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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 .  This  volume 

c o n t a i n s  t h e  Techn ica l  Repor t .  

The T e c h n i c a l  Report  i s  s u p p o r t e d  by  s e v e r a l  e x t e n s i v e  

append ices .  The s i z e  of t h e s e  appendices  r e q u i r e s  t h a t  they  

be bound under s e p a r a t e  c o v e r s .  
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This r e p o r t  p r e s c r i t s  f i n d l n y s  and rccommendati  ons  

d e v e l o p e d  by ;lie LJni v e r ~ i t ) ~  o f  1 1iiglihiay S:iCety 

R e s e a r c l ~  111s t i 1  u t e  (liSR1) f o r  t h e  Na t i on ; i l  iligllway ' l ' r a f f i c  .. 

SaTety A d i a i ~ ~ i  s t r a t i o n  ( i< l lTSI )  i n  n p r o j  c c t  c l l t i t l  ed  "Vc i i i c l c -  

i n - U s e :  L imi t  P e r f o r ~ o n : ~ c c  a n d  T iye  r a c t o r s . "  The g o a l  o f  

t h i s  r e s e a r c h  \:as t o  rlcvc! op 1:11oi;.l e d g e  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 p  r e h i  c l e  + : i f e t y  i n i p c c t i o n  c r i t ~ r i ; ~  r c  l a t  iny :o 

t i ] - c s  . Thi s  j i r o j  e c t  c o n c c l l t r a t c d  on s l ~ ~ d v i i i , o  t l ic  i i i f l u c n c c  

on \ r e h i c l c  p c r f o r n a n c c  o f  l l ie  f o l  l owin2  t i r c -  i n - u s o  f a c r o r s  : 

(1)  sl ioulcler  \ : e a r ;  ( 2 )  i i ; l l a t i o l ~  p r c s i l r e  ; ( 3 )  rlixed t i  l-c 

c o n s t r u c r i o ~ i ,  i nc lnd i11~ :  s i ~ c . .  t i r c s  ; n ~ l d  ( 4 )  t r e c d  ; .pa r  (trrctd 

dcp11-i). Tilo a f l e c t s  o f  t l i c s e  t i r e - i n - u s e  f a c t o r s  r e r e  e l  n1u;iti'J 

f o r  t i r e s  of  L l ~ a s ,  b c l  t c d - b i a s ,  t tnc i  r a d j  ;\I c o n s t r a c t ~ o n .  

T j ~ c  m e t i ~ o c ' ~ o l o ~ y  c o n s i s t e d  o r  t i r e  t c s t i l : g ,  .i;eliicl.e 
"'1, , t e s t i n g ,  and co:np!itey sinulaticr.. 1 , , t .  IiSX! f l a t  b e d  and  

n o b i l e  t i r e  t e s t e l - s  ;:'ere u sed  t o  obtain s l l e a l - - f o r c c  d a t a  l o r  

a col-prei;ei lsik-~ s e t  of ncr~: a:ld d c ~ r n d c d  T i r e s .  The d a t a  \,;el-e 

u s e d  110 a s s e s s  changes  i n  t i r e  p e r r o r m a n c e  caused  by  t i r c - i . 2 -  

u se  f a c t o r s .  V e h i c l e  t e s t i n g  li11J cor:lpu'cer a n a l y s e s  !<ere 

useti t o  Ge.ic--iloj> all u r : de r s t c ; r~d in~ :  o f  ti.12 j r i i ' lucnce of chanp,gs 

i n  t i . r c  pcr ioyiqance ( a s  b r o u f i l ~ i  a b o u t  by t i r e -  i n - u s e  f a c t o r s j  

on v e l l i c l c  p e ~ - f c r ; n a ~ ~ c e .  

I n  s t l i d ) , S  n;; ~ e h i . c : t e  pe r i o rmnnce  , trso qucs  t i o n s  l i e r e  

a c l d ~ . c s ~ ~ : d :  (:I.) Flo;,~ ~;1ic11 do t i r c - i l l - u s e  f a c t o r s  cll:ii?~ge the 

s t a11 i l . i t y  : l~ld c o i l t r o l  o f  tile vehi .clc!  f r o i ; ~  t h a t  intcriclcd liy 

t h e  rnan~.~f~ac:tul .er? a:;d ( 2 )  liov,~ rnuc11. cioes t h e  l i m i t - n ; a n c ~ i \ r e r i ~ ~ i ? ,  

11erforn:ancc o f  ;I 1;iveli ve11i.cl.e cl~angc:  ;i:; ;I  r e su l . 1  o f  : f r o n t -  

t o - r e a r  t i r e  ; i sy lu~r~c t r : i . e~  cleri\.j.ni; f - ro~!~  t j . 3 . c - i n -u se  :Cac tors?  

To  an.s\irer t h e  f i r :  t q r ~ c s  t i  011, vclii  c l e  s i : a b i l i t ) r  and c o n t r o l  

were  cxajiii.nc.d t h r o u g ? ~  t.he u se  of' i i r l c n r  a1ia1.ysi.s t ~ n d  vel l ic : lc  



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 imi t -maneuver  t e s t i n g *  

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

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

Computer s i m u l a t i o n s  were  u s e d  e x t e n s i v e l y  t o  f a c i l i t a t e  

c r i t i c a l  examina t i on  o f  t h e  many p o s s i b l e  e f f e c t s  o f  t i r e -  

i n - u s e  f a c t o r s  on v e h i c l e  p e r f o r m a n c e .  F u l l - s c a l e  v e h i c l e  

t e s t  r e s u l t s  f o r  a  1971  Ford Mustang and a  1973  Buick  Century  

s t a t i o n  wagon were  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  accu racy  o f  t h e  c o m p u t a t i o n s .  

The b a s i c  f e a t u r e s  o f  t h e  r e s e a r c h  approach  u sed  i n  t h i s  

s t u d y  a r e  d e s c r i b e d  i n  S e c t i o n  2 o f  t h i s  volume. The f i n d i n g s  

d e r i v e d  from t h e  t a s k s  d e f i n e d  i n  S e c t i o n  2 a r e  p r e s e n t e d  i n  

S e c t i o n s  3 ,  4 ,  and 5 unde r  t h e  f o l l o w i n g  c a t e g o r i e s :  

1 )  I n f l u e n c e  o f  t i r e  f a c t o r s  on l i m i t  maneuver ing  

pe r fo rmance .  

2 )  L i m i t  p e r fo rmance  on wet  s u r f a c e s .  

3) I n f l u e n c e  o f  t i r e  f a c t o r s  on normal  d r i v i n g  

maneuvers .  

The i m p l i c a t i o n s  o f  t h e s e  f i n d i n g s  and t h e  recommendat ions  

d e r i v e d  from them a r e  p r e s e r - t e d  i n  S e c t i o n  6 ,  a l o n g  w i t h  

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

Seven append ice 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 
A c o n t a i n s  a  l i t e r a t u r e  s u r v e y  c o v e r i n g  r e l a t e d  work.  

S e v e r a l  o t h e r  append ice s  p r o v i d e  d e t a i l e d  documen ta t i on  

o f  t h e  work done t o  p roduce  t h e  f i n d i n g s  p r e s e n t e d  i n  S e c t i o n s  

3 ,  4 ,  and 5 o f  t h i s  volume.  

"his 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  l i m i t  maneuver t e s t  
methods p u t  f o r t h  i n  an NilTSA-sponsored s t u d y  e r l t i t l e d  
"Veh ic l e  I l and l ing  Per formance"  [ l  1 .  (!\rumbers 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  on page 2 2 2  . )  

2 



Volurle I 1  c o n t a i l i s  ap1)enJ.i c e s  A ,  B ,  and C 1~11i.ch a r e  

d e v o t e d  t o  a  su rve)T  o f  t l ic  l i t e r a t u r e ,  a  d e s c r i p t i o n  o f  t h e  

t i r e - v e h i c l e  s y s t e m  s i  ~ i l i i l a t i on  n ~ o d c l ,  and t h e  v c l l i c l e  l i n e a r  

a n a l y s i s  p rogram used i n  t h i s  i n v e s t i g a t i o n .  .Appendices D 

t h r o u g h  G t r e a t  s u b j e c t s  r c l a t c d  t o  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 .  Tliesc a p p c n d i c c s  a r e  con t a jnec l  i n  V o l u ~ ~ c  1 I I .  

A l l  v e h i c l  c perfo:.~uancc t e s t i n g ,  a s  d e s c r i b e d  in 

Appendix i, rsns conducted a t  t h e  Tcxas ' l ' r a n s p o r t a t i o n  

I n s t i t u t e  (TTI) b y  Tll p e r s o n l l e l .  



To a s s e s s  t l ie  i a ~ p o r t a n c e  o f  t i r e - i n - u s e  f a c t o r s  i n  

v e h i c l e  p e r f o r m a n c e ,  a p l a n  rtas aclopted 101i cll d j  v i d c d  t h e  

r e s e a r c h  i n t o  f o u r  m a j o r  t a s k s ,  e n t i t l e d :  
'. 

a ( 1 )  T i r e  Testill!; 

The s cope  and t).pe o f  ?cork perforr?,ctl  i n  each 01 t l i e s e  t a s k s  

a r c  dcsc l - ibed  con cis el>^ i n  ' th i  s s e c t i o n .  The in!pol*t a n t  r c s u l t s  

and Cindii lgs c ler ivcd fl-om th i . ;  \co:-l< :il-c p r e s e n t e d  jn ! ; ec t ions  

3 ,  4 ,  and 5 ,  D e t a i l c d  cspla:ia-t:i  o:l; o f  t h e  inethocl:; useti and  

e x t c l l s i v e  t s S l e s  and g raphs  o f  t . e s t  d a t z  and s i n u l a t i o n  

resu1 t . s  ma?, :;I(-: found i n  .;:he a.pper~cliccs . 

2 . 1  T I R E  ILSTI'iG 

A schcr:at ic  d j a o r a m  inc l i ca t ing-  t h e  s c o p e  o f  t h e  t i r e  

t e s t i n g  i s  sho \ , n  i n  F i g u r e  2 - 1 .  ?, f l a t - b e d  t i r e  t e s t e r  was 

u s e d  t o  ~ r ~ e a s u r c  t h e  spec t rum o f  co l -ner lnz  s t i f i n e s s e b  f o r  a 

l a r g e  nuixber o f  b i a s ,  b e l t e d - b i r i i  ,  id I - a d i a l  t i r e s .  Based 

on t l icse d a t a ,  s e v e r a l  t i r e s  o l  c,?cil c o n s t r u c t i o n  t ? p e  l i e? -?  

s e l e c t c c l  f o r  e x t c ~ i s i . \ l c  t e s t i r , :  to d c t c r m i n e  ~ l l e  i n f l u e n c e  o f  

in11  a t i o n  p1 e s su l - c ,  t l c a d  d e l ) t h ,  ;lnd s h o u l d e r  \ ( e a r  on t i r e  

pei-Iori l lar~ce c l i a rac tc i - i .  ti cs 5; uch as l o n g j  t u d i ~ i a l  f o r c e ,  

l a t c r c ' l  f o r c e ,  an6 a 1  i glling t o ~ q u e .  13ot11 f l a t  -1,cd and ~ i ~ o b i l c  

t i r e  t e s t s  were  conduc ted  on t h e  s e l c c t c d  t i r e s .  'Ilic E l a t -  

b e d  t e s t  r e s u l t s  werc  usccl t o  c l e t c rmi~ l c  t h e  c o r n e r i n g  arid 

cainbcr s t i i ' r l l c s s e s  a l ~ d  t h e  a l i l ; i l in j ;  t o r c i~ l e  c h a r a c t e r i s t i c s  o f  

t h e s e  t i r e s .  'l'llc ~ n o b j l c  t i r e  t e s t e r  d a t a  r iere  U S C ~  t o  

q u ; ~ n t i i y  t l lc  i ~ l f l u c n c c s  o f  v e l o c i t y  and s u r f a c e  ( t c s t  p a d )  

011 t i  r c  s l l en r -  Force p c ~ - f o r m a ~ ~ c c .  



F l a t - B e d  T e s t s  o f  

l l a s e l i n e  T i r e s  

P C  I \year  1 1 )<:car 1 
S t u d y  Study S t~!S,y 

F i g u r e  2 - 1 .  T i r e  t e s t  sums:ary 

2 . 1 . 1  FL,lT-BL'L! TIJIL TI:STINC;. The IiSllI f l a t - b o d  

l a b o r a t o r y  t i r e  t e s t e r  isho\ ;n i n  F i ~ u r r  2 -  2 )  i s  a n  a d a p t a t i o n  

o f  a ~ l inc l i ine  ( I c v c ~ c ) : ~ ~ ~  b y  Ij, F. (;oodl-ic11 [ 2  , 3 ] . I t  a c c o n o -  

d a t e s  tires i n  n s i z e  ranzf l  l)etwc>en 2 4  i n .  :;nd 44 j r l .  o u t -  

s i d e  d i a m e t e r  i t i t 1 1  i r c r t i c o l  1oadin: :s  up t o  1 0 , 0 0 0  l b . ,  and  

i s  i i i s t r u n l c n t e i l  t o  m e a s u r e  a l l  s i x  f o r c e  and rno~~ ien t  componcn t s  

d e ~ ~ e l o p c d  by t h e  t i r e .  I t  i s  dcsip, l icd t o  per111it l s v - s p e e d  

t e s t s  a t  s t e e r i n g  a ~ r g l e s  o f  up t o  90 d e g r e e s  and  c a r l b c r  

a n g l e s  b e t w e e n  120 ant1 -20 deg1-ecs. R u t o ~ ~ i a l i c  d a t a  s c a n i i i n g  

and 1 u g i : i n ~  us i l lg  a n a l o j ; - t o - d i g j  t n l  c o n v e l - t c r s  a n d  t a p e  

r e c o r d i n g  cqu ip inen t  p r o v i d e  a c c u r a t e  r e c o r d i n g  oC d a t a  f o r  

r a p i d  ~ ~ r o c c s s i n g  on a cli g i t a l  c o n ! l ~ u t c r .  





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

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

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

However ,  s i n c e  f l a t - b e d  d a t a  j s most  u s e f u l  f o r  q u a n t i f y i n g  

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

camber  s t i f f n e s s ,  and  a l i g n i n g  s t i f  f n c s s  , t h e  f l a t - b e d  t e s t s  

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

a n g l e  . 
A b a s e l i n e  s e t  o f  n e w - t i r e  d a t a  g a t h e r e d  o n  t h e  f l a t - b e d  

niacliine \$as  examined  t o  e v a l u a t e  t h e  p r o b a b l e  ranj ;e  o f  t i r e  

p r o p e r t i e s  t o  b e  c o n s i c l e r e d .  From t h i s  b a s e l i n e ,  \.:hicll 

i n c l u d e d  o v e r  40 t i r e s ,  s e v e r a l  t i ~ * s s  f r o m  t h e  r a d i a l ,  b i n s -  

b e l t e d ,  a n d  b i a s  categories' r i e r e  s e l e c t e d  f o r  f u r t l l e r ,  r;lore 

c o m p r e ~ : e n s i ~ ~ c  t e s t i n g .  Each o f  t h e  t i r e s  c h o s e n  h a d  a  s i z e  

d e s j - p a l i o n  o f  E o r  I1  and  an a s p e c t  r a t i o  o f  78.  T h i s  l a t t e r  

s t i p u l a t i o n  was made b e c a u s e  t h e  o r i g i n a l  ec.uipme:lt (01;) t i r e s  

f o r  t h e  Buicl, and t h e  7 lus tang  \ :ere  C7S-1-1 and 1178-14, 

r e s p e c t  i ~ ~ e l y .  qi 

The f o l l o l i i n g  t i r e s  \ :ere  s e l e c t e d  and  t e s t e d  on t h e  f l a t -  

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

f u n c t i - o n  o f  l o a d ,  i n f l a t i o n  p r c s s u r c ,  and t r e a d  w e a r :  

1. R a d i a l - - B r i d g e s t o n e  2 2 5 S R - 1 4  RD170V, 

F i r e s t o n e  Torin and  C o u n t r y  1178-14 (snow) , 
a n d  P i r e l l i  1/5-14 CI;75 C i n t u r a t o .  

2 .  B i a s - b e l t e d - - F i r c s t o i l c  De luxe  Cha~np ion  

S u p - R - B e l t  1178-14 (01: Buick  t i  r e ) ,  G e n e r a l  

B e l t e d  Jun112o 780 E 7 8 - 1 4 ,  Gcner l i l  B e l t e d  

v'umbo 780  b J 7 8 - 1 4 ,  G o o d r i c h  S i l v e r t o w n  

b e l t e d  E78-14  (01: hluutang t i r e )  , ancl 

Goodyea r  Custoiil I 'o~ver C u s h i o n  P o l y g l a s  

b e l t c d  L 7 8 - 1 4 .  

h A l t l ~ o u g l l  a s p e c t  r z t i n  and I o a d  ~ a t i n g  3 1 ' ~  b ~ y o n c l  t h e  s c o l ) c  
of' t h i s  11royrar~1,  i t  s l ~ o ~ ~ l i l  n o t  1)e infc1'1-(1d t h a t  ther ;e  a r c  
ins.i .gni f i  c a n t  t i  rct F a i : l o r s .  'i'llcse f a c t o r s  l lnvc been  s  tucliccl 
i n  n n o t l i c r  NlITS,2-sp011so1-ed s t u d ) ,  [4 j . 



3.  B i a s - F i r e s t o n e  5 0 0  E 7 8 - 1 4 ,  F i r e s t o n e  5 0 0  

1478- 1 4  , J:i r e s  t o n e  T o w  6 C o u ~ l t r y  H78- 1 4  ( snow)  . 

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

i n  c a l c u l a t i o n s  o f  v c h i c l c  p e r f o r m a n c e  i n  t h e  norm21 d r i v i n g  

r p n g e  . Cal c u l a t  i o n s  i n v o l v l n y ,  inorc s c v e r e  1naneuver.s recjui  r c  

d a t a  m e a s u ~ . e d  on  r e p r e s e n t a t i v e  r o a d  s u r f a c e s  a t  t e s t  s p e e d s .  

A c c c o r d i n g l y ,  t h e  1iio1)i l e  t i r e  t e s t e r  kcas u s e d  t o  g a t h e r  t i r e  

d a t a  or1 t l i e  t c s t  p a d s  a t  t h e  T e x a s  ' T r a n s p o r t a t i o l ~  I n s t i t t i t e .  

2. 1. 2 h I 0 B I L E  ? ' I R E  TESrI'!I\'C;, The 1-ISRI m o b i l e  t j . r e  tester 

c o r l s i s t s  o f  a  r e t r a c t a b l e  t e s t  ~ v l ~ c e l  ~ i l o u n t c d  011 t h e  r e a r  o f  

a m o d i f i e d  t a n d e n -  a x l e  com~ii'erci a 1  t r a c t o r  ( sho i . :~~  i n  F i g u r e  

2 - 3 )  r i h i c h  s e r v e s  ;is t h e  t e s t  b e d  [ ?  j .  'The t e s t  r h c e l  

a c c o n m ~ o d a t r s  t i r e s  i n  t h e  s i z e  ra-ilge f r o m  B 7 8 - 1 4  t o  L78-15. 

A dead- l , qe ig l l t ,  v e r t i c a l  t i r e  l o a d  ( i n d e ; ~ c n d e n t  o f  t h e  t e s t .  

b e d )  i n  t h e  i a n g e  fro111 6 0 0  t o  2 0 0 0  l b .  122:; b e  u s e d .  The t e s t  

~ i l ~ e e l  i s  z t t a c i l e d  t o  the t:ct bet1 thrcv.,n,,h a t l .ansd11cer  s c n s i -  

t i ~ r c  t o  l o n g i t u d i n a l  and  l . a t e r a l  t i r e  f o r c e s .  L o n g i t u d i n a l  

a n d  l a t e r a . 1  f o r c e  mcasurcrnents  a t  a l l  p o s i t i v e  I r a l u e s  o f  

l o n g i - t u d i n a l  s l i p ,  and  a t  s l . i p  a n g l e s  up t o  20°, n a y  b e  made 

a t  s p e e d s  up  t o  55  n p h .  F r e e - r o l l i n g  s i d e  f o r c e  m e ~ s u r e ~ n e n t s  

may b e  made 1111 t o  t h e  rnaximunl s p e c d  o f  t h e  t r a c t o r  ( t h a t  i s ,  

a b o v e  70  ~ ' i p h ) .  

M o b i l e  t e s t  d a t a  w e r e  o l ~ t n i n c d  f o r  a v a r i e t y  o f  l o a d  

c o n d i t i o n s  2nd s p e e d s  f o r  e a c h  o f  t h e  t - i r e s  studicd. 

P r c v i o ~ i s  t i r e  t e s t  f j l l c l i n p s  [ I ,  4 ] h a v e  i n d i c a t e d  . t h a t  

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

m e a s u r e d  peak l a t e r a l  f o r c c  i s  a s c n s i t i 1 7 c  f u r l c t i o n  o f  a 

s m a l l  amount  o f  t c s t -  i ~ r d u c e d  \ J e a r .  T h i s  1~11ich occu r - s  

p r i n ~ a r i l ) ~  i n  t l i c  s h o u l  d c l  r c g i o ~ ~  o f  t h c  t i r e ,  i s  co inr i~oi~l )~  

r c i e r r e d  t o  a s  " s h o u l d e r  11,ear." 





To a v o i d  t h e  b u i l d - u p  o f  s h o ~ ~ l ( l c r  wear  arid t h e r e b y  

s t u d y  t h e  c o n d i t i o n s  e x p e c t e d  t o  e x i s t  on t h e  h ighway ,  i t  

was found  n e c e s s a r y  t o  s t r u c t u r e  t h e  mob i l e  t i r e  t e s t  p rogram 

t o  ~ i l in in i i ze  t h e  number o f  h i g h - f o r c e - l e v e l  t c s t s  pe r fo rmed  

on a  g i v e n  t i r e .  I n  a d d i t i o n ,  s p e c i a l  s equences  o f  t i r e  

tees t i n g  were  per fo rmed  t o  q u a n t i f y  t h e  i n f  l u c n c e  o f  s h o u l d e r  

wear  on peak  l a t c r a l  f o r c c  a s  a  f u n c t i o n  o f  t h e  number o f  

t e s t s  p e r f o r m e d ,  Th i s  i n f o r m a t i o n  \<as u sed  t o  h e l p  p l a n  t l le  

v e h i c l e  t e s t  proE,ram, s i n c e  shoulder-wear e f f e c t s  can  a l s o  

o c c u r  d u r i n g  l i n i t - m a n e u ~ c r  t e s t i n g .  

The  nob bile t i r e  t e s t c r  \t1as a l s o  u sed  t o  g a t h c r  d a t a  on 

t h e  \ i e t  s k i d  p a d .  'Tile internal \ u ' a t c r i ~ . g  s y s t c n  on t h e  m o b i l e  

t i r e  t e s t e r  \<as  used t o  wet  t h e  t e s t  p a d  d i r e c t l y  i n  f r o n t  

o f  t h e  t e s t  t i r e .  The ~ ~ ~ x t c r  d c l i ~ c r y  r a t e  was v a r i e d  ~ : r i t l~  

v e h i c l e  s p e e d  t o  p r o ~ ~ i d e  a  nor l ina l  \ c a t e r  dept l l  o f  0 . 0 2  i n c h e s .  

U n f o r t u n a t e l y ,  i t  \ $ a s  n o t  l o g i s t i c a l l ) -  p o s s i b l e  t o  make t i r e  

t e s t s  u s i n g  t h e  e x t e r n a l  \ v a t e r i n g  s y s t e ~  enp loyed  f o r  t h e  

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

2. 2 LI:<E.!\,II PEP,FOI!'~l.1I~;CE S T U D Y  

I n  t h e  normal  d r i v i n g  r ange  ( t h a t  i s ,  l e s s  t h a n  a b o u t  

0 . 3  g)  t h e  d i r e c t j . o n a 1  r e s p o n s e  o f  a p a s s e n g e r  c a r  can be  

r e p r e s e n t e d  a s  a l i n e a r  s y s t e m .  The re  i s  an e x t e n s i v e  body 

o f  l i t e r a t u r e  on t h i s  s u b j e c t .  ( I ? e f e ~ e n c e s  [ 5 ]  t o  IS] 

r e p r e s e n t  a  s m a l l  sampl e  o f  t y p i c a l  p~111l i c a t i  011s. ) i n  

a d d i t i o n ,  t h e  Soeic1.y o f  ,2utonlotjvc C n g i n c c r s  (S.:.E) h a s  

deve loped  a 1~ i .oposcd  rccorimcndcd s e t  o f  proceclures  c n t i  t l c d  

"Passen;er  Car and L i g h t  T1.uc1c D i r e c t i o n a l  C o n t r o l  Response  

T e s t  Proceclu~es-S.4L XJ 266." The I o l l o \ i i n g  f o u r  t e s t  ~ n e t l ~ o d s  

a r c  d e s c r i b e d  i n  t h o s e  p r o c e d u ~ e s .  

1. c o n s t a n t  r a d i u s  I 

2 .  c o n s t a n t  s t c c r i n g  whcc l  a n g l e  



3. c o n s t a n t  speed  

4 .  c u l l s t a n t  t l l r o t t l e  

The c o n s t a n t - s t e e r i n g - w h e c l - a n g l e  n~et l iod \cas chosen  f o r  u s e  

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

b e c a u s e  (1) t h e  v c h i c l e s  had  t o  be  i .nstrurnentcd and f i t t e d  

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

nlaneuyer t e s t s  , and (2 )  t h e  c o n s ' i a ~ l t  - s t e e r i ng -v : l l e e l -  a n g l e  

method. r e q u i r e s  l i m i t e d  d r i v e r  ~Ei i l l .  

The v7ork perfol-ined i n  t h i s  ta.sl; c o n s i s t e d  o f  ( 1 )  

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

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

o f  t h e  l.irlearj.zcc1 equa t i o i i s '  o f  nlotion f o r  p a s s e n g e r  c a r s ;  

(2 )  appl.!ying t h e  metliocls devel.oped t o  a n a l y z e  t h e  s t . ab i . l . i t y  

and c . on t ro l  o f  t h e  Buick and i',ius t;i~iii; a.s 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  ; a n d  ( 3 )  t e s t i n g  t h e  tv:o v e h i c l e s  i n  s e v e r a l  

c l i f f e r e f i t  t i r e - i n - u s e  c o n f i g u l - a t i o n s  t o  g i v e  ( a )  expe l - i rnen ta l  

evi .dence o f  tl?c e s t , e n t  t o  ~,;hic.h n o r r a l  d r i v i n g  p e r f o r m ~ n c c  

can  be  a l t e r e d  by t i r e  u sage  and s e l - v i c e  f a c t o r s ,  and ( b )  an 

i n d i c a t i o n  o f  t h e  e x t e n t  t o  v:hich c h a s s i s  and t i r e  p r o p e r t i e s  

have  been  a c c u r a t e l y  measured and t h e  l i n e a r i z e d  d e s c r i p t i o n  

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

t h i s  l i n e a r  perforr:iance s t u d y .  

A b l o c k  d i ag ram i l l u s t r a t i n g  t h o  s c o p e  o f  t h i s  t a s k  i s  

g i v e n  i n  F i g u r e  2 -  4 .  l 'he p u r p o s e  of t h i s  t a s k  \vas t o  d e v e l o p  

a  t i r e  pe r fo l -n~ancc  model \ , h i c h  can be  u s e d  t o  r e p r e s e n t  t h e  

complex r:lcchariics o f  t i le  t i r e - r o a d  i n t e r f a c e  i n  a s i m u l n t i o n  

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

E a r l y  i n  t h e  p r o j e c t ,  com1'1u1ed 13esu l t s  f o r  a 1971  

Dodge Corone t  and  a 19 7 1  C h c v r o l c t  Brookwood s t a t j  on Lcagon 

were  compared t o  empirical d a t a  o b t a i n e d  i n  an e a r l i e r  
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p r o j  e c t ,  "Veh i c l e  l l znd l i ng  l ' e r formancc"  (VIIP) [ 1 ] . Based 

on t h i s  compa r i son ,  t h e  t i r c    nod el t h e n  u s e d  i n  t h e  s i m u l a -  

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

s h e a r - f o r c c  d a t a  measured o v e r  t h e  r a n g e  o f  k i n e m a t i c  

v a r i a b l e s  e x p e c t e d  t o  o c c u r  i n  limit inaneuvers .  S u i t a b l e  

agreement  \;as o b t a i  ncd b e t ~ c c e n  s i m u l a t e d  and measured  r e s u l t s  

u s i n g  t h e  r e f i n e d  t i r c  model.  

These  e f f o r t s  y i e l d e d  a computer  s i m u l a t i o n  w e l l  s u i t e d  

f o r  studyir!g t h e  i l l f l .uence o f  t i r e - i l l - u s e  f a c t o r s  on t h e  

l i m i t  - -msncu~-e r  p e r i o r n ~ a n c e  o f  t h e  blustang and Bu ick .  The 

dex~e loped  s i ~ ~ l u ! a t i o n  i s  f u l l y  tlocumentcd i n  .Appendix B .  

T h i s  t a s k  was a ma jo r  endea l -o r  d e s i g n e d  t o  u s e  compute r  

s i m 1 a t i o l ; s  ancl f u l l - s c a l e  vehicle t c s  t i n g  t o  examine t l re  

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 imi t - r i~aneul-err  p e r f o r n ~ a n c e ,  

'Thc o; )e i l - loop 1 - e h i c l e  test: pl.ocedui-es ailcl d a t a  p r o c e s s i n g  

methodology cleveloped i n  t h e  I'iiP stud!. [ 1 ] were e c ~ p l o y e d  i n  

t h i s  t a s k .  .Accord ing ly ,  q u a 1 1 t i t a t i 1 - e  measures  o f  v e h i c l e  

pe r fo rmance  i n  a c c i d e n t  a ~ o i d n n c e  o r  lirlit Inaneuvers were  

measured  u s i n g  t h e  I o l l o \ c i n g  s i x  veh 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  : 

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

b r a l c i . ~ i g -  i n -  a -  tur11 

r o a d l ~ o l d i n g - i l l - 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  

0dras-i-i.c s t e e r  and b r a k e  

Two t ) , p e s  o f  l i m i t - m a n e u v e r  t e s t s  were  p e r f o r m e d ,  

depend ing  upon w h e t h e r  t h e  t e s t  s u r f a c e  was wet  o r  clry. On 



t h e  d r y  s u r f a c e  a l l  s i x  NIITSr2 l i m i t  - p e r fo rmance  Inaneuvers 

were  u s e d .  I lo \ iever ,  t h e  d r a s t i c  s t e e r  and b r a k e  and roacl- 

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

t i r e - i n - u s e  f a c t o r s  b e c a u s e  (1 )  t h e s e  iilancuvers a r e  n o t  

c o n s i d e r e d  u s e f u l  f o r  p r o d u c i n g  t i r e  f i n d i n g s ,  and  ( 2 )  t h e  

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

Wet - s u r f a c e  t e s t  p r o c e d u r c s  icere devc lopcd  f o r  t h r c c  

maneu17ers : s t r a i g h t - 1 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 c r .  The v e l o c j t i e s  u s e J  i n  t h e  v e t  t e s t s  were  

a d j u s  t e d  t o  s110:11 t h e  influence o f  t r e a d  dep th  i n  t h e  

s i n u s o i d a l  s c e e r  maneuver .  

The s c o p e  of t h e  c n t i r , ~  I i mi t - n a n c u ~ ~ e r  t e s t  program i s  

srlrriiiiarjzed i n  T a b l e s  2 - 1  and 2 - 2 .  The c h o i c e s  o f  t i r e - i n -  

use  c o n d j - t i o n s  i n d i c a t e d  i n  T a b l e s  2 - 1  and 2 - 2  were  h a s e d  011 

t i r e  t e s t ,  s i n u l a t i o n ,  and  n o ~ : n a l - d r i l - i n g - r a n ~ e  r e s u l t s .  

The f u l l - s c a l  c 1.c11icle s i ; n u l a t i  o ! ~  \:.as u sed  a t  t ~ o  t i n e s  

i n  t h i s  t a s k .  F i r s t ,  s j i i i u l a t i o n  r e s ~ i l  t s  \se7.e uscci 3s 31: a i d  

i n  s t r u c t . u r i n g  t h e  s p e c i f i c  t i r e - i - e h i  c l c  sy s t em t e s t s  p e r -  

formed a t  TTI .  S e c o n d l y ,  s i n u l a t i o n  results l i e r c  u s e d  t o  

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

i n f o r m a t i o n  \<as  used  i n  c o n j u n c t i o n  l C i t h  t h e  v e h i c l e  t e s t  

r e s u l t s  t o  Eornlulate c o ~ i c l u s i c n s  c o n c e r n i n g  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 vehic1.e l i m i t  p e r f o r m a n c e .  

E x t e ~ l s i v c  s u p p o r t  a c t i v i t i e s  Icere r e q u i r e d  t o  p e r f o r n  

t h i s  t a s k .  I T e h i c l e  p a r a ~ ~ e t c r s  were  measured f o r  u s e  i n  t h e  

s i ~ , ~ u l a t i o n .  'l'i r e  po ran l c t e r s  and d e s c r i p t o r s  Cor t h e  t i r e  

11iodc1 \:ere d e r i v e d  f r o ~ n  t h e  t i r e  tc>st d a t a .  The ~ r c h i c l e s  

were  p r e p a r e d  and i n s  t r umen tcd  f o r  t e s t i n g ,  and an e f f i  c i e n t  

d a t a  p r o c e s s i n g  s y s  tel-1 wa:; l i o l  Iced o u t .  

Fur t l l c r rnore ,  t h c r c  ltcl-e s i  z c a b l c  l o g i s t i c a l  l ~ r o b l e n i s  i n  

k e e p i n g  t r a c k  o f  t h c  v a r i o u s  t i r e s  and t i  r e  s t a t 2 s  t o  11e 

u s e d  i n  each t e s t  ~ > r o c e d u r e .  'l 'l~ese l o g i s t i c a l  problenls  
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were compounded due t o  t h e  s e n s i t i v i t y  to sshoulder wear o f  

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  marly t i r e s .  Consequently, a 

p l a n  c a l l i n g  f o r  f r e q u e n t  t i r e  changes  was deve loped .  The 

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

d i s c u s s e d  i n  t h e  n e x t  s e c t i o n .  
4 



3.0 THE INFLUEldCE OF TIRE-IN-USE FACTORS ON 
LIMIT-E.IANELlVER PERFOR.",IANCE 

3 . 1  THE EFFECTS OF TEST-INDUCED TIRE WEAR ON THE MEASURED 
RESULTS 

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

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

i n  b r a k i n g  and h a n d l i n g  pe r fo rmance  which  may b e  e x p e c t e d  t o  

r e s u l t  from changes  i n  t i r e  c h a r a c t e r i s t i c s .  Al though  some 

o f  t h e  c o n c l u s i o n s  w i l l  be  b a s e d  a s  much on an e x t e n s i o n  o f  

t h e  t i r e  and veh i - c l e  t e s t  r e s u l t s  t h r o u g h  computer  s i m u l a t i o n  

a s  on t h e  t e s t  r e s u l t s  t h e m s e l v e s ,  i t  s h o u l d  b e  emp-hasized 

t h a t  measurements from t h e  mob i l e  and f l a t - b e d  t i r e  t e s t  

machines and t h e  f u l l - s c a l e  v e h i c l e  t e s t s  a r e  t h e  b a s i s  f o r  

t h e  " v a l i d a t i o n "  o f  t h e  corr,puted r e s u l t s .  Thus a l l  o f  t h e  

c o n c l u s i o n s  w i l l  depend ,  t o  some e x t e n t ,  on an i n t e r p r e t a t i o n  

o f  e m p i r i c a l  r e s u l t s .  
5 

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

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

ways ,  i t  i s  i m p e r a t i v e  t h a t  t h e  r e l a t i o n s h i p  be tween  t h e  t e s t  

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

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

e n s u r e  t h a t  t h e  r e l a t i o n s h i p  between t h e  t e s t s  and t h e  r e a l  

w o r l d  was n o t  i r r e t r i e v a b l y  l o s t  due t o  t e s t - i n d u c e d  t i r e  

T h i s  s e c t i o n  r e - examines  t h e  work of  p r e v i o u s  r e s e a r c h e r s  

who have r e p o r t e d  t h a t  t h e  peak l a t e r a l  f o r c e s  p roduced  by 

p a s s e n g e r - c a r  t i r e s  may be  e x p e c t e d  t o  b e  a  f u n c t i o n  o f  t e s t -  

i nduced  w e a r .  I t  t h e n  p r e s e n t s  r e s u l t s  f rom t h e  p r e s e n t  

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

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

s u b j e c t  t o  s i g n i f i c a n t  changes  due t o  t e s t - i n d u c e d  w e a r ,  a n d  

t h a t  t h e s e  changes  may w e l l  l e a d  t o  l i m i t  and s u b - l i m i 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  a  t i r e - v e h i c l e  s y s t e m  which  a r e  

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

"non -con t amina t ed"  t i r e s .  F i n a l l y ,  i t  p r e s e n t s  a t i r e - t e s t  

p r o c e d u r e  and v e h i c l e - t e s t  p rogram d e s i g n e d  t o  min imize  t h e s e  

c o m p l i c a t i o n s .  

3.1.1 SHOULDER WEAR. The a l t e r a t i o n  o f  t h e  l a t e r a l  

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

f o u n d i n g  e f f e c t  i n  t h e  o p e n - l o o p  measurements  c o n d u c t e d  i n  

t h e  V e h i c l e  Hand l ing  Pe r fo rmance  s t u d y ,  which  was comple t ed  

i n  1972 [ I  1 .  I n  t h i s  s t u d y ,  t h e '  i n v e s t i g a t o r s  s o u g h t  t o  

a n a l y z e  a  " l a r g e  v a r i a t i o n  i n  p e a k  l a t e r a l  f o r c e  c a p a b i l i t y "  

~ i h i c h  t e n d e d  t o  o c c u r  \i7i.th t i r e  u s a g e  d u r i n g  l i m i t  h a n e u v e r s .  

To p r o v i d e  some i n s i g h t  i n t o  t h i s  p r o b l e m ,  \ qh i ch  h a s  come t o  

b e  c a l l e d  " s h o u l d e r  w e a r , "  t h e  HSRI mob i l e  t i r e  t e s t e r  was 

u s e d  a s  t h e  e x p e r i m e n t a l  a p p a r a t u s  f o r  ( a )  p r o v i d i n g ,  i n  a  

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

s u c h  t .ha t  i t  c o u l d  b e  i n c r e m e n t a l l y  worn i n  a  m a n e r  a n a l o g o u s  

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

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

a  U n i r o y a l  L78-15 F a s t r a k  a ~ d  a Goodyear F78-14 P o l y g l a s .  

