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DISCLAIMER 

The c o n t e n t s  o f  t h i s  r e p o r t  r e f l e c t  t h e  v iews  o f  
t h e  Highway S a f e t y  Resea rch  I n s t i t u t e  which i s  
r e s p o n s i b l e  f o r  t h e  f a c t s  and t h e  a c c u r a c y  o f  t h e  
d a t a  p r e s e n t e d  h e r e i n .  The c o n t e n t s  do n o t  n e c e s -  
s a r i l y  r e f l e c t  t h e  o f f i c i a l  v iews o r  p o l i c y  o f  t h e  
Depar tment  o f  T r a n s p o r t a t i o n ,  T h i s  r e p o r t  does  n o t  
c o n s t i t u t e  a  s t a n d a r d ,  s p e c i f i c a t i o n  o r  r e g u l a t i o n .  
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I n s t i t u t e  ( T T I )  u n d e r  t h e  d i r e c t i o n  o f  Rona ld  Young and  

w i t h  t h e  a s s i s t a n c e  o f  blonroe Whi te .  Dr. Young i s  t h e  

a u t h o r  o f  Appendix E o f  t h e  T e c h n i c a l  R e p o r t .  
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t h e  f o l l o w i n g  HSRI p e r s o n n e l  : Raj i v  Gup ta ,  Robe r t  W i l d ,  

Howard bloncarz ,  and C h a r l e s  MacAdam. These  i n d i v i d u a l s  a r e  

a l l  a u t h o r s  o f  a p p e n d i c e s  t o  t h e  T e c h n i c a l  R e p o r t .  I n  

a d d i t i o n ,  t h e  f l a t - b e d  t i r e  t e s t i n g  work was pe r fo rmed  h y  

Douglas  Brown o f  H S R I .  



PREFACE 

The F i n a l  Report  f o r  t h i s  p r o j e c t  i s  d i v i d e d  i n t o  two 

p a r t s ,  a  Summary Report  and a T e c h n i c a l  Repor t .  T h i s  volume 

c o n t a i n s  t h e  Summary Report  which  i s  a condensa t ion  o f  t h e  

T e c h n i c a l  Repor t .  The c o n c l u s i o n s  and recommendations . 

developed i n  t h e  T e c h n i c a l  Repor t  a r e  r e p e a t e d  h e r e i n .  



INTRODUCTION 

T h i s  r e p o r t  p r e s e n t s ,  i n  summary, t h e  f i n d i n g s ,  con-  

c l u s i o n s ,  and recommendations deve loped  by The U n i v e r s i t y  

o f  Michigan Highway S a f e t y  Research  I n s t i t u t e  (HSRI) 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) 

i n  a  p r o j e c t  e n t i t l e d  " V e h i c l e - I n - U s e :  L i m i t  Pe r formance  

and T i r e  F a c t o r s .  f f  The g o a l  o f  t h i s  r e s e a r c h  e f f o r t  was t o  

deve lop  knowledge u s e f u l  f o r  r e f i n i n g  and u p d a t i n g  v e h i c l e  

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

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

o f  t h e  f o l l o w i n g  t i r e - i n - u s e  f a c t o r s :  ( 1 )  s h o u l d e r  w e a r ;  

( 2 )  i n f l a t i o n  p r e s s u r e ;  ( 3 )  mixed t i r e  c o n s t r u c t i o n ,  i n c l u d i n g  

snow t i r e s  ; and. ( 4 )  t r e a d  wear ( t r e a d  d e p t h ) .  The e f f e c t s  o f  

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

b e l t e d - b i a s ,  and r a d i a l  c o n s t r u c t i o n .  

I n  s t u d y i n g  v e h i c l e  p e r f o r m a n c e ,  t ~ o  q u e s t i o n s  were  

a d d r e s s e d :  (1 )  How n ~ c h  do t i r e - i n - u s e  f a c t o r s  change t h e  

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

t h e  m a n u f a c t u r e r ?  and ( 2 )  I-Iolq much does  t h e  l i m i t - m a n e u v e r i n  

per formance  o f  a  g iven  v e h i c l e  change a s  a  r e s u l t  o f  f r o n t -  

t o - r e a r  t i r e  asymmetr ies  d e r i v i n g  from t i r e - i n - u s e  f a c t o r s ?  

To answer t h e  f i r s t  q u e s t i o n ,  v e h i c l e  s t a b i l i t y  and c o n t r o l  

were examined t h rough  t h e  u s e  o f  l i n e a r  a n a l y s i s  and v e h i c l e  

t e s t i n g  i n  t h e  normal d r i v i n g  r a n g e .  L i m i t - m a n e u v e ~  t e s t i n g  

and computer s i m u l a t i o n s  were u sed  t o  s t u d y  a c c i d e n t - a v o i d a n  

c a p a b i l i t i e s .  

&This  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  with t h e  limit maneuver 
t e s t  methods p u t  f o r t h  i n  an NII'f'SA-sponsored s t u d y  e n t i t l e d  
"Vehic le  1Iandling Performance"  [ l ]  . (Numbers i n  s q u a r e  
b r a c k e t s  i n d i c a t e  r e f e r e n c e s .  ) 



2 . 0  STRUCTURE OF THE RESEARCH APPROACI-I 

A g e n e r a l  ove rv i ew  o f  t h e  p r o j e c t  o r g a n i z a t i o n  may b e  

d e r i v e d  f rom t h e  s c h e m a t i c  d i ag ram p r e s e n t e d  i n  F i g u r e  1. 

The d i ag ram i n d i c a t e s  t h a t  t h r e e  a c t i v i t i e s  were  p l a n n e d  t o  

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

t h i s  program and making t h e  d e s i r e d  recommendat ions .  Each 

o f  t h e s e  a c t i v i t i e s  was s u p p o r t e d  by an e x t e n s i v e  t i r e  t e s t i n g  

program i n  which t h e  HSRI f l a t - b e d  and mob i l e  t i r e - t e s t e r s  

, 1 2 1  were  u s e d  t o  o b t a i n  s h e a r - f o r c e  d a t a  f o r  a  comprehens ive  

s e t  o f  new and  d e g r a d e d  t i r e s .  

r a t i  

us  e  

i n  n  

f a c t  

f o r  

A l i n e a r  pe r fo rmance  s t u d y  was c o n d u c t  

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

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

o rmal  d r i v i n g  maneuvers .  V e h i c l e  unde r  

o r s *  were  d e t e r m i n e d  by a n a l y s i s  and  ve  

v a r i o u s  t i r e - i n - u s e  c o n d i t i o n s .  

ed  t 

uenc  

an d  

s t e e  

r i f i  

o  p r o v i d e  

e  o f  t i r e  

r e s p o n s e  

r / o v e r s t e  

e d  by t e s  

t i m e  

A r e f i n e d  t i r e  model was d e v e l o p e d  t o  a i d  i n  t h e  s t u d y  

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

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

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

l i m i t  maneuvers .  

