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INTRODUCTION 

A survey  of t h e  l i t e r a t u r e  on t i r e - r o a d  experiments  was under-  

t aken  as  p a r t  of t h e  HSRI r e s e a r c h  p r o j e c t ,  "Ti re  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  Vehic le  Performance", sponsored by t h e  

Motor Vehic le  Manufacturers  A s s o c i a t i o n .  The t i r e  p r o p e r t i e s  

which a r e  of pr imary importance i n  de termining  v e h i c l e  p e r f o r -  

mance a r e  (1) t h o s e  mechanical p r o p e r t i e s  which a f f e c t  t h e  

handl ing  response  of t h e  t i r e - v e h i c l e  sys tem,  and ( 2 )  t h e  maximum 

f r i c t i o n  c a p a b i l i t y  of t h e  t i r e ,  e s p e c i a l l y  on wet s u r f a c e s ,  

u s u a l l y  c a l l e d  s k i d  r e s i s t a n c e .  An exhaus t ive  survey  of t h e  

l i t e r a t u r e  on t h e s e  two a r e a s  of t i r e  performance would be a 

monumental t a s k .  There fo re ,  i t  was dec ided  t o  r e s t r i c t  t h e  

survey  t o  those  l i t e r a t u r e  r e f e r e n c e s  which r e p o r t  t h e  r e s u l t s  

o f  t e s t s  performed w i t h  r e a l  t i r e s  on a c t u a l  road s u r f a c e s .  In  

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

s u b s e t  of  t h e  t o t a l  has not  been exhaus ted .  Here in ,  38 r e f e r e n c e s  

a r e  summarized. I t  i s  b e l i e v e d  t h a t  t h e s e  r e f e r e n c e s  c o n t a i n  most 

of t h e  c u r r e n t  knowledge on t h e  s u b j e c t .  

Each r e f e r e n c e  has been summarized us ing  a  s t anda rd  format 

f o r  quick and e a s y  r e f e r e n c e .  This  format  d i v i d e s  each summary 

i n t o  t h e  fo l lowing  c a t e g o r i e s :  

GOAL OF TESTS 

A b r i e f  d e s c r i p t i o n  of t h e  purpose and o b j e c t i v e s  of t h e  

experiments  i s  g iven .  A s t a t emen t  t e l l i n g  which t i r e  performance 

parameters  a r e  i n v e s t i g a t e d  and which t i r e  and s u r f a c e  v a r i a b l e s  

( s u r f a c e  t e x t u r e ,  water  d e p t h ,  t r e a d  d e p t h ,  e t c . )  a r e  d e a l t  w i t h  

i s  a l s o  made. 

EQUIPMENT USED 

A d e s c r i p t i o n  of t h e  t e s t  equipment and i t s  c a p a b i l i t i e s  
i s  g iven .  



ROAD SURFACES 

The type  of s u r f a c e s  ( c o n c r e t e ,  a s p h a l t ,  i c e ,  e t c . )  upon 

which t h e  t e s t s  a r e  conducted i s  i n d i c a t e d ,  and when p o s s i b l e  

a  d e s c r i p t i o n  of t h e  s u r f a c e  t e x t u r e  i s  g iven  and wa te r  dep th  

s p e c i f i e d .  

TIRES TESTED 

A d e s c r i p t i o n  of t h e  t i r e s  t e s t e d ,  g i v i n g  type  of  c o n s t r u c -  

t i o n ,  s i z e ,  t r e a d  p a t t e r n ,  rubber  r e s i l i e n c e  and h a r d n e s s ,  e t c .  

i s  g iven .  

TEST PROCEDURE 

The impor tan t  f e a t u r e s  of  t h e  t e s t  method a r e  d e s c r i b e d  

and t h e  range of t e s t  v a r i a b l e s  d e a l t  w i th  (such a s  speed ,  t i r e  

l o a d ,  s l i p  a n g l e ,  e t c . )  i s  i n d i c a t e d .  

TECHNIQUE FOR ANALYZING AND PRESENTING DATA 

The methods used t o  p r o c e s s  and p r e s e n t  t h e  expe r imen ta l  d a t a  

a r e  b r i e f l y  d e s c r i b e d .  

CONCLUSIONS 

The c o n c l u s i o n s  drawn from t h e  expe r imen ta l  d a t a  by t h e  a u t h o r  

of t h e  r e f e r e n c e  a r e  l i s t e d .  

Thus t h e  purpose and scope of  t h e  exper iments  and t h e  main 

conc lus ions  d e r i v e d  from them a r e  con ta ined  i n  a  c o n c i s e  summary 

on ly  a  few pages i n  l e n g t h ,  s o  t h a t ,  by r e a d i n g  t h i s  su rvey ,  one 

can o b t a i n  a  f a i r l y  good under s t and ing  of  what has  been accomplished 

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

The r e f e r e n c e s  a r e  o rde red  by l a s t  name of  t h e  a u t h o r .  



SUMMARY OF THE LITERATURE SURVEY 

I  TECHNIQUES OF MEASURING TIRE TRACTION PERFORMANCE 

S e v e r a l  methods have been used t o  measure t i r e  t r a c t i o n  

performance.  One of  t h e  e a r l i e s t  and s i m p l e s t  of t h e s e  i s  t h e  

locked wheel s k i d  t r a i l e r ,  u s u a l l y  towed by a  l i g h t  t r u c k .  This  

method i s  most o f t e n  used t o  monitor  t h e  s k i d  r e s i s t a n c e  of  p u b l i c  

highways us ing  a  s t a n d a r d  t i r e  [ 4 ] Y  However, more s o p h i s t i c a t e d  

t r a i l e r s  capab le  of  measuring b rak ing  f o r c e  over  t h e  e n t i r e  range 

of wheel s l i p  from f r e e  r o l l i n g  t o  lockup have been used t o  s tudy  

t h e  e f f e c t s  of t i r e  and road  s u r f a c e  v a r i a b l e s  [14 ] .  

Only b r i e f  a t t e n t i o n  has  been g iven  t o  t h e  l i t e r a t u r e  r e p o r t i n g  

on t h e  use of t h e  locked wheel s topp ing  d i s t a n c e  method [28] .  

T r a c t i o n  d a t a  o b t a i n e d  by t h i s  method i s  of  l i m i t e d  va lue  because 

v e h i c l e  speed ,  which i s  one of t h e  most impor tan t  v a r i a b l e s ,  i s  

no t  h e l d  c o n s t a n t .  

A t  t h e  NASA Langley Research Center  t h e r e  i s  a  f a c i l i t y  

c a l l e d  t h e  Langley Landing Loads Track ,  c o n s i s t i n g  of a  f i x t u r e ,  

guided by r a i l s ,  upon which a  t e s t  t i r e  i s  mounted. This  f i x t u r e  

i s  c a t a p u l t e d  a t  h igh  speed over  a  s e c t i o n  of  s p e c i a l l y  c o n s t r u c t e d  

pavement on which wa te r  depth  can be p r e c i s e l y  c o n t r o l l e d .  A p o r -  

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

t i r e  c o n t a c t  p a t c h  can be photographed.  This  f a c i l i t y  has been 

used p r i m a r i l y  t o  s t u d y  hydroplaning  phenomena and wet t r a c t i o n  

performance of a i r c r a f t  t i r e s  1 1 7 ,  2 2 ,  231, a l though some e x p e r i -  

ments us ing  automobile  t i r e s  have been done [21] .  

A few exper iments  performed on t h e  we t t ed  i n t e r n a l  drum t i r e  

t e s t i n g  machine a t  t h e  U n i v e r s i t y  of  Kar l s ruhe ,  Germany [ I ,  101 

have been inc luded  i n  t h i s  su rvey .  The i n t e r n a l  drum has  an 

advantage i n  t h a t  water  depth  can be c l o s e l y  c o n t r o l l e d  and 

* Numbers i n  squa re  b r a c k e t s  r e f e r  t o  t h e  l i s t  o f  l i t e r a t u r e  
r e f e r e n c e s  g iven  a t  t h e  end of  t h i s  su rvey .  



a c c u r a t e l y  measured. However, i t  i s  not  f e a s i b l e  t o  s i m u l a t e  

real  road  s u r f a c e  t e x t u r e .  Gengenbach [ l o ]  has  done some i n t e r -  

e s t i n g  work on t h e  e f f e c t s  of wa te r  depth  and t r e a d  p a t t e r n  

v a r i a t i o n s  u s i n g  t h i s  machine. 

Researchers  a t  t h e  Road Research Labora tory  i n  England have 

g a t h e r e d  a  l a r g e  q u a n t i t y  of t i r e  t r a c t i o n  d a t a  us ing  a f r o n t  

wheel braked automobi le .  I n  t h i s  method, t h e  f r o n t  b rakes  a r e  

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

t e s t  wheel a n g u l a r  v e l o c i t y  a r e  r eco rded .  From t h i s  d a t a ,  cu rves  

o f  braking  f o r c e  c o e f f i c i e n t  ve r sus  wheel s l i p  can be d e r i v e d .  

Mobile t i r e  t e s t e r s  o f  t h e  type  used by t h e  Highway S a f e t y  

Research I n s t i t u t e  [ 6 ,  7 ,  3 2 1 ,  t h e  Road Research Labora tory  [ 1 6 ] ,  

t h e  Corne l l  A e r o n a u t i c a l  Labora tory  [ 8 ] ,  and NASA [ 3 ]  have been 

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

t o  v e h i c l e  dynamic s i m u l a t i o n .  Of p a r t i c u l a r  importance i s  t h e  

c a p a b i l i t y  of t h e s e  machines t o  measure t i r e  s h e a r  f o r c e  genera-  

t i o n  c h a r a c t e r i s t i c s  under c o n d i t i o n s  o f  s imul taneous  b rak ing  and 

c o r n e r i n g .  The use  o f  t h e s e  t e s t e r s  t o  measure t h e  e f f e c t s  of 

l o n g i t u d i n a l  (brake)  s l i p  upon t h e  c o r n e r i n g  c h a r a c t e r i s t i c s  of 

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

dynamic s i m u l a t i o n .  

