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APPENDIX A 

LITERATURE SURVEY 

Howard Moncarz 





A l .  INTRODUCTION 

The purpose  of  t h i s  l i t e r a t u r e  su rvey  i s  t o  g a t h e r ,  o r g a n i z e ,  

and summarize i n f o r m a t i o n  r e l a t i v e  t o  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 v e h i c l e  per formance .  The t i r e - i n - u s e  f a c t o r s  

c o n s i d e r e d  i n  t h i s  su rvey  a r e :  ( 1 )  t h e  per formance  c h a r a c t e r i s t i c s  

o f  d i f f e r e n t  rep lacement  t i r e s ,  (2)  t r e a d  wear (bo th  un i form 

and s h o u l d e r  w e a r ) ,  (3 )  i n f l a t i o n  p r e s s u r e ,  ( 4 )  v e r t i c a l  l o a d i n g ,  

( 5 )  t i r e  t e m p e r a t u r e ,  and ( 6 )  v e h i c l e  speed .  A d d i t i o n a l l y ,  t h e  

i n t e r a c t i o n  between c i r c u m f e r e n t i a l  and l a t e r a l  f o r c e ,  a s  w e l l  

as  t h e  e f f e c t  o f  wet s u r f a c e s  on t i r e  per formance  c h a r a c t e r i s t i c s ,  

a r e  c o n s i d e r e d .  

A s e a ~ c h  was unde r t aken  t o  f i n d  t h o s e  p a p e r s  t h a t  p r e s e n t  

e x p e r i m e n t a l  r e s u l t s  and c o n c l u s i o n s  conce rn ing :  (1)  t h e  e f f e c t  

of  t i r e - i n - u s e  f a c t o r s  on t h e  mechanica l  p r o p e r t i e s  o f  pneumat ic  

t i r e s ,  (2)  t h e  e f f e c t  of t i r e - i n - u s e  f a c t o r s  on v e h i c l e  dynamics ,  

and (3) t h e  g e n e r a t i o n  o f  a c c e l e r a t e d  wear t o  s i m u l a t e  a c t u a l  

t i r e  wea r .  The s e a r c h  was a l s o  ex t ended  t o  t h o s e  p a p e r s  

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

t h e  p r o j e c t .  

The manner i n  which p e o p l e  a c t u a l l y  u s e  and m a i n t a i n  t h e i r  

t i r e s  s e r v e s  a s  a  good i n t r o d u c t i o n  t o  t h e  s t u d y  of  t i r e - i n - u s e  

f a c t o r s .  Harvey and Brenner  [ 5 4 ] *  d i d  such  a s t u d y  r e l y i n g  on 

two surveys-one aimed a t  o b t a i n i n g  d a t a  o f  t h e  c o n d i t i o n  o f  

t i r e s  from an unb i a sed  sample  o f  p a s s e n g e r  c a r  t i r e s  i n  normal  

u se  and t h e  second  one aimed a t  o b t a i n i n g  s i m i l a r  d a t a  f o r  

p a s s e n g e r  c a r  t i r e s  used mainly  i n  l ong  d i s t a n c e  t r a v e l i n g .  The 

t i r e - i n - u s e  f a c t o r s  t h e y  examined were  t r e a d  dep th  and  wear  

p a t t e r n ,  wheel  l o a d i n g ,  i n f l a t i o n  p r e s s u r e ,  t i r e  mix ( i n  r e g a r d  

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

w e a r ) ,  and t h e  e f f e c t s  of t e m p e r a t u r e .  A d d i t i o n a l l y ,  t h e y  

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

on p r e v i o u s l y  p u b l i s h e d  a c c i d e n t  d a t a .  H i g h l i g h t s  q u o t e d  f rom 

t h e  r e p o r t  a r e :  

*Numbers i n  b r a c k e t s  d e s i g n a t e  r e f e r e n c e s  i n  t h e  A n n o t a t e d  
B i b l i o g r a p h y  a t  end of t e x t .  

1 



" - - . A  g r e a t e r  p e r c e n t a g e  of  s e v e r e l y  worn t i r e s  were 

found on v e h i c l e s  i n  a c c i d e n t s  t h a n  i n  t h e  g e n e r a l  

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

- - V e h i c l e s  i n  a c c i d e n t s  have a  l a r g e r  number o f  

s e v e r e l y  worn t i r e s  on t h e i r  r e a r  a x l e s  t h a n  on 

t h e  f r o n t  s u g g e s t i n g  t h a t  i t  i s  s a f e r  t o  have  

newer o r  l e s s  worn t i r e s  on t h e  r e a r  a x l e .  

- - T h e r e  i s  a  c o n s i d e r a b l e  body o f  ev idence  i n d i c a t i n g  

t h a t  t h e  r i s k  of  t i r e  d i s ab l emen t  and o f  l o s s  o f  

v e h i c l e  c o n t r o l  r i s e s  s h a r p l y  f o r  t i r e s  hav ing  l e s s  

t han  about  2 /32 - inch  of t r e a d  dep th  r ema in ing .  

- -Air  towers  a t  s e r v i c e  s t a t i o n s  a r e  g e n e r a l l y  n o t  

a c c u r a t e .  A m o t o r i s t  r e l y i n g  on a  tower  gage w i l l  

have on ly  about  a 20 p e r c e n t  change of  g e t t i n g  

w i t h i n  + 1 p s i  o f  t h e  i n f l a t i o n  p r e s s u r e  h e  w a n t s .  

A s i n g l e  p o i n t  c a l i b r a t i o n  of  t h e  tower  gage cou ld  

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

--More t h a n  one o u t  of f o u r  c a r s  h a s  a t  l e a s t  one 

s e r i o u s l y  u n d e r i n f l a t e d  t i r e  ( 4  p s i  o r  more below 

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

v e h i c l e )  . 
--About 2 p e r c e n t  of  c a r s  a r e  ove r loaded  by 10 p e r c e n t  

o r  more; about  6 p e r c e n t  a r e  ove r loaded  t o  some 

e x t e n t .  Most o v e r l o a d i n g  occu r s  on s t a t i o n  wagons 

and l i g h t  t r u c k s ,  and on p a s s e n g e r  c a r s  d u r i n g  

v a c a t i o n  t r i p s .  

--On t h e  ave rage  most c a r s  a r e  l oaded  t o  about .  80 

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

e q u i v a l e n t  c o l d  t i r e  i n f l a t i o n  p r e s s u r e )  . "  



A 2 .  REPLACEMENT TIRES 

There  a r e  numerous d e s i g n  v a r i a b l e s  t h a t  go i n t o  t h e  

making of  a  t i r e ,  and each one can have an e f f e c t  on t h e  p e r -  

formance c h a r a c t e r i s t i c s  o f  t h e  t i r e  [115] .  The t i r e  c a r c a s s  

i s  made of  a  woven f a b r i c  of c o r d s ,  s e t  a t  a  s p e c i f i e d  a n g l e  

t o  t h e  p l a n e  of t h e  t i r e .  The co rds  may be  made from a  number 

of m a t e r i a l s .  A d d i t i o n a l l y ,  r i g i d  b r e a k e r s ,  o r  b e l t s ,  a r e  

a t t a c h e d  on a  l a y e r  of cords  and t h e s e  b e l t s  have been  made 

from a v a r i e t y  of  m a t e r i a l s  a s  w e l l .  There  a r e  s e v e r a l  d i f f e r e n t  

t y p e s  o f  r ubbe r  compounds t h a t  a r e  u sed  on t h e  same t i re-one 

type  f o r  t h e  t r e a d ,  a n o t h e r  f o r  t h e  s i d e w a l l s ,  a  t h i r d  f o r  t h e  

i n n e r  l i n i n g ,  e t c .  Each rubbe r  compound i s  made from a  v a r i e t y  

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

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

d e s i g n s  a r e  numerous. 

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

lzhich a r e  impor t an t  i n  t h e  a c t u a l  manufac ture  o f  t h e  t i r e .  The 

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

f o r  d i f f e r e n t  t ime  s p a n s ,  h e a t e d  t o  d i f f e r e n t  t e m p e r a t u r e s ,  

e t c . ,  can  produce q u i t e  d i f f e r e n t  t i r e s .  

A 2 . 1  MANUFACTURER 

Because of t h e  complex i ty  o f  a  t i r e ,  no two t i r e  manu- 

f a c t u r e r s  can be s a i d  t o  make any t i r e  i n  e x a c t l y  t h e  same way. 

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

per formance  d i f f e r e n c e s  of  t h e  same t y p e  o f  t i r e s  made by 

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

t h e  same. 

However, i n  t h e  m a r k e t p l a c e ,  t h e  consumer h a s  on ly  l i m i t e d  

i n f o r m a t i o n  conce rn ing  t h e  d e s i g n  v a r i a b l e s  o f  a  t i r e ,  i n c l u d i n g  

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

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

which t i r e s  a  consumer w i l l  buy a s  r ep l acemen t  t i r e s .  Thus i t  



i s  r e a s o n a b l e  ( i n  a  p r a c t i c a l  s e n s e )  t o  s tudy  manufac tu re r s  as 

a t i r e - i n - u s e  f a c t o r ,  keeping t h e  des ign  v a r i a b l e s  j u s t  

mentioned f i x e d .  I t  should  be no ted  t h a t  p r o d u c t i o n  by a  

s i n g l e  manufac turer  of  s e v e r a l  b a t c h e s  of a  s p e c i f i e d  t i r e  may 

s t i l l  r e s u l t  i n  t i r e s  be ing  made having s i g n i f i c a n t l y  d i f f e r e n t  

performance c h a r a c t e r i s t i c s  among them. This  i s  due t o  v a r i a b l e s  

encountered  i n  t h e  a c t u a l  manufacture of t h e  t i r e .  These 

v a r i a b l e s  could  vary from day t o  day ,  from p l a n t  t o  p l a n t ,  o r  

p o s s i b l y  even i n  t h e  same ba tch  o f  t i r e s  manufactured a t  t h e  

same p l a c e  a t  t h e  same t ime .  

S e v e r a l  i n v e s t i g a t o r s  have d e a l t  w i th  manufac tu re r  a s  a  

v a r i a b l e  i n  de te rmin ing  performance c h a r a c t e r i s t i c s  o f  t i r e s .  

They have n o t  made s p e c i f i c  c o n c l u s i o n s ,  excep t  t o  s a y  t h a t  

t h e r e  e x i s t  s u b s t a n t i a l  d i f f e r e n c e s  i n  performance c h a r a c t e r i s t i c s  

between t i r e s  of  t h e  same s i z e  and c o n s t r u c t i o n  t y p e  b u t  

d i f f e r e n t  manufac turers  [ 3 2 ,  6 6 ,  9 5 ,  1141. 

A 2 . 2  D E S I G N  V A R I A B L E S  

A l i t e r a t u r e  survey  by Schur ing ,  e t  a l .  [112],  i n v e s t i g a t e d  

t h e  i n f l u e n c e  of (1) t i r e  c o n s t r u c t i o n  t y p e ,  ( 2 )  t r e a d  

geometry,  ( 3 )  t r e a d  compound, (4) road  wheel d imens ions ,  

( 5 )  t i r e  a s p e c t  r a t i o ,  and ( 6 )  cord  m a t e r i a l  of  OE t i r e s  on 

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

i n d i c a t e s  t h e  s t a t e  of  t h e  a r t  i n  each o f  t h e s e  s i x  c a t e g o r i e s ,  

fo l lowing  which i s  a  b r i e f  summary o f  each o f  t h e  82 a r t i c l e s  

deemed p e r t i n e n t  t o  t h e  su rvey .  This  su rvey  s e r v e s  a s  an 

impor tant  source  of  i n f o r m a t i o n  concern ing  rep lacement  t i r e s ,  

s i n c e  i t  has d e a l t  w i t h  s i x  of  t h e  impor tan t  t i r e  d e s i g n  

v a r i a b l e s  t h a t  have an impor tan t  e f f e c t  on v e h i c l e  per formance .  



A3.  CINERATION OF TREAD WEAR 

Tread wear can s u b s t a n t i a l l y  change t h e  mechanical 

c h a r a c t e r i s t i c s  of a  t i r e ,  and hence i s  an important  t i r e - i n -  

use f a c t o r .  To s tudy t r e a d  wear ,  means must be  used t o  g e n e r a t e  

t r e a d  wear a t  an a c c e l e r a t e d  t ime s c a l e ,  b u t  i n  a  manner i n  

which the  processed t i r e s  w i l l  have t h e  same performance 

c h a r a c t e r i s t i c s  as t i r e s  wi th  t r e a d  wear ob ta ined  by normal 

d r i v i n g .  Thus i t  i s  necessary  t o  des igna te  and understand t h e  

mechanisms by which a  t i r e  wears n a t u r a l l y .  

As e a r l y  as 1943 Moyer [go] publ i shed  a  comprehensive 

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

tie found t h e  f a c t o r s  " t o  a f f e c t  t r e a d  wear a r e ,  i n  t h e  approx i -  

mate o r d e r  of t h e i r  importance:  (1) c a r  speed ;  ( 2 )  brake  

a p p l i c a t i o n  and c a r  a c c e l e r a t i o n ;  (3) type and cond i t ion  of  road  

s u r f a c e ;  ( 4 )  t i r e  i n f l a t i o n  p r e s s u r e s  and wheel l o a d s ;  (5 )  

mechanical c o n d i t i o n  of c a r  and alignment and ba lance  of whee l s ;  

( 6 )  a i r  tempera ture  and t i r e  t empera tu re ;  ( 7 )  wheel p o s i t i o n  

and a t t e n t i o n  given t o  t i r e  r o t a t i o n ;  (8 )  t i r e  mi leage;  

( 9 )  highway curves and g rades ;  (10) des ign  of c a r s ;  (11) t y p e ,  

g rade ,  and age of rubber ;  and (12) d r i v e r s '  p r a c t i c e s . "  More 

r e c e n t l y  Brenner and Kondo [12] d i scussed  t h e  f a c t o r s  a f f e c t i n g  

t r e a d  wear r e l e v a n t  t o  developing a  t e s t  f o r  r a t i n g  t r e a d  wear .  

They concluded t h a t  t h e  course  on which t i r e s  a r e  t o  be  r a t e d  

should i n c l u d e  s e v e r a l  d i f f e r e n t  pavements and a  v a r i e t y  of 

maneuvers of unequal s e v e r i t y  t o  have g e n e r a l  u s e f u l n e s s .  This  

was co r robora ted  by Snyder [I181 who found t h a t  l a r g e  d i f f e r e n c e s  

i n  t h e  r a t e  of t r e a d  wear a r e  ob ta ined  i n  d i f f e r e n t  l o c a l e s  

ac ross  t h e  U.S., based on a  s t a t i s t i c a l  s t u d y  of t r e a d  wear 

of contemporary b e l t e d  t i r e s .  

Seve ra l  papers  have d e a l t  wi th  t h e  g e n e r a t i o n  of  a c c e l e r a t e d  
t r e a d  wear. Using a  two-wheeled t r a i l e r  designed by 

Schallamach [ S l ] ,  Southern [I191 d e s c r i b e d  a  method f o r  o b t a i n i n g  
.- a c c e l e r a t e d  t r e a d  wear and t h e  cor responding  measurement f o r  



t h e  r a t e  of  t r e a d  wear .  McIntosh [82] d e s c r i b e d  a  method t o  

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

t e s t e r .  

Bergman and Crum [ 9 ]  deve loped  a  t h e o r y  ba sed  on exper iment  

t o  e x p l a i n  t h e  g e n e r a t i o n  of t r e a d  wear .  T h e i r  t h e o r y  i s  

exp re s sed  by t h e  f o l l o w i n g  p o i n t s  : 

(1)  Gr ip  i s  d e f i n e d  a s  an i n t i m a t e  i n s t a n t a n e o u s l y  

s t a t i o n a r y  c o n t a c t  between t i r e  t r e a d  r u b b e r  and 

road  a s p e r i t i e s ,  d u r i n g  which c o n t a c t  no r e l a t i v e  

mot ion between t h e  t i r e  and t h e  road  t a k e s  p l a c e .  

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

( 2 )  "Grip  i s  t h e  key f a c t o r  i n  t h e  f i r s t  phase  o f  t i r e -  

r oad  i n t e r a c t i o n .  The g r i p  e n a b l e s  t h e  t i r e  t o  

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

b r a k i n g ,  o r  d r i v i n g )  . " 
(3 )  There  a r e  two t y p e s  o f  g r i p :  

( a )  Deformation g r i p  i s  due t o  road  a s p e r i t i e s  

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

duce l o c a l i z e d  p r e s s u r e s  between t h e  r o a d  

and t i r e .  

(b )  Adhesion g r i p  i s  due t o  m o l e c u l a r  f o r c e s ,  

Hence t h e  t i r e  and road  must b e  i n  c l o s e  

p r o x i m i t y .  Adhesion g r i p  occu r s  where  

l o c a l i z e d  p r e s s u r e  i s  h i g h .  T h e r e f o r e ,  i t  

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

t h e  c o n t a c t  p a t c h .  

( 4 )  Grip between t h e  t i r e  and road  i s  p r i m a r i l y  a f f e c t e d  

by road s u r f a c e ,  and t o  a much l e s s e r  e x t e n t ,  t h e  

t i r e  s u r f a c e .  

( 5 )  Less t h a n  0 . 1  mm of  t h e  s u r f a c e  of  t r e a d  a f f e c t s  

g r i p .  



( 6 )  T i r e - r o a d  f r i c t i o n  i s  d e f i n e d  a s  a  r e s i s t a n c e  

t o  r e l a t i v e  motion between t h e  t i r e  t r e a d  rubber  

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

t h e  second phase of t h e  t i r e - r o a d  i n t e r a c t i o n ,  

when t h e  elements  d isengage  themselves from a  

g r i p  and s l i d e  back toward t h e i r  i n i t i a l  p o s i t i o n  

wi th  r e s p e c t  t o  t h e  wheel rim. 

( 7 )  The l e n g t h  of t r a v e l  of t r e a d  rubber  du r ing  t h e  

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

d rag  f o r c e  a r e  t h e  two main f a c t o r s  de termining  

t r e a d  wear on a  given road s u r f a c e  under  g iven  

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

Based on exper imen t ,  t hey  observed t h e  f o l l o w i n g :  

(1) Cornering produces uneven wear which s t a r t s  from 

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

of  t h e  t r e a d  r i b s  i n c r e a s e  w i t h  wear .  There fo re  

uneven wear dec reases  wi th  accumulated wear .  

( S .  Tsuchiya ,  e t  a l . ,  [I281 a l s o  found t h a t  t r e a d  

rubber  s t i f f n e s s  i n c r e a s e s  w i t h  wear .) 

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

p a t c h  a r e a .  

(3) Tread wears more i n  c o r n e r i n g  than  i n  b r a k i n g  o r  

t r a c t i o n .  This i s  due t o  a  lower c o r n e r i n g  s t i f f -  

n e s s  compared t o  b r a k i n g  o r  d r i v i n g  s t i f f n e s s .  

A l s o ,  i n  c o r n e r i n g ,  wear i n c r e a s e s  a t  a  g r e a t e r  

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

I n  b rak ing  o r  t r a c t i o n ,  wear i n c r e a s e s  l i n e a r l y  

w i t h  those  r e s p e c t i v e  f o r c e s .  

This  l a s t  p o i n t  was c o r r o b o r a t e d  by V e i t h  [I311 who found 

t h a t  c o r n e r i n g  f o r c e  i s  a  much more i m p o r t a n t  f a c t o r  i n  t i r e  wear  

than  l o n g i t u d i n a l  f o r c e .  Using an i n s t r u m e n t e d  t e s t  t r a i l e r  

[130] ,  he found t h a t  wear r a t e  v a r i e s  w i t h  c o r n e r i n g  f o r c e  



r a i s e d  t o  an exponent between 2 and 4 ,  depending on t h e  pavement 

t e x t u r e ,  t i r e  t e m p e r a t u r e ,  and t r e a d  composi t ion ( i n  t h e  t i r e  

c o r n e r i n g  f o r c e  range of 0 - 5 0 0  l b . ) .  

A d d i t i o n a l l y ,  he d i s c u s s e d  t e s t  s e v e r i t y  and concluded 

t h a t  s e v e r i t y  must be broken up i n t o  t h r e e  components: 

(1) T i r e  c o r n e r i n g  f o r c e  l e v e l  ( t h e  most impor tan t  

f a c t o r )  

(2)  Pavement t e x t u r e  

(3 )  T i r e  s u r f a c e  t empera tu re  

These e f f e c t s  a r e  no t  s imply a d d i t i v e .  The predominant  wear 

mechanism v a r i e s  depending on t h e  c o n d i t i o n s  ( p a r t i c u l a r l y  

pavement t e x t u r e ) ,  and comple te ly  d i f f e r e n t  r e s u l t s  a r e  found 

depending on t h e  mechanism of  wear a c t u a l l y  o c c u r r i n g .  I n  

making n o t e  o f  t h i s  p o i n t ,  good c o r r e l a t i o n  of  expe r imen ta l  d a t a  

wi th  t h e  t h e o r y  developed was o b t a i n e d .  

Other  conc lus ions  reached by Ve i th  were :  

(1) With c u r r e n t  t r e a d  compounds, t h e  wear r a t e  

i n c r e a s e s  about 2 p e r c e n t  p e r  degree  c e n t i g r a d e .  

( 2 )  Rad ia l  t i r e s  a r e  s u p e r i o r  t o  b i a s  t i r e s  i n  w e a r ,  

due p r i m a r i l y  t o  t h e  b e l t  which s t a b i l i z e s  t h e  

t r e a d  e l emen t s .  

( 3 )  Pavement m i c r o t e x t u r e  i s  a  major f a c t o r  d e t e r m i n i n g  

wear r a t e .  The pavement macro tex tu re  has  on ly  a  

s l i g h t  e f f e c t  on wear r a t e .  

( 4 )  The wear r a t e  d e c r e a s e s  on wet roads  f o r  two 

reasons  : 

(a )  The t i r e  s u r f a c e  t e m p e r a t u r e  d e c r e a s e s .  

( b )  The f r i c t i o n  between t i r e  and road  d e c r e a s e s .  



One f i n a l  p o i n t  concerning t r e a d  wear no ted  by Lippman 

and O b l i z a j e k  [ 7 9 ]  i s  t h a t  t h e  f r o n t  t i r e s  of  a ca r  wear more 

s e v e r e l y  a t  t h e  t r e a d  edges than  a t  t h e  c e n t e r ,  whereas t h e  

r e a r  t i r e s  t end  t o  wear more uni formly .  (Presumably,  t h i s  

assumes equa l  i n f l a t i o n  p r e s s u r e s  i n  f r o n t  and r e a r  t i r e s . )  



A 4 .  INFLUENCE OF TREAD WEAR ON T I R E  CHARACTERISTICS 

4 . 1  UNIFORFI WEAR 

.An OE t i r e  shows t r a c t i o n  performance c h a r a c t e r i s t i c s  

q u i t e  d i f f e r e n t  than  what they  a r e  a f t e r  t h e  t i r e  has  been 

run s u f f i c i e n t l y  t o  be "worn i n . "  OE t i r e s  were t e s t e d  a t  

Kar ls ruhe  U n i v e r s i t y  on an i n t e r n a l  drum t i r e  t e s t i n g  machine. 

The c o r n e r i n g  f o r c e  and a l i g n i n g  t o r q u e  r o s e  from t h e i r  i n i t i a l  

va lues  as running  time i n c r e a s e d .  These v a l u e s  f i n a l l y  l e v e l e d  

o f f  as t h e  t i r e s  became "worn i n . "  

Once t h e  t i r e s  a r e  "worn i n , "  f u r t h e r  wear ,  a s  w e l l  as  t h e  

type  of  wear ,  has  a  very impor tant  i n f l u e n c e  on t h e  performance 

c h a r a c t e r i s t i c s  of  a  t i r e .  In  g e n e r a l ,  f o r  uni form t r e a d  w e a r ,  

t r a c t i o n  i n c r e a s e s  as  t r e a d  depth  d e c r e a s e s  on d ry  s u r f a c e s  

and dec reases  w i t h  d e c r e a s i n g  t r e a d  depth  on wet s u r f a c e s  [25 ,  

31, 36, 43, 53, 5 6 ,  66,  69 ,  102,  1 2 8 ] . *  I t  s h o u l d  be  n o t e d ,  

however, t h a t  i n  a  s tudy  by Fancher ,  e t  a l . ,  on t i r e  t r a c t i o n  

f i e l d s  u s i n g  wet s u r f a c e s ,  i t  was found t h a t  i n  a  few c a s e s ,  

f u l l y  worn r a d i a l  t i r e s  a s  w e l l  as  f u l l y  worn b e l t e d - b i a s  t i r e s  

exceeded t h e  t r a c t i o n  performance o f  h a l f - w o r n  r a d i a l s  and h a l f -  

worn b e l t e d - b i a s  t i r e s ,  r e s p e c t i v e l y  [ 3 1 ] .  

F i n a l l y ,  Leland [ 7 4 ]  found t h a t  t h e  f r i c t i o n  l e v e l  o f  a  

t i r e  on wet roads  d e t e r i o r a t e s  g r a d u a l l y  w i t h  t r e a d  wear u n t i l  

t h e  t r e a d  i s  80% worn, a f t e r  which p o i n t  t h e  f r i c t i o n  l e v e l  

d e t e r i o r a t e s  r a p i d l y .  F u r t h e r ,  based  on a  t i r e ' s  f o o t p r i n t ,  a  

t i r e  may be cons ide red  comple te ly  b a l d  i n s o f a r  a s  i t s  f r i c t i o n  

c a p a b i l i t y  i s  concerned when i t s  t r e a d  i s  9 5 %  worn,  due t o  t h e  

load  on t h e  t i r e  b e a r i n g  down on i t  [ 7 4 ] .  

- -- 

*See Lippman and O b l i z a j e k  [ 7 9 ]  and Tsuch iya ,  e t  a l .  [ 1 2 8 ] ,  
i n  anno ta t ed  b i b l i o g r a p h y  f o r  more d e t a i l e d  a n a l y s i s  o f  t h e  
e f f e c t  of t r e a d  wear on t h e  performance c h a r a c t e r i s t i c s  o f  
a  t i r e .  



A 4 . 2  SHOULDER WEAR 

I n  s e v e r a l  s t u d i e s  i t  was found t h a t  t r e a d  s h o u l d e r  wear 

can have a  s i g n i f i c a n t  e f f e c t  on t h e  performance c h a r a c t e r i s t i c s  

of a  t i r e .  Rasmussen and Cor tese  [I021 found t h a t  t i r e s  w i th  

t h e i r  t r e a d s  shaved on a  t i r e - t r u i n g  machine produced g r e a t e r  

l a t e r a l  f o r c e s  and a l i g n i n g  to rques  on dry s u r f a c e s  when t h e  

s h o u l d e r s  were rounded. Recent exper iments  a t  HSRI r e p o r t e d  

by Sege l  [I141 show t h a t  a  t i r e  d i s p l a y s  a  "remarkable  s e n s i t i v i t y "  

o f  d r y  t r a c t i o n  t o  t r e a d  shou lde r  wear ,  T i r e s  w i t h  b e l t e d - b i a s  

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



-45. I N F L A T I O N  PRESSURE 

\ ' a ry ing  t h e  i n f l a t i o n  p r e s s u r e  of  a  t i r e  changes  i t s  

pe r formance  c h a r a c t e r i s t i c s .  A number of  s t u d i e s  have  shown 

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

a  maximum i s  r e a c h e d ,  a f t e r  which p o i n t  t h e  s t i f f n e s s  and f o r c e  

l e v e l  d e c r e a s e s  [ 3 3 ,  36,  37,  61 ,  63 ,  9 5 ,  9 6 1 .  A l s o ,  a l i g n i n g  

t o r q u e  l e v e l 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  d e c r e a s e  w i t h  

i n 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  [37 ,  61 ,  9 5 ,  961.  However, on 

dr?? t o  s l i g h t l y  damp s u r f a c e s ,  t h e  above e f f e c t s  a r e  r e d u c e d ,  

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

f o r c e s  which show l i t t l e  i f  any s e n s i t i v i t y  t o  i n f l a t i o n  

p r e s s u r e  on such  s u r f a c e s  [63 ,  1231. 

Nordeen and C o r t e s e  [95]  de t e rmined  t h a t  camber t h r u s t  

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

t h e y  found t h a t  t h e  s e n s i t i v i t y  o f  c o r n e r i n g  s t i f f n e s s  and camber 

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

w i t h  d i f f e r e n t  t i r e s  of  t h e  same s i z e .  P e t e r s o n  and  Rasmussen 

[99]  found t h a t  t h e  s e n s i t i v i t y  o f  t r a c t i o n  c h a r a c t e r i s t i c s  of  

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

t h e  s e n s i t i v i t y  o f  b i a s  t i r e s .  

F i n a l l y ,  Nordeen and C o r t e s e  [96]  n o t e d  t h a t  chang ing  t h e  

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

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

r e sponse  t ime  w i t h  h i g h e r  i n f l a t i o n  p r e s s u r e .  



A 6 .  LOAD 

There  i s  a  consensus i n  t h e  l i t e r a t u r e  t h a t  t h e  f o l l o w i n g  

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

per formance  c h a r a c t e r i s t i c s  of t i r e s  : 

(1)  The peak l a t e r a l  f o r c e  t h a t  can be  o b t a i n e d  

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

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

[31 ,  37,  611. 

( 2 )  The peak l o n g i t u d i n a l  f o r c e  shows t h e  same 

b e h a v i o r  a s  t h e  peak l a t e r a l  f o r c e  [ 3 1 ] .  

( 3 )  Cornering s t i f f n e s s  a l s o  i n c r e a s e s  w i t h  l o a d  t o  

a  maximum, and t h e n  d e c r e a s e s  g r a d u a l l y  a t  

h i g h e r  l o a d s  [31 ,  371. 

( 4 )  A l ign ing  t o r q u e  i n c r e a s e s  w i t h  l oad  [61 ] ,  and  

a d d i t i o n a l l y ,  t e n d s  toward z e r o  as  t h e  l o a d  

t e n d s  toward z e r o  [ 9 5 ] .  

There  were s e v e r a l  p a p e r s  t h a t  p r e s e n t e d  e q u a t i o n s  o f  

l a t e r a l  f o r c e s  and moments a s  f u n c t i o n s  o f  wheel l o a d i n g  and 

o t h e r  q u a n t i t i e s  [ 9 4 ,  1111. Schal lamach [ I l l ]  p r e s e n t e d  t h e  

development o f  a  method t o  t r a n s f o r m  t h e o r e t i c a l  s i d e  f o r c e  

v e r s u s  s l i p  a n g l e  cu rves  a t  d i f f e r e n t  l o a d s  t o  one m a s t e r  c u r v e .  

He found good agreement w i t h  e x p e r i m e n t a l  d a t a .  An a t t e m p t  t o  

do t h e  same w i t h  a l i g n i n g  t o r q u e  d i d  n o t  meet w i t h  good 

agreement based  on e x p e r i m e n t a l  d a t a .  He b e l i e v e d  t h e  r e a s o n  

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

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



A ? .  SPEED 

The per formance  c h a r a c t e r i s t i c s  o' t i r e s  a r e  more s p e e d -  

dependent on wet roads  t han  they  a r e  on dry r o a d s .  I n  f a c t ,  

some i n v e s t i g a t o r s  have concluded t h a t  speed  i s  t h e  most 

impor t an t  f a c t o r  i n  d e t e r m i n i n g  t h e  wet wea the r  t r a c t i v e  a b i l i t y  

of a  t i r e  [ 2 3 ,  6 3 1 .  (However, t h i s  i s  n o t  c o n c l u s i v e .  D i j k s  

[ 2 3 ]  found t h a t  road  s u r f a c e  pa rame te r s  a r e  more i m p o r t a n t  i n  

i n f l u e n c i n g  t h e  t r a c t i v e  performance of a t i r e  on a wet s u r f a c e . )  

In  1939 ,  however ,  E a l l  [15] found t h a t  speed  h a s  v e r y  

l i t t l e  e f f e c t  on t h e  l a t e r a l  f o r c e  of  a  t i r e  under  p r a c t i c a l l y  

a l l  c o n d i t i o n s .  However, i n  more r e c e n t  t imes  i n . i - e s t i ga t , o r s  

have found t h a t  speed  does have an e f f e c t  on t h e  l a t e r a l  f o r c e  

deve loped  by a  t i r e .  I n  f a c t ,  t h e  l a t e r a l  f o r c e  d e c r e a s e s  a s  

speed  i n c r e a s e s .  Th i s  e f f e c t  i s  p a r t i c u l a r l y  s i g n i f i c a n t  on 

wet roads  [ 1 6 ,  381.  

Krempl 1 6 9 1  found t ha . t  speed  has  a  g r e a t e r  i n f l u e n c e  on 

maximum l o n g i t u d i n a l  f o r c e  t han  on maxirnuin l a t e r a l  f o r c e .  S e v e r a l  

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

f o r c e .  

(1 )  Using a  towed t r a i l e r ,  Harned ,  e t  a l .  [SJ] found 

t h a t  t h e  locked-whee l  b r ake  f o r c e  c o e f f i c i e n t  

of  a  t i r e  on d r y  a s p h a l t  d e c r e a s e d  w i t h  s p e e d  i n  

t h e  speed  r a n g e  5 - 2 0  mph, b u t  i n  t h e  r a n g e  2 0 - 6 0  

mph, t h e  l ocked -whee l  b r ake  f o r c e  c o e f f i c i e n t  

i n c r e a s e d  w i t h  i n c r e a s i n g  s p e e d .  

( 2 )  Using a  mobi le  t i r e  t e s t e r  on wet  r o z d s ,  Holmes,  

e t  a l .  [ 56 ]  found t h a t  i n c r e a s i n g  t h e  s p e e d  

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

c u r v e .  F u r t h e r ,  t h e  l ocked -whee l  b r a k e  f o r c e  

dropped more s o  t h a n  t h e  peak b r a k e  f c r c e  f o r  

an i n c r e a s e  i n  s p e e d .  F i n a l l y ,  t h e y  found  t h a t  

t h e  b r a k e  f o r c e  deve loped  from smooth t i r e s  was 

ve ry  speed  s e n s i t i v e  on smooth t e x t u r e d  s u r f a c e s .  



A 8 .  INTERACTION OF LONGITUDINAL AND LATERAL FORCES 

The 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 s  developed by a  t i r e  

a r e  n o t  independent of each o t h e r .  Mounting t i r e s  on a  t e s t  

f i x t u r e  a t t a c h e d  t o  a  t r u c k ,  Byrdsong [16]  found t h a t  a  t i r e  

develops  c o n s i d e r a b l e  s i d e  f o r c e  up t o  t h e  maximum wheel b r a k i n g  

f o r c e .  P a s t  t h i s  p o i n t ,  t h e  s i d e  f o r c e  dec reases  r a p i d l y  t o  

zero  when t h e  t i r e  i s  i n  f u l l  s k i d .  Gengenbach and Weber, 

u s ing  an i n t e r n a l  drum t i r e  t e s t  r i g  a t  t h e  U n i v e r s i t y  o f  

K a r l s r u h e ,  found t h a t  t h e  s i d e  f o r c e  of a  t i r e  i n c r e a s e d  w i t h  

i n c r e a s e d  b rak ing  f o r c e  and dec reased  w i t h  i n c r e a s e d  d r i v i n g  

f o r c e  a t  low t o  moderate f o r c e  l e v e l s .  (This  was c o r r o b o r a t e d  

by S a k a i  [ l o g ]  . )  Gengenbach and Weber [ 4 3 ]  a l s o  found t h a t  

a l i g n i n g  to rques  decreased  more s h a r p l y  w i t h  b rak ing  f o r c e s  

than  w i t h  d r i v i n g  f o r c e s .  Krempl [69] found t h a t  t h e  s t a t i c  

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

d i f f e r e n t  magnitudes.  The envelope of t h e  s h e a r  f o r c e s  t r a n s -  

m i t t e d  i s  a  c i r c l e  only f o r  s p e c i a l  c a s e s .  In  f a c t ,  d e v i a t i o n s  

from t h e  s t a t i c  f r i c t i o n  c i r c l e  may be a s  h igh  a s  2 0 % .  

Holmes and Stone d i d  a  r a t h e r  complete s t u d y  of  t h e  i n t e r -  

a c t i o n  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 s  of  t i r e s  on wet 

s u r f a c e s  [56 ] .  They d i d  a  s e r i e s  of t e s t s  t o  s tudy  t h e  e f f e c t  

of pure  b rak ing  (wi th  no s l i p  a n g l e )  and t h e n  p u r e  c o r n e r i n g  

(wi th  no l o n g i t u d i n a l  s l i p ) .  They t h e n  i n v e s t i g a t e d  i n t e r -  

a c t i o n  e f f e c t s .  The r e s u l t s  t hey  found were :  
, 

(1) The curves of s i d e  f o r c e  v e r s u s  s l i p  a n g l e  had ' 

s m a l l e r  i n i t i a l  s l o p e s  when a  b rake  f o r c e  was 

a p p l i e d .  A l so ,  t h e  peak s i d e  f o r c e  o b t a i n a b l e  

was reduced and i t  o c c u r r e d  a t  h i g h e r  s l i p  

ang les  than  f o r  t h e  f r e e - r o l l i n g  c a s e .  

( 2 )  The curves  of b r a k e  f o r c e  v e r s u s  b r a k e  s l i p  

had s m a l l e r  i n i t i a l  s l o p e s  i n  t h e  p r e s e n c e  
o f  a  s i d e  f o r c e .  The peak  b rake  f o r c e  o b t a i n -  

a b l e  was s m a l l e r  and s h i f t e d  t o  h i g h e r  v a l u e s  



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

o f  b r a k e  f o r c e  n e a r  l ockup  s t i l l  occu r - r ed ,  

( 3 )  The f r i c t i o n  c i r c l e  concep t  d i d  n o t  a g r e e  w i t h  

t h e  e x p e r i m e n t a l  d a t a .  

( 4 )  The p l o t  of  r e s u l t a n t  s h e a r  f o r c e  v e r s u s  

r e s u l t a n t  s l i p  showed a  shape  v e r y  s i m i l a r  t o  

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

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

2 2 S = 100 i s i n  a  + Q' cos  a / 1 0  4 

S = r e s u l t a n t  s l i p  i n  p e r c e n t  

a  = s l i p  a n g l e  

Q = % b r a k e  s l i p  

I n  1970,  F a n c h e r ,  e t  a l .  [ 2 9 ]  s t u d i e d  t i r e  c h a r a c t e r i s t i c s  

u s i n g  t h e  HSRI Mobi le  T i r e  T e s t e r .  T h i s  a l l o w e d  o n - t h e - r o a d  
! 

measurements o f  t i r e  s h e a r  f o r c e s  unde r  combined s l i p  and  

s l i p  a n g l e  o p e r a t i o n  a t  highway s p e e d s .  They c o r r o b o r a t e d  

o t h e r  e x p e r i m e n t o r s  by showing t h a t  a s  s l i p  a n g l e  i n c r e a s e s ,  

t h e  peak  o f  t h e  l o n g i t u d i n 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  s l i p  

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

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

A l s o ,  l a t e r a l  f o r c e  may b e  g r e a t l y  r educed  by i n c r e a s i n g  l o n g i -  

t u d i n a l  s l i p .  An a d d i t i o n a l  r e s u l t  t h e y  found  was t h a t  i n  

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

d i r e c t i o n  t o  oppose t h e  s h e a r  f o r c e s ,  i n d i c a t i n g  t h a t  t h e  t i r e -  

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

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

d i r e c t i o n .  

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

s l i p  on a  t i r e ' s  s h e a r  f o r c e s ,  s e v e r a l  m a t h e m a t i c a l  models  have  

been  deve loped  which t a k e  e x p l i c i t  a ccoun t  o f  t h e  i n f l u e n c e  o f  

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



Bergman [8 ]  developed a  mathematical  model f o r  a  t i r e  i n  

which t h e  t i r e  was modeled a s  a  s e r i e s  of  t h r e e  i n t e r a c t i n g  

s p r i n g s  spaced  about t h e  t i r e ' s  c i r cumfe rence .  Using t h i s  

model, he  d i s c u s s e d  t h e  e f f e c t  of load  on l a t e r a l  f o r c e  and 

showed how t h e  theory  could be a p p l i e d  t o  p r e d i c t  t h e  e f f e c t  

of  t r a c t i o n  on co rne r ing  f o r c e .  He found t h a t  c a l c u l a t e d  va lues  

of  l a t e r a l  t i r e  f o r c e  dur ing  power a p p l i c a t i o n  c o r r e l a t e d  ve ry  

w e l l  w i th  expe r imen ta l  d a t a .  

T i e l k i n g  and M i t a l  [I271 compared f i v e  t i r e  models which 

s i m u l a t e d  t i r e  t r a c t i o n  f o r c e s  and moments due t o  b o t h  l a t e r a l  

and l o n g i t u d i n a l  s l i p .  A summary of each of  t h e s e  models (with 

r e f e r e n c e s  i n  b r a c k e t s )  i s  quoted from t h e  r e p o r t :  

YODEL RESUME 

HSRI-NBS-I [ 2 7 ]  E l a s t i c  t r e a d  b locks  on r i g i d  wheel ,  uniform 
c o n t a c t  p r e s s u r e ,  un i form deformat ion  i n  
s l i d i n g  r e g i o n ,  t i r e - r o a d  f r i c t i o n  d e c r e a s i n g  
l i n e a r l y  w i t h  s l i p  s p e e d .  A l i g n i n g  moment 
no t  s imula ted .  

Goodyear [81]  

Sakai [ l o g ]  

E l a s t i c  t r e a d  b locks  on founda t ion  al lowed t o  
t r a n s l a t e  un i fo rmly ,  f i n i t e  t r a n s i t i o n  between 
adhes ion  and f u l l y  developed s l i d i n g ,  uniform 
c o n t a c t  p r e s s u r e ,  d i s t i n c t i o n  between s t a t i c  
and dynamic f r i c t i o n  which d e c r e a s e s  l i n e a r l y  
wi th  s l i p  speed .  

E l a s t i c  t r e a d  b locks  on r i g i d  whee l ,  p a r a b o l i c  
o r  e x p e r i m e n t a l l y  de termined c o n t a c t  p r e s s u r e ,  
deformat ion  i n  s l i d i n g  r e g i o n  d e c r e a s e s  w i t h  
s h e a r  f o r c e ,  c o n s t a n t  f r i c t i o n .  Deformation 
d i s c o n t i n u i t y  avoided by assuming s l i d i n g  s h e a r  
f o r c e  t o  a c t  i n  same d i r e c t i o n  a s  s h e a r  f o r c e  
i n  t h e  adhes ion  r e g i o n .  

E l a s t i c  t r e a d  b locks  on f l e x i b l e  e l a s t i c a l l y -  
suppor t ed  beam c a r c a s s  ( subsequen t ly  reduced  
t o  r i g i d  beam w i t h  uni form t r a n s l a t i o n )  w i t h  an 
a r t i f i c i a l  mechanism c o n n e c t i n g  l o n g i t u d i n a l  
s t i f f n e s s  w i t h  l a t e r a l  s t i f f n e s s  (but  n o t  
v i c e - v e r s a )  , p a r a b o l i c  c o n t a c t  p r e s s u r e ,  
d i s t i n c t i o n  between s t a t i c  and s l i d i n g  f r i c t i o n  
which i s  cons ide red  t o  b e  o r t h o t r o p i c .  P r e -  
s c r i b e d  s t r e s s  i n  s l i d i n g  r e g i o n  produces  a  
d isp lacement  d i s c o n t i n u i t y  f o r  unequal  l o n g i -  
t u d i n a l  and l a t e r a l  t r a c t i o n  s t i f f n e s s e s .  
T r a c t i o n  f o r c e s  and moment computed by 



RESUME 

i n t e g r a t i n g  across  a  s t r e s s  d i s c o n t i n u i t y  which . 
i s  more severe  f o r  b i a s  t i r e s  t h a n  f o r  r a d i a l  
t i r e s .  

IISRI-NBS-I11 [ I 2  7 1  Parabo l i c  con tac t  p r e s s u r e ,  o the rwise  i d e n t i c a l  
t o  HSRI-NBS-I1 model. 

- I 



A 9 .  WET ROAD S U R F A C E S  

A l a r g e  number of s t u d i e s  have been done t o  examine t h e  

t r a c t i v e  q u a l i t i e s  of t i r e s  on wet r o a d s .  I t  i s  i n t e t e s t i n g  

t o  n o t e  t h a t  t h e  f r i c t i o n  c o e f f i c i e n t  of a  t i r e  drops s i g n i -  

f i c a n t l y  from a  dry t o  j u s t  damp road  ( a s  might occur  from a  

l i g h t  r a i n )  [ 3 ,  75, 7 6 ,  1231. As t h e  w a t e r  l e v e l  i s  i n c r e a s e d  

f u r t h e r  t h e  f r i c t i o n  c o e f f i c i e n t  con t inues  t o  d e c r e a s e ,  u n t i l  

t h e  w a t e r  depth reaches  about 3  t o  4 m m ,  a f t e r  which t h e  f r i c t i o n  

c o e f f i c i e n t  dec reases  only s l i g h t l y  as  t h e  t i r e  hydroplanes  

[24 ,  1231. 

Road s u r f a c e  parameters  have an impor tan t  i n f l u e n c e  on t h e  

wet t r a c t i v e  a b i l i t y  of t i r e s .  A road w i t h  an open (rough) 

macro tex tu re  w i l l  a l low d ra inage  of w a t e r  under  t h e  t i r e  and 

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

a  f i n e  macro tex tu re ,  r e g a r d l e s s  of t h e  m i c r o t e x t u r e  [ 3 ] .  

The most impor tant  t i r e  v a r i a b l e  i n  wet t r a c t i o n  a t  h igh  

speeds and sha l low water  i s  t h e  t r e a d  p a t t e r n .  I t s  e f f e c t  i s  

g r e a t e s t  on s u r f a c e s  wi th  poor d r a i n a g e  [ 3 ,  871. The t r e a d  

compound can a l s o  be i m p o r t a n t ,  and i n  f a c t ,  when t a k i n g  i n t o  

account  a l l  c o n d i t i o n s  of road s u r f a c e ,  s p e e d ,  w a t e r  d e p t h ,  e t c . ,  

t r e a d  compound should  be g iven  e q u a l  impor tance  t o  t r e a d  

p a t t e r n  [ 3 ] .  

There a r e  c e r t a i n  d i s t i n c t  d i f f e r e n c e s  between t h e  t r a c t i v e  

p r o p e r t i e s  o f  a  t i r e  on a  wet o r  dry s u r f a c e .  The t r a c t i o n  

c o e f f i c i e n t s ,  i n  a d d i t i o n  t o  be ing  much s m a l l e r  on wet s u r f a c e s  

than d r y ,  a r e  a l s o  much more speed s e n s i t i v e  on wet s u r f a c e s ,  

wh i l e  showing only  a  s l i g h t  speed s e n s i t i v i t y  on dry  s u r f a c e s  

[16 ,  361.  F u r t h e r ,  t h e  r a t i o  of t h e  peak b r a k i n g  c o e f f i c i e n t  

of  a  t i r e  t o  i t s  s l i d e  c o e f f i c i e n t  i s  much g r e a t e r  on wet t h a n  

dry s u r f a c e s  [ 3 6 ] .  

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

i n  wet t r a c t i o n  a l lows f o r  a  s t u d y  of i n t e r a c t i o n  e f f e c t s  among 



p a r a m e t e r s .  Th is  approach was u sed  by D i j k s  [ 2 4 ] .  P r e v i o u s l y ,  

a l l  p a r a m e t e r s  excep t  one were h e l d  f i x e d .  I t  was found  t h a t  

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

. ; i g ! i i f i c ance  a r e  ('I) road s u r f a c e  p a r a m e t e r s ,  ( 2 )  s p e e d  o f  

t l . n \ - e l ,  (3 )  t r e a d  d e p t h ,  and ( 4 )  t i r e  p a r a m e t e r s .  F u r t h e r ,  

a l l  t w o - f a c t o r  i n t e r a c t i o n s  w i t h  road  s u r f a c e  were  i m p o r t a n t .  

T h r e e - f a c t o r  i n t e r a c t i o n s  had o n l y  minor e f f e c t s .  
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The l e v e l  o f  f r i c t i o n  o b t a i n a b l e  be tween  a  t i r e  and a  wet  

r oad  i s  r e l a t e d  p r i m a r i l y  t o  t h e  a b i l i t y  o f  t h e  t i r e  t o  remove 

a  w a t e r  f i l m  from t h e  c o n t a c t  a r e a .  I t  was assumed t h a t  t h e  

c o n t a c t  p a t c h  was d i v i d e d  i n t o  t h r e e  zones :  

(1) Unbroken w a t e r  f i l m  ( a t  f r o n t  o f  c o n t a c t  p a t c h )  

(2 )  P a r t i a l  breakdown o f  f i l m  

(3 )  "Dry1' a r e a .  

An e x p e r i m e n t a l  i n v e s t i g a t i o n  was conduc t ed  employing b o t h  

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

and b r a k i n g  p r o p e r t i e s  on wet  roads  u n d e r  a  w ide  r ange  of  

o p e r a t i n g  c o n d i t i o n s .  I t  was found t h a t  t h e  s i z e  of  t h e  d r y  

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

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

A speed  i n c r e a s e  r educes  t h i s  a r e a .  T read  p a t t e r n ,  t r e a d  

m a t e r i a l ,  and road  s u r f a c e  a l s o  have  a  c o n s i d e r a b l e  i n f l u e n c e  

on t h e  s i z e  o f  t h i s  a r e a .  



Tread p a t t e r n  and t r e a d  m a t e r i a l  were i n v e s t i g a t e d .  

Conc lus ions  r eached  concern ing  t h e  e f f e c t  of  t h e s e  on t h e  wet 

t r a c t i v e  p r o p e r t i e s  of a t i r e  a r e  quo t ed :  

"Tread p a t t e r n  

(1) Tyre performance a t  h i g h  speeds  i s  dominated 
by t h e  c h a r a c t e r i s t i c s  o f  t h e  t r e a d  p a t t e r n .  
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t h e  ve ry  s l o w e s t  speeds  and o f f e r  n e g l i g i b l e  b r a k i n g  
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A " t i r e  c o r n e r i n g /  t r a c t i o n  t r a i l e r "  was designed t o  measure 

the  t r a c t i o n  and s t e e r i n g  performance of passenger  c a r  t i r e s .  

Sample t e s t  d a t a  of l a t e r a l  and l o n g i t u d i n a l  f r i c t i o n  cha rac -  

'. - 
t e r i s t i c s  of t i r e s  as a f f e c t e d  by t i r e  c o n s t r u c t i o n ,  i n f l a t i o n  

p r e s s u r e ,  camber a n g l e ,  normal l o a d ,  road  s u r f a c e ,  and speed 

a r e  i n c l u d e d .  
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T r a c t i o n  on Cornering Force ."  SAE Paper  186A, 1960. 

A model was developed f o r  t h e  pneumatic  t i r e  i n  which t h e  

t i r e  was cons ide red  t o  be composed of  c i r c u m f e r e n t i a l  s p r i n g  

elements-each element be ing  a  t h r e e - d i m e n s i o n a l  s p r i n g .  The 

concept  of  " i n t e r a c t i o n  e f f e c t "  was developed t o  e x p l a i n  t h e  

e f f e c t  of  t r a c t i o n  on c o r n e r i n g  f o r c e .  In  t h e  model developed,  

t h i s  e f f e c t  was inc luded  by assuming a  change i n  s p r i n g  c o n s t a n t  

of one e l emen ta l  s p r i n g  when one o r  both  of t h e  o t h e r  two s p r i n g s  

i n  t h e  element were d e f l e c t e d .  A change i n  i n f l a t i o n  p r e s s u r e  

was t r e a t e d  as  a  change i n  t h e  s p r i n g  c o n s t a n t s .  A l o a d  

i n c r e a s e  causes  an i n c r e a s e  i n  t i r e  c o n t a c t  p a t c h  and was t r e a t e d  

as an i n c r e a s e  i n  t h e  c o e f f i c i e n t  of f r i c t i o n .  