The l i m i t - m a n e u v e r  pe r fo rmance  o f  a  1 9 7 1  Mustang and a  

1 9 7 3  Buick were  s t u d i e d  by means o f  s i m u l a t i o n  and f u l l - s c a l e  

t e s t i n g .  S i m u l a t i o n  was u s e d  a s  an a i d  i n  s t r u c t u r i n g  a  

c o s t - e f f e c t i v e  v e h i c l e  t e s t  p rogram.  The v e h i c l e  t e s t  r e s u l t s  

were  t h e n  compared t o  t h e  computed r e s u l t s  t o  v e r i f y  t h e  

v a l i d i t y  o f  t h e  c a l c u l a t i o n s .  A d d i t i o n a l  s i m u l a t i o n s  were  

pe r fo rmed  t o  augment and i l l u m i n a t e  t h e  r e s u l t s  measured  d u r i n g  

t h e  v e h i c l e  t e s t  p rogram.  

"he u n d e r s t e e r / o v e r s t , e e r  f a c t o r  i s  a  measure  o f  s t e a d y -  
s t a t e  t u r n i n g  pe r fo rmance  i.n t h e  normal  d r i v i n g  r a n g e .  
T h i s  q u a n t i t y  i s  d e f i n e d  and c!iscussed t h o r o u g h l y  i n  t h e  
T e c h n i c a l  R e p o r t .  



L i m i t  blaneuvers 
( A n a l y s i s  and T e s t ,  

Mustang and Buick)  

6 

OUTPUTS : 

1. E f f e c t  o f  t i r e  c o n d i t i o n  and 
c o n s t r u c t i o n  f a c t o r s  on v e h i c l e  
s t a b i l i t y  and c o n t r o l .  

2 .  I n f l u e n c e  o f  t i r e  mix on v e h i c l e  
pe r fo rmance .  

3 .  Recommendations c o n c e r n i n g  
i n f l a t i o n  F r e s s u r e ,  t r e a d  d e p t h ,  
and s h o u l d e r  wea r .  

F i g u r e  1. Overview of t h e  p r o j e c t  o r g a n i z a t i o n .  



3.0 FINDINGS, CONCLUSIONS, AND RECO?IMENJlATIONS 

T h i s  s e c t i o n  c o n t a i n s  : 

l i s t  s p e c i f i c  f i n d i n g s  e x t r a c t e d  f rom t h e  

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

( 2 )  g e n e r a l  c o n c l u s i o n s  drawn f rom t h e s e  f i n d i n g s ,  

( 3 )  a  d i s c u s s i o n  o f  t h e  i m p l i c a t i o n s  o f  t h e  

c o n c l u s i o n s ,  and 

( 4 )  recommendat ions  b a s e d  on a l l  o f  t h e  above .  

3 . 1  SmIF4ARY OF RESULTS AND FIXDIIY'GS 

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

o f  t i r e - i n - u s e  f a c t o r s  on l i m i t  and normal  maneuver ing  p e r -  

f o rmance ,  f i n d i n g s  were  d e v e l o p e d  i n  s i x  a r e a s ,  v i z .  : 

* T e s t  - Induced  T i r e  Wear 

* I n f l a t i o n  P r e s s u r e  

*Replacement  T i r e  Mixes 

* T r e a d  Wear 

a b l a t h e m a t i c a l  Model ing o f  T i r e s  

* V e h i c l e - T e s  t i n g  P r o c e d u r e s  

Each a r e a  i s  d i s c u s s e d  s e p a r a t e l y  be low .  

3 . 1 . 1  TEST-INDUCED TIRE WEAR. (When t i r e s  a r e  o p e r a t e d  

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

l i m i t  s t e e r i n g  maneuve r s ,  t h e y  t e n d  t o  wear  a t  t h e  t r e a d  

s h o u l d e r .  Such wear  does  n o t  o c c u r  w i t h  normal  u s e ,  c o n s e q u e n t l y ,  

i t  i s  h e r e i n  r e f e r r e d  t o  a s  " t e s t - i n d u c e d  wea r . " )  



F i n d i n g s  : 

(1 )  blobile t i r e  t e s t s  o f  c e r t a i n  b i a s - b e l t e d  t i r e s  

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

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

a n g l e s .  S i m i l a r  t e s t s  o f  r a d i a l  t i r e s  y i e l d e d  

o n l y  s m a l l  changes  i n  l a t e r a l  f o r c e s  w i t h  t e s t -  

i nduced  wear .  

( 2 )  F l a t - b e d  t i r e  t e s t e r  r e s u l t s  shori t h a t  t e s t -  

i nduced  wear  can c a u s e  s i g n i f i c a n t  a l t e r a t i o n s  

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

e n t i r e  r ange  o f  s l i p  a n g l e s  t e s t e d  ( l o  t o  1 8 " ) .  

( 3 )  T e s t  r e s u l t s  f o r  a  1973  Buick s t a t i o n  wagon and 

a  1971 hlustang i n d i c a t e  t h a t  t e s t - i n d u c e d  t i r e  

wear  markedly i n c r e a s e s  t h e  maximum l a t e r a l  

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

maneuvers .  The s i n u s o i d a l  s t e e r  r e s u l t s  f o r  

t h e s e  v e h i c l e s  show much l e s s  s e n s i t i v i t y  t o  t e s t -  

i nduced  wea r .  

The i n f l u e n c e  o f  t e s t - i n d u c e d  wear  can  b e  con-  

t r o l l e d  t o  an a c c e p t a b l e  l e v e l  by f reqaen t1 .y  

cl langing t i r e s  d u r i n g  h i g h - s p e e d  t i r e  and v e h i c l e  

t e s t i n g  on a  d r y  s u r f a c e .  

( 5 )  No s i g n i f i c a n t  changes  from OE pe r fo rmance  \irere 

o b t a i n e d  i n  t e s t s  per formed  on a  wet  s u r f a c e  

u s i n g  s h o u l d e r - w o r n  t i r e s .  