Three methods a r e  commonly used t o  wet t h e  road  s u r f a c e .  

Skid  t r a i l e r s  a r e  o f t e n  towed by a  t r u c k  c a r r y i n g  a  wa te r  tank  

from which wa te r  i s  sprayed  i n  f r o n t  of  t h e  t e s t  wheel.  This  

method has a l s o  been used w i t h  t h e  mobile t i r e  t e s t  machines.  Water 

f low r a t e  can be a d j u s t e d  according  t o  v e h i c l e  speed t o  p rov ide  a  

wa te r  f i l m  of  c o n s i s t e n t  d e p t h ,  and wa te r  depth  i s  sometimes e s t i -  

mated by c a l c u l a t i n g  t h e  volume of wa te r  a p p l i e d  p e r  u n i t  a r e a  of 

road  s u r f a c e  from known va lues  of v e h i c l e  speed and wa te r  flow r a t e .  

Watering t r u c k s  a r e  sometimes used t o  wet l a r g e  a r e a s  of  a  t e s t  

s u r f a c e  p r i o r  t o  t e s t i n g ,  and r e p l e n i s h i n g  t h e  wa te r  f i l m  p e r i o d -  

i c a l l y  a s  i t  e v a p o r a t e s .  This  method has t h e  d i sadvan tage  t h a t  

w a t e r  depth  v a r i e s  w i t h  t ime .  



A t  t h e  Langley Landing Loads Track ,  water  depth  i s  main ta ined  

by dams a long t h e  edges of  t h e  t e s t  s u r f a c e .  This  method i s  w e l l  

s u i t e d  t o  p rov ide  deep water  covers  f o r  t h e  s tudy  of hydroplaning  

phenomena. 

S p r i n k l e r  sys t ems ,  such a s  t h e  one used a t  t h e  Road Research 

Labora to ry ,  have t h e  advantage t h a t  wa te r  depth  can be main ta ined  

a t  a  f a i r l y  c o n s t a n t  va lue  f o r  extended p e r i o d s  of  t i m e ,  a l though  

t h e  e f f e c t s  of l a r g e  v a r i a t i o n s  i n  wind v e l o c i t y  must be accounted 

f o r .  I n  l o c a t i o n s  where wind i s  a  major problem, t h e  t e s t  s u r f a c e  

can be p r o t e c t e d  by wind s c r e e n s .  By r e g u l a t i n g  f low r a t e ,  average 

wa te r  depth  can be v a r i e d  and t h e  va lues  can be c o r r e l a t e d  wi th  

va lues  measured dur ing  n a t u r a l  r a i n f a l l .  I n  t h i s  manner, h i g h l y  

r e a l i s t i c  t e s t  s u r f a c e  c o n d i t i o n s  can be p rov ided .  

Water depth  has  been measured by two b a s i c  methods. One 

method, a l r e a d y  mentioned i n  connect ion  wi th  t h e  wa te r ing  t r u c k ,  

i s  t o  e v a l u a t e  t h e  q u a n t i t y  of water  a p p l i e d  t o  a  known a r e a  of 

s u r f a c e  t o  d e r i v e  an average water  f i l m  t h i c k n e s s ,  A c l o s e l y  

r e l a t e d  method i s  t o  measure t h e  q u a n t i t y  of wa te r  drawn from a  

known a r e a  of s u r f a c e  by s u c t i o n  [ 1 4 ] .  The o t h e r  method i s  t o  

measure t h e  t h i c k n e s s  of  t h e  wa te r  f i l m  above t h e  s u r f a c e  a s p e r i -  

t i e s  u s i n g  e i t h e r  a  s t epped  t e m p l a t e ,  a s  i s  done by NASA, o r  an 

e l e c t r i c a l  probe a t t a c h e d  t o  a  micrometer d i a l ,  which i s  done a t  

t h e  Road Research Labora tory .  This  method t ends  t o  be u s e f u l  only  

on r e l a t i v e l y  smooth t e x t u r e d  s u r f a c e s  because on c o a r s e  t e x t u r e d  

s u r f a c e s  even h igh  r a t e s  of  water  a p p l i c a t i o n  may produce no 

s t a n d i n g  wa te r  above t h e  a s p e r i t i e s .  

With e i t h e r  method, t h e r e  i s  d i f f i c u l t y  i n  making a  meaningful 

measurement because of t h e  f a c t  t h a t  t e s t  s u r f a c e s  u s u a l l y  have 

i r r e g u l a r i t i e s  which cause water  depth  t o  va ry  from p o i n t  t o  p o i n t .  

There i s  s t i l l  a  need t o  ag ree  upon a  s t a n d a r d  and meaningful  

method of q u a n t i f y i n g  s u r f a c e  contaminat ion .  



The r e f e r e n c e s  i n  t h i s  survey  r e p o r t  on t h r e e  methods of  

q u a n t i f y i n g  s u r f a c e  t e x t u r e .  One method g ives  t h e  average t e x t u r e  

dep th  which i s  determined by measuring t h e  a r e a  of  s u r f a c e  r e -  

q u i r e d  t o  absorb a  known q u a n t i t y  of  sand o r  g rease  [23,  301. 

Another method g i v e s  t h e  mean.void width determined from s t e r e o  

photographs of  t h e  s u r f a c e  [ 3 1 ] .  A t h i r d  method uses  s t e r e o  

photographs t o  determine a  p r o f i l e  r a t i o ,  de f ined  a s  t h e  r a t i o  

of  t h e  l e n g t h  of s u r f a c e  p r o f i l e  t o  t h e  l e n g t h  of  a  b a s e l i n e  [30 ] .  

A l l  t h r e e  of  t h e s e  methods y i e l d  a  s t a t i s t i c a l l y  s i g n i f i c a n t  

c o r r e l a t i o n  between t h e  s u r f a c e  t e x t u r e  measurement and t h e  r a t e  

a t  which braking  f o r c e  c o e f f i c i e n t  dec reases  wi th  i n c r e a s i n g  

speed .  The p r o f i l e  r a t i o  numeric y i e l d s  t h e  b e s t  c o r r e l a t i o n  

probably  because i t  i s  somewhat s e n s i t i v e  t o  t h e  sha rpness  of 

t h e  a s p e r i t i e s  a s  w e l l  a s  t o  t e x t u r e  dep th .  A l l  of t h e s e  c o r r e -  

l a t i o n s  show a  l a r g e  amount of s c a t t e r ;  i n d i c a t i n g  t h a t  t h e s e  

methods do n o t  account  f o r  a l l  f e a t u r e s  of s u r f a c e  t e x t u r e  t h a t  

a f f e c t  wet f r i c t i o n .  Furthermore,  t h e s e  measures o f  t e x t u r e  d e a l  

only  wi th  macrotexture  whi le  m i c r o t e x t u r e  i s  known t o  have a  

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

f a c e .  There i s  a  g r e a t  d e a l  of  work y e t  t o  be done on t h e  problem 

of d e f i n i n g  and q u a n t i f y i n g  road s u r f a c e  t e x t u r e  so  t h a t  t i r e l r o a d  

f r i c t i o n a l  performance can be p r e d i c t e d .  

I 1  SUMMARY OF CONCLUSIONS CONCERNING TIREIROAD FRICTIONAL PHENOMENA 

(from r e f e r e n c e s  i n  t h i s  survey)  

TREAD PATTERN. A t r e a d  p a t t e r n  improves wet t r a c t i o n  on 

s u r f a c e s  having a  smooth macro tex tu re ,  bu t  has  l i t t l e  o r  no e f f e c t  

on rough s u r f a c e s  on which t h e  a s p e r i t i e s  p rov ide  s u f f i c i e n t  d r a i n -  

age [11, 201. I n  f a c t ,  on ve ry  rough s u r f a c e s ,  a  smooth t r e a d  t i r e  

i s  o f t e n  somewhat s u p e r i o r  [ Z O ] .  However, a t  h igh  speeds ( 8 0  mph 

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

e s s e n t i a l  [34 ' ] .  

The r a t i o  (pe r ime te r  of  c o n t a c t  a r e a ) / J d o n t a c t  a r e a  has  been 

shown t o  c o r r e l a t e  w i t h  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  [ 1 2 ] .  



T r a n s v e r s e  o r  l a t e r a l  g rooves  i n  t h e  s h o u l d e r  r e g i o n  appea r  

t o  b e  h i g h l y  e f f e c t i v e  [18 ,  21. 

For a  g i v e n  s p e e d ,  groove d e p t h ,  and w a t e r  d e p t h ,  t h e r e  i s  

a  v a l u e  f o r  t h e  r a t i o  o f  groove a r e a  t o  t o t a l  c o n t a c t  a r e a  above 

which no f u r t h e r  improvement i n  wet  t r a c t i o n  i s  o b t a i n e d .  T h i s  

v a l u e  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  [ l o ] .  

I n c r e a s i n g  t h e  number o f  r i b s  w h i l e  keep ing  t h e  r a t i o  o f  

r i b  w i d t h  t o  groove w i d t h  and t h e  p r o d u c t ,  number o f  r i b s  x r i b  

w i d t h ,  c o n s t a n t  improves wet  t r a c t i o n  up t o  c e r t a i n  p o i n t  above 

which no f u r t h e r  improvement i s  o b t a i n e d  [ 2 5 ] .  

