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Hydroplan ing  and Tread  P a t t e r n  Hydrodynamics 

PREFACE 

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

document was conduc ted  a s  p a r t  of  an ongoing  t i r e  r e s e a r c h  

p r o j e c t  e n t i t l e d  " 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  A f f e c t i n g  V e h i c l e  

Per formance ,"  sponso red  by t h e  Motor V e h i c l e  Manufac tu re r s  

A s s o c i a t i o n .  A major  o b j e c t i v e  o f  t h i s  s t u d y  was t o  c o l l e c t  

c u r r e n t  knowledge of  t h e  h y d r o p l a n i n g  phenomenon and squeeze  

f i l m s  i n  t h e  t i r e - r o a d  c o n t a c t  r e g i o n .  T h i s  knowledge i s  u t i l i z e d  

i n  i n t e r p r e t i n g  t h e  r e s u l t s  o f  expe r imen t s  conduc ted  w i t h  a  

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

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

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

hydrodynamics ,  a  ma jo r  g o a l  o f  t h i s  work i s  t h e  development  o f  

a  s e t  o f  t r e a d  p a t t e r n  per formance  p a r a m e t e r s  which would c o n t a i n  

t h o s e  a s p e c t s  of  t r e a d  p a t t e r n  geometry r e l e v a n t  t o  w a t e r  e x p u l -  

s i o n  e f f e c t i v e n e s s .  Two such  d e s c r i p t o r s ,  d e r i v e d  from t h e  

e x p e r i m e n t a l  and t h e o r e t i c a l  work r e p o r t e d  h e r e i n ,  a r e  p roposed .  

Recommendations f o r  f u t u r e  work t o  deve lop  a d d i t i o n a l  t r e a d  

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

Pneumat ic  t i r e  h y d r o p l a n i n g ,  which r e s u l t s  i n  sudden and 

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

s i n c e  t h e  phenomenon was f i r s t  i d e n t i f i e d  i n  t h e  l a t e  1 9 5 0 ' s .  

Dur ing  t h e  p a s t  d e c a d e ,  a  l a r g e  number of  i n v e s t i g a t i o n s ,  b o t h  

e x p e r i m e n t a l  and a n a l y t i c a l ,  have  b e e n  conduc t ed  t o  i d e n t i f y  and 

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

The h y d r o p l a n i n g  phenomenon i s  known t o  b e  e x c e e d i n g l y  

complex,  i n v o l v i n g  t h e  i n t e r a c t i o n  o f  f l u i d  dynamics w i t h  t h e  

c o n t a c t  mechanics  o f  a  l o a d - c a r r y i n g ,  p r e s s u r i z e d ,  t o r o i d a l  s h e l l .  

Al though  a  number o f  v e r y  u s e f u l  e m p i r i c a l  r e l a t i o n s h i p s  have 

been  d e r i v e d  from t h e  e x t e n s i v e  body o f  e x p e r i m e n t a l  d a t a ,  

a n a l y t i c  i n v e s t i g a t i o n s  have been  f a r  l e s s  s u c c e s s f u l .  With t h e  

r a t i o n a l  view t h a t  a  t h e o r e t i c a l  a n a l y s i s  o f  wet  t i r e  t r a c t i o n  and 

h y d r o p l a n i n g  must b e  ba sed  on t h e  t h e o r e t i c a l  a n a l y s i s  ( a s  y e t  

unach i eved )  o f  t i r e  t r a c t i o n  on a  d r y  s u r f a c e ,  i t  i s  l o g i c a l  t o  

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

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

The f o u n d a t i o n s  on which t o  b u i l d  a  t h e o r e t i c a l  a n a l y s i s  of  wet  

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

The e m p i r i c a l  approach  has  been  f o l l o w e d  i n  t h e  work 

r e p o r t e d  h e r e i n ,  which i s  s p e c i f i c a l l y  d i r e c t e d  toward t h e  d e v e i o p -  

ment o f  numer i c  d e s c r i p t o r s  f o r  t r e a d  p a t t e r n  geometry  r e l e v a n t  

t o  t r a c t i o n  on a wet  pavement .  Such d e s c r i p t o r s  a r e  r e q u i r e ( '  f c s  

t h e  c o n t i n u e d  development  o f  s e m i - e m p i r i c a l  ma thema t i ca l  models 

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

The p r o j e c t  p l a n  f o r  t h e  development  o f  t r e a d  p a t t e r n  

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

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

which would s i m u l a t e  t h e  p r o c e s s  whereby a  t r e a d  p a t t e r n  e x p e l s  

w a t e r  from t h e  t i r e - r o a d  c o n t a c t  r e g i o n .  I t  became r e a d i l y  

a p p a r e n t ,  however ,  t h a t  t o  s i m u l a t e  c e r t a i n  a s p e c t s  o f  t h e  w a t e r  

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



o f  d a t a  from t h e  s i m u l a t i o n  would r e q u i r e  a  thorough  u n d e r s t a n d i n g  

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

Consequen t ly ,  a  v e r y  e x t e n s i v e  l i t e r a t u r e  s u r v e y  was unde r t aken  

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

t e s t  t h e  w a t e r  e x p u l s i o n  e f f i c i e n c y  of  a  t r e a d  p a t t e r n .  A major  

p o r t i o n  o f  t h i s  document i s  devo t ed  t o  d e s c r i b i n g  t h e  p r e s e n t  

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

squeeze  f i l m s  on wet t r a c t i o n  pe r fo rmance .  

S e c t i o n  2 . 0  r ev i ews  and d i s c u s s e s  v a r i o u s  a s p e c t s  o f  hydro-  

p l a n i n g  phenomena which occu r  when a  t i r e  i s  t r a v e l i n g  i n  deep 

o r  s h a l l o w  w a t e r .  A c o n t r o l  volume a n a l y s i s  i s  u sed  t o  d e r i v e  t h e  

Horne h y d r o p l a n i n g  e q u a t i o n  from f l u i d  momentum t h e o r y .  A com- 

p l emen ta ry  e q u a t i o n  f o r  t h e  t r a v e l i n g  speed  a t  which s q u e e z e - f i l m  

p e n e t r a t i o n  ( c o n t a c t  de tachment )  b e g i n s  i s  d e r i v e d  from t h e  

B e r n o u l l i  e q u a t i o n  o f  f l u i d  mechanics .  E m p i r i c a l  i n v e s t i g a t i o n s  

of  h y d r o p l a n i n g  phenomena i n  v a r i o u s  w a t e r  dep th s  a r e  rev iewed  

and a  t h e o r e t i c a l  e x p l a n a t i o n  f o r  t h e  " c r i t i c a l  w a t e r  d e p t h , "  

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

w a t e r  d e p t h ,  i s  p roposed .  Cur r en t  concep t s  of  t h e  v i s c o u s  hydro-  

p l a n i n g  phenomenon a r e  i n t r o d u c e d  and Moore 's  t h e o r y  o f  v i s c o u s  

h y d r o p l a n i n g  i s  d i s c u s s e d .  A f o u r - z o n e  concep t  of  wet  t r a c t i o n  

phenomena i s  o u t l i n e d .  

S e c t i o n  3 .0  c o n t a i n s  a  d i s c u s s i o n  of  s q u e e z e - f i l m  t h e o r y  

r e l e v a n t  t o  wet  t r a c t i o n  phenomena. F l u i d  i n e r t i a  e f f e c t s  i n  

squeeze  f i l m s  a r e  a n a l y z e d  by n u m e r i c a l  s o l u t i o n  o f  a  r e c e n t l y  

d e r i v e d  squeeze  f low e q u a t i o n  which c o n t a i n s  l o c a l  and c o n v e c t i v e  

i n e r t i a  f o r c e  terms a s  w e l l  as  t h e  c l a s s i c a l  v i s c o u s  f o r c e  . e m .  

The a n a l y s i s  shows t h a t  t h e  w a t e r  e x p u l s i o n  p r o c e s s  i s  main ly  an 

i n e r t i a l  f low p r o c e s s *  and t h a t  e x p e r i m e n t a l  d a t a  from t h e  t r e a d  

p a t t e r n  e f f e c t i v e n e s s  e x p e r i m e n t ,  r e p o r t e d  i n  S e c t i o n  5 . 0 ,  may 

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

S e c t i o n  4 .0  d e s c r i b e s  t h e  r a t i o n a l  s e l e c t i o n  o f  two  t r e a d  

p a t t e r n  per formance  p a r a m e t e r s .  The groove  c a p a c i t y  p a r a m e t e r ,  

Y 1 '  which i s  t h e  r a t i o  of t h e  w a t e r - i n t e r c e p t i o n  r a t e  t o  t h e  

* I n e r t i a l  f o r c e s  a r e  found t o  p r edomina t e  i n  squeeze  f i l m s  of 
t h i c k n e s s  g r e a t e r  t h a n  .005  i n .  w h i l e  v i s c o u s  f o r c e s  domina te  
i n  f i l m s  l e s s  t h a n  .005  i n .  t h i c k .  



groove-absorp t ion  r a t e ,  may be  used t o  d e f i n e  t h e  boundary between 

sha l low and deep w a t e r  as seen  by a  p a r t i c u l a r  t r e a d  p a t t e r n  on 

a  smooth s u r f a c e .  The flow d i s t a n c e  p a r a m e t e r ,  y 2 ,  which i s  t h e  

r a t i o  of squeeze  flow d i s t a n c e  (averaged)  t o  c o n t a c t  l e n g t h ,  i s  

a  measure o f  t h e  e f f e c t i v e n e s s  of p a t t e r n  geometry i n  l o c a t i n g  

r e s e r v o i r s  f o r  t h e  e x p e l l e d  squeeze f i l m .  The requi rement  f o r  

a  t h i r d  pa ramete r ,  r e l a t i n g  t o  flow r e s i s t a n c e ,  i s  d e f i n e d  and 

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

a r e  d i s c u s s e d .  

S e c t i o n  5 . 0  d e s c r i b e s  t h e  des ign  and c o n s t r u c t i o n  of a  

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

t h e  t h i c k - f i l m  p e n e t r a t i o n  zone of  t h e  t i r e - r o a d  c o n t a c t  r e g i o n .  

Data from t h i s  a p p a r a t u s  i s  p r e s e n t e d  and i n t e r p r e t e d  i n  r e l a t i o n -  

s h i p  t o  f i n d i n g s  of o n - t h e - r o a d  wet t r a c t i o n  t e s t  programs. The 

l a b o r a t o r y  exper iments  showed t h e  e x i s t e n c e  of a  c r i t i c a l  r i b  

wid th  which i s  i n f l u e n c e d  by groove volume and wa te r  dep th .  The 

c r i t i c a l  wa te r  d e p t h ,  analogous t o  t h a t  observed i n  t i r e  hydro-  

p l a n i n g  exper imen t s ,  was found t o  be  i n f l u e n c e d  by groove volume 

and independent  of  groove dep th .  The l i m i t a t i o n s  of t h e  l a b o r a t o r y  

a p p a r a t u s  a r e  d i s c u s s e d  and s u g g e s t i o n s  a r e  made f o r  f u r t h e r  work 

w i t h  t h e  p r e s e n t  a p p a r a t u s  and some m o d i f i c a t i o n s  of i t .  



2 . 0  THE HYDROPLANING PHENOMENON 

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

of  a  pneumatic  t i r e  by w a t e r  and o t h e r  road  s u r f a c e  con- 

t aminan t s  has  long  been a  m a t t e r  of concern t o  pavement and 

t i r e  d e s i g n  e n g i n e e r s .  Exper imenta l  measurements o f  

t i r e - r o a d  f r i c t i o n  u s i n g  t h e  locked-wheel s t o p p i n g  d i s t a n c e  

method began i n  t h e  1 9 2 0 ' s .  S i n c e  t h a t  t i m e ,  i n v e s t i g a t o r s  

i n  t h i s  f i e l d  h a v e . g r a d u a l l y  come t o  r ecogn ize  t h e  g r e a t  

complexi ty of  t h i s  problem. I n  t h e  p a s t  f i f t e e n  o r  s o  y e a r s ,  

t h e s e  i n v e s t i g a t o r s  have a t t empted  t o  c a r e f u l l y  c o n t r o l  and 

q u a n t i f y  such  v a r i a b l e s  as  wa te r  depth  and pavement s u r f a c e  

t e x t u r e .  S e v e r a l  t h e o r e t i c a l  a n a l y s e s  of c e r t a i n  a s p e c t s  

of t h e  wet t r a c t i o n  problem have been p u b l i s h e d  r e c e n t l y .  

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

t h i s  document have appeared s i n c e  1 9 6 0 .  

2 . 1  DEFINITIONS 

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

c a p a b i l i t y  o f  a  t i r e  o p e r a t i n g  on a  wet road s u r f a c e  i s  due 

t o  a  f i l m  of wa te r  s e p a r a t i n g  p a r t  o r  a l l  o f  t h e  t i r e  from t h e  

road s u r f a c e .  When such a  l u b r i c a t i n g  f i l m  of  wa te r  e x i s t s ,  

t h e  t i r e  i s  s a i d  t o  be hydrop lan ing .  When t h e  wa te r  f i l m  

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

c a p a b i l i t y  i s  reduced t o  such a  low l e v e l  t h a t  d i r e c t i o n a l  

c o n t r o l  o f  t h e  v e h i c l e  depending on t h i s  t i r e  becomes imposs ib le  

and t h e  t i r e  i s  s a i d  t o  be  t o t a l l y  hydrop lan ing .  I f  on ly  a  

p o r t i o n  of t h e  c o n t a c t  r e g i o n  i s  s e p a r a t e d  by w a t e r ,  s h e a r  

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

and t h e  t i r e  i s  s a i d  t o  b e  p a r t i a l l y  hydrop lan ing .  



The h y d r o p l a n i n g  phenomenon i s  c l a s s i f i e d  a c c o r d i n g  

t o  t h e  b a s i c  p h y s i c a l  mechanisms t h a t  p roduce  i t .  Dynamic 

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

momentum change p roduces  t h e  hydrodynamic p r e s s u r e  d i s t r i -  

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

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

w a t e r  f i l m  i n  t h e  c o n t a c t  r e g i o n  i s  m a i n t a i n e d  by f l ow  r e -  

s i s t a n c e  due t o  f l u i d  v i s c o s i t y .  

I n  much o f  t h e  l i t e r a t u r e ,  t h e  t e rm  "hyd rop l an ing"  

r e f e r s  t o  what would ,  i n  t h i s  document ,  be  c a l l e d  t o t a l  

dynamic h y d r o p l a n i n g .  I n  t h i s  document ,  however ,  t h e  t e r m  

"hyd rop l an ing"  i s  a p p l i e d  t o  any s i t u a t i o n  i n  which maximum 

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

c a t i n g  w a t e r  f i l m .  The a d j e c t i v e s  " p a r t i a l , "  " t o t a l , "  "dynamic,"  
and " v i s c o u s "  w i l l  b e  used  t o  d i s t i n g u i s h  between t h e  d i f f e r e n t  

hydrodynamic mechanisms which r e s u l t  i n  r e d u c t i o n  o r  l o s s  

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

2 . 2  DYNAMIC HYDROPLANING 

The d e p t h  o f  w a t e r  on t h e  pavement s u r f a c e  i s  o f  major  

impor t ance  i n  t h e  s t u d y  o f  dynamic h y d r o p l a n i n g .  The f o l l o w -  

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

t h e  phenomena o c c u r r i n g  i n  c o n d i t i o n s  of  ( a )  deep w a t e r  ( 2 . 2 . 1 )  

- dep th  s u c h  t h a t  most of  t h e  w a t e r  i n t e r c e p t e d  by t h e  t i r e  

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

r a t h e r  t h a n  s imp ly  d i s p l a c e d  i n t o  t h e  t r e a d  g r o o v e s ;  ( b )  s h a l l o w  

w a t e r  ( 2 . 2 . 2 ) - d e p t h  such  t h a t  w a t e r  need  o n l y  be  d i s p l a c e d  

i n t o  t h e  g rooves  (f low th rough  t h e  g rooves  does  n o t  o c c u r ) ;  

and (c)  i n t e r m e d i a t e  w a t e r  d e p t h s  ( 2 . 2 . 3 )  . S e c t i o n  2 . 2 . 3  

r ev i ews  e x p e r i m e n t a l  d a t a  which may be  u sed  t o  d e f i n e  t h e  

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



2 . 2 . 1  DEEP WATER. E x t e n s i v e  r e s e a r c h  i n  deep-water  

hyd rop l an ing  has  been performed a t  t h e  Langley A e r o n a u t i c a l  

Labo ra to ry  by Horne and h i s  a s s o c i a t e s  [I, 2 ,  3 ] * ,  and a t  t h e  

Road Research Labo ra to ry  i n  England [ 4 ] .  

When a  t i r e  r o l l s  th rough  deep w a t e r ,  i t  i s  observed  t h a t  

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

means of  a  fo rward  and a  l a t e r a l  s p r a y  r e s u l t i n g  from t h e  impact 

between t h e  l e a d i n g  edge o f  t i r e  c o n t a c t  and t h e  w a t e r  cove r ing  

t h e  road  s u r f a c e .  A s o - c a l l e d  w a t e r  wedge i s  formed ( F i g .  1) and 

s u b s t a n t i a l  hydrodynamic p r e s s u r e s  deve lop  i n  t h i s  r e g i o n .  As 

r o l l i n g  speed  i n c r e a s e s ,  t h e  hydrodynamic p r e s s u r e  i n c r e a s e s  and a  

p o r t i o n  of t h e  c o n t a c t  r e g i o n ,  where t h e  hydrodynamic p r e s s u r e  exceeds  

t h e  t i r e - r o a d  c o n t a c t  p r e s s u r e ,  becomes s u p p o r t e d  by a  w a t e r  f i l m .  

Forward 
SP r ay 

t . , , , \ x \ >  .. \. \ -Impact 
j P r e s s u r e  ,/ 

----.-- ., > / 

," /' . -- . -- - -- - .-. - -'-.A - 1' -- - -- , . . ." .- - 

w a t e r  4 
Wedge 

F i g u r e  1. Water wedge formed by t i r e  r o l l i n g  i n  deep w a t e r .  

*Numbers i n  b r a c k e t s  i n d i c a t e  l i t e r a t u r e  r e f e r e n c e s  on page 118 .  
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With f u r t h e r  i n c r e a s e s  i n  s p e e d ,  t h e  e n t i r e  c o n t a c t  r e g i o n  

e v e n t u a l l y  becomes s u p p o r t e d  by a  w a t e r  f i l m  and t o t a l  hyd ro -  

p l a n i n g  o c c u r s .  I t  i s  o b s e r v e d  t h a t ,  when t o t a l  h y d r o p l a n i n g  

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

c o n t a c t  r e g i o n  and t h e  fo r eward  s p r a y  i s  g r e a t l y  r e d u c e d .  

I t  h a s  been  e s t a b l i s h e d  t h a t  when t h e  w a t e r  i s  s u f f i c i e n t l y  

d e e p ,  t i r e  p r e s s u r e  i s  one o f  t h e  most i n f l u e n t i a l  v a r i a b l e s  

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

F i g u r e  2 shows t h e  r o l l i n g  s p e e d  a t  which whee l  spin-down* 

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

i n  F i g u r e  2 was o b t a i n e d  w i t h  a  s t a n d a r d  p r o d u c t i o n  r a d i a l -  

p l y  au tomob i l e  t i r e  t e s t e d  o v e r  a  wide r a n g e  o f  t i r e  l o a d s  

( i n d i c a t e d ) .  

Tyre p r e s s u r e  I k N I m2) 

F i g u r e  2 .  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  and t i r e  l o a d  on t h e  
h y d r o p l a n i n g ,  o r  sp in-down,  s p e e d  o f  a  r a d i a l - p l y  
t i r e .  From 1 4 1 .  

W h e e l  sp in-down,  w i t h o u t  a  r e d u c t i o n  i n  t r a v e l i n g  s p e e d ,  i s  one 
of  t h e  m a n i f e s t a t i o n s  o f  t o t a l  h y d r o p l a n i n g ,  and h a s  been shown 
t o  o c c u r  a t  t h e  speed  where minimum f r i c t i o n  i s  o b t a i n e d  [ 4 ] .  



F i g u r e  2 shows c l e a r l y  t h a t  t i r e  l o a d  does n o t  have a  v e r y  

s i g n i f i c a n t  i n f l u e n c e  on hyd rop l an ing  o r  spin-down s p e e d ,  

which d e f i n i t e l y  i n c r e a s e s  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  t h e  same t i r e  o p e r a t i n g  i n  t h e  same w a t e r  d e p t h .  Th is  

f i n d i n g  i s  e x p l a i n e d  by t h e  knowledge t h a t  t o t a l  h y d r o p l a n i n g  

occu r s  when t h e  ave rage  hydrodynamic p r e s s u r e  b e n e a t h  t h e  

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

a r e a , *  and t h i s  r a t i o  depends p r i m a r i l y  upon i n f l a t i o n  

p r e s s u r e .  

Con t ro l  Volume A n a l y s i s .  I f  t h e  assumpt ion  i s  made t h a t ,  

i n  deep w a t e r ,  hydrodynamic p r e s s u r e  i s  due t o  momentum change 

r e s u l t i n g  from impac t  of t h e  t i r e  upon t h e  i n i t i a l l y  s t a t i o n -  

a r y  w a t e r  l a y e r ,  an e q u a t i o n  r e l a t i n g  hyd rop l an ing  speed  t o  

i n f l a t i o n  p r e s s u r e  can be d e r i v e d .  This  e q u a t i o n  was f i r s t  

d e r i v e d  by Horne [ I ] .  Because o f  i t s  r e l e v a n c e  t o  t h e  t h e o r y  

o f  w a t e r  e x p u l s i o n  p r e s e n t e d  l a t e r ,  a  d e r i v a t i o n  of  Horne ' s  

hyd rop l an ing  e q u a t i o n  i s  g i v e n  i n  t h i s  document.  The d e r i -  

v a t i o n  i s  based  on t h e  f o l l o w i n g  a n a l y s i s  o f  t h e  w a t e r  wedge 

a s  a  c o n t r o l  volume. 

Imagine a  c o o r d i n a t e  sys tem a t t a c h e d  t o  t h e  t i r e  and 

moving w i t h  t h e  t i r e  a t  speed  V .  An o b s e r v e r  from t h i s  

r e f e r e n c e  frame would s e e  t h e  w a t e r  l a y e r  moving toward t h e  

t i r e  w i t h  speed  V .  A c o n t r o l  volume o f  t h e  w a t e r  l a y e r  im- 

p i n g i n g  upon t h e  t i r e  i s  shown i n  F i g u r e  3 by a  dashed e n -  

c l o s u r e .  Water e n t e r s  t h e  c o n t r o l  volume w i t h  v e l o c i t y  V i n  

t h e  x - d i r e c t i o n .  The mass f low r a t e ,  h i ,  i n t o  t h e  c o n t r o l  

volume i s  g iven  by 

*Gross c o n t a c t  a r e a  r e f e r s  t o  t h e  t o t a l  a r e a  w i t h i n  t h e  con- 
t a c t  boundary.  For  a  p a t t e r n e d  t r e a d ,  t h e  a c t u a l  c o n t a c t  
a r e a  i s  always s m a l l e r  t h a n  t h e  g r o s s  a r e a .  



where P = w a t e r  d e n s i t y  

w = t i r e  t r e a d  w i d t h  

h  = w a t e r  d e p t h  

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

w a t e r  c an  l e a v e  t h e  c o n t r o l  volume o n l y  by a  l a t e r a l  s p r a y .  

For  s i m p l i c i t y ,  t h e  l a t e r a l  s p r a y  i s  assumed t o  have no 

x-component o f  v e l o c i t y .  Assuming a  c o n s t a n t  i n p u t  v e l o c i t y ,  

V ,  a p p l i c a t i o n  o f  f l u i d  momentum t h e o r y  shows t h a t  t h e  l o n g i -  

t u d i n a l  component o f  hydrodynamic f o r c e  on t h e  t i r e  i s  
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F i g u r e  3 .  The c o n t r o l  volume f o r  a p p l i c a t i o n  of  t h e  c o n t i n u i t y  
and momentum theorems t o  d e t e r m i n e  hydrodynamic 
f o r c e  on a t i r e  r o l l i n g  i n  deep w a t e r .  

9 



The foreward  s p r a y  i n s i d e  t h e  c o n t r o l  volume r a i s e s  t h e  

w a t e r  l e v e l  t o  h e i g h t  h e f f .  Let  y be  t h e  f r a c t i o n  of  w a t e r  

volume r e c y c l e d  by t h e  forward s p r a y .  A p p l i c a t i o n  of  f l u i d  

c o n t i n u i t y  t h e o r y  a l lows  t h e  e f f e c t i v e  w a t e r  l e v e l  t o  be d e t e r -  

mined. 

The dimension h e f f  i s  t h e  dep th  of  t h e  w a t e r  wedge 

which impinges upon t h e  t i r e .  F i g u r e  4 shows a  w a t e r  wedge 

o f  dep th  ( l+X)h  and l e n g t h  R a c t i n g  a g a i n s t  a r o l l i n g  t i r e .  

F igu re  4 .  Hydrodynamic p r e s s u r e  and f o r c e  components a c t i n g  
on a  t i r e  r o l l i n g  i n  deep w a t e r .  



The l o n g i t u d i n a l  f o r c e ,  F x  g i v e n  by eq ( 2 ) ,  i s  t h e  

h o r i z o n t a l  component o f  t h e  hydrodynamic p r e s s u r e ,  P ,  d e -  

v e l o p e d  i n  t h e  w a t e r  wedge a c t i n g  on t h e  t i r e .  R e f e r r i n g  t o  

F i g u r e  4 ,  t h e  h o r i z o n t a l  and v e r t i c a l  f o r c e  components o f  

t h e  hydrodynamic p r e s s u r e  a r e  s e e n  t o  b e  

F = PwR 
z 

By e q u a t i n g  t h e  r i g h t - h a n d  s i d e s  o f  eqs  ( 2 )  and ( 4 ) ,  

t h e  hydrodynamic p r e s s u r e  i s  found  t o  b e  p r o p o r t i o n a l  t o  t h e  

v e l o c i t y  s q u a r e d .  

The s u b s t i t u t i o n  o f  eq ( 6 )  i n t o  eq ( 5 )  y i e l d s  t h e  v e r -  

t i c a l  f o r c e  component deve loped  i n  t h e  w a t e r  wedge,  

Al though  w a t e r  d e p t h ,  h ,  does  n o t  appea r  e x p l i c i t l y  i n  eq ( 7 )  ! 

t h e  v e r t i c a l  f o r c e ,  FZ, depends i m p l i c i t l y  on h  t h r o u g h  t h e  

dependence o f  R and y on w a t e r  d e p t h .  

I f  t h e  v e r t i c a l  f o r c e  g e n e r a t e d  i n  t h e  w a t e r  wedge were  

t h e  o n l y  s o u r c e  o f  l i f t ,  e x t r e m e l y  h i g h  s p e e d  would b ?  n e r e s -  

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

w i d t h  would b e  t h e  p r i m a r y  v a r i a b l e s  t o  d e t e r m i n e  h y d r o p l a n -  

i n g  s p e e d .  I n  r e a l i t y ,  as  hydrodynamic p r e s s u r e  i n c r e a s e s ,  

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

and p a r t  o f  t h e  t i r e  becomes s u p p o r t e d  by a  r e l a t i v e l y  t h i c k  

w a t e r  f i l m ,  Th i s  t h i c k - f i l m  p e n e t r a t i o n  ha s  been  v e r i f i e d  by 

c o n t a c t  r e g i o n  o b s e r v a t i o n s  t h rough  a g l a s s  p l a t e  [ 1 , 2 , 3 , 2 5 ] . *  

- 
*The o b s e r v e d  p e n e t r a t i o n  f i l m  i s  t h i c k  i n  compar i son  t o  t h e  
v e r y  t h i n  l u b r i c a t i n g  f i l m s  which may e x i s t  i n  a p p a r e n t l y  d r y  
c o n t a c t  r e g i o n s .  



The p o r t i o n  of  c o n t a c t  s u p p o r t e d  by t h i c k - f i l m  p e n e t r a t i o n  

i s  viewed a s  a  s e p a r a t e  c o n t a c t  zone whose fo reward  boundary i s  

t h e  w a t e r  wedge. The assumption o f  i n v i s c i d  f l o w ,  which was 

u sed  i n  t h e  w a t e r  wedge a n a l y s i s ,  i s  no l o n g e r  s t r i c t l y  

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

i s  deve loped  h e r e  by d i f f e r e n t  mechanisms. The f low c o n d i -  

t i o n s  i n  t h e  w a t e r  wedge a r e  boundary c o n d i t i o n s  govern ing  

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

The Horne Hydroplaning Equa t ion .  A p r e c i s e  a n a l y s i s  of  

t h e  w a t e r  f low i n  t h e  t i r e - r o a d  c o n t a c t  r e g i o n  i s  an ex t r eme ly  

d i f f i c u l t  t a s k ,  y e t  t o  be  accompl i shed .  The s e m i - e m p i r i c a l  

approach t a k e n  by Horne [ I ] ,  however,  has  produced a  v a l u a b l e  

approx imate  e x p r e s s  i o n  r e l a t i n g  hyd rop l an ing  ( t o t a l )  speed  t o  

t i r e  p r e s s u r e .  Horne r ea soned  t h a t ,  f o r  t o t a l  h y d r o p l a n i n g ,  

t h e  ave rage  hydrodynamic p r e s s u r e ,  Pavg,  i n  t h e  c o n t a c t  r e g i o n  

must be p r o p o r t i o n a l  t o  t h e  p r e s s u r e  a t  t h e  w a t e r  wedge which ,  

i n  t u r n ,  i s  p r o p o r t i o n a l  t o  t h e  s q u a r e  of t h e  s p e e d ,  a cco rd ing  

t o  eq ( 6 ) .  Thus 
9 

where t h e  c o n s t a n t  y , a p p e a r i n g  i n  eq ( 6 )  , has  been s e t  t o  

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

fo rward  s p r a y  i s  s u p p r e s s e d .  As ment ioned e a r l i e r ,  t o t a l  

hyd rop l an ing  w i l l  o ccu r  when P e q u a l s  t h e  r a t i o  o f  t i r e  
av g  

l oad  t o  g r o s s  c o n t a c t  a r e a .  I f  one now assumes t h a t  t i r e  

i n f l a t i o n  p r e s s u r e  accoun t s  f o r  80  p e r c e n t  o f  a  t i r e ' s  load-  

c a r r y i n g  c a p a c i t y ,  t h e  o t h e r  2 0  p e r c e n t  b e i n g  s u p p l i e d  by 

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



where Pi i s  t h e  t i r e  i n f l a t i o n  p r e s s u r e .  Equa t ion  ( 8 ) ,  w i t h  

P g i v e n  by eq  ( 9 ) ,  may be  s o l v e d  f o r  t h e  h y d r o p l a n i n g  
avg 

s p e e d  V = V h .  

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

and f l ow  dynamics .  I t  must be d e t e r m i n e d  from e x p e r i m e n t a l  

d a t a  f o r  a  s p e c i f i c  t i r e - r o a d  combina t i on .  