3 . 1 . 2  INFLATICIN PRESSURE. 

(1)  F l a t - b e d  t i r e  t e s t e r  r e s u l t s  v e r i f y  t h a t  f o r  

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

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



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

( b )  a  d e c r e a s e  i n  camber s t i f f n e s s ,  and 

( c )  an i n c r e a s e  i n  a l i g n i n g  t o r q u e  s t i f f n e s s .  

( 2 )  M o b i l e - t i r e -  t e s t e r  r e s u l t s  show t h a t  maximum 

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

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

s t r a i g h t  - l i n e  b r a k i n g  and b r a k i n g - i n - a - t u r n  

t e s t  r e s u l t s  i n d i c a t e  t h a t  t h e  magni tude  of  t h i s  

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

enough t o  cause  d e t e c t a b l e  changes  i n  v e h i c l e  

b r a k i n g  pe r fo rmance .  T h i s  f i n d i n g  i s  v e r i f i e d  

by a n a l y t i c a l  c a l c u l a t i o n s  . 
(3) M o b i l e - t i r e - t e s t e r  r e s u l t s  v e r i f y  t h a t  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 t  h i g h  s l i p  a n g l e s  ( 8  t o  

16 d e g r e e s )  and h i g h  v e r t i c a l  l o a d s  ( such  a s  

o c c u r  on t h e  o u t s i d e  t i r e s  i n  a  s e v e r e  t u r n )  

d e c r e a s e s  s i g n i f i c a n t l y  ?q i th  r e d u c t i o n s  i n  

i n f l a t i o n  p r e s s u r e .  An example o f  t h e s e  r e s u l t s  

i s  g i v e n  i n  F i g u r e  2 .  

( 4 )  L imi t -maneuver  t e s t  r e s u l t s  f o r  t h e  Buick s t a t i o n  

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

f rom t h e  m a n u f a c t u r e r ' s  s p e c i f i e d  l e v e l s  o f  2 4  

p s i  f r o n t  and 28 p s i  r e a r  t o  2 0  p s i  f o r  a l l  f o u r  

t i r e s  does  n o t  c ause  s i g n i f i c a n t  changes  i n  l i m i t  

p e r fo rmance  f o r  t h e  n o r m a l l y  l o a d e d  v e h i c l e .  

( 5 )  S i g n i f i c a n t  and p o t e n t i a l l y  dangerous  d e v i a t i o n s  

from t h e  OE l i m i t  p e r fo rmances  o f  t h e  Buick and 

t h e  ;" lus tang wcre caused  by l o w e r i n g  t h e  i n f l a t i o n  

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

t h e  l e v e l  recommended by t h e  m a n u f a c t u r e r ,  w h i l e  

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





m a n u f a c t u r e r ' s  recommended p r e s s u r e .  Some 

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

s e n t e d  i n  F i g u r e  3 ,  i n  which peak  l a t e r a l  s i d e -  

s l i p  a n g l e s  o f  . t h e  Buick i n  t r a p e z o i d a l  

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

d a t a  measured w i t h  r educed  r e a r  i n f l a t i o n  

p r e s s u r e .  

No d e g r a d a t i o n s  from OE pe r fo rmance  were  o b t a i n e d  

i n  v e h i c l e  t e s t s  u s i n g  u n d e r - i n f l a t e d  t i r e s  on 

a wet  s u r f a c e .  

( 7 )  T e s t  r e s u l t s  and c a l c u l a t i o n s  p e r t a i n i n g  t o  t h e  

normal  d r i v i n g  r a n g e  pe r fo rmance  o f  t h e  Buick 

and Nustang ( i . e . ,  f o r  l a t e r a l  a c c e l e r a t i o n s  l e s s  

t h a n  abou t  0 . 3  g  on a  d r y  s u r f a c e )  i n d i c a t e  t h a t  

i n  t h e  ne ighborhood  o f  t h e  OE i n f l a t i o n  p r e s s u r e  

c o n d i t i o n s ,  f r o n t - t o - r e a r  d i f f e r e n c e s  i n  i n f l a t i o n  

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

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

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

showing t h e  i n f l u e n c e s  o f  f r o n t  and r e a r  i n f l a t i o n  

p r e s s u r e s  on u n d e r s t e e r / o v e r s t e e r  f a c t o r ,  K 

( d e g r e e s / G ) ,  a r e  p r e s e n t e d  i n  F i g u r e  4 .  

3 . 1 . 3  REPLACEIIENT T I R E  MIXES. Due t o  t h e  wide v a r i e t y  

o f  r ep l acemen t  t i r e  c h o i c e s  a v a i l a b l e  ( i n c l u d i n g  d i f f e r e n t  

c o n s t r u c t i o n  t y p e s  and snow t i r e s ) ,  an immense number o f  

r ep l acemen t  t i r e  mixes i s  p o s s i b l e .  S e v e r a l  i m p o r t a n t  mixes 

o f  r ep l acemen t  t i r e s  were  i n v e s t i g a t e d  i n  t h i s  s t u d y .  

F i n d i n g s  : 

(1) Based on f l a t - b e d  t i r e - t e s t  r e s u l t s ,  " s t i f f "  

r a d i a l  t i r e s  were  chosen  t o  r e p l a c e  t h e  OE b i a s -  

b e l t e d  t i r e s  us'ed on t h e  Buick and t h e  Flustang.  

These  t i r e s  h a d  
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1 2  18 2 4 3 0 
I n f l a t i o n  P r e s s u r e  - F r o n t  

(ps i . )  

F i g u r e  4 a .  The i n f l u e n c e  o f  i n f l a t i o n  p r e s s u r e  on 
t h e  u n d e r s t c c r / o \ . e r s t e e r  f a c t o r ,  I < ,  
f o r  t h e  BuicL.  

1 2  1 S 2 4 30 
I n f l a t i o n  PI-essul-e - F r o n t  

ips i j 

F i g u r e  4 b .  Tlic i n f l u c n c ~  o f  i n f l a t i o n  p r c s s u r c  on  
t h e  u n d c r s  t e c ~  / o v e r s  t c ~ r  f a c t o r ,  I;, 
f o r  t h e  !lust ring. 



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

( b )  a  h i g h e r  a l i g n i n g  t o r q u e  s t i f f n e s s ,  and 

(s) a  fiuch lower  camber s t i f f n e s s  t h a n  t h e  

OE t i r e s .  