9 .  Bergman, W .  and Crum, W . B . ,  "New Concepts of  T i r e  Wear 
Measurement and Ana lys i s . "  SAE Paper  730615, May 1973. 

An a n a l y s i s  i s  p r e s e n t e d  o f  t i r e  t r e a d  wear  u t i l i z i n g  new 

exper imenta l  and a n a l y t i c a l  t e c h n i q u e s .  The f o l l o w i n g  p o i n t s  

were made: 

(1)  Grip i s  d e f i n e d  as an i n t i m a t e  i n s t a n t a n e o u s l y  

s t a t i o n a r y  c o n t a c t  between t i r e  t r e a d  r u b b e r  and 

road  a s p e r i t i e s ,  d u r i n g  which c o n t a c t  no r e l a t i v e  

motion between t h e  t i r e  and t h e  road  t a k e s  p l a c e .  

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



( 2 )  "Grip  i s  t h e  key f a c t o r  i n  t h e  f i r s t  phase  o f  

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

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

b r a k i n g ,  o r  d r i v i n g )  . " 
(3)  There  a r e  two t y p e s  o f  g r i p :  

( a )  Deformat ion g r i p  i s  due t o  road  a s p e r i t i e s  

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

duce l o c a l i z e d  p r e s s u r e s  between t h e  road  

and t i r e .  

( b )  Adhesion g r i p  i s  due t o  mo lecu l a r  f o r c e s .  

Hence,  t h e  t i r e  and road  must b e  i n  c l o s e  

p r o x i m i t y .  Adhesion g r i p  o c c u r s  where  

l o c a l i z e d  p r e s s u r e  i s  h i g h .  T h e r e f o r e ,  i t  

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

t h e  c o n t a c t  p a t c h .  

( 4 )  T i r e - r o a d  f r i c t i o n  i s  d e f i n e d  a s  a  r e s i s t a n c e  t o  

r e l a t i v e  motion between t h e  t i r e  t r e a d  r u b b e r  and 

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

second phase  o f  t h e  t i r e - r o a d  i n t e r a c t i o n ,  when t h e  

e lements  d i s engage  t hemse lves  from a  g r i p  and s l i d e  

back toward  t h e i r  i n i t i a l  p o s i t i o n  w i t h  r e s p e c t  t o  

t h e  wheel rim. 

( 5 )  I t  was p roposed  t h a t  r oad  t e x t u r e  b e  c l a s s i f i e d  i n  

a  q u a n t i t a t i v e  manner: 

( a )  Microtexture-road t e x t u r e  o f  a s p e r i t i e s  

between 0 . 1  and 0 . 4  mm i n  d i a m e t e r .  

(b )  Flacrotexture-road t e x t u r e  w i t h  a s p e r i t y  

s i z e s  l a r g e r  t h a n  0 . 4  mm. 

(c) Smooth su r f ace - su r f ace  t e x t u r e  w i t h  a s p e r i t y  
s i z e s  l e s s  t h a n  0 . 1  mm. 

( 6 )  Grip between t h e  t i r e  and r o a d  i s  p r i m a r i l y  a f f e c t e d  

by road s u r f a c e ,  and t o  a  much l e s s e r  e x t e n t ,  t h e  

t i r e  s u r f a c e .  



( 7 )  Less t h a n  0 . 1  mm of t h e  s u r f a c e  o f  t r e a d  a f f e c t s  

g r i p .  

( 8 )  The l e n g t h  of t r a v e l  of  t r e a d  r u b b e r  d u r i n g  t h e  

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

d r ag  f o r c e  a r e  t h e  two main f a c t o r s  d e t e r m i n i n g  

t r e a d  wear on a  g iven  r o a d  s u r f a c e  under  g i v e n  

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

( 9 )  Tread wears  more i n  c o r n e r i n g  t h a n  i n  b r a k i n g  o r  

t r a c t i o n .  Th i s  i s  due t o  a  lower  c o r n e r i n g  s t i f f -  

n e s s  compared t o  b r a k i n g  o r  d r i v i n g  s t i f f n e s s .  A l s o ,  
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c o n s t a n t  r a t e  w i t h  i n c r e a s i n g  l a t e r a l  f o r c e .  I n  

b r a k i n g  o r  t r a c t i o n ,  wear  i n c r e a s e s  l i n e a r l y  w i t h  

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

t h e  t r e a d  r i b s  i n c r e a s e  w i t h  wea r .  T h e r e f o r e ,  uneven 
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c a u s i n g  v a r i a t i o n s  i n  v e h i c l e  pe r fo rmance  c h a r a c t e r i s t i c s .  



11. Hogan, R . F .  a n d  D o b i e ,  W.J.,  "Performance Comparison - 
2-Ply  Versus 4 -P ly  Passenger  Car T i r e s . "  SAC Paper  
6 6 0 3 7 8 ,  pp.  557-562. 

1 2 .  B renne r ,  F.C. and Kondo, A . ,  "Elements i n  t h e  Road 
E v a l u a t i o n  o f  T i r e  Wear." T i r e  and Sc i ence  Technology ,  
TSTCA, Vol.  1, No. 1 ,  Feb. 1973. 

The p r o c e d u r a l  s t e p s  t o  be  fo l lowed  t o  ach i eve  t r e a d  wear  

e v a l u a t i o n  a r e  d e s c r i b e d .  R e s u l t s  of  such expe r imen t s  a r e  

d i s c u s s e d  and recommendations a r e  made on t h e  c o u r s e  o v e r  which 

t h e  t i r e s  shou ld  b e  r u n .  

13 .  B r i g g s ,  G.J . ,  Hu tch i son ,  E . J . ,  and K l ingende r ,  R . C . ,  
"Fac to r s  A f f e c t i n g  Sk id  R e s i s t a n c e  o f  P o l y b u t a d i e n e . "  
Rubber World, Vol.  150 ,  No. 6 ,  S e p t .  1964 ,  pp.  41-53.  

1 4 .  Buddenhagen, F .  E. , "Design and C o n s t r u c t i o n  C o n s i d e r a t i o n s  
o f  Rad ia l  Pa s senge r  Car T i r e s . "  SAE Paper  670470, 
blay 1967,  5  pp .  

1 5 .  B u l l ,  A . W . ,  " T i r e  Behavior  i n  S t e e r i n g . "  SAE J o u r n a l  
( T r a n s a c t i o n s ) ,  Vol. 34,  1939 ,  pp.  344-350. 
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s t u d y  t h e  e f f e c t s  o f  s u r f a c e  w e t p e s s ,  t i r e  b r a n d ,  t i r e  s i z e ,  

wheel  l o a d i n g ,  i n f l a t i o n  p r e s s u r e ,  and t r a c t i v e  f o r c e  on t h e  
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"An expe r imen ta l  i n v e s t i g a t i o n  was made t o  d e t e r m i n e  t h e  

e f f e c t  o f  wheel b r a k i n g  on t h e  s i d e - f o r c e  c a p a b i l i t y  o f  a  pneumat ic  

t i r e .  Data were o b t a i n e d  from t e s t s  o f  a  s m o o t h - t r e a d  pneumat ic  

t i r e  w i t h  an i n f l a t i o n  p r e s s u r e  o f  30 pounds p e r  s q u a r e  i n c h  a t  

ground speeds  o f  1 0 ,  20,  and 30 m i l e s  p e r  hour  a t  wheel  yaw 

a n g l e s  o f  4 "  and 8' on b o t h  wet and d r y  paved s u r f a c e s  . . . . .  The 

wheel and t i r e  were mounted on a  t e s t  f i x t u r e  and a t t a c h e d  t o  

a  2 1 / 2  t o n  t r u c k .  The t e s t  f i x t u r e  was l o c a t e d  fo rward  o f  and 

i n  l i n e  w i t h  t h e  r i g h t  f r o n t  wheel o f  t h e  t r u c k . "  



R e s u l t s  : 

(1 )  The s i d e  f o r c e  deve loped  was l e s s  on wet  r o a d s  

t h a n  on dry  r o a d s .  The e f f e c t  became s i g n i f i c a n t  

a s  speed  i n c r e a s e d .  A t  30 mph t h e r e  was a  50% 

r e d u c t i o n .  

( 2 )  Cons ide rab l e  s i d e  f o r c e  was deve loped  d u r i n g  wheel  

b r a k i n g  up t o  t h e  maximum wheel  b r a k i n g  f o r c e .  P a s t  

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

a t  f u l l  s k i d .  

1 7 .  C a r r ,  G.W. and H o l t ,  A . J . ,  "A Comparison o f  t h e  R o l l i n g  
R e s i s t a n c e  o f  R a d i a l  and C r o s s - P l y  T y r e s . "  MIRA 
B u l l e t i n  No. 5 ,  S e p t  . / O c t .  1970 ,  pp .  4 - 7 .  

18 .  C h i e s a ,  A . ,  Gough, V.E., J o n e s ,  F . B . ,  and U d a l l ,  W.S . ,  
"Take t h e  Bias  Out o f  T i r e s ? "  SAE J o u r n a l ,  May 1965 ,  
pp .  32-39 .  

1 9 .  Cox, J . H . ,  "The F l e e t i n g  T i r e  F o o t p r i n t . "  SAE P a p e r  
970 D ,  D e t r o i t ,  J a n .  1965.  

2 0 .  C u r t i s s ,  W . W . ,  "Low Power Loss T i r e s . "  SAE Pape r  690108, 
J a n .  1969 ,  1 4  pp .  

1 C u r t i s s ,  W . W . ,  " P r i n c i p l e s  o f  T i r e  Des ign . "  T i r e  S c i e n c e  
and Technology ,  TSTCA, Vo l .  1, No. 1, Feb.  1 9 7 3 ,  
pp .  77-98.  

2 2 .  Dav i s son ,  J . A . ,  "Design and A p p l i c a t i o n  o f  Commercial Type 
T i r e s . "  SAE Pape r  SP-344 ,  J a n .  1969 ,  39 p p .  

23. DeVinney, W . E . ,  " F a c t o r s  A f f e c t i n g  T i r e  T r a c t i o n . "  SAE 
Pape r  670461, May 1967 ,  8  p p .  

Conc lus ions  r e a c h e d  a r e :  

( 1 )  Speed i s  t h e  most s i g n i f i c a n t  f a c t o r  a f f e c t i n g  

wet  t r a c t i o n .  

( 2 )  D i f f e r e n t  t r e a d  compounds may show o p p o s i t e  

r e l a t i v e  r a n k i n g  unde r  d i f f e r e n t  c o n d i t i o n s  i n s o f a r  

a s  t r a c t i o n  i s  conce rned .  



( 3 )  Studded t i r e s  improve t r a c t i o n  s i g n i f i c a n t l y  on 

i c e .  

(4) A s  i c e  warms, t r a c t i o n  dec reases  d r a s t i c a l l y  

because  of t h e  s l i p p e r y  wa te r  l a y e r  between t h e  

i c e  and t h e  t i r e .  

(5)  Temperature has  an e f f e c t  on dry  t r a c t i o n  also-  

p a r t i c u l a r l y  above about  8 5 ° F .  A s  t empera tu re  

i n c r e a s e s ,  t r a c t i o n  d e c r e a s e s .  

2 4 .  D i j k s ,  I . A . ,  "A M u l t i f a c t o r  Examination o f  Wet S k i d  
R e s i s t a n c e  of Car T i r e s . "  SAE Paper  741106, 1974. 

A s t a t i s t i c a l  s t u d y  of t h e  f a c t o r s  impor tan t  t o  t h e  t r a c t i o n  

of t i r e s  on wet s u r f a c e s  was conducted.  This  s t u d y  examined t h e  

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

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

t h r e e  c o e f f i c i e n t s  : peak b rake  f o r c e ,  locked wheel b r a k e  f o r c e ,  

and maximum s i d e  force-al l  normal ized  by t h e  l o a d i n g .  

The t e s t  m a t r i x  was composed of  t h e  f o l l o w i n g :  

(1) 6 road  s u r f a c e s  

(2) 4 t ypes  of  t i r e s - a l l  r a d i a l  i n  c o n s t r u c t i o n .  

Two were s t e e l  b e l t e d  and t h e  o t h e r  two were 

t e x t i l e  b e l t e d .  

(3)  3 speeds-50, 7 5 ,  and 100 km/hr 

( 4 )  2 t r e a d  depths-new and 1 mm. 

I t  was found t h a t  t h e  f a c t o r s  a f f e c t i n g  wet t r a c t i o n  i n  

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

of t r a v e l ,  t r e a d  d e p t h ,  and t i r e  p a r a m e t e r s .  A d d i t i o n a l l y ,  i t  

was found t h a t  a l l  t w o - f a c t o r  i n t e r a c t i o n s  w i t h  road  s u r f a c e  

were i m p o r t a n t .  T h r e e - f a c t o r  i n t e r a c t i o n s  had on ly  minor e f f e c t s .  



2 5 .  D i j k s ,  A , ,  "Tes ts  t o  Determine t h e  Minimum Permiss ib le  
Tread-Depth f o r  Passenger-  Car Tyres . " Automobil technische 
Z e i t s c h r i f t  (ATZ) ( I n  German), Vol.  7 5 ,  No. 1, J a n .  1973, 
p p .  1 - 6 .  

"Experiments were conducted on t h r e e  d i f f e r e n t  types  of  

s t a n d a r d  r a d i a l  t y r e s  and one type  o f  c r o s s - p l y  t y r e  t o  de termine  

t h e  e f f e c t  of t r e a d  depth on t y r e  adhes ion  t o  wet road-  

s u r f a c e s  . . . .  R e s u l t s  showed t h a t ,  f o r  a l l  t y r e s  t e s t e d ,  t h e  

c o e f f i c i e n t  of  adhesion on wet roads f e l l  w i t h  dec reas ing  t r e a d  

d e p t h ,  and t h a t  t h e  e x t e n t  of t h e  r e d u c t i o n  i n  t y r e / r o a d  

adhes ion  was h e a v i l y  dependent upon road  s u r f a c e ,  v e h i c l e  s p e e d ,  

and t y r e  c o n s t r ~ c t i o n . ~ ~  

2 6 .  D i j k s ,  A , ,  "Wet Skid R e s i s t a n c e  of  Car and Truck T i r e s . "  
-   ire s c i e n c e  and Technology, TSTCA, Vol .  2 ,  No. 2 ,  
Fiay 1 9 7 4 ,  pp. 102-116. 

2 7 .  Dugoff,  H . ,  Fancher ,  P . S . ,  and S e g e l ,  L . ,  "An Analys is  of  
T i r e  T r a c t i o n  P r o p e r t i e s  and T h e i r  I n f l u e n c e  on Veh ic l e  
Dynamic Performance. 1970 I n t e r n a t i o n a l  Automobile 
S a f e t y  Conference Compendium, New York, 19 7 0 ,  
pp .  341-366. 

.A mathemat ica l  model was developed f o r  t h e  v e h i c l e  dynamics 

of an au tomobi le .  The v e h i c l e  was r e p r e s e n t e d  a s  an e i g h t -  

degrees -o f - f r eedom sys tem-longi tudina l  and l a t e r a l  t r a n s l a t i o n  

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

angu la r  r o t a t i o n  f o r  each wheel mass,  and s t e e r  a n g u l a r  d i s p l a c e -  

ment. Main emphasis was p laced  on t h e  t i r e  mechanics ,  and t h e  

mathematical  model was b u i l t  around t h i s  p a r t  o f  t h e  s i m u l a t i o n .  

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

s i m u l a t i o n s  would n o t  exceed computer c a p a c i t y .  The major  

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

e f f e c t s  i n c l u d e d  i n d i r e c t l y  u s i n g  a  q u a s i - s t a t i c  approach .  

E x p l i c i t  account  was t aken  of t h e  i n f l u e n c e  of bo th  s i d e  

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

t h e  t i r e - r o a d  i n t e r f a c e .  This  was done s o  t h a t  l i m i t  maneuvers 

could be s i m u l a t e d .  I n  t h e  p a s t ,  some form o f  " f r i c t i o n  c i r c l e "  



concep t  was used i n  such t r e a t m e n t s ,  and hence d i d  n o t  t a k e  

e x p l i c i t  account  of  t h e  l o n g i t u d i n a l  t i r e  s l i p .  Th i s  was a 

s e r i o u s  f l a w ,  s i n c e  exper iments  have shown t h a t  l o n g i t u d i n a l  

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

I n  t h e  model p r e s e n t e d  h e r e ,  t h e  t r a c t i o n  mechanics 

i n c l u d e  : 

( 1 )  Shear  f o r c e  components a s  f u n c t i o n s  o f  a  f r i c t i o n  

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

( 2 )  Var ious  p r a m e t e r s  d e s c r i b i n g  t h e  r e l e v a n t  

mechan ica l  p r o p e r t i e s  o f  t h e  t i r e .  

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

k i n e m a t i c s .  

2 8 .  E l l i o t t ,  D . R . ,  Klamp, W . K . ,  and Kraemer, W . E . ,  "Pa s senge r  
T i r e  Power Consumption." SAE Paper  710575, June  1971 ,  
1 4  PP- 

2 9 .  Fanche r ,  P . S . ,  J r . ,  Dugoff ,  H . ,  Ludema, K . C . ,  and S e g e l ,  L . ,  
E x ~ e r i m e n t a l  S t u d i e s  of  T i r e  Shea r  Force  blechanics--4 
Summary Repo r t .  Highway S a f e t y  Research  I n s t i t u t e ,  The 
Univ. o f  Michigan,  Ann Arbo r ,  J u l y  30,  1970 ,  16 pp .  

30. Fanche r ,  P . S . ,  J r ,  and S e g e l ,  L . ,  " T i r e  T r a c t i o n  Asse s sed  
by Shear  Force  and V e h i c l e  Per fo rmance . "  T i r e  S c i e n c e  
and Technology,  TSTCA, Vol .  1,  No. 4 ,  Nov. 1 9 7 3 ,  
pp .  363-381.  

31.  Fanche r ,  P . S . ,  S e g e l ,  L . ,  MacAdam, C . C . ,  and  P a c j k a ,  H.B., 
T i r e - T r a c t i o n  Grading P rocedu re s  as  Der ived  from t h e  
Maneuvering 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  System.  
Vols. 1 tj 2 ,  Highway S a f e t y - R j  C e a r c h  I n s t i t u t e  , Repor t  
No. HSRI-71-129,  June  1 3 ,  1972 .  

Ten t i r e  c o n f i g u r a t i o n s  were  s t u d i e d  u s i n g  t h e  HSRI Mobi le  

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

c o n s t r u c t i o n s ,  each one hav ing  t h r e e  l e v e l s  o f  t r e a d  w e a r ,  p l u s  

an SAE-type r e f e r e n c e  t i r e .  Ca rpe t  p l o t s  were g e n e r a t e d  f o r  

( a )  L o n g i t u d i n a l  f o r c e  vs . l o n g i t u d i n a l  s l i p ,  and 

v e r t i c a l  l o a d .  



( b j  L a t e r a l  f o r c e  v s .  l a t e r a l  s l i p  and v e r t i c a l  

l o a d .  

Three s u r f a c e s  were used :  

( a )  wet c o n c r e t e  

(b)  wet a s p h a l t  

( c )  wet j e n n i t e  

A d d i t i o n a l l y ,  t h e  complete t r a c t i o n  f i e l d  of  a  r a d i a l  t i r e  

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

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

s l i p  v a r i e d  from 0 ( f r e e  r o l l i n g j  t o  1 ( l o c k e d )  was r e c o r d e d  

i n  o r d e r  t o  develop d e t a i l e d  mathemat ica l  r e p r e s e n t a t i o n  o f  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 .  

(1 )  Rad ia l  t i r e s  produced l a r g e r  s h e a r  f o r c e s  t h a n  

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

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

t i r e s .  

( 2 )  I n  some c a s e s ,  f u l l y - w o r n  r a d i a l s  and f u l l y - w o r n  

b e l t e d - b i a s  t i r e s  exceeded t h e  per formance  of  

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

r e s p e c t i v e l y .  

( 3 )  Values f o r  l o n g i t u d i n a l  f r i c t i o n  c o e f f i c i e n t  were 

found t o  b e  much h i g h e r  t h a n  t h e  v a l u e s  f o r  l a t e r a l  

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

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

on wet s u r f a c e s .  

( 5 )  I t  was found t h a t  t h e  peak l a t e r a l  t i r e  s h e a r  

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

a J - t u r n  maneuver. 



3 2 .  Formpren,  C .  and Kordst rom,  0 .  , S i d e  Force  C h a r a c t e r i s t i c s  - 
o ?  p a s s e n p e r  Car Tv re s .  ' ~ i f f e r e n c e  Between Tvres n f  - -  . <7 - - - - -- - - . . . - . - - . - . . . - - - - - . 
Same Tvue  and Manufac ture .  and D i f f e r e n c e  Between 
Tvre s  of l ' a r i ous  bl,?nufacturc." The N a t ~ a ~ ~ i ~ l ~  
  bad and T r n f C i c  Research I n s t i t u t e ,  Report. No. 8 ,  
1972.  

The s i d e  f o r c e  c h a r a c t e r i s t i c s  and peak and locked-whee l  

b r ake  f o r c e  c o e f f i c i e n t s  f o r  a  number o f  p r o d u c t i o n  snow t i r e s  

and s t a n d a r d  t r e a d  t i r e s  of r a d i a l  p l y ,  b i a s  p l y ,  and b i a s -  

b e l t e d  c o n s t r u c t i o n  were i n v e s t i g a t e d .  A f l a t  bed  machine was 

used t o  o b t a i n  c o r n e r 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  

t i r e s .  A towed t r a i l e r  was u sed  t o  o b t a i n  t h e  b r a k i n g  

c o e f f i c i e n t s .  Force  c h a r a c t e r i s t i c s  a s  a f f e c t e d  by t h e  v a r i a t i o n  

i n  t i r e s  of  t h e  same manufac tu re r  and s i z e ,  and t h e  v a r i a t i o n  

on t i r e s  of d i f f e r e n t  manufac tu re r  b u t  t h e  same s i z e ,  t i r e  

c o n s t r u c t i o n ,  i n f l a t i o n  p r e s s u r e ,  and l o a d  were  examined.  

R e s u l t s  : 

(1)  There  were no s i g n i f i c a n t  v a r i a t i o n s  i n  s i d e  

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

between t i r e s  of  t h e  same c o n s t r u c t i o n  and 

m a n u f a c t u r e r .  

( 2 )  There  e x i s t e d  s u b s t a n t i a l  d i f f e r e n c e s  i n  t i r e s  

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

(3 )  There  were l a r g e  v a r i a t i o n s  between t i r e s  of 

t h e  same c o n s t r u c t i o n  b u t  d i f f e r e n t  m a n u f a c t u r e r .  

33. F o r s t e r ,  B . ,  T e s t s  t o  Determine t h e  Adhes ive  Power o f  
Pas senge r -Ca r  T i r e s .  NASA T e c h n i c a l  Memorandum 1416 ,  
Aug. 1956.  

T i r e  f o r c e s  were de t e rmined  e x p e r i m e n t a l l y  u s i n g  a  s i n g l e -  

wheel towing a x l e  and v a r y i n g  s p e e d ,  i n f l a t i o n  p r e s s u r e ,  l o a d ,  

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

l o n g i t u d i n a l  s l i p .  The t e s t s  were conduc ted  on w e t ,  d r y ,  snow- 

c o v e r e d ,  and i c e - c o v e r e d  r o a d s .  



On dry  r o a d s ,  i t  was found t h a t  t h e  b e s t  t i r e  i n  t e rms  of 

l a r g e s t  f r i c t i o n  c o e f f i c i e n t  ( o u t  of  a  group o f  s i m i l a r  t i r e s  

e x c e p t  f o r  t r e a d  wear and p a t t e r n )  was one w i t h  d i s c o n t i n u o u s  

narrow t r a n s v e r s e  g rooves  and somewhat w ide r  l o n g i t u d i n a l  g rooves .  

3 4 .  French ,  T .  , " C o n s t r u c t i o n  and Behavior  C h a r a c t e r i s t i c s  
o f  T y r e s . "  IME P a p e r ,  I n s t .  of Mech. E n g . ,  1960 ,  1 5  pp.  

35. Gardner ,  E .  R .  , "Recent Trends i n  Tyre  Compounding." 
I n s t i t u t i o n  of  Rubber I n d u s t r y  T r a n s a c t i o n s  and 
P r o c e e d i n g s ,  Vol .  1 3 ,  Dec. 1966,  pp .  248-260. 

36. Gauss ,  F . ,  "Braking and Guiding Forces  Between Tyre  and 
Road." Au tomob i l t e chn i sche  Z e i t s c h r i f t  (ATZ) ( I n  
German), Vol.  63 ,  No. 2 ,  Feb.  1961.  

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

peak and locked-whee l  b r a k e  f o r c e  and s i d e  f o r c e  c o e f f i c i e n t s  

was i n v e s t i g a t e d  on b o t h  wet and d r y  s u r f a c e s .  A towed t r a i l e r  

was u sed  t o  d e t e r m i n e  t h e  b r a k e  f o r c e  c o e f f i c i e n t s ,  w h i l e  b o t h  

road  and drum t e s t i n g  were employed t o  d e t e r m i n e  t h e  s i d e  f o r c e  

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

R e s u l t s  : 

(1 )  The d i f f e r e n c e  between peak  and l ocked -whee l  b r a k e  

f o r c e  c o e f f i c i e n t  was s m a l l  on d r y  r o a d s  and g r e a t e r  

on wet r o a d s .  The d i f f e r e n c e  became g r e a t e r  a s  

speed  i n c r e a s e d .  

(2 )  On a  d r y  r o a d ,  as  t r e a d  d e p t h  d e c r e a s e d ,  l o c k e d -  

wheel b r a k e  f o r c e  c o e f f i c i e n t  i n c r e a s e d .  The 

v a r i a t i o n  w i t h  speed  was s m a l l .  

(3 )  On a  wet r o a d ,  a s  t r e a d  dep th  d e c r e a s e d ,  l o c k e d -  

wheel b r a k e  f o r c e  c o e f f i c i e n t  d e c r e a s e d .  T i r e  

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

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



( 4 )  S i d e  f o r c e  c o e f f i c i e n t  dec rea sed  a s  t i r e  l o a d  

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

a s  speed  i n c r e a s e d .  The d e c r e a s e  w i t h  speed  was 

more r a p i d  on wet t han  on dry  r o a d s .  

( 5 )  The d i f f e r e n c e  i n  s i d e  f o r c e  c o e f f i c i e n t s  on wet  

and dry roads  was s m a l l  a t  s l i p  a n g l e s  up t o  5'. 

37. Gauss ,  F ,  and Wol f f ,  H .  , "On t h e  L a t e r a l  Guid ing  Force  
o f  Pas senge r  Car T i r e s  ." Deutsche K r a f t f a h r t f o r s c h u n g  
und S t r a s s e n v e r k e h r s t e c h n i k ,  (D.K.S .) , No. 1 3 3 ,  1959.  

T i r e s  o f  d i f f e r e n t  s i z e s  were t e s t e d  on a  wet  and d r y  drum 

t o  de t e rmine  t h e  e f f e c t  of  s l i p  a n g l e ,  camber a n g l e ,  normal  l o a d ,  

i n f l a t i o n  p r e s s u r e ,  t r e a d  d e p t h ,  and wheel rim w i d t h  on l a t e r a l  

f o r c e  and a l i g n i n g  moment. 

38. Gengenbach, W . ,  "Exper imental  I n v e s t i g a t i o n  of  T i r e s  on 
Wet Tracks  . "  Automobi l t echn ische  Z e i t s c h r i f t  ( A . T .  Z )  , 
( I n  German), P t .  2 ,  1968.  

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

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

s t u d i e d .  

39 .  Gengenbach, W .  , "Exper imenta l  I n v e s t i g a t i o n  o f  T i r e s  on 
Wet T r a c k s .  Au tomob i l t e chn i sche  Z e i t s c h r i f t  ( A . T .  Z )  , 
( I n  German), P t .  3 ,  1968.  

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 ,  camber a n g l e ,  s p e e d ,  

w a t e r  d e p t h ,  t r e a d  p a t t e r n ,  and groove w i d t h  on wet  r o a d  b r a k i n g  

f o r c e  c o e f f i c i e n t  and s i d e  f o r c e  c o e f f i c i e n t  was s t u d i e d .  

4 0 .  Gengenbach, W .  and Weber, R . ,  "The Corne r ing  Fo rce s  of  
V e h i c l e  T i r e s  i n  Win te r  C o n d i t i o n s . "  Auto I n d u s t r i e ,  
Vol.  1 3 ,  No. 3 ,  S e p t .  1968.  



"The c o r n e r i n g  f o r c e s  o f  d i f f e r e n t  t y r e s  were  measured  on 

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

' T i r e s  u sed  were c r o s s - p l y  and r a d i a l ,  w i t 1 1  and w i t h o u t  s t u d s ,  

and a  t i r e  liitll snow c h a i n s .  They were  mounted on t h e  f r o n t  a x l e  

o f  t h e  t e s t  v e h i c l e .  On d r y ,  rough a s p h a l t  t h e  s t u d d e d  t i r e  gave  

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

c h a i n e d  t i r e  gave  t h e  h i g h e s t  c o e f f i c i e n t s  on t h e  w i n t e r  

su r f aces -and  t h e  l o n g e r  t h e  s t u d s ,  t h e  h i g h e r  t h e  c o e f f i c i e n t .  

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

c h a i n e d  t i r e  and  on t h e  w i n t e r  s u r f a c e s  w i t h  t h e  smooth and  

uns t u d d e d  t i r e .  

41 .  Gengenbach,  W. and Weber,  R .  , "The I n f l u e n c e  o f  Road S u r f a c e ,  
Speed and T y r e - T r e a d  Depth on t h e  Adhes ion  Under Wet 
C o n d i t i o n s . "  Auto .  I n d u s t r i e ,  Vo l .  1 5 ,  No. 4 ,  Nov. 1 9 7 0 ,  
p p .  69 -73 .  M I R A  T r a n s l a t i o n  No. 34171,  

42.  Gengenbach,  W .  and Weber,  R .  , "Measurement o f  T i r e  
D e f l e c t i o n  o f  B i a s - P l y  and  R a d i a l  T i r e s . "  ( I n  German) 
A u t o m o b i l t e c h n i s c h e  ~ e i t s c h r i f t  (A.T. Z ) ,  ~ 0 ~ 1 .  71 ,  N O . -  -. 

6 ,  J u n e  1 9 6 9 ,  p p .  1 9 6 - 1 9 8 .  ,,h t 

43. Gengenbach,  W .  and Weber,  R .  , "The R e s t o r i n g  Moment . o f  
M o t o r - V e h i c l e  T y r e s  Under t h e  Combined I n f l u e n c e / , o f  
C i r c u m f e r e n t i a l  and L a t e r a l  F o r c e s . "  A u t o .  1 n d u s t r i e 0 ,  
Vo l .  1 5 ,  No. 3 ,  Aug. 1 9 7 0 ,  p p .  8 5 - 9 6 .  MIRA T r a n s l a t i o n  
No. 2071. 

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

I n s t i t u t e  f o r  Motor  V e h i c l e  Mechanics  o f  t h e  U n i v e r s i t y  o f  

K a r l s r u h e .  Many g r a p h s  were  g e n e r a t e d  o f  t i r e  f o r c e s  a s  a  

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

t o  show t h e  e f f e c t  o f  whee l  l o a d i n g ,  t r e a d  d e p t h ,  a n d  i n f l a t i o n  

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

t i r e s .  

The r e s u l t s  w e r e :  

(1) S i d e  f o r c e  i n c r e a s e d  w i t h  i n c r e a s i n g  b r a k i n g  f o r c e  

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

low t o  m o d e r a t e  f o r c e  l e v e l s .  



( 2 )  The g r e a t e s t  a l i g n i n g  t o r q u e s  were reached  a t  

s i d e  s l i p  a n g l e s  between 2 "  and 5 " .  

(3 )  A l i g n i n g  t o r q u e s  f o r  b a l d  t i r e s  were ove r  1 I!.! 

t i m e s  a s  l a r g e  a s  t h o s e  f o r  t i r e s  w i t h  90% t r e a d .  

( 4 )  Tread  e f f e c t s  were l e s s  s i g n i f i c a n t  f o r  c r o s s - p l y  

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

( 5 )  A l i g n i n g  t o r q u e s  i n c r e a s e d  s i g n i f i c a n t l y  a s  wheel  

l o a d i n g  was i n c r e a s e d .  

( 6 )  A l i g n i n g  t o r q u e s  d e c r e a s e d  more s h a r p l y  w i t h  

b r a k i n g  f o r c e s  t h a n  wi.th d r i v i n g  f o r c e s .  

( 7 )  A l i g n i n g  t o r q u e s  i n c r e a s e d  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 .  

4 4 .  G i l e s ,  C . G .  and Sabey ,  B . E . ,  "Rubber H y s t e r e s i s  and S k i d d i n g  
R e s i s t a n c e . "  E n g i n e e r i n g ,  Vol .  186 ,  December 1 9 5 8 ,  
pp .  840-842.  

45. Goudie,  J .  J .  , J r .  , "Performance Requirements  f o r  P a s s e n g e ~  
Car T i r e s . "  SAE Paper  660375,  June  1 9 6 6 ,  3 pp .  

46. Gough, V . E .  , " P r a c t i c a l  T i r e  Resea r ch . "  SL4E T r a n s a c t i o n s ,  
Vol.  6 4 ,  1 9 5 6 .  

The p a p e r  d i s c u s s e d :  

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

p a t c h .  
. . 

( 2 )  Wear p a t  t e r n s  and t h e i r  meanings . 
( 3 )  T i r e  c h a r a c t e r i s t i c  c u r v e s  (Gough d i ag rams )  and 

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

4 7 .  Gough, V . E .  and A l l b e r t ,  B .  J . ,  "Tyres and t h e  Design o f  
V e h i c l e s  and Road f o r  S a f e t y . "  V e h i c l e  and Road Design 
f o r  S a f e t  , The I n s t .  o f  Mechanical  Eng ineers ,  Pape r  
4 6 8 ,  1 0  p p .  



48. Gough, 1:. E .  and French,  T .  , "Tyres and Skidding  from it 

European \riewpoint ." Proceed ings ,  1 s t  I n t e r n a t i o n a l  
Skid P reven t ion  Conf . ,  V i r g i n i a  Council  llighway 
I n v e s t .  and Research ,  C h a r l o t t e s v i l l e ,  Aug. 1 9 5 9 ,  
pp. 189-209. 

49. Gough, V . E .  , J o n e s ,  F . B .  , and U d a l l ,  W.S., "Radial  P l y ,  
Rigid Breaker T i r e s . "  SAE Paper 990A, J a n .  1965, 
pp. 1-12. 

50 ,  Grosch, K.A.  and Maycock, G . ,  " In f luence  of  T e s t  Condi t ions  
on Wet Skid R e s i s t a n c e  o f  T i r e  Tread Compounds." Rubber 
Chemistry and Technology, Vol. 4 1 ,  1968,  pp.  4 7 7 - 4 9 4 .  

51. Grosch, K . A .  and Schal lamach,  A , ,  Wear, Vol .  4 ,  1961, 
p .  356. 

5 2 .  H a l e s ,  F . D .  and B e r t e r ,  N . F . ,  The E f f e c t  of  R o l l  S t i f f n e s s  
and Tyre Type on Vehic le  S t e a d y - S t a t e  Response. The 
Motor I n d u s t r y  Research Assoc. , Report No. 1968/1 ,  
Nov. 1967. 

5 3 .  Harned, J.L., J o h n s t o n ,  L . E . ,  and S c h a r p f ,  G . ,  "Measurement 
of  T i r e  Brake Force C h a r a c t e r i s t i c s  a s  R e l a t e d  t o  Wheel 
S l i p  (Anti  -Lock) Cont ro l  System Design. ' '  SAE Paper  
690214, 1969. 

C h a r a c t e r i s t i c  p - s l i p  cu rves*  were de termined f o r  a  v a r i e t y  

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

sys t ems .  Ten types  of  automobile  t i r e s  i n c l u d i n g  snow t i r e s ,  

s tudded  snow t i r e s ,  and highway t i r e s  of r a d i a l  p l y ,  b i a s  p l y ,  

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

method. I n  t h i s  method, " t h e  i n s t a n t a n e o u s  t i r e  b r a k e  f o r c e ,  

v e r t i c a l  l o a d ,  wheel speed ,  and v e h i c l e  speed  a r e  r e c o r d e d  d u r i n g  

t h e  t r a n s i e n t  wheel s l i p  change p e r i o d  and t h e  p - s l i p  cu rve  i s  

t hen  r e c o n s t r u c t e d  from t h e s e  r eco rded  d a t a . "  A towed t r a i l e r  

was used a t  a  number o f  speeds between 5 and 60 mph on a  l a r g e  

number of  wet and d ry  s u r f a c e s ,  i n c l u d i n g  g r a v e l  and i c e .  

The r e s u l t s  were:  

(1) From 5 t o  20 mph t h e  locked-wheel  b r a k e  f o r c e  

c o e f f i c i e n t  on dry a s p h a l t  d e c r e a s e d  and from 

20 t o  60 mph i t  i n c r e a s e d .  

u = brake  f r i c t i o n  c o e f f i c i e n t .  
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( 2 )  Peak brake fo rce  c o e f f i c i e n t s  on grave l  occurred 

with locked wheel. 

( 3 )  Brake force  c o e f f i c i e n t s  decreased a s  wate r  depth 

increased .  The d i f f e r ences  beraHe no$e s i g n i f i c a n t  

a t  h igher  speeds ,  

( 4 )  On wet roads higher  locked-wheel brake f o r c e  

c o e f f i c i e n t s  occurred with studded snow t i r e s  than 
with unstudded snow tires. This r d s u l t  was be l ieved  
t o  have occurred because fhd studs geagsd t h e  road 

su r f ace .  Highway t i r e s  had t h e  iowest c ~ e f f i c i e n t  

of braking f r i c t i o n  on wet r o M s  a t  40 arM 60 mph. 

( 5 )  Decreased t r e a d  depth on wet rdads de t r ea sed  braking 
f r i c t i o n  c o e f f i c i e n t s .  

5 4 .  Harvey, J.L. and Brenner, F . C . ,  Tite.Jse Survey, t h e  
Physical  Condit ion,  Use, and Per.f@rman~e ~$*' .Fassenger 
Car T i r e s  i n  t h e  United Sta tes .  o f .mer - ica .  NBS 
Technical  Note 5 2 8 ,  i s sued  May 1970. 

The way i n  which people maintain aAd rase th8iz' t i r e s  was 

determined based on two surveys-ne aimed a t  ob t a in ing  d a t a  f o r  

an unbiased sample of passenger c a r  t i r e s  ifi norm1 use and the  
second aimed a t  da t a  f o r  passenger c a r  t i r e s  used ~ a i n l y  i n  long 

d i s t ance  t r a v e l i n g .  Fu r the r ,  t h e  c o r r e l a t i o n  between var ious  
t i r e - i n - u s e  f a c t o r s  and t r a f f i c  acc iden ts  was determined based 

on previously  publ ished acc iden t  da t a .  

5 5 .  Holmes , K. E .  , Braking Force/Brakidp. SJip;, Me~qurements Over 
a  Range of Conditions between 0- m&~-lOQ, P.eLtcdnt S l i p .  
Road Research Laboratory Report LR 1 9 2 ,  1970, 31 pp. 

An experimental i n v e s t i g a t i o n  was conducted t o  determine 
t h e  braking force  c o e f f i c i e n t  as a  func t ioh  of s l i p  f o t  va r ious  

t i r e s  on a  number of wet road su r f aces .  Var iab les  i n v e s t i g a t e d  

included t r e a d  p a t t e r n ,  t r e a d  m a t e r i a l ,  road s u r f a c e  t e x t u r e ,  
speed,  and t i r e  cons t ruc t i on .  



5 6 .  Holmes, K.E. and Stone R . D . ,  "Tyre Forces as Funct ions of 
Cornering and Braking S l i p  on Wet Road S u r f a c e s . "  
Publ i shed  i n  11s-011 2 7 2 ,  Handling of Vehic les  under  
Emergency Cond i t ions ,  1969, pp. 3 5 - 5 5 .  

The s tudy was conducted t o  expe r imen ta l ly  i n v e s t i g a t e :  

(1) t h e  brake  f o r c e  v s .  s l i p  r e l a t i o n s h i p ,  

( 2 )  t h e  co rne r ing  f o r c e  and a l i g n i n g  t o r q u e  v s .  

s l i p  angle  r e l a t i o n s h i p ,  and 

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

r e l a t i o n s h i p  f o r  combined c o r n e r i n g  and b rak ing  

f o r c e s  

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

and rubber  r e s i l i e n c e .  

The Road Research Laboratory mobile  t i r e  t e s t e r  was used .  

Load, co rne r ing  f o r c e ,  b rak ing  f o r c e ,  and a l i g n i n g  t o r q u e  were 

measured w i t h  s t r a i n  gages.  Magnetic p u l s e  g e n e r a t o r s  measured 

b rake  s l i p .  F ive  road s u r f a c e s  r ang ing  from p o l i s h e d  t o  rough 

i n  t e x t u r e  were used .  The wa te r  depth  was v a r i e d  between . 5  

and - 7 5  fim. 

The conc lus ions  reached were :  

(1) Pure b rak ing  

(a)  I n  g e n e r a l ,  i n c r e a s e d  speed  lowered t h e  b r a k e  

f o r c e  v s .  s l i p  c u r v e ;  t h e  locked-wheel  b r a k e  

f o r c e  dropped f u r t h e r  than  t h e  peak b r a k e  

f o r c e  w i t h  i n c r e a s i n g  speed .  

(b) The b rake  f o r c e  was speed s e n s i t i v e  on smooth 

t e x t u r e d  s u r f a c e s  and u s i n g  smooth t i r e s .  

S u r f a c e  m i c r o t e x t u r e  appeared  t o  b e  more 

impor tan t  than  m a c r o t e x t u r e .  

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

speed t h a n  smooth t i r e s .  



(d )  Low rubbe r  r e s i l i e n c e  improved t r a c t i o n  

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

t h e  shape  of  t h e  f o r c e - s l i p  c u r v e .  

( e )  Radia l  t i r e s  gave s l i g h t l y  h i g h e r  peak f o r c e  

v a l u e s  than  b i a s  p l y  t i r e s .  

( 2 )  Pu re  c o r n e r i n g  

( a )  Corner ing  f o r c e s  showed q u a l i t a t i v e l y  s i m i l a r  

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

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

b r ake  f o r c e .  

( 3 )  A l i g n i n g  Torque i n  p u r e  c o r n e r i n g  

( a )  A l ign ing  t o r q u e  became z e r o  when c o r n e r i n g  

f o r c e  reached  i t s  peak v a l u e .  

(4)  Combined b r a k i n g  and c o r n e r i n g  

( a )  The p r e s e n c e  o f  a  b r a k e  f o r c e  d i d  n o t  a f f e c t  

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

a n g l e  r e l a t i o n s h i p ,  b u t  t h e  peak value  was 

reduced .  

( b )  Curves o f  b r ake  f o r c e  v s .  b r a k e  s l i p  were  

reduced  i n  i n i t i a l  s l o p e  and peak v a l u e  when 

a  c o n s t a n t  s i d e s l i p  a n g l e  was a p p l i e d .  The 

peak was s h i f t e d  t o  h i g h e r  s l i p  v a l u e s ,  b u t  t h e  

d r o p - o f f  app roach ing  l o c k - u p  s t i l l  a p p e a r e d .  

(c) The f r i c t i o n  c i r c l e  concep t  d i d  n o t  a g r e e  w i t h  

t h e  e x p e r i m e n t a l  d a t a .  

(d)  The p l o t  o f  r e s u l t a n t  s h e a r  f o r c e  vs .  r e s u l t a n t  

s l i p  showed a  shape  v e r y  s i m i l a r  t o  t h o s e  o f  

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

v s .  s l i p  a n g l e .  



S  = r e s u l t a n t  s l i p  i n  p e r c e n t  

a = s l i p  a n g l e  

Q = O b rake  s l i p  

( e )  Reg re s s ion  a n a l y s i s  showed t h a t  t r e a d  r u b b e r  

r e s i l i e n c e  had a  s i g n i f i c a n t  e f f e c t  on a l l  

road  s u r f a c e s .  
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Runway S u r f a c e  Cond i t i on  on Brak ing  F r i c t i o n  and R o l l i n g  
R e s i s t a n c e  o f  a Modern A i r c r a f t  T i r e .  NASA TN D-1376,  
S e p t .  1962.  

58.  H u t c h i n s o n ,  J .  F. , "Development of  t h e  Low P r o f i l e  P a s s e n g e r  
T i r e . "  SAE Paper  983C, J a n .  1965 ,  4 p p .  

5 9 .  H u t c h i n s o n ,  J . F .  and Becke r ,  H . D . ,  "De t e rmina t i on  o f  
Pa s senge r  T i r e  Performance Leve l s  - T r a c t i o n . "  SAE 
Pape r  690510,  May 1969 ,  7 pp .  

60.  J o h n s o n ,  W . C . ,  " F a c t o r s  i n  T i r e s  t h a t  I n f l u e n c e  S k i d  
R e s i s t a n c e ,  P a r t  I11  - The E f f e c t  o f  Ca rca s s  C o n s t r u c t i o n ,  
S i z e ,  c o r d - ~ n g l e ,  and Number o f  P l i e s  ." P r o c e e d i n g s  
f rom F i r s t  I n t e r n a t i o n a l  S k i d  P r e v e n t i o n  C o n f . ,  P a r t  I ,  
~ i r g i n i a  c o u n c i l  of  Highway I n v e s t  . and ~ e s e a r c h  , 
C h a r l o t t e s v i l l e ,  Aug. 1959 ,  p p .  163-166 .  

61.  J o y ,  T. J . P .  and H a r t l e y ,  D .  C . ,  "Tyre C h a r a c t e r i s t i c s  a s  
A p p l i c a b l e  t o  Veh i c l e  S t a b i l i t y  Prob lems .  I '  P r o c e e d i n g s  
o f  t h e  Automobile D i v i s i o n ,  The I n s t .  o f  E4ech. E n g r s .  , 
No. 6 ,  1953 -54 ,  pp .  11.3-122. 

The e f f e c t  o f  changes  i n  s i d e s l i p ,  t i r e  l o a d ,  camber a n g l e ,  

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

w i d t h ,  s e c t i o n  w i d t h ,  and wear  on l a t e r a l  f o r c e  and a l i g n i n g  

t o r q u e  were  examined u s i n g  a  drum t y p e  t i r e  t e s t e r .  

62 .  K e l l e r ,  R ,  C . ,  "Improvement o f  T i r e  T r a c t i o n  w i t h  
C h l o r o b u t y l  Rubber. " T i r e  S c i e n c e  and Technology ,  
TSTCA, Vol .  1, No. 2 ,  May 1 9 7 3 ,  pp .  190-201 .  



63. Ke l l ey ,  J.D., J r . ,  "Fac tors  Af fec t ing  Passenger  T i r e  
T r a c t i o n  on the  Wet Road." SAE Paper 680138, J a n .  
1968,  1 3  pp. 

The o b j e c t i v e s  of t h i s  i n v e s t i g a t i o n  were t o  de termine  t h e  

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

speed ,  s u r f a c e  f r i c t i o n  c o e f f i c i e n t s ,  wheel l o a d ,  ambient 

t empera tu re ,  and i n f l a t i o n  p r e s s u r e  on braking  and c o r n e r i n g  

f o r c e s  of t i r e s  on wet roads .  

Among t h e  conclus ions  were:  

(1)  Tread p a t t e r n  des ign  i s  t h e  most s i g n i f i c a n t  " t i r e  

v a r i a b l e t 1  as f a r  as wet weather  t r a c t i o n  i s  concerned.  

(2)  Radial  p l y  t i r e s  a r e  n o t  s i g n i f i c a n t l y  b e t t e r  t han  

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

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

( 3 )  Speed i s  t h e  most impor tant  s i n g l e  o p e r a t i n g  f a c t o r  

f o r  wet weather t r a c t i v e  a b i l i t y .  

64. Kern, W . F . ,  "Coef f i c i en t  of  Wet F r i c t i o n  of  T i r e  Treads . "  
Rubber Chemistry and Technology, t r a n s l a t e d  by G .  Leuca 
from Kautschuk und Gummi-Kunststoffe, 1 9 ,  (2 )91 ,  1966. 

6 5 .  Klamp, W . K .  and M i l l i g a n ,  W.J., "Performance C h a r a c t e r i s t i c s  
Radial  Ply T i r e s . "  SAE Paper  670471, May 1905,  1 2  p p .  

6 6 .  Koess l e r ,  P .  and Senger ,  G .  , Itcomparative I n v e s t i g a t i o n s  
of t h e  L a t e r a l  Guiding C h a r a c t e r i s t i c s  o f  Passenger  Car 
T i r e s . "  Deutsche K r a f t f a r t f o r s h . ,  No. 1 7 2 ,  1964. 

The o b j e c t i v e s  of  t h i s  s tudy  were t o  de termine  t h e  e f f e c t  

of t i r e  s i z e ,  t i r e  t r e a d  d e s i g n ,  t r e a d  wear ,  and manufac turer  

on s i d e  f o r c e  and a l i g n i n g  to rque  of  automobile t i r e s .  T e s t i n g  

was done on a  f l a t  bed machine, 

Resu l t s  : 

(1) There were v a r i a t i o n s  i n  s i d e  f o r c e  and a l i g n i n g  

moment on t i r e s  of t h e  same s i z e  and manufac tu re r .  



(2 )  There  e x i s t e d  l a r g e  d i f f e r e n c e s  i n  s i d e  f o r c e  

and moments between t i r e s  of  t h e  same s i z e  b u t  

d i f f e r e n t  manufac ture r .  

( 3 )  As t r e a d  depth  d e c r e a s e d ,  l a t e r a l  f o r c e  a t  a  

g iven  s l i p  ang l e  i n c r e a s e d  and peak l a t e r a l  f o r c e  

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

(4 )  As t r e a d  wid th  i n c r e a s e d ,  w i t h  a  g i v e n  d i ame te r  

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

i n c r e a s e d .  

( 5 )  As 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 d ,  l a t e r a l  f o r c e  

i n c r e a s e d  and a l i g n i n g  t o r q u e  d e c r e a s e d .  

( 6 )  A t  low s l i p  ang l e s  a  snow t i r e  deve loped  l e s s  l a t e r a l  

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

r e v e r s e  was t r u e .  

67. Krebs , H .  C .  , "Corner ing C h a r a c t e r i s t i c s  o f  Car Tyres  ." 
I n t e r n a t i o n a l  Colloquium on t h e  I n t e r r e l a t i o n  of  S k i d d i n g  
R e s i s t a n c e  and T r a f f i c  S a f e t y  on Wet Roads, Wehner, B .  
and S c h u l z e ,  K . H . ,  Wilhelm E r n s t  6 Sohn, B e r l i n ,  
Chap. 9 ,  pp.  483-499. 

