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This  summary r e p o r t  i s  a  d i g e s t  of f i n d i n g s  from an 

exper imen ta l  i n v e s t i g a t i o n  of  t h e  mechanics of  t i r e  s h e a r  f o r c e  

g e n e r a t i o n  under  g e n e r a l  c o n d i t i o n s  of  s t e e r i n g  and b r a k i n g .  

The i n v e s t i g a t i o n  was conducted by t h e  Highway S a f e t y  Research 

I n s t i t u t e  {HSRI) of The U n i v e r s i t y  of  Michigan under t h e  spon- 

s o r s h i p  of t h e  O f f i c e  of Veh ic l e  Systems Research of t h e  N a t i o n a l  

Bureau of S t a n d a r d s .  

INTRODUCTION --- 

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

abso rb  bumps and shocks wi thou t  f a i l u r e ,  be d u r a b l e ,  and p r o v i d e  

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  f o r c e s .  I n  s e v e r e  v e h i c l e  

maneuvers r e l a t e d  t o  a c c i d e n t  avo idance ,  t h e  l a t e r a l  and l o n g i t u -  

d i n a l  t i r e  f o r c e s  a r e  ex t remely  i m p o r t a n t .  These f o r c e s  a r e  

de termined by an exceed ing ly  complex s e t  of e v e n t s  which t a k e  

p l a c e  i n  t h e  c o n t a c t  p a t c h  between t i r e  and road .  To d a t e ,  t h e r e  

i s  no complete o r  t o t a l l y  s a t i s f a c t o r y  model of t i r e  s h e a r  f o r c e  

g e n e r a t i o n .  Recen t ly ,  h ~ w e v e r ,  t h r e e  s i m p l i f i e d  t h e o r e t i c a l  

a n a l y s e s  of t h e  mechanics of  t i r e  t r a c t i o n  under s t e e r i n g  and 

b rak ing  c o n d i t i o n s  have been performed [ 1 , 2 , 3 ] .  The d e r i v a t i v e  

mathemat ica l  models,  which a g r e e  q u a l i t a t i v e l y  w i t h  each  o t h e r  and 

w i t h  expe r imen ta l  d a t a ,  express  t h e  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  on a  g iven  s u r f a c e  a t  f i x e d  v e r t i c a l  l oad  as f u n c t i o n s  of 

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 l i p  a n g l e ) .  

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

and v e r t i c a l  l o a d  of a  v e h i c l e ' s  t i r e s  va ry  wide ly  and hence cause 

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

t h e s e  f o r c e s  develop de termines  whether  t h e  v e h i c l e  t u r n s  and s t o p s  

under c o n t r o l ,  s p i n s ,  o r  s k i d s  s t r a i g h t  ahead .  The t i r e  s h e a r  f o r c e  

r e p r e s e n t a t i o n  developed by HSRI has been i n c o r p o r a t e d  i n  a  compre- 

hens ive  v e h i c l e  s i m u l a t i o n  and employed t o  q u a n t i t a t i v e l y  ana lyze  

t h e  i n f l u e n c e  o f  t i r e  t r a c t i o n  c h a r a c t e r i s t i c s  on v e h i c l e  behav io r  

[ I ] .  This  s i m u l a t i o n  has a l s o  been used  t o  e v a l u a t e  t h e  i n f l u e n c e  



of a n t i - l o c k  braking  c o n t r o l  systems on v e h i c l e  d i r e c t i o n a l  

s t a b i l i t y  [ 4 ]  and t o  s t u d y  t h e  l imits of v e h i c l e  response  t o  

s t e e r i n g  and b rak ing  i n p u t s  [ 5 ]  . C l e a r l y ,  t h e  degree  of v a l i d i t y  

of t h e  developed t i r e  model has  obvious and impor tan t  i m p l i c a t i o n s  

r e l a t i v e  t o  t h e  accuracy of t h e s e  s i m u l a t i o n  r e s u l t s .  