( 2 )  M o b i l e - t i r e - t e s t e r  r e s u l t s  ?how t h a t  t h e  maximum- 

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

used i n  t h i s  i n v e s t i g a t i o n  a r e  n e a r l y  e q u a l  t o  

t h e  maximum-brak ing- force  c a p a b i l i t i e s  o f  t h e  

e q u i v a l e n t - s i z e  OE b i a s - b e l t e d  t i r e s .  On t h e  

o t h e r  hand ,  t h e s e  r a d i a l  t i r e s  p roduce  much h i g h e r  

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

t h e  2' t o  6' s l i p  a n g l e  r a n g e .  

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

r ep l acemen t  of  one o r  more f r o n t  t i r e s  by any 

t i r e s  (whe ther  r a d i a l ,  b i a s  - b e l t e d ,  o r  b i a s  p l y )  

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

OE t i r e s  i n  t h e  lo\\, t o  mid  s l i p  a n g l e  r a n g e  (up 

t o  l o 0 ) ,  w h i l e  l e a v i n g  t h e  OE t i r e s  on t h e  r e a r ,  

l e a d s  t o  s i g n i f i c a n t  d e v i a t i o n s  from t h e  OE 

r e s p o n s e  i n  s i n u s o i d a l  and t r a p e z o i d a l  s t e e r  

maneuvers .  Th i s  i s  d e m o n s t r a t e d  i n  F i g u r e  5 i n  

which computed r e s u l t s  a r e  p r e s e n t e d  f o r  t h e  Buick 

i n  a  h i g h - l e v e l  s i n u s o i d a l  s t e e r  maneuver w i t h  

( a )  OE t i r e s ,  

( b )  a s t i f f  r a d i a l  r e p l a c i n g  t h e  OE l e f t  

f r o n t  t i r e ,  

(c) a  s t i f f  r a d i a l  t i r e  r e p l a c i n g  t h e  OE 

r i g h t  f r o n t  t i r e ,  and 

( d )  s t i f f  r a d i a l s  r e p l a c i n g  b o t h  OE f r o n t  

t i r e s .  
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(1 )  M o b i l e - t i r e - t e s t e r  r e s u l t s  show t h a t  t h e  maximum 

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 i e s  o f  t h e  t i r e s  

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

i n c r e a s e d  t r e a d  wear  ( r e d u c e d - t r e a d  groove  d e p t h ) .  

However, t h e  magni tude  o f  t h i s  change i n  t i r e  

pe r fo rmance  does  n o t  c ause  s i g n i f i c a n t  changes  . 

i n  v e h i c l e  b r a k i n g  p e r f o r m a n c e .  

(2 )  M o b i l e - t i r e - t e s t e r  r e s u l t s  show t h a t  i n  t h e  low 

t o  mid s l i p  angl*e r a n g e  ( i . e . ,  f rom a p p r o x i m a t e l y  

2' t o  1 0 " )  t h e  l a t e r a l  f o r c e  l e v e l s  f o r  t r e a d -  

worn Flustang and Buick OE t i r e s  a r e  s i g n i f i c a n t l y  

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

t i r e s  t e s t e d  on a  d r y  s u r f a c e .  However, t h e  

maximum l a t e r a l  f o r c e  c a p a b i l i t i e s  o f  t h e  OE 

and t r e a d - w o r n  t i r e s  a r e  n e a r l y  e q u a l .  

(3 )  ) larked d i f f e r e n c e s  f rom OE p e r f o r m a n c e  were  

o b t a i n e d  i n  s i n u s o i  d a l -  and t r a p e z o i d a l - s t e e r  

t e s t s  f o r  b o t h  t h e  Buick and t h e  Mustang o p e r a t e d  

on a  d r y  s u r f a c e  w i t h  f r o n t  t i r e s  h a v i n g  2/32" 

t r e a d  groove  d e p t h s  and r e a r  t i r e s  h a v i n g  OE 

(new t i r e )  g roove  d e p t h s .  These  d i f f e r e n c e s  i n  

v e h i c l e  pe r fo rmanze  were  l a r g e s t  a t  an i n t e r -  

m e d i a t e  n o r m a l i z e d  s t e e r  a n g l e  o f  a b o u t  8 " .  

( 4 )  V e h i c l e  t e s t s  and c a l c u l a t i o n s  show t h a t  t h e  

i n f l u e n c e  o f  t r e a d  wear  on normal  d r i v i n g  p e r -  

formance ( a s  q u a n t i f i e d  u s i n g  an u n d e r s t e e r /  

o v e r s  t e e r  f a c t o r  i n  degrees /G)  i s  i n s i g n i f i c a n t  

f o r  t h e  Buick and t h e  Mustang.  The r e a s o n s  f o r  

t h i s  i l l s e n s i t i v i t y  t o  t r e a d  wear  a r e  (1 )  whcn 

worn t i r e s  a r e  used on t h e  f r o n t  w h e e l s ,  t h e  

i n c r e a s e  i n  c o r n e r i n g  s t i f f n e s s  i s  o f f s e t  by t h e  

i n c r e a s e  i n  a l i g n i n g  t o r q u e  s t i f f n e s s  accompanying 

t r e a d  w e a r ;  and (2 )  i n c r e a s i n g  t h e  c o r n e r i n g  

s t i f f n e s s  of  t h e  r e a r  t i r e s  h a s  v e r y  l i t t l e  

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

o f  t h e s e  v e h i c l e s .  

1 5  



( 5 )  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  

s i n u s o i d a l  s t e e r  maneuvers were  pe r fo rmed  on 

a  wet  j e n n i t e  s u r f a c e .  The measured  b r a k i n g  

pe r fo rmance  w i t h  f o u r  t i r e s  worn t o  2/32" g roove  

d e p t h  was s i g n i f i c a n t l y  d e g r a d e d  f rom t h e  OE 

p e r f o r m a n c e .  S i n u s o i d a l  s t e e r  maneuvers  pe r fo rmed  

on wet  s u r f a c e s  y i e l d e d  s t a ' k t l i n g  and r e p e a t a b i e  

d i s p a r i t i e s  be tween  r e s u l t s  o b t a i n e d  w i t h  worn 

and non-worn t i r e  c o n f i g u r a t i o n s .  Both t h e  

Mustang and t h e  *Buick e x h i b i t e d  a  v i o l e n t  " s p i n -  

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

maneuver a t  40  mph when t h e  v e h i c l e s  were  e q u i p p e d  

w i t h  OE f r o n t  t i r e s  and r e a r  t i r e s  which  were  

worn t o  2/32" t r e a d  g roove  d e p t h .  (Th i s  r e s p o n s e  

was n o t  o b t a i n e d  w i t h  4/32" g roove  d e p t h  t i r e s  on 

t h e  r e a r  whee l s  a t  40  mph, b u t  a  v i o l e n t  s p i n  

was o b t a i n e d  a t  45  mph w i t h  4 / 3 2 " ,  6 /32" ,  and 

OE g roove  d e p t h  t i r e s  . )  IiIeasured r e s u l t s  s h o ~ i i n g  

t h e  suddennes s  of  t h e  t r a n s i t i o n  f rom an 

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

g i v e n  i n  F i g u r e  6. 