68. Krempl , G .  , "Exper imental  C o n t r i b u t i o n  t o  I n v e s t i g a t i o n s  
on Automobile T i r e s  .I' Ph.D. D i s s e r t a t i o n ,  Technische  
Hochschule Ka r l s ruhe  , Germany, Feb . 1965 ,  P u b l i s h e d  i n  
Automobi l t echn ische  ~ e i t s c h r i f t  (A.T. Z . )  , Vol.  69 ,  
No. 1 ,  J a n .  1967, pp.  1 - 8  and No. 8 ,  Aug. 1967,  pp .  262-268. 

69. Krempl. G . ,  " I n v e s t i g a t i o n s  o f  Automobile T i r e s . "  
~ ~ t 6 m o b i l t e c h n i s c ~ e  Z e i t s c h r i f t  (ATZ) , Vol.  69,  No. 1, 
J a n .  1967 and Vol. 69 ,  No. 8 ,  Aug. 1967.  

Using an i n t e r n a l  drum t i r e  t e s t i n g  machine a t  K a r l s r u h e  

U n i v e r s i t y ,  f o r c e  and moment c h a r a c t e r i s t i c s  of  au tomobi le  t i r e s  

were de te rmined  (1)  as  a  f u n c t i o n  o f  t r e a d  wear and (2)  unde r  

t h e  i n f l u e n c e  of  b r a k i n g  and t r a c t i v e  f o r c e s .  The f o l l o w i n g  

dry t r a c t i o n  r e s u l t s  were found:  



( I )  S i d e  f o r c e  i n c r e a s e s  w i t h  wear .  Though n o t  p r o -  

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

r e l a t i v e l y  l a r g e r  f o r  s m a l l  wheel  l o a d s .  

(2 )  Worn t i r e s  develop l a r g e r  l o n g i t u d i n a l  f o r c e s  

t h a n  unworn t i r e s .  The same t r e n d  i s  t r u e  o f  

s i d e  f o r c e s ,  though t h e  magnitudes i n v o l v e d  a r e  

much l e s s .  

(3)  The envelope f o r  t h e  s i d e  f o r c e s  and l o n g i t u d i n a l .  

f o r c e s  a t  t h e  l i m i t  o f  t i r e - r o a d  adhes ion  i s  a  

c i r c l e  only  f o r  s p e c i a l  c a s e s .  Dev i a t i ons  from 

t h e  s t a t i c  f r i c t i o n  c i r c l e  were found t o  be  as  

h i g h  as  20%.  

(4 )  Speed has a  g r e a t e r  i n f l u e n c e  on t h e  peak l o n g i -  

t u d i n a l  f o r c e  developed t h a n  on t h e  peak s i d e  

f o r c e  developed.  

7 0 .  K u l l b e r g ,  G .  and K ih lg r en ,  B . ,  Undersokning a v  V in t e rdack  
och S l i r s k y d d  u r  F r i k t i o n s s y n p u n k t  ( I n v e s t i g a t i o n  7 
F r i c t i o n a l  P r o p e r t i e s  o f  Win te r  T i r e s  and An t i -Sk id  
Dev i ce s ) .  The N a t i o n a l  Road Research I n s t i t u t e ,  
Stockholm, Sweden, Repor t  No. 36, 1960. 

7 1 .  Kumrner, H . W . ,  "Lubr ica ted  F r i c t i o n  o f  Rubber D i s c u s s i o n . "  
Rubber Chemistry and Technology,  Vol. 4 1 ,  1968.  

A d i s c u s s i o n  of t h e  l i k e l y  f r i c t i o n  mechanisms of  rubbe r  

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

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

(1)  The s i g n i f i c a n c e  of s k i d d i n g  a c c i d e n t s  d a t a .  

( 2 )  Minimum t i r e - r o a d  f r i c t i o n  t o  p r e v e n t  s k i d d i n g  

d u r i n g  "normal" v e h i c l e  maneuvers .  

(3)  F r i c t i o n a l  c h a r a c t e r i s t i c s  o f  r oads  a t  t h e  s t a r t  

o f  r a i n .  

(4 )  Adhesion and a b r a s i o n .  

( 5 )  M e r i t s  of p o r t a b l e  d e v i c e s  and s k i d  t r a i l e r s  

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



7 2 .  Kummer, H.W. and Meyer, W . E . ,  T e n t a t i v e  S k i d - R e s i s t a n c e  
Requirements  f o r  Main Rura l  Highways. N a t i o n a l  
Coope ra t i ve  Nighway Research Program,  Report  37 ,  1967 ,  

73. Lane,  J . t i . ,  McCall ,  C . A . ,  and Gunberg,  P . F . ,  " P r e d i c t i n g  
T i r e  Tread Performance from Composi t ion I ." Rubber 
Chemist ry  and Technology,  Vol .  43 ,  No. 5 ,  S e p t .  1970,  
pp.  1070-1081.  

7 4 .  Le l and ,  T . J .W. ,  An E v a l u a t i o n  o f  Some Unbraked T i r e  Corne r ing  
Force  C h a r a c t e r i s t i c s .  N a t i o n a l  A e r o n a u t i c s  4 Space 
Admin., Langley Research C e n t e r ,  TND-6964, Nov. 1972 ,  
36 PP 

An e x p e r i m e n t a l  i n v e s t i g a t i o n  was done t o  de t e rmine  t h e  

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

of  a  group o f  t i r e s  of d i f f e r e n t  t r e a d  d e s i g n s .  Dry, damp, and 

f l o o d e d  pavements were used .  Both t r e a d  p a t t e r n  and t y p e  o f  

s u r f a c e  were found t o  be s i g n i f i c a n t  f a c t o r s  i n  d e t e r m i n i n g  

c o r n e r i n g  f o r c e .  

75. Le l and ,  T . J . W .  and T a y l o r ,  G . R . ,  An I n v e s t i g a t i o n  o f  t h e  
I n f l u e n c e  o f  A i r c r a f t  T i r e - T r e a d  Wear on Wet-Runway 
Brak ing .  NASA TN D-2770, A p r i l  1965 .  

The e f f e c t  t h a t  t r e a d  wear has  on b r a k i n g  e f f e c t i v e n e s s  

a s  i n f l u e n c e d  by t h e  t ype  of wear (un i fo rm o r  non -un i fo rm) ,  

amount o f  wea r ,  t i r e  groove w i d t h ,  i n f l a t i o n  p r e s s u r e ,  and speed  
was examined on wet runways. 

76. Le l and ,  T.J.W.,  Yager ,  T . J .  and J o y n e r ,  V .  T . ,  E f f e c t s  of  
Pavement Tex tu re  on Wet Runway Brak ing  Per formance .  
NASA T e c h n i c a l  Note D-4323, 1968.  

77. Leyden,  J .  J . ,  "Radia l  T i r e  Compounding." Rubber Age, 
Vol.  1 0 4 ,  No. 4 ,  Apr. 1972,  p p .  51-53.  

78.  Lippman, S.A. and O b l i z a j e k ,  K . L . ,  "The D i s t r i b u t i o n  of  
S t r e s s  Between t h e  Tread  and t h e  Road f o r  F r e e l y  
R o l l i n g  T i r e s , "  SAE P a p e r  740072, 1974.  

The i n t e r f a c i a l  s t r e s s  d i s t r i b u t i o n s  o f  t i r e s  were measured 

u s i n g  s p e c i a l l y  de s igned  equ ipment .  The d i s t r i b u t i o n  of  s t r e s s e s  



i n  t h e  c o n t a c t  p a t c h  of a  r a d i a l  p l y  t i r e  s t u d i e d  was much 

more un i fo rm  a c r o s s  t h e  p r o f i l e  o f  t h e  t i r e  t h a n  f o r  a  b i a s -  

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

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

p a t c h  t h a n  t h e  r a d i a l  p l y  t i r e .  

7 9 .  Lippmann, S.A. and O b l i z a j e k ,  K . L . ,  "The I n f l u e n c e  o f  T i r e  
Wear on S t e e r i n g  P r o p e r t i e s  and t h e  Cor r e spond ing  
S t r e s s e s  a t  t h e  Tread-Road I n t e r f a c e . "  SAE Pape r  
741102,  1974.  

T r a n s d u c e r s  were p l a c e d  a t  v a r i o u s  p o s i t i o n s  on a  f i a t  

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

p o i n t s  i n  t h e  c o n t a c t  p a t c h  o f  a  t i r e .  I n  t h i s  manner ,  t h e  

l a t e r a l  f o r c e  and moment d i s t r i b u t i o n s  c o u l d  b e  o b t a i n e d .  

Three  t y p e s  o f  t i r e s  were examined:  ( 1 )  s t e e l - b e l t e d  

r a d i a l  t i r e s ,  ( 2 )  g l a s s - b e l t e d  b i a s  t i r e s ,  and  (3) s t a n d a r d  

b i a s  t i r e s .  The t i r e s  were  t e s t e d  a t  t h r e e  l e v e l s  o f  wea r :  

(1)  Unworn 

( 2 )  1 / 4  t r e a d  worn i n  t h e  manner a s  o c c u r s  on t h e  

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

(3 )  1/4 t r e a d  worn i n  t h e  manner a s  o c c u r s  on t h e  

r e a r  t i r e s  of  a  p a s s e n g e r  c a r .  

I t  s h o u l d  b e  n o t e d  t h a t  a f r o n t  t i r e  wea r s  more s e v e r e l y  

a t  t h e  t r e a d  edges  t h a n  a t  t h e  c e n t e r .  Wear on t h e  r e a r  t i r e s ,  

however ,  t e n d s  t o  be  un i fo rm .  

R e s u l t s  

Co rne r ing  S t i f f n e s s ,  C, 

(1)  The l o a d  s e n s i t i v i t y  o f  Ca i n c r e a s e s  w i t h  w e a r .  

( 2 )  Unworn r a d i a l s  have a  h i g h e r  Ca t h a n  t h e  o t h e r  

two t y p e s  o f  t i r e s .  However, i f  t h e  t i r e s  a r e  

worn,  t h e  b i a s - b e l t e d  t i r e  h a s  t h e  h i g h e s t  

C, o f  t h e  t h r e e  t y p e s .  



A 1  ign ing  Torque S t i f f n e s s  , AT, 

(1)  AT i n c r e a s e s  with wear ,  bu t  t h e  two types  of 
a 

wear ( f r o n t  o r  r e a r )  give about t h e  same AT, 

(2)  ATa i s  about the  same f o r  a l l  t h r e e  types  of 

t i r e s  i n  t h e  unworn c o n d i t i o n .  However, wi th  

wear ,  s t e e l - b e l t e d  r a d i a l s  have t h e  h i g h e s t  

ATu and t h e  s t a n d a r d  b i a s  t i r e s  have t h e  lowest  

S t r e s s  D i s t r i b u t i o n  

(1) The s h e a r  f o r c e  i n c r e a s e s  i n  magnitude through 

t h e  c o n t a c t  pa tch  and then  q u i c k l y  dec reases  

t o  zero  a t  i t s  e x i t .  

(2)  For t h e  b i a s  and b i a s - b e l t e d  t i r e s ,  t h e  

i n c r e a s e  i n  shea r  f o r c e  wi th  p o s i t i o n  i n  t h e  

c o n t a c t  pa tch  was e x p o n e n t i a l .  The i n c r e a s e  

f o r  t h e  r a d i a l  t i r e ,  however, was l i n e a r  wi th  

p o s i t i o n .  

The r e g i o n  a t  t h e  e n t r a n c e  of t h e  c o n t a c t  

pa tch  does n o t  c o n t r i b u t e  t o  t h e  s h e a r  f o r c e .  

This  l e n g t h  i n c r e a s e s  wi th  wear .  A d d i t i o n a l l y ,  

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

changes wi th  wear.  The maximum ampl i tude  i s  

h i g h e r  and t h e  exponent of t h e  i n c r e a s i n g  

s h e a r  f o r c e  i s  h i g h e r .  ATc, i n c r e a s e s ,  s i n c e  

t h e  f o r c e s  a r e  s h i f t e d  rearward .  

( 4 )  For an 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 ,  t h e  e n t i r e  

c o n t a c t  l e n g t h  d e c r e a s e s .  The exponent g e t s  

s m a l l e r  and t h e  i n a c t i v e  zone s h r i n k s .  The 

r e s u l t  i s  an i n c r e a s e  i n  C w i t h  no change i n  
Ci. 



( 5 )  The f o r e / a f t  i n t e r f a c i a l  s t r e s s e s  a r e  i m p o r t a n t  

i n  de t e rmin ing  t h e  a l i g n i n g  t o r q u e .  The 

pneumat ic  t r a i l  concep t  a r o s e  assuming t h a t  o n l y  

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

a l i g n i n g  t o r q u e .  Hence, i n  t h i s  p a p e r  t h e  

l o n g i t u d i n a l  s t r e s s e s  were s u b t r a c t e d  from t h e  

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

pneumat ic  t r a i l  t o  be  c o n s i s t e n t  w i t h  i t s  

d e f i n i t i o n ,  i . e . ,  

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

from 25 t o  4 0 %  t o  t h e  a l i g n i n g  t o r q u e .  

( 6 )  The pneumat ic  t r a i l  i s  s e n s i t i v e  t o  t h e  exponent  

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

e x t e n t  and l o c a t i o n  o f  t h e  i n a c t i v e  zone a t  t h e  

e n t r a n c e  of  t h e  c o n t a c t  p a t c h .  I t  i s  n o t  

de t e rmined  by a  r ea rward  s h i f t  o f  t h e  c o n t a c t  

p a t c h .  

80. L i t z l e r ,  C.A., "Advances i n  T i r e  Cord P r o c e s s e s .  P t .  1: 
R e i n f o r c i n g  M a t e r i a l s . "  Rubber Age, Vo l .  1 0 5 ,  No. 2 ,  
Nov. 1972 ,  p p .  27-32.  

81.  L i v i n g s t o n ,  D.I. and Brown, J . E . ,  "Phys ics  of  t h e  S l i p p i n g  
Wheel. 11. S l i p  Under Both T r a c t i v e  and L a t e r a l  Forces  . "  
Rubber ~ h e r n i s t ; ~  and Technology,  Vol .  4 3 ,  No. 2 ,  1970 ,  
pp.  244-261. 

An e l e m e n t a r y  t h e o r y  was p roposed  f o r  t h e  o r i g i n  of  t h e  

camber f o r c e .  R e s u l t s  based  on t h e  t h e o r y  a r e  c o n s i s t e n t  w i t h  

exper iment  f o r  s m a l l  camber a n g l e s .  

82.  McIntosh,  K .  W .  , "Labora tory  T i r e  Treadwear  T e s t i n g . "  
T i r e  S c i e n c e  and Technology,  TSTCA, Vol .  1, No. 1 ,  
Feb.  1973. 



83.  Marick,  L . ,  "Fac tors  i n  T i r e s  t h a t  I n f l u e n c e  Skid  
R e s i s t a n c e ,  P a r t  11: The E f f e c t  of Tread Design." 
Proceedin  s ,  F i r s t  I n t e r n a t i o n a l  Skid  P reven t ion  
Con e rence  P a r t  I ,  V i r g i n i a  Council  of Highway ---f---g; 
I n v e s t .  and Research,  C h a r l o t t e s v i l l e ,  Aug. 1959, 
p p .  155-162. 

84. Masaki,  R . ,  S a i t o ,  T . ,  I keya ,  C . ,  and Haranda, I . ,  
"Cornering C h a r a c t e r i s  t i c s  of  Automobile T i r e s  ( I ) . "  
J o u r .  of Mech. Laboratory of  J a p a n ,  Vol. 4 ,  No. 2 ,  
1958. 

A mathematical  model was developed t o  de termine  s i d e  f o r c e  

and a l i g n i n g  to rque  as a  f u n c t i o n  of  s l i p  a n g l e  f o r  a non- 

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

85. M a s a k i , R . , S a i t o , I . , I k e y a , C . , a n d H a r a n d a , I . ,  
"Cornering C h a r a c t e r i s  t i c s  of  Automobile T i r e s  (11) ." 
J o u r .  of  Mech. Laboratory of  J a p a n ,  Vol. 5 ,  No. 2 ,  
1959.  

A d e s c r i p t i o n  of  an appa ra tus  developed t o  observe  t h e  

t r a n s f o r m a t i o n  of  t h e  c o n t a c t  a r e a  of t h e  r o l l i n g  t i r e  was 

p r e s e n t e d ,  and s e v e r a l  of  t h e  r e s u l t s  o b t a i n e d  were shown. 

86. Maycock, G . ,  Experiments on Tyre Tread P a t t e r n s .  Road 
Research Labora tory  Report LR 1 2 2 ,  1967,  11 pp .  

The exper imen ta t ion  was conducted t o  i n v e s t i g a t e  t h e  i n f l u e n c e  

of c e r t a i n  f e a t u r e s  of  t r e a d  p a t t e r n  d e s i g n  on t h e  s k i d  

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

A t e s t  v e h i c l e  was ope ra ted  on f i v e  sur faces-pol i shed  

c o n c r e t e ,  f i n e  c o l d  a s p h a l t ,  a s p h a l t  w i t h  ch ipp ings  ( w h i t e ) ,  

rounded g r a v e l  c a r p e t ,  and a s p h a l t  w i t h  ch ipp ings  ( b l a c k ) .  "Spray 

ba r s"  were used t o  wet t h e  road  s u r f a c e s  t o  t h e  d e s i r e d  w a t e r  

dep th .  "Measurements were made of  peak and locked  wheel  b r a k i n g  

f o r c e  c o e f f i c i e n t s ,  on s e v e r a l  wet s u r f a c e s  a t  speeds  between 

20 and 105 m i l e / h r . ,  u s i n g  a f r o n t  wheel b r a k i n g  technique . l1f i  

f iQuotations a r e  from t h e  r e p o r t .  



" In  t h e  f i r s t  exper iment  f o u r  t y r e s  were used hav ing  

r e s p e c t i v e l y  5 ,  7 ,  9 and 13  s t r a i g h t  c u t  r i b s  and hav ing  t h e  

same o v e r a l l  t r e a d  a r e a ,  The r e s u l t s  showed t h a t  t h e  differences 

between t h e s e  t y r e s  were s m a l l ,  excep t  on t h e  most p o l i s h e d  

s u r f a c e ,  where t h e  5 - r i b  t y r e  gave a  l a r g e r  d e c r e a s e  o f  

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

" In  t h e  second expe r imen t ,  t h e  r i b  w id th  was h e l d  c o n s t a n t ,  

and t h e  groove wid th  v a r i e d .  I n i t i a l l y ,  s i x  t y r e s  were  t e s t e d :  

a  2 1 / 2 "  wide smooth t y r e ,  and s i x  r i b b e d  t y r e s  h a v i n g  f i v e  1 / 2  

i n ,  r i b s  and a  range  of groove w i d t h s .  The r e s u l t s  showed t h a t  

no a p p r e c i a b l e  i n c r e a s e  i n  c o e f f i c i e n t  was o b t a i n e d  when t h s  

groove w id th  exceeded a c r i t i c a l  v a l u e .  The optimum v a l u e  o f  

groove t o  r i b  w id th  r a t i o  f o r  t h e s e  t y r e s  was 0 . 4 . "  

8 7 .  Maycock, G . ,  "S tud i e s  on t h e  Sk idd ing  R e s i s t a n c e  o f  
Pas senge r -Ca r  Tyres  on Wet S u r f a c e s . "  P r o c e e d i n g s ,  
I n s t i t u t i o n  of  Mechanical  E n g i n e e r s ,  Vol .  1 8 0 ,  No. 4 ,  
1965-1966,  pp .  122-157.  

8 8 .  Meades , J .  K .  , "Braking Force  C o e f f i c i e n t s  Q b t a i n e d  w i t h  
a  Sample of  C u r r e n t l y  A v a i l a b l e  R a d i a l  P l y  and 
c r o s s e d  P l y  Car ~ ~ r e s .  " Road Research L a b o r a t o r y ,  
1 9 6 7 ,  1 7  pp .  

89. Meades, J . K . ,  The E f f e c t  of  Tyre C o n s t r u c t i o n  on Brak ing  
Force  C o e f f i c i e n t s .  Road Research  Labo ra to ry  Report  
No. L R  2 2 4 ,  1969 ,  14  pp .  

Rad i a l  p l y  and b i a s  p l y  t i r e s  w i t h  w i n t e r  t r e a d  p a t t e r n s  

and s i p e d  r i b  t r e a d  p a t t e r n s  were t e s t e d  on s even  we t  road  

s u r f a c e s  a t  speeds  between 30 mph and 6 0  mph t o  d e t e r m i n e  t h e  

e f f e c t  of  t i r e  c o n s t r u c t i o n  on peak and locked-whee l  b r a k e  f o r c e  

c o e f f i c i e n t s .  The t i r e s  were made w i t h  i d e n t i c a l  t r e a d  m a t e r i a l s  

and t r e a d  p a t t e r n s .  T e s t i n g  was done w i t h  a  f r o n t  wheel  b r a k i n g  

c a r .  



R e s u l t s  : 

(1 )  D i f f e r e n c e s  in r e s u l t s  produced by t y p e  o f  con- 

s t r u c t i o n  were independent  of t y p e  of t r e a d  ( i . e . ,  

w i n t e r  o r  s i p e d )  . 
( 2 )  Rad i a l  p l y  t i r e s  gave h i g h e r  peak b r a k e  f o r c e  

c o e f f i c i e n t s  t han  b i a s  p l y  t i r e s  on a l l  r oad  

s u r f a c e s .  The d i f f e r e n c e s  were i ndependen t  of  

speed  and were g r e a t e r  on f i n e  t e x t u r e d  s u r f a c e s  

t han  c o a r s e  t e x t u r e d  s u r f a c e s .  

(3 )  Rad i a l  p l y  t i r e s  gave h i g h e r  locked-whee l  b r a k e  

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

t e x t u r e d  s u r f a c e s  b u t  lower  c o e f f i c i e n t s  on c o a r s e  

t e x t u r e d  s u r f a c e s .  The d i f f e r e n c e s  were  g e n e r a l l y  

s m a l l e r  t h a n  t h o s e  observed  f o r  peak b r a k e  f o r c e  

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

90.  Moyer, R . A . ,  T i r e  Wear and T i r e  F a i l u r e s  on Var ious  Road 
S u r f a c e s .  
V i r g i n i a  22151, Access ion  No. PB 191.039, J u n e  1943 ,  

91.  N e i l l ,  A . H . ,  J r . ,  "Claims t h a t  S i p i n g  I n c r e a s e s  Wet 
T r a c t i o n  o f  T i r e s  Not Borne Out by NBS T e s t . "  
Automotive E n g i n e e r i n g ,  Vol.  79,  No. 7 ,  J u l y  1971 ,  
pp.  33-35.  

92.  N e i l l ,  A . H . ,  J r . ,  "Wet T r a c t i o n  o f  T r a c t i o n i z e d  T i r e s . "  
Nat .  Bur.  S t a n d . ,  (U.S.)  , Tech. Note 5 6 6 ,  Feb. 1971 ,  
14  PP* 

93.  N e i l l ,  A . H . ,  J r ,  and Boyd, P.L., "Research on Wet T i r e  
T r a c t i o n . "  T i r e  S c i e n c e  and Technology,  TSTCA, Vol .  1, 

I No. 2 ,  May 1973,  pp .  172-189 .  

94.  Nordeen,  D . L .  , "Analys i s  o f  T i r e  L a t e r a l  Fo rce s  and 
I n t e r p r e t a t i o n  o f  Expe r imen ta l  T i r e  Data." SAE Pape r  
670173, J a n .  9 - 1 3 ,  1967. 

Th i s  p a p e r  d e s c r i b e d  an e a s y  method f o r  computing t h e  . - 
s t e a d y - s t a t e  d i r e c t i o n a l  c o n t r o l  c h a r a c t e r i s t i c s  f o r  a  p a r t i c u l a r  

t i r e - v e h i c l e  sys tem.  A method f o r  c h a r a c t e r i z a t i o n  o f  t h e  e f f e c t  



of  s l i p  a n g l e  and v e r t i c a l  l o a d  on l a t e r a l  f o r c e  was deve loped ,  

Normalized l o a d  t r a n s f e r ,  l oad  s e n s i t i v i t y ,  and no rma l i zed  

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

a f f e c t e d  v e h i c l e  hand l ing  i n  t h i s  model. 

9 5 .  Nordeen, D.L. and C o r t e s e ,  A . D ,  , "Force and Moment 
C h a r a c t e r i s t i c s  of  R o l l i n g  T i r e s . "  SAE Pape r  713A, 
June  1963,  1 3  pp .  

A f l a t  bed t i r e  t e s t i n g  machine was used t o  g e n e r a t e  t i r e  

performance d a t a .  The o b j e c t i v e s  of t h e  t e s t i n g  were  t o  de t e rmine  

t h e  i n f l u e n c e  of s l i p  a n g l e ,  camber a n g l e ,  normal f o r c e ,  and 

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

t i r e s  and t o  de te rmine  t h e  d i f f e r e n c e s  of  t h e s e  c h a r a c t e r i s t i c s  

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

R e s u l t s  : 

(1 )  L a t e r a l  f o r c e  was a  l i n e a r  f u n c t i o n  o f  s l i p  

a n g l e  on ly  f o r  s l i p  a n g l e s  l e s s  t h a n  2 d e g r e e s .  

(2 )  Normal f o r c e  s i g n i f i c a r l t l y  a f f e c t e d  l a t e r a l  f o r c e  

f o r  s l i p  a n g l e s  l a r g e r  t h a n  2 d e g r e e s .  

(3)  As normal f o r c e  t ended  towards ze ro  a t  a  c o n s t a n t  

s l i p  a n g l e ,  t h e  a l i g n i n g  t o r q u e  t ended  towards  

z e r o .  

( 4 )  Maximum l a t e r a l  f o r c e  a t  a  g iven  s l i p  a n g l e  was 

o b t a i n e d  w i t h  some b r a k i n g  (about  200 t o  306 l b .  

b r a k i n g  f o r c e  f o r  s l i p  a n g l e  between - 4  and - 8  

deg ree  w i t h  normal l o a d  o f  -1000 l b . ) .  

( 5 )  An i n c r e a s e  i n  i n f l a t i o n  p r e s s u r e  c a u s e d  an 

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

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

( 6 )  The s e n s i t i v i t y  o f  t i r e s  o f  d i f f e r e n t  m a n u f a c t u r e r  

t o  changes i n  i n f l a t i o n  p r e s s u r e  was s i g n i f i c a n t .  



9 6 .  Nordeen,  D.L. and C o r t e s e ,  A . D . ,  "Small D i f f e r e n c e s  i n  
T i r e  P r o p e r t i e s  = Large D i f f e r e n c e s  i n  Veh ic l e  Handl ing ."  
SAE J o u r n a l  7 1 ( 7 ) ,  1963 ,  pp.  8 3 - 9 0 .  

L a t e r a l  f o r c e  and a l i g n i n g  t o r q u e  were de te rmined  a s  

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

p r e s s u r e .  R e s u l t s  i n c l u d e :  

(1)  An i n c r e a s e  i n  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  

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

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

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

( 3 )  I n c r e a s 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  c o n t r i b u t e s  t o  unders  t e e r .  

( 4 )  A d j u s t 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  t i r e s  o f  

d i f f e r e n t  c a r s  can cause  them t o  respond  s i m i l a r l y  

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

97.  Nordeen.  D . L . .  Rasmussen. R . E .  and B i d w e l l .  J . B . .  T i r e  
a -  

~ r o ~ e r t i e s  ' ~ f f e c t i n ~  v e h i c l e  Ride and ~ a n d l i n ~ .  Gene ra l  
Motors E n g i n e e r i n g  S t a f f ,  E n g i n e e r i n g  P u b l i c a t i o n  3759, 
J u l y  1 2 ,  1968.  

"This  p a p e r  d i s c u s s e s  many o f  t h e  t i r e  f a c t o r s  which a f f e c t  

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

p r o p e r t i e s  t o  v e h i c l e  b e h a v i o r  i s  d e s c r i b e d .  The p a p e r  a l s o  

d i s c u s s e s  o t h e r  t i r e  p r o p e r t i e s  which i n f l u e n c e  v e h i c l e  dynamic 

pe r fo rmance ,  b u t  f o r  which a  q u a n t i t a t i v e  r e l a t i o n s h i p  between 

component c h a r a c t e r i s  t i c s  and v e h i c l e  per formance  h a s  n o t  b e e n  

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

and u t i l i t y  of  l a b o r a t o r y  measurements of  t h e  t i r e  p r o p e r t i e s  i s  
i n d i c a t e d ,  " h  

*Quota t ion  from t h e  p a p e r .  



98. Odgers ,  B.J . ,  The Performance and F a i l u r e  of  Car T y r e s .  
hielbourne U n i v e r s i t y ,  Mech. Eng. Dept.  , J u n e  1966 ,  

99. P e t e r s o n ,  K.G. and Rasmussen, R . E . ,  "Mechanical  P r o p e r t i e s  
of  R a d i a l  T i r e s . "  SAE Paper  730500, May 1973 ,  7 pp .  

Conc lus ions  which a r e  g e n e r a l l y  t r u e  of  r a d i a l  t i r e s  on 

t y p i c a l  c a r s  a r e :  

(1) " P r o p e r t i e s  of r a d i a l  t i r e s  va ry  o v e r  a  wide r a n g e ,  

Al though t h e  c o r n e r i n g  c o e f f i c i e n t  ave rage  i s  

h i g h e r ,  t h e r e  i s  o b v i o u s l y  o v e r l a p  between t h e  two 

d i s t r i b u t i o n s  . Camber p r o p e r t i e s  a r e  nos t d i f f e r e n t  

and v e r y  r a r e l y  o v e r l a p .  

( 2 )  A p p l i c a t i o n  of  r a d i a l  t i r e s  r educes  v e h i c l e  unde r -  

s t e e r  i n  t h e  amount o f  1 . 0 - 3 . 0  deg /g .  Most o f  t h i s  

i s  due t o  reduced camber s t i f f n e s s .  

( 3 )  The r e d u c t i o n  i n  u n d e r s t e e r  coupled  w i t h  h i g h e r  

c o r n e r i n g  s t i f f n e s s  cause s  an i n c r e a s e  i n  s t e e r i n g  

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

produced by a  g iven  l e v e l  o f  s t e e r i n g  i n p u t .  The 

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

range  o f  50-100% a t  expressway s p e e d s .  

( 4 )  The r e d u c t i o n  i n  u n d e r s t e e r  would no rma l ly  p roduce  

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

s e n s i t i v i t y  t o  wind d i s t u r b a n c e s .  Higher  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  compensate f o r  t h i s  i n  

most c a s e s .  

(5)  Road f e e l  i s  g e n e r a l l y  reduced  w i t h  r a d i a l  t i r e s  

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

f o r  a g iven  maneuver and g e n e r a t e  p r o p o r t i o n a l l y  

l e s s  a l i g n i n g  t o r q u e .  

( 6 )  I n  a d d i t i o n  t o  t h e  above ,  v e h i c l e s  equ ipped  w i t h  

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

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

v e h i c l e  c h a r a c t e r i s t i c s  a r e  l i k e l y  t o  be  more c o n s t a n t  

i n  customer  s e r v i c e ,  b u t  a l s o  more d i f f i c u l t  t o  modify 

w i th  t i r e  i n f l a t i o n  s p e c i f i c a t i o n s . " *  
- 7  

*Quota t ion  from t h e  p a p e r .  5 4  



1 0 0 .  P h i l l i p s ,  B . ,  "The S t a t i c  S t e a d y - S t a t e  and Dynamic 
C h a r a c t e r i s t i c s  of Pneumatic T i r e s . "  PhD T h e s i s ,  
Lanchas te r  P o l y t e c h n i c ,  Coventry ,  A p r i l  1973.  

101. Rasmussen, R . E .  and Cor t e se ,  A . D . ,  "Dynamic S p r i n g  Rate 
Performance of Ro l l i ng  T i r e s . "  SAE Paper  680408, 
May 1968,  7 pp .  

3 0 2 .  Rasmussen, R . E .  and Cor t e se ,  A . D . ,  The E f f e c t  of  C e r t a i n  
Tire-Road I n t e r f a c e  Parameters  on Force  and Moment 
Performance.  Engineer ing  S t a t  f /Gene ra l  Motors Corp. , 
Report  A-2526, J u l y  1969,  2 4  pp. 

Th is  s t u d y  was under taken  t o :  

(1)  I n v e s t i g a t e  t h e  e f f e c t  o f  d i f f e r e n t  road  s u r f a c e s  

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

(2 )  I n v e s t i g a t e  t h e  e f f e c t  of t r e a d  wear and s e v e r a l  

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

A f l a t  bed f o r c e  and moment t i r e  t e s t  machine was u sed .  

The s u r f a c e s  s t u d i e d  were :  S a f e t y  Walk, n y l o n ,  t e f l o n ,  s t e e l ,  

v a r i o u s  t u n g s t e n  c a r b i d e  g r i t s ,  grooved aluminum, and wet  i c e .  

Carpet  p l o t s  o f  many of t h e  r e s u l t s  were i n c l u d e d ,  

The r e s u l t s  ob t a ined  were:  

(1 )  Grooved s u r f a c e s  i n c r e a s e d  t h e  l a t e r a l  and t r a c t i v e  

f o r c e  c a p a b i l i t i e s  of  t i r e s .  

( 2 )  Studs  on snow t i r e s  produced a  s i g n i f i c a n t  i n c r e a s e  

i n  l a t e r a l  t r a c t i v e  f o r c e  c a p a b i l i t y .  

(3)  S tuds  s u b s t a n t i a l l y  a l t e r e d  t h e  normal b a l a n c e  o f  

f r o n t  and r e a r  l a t e r a l  and t r a c t i v e  f o r c e  c a p a b i l i t y  

when used on on ly  one end of t h e  c a r .  

Wear c o n d i t i o n s  were produced by shav ing  new t i r e s  on a t i r e  

t r u i n g  machine.  

( 4 )  L a t e r a l  f o r c e  and a l i g n i n g  t o r q u e  i n c r e a s e d  g r e a t l y  

between new and ha l f -worn  c o n d i t i o n s  (on d r y  s u r f a c e s )  . 



( 5 )  Mixing of  worn and new t i r e s  on f r o n t  and real .  oi '  

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

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

per formance .  

Shoulder  wear  was s i m u l a t e d  by shav ing  t i r e s  t o  a  h a l f - w o r n  

c o n d i t i o n  a t  6 - i n c h  and 8 - i n c h  crown r a d i i .  

(6 )  L a t e r a l  f o r c e  and a l i g n i n g  t o r q u e  i n c r e a s e d  w i t h  

s h o u l d e r  wear .  

1 0 3 .  R e i n h a r t ,  P I . A . ,  "Fac to r s  i n  T i r e s  t h a t  I n f l u e n c e  S k i d  
R e s i s t a n c e ,  P a r t  IV: The E f f e c t  of Tread Components." 
P r o c e e d i n  s ,  F i r s t  I n t e r n a t i o n a l  Sk id  P r e v e n t i o n  Conf . ,  

V l r g i n i a  Counci l  o f  Highway I n v e s t .  and R e s e a r c h ,  + 
C h a r l o t t e s v i l l e ,  Aug. 1959,  pp .  167-171 .  

104.  R i c e ,  R . S . ,  J r .  and M i l l i k e n ,  W.F., J r , ,  "The E f f e c t s  o f  
Loadings and T i r e  C h a r a c t e r i s  t i c s  on t h e  S t e e r i n g  
Behavior  of  an Automobile .  " F i r s t  I n t e r n a t i o n a l  
Conference on Veh ic l e  Mechanics ,  1968. 

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

v a r i e d  by changing  c e r t a i n  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  r e l a t e d  

t o  t i r e s  and l o a d i n g .  V a r i a t i o n s  i n  t i r e  p r e s s u r e  ( a b s o l u t e  

and f r o n t - t o - r e a r  d i f f e r e n t i a l ) ,  t i r e  d e s i g n  ( r a d i a l ,  b i a s  p l y ,  

and snow t i r e s ) ,  v e h i c l e  l o a d i n g  (up t o  1000 l b s . ) ,  and 

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

s t u d i e d  a t  speeds  up t o  50 rnph. Extreme combina t ions  o f  

v a r i a b l e s  produced c o n f i g u r a t i o n s  r a n g i n g  from o v e r s t e e r  w i t h  

a c r i t i c a l  speed  o f  l e s s  t h a n  50 mph t o  u n d e r s t e e r  w i t h  a  

c h a r a c t e r i s t i c  speed  of about  35 mph. 

I t  was conc luded  t h a t  c o n s i s t e n c y  o f  s t e e r i n g  b e h a v i o r  can  

be d r a s t i c a l l y  degraded by u n f a v o r a b l e  l o a d i n g  and t i r e  

combinat i o n s .  



1 0 5 .  Robson, J .  J . ,  "l.Iigh-Speed Cornering Forces . "  SAE T r a n s . ,  
Vol. 64 ,  1956. 

Th i s  paper  d e s c r i b e d  an experiment i n  which a  s t a n d a r d  

c h a s s i s  was mounted on a  1 0 - f o o t  t e s t  wheel t o  s tudy  t r a c t i o n  

of t i r e s  a t  speeds up t o  100 mph. 

106. Sabey, B . E . ,  Wi l l iams,  T . ,  and Lupton, G . N . ,  "Fac to r s  
A f f e c t i n g  F r i c t i o n  of T i r e s  on Wet Roads." SAE Paper  
700376, 1970. 

The o b j e c t  of  t h i s  i n v e s t i g a t i o n  was t o  p u t  i n t o  p e r s p e c t i v e  

t h e  r o l e s  of "dra inage"  and "energy l o s s "  p r o p e r t i e s  o f  t i r e s  i n  

p r o v i d i n g  good t r a c t i o n  on wet roads .  Experiments were con- 

ducted  t o  de termine  locked wheel f o r c e  c o e f f i c i e n t  and s p i n -  

down speed on a  v a r i e t y  of  s u r f a c e s ,  a t  d i f f e r e n t  w a t e r  d e p t h s .  

The e f f e c t  of  changes i n  t r e a d  p a t t e r n ,  t r e a d  m a t e r i a l ,  and 

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

107. S a i t o ,  T .  and Ikeya ,  C . ,  "Cornering C h a r a c t e r i s t i c s  o f  
Automobile T i r e s  ( 1 1 1 )  J o u r n a l  of  Mech. Labora tory  
of  Japan ,  Vol. 7 ,  No. 1 ,  1961. 

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

p r e s s u r e ,  and t i r e  t r e a d  des ign  on t h e  c o r n e r i n g  f o r c e  and 

a l i g n i n g  t o r q u e  o f  t i r e s  a r e  examined u s i n g  a  s t e e l  drum t i r e  

t e s t e r .  A mathemat ica l  model y i e l d i n g  s i d e  f o r c e  and a l i g n i n g  

to rque  i s  r e f i n e d  from prev ious  work as t h e  r e s u l t  of t h e  

expe r imen ta t ion  done. 

1 0 8 .  S a i t o ,  T .  and Ikeya ,  C . .  "Cornering C h a r a c t e r i s t i c s  o f  
Automobile ~ i r e s .  (IV) . "  ~ o u r n a i  of  Mech. Labora tory  
of  J a p a n ,  Vol.  7 ,  No. 1, 1961. 

This  pape r  i s  a  c o n t i n u a t i o n  o f  t h e  work from t h e  p r e c e d i n g  

pape r .  The e f f e c t  of i n f l a t i o n  p r e s s u r e ,  l o a d ,  s p e e d ,  and road  

t e x t u r e  on t h e  c o r n e r i n g  c h a r a c t e r i s  t i c s  of  two d i f f e r e n t  s i z e  
t i r e s  on a  wet s u r f a c e  i s  examined. 



109 .  S a k a i ,  ] I . ,  " T h e o r e t i c a l  S tudy  o f  t h e  E f f e c t  o f  T r a c t i v e  
and Brak ing  Forces  on Corne r ing  C h a r a c t e r i s  t i c s  o f  
T i r e s . "  Paper  No. 4  of  S a f e t y  Research  Tour i n  t h e  
U.S.A. from t h e  Viewpoint  o f  V e h i c l e  Dynamics ( V e h i c l e  
H a n d l i n g ,  Automobile Aerodynamics and T i r e  Mechan ics )  , 
1969 .  

110 .  S c h a l l a m a c h ,  A . ,  "The Load Dependence o f  S i d e  F o r c e  and 
S e l f - A l i g n i n g  Torque o f  Pneumat ic  T i r e s . "  Rubber 
Chemis t ry  and Technology ,  43 ( 2 )  , 19 7 0 .  

A method i s  developed t o  t r a n s f o r m  t h e o r e t i c a l  s i d e  f o r c e  

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

n o r m s l i z e d  by l o a d .  

111. S c h a l l a m a c h ,  A .  , "Skid R e s i s t a n c e  and D i r e c t i o n a l  C o n t r o l  ." 
(Chap. 6 ) ,  Mechanics o f  Pneumat ic  T i r e s ,  S .  K .  C l a r k ,  E d . ,  
N a t i o n a l  Bureau of S t a n d a r d s  Monograph 1 2 2 ,  19 7 1 ,  
pp .  501-544.  

112. S c h u r i n g ,  D . ,  " L i t e r a t u r e  Survey  and Anno ta t ed  B i b l i o g r a p h y .  7 1 

The I n f l u e n c e  o f  T i r e  P r o p e r t i e s  on P a s s e n g e r  V e h i c l e  
Hand l i ng  , Vol .  1 1 1 ,  DOT-HS-053-3- 7272, F i n a l  R e p o r t ,  
1974 ,  Appendix A .  

113 .  S c h u r i n g ,  D . ,  Notes  on t h e  I n f l u e n c e  o f  Road Wheel 
Dimensions on T i r e  Pe r fo rmance .  I n t e r n a l  Document o f  
TIRF C e n t e r ,  Ca l span  C o r p . ,  May 1974 .  

114 .  S e g e l ,  L . ,  " T i r e  T r a c t i o n  on Dry,  Uncontamina ted  S u r f a c e s . "  
The P h y s i c s  o f  T i r e  Traction-Theory and E x p e r i m e n t ,  
E d i t e d  by Hays and Browne, Plennum P r e s s ,  New York-London,  
1974.  

A summary o f  t h e  t h e o r y  o f  t i r e  mechanics  a s  i t  i s  u n d e r s t o o d  

t oday  was p r e s e n t e d ,  and some o f  t h e  l a t e s t  r e s u l t s  on t i r e  

p r o p e r t i e s  found a t  EISRI were  shown. 



where 

R g  i s  t h e  r o l l i n g  r ad iu s  of t h e  t i r e  

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

wi th  r e s p e c t  t o  t h e  v e r t i c a l  z - a x i s  

1 - i s  t h e  c u r v a t u r e  of t h e  t i r e  p a t h  
P 

S i s  t h e  t i r e ' s  l o n g i t u d i n a l  s l i p  
X 

S i s  t h e  t i r e ' s  s i d e  s l i p  
Y 

u i s  t h e  t i r e ' s  l o n g i t u d i n a l  speed .  

This  equa t i on  c o n s t i t u t e s  a  complete d e f i n i t i o n  of  t h e  

t i r e  t r a c t i o n  f i e l d .  These c h a r a c t e r i s t i c s  a r e  determined by 

t he  mechanical  p r o p e r t i e s  of  t h e  t i r e  c a r c a s s  and by t h e  

f r i c t i o n a l  coupl ing  developed a t  t h e  t i r e - r o a d  i n t e r f a c e .  

S i m p l i f i c a t i o n s  of  t h i s  e q u a t i o n  a r e  shown and q u a l i t a t i v e  

exp l ana t i ons  a r e  g iven  t o  e x p l a i n  t i r e  t r a c t i o n  performance.  

Some of t h e  r e c e n t  r e s u l t s  found a t  HSRI a r e :  

( 1 )  A t i r e  shows a  l a t e r a l  f o r c e  dependency on s l i p  

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

dependency on s l i p  f o r  a  p a r t i c u l a r  s u r f a c e .  Th i s  

asymmetric behav io r  i n  t h e  s h e a r  f o r c e s  g e n e r a t e d  

by a t i r e  v a r i e s  i n  magnitude depending on t h e  

s u r f a c e  on which t h e  t i r e  i s  t e s t e d .  

( 2 )  The i n f l u e n c e  of t i r e  de s ign  v a r i a b l e s  on 

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

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

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

i s  needed t o  f u r t h e r  t h e  u n d e r s t a n d i n g  o f  how 

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



(3 )  A r e c e n t  exper iment  shows a  " remarkab le  s e n s i t i v i t y "  

o f  d ry  t r a c t i o n  t o  t r e a d  s h o u l d e r  wea r .  A l s o ,  t i r e s  

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

s e n s i t i v e  t o  t r e a d  s h o u l d e r  wear .  

115.  S e t r i g h t ,  L.J.K., Automobile T i r e s .  P u b l i s h e d  by 
Chapman and H a l l ,  London, 1972.  

116.  Sinnamon, J . F . ,  L i t e r a t u r e  Survey o f  T i r e -Road  Expe r imen t s .  
Highway S a f e t y  Research I n s t . ,  Report  No. UM-HSRI-PF- 7 4 - 5 ,  

Th i s  s u r v e y  was conducted t o  r e p o r t  on p u b l i s h e d  e x p e r i m e n t a l  

\cork r e p r e s e n t i n g  t h e  s t a t e  of  t h e  a r t  of  t h e  t e s t i n g  cf  

au tomobi le  and a i r c r a f t  t i r e s  and t h e  r e s u l t s  o b t a i n e d .  T h i r t y -  

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

from t h e  summary, appea r ing  a t  t h e  b e g i n n i n g  o f  t h e  s u r v e y  and 

based  on t h e  l i t e r a t u r e  examined,  a r e  quo t ed  be low:  

TIRE CONSTRUCTION. When compared t o  a b i a s  p l y  t i r e  o f  

t h e  same s i z e ,  r u b b e r  compound, and t r e a d  p a t t e r n ,  t h e  r a d i a l  

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

c o e f f i c i e n t ,  b u t  no d i f f e r e n c e  i n  l o c k e d  wheel  c o e f f i c i e n t  ( t h e  

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

b i a s  p l y  t i r e ,  much l a r g e r  d i f f e r e n c e s  a r e  obse rved  because 

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

d e s i g n  and t r e a d  r u b b e r  compounding. 

Rad i a l  p l y  t i r e s  have 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  do 

b i a s  p l y  t i r e s .  

TIRE LOAD AND INFLATION PRESSURE. An i n c r e a s e  i n  l o a d  

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

on bo th  wet  and d r y  s u r f a c e s .  

An i n c r e a s e  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  d e c r e a s e  i n  d r y  

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

t h e  hyd rop l an ing  s p e e d .  But i n  deep w a t e r  a t  h i g h  s p e e d s ,  



t r a c t i o n  i s  improved \<her) i n f l a t i o n  p r e s s u r e  i s  i n c r e a s e d  

because  t h e  hydroplaning  speed i s  r a i s e d .  

Ki th  r e s p e c t  t o  t i r e - r o a d  f r i c t i o n ,  changes i n  load  end 

i n f l a t i o n  p r e s s u r e  i n  t h e  range t h a t  can be used i n  automobile  

t i r e s  have a  r e l a t i v e l y  sma l l  e f f e c t ,  b u t  t h e s e  v a r i a b l e s  a r e  

very impor tant  f o r  a i r c r a f t  t i r e s  which may be o p e r a t e d  over  a  

g r e a t e r  range of  loads  and i n f l a t i o n  p r e s s u r e s .  

An i n c r e a s e  of i n f l a t i o n  p r e s s u r e  causes  an 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 .  

WATER DEPTH AND TIRE SPEED. Even a  ve ry  s m a l l  amount o f  

w a t e r ,  enough t o  make t h e  s u r f a c e  " j u s t  damp," can cause  a  

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

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

An i n c r e a s e  i n  water  depth causes  a  d e c r e a s e  o f  wet f r i c t i o n .  

The e f f e c t  i s  g r e a t e s t  a t  h igh  speed on smooth s u r f a c e s .  Most 

of t h e  d e c r e a s e  occur s  i n  t h e  f i r s t  3 - 4  mm o f  w a t e r  dep th .  A t  

g r e a t e r  d e p t h s ,  f o r  most t i r e s ,  t h e  t r e a d  grooves become f looded  

and no f u r t h e r  e f f e c t  of  i n c r e a s i n g  dep th  i s  s e e n .  

I n  deep wa te r  (more t h a n  3 - 4  mm), t r e a d  p a t t e r n  and s u r f a c e  

t e x t u r e  have a  l a r g e  e f f e c t  on ly  a t  speeds  below t h e  hydrop lan ing  

speed ;  b u t  i n  sha l low wa te r  t r e a d  p a t t e r n  and s u r f a c e  t e x t u r e  

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

smooth t i r e  and smooth s u r f a c e ,  deep w a t e r  

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

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

Speed 2 h y d r o p l a n i n g  s p e e d  



COblBINED BRAKING AVD CORWERING. I n  p u r e  b r a k i n g ,  a c u r v e  

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

i n i t i a l  r i s e  t o  a  peak between 7 %  and 25% s l i p ,  f o l l o w e d  by a  

g r a d u a l  d e c r e a s e  a s  wheel  s l i p  i n c r e a s e s  toward  l o c k u p .  

locked wheel va lue  

The e f f e c t  o f  a s l i p  a n g l e  upon t h e  BFC v e r s u s  whee l  s l i p  

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

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

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

o b t a i n e d  a t  l o c k u p .  Also  c o r n e r i n g  f o r c e  o b t a i n e d  a t  a  g i v e n  

s l i p  a n g l e  i s  r educed  when a b r a k i n g  f o r c e  i s  a p p l i e d .  

I 
I 

- .-A 
% wheel s l i p  100 

6 2 



C o n s i d e r a b l e  p r o g r e s s  has  been made i n  t h e  f i e l d  o f  t i r e  

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

t i r e  and road  perfol.111ance. Ilo\\rever, i t  i s  s t i l l  n o t  pass i b l c  t o  

p r e d i c t  t h e  t r a c t i o n  per formance  o f  a  t i r e - r o a d  sys t em based  on 

t h e  many t i r e  and s u r f a c e  v a r i a b l e s .  I ndeed ,  t h e r e  i s ,  a s  y e t ,  

no agreement  a s  t o  how t o  q u a n t i f y  many o f  t h e s e  v a r i a b l e s  i n  a  

mean ing fu l  way. I t  i s  c l e a r  t h a t  t h e r e  i s  a  g r e a t  d e a l  o f  

d e f i n i t i v e  work y e t  t o  b e  done i n  t h i s  f i e l d .  

1 1 7 .  Smi th son ,  F.D. and Herzegh ,  F . H . ,  " I n v e s t i g a t i o n  o f  T i r e -  
Road T r a c t i o n  P r o p e r t i e s . "  SAE Pape r  710091, J a n .  1971 ,  
16 PP-  

1 1 8 .  S n y d e r ,  R . H .  , "Envi ronmenta l  E f f e c t s  on T i r e  Treadwear . "  
T i r e  S c i e n c e  and Technology ,  TSTCA, Vol .  1, No. 2 ,  
May 1973. 

S t a t i s t i c a l  s t u d i e s  were  conduc ted  on t h e  t i r e  t r e a d w e a r  

o f  con temporary  b e l t e d  t i r e s  on a n a t i o n w i d e  b a s i s .  One r e s u l t  

found was t h a t  t h e  t r eadwea r  b e h a v i o r  o f  a  t i r e  v a r i e s  g r e a t l y  

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

119 .  S o u t h e r n ,  E . ,  "Rapid T i r e  Wear Measurements Using Two- 
Wheeled T r a i l e r . "  T i r e  S c i e n c e  and Technology ,  Vol .  1, 
No. 1, Feb.  1973.  