For a  g i v e n  r i b  w i d t h ,  groove d e p t h ,  w a t e r  d e p t h ,  and number 

o f  r i b s ,  t h e r e  i s  a  g roove  w i d t h  above which no f u r t h e r  improve- 

ment i n  wet  b r a k i n g  f r i c t i o n  i s  o b t a i n e d  [ 2 5 ] .  

The e f f e c t i v e n e s s  o f  s i p e s  o r  k n i f e - c u t s  ha s  been a  m a t t e r  

o f  some d i s p u t e  [ 2 9 ] .  However, most i n v e s t i g a t o r s  have found t h a t  

s i p e s  improve wet  t r a c t i o n  on smooth,  p o l i s h e d  s u r f a c e s  [33,  2 1 ,  241. 

On d r y  s u r f a c e s ,  smooth t r e a d  t i r e s  p r o v i d e  somewhat b e t t e r  

l o n g i t u d i n a l  t r a c t i o n  t h a n  p a t t e r n e d  t i r e  t r e a d s  [ 9 ] .  Also  on d r y  

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

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

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

f o r c e  i n c r e a s e s  a s  t h e  s h o u l d e r  becomes rounded [ 3 2 ] .  

Co rne r ing  s t i f f n e s s  i n c r e a s e s  a s  t h e  t r e a d  wears  [19 ] .  

Brak ing  s t i f f n e s s  ( t h e  i n i t i a l  s l o p e  o f  t h e  b r a k i n g  f o r c e  v s .  

wheel  s l i p  c u r v e )  i s  v e r y  s e n s i t i v e  t o  t r e a d  wea r ,  and i n c r e a s e s  

w i t h  d e c r e a s i n g  t r e a d  d e p t h  1151. 

Studded T i r e s  g i v e  a  l a r g e  improvement i n  t r a c t i o n  on smooth 

i c e  [ 2 ,  3 8 1 .  The amount o f  improvement depends s t r o n g l y  upon t h e  

number o f  s t u d s  and t h e  number o f  rows o f  s t u d s .  

TREAD COMPOUND. Rubbers hav ing  h i g h  h y s t e r e s i s  ( low r e s i l i e n c e )  
p r o v i d e  s u p e r i o r  wet  t r a c t i o n .  However, t h e r e  i s  c o n f u s i o n  a s  t o  



t h e  i n t e r a c t i o n  between rubber  r e s i l i e n c e  and s u r f a c e  t e x t u r e .  

Some i n v e s t i g a t o r s  r e p o r t  improvement on s u r f a c e s  of  a l l  t e x t u r e s  

[ 2 4 ] ,  o t h e r s  f i n d  improvement only  on s u r f a c e s  having  rough 

macro tex tu re ,  and s t i l l  o t h e r s  f i n d  improvement only  on s u r f a c e s  

having a  ha r sh  m i c r o t e x t u r e  [ 3 3 ] .  

I n c r e a s i n g  rubber  hardness  improves wet t r a c t i o n  up t o  a  

p o i n t ;  above which no f u r t h e r  improvement i s  o b t a i n e d  [ 1 2 ] .  I n  

t h e  range of  ha rdnesses  p r a c t i c a l  i n  p roduc t ion  t i r e s  t h e r e  i s  

l i t t l e  e f f e c t .  

TIRE CONSTRUCTION. When compared t o  a  b i a s  p l y  t i r e  of t h e  

same s i z e ,  rubber  compound, and t r e a d  p a t t e r n ,  t h e  r a d i a l  p l y  

t i r e  g i v e s  somewhat h i g h e r  va lues  of peak b rak ing  f o r c e  c o e f f i -  

c i e n t ,  bu t  no d i f f e r e n c e  i n  locked wheel c o e f f i c i e n t  [27] ( t h e  

d i f f e r e n c e s  a r e  s m a l l ) .  However, compared t o  a  t y p i c a l  p roduc t ion  

b i a s  p l y  t i r e ,  much l a r g e r  d i f f e r e n c e s  a r e  observed [26] because 

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

and t r e a d  rubber  compounding. 

Rad ia l  p l y  t i r e s  have h i g h e r  c o r n e r i n g  s t i f f n e s s  t h a n  do 

b i a s  p l y  t i r e s  [ 1 9 ] .  

TIRE LOAD AND INFLATION PRESSURE. An i n c r e a s e  i n  load  

u s u a l l y  causes  a  d e c r e a s e  i n  bo th  b rak ing  and c o r n e r i n g  t r a c t i o n  

on both  wet and d r y  s u r f a c e s  1 7 ,  281. 

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  causes  a  d e c r e a s e  i n  d r y  

f r i c t i o n  and a  d e c r e a s e  i n  wet b rak ing  f r i c t i o n  a t  speeds  below 

t h e  hydroplaning speed  [ 4 ,  361. But i n  deep wa te r  a t  h igh  s p e e d s ,  

t r a c t i o n  i s  improved 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  because 

t h e  hydroplaning speed i s  r a i s e d .  

With r e s p e c t  t o  t i r e / r o a d  f r i c t i o n ,  changes i n  l o a d  and i n f l a -  

t i o n  pressure i n  t h e  range t h a t  can 5 e  used i n  a u t o r o 5 i l e  t i r e s  
have a  r e l a t i v e l y  sma l l  e f f e c t ,  b u t  t h e s e  v a r i a b l e s  are very 

impor tan t  f o r  a i r c r a f t  t i r e s  which may be  o p e r a t e d  over  a  g r e a t e r  

range of  loads  and i n f l a t i o n  p r e s s u r e s .  

An i n c r e a s e  of  i n f l a t i o n  p r e s s u r e  causes  an i n c r e a s e  i n  

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



WATER DEPTH AND TIRE SPEED. Even a  ve ry  sma l l  amount of 

w a t e r ,  enough t o  make t h e  s u r f a c e  " j u s t  dampt', can  cause  a  

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

having a  p o l i s h e d  m i c r o t e x t u r e  [ 2 3 ] .  

An i n c r e a s e  i n  wa te r  depth  causes  a  d e c r e a s e  of  wet f r i c t i o n .  

The e f f e c t  i s  g r e a t e s t  a t  h igh  speed on smooth s u r f a c e s .  Most 

of t h e  d e c r e a s e  occur s  i n  t h e  f i r s t  3 - 4  mm of wa te r  dep th .  A t  

g r e a t e r  d e p t h s ,  f o r  most t i r e s ,  t h e  t r e a d  grooves become f looded  

and no f u r t h e r  e f f e c t  of i n c r e a s i n g  dep th  i s  s een  [ 3 5 ] .  

I n  deep w a t e r  (more than  3 - 4  mm), t r e a d  p a t t e r n  and s u r f a c e  

t e x t u r e  have a  l a r g e  e f f e c t  only  a t  speeds  below t h e  hydroplaning  

s p e e d ;  b u t  i n  sha l low wa te r  t r e a d  p a t t e r n  and s u r f a c e  t e x t u r e  

c o n t i n u e  t o  have an e f f e c t  a t  h i g h e r  speeds  [ 3 5 ] .  

, smooth t i r e  and smooth s u r f a c e ,  deep wa te r  
I '  

s u r f a c e ,  

ough 

Speed 2 hydrop lan ing  speed  



Both peak and locked wheel braking  f o r c e  c o e f f i c i e n t s  

dec rease  w i t h  i n c r e a s i n g  speed on wet s u r f a c e s .  However, t h e  

locked wheel va lue  u s u a l l y  dec reases  more r a p i d l y  than  does t h e  
peak v a l u e .  This  e f f e c t  i s  most marked on smooth t e x t u r e d  s u r -  

f a c e s ,  s o  t h a t  smooth s u r f a c e s  tend  t o  show a  g r e a t e r  d i f f e r e n c e  

between peak and locked wheel va lues  [ 1 3 ] .  

On dry  s u r f a c e s ,  locked wheel braking  f o r c e  dec reases  wi th  

speed f o r  low speeds ,  reaches  a  minimum, then  i n c r e a s e s  wi th  

i n c r e a s i n g  speed [ 6 ,  11, 281 . 
ROAD SURFACE TEXTURE. Many of t h e  e f f e c t s  of s u r f a c e  t e x -  

t u r e ,  a s  they  i n t e r a c t  wi th  t r e a d  p a t t e r n ,  rubber  compound, and 

water  depth  have a l r e a d y  been i n d i c a t e d  i n  t h i s  summary, b u t  

a  few more p o i n t s  should be made. 

Macrotexture ( l a r g e  s c a l e  roughness of  t h e  type t h a t  can 

be d e t e c t e d  v i s u a l l y )  has  t h e  pr imary f u n c t i o n  of  p rov id ing  

d ra inage  channels  f o r  water  t rapped between t h e  t i r e  and road .  

Sur faces  having rough macrotexture  show a  l e s s  r a p i d  dec rease  of 

f r i c t i o n  wi th  i n c r e a s i n g  speed than  do s u r f a c e s  having smooth 

macrotexture  [30 ] .  

Micro texture  (small  s c a l e  s u r f a c e  roughness on t h e  o rde r  of 

. 0 5  mm) has t h e  f u n c t i o n  of p reven t ing  t h e  format ion  of a  t h i n ,  

v i s c o u s ,  l u b r i c a t i n g  f i l m  of  water  between t h e  t i r e  and road .  A 

h a r s h  mic ro tex tu re  p rov ides  a  h igh  l e v e l  of f r i c t i o n ,  b u t  a  

s u r f a c e  having a  smooth, p o l i s h e d  mic ro tex tu re  w i l l  g ive  poor 

f r i c t i o n  even a t  low speeds [23] .  