3 . 1 . 5  E+IATIIEbL4TICAL IIOnELING OF TIRES .  I n  t h i s  s t u d y ,  

a  p r e v i o u s l y -  deve loped  s e m i - e m p i r i c a l  t i r e  model [ 3 ]  was 

r e f i n e d  and augmented t o  p r o v i d e  a  more a c c u r a t e  m a t h e m a t i c a l  

r e p r e s e n t a t i o n  of  measured t i r e  d a t a .  ( T y p i c a l  r e s u l t s  f rom 

c a l c u l a t i o n s  u s i n g  t h i s  model a r e  i n d i c a t e d  i n  F i g u r e  2 . )  

( 1 )  To o b t a i n  computed r e s u l t s  w i t h i n  5 %  o f  measured 

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

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

i n  l i r n i t  maneuvers r e q u i r e s  





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

d e s c r i b e  r a t e s  o f  change o f  h e r e t o f o r e  

assumed c o n s t a n t  t i r e  p a r a m e t e r s  such  

a s  l a t e r a l  s p r i n g  r a t e ,  

( b )  r e c o g n i t i o n  of  t h e  d i f f e r i n g  p r e s s u r e  

d i s t r i b u 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  f o r  r a d i a l  and n o n - r a d i a l  t i r e s ,  and 

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

p e a k - f r i c t i ' o n  d e s c r i p t o r s .  

( 2 )  The new t i r e  model was found u s e f u l  b o t h  f o r  

e x t r a p o l a t i n g  t i r e  d a t a  measured i n  t h e  p r e s e n t  

i n v e s t i g a t i o n  t o  more ex t reme v a l u e s ,  and f o r  

s i m u l a t i n g  l i m i t  maneuvers ,  p a r t i c u l a r l y  

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

5 . 1 . 6  V E H I C L E  TESTING PROCEDURES. T h i s  s e c t i o n  p r e s e n t s  

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

examin ing ,  a n a l y z i n g ,  and i n t e r p r e t i n g  d a t a  from no rma l -  

d r i v i n g - r a n g e  and l i m i t - m a n e u v e r  t e s t i n g  a c t i v i t i e s .  The 

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

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

F ind ings  : 

(1 )  For  t h e  c o n s t a n t  s t e e r i n g - w h e e l  a n g l e  method u sed  

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

found t h a t  

( a )  t h e  r e s u l t s  a r e  h i g h l y  s u s c e p t i b l e  t o  

measurement e r r o r s  a t  l ow  l a t e r a l  

a c c e l e r a t i o n s  ( i  . e . ,  below 0 . 1 5  g) , and 

(b)  ve ry  a c c u r a t e  measurements o f  v e h i c l e -  

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

r a t e ,  a r e  needed  t o  a c c u r a t e l y  d e t e r m i n e  

t h e  u n d e r s t e e r / o v c r s t e e r  f a c t o r .  



( 2 )  The l i m i t - m a n e u v e r  t e s t s  pe r fo rmed  on a  wet  

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

(a)  v a r i a t i o n s  i n  w a t e r  d e p t h  e s t i m a t e d  t o  

r a n g e  f rom 0 t o  0 . 2 5  i n c h e s  made i t  

v e r y  d i f f i c u l t  t o  i n t e r p r e t  many o f  t h e  

t e s t  r e s u l t s ,  and 

(b)  t h e  s i n u s o i d a l - s t e e r  t e s t s  on t h e  wet  

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

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

( s u c h  a s  v i o l e n t  s p i n - o u t s )  b u t  t h e y  

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

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

( s e e  F i g u r e  6 ) .  

(3) The d r y - s u r f a c e  l i m i t  maneuvers  t h a t  p r o v e d  

t o  b e  t h e  most u s e f u l  i n  t h e  p r e s e n t  i n v e s t i -  

g a t i o n  o f  t i r e - i n - u s e  f a c t o r s  we re  s t r a i g h t -  

l i n e  b r a k i n g ,  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 .  

3.2 GENER-4L CONCLUSIONS 

The f o l l o w i n g  g e n e r a l  r lonc lus ions  were  drawn f rom t h e  

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

I n f l a t i o n  P r e s s u r e  

* V e h i c l e s  i n  u s e  on t h e  highway o f t e n  e x h i b i t  s i g n i f i c a n t  

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

recommendat ions .  Such d e v i a t i o n s  can s e v e r e l y  d e g r a d e  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  emergency maneuve r s ,  

p a r t i c u l a r l y  when t h e  r e a r  i n f l a t i o n  p r e s s u r e  i s  l ower  t h a n  

t h e  m a n u f a c t u r e r ' s  recommendat ion and t h e  f r o n t  i n f l a t i o n  

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



I n  t h e  normal d r i v i n g  r a n g e ,  improper  main tenance  o f  

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

t i r e s  can  cause  s i g n i f i c a n t  d e v i a t i o n s  from t h e  v e h i c l e  

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

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

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

e f f e c t  i s  more pronounced a t  h i g h  v e r t i c a l  l o a d s .  A l s o ,  

a l i g n i n g  t o r q u e  s t i f f n e s s  i n c r e a s e s  and camber s t i f f n e s s  

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

T i r e  Replacement Mix 

The mixing of t i r e s  t h a t  a r e  n o t  o f  t h e  same g e n e r i c  

t y p e ,  b r a n d ,  a s p e c t  r a t i o ,  and s i z e  can (1)  deg rade  t h e  

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

maneuvers ,  and ( 2 )  a l t e r  s i g n i f i c a n t l y  t h e  s t a b i l i t y  and con- 

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

and /o r  change i s  l i k e l y  t o  be  s e r i o u s  i f  v e r y  s t i f f  t i r e s  a r e  

mounted i n  f r o n t ,  w i t h  r e l a t i v e l y  l e s s  s t i f f  t i r e s  i n  t h e  

r e a r .  