These  t i r e s  were  p r o v i d e d  a s  o r i g i n a l  equ ipment  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 1 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  s e q u e n c e  

o f  r uns  o v e r  b o t h  c o n c r e t e  and a s p h a l t  by which  t h e  mob i l e  

t i r e  t e s t e r ,  t r a v e l i n g  a t  40  ~nph ,  l o w e r s  t h e  t i r e  o n t o  t h e  

pavement a t  a  2 0 "  s l i p  a n g l e  and  a  s e l e c t e d  l a r g e  v e r t i c a l  

l o a d .  T i r e  t r e a d  p r o f i l e s  were  measured  by u s e  o f  a  c o n t o u r  

copy ing  d e v i c e  and compared w i t h  a v e r a g e  s i d e  f o r c e s  f o r  e ach  

d a t a  s a m p l e ,  a s  i l l u s t r a t e d  i n  F i g u r e  3 - 1 .  Data  s e t s  were  

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

o f  t h e  mob i l e  t i r e  t e s t e r  i n v o l v i n g  a  p a t h  o v e r  t h e  T T I  f a c i l i t y ,  

a s  sholtrn i n  F i g u r e  3 - 2 .  The v e r y  f i r s t  s e t  o f  d a t a  w i t 1 1  

t h e  new t i r e ,  t h e n ,  i s  from t e s t s  on c o n c r e t e ,  f o l l o w e d  by 

two r u n s  on a s p h a l t ,  and  one ~nol-e on c o n c r e t e .  



Aspha l t  
0 C o n c r e t e  

T r e a d  P r o f i l e  - O u t s i d e  S h o u l d e r  

a=20° FZ=1550 ~ n i ' r o y a l  L78-15 F a s t r a k  
Tire Sample  No. 1 

F i g u r e  3 - 1  



P o i n t  

3 rd  Dat 
A s p h a l t  
(Dii lgon 
P a v i ~ g  

?.lobile T i re  Tes t e r  

"Zap " L a y o u t  

P o i n t  



The t i r e  d a t a  shown i n  F i g u r e  3 - 1  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  wear .  

(Note t h a t  t h e  change i n  f o r c e  l e v e l  f rom l a p  one t o  l a p  two 

was accompanied by o n l y  b a r e l y  p e r c e p t i b l e  t i r e  w e a 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  ove r  n i n e  s e c o n d s ,  a s  i l l u s t r a t e d  i n  F i g u r e  3 - 3 .  

Note i n  F i g u r e  3 - 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  runs  

p r o g r e s s  011 b o t h  c o n c r e t e  and a s p h a l t .  

F u r t h e r  d a t a  t o  d e t e r m i n e  t h e  e f f e c t s  o f  s h o u l d e r  wear  

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

t h e  TIRF f a c i l i t y  of  Calspa'n C o r p o r a t i o n  [ 41. Aga in ,  i t  was 

found t h a t  t h e  l a t e r a l  f o r c e s  may change d r a s t i c a l l y  w i t h  

t e s t - i n d u c e d  wear .  I n  p a r t i c u l a r ,  t h e  t e s t  r e s u l t s  i n d i c a t e d  

t h a t  t h e  a v e r a g e  of t h e  l a t e r a l  f o r c e s  measured a t  r a t e d  l o a d  

and s i x  d e g r e e s  camber and t w e n t y - f o u r  d e g r e e s  s l i p  a n g l e  f o r  

e l e v e n  b i a s  t i r e s  and s i x t e e n  b i a s - b e l t e d  t i r e s  i n c r e a s e d  w i t h  

s h o u l d e r  w e a r ,  b u t  t h a t  t h e  ave rage  f o r  n i n e  r a d i a l  t i r e s  

d e c r e a s e d .  

The s p i r i t  o f  t h i s  f i n d i n g  i s  s u p p o r t e d  by d a t a  p roduced  

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 ,  i n  ~ c h i c h  l a t e r a l  f o r c ~  measure -  

ments x e r e  t a k e n  f o r  a  v a r i e t y  o f  t i r e s  t o  d e t e r m i n e  t h e  e f f e c t  

on l a t e r a l  f o r c e  o f  t i r e  wear  a c c r u e d  d u r i n g  mobi le  t i r e  

t e s t i n g .  The f o l l o w i n g  p r o c e d u r e  was u sed  t o  p r o c u r e  t h e s e  

measurements .  

1. L a t e r a l  f o r c e  d a t a  were  o b t a i n e d  a t  4 0  mph 

f o r  s l i p  a n g l e s  a = 0 ,  2 ,  4 ,  8 ,  and 16 

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

2 .  The p r o c e d u r e  i n  s t e p  1 above was r e p e a t e d  

u n t i l  s i m i l a r  r e s u l t s  were  o b t a i n e d  i n  two 

c o n s e c u t i v e  p a s s e s  f rom a = 0 deg .  t o  

a = 1 6  d e g .  





3 .  . The t e s t  d a t a  were  t a k e n  a t  a o f  one p o l a r i t y  

o n l y ;  t h u s  t h e  e f f e c t s  o f  t e s t - i n d u c e d  wea r  

were  n o t  symmet r i c  w i t h  r e s p e c t  t o  a .  To 

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

f o r c e  p o i n t s ,  F were  p l o t t e d  v e r s u s  t h e  
Y' 

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

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

a = F  = 0 .  
Y 

The r e s u l t s  t a k e n  from t h e  F i r e s t o n e  Deluxe Champion 

Sup -R-Be l t  N78-14 a t  1 1 0 0 - l b .  l o a d  and t h e  E . F .  Goodr ich  

S i l v e r t o w n  E7S-17 a t  8 0 0 - i b .  l o a d  a r e  p r e s e n t e d  i n  T a b l e  3 - 1  

and i n  F i g u r e  3 - 4 .  These  d a t a  i n d i c a t e  an obv ious  i n c r e a s e  

i n  peak  l a t e r a l  f o r c e  due  t o  a  s m a l l  amount o f  t e s t - i n d u c e d  

w e a r ,  a  r e s u l t  which might  b e  e x p e c t e d  b a s e d  on [ 11 and 

[ 4 1 .  

The r a d i a l  t i r e s  t e s t e d  i n  t h i s  way e x h i b i t e d  a  marked ly  
' 

d i f f e r e n t  t r e n d .  Cons ide r  F i g u r e  3 - 5 ,  r ih ich  p r e s e n t s  t h e  d a t a  

t a k e n  from t h r e e  p a s s e s  of  t h e  B r i d g e s t o n e  r a d i a l  t i r e .  

C l e a r l y ,  t h e  e f f e c t  shown h e r e  i s  a  s l i g h t  i n c r e a s e  i n  peak  

s i d e  f o r c e ,  t h e  i n c r e a s e  t a k i n g  p l a c e  a t  8 d e g r e e s  s l i p  a n g l e ,  

w i t h  t h e  worn and new t i r e s  a c h i e v i n g  a p p r o x i m a t e l y  e q u a l  

f o r c e  l e v e l s  a t  1 6  d e g r e e s  s l i p  a n g l e .  

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

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

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

t e s t  t i r e .  F u r t h e r ,  t h e  t e s t i n g  o f  v e h i c l e s  e q u i p p e d  w i t h  

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

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

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

w i t h  n o n - s h o u l d e r - w o r n  t i r e s .  I t  i s  n o t  s o  a p p a r e n t ,  b u t  

n e v e r t l l e l e s s  d e m o n s t r a b l e ,  t h a t  t h e  c h a r a c t e r  o f  t h e  changes  

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



T a b l e  3 -1 .  L a t e r a l  Fo rce  Ve r sus  S l i p  Angle  

F i r e s t o n e  Deluxe Champion H78-14 
28 p s i ,  1100 l b s .  Load 

Angle . P a s s  Number 

deg  1 2 3 4 5 6 7 

B .  F. Goodrich S i l v e r t o w n  
24 p s i ,  800 l b s .  Load 

4 

Angle 
deg 1 2 3 4 5 



P a s s  Number 
1200-  

1000-• 

A 

m 
E . F .  G o o d r i c h  

C, ----- 

I?" 

0 1  1 

0 4 8 1 2  1 6  

S l i p  Angle ( d e g )  
I 

F i g u r e  3 - 4 .  L a t e r a l  f o r c e  i n c r e a s e  w i t h  t e s t -  
induced wear. 



l O O O * ~  Pa s s  Number 
n 
v, 

B r i d e s t o n e  
2 2 5  SR-14 

1 1 0 0  l b s ,  28  p s i  

4 8 1 2  1 6  

S l i p  Angle (deg)  

F i g u r e  3 - 5 ,  L a t e r a l  f o r c e  i n c r e a s e  w i t h  
t e s t -  i nduced  wear  f o r  a  
r a d i a l  t i r e .  

a n g l e s  s i g n i f i c a n t l y  below t h e  a n g l e  of  maximum s h e a r  f o r c e  can 

have  a  s i g n i f i c a n t  e f f e c t  on measured v e h i c l e  pe r fo rmance .  

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

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

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

3 . 1 . 2  AN EXA?ZINATION OF THE E F F E C T S  OF VEIIICLE TEST- 

INDUCED WEAR OVER THE 1,ArrE1<AL TRACTION FIELD. I t  i s  r e a s o n a b l e  

t o  r e l a t e  t e s t - i n d u c e d  wear t o  t h e  d i s t a n c e  t r a v e l e d  by a 

t i r e  w h i l e  under  t h e  a c t i o n  o f  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 .  Thus ,  one would  e x p e c t  s e v e r e  wear  t o  a c c r u e  

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

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



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

p l a c e  i n  t h e  p r e s e n t  mob i l e  t i r e  t e s t  p rogram.  I t  a l s o  

seems r e a s o n a b l e  t o  assume t h a t  wea r  a c c r u e s  much more s l o w l y  , 

d u r i n g  l e s s  s e v e r e  v e h i c l e  maneuvers  and t i r e  t e s t s  a t  low 

s p e e d s  a n d / o r  s m a l l  s l i p  a n g l e s .  

I n  t h i s  s e c t i o n ,  d a t a  w i l l  b e  p r e s e n t e d  which  have  b e e n  

measured on t h e  HSRI f l a t - b e d  t e s t  machine f o r  t i r e s  p r e -  

v i o u s l y  " s h o u l d e r  worn" on v e h i c l e s  i n  s e v e r e  maneuvers .  These  

d a t a  have  been  measured on. t h e  f l a t - b e d  r a t h e r  t h a n  t h e  m o b i l e  

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

i n  t h e  l o w - s l i p - a n g l e  measu remen t s , *  and s o  no  f u r t h e r  s i g n i -  

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

The s u b j e c t  t i r e s  were  worn u s i n g  t h e  f o l l o w i n g  TTI 

s t a n d a r d  t e s t  p r o c e d u r e  : Tlienty t r a p e z o i d a l  s t e e r  maneuvers  

on d r y  pavement we re  r u n  a t  t h e  h i g h e s t  t r a p e z o i d a l  s t e e r  

a m p l i t u d e  i n  t h e  ITHTP s e q u e n c e .  The maneuvers  we re  r u n  w i t h  

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

l e f t ,  t h e n  f i v e  t o  t h e  r i g h t ,  t h e n  f i v e  t o  t h e  l e f t .  A t  t h e  

end o f  t h i s  s e q u e n c e ,  t h e  l a t e r a l  a c c e l e r a t i o n  t i m e  h i s t o r i e s  

f o r  t h e  l a s t  few r u n s  were  compared.  I f  t h e s e  t i m e  h i s t o r i e s  

i n d i c a t e d  no s i g n i f i c a n t  changes  i n  t h e  peak  measured  l a t e r a l  

a c c e l e r a t i o n s ,  t h e  t i r e s  a r t  r e f e r r e d  t o  a s  " s h o u l d e r  worn . "  

Four F i r e s t o n e  Deluxe Champion W78-14 and f o u r  B . F .  

Goodr ich  S i l v e r t o w n  E78-14 t i r e s  were  s u b j e c t e d  t o  t h i s  p r o -  

c e d u r e  on t h e  Ruick and Mustang,  r e s p e c t i v e l y .  These  t i r e s  

were  t h e n  u sed  i n  t h e  t e s t  program a t  TTI i n  a  r a t h e r  

e x t e n s i v e  v e h i c l e  t e s t  p rog ram,  i n c l u d i n g  t r a p e z o i d a l ,  

W e  a r e  c o n f i d e n t  t h a t  t h e  a n g u l a r  s e t t i n g  on t h e  m o b i l e  
t i r e  t e s t e r  i s  a c c u r a t e  t o  t 0 . 1 " .  While t h i s  i s  e n t i r e l y  
r e a s o n a b l e  f o r  l a r g e  s l i p  a n g l e s  ( s a y ,  above  2 " ) ,  a more 
p r e c i s e  a n g u l a r  s e t t i n g  i s  a  n e c e s s i t y  i f  compar i sons  o f  
lo  d a t a  a r e  t o  b e  made. 



s i n u s o i d a l ,  and b r a k i n g - i n - a -  t u r n  maneuvers .  (The VHTP 
h i s t o r y  of  t h e s e  t i r e s  i s  g i v e n  i n  T a b l e s  3-8 and 3-9 o f  

S e c t i o n  3 . 2 . )  A t  t h e  c o n c l u s i o n  o f  t h e  e m p i r i c a l  work a t  
TTI ,  t h e  l e f t - f r o n t  and l e f t - r e a r  t i r e s  were  f l a t - b e d  t e s t e d  

a t  HSRI f o r  comparison w i t h  s i m i l a r  measurements  o f  a  new 

t i r e  f rom t h e  same l o t . *  

The t r e a d  p r o f i l e s  o f  t h e  new and worn t i r e s  may b e  

compared i n  F i g u r e  3 -6 .  Note t h a t  t h e  i n t e r i o r  t r e a d  e l e m e n t s  

a r e  s e v e r e l y  worn,  a s  a r e  t h e  " s h o u l d e r s , "  and t h a t  t h e  grooves  

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

A summary o f  some o f  t h e  d a t a  measured on t h e  f l a t - b e d  

t e s t e r  f o r  each  of  t h e s e  t i r e s  i s  p r e s e n t e d  i n  Tab le s  3 - 2  and 

3-3 .  ( A l l  t h e  measured d a t a  a r e  p r e s e n t e d  i n  Appendix D , )  

Note t h a t  t h e  l a t e r a l  f o r c e s  measured a t  t h e  mid - range  and 

h i g h  s l i p  angl-es a r e  much h i g h e r  i n  t h e  worn c a s e s .  I n  a d d i t i o n ,  

n o t e  t h a t  most of  t h e  l o \ i  s l i p  a n g l e  v a l u e s  a r e  a l s o  s i g n i -  

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

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

The l o n e  e x c e p t i o n  t o  t h i s  t r e n d  a p p e a r s  t o  be  t h e  B . F .  

Goodrich S i l v e r t o w n  a t  1400 l b s .  l o a d .  

3 . 1 . 3  SOblE ADDITIONAL CO?DIENTS OX TEST-  INDUCED TIRE 
WEAR. An a n a l y s i s  o f  t h e  work o f  p r e v i o u s  r e s e a r c h e r s  and 

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

no  doubt  t h a t  s i g n i f i c a n t  t i r e  wear may b e  e x p e c t e d  t o  a c c r u e  

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

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

p rogram,  such  a s  shown i n  F i g u r e s  3 - 4  and 3 - 5 ,  and d a t a  f rom 

p r e v i o u s  programs (such  a s  [ 11 and [ 41) i n d i c a t e  t h a t  

f r e q u e n t  t e s t  t i r e  changes seem t o  b e  n e c e s s a r y  i f  t h e  new 

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

*Our t e s t s  have i n d i c a t e d  t h a t  t h e  Buick and bIustang OE t i r e s  
f rom t h e  same l o t  e x h i b i t  remarkably  s i m i l a r  p r o p e r t i e s .  



L e f t  F r o n t  T i r e  

I+'11i t e w a l l  

S i d e  
L e f t  Rear T i r e  

B . F .  Goodr ich  S i l v e r t o ~ i n  B e l t e d  E78-14, 2 4  p s i  

F i g u r e  3 - 6 a .  T r e a d  p r o f i l e  f o r  ne \ i  and ~ i o r n  t i r e s .  

L e f t  Rear T i r e  

I F i r e s t o n e  Dc lu se  Champion S U ~ - R - B ; ~ ~  1 4 7 8 - 1 4 ,  2 8  p s i  

--- - - - - - 

F i g u r e  3-613. Tread p r o f i l e  l o r  new and worn t i r e s .  
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highway s p e e d s .  I n  t h i s  s e c t i o n  we w i l l  c o n s i d e r  i n  d e t a i l  

t h e  changes t h a t  acc rued  i n  two t i r e s  as  a  r e s u l t  o f  a  

seemingly  nominal amount of  h i g h - s p e e d  t i r e  t e s t i n g .  

A Genera l  B e l t e d  Jumbo G78-15 was t e s t e d  on t h e  TIRF 

f a c i l i t y  o f  Calspan Corpora t ion  as  p a r t  o f  t h e  Exper imen ta l  

V a l i d a t i o n  o f  t h e  Calspan T i r e  Research F a c i l i t y  [ 9 1 .  That  

t i r e ,  r e f e r r e d  t o  a5 #02 i n  Reference  9 was t e s t e d  under  

t h e  c o n d i t i o n s  l i s t e d  i n  Table  3 -4 .  That  t i r e  and a  new 

t i r e  from t h e  same l o t  were t h e n  t e s t e d  on t h e  HSRI f l a t - b e d  

t i r e  t e s t e r  t o  a s c e r t a i n  t h e  e f f e c t s  o f  t h e  TIRF-induced wear .  

The t r e a d  p r o f i l e s  o f  t h e  new t i s e  and t h e  worn t i r e  a r e  

shown i n  F igure  3 - 7 ,  and t h e  measured s i d e  f o r c e s  a r e  p r e s e n t e d  

i n  c a r p e t  p l o t  form i n  F igure  3 - 8 .  

Note t h a t  w h i l e  t h e  h i g h - s l i p - a n g l e  f o r c e s  o f  t h e  worn 

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

s t i f f n e s s  dropped s i g n i f i c a n t l y .  

Tab le  3 -4 .  TIRF T e s t  Program f o r  t h e  
Genera l  Jumbo G78-15 T i r e  
ID go2 

Angles a t  Each Speed P r e s s u r e  
P r e s s u r e  and Load ( m ~ h )  ( p s i >  Normal Load 







A F i r e s t o n e  500 S t e e l - B e l t e d  Rad ia l  JR78-15 was t e s t e d  

under  a  comparable s e t  of c o n d i t i o n s  d u r i n g  t h e  TIRF v a l i -  

d a t i o n  program. I n  t h i s  c a s e ,  t h e  t i r e  r e f e r r e d  t o  a s  #03 

i n  Reference  9  was f l a t - b e d  t e s t e d  a long  w i t h  a  new t i r e  

from t h e  same l o t  t o  a s c e r t a i n  t h e  e f f e c t  o f  TIRF-induced 

wear .  The t r e a d  p r o f i l e  of t h e  new t i r e  and t h e  worn t i r e  

a r e  shown i n  F igure  3 - 9 ,  and t h e  measured s i d e  f o r c e s  a r e  

p r e s e n t e d  i n  F i g u r e  3-10 .  I n  t h i s  c a s e ,  q u i t e  s i m i l a r  f o r c e  

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

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

t o  f o r c e  changes due t o  t e s t - i n d u c e d  wear .  ( I n  t h i s  r e g a r d ,  

s e e  F igure  3 - 5 . )  However, i t  i s  e v i d e n t  t h a t  s u b s t a n t i a l l y  

lower f o r c e s  .itrere measured f o r  t h e  worn t i r e  a t  triro and f o u r  

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

f o r  f r e q u e n t  changes i n  t h e  t e s t  t i r e s  d u r i n g  h i g h - s p e e d  

t e s t i n g .  

Whitewall  

F igure  3 - 9 .  Tread p r o f i l e  f o r  a new and t e s t - w o r n  F i r e s t o n e  5 0 0  
S t e e l -  B e l t e d  Rad ia l  J R 7 8 - 1 5 ,  28  p s i .  





3 . 1 . 4  A SIMPLIFIED ANALYSIS OF TIIE EFFECTS OF TEST- 

WORN TIRES ON V E H I C L E  TEST RESULTS. T h i s  s e c t i o n  c o n t a i n s  

an a n a l y s i s  which demons t ra t e s  how a s ina l l  amount of  s h o u l d e r  

wear  can 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  v e h i c l e  s i d e s l i p  

a n g l e  a t t a i n e d  d u r i n g  a  l i m i t  o r  s u b - l i m i t  t u r n i n g  maneuver. 

Cons ider  t h e  s i m p l i f i e d  f r ee -body  diagram i n  F i g u r e  3 -11 ,  i n  

which t h e  p l a n  view of a  v e h i c l e  i n  a  s t e a d y  t u r n  i s  

p r e s e n t e d .  (Note t h a t  a l i g n i n g  t o r q u e  i s  n e g l e c t e d ,  t h e  s i d e -  

s l i p  a n g l e ,  6, i s  assumed s m a l l ,  and f o r e - a f t  f o r c e s ,  a s  from 

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

f o r c e s ,  FYI, developed a t  t h e  s t e e r e d  f r o n t  w h e e l s ,  a r e  

n e g l e c t e d . )  Moment e q u i l i b r i u m  r e q u i r e s  t h a t  

F igure  3-11.  P lan  view of a v e h i c l e  i n  a  s t e a d y  t u r n .  



The sum o f  t h e  l a t e r a l  f o r c e s  m u s t ' b e  

where  r i s  t h e  yaw r a t e ,  M i s  t h e  t o t a l  mass o f  t h e  v e h i c l e ,  

and V i s  t h e  s p e e d ,  The t o t a l  normal  l o a d  on t h e  f r o n t  t i r e s  

i s  FZ1. bloment o f  e q u i l i b r i u m  r e q u i r e s  

S u b s t i t u t i n g  E q u a t i o n s  (3 -1 )  and ( 3 - 3 )  i n t o  E q u a t i o n  ( 3 - 2 )  

y i e l d s  

where  t h e  r i g h t - h a n d  s i d e  i s  t h e  nond imens iona l  l a t e r a l  

a c c e l e r a t i o n  ( i n  u n i t s  o f  g r a v i t a t i o n a l  a c c e l e r a t i o n )  and 

t h e  f o r c e s  a r e  t h e  t o t a l  l a t e r a l  and v e r t i c a l  l o a d s  on t h e  

f r o n t  t i r e s .  I n  a  s i m i l a r  manner i t  can b e  shown t h a t  

where  FZ2  i s  t h e  t o t a l  normal  l o a d  on t h e  r e a r  t i r e s .  

FY 1 The v a l u e s  o f  and - F Y 2  may b e  combined i n  one  p l o t  FZ 2 
a s  a  f u n c t i o n  o f  s l i p  a n g l e  t o  g a i n  i n s i g h t  i n t o  t h e  s t e a d y  

t u r n i n g  b e h a v i o r  o f  t h e  v e h i c l e  i n  t h e  n o n l i n e a r  r a n g e . *  For  
FY 1 example ,  c o n s i d e r  F i g u r e  3 -12 ,  i n  r ihich t y p i c a l  - I:Y 2 
FZ1 and - FZ 2 

v a l u e s  a r e  shown a s  a  f u n c t i o n  o f  f r o n t  and r e a r  s l i p  a n g l e ,  
- 

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

3-12 t h e  s i d e s l i p  a ,ng les  a r e  af and N e g l e c t i n g  s m a l l  

hThis  i s  n o t  a  p a r t i c u l a r l y  s t r a i g h t f o r w a r d  p r o c e d u r e ,  s i n c e  
m a t t e r s  a r e  s i g n i f i c a n t l y  c o ~ n p l i c a t c d  by l a t e r a l  l.oa.cl t r a n s -  
f e r .  However, t h e  d e t a i l s  o f  t h e s e  m a t t e r s  have  l i t t l e  
b e a r i n g  on t h i s  d i s c u s s i o n .  

3 9 



V:r = FYI - FY2 - -  
FZ1 F Y B  

g  

FY'l - - 
FZ'l 

--- Shou lde r  
Worn 

* - 
C1 

' f ,  "r 
r a f  

- 
Figure  3-12.  Normalized l a t e r a l  f o r c e  a s  a  f u n c t i o n  of  

f r o n t  and r e a r  s i d e s l i p  a n g l e s  a f  and % r .  

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

t h e  r e a r  wheels  i s  

C l e a r l y ,  f o r  a  g iven  v e l o c i t y ,  V ,  and a  f i x e d  l a t e r a l  

a c c e l e r a t i o n  (Vr) t h e  yaw r a t e ,  r ,  i s  de te rmined .  Thus,  f o r  

a  p a r t i c u l a r  v e h i c l e ,  t h e  te rm i n  ( 3 - 5 )  i s  c o n s t a n t  f o r  

a s p e c i f i e d  l e v e l  o f  s t c n d y  t u r n ,  a n d  t h e  v s l u e  o f  9 a t t a i n e d  

depends upon K r .  I n s p e c t i o n  of  t h e  example p r e s e n t e d  i n  

F i g u r e  3-12 shows t h a t  a  s m a l l e r  $ cor responds  t o  l a t e r a l  
- 

a c c e l e r a t i o n ,  a ,  i n  t h e  shoulder -worn  c a s e .  



Now c o n s i d e r  t h e  same new t i r e  c o n d i t i o n  compared t o  

a n o t h e r  shoulder -worn  s t a t e  a s  i n  F i g u r e  3-13.  (Note t h a t  

t h e  s h e a r  f o r c e  l imits a r e  t h e  same i n  F i g u r e s  3-12 and 3-13 . )  

I n  t h i s  c a s e ,  t h e  s h o u l d e r  worn t i r e s  obv ious ly  have a h i g h e r  

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

1 
F Y P  
Fa2 

- New 

-- Shoulder  Worn 

ci r  " f 

F igure  3-13.  Normalized l a t e r a l  f o r c e s  a s  a  f u n c t i o n  of 
f r o n t  and r e a r  s i d e s l i p  a n g l e s  a f  and a r .  

This  r a t h e r  academic example i s  n o t  a  r i g o r o u s  s t a t e -  

ment. (We a r e ,  a f t e r  a l l ,  d e a l i n g  w i t h  a  very  s imple  model.)  

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

limit pe r io r~ l l ance  o f  a t i r e - v e h i c l e  sys teiii 'w i th  n o n - s l ~ o i i l d ~ x -  

worn t i r e s  i s  t o  be a s s e s s e d  by means of  t e s t s  run  w i t h  

shoulder -worn  t i r e s ,  t h e  d i f f e r e n c e s  between t h e  shoulder -worn  

t i r e s  and t h e  t i r e s  t o  be a s s e s s e d  must be  t aken  i n t o  account  
a c r o s s  t h e  e n t i r e  range o f  l o a d  and s l i p  a n g l e  used i n  t h e  

t e s t  p rocedure .  



. To avoid  t h e s e  compl ica t io l l s  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 ,  i t  was dec ided  t o  a t t e m p t  t o  m a i n t a i n  n e w - t i r e  

c o n d i t i o n s  i n  t h e  mobi le  t i r e  t e s t i n g  and i n  t h e  v e h i c l e  

t e s t i n g  by changing t i r e s  o f t e n  enough t o  c o n t r o l  t h e  e f f e c t s  

o f  s h o u l d e r  w e a r . .  D e t a i l s  o f  t h e  s t e p s  t a k e n  t o  minimize 

s h o u l d e r  wear a r e  g iven  i n  t h e  f o l l o w i n g  two s e c t i o n s .  

3 . 1 . 5  THE MOBILE TIRE TEST PLAN. The t i r e s  l i s t e d  i n  

Tab le  3-5 were t e s t e d  r e p e a t a b l y  through a  ze ro  t o  s i x t e e n -  

degree  s l i p  a n g l e  increment  on dry  c o n c r e t e .  (Some o f  t h e  

d a t a  measured duri-ng t h i s  t e s t i n g  were p r e s e n t e d  i n  F i g u r e  

3-4 and Tab les  3-2 and 3-3 .  The e n t i r e  d a t a  s e t  i s  g i v e n  i n  

~- - 

Tab le  3 - 5 .  T i r e s  Tes ted  f o r  t h e  E f f e c t s  
of Shou lde r  ]Sear. 

B . F .  Goodrich S i l v e r t o w n  E78-14 

Br idges tone  225R-14 

 ires stone Deluxe Champion H78-14 

F i r e s t o n e  5 0 0  H78-14 

Goodyear Custom Polqer Cushion P o l y g l a s  #78-  1 4  

P i r e l l i  185R-14 

Appendix D.) These t e s t s  i n d i c a t e d  t h a t  t h e  measured s h e a r  

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

Thus i t  was dec ided  t o  limit each t i r e  t o  one s i x t e e n - d e g r e e  

t e s t  on a  dry  s u r f a c e ,  t h e r e b y  p roduc ing  t h e  mobi le  t i r e  

t e s t  m a t r i x  shown i n  Table  3-6 f o r  u s e  a t  TTI.  Note t h a t  

each  e n t r y  i n  t h i s  m a t r i x  r e q u i r e s  one t e s t  t i r e ,  and t h u s  

f o u r  t i r e s  were r e q u i r e d  t o  o b t a i n  one s e t  of  d a t a  f o r  t h e  

t e s t  m a t r i x  g iven  i n  t h e  t a b l e .  This  added expense i s  

j u s t i f i e d ,  i n  t h a t  t h e  measured d a t a  a r e  q u i t e  r e p r e s e n t a t i v e  

of  t h e  new t i r e s  on t h e  TTI s u r f a c e .  Thus t h e  d a t a  have u t i l i t y  



T a b l e  3 - 6 .  The Dry -Sur face  Mobile  T i r e  T e s t  Program 

E-78 T i r e s  

Speed Load 

( m ~ h )  80 0  1100 1400 

H - 7 8  T i r e s  

Speed Load 

( m ~ h )  80 0  1100 1700 

X = F r e e - r o l l i n g  d a t a  a t  a = 0 ,  2 ,  4 ,  8 ,  16 deg .  

p = " p - s l i p "  d a t a  a = 0 ,  4 deg .  

f o r  p r e d i c t i n g  t h e  per formance  o f  t h e  t e s t  v e h i c l e s  equ ipped  

w i t h  new t i r e s  and t e s t e d  on t h e  TTI t e s t  s u r f a c e s  and 

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

Note t h a t  w h i l e  t h e  r a d i a l  t i r e s  seemed f a r  l e s s  s u s -  

c e p t i b l e  t o  wea r - induced  changes i n  l a t e r a l  s h e a r  f o r c e  l e v e l s  

t h a n  d i d  t h e  b i a s  t i r e s  and t h e  b i a s - b e l t e d  t i r e s ,  t h e  t e s t  

m a t r i x  p r e s e n t e d  i n  T a b l e  3 - 6  was a l s o  used  f o r  t h e  r a d i a l  

t i r e s .  On t h e  wet s u r f a c e ,  however ,  where none o f  t h e  t i r e s  

seemed t o  a c c r u e  s i g n i f i c a n t  w e a r ,  a  s i n g l e  t i r e  was used  

f o r  t h e  e n t i r e  wet t e s t  s equence .  The wet t e s t s  a r e  d i s c u s s e d  

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

3 . 1 , 6  THE VEI-IICLE TEST PLAN. The t e s t  m a t r i x  f o r  

t h e  Buick i s  p r e s e n t e d  i n  Tab le  3 - 7 ,  and f o r  t h e  Mustang i n  

Tab le  3 -8 .  Each n u m e r i c a l  e n t r y  i n  t h e  m a t r i x  r e f e r s  t o  a  

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

same s e t  o f  t i r e s  was used  r e p e a t e d l y  i n  wet t e s t i n g  and i n  





T a b l e  3 - 8 .  T e s t  Matrix for - t h e  Mustang 

Maneuver Numbers 
And Names 

I 

TIRE C0I:FIGURATION HEADIr4GS AND iYUI4GERS 

I 

+ 
w 
3 

2- 
e 
C3 

W 

0 

11 

11 

2, 

11 

11 

29,30 

35,36 

X 

41 

S t .  L ine  
Braking  

Braking In 
A Turn 

9 S i n u s o i d a l  . 
Steer  

S t .  L ine  
Graking 

Braking  In 
A Turn 

--? 

Si nusoi  d a l  
~ t c c r  

T rapezo ida l  
Stwr 

Turn ing  on a 
Rough Road 

D r a s t i c  S t e e r  
and Brake 
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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  on t h e  
d r y  s u r f a c e .  However, i n  t h e  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 on t h e  d r y  s u r f a c e ,  t h e  t e s t  t i r e s  were  

changed f r e q u e n t l y .  

The e x a c t  t e s t  h i s t o r y  o f  t h e  t i r e s  c o r r e s p o n d i n g  t o  each  

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

Appendix E o f  t h i s  r e p o r t .  I n  t h i s  s e c t i o n ,  t h e  r a t i o n a l e  

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

w i l l  b e  p r e s e n t e d :  

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

i n  Re fe r ence  1, w i t h  one major  excep t ion -  

no  r e p e a t s  a r e  r u n .  Thus a t  e ach  s t e e r  l e v e l  

t h e r e  a r e  j u s t  two r u n s ,  one each  c o r r e s p o n d i n g  

t o  r i g h t  and l e f t  p o l a r i t y .  

2 .  T e s t - i n d u c e d  wear  was n o t  c o n s i d e r e d  t o  be  

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

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

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

low. 

3. I n  t h e  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  maneuvers ,  t n e  l a t e r a l  f o r c e s  a t  t h e  t i r e -  

r oad  i n t e r f a c e  were  e x p e c t e d  t o  remain  r e l a t i v e l y  

low. T h e r e f o r e ,  t h e  same t i r e s  were  u s e d  

t h r o u g h o u t  t h i s  t e s t  s e q u e n c e .  

4 .  For  t h e  s i n u s o i d a l  and t r a p e z o i d a l  maneuvers 

on t h e  d ry  s u r f a c e ,  new t i r e s *  were  u sed  i n  

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

o f  s h o u l d e r  wear .  For  example ,  a  new s e t  o f  

t i r e s  was u s e d  i n  Buick s i n u s o i d a l  t e s t s  35 and  

t r a p e z o i d a l  t e s t s  4 4 ,  w i t h  s t e e r  a m p l i t u d e  l e v e l s  

shown i n  T a b l e  3 - 9 .  These t i r e s  were  the11 deemed 

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

f o r  u se  i n  f u r t h e r  t e s t i n g .  

V h e s e  t i r e s ,  a s  a l l  t h e  t e s t  t i r e s ,  we re  b roken  i n  by 
100 m i l e s  of  normal  d r i v i n g .  



T a b l e  3 - 9 .  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  T e s t s  

Normal ized  S t e e r  
~ m p l i t u d e  S t e e r  Ampli tude (deg )  

Buick Must  an^ 

V r a p e z o i d a l  o n l y  

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

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

t o  t h e  e f f e c t s  of  s h o u l d e r  w e a r ,  a s  w i l l  b e  shown be low.  

3 . 1 . 7  VEHICLE TEST RESULTS INDICATING THE EFFECTS OF 

SHOULDER NEAR. A compar i son  of  t h e  measured t r a p e z o i d a l  s t e e r  

r e s p o n s e  f o r  t h e  Buick w i t h  t i r e  c o n f i g u r a t i o n s  44 ,  45 ,  and 

34 w i l l  p roduce  some i n s i g h t  i n t o  t h e  e f f e ' c t s  of s h o u l d e r  

wear  f o r  t h e  OE Bu ick .  T e s t  c o n f i g u r a t i o n  44 i s  t h e  OE 

t r a p e z o i d a l  s t e e r  s equence  r u n  w i t h  t h e  l o w e s t  s t e e r  a n g l e  

f i r s t ,  a s  shorin i n  T a b l e  3 - 9 .  (Thus t h e  t e s t s  r u n  a t  t h e  

h i g h e s t  a m p l i t u d e  s t e e r  l e v e l s  migh t  b e  e x p e c t e d  t o  show some 

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

t e s t i n g . )  I n  t e s t  c o n f i g u r a t i o n  4 5 ,  on t h e  o t h e r  h a n d ,  t h e  

same s t e e r  a n g l e s  were  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  f i r s t  and work ing  down. (Thus t h e  f i r s t  t e s t  i n  t h e  

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

worn t e s t ,  and wear  i n c r e a s e s  a s  t h e  s t e e r  a n g l e s  d r o p . )  



1 n . F i g u r e  3 -14 ,  t h e  maximum measured peak l a t e r a l  

a c c e l e r a t i o n  l e v e l s  measured i n  t e s t  c o l l f i g u r a t i o n s  44 and 

45  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  f o r  colnpar ison w i t h  t h e  

d a t a  measured f o r  s h o u l d e r - w o r n  c o n f i g u r a t i o n  34 .  The r e s u l t s  

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

o f  s h o u l d e r  wear-the s h o u l d e r  worn p o i n t s  ( t r i a n g l e s )  f rom 

c o n f i g u r a t i o n  34 g e h e r a l l y  l e a d  t o  t h e  h i g h e s t  l a t e r a l  a c c e l e r a  

t i o n  l e v e l s ,  and t h e  p a r t i a l l y  worn t i r e s ,  i n d i c a t e d  by t h e  

s o l i d  d o t s  a t  low s t e e r  l e v e l s  and t h e  open c i r c l e s  a t  h i g h  

s t e e r  l e v e l s ,  show s i g n s  of  i n c r e a s i n g  s h o u l d e r  w e a r ,  

F i g u r e  3- 15 shows t h a t  somewhat d i f f e r e n t  r e s u l t s  were  

measured i n  comparable  Mustang t e s t s .  While t h e  J lustang OE 

t i r e  i s  s u s c e p t i b l e  t o  s h o u l d e r  wear ( a s  shown i n  F i g u r e  3 - 4 ) ,  

t h e  wear  a p p a r e n t l y  d i d  n o t  b u i l d  up a s  r a p i d l y  d u r i n g  t h e  

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

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

The u s e  of shou lde r - r io rn  t i r e s  d i d  n o t  a lways l e a d  t o  
4 

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

worn t i r e s .  C o n s i d e r ,  f o r  example,  t h e  s i n u s o i d a l  s t e e r  

r e s u l t s  p r e s e n t e d  i n  F i g u r e  3 - 1 6 ,  i n  which t h e  peak l a t e r a l  

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

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

I n  t h i s  c a s e ,  t h e  shou lde r -worn  t i r e s  y i e l d  r e s u l t s  q u i t e  

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

3 . 1 . 8  SLJlslbIARY. T i r e  wear  d u r i n g  t h e  c o u r s e  o f  t i r e  

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

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

can  b e  an i n c r e a s e  o r  a  d e c r e a s e  i n  l a t e r a l  f o r c e ,  depend ing  

on t h e  c h a r a c t e r i s t i c s  of  t h e  unworn t i r e  and t h e  amount o f  

wear .  
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The o b j e c t i v e s  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 s  r e q u i r e d  

t h e  measurement o f  changes i n  v e h i c l e - t i r e  sy s t em p e r f o r -  

mance r e s u l t i n g  from t i r e - i n - u s e  f a c t o r s .  Thus i t  was 

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

wear f o r  t h e  v a r i o u s  t e s t  t i r e s .  To t h i s  e n d ,  t h e  t i r e  and 

. v e h i c l e  t e s t  programs were de s igned  t o  l i m i t  t e s t - i n d u c e d  

wear  a s  much a s  p o s s i b l e .  I n  a d d i t i o n ,  t i r e  t e s t s  were 

per formed  t o  a s s e s s  t h e  changes  from t h e  new c o n d i t i o n  r e s u l t i n g  

f rom mobi le  t i r e  t e s t  w e a r ,  and v e h i c l e  t e s t s  were  per formed  

t o  a s s e s s  t h e  e f f e c t s  o f  i n t e n t i o n a l l y  shou lde r -worn  OE t i r e s  

on t h e  f i n d i n g s  y i e l d e d  by 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 .  

3 . 2  INFLATION PRESSURE 

P r e v i o u s  s t u d i e s  have shown t h a t  a s i g n i f i c a n t  number 

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

i c a n t l y  d i f f e r e n t  from t h a t  recommended by t h e  m a n u f a c t u r e r .  

