t e e r  

e f f e c t s  a s  f u n c t i o n s  of jounce/rebound d isp lacement  and 

( 2 )  t h e  s p r i n g  r a t e ,  bump s t o p  l o c a t i o n ,  bump s t o p  r a t e ,  and 

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

A t y p i c a l  s e t  o f  d a t a  used f o r  de te rmin ing  s p r i n g  r a t e ,  

r o l l - s t a b i l i z e r  r a t e ,  coulomb f r i c t i o n ,  and bump s t o p  

c h a r a c t e r i s t i c s  f o r  an independent  f r o n t  suspens ion  v e h i c l e  

i s  g iven  i n  F i g u r e  3 .3 .  The s t a b i l i z e r  b a r  r a t e  was d e t e r -  

mined by h o l d i n g  one f r o n t  wheel f i x e d  w h i l e  moving t h e  

o t h e r  f r o n t  wheel and making measurements w i t h  and w i t h o u t  

t h e  s t a b i l i z e r  b a r  be ing  a t t a c h e d .  

F i g u r e  3 . 4  shows a  t y p i c a l  t e s t  arrangement  a s  s e t  up 

f o r  a Ford Mustang. The t e s t  equipment l o c a t e d  under  t h e  

l e f t  f r o n t  wheel c o n s i s t s  of  s c a l e s ,  t u r n  and s l i d e  t a b l e ,  

and h y d r a u l i c  j a c k .  Each v e h i c l e  t e s t e d  p r e s e n t e d  i t s  own 

p a r t i c u l a r  problems w i t h  r e s p e c t  t o  s e t t i n g  up t h e  r e q u i r e d  
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Figure 3 .2  C h e v r o l e t ,  degraded s t e e r i n g  g e a r  box 
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Figure 3.4. Setup f o r  measurement of  sus- 
pension properties 



c a b l e s  and s u p p o r t s .  I t  shou ld  be  no ted  t h a t  c o n s i d e r a b l e  

i n g e n u i t y  was r e q u i r e d  t o  g e t  t h e  job done w i t h  equipment 

t h a t  shou ld  be cons ide red  p r i m i t i v e  i n  comparison w i t h  t h e  

ve ry  v e r s a t i l e  dev ice  which has  r e c e n t l y  been developed f o r  

measurement of suspens ion  p r o p e r t i e s  [ 9  ] , 

3 . 2 . 3  SHOCK ABSORBER MEASUREMENTS. The shock a b s o r b e r s  

on each of  t h e  e i g h t  s t u d y  v e h i c l e s  were t e s t e d  i n  t h e  

l a b o r a t o r y  by mounting them i n  a  h i g h - f r e q u e n c y ,  t e n s i l e -  

t e s t i n g  machine. Each shock a b s o r b e r  was t e s t e d  by s t r o k i n g  

a t  f r e q u e n c i e s  of  1 h z ,  5 h z ,  and 10 h z .  A r e p r e s e n t a t i v e  

s e t  of  d a t a  produced by t h e  adopted  p rocedure  i s  g iven  i n  

F i g u r e  3 .5 .  Due t o  power l i m i t a t i o n s  of  t h e  t e s t  equipment,  

t h e  l a r g e s t  v e l o c i t y  i n p u t s  which cou ld  be  a p p l i e d  t o  t h e  

shock a b s o r b e r  were o b t a i n e d  a t  5 hz w i t h  a  3 - i n c h  ampl i tude  

d i sp lacemen t .  

F i g u r e  3 .6  p r e s e n t s  t e s t  r e s u l t s  f o r  a shock a b s o r b e r  

i n  bo th  an 0,E.M and degraded s t a t e .  These a r e  t y p i c a l  f i n d -  

ings  and i n  t h i s  example d e g r a d a t i o n  c o n s i s t i n g  of heavy wear 

of  t h e  p i s t o n  and rod  guide  p l u s  a  broken v a l v e  cover  causes  

t h e  damping f o r c e  t o  be reduced t o  about  5 / 8  of t h e  damping 

e x h i b i t e d  by t h i s  a b s o r b e r  i n  i t s  O . E .  s t a t e .  The h y s t e r e s i s  

loop  observed  i n  t h e  compression h a l f  o f  t h e  new shock 

a b s o r b e r  i s  t y p i c a l  of  t h e  b e h a v i o r  e x h i b i t e d  by many shock 

a b s o r b e r s .  This  h y s t e r e s i s  loop  makes it  d i f f i c u l t  t o  

s i m u l a t e  t h e  shock absorbe r  i n  a  s imple  manner. For purposes  

of t h i s  s t u d y ,  t h e  shock a b s o r b e r  was t r e a t e d  a s  a  n o n l i n e a r  

damper and h y s t e r e s i s  loops  were r e p l a c e d  by a  curve  r e p r e -  

s e n t i n g  t h e  average  damping f o r c e .  S i n c e  t h e  f o r c e  

c h a r a c t e r i s t i c s  a r e  somewhat s e n s i t i v e  t o  s t r o k e  ampl i tude  

and f r equency ,  an average  cu rve  o f  f o r c e  v e r s u s  v e l o c i t y  was 

adopted  t o  s i m p l i f y  t h e  t a s k  o f  r e p r e s e n t i n g  an a c t u a l  

shock a b s o r b e r  i n  t h e  s i m u l a t i o n .  
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3 . 3  SUMMARY OF SIMULATION RESULTS AND FINDINGS 

The s i m u l a t i o n  s t u d i e s  per formed  i n  t h i s  program were  

conduc t ed  i n  two p a r t s .  The f i r s t  p o r t i o n  o f  t h e  e f f o r t  was 

d e s i g n e d  t o  p roduce  f i n d i n g s  a p p l i c a b l e  t o  two v e h i c l e s  

t h a t  were  t o  b e  t e s t e d  i n  t h e  p i l o t  t e s t  p h a s e ,  namely,  t h e  

Ford  Mustang and t h e  Dodge Corone t .  The second  p o r t i o n  o f  

t h e  s i m u l a t i o n  s t u d y  was d e s i g n e d  t o  d e t e r m i n e  t h e  e x t e n t  

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

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

e x i s t i n g  i n  t h e  e i g h t - v e h i c l e  sample  s t u d y .  The f i n d i n g s  o f  

t h e s e  two supp lemen ta ry  s t u d i e s  a r e  d i s c u s s e d  s e p a r a t e l y  

below.  

3 . 3 . 1  SIMULATION FINDINGS: MUSTANG AND COROYET. The 

b e h a v i o r  o f  t h e  Ford Mustang,  i n  t h e  ne ighborhood  of  l i m i t  

p e r fo rmance ,  was examined f o r  e ach  o f  t h e  f o l l o w i n g  s t e e r i n g  

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

( a )  s t e e r i n g  g e a r  p l a y  

(b)  t i e - r o d  and b a l l  j o i n t  p l a y  

( c )  r o l l - b a r  bush ing  p l a y  

( d )  wheel  b e a r i n g  p l a y  

( e )  f r o n t  wheel  imbalance  

( f )  f r o n t  b r a k e  imbalance  

(g )  r e a r  b r a k e  imbalance  

(h )  wheel  a l i g n m e n t  v a r i a t i o n s  

( i )  i n t r o d u c t i o n  of  l ong  s h a c k l e s  on t h e  r e a r  s p r i n g  

( j )  shock  a b s o r b e r  v a r i a t i o n s  

( k )  combined a ,  b ,  and d  

(1)  combined a ,  b ,  d ,  and j 



(m) combined a ,  b ,  d ,  and h  

(n) combined a ,  b ,  d ,  and e  

(0)  combined a ,  b ,  d ,  and f  

(p) combined a ,  b ,  d ,  e ,  and f  

combined p  and j 

( r )  combined p  and h  

combined 

Measurements of Mustang components degraded i n  accordance  

w i t h  t h e  concept  of  v i r t u a l  maximum r a t i o n a l  wear (VMRW) 

( s e e  S e c t i o n  2 )  p rov ided  t h e  maximum l e v e l s  of s t e e r i n g -  

g e a r ,  r o l l - b a r - b u s h i n g ,  w h e e l - b e a r i n g ,  and t i e - r o d - e n d  p l a y  

t h a t  were used i n  t h e  s i m u l a t i o n .  

The s t u d y  i n d i c a t e d  t h a t  

(1) Wheel a l ignment  v a r i a t i o n s  can have a  s m a l l  e f f e c t  

on l imi t -maneuver  performance b u t  no one a r r a n g e -  

ment of wheel misa l ignments  proved t o  be con- 

s i s t e n t l y  bad i n  a l l  o f  t h e  l i m i t  maneuvers 

[ I ]  s e r v i n g  as  t h e  performance c r i t e r i o n  i n  t h i s  

i n v e s t i g a t i o n .  

( 2 )  Brake imbalance i s  impor tan t  i n  a l l  b r a k i n g  

maneuvers w i t h  o r  w i t h o u t  o t h e r  d e g r a d a t i o n s .  

(3)  B a l l -  j o i n t  p l a y ,  whee l -bea r ing  p l a y ,  t i e - r o d -  

end p l a y  and s t e e r i n g - g e a r  p l a y  have very  l i t t l e  

e f f e c t .  

( 4 )  Degraded shock a b s o r b e r s  i n  t h e  r e a r  suspens ion  

and a l l  f o u r  shock a b s o r b e r s  i n  a  degraded s t a t e  

produce n o t i c e a b l e  e f f e c t s .  

(5 )  Wheel imbalance has  l i t t l e  i n f l u e n c e .  

( 6 )  The t r a p e z o i d a l  s t e e r  maneuver i s  very  i n s e n s i t i v e  

t o  a l l  d e g r a d a t i o n s .  



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

o f  s t e e r i n g  and s u s p e n s i o n  sys t em d e g r a d a t i o n s  d i d  n o t  

marked ly  change t h e  pe r fo rmance  o f  t h e  Mustang from i t s  O . E .  

pe r formance  i n  t h e  s t r a i g h t - l i n e - b r a k i n g ,  b r a k i n g - i n - a - t u r n ,  

and r o a d h o l d i n g  maneuvers .  Degraded shock  a b s o r b e r s  on t h e  

r e a r  a x l e  o r  a l l  f o u r  shock  a b s o r b e r s  degraded  were  found 

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

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

The i n f l u e n c e  o f  t h r e e  l e v e l s  o f  b r a k e  imbalance  on 

l i m i t  maneuver pe r fo rmance  were  s t u d i e d  by r e d u c i n g  t h e  

b r a k e  t o r q u e  on one wheel  t o  0 . 7 ,  0 . 4 ,  and 0 . 1  of  t h e  O . E .  

v a l u e .  I t  f o l l o w s  t h a t  t h e  r educed  b r a k i n g  c a p a c i t y  i n c r e a s e d  

t h e  t i m e  t o  d e c e l e r a t e  from 5 mph below i n i t i a l  v e l o c i t y  

down t o  1 0  mph ( t h e  measure  o f  a v e r a g e  d e c e l e r a t i o n  chosen  

f o r  t h e  b r a k i n g  maneuve r s ) .  Of more i m p o r t a n c e ,  t h e  s i m u l a t i o n  

i n d i c a t e d  t h a t  an  imbalance  i n  b r a k e  t o r q u e  r e s u l t i n g  from 

a s i x t y  p e r c e n t  r e d u c t i o n  i n  t h e  non -deg raded  b r a k e  t o r q u e  

l e v e l  i s  r e q u i r e d  t o  make a  s i g n i f i c a n t  change i n  pe r fo rmance .  

The s i m u l a t i o n  r u n s  per formed  f o r  t h e  Dodge showed t h a t ,  

i n  g e n e r a l ,  t h i s  v e h i c l e  had a  g r e a t e r  t endency  t o  r o l l  t h a n  

t h e  Mustang and t h a t ,  i n  p a r t i c u l a r ,  when t h e  shock  a b s o r b e r s  

were  deg raded  t o  . 2 5  and .1 t imes  t h e i r  O . E .  c o n d i t i o n ,  t h e  

v e h i c l e  would r o l l  o v e r  i n  t h e  d r a s t i c  s t e e r - b r a k e  maneuver.  

When shock  a b s o r b e r s  were  degraded  t o  a  f i f t y  p e r c e n t  

l e v e l ,  t h e  s i m u l a t i o n  p r e d i c t e d  a  maximum r o l l  a n g l e  o f  1 8 . 3  

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

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

g round .  I t  was a l s o  o b s e r v e d  t h a t  t h e  Dodge C o r o n e t ,  on 

b e i n g  s i m u l a t e d  w i t h  degraded  shock  a b s o r b e r s ,  deve loped  a  

r o l l i n g  o s c i l l a t i o n  o f  t h e  r e a r  a x l e  ( a x l e  t ramp)  i n  t h e  

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

and  s u s p e n s i o n  d e g r a d a t i o n s  a p p e a r e d  t o  have v e r y  l i t t l e  

i n f l u e n c e  on t h e  Dodge when p e r f o r m i n g  t h e  s i x  l i m i t  maneuvers .  



The tendency f o r  t h e  Dodge, w i t h  degraded shock 

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

maneuver, a s  p r e d i c t e d  from s i m u l a t i o n  r u n s ,  was confirmed 

i n  t h e  subsequent  p i l o t  t e s t s  ( see  S e c t i o n  4 ) .  However, 

a  c l o s e  examinat ion  of t ime h i s t o r i e s  produced by t e s t  and 

s i m u l a t i o n  shows t h a t  t h e  r o l l  r a t e  s i g n a l s  a r e  n o t  t h e  same, 

This  l a c k  of e x a c t  cor respondence  i s  n o t  s u r p r i s i n g  s i n c e  

t h e  t i r e  p r o p e r t i e s  used i n  t h e  s i m u l a t i o n  were o b t a i n e d  by 

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

a  c r o s s  - b i a s  c a r c a s s  c o n s t r u c t i o n ,  a s  measured p r e v i o u s l y  

w i t h  t h e  HSRI mobile t i r e  t e s t e r .  S ince  t h e  t i r e s  a r e  

probably  t h e  s i n g l e  most impor tan t  v e h i c l e  component i n  

de te rmin ing  how t h e  v e h i c l e  responds i n  extreme s t e e r i n g  

and b rak ing  maneuvers, t h e  s i m u l a t i o n  r e s u l t s  shou ld  n o t  be  

expected  t o  a g r e e  e x a c t l y  w i t h  t e s t  r e s u l t s .  

3 . 3 . 2  SIMULATION FINDINGS: OTHER VEHICLES. The second 

p o r t i o n  o f  t h e  s i m u l a t i o n  s t u d y  examined t h e  r e sponse  of  

t h e  Olds F - 8 5 ,  t h e  American Motors Ambassador, t h e  Chevrole t  

s t a t i o n  wagon, and t h e  Ford p ickup t r u c k  i n  execu t ing  

v e h i c l e  hand l ing  t e s t  p r o c e d u r e s ,  b o t h  i n  t h e  O . E .  and 

degraded s t a t e s  . 
The s t u d y  was e x p e d i t e d  by f i r s t  s i m u l a t i n g  t h e s e  v e h i c l e s  

i n  t h e  O . E .  c o n d i t i o n  t o  de termine  t h e  l e v e l s  of i n p u t  

s i g n a l s  ( i . e . ,  s t e e r i n g  o r  b r a k i n g  commands) t h a t  produce 

l i m i t  o r  n e a r - l i m i t  r e sponse  i n  each of t h e  v e h i c l e  hand l ing  

t e s t  p r o c e d u r e s .  These c o n t r o l  i n p u t  l e v e l s  were t h e n  used 

t o  examine l i m i t  r e sponses  as  i n f l u e n c e d  by t h e  fo l lowing  

f i v e  c a t e g o r i e s  of  d e g r a d a t i o n :  

1. "combined p l a y "  from a l l  s o u r c e s  

2 .  wheel imbalance 

3 .  b r a k e  imbalance 

4 .  wheel misal ignment  

5 .  degraded shock a b s o r b e r s  



D i f f e r e n t  l e v e l s  o f  d e g r a d a t i o n  were  s i m u l a t e d  o n l y  

f o r  b r a k e  imbalance  and  deg raded  shock  a b s o r b e r s .  A t o t a l  

l e v e l  o f  "combined p l a y "  was assumed on t h e  b a s i s  o f  a p p l y -  

i n g  t h e  VMRW concep t  t o  t h e  b a l l - j o i n t ,  t i e - r o d - e n d ,  whee l -  

b e a r i n g  and s t e e r i n g - g e a r - b o x  d e s i g n s  employed by each  o f  

t h e s e  v e h i c l e s .  The assumed l e v e l  o f  wheel  imbalance  

co r r e sponded  t o  10 ounces  o f  l e a d  on t h e  rim of  one f r o n t  

whee l .  The f r o n t  whee l s  were  assumed t o  be m i s a l i g n e d  i n  a  

manner t h a t  r e s u l t s  i n  a  l a r g e r  t u r n i n g  c a p a b i l i t y  ( s e e  

Appendix V ) .  The f o l l o w i n g  v a l u e s  of  f r o n t - e n d  geometry  were  

s p e c i f i e d :  

toe-wheels t o e d  i n  t o  a  4 "  i n c l u d e d  a n g l e  

change i n  c a s t e r  from 0 . E . - l e f t  whee l :  - 2 " ,  

r i g h t  whee l :  -2 '  

change i n  camber from 0 . E . - l e f t  whee l :  0°, 

r i g h t  whee l :  - 2 "  

I n  t h e  a b o v e - d e f i n e d  f i v e  c a t e g o r i e s  of  d e g r a d a t i o n ,  

t h e r e  a r e  31 d i s t i n c t  combina t i ons  o f  d e g r a d a t i o n s  t o  

c o n s i d e r .  Each of  t h e s e  31 p o s s i b i l i t i e s  were  rev iewed  i n  

c o n n e c t i o n  w i t h  each  o f  t h e  s i x  l i m i t  maneuvers and j udg -  

ments were  made t h a t  r educed  t h e  t o t a l  s i m u l a t i o n  m a t r i x  t o  

t h a t  s p e c i f i e d  i n  Tab l e  IV-9 ,  Appendix IV. 

A compar i son  of t h e  r e s u l t s  o b t a i n e d  i n  t h e  f i r s t  p o r t i o n  

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

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  s i m u l a t i o n  ( i n  i t s  c u r r e n t  

s t a t e )  c o u l d  o n l y  b e  u sed  t o  p r e d i c t  t r e n d s .  Consequen t ly ,  

an  e x t e n s i v e  s e t  o f  s i m u l a t i o n  r e s u l t s  w i l l  n o t  b e  p r e s e n t e d  

h e r e .  R a t h e r ,  t h e  f i n d i n g s  p roduced  by t h e s e  s i m u l a t i o n  

e f f o r t s  have been  c a r e f u l l y  examined,  p e r m i t t i n g  t h e  f o l l o w i n g  

o b s e r v a t i o n s  : 



( a )  One v e h i c l e  ( t h e  Ambassador) a p p e a r s  t o  have  

a  t endency  t o  s p i n  o u t  i n  t h e  r o a d h o l d i n g  

t e s t .  Th i s  t endency  i s  g r e a t l y  enhanced w i t h  

deg raded  shock  a b s o r b e r s .  

(b)  I n  t h e  t r a p e z o i d a l  maneuver ,  l i t t l e  o r  no 

change i n  v e h i c l e  per formance  was i n d i c a t e d  

between t h e  O . E .  and degraded  s t a t e s  f o r  t h e  

Ambassador,  F -85 ,  Chevy wagon o r  Ford p i ckup  

t r u c k .  

(c)  I n  t h e  s i n u s o i d a l  s t e e r  maneuver,  t h e  F-85 ,  

Ford p i c k u p ,  Chevy wagon and Ambassador 

d i r e c t i o n a l  r e s p o n s e s  were  c h a r a c t e r i z e d  by 

an  o v e r c o r r e c t i o n  i n  t h e  head ing  a n g l e  (as  

d e f i n e d  i n  S e c t i o n  4 ) .  Degraded shock  a b s o r b e r s  

r e s u l t e d  i n  t h e  Ambassador e x i b i t i n g  a  s i g n i -  

f i c a n t  i n c r e a s e  i n  t h e  head ing  a n g l e .  

(d )  I n  t h e  d r a s t i c  b r a k e  and s t e e r  maneuver,  t h e  

degraded  Ambassador showed r o l l o v e r  t e n d e n c i e s  

when t h e  whee ls  were  m i s a l i g n e d  i n  combina t ion  

w i t h  some o t h e r  d e g r a d a t i o n .  The Ford p i c k u p ,  

F -85 ,  and Chevy wagon d i d  n o t  e x h i b i t  a  r o l l -  

o v e r  t endency .  However, degraded  shock  

a b s o r b e r s  d i d  p roduce  an i n c r e a s e  (20 t o  30%)  

i n  t h e  peak r o l l - a n g l e  e x h i b i t e d  by t h e s e  

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

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

t h a t  t h e  Ambassador w i l l  p e r fo rm v e r y  p o o r l y  when i t s  s t e e r i n g  

and s u s p e n s i o n  sys t em components a r e  deg raded .  However, 

t h e  t e s t  r e s u l t s ,  which a r e  d i s c u s s e d  i n  S e c t i o n  5 ,  i n d i c a t e  

t h a t  t h e  Ambassador d i d  n o t  pe r fo rm a s  p o o r l y  a s  p r e d i c t e d .  



4 .  PROCEDURAL DEFINITIONS A N D  PILOT TEST FINDINGS 

I n  S e c t i o n  3 ,  r e f e r e n c e  was made r e p e a t e d l y  t o  " l i m i t  

maneuvers" and "Veh ic l e  Handl ing  T e s t  P rocedu re s "  i n  d i s -  

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

w i t h o u t  e x p l i c i t l y  d e f i n i n g  what i s  meant by t h e s e  t e r m s .  

I t  i s ,  o f  c o u r s e ,  t r u e  t h a t  " l i m i t  maneuver per formance"  and  

"Veh ic l e  Handl ing  T e s t  P rocedu re s "  a r e  t h e  c r i t e r i o n  measures  

by which t h e  i n f l u e n c e  o f  wear  and d e g r a d a t i o n  on " p r e - c r a s h  

s a f e t y  per formance"  ( o r  " a c c i d e n t  avo idance  per formance")  i s  

u l t i m a t e l y  t o  b e  j udged .  N o t w i t h s t a n d i n g  t h e  impor t ance  o f  

d e f i n i n g  t h e  c r i t e r i a  by which e v a l u a t i v e  comments have  

a l r e a d y  been  made, t h e  r e p o r t ,  up t o  t h i s  p o i n t ,  h a s  o n l y  

r e f e r r e d  t o  an e a r l i e r  p u b l i c a t i o n  [ I ]  which d o e s ,  i n  f a c t ,  

document t h e  meaning of  t h e s e  t e r m s .  Th i s  p r a c t i c e ,  namely,  

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

d e f i n e  t h e  c r i t e r i o n  measu re s ,  was f o l l o w e d  p r i m a r i l y  t o  

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

d e t a i l .  

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

however,  i t  i s  e s s e n t i a l  t h a t  a  whole h o s t  o f  t e rms  d e a l i n g  

w i t h  v e h i c l e  b e h a v i o r  and mechanisms o c c u r r i n g  d u r i n g  l i m i t  

maneuvers b e  d e f i n e d  and e x p l a i n e d .  A c c o r d i n g l y ,  t h i s  

s e c t i o n  o f  t h e  r e p o r t  c o n t a i n s  a  d e s c r i p t i o n  o f  e ach  o f  t h e  

s i x  t e s t  p r o c e d u r e s  which were  deve loped  i n  an e a r l i e r  

program [ l ]  and which were  ex t ended  and r e f i n e d  i n  a  

r e s e a r c h  and t e s t  program per formed j o i n t l y  w i t h  t h i s  s t u d y  [ 7 ] .  
The i n t e n t i o n  i s  t o  g i v e  t h e  r e a d e r  an  u n d e r s t a n d i n g  o f  ( 1 )  

t h e  o b j e c t i v e  o f  e ach  t e s t  p r o c e d u r e ,  namely,  t h e  pe r fo rmance  

q u a l i t y  b e i n g  a s s e s s e d ,  ( 2 )  t h e  b a s i c  fo rma t  o f  each  t e s t ,  

and (3 )  t h e  d i f f e r e n t  c a t e g o r i e s  o f  v e h i c l e  r e s p o n s e  and 

b e h a v i o r  t h a t  commonly o c c u r .  A d d i t i o n a l  documen ta t i on  o f  

t h e  d e t a i l e d  t e s t  p r a c t i c e  employed i n  t h e  f i n a l  f u l l - s c a l e  

t e s t  program w i l l  b e  p r e s e n t e d  i n  t h e  n e x t  s e c t i o n .  



Following t h i s  summary of t h e  b a s i c  t e s t  p rocedures  

t h a t  have been developed t o  a s s e s s  t h e  l i m i t  maneuvering 

performance of  passenger  v e h i c l e s ,  t h e  scope  and f i n d i n g s  

of t h e  p i l o t  t e s t  a c t i v i t y  a r e  reviewed.  S p e c i f i c a l l y ,  

t h e  v a r i o u s  degrada t ion  modes t h a t  were imposed, bo th  

i n d i v i d u a l l y  and i n  combinat ion ,  on t h e  two t e s t  v e h i c l e s  

a r e  both  d e f i n e d  and coded, f a c i l i t a t i n g  a  d i s c u s s i o n  o f  t e s t  

f i n d i n g s  on a  maneuver-by-maneuver b a s i s .  I n  a d d i t i o n ,  t h e  

f i n d i n g s  of a t i r e - s u r f a c e  f r i c t i o n  s tudy  a r e  summarized, 

which s t u d y  can be viewed a s  a  p o r t i o n  of t h e  p i l o t  t e s t  

e f f o r t  and ,  f u r t h e r ,  a s  having  been demanded by t h e  p r e -  

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

4 . 1  VEHICLE HANDLING TEST PROCEDURES: AN OVERVIEW 

The Veh ic l e  Handling T e s t  Procedures  (VHTP) a r e  open- 

loop  measures of t h e  s t e e r i n g  and b rak ing  performance which 

i s  e x h i b i t e d  by a  motor v e h i c l e  o p e r a t e d  i n  t h e  v i c i n i t y  of  

i t s  performance envelope .  They were o r i g i n a l l y  conceived 

as  p r o v i d i n g  measures of  performance which were hypo thes i zed  

t o  have f i r s t - o r d e r  r e l evance  t o  p r e - c r a s h  s a f e t y  q u a l i t y .  

A l l  s i x  b a s i c  t e s t  p rocedures ,  a s  used i n  t h e  p i l o t  t e s t  

program, a r e  o u t l i n e d  below. 

I n  view of t h e  open-loop c h a r a c t e r  of t h e s e  t e s t  p r o -  

c e d u r e s ,  a  requi rement  f o r  c e r t a i n  t e s t  appa ra tus  i s  imposed 

t o  a s s u r e  p r e c i s e  c o n t r o l  i n p u t s  wi thou t  a p p r e c i a b l e  d r i v e r  

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

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

b o t h  s t e e r  and b rake  l e v e l s .  The second t h r e e  p rocedures  

i n v o l v e  complex c o n t r o l  i n p u t s  which a r e  p rov ided  by a  p r o -  

grammable au tomat i c  c o n t r o l l e r .  I n  t h i s  sys tem,  s e r v o  

mechanisms r e p l a c e  t h e  d r i v e r  and p rov ide  p r e c i s e  s t e e r ,  b r a k e ,  

and a c c e l e r a t o r  c o n t r o l s  ( F i g .  4.1) (as  s t o r e d  i n  programmed 





c i r c u i t s )  upon command from t h e  t e s t  o p e r a t o r .  A comple t e  

d e s c r i p t i o n  o f  t h i s  sy s t em*  w i l l  be  found i n  Appendix V I .  

4 . 1 . 1  VHTP #1 - STRAIGHT L I N E  BRAKING. 

O b j e c t i v e :  To q u a n t i f y  t h e  v e h i c l e ' s  e f f i c i e n c y  i n  

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

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

P r o c e d u r e :  A s equence  o f  i n c r e a s i n g  b r a k e  l e v e l  i n p u t s  

a r e  a p p l i e d ,  f rom an  i n i t i a l l y  s t r a i g h t  c o u r s e  a t  4 0  mph, up 

t o  t h e  p o i n t  o f  l ockup  a t  two f r o n t  o r  r e a r  w h e e l s .  

Response F e a t u r e s :  Two c a t e g o r i e s  of  l i m i t  r e s p o n s e  

a r e  commonly o b s e r v e d  i n  t h i s  maneuver ,  d i s t i n g u i s h e d  by 

t h e  o r d e r  w i t h  which whee l  l ockup  o c c u r s  a t  t h e  l i m i t :  

a )  f r o n t  whee l s  l o c k  f i r s t ,  t h e r e b y  d e g r a d i n g  

t h e  s t e e r a b i l i t y  o f  t h e  v e h i c l e  

b )  r e a r  whee ls  l o c k  f i r s t ,  t h e r e b y  d e g r a d i n g  

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

which t e n d s  t o  s p i n  o u t .  

T y p i c a l  t i m e  h i s t o r i e s  of  t h e  r e s p o n s e  t o  b r a k i n g  i n p u t s  a r e  

shown i n  F i g u r e  4 . 2 .  B rak ing  pe r fo rmance  i s  viewed a s  b e i n g  

deg raded  i n  t h i s  maneuver i f  wheel  l o c k i n g  i s  e x p e r i e n c e d  

a t  a  lower  l e v e l  o f  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 h a n  was 

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

*Three  o f  t h e s e  sy s t ems  have  been  b u i l t ,  one o f  them b e i n g  
f i n a n c e d  by a  p o r t i o n  o f  t h e  f u n d s  a l l o c a t e d  t o  t h i s  s t u d y .  
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4 . 1 . 2  VHTP # 2  - BRAKING-IN-A-TURN. 

O b j e c t i v e :  To c h a r a c t e r i z e  t h e  v e h i c l e ' s  a b i l i t y  t o  

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

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

Procedure :  A sequence of  i n c r e a s i n g  b rake  l e v e l  i n p u t s  

a r e  a p p l i e d ,  i n  a  s t e a d y  t u r n  a t  40  mph ( l a t e r a l  a c c e l e r a t i o n  

i s  0 . 3  g )  u n t i l  lockup i s  encoun te red  a t  two f r o n t  o r  two 

r e a r  wheels .  

Response F e a t u r e s :  For a l l  t e s t  runs which a r e  "sub- 

l i m i t " ,  i . e . ,  w i t h  no wheels  l o c k i n g ,  v e h i c l e  r e sponses  a r e  

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 i g u r e  4 .3 .  Wheel 

lock ing  d e f i n e s  l i m i t  r e sponse  because  of t h e  " d r i f t "  and 

"sp in"  r e sponses  which accompany f r o n t -  and r e a r - w h e e l  l o c k -  

up,  r e s p e c t i v e l y .  Front -wheel  lockup causes  p a t h  c u r v a t u r e  

t o  drop q u i c k l y  t o  zero  (F igure  4 . 4 ) ,  w h i l e  lockup of  bo th  

r e a r  wheels (with a t  l e a s t  one f r o n t  wheel s t i l l  r o l l i n g )  

w i l l  r e s u l t  i n  a  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 ,  a s  mani- 

f e s t e d  by t h e  h igh  s i d e s l i p  r a t e  and a  d i v e r g e n t  s i d e s l i p  

a n g l e  seen  i n  F i g u r e  4 . 5 .  

I t  w i l l  be  no ted  t h a t  F igures  4 . 3 ,  4 . 4 ,  and 4.5 show 

bo th  s i d e s l i p ,  13, and p a t h  c u r v a t u r e ,  1 / R ,  a s  t h e s e  r e sponse  

v a r i a b l e s  va ry  dur ing  t h e  maneuver. (See F igure  4 . 6  f o r  

t h e i r  d e f i n i t i o n s  . )  The s i d e s l i p  r e s p o n s e ,  B ,  i s  f e l t  t o  be 

of major  s a f e t y  s i g n i f i c a n c e .  I t  can be argued 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  occur  under  l i m i t  maneuvering cond 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 

of  h i s  v e h i c l e ' s  p a t h ,  and cause  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 p a t h -  

c u r v a t u r e  r e s p o n s e ,  1 / R ,  pe rmi t s  t h e  e v a l u a t i o n  of t u r n i n g  

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

due t o  a  s imul taneous  s i d e s l i p  r e s p o n s e .  
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The b r a k e  l e v e l  i n c r e m e n t i n g  p r o c e d u r e  i s  c o n t i n u e d  up 

t o  t h e  p o i n t  where  b o t h  whee l s  on an  a x l e  l o c k  up s i n c e  

e x p e r i e n c e  shows t h a t  t h e  lockup  o f  a  s i n g l e  wheel  does  n o t  

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

i n i t i a l  t u r n .  (Note  t h a t  i n  a  r e l a t i v e l y  low l e v e l  t u r n  o f  

0 . 3  g ,  s u b s t a n t i a l  s i d e  f o r c e  p o t e n t i a l  r e s i d e s  i n  t h e  non-  

l o c k i n g  t i r e  on a  g i v e n  a x l e  and e q u i l i b r i u m  can  g e n e r a l l y  

be  r e - e s t a b l i s h e d  w i t h o u t  a  major  p e r t u r b a t i o n  i n  yaw 

r e s p o n s e . )  Of c o u r s e ,  t h e  f i r s t  whee ls  t o  l o c k  a r e  t h e  

i n s i d e  whee ls  which have  a  d e c r e a s e d  v e r t i c a l  l o a d  i n  a  t u r n  

V e h i c l e  pe r fo rmance  i n  t h i s  maneuver i s  viewed a s  b e i n g  

deg raded  i f ,  w i t h  r e s p e c t  t o  some r e f e r e n c e  c o n d i t i o n ,  i t  

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

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

which was lower  t h a n  t h a t  a c h i e v e d  i n  t h e  b a s e l i n e  c o n d i t i o n .  

4 . 1 . 3  VHTP # 3  - ROADHOLDING IN A TURN. 

O b j e c t i v e :  To e v a l u a t e  t h e  v e h i c l e ' s  a b i l i t y  t o  t r a c k  

a  c u r v e  i n  t h e  p r e s e n c e  o f  p e r i o d i c  road  roughness  whose 

fundamen ta l  f r e q u e n c i e s  i n  s u c c e s s i v e  t e s t s  span  t h e  r a n g e  

o f  wheel  hop f r e q u e n c i e s .  

P r o c e d u r e :  The t e s t  i s  pe r formed  on a  c i r c u l a r  c o u r s e  

on which r u b b e r  s t r i p s  have been  p o s i t i o n e d  a t  s e l e c t e d  

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

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

d e s i g n e d  t o  p r o v i d e  v e r t i c a l  d i s t u r b a n c e s  o f  9 ,  11, and  14  H z ,  

r e s p e c t i v e l y  when e n c o u n t e r e d  by t h e  runn ing  g e a r  o f  a  

v e h i c l e  t r a v e l i n g  a t  30 mph. The v e h i c l e  i n i t i a l l y  c o n t a c t s  

t h e  g r i d  from a s t e a d y  (0 .4  g  A ) t u r n  which i s  nomina l l y  a t  
Y 

r i g h t  a n g l e s  t o  t h e  f i r s t  g r i d  e l emen t  ( s e e  F i g u r e  4 . 7 ) .  The 

t e s t  i s  open - loop  i n  c h a r a c t e r  s i n c e  t h e  t e s t  d r i v e r  h o l d s  

t h e  s t e e r i n g  i n p u t  a g a i n s t  a  s t o p  t h r o u g h o u t  t h e  cu rved  

app roach  and  t h e  t r a v e r s e  o f  t h e  g r i d .  
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Response F e a t u r e s :  The g r i d  f r e q u e n c i e s ,  9 ,  11, and 

1 4  H z  were  s e l e c t e d  t o  s p a n  t h e  r a n g e  o f  whee l -hop  f r e -  

q u e n c i e s  e x i s t i n g  i n  t h e  v e h i c l e  p o p u l a t i o n .  Thus,  l i m i t  

p e r fo rmance  i s  de t e rmined  by t h e  p r e s e n c e  o f  a  r e s o n a n t  

o s c i l l a t i o n  i n  t h e  wheel  hop mode, by which a  n e t  l o s s  i n  

t i r e  s i d e  f o r c e  a c c r u e s .  Responses  can be  g rouped  i n t o  two 

c a t e g o r i e s :  

1. Predomina te  l o s s  o f  f r o n t  t i r e  s i d e  f o r c e s  

due t o  r e s o n a n c e  i n  t h e  wheel  hop mode o f  

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

d e c r e a s e s  b u t  no s i g n i f i c a n t  s i d e s l i p  r e s p o n s e  

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

a r e  shown i n  F i g u r e  4 . 8 .  

2 .  Predominant  l o s s  o f  r e a r  t i r e  s i d e  f o r c e s  

due t o  wheel  hop r e s o n a n c e  o f  t h e  r e a r  s u s -  

p e n s i o n .  Dramat ic  s i d e s l i p  r e s p o n s e  can occu r  

w h i l e  t h e  p a t h  c u r v a t u r e  r e s p o n s e  may e i t h e r  

i n c r e a s e  o r  d e c r e a s e .  Example t ime  h i s t o r i e s  

a r e  shown i n  F i g u r e  4 . 9 .  

V e h i c l e  pe r fo rmance  i s  v iewed a s  b e i n g  degraded  i n  t h i s  t e s t  

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

s l i p  r e s p o n s e  was g r e a t e r  t h a n  t h o s e  l e v e l s  which had been  

e x h i b i t e d  by a  b a s e l i n e  o r  r e f e r e n c e  v e h i c l e .  S i n c e  t h e  

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

f r e q u e n c y  sweep,  no s i g n i f i c a n c e  i s  a t t a c h e d  t o  t h e  p a r t i c u l a r  

c o u r s e  upon which t h e  g r e a t e s t  l o s s  i n  r o a d h o l d i n g  i s  o b s e r v e d .  

4 . 1 . 4  VHTP # 4  - TRAPEZOIDAL STEER. 

O b j e c t i v e :  To c h a r a c t e r i z e  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  t h e  v e h i c l e  d e s c r i b e d  i n  t e rms  o f  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 o u t  e x c e s s i v e  s i d e s l i p p i n g .  
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Procedure :  This  maneuver i s  conducted by a p p l i c a t i o n  

of a  ramp f r o n t e d  s t e p  i n p u t  of  s t e e r i n g  d i sp lacemen t  w h i l e  

c o a s t i n g  from a  4 0  mph i n i t i a l  v e l o c i t y .  The t e s t  sequence 

i s  d e f i n e d  by a  s e t  of p r e s c r i b e d  s t e e r i n g  l e v e l s ,  chosen 

t o  sweep from low a c c e l e r a t i o n s  t o  l e v e l s  s u f f i c i e n t l y  beyond 

l i m i t  t u r n i n g  performance t o  a s s u r e  i n c l u s i o n  of t h e  l i m i t  

r esponse  regime.  

Response F e a t u r e s :  The J - t u r n  t y p e  r e sponse ,  though 

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, does 

p rov ide  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  examinat ion  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  t o  l i m i t  t u r n ,  such a s  would 

occur  i n  t h e  i n i t i a l  phase  of  an o b s t a c l e  avoidance maneuver. 

Typ ica l  l i m i t  r e sponses  e x h i b i t e d  i n  t h i s  t e s t  a r e  a s  

fo l lows  : 

1. S p i n o u t ,  i n  which a  d ramat i c  yaw d ive rgence  

i s  expe r i enced  a s  a  r e s u l t  o f  r e a r  t i r e  s i d e  

f o r c e  s a t u r a t i o n  be ing  i n c u r r e d  a t  an i n p u t  

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

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

t ime h i s t o r i e s  a r e  shown i n  F i g u r e  4 . 1 0 .  

D r i f t o u t ,  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  t h e  r e a r  t i r e s ,  r e s u l t i n g  

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

on t h e  r e a r  t i r e s  such t h a t  any p e r t u r b a t i o n s  

of  v e h i c l e  s i d e s l i p  beyond t h i s  nominal trim 

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  r e a r  t i r e  s i d e  

f o r c e s .  Example t ime h i s t o r i e s  produced by 

t h i s  c o n d i t i o n  a r e  shown i n  F igure  4 . 1 1 .  

3 .  R o l l o v e r ,  p o s s i b l y  aggrava ted  by wheel r i m  

c o n t a c t .  
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The maximum p a t h  c u r v a t u r e  a t t a i n a b l e  by a  v e h i c l e  i s  

t hus  c o n s t r a i n e d  by one of t h e  t h r e e  l i m i t i n g  mechanisms. 

Veh ic l e  performance would be viewed a s  be ing  degraded i f ,  

i n  t h i s  maneuver, i t  e x h i b i t e d  a  lower maximum p a t h  c u r v a t u r e  

t h a n  was achieved  by t h e  r e f e r e n c e  o r  b a s e l i n e  v e h i c l e .  

A d d i t i o n a l l y ,  i t  might be argued (a l though  f u r t h e r  r e s e a r c h  

i s  needed t o  s u p p o r t  t h e  argument) t h a t  a  r o l l o v e r  response  

a t  t h e  same l e v e l  of p a t h  c u r v a t u r e  r e p r e s e n t s  a  degrada t ion  

i n  performance from a  s p i n  o r  d r i f t - l i m i t e d  c o n d i t i o n .  Like-  

wi se ,  s p i n o u t  may be argued t o  be r e p r e s e n t a t i v e  of  a  

degrada t ion  i n  performance w i t h  r e s p e c t  t o  d r i f t o u t  a t  t h e  

same l e v e l  of  p a t h  c u r v a t u r e  performance.  

4 . 1 . 5  VHTP # 5  - SINUSOIDAL STEER. 

O b j e c t i v e :  To e v a l u a t e  t h e  v e h i c l e ' s  a b i l i t y  t o  perform 

a  r a p i d  l a n e  change i n  response  t o  a  symmetric s i n e  wave 

i n p u t  of s t e e r i n g  d i sp lacemen t .  