E q u a t i o n  (10) was deve loped  by Horne f o r  t h e  p r e d i c t i o n  

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

and P i  i n  p s i ,  Horne f i n d s  t h a t  K = 1 0 . 3 5  p r o v i d e s  a  good 

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

t i r e s  i n  t h e  i n f l a t i o n  p r e s s u r e  r ange  of  25 t o  150 p s i  [ I ] .  

However, f o r  au tomob i l e  t i r e s ,  which a r e  s i g n i f i c a n t l y  d i f  - 
f e r e n t  i n  t r e a d  p a t t e r n  and c o n s t r u c t i o n ,  eq (10)  t e n d s  t o  p r e d i c t  

h y d r o p l a n i n g  s p e e d s  which a r e  t o o  low.  

Comparison With E x p e r i m e n t a l  Da t a .  The f o l l o w i n g  d a t a  

i s  p r e s e n t e d  t o  i l l u s t r a t e  t h e  r ange  o f  v a l i d i t y  o f  H o r n e t s  

h y d r o p l a n i n g  e q u a t i o n  when u sed  t o  p r e d i c t  t h e  h y d r o p l a n i n g  

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

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

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

F i g u r e  5 p r e s e n t s  deep -wa te r  d a t a  showing t h a t  minimum 

c o r n e r i n g  f r i c t i o n  and spin-down f o r  g rooved  au tomob i l e  t i r e s  

i s  e n c o u n t e r e d  a t  s p e e d s  somewhat h i g h e r  t h a n  t h a t  p r e d i c t e d  

by H o r n e t s  e q u a t i o n ,  w h i l e  h y d r o p l a n i n g  speed  f o r  t h e  smooth 

t r e a d  t i r e  i s  p r e d i c t e d  v e r y  a c c u r a t e l y .  Al though F i g u r e  5 



shows c o r n e r i n g  f o r c e  d a t a ,  t h e  s m a l l  s l i p  a n g l e  ( 4 . 5  d e g . )  

shou ld  have l i t t l e  e f f e c t  on f low benea th  t h e  t i r e ,  and H o r n e l s  

e q u a t i o n ,  which was d e r i v e d  f o r  s t r a i g h t - a h e a d  mot ion ,  s h o u l d  

be  v a l i d  f o r  p r e d i c t i n g  t h e  spin-down speed  f o r  t h e  d a t a  

shown i n  t h i s  f i g u r e .  

Vh = 4 7  kno t s  
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Speed ( k n o t s )  

F igu re  5 .  Corner ing  f o r c e  c o e f f i c i e n t s  v s .  speed  a t  4 . 5 '  
s l i p  a n g l e .  Concre te  s u r f a c e  w i t h  smooth macro- 
t e x t u r e ,  s a n d b l a s t e d  t o  produce h a r s h  m i c r o t e x t u r e .  
Water dep th  = . 4  i n c h e s .  From [ 3 ] .  



A p l o t  of spin-down speed  v e r s u s  i n f l a t i o n  p r e s s u r e  

d a t a ,  t aken  from Reference 1 4 1 ,  i s  g iven  i n  F igure  6 .  The 

e f f e c t  o f  t r e a d  p a t t e r n  on hydrop lan ing  speed  i s  c l e a r l y  seen  

i n  t h i s  f i g u r e .  The spin-down speed p r e d i c t e d  by Horne ' s  

hydrop lan ing  e q u a t i o n  has  been p l o t t e d  as  a dashed curve  and 

d a t a  p o i n t s  from F igure  5 have been added. 





The d a t a  i n  F i g u r e  6 show t h a t  t h e  h y d r o p l a n i n g  speed  

f o r  a  new, f u l l y  p a t t e r n e d ,  au tomob i l e  t i r e  i s  abou t  10 -12  

mph h i g h e r  t h a n  t h e  h y d r o p l a n i n g  s p e e d  o f  a  s i m i l a r  t i r e  which 

i s  worn smooth.  I t  i s  a l s o  s e e n  t h a t  a p p r o x i m a t e l y  t h e  same 

change i n  h y d r o p l a n i n g  s p e e d  can be  o b t a i n e d  by 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  from 1 5  t o  30 p s i ,  t h e  p r e s s u r e  r a n g e  

o v e r  which au tomob i l e  t i r e s  a r e  u s u a l l y  o p e r a t e d .  Thus ,  i t  i s  

conc luded  t h a t ,  f o r  au tomob i l e  t i r e s ,  t r e a d  p a t t e r n  and i n -  

f l a t i o n  p r e s s u r e  a r e  o f  a b o u t  e q u a l  impor t ance  i n  d e t e r m i n i n g  

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

The o b s e r v a t i o n  t h a t  t r e a d  p a t t e r n  ha s  such  a  s i g n i f i c a n t  

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

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

r i b  p a t t e r n  found on a l l  a i r c r a f t  t i r e s )  d e l a y  t h e  b u i l d - u p  

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

e s c a p e  o f  w a t e r  from t h e  c o n t a c t  r e g i o n .  H o r n e ' s  h y d r o p l a n i n g  

e q u a t i o n  does  p r o v i d e  a  u s e f u l  app rox ima t ion  t o  t h e  deep w a t e r  

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

d i c t  v a l u e s  t h a t  a r e  i n t e r m e d i a t e  between t h e  v a l u e s  measured 

f o r  a  new p a t t e r n e d  t i r e  and f o r  a  t i r e  w i t h  t h e  t r e a d  worn 

smooth.  F i n a l l y ,  t h e  d e v i a t i o n  from p r e d i c t e d  v a l u e s  

which i s  e x h i b i t e d  by t h e  new t i r e  w i t h  a  f e a t u r e l e s s  f u l l  

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

bend ing  s t i f f n e s s  o f  t h e  t i r e  s t r u c t u r e  due t o  t h e  s o l i d  t r e a d  

l a y e r .  The Horne h y d r o p l a n i n g  e q u a t i o n  presumes a  un i fo rm 

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

p r e s s u r e ;  a  un i fo rm c o n t a c t  p r e s s u r e  w i l l  be  o b t a i n e d  o n l y  

w i t h  t i r e s  h a v i n g  minimal bending  s t i f f n e s s .  I t  i s  q u i t e  

l i k e l y  t h a t  t h e  nonuniform c o n t a c t  p r e s s u r e  p roduced  by t h e  

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

t i o n  of h y d r o p l a n i n g  speeds  from t h e  v a l u e s  p r e d i c t e d  by 

eq  (10)  



The g e n e r a l  v a l  

en by comparison w 

ep -wa te r  hyd rop l an  

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

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

r n e  e q u a t i o n .  

i d i t y  of  H o r n e t s  hyd rop l an ing  e q u a t i o n ,  

i t h  e x p e r i m e n t a l  d a t a ,  i n d i c a t e s  t h a t  

i n g  i s  a  "dynamic" phenomenon, i , e .  , 
s  p r edomina t e .  The te rm " t o t a l  dynamic 

s  a p p l i e d  t o  phenomena p r e d i c t e d  by t h e  

R e f e r r i n g  a g a i n  t o  F i g u r e  5 ,  i t  i s  s e e n  t h a t  t r e a d  p a t t e r n  

ha s  a  v e r y  i m p o r t a n t  i n f l u e n c e  on t i r e - r o a d  f r i c t i o n  capa-  

b i l i t y  a t  speeds  below t h e  t o t a l  hyd rop l an ing  s p e e d .  However, 

a s  t h e  t o t a l  hyd rop l an ing  speed  i s  approached ,  t h e  p a t t e r n e d  

t i r e s  r a p i d l y  l o s e  t h e i r  advan t age .  An e x p l a n a t i o n  f o r  t h i s  

b e h a v i o r  w i l l  be p roposed  a f t e r  some o b s e r v a t i o n s  on t h e  r o l e  

of  squeeze  f i l m s  i n  p a r t i a l  hyd rop l an ing  a r e  made (Chapte r  3 ) .  

S u r f a c e  t e x t u r e  has  an e f f e c t  on h y d r o p l a n i n g  speed  

s i m i l a r  t o  t h a t  of  t r e a d  p a t t e r n  [ 6 ] .  However, s i n c e  t h e  

t r e a d  p a t t e r n  i s  t h e  p r imary  concern  of  t h i s  document,  s u r -  

f a c e  t e x t u r e  e f f e c t s  w i l l  n o t  be d e a l t  w i t h  e x t e n s i v e l y  h e r e i n .  

2 . 2 . 2  SHALLOW WATER. C o n s i d e r a t i o n  i s  now g iven  t o  

a  t i r e  r o l l i n g  on a  paved s u r f a c e  covered  by a 

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

grooves  do n o t  become f l o o d e d .  I n  t h i s  s i t u a t i o n ,  w a t e r  need 

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

P r e s s u r i z e d  f low th rough  t h e  g rooves  t o  t h e  c o n t a c t  p e r i p h e r y  

does n o t  o c c u r .  

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

c a p a b i l i t y  o f  a  t r e a d  p a t t e r n  t o  abso rb  a  s p e c i f i c  l a y e r  of  

w a t e r  i n t o  i t s  g rooves  can be d e r i v e d  i n  t h e  f o l l o w i n g  way. 

Cons ider  a  t i r e  o f  t r e a d  w i d t h  w which i s  r o l l i n g  a t  speed  V 

on a  s u r f a c e  covered  by s h a l l o w  w a t e r  of  dep th  h .  The v o l -  

ume r a t e ,  0, a t  which w a t e r  i s  i n t e r c e p t e d  by t h e  t i r e  i s  

g i v e n  by 



Let  g b e  t h e  t r e a d  groove  c a p a c i t y  d e f i n e d  a s  t h e  

g roove  volume p e r  u n i t  of  g r o s s  c o n t a c t  a r e a .  The r a t e ,  

; , a t  which groove  volume becomes a v a i l a b l e  t o  a b s o r b  w a t e r  

i s  g i v e n  by 
. 
v = wgv (12) 

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

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

by t h e  d i m e n s i o n l e s s  r a t i o  c/o which w i l l  b e  d e s i g n a t e d  y l  

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

o f  w a t e r  i s  such  t h a t  ~ ~ ' 1 ,  t h e n  w a t e r  need  o n l y  be  d i s p l a c e d  

i n t o  t h e  S r e a d  grooves  and f low t h r o u g h  t h e  g rooves  need  n o t  

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

pavement s u r f a c e .  Thus ,  Y 1 > l  i s  t h e  c r i t e r i o n  which d e t e r -  

mines  t h e  s i t u a t i o n  o f  a  t i r e  r o l l i n g  i n  s h a l l o w  w a t e r .  

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

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

w a t e r  l a y e r s  of d e p t h  h measured t o  t h e  t o p  o f  t h e  s u r f a c e  

a s p e r i t i e s .  S u r f a c e  t e x t u r e  c o r r e c t i o n  f a c t o r s  would be  

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

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

s o r b i n g  c a p a b i l i t y  o f  a  t r e a d  p a t t e r n .  I f  b r a k i n g  i s  a p p l i e d ,  

t h e  p o s s i b i l i t y  o f  g roove  f l o o d i n g  a r i s e s  i n  t h e  s l i d i n g  

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

A t y p i c a l  au tomob i l e  t i r e ,  w i t h  h ighway- type  t r e a d  

p a t t e r n ,  h a s  a  g roove  c a p a c i t y  o f  abou t  - 0 8  when new. I n  

w a t e r  d e p t h s  o f  . 0 2 -  - 0 4  i n c h e s ,  where many wet  t r a c t i o n  



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

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

a t  h i g h  s p e e d s .  I t  i s  h i g h l y  u n l i k e l y  t h a t  a  f u l l y  p a t t e r n e d  

t i r e  w i l l  hyd rop l ane  ( t o t a l l y )  a t  o r d i n a r y  highway speeds  i n  

s h a l l o w  w a t e r ,  even on s u r f a c e s  h a v i n g  smooth m a c r o t e x t u r e .  

A l a r g e  number of measurements have been made o f  t i r e  

t r a c t i o n  i n  s h a l l o w  w a t e r ,  presumably because  s h a l l o w  w a t e r  

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

Vh = 4 7  k n o t s  
i 

Speed ( k n o t s )  

F i g u r e  7 .  Cover ing f o r c ~  c o e f f i c i e n t s  v s .  speed  a t  4 . 5 '  
s l i p  a n g l e .  Conc re t e  s u r f a c e  w i t h  smooth macro- 
t e x t u r e ,  s a n d b l a s t e d  t o  p roduce  h a r s h  mic ro -  
t e x t u r e .  -4utomobile t i r e  w i t h  h ighway- type  t r e a d  
p a t t e r n  r o l l i n g  i n  s h a l l o w  (h = .04 i n . )  and deep 
(h = .4 i n .  ) w a t e r .  From [ 3 ] .  



F i g u r e  7 shows t y p i c a l  c o r n e r i n g  f o r c e  v e r s u s  s p e e d  

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

w a t e r .  I n  t h i s  f i g u r e ,  i t  i s  s e e n  t h a t  t h e  r a p i d  d rop  i n  

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

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

w a t e r .  A p p a r e n t l y ,  t h e  hydrodynamic p r e s s u r e  deve loped  i n  

t h e  w a t e r  wedge a t  t h e  l e a d i n g  edge o f  t i r e  c o n t a c t  does  

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

s h a l l o w  w a t e r .  Q u i t e  d i f f e r e n t  b e h a v i o r  i s  obse rved  w i t h  a  

smooth t r e a d  t i r e  i n  s h a l l o w  w a t e r ,  f o r  which  a n a l y s i s  depends 

on t h e  s q u e e z e - f i l m  p e n e t r a t i o n  concep t  t o  b e  d i s c u s s e d  n e x t .  

Squeeze-F i lm P e n e t r a t i o n .  The r e d u c t i o n  o f  t r a c t i o n  

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

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

w a t e r ,  c a l l e d  a  " squeeze  f i l m , "  i n t o  t h e  c o n t a c t  r e g i o n .  T h i s  

p a r t i c u l a r  s q u e e z e  f i l m  i s  m a i n t a i n e d  and m o t i v a t e d  by t h e  hyd ro  

dynamic p r e s s u r e  g e n e r a t e d  i n  t h e  w a t e r  wedge.  When a  p o r t i o n  

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

a  s q u e e z e  f i l m ,  t h e  t i r e  i s  s a i d  t o  b e  i n  " p a r t i a l  dynamic 

h y d r o p l a n i n g . "  Th i s  phenomenon h a s  been  o b s e r v e d  on t h e  

g l a s s  p l a t e  f a c i l i t y  a t  t h e  Langley Landing Loads Track  [ 3 ] .  

C l e a r l y ,  a  c e r t a i n  amount o f  t i m e  i s  r e q u i r e d  t o  s q u e e z e  

a  w a t e r  f i l m  from t h e  t r e a d - r o a d  i n t e r f a c e  t o  p e r m i t  t i r e  

c o n t a c t  w i t h  t h e  paved s u r f a c e .  The t i m e  a v a i l a b l e  f o r  

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

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

r e g i o n  becomes s u p p o r t e d  by t h e  s q u e e z e  f i l m  and f r i c t i o n  

c a p a b i l i t y  d e c r e a s e s  a c c o r d i n g l y .  The t ime  r e q u i r e d  t o  e x p e l  

t h e  s q u e e z e  f i l m  i s  h y p o t h e s i z e d  t o  be  a  f u n c t i o n  o f  (1)  i n i t i a l  

t h i c k n e s s  o f  t h e  squeeze  f i l m ,  ( 2 )  t i r e - r o a d  c o n t a c t  p r e s s u r e  

d i s t r i b u t i o n ,  ( 3 )  f l e x i b i l i t y  o f  t h e  t i r e  c a r c a s s  and t r e a d  

r u b b e r ,  ( 4 )  t r e a d  p a t t e r n ,  and ( 5 )  s u r f a c e  t e x t u r e .  



Momentum and c o n t i n u i t y  c o n s i d e r a t i o n s  i n d i c a t e  t h a t  t h e  

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

i s  i ndependen t  o f  w a t e r  d e p t h  ( s e e  eq ( 6 ) ) .  Th i s  p r e s s u r e  w i l l  

e x i s t  whenever t h e r e  i s  a  s u f f i c i e n t  w a t e r  cove r  t o  a l l o w  

f o r m a t i o n  o f  a  w a t e r  wedge*. When t h i s  p r e s s u r e  exceeds  t h e  

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

squeeze  f i l m  presumably p e n e t r a t e s  i n t o  t h e  c o n t a c t  r e g i o n ,  

i n i t i a t i n g  t h e  s e p a r a t i o n  o f  t h e  t i r e  from t h e  road  s u r f a c e .  

An a n a l y s i s  o f  squeeze - f i lm  i n i t i a t i o n  can b e  made by 

a p p l i c a t i o n  o f  B e r n o u l l i ' s  e q u a t i o n .  Cons ider  a  mass p a r t i c l e ,  

6m ' of  w a t e r  moving w i t h  speed  V i n  a  l o n g i t u d i n a l  s t r e a m l i n e  

t o  t h e  c e n t e r  o f  t h e  l e a d i n g  edge of  t h e  c o n t a c t  r e g i o n .  The 

mass p a r t i c l e  w i l l  d e c e l e r a t e  i n  t h e  w a t e r  wedge, come t o  r e s t  

a t  a  s t a g n a t i o n  p o i n t  (A)  n e a r  t h e  l e a d i n g  edge o f  c o n t a c t ,  and 

be a b r u p t l y  e x p e l l e d  i n  a  fo rward  s p r a y  a s  shown i n  F i g u r e  8 .  

F i g u r e  8 .  S t r e a m l i n e  f o r  a p p l i c a t i o n  of  t h e  B e r n o u l l i  e q u a t i o n  
i n  t h e  w a t e r  wedge r e g i o n .  

*A w a t e r  wedge w i l l  c e r t a i n l y  e x i s t  i f  t h e r e  i s  s t a n d i n g  w a t e r  
above t h e  s u r f a c e  a s p e r i t i e s ,  and may form a t  lower  d e p t h s  a s  
t h e  t i r e  t r e a d  w i l l  deform t o  p a r t i a l l y  f i l l  s u r f a c e  v o i d s  and 
d i s p l a c e  w a t e r  from t h e s e  v o i d s ,  



The a p p l i c a t i o n  o f  t h e  B e r n o u l l i  e q u a t i o n  t o  t h e  f low 

a l o n g  t h e  s t r e a m l i n e  shown i n  F i g u r e  8 r e q u i r e s  t h a t  t h e  

s t a g n a t i o n  p r e s s u r e  a t  p o i n t  A b e  g i v e n  by 

where  p i s  t h e  mass d e n s i t y  o f  w a t e r .  The hydrodynamic p r e s s u r e  

measurements  o f  Horne and J o y n e r  [ 2 ]  t e n d  t o  c o n f i r m  t h e  

v a l i d i t y  o f  eq ( 1 4 )  which i s  v e r y  s i m i l a r  t o  eq ( 6 ) ,  a  r e s u l t  

o b t a i n e d  by a  c o n t r o l  volume a n a l y s i s  o f  t h e  w a t e r  wedge. 

As ment ioned  e a r l i e r ,  t h e  bend ing  s t i f f n e s s  o f  t h e  c a r c a s s  

and t r e a d  c a u s e s  t h e  c o n t a c t  p r e s s u r e  t o  d e v i a t e  f rom a  un i fo rm 

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

s h o u l d e r s  and lower  p r e s s u r e  i n  t h e  crown p o r t i o n  o f  t h e  

c o n t a c t  r e g i o n .  ( F i g u r e  9 i l l u s t r a t e s  a  t y p i c a l  c o n t a c t  

p r e s s u r e  d i s t r i b u t i o n  measured on an au tomob i l e  t i r e . )  



F i g u r e  9 .  S t a n d i n g  c o n t a c t  p r e s s u r e  d i s t r i b u t i o n  f o r  a 
6 . 5 0 - 1 3  smooth t r e a d  p a s s e n g e r  c a r  t i r e .  T i r e  
l o a d  835 l b ;  t i r e  p r e s s u r e  2 7  p s i .  From [ Z ] .  



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

edge  o f  c o n t a c t  i s  e s t i m a t e d  t o  b e  7 5  p e r c e n t  o f  t h e  i n f l a t i o n  

p r e s s u r e ,  t h e n ,  a c c o r d i n g  t o  eq ( 1 4 ) ,  s q u e e z e - f i l m  p e n e t r a t i o n  

w i l l  be  i n i t i a t e d  when t h e  s p e e d ,  V ,  i s  such  t h a t  

L e t t i n g  V d e n o t e ,  i n  mph, t h e  speed  a t  which p a r t i a l  dynamic 
P  2 4  h y d r o p l a n i n g  b e g i n s ,  eq (15) p r e d i c t s  ( w i t h  P = 1 . 9 3 8  l b - s e c  / f t  ) 

where  Pi i s  t h e  i n f l a t i o n  p r e s s u r e  e x p r e s s e d  i n  p s i .  

G la s s  p l a t e  o b s e r v a t i o n s  [3 ]  t e n d  t o  c o n f i r m  t h e  v a l i d i t y  

o f  eq (16)  a l t h o u g h  t h e  p r e c i s e  speed  a t  which p a r t i a l  hyd ro -  

p l a n i n g  b e g i n s  i s  d i f f i c u l t  t o  de t e rmine  v i s u a l l y . *  

As speed  i n c r e a s e s ,  t h e  s t a g n a t i o n  p r e s s u r e  i n c r e a s e s  

and t i r e  d e f o r m a t i o n  a t  t h e  l e a d i n g  edge o f  c o n t a c t  accommodates 

t h e  p e n e t r a t i o n  of  t h e  squeeze  f i l m .  The i n i t i a l  t h i c k n e s s  o f  

t h e  squeeze  f i l m  i n c r e a s e s  w i t h  i n c r e a s i n g  s p e e d .  

I t  has  been  obse rved  [ 3 ,  251 t h a t  t h e  squeeze  f i l m  t e n d s  ti, 

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

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

Th i s  o b s e r v a t i o n  i s  c o n s i s t e n t  w i t h  t h e  measured c o n t a c t  

p r e s s u r e  d i s t r i b u t i o n  shown i n  F i g u r e  9 ,  s i n c e  i t  i s  e x p e c t e d  

t h a t  w a t e r  would f i r s t  p e n e t r a t e  t h o s e  p a r t s  of  t h e  c o n t a c t  

r e g i o n  where c o n t a c t  p r e s s u r e  i s  l o w e s t .  Thus,  i t  appea r s  

t h a t ,  w i t h  t h e  p e n e t r a t i o n  o f  t h e  squeeze  f i l m ,  t h e  t r e a d  

s u r f a c e  i n  t h e  c o n t a c t  r e g i o n  no l o n g e r  conforms t o  t h e  road  

s u r f a c e  b u t  deforms upward i n  t h e  c e n t r a l  a r e a  of  t h e  c o n t a c t  

*P,ecent a p p l i c a t i o n  of t h e  r l o i r e ' f r i n g e  t e c h n i q u e  t o  t h e  measure -  
ment of t i r e  d e f o r n a t i o n  Zur ing  i y n a n i c  !~yi!ro?laning [ 2 5 ]  shows 
t h a t  o b s e r v a t i o n  of  ? !o i re '  f r i n g e s  i n  t h e  c o n t a c t  i n t e r f a c e  w i l l  
f a c i l i t a t e  ~ r i s ? i . a l  r l e t ~ r m i n a t i n n  nf  t h e  sneed  a t  which ~ a r t i a l  
dynamic h y d r o p l a n i n g  i s  i n i t i a t e d .  



r e g i o n .  L a t e r  i n  t h i s  document, i t  w i l l  be  shown t h a t  t h i s  t r e a d  

de fo rma t ion  ha s  an impor t an t  e f f e c t  on t h e  d i s t r i b u t i o n  o f  t h e  

hydrodynamic p r e s s u r e  s u p p o r t i n g  a  hyd rop l an ing  t i r e .  

Exper iments  w i t h  an au tomob i l e  t i r e  hav ing  a  highway- 

t y p e  t r e a d  p a t t e r n  have shown t h a t ,  a t  t h e  o n s e t  of  t o t a l  hyd ro -  

p l a n i n g ,  t h e  maximum o f  t h e  minimum w a t e r  f i l m  t h i c k n e s s  i n  which 

hyd rop l an ing  o c c u r s  i s  about  - 0 5  i n c h e s  and o c c u r s  i n  t h e  c e n t r a l  

p o r t i o n  o f  t h e  c o n t a c t  r e g i o n  1 2 1 .  I t  seems r e a s o n a b l e  t o  e x p e c t  

t h a t  squeeze  f i l m s  which p r e v a i l  under  p a r t i a l  hyd rop l an ing  

c o n d i t i o n s  a r e  t h i n n e r  t h a n  t h e  maximum f i l m  t h i c k n e s s  obse rved  

when t o t a l  hyd rop l an ing  b e g i n s .  Thus,  i n  p a r t i a l  h y d r o p l a n i n g ,  

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

c i e n t l y  s m a l l  t h a t  t h e  p r e s s u r e  a v a i l a b l e  t o  squeeze  a  w a t e r  

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

c o n t a c t  p r e s s u r e .  Hydrodynamic p r e s s u r e  measurements p r e s e n t e d  

i n  Re fe r ence  121  s u p p o r t  t h i s  a s sumpt ion .  I t  f o l l o w s  t h a t  an 

improvement i n  wet t r a c t i o n  per formance  s h o u l d  accompany an 

i n c r e a s e  i n  t i r e - r o a d  s u r f a c e  c o n t a c t  p r e s s u r e .  Th i s  can  b e  

accompl i shed  i n  two ways.  

1. The g roove ,  o r  v o i d ,  a r e a  can be  i n c r e a s e d ,  t he r eby  

d e c r e a s i n g  t h e  a c t u a l  a r e a  of  t i r e - r o a d  c o n t a c t .  The con- 

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

2 .  The i n f l a t i o n  p r e s s u r e  can be  i n c r e a s e d ,  t h e r e b y  

r educ ing  t h e  c o n t a c t  a r e a  and i n c r e a s i n g  t h e  t i r e - r o a d  

c o n t a c t  p r e s s u r e .  

S t augh ton  and Wil l iams [4] i n v e s t i g a t e d  t h e  e f f e c t  of 

i n f l a t i o n  p r e s s u r e  on locked-whee l  b r a k i n g  f o r c e  c o e f f i c i e n t s  

produced by s e v e r a l  t i r e s  o p e r a t i n g  i n  s h a l l o w  and deep w a t e r  

on two smooth s u r f a c e s .  F i g u r e  10 shows some t y p i c a l  s h a l -  

low-wate r  d a t a  from t h i s  i n v e s t i g a t i o n .  A d e f i n i t e  r e d u c t i o n  

i n  speed  s e n s i t i v i t y  of  t h e  b r a k i n g  f o r c e  c o e f f i c i e n t  i s  found 

when b r a k i n g  d a t a  from an o v e r i n f l a t e d  ( 4 8  p s i )  t i r e  i s  com- 

p a r e d  w i t h  b r a k i n g  d a t a  from t h e  same t i r e  (and t h e  same l o a d )  

i n  an u n d e r i n f l a t e d  c o n d i t i o n .  
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F i g u r e  1 0 .  E f f e c t  of  i n f l a t i o n  p r e s s u r e  on 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  produced by a  r a d i a l - p l y  a u t o -  
mobi le  t i r e  i n  s h a l l o w  w a t e r  ( . 0 3  i n . ) .  From [ 4 ] .  

I 
I 

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  s e e n  i n  F i g u r e  10 

i s  s m a l l ,  however ,  i n  comparison t o  t h e  e f f e c t  o f  i n f l a t i o n  

p r e s s u r e  on b r a k i n g  f o r c e  c o e f f i c i e n t s  measured i n  deep 

w a t e r .  F i g u r e  11, a l s o  t a k e n  from [ 4 ] ,  shows t h e  e f f e c t  of  

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

p roduced  by a b i a s - p l y  au tomobi le  t i r e  i n  deep w a t e r  ( . 3 5  i n . )  

on a  smooth c o n c r e t e  s u r f a c e .  
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F i g u r e  11. E f f e c t  o f  i n f l a t i o n  p r e s s u r e  on l o c k e d  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  p roduced  by a  b i a s -  
p l y  au tomob i l e  t i r e  i n  deep  w a t e r  ( . 3 6  i n . ) .  
From 1 4 1 .  

The i n f l u e n c e  o f  s u r f a c e  on t h e  s p e e d  s e n s i t i v i t y  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 s  i s  s e e n  i n  F i g u r e  1 2  i n  which t h e  

d i f f e r e n c e  between b r a k i n g  f o r c e  c o e f f i c i e n t s  a t  h i g h  ( 4 8  p s i )  

and low ( 1 2 . 3  p s i )  p r e s s u r e s  i s  p l o t t e d  a g a i n s t  s p e e d .  Each 

d a t a  p o i n t  i n  F i g u r e  1 2  i s  an a v e r a g e  o f  d a t a  from f o u r  t i r e s  

(two r a d i a l - p l y  and two b i a s - p l y ) .  These d a t a  show t h e  

a s p h a l t  s u r f a c e  t o  have  a  g r e a t e r  e f f e c t  on t h e  p r e s s u r e  

s e n s i t i v i t y  o f  b r a k i n g  f o r c e  a t  s p e e d s  above and below a " c r o s s  

o v e r t '  s peed  found a t  a p p r o x i m a t e l y  4 7  mph. A t  t h e  c r o s s -  

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

b r a k i n g  f o r c e  c o e f f i c i e n t s  which a r e  i n s e n s i t i v e  t o  i n f l a t i o n  

p r e s s u r e .  



F i g u r e  1 2 .  E f f e c t  o f  i n f l a t i o n  p r e s s u r e  on 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  d a t a  o b t a i n e d  i n  s h a l l o w  
w a t e r  on two paved s u r f a c e s .  P l o t  c o n s t r u c t e d  
from d a t a  i n  1 4 1 .  Averaged d a t a  from 4 t i r e s .  



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

f i c i e n t  d a t a  shown i n  F i g u r e s  1 0 ,  11, and 1 2  a r e  c o n s i s t e n t  

w i t h  t h e  squeeze  f i l m  concep t  i n  t h e  f o l l o w i n g  two ways. 

1. A comparison u f  F i g u r e s  1 0  and 11 shows t h a t  

t h e  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  i s  much s m a l l e r  i n  s h a l l o w  

w a t e r  t h a n  i n  deep w a t e r .  I n  s h a l l o w  w a t e r  on a  g i v e n  s u r -  

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

f i l m  w i l l  be i n v e r s e l y  p r o p o r t i o n a l  t o  c o n t a c t  l e n g t h *  and 

c o n t a c t  p r e s s u r e * * .  An i n c r e a s e  o f  i n f l a t i o n  p r e s s u r e ,  w h i l e  

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

The n e t  e f f e c t  of  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  s h o u l d ,  t h e r e -  

f o r e ,  be s m a l l ,  a s  s e e n  i n  F i g u r e  10 .  A d i f f e r e n t ,  p r e s s u r e -  

s e n s i t i v e ,  mechanism e x i s t s  i n  deep w a t e r ,  where t h e  a d d i t i o n a l  

hydrodynamic p r e s s u r e  r e s u l t i n g  from groove f low t e n d s  t o  

r e t a r d  squeeze  f i l m  e x p u l s i o n  and cause s  an a d d i t i o n a l  l o s s  

o f  f r i c t i o n .  