For  example ,  i t  was r e p o r t e d  i n  Re fe r ence  1 0  t h a t  of  1620 

t i r e s  s u r v e y e d ,  7 . 5 %  had c o l d  i n f l a t i o n  p r e s s u r e s  5 p s i  o r  

more 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 s .  

O the r  r e s e a r c h e r s  have p r e s e n t e d  d a t a  i n  s u b s t a n t i a l  

agreement  w i t h  t h i s  f i n d i n g .  For  example ,  c o n s i d e r  t h e  

d a t a  o r i g i n a l l y  p r e s e n t e d  i n  Re fe r ence  11, l i s t e d  h e r e  i n  

Tab l e  3-10.  Note t h a t  1 2 . 9 %  of t h e  c a r s  su rveyed  had a t  

l e a s t  one t i r e  w i t h  a  c o l d  i n f l a t i o n  p r e s s u r e  of 18  p s i  o r  

l e s s ,  and t h a t  o v e r  one p e r c e n t  o f  t h e  c a r s  su rveyed  had  a t  

l e a s t  one t i r e  a t  1 2  p s i  o r  l e s s .  

I n  t h e  p r e s e n t  r e s e a r c h ,  a n a l y t i c a l  and e m p i r i c a l  e v i d e n c e  

ha s  been  g a t h e r e d  i n d i c a t i n g  an i m p o r t a n t  r e l a t i o n s h i p  between 

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

t h e  Mustang.  The d i s c u s s i o n  of  t h i s  r e l a t i o n s h i p  w i l l  b e  

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

mobi le  t i r e  t e s t  nleasurements t a k e n  a t  v a r i o u s  i n f l a t i o n  

p r e s s u r e s .  



Tab le  3-10.  Number and P e r c e n t . o f  Cars C l a s s i f i e d  by 
Number o f  U n d e r i n f l a t e d  T i r e s  A t  o r  
Below S p e c i f i e d  P r e s s u r e s .  

T o t a l  -Number o f  Cars  Examined = 1904 

T i r e s - p e r  Car and P e r c e n t  o f  P o p u l a t i o n  T o t a l  

I n f l a t i o n  1 P e r -  2 P e r -  3  P e r -  4  P e r -  P e r -  
P r e s s u r e  T i r e  c e n t  T i r e s  c e n t  T i r e s  c e n t  T i r e s  c e n t  c a r s a  c e n t  

2 0 316 1 6 . 6  126 6 . 6  65 3 .4  34 1 . 8  541 2 8 . 4  

a l ~ r i t h  one o r  more u n d e r i n f l a t e d  t i r e s  

3 . 2 . 1  FLAT-BED TEST RESULTS. A summary o f  some o f  t h e  

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

T a b l e  3 -11 .  The l o a d s  g i v e n  i n  t h e  t a b l e  a r e  800 l b .  f o r  t h e  

E - s i z e  t i r e s  ( a p p r o x i m a t e l y  t h e  s t a t i c  l o a d  on t h e  t i r e s  f o r  

t h e  t e s t  hlustang) and 1100 l b .  f o r  t h e  H - s i z e  t i r e s  ( a p p r o x i -  

m a t e l y  t h e  s t a t i c  l o a d  f o r  t h e  t e s t  B u i c k ) .  The t i r e  t e s t  

measurements a r e  p r e s e n t e d  i n  t h e i r  e n t i r e t y  i n  Appendix D 
o f  t h i s  r e p o r t .  

I t  s h o u l d  be  n o t e d  t h a t  t h e  normal  p r o c e d u r e  was t o  t e s t  

one t i r e  a t  t h e  f o u r  i n f l a t i o n  p r e s s u r e s  shown i n  t h e  t a b l e .  

I n  f o u r  c a s e s ,  however ,  some o f  t h e  d a t a  was n o t  measured due 

t o  an o v e r s i g h t .  The a p p r o p r i a t e  measurements were  s u b s e q u e n t l y  

p r o c u r e d  from a  s e p a r a t e  t i r e  t a k e n  f rom a  s e p a r a t e  l o t .  Thus 

t h e  d a t a  p o i n t s  n o t e d  w i t h  an a s t e r i s k  g i v e  some i n d i c a t i o n  

of  t h e  v a r i a b i l i t y  i n  l i n e a r  r ange  p r o p e r t i e s  which may be  

e x p e c t e d  from l o t  t o  l o t  f o r  a p p a r e n t l y  i d e n t i c a l  t i r e s  f rom 

t h e  same m a n u f a c t u r e r s .  



T a b l e  3-11.  The E f f e c t  o f  I n f l a t i o n  P r e s s u r e  on 
Corner ing  S t i f f n e s s ,  A l i g n i n g  S t i f f n e s s ,  
and Camber S t i f f n e s s  

Corne r ing  
S t i f f n e s s  

l b l d e g  

A l i g n i n g  
S t i f f n e s s  
f t .  l b / d c g  

Camber 
S t i f f n e s s  

l b l d e g  - 
P r e s s u r e  

T i r e  . p s i  
E S i z e  
T e s t  Load = 800 l b .  

F i r e s t o n e  500 2 8  
. E78-14 2 2 

16 
10 

Genera l  B e l t e d  2 8  
Jumbo E78-14 2 2  

16  
10 

Goodrich S i l v e r t o w n  28 
E78-14 ( O E  t i r e ) *  2 2 

16  
10 

Goodyear Custom 2 8 
Power Cushion "2 
P o l y g l a s  E78-14 16 

10 

P i r e l l i  185-14  2 8  
2 2 
16 
10 

T e s t  H S i z e  
Load = 1100 l b .  

B r i d g e s t o n e  225R-14 34 
*26 
1 8  
10 

F i r e s t o n e  Deluxe 3 4  
Champion H78-14 2 6 
(OE t i r e )  1 8  

10 

F i r e s t o n e  500 3 4  
H78-14 2 6 

1 8  
10 " 

F i r e s t o n e  Town 6 3 4  
Country H78-14 *26 
(snow) 1 8  

10 

F i r e s  t o n e  Town. 8, 3  4 
Country HR78-14 * 2  6  
(snow) 18  

10 
Gene ra l  B e l t e d  3  4 

Jumbo' H78-14 2 6 
18  
10 

"T i r e  from a  s e p a r a t e  l o t .  



C o r n e r i n g  s t i f f n e s s ,  which  may b e  d e f i n e d  a s  t h e  r a t e  

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

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

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

w i t h  r e g a r d  t o  t h e  normal  d r i v i n g  r a n g e .  The d a t a  p r e s e n t e d  

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

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

t e s t e d .  I n  a d d i t i o n ,  n o t e  t h a t  a l i g n i n g  moment t e n d s  t o  

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

The drop  i n  c o r n e r i n g  s t i f f n e s s  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  may b e  e x p e c t e d  t o  b e  dependen t  on t h e  v e r t i c a l  l o a d .  

A s  an example ,  c o n s i d e r  F i g b r e  3-17 i n  which  t h e  c o r n e r i n g  

s t i f f n e s s  o f  t h e  F i r e s t o n e  5 0 0  1178-14 i s  p l o t t e d  a s  a  f u n c t i o n  

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

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

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

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

Load,  L b .  

--- 
1 0  1 8  2 6  3 4  

I n f l a t i o n  P r e s s u r e  (1)si)  

F i g u r e  3 -17 .  C o r n e r i n g  s t i f f n e s s  a s  a  f u n c t i o n  o f  i n f l a t i o n  
p r e s s u r e  and l o a d ,  F i r e s t o n e  500 W 7 8 - 1 4 ,  26 p s i .  



3 .2 .2  MOBILE TIRE TEST RESULTS. Each o f  t h e  OE t i r e s ,  

t h e  F i r e s t o n e  Deluxe Champion Sup -R-Be l t  H78- 14  and t h e  

Goodrich S i l v e r t o w n  B e l t e d  E78-14,  have  been  t e s t e d  a c r o s s  

a wide raige o f  i n f l a t i o n  p r e s s u r e s  a t  a  v a r i e t y  o f  l o a d  

c o n d i t i o n s  and speeds  u s i n g  t h e  MSRI mob i l e  t i r e  t e s t e r .  

. These d a t a ,  which aye  summarized i n  t h i s  s e c 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 D. I n i t i a l l y ,  t h e  s t r a i g h t - l i n e  

b r a k i n g  o r  " p - s l i p "  d a t a  w i l l  be  c o n s i d e r e d .  

Each OE t i r e  was t e s t e d  a t  800 and 1100 l b s .  l o a d ,  and 

a t  two s p e e d s .  Some r e s u l t s  o f  t h e s e  t e s t s ,  l t~h ich  were p e r -  

formed a t  TTI on d ry  c o n c r e t e ,  a r e  p r e s e n t e d  i n  T a b l e s  3-12 

and 3 -13 .  

Tab l e  3 -12 .  Peak and S l i d e  F r i c t i o n  C o e f f i c i e n t  

( U P  
and u s )  f o r  t h e  F i r e s t o n e  Deluxe 

champion Sup -R-Be l t  R78-14,  Dry A s p h a l t .  

I n f l a t i o n  Load. ( l b s )  

P r e s s u r e  Speed 800 1100 

( P s i )  (mph 1 P us u u 
P  

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

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 h e  magni tude  o f  t h e  

change i s  n o t  enough t o  causc  d e t e c t a b l e  changes  i n  b r a k i n g  



T a b l e  3 -13 .  Peak and S l i d e  F r i c t i o n  C o e f f i c i e n t  

( "P 
and p,) f o r  t h e  R.F.  Goodrich 

S i l v e r t o w n  B e l t e d  E78-14,  Dry A s p h a l t .  

Load ( l b s )  , 
I n f l a t i o n  
P r e s s u r e  Speed 80 0  1100 

(PS i 1 Imph 1 !-' P !-'s !-' P 

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

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

The f r e e - r o l l i n g  mobi le  t i r e  t e s t  d a t a ,  on t h e  o t h e r  

hand ,  i n d i c a t e  t h a t  impor t  a n t  changes  t a k e  p l a c e  w i t h  v a r y i n g  

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

i n  F i g u r e s  3 -18  and 3-19 .  (The cu rves  were g e n e r a t e d  u s i n g  

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

t i o n ,  t h e  p o i n t s  marked w i t h  an o ,  e ,  o r  A i n d i c a t e  mobi le  

t i r e  t e s t e r  measurements . )  Note t h a t  t h e  f o r c e s  measured 

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

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

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

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

p r e s s u r e  and l i m i t  p e r fo rmance .  Such a  r e l a t i o n s h i p  was 

demons t r a t ed  d u r i n g  t h e  v e h i c l e  t e s t i n g ,  a s  w i l l  b e  sllown below.  







3 . 2 . 3  MEASUKE?>IENTS AND CALCULATIONS RELATING INFLATIOY 

PRESSURE TO LIMIT PERFOWII\NCE, I t  was t h e  g o a l  of  t h i s  

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

t e s t i n g ,  and a n a l y s i s ,  i f  t i r e - i n - u s e  f a c t o r s  c an  c a u s e  a  

s i g n i f i c a n t  d e v i a t i o n  f rom t h e  OE v e h i c l e  p e r f o r m a n c e .  In 

. p u r s u i t  of  t h i s  g o a l ,  mob i l e  t i r e  t e s t i n g  o f  t h e  OE Buick and 

Mustang t i r e s  was p e r f o r m e d  a c r o s s  a  w ide  s p e c t r u m  o f  i n f l a -  

t i o n  p r e s s u r e s  b e f o r e  any l i m i t  maneuver t e s t i n g ,  and a  

s i m u l a t i o n  s t u d y  ( u s i n g  t h i s  mob i l e  t i r e  d a t a )  was made t o  

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

y i e l d  a  c o s t - e f f e c t i v e  and i n f o r m a t i v e  t e s t  p rog ram.  

Some r e s u l t s  f rom t h e  p r e - t e s t  s i m u l a t i o n  s t u d y  a r e  

p r e s e n t e d  i n  T a b l e  3-14 and .  F i g u r e  3-20 ( a )  - (d )  . (Note  t h a t  

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

p l o t t i n g  o f  t h e  d a t a .  j These  c a l c u l a t i o n s ,  and s i m i l a r  c a l -  

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

p r e s s u r e  l e v e l s  l i s t e d  i n  T a b l e  3 -15  f o r  v e h i c l e  t e s t i n g .  

The 2 4 - p s i - f r o n t ,  1 8 - p s i - r e a r  c o n f i g u r a t i o n  was s e l e c t e d  

f o r  compar i son  w i t h  t h e  OE ! Ius tang.  I t  l ias b e l i e v e d  t h a t ,  

a l t h o u g h  t h i s  p r e s s u r e  d i f f e r e n t i a l  was n o t  e x t r e m e ,  marked 

changes  from t h e  O E  p e r f o r n a n c e  would be  s e e n .  

T a b l e  3-15 shows t h a t  f i v e  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  

were  s e l e c t e d  f o r  t h e  Buick .  The OE c o n d i t i o n  i s ,  o f  c o u r s e ,  

t h e  b a s i s  f o r  compar i son .  The PSI1  c o n d i t i o n  was e x p e c t e d  

t o  p roduce  v e r y  l i t t l e  change  f rom t h e  b e h a v i o r  e x h i b i t e d  

by t h e  OE c o n f i g u r a t i o n ,  i n  any maneuver ,  n o t w i t h s t a n d i n g  t h e  

d r o p  f rom t h e  O E  p r e s s u r e s  recommended f o r  t h e  f r o n t  and r e a r  

t i r e s .  The PSI2 c o n f i g u r a t i o n  ( O E  p r e s s u r e  was m a i n t a i n e d  i n  

f r o n t  w h i l e  d ropp ing  t h e  r e a r  p r e s s u r e  level . )  w a s ,  on t h e  

o t h e r  h a n d ,  e x p e c t e d  t o  show a  marked change  f rom OE p e r f o r m a n c e ,  

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



T a b l e  3 -14 .  Summary o f  Computa t ions  : 
Mustang,  232' T r a p e z o i d a l  S t e e r .  

I n f l a t i o n  S t e e r  Peak L a t e r a l  Peak S i d e s l i p  
P r e s s u r e  P o l a r i t y  A c c e l e r a t i o n  Angle  

h24 p s i  f r o n t ,  
2 4  p s i  r e a r  r i g h t  

2 4  p s i  f r o n t ,  
1 8  p s i  r e a r  r i g h t  

24 p s i  f r o n t ,  
1 2  p s i  r e a r  r i g h t  

&24 p s i  f r o n t ,  
24 p s i  r e a r  

1 8  p s i  f r o n t ,  
24 p s i  r e a r  

1 2  p s i  f r o n t ,  
24 p s i  r e a r  

l e f t  - 2 6 . 2 2  

l e f t  - 2 2 . 3 4  3 . 9 3  

l e f t  

"he measured r e l a t i o n s h i p  be tween  s t e e r i n g  \ < h e e l  
a n g l e  and r o a d  \$hee l  a n g l e ,  which \$as e n t e r e d  i n  
t h e  s i n l u l a t i o n ,  was s l i g h t l y  a symmet r i c .  Thus 
s l i g h t  d i f f e r e n c e s  a p p e a r  between t h e s e  r u n s .  

T a b l e  3 - 1 5 .  I n f l a t i o n  P r e s s u r e  Leve l s  f o r  V e h i c l e  T e s t s  

Buick Mus t a n g  
C o n d i t i o n  ~ r o n t  Rear  F r o n t  Rear 

Loaded OE 2 6 32 

Loaded PSI 2 6  1 8  











a l s o  e x p e c t e d  t o  b e  d e m o n s t r a t e d  be tween  t h e  Buick i n  t h e  

l o a d e d  OE c o n d i t i o n  and t h e  l o a d e d  PSI c o n d i t i o n .  

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

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

be  shown i n  t h e  n e x t  s e c t i o n .  

3 . 2 . 4  VEII ICLE TEST RESULTS. Each o f  t h e  s i x  VHTP p r o -  

c e d u r e s  were  per formed  i n  an a t t e m p t  t o  q u a n t i f y  changes  f rom 

OE performa.nce d e r i v i n g  from i n f l a t i o n  p r e s s u r e  d e g r a d a t i o n s .  

The r e s u l t s  o b t a i n e d  a r e  summariz.ed below f o r  each  o f  t h e  s i x  

VI-ITP ' s . 

3 . 2 . 4 . 1  S t r a i g h t - L i n e  B r a k i n g .  The o b j e c t i v e  o f  t h e  

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

measurement i s  a ccompl i shed  by s e q u e n t i a l l y  a p p l y i n g  an 

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

a t  4 0  mph u n t i l  lockup  o c c u r s  on e i t h e r  t h e  two f r o n t  o r  trtro 

r e a r  w h e e l 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 ,  a s  d i s t i n g u i s h e d  by t h e  o r d e r  i n  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  

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

B rak ing  p e r f o r ~ n a n c e  i s  cons i . de r ed  t o  be  d e g r a d e d  i f  whee l  

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 .  



The t i r e  d a t a  t a b u l a t e d  i n  T a b l e s  3 -12  and 3 - 1 3  i n d i c a t e  

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

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

d e c r e a s e d  i n  t h e  OE t i r e s .  S i n c e  t h e  s t r a i g h t - l i n e  b r a k i n g  

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

l i n e  p r e s s u r e  i n  2 5  p s i  i n c r e m e n t s ,  t h e  t e s t  p r o c e d u r e  does  

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

Thus i s  i s  n o t  s u r p r i s i n g  t h a t  t h e  t e s t  r e s u l t s ,  a s  sun~mar i zed  

i n  T a b l e  3 - 1 6 ,  i n d i c a t e  v i r t u a l l y  no change i n  b r a k i n g  

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

v a r i a t i o n s .  

T a b l e  3- 1 6 .  blaximum SIeasured D e c e l e r a t i o n  Wi thou t  
Locking Two IYheels on One A x l e .  

Pvlaximu~n D e c e l e r a t i o n  
( g ' s )  

PS I1  . 7 3  

Buick 

OE 

P S I l  

Loaded 

Loaded P S I  

The f o l l o w i n g  s i m p l i f i e d  a n a l y s i s  p r o v i d e s  a  q u a n t i -  

t a t i v e  e v a l u a t i o n  o f  t h e  i n f l u e n c e  of  peak  f r i c t i o n  c o e f f i c i e n t  

on t h e  r e s u l t s  o f  t h e  s t r a i g h t - l i n e  b r a k i n g  maneuver .  I n  a  

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

i s  o b t a i n e d  when e i t h e r  t h e  f r o n t  o r  r e a r  whee l s  a r e  on t h e  

v e r g e  o f  l o c k i n g .  C o n s i d e r  t h e  c a s e  i n  which  t h e  r e a r  whee l s  

a r e  on t h e  ve rge '  o f  l o c k i n g .  I n  t h i s  i n s t a n c e ,  



where  

and 

and 

F~~ i s  t h e  t o t a l  b r a k i n g  f o r c e  o f  t h e  r e a r  

t i r e s  

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

F~~ i s  t h e  v e r t i c a l  l o a d  on t h e  r e a r  t i r e s .  

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

K i s  a  ( p o s s i b l y  v a r i a b l e )  p a r a m e t e r  whose v a l u e  d e t e r m i n e s  

t h e  b r a k e  p r o p o r t i o n i n g .  The normal  l o a d  on t h e  r e a r  t i r e s  

can b e  found unde r  t h e  a s sumpt ion  o f  q u a s i - s t a t i c  l o a d  t r a n s -  

f e r ,  v i z . :  

W R  i s  t h e  s t a t i c  l o a d  on t h e  r e a r  t i r e s  

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

and R i s  t h e  wheel  b a s e .  

S o l v i n g  ( 3 -  6 )  , ( 3 -  7 )  , and ( 3 -  8 )  f o r  FXR y i e l d s  



Let  us  now c o n s i d e r  t h e  OE Flustang b r a k i n g  on a  d r y  

s u r f a c e .  The OE hiustang i s  d e s c r i b e d  by t h e  f o l l o w i n g  

p a r a m e t e r s  : 

"P 
-" 1 . 0  

K 2 1 . 5  ( a t  h i g h  p r e s s u r e  l e v e l s )  

W~ = 1620 l b s .  

The f r o n t  and r e a r  b r a k e  f o r c e s  o b t a i n e d  f rom E q u a t i o n s  

( 3 - 9 )  and ( 3 - 7 )  a r e  

F~~ = 1105 l b s .  

and 

F~~ = 1660 l b s .  

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

0 .755  g on t h e  3660-1b .  lb ius tang.  (?.l'ote t h a t  t h e  t e s t  r e s u l t  

was 0 . 7 3  g . )  

Now assume t h a t  p = 0 . 9  f o r  a l l  t i r e s  i n s t e a d  o f  1 . 0 .  
P  

I n  t h i s  c a s e ,  a p p l i c a t i o n  o f  E q u a t i o n s  ( 3 - 9 )  and ( 3 - 7 )  y i e l d s  

F~~ = 1026 l b s .  

F~~ = 1540 l b s .  

and v e h i c l e  d e c e l e r a t i o n  i s  e q u a l  t o  0 .702  g .  Thus a  1 0 %  

r e d u c t i o n  i n  11 y i e l d s  o n l y  0 . 0 5  g  r e d u c t i o n  i n  maximum 
P  

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  t h e  r e a r  w h e e l s .  

T h i s  0 .05  g change i n  d e c e l e r a t i o n  i s  n o t  s i g n i f i c a n t l y  

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

example ,  t h e  e f f e c t i v e n e s s  o f  t h e  r e a r  b r a k e s  o f  t h c  Plustang 



i s  such  t h a t ,  f o r  t h e  r a n g e  o f  t i r e  p r e s s u r e  and b r a k e  t o r q u e  

unde r  d i s c u s s i o n  h e r e ,  

where  TBR i s  t h e  b r a k e  t o r q u e  i n  f t j l b s  o b t a i n e d  a t  one r e a r  

whee l  and PB i s  t h e  b r a k e  p r e s s u r e  i n  p s i .  Fo r  r e a r  t i r e  

r o l l i n g  r a d i i  o f  a p p r o x i m a t e l y  one  f o o t ,  t h e  t o t a l  r e a r  b r a k e  

f o r c e  i s  a p p r o x i m a t e l y  , 

o r  i n  t e rms  o f  i n c r e m e n t a l  changes  

For  APB = 2 5  p s i ,  , a s  s p e c i f i e d  i n  t h e  t e s t  p r o c e d u r e ,  

A F ~ ~  
= 50 l b s .  

and A F ~ ~  
= K AFXR = 75 l b s .  

These  changes  i n  b r a k i n g  f o r c e  l e a d  t o  0 .034  g  change  i n  

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

( i . e . ,  0 .034  g )  i s  o n l y  m a r g i n a l l y  a d e q u a t e  t o  d e t e c t  a  

change i n  t h e  b r a k i n g  p e r f o r m a n c e  c a u s e d  by a  change  i n  

i n f l a t i o n  p r e s s u r e  t h a t  r e d u c e s  p from 1 . 0  t o  0 . 9 .  
P 

3 . 2 . 4 . 2  B r a k i n g -  111-A-Turii. The o b j ' e c t i v e  o f  t h e  b r a k i n g -  

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

( 1 )  e x p e r i e n c i n g  a l a r g e  change  i n  p a t h  c u r v a t u r e  and 

( 2 )  i n c u r r i n g  e x c e s s i v e  s i d e s l i p .  The b r a k e s  a r e  a p p l i e d  
d u r i n g  a  s t e a d y  . 3  g t u r n  a t  a v e l o c i t y  of  40 mph. Tlie 

measures  o f  pe r fo rmance  enlployed i n  t h i s  p r o c e d u r e  a r e  l i s t e d  
i n  T a b l e  3 - 1 7 .  



Tab le  3 -17 .  Measures o f  B rak ing - In -A-Turn  Per formance  

Measure Remarks 

*x Average d e c e l e r a t i o n  f rom 
40 mph t o  10 mph w i t h o u t  
l o c k i n g  two whee l s  on t h e  

, , same a x l e .  ( T y p i c a l l y  b o t h  
" i n s i . d e U  whee l s  l o c k  b e f o r e  
e i t h e r  " o u t s i d e "  w h e e l s . )  

RAT I  0 The q u o t i e n t  o f  t h e  a v e r a g e  
p a t h  c u r v a t u r e  f r o n  30 ~ ~ p h  
t o  10 mph d i v i d e d  by t h e  
p r e - b r a k i n g  s t e a d y  t u r n  p a t h  
c u r v a t u r e .  

Peak s i d e s l i p  a n g l e  o c c u r r i n g  
above 10 mph. 

Peak r a t e  o f  change of  s i d e -  
s l i p  a n g l e  occurring above 
10 mph. 

Some i n t e r e s t i n g  r e s u l t s  a r e  summarized i n  T a b l e  3 -18  

f o r  t h e  Buick and ? Ius tang .  .As i n  s t r a i g h t - l i n e  b r a k i n g ,  

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

d i f f e r e n t  r e s u l t s  t h a n  were  measured f o r  t h e  OE v e h i c l e .  

Tab l e  3 -18 .  B rak ing -  In-.A-Turn Jreasures  f o r  t h e  
Buick and ?iIustang ( L e f t  Tu rn ,  
R igh t  T u r n ) .  

Maximum D e c e l e r a t i o n  
Without  Lockup of  
Both Icheels on an  
Axle ( g ' s )  RAT I0 

O P  
(deg)  

icP 
( d e g / s e c )  

Buick 
OE , 6 9 ,  -04 2 . 4 ,  2 . 1  6 ,  9 11, 11 

PSI1 - 7 1 ,  .71 2 . 4 ,  1.. 7 1 4 ,  7 1 8 ,  8 

PSI2 . 6 9 ,  . 6 5  1 . 9 ,  2 . 0  8 ,  8 9 ,  1.5 

Flus t a n g  
OE . 6 7 ,  - 7 2  

PS I  - 6 9 ,  - 7 1  



3 . 2 . 4 . 3  Roadhold ing-  In -A-Turn .  - The o b j e c t i v e  o f  t h i s  

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

e x c i t a t i o n  f r e q u e n c i e s  s p a n n i n g  t h e  r a n g e  o f  whee l -hop  f r e -  

q u e n c i e s .  The t e s t  i s  pe r fo rmed  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  a r e  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 k 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 Hz,  r e s p e c t i v e l y ,  \+rhen 

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

( 0 . 4  g  A ) t u r n  which i s  n o m i n a l l y  a t  r i g h t  a n g l e s  t o  t h e  f i r s t  
Y 

g r i d  e l e m e n t .  The t e s t  i s  o p e n - l o o p  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  c u r v e d  approacl i  and t h e  t r a v e r s e  o f  t h e  g r i d .  

The g r i d  f r e q u e n c i e s ,  9 ,  11, and 1 4  H z ,  a r e  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  d e t e r m i n e d  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  whee l -hop  mode, 

by which a n e t  l o s s  a c c r u e s  i n  t i r e  s i d e  f o r c e .  

The Buick i n  t h e  O E  and P S I 2  c o n d i t i o n  was s u b j e c t e d  t o  

t h e  r o a d h o l d i n g  t e s t  p r o c e d u r e .  Some d i f f e r e n c e s  we re  n0te .d  

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

t i o n s ,  b o t h  on t h e  g r i d  and upon e x i t  f rom t h e  g r i d .  These  

f i n d i n g s  \ < e r e  e x p e c t e d ,  s i n c e  t h e  whee l -hop  f r e q u e n c y  i s  

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

The e x p e r i m e n t a l  d a t a  p roduced  by t h e  r o a d h o l d i n g  p r o -  

c e d u r e  a r e  p r e s e n t e d  i n  Appendix F .  

3 . 2 . 4 . 4  T r a p e z o i d a l  S t e e r .  The o b j e c t i v e  o f  t h e  t r a p e -  

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



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

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

v e l o c i t y  o f  40  mph. The t e s t  s equence  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 ,  chose11 t o  sweep f rom low 

acce1erat i .on.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  

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

The J - t u r n - t y p e  r e s p o n s e ,  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 i .de  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  examina t i on  o f  t h e  t r a n s i t i o n  from s t r a i g h t -  

l i n e  mot ion t o  a  l i m i t  t u r n ,  s u c h  a s  would o c c u r  i n  t.he 

i n i t i a l  phase  o f  an obs t a c l e  a v o i d a n c e  maneuver .  T y p i c a l  

l i m i t  r e s p o n s e s  e x h i b i t e d  i n  t h i s  t e s t  a r e  a s  f o l l . o ~ c s :  

1. Spinout-in which a d r a m a t i c  yaw d i v e r g e n c e  

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

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

a t  an i n p u t  l e v e l  which s t i l l  l e a v e s  con -  

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 i n e  h i s t o r i e s  a r e  shown i n  

F i g u r e  3 - 2 1 . )  

2 .  D r i f t ou 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  o f  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  

s i d e  f o r c e s  on t h e  r e a r  t i r e s .  (Example t i m e  

h i s t o r i e s  a r e  s h o ~ i n  i n  F i g u r e  3 - 2 2 . )  

3 .  Rol lover -poss ib ly  a g g r a v a t e d  by c o n t a c t  between 

wheel  rim and pavement .  

The t i r e  t e s t  d a t a  p r e s e n t e d  i n  S e c t i o n  3 . 2 . 2  i n d i c a t e s  

t h a t  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  by t h e  f r e e - r o l l i n g  OE 

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

d e c r e a s e d .  Thus i t  i s  n o t  s u r p r i s i n g  t h a t  c a l c u l a t i o n s  i n d i c a t e  
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F i g u r e  3 - 2 1 .  T r a p e z o i d a l  s t e e r  r e a r  t i r e  s a t u r a t i o n  - 
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F i g u r e  3 - 2 2 .  T r a p e z o i d a l  s t e e r  f r o n t  t i r e  s a t u r a t i o n  - 
D r i f t o u t .  



s i g n i f i c a n t  changes  from t h e  OE t r a p e z o i d a l - s t e e r  r e s p o n s e  

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

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

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

maneuver.  

Th i s  t r e n d  i s  a l s o  a p p a r e n t  i n  t h e  t e s t  r e s u l t s  shown i n  

F i g u r e s  3 - 2 3  and 3 - 2 4 ,  i n  which peak  l a t e r a l  a c c e l e r a t i o n  and 

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

v a r i o u s  t i r e  i n f l a t i o n  p r e s s u r e s  on t h e  Buick and l l u s t a n g .  I n  

F i g u r e s  3 - 2 3 ( a )  and 3 - 2 3 ( b ) ,  t h e  peak l a t e r a l  a c c e l e r a t i o n s  

and peak s i d e s l i p  a n g l e s  a r e  p l o t t e d  f o r  t h e  Buick i n  t h e  OE 
condit ion"24 p s i  f r o n t ,  28 p s i  r e a r ,  t e s t  c o n f i g u r a t i o n  1(144), 

t h e  P S I l  c o n d i t i o n  (20 p s i  f r o n t ,  20 p s i  r e a r ,  t e s t  c o n f i g u r a -  

t i o n  f i 4 6 ) ,  and t h e  PSI2 c o n d i t i o n  (24  p s i  f r o n t ,  1 8  p s i  r e a r ,  

t e s t  c o n f i g u r a t i o n  # 4 7 ) .  

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

1. The 0% c o n d i t i o n  and t h e  P S I l  c o n d i t i o n  y i e l d  

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

i n  t h e  normal  d r i v i n g  r a n g e  t h e  magni tude  and 

t h e  f o r e - a f t  b a l a n c e  of  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  have  n o t  been s i g n i f i c a n t l y  

a l t e r e d  i n  t h e  PSI ;  c o n d i t i o n .  

2 .  I n  t h e  PSI2 c a s e ,  however ,  t h e  r educed  s h e a r  

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

o b v i o u s l y  l e d  t o  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 s  

and s i d e s l i p  a n g l e s  a t  low s t e e r  l e v e l s .  

W e r e  we r e f e r  t o  t h e  OE t e s t  r e s u l t s  s t a r t i n g  a t  t h e  l o w e s t  
s t e e r  ampl i - tude ,  i . e . ,  t . e s t  c o n f i g u r a t i o n  # 4 4 .  T e s t  con-  
f i g u r a t i o n  1145 i n d i c a t e s  t h e  O E  t r a p e z o i d a l  s t e e r  t e s t s  r u n  
h i g h e s t  s t e e r  a n g l e  f i r s t .  See  S e c t i o n  3 . 2 . 1  f o r  d e t a i l s .  



LEFT TURN 
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I 3 -  3 )  . P e a k  l a t e r a l  a c c c l c ~ . : i t  i on  v s .  s ?  ccr - ing  111;ig11:L t u J ~ ,  
I3ui  c k ,  t r~rpc:o i c!3l s t  c c r .  





3. The peak  l a t e r a l  a c c e l e r a t i o n  l e v e l s  t e n d  

t o  .come t o g e t h e r  w i t h  i n c r e a s i n g  s t e e r  l e v e l s ,  

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

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

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

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

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

i n c r e a s e d  f o r  t h e  PSI2 r u n s ,  i n d i c a t i n g  t h a t  

t h e  s i d e s l i p  a n g l e s  a t  t h e  r e a r  t i r e s  have  b e e n  

i n c r e a s e d  t o  p r o d u c e  t h e  r e q u i r e d  f o r c e s .  ( T h i s  

s i t u a t i o n  h a s  been  d i s c u s s e d  i n  some d e t a i l  i n  

a n o t h e r  c o n t e x t  i n  S e c t i o n  3 . i . 4 . )  

T h i s  l a s t  o b s e r v a t i o n  i s  an i m p o r t a n t  one-the i n c r e a s e d  

s i d e s l i p  a n g l e s  p roduced  by t h e  P S I 2  c o n f i g u r a t i o n  i n d i c a t e  

t h a t  t h e  p e r f o r n a n c e  o f  t h e  Buick  h a s  been  s i g n i f i c a n t l y  

changed  f rom t h e  p e r f o r m a n c e  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 h e r e  can b e  no doub t  t h a t  t h e  change  c o n s t i t u t e s  a  s e v e r e  

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

T h i s  same t r e n d  was n o t e d  i n  a  compa r i son  betrileen t h e  

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

l e v s l s  (26 p s i  f r o n t ,  32 p s i  r e a r ) ,  and i n  t h e  1,oaded PSI 

c o n d i t i o n  (26 p s i  f r o n t ,  2 0  p s i  r e a r ) .  The PSI c o n d i t i o n  

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

e x c e s s  o f  t h e  O E  v e h i c l e  a t  low s t e e r  a n g l e s .  However,  r i h i l e  
t h e  PSI c o n d i t i o n  was r u n  o v e r  t h e  f u l l  r a n g e  o f  s t e e r  l e v e l s ,  

t h e  r e a r  o u t s i d e  t i r e  came o f f  t h e  rim i n  t h e  f i r s t  r u n  a t  

o = 8 ,  and many t i m e s  t h e r e a f t e r .  T h i s  o c c u r r e n c e ,  t o  s a y  

t h e  l e a s t ,  d e g r a d e d  t l i e  r e a r  t i r e s ,  l e a v i n g  no p o s s i b i l i t y  o f  

making a  c l e a r  conlpar ison w i t h  t h e  OE c o n d i t i o n  a t  h i g h e r  

s t e e r  1 e v e l . s .  The OE v e h i c l e ,  on t h e  o t h e r  h a n d ,  rel l lained 

i n t a c t  t h r o u g h o u t  t h e  t e s t i n g .  , 

The r e s u l t s  o b t a i n e d  f o r  t h e  blustang a r e  p r e s e n t e d  i n  
F i g u r e s  3-24 ( a )  and  ( b )  iillic1-1 co1npai.e t h e  OE c o n f i g u r a t i o n  
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F i g u r e  3 - 2 4  ( a ) .  I'c;ik 1: l tcral  a c c e l c l - a t i o n  l l s .  s l  ec~ . i i l t !  
l i ~ a g n i  t u t l e ,  l lus t a n g ,  t r a p e z o i  ( l a 1  s t i l c r .  
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( 2 4  p s i  f r o n t ,  24 p s i  r e a r ,  t e s t  c o n f i g u r a t i o n  $35)  w i t h  

t h e  PSI c o n f i g u r a t i o n  ( 2 4  p s i  f r o n t ,  1 8  p s i  r e a r ,  t e s t  con-  

f i g u r a t i o n  $ 3 7 ) .  S i g n i f i c a n t  asymmetry i n  r e s p o n s e  i s  obv ious  

f o r  t h e  PSI c o n f i g u r a t i o n ,  Thus ,  w h i l e  t h e  d i f f e r e n c e  between 

t h e  OE and PSI r e s u l t s  was nominal  i n  l e f t  t u r n s ,  s i g n i f i c a n t l y  

. i n c r e a s e d  B was measured w i t h  t h e  PSI c o n f i g u r a t i o n  making 

r i g h t  t u r n s .  (The l a r g e  s i d e s l i p  a n g l e  r e c o r d e d  a t  a = 4 i s  

p r o b a b l y  i n  e r r o r .  Note t h a t  t h i s  f i n d i n g  was n o t  r e p e a t e d  

i n  t h e  l e f t  t u r n ,  o r  i n  c o n f i g u r a t i o n s  #36 o r  # 2 8 .  A l l  t h e  

t r a p e z o i d a l  s t e e r  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  Appendix F . )  

The t e s t  r e s u l t s  shown i n  F i g u r e s  3-23 and 3 - 2 4  show t h a t  

l ower ing  t h e  i n f l a t i o n  p r e s s u r e  i.n b o t h  r e a r  t i r e s -  from 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 s  \ i r i l l  c a u s e  s i g n i f i c a n t  

d e v i a t i o n s  from OE pe r fo rmance .  The pe r fo rmance  changes  may 

be p a r t i c u l a r l y  s e v e r e  i f  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  lower  

t h a n  t h e  m a n u f a c t u r e r s  ' recommendat ion,  w h i l e  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  remains  a t  t h e  m a n u f a c t u r e r s  ' recommended 

l e v e l .  

These f i n d i n g s  may a l s o  b e  shorin t o  b e  v a l i d  i f  o n l y  one 

r e a r  t i r e  i s  imprope r ly  i n f l a t e d .  C o n s i d e r  F i g u r e s  3 - 2 5 ( a )  - (d )  

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

o f  l e f t  p o l a r i t y  i s  p r e s e n t e d  f o r  t h e  Buick (1) i n  t h e  OE 

c o n d i t i o n ,  ( 2 )  w i t h  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  l e f t  r e a r  

t i r e  lowered  from t h e  recommended 28  p s i  t o  16 p s i ,  and (3) 

w i t h  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 i g h t - r e a r  t i r e  lowered  

t o  16 p s i .  These s i m u l a t i o n s  c l e a r l y  i n d i c a t e  t h a t  a  lowered  

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

i n  s i g n i f i c a n t  asymmetry between r i g h t  and l e f t  t u r n s ,  w i t h  

OE- l i ke  per formance  r e s u l t i n g  when t h e  degraded  t i r e  i s  on 

t h e  i n s i d e  o f  t h e  t u r n ,  and P S I 2 - l i k e  pe r fo rmance  w i t h  t h e  

degraded  t i r e  on t h e  o u t s i d e  o f  t h e  t u r n .  