Procedure :  This  maneuver i s  executed  by app ly ing  a  

s i n g l e  c y c l e  of  a  s i n e  wave of  s t e e r i n g  t o  a v e h i c l e  which 

i s  i n i t i a l l y  moving i n  a s t r a i g h t  l i n e  p a t h .  The i n p u t  i s  

a p p l i e d  a t  a  s e l e c t e d  i n i t i a l  v e l o c i t y  fo l lowing  t h r o t t l e  

r e l e a s e .  The t e s t  procedure  invo lves  t h e  execu t ion  of a  

l a r g e  number o f  r u n s ,  performed a t  i n c r e a s i n g  s t e e r i n g  ampli-  

t udes  from each of  two v e l o c i t i e s ,  4 5  mph and 6 0  rnph. S t e e r  

ampl i tudes  a r e  s e l e c t e d  such t h a t  t r a j e c t o r i e s  cover  t h e  f u l l  

range of  emergency l a n e  change performance.  

Response F e a t u r e s :  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 responses  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  ampl i 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 ega rd  

t o  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 a b l e  
l i m i t  would n o t  seem t o  a p p l y .  



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

i d e n t i f i e d ,  however ,  which can  b e  c h a r a c t e r i z e d  a s  asymmetr ies  

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

h a l f - w a v e s  o f  t h e  s i n u s o i d a l  s t e e r  i n p u t .  These  l i m i t  

r e s p o n s e s  can  b e  c a t e g o r i z e d  a s  " u n d e r c o r r e c t i v e "  and "over -  

c o r r e c t i v e f f  yawing mot ions  i n  which t h e  s econd  h a l f  o f  t h e  

s i n e  wave i s  viewed a s  t h e  c o r r e c t i v e  o r  r e c o v e r y  s t a g e ,  

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

i n i t i a l  h e a d i n g .  

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

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

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

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

i n  F i g u r e  4 . 1 2 .  The f r o n t  t i r e s ,  d u r i n g  t h e  s econd  h a l f  wave 

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

o f  t h e  r e c o v e r y  p o l a r i t y  t o  p roduce  a  r e s t o r i n g  yaw moment 

o f  s u f f i c i e n t  magn i tude .  C a r r i e d  t o  t h e  ex t r eme ,  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 o f  s t e e r i n g ,  which 

s p i n o u t  t h e  s econd  h a l f  of  t h e  symmet r ic  s t e e r  i n p u t  i s  

i n c a p a b l e  o f  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 i g u r e  4 . 1 3 ,  r e s u l t s  i n  a t e r m i n a l  h e a d i n g  

which i s  d i r e c t e d  back  toward  t h e  o r i g i n a l  l a n e  f rom which 

t h e  maneuver began-the r e c o v e r y  h a l f  o f  t h e  s t e e r i n g  i n p u t  

b e i n g  more e f f e c t i v e  t h a n  t h e  i n i t i a l  s t e e r i n g  i n p u t .  The 

p h y s i c a l  mechanism u n d e r l y i n g  t h i s  phenomenon remains  t o  b e  

f u l l y  i d e n t i f i e d .  

V e h i c l e  pe r fo rmance  would b e  judged  a s  b e i n g  deg raded  

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

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

which were  l ower  t h a n  t h o s e  l e v e l s  p r o d u c i n g  s i m i l a r  r e s p o n s e s  

on t h e  r e f e r e n c e  v e h i c l e .  
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4 . 1 . 6  VHTP # 6  - DRASTIC STEERIBRAKE. 

O b j e c t i v e :  To impose t h e  maximum c h a l l e n g e  t o  t h e  

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  can b e  d e r i v e d  s o l e l y  from 

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

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

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

no b r a k i n g ,  w i t h  t h e  v e h i c l e  c o a s t i n g  a t  an  i n i t i a l  v e l o c i t y  

o f  e i t h e r  50 o r  60 mph. A p e r u s a l  o f  t h e  r e s p o n s e  d a t a  from 

t h a t  r u n  i s  made and t h e  t i m e  i s  de t e rmined  a t  which yaw 

r a t e  a t t a i n s  95% of  i t s  maximum v a l u e .  Next ,  a  r u n  i s  made 

w i t h  t h e  same 

i n i t i a t e d  ( s u  

95% o f  peak  y  

two s e c o n d s .  

v e l o c i t y  
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r o l l  

r e s p o n s e  i s  examined,  s u c h  t h a t  t h e  p r e c i s e  t ime  f o r  b r a k e  

r e l e a s e  i n  t h e  f o l l o w i n g  r u n  can  b e  d e t e r m i n e d .  I n  t h e  n e x t  

r u n ,  t h e  b r a k e  r e l e a s e  t ime  i s  s e t  t o  c o i n c i d e  w i t h  t h e  peak  

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

t h e  r o l l  o v e r  p r o c e s s .  

Response F e a t u r e s :  The s t e e r i n g  i n p u t ,  l a s t i n g  f o r  one  

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

v e h i c l e  t o  a c h i e v e  a  s i g n i f i c a n t  a n g u l a r  momentum i n  yaw by 

t h e  t ime  whee ls  a r e  l o c k e d  (somewhere between 0 . 5  and 0 .75  

s e c o n d s ) .  When a l l  whee ls  a t t a i n  100% s l i p ,  t h e  v e h i c l e  

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

i n  yaw, a c c u m u l a t i n g  body s i d e s l i p  a t  n e a r l y  c o n s t a n t  r a t e  

( s e e  t i m e  h i s t o r i e s  shown i n  F i g u r e  4 . 1 4 ) .  The sp rung  mass ,  

o f  c o u r s e ,  h a s  responded  t o  t h e  i n i t i a l  r o l l  moment, by 

r o l l i n g  c l o c k w i s e ,  s a y ,  f o r  a  c o u n t e r c l o c k w i s e  s t e e r i n g  i n p u t .  

S i n c e  wheel  lockup  r e s u l t s  i n  a  l o s s  i n  t i r e  s i d e  f o r c e ,  

t h e  r o l l  moment d rops  t o  n e a r  z e r o  w i t h  b r a k e  a p p l i c a t i o n ,  

and t h e  s p r u n g  mass rebounds  c o u n t e r c l o c k w i s e  i n  r o l l .  Being 
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an underdamped mode o f  r e s p o n s e ,  t h e  sp rung  mass o v e r s h o o t s  

i n  r o l l  and rebounds a g a i n ,  now r o l l i n g  c l o c k w i s e .  Upon 

b r a k e  r e l e a s e ,  t h e  whee ls  s p i n  up toward  f r e e l y  r o l l i n g  

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

(between 10' and 30° ,  g e n e r a l l y ) .  The s t e p - l i k e  q u a l i t y  of  

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

d e t e r m i n a t i o n  of  r o l l  o v e r s h o o t ,  because  o f  t h e  r equ i r emen t  

t o  p r o v i d e  maximum n e t  r o l l  moment w h i l e  t h e  sp rung  mass i s  

p a s s i n g  t h rough  z e r o  r o l l  a n g l e ,  w i t h  peak r o l l  r a t e .  

On most p a s s e n g e r  v e h i c l e s ,  s u f f i c i e n t  r o l l  energy  i s  

accumula ted  t o  c a r r y  t h e  r o l l  mot ion i n t o  t h e  r e g i o n  o f  bump 

s t o p  c o n t a c t ,  a t  which t ime  t h e  r o l l  moment can be f u r t h e r  

i n c r e a s e d  a s  t h e  r o l l  momentum o f  t h e  sp rung  mass i s  r e a c t e d  

w i t h  an impulse  t h a t  immedia te ly  i n c r e a s e s  t h e  v e r t i c a l  t i r e  

l o a d  on t h e  o u t s i d e  w h e e l s .  A t  t h i s  t i m e ,  t h e  summation o f  

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

s t a t i c  we igh t  and a  commensurate i n c r e a s e  i n  s i d e  f o r c e  i s  

r e a l i z e d .  I f  t h e  t o t a l  o v e r t u r n i n g  moment i n  r o l l  a t  t h i s  

j u n c t u r e  exceeds  t h e  g r a v i t y  moment, t h e  v e h i c l e  w i l l  l i f t  

i t s  i n s i d e  w h e e l s ;  i f  n o t ,  t h e  v e h i c l e  w i l l  n o t  r o l l  ove r  i n  

t h i s  maneuver.  

V e h i c l e  per formance  would b e  judged a s  b e i n g  degraded  

i n  comparison w i t h  a  n o n r o l l o v e r  b a s e l i n e  pe r fo rmance ,  i f  i t  

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

b r a k e  i n p u t s .  



4 .2  PILOT TEST FINDINGS 

4 . 2 . 1  TEST CONDITIONS. As i n d i c a t e d  e a r l i e r ,  two o f  

t h e  t o t a l  sample  o f  e i g h t  v e h i c l e s  were  u sed  i n  a  p i l o t  

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

r e l a t i n g  component d e g r a d a t i o n  t o  l i m i t  maneuver pe r fo rmance .  

By means o f  t h e  f i n d i n g s  p roduced  i n  t h e  s i m u l a t i o n  s t u d y ,  

i t  became p o s s i b l e  t o  examine a  r educed  m a t r i x  o f  d e g r a d a -  

t i o n s ,  and s t i l l  o b t a i n  mean ing fu l  i n f o r m a t i o n .  The degraded  

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

" n e g a t i v e "  s e n s i t i v i t y  c a t e g o r i e s ,  i n  t e rms  of  t h e i r  p r e -  

d i c t e d  i n f l u e n c e  on l i m i t  maneuver pe r fo rmance .  

I n  o r d e r  t o  e x p e d i t e  t h e  t e s t i n g ,  t h e  Ford Mustang was 

equ ipped  t o  pe r fo rm  t h e  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  

t h a t  a r e  e x e c u t e d  by a  d r i v e r  (VHTP # ' s  1, 2 ,  and 3 ) ,  w i t h  

t h e  Dodge Corone t  b e i n g  equ ipped  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  

t h a t  i s  needed t o  pe r fo rm  VHTP # I s  4 ,  5 ,  and 6 .  A v a r i e t y  o f  

mechan i ca l  d e v i c e s  and v e h i c l e  m o d i f i c a t i o n s  were  u sed  t o  

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

v e h i c l e s  and a l s o  i n t o  t h e  v e h i c l e s  t h a t  were  s u b s e q u e n t l y  

t e s t e d  i n  t h e  f u l l - s c a l e  t e s t  program.  The schemes u s e d  f o r  

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

v e h i c l e s  a r e  d e s c r i b e d  i n  d e t a i l  i n  Appendix V .  

The f o l l o w i n g  wear  and d e g r a d a t i o n  modes were  i n t r o d u c e d  

i n t o  t h e  d r i v e r  t e s t  s e r i e s :  

(1) D e g r a d a t i o n  Code 1 - F r o n t  End Misa l ignment  

Toe: 15/16" o u t  (2' i n c l u d e d  a n g l e )  

Camber: l e f t  wheel  0 ° ,  r i g h t  wheel  3/4O n e g a t i v e  

C a s t e r :  l e f t  wheel  3-1/2O p o s i t i v e ,  r i g h t  

wheel  4 -1 /4"  p o s i t i v e  



(2)  D e g r a d a t i o n  Code 2 - F r o n t  Wheel Lash (combined 

t i e - r o d  end ,  b a l l  j o i n t ,  whee l  b e a r i n g ,  and 

s t e e r i n g  g e a r  box)-approximately  t 2 O  f r e e  p l a y  

a t  t h e  f r o n t  whee l s  w i t h  no l o a d  on t h e  w h e e l s .  

When t h e  e l emen t s  a r e  l o a d e d ,  a  s i z e a b l e  moment 

i s  needed  t o  r e a c h  t h i s  amount o f  p l a y .  (The 

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

i n  Appendix V . )  

(3) D e g r a d a t i o n  Code 50 - F r o n t  Wheel Lash Wi thout  

Wheel Bea r ing  Looseness  - Same a s  (2 )  w i t h o u t  

whee l  b e a r i n g  p l a y .  

(4)  D e g r a d a t i o n  Code 51 - F r o n t  Wheel Lash P l u s  

Wheel Imbalance - Same a s  ( 2 )  w i t h  10 ounces  

o f  l e a d  added on t h e  rim o f  t h e  r i g h t - f r o n t  

whee l .  

( 5 )  D e g r a d a t i o n  Code 52 - Removed R o l l - B a r  Bushings  

A l l  f o u r  r u b b e r  b u s h i n g s  removed from b o t h  

v e r t i c a l  s t r u t  l i n k s  a t  t h e  c o n n e c t i o n  o f  t h e  

r o l l  b a r  t o  each  lower  c o n t r o l  arm. 

( 6 )  D e g r a d a t i o n  Code 53 - Long Shackles-used 

i n  r ep l acemen t  o f  o r i g i n a l  equipment  r e a r  l e a f  

s p r i n g  s h a c k l e s .  

( 7 )  D e g r a d a t i o n  Code 5 4  - F r o n t  Wheel Lash P l u s  

Brake Imbalance 

(Code 54-1)  Same a s  ( 2 ) ,  w i t h  b r a k e  p r e s s u r e  

imbalance  on f r o n t  b r a k e s  of  t h e  p r o p o r t i o n ,  

1 . 0  l e f t ,  0 . 7  r i g h t .  

(Code 54-2)  Same a s  5 4 - 1 ,  b u t  w i t h  f r o n t  b r a k e  

p r e s s u r e  imbalanced  by t h e  p r o p o r t i o n ,  1 . 0  l e f t ,  

0 . 4  r i g h t .  



( 8 )  Degrada t ion  Code 55 - 90%-Oi l -Loss  Shock 

Absorbers  on t h e  Rear .  

( 9 )  Degrada t ion  Code 56 - 9 0 % - O i l - L o s s  Shock 

Absorbers-at a l l  f o u r  whee l s .  

(10) Degrada t ion  Code 57 - Shock Absorbers  w i t h  

Worn Rod Guides and Broken Valve Discs  on 

t h e  Rear .  

(11) Degrada t ion  Code 58 - Worn Rod Guide and Broken 

Valve Disc  Shock Absorbers-at a l l  f o u r  whee l s .  

(12) Degrada t ion  Code 61 - Combined Degrada t ions  

P l ay  a s  i n  (2) 

Shock Absorbers  as  i n  (10) 

0 . 4  b r ake  imbalance a s  i n  (7) 

(13) Degrada t ion  Code 62 - Dry Surface-Loaded  Capac i ty ;  

Wet S u r f a c e  

Code 62 -1  - a s  i n  (12) w i t h  no b rake  imbalance 

s u r f a c e  dry  

v e h i c l e  l oaded  t o  c a p a c i t y  

Code 62-2 - a s  i n  (12) 

s u r f a c e  dry  

v e h i c l e  loaded  t o  c a p a c i t y  

Code 62 -3  - a s  i n  (12) w i t h  no b r a k e  imbalance 

s u r f a c e  wet 

normal l o a d i n g  

Code 62-4 - a s  i n  (12) 

s u r f a c e  wet 

normal l o a d i n g  

(Note t h a t  s t r a i g h t - l i n e - b r a k i n g  t e s t s  were n o t  run  f o r  

d e g r a d a t i o n s  w i t h  b r a k e  imba lance . )  



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

t e s t  s e r i e s  i n c l u d e  mos t  of  t h o s e  c o n d i t i o n s  which were  u sed  

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

b r a k e  imba lance .  Th i s  l a t t e r  c o n d i t i o n  was exc luded  w i t h  

t h e  r e c o g n i t i o n  t h a t  t h e  one a u t o m a t i c  s e r i e s  t e s t  i n v o l v i n g  

b r a k i n g ,  VHTP # 6 ,  was i n t e n d e d  t o  examine r o l l  r e s p o n s e  

f o l l o w i n g  wheel  l o c k i n g .  Brake imbalance  would mere ly  have 

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

t h e  r o l l o v e r  p r o p e n s i t y  by p r e v e n t i n g  c e r t a i n  whee ls  from 

l o c k i n g .  The wear and d e g r a d a t i o n  modes i n t r o d u c e d  i n t o  t h e  

a u t o m a t i c  c o n t r o l l e r  t e s t  s e r i e s  we re :  

(1)  Deg rada t i on  Code 100 - Front -End  Misa l ignment  

Toe : i n ,  1 -3 /16"  (4"  i n c l u d e d  a n g l e )  

C a s t e r :  l e f t  wheel  - 2 " ,  r i g h t  wheel  - l o  

Camber: l e f t  wheel  0 ° ,  r i g h t  wheel  - l o  

(2)  Deg rada t i on  Code 1 0 1  - F r o n t  Wheel Lash P l u s  

Wheel Imbalance 

Combined t i e - r o d  end ,  b a l l  j o i n t ,  wheel  b e a r i n g ,  

and s t e e r i n g  g e a r  p lay-approximately  t1. lo  a t  

t h e  f r o n t  whee ls  w i t h  no l o a d  on t h e  w h e e l s .  

Wheel imbalance  - 10 ounces  o f  l e a d  on t h e  

r i g h t  f r o n t  w h e e l ,  

(3 )  Deg rada t i on  Code 1 0 2  - 9 0 % - O i l - L o s s  Shock 

Absorbers  On A l l  Four Wheels 

( 4 )  Deg rada t i on  Code 1 0 3  - Worn Rod Guide and Broken 

Valve  D i s c  Shock Abso rbe r s  On A l l  Four  Wheels 

( 5 )  Deg rada t i on  Code 104 - Worn Rod Guide and Broken 

Valve D i s c  Shock Abso rbe r s  P l u s  F r o n t  Wheel Lash 

P l u s  Wheel Imbalance (no b a l l  j o i n t  l a s h  due t o  

f a i l u r e  o f  t h e  d e g r a d a t i o n  mechanism) P l u s  

Wheel Imbalance 



(6 )  D e g r a d a t i o n  Code 105 - Worn Rod Guide and Broken 

Valve  D i s c  Shock Abso rbe r s  P l u s  Wheel Imba lance  

( 7 )  D e g r a d a t i o n  Code 106 - Worn Rod Guide and Broken 

Va lve  D i s c  Shock Abso rbe r s  P l u s  F ron t -End  

Misa l i gnmen t  

4 . 2 . 2  FINDINGS RELATED TO THE DEGRADATION STUDY. 

4 . 2 . 2 . 1  S t r a i g h t  L ine  B r a k i n g .  Examina t ion  o f  

s t r a i g h t  l i n e  b r a k i n g  r e s u l t s  f o r  each  o f  t h e  deg raded  c o n d i -  

t i o n s  a s  compared w i t h  each  o f  t h r e e  s e t s  o f  o r i g i n a l  

equipment  c o n d i t i o n  t e s t s ,  i n d i c a t e d  a  g e n e r a l  i n s e n s i t i v i t y  

o f  peak  (non - two-whee l s - l ocked )  a c c e l e r a t i o n  pe r fo rmance  t o  

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

" i n s e n s i t i v i t y "  r e f l e c t s  t h a t  t h e  deg raded  c o n d i t i o n  d a t a  

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

was a n t i c i p a t e d  i n  t h a t  i t  i s  r e c o g n i z e d  t h a t  peak  non-whee l s  

l o c k e d  b r a k i n g  depends  p r i m a r i l y  upon t h e  l o n g i t u d i n a l  f o r c e  

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

t h e  l o c a t i o n  of t h e  v e h i c l e ' s  c e n t e r  o f  mass .  

4 . 2 . 2 . 2  B rak ing - In -A-Turn .  Data  g a t h e r e d  f o r  t h i s  

maneuver ,  a s  i n  VHTP #1, was found  t o  i n d i c a t e  g e n e r a l l y  

n e g a t i v e  s e n s i t i v i t i e s ,  e x c e p t  f o r  c o n d i t i o n s  o f  s t e e r i n g  

and  s u s p e n s i o n  sy s t em d e g r a d a t i o n s  combined w i t h  b r a k e  i m -  

b a l a n c e .  C l e a r l y ,  d a t a  i n d i c a t e d  a  s e n s i t i v i t y  o f  r e s p o n s e  

d e r i v i n g  from t h e  i nduced  moments accompanying b r a k e  imba l ance ,  

a s  w e l l  a s  t h e  e x p e c t e d  l o s s  i n  o v e r a l l  b r a k i n g  due t o  

a  d e c r e a s e d  e f f e c t i v e n e s s  a t  one f r o n t  b r a k e .  N e v e r t h e l e s s ,  

t h i s  s e n s i t i v i t y  was f e l t  t o  b e  mere ly  i n d i c a t i v e  o f  t h e  

impor t ance  o f  b r a k e  i m b a l a n c e ,  and was n o t  r e p r e s e n t a t i v e  o f  

a  pe r fo rmance  change d e r i v i n g  from d e g r a d a t i o n  o f  s t e e r i n g  

and  s u s p e n s i o n  sy s t em components .  



4 . 2 . 2 . 3  Roadholding I n  A Turn .  The pe r fo rmance  o f  

t h e  Mustang was found  t o  b e  marked ly  a l t e r e d  o n l y  i n  t h o s e  

t e s t  c o n d i t i o n s  i n  which t h e r e  was a  heavy r e d u c t i o n  i n  

shock  a b s o r b e r  e f f e c t i v e n e s s .  I n  t h e  t e s t  c o r r e s p o n d i n g  t o  

d e g r a d a t i o n  Code 55  (bo th  r e a r  shock  a b s o r b e r s  degraded  by 

removal  o f  90% o f  t h e  h y d r a u l i c  f l u i d )  an a p p a r e n t  s p i n o u t  

t endency  was n o t e d ,  w h i l e  i n  t h e  t e s t  c o r r e s p o n d i n g  t o  

d e g r a d a t i o n  Code 56 ( 9 0 % - o i l - l o s s  i n  a l l  f o u r  shock  a b s o r b e r s )  

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

I n t e r e s t i n g l y ,  however ,  t h e  shock  a b s o r b e r s  which had been  

a l t e r e d  m e c h a n i c a l l y  (w i th  worn r o d  g u i d e s  and b roken  v a l v e  

d i s c s )  d i d  n o t  a p p e a r  t o  c a u s e  any p e r c e p t i b l e  change i n  

pe r fo rmance .  

4 . 2 . 2 . 4  Automat ic  C o n t r o l l e r  T e s t  S e r i e s .  P i l o t  t e s t s  

were  r u n  w i t h  t h e  Dodge C o r o n e t ,  c o v e r i n g  t h e  f u l l  l i s t  o f  

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

and  d r a s t i c  s t e e r l b r a k e  maneuvers .  Over a  t h r ee -week  p e r i o d ,  

t e s t s  were  conduc t ed  which y i e l d e d  d a t a  w i t h  a  v e r y  l a r g e  

d e g r e e  o f  v a r i a b i l i t y .  Responses  t o  t r a p e z o i d a l  s t e e r  t e s t s ,  

f o r  example ,  were  s e e n  t o  i n d i c a t e  peak l a t e r a l  a c c e l e r a t i o n s  

which v a r i e d  o v e r  a  0 . 5  g  r a n g e .  Repea ted  r u n s  o f  t h e  Dodge 

i n  t h e  O . E .  c o n d i t i o n  showed a  0 . 2  g  r a n g e .  S i n u s o i d a l  

s t e e r  r e s u l t s  were  l i k e w i s e  s e e n  t o  v a r y  w i d e l y ,  i n d i c a t i n g  

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

n o t  b e  r e c o n c i l e d  w i t h  basic :  p r i n c i p l e s  o f  v e h i c l e  mechan i c s .  

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

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

per formance  f o r  VHTP maneuvers # 4  and 5 .  

I n  maneuver # 6 ,  D r a s t i c  S t e e r  and Brake ,  a  s i n g l e  

p ronounced  s e n s i t i v i t y  was o b s e r v e d  which was f e l t  t o  b e  

i n d i c a t i v e  o f  a  fundamenta l  r e l a t i o n s h i p  between component 

d e g r a d a t i o n  and r o l l  o v e r  p o t e n t i a l .  While c o n d u c t i n g  
d r a s t i c  s t e e r / b r a k e  runs  w i t h  d e g r a d a t i o n  Code 106 ,  (shock 



a b s o r b e r s  w i t h  worn rod guide  and broken va lve  d i s c  i n  

combinat ion wi th  s e v e r e  f r o n t  end misal ignment)  t h e  Dodge 

Coronet r o l l e d  over  w i t h  s u f f i c i e n t  s e v e r i t y  as  t o  c o l l a p s e  

t h e  o u t r i g g e r  assembly, w i t h  t h e  v e h i c l e  coming t o  r e s t  on 

i t s  roof  (F igure  4 . 1 5 ) .  

The above f i n d i n g s  i n d i c a t e d  t h a t  a  r e s e a r c h  e f f o r t  was 

needed t o  de termine  t h e  cause  of  t h e  observed v a r i a b i l i t y ,  

bo th  t o  pe rmi t  meaningful  assessments  of degrada t ion  s e n s i -  

t i v i t y  t o  be made and a l s o  t o  e s t a b l i s h  b a s e l i n e ,  o r  O . E . ,  

performance as  a  r e p r e s e n t a t i v e  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 .  

4 . 2 . 3  FINDINGS RELATED TO THE TIRE-SURFACE FRICTION 

STUDY. Fol lowing review of t h e  d a t a  g a t h e r e d  i n  t h e  a u t o -  

ma t i c  t e s t  s e r i e s ,  i t  was hypo thes i zed  t h a t  t h e  observed 

v a r i a b i l i t y  could  only be 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 .  A "crash" 

i n v e s t i g a t i o n  was i n i t i a t e d  t h a t  c o n c e n t r a t e d  on t i r e  p r o -  

p e r t i e s  f e l t  t o  be t h e  f a c t o r s  r e s p o n s i b l e  f o r  t h e  observed 

v a r i a b i l i t i 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 IX, and a r e  summarized 

i n  t h i s  s e c t i o n .  

By conduct ing  v e h i c l e  t e s t s  and t i r e  t e s t s ,  t h e  l a t t e r  

with t h e  HSRI mobile t i r e  t e s t e r ,  t h e  i n f l u e n c e  of  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 t h e  peak s i d e  f o r c e  c a p a b i l i t y  of 

t i r e s  was examined. These f o u r  v a r i a b l e s  were:  

1. T i r e  t r e a d  wear ,  a s  d e r i v e s  from t h e  conduct 

of  l i m i t  t u r n i n g  t e s t s .  

2 .  Drying t ime ,  a s  i t  a f f e c t s  t h e  recovery  of 

"dry pavement" f r i c t i o n  p r o p e r t i e s  fo l lowing  

a  r a i n f a l l .  



F i g u r e  4 .15 .  T h i s  v e h i c l e  r o l l e d  o v e r  i n  r e s p o n s e  
t o  d r a s t i c  s t e e r / b r a k e  i n p u t  w h i l e  
b e i n g  t e s t e d  w i t h  combined d e g r a d a t i o n s .  
(Note t h e  l a r g e  d e g r e e  o f  t o e - i n )  



3.  T e s t  s u r f a c e  t empera tu re .  

4 .  T e s t  s u r f a c e  m a t e r i a l .  

A remarkable 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  of 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  

d e r i v e d  from t h e  mobile  t i r e  t e s t e r  exper iments  and 

c o r r e l a t e d  w i t h  v e h i c l e  expe r imen 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  as  t h e  

b u t t r e s s  f i r s t  beg ins  t o  wear and e v e n t u a l l y  ach ieves  s t e a d y -  

s t a t e  a t  a  normal ized  f o r c e  l e v e l  t h a t  can be  a s  much a s  

4 0 %  h i g h e r  than  i n  t h e  unworn s t a t e  ( s e e  F i g .  4 . 1 6 ) .  F i g u r e  

4.17 shows t h e  r e s u l t s  of  t i r e - w e a r i n g  t e s t s  performed w i t h  

t h e  mobile t i r e  t e s t e r  on t i r e s  c o n s t i t u t i n g  o r i g i n a l  equ ip -  

ment on t h e  twelve  v e h i c l e s  t e s t e d  i n  t h e  companion (Vehic le  

Handling Performance) program. The ranges  of normal ized  

s i d e  f o r c e  measurements shown on t h i s  f i g u r e  were y i e l d e d  

by t e s t s  i n  which each t i r e  was loaded t o  approximate t h e  

r e s p e c t i v e  veh ic l e - imposed  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  sequence of  t e s t  runs  t o  o b t a i n  t h e  p e r f o r -  

mance bands i n d i c a t e d .  These d a t a  c l e a r l y  r e v e a l  t h a t  t h e  

s i d e  f o r c e  c a p a b i l i t y  of  t h e  t i r e  used by t h e  Dodge Coronet 

i s  markedly s e n s i t i v e  t o  s h o u l d e r  wear ,  and c o i n c i d e n t a l l y ,  

i s  s u b s t a n t i a l l y  more s e n s i t i v e  t o  s h o u l d e r  wear than  many 

o t h e r  t i r e s .  

A d d i t i o n a l  d a t a  a r e  g iven  i n  Appendix IX t o  i n d i c a t e  

t h e  degree  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  measurements t h a t  

i n d i c a t e  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  of  t h e  h i g h e r  wear 

r a t e s  on f r o n t  t i r e s  t h a t  i s  expe r i enced  dur ing  l i m i t - t u r n i n g  

exper imen t s .  
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Figure 4.16 





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

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  ach ievement  of s t e a d y - s t a t e  p e 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  of 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  pu rposes  o f  o b t a i n i n g  c o n s i s t e n t  v e h i c l e  

per formance  f o r  t h i s  s t u d y .  An obvious  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  

of  t h e  b a s e l i n 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  o f  u sage  which v e h i c l e s  would b e  

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 .  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  o f  

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 IX 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  o f  t h e  a s p h a l t  

t e s t  p a d ,  a s  soon a s  t h e  s u r f a c e  "appeared  

d r y , "  t h a t  i s ,  no p e r c e p t i b l e  da rken ing  was 

n o t i c e a b l e  i n  comparison t o  t h e  d r y  " 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  seen  

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 empera tu re ,  over  t h e  range 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  advantages 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  experiments  r e g a r d i n g  

t i r e  wear o r  s u r f a c e  t empera tu re .  

Thus, no r e f inemen t s  i n  t e s t  p r a c t i c e  were found necessa ry  

i n  r e l a t i o n  t o  t h e  t empera tu re ,  d ry ing  t ime,  and s u r f a c e  

m a t e r i a l  f a c t o r s .  



5 .  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  o f  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  

s i x  o p e n - l o o p ,  l i m i t  maneuver measures ,  d i s c u s s e d  i n  S e c t i o n  

4 ,  t o  a  t w o - v e h i c l e  sample .  As i n  t h e  p i l o t  t e s t s ,  v e h i c l e  

per formance  was measured f o r  b o t h  t h e  O . E .  and component- 

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

The t e s t  p r a c t i c e  which was obse rved  i n  p r e p a r i n g  and 

t e s t i n g  each v e h i c l e  i s  o u t l i n e d  below.  A d d i t i o n a l l y ,  t h e  

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

w i t h  an  i t e m i z a t i o n  of  t h e  mechanica l  c h a r a c t e r i s t i c s  of  each  

d e g r a d a t i o n  t h a t  was i n t r o d u c e d  i n t o  each  of  t h e  t e s t  v e h i c l e s .  

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

AMC Ambassador and t h e  Dodge Coronet  which had s e r v e d  a s  one 

o f  t h e  p i l o t  t e s t  v e h i c l e s  ( s e e  F i g u r e  5 . 1 ) .  

The r e sponse  d a t a  g e n e r a t e d  i n  t h i s  t e s t  program was 

p r o c e s s e d  from a n a l o g  magne t ic  t a p e s  by a  computer ized  d a t a  

h a n d l i n g  sy s t em,  f u l l y  d e s c r i b e d  i n  Appendix VI I .  Th i s  

computer ized  p r o c e s s i n g  p rocedu re  p rov ided  r e sponse  numer ics  

i n  d i g i t a l  form which were t h e n  p l o t t e d  f o r  each  v e h i c l e ,  

u s i n g  a  p r e s e n t a t i o n  fo rmat  which was i d e n t i c a l  t o  t h a t  used  

i n  t h e  companion V e h i c l e  Handl ing  Performance s t u d y  [ 7 ] .  
Thi s  commonality of  t e s t  d a t a  p r e s e n t a t i o n ,  a s  w e l l  a s  t e s t  

p r a c t i c e ,  makes p o s s i b l e  t h e  comparison o f  t h e  per formance  

v a r i a t i o n s  t h a t  a r i s e  due t o  component d e g r a d a t i o n  w i t h  t h e  

per formance  v a r i a t i o n s  t h a t  d e r i v e  from d e s i g n  d i f f e r e n c e s  

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

f o r  t h e  Dodge and Ambassador a r e  p r e s e n t e d  i n  t h e  form of  

summary p l o t s ,  a l o n g  w i t h  c o r r e s p o n d i n g  summary p l o t s  of  new 



1971 American Motors Ambassador 

1971 Dodge Coronet 

Figure 5.1. Vehicles used in full scale 
test program. 



c a r  pe r fo rmance .  By means of  such  a  compar i son ,  i t  i s  f e l t  

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

i n f l u e n c e  o f  component d e g r a d a t i o n  on v e h i c l e  h a n d l i n p ,  by 

way of  t h e  v e h i c l e  r e s p o n s e  measures  t h a t  have been r e c e n t l y  

deve loped ,  g i v e n  t h a t  no g e n e r a l  scheme has  been  e s t a b l i s h e d  

f o r  i n t e r p r e t i n g  t h e s e  measures  i n  a  s a f e t y  c o n t e x t .  

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

v e h i c l e s  i n  t h e  O . E .  and degraded  s t a t e s  a r e  p r e s e n t e d  i n  

Appendix X .  

5 . 1  GENERAL TEST PRACTICE EMPLOYED IN THE FULL-SCALE TEST 
PROGRAM 

V e h i c l e  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 conduc t ing  

two p a r a l l e l  s e r i e s  of  e x p e r i m e n t s ,  w i t h  t h e  equipment r e q u i r e d  

t o  pe r fo rm t h e  d r i v e r  and a u t o m a t i c  s e r i e s  of  t e s t s  b e i n g  

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  o f  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  e q u i p -  

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  i n c l u d e d  t h e  f o l l o w i n g  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 :  

f i f t h  wheel  moun 1; b r a c k e t  

2 ,  b r a k e  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  whee ls  

3 .  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  

4 .  a  s t e e r i n g  l i m i t e r  mount b r a c k e t  

5 .  b r a k e  l i m i t e r  c o n n e c t i o n  t u b i n g  

6 .  p a i n t e d  b l a c k l w h i t e  masks on each  wheel 

7 .  f r o n t - w h e e l  s p i n d l e  mounts f o r  f r o n t - w h e e l  

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



8 .  r e a r - w h e e l  r o t a t i o n  d e t e c t o r  mounts 

9 .  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 

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  eng ine  

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 r a k e  b u r n i s h i n g  p rocedu re  (J843a)  

and was d r i v e n  a  minimum of  500 m i l e s  i n  a  normal t r a f f i c  

env i ronment .  T i r e s  f o r  b o t h  v e h i c l e s  were pu rchased  d i r e c t l y  

from t h e  m a n u f a c t u r e r s  such  t h a t  a l l  expe r imen t s  on e i t h e r  

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

o b s e r v e d :  

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  

o f  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 i gnmen t  was a d j u s t e d  t o  b e  

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 i n s t r u m e n 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 o f  wheel  a l i g n m e n t  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 .  

T h i s  r a t i o  was de t e rmined  a s  t h e  a v e r a g e  r a t i o  

f o r  b o t h  whee ls  t u r n e d  1 2 "  l e f t  and r i g h t :  

where :  6 = s t e e r i n g  wheel  a n g l e  f o r  1 2 "  l e f t  
SW1 t u r n  on l e f t  f r o n t  whee l  

6 = s t e e r i n g  wheel  a n g l e  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  

6 = s t e e r i n g  wheel  a n g l e  f o r  12"  l e f t  
SW3 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  a n g l e  f o r  12"  r i g h t  
SW4 t u r n  on r i g h t  f r o n t  w h e e l .  

The v a l u e  of  NG was u sed  t o  compute t h e  c o n t r o l  

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

l i n e d  i n  Appendix VI I .  

8 .  Next ,  t r i a l  r u n s  were  conduc t ed ,  w i t h  sample  d a t a  

t a k e n  and checked .  

9. New t i r e s  which had  been  "broken i n "  by a t  l e a s t  

100 m i l e 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  

c o n d u c t i n g  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 .  Dur ing  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  m a i n t a i n e d  a t  t h e  m a n u f a c t u r e r t 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 a n k  was m a i n t a i n e d  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 t o p p e d  a f t e r  20 r u n s  and t h e  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 a g o n a l  p o s i t i o n .  F u r t h e r  

r uns  were conduc t ed  a s  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 IX. 



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-mile  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  was 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 VI I I .  

T e s t  procedures  were conducted ,  w i t h  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 2 5  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 recorded  i n  a  d a t a  l o g  book a s  w e l l  a s  

be ing  i d e n t i f i e d  on t h e  vo ice  channel  of t h e  

t a p e  r e c o r d e r .  

1 4 .  Following 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  a u t o -  

mat ic )  a  p o s 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  com- 

pa red  wi th  t h e  v a l u e s  taken  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  response  v a r i a b l e s  were 

seen  t o  have v a r i e d  more than  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  

A 
X 

A 
Y 

Allowed C a l i b r a t i o n  V a r i a t i o n  

1 112% 

1 1 / 2 %  

1 5 .  F ron t -end  al 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 .  Reco rd ings  were  o b t a i n e d  o f  e n v i r o n m e n t a l  

c o n d i t i o n s  t h r o u g h o u t  t h e  t e s t  p rogram,  even  

though i t  was r e c o g n i z e d  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  a p p l y  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  

s c r u b b i n g  sweeper  t o  minimize t h e  d e t e r i o r i a t i o n  

of  f r i c t i o n  p r o p e r t i e s  c aused  by s u r f a c e  

c o n t a m i n a t i o n .  

1 8 .  S k i d  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  a v e r a g e  d r y  pavement ASTM 

s k i d  numbers o f  7 6 -  82 .  

19 .  A l l  r e s p o n s e  d a t a  g a t h e r e d  d u r i n g  t h e  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 .  When 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  commercia l  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  wha t eve r  

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 .  

H e i g h t  o f  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  a u t o m a 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  e n a b l e  e s t i m a t e s  t o  

b e  made o f  t h e  e l e v a t i o n  o f  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 .  The i n s t a l l e d  g e a 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 o a d  compares f a v o r a b l y  w i t h  a  nominal  two p a s s e n g e r - n o  

l uggage  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  o f  

a  v e h i c l e  l o a d e d  w i t h  two p a s s e n g e r s  and no l u g g a g e ,  i t  would 

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



5.2 DEGRADED VEHICLE TEST CONDITIONS 

A l i m i t e d  m a t r i x  o f  d e g r a d a t i o n  c o n d i t i o n s  was s e l e c t e d  

f o r  t h e  f u l l - s c a l e  t e s t  p rogram,  a s  o u t l i n e d  i n  T a b l e  5 - 1 ,  

which was s t r u c t u r e d  t o  p u r s u e  b o t h  p o s i t i v e  and n e g a t i v e  

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

t i o n .  I n  t h e  c a s e  o f  p o s i t i v e  s e n s i t i v i t i e s ,  t h e  l i m i t e d  

m a t r i x  i n c l u d e d  c o n d i t i o n s  t o  p r o v i d e  d a t a  on :  

( 1 )  t h e  e f f e c t  o f  shock  a b s o r b e r s  on s t r a i g h t -  

l i n e  b r a k i n g  (w i th  l i m i t e d  m a t r i x  d e g r a d a t i o n  

code D2) 

( 2 )  t h e  e f f e c t  o f  shock  a b s o r b e r s  on t u r n i n g  on a  

rough r o a d  (code  Dl and D2) 

(3)  t h e  e f f e c t  o f  shock  a b s o r b e r l f r o n t - e n d  

mi sa l i gnmen t  combina t i on  on d r a s t i c  

s t e e r / b r a k e  pe r fo rmance  (code  A4) 

(4)  t h e  e f f e c t  o f  f r o n t - e n d  mi sa l i gnmen t  a l o n e  

on t r a p e z o i d a l  s t e e r  and s i n u s o i d a l  s t e e r  

(code  A3) 

To b e  a b l e  t o  i n t e r p r e t  t h e  r e s u l t s  o f  shock  a b s o r b e r s  

and  f r o n t - e n d  mi sa l i gnmen t  i n  combina t i on ,  i t  was n e c e s s a r y  

t h a t  b o t h  modes b e  t e s t e d  a l o n e .  Thus,  a n o t h e r  s e t  o f  r u n s  

was done i n  t h e  a u t o m a t i c  s e r i e s  unde r  Code A l ,  s hock  

a b s o r b e r s  a l o n e .  