S t u d i e s  on t h e  v a r i a t i o n  of wet f r i c t i o n  wi th  t e x t u r e  depth 

i n d i c a t e  t h a t  f o r  a  g iven  t i r e  t r e a d  and water  depth  t h e r e  i s  a 

va lue  of average t e x t u r e  depth  above which no f u r t h e r  improvement 

f r i c t i o n  i s  ob ta ined  [23] .  
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HYDROPLANING. I f  w a t e r  d e p t h  i s  s u f f i c i e n t l y  l a r g e ,  hydro-  

p l a n i n g  w i l l  o ccu r  a t  t h e  speed  g iven  by t h e  f o l l o w i n g  e q u a t i o n  

d e r i v e d  by Horne 

smooth mac ro t ex tu re  
o l i s h e d  m i c r o t e x t u r e  

where t h e  v a l u e  o f  t h e  c o n s t a n t ,  K ,  depends upon t h e  u n i t s  of  t h e  

hyd rop l an ing  v e l o c i t y ,  V and t h e  t i r e  i n f l a t i o n  p r e s s u r e ,  P [ 2 1 ] .  
P ' 

A t  lower  w a t e r  d e p t h s ,  t r e a d  p a t t e r n  and s u r f a c e  t e x t u r e  

become i m p o r t a n t  v a r i a b l e s .  The w a t e r  d e p t h  a t  which t h e  above 

e q u a t i o n  becomes v a l i d  depends upon t r e a d  p a t t e r n  and s u r f a c e  

t e x t u r e  [36]. 

- 

COMBINED BRAKING AND CORNERING, In  p u r e  b r a k i n g ,  a  cu rve  

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

r i s e  t o  a  peak between 7 %  and 25% s l i p ,  f o l l o w e d  by a  g r a d u a l  d e -  

c r e a s e  a s  wheel s l i p  i n , c r e a s e s  toward lockup  [ I S ] ,  
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The e f f e c t  o f  a  s l i p  a n g l e  upon t h e  BFC v e r s u s  wheel s l i p  

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

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

b r a k i n g  f o r c e .  A t  l a r g e  s l i p  a n g l e s ,  maximum b r a k i n g  f o r c e  i s  

o b t a i n e d  a t  lockup .  Also c o r n e r i n g  f o r c e  o b t a i n e d  a t  a  g iven  

s l i p  a n g l e  i s  reduced  when a  b r a k i n g  f o r c e  i s  a p p l i e d  [ 6 ,  161.  
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Considerable  p r o g r e s s  has  been made i n  t h e  f i e l d  of t i r e  

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

t i r e  and road performance. However, i t  i s  s t i l l  no t  p o s s i b l e  t o  

p r e d i c t  t h e  t r a c t i o n  performance of a t i r e - r o a d  system based on 

t h e  many t i r e  and s u r f a c e  v a r i a b l e s .  Indeed,  t h e r e  i s ,  as  y e t ,  

no agreement a s  t o  how t o  q u a n t i f y  many of t h e s e  v a r i a b l e s  i n  a  

meaningful way. I t  i s  c l e a r  t h a t  t h e r e  i s  a  g r e a t  d e a l  of 

d e f i n i t i v e  work y e t  t o  be done i n  t h i s  f i e l d .  
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Goal of  T e s t s  

To measure wet c o e f f i c i e n t  of  f r i c t i o n  f o r  c o r n e r i n g ,  b r a k i n g ,  

d r i v i n g ,  and combina t ions  o f  t h e s e  f o r  s e v e r a l  t i r e s  on b o t h  t e s t  

drum and road  s u r f a c e s ;  and t o  c o r r e l a t e  t h e  t e s t  drum and r o a d  

s u r f a c e  r e s u l t s  t o  show t h a t  t r a c t i o n  per formance  on t h e  road can  

be p r e d i c t e d  from l a b  measurements .  

Equipment 

The l a b  measurements were done on t h e  1 2 . 5 - f o o t  d i a m e t e r  

i n t e r n a l  drum machine a t  t h e  U n i v e r s i t y  of  K a r l s r u h e ,  Germany. 

The road  t e s t s  were done w i t h  an au tomobi le  i n s t r u m e n t e d  t o  

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

s h a f t  t o r q u e .  

Road S u r f a c e s  

The t e s t  drum had a  3M 8 0  g r i t  a b r a s i v e  s u r f a c e .  A w a t e r  

dep th  of  . 2  mm above t h e  a s p e r i t i e s  was u sed .  

Two road  s u r f a c e s  were u s e d :  

(1) Aspha l t  w i t h  smooth m a c r o t e x t u r e  b u t  h a r s h  

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

Th i s  s u r f a c e  was w e t t e d  by a  w a t e r i n g  t r u c k .  

(2)  Troweled c o n c r e t e  s i m i l a r  i n  t e x t u r e  t o  ( 1 ) ;  

w a t e r e d  by a  s p r i n k l e r  sys tem.  I t  had an ASTM 
s k i d  number of  30.  



T i r e s  T e s t e d  

205 HR-15 r a d i a l  p l y  

H78-15 b i a s  b e l t e d  

8 . 5 5 - 1 5  b i a s  p l y  

215 R-15 r a d i a l  p l y  

8 .45 -15  SAE t r a c t i o n  t i r e  

H78-15 b i a s  b e l t e d  

A l l  we re  r e g u l a r  p r o d u c t i o n ,  commerc ia l ly  a v a i l a b l e  t i r e s .  

T e s t  P rocedu re  

( a )  L a b o r a t o r y  t e s t s  : 

T e s t s  were  conduc t ed  i n  t h e  f o l l o w i n g  o p e r a t i n g  

modes : 

1. C o r n e r i n g  a t  z e r o  camber w i t h o u t  power 

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

2 .  C o r n e r i n g  a t  4' camber w i t h  power 

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

3 .  Corne r ing  a t  z e r o  camber w i t h  power 

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

4 .  S t r a i g h t - a h e a d  b r a k i n g .  

5 .  Power a p p l i c a t i o n  a t  z e r o  s l i p  a n g l e .  

A l l  t e s t s  were  done a t  30 mph, e x c e p t  b r a k i n g  a t  30 

and  6 0 ,  and a t  a  l o a d  o f  1000 l b s .  

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

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

u n t i l  peak  f o r c e  was r e a c h e d .  

( b )  Road t e s t s :  

Road t e s t s  were  conduc t ed  i n  t h e  f o l l o w i n g  o p e r a t i n g  

modes : 



1. Cornering wi thout  power a p p l i c a t i o n  - wi th  

t e s t  t i r e s  mounted on t h e  f r o n t  wheels of  an 

ins t rumented  t e s t  c a r ,  s t e e r  ang le  was g r a d u a l l y  

i n c r e a s e d  u n t i l  f r o n t  end breakaway was 

d e t e c t e d .  These t e s t s  were done a t  30 mph. 

2 .  Cornering w i t h  power a p p l i c a t i o n  - w i t h  t e s t  

t i r e s  mounted on t h e  r e a r  wheels ,  l a t e r a l  a c c e l e r a -  

t i o n  and d r i v e s h a f t  t o rque  were measured whi l e  

s t e e r  ang le  was g r a d u a l l y  i n c r e a i e d  u n t i l  r e a r  

wheel breakaway was o b t a i n e d  f o r  f u l l  t h r o t t l e  

a c c e l e r a t i o n  a t  30 mph. 

3 ,  S t r a i g h t - a h e a d  braking  - peak d e c e l e r a t i o n  of a  

f r o n t  wheel braked c a r  was measured a t  30 and 

60 mph. 

4 .  S t r a i g h t - a h e a d  d r i v i n g  - d r i v e s h a f t  t o rque  and 

drawbar f o r c e  was measured whi l e  p u l l i n g  a  dyna- 

mometer a t  2 . 5  mph. Engine t h r o t t l e  was i n c r e a s e d  

u n t i l  1 5 0 %  s l i p  was o b t a i n e d .  

Two samples of each t i r e  type  were g iven  4-6 t e s t  runs i n  

each mode on each s u r f a c e  and on t h e  t e s t  drum. 

Technique f o r  Analyzing and P r e s e n t i n g  Data 

Regression a n a l y s i s  was used t o  f i t  e l l i p s e  equa t ions  t o  t h e  

d a t a  f o r  peak c o e f f i c i e n t  of f r i c t i o n  i n  c o r n e r i n g ,  b r a k i n g ,  

d r i v i n g ,  and combinations of  c o r n e r i n g  and b rak ing .  S t a t i s t i c a l  

methods and normal i za t ion  t echn iques  were then  used t o  e v a l u a t e  

t h e  degree of  c o r r e l a t i o n  between l a b o r a t o r y  and road t e s t  d a t a .  

The d a t a  i s  p r e s e n t e d  most ly i n  t a b u l a r  form; c o r r e l a t i o n  p l o t s  of 

l a b  t r a c t i o n  c o e f f i c i e n t s  ve r sus  road t r a c t i o n  c o e f f i c i e n t s  a r e  
a l s o  p r e s e n t e d .  



Conc lus ions  

(1) A good f i t  t o  measured v a l u e s  o f  peak  c o e f f i c i e n t  o f  

f r i c t i o n  i n  c o r n e r i n g ,  b r a k i n g ,  d r i v i n g ,  and 

combina t i ons  o f  t h e s e  can  be  o b t a i n e d  u s i n g  t h e  

e l l i p s e  e q u a t i o n .  