A method h a s  been deve loped  u s i n g  a  two-wheeled t r a i l e r  

p r e v i o u s l y  d e s i g n e d  by Scha l lamach  [533 t o  o b t a i n  a c c e l e r a t e d  

wear d a t a  on t i r e s .  

120 .  S o u t h e r n ,  E .  and W a l t e r ,  R . W . ,  "The Per formance  o f  N a t u r a l  
and S y n t h e t i c  R a d i a l - P l y  Win t e r  Ty re s  on I c e  and Hard 
Packed Snow." I . R .  I .  J.., Vo l .  6 ,  N O .  6 ,  Dec. 1972 ,  
pp .  249-252. 

121. Spelman,  R . H . ,  T a r p i n i a n ,  H . D . ,  J o h n s o n ,  D . E . ,  and  
Campbel l ,  K .  L .  , "SAE S t u d y  - Wet Pavement B r a k i n g  
T r a c t i o n . "  SAE P a p e r  700462, May 1970 ,  26 p p .  

1 2 2 .  S t a u g h t o n ,  G . C . ,  The E f f e c t  o f  Tread  P a t t e r n  Depth on 
S k i d d i n g  R e s i s t a n c e .  Road Resea rch  L a b o r a t o r y  Repor t  
L R  323,  1970 ,  9  pp .  



123.  S t a u g h t o n ,  G . C .  and W i l l i a m s ,  T . ,  Tyre  Per fo rmance  i n  Wet 
S u r f a c e  C o n d i t i o n s .  Road Research Labo ra to ry  Repor t  
LR 355,  1970 ,  59 pp .  

Th i s  r e p o r t  gave t h e  r e s u l t s  of  an i n y e s t i g a t i o n  o f  t h c  

t i r e - r o a d  a d h e s i o n  o f  a  s i n g l e  wheel  towed th rough  v a r i o u s  d e p t h s  

o f  w a t e r .  The e f f e c t s  of  w a t e r  d e p t h ,  r oad  s u r f a c e  t e x t u r e ,  

s p e e d ,  i n f l a t i o n  p r e s s u r e ,  and t r e a d  p a t t e r n  on l ocked -whee l  

b r a k e  f o r c e  c o e f f i c i e n t  and h y d r o p l a n i n g  speed  were  d i s c u s s e d .  

124 .  T a f t ,  P .H. ,  "New Trends i n  T i r e s . "  P u b l i s h e d  i n  I n t e r a g e n c y  
Motor Equipment Advisory  Committees Management 
Conference Minu t e s ,  1969 ,  p p .  12 -17 .  

1 2 5 .  Thieme, van E l d i k ,  H . C . A .  and P a c e j k a ,  H . B . ,  "The T i r e  a s  
a  V e h i c l e  Component." (Chap. 7)  , Mechanics o f  Pneumat ic  - 
T i r e s ,  S.K. C l a r k ,  E d . ,  N a t i o n a l  Bureau o f  S t a n d a r d s  
Monograph 1 2 2 ,  Nov. 1971 ,  pp .  545-839.  

1 2 6 .  T i e l k i n g ,  J . T . ,  C o n s t r u c t i o n  and P r o f i l e  S t u d y ,  P a r t  I :  
T i r e  T r a c t i o n  Data  Measured by t h e  HSRT Mobi le  T i r e  
T e s t e r .  Highway S a f e t y  Research I n s t i t u t e ,  Filarch 1973 ,  
186 pp .  

1 2 7 .  T i e l k i n g ,  J . T .  a n d M i t a l ,  N . K . ,  A C o m p a r a t i v e E v a l u a t i o n  
o f  F ive  T i r e  T r a c t i o n  Models.  I n t e r i m  Document 6 ,  
Highway S a f e t y  Research  I n s t .  P r o j e c t  3 2 9 1 8 0 ,  J a n .  1 9 7 4 .  

1 2  8 .  T such iya ,  S .  , Watanabe,  T .  , and Matsuoka,  Y .  ? "The E f f e c t s  
of  T i r e  Wear on V e h i c l e  Behav io r . "  SAE P a p e r  741100,  
19 74. 

The t i r e s  t o  b e  s t u d i e d  were  d r i v e n  on a  w i n d i n g  c o u r s e  t o  

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

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

de t e rmined .  The t i r e s  u sed  f o r  t h e  expe r imen t  were  b i a s - b e l t e d  

and r a d i a l  i n  c o n s t r u c t i o n .  

The r e s u l t s  found w e r e :  

(1) Corner ing  f o r c e  i n c r e a s e s  w i t h  wea r .  

( 2 )  A l i g n i n g  t o r q u e  i n c r e a s e s  w i t h  wear i n  t h e  s m a l l  

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

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



( 3 )  The c o r n e ~ - i n g  s t i f f n e s s  , Ca ' i n c r e a s e s  a t  s m a l l  

l oads  w i t h  wear .  

( 4 )  The pneumat ic  t r a i l  i n c r e a s e s  w i t h  wear i n  t h e  

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

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

A t i r e  model was deve loped  t o  c a l c u l a t e  t h e  c o r n e r i n g  

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

lqith t h e  e x p e r i m e n t a l  d a t a .  The t i r e  i s  modeled a s  a s t r e t c h e d  

beam on an e l a s t i c  f o u n d a t i o n :  

Y = Y b  + Y s  

yb i s  t h e  l a t e r a l  d e f l e c t i o n  o f  t h e  beam w i t h  

bending  moment on ly  

ys i s  t h e  l a t e r a l  d e f l e c t i o n  o f  t h e  beam w i t h  

s h e a r  f o r c e  o n l y  

EI i s  t h e  bending  s t i f f n e s s  and 

AG i s  t h e  s h e a r  s t i f f n e s s .  

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

t h e  s o l u t i o n  t o  Equa t ion  (1) i s  

- U X  
y = e  [C1 cos (VX) + C 2  s i n  (VX) ] 

where 

u = a b cos  [; ~ 0 s - l  ($11 



a ,  b ,  K ,  and Co ( t h e  t r e a d  r u b b e r  s t i f f n e s s )  a r e  shown t o  

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

a ,  b ,  and K i s  found t o  va ry  n e g l i g i b l y  w i t h  i n c r e a s i n g  wea r ,  

though Co i n c r e a s e s  w i t h  wea r .  

Using an i t e r a t i v e  p r o c e d u r e  t o  de t e rmine  t h e  s h e a r  f o r c e  

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

de te rmined  by i n t e g r a t i n g  t h e  s h e a r  f o r c e  d i s t r i b u t i o n .  

The t h e o r y  developed shows good c o r r e l a t i o n  w i t h  t h e  d a t a  

o b t a i n e d  i n  de t e rmin ing  t h e  c o r n e r i n g  c h a r a c t e r i s t i c s  o f  a t i r e  

w i t h  t h e  p r o g r e s s  o f  wear .  

Conclus i o n s  

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

(1 )  For  b i a s - b e l t e d  t i r e s ,  t h e  bend ing  s t i f f n e s s  can 

b e  c o n s i d e r e d  i n f i n i t e ,  and t h e  c o r n e r i n g  

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

( 2 )  For  r a d i a l  t i r e s  b o t h  bending  s t i f f n e s s  and 

s h e a r  s t i f f n e s s  must be t a k e n  i n t o  a c c o u n t .  

(3)  Tread  rubbe r  s t i f f n e s s  i n c r e a s e s  w i t h  wea r .  

129.  Urnland, C.W., B a n n i s t e r ,  E . ,  and  Tomlinson,  C . B . ,  "The S k i d  
R e s i s t a n t  P r o p e r t i e s  o f  B u t y l  Ty re s  . ' I  I n s t n .  Mech. 
E n g r s . ,  Symposium on C o n t r o l  o f  V e h i c l e s ,  1963 ,  
p p . - 9  7 .  

130.  V e i t h ,  A . G . ,  "Acce l e r a t ed  T i r e  Wear Under C o n t r o l l e d  
Cond i t i ons  - P a r t  I :  D e s c r i p t i o n  o f  t h e  T e s t  Sys tem."  
Rubber Chem. Tech . ,  Vol .  4 6 ,  No. 4 ,  S e p t .  1973 ,  
pp.  801-820. 



131 .  V e i t h ,  A .  G .  , "Acce l e r a t ed  T i r e  Wear Under C o n t r o l l e d  
C o n d i t i o n s  - P a r t  11: Some F a c t o r s  t h a t  I n f l u e n c e  
T i r e  Wear." Rubber Chem. T e c h . ,  Vol ,  4 6 ,  No. 4 ,  
S e p t .  1973 ,  pp.  8 2 1 - 8 4 2 .  

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

i n s t r u m e n t e d  t r a . i l e r  t e s t  sy s t em d e s c r i b e d  i n  t h e  a u t h o r ' s  

p r e c e d i n g  p a p e r  [ 1 3 0 ] .  

Three  p r imary  f a c t o r s  c a u s i n g  t i r e  wear a r e :  

( 1 )  T i r e  f o r c e  l e v e l  ( t h e  most i m p o r t a n t  f a c t o r ) .  

( 2 )  Pavement t e x t u r e  

( 3 )  T i r e  s u r f a c e  t e m p e r a t u r e .  

The concep t  of  t e s t  s e v e r i t y  was d i s c u s s e d ,  and i t  was 

conc luded  t h a t  s e v e r i t y  must be b roken  up i n t o  t h e  t h r e e  

components l i s t e d  above.  The e f f e c t s  a r e  n o t  s i m p l y  a d d i t i v e .  

The p redominant  wear mechanism 1,raries depending  on t h e  c o n d i t i o n s  

( p a r t i c u l a r l y  pavement t e x t u r e ) ,  and c o m p l e t e l y  d i f f e r e n t  r e s u l t s  

a r e  found w i t h  d i f f e r e n t  mechanisms. I n  making n o t e  o f  t h i s  

p o i n t ,  good c o r r e l a t i o n  o f  e x p e r i m e n t a l  d a t a  w i t h  t h e  t h e o r y  

deve loped  was o b t a i n e d .  

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

(1)  Corne r ing  f o r c e  i s  a  much more i m p o r t a n t  f a c t o r  

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

( 2 )  Wear r a t e  v a r i e s  w i t h  c o r n e r i n g  f o r c e  r a i s e d  t o  

an exponent  between 2 and 4 depend ing  on t h e  

pavement t e x t u r e ,  t i r e  t e m p e r a t u r e ,  and t r e a d  

compos i t i on  ( i n  t h e  t i r e  f o r c e  r a n g e  o f  0 - 5 0 0  l b . ) .  

( 3 )  With c u r r e n t  t r e a d  ~ o m p o w l d s ,  t h e  wear r a t e  

i n c r e a s e s  about  2 %  p e r  d e g r e e  c e n t i g r a d e .  

( 4 )  R a d i a l  t i r e s  a r e  s u p e r i o r  t o  b i a s  t i r e s  i n  wear- 

d u e  main ly  t o  t h e  b e l t ,  which s t a b i l i z e s  t h e  

t r e a d  e l e m e n t s .  



( 5 )  Pavement m i c r o t e x t u r e  h a s  a  s i g n i f i c a n t  e f f e c t  

on wear whereas pavement mac ro t ex tu re  ha s  o n l y  

a  s l i g h t  e f f e c t .  

( 6 )  Water on a  t i r e  lowers  t h e  t i r e ' s  s u r f a c e  

t empe ra tu r e  and reduces  t h e  t i r e - r o a d  f r i c t i o n -  

b o t h  c o n t r i b u t i n g  t o  reduced  wear .  

132.  V e i t h ,  A . G : ,  Coopera t ive  C o r r e l a t i o n  Program: U n i v e r s i t y  
of  Michigan HSRI Mobile T i r e  T e s t e r  vs. B;'F. Goodrich 
Corner ing  T r a i l e r .  Company Document, B . F .  'Goodrich 
Company, Aug. 1 5 ,  1972. 

133.  V e i t h ,  A . G . ,  "Measurement o f  Wet Corner ing  T r a c t i o n  of 
T i r e s  ." Rubber Chemist ry  4 Tech . ,  Vol. 4 4 ,  No. 4 ,  
1971.  

A c o r n e r i n g  t e s t  t r a i l e r  was used  t o  measure t h e  c o r n e r i n g  

t r a c t i o n  o f  t i r e s  i n  f r e e - r o l l i n g  i n  t h e  30-60 mph speed  r a n g e .  

The c o r n e r i n g  f o r c e  of  t i r e s  a t  v a r i o u s  s l i p  a n g l e s  was 

found a t  d i f f e r e n t  speeds  w h i l e  t h e  t e s t  t r a i l e r  was t r a v e l i n g  

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

w a t e r  dep th .  Corner ing  c o e f f i c i e n t s  (uc) were c a l c u l a t e d  where:  

F - c  
p c  

- - 
L Fc = c o r n e r i n g  f o r c e  

L = s t a t i c  t i r e  l o a d  

The r e s u l t s  were:  

(1 )  Tread rubbe r  compos i t ion  showed a wide r ange  o f  

performance r a t i n g s  a t  low speeds  (30-35 mph) and 

a  nar rower  range  a t  h i g h  speeds  (55-60 mph). On 

t h e  c o n t r a r y ,  t h e  o p p o s i t e  e f f e c t  was e x h i b i t e d  

f o r  t r e a d  p a t t e r n  showing a  narrow r a n g e  of  

performance r a t i n g s  a t  low speeds  and a h i g h e r  
range  a t  h i g h  s p e e d s .  



( 2 )  For  any g iven  r u b b e r ,  h i g h - s p e e d  t r a c t i o n  

improved w i t h  i n c r e a s i n g  r u b b e r  h a r d n e s s .  

( 3 )  Tread  r u b b e r s  ranked i n  o r d e r  o f  h i g h  t o  

low t r a c t i o n  c h a r a c t e r i s t i c s  we re :  

s t y r e n e - b u t a d i e n e  r u b b e r ,  B u t y l  r u b b e r ,  

n a t u r a l  r u b b e r ,  and p o l y b u t a d i e n e  r u b b e r .  

( 4 )  Lack of  m i c r o t e x t u r e  i n  r o a d s  p roduced  low 

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

A t  low s p e e d s ,  boundary l a y e r  l u b r i c a t i o n  

p r edomina t ed  on a l l  b u t  t h e  smoo thes t  s u r -  

f a c e s .  A t  h i g h  speeds  b o t h  t h i c k  and t h i n  

f i l m  e l a s tohyd rodynamic  l u b r i c a t i o n  p r e -  

domina ted .  This  mode y i e l d s  minimum f r i c t i o n  

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

boundary l a y e r s  o f  two s u r f a c e s  o r  t h e  p u r e  

hydrodynamic mode ( t h i c k  f i l m ) .  

I .  

' .\ . . ' . . .  5 , - +  L'1- - - - - - 4 . c  
, . .  . .  h . . :  , . . ' .  -,- --'1 -1 -:....- 
, - - -  - - MIXED BOUNDARY 

h) in. h N I (I-'- 1 f 4  in. 1 1 ~ .  24.- ' I~J,I>OS of  t u t r i v : \ l c ~ j  frictioj~a\ t.or,t:,cls ~~,,,,.sl,,,~, 

( 6 )  I t  was " p o s t u l a t e d  t h a t  t h e  f r a c t i o n  o f  

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

t h e  e l a s tohyd rodynamic  mode o f  l u b r i c a t i o n  

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

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

a s  a  f u n c t i o n  o f  s p e e d . "  



( 7 )  S t a t  i s  t i c a l l y  designed t e s t  programs were 

advocated f o r  wet t r a c t i o n  t e s t i n g  due t o  

d i f f i c u l t y  i n  measuring a  c o n s t a n t  wa te r  depth  

and a l s o  t o  enable  t h e  i n v e s t i g a t o r  t o  "uncover 

t h e  s t r o n g  i n t e r a c t i o n  between t i r e  and t e s t  

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

t e s t i n g .  

134. Wild, R . E .  , Wet T r a c t i o n  T e s t  Program. F i n a l  Repor t ,  
Highway S a f e t y  Res. I n s t . ,  Univ. o f  Michigan, 
Ann Arbor ,  Report No. HSRI-PF-73-3,  Aug. 1973. 

In  t h e  s tudy  conducted "86 t i r e s  (2 each o f  4 3  d i f f e r e n t  

types  r e p r e s e n t i n g  9 0 %  of t h e  OE popu la t ion )  were measured f o r  

l o n g i t u d i n a l  and l a t e r a l  t r a c t i o n  c a p a b i l i t y  on 3  d i f f e r e n t ,  

wet ted  s u r f a c e s . "  For each t i r e  t h e  l o n g i t u d i n a l  and l a t e r a l  

t r a c t i o n  c o e f f i c i e n t s  (both  peak and locked-wheel  v a l u e s )  

were found. 

The t e s t s  were conducted a t  t h e  Texas T r a n s p o r t a t i o n  

I n s t i t u t e  wi th  t h e  HSRI Mobile T i r e  T e s t e r .  Three s u r f a c e s  

were used:  (1) P o r t l a n d  cement c o n c r e t e ;  (2) j e n n i t e  f l u s h  

s e a l ;  and (3)  a  crushed g r a v e l  h o t  mix. 

The r e s u l t s  found were: 

(1) The " sk id  number" proved t o  be a  poor  measure 

f o r  c h a r a c t e r i z i n g  a  t i r e -pavement  combinat ion .  

( 2 )  L a t e r a l  and l o n g i t u d i n a l  t r a c t i o n  showed 

independent  n a t u r e s .  

(3) One t r e n d ,  though i n c o n c l u s i v e ,  was improve- 

ment of  t r a c t i o n  wi th  i n c r e a s i n g  d iamete r  

t i r e s .  

( 4 )  Second i n c o n c l u s i v e  t r e n d  showed t r a c t i o n  

improvement wi th  i n c r e a s i n g  v e r t i c a l  wheel 

load ing .  



(5)  "Trac t ion  uni formi ty  on c o n c r e t e  hetween 

i d e n t i c a l  t i r e s  was found t o  be e x c e l l e n t ,  

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

between t i r e s  of tile same s i z e  bu t  o f  

d i f f e r e n t  manufacture were found t o  be 

s t a t i s t i c a l l y  s i g n i f i c a n t , "  

( 6 )  S tuds  produced s l i g h t l y  lower peak t r a c t i o n  

c o e f f i c i e n t s  b u t  d i d  no t  a f f e c t  t h e  locked-  

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

(7)  No one type  of  t i r e  c o n s t r u c t i o n  s t a n d s  o u t  

as producing  t r a c t i o n  l e v e l s  c o n s i s t e n t l y  

above o r  below t h e  o v e r a l l  OE means. 

135. Wilson,  )! .A,,  "T i re  P rogress  - P a s t ,  P r e s e n t ,  and Fu tu re . "  
SAE Paper 7 2 1 A ,  Aug. 1 9 6 3 ,  7 pp.  

136. Wolf f ,  H . ,  " I n v e s t i g a t i o n s  on t h e  Guiding Forces of 
Rubber Tyres ." Automobil technische Z e i t s c h r i f t  
(A.T. Z . )  ( I n  German), Vol. 58, No. 1, J a n .  1956. 

137. Ze ransk i ,  P . ,  "Fac to r s  A f f e c t i n g  Force Transmiss ion  a t  
t h e  Pneumatic Tyre ,"  K .  F  . T .  ( I n  German) , No. 3 ,  
March 1973, pp. 78-81. 

138. Z o e p p r i t z ,  H . P .  , "Requirements and Performance of 
Automobile T i r e s  ." Automobi l technische  Z e i t s c h r i f t  
(A.T.Z) ( I n  German), Vol. 6 6 ,  No. 9 ,  S e p t .  1964,  
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B1. INTRODUCTICN 

The problems of  v e h i c l e  hand l ing  appeared i n  t h e  l i t e r a -  

t u r e  as  long  ago as 1 9 3 7 ,  when t h e  p i o n e e r i n g  a n a l y s i s  o f  Ol iey  

[ I ] *  was p u b l i s h e d .  Subsequent i n v e s t i g a t o r s  developed l i n e a r -  

i z e d  e q u a t i o n s  whose s o l u t i o n  would y i e l d  t h e  t r a j e c t o r y  of a  

v e h i c l e  s u b j e c t  t o  t ime-va ry ing  s t e e r i n g  o r  b r a k i n g .  More r e -  

c e n t l y ,  e f f o r t s  have been made t o  ana lyze  v a r i o u s  n o n l i n e a r  

a s p e c t s  of  t h e  v e h i c l e  sys t em,  i n c l u d i n g ,  most n o t a b l y ,  non- 

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

S ince  t h e  equa t ions  of v e h i c l e  motion can become q u i t e  

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

t h a t  s i m u l a t i o n  has  been a  t o o l  f r e q u e n t l y  used  by v e h i c l e  

dynamic i s t s .  Perhaps t h e  best-known e a r l y  computer s i m u l a t i c n  

was developed i n  1961 by E l l i s  [ Z ] ,  who developed a  t h r e e -  

degrees -o f - f r eedom analog-computer  model f o r  s t u d y i n g  t h e  l a t e r a l  

motion of an a r t i c u l a t e d  v e h i c l e .  S ince  t h a t  t i m e ,  t h e  advent  

of  more and more s o p h i s t i c a t e d  computing equipment h a s  Zed t o  

t h e  p o s s i b i l i t y  of s i m u l a t i o n s  of i n c r e a s i n g  complex i ty .  Pres- 

e n t l y ,  many r e s e a r c h  f a c i l i t i e s  make use  of h i g h l y  n o n l i n e a r  

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

freedom, i n c l u d i n g  s i x  degrees  of  freedom for  t h e  v e h i c l e  body 

( t h e  s o - c a l l e d  sprung mass ) ,  a  v e r t i c a l  o r  "wheel hop" degree  

of  freedom f o r  each wheel ( o r  unsprung mass] ,  and a s p i n  degree 

of freedom f o r  each wheel .  

The p r e s e n t  program a l s o  f a l l s  i n t o  t h i s  p a t t e r n ,  i . e . ,  

t h e r e  a r e  t h e  u s u a l  f o u r t e e n  degrees  of f reedom,  p l u s  some q u a s i -  

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

which have j u s t i f i e d  t h i s  e f f o r t  a r e  t o  be  found i n  t h e  t i r e  

model,  t h e  i n p u t / o u t p u t  (I/O) f o r m a t i n g ,  and i n  t h e  u n i q u e l y  

economical run  c o s t s .  This  document a d d r e s s e s  t h e  mundane 
d e t a i l s  as w e l l  a s  t h e  unique  f e a t u r e s  of  t h e  s i m u l a t i o n .  . - 

*Numbers i n  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 .  



I n  S e c t i o n  2 ,  a  d i s c u s s i o n  of  t h e  a x i s  sys tems used  i n  t h e  

s i m u l a t i o n  i s  p r e s e n t e d .  This  e x p l a n a t i o n  i n c l u d e s  c o n s i d e r a -  

t i o n  o f  E u l e r  ang l e s  and t h e  a p p r o p r i a t e  t r a n s f o r m a t i o n  e q u a t i o n s .  

S e c t i o n  2 a l s o  i n c l u d e s  a p r e s e n t a t i o n  of t h e  e q u a t i o n s  of mot ion 

of  t h e  sprung  mass. The c a l c u l a t i o n  of t h e  f o r c e s  and moments 

t o  b e  used i n  t h e s e  equa t i ons  i s  l e f t  t o  t h e  f o l l o w i n g  s e c t i o n .  

I n  S e c t i o n  3 ,  t h e  r e l a t i o n s h i p s  d e f i n i n g  i m p o r t a n t  k i n e -  

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

s i d e s l i p  a n g l e ,  a r e  g iven ,  a long  w i t h  a  b r i e f  d i s c u s s i o n  of  some 

t i m e - s a v i n g  numer i ca l  methods o f  s o l u t i o n  f o r  t h e  wheel s p i n  

e q u a t i o n s .  Next ,  t h e  fo rmu la t i ons  f o r  t h e  r e a r  s u s p e n s i o n ,  t h e  

f r o n t  s u s p e n s i o n ,  and t h e  s t e e r i n g  sys tem a r e  p r e s e n t e d ,  w i t h  a 

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

t h e  ma thema t i ca l  models.  Some comments a r e  g i v e n  on t h e  t r a d e -  

o f f s  between t h e  added range o f  v a l i d i t y  of  t h e  more d e t a i l e d  

o p t i o n s  v e r s u s  t h e  added burden  of t h e  i n c r e a s e d  110. 

I n  S e c t i o n  4 ,  a  s e m i - e m p i r i c a l  t i r e  model d e s i g n e d  f o r  

t h e  s i m u l a t i o n  of  l i m i t  maneuvers i s  p r e s e n t e d .  While much o f  

t h e  a n a l y s i s  i s  ba sed  on t h e  f i n d i n g s  o f  p r e v i o u s  e f f o r t s  t o  

come t o  g r i p s  w i t h  t h e  mechanics of  t h e  t i r e - r o a d  i n t e r f a c e ,  two 

new f e a t u r e s  have been  added.  F i r s t ,  t h e  u s e r  may s e t  t h e  p r e s -  

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

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

range  of s l i p  a n g l e .  Secondly ,  c e r t a i n  t i r e  p r o p e r t i e s ,  h e r e t o -  

f o r e  assumed c o n s t a n t  i n  s e m i - e m p i r i c a l  mode ls ,  have been  made a 

f u n c t i o n  of s i d e s l i p  ang l e  t o  p e r m i t  t h e  u s e r  t o  match t h e  c a l c u -  

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

been p o s s i b l e  p r e v i o u s l y .  Examples a r e  g i v e n  o f  " f i t t i n g "  a  few 

measured d a t a  p o i n t s  t o  a r r i v e  a t  pa r ame te r s  s u i t a b l e  f o r  t h e  

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

I n  S e c t i o n  5 ,  a  t a b l e  o f  g u i d e l i n e s  f o r  t h e  u s e  o f  t h e  

s i m u l a t i o n  a r e  p r e s e n t e d .  The v a r i o u s  p o t e n t i a l  l e v e l s  of  com- 

p l e x i t y  o f  t h e  program a r e  used  i n  example r u n s  i n  s u p p o r t  o f  
t h i s  t a b l e .  Flow c h a r t s  f o r  each  o f  t h e  s u b r o u t i n e s  d i s c u s s e d  

th roughout  t h i s  document z r e  p r e s e n t e d  i n  S e c t i o n  6 .  



B 2 .  AXIS SYSTEMS AYD KINEbl.i\TICS 

2 . 1  INTRODUCTION 

The v e h i c l e  t o  be  s i m u l a t e d  by t h e  d i g i t a l  computer  

program has  s i x t e e n  d e g r e e s  o f  f reedom,  w i t h  c a l c u l a t i o n s  

t a k i n g  p l a c e  i n  t h r e e  c o o r d i n a t e  sy s t ems .  In  t h i s  s e c t i o n ,  

an overv iew o f  t h e  ma thema t i ca l  f o r m u l a t i o n  i s  p r e s e n t e d ,  i n c l u d -  

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

v a r i o u s  ma thema t i ca l  mode ls .  The c o o r d i n a t e  sy s t ems  and some 

e x p l a n a t i o n  o f  t h e  methods o f  compu ta t i on  of s p r u n g  mass and 

unsprung  mass mot ion a r e  g i v e n ,  b u t  t h e  d e t a i l s  o f  t h e  v a r i o u s  

s u s p e n s i o n  and s t e e r  models a r e  l e f t  t o  S e c t i o n  B3. 

B 2 . 2  THE AXIS SYSTEMS 

The l a r g e  number o f  t r a n s l a t i o n a l  and r o t a t i o n a l  d e g r e e s  

o f  freedom r e q u i r e d  t o  r e p r e s e n t  a  v e h i c l e  i n  mot ion  p r e c l u d e s  

t h e  use  o f  o n l y  one c o o r d i n a t e  sy s t em.  In  f a c t ,  t h e  e q u a t i o n s  

o f  mot ion may be  most e a s i l y  w r i t t e n  i f  s e v e r a l  s y s t e m s  a r e  

u s e d .  The pu rpose  o f  t h i s  s e c t i o n  i s  t o  i d e n t i f y  t h e  

( 1 )  o r i e n t a t i o n  and pu rpose  o f  t h e  v a r i o u s  a x i s  s y s t e m s ,  an.d 

( 2 )  t o  i d e n t i f y  t h e  t r a n s f o r m a t i o n  v a r i a b l e s  u s e d  t o  r e l a t e  t h e  

u n i t  v e c t o r s  i n  t h e  v a r i o u s  s y s t e m s .  The s e t s  o f  a x e s  t o  b e  

d e s c r i b e d  a r e  t h e  i n e r t i a l  a x e s ,  t h e  body a x e s ,  and t h e  unsprung  

mass a x e s .  

B 2 . 2 . 1  SYSTEM I .  - THE INERTIAL AXES. S i n c e  Newton's  

laws a r e  v a l i d  o n l y  f o r  a c c e l e r a t i o n s  measured f rom an i n e r t i a l  

r e f e r e n c e ,  i t  i s  n e c e s s a r y  t o  have  one s e t  o f  f i x e d  a x e s .  T h i s  

s e t  o f  a x e s ,  which s h a l l  be termed t h e  [XN, Y N ,  ZN] s y s t e m ,  

h a s  i t s  o r i g i n  a t  t h e  sp rung  mass c e n t e r  o f  t h e  v e h i c l e  a t  t i m e  

z e r o .  The v e h i c l e  w i l l  a lways  be  assumed t o  s t a r t  w i t h  t h e  

f o l l o w i n g  o r i e n t a t i o n :  



XN is out the front of the vehicle, 

YN is out the right door, 

ZN is vertically do~~nward, normal to the plane of 

the road. 

The set of unit vectors in the XN, YN, and ZN directions 
are defined as 2n, Qn, and Sn, respectively. The [XN, YN, ZN] 

system is, of course, fixed, and therefore the time derivatives 

of the unit vectors, 2n, 9n, and 2n, are identically zero. It 

should be noted that there is no requirement that 2n be 

vertical (i.e., in the direction of gravitational forces). It 

will be shown in a subsequent section that non-vertical 2n 

may be chosen to simulate an inclined roadway. 

B2.2.2 SYSTEM 11. - THE BODY AXES. To facilitate the 

calculation of the location and velocity of points on the 

sprung mass, it is convenient to use a system of so-called body 

axes. This set of axes, which shall be termed the [XB, YB, ZB] 

system, is coincident with [XN, YN, ZN] at time zero, but 
remains fixed in the sprung mahs. The transformation from this 

set of axes to the inertial set may be defined as 

[an 9n en] = [Pb 9b Sb] (aij) (B2 . la) 

(B2 . lb) 

where the aij are functions of the roll angle, $ ,  the pitch 

angle, 8 ,  and the yaw angle, $ .  These so-called Euler angles 

and the transformation equation (B2.1) are considered in detail 

later in this section. 

E 2 . 2 . 3  SYSTEN 111. - THE UNSPRUNG hWSS AXES. TO 

facilitate the calculation of shear forces at the tire-road 

interface, it is convenient to define one more set of axes. 

This set of axes, which shall be termed the [XI, Y1, Zl] system, 



has  i t s  o r i g i n  a t  t h e  road l e v e l  on a  i i n e  i n  t h e  2n d i r e c t i o n  

th rough t h e  sprung mass c e n t e r .  I t  i s  r e q u i r e d  t h a t  

S ince  21 i s  normal t o  t h e  r o a d ,  21  and 9 l  a r e  i n  t h e  p l a n e  of 

t h e  r o a d ,  and t h e  o r i g i n  o f  [XI,  Y 1 ,  Zl] must t r a n s l a t e  w i t h  

t h e  component of  t h e  sprung  mass c e n t e r  v e l o c i t y  which i s  i~ 

the  road  p l a n e .  

This  s e t  of  axes  i s  c o n s t r a i n e d  t o  yaw w i t h  t h e  v e h i c l e  

sprung  mass.  The t r a n s f o r m a t i o n  from t h i s  s e t  o f  axes  t o  t h e  

i n e r t i a l  s e t  i s  

c o s $ - s i n $  0 
[ 2 1 ,  91, 2 1 1  = [Rh,  9 n ,  & n ]  

where $ i s  t h e  yaw a n g l e .  I n  a d d i t i o n ,  i t  may be shown t h a t  

The t r a n s f o r m a t i o n  between t h e  unsprung mass axes  and 

t h e  body axes may be w r i t t e n  

[ t l ,  91 ,  2 1 1  = [Ab, 9 b ,  2 b ] ( b .  . ]  
1 J  

where 



A s c h e m a t i c  d i a g r a ~ ; ~  of  t h e  sp rung  n1:iss i n  an ar11itrar .y 

o r i e n t a t i o n  i s  sllown i n  F i g u r e  H2-1. 

B 2 . 3  THE KINEhIATICS OF THE SPRUNG MASS 

T h i s  s e c t i o n  w i l l  be concerned  b o t h  w i t h  d e f i n i t i o n s  o f  

v a r i a b l e s  and w i t h  c e r t a i n  a l g e b r a i c  m a n i p u l a t i o n s  chosen  t o  

l a y  t h e  groundwork f o r  t h e  e q u a t i o n s  o f  mo t ion .  The v e l o c i t y  

of  t h e  s p r u n g  mass c e n t e r  can be  w r i t t e n  a s  

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

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

c e n t e r .  Use of Equa t i on  (B2.1) i n  E q u a t i o n  (B2.5a)  a l l o w s  

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

s y s t e m ,  v i z :  

= (XND0T)gn + (YND0T)Yn + (ZNDOT) 2n (B2.5b) 

The components o f  T g i v e n  i n  E q u a t i o n  (B2.5b) c an  b e  

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

and Z N  o f  t h e  s p r u n g  mass c e n t e r .  

I t  becomes n e c e s s a r y  t o  compute t h e  p o s i t i o n  o f  o t h e r  

p o i n t s  on t h e  s p r u n g  mass t o  f i n d  t h e  s u s p e n s i o n  f o r c e s .  T h i s  

compu ta t i on  may be  f a c i l i t a t e d  by c o n s i d e r i n g  a  p o i n t  p on t h e  

v e h i c l e  s p r u n g  mass .  Assume a  v e c t o r  p f rom t h e  mass c e n t e r  

t o  t h e  p o i n t  p  where  

- 
In terms o f  i n e r t i a l  u n i t  v e c t o r s ,  p may be  w r i t t e n  





- 
p = (XS a l l  + YS a21 + ZS a31)Rn 

+ (XS a13 + YS a Z 3  + ZS a33)9n  

The d i s t a n c e  of any sp rung  mass p o i n t  below s t a t i c  e q u i l i b r i u m  

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

E q u a t i o n  (B2.7)  w i l l  be  used  i n  t h e  s u s p e n s i o n  model .  

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

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

from t h e  o r i g i n  o f  [XN, Y N ,  Z N ]  i s  

t h e  v e l o c i t y  i s  

~ ~ i h e r e  t h e  [ X B ,  Y B ,  Z B ]  s y s t em r o t a t e s  w i t h  a n g u l a r  v e l o c i t y ,  
- 
w .  E q u a t i o n  (B2.9)  may be w r i t t e n  

where u ,  v ,  and w a r e  t h e  components o f  t h e  v e l o c i t y  o f  t h e  

sp rung  mass c e n t e r  a l o n g  t h e  d i r e c t i o n s  o f  t h e  body a x e s .  The 
- 

a n g u l a r  r o t a t i o n  v e c t o r ,  w ,  may be d e f i n e d  a s  



where p, q, and r are the rotation rates in roll, pitch, and 

yaw, respectively. Using from Equation (B2.6a), we have 

Thus, in body axis notation, the velocity of the sprung 

mass point is 

~ihich may be rewritten 

w 

P = (uu)2b + (vv)9b + (ww) 2b 

Using Equation (B2.11, the right-hand side of Equation 

(B2.14) may be expressed in terms of fixed vectors. 

(The 2n component of the right-hand side of Equation 

(B2.15) will be useful in the calculation of the suspension 

velocity. ) 

At this stage, it is appropriate to define the acceleration 

of the sprung mass center. Differentiation of the sprung mass 

velocity vector given in Equation (B2.5a) leads to 



x h i c h  a f t e r  c a r r y i n g  o u t  t h e  c r o s s  p roduc t  p roduces  t h e  

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

.App l i ca t i on  o f  Newton's  law y i e l d s  

\ (here  i s  t h e  sp rung  mass and F i s  t h e  t o t a l  f o r c e  a p p l i e d  t o  

t h e  sp rung  mass .  I t  i s  conven i en t  t o  s e t  t h e  s c a l a r  com- 

ponen t s  o f  E q u a t i o n  ( B 2 . 1 7 )  e q u a l  t o  t h e  a p p r o p r i a t e  components 

of t h e  e x t e r n a l  f o r c e s  on t h e  sp rung  mass i n  o r d e r  t o  f i n d  

h,  t ,  and i .  (The v e l o c i t y  components ,  u ,  v ,  and w ,  a r e  found  

by i n t e g r a t i n g  ;, ;, and ;, r e s p e c t i v e l y . )  

Nex t ,  c o n s i d e r  t h e  r a t e  of  change of  a n g u l a r  momentum o f  

t h e  sp rung  mass a b o u t  t h e  sprung  mass c e n t e r .  T h i s  may be  

w r i t t e n  

where 

I i s  t h e  r o l l  moment o f  i n e r t i a  
XX 

I i s  t h e  p i t c h  moment o f  i n e r t i a  
YY 

I i s  t h e  yaw moment o f  i n e r t i a  z z  

L a t e r a l  symmetry ha s  been  assumed ( i . e . ,  I and I 
XY Y Z  

a r e  assumed t o  be  z e r o ) .  



The r a t e  of change of angu la r  momentum, n, i s  used i n  t h e  

e q u a t i o n  

where T i s  t h e  t o t a l  moment a p p l i e d  t o  t h e  sprung mass. The 

s c a l a r  components of Equat ion (B2.19) a r e  s e t  e q u a l  t o  t h e  

a p p r o p r i a t e  a p p l i e d  moments i n  o r d e r  t o  f i n d  i, i, and ;. 
(The a n g u l a r  v e l o c i t y  components, p ,  q ,  and r ,  a r e  found by 

i n t e g r a t i n g  i ,  4, and ;, r e s p e c t i v e l y . )  

These e q u a t i o n s  of t h e  sprung mass, i n  s c a l a r  form, 

permi t  us t o :  

(1) I n t e g r a t e  t h e  a c c e l e r a t i o n s  t o  o b t a i n  t h e  

a n g u l a r  and t r a n s l a t i o n a l  v e l o c i t y  components 

of  t h e  sprung mass. 

(2)  Perform t h e  a p p r o p r i a t e  t r a n s f o r m a t i o n s  t o  

a l low i n t e g r a t i o n  of t h e  a n g u l a r  and t r a n s -  

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

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

To e v a l u a t e  t h e  f o r c e s  and moments appea r ing  i n  Equat ions  

(B2.18) and (B2.20) , i t  i s  r e q u i r e d  t h a t  t h e  l o c a t i o n  and 

v e l o c i t y  of t h e  a x l e s  be known. This  t o p i c  i s  c o n s i d e r e d  

below. The mechanics of t h e  f o r c e s  themselves  i s  d i s c u s s e d  

i n  S e c t i o n  B3. 

B 2 . 4  KINEMATICS OF THE UNSPRUNG MASSES 

In o r d e r  t o  compute t h e  r e a c 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  and t h e  suspens ion  f o r c e s ,  t h e  l o c a t i o n s  and v e l o c i t i e s  

of t h e  a x l e s  r e l a t i v e  t o  t h e  sprung mass must be  de te rmined .  

Consider  an a r b i t r a r y  p o i n t ,  p ' ,  i n  t h e  unsprung mass 
- 

system. Assume a  v e c t o r ,  p ,  from t h e  o r i g i n  o f  t h e  unsprung 

mass system t o  t h e  p o i n t  p '  where 



For a l l  p o i n t s  on t h e  unsprung mass ,  XU and YU a r e  assumed 

f i x e d ;  Z U ,  however ,  i s  v a r i a b l e .  A v e c t o r  from t h e  o r i g i n  o f  

t h e  i n e r t i a l  sy s t em t o  p '  may b e  w r i t t e n  

where h  i s  t h e  p e r p e n d i c u l a r  d i s t a n c e  from t h e  s p r u n g  mass 

c e n t e r  t o  t h e  road  and T? i s  a  v e c t o r  from t h e  o r i g i n  o f  t h e  

i n e r t i a l  sy s t em t o  t h e  sp rung  mass c e n t e r .  Thus,  t h e  v e l o c i t y  

of t h e  p o i n t  p '  ( w i t h  r e s p e c t  t o  t h e  i n e r t i a l  r e f e r e n c e )  i s  

where 
- 
V i s  d e f i n e d  i n  Equa t ion  (B2.5) 

h i s  t h e  n e g a t i v e  of  t h e  2 1  component o f  B 
(Note:  2 1  E 2n) 

5 i s  t h e  r a t e  o f  r o t a t i o n  of t h e  unsprung  mass 

a x i s  sy s t em [XI,  Y 1 ,  Z l ] .  

Equa t ion  (B2.23) may b e  expanded i n t o  a  more u s e f u l  form.  

F i r s t ,  t h e  sp rung  mass v e l o c i t y ,  v, may b e  w r i t t e n  i n  t e rms  

o f  t h e  u n i t  v e c t o r s ,  21, 91, and 2 1 .  

Expansion of  t h e  c r o s s  p r o d u c t  i n  Equa t ion  (B2.23) y i e l d s  



S u b s t i t u t i o n  of  Equa t ions  ( B 2 . 2 4 )  and ( B 2 . 2 5 )  i n t o  ( B 2 . 2 3 )  

l e a d s  t o  t h e  fo l l owing  r e s u l t :  

- S i n c e  X U  and Y U  have been assumed t o  be  c o n s t a n t ,  
d 2 - may on ly  be i n  t h e  2 1  d i r e c t i o n .  
d t  [::I, Y 1 ,  Z l ]  

1 [Xi ,  Y l ,  i l j  
= zir 2 1  

The above assumption may be  r e s t a t e d  i n  t h e  f o l l o w i n g  way: The 
t r a c k  and whee lbase ,  when viewed from t h e  2 1  d i r e c t i o n ,  remain 

c o n s t a n t .  Th is  may be  expec ted  t o  be ve ry  a c c u r a t e  i n  t h e  

p r e sence  of  t h e  magnitude r o l l  and p i t c h  a n g l e s  encoun te r ed  i n  

even very  s e v e r e  maneuvers,  

In  o r d e r  t o  compute t h e  f o r c e s  o f  c o n s t r a i n t  between t h e  

unsprung masses and t h e  sprung  mass,  i t  i s  n e c e s s a r y  t o  

exp re s s  t h e  a c c e l e r a t i o n  of  t h e  unsprung mass p o i n t .  

D i f f e r e n t i a t i o n  o f  Equa t ion  ( B 2 . 2 3 )  l e a d s  t o  

Not ing t h a t  

. 
and t h a t  7 ,  which was g iven  i n  Equa t ion  ( B 2 . 1 7 ) ,  may b e  
r e w r i t t e n  



where 

a  more u s e f u l  form of Equation (B2.28) i s  o b t a i n e d ,  v i z . ,  

Equat ion (B2.32) i s  used i n  c a l c u l a t i n g  t h e  f o r c e s  of 

c o n s t r a i n t  between t h e  sprung and unsprung masses. 

B 2 . 5  AXIS SUMMARY 

Since  i t  i s  q u i t e  t ed ious  j u s t  t o  keep t r a c k  of  t h e  

va r ious  r e f e r e n c e  sys tems,  a l l  o f  t h e  r e f e r e n c e  systems a r e  

l i s t e d  i n  Table B 2 . 1 .  

Table  B 2 . 1  

Reference Sys terns 

Name Nota t ion  Ro ta t ion  Vector Use 

I n e r t i a l  X N ,  Y N ,  Z N  0 Locat ion of  t h e  v e h i c l  
Observa t ion  p o i n t  f o r  
a c c e l e r a t i o n s  and 
v e l o c i t i e s .  

Body X B ,  Y B ,  ZB p2b + q9b + r2b Convenient f o r  c a l -  
c u l a t i o n  of  r o t a t i o n a l  
equa t ions  of sprung 
mass. 

Unsprung XI, Y 1 ,  Z 1  $ 2 1  
Mass 

Convenient f o r  c a l -  
c u l a t i o n  of  s h e a r  
f o r c e s  a t  t h e  t i r e -  
road i n t e r f a c e .  



The t r a n s f o r m a t i o n  e q u a t i o n s ,  which a r e  g iven  b r i e f l y  i n  

Equat ion  (B2 .1 ) ,  a r e  used i n  t h e  r e p r e s e n t a t i o n  of  t h e  f o r c e s ,  

moments, and v e l o c i t i e s  i n  t h e  v a r i o u s  c o o r d i n a t e  sys t ems .  

The e q u a t i o n s  of motion y i e l d i n g  t h e  components o f  t h e  t r a n s -  

l a t i o n a l  a c c e l e r a t i o n  and t h e  components of t h e  r a t e  o f  change 

of  angu la r  momentum a r e  d e r i v e d  from Equat ions  (B2.18) and 

(B2.20) ,  r e s p e c t i v e l y .  Equat ion (B2.30) i s  used  t o  compute 

t h e  t r a n s l a t i o n a l  a c c e l e r a t i o n  o f  t h e  unsprung masses ;  t h e s e  

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

f o r c e s  between t h e  sprung and unsprung masses.  I t  i s  assumed 

t h a t  t h e  unsprung masses must yaw w i t h  t h e  sp rung  mass,  b u t  

they  can r o l l  as  determined by t h e  f o r c e s  and moments a p p l i e d  

t o  them. This  t o p i c  i s  d i s c u s s e d  i n  some d e t a i l  i n  S e c t i o n  B 3 .  

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

equa t ions  (B2.1) i n  d e t a i l .  

B2.6 THE TRANSFORMATION EQUATIONS 

Eu le r  a n g l e s  a r e  used t o  s p e c i f y  t h e  o r i e n t a t i o n  of  t h e  

body axes of  t h e  v e h i c l e  w i t h  r e s p e c t  t o  a  f i x e d  s e t  o f  axes  

( i n e r t i a l  a x e s ) .  

The ang les  of i n t e r e s t  a r e :  

(1)  +, a  yaw a n g l e  measured i n  a  p l a n e  p e r p e n d i c u l a r  

t o  t h e  i n e r t i a l  sys tem v e r t i c a l  u n i t  v e c t o r ,  2n, 

( 2 )  8 ,  a  p i t c h  a n g l e  measured i n  a  p l a n e  p e r p e n d i c u l a r  

t o  t h e  unsprung mass l a t e r a l  u n i t  v e c t o r ,  91, 

and 

( 3 )  $ ,  a  r o l l  a n g l e  measured i n  a , p l a n e  p e r p e n d i c u l a r  

t o  t h e  sprung mass forward  u n i t  v e c t o r ,  2b. 

The ang les  I), 8, and $ a r e  shown i n  F i g u r e  B 2 - 2 .  I n  t h i s  

d i s c u s s i o n  f o u r  s e t s  of a x i s  systems a r e  used .  These a x i s  

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



Yaw P i t c h  R o l l  

1. $ abou t  4, (yaw) 2 .  e abou t  ( p i t c h )  3 .  $I a b o u t  xb (rol 

Figure  B2-2. Eiiler angles. 



( 1 )  [Sn ,  Vn ,  Bn] t h e  i n e r t i a l  s e t  o f  u n i t  v e c t o r s  

( 2 )  [ j t l ,  Vl, 2 1 1  t h e  unsprung mass s e t  of u n i t  v e c t o r s  

(3)  122, 92, 2 2 1  an a u x i l i a r y  s e t  o f  u n i t  v e c t o r s  

( 4 )  [xb ,  y b ,  zb] t h e  sp rung  mass s e t  o f  u n i t  v e c t o r s  

- .- 
The [ 2 b ,  9 b ,  Bb] u n i t  v e c t o r s  can b e  e x p r e s s e d  i n  t e rms  o f  

t h e  [Pn ,  p n ,  Bn] u n i t  v e c t o r s  by t h r e e  r o t a t i o n s  t h r o u g h  t h e  

a n g l e s  $,  6 ,  and (I c o n s e c u t i v e l y .  Cons ide r  t h e s e  r o t a t i o n s  

one a t  a t i m e .  For $,  a r o t a t i o n  about  t h e  f n  u n i t  v e c t o r ,  a s  
shown i n  F i g u r e  B 2 - 2  

21 = cos $ 2n + s i n  $ 9 n  

9 l  = - s i n  $ Pn + cos  $ 9n 

(Yote t h a t  [81 ,  9 1 ,  2 1 1  a r e  t h e  u n i t  v e c t o r s  u sed  i n  d e r i v i n g  

t h e  unsprung mass e q u a t i o n s  o f  mot ion . )  For 8 ,  a r o t a t i o n  

about  t h e  p l  a x i s :  

2 2  = 21  cos  0 - 21 s i n  8 

2 2  = 21  s i n  0 + 2 1  cos  8 

and f o r  (I, a  r o t a t i o n  about  t h e  2 2  a x i s :  

Yb = 92 cos 4 + 2 2  s i n  4 

2b = -92 s i n  (I + 22 cos  4 



(Note t h a t  22 = 2b where 2b i s  t h e  fo rward  body a x i s  o f  t h e  

s p r u n g  mass . )  

A t  t h i s  p o i n t  i t  i s  conven i en t  t o  e x p r e s s  Equa t ions  (B2 .33 ) ,  

(B?. 3 4 ) ,  and (B2.35) i n  m a t r i x  n o t a t i o n .  For  example ,  E q u a t i o n  

(B2.33)  can be  w r i t t e n  a s :  

[ P l ,  91, 2 1 1  = [Rn, p n ,  t n ]  cos$  - s i n $  

[st.$ c;s$ 41 
where  (cnl)  i s  e q u a l  t o  t h e  m a t r i x  used  t o  e x p r e s s  t h e  [ P I ,  91, 
2 1 1  u n i t  v e c t o r s  i n  t e rms  o f  t h e  [2n ,  9 n ,  t n ]  u n i t  v e c t o r s .  