2 .  The d a t a  i n  F i g u r e  10 shows t h a t  a t  low s p e e d s ,  i n  

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

a  d e c r e a s e  i n  b r a k i n g  f o r c e ,  w h i l e  a t  h i g h  speeds  (above 

app rox ima te ly  40  mph) b r a k i n g  f o r c e  i s  i n c r e a s e d .  Rubber 

f r i c t i o n  s t u d i e s  have shown t h a t  an i n c r e a s e  i n  normal c o n t a c t  

s t r e s s  r e s u l t s  i n  a  . dec rea se  of  t h e  f r i c t i o n  c o e f f i c i e n t .  

A d e c r e a s e  i n  b r a k i n g  f o r c e  i s  t h e r e f o r e  expec t ed  when 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  a t  speeds  below t h e  speed  a t  which 

p a r t i a l  hyd rop l an ing  b e g i n s .  Equa t ion  (16) shows t h a t  t h e  

s p e e d  a t  which squeeze  f i l m  p e n e t r a t i o n  b e g i n s ,  i . e . ,  p a r t i a l  

h y d r o p l a n i n g ,  depends upon t h e  i n f l a t i o n  p r e s s u r e ;  an unde r -  

i n f l a t e d  t i r e  shows reduced  b rake  f o r c e  c a p a b i l i t y  a t  speeds  

*A s h o r t e r  c o n t a c t  l e n g t h  r e s u l t s  i n  l e s s  t ime a v a i l a b l e  
f o r  squeeze  f i l m  e x p u l s i o n .  Thus,  f o r  a  g i v e n  v e l o c i t y ,  
t h e  squeeze  f i l m  f r a c t i o n  i n c r e a s e s  i f  c o n t a c t  l e n g t h  i s  
d e c r e a s e d  by means of  a  d e c r e a s e  i n  t i r e  l o a d  o r  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 .  

**A lower  c o n t a c t  p r e s s u r e  r e s u l t s  i n  a lower  r a t e  o f  w a t e r  
e x p u l s i o n .  



below t h e  s p e e d  a t  which an o v e r i n f l a t e d  t i r e  w i l l  b e g i n  

t o  l o s e  b r a k e  f o r c e  c a p a b i l i t y .  The a v e r a g e  c r o s s - o v e r  s p e e d  

s e e n  a t  a p p r o x i m a t e l y  4 7  km/hr i n  t h e  sha l l ow-wa te r  d a t a  

( F i g .  12 )  i s ,  t h e n ,  d e t e r m i n e d  by a  combina t i on  o f  two f a c t o r s :  

( a )  t h e  dependence o f  r u b b e r  f r i c t i o n  on i n f l a t i o n  p r e s s u r e ,  

and (b)  t h e  dependence o f  t h e  p a r t i a l  h y d r o p l a n i n g  i n i t i a t i o n  

s p e e d  on i n f l a t i o n  p r e s s u r e .  The c r o s s - o v e r  speed  i s  bounded 

from below by t h e  p a r t i a l  h y d r o p l a n i n g  i n i t i a t i o n  s p e e d  o f  

t h e  l o w - p r e s s u r e  t i r e  c a l c u l a t e d  from eq ( 1 6 ) .  

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

( u n d e r i n f l a t e d )  1 2 . 3  p s i  

( o v e r i n f l a t e d )  48.0 p s i  

For  t h e  u n d e r i n f l a t e d  t i r e  ( 1 2 . 3  p s i )  t e s t e d  by S t a u g h t o n  and 

W i l l i a m s ,  t h e  lower  bound ( 4 0 . 6  km/hr)  compares w e l l  w i t h  

t h e  ave rage  c r o s s - o v e r  speed  o f  4 7  km/hr found  i n  t h e  s h a l l o w -  

w a t e r  t e s t s .  

T read  P a t t e r n  E f f e c t s .  The p r i m a r y  e f f e c t  o f  t h e  t r e a d  

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

w a t e r .  I n  a d d i t i o n  t o  r e d u c i n g  t h e  a c t u a l  c o n t a c t  a r e a  (and  
t h u s  t h e  l a t e r a l  d imens ions  o f  t h e  s q u e e z e  f i l m ) ,  t h e  g rooves  

p r o v i d e  a  l o w - p r e s s u r e  s q u e e z e  f i l m  boundary  and a  r e s e r v o i r  

f o r  t h e  w a t e r  b e i n g  squeezed  o u t  from b e n e a t h  a  t r e a d  e l e m e n t .  

I n  s h a l l o w  w a t e r ,  hydrodynamic p r e s s u r e s  due t o  w a t e r  f l ow  

th rough  t h e  g rooves  a r e  n o t  p r e s e n t  because  such  f low o c c u r s  

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

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

a  number of  r e s e a r c h e r s  t o  pe r fo rm e x p e r i m e n t s  i n  which t h e  

e f f e c t  o f  g roove  geometry  on wet  t r a c t i o n  per formance  i s  

s t u d i e d .  

Grime and G i l e s  [ 7 ]  t e s t e d  s e v e r a l  t i r e s  h a v i n g  smooth ,  

s t r a i g h t  r i b ,  z i g - z a g  r i b ,  and v a r i o u s  b l o c k - t y p e  t r e a d  



p a t t e r n s .  The t e s t  d a t a  were ana lyzed  t o  y i e l d  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  as  a  f u n c t i o n  of  a  dimension-  

l e s s  t r e a d  p a t t e r n  parameter  d e f i n e d  a s  

p e r i m e t e r  of c o n t a c t  a r e a  

J c o n t a c t  a r e a  

The r e s u l t i n g  c o r r e l a t i o n ,  d i s p l a y e d  i n  F i g u r e  1 3 ,  s u g g e s t s  

t h a t  t h i s  p a r a m e t e r ,  o r  a  r e l a t e d  p a r a m e t e r ,  may be u t i l i z e d  

as a  meaningful  d e s c r i p t o r  of  t r e a d  p a t t e r n  geometry.  

F i g u r e  1 3 .  C o r r e l a t i o n  of 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  
w i t h  a  d imens ion les s  t r e a d  p a t t e r n  d e s c r i p t o r .  
From [ 7 ]  . 



Maycock [ 5 ]  h a s  measured b o t h  t h e  peak  and l ocked -whee l  

b r a k i n g  f o r c e  c o e f f i c i e n t s  (BFC) p roduced  by t i r e s  w i t h  f i v e  

d i f f e r e n t  t r e a d  p a t t e r n s ,  v i z ,  a  smooth t r e a d  and t r e a d s  w i t h  

5 ,  7 ,  9 ,  and 1 3  r i b s .  The r i b  t r e a d s  had  s t r a i g h t  g rooves  w i t h  

g roove  w i d t h  v a r i e d  such  t h a t  t h e  r a t i o  o f  g roove  w i d t h  t o  

r i b  w i d t h  was t h e  same f o r  a l l  f o u r  t i r e s .  The t r e a d  p a t t e r n  

d imens ions  o f  t h e  r i b b e d  t i r e s  a r e  l i s t e d  i n  T a b l e  1. 

TABLE 1 

TREAD PATTERN DIMENSIONS USED IN THE 
RIB WIDTH EXPERIMENTS OF MAYCOCK [5 ]  

*Groove c a p a c i t y ,  g ,  i s  d e f i n e d  a s  g roove  volume p e r  u n i t  
g r o s s  c o n t a c t  a r e a .  

Number 
o f  
Ribs  

5 

7 

9 

1 3  

The w a t e r  d e p t h  p r e v a i l i n g  i n  t h e s e  t e s t s  was r o u g h l y  , 035  i n . ,  

s o  t h a t  t h e  t r e a d  p a t t e r n  p a r a m e t e r ,  y l ,  d e f i n e d  by eq ( 1 3 ) ,  i s  

n e a r l y  3 and  g roove  f l ow  need  n o t  o c c u r  f o r  t h e  f r e e - r o l l i n g  

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

Maycock per formed  b r a k i n g  t e s t s  on s i x  r o a d  s u r f a c e s  

h a v i n g  a  wide v a r i e t y  o f  t e x t u r e s .  D i f f e r e n c e s  i n  peak 

b r a k i n g  pe r fo rmance  of  t h e  f o u r  r i b - t y p e  t i r e s  were  d e t e c t e d  

o n l y  on t h e  s m o o t h e s t  t e s t  s u r f a c e .  On t h i s  s u r f a c e ,  t h e  

5 - r i b  t i r e  showed a somewhat g r e a t e r  r a t e  o f  d e c r e a s e  o f  

BFC w i t h  i n c r e a s i n g  s p e e d  ( F i g .  1 4 ) .  

Groove 
Width 

( i n )  

- 2 8  

.20  

.16  

. 1 2  

Rib 
Width 
( i n )  

.90 

.65  

.52 

.36  

Groove Width 
Rib Width 

- 3 1  

- 3 1  

- 3 1  

. 3 3  

Groove 
Depth 
( i n >  

- 3 2  

- 3 2  

- 3 2  

- 3 2  

Groove 
C a p a c i t y *  
( i n )  

.095  

.09 5  

, 095  

.095 



Speed (mph) 

F i g u r e  1 4 .  Peak b r a k i n g  f o r c e  c o e f f i c i e n t s  f o r  smooth ,  
5 , 7 , 9 ,  and 1 3 - r i b  t i r e s  on smooth ,  p o l i s h e d  
c o n c r e t e .  Water d e p t h  a b o u t  , 035  i n .  From [ 5 ] .  

S i n c e  t h e s e  t e s t s  were pe r fo rmed  a t  s p e e d s  up t o  80 mph, i t  

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

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

Maycock a t t r i b u t e s  t h e  d e c r e a s e  i n  BFC w i t h  i n c r e a s i n g  

s p e e d  o f  t h e  7 , 9 ,  and 1 3 - r i b  t i r e s  t o  t h i n - f i l m  v i s c o u s -  

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

5 - r i b  t i r e  i s  a t t r i b u t e d  t o  p a r t i a l  h y d r o p l a n i n g  p roducsd  

by p e n e t r a t i o n  o f  a  t h i c k  s q u e e z e  f i l m  i n t o  t h e  c o n t a c t  

r e g i o n .  The t h i c k  s q u e e z e  f i l m  p e n e t r a t i o n  t h e o r y ,  d e s c r i b e d  

e a r l i e r ,  i s  s u p p o r t e d  by t h e  f a c t  t h a t  on t h e  o t h e r  t h r e e  

t e s t  s u r f a c e s ,  which a r e  s u f f i c i e n t l y  c o a r s e  i n  t e x t u r e  t o  

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

a  w a t e r  wedge,  t h e  r a t e  of  d e c r e a s e  o f  BFC w i t h  s p e e d  i s  



t h e  same f o r  a l l  t h e  p a t t e r n e d  t i r e s .  I t  might be  concluded 

t h a t  on even t h e  smoothest  highway s u r f a c e s  l i k e l y  t o  be 

encoun te red ,  t h e r e  i s  l i t t l e  advantage i n  having a  r i b  width  

l e s s  than  t h a t  of t h e  7 - r i b  t i r e  (about  - 6 5  i n . ) .  I t  appears  

t h a t  t h e  e x p u l s i o n  of  a  squeeze  f i l m  from beneath  a  r i b  of 

width  l e s s  than  . 6 5  i n .  i s  s u f f i c i e n t l y  r a p i d  t h a t  p a r t i a l  

hydroplaning  does n o t  occur  t o  a  s i g n i f i c a n t  e x t e n t  a t  t y p i c a l  

highway speeds  and i n  w a t e r  depths  most commonly encoun te red .  

The r e s u l t s  of  Maycock's i n v e s t i g a t i o n s  l e a d  t o  a n o t h e r  

i n t e r e s t i n g  o b s e r v a t i o n  concern ing  t h e  speed s e n s i t i v i t y  of 

peak b rake  f o r c e  c o e f f i c i e n t s  i n  comparison w i t h  locked-  

wheel b rake  f o r c e  c o e f f i c i e n t s .  On a l l  s u r f a c e s ,  t h e  locked-  

wheel b rak ing  f o r c e  produced by t i r e s  w i t h  good d r a i n a g e  d e c r e a s e s  

f a s t e r  w i t h  i n c r e a s i n g  speed than  peak b rak ing  f o r c e  d e c r e a s e s  

w i t h  i n c r e a s i n g  speed ,  The o p p o s i t e  r e s u l t  was found wi th  

p o o r l y  d r a i n e d  and smooth t r e a d  t i r e s .  Other  i n v e s t i g a t o r s  

have a l s o  no ted  t h a t  a  t r e a d  p a t t e r n  i s  more e f f e c t i v e  i n  

m a i n t a i n i n g  h igh  va lues  of peak f o r c e  a s  speed i n c r e a s e s  than  

i s  t h e  case  f o r  locked-wheel  b rak ing  f o r c e s .  

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

m a i n t a i n i n g  h igh  locked-wheel b rak ing  f o r c e  can be e x p l a i n e d ,  

i n  p a r t ,  by hydrodynamic c o n s i d e r a t i o n s .  I n  sha l low w a t e r ,  

a  r o l l i n g  t i r e  d i s p l a c e s  wa te r  i n t o  t h e  grooves which s e r v e  

on ly  a s  a  temporary wa te r  r e s e r v o i r .  The grooves a l s o  p rov ide  

a  low-pressure  boundary (approximate ly  a tmospher ic  l e v e l )  f o r  

squeeze  f i l m s  e x i s t i n g  beneath  a d j a c e n t  r i b s .  Peak b rak ing  

f o r c e  i s  gene ra ted  a t  l o n g i t u d i n a l  s l i p  parameter*  v a l u e s  

i n  t h e  neighborhood of .1 t o  - 2 5 .  When t h e  wheel i s  l ocked ,  

however, a l l  wa te r  e n t e r i n g  t h e  c o n t a c t  r eg ion  must be  d i s -  

p l a c e d  t o  t h e  c o n t a c t  per iphery-a  p r o c e s s  which n e c e s s i t a t e s  

*Considering a  l o n g i t u d i n a l  s l i p  parameter  d e f i n e d  such t h a t  
0 corresponds  t o  f r e e - r o l l i n g  and 1 corresponds  t o  a  locked 
wheel .  



groove f low.  The groove f l o w ,  which accompanies locked-wheel  

b r a k i n g ,  r e q u i r e s  a  p r e s s u r e  g r a d i e n t  r a i s i n g  groove  p r e s s u r e  

t o  above a tmosphe r i c  l e v e l ,  The r e s u l t i n g  e l e v a t e d  p r e s s u r e  

a t  t h e  squeeze - f i lm  boundary r e t a r d s  t h e  r a t e  o f  d i sp l acemen t  

toward t h e  g r o o v e ,  t h e r e b y  r e d u c i n g  t i r e - r o a d  f r i c t i o n .  

S i n c e  groove f l o o d i n g  i s  i n e v i t a b l e  ( u n l e s s  t h e  w a t e r  d e p t h  

i s  ex t r eme ly  s m a l l )  i n  locked-wheel  b r a k i n g ,  t h e  c o n f i g u r a t i o n  

o f  t h e  t r e a d  p a t t e r n  may b e  e x p e c t e d  t o  have l i t t l e  i n f l u e n c e  

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

Maycock a l s o  performed s i m i l a r  expe r imen t s  (on t h e  same 

s u r f a c e s ,  w i t h  t h e  same w e t t i n g  c o n d i t i o n s  and speeds )  u s i n g  

t i r e s  on which groove w id th s  a r e  v a r i e d  w h i l e  r i b  w i d t h  i s  

k e p t  c o n s t a n t .  The t r e a d  p a t t e r n  dimensions  f o r  t h i s  s e r i e s  

of  expe r imen t s  a r e  l i s t e d  i n  Table  2  and t e s t  r e s u l t s  o b t a i n e d  

on t h e  smooth,  p o l i s h e d  c o n c r e t e  a r e  shown i n  F i g u r e  1 5 .  

TABLE 2  

TREAD PATTERN DIMENSIONS USED IN THE 
GROOVE WIDTH EXPERIMENTS OF MAYCOCK [ 5 ]  

*Groove c a p a c i t y ,  g ,  i s  d e f i n e d  a s  groove volume p e r  u n i t  
g r o s s  c o n t a c t  a r e a .  

Rib 
Width 
( i n >  

. 5 0  

- 5 1  

.49 

Number 
o f  
Ribs 

5  

5  

5 

I Groove 
Width 
( i n )  

- 0 2  

- 1 0  

, 2 1 5  

Groove Width 
Rib Width 

- 0 4  

. 2 0  

. 4 4  

. 5 5  

.67  
5 

5  

Groove 
Capac i t y*  
( i n )  

.013 

, 063  

,142 

, 173  

, 2 1 1  .36 
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F i g u r e  1 5 ,  Peak b r a k i n g  f o r c e  c o e f f i c i e n t s  f o r  smooth and 
r i b - t y p e  t i r e s ,  e ach  h a v i n g  5 r i b s  and grooves  
o f  v a r i o u s  w i d t h s .  Smooth,  p o l i s h e d  c o n c r e t e ,  
Water d e p t h  a p p r o x i m a t e l y  . 0 3 5  i n c h e s .  From [ 5 ]  . 

The d a t a  shown i n  F i g u r e  1 5  i n d i c a t e  t h a t  t h e r e  i s  a 

c r i t i c a l  g roove  w i d t h ,  above which t h e r e  i s  no f u r t h e r  im- 

provement  i n  s h a l l o w - w a t e r  t r a c t i o n  pe r fo rmance .  For  t h e  

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

g roove  w i d t h  a p p e a r s  t o  b e  somewhere between .1 and . 2  i n c h e s .  

F i g u r e  16  shows s i m i l a r  r e s u l t s  found on a  c o a r s e  t e x t u r e d  

a s p h a l t  s u r f a c e  -a s u r f a c e  v e r y  d i f f e r e n t  from t h e  one on 

which t h e  d a t a  shown i n  F i g u r e  1 5  were  o b t a i n e d ,  Al though  t h e  

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

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

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

w i t h  g roove  w i d t h s  below t h e  c r i t i c a l  v a l u e .  



PEAK RESULTS 

F i g u r e  1 6 .  Peak b r a k i n g  f o r c e  c o e f f i c i e n t s  f o r  smooth and 
r i b - t y p e  t i r e s ,  each  h a v i n g  5 r i b s  and g rooves  
o f  v a r i o u s  w i d t h s .  C o a r s e ,  t e x t u r e d ,  a s p h a l t .  
Water d e p t h  abou t  , 0 3 5  i n c h e s .  From [ 5 ] .  

For  t h e  g roove  w i d t h  expe r imen t  d e s c r i b e d  above ,  t h e  

same amount o f  w a t e r  was a p p l i e d  t o  a l l  t e s t  s u r f a c e s  and 

a l l  t e s t  t i r e s  had  t h e  same groove  d e p t h .  No d a t a  was o b t a i n e d  

on t h e  e f f e c t  o f  w a t e r  d e p t h ,  o r  g roove  d e p t h ,  on c r i t i c a l  

g roove  w i d t h .  

Gengenbach [ 9 ]  per formed e x p e r i m e n t s  t o  s t u d y  t h e  e f i e c t  

o f  w a t e r  d e p t h  on t h e  maximum c o r n e r i n g  f r i c t i o n  c o e f f i c i e n t  

o b t a i n e d  i n  a  w e t t e d  i n t e r n a l  drum l a b o r a t o r y  t e s t  d e v i c e .  

S t r a i g h t - r i b  t i r e s ,  f o r  which t h e  r a t i o  o f  g roove  a r e a  t o  

g r o s s  c o n t a c t  a r e a  was v a r i e d  by chang ing  t h e  g roove  w i d t h ,  

were  t e s t e d  i n  t h r e e  w a t e r  d e p t h s .  The Gengenbach e x p e r i -  

ments  were t h u s  s i m i l a r  t o  t h o s e  of  Maycock e x c e p t  t h a t ,  by 

u s e  o f  t h e  i n t e r n a l  drum d e v i c e ,  w a t e r  d e p t h  can be c a r e f u l l y  



c o n t r o l l e d  and a c c u r a t e l y  measured .  The r e s u l t s ,  shown i n  

F i g u r e  1 7 ,  i n d i c a t e  t h a t  t h e  c r i t i c a l  groove w id th  i n c r e a s e s  

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

Wclf e r 
Depth 

/ 2 ,  "I- 
.# ' 

A l l  T e s t s  
a t  80  km/hr 

0 1 .2 3 .4 
Groove Area/Gross  Contac t  Area 

F i g u r e  17 .  E f f e c t  of  t h e  r a t i o  (g roove  a r e a ) / ( g r o s s  c o n t a c t  a r e a )  
on maximum c o r n e r i n g  f r i c t i o n  c o e f f i c i e n t  o b t a i n e d  
a t  t h e  i n d i c a t e d  w a t e r  d e p t h s .  From 191 .  

The e f f e c t  of  t r e a d  wear ha s  been i n v e s t i g a t e d  a t  t h e  

Road Research  Labo ra to ry  by S t augh ton  (101.  A p a i r  of  h i g h -  

way- type  au tomobi le  t i r e s  w i t h  f o u r  z i g - z a g  c i r c u m f e r e n t i a l  

g rooves  and s i p e s ,  opening i n t o  t h e  g rooves ,  was t e s t e d  f o r  



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  a t  t h r e e  

speeds  (50 ,  80,  and 130 km/hr) on s i x  d i f f e r e n t  s u r f a c e s .  

The grooves  were i n i t i a l l y  8 . 4  mm deep .  Tread wear was 

o b t a i n e d  by normal  d r i v i n g  and t i r e s  were t e s t e d  a t  5000 

km i n t e r v a l s  u n t i l  t h e  t r e a d  had worn t o  a  groove dep th  of 2 m m .  

The b r a k i n g  t e s t s  were t h e n  c o n t i n u e d  a t  500 km i n t e r v a l s  

u n t i l  t h e  t i r e s  were smooth.  

The peak b r a k i n g  f r i c t i o n  c o e f f i c i e n t s  o b t a i n e d  on two 

s m o o t h - t e x t u r e d  s u r f a c e s  a r e  shown i n  F i g u r e  1 8 .  The 50 

km/hr d a t a  e x h i b i t  a  d e f i n i t e  b r eak  p o i n t  on bo th  s u r f a c e s  

shown i n  F i g u r e  18 .  Brak ing  f o r c e  d e c r e a s e s  v e r y  r a p i d l y  

w i t h  d e c r e a s i n g  groove dep th  beyond t h e  b r e a k  p o i n t ,  o r  

c r i t i c a l  groove d e p t h ,  which appea r s  t o  depend on w a t e r  

d e p t h .  ( S i n c e  b o t h  s u r f a c e s  a r e  s m o o t h - t e x t u r e d ,  t h e y  may b e  

expec t ed  t o  show s i m i l a r  d r a i n a g e  c a p a b i l i t i e s . )  

The 80 and 130 km/hr d a t a  shown i n  F i g u r e  18 do n o t  

e x h i b i t  w e l l - d e f i n e d  b r e a k  p o i n t s ,  p o s s i b l y  b e c a u s e ,  a t  

h i g h e r  s p e e d s ,  t h e  d r a i n a g e  p r o v i d e d  by t h e  s i p e s  becomes 

i m p o r t a n t .  A t  low s p e e d s ,  d r a i n a g e  by t h e  main grooves  i s  

adequa t e -p rov ided  t h e  g rooves  exceed  t h e  c r i t i c a l  groove 

dep th  . 
The d a t a  o f  May cock ,  Gengenbach and S t augh ton  , reviewed 

above,  c l e a r l y  show t h a t  groove w i d t h ,  groove d e p t h ,  and w a t e r  

dep th  a r e  somehow i n t e r r e l a t e d  w i t h  r e s p e c t  t o  wet  t r a c t i o n  

per formance .  The d i m e n s i o n l e s s  p a r a m e t e r ,  y l ,  d e f i n e d  e a r l i e r  

a s  t h e  r a t i o  o f  groove c a p a c i t y ,  g ,  t o  w a t e r  d e p t h ,  h ,  

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

e x p e c t  t h a t  e x p e r i m e n t a l  d a t a  on t h e  e f f e c t s  of  groove w i d t h ,  

groove d e p t h ,  and w a t e r  dep th  from s e p a r a t e  i n v e s t i g a t i o n s  
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F i g u r e  1 8 .  E f f e c t  o f  t r e a d  wear on peak  b r a k i n g  f r i c t i o n  
c o e f f i c i e n t  measured on two s m o o t h - t e x t u r e d  
s u r f a c e s  w i t h  a v e r a g e  t e x t u r e  d e p t h  of .1 mm 
( sand  p a t c h  measurement) .  From [ l o ]  . 



cou ld  be  c o r r e l a t e d  by u s i n g  t h e  p a r a m e t e r  Y 1 .  I n  p r a c t i c e ,  

however ,  t h i s  i s  r a r e l y  p o s s i b l e  because  r e s e a r c h e r s  seldom 

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

a b l e  one t o  e v a l u a t e  g  and because  t h e r e  ha s  been no s t a n -  

d a r d  p r o c e d u r e  u sed  f o r  measur ing  w a t e r  d e p t h .  

I n  t h e  c a s e  of  Maycock's groove w i d t h  e x p e r i m e n t s ,  t h e  

v a l u e s  o f  g can b e  e a s i l y  computed and a r e  l i s t e d  i n  Tab l e  2 .  

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

i s  s u b j e c t  t o  some u n c e r t a i n t y  b u t  i s  s t a t e d  t o  be .02--04 

i n c h e s .  F i g u r e  1 9  shows peak b r a k i n g  f o r c e  c o e f f i c i e n t s ,  

measured by Maycock, p l o t t e d  a g a i n s t  Y I ,  computed w i t h  an 

assumed w a t e r  d e p t h  of  - 0 3  i n c h e s .  

Peak Dm kin) 

F i g u r e  1 9 .  Peak b r a k i n g  f o r c e  c o e f f i c i e n t  v s .  Y f o r  s t r a i g h t -  
r i b  t i r e s  on t h r e e  s u r f a c e s .  Rib w i a t h ,  groove 
d e p t h ,  and w a t e r  d e p t h  h e l d  c o n s t a n t .  Groove 
w i d t h  v a r i e s  from . 0 2  t o  - 3 6  i n c h e s .  Data  from [ S ] .  



The s m a l l  q u a n t i t y  o f  d a t a  used  i n  c o n s t r u c t i n g  Figure  

1 9  i s  i n s u f f i c i e n t  t o  pe rmi t  d e f i n i t e  conc lus ions  t o  be 

drawn concern ing  t h e  u s e f u l n e s s  of  t h e  pa ramete r ,  y l .   ore- 
o v e r ,  i n  Maycock's expe r imen t s ,  on ly  groove width  was v a r i e d .  

However, t h e  d a t a  i n  F igure  19 appears  t o  i n d i c a t e  t h a t  when 

t i r e  and s u r f a c e  c o n d i t i o n s  a r e  such t h a t  yl  drops below 

about  4 . 0 ,  a  d e f i n i t e  dec rease  i n  wet b rak ing  f r i c t i o n  may 

be expec ted  i n  sha l low w a t e r .  

S u r f a c e  Tex tu re .  Pavement s u r f a c e  t e x t u r e  f a c i l i t a t e s  

t h e  removal of  t h e  squeeze  f i l m  by p r o v i d i n g  d r a i n a g e  passages  

t h a t  remain open even when t h e  t i r e  makes c o n t a c t  w i t h  t h e  

s u r f a c e  a s p e r i t i e s .  I t  i s  w e l l  known t h a t ,  i f  s u r f a c e  t e x -  

t u r e  i s  s u f f i c i e n t l y  rough ( m a c r o t e x t u r e ) ,  a  smooth t i r e  

w i l l  per form a t  l e a s t  as  w e l l  a s ,  and sometimes b e t t e r  t h a n ,  

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

t h e r e f o r e  be done on s u r f a c e s  having  a  n e g l i g i b l e  macro tex tu re  

s o  t h a t  t r e a d  p a t t e r n  d r a i n a g e  e f f e c t s  w i l l  dominate .  How- 

e v e r ,  t h e  t e s t  s u r f a c e  shou ld  have a  h a r s h  m i c r o t e x t u r e  t o  

p r o v i d e  a  h i g h  i n i t i a l  (low speed)  f r i c t i o n  whi l e  p r o v i d i n g  

ve ry  l i t t l e  d r a i n a g e .  



2 . 2 . 3  INTERMEDIATE WATER DEPTHS. The p r e c e d i n g  s e c t i o n s  

have examined t i r e  b e h a v i o r  a t  t h e  two ex t r emes  o f  wet  t r a c -  

t i o n  p e r f o r m a n c e :  i n  s h a l l o w  w a t e r  where g roove  f low does  n o t  

o c c u r ,  and i n  deep w a t e r  where g roove  f low must  o c c u r .  Some 

p ro found  d i f f e r e n c e s  i n  t i r e  h y d r o p l a n i n g  b e h a v i o r  were  n o t e d :  

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

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

does  n o t  o c c u r  i n  s h a l l o w  w a t e r  ( s e e  F i g .  7 ) .  To e x p l a i n  

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

f low on t h e  squeeze  f i l m  p r o c e s s  i n  i n t e r m e d i a t e  w a t e r  d e p t h s  

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

Groove Flow E f f e c t s .  G la s s  p l a t e  o b s e r v a t i o n s  [3 ]  

show t h a t  p a r t i a l  h y d r o p l a n i n g  due t o  p e n e t r a t i o n  o f  a  squeeze  

f i l m  i n t o  t h e  c o n t a c t  r e g i o n  o c c u r s  i n  deep w a t e r  i n  much 

t h e  same manner a s  i n  s h a l l o w  w a t e r .  I n  deep w a t e r ,  however ,  

a s  t h e  t o t a l  h y d r o p l a n i n g  s p e e d  i s  app roached ,  t h e  w a t e r  

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

r e g i o n ,  p r o d u c i n g  an e q u a l l y  r a p i d  l o s s  o f  f r i c t i o n  capa -  

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

a t  a  much l ower  speed  i n  deep w a t e r  t h a n  i n  s h a l l o w  w a t e r .  

Th i s  phenomenon, v i z ,  t h e  a b r u p t  o n s e t  o f  t o t a l  h y d r o p l a n i n g  

i n  deep  w a t e r ,  can be  e x p l a i n e d  by c o n s i d e r a t i o n  o f  t h e  

hydrodynamic p r e s s u r e  deve loped  i n  t h e  t r e a d  g r o o v e s ,  which 

a r e  f l o o d e d  a t  a l l  s peeds  i n  deep w a t e r .  