( 2 )  C o r r e l a t i o n  between l a b o r a t o r y  and road  t e s t  d a t a  

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

on t h e s e  two s u r f a c e s  t o  b e  p r e d i c t e d  from t e s t  

drum d a t a ,  (An o v e r a l l  c o e f f i c i e n t  o f  c o r r e l a t i o n  

o f  - 9 6  was o b t a i n e d . )  



Reference  #2 

K. D .  B i rd  and F .  R .  Hase l ton  

"Eva lua t ion  o f  Studded T i r e  Performance" 

C . A . L .  Report  No. 159,  1967 

Goal 

The l i t e r a t u r e  on s tudded  t i r e  performance i s  ana lyzed  and 

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

d i s c u s s e d  and c o n c l u s i o n s  about  s t u d  performance a r e  drawn. 

Equipment 

Three locked wheel s k i d  t r a i l e r s  s u p p l i e d  by General  Motors,  

P o r t l a n d  Cement A s s o c i a t i o n ,  and t h e  Tennessee Highway Research 

Group. 

Automobiles were used  f o r  locked wheel s t o p p i n g  d i s t a n c e  

t e s t s ,  Dr iv ing  t r a c t i o n  t e s t s  used a  t r a c t i o n  dynamometer. 

T i r e s  Tes ted  

7.50 x  14  b i a s  p l y  t i r e s  w i t h  snow t r e a d .  Both s tudded  and 

non-s tudded t i r e s  of  t h e  same t r e a d  compound and p a t t e r n  were 

t e s t e d .  The s tudded  t i r e s  had from 48 - 260 s t u d s ,  

Road Sur face  

C l e a r ,  smooth i c e  having  v a r i o u s  s u r f a c e  t e m p e r a t u r e s .  

Tes t  Procedure 

S topping  d i s t a n c e  t e s t s  were conducted by l o c k i n g  a l l  f o u r  

wheels a t  20 mph. The s k i d  t r a i l e r s  were used  t o  measure locked 

wheel f r i c t i o n  c o e f f i c i e n t  a t  20 mph. Dr iv ing  t r a c t i o n  was 

e v a l u a t e d  by two methods: (1) p u l l  f o r c e  developed by an automobi le  

towing a  t r a c t i o n  dynamometer was measured, and (2) a c c e l e r a t i o n  

from a  r o l l i n g  s t a r t  a t  1 0  mph was measured. I c e  t empera tu re  v a r i e d  

between - 5  and + 3 2 O F .  



To e v a l u a t e  t h e  e f f e c t  of s t u d s  on b a r e  pavement per formance ,  

bo th  s k i d  t r a i l e r  and s t o p p i n g  d i s t a n c e  t e s t s  were performed on 

two b i tuminous  s u r f a c e s  under bo th  wet and dry  c o n d i t i o n s .  

Technique f o r  Analyzing and P r e s e n t i n g  Data 

The e f f e c t i v e n e s s  of s t u d s  was de termined by  s u b t r a c t i n g  

t h e  f r i c t i o n  c o e f f i c i e n t  f o r  t h e  unstudded t i r e  from t h a t  f o r  t h e  

s tudded  t i r e  under t h e  same t e s t  c o n d i t i o n s .  The r e s u l t ,  c a l l e d  

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

v a r i a b l e s  a s  i c e  t e m p e r a t u r e ,  number o f  s t u d s ,  e t c .  

Conclus ions  

(1) I c e  t empera tu re  i s  an impor tan t  v a r i a b l e  and must be  

a c c u r a t e l y  moni tored  i n  t i r e  on i c e  f r i c t i o n  t e s t s .  

( 2 )  Locked wheel f r i c t i o n  c o e f f i c i e n t  i n c r e a s e s  wi th  

d e c r e a s i n g  i c e  t empera tu re  f o r  both  s tudded  and 

non-s tudded t i r e s .  

(3) The " s t u d  r e s i s t a n c e  c o e f f i c i e n t "  i s  a  maximum 

( t y p i c a l l y  about  . 0 8 - .  10)  a t  3 2 O F  i c e  t empera tu re  

and drops  t o  a  s m a l l  v a l u e  ( u s u a l l y  l e s s  than  . 0 2 )  

a t  t empera tu res  below 0°F. 

( 4 )  When compared t o  a  v e h i c l e  equipped w i t h  o r d i n a r y  

non-s tudded ,  non-snow t r e a d  t i r e s ,  a  v e h i c l e  

equipped w i t h  f o u r  s tudded  snow- t read  t i r e s  w i l l  

s t o p  from 20 mph on 30°F i c e  i n  about  a  30% s h o r t e r  

d i s t a n c e  . 
( 5 )  The number of s t u d s  does not  appear  t o  be a  s i g n i -  

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

i n c r e a s e s  as  t h e  number o f  l i n e s  of s t u d s  i n c r e a s e s .  

( 6 )  Due t o  expe r imen ta l  problems,  t h e  e f f e c t i v e n e s s  o f  

s t u d s  on packed snow has n o t  been e s t a b l i s h e d .  



( 7 )  Studs have only  a sma l l  d e t r i m e n t a l  e f f e c t  on ba re  

pavement f r i c t i o n .  With 144 s t u d s ,  s topp ing  d i s t a n c e s  

a r e  i n c r e a s e d  by  l e s s  than  5 % .  

(8 )  S tuds  a r e  about  a s  e f f e c t i v e  i n  t r a c t i o n  a s  i n  

b r a k i n g .  

(9 )  As of  1967 t h e r e  was i n s u f f i c i e n t  d a t a  t o  a s s e s s  t h e  

e f f e c t s  of  s t u d s  upon co rne r ing  t r a c t i o n .  However, 

i t  i s  e v i d e n t  t h a t  l i t t l e  o r  no improvement w i l l  be 

o b t a i n e d  u n l e s s  a l l  f o u r  t i r e s  a r e  s tudded .  



Reference # 3  

T .  A .  Byrdsong 

" I n v e s t i g a t i o n  of t h e  E f f e c t  of Wheel Braking on S i d e -  
Force C a p a b i l i t y  of a  Pneumatic T i r e "  

N.A.S.A. Technica l  Note,  NASA TN D-4602, 1968. 

Goal of T e s t s  

To determine t h e  e f f e c t  of  b rak ing  f o r c e  on t h e  co rne r ing  

f o r c e  gene ra ted  by a  t i r e  a t  a  c o n s t a n t  s l i p  a n g l e .  The e f f e c t  

of speed up t o  30 mph was a l s o  i n v e s t i g a t e d .  

Equipment 

A mobile t i r e  t e s t e r .  V e r t i c a l  t i r e  l o a d  and t h e  h o r i z o n t a l  

f o r c e s  p a r a l l e l  and p e r p e n d i c u l a r  t o  t h e  wheel p l a n e  were measured 

by a  three-component s t r a i n  gage load  c e l l ,  Angular v e l o c i t y  

o f  t h e  t i r e  was measured w i t h  a  D . C .  tachometer  g e n e r a t o r  wh i l e  

a  f i f t h  wheel was used t o  measure speed .  

Road Sur faces  

A l l  t e s t s  were performed on one c o n c r e t e  s u r f a c e ,  both wet 

and d r y .  For t h e  wet s u r f a c e  t e s t s , a  water  depth  of  1 / 2  i nch  

was used .  

T i r e s  Tes ted  

A smooth t r e a d ,  b i a s  p l y  automobile  t i r e ,  s i z e  7 . 7 5  x 1 4 .  

Tes t  Procedure 

Brake f o r c e ,  s i d e  f o r c e ,  wheel angu la r  v e l o c i t y  and v e h i c l e  

speed were recorded  whi l e  b rake  f o r c e  was s lowly  i n c r e a s e d  u n t i l  

lockup occur red .  



A l l  t e s t s  were  done w i t h  i n f l a t i o n  p r e s s u r e  a t  30 p s i  and 

t i r e  l o a d  a t  1000 pounds.  

T e s t s  were  done a t  1 0 ,  20,  and 30 mph. on wet  and d r y  

pavement f o r  two v a l u e s  o f  s l i p  a n g l e  , 4' and 8" .  

Technique f o r  Analyzing and P r e s e n t i n g  Data 

The measured v a l u e s  o f  b r a k e  f o r c e  and s i d e  f o r c e  were 

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

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

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

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

a t  c o n s t a n t  s l i p  a n g l e .  A l s o ,  p l o t s  o f  peak b r a k e  f o r c e  

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

speed  a r e  p r e s e n t e d .  

Conc lus ions  

(1 )  On t h e  d r y  s u r f a c e ,  more t h a n  75% o f  t h e  f r e e - r o l l i n g  

v a l u e  of  c o r n e r i n g  f o r c e  i s  a v a i l a b l e  when l o n g i -  

t u d i n a l  ( b r ake )  s l i p  i s  such  t h a t  b r ake  f o r c e  i s  a t  

i t s  maximum ( u s u a l l y  abou t  1 0 - 2 0 % ) .  On t h e  wet  

s u r f a c e ,  more t h a n  50% of  t h e  f r e e - r o l l i n g  c o r n e r i n g  

f o r c e  i s  a v a i l a b l e .  

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

which peak b r a k e  f o r c e  o c c u r s ,  c o r n e r i n g  f o r c e  d e c r e a s e s  

r a p i d l y  t o  z e r o  a t  l ockup .  

(3)  For  speeds  i n  t h e  r ange  o f  0-30 mph, speed  has  no 

s i g n i f i c a n t  e f f e c t  on d r y  road  f r i c t i o n ;  b u t  on t h e  

wet  s u r f a c e ,  f r i c t i o n  v a l u e s  were g r e a t l y  d e c r e a s e d  

by i n c r e a s i n g  s p e e d .  

( 4 )  For  maximum c o n t r o l  i n  maneuvers i n v o l v i n g  s i m u l t a n e o u s  

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

c o n t r o l l e d  such  t h a t  b r a k e  f o r c e  i s  h e l d  a t  o r  n e a r  

i t s  peak v a l u e .  