I n  a d d i t i o n  t o  s e l e c t i n g  t e s t s  which a r e  e x p e c t e d  t o  

p r o v i d e  f u r t h e r  d a t a  toward  p o s i t i v e  f i n d i n g s ,  i t  was d e t e r -  

mined t h a t  t e s t s  b e  made i n c o r p o r a t i n g  d e g r a d a t i o n  modes f o r  

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

f i n d i n g s ,  a l t h o u g h  t h e r e  was r e a s o n  t o  b e l i e v e  t h a t  d a t a  can  

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



TABLE 5 - 1  

DEGRADATION CODES-FULL-SCALE TESTS 

D e g r a d a t i o n  
Code D e s c r i p t i o n  A p p l i c a b l e  T e s t s  

Shock a b s o r b e r  d e g r a d a t i o n -  VHTP # 3  
b o t h  r e a r  whee l s  

Shock a b s o r b e r  d e g r a d a t i o n -  
a l l  f o u r  whee l s  

2 s t e e r i n g  sy s t em e l emen t s  
deg raded  (ba l .1  j o i n t s  and  
t i e - r o d  e n d s )  

4 s t e e r i n g  s)jrs tem e l e m e n t s  
d e g r a d e d  ( b a l l  j o i n t s ,  t i e -  
r o d  e n d s ,  s t e e r i n g  g e a r  box ,  
and wheel  b e a r i n g s )  

D5 F r o n t  end mi sa l i gnmen t  

A 1  Shock a b s o r b e r  d e g r a d a t i o n -  VHTP # 4 ,  5 ,  6 
a l l  f o u r  whee l s  

4 s t e e r i n g  s y s t e m  e l e m e n t s  4 ,  5 ,  6 
deg raded  ( b a l l  j o i n t s ,  t i e -  
r o d  e n d s ,  s t e e r i n g  g e a r  box ,  
and  whee l  b e a r i n g s )  

A3 F r o n t  end mi sa l i gnmen t  4 ,  5 ,  6 

A4 F r o n t  end mi sa l i gnmen t  corn- 4 ,  5 ,  6 
b i n e d  w i t h  shock  a b s o r b e r  
d e g r a d a t i o n  a t  a l l  f o u r  
whee l s  

T e s t  P r o c e d u r e  I d e n t i f i c a t i o n  

VHTP #1 - S t r a i g h t  L ine  Brak ing  

VHTP # 2  - B r a k i n g  I n  A Turn 

VHTP # 3  - Roadhold ing  I n  A Turn 

VHTP # 4  - T r a p e z o i d a l  S t e e r  

VHTP # 5  - S i n u s o i d a l  S t e e r  

VHTP # 6  - D r a s t i c  S t e e r  and Brake 



Nega t ive  f i n d i n g s  were  e x p e c t e d  t o  b e  fo r thcoming  from 

t e s t  d a t a  document ing:  

(1)  t h e  e f f e c t  o f  a l l  f o u r  s t e e r i n g  sy s t em 

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

( w i t h  codes  D4 and A2) 

( 2 )  t h e  e f f e c t  o f  b a l l  j o i n t  and t i e - r o d  end p l a y  

on t h e  d r i v e r  s e r i e s  expe r imen t s  (w i th  code D3) and ,  

(3 )  t h e  e f f e c t  o f  f r o n t - e n d  mi sa l i gnmen t  on t h e  

d r i v e r  s e r i e s  expe r imen t s  (code D5) 

On b o t h  t h e  Dodge and t h e  Ambassador, components were  

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

Appendix V ,  t o  p r o v i d e  t h e  v a r i o u s  d e g r a d a t i o n s  i n d i c a t e d  

by t e s t  c o n d i t i o n  codes  D l  t h rough  A 4 .  The mechan i ca l  

c h a r a c t e r i s t i c s  o f  t h e s e  m o d i f i e d  components ,  a s  de t e rmined  

i n  t h e  l a b o r a t o r y ,  a r e  p r e s e n t e d  below.  Of i n t e r e s t  a r e  

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

mance. For  example ,  degraded  shock  a b s o r b e r  per formance  i s  

d e f i n e d  i n  terms o f  a  f o r c e - v e l o c i t y  d i ag ram,  which d iagram 

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

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

formance o f  t h e  o r i g i n a l  equipment  shock  a b s o r b e r .  The O . E .  

and degraded  per formance  o f  t h e  f r o n t  and r e a r  shock  a b s o r b e r s  

on b o t h  t e s t  v e h i c l e s  a r e  shown i n  F i g u r e s  5 .2  and 5 . 3 .  

L ikewi se ,  t h e  p e r t i n e n t  mechan i ca l  c h a r a c t e r i s t i c s  o f  

s t e e r i n g  sy s t em d e g r a d a t i o n s  a r e  d e f i n e d  by t h e  a l i g n i n g  

moment / s tee r  d e f l e c t i o n  d iagrams  p r e s e n t e d  i n  F i g u r e s  5 , 4  

and 5 . 5 .  I t  a p p e a r s  t h a t  t h e  diagrammed momen t /de f l ec t i on  

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

v a r i e t y  o f  s t e e r i n g - s y s t e m  d e g r a d a t i o n s .  These  f i g u r e s  c l e a r l y  , 

i l l u s t r a t e  t h e  l o a d - l a s h  p r o p e r t i e s  o f  t h e  sy s t em w h i l e  p r o -  

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

i n  i n t e r p r e t i n g  t e s t  r e s u l t s .  To produce  t h e  r e s u l t s  p l o t t e d  
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absorber characteristics 



L e f t  F r o n t  Right  F r o n t  

0 .01 .02 . 0 3  . 0 4  . 0 5  . 0 6  . 0 7  

Angle 0 (Radians)  

Degraded: B a l l  J o i n t ,  T i e  Rod End, S t e e r i n g  Gear ,  
and Wheel Bear ing  

F i g u r e  5.4 Ambassador s t e e r i n g  system measurements;  
d e g r a d a t i o n  codes D 4  and A 2  



-- O.E. 

Wheel Angle ? ( r a d )  

Degraded: B a l l  J o i n t ,  T i e  Rod End ,  S t e e r i n g  Gear,  

and Wheel Bear ing  

F i g u r e  5 . 5 .  Dodge s t e e r i n g  system measurements:  

Degrada t ion  Codes D4 and A 2  



i n  F i g u r e s  5 . 4  and 5 . 5 ,  an e x t e r n a l  moment was a p p l i e d  t o  

t h e  r i g h t  f r o n t  w h e e l ,  w h i l e  measur ing  t h e  s t e e r  d e f l e c t i o n  

o f  b o t h  f r o n t  w h e e l s .  With t h e  s t e e r i n g  wheel  h e l d  f i x e d ,  

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

and l a s h  f u n c t i o n s  d e r i v i n g  f rom t h e  s e r i e s  o f  sy s t em com- 

p o n e n t s  between t h e  f r o n t  whee l  and s t e e r i n g  w h e e l ,  w h i l e  

mot ion o f  t h e  n o n r e s t r a i n e d  l e f t  wheel  i n d i c a t e s  c o m p l i a n t ,  

f r i c t i o n a l ,  and l a s h  f u n c t i o n s  e x i s t i n g  between t h e  p i tman  

arm and t h e  s t e e r i n g  w h e e l .  

( R e c a l l  t h a t  t h e  methods u sed  t o  measure  shock  a b s o r b e r  

and s t e e r i n g  s y s t e m  p r o p e r t i e s  were  d i s c u s s e d  i n  S e c t i o n  

The d a t a  o b t a i n e d  f o r  t h e  Dodge and Ambassador shock  

a b s o r b e r s  i n d i c a t e  a  modera te  l e v e l  of  f o r c e  r e d u c t i o n ,  a s  

a  r e s u l t  o f  t h e  v i r t u a l l y  maximum wear  and d e t e r i o r a t i o n  o f  

t h e  shock  a b s o r b e r  assembly  assumed t o  o c c u r  i n  s e r v i c e ,  

w i t h o u t  f l u i d  l o s s .  

The d e g r a d a t i o n  o f  s t e e r i n g  s y s  tem components ,  t a k e n  

c o l l e c t i v e l y  i n  t e s t  codes  D4 and A 2 ,  r e p r e s e n t  a  l o a d -  

r e l a t e d  l a s h  o f  f r o n t  wheel  p o s i t i o n  on t h e  o r d e r  o f  k 1  t o  

2 d e g r e e s  maximum i n d e t e r m i n a c y .  Al though  t h i s  l e v e l  o f  p l a y  

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

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

s t e e r  a n g l e s  i n v o l v e d  a r e  s m a l l  i n  compar i son  t o  t h e  l a r g e  

i n p u t s  u sed  i n  l i m i t  maneuver ing .  Conve r se ly ,  a  1 t o  2 

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

t remendous v a r i a t i o n  i n  compar i son  w i t h  t h e  s t e e r  l e v e l s  

e n c o u n t e r e d  i n  normal  d r i v i n g .  

Three  deg raded  c o n d i t i o n  t e s t s  i n v o l v e d  mi sa l i gnmen t  

o f  t h e  f r o n t  w h e e l s .  I n  t h o s e  t e s t s  d e f i n e d  by codes  D5, 

A 3 ,  and A4, combined c a s t e r ,  camber and t o e  a d j u s t m e n t s  were  

made on b o t h  t h e  Dodge and  t h e  Ambassador,  a s  s p e c i f i e d  i n  



Tab le  5 - 2 .  The r a t i o n a l e  f o r  t h e  s e l e c t e d  combina t ion  of  

mi sa l ignmen t s ,  a s  i n t e n d e d  t o  r e p r e s e n t  a  maximum degrada-  

t i o n  i n  s t a t i c  wheel o r i e n t a t i o n s ,  i s  p r e s e n t e d  i n  Appendix 

V .  

TABLE 5- 2 

FRONT END MISALIGNMENT SPECIFICATIONS EXPRESSING 
CHANGES, RELATIVE TO THE O . E .  CONDITION AS 

PROVIDED FOR TEST CODES D5, A3, AND A 4  

Dodge Coronet  AMC Ambassador 

Toe I n  
( I n c l u d e d  Angle)  4 1 / 2 O  4 1 / 2 O  

L e f t  Wheel Camber 0 O 0 O 

Righ t  Wheel Camber - 1  1 / 2 O  - 1  1 1 4 '  

L e f t  Wheel C a s t e r  -2  3/4" - 3O 

Righ t  Wheel C a s t e r  - 2 O  - 3O 

5 . 3  FINDINGS OF THE FULL-SCALE TEST PROGRAM 

The 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 l l  be  

rev iewed by c o n s i d e r i n g  each maneuver c a t e g o r y  i n d i v i d u a l l y .  

Summary p l o t s  a r e  p r e s e n t e d  which c o n s i d e r  a l l  degraded 

sys tem d a t a  c o l l e c t i v e l y  i n  c o n t r a s t  w i t h  t h e  performance 

of t h e  b a s e l i n e  v e h i c l e ,  namely,  t h e  performance of  t h e  O . E .  

v e h i c l e  w i t h  " s t a b i l i z e d 1 '  t i r e s .  These p l o t s  were con-  

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

t h e  d i s t r i b u t i o n  and range  of  t h e  d a t a .  I n  a d d i t i o n ,  boun- 

d a r i e s  a r e  shown t h a t  d e f i n e  t h e  r ange  of  per formance  i n  t h e  

new c a r  p o p u l a t i o n ,  a s  e s t a b l i s h e d  i n  t h e  companion V e h i c l e  

Handl ing  Performance program [ 7 1  . Thus,  t h e  f i n d i n g s  

r e l a t i n g  component d e g r a d a t i o n  t o  l i m i t  h a n d l i n g  w i l l  b e  an 

e v a l u a t i o n  of  



a )  t h e  r e s p e c t i v e  v e h i c l e  ' s  d e p a r t u r e  from 

i t s  O . E .  p e r fo rmance  a s  caused  by t h e  

i n t r o d u c t i o n  o f  deg raded  s t e e r i n g  and 

s u s p e n s i o n  sys t em components 

b )  t h e  r e l a t i v e  change i n  pe r fo rmance ,  O . E .  

t o  deg raded ,  a s  compared w i t h  t h e  d i s t r i -  

b u t i o n  o f  new c a r  pe r fo rmance .  

5 . 3 . 1  STRAIGHT L I N E  BRAKING. Summary p l o t s  f o r  t h e  O . E .  

and deg raded  sys t em pe r fo rmance  o f  t h e  Dodge and Ambassador 

a r e  p r e s e n t e d  i n  F i g u r e s  5 . 6  and  5 . 7 .  These  f i g u r e s  a l s o  

i n c l u d e  p l o t s  summariz ing t h e  s t r a i g h t - l i n e - b r a k i n g  p e r f o r -  

mance o f  t h e  1 2 - c a r  v e h i c l e  s amp le .  The p l o t s  r e p r e s e n t  t h e  

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

a c h i e v e d  i n  s l o w i n g  from 35 mph t o  10 mph f o l l o w i n g  a p p l i c a -  

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

Ambassador and  Dodge b o t h  r e p r e s e n t  t h e  "high g a i n "  p o r t i o n  

of  t h e  b r a k i n g  e f f e c t i v e n e s s  s p e c t r u m  i n  t e rms  o f  t h e  Ax/Pb 

g r a d i e n t .  

Al though  b o t h  o f  t h e s e  p l o t s  show t h a t  degraded  s y s t e m  

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

a  p o s i t i v e  s e n s i t i v i t y  t o  component d e g r a d a t i o n  was o b s e r v e d  

i n  t h e  t e s t  d a t a  p roduced  by t h e  Dodge. F i g u r e  5 . 8  p r e s e n t s  

raw d a t a  t i m e  h i s t o r i e s  i n d i c a t i n g  t h a t  t h e  Dodge s u f f e r s  

a  r e a r  whee l  l ockup  and subsequen t  s p i n o u t  d u r i n g  t h e  d e g r a -  

d a t i o n  code D 2  ( f o u r  shock  a b s o r b e r s  deg raded )  t e s t  s e q u e n c e .  

T h i s  b e h a v i o r ,  which l i m i t e d  peak  d e c e l e r a t i o n  ( p r i o r  t o  

l o c k i n g  o f  two whee l s  on one a x l e )  t o  0 .59  g a s  compared w i t h  

0 . 7 3  g  i n  t h e  O . E .  c a s e ,  a p p a r e n t l y  r e s u l t e d  from a  r e a r -  

a x l e  o s c i l l a t i o n  commonly r e f e r r e d  t o  a s  "brake  hop."  T h i s  

whee l -hop  mode, c o i n c i d e n t  w i t h  b r a k e  a p p l i c a t i o n ,  c l e a r l y  

became u n s t a b l e  a t  t h e  p r e v a i l i n g  l e v e l  of  damping ( a s  
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p r o v i d e d  by t h e  degraded  shock a b s o r b e r s ) ,  a m p l i f y i n g  a t  

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

i n  t h e  raw d a t a  shown i n  F i g u r e  5 . 9 .  

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

degraded  shock  a b s o r b e r s  b e i n g  i n s t a l l e d  on t h e  Dodge shou ld  

be viewed a s  a  f i n d i n g  of  p o s i t i v e  s e n s i t i v i t y  t o  t h i s  

degraded  c o n d i t i o n .  The change i n  b r a k i n g  e f f i c i e n c y  caused  

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

comparison w i t h  t h e  s i z e a b l e  s p r e a d  i n  t h e  l i m i t - b r a k i n g  

per formance  e x h i b i t e d  by t h e  new c a r  p o p u l a t i o n .  

5 , 3 . 2  BRAKING IN A T U R N .  Response t o  a  s t e p  b r a k e  

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

can be  e v a l u a t e d  i n  terms of  t h e  peak b r a k i n g  a t t a i n e d  w i t h -  

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

p a t h  r e s p o n s e .  The two r e s p o n s e  v a r i a b l e s  chosen t o  c h a r a c -  

t e r i z e  d i r e c t i o n a l  r e sponse  a r e  t h e  peak s i d e s l i p  r a t e ,  k p ,  
and no rma l i zed  p a t h  c u r v a t u r e  r a t i o ,  R o ( l / R ) .  A l a r g e  s i d e -  

s l i p  r a t e  r e s p o n s e ,  
P 
' 

, i s  p o s t u l a t e d  t o  c o n s t i t u t e  a  dynamic 

c h a l l e n g e  t o  c o n t r o l l a b i l i t y  such  a s  a r i s e s  under  c o n d i t i o n s  

of  r e a r - w h e e l  lockup-with s p i n o u t  imminent.  C l e a r l y ,  no 

s i g n i f i c a n t  d e g r a d a t i o n  i n  s i d e s l i p  r e s p o n s e  was obse rved  

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

p l o t s  i n  F i g u r e s  5 . 1 0  and 5 . 1 1 ,  which p r e s e n t  a l l  t h o s e  d a t a  

runs  f o r  which l e s s  t h a n  two wheels  l ocked  on any a x l e .  Both 

v e h i c l e s  a r e  s e e n  t o  a c h i e v e  app rox ima te ly  0 . 7  g  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 n  a l l  degraded  c o n d i t i o n s ,  w i t h o u t  s u f f e r i n g  

iP 
" p e n a l t i e s "  which a r e  s i g n i f i c a n t l y  d i f f e r e n t  from O . E .  

v a l u e s .  

The p a t h  c u r v a t u r e  r e sponse  i n  t h i s  t e s t  i s  s e e n  a s  

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

a v e r a g e  v a l u e  o f  1 / R  d e v i a t e s  f u r t h e r  from t h e  i n i t i a l  v a l u e  
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of  p a t h  c u r v a t u r e  ( l /Ro)  a s  was p r e s e n t  a t  t h e  i n i t i a t i o n  of 

b r a k i n g .  I t  i s  a rgued  t h a t  d r i v e r s  do n o t  app ly  b r a k i n g  f o r  

pu rposes  o f  e l i c i t i n g  changes i n  p a t h .  Thus t h e  no rma l i zed  

te rm,  R o ( l / R ) ,  can be  i n t e r p r e t e d  t o  i n d i c a t e  a  l a r g e r  

"pena l ty"  a s  i t  d e v i a t e s  f u r t h e r  from t h e  i n i t i a l  v a l u e  o f  

u n i t y  . 
As i n d i c a t e d  by 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 s  5 .12 and 

5 .13  f o r  t h e  Ambassador and Dodge, r e s p e c t i v e l y ,  c e r t a i n  

s m a l l  s e n s i t i v i t i e 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 r e  e v i d e n t .  

With r e s p e c t  t o  t h e  Dodge d a t a ,  F i g u r e  5 .13 ,  i t  i s  c l e a r  

t h a t  t h i s  v e h i c l e  r e p r e s e n t s  an ex t reme w i t h i n  t h e  r ange  of  

new c a r  pe r fo rmance ,  a s  measured by t h e  Ro  ( l /R)  numer ic .  A 

somewhat confounding f a c t o r  i n  t h e s e  d a t a  concerns  t h e  

g a t h e r i n g  o f  a  second  s e t  of O . E .  d a t a  w i t h  t h e  Dodge, a s  

found n e c e s s a r y  f o l l o w i n g  a  mid-sequence  t i r e  change.  ( I n  
Appendix X ,  t h e  b a s e l i n e  d a t a  a r e  r e f e r r e d  t o  a s  0 .E . -A  and 

0 . E . - B . )  S i n c e  t h e  0 . E . - B  d a t a  was i n t e n d e d  a s  t h e  b a s e l i n e  

r e f e r e n c e  f o r  t h e  degraded  c o n d i t i o n s  (D3, 4 ,  and 5 )  which 

fo l lowed  i t ,  t h e  per formance  rev iew must merely app ly  t h e  

p r o p e r  bookkeeping by e v a l u a t i n g  c o n d i t i o n  D 2  i n  comparison 

t o  0 .E . -A  and c o n d i t i o n s  D3, 4 ,  and 5  i n  comparison t o  0 .E . -B .  

Data  p o i n t s  i n  F i g u r e  5 . 1 3  f a l l i n g  o u t s i d e  of  t h e  

i n d i c a t e d  new c a r  enve lope  ( i n  t h e  v i c i n i t y  of  Ro( l /R)  = 2 .  O ) ,  

r e p r e s e n t s  a  per formance  d e g r a d a t i o n  produced by c o n d i t i o n  

D 2 .  As i n  s t r a i g h t - l i n e  b r a k i n g ,  t h e  "brake hop" phenomenon 

was e l i c i t e d  when b r a k i n g  i n  a  t u r n  w i t h  degraded shock 

a b s o r b e r s ,  r e s u l t i n g  i n  p rema tu re  lockup  of  an i n s i d e  r e a r  

whee l .  Al though t h e  r e l e v a n t  r e s p o n s e  mechanism i s  n o t  c l e a r l y  

u n d e r s t o o d ,  t h i s  c o n d i t i o n  d i d  cause  an i n c r e a s e  i n  p a t h  

c u r v a t u r e ,  t h u s  r e g i s t e r i n g  t h e  e l e v a t e d  l e v e l s  of  Ro( l /R)  

a s  i n d i c a t e d .  A sample t ime  h i s t o r y  of  t h i s  r e s p o n s e  i s  

shown i n  F i g u r e  5 .14 ,  i n d i c a t i n g  an  o s c i l l a t i o n  i n  l o n g i t u d i n a l  

and l a t e r a l  a c c e l e r a t i o n  (Ax and A r e s p e c t i v e l y )  fo l lowed  by 
Y '  

a  d i v e r g e n t  yaw r e s p o n s e .  
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No s i g n i f i c a n t  s e n s i t i v i t i e s  t o  component d e g r a d a t i o n  

c o n d i t i o n s  D3, 4 ,  and 5 a r e  i d e n t i f i e d ,  a s  gauged a g a i n s t  

t h e  Dodge 0 .E . -B  pe r fo rmance ,  which i s  s e e n  t o  y i e l d  two 

d a t a  p o i n t s  f a l l i n g  a t  t h e  t o p  o f  t h e  new c a r  enve lope  i n  

F i g u r e  5 . 1 3 .  

The p a t h -  c u r v a t u r e  r e s p o n s e  of  t h e  Ambassador i s  

summarized i n  F i g u r e  5 .12 .  Note t h a t  a l l  o f  t h e  0 , E .  and 

degraded  c o n d i t i o n  d a t a  f a l l  w e l l  w i t h i n  t h e  new c a r  p e r f o r -  

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

i n d i c a t e d  by a  s e t  o f  degraded  sys t em d a t a  above Ro( l /R)  = 1 . 6 .  

These  l a t t e r  d a t a  were  g a t h e r e d  under  d e g r a d a t i o n  code D3, 

c o n s t i t u t i n g  l a s h  i n  b a l l  j o i n t s  and t i e - r o d  e n d s .  These  

measured s e n s i t i v i t i e s  appea r  t o  b e  s p u r i o u s ,  however ,  g i v e n  

t h e  i n s e n s i t i v i t y  of  per formance  t o  d e g r a d a t i o n  code D4, which 

combined t h e  b a l l - j o i n t  and t i e - r o d - e n d  d e g r a d a t i o n s  w i t h  

l o o s e n e s s  i n  t h e  s t e e r i n g  g e a r  and i n  t h e  wheel  b e a r i n g s .  

Labo ra to ry  measurements have shown t h e  l a t t e r  two l a s h  c o n d i -  

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

minacy t h a t  i s  comparable  t o  t h e  sum o f  t h e  b a l l - j o i n t  and 

t i e - r o d - e n d  c o n t r i b u t i o n s .  Thus ,  t h e  s m a l l  i n c r e a s e  i n  

no rma l i zed  p a t h  c u r v a t u r e  n o t e d  i n  t h e  c o n d i t i o n  D3 d a t a  i s  

viewed a s  an a r t i f a c t  o f  t h e  t e s t  p r o c e s s ,  which a r t i f a c t  i s ,  

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

w i t h  t h e  o t h e r  d a t a  p roduced  by t h e  Ambassador, and t h i r d l y ,  

n o t  i n  concu r r ence  w i t h  t h e  r e s p o n s e s  e x h i b i t e d  by t h e  Dodge. 

5 . 3 . 3  ROADHOLDING IN A TURN. The d i r e c t i o n a l  r e s p o n s e  

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

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

i n  terms s i m i l a r  t o  t h o s e  which a r e  a p p l i e d  t o  t h e  b r a k i n g -  

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

i s  examined by means of  a  no rma l i zed  numer i c ,  Ro( l /R)aVe,  

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

(w i th  r e s p e c t  t o  t h e  i n i t i a l  s t e a d y - s t a t e  v a l u e )  e x h i b i t e d  



d u r i n g  t h e  one - second  t r a v e r s a l  o f  t h e  d i s t u r b a n c e  g r i d .  

Whereas t h i s  measure i s  s e n s i t i v e  t o  l o s s  i n  t i r e  s i d e  f o r c e s  

( a s  d e r i v e s  from wheel-hop o s c i l l a t i o n s  imposed by c o n t a c t  

w i t h  t h e  f i x e d  d i s t u r b a n c e s )  b e i n g  predominant  a t  t h e  f r o n t  

w h e e l s ,  a n o t h e r  measure  i s  p r o v i d e d  t o  i n d i c a t e  t h e  s i d e s l i p  

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

Th i s  s econd  measure ,  peak s i d e s l i p  r a t e ,  
8P 

, i s  i n t e r p r e t e d  

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

f a c t o r ,  c h a r a c t e r i z i n g  d i r e c t i o n a l  i n s t a b i l i t y  and an imminent 

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

t h e  d i r e c t i o n  of  t r a v e l .  

P a t h - c u r v a t u r e  r e s p o n s e  d a t a  o b t a i n e d  f o r  t h e  Dodge and 

Ambassador a r e  summarized i n  F i g u r e s  5 .16  and 5 . 1 7 .  Both of  

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

t u r e  per formance  t o  t h e  d e g r a d a t i o n  modes c o n s i d e r e d ,  a s  

ev idenced  by t h e  p a t h  c u r v a t u r e  measu re ,  Ro ( l / R )  where a  

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

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

e x c i t a t i o n  f r e q u e n c i e s  of  9 and 11 H z ,  i n d i c a t e  a  somewhat 

degraded  per formance  f o r  c o n d i t i o n  D 2  ( i . e . ,  f o u r  shock 

a b s o r b e r s  a r e  d e g r a d e d ) .  L ikewise  t h e  d e c r e a s e d  per formance  

l e v e l s  e x h i b i t e d  by t h e  Ambassador a t  9 and 14 Hz ( s e e  

F i g .  5 .16)  i n d i c a t e  a  c e r t a i n  s e n s i t i v i t y  t o  t h e  D 2  c o n d i t i o n .  

A d d i t i o n a l l y ,  r e s p o n s e s  p roduced  by t h e  Ambassador i n  

c o n d i t i o n  D3 ( i . e . ,  degraded  b a l l  j o i n t s  and t i e - r o d  e n d s ) ,  

show a  s m a l l  r e d u c t i o n  i n  Ro( l /R )aVe ,  on t h e  o r d e r  o f  0 . 0 5  

below t h e  O . E .  b a s e l i n e  d a t a .  

To p l a c e  t h e s e  f i n d i n g s  i n  p e r s p e c t i v e ,  however,  i t  must 

be n o t e d  t h a t  t h e  s p r e a d  i n  Dodge b a s e l i n e  and Ambassador 

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

v a l u e s  which a r e  s u b s t a n t i a l l y  l a r g e r  t h a n  t h e  r e l a t i v e  

r e d u c t i o n s  i n  per formance  produced  by t h e  a b o v e - d e f i n e d  
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degraded  c o n d i t i o n s .  A l s o ,  i t  s h o u l d  b e  o b s e r v e d  t h a t  t h e  

r a n g e  o f  r o a d h o l d i n g  pe r fo rmance  e x h i b i t e d  by new c a r s  i s  

immense and c o v e r s  a l m o s t  t h e  e n t i r e  d e f i n a b l e  r a n g e ,  w i t h  

c e r t a i n  new v e h i c l e s  i n d i c a t i n g  r e s p o n s e s  which f a l l  below 

t h e  0 . 1  l e v e l  o f  n o r m a l i z e d  p a t h  c u r v a t u r e .  

C l e a r l y ,  however ,  t h e  r o a d h o l d i n g  s e n s i t i v i t y  t o  shock  

a b s o r b e r  d e g r a d a t i o n  i s  a  f i n d i n g  which i s  s o l i d l y  s u p p o r t e d  

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

i s  c e r t a i n l y  r e l a t e d  t o  t h e  e q u i v a l e n t  r e d u c t i o n  i n  damping 

f o r c e s  t h a t  d e r i v e d  from t h e  mode o f  shock  a b s o r b e r  d e g r a d a -  

t i o n  which was implemented.  Thus a  d e g r a d a t i o n  i n  damping 

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

by wea r ing  t h e  rod  g u i d e  and f r a c t u r i n g  t h e  v a l v e  d i s c  would 

be e x p e c t e d  t o  r educe  p a t h  c u r v a t u r e  pe r fo rmance  c o n s i d e r a b l y  

f u r t h e r .  

F i g u r e s  5 .18  and 5 .19 summarized t h e  s i d e s l i p  n u m e r i c s ,  

p roduced  by t h e  two t e s t  v e h i c l e s  i n  t h e  r o a d h o l d i n g  maneuver.  

These  r e l a t i v e l y  low k v a l u e s  i n d i c a t e  t h a t  n e i t h e r  o f  t h e s e  

t e s t  v e h i c l e s  was e x h i b i t i n g  dominant  l o s s  i n  t i r e  s i d e  

f o r c e  a t  t h e  r e a r  w h e e l s ,  i n  e i t h e r  t h e  O . E .  o r  t h e  deg raded  

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

do n o t  i n d i c a t e  a s  g e n e r a l  v e h i c l e  p r o p e r t y  a s  do t h e  1 / R  

d a t a .  C l e a r l y ,  t h e  q u e s t i o n  o f  whe the r  any d e g r a d a t i o n  mode 

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

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

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

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

t h e  f r o n t  t i r e s  on b o t h  t e s t  v e h i c l e s  mere ly  i n d i c a t e s  t h a t  

no major  f i n d i n g s  can b e  o b t a i n e d  from t h e  b measures  
P  

p roduced  b y  t h e s e  v e h i c l e s .  

Al though  some i n c r e a s e  i n  i s  s e e n  i n  t h e  14 Hz d a t a  
P  

y i e l d e d  by t h e  Dodge and Ambassador i n  c o n d i t i o n  D 2 ,  i t  i s  

f e l t  t h a t  t h e s e  d a t a  mere ly  r e f l e c t  t h e  same shock  a b s o r b e r  

d e g r a d a t i o n  s e n s i t i v i t y  a s  was exposed  i n  t h e  1 / R  measu re s ,  







and  t h a t  t h e  two t e s t  v e h i c l e s  d i d  n o t  happen t o  p r o v i d e  

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

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

5 . 3 . 4  TRAPEZOIDAL STEER. Th i s  t e s t  examines l i m i t -  

t u r n i n g  pe r fo rmance ,  a s  c h a r a c t e r i z e d  by p a t h - c u r v a t u r e  and 

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

maneuver i s  p r e s e n t e d  a s  a  numer ic  which a v e r a g e s  1 / R  o v e r  

a  2 -second  p e r i o d  f o l l o w i n g  i n i t i a t i o n  o f  s t e e r i n g  and r a t i o e s  

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

from a  1 g  s t e a d y  t u r n  a t  40  mph, t h e r e b y  o b t a i n i n g  a  con-  

v e n i e n t  s c a l e .  As s t e e r i n g  l e v e l  i s  i n c r e a s e d  on s u c c e s s i v e  

r u n s ,  t h i s  measure i n d i c a t e s  t h e  g a i n  i n  v e h i c l e  t u r n i n g  

pe r fo rmance ,  c o n s o l i d a t i n g  dynamic r e s p o n s e  w i t h  s t a t i c  

s t e e r i n g  e f f e c t i v e n e s s  by a  t i m e - a v e r a g i n g  p r o c e s s .  

I n  F i g u r e s  5 . 2 0  and 5 . 2 1 ,  t h i s  measure ,  l a b e l l e d  

R S  (1/R) aVe ,  i s  p l o t t e d  a g a i n s t  t h e  s t e e r  i n c r e m e n t ,  a ' ,  f o r  
b o t h  t e s t  v e h i c l e s .  C l e a r l y ,  t h e  Dodge and Ambassador f a l l  

i n  t h e  middle  of  t h e  per formance  spec t rum e x h i b i t e d  by 

o t h e r  v e h i c l e s  i n  t h i s  maneuver.  F u r t h e r ,  t h e i r  s e n s i t i v i t y  

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

p r e s e n t a t i o n .  L ikewi se ,  F i g u r e s  5 . 2 2  and 5 . 2 3 ,  c o n s t i t u t i n g  

summary c r o s s  p l o t s  of  t h e  RS ( l /R )aVe  measure  w i t h  a  k 
P  

numer i c ,  do n o t  i n d i c a t e  a  s i g n i f i c a n t  d e g r a d a t i o n  i n  p e r f o r -  

mance a c r o s s  t h e  m a t r i x  o f  degraded  c o n d i t i o n s .  R a t h e r ,  

s u b s t a n t i a l  r e d u c t i o n s  i n  b v a l u e s  a r e  obse rved  on t h e  Dodge 
P 

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

c e r t a i n  mechanisms have  p r e v a i l e d  i n  b a l a n c i n g  f r o n t - t o - r e a r  

t i r e  f o r c e s  such  t h a t  lower  n e t  s i d e s l i p  t a k e s  p l a c e  i n  

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

The i n s e n s i t i v i t y  o f  v e h i c l e  r e s p o n s e  t o  component 

d e g r a d a t i o n  i n  t h i s  maneuver i s  f e l t  t o  d e r i v e  from t h e  

"swamping" e f f e c t s  o f  t i r e - s i d e - f o r c e  s a t u r a t i o n .  When f o u r  

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

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

o r d e r ,  s imp ly  by v e r t i c a l  l o a d .  I t  f o l l o w s  t h a t  t h e  a p p a r e n t  
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i n s e n s i t i v i t y  of  l i m i t  t u r n i n g  per formance  t o  d e g r a d a t i o n  o f  

s t e e r i n g  and s u s p e n s i o n  components d e r i v e s  from t h e  

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

s t e a d y - s t a t e )  t o  t h e  d e g r a d a t i o n s  which were  c o n s i d e r e d .  

5 . 3 . 5  SINUSOIDAL S T E E R .  The s i n u s o i d a l - s t e e r  i n p u t  

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

The l a n e  c h a n g e - l i k e  q u a l i t y  o f  a  v e h i c l e ' s  r e s p o n s e  t o  a  

symmetr ic  s i n e  wave i n p u t  can be  viewed a s  a  l a t e r a l - d i s -  

p lacement  r e s p o n s e ,  i n  i n e r t i a l  c o o r d i n a t e s ,  i n  combina t ion  

w i t h  a  h e a d i n g - a n g l e  r e s p o n s e .  The p e r f e c t  l a n e  change i s  

d e f i n e d  a s  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  which i s  accompanied 

by ze ro  n e t  d e v i a t i o n  i n  head ing  a n g l e .  The l a t e r a l  d i s p l a c e -  

ment r e sponse  i s  e v a l u a t e d  t h rough  a  computed measure c a l l e d  

" l a n e  change d e v i a t i o n , "  A .  Th i s  measure i s  d e f i n e d  by an 

i n t e g r a l  e r r o r  term o p e r a t i n g  on t h e  l a t e r a l  d i sp l acemen t  

t ime  h i s t o r y  y ( t )  ( s e e  F i g .  5 - 2 4 ) ,  v i z . ,  

Note t h a t  t h e  numer ic ,  A ,  has  u n i t s  o f  f e e t ,  and t h u s  

r e p r e s e n t s  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  1 2 - f o o t  

l a t e r a l  d i sp l acemen t  a s  de t e rmined  ove r  a  computa t ion  t ime  

o f  3 .4  s e c o n d s .  

F i g u r e s  5 .25  and 5 .26  p r e s e n t  t h e  v a l u e s  o f  A which 

were  o b t a i n e d  a s  s t e e r i n g  a m p l i t u d e ,  0 ,  was i nc r emen ted  on 

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

S i g n i f i c a n t  changes  a r e  n o t e d  i n  t h e  l a n e  change d e v i a t i o n  
produced  by b o t h  v e h i c l e s  i n  d e g r a d a t i o n  codes  A3 and A4, w i t h  

t h e  Dodge e x h i b i t i n g  a  l a r g e  change i n  t h i s  measure  a t  a  









s t e e r  l e v e l  o f  a = 1 6 .  Note t h e  d e s i g n a t i o n s  o f  "A3 l e f t "  

and "A3 r i g h t "  which i n d i c a t e  t h a t  a  marked asymmetry i n  

pe r fo rmance  i s  c a u s e d  by t h e  f r o n t - w h e e l - m i s a l i g n m e n t  

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

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

opposed t o  " i n i t i a l l y  r i g h t "  i s  g r a p h i c a l l y  p o r t r a y e d  by 

t h e  t ime  h i s t o r i e s  shown i n  F i g u r e  5 .27 .  S e v e r a l  p o i n t s  o f  

s i g n i f i c a n c e  can be  drawn from t h i s  f i g u r e .  F i r s t ,  n o t e  t h a t  

r u n  5081 i n d i c a t e s  a  s u s t a i n e d  t u r n i n g  r e s p o n s e  l o n g  a f t e r  

t h e  s t e e r i n g  i n p u t  h a s  t e r m i n a t e d ,  a s  e v i d e n c e d  by t h e  

t e r m i n a l  p o r t i o n s  o f  t h e  t ime  h i s t o r i e s  i n  A and r .  Con- 
Y 

v e r s e l y ,  r u n  5080 i n d i c a t e s  a  r e c o v e r y  of  z e r o  yaw r a t e  

r e s p o n s e  w i t h  a  n e t  head ing  a n g l e  t h a t  i s  e s s e n t i a l l y  z e r o .  

The asymmetry i n  t h e  l a n e  change d e v i a t i o n  measure  c l e a r l y  

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

d i s p l a c e m e n t ,  y ,  w i t h  r u n  5081 showing t h e  t r a j e c t o r y  c r o s s i n g  

back  o v e r  t h e  i n i t i a l  l a n e ,  t h u s  r e g i s t e r i n g  a  r e l a t i v e l y  low 

v a l u e  o f  A ,  w h i l e  r u n  5080 shows a  d i v e r g i n g  l a t e r a l  d i s -  

p l acemen t  which a c c o u n t s  f o r  t h e  h i g h  l e v e l  o f  A .  A s i m i l a r  

example o f  t h i s  anomaly,  a s  e x h i b i t e d  by t h e  Ambassador,  

i s  shown i n  F i g u r e  5 , 2 8  i n  which t h e  A3 d e g r a d a t i o n  i s  s e e n  

t o  emphasize  asymmetry i n  d i r e c t i o n a l  r e s p o n s e .  On t h e  

w e i g h t  o f  t h e  A measure  a l o n e ,  one would b e  l e d  t o  conc lude  

t h a t  t h e  r e s p o n s e  t o  t h e  " i n i t i a l l y  r i g h t t t  s i n e  i n p u t ,  a s  

shown by t h e  Dodge, i s  I t b e t t e r "  o r  l e s s  demanding on t h e  

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

r e s u l t e d  i n  a  h i g h  v a l u e  o f  A .  C l e a r l y ,  t h i s  measure  i s  

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

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

o f  A was p roduced  by a  r e s p o n s e  i n v o l v i n g  a  n e a r  s p i n o u t .  

Yawing r e s p o n s e  i s  c h a r a c t e r i z e d  i n  t h i s  maneuver by measure -  

ment o f  t h e  peak s i d e s l i p  a n g l e ,  
B~ 

, and by t h e  n e t  d e v i a t i o n  

i n  h e a d i n g  a n g l e ,  A$. F i g u r e s  5 .29  and 5 .30 show summary 

p l o t s  o f  t h e  B numer ics  p roduced  by b o t h  t e s t  v e h i c l e s .  With 
P  
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regard to the Dodge data (Figure 5.30), the " A 3  right" 

responses clearly indicate a tremendous degradation in 

that vehicle's ability to minimize sideslip. On contrasting 

this latter observation with that noted earlier for the 

A numeric, it is seen that opposite trends in performance 

are indicated, suggesting a need to determine the relative 

importance of these measures in determining safety quality. 

The third measure, net deviation in heading angle, A$, 

is summarized in Figures 5.31 and 5.32, indicating the same 

basic sensitivities as shown in the measures, but indi- 
P 

cating, additionally, a sensitivity to the A 4  condition. 

The sum of the data gathered in the sinusoidal steer 

test has indicated that significant alterations in perfor- 

mance are caused by degradation conditions A 3  and A 4 .  Since 

no significant alterations were observed due to condition 

Al, in which shock absorber degradation was considered alone, 

it might be concluded that the A 4  sensitivities, in which 

tests shock absorber degradation was combined with front end 

misalignment, merely indicate a redundant finding on front 

end misalignment as was derived from the A3 data. 

An evaluation of the safety relevance of the above 

observed sensitivities to degradation appears to be beyond 

achievement, given the current technology in open-loop 

measurements. The two vehicles selected for test in the 

full-scale program happened to exhibit rather unusual direc- 

tional response asymmetries at the limit, thereby confusing 

any analysis of their sensitivity to component degradation. 

It was observed that both vehicles exhibited a general 

insensitivity to all degradation conditions at lower levels 

of steer amplitudes, that is, below a = 10 (which corresponds 

to 145' for the Dodge). Performance changes that do occur 

above that level of steer input, are apparently due to 
front end misalignment and constitute findings whose value to 

the vehicle-in-use safety program will be enhanced by further 

research into the understanding of the relationship between 

vehicle limit handling behavior and safety. 
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5 . 3 . 6  DRASTIC STEER AND BRAKE. I n  t h i s  maneuver,  t h e  

r e s p o n s e  c h a r a c t e r i s t i c  o f  i n t e r e s t  i s  r o l l o v e r ,  an  e v e n t  

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

I n  t h i s  t e s t ,  r o l l o v e r  i s  assumed t o  o c c u r  when t h e  

i n s t a l l e d  o u t r i g g e r  whee ls  c o n t a c t  t h e  t e s t  s u r f a c e .  Dur ing  

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

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

i n  a c o n d i t i o n  i d e n t i c a l  t o  A 4 .  Dur ing  t h e  f u l l - s c a l e  

t e s t s ,  none o f  t h e  degraded  c o n d i t i o n s  e l i c i t e d  r o l l o v e r  o r  

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

ences  were  o b s e r v e d  i n  t h e  i nduced  r o l l  o s c i l l a t i o n s .  No 

d r a s t i c  s t e e r  and b r a k e  t e s t s  were  r u n  on t h e  Ambassador i n  

t h e  degraded  c o n d i t i o n  f o l l o w i n g  numerous and r e p e a t e d  

s u s p e n s i o n  f a i l u r e s  which were  e x p e r i e n c e d  d u r i n g  O . E .  

t e s t i n g  i n  t h i s  maneuver c a t e g o r y .  