I t  was s t a t e d  p r e v i o u s l y  t h a t  a  p r ima ry  f u n c t i o n  o f  t h e  

t r e a d  g rooves  i s  t o  p r o v i d e  a  low p r e s s u r e  boundary  t o  t h e  

squeeze  f i l m  t r a p p e d  b e n e a t h  t h e  t r e a d  r i b s .  I f  t h e  g rooves  

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

p r e s s u r e  p r e v a i l s  a s  t h e  l o w - p r e s s u r e  boundary  t o  t h e  squeeze  

f i l m .  I n  deep w a t e r ,  g roove  p r e s s u r e  i n c r e a s e s  i n  o r d e r  t o  

m o t i v a t e  t h e  f low of  w a t e r ,  



Horne and Joyner  [ 2 ]  have measured hydrodynamic p r e s -  

s u r e s  i n  t h e  grooves and benea th  t h e  t r e a d  r i b s  of  an a i r -  

c r a f t  t i r e  having  s t r a i g h t ,  c i r c u m f e r e n t i a l  grooves .  The 

p r e s s u r e s  found i n  t h e  c e n t e r  groove and beneath  an a d j a c e n t  

r i b  a r e  shown as  a  f u n c t i o n  of speed i n  F igure  2 0 .  Distri-  

b u t i o n s  of  p r e s s u r e  ove r  t h e  c o n t a c t  l e n g t h  a r e  shown i n  F ig -  

u r e  2 1 ,  t aken  from [ 2 ] .  The d a t a  i n  F igure  2 0  show t h a t  

as  speed  i n c r e a s e s ,  groove p r e s s u r e  b u i l d s  up and t h e  d i f -  

f e r e n c e  i n  p r e s s u r e  between groove and r i b  d e c r e a s e s .  

Dynamic P r e s s u r e  
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F i g u r e  2 0 .  Speed s e n s i t i v i t y  of  hydrodynamic p r e s s u r e  i n  
c e n t e r  groove and benea th  an a d j a c e n t  r i b .  
Water depth  about  1 i n c h .  From [ 2 ] .  
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about  1 . 0  i n c h e s .  From [ 2 ] .  



S i n c e  t h e  r a t e  o f  squeeze  f i l m  e x p u l s i o n  from b e n e a t h  t h e  

r i b  depends on t h e  g r o o v e - r i b  p r e s s u r e  d i f f e r e n c e ,  i t  f o l -  

lows t h a t  t h e  b u i l d - u p  o f  groove hydrodynamic p r e s s u r e  w i l l  

i n h i b i t  squeeze  f i l m  e x p u l s i o n  and r e s u l t  i n  more o f  t h e  

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

be t h e  c a s e  a t  t h e  same speed  i n  s h a l l o w  w a t e r .  

A t  a  c e r t a i n  s p e e d ,  g roove  p r e s s u r e  becomes e q u a l  t o  

t h e  p r e s s u r e  on t h e  squeeze  f i l m  b e n e a t h  t h e  r i b s .  A t  t h i s  

s p e e d ,  t h e  g rooves  a r e  s a i d  t o  be  "choked" and no l o n g e r  

p r o v i d e  a  l o w - p r e s s u r e  boundary f o r  t h e  squeeze  f i l m  b e n e a t h  a  

r i b .  A f u r t h e r  i n c r e a s e  i n  speed  canno t  i n c r e a s e  t h e  g roove  f low 

r a t e  s o  t h e  w a t e r  e n t e r i n g  t h e  c o n t a c t  r e g i o n  i s  accommodated 

by s e p a r a t i o n  o f  t h e  t i r e  from t h e  r o a d  s u r f a c e .  The groove 

choke s p e e d  i s  a l s o  t h e  speed  of  t o t a l  dynamic h y d r o p l a n i n g .  



C r i t i c a l  Water Depth.  A t  t h i s  p o i n t ,  two q u e s t i o n s  

n a t u r a l l y  a r i s e :  ( I )  how does hyd rop l an ing  occu r  i n  i n t e r -  

med ia t e  w a t e r  d e p t h s ,  and (2)  how t h i c k  must t h e  w a t e r  f i l m  

b e  i n  o r d e r  t h a t  t h e  s t a t e m e n t s  r e g a r d i n g  deep-water hydro-  

p l a n i n g  a r e  v a l i d ?  

S t augh ton  and Wi l l i ams  [ 4 ]  have measured spin-down speed  

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  f o r  s e v e r a l  p r o -  

d u c t i o n  t i r e s  i n  v a r i o u s  w a t e r  d e p t h s  on a  smooth c o n c r e t e  

s u r f a c e .  The r e s u l t s  o f  t h e  spin-down t e s t s  a r e  shown i n  

F i g u r e  2 2 .  For  a l l  b u t  one o f  t h e s e  t i r e s ,  an i n c r e a s e  of  

w a t e r  d e p t h  above about  5 mm ( . 2 0  i n . )  ha s  no e f f e c t  on t h e  

hyd rop l an ing  s p e e d .  T i r e  1, which m a i n t a i n e d  f r i c t i o n  capa -  

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

t i r e  w i t h  an open t r e a d  p a t t e r n  which c o n t a i n s  t r a n s v e r s e  

g rooves .  T i r e s  2 and 3 have s t a n d a r d ,  h ighway- type  p a t t e r n s ;  

t i r e s  4 and 5 have no e f f e c t i v e  p a t t e r n .  

F i g u r e  23 shows t h e  i n f l u e n c e  o f  w a t e r  dep th  on t h e  

speed  s e n s i t i v i t y  of  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 .  

Moderate w a t e r  dep th s  1 .06 -  . I 6  i n . )  a r e  found t o  have a 

s i g n i f i c a n t  i n f l u e n c e  on b r a k i n g  pe r fo rmance ,  w h i l e  i n c r e a s i n g  

t h e  dep th  from - 1 6  i n c h e s  t o  . 4 0  i n c h e s  has  v e r y  l i t t l e  e f -  

f e c t .  Horne [ I ]  conduc ted  a  s i m i l a r  w a t e r  dep th  s t u d y  u s i n g  

a  6 .70 -15  b i a s - p l y ,  r i b - t r e a d ,  au tomob i l e  t i r e  and found t h a t  

i n c r e a s i n g  w a t e r  d e p t h  caused  a  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  up t o  a  dep th  o f  abou t  . 2  i n c h e s  and no f u r t h e r  l o s s  

o f  f r i c t i o n  o c c u r r e d  a t  a  w a t e r  d e p t h  o f  , 3  i n c h e s .  I t  appea r s  

t h a t ,  f o r  a  t y p i c a l  p a t t e r n e d  au tomobi le  t i r e ,  most o f  t h e  

l o s s  of  f r i c t i o n  c a p a b i l i t y ,  a s  w a t e r  dep th  i n c r e a s e s ,  o c c u r s  

i n  d e p t h s  below a  f i l m  t h i c k n e s s  of  . 1 6 - . 2 0  i n c h e s .  The 

e x p e r i m e n t a l  d a t a  appea r  t o  e x h i b i t  a  d e f i n i t e  w a t e r  d e p t h ,  

above which no f u r t h e r  l o s s  o f  t i r e - r o a d  f r i c t i o n  w i l l  o c c u r .  

Th i s  l e v e l  i s  c a l l e d  t h e  " c r i t i c a l  w a t e r  dep th"  and may be 

viewed a s  a  lower  bound t o  t h e  w a t e r  d e p t h s  i n  which deep-wate r  

h y d r o p l a n i n g  phenomena w i l l  o c c u r .  
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LOCKED-WHEEL 8 R A U  lNG 

Speed ( k m / h )  

F i g u r e  23. E f f e c t  o f  w a t e r  d e p t h  on locked-whee l  b r a k i n g  
c o e f f i c i e n t s .  F u l l y  p a t t e r n e d  b i a s - p l y  t i r e .  
From [ 4 ] .  



I f  i t  i s  assumed t h a t  t h e  t e s t  t i r e s  had an average  

groove c a p a c i t y ,  g ,  of roughly  - 0 8  i nches  ( a  v a l u e  which 

i s  t y p i c a l  f o r  highway-type passenger  c a r  t i r e s ) ,  t h e n  i t  

may be s p e c u l a t e d  t h a t  deep-water  hydroplaning  c o n d i t i o n s  

p r e v a i l  i f  t h e  pa ramete r  y1 = g/h  i s  l e s s  than  - 5 .  There 

i s ,  a t  t h i s  t i m e ,  no exper imen ta l  s u b s t a n t i a t i o n  of  t h i s  

v a l u e , s i n c e  w a t e r  depth  s t u d i e s  have n o t  been performed on 

t i r e s  having  t r e a d  p a t t e r n s  which e x h i b i t  a  broad  range of  

groove c a p a c i t i e s .  

depth  

i n s u f  

s u b s t  

t h e  e  

s e v e r  

capac 

I t  has  a l s o  been sugges ted  t 

i s  e q u a l  t o  t h e  average  g r o  

f i c i e n t  expe r imen ta l  d a t a  t o  

a n t i a t i o n  would r e s u l t  from 

f f e c t  of w a t e r  depth  on t h e  

a 1  t i r e s  having d i f f e r e n t  g r  

i t i e s .  

h a t  t h e  c r i t i c a l  wa te r  

ove d e p t h ,  b u t  t h e r e  i s  

s u b s t a n t i a t e  t h i s .  Su 

an exper imen ta l  s t u d y  o  

b r a k i n g  f o r c e s  produced 

oove depths  b u t  equal  g 

c  h  

f 

by 
roove 

I t  has  been e x p e r i m e n t a l l y  e s t a b l i s h e d  t h a t ,  a t  a  c e r t a i n  

s p e e d ,  t h e  grooves of  a  t i r e  t r a v e l i n g  through deep wa te r  

become "choked" when groove f low r a t e  i s  such t h a t  groove 

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

r e a s o n a b l e  t o  expec t  t h a t  choking w i l l  occur  a t  s m a l l e r  

w a t e r  dep ths  (dep ths  below t h o s e  c l a s s e d  as  deep wa te r )  

p rov ided  t h e r e  i s  a  s u f f i c i e n t  q u a n t i t y  of w a t e r  on t h e  road 

s u r f a c e  t o  induce  groove f low.  I t  i s  e v i d e n t ,  r e f e r r i n g  t o  

t h e  d a t a  i n  F igure  2 3 ,  t h a t  hydrodynamic p r e s s u r e  i n  t h e  

grooves i s  s t r o n g l y  dependent on wa te r  depth  a t  dep ths  below 

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

p r e c i s e l y  why wet t r a c t i o n  performance i s  ex t r emely  s e n s i -  

t i v e  t o  w a t e r  depth  below some c r i t i c a l  v a l u e  and r e l a t i v e l y  

i n s e n s i t i v e  t o  w a t e r  depth  above t h e  c r i t i c a l  v a l u e .  The 

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



Consider  t h e  hydrodynamic p r e s s u r e  measurements shown 

i n  F igure  2 1 .  A t  speeds  below t h a t  of t o t a l  hydrop lan ing ,  t h e  

p r e s s u r e  i n  a  p a r t i c u l a r  groove i s  maximum a t  t h e  l e a d i n g  edge 

of c o n t a c t  and d e c r e a s e s  t o  a  minimum n e a r  t h e  t r a i l i n g  edge .  

The groove f low r a t e ,  0 depends on t h e  water-wedge p r e s s u r e ,  
g  ' 

P ,  and t h e  groove flow r e s i s t a n c e ,  R .  

The r a t e  a t  which w a t e r  i s  i n t e r c e p t e d  by t h e  t i r e ,  4 ,  i s  

g iven  b y  eq ( l l ) ,  r e p e a t e d  below. 

S ince  t h e  p r e s s u r e  a t  t h e  l e a d i n g  end of  t h e  groove i s  

p r o p o r t i o n a l  t o  t h e  s q u a r e  of  t h e  speed  ( c f ,  eq ( 2 ) ) ,  t h e  

groove flow r a t e  must a l s o  be  p r o p o r t i o n a l  t o  t h e  squa re  of 

t h e  speed .  

Comparing e q u a t i o n s  (11) and ( 1 8 )  i t  i s  s een  t h a t  w h i l e  

groove f low r a t e  i n c r e a s e s  as  t h e  s q u a r e  of t h e  s p e e d ,  wa te r -  

i n t e r c e p t i o n  r a t e  i n c r e a s e s  l i n e a r l y  w i t h  speed  and w a t e r  

dep th .  

F i g u r e  24 i l l u s t r a t e s  t h e  above s i t u a t i o n .  The p a r a b o l i c  

l i n e  i n  F igure  2 4  i s  t h e  groove f low r a t e  ve r sus  speed  curve  

t h a t  would r e s u l t  i f  t h e  f low r a t e  were de termined on ly  by t h e  

dynamic p r e s s u r e  i n  t h e  wa te r  wedge. The s t r a i g h t  l i n e s  r e p r e s e n t  

t h e  r a t e s  a t  which d i f f e r e n t  depths  of w a t e r  a r e  i n t e r c e p t e d  by 

t h e  t i r e - the  s t e e p e s t  s t r a i g h t  l i n e  r e p r e s e n t s  a  depth  g r e a t e r  

t h a n  t h e  c r i t i c a l  d e p t h ,  hc ,  and t h e  lowest  s l o p e  l i n e  r e p r e s e n t s  

t h e  i n t e r c e p t i o n  r a t e  when t h e  depth  i s  l e s s  than  t h e  c r i t i c a l  

depth  . 



Speed ,  V 

F i g u r e  2 4 .  E f f e c t  o f  wa te r  d e p t h  and speed  on groove  f l o w  r a t e s .  



When t h e  d e p t h  i s  above c r i t i c a l ,  t h e  amount o f  w a t e r  

i n t e r c e p t e d  by t h e  t i r e  exceeds  t h e  amount f l owing  t h rough  

t h e  g rooves  a t  a l l  speeds  up t o  t h e  t o t a l  hyd rop l an ing  speed*  

V h l ,  a t  which t ime  t h e  g rooves  become choked.  When t h e  d e p t h  

i s  below c r i t i c a l ,  t h e r e  i s  a  speed  ( a t  p o i n t  A i n  F i g u r e  24) 

f o r  which t h e  groove f low r a t e  i s  l i m i t e d  by t h e  w a t e r - i n t e r -  

c e p t i o n  r a t e ,  4 .  Beyond t h i s  speed  t h e  groove f low r a t e  s imply  

f o l l o w s  t h e  i n t e r c e p t i o n  r a t e  l i n e  and choking w i l l  o ccu r  

a t  a  much h i g h e r  speed .  A t  s peeds  below t h e  c r o s s - o v e r  p o i n t  

( A ) ,  t h e r e  i s  a  s u f f i c i e n t  amount o f  w a t e r  a v a i l a b l e  t o  

m a i n t a i n  a  w a t e r  wedge and t h e  c o r r e s p o n d i n g  groove f l ow  r a t e ,  

G g .  A t  s peeds  above p o i n t  A ,  t h e  w a t e r  wedge i s  s u p p r e s s e d  

because  t h e  q u a n t i t y  of w a t e r  r e q u i r e d  t o  m a i n t a i n  a  groove 

f low r a t e  compa t ib l e  w i t h  t h e  e x i s t a n c e  of  a  w a t e r  wedge 

( v i z ,  a G g  which v a r i e s  p a r a b o l i c a l l y  w i t h  speed )  i s  n o t  

a v a i l a b l e .  Some i n v e s t i g a t o r s  have ,  i n  f a c t ,  n o t e d  a  sup -  

p r e s s i o n  of t h e  w a t e r  wedge and t h e  accompanying forward  

s p r a y  a s  speed  i s  i n c r e a s e d  i n  moderate  w a t e r  d e p t h s  [ I l l .  

A t  w a t e r  d e p t h s  below c r i t i  

r e q u i r e d  f o r  groove c h o k i n g ,  and 

o c c u r .  When groove f low r a t e  i s  

r a t e ,  t h e  groove f l ow  r a t e ,  and 

p r o p o r t i o n a l  t o  w a t e r  d e p t h .  Th 

t r a c t i o n  c a p a b i l i t y  i s  dependent  

below t h e  c r i t i c a l  v a l u e .  

c a l ,  a  speed  Vh2 > Vhl i s  

t o t a l  hydrop lan ing** ,  t o  

l i m i t e d  by w a t e r  i n t e r c e p t i o n  

hence t h e  groove p r e s s u r e  i s  

. i s  a n a l y s i s  e x p l a i n s  why t i r e  

on w a t e r  d e p t h  a t  d e p t h s  

Also  shown i n  F i g u r e  24 i s  t h e  w a t e r - i n t e r c e p t i o n  r a t e  

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

o f  t h e  l i n e  w i t h  t h e  groove f low r a t e ,  G g ,  cu rve  o c c u r s  a t  t h e  

speed  o f  t o t a l  dynamic hyd rop l an ing  ( p r e d i c t e d  by  t h e  Horne e q u a t i o n ) .  

* Thi s  i s  t h e  deep-wate r  hyd rop l an ing  speed  p r e d i c t e d  by t h e  
Horne e q u a t i o n  ( 1 0 ) .  

* *  F a i l u r e  t o  e x p e l  t h e  squeeze  f i l m  can cause  t o t a l  jiydro- 
p l a n i n g  a t  a  speed  lower  t h a n  V . 

h2 



A t  t h i s  p a r t i c u l a r  p o i n t ,  groove f low r a t e  no l o n g e r  i n c r e a s e s  

and t h e  a d d i t i o n a l  wa te r  i n t e r c e p t e d  a t  h i g h e r  speeds  s imply 

s l i d e s  benea th  t h e  hydroplaning  t i r e ,  groove p r e s s u r e  becomes 

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

I f  t h e  above t h e o r y  i s  c o r r e c t ,  c r i t i c a l  w a t e r  depth  can 

be  d e f i n e d  as  t h a t  depth  n e c e s s a r y  t o  supp ly  a  s u f f i c i e n t  q u a n t i t y  

of wa te r  t o  choke t h e  t r e a d  grooves w h i l e  m a i n t a i n i n g  a  w a t e r  

wedge. The c r i t i c a l  v a l u e  would depend on t h e  e a s e  w i t h  which 

w a t e r  can be made t o  f low through t h e  g rooves ,  which would, i n  

t u r n ,  depend upon groove c a p a c i t y  (number of g rooves ,  groove 

w i d t h ,  and groove dep th )  as  w e l l  as  t h e  p a t t e r n  of  t h e  g rooves ,  

e . g . ,  a  z i g - z a g  groove would o f f e r  g r e a t e r  f low r e s i s t a n c e  t h a n  

a  s t r a i g h t  groove .  

I n  t h e  above t h e o r y ,  i t  i s  n e c e s s a r y  t o  d i s t i n g u i s h  between 

phenomena o c c u r r i n g  i n  t h e  c o n t a c t  r e g i o n  of  locked and r o l l i n g  

wheels .  With a  locked wheel ,  a l l  wa te r  i n t e r c e p t e d  by t h e  t i r e  

i s  a v a i l a b l e  f o r  groove f low.  When t h e  wheel i s  r o l l i n g ,  some 

o f  t h e  w a t e r  i s  e f f e c t i v e l y  absorbed by t h e  t r e a d  grooves a s  

they  pass  through t h e  c o n t a c t  r e g i o n .  The amount of  wa te r  

a v a i l a b l e  f o r  groove f low under  a  r o l l i n g  t i r e  i s  g iven  by 

The above e q u a t i o n  i n d i c a t e s  t h a t  t h e  c r i t i c a l  wa te r  depth  

f o r  a  f r e e - r o l l i n g  t i r e  should  exceed t h a t  of a  locked-wheel 

t i r e  by an amount equal  t o  t h e  groove c a p a c i t y ,  g .  When t h e  

wheel i s  braked  b u t  n o t  locked ,  as  i n  t h e  g e n e r a t i o n  o f  peak 

t r a c t i o n  f o r c e ,  t h e  c r i t i c a l  w a t e r  dep th  would be reduced 

p r o p o r t i o n a t e l y .  U n f o r t u n a t e l y ,  no d a t a  has  been found i n  t h e  

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

Although t h e r e  i s  i n s u f f i c i e n t  d a t a  t o  prove  t h e  v a l i d i t y  

of  t h e  c r i t i c a l  wa te r  depth  t h e o r y  p r e s e n t e d  above,  t h i s  t h e o r y  



i s  c o n s i s t e n t  w i th  s e v e r a l  a s p e c t s  of t i r e  behavior  t h a t  have 

been observed i n  t e s t s  conducted i n  deep water  and i n  i n t e r -  

media te  water  dep ths .  

A d d i t i o n a l  exper imenta l  evidence i n  suppor t  of  t h e  

proposed t h e o r y  c o n s i s t s  of t h e  o b s e r v a t i o n  t h a t  wa te r  depth  

has  very l i t t l e  e f f e c t  on t h e  wet t r a c t i o n  performance of a  

smooth- t read  t i r e  on a  smooth s u r f a c e .  No c r i t i c a l  water  depth 

i s  apparent  and t o t a l  hydroplaning  has been observed a t  t h e  

speed p r e d i c t e d  by t h e  Horne equa t ion  i n  wa te r  depths  a s  low a s  

. 0 4  i n .  [3]. This f i n d i n g  i s  c o n s i s t e n t  w i t h  t h e  above t h e o r y ,  

i n  t h a t ,  a s  groove c a p a c i t y  approaches z e r o ,  t h e  c r i t i c a l  water  

depth  should  a l s o  approach zero .  



2 . 3  VISCOUS HYDROPLANING 

The p r e c e d i n g  s e c t i o n  on dynamic h y d r o p l a n i n g  has  been  

conce rned  w i t h  phenomena which i n v o l v e  t h e  movement of  

r e l a t i v e l y  l a r g e  q u a n t i t i e s  of  w a t e r ,  namely,  wa te r -wedge  

f l o w ,  g roove  f l o w ,  and t h e  f o r m a t i o n  o f  r e l a t i v e l y  t h i c k  

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

t r a v e l i n g  o v e r  g l a s s  p l a t e s .  I n  t h e s e  c a s e s  t h e  hydrodynamic 

p r e s s u r e s  which deve lop  t o  t h e  p o i n t  o f  s e p a r a t i n g  t h e  t i r e  

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

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

does  n o t  imply t h a t  v i s c o s i t y  ha s  no e f f e c t  on t r e a d  p a t t e r n  

hydrodynamics l e a d i n g  t o  dynamic h y d r o p l a n i n g .  I n  c o n s i d e r i n g  

w a t e r  f l ow  th rough  t r e a d  g r o o v e s ,  f o r  example ,  t h e r e  i s  l i t t l e  

doubt  t h a t  t h e  p r e s s u r e  g r a d i e n t  which s u s t a i n s  t h e  f l ow  i n  a  

g roove  c h a n n e l  i s  i n f l u e n c e d  by v i s c h s i t y .  However, t h e  

p r e s s u r e  t h a t  i n i t i a t e s  and m o t i v a t e s  g roove  f l ow  o r i g i n a t e s  

i n  t h e  w a t e r  wedge r e g i o n  where v i s c o s i t y  e f f e c t s  a r e  n e g l i g i b l e .  

I n  t h e  c a s e  of squeeze  f i l m s  which can e x i s t  b e n e a t h  t r e a d  

r i b s ,  i t  c a n  b e  shown* t h a t  f l u i d  i n e r t i a  e f f e c t s  domina te  

u n t i l  t h e  f i l m  t h i c k n e s s  i s  r educed  t o  a b o u t  , 0 0 5  i n . ,  where 

v i s c o u s  s h e a r  f o r c e s  w i l l  domina t e .  Under c e r t a i n  c o n d i t i o n s ,  

t h i n ,  v i s c o u s  f i l m s  w i l l  form i n  t h e  t i r e - r o a d  c o n t a c t  

r e g i o n  and p roduce  a  d i f f e r e n t  t y p e  of h y d r o p l a n i n g  phenome;la, 

c a l l e d  " v i s c o u s  h y d r o p l a n i n g  . I f  

S u r f a c e  T e x t u r e .  As d i s c u s s e d  p r e v i o u s l y ,  l a r g e  

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

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

d r a i n a g e  c h a n n e l s  which remain open a s  t h e  t i r e  makes 

c o n t a c t  w i t h  t h e  r o a d  s u r f a c e .  Expe r imen ta l  s t u d i e s  o f  t h e  

e f f e c t  of s u r f a c e  t e x t u r e  on wet b r a k i n g  f r i c t i o n  1 6 1  have 

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

t e x t u r e  d e p t h  above which t h e r e  i s  no f u r t h e r  improvement 

i n  wet  t r a c t i o n .  For t y p i c a l  highway s p e e d s ,  t h i s  v a l u e  a p p e a r s  
t o  be abou t  , 0 2 5  i n .  
*This  w i l l  be  shown i n  S e c t i o n  3 . 2  by an a n a l y s i s  o f  t h e  

s q u e e z e - f i l m  e q u a t i o n  d e r i v e d  by Kuzma [ 2 2 ] .  



Sabey [12]  ha s  measured t h e  e f f e c t  o f  t e x t u r e  d e p t h  on 

t h e  wet b r a k i n g  f r i c t i o n  of a  smooth t r e a d  au tomob i l e  t i r e .  

I n  t h i s  i n v e s t i g a t i o n ,  s h e  found t h a t ,  w i t h  a  t e x t u r e  d e p t h  

o f  . 0 1  i n . ,  a  v e r y  low v a l u e  of b r a k i n g  f r i c t i o n  can be  e x p e c t e d  

a t  80 mph even i f  t h e  v a l u e  a t  30 mph i s  h i g h .  I.Iowever, a  

t e x t u r e  d e p t h  o f  , 0 2 5  i n .  w i l l  g e n e r a l l y  i n s u r e  t h a t  t h e  b r a k i n g  

f r i c t i o n  a t  80 rnph i s  a t  l e a s t  75  p e r c e n t  o f  t h e  v a l u e  of  30 

mph. I t  t h u s  a p p e a r s  t h a t  m a c r o t e x t u r e  d e t e r m i n e s  t h e  r a t e  a t  

which speed  deg rades  t h e  wet  f r i c t i o n  o f  a smooth t r e a d e d  t i r e .  

The i n f l u e n c e  o f  m a c r o t e x t u r e  on t h e  f r i c t i o n  g e n e r a t e d  by a  

p a t t e r n l e s s  t r e a d  i s  e v i d e n t  i n  t h e  , 0 1  t o  , 025  i n .  r ange  o f  

ave rage  t e x t u r e  d e p t h .  

I t  ha s  o f t e n  been  o b s e r v e d ,  however ,  t h a t  even rough 

s u r f a c e s  can produce  a  low l e v e l  o f  f r i c t i o n  a t  low s p e e d s .  

Th is  r e s u l t  o c c u r s  on s u r f a c e s  whose g r o s s  roughness  f e a t u r e s  

have been  worn t o  a  p o l i s h e d  smoothness .  Such a  s u r f a c e  i s  s a i d  

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

When such  a  s u r f a c e  i s  w e t ,  a  t h i n  l u b r i c a t i n g  w a t e r  f i l m ,  

o n l y  a few thousands  o f  an i n c h  t h i c k ,  o r  l e s s ,  can s e p a r a t e  

t h e  t i r e  from t h e  road  s u r f a c e  a t  p o i n t s  where c o n t a c t  would 

no rma l ly  occu r  were t h e  s u r f a c e  d r y .  The r e s u l t i n g  t h i n ,  

v i s c o u s  f i l m  i s  e x t r e m e l y  t e n a c i o u s  and ,  once formed,  can 

c o n t i n u e  t o  e x i s t  t h roughou t  t h e  c o n t a c t  t r a n s i t .  The problem 

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

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

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

I t  i s  t h e  " m i c r o t e x t u r e "  o f  t h e  pavement t h a t  s e r v e s  t o  

i n h i b i t  v i s c o u s  f i l m  l u b r i c a t i o n .  As t h e  name i m p l i e s ,  

t h i s  t e x t u r e  i s  o f  m i c r o s c o p i c  d imens ion ,  i n v o l v i n g  a s p e r i t y  

h e i g h t s  o f  a  few thousand ths  o f  an  i n c h  o r  l e s s .  These mic ro -  
a s p e r i t i e s  p r o v i d e  p o i n t s  o f  t i r e - r o a d  c o n t a c t  which a r e  

e x t r e m e l y  s m a l l  i n  a r e a  and i n v o l v e  ex t r eme ly  h i g h  c o n t a c t  



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

c o n t a c t  p o i n t s  where v i s c o u s  s q u e e z e  f i l m  f o r m a t i o n  i s  i n h i b i t e d ,  

A l l  s u r f a c e s  appea r  t o  be  s u b j e c t  t o  t h i n - f i l m  l u b r i c a t i o n  

t o  some e x t e n t ,  s i n c e  a  d rop  i n  f r i c t i o n  a t  low s p e e d s  i s  

a lmos t  a lways obse rved  a f t e r  t h e  a p p l i c a t i o n  o f  v e r y  s m a l l  

q u a n t i t i e s  o f  w a t e r .  As p r e v i o u s l y  n o t e d ,  t h e  e x t e n t  o f  t h i s  

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

p o l i s h ,  o r  t h e  l a c k  o f  m i c r o t e x t u r e .  I t  i s  a l s o  obse rved  t h a t  

t h e r e  i s  r e l a t i v e l y  s m a l l  speed  e f f e c t , p r o v i d e d  t h e  s u r f a c e  ha s  

adequa t e  m a c r o t e x t u r e .  These o b s e r v a t i o n s  a r e  i l l u s t r a t e d  i n  

F i g u r e  2 5 .  
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F i g u r e  2 5 .  The e f f e c t s  of m i c r o t e x t u r e  and m a c r o t e x t u r e  on 
t h e  speed  s e n s i t i v i t y  o f  wet t i r e - r o a d  f r i c t i o n .  



The t e rm  m i c r o t e x t u r e  i s  g e n e r a l l y  t a k e n  t o  mean a s p e r i t i e s  

of  m i c r o s c o p i c  s i z e  t h a t  a r e  super imposed  upon t h e  l a r g e r  macru- 

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

a l s o  be  o b t a i n e d  i f  t h e  m a c r o - a s p e r i t i e s  have s h a r p  p o i n t s  and 

e d g e s .  J u s t  how s h a r p  t h e  p o i n t s  and edges  must b e ,  and how long  

t h e y  can be  m a i n t a i n e d  under  t r a f f i c  c o n d i t i o n s ,  a r e  q u e s t i o n s  
t h a t  have y e t  t o  be  answered i n  e v a l u a t i n g  t h e  i n f l u e n c e  o f  

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

Grooves and S i p e s .  The f a c t  t h a t  low f r i c t i o n  i s  obse rved  

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

l u b r i c a t i n g  w a t e r  films can form o v e r  a r e a s  a s  s m a l l  a s  t h e  t i p s  

o f  i n d i v i d u a l  s u r f a c e  m a c r o - a s p e r i t i e s ,  S i n c e  t r e a d  g rooves  a r e  

s p a c e d  a t  l a r g e  d i s t a n c e s  r e l a t i v e  t o  t h e  s i z e  o f  such  w a t e r  f i l m s ,  

i t  might  b e  e x p e c t e d  t h a t  g rooves  a r e  n o t  e f f e c t i v e  i n  p r e v e n t i n g  

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

i n  f a c t ,  e x h i b i t  v e r y  low wet  f r i c t i o n  and show l i t t l e  o r  no  

improvement o v e r  smooth t i r e s  [ S ] .  