C a l c u l a t i o n s  have a l s o  been  perfornlcd t o  a s s e s s  t h e  

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











t h e  r e a r  t i r e  a t  t h e  recommended l e v e l ,  I n  g e n e r a l ,  t h i s  

p r a c t i c e  was found t o  p roduce  l e s s  s e v e r e  changes  i n  p e r f o r -  

mance t h a n  a r e  o b t a i n e d  by chang ing  t h e  r e a r  t i r e s .  F u r t h e r ,  

t h e  changes  were  toward  lower  l a t e r a l  a c c e l . e r a t i o n s  and l o w e r  

s i d e s l i p  a n g l e s .  An example o f  t h e s e  c a l c u l a t i o n s  was 

p r e s e n t e d  p r e v i o u s l y  i n  Tab l e  3 -14  ( s e e  S e c t i o n  3 . 2 . 3 . )  

3 . 2 . 4 . 5  S i n u s o i d a l  S t e e r .  The o b j e c t i v e  o f  t h e  s i n u -  

s o i d a l  s t e e r  p r o c e d u r e  i s  . t o  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  pe r fo rm  a  r a p i d  l a n e  change i n  r e s p o n s e  t o  a  symmet r i c  i n p u t  

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

wave. T h i s  s t e e r i n g  i n p u t  i s  a p p l i e d  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  v e l o c i t y  f o l l o l ~ i n g  t h r o t t l e  r e l e a s e .  The p r o -  

c edu re  i n v o l v e s  t h e  e x e c u t i o n  o f  a  l a r g e  number o f  r u n s ,  

pe r fo rmed  a t  i n c r e a s i n g  s t e e r i n g  a n p l i t u d e s  s e l e c t e d  s u c h  t h a t  

t h e  t r a j e c t o r i e s  o b t a i n e d  c o v e r  t h e  f u l l  r ange  o f  ene rgency  
4 

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

Two c a t e g o r i e s  o f  law r e s p o n s e  limit have been  p r e v i o u s l y  

i d e n t i f i e d  ( s e e  Re fe r ence  1 ) .  These  l imi t s  have  been  c h a r a c -  

t e r i z e d  a s - a s y m m e t r i e s  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  were  c a t e g o r i z e d  a s  "unde r -  

c o r r e c t i v e "  and " o v e r - c o r r e c t i v e "  yawing mot ions  i n  which t h e  

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  a c c u m u l a 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 ,  s u c h  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 c  shown 

i n  F i g u r e  3 - 2 6 .  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  
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Figure 3-26. Sinusoidal steer under-corrective response. 



s u f f i c i e n t  magni tude .  C a r r i e d  t o  t h e  e x t r e m e ,  a  s p i n o u t  i s  

i n i t i a t e d  i n  r e s p o n s e  t o  t h e  f i r s t  h a l f  wave o f  s t e e r i n g  and 

t h e  s econd  h a l f  o f  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  t h e  s p i n .  

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 i m e  

h i s t o r i e s  shown i n  F i g u r e  3 - 2 7 ,  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 .  

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

t h i s  maneuver have  been  d i s c u s s e d  by o t h e r  w r i t e r s - s e e ,  f o r  

example ,  Re fe r ence  4 .  While Itre have  rnade e x t e n s i v e  u s e  o f  

t h e s e  " m e t r i c s , "  which a r e  l i s t e d  i r ,  T a b l e  3 - 1 9 ,  c e r t a i n  new 

measures  have  been  deve loped  i n  t h i s  program t o  a i d  i n  t h e  

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

- - 

Tab le  3 -19 .  Measures o f  S i n u s o i d a l  S t e e r  Pe r fo rmance .  

M e t r i c  D e f i n i t i o n  Remarks 

A Lane change d e v i a t i o n ,  Lower A i n d i c a t e s  t h e  
v e h i c l e  h a s  more 

A = -  I f ' 4 1 1 2 - ; - l d y  s u c c e s s  f u l l y  moved t w e l v e  
3 . 4  f e e t  l a t e r a l l y  i n  3 . 4  

s e c o n d s .  

Heading change 

Peak s i d e s l i p  a n g l e  

Heading o f  v e h i c l e  a f t e r  
3 . 4  s e c o n d s .  I n c r e a s i n g  
At) i n d i c a t e s  magni tude  
o f  o v e r - c o r r e c t i o n  o r  
u n d e r - c o r r e c t i o n .  

Cons ide r  F i g u r e  3 - 2 8 ,  i n  which  t h e  t r a j e c t o r i e s  from 

F i g u r e  3-26 and 3 -27  a r e  compared.  I t  i s  a p p a r e n t  t h a t ,  i n  

t h e s e  two c a s e s ,  t h e  A $  m e t r i c  g i v e s  an a d e q u a t e  i n d i c a t i o n  

of  t h e  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  n a t u r e  o f  t h e  r e s p o n s e .  
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F i g u r e  3 - 2 7 .  S i ~ l u s o i d a l  s t e e r  o v e r - c o r r e c t i v e  r e s p o n s e .  



F i g u r e  3 - 2 8 .  U n d e r - c o r r e c t i v e  and o v e r - c o r r e c t i v e  
t r a j e c t o r i e s .  * 

H o ~ + ~ e v e r ,  i t  will b e  shown below t h a t  low r e a r  i n f l a t i o n  

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

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

t h e  A +  measure  becomes a  f i r s t - o r d e r  f u n c t i o n  o f  t h e  t i m e  

d e f i n e d  a s  t h e  end  o f  t h e  maneuver .  

I n  v iew o f  t h e s e  d i f f i c u l t i e s ,  i t  was deemed a p p r o p r i a t e  

t o  add a  new measu re ,  t h e  t i m e  a t  which t h e  p a t h  c u r v a t u r e  o f  

t h e  t r a j e c t o r y  o f  t h e  mass c e n t e r  changes  s i g n .  ( T h i s  t i m e  

i s  shown i n  F i g u r e  3 - 2 8  a s  TINF.) I n  a d d i t i o n ,  a  s e c o n d  m e t r i c ,  

t h e  l a t e r a l  c o o r d i n a t e  o f  t h e  mass c e n t e r  a t  t i n e  TINF, i s  a l s o  

o f  i n t e r e s t  f rom an a c c i d e n t  a v o i d a n c e  p o i n t  o f  v ie r i .  ( T h i s  

measure  i s  shown i n  F i g u r e  3 - 2 8  a s  t h e  d i s t a n c e  YINF.) I t  

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

change  i n  t h e  p a t h  c u r v a t u r e  i s  i n d i c a t e d  by a  s i g n  change  i n  

l a t e r a l  a c c e l e r a t i o n .  Thus t h e  i n f l e c t i o n  t i m e ,  T I N F ,  can b e  

measured u s i n g  o n l y  r o u t i n e  t e s t  e q u i p m e n t .  



I n  t h e  f o l l o w i n g  a n a l y s i s  o f  t h e  measured d a t a ,  we w i l l  

make e x t e n s i v e  u s e  o f  $ t o  g i v e  an i n d i c a t i o n  o f  t h e  
P  

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  and t o  d e t e c t  s p i n o u t  r e s p o n s e .  

The new m e t r i c s  TINF and  YINF w i l l  b e  u s e d  t o  q u a n t i f y  t h e  

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

t h a t  i n p u t ,  and t h e  l a n e  change d e v i a t i o n ,  A ,  and t h e  f i n a l  

h e a d i n g ,  A $ ,  w i l l  bk used  a s  an a i d  i n  u n d e r s t a n d i n g  t h e  n e t  

r e s u l t  o f  t h e  maneuver.  

To b e g i n ,  c o n s i d e r  F i g u r e s  3-29 t h r o u g h  3 - 3 1  i n  which 

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

r e s p o n s e  o f  t h e  Buick i n  t h e  OE c o n f i g u r a t i o n  (24 p s i  f r o n t ,  

28 p s i  r e a r ,  t e s t  c o n f i g u r a t i o n  i i 3 5 ) ,  t h e  PSI1  c o n f i g u r a t i o n  

( 2 0  p s i  f r o n t ,  2 0  p s i  r e a r , #  t e s t  c o n f i g u r a t i o n  # 3 7 ) ,  and t h e  

P S I 2  c o n f i g u r a t i o n  ( 2 4  p s i  f r o n t ,  16 p s i  r e a r ,  t e s t  c o n f i g u r a -  

t i o n  # 3 8 ) .  Note t h a t  i n  each  o f  t h e s e  f i g u r e s  t h e  r e s p o n s e  

t o  r i g h t  and l e f t  p o l a r i t y  s t e e r i n g  ha s  been  a v e r a g e d ,  a  

r e a s o n a b l e  ~ i ~ p l i f i c a t i o n  i n  view o f  t h e  symmet r i c  r e s p o n s e  

o f  t h i s  v e h i c l e  unde r  t h e s e  t e s t  c o n d i t i o n s .  (De t a i  1 s  r e l a t i v e  

t o  a l l  o f  t h e  t e s t  d a t a  a r e  p r e s e n t e d  i n  Appendix F of  t h i s  

r e p o r t  . )  

I n  F i g u r e  3 - 2 9 ,  t h e  peak s i d e s l i p  a n g l e s  a r e  p l o t t e d  f o r  

e ach  o f  t h e  t h r e e  t e s t  c o n d i t i o n s .  C l e a r l y ,  t h e  h i z h e s t  s i d e -  

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

l o w e s t  s i d e s l i p  a n g l e s  a r e  a s s o c i a t e d  w i t h  t h e  PSI2 c o n d i t i o n .  

A s i m i l a r  t r e n d  i s  shown i n  F i g u r e  3-30 f o r  t h e  f i n a l  h e a d i n g  

a n g l e .  T h i s  f i n d i n g  does  n o t ,  h o ~ c e v e r ,  i n d i c a t e  t h e  PSI2 

c o n d i t i o n  t o  be d e s i r a b l e ,  a s  w i l l  be shown be low.  

In  F i g u r e  3 - 3 1 ,  t h e  l a n e  change d e v i a t i o n  measure  i s  

p l o t t e d  f o r  e ach  t e s t  c o n d i t i o n .  Note t h a t  w h i l e  each  con -  

f i g u r a t i o n  e l i c i t s  a  measure  o f  a p p r o x i m a t e l y  A = 5 f o r  a  low 

s t e e r  a n g l e ,  t h e  ex t r eme  v a l u e s  l i s t e d  f o r  t h e  PSI2 c o n d i t i o n  

a t  h i g h  s t e e r  a n g l e s  i n d i c a t e  a  s u b s t a n t i a l  d e p a r t u r e  from t h e  

OE c o n d i t i o n .  More i n s i g h t  i n t o  t h e  n a t u r e  o f  t h i s  change 
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may b e  g a i n e d  f rom F i g u r e s  3- 32 and 3 - 3 3 .  F o r  t h e  h i g h e r  

s t e e r  l e v e l s ,  t h e  i n c r e a s i n g  TINF v a l u e s  i n d i c a t e  t h a t  t h e  

PSI2 c o n d i t i o n  m a i n t a i n s  t h e  i n i t i a l  p o l a r i t y  o f  p a t h  c u r v a -  

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

(The s e c o n d  h a l f  o f  t h e  s t e e r  c y c l e  s t a r t s  a t  t i m e  t = 1 

s e c o n d  and ends  a t  ,t = 2 s e c o n d s , )  I t  i s  e v i d e n t  from t h e  

YINF v a l u e s  ( s e e  F i g u r e  3 -33 )  t h a t  t h i s  b e h a v i o r  r e s u l t s  i n  

e x t r e m e  l a t e r a l  m o t i o n s ,  f a r  i n  e x c e s s  o f  wha t  m igh t  b e  e x p e c t e d  

f rom t h e  OE v e h i c l e .  

These  s a m e , t r e n d s  have been  o b s e r v e d  f o r  t h e  l o a d e d  Bu ick .  

C o n s i d e r  T a b l e  3-20 i n  which t h e  numer i c s  f o r  t h e  l o a d e d  Buick  

(26 p s i  f r o n t ,  32 p s i  r e a r ,  t e s t  c o n f i g u r a t i o n  #39)  and t h e  

l o a d e d  Buick PSI c o n d i t i o n  ' (26  p s i  f r o n t ,  20 p s i  r e a r ,  t e s t  

c o n f i g u r a t i o n  #40)  a r e  g i v e n .  While t h e  magn i tude  o f  t h e  peak  

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

l o a d e d  PSI c a s e ,  t h e  change d e ? r i a t i o n s ,  A ,  and t h e  f i n a l  h e a d i n g  

a n g l e s ,  A $ ,  i n d i c a t e  a  s e r i o u s  t r e n d  toward  u n d e r - c o r r e c t i o n s  

i n  t h e  l o a d e d  PSI c o n d i t i o n .  F i n a l l y ,  t h e  v a l u e s  o f  TISF and  

YINF i n d i c a t e  t h a t  t h e  l o a d e d  PSI c a s e  i s  e s s e n t i a l l y  o u t  o f  

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

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

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

The d a t a  p r e s e n t e d  i n  T a b l e  3-20 a r e  i l l u m i n a t e d  by t h e  

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

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

a r e  p r e s e n t e d  i n  F i g u r e s  3 - 3 4 ( a )  and 3 - 3 4 ( b ) .  Note t h a t  t h e  

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

o f  s t e e r  a r e  q u i t e  comparab le  f o r  t h e  l o a d e d  OE and t h e  l oaded  

PSI c o n f i g u r a t i o n s .  However, t h e  v a l u e s  r e s u l t i n g  f rom t h e  

s e c o n d  h a l f  s t e e r  e x h i b i t  s a t i s f a c t o r y  symmetry f o r  t h e  OE 

v e h i c l e  whereas  a  d r a s t i c a l l y  r educed  c o r r e c t i v e  r e s p o n s e  i s  

obv ious  i n  t h e  l o a d e d  PSI c a s e .  







T a b l e  3 - 2 0 .  S i n u s o i d a l  S t e e r  Het r ics  f o r  t h e  Loaded 
Buick OE (TC # 3 9 )  and  Loaded B u i c k  PSI  
(TC # 4 0 ) .  

I 

0 
6 s ~i TC# TINF YINF Bh IAX TBJIX PSIF MSRE 

- 9 5 . 0  39 1 . 3 8  - 7 . 2 3  - 3 . 9 6  2 . 0 0  - 2 . 0 2  5 . 5 0 -  
4 + 9 5 . 0  39 1 . 2 9  , 4 . 8 0  - 3 . 3 1  0 . 9 4  - 0 . 7 0  6 . 9 0  

- 9 5 . 0  40. 1 . 5 6  - 1 0 . 2 6  4 . 0 7  1.11 - 6 . 0 3  7 . 8 0  
+ 9 5 . 0  40 1 . 3 4  5 . 2 5  - 4 . 1 2  0 . 9 6  - 4 . 3 7  6 . 1 2  



F i g u r e  3 4 ( a ) .  Peak l a t e r a l  a c c e l e r a t i o l ~  v s .  n o r m a l i z e d  s t c e r i n p  
magni t 1 1 , l t ~  f o r  t h e  f i r s t  and  s e c o ~ ~ d  ha1  f s t e e l  c y c l e s ,  
Eu i  c k ,  l e f t  p o l a r i t y .  

1 0 0 





F i n a l l y ,  i t  w i l l  be  i n s t r u c t i v e  t o  examine c e r t a i n  t ime  

h i s t o r i e s  o f  t h e  l a n e  change maneuver f o r  t h e  l oaded  OE and 

l o a d e d  PSI c o n f i g u r a t i o n s .  I n  p a r t i c u l a r ,  i n  F i g u r e  3 -35 ,  

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

a n g l e  a r e  p l o t t e d  v e r s u s  t ime  f o r  a  s t e e r  a m p l i t u d e  o f  a = 8.  

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

r e s p o n s e  o f  t h e  l oahed  OE v e h i c l e  w i t h  t h e  ex t reme unde r -  

c o r r e c t i v e  r e sponse  of  t h e  l o a d e d  PSI c o n f i g u r a t i o n .  

The above r e s u l t s  l e a d  t o  t h e  c o n c l u s i o n  t h a t  t h e  Buick 

PSI2 and t h e  l oaded  PSI c o n f i g u r a t i o n s  do n o t  pe r fo rm w e l l  i n  

t h e  s i n u s o i d a l  s t e e r  maneuver. To g a i n  a  comprehensive  unde r -  

s t a n d i n g  o f  t h i s  pe r fo rmance ,  i t  has  been n e c e s s a r y  t o  examine 

i n  some d e t a i l  a l l  t h e  t r a d i t i o n a l  m e t r i c s  and t h e  newly i n t r o -  

duced i n f l e c t i o n  t ime  and l a t e r a l  d i s p l a c e m e n t ,  TINF and Y I N F ,  

r e s p e c t i v e l y .  I-lowever, ample ev idence  o f  t h e  n a t u r e  of  t h e  

l a n e  change per formance  i s  p r o v i d e d  by examining t h e  peak 

l a t e r a l  a c c e l e r a t i o n s  and TINF. 
t 

3 . 2 . 4 . 5  D r a s t i c  S t e e r / B r a k e .  The o b j e c t i v e  o f  t h i s  

maneuver i s  t o  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 be d e r i v e d  s o l e l y  from t i r e - r o a d  s h e a r  

f o r c e s  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 i  under  t h e  d e f i n e d  c o n d i t i o n s .  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  6 0  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 un  i s  made and t h e  t ime  i s  

de t e rmined  a t  which yaw r a t e  a t t a i n s  9 5 %  o f  i t s  m a x i m ~ ~ ~ n  v a l u e .  

Nex t ,  a  run  i s  made w i t h  t h e  same v e l o c i t y  and s t e e r  i n p u t ,  

b u t  a  b r a k e  i n p u t  i s  i n i t i a t e d  ( such  t h a t  a l l  whee ls  l o c k )  a t  

t h e  t ime  a t  r i~hich 9 5 %  of  t h e  peak yaw r a t e  i s  a t t a i n e d ,  w i t h  

b r a k i n g  m a i n t a i n e d  f o r  triro s e c o n d s .  I n  t h i s  s econd  r u n ,  t h e  

f r e e  t r a n s i e n t  r o l l  r e s p o n s e  i s  examined,  such  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  run  can be  de t e rmined .  





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 .  

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  cause  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 i m e  whee ls  a r e  

un locked  (somewhere between 0 . 5  and 0 . 7 5  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 ews  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 .  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 ~ i 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 r ~ r i s e  i n  r o l l .  Being an undanped 

mode of  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 ~ ~ ~ i s e .  Upon r e l e a s e  o f  t h e  

b r a k e ,  t h e  wheel  s p i n  up t o  t h e i r  f r e e l y  r o l l i n g  s p i n  v e l o c i t y  

unde r  a  c o n d i t i o n  of 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  ( b e t v e e n  

10' and 3 0 ° ,  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  o f  

r o l l  o v e r s h o o t ,  because  of  t h e  r e q u i r e m e n 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 r o u g h  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  ene rgy  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  nloment can b e  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  s p r u n g  mass i s  r e a c t e d  

w i t h  an impulse  t h a t  imrilediately 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  be 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  w e i g h 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  ~no~nent  i n  r o l l  a t  t h i s  j u n c t u r e  exceeds  



- I 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  o v e r  i n  t h i s  manct :r. 

, . V e h i c l e  p e r f o r m a n c e  would b e  j udged  a s  b e i n g  d e g r a d e d  

i n  compa r i son  w i t j l  a  n o n - r o l l - o v e r  b a s e l i n e  p e r f o r m a n c e ,  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 .  

' 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 h e  d r a s t i c  s t e e r  and  b r a k e  

p r o c e d u r e  was run  f o r  t h e  Mustang i n  t h e  OE and t h e  PSI 

c o n d i t i o n s .  h 'hi le s l i g h t l y  h i g h e r  p e a k  r o l l  a n g l e s  we re  

a t i a i n e d  i n  t h e  PSI c o n d i t i o n  ( 8 . 5 "  v e r s u s  S o  i n  t h e  OE con -  

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

r e m a r k a b l e  s i m i l a r i t y  i n  t h e i r  measured  r e s p o n s e s .  These  d a t a  

a r e  p r e s e n t e d  i n  d e t a i l  i n  Appendix  F. 

3 . 2 . 5  SU,?I?I=2RY. D r a s t i c  changes  i n  t h e  m e c h a n i c a l  

p r o p e r t i e s  o f  t i r e s  o c c u r  a s  a  r e s u l t  o f  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  which h a v e  been  shown t o  o c c u r  r a t h e r  r o u t i n e l y  

i n  t h e  v e h i c l e  p o p u l a t i o n .  These  changes  a r e  p a r t i c u l a r l y  

marked i n  t h e  101s and mid r a n g e  o f  s l i p  a n g l e s ,  c a u s i n g  
d e c r e a s i n g  l a t e r a l  f o r c e  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  i n c r e a s i n g  l o a d .  

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  had  a  marked e f f e c t  on t h e  

r e s p o n s e  o f  t h e  Buick and hlustang i n  t h e  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 .  I n  p a r t i c u l a r ,  i t  was shol~rn t h a t  

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

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

t i r e s  b e i n g  l owered  below t h e  l e v e l  recommended by t h e  manu- 

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  

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



3.3 IN-USE T I R E  MIXTURES 

The consequences  o f  mixing t i r e s  o f  d i s s i m i l a r  c o n s t r u c -  

t i o n  on p a s s e n g e r - c a r  h a n d l i n g  pe r fo rmance  have  r e c e n t l y  been  

r e c e i v i n g  some a t t e n t i o n  w i t h  r e g a r d  t o  b o t h  t h e  normal  

d r i v i n g  r ange  [ 7 1  and l i m i t  p e r fo rmance  [ 4 1 .  F o r  example ,  

d a t a  p r e s e n t e d  i n  Re fe r ence  7 i n d i c a t e  t h a t  f i r s t  - o r d e r  

changes  i n  t h e  u n d e r s t c e r / o v e r s t e e r  o f  a  " t y p i c a l  co~npac t  

sedan"  may r e s u l t  from r e p l a c i n g  t h e  o r i g i n a l  equipment  b i a s -  

b e l t e d  t i r e s  on t h e  f r o n t  whee ls  w i t h  r a d i a l  t i r e s ,  w i t h  t h e  

OE b i a s - b e l t e d  t i r e s  r ema in ing  on t h e  r e a r  w h e e l s .  As i s  

p o i n t e d  o u t  i n  [ 4 1  and [ 7 1 ,  however ,  t h e  r a d i a l  t i r e s  which 

were  t h e  b a s i s  f o r  t h e s e  ch,anges were " r e p r e s e n t a t i v e  o f  one 

end o f  t h e  s p e c t r u m  o f  r a d i a l  t i r e s  p r e s e n t l y  marke t ed . "  

F u r t h e r ,  " c o r n e r i n g  s t i f f n e s s  and a l i g n i n g  t o r q u e  s t i f f n e s s  

e f f e c t s  ( o f  r a d i a l  t i r e s )  can be  q u i t e  v a r i a b l e . "  The key 

i s s u e  i s  t h e  comparison between such  r~ l echan i ca l  p r o p e r t i e s  a s  

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

o f  t h e  r a d i a l  and n o n - r a d i a l  t i r e .  

S i m i l a r  s t a t e m e n t s  may b e  made r e g a r d i n g  limit maneuvers .  

Fo r  example ,  i t  was shown i n  Re fe r ence  4 t h a t  t h e  peak s i d e -  

s l i p  a n g l e s  measured i n  t r s p e z o i d a l  s t e e r  t e s t s  were s u b s t a n t i a l l y  

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

whee ls  and b i a s  t i r e s  on t h e  r e a r  w h e e l s .  Aga in ,  t h e  p o i n t  was 

n o t  t h a t  a l l  b i a s - b e l t e d / b i a s  t i r e  mixes would c a u s e  t h i s  

change i n  pe r fo rmance .  R a t h e r ,  t h e  mechan i ca l  p r o p e r t i e s  o f  

t h e  f r o n t  and r e a r  t i res--and h e r e  we must i n c l u d e  t h e  peak 

f o r c e  l e v e l s  a s  w e l l  a s  t h e  s t i f f n e s s  proper t ies--were  

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

OE pe r fo rmance  r e s u l t e d .  

A p r e c i s e  d e f i n i t i o n  o f  t i r e  i n t e r m i x  h a s  been  g i v e n  i n  

[ 7 1 :  " T i r e  i n t e r m i x  i s  a  t e r m  which d e s c r i b e s  t h e  p r a c t i c e  

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

g e n e r i c  t ) - p e ,  liran'd, a s p e c t  r a t i o ,  s i z e ,  o r  wear s t a t c . "  1.; 



i s  c l e a r l y  i m p o s s i b l e  t o  c o n s i d e r  a 1 1  p o s s i b i l i t i e s  f o r  t i r e  

i n t e r m i x ,  even  when o u r  p e r m u t a t i o r l s  a r e  l i m i t e d  t o  t i r e s  

r o u t i n e l y  a v a i l a b l e  f o r  t h e  t e s t  Buick and Mustang.  R a t h e r ,  

we have  chosen  c e r t a i n  d i s c r e t e  t i r e  c o m b i n a t i o n s ,  a s  l i s t e d  

i n  T a b l e  3 - 2 1 ,  t o  i l l u s t r a t e  t h e  v a r i o u s  changes  i n  p e r f o r m a n c e  

t h a t  r e s u l t  from mix ing  t i r e s .  I n i t i a l l y  cons i  clered h e r e  a r e  

changes  i n  pe r fo rmance  t h a t  r e s u l t  f rom t h e  u s e  o f  s t i f f  r a d i a l  

t i r e s  i n  f r o n t ,  w i t h  OE t i r e s  r e m a i n i n g  on t h e  r e a r  w h e e l s .  

T a b l e  3 -21 .  T i r e  Combina t ions  Used i n  T e s t i n g  
a n d / o r  S i m u l a t i o n .  

Bu ick :  O E ,  F i r e s t o n e  ,Deluxe Champion S u p - R - B e l t  1178-14 

OE - B r i d g e s t o n e  225SR-14 ( s t e e l - b e l t e d  r a d i a l )  

OE - F i r e s t o n e  500 H78-14 ( b i a s )  

OE - F i r e s t o n e  Town 6 Count ry  1-178-14 ( b i a s ,  snow) 

Mustang:  O E ,  Goodr ich  S i lver to l i7 r ,  B e l t e d  E78-14 

OE - P i r e l l i  185 -14  ( r a d i a l )  

OE - Goodyear Custom Power Cushion P o l y g l a s  B e l t e d  E78-14 

I n  F i g u r e s  3 -36  and 3 - 3 7 ,  l o n g i t u d i n a l  f o r c e *  d a t a  a r e  

compared f o r  t h e  B r i d g e s t o n e  225R-14 and t h e  0E F i r e s t o n e  

Deluxe Champion S u p - R - B e l t  H78-14 u sed  on t h e  Bu ick .  S i m i l a r  

d a t a  a r e  p r e s e n t e d  i n  F i g u r e s  3 - 3 8  and 3-39  f o r  t h e  P i r e l l i  

185R-14 and t h e  OE B.F.  Goodrich S i l v e r t o w n  ne l t ec l  E78-14 u sed  

on t h e  Mustang.  C l e a r l y ,  t h e  l o n g i t u d i n a l  f o r c e  d a t a  a r e  

s i m i l a r  f o r  b o t h  s e t s  o f  t i r e s .  Thus i t  i s  n o t  s u r p r i s i n g  t h a t  

v e r y  l i t t l e  change i n  b r a k i n g  p e r f o r m a n c e  was r ~ ~ e a s u r e d  f o r  

*Note t h a t  t h e  B r i d g e s t o n e  was 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 f r o n t ,  i n f l a t i o n  p r e s s u r e ,  2 4  ps i . ,  f o r  thc: 
v e h i c l e  t e s t i n g .  The Ur idgcs  t o n e  d a t a  siloan i n  F i p u r c s  3 -  36 
and 3-37  were  o b t a i n e d  a t  2 8  p s i ,  a s  were  a l l  o f  t h e  non-01: 
mob i l e  t i r e  d a t a  f o r  1178-14 t i r e s .  



- F i r e s t o n e  
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L o n g i t u d i n a l  S l i p  

F i g u r e  3 - 3 6 .  L o n g i t u d i n a l  f o r c e  v s .  s l i p ,  1100 l b s .  l o a d ,  
d r y  a s p h a l t ,  40 mpl1, 2 8  p s i .  

1 7 0 0  1100 800 

V e r t i c a l  F o r c c  ( l b s )  

F i g u r e  3 -37 .  L a t e r a l  f o r c e  v s .  s l i p  a n g l e  a n d  l o a d ,  d r y  
a s p h a l t ,  40 inph, 28  p s i .  

1 0 8  



-X- I ' i r e l l i  ( 2 4  p s i )  - 13 .F-  Gooclrich S i l v e r t o ~ $ n  
(24 psi) 

S u r e  3 - 3 8 .  Lon i t u d i n a l  f o r c e  v s .  s l  F a s p l a l t ,  40 mph, 2 4  p s i .  
i p ,  800 l b s .  l o a d ,  d r y  

1 4 0 0  11Cb & O U  

Y e r t  i c a l  Load ( l b s )  

a t c d  

red 
(1 

F i g u r e  3 - 3 9 .  L a t e r a l  f o r c e  v s .  s l i p  a n g l e  and  i o a d ,  d r y  
a s p h a l t ,  4 0  mph, 2 4  p s i .  



e i t h e r  v e h i c l e  when t h e  0E t i r e s  on t h e  f r o n t  whee ls  were  

r e p l a c e d  by a  c o r r e s p o n d i n g  s t i f f  r a d i a l  t i r e .  (A summary 

o f  t h e s e  measurements i s  p r e s e n t e d  i n  Appendix F . )  Note 

a l s o  t h a t  b o t h  v e h i c l e s  l ocked  r e a r  t i r e s  f i r s t  on dry  pave -  

ment ,  a  f a c t  t h a t  f u r t h e r  a t t e n u a t e d  changes  acc ru ing ,  from 

r a d i a l  t i r e s  mounted i n  f r o n t . )  

As one might e x p e c t  from an examina t i on  of F i g u r e s  3-37 

and 3 - 3 9 ,  t h e  r ep l acemen t  o f  an OE t i r e  s h o u l d  l e a d  t o  s i g n i f i -  

c a n t  d e p a r t u r e s  from O E  per formance  when t h e  s i n u s o i d a l  - s  t e e r  

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

a  maneuver i n  which t h e  t i r e s  r o u t i n e l y  o p e r a t e  i n  t h e  mid- 

s l i p - a n g l e  r a n g e .  C o n s i d e r ,  f o r  example ,  Tab l e  3 - 2 2 ,  i n  \irhicll 

a  l i s t  o f  t h e  s i n u s o i d a l  s t ' e e r  m e t r i c s  f o r  t h e  Buj.ck w i t h  t h e  

B r i d g e s t o n e  t i r e s  mounted i n  f r o n t  ( t e s t  c o n f i g u r a t i o n  + 4 2 )  i s  

compared t o  t h e  m c t r i c s  f o r  t h e  OE c o n f i g u r a t i o n  ( t e s t  con-  

f i g u r a t i o n  $ 3 5 ) .  The ext.reme v a l u e s  o f  T I N F ,  YINF,A and G a t  

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

t e s t  c o n f i g u r a t i o n  ~ c i t h  t h e  B r i d g e s t o n e  and OE t i r e s .  

Note a l s o  t h a t  t h e  respor lse  of  t h i s  same t e s t  c o n f i g u r a t i o n  

was q u i t e  a s y r n ~ ~ e t r i c .  The measured asymmetry i s ,  o f  c o u r s e ,  

of  some i m p o r t ,  because  i t  p r e v e n t s  t h e  c l e a r  c h a r a c t e r i z a t i o n  

of  t h e  l a n e - c h a n g e  p r o c e d u r e  by s i m p l e  m e t r i c s .  Thus lqe 

concu r  w i t h  t h e  s u g g e s t i o n  i n  Re fe r ence  4 t h a t  t h i s  phenomenon 

i s  an a p p r o p r i a t e  m a t t e r  f o r  f u r t h e r  r e s e a r c h . * A  

Computer s i m u l a t i o n  was u sed  a s  a  t o o l  t o  a i d  i n  u n d e r -  

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

While t h e  computed r e s u l t s  d i d  n o t ,  o f  c o u r s e ,  p r e d i c t  t h e  

measured a symmet r i e s ,  t h e  cori lputations d i d  f u r t l l e r  q u a n t i f y  

t h e  e l f e c t s  t o  be e x p e c t e d  due t o  t h e  u s e  o f  such  a  s t i f f  

-- 
*The m e t r i c ~  TIIJF and YINF a r e  d i s c ~ . i s s e d  i n  d e t a i l  i n  
S e c t i o n  3 . 2 .  

**An a t t e m p t  was made t o  g a i n  i n s i g h t  i n t o  t h i s  asymnictry by 
r e p e a t i n g  t h e  Br idges tone-OE runs  w i t h  t h e  Hric lgcstone t i r e s  
s w i t c h e d  from s i d e  t o  s i d e .  D e t a i l s  o f  t h c s e  measurernents 
a r e  p r e s e n t e d  i n  Appendix E .  



Tab le  3 -22 .  B u i c k :  S i n u s o i d a l  S t e e r  M e t r i c s  

5 
8 sw TC# TINF Y INF BMAS TBbIX PSIF MS RE 

TC # 3 5  r e f e r s  t o  t h e  OE Bu ick ,  l owes t  s t e e r  l e v e l  run f i r s t .  

TC H42  r e f e r s  t o  t h e  o r i g i n a l  s e t  of  B r idges to i l e  f ron t -CE  
r e a r  t e s t s .  



r a d i a l  t i r e  on t h e  f r o n t  w h e e l s .  No te ,  however ,  t h a t  i n  

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

t i r e  d a t a  were  o b t a i n e d  a t  28 p s i ,  n o t  24 p s i  ( a s  i s  

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

Buick)  . 
I n  F i g u r e s  3-LO(a) a n d  3 - 4 0 ( b ) ,  s i m u l a t e d  t i m e  h i s t o r i e s  

o f  yaw r a t e  and s i d e s l i p  a n g l e  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 .  Th ree  t i r e  con -  

f i g u r a t i o n s  a r e  compared,  name ly ,  8 r i d g e s t o 1 1 e - f r o n t / Q E  r e a r ,  

B r i d g e s t o n e  f r o n t  and r e a r ,  and  01; f r o n t  and r e a r .  C l e a r l y ,  

t h e  Bridgestone-front/QE-rear c o n f i g u r a t i o n  y i e l d s  a  s p i n - o u t  

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

f o u r  B r i d g e s t o n e  t i r e s  do n 'ot .  

I t  can b e  d e m o n s t r a t e d  t h a t  even one v e r y  s t i f f  f r o n t  t i r e  

can  y i e l d  marlted changes  i n  p e r f o r m a n c e .  Th i s  i s  shown i n  

F i g u r e s  3 - 4 1 ( a )  t o  3 -41  ( c ) ,  i n  which r e s u l t s  f o r  t h e  OE 

c o n f i g u r a t i o n  a r e  compared t o  r e s u l t s  computed w i t h  (1) t h e  

B r i d g e s t o n e  t i r e  on t h e  r i g l l t  f r o n t ,  t h e  O E  on t h e  l e f t  f r o n t ;  

(2 )  t h e  B r i d g e s t o n e  t i r e  on t h e  l e f t  f r o n t ,  t h e  O E  t i r e  on 

t h e  r i g h t  f r o n t ;  and (3 )  B r i d g e s t o n e  t i r e s  on b o t h  f r o n t  \ ( h e e l s .  

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

combina t i ons  (1 )  a n 3  ( 2 )  s h o u l d  be  e x p e c t e d  t o  b e  a ~ y r n r n e t r i c ,  

and may d e v i a t e  marked ly  f rom OE p e r f o r m a n c e .  

S i m i l a r  t r e n d s  may bc  o b s e r v e d  i n  t h e  measured and com- 

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

example ,  F i g u r e s  3-42 and 3 - 4 3 ,  i n  which measured  v a l u e s  o f  

peak  l a t e r a l  a c c e l e r a t i o ~ i  f o r  e ach  OC v e l l i c l e  a r e  cornpared t o  

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

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

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

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

t i r e s .  The r e s u l t s  a t  h i g h  s t e e r  a n g l e s  a r e  q u i t e  s i m i l a r ,  a 

f i n d i n g  q u i t e  i n  a c c o r d  w i t h  t h e  t i r e  t e s t  d a t a  which  i n d i c a t e d  

s i m i l a r  peak  l e v e l s  o f  l a t e r a l  s h e a r  f o r c e s  ( s e e  F i g u r e s  3 -37  

and 3- 3 9 ) .  
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A d d i t i o n a l  compu ta t i ons  s h e d  some l i g h t  on t h e  t r a p e -  

z o i d a l  s t e e r  r e s p o n s e  o f  o t h e r  s t i f f  r a d i a l - O E  c o m b i n a t i o n s .  

C o n s i d e r  i n  p a r t i c u l a r  F i g u r e  3 - 4 4 ,  i n  which  l a t e r a l  

a c c e l e r a t i o n ,  c a l c u l a t e d  f o r  t h e  Ruick i n  a  1 7 5 "  t r a p e z o i d a l  

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

(b)  B r i d g e s t o n e  f r o n t ,  B r i d g e s t o n e  r e a r ;  ( c )  OE f r o n t ,  

B r i d g e s t o n e  r e a r ;  ( d )  B r i d g e s t o n e  f r o n t ,  OE r e a r .  The t r e n d  

i s  a s  a n t i c i p a t e d k - t h e  ex t r emes  a r e  c o n f i g u r a t i o n s  ( c )  and 

(d)  , w i t h  t h e  o t h e r  c o m b i n a t i o n s  a t  i n t e r m e d i a t e  v a l u e s .  

I t  i s  i m p o r t a n t  t o  emphas ize  a t  t h i s  p o i n t  t h a t  t h e  

measured and computed d i s p a r i t i e s  be tween  t h e  OE c o n f i g u r a t i o n s  

and  t h e  c o n f i g u r a t i o n  w i t h  s t i f f  r a d i a l  t i r e s  on t'ile f r o n t  

whee l s  and OE t i r e s  on t h e  r e a r  whee l s  do n o t  r e s u l t  from 

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

t i r e s  and t h e  OE t i r e s .  R a t h e r ,  t h e s e  d i s p a r i t i e s  o c c u r  ma in ly  

b e c a u s e  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  by t h e  B r i d g e s t o n e  and 

t h e  P i r e l l i  t i r e  were  g r e a t e r  t h a n  t h e  c o r r e s p o n d i n g  OE t i r e  

i n  t h e  mid r a n g e  o f  s l i p  a n g l e s ,  t h a t  i s ,  f rom f o u r  t o  t e n  

d e g r e e s .  The d i f f e r e n c e s  i n  car:lber s t i f f n e s s  and  a l i g n i n g  

s t i f f n e s s  between t h e  OE and t h e  r a d i a l  t i r e s ,  which  a r e  

q u i t e  i m p o r t a n t  i n  normal  d r i v i n g  maneuvers  a r e  much l e s s  

i m ? o r t a n t  i n  s e v e r e  maneuvers .  