To r e c o n c i l e  t h e  n o n - r e p e a t a b i l i t y  o f  t h e  Dodge 's  r o l l -  

o v e r  s e n s i t i v i t y  t o  d e g r a d a t i o n  A 4 ,  an  e x p l i c i t  measurement 

o f  c e r t a i n  t e s t  c o n d i t i o n  v a r i a b l e s  would be  r e q u i r e d  which 

a r e ,  i n  f a c t ,  u n a v a i l a b l e .  I t  i s  known t h a t  wheel  rim con-  

t a c t  can  p l a y  a  key r o l e  i n  r o l l o v e r  inducement ,  f o r  example ,  

by c a u s i n g  v e r y  l a r g e  s i d e  f o r c e s  t o  a c t  on a  whee l .  F u r t h e r ,  

t h i s  phenomenon can o c c u r  i n  a  r a t h e r  random manner.  Addi-  

t i o n a l l y ,  i t  i s  s u s p e c t e d  t h a t  t h e  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 ,  which were  found t o  have  con fused  most o f  t h e  p i l o t  

t e s t  d a t a  o b t a i n e d  w i t h  t h e  Dodge, may have  p r o v i d e d  a  

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

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

s t e e r l b r a k e  i n p u t s  have  i n d i c a t e d  a  s u b s t a n t i a l  s e n s i t i v i t y  

o f  per formance  t o  t h e  t i m i n g  o f  b r a k e  r e l e a s e - a p p a r e n t l y  

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

body s i d e s l i p  t h a t  ha s  a c c u r e d  by t h e  t ime  t h e  t i r e s  a r e  



f r e e l y  r o l l i n g  a g a i n .  I t  i s  q u i t e  c o n c e i v a b l e  t h a t  an  

i n a d v e r t a n t  mix i n  t i r e  s h o u l d e r  wear  d i s t r i b u t i o n s  a round  

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

s i g n i f i c a n t l y  d i f f e r e n t  s i d e s l i p  response- leading t o  

r o l l o v e r .  





6 .  CONCLUSIONS AND RECOMMENDATIONS 

Based upon t h e  o b s e r v a t i o n s ,  a n a l y s e s ,  c o m p u t a t i o n s ,  

and t e s t  measurements g e n e r a t i n g  from t h i s  s t u d y ,  t h e  

f o l l o w i n g  c o n c l u s i o n s  may be  drawn. I t  must be  emphasized 

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

h a n d l i n g  pe r f c rmance ,  and n o t  t o  t h e  s u b l i m i t  domain i n  

which most normal  d r i v i n g  i s  conduc t ed .  

(1) The r ange  o f  l i m i t  h a n d l i n g  per formance  e x h i b i t e d  

among new c a r s ,  a s  d e r i v e s  from d e s i g n  d i f f e r e n c e s ,  

i s  much l a r g e r  t h a n  t h e  i n - u s e  changes  i n  p e r -  

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

d e g r a d a t i o n  of s t e e r i n g  and s u s p e n s i o n  sys tem 

components.  

( 2 )  The p r i n c i p a l  s u s p e n s i o n  component whose l i k e l y  

d e g r a d a t i o n  can be shown t o  i n f l u e n c e  l i m i t  

pe r formance  i s  t h e  shock  a b s o r b e r .  

( 3 )  Shock a b s o r b e r  d e g r a d a t i o n  c o n t r i b u t e s  a 

d e t e r i o r a t i o n  i n  l i m i t  pe r formance  p r i n c i p a l l y  

under  c o n d i t i o n s  which e x c i t e  v e r t i c a l  mot ions  

of  t h e  unsprung masse s ;  e l i c i t i n g  t h e  "brake  

hop , "  "wheel hop ,"  and " a x l e  tramp" phenomena 

which r e s u l t  i n  n e t  l o s s e s  i n  t i r e  s h e a r  f o r c e .  

( 4 )  Deg rada t i on  i n  shock a b s o r b e r  per formance  can 

a r i s e  from a  number of  c h a r a c t e r i s t i c a l l y  

d i f f e r i n g  mechanisms. Given t h a t  t h e s e  d e g r a -  

d a t i o n  mechanisms a r e  m a n i f e s t e d  by coulomb 

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

o t h e r  complex n o n l i n e a r i t i e s ,  i t  a p p e a r s  

i n a d e q u a t e  and t h u s  i n a p p r o p r i a t e  t h a t  shock  

a b s o r b e r  c o n d i t i o n  b e  r e p r e s e n t e d  by such  

s i m p l i s t i c  c h a r a c t e r i z a t i o n s  a s  " p e r c e n t  

e f f e c t i v e n e s s . "  



( 5 )  I n d e t e r m i n a n c i e s  o f  f r o n t  wheel  s t e e r  a n g l e  

which a r i s e  due t o  l a s h  i n  wheel  b e a r i n g s ,  b a l l  

j o i n t s ,  t i e - r o d  e n d s ,  o r  s t e e r i n g  g e a r  box ,  

whe the r  t a k e n  s i n g l y  o r  i n  c o m b i n a t i o n ,  do n o t  

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

l i m i t  p e r fo rmance .  

( 6 )  Mi sa l i gnmen t  o f  f r o n t  w h e e l s ,  t o  t h e  v i r t u a l l y  

maximum l e v e l  a c h i e v a b l e ,  h a s  been  shown t o  

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

l a n e  change p e r f o r m a n c e ,  a s  measured by an 

o p e n - l o o p  t e c h n i q u e .  

( 7 )  V e h i c l e  l i m i t  b r a k i n g  pe r fo rmance ,  b o t h  i n  

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

more s e v e r e l y  degraded  by t h e  p r e s e n c e  o f  

b r a k e  imbalance  t h a n  by any o f  t h e  s t e e r i n g  

and s u s p e n s i o n  component d e g r a d a t i o n s  examined.  

The combina t i on  o f  c e r t a i n  s t e e r i n g  and s u s -  

p e n s i o n  d e g r a d a t i o n s  w i t h  b r a k e  imbalance  can  

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

pe r fo rmance  beyond t h e  l e v e l  o b t a i n e d  w i t h  b r a k e  

imbalance  a l o n e .  

( 8 )  Mass unba l ance  o f  t h e  road  whee ls  ha s  been  shown 

t o  have  a  n e g l i g i b l e  i n f l u e n c e  on l i m i t  b r a k i n g  

and s t e e r i n g  pe r fo rmance .  

( 9 )  The l i m i t  c o r n e r i n g  c a p a b i l i t y  o f  p a s s e n g e r  

v e h i c l e s  ha s  been  shown t o  b e  i n s e n s i t i v e  t o  

d e g r a d a t i o n  i n  s t e e r i n g  and s u s p e n s i o n  s y s t e m s .  

(10)  The r o l l o v e r  r e s i s t a n c e  o f  p a s s e n g e r  v e h i c l e s  

can  b e  r educed  t h r o u g h  d e g r a d a t i o n  o f  shock  

a b s o r b e r s ,  and i n  c e r t a i n  c a s e s  may b e  a l s o  

i n f l u e n c e d  by t h e  a d d i t i o n  o f  f r o n t  end 

m i s a l i g n m e n t .  



RECOMMENDATIONS 

I t  i s  f e l t  t h a t  t h i s  s t u d y ,  a s  conduc t ed ,  ha s  p r o v i d e d  

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

between s t e e r i n g  and s u s p e n s i o n  sys t em d e g r a d a t i o n  and l i m i t  

h a n d l i n g  pe r fo rmance ,  t h a t  t h e  s u b j e c t  can b e  p u t  t o  r e s t .  

T h i s  i s  n o t  t o  s a y  t h a t  a l l  p o s s i b l e  c o n d i t i o n s  o f  l i m i t  

b e h a v i o r  and d e g r a d a t i o n  have been  e x h a u s t e d ,  b u t  r a t h e r  

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

a s  u n w a r r a n t e d .  Th i s  i n v e s t i g a t i o n  ha s  c l e a r l y  shown v e h i c l e  

l i m i t  p e r fo rmance  t o  be  i n s e n s i t i v e  t o  s t e e r i n g  and s u s p e n s i o n  

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

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

v e h i c l e  mechanics  i n v o l v e d .  Thus,  i t  i s  a rgued  t h a t  i n t e r e s t s  

o f  v e h i c l e - i n - u s e  s a f e t y  can  b e s t  be  s e r v e d  by t h e  commit- 

ment o f  r e s o u r c e s  and e f f o r t  t o  t h e  i n v e s t i g a t i o n  of  t h e  

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

b e h a v i o r  i n  t h e  - n o n - l i m i t  pe r fo rmance  domain.  

The many deg raded  sys t em c o n d i t i o n s  which c o n t r i b u t e d  

r e l a t i v e l y  i n c o n s e q u e n t i a l  a d j u s t m e n t  t o  l i m i t  b e h a v i o r  a r e ,  

n e v e r t h e l e s s ,  known t o  i n v o l v e  f a c t o r s  which impose a  

c h a l l e n g e  t o  t h e  low l e v e l  l a n e - t r a c k i n g  t a s k .  A l e v e l  of  

d r i v e r  a t t e n t i o n  may be  r e q u i r e d  under  such  c i r c u m s t a n c e s ,  

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

h a z a r d  of  s u b s t a n t i a l l y  g r e a t e r  d imens ion  t h a n  d e r i v e s  f rom 

t h e  m a r g i n a l  d e t e r i o r a t i o n  o f  l i m i t  pe r formance  p r o p e r t i e s .  

D e g r a d a t i o n  c a t e g o r i e s  i n  which l i m i t  p e r fo rmance  

s e n s i t i v i t y  i s  f e l t  t o  be  p ronounced ,  i n c l u d e  d e t e r i o r a t i o n  

of  t i r e s  and b r a k e s .  I n  t h i s  s t u d y  a  t i r e  w e a r / s i d e  f o r c e  

r e l a t i o n s h i p  was i d e n t i f i e d  which b e a r s  on l i m i t  pe r formance  
s 

t o  a  much e x a g g e r a t e d  d e g r e e ,  i n  compar i son  w i t h  s t e e r i n g  

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

wear  c o n s i d e r e d  was t h a t  which d e r i v e s  from s e v e r e  c o r n e r i n g ,  



i t  i s  f e l t  t h a t  t h e s e  d a t a  and o t h e r  d a t a  c l e a r l y  i n d i c a t e  

t h e  need  f o r  an examina t i on  o f  l i m i t  maneuver ing p r o p e r t i e s  

a s  i n f l u e n c e d  by t h e  l e v e l  of  normal t i r e  wear  and i t s  

d i s t r i b u t i o n  a round  t h e  v e h i c l e .  

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

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

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

i s  an  a c t i v i t y  which m e r i t s  a t t e n t i o n ,  As recommended by 

t h e  two major  p r e c e d i n g  s t u d i e s  of  s t e e r i n g  and s u s p e n s i o n  

sys t em d e g r a d a t i o n  [ Z ,  3 1 ,  t h e  need  f o r  an e f f e c t i v e  a s s e s s -  

ment o f  t h e  d e g r a d a t i o n  i n  damping o f  t h e  jounce / rebound  

mot ion of  t h e  runn ing  g e a r  i s  r e c o g n i z e d .  Al though  few 

sys tems  a r e  c u r r e n t l y  a v a i l a b l e  f o r  e x e r c i s i n g  v e h i c l e  runn ing  

g e a r  t o  e v a l u a t e  damping l e v e l ,  one such  sys tem ( c o n t r i b u t e d  

by H a r t r i d g e  L t d ,  o f  England)  was examined i n  t h e  c o u r s e  o f  

t h i s  s t u d y  and shown t o  p r o v i d e  r e s u l t s  which c o r r e l a t e d  

w e l l  on a  r e l a t i v e  b a s i s ,  w i t h  dynamic measurement o f  shock  

a b s o r b e r s  a l o n e .  A r i g o r o u s  e v a l u a t i o n  o f  such  a p p a r a t u s  

s h o u l d  b e  u n d e r t a k e n ,  n o t  o n l y  f o r  t h e  s a k e  o f  advancements 

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

a p p l i c a t i o n  by t h e  v e h i c l e  main tenance  and s e r v i c i n g  

e n t e r p r i s e  a s  w e l l .  
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APPENDIX I 

LITERATURE SURVEY 

INTRODUCTION 

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

" t o  g a t h e r ,  o r g a n i z e ,  and s y n o p s i z e  a l l  e x i s t i n g  i n fo rma-  

t i o n  r e l a t i v e  t o  t h e  o b j e c t i v e  and per formance"  o f  t h e  

f o l l o w i n g  p r o j e c t  t a s k s :  

*Methodology and T e s t  P l a n  Development 

* F u l l  S c a l e  T e s t  Program 

*Da ta  A n a l y s i s  

- I n s p e c t i o n  Requi rements  

S i n c e  t h e  p r e s e n t  s t u d y  c o n s t i t u t e d  an "examina t ion  of  t h e  

e f f e c t s  of s t e e r i n g  and s u s p e n s i o n  component d e g r a d a t i o n  

on open - loop  measures  of  v e h i c l e  per formance" ,  i t  can  b e  

viewed a s  an  e x t e n s i o n  of  t h e  work per formed  p r e v i o u s l y  f o r  

NHTSA under  C o n t r a c t  FH-11-7384 [ I ] * ,  which i n v e s t i g a t i o n  

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

c l o s e d - l o o p  h a n d l i n g  measu re s .  

The e a r l i e r  s t u d y  [ I ]  i n c l u d e d  a v e r y  e x t e n s i v e  

l i t e r a t u r e  r ev i ew .  Consequen t ly ,  i t  was o n l y  n e c e s s a r y  t o  

u p d a t e  t h e  e a r l i e r  rev iew and t o  i d e n t i f y  p e r t i n e n t  

documents t h a t  may have been  missed  p r e v i o u s l y .  D u p l i c a t i o n  

*Numbers i n  b r a c k e t s  r e f e r  t o  r e f e r e n c e s  c i t e d  i n  a  
B i b l i o g r a p h y  l o c a t e d  a t  t h e  end of  t h i s  Appendix.  



of  e f f o r t  was t h e r e b y  a v o i d e d  and t h e  rev iew p r e s e n t e d  

below s h o u l d  b e  viewed a s  a  supplement  t o  t h e  e x c e l l e n t  

l i t e r a t u r e  s u r v e y  conduc ted  unde r  C o n t r a c t  FH-11-7384. 

For  t h e  convenience  o f  t h e  r e a d e r ,  we i d e n t i f y ,  f i r s t ,  

t h e  documents deemed t o  b e  o f  f i r s t - o r d e r  s i g n i f i c a n c e  t o  

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

Re fe r ence  [ I ]  i s  s y n o p s i z e d ,  f o l l o w i n g  which we s y n o p s i z e  

t h o s e  r e p o r t s  t h a t  have been i s s u e d  more r e c e n t l y  by t h e  

v a r i o u s  NHTSA c o n t r a c t o r s  which have been  i n v o l v e d  i n  

"Veh ic l e - In -Use"  s a f e t y  s t u d i e s .  A b i b l i o g r a p h i c a l  l i s t i n g  

f o l l o w s  remarks  s e r v i n g  t o  summarize and e v a l u a t e  t h e  s t a t e  

o f  knowledge on t h e  t o p i c  unde r  s t u d y .  

Al though  t h e  i n t e n t  ha s  been  t o  c i rcumvent  t h e  n e c e s s i t y  

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

Re fe r ence  [ I ] ,  i n t e r e s t e d  r e a d e r s  s h o u l d  c e r t a i n l y  do s o .  

Note t h a t  a  comple te  l i s t i n g  o f  t h e  p u b l i c a t i o n s  c i t e d  i n  

Re fe r ence  [ I ]  i s  p r o v i d e d  i n  t h i s  B i b l i o g r a p h y .  A d d i t i o n a l  

u s e f u l  b i b l i o g r a p h i e s  can be  found i n  Re fe r ence  [ 9 9 ]  and 

[ l o l l .  F u r t h e r ,  many s o u r c e  i t e m s ,  n o t  c i t e d  e l s e w h e r e ,  a r e  

b r i e f l y  a n n o t a t e d .  I n  g e n e r a l ,  t h e s e  i t e m s  1102 t o  1231 a r e  

o f  s econda ry  impor t ance .  

LITERATURE OF FIRST-ORDER SIGNIFICANCE 

F ive  documents ( s e e  below) a r e  viewed a s  b e i n g  o f  

f i r s t - o r d e r  s i g n i f i c a n c e  t o  t h e  p r e s e n t  s t u d y .  I n  each  c a s e ,  

t h e s e  documents a r e  f i n a l  r e p o r t s  from r e s e a r c h  p r o j e c t s  

t h a t  were per formed  under  t h e  s p o n s o r s h i p  o f  NHTSA. Each 

o f  t h e s e  documents i s  summarized and a n a l y z e d  below.  



FH-11-6629, " S t e e r i n g  D i a g n o s i s , "  [ 2 ] .  

A t e s t  program was per formed  t o  de t e rmine  t h e  i n f l u e n c e  

o f  component d e g r a d a t i o n  on t h e  s t e e r i n g  per formance  o f  a  

s i n g l e  American-made v e h i c l e  ( s t a n d a r d  s i z e  s e d a n ) .  Va r ious  

t e s t s  were  run  a t  speeds  v a r y i n g  from 2 0  t o  60 mph, u s i n g  

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

s t e e r i n g  wheel i n  a  l o c k e d  p o s i t i o n .  The f o l l o w i n g  maneuvers 

were  per formed:  

* S t r a i g h t  c o u r s e  ove r  s i m u l a t e d  road  o b s t a c l e s  

*Lane change 

* S e r p e n t i n e  p y l o n  c o u r s e  

. S t r a i g h t  l i n e  b r a k i n g  

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

was i n t r o d u c e d  i n  t h e  form o f :  

*Loose s t e e r i n g  

*Loose b a l l  j o i n t s  

*Weak shock a b s o r b e r s  

* Improper  wheel  a l i gnmen t  

*Brake  imbalance  

*Loose wheel b e a r i n g s  

* \$hee l  unba l ance  

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

i n d i v i d u a l l y  and i n  v a r i o u s  combina t i ons ,  l e a d i n g  t o  t h e  

f o l l o w i n g  c o n c l u s i o n s :  

A .  Loose S t e e r i n g  

a d v e r s e l y  e f f e c t s  d r i v e r  work,  p a t h  

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

exposu re  t o  danger  



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

r e p r e s e n t s  an  a p p a r e n t  c r i t i c a l  l e v e l  

o f  l o o s e  s t e e r i n g  

* s h o u l d  b e  checked  a t  t h e  s t e e r i n g  wheel  

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

i n s p e c t i o n  ( P M V I ) .  

B .  Loose B a l l  J o i n t s  

* "deg rade  t h e  c o n t r o l l a b i l i t y  o f  t h e  v e h i c l e  

i n  t h e  S e r p e n t i n e  Course  more t h a n  any 

o t h e r  s i n g l e  component" 

* c o n t r i b u t e  t o  p a t h  d e v i a t i o n  unde r  b r a k i n g  

*new t e c h n i q u e s  f o r  measur ing  b a l l  j o i n t  

l o o s e n e s s  a r e  needed .  

C .  Weak Shock Abso rbe r s  

* r i g h t - l e f t  asymmetry i n  shock  s t r e n g t h  

p roduced  a  s m a l l  a d v e r s e  e f f e c t  on h a n d l i n g  

* v e h i c l e  bounce and p i t c h  i n c r e a s e d  w i t h  

weak shocks  

*methods o f  i n s p e c t i n g  shocks  s h o u l d  b e  

i n v e s t i g a t e d .  

D. Front -Whee l  Misa l ignment  

* f r o n t  whee l  t o e - o u t  and improper  camber 

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

* c a s t e r  a d j u s t m e n t  had l i t t l e  e f f e c t  on 

h a n d l i n g  

*dynamic wheel  a l i g n m e n t  i s  recommended. 



E, Brake Imbalance 

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

d u r i n g  b r a k i n g  

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

t o  s l ow-speed  t e s t s .  

The r e p o r t  i n d i c a t e s  t h a t  a  one v e h i c l e  t e s t  program 

h a s  l i m i t a t i o n s  and t h a t  " e x t r a p o l a t i o n  of  t h e  d a t a  from 

t h i s  s m a l l  sample  c o u l d  p rove  m i s l e a d i n g . "  

Very l i t t l e  d i s c u s s i o n  i s  devo t ed  t o  t h e  q u e s t i o n  of  

whe the r  d r i v e r s  have an i m p o r t a n t  i n f l u e n c e  on t h e  t e s t  

r e s u l t s .  I t  i s  n o t e d  t h a t  " r a t e  of  b r a k e  a p p l i c a t i o n  was 

found t o  v a r y  from d r i v e r  t o  d r i v e r ,  b u t  was c o n s i s t e n t  

w i t h  each  d r i v e r . "  

The s t u d y  appea r s  t o  have been v a l u a b l e  a s  a  f i r s t  

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

and i n  t h e  i n s t r u m e n t a t i o n  o f  degraded  v e h i c l e s  f o r  t e s t .  

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

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

p i o n e e r i n g  v e n t u r e .  

FH-11-7384, " E f f e c t s  of  S t e e r i n g  and Suspens ion  Component 
D e ~ r a d a t i o n  on Automobile S t a b i l i t v  and C o n t r o l . "  1 1 1 .  

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

(1) t h e  e f f e c t s  of  s t e e r i n g  and s u s p e n s i o n  sys t em 

component d e g r a d a t i o n  on o b j e c t i v e  measures  

of  man-veh i c l e  h a n d l i n g  per formance  

( 2 )  c o s t - e f f e c t i v e  methods o f  i n s p e c t i n g  t h e s e  

s y s  tems . 

With r e s p e c t  t o  o b j e c t i v e  ( I ) ,  an e x p e r i m e n t a l  approach  

was t a k e n .  "Exper t"  d r i v e r s  were u sed  and a l l  t e s t s  were  

c l o s e d - l o o p  i n  n a t u r e .  C o n s i d e r a b l e  d i s c u s s i o n  i s  devo t ed  

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

were  b e i n g  measured.  



S i x  v e h i c l e s  were p u t  t h rough  t h e  f o l l o w i n g  maneuvers:  

#Roadholding T e s t ,  A s t r a i g h t  c o u r s e  ove r  s i n u -  

s o i d a l  bumps. T e s t  i s  concerned  w i t h  measur ing  

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

*Severe  Avoidance Maneuver. A r a p i d  l a n e  change 

f o l l o w e d  by a  second  l a n e  change ( i , e . ,  p a s s i n g  

maneuver)  whose e x e c u t i o n  r e q u i r e d  v i o l e n t  

maneuver ing o f  t h e  t e s t  v e h i c l e .  

*Avoidance Maneuver. Gradual  p a s s i n g  maneuver i n  

a  na r rowly  d e f i n e d  c o u r s e ,  t h u s  r e q u i r i n g  p r e c i s e  

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

*Curb Cl imbing.  A f i x e d  v e l o c i t y  t e s t  composed o f  

c l imb ing  a  2 1 / 2  i n c h  c u r b ,  which t h e  v e h i c l e  

i n i t i a l l y  s t r a d d l e s .  

- S t r a i g h t - L i n e  Running. A nar rowly  d e f i n e d ,  

2 0 0 - f o o t ,  s t r a i g h t  p a t h .  

* S t r a i g h t - L i n e  Running w i t h  Pavement I r r e g u l a r i t i e s .  

*Brak ing  i n  a  S t r a i g h t  L i n e .  A b r a k i n g  maneuver 

w i t h i n  a  nar rowly  d e f i n e d  s t r a i g h t  p a t h .  

* C o r n e r i n g  on a  Bumpy S u r f a c e .  

*Brak ing  T e s t s .  Brak ing  i n  a s t r a i g h t  l i n e  and i n  

c o r n e r i n g  on smooth and i r r e g u l a r  r o a d s .  

* I c e  Pa t ch  T r a v e r s a l .  T r a v e r s a l  of  an i c e  p a t c h  

( s i m u l a t e d  by a  2 4 - f o o t  l e n g t h  of  wet s h e e t  s t e e l )  

l o c a t e d  on one s i d e  of  a 1 7 0 - f o o t  nar row,  s t r a i g h t  

p a t h .  

Measurements were made o f  t h r e e  per formance  c r i t e r i a :  

- D r i v e r  I n p u t s  ( e .  g . ,  s t e e r i n g  wheel d i sp l acemen t  . )  

-Maneuver S u c c e s s / F a i l u r e  ( e . g . ,  d i d  t h e  v e h i c l e  

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

* V e h i c l e  Performance Leve l  ( e . g . ,  speed  a t  which t h e  

t e s t  v e h i c l e  was a b l e  t o  f o l l o w  t h e  p r e s c r i b e d  c o u r s e . )  



The s t u d y  conc luded  t h a t :  

-Shock a b s o r b e r  d e g r a d a t i o n  s i g n i f i c a n t l y  a f f e c t s  

v e h i c l e  per formance  and t h e  l e v e l s  o f  d r i v e r  

s k i l l  r e q u i r e d .  About 5 0 %  d e g r a d a t i o n  i s  t h e  

c r i t i c a l  l e v e l .  

* D e g r a d a t i o n  of  b a l l  j o i n t s  s h o r t  o f  f a i l u r e  does 

n o t  a f f e c t  h a n d l i n g  per formance .  

* F r e e - p l a y  i n  t h e  s t e e r i n g  sys tem causes  i n c r e a s e d  

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

per formance  of  t h e  v e h i c l e .  

* F r o n t - e n d  misa l ignment  ha s  l i t t l e  e f f e c t  on 

v e h i c l e  pe r fo rmance .  

To f u l f i l l  t h e  second  o b j e c t i v e  o f  t h e  s t u d y ,  i n s p e c t i o n  

p rocedu re s  c u r r e n t l y  i n  u s e  were rev iewed  and s e v e r a l  

e x p e r i e n c e d  au tomot ive  s e r v i c e  managers were i n t e r v i e w e d .  

The f o l l o w i n g  c o n c l u s i o n s  were drawn: 

-No e g r e g i o u s  d e s i g n  shor tcomings  were  found i n  

t h e  c a r s  t e s t e d .  

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

p e r c e n t a g e  o f  c a r s  r e q u i r e  p e r i o d i c  a l i gnmen t .  

*Brake and t i r e  problems a r e  more s e r i o u s  t h a n  

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

The i n v e s t i g a t o r s  a l s o  concluded t h a t  motor v e h i c l e  i n s p e c -  

t i o n  p r a c t i c e  s h o u l d  be ba sed  on t h e  f o l l o w i n g  p r i n c i p l e s :  

*A r e a s o n a b l y  h i g h  p r o b a b i l i t y  of d e t e c t i n g  

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

*High c o s t  and t ime  e f f e c t i v e n e s s .  



- I n s p e c t i o n  s h o u l d  d e t e r m i n e  t h e  e x i s t e n c e  of 

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

t h a t  c o n d i t i o n .  

. I n s p e c t i o n  equipment  s h o u l d  be  i n e x p e n s i v e  and 

e a s y  t o  o p e r a t e .  

S p e c i f i c  recommendat ions  i n c l u d e d  t h e  f o l l o w i n g  s t a t e m e n t s :  

*Shock a b s o r b e r s  s h o u l d  b e  checked  f o r  v i s i b l e  

s i g n s  o f  l e a k a g e  and mechan i ca l  damage. 

* B a l l  j o i n t s  s h o u l d  be  r e j e c t e d  f o r  l o s s  o f  b o o t  

s e a l  i n t e g r i t y ,  l o o s e n e s s  o r  wear  o f  t a p e r ,  

1 /8"  a x i a l  f r e e - p l a y  i n  l o a d e d  b a l l ,  d i s c e r n i b l e  

f r e e - p l a y  i n  un loaded  b a l l  j o i n t .  

* P r e s e n t  p r a c t i c e  o f  l i m i t i n g  f r e e - p l a y  a t  

s t e e r i n g  wheel  t o  2 t o  3 i n c h e s  a t  rim i s  

r e a s o n a b l e .  

* F r o n t - w h e e l  a l i g n m e n t  i s  u n s a t i s f a c t o r y  i f  

a symmetr ic  t i r e  wear i s  e v i d e n t .  T o e - i n  s h o u l d  

b e  w i t h i n  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 s .  

T h i s  s t u d y  was comprehens ive  i n  s c o p e ,  w i t h  i t s  f i n d i n g s  

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

however ,  i s  t h e  i n f l u e n c e  t h a t  t h e  d r i v e r s  may have had  on 

t h e  r e s u l t s .  E x p e r t  d r i v e r s  were  a l l o w e d  t o  p r a c t i c e  and 

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

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

FH-11-6746, "Veh ic l e  Hand l ing , "  [ 3 ] .  

T h i s  r e p o r t  d e s c r i b e s  (1 )  a 1 7  d e g r e e  o f  f reedom,  

h y b r i d  computer  s i m u l a t i o n  of t h e  a u t o m o b i l e ,  ( 2 )  an a s s o -  

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

o f  v e r i f y i n g  t h e  s i m u l a t i o n ,  and (3)  a  v e h i c l e  h a n d l i n g  s t u d y  



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

combined b r a k i n g  and s t e e r i n g  maneuvers .  The p r o j e c t  i s  

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

i s  t h i s  computer  model o f  t h e  au tomob i l e  which was employed 

i n  t h e  p r e s e n t  s t u d y ,  a l b e i t  i n  a  somewhat a l t e r e d  form.  

The s t u d y  demons t r a t ed  t h a t  i t  i s  p o s s i b l e  t o  a l l o c a t e  

a n a l o g  and d i g i t a l  comput ing t a s k s  such  t h a t  t h e  s i m u l a t i o n  

can  r u n  i n  r e a l  o r  n e a r - r e a l  t ime  w i t h  s a t i s f a c t o r y  a c c u r a c y  

and w i t h o u t  t h e  need  f o r  e x c e s s i v e  n o n l i n e a r ,  a n a l o g  e q u i p -  

ment.  Analog t a s k s  i n c l u d e d  t h e  s o l u t i o n  o f  t h e  e q u a t i o n s  

d e s c r i b i n g  t h e  mot ions  of t h e  v e h i c l e  body,  t h e  s t e e r i n g  

and v e r t i c a l  mot ions  of  t h e  f r o n t  w h e e l s ,  t h e  mot ions  of  

t h e  r e a r  a x l e ,  and t h e  a n g u l a r  r o t a t i o n  of  a l l  whee ls  a b o u t  

t h e i r  s p i n  a x e s .  Computat ions  r e l a t e d  t o  w h e e l - r o a d  

o r i e n t a t i o n ,  t h e  f o r c e s  and moments p roduced  by t h e  t i r e s ,  

and wheel  s l i p  and f r i c t i o n  c o e f f i c i e n t s  were h a n d l e d  i n  

t h e  d i g i t a l  r e a l m .  

The deve loped  s i m u l a t i o n  was v e r i f i e d  by comparing 

computer p r e d i c t i o n s  w i t h  r e s u l t s  p roduced  by t e s t s  on a  

s t a n d a r d - s i z e  American s e d a n .  Both s t e a d y - s t a t e  and t r a n -  

s i e n t  maneuvers were  conduc t ed .  I n  g e n e r a l ,  s i m u l a t i o n  and 

t e s t  r e s u l t s  were  deemed t o  be i n  good ag reemen t .  

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

were  u n d e r t a k e n :  

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

s t e e r i n g  and b r a k i n g  i n p u t s .  

- E f f e c t s  o f  changes  i n  v e h i c l e  p a r a m e t e r s  (damping,  
e t c . )  on r e s p o n s e  t o  combined r e a r  wheel  d r i v e  

and s t e e r i n g .  

Open-loop maneuvers employing q u a s i - s t e p  i n p u t s  t o  t h e  

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



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

o f  v i s c o u s  and coulomb damping on t h e  o s c i l l a t i o n s  o f  t h e  

s t e e r i n g  s y s t e m .  I n c r e a s i n g  f r i c t i o n  was found t o  r e d u c e  

t h e  e x t r a n e o u s  o s c i l l a t i o n s  o f  t h e  f r o n t  w h e e l s .  ( F r i c t i o n ,  

however,  was o n l y  i n c r e a s e d  above t h a t  p r e v a i l i n g  on t h e  

t e s t  v e h i c l e ;  i t  was n o t  r e d u c e d . )  

FH-11- 7 2 9 7 ,  "Veh ic l e  Handl ing  T e s t  P rocedu re s  ," [ 4 ] .  

T h i s  s t u d y  was conce ived  a s  a  f i r s t  e f f o r t  i n  d e f i n i n g  

a s e t  o f  s a f e t y - r e l e v a n t  per formance  q u a l i t i e s  o f  t h e  

p a s s e n g e r  c a r .  As s u c h ,  i t  was l i m i t e d  t o  d e f i n i n g  and 

measur ing  t h e  open - loop  b e h a v i o r  o f  t h e  v e h i c l e  i n  o r d e r  t o  

e l i m i n a t e  t h e  p o t e n t i a l l y  c o n f u s i n g  e f f e c t s  of  m a n - v e h i c l e  

i n t e r a c t i o n s .  As was i n d i c a t e d  i n  t h e  main t e x t  o f  t h i s  

r e p o r t ,  t h e  t e s t s ,  p r o c e d u r e s ,  and equipment  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 t u d y  c o n s t i t u t e  t h e  

framework f o r  t h e  t e s t i n g  program employed i n  t h e  p r e s e n t  

s t u d y  . 
S p e c i f i c a l l y ,  s i x  l i m i t  pe r formance  maneuvers were  

deve loped  t o  c o n s t i t u t e  a  f i r s t - o r d e r  a s se s smen t  o f  s a f e t y  

pe r fo rmance .  These  l i m i t  maneuvers were  g i v e n  t h e  f o l l o w i n g  

t i t l e s :  

- L i m i t  Brak ing  (no s t e e r i n g )  . 
*Response t o  Rap id ,  Extreme S t e e r i n g  (no b r a k i n g ) .  

*Brak ing  i n  a  Turn ( f i x e d ,  n o n - z e r o  s t e e r  a n g l e ) .  

*Turn ing  on a  Rough S u r f a c e .  

*Rapid  Lane Change. 

-"Drastic" S t e e r  and Brake .  



The t e s t  p r o c e d u r e s  deve loped  t o  y i e l d  a  l i m i t  maneuver 

numer ic  were  e x e c u t e d  on f o u r  au tomob i l e s  of  w i d e l y  v a r y i n g  

d e s i g n  p h i l o s o p h i e s .  The f i r s t  f o u r  maneuvers were e x e c u t e d  

by d r i v e r s  and employed p a s s i v e  b r a k e  and s t e e r i n g  l i m i t e r s .  

The l a n e - c h a n g e  and d r a s t i c  s t e e r  and b r a k e  maneuvers employed 

an a u t o m a t i c  c o n t r o l l e r  sys tem p r o v i d i n g  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 .  

The s t u d y  conc luded  t h a t  "a s e t  o f  per formance  c h a r a c -  

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

of t h e  motor v e h i c l e  have  been  d e f i n e d  . . . . [  And] methods of  

t e s t i n g  and d a t a  a n a l y s i s  have been  demons t r a t ed  which 

p r o v i d e  o b j e c t i v e  and d i s c r i m i n a t i n g  p r o c e d u r e s  f o r  measur ing  

t h e s e  s a f e t y - r e l a t e d  c h a r a c t e r i s t i c s . "  

FH-11-7563, "Computer S i m u l a t i o n  of  V e h i c l e  H a n d l i n g , "  [ 5 ] .  

Th i s  s t u d y  c o n s t i t u t e d  an e x t e n s i o n  o f  an e a r l i e r  s t u d y  

e n t i t l e d  "Vehic le  Handl ing"  ( s e e  above)  and embodied (1 )  

improvements i n  t h e  h y b r i d  s i m u l a t i o n  and  ( 2 )  imp lemen ta t i on  

o f  t h e  t e s t i n g  p r o c e d u r e s  deve loped  i n  "Vehic le  Handl ing  

T e s t  P r o c e d u r e s . "  I n  t h i s  program,  t h e  h a n d l i n g  c h a r a c -  

t e r i s t i c s  o f  a  1967 Ford s t a t i o n  wagon and a  1971 Volkswagen 

Super  B e e t l e  were  de t e rmined  by e x e r c i s i n g  t h e  s i m u l a t i o n  

and by p h y s i c a l  t e s t i n g .  The h y b r i d  computer r e s u l t s  were 

compared w i t h  subsequen t  t e s t  r e s u l t s  t o  v a l i d a t e  t h e  

s i m u l a t i o n .  E s t a b l i s h e d  V e h i c l e  Handl ing  T e s t  P rocedu re s  

were u t i l i z e d  t o  d e r i v e  l i m i t s  o f  v e h i c l e  pe r fo rmance .  

The Volkswagen s i m u l a t i o n  was deemed t 

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

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

However, r o a d h o l d i n g  and r o l l o v e r  t e s t s  imp 

which exceeded  t h e  a v a i l a b l e  t i r e  d a t a  and 

o  have a c c u r a t e l y  

e  b r a k i n g ,  b r a k i n g  

i d a l  s t e e r i n g .  

os ed c o n d i t i o n s  

v i o l a t e d  t h e  

assumpt ions  of  t h e  s u s p e n s i o n  model s o  t h a t  q u a n t i t a t i v e  

p r e d i c t i o n  was compromised. I t  was recommended t h a t  t h e  



s u s p e n s i o n  model b e  r e f i n e d  and t h a t  more e x t e n s i v e  t i r e  

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

and r o l l o v e r  t e s t s .  

SYNOPSIS OF THE LITERATURE REVIEW 
CONTAINED IN REFERENCE [ I ]  

P a r t  I 1  ( T e c h n i c a l  R e p o r t ) ,  Volume 1 ( L i t e r a t u r e  

Review) o f  " E f f e c t s  o f  S t e e r i n g  and Suspens ion  Component 

Deg rada t i on  on Automobi le  S t a b i l i t y  and Con t ro l "  c o n t a i n s  

an a n n o t a t e d  b i b l i o g r a p h y  and d i s c u s s i o n  o f  some 9 4  r e l e -  

v a n t  documents.  The d i s c u s s i o n  g i v e s  a  comprehensive  rev iew 

o f  t h e  i n f o r m a t i o n  t h e n  a v a i l a b l e  i n  t h e  l i t e r a t u r e  r e g a r d i n g  

t h e  e f f e c t s  o f  wear  and d e g r a d a t i o n  i n  s t e e r i n g  and s u s p e n s i o n  

sys t em components.  U n f o r t u n a t e l y ,  a lmos t  a l l  o f  t h i s  i n f o r -  

ma t ion  i s  o f  a  s econda ry  o r  background n a t u r e ,  f o r  u n t i l  

t h e  f i n d i n g s  deve loped  by t h e  r e s e a r c h  per formed  unde r  

C o n t r a c t  No. FH-11-7384 [ 2 ]  were  p u b l i s h e d ,  v e r y  l i t t l e  

i n f o r m a t i o n  r e l a t e d  t o  t h i s  problem was a v a i l a b l e  i n  t h e  

open l i t e r a t u r e .  

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

t h e  l i t e r a t u r e  rev iew p r e s e n t e d  i n  Re fe r ence  [ I ] .  A l l  

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

B i b l i o g r a p h y .  

1 . 0  GENERAL SOURCES OF INFORMATION 

Documents a r e  c i t e d  which p r o v i d e  background i n f o r m a t i o n  

on s t e e r i n g  and s u s p e n s i o n  s y s t e m s ,  and t h u s  c o n t r i b u t e  o n l y  

i n d i r e c t l y  t o  t h e  s t u d y .  

1.1 C o d i f i c a t i o n  and Nomenclature  [ 6 ,  71 

1 . 2  D e s c r i p t i v e  I n f o r m a t i o n ,  Design and T e s t  

Design [ 8 ,  351 

T e s t i n g  [35-  501 



1 . 3  Computer s i m u l a t i o n s  a p p l i c a b l e  t o  

s t e e r i n g  and s u s p e n s i o n  sys t em d e s i g n  

s t u d i e s  [ 3 6 ,  38,  511. 

1 . 4  V e h i c l e  h a n d l i n g  q u a l i t i e s  [ 52 ,  53,  541,  

2 .0  BASELINE SOURCE GROUP 

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

r e s u l t i n g  f rom seven  major  r e s e a r c h  programs s p o n s o r e d  by 

NHTSA. The a u t h o r s  o f  Re fe r ence  [ I ]  viewed t h e s e  r e p o r t s  a s  

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

2 . 1  FH-11-6629, " S t e e r i n g  D i a g n o s i s , "  [ 2 ] .  

Th i s  document i s  t h e  o n l y  r e p o r t  o f  t h e  b a s e -  

l i n e  group c o n s i d e r e d  t o  be  d i r e c t l y  a p p l i c a b l e  

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

2 . 2  FH-11-6522, "Used V e h i c l e  S a f e t y  S t u d y , "  [ 5 5 ] .  

Th i s  s t u d y  c o n s t i t u t e d  an  examina t i on  o f  t h e  

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

I t s  ma jo r  c o n t r i b u t i o n  was t h e  p r o d u c t i o n  o f  

s even  ma thema t i ca l  models of  v a r i o u s  a s p e c t s  of  

u sed  v e h i c l e  s a f e t y .  

2 . 3  FH-11-6921. "Used Car S a f e t y  S t a n d a r d s - - S a f e t y  
Index ,  1 1  1 .  

T h i s  s t u d y  a t t e m p t e d  t o  o b t a i n  d a t a  on w e a r ,  

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

and t o  e v a l u a t e  t h e  e f f e c t s  o f  PMVI t h r o u g h  t h e  

u s e  o f  s i m u l a t i o n  models b a s e d  on p r o b a b i l i t y  

a n a l y s i s .  Modeling was accompl i shed ,  b u t  

m a n u f a c t u r e r s ,  f l e e t  owners ,  and government 

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

a t t e m p t s  t o  o b t a i n  d a t a .  



2 . 4  FH-11-6915, "Used Car S a f e t y  S t a n d a r d s  V e h i c l e  
S a f e t v  S t a t u s  . I t  1561. 

The AAA Club o f  M i s s o u r i  i n s p e c t e d  8543 

c a r s  (up t o  f i v e  y e a r s  o l d )  i n  o r d e r  t o  d i s c o v e r  

t h e  s t a t u s  o f  c a r s  i n  u s e  and t o  g a i n  knowledge 

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

The t o e - i n  and c a s t e r  a n g l e  o f  f r o n t  whee ls  

were  a l i gnmen t  v a r i a b l e s  t h a t  were  most commonly 

found t o  b e  o u t s i d e  o f  s p e c i f i c a t i o n .  S e v e r a l  

seemingly  s u b j e c t i v e  recommendations were  made 

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

2 . 5  FH-11-6538, "Automated D i a g n o s t i c  Sys t ems - -  
V e h i c l e  I n s p e c t i o n , "  [ 5 7 ] .  