S i p e s ,  o r  k n i f e  c u t s ,  do a p p e a r  t o  g i v e  a  s i g n i f i c a n t  

improvement on smooth,  p o l i s h e d ,  s u r f a c e s ,  The mechanism by which 

s i p e s  improve wet  f r i c t i o n  i s  s t i l l  a  m a t t e r  o f  s p e c u l a t i o n .  

The f o l l o w i n g  f o u r  mechanisms have been s u g g e s t e d .  

1. The s h a r p  edges  o f  a  s i p e  a c t  l i k e  squeegees  i n  w ip ing  

away t h e  w a t e r  f i l m  s o  t h a t  t h e  f o l l o w i n g  t r e a d  can 

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

2 .  The s h a r p  edges  o f  a  s i p e  p r o v i d e  p o i n t s  o f  h i ~ F  

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

w a t e r  f i l m .  

3 .  The s i p e s  p r o v i d e  t emporary  l ow-p re s su re  s t o r a g e  

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

r i b s ,  t h e r e b y  r e d u c i n g  t h e  s i z e  o f  t h e  squeeze  f i l m .  

4 .  The s i p e s  t h a t  have a t  l e a s t  one end open ing  i n t o  a 

g roove  w i l l  p r o v i d e  a d d i t i o n a l  d r a i n a g e  i n  much t h e  
same manner a s  s u r f a c e  m a c r o t e x t u r e .  (Th is  mechanism 

h a s  been conf i rmed  by g l a s s  p l a t e  o b s e r v a t i o n s  [ 3 ]  .)  



I t  i s  p o s s i b l e  t h a t  a l l  of t h e  above mechanisms have a  r o l e  

i n  t h e  p r e v e n t i o n  of  v i scous  hydrop lan ing  under  c e r t a i n  c o n d i t i o n s .  

The f i r s t  mechanism (squeegee a c t i o n )  cou ld  o p e r a t e  only  i f  t h e r e  

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

s i p e .  The o r i e n t a t i o n  of t h e  s i p e  i s  t h e r e f o r e  i m p o r t a n t .  

The second mechanism cou ld  make a  c o n t r i b u t i o n  when t h e r e  a r e  

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

such a  way t h a t  t h e  s i p e  edge i s  p r e s s e d  a g a i n s t  t h e  pavement. 

S i p e  o r i e n t a t i o n  would be impor tan t  h e r e  a l s o .  The t h i r d  

mechanism would app ly  t o  s i p e s  t h a t  a r e  " l and- locked"  (do n o t  

open i n t o  a  groove)  and would on ly  be e f f e c t i v e  f o r  a  r o l l i n g  

t i r e .  I f  t h e  s i p e s  a r e  n o t  " l a n d - l o c k e d , "  a s  w i t h  t h e  f o u r t h  

mechanism, d r a i n a g e  w i l l  occur  i n  bo th  r o l l i n g  and s l i d i n g  t i r e  

motion.  

I t  would seem t h a t  t h e  o r i e n t a t i o n  o f  t h e  s i p e s  may 

de te rmine  t h e  r e l a t i v e  c o n t r i b u t i o n  of  t h e  f i r s t  two mechanisms 

i n  c o r n e r i n g  and b r a k i n g .  A t r a n s v e r s e  s i p e  should  be more 

e f f e c t i v e  i n  b r a k i n g  than  i n  co rne r ing ,and  t h e  o p p o s i t e  would 

be t r u e  o f  a  l o n g i t u d i n a l  s i p e .  Most p r o d u c t i o n  t i r e s  have 

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

p l a n e .  

There i s  q u i t e  l i k e l y  a road  s u r f a c e  i n f l u e n c e  on t h e  

e f f e c t  of  s i p e s .  The d r a i n a g e  mechanisms ( 3  and 4 )  w i l l  

c o n t r i b u t e  t o  t r a c t i o n  on ly  on s u r f a c e s  t h a t  l a c k  macro tex tu re .  

The f i r s t  and second mechanisms would t e n d  t o  compensate f o r  l a c k  

of  m i c r o t e x t u r e  and would appea r  t o  be e f f e c t i v e  only  on 

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

The p reced ing  s t a t e m e n t s  have i d e n t i f i e d  s i x  t i r e  and 

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

o f  s i p e s .  

1. Number of  s i p e s  

2 .  Depth of s i p e s  

3 .  O r i e n t a t i o n  of s i p e s  



4 .  P o s i t i o n  r e l a t i v e  t o  t h e  g rooves  ( " l and - lockedn  

o r  open) 

5.  S l i p  c o n d i t i o n :  b r a k i n g  o r  c o r n e r i n g ,  l o c k e d  

o r  r o l l i n g  

6 .  S u r f a c e  m a c r o t e x t u r e  and m i c r o t e x t u r e  

I t  s h o u l d  a l s o  be  ment ioned t h a t  many t i r e s  have s i p e s  c u t  i n  such 
a  way t h a t  t h e y  a r e  open t o  t h e  g rooves  when t h e  t i r e  i s  new b u t  

become " l and - locked"  as  t h e  t i r e  wea r s .  The s i p e s  f r e q u e n t l y  

d i s a p p e a r  a s  t h e  t r e a d  w e a r s ,  even when a  s i g n i f i c a n t  groove 

d e p t h  remains .  

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

p e r m i t  t h e  i n f l u e n c e  o f  t h e  above v a r i a b l e s  on s i p e  e f f e c t i v e n e s s  

t o  be e v a l u a t e d .  A t i r e  t e s t  program n e c e s s a r y  f o r  such  an 

e v a l u a t i o n  would be  a  major  u n d e r t a k i n g .  

Moore 's  Theory.  I n  S e c t i o n  2 . 2 . 2 ,  d e a l i n g  w i t h  dynamic 

hyd rop l an ing  i n  sha l l ow  w a t e r ,  i t  was n o t e d  t h a t  locked-whee l  

b r a k i n g  f o r c e  shows a  g r e a t e r  r a t e  o f  d e c r e a s e  w i t h  i n c r e a s i n g  

speed  t h a n  does peak b r a k i n g  f o r c e .  I t  i s  w e l l  known t h a t  a  non- 

r o l l i n g  t i r e  w i l l  hyd rop l ane  a t  a  lower  speed  t h a n  w i l l  a  r o l l i n g  

t i r e .  A p a r t i a l  e x p l a n a t i o n ,  ba sed  on t h e  a b i l i t y  of  t h e  r o l l i n g  

t r e a d  grooves  t o  abso rb  some of  t h e  w a t e r ,  was p roposed  i n  

S e c t i o n  2 . 2 . 2 .  A more complete  e x p l a n a t i o n  can now be  g i v e n  by 

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

Apar t  from groove  and o t h e r  p a t t e r n  e f f e c t s  n o t e d  p r e v i o u s l y ,  

t h e  p r imary  k i n e m a t i c  d i f f e r e n c e  i n  t h e  wet c o n t a c t  r e g i o n  of  

r o l l i n g  and s l i d i n g  t i r e s  i s  t h a t  e x t e n s i v e  s h e a r  de fo rma t ion  

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

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

i m p o r t a n t  i n  s l i d i n g  t h a n  i n  r o l l i n g .  Moore 1131 has  c o n s t r u c t e d  

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

modeled a s  a  f o i l  b e a r i n g  ( t e n s i o n  t a p e )  s l i d i n g  o v e r  a  smooth 

s i n u s o i d a l  a s p e r i t y  (mac ro t ex tu re )  which i s  l u b r i c a t e d  by a  
t h i n ,  v i s c o u s ,  w a t e r  f i l m .  The d e t a i l s  o f  t h i s  t h e o r y  w i l l  n o t  

be  summarized h e r e  b u t  t h e  r e s u l t s  show t h a t  when a  t r e a d  r i b  

s l i d e s  ove r  an a s p e r i t y ,  a  w a t e r  f i l m  can be m a i n t a i n e d ,  whe rea s ,  

i f  t h e r e  were no s l i d i n g ,  t h e  f i l m  would be squeezed  away. The 
6 2 



t h i c k n e s s  of t h e  f i l m  t h a t  can be ma in ta ined  i s  shown t o  

i n c r e a s e  w i t h  i n c r e a s i n g  s l i d i n g  speed .  The t h e o r y  a l s o  shows 

t h a t  t r a c t i v e  f o r c e s  due t o  v i s c o u s  s h e a r  of  t h e  f l u i d  f i l m  

and t r e a d  rubber  h y s t e r e s i s  cannot  accoul-it f o r  t h e  l e v e l s  of 

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

e x p e r i m e n t a l l y  and ,  t h e r e f o r e ,  an adhes ion  component of 

t r a c t i v e  f o r c e  must e x i s t .  The adhes ion  component can 

c e r t a i n l y  e x i s t  i f  t h e  f i l m  t h i c k n e s s  ma in ta ined  i s  s m a l l e r  

t h a n  t h e  h e i g h t  of  t h e  m i c r o - a s p e r i t i e s  which may be 

superimposed upon t h e  macro tex tu re .  Presumably, a s  s l i d i n g  

speed  i n c r e a s e s ,  f i l m  t h i c k n e s s  i n c r e a s e s  and some of  t h e  

m i c r o - a s p e r i t i e s  become i n e f f e c t i v e .  This  i s  t h e  mechanism by 

which Moore's t h e o r y  of  v i s c o u s  hydroplaning  e x p l a i n s  t h e  

l o s s  of adhes ion  due t o  s l i d i n g  a t  t h e  t i r e - r o a d  i n t e r f a c e .  

Moore's t h e o r y  a l s o  s u g g e s t s  a n o t h e r  e x p l a n a t i o n  ( i n  

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

of s i p e s .  The rubber  t r e a d  t h a t  s l i d e s  ove r  t h e  m a c r o - a s p e r i t y  

must be cont inuous  t o  m a i n t a i n  a  l u b r i c a t i n g  wa te r  f i l m  i n  t h e  

manner p r e d i c t e d  by Moore's t h e o r y .  The s i p e ,  be ing  a  d i s -  

c o n t i n u i t y  i n  t h e  t r e a d  s u r f a c e ,  could  cause a  breakdown of t h e  

w a t e r  f i l m  i n  t h e  immediate v i c i n i t y  and t h e r e b y  i n h i b i t  v i scous  

squeeze - f i lm  format ion  and v i s c o u s  hydroplaning .  



2 . 4  THE FOUR-ZONE CONCEPT 

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

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

can  be  l o s t  a s  a  r e s u l t  o f  a w a t e r  c o v e r  on a  paved s u r f a c e .  

These mechanisms a r e  i n f l u e n t i a l  i n  d i f f e r e n t  t i r e  and r o a d  

c o n d i t i o n s .  I t  i s  u s e f u l  t o  v i s u a l i z e  e v e n t s  i n  t h e  c o n t a c t  

r e g i o n  i n  t e rms  of a  m u l t i - z o n e  t h e o r y .  Th i s  c o n c e p t  was f i r s t  

s u g g e s t e d  by Gough and was l a t e r  e x t e n d e d  by Moore. A f o u r - z o n e  
c o n c e p t ,  f o l l o w i n g  Moore, i s  d e s c r i b e d  below and i l l u s t r a t e d  i n  

F i g u r e  2 6 .  

Zone 1 - Impact  Zone 

I n  t h i s  zone ,  a  w a t e r  wedge i s  formed by impac t  o f  t h e  moving 

t i r e  a g a i n s t  t h e  s t a t i o n a r y  w a t e r  c o v e r .  Hydrodynamic p r e s s u r e ,  

which r e s u l t s  f rom momentum t r a n s f e r  by i m p a c t ,  i n c r e a s e s  a s  

t h e  s q u a r e  o f  t h e  s p e e d .  A t  a  c e r t a i n  s p e e d ,  hydrodynamic p r e s s u r e  

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

i n t o  t h e  c o n t a c t  r e g i o n .  Al though  hydrodynamic p r e s s u r e  i n  t h e  

impac t  zone h a s  a  s t r o n g  i n f l u e n c e  on t h e  f low w i t h i n  t h e  c o n t a c t  

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

l i f t  b e c a u s e  o f  t h e  s m a l l  s i z e  o f  t h i s  zone.  

Zone 2 - Thick-F i lm Zone * 
I f  s p e e d  and w a t e r  d e p t h  a r e  s u f f i c i e n t l y  h i g h ,  a  t h i c k  

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

Zone 2 .  The e x t e n t  o f  s q u e e z e - f i l m  p e n e t r a t i o n  (and Zone 2 )  

depends upon t h e  r a t i o  o f  t h e  t ime  r e q u i r e d  f o r  w a t e r  e x p u l s i o n  

t o  t h e  c o n t a c t  t r a n s i t  t i m e .  I f  t h i s  r a t i o  exceeds  u n i t y ,  t h e  

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

dynamic h y d r o p l a n i n g  o c c u r s .  

S u r f a c e  m a c r o t e x t u r e  and t r e a d  p a t  t e r n  a r e  i m p o r t a n t  

v a r i a b l e s  i n  t h i s  zone .  

*Recent  measurements of t i r e  d e f o r m a t i o n  d u r i n g  dynamic hyd ro -  
p l a n i n g  [ 2 5 ]  show t h a t  t h e  boundary  of  t h e  t h i c k - f i l m  zone i s  
h o r s e s h o e  s h a p e d ,  due t o  inward  bend ing  of  t h e  t r e a d  i n  t h e  
c e n t r a l  p o r t i o n  of  t h e  c o n t a c t  r e g i o n .  



Zone 3 - Draping  Zone 

A f t e r  t h e  main b u l k  o f  w a t e r  h a s  been  removed f rom t h e  

impac t  and t h i c k - f i l m  z o n e s ,  t h e  t i r e  t r e a d  b e g i n s  t o  make 

c o n t a c t  w i t h  t h e  road  s u r f a c e  by d r a p i n g  o v e r  t h e  a s p e r i t y  

t i p s ,  A t h i n ,  v i s c o u s ,  l u b r i c a t i n g  w a t e r  f i l m  may form a t  

t h e  a s p e r i t y  t i p s  which l a c k  s h a r p n e s s  o r  m i c r o t e x t u r e  ( i . e . ,  

p o l i s h e d ) .  I f  t h e  m a c r o - a s p e r i t i e s  a r e  p o l i s h e d  t o  such  

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

a r e a s  where t i r e - r o a d  c o n t a c t  n o r m a l l y  o c c u r s ,  v e r y  low 

v a l u e s  o f  f r i c t i o n  w i l l  be  o b t a i n e d .  

Road s u r f a c e  m i c r o t e x t u r e  and t h e  v i s c o u s  hydrodynamic 

e f f e c t s  o f  r e l a t i v e  s l i d i n g  between t i r e  t r e a d  and r o a d  

s u r f a c e  a r e  i m p o r t a n t  i n  t h e  d r a p i n g  zone.  I t  may a l s o  

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

d r a p i n g  p r o c e s s  ( c f .  Moore 1 1 4 1 ) .  

Zone 4 - Dry-Contact  Zone 

I f  speed  and w a t e r  d e p t h  a r e  n o t  h i g h  enough t o  i nduce  

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

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

e x t e n s i v e ,  a  d r y - c o n t a c t  zone w i l l  e x i s t ,  i n  which l a r g e  

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

t h e r e  i s  t r u l y  dry c o n t a c t  i s  a  m a t t e r  o f  c u r r e n t  c o n t r o v e r s y ,  

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

s t r e s s e s  which deve lop  a t  t h e  t i p s  o f  m i c r o - a s p e r i t i e s  i n  

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

i n t o  s u f f i c i e n t l y  c l o s e  p r o x i m i t y  t o  p roduce  h i g h  s l i d i n g  

s h e a r  s t r e s s e s .  I t  i s  known t h a t  a s  a l i q u i d  f i l m  i s  r educed  

i n  t h i c k n e s s  t o  m o l e c u l a r  d imens ions ,  t h e  a p p a r e n t  v i s c o s i t y  

o f  t h e  f i l m  becomes v e r y  l a r g e .  I t  i s  t h e r e f o r e  p o s s i b l e  

t o  g e n e r a t e  h i g h  s h e a r  s t r e s s e s  w i t h o u t  comple t e ly  removing 

t h e  w a t e r  f i l m .  



Zone 1 - Impact  o f  l e a d i n g  edge  o f  c o n t a c t  p a t c h  a g a i n s t  
w a t e r  f i l m .  

Zone 2 - Thick  f i l m ;  i n e r t i a  f o r c e s  domina te ,  t r e a d  p a t t e r n  
and s u r f a c e  m a c r o t e x t u r e  i m p o r t a n t .  

Zone 3 - Thin  f i l m ;  v i s c o u s  s q u e e z e  f i l m  a t  t i p s  of  t h e  
l a r g e r  a s p e r i t i e s .  

Zone 4 - D r y  c o n t a c t ;  s u r f a c e  m i c r o t e x t u r e  p e n e t r a t e s  
v i s c o u s  s q u e e z e  f i l m .  

VISCOUS 
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F i g u r e  2 6 .  The four-zone c o n c e p t .  



3 .0  SQUEEZE-FILM THEORY 

The p r e c e d i n g  c h a p t e r  h a s  emphasized t h e  impor tance  of  

t h e  s q u e e z e - f i l m  concep t  i n  wet  t r a c t i o n  phenomena, a l t h o u g h  

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

a n a l y z e d .  

Th i s  c h a p t e r  w i l l  d i s c u s s  t h o s e  a s p e c t s  o f  s q u e e z e - f i l m  

t h e o r y  which have i m p o r t a n 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  

u n d e r s t a n d i n g  and a n a l y s i s  of hyd rop l an ing  and t r e a d  p a t t e r n  

hydrodynamics .  A p r imary  d i s t i n c t i o n  i s  made between 

c l a s s i c a l l y  v i s c o u s  squeeze  f i l m s  and squeeze  f i l m s  i n  which 

i n e r t i a  f o r c e s  may dominate  o v e r  v i s c o u s  f o r c e s .  



3 . 1  V I S C O U S  S Q U E E Z E  F I L M S  

The s i m p l e s t  c a se  of squeeze f i l m  f low,  and,  h i s t o r i c a l l y ,  

t h e  f i r s t  t o  be ana lyzed  i s  t h e  f low gene ra t ed  by a  f l a t ,  

r i g i d ,  c i r c u l a r  o r  e l l i p t i c a l  p l a t e  i n  p a r a l l e l  approach 

t o  a f l a t ,  r i g i d ,  i n f i n i t e  s u r f a c e  submerged i n  an incom- 

p r e s s i b l e  Newtonian f l u i d .  The equa t i on  o f  motion f o r  

t h i s  s i t u a t i o n ,  d e r i v e d  by Reynolds [ I S ] ,  i s  

dh - w 
- P o -  a 2 t b 2  e h3 - 
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where 

h  ( t )  = gap between p l a t e  and s u r f a c e  

W = v e r t i c a l  f o r c e  on t h e  p l a t e  

a  = major s emi -ax i s  o f  t h e  e l l i p t i c a l  p l a t e  

b  = minor s emi -ax i s  of t h e  e l l i p t i c a l  p l a t e  

n = f l u i d  v i s c o s i t y  

t = t ime 

For a  c i r c u l a r  p l a t e  of  r a d i u s  r ,  t h i s  equa t i on  reduces  t o  

In  t h e  d e r i v a t i o n  of t h e  equa t i on  of  motion ( 2 0 ) ,  a l l  i n e r t i a  

f o r c e  terms were n e g l e c t e d  and t h e  f i l m  t h i c k n e s s  was assumed 

t o  be sma l l  i n  comparison t o  t h e  p l a t e  s u r f a c e  dimension,  

t hus  p e r m i t t i n g  t h e  v e r t i c a l  component of f l u i d  v e l o c i t y  t o  

be n e g l e c t e d .  

Equat ion (21) may be d i r e c t l y  i n t e g r a t e d  t o  o b t a i n  

where ho i s  t h e  i n i t i a l  s e p a r a t i o n .  For p l a t e s  t h a t  a r e  

n e i t h e r  c i r c u l a r  n o r  e l l i p t i c a l ,  an equa t i on  of form s i m i l a r  

t o  (22) can b e  used [16] , v i z :  



where R i s  a  c h a r a c t e r i s t i c  l e n g t h  dimension and K i s  a  c o n s t a n t  

which i s  de termined by t h e  shape of t h e  p l a t e .  For a  c i r c u l a r  

p l a t e ,  K = 3 ~ / 4 ;  and f o r  a  s q u a r e  p l a t e ,  K Z . 2 1 .  The r a t e  

of s i n k a g e  f o r  a  s q u a r e  p l a t e  i s  found t o  be about  1 2  p e r c e n t  

g r e a t e r  t h a n  t h e  s inkage  r a t e  o f  a  c i r c u l a r  p l a t e  of  t h e  same 

a r e a .  

Moore [17] has  developed a  t h e o r y  f o r  t h e  s inkage  of  an 

i n c l i n e d  r e c t a n g u l a r  p l a t e .  The ang le  o f  i n c l i n a t i o n  i s  

p e r m i t t e d  t o  va ry  l i n e a r l y  w i t h  t ime from an i n i t i a l  v a l u e  

a t o  a f i n a l  v a l u e  B .  An impor tan t  c o n c l u s i o n ,  d e r i v e d  

from Moore's t h e o r y ,  i s  t h a t  s m a l l  ang les  of i n c l i n a t i o n  cause  

l a r g e  i n c r e a s e s  i n  t h e  s inkage  r a t e .  For an i n i t i a l  ang le  

a = 1.6' and a  f i n a l  ang le  $ = 0 ,  t h e  i n c l i n e d  p l a t e  has  a  

s i n k a g e  r a t e  approximate ly  f o u r  t imes  t h a t  of t h e  same p l a t e  

i n  p a r a l l e l  approach.  

Moore [18] has  developed s e v e r a l  methods of  p r e d i c t i n g  

t h e  i n f l u e n c e  of  s u r f a c e  roughness  on s i n k a g e  r a t e  and has  

v e r i f i e d  t h e s e  methods by l a b o r a t o r y  exper iment .  F igures  2 7  

and 28 i l l u s t r a t e  some t y p i c a l  c a l c u l a t i o n s  f o r  p a r a l l e l  

approaches t o  bo th  a  smooth and rough s u r f a c e .  



F i g u r e  2 7 .  The e f f e c t  o f  s u r f a c e  roughness on t h e  p a r a l l e l  
approach r a t e ,  li , of  a c i r c u l a r  p l a t e .  From [18] .  

, Film 
j Thickness  

F igure  28.  The e f f e c t  of  s u r f a c e  roughness  on f i l m  
t h i c k n e s s  v s .  t ime f o r  p a r a l l e l  approach of 
a  c i r c u l a r  p l a t e .  From [ 1 8 ] .  



F i n a l l y ,  Moore has  ex tended t h e  well-known concept  of  

t h e  " h y d r a u l i c  r a d i u s , "  which has  long been a p p l i e d  t o  t h e  

a n a l y s i s  of  one-d imens ional  channel  f low,  t o  i n c l u d e  t h e  c a s e  

of two-dimens ional  v i s c o u s  f low through t h e  vo ids  of a  randomly 

rough s u r f a c e .  The s u c c e s s  of  Moore's a n a l y s i s  l e d  t o  a  d e v i c e  

c a l l e d  t h e  "outf low meter" des igned  f o r  t h e  purpose of  e v a l u a t i n g  

t h e  d r a i n a g e  c a p a b i l i t y  of a  paved road  s u r f a c e .  E f f o r t s  t o  

c o r r e l a t e  out f low meter  r ead ings  w i t h  t i r e  s k i d  t e s t  r e s u l t s  

have been modera te ly  s u c c e s s f u l  [14] b u t  t h e r e  i s  i n s u f f i c i e n t  

e x p e r i e n c e  w i t h  t h i s  d e v i c e  t o  d e f i n e  t h e  e x t e n t  of  i t s  

u s e f u l n e s s .  

One of  t h e  f i r s t  a t t e m p t s  t o  use  squeeze - f i lm  t h e o r y  t o  

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

s u r f a c e s  was made by Saal [19] i n  1936. S a a l  proposed t h a t  

t h e  t i r e  f o o t p r i n t ,  o r  an element  of t r e a d  sur rounded by g rooves ,  

could  be modeled as  a  f l a t ,  r i g i d  p l a t e  approaching  t h e  road  

s u r f a c e  i n  a  p a r a l l e l  manner w h i l e  submerged i n  a  v i s c o u s  

l i q u i d  w i t h  t h e  flow between t h e  s u r f a c e s  be ing  governed by eq ( 2 2 ) ,  

a s  p r e v i o u s l y  d e r i v e d  by Reynolds.  A l a b o r a t o r y  appa ra tus  was 

used  t o  measure t h e  f r i c t i o n  developed by a  s m a l l  model 

pneumatic  t i r e  which was sk idded  a c r o s s  v a r i o u s  road  s u r f a c e s  

covered by l i q u i d  f i l m s  having  s e v e r a l  v a l u e s  of  v i s c o s i t y .  

The v a r i a t i o n  o f  f r i c t i o n  f o r c e  w i t h  speed and v i s c o s i t y  was 

shown t o  be q u a l i t a t i v e l y  c o n s i s t a n t  w i t h  t h e  p r e d i c t i o n s  

based  on eq ( 2 2 )  and d a t a  from f u l l - s c a l e  t i r e - r o a d  exper imen t s .  

S ince  t h e  appearance of  S a a l ' s  pape r  [ 1 9 ] ,  v i scous  

squeeze - f i lm  e f f e c t s  have f r e q u e n t l y  been invoked t o  e x p l a i n  

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

t h e  e x p l a n a t i o n  be ing  based on t h e  p r o g r e s s i v e  p e n e t r a t i o n  o f  

a  squeeze  f i l m  i n t o  t h e  t i r e - r o a d  c o n t a c t  r eg ion  [ 2 0 ] .  

To f u r t h e r  i n v e s t i g a t e  t h e  a p p l i c a b i l i t y  of v i scous  

squeeze-f i lm t h e o r y ,  eq ( 2 2 )  was used t o  c a l c u l a t e  s inkage  curves  

f o r  t h e  p a r a l l e l  approach o f  c i r c u l a r  p l a t e s  having a r e a s  and 



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

p a t c h  o r  t o  t h e  l o a d s  on a  t r e a d  e l emen t .  C a l c u l a t i o n s  were 

performed f o r  a  p l a t e  hav ing  a  r a d i u s  o f  3 .0  i n c h e s  and c a r r y i n g  

a  v e r t i c a l  l o a d  o f  1000 pounds,  p roduc ing  a  v e r t i c a l  p r e s s u r e  

d i s t r i b u t i o n  o f  app rox ima te ly  35 p s i ,  a  v a l u e  t y p i c a l l y  found 

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

was performed f o r  a  p l a t e  of  . 5  i n c h  r a d i u s  c a r r y i n g  a  v e r t i c a l  

l o a d  of  2 8  pounds which produces  t h e  same c o n t a c t  p r e s s u r e ,  35 

p s i ,  as  t h e  p l a t e  s i m u l a t i n g  t h e  t o t a l  c o n t a c t  p a t c h .  The s i n k a g e  

cu rves  r e s u l t i n g  from t h e s e  c a l c u l a t i o n s  a r e  shown i n  F i g u r e  2 9 .  

I n  bo th  c a l c u l a t i o n s ,  t h e  i n i t i a l  f i l m  t h i c k n e s s  was s e t  a t  

h = - 0 5  i n c h  t o  cor respond  t o  t h e  maximum v a l u e  observed  a t  t h e  
0 

o n s e t  of t o t a l  hyd rop l an ing  [ 2 ] .  The w a t e r  v i s c o s i t y  was t a k e n  
2 as  q = 2 x l b f - s e c / f t  . 





I t  i s  i n t e r e s t i n g  t o  obse rve  t h a t  f o r  t h e  3 - i n c h  p l a t e ,  

f i l m  t h i c k n e s s  i s  reduced  from .05  i n .  t o  - 0 1  i n .  i n  about  

. 13  m i l l i s e c o n d s .  The - 5 - i n c h  p l a t e  ach i eved  t h e  same f i l m  

t h i c k n e s s  r e d u c t i o n  i n  l e s s  t h a n  . O 1  m i l l i s e c o n d s .  These  

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

r e a l  t i r e  which e x h i b i t s  i n c l i n e d  s i n k a g e  toward a  s u r f a c e  

hav ing  s i g n i f i c a n t  r oughnes s ,  which roughness  would i n f l u e n c e  t h e  

s i n k a g e  r a t e .  The work of  Moore ha s  demons t r a t ed  t h a t  b o t h  

i n c l i n a t i o n  and s u r f a c e  roughness  p roduce  l a r g e  i n c r e a s e s  i n  

s i n k a g e  r a t e .  I f  t h e s e  f a c t o r s  were  accounted  f o r  i n  t h e  t h e o r y  

which produces  t h e  r e s u l t s  shown i n  F i g u r e  29,  v i s c o u s  s i n k a g e  

r a t e s  would be  c a l c u l a t e d  t h a t  a r e  s u b s t a n t i a l l y  h i g h e r  t h a n  

t h e  r a t e s  shown i n  F i g u r e  29. 

On a  r e a l  t i r e ,  r o l l i n g  a t  60 mph, a  t r e a d  e lement  r e q u i r e s  

app rox ima te ly  4 - 5  m i l l i s e c o n d s  t o  p a s s  t h rough  t h e  c o n t a c t  

r e g i o n ,  t h i s  t ime  b e i n g  s e v e r a l  o r d e r s  of  magni tude g r e a t e r  

t h a n  t h e  t ime  span  of  t h e  v e r y  c o n s e r v a t i v e  v i s c o u s  s i n k a g e  

c a l c u l a t i o n s  shown i n  F i g u r e  29. C l e a r l y ,  hydrodynamic p r e s s u r e  

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

t ime  r e q u i r e d  t o  p e n e t r a t e  t h e  squeeze  f i l m s  t h a t  a r e  observed  

t o  accompany p a r t i a l  and t o t a l  h y d r o p l a n i n g .  Moreover,  t h e  

i n f l u e n c e  of t r e a d  grooves  and s u r f a c e  m a c r o t e x t u r e  would be  

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

However, i t  s h o u l d  be  n o t e d  t h a t  when f i l m  t h i c k n e s s  i s  

reduced  t o ,  s a y ,  ,005  i n . ,  t h e  s i n k a g e  r a t e  i s  s u b s t a n t i a l l y  

reduced  ( s e e  F i g .  2 9 ) .  Such f i l m s  a r e  v e r y  t e n a c i o u s  ( n o t  

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

r e s u l t  i n  a  l o s s  of f r i c t i o n ,  w i t h  t h i s  phenomenon presumably 

o c c u r r i n g  on s u r f a c e s  of  v e r y  low m i c r o t e x t u r e .  The low s i n k a g e  

r a t e s  found i n  v e r y  t h i n  v i s c o u s  f i l m s  a l s o  e x p l a i n  t h e  
n e g l i g i b l e  i n f l u e n c e  o f  speed  on v i s c o u s  h y d r o p l a n i n g ,  a s  

d e s c r i b e d  p r e v i o u s l y  i n  S e c t i o n  2 . 2 .  