Uniform Tread ITear 

On a  d r y  s u r f a c e ,  t i r e  wear i s  l i k e l y  t o  deg rade  t h e  

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

i f  t h e  wear i s  asymmetr ic ,  w i t h  s e v e r e l y  worn t i r e s  i n  f r o n t  

and non-worn t i r e s  i n  t h e  r e a r .  Th i s  d e g r a d a t i o n  i s  more 

l i k e l y  t o  be  e v i d e n t  i n  l i m i t  maneuvers t h a n  i n  t h e  normal 

d r i v i n g  r ange .  

On a  wet s u r f a c e ,  s e v e r e  t r e a d  wear  w i l l  l e a d  t o  much 

lower  peak s h e a r  f o r c e s  t h a n  t h o s e  o b t a i n e d  from c o r r e s p o n d i n g  

non-worn t i r e s .  Thus,  b r a k i n g  per formance  may be s i g n i f i c a n t l y  

degraded  due t o  t r e a d  wear of any t i r e .  Fu r the rmore ,  i f  t h e  
r e a r  t i r e s  a r e  s e v e r e l y  worn w h i l e  t h e  f r o n t  t i r e s  a r e  n o t ,  

p o t e n t i a l l y  d i s a s t r o u s  yaw i n s t a b i l i t y  may r e s u l t .  



T e s t  - Induced Wear ( I n c l u d i n g  Shou lde r  Wear) 

T i r e  t e s t i n g  and v e h i c l e  t e s t i n g  a t  h i g h  speeds  and 

h i g h  s l i p  a n g l e s  may r a p i d l y  change t h e  measured l a t e r a l  s h e a r  

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

t i r e s .  The l a t e r a l  f o r c e  c a p a b i l i t i e s  of  r a d i a l  t i r e s  (wi th  

rounded s h o u l d e r s )  do n o t  appea r  t o  be  s e n s i t i v e  t o  t h i s  

phenomenon. 

V e h i c l e s  equipped w i t h  t i r e s  w i t h  t e s t - i n d u c e d  wear 

w i l l  n o t  n e c e s s a r i l y  have t h e  same d i r e c t i o n a l - r e s p o n s e  

' c h a r a c t e r i s t i c s  as t h e  same v e h i c l e s  equipped w i t h  new t i r e s  

o r  t i r e s  worn i n  r o u t i n e  s e r v i c e .  

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

t e s t - i n d u c e d  wear were l i m i t e d  t o  t o l e r a b l e  l e v e l s  by f r e q u e n t l y  

changing  t i r e s .  

Veh ic l e  T e s t i n g  

T e s t i n g  i n  t h e  normal d r i v i n g  range  can p r o v i d e  much 

needed i n s i g h t  i n t o  p a s s e n g e r  v e h i c l e  perforrriance. However, 

such t e s t i n g  r e q u i r e s  m u c h - h i g h e r - q u a l i t y  i n s t r u m e n t a t i o n  

than  l imi t -maneuver  t e s t i n g  and a  g r e a t  d e a l  o f  c a r e  by 

t e s t i n g  p e r s o n n e l .  

The most u s e f u l  l i m i t  maneuvers f o r  t h e  pu rposes  o f  t h e  

p r e s e n t  i n v e s t i g a t i o n  were s t r a i g h t - l i n e  b r a k i n g ,  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 .  

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

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

c u r r e n t l y  a v a i l a b l e .  However, i n  t h e  p r e s e n t  program t h e  we t -  

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

i n s t a b i l i t y  t h a t  may r e s u l t  from u s i n g  new f r o n t  t i r e s  w i t h  

s e v e r e l y  worn r e a r  t i r e s .  



Mathema t i ca l  Model ing o f  T i r e s  

The s e m i - e m p i r i c a l  t i r e  model d e v e l o p e d  i n  t h i s  

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

i n t e r f a c e  i s  c a p a b l e  o f  ( a )  r e a s o n a b l e  e s t i m a t i o n s  o f  t h e  

t i r e - t r a c t i o n  f i e l d ,  b a s e d  on v e r y  few i n p u t  t i r e - s u r f a c e  

d e s c r i p t o r s  ; o r  (b)  e x t r e m e l y  a c c u r a t e  ma tch ing  o f  measur'ed 

d a t a  b a s e d  on more d e t a i l e d  u s e r  i n p u t ,  

6 . 3  IMPLICATIONS' OF THE FINDINGS AND CONCLUSIONS 

The s t a b i l i t y ,  c o n t r o l ,  and a c c i d e n t  - a v o i d a n c e  c a p a b i l i t y  

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

f a c t o r s .  I n  p a r t i c u l a r ,  d i ' f f e r e n c e s  i n  f r o n t - t o - r e a r  t i r e  

s h e a r  f o r c e  c h a r a c t e r i s t i c s  due t o  imprope r  i n f l a t i o n  p r e s s u r e ,  

p o o r  c h o i c e s  f o r  r e p l a c e m e n t  t i r e s ,  o r  f r o n t - t o - r e a r  m ix ing  

o f  new t i r e s  w i t h  worn t i r e s  can c a u s e  p o t e n t i a l l y  dange rous  

d i r e c t i o n a l  pe r fo rmance  c h a r a c t e r i s t i c s  which do n o t  e x i s t  

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

F u r t h e r m o r e ,  s u r v e y s  o f  ( a )  t h e  c o n d i t i o n  o f  t i r e s  i n  

u s e  on t h e  highway [ 4 ]  and (b )  t i r e  r e p l a c e m e n t  p r a c t i c e s  [ 5 ]  

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

t i r e  c o n f i g u r a t i o n s .  C l e a r l y ,  p r o p e r  t i r e  ma in t enance  and 

r e p l a c e m e n t  p r a c t i c e s  cou ld  e l i m i n a t e  a  number o f  p o t e n t i a l l y  

haza rdous  v e h i c l e  c o n d i t i o n s  f rom highway d r i v i n g .  

The r e s e a r c h  o b j e c t i v e s  o f  t h i s  s t u d y  were  a d d r e s s e d  and 

f u l f i l l e d ,  b u t  n o t  w i t h o u t  some d i f f i c u l t y .  F u r t h e r  i n v e s t i -  

g a t i o n s  a r e  needed  t;o r e d u c e  t h e s e  d i f f i c u l t i e s .  S p e c i f i c a l l y ,  

f u r t h e r  r e s e a r c h  i s  needed  t o  

(1 )  E v a l u a t e  t h e  i n f l u e n c e  o f  t h e  s t e a d y - s t a t e  and 

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

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

s y s  ten1 i n  norrnal d r i v i n g .  