I t  i s ,  o f  c o u r s e ,  t r u e  t h a t  many r a d i a l  t i r e s  do t e n d  t o  

b e  s t i f f e r  t h a n  t h e  b i a s - b e l t e d  o r  b i a s  t i r e  o f  comparab le  

s i z e  and l o a d  r a t i n g  ( s e e ,  f o r  example ,  R e f e r e n c e  1 2 ) .  Thus 

i t  seems t h a t  one must e x p e c t ,  i n  p r o b a b l i s t i c  t e r m s ,  t h a t  

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

r a d i a l  t i r e s  may l e a d  t o  s i g n i f i c a n t  changes  f rom OE p e r -  

f o rmance ,  a s  p roduced  i n  s e v e r e  maneuvers .  But t h e  p o s s i b i l i t y  

W o t e  t h a t  t h e  computed v a l u e s  o f  peak  l a t e r a l  a c c e l e r a t i o n  
a r e  v e r y  c l o s e  t o  t h e  measured d a t a  p r e s e n t e d  i n  F i g u r e  3 - 4 3  
a t  cr = 8 .  T h i s  l e a d s  t o  some collf iclence i n  o u r  u s e  o f  t h e  
28  p s i  B r i d g e s t o n e  t i r e  d a t a  f o r  t h e  Buick f r o n t  t i r e s ,  r a t h e r  
t h a n  t h e  more d e s i r a b l e  b u t  u n a v a i l a b l e  2 4  p s i  d a t a .  





of  such  changes  i s  by no means r e s t r i c t e d  t o  p e r m u t a t i o n s  

i n v o l v i n g  r a d i a l s .  Th i s  w i l l  b e  demons t r a t ed  t h r o u g h  s i n ~ u l a -  

t i o n s  o f  Buick per formance  w i t h  a  v e r y  s t i f f  b i a s  t i r e - t h e  

F i r e s t o n e  5 0 0  H78-14-mounted on t h e  f r o n t  w h e e l s ,  w i t h  t h e  

OE b i a s - b e l t e d  F i r e s t o n e  Deluxe Champion H78-14 mounted on 

t h e  r e a r  w h e e l s .  The c a r p e t  p l o t s  f o r  t h e s e  two t i r e s  a r e  

p r e s e n t e d  i n  F i g u r e  3 - 4 5 .  

I n  F i g u r e  3 - 4 6  ( a )  and 3- 4 6 ( b )  , t h e  yaw r a t e  and s i d e s l i p  

a n g l e  r e s p o n s e s  computed f o r  t h i s  Bui.ck c o n f i g u r a t i o n  a r e  

p l o t t e d  f o r  compar i son  w i t h  t h e  r e s u l t s  p r e v i o u s l y  computed f o r  

t h e  OE Buick and t h e  Rridgestone-front/OE-rear c o n f i g u r a t i o n .  

C l e a r l y ,  s t i f f  t i r e s  of  b i a s  c o n s t r u c t i o n  on t h e  f s o n t  whee l s  

can a l s o  l e a d  t o  s i g n i f i c a n t  changes  f rom OE pe r fo rmance .  

T h i s  f i n d i n g  does n o t ,  o f  c o u r s e ,  i n d i c a t e  t h a t  combina t i ons  

o f  b i a s  t i r e s  on f r o n t  whee ls  and b i a s - b e l t e d  t i r e s  on r e a r  

whee ls  l e a d  t o  s i g n i f i c a n t  d e v i a t i o n s  f rom t h e  OE r e s p o n s e .  

(The o p p o s i t e  combina t ion  ( v i z . ,  b i a s - b e l t e d  on f r o n t ,  b i a s  

on r e a r )  was shown, i n  Re fe r ence  4 , t o  l e a d  t o  d r a s t i c  

c h a n g e s . )  R a t h e r ,  t h e  i n d i c a t i o n  i s  t h a t  r ep l acemen t  o f  one 

o r  more OE f r o n t  t i r e s  by any t i r e s  which t e n d  t o  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 ,  iirhile l e a v i n g  t h e  OE 

t i r e s  on t h e  r e a r ,  i s  l i k e l y  t o  l e a d  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  r e s p o n s e  o f  t h e  OE v e h i c l e .  

The c o r o l l a r y  t o  t h e  above argument i s  a l s o  wor th  n o t i n g .  

Replacement of one o r  more r e a r  OE t i r e s  by t i r e s  t e n d i n g  t o  

g e n e r a t e  lower  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 ,  w h i l e  l e a v i n g  

OE t i r e s  on t h e  f r o n t ,  i s  l i k e l y  t o  l e a d  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 .  T h i s  r e s u l t  i s  d i f f i c u l t  

t o  d e m o n s t r a t e  f o r  t h e  t e s t  v e h i c l e s  and t i r e s  u sed  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 ,  s i n c e  t h e  t e s t  t i r e s  w e r e ,  by and l a r g e ,  

chosen b e c a u s e  t h e y  were  s t i f f e r  t h a n  t h e  OE t i r e s .  However, 

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

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



1 7 0 0  1 1 0 0  800 
V e r t i c a l  Load ( l b s )  

F igure  3 -45 .  L a t e r a l  f o r c e  v s .  s l i p  a n g l e  and l o a d ,  
d r y  c o n c r e t e ,  40  nlph, 2 8  psi . .  









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

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

f o u r  OE t i r e s  w i l l  a lways l e a d  t o  s i g n i f i c a n t  d e v i a t i o n s  f rom 

OE pe r fo rmance .  I n  f a c t ,  t h e r e  were  two mix s e t s  which  l e d  

t o  OE- l i ke  pe r fo rmance  i n  t h e  v e h i c l e  t e s t i n g  program.  These  

s e t s  were  (1 )  OE on f r o n t  w h e e l s ,  F i r e s t o n e  Town and Count ry  

H78-14 ( a  b i a s - s n o w  t i r e )  on r e a r  whee l s  o f  t h e  B u i c k ;  and 

( 2 )  Goodyear Custom Power Cushion P o l y g l a s  on t h e  f r o n t  w h e e l s ,  

and  OE t i r e s  on t h e  r e a r  w,heels o f  t h e  hius tang.  

Cons ide r  F i g u r e s  3 -47  and 3 - 4 8 ,  i n  which t h e  peak  v a l u e s  

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

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

c o r r e s p o n d i n g  OE measurements .  I n  each  c a s e ,  t h e  s i m i l a r i t i e s  

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

s t e e r  a n g l e s .  S i m i l a r i t i e s  between OE t e s t  r e s u l t s  and t e s t  

r e s u l t s  o b t a i n e d  u s i n g  t h e s e  t i r e  mixes were  a l s o  e v i d e n t  i n  

t h 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  m e t r i c s  , 
as  i s  shown i n  Appendix F .  C l e a r l y ,  t h e s e  t i r e  mix c o n f i g u r a -  

t i o n s  s h o u l d  n o t  b e  e x p e c t e d  t o  p roduce  n o t i c e a b l e  changes  i n  

OE pe r fo rmance  a s  measured by VHTP p r o c e d u r e s  conduc t ed  on a 

d ry  s u r f a c e .  

3 . 4  TREAD WEAR 

One o f  t h e  p r i n c i p a l  conce rns  i n h e r e n t  i n  t h e  c a r e f u l  

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

pe r fo rmance  i s  t h e  d e f i n i t i o n  o f  wear  i t s e l f .  Many v a r i e t i e s  

o f  wear  a r e  p o s s i b l e  and p r o b a b l e .  For  example ,  E r l i c h  and 

J u r k a t  have r e p o r t e d  t h a t  2 7 . 8  p e r c e n t  o f  t h e  f r o n t  t i r e s  and 

1 7 . 8  p e r c e n t  o f  t h e  r e a r  t i r e s  which t h e y  examined showed some 

unusua l  t r e a d  wear  p a t t e r n  s u c h  a s  waves o r  s t e p  wear  [ 1 3  1. 
Baker  and M c I l r a i t h  have  r e p o r t e d  t h a t  3 . 6  p e r c e n t  o f  t h e  t i r e s  

examined i n  t h e i r  s u r v e y  had  d i f f e r e n c e s  o f  more t h a n  4 / 3 2 - i n c h  

groove d e p t h  between t h e  i n s i d e ,  m i d d l e ,  and o u t s i d e  o f  t h e  

t r e a d  [ I 4  1 .  A summary o f  t h e s e  and o t h e r  p e r t i n e n t  d a t a  i s  

g i v e n  by IIarvey and Brenner  [ 111. 



Riglit turn 

Normalized steer ungle 

Left turn 

Normalized steer angle (# 
F i g u r e  3 -  4 7 .  P e a k  l a t e r a l  a c c c l c l - a t i o n  \ - s .  n o i . r ~ n l  i ;:e(l 

s t c e r  a n g l e ,  I ? u i c k  t r a p e z o i d a l  s t e e l -  r~ ; lnc l lvc r .  



F i g u r e  3- 4 8 .  P e a k  l a t e r a l  a c c c l c r a t  i on vs , n o I + m a l  i z c ~ l  
s t c c r  a n g l c ,  \!us tal ly,  t r ; i l>czo ic la l  5 t c c r  ii1aiicllvcr. 
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o u r  g o a l  i n  t h e  i n v e s t i g a t i o n  o f  t h e  e f f e c t s  o f  t r e a d  

wear  was t o  q u a n t i f y  a s  c l e a r l y  a s  p o s s i b l e  t h e  b r a k i n g  and 

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

o f  worn t i r e s  w i t h  w e l l - d e f i n e d  c h a r a c t e r i s t i c s .  These  worn 

, t e s t  t i r e s  were  o b t a i n e d  by machin ing  new t i r e s  down t o  t h e  

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

g r o o v e s .  Thus t h e  crown r a d i u s  was d e t e r m i n e d  by t h e  t i r e  

c a r c a s s ,  and t h e  worn t i r e s  were  r e a s o n a b l y  f r e e  o f  uneven wear  

p a t t e r n s .  * 
The v e r y  n e c e s s i t y  o f  d e f i n i n g  a  s o - c a l l e d  worn t i r e  l e a d s  

t o  obv ious  q u e s t i o n s  c o n c e r n i n g  t h e  r e l a t i o n s h T p  be tween  t h e  

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

and v e h i c l e s  on t h e  highlcay.  I n d e e d ,  i t  h a s  b e e n  shown t h a t  

t h e  crown r a d i u s  on a  machined t i r e  c an  have  a  f i r s t - o r d e r  

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

s u r f a c e  [ 1 5 1 .  I n  a d d i t i o n ,  i t  i s  a  m a t t e r  o f  some c o n c e r n  

t h a t  t h e  chemica l  changes  due t o  a g i n g  \chich may accompany o n -  

v e h i c l e  t i r e  wear  have been  n e g l e c t e d  i n  t h i s  s t u d y .  However,  

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

t e s t s  and v e h i c l e  t e s t s ,  name ly ,  t h a t  worn t i r e s  t e n d  t o  

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

( S e e ,  f o r  example ,  [ 1 5 1 . )  Thus t h e  v e h i c l e  t e s t  r e s u l t s  

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

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

e x p e c t e d  on t h e  highway.  

T i r e  t e s t s  were  pe r fo rmed  f o r  each  o f  t h e  O E  t i r e s  machined 

t o  t r e a d  d e p t h s  o f  6 / 3 2  i n c h ,  4/32 i n c h ,  and 2/32 i n c h .  Some 

o f  t h a t  d a t a  i s  p r e s e n t e d  i n  F i g u r e s  3 -49  and 3 - 5 0 ,  i n  which 
- -  - - 

&The t i r e s  were  "worn" u s i n g  a  t r u i n g  machine .  Thus t h e  r a d i u s  
o f  t h e  worn t i r e  i s  measured f rom t h e  whee l  c e n t e r ,  n o t  t h e  
t i r e  c e n t e r .  U s u a l l y  t h i s  p r a c t i c e  l e d  t o  o n l y  s n ~ a l l  v a r i a -  
t i o n s  i n  t r e a d  d e p t h  a round  t h e  t i r e .  I n  t h e  few c a s e s  when 
t h e  c i r c u m f e r e n t i a l  v a r i a t i o n  i n  g roove  d e p t h  r e s u l t i n g  f rom 
o u t - o f - r o u n d  t i r e s  exceeded  1/32-inclr , t h e  t i r e s  were  n o t  
u s e d  IGT t i r e  t e s t i n g  o r  v e h i c l e  t e s t i n g .  



L o n g i t u d i n a l  S l i l - ,  
F i g u r e  3 - 4 9 .  1 ,o l l l : i tud ina l  f o r ce  v s .  s l i p  f o r  

t r e a d  d e p t h s ,  13.6. G o o d r i c h  S i l  
a t  8 0 0  l b s ,  2 4  p s i .  

e OT-; T i r e  
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-.-.-.- 4 / 3 2 "  T r e a d  
-..---,. 2 / 3 2 "  T r e a d  

v a r i o u s  
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0 OE T i r e  
----- 6/32" T r e a d  

-.-.-.- 4/32" TI-ead 

. 2/32" T read  

S l i p  Angle ( d e g )  

F i g u r e  3 -50 .  L a t e r a l  f o r c e  v s .  s l i p  a n g l e  f o r  v a r i o u s  t r e a d  
d e p t h s ,  B . F .  Goodrich S i l v e r t o w n ,  800 l b s .  
2 4  p s i .  

measurements of  l o n g i t u d i n a l  and l a t e r a l  f o r c e  v e r s u s  l o n g i -  

t u d i n a l  and l a t e r a l  s l i p  a r e  compared f o r  each  d e p t h .  

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

t h e  e x p e c t a t i o n  of  l i t t l e  o r  no change i n  t h e  b r a k i n g  p e r i o r -  

mance o f  t h e  blustang on t h e  d r y  s u r f a c e .  T h i s  t u r n e d  o u t  t o  

b e  t h e  c a s e :  Wlien t h e  OE Mustang \<as t e s t e d  on t h e  d ry  s u r f a c e  

i n  t h e  s t r a i g h t - l i n e  b r a k i n g  p r o c e d u r e ,  a  whee l s -un locked  peak 

a c c e l e r a t i o n  o f  0 . 7 3  g  was measured ;  w i t h  t i r e s  c u t  t o  2132- 

i n c h  t r e a d  d e p t h ,  0 . 7 5  g was measured .  I n  t h e  b r a k i n g - i n - a -  

t u r n  pe r fo rmance ,  t h e r e  was a g a i n  l i t t l e  d i f f e r e n c e  n o t e d  

between t h e  per formance  o f  t h e  OE v e l i i c l c s  and t h e  c o r r e s p o n d i n g  

w o r n - t i r e  c o n f i g u r a t i o n s .  A comple te  summary o f  a l l  t h e s e  d a t a  

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

1 3 4  



I n  t h e  c a s e  o f  l a t e r a l  f o r c e  d a t a ,  however ,  d i f f e r e n c e s  

were  n o t e d  ( s e e  F i g u r e  3 - 5 0 ) .  To a c h i e v e  t h e  l a r g e s t  p o s s i b l e  

change froin. t h e  pe r fo rmance  o f  t h e  OE v e h i c l e ,  t h e  t e s t s  f o r  

each v e h i c l e  on t h e  d r y  s u r f a c e  were  r u n  w i t h  2 / 3 2 - i n c h - t r e a d  

t i r e s  on t h e  f r o n t  and OE t i r e s  on t h e  r e a r .  T h i s  c o n f i g u r a -  

t i o n  l e d  t o  marked changes  f rom t h e  O E  pe r fo rmance  i n  t h e  

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

s t e e r .  

C o n s i d e r ,  f o r  example ,  F i g u r e s  3 - 5 1  and 3 - 5 2 ,  i n  which 

t h e  measured v a l u e  o f  maxii~~urn l a t e r a l  a c c e l e r a t i o n s  o b t a i n e d  

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

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

2 / 3 2 - i n c h - d e p t h  f r o n t  t i r e s  a r e  r e a d i l y  a p p a r e n t .  .4 summary 

o f  t h e  d a t a  measured i n  t h e  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 ? -  

s t e e r  t e s t s ,  i s  p r e s e n t e d  i n  Appendix F .  
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F i g u r e  J - 5 1 :  H u i c k  t r a p e z o i t l a l  s t e e r  p e a k  l a t e r a l  
a c c e l e r a t i o n  v s ,  n o r n a l i  zed s t e c r  n n g l c .  
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Norlrrali zed  Steel. .Anple 3 

F i g u r e  3 - 5 2 .  ? t u s t n n g  t r ; ~ p e z o i d a l  s t c c r  p e a k  I n t e l - n l  
a c c c l e r : ~ t i o i ~  v s  . r lormali  zctl s t e e r  nilj:lc. 



4 . 0  LIIIIT MANEU\rERING PEItFOREIANCE ON WET SURFACES 

4 . 1  COhIPLICATIONS INIIERENT IN WET TESTING 

The re  i s  ample i n c e n t i v e  f o r  s t u d y  o f  t h e  e f f e c t s  o f  

t i r e - i n - u s e  f a c t o r s  on t i r e  pe r fo rmance  on c e r t a i n  we t  s u r -  

f a c e s .  Fo r  example ,  R e f e r e n c e  1 6  p o i n t s  o u t  t h a t  t h e  

t t a c c i d e n t  h i s t o r y  [ a t  a s i t e  on t h e  ORio T u r n p i k e ]  -- a p p e a r s  

( s i c )  t o  b e  h i g h l y  a s s o c i a t e d  w i t h  we t  pavemen t ,  and t o  a  

d e g r e e  w i t h  h e a v i l y  worn t i r e s  . "  However,  w h i l e  i t  i s  d e s i r a b l e  

t o  measure  t h e  s h e a r  f o r c e s  g e n e r a t e d  f o r  t h e  wet  s u r f a c e - t i r e  

combina t i on  of  i n t e r e s t  i t s e l f  r a t h e r  t h a n  r e s o r t i n g  t o  

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

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

Some documen ta t i on  o f  t h e s e  d i f f i c u l t i e s  i s  g i v e n  i n  

F i g u r e  4 - 1 ,  which h a s  b e e n  r e p r o d u c e d  f rom R e f e r e n c e  1 7 .  The 

s c a t t e r  i n  t h e s e  d a t a ,  which were  measured  by u s i n g  a  b r a k e  

t r a i l e r  w i t h  e x t e r n a l  w a t e r i n g ,  r e s u l t e d  from "nonuni form 

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

p r o f i l e . "  

ROAD SURFACF: 
WET A S P I i A L l I C  COIICRETE WITH FINE SLAG SCGEEt l I t 4GS 

TtkE NO. 1 

7r ---- 
20 MPH 

----.- 
-I--- -_._ 

-----., 

! 

LOCKED 

F i g u r e  4 - 1 .  V a r i a b i l i t y  o f  t r a n s i e n t  p - s l i p  
c u r v e s  measured  on wet  a s p h a l t .  
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Some s c a t t e r  i n  t h e  measured d a t a  can  b e  e l i m i n a t e d  

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

such  a s  wind d i s t u r b a n c e s  a r e  e f f e c t i v e l y  e l i m i n a t e d .  

Al though i t ' i s  r e a s o n a b l e  t o  assume t h a t  t h e  w a t e r  d e p t h  

e n c o u n t e r e d  by t h e  t e s t  t i r e  remains  r e a s o n a b l y  c o n s t a n t  

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

d e t e r m i n e  a c c u r a t e l y .  Thus i.t seems r e a s o n a b l e  t o  assume 

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

q u o t e d  f o r  [ o v e r - t h e - r o a d ]  t r a c t i o n  t e s t  r e s u l t s  must  b e  

c o n s i d e r e d  v e r y  a p p r o x i m a t e . "  [ 1 8 1 .  

V e h i c l e  t e s t s  on a  wet s u r f a c e  a r e  s u b j e c t  t o  t h e  same 

confounding  prob lems  a s  t i r e  t e s t i n g  u s i n g  e x t e r n a l  w a t e r i n g .  

However, t h e  s c a t t e r  i n  t h e  measurements  due t o  a  nonuni form 

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

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

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

I n  add 

d i s t u r b  t h e  

hope of  an 

t h e  rea . r  t i  

Re fe r ence  

s u r f a c e  by 

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

w a t e r  i n  t h e  p a t  

a c c u r a t e  e s  t i m a t i  

r e s  a r e  exposed .  

1 9 ,  t h e  s i m u l a t i o  

compu ta t i on  i s  a 

t i r e  

h  o f  

011 0 

Thu 

n  o f  

" spe  

s  o f  

t h e  

f  t h e  

s , a s  

veh i 

c u l a t  

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

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

w a t e r  d e p t h  t o  v;hich 

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

c l e  maneuvers on a  wet 

i v e  u n d e r t a k i n g . "  

I n  s p i t e  o f  t h e s e  o b s t a c l e s ,  t h i s  s t u d y  i n c l u d e d  a  p rogram 

of  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  on wet  s u r f a c e s .  A l though  
t h e  t i r e  and v e h i c l e  t e s t s  were  pe r fo rmed  on t h e  same j e n n i t e  

s u r f a c e ,  d i f f e r e n t  w a t e r i n g  sy s t ems  were  u sed  i n  t h e  two 

t e s t  p rograms .  Water u sed  i n  t h e  v e h i c l e  t e s t s  was p r o v i d e d  

by a  sy s t em o f  i r r i g a t i o n  p i p e s ,  whereas  t h e  t i r e  t e s t s  were  

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

t e s t e r .  T h i s  p r a c t i c e  s u g g e s t s  t h a t ,  whereas  t h e  mob i l e  

t i r e  measurements conduc t ed  on t h e  wet  s u r f a c e  may, i n d e e d ,  

i n d i c a t e  t r e n d s  i n  t h e  wet t r a c t i o n  pe r fo rmance  o f  t h e  t e s t  

t i r e s ,  t h e r e  i s  n o t  a p r e c i s e  r e l a t i o n s h i p  be t .~ i cen  t h e  t i r e  



d a t a  ( a s  measured on t h e  wet  s u r f a c e )  and  t h e  s h e a r  f o r c e s  

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

t e s t e d  on t h e  we t  s u r f a c e .  

W e t - s u r f a c e  t e s t i n g  was pe r fo rmed  on T T I  ' s  j e n n i t e -  

s u r f a c e d  s k i d  pad .  (See  F i g u r e  4 - 2 . )  I n  w e t t i n g  t h e  p a d ,  

w a t e r  i s  e x p e l l e d  f rom p i p e s  p o s i t i o n e d  on t h e  n o r t h  end o f  

t h e  pad  ( t h e  lower  l e f t  p o r t i o n  o f  F i g u r e  4 - 2 ) .  N a t u r a l  

d r a i n a g e  ( r e s u l t i n g  from t h e  b u i l t - i n  g r a d e )  c a u s e s  t h e  w a t e r  

t o  r u n  o f f  t h e  pad t o  t h e  . s o u t h .  I lowever,  t h e  p a d  i s  n o t  f l a t  

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

t h e  v e h i c l e  t e s t s  v a r i e d  f rom n e ' a r l y  z e r o  t o  a t  l e a s t  1 / 4  i n c h .  

The a b o v e - d e s c r i b e d  t e s t  c o n d i t i o n s  do n o t  l e a d  t o  d a t a  

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

pe r fo rmance  r e s u l t i n g  f rom v a r i a t i o n s  i n  t i r e - i n - u s e  f a c t o r s .  

H o l ~ e v e r ,  c e r t a i n  o f  t h e  t e s t  r e s u l t s  d e m o n s t r a t e d  t h a t  a  sudden  

and r a d i c a l  d e p a r t u r e  f rom O E - l i k e  p e r f o r m a n c e  c a n ,  i n  some 

c a s e s ,  r e s u l t  from t i r e - i n - u s e  f a c t o r s .  The d e t e c t i o n  o f  

t h e s e  c a s e s  made t h e  w e t - t e s t i n g  p h a s e  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  a p r o d u c t i v e  e n d e a v o r ,  w i t h  r e s u l t s  t h a t  c e r t a i n l y  

b e a r  on t i r e - i n s p e c t i o n  c r i t e r i a .  

T I R E  TESTS CONDUCTED O;j THE IVET SURFACE 

T i r e  t e s t s  were  pe r fo rmed  on t h e  we t  j e n n i t e  s u r f a c e  f o r  

e ach  o f  t h e  OE t i r e s  and s e l e c t e d  non-OE t i r e s .  The t i r e s  

t h a t  were  t e s t e d  and t h e  t e s t  m a t r i x  a r e  i d e n t i f i e d  i n  T a b l e s  

4 - 1  and 4 - 2 .  T a b l e  4 -3  p r e s e n t s  t h e  more l i ~ i l i t e d k  t e s t  p rogram 

conduc t ed  w i t h  t h e  t r e a d - w o r n  t i r e s .  

A comple t e  s e t  o f  w e t - t e s t  d a t a  i s  p r e s e n t e d  i n  Appendix 

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

t e n d  t o  d rop  w i t h  b o t h  s p e e d  and t r e a d  w e a r . '  F u r t h e r ,  s i n c e  

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

% brea l tdo~in  i n  t h e  t i r e  t r u i n i ;  equ ipment  p r e c l u d e d  t h e  
d e l i v e r y  o f  t h e  t r e a d - w o r n  t i r e s  i n  t i m e  f o r  c o n d u c t i n g  
t h e  comple t e  t e s t  m a t r i x .  





T a b l e  4 - 1 .  T i r e s  T e s t e d  Through t h e  F u l l  I'ilet T e s t  l I a t r i x  

B.F. Gpodrich S i l v e r t o w n  E78-14 ( 4  i n f l a t i o n  p r e s s u r e s )  

B r i d g e s t o n e  225R-14, 28 p s i  

F i r e s t o n e  Deluxe Champion H78-14 ( 4  i n f l a t i o n  p r e s s u r e s )  

F i r e s t o n e  500 1178-14, 28 p s i  

F i r e s t o n e  500 E78-14 ,  24 p s i  

Goodyear Custom Power Cushion P o l y g l a s  E78-14 ,  24 p s i  

P i r e l l i  185R-14,  2 4  p s i  

T a b l e  4 - 2 .  The Wet T e s t  M a t r i x  

E78-14 t i r e s  

Speed 
p- 

20 mph 

40 mph 

SO mph 

Load 
800 1100 1400 

H78-14 t i r e s  

Load 
800 1.10 0  1700 

2 0  mph P ,  X 

4.0 mph 1-1, x 11, X x 

5 0  mph , x  

x = f r e e  r o l l i n g  

p = u - s l i p  c u r v e s  a t  a = 0  and a = 4. 



T a b l e  4 - 3 .  Wet T e s t s  f o r  t h e  Tread-Worn T i r e s .  

B . F .  Goodrich S i l v e r t o w n  E78-14 ,  24 p s i  

2/32 40 mph - 800 l b s ,  1100 l b s  

4/32 40 mph - 800 l b s  

6/32 40 mph - 800 l b s  

F i r e s t o n e  Deluxe. Champion H78-14,  2 8  p s i  

2 /  32 40 mph - 800 l b s ,  1100 l b s  

t r e a d  p a t t e r n ,  s p e e d ,  and d e p t h ,  i t  i s  n o t  s u r p r i s i n g  

t h a t  t h e  h i g h e s t  peak f o r c e s  measured on t h e  wet  s u r f a c e  a r e  

n o t  n e c e s s a r i l y  a s s o c i a t e d  w i t h  t h e  same t i r e s  a s  t h e  h i g h e s t  

peak f o r c e s  measured on t h e  d r y  s u r f a c e .  

4 . 3  FINDINGS FRO31 VEHICLE TESTS C O N D U C T E D  ON A NET SURFACE 

Th ree  o f  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  were  

perfornled on a  wet  s u r f a c e ,  namely ,  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 .  The r e s u l t s  o f  t h e  

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

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

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

I-Iowever, t h e  i n i t i a l  v e l o c i t y  \<as redilceii t o  30 mph, r a t h e r .  

t h a n  u s i n g  40 mph a s  was done i n  t h e  t e s t s  conduc t ed  on t h e  

d r y  s u r f a c e .  

T a b l e  4-4  p r e s e n t s  t h e  s t r a i g h t -  l i n e  b r a k i n g  d a t a  f o r  

t h e  OE hlustang and f o r  v a r i o u s  1,lustang t i r e - i n - u s e  c o n f i g u r a t i o n s .  

The OE v e h i c l e  r e a c h e d  a l m o s t  . 6  g b e f o r e  l o c k i n g  b o t h  f r o n t  



T a b l e  4 -4a .  llrheel Locks f o r  t h e  S t r a i g h t  
. Line  Brak ing  T e s t s ,  Mustang,  

Wet J e n n i t e .  

I 

1 None None 
1 2  ( p s i  a l l  1 8 )  

IS (h'ear a l l  6 / 3 2 )  1  ,i 1 , 2  1,2 1 ~ 2  1 , 2  
Xonc 1 , 2  

14 (Near a l l  4 / 3 2 )  

VE!IICI,E - !!I.IST,\\'C S U h I L R I C  - \ ;HEEL L O C K  

Y E  - r 7 ,  S t r a i g h t - L i n e  B r a k i n g  (\Yet) 

Pb = b r a k e  l i n e  p r e s s u r e  

1 = l e f t - f r o n t  lockup  

2 = r i g h t - f r o n t  lockup  

3 = l e f t - r e a r  lockup 

4 = r i g h t - r e a r  lockup  



Tab le  4 -  4 b .  Average ~ecelcration ( g l s )  for 
t h e  S t r a i g h t - L i n e  Braking T e s t s ,  
Mustang, Wet Jennite. 

1 2  (ps i  a l l  1 s )  I 
1 5  (h'ear a l l  6 / 3 2 )  -38 .38 .43 . 4 2  .47 

. 4 6  

14 (h'car a l l  4/32) I 

L 'E t I ICLE - \!USTt\SG h'U!4ERIC - AXAv 

- r 7 ,  S t r a i g h t - L i n e  Braking ('Let) 

1 3  (Near a l l  2 / 3 2 )  . j !  . 3 9  .41 .44 .45 - 4 4  
. 36  - 3 9  . 4 1  



whee l s  (and one r e a r  whee l  i n  some c a s e s ) .  "Though no 

d e g r a d a t i o n  i n  t h e  d e c e l e r a t i o n s  was r e c o r d e d  due  t o  l owered  

i n f l a t i o n  p r e s s u r e  ( i n  f a c t ,  i n  one c a s e  - 6 4  g was m e a s u r e d ) ,  

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

p o o r l y  by compar i son .  I n  t h e  ex t r eme  c a s e ,  t h e  Elustang w i t h  

2132 - inch  t r e a d  d e p t h  on a l l  foul- w l i ee l s ,  t h e  v e h i c l e  c o u l d  

n o t  r e a c h  0 . 4  g ' s  w i t h o u t  l o c k i n g  b o t h  f r o n t  w h e e l s .  

I n  t h e  c a s e  o f  t h e  B u i c k ,  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  p r o c e d u r e s  d i d  n o t  l e a d  t o  c l e a r - c u t  r e s u l t s .  

T h i s  was b e c a u s e  t h e  Buick l o c k e d  i t s  r e a r  whee l s  f i r s t  on 

t h e  wet  s u r f a c e .  S i n c e  t.he r e a r  t i r e s  o f  t h e  Buick were  

exposed t o  a  s u r f a c e  whose w a t e r  d e p t h  i s  d i s t u r b e d  by t h e  

f r o n t  t i r e s ,  i t  i s  n o t  s u r p r i s i n g  t h a t  more s c a t t e r  was o b t a i n e d  

i n  t h e  Buick t e s t s  t h a n  i n  t h e  Mustang t e s t s .  The Buick t e s t  

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

a n g l e s  i ce re  o f t e n  a t t a i n e d  \illen t h e  r e a r  \\rheels l o c k e d .  Under 

t h e s e  c o n d i t i o n 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  and s p e e d ,  a s  

measured by a  f i f t h  w h e e l ,  a r e  d i f f i c u l t  t o  i n t e r p r e t .  

The b r a k i n g - i n - a - t u r n  n e t r i c s  u sed  f o r  t h e  Nus t a n g  a r e  

summarized i n  T a b l e  4 - 5 .  S i n c e  a 0 . 3  g s t e a d y  t u r n  i s  

d i f f i c u l t  t o  m a i n t a i n  on wet j e n n i t e ,  t h e  b r a k i n g - i n - a - t u r n  

measurements  were  t a k e n  s t a ~  t i n g  from an i n i t i a l  0 . 2  g t u r n  

r a t h e r  t h a n  t h e  0 . 3  8 t u r n  s p e c i f i e d  f o r  t h e  d r y  s u r f a c e .  

(The e n t i r e  d a t a  s e t  i s  p r e s e n t e d  i n  Appendix F . )  

The RATIO m e t r i c  i n d i c a t e s  t h e  q u o t i e n t  o f  t h e  p r e - b r a k i n g  

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

t u r e  from t h e  t ime  o f  t h e  b r a k e  a p p l i c a t i o n  u n t i l  t h e  v e h i c l e  

d e c e l e r a t e s  t o  t e n  m i l e s  p e r  h o u r .  The n e g a t i v e  RATIO v a l u e s  
i n  T a b l e  4 -5c  i n d i c a t e  a  s i g n  change be tween  t h e  i n i t i a l  v a l u e  

&Dynamometer 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  f r o n t - t o - r e a r  b r a k c  
p r o p o r t i o n i n g  v a r i e s  t i i t 1 1  b r a k e  l i n e  p r e s s u r e  f o r  t h e  hlus tang.  
A t  400 p s i ,  t h e  f r o n t  b r a k e  t o r q u e  i s  a p p r o x i m a t e l y  t w i c e  t h e  
r e a r  b r a k e  t o r q u e .  S i m p l i f i e d  b r a k i n g  c a l c u l a t i o n s  f o r  t h e  
Mustang sh01i t h a t  t h e  f r o n t  \:heels will l o c k  f o r  d ~ c c l c r a t i o n s  
below approximately 0 . 5 9  g and t h e  r e a r  whee l s  w i l l  l o c k  f o r  
d e c e l e r a t i o n s  above 0 . 5 9  g, 



Tab le  4 -  5a. IVheel lockup f o r  t h e  b r a k i n g - i n - a -  t u r n  
t e s t s .  h ius tang,  Wet J e n n i t e .  

2  2 1 , 2  1 , 2 , 4  

a l l  18) 2 5 2  

i / j j  1 6 .  (Nix 
i:; 2 ,  1 , 2  1 ,  A l l  1 . 2 . 4 .  

1'K F )  1 8 2  , 

2 ~ 4  2 , 4  A l l  
2 / 3 2  R )  2 9 4  2 , 4  1 , 2 , 4  

V E H I C L E  - b:'JSPASG DIRLCTICS - RIC!IT 

\'I(TP - 1 8 ,  B r a k i n g  i n  a T u r n  ( K e t )  !;'I'!!I:RIC - K i i E t L  LOCK 

19  ( l i c a r  
4 / 3 2  R )  

Wheel Lock Code -- 
1 l e f t  f r o n t  

2 r i g h t  f r o n t  

3 l e f t  r e a r  

4 r i g h t  r e a r  

2  $ 4  1 ,  1 , 2 , 4  
2 2 , 4  1 , 2 , J  
2 9 4  1 , ? , 4  ., a 



Table 4 - 5 b .  Average Deceleration for the 
Braking-In-A-Turn ?laneuver. 
Mustang, Wet J c n n i t e .  

Tirc P b  (ps i )  

275 300 32 5  3 5 0  375 400 4 2 5  4 5 0  475 500 

. 4 7  .46 . 4 4  .40 , 

.40 .43 
- 4 0  

. I 4  

a l l  1 8 )  . s o  -.---- 
. 4 4  .4Y . 4 s  . 

1 6  (Xix .40 - 4 3  . 4 [I .43 
,116 

I r E I I I C L E  - !.!;'STASS DIRECTIOS - RIGI[T 

9 - 68, B r z k i i ~ g  i n  a Turn (?:st) KLl:s!E3IC - ,AX 
AV 

Average Deceleration in g ' s  



Tab le  4 -5c ,  Pa th  Curva tu re  K+4TIO. 
b'lustang, Wet J e n n i t e .  

T i r c  Pb (ps i )  
g I 2 7 5  1 0 0  121 )? 1 7 5  4 0 0  2  450 4 7 5  Conli  ur. 

- 
12 (ps i  - 6 8  . 6 9  - . 2 1  1.5 

a l l  1 8 )  - 2 5  . 5 5  . C O  
1.41 . 2 5  .OS 0 . 0  .15 - . 1 4 '  

.12 .OS ,10 - . l o  

.22 .24 
1 .5& 

Y E H I C L E  - 3:VSTASG D1RI:CTIOS - R I G H T  -- 
I= - 8 8 ,  i 3 r a k i n z  i n  a Turn ( K c t )  !<U!!E>!lC - FLATIC! 



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

o f  RATIO mean t h a t  t h e  v e h i c l e  mass c e n t e r  began  t o  v e o r  t o  

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

e a c h  c a s e ,  t h i s  b e h a v i o r  was symptonla t i c  o f  t h e  l ockup  o f  

b o t h  f r o n t  w h e e l s ,  t h u s  e f f e c t i v e l y  removing t h e  t e n d e n c y  t o  

t u r n  r i g h t .  The l e f t -  t u r n i n g  b e h a v i o r  was e i t h e r  i n i t i a t e d  

by imba lance  of  t h e  l o n g i t u d i n a l  f o r c e s  due t o  t h e  l o c k i n g  up 

o f  o n l y  t h e  l e f t  r e a r  whee l  ( a s  i n  c o n f i g u r a t i o r ~  # 1 7 ,  400  p s i ) ,  

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

i n t e r f a c e  due t o  v a r i a t i o n s  i n  w a t e r  d e p t h .  

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

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

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

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

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

r e p e a t a b l e  d i s p a r i t i e s  be tween  t h e  worn and non-worn t i r e  

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

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

a t  T T I .  

B e f o r e  d i s c u s s i n g  t h e s e  d a t a  and f i n d i n g s ,  some remarks  

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

s e l e c t e d  t o  conduc t  t h e  s i n - a o i d a l  s t e e r  maneuvers  on t h e  w e t  

s u r f a c e .  F i r s t ,  n o t e  t h a t  c a l c u l a t i o n s  can  y i e l d  u s e f u l  

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

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

on a  " t y p i c a l "  wet  s u r f a c e .  However, computer  s i m u l a t i o n  i s  

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

as i t  i s  f o r  a  d r y - t e s t  p rog ram,  s i n c e  t h e  w e t - s u r f a c e  t i r e  

d a t a  t o  bc l o a d e d  i n t o  t h e  s i r n u l a t i o n  i s  l i k e l y  t o  b e  s ~ ~ b -  

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

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

v e h i c l e  t e s t  programs on a  wet  s u r f a c e  must b e  b a s e d  o n l y  on 

p a s t  e x p e r i e n c e  and  an i n t u i t i v e  s e n s e  o f  t h e  wet  s u r f a c e  

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



F O ~  t h e  p r e s e n t  i n v e s t i g a t i o n ,  i t  was o r i g i n a l l y  d c c i d e d  

t o  r u n  t h e  s i n u s o i d a l  s t e e r  t e s t s  from an i n i t i a l  s p e e d  o f  

30 mph, r a t h e r  t h a n  4 5  mph, a s  on t h e  d r y  s u r f a c e .  I n  

a d d i t i o n ,  t h e  = 2 s t e e r  a m p l i t u d e  was t o  b e  i n c l u d e d ,  s i n c e  

i t  was f e l t  t h a t  i n t e r e s t i n g  r e s u l t s  migh t  be  found  even  a t  

. s u c h  a  low s t e e r  l e v e l .  The v e r y  h i g h e s t  s t e e r  l e v e l  was 

d ropped  a s  a  mean ing l e s s  ex t reme on a  s u r f a c e  w i t h  s u c h  a  low 

s h e a r  s t r e s s  l i m i t .  