S i m i l a r l y ,  E q u a t i o n s  (B2.34) and (B2.35) may b e  e x p r e s s e d  a s :  

where 

cose  0 s i n e  

(c") = [ 0 ' 0 ] 
- s i n 0  0 cose  

where 

Using (B2.37) t o  s u b s t i t u t e  f o r  122,  92, 221 i n  (B2 .38) ,  



12 2b where (C ) (C ) can be evaluated by matrix multiplication, 

that is , 

cos8 sinesin4 sinecos$ = (b. . )  (B2.40) 

1 3 1  
0 cos 4 -sin$ 

cosesin$ cosecos$ 

12 2b (Note that (C ) (C ) = (bji) where (b. . )  is used in Equation 
J1 

(B2.4b) of the text. Also note that (bii) is the matrix obtained 

by transposing the horizontal rows of (~i.40) with the vertical 

columns of (B2.40) . ) 
Now proceeding to substitute for [Ell, 91, 211 using 

Equation (B2.36), the following expression is obtained: 

nl 12 2b The matrix product, (C ) (C ) (C ) ,  is equal to the matrix for 

the transformation (a. . )  which is used in Equation (B2.lb) of 
3 1 

the text. Thus, 

[kb, 9b, Bb] = [Eln, 9n, 21-11 ( a . . )  (B2.41) 
I1 

Carrying out the indicated multiplication (i.e., using 

Equations (B2.36) and (B2.40)), 

cos$sinesin$-sin$cos$ cos$sin~cos$+sin$sin~ 

sin~sin9sin~+cos$cos$ sin$sinecos@-cos$sin@ I . . 
-sin8 cosesin$ cos 0 cos $ 



and t r a n s p o s i n g  ( a .  . )  one o b t a i n s  
J 1  

cos  $cos  0 s i n $ c o s  8 - s i n $  

s i n q s i n 0 s i n $ + c o s $ c o s $  cosOs in@ 

c o s + s i n e c o s @ + s i n $ s i n $  sin1+bsin0cos1$-cos$sin$ c o s 0 c o s $  1 
I n  summary, i f  t h e  E u l e r  a n g l e s  a r e  known, t h e  m a t r i x  ( a . . )  

11 
can b e  used  t o  o b t a i n  t h e  i n e r t i a l  a x i s  components  o f  a  v e c t o r  

d-tose body a x i s  components a r e  g i v e n .  To i l l u s t r a t e  t h e  

s t a t e m e n t  above ,  c o n s i d e r  t h e  s p r u n g  mass v e l o c i t y  v e c t o r  which 

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

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

V = [ g n ,  9 n ,  t n ]  XNDOT [;::I 
Using E q u a t i o n  (B2.41) i n  ( B 2 . 4 4 ) ,  one  o b t a i n s  

E q u a t i n g  t h e  components  o f  i n  E q u a t i o n s  ( B 2 . 4 5 )  and ( B 2 . 4 6 ) ,  

one o b t a i n s  

XNDOT 

ZNDOT 



Thus t h e  i n e r t i a l  components of  t h e  v e l o c i t y  v e c t o r ,  8,  can 

be  c a l c u l a t e d  from t h e  body a x i s  components o f  and t h e  m a t r i x ,  
( a j i ) ,  which i s  a  f u n c t i o n  o f  $, 0 and @. 

S i n c e  t h e  body axes  o f  t h e  s p r u n g  mass a r e  r o t a t i n g  w i t h  

t h e  s p r u n g  mass ,  t h e  E u l e r  a n g l e s  a r e  chang ing  w i t h  t i m e  d u r i n g  

a  v e h i c l e  maneuver. I n  t h e  f o l l o w i n g  d i s c u s s i o n  t h e  d i f f e r e n t i a l .  . - _  

e q u a t i o n s  f o r  t h e  t ime  r a t e s  o f  change o f  t h e  E u l e r  a n g l e s  a r e  

d e r i v e d .  I n  t h e  computer  s i m u l a t i o n  t h e  E u l e r  a n g l e s  a r e  found 

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

The t ime  r a t e s  o f  change o f  t h e  E u l e r  a n g l e s  a r e  4, 8 ,  and 

. These a n g u l a r  r a t e s  can b e  r e p r e s e n t e d  by t h e  v e c t o r s  $2n ,  

6 9 1 ,  and iRb ( s e e  Refe rence  3 f o r  an e x p l a n a t i o n  o f  t r e a t i n g  

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

sp rung  mass ,  w ,  i s  t h e  sum o f  t h e s e  r a t e s ,  t h a t  i s ,  

In  Equa t ion  (B2.11) w was d e f i n e d  by :  

Thus ,  s i n c e  (B2.48) and (B2.49) a r e  two e x p r e s s i o n s  f o r  t h e  

same v e c t o r ,  

p  Rb + q 9b + r 2b = 44n + 691 + 62b (BZ. S O )  

Now c o n s i d e r  e x p r e s s i n g  2n and 91 i n  t h e  body a x i s  s y s t e m .  

From F i g u r e  B 2 - 2  i t  can be s e e n  t h a t  

(Th i s  r e s u l t  cou ld  a l s o  b e  d e r i v e d  from t h e  m a t r i x  ( b .  .) .) I t  
1J 

i s  n o t  e a s y  t o  v i s u a l i z e  2n and t h u s  2n i s  more r e a d i l y  o b t a i n e d  

from t h e  e x p r e s s i o n  [Rn, 9 n ,  2n] = [Rb, Yb, 2bJ ( a i j ) .  The 

answer i s  



Usixg (82 .51 )  and (B2.52) i n  (B2 - 5 0 )  and e q u a t i n g  t h e  P b ,  p b ,  4b 

components ,  t h e  f o l l o w i n g  s e t  o f  e q u a t i o n s  a r e  o b t a i n e d :  

S o l v i n g  (BZ. 53) f o r  4, E and 6 ,  y i e l d s  

Equa t ions  ( B Z . 5 4 )  a r e  i n t e g r a t e d  i n  t h e  s i m u l a t i o n  t o  f i n d  

$, 8 ,  and $ which a r e  u sed  t h roughou t  t h e  computer  program t o  

c o n v e r t  v e c t o r  components f rom one a x i s  s y s t e m  t o  a n o t h e r .  



B3. THE JIATHEMATICAL MODELS 

B3 .1  INTRODUCTION 

The s i m u l a t i o n  c o n s i s t s  o'f a  l a r g e  number of  i n t e r -  

connected a l g o r i t h m s ,  each one made up of e q u a t i o n s  d e r i v e d  

t o  model some a s p e c t  o f  t h e  motion of  t h e  v e h i c l e .  The pu rpose  . . 

o f  t h i s  s e c t i o n  i s  t o  l i s t  t h e  p e r t i n e n t  assumpt ions  and 

demons t ra te  t h e  a n a l y t i c a l  b a s i s  f o r  t h e s e  models.  

C e r t a i n  k i n e m a t i c  a s p e c t s  o f  t h e  t i r e  model a r e  d i s c u s s e d  

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

n e c e s s a r y  p a r t  o f  t h e  e x p l a n a t i o n s  of  t h e  o t h e r  mode ls .  Th i s  

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

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

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

s i m u l a t i n g  low v e h i c l e  s p e e d s .  The d e t a i l s  o f  t h e  assumed 

r e l a t i o n s h i p  between k inema t i c s  and 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  l e f t  t o  S e c t i o n  B 4 .  

Next ,  t h e  e q u a t i o n s  o f  motion of  a  s o l i d  a x l e  r e a r  s u s p e n -  

s i o n  a r e  c o n s i d e r e d  i n  d e p t h ,  f o l l owed  by a l e s s  d e t a i l e d  

e x p l a n a t i o n  on t h e  independent  f r o n t  s u s p e n s i o n .  These  a n a l y s e s  

a r e  fo l lowed  by an e x p l a n a t i o n  o f  t h e  s t e e r i n g  sy s t em.  The 

l a s t  two p a r t s  of t h i s  s e c t i o n  concern  t h e  e q u a t i o n s  o f  mot ion 

of  the v e h i c l e  on an i n c l i n e d  roadway, and an e x p l a n a t i o n  of  

t h e  u se  o f  t h e  program t o  s i m u l a t e  wind l o a d i n g .  

B 3 . 2  THE T I R E  MODEL 

B3.2 .1  NORMAL FORCES AT THE TIRE-ROAD IIVTERFACE. The 

normal f o r c e  a t  t h e  t i r e - r o a d  i n t e r f a c e  i s  assumed t o  b e  t h e  sum 

of  t h e  s t a t i c  normal l o a d  on t h e  t i r e  p l u s  (1 )  t h e  p r o d u c t  o f  

t h e  change i n  d i s t a n c e  between t h e  wheel c e n t e r  and t h e  road  and 

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

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

CT. I n  a l l  c a s e s ,  t h e  normal f o r c e  i s  i n  t h e  21 d i r e c t i o n ,  

i . e . ,  p e r p e n d i c u l a r  t o  t h e  road .  As was p o i n t e d  o u t  i n  S e c t i o n  

B 2 ,  t h e  2 1  d i r e c t i o n  need n o t  be a l i g n e d  w i t h  t h e  d i r e c t i o n  o f  



t h e  g r a v i t a t i o n a i  f o r c e .  The u n i t  v e c t o r  i s ,  however ,  a  

c o n s t a n t  . 
I t  shou ld  be  n o t e d  t h a t  i t  i s  n o t  assumed t h a t  t h e  road  

s u r f a c e  i s  smooth.  .4 road  p r o f i l e  d e s c r i p t i o n ,  i n  f u n c t i o n a l  

o r  c o o r d i n a t e  form,  may be  i n t r o d u c e d  i n t o  t h e  p rograms .  

However, t h e  d i r e c t i o n  of t h e  normal  f o r c e  a t  t h e  t i r e - r o a d  

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

f o r c e s  t h a t  might  be  e x p e c t e d  due on ly  t o  t h e  p a r t i c u l a r  shape  

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

B 3 . 2 . 2  SHEAR FORCES AT THE TIRE-ROAD INTERFACE. The 

v e l o c i t y  o f  any wheel  c e n t e r  ( s e e  Equa t ion  (B2 .26 ) ) ,  i s  r e p e a t e d  

h e r e  f o r  conven i ence .  

"here  ~ 1 ,  V 1 ,  and .?,u i n d i c a t e  t h e  v e l o c i t y  of  t h e  

sp rung  mass c e n t e r  i n  t h e  21, 91, and 21 

d i r e c t i o n ,  r e s p e c t i v e l y  

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

Y U  i s  t h e  h a l f  t r a c k  

XU i s  t h e  d i s t a n c e  i n  t h e  2 1  d i r e c t i o n  f rom t h e  

sp rung  mass c e n t e r  t o  t h e  wheel  c e n t e r .  

The v e l o c i t y  of  t h e  wheel  c e n t e r  i n  t h e  p l a n e  o f  t h e  r o a d  

i s  p r e c i s e l y  t h e  f i r s t  two te rms  o f  E q u a t i o n  ( B 3 . 1 ) .  Thus ,  t h e  

v e l o c i t y  components u i  and v i  o f  t h e  wheel  c e n t e r  i n  t h e  21 
and 9 l  d i r e c t i o n s ,  r e s p e c t i v e l y ,  a r e :  

I t  i s  a l s o  n e c e s s a r y  t o  d e t e r m i n e  U W ,  t h e  l o n g i t u d i n a l  

v e l o c i t y  component i n  t h e  wheel  p l a n e :  



uw = u i  cosd + v i  s i n 6  ( B 3 . 3 )  

where  6 i s  t h e  s t e e r  a n g l e .  F i n a l l y ,  t h e  t i r e  s i d e s l i p  a n g l e ,  

a ,  i s  g iven  by ( s e e  F i g u r e  B3-1) 

-1 v i  a  = t a n  - - d  u1 

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

where R i s  t h e  wheel  s p i n  v e l o c i t y  and RR i s  t h e  e f f e c t i v e  

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

i n  F i g u r e  B3-2.  

B3 .2 .3  WHEEL SPII\I DYNAMICS. As was p o i n t e d  o u t  i n  [ 4 1 ,  

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

d e g r e e  o f  f reedom i n  a  s t r a i g h t - l i n e  b r a k i n g  s i m u l a t i o n ;  

namely,  t h e  c o n t r o l  d e v i c e s  p r e s e n t l y  u sed  i n  a n t i - s k i d  d e v i c e s  

r e q u i r e  e x p l i c i t  o r  i m p l i c i t  i n f o r m a t i o n  abou t  t h e  r o t a t i o n  o f  

t h e  w h e e l s .  F u r t h e r m o r e ,  i n  d e v e l o p i n g  a  s i m u l a t i o n  of  b r a k i n g  

and h a n d l i n g  maneuvers ,  one f i n d s  t h a t  wheel  r o t a t i o n  r a t e  must 

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

s i d e s l i p  i s  t o  be  t a k e n  w i t h  a c c o u n t .  

F i g u r e  B3-3 i s  a  f r e e - b o d y  d iagram o f  a  r o t a t i n g  whee l .  

The e q u a t i o n  o f  r o t a t i o n a l  mot ion i s  

J S ( ~ )  = -TT - FXW RR 

where 

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

i n t e r f a c e  

JS  i s  t h e  p o l a r  moment o f  i n e r t i a  



Figure  5-1. Tire-road i n t e r f ace  kinematics 

Longitudinal 
Force (fxw) 

Direc t ion  of 
Wheel Travel  

Axis 

Force (w) 
Figure 3-2. Longitudinal a n d  l a t e r a l  fo rce  components i n  t n e  t i r e  a x i s  system 



~ C g u r e  83- 3.  Free-body diagram: wheel w i t h  b r a k i n g  

The assumption may be made t h a t ,  f o r  a  s h o r t  t ime l a p s e ,  

A t  ( i n  t h i s  c a s e ,  t h e  i n t e g r a t i o n  t ime s t e p  of . 0 0 5  s e c ) ,  a l l  

v a r i a b l e s  w i t h  t h e  excep t ion  of FXW on t h e  r i g h t  s i d e  of Equat ion  

( B 3 . 7 )  may be  approximated by a  c o n s t a n t  v a l u e .  Fur the rmore ,  

i t  may be assumed t h a t  du r ing  t h e  t ime i n t e r v a l ,  A t ,  FXW i s  a 

l i n e a r  f u n c t i o n  of  S  o n l y .  The o t h e r  v a r i a b l e s  a f f e c t i n g  FXW, 

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

A t .  This l e a d s  t o  a  p a r t i c u l a r l y  convenient  and economical  

fo rmula t ion  which a l lows c a l c u l a t i o n  o f  S r a t h e r  t h a n  i n t e g r a t i o n  

o f  Equat ion (B3.6) .  D e t a i l s  may be found i n  [ 5 1 .  

B3.2.4 THE LOW SPEED APPROXIMATIONS. The c a l c u l a t i o n  of 

t h e  t i r e  s i d e s l i p  a n g l e ,  a ,  g iven  i n  Equat ion ( B 3 . 4 ) ,  depends on 
v i  t h e  r a t i o  - . For s m a l l  u i ,  s m a l l  e r r o r s  i n  u i  produce  l a r g e  u i  

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

of  l a t e r a l  f o r c e .  Rather  than  s h o r t e n  t h e  i n t e g r a t i o n  t ime 

s t e p ,  A t ,  t o  p r e s e r v e  n e c e s s a r y  accuracy  i n  u i ,  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  assumed t o  remain c o n s t a n t  when 

u i  becomes s m a l l .  S i n c e  any u i  cannot  be  g r e a t l y  d i f f e r e n t  



{ T C E   he l o n g i t u d i n a l  speed  of t h e  sprung  mass c e n t e r ,  U 1 ,  

t h e  fol lo \v . ing p rocedu re  i s  u sed .  (See Equa t ion  (B3.2a) . Note 

, $ I  m y  be expec t ed  t o  be s i g n i f i c a n t l y  l e s s  t h a n  1, I Y U /  i s  

c o r m a l l y  about  3 f e e t . )  I f  U 1  f a l l s  below 5 f t / s e c ,  a l l  

t h e  FXW and FYW v a l u e s  w i l l  be assumed t o  remain " f rozen"  t o  

t h e  v a l u e  c a l c u l a t e d  a t  t h e  l a s t  t ime  when U 1  was g r e a t e r  t h a n  

5 f t j s e c .  Normally t h i s  phenomenon w i l l  o n l y  b e  s e e n  i n  a  

maneuver i n  which t h e  v e h i c l e  i s  b r aked  t o  a  s t o p ,  o r  i n  a  

v i o l e n t  s p i n .  

5 .  3 THE SUSPENSION MODELS 

B3 .3 .1  THE SOLID REAR AXLE.  A s k e t c h  o f  t h e  r e a r  a x l e  

i s  g i v e n  i n  F i g u r e  B3-4. The 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  

and  t h e  f o r c e s  between t h e  sp rung  and unsprung  mass must b e  

c a l c u l a t e d  a t  t h e  b e g i n n i n g  of each  new i n t e g r a t i o n  t i m e  s t e p ,  

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

t h e  s p r u n g  mass.  The 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  and 

t h e  s u s p e n s i o n  f o r c e s ,  SF ( t h e  number 1 d e n o t e s  t h e  l e f t  s i d e  

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

p o s i t i o n s  and v e l o c i t i e s  o f  t h e  sp rung  and unsprung  masse s ,  and 

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

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

s p r u n g  mass and t h e  unsprung masses a l s o  depend on t h e  a c c e l e r a t i o n  

of  t h e  unsprung masse s ,  and t h u s  c o m p u t a t i o n a l  c o m p l i c a t i o n s  

a r i s e .  

F i g u r e  B3- 4 .  Schemat ic  d i ag ram:  s i n g l e  a x l e  model.  
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B 3 . 3 . 1 . 1  The V e r t i c a l  Force  C a l c u l a t i o n s .  The s u s p e n s i o n  

f o r c e ,  S F ,  i s  assumed t o  be  t h e  sum of t h e  f o r c e  i n  t h e  s p r i n g ,  

t h e  shock  a b s o r b e r ,  and Coulomb f r i c t i o n .  Each o f  t h e s e  w i l l  

be  c o n s i d e r e d  i n  some d e t a i l  i n  t h i s  s e c t i o n .  

F i r s t  c o n s i d e r  t h e  s p r i n g  f o r c e .  Th i s  must b e  e x p e c t e d  t o  

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

t h e  a x l e  c e n t e r  ( a t  t h e  s p r i n g )  and t h e  s p r u n g  mass .  Thus ,  

t a b l e  lookup  p o i n t s  of f o r c e  v e r s u s  d e f l e c t i o n  a r e  i n p u t  d a t a ,  

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

Fo rce  v a l u e s  a r e  t h e n  e n t e r e d *  a s  i n c r e a s i n g l y  p o s i t i v e  numbers 

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

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

i s  c a l c u l a t e d  ba sed  on t h e  magni tude  and o r i e n t a t i o n  o f  t h e  

sp rung  mass. From t h i s  l o a d ,  t h e  s t a t i c  p o s i t i o n ,  Z 1 ,  o f  t h e  

s u s p e n s i o n  may e a s i l y  be  found a s  shown i n  F i g u r e  B 3 - 5 .  The 

dynamic s p r i n g  f o r c e  may now be  computed a s  a  f u n c t i o n  o f  

d i s p l a c e m e n t  from t h e  s t a t i c  e q u i l i b r i u m  c o n d i t i o n .  

I t  s h o u l d  b e  n o t e d  t h a t  t h i s  t a b l e  may b e  l e f t  o u t  by 

p r o p e r  u s e  o f  keys  i n  t h e  i n p u t  d a t a ,  a s  e x p l a i n e d  i n  S e c t i o n  

6 ,  and  a  l i n e a r  s p r i n g  r a t e ,  i n  pounds p e r  i n c h ,  e n t e r e d  i n  

i t s  p l a c e .  

Q t y p i c a l  e x p e r i m e n t a l  s e t u p  would b e  t o  p u t  t h e  v e h i c l e  up on 
t h e  r a c k  and a l l o w  t h e  r e a r  a x l e  t o  hang on t h e  r ebound  s t o p s .  
As t h e  a x l e  i s  p i c k e d  up from be low,  t h e  r e l a t i v e  mo t ion  be tween  
t h e  a x l e  and t h e  f rame i s  measured  a l o n g  w i t h  t h e  c o r r e s p o n d i n g  
f o r c e  l e v e l s .  Note t h a t  t h i s  l e a d s  t o  a  t e n s i l e  l o a d  ( n e g a t i v e )  
o f  o n e - h a l f  t h e  unsprung  w e i g h t  a t  z e r o  d i s p l a c e m e n t .  
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Figure  B 3 - 5 .  Nonl inear  s p r i n g  f o r c e  v s .  d e f l e c t i o n .  

The shock absorbe r  f o r c e  i s  assumed t o  b e  a  b i l i n e a r *  

f u n c t i o n  of t h e  suspens ion  v e l o c i t y  a s  shown i n  F i g u r e  B3-6.  

The  i n p u t  paramters  a r e  t h e  a b s o l u t e  v a l u e s  C 1  and C2 o f  t h e  

compression and rebound s l o p e s ,  r e s p e c t i v e l y .  I t  should  b e  

noted  t h a t  t h e  a p p r o p r i a t e  C 1  and C 2  v a l u e s  may b e  much lower  

than  t e s t  machine d a t a  would i n d i c a t e  s i n c e  t h e  shock a b s o r b e r  

may be mounted a t  an ang le .  F y r t h e r ,  n o t e  t h a t  a  l i n e a r  

f o r c e - v e l o c i t y  r e l a t i o n s h i p  may be a t t a i n e d  by s e t t i n g  C 1  = C 2 .  

*For rough road  maneuvers,  a  more d e t a i l e d  shock a b s o r b e r  model 
i s  i n  o r d e r  t o  t a k e  blowoff i n t o  a c c o u n t .  While such an 
o p t i o n  i s  n o t  a v a i l a b l e  i n  t h e  p r e s e n t  s i m u l a t i o n ,  i t  could  
e a s i l y  be added. 



Figu re  B 3 - 6 .  Shock a b s o r b e r  f o r c e  v s .  v e l o c i t y .  

The Coulomb f r i c t i o n  f o r c e ,  which ha s  maximum v a l u e ,  CF ,  

i s  a l s o  a  n o n l i n e a r  f u n c t i o n  of  v e l o c i t y  a s  i s  shown i n  F i g u r e  

B 3 - 7 .  The b r eak  p o i n t s ,  6 ( I ) ,  a r e  c a l c u l a t e d  b a s e d  on t h e  

sprung and unsprung mass i n e r t i a l  p r o p e r t i e s  and t h e  i n t e g r a t i o n  

t ime  s t e p  t o  a s s u r e  t h a t  t h e  s u s p e n s i o n  w i l l  n o t  " c h a t t e r "  a t  

s t a t i c  e q u i l i b r i u m .  These c a l c u l a t i o n s ,  which a r e  d i s c u s s e d  i n  

d e t a i l  i n  Refe rence  [ 6 1, u s u a l l y  l e a d  t o  6 ( I )  s u b s t a n t i a l l y  

l e s s  t han  one i n c h  p e r  second .  

t 

b 

r 

B3.3.1 .2  The H o r i z o n t a l  Force  C a l c u l a t i o n s .  C o n s i d e r a t i o n  

o f  a  f r ee -body  diagram of  a  wheel and of  t h e  a x l e  w i l l  b e  o f  

force 
(pounds) 

I 

4' 
/ 

slope ~2 
/ 

/ 
/ 

/I 
/ 

a s s i s t a n c e  i n  t h e  a n a l y s i s  of  t h i s  sys tem.  C o n s i d e r  t h e  wheel  

A 

. . 

slope C1 0 0 

,0.' 
3 

velocity 

( i n / s e c )  

. - diagrammed i n  F i g u r e  B3-8,  i n  which xw, yw, and zw a x l e s  a r e  

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

i n t e r e s t ,  2w i s  i n  t h e  2 1  d i r e c t i o n ,  and 2w i s  i n  t h e  p l a n e  o f  - 
t h e  wheel .  The a x i s  sy s t em r o t a t e s  a t  a n g u l a r  v e l o c i t y ,  wl, 

where 



Figure B3-8. Free-body diagram: rolling wheel. 
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Figure B3- 7. Coulomb friction force vs. velocity. 



where 

;A i s  t h e  r o l l  r a t e  o f  t h e  a x l e  

$ i s  t h e  r o t a t i o n  r a t e  of 2 1 ,  91 ,  2 1 ;  t h e  

yaw r a t e  of  t h e  unsprung mass sys tem.  

S i n c e  t h e  s o l i d  a x l e  may r ea sonab ly  b e  assumed t o  d e v i a t e  

on ly  s l i g h t l y  from t h e  9 l  d i r e c t i o n , &  i t  w i l l  be assumed i n  

t h e  f o l l o w i n g  a n a l y s i s  t h a t  

The r e a c t i o n  f o r c e s  and moments from t h e  a x l e  on t h e  wheel  a r e  

AFX,  AFY, AFZ, and Mix, AMY, and A M Z ,  r e s p e c t i v e l y .  The 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  FXW, FYW, and FZW; M X ,  M Y ,  and 

MZ a r e  t h e  moments. A p p l i c a t i o n  o f  Newton's laws l e a d s  t o  

( s e e  Equa t ion  B 2 . 3 2 ) )  : 

where 

XU i s  t h e  h a l f  t r a c k  

YU i s  t h e  d i s t a n c e  i n  t h e  9 1  d i r e c t i o n  from t h e  

sp rung  mass c e n t e r  t o  t h e  mass c e n t e r  o f  t h e  

wheel 

&The p o s s i b l e  d e v i a t i o n s  a r e  t h o s e  due t o  r o l l  s t e e r  and t o  
r o l l  a n g l e  $A of t h e  a x l e  assembly .  



U D 1  i s  t h e  a c c e l e r a t i o n  o f  t h e  sp rung  mass c e n t e r  

i n  t h e  21 d i r e c t i o n  

V D 1  i s  t h e  a c c e l e r a t i o n  o f  t h e  s p r u n g  mass c e n t e r  

i n  t h e  9 l  d i r e c t i o n  

6 i s  t h e  v e r t i c a l  a c c e l e r a t i o n  o f  t h e  wheel 

mass c e n t e r  

EZ, i s  t h e  mass o f  t h e  whee l .  

Now u s i n g  t h e  same f r e e - b o d y  d iagram,  we can  w r i t e  t h e  

e q u a t i o n s  o f  r o t a t i o n a l  mot ion.  Assuming t h a t  t h e  p o l a r  moments 

o f  i n e r t i a  o f  t h e  t i r e  abou t  t h e  xw, yw, z w  axe s  a r e  p r i n c i p a l  

moments ( i  . e .  , wheel imba lance  i s  n e g l e c t e d )  , t h e  r o t a t i o n a l  

e q u a t i o n s  f o r  t h e  wheel  become 

. . 
MX-AMX = J T  $ A  + JS  $ e n  (B3.10a) 

where J T ,  J S ,  JT a r e  t h e  p o l a r  moments o f  t h e  wheel  abou t  

xw, yw, zw, r e s p e c t i v e l y .  

Now c o n s i d e r  t h e  f r e e - b o d y  d iagram o f  t h e  a x l e  i n  F i g u r e  

B3-9 .  (The number 1 i n  a  f o r c e  o r  c o u p l e  i n d i c a t e s  t h e  l e f t -  

hand s i d e ,  t h e  number 2 ,  t h e  r i g h t ) .  The r e a c t i o n  f o r c e s  from 

t h e  s p r u n g  mass on t h e  a x l e  a r e  R X 1  and R X 2 ,  SbW, and SF1 and 

SF2. The moment a p p l i e d  from t h e  f rame  t o  t h e  a x l e  i s  assumed 

t o  be  o n l y  t h e  b r a k e  t o r q u e  TT1 and TT2. The f o r c e  summation 

i n  t h e  21 d i r e c t i o n  l e a d s  t o  

R X 1  + RXZ = AFX1 + AFXZ - MAX[UDl - XU] (B3.11) 



Figure  83-9 .  Free-body diagram: s i n g l e  a x l e  

where MAX i s  t h e  mass of  t h e  a x l e ,  and t h e  a x l e  mass c e n t e r  i s  

assumed t o  be l o c a t e d  such t h a t  

From Equat ion  (B3.9) we have 

AFXl + AFX2 = FX1 + FX2 - Z$[UDl - XU] 

But t h e  unsprung mass i s  d e f i n e d  a s  t h e  mass o f  t h e  a x l e  p l u s  

t h e  mass of  t h e  wheel ,  i .  e ,  , 

MS = MAX + 2% (B3.14) 

Thus, Equat ion (B3.11) may be w r i t t e n  

R X 1  + R X 2  = FX1 + FXZ - MS[UDl - 6' XU] 

/ 

I n  t h e  same way, i t  can be  shown t h a t  



. . 
SblY = FYI + FY2 - MS [VDl + $ XU] 

where ZA i s  t h e  v e r t i c a l  p o s i t i o n  of  t h e  m i d - p o i n t  o f  t h e  a x l e .  

. . Now, under  t h e  assumpt ion  t h a t  t h e  p r i n c i p l e  moments o f  i n e r t i a  

o f  t h e  a x l e  a r e  J a ,  0, J a ,  about  axes  i n  t h e  2 1 ,  91, 21 

d i r e c t i o n s  w i t h  o r i g i n  a t  t h e  a x l e  c e n t e r  ( i . e . ,  t h e  dynamics 

o f  a x l e  "wrap up" a r e  n e g l e c t e d ) ,  t h e  E u l e r  e q u a t i o n s  may be  

w r i t t e n  f o r  t h e  a x l e .  

(SF1-SF2)FRY + (AFZ2-AFZ1)TR.A - SMY ( d )  + AMX1 + AMX2 = J,;A 

By combina t ion  o f  Equa t ions  ( B 3 . 1 6 ~ )  and ( B 3 . 1 2 ~ )  we can  

e l i m i n a t e  A M Z l  and AMZ2, y i e l d i n g  

But from t h e  21 component o f  Equa t ion  (B3.9) we have  

FX1 - AFXl = %[UDl - $'XU + $ ( T R A ) ]  (B3.18a) 

Thus,  



,* 

AFXl - AFX2 = FX1 - FX2 - 2h$ * I) TRA (B3.19)  

S u b s t i t u t i o n  of  Equat ion (B3.19) i n  (B3.16)  y i e l d s  

But t h e  p o l a r  moment of i n e r t i a  of t h e  a x l e  wheel  assembly may 

be w r i t t e n  a s  

Thus, 

Both e q u a t i o n s  (B3.15a) and (B3.22) c o n t a i n  t h e  unkown 

c o n s t r a i n t  f o r c e s  R X 1  and R X 2 .  However, t h e r e  i s  a  major  

compl ica t ion  t o  u s i n g  t h e s e  two e q u a t i o n s  t o  s o l v e  f o r  RX1 and 

RX2; namely, t h e  sprung mass a c c e l e r a t i o n ,  LJD1,  and t h e  unsprung . . 
mass angu la r  a c c e l e r a t i o n ,  $,  a r e  unknown a t  t h i s  s t a g e  of  t h i s  

development.  A r i g o r o u s  s o l u t i o n  would r e q u i r e  t h e  added 

c o n s i d e r a t i o n  o f  t h e  sprung mass e q u a t i o n s  o f  motion i n  o r d e r  

t o  s o l v e  t h e  system o f  e q u a t i o n s  f o r  t h e  c o n s t r a i n t  forces  and 

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

S ince  we have n o t  c o n s t r a i n e d  t h e  s u s p e n s i o n s  t o  remain 

p e r p e n d i c u l a r  t o  t h e  sprung mass,  a  r i g o r o u s  approach  i s  t e d i o u s  
> 

and numer ica l ly  t ime consuming, r e q u i r i n g  a  m a t r i x  i n v e r s i o n  t o  

s o l v e  f o r  t h e  a c c e l e r a t i o n s  a t  each t ime  s t e p .  We have e l e c t e d  

i n s t e a d  t o  apply an a l t e r n a t e ,  approximate method. I n  t h i s  

method, i t  i s  assumed t h a t  t h e  unknown a c c e l e r a t i o n s  of t h e  



unsprung masses may be  s u c c e s s f u l l y  e s t i m a t e d  b a s e d  on t h e  

assumpt ion  t h a t  t h e  e n t i r e  v e h i c l e  i s  moving a s  a s i n g l e  r i g i d  

body i n  t h e  yaw p l a n e .  

The a c c e l e r a t i o n  of t h e  mass c e n t e r  o f  t h e  e n t i r e  v e h i c l e  

i s  assumed t o  be 

A = -  GVW L (FXI 2 1  + FYI 91)  
I  

\<here  t h e  summation s i g n  i n d i c a t e s  a  sum o v e r  a l l  t h e  t i r e s .  

The yaw a c c e l e r a t i o n  may be w r i t t e n  

1 
+ 2 l  = - L f I ~ ( F X I  21 + FYI 91)  

IZ I 

\ ihere  IZ i s  t h e  yaw moment o f  t h e  e n t i r e  v e h i c l e  (assuming no 

r o l l  o r  p i t c h ) ,  t h e  rI a r e  t h e  a p p r o p r i a t e  moment arms and t h e  

sum i s  a g a i n  over  a l l  of  t h e  t i r e s .  The yaw p l a n e  components 

of  t h e  i n d i v i d u a l  unsprung masses may now be  found  from 

Equa t ions  (B3.23) and (B3.24) .  

Thus,  g iven  t h e  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 ,  t h e  aI may 

be  used  i n  Equat ions  (B3.15a) and (B3.25) t o  c a l c u l a t e  t h e  f o r c e s  

on t h e  sp rung  mass from t h e  unsprung mass. A s c h e m a t i c  d iagram 

o f  t h i s  p r o c e s s  i s  shown i n  Fig,ure  B3-10. 

S i m i l a r  e q u a t i o n s  w i l l  now be d e r i v e d  combining t h e  f o r c e  

e q u a t i o n s  i n  t h e  2 1  d i r e c t i o n s  ,and moments abou t  t h e  21 a x i s .  

By combining Equa t ions  (B3.16a) and (B3.22a) , M1X1 and 

NIX2 a r e  e l i m i n a t e d ,  y i e l d i n g  

(SF1-SF2)FRY - SMY d + M X 1  + MX2 + (AFZ2-AFZ1)TR.A 



F i g u r e  B3-10. Flow diagram:  method o f  
computa t ion  o f  t h e  c o n s t r a i n t  
f o r c e s .  
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- LL2[fi + TRA $A]  

where ZA i s  t h e  v e r t i c a l  p o s i t i o n  of t h e  a x l e  c e n t e r .  The use  

of Equat ions  (B3.19) and (B3.28) i n  Equat ion (B3.26) l e a d s  t o  

But 

where J A  i s  t h e  t o t a l  moment of  i n e r t i a  of  t h e  a x l e  and wheels  

around an a x i s  i n  t h e  21 d i r e c t i o n  through t h e  a x l e  c e n t e r .  

Thus,  

Equat ions  ( B 3 . 1 5 ~ )  and (B3.32) a r e  used t o  c a l c u l a t e  t h e  

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

"bounce" a c c e l e r a t i o n  of  t h e  a x l e  c e n t e r ,  t h e  l a t t e r  y i e l d i n g  

t h e  r o l l  a c c e l e r a t i o n  of  t h e  a x l e .  The l a t e r a l  c o n s t r a i n t  

f o r c e ,  SMY, may be c a l c u l a t e d  u s i n g  Equat ion  (B3.15b) and 

t h e  methods of  F igure  B3-10. 

B3.3.1.3 Ro l l  S t e e r .  When t h e  r e a r  a x l e  i s  d i s p l a c e d  toward 

o r  away from t h e  sprung mass w h i l e  remaining p a r a l l e l  t o  t h e  

ground p l a n e ,  a  s i d e  view o f  t h e  wheel c e n t e r  motion w i l l  

t y p i c a l l y  show f o r e - a f t  a s  w e l l  as  v e r t i c a l  motion. Thus when 
t h e  sprung mass and t h e  unsprung mass r o l l  r e l a t i v e  t o  each  

o t h e r ,  t h e  a x l e  must t a k e  on a s o - c a l l e d  r o l l  s t e e r  a n g l e .  



T h i s  s t e e r  ang le  may be computed i n  a  s t r a i g h t f o r w a r d  

manner. Cons ider  t h e  schemat ic  diagram B3-11 i n  which a r e a r  

a x l e  i s  shown a long u i t h  a  t y p i c a l  p l o t  of f o r e - a f t  v e r s u s  r e r t i -  

c a l  d e f l e c t i o n  t aken  from d a t a  i n  which the  r e a r  a x l e  was moved 

toward t h e  sprung mass whi l e  remaining p a r a l l e l  t o  t h e  sprung 

mass. 

i 
i 
I 
I 
! 

I 
I 

displacement 
( i n )  

- 

Figure  B3-11. Typ ica l  p l o t  of f o r e - a f t  vs. 
v e r t i c a l  d e f l e c t i o n  of t h e  r e a r  a x l e .  

P o i n t s  A and B a r e  a r b i t r a r y  p o i n t s  on t h e  a x l e  spaced  DY 

a p a r t ,  c e n t e r e d  about  t h e  a x l e  c e n t e r  l i n e .  When t h e  sprung 

mass r o l l s  r e l a t i v e  t o  t h e  a x l e  (as  i n  a l e f t  t u r n ) ,  p o i n t s  

A and B t a k e  on d i f f e r e n t  f o r e / a f t  p o s i t i o n s  a s  shown i n  t h e  

diagram. The s t e e r  a n g l e  of t h e  r e a r  a x l e  i s  t h u s  



The inpu t  t o  the  s i m u l a t i o n  i s  t h e  t a b l e  of v e r t i c a l  

v e r s u s  h o r i z o n t a l  d isp lacement  of t h e  a x l e  i n  inches .  ( V e r t i c a l  

d i sp lacemen t  i s  zero a t  t h e  rebound s t o p ,  and p o s i t i v e  a s  t h e  

a x l e  moves toward t h e  sprung mass.)  The va lues  of XA and XB a r e  

computed f o r  t h e  wheel c e n t e r s ,  and thus  DY i s  t h e  t r a c k .  

I t  should  be noted  t h a t  a  s i m p l i f i e d  v e r s i o n  of t h i s  r o l l  

s t e e r  a l g o r i t h m  may be c a l l e d  f o r  by  proper  use  of t h e  keys i n  

t h e  i n p u t  d a t a  as  shown i n  S e c t i o n  6 .  I n  t h i s  c a s e ,  a  s imple  

r o l l  s t e e r  parameter ,  d e s i g n a t i n g  degrees  s t e e r  ( t o  t h e  r i g h t )  

p e r  d e g r e e  of r e l a t i v e  r o l l  ang le  between t h e  sprung mass and 

t h e  a x l e  ( i . e . ,  body r o l l  minus a x l e  r o l l )  i s  used t o  c a l c u l a t e  

t h e  r o l l  s t e e r .  I t  can e a s i l y  be shown t h a t  t h e  a p p r o p r i a t e  

i n p u t  v a l u e  i s  t h e  s l o p e  of t h e  cu rve  shown i n  F i g u r e  B3-11 a t  

t h e  s t a t i c  e q u i l i b r i u m  p o s i t i o n  of t h e  suspens ion .*  

B3.3.1.4 A Summarv of t h e  A s s u m ~ t i o n s  Used i n  t h e  Rear 

Axle blodel. A number of s i m p l i f y i n g  assumptions were made i n  

t h e  d e r i v a t i o n  of t h e  equa t ions  of motion of t h e  s i n g l e  a x l e  

i n  t h e  preceding  s e c t i o n .  These a r e  l i s t e d  below. 

1. Devia t ions  of t h e  a x l e  from t h e  ?l d i r e c t i o n  were 

ignored  s i n c e  a x l e  s t e e r  d i sp lacemen t s  and a x l e  

r o l l  a n g l e ,  @ A ,  a r e  expec ted  t o  be  s m a l l .  (Note,  

t h e  e f f e c t s  of r o l l  s t e e r  and a x l e  ro l l  on t i r e  

s l i p  ang les  a r e  n o t  n e g l e c t e d ;  r a t h e r ,  t h e  e f f e c t s  

of r o l l  s t e e r  and a x l e  r o l l  a n g l e  on t h e  o r i e n t a t i o n  

of  t h e  wheel a x i s  sys tem a r e  n e g l e c t e d .  R o l l  s t e e r  

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

between t h e  sprung mass and t h e  a x l e .  

- 
*Even i f  t h e  l i n e a r i z a t i o n  i s  deemed a c c u r a t e  enough (say  r o l l  

' ang les  a r e  expected  t o  be s m a l l ) ,  one p a r t i c u l a r l y  n i c e  f e a t u r e  - t of  u s i n g  a  t a b l e  h e r e  i s  t h a t  changes i n  l o a d  on t h e  s u s p e n s i o n  

- .  
(as  by adding a  payload t o  t h e  v e h i c l e )  a r e  a u t o m a t i c a l l y  a c -  
counted f o r ,  w h i l e  t h e  s i n g l e  pa ramete r  would r e q u i r e  changing  
wi th  payload .  



2 .  The wheels  a r e  b a l a n c e d .  Thus t h e  mass c e n t e r  of  

t h e  wheel i s  assumed t o  be a t  t h e  a x l e  c e n t e r ,  and 

t h e  p o l a r  moments abou t  t h e  xw, yw, zw a x e s  a r e  

assumed t o  be  p r i n c i p a l  moments, 

3 .  Axle  r o t a t i o n  abou t  an a x i s  i n  t h e  9 l  d i r e c t i o n  

( i . e . ,  wrap up) i s  n e g l e c t e d .  

4 .  Va r ious  assumpt ions  have been made conce rn ing , ' t ke  

f o r c e s  between t h e  sp rung  and unsprung masse s .  

a .  The r e a c t i o n s  i n  t h e  9 1  d i r e c t i o n  a r e  a p p l i e d  

a t  t h e  h e i g h t  o f  t h e  a x l e  c e n t e r ,  and t h e  

t o r q u e  abou t  t h e  a x l e  i s  t h e  b r a k e  t o r q u e ,  

( A n t i - p i t c h  geometry  i s  n o t  c o n s i d e r e d . )  

b .  The c o n s t r a i n t  i n  t h e  p l  d i r e c t i o n  i s  assumed 

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

t a n c e  d  above t h e  a x l e .  ( I n  t h e  s i m u l a t i o n ,  

t h e  i n p u t  v a r i a b l e  i s  t h e  d i s t a n c e  of  RCH 

above t h e  g round ,  i . e . ,  t h e  r o l l  c e n t e r  h e i g h t . )  

c .  The s u s p e n s i o n  f o r c e s ,  SF, a r e  assumed t o  ac t  

, in  t h e  2 1  d i r e c t i o n .  

These assumpt ions  l e a d  t o  e q u a t i o n s  which p r e d i c t  t h e  

f o r c e s  on t h e  sp rung  mass o n l y  i f  t h e  a c c e l e r a t i o n  o f  t h e  unsprung  

mass i s  known. These  a c c e l e r a t i o n s  a r e  found t h r o u g h  an a p p r o x i -  

mate method which assumes mot ion i n  t h e  yaw p l a n e .  A d i ag ram o f  

t h e  p rocedu re  i s  g i v e n  i n  F i g u r e  B3-10. Using t h i s  p r o c e d u r e ,  

t h e  c o n s t r a i n t  f o r c e s  RX and SMY may b e  computed and t h e n  u sed  

t o  f i n d  t h e  a c c e l e r a t i o n  o f  t h e  sp rung  mass.  

I n  s p i t e  of t h e  many a s sumpt ions  made, t h e  e q u a t i o n s  g i v e n  

a r e  q u i t e  d e t a i l e d .  S i n c e  f o r  each  added f e a t u r e  o f  t h e  s i m u l a -  

t i o n  t h e  u s e r  must pay t h e  p r i c e  i n  b o t h  t h e  t ed ium o f  d e a l i n g  
w i t h  t h e  added i n p u t  v a r i a b l e s  a s  w e l l  a s  i n c r e a s i n g  c o m p u t a t i o n  

c o s t s ,  i t  was d e c i d e d  t o  d r o p  f rom t h e  e q u a t i o n s  c e r t a i n  t e rms  
which may be  c o n s i d e r e d  n e g l i g i b l y  s m a l l .  Among t h e s e  a r e  



. . 
o v e r t u r n i n g  moments a t  t h e  t i r e - r o a d  i n t e r f a c e  and t h e  gyro-  

I 

s c o p i c  e f f e c t s  caused  by t h e  yaw v e l o c i t y  of t h e  a x i s  of  t i r e  

r o t a t i o n .  Through a  s t r a i g h t f o r w a r d  m o d i f i c a t i o n  o f  t h e  p rogram,  

. .  t h e s e  t e rms  may e a s i l y  be  added by t h e  u s e r  s h o u l d  t h e y  b e  con-  

s i d e r e d  s i g n i f i c a n t .  
.' .. 

B3.3.2  THE INDEPENDENT FRONT SUSPENSION. 

B3 .3 .2 .1  The S o l u t i o n  f o r  t h e  C o n s t r a i n t  F o r c e s ,  V e r t i c a l  

P o s i t i o n .  and S ~ i n  Ra te .  A s c h e m a t i c  r e a r  view o f  t h e  f r o n t  

s u s p e n s i o n  i s  shown i n  F i g u r e  B3-12. J u s t  a s  was t h e  c a s e  f o r  

t h e  r e a r  s u s p e n s i o n ,  a l l  " s u s p e n s i a n  f o r c e s , "  SF, a r e  assumed 

t o  be  normal  t o  t h e  ground p l a n e .  The s p r i n g s  and shocks  a r e  

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

damping must b e  measured c o r r e s p o n d i n g  t o  r e l a t i v e  mot ion be tween  

t h e  wheel  and t h e  sprung  mass.  

L a t e r a l  e q u i l i b r i u m  i s  a s s u r e d  by t h e  imaginary  l i n k  b e -  

tween t h e  t i r e - r o a d  i n t e r f a c e  and t h e  f r o n t  r o l l  c e n t e r .  I t  

shou ld  b e  n o t e d  t h a t  t h e  l i n k  i s  p inned  a t  t h e  r o l l  c e n t e r ,  b u t  

f i x e d  a t  t h e  t i r e - r o a d  i n t e r f a c e ,  t h u s  an o v e r t u r n i n g  moment may 

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

sum of  Z and Y i s  n o t  n e c e s s a r i l y  a l o n g  t h e  l i n k .  

To s i m p l i f y  t h e  f o l l o w i n g  a n a l y s i s ,  we w i l l  i n i t i a l l y  

( r a t h e r  t h a n  l a t e r  a s  i n  t h e  s o l i d  a x l e  e q u a t i o n s )  make t h e  f o l -  

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

The f r o n t  whee ls  may b e  c o n s i d e r e d  t o  b e  a  p o i n t  mass 

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

Thus we a r e  d ropp ing  a l l  i n e r t i a l  e f f e c t s  due t o  t h e  i n t e r -  

a c t i o n  o f  camber ,  s t e e r  and yaw a n g l e  c h a n g e s .  We may now w r i t e  

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

f r e e - b o d y  d iagram g i v e n  i n  F i g u r e  B3-12,  A p p l i c a t i o n  of  Newton's  

Laws y i e l d s  



1 

TR A 

4 i 
9 1 . 'i 

RCH 

FY2 

FX 1 FX2 

MZ1 

F i g u r e  B3-12.  Schematic d iagram,  f r o n t  suspension, I 



a. 

Y = FYI - Mw(VD1 - $' YU + $ * XU) (B3.34b) 

where t h e  t i r e - r o a d  i n t e r f a c e  f o r c e s ,  F X ,  FY, and FZ, a r e  i n  t h e  

21, 91, 2 1  s y s t e m s ,  i . e . ,  t hey  a r e  n o t ,  i n  g e n e r a l ,  i n  t h e  p l a n e  

of  t h e  whee l ,  which i s  s t e e r e d  and cambered w i t h  r e s p e c t  t o  t h e  

unsprung mass s y s  tems . 
Note t h a t  i n  t h i s  c a se  t h e  c o n s t r a i n t  f o r c e s ,  R X 1  and Y ,  may 

be c a l c u l a t e d  immediate ly  u s i n g  t h e  methods of F i g u r e  B3-10. 

Equa t ion  ( B 3 . 3 4 ~ )  c o n t a i n s  two unknowns, namely,  t h e  c o n s t r a i n t  

f o r c e  Z and t h e  unknown a c c e l e r a t i o n  %. But s e t t i n g  t h e  moment 

around t h e  21  a x i s  t o  ze ro  y i e l d s  

and t h e  v e r t i c a l  c o n s t r a i n t  can be  found  from t h e  l i n k  e q u i l i b -  

rium c o n d i t i o n ,  i . e . , :  

Z * TRA = Y (RCH) + M (B3.36) 

The v e r t i c a l  mot ion of t h e  wheel may now b e  d e f i n e d  t h rough  

e q u a t i o n s  (B3.36) and ( B 3 . 3 4 ~ ) .  L a s t l y ,  t h e  wheel  s p i n  e q u a t i o n  

i s  e l e m e n t a r y ,  v i z :  

J S  f2 = - T T 1  - FXW * RR (B3.37) 

where i n  t h i s  c a s e  s h e a r  f o r c e  FXW i s  i n  t h e  p l a n e  of  t h e  wheel  

and T T 1  i s  t h e  b r ake  t o r q u e .  



B 3 . 3 . 2 . 2  Canker and Toe. Camber and t o e  must b e  expec t ed  -- 
t o  be n o n l i n e a r  f u n c t i o n s  of  t h e  r e l a t i v e  d i sp l acemen t  between 

t h e  a x l e  c e n t e r  and t h e  sprung  mass.  I n  each c a s e ,  t a b l e  lookup 

p o i n t s  of c a n ~ h e r  and t o e  v e r s u s  s u s p e n s i o n  d e f l e c t i o n  a r e  used  
. - 

i n  l i e u  of  a  compl i ca t ed  a n a l y t i c a l  methodology.  

The camber of t h e  l e f t  f r o n t  wheel ( r o t a t i o n  a b o u t  t h e  21 . 

a x i s  i s  c o n s i d e r e d  p o s i t i v e )  and t o e  of  t h e  l e f t  f r o n t  wheel 

( r o t a t i o n  abou t  t h e  2 1  a x i s  i s  c o n s i d e r e d  p o s i t i v e )  v e r s u s  s u s -  

pens ion  d e f l e c t i o n  a r e  i n p u t  d a t a .  L e f t  t o  r i g h t  symmetry i s  

assumed. The suspens ion  d e f l e c t i o n  p o i n t s  s h o u l d  b e  i n p u t  t o  

t h e  t a b l e  i n  i n c h e s ,  w i t h  ze ro  d e n o t i n g  t h e  rebound s t o p  and 

s u s p e n s i o n  compress ion  p o s i t i v e .  

I t  s h o u l d  b e  no t ed  t h a t  b o t h  t h e s e  t a b l e s  may b e  l e f t  o u t  

by p r o p e r  u s e  of t h e  keys i n  t h e  i n p u t  d a t a  a s  shown i n  S e c t i o n  6. 

In  t h i s  c a s e ,  t h e  camber a n g l e  i s  assumed t o  b e  t h e  r o l l  a n g l e ,  

and t o e  i s  n e g l e c t e d .  

B3.4 THE STEERING SYSTEM 

The most complex s t e e r i n g  sy s t em o p t i o n  w i l l  b e  e x p l a i n e d  

h e r e .  J u d i c i o u s  c h o i c e  of  s i m p l e r  models may b e  e f f e c t e d  by 

prope r  usage  of  keys  s e t  i n  t h e  i n p u t  d a t a ,  a s  e x p l a i n e d  i n  

S e c t i o n  6 .  

F i r s t  c o n s i d e r  t h e  f low d iagram g i v e n  i n  F i g u r e  B3-13. 

Note t h a t  t h e  u s e r  must supp ly  a  s t e e r i n g  wheel  a n g l e  v e r s u s  

t ime t a b l e  of p o i n t s .  The s t e e r  d a t a  p o i n t s  a r e  each  i n p u t  t o  

a  t a b l e  of  l e f t  and r i g h t  wheel a n g l e s  v e r s u s  s t e e r i n g  wheel  

ang l e  i n  t h e  absence  of  a l i g n i n g  t o r q u e .  The u s e  o f  t h e s e  

t a b l e s  l e a d s  t o  computed t a b l e s  o f  d e s i r e d  l e f t  and r i g h t  s t e e r  
- 

a n g l e s ,  6 L  and 6R, v e r s u s  t ime .  Note t h a t  a l l  t h e s e  c a l c u l a t i o n s ,  

which a r e  shown s c h e m a t i c a l l y  above t h e  dashed  l i n e  i n  F i g u r e  

B3-13, t a k e  p l a c e  a s  a p r e l u d e  t o  t h e  s i m u l a t i o n  of  t h e  v e h i c l e  

r e sponse  t o  t h e  i n p u t  s t e e r i n g  wheel  a n g l e .  The r e s u l t a n t  
- . - 
6 L  and 6R i n c l u d e  t h e  e f f e c t s  o f  l a s h  and Ackerman geomet ry ,  

' j 



input &a: 
steering wlW.1 a* 

w time 

tabla of steering w W  angle 
vr Mt Awl angle 

t a b  of sbuhg whd an& 
vs right W angh 

+ b + 
comprtcsd W e  of computrd to* of 
Q n t h  n time 

+ 7' 

odd toe-in at a l ' i t o r q u e  add toe-in at 
tinw t cempukd at (t-At) time t 

i J -. - - --. 
- .  

steering 

i + 'Y- 4 . 
model 

I  eft steer= 8 - ~ t  + lefttoe-in I 
I Right steer = @- AR + right toe-in I 



I - L I ~  i l ~ t  t h e  e f e c : ~  nf aligning t o r q u e  an3  t o e - i n 9 h i c l : .  19;nL : 

b e  co!n@utecl ' L T - ~  ~ t n c :  i 3 \ r ' '  d i l l ' ing t h e  i f i t e g r a t i o n  p r o c e d u r e ,  

7- The vari2tro~s from t h e  d e s i r e d  s t e e r  ang le . ,  oL and 

t c  t h e  a c t i o n  o f  s l l g n i n g  t o r q u e  on t h ~  s t e e r i n g  svc'  . - 

p u t e d  q u a s i - s  t a t i c a i i p  d u r i n g  :he course sf ' *  - .- . . 
. . 