( 2 )  Develop a  t e s t  methodology s u i t a b l e  f o r  s t u d y i n g  

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  and c o n t r o l  on wet  

s u r f a c e s .  

(3) Improve t h e  u t i l i t y  of  t h e  s i n u s o i d a l - s t e e r  

maneuver by ( a )  i d e n t i f y i n g  t h e  c a u s e s  f o r  asymmetr ic  

r e s p o n s e ,  and (b )  d e v e l o p i n g  s i m p l e r  measures  f o r  

i n t e r p r e t i n g  t h e  r e s u l t s .  

( 4 )  Improve t h e  u t i l i t y  o f  t h e  t r a p e z o i d a l - s t e e r  

maneuver by ( a )  d e v e l o p i n g  a  b e t t e r  u n d e r s t a n d i n g  

of  t h e  meaning o f  t h e  a b s o l u t e  l e v e l  o f  t h e  s i d e -  

s l i p  a n g l e  r e s p o n s e ,  and ( b )  improving  t h e  a c c u r a c y  

of s i d e s l i p  a n g l e  ,measurements .  

(5 )  Extend  t h e  s t a t e  o f  knowledge c o n c e r n i n g  t h e  t y p e  

o f  wear  i nduced  by h i g h - s p e e d  t i r e  t e s t i n g  o r  

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

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

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

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

s a f e t y .  

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

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

s i g n i f i c a n t  v e h i c l e - r e s p o n s e  p rob l ems .  Low i n f l a t i o n  p r e s s u r e  

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

t i r e s  i s  p a r t i c u l a r l y  h a z a r d o u s .  For  example ,  t h e  l i m i t  - 
maneuver ing per formance  o f  t h e  Nus t a n g  was degraded  by r e d u c i n g  

t h e  i n f l a t i o r l  p r e s s u r e  i n  t h e  r e a r  t i ~ c s  f r o n  t h e  reconi1ile11dt.d 

2 4  p s i  t o  18  p s i ,  and t h e  Buick l i m i t  p e r fo rmance  was 

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

from t h e  recommended 2 8  p s i  t o  16 p s i .  

S i n c c  i n f l a t i o n  p r e s s u r e  i s  e a s i l y  a d j u s t e d ,  q u i t e  o f t e n  

low i n  v e h i c l e s  i n  u s e ,  and e x t r e m e l y  i m p o r t a n t  i n  v e h i c l e  



maneuve r ing ,  i t  i s  recommended t h a t  i n f l a t i o n  p r e s s u r e s  

b e  s e t  a s  c l o s e l y  a s  p o s s i b l e  t o  t h e  m a n u f a c t u r e r ' s  recommended 

l e v e l s  ( c o r r e c t e d  f o r  t i r e  t e m p e r a t u r e ) .  They s h o u l d  b e  s e t  

w i t h i n  2 1  p s i  and i n s p e c t i o n  s t a t i o n s  s h o u l d  b e  e q u i p p e d  

w i t h  a i r  p r e s s u r e  gages  which a r e  a c c u r a t e  t o  +1 p s i .  R e s u l t s  

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

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

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

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

t i r e  a b s o r b s  h e a t  d u r i n g  u sage  ( o r  even  due t o  changes  i n  

ambien t  t e m p e r a t u r e )  . T r a d i t i o n a l l y ,  c o l d  i n f l a t i o n  p r e s s u r e s  

h a v e  been  s p e c i f i e d ,  and c u r i e n t l y  t h e  recommended c o l d  

i n f l a t i o n  p r e s s u r e s  a r e  l a b e l e d  on new v e h i c l e s .  However,  a  

t i r e  can  go f rom c o l d  t o  h o t  v e r y  q u i c k l y  i n  u s e .  F u r t h e r -  

more ,  twen ty  minu t e s  may be  needed  f o r  a  t i r e  t o  c o o l  t o  

ambien t  c o n d i t i o n s  [ 4 ] .  C o n s e q u e n t l y ,  i n f l a t i o n  p r e s s u r e  

i n s p e c t i o n  c r i t e r i a  n e e d  t o  t a k e  t i r e  t e m p e r a t u r e  i n t o  a c c o u n t .  

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

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

e x i t  w i t h  t h e  m a n u f a c t u r e r ' s  recommended i n f l a t i o n  p r e s s u r e s .  

There  may be some q u e s t i o n  a s  t o  t h e  p r o p e r  i n t l a t i o n  

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

ment t i r e s  w i t h  a n o t h e r  t y p e  o f  t i r e .  I n s p e c t i o n  s t a t i o n  

p e r s o n n e l  s h o u l d  n o t e  any change f rom OE t i r e s  and i n d i c a t e  

t o  t h e  v e h i c l e  owner t h a t  t h e  recommended i n f l a t i o n  p r e s s u r e s  

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

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

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

ha s  l i t t l e  i n f l u e n c e  on d i r e c t i o n a l  r e s p o n s e  i n  normal  

d r i v i n g .  But a symmet r i c  wear ( f r o n t - t o - r e a r )  can  d e g r a d e  

b r a k i n g  a n d / o r  d i r e c t i o n a l  p e r f o r m a n c e  i n  l i m i t  maneuvers .  
I n  p a r t i c u l a r ,  s e v e r e l y  worn f r o n t  t i r e s  w i t h  OE r e a r  t i r e s  

can l e a d  t o  d i r e c t i o n a l  c o n t r o l  p rob lems  i n  s e v e r e  t u r n i n g  



maneuvers on a  d r y  s u r f a c e ,  and worn r e a r  t i r e s  can l e a d  t o  

d i r e c t i o n a l  r e s p o n s e  problems on a  wet s u r f a c e .  I n  a d d i t i o n ,  

s e v e r e  t r e a d  wear  of  any o r  a l l  f o u r  t i r e s  w i l l  s i g n i f i c a n t l y  

degrade  b r a k i n g  per formance  on a  wet  s u r f a c e .  