Th i s  s t u d y  c o n s t i t u t e d  an i n v e s t i g a t i o n  o f  

t h e  p o s s i b l e  u s e  o f  au tomated  d i a g n o s t i c  sys tems  

f o r  pe r fo rming  v e h i c l e  i n s p e c t i o n .  Three  hypo- 

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

d e g r e e s  of  au toma t ion  were  deve loped  and a n a l y z e d  

on a  c o s t  b a s i s .  Some h y p o t h e t i c a l  equipment  

was d i s c u s s e d .  

2 .6  FH-11-6938. "Used Car S a f e t v  S t a n d a r d s . "  r581. 

An e f f o r t  was made t o  d e t e r m i n e  t h e  s i g n i -  

f i c a n t  c o r r e l a t i o n s  o f  v a r i o u s  f a c t o r s  ( such  a s  

age )  w i t h  t h e  o c c u r r e n c e  o f  o u t - o f - s p e c i f i c a t i o n  

c o n d i t i o n s  on v e h i c l e s  i n  u s e ,  and t o  recommend 

v e h i c l e  i n s p e c t i o n  s c h e d u l e s  and t e c h n i q u e s .  

The a c c o u n t i n g  o f  i n s p e c t i o n  t e c h n i q u e s  i s  of  

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

2 . 7  FH-11-6886, " A l t e r n a t i v e  I n s p e c t i o n  P o l i c i e s  f o r  
C o l l i s i o n  Damaged V e h i c l e s  and I n s p e c t i o n  of  ., 
S p e c i a l  Purpose  V e h i c l e s , "  [ 5 9 ] .  

Th i s  s t u d y  was aimed a t  d e t e r m i n i n g  a p p r o p r i a t e  

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

v e h i c l e s .  S e v e n t y - e i g h t  v e h i c l e s  were  u sed  f o r  



c a s e  s t u d i e s ,  and components from e i g h t e e n  

o t h e r  v e h i c l e s  ( found i n  junk y a r d s )  were  

a l s o  s t u d i e d .  I t  was conc luded  t h a t  

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

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

were  g i v e n .  

3 . 0  SOURCES RELATED TO DEGRADATION OF STEERING AND 
SUSPENSION SYSTEMS 

3 . 1  Degrada t i on  Mechanisms ( f a t i g u e ,  wear ,  and 

chemica l  a t t a c k )  

f a t i g u e  132, 50,  60,  611.  

wear [62 ,  6 3 1 .  

(Also ,  impact  l o a d i n g  and human e r r o r  a r e  

ment ioned [ 5 9 ] ) .  

3 .2  D e t e c t i o n  o f  Degraded S t a t e s  

*Regu la r  u sage  and r o u t i n e  main tenance  were 

s e e n  a s  t h e  two major  means of  m o n i t o r i n g  

v e h i c l e  c o n d i t i o n .  R e c a l l  campaigns and PMVI 

a l s o  s e r v e  t o  d e t e c t  a  degraded  s t a t e .  

r e c a l l  [ 6 4 ] .  

PMVI rev iew [ 6 5 ] .  

* S t a t i s t i c a l  i n f o r m a t i o n  w i t h  r e s p e c t  t o  t h e  

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

t i o n  programs a p p e a r s  t o  b e  p l e n t i f u l  [ 5 5 ,  56 ,  

66- 691.  

- S i m i l a r  s t a t i s t i c s  a r e  a v a i l a b l e  from 

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

show h i g h e r  f a i l u r e  r a t e s  t h a n  t h o s e  o b t a i n e d  

by more c o n v e n t i o n a l  methods [55 ,  58, 7 0 1 .  



* P o s t  a c c i d e n t  a n a l y s i s  [ 59 ,  7 1 1 .  

3 . 3  L i f e  Expectancy and F a i l u r e  Data [ 6 ,  40, 55,  

7 2 -  7 6 1 .  

4 .0  SOURCES RELATED TO THE RELATIONSHIP BETWEEN COMPONENT 
DEGRADATION AND PERFORMANCE 

4 . 1  Techniques  f o r  S t u d y i n g  V e h i c l e  Per formance  

Techniques  ment ioned  f o r  t h e  s t u d y  o f  v e h i c l e  

per formance  i n c l u d e  computer s i m u l a t i o n ,  

l a b o r a t o r y  s i m u l a t i o n ,  r oad  and p r o v i n g  ground 

t e s t i n g ,  and a c c i d e n t  r e c o n s t r u c t i o n .  The 

advan t ages  and d i s a d v a n t a g e s  o f  each  a r e  

d i s c u s s e d .  

computer s i m u l a t i o n  [ l ]  . 
l a b o r a t o r y  s i m u l a t i o n  (See 1 . 2 )  

f u l l - s c a l e  t e s t i n g  [ I ,  2 ,  38,  54,  7 7 ,  

78, 791. 

4 . 2  S a f e t y  I m p l i c a t i o n s  o f  Degraded Systems 

A d i r e c t  c o n n e c t i o n  between degraded  sys tems  

and s a f e t y  r e c o r d s  i s  d i f f i c u l t  t o  make. Many 

s t a t i s t i c a l  s t u d i e s  have been made. Re fe r ence  

i s  made t o  a  scheme o f  " c r i t i c a l i t y "  r a n k i n g  

f o r  v a r i o u s  component f a i l u r e s  [65 ,  66 ,  80-861 .  

5 . 0  SOURCES DEALING WITH THE PROCEDURAL ASPECTS OF 
INSPECTION 

There  a r e  f o u r  i m p o r t a n t  a s p e c t s  t o  i n s p e c t i o n :  wha t ,  

how, and when t o  i n s p e c t ,  and what i s  t h e  a c c e p t a b l e  l e v e l .  

"What" and "how" has  been  t h e  s u b j e c t  of  much d i s c u s s i o n .  

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

s h o u l d  have a  maximum i n t e r v a l  o f  one y e a r  [ 6 ,  20,  2 1 ,  36,  

41,  55-59 ,  68,  83,  87 -95 ] .  



I n  r ev i ewing  t h e  a b o v e - c i t e d  documents ,  t h e  a u t h o r s  

o f  Re fe r ence  [ I ]  conc luded  t h a t  d i f f e r e n c e s  i n  c l a s s i f i c a t i o n ,  

n o m e n c l a t u r e ,  and methods made c o r r e l a t i o n s  between t h e  

v a r i o u s  s t u d i e s  most d i f f i c u l t .  C e n t r a l i z i n g  s t e e r i n g  and 

s u s p e n s i o n  sys t em i n f o r m a t i o n  was found t o  be  n e c e s s a r y  

( s e e  [ I ] ,  Volume 5 ,  P a r t  1 1 1 ) .  I t  was n o t e d  t h a t  E i s n e r  

[ 5 5 ]  and Wells  [ 6 ]  have c r e a t e d  an o r g a n i z a t i o n a l  framework 

f o r  c l a s s i f y i n g  s t e e r i n g  and s u s p e n s i o n  sys t em d e g r a d a t i o n .  

However, s a f e / u n s a f e  l i m i t s  o f  d e g r a d a t i o n  i n  v e h i c l e  com- 

ponen t s  have y e t  t o  b e  e s t a b l i s h e d  i n  an o b j e c t i v e  manner. 

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

s a f e t y  has  n o t  been  o b j e c t i v e l y  e s t a b l i s h e d .  I t  was a l s o  

conc luded  t h a t  s i m p l e ,  i n e x p e n s i v e  i n s p e c t i o n  t e c h n i q u e s  a r e  

needed .  

ADDITIONAL NHTSA CONTRACT REPORTS 

FH-11-7330, "Veh ic l e s  i n  Use,  and S t a t e  Compulsion V e h i c l e  
I n s p e c t i o n , "  [ 9 8 ]  [ s i c ]  . 

This  s t u d y  i s  e s s e n t i a l l y  an  e x t e n s i o n  of  t h e  e a r l i e r  

work done by Oldham [ 5 6 ] .  S tudy  o b j e c t i v e s  i n c l u d e d  t h e  

f o l l o w i n g  t a s k s  : 

*Determine  s t a t u s  of  v e h i c l e s  i n  u s e  

# C o l l e c t  d a t a  on r e a s o n s  f o r  r e j e c t i o n  

-Compare r e s u l t s  of  v e h i c l e s  which have  o r  have 

n o t  been p r e v i o u s l y  t e s t e d  

*Asses s  t h e  r e l a t i v e  wor th  of p l a t f o r m  and h igh  

speed  r o l l e r  b r a k e  t e s t e r s  

Data  was g a t h e r e d  on 12 ,604  c a r s  and was p r o c e s s e d  by 

computer methods.  



The s t u d y  conc luded  t h a t  b r a k e  l i n i n g s  and f r o n t  end 

a l ignmen t  c o n s t i t u t e  t h e  most s e r i o u s  d e f e c t s .  H e a d l i g h t  

misa l ignment  was found t o  be  t h e  most common f a u l t .  The 

r e j e c t i o n  r a t e  was found t o  be  50  p e r c e n t  h i g h e r  f o r  t h o s e  

v e h i c l e s  which had n o t  been p r e v i o u s l y  i n s p e c t e d .  Approxi -  

ma te ly  t h e  same comparison h o l d s  f o r  r e j e c t i o n s  caused  by 

d e f e c t s  i n  s t e e r i n g  and s u s p e n s i o n  s y s  tems o n l y .  

The l a c k  o f  a v a i l a b l e  equipment f o r  b a l l  j o i n t  i n s p e c -  

t i o n  and f o r  o n - c a r  shock a b s o r b e r  t e s t i n g  was n o t e d .  The 

r e l a t i v e  m e r i t s  of  s t a t i c  and dynamic a l i gnmen t  t e s t i n g  were 

d i s c u s s e d .  

FH- 11- 7 3 0 2 ,  " R e l a t i o n s h i p  Between V e h i c l e  D e f e c t s  and 
V e h i c l e  Crashes  ." r 9 9 1 .  

F i f t y  a c c i d e n t s  known t o  be  i n f l u e n c e d  by mechanica l  

f a i l u r e  were s t u d i e d .  The f o l l o w i n g  c l a s s i f i c a t i o n  r e s u l t e d :  

.There  were s i x  a c c i d e n t  c a s e s  presumably caused  

by s t e e r i n g  d e f e c t s .  Three  were c l a s s i f i e d  a s  

" l o s s  of  c o n t r o l "  a c c i d e n t s .  I n  t h r e e  o f  t h e  

s i x  c a s e s ,  s e r v i c e  had been  r e c e n t l y  performed 

on ,  o r  n e a r ,  t h e  p a r t  i n v o l v e d .  

*Two a c c i d e n t s  were c i t e d  a s  s u s p e n s i o n  r e l a t e d .  

Both c a s e s  were c l a s s i f i e d  a s  "des ign  i n a d e q u a c i e s . "  

* E i g h t e e n  c a s e s  of wheel l o s s  were r e p o r t e d .  Two 

r e s u l t e d  from f a i l u r e s  of t h e  d r i v e  a x l e  o r  b e a r i n g .  

Twelve r e s u l t e d  from improper  wheel mounting i n  

r e c e n t  s e r v i c i n g .  One t r u c k  l o s t  a  wheel because  

t h e  r e t a i n i n g  n u t  d i d  n o t  have a  c o t t e r  p i n  

i n s t a l l e d .  

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

i s  t h e  f a c t  t h a t  twenty of  t h e  f i f t y  a c c i d e n t  c a s e s  s t u d i e d  

had had some s e r v i c e  i n  t h e  p r e v i o u s  month. O f  t h e s e  



twenty, fourteen had accidents directly attributable to 

faulty repair service. In the other six cases, service 

personnel "did not notice" faulty parts in close proximity 

to the work being done. 

Volume V of this report is an Annotated Bibliography 

of the title subject. Sources are reviewed under the 

headings of: 

*Components. (Including general component failure, 

steering, suspension, tires, and wheels.) 

*Inspection, Maintenance, and Repairs. 

-Accident Investigation and Analysis. 

*Other Information Listings and Sources 

A listing of researchers is also included. 

FH-11-7216. "Vehicle-In-Use System Safety Analvsis." r1001. 

A systems analysis approach was used to discover and 
rank, in terms of criticality, the important modes of 

failure among the major subsystems of the motor vehicle. 

Rankings were given to several modes of steering system 

failure. In order of "criticality" these included: 

*Wheel or tire imbalance. 

*Frozen front-wheel bearing. 

-Malfunction of power steering--fluid level. 

*Excessive friction at steering gear. 

.Malfunction of power steering--drive belt. 

*Worn or incorrect shocks. 

*Alignment error--toe-in or camber. 



The f o l l o w i n g  c o n c l u s i o n s  were  drawn: 

*Shock a b s o r b e r  per formance  i s  " s a f e t y  c r i t i c a l , "  

b u t  no a d e q u a t e  means o f  t e s t i n g  on t h e  v e h i c l e  

e x i s t .  Research  s h o u l d  be unde r t aken  t o  c o r r e c t  

t h i s  s i t u a t i o n .  

* F r o n t - e n d  l o o s e n e s s  ( i n  b a l l  j o i n t s )  i s  " s a f e t y  

i m p o r t a n t . "  The r e l a t i v e  s a f e t y  m e r i t s  o f  t h e  

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

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

be  e v a l u a t e d .  

FH-11-7254, " M u l t i d i s c i p l i n a r y  I n v e s t i g a t i o n s  t o  Determine 
R e l a t i o n s h i p  Between V e h i c l e  D e f e c t s ,  F a i l u r e ,  and V e h i c l e  
C r a s h e s , "  [ l o l l .  

Case summaries a r e  g i v e n  f o r  p o s t - c r a s h  i n v e s t i g a t i o n s  

o f  34 a c c i d e n t s  i n  Houston,  Texas d u r i n g  1969-70 .  The 

o b j e c t i v e  was t o  de t e rmine  t h e  r e l a t i v e  c a u s a t i o n  impor t ance  

o f  t h e  d r i v e r ,  t h e  v e h i c l e ,  and  t h e  a c c i d e n t - s i t e  env i ronment .  

I t  was found t h a t  s t e e r i n g  sys tem d e f e c t s  were  o f  a  

" c o n t r i b u t o r y  n a t u r e t t  i n  20 .5  p e r c e n t  o f  t h e  s t u d y  v e h i c l e s ,  

b u t  were n e v e r  " c a u s a t i v e . "  

The s t u d y  conc luded  t h a t  a l t h o u g h  v e h i c l e s  may become 

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

d r i v e r  f o r  n e g l e c t i n g  m a i n t a i n a n c e ,  knowingly o r  unknowingly.  

A l s o ,  " i f  p r i o r i t i e s  must be  e s t a b l i s h e d ,  t h e  s t e e r i n g /  

s u s p e n s i o n  sys t em would have t o  be  r a t e d  low p r i o r i t y  f o r  

i n s p e c t i o n  when compared w i t h  b r a k e s  . "  
An a n n o t a t e d  b i b l i o g r a p h y  o f  t h e  t i t l e  s u b j e c t  i s  

i n c l u d e d .  Subheadings  a r e  : 

*Component Systems.  ( I n c l u d i n g  s t e e r i n g  sy s t em,  

s u s p e n s i o n  sys t em,  t i r e s  and whee l s )  

- P e r i o d i c  Motor V e h i c l e  I n s p e c t i o n ,  Main tenance ,  

Q u a l i t y  C o n t r o l  and W a r r a n t i e s .  



* C o l l i s i o n  I n v e s t i g a t i o n  and A n a l y s i s .  

* D a t a  C e n t e r s  and Mechanica l  D e f e c t s  L i b r a r i e s .  

.Au tho r -Resea rche r  L i s t .  

FH-11-7329, "Veh ic l e  D e t e r i o r a t i o n  A c c i d e n t  I n v e s t i g a t i o n , "  [ 1 0 2 ] .  

The o b j e c t i v e  o f  t h e  s t u d y  was t o  d e t e r m i n e  t h e  

impor t ance  o f  d e f e c t s ,  m a l f u n c t i o n  and ma lad ju s tmen t s  i n  

v e h i c l e  s y s  tems and components i n  c a u s i n g  a n d / o r  c o n t r i b u t i n g  

t o  a c c i d e n t s .  Twenty-seven a c c i d e n t s  were  i n v e s t i g a t e d  i n  

d e p t h  and  an a d d i t i o n a l  4 8  were  i n v e s t i g a t e d  by u s i n g  p o l i c e  

r e c o r d s .  S t e e r i n g  d e f e c t s  were  i n v o l v e d  i n  t h r e e  o f  t h e  

t w e n t y - s e v e n  i n - d e p t h  c a s e s  and i n  f i v e  o f  t h e  4 8  " p o l i c e "  

c a s e s .  Acc iden t  invo lvement  due t o  v e h i c l e  d e f e c t s  was 

g e n e r a l l y  found t o  r i s e  w i t h  a g e .  

A b r i e f  s u r v e y  of  t h e  l i t e r a t u r e  was made and an 

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

EVALUATIVE COMMENTS 

The m a j o r i t y  o f  work accompl i shed  t o  d a t e  on d e v e l o p i n g  

r e l a t i o n s h i p s  between s t e e r i n g  and s u s p e n s i o n  sys t em d e g r a -  

d a t i o n ,  v e h i c l e  pe r fo rmance ,  and s a f e t y  f a l l s  i n t o  t h e  

c a t e g o r y  of  s t a t i s t i c a l  a n a l y s i s .  Data  a c q u i r e d  from a c c i -  

d e n t  and v e h i c l e  i n s p e c t i o n  r e c o r d s  have been u sed  t o  d e f i n e  

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

deve lop  ma thema t i ca l  models ba sed  on p r o b a b i l i t y  c o n s i d e r a t i o n s ,  

Al though  t h e  volume o f  t h i s  work has  been  c o n s i d e r a b l e ,  t h e s e  

a c t i v i t i e s  have n o t  a s  y e t  l e d ,  n o r  i s  i t  l i k e l y  t h a t  t h e y  

can  l e a d ,  t o  t h e  e s t a b l i s h m e n t  of  s t a n d a r d s  l i m i t i n g  t h e  

l e v e l s  o f  component d e g r a d a t i o n  deemed p e r m i s s i b l e  f o r  

r e a s o n s  o f  s a f e t y .  



On t h e  o t h e r  hand ,  v e r y  l i t t l e  i n f o r m a t i o n  on t h e  

p h y s i c a l  e f f e c t s  of  component d e g r a d a t i o n  on s t e e r i n g  and 

s u s p e n s i o n  sys t em per formance  has  been  p u b l i s h e d .  I n  f a c t ,  

t h e  o n l y  fo rma l  documents on t h i s  t o p i c  a r e  t h a t  o f  B i r d ,  

B e l s d o r f ,  and R i c e  [ I ]  and M e r r i l l  [ Z ] .  U n f o r t u n a t e l y ,  t h e  

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

c o n f l i c t .  I n  p a r t i c u l a r ,  M e r r i l l  found t h a t  (1)  b a l l  j o i n t  

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

and  ( 2 )  d eg raded  shock  a b s o r b e r s  t o  have  l i t t l e  e f f e c t  on 

h a n d l i n g  pe r fo rmance .  B i r d  and h i s  a s s o c i a t e s ,  i n  e s s e n c e ,  

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

of  t h e  f i n d i n g s  p roduced  by  t h e s e  two s t u d i e s  i s  c l ouded  by 

t h e  f a c t  t h a t  b o t h  g roups  of  i n v e s t i g a t o r s  u sed  t e s t  p r o -  

c edu re s  i n  which t h e  v e h i c l e s  were  d r i v e n  by e x p e r i e n c e d  o r  

" e x p e r t "  d r i v e r s  t h a t  had ample o p p o r t u n i t y  t o  a d a p t  t o  t h e  

demands imposed b o t h  by t h e  a s s i g n e d  maneuver ing t a s k  and 

by t h e  degraded  components.  

U n t i l  t h e  n e c e s s a r y  r e s e a r c h  has  been  per formed  and 

component d e g r a d a t i o n  l i m i t s  have been  e s t a b l i s h e d ,  t h e  

b a s i s  f o r  d i s c u s s i n g  i n s p e c t i o n  equipment r e q u i r e m e n t s  remains  

on shaky ground .  N e v e r t h e l e s s ,  t h e  e x i s t i n g  l a c k  of  e q u i p -  

ment t o  measure shock  a b s o r b e r  per formance  and b a l l  j o i n t  

l o o s e n e s s  c l e a r l y  needs  t o  be  remedied .  Whenever i n s p e c t i o n  

equipment  and t e c h n i q u e s  a p p l y i n g  t o  any v e h i c l e  sy s t em a r e  

deve loped ,  however ,  i t  would b e  w e l l  t o  b e a r  i n  mind t h e  

f i n d i n g s  o f  Schmidt [ 9 9 ]  which i n d i c a t e d  t h a t  t h e  human 

e r r o r s  made by s e r v i c e  p e r s o n n e l  can b e  among t h e  most 

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

F i n a l l y ,  i t  s h o u l d  be n o t e d  more i n f o r m a t i o n  and d a t a  

on t h e  phenomenon o f  component wear and i t s  e f f e c t s  on 

v e h i c l e  per formance  p r o b a b l y  e x i s t s  t h a n  i s  r e a d i l y  a p p a r e n t .  

Wel ls  [ 6 ] ,  f o r  example,  i n d i c a t e s  t h a t  m a n u f a c t u r e r s ,  i n  a l l  

l i k e l i h o o d ,  p o s s e s s  a  good d e a l  o f  wear  and f a i l u r e  d a t a  



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

a u t h o r s  a r e  aware t h a t ,  many y e a r s  a g o ,  a  s t u d y  of  t h e  e f f e c t s  

o f  f r o n t - e n d  mi sa l i gnmen t  and o t h e r  f a c t o r s  on s a f e t y  

pe r fo rmance  was made under  SAE a u s p i c e s  b u t  u n f o r t u n a t e l y  was 

n o t  c a r r i e d  t h rough  t o  p roduce  a  f i n a l  p u b l i s h e d  document.  
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APPENDIX I1 

VEHICLE PARAMETER DATA 

GENERAL DISCUSSION 

An extensive set of vehicle parameter information is 

needed to use the BendixINHTSA hybrid simulation. In this 

study, the necessary parameters were obtained for simulating 

eight vehicles. The acquisition of this data was a costly 

and time-consuming task. 

A variety of techniques were employed to evaluate vehicle 

parameters : 

1. A special test rig was constructed for measuring 

steering system play and compliances. 

2. Shock absorber characteristics were measured in 

the laboratory using a tensile test machine. 

3. An individualized test set-up was implemented 

for measuring the suspension properties of each 

vehicle. 

4. A system of balances and vertical force application 

was used to obtain center of gravity location. 

5. The moments of inertia, sprung weight and unsprung 

weights were estimated from suitable empirical 

relations which apply to passenger cars [ 6 ] .  

These formulas are sufficiently accurate to preclude 

the necessity for measuring these quantities in a 

study devoted to the influence of steering and 

suspension system degradations. 

6. The tire parameters for each vehicle were estimated 

from a complete set of tire data for a single 

tire. The tire data was scaled up or down to 
correspond to the tire load for the particular 

vehicle of interest. Clearly, this is a very 



i n a c c u r a t e  method, b u t  i t  shou ld  be no ted  t h a t  

t h e  t i r e s  on v e h i c l e s  i n  use  d i f f e r  g r e a t l y  i n  t y p e ,  

wear ,  and i n f l a t i o n  p r e s s u r e .  Thus, t h e  approximate 

t i r e  parameters  were s a t i s f a c t o r y  f o r  e v a l u a t i n g  

t h e  i n f l u e n c e  o f  changes i n  s t e e r i n g  and suspens ion  

sys tem pa ramete r s .  To have measured and t o  have 

s i m u l a t e d  a  complete  s e t  of t i r e  c h a r a c t e r i s t i c s  

f o r  each t i r e  a t  each i n f l a t i o n  p r e s s u r e  used i n  

t h e s e  v e h i c l e s  would have been beyond t h e  scope  

of  t h i s  s t u d y .  

PARAMETER DATA LISTS 

The v e h i c l e  parameters  used i n  t h e  s i m u l a t i o n  s t u d y  

a r e  d e f i n e d  i n  Table 1 1 - 1 ,  Values of t h e s e  parameters  f o r  

e i g h t  v e h i c l e s  a r e  g iven  i n  Table  11-2.  F u r t h e r  in fo rma t ion  

on t h e  s i m u l a t i o n  s t u d y  i s  g iven  i n  Appendix 111. 

STEERING SYSTEbl MEASUREMENTS 

F igures  11-2 and 11-3  show t h e  measurements made on t h e  

degraded s t e e r i n g  systems i n  t h e  Ambassador and Coronet .  



TABLE 11 -1  

DEFINITIONS OF PARAMETERS 

A .  DISTANCES 

Long i tud ina l  d i s t a n c e  between sprung mass 
c e n t e r  of g r a v i t y  and f r o n t  wheels .  

Long i tud ina l  d i s t a n c e  between sprung mass 
c e n t e r  of g r a v i t y  and r e a r  wheels .  

Wheel t r e a d  width  a t  f r o n t .  

Wheel t r e a d  width  a t  r e a r .  

Dis tance  between s p r i n g  mountings on s o l i d  
r e a r  a x l e .  

Y~~ D i s t ance  between wheel c e n t e r  and k ing  p i n  a x i s ;  
measured a long wheel s p i n  a x i s .  

S t a t i c  d i s t a n c e  between t h e  c e n t e r  of g r a v i t y  
of t h e  sprung mass and t h e  s p i n  a x i s  of t h e  
f r o n t  whee l s ;  measured a long t h e  z - a x i s .  

Z~ 
S t a t i c  d i s t a n c e  between t h e  c e n t e r  of g r a v i t y  
of the  sprung mass and t h e  r o l l  c e n t e r  of t h e  
r e a r  s u s p e n s i o n ;  measured a long t h e  z - a x i s .  

Length of Pitman arm. 

Length of s t e e r i n g  l i n k a g e  arm 

blaximum suspens ion  d e f l e c t i o n  f o r  f r o n t  wheel 
i n  compression mode. 

Maximum suspens ion  d e f l e c t i o n  f o r  f r o n t  wheel 
i n  t e n s i o n  mode. 

Maximum suspens ion  d e f l e c t i o n  f o r  r e a r  wheel 
i n  compression mode. 

Maximum suspens ion  d e f l e c t i o n  f o r  r e a r  wheel 
i n  t e n s i o n  mode. 

RO A n t i - p i t c h  c e n t e r  h e i g h t .  

L~ E f f e c t i v e  a n t i - p i t c h  arm. 

Tread between a n t i - p i t c h  arms. 



TABLE 1 1 - 1  (Cont inued)  

C3  Rear r o l l  c e n t e r  h e i g h t  c o e f f i c i e n t .  

D i s t ance  from c e n t e r  of r e a r  a x l e  t o  t h e  r o l l  
c e n t e r  of t h e  r e a r  s u s p e n s i o n .  

h~ Di s t ance  from ground t o  t h e  r o l l  c e n t e r  
of t h e  f r o n t  s u s p e n s i o n .  

R 
W 

Unde f l ec t ed  t i r e  r a d i u s .  

B .  MOMENTS OF INERTIA 

Moment of  i n e r t i a  of sprung  mass abou t  t h e  
x - a x i s .  

Moment of i n e r t i a  of  sprung  mass about  t h e  
y - a x i s .  

Moment of i n e r t i a  of  sprung  mass about  t h e  
z - a x i s .  

Drive l i n e  moment of  i n e r t i a  about  i t s  s p i n  
a x i s .  

Moment o f  i n e r t i a  o f  one f r o n t  wheel about  
t h e  k ing  p i n  a x i s .  

Moment of  i n e r t i a  of  r e a r  unsprung mass about  
an a x i s  th rough i t s  c e n t e r  of g r a v i t y  and p a r a l l e l  
t o  t h e  x - a x i s .  

Moment o f  i n e r t i a  of  wheel about  s p i n  a x i s .  

C .  SPRUNG AND UNSPRUNG MASSES 

M~ Sprung mass. 

 mu^ T o t a l  f r o n t  unsprung mass.  

 MU^ T o t a l  r e a r  unsprung mass. 

D .  DIMENSIONLESS PARAMETERS 

*G 
Gear r a t i o  of s t e e r i n g  g e a r  box. 

S t e e r i n g  l i n k a g e  gea r  r a t i o .  



TABLE 11-1 (Continued) 

h~ Spring rate proportionality factor for operation 
on suspension deflection stops at front. 

i~ Spring rate proportionality factor for operation 
on suspension deflection stops at rear, 

mT Drive axle ratio. 

E. SPRING RATES 

K~ Suspension load-deflection rate for a single 
wheel in the quasi-linear range about the 
design position; effective at the front wheel, 

K~ Suspension load-deflection rate for a single 
wheel in the quasi-linear range about the 
design position; effective at the rear spring. 

Radial spring rate of a single front tire in 
the quasi-linear range. 

Radial spring rate of a single rear tire in 
the quasi-linear range. 

R~ Auxiliary roll stiffness of front suspension. 

R~ Auxiliary roll stiffness of rear suspension. 

F. ADDITIONAL STEERING AND SUSPENSION SYSTEM PARAMETERS 

K s ~  Steering column-gear flexibility. 

Steering linkage flexibility between the 
output of the steering unit and the king 
pin. 

Roll steer gain of rear wheels relative to 
the vehicle coordinate system. 

Viscous damping coefficient of steering system 
connecting rod. 

Coulomb damping coefficient of steering 
system connecting rod. 

H~ Front wheel viscous damping derivative. 



TABLE 11-1 (Continued) 

Mass of steering system connecting rod, 

Free play in the steering gear box. 

Free play in steer of front wheel. 

King pin inclination angle; i=l, 2 = right 
front, left front. 

Coulomb damping coefficient for a single 
wheel; effective at the wheel for the front 
suspension. 

Coulomb damping coefficient for a single 
wheel; effective at the wheel for the rear 
suspension. 

Front wheel caster angle; i=l, 2 = right 
front, left front. 

Front wheel toe-in angle; i=l, 2 = right 
front, left front. 

Front wheel camber angle; i=l, 2 = right 
front, left front. 

Camber angle due to degradations. 

Viscous damping function for a single wheel; 
effective at the wheel for the front suspension. 

Viscous damping coefficient for a single wheel; 
effective at the wheel for the rear suspension. 
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TABLE 11-2 (Continued) 

Austin Chevrolet Dodge Ford Ford Olds Volkswagen 
Symb o 1 Units Ambassador American Brookwood Coronet F-100 Mustang F-85 Super Beetle 

Rw inches 14. 12.0 15.0 14.0 15.0 14.0 14.0 12.63 

I in. lb. sec 3,960 2,275 5,850 3,620 3,910 2,940 3,975 2,565 2 
xs 
I in.lb.sec 20,350 8,565 36,610 18,510 18,420 11,080 19,770 10,310 2 
YS 
I in. lb. sec 2 
zs -, 29,250 8,860 41,650 27,000 28,900 22,500 28,150 10,430 

ID in. lb. sec‘ 0.6 0.3 0.6 0.6 0.6 0.6 0.6 0.3 

in. lb . sec 2 IFW q 
11.0 6.0 8.0 8.0 11.0 8.0 8.0 8.0 

lb. sec2/in 

N.A. 600. 

11.0 17.0 

4.23 10.49 

0.372 0.642 

0.579 1.050 

1.0 
# 

13 to 17 

19.8 
# 

1.079 

4.8 2.7 

4.0 3.22 

3.76 2.73 

105. 133. 

76.5 185. 

600. 600. 600. 600. N.A. 

16.0 17.0 16.0 16.0 .15. 0 

7.79 8.18 9.98 7.99 4.16 

0.522 0.539 0.484 0.531 0.359 

0.847 0.875 0.789 0.864 0.574 

15.7 17.0 17.5 13 to 16 17.53 

1.19 1.25 1.176 0.912 1.26 

1.8 1.75 3.66 2.59 5.1 

1.25 1.78 3.84 5.5 4.0 

2.71 3.25 2.79 2.73 4.125 

95. 160. 87.4 100. 52.2 

104. 245. 114. 80. 100. 

K~~ lb/in 1,330 1,100 1,350 1,420 1,770 1,295 1,320 812 

K~~ lb/in 1,420 920 1,800 1,420 1,770 1,295 1,420 1,192 

R~ 
in.lb./rad 306,000 0 506,000 0 0 151,000 222,500 81,000 

R~ in. lb ./rad 0 0 0 0 0 0 57,500 0 



TABLE I I - 2 ( C o n t i n u e d )  

A u s t i n  C h e v r o l e t  
Symbol  U n i t s  A m b a s s a d o r  A m e r i c a n  Brookwood  

K~~ i n .  l b . / r a d  1 , 0 2 8  582  1 , 2 9 0  

K~~ i n .  l b .  / r a d  9 4 , 2 0 0  2 0 5 , 0 0 0  3 9 1 , 0 0 0  

K~~ r a d / r a d  - 0 . 1 5 1  N.A. 0 . 1 1 0  

'CR l b .  s e c / i n  1 1 . 0  2 . 0  1 1 . 0  

'FCR l b  . s e c / i n  2 3 5 . 0  1 0 9 .  1 6 7 .  

H~ i n .  l b . s c c / r a d  4 0 0 .  2 0 0 .  4 0 0 .  

m~ l b .  s e c 2 / i n  0 . 0 8 5  0 . 0 8  0 . 0 8 5  

E * d e g  
SP 

E * d e g  
P  

@si d e g  

; C;; l b .  

ci l b .  2 0 . 0  1 8 . 0  7 1 . 0  

0 . ? 5 ( f r 6 n t ) 0 . 5  
O .  ( r e a r )  

Dodge F o r d  
C o r o n e t  F - 1 0 0  

509  510  

1 2 8 , 5 0 0  2 2 6 , 0 0 0  

0 . 0 7 3  - 0 . 1 0 8  

1 1 . 0  

1 4 8 .  

4 0 0 .  4 0 0 .  

0 . 0 8 5  0 . 0 8 5  

F o r d  O l d s  
M u s t a n g  F - 8 5  

720  778  

1 8 5 , 0 0 0  2 5 7 , 0 0 0  

- 0 . 0 9  - 0 . 1 2  

1 1 . 0  1 0 . 0  

2 0 7 .  2 0 6 .  

4 0 0 .  4 0 0 .  

0 . 0 8 5  0 . 0 8 5  

V o l k s w a g e n  
S u p e r  B e e t l e  

6 1 0  

1 1 7 , 0 0 0  

N.A.  

3 . 7 5  

1 6 3 .  

2 0 0 .  

0 . 0 8  

0 . 2 5  0 . 2 4  0 .  0 . 2 5  
0 . 1 6  ( f r o n t )  
0 .  ( r e a r )  

0 . 5  1 . 5  0 . 7 5  - 0 . 1 2 5  1. ( f r o n t )  
- 1 . 3  ( r e a r )  

* D e g r a d e d  c o n d i t i o n  v a l u e s  ( o r d i n a r i l y  z e r o ) .  
# S t a t i c  v a l u e s  a t  n o r m a l  c u r b  w e i g h t  ( s e e  T a b l e  1 1 - 4  f o r  d a t a  v e r s u s  s u s p e n s i o n  d e f l e c t i o n ) .  
i S e e  T a b l e  1 1 - 3  f o r  d a m p i n g  d a t a .  
**Hydro e l a s t i c  s u s p e n s i o n .  



TABLE I1 -3 

PIECEWISE LINEAR APPROXIMATIONS 
TO SHOCK ABSORBER DATA 

The entries in this table are the values of the slopes, 
SLi, of the approximations to the effective damping relation- 
ships. The mounting angle and location of the shock absorber 
in the suspension have been accounted for in this data. The 
original curves can be reconstructed as illustrated in 
Figure 11-1. The units of the entries are lbs/(in/sec) and 
V is velocity in (in/sec). 

For Shock Absorber For Shock Absorber 
Damping Effective Damping Effective 

Vehicle At The Front Wheel At The Rear Spring 

Ambassador 0.6 for V>O 
1.34 for O<V<3 
5.0 for -6<V<O 
0.89 for -40<V<-6 
3.76 for V<-40 

Chevrolet 
Brookwood 

Dodge 
Coronet 

Ford 
Mus tang 

Ford F-100 
Truck 

Oldsmobile 
F-85 

Volkswagen 

1.9 for V>O 
5.66 for V<O 

3.66 for V>O 
5.3 for V<O 

1.44 for V>-24 
3.55 for V>-24 

5.5 for V>O 
9.76 for V<O 

.745 for V>17.5 
1.34 for 1.5<V<17.5 
7.27 for -10<V<1.5 
1.82 for -30<V<-10 
3.03 for V<-30 

3.28 for V>O 
5.46 for V<O 

1.2 for V>3.5 
4.22 for OcVc3.5 
15.65 for -6<V<O 
4.18 for -15<V<-6 
2.57 for V<-15 

5.0 for V>O 
15.0 for rV<O 

4.0 for V>O 
6.67 for V<O 

2.13 for V>O 
5.94 for -12<V<O 
3.48 for -25.5<V<-12 
4.60 for V<-25.5 

4.43 for V>O 
9.74 for V<O 

1.65 for V>13 
3.69 for O<V<13 
15.0 for -8<V<O 
3.75 for -30<V<-8 
6.5 for V<-30 

1.73 for V>3 
10.8 for -14<V<3 
5.55 for V<-14 



Note: No more than 5 slopes are used. 
However, less than 5 are used whenever 
it is appropriate. 

PARAMETERS: Breakpoints Slopes 
The Origin SL1 

BPI SL2 
BP2 SL3 
BP 3 SL4 

SL5 

CLEARLY, F1 =SL2 *BPI 
F2=SL3*BP2 
F3=F2+SL4* (BP3-BP2) 

FIGURE 11-1 SHOCK ABSORBER PARAMETERS 



TABLE 11-4 

CAMBER AND TOE MEASUREMENTS 

To o b t a i n  t h e s e  d a t a  t h e  wheel was moved from r e s t i n g  
on t h e  rebound bump s t o p  t o  compressing t h e  jounce bump s t o p .  
The s t e e r i n g  wheel was h e l d  f i x e d .  I n  o r d e r  t o  use t h e s e  d a t a  
i n  c a l c u l a t i o n s ,  one must know t h e  v a l u e s  of t o e  and camber 
a t  a  r e f e r e n c e  v a l u e  of  suspens ion  d e f l e c t i o n .  N a t u r a l l y ,  
t h e  r e f e r e n c e  va lue  of suspens ion  d e f l e c t i o n  (from t h e  f u l l  
rebound p o s i t i o n )  depends upon v e h i c l e  l o a d i n g .  For t h i s  
p r o j e c t ,  t h e  r e f e r e n c e  va lues  of suspens ion  d e f l e c t i o n  were 
measured w i t h  t h e  v e h i c l e  a t  curb weight .  Then t h e  s p e c i f i e d  
s t a t i c  v a l u e s  of  t o e  and camber (g iven  i n  Table I I - l ) ,  combined 
w i t h  t h e  d a t a  g iven  h e r e ,  were employed t o  compute t o e  and 
camber as  a  f u n c t i o n  of suspens ion  d e f l e c t i o n s .  

Displacement 
From F u l l  Camber Change Toe Change 

Reference Rebound From F u l l  From F u l l  
Displacement P o s i t i o n  Rebound Value Rebound Value 
( i n c h e s )  ( inches )  (degrees)  (degrees)  

AMBASSADOR, L e f t  F ron t  Wheel 
2 . 2 5  0 

1 
2 
3 
4 
5 
6 
7 

AUSTIN, L e f t  Front  Wheel 

AUSTIN, Right Rear Wheel 



TABLE I 1 - 4  (Continued) 

Displacement 
From F u l l  Camber Change Toe Change 

Reference  Rebound From F u l l  From F u l l  
Displacement P o s i t i o n  Rebound Value Rebound Value 
( i n c h e s )  ( inches )  (degrees )  (degrees )  

CHEVROLET,  L e f t  F ron t  Wheel 

2.70 0 0 0 
1 0 . 7 5  0.60 
2 2 . 0 2  1 . 1 9  
3 2.48 1 .50  
4 2.56 1 . 7 4  
5 2 . 2 5  1 .94  
6 2 . 0 2  2 . 1 0  

D O D G E ,  L e f t  F ron t  Wheel 

MUSTANG, L e f t  F ron t  Wheel 

FORD F-100,  L e f t  F r o n t  Wheel 



TABLE I I - 4 (Cont inued)  

Disp lacement  
From F u l l  Camber Change Toe Change 

Re fe r ence  Rebound From F u l l  From F u l l  
Disp lacement  P o s i t i o n  Rebound Value Rebound Value  
( i n c h e s )  ( i n c h e s )  ( d e g r e e s )  ( d e g r e e s )  

OLDS F-85 ,  L e f t  F r o n t  Wheel 

VOLKSWAGEN, L e f t  F r o n t  Wheel 

VOLKSWAGEN, R igh t  Rear Wheel 



T i e  Rod End Ball Joint 

Acgle (Radians) 

Wheel Bearing Steering Gear 

Angle  . (Radians) Angle (Radians: 

Figure 11-2. Degraded steering gear measurements 
for the Ambassador 



Wheel Bea r ing  

B a l l  J o i n t  and S t e e r i n g  Gear 

Wheel A n q l e  2 ( r a d )  

S t e e r i n g  Gear 

F i g u r e  11-3 .  Degraded s t e e r i n g  g e a r  measurements 
f o r  t h e  Dodge Corone t  



APPENDIX I11  

SIMULATION DESCRIPTION 

GENERAL DISCUSSION 

The Bendix Resea rch  L a b o r a t o r i e s  were  engaged t o  u s e  

t h e i r  s i m u l a t i o n  t o  pe r fo rm c a l c u l a t i o n s  f o r  t h i s  s t u d y .  For  

s e v e r a l  y e a r s ,  Bendix p e r s o n n e l  have been  d e v e l o p i n g  a  h y b r i d  

computer  v e h i c l e  dynamics s i m u l a t i o n  f o r  NHTSA under  C o n t r a c t s  

FH-11-6946 and FH-11-7563 1 8 ,  4 1 .  