Under NBS Contrac t  No. C S T - 9 2 8 - 5 ,  HSRI has g a t h e r e d  and 

ana lyzed  a  comprehensive body of s t r u c t u r e d  d a t a  on t h e  develop-  

ment of t i r e  s h e a r  f o r c e s  over  a  wide range  of o p e r a t i n g  c o n d i t i o n s .  

The d a t a  were ob ta ined  us ing  two complementary p i e c e s  of t e s t  

equipment:  a  l a b o r a t o r y - i n s  t a l l e d  f l a t  b e t  t e s t e r  (FBT) permi t k i n g  

p r e c i s e  c o n t r o l  of t e s t  c o n d i t i o n s  a t  low speed ,  and a  v e h i c l e -  

towed mobile t i r e  t e s t e r  (MTT) prov id ing  a  c a p a b i l i t y  f o r  over -  

t h e -  r ead  measurements a t  r e a l i s  t i c  highway speeds . Complete 

d e s c r i p t i o n s  of t h e s e  two t i r e  t e s t e r s  appear  i n  Ref. 6 ,  A de- 

t a i l e d  accourit of t h e  conduct and f i n d i n g s  of t h e  expe r imen ta l  

program w i l l  appear  i n  a  subsequent  p u b l i c a t i o n .  

The purpose of  t h i s  r e p o r t  i s  t o  p r o v i d e  a  conc i se  suinmary 

of t h e  expe r imen ta l  f i n d i n g s  and t o  make s p e c i f i c  recommendations -- 
f o r  f u t u r e  r e s e a r c h  d i r e c t e d  towards the  development of  a s c i e n -  

t i f i c  b a s i s  f o r  t h e  c h a r a c t e r i z a t i o n  and s p e c i f i c a t i o n  of t i r e  

t r a c t i o n  performance.  

SUMMARY OF EXPERIMENTAL - RESULTS 

A.  Combined S l i p  and S l i p  Angle Data from t h e  Mobile T i r e  T e s t e r  

The mobile t i r e  t e s t e r  p rov ides  t h e  unique c a p a b i l i t y  of on- 

t h e - r o a d  measurements of t i r e  s h e a r  f o r c e s  under combined : ; l ip  and 

s l i p  ang le  o p e r a t i o n  a t  highway s p e e d s .  The d a t a  p r e s e n t e d  h e r e  

was o b t a i n e d  by lowering a  t i r e  on to  tile road  a t  a  f i x e d  s l i p  angle  

and va ry ing  t h e  t e s t  wheel speed  from f r e e  r o l l i n g  t o  lockup by 

an e l e c t r o - h y d r a u l i c  c o n t r o l  sys tem.  Each of  t h e  curves p r e s e n t e d  
i n  F igures  1-10 i s  t h e  average of f i v e  r e p l i c a t i o n s .  They have 

been s e l e c t e d  from a  much l a r g e r  s e t  of curves  t o  i l . l u s t r a l ; e  t h e  

type of r e s u l t s  o b t a i n e d .  



Dry Concre te  Data .  F i g u r e  1 shows t h e  r e s u l t s  o b t a i n e d  

f o r  a  b e l t e d  b i a s  t i r e  w i t h  a  fo rward  MTT s p e e d  o f  30 mph, w i t h  

t h e  t i r e  s e t  a t  0°, l o ,  Z O ,  4 " ,  8 " ,  and 16" s l i p  a n g l e s .  The 

g r e a t  i n f l u e n c e  of  s l i p  a n g l e  on l o n g i t u d i n a l  f o r c e ,  t h a t  :is, 

b r a k i n g  f o r c e  i n  t h e  wheel  p l a n e ,  i s  a p p a r e n t .  As t h e  s l i p  a n g l e  

i s  i n c r e a s e d ,  t h e  peak of  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  s l i p  cu rve  

occh r s  a t  h i g h e r  v a l u e s  of s l i p .  At 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 ockup .  The l a r g e  r e d u c t i o n  i n  

l a t e r a l  f o r c e  caused  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  can be  s e e n  

i n  F i g u r e  I .  