These cornputat i o n s  a r e  shown schemntALaily 5ei:)vr t h c  2 -i> 3c.l , . . 
i n  F i g u r e  B3-13.  

Note that ~ l n c e  t h e  s t e e r  a n g l e  depends on t h e  a l i g n i n g  

t o r q u e  dnd t h e  a l i g n i n g  t o r q u e  depends on t h e  s t e e r  a n g l e  ( t h i s  

l a t t e r  r e l a t i o n s h i p  i s  n o n l i n e a r ) ,  t h e  s o l u t i o n  f o r  a may b e  

a compl i ca t ed  p r o c e d u r e .  However, we have chosen  t o  o b v i a t e  

any c o m p l i c a t i o n s  w i t h  an "upda t ing"  scheme which w i l l  b e  ex-  

p l a i n e d  below.  

The a l i g n i n g  t o r q u e  a c t i n g  on t h e  s t e e r i n g  sy s t em d e r i v e s  

from t h r e e  s o u r c e s ,  namely,  

1. The moment o f  t h e  l a t e r a l  f o r c e  abou t  t h e  k i n g p i n  due  

t o  c a s t e r .  Th is  moment i s  computed as 

M 1  = -FY TRAIL (B3.38)  

where TRAIL i s  t h e  moment arm from t h e  p r o j e c t i o n s  

of t h e  wheel c e n t e r  t o  t h e  ground p l a n e  fo rward  t o  

t h e  k i n g p i n  a x i s .  (The n e g a t i v e  s i g n  i s  used  t o  

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

t h e  21 d i r e c t i o n ,  r e s u l t s  from n e g a t i v e  FY.) 

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

k i n g p i n .  Th i s  moment i s  computed a s  

M 2 L  = FXL KPOFF 

M 2 R  = - F X R  KPOFF 

* For d e t a i l s  of  t h e  t o e  c a l c u l a t i o n ,  s e e  S e c t i o n  B3 .2 .2 .  



where KPOFF i s  t h e  k i n g p i n  o f f s e t .  Note t h e  s igns  

change fro111 s i i l c  t o  s i d e  s i n c e  t h e  k i n g p i n  i s  a lways  

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

3 .  The a l i g n i n g  t o r q u e  due t o  t h e  d i s p l a c e m e n t  of  t h e  

s h e a r  f o r c e  a p p l i c a t i o n  p o i n t  away from t h e  p r o -  

j e c t i o n  of t h e  wheel c e n t e r  i n  t h e  ground p l a n e .  

Th is  v a l u e  i s  t a k e n  d i r e c t l y  from t a b u l a r  i n p u t  

t e s t  d a t a  a s  a  t a b l e  lookup f u n c t i o n  o f  normal  

l o a d  and s i d e s l i p  a n g l e .  An e x p l a n a t i o n  of  t h e  u s e  

of t h i s  t a b l e  lookup i s  g i v e n  i n  S e c t i o n  6 .  

I t  shou ld  be n o t e d  t h a t  t h e  a l i g n i n g  t o r q u e  d e r i v e s  f rom 

a  knoli ledge of t h e  s i d e s l i p  a n g l e ,  a ,  b o t h  i m p l i c i t l y  i n  t h e  FX 

and FY c a l c u l a t i o n s  and e x p l i c i t l y  i n  t h e  t a b l e  lookup.  S i n c e  

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

an e x a c t  s o l u t i o n  f o r  a and a l i g n i n g  t o r q u e  would b e  q u i t e  

t e d i o u s .  Ra the r  t h a n  a t t e m p t i n g  an a n a l y t i c a l  s o l u t i o n  o r  

a p p l y i n g  i t e r a t i o n  t e c h n i q u e s ,  we have computed t h e  above t h r e e  

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

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

t ime  s t e p  a s  shown i n  F i g u r e  B3-13. While t h e  t e c h n i q u e  r e -  

s u l t s  i n  a  major  s i m p l i f i c a t i o n  i n  t h e  c o m p u t a t i o n s ,  no s i g n i f i -  

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

i s  v e r y  s m a l l  ( u s u a l l y  . 0 0 5  s e c . ) .  

The q u a s i - s t a t i c  model f o r  t h e  changes  i n  s t e e r  due t o  

compliance may be  e x p l a i n e d  w i t h  t h e  a i d  o f  F i g u r e  B3-14. The 

s p r i n g s  a r e ,  of c o u r s e ,  t o r s i o n a l ,  and t h e  o u t p u t s  o f  t h e  model 

a r e  t h e  changes AL and A R  i n  l e f t  and r i g h t  s t e e r  a n g l e  due t o  

t h e  a p p l i c a t i o n  of a l i g n i n g  t o r q u e s  ATL and A T R .  ( P o s i t i v e  

a l i g n i n g  t o r q u e  i s  shown t o  t h e  r i g h t . )  The s p r i n g  r a t e ,  KSL, 

r e p r e s e n t s  t h e  s t e e r i n g  l i n k a g e ,  and KSC r e p r e s e n t s  t h e  s t e e r i n g  

column. The pa rame te r  G R  r e p r e s e n t s  t h e  s t e e r i n g  g e a r  r a t i o .  

The t o r q u e  a p p l i e d  t o  t h e  s t e e r i n g  column i s  



I I T h e  change j ; ~  zza!r3- i~splace~nent of tile i s f t  arld ; i t  . 

whee l s  f r m  t5: ~ t e s i r e d  steer angles are t h e r e f o ; ~  

OL = 
A T L  + ATR ATL t - 
KSC GR' KSL 

A R  = 
A T L t A T R  ATR + - 
KSC GR' KSL 

Figure 3-14. Schematic diagram,  steering sys t em.  



5 THE I N C L I N E D  ROADWAY 

The re  i s  good r e a s o n  t o  wish  t o  s i m u l a t e  v e h i c l e  p e r -  

fo rmance  on r e a l  r o a d s .  C a r e f u l  s i m u l a t i o n  o f  an a c t u a l  s i t e  

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

s u p e r e l e v a t i o n  and c u r v a t u r e  on v e h i c l e  pe r fo rmance ,  and t h e  com- 

b i n a t i o n s  o f  v e h i c l e  and roadway f a c t o r s  which s i m u l a t i o n  shows 

t o  be  c a u s e s  f o r  l o s s  of  c o n t r o l  might  be  compared w i t h  t h e  

a c c i d e n t  d a t a  from t h a t  s i t e .  However, t h e r e  a r e  s e r i o u s  d i f -  

f i c u l t i e s  t o  con tend  w i t h  b e f o r e  such  a  s i m u l a t i o n  i s  f e a s i b l e .  

The f i r s t ,  and pe rhaps  most s e r i o u s ,  d i f f i c u l t y  i s  t h e  

n e c e s s i t y  t o  " c l o s e  t h e  loop" i f  a  r e a l  r oad  i s  t o  be  s i m u l a t e d ,  

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

s i m u l a t i o n  such  t h a t  t h e  v e h i c l e  model w i l l  f o l l o w  t h e  roadway,  

r a t h e r  t h a n  t o  g i v e  an i n p u t  s e t  o f  s t e e r  and b r a k i n g  d a t a  and 

c a l c u l a t e  t h e  p a t h  of  t h e  v e h i c l e  model .  S imple  c l o s e d  l o o p  

models have been  a t t e m p t e d  ( f o r  example ,  [ 7 1 ,  [ 8 1 ,  [ 9 I ) .  

However, i t  i s  t h e  b e l i e f  o f  t h e  a u t h o r s  o f  t h i s  work t h a t  t h e  

s i m u l a t i o n  o f  an a c t u a l  d r i v e r  i s  a  complex t a s k  beyond t h e  

c a p a b i l i t i e s  of s i m p l i f i e d  t e c h n i q u e s ,  and t h a t  a  s i m p l e  

model m i g h t ,  i n  some c a s e s ,  h i d e  mean ing fu l  r e s u l t s  a v a i l a b l e  

from open l oop  s i m u l a t i o n .  The u s e r  may, however ,  e l e c t  t o  

" c l o s e  t h e  loop" h i m s e l f ,  s i n c e  a  d r i v e r  model such  a s  t h o s e  

g i v e n  i n  [ 8 1  and [ 9 1  may b e  e a s i l y  added t o  t h e  p r e s e n t  

s i m u l a t i o n . *  

In  l i e u  of  a  d r i v e r  model ,  one might  w i sh  t o  s p e c i f y  a  . 

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

of  open l oop  v e h i c l e  s i m u l a t i o n  on s u c h  a  t e r r a i n .  T h i s  work 

h a s  been  accompl i shed  s u c c e s s f u l l y  by McHenry and Deleys  f o r  

an au tomob i l e  [ l o ] .  The e q u a t i o n s  o f  t h e  t e r r a i n ,  however ,  a r e  much 

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

"he s t e e r  model g i v e n  i n  [ 8 1  i s  d i f f e r e n t  c o n c e p t u a l l y  f rom 
t h o s e  c o n s i d e r e d  h e r e .  The f r o n t  whee l  s t e e r  and  t h e  b r a k i n g  
a r e  d e g r e e s  o f  f reedom i n  t h i s  mode l ,  and t h e  d e s i r e d  t r a j e c t o r y  
i s  t h e  i n p u t  f u n c t i o n  of  t i m e .  



t h a t  s u c h  a d d i t i o n a l  c o r n p l i c a t i o n s  wou ld  no: be i n  t h e  o v c 1 . ~ ~ 1 1  J 

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

I n  v i e w  o f  t h e s e  c o n s i d e r a t i o n s ,  i t  was d e c i d e d  t o  u s e  a 

roadway model  i n  wh ich  t h e  no rma l  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  a s sumed  t o  h a v e  o n l y  a  2n component .  Thus t h e  model 

may be t h o u g h t  of  a s  a  p l a n a r  s u r f a c e ,  p o s s i b l y  i n c l i n e d ,  e x -  . 
t e n d i n g  a s  f a r  a s  i s  n e c e s s a r y  i n  t h e  XN and  Y N  d i r e c t i o n s .  I t  

i s  n o t ,  h o w e v e r ,  assumed t h a t  t h i s  r o a d  s u r f a c e  i s  s m o o t h .  Road 

p r o f i l e  d a t a  i n  f u n c t i o n a l  o r  c o o r d i n a t e  fo rm n a y  b e  i n t r o d u c e d .  

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

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

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

t h e  mode l .  

B 3 . 5 . 1  THE EQUATIONS OF THE IKCLINED ROADltrAY. The i n i t i a l  

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

a l l  o t h e r  i n i t i a l  c o n d i t i o n s  a r e  s e t  t o  r e r o .  T h u s ,  i n i t i a ; l y ,  

on a  l e v e l  s u r f a c e  t h e  s u s p e n s i o n  f o r c e s  add  up t o  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  moment o f  t h e  s u s p e n s i o n  f o r c e s  

a b o u t  any  p o i n t  i s  i d e n t i c a l l y  z e r o .  The n o r m a l  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  add  up  t o  t h e  g r o s s  v e h i c l e  w e i g h t .  

T h i s  c h o i c e  o f  i n i t i a l  c o n d i t i o n s ,  t o g e t h e r  ~ < l t h  t h e  a s -  

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

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

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

i f  t h e  roadway i s  n o t  i n c l i n e d .  I n  t h e  summat ion  o f  f o r c e s  on 

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

b e  c o n s i d e r e d ,  s i n c e  t h e  s t a t i c  l o a d s  w i l l  a l w a y s  b e  e q u a l  and  

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

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

mass e q u a t i o n s  o f  m o t i o n  w i t h o u t  any  c o n s i d e r a t i o n  o f  t h e  f o r c e  

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

The p r o b l e m  becomes s l i g h t l y  more c o r n p l i c a t e d  i f  t h e  r o a d -  

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



r ema in  normal t o  t h e  road r a t h e r  t h a n  o p p o s i t e  i n  d i r e c t i o n  t o  

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

a d j u s t i n g  t h e  e q u a t i o n s  of  mot ion t o  accommodate an i n c l i n e d  

roadway : 

1. The [XI ,  Y1, Zl] and [XN, Y N ,  ZN] sy s t ems  ( t h e  un-  

sp rung  mass sys tem and t h e  i n e r t i a l  s y s t e m ,  r e s p e c t -  

i v e l y )  a r e  a g a i n  t a k e n  t o  b e  c o l i n e a r  i n i t i a l l y .  The 

d i r e c t i o n  of $1 and 9 l  w i l l ,  o f  c o u r s e ,  change i n  t ime  

w i t h  t h e  v e h i c l e  yaw a n g l e .  Note t h a t  2n and 9n a r e  

i n  t h e  road  p l a n e  and 2n i s  p e r p e n d i c u l a r  t o  t h e  r o a d .  

2 .  The g r a v i t y  f o r c e  f i e l d ,  whose d i r e c t i o n  w i l l  be  de -  

f i n e d  by t h e  u n i t  v e c t o r  g ,  may b e  a t  an  a n g l e  w i t h  

2n. The u s e r  i n p u t  v a r i a b l e s  a r e  g l  and g2 where  

and 

Thus t h e  components o f  t h e  v e c t o r  g d e f i n e  t h e  d i r e c t i o n  

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

o r i e n t a t i o n  o f  t h e  " road . "  A few examples  may b e  h e l p f u l .  

( a )  g l  = g 2  = 0  (B3.45) 
The g r a v i t a t i o n a l  f i e l d  v e c t o r  g h a s  no component i n  t h e  

21  o r  91 d i r e c t i o n s .  T h e r e f o r e ,  t h i s  s u r f a c e  h a s  no i n c l i n a t i o n  

a n g l e .  

(b ) g l  = - 0 5  g2 = 0  (B3.46) 
The c o s i n e  o f  t h e  a n g l e  be tween  g and  2n i s  0 . 0 5 .  Thus t h e  

X N  a x i s  i n c l i n e s  downward. The i n c l u d e d  a n g l e  f3 may be  found 

t o  be  

- 1 B = 90" - cos  1 .05 )  2 3" (B3.47) 

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

f a c i n g  d i r e c t l y  d o w n h i l l  on a  5% g r a d e .  



'The c o s i n e  of t h e  arlgle between g and ?n i s  0 . 0 5 .  Thus t h e  

YN a x i s  i n c l i n e s  downward a s  shown i n  F i g u r e  3 -15 .  The a n g l e  

l a b e l e d  8 i s  a g a i n  abou t  3 " .  

The c h o i c e  of n o n - z e r o  g l  o r  g2 o r  bo th  i m p l i e s  t h a t  t h e  

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

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

normal 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 .  The a p p r c p r i a t e  

a d j u s t m e n t s ,  however,  may be  made i n  a  s t r a i g h t f o r w a r d  manner.  

The i n i t i a l  p o s i t i o n  of t h e  v e h i c l e  w i l l  b e  chosen  t o  b e  t h e  

trim p o s i t i o n  of  t h e  v e h i c l e  whe ther  o r  n o t  t h e  v e h i c l e  i s  on  

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

a l l  i n i t i a l  c o n d i t i o n s  excep t  t h e  i n i t i a l  speed  a r e  z e r o .  As 5 

r e s u l t ,  t h e  sprung  and unsprung masses cannot  be  i n  e q u i l i b r i u m  

i n i t i a l l y  u n l e s s  g l  and g2 a r e  z e r o .  

F i g u r e  3 -15 .  The i n c l i n e d  roadway: g l  = 0 . 0 ,  g2 = 0 . 0 5 .  

1 2 6  



I n  t h e  c a s e  of non-zero g l  and g2,  i n i t i a l l y  t h e r e  e ~ u s t  

be  o f o r c e  i ~ n h ~ ~ l a n c c  011 botll t h e  sprung arid unsprung I nasses .  

(In t h e  sprung  Inass t h e  colilbination of  t h e  s u s p e n s i o n  f o r c e s  and 

t h e  w e i g h t  may be w r i t t e n  

where t h e  f i r s t  term on t h e  r i g h t  s i d e  i s  t h e  t o t a l  s u s p e n s i o n  

f o r c e  and t h e  second  i s  t h e  sprung  w e i g h t .  Note t h a t ,  s i n c e  

i n i t i a l l y  t h e  SF have no n e t  moment abou t  t h e  sp rung  mass c e n t e r ,  

t h e r e  i s  no moment imbalance .  

Equa t ion  (B3-49) may be  r e w r i t t e n  

The f i r s t  term i n  Equa t ion  ( B 3 . 5 0 )  i s  c a l c u l a t e d  by t h e  

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

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

The same a n a l y s i s  may be  done i n  t h e  c a s e  o f  t h e  unsprung 

masses .  A t  each  unsprung mass c e n t e r  t h e  f o r c e  

where MS i s  t h e  a p p r o p r i a t e  mass ,  and g i s  t h e  g r a v i t a t i o n  con-  

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

and s l i p  a n g l e s  t a k i n g  p l a c e  i n  t h e  u s u a l  way. 

B 3 . 6  AERODYNAMIC DRAG 

The p o s s i b l e  modes of  a p p l i c a t i o n  o f  wind d r a g  a r e  many 

and v a r i e d .  While a n a l y t i c a l  work h a s  b e e n  done and has  o f -  

f e r e d  i n s i g h t  i n t o  t h e  p rob lem,  a  p u r e l y  t h e o r e t i c a l  b a s e  on 

which one might  draw i n  o r d e r  t o  w r i t e  e q u a t i o n s  s u i t a b l e  f o r  

u s e  i n  v e h i c l e  s i m u l a t i o n  i s  by no means c o m p l e t e .  N e v e r t h e l e s s ,  



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

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

down p e r i o d  b e f o r e  i n i t i a t i o n  of a t r a p e z o i d a l  s t e e r  maneuver.  

To f a c i l i t a t e  t h e  s i m u l a t i o n  of an app rox ima te  d r a g  f o r c e  - - 

w i t h o u t  undue u s e r  e f f o r t ,  we have i n  t h i s  c a s e  chosen  a 

v e r y  s i m p l e  app roach .  The t o t a l  d r a g  f o r c e  h a s  been  assumed t o  

app ly  i n  t h e  -81 d i r e c t i o n  a t  t h e  v e h i c l e  mass c e n t e r .  The mag- 

n i t u d e  o f  t h i s  f o r c e  I F (  i s  

2 ( B 3 . 5 2 )  I F /  = WIND u  

\;here K I N D  i s  a u s e r  i n p u t  c o n s t a n t  and u  i s  t h e  l o n g i t u d i n a l  

speed  of t h e  v e h i c l e  i n  f e e t / s e c .  



B 4 ,  A T I R E  h1ODEL FOR USE IN THE SIMULATION OF LIMIT MANEUVERS 

B4.1  INTRODUCTION 

The most i m p o r t a n t  and most d i f f i c u l t  s i n g l e  a s p e c t  of  

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

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

a r e  i n v a r i a b l y  " s e m i - e m p i r i c a l , "  i . e . ,  t i r e  models which com- 

b i n e  c e r t a i n  knovin and /o r  h y p o t h e t i c a l  c h a r a c t e r i s t i c s  of  t h e  

p h y s i c s  of t h e  t i r e - r o a d  i n t e r f a c e  w i t h  measured t e s t  d a t a .  

bfany s e m i - e m p i r i c a l  models have been  p r e s e n t e d  i n  t h e  

l i t e r a t u r e  ( s e e ,  f o r  example ,  [ I]., 1 2 ,  1 3  I ) .  These  models 

have been  u s e d ,  w i t h  v a r y i n g  s u c c e s s ,  t o  e x p l a i n  t h e  s h e a r -  

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

some c a s e s ,  t o  compute t h e s e  f o r c e s  f o r  pu rposes  o f  v e h i c l e  

s i m u l a t i o n .  None of  t h e s e  models ,  however ,  i s  i d e a l l y  s u i t e d  

f o r  s i m u l a t i n g  l i m i t  maneuvers .  A c c o r d i n g l y ,  an  improved t i r e  

model ha s  been produced f o r  u se  i n  t h e  p r e s e n t  program.  

Our g o a l s  f o r  t h i s  niodel a r e  l i s t e d  be low:  

1. The model s h o u l d  a d e q u a t e l y  p r e d i c t  ( a )  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 a  s t e e r e d  t i r e ,  (b)  t h e  l o n g i -  

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

under  t h e  i n f l u e n c e  of b r a k i n g ,  and ( c )  combina t i ons  

o f  t h e  two. By " a d e q u a t e l y " ,  we mean t h a t  we e x p e c t  

computed d a t a  t o  be  w i t h i n  5 %  o r  l e s s  o f  measured 

d a t a  under  a l l  c o n d i t i o n s .  

2 .  The model s h o u l d  be  economica l  t o  u s e  from t h e  p o i n t  

of  view of  ( a )  t h e  expense  i n v o l v e d  i n  t h e  e m p i r i c a l  

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

of  p a r a m e t e r s  f c r  u se  i n  t h e  c o m p u t a t i o n s ,  ( b )  t h e  

u s e r  t ime  r e q u i r e d  t o  f e e d  t h e s e  p a r a m e t e r s  i n t o  t h e  

computer ,  and ( c )  t h e  expense  i n v o l v e d  i n  t h e  

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



3 .  The model should be dased ,  a s  much as  p o s s i b l e ,  upon 

the  phys ics  perce ived  a t  t h e  t i r e - r o a d  i n t e r f a c e .  

The l a s t  of t h e s e  goals  tends t o  c o n f l i c t  t o  a c e r t a i n  

e x t e n t  r t i th  t h e  o t h e r s ,  p a r t i c u l a r l y  wi th  r e s p e c t  t o  t h e  s t i p u -  

l a t i o n s  on expense.  However, i t  w i l l  be shown below t h a t  a 

reasonable  t r a d e - o f f  has been conceived such t h a t ,  wh i l e  t h e  

newly developed a lgor i thm r e q u i r e s  only r o u t i n e l y  measured d a t a  

as inpu t  and lends  i t s e l f  t o  q u i t e  economical computa t ions ,  

t h e  connect ion  t o  t h e  phys ics  of t h e  t i r e - r o a d  i s  s u f f i c i e n t  

t o  al low t h e  u s e r  t o  "es t imate"  a  r easonab le  t i r e  t r a c t i o n  

f i e l d  based on s p a r s e  d a t a .  (This p r a c t i c e  i s  n o t ,  however, 

recommended, and has  no t  been necessary  i n  t h e  p r e s e n t  program 

i n  which s u f f i c i e n t  t i r e  d a t a  has  been gene ra ted . )  

I t  i s  impor tant  t o  n o t e  t h a t  no a t t empt  has  been made h e r e  

t o  model t h e  g e n e r a t i o n  of moments a t  t h e  t i r e - r o a d  i n t e r f a c e .  

I t  was f e l t  t h a t  a c c u r a t e  and economical computat ions of a l i g n i n g  

moment a r e  n o t  f e a s i b l e  a t  t h i s  t ime,  t h u s ,  p r o v i s i o n  has  been 

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

moment versus  s l i p  ang le  and load  f o r  use  i n  s t r a i g h t f o r w a r d  

i n t e r p o l a t i o n .  (Data suppor t ing  t h i s  p o s i t i o n  have been p r e -  

sen ted  i n  Reference 14.) In t h i s  same s p i r i t ,  o v e r t u r n i n g  

moments have been neg lec ted  as  a  smal l  e f f e c t ,  and r o l l i n g  r e -  

s i s t a n c e  has been assumed t o  be equal  t o  2 %  of t h e  normal load  

on the  t i r e .  

In S e c t i o n  B 4 . 2 ,  t h e  k inemat ic  c o n s i d e r a t i o n s  w i l l  be 

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

adhesion o r  s l i d i n g  of t i r e  elements r e l a t i v e  t o  t h e  road .  In  

B4.3, t h e  equa t ions  f o r  t h e  shea r  f o r c e s  a r e  d e r i v e d ,  and i n  

B 4 . 4  a  d e t a i l e d  d i s c u s s i o n  of each of  t h e  v a r i o u s  parameters  of 

t h e  model i s  p r e s e n t e d .  F i n a l l y ,  i n  S e c t i o n  B4.5, comparisons 
a r e  given between computed and measured t i r e  t r a c t i o n  f i e l d s .  



B 4 . 2  KINEMATICS 

This derivation is based on an idealization of the tire- 

road contact region geometry as shown in Figure B4-1. The tire 

is considered to have zero inclination angle with the effects 

of inclination on the forces produced accounted for in an ap- 

proximate manner through the introduction of an "equivalent 

slip angle", which is a function of the inclination angle and 

the tire's camber stiffness. This approximation is discussed 

in detail in Reference [ 11. 

Line 0-1-2 (in Figure B4-1) is the longitudinal centerline 

of the tire-road contact patch. The 5-q ground plane coordinate 

system has its origin at point 0, the tread touchdown point, 

~{ith the 5 axis passing through point 2, the tread liftoff 

point, Line 3-4 is the longitudinal centerline of the tire 

carcass. Each point on the carcass centerline is assumed to 

be elastically connected to the tread (line 0-1-2) through 

orthogonal "springs" producing independent forces in the 5 and 
q directions. Thus a point on the tread follows the path of 

the carcass so long as no shear force acts on it. 

In the analysis performed by Fiala [12 1 ,  the configuration 
of the carcass centerline, line 3-4, is derived by assuming it 

to behave as an elastically-supported beam subjected to a point 

(lateral) load at its center. The resulting infinite series is 

approximated by a parabola. In the present analysis, we make 

the more arbitrary assumption that the carcass centerline de- 

formation may be approximated by a contant; thus line 3-4 lies 

in the vertical plane passing through the 5 axis. The validity 

of this rather bold but often used assumption (see [13 I )  can 
only be assessed from a practical standpoint on the basis of 
comparisons between calculated and measured results. 

Point 1 of the tire tread centerline represents the 

"sliding boundary"; points on the tread forward of point 1 
(line segment 0-1) adhere to the ground surface without sliding. 



r CARCASS - 

Figure B4-2. Strain condition in non-sliding 
portion of contact patch. 



-At point 1, the elastic stresses due to tread deformation reach 

a value corresponding to the tire-road shear stress limit and 

the rubber begins to slide relative to the ground. Accordingly, 

the shear deformation along line segment 1-2 is a function of 

the local sliding friction potential. 

Figure B4-2 is a sketch depicting the hypothesized defor- 

mation condition prevailing at a typical point P ( 5 , q )  on the 

non-sliding segment (0-1) of the patch centerline. The longi- 

tudinal coordinate of point P is equal to the product of the 

tire's longitudinal velocity (uw) and the time interval, At, 

from the instant when P entered the patch at 0 to the instant 

pictured, i.e., 

During the same interval At, point P' on the carcass centerline 

(\<hich coincided with point 3 at the start of the interval) has 

moved a distance 5' given by 

uhere Re is the rolling radius of the tire and R is the wheel 

spin velocity. Thus the longitudinal deformation of point P 

relative to point P' is given by 

and the longitudinal component of stress at point P is equal to 



Figure B4-1. Tire-road contact region geometry. 



where Kx i s  t h e  " l o n g i t u d i n a l  t i r e  s t i f f n e s s , "  i n  pounds p e r  

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

The l a t e r a l  deformat ion  of p o i n t  P i s  g iven  by* ( s e e  

F i g u r e  B4-2) : 

Thus t h e  l a t e r a l  s t r e s s  component a t  P i s  e q u a l  t o  

l ihere  K i s  t h e  " l a t e r a l  t i r e  s t i f f n e s s , ' '  i n  pounds p e r  u n i t  
?' 

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

The maximum a l lowab le  t o t a l  s h e a r  s t r e s s  a t  any p o i n t  i n  

t h e  c o n t a c t  p a t c h ,  omax, i s  assumed t o  v a r y  w i t h  5 ' .  One of  t h e  

main f a c t o r s  de t e rmin ing  omax i s  t h e  d i s t r i b u t i o n  of t h e  normal 

p r e s s u r e ,  p ,  over  t h e  c o n t a c t  p a t c h .  I t  w i l l  be  assumed t h a t  

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

t r a p e z o i d a l A *  i n  form i n  t h e  l o n g i t u d i n a l  d i r e c t i o n  and un i fo rm 

i n  t h e  l a t e r a l  d i r e c t i o n  a s  i l l u s t r a t e d  i n  F i g u r e  B4-3, 

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

a s imp le  e x p r e s s i o n  f o r  t h e  maximum p r e s s u r e  i n  terms of t h e  

t o t a l  normal l o a d ,  F Z ,  t h e  l e n g t h  of t h e  c o n t a c t  p a t c h ,  2 R ,  t h e  

wid th  of t h e  c o n t a c t  p a t c h ,  w ,  and t h e  l e n g t h  of  t h e  i n c r e a s i n g  

and d e c r e a s i n g  p r e s s u r e  zones ,  a .  

*Note t h a t  t h e  s i d e s l i p  a n g l e ,  a ,  shown i n  F i g u r e  B4-2 i s  a  
n e g a t i v e  a n g l e .  

**This assumption a l lows  t h e  u s e  of a  un i form p r e s s u r e  d i s t r i b u -  
t i o n ,  a s  i n  Reference  E l l ] ,  by s e t t i n g  a  = 0 .  I t  h a s  been  
shown ( s e e  Reference  [ l 4 ] )  ,however ,  t h a t  a  un i form p r e s s u r e  
d i s t r i b u t i o n  i s  n o t  r e a s o n a b l e  i n  many c a s e s ,  t h u s  t h e  v a r i a b l e  
s l o p e  a t  t h e  extremes of  t h e  c o n t a c t  p a t c h .  



- r 7  - D  n u r e  E 4 - 3 ,  P res su re  d i s t r i b u t i c n  i n  t h e  c o n t a c t  p a t c h .  

The p r e s s u r e  i n  each of t h e  t h r e e  reg ions  of  t h e  c o n t a c t  

pa tch  may t h e r e f o r e  b e  w r i t t e n  

The t i r e - r o a d  s h e a r  s t r e s s  l i m i t ,  omax, i s  assumed t o  

d e r i v e  from a  f i n i t e  f r i c t i o n a l  coup l ing  such t h a t  



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

q u a n t i t y  p w i l l  be d i scussed  below. I t  s h o u l d ,  however, be  n o t e d  

h e r e  t h a t  p may be assumed t o  be a  f u n c t i o n  of t h e  d i r e c t i o n  o f  

t h e  s h e a r  s t r e s s e s  wi th  no l ~ s s  i n  g e n e r a l i t y  i n  t h e  fo l lowing  

d i s c u s s i o n .  

Using Equat ion (B4.8 j ,  we can de termine  t h e  p o s i t i o n  of 

t h e  s l i d i n g  boundary p o i n t  ( p o i n t  1 i n  F i g u r e  B4-1) where t h e  

r e s u l t a n t  e l a s t i c  deformat ion  s t r e s s  j u s t  e q u a l s  t h e  t i r e - r o a d  

s h e a r  s t r e s s  l i m i t ,  i . e . ,  where 

Let 5, denote  t h e  l o n g i t u d i n a l  c o o r d i n a t e  of t h e  s l i d i n g  boundary 

p o i n t .  On s u b s t i t u t i n g  i n t o  Equat ion (B4.9) from Equat ions  (B4.4) 

and (B4.6) , we o b t a i n  

2 2 -112 
5, = max [(KXs) + (Ky t a n a )  ] 

Let  S t s  denote  t h e  l o n g i t u d i n a l  c o o r d i n a t e  of t h e  p o i n t  on 

t h e  t i r e  c a r c a s s  a s s o c i a t e d  w i t h  p o i n t  C s ,  a s  p e r  F i g u r e  B4-2. 

Then, from Equat ion (B4.3) , we have t h a t  

2 2 -1/2 
= W P ( ~ - s )  [(Kxs) + (Ky  t a n  a )  ] 

The r e s u l t a n t  of t h e  s h e a r  s t r e s s e s  i n  t h e  adhes ion  r e g i o n  

may now be computed i n  a s t r a i g h t f o r w a r d  f a s h i o n .  Th i s  e x e r c i s e  

has two p a r t s ,  namely, (1) t h e  l o c a t i o n  of t h e  s l i d i n g  boundary ,  
C t s ,  and ( 2 )  t h e  i n t e g r a t i o n  of t h e  s h e a r  s t r e s s e s  ove r  t h e  a r e a  

from 5 '  = 0 t o  5 '  = C t S .  



I t  has  been  assumed t h a t  t h e  s h e a r  s t r e s s  i n  t h e  s l i d i n g  

r e g i o n  i s  e q u a l  t o  vp and i s  o r i e n t e d  t o  oppose s l i d i n g  v e l o c i t y .  

Thus a  second  i n t e g r a t i o n ,  i n  t h i s  c a s e  o v e r  t h e  a r e a  f rom €,I s  

t o  2 L ,  w i l l  y i e l d  t h e  s h e a r  f o r c e  i n  t h e  s l i d i n g  r e g i o n .  

Due t o  t h e  assumed t r a p e z o i d a l  form of  p r e s s u r e  d i s t r i b u -  

t i o n ,  t h e r e  a r e  t h r e e  s e p a r a t e  r e g i o n s  i n  which S t s  may b e  

l o c a t e d  : 

(1) A p o i n t  i n  t h e  d e c r e a s i n g  p r e s s u r e  zone. 

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

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

(3)  A p o i n t  i n  t h e  i n c r e a s i n g  p r e s s u r e  zone. 

Case (1) : 

From Equat ions  (B4.11) and (B4.7) , we have 

l.lPrnax (2R-5 ' )  ( 1 - s )  21-a  < 
2 2 112 

a[ (Kxs)  + (Ky t a n  a )  ] 

I n s e r t i n g  t h e  l i m i t  5 '  v a l u e  i n  Equa t ion  (B4.13) ,  namely 

and t h e  pmax v a l u e  a s  d e f i n e d  i n  Equa t ion  (B4 .7 ) ,  and r e - a r r a n g i n g  

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

r e g i o n .  

where 
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I f  t h e  f i r s t  o f  i n e q u a l i t i e s  (B4.23) i s  -~rio!at .ed,  s i i d i c g  
,,.- . must occu r  i n  t h e  l e a i i i n?  s l l o u l d e r  r ec , i on .  I !I, ?. 5 C O I ; ~  i t  i !-I!:, i i \L i \ .  

be w r i t t e n  

Note t h a t  s i n c e  b o t h  t h e  p r e s s u r e  and t h e  s t r e s s  a r e  l i n e ~ r  

f u n c t i o n s  o f  i n  t h i s  c a s e ,  a l i d i n g  w i l l  c c c u r  2 t  a l l  p o i n t 5  

0 < 5, < a ,  i . e . ,  

Two i m p o r t a n t  assumpt ions  a r e  made w i t h  r e g a r d  L C  t h e  Ec rce s  

i n  t h e  s l i d i n g  r e g i o n ,  namely (1)  t h e  r e s i l l t i ~ g  f o r c e  eppose s  5 1 e  

d i r e c t i o n  of  r e l a t i v e  mot ion between t h e  t i r e  and t h e  r o a 3  S i l T -  

f a c e ,  and ( 2 )  t h e  v e l o c i t y  o f  d e f o r m a t i ~ n  0 5  t h e  s l i d i n g  r.:-:>srb:: 

r e l a t i v e  t o  t h e  undeformed t i r e  c e n t e r l i n e  is n e g l e c t e d , "  332 

ave rage  l o n g i t u d i n a l  component o f  s l i d i n g  ve l  o c i t y  , t h e r e f o r : ,  

i s  ( s e e  F i g u r e  B 4 - 2 )  

Vx 
= (Ir cos  a - BRe) 

and t h e  ave rage  l a t e r a l  component 1; 

Thus ,  t h e  a n g l e ,  8, between t h e  s l i d i n g  d i r e c t i o n  and t h e  un- 

deformed c e n t e r l i n e  may be  w r i t t e n  * 

*These a s sumpt ions  a r e  n e c e s s a r y  t o  keep  t h e  n u m e r i c a i  work . - 
down t o  a  r e a s o n a b l e  l e v e l .  F o r t u n a t e l y ,  r e a s o n a b l e  c a l c u -  
l a t i o n s  seem t o  r e s u l t .  A more d e t a i l e d  d i s c u s s i o n  o f  o p t i o n s  
a v a i l a b l e  f o r  t h e  s l i d i n g  r e g i o n  i s  g i v e n  i n  R e f e r e n c e  [ 1 3 ] .  



V s i n  a t a n  8 = V cos 3 - R R  e  

But 

V cos a - C2firA 
i; 

S = V cos a 

Thus 

t a n  a t a n 8  = - 

B4.3 THE COMPUTATION OF THE SHEAR FORCES 

The s h e z r  f o r c e  produced a t  t h e  t i r e - r o a d  i n t e r f a c e  may now 

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

1 )  I n e q u a l i t i e s  (B4.15) , (B4.21) , and ( B 4 . 2 3 )  y i e l d  t h e  

s l i d i n g  r e g i o n  

2 )  Equa t ion  (B4.11) w i l l  y i e l d  5; 

3) The t o t a l  l o n g i t u d i n a l  f o r c e ,  
F5 

, and l a t e r a l  f o r c e ,  

F1l ' may b e  computed through an i n t e g r a t i o n  of  t h e  

s h e a r  s t r e s s  ove r  t h e  c o n t a c t  p a t c h ,  v i z :  

and 

F = w ( i o b  ~ ~ ( € ' ) d 5 '  + s i n  6 I omax 
11 r 1 

I S 1 ) d S ' )  

where t h e  f i r s t  terms on t h e  r i g h t - h a n d  s i d e  o f  Equa t ions  

(B4 - 3 0 )  and (B4.31 j  i n d i c a t e  t h e  f o r c e  c o n t r i b u t i o n  from t h e  
adhes ion  r e g i o n ,  and t h e  second  te rms  i n d i c a t e  t h e  f o r c e  from 

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



The magni tude  of t h e  s h e a r  s t r e s s e s  o anu or mav he  con!- 5 I I 

p u t e d  f rom Equa t ions  (B4.3) , (B4.4) , and (B4. , u i z ,  : 

and 

-KT, t a n  a 5 '  

and f rom E q u a t i o n  (B4.7b) 

The r e s u l t s  o f  t h e  i n t e g r a t i o n s  (B4.30) and (E4.31) are 

summarized below f o r  Cases 1 th rough  3:  

Case (1) : 2R-a < ' 5 

Repea t ing  Equa t ion  (B4.11) , we n o t e  t h a t  

J ( K ~ s ) "  + (K t a n  alL 
Y 

where f rom Equa t ion  (B4.7b) we have 

The combina t i on  of  E q u a t i o n s  (B4.11) a n d  ( I34 .7b)  l e a d s  t o  

- S 

/(s K ~ )  + ( K ~  tan a) 2 
/ 



Equat ion ( B 4 . 3 5 )  may b e  r e w r i t t e n  as 

5 ' s  - lJ F z ( l - s )  - - - 
22? 

(B4.36) 
K 

1 -  F + - a a  K L2 + ( t a n  a)  2 
Y 

The above r e s u l t  s i m p l i f i e s  t o  

Equat ion (B4.36) y i e l d s  the  l i m i t s  of i n t e g r a t i o n  f o r  use  i n  

Equat ions (B4.29) and (B4.30). Carrying o u t  t h e s e  i n t e g r a t i o n s ,  

we o b t a i n  t h e  fo l lowing  e x p r e s s i o n s :  

Case 2: a < 6 ' s  < 2R-a 

In t h i s  c a s e ,  t h e  combinat ion o f  Equat ions  (B4.11) and 

(B4.7b) l eads  t o  

Equat ion (B4.39) y i e l d s  the  l i m i t s  o f  i n t e g r a t i o n  f o r  use  i n  

Equations (B4.30) and (B4 .31) .  Car ry ing  o u t  t h e s e  i n t e g r a t i o n s ,  

we o b t a i n  t h e  fo l lowing  e x p r e s s i o n s :  



. - 
Case 3 :  E t s  < a 

I t  h a s  been n o t e d  above t h a t  t h e  p o i n t  iYS = a r e s u l t s  

i n  a  s l i d i n g  boundary which i n c l u d e s  a l l  p ~ i ~ t s  6 5 '  :: . 
s  

Thus,  E q u a t i o n s  ( B 4 . 3 1 )  and ( B 4 . 3 2 )  r e a u r e  t c  t h e  f o l l o w i n g  

e x p r e s s i o n s :  

C a r r y i n g  o u t  t h e s e  i n t e g r a t i o n s ,  we o b t a i n  t i le  f o l l o w i n g  

e x p r e s s i o n s  : 

F = p / F  I s i n  8 
rl z 

B 4 . 4  THE T I R E  PARAMETERS 

In  p r e v i o u s  s e c t i o n s  o f  t h i s  append ix  an a l g o r i t h m  h a s  

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

v a r i a b l e s ,  such  as  t h e  normal  l o a d ,  FZ, a n t  t h e  l o n g i t u d i n a l  

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



computer  program.  In  a d d i t i o n ,  v a l u e s  o f  P ,  a/2L,  C s ,  and 

Ca must  be s u p p l i e d .  These l a t t e r  f o u r  v a r i a b l e s  a r e  

d i s c u s s e d  below.  

B4 .4 .1  THE SATURATION FRICTION LEVEL,  p .  The c o e f f i -  

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

f o l l o w i n g  e q u a t i o n :  

where V t h e  s l i d i n g  v e l o c i t y ,  i s  g i v e n  by s  ' 

Thi s  f o r m u l a t i o n ,  f i r s t  s u g g e s t e d  i n  Re fe r ence  11, 

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

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

r e d u c t i o n  p a r a m e t e r "  FA.  I n  f a c t ,  t h e  most i m p o r t a n t  e f f e c t  

of t h e  FA*VS p r o d u c t  i s  t h a t  s o - c a l l e d  " p - s l i p "  c u r v e s  

i s  t r a i g h t  r u n n i n g  I Fx/Fz / p l o t t e d  a g a i n s t  l o n g i t u d i n a l  s l i p )  

w i l l  r e a c h  a  peak  a t  s9me s m a l l  s l i p  v a l u e  and  d e c l i n e  u n t i l  

t h e  l o c k  p o i n t  a t  s  = 1 i s  r e a c h e d .  

The f r i c t i o n  l e v e l s  have b e e n  assumed t o  b e  a n i s o t r o p i c  

b y  s e t t i n g  

- - 2 
P x  + y (!Jy - ux) 1 0  I 

% h e r e  9 i n d i c a t e s  t h e  s l i d i n g  d i r e c t i o n .  



Thus a t  low speeds  ( i . e . ,  n e g l e c t i n g  t h e  e f f e c t s  of  . . 
s l i d i n g  speed  on t h e  s a t u r a t i o n  f r i c t i o n  l e v e l s ) ,  t h e  maximum 

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

and t h e  maximum s t r a i g h t  - runn ing  l o n g i t u d i n a l  f o r c e  i s  

For combined b r a k i n g  and t u r n i n g ,  t h e  maximum f o r c e s  

a r e  l i m i t e d  by  an i n t e r m e d i a t e  f r i c t i o n  v a l u e  a s  d e f i n e d  i n  

Equa t ions  ( B 4 . 4 4 ) ,  and t h e  f o r c e  i n  t h e  s l i d i n g  r e g i o n  

opposes  t h e  s l i d i n g  d i r e c t i o n .  

The p a r a m e t e r s ,  u,, p y ,  and FA can e a s i l y  b e  d e r i v e d  

from measured data-the and FA v a l u e s  may b e  d e r i v e d  from 
X 

t h e  peak and locked-whee l  f o r c e  l e v e l s  of l o n g i t u d i n a l  f c r c e  

ve r sus  l o n g i t u d i n a l  s l i p  d a t a ,  and p may be  d e r i v e d  from t h e  
Y 

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

(Note t h e  e f f e c t s  o f  t h e  f r i c t i o n  r e d u c t i o n  p a r a m e t e r  a r e  

s m a l l  h e r e  s i n c e  t h e  p r o d u c t  FA t a n  a remains  smal l  even 

f o r  q u i t e  l a r g e  a . )  

B4.4.2 THE PRESSURE DISTRIBUTION PARAMETER, a/2R. The 

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

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

w i l l  be p r e d i c t e d  by any s e m i - e m p i r i c a l  model.  I n  p r e v i o u s  

r e s e a r c h ,  t h e  p r e s s u r e  d i s t r i b u t i o n  ha s  been  assumed t o  be 

uniform [ 1 1 ] ,  p a r a b o l i c  1 1 2 1 ,  and e l l i p t i c a l .  [ I s ] .  O the r  -, 

i n v e s t i g a t o r s  have made an e f f o r t  t o  s o l v e  f o r  t h e  a p p r o p r i a t e  . 
d i s t r i b u t i o n  t o  cause  measured d a t a  t o  be p r e d i c t e d  by t h e i r  . . 

model [16]. In  t h e  p r e s e n t  a n a l y s i s ,  we have  assumed t h e  

p r e s s u r e  d i s t r i b u t i o n  t o  b e  t r a ' p e z o i d a l ,  w i t h  t h e  w i d t h  o f  



t h e  r i s i n g  and f a l l i n g  a r e a ,  a /2R,  t o  be  s e t  by t h e  u s e r .  

Thus a  un i form d i s t r i b u t i o n  may be o b t a i n e d  by s e t t i n g  a /2k 

e q u a l  t o  z e r o ,  and i n c r e a s i n g l y  nonuniform d i s t r i b u t i o n  may 

be  o b t a i n e d  by s e t t i n g  a/2R t o  v a l u e s  between z e r o  and - 5 .  

I n  p r a c t i c e ,  we have found t h a t  t h e  u n i f o r m  d i s t r i b u t i o n  

l e a d s  t o  an e x c e l l e n t  f i t  t o  f r e e - r o l l i n g  l a t e r a l  f o r c e  d a t a  

f o r  r a d i a l  t i r e s .  F u r t h e r ,  t h e  c h o i c e  o f  

has  been  found t o  l e a d  t o  an e x c e l l e n t  f i t  t o  t h e  f r e e - r o l l i n g  

l a t e r a l  f o r c e  d a t a  f o r  many b i a s  and b i a s - b e l t e d  t i r e s . U t  

s h o u l d  be n o t e d  t h a t  t h e s e  l a t t e r  r e s u l t s  a l s o  a g r e e  v e r y  

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

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

r e s u l t i n g  from a/2R = . 2 5  i s  s i m i l a r  t o  a  p a r a b o l a .  

B 4 . 4 . 3  THE LONGITUDINAL STIFFNESS, C s .  The name 

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

t h e  d e r i v a t i v e  o f  F  w i t h  r e s p e c t  t o  s  e v a l u a t e d  a t  ci = s = 0 .  5 
(Th i s  may b e  v e r i f i e d  by d i f f e r e n t i a t i o n  o f  F a s  g i v e n  i n  5 
Equa t ion  (B4 .37a)  , w i t h  5 I s  f rom E q u a t i o n  ( B 4 . 3 6 )  . )  The 

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

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

r e s u l t i n g  i n  t h e  o c c u r r e n c e  o f  t h e  peak  F a t  l ower  s l i p  
5 

v a l u e s .  S i n c e  t h e  v a l u e  of  s  a t  peak F  i s  q u i t e  i m p o r t a n t  
5 

i n  some a p p l i c a t i o n s  ( e .  g . ,  a n t i s k i d  b r a k e  s i m u l a t i o n s ) ,  and 

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

s l i p ,  t h e  v a l u e  o f  F w i l l  r a p i d l y  t e n d  toward  t h e  v a l u e  o f  
5 

hThe t h r u s t  o f  t h i s  f i n d i n g  i s  i n  agreement  w i t h  t h e  commonly 
a c c e p t e d  p r emise  t h a t  r a d i a l  t i r e s  h a v e  a  more un i fo rm 
p r e s s u r e  d i s t r i b u t i o n  t h a n  b i a s  o r  b i a s - b e l t e d  t i r e s .  



t h e  b r a k e  t o r q u e  d i v i d e d  by t h e  r o l l i n g  r a d i u s .  i ~ d e p e n d e n t  . . 
of C s ,  we t e n d  t o  choose Cs t o  l o c a t e  t h e  peak o f  t h e  u - s l i p  

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

t h e  s l o p e  i n d i c a t e d  by t h e  e m p i r i c a l  d a t a  n e a r  s  = 0. ( i t  
. . s h o u l d  a l s o  be no t ed  t h a t  t h i s  s l o p e  i s  d i f f i c u l t  t o  measure 

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

ve ry  s m a l l  v a l u e s  of  s . )  

B4 .4 .4  THE C O R N E R I N G  STIFFNESS, C . The name " c o r n e r i n g  
Ci 

s t i f f n e s s "  d e r i v e s  from t h e  f a c t  t h a t  Ca i s  t h e  d e r i v a t i v e  

of F w i t h  r e s p e c t  t o  a a t  a = s  = 0. (This  may b e  v e r i f i e d  
n 

by d i f f e r e n t i a t i o n  of  Equa t ion  ( B 4 . 3 7 b ) ,  w i t h  E l S  from E q u a t i o n  

(B4.36) . )  The v a l u e  o f  C i s  chosen t o  e x a c t l y  match t h e  
a 

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

s l i p  a n g l e .  Usua l l y  t h e  a n g l e  i s  l o .  Thus ,  i n  t h e  c a s e  o f  

a  un i form p r e s s u r e  d i s t r i b u t i o n ,  which can be  shown t o  l e a d  

t o  z e r o  c u r v a t u r e  i n  t h e  F  a r e l a t i o n s h i p  a t  a = s  = 0 .  t h e  
rl ' 

c o r n e r i n g  s t i f f n e s s ,  ' w i l l  be  s e t  t o  t h e  F v a l u e  
rl 

c o r r e s p o n d i n g  t o  a = l o .  For nonuniform p r e s s u r e  d i s t r i -  

b u t i o n s ,  i t  can be shown t h a t  t h e  F n ,  a r e l a t i o n s h i p  h a s  

c u r v a t u r e  a t  a = 0 ;  t h u s ,  t h e  C v a l u e  w i l l  b e  s e t  s l i g h t l y  
a 

h i g h e r  t han  t h e  f o r c e  measured a t  a = l o .  