The Ruick was t h e  f i r s t  t e s t  v e h i c l e  o u t f i t t e d  w i t h  t h e  

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

t h e  above s i n u s o i d a l  s t e e r  t e s t  m a t r i x .  ( A l l  o f  t h e  measured 

r e s u l t s  from t h i s  t e s t i n g  a r e  p r e s e n t e d  i n  Appendix F . )  The 

r e s u l t s  o f  t h i s  e x e r c i s e  were  nondescr ip t -every  t i r e  con -  

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

c o n d i t i o n s .  T h i s ,  o f  c o u r s e ,  d i d  n o t  i n d i c a t e  t h a t  each  o f  

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

change maneuver on o t h e r  wet s u r f a c e s  o r  a t  h i g h e r  s p e e d s .  

To t r y  t o  g a i n  more i n s i g h t  i n t o  t h e  ~ i e t - s u r f a c e  p e r f o r -  

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

program was per formed  f o r  t h e  OE and t h e  worn t i r e  c o n f i g u r a -  

t i o n s .  I n  t h e  a d d i t i o n a l  p rogram,  mid - r ange  s i n u s o i d a l  s t e e r  

maneuvers  ere r u n  on t h e  wst s u r f a c e  a s  s p e e d  was v a r i e d .  A t  

40  lnph i n i t i a l  s p e e d ,  a  v e h i c l e  w i t h  t h e  2 / 3 2 - i n c h  t r e a d  

c o n d i t i o n  was found t o  s p i n  o u t  v i o l e n t l y  a t  1 7 5 '  s t e e r  

(3' = 8)  and above ,  w h i l e  t h e  o t h e r  c o n d i t i o n s  remained  unde r  

c o n t r o l .  A t  45 mph, however ,  t h e  OE a s  w e l l  a s  a l l  t h e  worn 

t i r e  c o n f i g u r a t i o n s  were  found t o  s p i n  o u t .  

Based on t h e s e  r e s u l t s ,  a l l  t h e  Flustang l a n e - c h a n g e  

maneuvers on t h e  wet  s u r f a c e  were  pe r fo rmed  a t  4 0  rnph r a t h e r  

t h a n  30 mph. I n  t h i s  c a s e ,  t h e  f inc l ings  from t h e  Buick t e s t s  

were d u p l i c a t e d ;  t h a t  i s ,  a l l  c o n f i g u r a t i o n s  e x c e p t  t h e  2132- 

i n c h  r e a r  t i r e s  y i e l d e d  a  c r e d i t a b l e  pe r fo rmance .  Mustang 
t e s t i n g  had t o  be  suspent lcd i n  t h e  mid - r ange  f o r  t h e  2 / 3 2 - i n c h  



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

t h e  t e s t  p e r s o n n e l  and p r e s e r v e  t h e  t e s t  equ ipmen t .  T h i s  i s  

r e f l e c t e d  i n  t h e  peak s i d e s l i p  a n g l e  m e t r i c s  p r e s e n t e d  i n  

T a b l e  4 - 6 .  Note t h a t  t h e  v e h i c l e  i s  v e r y  w e l l  behaved  f o r  

c o n f i g u r a t i o n  H25 (OE f r o n t ,  2132 - inch  o f  t r e a d  on r e a r  t i r e s )  

a t  3' = 8 (155' s t e e r ) ,  b u t  t h a t  a t  a '  = 10 (193' s t e e r )  a 

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

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

i s  a p p a r e n t  i n  t h e  t ime  h i s t o r i e s  of  yaw r a t e  and l a t e r a l  

a c c e l e r a t i o n  p r e s e n t e d  i n  F i g u r e  4 - 3 .  Note t h a t  t h e  f i r s t  and 

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

t h e  g' e q u a l  t o  8 ,  and f o r  5' = 10 up t o  a p o i n t  i n  t h e  s e c o n d  

h a l f  of  t h e  l a n e  change ( i . e . ,  i n  t h e  r e c o v e r y  h a l f ) .  A t  

t h i s  p o i n t  t h e  yaw r a t e  s u d d e n l y  d i v e r g e s  f o r  t h e  a '  = 10"  

c a s e ,  app roach ing  t h e  ex t r eme  v a l u e  of  60 d e g r e e s / s e c o n d .  



Table 4 . 6  Flustang, Peak S i d e s l i p  Angle  i n  
S i n u s o i d a l  S t e e r  Jlaneuvers on a  
Wet S u r f a c e .  

VEHICLE - >!US1.\XG A'Uh:EKIC - l j r l  

T i r e  \ 4O 1 0 '  12O 1 4 '  1 6 '  1 8 '  
co~lfigi~r. 6 *  6 O 

VHTP - 6 9 ,  S ine  S t e e r  ( i ' ; e t )  s - D e n o t e s  Spin-out 

2 1 
( O . E . )  

2 2  
(PS i 
I S  rear) 

2 3  
(il i x 
Y K  f r o n i )  

2 4 
( > l i x  
CPCI' f r o n t )  

2 5 
(Ilear 
2 / 3 2  r e a r )  

2 6  
(\Year 
4 / 3 2  r e a r )  

2 7 
(!Kc a r  
6 / 3 2  r e a r )  

2 6 

@P 
i n  deg rees  

4 1 3  6 1 4  7 / 5  X I  5  7 / 4  7 1 6  7 / 7  3 1 4  

6 

7 1 4  1 0 1 5  X I  X  1 2 l X  1 0 1 6  8/6 
3 1 2  , 4 1 3  

4 1 6  5 1 4  6 1 5  6 1 5  6 1 4  5 / 4  3 1 3  5 / 4  

8 

516 4 1 4  6 1 3  X I 4  6 1 2  XI 4  3 / 4  X I 3  

2 1 1  X I 1  4 1 3  s/ s s/ - - 

4 / 3  4 / x  X / X  x l x  5 1 6  4 / 5  2 / X  3 1 4  

4 / 4  6 / X  . 6 1 3  S / S '  5 1 6  5 1 6  5 / 6  3 1  4 

3 1 3  5 1  5  4 1 4  3 1  3  4 1 3  2 / X  3/ 3 1 1 2  

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

S i n d i c a t e s  a  dranlat i c a l l y  i n c r e a s i n g  s i d e s l i p  
a n g l e  r e s p o n s e  ( s p i n  o u t )  

Note:  The d u a l  e n t r i e s  ( c . g . ,  311) i n d i c a t e  t h e  maximum 
s i d e s l i p  a n g l e  o b t a i n e d  i n  l a n e  changes t o  t h e  l e f t  
and t o  t h e  r i g h t ,  r e s p e c t i v e l y .  



--)1 (al-- 1 s econd  
: : +-I-+- 

L a t e r a l  1 . 0 -  
Acce1cr:it i o n  
i n  g U n i t s  0 0 

Yalc Ra te  
i n  d e g / s e c  

L a t e r a l .  
A c c e l e r a t i o n  
i n  g Units 

To t h e  L c f t  
(J' ' 8 0  

Yaw Ra te  
i n  d e g / s e c  

- 15 - 7 5  

To t h e  L e f t  

0' = 10" 

To t h e  Ri!!ht. 

3' = 10" 

F i g u r c  4 - 3 .  "ustan! la l ie  cllanj;cs 011 a i ~ e t  s u r f a c e  1:ii-h 
r e a r  t l r e s  l<o rn  t o  2 /32"  g r o o ~ c  d e p t h .  



5 . 0  INFLUENCE OF IN-USE TIRE FACTORS ON NORMAL DRIVING hIANEWERS 

T i r e - i n - u s e  f a c t o r s  can have  a  f i r s t - o r d e r  i n f l u e n c e  on 

l i n e a r - r a n g e  t i r e - s t i f f n e s s  p r o p e r t i e s  ( i . e . ,  c o r n e r i n g  

s t i f f n e s s ,  C a ,  camber s t i f f n e s s ,  
CY ' and a l i g n i n g  t o r q u e  

s t i f f n e s s ,  AT,). Large changes  i n  t h e s e  s t i f f n e s s  p r o p e r t i e s  

can  cause  t h e  d i r e c t i o n a l  s t a b i l i t y  and r e s p o n s e  o f  t h e  motor  

v e h i c l e  t o  d e p a r t  f rom 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  t o  an 

e x t e n t  t h a t  t h e  human o p e r a t o r  may e x p e r i e n c e  c o n t r o l  d i f f i -  

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

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

and  r e s p o n s e  t h a t ,  p r e s u m a b l y ,  c o u l d  deg rade  t h e  p r e - c r a s h  

s a f e t y  q u a l i t y  o f  a  motor  v e h i c l e  d u r i n g  normal  d r i v i n g .  

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

meaning o f  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 ,  K ,  i s  p r e s e n t e d .  

I n  S e c t i o n  5 . 2 ,  t h e  e x p e r i m e n t a l  approach  u s e d  i n  t h i s  s t u d y  

t o  measure  K i s  d e s c r i b e d ,  f o l l o w e d  by a  compar i son  of  c a l c u l a t e d  

and measured 1-alues  o f  K i n  S e c t i o n  5 . 3 .  F i n a l l y ,  i n  S e c t i o n  

5 . 4 ,  c a l c u l a t e d  v a l u e s  o f  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  a r e  u sed  

i n  an examina t i on  o f  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 ,  t r e a d  

w e a r ,  and r ep l acemen t  t i r e - m i x  on t h e  pe r fo rmance  of  t h e  1971  

1.lustang and 1973 Buick i n  t h e  normal  d r i v i n g  r a n g e .  

Al though  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 ,  K ,  i s  p r i m a r i l y  

a measure  o f  s t e a d y - s t a t e  t u r n i n g  p e r f o r m a n c e ,  q u a l i t a t i v e  

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

may be  o b t a i n e d  f rom t h e  v a l u e  of  K .  A c c o r d i n g l y ,  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  h a s  been  u sed  i n  t h i s  s t u d y  t o  p r o v i d e  

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

caused  by t i r e - i n - u s e  f a c t o r s ,  , 4 d m i t t e d l y ,  t r a n s i e n t  r e s p o n s e  

i s  n o t  e n t i r e l y  de t e rmined  by t h e  v a l u e  o f  K ,  b u t  f o r  t h e  

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

K p r o v e s  t o  b e  a  ~ n e a n i n g f u l  i n d i c a t o r  o f  changes  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  t h e  normal  d r i v i n g  r a n g e  r e s u l t i n g  

from t i r e - i n - u s e  f a c t o r s .  T h i s  m a t t e r  i s  discussed i n  g r e a t e r  

d e t a i l  i n  S e c t i o n  5 . 4 . 4 .  



THEORETICAL CONSIDERATIONS 

5 . 1 . 1  lNTERPRETING NORbli\L DRIVING PERFORMANCE USING AN 

UNDERSTEER/OVERSTEER FACTOR. The r e s u l t s  of  l i n e a r  a n a l y s i s  

[ 5 ] s h o ~ i  t h a t  t h e  s t e a d y  t u r n i n g  pe r fo rmance  of p a s s e n g e r  

c a r s  can be  summarized by an e q u a t i o n  o f  t h e  form:  

where  

6 sw = s t e e r i n g  wheel  a n g l e  (deg)  

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

g 
k = wheel  b a s e  ( f t )  

R = r a d i u s  o f  t h e  p a t h  ( f t )  

K = t h e  unde r s  t e e r / o v e r s  t e e r  f a c t o r  (deg/G) * 

g 
2 

= g r a v i t a t i o n a l  c o n s t a n t  ( f t / s  ) 

2 
A~ 

= l a t e r a l  a c c e l e r a t i o n  ( f t / s  ) 

The v a l u e  of  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 ,  K ,  which i s  

de2endent  upon many t i r e  and v e h i c l e  p a r a m e t e r s ,  can b e  

de t e rmined  b o t h  t h e o r e t i c a l l y  and e x p e r i m e n t a l l y .  (The 

e x p e r i m e n t a l  d e t e r m i n a t i o n  o f  K w i l l  be  d i s c u s s e d  i n  S e c t i o n s  

5 .2  and 5 . 3 . )  

A v e h i c l e ' s  mot ion  s e n s i t i v i t y  t o  s t e e r i n g  wheel  i n p u t s  

can b e  r e a d i  l y  d e r i v e d  from Equa t ion  ( 5 . 1 )  u s i n g  t h e  b a s i c  

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

v e l o c i t y ,  v i z . ,  

- 

* C a p i t a l  "G" r e p r e s e n t s  u n i t s  o f  l a t e r a l  a c c e l e r a t i o n  e x p r e s s e d  
i n  no rma l i zed  non -d imens iona l  form.  The n o r m a l i z i n g  f a c t o r  
u sed  i s  t h e  g r a v i t a t i o n a l  c o n s t a n t ,  g .  



where r i s  t h e  yaw r a t e  ( r a d / s )  and u  i s  t h e  v e l o c i t y .  The 

p a t h - c u r v a t u r e  g a i n  i s  d e f i n e d  a s :  

The l a t e r a l - a c c e l e r a t i o n  ga in  i s  d e f i n e d  a s :  

and t h e  yaw- ra te  g a i n  i s :  

For a  p a r t i c u l a r  v e h i c l e  f o r  which s t e e r i n g  r a t i o ,  N 
'!? ' 

and wheel b a s e ,  R ,  a r e  f i x e d  t h e  s t e ' e r i n g  g a i n s  a r e  f u n c t i o n s  

of  t h e  v e l o c i t y ,  u ,  and 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 ,  K 

( s e e  Equat ions  ( 5 . 3 ) ,  ( 5 . 4 ) ,  and ( 5 . 5 ) ) .  Large p o s i t i v e  

va lues  of  K ,  co r re spond ing  t o  a  h i g h l y  u n d e r s t e e r  v e h i c l e ,  

t end  t o  make t h e  p a t h  c u r v a t u r e  ga in  low a t  h i g h  v e l o c i t i e s .  

On t h e  o t h e r  hand,  s m a l l  v a l u e s  of K can cause  t h e  l a t e r a l  

a c c e l e r a t i o n  g a i n  t o  become l a r g e  a t  h igh  speed .  

Fur thermore ,  f o r  n e g a t i v e  va lues  of  K ,  co r re spond ing  t o  

an o v e r s t e e r  v e h i c l e ,  t h e r e  e x i s t s  a s p e e d ,  c a l l e d  t h e  

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

i n f i n i t e .  A t  t h i s  speed  t h e  v e h i c l e  becomes dynamical ly  

u n s t a b l e . *  I n  t h e  v i c i n i t y  of  t h i s  s t a b i l i t y  l i m i t ,  t h e  

hSee Appendix C f o r  a mnthematical  d i s c u s s i o n  of t h e  l i n e a r  
a n a l y s i s  of  p a s s e n g e r - c a r  d i r e c t i o n a l  r e s p o n s e .  



a v e r a g e  d r i v e r  would f i n d  t h e  p a t h - c u r v a t u r e  g a i n  t o  b e  

ve ry  h i g h .  C o n s e q u e n t l y ,  h e  \ a u l d  have  g r e a t  d i f f i c u l t y  

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

d i s t u r b a n c e s .  

The 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  can  a l s o  b e  u s e d  t o  g a i n  

i n s i g h t  i n t o  t h e  dynamic r e s p o n s e  of  t h e  v e h i c l e .  L i n e a r  

a n a l y s i s  shows t h a t  t h e  d i r e c t i o n a l  r e s p o n s e  of  an o v e r s t e e r  

v e h i c l e  o p e r a t e d  above t h e  c r i t i c a l  s p e e d  i s  c h a r a c t e r i z e d  by 

an e x p o n e n t i a l  i n s t a b i l i t y  [ 5 1 .  When o p e r a t e d  a t  s p e e d s  

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

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

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

v e h i c l e  app roaches  i t s  e q u i l i b r i u m  r e s p o n s e  r a p i d l y ,  b u t  t h e  

r e s p o n s e  may be  l i g h t l y  damped, c r e a t i n g  t h e  p o s s i b i l i t y  o f  

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

The 

o f  s t e a d y  

i n t o  v e h i  

o f  K ,  b u t  

a n a l y s i s .  

l i n e a r  an 

r o ~ t  l o c i  

r e s p o n s e s  

p e r c e n t a g  

t r a n s i e n t  

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 ,  i s  p r i m a r i l y  a  measure  

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

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

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

For  e v a l u a t i n g  t r a n s i e n t  r e s p o n s e  t h e  methods o f  

a l y s i s  p r e s e n t e d  i n  Appendix C c an  b e  u s e d  t o  o b t a i n  

, f r e q u e n c y  r e s p o n s e  p l o t s ,  and s t e p  s t e e r i n g  

. In  t h e  t i m e  domain,  f a c t o r s  s u c h  a s  r e s p o n s e  t i m e ,  

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

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

R e c e n t l y ,  a " c o r n e r i n g  colnpl iance c o n c e p t "  [ 6  , 7 1  h a s  

been  u sed  t o  examine t r a n s i e n t  r e s p o n s e  t i m e .  I n  t h i s  

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

components-a c o r n e r i n g  compl iance  o f  t h e  f r o n t  whee l s  and a  

c o r n e r i n g  compl iance  o f  t h e  r e a r  whee l s  ( i . e . ,  t h e  f r o n t  and 

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

&Note ,  however ,  t h a t  t h e  p a t h - c u r v a t u r e  g a i n  ( s e e  ( 5 . 3 ) )  i s  
lower  f o r  t h e  u n d e r s t e e r  v e h i c l e  t h a n  f o r  t h e  o v e r s t e e r  
v e h i c l e .  Thus t h e  r e s p o n s e  t o  s t e e r i n g  o f  t h e  o v e r s t e e r  
v e h i c l e  i s  n o t  n e c e s s a r i l y  more " s l u g g i s h "  t h a n  t h e  r e s p o n s e  
o f  t h e  u n d e l x t e e r  v e h i c l e .  



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

o b t a i n e d  t h r o u g h  added u n d e r s t e e r  a t  t h e  r e a r  s u s p e n s i o n  

t h a n  w i t h  f r o n t  s u s p e n s i o n  u n d e r s t e e r "  [ 6 1 .  R e c e n t l y ,  t h i s  

app roach  h a s  been  u sed  t o  s t u d y  t h e  i n f l u e n c e  o f  t i r e  i n t e r -  

mix ( a s  c a u s e d  by r e p l a c e m e n t  and u s a g e )  on v e h i c l e  

. pe r fo rmance  [ 7  1 .  

I n  t h e  n e x t  s e c t i o n ,  an  e x p r e s s i o n  r e l a t i n g  K t o  t i r e  

and v e h i c l e  p a r a m e t e r s  i s  p r e s e n t e d  i n  a  form t h a t  c l e a r l y  

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

r e a r  r u n n i n g  g e a r .  

5 . 1 . 2  T H E  I N F L U E N C E  O F  T I R E  AND V E H I C L E  P.ARtVIETERS ON 

THE U S D E R S T E E R / O I T E R S T E E R  FACTOR.  The p u r p o s e  o f  t h i s  s e c t i o n  

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

o b t a i n e d  i n  t h e  l i n e a r  pe r fo rmance  s t u d y .  I n  t h i s  s e c t i o n  an 

a l g e b r a i c  e x p r e s s i o n  f o r  E; i s  p r e s e n t e d  t o  s p e c i f y  (1 )  how 

t i r e  p a r a m e t e r s  i n f l u e n c e  K (and  t h u s ,  normal  maneuver ing  

pe r fo rmance )  and ( 2 )  hole v e h i c l e  p r o p e r t i e s  can a l t e r  t h e  

i n f l u e n c e  of  t h e  t i r e  p a r a m e t e r s . "  

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

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

s t ' f f n e s s ,  
CY ' and t h e  a l i g n i n g  t o r q u e  s t i f f n e s s ,  A T ,  These  

p a r a m e t e r s  a r e  d e f i n e d  a s  fo l l o rv s :  

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

l a t e r a l  f o r c e ,  F v e r s u s  s l i p  a n g l e  ( u )  c u r v e  f o r  a t i r e  
Y '  

e v a l u a t e d  a t  i n c l i n a t i o r l  (camber)  a n g l e ,  y ,  and s l i p  a n g l e ,  a ,  

e q u a l  t o  z e r o . )  

&Readers  i n t e r e s t e d  i n  more fundzimental d i s c u s s i o n s  s h o u l d  
f i n d  r e f e r e n c e s  5 a ~ d  6 u s e f u l .  Fc r  t h e  e x p e r t . ,  t h i s  
m a t e r i a l  d e f i - n e s  t h e  p o i n t  o f  view used  i n  t h i s  s t u d y .  



(Thus ,  camber s t i f f n e s s  i s  t h e  r a t e  o f  change o f  l a t e r a l  f o r c e  

w i t h  r e s p e c t  t o  i n c l i n a t i o n  a n g l e ,  y ,  e v a l u a t e d  a t  y=a=O.) 

(Thus ,  a l i g n i n g  t o r q u e  s t i f f n e s s ,  i s  t h e  r a t e  o f  change o f  t h e  

moment about  a  v e r t i c a l  a x i s  t h rough  t h e  rcheel c e n t e r  w i t h  

r e s p e c t  t o  s l i p  a n g l e  e v a l u a t e d  a t  a=y=O.) Nore d e t a i l e d  

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

P u b l i c a t i o n  J - 6 7 0 c  [ 2 0 1 .  

The f o r c e s  and moments c r e a t e d  by t h e  t i r e s  i n s t a l l e d  

a t  t h e  f r o n t  and r e a r  of  t h e  v e h i c l e  a r e  de t e rmined  by t h e  

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

c r e a t e d  b y  v e h i c l e  mo t ion .  I n  t h e  c l a s s i c a l  " b i c y c l e  model , "  

t h e  ave rage  s l i p  a n g l e  f o r  t h e  f r o n t  whee ls  i s  g i v e n  b y :  

where  

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

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

t h e  f r o n t  whee ls  

r i s  t h e  yaw r a t e  

u i s  t h e  fo rward  v e l o c i t y  

6 F  i s  t h e  a v e r a g e  f r o n t  -whee l  s t e e r  a n g l e .  

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

a n g l e ,  depends main ly  on s t e e r i n g  gea r  r a t i o ,  b u t  s u s p e n s i o n  



r o l l  p r o p e r t i e s  and 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  compl iances  

can b e  i m p o r t a n t  f a c t o r s .  

The ave rage  f r o n t - w h e e l  s t e e r  a n g l e  i s  g i v e n  by t h e  

f o l l o w i n g  e x p r e s s i o n :  

where 

K f r s  i s  t h e  f r o n t  r o l l - s t e e r  c o e f f i c i e n t ,  r e l a t i n g  

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

r o l l  a n g l e  

4 i s  t h e  r o l l  a n g l e  o f  t h e  s p r u n g  mass 

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

b o t h  f r o n t  whee ls  ( i . e .  , ATF = 2AT assuming 
C1 

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

f r o n t  t i r e s )  

KS s  i s  t h e  t o t a l  s t e e r i n g - s y s t e m  s t i f f n e s s  

E~ F i s  t h e  l a t e r a l -  f o r c e  c o m p l i a n c e - s t e e r  

c o e f f i c i e n t  ~ f  t h e  f r o n t  whee ls  

Y~ i s  t h e  t o t a l  l a t e r a l  f o r c e  on b o t h  f r o n t  

w h e e l s .  

The ave rage  camber a n g l e  of  t h e  f r o n t  whee ls  i.s g i v e n  b y :  

where K Y b  i s  t h e  r a t e  o f  change o f  a v e r a g e  camber a n g l e  w i t h  
, , 

r o l l  a n g l e  o f  t h e  s p r u n g  mass and K i s  t h e  r a t e  of  change 
YF 

of  average  camber a n g l e  w i t 1 1  l a t e r a l  f o r c e  a p p l i e d  a t  t h e  

f r o n t  whee l s .  F i n a l l y ,  t h e  t o t a l  l a t e r a l  f o r c e  a c t i n g  on t h e  

f r o n t  t i r e s  i s  g i v e n  by :  



where 

CaF i s  t h e  sum o f  t h e  c o r n e r i n g  s t i f f n e s s e s  o f  

b o t h  f r o n t  t i r e s  ( i .  e .  , CaF = 2 C a ,  assuming 

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

CY F 
i s  t h e  sum o f  t h e  camber s t i f f n e s s e s  o f  b o t h  

f r o n t  t i r e s  ( i . c . ,  C y F  = 2 C y ,  a s suming  

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

Equa t ions  ( 5 . 6 )  th rough  ( 5 . 9 )  may b e  s o l v e d  s i m u l t a n e o u s l y  

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

f u n c t i o n  o f  ( 1 )  t h e  b a s i c  mot ion v a r i a b l e s ,  0 ,  r ,  and 4 ,  and 

( 2 )  t h e  s t e e r i n g  wheel  a n g l e ,  E S l q .  I n  o r d e r  t o  s i n g l e  o u t  t h e  

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

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

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

i n  t h e  f o l l o w i n g  form:  

where  



The q u a n t i t y  C E F  g i v e n  by (5 .11 )  i s  d e f i n e d  h e r e  t o  b e  t h e  

" e q u i v a l e n t  f r o n t  c o r n e r i n g  s t i f f n e s s . "  S i m i l a r l y ,  C;F i s  

d e f i n e d  t o  be t h e  " e q u i v a l e n t  f r o n t  camber s t i f f n e s s . "  The 

l a t e r a l  f o r c e  compl iance  e f f e c t s  d e n o t e d  by EyF and K YF 
a r e  u s u a l l y  n e g a t i v e .  Thus E y F  t e n d s  t o  r educe  t h e  i n f l u e n c e  

o f  t h e  c o r n e r i n g  s t i f f n e s s  a s  shown i11 ( 5 . 1 1 ) ,  and I< t e n d s  YF 
t o  r educe  t h e  i n f l u e n c e  of  b o t h  t h e  c o r n e r i n g  and camber 

s t i f f n e s s e s  a s  shown i n  (5 .11 )  and ( 5 . 1 3 ) .  * I n  a d d i t i o n ,  t h e  

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

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

t h e  v e h i c l e .  

For  many s o l i d  r e a r  a x l e  s u s p e n s i o n s ,  t h e  l a t e r a l - f o r c e  

compl iances  a r e  s m a l l .  I n  a d d i t i o n ,  t h e  r e a r  whee l s  do n o t  

camber s i g n i f i c a n t l y  when t h e  body r o l l s .  Under t h e s e  

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

t h e  r e a r  whee ls  i s  g i v e n  b y :  

- b r  K") YR - - C t R ( B  - - - u r rs  

where 

*The q u a n t i t i e s  EyF  and K y F  were  n o t  measured i n  t h i s  p rogram,  

s i n c e  t h e y  a r e  d i f f i c u l t  t o  measure  w i t h o u t  s p e c i a l  a p p a r a t u s  
o f  t h e  t y p e  d e s c r i b e d  i n  [ 2 1 1 .  They a r e  b e l i e v e d ,  holcever,  
t o  be o f  n e g l i g i b l e  impor t ance  i n  t h e  c a s e  of  t h e  J Ius tang .  
For t h e  Buicl; s t a t i o n  lv>lagon, t h e s e  q u a n t i t i e s  may b e  i m p o r t a n t  
i n  e s t a b l i s h i n g  t h e  a b s o l u t e  v a l u e  of 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 .  IIolirever, i n  t h i s  i n v e s t i g a t i o n ,  r e s u l t s  d e m o n s t r a t i n g  
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  011 normal  d r i v i n p  
per formance  were  o b t a i n e d  t h r o u g h  c a l c u l a t i o n s  i n  whit11 E y F  

and K were i g n o r e d .  C a l c u l a t i o n s  u s i n g  e s t i ~ n a t c d  v a l u e s  o f  
Y F 

E~ F and I; showed t l i a t  t h e  b a s i c  c o n c l y s i o r ~ s  concei-ning t i r e -  
Y 1: 

i n - u s e  f a c t o r s  were  n o t  s i g n i f i c a n t l y  changed by t h e  i n c l u s i o n  
o r  on l i s s ion  of  E and K YF Y F '  



C:R 
i s  t h e  e q u i v a l e n t  r e a r  c o r n e r i n g  s t i f f n e s s  

C u ~  i s  t h e  sum o f  t h e  c o r n e r i n g  s t i f f n e s s e s  o f  

t h e  r e a r  t i r e s  

ATR i s  t h e  sum o f  t h e  a l i g n i n g - t o r q u e  s t i f f n e s s e s  

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

Rs S R i s  t h e  s t e e r i n g  s t i f f n e s s  o f  t h e  r e a r  a x l e  

K* i s  t h e  r o l l  s t e e r  c o e f f i c i e n t  of  t h e  r e a r  a x l e  rrs 

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

t o  t h e  r e a r  a x l e .  

The a-verage s l i p  a n g l e  o f  t h e  r e a r  w h e e l s ,  aR, i s  g i v e n  b y :  

I n  a s t e a d y  t u r n ,  s t a t i c  e q u i l i b r i u m  r e q u i r e s  t h a t  t h e  

f o l l o w i n g  t h r e e  e q u a t i o n s  b e  s a t i s f i e d ,  v i z :  

( a )  The l a t e r a l  f o r c e  zqua . t i on :  m * u m r  = Y F  + Y~ (5 .17 )  

(b )  The yaw moment e q u a t i o n :  0 = aYF - byR + N F  + ;\IR ( 5 . 1 8 )  

u r  ( c )  The r o l l  e q u a t i o n :  $ = Km(F) ( 5 . 1 9 )  

where  

m i s  t h e  t o t a l  mass o f  t h e  v e h i c l e  

N F  i s  t h e  a l i g n i n g  moment from t h e  f r o n t  whee l s  

(NF = ATFaF) 

N i s  t h e  a l i g n i n g  moment from t h e  r e a r  w h e e l s  R 
(Np, = ATRaR) 

and K i s  t h e  r o l l  c o e f f i c i e n t  i n  d e g r e e s  r o l l  p e r  G m 
o f  l a - t e r a l  a c c e l e r a t i o n .  



(The r o l l  c o e f f i c i e n t ,  K i s  a  f u n c t i o n  o f  t h e  t o t a l  s n s -  
4 ' 

p e n s i o n  r o l l  s t i f f n e s s ,  t h e  w e i g h t  o f  t h e  s p r u n g  mass ,  and  t h e  

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

a x i s .  Note t h a t  K i s  a lways a n e g a t i v e  q u a n t i t y  s i n c e  a  
@ 

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

By combining t h e  e q u i l i b r i u m  e q u a t i o n s  i n t o  a  s i n g l e  

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

l a t e r a l  a c c e l e r a t i o n  ( t h a t  i s ,  by e x p r e s s i n g  t h e  e q u i l i b r i u m  

e q u a t i o n s  i n  t h e  form o f  E q u a t i o n  ( 5 . 1 ) ) ,  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 ,  K ,  can  b e  i d e n t i f i e d  a s  a  f u n c t i o n  o f  t i r e  

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

f o r  K i s  p r e s e n t e d  h e r e  a s  t h e  sum o f  t h r e e  main t e r m s  f o r  

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

where  

I 

where  ( a & + b & )  c h c 7  

where  C = C t F K 2 r S  + C* K + C* K *  
YF Y@ O R  rrs 

and  K i s  assumed t o  be  n e g l i g i b l y  s m a l l  
Y $ R  

and  K 3  = -K$(D) ( E )  

c l F  ' c lR  
where  D = C E F C I R  (a*+b  *) 

and E = aC* K + a*CiFKFrs 
YF Y$ 

- b*C* I;* 
aR r rs  



The d imens ions  a *  ancl b *  a r e  t h e  v a l u e s  o f  a  and b m o d i f i e d  

t o  t a k e  i n t o  a c c o u n t  t h e  i n f l u e n c e  o f  p n e u m a t i c  t r a i l  on t h e  

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

U s u a l l y ,  C K i s  a  r e l a t i v e l y  s m a l l  q u a n t i t y  and 
YF YF 

- r where  X p F  i s  t h e  pneuma t i c  t r a i l  o f  t h e  f r o n t  t i r e s ,  X p F  - - C a ~  

and b X  = b + X p R  

- K where  X p R  i s  t h e  p n e u m a t i c  t r a i l  of  t h e  r e a r  t i r e s ,  SpR - - 
C c i ~  ' 

The q u a n t i t y  K1 i n  E q u a t i o n  ( 5 . 2 0 )  i s  d e t e r m i n e d  by t h e  

most b a s i c  p r o p e r t i e s  o f  t h e  v e h i c l e - t i r e  s y s t e m  t h a t  gDvern 

u n d e r s t e e r .  As s u c h ,  i t  may b e  e x p r e s s e d  a s  t h e  d i f f e r e n c e  

be tween  t h e  f r o n t  and r e a r  c o r n e r i n g  compl i ance  c o e f f i c i e n t s ,  

D and D R ,  d e f i n e d  h e r e  a s  I: 

where  



Note t h a t  s i n c e  

and 

and 

- l '  
D~ 

- - where W F  i s  t h e  sum of  t h e  s t a t i c  ''' l o a d s  on t h e  f r o n t  whee ls  

:: K 
D~ 

- where 1 Y R  i s  t h e  sum o f  t h e  s t a t i c  
C : ~  l o a d s  on t h e  r e a r  w h e e l s .  

Thus,  K1 i s  t h e  c o n t r i b u t i o n  t o  u n d e r s t e e r  d e r i v i n g  from t h e  

l o c a t i o n  o f  t h e  c e n t e r  o f  mass and t h e  va . lues  o f  t h e  e q u i -  

v a l e n t  f r o n t  and r e a r  c o r n e r i n g  s t i f f n e s s e s  . 
The v a l u e s  o f  K 2  and K 3 ,  g i v e n  by (5 .22 )  and ( 5 . 2 3 ) ,  

depend on t h e  t o t a l  r o l l  s t i f f n e s s ,  K,, and a l l  t h e  o t h e r  r o l l  

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

v e h i c l e ' s  r o l l  p r o p e r t i e s  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 .  

As can be  s e e n  by  examining E q u a t i o n s  ( 5 . 2 0 )  t h rough  

( 5 . 2 3 ) ,  many v e h i c l e  and t i r e  p a r a m e t e r s  have an i n f l u e n c e  on 

t h e  v a l u e  o f  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 .  Fo r  t h e  v e h i c l e s  

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

degree  o f  complex i ty  i s  needed  t o  e x p l a i n  t h e  r e s u l t s  o b t a i n e d .  

A l l  t h r e e  t i r e  s t i f f n e s s e s  and t h e  s t e e r i n g  and s u s p e n s i o n -  

sy s t em compl i ances ,  which c o n t r i b u t e  t o  t h e  e q u i v a l e n t  f r o n t  

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

The 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  t e s t  p r o c e d u r e  was 

u sed  t o  e v a l u a t e  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  f o r  s e v e r a l  

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



I I 

c o n d i t i o n  f o r  b o t h  t h e  Buick s t a t i o n  wagon and t h e  FIustang.  

T h i s  p a r t i c u l a r  t e s t  method was chosen  p r i m a r i l y  b e c a u s e  

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

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

s t e e r - w h e e l - a n g l e  t e s t s .  O t h e r  advan t ages  o f  t h i s  method 

a r e  (1) v e r y  l i t t l e  d r i v e r  s k i l l  i s  r e q u i r e d  t o  p e r f o r m  t h i s  

t e s t ,  and (2 )  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  can  be  d e t e r -  

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

o r  v a r i a b l e  s t e e r i n . g - g e a r  r a t i o .  

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

a l s o  u sed  i n  t h e  l i n e a r  r a n g e  v e l l i c l e  t e s t s .  The q u a n t i t i e s  

measured i n  t h e  l i n e a r  r ange  t e s t s  were  yaw r a t e ,  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 .  The a c c e l e r o m e t e r  was mounted on 

a  s t a b l e  p l a t f o r m ,  t h e r e b y  e l i m i n a t i n g  t h e  need  f o r  measu r ing  

rol .1 a n g l e .  The p r o p e r  o p e r a t i o n  o f  t h e  t e s t  i n s t r u m e n t s  was 

checked t h r o u g h o u t  t h e  program by comparing t h e  p r o d u c t  o f  

t h e  yaw r a t e  and v e l o c i t y  w i t h  t h e  l a t e r a l  a c c e l e r a t i o n  measured 

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

t r a n s d u c e r s  were as  f o l l o ~ v s  : 

L a t e r a l  a c c e l e r a t i o n :  

L o n g i t u d i n a l  v e l o c i t y :  + 0 . 5  mph 

Yaw r a t e :  + 1 . 0  d e g / s e c .  

S a t i s f a c t o r y  r e s u l t s  were  o b t a i n e d  by a v e r a g i n g  r e a d i n g s  f rom 

a  l a r g e  number o f  d a t a  s a m p l e s .  However, h i g h e r  q u a l i t y  

r e s u l t s  can be  o b t a i n e d  by u s i n g  i n s t r u m e n t s  w i t h  n a r r o w e r  

e r r o r  t o l e r a n c e  b a n d s .  

The s t e e r i n g  wheel  l i m i t e r  b u i l t  f o r  t h e  d r i v e r - c o n t r o l l e d  

l i m i t - m a n e u v e r  t e s t s  [ 1 ] was u sed  t o  s e t  t h e  s t e e r  a n g l e .  

The d r i v e r ' s  p r i n a r y  f u n c t i o l ~  was t o  modu la t e  t h e  t h r o t t l e  

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



FM a n a l o g  t a p e  r e c o r d i n g s  o f  t h e  t e s t  d a t a  we re  made f o r  

s u b s e q u e n t  computer  p r o c e s s i n g .  

A m e t h ~ d  o f  c h e c k i n g  b a s e d  on a  p r o c e d u r e  s u g g e s t e d  i n  

[ 2 2  ] was u sed  t o  h e l p  e n s u r e  m e a n i n g f u l  r e s u l t s .  I n  t h i s  

p r o c e d u r e  a  c o n s t a n t  r a d i u s  p a t h  marked on t h e  t e s t  pad  i s  

fo l lo \ t red  by t h e  d r i v e r  w h i l e  g r a d u a l l y  i n c r e a s i n g  s p e e d .  P a t h  
2 c u r v a t u r e  computed f rom t h e  t e s t  d a t a  ( i . e . ,  r / u  and A / u  ) Y 

was compared w i t h  t h e  known p a t h  c u r v a t u r e  t o  p r o v i d e  an 

a d d i t i o n a l  check on t h e  t r a n s d u c e r s  and d a t a  r e c o r d i n g  equ ipmen t .  

Ex t r eme ly  a c c u r a t e  measurements  o f  v e h i c l e  mot ion  a r e  

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

A l l  t h e  checks  u s e d  i n  t11i.s p rogram p roved  t o  b e  h e l p f u l  f o r  

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

5 . 3  COhIPARISON OF V E I I I C L E  TEST R E S U L T S  ICITM CALCULATED V A L U E S  
OF U S D E R S T E E R / O V E R S T E E R  F A C T O R  

V e h i c l e  t e s t s  were  pe r fo rmed  t o  (I) p r o v i d e  e x p e r i m e n t a l  

e v i d e n c e  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 normal  

d r i v i n g  pe r fo rmance  and ( 2 )  v e r i f y  t h e  v a l i d i t y  o f  t h e  t h e o r e -  

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

t i o n s  depends n o t  o n l y  on t h e  q u a l i t y  o f  t h e  v e h j . c l e  model  

b u t  on t h e  a c c u r a c y  w i t h  which v e h i c l e  and t i r e  p a r a m e t e r s  have  

been  measured . )  

The 1971  Mus tang ,  equ ipped  w i t h  OE t i r e s ,  p roduced  t h e  

d a t a  p l o t t e d  i n  F i g u r e  5 - 1 ,  which d a t a  d e r i v e  f rom t h e  c o n s t a n t  

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

p a t h  c u r v a t u r e  have  been  p l o t t e d  v e r s u s  l a t e r a l  a c c e l e r a t i o n  

o v e r  a  r a n g e  e x t e n d i n g  f rom 0 . 2 0  g t o  0 . 3 2  g .  T h i s  r a n g e  o f  

l a t e r a l  a c c e l e r a t i o n  was chosen  b e c a u s e  (1 )  t h e  p e r c e n t  age  

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

l a t e r a l  a c c e l e r a t i . o n ,  and (2 )  t h e  v e h i c l e ' s  r o l l  p a r a m e t e r s  

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

0 .  25 g t i . 1 ~ 1 1 .  