F i g u r e s  2 and 3 show s i m i l a r  r e s u 1 . t ~  f o r  a  r a d i a l  t i r e  and 

a  c r o s s  b i a s  t i r e .  For bo th  of t h e s e  t i r e s ,  as  w i t h  t h e  b e l t e d  

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

t h e  peak of 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  s l i p  cu rve  becomes l e s s  

pronounced as  s l i p  a n g l e  i n c r e a s e s .  

S i n c e  t h e  d a t a  i n  F i g u r e s  l th rough  3 were c o l l e c t e d  on 

d i f f e r e n t  days w i t h  v a r y i n g  t e m p e r a t u r e  and humid i ty  and on d i f -  

f e r e n t  s e c t i o n s  o f  roadway, t h e y  do n o t  c o n s t i t u t e  an a p p r o p r i a t e  

b a s i s  f o r  q u a n t i t a t i v e  comparisons  o f  t i r e  q u a l i t i e s .  F u r t h e r ,  

t h e  t h r e e  t e s t e d  t i r e s  d i f f e r  i n  t r e a d  compounds and t r e a d  p a t -  

t e r n s ,  a s  w e l l  a s  i n  c a r c a s s  c o n s t r u c t i o n .  The d a t a  a r e  i n t e n d e d  

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

pe r fo rmance .  I n  F i g u r e  4 ,  t h e  0" and 16" s l i p  a n g l e  d a t a  f o r  aPP 

t h r e e  t i r e s  have been p l o t t e d  on t h e  same graph  t o  emphasize  t h e  

wide r ange  of r e s u l t s  p o s s i b l e .  

Fo r  t h e  r a d i a l  t i r e  and t h e  b e l t e d  b i a s  t i r e ,  t h e  form of  

t h e  t i r e  f o r c e  cu rves  does n o t  change w i t h  v e l o c i t y .  For  t h e  

c r o s s  b i a s  t i r e ,  a  lower  peak  and a h i g h e r  s l i d i n g  l o n g i t u d i n a l  

f o r c e  were o b t a i n e d  a t  5 0  mph t h a n  were o b t a i n e d  a t  30 mph. Th i s  

r e s u l t  i s  i l l u s t r a t e d  i n  F i g u r e  5 .  

Wet S u r f a c e  C o n d i t i o n s .  The mobi le  t i r e  t e s t e r  c a r r i e s  - 
a s u p p l y  o f  w a t e r  and h a s  a  pump and n o z z l e  sy s t em f o r  w e t t i n g  

t h e  r o a d  ahead of  t h e  t e s t  t i r e .  The n o z z l e  open ing  i s  changed 
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w i t h  t e s t  v e h i c l e  speed  t o  l a y  w a t e r  t o  a  depth  of about  0, ,0ZM.  

Data f o r  each  of t h e  t h r e e  types  of t i r e s  o p e r a t i n g  on w e t t e d  

c o n c r e t e  a r e  shown i n  F igures  6 ,  7 ,  and 8 .  

A s  expec ted ,  t h e  peak l o n g i t u d i n a l  f o r c e  on t h e  wet  road  i s  

lower than  on t h e  dry  r o a d ,  though t h e  l o s s  i s  only  10 t o  1 5 % .  

The f a l l o f f  of l o n g i t u d i n a l  f o r c e  beyond t h e  peak i s  much nore  

pronounced on t h e  wet  c o n c r e t e  s u r f a c e  than  on t h e  dry c o n c r e t e .  

The l a t e r a l  f o r c e  a t  ze ro  s l i p  r eaches  a  maximum a t  a  s l i p  ang le  

of 16' o r  l e s s  on t h e  wet  s u r f a c e .  I n  g e n e r a l ,  t h e  same type  

of performance was o b t a i n e d  on t h e  wet c o n c r e t e  as  on dry con- 

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

more r a p i d l y  w i t h  s l i p .  