The a p p r o p r i a t e  c h o i c e  of  t h e  above d i s c u s s e d  p a r a m e t e r s ,  

namely,  I J ~ ,  u a121 , C s ,  
Y '  

and Ca w i l l ,  i n  o u r  e x p e r i e n c e ,  

l e a d  t o  a  good match between measured d a t a  and p r e d i c t i o n .  The 

accu racy  s h o u l d  be e x p e c t e d  t o  be  e x c e l l e n t  f o r  low a and s  

and f o r  h i g h  a o r  h i g h  s .  I n  t h e  i n t e r m e d i a t e  r a n g e  of  a ,  

however ,  t h i s  f o r m u l a t i o n  may b e  s u b j e c t  t o  e r r o r s  a s  h i g h  

as  1 5 % .  This  i s  n o t  s u r p r i s i n g  a s  t h e  a s sumpt ions  t h a t  t h e  

p r e s s u r e  d i s t r i b u t i o n ,  and t h e  c o r n e r i n g  s t i f f n e s s  and t h e  

l o n g i t u d i n a l  s t i f f n e s s *  a r e  t hemse lves  i ndependen t  of  t h e  s h e a r  

s t r e s s 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 l i m i t e d  v a l i d i t y .  

*These a r e ,  i t  s h o u l d  be  r e c a l l e d ,  dependen t  on t h e  l e n g t h  and .. . 
wid th  of  t h e  c o n t a c t  p a t c h ,  and t h e  l a t e r a l  and l o n g i t u d i n a l  
" s p r i n g  r a t e s .  " See Equa t ion  (B4 .16 ) .  



I t  s h o u l d  be n o t e d  h e r e  t h a t  a  15% e r r o r  i n  t h e  f o r c e  

v a l u e s  a t  i n t e r m e d i a t e  a and s  v a l u e s  -- does n o t  i n d i c a t e  

t h a t  t h e  n e t  r e s u l t  w i l l  be 15% e r r o r s  i n  t h e  p r e d i c t i o n  o f  

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

t h e  p r e d i c t i o n s  were 1 5 %  h i g h  f o r  a  g iven  a ( t h e  p r e d i c t i o n s  

do t e n d  t o  be  h i g h ) ,  one would e x p e c t  lower  o: v a l u e s  t o  be  

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

1 -a lues  more i n  a c c o r d  w i t h  measured r e s u l t s .  

However, t h e r e  a r e  c l e a r l y  c a s e s  i n  which t h e s e  e r r o r s ,  

wha t eve r  t h e i r  e f f e c t ,  a r e  i n t o l e r a b l e .  We have  found i t  

c o n v e n i e n t  t o  i n t r o d u c e  two a d d i t i o n a l  p a r a m e t e r s ,  C A I  and 

C.42, which may be u sed  t o  e n s u r e  t h a t  t h e  l a t e r a l  f o r c e  d a t a  

i s  i n  v e r y  c l o s e  a c c o r d  w i t h  t h e  measured d a t a  p o i n t s .  I n  

p a r t i c u l a r ,  we have assumed 

where C a o  i s  t h e  s l o p e  of  t h e  F v e r s u s  a c u r v e  a t  a = 0 .  
rl 

The dependence o f  Ca on a i s  shown i n  F i g u r e  B 4 - 4 .  

The p a r a m e t e r s  C a ,  C A I  and CA2 may now b e  t h o u g h t  o f  a s  

t i r e  " p r o p e r t i e s . "  The e f f e c t  o f  i n c r e a s i n g  C A I  v a l u e s  i s  

t o  p r o v i d e  more c u r v a t u r e  i n  t h e  a < CA2 r e g i o n  o f  F v e r s u s  
r) 

ci c u r v e s .  With t h e s e  added p a r a m e t e r s ,  we h a v e  found t h a t  

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

match w i t h i n  5 %  o r  l e s s  o f  measured d a t a .  



Figu re  B 4 - 4 .  

I t  i s  a p p r o p r i a t e  a t  t h i s  p o i n t  t o  p r e s e n t  some sample 

r e s u l t s  o b t a i n e d  w i t h  t h e  model. 

B 4 . 5  SObIE SAMPLE CALCULATIONS 

I t  i s  our  purpose  h e r e  t o  g i v e  examples o f  t h e  ~ r o c e d u r e s  

used t o  de te rmine  t i r e  pa r ame te r s  f o r  i n s e r t i o n  i n t o  t h e  

s i m u l a t i o n .  I n  t h e s e  examples ,  e x t e n s i v e  u s e  w i l l  be made o f  

an i n t e r a c t i v e  s t a n d - a l o n e  a l g o r i t h m  which h a s  been w r i t t e n  

t o  compute t h e  s h e a r  f o r c e s  FX and FY a s  a f u n c t i o n  of  a and 

s  based  on u s e r  i n p u t  t i r e  p a r a m e t e r s .  The a l g o r i t h m  i s  

l i s t e d  w i t h  a  sample run a t  t h e  end o f  t h i s  s e c t i o n .  

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

B r i d g e s t o n e  2 2 5 R - 1 4  w i l l  b e  t h e  s u b j e c t  t i r e s  f o r  o u r  examples .  . - 
The t i r e  t r a c t i o n  f i e l d s  f o r  each  of  t h e s e  t i r e s ,  which i - 

have been measured u s i n g  t h e  mobi le  t i r e  t e s t e r  on t h e  a s p h a l t  -- - 
s k i d  pad a t  T T I ,  a r e  p r e s e n t e d  I n  Appendix D .  



Consider  t h e  Deluxe Champion. I n i t i a l l y ,  we r e s t r i c t  

o u r  a t t e n t i o n  t o  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 .  During a  

t r i a l  and e r r o r  use  of t h e  i n t e r a c t i v e  program, t h e  v a l u e s  

p r e s e n t e d  i n  Table  B 4 - 1  were chosen.  

Table  B 4 -  1. S t r a i g h t -  Line Braking Pa rame te r s  
f o r  t h e  Deluxe Champion, 28 p s i  

C FA 
Load '-' x  ( l b ~ / s l i p )  ( s e c / f t )  

8 0 0  I b s .  - 9 6  7000 ,002 

1100 l b s .  . 9 3  10000 ,002 

S a t e  t h a t  our  pr imary  c o n s i d e r a t i o n  h a s  been t o  match 

t h e  peak and s l i d e  d a t a ,  and t o  make t h e  peak FX v a l u e s  occu r  

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

s t r a i g h t f o r w a r d  t a s k  and q u i t e  r e a s o n a b l e  agreement  was 

p roduced ,  a s  i s  shown i n  F igu re  B 4 - 5 .  

The r e s t  o f  t h e  pa rame te r s  may b e  d e r i v e d  from t h e  f r e e -  

r c l l i n g  d a t a .  S ince  t h i s  i s  a  b i a s - b e l t e d  t i r e ,  a/2R = . 2 5  

i s  s e l f c t e d .  Then, a t  each  l o a d ,  C a  i s  chosen  t o  match t h e  

i o \ <  s l i p  a n g l e  d a t a ,  p i s  chosen t o  match t h e  s i x t e e n  deg ree  
Y 

j a t a ,  and C A I  and CA2 a r e  used a s  n e c e s s a r y  t o  f i n e  t u n e  t h e  

i n t e r m e d i a t e  p o i n t s .  The v a l u e s  of  p 
y '  C u ~ p  C A 1  and CA2 a r e  

p1,esented i n  Table  B 4 - 2 .  

Table  B 4 - 2 ,  F r e e - R o l l i n g  Pa rame te r s  f o r  t h e  
Deluxe Champion, 28 p s i  

F 
C 

Load (1f!/den) C A 1  CA2 



Vertical force ( pounds) 
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Figure B4-5. Longitudinal force vs. slip for the - -  
Firestone Deluxe Champion H78-14, 
28 psi. 
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U s e  o f  t h e s e  v a l u e s  i n  t h e  model l e a d  t o  computed r e s u l t s  i n  

c l o s e  agreement w i t h  t h e  measured d a t a ,  a s  shown i n  F i g u r e  
., &I-@" 

,As a  check on t h e  f i d e l i t y  of t h e  model ,  i t  i s  u s e f u l  

t~ compare measured and p r e d i c t e d  b r a k i n g  and t u r n i n g  d a t a .  

Y c t e  t h a t  t h e s e  measured d a t a  were p r o c u r e d  from t e s t s  

~ n d e p e n d e n t  of  t h e  t e s t s  l e a d i n g  t o  t h e  p a r a m e t e r s  u sed  i n  t h e  

o o d e l .  Th is  compar i son ,  which i s  p r e s e n t e d  i n  F i g u r e  B 4 - 7 ,  

l e a d s  t o  a good measure of con f idence  i n  t h e  model.  

Vertical force (pounds) 

Figure B 4 - 6 .  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  t h e  
F i r e s t o n e  Deluxe Champion H 7 8 - 1 4 ,  28 p s i .  
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Longitudinal slip 

Figure  84-7 .  L a t e r a l  f o r c e  and l o n g i t u d i n a l  
f o r c e  v s .  s l i p  a t  a = 4O, 
F i r e s t o n e  Deluxe Champion H78-14, 
2 8  p s i .  

Consider  now t h e  Br idges tone  225R-14. The t i r e  

parameters  a r e  found us ing  t h e  same procedure  a s  f o r  t h e  

above example. In  t h i s  c a s e ,  however, we choose a/2k = 0 

f o r  t h e  r a d i a l  t i r e .  A l i s t  of  t h e  pa ramete r s  s e l e c t e d  i s  

g iven  i n  Table  B4-3, and a  p l o t  o f  t h e  s i m u l a t e d  l a t e r a l  f o r c e  

ve r sus  s i d e s l i p  ang le  and t h e  measured d a t a  i s  shown i n  

F igure  B 4 - 8 .  



T a b l e  R 4 - 3 .  Free-Rolling Parameters for t h c  
Bridgestone 2 2 5 K - 1 3 ,  2 S  psi, 

Load lJ I: (1i!??deg) C A 1  C A 2  

qeeo-- 

\ 
\ 

x measured points 
simulation model 

iaoo 1700 moo 

Vertical force (pounds) 

F i g u r e  B4-8. Lateral force vs. slip angle for ithe 
Bridgestone 225R-14, 28 psi. 



While  i t  i s  n o t  obv ious  from t h e  above t a b l e s  and . . 
f i g u r e s ,  t h e  change t o  a /2k  = 0 i s  an i m p o r t a n t  one .  To 

i l l u s t r a t e  t h i s  p o i n t ,  we have computed t h e  t r a c t i o n  f i e l d  

o f  t h e  B r i d g e s t o n e  t i r e  u s i n g  a/2R = .25 and t h e  o t h e r  

p a r a m e t e r s  t a b u l a t e d  i n  Tab l e  B4-3. I n  F i g u r e  B4-9 ,  t h e s e  

r e s u l t s  a r e  compared t o  t h e  v a l u e s  c o r r e s p o n d i n g  t o  a/2R = 0 ,  

i . e . ,  t h e  s i m u l a t e d  d a t a  from F i g u r e  B4-8. C l e a r l y ,  t h e  .- - 

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

d i c t e d  n e a r  a = 0 .  S i n c e  r a d i a l  t i r e s  t e n d  t o  e x h i b i t  a  l i n e a r  

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

f o r c e  l e v e l s ,  t h e  accu racy  of  t h e  s i m u l a t i o n  i s  improved by  

u s i n g  a /2k  = 0 .  

Vertical force (pounds) 
F i g u r e  B4-9 .  L a t e r a l  f o r c e  v s .  s i d e s l i p  a n g l e  f o r  t h e  

B r i d g e s t o n e  225R-14, 28 p s i .  



B4.6 AN INTERACTIVE ALGORITHM FOR THE CALCULATION OF 
THE SHEAR FORCES 

The curve  f i t t i n g  procedure desc r ibed  i n  t h e  p rev ious  

s e c t i o n  r e q u i r e s  t h e  use of a  s h o r t  s t a n d - a l o n e  a l g o r i t h m  by 

which l a t e r a l  and l o n g i t u d i n a l  f o r c e s  may be c a l c u l a t e d .  The 

s o u r c e  l i s t i n g  f o r  t h i s  a l g o r i t h m  and two sample runs  a r e  

p r e s e n t e d  i n  t h i s  s e c t i o n .  Note t h a t  t he  i n p u t  pa ramete r s  

f o r  t h e  sample runs a r e  taken  from Tables  B 4 - 1  and B4-2. The 

o u t p u t  v a r i a b l e  d e s i g n a t e d  as  EPS i n d i c a t e s  t h e  E ' S / 2 k  v a l u e  

f o r  each  c o n d i t i o n .  
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B5. T H E  I\IECH:4NICS OF THE USE OF THE SIbiULATION . . 

In  T a b l e  B5-1 a  s e t  of g u i d e l i n e s  i s  p rov ided  t o  a i d  t h c  

u s e r  i n  h i s  c o n s i d e r a t i o n  of t h e  v a r i o u s  l e v e l s  o f  comp lex i t y  

t o  be employed i n  t h e  computations. I t  shou ld  he emphasizccl 

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

r e sponse  on a  d ry  s u r f a c e  i n  t h e  absence  o f  d r i v e  t o r q u e  o r  . - 

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

nlaneuver a r e  t o  be  s i m u l a t e d ,  t h e  p r e d i c t i v e  t a s k  becomes 

much more d i f f i c u l t ,  r e q u i r i n g  a  v e r y  c a r e f u l  a n a l y s i s  of  t h e  

combined 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 s  a t  t h e  t i r e - r o a d  i n t e r -  

f a c e ,  c a r e f u l l y  chosen b r a k e  dynamometer d a t a  a n d / o r  a  d e t a i l e d  

a n a l y s i s  of  t h e  e n g i n e - t r a n s m i s s i o n - d i f f e r e n t i a l  s y s t e m .  P r e -  

d i c t i o n  o f  v e h i c l e  pe r fo rmance  on a  wet  s u r f a c e  r ema ins  a  

s p e c u l a t i v e  u n d e r t a k i n g  because  o f  t h e  v a r i a b i l i t y  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  w i t h  s m a l l  changes  i n  w a t e r  

d e p t h .  

The s i l n u l a t i o n  u t i l i z e d  i n  t h i s  s t u d y  h a s  been  d e s i g n e d  

t o  hand l e  a l l  t h e  n o n l i n e a r  c a l c u l a t i o n s  l i s t e d  i n  T a b l e  B S - 1 .  

For example ,  c o n s i d e r  t h e  s i m u l a t e d  and measured per fo rmance  

of a 1 9 7 1  Dodge Coronet  i n  a  d r a s t i c  s t e e r  and b r a k e  maneuver ,  

p r e s e n t e d  i n  F i g u r e  B5-1.  The d a t a  was measured i n  an e a r l i e r  

NllTSA-sponsored program [ 1 7  1 ,  and t h i s  computer  r u n  was p e r -  

formed i n  t h e  p r o c e s s  o f  t i r e  model r e f i n e m e n t  which t ook  p l a c e  

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

P r e d i c t i o n s  o f  pe r fo rmance  were  a l s o  made f o r  a  1971 

JIustang and a  1973 Buick s t a t i o n  wagon. These  compu ta t i ons  
. . 

\ (ere  used b o t h  t o  a i d  i n  t h e  s e t - u p  o f  t h e  v e h i c l e  t e s t  program 

( s e e  S e c t i o n  3 . 2 . 2  o f  t h e  T e c h n i c a l  R e p o r t ) ,  and t o  e l u c i d a t e  

v e h i c l e  t e s t  r e s u l t s  ( s e e  S e c t i o n s  3 .2 .2  and 3 . 2 . 3  o f  t h e  .. 
T e c h n i c a l  R e p o r t ) .  To e x p l a i n  t h e  mechanics  o f  t h e  usage  o f  t i le  

program,  we w i l l  c o n s i d e r  below t h e  i n p u t  d a t a  i n  some d e t a i l  I a 

and p r e s e n t  some sample  r u n s .  



Table B 5 - 1 .  Guide l ines  f o r  t h e  S imula t ion  
of Handling Response 

Objec t ive  Tool Remarks 

~ n d e r s  t e e r /  Linear  a n a l y s i s  This  m a t t e r  i s  d iscussed .  
overs  t e e r  f a c t o r ,  i n  d e t a i l  i n  t h e  Tech- 
response  time n i c a l  Repor t .  

Trends i n  p e r -  Nonlinear  s imula-  As t h e  s i m u l a t e d  maneuvers 
formance i n  t h e  t i o n .  Neglect  non- become more s e v e r e ,  t h e  
n o n l i n e a r  range l i n e a r i t i e s  i n  t h e  t r e n d s  become q u e s t i o n a b l e .  
(over  . 3 g  on suspens ions ,  s t e e r -  
dry s u r f a c e )  i n g  l a s h ,  Ackerman 

e f f e c t s  and s t e e r -  
i n g  compliance,  
and load  s e n s i t i v e  
t i r e  p r o p e r t i e s .  

Accurate p r e -  Requires  a c c u r a t e  Care fu l  t i r e  modeling 
d i c t i o n s  from s t e e r i n g  wheel-road a c c u r a t e  t o  t e n  degrees  
. 3 g  t o  . 5 g  wheel r e l a t i o n s h i p ,  s l i p  ang le  and a t  l e a s t  

load  s e n s i t i v e  1 . 5  t imes  t h e  s t a t i c  
l a t e r a l  f o r c e s  and load  may b e  n e c e s s a r y ,  
a l i g n i n g  moments, 
r o l l  s t e e r ,  camber 

.Accurate p r e -  Add bump s t o p s ,  S t a t i c  d i s t a n c e  t o  bump 
d i c t i o n s  over  a c c u r a t e  t i r e  d a t a  s t o p s  i s  impor tan t  t o  
. 5 g  t o  extreme loads  ensu re  r e a l i s t i c  f o r e -  

and a n g l e s .  a f t  l a t e r a l  l o a d  t r a n s f e r  
d i s t r i b u t i o n .  
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Table  B5-2 p r e s e n t s  a l l  t h e  p o s s i b l e  i n p u t  o p t i o n s  

w i t h  an exp lana t ion  of each e n t r y  added i n  the  r i g h t - h a n d  

column. Table  B5-3 i s  a l i s t  of t h e  d a t a  r eco rds  used f o r  

a  Buick run .  Table B 5 - 4  c o n t a i n s  t h e  echo of t h e  d a t a ,  

copied from t h e  computer o u t p u t .  Note a l l  t h e  a p p r o p r i a t e  

parameters  and some exp lana to ry  remarks a r e  shown on t h e  echo.  

I n  F igures  B5-2 through B5-4 s imula ted  r e s u l t s  a r e  compared - -  - 
with  measured r e s u l t s  f o r  t h e  Buick i n  l o w - l e v e l ,  midd le - range ,  

and 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. I n  t h i s  c a s e ,  a s  

i n  the  m a j o r i t y  of t h e  c a l c u l a t i o n s  throughout  t h e  p r e s e n t  

r e sez rch  program, good agreement was ob ta ined  between s i m u l a t e d  

and measured r e sponses .  

Tables  B 5 - 5  and B5-6 c o n t a i n  t h e  i n p u t  d a t a  and t h e  echo 

f o r  a  s i m p l i f i e d  Buick model us ing  l i n e a r  s p r i n g s ,  a  s i m p l i f i e d  

s t e e r i n g  sys tem,  and n e g l e c t i n g  load  s e n s i t i v i t i e s  of  t h e  t i r e s .  

While t h e  s i m p l i f i e d  d a t a  l i s t  i s  obvious ly  much more conven ien t  

than the  previous  s e t ,  t h e r e  a r e  p o t e n t i a l  d i s p a r i t i e s  between 
t h e  r e s u l t s  of t h e  s imple and complex f o r m a f a t i o n  which w i l l  be 

d i scussed  b r i e f l y  h e r e .  

For low l e v e l  r u n s ,  s i m p l i f i e d  d a t a  i s  l i k e l y  t o  l e a d  

t o  h ighe r  p r e d i c t e d  l a t e r a l  a c c e l e r a t i o n s  s i n c e  a l i g n i n g  to rque  

i s  n e g l e c t e d .  F u r t h e r  d e v i a t i o n s  may occur  due t o  t h e  

s i m p l i f i e d  r o l l  s t e e r  and camber r e p r e s e n t a t i o n s .  I n  t h e  

p resen t  c a s e ,  t h e  s i m p l i f i e d  d a t a  l eads  t o  about  1 5 %  h i g h e r  

p r e d i c t e d  l a t e r a l  a c c e l e r a t i o n s  than  t h e  more complex s e t  f o r  

t h e  Buick i n  a  l o w - l e v e l  t r a p e z o i d a l  s t e e r  maneuver a s  i s  shown 

i n  F igure  B5-5. For mid-range and l i m i t  s i m u l a t i o n s ,  t h e  

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

l e s s  impor tan t .  However, f o r  many t i r e s ,  i t  may b e  c r u c i a l  

t o  adequate ly  model load  t r a n s f e r  s e n s i t i v i t y  by u s e  o f  

t h e  extended t a b l e s  of t i r e  i n p u t  d a t a .  C o r r e c t  bump s t o p  

l o c a t i o n s  may a l s o  be necessa ry  t o  a p p o r t i o n  t h e  l a t e r a l  l o a d  

t r a n s f e r  between f r o n t  and r e a r  t i r e s ,  and t o  l i m i t  t h e  r e l a t i v e  



; p r u n g  and unsprung mass r o l l  excur s ions  t o  r e a l i s t i c  v a l u e s .  

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

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

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

d i c t e d  i n  h igh  l e v e l  t r a p e z o i d a l  s t e e r  maneuvers. The s i m p l i -  

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

a n g l e s .  This  i s  i l l u s t r a t e d  i n  F igure  5-5c i n  which t h e  

~ ~ e s p o n s e  of t h e  Buick t o  a  375' t r a p e z o i d a l  s t e e r  i n p u t  

computed us ing  both  the  s imple  and t h e  complex d a t a  s e t s  a r e  

p r e s e n t e d .  

Note t h a t  t h e  t r a n s i t i o n  from a  s imple  t o  a  complex 

v e h i c l e  r e p r e s e n t a t i o n  has  been human eng inee red  s o  t h a t  t h e  

u s e r  may s h i f t  from one model t o  t h e  o t h e r  w i t h  minimum incon-  

v e n i e n c e .  I t  i s  hoped t h a t  t h i s  s e t - u p  w i l l  enhance t h e  u t i l i t y  

o f  t h e  program f o r  u s e r s  a c r o s s  t h e  e n t i r e  spec t rum of  n o n l i n e a r  

c a l c u l a t i o n s  l i s t e d  i n  Table  B5-1. 
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7 5 0 . 0 0  1 1 7 0 0 . 0 3  
El:.;; 

-.... . .  
I : ' . ,  . . 

t 5 9 . 0 ?  1 5 6 1 ~  ' . l ; , ' l  

9 0 0 . 0 0  144fJf i .917 
9 5 0 . 0 0  1 5 3 0 ~ ~ . 0 n  

1 0 0 0 . 0 0  1 6 ? 0 0 . 0 0  
1 0 5 0 . 0 0  1 7 1 0 4 . 0 0  

P R E S ~ I J R F .  T O ? ~ \ ~ J F :  1 1 0 0 . 0 3  1 6 0 0 0 . 0 0  
* r t * t  SPRI1:I; C ~ > ! . l P L t S S l f l f l  V S .  FOHCF. T A R L E  (FROHT,O'!E S I C [ )  
t t r r *  T : I l S  T A n L E  I S  0 ; I I T T E f l  I F  I:1 I S  . G E .  ZCRO * * * * *  

N O .  OF P A I L S  I f 1  TIIE TAR1.F: 7 
CO:.IPItF.SS13Il(  1  : I )  F O R C E (  L R S )  - 2 . 0 0  - 2 1 0 0 . 0 0  

o.nn - 1 2 5 . 0 0  
1 . 0 0  8 ? 5 . 0 0  
1 .50  9 1 5 . 0 0  

.**.* 

UP TO 2 5  P A I R S  ( 2 F 1 0 . 2 )  



T A B L E  B 5 - 2  (Cont.) 

V A L U E  FOR 
? - C C '  ; F T I C Y  nu1 t K  \IdCOh' C 0 t4I-1 E 14 T 

!:o, 5; 741:s I t :  TIIF. T 4 B L E  
c , : . ' ~ ~ : ~ ; ~ ~ s I o : : (  I 11) FORCS( L B S )  

7 
-2 .00  - 0 0 0 . 0 1  U P  T O  2 5  P A I R S  ( 2 F l r i . 2 )  

0 . 0 0  - 2 0 5 . 1 1 0  

a t r e *  S T E E R I I I I ;  TA'LES * * * * *  
i t r + r  OVI-Y 91:~:  O F  ~ ' f r :  Fn i l . r l : ! l r q r ;  T Y R F E  O P T I ~ ~ I S  I ! ~ Y  S F  I:SC~D 
e r r  OPT l i ) ' !  1 (K3!1=1) : TII:C VS.  ROA9 ' !HEEL CI:T;LF: * * *  

' (0 ,  :IF ?!,I95 I t :  T l i E  TA9LF:  
7 i , 4 C . ( S C C )  R ! l . l f l  !:HEEL . l ! !GLE(0EC) 

7 ;  ': ROAD ' I I I F E L  At4GLF 
a * ,  O P T I O t , '  2 (i:$::=:) : T I l 4 E  VS. STEER l : :G  !:HSEL 41:ELE * * *  

:;I, \j; ?),I;,$ I ! ;  T : l E  T A Y L E  
PliY!p::) 
: I ! ; : ( S C c )  STEERI! : i ;  IIIIEEI. A:CGLE(DEC) 

L E F T  :: i iEEL A l i C L E  I S  c,ll;AL 
TO I:I C I i T  i l r l E E L  A::CLE 

7 I  ;:[ S T E F I i I  :;S #:HEEL 4I;CiLE 
* * *  O,?Tl? l , '  3 (1;;:::)) : TI::F: ':$. :?Fc:l':t; ' : : { r c L  &!,;l.E. t t t  
. * *  :';D S T S E S I  ' ,G , ; I :FEL A!:CILS 'IS. ;r;.:f! !I!FE!. I,!:GI.C. ( L C F T , 7 1 r L ' T )  * + *  

".;. 9: ?:I!!$ I f .  T!iC T I l ! E  VS. 5 T C E C I ' : f i  . : IFF:! A!:SLE T!.!l.F: C L 
PI-:, (::,-) l C . q ?  ( F 1 5 . 5 )  FO?!;:T 
1 I ,.(, ; : :; ;; 1 ) S T E E R 1  ':G I : , lEFL A : :SLE( : )EC)  0 . ~ 9 ~ 0  0.n. V' TO 53 P A I R S  ( 2 F 1 5 . 5 )  

0 .  l r l Q ?  0 . 2 0  
0 . 5 c n q  1 7 5 . 1 ~  
3 . 6 3 0 3  175,! i7 
b.f,4'r!9 ').?I 

7 1 " -  . ;~rr l : : t~;r;  :: I F F I  AI:GLE(I:CIC) 5 .  ~ l n r ,  0 . 0 ~  

1EC.00 8 . 4 3  1 . 6 0  
2 7 0 . 6 0  15.C; 1 5 . 0 0  
3 6 0 , O Q  l : j ,49  2 0 . 0 0  ~. 4 5 0 . 6 0  23.80 2 6 . 0 0  
5 4 0 . 5 0  29.1;C 3 1 . 2 0  

: . : ~ i i  ! , ; c  L E F T  P I A D  R l G I j T  R O L D  6 5 3 . 0 3  3 5 . 0 9  3 7 . 0 0  
r * * t t  SI:SPEl;FIOt: CO: . lPRESSlOl i  VS. C C I i F I C q  T r I B L E  * + * * *  

':9. C F  P:175 I ! /  T'IF: T A S L E  1 0  
i.:',;.",c.: j l o ! : (  I?.!) CA::EER(DEC) - 1 0 . 0 0  0 . 3 3 3  U p  T O  2 5  P A I R S  ( 2 F 1 0 . 2 )  

0 . 0 0  0 . 3 3 3  
!, " ?  * r *  . . 
2.p: r, ; ,  .: 
3.r) r i  1 , : 1 3 ' !  . .  4 .  o n  0 . 7 ; ~  
5 . 0 0  0 . 7 3 1  
6 .n0  - 0 , 3 3 1  
6 . 5 9  -o.r1;7 

!:O:.IP::[;$ I O N  CAI.IR ER 10.r)O -0.P.57 
w e * + *  VFnTIC:,L L 0 ? 0  V C .  L 4 T E R h L  S T I F F ' l r S S ,  C A I ,  C 4 2  T4?1.1: ( F R C L I T ,  DqF: S I D E )  * * * * *  
* * t i *  T ' f l S  T A R L E  I $  O l l l T T E D  I F  r A L F l  I 'S :CF .  Zt40 * * * * *  

l,5. r 7 i  QIJADRIJI 'LETS I I! TI![ T l ,ELE 4 
i . ; A S (  ! U S )  S T I F F l : E S ( L R f /  C A I  C,\2 0 .  0 0  2 i S . 0 0  2 . 3 0  6 . 0 0  

t 0 0 . 0 0  2 1 5 . 0 0  2 . 3 0  5 . 0 0  
1 1 r o . o n  195.00 0 . 5 ~  8 .00  

! , ? . ?  . .. .i J S T 1  F F l i E S S  C A I  t.12 1 7 0 n . 3 f l  1 8 5 . 0 0  0 . 2 5  1 8 . 0 0  



VALl lF FOR 
RIJ I CE tIACOti COLUIFNT 

* r e * *  VERTICAL L O A D  VS. L4TFRAL STIFF' ICSS, $41, t 4 2  T f l Q l F  (IZFZR, O!!F S I D F )  * * * a *  
* * * r e  T l l l S  TAILF:  15 O:.IITTED I f  C A L F 1  I S  . 6 F .  ZFPO em***  

t :O .  O r  QIJAl?PII!PLETS I f :  T!i! TORI.€ 4  
LOAD( LSS) STIFF:IF.SS( I.R!i/OFG) 2 4 1  C42 0.00 1 9 5 . 0 0  1 . 5 0  1 0 . 0 0  

ar)r).no 1 9 5 . 0 0  1 . 5 0  1 0 . 0 0  
I l l ) O . 0 0  2 1 0 . 0 0  2.50 6 . 0 0  

l o i n  S T I  FF~!F .SS c i l  s i z  1700.n0 ? 1 0 . n o  0 . 5 0  8.00 
* * * * a  V E R T l C 4 L  1041) VS. LOl lC lT IJ I l I t I4L  STIFFI!ESC; (FROP!T, O!!F Slnr) * * * * *  

t:O. OF P ? l ? S  I t !  Tl iC TA2l.E 4 
 LO^( L C S )  S T I  FFNESS(LCS/ I )FC)  0 .00  7 0 0 0 .  0 0  UP TO 25 P A I R S  ( 2 F 1 0 . 2 )  

8 0 0 . 0 4  70r10.04 
1 3 9 9 . 0 0  1 0 0 4 0 . 4 9  

~ o i n  S T  I F F ~ E S S  1 7 0 0 . 0 0  l s o o r 1 . 0 5  
* i t * *  VFCTICAL I.SP,D VS. LO!!GITIJOINAL ST1 FF:!FSS ( R E 4 R ,  O'IF: S I D E )  * * * * *  

1;O. OF P:lRS 11: T i lE  TAHLE 4 
.LOCO( 1 2 s )  ST1 FF: iESS(LRS/DEG) 0 . 0 0  7 0 0 0 . 0 0  UP TO 2 5  P A I R S  ( 2 F 1 9 . 2 )  

8 0 3 . 0 0  7 3 0 7 .  C0 
1:00:00 1 0 5 0 0 . 0 0  

LO40 S T I F F ~ ~ F S C  1 7 0 3 . 0 0  1 5 0 0 3 . 0 7  
* * * r e  VERTICSL 1.0AD VS. l!UZERO (FROI iT)  * * * * *  

!do. OF P41RS 1 1 .  T i i r :  T I I L E  4 
l C : ? ( ? ? f  !II:ZERO 1 . 0 0  0'.3 2 U P  TD 2 5  P41RS ( 2 F 1 9 . 2 )  

8 0 9 . 0 0  0 , ? ?  
1 1 0 0 . 3 0  0.71; 

LS Sri f,!IJZERS 1 7 0 3 . 0 0  0 . 9 0  
a * * * *  VF:;:TIC?L I.ilkD VS. :iUZFRO ( R ' E R )  * * * * *  

:!O. OF ? b I ? S  I t :  T i l e  Tt'3I.F: 4 
L J r * D (  1 5 s )  :,:!I 2 FRO 1 . 0 0  

e 9 o . c q  
1100, r !O 

LO:" :!lJZFRO , 1 7 0 0 , 0 ?  
* * i r e  SLIT;!IIt!G TO?.:I!F TASLF (FRO'iT, 0'!C S I D C )  

':0, ?F !D??S 1 ' :  T l !F T?.?I.F 
L ? :. i ::C. 3 F  P L l ? :  1 ' 1  Ti!F C r T  3 . 9 0  
S I ? :  5 L l  !.'!?Lr t L  l 7 i f l l  l , C  TOl:Cll5 0 . 9 0  
!?:.? !:s. O F  P:.I'IS 1': T!!I S ~ T  8 9 0 . 0 0  
;I:! 5 1 . 1 ~  kSa,;t[ AI. I r.!: I I:: TCI?:I!F 0 . 0 3  

1 . 0 0  
2 . 0 c  
4 . 0 0  

S I T !  ? ! . I n  I ' : ? ! E  Al.1 ?!;I ! ;G  T!??tlJ[ 1 2 . 0 0  
L -,, 7 '13. I I F  PAI:;S 1 ' ;  ~; i :  ~ F T  i i c : . n ~  
S l  ?! 51.1 3 A';?LF :L 15;; I :,5 Ttlt<~:lJF 0 .00  

1 . 0 0  
2 . 0 0  
4 . 0 5  

51 5: j ' - 1 3  &',;LC. &L  I (.:,'I :,C TJZ!;lj! 1 5 . 0 P  
L.):*, 1;r). 5F P:I ;T, I :; TtiE SFT 14r)O.d:I 
:I:! S L I P  !.!::S A L  I Cl:l!.G T 0 7 Q l j t  0 . 0 0  

1 . 0 3  
2 . 0 0  
4 . 0 7  

SIDF. S L l  P :I:CLF. Al. I C!;I 1:s TORrll!E 1 6 . 0 0  
LO47 110. OF P h I R S  It! THF SET 1 7 0 0 . 0 0  
SIQF: S L I P  fi!:CLE ALlC!!l!!G TOI?qIJE 0 . 0 0  

2 . 0 0  
4.!t0 

S I D E  S L I P  A:ICLE A L I  Cl;I I!(; TOBQIJF: 
L o A n  110. O F  P A I ~ S  IFI THE S F T  
$1 DE $ 1 1  P  A!lGl.E AL I Cl l  l tlf i  TORQIJE 

Up TO 5 LO'CS p E 9  T t ? L E  
( = l j . S , 1 2 ) ' C ? ! ' 4 T  
!:p TO 5  P A I P S  P c ?  5E.T 
I!! ( 2 F l G . ? )  FO?t 'kT 

9'- -*  5 , -,--, -'- "-0 . I ' .  
( c i > . ,  5, 1 2 )  rr, : ' , . ' -  

lJP TO 5 P f 3 1 ? 5  PC? S 5 T  
I'! ( 2 F 1 0 . 2 )  Fiio:l. l4i 



C - 
u 

2 *I- 
4 -- =< - - o n  

u c m  W <  

C' I- 
* -. - . - r r x  . CL. W 
* r=  * I-' 

W C  -J 

c 2  z- -l 
4 v 

CJ .. -- 
I- - 0 

11 m 
-. 
W Y  -- .- -. .- - 

l- 
Ul 

I L  I.? LL. - 
E-. 
c c -  r 
CI-C 
I--. I- 
2 L--s- - - -. - - 

-e- 
z C* = 
C-C - .x - 
&a 2 
< < 

LL 
C 

. . . . , < LL. - -- - -  - < u u  . CIA' I -CC =I-= 
&I c 'P U ~ ~ , c " Y . t -  
.-e ?. C I F -  II cc -(~'du,ri-:z :: c r k - z  
. . S I I - d  

-- -' 'z 0 
. W F - J L  .2 
.. - x - T C C I -  C e ~ . ~ ; L z  <.. I_. L. - 
r ,..I&. , - L L D T L L . U .  ~ Z T C ? L L L I - C  .<C - c > +  -A- 

- -- .. -. --LL' = = E L -  .:.. 4 I - & - - ' L L t L L ' C - ' <  c 
. . ' C * C  a-c.Z> C Y I  
c c , - u L . L L u  r C d > W  
.x y::,-r=,- . Z , - ' L ,  ---r-- 

CUI-I- c c z  c x n  
,-u.L-U. 0 I I-z-ut-r3rv< 
' l,,- 2 . - N - .  t-k- 

P- 4 L L . L L ' L I  L.U 
: c- -. -- - - . - c c - r < =  
- r  ..-.-. - , - , - L L > - < t -  

I-? W u. 
, I . L ' d C C  L' . . . . - - 

C " I -  
w =-  
Y I  - X 
C I-u 



T A B L F  RS-3 

1rrPr:T C ~ , T A  L I S T  
FOX T H r  RIJICK . IE,GO!! (r10!:Pl.lCfiTc0 C F , S E )  

J 1 
812 
0 1  3 
IXZ 
J 2 2  
tJC, 1 
J S  2 
Y 1 
v, 2 
KPDFF 
K S C  
% S 1. 
K ;./ i 1 2 )  F3r : . :ST  
K T  1 ( P 1 5 . 5 )  F3:'.1:47 
K T  2 
P:: 
P.11 
P J 2  
P. !3  
PY- 
? Z  

S Y 2  
T 1 f.!F 
T"1 
TP42 
TRA I I. 
VEL 
H I  !.'I? 
\I , , '?I 
..52 
%b:YT!I. ( 1 2 )  FORI.lF,T 
f It:< V6. cir.CkE PRESSIIAE 
( 2 F 1 0 . 2 )  
B R A K C  PHESSIJ4E V S .  TORQUE 
( 2 F l O .  2) FROET l E F T  



RC' iKF PRFSSIJRF: V S .  TORQIJF. 
( 2 F 1 0 . 2 )  F(70FiT R l G i i T  

Ill!*l:F PRESSlJRF:  VS .  TORQIJE 
( 2 F 1 0 . 2 )  R F A R  RICHT 



T A R l E  B S - 3  (Cont.) 

SPRI!!C C O f 4 P R E 9 S I O N  V S .  FOltCE 
( 2 F 1 0 . 2 )  FQOYT 0l!E S l O E  

T  I I ' E  \IS. S T E E R  ( O P T l O ? :  3 )  

SUSI?. SC:.!PL?ESS I Of! V S .  CPdIBER 
( 2 F 1 0 . 3 )  

1040 VS.  L4TF.1141 S T 1  FFNESS 
( k F 1 0 . 2 )  F P O N T  ONE S I D E  

LOhO VS. L4TCRAL S T I F F N E S S  
( 4 F l 0 . 2 )  RC49 Ot!E S I O E  



2 3 2  
i!? 

LOAR V S .  I.?IIZFRO, FRONT 
( 2 F 1 0 . ? )  

LOAD V S .  t4IJZER9, REAR 
( 2 F l O . 2 )  

A L I  CI! I I I C  TORQIJE, F R O I i T ,  Ol:E S l D E  
LOAD, 110. ( ~ 1 5 . 5 ,  I 2 )  

, A : ! G l . F ,  TOC5lJE  ( 2 F l t . 2 )  

S I ISP .  Cl1I:pltESS I ON VS. T O E  
( 2 F 1 5 . 5 )  



ROLL STEER 
(2F15.5) 



1,: 

.-I 
:/ 
- 4  

LC. .: 
Ir i 
L 

'% 
C 

U 
z 
3 
o 
m 
):I 
x 
*I 

e 
z 
l-4 

n: - ?' 
7. .c. 
k '  0 
\ 
u V) 
1; 3 
u1 C 
I f.: 

.? L? 
c) C '  
-> 

0 
H 
14 
a. 
ai 

ij 
r: 
1: 1 

c- 
:c 
b 4 
I:; 
I: i 
1- 
f- 
lI; 

- 
z: 
H :: 
\ CI 

Ei 2 
'2 
2. 
0 :: 
k.I Q 

= vl 
C'; T. 
ad 1u 
r.? 0, 
y V l  ..on 

(R 
€4 
7.0:  
0 * 
G UI 

-b ag 
CJ * b *  
+ w w  
U w & I  
1:: 4 4 
m w 

I 
i l l  e t. 
n s 

I H H  
% ni rq 
tl 14 L11 

L: 



i C t  F o r >  oc, 
Liil O r 2 0 6  
W O l r i  O C O O  
[ I  ?'l I . . .  

k t  O C > O b  
I1 d r. 
(> ,A  0 1 1  II II n 
t-4 rd 0 1 
I Q C  t 4  n e e - -  . <r r r r  
l l C . l ~ . 1 , - 4  b b  b .  

J Z '  ?z 1-1 r N r w 
W H  t i  c. b  b 

t r c n l w  
v X . 4 - Y '  
G L ' I ; ' ~ ~ ~ O l O U  

Z ~ ~ i E 1 [ 4 ~ 4 t 4  
€-I tl 22 

1. 





LC E 4  
z LZ 
t.4 H 
e 0 
(li L 



3 
I l l  d 
1.1 LI U N N N N N  

W 
3 fJl 
W Q  
lx H 
0 VI 

Fc 
: O C O C ~ O C J O ~ ~ O ~ ~ O ~ . ~ ~ C ) ( ~ ' ~ O ~ ~ O ~ ~  
> C ? N  C ~ : I O ~ : ~ C : ~ ~ C ~ ~ O ~ ~ C ~ > O C ~ O ~ ~ O ~ ~ C ~ O O  

I-( 3. c r ; 9  ( 3 - ' C t : , O r . 3 < ' 3 1 : 9 ' > C r . > O  
,< , , O ~ ~ ~ O ~ _ , O ~ > O . . , C < . r O ~ . , O c : O r ; , C f ~ ' O U O t : J O  
~ 4 . 0 : , . , . . . . . I . O . , . , . . . . . t . .  
K L : F ~ C , - O . I C  I C ~ ' O ~ :  ~ ~ I - , Q c  O F  O ~ C ~ ~ D C O  
r :  + f i q o ~  .0 + -4  .,.3.3 2 -rc r ,?r  7 4 0  c s . 3 . t  
- M W  L ~ ~ = ~ P T I : T , - ~ - C ~ " . I ~ ~ ~ ~ . O  j - ~ r n r n o r  . 

14 0 ~ c I ~ , ~ I ~ P ~ u ~ ~ ' ? - N ~ - * v I , ~ P  ~ 0 r c J  
ts: E CU r r r r r r r c r r N N  
ir, (U 
'J b. 
59 F4 0 
!n z 
I.10 . ~ ~ o l ' C r ? ~ ' 5 C ~ ~ c I ~ o l I ? . . ~ c - ' I C l - C ' ~ 0  
2; c C r ,  r2 r> 0 <.' 3 ,.' S r'.' C c-5 0 I ' ?  0 C' C: 0 O r-, 0 013 0 
~ i s z  . 3 r ' > = ' . : c  . c ' : ~ c ~ ? c ~ . . c ~ - - c ~ . u ~ .  O < , O  

0 ..i c: ' J  S '.: c ,.- 3 ;1 C t.. 0 'I. C U s c, 0 C.' C3 c 0 , . , . . . . .  . . , . , . , . , . , . , . ,  
P 3 t . .  c :.i n ' J  s r .  c c. 2 . ' I  o '2 3 c- o I >  o r- o :, c 

L- 0 L? 3 -7 C ' C 5.7 C L-, 3 c, 3 u, 3 u- 3 0  CL?C 
0;  r r  ' l Y n - , . - ? . 3 ! , * , ~ C 3  0 P - r  O D O C ' 3 r  
9-4 P F C  

ffi 
4 
3 





I-N 

r >  o 
b 0 
C ,  0 
Inn 

. 
C, 
0 
C" 
L7 

C? 
0 % 
% C1 
3 V! 
0 -: 
0 I:? 
l r i  r; 
0; U 

. . 
2, ; 7 Ci 
t-4 ;c z 
-0 C 1  

r e  
2 s  a c.. 
0 In 

u 
b7 r& 
w, ;! .r 
1 7  0 ;x. 
C. u .1. 







U 
i 5  
H 
z 
C) 

0 H 
ui 
m e  
rJ vl 
0 b 
0 

0 c 0 C. 0, O'C 
once‘, BU c > u  
L"C. C I.. C 1;l 0 y C 

t .  1 . C [ . !  I .  r 
T m u r N r  " C N O  
r w N  r G )  q L - l  





f i 1 . n . .  
c o t - r n m o  
C ' C  NP r a 









TARLE 9 5 - 5 ,  

INPUT DATA l l S T  
FOR TllE I)IJICK LlAljOli ( S l 1 : P l E  CASE) 

I t1PI:T COLlJ;.lN 110. 114 TI1E CARD 
CARD 110. 1 2 3 4 5 6 7 8 1 0 1 2 3 4 5 6 7 R 9 0 1 2 3 4 5 C 7 C 9 0 1 2 5 4 5 6 7 8 9 0 1 2 3 4 5 . , .  CQ!,II I €  141 S 

IiF. h,O ( 2 0 4 4  FORMAT 
A1 ( F 1 5 .  5 )  F0RI.lAT 
A 2 
ALP1141 
ALDllk2 
At!1 
At!2 
r1 
c2 
C 3 
C 4 
Cfi1.Fl 
CIuLF2 
CF 1 
C F 2  

, CCbt' l '4  
C11 

v. 2 
K P f j F F  
K ~r 
I:? 1 ,  
I: +j I ,I ( 1 2 )  FO?t:h,r 

1 lr15.5) F O ? ' ' ~ T  
KT 2 
I : ! : zE401  
!.:I:7.r?D2 
P'! 

. .- 
ZRhR 
KFYTQ ( I  2 )  FORMAT 
Tl1:F: V S .  B R A K E  PRcSSIJRE 
( 2 F 1 0 . 2 )  



COLII:.lI! ::O. I!! TqlF. C A R O  
1 ? 3 4 5 6 7 S ~ ~ 1 2 3 4 5 6 7 E 9 ~ 1 2 3 ~ 5 6 7 R 7 0 1 2 3 4 S G 7 r ! 1 ~ ~ ? 3 4 S , , .  

RRkYF P R C S S I J R E  V S .  TO?qlJF: 
( 2 F 1 9 . 2 )  F r lO l lT  L E F T  

RRAq;E PRESSURE V S .  TORQUE 
( 2 F 1 0 .  2 )  F9011T R l C l l T  

O?I,K[ PRESSIJRC V S .  TORCUE 
( 2 F 1 0 . 2 )  REAR L E F T  

8 R A k E  P R E S S U R E  V S .  TORQUE 
( 2 F l 0 . 2 )  9 5 A R  R I C t i T  

TI14E \ I S .  S T E E R  
( 2 F 1 5 . 5 )  

SIJSP. C 3 1 . : p R E S S I  OII VS .  CAI IRER 



4 . 4  =- " - s- : ?'! 
a : :  2 z 
J e. t. L 
-.LJaa 

4 
Y 

8- 
c 
LJ - 
L 
C 

k- 
Z 
LI 
)I 
U 
> 
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B6.  FLOW CHARTS 



MAIN PROGRAM 

S t a r t  =? 
Y, DERY 

Read Inpu t  
Va r i ab l e s  

(CALL INPUT 

S t a t i c  Loads, 

CALL FCTl 

-r- 
Inc rement ,  
Do More 

(CALL OUTPUT) + 
I n t e g r a t i o n  F 



SUBROUTINE INPUT 

S t a r t  7 
Headings 0 

Inpu t  
Paramete rs  

P r e s s u r e  
P r e s s u r e  v s .  
Torque 

"Tab 1 e 

S t e e r i n g  
Table  (wi th  
3 o p t i o n s )  

Camber Table  

AALF, C A ,  cs 
M U Z E R O  

A l ign ing  
Torque 
Toe-In  Tab les  

011 S t e e r  
Table  

I 

I n p u t  Tab l e s  
U n i t  Changes 

RETURN C 



USBROUTINE FCTl 

S t a r t  0 
Constants  * 

Changes i n  I ' I  I 

I Coulomb I 

I F r i c t i o n  
Brake P o i n t s  I 

S t a t i c  Loads 
S t a t i c  Margin 
Na tu ra l  Freq .  

R E T U R N  23 

Rear Ax1 e 
Rol l  S t e e r ,  
Camber Angle 

A c c e l e r a t i o n  

Toe Angle 
Al igning  Torq 

Update 
Unsprung Mass 
A c c e l e r a t i o n ,  
Forces  6 
Accel .  on 
Sprung Mass 

\ -1 
by  HPCG 



SUB ROUT I NE OUTPUT 

S t a r t  u 
Increment  

Necessary  
V a r i a b l e s  

Cons t an t s  6 
V a r i a b l e s  L 

Update 
S lope  

"Begin 
S imu la t i on"  , 

Turn Rad iu s ,  
S i d e s l i p ,  
S t a b l e  P l o t -  
form Acce l .  

d 

r I 

P r i n t  t h e  r - 5  
R e s u l t s  o f  

S i m u l a t i o n  
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APPENDIX C 

VEHICLE LINEAR ANALYSIS PROGRAM 

Howard Moncarz 





C 1 .  INTRODUCTION 

The l i n e a r  a n a l y s i s  p r e s e n t e d  i n  t h i s  r e p o r t  was based  

on r e s u l t s  o b t a i n e d  from t h e  mathemat ica l  model and computer 

s i m u l a t i o n  p r e s e n t e d  i n  t h i s  append ix .  S e c t i o n  C 2  shows 

t h e  f o r m u l a t i o n  of t h e  mathemat ica l  model ,  and S e c t i o n  C3 

shows a  f low c h a r t  of  t h e  computer program and a  sample 

i n p u t - o u t p u t  o b t a i n e d  from runn ing  t h e  computer  program. The 

symbols used  i n  t h e  mathemat ica l  model and computer program 

a r e  d e f i n e d  i n  t h e  nomenc la tu re  i n  S e c t i o n  C4. F i n a l l y ,  

S e c t i o n  C 5  c o n t a i n s  r e f e r e n c e s  d e s i g n a t e d  i n  S e c t i o n  C 2 .  



C 2 .  MATHEMATICAL MODEL 

A schemat i c  o f  t h e  model used i n  f o r m u l a t i n g  t h e  l i n e a r  

d i f f e r e n t i a l  equa t ions  of motion f o r  t h e  automobile  i s  shown . . 
i n  F igure  C - 1 .  Three s e t s  o f  axes a r e  shown i n  t h e  f i g u r e .  

The x - y - z  axes a r e  f i x e d  i n  t h e  sprung mass of  t h e  v e h i c l e ,  

and t h e  x t - y f - z '  axes a r e  f i x e d  r e l a t i v e  t o  t h e  unsprung 

masses.  With a  r o l l  a n g l e ,  $ ,  of 0 ,  t h e  z - a x i s  i s  a  v e r t i c a l  

a x i s  which i n t e r s e c t s  t h e  c . g .  of t h e  t o t a l  v e h i c l e .  The 

x l - a x i s  i s  a long t h e  r o l l  a x i s  of t h e  sprung mass and i n t e r -  

s e c t s  t h e  z - a x i s .  This  p o i n t  of i n t e r s e c t i o n  f i x e s  t h e  o r i g i n  

f o r  both  s e t s  of  a x e s .  The xs -ys -zs  axes a r e  p a r a l l e l  t o  t h e  

x - y - z  axes w i t h  o r i g i n  a t  t h e  c . g .  of t h e  sp rung  mass.  