Reference  # 4  

W .  Close 

"Locked-Wheel F r i c t i o n  T e s t s  on Wet Pavements1' 

Highway Research Board, B u l l e t i n  3 0 2 ,  Skid  T e s t i n g ,  
1961, p .  18 .  

Goal of  T e s t s  

To make e x t e n s i v e  s k i d  r e s i s t a n c e  measurements on U.S. 

p u b l i c  highways and t o  c o r r e l a t e  t h e  r e s u l t s  w i t h  d a t a  on 

pavement compos i t ion ,  s u r f a c e  f i n i s h ,  a g e ,  and t r a f f i c  d e n s i t y .  

Equipment 

A two-wheel s k i d  t r a i l e r  p u l l e d  by a  w a t e r i n g  t r u c k .  

Road S u r f a c e s  

More t h a n  400 c o n c r e t e  and a s p h a l t  s u r f a c e s  a long 6500 m i l e s  

of  p u b l i c  highways were t e s t e d .  

T i r e s  Tes ted  

The s t a n d a r d  s k i d  t e s t  t i r e  used i n  t h e  F i r s t  I n t e r n a t i o n a l  

Sk id  Conference C o r r e l a t i o n  Study t e s t s  conducted i n  V i r g i n i a ,  

1 9 5 8 ,  was used f o r  a l l  t h e  t e s t s .  

T e s t  Procedure  

Locked wheel b r a k e  f o r c e  c o e f f i c i e n t  a t  40 mph was measured 

a t  f i v e - m i l e  i n t e r v a l s  a long  6500 mi le s  of  p u b l i c  highways 

through 20 s t a t e s .  The s u r f a c e  was w e t t e d  by a  w a t e r i n g  t r u c k .  

Technique f o r  Analyzing and P r e s e n t i n g  Data 

Wherever p o s s i b l e ,  d a t a  concern ing  s u r f a c e  composi t ion ,  

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

f o r  t h e  t e s t e d  s u r f a c e s .  The d a t a  was grouped accord ing  t o  



composi t ion and f i n i s h ,  and f o r  each group,  f r i c t i o n  c o e f f i c i e n t  

i s  p l o t t e d  ve r sus  a  wear index  d e f i n e d  a s  

wear index  = 
A x T x L  

1 0 0 0  

where 

A = age i n  y e a r s  

T = average  d a i l y  t r a f f i c  count  

L = c o r r e c t i o n  f a c t o r  f o r  l a n e  d i s t r i b u t i o n  
of  t r a f f i c  

Conclusions 

(1) Locked wheel BFC drops r a p i d l y  due t o  road 

s u r f a c e  wear a t  f i r s t  b u t  l e v e l s  o f f  t o  a  

c o n s t a n t  va lue .  

( 2 )  Of a l l  t h e  c o n c r e t e  s u r f a c e s  t e s t e d ,  t h e  b e l t  

f i n i s h e d  s u r f a c e  w i t h  cour se  g r a i n e d  l a r g e  

igneous aggrega te  and sma l l  n a t u r a l  sand aggre-  

g a t e  had the  h i g h e s t  f r i c t i o n  i n  t h e  f u l l y  

worn s t a t e .  

( 3 )  On t h e  ave rage ,  t h e  c o n c r e t e  s u r f a c e s  t e s t e d  i n  

t h i s  s tudy  gave s l i g h t l y  h i g h e r  i n i t i a l  va lues  

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

by wear than  t h e  a s p h a l t  s u r f a c e s .  



Reference  # 5  

H. C .  A ,  van E l d i k  Thieme and H .  B ,  Pace jka  

"The T i r e  a s  a  Veh ic l e  Component" 

S e c t i o n  7 . 3 . 2  of  Mechanics of  Pneumatic T i r e s ,  e d i t e d  
by S. K .  C l a r k ,  N a t i o n a l  Bureau of  S t a n d a r d s ,  Washington, 
D . C . ,  1972. 

Goal o f  T e s t s  

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

on a  wet s u r f a c e  were i n v e s t i g a t e d .  

Equipment 

An a i r  s p r i n g  t i r e  t e s t  t r a i l e r  equipped w i t h  two symmet r i ca l ly  

i n c l i n e d  (yaw and camber) whee l s ,  one of which i s  t h e  t e s t  t i r e ,  

was used .  S l i p  a n g l e  can be  v a r i e d  c o n t i n u o u s l y  a s  t h e  t r a i l e r  

i s  be ing  towed w h i l e  c o r n e r i n g  f o r c e  and a l i g n i n g  moments a r e  

measured. A s p r i n k l e r  sys tem was used t o  wet t h e  s u r f a c e .  

Road S u r f a c e s  

The t e s t s  were done on a  smooth, p o l i s h e d ,  wet a s p h a l t  

s u r f a c e .  The d r a i n a g e  meter  of Moore showed no d r a i n a g e  

c a p a c i t y ,  and t h e  B r i t i s h  P o r t a b l e  Sk id  R e s i s t a n c e  hleter gave 

a  v a l u e  of  25. 

T i r e s  Tes ted  

Two t i r e s  of  s i z e  5 .60 -13  were t e s t e d .  T i r e  ( a )  - f o u r  

c i r c u m f e r e n t i a l  grooves and no s i p e s  on t h e  c e n t e r  r i b .  

T i r e  ( b )  - f o u r  c i r c u m f e r e n t i a l  grooves b u t  t h e  grooves were 

wide r  t h a n  on t i r e  (a )  and a l l  r i b s  were s i p e d .  This  t i r e  had 

lower rubber  r e s i l i e n c e  and h i g h e r  rubber  h a r d n e s s  t h a n  t i r e  ( a ) .  



T e s t  Procedure 

Cornering f o r c e ,  a l i g n i n g  moment , and s l i p  a n g l e  were 

recorded  whi l e  s l i p  ang le  was s lowly  v a r i e d  from ze ro  t o  1 5 ' ,  

t hen  t o  -15O, then  back t o  zero a s  t h e  t r a i l e r  was towed over  

t h e  t e s t  s u r f a c e  a t  speeds up t o  4 0  km/hr. The s l i p  ang le  c y c l e  

t ime was about  f i v e  seconds .  

T i r e  load  was 270-330 kg and i n f l a t i o n  p r e s s u r e  was 
2 1 . 7  kg/cm . 

Technique f o r  Analyzing and P r e s e n t i n g  Data 

The d a t a  was recorded  on a  U-V Brush r e c o r d e r  a f t e r  be ing  

passed  through a  low pass  f i l t e r .  This  d a t a  was hand p l o t t e d .  

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

ang le  a r e  p r e s e n t e d .  

Conclusions 

On t h i s  s l i p p e r y  s u r f a c e  a t  4 0  km/hr, i t  was observed t h a t  

l a t e r a l  f o r c e ,  F a f t e r  p a s s i n g  through i t s  peak and dropping 
Y' 

t o  i t s  minimum v a l u e  a s  s l i p  ang le  i n c r e a s e s ,  does n o t  r ecover  

i t s  peak v a l u e  when s l i p  a n g l e  i s  then  decreased  back t o  ze ro .  

This  i s  i l l u s t r a t e d  below. 

0 S l i p  Angle (deg) 

26 



A s i m i l a r  l oop  i s  o b s e r v e d  f o r  a l i g n i n g  moment. Th i s  

b e h a v i o r  was n o t  o b s e r v e d  a t  t h e  lower  speed  o f  30 km/hr.  

T i r e  (b )  was a b l e  t o  g e n e r a t e  h i g h e r  c o r n e r i n g  f o r c e s  t h a n  

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

i n  t r e a d  p a t t e r n  and r u b b e r  compound. 
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P .  S.  Fancher ,  J r . ,  H .  Dugoff, K .  C .  Ludema, and L .  Segel  

"Experimental S t u d i e s  of T i r e  Shear  Force Mechanics" 

Summary F i n a l  Report prepared  by t h e  Highway S a f e t y  Research 
I n s t i t u t e  f o r  t h e  Nat ional  Bureau of S tandards  under c o n t r a c t  
CST-928-5, 1970. 

Goal of  T e s t s  

T i r e  s h e a r  f o r c e  g e n e r a t i o n  under c o n d i t i o n s  of combined braking  

and co rne r ing  was i n v e s t i g a t e d  on both  wet and dry  s u r f a c e s .  

Equipment 

The mobile t i r e  t e s t e r  of t h e  Highway S a f e t y  Research I n s t i t u t e  

was used f o r  t h e s e  t e s t s .  This t e s t e r  c o n s i s t s  of  a  t r u c k  which 

c a r r i e s  a f i x t u r e  upon which t h e  t e s t  t i r e  i s  mounted. This  f i x t u r e  

c o n t a i n s  a  load  c e l l  and a  tachometer  t o  measure t i r e  l o a d ,  braking  

f o r c e ,  co rne r ing  f o r c e ,  a l i g n i n g  moment, and t e s t  wheel angu la r  

v e l o c i t y .  By means of a  h y d r a u l i c  t r a n s m i s s i o n ,  t h e  t e s t  wheel 

angu la r  v e l o c i t y  can be cont inuous ly  v a r i e d  from f r e e  r o l l i n g  

t o  lockup. 

The road  s u r f a c e s  were we t t ed  from a  water  tank  c a r r i e d  by 

t h e  t r u c k .  

Road Sur faces  

(1) Dry concre te  

( 2 )  Wet concre te  

(3) Wet t r a f f i c  p a i n t  - an a s p h a l t  s u r f a c e  p a i n t e d  t o  
e l i m i n a t e  t h e  m i c r o t e x t u r e ,  g i v i n g  a  low c o e f f i c i e n t .  