F i g u r e  9 ,  l i k e  F i g u r e  4 ,  i s  i n c l u d e d  t o  show t h e  wide range  

of r e s u l t s  o b t a i n e d  f o r  t h e  t h r e e  d i f f e r e n t  t i r e s .  
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Typica l  d a t a  i l l u s t r a t i n g  t h e  i n f l u e n c e  o f  v e l o c i t y  on 

wet  s u r f a c e s  a r e  p r e s e n t e d  i n  Figlire 10 .  S i m i l a r  r e s u l t s  

were o b t a i n e d  f o r  a l l  t h r e e  types  o f  t i r e s .  

CROSS BIAS TIRE 
8 O  1-000 LBS. 
WET CONCRE'I'E 

Figure 10 

WHEEL SLEP % 

B. e e r i m e n t a l  R e s u l t s  - f o r  Locked Wheels 

I n  P a r t  A ,  expe r imen ta l  d a t a  a r e  p r e s e n t e d  f o r  l o n g i t u d i n a l  

s l i p ,  s ,  r ang ing  from 0 t o  1 . 0  (0  t o  100% wheel s l i p ) .  Locked 

wheel  o p e r a t i o n  of t h e  t i r e  cor responds  t o  s = 1 . 0 .  For  t h e  

locked  wheel c o n d i t i o n  ( a t  any s l i p  ang le  a ) ,  t h e  s l i d i n g  v e l o c -  

i t y  a t  eve ry  p o i n t  i n  t h e  c o n t a c t  p a t c h  between t i r e  and road  

i s  t h e  same and t h e  d i r e c t i o n  of s l i d i n g  cor responds  t o  t h e  s l i p  

ang le  of t h e  t i r e .  I f  t h e  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  of the  

t i r e - r o a d  i n t e r f a c e  a r e  i s o t r o p i c ,  t hen  t h e  t i r e  s h e a r  f o r c e  

w i l l  oppose t h e  d i r e c t i o n  of  s l i d i n g  as  shown i n  F igure  I l a .  

I n  t h i s  c a s e ,  F / F  = t a n  a .  
Y x 
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Figure 11.Directional Characteristics of Tire/Road Friction 

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

s l i d i n g ,  t hen ,  as shown i n  Figure l l b ,  F / F  does no t  equa l  t a n  a. 
Y X  

Thus the q u a n t i t y  F /F t a n  a equa l s  1 . 0  i f  t h e  t o t a l  s h e a r  f o r c e  
Y X  

opposes the  d i r e c t i o n  of s l i d i n g  and does n o t  equal  1 .0  o therwise .  

Table I i s  a t a b u l a t i o n  of F / F  t an  a va lues  computed from d a t a  
Y X  

f o r  locked wheels towed a t  s l i p  angles  of 8' and 16'. 

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

i s  n o t  c o l l i n e a r  w i t h  the  d i r e c t i o n  of s l i d i n g  on a  wet s u r f a c e .  

This may be due t o  t h e  t r e a d  p a t t e r n  and t h e  d i f f e r e n c e  between 

l o n g i t u d i n a l  and l a t e r a l  wiping a c t i o n  on t h e  wet  road .  C l e a r l y ,  

t h e  d i f f e r e n c e  i n  t h e  d i r e c t i o n  of  s h e a r  f o r c e  between wet and 

dry roads i s  very l a r g e .  On t h e  wet road ,  F i s  much l a r g e r  than  
Y 



AVERAGE VALUES, V = 20, 30, 40, 50 MPH: F, = 1000 LB, 

TRAFFIC PAINT* 

CROSS B I A S  

BELTED BIAS 

R A D I A L  

F x  t a n  a ,  i n d i c a t i n g  t h a t  t h e  r a t i o  of l a t e r a l  f o r c e  t o  l l ong i tud ina l  

f o r c e  i s  g r e a t e r  on a wet road  than  on a  dry  r o a d .  