3.2 INERTIA EFFECTS IN SQUEEZE FILMS 

Recen t ly ,  t h e r e  has  been c o n s i d e r a b l e  i n t e r e s t  i n  f l u i d  

i n e r t i a  e f f e c t s  i n  lzydrodynamic l u b r i c a t i o n  . Some t echn iques  

f o r  t h e  a n a l y s i s  o f  b e a r i n g  films, i n c l u d i n g  convec t ive  i n e r t i a  

e f f e c t s ,  have been developed.  Browne 1 2 1 1  has  a p p l i e d  t h e s e  

t echn iques  i n  an a n a l y s i s  of dynamic h y d r o p l a n i n g ,  and t h e  

a n a l y s i s  was v a l i d a t e d  e x p e r i m e n t a l l y .  Browne found t h a t  convec t ive  

i n e r t i a  f o r c e s  a r e  t h e  dominant source  of  hydrodynamic 

p r e s s u r e  s u p p o r t i n g  a  t i r e  i n  t o t a l  hydroplaning .  

Kuzma [22] has  d e r i v e d  a  t h e o r y  f o r  t h e  p a r a l l e l  approach 

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

f o r c e s ,  convec t ive  i n e r t i a  f o r c e s ,  and l o c a l  i n e r t i a  f o r c e s .  

Kuzma a r r i v e d  a t  t h e  fo l lowing  equa t ion :  

where p i s  t h e  f l u i d  d e n s i t y  and t h e  o t h e r  v a r i a b l e s  a r e  t h o s e  

d e f i n e d  w i t h  eq ( 2 0 ) .  I f  t h e  d e n s i t y ,  P ,  i s  s e t  equa l  t o  z e r o ,  

eq (24) reduces  t o  eq (22) f o r  a  v i scous  squeeze f i l m .  The 

terms i n v o l v i n g  h 2  and fi account  f o r  convec t ive  and l o c a l  

i n e r t i a  f o r c e s ,  r e s p e c t i v e l y .  

Equat ion (24) was used t o  c a l c u l a t e  w a t e r  s inkage  curves  

f o r  p l a t e s  having dimensions comparable t o  a  t i r e  c o n t a c t  

r e g i o n  o r  a t r e a d  element  sur rounded by g rooves .  As assumed i n  

t h e  v i s c o u s - f i l m  c a l c u l a t i o n s  (F ig .  2 9 ) ,  f o r c e s ,  W ,  

were a p p l i e d  t o  t h e  p l a t e s  which would cor respond t o  a  f o r c e  

p e r  u n i t  p l a t e  a r e a  o f  35 p s i .  The p l a t e s  a r e  assumed t o  be 

m a s s l e s s * ,  t h e  i n i t i a l  f i l m  t h i c k n e s s  i s  . 0 5  i n , ,  and t h e  i n i t i a l  

s i n k a g e  r a t e  i s  assumed t o  be ze ro .**  

* This  i s  e q u i v a l e n t  t o  assuming t h a t  t h e  i n e r t i a  f o r c e s  a s s o c i a t e d  
w i t h  t h e  t r e a d  mass a r e  s m a l l  compared t o  t h e  f o r c e s  due t o  
i n f l a t i o n  and hydrodynamic p r e s s u r e .  

* *  C a l c u l a t i o n s  were performed w i t h  i n i t i a l  s inkage  r a t e s  o t h e r  
t h a n  z e r o ;  t h e  r e s u l t s  do n o t  a l t e r  t h e  conc lus ions  d e r i v e d  
h e r e i n .  



F i g u r e  30 shows t h e  c i r c u l a r  p l a t e  s i n k a g e  cu rves  c a l c u l a t e d  

from Kuzmats e q u a t i o n  (24) f o r  a  f a m i l y  o f  p l a t e s  w i t h  r a d i u s  

v a r y i n g  from ,125  i n .  t o  3 .0  i n .  Two v i s c o u s  s i n k a g e  c u r v e s ,  

from eq (22) , f o r  p l a t e s  o f  r a d i u s  . 5  i n .  and 3.0 i n .  a r e  

shown f o r  comparison p u r p o s e s .  I t  i s  i n t e r e s t i n g  t o  n o t e  

t h a t  when f i l m  t h i c k n e s s  i s  g r e a t e r  t h a n  ,005  i n . ,  t h e  s i n k a g e  

t ime  i s  much l o n g e r  when f l u i d  i n e r t i a  e f f e c t s  a r e  i n c l u d e d .  

However, f o r  v e r y  t h i n  f i l m s ,  l e s s  t h a n  s a y  .002 i n . ,  t h e  v i s c o u s  

f o r c e s  dominate and e s s e n t i a l l y  t h e  same s i n k a g e  r a t e  i s  p r e d i c t e d  

by t h e  Kuzma e q u a t i o n  a s  i s  o b t a i n e d  from eq ( 2 2 ) .  

I t  i s  a l s o  of  i n t e r e s t  t o  obse rve  t h e  manner i n  which t h e  

t h r e e  components of  hydrodynamic f o r c e ,  v i z ,  

F~ - l o c a l  i n e r t i a  f o r c e  

FC - c o n v e c t i v e  i n e r t i a  f o r c e  

FV - v i s c o u s  f o r c e  

v a r y  w i t h  f i l m  t h i c k n e s s ,  a s  p l o t t e d  i n  F i g u r e  31. F i g u r e  31 

shows t h a t  i n e r t i a  f o r c e s  dominate  u n t i l  f i l m  t h i c k n e s s  i s  

reduced  t o  app rox ima te ly  , 0 0 8  i n . ,  a f t e r  which t h e  v i s c o u s  

f o r c e  becomes g r e a t e r  t h a n  t h e  sum o f  t h e  two i n e r t i a  f o r c e s ,  

FA and FC.  

With s m a l l e r  p l a t e s ,  of r a d i u s  l e s s  t h a n  3 i n . ,  t h e  v i s c o u s  

f o r c e  does n o t  become dominant u n t i l  s t i l l  s m a l l e r  f i l m  t h i c k n e s s e s  

a r e  a t t a i n e d .  I n  F i g u r e  30,  a  curve  ha s  been drawn th rough  t h o s e  

p o i n t s  on t h e  s i n k a g e  cu rves  a t  which FV = FA + FC. Above 

t h i s  c u r v e ,  i n e r t i a  f o r c e s  domina te ,  and below i t ,  v i s c o u s  

f o r c e s  domina te .  

On t h e  b a s i s  of t h e  above c a l c u l a t i o n s ,  i t  appea r s  t h a t  

t h e  p r o g r e s s i v e  p e n e t r a t i o n  of  a squeeze  f i l m  i n t o  t h e  con tac t  

r e g i o n  w i t h  i n c r e a s i n g  speed  i s  p r i m a r i l y  a  "dynamic" phenomenon, 

i . e . ,  i t  can be e x p l a i n e d  by c o n s i d e r a t i o n  of  t h e  e f f e c t s  o f  

f l u i d  i n e r t i a .  As a  r e s u l t  of f l u i d  i n e r t i a  e f f e c t s ,  i t  appea r s  

t h a t  s i n k a g e  t imes  ( i n  squeeze  f i l m s  of  t h e  t h i c k n e s s e s  known t o  

e x i s t  benea th  a  smoo th - t r ead  t i r e ,  o r  benea th  a  r e l a t i v e l y  wide r i b )  



can be  long enough (on t h e  o r d e r  of  a few m i l l i s e c o n d s )  t o  account  

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

dependence o f  s p e e d - s e n s i t i v e  f r i c t i o n  on t r e a d  p a t t e r n .  
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F i g u r e  31. I n e r t i a  (FA,  FC) and v i s c o u s  {FV) components o f  
hydrodynarnlc f o r c e  v s .  f i l m  t h i c k n e s s .  C i r c u l a r  
p l a t e  (r=3) w i t h  1000 l b .  l o a d .  I n i t i a l  f i l m  t h i c k -  
n e s s :  .1 i n .  
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4 . 0  TREAD PATTERN PERFORMANCE PARAMETERS 

The conclus ions  drawn from (1) t h e  p reced ing  d i s c u s s  ion  

of  t h e  w e t - t i r e  t r a c t i o n  l i t e r a t u r e  and (2) c a l c u l a t i o n s  based 

on squeeze- f i lm theory  have been used t o  a s s i s t  i n  t h e  r a t i o n a l  

s e l e c t i o n  of t r e a d  p a t t e r n  performance parameters  which should  

have a  b e a r i n g  on t h e  water  expu l s ion  e f f e c t i v e n e s s  of t h e  

t r e a d .  Two such parameters  ( v i z ,  groove c a p a c i t y  and f low 

d i s t a n c e )  a r e  proposed below, fol lowed by a  d i s c u s s i o n  of t h e  

requirements  f o r  a d d i t i o n a l  pa ramete r s .  

4 . 1  GROOVE CAPACITY PARAMETER 

The groove c a p a c i t y ,  g ,  i s  d e f i n e d  as  t h e  groove volume p e r  

u n i t  of g ross  c o n t a c t  a r e a .  Groove c a p a c i t y ,  be ing  a measure of 

t h e  water -hold ing  c a p a c i t y  of a  t r e a d  p a t t e r n ,  i s  meaningful t o  

wet t r a c t i o n  i n  r e l a t i o n  t o  t h e  amount of wa te r  encountered by 

t h e  t i r e . *  I t  i s  t h e r e f o r e  l o g i c a l  t o  form a  d imens ionless  

performance pa ramete r ,  yl, as  t h e  q u o t i e n t  of groove c a p a c i t y  

d i v i d e d  by water  dep th .  

A d e r i v a t i o n  of  t h i s  parameter  as  t h e  r a t i o  of w a t e r - i n t e r c e p t i o n  

r a t e  t o  groove-absorpt ion  r a t e  has been given p r e v i o u s l y  ( see  

S e c t i o n  2 . 2 . 2 )  , 

*The d a t a  of Maycock, Gengenbach, and Staughton (reviewed i n  
S e c t i o n  2.2.2)  c l e a r l y  show t h a t  groove wid th ,  groove dep th ,  and 
water  depth  a r e  c l o s e l y  i n t e r r e l a t e d  wi th  r e s p e c t  t o  wet t r a c t i o n  
performance. 



4 . 2  FLOW DISTANCE PARAMETER 

I t  was n o t e d ,  i n  S e c t i o n  2 . 2 . 2 ,  t h a t  Grime and G i l e s  171  

a t t e m p t e d ,  w i t h  some s u c c e s s ,  t o  c o r r e l a t e  locked-wheel  b r a k i n g  

c o e f f i c i e n t s  measured on t h r e e  wet s u r f a c e s  wi th  t h e  d imens ionless  

parameter  

~ e r i m e t e r  of c o n t a c t  a r e a  

J c o n t a c t  a r e a  

A s i m i l a r  d imens ion les s  parameter  d e r i v e s  from t h e  fo l lowing  

c o n s i d e r a t i o n  o f  t h e  s q u e e z e - f i l m  expu l s ion  p r o c e s s .  

Consider  a  f l a t  p l a t e  of a r e a  A and p e r i m e t e r  C which c a r r i e s  

a  l o a d ,  W ,  w h i l e  e x p e l l i n g  a  squeeze f i l m  of t h i c k n e s s  h ( t )  

as i t  approaches an i n f i n i t e  s u r f a c e .  The mass expu l s ion  r a t e  

of t h e  squeeze  f i l m  i s  g iven  by 

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

p e r i m e t e r  i s  

where V(c) i s  t h e  flow v e l o c i t y  a t  t h e  p e r i m e t e r  which has t h e  

average  va lue  V C .  The average flow v e l o c i t y  a t  t h e  p e r i m e t e r  i s  

found by e q u a t i n g  t h e  above mass flow r a t e s .  

Arguments were p r e s e n t e d  i n  S e c t i o n s  2 . 3  and 3 . 2  which 

imply t h a t  i n e r t i a  f o r c e s  a r e  dominant i n  f i l m  t h i c k n e s s e s  f o r  

which t r e a d  grooves a r e  i n f l u e n t i a l .  The r o l e  of t h e  t r e a d  



geometry,  t h e n ,  i s  t o  e n a b l e  t r a n s f e r  o f  wa te r  from beneath  a  

t r e a d  r i b  i n t o  a  groove t o  occur  w i t h  minimum momentum change. 

Equat ion  ( 2 5 )  shows t h a t ,  a t  a g iven  f i l m  t h i c k n e s s ,  h ,  and 

s inkage  r a t e ,  h ,  t h e  average  f low v e l o c i t y  a t  t h e  p l a t e  p e r i m e t e r ,  

and t h e r e f o r e  t h e  momentum change,  depends on t h e  v a l u e  of  t h e  

parameter  A / C .  A l a r g e r  v a l u e  of A / C  means, accord ing  t o  t h i s  

e q u a t i o n ,  t h a t  a  f l u i d  p a r t i c l e  must be a c c e l e r a t e d  t o  a  h i g h e r  

v e l o c i t y  (Vc) a t  t h e  p l a t e  p e r i m e t e r  i n  o r d e r  t o  ach ieve  a  g iven  

s inkage  r a t e ,  h .  For a  p a r t i c u l a r  A/C, a  h i g h e r  v e l o c i t y ,  V c ,  

w i l l  r e q u i r e  a  l a r g e r  f o r c e ,  W .  Converse ly ,  f o r  a  g iven  f o r c e ,  

W ,  a  p l a t e  w i t h  a  l a r g e r  v a l u e  of A / C  w i l l  e x h i b i t  a  lower s inkage  

r a t e .  

The fo l lowing  arguments a r e  g iven  t o  show t h a t  t h e  parameter  

A / C  can be t h e  b a s i s  of a d imens ion les s  "flow d i s t a n c e  p a r a m e t e r . "  

Consider  a  f l u i d  p a r t i c l e  of  t h e  squeeze  f i l m  shown i n  F i g u r e  32 

and d e n o t e ,  by s ,  t h e  minimum d i s t a n c e  from t h e  p a r t i c l e  t o  t h e  

squeeze - f i lm  boundary ( d e f i n e d  by t h e  p l a t e  p e r i m e t e r ) .  The 

Load, W 

I 

Figure  3 2 .  Squeeze f i l m  used i n  d e f i n i t i o n  of t h e  
average  f low d i s t a n c e ,  AFD. 



average  f low d i s t a n c e ,  AFD, i s  d e f i n e d  by 

For example,  t h e  average  f low d i s t a n c e  f o r  a  s q u a r e  of s i d e  R 

i s  computed by t h e  fo l lowing  i n t e g r a t i o n .  

e5 /6  - AFD = - - R 
. 2  5 

Table 3 l i s t s  v a l u e s  of AFD and A / C  computed f o r  s i x  s imple  

geomet r i c  s h a p e s .  I f  A / C  i s  p l o t t e d  a s  a  f u n c t i o n  of  AFD f o r  

t h e s e  s i x  geometr ic  shapes ( s e e  F igure  3 3 ) ,  i t  appea r s  t h a t  

t h e r e  i s  an e x c e l l e n t  c o r r e l a t i o n  between A/C and AFD 



TABLE 3 

Square  ( 1  i n .  s i d e s )  1 ,250 

Shape AFD A/ C 

Rec tang le  (2 i n .  x 1 i n )  .208 I . 333  

S t r a i g h t  Rib ( 1  i n .  wide) 

C i r c l e  ( .  5 i n  r a d i u s )  1 , 167  ,250 

.250 ,500 

E q u i l a t e r a l  T r i a n g l e  
( 1  i n  h e i g h t )  

Diamond ( 1  i n  d i a g o n a l )  1 , 118  . I 7 6  

e x c e p t  f o r  t h e  s t r a i g h t  r i b ,  which has  a  v a l u e  o f  

A / C  t h a t  is 20 p e r c e n t  t o o  h i g h .  H o ~ e v e r ,  f o r  

s t r a i g h t  r i b  

0'2x1 r e c t a n g l e  
/ 

0 diamond 

AFD ( i n . )  

F i g u r e  33. C o r r e l a t i o n  between a r e a / p e r i m e t e r  r a t i o  (A/C) 
and a v e r a g e  f low d i s t a n c e  (AFD) . 



r i b - t y p e  t i r e s  having  t r a n s v e r s e  g rooves ,  o r  k e r f s ,  t h e  a r e a /  

p e r i m e t e r  r a t i o ,  A / C ,  can be cons ide red  a s  a  squeeze f i l m  f low 

d i s t a n c e  parameter  and a  measure of t h e  d i f f i c u l t y  of a  

p a r t i c u l a r  p a t t e r n  i n  e x p e l l i n g  a  squeeze  f i l m  from benea th  a  

t r e a d  e lement .  

A t  a  given speed ,  t h e  t ime a v a i l a b l e  f o r  squeeze f i l m  

expu l s ion  i s  p r o p o r t i o n a l  t o  t h e  c o n t a c t  l e n g t h .  I t  i s  t h e r e f o r e  

l o g i c a l  t o  form t h e  d e s i r e d  d imens ion les s  performance parameter  

Y 2  as t h e  q u o t i e n t  of t h e  a r e a l p e r i m e t e r  r a t i o  d i v i d e d  by t h e  

c o n t a c t  l e n g t h .  

where 

A = a c t u a l  t i r e - r o a d  c o n t a c t  a r e a  

C = p e r i m e t e r  of t h e  a c t u a l  c o n t a c t  a r e a  

L = c o n t a c t  l e n g t h  

4 . 3  FLOW RESISTANCE PARAMETER 

I n  t h e  d i s c u s s i o n  of  wet t r a c t i o n  performance i n  i n t e r -  

mediate  wa te r  depths  (Sec t ion  2 . 2 . 3 ) ,  i t  was observed t h a t  t r e a d  

grooves can d e l a y  t h e  o n s e t  of  t o t a l  hydroplaning  and the reby  

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

speeds beyond t h e  hydroplaning  speed of a  smooth t r e a d  t i r e .  The 

e f f e c t i v e n e s s  of a t r e a d  p a t t e r n  i n  de lay ing  t h e  o n s e t  of hydro-  

p l a n i n g  depends on t h e  e a s e  w i t h  which t h e  w a t e r  i n t e r c e p t e d  by 

t h e  t i r e  can flow through t h e  grooves t o  t h e  c o n t a c t  r e g i o n .  An 

e f f e c t i v e  t r e a d  p a t t e r n  geometry w i l l  be one which minimizes 

t h e  t o t a l  r e s i s t a n c e  t o  flow which i s  o f f e r e d  by t h e  aggrega te  

groove geometry.  



The t o t a l  f low r e s i s t a n c e  of  a  g roove  network depends on 

many f a c t o r s ,  such  a s  groove w i d t h  and d e p t h ,  a v e r a g e  l e n g t h  of 

t h e  f low p a t h ,  and t h e  l i n e a r i t y  of t h e  groove c h a n n e l s .  ( C l e a r l y ,  

a  s t r a i g h t  groove w i l l  have lower  f l ow  r e s i s t a n c e  t h a n  a  z i g - z a g  

g roove ,  ) 

The f o r m u l a t i o n  o f  a  t r e a d  per formance  p a r a m e t e r  t h a t  r e l a t e s  

t o  f low r e s i s t a n c e  appea r s  t o  be  an ex t r eme ly  complex t a s k .  The 

s u c c e s s f u l  f o r m u l a t i o n  of  such  a  p a r a m e t e r  w i l l  r e q u i r e  a n a l y t i c a l  

and e x p e r i m e n t a l  work y e t  t o  be  accompl i shed .  Appendix B 

d e s c r i b e s  a  l a b o r a t o r y  a p p a r a t u s  ( a s  y e t  u n b u i l t )  which i s  

de s igned  t o  measure  t h e  f low r e s i s t a n c e  p r o p e r t y  o f  s i m p l e  groove 

p a t t e r n s .  

4 . 4  S  I PE PARAMETERS 

I n  t h e  d i s c u s s i o n  of v i s c o u s  hyd rop l an ing  ( S e c t i o n  2 . 3 )  , i t  

was ment ioned t h a t  s i p e s  improve wet road  f r i c t i o n  on smooth 

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

v i s c o u s  f i l m .  Some p o s s i b l e  mechanisms e x p l a i n i n g  t h e  e f f e c t i v e -  

n e s s  of  s i p e s  were d i s c u s s e d .  Among t h e  p o s s i b l e  mechanisms a r e  

t h o s e  o f  a  s i p e  a c t i n g  l i k e  a  squeegee  t o  wipe away t h e  w a t e r  f i l m  

and p r o v i d i n g  a  s h a r p  edge a t  which h i g h  c o n t a c t  p r e s s u r e s  a r e  

g e n e r a t e d ,  e n a b l i n g  t h e  t r e a d  t o  b r e a k  th rough  t h e  t e n a c i o u s  w a t e r  

f i l m .  I f  t h e s e  mechanisms a r e  o p e r a t i v e ,  t h e n  t h e  e f f e c t i v e n e s s  

o f  s i p e s  s h o u l d  depend upon t h e  t o t a l  l e n g t h  of  s i p e s  p r o j e c t e d  

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

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

(ySB) and c o r n e r i n g  (ySC) .  

Y~~ 
= t o t a l  l o n g i t u d i n a l l y  p r o j e c t e d  l e n g t h  o f  s i p e  

p e r  u n i t  t r e a d  a r e a  

Y S C  = t o t a l  l a t e r a l l y  p r o j e c t e d  l e n g t h  o f  s i p e  p e r  
u n i t  t r e a d  a r e a  



I t  has  been observed t h a t  if t h e  s i p e s  open i n t o  a  groove ,  

t hey  p rov ide  a d d i t i o n a l  d ra inage  passages  f o r  squeeze f i l m  wa te r  

t r apped  beneath  t h e  t r e a d  e l emen t s .  I n  t h i s  case  i t  seems 

a p p r o p r i a t e  t o  add t h e  l e n g t h  of s i p e s  opening i n t o  a  groove t o  

t h e  c o n t a c t  p e r i m e t e r ,  C ,  used i n  t h e  f low d i s t a n c e  pa ramete r ,  



5 . 0  LABORATORY STUDY OF TREAD PATTERN EFFECTIVENESS 

A thorough  rev iew of  t h e  p u b l i s h e d  l i t e r a t u r e  on wet 

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

n e s s  of  t h e  t r e a d  p a t t e r n  per formance  p a r a m e t e r s  p roposed  i n  t h e  

p r e c e d i n g  c h a p t e r .  The p r imary  d i f f i c u l t y  w i t h  u t i l i z i n g  

p r e v i o u s l y  p u b l i s h e d  t e s t  r e s u l t s  i s  t h a t  t h e  r e p o r t s  r a r e l y  

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

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

i n  a  meaningfu l  way, such t e s t  c o n d i t i o n s  a s  w a t e r  d e p t h  and 

s u r f a c e  t e x t u r e ,  and no s t a n d a r d  p r o c e d u r e s  e x i s t  f o r  measur ing  

t h e s e  t e s t  c o n d i t i o n s .  

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

t r e a d  p a t t e r n  per formance  p a r a m e t e r s  would be t o  u n d e r t a k e  a  

f u l l - s c a l e  t e s t  program u s i n g  a c t u a l  t i r e s  on a c t u a l  r oad  

s u r f a c e s .  Th i s  program would be an ex t r eme ly  amb i t i ous  unde r -  

t a k i n g .  A l a r g e  sample of  t i r e s ,  s p e c i a l l y  produced t o  p r o v i d e  

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

(wh i l e  keep ing  o t h e r  f a c t o r s ,  such  a s  r u b b e r  compound, c o n s t a n t ) ,  

would have t o  be  t e s t e d  a t  s e v e r a l  w a t e r  d e p t h s  and speeds  on 

a  v a r i e t y  o f  s u r f a c e s .  I n  a d d i t i o n  t o  t h e  g r e a t  expense  o f  such  

an e x t e n s i v e  t e s t  program,  t h e  p r e v i o u s l y  ment ioned problems o f  

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

have t o  be  overcome. 

To avo id  some of  t h e s e  d i f f i c u l t i e s ,  a  l a b o r a t o r y  a p p a r a t u s  

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

p r o c e s s  which o c c u r s  when a  t i r e  r o l l s  on a  wet  s u r f a c e .  The 

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

t h e  t i r e  t r e a d  i n  zone 2 o f  t h e  c o n t a c t  r e g i o n , n a m e l y ,  t h e  squeeze  

f i l m  r e g i o n  where f i l m  t h i c k n e s s  v a r i e s  from app rox ima te ly  . 0 5  

i n c h e s  a t  t h e  l e a d i n g  edge o f  c o n t a c t  t o  a  few thousand ths  o f  an 

i n c h  a t  t h e  b e g i n n i n g  of  zone 3 ( s e e  F i g .  2 6 ) .  I t  was i n t e n d e d  t h a t  

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

p e r t a i n i n g  t o  t h e  groove c a p a c i t y  p a r a m e t e r ,  y l ,  and t h e  f low 

d i s t a n c e  p a r a m e t e r ,  y 2 ,  d e f i n e d  i n  S e c t i o n  4 . 0 .  



5 . 1  DESCRIPTION OF THE APPARATUS 

The l a b o r a t o r y  a p p a r a t u s ,  diagrammed i n  F i g u r e  3 4 ,  u t i l i z e s  

a  t r e a d  specimen p l a t e  which i s  mounted on b e a r i n g s  i n  a  manner 

such  t h a t  t h e  a x i s  o f  r o t a t i o n  ( p i v o t  a x i s )  l i e s  on a  h o r i z o n t a l ,  

f i x e d  p l a t e  r e p r e s e n t i n g  t h e  road  s u r f a c e .  The t r e a d  p l a t e  i s  

m o t i v a t e d  by a  t o r s i o n  s p r i n g  which a p p l i e s  a  t o r q u e  abou t  t h e  

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

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

p r o c e s s .  The t r e a d  specimens a r e  f l a t  aluminum p l a t e s  i n t o  which 

v a r i o u s  groove p a t t e r n s  a r e  c u t .  The road  s u r f a c e  i s  a  s t a i n l e s s  

s t e e l  p l a t e  w i t h  t h e  c o n t a c t i n g  s u r f a c e  ground f l a t  and smooth.  

The road  s u r f a c e  p l a t e  i s  mounted on t h r e e  a d j u s t a b l e  s e t  sc rews  

f o r  l e v e l i n g  and a l i gnmen t  w i t h  t h e  p i v o t  a x i s  o f  t h e  t r e a d  p l a t e .  

The w a t e r  i s  c o n t a i n e d  by s h e e t  aluminum w a l l s  and a  cove r  p l a t e  

( a s  i n d i c a t e d  i n  F i g .  3 4 ) .  The w a t e r  d e p t h  above t h e  r o a d  s u r f a c e  

p l a t e  i s  measured by a micrometer  p robe  mounted on t h e  cove r  

p l a t e .  A p l e x i g l a s s  window i n  t h e  fo rward  w a l l  p e r m i t s  v i s u a l  

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

The expe r imen t  i s  p r e p a r e d  by p r e l o a d i n g  t h e  t o r s i o n  s p r i n g ,  

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

edge  t r i g g e r  mechanism t o  t h e  p r e l o a d e d  t r e a d  p l a t e .  The w a t e r  

e x p u l s i o n  p r o c e s s  i s  i n i t i a t e d  by r e l e a s i n g  a  t r i g g e r  which p e r m i t s  

t h e  t r e a d  p l a t e  t o  r o t a t e  t h rough  t h e  measured w a t e r  f i l m  u n t i l  

i t  c o n t a c t s  t h e  road  s u r f a c e  p l a t e ,  t h e  road  s u r f a c e  p l a t e  hav ing  

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

r a i s i n g  t h e  t r e a d  and t h e  t r i g g e r  mechanism a r e  mounted on a 

s u p e r s t r u c t u r e  ( n o t  shown i n  F i g .  34) above t h e  cove r  p l a t e .  

The t o r s i o n  s p r i n g ,  which h a s  a  r e l a t i v e l y  low s t i f f n e s s ,  

is  g i v e n  a  l a r g e  p r e l o a d  ( app rox ima te ly  9 0  deg .  t w i s t )  t o  i n s u r e  

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

t o r q u e  i s  e s s e n t i a l l y  c o n s t a n t .  A un i form m o t i v a t i n g  t o r q u e  i s  

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

i n  t h e  hydrodynamic p r e s s u r e  which i s  deve loped  d u r i n g  t h e  w a t e r  

e x p u l s i o n  p r o c e s s .  The exper iment  i s  d e s i g n e d  such  t h a t  t h e  
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hydrodynamic p r e s s u r e  benea th  t h e  t r e a d  p l a t e  i s  approximate ly  

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

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

specimens which have geomet r i e s  s i m i l a r  t o  t h a t  o f  an a c t u a l  t i r e  

t r e a d  w i l l  have r e a l i s t i c  s inkage  r a t e s  and t h e  n a t u r e  of  t r e a d  

p a t t e r n  hydrodynamics can be s t u d i e d  under  r e a l i s t i c  f low 

c o n d i t i o n s .  

The c h o i c e  of  a  r o t a t i o n a l  motion f o r  t h e  t r e a d  p l a t e ,  

i n s t e a d  of a  p a r a l l e l  approach t o  t h e  road  s u r f a c e ,  i s  b e l i e v e d  

t o  be  a  c l o s e r  approximat ion  t o  a c t u a l  t i r e  o p e r a t i o n .  On a  r e a l  

t i r e ,  t h e  t r e a d  t r a n s l a t e s  toward t h e  road  s u r f a c e  a t  an ang le  

of  i n c l i n a t i o n  which i s  ze ro  a t  t h e  forward c o n t a c t  boundary,  

Although,  i n  t h e  expe r imen t ,  t h e  t r e a d  specimen approaches t h e  

road  s u r f a c e  p l a t e  w i t h  p u r e  r o t a t i o n a l  mot ion ,  i t  i s  b e l i e v e d  

t h a t  t h e  r e s u l t i n g  s i m u l a t i o n  of  t h e  w a t e r  e x p u l s i o n  p r o c e s s  i s  

more r e a l i s t i c  than  would be achieved  by c a u s i n g  t h e  " t r e a d "  t o  

t r a n s l a t e  toward t h e  "road" w h i l e  keeping t h e  " t r e a d "  p a r a l l e l  

t o  t h e  "road" a t  a l l  t i m e s .  

5 .2  INSTRUMENTATION 

The l a b o r a t o r y  appa ra tus  i s  equipped wi th  t h e  fo l lowing  

measurement d e v i c e s :  

1. A p o s i t i o n  t r a n s d u c e r ,  c o n s i s t i n g  o f  a  pho to -  

t r a n s i s t o r  f a c i n g  a  l i g h t  s o u r c e ,  i s  mounted on t h e  cover  p l a t e  

as shown i n  F igure  34.  A mask, a t t a c h e d  t o  t h e  l e a d i n g  edge of 

t h e  t r e a d  p l a t e ,  i s  p o s i t i o n e d  between t h e  p h o t o - t r a n s i s t o r  and 

l i g h t  s o u r c e  such t h a t  t h e  amount o f  l i g h t  s t r i k i n g  t h e  pho to -  

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

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

c a l i b r a t e d  by i n s e r t i n g  f e e l e r  gages of v a r i o u s  s i z e s  between 

t h e  t r e a d  p l a t e  and rocd  s u r f a c e  p l a t e .  