? lus t  ang C o r i f i g .  1 (013) 
T e s t  Runs 

A, 112 L e f t  l'urns 
A R i g h t  T u r n s  
0 1 1 4  

- C a l c u l a t e d  ( I :  = 3 . 9  deg /G)  

a l c  
A< 

F i g u r e  5 - 1 .  C a l c u l a t e d  and n ~ c a s u r c d  r e s u l t s  f o r  t11e OE ? l u s t a ~ ! p .  



The s l o p e  o f  t h e  s o l i d  l i n e  supe r imposed  on t h e  t e s t  

d a t a  i n  F i g u r e  5 - 1  was d e t e r m i n e d  by  t h e  v a l u e  o f  K c a l c u l a t e d  

by u s i n g  t h e  d i g i t a l  computer  program d e s c r i b e d  i n  Appendix C .  

(The s l o p e ,  S ,  o f  t h i s  l i n e  i s  r e l a t e d  t o  K by t h e  e q u a t i o n :  

Examina t ion  o f  F i g u r e  5 - 1  i n d i c a t e s  t h a t  t h e  t e s t  r e s u l t s  

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

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

F i g u r e  5 - 2  shows r e s u l t s  o b t a i n e d  w i t h  t h e  3Iustang u s i n g  

OE t i r e s  b u t  w i t h  t h e  f r o n t  t i r e s  i n f l a t e d  t o  o n l y  12 p s i .  

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

t h e  v e h i c l e  ha s  much more u n d e r s t e e r  i n  t h i s  l a t t e r  c o n d i t i o n  

t h a n  i n  t h e  OE c o n d i t i o n .  Aga in ,  t h e  agreement  between s i m u l a -  

t i o n  and t e s t  i s  r e a s o n a b l y  good up t o  a  l a t e r a l  a c c e l e r a t i o n  

o f  abou t  0 . 2 8  g .  Note t h a t  t h e  l i n e a r  r a n g e  o f  v e h i c l e  p e r -  

formance does  n o t  e x t e n d  above a  l a t e r a l  a c c e l e r a t i o n  o f  

a p p r o x i m a t e l y  0 . 2 8  g ,  p resumably  b e c a u s e  o f  t h e  r e l a t i v e l y  

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

Thus t h e  v e h i c l e  becomes more u n d e r s t e e r  above 0 . 2 8  g  due t o  

n o n l i n e a r i t i e s  i n  t h e  r e l a t i o n s h i p  between l a t e r a l  f o r c e  and 

s l i p  a n g l e .  

F u r t h e r  e v i d e n c e  o f  t h e  agreement  be tween  c a l c u l a t e d  and 

measured r e s u l t s  i s  p r e s e n t e d  i n  F i g u r e s  5 - 3 ,  5 - 4 ,  and 5 - 5 .  

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

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

reduced  t o  a  2 / 3 2 - i n c h  t r e a d  d e p t h ,  and t h e  P i r e l l i  r a d i a l s *  

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

- 
hIn t h e  c a s e  o f  t h e  P i r e l l i  t i r e s ,  l o g i s t i c a l  p rob lems  made 
i t  n e c e s s a r y  t o  p u r c h a s e  t i r e s  f o r  v e h i c l e  t e s t i n g  which 
were n o t  from t h e  same p r o d u c t i o n  l o t  a s  t h e  t i r e s  u sed  f o r  
t i r e  t e s t i n g .  The r e s u l t s  shown i n  F i g u r e  5 - 5  i n d i c a t e  t h a t  
t h e  t i r e s  u s e d  I n  t h e  v e h i c i e  t e s t s  rnay have had  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  t h a n  t h e  t i r e s  u s e d  i n  t h e  t i r e  t e s t s .  



Elustarlg C o n f i g .  5 (12 psi front) 
Test  lluns 
----~-, 

0.20 0.22 0.24 0.26 0.28 0.30 0.52 
1'11 13. = - 

' g 
F i g u r e  5 -  2 .  C n l c u l : ~ t r d  a n d  l l ~ i l ~ ~ i ~ t l  T P S I I ~  t s f o r  t l : ~  ?l~i(: t : l i l j i  

r \r j  t h  ur-idcl-inf1:itctl f l - o n t  tj r c s .  



r - 1 l / n =  ( i t  b lus tang C o n f i g .  3 (12 p s i  r ea r )  

Tes t  Runs -- 

F i g u r e  5- 3. C a l c u l a t e d  a n d  r r ~ c a s u ~ c d  r e s u l t s  f o r  t h e  ?lus t a n g  with 
un(1erjn r l i t t e d  ]-ear t i r e s .  



6 ( 2 / 3 2 "  t r e n d ,  f r o n t )  

Test Runs _ - - -  

1,e f ' r  ']'urns 
A 81 

C a l c u l a t e : !  
(I;= 5. 8 ciei:/G) 



r - 1 l,p, = < ( f t  1 

Tes t  RU: :~  

@ 1 0 3  L e f t  'rul-:,5 
A 104 

~ ~ l ~ ~ l ; ~ t c d  ""1 m e ~ s i ~ r e d  fo r  t h e  'iust;il!?. 
F i g u r e  5 - 5 .  

, i t ,  p i .  1 t i r e s  011 ti:: l T o n t  ' ~ ~ l ~ ~ ~ ~ *  



The c o n s t a n t - s t e e r  t e s t  d a t a  o b t a i n e d  w i t h  t h e  1973  

Buick Ccn tu ry  s t a t i o n  wagon, i n  i t s  OE c o n f i g u r a t i o n ,  a r e  

shown i n  F i g u r e  5 - 6 .  The s l o p e s  o f  t h e  l i n e s  shown i n  t h e  

f i g u r e  were  c a l c u l a t e d  f rom p a r a m e t e r  d a t a  measured a t  14SRI. 

The agreement  o b t a i n e d  be tween  t h e  c a l c u l a t e d  and measured 

r e s u l t s ,  a s  s e e n  i n  F i g u r e  5 - 6 ,  i s  c o n s i d e r e d  t o  be  f a i r .  

F i g u r e s  5 - 7  and  5 - 8  show a  conipar ison o f  c a l c u l a t e d  and  

measured r e s u l t s  f o r  t h e  Buick s t a t i o n  wagon o p e r a t e d  w i t h  

r e a r  t i r e s  i n f l a t e d  t o  16 . p s i  and w i t h  Br i c lge s tone  r a d i a l  t i r e s  

r e p l a c i n g  t l ie  OE t i r e s  on t h e  f r o n t  w h e e l s .  The agreement  

be tween  c a l c u l a t e d  and measured r e s u l t s  i s  c o n s i d e r e d  good 

enough t o  a s s e r t  t h a t  c a l c u l a t i o n s  b a s e d  on a  l i n e a r  a n a l y s i s  

do p r e d i c t  t h e  manner i n  which t h e  s t e a d y  t u r n i n g  p e r f o r m a n c e  

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

The c o n s t a n t  s t e e r  t e s t  i s  not. e a s y  t o  p e r f o r m  a c c u r a t e l y .  

A s  p o i n t e d  o u t  i n  a  r e c e n t  SAE p a p e r  [ 7 1 ,  - a t  b e s t  -- t h i s  t y p e  

o f  t e s t  i s  a c c u r a t e  t o  a b o u t  0 . 5  deg/G. Examina t i on  of  t h e  

!.lustang r e s u l t s  i n d i c a t e  t h a t  t h e y  may b e  a c c u r a t e  w i t h i n  

abou t  1 . 0  deg/G. The Buick r e s u l t s  a r e  p r o b a b l y  no n o r e  

a c c u r a t e  t h a n  1 . 5  deg/G. 

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

h i g h  q u a l i t y  ( i . e . ,  lori e r r o r  t o l e r a n c e )  yals r a t e  gy ro  s h o u l d  

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

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

v e h i c l e  niaking a  0 . 3  g  t u r n  on a  r a d i u s  o f  100 f e e t  show t h a t  

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

a p p r o x i m a t e l y  t o  t h e  s t a n d a r d  d e v i a t i o n  o f  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  oK  by t h e  f o l l o w i n g  e x p r e s s i o n :  

where  oK i s  i n  deg ree s /G  and o r  i s  i n  r a d / s e c .  



T e s t  Sample 4 (200°L) 

C a l c u l a t e d  ( K = 7 . 3  deg/G) 

L a t e r a l  i l c c c l e r a t i c n  (G's) 

0.20 0.22 0.24 0.26 0.28 0. 30 0.31 '  

L a t e r a l  Acceleration ( C I S )  

Figure  5 - 6 .  C a l c u l a t e d  and lueas~lred results f o r  t h e  OE 
B u i c k  s t a t i o n  x:jgon. 



Test Sample  6 

C a l c u l a t e d  (K=5.6 deg/G) 

L a t e r a l  A c c e l e r a t i o n  (GIs) 

F i g u r c  5 - 7 .  Bu ick  r e s u l t s ;  16 p s i  i n  r e a r  t i r e s .  

'4. T e s t  Sample  7 
C a l c u l a t e d  (K=3 .  7 deg/G) 

L a t e r a l  A c c e l e r a t i o n  ( G ' s )  

Figu1.e 5-8. Buicl; r e s u l t s ;  R r i d g e s t o l i e  r a d i a l  t i r e s  on 
t h e  f r o n t  w h e e l s .  



Equa t ion  (5 .27)  i n d i c a t e s  t h a t  f o r  oK = 0 .2  d e g r e e s / G ,  o r  

s h o u l d  be  a p p r o x i m a t e l y  0.002 r a d / s e c  ( i . e . ,  a b o u t  0 . 1  d e g r e e s /  

second)  ,* a .  f i n d i n g  which s a y s  t h a t  t h e  t e s t s  conduc t ed  i n  

t h i s  program were  hand i capped  by yaw r a t e  measurements  o f  

i n s u f f i c i e n t  a c c u r a c y .  On t h e  o t h e r  h a n d ,  t h e  a c c u r a c y  of  

t h e  fo rward  v e l o c i t y  measurements were  more t h a n  a d e q u a t e  f o r  

measur ing  K .  

I n  t h e  m a t e r i a l  t h a t  f o l l o w s ,  c a l c u l a t e d  v a l u e s  o f  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  a r e  u sed  t o  a s s e s s  t h e  i m p o r t a n c e  o f  

changes  i n  t i r e  mechan i ca l  c h a r a c t e r i s t i c s  c aused  by t i r e - i n -  

u s e  f a c t o r s .  Measured t i r e  p r o p e r t i e s  a r e  u sed  a s  a  b a s i s  f o r  

t h e s e  c a l c u l a t i o n s .  The. advan t ages  of  t h i s  a n a l y t i c a l  approach  

a r e  t h a t  (1)  many more c a s e s  can b e  examined q u i c k l y  and 

e f f i c i e n t l y  by c a l c u l a t i o n  t h a n  by t e s t ,  ( 2 )  t h e  r e s u l t s  may 

b e  r e a d i l y  a n a l y z e d  u s i n g  t h e o r e t i c a l  e q u a t i o n s  ( s e e  S e c t i o n  

5 . 1 ) ,  and ( 3 )  s p u r i o u s  r e s u l t s  due t o  e x p e r i m e n t a l  i n a c c u r a c i e s  

a r e  avo ided .  

5 . 4  FINDINGS 

I n  t h i s  s e c t i o n ,  we u s e  c a l c u l a t e d  v a l u e s  o f  t h e  unde r -  

s t e e r / o v e r s t e e r  f a c t o r  t o  examine how i n f l a t i o n  p r e s s u r e ,  

t r e a d  w e a r ,  and r ep l acemen t  t i r e - m i x  i n f l u e n c e  t h e  maneuver ing 

per formance  o f  t h e  1971 Mustang and 1973  Buick i n  t h e  normal  

d r i v i n g  r ange  w i t h  a p p r o x i m a t e l y  a  two-pe r son  l o a d .  

5 . 4 . 1  INFLATION PRESSURE. C o r n e r i n g ,  a l i g n i n g  t o r q u e ,  

and camber s t i f f n e s s e s  a r e  h i g h l y  dependent  upon i n f l a t i o n  

p r e s s u r e .  The e x t e n t  t o  which t h e  Mustang OE t i r e s  e x h i b i t  

S A E  p roposed  recommended p r a c t i c e  XJ 266 c a l l s  f o r  r a t e  
gyros  w i t h  an a c c u r a c y  o f  0 . 0 5  d e g r e e s / s e c o n d .  T h i s  a c c u r a c y  
s p e c i f i c a t i o n  a p p e a r s  t o  b e  w e l l  j u s t i f i e d .  



t h i s  dependency i s  i l l u s t r a t e d  by t h e  measured s t i f f n e s s e s  

p r e s e n t e d  i n  Tab le  5 -1 .  C l e a r l y ,  t h e  c o r n e r i n g  and camber 

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

T a b l e  5 - 1 .  C,, AT,, and C Versus  I n f l a t i o n  
Y 

P r e s s u r e  f o r  t h e  Mustang OE T i r e  
( i . e . ,  a  Goodrich S i l v e r t o w n  E78-14 
T i r e ) .  

Note:  The s t a t i c  l o a d s  on t h e  Mustang t i r e s  a r e  
1020 l b s .  f r o n t  and 810 l b s .  r e a r .  

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

AT . 
a C 

Y 
Load ( l b s )  ( p s i )  ( l b s / d e g )  ( i n .  l b s / d e g )  ( l b s / d e g )  

1020 

F ron t  1 0 2 0  

10 20 

Rear 810 18  124 2 59 1 6 . 5  

The d a t a  g iven  i n  Tab le  5 - 1  have been  used  t o  compute 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 ,  K ,  f o r  t h e  f i v e  t i r e - i n - u s e  

c o n f i g u r a t i o n s  l i s t e d  i n  Tab le  5 - 2 .  Case #1 i n  T a b l e  5 - 2  

r e p r e s e n t s  t h e  OE v e h i c l e .  comparison o f  c a s e s  1 and 3 

i n d i c a t e s  t h a t  a 2 . 5  deg/G r e d u c t i o n  i n  K t a k e s  p l a c e  when 

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  i s  r educed  t o  1 2  p s i .  

From c a s e s  1 and 5 i t  can be  s e e n  t h a t  a  6 . 1  deg/G i n c r e a s e  i n  

K i s  o b t a i n e d  when 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  f r o n t  t i r e s  

i s  reduced  t o  1 2  p s i .  



T a b l e  5 - 2 .  The I n f l u e n c e  o f  U n d e r i n f l a t e d  T i r e s  
on Mustang Normal D r i v i n g  Per formance  

U n d e r s t e e r /  
Overs t e e r  F a c t o r  

Case ~ b m b e r  T i r e  C o n f i g u r a t i o n  (deg /g )  

F r o n t  2 4  p s i ,  
Rear  2 4  p s i  

F r o n t  2 4  p s i ,  
Rear 1 8  p s i  

F r o n t  2 4  p s i ,  
Rear 1 2  p s i  

F r o n t  1 8  p s i ,  
Rear  2 4  p s i  

F r o n t  1 2  p s i ,  
Rear  2 4  p s i  

Dec rea s ing  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  f r o n t  t i r e s  

p roduces  more u n d e r s t e e r ,  n o t  o n l y  because  t h e  c o r n e r i n g  

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

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

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

w i t h  s t e e r i n g - s y s t e m  compl iance  t o  r e d u c e  t h e  e q u i v a l e n t  

c o r n e r i n g  s t i f f n e s s  of  t h e  f r o n t  t i r e s  and t h e r e b y  t o  i n c r e a s e  

t h e  u n d e r s t e e r  l e v e l  ( s e e  E q u a t i o n s  (5 -11)  and ( 5 . 2 0 ) ) .  

A "con tou r "  p l o t  showing l i n e s  o f  c o n s t a n t  K a s  a  fu r i c t i on  

of 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  i s  p r e s e n t e d  i n  F i g u r e  

5 - 9 .  Thi s  p l o t  a p p l i e s  t o  t h e  ?{ustang w i t h  OE t i r e s .  S i n c e  

t h e  i n d i c a t e d  r ange  o f  i n f l a t i o n  p r e s s u r e s  (12 p s i  t o  30 p s i )  

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

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

i n f l a t i o n  p r e s s u r e  on d i r e c t i o n a l  pe r fo rmance  i n  t h e  normal  

d r i v i n g  r a n g e .  



1 2  18  2 4 3 0 

Fron t  p s i  

F i g u r e  5 -9 .  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 
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  f o r  t h e  
Mustang. 

Reexaminat ion of  F i g u r e  5 - 9  i n d i c a t e s  s e v e r a l  i n t e r e s t i n g  

f a c t s  : 

( I )  A t  low f r o n t  i n f l a t i o n  p r e s s u r e ,  r e a r  i n f l a -  

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

( 2 )  I n  t h e  ne ighborhood of  t h e  "OE" p o i n t ,  

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 .  

( 3 )  Changes i n  r e a r  i n f l a t i o n  p r e s s u r e  a r e  abou t  

a s  i m p o r t a n t  a s  changes i n  f r o n t  i n - f l a t i o n  

p r e s s u r e  a t  low u n d e r s t e e r  l e v e l s .  

S i m i l a r  c a l c u l a t i o n s  were performed f o r  t h e  Buick s t a t i o n  

wagon. T a b l e s  5 - 3  and 5 - 4  p r e s e n t  t i r e  p a r a m e t e r s  and c a l c u l a t e d  



T a b l e  5 - 3 .  Ca, AT,, and C Versus  I n f l a t i o n  Y 
P r e s s u r e  f o r  t h e  Buick OE T i r e  

( e ,  a  F i r e s t o n e  Deluxe Champion H78-14 t i r e )  

~ o r m a l  I n f l a t i o n  C a AT a 
Load P r e s s u r e k  ( l b s / d e g )  ( i n .  l b s / d e g )  ( l b s / d e g )  

1277 24 189 4 40 3 6 . 5  

F r o n t  1277 2 0 168  475 3 3 . 1  

1277 1 2  127 522 26.0  

1143  2 8 2 0 3  346 37.0  

Rear  1143  20 1 7 1  418 32 .7  

1143 1 2  129 472 24 .5  

&Recommended i n f l a t i o n  p r e s s u r e s  a r e  2 4  p s i  f r o n t  and 
28 p s i  r e a r .  

T a b l e  5 - 4 .  The I n f l u e n c e  o f  U n d e r i n f l a t e d  T i r e s  on 
Bulck Normal D r i v i n g  Pe r fo rmance  

Case Number T i r e  C o n f i g u r a t i o n  K 

1 (OE) F r o n t  2 4  p s i ,  7 . 3  
Rea r  28 p s i  

F r o n t  2 4  p s i ,  
Rear  20 p s i  

F r o n t  24 p s i ,  
Rear  1 2  p s i  

F r o n t  20 p s i ,  
Rear  28 p s i  

5  F r o n t  1 2  p s i ,  
Rear  28 p s i  



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

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

The major  d i f f e r e n c e  between t h e  f i n d i n g s  o b t a i n e d  f o r  

t h e  Buick and t h e  blustang i s  t h a t  t h e  OE Buick h a s  more 

u n d e r s t e e r  t h a n  t h e  OE Mustang ( 7 . 3  deg /g  v e r s u s  3 .9  d e g / g ,  

by ou r  c a l c u l a t i o n s ) .  O the rwi se  t h e  i n f l u e n c e s  o f  changis 

i n  i n f l a t i o n  p r e s s u r e  on u n d e r s t e e r  l e v e l  a r e  comparab l e ,  a s  

demons t r a t ed  by t h e  c a l c u l a t e d  r e s u l t s  p r e s e n t e d  i n  F i g u r e  5 

1 2  1 8  2 4 3 0 

F r o n t  p s i  

F i g u r e  5 - 1 0 .  I n f l u e n c e  of  i n f l a t i o n  p r e s s u r e  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  f o r  t h e  
Buick s t a t i o n  wagon. 

The above p r e s e n t e d  f i n d i n g s  a r e  b e l i e v e d  t o  b e  r e p r e -  

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

(1) changes  i n  i n f l a t i o r l  p r e s s u r e  a f f e c t  a lmos t  a l l  t i r e s  i n  

app rox ima te ly  t h e  same way ( a l t h o u g h  some t i r e s  may be  more 

s e n s i t i v e  t o  i n f l a t i o n  p r e s s u r e  changes  t h a n  o t h e r s ) ,  and 

( 2 )  v e h i c l e  d c s i g n  canno t  s u b s t a n t i a l l y  compensate f o r  t h e  

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



5 . 4 . 2  TREAD WEAR. Because s e v e r a l  t i r e  r e p l a c e m e n t s  

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

and app rox ima te ly  30% o f  t h e  t i r e s  s o l d  a r e  p u r c h a s e d  i n  p a i r s  

[ 7  1, i t  i s ' l i k e l y  t h a t  a  t i r e - w e a r  i n t e r m i x  s i t u a t i o n  e x i s t s  

on many v e h i c l e s  i n  u s e  on t h e  r o a d .  

A t  s m a l l  s l i p  a n g l e s ,  a  worn t i r e  w i l l  u s u a l l y  p roduce  

h i g h e r  c o r n e r i n g  f o r c e s ,  a l i g n i n g  moments, and camber f o r c e s  

t h a n  a n o t h e r  l e s s  worn t i r e  o p e r a t e d  unde r  t h e  same c o n d i t i o n s .  

The r e s u l t s  p r e s e n t e d  h e r e  a p p l y  o n l y  t o  maneuvers i n  which 

s m a l l  s l i p  and i n c l i n a t i o n  a n g l e s  a r e  i n v o l v e d .  They d i f f e r  

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

wet s u r f a c e .  

Tab l e  5 - 5  p r e s e n t s  t h e  t i r e  p a r a m e t e r s  d e t e r m i n e d  f rom 

f l a t - b e d  measurements f o r  t h e  I Ius tang OE t i r e  a t  f o u r  l e v e l s  

. o f  t r e a d  d e p t h  ( i n c l u d i n g  t h e  OE c o n d i t i o n ) .  These  d a t a  show 

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

a l l  i n c r e a s e  as  t r e a d  i s  worn t o  a l e s s e r  d e p t h .  

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

i n  Tab l e  5 - 6  f o r  t h e  ?Iustang o p e r a t e d  a t  t h e  f o u r  ex t r emes  o f  

wear  ( i . e . ,  OE t i r e s  f r o n t  and r e a r ,  2 / 3 2 "  g roove  d e p t h s  on 

t h e  f r o n t  and r e a r  t i r e s ,  2/32" g roove  dep th  on t h e  f r o n t  

t i r e s  w i t h  nonworn O E  r e a r  t i r e s ,  and nonworn OE f r o n t  t i r e s  

w i t h  2/32" groove d e p t h  r e a r  t i r e s ) .  The s u r p r i s i n g  f e a t u r e  

of  t h e s e  r e s u l t s  i s  t h e  r e l a t i v e  i n s e n s i t i v i t y  o f  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  t o  a l l  combina t i ons  of  t r e a d  w e a r .  

Comparison o f  c a s e s  1 and 2 i n  T a b l e  5 - 6  shows t h a t  a  1 . 4  deg /g  

i n c r e a s e  i n  u n d e r s t e e r  l e v e l  i s  caused  by a  change f rom OE 

t i r e s  t o  f u l l y  worn t i r e s  on t h e  r e a r  w h e e l s .  The u se  o f  

f u l l y  worn t i r e s  on t h e  f r o n t  whee ls  ( c a s e  3) h a s  even  l e s s  

i n f l u e n c e ,  c a u s i n g  o n l y  a  0 . 7  deg/g  d e c r e a s e  i n  u n d e r s t e e r .  

These  r e s u l t s  may seem t o  c o n t r a d i c t  t h e  f a c t  t h a t  t r e a d  

wear  cause s  r e l a t i v e l y  l a r g e  i n c r e a s e s  i n  c o r n e r i n g  s t i f f n e s s .  



T a b l e  5 - 5 .  C a ,  AT,, and C Y Versus  T r e a d  Wear 

f o r  t h e   ust tang OE T i r e .  * 

Normal 
Load Groove Depth Ca 

AT 
C1 

F r o n t  1020 

81 0  OE 136 225 1 9 . 9  

Rear  8  10 6/32 1 7 2  31 5 2 5 . 3  

810 4/32 1 7 4  346 . 3 0 . 3  

810 2/32 178  39 3 2 7 . 1  

& A l l  t h e s e  d a t a  a r e  f o r  2 2  p s i .  Thus t h e  "OE" p a r a m e t e r s  
a r e  n o t  t h e  same a s  i n  T a b l e  5 - 1 .  

T a b l e  5 - 6 .  The I n f l u e n c e  o f  T r e a d  Near on 
Mustang Normal D r i v i n g  P e r f o r m a n c e .  

K 
Case Number T i r e  C o n f i g u r a t i o n  (deg/G) 

F r o n t  O E ,  
Rear  OE 

F r o n t  O E ,  
Rear  2/32" 

F r o n t  2 /32" ,  
Rea r  OE 

F r o n t  2 /32" ,  
Rear  2/32" 



However, an i n c r e a s e  i n  r e a r  t i r e  c o r n e r i n g  s t i f f n e s s  from 

t h e  OE v a l u e  has  l i t t l e  i n f l u e n c e  on K f o r  t h e  blustang. T h i s  

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

F igu re  5-11.  (F igu re  5 -11  i s  a  c o n t o u r  p l o t  showing t h e  

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

c a l c u l a t e d  f o r  t h e  19 71 Mustang. ) 

Front  

F i g u r e  5-11 .  The i n f l u e n c e  of  c o r n e r i n g  s t i f f n e s s  
v a l u 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  
f o r  t h e  blustang. 

The numer i ca l  r e s u l t s  shown i n  F igu re  5-11 i n d i c a t e  t h a t  

an i n c r e a s e  i n  f r o n t  c o r n e r i n g  s t i f f n e s s  (wi th  a l l  o t h e r  

pa rame te r s  h e l d  t h e  same) w i l l  cause  a  s i g n i f i c a n t  d e c r e a s e  

i n  I< f o r  t h e  Flustang. Rut an i n c r e a s e  i n  t r e a d  w e a r  n o t  on ly  

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

a l i g n i n g - t o r q u e  and camber s t i f f n e s s e s .  The 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  r educes  t h e  e q u i v a l e n t  f r o n t  

c o r n e r i n g  s t i f f n e s s  ( s e e  Equat ion  ( 5 . 1 1 ) )  and ,  t h e r e b y ,  

p a r t i a l l y  compensates f o r  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 n  a d d i t i o n ,  an i n c r e a s e  i n  t h e  camber s t i f f n e s s  o f  t h e  f r o n t  

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

Equa t ion  ( 5 . 2 0 ) ) .  A numer i ca l  e v a l u a t i o n  o f  t h e s e  e f f e c t s  

shows t h a t  t h e  u se  o f  t r e a d - w o r n  t i r e s  on t h e  f r o n t  whee ls  

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

Mustang. 

Tab le  5 - 7  p r e s e n t s  t h e  t h r e e  s t i f f n e s s e s  e x h i b i t e d  by t h e  

Buick OE t i r e  a t  f o u r  groove d e p t h s .  The . i n d i c a t e d  t r e n d s  a r e  

t h e  same a s  t h o s e  found f a r  t h e  Mustang OE t i r e  a s  t a b u l a t e d  

i n  Tab le  5 - 5 .  

Tab le  5 - 7 .  C a ,  AT,, and C Versus  Groove 
Y 

Depth f o r  t h e  Buick OE T i r e . *  

Normal 
Load Groove Depth C a AT a 

( i n c h e s )  ( l b s )  l b s / d e p  i n .  l b s / d e g  lbs/cleg 
1 2 7 7  OE 200 423 3 8 . 3  

F ron t  1 2 7 7  6 /  32 2 4 2  588  46 .1  

1 2 7 7  4/32 253 643 53.0 

Rear 1143 6 1  32 2 4 6  522 47 .3  

1143 4 /  32 261 574 5 4 . 4  

k A l l  t h e s e  d a t a  a r e  f o r  26 p s i .  

The i n f l u e n c e  o f  t r e a d  wear 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  f o r  t h e  Buick i s  g iven  i n  Tab le  5 - 8 .  As was t r u e  f o r  

t h e  blustang, t r e a d  wear  does n o t  have a nlarked 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 ,  



Table  5 -  8. The I n f l u e n c e  o f  T read  Wear on 
Buick Normal D r i v i n g  Per formance  

( a l l  t i r e s  a t  26 p s i )  

K 
Case Number T i r e  C o n f i g u r a t i o n  (deg/G) 

1 F r o n t  O E ,  6 . 5  
Rear  OE 

2 Fron t  O E ,  
Rear 2/32" 

3 Fron t  2/32",  6 . 2  
Rear OE 

4 Fron t  2 /  32", 
Rear 2/32" 

F i g u r e  5 -  1 2  shows t h e  i n f l u e n c e  o f  c o r n e r i n g  s t i f f n e s s  

on K a s  c a l c u l a t e d  f o r  t h e  Buick s t a t i o n  wagon. The dashed  

v e r t i c a l  l i n e  i n  F i g u r e  5-12 shows t h a t  i n c r e a s i n g  r e a r  

c o r n e r i n g  s t i f f n e s s  from i t s  OE v a l u e  on t h e  B u i c k ,  wizh 

a l l  o t h e r  p a r a m e t e r s  h e l d  f i x e d ,  does n o t  change K i n  a  v e r y  

marked manner. Thus 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  

caused  by worn t i r e s  s h o u l d  n o t  be  e x p e c t e d  t o  have much 

i n f l u e n c e  on K. Note t h a t  t h e  i n c r e a s e s  i n  camber and a l i g n i n g  

t o r q u e  s t i f f n e s s e s  accompanying r e a r  t i r e  wear a r e  n o t  

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

l i t t l e  compliance s t e e r  o r  camber ,  

I t  i s  c o n c e i v a b l e  t h a t  v e h i c l e s  d e s i g n e d  w i t h  a  low v a l u e  

o f  K ( n e a r  n e u t r a l  s t e e r )  would have  t h e i r  u n d e r s t e e r  l e v e l  

changed by a  s i g n i f i c a n t  amount i f  t r e a d - w o r n  t i r e s  a r e  mounted 

on t h e  r e a r  whee l s .  But t h e  r e s u l t s  c a l c u l a t e d  f o r  t h e  

Mustang and Buick s t a t i o n  wagon i n d i c a t e  t h a t  t h e  u n d e r s t e e r  

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

wear .  

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

o f  t h e  Buick and t h e  Mustang a r e  a  major  f a c t o r  i n  r e d u c i n g  

t h e  i n f l u e n c e  of  f r o n t  t i r e  wear on u n d e r s t e e r .  Given t h e  

i n c r e a s i n g  a l i g n i n g  moment s t i f f n e s s  w i t h  t i r e  w e a r ,  on ly  
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F r o n t  Cu ( l b s / d e g )  

F i g u r e  5 - 1 2 ,  I n f l u e n c e  o f  c o r n e r i n g  s t i f f n e s 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  f o r  
t h e  Bu ick .  

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

e x h i b i t  a  s i g n i f i c a n t  change i n  u n d e r s t e e r  w i t h  i n c r e a s e d  wear  

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

For  some v e h i c l e s  t h e  changes  i n  u n d e r s t e e r  c a u s e d  by 

t i r e  wear  a r e  j u s t  b a r e l y  d i s c e r n i b l e  when c u r r e n t l y  a v a i l a b l e  

t e s t  p r o c e d u r e s  a r e  u s e d .  For example ,  i f  f u l l y  worn t i r e s  

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

Mustang,  K i s  r educed  by 0 .6  d e g / g ,  b u t  unde r  t h e  b e s t  o f  

c i r c u m s t a n c e s  K may b e  d e t e r m i n e d  t o  w i t h i n  a b o u t  0 . 5  deg /g  

u s i n g  t h e  c o n s t  a n t  s t e e r i n g  whee l  a n g l e  method.  

5 . 4 . 3  REPLACEMENT T I R E  EIIX. On t h e  a v e r a g e ,  r a d i a l  t i r e s  

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

much lower  camber s t i f f n e s s  t h a n  b e l t e d - b i a s  t i r e s  [ 1 2 1 .  

Two r a d i a l  t i r e s  were  s e l e c t e d  f o r  e x t e n s i v e  u s e  i n  t h i s  

i n v e s t i g a t i o n .  The mechan i ca l  p r o p e r t i e s  o f  t h e s e  r a d i a l  



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

i n  T a b l e  5 -9 .  The two r a d i a l  t i r e s  were  s e l e c t e d  p r i m a r i l y  

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

t h e  v a l u e s  g i v e n  i n  T a b l e  5 -9  shows t h a t  t h e  low camber 

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

t y p i c a l l y  e x h i b i t e d  by r a d i a l  t i r e s .  - 

Tab le  5 - 9 .  R a d i a l  Versus  bE T i r e  P a r a m e t e r s  
, ( a l l  d a t a  a r e  a t  24 p s i )  

F r o n t  T i r e  
V e h i c l e  T i r e  Load a ' a C~ AT 

Mus t a n g  OE 1020 143  300 22.0  

blus t ang P i r e l l i  R a d i a l  1020 1 6 3  368 5 .6  

Buick OE 1 2 7 7  189 440 36 .5  

Buick B r i d g e s t o n e  R a d i a l  1 2 7 7  273 5 5 8  1 5 . 0  

C a l c u l a t i o n s  show t h a t  (1 )  t h e  u s e  o f  P i r e l l i  r a d i a l  

t i r e s  on t h e  f r o n t  whee l s  o f  t h e  ?!ustang w i l l  change  t h e  OE 

v a l u e  o f  K f rom 3 . 9  deg /g  t o  2 .4  d e g / g ,  and ( 2 )  t h e  u s e  o f  

B r i d g e s t o n e  r a d i a l  t i r e s  on t h e  f r o n t  whee l s  of  t h e  Buick w i l l  

change t h e  OE v a l u e  o f  K f r s m  7 . 3  deg/g  t o  3 . 7  d e g / g .  These  
a r e  s i g n i f i c a n t  changes  i n  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 .  

Mounting t h e s e  r a d i a l  t i r e s  on t h e  r e a r  whee l s  o f  t h e  

a p p r o p r i a t e  v e h i c l e  (Mustang o r  Buick)  will have l i t t l e  

i n f l u e n c e  on K b e c a u s e ,  a s  shown i n  F i g u r e s  5 - 1 1  and 5 - 1 2 ,  

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

have  a s m a l l  i n f l u e n c e  on K .  

S i n c e  a  wide v a r i e t y  o f  r e p l a c e m e n t  t i r e s  a r e  a v a i l a b l e ,  

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

p o s s i b l e  r ep l acemen t  t i r e  mixes  on normal  d r i v i n g  p e r f o r m a n c e .  

I n  t h i s  s t u d y ,  t h e  t i r e  p a r a m e t e r s  u s e d  f o r  summar iz ing  
r ep l acemen t  t i r e  mix s i t u a t i o n s  were  s e l e c t e d  t o  r e p r e s e n t  

t y p i c a l  b i a s ,  b i a s  - b e l t e d ,  and r a d i a l  t i r e s .  



  he c o n t o u r  p l o t s  shown i n  F i g u r e s  5 - 1 3  and 5 -14  f o r  

t h e  blustang and B u i c k ,  r e s p e c t i v e l y ,  a r e  b a s e d  on t h e  f o l l o w i n g  

scheme f o r  s e l e c t i n g  t i r e  p a r a m e t e r s  : 

(1) T i r e  B i s  t h e  OE t i r e  f o r  t h e  v e h i c l e  w i t h  OE 

t i r e  p a r a m e t e r s  symbo l i zed  by C u B  , A T u ~ '  C y ~ *  

( 2 )  T i r e  C r e p r e s e n t s  a  h y p o t h e t i c a l  r a d i a l  t i r e  

w i t h  t i r e  p r o p e r t i e s  g i v e n  by 

ATaC = 1 . 2  ATuB 

c = 0 . 2  CyB (Note  t h e  low l e v e l  o f  C ) 
Y C *  

( 3 )  T i r e  A r e p r e s e n t s  a  h y p o t h e t i c a l  c r o s s - b i a s ,  

b e l t e d - b i a s ,  o r  snow t i r e  w i t h  l ower  s t i f f n e s s  

p r o p e r t i e s  t h a n  t h e  OE t i r e ,  v i z . ,  

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

s p e c i f i e d  by c o o r d i n a t e s  (A,A) , (A,B) , - - - -  - - - - -  ( C , B ) ,  (C ,C) ,  

i n  F i g u r e s  5 - 1 3  and 5-14  were  o b t a i n e d  by i n t e r p o l a t i n g  between 

t h e  v a l u e s  c a l c u l a t e d  a t  t h e  l ~ o i n t s  (A,A) t h r o u g h  (C ,C) .  

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

f i n d i n g s  diagrammed i n  F i g u r e s  5 - 1 3  and 5 - 1 4 :  

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

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

change i n  K o c c u r s .  

( 2 )  I f  t h e  r e a r  OE t i r e s  a r e  r e p l a c e d  w i t h  " ave rage"  

r a d i a l  t i r e s  ( i . e . ,  t i r e  C) , n o t  much change 

o c c u r s .  



F r o n t  T i r e  

F i g u r e  5 - 1 3 .  The i n f l u e n c e  of  r e p l a c e m e n t  t i r e  mixes  
f o r  t h e  Flustang.  I 

A B C 

F r o n t  T i r e  

F i g u r e  5 -14 .  The i n f l u e n c e  o f  r ep l acemen t  t i r e  mixes 
f o r  t h e  Buick .  



( 3 )  I f  t h e  r e a r  OE t i r e s  a r e  r e p l a c e d  w i t h  t i r e s  

w i t h  lower  s t i f f n e s s  p r o p e r t i e s  ( i . e . ,  t i r e  A ) ,  

a  n o t i c e a b l e  change i n  K o c c u r s .  

( 4 )  I f  t h e  f r o n t  OE t i r e s  a r e  r e p l a c e d  w i t h  "average17 

r a d i a l  t i r e s ,  a  s i g n i f i c a n t  change i n  K o c c u r s .  

(5) I f  t h e  f r o n t  OE t i r e s  a r e  r k p l a c e d  w i t h  t i r e  A,' 

a  n o t i c e a b l e  change i n  K o c c u r s .  

( 6 )  The most s i g n i f i c a n t  changes  i n  K o c c u r  when 

t h e  OE t i r e s  a r e  r e p l a c e d  by  f r o n t - t o - r e a r  mix 

o f  t i r e s  A  and C .  

The above l i s t  o f  s t a t e m e n t s  a p p l i e s  t o  e i t h e r  a  1973  

Buick o r  a  1971 Mustang.  Both o f  t h e s e  v e h i c l e s  have  b e l t e d -  

b i a s  o r i g i n a l  equipment  t i r e s .  C l e a r l y ,  t h e  s i t u a t i o n  i s  

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

t i r e s .  