PAMF+ZETERS F O R  CHAIIACTERIZING T I R E  TRACTION PEKFORJIANCE -- -------- - 
One g o a l  of o u r  t h e o r e t i c a l  and 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 s  

of  t i r e  mechanics i s  t o  c h a r a c t e r i z e  t h e  s h e a r  f o r c e  performance 

*The HSRI t e s t  f a c i l i t y  a t  Willow Run A i r p o r t  has  a  s p e c i a l l y  
p r e p a r e d  s t r i p  o f  a s p h a l t  which has  been p a i n t e d  w i t h  t r a f f i c  
p a i n t .  When w e t ,  t h i s  s u r f a c e  has  low f r i c t i o n  and w a t e r  does n o t  
d r a i n  th rough i t  e a s i l y .  Although t h i s  t.ype of  s u r f a c e  i s  a r t i -  
f i c i a l ,  i t  p r o v i d e s  a  r e l a t i v e l y  low c o e f f i c i e n t  of f r i c t i o n  which 
i s  easy  t o  m a i n t a i n .  



of a  t i r e  i n  terms of a  few c a r e f u l l y  s e l e c t e d  parameters  t h a t  

can be conven ien t ly  measured. By means of t h e s e  pa ramete r s ,  

and formulae ( c h a r a c t e r i z i n g  f u n c t i o n s )  r e l a t i n g  them t o  s h e a r  

f o r c e  o u t p u t ,  we a r e  a t t empt ing  t o  o b t a i n  a  mat!lsmatical cles- 

c r i p t i o n  o r  p r e d i c t i o n  of performance t h a t  i s  v a l i d  over  t:he 

f u l l  range of o p e r a t i n g  v a r i a b l e s .  

I n  Ref.  1, t h e  t i r e  i s  c h a r a c t e r i z e d  i n  terms of two 

e l a s t i c  pa ramete r s ,  Cs and Ca and a  " f r i c t i o n  e x p r e s s i o n . "  
? 

For expe r imen ta l  work, t h e  l o n g i t u d i n a l  e l a s t i c  pa ramete r ,  C s ,  

i s  d e f i n e d  as  t h e  a b s o l u t e  va lue  of t h e  s l o p e  of t h e  curve of  

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

s = 0 ,  f o r  t h e  s l i p  a n g l e ,  a ,  equa l  ze ro .  S i m i l a r l y ,  t h e  l a t -  

e r a l  e l a s  t i c  pa ramete r ,  C a '  i s  d e f i n e d  as  t h e  a b s o l u t e  v a l u e  

of  t h e  r a t e  of change of l a t e r a l  f o r c e  w i t h  r e s p e c t  t o  s l i p  

ang le  e v a l u a t e d  a t  a  = 0 f o r  s = 0 .  For s m a l l  va lues  of  

l o n g i t u d i n a l  s l i p  and s l i p  ang le  ( l a t e r a l  s l i p ) ,  t h e  p r e d i c t e d  

t i r e  f o r c e s  a r e  independent  of t h e  f r i c t i o n  e x p r e s s i o n  which i s  

used t o  compute t h e  maximum s h e a r  f o r c e  i n t e n s i t y  between t h e  

t i r e  and t h e  road .  This e x p r e s s i o n  accounts  both f o r  t h e  de-  

c r e a s e  i n  b rak ing  f o r c e  beyond t h e  maximum of t h e  l o n g i t u d i n a l  

f o r c e  ve r sus  s l i p  cu rve ,  and f o r  a  dec rease  i n  c o r n e r i n g  f o r c e  

a t  l a r g e  l a t e r a l  s l i p .  In  our p rev ious  s t u d y  [ I ] ,  a  formula 

e x p r e s s i n g  f r i c t i o n  c o e f f i c i e n t  as  a  l i n e a r  f u n c t i o n  of s l i d i n g  

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

agreement w i t h  expe r imen ta l  r e s u l t s  a t  l a r g e  v a l u e s  of  l o n g i t u -  

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

Examination of t h e  e x t e n s i v e  d a t a  c o l l e c t e d  dur ing  t h e  

p r e s e n t  s t u d y  l e a d s  t o  t h e  fo l lowing  conc lus ions  r e l a t i v e  t o  

t i r e  c h a r a c t e r i z i n g  parameters  and f u n c t i o n s :  

(1) The co rne r ing  s t i f f n e s s ,  Ca, and t h e  b rak ing  

( l o n g i t u d i n a l )  s t i f f n e s s ,  C s , a r e  good parameters  

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

ang le  and l o n g i t u d i n a l  s l i p  r ange ,  r e s p e c t i v e l y .  