C 2 . 1 . 1  EQUATIONS OF MOTION. The l i n e a r  d i f f e r e n t i a l  

e q u a t i o n s  of motion f o r  t h e  automobile  i n  t h e  t h r e e  degrees  

of freedom o f  yaw r a t e  ( r ) ,  s i d e s l i p  a n g l e  (B), and r o l l  

angle  (4) were d e r i v e d  by Sege l  [ I ] .  I n  terms o f  t h e  

nomenclature a t  t h e  end of  t h i s  appendix ,  t h o s e  e q u a t i o n s  

a r e  : 



c . g .  o f  s p r u n g  mass 

@ c.g.  o f  t o t a l  v e h i c l e  

y ,  y '  and y s - a x e s  a r e  d i r e c t e d  i n t o  p a p e r  

F i g u r e  C -  1. Schemat ic  of a u t o m o b i l e .  



E q u a t i o n s  (C-1)  - (C-4)  a r e  nond imens iona l  e x c e p t  f o r  

t h e  i n d e p e n d e n t  v a r i a b l e ,  t i m e ,  which i s  i n  s e c o n d s .  The 

v a r i a b l e s  yaw r a t e  ( r )  and r o l l  r a t e  ( p )  have d imens ions  o f  

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

d i f f e r e n t i a t i o n  w i t h  r e s p e c t  t o  t i m e .  These  e q u a t i o n s  a r e  

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

l a t e r .  

The t e rms  y66 and n66 i n t r o d u c e  t h e  e f f e c t s  o f  s t e e r i n g  

i n t o  t h e  e q u a t i o n s ,  p i s  a  nond imens iona l  v e l o c i t y  e q u a l  t o  
.l r v , m i s  a  r educed  mass d e f i n e d  a s  Msh/Yk, and f i s  a  
6 
f r e q u e n c y - t y p e  t e r m  e q u a l  t o  , which p r o v i d e s  t h e  con -  

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

C 2 . 1 . 2  MOMEIJTS OF INERTIA. The n o n d i m e n s i o n a l  moments 

o f  i n e r t i a ,  i and i z z ,  
X X  

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

t h e  z - a x i s ,  r e s p e c t i v e l y .  The n o n d i m e n s i o n a l i z e d  p r o d u c t  o f  

i n e r t i a ,  i x l ,  i s  r e f e r e n c e d  t o  t h e  x t - z '  a x e s ,  whe re  4 = 0 .  

However, t h e  moments o f  i n e r t i a  o f  t h e  s p r u n g  mass o f  an 

au tomob i l e  a r e  commonly measured abou t  t h e  xS -yS  - zS a x e s .  

S i m i l a r l y ,  t h e  moments o f  i n e r t i a  o f  t h e  unsp rung  masses  a r e  

measured a b o u t  axe s  p a r a l l e l  t o  t h e  x - y - z  axes  w i t h  o r i g i n  a t  

t h e  c . g .  ' s  o f  t h e  unsprung  m a s s e s .  

The moments o f  i n e r t i a  o f  t h e  s p r u n g  mass r e f e r e n c e d  tr: 

t h e  x - y - z  axe s  a r e :  



where t h e  s u b s c r i p t  s  i n d i c a t e s  t h e  moment of i n e r t i a  o f  

t h e  s p r u n g  mass r e f e r e n c e d  t o  t h e  x s -ys -z s  a x e s .  

Then ,  nondimens iona l ized  and r e f e r e n c e d  t o  t h e  x '  - y -  z 
a x e s ,  t h e  moments o f  i n e r t i a  a r e :  

I cosLX - 2 1  s inhcosh  + I Z Z  s i n L h  
X X  xz 

I s i n X - I  cosh 
i - - z z  xz 

xz 
~k 

where I  and I a r e  t h e  moments o f  i n e r t i a  of  t h e  f r o n t  
Z Z ~  Z Z ~  

and r e a r  unsprung masses about  v e r t i c a l  axes  t h rough  t h e  a x l e  

c e n t e r s ,  and X i s  t h e  i n c l i n a t i o n  a n g l e  o f  t h e  r o l l  a x i s .  

C2 .1 .3  STABILITY DERIVATIVES. The r ema in ing  terms i n  

Equa t ions  (C-1) - ( C - 4 )  a r e  s t a b i l i t y  d e r i v a t i v e s  and have 

been d e r i v e d  i n  t h e  l i t e r a t u r e  [ I ] .  The s t a b i l i t y  d e r i v a t i v e s  

a r e  : 



WSe - K 

% - - 
WR cos  h 

The te rms  i n  t h e  above e q u a t i o n s  a r e  d e f i n e d  i n  t h e  

nomenc l a tu r e .  

I n  t h e s e  e q u a t i o n s  t h e  t i r e  c h a r a c t e r i s t i c s  AT, 
Ca ' an d 

CT r e p r e s e n t  t h e  sum o f  t h o s e  r e s p e c t i v e  c h a r a c t e r i s t i c s  f o r  

bo th  t i r e s  a t  an a x l e .  I t  s h o u l d  b e  n o t e d ,  however ,  t h a t  

when e n t e r i n g  d a t a ,  t h e  t i r e  c h a r a c t e r i s t i c s  a r e  e n t e r e d  p e r  

t i r e .  

The c o n s t a n t s  K and C a r e  d e r i v e d ,  r e p r e s e n t i n g  t h e  
P  

s u s p e n s i o n  sys t em a s  t h e  model shown i n  F i g u r e  C - 2 .  The s u b -  

s c r i p t  R r e f e r s  t o  a  p a r a m e t e r  a s s o c i a t e d  w i t h  t h e  r e a r  

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

a d d i t i o n  o f  a  r o l l  b a r  t h a t  adds a t o r q u e ,  K R B ,  p e r  u n i t  o f  

r o l l  a n g l e  t o  t h e  t o t a l  r o l l i n g  moment. 



F i g u r e  C - 2 .  Schematic o f  r e a r  suspension. 



The s h o c k  a b s o r b e r  i s  modeled a s  a  d a s h p o t  w i t h  damping 

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

modeled a s  a  s p r i n g  w i t h  s p r i n g  r a t e  ksusp  , and t h e  v e r t i c a l  
R 

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

k t i r e R  . The d i s t a n c e  between shock  a b s o r b e r s ,  T  , i s  
CP R 

assumed t o  b e  e q u a l  t o  t h e  d i s t a n c e  Ts be tween  t h e  s u s p e n s i o n  
D 
I\ 

s p r i n g s .  

The moment on t h e  s p r u n g  mass o f  t h e  v e h i c l e  a b o u t  t h e  

x - a x i s  t r a n s m i t t e d  by one o f  t h e  r e a r  shock  a b s o r b e r s  i s  : 

where  FSA i s  t h e  f o r c e  on t h e  s p r u n g  mass i n  t h e  z - d i r e c t i o n  

a t  t h e  l o c a t i o n  o f  t h e  shock  a b s o r b e r  and i s  p r o p o r t i o n a l  t o  

t h e  z - v e l o c i t y  o f  t h e  s p r u n g  mass a t  t h i s  p o i n t .  x R  i s  t h e  

moment arm from t h e  z - a x i s  t o  t h e  f o r c e  FSA. Thus 

The f r o n t  shock  a b s o r b e r s  a r e  t r e a t e d  s i m i l a r l y .  The t o t a l  

moment on t h e  s p r u n g  mass a b o u t  t h e  x - a x i s  due  t o  t h e  s h o c k  

a b s o r b e r  i s  



The moment on t h e  sprung  mass of  t h e  v e h i c l e  about  t h e  

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

ment i s  c a l c u l a t e d  i n  t h e  same manner. In  c a l c u l a t i n g  t h e  

s p r i n g  r a t e  of  t h e  s u s p e n s i o n ,  b o t h  t h e  s p r i n g  r a t e  of  t h e  

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

i n t o  a c c o u n t .  As shown i n  F i g u r e  C - 2 ,  t h e s e  two " sp r ings"  

a r e  added  i n  s e r i e s ,  v i z .  : 

k  k su sp  t i r e R  - R 
K R  - L S P R  + ktireR 

where K R  i s  t h e  e q u i v a l e n t  s p r i n g  r a t e  f o r  one s i d e  of  t h e  

r e a r  s u s p e n s i o n ,  ksusp i s  t h e  s p r i n g  r a t e  o f  a  r e a r  s p r i n g ,  
R 

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

The f r o n t  r o l l  b a r  ( i f  t h e  v e h i c l e  h a s  one) adds a  t o r q u e ,  

K R B ,  p e r  u n i t  o f  r o l l  a n g l e .  Thus ,  t h e  t o t a l  moment on t h e  
sp rung  mass about  t h e  x - a x i s  due t o  t h e  s u s p e n s i o n  s t i f f n e s s  

t o  r o l l  d i sp l acemen t  i s  

Note t h a t  t h e  e q u a t i o n s  o f  r o l l i n g  mot ion  a r e  w r i t t e n  

about  t h e  x f  - a x i s .  Thus LK and LSA must b e  m u l t i p l i e d  by 
cos;. f o r  u s e  i n  Equa t ion  ( C - 3 ) ,  Hence ,  

and 



C Z .  1 . 4  COhlPLIANCE STEER EFFECTS. The s l i p  a n g l e s  o f  

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

s i d e s l i p  a n g l e  ( B ) ,  yaw r a t e  ( r ) ,  r o l l  a n g l e  ( )  and s t e e r  

a n g l e  ( 6 )  . However, t h e r e  a r e ,  a d d i t i o n a l l y ,  s i g n i f i c a n t  

c o n t r i b u t i o n s  t o  t h e  s l i p  a n g l e s  due t o  compl i ances  i n  t h e  

s t e e r i n g  s y s t e m  and s u s p e n s i o n  sys t em.  I n  p a r t i c u l a r ,  

l a t e r a l  f o r c e s  and moments a c t i n g  on t h e  v e h i c l e  may c a u s e  a  

s t e e r  change a n d / o r  a  camber a n g l e  change due t o  t h e s e  

compl iances  . 
I n c l u d i n g  t h e s e  e f f e c t s ,  t h e  s l i p  a n g l e s  a r e :  

( C -  5 )  A 

and 

where t h e  l a s t  t e rm  i n  E q u a t i o n  ( C - 5 )  and t h e  l a s t  two t e rms  

i n  Equa t ion  ( C - 6 )  a c c o u n j  f o r  t h e  compl iances  m e n t i o n e d .  I n  

p a r t i c u l a r ,  t h e  t e r m  

i n  Equa t ion  ( C - 5 )  i s  t h e  c o n t r i b u t i o n  due t o  t h e  c o m p l i a n c e ,  

K s s  ' i n  t h e  s t e e r i n g  s y s t e m .  Note t h a t  

*The c o e f f i c i e n t s  f o r  compl iance  s t e e r  e f f e c t s  have  b e e n  
d e f i n e d  a c c o r d i n g  t o  t h e  c o n v e n t i o n  t h a t  p o s i t i v e  v a l u e s  
i n d i c a t e  u n d e r s t e e r  and  n e g a t i v e  v a l u e s  i n d i c a t e  o v e r s t e e r .  



wher 

l i n k  

G, i 

e  R i s  t h e  compliance i n  one o f  t h e  two s t e e r i n g  
s  !J. 

a g e s ,  K S c  i s  t h e  compliance i n  t h e  s t e e r i n g  column, and 

s  t h e  g e a r  r a t i o  of t h e  s t e e r i n g  sys tem.  As demons t ra ted  
K 

i n  t h e  e x p r e s s i o n  f o r  K S S ,  t h e  s t e e r i n g  column s t i f f n e s s  i s  

added i n  s e r i e s  w i t h  t h e  s t i f f n e s s  of  t h e  two s t e e r i n g  l i n k a g e s .  

The compliance of t h e  s t e e r i n g  sys tem must be t aken  i n t o  

account  because  t h e  l a t e r a l  f o r c e ,  F , a t  t h e  t i r e  i s  o f f s e t  
Y F 

from t h e  a x l e  c e n t e r  by a  d i s t a n c e  a long  t h e  x - a x i s  equa l  t o  

t h e  pneumat ic  t r a i l  (x  ) p l u s  t h e  mechanica l  t r a i l  (x,). 
P r  

1 

The mechanica l  t r a i l  i s  t h e  h o r i z o n t a l  d i s t a n c e  from t h e  

ground i n t e r s e c t i o n  of t h e  k i n g p i n  a x i s  t o  t h e  a x l e  c e n t e r .  

The pneumat ic  t r a i l  i s  d e f i n e d  a s  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  

d i v i d e d  by t h e  c0 rne r i r . g  s t i f f n e s s .  

The term 

nay be  r e p l a c e d  by K F  x + KFQsFy where K F a t s  i s  t h e  
F a t s  Y PF F 

c o e f f i c i e n t  f o r  f r o n t  a l i g n i n g  t o r q u e  s t e e r .  The te rm 

l;FesFy,  i s  t h e  f r o n t  l a t e r a l  f o r c e  s t e e r ,  which i s  due t o  a  
I 

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

t i r e s  because  o f  compliances  i n  t h e  s t e e r i n g  and s u s p e n s i o n  

M i n  Equa t ion  ( C - 6 )  sys tem.  The terms KFLsFy and K R a t s  z R  
R 

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

s t e e r ,  r e s p e c t i v e l y .  



The l a t e r a l  f o r c e  a t  t h e  f r o n t  a x l e  (assuming no l a t e r a l  

f o r c e  camber compliance)  i s  : 

where CTF i s  t h e  camber t h r u s t ,  d e f i n e d  a s  t h e  s i d e  f o r c e  

deve loped  p e r  u n i t  t i r e  camber a n g l e ,  and ( a y , / a $ ) $  i s  t h e  

camber a n g l e  due t o  a  v e h i c l e  r o l l  a n g l e  of  $ .  

However, because  o f  compl iances  i n  t h e  wheel  b u s h i n g s ,  

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

Th is  a d d i t i o n a l  c o n t r i b u t i o n  t o  t h e  camber a n g l e  i s  C F 
alnF Y 

where C i s  t h e  camber compl iance  c o e f f i c i e n t .  Hence,  t h e  
 am^ 

camber a n g l e  i s  : 

Thus , 

I t  i s  p o s s i b l e  t o  r e t a i n  t h e  f a m i l i a r  s l i p  a n g l e  

e x p r e s s i o n s  : 

by modifying c e r t a i n  c o e f f i c i e n t s  t o  a ccoun t  f o r  t h e  c o m p l i a n c e s .  . . 

This  i s  done i n  t h e  f o l l o w i n g .  Both s i d e s  of  E q u a t i o n  ( C - 5 )  

a r e  m u l t i p l i e d  by ( - C , )  : 



a Y ~  
Adding CT (- @ - C F ) t o  b o t h  s i d e s  of Equat ion  ( C - 8 )  

F a4   am^ Y F  
and r e a r r a n g i n g :  

Fks a F  K - Ca a F  + CTF F ) =  F~ SS 

caF(xpF ' '"I F 

 am^ Y F  

Using Equa t ion  (C-7) and r e a r r a n g i n g  a g a i n :  

Thus,  t h e  r i g h t  s i d e  o f  Equat ion  (C-9) i s  e q u a l  t o  F i f  
F 

C and CTF a r e  a l t e r e d  t o  C& and CTf where 
C L ~  F 

C 

C ' - - 
F a c t o r F  ( C -  10)  a~ 

(C- 11)  

and 



The e q u a t i o n  f o r  t h e  yawing moment o f  t h e  v e h i c l e  abou t  

i t s  t o t a l  c . g .  i s :  

Equa t ion  (C-13)  can be b roken  i n t o  two equations-one f o r  

t h e  moment due t o  f o r c e s  a t  t h e  f r o n t  a x l e  and t h e  s econd  

f o r  t h e  moment due t o  f o r c e s  a t  t h e  r e a r  a x l e :  

(C- 1 4 )  

The t e rm  e n c l o s e d  i n  p a r e n t h e s e s  i n  E q u a t i o n  (C-14) i s  e q u a l  

t o  F , i f  Ca and CTF a r e  m o d i f i e d  a s  shown i n  t h e  p r e c e d i n g  
Y F F 

(Equa t ions  (C-10)  - ( C - 1 2 ) ) .  

However, f o r  t h e  f i r s t  t e rm  on t h e  r i g h t  s i d e  o f  

Equa t ion  ( C - 1 4 )  , 

Let 

I t  s h o u l d  b e  ment ioned h e r e  t h a t  t h e  component o f  s i d e  f o r c e  

due t o  a t i r e  camber a n g l e  i s  assumed t o  b e  d i r e c t e d  a l o n g  

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



Rear rang ing :  

The a l i g n i n g  t o r q u e  s t i f f n e s s  (ATF) has  been  d e f i n e d  a s  

r C . Hence, ATF must be modi f ied  by t h e  same f a c t o r  a s  
PF a~ 

developed  f o r  Ca and CT i n  o r d e r  t o  keep u i n  i t s  customary 

form: 

A d d i t i o n a l l y ,  t h e  te rm x C T ; ( a y / a $ ) +  must b e  added t o  t h e  
P E  

I 

moment e q u a t i o n .  Th i s  i s  done ve ry  s imp ly  by i n c r e a s i n g  t h e  

d i s t a n c e ,  a ,  which m u l t i p l i e s  CTF a y F / a +  i n  t h e  e x p r e s s i o n  

f o r  n  t o  ( a  + x  ) .  
@ ' PF 

The compliances  a t  t h e  r e a r  a x l e  a r e  h a n d l e d  i n  t h e  same 

manner a s  were t h e  compl iances  a t  t h e  f r o n t  a x l e .  The r e s u l t  

i s  t h a t  Ca , C T R ,  and ATR must be  m o d i f i e d :  
R 



CT 
C T k  = F a c t o r  R 

where F a c t o r R  = - ' a R K ~ k s  - K C x - CT CamR. A d d i t i o n a l l y ,  Ra ts  a p R R R 

t h e  d i s t a n c e ,  b ,  which m u l t i p l i e s  C T R  3 y R / 3 $  i n  t h e  

e x p r e s s i o n  f o r  n must b e  r educed  t o  (b - x 1 .  
@ PR 

C 2 . 2  SOLUTION OF THE EQUATIOFJS 

C 2 . 2 . 1  STATE EQUATIONS.  E q u a t i o n s  ( C - 1 )  - ( C - 4 )  can 

be p u t  i n t o  t h e  m a t r i x  form:  

where z i s  t h e  s t a t e  v e c t o r  i n  Equa t ion  ( C - 1 6 ) .  

( C -  16) 



a n d  

C 2 . 2 . 2  EIGENVALUES AND EIGENVECTORS. The s o l u t i o n  t o  

E q u a t i o n  (C-16) i s  o b t a i n e d  by summing t h e  homogeneous and 

t h e  p a r t i c u l a r  s o l u t i o n s  o f  E q u a t i o n  (C-16 ) .  The homogeneous 

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

d e t  A # 0 ,  t h e n  

and t - A - ~ B Z  = o 

?,ssuming a s o l u t i o n  i n  t h e  fo rm 



and  s u b s t i t u t i n g  t h i s  i n t o  E q u a t i o n  (C-17)  

To f i n d  a  n o n - t r i v i a l  s o l u t i o n  f o r  E q u a t i o n  ( C - l a ) ,  

d e t ( s 1  - A-'B) must  e q u a l  z e r o .  T h u s ,  s ,  r e f e r r e d  t o  a s  an  

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

e q u a t i o n  

d e t ( s 1  - A - ~ B )  = 0 (C- 1 9 )  

E q u a t i o n  (C-19)  i s  f o u r t h  o r d e r ,  a n d  t h u s  t h e r e  e x i s t  f o u r  

e i g e n v a l u e s .  

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

d e t e r m i n e d  u s i n g  a  t e c h n i q u e  d e v e l o p e d  by  M .  BGcher 131. 

P u t t i n g  E q u a t i o n  (C-19)  i n  t h e  fo rm 

I f  T i s  t h e  t r a c e  o f  t h e  m a t r i x  ( A - ~ B ) ~ ,  w h e r e  q i s  a n  
9 

i n t e g e r  w h i c h  t a k e s  on t h e  v a l u e s  1 ,  2 ,  3 ,  o r  4 ,  t h e n  

- a l  - - TI 

- 1 
a 2 - - - ( a  T + T,) 2 1 1  L 



Once t h e  e i g e n v a l u e s  a r e  found ,  t h e  e i g e n v e c t o r s  can be 

d e t e r m i n e d  from Equa t ion  ( C - 1 8 )  by s u b s t i t u t i n g  each  e i g e n -  

: - a l u e ,  s -  1' i n  t u r n  t o  f i n d  i t s  r e s p e c t i v e  e i g e n v e c t o r ,  z i .  
C7.2.3 RESPONSE TO STEP STEER INPUT. I f  U i s  t h e  m a t r i x  

\<hcse columns a r e  t h e  e i g e n v e c t o r s  o f  A"B, t h e n  

?,?here A i s  a  d i a g o n a l  m a t r i x  whose e l emen t s  a r e  t h e  e i g e n v a l u e s  

o f  -4-'B. M u l t i p l y i n g  Equa t ion  (C-16) by u-'A-' we g e t  

and 

t h e n  i - = ~ + g  

Now t h i s  s e t  o f  e q u a t i o n s  i s  c o m p l e t e l y  uncoup led  s i n c e  A 

i s  a d i a g o n a l  m a t r i x .  

The s o l u t i o n  t o  Equa t ion  ( C - 2 0 )  i s  

( C -  2 0 )  



where  5 i s  an a r b i t r a r y  c o n s t a n t  v e c t o r  - 

and 

B u t  z = Uy - w 

Assuming t h e  i n i t i a l  c o n d i t i o n s  

Then 

( t h e  i d e n t i t y  m a t r i x )  

A 

and 6 = U-lZ + 
-0 8 



i ience Z = U 0 U-'z + U ( P  - I)! - 0 

01' 

for 

C2.2.4 STEADY-STATE SOLUTIONS, In the s t e a d y - s t a t e  a l l  

t i n e  d e r i v a t i v e s  a r e  0 ,  i . e . ,  8 ,  ;, 6, and 6 a r e  0 .  Thus,  

?quation ( C - 1 0 )  r educes  t o  



( C -  21)  

( C - 2 2 )  

( C -  2 3) 

!;here t h e  s u b s c r i p t  s s  d e n o t e s  s t e a d y - s t a t e .  E q u a t i o n s  (C-21)  

t h rough  (C-23)  can be s o l v e d  f o r  t h e  g a i n s  B s s /6, rSs /6 ,  and 

C 2 . 2 . 5  PATH CURVATURE AND LATERAL . 4 C C E L E M T I O N .  The 

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

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

s y s t e m ,  i s  e q u a l  t o :  

B + r  CURV = -- v 



The l a t e r a l  a c c e l e r a t i o n  o f  t h e  v e h i c l e  a s  measured a t  

t h e  c r i g i n  o f  t h e  x - y - z  axes  i n  t h e  y - d i r e c t i o n  i s :  

I n  t h e  s t e a d y - s t a t e ,  

C 2 . 2 . 6  STATIC F.IARGIN.  The r e s u l t a n t  s i d e  f o r c e  c a u s e d  

b)-  s i d e s l i p p i n g  o f  t h e  au tomob i l e  a c t s  a t  a p o i n t  which i s  

l o c a t e d  a  c e r t a i n  d i s t a n c e  i n  t h e  x - d i r e c t i o n  f rom t h e  t o t a l  

c , g .  o f  t h e  v e h i c l e .  Th i s  d i s t a n c e ,  n o n d i m e n s i o n a l i z e d  by 

t h e   heelb base, i s  c a l l e d  t h e  s t a t i c  marg in .  The s i g n  con-  

-lTe;ltion i s  such  t h a t  i f  t h i s  component o f  s i d e  f o r c e  i s  a f t  

cC t h e  c . g . ,  t h e  s t a t i c  margin  i s  p o s i t i v e ,  and i f  i t  i s  

f c n i a r d  o f  t h e  c . g . ,  t h e  s t a t i c  margin  i s  n e g a t i v e ,  A 

2csltive s t a t i c  margin  i n d i c a t e s  u n d e r s t e e r  and a n e g a t i v e  

; t a t i c  margin  i n d i c a t e s  o v e r s t e e r .  

The s t a t i c  margin  f o r  t h e  t h r e e  d e g r e e s  o f  f reedom 

a u t o n i o b i l e  i s  : 

l f<; t ! :  t h e  r o l l  deg ree  of  f reedom n e g l e c t e d  f rom t h e  e q u a t i o n s  

~f i i c t i o n ,  t h e  s t a t i c  margin  s i m p l i f i e s  t o :  



C 3 .  COMPUTER PROGRAM 

C3.1 INTRODUCTION 

The computer  program developed t o  ana lyze  t h e  l i n e a r  

performance o f  t h e  t h r e e  deg ree s  of  freedom au tomob i l e  con-  

s i s t s  o f  a  main r o u t i n e  (MAIN) and n i n e  s u b r o u t i n e s .  The 

flow c h a r t  f o r  t h i s  computer program i s  p r e s e n t e d  i n  S e c t i o n  

C 3 . 2 .  The f l ow  c h a r t  f o r  t h e  main r o u t i n e  i n c l u d e s  s t a t e m e n t s  

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

t r a n s f e r  o f  c o n t r o l  i n s i d e  t h e  computer program.  These 

s t a t e m e n t s  a r e  s e t  a s i d e  from MAIN ( i n  t h e  f l ow  c h a r t  f o r  MAIN) 

by dashed l i n e s  e n c l o s i n g  them and i n d i c a t i n g  which s u b -  

r o u t i n e s  t h e y  a r e  from. These s t a t e m e n t s  a r e  n o t  meant t o  

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

a s  i t  r e l a t e s  t o  MAIN. For t h e  complete  l o g i c  o f  a  s u b -  

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

be c o n s u l t e d ,  F i n a l l y ,  f o r  each f low c h a r t ,  i t  i s  i n d i c a t e d  

where c o n t r o l  i s  t r a n s f e r r e d  when a  r e t u r n  s t a t e m e n t  i s  

r eached .  

Var ious  o p t i o n s ,  a l l owing  f o r  s e v e r a l  d i f f e r e n t  t r a n s f e r s  

of  c o n t r o l ,  can be  u t i l i z e d .  Th is  i s  i n c o r p o r a t e d  i n t o  t h e  

computer program u s i n g  t h e  v e c t o r  "OPT" which i s  d imensioned 

w i t h  1 0  s p a c e s .  S i x  of  t h e s e  a r e  c u r r e n t l y  u t i l i z e d .  The 

remaining f o u r  a r e  a v a i l a b l e  f o r  programming i f  d e s i r e d .  I f  

@PT( i )  = 1, t h e  o p t i o n  i s  s e t  on.  I f  @PT( i )  = 0 ,  t h e  o p t i o n  

i s  s e t  o f f .  

The o p t i o n s  may be s e t  i n  e i t h e r  of  two ways:  (1) t h e y  

a r e  r e a d  i n  as  d a t a ,  and may be  changed i n  t h e  s u b r o u t i n e  

CHANGE and ( 2 )  t h e y  a r e  s e t  when t h e  o p e r a t o r  r e sponds  w i t h  

Ivyfv o r  lvnvl ( f o r  ye s  o r  no) i n  answer t o  a  q u e s t i o n  p r i n t e d  

a t  t h e  t e r m i n a l ,  i . e .  , t h e  q u e s t i o n  "Degrees/g?"  answered by 

Ivy" s e t s  OPT(7) = 1, 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  



:n d e g r e e s / g  i s  t hen  computed and p r i n t e d ,  u s i n g  t h e  v e h i c l e  

p a r a m t e r s  a s  t hey  have been s e t  a t  t h e  t i m e .  

I t  s h o u l d  be  no t ed  t h a t  a l l  o p t i o n s  may be  s e t  a s  

s p e c i f i e d  i n  ( 1 )  above ,  though n o t  a l l  o p t i o n s  a r e  a v a i l a b l e  

t l i ~ o u g h  ( 2 ) .  

The o p t i o n s  a v a i l a b l e  a r e :  

@PT (1)  Echoes m a t r i c e s  and i n t e r m e d i a t e  

computa t ions  f o r  debugging pu rpose s  

@pT ( 2 )  Computes and echoes  t h e  e i g e n v e c t o r s  

0PT ( 3 )  Echoes computed v a l u e s  from s u b r o u t i n e  

BEGIN-including g e o m e t r i c  p a r a m e t e r s ,  

s u s p e n s i o n  and t i r e  p r o p e r t i e s ,  moments 

o f  i n e r t i a ,  and s t a t i c  margin  

@PT ( 4 )  Echoes d a t a .  Th i s  o p t i o n  i s  p r imed  
by  q u e s t i o n ,  " P r i n t  Da ta?"  

bPT (6) Computes t ime  h i s t o r y  o f  r e s p o n s e  o f  

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

o p t i o n  i s  pr imed by q u e s t i o n ,  "Response 

t o  S t e p  S t e e r ? "  

PPT ( 7 )  Computes 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 .  

Th i s  o p t i o n  i s  p r imed  by q u e s t i o n ,  

"Degrees /g?"  

Fo l l owing  t h e  f low c h a r t ,  a  sample  computer  r u n  i s  

shor,,r. ( S e c t i o n  C3 .3 )  . 



5 . 2  FLOW C H A R T S  



*I IPUT/GUl'l!il? 9EVjf:E ',X', ----- 
\;;i>; 

RLAD from te r in i r i a l  
W R I T E  o n  terminal b 

I 
I i R l ' i ' E  on file 

c t i ~ l t r o ! ~ .  

t 
- 

-C 

0 r 

I CALI.  (:Oi FK 

I t i10 ! 
I i 

.. - - -  _... - - - -  , 
! 

Sij; XC;. 1.X: S%.;:;Gi: 

i i s ~ i :  PLSRT :i a p a c k a g e d  1 
s . . ~ t r o . ~ ;  I n s  t h a t  f l n d s  
r h e  i ,915 of t t e  c h a r .  1 
€ L,ht13r . .  

I 

I 
1 



SUBROUTI NE DATA 

S t a r t  

I 

I RE T U R N  

*Each p a r a m e t e r ,  i n c l u d i n g  
t h e  o p t i o n s ,  h a v e  a  number 
f rom 01 t o  5 7  a s s o c i a t e d  
w i t h  them. These  numbers 
a r e  u sed  when chang ing  a  
p a r a m e t e r  i n  s u b r o u t i n e  
CHANGE t o  key t h e  p a r t i c u l a r  
p a r a m e t e r  i n  q u e s t i o n .  

RETURN: C o n t r o l  t r a n s f e r s  t o  MAIN a t  CALL B E G I N  



SUBROUTINE BEGIN 

S t a r t  

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

I 

S t a b i l i t y  D e r i v a t i v e  
C a l c u l a t i o n s  

1 

1 i f  i < O ,  i zz  - - 

I I n e r t i a  C a l c u l a t i o n s  I Z Z ~  q t o t  

Suspens ion  and T i r e  
P r o p e r t y  C a l c u l a t i o n s  

I RETURN I 

I f  KSL ( 10 ,  t h e n  
KFATS = KSL 

RETURN: C o n t r o l  t r a n s f e r s  t o  MAIN a t  
CALL MATRIX 



SUBROUTINE MATRIX 

S t a r t  
J 

Compute A - I  and I d e t A  

Wr i t e  \.../ = 1 
e r r o r  
message Abs (de t  A 

Compute B =A 

W r i t e  I), 
\de t  , / 

RETURN: C o n t r o l  t r a n s f e r s  
t o  MAIN a t  CALL 
E I G E N  

RETURN 1: C o n t r o l  t r a n s f e r s  

Compute f S  P 



SUBROUTINE EIGEN 

S t a r t  

I 

C o e f f i c i e n t s  ( a i )  f o r  1 i 
f c h a r .  e q  I n .  computed I 

no- 

1 S o l v e  c h a r .  e q ' n .  
j ior i ( P O L R T )  I 

e r r o r  i n  

Write  
A's 

-411 r e a  Mess age : 
No s t e a d y -  

), < O? s t a t e  

RETURN:  Con t ro l  t r a n s f e r s  t o  

RETURN 1: Cont ro l  t r a n s f e r s  t o  



SUBROUTINE CHANGE 

Wri te :  En te r  
param. number ( index)  

Note: NV i s  number of  v e h i c l e  parameters  

N i s  number o f  v e h i c l e  pa ramete r s  p l u s  
number of  o p t i o n s  

J D N g  i s  an argument i n  CALL CHANGE s t a t e m e n t  

RETURN: Control  t r a n s f e r s  to@of  M A I N  
RETURN 1: Control  t r a n s f e r s  t o  MAIN a t  CALL VECTOR 

2 4 2  



SUBROUTINE VECTOR 

S t a r t  
J. 

I Compute e igenvec to r s  I 

E r r o r  

I 

\ Write  I 
e  i genve c t o r s  

\ ( U ) ,  / 

o f f ?  

RETURN: Con t ro l  t r a n s f e r s  
t o  MAIN a t  CALL 
SOLN 

RETURN 1: C o n t r o l  t r a n s f e r s  

RE'TURN 2 :  Con t ro l  t r a n s f e r s  



SUBROUTINE SgLN 

S t a r t  

En te r  t o ,  A t ,  t F  9 RETURN o r  RETURN 1 t r a n s f e r s  
c o n t r o l  t o  MAIN a t  
CALL NEWDAT 



SUBROUTINE NEWDAT 

S t a r t  

1 CALL :HANGE 1 

ves  l 

1 RETURN 1 I 

RETURN: Con t ro l  t r a n s f e r s  t o  @ i n  MAIN 

RETURN 1: Con t ro l  t r a n s f e r s  t o  @ i n  MAIN 



SUBROUTINE COEFK 

The s u b r o u t i n e  COEFK computes K ,  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 n  degrees/G.  The schematic shown below i s  

a ve ry  s i m p l i f i e d  v e r s i o n  o f  t h e  s u b r o u t i n e :  

S t a r t  

CALL BEGIN z5 
CALL EIGEN 

. 
I CALL BEGIN 1 

CALL EIGEN - 
CURV25 = CURV v 

1 
VD = VDSAVE 

I 
1 



C 3 .  3 SAMPLE INPUT AND OUTPUT FOR THE 19 7 1  MUSTANG 



O O C  0 0 0 0 0 0 0 0  0 
0 0 O  0 C l 0 0 0 0 ~ 0  CZ 
0 C  C  0 C l C O C 0 0 0  In 
r - 4 ~ 0 0 0 0 0 0 0 0 h h 0 0 ~  . . . . . . . . . . . . . . .  
C O r l N O C O b O M h N N O N C  
C f N  h c ? ~ x ? ~ t W r l . l r l  N 
N r l  o! I0 t rl 

N  r-4 

L C C C C O  0 0 0 0 0 0 0 C  
m C C  C  0 LC C 0 C 0 0 0 0 C  
U I n L n ( C C L C  O O C O ~ O ~ C C  
C N ~ ~ c c c C C C C C ~ C L ~ C  - I . . . . . . . . . . . . . . .  - ~ ~ ~ C O C O C ~ O ~ O N ~ O  
II t LC C\' I C r l O L C C C \ ' N  
b O r l r l W M  

N M  
m N 
r 
m 
'C C ,. 
m 0 1  N 

- 
U' + x-  C 

< c  >C - 
z - E  
< G  4 Ln 
CLIU F.  

0-d C C 
3 4  I- \ 

W + U  a W I I  
C" U' 
z a a  a W Y  I 
a W U' m U' CC 
I t + C l -  C' 
C ' Z Z  Z W 

U' w F .  U F .  c 



C L ?  N C  
Ir .  N C 
m a  m  C 
L n a  N 
a'= h c 
L--Tr. C 
,-Id t. <J 
mc: C\'C . . . .  

ru * * * . -+ r ' , - ' v< r i , -< -+? id , - I  * * L ' C C C C C  c c c ' c C  
V * 
u.l 4 UU LL Ll iLL'LL' L L L L I L '  
L? * I N  0: r. L1 P h 3 u  L1 r. 3 
\ * w S r C . ' c . h l r ' ~ c L n m  
I- * h M k Y  h'i r P 1 2  
LL * f 7 N F.: 10 2 -- L? L- L- L': U-, 
u *  . . . . . . . . . I .  

r * ~ O C O C C C c c O c '  
< C * * * I" P Y  P.' IC' :C rn I- b' I -  v, I.-, - x e c c c r c c c - c c r  
l - C I I l I l I 1 1 I : I  
LL * L'L Lt L L LL. L L. L ' L . ' L '  
\ * 'C-CC; h G : c 2  C _ ' L - c L P . r '  
4 * C= h' C C r! u'. L' 1.-' L- -7 -f 
u * K c c i * ~ n : : ~  C C . C -  
> * P P . j - Y \ . c c . b  r.r.i-. s *  ' ' ' ' ' ' . ' , . .  * C C C P C C C C C C C  
C * * * * c C C r r r < r r  r r . ~  * c C ' c ' c C C  C C I  'rccr: - *  I 
( 7  * L ' L L  LL. iL.LLt L' L i iL L,  L' 
LC * b L . C U C " C V , r - k M f  
C * mcCaOf.Cc=CC 
v * U I C  C he . ! - :  c..r.- *mu? - * C w c : , l r - d + d + r - 7 ~  
I *  . . . . . . . . . . .  
C * I I I I I I I l I i l  * * * * b ? + r ' e c , + c C .  1 - 7 C ? i 7  
h * C C C C C C C C i l . C I . i  
C.L 4 I I 

C.! c: 
I I 

c r . m c  
U M M C  
rl C.' M C 
0: c T\! C 

M FCC' 
C -'L "- -' c L' 
+ 0-c .\ a. . ir rl m 

' c I - Q  
< ri LL'LI' 
w r  I! I - c  . 
x L - - d I 

<. k- .. c - (I: 

;; 2 ,-, -- c: , L C  - 
2 < L .  - 

c: iC 6'- L.' 
C k- -.. -2 - - V C r .  

LL' b LL' f 
(1 L ' c m  - I- - " .  
LI? L" C C C  

L L ' L L ' L ' L L  L ' L L 4 L ! L  h. L1 -. ,,- L V  C -t n, Ln h- + ii.8 -. 
c: -5 C.. K I r  C CC.!U h C\! 
b-' :: L- C C' C c cC> r-. !.- ," 
I r  c., :+ m f.- * to r.- P n  m, . . . . . . . . . . .  
C ' c l ' C ' C C C ~ i ' C 1 c ~ ~  

h 

. . . . . .  
L - - - 
2 c h' z 
C - C< - 
< c: C: =' 
C. 1  U. - r-. 

E -  " 
, c: I-- K ?  

L ' + C  C L" 
LL' S C C L  y i' 

< i' L' w, U' C c C' 
Y l - k C L 2  
L Z Z  - 2, 

I; L' c.. u1 C.. k' c.. C 

C.. 
L'. 
LL 
P 

U! 

LL' C.? 
C Z 
z c: 5 L 
-. C" 
c L.' 

c< 

* c c c c  z c c q c c z  
C C r - C C 2 C ~ 3 C r L  

L1. * C+c. .b - * -qL  F .L>?T-  



c? L'C P. 
W LLI LL' I- 

C  
C  
$+ , - , -+ I -+  

* C C C C C C  - * 
L ' C L L  L L L L L L U L  
LL'+ W f  C I n 2 C ? C ,  
C + C C C C C C  
v + r \ * * 3 3 =  
- * d + d + d . -  
2 - $ . * . . . .  
~ ~ I I I I  I I  

C  
C  * 
* C ' r ( d h ' P K I  

- * C C C c C C  
C *  I I I I I  
LL C  I-' LI ' LJ LC LL' LL 
V ? C d C ( T * L C r n  
\ I C b P - L T P M  
C C d M C M U I C "  
L ' *  rl ddKI M U '  
C $  ' .  . . "  
U *  I  C L  I I c? 
C C  

C  * * C C C C C C '  
+ C C C C C C  

n * 
c * LL' u IL' LL' LL' LL' 
L ' C V I I - l f C C C  
C C C " a l n L n ~ L 7  

< *  . 2 t c C c c , - c  
k c  . . , . . .  C 
L ' * I I I I  I I 
c- C  

C  I-- 
C C L' 
$ A H d + d , +  V: - *  C C C C C C  +. c 

C' + <" < L' 
W * LL' LL' LL. U? LL' LL' cz I- I- 
L? c a G ' C \ l * a *  L' rC c- 
\ * C . r \ p I b P - ~  I- C : 
c c t a f a t a  L - 
L L ' C M W - K I M W K I  - - - A  - -  -- .: 
C *  l . . . . .  LC c: 
v C C c C l C C C  C Z W  
c C c c I- * 2 .= 



C 4 .  NOMENCLATURE 

a (A)* s d i s t a n c e  from c . g .  t o  c e n t e r  o f  f r o n t  a x l e  
( i n . )  

A T h h  (AT) Sum 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 e s  f o r  t h e  

two t i r e s  a t  an a x l e  ( i n - l b / d e g )  

-\, A c c e l e r a t i o n  o f  t h e  unsprung mass a long  t h e  
2 y - a x i s  ( f t / s e c  ) 

b (B) x  d i s t a n c e  from c e n t e r  o f  r e a r  a x l e  t o  c . g .  ( i n . )  

x  d i s t a n c e  from t h e  c . g .  of  t h e  t o t a l  v e h i c l e  t o  

t h e  sp rung  mass c , g .  ( i n . )  

c .  g .  I f  n o t  o t h e r w i s e  s p e c i f i e d ,  r e p r e s e n t s  t h e  

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

'am ( C.4?1) L a t e r a l  f o r c e  camber c o e f f i c i e n t  (deg/1000 l b )  

T o t a l  r o l l  damping moment of  sp rung  mass 

( i n - l b - s e c )  

C ( cp )  Damping o f  a  shock  a b s o r b e r  ( l b / i n / s e c )  P  
Ci* (CALFA) Sum o f  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  two t i r e s  

a t  an a x l e  ( l b / d e g )  

CT** (CT) Sum o f  t h e  camber s t i f f n e s s e s  f o r  t h e  two t i r e s  

a t  an a x l e  ( l b / d e g )  

CURV (CURV) I n v e r s e  o f  t h e  r a d i u s  o f  p a t h  i n  t h e  x - y  p l a n e  

t h a t  t h e  o r i g i n  of t h e  x - y - z  axes  i s  t r a v e l i n g  

Cl/ft> 

P e r p e n d i c u l a r  d i s t a n c e  from t h e  s p r u n g  mass 

c . g .  t o  t h e  x '  a x i s  ( i n . )  

*Symbols i n  p a r e n t h e s e s  i n d i c a t e  t h e  r e s p e c t i v e  q u a n t i t i e s  
a s  t h e y  a p p e a r  on t h e  computer  p rogram i n p u t - o u t p u t .  (The 

I s u b s c r i p t  F o r  R i s  o m i t t e d  h e r e . )  
7 **The v a l u e s  f o r  A T ,  C,, and CT e n t e r e d  a s  d a t a  a r e  f o r  a  s i n g l e  

t i r e ,  though i n  t h e  d e r i v a t i o n  i n  t h i s  document t h e s e  t i r e  
c h a r a c t e r i s t i c s  a r e  summed o v e r  t h e  a x l e  t o  p r o v i d e  s i m p l e r  
n o t a t i o n  i n  t h e  f o r m u l a t i o n .  -. 
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7-- C o n v e r s i ~ n  f a c t o r  e q u s l  ec ~ i j z  i g l i  use2  t o  

c o n v e r t  t h e  e q u a t i o n s  o f  moticn t o  c l ime~ l s iona l  

t ime  ( l / s e c )  
- 

G r a v i t y  c o n s t a n t  e q u a l  t o  3 8 6 . 0 4  i 3 , ' s e c  i 

Gear r a t i o  f o r  t h e  s t e e r i n g  c:olumn 

P e r p e n d i c u l a r  d i s t a n c e  from th-e s p r u n g  mass 

c . g .  t o  t h e  x a x i s  j i n , j  

i (IX) 
X X  

Sprung mass moment o f  i n e r t i a  abou t  x y  a x i s  

n o n d i m e n s i o n a l i z e d  by MR 2 

i (IXZ) 
X Z  

Sprung mass p r o d u c t  o f  j n e r r i a  i n  x -  p l a n e  

( w i t h  6-0 j , n o n d i m e n s i ~ r ~ e l i  z e d  t:. ~2i' 

i ( I Z )  Yaw moment o f  i n e r t i a  o f  t o t a j  v e h i c l e  a b o u t  
Z Z 

z a x i s ,  nond i rnens iona l i z ed  b y  h d ~ Z  

I  (IXXS) Sprung mass moment o f  i n e r t i a  z b o u t  xS a x i s  
Xs 2 ( i n - l b - s e c  ) 

Sprung mass moment o f  i n e r t i a  abou t  x a x i s  
2 ( i n - l b - s e c  ) 

I  (1x2s)  Sprung mass p r o d u c t  o f  i n e r t i a .  i n  x - z  p l a n e  
XZ 

S 2 S S 
( i n - l b - s e c  ) 

Sprung mass p r o d u t t  o f  i n e r t i a  i n  r - r  p l a n e  
2 ( i n - l b - s e c  ) 

I  (IZZS) Sprung mass moment o f  i n e r t i a  a b o u t  z a x i s  z Z 
S 2 S ( i n - l b - s e c  ) 

I Sprung mass moment o f  i n e r t i a  abou: z a x i s  
z z 2 ( i n - l b - s e c  ) 

I  (IZZF) Moment o f  i n e r t i a  o f  f r o n t  unsp rung  mass a b o u t  
Z Z ~  

a v e r t i c a l  a x i s  t h r o u g h  i t s  a x i s  c e n t e r  ( i n - l b - s e c  2 ) 

I 

I  (IZZR) Moment o f  i n e r t i a  o f  r e a r  unsp rung  mass a b o u t  a  
Z Z ~  

v e r t i c a l  a x i s  t h r o u g h  i t s  a x l e  c e n t e r  ( i n - l b - s e c  2 ) 6 

r 



k (K) 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  (deg/G) 

T o t a l  r o l l  s t i f f n e s s  moment o f  sp rung  mass 

( i n -  l b )  

%zits (KFATS) F r o n t  a l i g n i n g  t o r q u e  s t e e r  c o e f f i c i e n t  

(deg/100 f t - l b )  

K ~ k s  
(KFLS) F r o n t  l a t e r a l  f o r c e  s t e e r  c o e f f i c i e n t  (deg/1000 l b )  

' ~ a t s  (KRATS) Rear  a l i g n i n g  t o r q u e  s t e e r  c o e f f i c i e n t  

(deg/lGO f t -  l b )  

g,, (KRB) R o l l  moment o f  s p r u n g  mass p e r  u n i t  o f  r o l l  due 

t o  f r o n t  r o l l  b a r  ( i n - l b / r a d )  

7 .  

n 
R2 s  (KRLS) Rear  l a t e r a l  f o r c e  s t e e r  c o e f f i c i e n t  (deg11000 l b )  

hs C (KSC) Compliance i n  s t e e r i n g  column ( i n - l b / d e g )  

K (KSL) Compliance i n  s t e e r i n g  l i n k a g e  ( i n - l b / d e g )  
s  i! 

K E q u i v a l e n t  comp l i ance  o f  s t e e r i n g  s y s t e m  
S S 

( i n -  l b / d e g )  

k s u s p  (KSUSP) S p r i n g  r a t e  o f  a  s i n g l e  s u s p e n s i o n  s p r i n g  ( l b / i n )  

k (KTIRE) V e r t i c a l  s p r i n g  r a t e  o f  a  t i r e  ( l b / i n )  t i r e  

a (L) Wheelbase ( i n .  ) 

l a s h  (LASH) P l a y  i n  s t e e r i n g  whee l  (deg)  

m Reduced mass e q u a l  t o  Msh/MP 

M T o t a l  mass o f  v e h i c l e  ( s l u g )  

)Is Sprung mass ( s l u g )  

P (PI R o l l  r a t e  o f  s p r u n g  mass a b o u t  x' a x i s  ( d e g i s e c )  

r (R) Yaw r a t e  o f  v e h i c l e  a b o u t  z a x i s  ( d e g l s e c )  

SM2D S t a t i c  marg in  o f  2 d e g r e e s  o f  f r e edom (6 and r )  

a u t o m o b i l e  

SM3D S t a t i c  ma rg in  o f  3 d e g r e e s  o f  f r e edom a u t o m o b i l e  
(STAT I C 
MARGIN) 



v ( V )  

w (WU) u  

x (XM) m 

& S W  
(DELSW) 

E (EPS) 

X 

y d i s t a n c e  between shock  a b s o r b e l  r ( i n . )  

y d i s t a n c e  b e t ~ e e n  t i r e s  f i n ,  j 

y d i s t a n c e  between s u s p e n s i o n  s p r i n g s  [ i n . )  

M a t r i x  o f  e i g e n v e c t o r s  

V e l o c i t y  o f  v e h i c l e  a l o n g  x a x i -  

Gross v e h i c l e  we igh t  (?!I) 

Weight o f  s p r u n g  mass ( l b )  

Weight o f  unsprung  mass ( i b )  

Mechanical  t r a i l  ( i n .  ) 

Pneumat ic  t r a i l  ( i n . )  

Axle h e i g h t  ( i n . )  

He igh t  o f  t o t a l  v e h i c l e  c . g .  [ i n  

R o l l  c e n t e r  h e i g h t  ( i n . )  

V e h i c l e  s i d e s l i p  a n g l e  measured from x  a x i s  t o  

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

c l o c k w i s e  l o o k i n g  down (deg)  

T i r e  camber a n g l e  ( d e g j  

S t e e r i n g  a n g l e  a t  r o a d  w h e e l ,  e q u a l  t o  

(dSw - l a s h ) / G R  (deg)  

S t e e r i n g  whee l  a n g l e  (deg)  

R o l l  s t e e r  c o e f f i c i e n t  ( deg /deg )  

Angula r  d i s p l a c e m e n t  of x' a x i s  from x  a x i s ,  

p o s i t i v e  f o r  n o s e  down d i r e c t i o n  ( d e g )  

Nondimens i o n a l  v e l o c i t y  e q u a l  t o  ~ / s f i g  

R o l l  a n g l e  a b o u t  x r  a x i s ,  p o s i t i v e  c l c c k w i s e  

l o o k i n g  f r o n t  ( deg )  



"r (DGDPII )  \ . a r i a t i o n  o f  i. w i t h  Q a @ 

S u b s c r i p t s  

F (F)  F r o n t  a x l e  

R (R) Rear  a x l e  

.Ax e c 

The o r i g i n  o f  t h e  x - y - z  a x e s ,  which i s  c o i n c i d e n t  t o  t h e  

o r i g i n  o f  t h e  x ' - y ' - z i  a x e s ,  i s  f i x e d  by t h e  i n t e r s e c t i o n  c f  

t h e  x' and  z a x e s .  

x '  a x i s  R o l l  a x i s  o f  s p r u n g  mass ,  p o s i t i v e  fcrwa.rd 

z a x i s  With 4 e q u a l  t o  0, t h i s  a x i s  i s  v e r t i c a l  t h r o u g h  

t h e  c . g .  o f  t h e  t o t a l  v e h i c l e  

x - y -  z Fixed  i n  s p r u n g  mass o f  v e h i c l e ,  x  a x i s  i s  p a r a l l e l  
axes  t o  t h e  ground and  p o s i t i v e  f o r w a r d ;  y a x i s  i s  

p o s i t i v e  t o  t h e  r i g h t  

x f - ) v t - z r  F ixed  i n  unsp rung  mass ,  y' a x i s  i s  p o s i t i v e  t o  
axe s  t h e  r i g h t ;  z '  a x i s  i s  p e r p e n d i c u l a r  t o  t h e  x '  

a x i s  and i s  p o s i t i v e  downward 

xs -Ys - Z s  P a r a l l e l  t o  x - y - z  axe s  w i t h  o r i g i n  f i x e d  i n  t h e  

axes  c .  g .  o f  t h e  s p r u n g  mass 
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