S e t t i n g  an optimum l e v e l  o f  t r e a d  groove  d e p t h  i s  a  t r a d e -  

o f f  between t h e  c o s t s  i n h e r e n t  i n  o b s e r v i n g  a  h i g h  minimum 

groove  d e p t h  and t h e  r e s u l t i n g  b e n e f i t s  i n  improved b r a k i n g  

and d i r e c t i o n a l  pe r fo rmance .  Our recommendat ion,  b a s e d  on 

t h e  r e s u l t s  o f  t h i s  i n v e s t i g a t i o n  and tempered  by o u r  p e r -  

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

r e p l a c e d  when t h e y  r e a c h  a groove  d e p t h  o f  2/32 o f  an i n c h .  

Data  c o l l e c t e d  on t h e  f l a t - b e d  t i r e  t e s t e r  show t h a t  

a  major  change i n  l a t e r a l  f o r c e  c h a r a c t e r i s t i c s  t a k e s  p l a c e  

between OE and 6/  32" ( app rox ima te ly  h a l f  -worn) t r e a d  groove  

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

c h a r a c t e r i s  t i c s  t a k e s  p l a c e  between 6/32" and 2/32" o f  t r e a d  

groove d e p t h .  I n  a d d i t i o n ,  on a  h e a v i l y  ~ c e t t e d  s u r f a c e ,  a  

5-mph i n c r e a s e  i n  speed  from 40  t o  4 5  mph was found t o  b e  

s u f f i c i e n t  t o  cause  poor  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  l a n e -  

change maneuvers w i t h  2/32",  4 /32" ,  6/32",  and OE t r e a d  groove  

d e p t h s  on t h e  r e a r  t i r e s .  These r e s u l t s  i n d i c a t e  t h a t  t h e  

g a i n s  o b t a i n e d  by r e q u i r i n g  groove  d e p t h s  h i g h e r  t h a n  2/32" 

may n o t  be  ve ry  l a r g e  (on ly  t h e  2/32" c o n d i t i o n  caused  p o o r  

d i r e c t i o n a l  r e s p o n s e  a t  4 0  mph). 

T read  groove d e p t h  i s  n o t  t h e  o n l y  t i r e  f a c t o r  d e t e r m i n i n g  

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

Recent  r e s e a r c h  i n v e s t i g a t i o n s  [ 6 ]  and [ 7 ]  have  used  measures  

o f  f low r a t e  o r  p r e s s u r e  r i s e  t o  q u a n t i f y  t h e  c a p a c i t y  o f  

t r e a d  grooves  f o r  h a n d l i n g  w a t e r .  Tread  p a t t e r n  geomet ry ,  

c o n t a c t  p a t c h  w i d t h  ( o r  a r e a ) ,  and groove  w i d t h  a r e  a l l  t i r e  

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

t i r e  on a  wet r o a d .  



Due t o  t h e  r e l a t i v e l y  l a r g e  number o f  w e t - w e a t h e r  

a c c i d e n t s ,  r e s e a r c h  i n t o  i n s p e c t i o n  methods f o r  a s s e s s i n g  t h e  

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

w a t e r  i s  recommended. P o s s i b l y  a  s i m p l e  d e v i c e  can  b e  

i n v e n t e d  which would a p p l y  w a t e r  t o  a  v e h i c l e ' s  t i r e s  and 

measure groove f l o w - c a p a c i t y  d i r e c t l y  ( o r  i n d i r e c t l y  u s i n g  

p r e s s u r e  measurements ) .  The d e v i c e s  d e s c r i b e d  i n  [GI o r  [ 7 ]  

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

I n  some c a s e s ,  t e s t - i n d u c e d  wear  c a u s e s  s i g n i f i c a n t  

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

b r o k e n - i n ,  o r i g i n a l  equipment  t i r e s .  For  t i r e  t e s t  programs 

whose pu rpose  i s  t o  d e t e r m i n e  t h e  l a t e r a l  f o r c e  c a p a b i l i t i e s  o f  

a  t i r e  i n  t h e  f i r s t  (and p o s s i b l y  o n l y )  emergency t u r n i n g  

maenuver t o  which t h a t  t i r e  i s  s u b j e c t e d ,  i t  i s  recommended 

t h a t  no  more t h a n  one h i g h - f o r c e - l e v e l ,  h i g h - s p e e d  t e s t  be  

made on a  s i n g l e  t i r e  sample .  

Replacement t i r e  mixes which r e s u l t  i n  v e r y  s t i f f  t i r e s  

mounted on t h e  f r o n t  whee ls  and r e l a t i v e l y  l e s s  s t i f f  t i r e s  

on t h e  r e a r  \$-heels a r e  l i k e l y  t o  c a u s e  s i g n i f i c a n t  and 

p o t e n t i a l l y  dangerous  changes  from t h e  d i r e c t i o n a l  r e s p o n s e  

c h a r a c t e r i s t i c s  o f  t h e  v e h i c l e  w i t h  o r i g i n a l  equipment  t i r e s .  

S i n c e  r e p l a c i n g  t i r e s  two a+. a  t i m e  i s  o f t e n  done f o r  economic 

r e a s o n s ,  many r e p l a c e m e n t  t i r e  mixes e x i s t  on t h e  r o a d .  

However, t h e r e  does  n o t  a p p e a r  t o  b e  any w o r t h w h i l e  

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

a  g iven  t i r e  mix i s  l i k e l y  t o  c a u s e  a  s i g n i f i c a n t  change i n  

v e h i c l e  b e h a v i o r .  Fo r  example ,  r a d i a l  t i r e s  a r e  on t h e  a v e r a g e  

s t i f f e r  t h a n  b e l t e d - b i a s  t i r e s ,  b u t  many r a d i a l  t i r e s  a r e  l e s s  

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

c h a r a c t e r i s t i c s  o f  t h e  t i r e s  a r e  known, t h e  b u y e r  o r  t h e  

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

An obv ious  c o u r s e  o f  a c t i o n  \$rould b e  t o  r e q u i r e  t h e  t i r e  

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



r e a s o n a b l e  c o u r s e  o f  a c t i o n  canno t  b e  d e t e r m i n e d  from t h e  

r e s u l t s  of  t h i s  s t u d y .  F u r t h e r m o r e ,  t h e  l o n g i t u d i n a l  t r a c t i o n  

numer ics  u s e d  i n  t h e  un i fo rm t i r e  q u a l i t y  g r a d i n g  s y s t e m  a r e  

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

i s t i c s .  Consequen t ly ,  f u r t h e r  r e s e a r c h  i s  recommended f o r  

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

r a n g e  o f  l a t e r a l  t r a c t i o n  per formance-  p r o v i d e d  by r ep l acemen t  

t i r e s .  
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