( 2 )  A parameter  ( o r  pa ramete r s )  c h a r a c t e r i z i n g  t h e  

l o n g i t u d i n a l  d i s t r i b u t i o n  of normal p r e s s u r e  i n  

t h e  c o n t a c t  p a t c h  ( d i f f e r e n t  f o r  d i f f e r e n t  types  

of c a r c a s s  c o n s t r u c t i o n s ) ,  i s  needed t o  d e s c r i b e  

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

formance observed i n  t h e  3" t o  8' s l i p  ang le  range .  

(3 )  A l a r g e  i n c r e a s e  i n  t h e  v e r t i c a l  l o a d  c a r r i e d  Iby 

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

i n t e r f a c i a l  f r i c t i o n  c o e f f i c i e n t .  This  phenomenon 

s h o u l d  be s t u d i e d  i n  more d e t a i l .  None of t h e  

t h r e e  s i m p l i f i e d  t i r e  models s i t e d  p r e v i o u s l y  

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

( 4 )  The rnaximum s h e a r  f o r c e  p o t e n t i a l  a t  t h e  t i r e - r o a d  
i n t e r f a c e  ( f r i c t i o n  c o e f f i c i e n t )  g e n e r a l l y  v a r i e s  

a s  a  compl ica ted  f u n c t i o n  of  s l i d i n g  v e l o c i t y  and 

v e r t i c a l  l oad .  A l i n e a r  f u n c t i o n  of s l i d i n g  v e l o c -  

i t y  i s  adequa te  f o r  r e p r e s e n t i n g  t h e  s h e a r  forlzes 

produced under c e r t a i n  i n t e r f a c e  c o n d i t i o n s .  

( 5 )  The l o n g i t u d i n a l  and l a t e r a l  t i r e  f o r c e s  produced 

a t  h i g h  v a l u e s  of s l i p  on wet  s u r f a c e s  s u g g e s t  t h e  

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

c o e f f i c i e n t s  of  f r i c t i o n  which a r e  unequal  i n  mag- 

n i  t ude  . 

A .  Work Towards - E s t a b l i s h i n g  a  Concise S e t  of Parameters  and 

C h a r a c t e r i z i n g  Funct ions  Desc r ib ing  T i r e  Shear  Force P e r -  ---- - 
formance Should be Contrnued -- 

The t h r e e  models developed i n  Refs .  1 - 3  r e p r e s e n t  a  good 

s t a r t  towards d e f i n i n g  u s e f u l  pa ramete r s  and c h a r a c t e r i z i ~ z g  

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

program o u t l i n e d  i n  F i g u r e  1 2  i s  proposed  a s  a  means of  q u a n t i -  

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

p a r a m e t e r s ,  and r e f i n i n g  e x i s t i n g  c h a r a c t e r i z i n g   function:^. 
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4.  P l o t s  of  F v s ,  s a t  var ious  F values  
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2. Carpet P l o t  F f o r  a = 2O t o  20° and 

Y 
F = 400 I b s  t o  2,000 l b s  

1. Wet and dry  concre te  su r f aces  

2 .  F f o r  a = 2O, 4O, 6O, El0, l o o ,  and l b O  a t  v 
t he  speeds and loads  shown i n  Chart A 

1. Concrete s l a b  
2. Carpet P lo t  F f o r  s = 0 t o  max. pos s ib l e ,  

Fz = 400 t o  2,000 l b s  

1. Wet and dry concre te  su r f aces  
2. F f o r  0 ( s  ( 1.0 a t  t he  speeds and loads  

shown i n  Chart A -- - 

1. Concrete s l a b  
2 .  F v s .  F a t  a = Z O ,  4O, e O ,  B O ,  l o 0 ,  12O, 

Y 
160, 20° f o r  FZ = 400 t o  2,000 l b s  

1. Wet and dry  concre te  su r f aces  
2. F a n d F  vs .  s f o r a =  Z O ,  4O, e O ,  e O ,  

x Y 
l o 0 ,  and 16O a t  t he  speeds and loads  shown 
i n  Chart A 
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t e r ' i z i ng  t h e  p re s su re  
d i s t r i b u t i o n  
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Y 
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Y 
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termizing t h e  p re s su re  
d i s t r i b u t i o n  