2 .  An a c c e l e r o m e t e r  i s  mounted on t h e  t r e a d  p l a t e  t o  

measure  i t s  a n g u l a r  a c c e l e r a t i o n .  The a c c e l e r o m e t e r  o u t p u t  i s  

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

t r e a d  p l a t e  s i n k a g e  r a t e .  

3, A t o r q u e  t r a n s d u c e r ,  c o n s i s t i n g  o f  a  s t r a i n  gage 

a t t a c h e d  t o  t h e  t o r s i o n  s p r i n g ,  measures  t h e  m o t i v a t i n g  t o r q u e  

a p p l i e d  t o  t h e  t r e a d  p l a t e .  The o u t p u t  from t h e  t r e a d  p l a t e  

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

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

t o r q u e .  An o u t p u t  s i g n a l  p r o p o r t i o n a l  t o  t h e  hydrodynamic 

p r e s s u r e  moment abou t  t h e  t r e a d  p l a t e  p i v o t  a x i s  i s  o b t a i n e d .  

S i n c e  t h e  d i s t r i b u t i o n  o f  hydrodynamic p r e s s u r e  i s  unknown, due 

t o  t h e  ex t reme d i f f i c u l t y  i n  o b t a i n i n g  an a n a l y t i c a l  s o l u t i o n ,  

t h e  magni tude o f  t h e  i n t e g r a t e d  hydrodynamic p r e s s u r e  canno t  be  

d e r i v e d  from measurements made by t h i s  i n s t r u m e n t a t i o n . *  Tread  

p a t t e r n  e f f e c t i v e n e s s  i s  a s s e s s e d  by measurement o f  t h e  p r e s s u r e  

moment. 

T e s t  d a t a  i s  a c q u i r e d  by pho tog raph ing  a s t o r a g e  o s c i l l o -  

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

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

f u n c t i o n  o f  s i n k a g e  t ime .  

5 . 3  EXPERIMENTAL RESULTS 

F i g u r e  35 p r e s e n t s  d a t a  o b t a i n e d  f o r  a  smoo th - su r f aced  t r e a d  

p l a t e  s u b j e c t e d  t o  a  m o t i v a t i n g  t o r q u e  of  10 f t - l b s .  The t r e a d  

p l a t e  was r e l e a s e d  a t  an i n i t i a l  d i s p l a c e m e n t  o f  - 2 0  i n .  i n t o  a  

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

immersed t h roughou t  i t s  t r a v e l .  With t h e s e  t e s t  c o n d i t i o n s ,  t r e a d  

p l a t e  d e c e l e r a t i o n  ( s o l i d  l i n e  i n  F i g .  35) r i s e s  t o  a  peak v a l u e  

of 5,000 r a d / s e c 2  a t  a  d i sp lacement"  of .05 i n . ,  and t h e n  decays  

toward z e r o .  Using a  v a l u e  o f  .008  f t - l b - s e c 2  f o r  t h e  moment 

o f  i n e r t i a  o f  t h e  t r e a d  p l a t e  about  t h e  a x i s  o f  r o t a t i o n ,  a  

d e c e l e r a t i o n  o f  5 ,000 r a d / s e c 2  co r r e sponds  t o  a  n e t  moment of  

*The i n t e g r a t e d  p r e s s u r e  cou ld  be  d e r i v e d  from measurement of  
t h e  p r e s s u r e  moment i f  t h e  moment arm were known; t h e  moment 
arm depends on t h e  p r e s s u r e  d i s t r i b u t i o n .  

**Displacement  i s  measured a t  t h e  t r e a d  p l a t e  edge f a r t h e s t  from 
t h e  a x i s  of r o t a t i o n .  
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See Cap t ion  
f o r  S c a l e  

I n i t i a l  C o n d i t i o n s  

Water Depth:  . 3  i n .  

Disp lacement :  . 2  i n .  
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F i g u r e  35.  Smooth p l a t e  s i n k a  e  d a t a .  L e f t  s c a l e :  a n g u l a r  
d e c e l e r a t i o n  (x l o 3  r a d / s e c 2 )  and d i sp l acemen t  

(x l o - '  i n ) .  
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40 f t - l b s .  The a d d i t i o n  o f  t h e  10 f t - l b  moment from t h e  t o r s i o n  

s p r i n g  g i v e s  a  peak v a l u e  o f  50 f t - l b s  f o r  t h e  hydrodynamic 

p r e s s u r e  moment. 

Al though t h e  a p p a r a t u s  i s  n o t  i n s t r u m e n t e d  t o  measure 

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

p r e s s u r e  can b e  e s t i m a t e d  i f  a  g e n e r a l  form f o r  t h e  p r e s s u r e  

d i s t r i b u t i o n  i s  assumed. The p r e s s u r e  d i s t r i b u t i o n  s k e t c h e d  i n  

F i g u r e  36 i s  b e l i e v e d  t o  be  a  r e a s o n a b l e  assumpt ion .  Th i s  

d i s t r i b u t i o n  i s  p a r a b o l i c  i n  p l a n e 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 e l l i p t i c  i n  t h e  p l a n e  o f  symmetry (p-x p l a n e ) .  The d i s t r i b u t i o n  

i s  d e s c r i b e d  by a  s u r f a c e  f u n c t i o n ,  p ( x , y ) ,  which ha s  t h e  

f o l l o w i n g  boundary c o n d i t i o n s :  

The f o l l o w i n g  c o n s i d e r a t i o n s  l e d  t o  t h e  c h o i c e  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  d e f i n e d  i n  F i g u r e  36 ,  I f  t h e  p l a t e  were  t o  approach 

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

p-x p l a n e  would be a p p r o p r i a t e  (based  on t h e o r e t i c a l  c a l c u l a t i o n s  

[ 1 6 ] ) .  I n  t h e  p r e s e n t  e x p e r i m e n t ,  however,  r o t a t i o n  o f  t h e  p l a t e  

about  t h e  y - a x i s  f o r c e s  t h e  s i n k a g e  r a t e  t o  i n c r e a s e  w i t h  

i n c r e a s i n g  d i s t a n c e  from t h e  a x i s  o f  r o t a t i o n .  The i n c r e a s i n g  

s i n k a g e  r a t e  p roduces  an i n c r e a s e  i n  p r e s s u r e  toward t h e  l e a d i n g  

edge of  t h e  t r e a d  p l a t e  and i s  t h e  r e a s o n  f o r  choos ing  an 

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

symmetry. No t h e o r e t i c a l  s o l u t i o n  e x i s t s  f o r  t h e  hydrodynamic 

p r e s s u r e  d i s t r i b u t i o n  between two smooth p l a t e s  which approach  

by pu re  r o t a t i o n .  
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F i g u r e  36 .  Hydrodynamic p r e s s u r e  d i s t r i b u t i o n  assumed 
f o r  t h e  pu rpose  o f  comput ing t h e  ave rage  
hydrodynamic p r e s s u r e  f o r  a  t r e a d  p l a t e  i n  
p u r e  r o t a t i o n a l  app roach .  

With t h e  hydrodynamic p r e s s u r e  d i s t r i b u t i o n  d e s c r i b e d  

above and s k e t c h e d  i n  F i g u r e  3 6 ,  t h e  p r e s s u r e  moment abou t  t h e  

y - a x i s  (measured i n  t h e  l a b o r a t o r y  expe r imen t )  i s  g i v e n  by  



and t h e  a v e r a g e  p r e s s u r e  i s  

By e l i m i n a t i n g  t h e  maximum p r e s s u r e ,  pm,  f rom t h e  above two 

e q u a t i o n s ,  t h e  ave rage  p r e s s u r e  i s  found  t o  be  

where 

Mx = hydrodynamic p r e s s u r e  moment (measured)  

L , w  = l e n g t h  and w i d t h  o f  t h e  t r e a d  p l a t e  

For  t h e  smooth t r e a d  p l a t e ,  o f  d imens ions  w = 3 i n .  and L = 4 i n . ,  

a  peak p r e s s u r e  moment Mx = 50 f t - l b  was measured.  For  a  

p r e s s u r e  d i s t r i b u t i o n  a s  shown i n  F i g u r e  36,  t h e  a v e r a g e  p r e s s u r e  

i s  P = 2 9  p s i .  I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  if a  p a r a b o l i c  
avg 

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

symmetry,  t h e  v a l u e  P = 33 p s i  i s  found .  The h i g h e r  v a l u e  i s  
avg 

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

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

I n  e i t h e r  c a s e ,  t h e  r e s u l t i n g  v a l u e s  f o r  P 
avg 

a r e  mere ly  rough 

e s t ima te s ,  because  t h e  a c t u a l  p r e s s u r e  d i s t r i b u t i o n  h a s  n o t  been 

measured o r  c a l c u l a t e d .  

F i g u r e  37 p r e s e n t s  d a t a  o b t a i n e d  f o r  a  3 i n .  x 4 i n .  t r e a d  

p l a t e  h a v i n g  two s t r a i g h t ,  l o n g i t u d i n a l l y  c u t  g rooves  . 2 5  i n .  

deep and - 2 5  i n .  w ide .  The i n i t i a l  d i s p l a c e m e n t ,  w a t e r  d e p t h ,  

and m o t i v a t i n g  t o r q u e  u sed  were t h e  same as f o r  t h e  smooth t r e a d  

p l a t e  ( F i g .  35 ) .  As e x p e c t e d ,  t h e  s i n k a g e  r a t e  f o r  t h e  grooved 

t r e a d  i s  s u b s t a n t i a l l y  g r e a t e r  t h a n  t h a t  of  t h e  smooth t r e a d .  

A t  t h e  - 0 5  i n .  d i s p l a c e m e n t  l e v e l ,  t h e  grooved t r e a d  v e l o c i t y  



Time ( m i l l i s e c o n d s )  

F i g u r e  37. Grooved p l a t e  s i n k a g e  d a t a .  L e f t  s c a l e :  a n g u l a r  
d e c e l e  a t i o n  ( x  103 r a d / s e c 2 )  and d i s p l a c e m e n t  
( X  10-5 i n . ) .  
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i s  5 2  i n / s e c ,  i n  comparison w i t h  33 i n / s e c  f o r  t h e  smooth t r e a d ;  

w h i l e  hydrodynamic p r e s s u r e  i s  a p p r o x i m a t e l y  t h e  same* f o r  b o t h  

t r e a d  p l a t e s .  For  t h e  grooved p l a t e ,  however ,  t h e  hydrodynamic 

f o r c e  does  n o t  r e a c h  i t s  peak  u n t i l  t h e  w a t e r  f i l m  i s  o n l y  a  few 

t h o u s a n d t h s  o f  an i n c h  t h i c k .  I t  seems t h a t ,  f o r  t h e  g rooved  

p l a t e ,  t h e  f low r e s i s t a n c e  i s  low u n t i l  t h e  w a t e r  f i l m  t h i c k n e s s  

i s  r educed  t o  t h e  p o i n t  where a  v i s c o u s  s q u e e z e  f i l m  i s  formed;  

w h i l e ,  f o r  t h e  smooth p l a t e ,  hydrodynamic f o r c e  i s  a p p r e c i a b l e  

i n  t h i c k  s q u e e z e  f i l m s  f o r  which f l u i d  i n e r t i a  f o r c e s  domina t e .  

A check on r e p e a t a b i l i t y  o f  t h e  e x p e r i m e n t a l  r e s u l t s  was 

made by d i s m a n t l i n g  t h e  a p p a r a t u s  a f t e r  t h e  above t e s t s  on t h e  

2 -g roove  p l a t e ,  r e a s s e m b l i n g ,  and r e p e a t i n g  t h e  t e s t  w i t h  t h e  

same i n i t i a l  c o n d i t i o n s .  V a r i a t i o n s  i n  t h e  r e s u l t s  o f  t h e  s econd  

r u n s ,  compared w i t h  t h e  f i r s t  r u n s ,  c o u l d  n o t  be  r e s o l v e d  on 

t h e  pho tog raphs  o f  t h e  s t o r a g e  o s c i l l o s c o p e  d i s p l a y .  

A t  t h i s  p o i n t  i t  has  been e s t a b l i s h e d  t h a t  t h e  l a b o r a t o r y  

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

n e s s  o f  a  g rooved  t r e a d  p a t t e r n  v i s  2 v i s  a  smooth t r e a d .  

A s e r i e s  o f  t e s t s  were  pe r fo rmed  on t r e a d  p l a t e s  h a v i n g  

s t r a i g h t ,  l o n g i t u d i n a l l y  c u t ,  g roove  p a t t e r n s  w i t h  t h e  geometry  

g i v e n  i n  F i g u r e  38. P l a t e s  B t h rough  H c o n s t i t u t e  a  s e r i e s  of  

i n c r e a s i n g  number o f  g rooves  ( 1  t o  8)  w i t h  g roove  volume h e l d  
3 c o n s t a n t  a t  . 5  i n  . S i n c e  t h i s  p a t t e r n  s e r i e s  h a s  a  g roove  v o l u ~ n e  

p e r  u n i t  o f  g r o s s  c o n t a c t  a r e a  (g roove  c a p a c i t y )  f i x e d  a t  , 0 4 2  

i n . ,  w a t e r  w i l l  be f o r c e d  t o  f l ow  t h r o u g h  t h e  g rooves  when t h e s e  

p a t t e r n s  a r e  o p e r a t e d  i n  w a t e r  d e p t h s  g r e a t e r  t h a n  . 0 4 2  i n .  The 

e f f e c t  o f  groove c a p a c i t y  i s  s t u d i e d  w i t h  p a t t e r n s  I -K ,  each  

hav ing  t h r e e  g rooves  o f  c o n s t a n t  w i d t h  ( .  25 i n )  b u t  d i f f e r e n t  

d e p t h s .  

- 

*The removal  o f  m a t e r i a l  i n  c u t t i n g  t h e  g rooves  o n l y  s l i g h t l y  
a l t e r s  t h e  moment o f  i n e r t i a .  



Figure  38 .  Geometry of  t r e a d  p a t t e r n  p l a t e s  t e s t e d  f o r  water  
e x p u l s i o n  e f f e c t i v e n e s s .  
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Deep Water Tes t  R e s u l t s .  For  t h e s e  t e s t s ,  w a t e r  depth  was 

ma in ta ined  a t  . 3  i n .  t o  i n s u r e  groove f low throughout  t h e  approach 

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

cor respond t o  a  t i r e  o p e r a t i n g  i n  w a t e r  dep ths  g r e a t e r  than  t h e  

groove c a p a c i t y .  

F igure  39 shows t r e a d  d i sp lacemen t  ve r sus  t ime curves  

( s inkage  cu rves )  f o r  p a t t e r n s  A-H ( F i g .  38) .  A m o t i v a t i n g  to rque  

of 25 f t - l b s  was used  t o  produce an average  hydrodynamic p r e s s u r e  

o f  approximate ly  40  p s i ;  a  r e a l i s t i c  v a l u e  f o r  a  t i r e  i n  t o t a l  

hydrop lan ing ,  

R e l a t i v e  t o  t h e  s inkage  r a t e  of  t h e  smooth p l a t e  (A),  

improvement i n  t r e a d  p a t t e r n  e f f e c t i v e n e s s  was found f o r  one 

groove and a d d i t i o n a l  improvement was found f o r  two grooves .  No 

f u r t h e r  improvement i n  wa te r  e x p u l s i o n  e f f e c t i v e n e s s  was d e t e c t e d  

w i t h  t h e  3 ,  4 ,  5 ,  6 ,  and 8-groove p a t t e r n s .  These d a t a  (F ig .  39) 

s u g g e s t  t h e  e x i s t e n c e  of  a  c r i t i c a l  r i b  w i d t h ,  below which no 

improvement i n  t r e a d  p a t t e r n  e f f e c t i v e n e s s  i s  o b t a i n e d .  For the  

groove volume of  - 0 5  i n 3 ,  used i n  t h e s e  t e s t s ,  t h e  c r i t i c a l  r i b  

wid th  i s  approximate ly  . 8  i n .  An e x p l a n a t i o n  f o r  t h i s  f i n d i n g  w i l l  be 

o f f e r e d  l a t e r  when t h e  expe r imen ta l  r e s u l t s  a r e  d i s c u s s e d  i n  

g r e a t e r  d e p t h .  

To s t u d y  t h e  e f f e c t  of groove c a p a c i t y  on t r e a d  p a t t e r n  

e f f e c t i v e n e s s ,  p a t t e r n s  I-K were t e s t e d  w i t h  t h e  same i n i t i a l  

c o n d i t i o n s  (wa te r  d e p t h :  . 3  i n .  , t o r q u e :  25 f t - l b s )  as  p a t t e r n s  

A - H .  The r e s u l t s  o f  t h e  groove c a p a c i t y  s t u d y  a r e  shown i n  

F igure  4 0 .  I t  was found t h a t  t h e  s inkage  curve f o r  P l a t e  I i s  

i d e n t i c a l  t o  t h e  s inkage  curve f o r  p l a t e  D ,  a  3-groove p a t t e r n  

having  t h e  same groove volume as p l a t e  I b u t  w i t h  d i f f e r e n t  groove 

width  and dep th .  P l a t e s  J and K ,  which have g r e a t e r  groove 

volume, show h i g h e r  s i n k a g e  r a t e s  and thus  a r e  more e f f e c t i v e  

i n  deep wa te r  than  any of t h e  p a t t e r n s  shown i n  F igure  3 9 .  



Tread  P l a t e  
Disp lacement  

i ( i n c h e s )  

i I 

Water  Depth:  . 3  i n .  

Torque : 25 f t - l b s  

, 1 Groove 

Time ( m i l l i s e c o n d s )  

F i g u r e  39. The e f f e c t  o f  g roove  number on t h e  s i n k a g e  
o f  t r e a d  p l a t e s  w i t h  t h e  same groove  volume 
( . 5  i n 3 ) .  



Tread  P l a t e  
- 0 5  ,. Displacement  

( i n c h e s )  

Water Depth:  . 3  i n .  

Torque : 2 5  f t - l b s  

P l a t e  Groove 
\ \  '\ "ode Volume 

Time ( m i l l i s e c o n d s )  

F i g u r e  40. The e f f e c t  o f  groove volume on t h e  s i n k a g e  
of  t r e a d  p l a t e s  w i t h  3 g rooves .  



T e s t  R e s u l t s  f o r  Va r ious  Water Depths .  I f  t h e  g rooves  a r e  

n o t  f l o o d e d  d u r i n g  t h e  e n t i r e  app roach  o f  t h e  t r e a d  p l a t e  t o  t h e  

road  s u r f a c e  p l a t e ,  w a t e r  d e p t h  w i l l  have  an i n f l u e n c e  on t h e  

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

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

Fo r  e a c h  p a t t e r n  t o  be t e s t e d  i n  v a r i o u s  w a t e r  d e p t h s ,  a  

r e f e r e n c e  run  was f i r s t  made w i t h  t h e  w a t e r  d e p t h  a t  . 3  i n .  ( t o  

a s s u r e  g roove  f l o o d i n g )  and a  m o t i v a t i n g  t o r q u e  o f  25 f t - l b s .  

T e s t s  a r e  t h e n  conduc ted  a t  lower  w a t e r  d e p t h s  w i t h  t h e  m o t i v a t i n g  

t o r q u e  a d j u s t e d  s u c h  t h a t  t h e  d i s p l a c e m e n t  and approach  speed  

v e r s u s  t ime  c u r v e s  c l o s e l y  app rox ima te  t h o s e  o b t a i n e d  w i t h  25 

f t - l b s  o f  t o r q u e  and . 3  i n .  o f  w a t e r .  M o t i v a t i n g  t o r q u e  t h u s  

becomes a  measure  o f  t h e  e a s e  w i t h  which w a t e r  i s  e x p e l l e d  f rom 

b e n e a t h  t h e  t r e a d  p l a t e ;  t h e  lower  t h e  t o r q u e ,  t h e  lower  i s  t h e  

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

o f  s i n k a g e .  Tread  p l a t e s  A-H and K were  t e s t e d  i n  t h i s  manner.  

F i g u r e  41 shows t h e  v a r i a t i o n  of  m o t i v a t i n g  t o r q u e  w i t h  

w a t e r  d e p t h  f o r  t r e a d  p a t t e r n s  A-H ( s o l i d  l i n e s )  and K ( da shed  

l i n e ) .  I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  a t  t h e  w a t e r  d e p t h  o f  

. 0 6  i n .  , an improvement i n  w a t e r  e x p u l s i o n  e f f e c t i v e n e s s  ( r e l a t i v e  

t o  t h e  smoooth t r e a d  p l a t e )  was o b t a i n e d  w i t h  t h e  1, 2 ,  3 ,  4 ,  

and 5-groove p a t t e r n s  ; i n  deep w a t e r ,  improvement was 

o b t a i n e d  o n l y  f o r  t h e  p a t t e r n  w i t h  h i g h e r  g roove  volume (K).  

Another  i n t e r e s t i n g  f e a t u r e  o f  t h e s e  r e s u l t s  i s  t h a t  a l l  of  

t h e  cu rves  i n  F i g u r e  41 f o r  t r e a d  p l a t e s  B-H ( a l l  o f  e q u a l  g roove  

volume) b e g i n  t o  d e v i a t e  from t h e  smooth t r e a d  p l a t e  a t  

a p p r o x i m a t e l y  t h e  same w a t e r  d e p t h  ( - 1 0  i n . ) .  However, p l a t e  K ,  

which ha s  t w i c e  t h e  groove volume,  b e g i n s  t o  d e v i a t e  a t  a  h i g h e r  

w a t e r  d e p t h  ( a p p r o x i m a t e l y  . 15  i n . ) .  

F i n a l l y ,  i t  i s  i m p o r t a n t  t o  o b s e r v e  t h a t  t h e  smooth p l a t e  

i s  i n s e n s i t i v e  t o  w a t e r  d e p t h ,  w h i l e  t h e  p a t t e r n e d  p l a t e s  a r e  

a l l  w a t e r  d e p t h  s e n s i t i v e .  The smooth p l a t e  would ,  o f  c o u r s e ,  

show d e p t h  s e n s i t i v i t y  a t  v e r y  s m a l l  w a t e r  d e p t h s  - s m a l l e r  t h a n  

t h o s e  u s e d  i n  t h e s e  e x p e r i m e n t s .  



Torque 
( f t - l b s )  

Grooves 

1 

Smooth P l a t e  

,,4+--3 Grooves ( K )  

' ,' 
L '  X P l a t e  Groove Groove 

, Code Volume C a p a c i t y  
I 

B-H 0 . 5  i n  , 0 4 2  i n  

K 1 . 0  , 084  

Water Depth ( i n c h e s )  

F i g u r e  4 1 .  Ease  of w a t e r  e x p u l s i o n  v e r s u s  w a t e r  d e p t h .  
M o t i v a t i n g  t o r q u e  ( o r d i n a t e )  i s  t h a t  r e q u i r e d  
t o  d u p l i c a t e  t h e  deep w a t e r  ( h  = . 3  i n )  
s i n k a g e  cu rve  o b t a i n e d  w i t h  2 5  f t - l b s  t o r q u e .  



An i n c o n s i s t e n c y  a p p a r e n t  i n  t h e s e  d a t a  i s  t h a t  t h e  2 and 

3-groove p a t t e r n s  f a l l  on t h e  same p o i n t  i n  F i g u r e  41.  The 

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

be due t o  e i t h e r  a  m i sa l i gnmen t  between t h e  t r e a d  p l a t e  and t h e  

road  s u r f a c e  p l a t e  o r  by an e r r o r  i n  c a l i b r a t i o n  of  t h e  

i n s t r u m e n t a t i o n .  

5 . 4  DISCUSSION OF THE RESULTS 

The e x i s t e n c e  of  a  c r i t i c a l  r i b  w i d t h ,  such  a s  o b s e r v e d  i n  

t h e  deep  w a t e r  e x p e r i m e n t s  ( F i g .  391 ,  may be e x p l a i n e d  by con-  

s i d e r a t i o n  o f  t h e  hydrodynamic p r e s s u r e  d i s t r i b u t i o n  deve loped  

b e n e a t h  t h e  t r e a d  p l a t e .  I t  w i l l  be  h y p o t h e s i z e d  t h a t  t h e  

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

o f  w a t e r  from b e n e a t h  a t r e a d  r i b  t o  a  g roove  o r  t h e  p e r i p h e r y  

o f  t h e  c o n t a c t  r e g i o n  i s  made up o f  two components .  

1. A p r e s s u r e  g r a d i e n t  a s s o c i a t e d  w i t h  s q u e e z e  f i l m  

f low ( i n  t h e  r i b  r e g i o n ) .  

2 .  A p r e s s u r e  g r a d i e n t  which m o t i v a t e s  g roove  f l o w .  

The squeeze  f i l m  component (1 )  i s  a  f u n c t i o n  o f  r i b  w i d t h  w h i l e  

t h e  groove f l ow  component (2)  depends on groove  volume and w a t e r  

d e p t h .  Thus ,  f o r  a  g i v e n  w a t e r  d e p t h  and g roove  volume,  i t  i s  

c l e a r  t h a t  an improvement i n  t r e a d  p a t t e r n  pe r fo rmance  can be  

o b t a i n e d  by d e c r e a s i n g  t h e  r i b  w i d t h .  However, when r i b  w i d t h  

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

g roove  f low becomes dominan t ,  no f u r t h e r  improvement w i t h  

d e c r e a s i n g  r i b  w i d t h  w i l l  b e  o b t a i n e d .  I n  deep w a t e r  ( e . g . ,  

. 3  i n . )  and w i t h  a  groove volume o f  . 5  i n 3 ,  t h e  c r i t i c a l  r i b  

w i d t h  found by t h e  l a b o r a t o r y  a p p a r a t u s  a p p e a r s  t o  be  abou t  

. 8  i n .  



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

r i b  w i d t h  c o u l d  be o b t a i n e d  by e i t h e r  ( a )  i n c r e a s i n g  t h e  g roove  

volume, o r  ( b )  d e c r e a s i n g  t h e  w a t e r  d e p t h .  The t e s t s  pe r fo rmed  

a t  d e c r e a s e d  w a t e r  d e p t h s  ( s e e  Fi-g. 41) t e n d  t o  c o n f i r m  t h e  t h e o r y  

s i n c e  a t  a  lower  w a t e r  d e p t h  ( . 06  i n )  a  r educed  c r i t i c a l  r i b  

w i d t h  ( . 3 3  i n )  was found .  

The d a t a  from t e s t s  pe r fo rmed  on t h e  3 -g roove  p a t t e r n s  J-K, 

which have  g r e a t e r  groove volumes ( . 7 5  i n  and 1 . 0 0  in ) ,  a r e  a l s o  

c o n s i s t e n t  w i t h  t h i s  theory,  s i n c e  t h e  i n c r e a s e d  groove  volume 

p a t t e r n s  showed an i n c r e a s e d  s i n k a g e  r a t e  t h a t  can o n l y  be  

e x p l a i n e d  by a  d e c r e a s e  i n  g roove  f low r e s i s t a n c e  ( s e e  F i g .  4 0 ) .  

However, t h e  e f f e c t  o f  an i n c r e a s e  o f  g roove  volume on c r i t i c a l  

r i b  w i d t h  h a s  n o t  c l e a r l y  been e s t a b l i s h e d  b e c a u s e  t e s t s  have  n o t  

been  pe r fo rmed  on t r e a d  p l a t e s  h a v i n g  v a r i o u s  r i b  w i d t h s  a s  w e l l  

a s  i n c r e a s e d  groove  volume ( p a t t e r n s  I-K were o f  c o n s t a n t  r i b  

w i d t h ) .  

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

g rooves  i n  deep w a t e r  o p e r a t i o n  o r  i n  w a t e r  d e p t h s  which p roduce  

g roove  " f l o o d i n g "  a t  highway s p e e d s .  I t  i s  w e l l  known, from 

i n v e s t i g a t i o n s  o f  t h e  h y d r o p l a n i n g  phenomenon, t h a t  when h y d r o -  

dynamic p r e s s u r e s  a s s o c i a t e d  w i t h  groove f l ow  become e q u a l  t o  

t h e  t i r e - r o a d  c o n t a c t  p r e s s u r e ,  t h e  g rooves  become "choked" and 

t h e r e  i s  no l o n g e r  a  p r e s s u r e  g r a d i e n t  e x i s t i n g  between t h e  

t r e a d  r i b s  and t h e  g rooves  t o  m o t i v a t e  e x p u l s i o n  o f  t h e  s q u e e z e  

f i l m  from b e n e a t h  t h e  r i b s .  A s i m i l a r  s i t u a t i o n  may p r e v a i l  i n  

t h e  l a b o r a t o r y  expe r imen t  when r i b  w i d t h  i s  below t h e  c r i t i c a l  

v a l u e .  

I t  i s  r e c a l l e d  t h a t  Maycock [ 5 ]  found  a  c r i t i c a l  r i b  w i d t h  

o f  a p p r o x i m a t e l y  . 6 5  in .  from t e s t s  pe r fo rmed  on a smooth r o a d  

s u r f a c e  w i t h  a w a t e r  d e p t h  o f  . 0 2 -  .04 i n .  A t  such  low w a t e r  

d e p t h s  t h e  g rooves  c o u l d  n o t  have been  f l o o d e d  and t h e  t h e o r y  

p roposed  above canno t  b e  u s e d  t o  e x p l a i n  Maycock's  f i n d i n g .  I t  

seems more r e a s o n a b l e  t o  hypothes-i .ze t h a t ,  f o r  low w a t e r  d e p t h s  



(no  groove  f l o o d i n g ) ,  a  r i b  w i d t h  o f  - 6 5  in ,  p r o v i d e s  f o r  a  

squeeze  f i l m  e x p u l s i o n  r a t e  i n  zone 2 of  t h e  c o n t a c t  r e g i o n  

( F i g .  26) which i s  s u f f i c i e n t l y  r a p i d  t h a t  p a r t i a l  dynamic hydro-  

p l a n i n g  canno t  o c c u r  t o  any s i g n i f i c a n t  e x t e n t  a t  normal  highway 

s p e e d s .  I n  t h i s  c a s e ,  a  s m a l l e r  r i b  w i d t h  would n o t  y i e l d  a  

measu rab l e  improvement i n  t r a c t i o n  pe r fo rmance .  

The h y p o t h e s i s  p roposed  i n  t h e  p r e c e d i n g  p a r a g r a p h  i s  con-  

s i s t e n t  w i t h  t h e  s q u e e z e - f i l m  t h e o r y  d i s c u s s e d  i n  C h a p t e r  3 .  A 

r i b  o f  . 6 5  in.  w i d t h  h a s  an ave rage  f l ow  d i s t a n c e ,  AFD, o f  .16  i n .  