T i r e s  Tes ted  

(1) F i r e s t o n e  b i a s  p l y  

( 2 )  Goodyear Po lyg las s  b e l t e d - b i a s  

( 3 )  Michel in  s t e e l  b e l t e d  r a d i a l  

T e s t  Procedure 

The d a t a  was ob ta ined  by lowering t h e  t i r e  onto  t h e  road a t  

a f i x e d  s l i p  ang le  and vary ing  wheel r o t a t i o n a l  speed from f r e e  



r o l l i n g  t o  lockup w h i l e  b r a k i n g  f o r c e ,  c o r n e r i n g  f o r c e ,  t e s t  wheel 

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

Data was t aken  a t  speeds  of  20, 30 ,  40, and 5 0  mph. and a t  

s l i p  a n g l e s  of  0, 1, 2 ,  4 ,  8 ,  and 1 6  d e g r e e s ,  T i r e  load  was 1000 

pounds and i n f l a t i o n  p r e s s u r e  was 24 p s i  f o r  a l l  t e s t s .  

Technique f o r  Analyzing and P r e s e n t i n g  Data 

Force and s l i p  v a l u e s  were o b t a i n e d  from t r a c e s  of  a  r e c o r d i n g  

galvanometer  and t h e  averages  o f  f i v e  r e p l i c a t i o n s  were p l o t t e d  

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

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

v e r s u s  b r a k e  s l i p  a t  c o n s t a n t  s l i p  a n g l e  w i t h  s l i p  ang le  a s  a 

pa ramete r .  

Conclus ions  

The e f f e c t  of  a  s l i p  a n g l e  upon 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  v e r s u s  l o n g i t u d i n a l  (brake)  s l i p  cu rve  

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

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

a v a i l a b l e  b r a k i n g  f o r c e .  A t  h i g h  s l i p  a n g l e ,  maximum 

b r a k i n g  f o r c e  i s  o b t a i n e d  a t  lockup.  
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(2) A t  a  c o n s t a n t  s l i p  a n g l e ,  l a t e r a l  f o r c e  dec reases  a s  

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

(3) The above conc lus ions  ho ld  f o r  bo th  wet and dry  s u r -  

f a c e s .  However on wet s u r f a c e s  t h e  f a l l - o f f  of  b rak ing  

f o r c e  w i t h  i n c r e a s i n g  brake  s l i p  beyond t h e  peak i s  

more pronounced. 

( 4 )  For t h e  r a d i a l  and b e l t e d  b i a s  t i r e s  t h e  e f f e c t  o f  

i n c r e a s i n g  speed  was t o  reduce t h e  l e v e l  of  f o r c e s  

wi thou t  changing t h e  shape of t h e  f o r c e  v e r s u s  s l i p  

cu rves .  But f o r  t h e  b i a s  p l y  t i r e  a  h i g h e r  locked 

wheel b rak ing  f o r c e  was o b t a i n e d  a t  50 mph than  a t  

20 mph. 

( 5 )  The f r i c t i o n a l  c h a r a c t e r i s t i c s  of  a l l  t h r e e  types  of  

t i r e s  on wet s u r f a c e s  a r e  n o n - i s o t r o p i c .  Long i tud ina l  

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

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

c o l i n e a r  w i t h  t h e  d i r e c t i o n  of  s l i d i n g .  

( 6 )  Corner ing  s t i f f n e s s  and b rak ing  s t i f f n e s s  a r e  s u f f i -  

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

i s t i c s  of  a  t i r e  a t  low va lues  of s l i p  a n g l e  and b rake  

s l i p ,  b u t  a t  h igh  va lues  of s l i p ,  parameters  d e s c r i b i n g  

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

p a t c h  a r e  needed. 
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Goal of  T e s t s  

Maximum l a t e r a l  f o r c e ,  peak and locked wheel b rak ing  f o r c e ,  

and maximum r e s u l t a n t  f o r c e  ( r e s u l t a n t  of  combined b r a k i n g  and 

c o r n e r i n g  f o r c e )  were measured f o r  t i r e s  on wet s u r f a c e s .  T i r e  

t r a c t i o n  r a t i n g s  based  on t h e s e  q u a n t i t i e s  a r e  compared w i t h  

r a t i n g s  d e r i v e d  from J - t u r n  and d i a g o n a l  b r a k i n g  performance of  

a  v e h i c l e  equipped w i t h  t h e  same t i r e s .  A l so ,  t h e  i n f l u e n c e  o f  

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

Equipment 

The mobi le  t i r e  t e s t e r  o f  t h e  Highway S a f e t y  Research I n s t i -  

t u t e  was used t o  o b t a i n  t h e  t r a c t i o n  d a t a .  

Road S u r f a c e s  

Three s u r f a c e s  a t  t h e  Texas T r a n s p o r t a t i o n  I n s t i t u t e  were 

used:  wet c o n c r e t e ,  wet a s p h a l t ,  and wet J e n n i t e ,  

T i r e s  T e s t e d  

A sample of  t e n  commercial ly  a v a i l a b l e  t i r e s ;  t h r e e  b i a s  p l y  

s i z e  8 .25-14 ,  t h r e e  b i a s - b e l t e d  s i z e  G78-14, t h r e e  r a d i a l  p l y  s i z e  

205R-14, and t h e  SAE s t a n d a r d  t i r e .  

T e s t  Procedure  

T r a c t i o n  f i e l d s  f o r  t h e  t e n  t i r e s  on each s u r f a c e  were ob- 

t a i n e d  by r e c o r d i n g  b r a k i n g  f o r c e ,  l a t e r a l  f o r c e ,  speed  and t e s t  

wheel a n g u l a r  v e l o c i t y  wh i l e  l o n g i t u d i n a l  (b rake )  s l i p ,  was gradu-  

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

S l i p  a n g l e s  of  0 ,  2 ,  4 ,  8 ,  and 16 d e g r e e s ,  t i r e  l o a d s  of 6 0 0 ,  

1 0 0 0 ,  and 1400 pounds and speeds  of  1 0 ,  30, and 50 mph were used .  

Technique f o r  Analyzing and P r e s e n t i n t i n g  Data 

From t h e  d a t a  r e c o r d s ,  c a r p e t  p l o t s  of  (1)  b r a k i n g  f o r c e  

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



s l i p  a n g l e  and load  f o r  each t i r e - s u r f a c e  combinat ion were c o n s t r u c t e d .  

From t h e s e  p l o t s ,  t h r e e  performance v a r i a b l e s  were d e r i v e d  

(1) maximum l a t e r a l  f o r c e ,  (2) maximum brak ing  f o r c e ,  and (3)  

locked  wheel b rak ing  f o r c e .  A f o u r t h  performance v a r i a b l e ,  maximum 

r e s u l t a n t  f o r c e ,  was o b t a i n e d  by e v a l u a t i n g  t h e  maximum r e s u l t a n t  

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

running  a t  8 degree  s l i p  a n g l e .  The ranking  of  t h e s e  t i r e s  a r e  

t a b u l a t e d .  Rank c o r r e l a t i o n s  between t h e  performance v a r i a b l e s ,  

and between t h e  performance v a r i a b l e s  and t h e  v e h i c l e  J - t u r n  and 

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

Conclusions 

(1) Maximum l a t e r a l  f o r c e  r ank ing  and v e h i c l e  J - t u r n  

performance r ank ing  c o r r e l a t e  w e l l  enough t o  show t h a t  

v e h i c l e  speed  a t  breakaway i n  a  J - t u r n  maneuver can b e  

p r e d i c t e d  from maximum l a t e r a l  f o r c e  measurements.  

( 2 )  Rankings based on locked wheel b r a k i n g  f o r c e  d i d  n o t  

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

because  s t o p p i n g  d i s t a n c e  i s  ve ry  s e n s i t i v e  t o  s m a l l  

changes i n  t e s t  c o n d i t i o n s .  

(3 )  The r a d i a l  t i r e s  produced l a r g e r  s h e a r  f o r c e s ,  on t h e  

a v e r a g e ,  t han  d i d  t h e  b e l t e d - b i a s  t i r e s ,  and t h e  b e l t e d  

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

b i a s  p l y  t i r e s .  

( 4 )  The t r a c t i o n  performance of  r a d i a l  t i r e s  i s  l e s s  s e n s i -  

t i v e  t o  t r e a d  wear t h a n  i s  t h e  b i a s  p l y  t i r e .  

(5)  An i n c r e a s e  i n  speed  from 10 t o  50 mph causes  a  ve ry  l a r g e  

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

( 6 )  An i n c r e a s e  i n  v e r t i c a l  l o a d  causes  a  d e c r e a s e  i n  s h e a r  

f o r c e  performance i n  most c a s e s .  However, changes i n  

t i r e  l o a d  normal ly  encoun te red  i n  p r a c t i c e  have a  s m a l l e r  

e f f e c t  t h a n  a  2 0  mph change i n  speed .  
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Goal of T e s t s  

Corner ing  f o r c e  and a l i g n i n g  moment c h a r a c t e r i s t i c s  of  a  

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

and t i r e  s i z e  were i n v e s t i g a t e d .  

The A i r f o r c e - C o r n e l l  mobile  t i r e  t e s t e r  was used f o r  t h e s e  

t e s t s .  

Tire3 Tes ted  

Three smooth, round,  t r e a d l e s s  b i a s  p l y  t i r e s ;  s i z e s  5.00 x 

1 6 ,  6 .00 x  1 6 ,  and 7.00 x 16 .  

Road S u r f a c e  

The t e s t s  were performed on one d ry  road  s u r f a c e .  