2. p v s .  Fz 

3 .  px vs V s ,  wet and dry  

1. F r i c t i o n  r u l e  app i i ed  
t o  combined fo rce  
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2 .  Check on a l l  t h e  o t h e r  
papameters 

Note: FBT = F l a t  Bed Tes t e r  

MTT = Mobile T i r e  Tes t e r  

ux = Longi tudinal  F r i c t i o n  Coe f f i c i en t  

)J = La te ra l  F r i c t i o n  Coe f f i c i en t  
Y 

0 Opt ional  

CHART A 

FIGURE 12.  A PROF'OSED TEST PROGRAM 



The proposed  t e s t  program i s  d i v i d e d  i n t o  f i v e  t e s t  s e r i e s .  

The f i r s t  two t e s t  s e r i e s  a r e  i n t e n d e d  t o  e v a l u a t e  t h e  low 

s h e a r  f o r c e  (normal d r i v i n g )  performance of t h e  t i r e .  The n e x t  

two cover  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 e p a r a t e l y ,  b u t  i n v o l v e  

a lmost  a l l  of t h e  c o n d i t i o n s  t o  which a  t i r e  i s  l i k e l y  t o  be 

s u b j e c t e d  dur ing  s e v e r e  v e h i c l e  maneuvers on a  l e v e l  s u r f a c e .  

F i n a l l y ,  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  c h a r a c t e r i s t i c s  

a r e  cons ide red  i n  t h e  f i f t h  c a t e g o r y .  

The machine used ,  t h e  t e s t  s u r f a c e ,  t h e  range of  t e s t  con- 

d i t i o n s ,  and t h e  form of t h e  o u t p u t  d a t a  a r e  l i s t e d  f o r  each  

type  of t e s t .  The f i n a l  column i n  F igure  1 2  i n d i c a t e s  t h e  

parameter  o r  c h a r a c t e r i z i n g  f u n c t i o n  which would be e v a l u a t e d  

from each p a r t i c u l a r  t e s t .  

B .  At tempts  -... .- Should Be Made t o  Develop, Procedures  f o r  Grading -------- 
T i r e  T r a c t i o n  Performance i n  Terms of a  S e l e c t e d  Subse t  of ---.---- --.-- 

t h e  Parameters  * and C h a r a c t e r i z i n g  Funct ions  Mentioned i n  
P 

Recommendation A ----.- 

Since  t i r e  t r a c t i o n  i s  dependent  upon many v a r i a b l e s ,  no 

one s imple  parameter  o r  measure would be adequa te  t o  e q u i t a b l y  

r a t e  d i f f e r e n c e s  i n  t i r e s .  Those pa ramete r s  and c h a r a c t e r i z i n g  

f u n c t i o n s  most i m p o r t a n t  i n  a c c i d e n t  avoidance  maneuvers such  

as  a  s t o p ,  a  swerve,  and a  combined s t o p  and swerve,  s h o u l d  be 

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

A l so ,  s i n c e  the  t i r e  must o p e r a t e  under a  wide ran;e of 

c o n d i t i o n s  and of i n p u t  commands, one t i r e  can be s u p e r i o r  i n  

some q u a l i t i e s  and r e l a t i v e l y  i n f e r i o r  i n  o t h e r s .  Thus, a g a i n ,  

more than  one measure i s  needed t o  a d e q u a t e l y  r a t e  t h e  d i f f e r e n t  

types  of t i r e  s h e a r  f o r c e  performance.  