The s i m u l a t i o n  i s  a  s e v e n t e e n - d e g r e e - o f - f r e e d o m  model 

o f  a  f o u r - w h e e l e d  highway v e h i c l e .  I n  t h e  s i m u l a t i o n ,  t i r e  

d a t a  i s  f i t t e d  w i t h  e m p i r i c a l  r e l a t i o n s .  Changes i n  wheel  

c a s t e r ,  camber,  and t o e  a r e  programmed a s  f u n c t i o n s  of  wheel  

c e n t e r  mo t ion .  The shock  a b s o r b e r s  a r e  t r e a t e d  a s  n o n l i n e a r  

dampers u s i n g  p i e c e w i s e  l i n e a r  f u n c t i o n s  o f  s u s p e n s i o n  

v e l o c i t y .  The e f f e c t s  o f  bump s t o p  l o c a t i o n  and s t e e r i n g  

sy s t em f r i c t i o n  and compl iance  a r e  i n c l u d e d .  P r o v i s i o n s  f o r  

s i m u l a t i n g  e i t h e r  a  s o l i d  r e a r  a x l e  o r  i ndependen t  r e a r  

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

For  t h e  pu rpose  of  s t u d y i n g  t h e  i n f l u e n c e  o f  s t e e r i n g  

and s u s p e n s i o n  sys t em d e g r a d a t i o n s  on v e h i c l e  pe r fo rmance ,  

t h e  s i m u l a t i o n  was r e f i n e d  and augmented t o  i n c l u d e :  

(1 )  a  more d e t a i l e d  model of  t h e  s t e e r i n g  

s y s t e m ,  

( 2 )  a  more e x t e n s i v e  r e p r e s e n t a t i o n  o f  shock  

a b s o r b e r  c h a r a c t e r i s  t i c s ,  

(3) p r o v i s i o n  f o r  r e p r e s e n t i n g  s t e e r  and camber 

a n g l e  p l a y  due t o  wheel  b e a r i n g  and b a l l  

j o i n t  l o o s e n e s s ,  



( 4 )  p r o v i s i o n  f o r  r e p r e s e n t i n g  s t e e r  a n g l e  p l a y  

due t o  t i e - r o d  end and s t e e r i n g  g e a r  box 

l o o s e n e s s ,  

( 5 )  wheel  imba l ance  

( 6 )  r o l l  b a r  b u s h i n g  d e g r a d a t i o n ,  and 

( 7 )  unba l anced  b r a k e  t o r q u e  ( s i d e -  t o -  s i d e  on 

a n  a x l e ) ,  

I n  a d d i t i o n ,  f o r  t h e  p u r p o s e  o f  t r y i n g  t o  improve t h e  

r e p r e s e n t a t i o n  of  t h e  e i g h t  s u b j e c t  v e h i c l e s ,  t h e  s i m u l a t i o n  

was m o d i f i e d  t o  a l l o w :  

(1)  D i f f e r e n t  t i r e  c h a r a c t e r i s t i c s ,  f r o n t  and 

r e a r  ( r e q u i r e d  f o r  v e h i c l e s  employing 

d i f f e r e n t  f r o n t  and r e a r  t i r e  p r e s s u r e s ) .  

( 2 )  A v a r i e t y  o f  f r o n t  and r e a r  r o l l  c e n t e r  

l o c a t i o n s .  

(3 )  R e p r e s e n t a t i o n  o f  a n t i - p i t c h  e f f e c t s  i n  t h e  

s u s p e n s i o n .  

( 4 )  R e p r e s e n t a t i o n  o f  " j a c k i n g  f o r c e s "  i n  swing 

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

( 5 )  D i f f e r e n t  magni tudes  o f  s t a t i c  c a s t e r ,  

camber,  and t o e  f o r  e ach  f r o n t  whee l .  

S i n c e  t h e  e x t e n s i v e  s e t  o f  e q u a t i o n s  f o r  t h e  e n t i r e  

s e v e n t e e n - d e g r e e - o f - f r e e d o m  s i m u l a t i o n  have been  r e c e n t l y  

documented i n  [ 4 ] ,  t h e  r e a d e r ,  who i s  i n t e r e s t e d  i n  t h e  

d e t a i l s  of  t h e  e n t i r e  s i m u l a t i o n ,  i s  r e f e r r e d  t o  Appendix 

B o f  R e f e r e n c e  1 4 1 .  



The r ema inde r  of  t h i s  append ix  c o n t a i n s  a  d i s c u s s i o n  

o f  t h e  v a r i o u s  changes  which were  made i n  t h e  s i m u l a t i o n  

f o r  t h e  pu rpose  o f  r e p r e s e n t i n g  s t e e r i n g  and s u s p e n s i o n  

s y s t e m  d e g r a d a t i o n s .  S p e c i a l  emphasis  i s  p l a c e d  on t h e  

s t e e r i n g  sy s t em model which was deve loped  f o r  t h i s  program.  

STEERING SYSTEM MODEL 

The s t e e r i n g  sy s t em was modeled i n  c o n s i d e r a b l e  d e t a i l  

i n  o r d e r  t o  be  a b l e  t o  r e p r e s e n t  f r e e  p l a y  i n  worn o r  

deg raded  components .  D e f i n i t i o n s  o f  t h e  p a r a m e t e r s  and 

v a r i a b l e s  u sed  i n  t h i s  model a r e  g i v e n  i n  Tab l e  1 1 1 - 1  and 

t h e  e q u a t i o n s  a r e  g i v e n  i n  T a b l e  111 -2 .  A s c h e m a t i c  diagram 

o f  t h e  s t e e r i n g  sy s t em model i s  shown i n  F i g u r e  111 -1 .  The 

model i s  i n t e n d e d  f o r  f i x e d  c o n t r o l  a p p l i c a t i o n s  i n  which 

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

o f  t i m e .  

The model c o n t a i n s  t h r e e  d e g r e e s  o f  f reedom: 

(1 )  6 F W  , r o t a t i o n a l  mot ion of  t h e  r i g h t  f r o n t  
1 

whee l  a b o u t  i t s  s t e e r i n g  p i v o t .  

('1 6 F w , 9  r o t a t i o n a l  mot ion o f  t h e  l e f t  f r o n t  

( 3 )  YCR, t r a n s l a t i o n a l  mot ion of  t h e  c o n n e c t i n g  

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

C l e a r l y ,  t h i s  i s  a  lumped p a r a m e t e r  model of  a  c o n t i n u o u s  

s y s t e m .  The d e g r e e  of  f reedom a s s o c i a t e d  w i t h  t h e  c o n n e c t i n g  

r o d  i s  i n c l u d e d  f o r  two r e a s o n s :  f i r s t ,  t o  p r o v i d e  a  con-  

v e n i e n t  mechanism f o r  i n t r o d u c i n g  coulomb f r i c t i o n  i n  t h e  

s t e e r i n g  g e a r  compu ta t i ons  and s e c o n d ,  t o  p r o v i d e  a  means 

o f  dynamica l l y  computing t h e  i n f l u e n c e  o f  t h e  f r e e  p l a y s  

E p l '  and Ep2) . 



TABLE 1 1 1 - 1  

STEERING SYSTEM PARAMETERS AND VARIABLES 

P a r a m e t e r s  

K~~ s t e e r i n g  column and power s t e e r i n g  " s t i f f n e s s "  

E p l a y  i n  s t e e r i n g  g e a r  
SP 

v i s c o u s  f r i c t i o n  i n  s t e e r i n g  g e a r  ( e f f e c t i v e  a t  
c o n n e c t i n g  

coulomb f r i c t i o n  i n  s t e e r i n g  g e a r  I r o d  

r i g h t  f r o n t  l i n k a g e  compl iance  

l e f t  f r o n t  l i n k a g e  compl iance  

r i g h t  f r o n t  p l a y  f rom t i e - r o d  end ,  b a l l  j o i n t s ,  

and wheel  b e a r i n g  

E 
~2 

l e f t  f r o n t  p l a y  

r i g h t  f r o n t  whee l  v i s c o u s  f r i c t i o n  

H ~ ,  
l e f t  f r o n t  wheel  v i s c o u s  f r i c t i o n  

M~ e f f e c t i v e  mass o f  c o n n e c t i n g  r o d  

a  
P 

p i tman  arm l e n g t h  

V a r i a b l e s  

fo rward  d i s t a n c e  from c o n n e c t i n g  r o d  t o  whee l  

c e n t e r ,  r i g h t  s i d e  

same a s  a  e x c e p t  f o r  l e f t  s i d e  1 

g e a r  r a t i o  of  g e a r  box 
a ,  
1 l i n k a g e  g e a r  r a t i o ,  
P  

t o r q u e  a b o u t  s t e e r i n g  p i v o t ,  r i g h t  wheel  

t o r q u e  a b o u t  s t e e r i n g  p i v o t ,  l e f t  whee l  

s t e e r i n g  wheel  a n g l e  

p i tman  arm a n g l e  

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

r i g h t  f r o n t  whee l  a n g l e  

l e f t  f r o n t  whee l  a n g l e  



TABLE 111-2 

STEERING SYSTEM EQUATIONS 

where  MSS i s  a s  shown above w i t h  i = 2 ,  
3 

.. 
+ ; I = - H  6 + M ~ l  - 

' F W ~  ( 6 ~ ~ 1  FW1 M ~ ~ l  

where MSS i s  a s  shown below w i t h  i=l  
1 

A M s ~  

s l o p e  KSC 1 

A 

- E  
p i  

i s l o p e  K S L  
i 

Y~~ 
\ '("Wi - -1 

E a i 
p i  



( s t e e r i n g  
g e a r )  

F i g u r e  111-1. S i m p l i f i e d  s t e e r i n g  sy s t em model 

1 
L > 

Y~~ 6 = -  

a~ 

.I ya 
M~~ C 4 M ~ ~ l  

1 - 1 - 
a 2  ' al  

' 

'CR 
w 

- 'CR - 
a 2  K ~ ~ 2  al 

w 

c E p 2  1 t i e - r o d  end t b a l l  j o i n t  
whee l  b e a r i n g  

b L I - ,  

M ~ 2  * 
c I  6 

F W 2  M ~ l  FW2 
. 

1 



The v a l u e  o f  t h e  q u a n t i t y  E ( i = 1 , 2 )  i s  s e l e c t e d  t o  
p i  

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

t o  b a l l  j o i n t ,  t i e - r o d  e n d ,  and whee l  b e a r i n g  l o o s e n e s s .  

The v a l u e  of  E i s  chosen  t o  d e s c r i b e  t h e  amount o f  f r e e  
s  P  

p l a y  i n  t h e  s t e e r i n g  g e a r  box .  

CAMBER F R E E  PLAY 

The amount of  f r e e  p l a y  i n  f r o n t  whee l  camber a n g l e ,  due 

t o  b a l l  j o i n t  and wheel  b e a r i n g  l o o s e n e s s ,  i s  d e s c r i b e d  by 

t h e  v a l u e  o f  t h e  p a r a m e t e r  $pi .  Fo r  t h e  deg raded  c o n d i t i o n ,  

camber a n g l e ,  $Di, i s  g i v e n  by 

where  $ i s  p o s i t i v e  i f  t h e  t i r e  s i d e  f o r c e  i s  p o s i t i v e  
p i  

and (I i s  n e g a t i v e  i f  t h e  t i r e  s i d e  f o r c e  i s  n e g a t i v e .  (The 
p i  

symbol $i  r e p r e s e n t s  t h e  non-degraded  camber a n g l e . )  

WHEEL IMBALANCE 

Wheel imbalance  was modeled a s  10  ounces  of  l e a d  on t h e  

o u t s i d e  edge o f  t h e  wheel  rim. The main i n f l u e n c e  of  t h i s  

d e g r a d a t i o n  i s  t o  p roduce  a  r o t a t i n g  f o r c e  whose magni tude  

i s  g i v e n  by 

where  

m = 0.0194 s l u g s  

R = r a d i u s  o f  t h e  rim rim 

w = t i r e  r o t a t i o n  r a t e  



Thi s  f o r c e  p roduces  a n  o s c i l l a t i n g  moment a b o u t  t h e  

s t e e r i n g  p i v o t .  The magni tude  o f  t h i s  moment i s  g i v e n  by :  

where  RwR i s  t h e  rim w i d t h  and  YSA i s  t h e  k i n g  p i n  o f f s e t  

measured a t  t h e  wheel  c e n t e r .  

SHOCK ABSORBER REPRESENTATION 

The shock  a b s o r b e r  f o r c e s  were  r e p r e s e n t e d  by p i e c e -  

w i s e  l i n e a r  f u n c t i o n s  of  s u s p e n s i o n  v e l o c i t y .  Up t o  5 s l o p e s  

(and  4 b r e a k - p o i n t s )  were  a l l o w e d .  These  s l o p e s  and b r e a k -  

p o i n t s  were  s e l e c t e d  t o  p r o v i d e  a good f i t  t o  t h e  shock  

a b s o r b e r  t e s t  d a t a .  



APPENDIX IV 

SIMULATION STUDY RESULTS 

FORD MUSTANG 

An extensive simulation study of the Mustang was used 

to survey a large number of levels of degradation and combin- 

ations of degradation modes. 

Control inputs (steering and braking functions) which 

caused limit performance or near limit performance were found 

by simulating the original equipment vehicle for each step 

of the test procedure for each maneuver. Then the vehicle 

was simulated in degraded state while operating at or near 

limit performance as determined for the O.E. vehicle. The 

set of control inputs selected for the Mustang are given in 

Table IV-1. Three values of control inputs were used for 

each of the 6 maneuvers. 

Table IV- 2 contains a list of the various levels of single 

degradations which were used to make a thorough examination 

of the influence of degradation level on limit performance 

in the 6 open-loop vehicle handling maneuvers. 

In straight line braking the minimum wheels unlocked 

deceleration time period to slow down from 25 mph to 10 mph* 

was not changed by any steering or suspension system degrada- 

tion. (Obviously, reduced brake torque on one wheel increased 

the stopping time. ) Brake imbalance wherein the braking 

effort on the front wheel was reduced to 0.4 or 0.1 of its 

normal value was shown to produce a sizeable directional 

response. However, a reduction to 0.7 the normal braking 

effort on one front wheel had a small effect upon directional 

response. Front brake imbalance caused more of a directional 

response than rear brake imbalance. 
-- 

*Note that the simulation study was performed before the 
refinements in the test procedures were developed. Thus 
the old test procedures (Contract FH-11-7297 [ I ] )  were 
used. 



TABLE IV-1 

MUSTANG O.E. RUNS SELECTED FOR DEGRADATIONS 

VHTP #1 650 p s i  30 mph 

S t r a i g h t  L i n e  Brak ing  675 p s i  

700 p s i  

VHTP # 2  

B rak ing  I n  A Turn 

VHTP # 3  

Roadhold ing  

VHTP # 4  

T r a p e z o i d a l  S t e e r  

VHTP # 5  

S i n u s o i d a l  S t e e r  

VHTP # 6  

D r a s t i c  S t e e r / B r a k e  

625 p s i  

700 p s i  

800 p s i  

30 mph 

Run t h e  3  r o a d  roughnes s  g r i d s  

30 mph 

6 
S W  

= -241' 30 mph 

= -281' 

= -321' 

6 
SW 

= -305' 60 mph 

= -324' 

= -343O 

Same a s  # 5  



TABLE IV-2 

1971 FORD MUSTANG 

Run Single Degradation 

E = l.OO Steering gear play 
s P 

E = 5.0° 
SP 

E = 0.6' Ball joint play 
PI 
E 
PI 

= 0.3O 

E~~ = 0.6" ~ 0 1 1  bar bushing play 

E~~ = 1.2" 

Ampl = 0.2S0, E = 0.25' 
PI 

Wheel bearing play 

A $  = 0.5O , E = O.sO 
. 7  times OEM Right front brake 

imbalance 

. 4  times OEM 

.1 times OEM 

. 7  times OEM Left front brake 
imbalance 

. 4  times OEM 

.1 times OEM 

. 7  times OEM Right rear brake 
imbalance 

. 4  times OEM 

.1 times OEM 

. 7  times OEM Left rear brake 
imbalance 

.4 times OEM 

.1 times OEM 

Ek2 = -0.5, Ekl = 0.5 

Ek2 = -1.0, Ekl = +1.0 

Ek2 = -2.0, Ekl = +2.0 

Ek2 = 2.0, Ekl = -2.0 

THE2 = 2, THEl = 0 

THE2 = -2, THEl = 0 

THE2 = 4, THEl = 0 

THE2 = 0, THEl = 2 
THE2 = 0, THEl = -2 

Wheel alignment, TOE 

Caster 



TABLE IV- 2  ( C o n t i n u e d )  

S i n g l e  D e g r a d a t i o n  R u n  - 
3 0  FEE2 = 0 ,  m s 2  = 6 . 7 5 ,  F E E l  = -1, m s l  = - 7 . 7 5  C a m b e r  a n d  

K i n g p i n  

FEE2 = 0 ,  m S 2  = 6 . 7 5 ,  FEE1 = - 2 ,  m S 1  = = 8 . 7 5  I n c l i n a t i o n  
FEEL = -1, $s2  = 5 . 7 5 ,  F E E l  = 0 ,  m s l  = - 6 . 7 5  

FEE2 = - 2 ,  m S 2  = 4 . 7 5 ,  F E E l  = 0 ,  m s l  = - 6 . 7 5  

FEE2 = 2 ,  $ s Z  = 8 . 7 5 ,  F E E l  = 0 ,  $s l  = - 6 . 7 5  

FEE2 = 0 ,  $,, = 6 . 7 5 ,  FEE1 = 2 ,  m s l  = - 4 . 7 5  

KRS = - . I 4 5  Z R =  1 1 . 3 5  L o n g  s h a c k l e s  

K~~ = - , 1 4 5  Z R  = 1 3 . 3 5  

BOTH REAR = . 5  t imes OEM S h o c k  A b s o r b e r s  

BOTH REAR = - 2 5  t imes OEM 

BOTH REAR = .1 times OEM 

BOTH FRONT = . 5  t imes OEM 

BOTH FRONT = . 2 5  t imes OEM 

BOTH FRONT = .1 times OEM 

A l l  4  = . 5  times OEM 

A l l  4 = , 2 5  t imes OEM 

A l l  4  = .1 t imes OEM 

KSL1 = 1 4 0 , 0 0 0  i n  l b / r a d  S t e e r i n g  
l i n k a g e  
c o m p l i a n c e  



I n  t h e  t r a p e z o i d a l  s t e e r  maneuver the  s imula ted  Mustang 

performance was n o t  i n f l u e n c e d  by any s t e e r i n g  o r  suspens ion  

system d e g r a d a t i o n .  A t y p i c a l  s e t  of computer r e s u l t s  i s  

shown i n  Table IV-3. (The run key i s  g iven  i n  Table IV-2 . )  

For t h e  t o t a l  s e t  of O . E .  and degraded v e h i c l e  performance 

s t u d i e d ,  examinat ions of Table IV-3 shows t h a t  maximum 

l a t e r a l  a c c e l e r a t i o n  had a  sp read  of only  0 .021 g ' s  and 

maximum yaw r a t e  had a  sp read  of 0 . 8  d e g r e e s l s e c .  The maxi- 

mum v e h i c l e  s i d e s l i p  ang le  changed by no more than  0 . 2  d e g r e e s .  

Apparent ly  i n  t h e s e  c a l c u l a t i o n s  t h e  t i r e  s i d e  f o r c e s  have 

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

a s  may be caused by r e a l i s t i c  l e v e l s  of s t e e r i n g  o r  suspens ion  

system d e g r a d a t i o n ,  have no e f f e c t  on s i d e  f o r c e .  And, t h u s ,  

l i m i t  v e h i c l e  performance i s  n o t  changed i n  t h e  t r a p e z o i d a l  

s t e e r  maneuver. 

I n  t h e  b r a k i n g - i n - a - t u r n  maneuver, s t e e r i n g  and suspen-  

s i o n  system degrada t ions  d i d  n o t  cause any n o t i c e a b l e  change 

i n  average d e c e l e r a t i o n .  Loss of b rake  to rque  on t h e  f r o n t  

wheel on t h e  o u t s i d e  of the  t u r n  had a  l a r g e  i n f l u e n c e  on 

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

A t  625 p s i  brake  l i n e  p r e s s u r e ,  t h e  maximum yaw r a t e ,  o b t a i n e d  

f o r  a  brake  imbalance r e s u l t i n g  from 0 . 1  normal b rake  e f f o r t  

on t h e  o u t s i d e  f r o n t  wheel ,  was 28.4 d e g / s e c ,  wh i l e  t h e  

o r i g i n a l  equipment v e h i c l e  ob ta ined  a  maximum yaw r a t e  of 

17 .5  deg / sec .  The maximum yaw r a t e  r e s u l t i n g  from s t e e r i n g  

o r  suspens ion  system degrada t ions  was from 1 5 . 7  t o  1 8 . 3  

d e g l s e c .  C l e a r l y ,  t h e s e  r e s u l t s  i n d i c a t e  t h a t  l a r g e  amounts 

of b rake  imbalance have a  g r e a t e r  i n f l u e n c e  on v e h i c l e  l i m i t  

performance than  l a r g e  amounts of s t e e r i n g  o r  suspens ion  

system degrada t ion  i n  b r a k i n g - i n - a - t u r n .  

S imula t ion  of  the  roadhold ing  maneuver r e q u i r e s  r e p r e -  

s e n t a t i o n  of  t h e  t i r e  f o r c e s  gene ra ted  when t h e  t i r e s  c o n t a c t  

t h e  road  roughness g r i d .  This  phenomenon was t r e a t e d  i n  

an approximate manner i n  the  s i m u l a t i o n ,  The t i r e s  were 

modeled a s  a  s i n g l e  r a d i a l  s p r i n g  p a s s i n g  over  bumps of t h e  







h e i g h t  of t h e  road  roughness  g r i d .  Experimental  runs  on t h e  

s i m u l a t i o n  showed t h a t  h i g h e r  o r  lower bump h e i g h t s  g i v e  

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

even though t h e y  were a d j u s t e d  t o  appear  l i k e  t h e  t e s t  

r e s u l t s ,  may n o t  be ve ry  a c c u r a t e  [ 4 ] .  

I n  t h e  roadho ld ing  maneuver,  t h e  s i m u l a t i o n  r e s u l t s  

show t h a t  h e a v i l y  degraded shock a b s o r b e r s  can  cause  an 

i n c r e a s e  i n  maximum v e h i c l e  s i d e s l i p  a n g l e .  Not much change 

i s  observed  when t h e  shock a b s o r b e r s  a r e  reduced t o  0 . 5  t imes  

t h e i r  O . E .  v a l u e .  However, when a l l  shock a b s o r b e r  damping 

c h a r a c t e r i s t i c s  a r e  reduced t o  0 . 1  t imes  t h e i r  O . E .  v a l u e ,  

t h e  s i m u l a t i o n  p r e d i c t s  a  4 . S 0  i n c r e a s e  i n  maximum s i d e s l i p  

a n g l e  i n  t h e  roadhold ing  maneuver. 

For t h e  l a n e  change maneuver, t h e  s i m u l a t i o n  shows t h a t  

a  s l i g h t  change i n  performance was o b t a i n e d  w i t h  long  s h a c k l e s .  

I n  t h i s  c a s e  t h e  v e h i c l e  a t t a i n e d  a  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  t h a n  i t  d i d  i n  O . E .  c o n d i t i o n  wi thou t  s u f f e r i n g  an i n c r e a s e  

i n  peak s i d e s l i p  a n g l e .  (See Table  IV-4; run  key i n  Table  

IV-2.) For t h e  longer  long  s h a c k l e  c a s e  ( run  37) t h e  s i d e s l i p  

was l e s s  t h a n  t h e  s i d e s l i p  a n g l e  va lue  o b t a i n e d  i n  t h e  o t h e r  

c a s e s  . 
The heading  a n g l e  a t  5 seconds a f t e r  t h e  i n i t i a t i o n  

of s t e e r i n g  i n  t h e  s i n u s o i d a l  s t e e r  maneuver was i n c r e a s e d  

f o r  h e a v i l y  degraded shock a b s o r b e r s  and f o r  t h e  l e f t  f r o n t  

wheel cambered i n  2 O  more t h a n  O . E .  Cambering o u t  of  t h e  l e f t  

f r o n t  wheel r e s u l t s  i n  a  sma l l  r e d u c t i o n  of  f i n a l  heading  

a n g l e .  These r e s u l t s  i n d i c a t e  t h a t  wheel a l ignment  and 

shock absorbe r  d e g r a d a t i o n  have an e f f e c t  on f i n a l  heading  

a n g l e  b u t  maximum 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  a r e  n o t  

g r e a t l y  i n f l u e n c e d  by s t e e r i n g  and suspens ion  system degrad-  

a t i o n s  i n  t h e  s i n u s o i d a l  s t e e r  maneuver. 

I n  t h e  d r a s t i c  s t e e r l b r a k e  maneuver, t h e  Mustang r o l l s  

t o  approximate ly  9 o r  10 degrees  i n  t h e  O . E .  o r  degraded s t a t e .  

For a  s t e e r  i n p u t  of 324O ampl i tude  a t  60 mph t h e  maximum 



TABLE I V - 4  

RUN - 
OEM 
1 
2  
3  
4  
5  
6 
7  
8  

2 1  
2  2  
2 3  
24 
2  5  
26  
2  7  
28  
29  
30 
3 1  
32  
3 3  
3 4  
3 5  
36  
37** 
3 8  
3 9  
4 0  

DSW - 
3 2 4 .  
3 2 4 .  
3 2 4 .  
3 2 4 .  
3 2 4 .  
3 2 4 .  
3 2 4 .  
3 2 4 .  
3 2 4 .  
3 2 4 .  
3 2 4 .  
3 2 4 .  
3 2 4 .  
3 2 4 .  
3 2 4 .  
3 2 4 .  
3 2 4 .  
3 2 4 .  
3 2 4 .  
3 2 4 .  
3 2 4 .  
3 2 4 .  
3 2 4 .  
3 2 4 .  
3 2 4 .  
3 2 4 .  
3 2 4 .  
3 2 4 .  
3 2 4 .  

SINUSOIDAL STEER 
VHTP # 5  - 324O - 6 0  mph 

MUSTANG SINGLE DEGRADATIONS 

AYMAX 

0 . 7 7 7  
0 . 7 8 6  
0 . 7 8 8  
0 . 7 9 6  
0 . 8 0 8  
0 . 7 9 9  
0 . 7 8 8  
0 . 7 8 5  
0 . 7 9 9  
0 . 8 0 5  
0 . 7 9 6  
0 . 7 8 4  
0 . 7 9 0  
0 . 7 8 9  
0 . 7 8 7  
0 . 7 9 5  
0 . 7 8 7  
0 . 7 9 8  
0 . 7 8 9  
0 . 7 8 0  
0 . 7 8 4  
0 . 7 7 5  
0 . 8 0 3  
0 . 7 9 6  
0 . 7 9 1  
0 . 8 5 9  
0 . 7 9 3  
0 . 7 8 4  
0 . 7 9 6  

RMAX 

4 3 . 1  
4 3 . 5  
4 3 . 8  
4 3 . 9  
4 3 . 8  
4 4 . 0  
4 3 . 4  
4 3 . 8  
4 4 . 4  
4 3 . 7  
4 3 . 7  
4 4 . 4  
4 3 . 6  
4 4 . 2  
4 4 . 0  
4 4 . 0  
4 3 . 4  
4 3 . 7  
4 3 . 7  
4 3 . 3  
4 2 . 8  
4 3 . 1  
4 4 . 7  
4 4 . 4  
4 0 . 5  
3 9 . 3  
4 4 . 2  
4 4 . 5  
4 5 . 3  

DELPSI DELPHI B TVMAX 

1 6 . 2  
1 7 . 1  
1 7 . 6  
1 7 . 7  
1 8 . 0  
1 8 . 3  
1 7 . 7  
1 7 . 4  
1 8 . 4  
1 7 . 6  
1 7 . 4  
1 7 . 8  
1 7 . 8  
1 8 . 3  
1 7 . 7  
1 7 . 4  
1 6 . 3  
1 7 . 8  
1 7 . 2  
1 7 . 1  
1 5 . 9  
1 6 . 2  
1 9 . 5  
1 8 . 6  
1 4 . 4  
1 2 . 8  
1 8 . 0  
1 8 . 2  
1 9 . 4  

* OEM, AI) = 22O a t  4  sec  
**Long S h a c k l e s  





r o l l  a n g l e  r eached  f o r  any d e g r a d a t i o n  was 12.6O. This  r o l l  

a n g l e  was o b t a i n e d  w i t h  a l l  shock a b s o r b e r  f o r c e s  reduced  

t o  0 . 2 5  t imes  t h e i r  O.E. v a l u e .  I t  i s  conc luded  t h a t  h e a v i l y  

degraded shock a b s o r b e r s  w i l l  i n c r e a s e  t h e  r o l l  tendency 

of t h e  Mustang b u t  t h e  s i m u l a t i o n  r e s u l t s  i n d i c a t e  t h a t  t h e  

Piustang does n o t  t e n d  t o  r o l l  o v e r .  

I n  a d d i t i o n  t o  t he  s i n g l e  d e g r a d a t i o n s  l i s t e d  i n  Table  

IV-2,  a  s e t  of  c a l c u l a t i o n s  were made t o  e v a l u a t e  t h e  i n f l u e n c e  

of wheel imbalance on l i m i t  performance i n  a l l  6 maneuvers.  

The r e s u l t s  show t h a t  wheel imbalance has  a  n e g l i g i b l e  e f f e c t  

i n  t h e s e  maneuvers.  

Combinations of d e g r a d a t i o n  modes were s t u d i e d  f o r  t h e  

Ford Mustang. S ince  t h e  Mustang was t h e  f i r s t  v e h i c l e  simu- 

l a t e d ,  a  g r e a t  v a r i e t y  of  combinat ions  of  d e g r a d a t i o n  modes 

were used t o  e x p l o r e  t h e  p o s s i b i l i t y  t h a t  combinat ions  of 

d e g r a d a t i o n s  would produce l a r g e r  e f f e c t s  t h a n  s i n g l e  degrad-  

a t i o n s .  The combina t ions  of d e g r a d a t i o n s  which were used  

i n  t h e  s i m u l a t i o n  s t u d y  a r e  g iven  i n  Table  I V - 5 ,  The combin- 

a t i o n s  s e l e c t e d  t o  be  used f o r  maneuvers w i t h  b r a k i n g  were 

d i f f e r e n t  t han  t h e  combina t ions  s e l e c t e d  f o r  t h e  o t h e r  3 

maneuvers.  S ince  p l a y  i n  t i e  rod e n d s ,  b a l l  j o i n t s ,  wheel 

b e a r i n g s ,  o r  t h e  s t e e r i n g  g e a r  box d i d  n o t  prove t o  be  

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

t y p e s  of p l a y  were used t o g e t h e r  a t  a  maximum r e a s o n a b l e  

l e v e l  f o r  t h e  combined d e g r a d a t i o n  s i m u l a t i o n  r u n s .  Three 

d i f f e r e n t  s e t s  of f r o n t  end misa l ignment  were used .  However, 

l a t e r  i n  t h e  s t u d y  ( a f t e r  t h e  Mustang c a l c u l a t i o n s  were 

f i n i s h e d ) ,  a  r a t i o n a l e  f o r  s e l e c t i n g  a  "worst" c a s e  mis -  

a l ignment  was developed by a n a l y z i n g  t h e  i n f l u e n c e  of c a s t e r ,  

camber,  and t o e  i n  r a p i d  t u r n i n g  maneuvers.  The i n f l u e n c e  

of l e v e l  and l o c a t i o n  of  shock a b s o r b e r  d e g r a d a t i o n  was 

i n c l u d e d  i n  t h e  c a l c u l a t i o n s .  

The s i m u l a t i o n  r e s u l t s  f o r  s t r a i g h t  l i n e  b r a k i n g  show 

t h a t  b rake  imbalance i s  f a r  more impor t an t  t h a n  any of t h e  



STEERING AND SUSPENSION COMPONENT 
DEGRADATION PROGRAM - 1971 FORD MUSTANG 

Simulation Run Key for Combined Degradation Runs: 
Straight Line Braking, Braking In A Turn, Drastic SteerIBrake 

RUN CONDITION 

Play 

Play + brake ixlbalance (0.4) 

Play + brake imbalance (0.1) 

Play + wheel imbalance 

Play + wheel imbalance + brake imbalance (0.4) 

Play + \(heel imbalance + brake imbalance (0.1) 

Play + wheel alignment - 1 

Play + wheel alignment - 1 + wheel imbalance 

Play + wheel alignment - 2 

Play + wheel alignment - 2 + wheel imbalance 

Play + wheel alignment - 3 

Play + wheel alignment - 3 + wheel imbalance 

Play + SArr (0.1) 

Play + SArr (0.1) + wheel imbalance 

Play + SAfr (0.25) 

Play + SAfr (0.25) + wheel imbalance 

Play + SAfr (0.25) + wheel imbalance + brake 

imbalance (0.4) 

Play + SAfr (0.1) 

Play + SAfr (0.1) + wheel imbalance 

Play + SAfr (0.1) + wheel imbalance + brake 

imbalance (0.1) 

Play t SAfr (0.1) + wheel imbalance + wheel 

alignment - 3 + brake imbalance (0.1) 



TABLE IV-5 (Continued) 

Simulation Run Key for Combined Degradation Runs: 
Roadholding, Trapezoidal Steer, Sinusoidal Steer 

R U N  N U M B E R  

1 

2 

3 

4 

5 

6 

7 
8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

2 0 

21 

2 2 

2 3 

R U N  CONDITION 

Play 

Play + wheel imbalance 

Play + wheel alignment - 1 
Play + wheel alignment - 1 + wheel imbalance 

Play + wheel alignment - 2 

Play + wheel alignment - 2 + wheel imbalance 

Play + wheel alignment - 3 

Play + wheel alignment - 3 + wheel imbalance 

Play + SArr (0.1) 

Play + SArr (0.1) + wheel imbalance 

Play + SAr (0.25) 

Play + SAr (0.25) + wheel imbalance 

Play + SAr (0.1) 

Play + SAr (0.1) + wheel imbalance 

Play + ';!,I (0.25) 

Play + SAf (0.25) + wheel imbalance 

Play + SAf (0.1) 

Play + SAf (0.1) + wheel imbalance 

Play + SAfr (0.25) 

Play + SAfr (0.25) + wheel imbalance 

Play + SAfr (0.1) 

Play + SAfr (0.1) + wheel imbalance 

Play + SAfr (0.1) + wheel imbalance + wheel 

alignment - 3 



TABLE IV-5 (Con t inued )  

Notes : 

Brake r e d u c t i o n  i s  on t h e  r i g h t  f r o n t  whee l .  

Wheel imbalance  means:  1 0  o z .  on rim of  r i g h t  f r o n t  

wheel  

Wheel a l i g n m e n t  - 1 :  E K 1  = 1, E K 2  = - 2 ,  T H E l  = 0 ,  T H E 2  = 4 ,  

F E E l  = 2 ,  E E 2  = 0 ,  $ = - 4 . 7 5 ,  
s  1 

$ s 2  = 6 . 7 5  

Wheel a l i g n m e n t  - 2 :  E K 1  = 2 ,  E K 2  = - 2 ,  T H E l  = 0 ,  THE2 = - 4 ,  

F E E 1  = 0 ,  FEEL = 0 ,  m S ,  = - 6 . 7 5 ,  

$ s 2  = 6 . 7 5  

Wheel a l i g n m e n t  - 3 :  E K 1  = - 2 ,  E K 2  = - 2 ,  T H E 1  = 0 ,  

T H E 2  = - 4 ,  F E E l  = 0, F E E 2  = - 2 ,  

SArr means r i g h t  r e a r  shock  o n l y ,  

SAr means b o t h  r e a r  s h o c k s .  

SAf means b o t h  f r o n t  s h o c k s .  

SAfr neans  a l l  f o u r  s h o c k s .  



combina t ions  of s t e e r i n g  and s u s p e n s i o n  sys tem d e g r a d a t i o n s  

which were s t u d i e d .  J u s t  a s  i n  t h e  c a s e  of s i n g l e  deg rada -  

t i o n s ,  combined d e g r a d a t i o n s  had a lmos t  no i n f l u e n c e  on t h e  

v e h i c l e ' s  peak yaw r a t e  o r  l a t e r a l  a c c e l e r a t i o n  i n  t h e  

t r a p e z o i d a l  s t e e r  maneuver. 

I n  t h e  b r a k i n g - i n - a - t u r n  maneuver any combina t ion  o f  

d e g r a d a t i o n s  which i n c l u d e d  b r a k e  imbalance produced a  l a r g e  

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

t y p i c a l  r e s u l t s  g i v e n  i n  Table  IV-6  i n d i c a t e  t h a t  b r a k e  

imbalance w i l l  comple t e ly  mask any v e h i c l e  r e sponse  changes 

due t o  t h e  s t e e r i n g  and s u s p e n s i o n  sys tem d e g r a d a t i o n s  i n  

a  b r a k i n g - i n - a - t u r n  maneuver. 

For t h e  roadho ld ing  maneuver, t h e  s i m u l a t i o n  r e s u l t s  

i n d i c a t e  t h a t  degraded shock a b s o r b e r s  combined w i t h  f r o n t  

end p l a y  w i l l  u s u a l l y  produce an i n c r e a s e  i n  yaw r a t e  and 

v e h i c l e  s i d e s l i p  a n g l e .  I n  some c a s e s ,  t h e  r e s u l t s  show 

t h a t  wheel imbalance ,  i n  a d d i t i o n  t o  shock a b s o r b e r  degrad-  

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

g r e a t e r  changes i n  yaw r a t e  and s i d e s l i p  a n g l e .  However, 

t h e  degraded shock a b s o r b e r s  by themselves  caused  n e a r l y  

t h e  same l e v e l  of  change a s  t h e s e  combined d e g r a d a t i o n s .  

T h e r e f o r e ,  i t  i s  concluded t h a t  shock a b s o r b e r  d e g r a d a t i o n  

a l o n e  i s  t h e  most impor t an t  e f f e c t  i n  t h i s  maneuver. 

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

maneuver was n o t  g r e a t l y  i n f l u e n c e d  by any of t h e  combined 

s t e e r i n g  and suspens ion  sys tem d e g r a d a t i o n s .  

The d r a s t i c  s t e e r / b r a k e  maneuver i s  n o t  i n t e n d e d  t o  b e  

run  w i t h  unba lanced  b r a k e s .  The maneuver i s  d e f i n e d  t o  be  

run  w i t h  s u f f i c i e n t  b r a k i n g  t o  l ock  a l l  4 whee ls .  Never- 

t h e l e s s ,  s i m u l a t i o n  runs  were made f o r  t h e  Mustang w i t h  

l a r g e  amounts ( 0 . 4  and 0 .1 )  of b rake  imbalance i n  combina t ion  

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

b r a k e  imbalance was t o  cause  t h e  v e h i c l e  t o  deve lop  a  l a r g e  

yaw r a t e  and s i d e s l i p  a n g l e .  I n  c a s e s  w i t h  h e a v i l y  degraded 
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shock a b s o r b e r s ,  p l a y ,  wheel mi sa l ignmen t ,  wheel imbalance ,  

and b rake  imbalance combined, t h e  s i m u l a t i o n  showed t h a t  

t h e  v e h i c l e  would r o l l  o v e r .  

For t h e  c a s e s  w i t h o u t  b rake  imbalance ,  t h e  Mustang 

d i d  n o t  show a  r o l l - o v e r  response  i n  t h e  d r a s t i c  s t e e r l b r a k e  

maneuver. 

DODGE CORONET 

The Dodge Coronet and Ford Mustang s i m u l a t i o n  r e s u l t s  

were used  t o  p l a n  t h e  p i l o t  t e s t  program. Due t o  t h e  expe r i ence  

ga ined  i n  s i m u l a t i n g  t h e  Mustang, i t  was p o s s i b l e  t o  g r e a t l y  

reduce  t h e  Dodge s i m u l a t i o n  s t u d y  i n  o r d e r  t o  g e t  u s e f u l  

r e s u l t s  b e f o r e  t h e  p i l o t  t e s t  program s t a r t e d .  Approximately 

1260 s e p a r a t e  v e h i c l e  maneuvers were s i m u l a t e d  i n  t h e  Ford 

Mustang s t u d y  ( n o t  c o u n t i n g  p r e l i m i n a r y  runs )  wh i l e  about  

4 0 0  maneuvers were s i m u l a t e d  f o r  t h e  Dodge Coronet .  