A c i r c u l a r  p l a t e  o f  - 2 5  i n ,  r a d i u s  h a s  a p p r o x i m a t e l y  t h e  same AFD. 

R e f e r r i n g  t o  F i g u r e  30 ,  i t  i s  s e e n  t h a t  t h e  c i r c u l a r  p l a t e  o f  

- 2 5  i n . r a d i u s  r e q u i r e s  . 4 5  m i l l i s e c o n d s  t o  s i n k  from an i n i t i a l  

h e i g h t  o f  $ 0 5  i n , t o  .005 i n .  Under more r e a l i s t i c  c o n d i t i o n s  o f  

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

r a t e  would be  even g r e a t e r .  S i n c e ,  a t  60 mph, t h e  t ime  r e q u i r e d  

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

5 o r  6  m i l l i s e c o n d s ,  zone 2 can b e  e x p e c t e d  t o  compr i se  o n l y  a  

s m a l l  f r a c t i o n  of  t h e  c o n t a c t  r e g i o n .  Al though  a  s m a l l e r  r i b  

w i d t h  would s t i l l  f u r t h e r  r educe  t h e  s i z e  o f  zone 2 ,  i t  i s  n o t  

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

i f  t h e  zone were  a l r e a d y  v e r y  s m a l l .  

The expe r imen t s  per formed  on t h e  3 -g roove  p a t t e r n ,  D ,  t e n d  t o  

s u p p o r t  t h e  above h y p o t h e s i s .  Approximate ly  . 5  m i l l i s e c o n d s  

was r e q u i r e d  f o r  t h i s  p a t t e r n  t o  s i n k  from . 0 5  i n ,  t o  , 0 0 5  i ~ , -  

r o u g h l y  t h e  t ime  p r e d i c t e d  by i n e r t i a l  s q u e e z e - f i l m  t h e o r y .  

I n  t h e  p r e s e n t a t i o n  o f  t h e  d a t a  o b t a i n e d  i n  v a r y i n g  w a t e r  

d e p t h s  ( F i g .  4 1 ) ,  i t  was n o t e d  t h a t  t h e r e  a r e  c r i t i c a l  w a t e r  

d e p t h s  above which w a t e r  d e p t h  ha s  no e f f e c t  on t r e a d  p l a t e  

s i n k a g e .  Al though t h i s  l a b o r a t o r y  f i n d i n g  a p p e a r s  t o  b e  ana logous  

t o  t h e  c r i t i c a l  w a t e r  d e p t h  o b s e r v e d  i n  expe r imen t s  on hyd ro -  

p l a n i n g  t i r e s  ( s e e  S e c t i o n  2 . 2 . 3 )  , t h e  c r i t i c a l  w a t e r  d e p t h s  

s e e n  i n  F i g u r e  4 1  occur3 f o r  a  d i f f e r e n t  r e a s o n  and a r e  n o t  d i r e c t l y  

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



The c r i t i c a l  w a t e r  d e p t h s  s e e n  i n  F i g u r e  41 can be  e x p l a i n e d  

by  h y p o t h e s i z i n g  t h a t ,  a t  d e p t h s  above t h e  c r i t i c a l  l e v e l s ,  t h e  

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

below t h e  c r i t i c a l  l e v e l s ,  t h e  g rooves  a r e  mere ly  f i l l i n g  up 

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

p h e r y .  O b v i o u s l y ,  t r e a d s  hav ing  l ower  g roove  volumes w i l l  f l o o d  

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

t r e a d  p l a t e s  B - H ,  a l l  o f  which have t h e  same groove  volume 

( . 5  i n 3 ) ,  e x h i b i t  a b i f u r c a t i o n  p o i n t  a t  a  lower  w a t e r  d e p t h  t h a n  
3 p l a t e  K, which h a s  a  h i g h e r  g roove  volume ( 1 . 0  i n  ) . 

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

s t r i k i n g  b i f u r c a t i o n  p o i n t s  s e e n  i n  F i g u r e  41 can b e  c o r r e l a t e d  

w i t h  t h e  p roposed  t r e a d  p a t t e r n  pe r fo rmance  p a r a m e t e r  y l  

- - groove  c a p a c i t y  
Y1 w a t e r  d e p t h  

U n f o r t u n a t e l y ,  due t o  s u r f a c e  t e n s i o n  e f f e c t s ,  t h e  measured v a l u e  

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

b e i n g  d i s p l a c e d  by t h e  t r e a d  p a t t e r n .  Th i s  p rob lem w i l l  b e  

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

o f  t h e  l a b o r a t o r y  a p p a r a t u s .  

5 . 5  LIMITATIONS OF THE EXPERIMENT 

Al though  t h e  e x p e r i m e n t a l  a p p a r a t u s  p r o v i d e s  a  r e a l i s t i c  

s i m u l a t i o n  o f  many a s p e c t s  o f  t h e  w a t e r  e x p u l s i o n  p r o c e s s  which 

t a k e s  p l a c e  when a  t i r e  r o l l s  o v e r  a  wet  s u r f a c e ,  t h e r e  a r e  some 

s i g n i f i c a n t  l i m i t a t i o n s  o f  t h e  expe r imen t  which l i m i t  t h e  e x t e n t  

t o  which t h e  e x p e r i m e n t a l  d a t a  can b e  r e l a t e d  t o  r e a l  t i r e  

b e h a v i o r .  



Boundary C o n d i t i o n s .  The mechan i ca l  boundary  c o n d i t i o n s  

gove rn ing  t h e  w a t e r  f l ow  i n  t h e  l a b o r a t o r y  a p p a r a t u s  may b e  

c o n s i d e r e d  u n r e a l i s t i c  i n  t h r e e  ma jo r  a s p e c t s .  

1. A r e a l  t i r e  e x p e r i e n c e s  hydrodynamic p r e s s u r e  d e f o r -  

ma t ion  o f  t h e  t r e a d  i n  t h e  c o n t a c t  r e g i o n ,  w h i l e  t h e  expe r imen t  

employs a  f l a t  and r i g i d  t r e a d  p l a t e .  I t  i s  known from measure -  

ments [ 2 , 2 5 ]  and g l a s s  p l a t e  o b s e r v a t i o n s  [ 1 , 3 , 1 1 ]  o f  h y d r o p l a n i n g  

t i r e s  t h a t ,  f o r  an au tomob i l e  t i r e ,  t h e  w a t e r  f i l m  i s  t h i c k e s t  

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

a t  t h e  e d g e s .  I n  t h i s  e x p e r i m e n t ,  t h e  w a t e r  f i l m  t h i c k n e s s  i s  

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

Daughaday and Tung [24]  have a n a l y t i c a l l y  i n v e s t i g a t e d  t h e  

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

a f u l l y  h y d r o p l a n i n g  t i r e .  F i g u r e  4 2  shows a  hydrodynamic p r e s s u r e  

d i s t r i b u t i o n  computed on t h e  a s sumpt ion  o f  a  f l a t  t r e a d  s u r f a c e  

F i g u r e  4 2 .  Hydodynamic p r e s s u r e  d i s t r i b u t i o n  computed f o r  a  t o t a l l y  
h y d r o p l a n i n g  t i r e  w i t h  f l a t  t r e a d  s u r f a c e  i n  t h e  
c o n t a c t  r e g i o n .  From [ 2 4 ]  
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i n  t h e  c o n t a c t  r e g i o n .  The p r e s s u r e  d i s t r i b u t i o n  i s  found t o  

b e  p a r a b o l i c  i n  t h e  l a t e r a l  d i r e c t i o n .  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 ,  t h e  h i g h  p r e s s u r e  (due t o  water-wedge impac t )  a t  t h e  

l e a d i n g  edge  d rops  o f f  r a p i d l y  t o  become n e a r l y  un i fo rm i n  t h e  

c e n t r a l  r e g i o n  and t h e n  d rops  o f f  t o  z e r o  a t  t h e  t r a i l i n g  edge .  

The r e s u l t a n t  l i f t  deve loped  by t h i s  p r e s s u r e  d i s t r i b u t i o n  i s  t o o  

s m a l l  t o  p roduce  t o t a l  h y d r o p l a n i n g  a t  t h e  speeds  a t  which i t  i s  

commonly o b s e r v e d ;  t h u s ,  t h e  a u t h o r s  have shown t h a t  t h e  t r e a d  

s u r f a c e  s u p p o r t e d  by hydrodynamic p r e s s u r e  must  be  cu rved  i n  

some manner.  

F i g u r e  43(a )  shows a  hydrodynamic p r e s s u r e  d i s t r i b u t i o n  

computed by Daughaday and Tung [ 2 4 ]  on t h e  a s sumpt ion  of  a  cu rved  

t r e a d  s u r f a c e  (shown i n  F i g .  4 3 ( b ) ) .  The p r e s s u r e  d i s t r i b u t i o n  

i s  now found t o  be  n e a r l y  un i form i n  t h e  c e n t r a l  c o n t a c t  r e g i o n  

and t h e  r e s u l t a n t  l i f t  deve loped  i s  s u f f i c i e n t l y  l a r g e  t o  p roduce  

t o t a l  h y d r o p l a n i n g  a t  speeds  comparable  t o  t h o s e  o b s e r v e d  

e x p e r i m e n t a l l y .  

The r e c e n t  and more comprehensive  t h e o r e t i c a l  a n a l y s i s  o f  

Browne [21]  shows t h a t  t i r e  h y d r o p l a n i n g  must b e  accompanied by 

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

c o n t a c t  r e g i o n .  Browne's  a n a l y s i s  shows t h a t  v i s c o u s  e f f e c t s  a r e  

n o t  i m p o r t a n t  i n  h y d r o p l a n i n g  where t h e  amount o f  w a t e r  encoun te r ed  

by t h e  t i r e  exceeds  t h e  combined d r a i n a g e  c a p a c i t y  o f  t h e  t r e a d  

p a t t e r n  and t h e  pavement m a c r o t e x t u r e .  

I t  i s  now c l e a r  t h a t  t h e  hydrodynamic p r e s s u r e  d i s t r i b u t i o n  

i s  h i g h l y  s e n s i t i v e  t o  t h e  deformed s l o p e  of  t h e  t i r e  t r e a d  i n  

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

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

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

2 .  The r o t a t i o n a l  mot ion o f  t h e  t r e a d  p a t t e r n  i n  t h e  

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

t r e a d  i n  c o n d i t i o n s  o f  p a r t i a l  h y d r o p l a n i n g .  F i g u r e  4 4  i l l u s t r a t e s  

t h e  mot ion  o f  t r e a d  s u r f a c e  p o i n t s  i n  t h e  l a b o r a t o r y  expe r imen t  

which c o n s t r a i n s  t h e  t r e a d  p l a t e  t o  r o t a t e  abou t  a  f i x e d  a x i s  ( A ) .  

P o i n t s  1 and 2 on t h e  l a b o r a t o r y  t r e a d ,  t r a v e l i n g  a l o n g  c i r c u l a r  

a r c s ,  do n o t  move e q u a l  d i s t a n c e s  d u r i n g  t h e  r o t a t i o n a l  mo t ion .  



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

F i g u r e  4 3 .  Hydrodynamic p r e s s u r e  d i s t r i b u t i o n  ( a )  computed f o r  
a  t o t a l l y  h y d r o p l a n i n g  t i r e  w i t h  a cu rved  t r e a d  
s u r f a c e  ( b )  i n  t h e  c o n t a c t  r e g i o n .  From [ 2 4 ]  



I n  t h e  highway s i t u a t i o n ,  shown i n  F i g u r e  45 ,  t h e  non-  

c o n t a c t i n g  t r e a d  s u r f a c e  e x h i b i t s  a  t r a n s l a t i o n a l  mot ion  toward  

t h e  road  s u r f a c e  and a l l  s u r f a c e  p o i n t s  move e q u a l  d i s t a n c e s  

b e f o r e  c o n t a c t  i s  made. The l i n e  of c o n t a c t  ( C ) ,  which i s  

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

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

As t h e  t r e a d  on a  r e a l  t i r e  conforms t o  t h e  r o a d  s u r f a c e  by 

bend ing  a l o n g  t h e  l i n e  o f  c o n t a c t ,  mot ion  o f  n o n c o n t a c t i n g  t r e a d  

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

bend ing  d e f o r m a t i o n  which p r o p a g a t e s  o u t  t o  t h e  n o n c o n t a c t i n g  

t r e a d .  

The e x t e n t  t o  which t h e  hydrodynamic p r e s s u r e  d i s t r i b u t i o n  

i s  i n f l u e n c e d  by p u r e  r o t a t i o n a l  mot ion , v i s - A - v i s  p u r e  t r a n s l a -  

t i o n a l  mot ion o f  t h e  t y p e  i l l u s t r a t e d  i n  F i g u r e  4 5 ,  i s  d i f f i c u l t  

t o  a n a l y z e .  The e v a l u a t i o n  o f  t h e  r e l a t i v e  i n f l u e n c e  o f  t h e s e  

two t r e a d  mo t ions  would r e q u i r e  an a n a l y t i c a l  s o l u t i o n  f o r  e ach  

( w i t h  t h e  a s sumpt ion  o f  smooth t r e a d  and r o a d  p l a t e s ) .  The f l ow  

p roduced  i n  t h e  highway s i t u a t i o n  ( F i g .  45) ha s  been  t e s t e d  

a n a l y t i c a l l y  by Browne [21]  and by Daughaday and Tung [ 2 4 ] .  These  

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

a  f low c o o r d i n a t e  sy s t em which moves w i t h  t h e  t i r e  and t h u s  

t r a n s f o r m s  t h e  n o n - s t e a d y  f l ow  prob lem t o  one of  s t e a d y  f l o w .  

No s i m i l a r  c h o i c e  o f  c o o r d i n a t e s  i s  p o s s i b l e  f o r  t h e  p u r e  r o t a t i o n a l  

mot ion  o f  t h e  l a b o r a t o r y  a p p a r a t u s  and t h e  e x t r e m e l y  c o m p l i c a t e d  

n o n - s t e a d y  f l ow  a s s o c i a t e d  w i t h  t h i s  d e v i c e  h a s  y e t  t o  be  t r e a t e d  

a n a l y t i c a l l y .  

3 .  The w a t e r  wedge,  which a lways  e x i s t s  when a  r e a l  t i r e  i s  

o p e r a t i n g  on a  wet  pavement ,  i s  a b s e n t  i n  t h e  l a b o r a t o r y  

s i m u l a t i o n .  The hydrodynamic p r e s s u r e  d i s t r i b u t i o n  i n  zone 2 ,  

which i s  s i m u l a t e d  by t h e  l a b o r a t o r y  a p p a r a t u s ,  i s  b e l i e v e d  t o  

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

t h e  w a t e r  wedge i n  zone 1. H e r e ,  a g a i n ,  t h e  absence  o f  a  r i g o r o u s  

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

t h e  a s se s smen t  o f  t h e  i n f l u e n c e  o f  t h i s  boundary c o n d i t i o n  one  

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



F i g u r e  4 4 .  L a b o r a t o r y  s i t u a t i o n :  t r e a d  p l a t e  i n  p u r e  
r o t a t i o n  ( f i x e d  a x i s  o f  r o t a t i o n ) .  

3 c 
Line of  C o n t a c t  Road S u r f a c e  

F i g u r e 4 5 .  Highway s i t u a t i o n :  t r e a d  p a t t e r n  i n  p u r e  
t r a n s l a t i o n  (moving l i n e  o f  c o n t a c t ) .  



Sur face  Tension E f f e c t s .  I t  was p r e v i o u s l y  ment ioned ,  i n  

t h e  d i s c u s s i o n  of d a t a ,  t h a t  t h e  r e s u l t s  of  exper iments  performed 

a t  low w a t e r  dep ths  a r e  d i f f i c u l t  t o  i n t e r p r e t  because  of  s u r f a c e  

t e n s i o n  e f f e c t s .  The d i f f i c u l t y  i s  i l l u s t r a t e d  i n  F igure  4 6  

where i t  i s  s een  t h a t  when t h e  t r e a d  p l a t e  i s  r a i s e d  t o  i t s  

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

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

t h e  w a t e r .  The measured v a l u e  of t h e  s t a n d i n g  w a t e r  dep th  i s  

t h e r e f o r e  n o t  a  t r u e  i n d i c a t i o n  of  t h e  amount of  wa te r  a c t u a l l y  

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

overcome t h i s  d i f f i c u l t y  i s  sugges ted  i n  S e c t i o n  5 . 6 .  

> - 
-,-. 

,- -c- Men i s cus 

F igure  4 6 .  The e f f e c t  of  s u r f a c e  t e n s i o n  on t h e  amount o f  
w a t e r  d i s p l a c e d  by t h e  t r e a d  p l a t e .  



5 . 6  SUGGESTIONS FOR FURTHER WORK 

Mechanica l  I m ~ r o v e m e n t s .  The b i f u r c a t i o n  ~ o i n t s  i n  F i e u r e  41 

c o u l d  be  c o r r e l a t e d  w i t h  t h e  d i m e n s i o n l e s s  t r e a d  o p e r a t i o n  yl  

- - groove  c a p a c i t y  
1 w a t e r  d e p t h  

i f  t h e  e x p e r i m e n t  were  m o d i f i e d  t o  overcome t h e  p rob lems  caused  

by t h e  s u r f a c e  t e n s i o n  e f f e c t .  T h i s  m o d i f i c a t i o n  c o u l d  be  

accompl i shed  i n  two ways.  

1. The a p p a r a t u s  c o u l d  be  r e b u i l t  i n  such  a  way t h a t  t h e  

t r e a d  p l a t e  app roaches  t h e  r o a d  s u r f a c e  p l a t e  i n  t h e  p a r a l l e l  

manner shown i n  F i g u r e  47. Th i s  app roach  would n e c e s s i t a t e  a  comple t e  
r e d e s i g n  o f  t h e  a p p a r a t u s  and c o n s i d e r a b l e  d i f f i c u l t y  may be  

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

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

O b v i o u s l y ,  a  p u r e  r o t a t i o n a l  approach  i s  much e a s i e r  t o  m a i n t a i n  

t h a n  a  p u r e  t r a n s l a t i o n a l  app roach .  

2 .  A r e l a t i v e l y  s i m p l e  m o d i f i c a t i o n  c o u l d  be  made t o  t h e  

e x i s t i n g  a p p a r a t u s ,  a s  shown i n  F i g u r e  4 8 .  H e r e ,  t h e  t r e a d  p l a t e  i s  r e -  

p o s i t i o n e d  s o  t h a t  i t s  t r a i l i n g  edge no l o n g e r  c o i n c i d e s  w i t h  t h e  

a x i s  o f  r o t a t i o n .  T h i s  w i l l  p r o v i d e  some c l e a r a n c e  f o r  a  s h a l l o w  

w a t e r  f i l m  when t h e  t r e a d  p l a t e  i s  r a i s e d  t o  i t s  p r e - r e l e a s e  

p o s i t i o n .  The f o r m a t i o n  o f  a  meniscus  w i t h  deep w a t e r  f i l m s  i s  

n o t  a s e r i o u s  p rob lem a s  t h e  w a t e r  d i s p l a c e d  f rom t h e  meniscus  i s  

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

A meniscus  w i l l  s t i l l  form a t  t h e  t ime  t h e  t r e a d  s u r f a c e  makes 

c o n t a c t  w i t h  a  s h a l l o w  w a t e r  f i l m .  However, i n  t h i s  c a s e  i t  can 

be shown t h a t  t h e  s u r f a c e  t e n s i o n  f o r c e ,  which p roduces  t h e  

men i scus ,  i s  n e g l i g i b l e  compared t o  t h e  f l u i d  i n e r t i a  f o r c e s  
i n v o l v e d  i n  t h e  w a t e r  e x p u l s i o n  p r o c e s s .  An a n a l y s i s  s u p p o r t i n g  t h i s  
s t a t e m e n t  i s  g i v e n  i n  Appendix A of t h i s  r e p o r t .  



Tread P l a t e  

I 
f I 

r - - - - - - - - - - -  - 1  I - -  - -  - . - -  
- I  

Figure  4 7 .  Tread p l a t e  i n  p a r a l l e l  approach.  

F igure  48 .  A m o d i f i c a t i o n  of  t h e  e x i s t i n g  a p p a r a t u s  t o  
overcome t h e  adve r se  e f f e c t  o f  s u r f a c e  t e n s i o n .  



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

a p p a r a t u s  has  been a p p l i e d  on ly  t o  t h e  s t u d y  of  l o n g i t u d i n a l l y  

grooved t r e a d  p a t t e r n s .  I n  o r d e r  t o  e v a l u a t e  t h e  r e l e v a n c e  of  

t h e  f low d i s t a n c e  pa ramete r  y 2 ,  

i t  w i l l  be n e c e s s a r y  t o  t e s t  a  much b r o a d e r  v a r i a t i o n  of p a t t e r n s  

i n c o r p o r a t i n g  z i g - z a g  g rooves ,  t r a n s v e r s e  g rooves ,  and some 

b l o c k - t y p e  p a t t e r n s .  I t  may prove f e a s i b l e  t o  t e s t  a c t u a l  rubber  

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

a  s u f f i c i e n t l y  f l a t  t r e a d  s u r f a c e  can be found.  

Another p o t e n t i a l  a p p l i c a t i o n  of  t h i s  l a b o r a t o r y  a p p a r a t u s  

l i e s  i n  t h e  s t u d y  of  s u r f a c e  t e x t u r e  e f f e c t s .  By cover ing  t h e  

smooth road s u r f a c e  p l a t e  wi th  s u r f a c e s  of v a r i o u s  t e x t u r e s ,  

t h e  e f f e c t  of  s u r f a c e  d r a i n a g e  on t r e a d  p l a t e  s i n k a g e  could  be 

s t u d i e d .  

F i n a l l y ,  i n  S e c t i o n  4 . 0  of t h i s  r e p o r t ,  i t  was sugges ted  t h a t  

t h e r e  i s  need f o r  a  parameter  which can be c o r r e l a t e d  w i t h  t h e  

r e s i s t a n c e  t o  groove f low.  A d e s i g n  of  a  l a b o r a t o r y  a p p a r a t u s  f o r  
t h e  s t u d y  of  groove flow r e s i s t a n c e  i s  d e s c r i b e d  i n  Appendix B .  
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SYMBOLS AND TERMINOLOGY 

c o n t a c t  a r e a  ( a c t u a l )  

g roove  w i d t h  

r i b  wid th  

c o n t a c t  p e r i m e t e r  

g roove  d e p t h  

l o c a l  i n e r t i a  f o r c e  

c o n v e c t i v e  i n e r t i a  f o r c e  

v i s c o u s  f o r c e  

l o n g i t u d i n a l  component o f  hydrodynamic f o r c e  

v e r t i c a l  component o f  hydrodynamic f o r c e  

g roove  c a p a c i t y  (g roove  vo lume/gross  c o n t a c t  a r e a )  

w a t e r  d e p t h ,  f i l m  t h i c k n e s s  

i n i t i a l  f i l m  t h i c k n e s s  

c r i t i c a l  w a t e r  d e p t h  

c o n t a c t  l e n g t h  

w a t e r  wedge l e n g t h ,  c h a r a c t e r i s  t i c  l e n g t h  

mass 

w a t e r  wedge p r e s s u r e  

a v e r a g e  hydrodynamic p r e s s u r e  

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

hydrodynamic p r e s s u r e  d i s t r i b u t i o n  

maximum hydrodynamic p r e s s u r e  

w a t e r  volume i n t e r c e p t i o n  r a t e  

g roove  f l ow  r a t e  

g roove  f l ow  r e s i s t a n c e  p r e s s u r e  



r i b  w i d t h  

t ime  

P 

AFD 

BFC 

( ' 1  

t r a v e l i n g  v e l o c i t y  

ave rage  f low v e l o c i t y  ( a c r o s s  a  p e r i m e t e r )  

t o t a l  dynamic h y d r o p l a n i n g  speed  ( H o r n e ,  
e q .  ( 1 0 ) )  

p a r t i a l  h y d r o p l a n i n g  i n i t i a t i o n  speed  (eq ( 1 6 ) )  

groove volume 

t r e a d  p l a t e  l o a d  

c o n t a c t  w i d t h  

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

l a t e r a l  c o n t a c t  c o o r d i n a t e  

f r a c t i o n  o f  w a t e r  volume r e c y c l e d  by 
fo rward  s p r a y  

groove c a p a c i t y  p a r a m e t e r  

f low d i s t a n c e  p a r a m e t e r  

f l u i d  dynamic v i s c o s i t y  

f l u i d  mass d e n s i t y  

ave rage  f l ow  d i s t a n c e  

b r a k e  f o r c e  c o e f f i c i e n t  

d e r i v a t i v e  w i t h  r e s p e c t  t o  t ime  
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Millimeters 

1 Kilometers 
per Hour 

r 

1 km/hr = . 6 2 1 4  mph 

Inches Miles per Hour 

Kilonewtons 
per Square Meter 

400  

0  20 4  0  6 0  0 5 0 0  1 0 0 0  1 5 0 0  2 0 0 0  
Pounds per Square Inch Pounds 

1 2 2  

t 
Newtons 

1N = . 2 2 5  lb 

/ 

- 



APPENDIX A 

THE EFFECT OF SURFACE TENSION 

I t  can be  shown [23]  t h a t  t h e  p r e s s u r e  d i f f e r e n t i a l ,  AP, 

a c r o s s  an i n t e r f a c e  (meniscus)  between two d i f f e r e n t  f l u i d s  i s  

g i v e n  by  

where R1 and R 2  a r e  t h e  p r i n c i p a l  r a d i i  o f  c u r v a t u r e  o f  t h e  

meniscus  and 0 i s  t h e  s u r f a c e  t e n s i o n .  I f  t h e  men i scus ,  which 

a p p e a r s  when t h e  t r e a d  p l a t e  i s  p a r t i a l l y  submerged,  i s  a p p r o x i -  

mated by a  c y l i n d e r  t a n g e n t  t o  b o t h  t h e  t r e a d  p l a t e  and t h e  

w a t e r  s u r f a c e ,  a s  shown i n  F i g u r e  A-1,  t h e  r a d i i  a r e  

a R 2  = x t a n  (Z) 

For  a  t r e a d  p l a t e  a n g l e  o f  a = 3  deg .  and t h e  a i r - w a t e r  s u r f a c e  

t e n s i o n  v a l u e  of  0 = .000417 l b / i n ,  t h e  p r e s s u r e  d i f f e r e n t i a l  

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

p a t t e r n  e f f e c t i v e n e s s  expe r imen t  i s  

.016 AP = - 
X 

p s i  

h e r e  x ( i n c h e s )  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  t r e a d  p i v o t  

p o i n t  t o  t h e  c e n t e r  o f  c u r v a t u r e  of  t h e  meniscus  ( F i g .  A - 1 ) .  I t  

i s  t h i s  p r e s s u r e  d i f f e r e n t i a l  which m o t i v a t e s  w a t e r  t o  f low b e h i n d  

t h e  meniscus  and b u i l d  up b e n e a t h  t h e  t r e a d  p l a t e .  I t  i s  s e e n ,  



eq ( A - 2 ) ,  t h a t  AP i s  i n v e r s e l y  p r o p o r t i o n a l  t o  x  s o  t h a t  t h e  

meniscus  w i l l  p r o p o g a t e  r a p i d l y  a t  f i r s t ,  b e f o r e  s t a b i l i z i n g  t o  

an e q u i l i b r i u m  c o n f i g u r a t i o n .  

F i g u r e  A - 1 .  S u r f a c e  t e n s i o n  meniscus  geometry  

Assuming a w e l l - f o r m e d  meniscus  t o  occu r  a t  x  = . 25  i n ,  

Equa t ion  (A-2) p r e d i c t s  a  p r e s s u r e  g r a d i e n t  o f  AP = , 064  p s i .  I n  

t h e  main t e x t  o f  t h e  r e p o r t ,  i t  was c a l c u l a t e d  t h a t  hydrodynamic 

p r e s s u r e  due t o  f l u i d  i n e r t i a  f o r c e s  i s ,  on t h e  a v e r a g e ,  30-40 

p s i ,  which i s  more t h a n  two o r d e r s  o f  magni tude  h i g h e r  t h a n  t h e  

s u r f a c e  t e n s i o n  p r e s s u r e .  As t h e  e n t i r e  w a t e r  e x p u l s i o n  e x p e r i -  

ment t a k e s  p l a c e  i n  a  few m i l l i s e c o n d s ,  i t  i s  c l e a r  t h a t  t h e  

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

approach  i s  n e g l i g i b l e .  As e x p l a i n e d  i n  S e c t i o n  5 . 5 ,  however ,  

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

meniscus  be  p r e v e n t e d  when s h a l l o w  w a t e r  e x p e r i m e n t s  a r e  r u n .  

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

F i g u r e  48 would f u l f i l l  t h i s  r e q u i r e m e n t .  



APPENDIX B 

THE MEASUREMENT OF GROOVE FLOW RESISTANCE 

In  Chapter  4 of t h e  r e p o r t ,  which d e s c r i b e s  t h e  fo rmula t ion  

of  t r e a d  p a t t e r n  performance p a r a m e t e r s ,  t h e  n e c e s s i t y  f o r  t h e  

development of c e r t a i n  parameters  which can be c o r r e l a t e d  w i t h  

groove f low r e s i s t a n c e  was p o i n t e d  o u t .  This  appendix w i l l  

d e s c r i b e  a  l a b o r a t o r y  a p p a r a t u s  ( a s  y e t  u n b u i l t )  des igned t o  

measure t h e  flow r e s i s t a n c e  p r o p e r t y  of  s imple  groove p a t t e r n s .  

This  d e v i c e  would u t i l i z e  a  c o n t a c t - p a t c h - s i z e  s e c t i o n  of  

t i r e  t r e a d  bonded t o  a  smooth, f l a t  p l a t e .  Water i s  s u p p l i e d  under  

p r e s s u r e  a t  t h e  l e a d i n g  edge of t h e  t r e a d  and f low r a t e  and 

p r e s s u r e  a r e  measured a t  t h e  l e a d i n g  edge ,  as  shown i n  F igure  B-1. 

The f low r e s i s t a n c e ,  R ,  can then  be c a l c u l a t e d  as 

where P = p r e s s u r e  a t  t h e  l e a d i n g  edge 

Qg 
= volume flow r a t e  ( through t h e  t r e a d  grooves)  

Techniques f o r  t h e  a n a l y s i s  of  s t e a d y  f low of  incompress ib le  

f l u i d s  i n  p i p e  networks a r e  a l r e a d y  w e l l  developed.  P o s s i b l y ,  

w i t h  t h e  a i d  of  a  d i g i t a l  computer ,  t h e s e  t echn iques  can be a p p l i e d  

t o  t h e  a n a l y s i s  of  groove flow r e s i s t a n c e .  Such an a n a l y s i s ,  

v e r i f i e d  by t h e  experiment  ske tched  i n  F igure  B - 1 ,  would l e a d  t o  

one o r  more d imens ion les s  pa ramete r s  i n v o l v i n g  c e r t a i n  t r e a d  

f e a t u r e s  (groove geometry,  t r a n s v e r s e  g rooves ,  e t c .  ) which can be 

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