A proven working s e t  of t i r e  pa ramete r s  and c h a r a c t e r i z i n g  

f u n c t i o n s  i s  n o t  a v a i l a b l e  now, I n  t h e  l a s t  column of F i g u r e  1 2 ,  

a  p o s s i b l e  s e t  of parameters  and c h a r a c t e r i z i n g  f u n c t i o n s  i s  

i n d i c a t e d .  They a r e :  Ca, Cs,  a  pa ramete r  f o r  c h a r a c t e r i z i n g  t h e  



p r e s s u r e  d i s t r i b u t i o n ;  
p~ 

and \ a s  f u n c t i o n s  of Vs and F Z ;  

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

Means f o r  deducing t h e  p r e s s u r e  d i s t r i b u t i o n  pa ramete r  

and p and p x  from t h e  expe r imen ta l  r e s u l t s  have n o t  been 
Y 

developed y e t .  Use of  t h e  proposed approach i s  h i g h l y  de- 

pendent  upon d e v i s i n g  s imple  t e s t s  t o  e v a l u a t e  t h e  n e c e s s a r y  

t i r e  pa ramete r s  and c h a r a c t e r i  z ing  f u n c t i o n s .  

C. - E f f o r t s  Should Be Made Toward t h e  Development of  a  D e t a i l e d  

Model t o  Aid i n  t h e  Unders tanding  of  How Shear  Force - i s  

Genera ted  by t h e  T i r e  -- - 

I n  a  p r e v i o u s  p u b l i c a t i o n  [ 7 ] ,  Frank and H o f f e r b e r t h  

d i s c u s s e d  b a s i c  p h i l o s o p h i c a l  and concep tua l  c o n s i d e r a t i o n s  of  

t h e  mathemat ica l  modeling of t i r e  t r a c t i o n  mechanics.  I n  p a r -  

t i c u l a r ,  t hey  d i s t i n g u i s h e d  between two b a s i c  approaches : (1) 

a  d e t a i l e d  f o r m u l a t i o n  proceeding  from a  mic roscop ic  examinat ion  

of m a t e r i a l  p r o p e r t i e s  and mechanics ,  and ( 2 )  a  s i m p l i f i e d  

approach employing " p h y s i c a l - e q u i v a l e n t "  models on a  macro!jcopic 

s c a l e  ( e . g . ,  t h e  s t r e t c h e d  s t r i n g  c o n c e p t ) .  They p o i n t e d  o u t  

t h e  l i m i t a t i o n s  of t h e  s i m p l f i e d  approach ,  b u t  concluded t h a t  

t h e  computa t iona l  d i f f i c u l t i e s  a s s o c i a t e d  w i t h  any s u f f i c i e n t l y  

comprehensive d e t a i l e d  model p robab ly  r u l e d  o u t  t h e  f e a s i b i l i t y  

of t h a t  approach g iven  t h e  ana log  and d i g i t a l  computer t e c h -  

nology of t h e  day ( 1 9 6 7 ) .  I n  t h e  s h o r t  t ime s i n c e ,  t h e  h y b r i d  

computer has  been developed i n t o  a  un ique ly  powerfu l  t o o l  f o r  

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

s t o r a g e  c a p a b i l i t i e s  of  t h e  h y b r i d  computer a l low t ime s h a r i n g  

of ana log  equipment which i n  t u r n  makes t h e  s o l u t i o n  of d e t a i l e d  

f i n i t e  e lement  models of cont inuous  systems p r a c t i c a l .  I t  now 

appea r s  a p p r o p r i a t e  t o  a t t e m p t  t o  e x p l o i t  t h e  new h y b r i d  t e c h -  

nology t o  implement a  d e t a i l e d  f i n i t e  e lement  t i r e  model. Such 

a  model ( i f  s u c c e s s f u l l y  developed)  would p r o v i d e  r e a l  i n s i g h t  

i n t o  t h e  mechanisms o f  s h e a r  f o r c e  g e n e r a t i o n  and would s e r v e  a s  

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

a s  t h e  WSRI model p r e s e n t e d  i n  Ref.  1. 
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