The s i n g l e  d e g r a d a t i o n s  s e l e c t e d  f o r  t h e  Coronet simu- 

l a t i o n  s t u d y  a r e  g iven  i n  Table  I V - 7 .  (Obviously,  t h e  b rake  

imbalance c a s e s  were n o t  run  i n  maneuvers w i t h  no b r a k i n g . )  

For s t r a i g h t  l i n e  b rak ing  and t r a p e z o i d a l  s t e e r  t h e  s i m u l a t e d  

v e h i c l e  r e sponses  were i n s e n s i t i v e  t o  s t e e r i n g  and suspens ion  

system d e g r a d a t i o n s .  The change i n  l a t e r a l  a c c e l e r a t i o n s  

from t h e  h i g h e s t  t o  t he  lowes t  v a l u e  ach ieved  i n  degraded 

o r  O . E .  s t a t e  f o r  t r a p e z o i d a l  s t e e r  was 0 . 0 3  g ' s  and t h e  yaw 

r a t e  peak d i d  n o t  va ry  more than  2 deg / sec  from i t s  l owes t  

t o  i t s  h i g h e s t  v a l u e .  The v e h i c l e  r e sponse  i s  i n s e n s i t i v e  

t o  s t e e r i n g  and suspens ion  system d e g r a d a t i o n s  i n  t h e s e  two 

maneuvers.  Thus,  i t  was dec ided  n o t  t o  make any combined 

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

For t h e  b r a k i n g - i n - a - t u r n  maneuver s i m u l a t i o n  runs  were 

made w i t h  6 7 5  p s i  b rake  l i n e  p r e s s u r e .  With t h e  b rake  t o r q u e  

reduced on t h e  r i g h t  f r o n t  whee l ,  t h e  v e h i c l e  developed a  

l a r g e r  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  than  i t  had i n  i t s  

i n i t i a l  l e f t  t u r n .  The l e f t  f r o n t  and t h e  l e f t  r e a r  wheels 



TABLE IV-7 

STEERING AND SUSPENSION COMPONENT DEGRADATION PROGRAM 

Run Key f o r  S i n g l e  Coiiiponent Degrada t ions  - 1971 Dodge Coronet  

R U N  NUMBER SIMULATION CONDITION 

1 O E M  

2 S t e e r i n g  g e a r  p l a y  - 1, ESD = 4 0  

3 S t e e r i n g  g e a r  p l a y  - 2 ,  
= 80 

4 B a l l  j o i n t  p l a y ,  ED1 = 0.6O, EI l2  = 0.6'  

5 
A 

Camber p l a y ,  4 
P l  

= 0 . 5 ' ,  E p l  = O . s O ,  
E = 0.5O 

@ ~ 2  = 0 . 5 0 '  

6  
P2 

Wheel imba lance ,  r i g h t  f r o n t  (10 o z .  on t h e  r im)  

7 Brake imba lance ,  r i g h t  f r o n t  ( 0 . 4 )  

8  Brake imbalance ,  r i g h t  f r o n t  ( 0 . 1 )  

9  Brake imbalance ,  l e f t  f r o n t  ( 0 . 4 )  

1 0  Brake imba lance ,  l e f t  f r o n t  ( 0 . 1 )  

11 Brake imba lance ,  r i g h t  r e a r  ( 0 . 4 )  

1 2  Brake imbalance ,  r i g h t  r e a r  ( 0 . 1 )  

1 3  Brake imba lance ,  l e f t  r e a r  (0 .4 )  

1 4  Brake imba lance ,  l e f t  r e a r  ( 0 . 1 )  

1 5  Toe - 1,  E K 1  = + 2 . 0 ° ,  E K 2  = -2 .0 '  

16 Toe - 2 ,  E K l  = - 2 . 0 ° ,  E K 2  = + 2 . 0 °  

1 7  C a s t e r  o f f s e t  - 1,  T H E 1  = 2 . 0 ° ,  THE2 = 2.0°  

18 C a s t e r  o f f s e t  - 2 ,  T H E 1  = - 2 . 0 ° ,  THE2 = - 2 . 0 °  

1 9  Camber o f f s e t  - 1,  F E E 1  = 0 ,  4 = - 7 . 5 O ,  s  1 
F E E 2  = - 2 O ,  @ s  2 = 5 . s 0  

2 0  Camber o f f s e t  - 2 ,  F E E 1  = 0 ,  Q S 1  = - 7 . S 0 ,  

F E E 2  = Z O ,  m s 2  = 9 .5"  

2 1 Camber o f f s e t  - 3 ,  F E E 1  = -2O, Q s l  = -9 .5O,  

F E E 2  = 0 ,  d S 2  = 7 . 5 "  

2 2 Camber o f f s e t  - 4 ,  F E E 1  = 2 ' ,  $s l  = -5 .5 ' ,  

F E E 2  = 0 ,  $s2 = 7 . 5 O  

2 3 Rear shock a b s o r b e r s ,  0 . 1  

2 4  Rear shock a b s o r b e r s ,  0 .25  



TABLE IV- 7 (Cont inued)  

RUN NUMBER SIMULATION CONDITION 

2 5  Rear shock  a b s o r b e r s ,  0 . 5  

26 F r o n t  and r e a r  shock a b s o r b e r s ,  0 . 5  

2 7 F r o n t  and r e a r  shock a b s o r b e r s ,  0 . 25  

2 8 F ron t  and r e a r  shock a b s o r b e r s ,  0 . 1  



l ocked  up due t o  t h e  i n c r e a s e d  l a t e r a l  l oad  t r a n s f e r  which 

was caused  by 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  r a t e .  

A 1 0  "bump" g r i d  was s e l e c t e d  f o r  t h e  r o a d h o l d i n g  s t u d y .  

lto s i n g l e  d e g r a d a t i o n  produced a  l a r g e  change i n  v e h i c l e  

r e sponse  f o r  t h i s  maneuver. Degraded shock a b s o r b e r s  d i d  

cause  about  a  lo i n c r e a s e  i n  v e h i c l e  s i d e s l i p  a n g l e .  

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

a  r o l l  o s c i l l a t i o n  of  t h e  r e a r  a x l e  ( a x l e  t ramp) when t h e  

shock a b s o r b e r s  were degraded  t o  0 .25  o r  0 . 1  t imes  t h e i r  

O . E .  v a l u e .  The r e s u l t  of  t h i s  o s c i l l a t i o n  was t o  o b t a i n  

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

yaw r a t e  and s i d e s l i p  a n g l e  t h a n  t h e  O . E .  v e h i c l e .  

I n  t h e  d r a s t i c  s t e e r / b r a k e  maneuver,  t h e  s i m u l a t i o n  

p r e d i c t e d  t h a t  t h e  Coronet  would r o l l  over  w i t h  a l l  shock 

a b s o r b e r s  b e i n g  0 .25  o r  0 . 1  t imes  a s  e f f e c t i v e  a s  t h e  O . E .  

shock a b s o r b e r s .  

Table  IV-8 l i s t s  t h e  combina t ions  of  d e g r a d a t i o n s  s t u d i e d  

f o r  t h e  Dodge Coronet  i n  b r a k i n g - i n - a - t u r n ,  r o a d h o l d i n g ,  s i n u -  

s o i d a l  s t e e r  and d r a s t i c  s t e e r / b r a k e .  C l e a r l y ,  t h e  c a s e s  w i t h  

t h e  l e a s t  damping ( 0 . 1  shock a b s o r b e r s  i n  t h e  r e a r  o r  f r o n t  

and r e a r )  produced t h e  g r e a t e s t  changes from O . E .  pe r formance .  

With degraded  s h o c k s ,  t h e  s i m u l a t i o n  p r e d i c t e d  r o l l  o v e r  i n  

d r a s t i c  s t e e r / b r a k e  and a x l e  tramp i n  t h e  s i n u s o i d a l  s t e e r  

maneuver. The combined d e g r a d a t i o n s  d i d  n o t  produce a p p r e c i a b l y  

worse r e s u l t s  t h a n  t h e  s i n g l e  d e g r a d a t i o n s .  

SIbIULATION PHASE 2 - THE OTHER SIX VEHICLES 

The f o l l o w i n g  f i v e  c a t e g o r i e s  o f  d e g r a d a t i o n  were 

c o n s i d e r e d  i n  t h e  s i m u l a t i o n  of  t h e  Ambassador, A u s t i n ,  

Chevro le t  Brookwood, Ford F-100 p i ckup  t r u c k ,  Oldsmobile  

F -85 ,  and VW Super  B e e t l e :  

1. Play  w i t h  E = 8' ( f rom t h e  s t e e r i n g  g e a r  box) 
SP 

E = E = 1 . 2 O  (from b a l l  j o i n t s ,  t i e  rod  e n d s ,  
P I  ~2 

and wheel b e a r i n g s ]  



TABLE IV-8 

STEERING AND SUSPENSION COMPONENT DEGRADATION PROGRAM 

Run Key for Combined Degradation Effects: 1971 Dodge Coronet 

RUN NUMBER DEGRADATION CONDITION 

NOTE : 

OEM 

Combined play + LF wheel imbalance 

Play + RF brake imbalance (0.4) 

Play + RF brake imbalance (0.1) 

Play + LF wheel imbalance + wheel alignment 

Play + LF wheel imbalance + wheel alignment 

+ SA-rear (0.1) 
Play + LF wheel imbalance + wheel alignment 

+ SA-rear (0.5) 

Play + LF wheel imbalance + wheel alignment 

+ SA-front , rear (0.5) 
Play + LF wheel imbalance + wheel alignment 

+ SA-front, rear (0.1) 

Wheel imbalance means: 10 oz. on the rim of the left 

front wheel 

Wheel alignment means: EK1 = ZO, EK2 = -2' 

THE1 = -2O, THE2 = -2' 

FEE1 = -ZO, FEE2 = 0 

$sl = -9.5O, ms2 = 7.5O 



- 
+pl - $32 = 0 .  S o  (from b a l l  j o i n t s  and wheel 

b e a r i n g s )  

2 .  Wheel imbalance - 1 0  o z .  of l e a d  on t h e  o u t e r  rim 

of  t h e  l e f t  f r o n t  wheel 

3 .  Brake imbalance - r i g h t  f r o n t  b r a k e  p r e s s u r e  0 . 7  

t imes  O . E .  and 0 . 4  t imes  O . E .  

4 .  Wheel a l i gnmen t  changes from O . E .  

L e f t  Wheel R igh t  Wheel 

Toe: E K 2  = +2 '  E K 1  = - 2 '  

C a s t e r :  T H E 2  = -2' T H E 1  = -2' 

Camber: F E E 2  = 0 F E E 1  = - 2 '  

5 .  Shock a b s o r b e r  f o r c e  - 0 . 5 ,  0 . 2 5 ,  and 0 . 1  t imes  

O.E. 

The l e v e l s  of p l a y  pa rame te r s  ( E  E E s p '  p l '  p2 '  @pl'  
and cb ) were s e l e c t e d  t o  co r r e spond  t o  t h e  maximum r e a s o n a b l e  

P 2 
l e v e l s  of d e g r a d a t i o n  which c o u l d  be o b t a i n e d  w i t h o u t  s t r u c -  

t u r a l  f a i l u r e  of  b a l l  j o i n t s ,  t i e  rod  e n d s ,  wheel b e a r i n g s  

and s t e e r i n g  g e a r  box.  A v e r y  l a r g e  anount  of  wheel imbal -  

ance was s e l e c t e d .  (Normally ,  t h e  maximum l e a d  w e i g h t ,  

u sed  i n  pas senge r  c a r  t i r e  b a l a n c i n g ,  i s  5 o u n c e s . )  Reduced 

b r a k i n g  was a p p l i e d  on t h e  r i g h t  f r o n t  wheel i n  o r d e r  t o  o b t a i n  

a  l a r g e  i n f l u e n c e  i n  a  l e f t  t u r n .  The wheel a l i gnmen t  

changes were s e l e c t e d  t o  cause  a  tendency  f o r  more extreme 

l e f t  t u r n s  w h i l e  minimizing t h e  d r i v e r ' s  a b i l i t y  t o  c o r r e c t  

f o r  t h e  misa l ignment  by r e - c e n t e r i n g  t h e  s t e e r i n g  wheel .  

Both wheels  a r e  t o e d  i n  2' more t h a n  t h e  o r i g i n a l  equipment 

v a l u e s .  The s i d e  f o r c e  on t h e  h e a v i l y  l oaded  wheel i n  a  

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

t u r n .  The c a s t e r  of  t h e  wheels  i s  s e l e c t e d  t o  r educe  t h e  

mechanica l  t r a i l  and t h e r e b y  r educe  t h e  moment t e n d i n g  t o  

a l i g n  t h e  wheels  w i t h  t h e i r  d i r e c t i o n  of  t r a v e l .  The 

magni tude of t h e  camber a n g l e  on t h e  h e a v i l y  l oaded  wheel 

i n  a l e f t  t u r n  i s  i n c r e a s e d  i n  a  d i r e c t i o n  which w i l l  produce 



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

of d e g r a d a t i o n s  i s  t o  cause  t h e  v e h i c l e  t o  t u r n  l e f t  more 

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

I n  o r d e r  t o  make t h e  s i m u l a t i o n  s t u d y  a s  c o s t - e f f e c t i v e  

a s  p o s s i b l e ,  d e g r a d a t i o n s  and combina t ions  of  d e g r a d a t i o n s  

were  s e l e c t e d  f o r  each  maneuver.  The c o n d i t i o n s  u sed  i n  t h e  

s i m u l a t i o n  of  each  c a r  a r e  l i s t e d  i n  Table  IV-9.  

I n  s t r a i g h t  l i n e  b r a k i n g ,  b r a k e  imbalance was t h e  o n l y  

i m p o r t a n t  d e g r a d a t i o n  mode f o r  any of  t h e s e  v e h i c l e s .  The 

s i m u l a t i o n  i n d i c a t e d  t h a t  t h e r e  i s  a  wide r ange  o f  maximum 

wheels  un locked  b r a k i n g  per formance  f o r  t h e s e  v e h i c l e s  i n  

0 .  E, c o n d i t i o n .  

I n  t u r n i n g  maneuvers ,  t h e  A u s t i n  and Vllr s i m u l a t i o n  r e s u l t s  

appear  t o  be i n  e r r o r .  I n  a  r e c e n t l y  p u b l i s h e d  r e p o r t  [ 4 ] ,  

i t  i s  shown t h a t  t h e  s i m u l a t i o n  does n o t  p r e d i c t  t h e  c o r r e c t  

r o l l  a n g l e  f o r  t h e  VW. For  t h e  work i n  [ 4 ] ,  a  r e a r  r o l l  

c e n t e r  concep t  was u sed .  I n  t h i s  c a s e ,  independent  swing 

a x l e  e q u a t i o n s  were employed,  b u t  t h e y  d i d  n o t  p r o v i d e  

r e a s o n a b l e  answer s .  Acco rd ing ly ,  i n  t h e  remainder  of t h i s  

s e c t i o n ,  t h e  Ambassador,  F -100 ,  F-85 ,  and Brookwood r e s u l t s  

w i l l  b e  d i s c u s s e d .  

Tab le  IV-10 c o n t a i n s  a  summary o f  t h e  t r a p e z o i d a l  

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

IV-9.  Examinat ion o f  t h e  t a b l e  i n d i c a t e s  t h a t  t h e s e  s t e e r i n g  

and s u s p e n s i o n  sys tem d e g r a d a t i o n s  have n e g l i g i b l e  i n f l u e n c e  

on t r a p e z o i d a l  s t e e r  r e s u l t s .  

Brake imbalance c a u s e s  a  g r e a t e r  change i n  v e h i c l e  

r e s p o n s e  i n  t h e  b r a k i n g - i n - a - t u r n  maneuver t h a n  any of  t h e  

s t e e r i n g  and s u s p e n s i o n  d e g r a d a t i o n s  f o r  t h e  Ambassador, 

Olds F - 8 5 ,  Ford p i c k u p ,  and C h e v r o l e t  Brookwood. Th i s  same 

t y p e  o f  r e s u l t  was o b t a i n e d  f o r  t h e  Dodge Coronet  and t h e  

Mustang. I t  i s  c l e a r  t h a t  a  b r a k e  imbalance ,  which i s  0 . 4  

t imes  t h e  O . E .  v a l u e  f o r  a  f r o n t  w h e e l ,  i s  a  more s e r i o u s  

d e g r a d a t i o n  t h a n  any of t h e  o t h e r  d e g r a d a t i o n s  s t u d i e d .  



TABLE I V - 9  

DEGRADATIONS SELECTED FOR SIMULATION 

N o t a t i o n :  1 ,  combined p l a y  

2 ,  wheel imbalance 

, brake  imbalance ( x = f r a c t i o n  of OEM) 

4 ,  wheel a l ignment  

5 ( X I  ' shock abso rbe r  ( x = f r a c t i o n  of  OEM) 

S t r a i g h t  Line Braking In  T rapezo ida l  
Brakin P A Turn road hold in^ S t e e r  



TABLE IV-9 (Cont inued)  

S t r a i g h t  L ine  Brak ing  I n  T r a p e z o i d a l  
Brak ing  A Turn Roadholding S t e e r  

NOTE:  S i n u s o i d a l  S t e e r  i s  t h e  same a s  Roadhold ing .  
D r a s t i c  B r a k e I S t e e r  i s  t h e  same a s  Roadhold ing .  
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I n  t h e  r o a d h o l d i n g  maneuver ,  t h e  s i m u l a t i o n  shows t h a t  

i n  deg raded  c o n d i t i o n  one v e h i c l e ,  t h e  Ambassador, w i l l  

d eve lop  a  v e r y  l a r g e  s i d e s l i p  a n g l e  ( s p i n  o u t )  w h i l e  p a s s i n g  

ove r  t h e  roadho ld ing  g r i d .  I t  i s  f e l t  t h a t  t h i s  may be  an 

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

do n o t  t e n d  t o  s p i n  o u t .  A summary of t h e  r e s u l t s  f o r  t h e  

Ford p i c k u p ,  Chev ro l e t  Brookwood, and Olds F-85 i s  g i v e n  i n  

Table  IV-11.  The l a r g e s t  s i d e s l i p  a n g l e  i s  o b t a i n e d  f o r  

t h e  combined d e g r a d a t i o n  c a s e  c o n s i s t i n g  o f  0 . 1  shock a b s o r b e r  

f o r c e s ,  combined p l a y ,  wheel imba l ance ,  and wheel m i s a l i g n -  

ment.  Of t h e s e  d e g r a d a t i o n s ,  t h e  0 . 1  shock a b s o r b e r  f o r c e  

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

a n g l e .  

The s i n u s o i d a l  s t e e r  r e s u l t s  a r e  summarized i n  Table  IV-12.  

Examinat ion o f  Tab l e  IV-12 shows t h a t  t h e  Ambassador i s  

s e n s i t i v e  t o  s t e e r i n g  and s u s p e n s i o n  sys tem d e g r a d a t i o n s  

and t h e  o t h e r  t h r e e  v e h i c l e s  a r e  n o t .  With degraded  shock 

a b s o r b e r s  ( 0 . 5 ,  0 . 2 5 ,  o r  0 .  I ) ,  a l o n e  o r  combined w i t h  o t h e r  

d e g r a d a t i o n s ,  t h e  Ambassador o b t a i n s  changes  i n  head ing  a n g l e  

from 21 '  t o  4 4 ' .  Thus ,  t h e  l e v e l  of  shock a b s o r b e r  f o r c e  

was shown t o  be i m p o r t a n t  f o r  t h e  Ambassador i n  t h e  s i n u s o i d a l  

s t e e r  maneuver. 

I n  t h e  d r a s t i c  s t e e r l b r a k e  maneuver,  t h e  s i m u l a t i o n  

p r e d i c t e d  t h a t  t h e  degraded  Ambassador would s p i n  o u t  and 

r o l l  o v e r .  The r o l l - o v e r  p r e d i c t i o n  was made f o r  d e g r a d a t i o n  

combina t ions  w i t h  shock a b s o r b e r  f o r c e  l e v e l s  reduced  t o  

0 .25  and 0 . 1  t imes  t h e i r  O . E .  v a l u e .  For t h e  o t h e r  v e h i c l e s ,  

t h e  maximum r o l l  a n g l e  was p r e d i c t e d  f o r  t h e  h e a v i l y  degraded  

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

t h e  c r i t i c a l  a n g l e  f o r  r o l l  ove r  i n s t a b i l i t y .  The peak O . E .  

and degraded  r o l l  a n g l e s  a r e  a s  f o l l o w s :  

V e h i c l e  O . E .  Degraded 

Olds F-85 9 . 2 '  1 2 . 1 °  

C h e v r o l e t  S t a t i o n  
Wagon 7.5' 8 . 6 '  

Ford P ickup  7 .  lo 10.7 '  



TABLE I V - 1 1  

SUMMARY OF ROADHOLDING RESULTS 

Omax Range o f  B m a x  
V e h i c l e  G r i d  O . E .  f o r  D e g r a d a t i o n  

F o r d  P i c k u p  9 h z  
( 8  bumps) 

C h e v r o l e t  
Brookwood 

9 h z  
(8 bumps) 

O l d s  F - 8 5  11 h z  
(10  bumps) 

TABLE IV-12 

SrnIMd4RY OF SINUSOIDAL STEER RESULTS 

S t e e r  L e v e l  O.E.  Range o f  D e g r a d a t i o n  
V e h i c l e  a n d  V e l o c i t y  R e s p o n s e s  R e s p o n s e s  

Ambassador  6 0  mph 
6 = 319' 
SW 

O l d s  F - 8 5  

C h e v r o l e t  
Brookwood 

50 mph 
6 = 160 '  
SW 

F o r d  
P i c k u p  

6 0  mph 
6 = 264' 

S w 



By c a r e f u l  s e l e c t i o n  o f  c o n d i t i o n s  and i n p u t s  f o r  each  

maneuver ,  i t  was p o s s i b l e  t o  o b t a i n  u s e f u l  r e s u l t s  w i t h  

abou t  130 computer r u n s  p e r  v e h i c l e .  Thus,  abou t  800 computer 

r u n s  were made t o  comple te  Phase  I1 of t h e  s i m u l a t i o n  s t u d y .  





APPENDIX V 

MECHANICAL SIMULATION OF DEGRADATION MODES 

A s t u d y  of  v e h i c l e  s e n s i t i v i t y  t o  degraded  components 

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

o u t  such  s e n s i t i v i t y .  P r ev ious  s t u d y  had i n d i c a t e d  t h a t  

t h e  change i n  h a n d l i n g  c h a r a c t e r i s t i c s  due t o  some of t h e  

p roposed  d e g r a d a t i o n s  i s  s m a l l .  With t h i s  i n  mind, i t  was 

dec ided  t o  deve lop  means f o r  i n t r o d u c i n g  a s  l a r g e  a  d e g r a -  

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

i n s e n s i t i v e  t o  a  l a r g e  d e g r a d a t i o n ,  i t  c e r t a i n l y  w i l l  be  

i n s e n s i t i v e  t o  a  s m a l l e r  one .  I n  g e n e r a l ,  degraded components 

were p r e p a r e d  t o  r e p r e s e n t  t h e  V i r t u a l  Maximum R a t i o n a l  Wear 

(VMRW) t h a t  would be  found among i n - s e r v i c e  components.  An 

amount of  wear o r  d e g r a d a t i o n  l a r g e r  t h a n  t h a t  d e f i n e d  a s  

t h e  VMRW v a l u e  would be  u n r e a l i s t i c  o r  j e o p a r d i z e  t h e  

s t r u c t u r a l  i n t e g r i t y  of t h e  component under  l o a d .  I t  f o l l o w s  

t h a t  an  amount of  wear o r  d e g r a d a t i o n  s m a l l e r  t h a n  t h e  LYRW 

v a l u e  would b e  l e s s  l i k e l y  t o  show v e h i c l e  s e n s i t i v i t y  t o  

t h e  degraded  component. 

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

grouped i n t o  f i v e  c a t e g o r i e s .  They a r e  f r o n t - e n d  l a s h ,  

wheel  imbalance ,  b r a k e  imba lance ,  wheel  a l i g n m e n t ,  and shock 

a b s o r b e r s .  I n  keep ing  w i t h  t h e  VMRW concep t  ment ioned above ,  

i t  became n e c e s s a r y  t o  p r o v i d e  d e g r a d a t i o n s  i n  each c a t e g o r y  

which were as  l a r g e  a s  p o s s i b l e  and y e t  n o t  compromise any of 

t h e  mechanica l  c o n s t r a i n t s  o f  t h e  components.  I t  was a l s o  

d e s i r e d  t h a t  t h e  d e g r a d a t i o n s  be  r e l a t i v e l y  s imp le  t o  i n t r o -  

duce and t h a t  t hey  n o t  p r e v e n t  r e t u r n i n g  t h e  v e h i c l e  t o  an 

undegraded c o n d i t i o n .  



FRONT-END LASH 

F r o n t - e n d  l a s h  c o n s i s t s  o f  l o o s e n e s s  i n  b a l l  j o i n t s ,  

t i e - r o d  e n d s ,  s t e e r i n g  g e a r  and wheel  b e a r i n g s .  These  

e l emen t s  p r o v i d e  two c l a s s e s  of  s t e e r i n g  t i g h t n e s s  d e g r a -  

d a t i o n s .  There  a r e  t h o s e  d e g r a d a t i o n s  which a l l o w  t h e  p o s i t i o n  

o f  b o t h  f r o n t  whee ls  t o  be  i n d e t e r m i n a t e  from s t e e r i n g  wheel  

p o s i t i o n  even though t h e  p o s i t i o n  o f  one wheel  r e l a t i v e  t o  

t h e  o t h e r  i s  known. Such would be  t h e  c a s e  when t h e  g e a r  

box i s  worn o r  l o o s e  on t h e  v e h i c l e ,  w i t h  a l l  p a r t s  from t h e  

p i tman  arm t o  t h e  whee ls  i n  good c o n d i t i o n .  Second ly ,  t h e r e  

a r e  t h o s e  d e g r a d a t i o n s  which a l l o w  one wheel  t o  move i n d e -  

p e n d e n t l y  o f  t h e  o t h e r  a n d / o r  t h e  s t e e r i n g  whee l .  Th i s  

b e h a v i o r  r e s u l t s  when t i e - r o d  ends o r  i d l e r - a r m  bush ings  

become worn.  Each o f  t h e s e  c o n d i t i o n s  was p r o v i d e d  p h y s i c a l l y  

by a  d i f f e r e n t  mechanism. These s e p a r a t e  means a r e  t h u s  

d e s c r i b e d  be low.  

The f i r s t  d e g r a d a t i o n  c a t e g o r y ,  t h a t  of  b o t h  whee ls  

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

can be  p roduced  by i n t r o d u c i n g  l a s h  i n  t h e  s t e e r i n g  g e a r  box .  

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

w e l l  s p e l l e d  o u t  i n  t h e  s e r v i c e  manual f o r  each  v e h i c l e  where 

t h i s  a d j u s t m e n t  i s  p o s s i b l e .  Reve r s ing  t h i s  p r o c e d u r e  

p roduces  a  l o o s e  s t e e r i n g  sy s t em by i n t r o d u c i n g  c l e a r a n c e  

between t h e  s e c t o r  g e a r  and t h e  worm. 

The second  d e g r a d a t i o n  c a t e g o r y  i s  p roduced  by e i t h e r  

l o o s e  b a l l  j o i n t s  o r  l o o s e  t i e - r o d  ends .  A d e c i s i o n  was 

made t o  i n t r o d u c e  b a l l  j o i n t  p l a y  by modi fy ing  t h e  o r i g i n a l  

equipment b a l l  j o i n t s  t h e m s e l v e s .  I n  much of  t h e  e a r l i e r  

work comparable  t o  t h i s  s t u d y ,  a t t e n t i o n  was c o n f i n e d  t o  t h e  

l oaded  b a l l  j o i n t  because  i t  no rma l ly  shows t h e  g r e a t e s t  wea r .  

The wear t h a t  o c c u r s ,  however ,  i s  i n  an  a x i a l  d i r e c t i o n  

p a r a l l e l  t o  t h e  b a l l  s t u d .  Thus,  w i t h  t h e  v e h i c l e  we igh t  

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



i n t o  i t s  s o c k e t  t o  t a k e  up v i r t u a l l y  a l l  l a t e r a l  p l a y  t h a t  

accompanies  wear  i n  t h e  a x i a l  d i r e c t i o n .  I n  o r d e r  t o  l i m i t  

t h e  number o f  b a l l  j o i n t s  t o  b e  m o d i f i e d  and y e t  o b t a i n  

mean ing fu l  i n s i g h t  i n t o  t h e  r e l a t i o n s h i p  between b a l l  j o i n t  

wear  and v e h i c l e  pe r fo rmance ,  i t  was d e c i d e d  t o  c o n f i n e  o u r  

a t t e n t i o n  t o  t h e  f o l l o w e r  o r  un loaded  b a l l  j o i n t .  L a t e r a l  

p l a y  on t h i s  u n i t  i s  much more l i k e l y  t o  r e s u l t  i n  wheel  

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

a x i a l  l o a d  t o  f o r c e  t h e  b a l l  s t u d  and s o c k e t  t o g e t h e r .  

Making a  r a t i o n a l  s e l e c t i o n  o f  t h e  maximum d e g r a d a t i o n  

t o  b e  s i m u l a t e d  i n  t i e - r o d  ends  and b a l l  j o i n t s  i s  v e r y  

d i f f i c u l t .  No d a t a  bank e x i s t s  on t h e  amount o f  wear t h a t  

i s  t y p i c a l l y  found on t h e s e  components o f  i n - s e r v i c e  v e h i c l e s .  

I n  f a c t ,  t h e  methods o f  d e t e r m i n i n g  t h e  e x t e n t  of  component 

wear  v a r y  w i d e l y  among s e r v i c e  f a c i l i t i e s .  Th i s  i s  t o  s a y  

n o t h i n g  a b o u t  t h e  maximum wear  p e r m i t t e d  b e f o r e  t h e  p a r t  i s  

t o  b e  r e p l a c e d .  I n  some c a s e s ,  m a n u f a c t u r e r s  have l i s t e d  

t o l e r a n c e s  i n  t h e i r  s e r v i c e  manua ls .  A l l  t o o  f r e q u e n t l y ,  

t h e  s e r v i c e  manuals omit  t h e  i n s p e c t i o n  p r o c e d u r e  o r  mere ly  

s a y  t h a t  t h e  component s h o u l d  be  r e p l a c e d  i f  wear  i s  

e x c e s s i v e .  

No two s e t s  o f  t i e - r o d  ends  o r  b a l l  j o i n t s  a r e  i d e n t i c a l .  

However, t h e  same maximum l a t e r a l  f reedom was p r o v i d e d  i n  

a l l  b a l l  j o i n t s  and t i e - r o d  ends  and an a d j u s t m e n t  mechanism 

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

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

The t i e - r o d  ends on t h e  Mustang were  t h e  f i r s t  t o  b e  

m o d i f i e d .  Consequen t ly ,  t h e s e  m o d i f i c a t i o n s  became a  model 

f o r  a l l  l a t e r  m o d i f i c a t i o n s .  Disassembly  o f  t h i s  u n i t  

r e v e a l e d  a s p h e r i c a l  wear shim p l a c e d  between t h e  b a l l  s t u d  

and t h e  o u t e r  s o c k e t .  The t h i c k n e s s  o f  t h i s  shim i s  a b o u t  



, 040" .  I f  t h e  shim were  c o m p l e t e l y  worn o u t ,  t h e  b a l l  s t u d  

would s e p a r a t e  from t h e  s o c k e t .  T h e r e f o r e ,  t h e  maximum 

l a t e r a l  freedom was chosen t o  be t w i c e  t h e  t h i c k n e s s  o f  t h e  

wear shim (because  i t  i s  on b o t h  s i d e s  o f  t h e  b a l l  s t u d )  o r  

. 0  80". " V i r t u a l l y  maximum wear" was a c h i e v e d  by g r i n d i n g  

abou t  ,050" from t h e  d i a m e t e r  o f  t h e  b a l l  s t u d ,  l e a v i n g  

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

m o d i f i c a t i o n s  t o  t i e - r o d  e n d s ,  t h e s e  d imens ions  s e r v e d  a s  a  

t a r g e t .  I t  was n o t  p o s s i b l e  t o  p roduce  t h e  d e s i r e d  amount 

o f  l a t e r a l  freedom i n  a l l  c a s e s  because  o f  c o n s t r u c t i o n  d e t a i l s .  

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

maximum amount o f  l a t e r a l  movement i n  b a l l  j o i n t s .  The 

t y p i c a l  b a l l  j o i n t  m o d i f i c a t i o n  which was implemented i s  

shown i n  F i g u r e  V-1.  

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

s p h e r i c a l  wear bush ing  o v e r  t h e  b a l l  s t u d  w i t h  l u b r i c a t i o n  

grooves  .025" deep .  These g rooves  p r o v i d e d  a  c o n v e n i e n t  

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

i n  a  .05011 r e d u c t i o n  of  t h e  d i a m e t e r  o f  t h e  wear  b u s h i n g .  

A c t u a l  measurements on t h e  r e s u l t i n g  sample  o f  degraded  b a l l  

j o i n t s  i n d i c a t e d  maximum l a t e r a l  p l a y  r a n g i n g  from ,050" t o  

. 0 7 S M .  

Another  p o i n t  c o n s i d e r e d  i n  modi fy ing  b a l l  j o i n t s  and 

t i e - r o d  ends  t o  r e p r e s e n t  t h e  worn s t a t e  was t h e  n e c e s s i t y  

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

t o  t h e  c o n s t r u c t i o n  of  modern b a l l  j o i n t s  and t i e - r o d  e n d s ,  

i n t r o d u c i n g  a x i a l  p l a y  i n  a  new u n i t  does n o t  n e c e s s a r i l y  

r e s u l t  i n  r a d i a l  p l a y .  On t h e  o t h e r  hand ,  once r a d i a l  p l a y  

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

s i m u l a t e  t h e  non-degraded  c o n d i t i o n  w i t h o u t  p r o v i d i n g  an 

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

r e a l i z e d .  Thus i t  was d e c i d e d  t o  modify t h e  b a l l  j o i n t s  and 

t i e - r o d  ends  t o  p roduce  two c o n d i t i o n s .  



Screw Adap ta t i on  
[ P e r m i t t i n g  Recovery 
of R e p r e s e n t a t i v e  
As-worn S p r i n g  Load] 

B a l l  J o i n t  S i n t e r e d  Metal  Bushing 
[Ground .05OU On I t s  

t- B a l l  S tud  

F i g u r e  V .  1. M o d i f i e d  B a l l  J o i n t  Assembly .  ( T h i s  
m o d i f i c a t i o n  a l s o  t y p i f i e s  t h e  a l t e r a t i o n s  
t o  t i e  r o d  e n d s . )  



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

v i r t u a l l y  no r a d i a l  o r  l a t e r a l  movement. Th i s  c o n d i t i o n  i s  

a c h i e v e d  by p r o v i d i n g  a  h a r d  s t o p  which can be  p l a c e d  a g a i n s t  

t h e  b a l l  t o  p r e v e n t  a x i a l  and t h u s  r a d i a l  movement o f  t h e  

ground b a l l  s t u d .  

The second  c o n d i t i o n  i s  t h a t  o f  a  h y p o t h e t i c a l l y  worn 

u n i t  which ,  even though worn,  ha s  s p r i n g  p r e s s u r e  on t h e  

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

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

amount of  s p r i n g  p r e s s u r e  on t h e  b a l l ,  when worn,  had t o  be 

made. Th i s  e s t i m a t e  was p roduced  by making measurements on 

t h e  new and degraded  u n i t s .  The amount o f  s p r i n g  d e f l e c t i o n  

i n  a  new u n i t  and t h e  amount o f  a x i a l  movement r e s u l t i n g  

from g r i n d i n g  t h e  b a l l  were  d e t e r m i n e d .  From t h e s e  measure-  

ments t h e  amount of  s p r i n g  d e f l e c t i o n  r e q u i r e d  i n  t h e  worn 

u n i t  was c a l c u l a t e d .  Knowing t h e  l e a d  on t h e  a d j u s t i n g  sc rew 

t h a t  was i n c o r p o r a t e d  i n t o  t h e  b a l l  j o i n t  a s sembly ,  t h e  

number of  t u r n s  r e q u i r e d  t o  p roduce  t h i s  d e f l e c t i o n  was 

found .  I t  was n o t  n e c e s s a r y  t h a t  t h e  a c t u a l  l o a d  i n  pounds 

e v e r  be known. 

The o t h e r  c o n t r i b u t o r  t o  f r o n t  wheel i n d e t e r m i n a c y ,  

wheel  b e a r i n g  p l a y ,  was s i m u l a t e d  s imp ly  by b a c k i n g  o f f  on 

t h e  s p i n d l e  n u t .  I n  a c h i e v i n g  t h e  VMRW l e v e l  o f  wheel  b e a r i n g  

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

which would s t i l l  p e r m i t  a t t a c h m e n t  o f  t h e  c o t t e r  p i n ,  w i t h i n  

a  maximum of  two f u l l  t u r n s  beyond t h e  z e r o  l a s h  c o n d i t i o n .  

WHEEL ALIGNNENT 

I n  a t t e m p t i n g  t o  c r e a t e  a  w o r s t  c a s e  wheel  a l i gnmen t  

i n  acco rdance  w i t h  t h e  'I91RW c o n c e p t ,  i t  was n e c e s s a r y  t o  

c o n s i d e r  t h e  c h a r a c t e r  o f  t h e  maneuvers per formed  and t h e  



e f f e c t  of  misa l ignment  on t h e  d i r e c t i o n a l  b e h a v i o r  o f  a  

v e h i c l e .  A cambered whee l ,  i f  u n r e s t r a i n e d ,  t e n d s  t o  f o l l o w  

a  cu rved  p a t h  whose r a d i u s  i s  e q u a l  t o  t h e  d i s t a n c e  between 

t h e  p o i n t  of  i n t e r s e c t i o n  of  t h e  a x l e  ( i f  ex t ended )  w i t h  t h e  

ground and t h e  t i r e  c o n t a c t  p o i n t ,  Th i s  t h e n  i s  a  s t e e r  

e f f e c t .  A r i g h t  wheel  cambered i n  a t  t h e  t o p  w i l l  t e n d  t o  

s t e e r  t h e  v e h i c l e  t o  t h e  l e f t .  

C a s t e r  r e l a t e s  t o  d i r e c t i o n a l  b e h a v i o r  i n  t h a t  i t  

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

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

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

t o  r e t u r n  t h e  whee ls  t o  a  s t r a i g h t  ahead p o s i t i o n  and i f  

n e g a t i v e ,  t e n d s  t o  c a u s e  t h e  whee ls  t o  t u r n  more s h a r p l y ,  

Toe i s ,  i n  e f f e c t ,  a  b i a s  s e t t i n g  of  t h e  s t e e r e d  w h e e l s .  

I f  t h e  whee ls  a r e  t o e d  i n ,  t h e  o u t s i d e  wheel i n  a  t u r n  (more 

h e a v i l y  l oaded )  has  a  g r e a t e r  s t e e r  a n g l e  t h a n  i f  t h e  

whee ls  a r e  t o e d  o u t .  The n o n l i n e a r  mechanics o f  t h e  pneumat ic  

t i r e  i n d i c a t e  t h a t  t h e  more h e a v i l y  l oaded  wheel  h a s  t h e  

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

i n  a  l i m i t  t u r n .  The above r e a s o n i n g  t a k e n  w i t h  t h e  f a c t  

t h a t  most t e s t  maneuvers r e q u i r e d  t u r n s  t o  t h e  l e f t ,  l e a d  t o  

a  w o r s t  c a s e  a l i gnmen t  c o n d i t i o n .  

I n  g e n e r a l ,  degraded  a l i gnmen t  co r r e spond ing  t o  t h e  VMRW 

c o n d i t i o n  was d e f i n e d  a s  maximum n e g a t i v e  camber o f  t h e  r i g h t  

whee l ,  maximum n e g a t i v e  c a s t e r  of  b o t h  whee l s ,  and n o t  ove r  

2"  o f  t o e  i n .  Note t h a t  b o t h  whee ls  a r e  n o t  cambered because  

such  a  s e t t i n g  would produce  a  n e u t r a l  c o n d i t i o n  i f  b o t h  

whee ls  were cambered i n  ( o r  o u t )  o r  would produce  a  s t e e r  

o f f s e t  i f  one wheel were  cambered i n  and t h e  o t h e r  o u t  a t  t h e  

t o p .  Acco rd ing ly ,  t h e  l e f t  wheel  i s  s e t  t o  t h e  O . E .  camber 

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

p o s s i b l e .  



WHEEL IMBALANCE 

The l a r g e s t  w h e e l  i m b a l a n c e  l i k e l y  t o  b e  found  i n  

s e r v i c e  i s  somewhat l a r g e r  t h a n  t h e  l a r g e s t  w e i g h t  t h a t  

can  b e  u s e d  t o  c o r r e c t  i t .  A 5 -ounce  w e i g h t  i s  t h e  l a r g e s t  

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

d e c i d e d  t h a t  1 0  ounces  o f  w e i g h t  l o c a t e d  on one s i d e  o f  a  

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

i m b a l a n c e .  I n  f a c t ,  i t  i s  d i f f i c u l t  t o  p l a c e  much more 

w e i g h t  t h a n  t h i s  on one  s i d e  o f  a  whee l  w i t h o u t  c o v e r i n g  

more t h a n  h a l f  t h e  c i r c u m f e r e n c e  o f  t h e  rim. 

BRAKE IMBALANCE 

Brake i m b a l a n c e  was c r e a t e d  by d i f f e r e n t i a l  b r a k e  

p r e s s u r e s  among t h e  f o u r  w h e e l s  d u r i n g  b r a k i n g .  T h i s  method 

o f  p r o v i d i n g  b r a k e  i m b a l a n c e  was chosen  r a t h e r  t h a n  m o d i f y i n g  

b r a k e  s h o e s ,  drums o r  wheel  c y l i n d e r s  b e c a u s e  i t  p e r m i t s  

r a p i d  and p r e c i s e  a d j u s t m e n t  o f  i n d i v i d u a l  wheel  b r a k i n g  

e f f o r t .  