A f i r s t - o r d e r  e s t i m a t e  of t h e  i n f l u e n c e  o f  r e p l a c i n g  OE 

r a d i a l  t i r e s  w i t h  n o n - r a d i a l  t i r e s  can be  o b t a i n e d  by  t r e a t i n g  

" t i r e  C" i n  F i g u r e s  5 -13  and 5-14 a s  t h e  OE t i r e .  I n  t h i s  

c a s e  s i g n i f i c a n t  changes  i n  K a r e  o b t a i n e d  by (1) chang ing  

from t i r e  C t o  t i r e  A o r  B on t h e  f r o n t  w h e e l s ,  and ( 2 )  

changing from t i r e  C t o  t i r s  A on t h e  r e a r  w h e e l s .  Aga in ,  if 

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

t y p e ,  much l e s s  s e v e r e  changes  o c c u r .  

5 . 4 . 4  SYNOPSIS AND CONCLUDING OBSERVATIONS. There  a r e  

i n t e r e s t i n g  and s i g n i f i c a n t  d i f f e r e n c e s  i n  t h e  manner t h a t  

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

i n f l u e n c e  t h e  mechanical  p r o p e r t i e s  o f  t h e  t i r e s  u sed  on t h e  

Mustang and t h e  Ruick s t a t j o n  wagon. These d i f f e r e n c e s  a r e  

i l l u s t r a t e d  by t h e  p a r a m e t r i c  d a t a  p r e s e n t e d  i n  T a b l e  5 - 1  f o r  

t h e  Mustang t i r e s  and i n  Table  5 - 3  f o r  t h e  Buick t i r e s .  



Examina t ion  o f  t h e  measured t i r e  c h a r a c t e r i s t i c s  p r e s e n t e d  

i n  T a b l e s  5 - 1  and 5 - 3  l e a d s  t o  t h e  f o l l o w i n g  o b s e r v a t i o n s  : 

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

c o r n e r i n g  and camber s t i f f n e s s e s  a r e  d e c r e a s e d  

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

( 2 )  When t h e  t r e a d  d e p t h  i s  r e d i c e d ,  t h e  c o r n e r i n g , '  

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

a l l  i n c r e a s e d .  

( 3 )  The r a d i a l  t i r e s  u s e d  i n  t h i s  i n v e s t i g a t i o n  t o  

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

t i r e s  have  h i g h e r  c o r n e r i n g  and a l i g n i n g  s t i f f -  

n e s s e s  and a  much l ower  camber s t i f f n e s s  t h a n  

t h e  OE t i r e s .  

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

t h e  comprehensive  s e t  o f  t i r e  d a t a  p r e s e n t e d  i n  Appendix D.  

Ev idence  showing t h e  g e n e r a l i t y  o f  t h e  f i n d i n g s  b a s e d  on t h e  

t h i r d  o b s e r v a t i o n  p r e s e n t e d  above can b e  found  i n  t h e  s t a t i s -  

t i c a l  comparison o f  r a d i a l  v e r s u s  b e l t e d - b i a s  t i r e s  g i v e n  i n  

[ 1 2 1 s  

Co rne r ing  s t i f f n e s s  i s  t h e  t i r e  p a r a m e t e r  which h a s  t h e  

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

r eg ime .  C a l c u l a t i o n s  showing t h e  i n f l u e n c e  o f  chang ing  t h e  

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

Mustang a r e  shown i n  F i g u r e s  5 - 1 1  and 5 - 1 2 ,  C l e a r l y ,  l a r g e  

v a r i a t i o n s  i n  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  can  b e  caused  by 

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

However, t h e  c a l c u l a t i o n s  u s e d  t o  make F i g u r e s  5 - 1 1  and 5-12  

do  n o t  r e f l e c t  t h e  i n f l u e n c e  o f  changes  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  and camber s t i f f n e s s .  For  t h e  t i r e - i n - u s e  f a c t o r s  

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

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

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



R e s u l t s  q u a n t i f y i n g  t h e  i m p o r t a n t  i n f l u e n c e  of u n d e r -  

i n f l a t e d  t i r e s  on normal  d r i v i n g  pe r fo rmance  a r e  g i v e n  i n  

F i g u r e s  5-9 and 5 -10 .  On t h e  o t h e r  h a n d ,  r e s u l t s  g i v e n  i n  

Tab l e s  5-6  and 5 - 8  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  per formance  i s  a l m o s t  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.  

R e s u l t s  summar 

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

Mustang and t h e  Bui 

t i r e s  w i t h  r a d i a l  t 

i n  t h e  u n d e r s t e e r / o  

r e a r  OE t i r e s  w i t h  

changes  i n  t h e  unde 

i z i n g  a  v a r i e t y  o f  t i r e  r ep l acemen t -mix  

g i v e n  i n  F i g u r e s  5 - 1 3  and 5-14 .  F o r  t h e  

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

i r e s  was found t o  c a u s e  s i g n i f i c a n t  changes  

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

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

r s t e e r / o v e r s t e e r  f a c t o r .  

F i n a l l y ,  some o b s e r v a t i o n s  on (1 )  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 t h e  dynamic r e s p o n s e  o f  v e h i c l e s  i n  t h e  

normal  d r i v i n g  r a n g e ,  and ( 2 )  t h e  e f f e c t  of  l o a d  v a r i a t i o n  on 

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

As d i s c u s s e d  e a r l i e r  i n  S e c t i o n  5 . 1 ,  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  can  be  u sed  t o  make q u a l i t a t i v e  s t a t e m e n t s  

abou t  dynamic r e s p o n s e .  Note t h a t  t h e  a n a l y t i c  method 

d e s c r i b e d  i n  Appendix C can r e a d i l y  b e  u sed  t o  compute t h e  

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

i n  F i  

c o n f i  

nume r 

s e t t l  

T y p i c a l  

gu re s  5 -  

g u r a t i o n  

,its such  

i n g  t ime  

e sponses  t o  

5  and 5-16  

F i g u r e s  o  

as  r e s p o n s e  

(Note t h a  

a  u n i t  s t e p  i n p u t  o f  s t e e  

f o r  t h e  Mustang and Buick 

f  t h i s  t y p e  can  b e  u sed  t o  

t i m e ,  p e r c e n t a g e  ove r shoo  

t t h e s e  numer i c s  v a r y  w i t h  

r a r e  g i v  

i n  t h e  OE 

d e t  ermin 

t ,  and 

s p e e d .  ) 

Response t imes  c a l c u l a t e d  f o r  t h e  Buick and Ilustarlg 

a r e  g i v e n  i n  Tab l e  5 -10 .  I n  t h i s  i n s t a n c e ,  r e s p o n s e  t i m e  i s  

d e f i n e d  a s  t h e  t i m e  r e q u i r e d  t o  r e a c h  90% o f  t h e  s t e a d y - s t a t e  

v a l u e .  Note t h a t  s i n c e  t h e  yaw r a t e  g a i n  changes  w i t h  changes  



K = 3 . 9  

60 rnph 

I 

0  1 2 3 
Time ( s e c )  

F i g u r e  5 - 1 5 .  S t e p  f u n c t i o n  r e s p o n s e  f o r  t h e  OE 
Mustang.  

0 1 2 3 

Time ( s e c )  

3.. 

2 -. 

1 

F i g u r e  5 - 1 6 .  S t e p  f u n c t i o n  r e s p o n s e  f o r  t h e  
OE Bu i ck .  

0- 

" K = 7 . 3  

6 0  rnph 



Tab le  5-10 .  C a l c u l a t e d  Yaw Rate Response Measures 
f o r  V e h i c l e  Speed o f  60 mph. 

Yaw Rate S teady-  
K . T i r e -  In-Use S t a t e  ~ e s ~ o n s e -  Response 

Veh ic l e  F a c t o r  deg/g Level (deg / sec )  Time ( s e c )  

Mustang OE 3.9 3 .47  0 . 1 5  

Mus t a n g  1 2  p s i  r e a r  1 . 4  5 . 8 6  0 . 4 1  

Mustang 1 2  p s i  f r o n t  10 .0  1 . 7 3  0 . 1 3  

Mus t a n g  2/32" t r e a d  6 3 , 8  
2 2  p s i  f r o n t  . 

Mus t a n g  P i r e l l i  2 . 4  
Rad ia l  f r o n t  

Buick OE 

Buick 1 2  p s i  r e a r  4 .5  

Buick 1 2  p s i  f r o n t  1 3 . 8  

Buick 2/32" t r e a d  
6 26 p s i  

Buick Br idges tone  3 .7  
Rad ia l  f r o n t  

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

p r e s e n t e d  i n  Table  5-10 a r e  f u n c t i o n s  of 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 .  The r e s u l t s  p r e s e n t e d  i n  Table  5-10 i n d i c a t e  

t h a t  h igh  v a l u e s  of K y i e l d  s h o r t  r e s p o n s e  t imes  and low 

s t e a d y - s t a t e  yaw r a t e  l e v e l s  and ,  c o n v e r s e l y ,  low v a l u e s  o f  K 

y i e l d  long  r e sponse  t imes  and h i g h  s t e a d y - s t a t e  yaw r a t e  

l e v e l s .  Because of t h e  q u a l i t a t i v e  cor respondence  between 

t r a n s i e n t  r e sponse  and t h e  v a l u e  of  K f o r  a  p a r t i c u l a r  v e h i c l e ,  

i t  was assumed i n  t h i s  s t u d y  t h a t  t h e  u n d e r s t e e r l o v e r s t e e r  

f a c t o r  c h a r a c t e r i z e s  t h e  dynamic r e sponse  of t h e  v e h i c l e  i n  

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

However, a  lower K does n o t  n e c e s s a r i l y  mean a  l o n g e r  

r e sponse  t i m e .  For  example,  t h e  Buick r e s u l t s  shown i n  Tab le  

5 - 1 0  i n d i c a t e  t h a t  (1) K i s  4 . 5  deg/G and t h e  r e s p o n s e  t ime  

i s  0 . 2 3  seconds i n  t h e  1 2  p s i  r e a r  c a s e ,  and (2) K i s  3 . 8  

deg/G and t h e  r e sponse  t ime i s  0 . 1 8  seconds  f o r  t h e  c a s e  w i t h  

Br idges tone  r a d i a l  t i r e s  on t h e  f r o n t  .ciheels. 



s i n c e  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  depends h e a v i l y  

on t h e  s t a t i c  l o a d s  on t h e  f r o n t  and r e a r  whee l s  ( s e e  

E q u a t i o n s  (5 .24 )  t o  ( 5 . 2 6 ) ) ,  t h e  e f f e c t s  o f  u n f a v o r a b l e  

l o a d i n g  combined w i t h  t i r e - i n - u s e  f a c t o r s  s h o u l d  b e  c o n s i d e r e d ,  ' 

p a r t i c u l a r l y  f o r  t h e  s t a t i o n  wagon. T a b l e  5 - 1 1  p r e s e n t s  an 

example s e t  o f  t i r e  p r e s s u r e s ,  l o a d s  ,. and s t i f f n e s s  p a r a m e t e r s  

f o r  t h e  n o r m a l l y  and  f u l l y  l o a d e d  Buick s t a t i o n  wagon. 

T a b l e  5 -11 .  Example C o n d i t i o n s  f o r  t h e  Yormal ly  
and F u l l y  Loaded Buick S t a t i o n  Wagon. 

Load P r e s s u r e  C 
a 

AT a 
C o n f i g u r a t i o n  ( l b s )  ( p s i )  ( l b s / d e g j  ( i n .  l b s / d e g )  ( l b s / d e g )  

Normal F r o n t  1 2 7 7  24 189 440 37 

Rear  1143  2 8 203 346 37 

F u l l  F r o n t  1240 2 6  200 406 38 

Rear  1535 3  2 220 484 3  9 

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

equipment  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 

l e v e l s  f o r  t h e  h e a v i l y  l o a d e d  v e h i c l e  show t h a t  K = 6 . 2  deg/G 

f o r  t h e  f u l l y  l o a d e d  v e h i c l e ,  compared t o  a  K of  7 . 3  deg/G 

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  ( t w o - p a s s e n g e r  l o a d )  w i t h  

o r i g i n a l  equ ipment  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 l e v e l s .  These  n u m e r i c a l  r e s u l t s  show t h a t  i n c r e a s e s  

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

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

v e h i c l e .  

I f  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  o f  t h e  f u l l y  

l o a d e d  v e h i c l e  i s  d e c r e a s e d  t o  1 2  p s i ,  t h e n  K e q u a l s  1 . 6  deg/G. 

The change i n  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  due t o  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  o f  t h e  f u l l y  l o a d e d  

v e h i c l e  i s  d r a m a t i c a l l y  i l l u s t r a t e d  by t h e  change  i n  y a w - r a t e  

r e s p o n s e  t i m e .  The r e s p o n s e  t i m e s  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  .and t h e  f u l l y  loaded  v e h i c l e  w i t h  1 2  p s i  i n  t h e  r e a r  

t i r e s  a r e  g iven  i n  Table  5-12.  

- 

Table  5-12.  C a l c u l a t e d  Yaw Rate  Response Tinzes 
f o r  60  nph Versus Load and I n f l a t i o n  
P r e s s u r e .  

P r e s s u r e s ,  p s i  Yaw Rate Response 
Veh ic l e  F ron t  Rear Time. ( seconds)  

Normally Loaded 2 4  

Nornlally Loaded 2 4  

F u l l y  Loaded 26 

F u l l y  Loaded 26  

C l e a r l y ,  t h e  i n f l u e n c e  of  i n f l a t i o n  p r e s s u r e  can  be  

a m p l i f i e d  by u n f a v o r a b l e  l o a d i n g  of  t h e  v e h i c l e .  



6 .0  CONCLUSIONS AND RECOFDIENDATIONS 

Th i s  s e c t i o n  c o n t a i n s :  

(1) a  l i s t  o f  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  from t h e  

r e s u l t s  of 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 from 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 )  recommendations ba sed  gn a l l  o f  t h e  above.  

6 . 1  SUhn\URY OF RESULTS (SPECIFIC FIYDIilGS) 

I n  t h e  cou r se  o f  conduc t i ng  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 maneuvering 

pe r fo rmance ,  f i n d i n g s  were deve loped  i n  s i x  a r e a s ,  v i z  : 

* T e s t  - Induced T i r e  \Year 

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

*Replacement T i r e  \I ixes 

*Tread  Wear 

*Mathemat ica l  r iodel ing o f  T i r e s  

*Veh ic l e -Tes  t i n g  Procedures  . 

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  below.  

6 . 1 . 1  TEST-II'II'DUCED TIRE WEAR. (\\'hen 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  maneuvers ,  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  occu r  w i t h  normal u s e ,  con- 

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  as  " t e s t - i n d u c e d  wear .")  

F ind ings  : 

(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  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 ause 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  peak 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  o r i g i n a l - e q u i p m e n t ,  

b i a s - b e l t e d  t i r e s  i n s t a l l e d  on t h e  1971  

Mustang and t h e  1973  Buick s t a t i o n  wagon. 

( 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  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  of  t h e  r a d i a l  

t i r e s  u sed  i n  t h i s  s t u d y  were  o n l y  s l i g h t l y  

i n f l u e n c e d  by t e s t - i n d u c e d  w e a r .  

( 3 )  F l a t - b e d  t i r e - t e s t e r  r e s u l t s  show t h a t  t e s t -  

i nduced  wear  c a u s e s  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  i n  t h e  s u b -  

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

t i r e s  whose peak  l a t e r a l  f o r c e  l e v e l s  a r e  

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

( 4 )  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  

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

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

no  more t h a n  one t e s t  r un  p e r  t i r e  a t  t h e  

h i g h e s t  s l i p  a n g l e  u sed  i n  t h i s  s t u d y  ( i . e . ,  

16') . 
( 5 )  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 

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  a c c r u e d  

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

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

maneuver w i t h  t h e  Bu ick .  

( 6 )  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  Mustang show 

t h a t  t h e  amount o f  wear  a c c r u e d  i n  one s e q u e n c e  

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

mance o f  t h i s  v e h i c l e .  However, i f  t h e  OE t i r e s  

u s e d  on t h e  blustang a r e  f u l l y  s h o u l d e r - w o r n  by 

20  h i g h - l e v e l  t r a p e z o i d a l - s t e e r  maneuvers ,  t h e n  

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  w i t h  



s h o u l d e r - w o r n  t i r e s  i s  a p p r o x i m a t e l y  2 0 %  

h i g h e r  t h a n  t h e  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  same t i r e s  i n  t h e  non - shou lde r -worn  

( o r i g i n a l  equipment)  c o n d i t i o n .  

( 7 )  Many of  t h e  s i n u s o i d a l  s t e e r  r e s u l t s  were  n e a r l y  

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

t i r e s  v e r s u s  t e s t s  i n  which f o u r  s h o u l d e r - w o r n  

t i r e s  were  employed.  

( 8 )  No s i g n i f i c a n t  changes  from OE per formance  were  

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

u s i n g  shou lde r -worn  t i r e s .  

6 . 1 . 2  INFLATION PRESSURE 

F i n d i n g s  : 

(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 .  

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



( 3 )  Mobi le -  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  1 6  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  w i t h  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 .  

( 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 ,  

from 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 2 8  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 a u s e  s i g n i f i c a n t  changes  i n  l i m i t  

pe r formance  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  changes  from o r i g i n a l - e q u i p m e n t  l a t e r a l -  

a c c e l e r a t i o n  and s i d e s l i p - a n g l e  r e s p o n s e s  were  

o b t a i n e d  i n  t r a p e z o i d a l  s t e e r  t e s t s  w i t h  t h e  Buick 

o p e r a t e d  w i t h  2 4  p s i  i n  t h e  f r o n t  t i r e s  and 1 6  

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

w i t h  t h i s  f i n d i n g ,  and s i m u l a t i o n  was u sed  t o  

e x t e n d  t h i s  f i n d i n g  t o  show t h a t  i f  o n l y  one r e a r  

t i r e  ( t h e  one on t h e  o u t s i d e  of  t h e  t u r n )  i s  o p e r a t e d  
a t  16  p s i ,  t h e  Buick w i l l  d eve lop  l a r g e  s i d e s l i p  

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

( 6 )  T r a p e z o i d a l - s t e e r - t e s t  r e s u l t s  and computer  c a l c u l a -  

t i o n s  i n d i c a t e  t h a t  t h e  s u b l i m i t  pe r fo rmance  o f  

t h e  Buick s t a t i o n  wagon i s  s t r o n g l y  a f f e c t e d  by 

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

t i r e s .  

( 7 )  I n  t h e  t r a p e z o i d a l - s t e e r  maneuver ,  t h e  f u l l y  l o a d e d  

s t a t i o n '  wagon w i t h  r educed  i n f l a t i o n  p r e s s u r e s  i n  

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

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

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



f o r  t h e  f u l l y  loaded Buick a r e  2 6  p s i  f r o n t  

and 32 p s i  r e a r .  When t h e  loaded  v e h i c l e  was 

o p e r a t e d  w i t h  26 p s i  i n  t h e  f r o n t  t i r e s  and 2 0  

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

came o f f  t h e  rim dur ing  s e v e r a l  s e v e r e  t r a p e z o i d a l  

s t e e r  t e s t s  . )  

( 8 )  I n  t h e  s i n u s o i d a l  s t e e r  t e s t s ,  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  0E 

performances of t h e  Buick and t h e  Mustang were 

caused  by lower ing  t h e m 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  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 i - 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 .  The 

f u l l y  loaded s t a t i o n  wagon ~ f i t h  26 p s i  i n  t h e  f r o n t  

t i r e s  and 20 p s i  i n  t h e  r e a r  t i r e s  was e s s e n t i a l l y  

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

even r easonab ly  s m a l l  s t e e r  a m p l i t u d e s ,  showing 

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

a t t empted  l a n e  change long a f t e r  s t e e r i n g  i n  e i t h e r  

d i r e c t i o n  has  s t o p p e d .  

( 9 )  No d e g r a d z t i o n s  from O E  performance 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 .  

(10) 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  

n o r m a l - d r i v i n g - r a n g e  performance of  t h e  Buick and 

t h e  Mustang ( 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  

than  about  0 . 3  g on a dry  s u r f a c e )  i n d i c a t e  t h a t  

( a )  Decreas ing  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  

f r o n t  t i r e s  (whi le  r e t a i n i n g  t h e  recommended 

r e a r  p r e s s u r e )  produces s i g n i f i c a n t l y  more 

u n d e r s t e e r ,  n o t .  on1.y because  t h e  f r o n t  

c o r n e r i n g  s t i f f n e s s  i s  r educed ,  b u t  because  

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

i n c r e a s e d .  



(b )  A t  t h e  recommended f r o n t  i n f l a t i o n  

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

p r e s s u r e  have ve ry  l i t t l e  i n f l u e n c e  on 

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

i n  r e a r  i n f l a t i o n  p r e s s u r e  can cause  a  

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

(c) With f r o n t  t i r e s  a t  low i n f l a t i o n  p r e s s u r e ,  

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

very 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  

l e v e l .  

(d) In  t h e  neighborhood of t h e  O E - 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  than  s imul t aneous  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  bo th  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 .  

(11) Of a l l  t h e  t i r e - i n - u s e  c o n f i g u r a t i o n s  i n v e s t i g a t e d ,  

t h e  c o n f i g u r a t i o n  13,ith normal ly  i n f l a t e d  f r o n t  

t i r e s  and u n d e r - i n f l a t e d  r e a r  t i r e s  (12 p s i  i n  

t h i s  case )  produced t h e  l o n g e s t  yaw- ra te  r e sponse  

t imes  measured on e i t h e r  t h e  Slustsng o r  t h e  Buick.  

6 . 1 . 3  REPLACEl lENT T I R E  b1IXE.S. Due t o  t h e  wide v a r i e t y  

of replacement  t i r e  cho ices  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  types  and snow t i r e s ) ,  an immense number of 

replacement  t i r e  mixes i s  p o s s i b l e .  S e v e r a l  impor tan t  mixes 

of  replacement  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 ind ings  : 

(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  used on t h e  Buick and t h e  

Mustang. These t i r e s  had 



(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 

(c) a much 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  show 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  

u sed  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-braking-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 .  

( 3 )  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  r a d i a l  

t i r e s  u sed  i n  t h i s  i n v e s t i g a t i o n  produced  h i g h e r  

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  and s i g n i f i c a n t l y  l ower  

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

s l i p  a n g l e  r ange  ( i . e . ,  n e a r  1 6 " ) .  

( 4 )  Si ' rnulation 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  o f  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  low t o  mid s l i p  a n g l e  r ange  (up 

t o  l o 0 ) ,  w h i l e  l e a v i n g  t h e  0E 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  f rom 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 .  ( C o n v e r s e l y ,  r ep l acemen t  o f  one o r  

more r e a r  t i r e s  by t i r e s  g e n e r a t i n g  lower  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 ,  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  f r o n t ,  i s  l i k e l y  t o  l e a d  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  t h e  

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  maneuve r s . )  

( 5 )  L imi t -maneuver  t e s t  r e s u l t s  show t h a t  i n s i g n i f i c a n t  

d e v i a t i o n s  from OE l i m i t  p e r fo rmance  were o b t a i n e d  

f o r  t h e  Buick when o p e r a t e d  w i t h  t h e  b i a s - b e l t e d  



OE t i r e s  on t h e  f r o n t  wheels  and b i a s - p l y  snow 

t i r e s  on t h e  r e a r  whee l s .  (This  r e s u l t  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  t e s t  r e s u l t s  show 

t h a t  t h i s  snow t i r e  has  s h e a r  f o r c e  p r o p e r t i e s  

v e r y  s i m i l a r  t o  t h e  p r o p e r t i e s  o f  t h e  OE t i r e s . )  

( 6 )  No s i g n i f i c a n t  changes from. 0E performance were' 

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

r a d i a l  o r  snow t i r e s  t o  r e p l a c e  t h e  b i a s - b e l t e d  

OE t i r e s .  

( 7 )  T e s t  r e s u l t s  and a n a l y t i c a l  c a l c u l a t i o n s  show 

t h a t  

('a) t h e  u s e  o f  s t i f f  r a d i a l  t i r e s  on t h e  f r o n t  

wheels  of  t h e  JIustang o r  Buick w i l l  c ause  

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

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

r a d i a l  t i r e s  does n o t  produce  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  u n d e r s t e e r  of  t h e  Buick o r  

Mustang ( i n  f a c t ,  an i n c r e a s e  from t h e  OE 

va lue  i n  r e a r  t i r e  c o r n e r i n g  s t i f f n e s s - a s  - 
might o c c u r  due t o  t i , r e  r e p l a c e m e n t ,  wear ,  

o r  i n f l a t i o n  pressure-has 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  f o r  

e i t h e r  t h e  ?lustang o r  t h e  Buick) . 

6 . 1 . 4  TREAD WEAR. The r e s u l t s  summarized h e r e  p e r t a i n  

t o  uniform wear a c r o s s  and around t h e  t r e a d  of  t h e  t i r e .  T i r e s  

w i t h  t r e a d  groove depths  of  6 /32 ,  4 /32 ,  and 2 / 3 2  of  an i n c h  

were used  i n  t h i s  i n v e s t i g a t i o n  t o  s t u d y  t h e  i n f l u e n c e  o f  

v a r y i n g  l e v e l s  of t r e a d  wear .  

F ind ings  : 

(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  a  

r e d u c t i o n  i n  t r e a d  depth  causes  t h e  c o r n e r i n g ,  

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

i n c r e a s e .  
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( 2 )  Mobi le -  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 a u s e  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  pe r fo rmance .  

( 3 )  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  i n t e r -  

med ia t e  t o  l a r g e  s l i p  a n g l e  r a n g e  ( i . e . ,  from 

a p p r o x i m a t e l y  2 "  t o  10" 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 - w o r n  blustang 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 .  

( 4 )  Marked d i f f e r e n c e s  f rom OE pe r fo rmance  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  !!ustang 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 rmance  were  l a r g e s t  a t  an i n t e r n 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  abou t  8 " .  

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 f o r -  

mance ( 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 l 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 n s e n s i t i v i t y  t o  t r e a d  wear a r e  (1 )  when worn t i r e s  

a r e  u sed  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  



wear ;  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  o f  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  . )  

( 6 )  The Mustang,  when o p e r a t e d  on t h e  wet s u r f a c e  

w i t h  2/32" groove d e p t h  t irks on a l l  f o u r  wheel ' s ,  

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

b o t h  f r o n t  whee ls  i n  a  s t r a i g h t - l i n e  b r a k i n g  

maneuver.  (The v e h i c l e  equ ipped  w i t h  new OE t i r e s  

a c h i e v e d  a l m o s t  0 . 6  g  b e f o r e  l o c k i n g  b o t h  f r o n t  

whee ls  .) 

( 7 )  S i n u s o i d a l  s t e e r  maneuvers per formed  on wet  

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

between 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  f f s p i n - o u t "  b e h a v i o r  i n  a  mid- 

r ange  s i n u s o i d a l  s t e e r  maneuver a t  30 mph when t h e  

v e h i c l e s  were  equ ipped  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  groove  d e p t h .  

(This  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 ls  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  4/32" ,  

6 /32" ,  and gE groove d e p t h  t i r e s  . )  

6 . 1 , s  hIATHEFL4TICAL NODELING OF TIRES. I n  t h i s  s t u d y ,  

a  s e m i - e m p i r i c a l  t i r e  model [ 23  ] was r e f i n e d  and augmented 

t o  p r o v i d e  an a c c u r a t e  ma thema t i ca l  r e p r e s e n t a t i o n  o f  measured 

t i r e  d a t a .  T y p i c a l  r e s u l t s  from 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  p r e s e n t e d  i n  F i g u r e s  3 - 1 8 ,  3 -19 ,  3 -37 ,  and 3 -39 .  A 

comple te  d e s c r i p t i o n  o f  t h e  t i r e  model i s  p r e s e n t e d  i n  

Appendix B .  



F i n d i n g s  : 

(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 ange  

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 m i t  maneuvers r e q u i r e s  

(a)  t h e  u s e  of  n o n l i n e a r  f u n c t i o n s  t o  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  use  o f  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 .  

The r e f i n e d  t i r e  model p r o v i d e d  improved p r e d i c -  

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

( a  1971 Dodge Coronet  and a  1971  C h e v r o l e t  

Brookwood s t a t i o n  wagon) which were t e s t e d  i n  a  

p r e v i o u s  program. I n  a d d i t i o n ,  t h e  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  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 .  

6 . 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 ,  

examining ,  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 norma 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 i n d i n g s  : 

(1) F o r  t h e  constant-steering-wheel-angle method 

u s e d  t o  a s s e s s  normal  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  iow 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)  , 

(b)  v e r y  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 e r s t e e r  , f a c t o r ,  and 

( c )  a  g r e a t  d e a l  o f  c a r e  and c h e c k i n g  by 

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

( 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  ~ t a t e r  d e p t h  e s t i m a t e d  

t o  b e  from 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  r e s u l t s  from 

b r a k i n g  t e s t s ,  b e c a u s e  t h e  o r d e r  and 

p o s i t i o n  o f  whee l  l o c k - u p  was n o t  

r e p e a t a b l e ;  

(b )  t h e  Buick 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 s  d i d  n o t  l e a d  

t o  c l e a r - c u t  f i n d i n g s ,  b e c a u s e  ex t r eme  

s i d e s l i p  a n g l e s  were  o f t e n  o b t a i n e d  due 

t o  an imba l ance  o f  b r a k i n g  f o r c e  and 

a  p r0pcns i t . y  f o r  t h e  r e a r  whee ls  t o  l o c k  

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

on t h i s  wet  s u r f a c e ;  



( c )  i n  b r a k i n g - i n - a - t u r n  maneuvers on a  wet 

s u r f a c e ,  t h e  p a t h  c u r v a t u r e  of  t h e  

Mustang changed from an i n i t i a l  r i g h t  

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

where bo th  f r o n t  wheels  l o c k e d ;  and 

(d )  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  ( such  

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  of 

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

The d r y - s u r f a c e  l i m i t  maneuvers t h a t  proved t o  be  

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

f a c t o r s  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 .  

( 4 )  The t ime  t o  t h e  i n f l e c t i o n  p o i n t  of t h e  

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

maneuver was found t o  be a  u s e f u l  measure 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  o f  t h i s  t e s t .  (Note 

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

t i o n  t o  t h e  r ecovery  h a l f  ,of t h e  l ane -change  

maneuver. The t ime t o  t h e  i n f l e c t i o n  p o i n t  i s  

n e a r l y  e q u i v a l e n t  t o  t h e  t ime of t h e  z e r o - c r o s s i n g  

o f  t h e  l a t e r a l - a c c e l e r a t i o n  t ime  h i s t o r y . )  

(5 )  An u n d e r - c o r r e c t i v e  r e sponse  i n  a  s i n u s o i d a l  s t e e r  

maneuver i s  e a s i l y  i d e n t i f i e d  by t h e  d i f f e r e n c e  

between t h e  peak magnitude of  t h e  l a t e r a l  

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

second h a l v e s  of  t h e  maneuver. 

( 6 )  Asymmetric r e sponses  between l e f t - t h e n - r i g h t  

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

were o b t a i n e d  on o c c a s i o n  i n  t h i s  s t u d y .  (This  

f i n d i n g  i s  i n  conformance w i t h  t h a t  obse rved  i n  

p r e v i o u s  s t u d i e s  [ I ] ,  [ 4 ]  , )  



( 7 )  V a r i a b i l i t y  i n  s i d e s l i p - a n g l e  d a t a  c a u s e d  d i f f i -  

c u l t i e s  i n  u s i n g  t h i s  i n f o r m a t i o n  ' f o r  making 

f i n e  d i s t i n c t i o n s  i n  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 .  

6 . 2  GENERAL CONCLUSIONS 

The f o l l o w i n g  g e n e r a l  c o n c l u s i o n s  were  drawn from 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  rnanuf ' ac tu re r ' s  

recommendat ions .  Such d e v i a t i o n s  can s e v e r e l y  deg rade  t h e  

d i r e c t i o n 2 1  r e s p o n s e  o f  t h e  v e h i c l e  i n  emergency maneuvers ,  

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  recommendation 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 Nix  - 

The mixing o f  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 s p o n s e  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 



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 h i s  d e g r a -  

d a t i o n  a n d / o r  change i s  l i k e l y  t o  b e  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  Wear 

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  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  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  

if t h e  wear  i s  a symmet r i c ,  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 .  T h 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 a n g e .  

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

l ower  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  pe r fo rmance  may b e  s i g n i f i c a n t l y  

deg raded  due t o  t r e a d  wear  of  any t i r e .  F u r t h e r m o r e ,  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 - I n d u c e d  Wear f I n c l u d i n o  S h o u l d e 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  s p e e d s  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  o f  r a d i a l  t i r e s  ( w i t h  

rounded  s h o u l d e r s  do n o t  a p p e a 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  equ ipped  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 1 . 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  

character is ti.^^ as t h e  same v e h i c l e s  e u i p p e d  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  and 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 .  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 be  c o n t r o l l e d  by s u b j e c t i n g  t e s t  t i r e s  t o  no more 

t h a n  one s e v e r e  t u r n i n g  maneuver o r  no more t h a n  one h i g h -  

s l i p - a n g l e ,  h i g h - s p e e d  t i r e  t e s t ,  

V e h i c l e  T e s t i n 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  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  pe r fo rmance .  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  

t h a n  l im i t -maneuve r  t e s t i n g  and 8 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  of  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 .  

New s i n u s o i d a l  s t e e r  m e t r i c s  were deve loped  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 .  The u se  of  t h e s e  new m e t r i c s  a l l o w  

a  r e a s o n a b l e  u n d e r s t a n d i n g  of  t h e  l a n e - c h a n g e  maneuver ,  u s i n g  

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

compl i ca t ed  d a t a  p r o c e s s i n g .  

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  ~ 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  

w e 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  net\: 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 .  

Mathemat ica l  blodeling 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 deve loped  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 )  ex t r eme ly  a c c u r a t e  match ing  o f  measured 

d a t a  ba sed  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  

of 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 -  

use 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  improper  i n f l a t i o n  

p r e s s u r e ,  poo r  c h o i c e s  f o r  r ep l acemen i  t i r e s ,  o r  f r o n t - t o ' - r e a r  

mixing of  new t i r e s  w i t h  worn t i r e s  can cause  p o t e n t i a l l y  

dangerous  d i r e c t i o n a l  per formance  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 .  

Fu r the rmore ,  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 [ l l ]  and ( b )  t i r e  r ep l acemen t  p r a c t i c e s  

[ 7 ]  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  main- 
t enance  and rep lacement  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  hazardous  v e h i c l e  c o n d i t i o n s  from 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  

a n d  f u l f i l l e d ,  b u t  n o t  i i 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 educe  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  per formance  of  t h e  

d r i v e r - v e h i c l e  sy s t em i n  normal  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  o f  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  cause 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  unde r -  

s t a n d i n g  o f  t h e  meaning of 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  accu racy  o f  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 conce rn ing  t h e  

t y p e  of 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  of  ( 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 .  

6 .  4 RE COJI?IE:U'DATI ONS 

The r e s u l t s  of  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 .  Fo r  example ,  t h e  l i m i t -  

maneuver ing per formance  o f  t h e  Mustang was degraded  by 

r e d u c 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  from 2 4  

p s i  t o  1 8  p s i ,  and t h e  Buick l i m i t  pe r formance  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 r  i n f l a t i o n  p r e s s u r e  f rom 2 8  p s i  

t o  16 p s i .  

S i n c e  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 ex t r eme ly  i m p o r t a n t  i n  v e h i c l e  

maneuver 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  be  equ ipped  

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  21 p s i .  R e s u l t s  

from 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  towers  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 ccu racy  [ I l l .  

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  because  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  abso rbs  h e a t  d u r i n g  u sage  ( o r  even due t o  changes  i n  

ambient  t e m p e r a t u r e ) .  ~ 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  pres ;ures  

have been s p e c i f i e d ,  and c u r r 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 from c o l d  t o  h o t  ve ry  q u i c k l y  i n  u s e .  F u r t h e r -  

more, twenty  minutes  may be needed f o r  a  t i r e  t o  c o o l  t o  

ambient  c o n d i t i o n s  [ l l ]  . Consequen t ly ,  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  need  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 rough  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 b e  some q u e s t i o n  a s  t o  t h e  p r o p e r  i n f 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 ha s  r e p l a c e d  h i s  o r i g i n a l  

equipment 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 from 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  recoruqended i n f l a t i o n  p r e s s g 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 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  t i r e  t r e a d  dep th  

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 asymmetr ic  wear ( f r o n t - t o - r e a r )  can deg rade  b r a k i n g  and/  

o r  d i r e c t i o n a l  per formance  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  problems 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 o f  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 dep th  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 dep th  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  per formance .  Our recommendation,  

b a s e d  on t h e  r e s u l t s  of  t h i s  i n v e s t i g a t i o n  and tempered by 

our  p e r c e p t i o n  of t h e  economics i n v o l v e d ,  i s  t h a t  t i r e s  s'hould 

b e  r e p l a c e d  when t h e y  r each  a  groove dep th  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 - w o r n )  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  w 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  be  

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 ane -change  maneuvers w i t h  2/32" ,  4/32",  and 6/32" ,  and OE 

I r e a d  groove dep ths  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 dep ths  h i g h e r  

t h a n  2/32" may n o t  be  very  l a r g e .  (Only t h e  2/32" c o n d i t i o n  

caused  poo 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.) 

Tread groove dep th  i s  n o t  t h e  on ly  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  o f  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 . o n  a  wet 

r oad .  Recent r e s e a r c h  i n v e s t i g a t i o n s  [ 2 4 ]  and [25]  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 id th  ( o r  a r e a ) ,  and groove w id th  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  of  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  we t -wea the 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. ~ o s s i b l )  a s i m p l e  d e v i c e  can be  i n v e n t e d  

which would app ly  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  [ 2 4 ]  o r  [ 2 5 ]  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. 

In  some c a s e s ,  t e s t - i n d u c e d  t i r e  wear cause 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  no rma l ly  

b r o k e n - i n ,  o r i g i n a l - e q u i p m e n t  t i r e s .  . For  t i r e  t e s t  programs 

whose purpose  i s  t o  de t e rmine  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  

maneuver 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  wheels  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  wheels  a r e  l i k e l y  t o  cause  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 sponse  

c h a r a c t e r i s t i c s  of 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 t  a t ime  i s  o f t e n  done f o r  economic 

r e a s o n s ,  many rep lacement  t i r e  mixes e x i s t  on t h e  r o a d .  

Hotiever, t h e r e  does n o t  appear  t o  be any wor thwh i l e  

a l t e r n a t i v e  t o  hav ing  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  cause  a  s i g n i f i c a n t  change i n  

v e h i c l e  behr ;vior .  For  example ,  r a d i a l  t i r e s  a r e  on t h e  ave rage  

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 - b i a s  t i r e s .  IJnless 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  of  t h e  t i r e s  a r e  known, t h e  buye r  o r  t h e  

i n s p e c t o r  cannot  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 obvious  cou r se  o f  z c t i o n  would be  t o  r e q u i r e  t h e  t i r e  

manufac tu re r  t o  supp ly  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  course  of  a c t i o n  cannot  be  de te rmined  from t h e  r e s u l t s  

o f  t h i s  s t u d y  . Fur thermore ,  t h e  l o n g i t u d i n a l  t r a c t i o n  numerics  

used i n  t h e  uniform t i r e  q u a l i t y  g r ad ing  sys tem 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 .  

Consequent 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 ange  o f  l a t e r a l  

t r a c t i o n  performance provir lcd by replacenlent  t i r e s .  
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