A p r e s s u r e  l i m i t i n g  d e v i c e  was b u i l t  t o  c o n t r o l  

h y d r a u l i c  p r e s s u r e s  d u r i n g  b r a k i n g .  As shown i n  F i g u r e  V - 2 ,  

l i n e s  from t h e  r i g h t - f r o n t ,  l e f t - f r o n t  b r a k e ,  b o t h  r e a r  

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

o f  t h e  m a s t e r  c y l i n d e r  l e a d  t o  a  v a l v e  m a n i f o l d  where  each  

can b e  c o n n e c t e d  t o  e i t h e r  o f  two a c c u m u l a t o r s .  The accumu- 

l a t o r s  can  b e  s e t  i n d e p e n d e n t l y  t o  any d e s i r e d  l e v e l  o f  

n i t r o g e n  p r e c h a r g e  p r e s s u r e  which t h e n  becomes t h e  l i m i t i n g  

v a l u e  o f  b r a k e  p r e s s u r e  f o r  any l i n e s  c o n n e c t e d  t o  i t .  F o r  

normal  undegraded  b r a k i n g ,  t h e  v a l v e s  a r e  s e t  s u c h  t h a t  

a l l  l i n e s  l e a d  t o  one a c c u m u l a t o r .  The p r e c h a r g e  on t h a t  

a c c u m u l a t o r  would b e  t h e  maximum p r e s s u r e  t h a t  c o u l d  b e  

g e n e r a t e d  i n  any  p a r t  o f  t h e  b r a k e  s y s t e m .  
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F i g u r e  V-2. Brake l imi ter  assembly  



The l i m i t e r  i s  o p e r a t e d  mere ly  by d e p r e s s i n g  t h e  b r a k e  

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

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

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

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

SHOCK ABSORBER DEGRADATION 

The a p p l i c a t i o n  o f  t h e  VMRW concep t  t o  shock  a b s o r b e r  

d e g r a d a t i o n  r e s u l t e d  i n  t h e  more o r  l e s s  obv ious  s e l e c t i o n  

o f  l a r g e  f l u i d  l o s s  a s  a  d e g r a d a t i o n  mechanism. I n  a d d i t i o n ,  

however,  due t o  t h e  c o n v i c t i o n  t h a t  n e a r  t o t a l  l o s s  o f  wheel  

damping would y i e l d  d e c i d e d l y  p o s i t i v e  s e n s i t i v i t y  f i n d i n g s ,  

i t  was d e c i d e d  t o  a l s o  c o n s t r u c t  shock  a b s o r b e r s  which 

s i m u l a t e d  a  "non-maximum d e g r a d a t i o n t t  b u t  d i d  i n c o r p o r a t e  

a l t e r a t i o n  o f  d imens iona l  c l e a r a n c e s  a s  l a r g e  a s  might  b e  

found  i n  s e r v i c e .  

The Monroe Auto Equipment Company p r o v i d e d  two shock  

a b s o r b e r  v a r i a t i o n s  t o  meet t h e s e  pe r fo rmance  d e g r a d a t i o n  

c o n d i t i o n s  : 

1. Shock a b s o r b e r  w i t h  90% o f  i t s  f l u i d  removed, 

which was u sed  on ly  i n  p i l o t  t e s t i n g ,  and 

2 .  Shock a b s o r b e r  upon which ( a )  machin ing  o f  

t h e  r o d  g u i d e s  and p i s t o n  and (b )  f r a c t u r i n g  

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

pe r fo rmance  d e g r a d a t i o n .  

Force  v e l o c i t y  measurements made i n  t h e  l a b o r a t o r y  

i n d i c a t e d  t h a t  a  s m a l l  amount o f  coulomb f r i c t i o n  ( a b o u t  

+ l o  l b s )  was t h e  o n l y  damping f o r c e  r ema in ing  i n  shock  

a b s o r b e r s  w i t h  9 0 %  f l u i d  removed, Measurements made on 

shock  a b s o r b e r s  w i t h  h e a v i l y  worn rod  g u i d e s  and p i s t o n s ,  

however ,  showed t h a t  c e r t a i n  models had l o s t  a l m o s t  5 0 %  o f  

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

t h a n  2 5 %  l o s s  i n  e q u i v a l e n t  damping f o r c e  a t  h i g h  a c t u a t i o n  

v e l o c i t i e s .  



APPENDIX VI 

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  o f  a  v e h i c l e  minus t h e  d r i v e r .  Consequen t ly ,  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  of  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  improving .  

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  of  

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 sponse  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 focus  on s p e c i f i c  a s p e c t s  

of  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 formance  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  adequa t e  

a p p l i c a t i o n .  I m p r e c i s i o n  of d r i v e r  c o n t r o l  i n p u t  pose s  

problems i n  t h e  p r o v i s i o n  o f :  

1, 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  

3 .  b r a k i n g  f u n c t i o n  shape  

4 .  phase  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. Sloreover, 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 AUTOblATIC VEHICLE COXTROLLER 

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 VI-I), operated from a "chasef' vehicle, continuous 
control of steering, braking and acceleration is achieved 



Figure VI-1. 
Radio control transmitter. 

Figure VI-2. 
Steering servo. 

Figure VI-3. 
Brake servo. Figure VI-4. 

Accelerator servo. 



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 f rom 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 r o n e  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 i m e  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  a n  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  p e r f o r m a n c e  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 i m e  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  h a v e  b e e n  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  o f  

30 Hz. The s t e e r  s e r v o  ( F i g u r e  VI-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  V I - 3 )  has  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  V I - 4 )  i s  a  r e l a t i v e l y  

low p e r f o r m a n c e  s e r v o ,  w i t h  a  1 2  H z  b a n d w i d t h ,  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  V I - 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  1 0  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  



Figure VI- 5a. 
Programmed function generator. 
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Figure VI-5c .  
Function generator circuit cards. 

F i g u r e  VI- 5 b .  
Function generator control panel. 



d e s i r e d ,  a  s e c o n d  s i n e  wave can  be  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  V I - 6 ) .  The p e r i o d ,  T1 and T 2 ,  

o f  each  wave i s  a d j u s t a b l e ,  a s  i s  t h e  a m p l i t u d e  o f  each  

" h a l f  wave,"  A1, A 2 ,  A 3 ,  and A 4 .  E i t h e r  wave may b e  

i n v e r t e d  i n d e p e n d e n t l y  of  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  V I - 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 s ,  and S1. T h i s  wave s h a p e  can  a l s o  be i n v e r t e d .  

B rak 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 

shapes  a s  i n  F i g u r e  V I - 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 .  t 6 ,  t , ,  t g ,  S 3 ,  
3 ' 

and A 6 .  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  p rogram,  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 b e  g r e a t e r  t h a n  t5, e t c . ) .  

A c c e l e r a t o r  i n p u t s  can be  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  e n g i n e  t h rough  

a  V b e l t ,  F i g u r e  V I - 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  VI -10 ,  d e l i v e r i n g  a  maximum of  5 gpm a t  1 5 0 0  p s i  t o  a  

c i r c u i t  package ,  F i g u r e  V I - 1 1 ,  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  from 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  s y s t e m ,  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  VI -12 ,  which i n  t u r n  powers DC s u p p l y  modules .  The 



F i g u r e  V I - 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  



Figure VI-7 

Programmable S t e e r i n g  Command 
One Trapezo id  of Steering Displacement  



F i g u r e  VI - 8 .  

Programmable Brake Commands 
One o r  Two Trapezoids  of  Peda l  Displacement  
( o r  Fo rce )  



F i g u r e  V I - 9 .  
H y d r a u l i c  pump, 

F i g u r e  V I - 1 1 .  
H y d r a u l i c  c i r c u i t  a s s emb ly .  

F i g u r e  VI -10 .  
H y d r a u l i c  s y s t e m  r e s e r v o i r .  

F i g u r e  V I - 1 2 .  
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 i m e s  o f  peak h y d r a u l i c  f l ow  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  sy s t em weighs  

2 5 7  l b s .  

The o p e r a t i o n  o f  t h i s  s y s t e m  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 bv t h e  c h a s e  

v e h i c l e  ( F i g u r e  VI-13)  u n t i l  a v e l o c i t y  of  2 0  mph i s  a c h i e v e d .  

The c h a s e  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  runs  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  t w e l v e  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 .  





APPENDIX VI I 

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  u sed  i n  

conduc t ing  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  Cond i t i ons"  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  be  obse rved  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  Required"  l i s t s  t h o s e  

i n p u t  and r e sponse  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  expe r imen ta l  r e s u l t s ,  and t h u s  must be 

r e c o r d e d .  

5 .  "Procedure1 '  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 rocedu re 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  conducted 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 :  V = 4 0  mph 
0 

6 = 0" 
S W  

I n c r e m e n t a l  C o n t r o l s :  P B - -  Brake L ine  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  a s s emb ly .  

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 :  Ax, V 5 ,  W l Y  W 2 ¶  W3, W4, SlC 

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  l e v e l  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 .  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 s e conds  minimum a f t e r  any p i t c h  

mot ion  ha s  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 1 0 0  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 1 0 0  p s i  and 

e x e c u t e  s t e p s  2 t h r o u g h  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 25 p s i  i n c r e -  

ments and r e p e a t  s t e p s  2 t h r o u g h  7 t w i c e  a t  

e ach  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  sw 
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  o f  0 .3g a t  4 0  mph. 

Minimum S i g n a l s  Requ i r ed :  Ax, A y ,  r ,  V 5 ,  W1, W 2 ,  W3, W4, MC 

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  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 .  R a p i d l y  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 .  C o a s t  down t o  i n i t i a l  v e l o c i t y .  

6 .  R a p i d l y  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  whee l  

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  c o m p l e t e  

s t o p  and h o l d  f o r  2 s e c o n d s  minimum a f t e r  any 

p i t c h  mot ion  h a s  s e t t l e d  o u t .  

8 .  T e r m i n a t e  t e s t  mode. 

9 .  Repea t  s t e p s  2 t h r o u g h  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 -  

m e n t s ,  r e p e a t  s t e p s  2 t h r o u g h  9 u n t i l  a  p o s i t i v e  

whee l  l o c k u p  i s  d e t e c t e d  above 1 0  mph. 

11. D e c r e a s e  b r a k e  l i n e  p r e s s u r e  1 0 0  p s i  and r e p e a t  

s t e p s  2 t h r o u g h  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 w h e e l s  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  l o c k u p  above L O  mph. 

VHTP # 3  - TURNING OK A ROUGH ROAD 

I n i t i a l  C o n d i t i o n :  Vo = 30 mph 

6 = Angle  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 . 4 g .  

I n c r e m e n t a l  C o n t r o l s :  T h r e e  r o a d  d i s t u r b a n c e  g r i d s  

f u n d a m e n t a l  f r e q u e n c i e s  o f  9 ,  11, and 1 4  H z .  



Genera l  C o n s t r a i n t s :  

1 )  Per form t r i a l  t e s t s  t o  de t e rmine  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 .4g  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  V I I - 1 .  

Minimum S i g n a l s  Requ i r ed :  A x ,  A r ,  V 5 ,  MC Y '  

P rocedu re :  

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 .  Manually 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  of  t h e  f i r s t  g r i d .  

4 .  Manually 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 .  Termina te  t e s t  mode a f t e r  e x i t i n g  from 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 .  



C r o s s  s e c t i o n  o f  e l e m e n t s  
made from c u r e d  t r u c k  t i r e  
t r e a d  s t o c k .  

Fundamenta l  F requency  

C e n t e r  S p a c i n g  - F e e t  

Course  Leng th  - F e e t  

F i g u r e  VII-1 

Road D i s t u r b a n c e  Course  Layou t  



VHTP # 4  - TRAPEZOIDAL STEER 

I n i t i a l  C o n d i t i o n s :  V = 40 mph 
0 

I n c r e m e n t a l  C o n t r o l s :  6 s W  = N g  ha' 

f o r  a' = 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 o  
g  

G e n e r a 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)  

Ramp Time = - 4 0  s e c  (40 )  s e t t i n g 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  t h e  HSRI 

Au toma t i c  T o t a l  Time = 5 .50  s e c  (550)  ' 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  R e q u i r e d :  A x ,  A r ,  V 5 ,  MC 
Y '  

P r o c e d u r e :  

1. 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 s w  

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  s econd  

ramp t i m e ,  w i t h  6 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  app roach  

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. Execu te  maneuver t w i c e  ( s t e p s  3 and 4) f o r  a  

l e f t  t u r n  and t w i c e  f o r  a  r i g h t  t u r n .  

6 .  Compute S 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 t h rough  5 u n t i l  a l l  5' v a l u e s  

have been e x e c u t e d .  

VHTP # 5  - SINUSOIDAL STEER 

I n i t i a l  C o n d i t i o n s :  Vo = 45 mph ( 1  comple te  r u n  s e t )  

V = 60 mph ( 1  comple te  run  s e t )  
0 

Inc remen ta l  C o n t r o l s :  1 )  Vo = 45, 60 moh 

f o r  5 = 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 / s e c  

R = wheel b a s e  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 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) 

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  magni tude 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 . 0 0  s e c  ( 9 0 0 ) .  



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 y ,  r ,  V 5 ,  MC 

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 6 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  5 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  6 S w ,  

and " l e f t  t u r n "  p o l a r i t y .  

4 .  Flaneuver 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 te  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 .  Repeat  s t e p s  3 t h rough  6 f o r  e ach  a '  v a l u e .  

8 .  Repeat  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 = 50 mph ( 1  c o m p l e t e  s e t )  

Vo = 60 mph ( 1  c o m p l e t e  s e t )  

6 = 0 °  
SW 

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 6 s w  = 6 s w  * Y 

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 i e w i n g  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 i 1 6  

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 . 0 0  s e c  (200)  

T o t a l  Time = 5 . 0 0  s e c  (500) 

Brake  Ramp = 0 . 0 5  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  ~ 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  magn i 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  w h e e l s  b u t  s h a l l  n o t  e x c e e d  250 l b s .  



Minimum S i g n a l s  Requ i r ed :  A x ,  A r ,  V 5 ,  6, M C  Y '  

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  

wheel  b a s e  ( s e e  Tab l e  I - 3 ) ,  compute 8 * ,  
SW 

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  amp l i t ude  s e t  t o  

(AsW* 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  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 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 ) .  

1 0 ,  S e t  b r a k e  ramp t ime  t o  0 . 0 5 0  s e c .  

11. S e t  b r ake  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 250 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 .  

14. Repeat  s t e p s  1 2  and 1 3 .  



1 5 .  P l a y  back  t a p e  r e c o r d e r  s i g n a l  o f  r o l l  r a t e ,  $,  

o n t o  t h e  p e n  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 i m e  b a s e ,  tat. 
1 6 .  Examine t h e  r e s p o n s e  d a t a  f rom 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 '  
f rom 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  b e  s e l e c t e d ,  t and  tZ, 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  p e a k  a n d  3 r d  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 ,  t6  t o  t ; r e p e a t  s t e p s  5 
P  

a n d  6  t w i c e  f o r  e a c h  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 

a n d  6 t w i c e  f o r  e a c h  v a l u e  o f  v .  

1 9 .  R e p e a t  s t e p s  1 7  a n d  1 8  f o r  s e c o n d  v e l o c i t y  t h r e s h o l d .  

20. A r o l l o v e r  i s  c o u n t e d  a n d  l o g g e d  i f  a n  o u t r i g g e r  

w h e e l  t o u c h e s  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 V I I I  

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  T a b l e  V I I I - 1  w i t h  t h e i r  nomina l  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  s y s t e m .  For  many o f  

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 r o u g h  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 %  o f  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 I I I - 1  and V I I I - 2  i l l u s t r a t e  t h e  comple te  sys tems  u sed  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  of  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 :  

A c c e l e r o m e t e 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 f 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  gy ros  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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F i g u r e  V I I I - 2  

Instrumentation Block Diagram - Automatic System 
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s i n u s o i d s  a r e  r e l a t e d  by  t h e  s i m p l e  

harmonic  mot ion  e q u a t i o n s :  

6 = AU cos  (wt - 2) 
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  a n a l y z e d  

f o r  p e r i o d  and amp l i t ude  o f  o s c i l l a t i o n  t o  

d e t e r m i n e  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 e a d o u t  d e v i c e  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  t a chome te r .  

D r i v i n g  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  t a chome te r  

c i r c u i t  t o  y i e l d  m i l e s  p e r  h o u r .  Then t h e  

a n a l o g  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  c o n d i -  

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

o u t p u t  a s  r e f e r e n c e .  

4 .  C o n t r o 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 r a k e  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 o a d  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  ma in t enance  

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 '  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  of  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 EXECUT I oh' 

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 VII. 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 :  

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  of  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  o f  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 is  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 ana log  computer and 

an IBM 1800 d i g i t a l  computer .  Var 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  

V I I I - 3 .  

1. Ampex F R  1900 Fbl 1 4 - c h a n n e l  t a p e  machine f o r  

r ep roduc ing  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  of 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. Hewle t t -Packa rd  2 F A  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 B P I ,  

f o r  d i g i t i z e d  d a t a  s t o r a g e .  





9 .  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 .  I B M  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  o f  t h e  program 

s e q u e n c e .  

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

o f  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 i m e s  

i n  t h e  program s e q u e n c e .  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 e q u e n c e ,  

r e c o r d e d  on magne t i c  t a p e ,  was p r e f a c e d  by i n i t i a l i z e  

s equence  ( I S )  mode and conc luded  by end of  s equence  (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  immedia te ly  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  r uns  were  r e c o r d e d  i n  " d a 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  s equence  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 s econds  

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  6 0  seconds  

4 .  Data  - Zero Data  30 seconds  

5 .  Data  - T e s t  Mode a s  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  Table  V I I I - 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 I I I - 4 .  During t h e  i n i t i a l  phases  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  ana log  computer 

has  main c o n t r o l .  Modif 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  sequenc 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  of  any 

u n a n t i c i p a t e d  prob lems .  Program-genera ted  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 ic  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 i m e  s i g n a l s .  

4 .  C o n t r o l  c h a n n e 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  a n a l o g  computer  

i s  shown i n  F i g u r e  V I I I - 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 r o u g h  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 i m a r y  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 :  

$ = S r d t  
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D e f i n i t i o n  o f  t h e s e  t e r m s  c a n  b e  found  i n  T a b l e  V I I I - 2 .  A l l  

o f  t h e s e  c o m p u t a t i o n s  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  c o m p u t a t i o n s  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 ,  

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 l s  a r e  a s s i g n e d  d i f f e r e n t  magn i 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  be tween 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  c o m p a r a t o r s  a r e  

combined and u s e d  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  

s y n c h r o n o u s l y  w i t h  whee l  r o t a t i o n  r a t e s .  

The c o n t r o l  c h a n n e 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  u n i q u e  v a l u e  f o r  each  mode. T h i s  

s i g n a l  d r i v e s  a s e t  o f  a n a l o g  l o g i c  e l e m e n 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  mechan ics  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  compute r .  

TYPICAL SEQUENCE 

I t  w i l l  b e  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 I I I - 4 ,  t h e  

d i g i t a l  computer  h a s  p r i m a r y  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 e m e n 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  m a g n i t u d e s ,  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  magn i tudes  and p e r f o r m s  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  comple ted  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  mach ines ,  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 ,  b a s e d  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  e x p e c t e d  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 i c  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  a n a l o g  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  a n a l o g  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  a n a l o g  s t a g e s  t e n  t imes  and 

computes t h e  g a i n s  t h 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  d e c k ;  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  comple te  sy s t em h a r d -  

wa re .  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  

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 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 r o c e d u r e  and e q u a t i o n s  of  t h e  Z C  mode. V o l t a g e  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 i m e .  

The h y b r i d  sy s t em i s  now r eady  f o r  v e h i c l e  t e s t  s a m p l e 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  

c h a n n e 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 i c  t a p e  a t  a  



r a t e  o f  5 0  s a m p l e s  u e r  s e c o n d  p e r  c h a n n e l  u n t i l  t h e  e n d  of  

t h e  t e s t  mode. T a b l e  VIII-2 i d e n t i f i e s  t h e  s a m p l e s  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  a n  o u t p u t  t a p e  f i l e  f o r  

e a c h  t e s t  s a m p l e .  

Upon e n c o u n t e r i n g  End o f  S e q u e n c e  (EOS) mode, t h e  d i g i t a l  

compu te r  c l o s e s  t h e  m a g n e 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  a n d  p rompt s  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 e q u e n c e  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  c h e c k s  may b e  p e r -  

fo rmed  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 NU)IERIC 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  s a m p l e  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 a c h  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 a c h  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  p e r f o r m e d ,  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  c o d e ,  t h e  s a m p l e  number ,  t h e  

t e s t  a n d  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 o f  

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  e a c h  d a t a  s e q u e n c e  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 e q u e n c e  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  p rog rams  i s  

shown i n  F i g u r e  V I I I - 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  p r o g r a m  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  a n d  d e t e r m i n e s  wha t  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  

wh ich  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  p rog ram.  Each 

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



TABLE VIII-2, IDENTIFICATION OF VARIAELES 

Identification 
Numb e r Symb o 1 Description 

A Longitudinal acceleration 
X 

A Lateral acceleration 
Y 

3 r Yaw rate 

v 5  Fifth wheel velocity 

6 
SW 

Steer wheel angle 

W1+WZ Multiplexed wheel rotations, 
front axle 

Multiplexed wheel rotations, 
rear axle 

b Brake line pressure 

F~~ Brake pedal force 

BR Brake pedal position 

tac Time base of automatic controller 

6 Roll rate 

@H Vehicle heading angle, as 
measured 

CONT Control channel (MC) 

1 5  t~~ Time base on AD-4 

1 6  REF A D - 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 indicatcr, left front 



TABLE VI I I - 2 .  (Cont)  

I d e n t i f i c a t i o n  
Numb e r  Symb o 1 D e s c r i p t i o n  

2 6 W21ND Wheel r o t a t i o n  i n d i c a t o r ,  
r i g h t  f r o n t  

W 3 1 N D  Wheel r o t a t i o n  i n d i c a t o r ,  
l e f t  r e a r  

WqIND Wheel r o t a t i o n  i n d i c a t o r ,  
r i g h t  r e a r  

x - D i r e c t i o n  v e l o c i t y ,  f i x e d  
a x i s  

i. y - D i r e c t i o n  v e l o c i t y ,  f i x e d  
a x i s  

3 1 1 / R  P a t h  c u r v a t u r e  

3 2 $ R o l l  a n g l e  
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a s s o c i a t e d  w i t h  a  p a r t i c u l a r  VHTP maneuver .  These  

s u b p r o g r a m s ,  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  s u b r o u t i n e s  

which a r e  u s e d  f o r  s m o o t h i n g ,  f i n d i n g  maximum v a l u e s ,  and 

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

The p r o c e s s i n g  o p e r a t i o n  i s  c o m p l e t e l y  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 numer ics  computed 

f o r  e a c h  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 b e  i n t e r r u p t e d  a t  any t i m e  and c o n t r o l l e d  

c o m p l e t e l y  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  s u c h  a s  Calcomp p l o t t i n g  o f  any two 

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

f i l e  and d e t e r m i n e s  w h e t h e r  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  ( h e n c e ,  a  c a l i b r a t i o n ,  i n i t i a l i z e  s e q u e n c e ,  o r  end 

of  s e q u e n c e  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  p rogram 

d e t e r m i n e s  what  t y p e  o f  maneuver i s  b e i n g  p e r f o r m e d  and  t h e n  

b r a n c h e s  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  smooth ing  s u b -  

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 ,  s m o o t h s ,  and r e t u r n s  them t o  t h e  VHTP s u b -  

p rogram.  The VHTP subprogram t h e n  p e r f o r m s  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  h e a d e 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 / 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 e q u i r e m e n 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  

no rma l ly  would have been l o s t  upon comple t i on  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  

per formed  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  smooth ing .  

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 )  (Ax)ave - - -  J ' A  1 A 1 

to  X X 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 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  
X 

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 = 1 0  mph 

i i s  t h e  i n t e g e r  coun t  of  d a t a  po in . 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  
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VHTP 2:  c )  ( t )  = Maximum a b s o l u t e  v a l u e  o f  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  ove r  t h e  i n t e r v a l  [ t 2 , t 2 + 1 ]  

t 2 , t 2+1  a r e  d e f i n e d  a s  under  b ) .  

VHTP 2: d)  6 ( t )  = Maximum a b s o l u t e  v a l u e  o f  r a t e  of 
P change of  s i d e s l i p  a n g l e .  

where 

t i s  d e f i n e d  ove r  t h e  i n t e r v a l  [ t 2 , t 2 + 1 ]  

t 2 , t 2+1  a r e  d e f i n e d  under  b ) .  

1 VHTP 3:  a )  Ro (K) av 
- (i) av 

1 - ave rage  p a t h  c u r v a t u r e  r a t i o .  

(K) 0 

where 

1 - 1 t3+ l  1 1 
(fi lav - T J (K)d t  2 - 

S f  1 
1 (iiIi  

3  i=l  

and ,  
1 1 
(K), (F) a r e  d e f i n e d  t h e  same a s  under  VHTP 2 b ) .  

t 3  i s  t h e  t ime  t h e  v e h i c l e  e n t e r s  t h e  g r i d .  

t3+l i s  t h e  t ime  1 second  a f t e r  the-  v e h i c l e  

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

1 i s  t h e  a v e r a g e  o f  ove r  t h e  above d e f i n e d  (K) a v  
i n t e r v a l  [ t o , t o + l ] .  

i s  t h e  v a l u e  o f  a t  t h e  t ime  t h e  v e h i c l e  (ii), 
e n t e r s  t h e  g r i d .  



VHTP 3: b )  B ( t )  = Maximum a b s o l u t e  v a l u e  o f  s i d e s l i p  a n g l e .  
P 

where  

t i s  d e f i n e d  o v e r  t h e  i n t e r v a l  [ t 3 ,  t 3 + l ] .  

t t +1 a r e  d e f i n e d  a s  i n  a ) .  3 '  3  

YHTP 3: c )  ( t )  = Maximum a b s o l u t e  v a l u e  o f  r a t e  of 
P  change o f  s i d e s l i p  a n g l e .  

where 

t i s  d e f i n e d  o v e r  t h e  i n t e r v a l  [ t 3 , t 3 + l ] .  

t t +1 a r e  d e f i n e d  a s  i n  a ) .  3 '  3  

VHTP 4: a )  A = Slaximum l a t e r a l  a c c e l e r a t i o n  ove r  t h e  
YP e n t i r e  maneuver t ime  i n t e r v a l .  

VHTP 4:  b) = Maximum yaw r a t e  ove r  t h e  e n t i r e  maneuver 
4 p  t ime  i n t e r v a l .  

1 

1 av  
VHTP 4:  c) Ro(R)av - - - -  - Average p a t h  c u r v a t u r e  r a t i o .  

(1, 

where 

and 

t 4  i s  t h e  t ime  o f  t h e  s t e e r i n g  i n p u t  

t 4+ l  i s  t h e  t i m e  2 seconds  a f t e r  t h e  s t e e r i n g  i n p u t  

i s  t h e  a v e r a g e  p a t h  c u r v a t u r e  o v e r  t h e  (R) a v  
above d e f i n e d  i n t e r v a l  [ t 4 , t 4 + l ]  

i s  t h e  p a t h  c u r v a t u r e  a t  t o .  (K) 0 





VHTP 5: b )  B ( 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  ove r  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 )  

t 5 , T  a r e  d e f i n e d  a s  i n  a ) .  

VHTP 6 :  a )  Q = blaximum a b s o l u t e  va lue  of r o l l  a n g l e  max 
over  t h e  e n t i r e  maneuver t ime i n t e r v a l .  



APPENDIX IX 

TIRE LATERAL FORCE INVESTIGATION 

BACKGROUND 

I n  t h e  p i l o t  t e s t  phase  of  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  ove 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  ove r  a  t h r ee -week  

p e r i o d  conf 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  of  t h e  

l i m i t  pe r formance  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  on ly  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  w e a 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  of  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  of  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 .  

veh i  

on t 

w i t h  

T i r e  

a >  P  
s l i p  

worn 

v e h i  

w i t h  

I n  r e c o g n i t i o n  of  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  

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  

i r e  p r o p e r t i e s  cou ld  on ly  b e  o b t a i n e d  th rough  expe r imen t s  

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 e s t e r  was used  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  

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 

a n g l e  t o  a  t i r e  such t h a t  i t  cou ld  be  i n c r e m e n t a l l y  

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  

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  

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 rov ided  as  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  runs  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  

con tou 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  sample ,  i n  F i g u r e  IX-1.  Data s e t s  

were g a t h e r e d  i n  g roups  of 4 r uns  e a c h ,  d e s i g n a t e d  a s  a 

" l ap"  of  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  ove r  t h e  

TTI f a c i l i t y  a s  shown i n  F i g u r e  IX-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  - O u t s i d e  Shou lde r  

a=20° F =1550 U n i r o y a l  L78-15 F a s t r a k  
z 

Ti re  Sample No. 1 

lor a A s p h a l t  

I 
0 Concre t e  0 0 

0 %  0 0 
1 . 0 0  

0 
B 

0 0 0 

Laps 

F i g u r e  IX-1 



Mobile Tire Tester 

"Lap" Layout 

P o i n t  

Point 

F i g u r e  IX-2 

2 80 



The t i r e  d a t a  shown i n  F i g u r e  X I - 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  XI- 3 .  

Note i n  F i g u r e  IX-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  second  

U n i r o y a 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  IX-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 F78-14 P o l y g l a s  t i r e .  

( F i g u r e  IX- 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  IX-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  r un  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 b e  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  d e t e r m i n e  t h e  

adequacy o f  t h e  a = 2 0 "  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  IX- 6 ,  

b o t h  t i r e s  a r e  s e e n  t o  b e  o p e r a t i n g  a t  a p p r o x i m a t e l y  peak 

s i d e  f o r c e  a t  a = 2 0 ' .  

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  





Asphal t  

0 Concrete  

L a t e r a l  Force/Wear Data 

Mobile Tire T e s t e r  

a=20° FZ=1550 l b s .  2 7  p s i  4 0  mph 

Uni roya l  L78-15 F a s t r a k  

T i r e  Sample No. 2 
Chevrole  t 

.70 

F i g u r e  I X - 4  

1 2 3 4 5 6 7 8 9 1 0  
Laps 1 I 



A s p h a l t  
0 Concre te  

.70 Laps 
1 2 3 4 5 6 7 8 9 1 0  

L a t e r a l  Force/Wear Data 

Mobile T i r e  T e s t e r  

a=20° FZ=1200 l b s .  26 p s i  4 0  mph 

Goodyear F78-14 P o l y g l a s  

Coronet 

F i g u r e  IX-5 





t i r e  wea r  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  s e q u e n c e  was 

p e r f o r m e d  on a  Dodge C o r c n e t  w i t h  Goodyear  F 7 8 - 1 4  P o l y g l a s  

t i r e s  t h a t  had  b e e n  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 o w e d  by a  s e q u e n c e  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 r m  "new t i r e s "  a l w a y s  r e f e r s  t o  t i r e s  t h a t  h a v e  b e e n  

b r o k e n  i n  w i t h  100  o r  2 0 0  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  a c h i e v e d  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  ~ i g u r e  I X - 7 ,  The worn t i r e  s e q u e n c e  was r u n  g o i n g  

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 i i t i o n  

was r u n  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  g o i n g  

down. The f i r s t  two ( l e f t  t u r n )  r u n s  w i t h  2 new t i r e s  show 

a  . 23g  l o w e r  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  l o w e r  s t e e r  l e v e l  w i t h  

2 new t i r e s  a p p e a 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  c u m u l a t i v e  w e a r .  A t  t h e  c o n c l u s i o n  

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

more r u n s  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  r u n s  

a r e  shown i n  t h e  hexagon i n  F i g u r e  I X - 7 . )  

The w e a r l s i d e  f o r c e  d a t a  f rom t h e  Mobi l e  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, e q u i p p e d  w i t h  a s e t  o f  ( 4 )  new 

U n i r o y a 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 s p o n s e s  

w e r e  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  o f  s t e e r i n g  u s e d  i n  t h e  

p r o c e d u r e  ( i . e . ,  6 = 400') employ ing  a l t e r n a t i n g  s e t s  o f  sw 
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  IX-8 and  show t h a t  t h e  

t i r e  w e a r i n g  p r o c e s s  i s  accompan ied  by l a r g e  c h a n g e s  i n  t h e  

v a l u e  o f  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  a p p e a r s  t o  r e s u l t  

f rom t h e  w e a r i n g  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  I X - 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 s p o n s e  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  o f  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 aused  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  of  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  I X - 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  per formed  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 wear ,  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 ha s  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  p roduced  by t h e  t i r e s  and ,  c o n s e q u e n t l y ,  ha 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 .  

Data  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 of  

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  wear .  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  blTT 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  /F  no rma l i zed  l a t e r a l  f o r c e ,  
Y z '  

from . 6 9  t o  . 8 1  ove r  t h e  f u l l  r a n g e  of t i r e  wea r .  



Cn 
a, 
k  
-d 

LZ B 
k  
O k  
5 m 

0 
G a 
4J 
.d 3 
3 a, 

DJ 
a 

c a 
-4 
cl 4 
k  .c 
a 0 
c l k  
V) L4 



INVESTIGATION INTO THE RELATION BETWEEN TIRE SIDE FORCE 
CAPABILITY AND SURFACE DRYING TIME 

The d r y i n g  t ime  expe r imen t  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  o f  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 n o r m a l i z e d  t i r e  s i d e  f o r c e  w i t h  t h e  Mobi le  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 )  o f  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  o v e 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 u sed  t o  make s i d e  f o r c e  

measurements on a r e a s  of  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  o f  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  C h e v r o 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  2 0 "  s l i p  a n g l e  and 4 0  m ~ h .  

The r e s u l t s  a r e  summarized i n  Tab l e  IX-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 . 5 6  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 h o u 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  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  



a b o u t  0 . 8 3 .  The a s p h a l t  which  a p p e a r e d  d r y  a f t e r  h a v i n g  

b e e n  w e t t e d  h a d  a  n o r m a l i z e d  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 . 9 6  which  was i d e n t i c a l  t o  t h e  n o r m a l i z e d  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  p a d  wh ich  had  n e v e r  

b e e n  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  c o n d u c t e d  w i t h  t h e  C h e v r o l e t  Wagon on  

t h e  s k i d  p a d .  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  

IX-10 .  Note  t h a t ,  b e f o r e  t h e  p a d  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  o f  6  t r a p e z o i d a l  

s t e e r  maneuvers  v a r i e d  f rom 0 . 8 4  t o  0 . 8 7 g .  A f t e r  t h e  p a d  

\Gas 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 . 6 5  t o  0 . 7 8 g .  ( T h i s  

s p r e a d  i n  v a l u e s  d e m o n s 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  p e r f o r m e d  

a p p r o x i m a t e l y  2 h o u 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 . 8 2 5  t o  0 . 8 6 g ,  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  o f  t h e s e  f i n d i n g s ,  i t  i s  c o n c l u d e d  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  

a p p e a r s  t o  b e  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  f rom w e t t i n g .  



TABLE IX-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 
4 0  mph 
1 5 5 0  l b s .  Load, FZ 

2 0 "  S l i p  Angle 
" 2 0 % "  Worn Chevy S.W. T i r e ,  T i r e  #1 





INVESTIGATION INTO THE RELATION BETWEEN TIRE LATERAL FORCE 
CAPABILITY AND PAVEMENT SURFACE TEMPERATURE 

To o b t a i n  t e s t  d a t a  o v e r  a  wide r a n g e  o f  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  C h e v r o l e t  Wagon 

o v e 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  expe r imen t  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 c o u l d  

have been  changing  ove r  t h i s  p e r i o d .  However, a l l  o f  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  IX-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  IX-12.  I t  i s  s e e n  t h a t  t h e r e  i s  v e r y  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 

8 3 O F  t o  l l g ° F .  On t h e  b a s i s  o f  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  o v e r  t h e  s e v e n - d a y -  

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 

a d o p t e d .  

LATERAL FORCE CAPABILITY AS EFFECTED BY TIRE WEAR AND 
TEMPERATURE EFFECTS AS RELATED TO PAVEMENT TYPE 

T h e  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  IX-1 ,  4 ,  5 ,  and 14 t h 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  



I 
Mobile Tire Tester Data A Tire No. 1 
(w/Uniroyal L78-15 Fastrak) Tire No. 2 

Asphalt 

Surface Trapezoidal Steer Data Left Turn 
(w/Chevrolet Station Wagon) X Right Turn 

Data Taken Over 7 Days 

I I I I I I I I 
85" 9 0 "  95" 100" 105O 110" 115" 120" 

Asphalt Pad Temperature OF 

F i g u r e  I X - 1 1  
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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  of  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  IX-13 i n d i c a t e  t h a t  t e m p e r a t u r e  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 .  

CONCLUSIO&S 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  Chev ro l e t  and Dodge show 

ve ry  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 ha 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  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 sponse  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  (83OF t o  l l g ° 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 be  presumed n e g l i g i b l e  upon 

r e c o v e r y  of  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 ,  has  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 r o c e d u r e  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  IX-1 and IX-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 of 

t i r e  wear p roduced  d u r i n g  one " l ap"  of  t h e  MTT, a s  d e f i n e d  

i n  F i g u r e  IX-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  of  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:  

2 0 '  s l i p  a n g l e  

2 .  4 0  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  ave rage  of 

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  

F = . 3 0 [ V e h i c l e  Weight + 3001 + 50 l b s .  z 



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  s ample  t i r e s  o v e r  10 " l a p s t t  o f  t h e  MTT. The r a n g e  o f  

t h i s  d a t a  i s  summarized i n  F i g u r e  IX-13 .  The b a r s  i n d i c a t e  

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

a r e  shown i n  F i g u r e s  IX-14 t o  IX-23.  

T h 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  d e t e r m i n e  

t h e  number o f  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 %  o f  i t s  l o n g - t e r m  a v e r a g e  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  C h e v r o l e t  Brookwood, 

t h i s  y i e l d s  a n  e q u i v a l e n t  number o f  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 .  T a b l e  1 1 1 - 2  p r e s e n t s  a  l i s t i n g  o f  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  e a c h  of  t h e  measured  t i r e s .  

TABLE I X - 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  

I ' e h i c l e  T i r e  F y / F ~  W i t h i n  0 . 0 5  S t e e r  Maneuver 

\7\\r C o n t i n e n t a l  1 . 0 7  1 . 0  
560-15  

I m p e r i a l  Goody e a r  0 . 9 9  2 . 0  
L84- 1 5  

J i e rcedes  F i r e s t o n e  1 . 0 0  0 
735- 1 4  

Lo tus  Dunlop 0 . 8 1  0 
1 4 4  HR13 

2 0  (min . )  

Gremlin  Goody e a r  1 . 0 8  2 . 0  
F60-15 

T r a n s  -Am Goodyear 0 . 8 8  1 . 5  
F60-15 

2 0  ( m i n . )  

G a l a x i e  U n i r o y a l  1 . 0 7  2 . 0  4 0 
F78-15 

Toronado F i r e s  t o n e  0 .99  1 . 5  30 
5 7 8 - 1 5  

Corone t  Goodyear 1 . 0 0  2 . 5  5 0 
F78-14 

Brookwood U n i r o y a l  1 . 0 2  



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 a n g e s  of  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 /Fz = 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  (.99 5 F  /F < 1 . 0 2 ) .  The L o t u s ,  Trans-Am, 
- y  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 - Fy/F < 0 . 8 8 ) .  The A u s t i n  t i r e  was measured t o  have z = 
a n  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  phase  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  be  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  Tab l e  I X - 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 of  t e s t  r uns  was chosen t o  

be 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 uns  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 o f  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 

Laps 
1 2 3 4 5 6 7 8 9 1 0  

L a t e r a l  Force/Wear Data, Mobile T i r e  
T e s t e r ,  c o n t i n e n t a l  560-15 (VW) . 
y = 2 0 ° ,  FZ=730, 2 2  p s i ,  4 0  mph 

Figure IX-14 



Asphal t  
0 Concrete 

I Laps 
1 2 3 4 5 6 7 8 9 1 0  

L a t e r a l  Force/Wear Data,  Mobile T i r e  
T e s t e r ,  Goodyear L84-15 ( I m p e r i a l ) .  

a=20°, FZ=1580, 23  p s i ,  4 0  mph 

F i g u r e  I X - 1 5  



0 A s p h a l t  

0 Concre t e  

L a t e r a l  Force/Wear Data, Mobile T i r e  
T e s t e r ,  F i r e s t o n e  735-14 (Mercedes ) .  

a = 2 0 ° ,  FZ=1300, 32 p s i ,  4 0  mph 

Figure I X - 1 6  



a A s p h a l t  
0 Concre t e  

L a t e r a l  ~ o r c e / W e a r  Da ta ,  Mobile Tire 
T e s t e r ,  Dunlop 155 HR13 ( L o t u s )  . 
a = 2 0 ° ,  FZ=630,  2 2  p s i ,  4 0  mph 

0.70 

F i g u r e  I X - 1 7  

0 0 I I Laps 
0 1 2 3 4 5 6 7 8 9 1 0  



0 A s p h a l t  

0 C o n c r e t e  

9 0 

0 . 7 0  Laps 
0 1 2 3 4 5 6 7 8 9 1 0  

10-  
0 

B o o  0 0 
a7 

D 
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00-  

0 

- 

0 

80-  

L a t e r a l  F o r c e / W e a r  D a t a ,  N 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 = 9 0 0 ,  2 8  p s i ,  4 0  mph 
z 

F i g u r e  IX-18 



0 Asphalt 
0 Concrete 

L a t e r a l  Force/Wear Data, flobile T i r e  
Tes t e r ,  Goodyear F60-15 (Trans A m ) .  

a=20°,  F = 6 3 0 ,  2 2  p s i ,  4 0  mph z 

Laps 

F i g u r e  IX-19 



0 A s p h a l t  
0 C o n c r e t e  

L a t e r a l  Force/Wear Da ta ,  Mobile Tire 
T e s t e r ,  Dunlop 155-13 (Toyota) . 

0.70 

a = 2 0 ° ,  FZ=710, 2 2  p s i ,  40 mph 

1 0 1  

F i g u r e  I X - 2 0  

0 1 2 3 4 5 6 7 8 9 1 0  
Laps 



0 Asphalt 
0 Concrete 

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 ,  Uniroyal F78-15 (Ga lax i e ) .  

a=20°, FZ=1310, 28 p s i ,  4 0  mph 

F i g u r e  IX-21  



0 Asphalt 
0 Concrete 

0.70 I I 
0 1 2 3 4 5 6 7 8 9 1 0  

Laps 

Lateral Force/Wear Data, Elobile Tire 
Tester, Firestone J78-15 (Toronado). 

3=20°, FZ=1570, 24 psi, 40 mph 

F i g u r e  I X - 2 2  



Aspha l t  
0 Concrete 

I I Laps 
0 1 2 3 4 5 6 7 8 9 1 0  

Lateral Force/Wear Data 
Mobile Tire Tester 
Dunlop 5.95-12 (Austin) 

a=20°,  FZ=750, 28 psi, 40 mph 

Figure IX-23 