T e s t  Procedure  

L a t e r a l  f o r c e  and a l i g n i n g  moment were measured f o r  s l i p  

a n g l e s  of  -30 t o  +30 d e g r e e s ,  camber a n g l e s  of  -30 t o  +30 d e g r e e s ,  

and f o r  i n f l a t i o n  p r e s s u r e s  from 18  t o  45 p s i .  

A l l  t e s t s  were performed a t  a  l o a d  of  925 pounds. 

Technique f o r  Analyzing and P r e s e n t i n g  Data 

Values of  f o r c e s  and moments were r e a d  from r e c o r d i n g  o s c i l -  

l og raph  r e c o r d s  through an o p t i c a l  e n l a r g e r ,  s o r t e d  and l i s t e d  by 

a  computer ,  t h e n  p l o t t e d .  The d a t a  i s  p r e s e n t e d  i n  t h e  form of  

p l o t s  o f :  

(1) Corner ing  s t i f f n e s s  v e r s u s  i n f l a t i o n  p r e s s u r e  f o r  each  

t i r e  s i z e .  

( 2 )  L a t e r a l  f o r c e  v e r s u s  camber a n g l e  a t  ze ro  s l i p  a n g l e .  



(3 )  Maximum a v a i l a b l e  co rne r ing  f o r c e  ve r sus  i n f l a t i o n  

p r e s s u r e  a t  zero  camber. 

( 4 )  Maximum a v a i l a b l e  c o r n e r i n g  f o r c e  ve r sus  camber ang le .  

(5) Pneumatic t r a i l  ve r sus  l a t e r a l  f o r c e .  

Conclusions 

(1) T i r e  s i z e  h a d  no e f f e c t  upon c o r n e r i n g  s t i f f n e s s  and i t s  

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

( 2 )  No d e f i n i t e  t r e n d  was observed f o r  c o r n e r i n g  s t i f f n e s s  

a s  a f f e c t e d  by camber. 

(3) Maximum a v a i l a b l e  c o r n e r i n g  f o r c e  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 .  

( 4 )  Maximum a v a i l a b l e  co rne r ing  f o r c e  i n c r e a s e s  w i t h  

p o s i t i v e  camber and dec reases  w i t h  n e g a t i v e  camber. 

( 5 )  Pneumatic t r a i l  dec reases  l i n e a r l y  w i t h  i n c r e a s i n g  

l a t e r a l  f o r c e  f o r  s l i p  ang les  up t o  10 degrees .  

( 6 )  Cornering s t i f f n e s s  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 .  
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Goal of T e s t s  

To de te rmine  c o r n e r i n g  f o r c e - s l i p  a n g l e  and b r a k i n g  f o r c e -  

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

road  s u r f a c e s ,  bo th  wet and d r y ,  a s  a f f e c t e d  by s p e e d ,  l o a d ,  i n f l a -  

t i o n  p r e s s u r e ,  and t i r e  s i z e .  

Equipment 

A s i n g l e  wheel t r a i l e r  was towed by a  t r u c k .  The t r a i l e r  was 

ins t rumen ted  t o  measure b r a k e  f o r c e ,  c o r n e r i n g  f o r c e ,  and t e s t  

wheel r o t a t i o n a l  speed .  

T i r e s  T e s t e d  

A sample of  15 commercial ly  a v a i l a b l e  t i r e s  o f  v a r i o u s  

s i z e s  and t r e a d  p a t t e r n s  were t e s t e d .  

Road S u r f a c e s  

E i g h t  d i f f e r e n t  p u b l i c  road  s u r f a c e s ,  some a s p h a l t  and some 

c o n c r e t e ,  i n  t h e  v i c i n i t y  of  B e r l i n ,  Germany were t e s t e d .  

T e s t  Procedure  

Brake f o r c e - l o n g i t u d i n a l  s l i p  d a t a  was t a k e n  f o r  s l i p  v a l u e s  

from 0  - 100% ( f r e e  r o l l i n g  t o  lockup)  and c o r n e r i n g  f o r c e - s l i p  

a n g l e  d a t a  was t a k e n  a t  s l i p  a n g l e s  up t o  30 d e g r e e s .  

Speed: 6 -73  km/hr 

Load: 160-390 kg.  

I n f l a t i o n  P r e s s u r e :  1 . 0 ,  1 . 5 ,  2 . 0 ,  2 . 5  atm. 

Veasurements were made on b o t h  dry  and wet r o a d s .  The roads  

were n o t  a r t i f i c i a l l y  w e t t e d ,  b u t  wet road  d a t a  was t aken  on r a i n y  

days .  



Some d a t a  on s imultaneous braking  and co rne r ing  was ob ta ined  

by measuring co rne r ing  f o r c e  a t  va r ious  s l i p  ang les  wi th  t h e  brake  

a p p l i e d  such t h a t  t h e  brake f o r c e  c o e f f i c i e n t  was .37.  

Conclusions 

A .  Braking T e s t s  

(1) The brake  f o r c e  ve r sus  l o n g i t u d i n a l  s l i p  curve has a  

s t e e p  i n i t i a l  s l o p e ,  a  peak between 10 and 2 0 %  s l i p ,  
fol lowed by a  gradual  decrease  a s  s l i p  i n c r e a s e s  toward 

lockup. 

( 2 )  The i n i t i a l  s l o p e  of t h e  brake  f o r c e  ve r sus  l o n g i t u d i n a l  

s l i p  curve i s  independent of speed .  However, bo th  peak 

and locked wheel brake  f o r c e  dec rease  w i t h  i n c r e a s i n g  

speed ,  w i t h  locked wheel va lues  more s t r o n g l y  a f f e c t e d  

than  peak v a l u e s .  

(3) A t  very low speeds t h e  peak and locked wheel brake  

f o r c e  approach t h e  same v a l u e .  

( 4 )  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  causes a  dec rease  

i n  both  peak and locked wheel brake  f o r c e .  

( 5 )  The conclus ions  s t a t e d  above apply f o r  bo th  wet and dry 

s u r f a c e s ,  b u t  peak and locked wheel f r i c t i o n  va lues  a r e  

lower on wet s u r f a c e s .  Also ,  peak and locked wheel 

brake  f o r c e  dec rease  more r a p i d l y  wi th  i n c r e a s i n g  

speed on wet roads .  
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B .  Corner ing  T e s t s  

(1) The c o r n e r i n g  f o r c e  v e r s u s  s l i p  a n g l e  curve  shows a  

s t e e p  i n i t i a l  s l o p e ,  a  peak v a l u e  ( u s u a l l y  a t  1 0 - 2 0  

degrees  s l i p  a n g l e )  u s u a l l y  fo l lowed by a  g r a d u a l  

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

(2) Corner ing  s t i f f n e s s  ( t h e  i n i t i a l  s l o p e  of  t h e  c o r n e r -  

i n g  f o r c e  ve r sus  s l i p  a n g l e  cu rve )  i s  independent  of  

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

s e c t i o n  w i d t h .  

(3) Peak c o r n e r i n g  f o r c e  c o e f f i c i e n t  i s  n e a r l y  independent  

of  l o a d  over  t h e  range  c o n s i d e r e d .  

( 4 )  Peak c o r n e r i n g  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  i n f l a t i o n  

p r e s s u r e  on b o t h  wet and dry  s u r f a c e s .  

( 5 )  Peak c o r n e r i n g  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  s p e e d ,  

and wet s u r f a c e s  show a  g r e a t e r  d e c r e a s e  t h a n  d ry  

s u r f a c e s .  

( 6 )  The a p p l i c a t i o n  of  a  b r a k e  f o r c e  w h i l e  c o r n e r i n g  

causes  a  d e c r e a s e  i n  t h e  peak c o r n e r i n g  f o r c e  c o e f f i c i e n t .  

C .  E f f e c t s  of Tread P a t t e r n  and Road S u r f a c e  

(1)  On dry  r o a d s ;  t r e a d  p a t t e r n  has  on ly  a  s m a l l  e f f e c t ;  

w i t h  t h e  smooth t r e a d  t i r e  showing a  s l i g h t  s u p e r i o r i t y  

i n  bo th  c o r n e r i n g  and b r a k i n g .  

(2) On dry  roads  t h e  s u r f a c e  t e x t u r e  has  a  s i g n i f i c a n t  

e f f e c t .  New s u r f a c e s  have c o e f f i c i e n t s  of  . 8 - 1 . 1 ,  

b u t  a  worn and p o l i s h e d  s u r f a c e  may have on ly  . 6 .  

(3) On wet s u r f a c e s ,  t r e a d  p a t t e r n  and s u r f a c e  t e x t u r e  a r e  

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

manner. On c o a r s e  t e x t u r e d  s u r f a c e s ,  h i g h  f r i c t i o n  i s  

o b t a i n e d  even w i t h  smooth t r e a d  t i r e s ,  b u t  on smooth 

t e x t u r e d  s u r f a c e s  t r e a d  grooves a r e  e s s e n t i a l .  



( 4 )  On smooth, p o l i s h e d ,  s u r f a c e s ,  t i r e s  wi th  t r a n s v e r s e  

t r e a d  grooves show t h e  b e s t  f r i c t i o n a l  performance. 



Reference # 1 0  

W. Gengenbach 

"Exper imen te l l e  Untersuchung von Rei fen  auf n a s s e r  Fahrbahn" 
(Exper imenta l  i n v e s t i g a t i o n  of  T i r e s  on Wet Tracks)  

Autonlobi l technische Z e i t s c h r i f t ,  Vol. 70,  1968, pp. 310-316. 

Goal of T e s t s  

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

groove d e p t h ,  wa te r  d e p t h ,  speed ,  i n f l a t i o n  p r e s s u r e ,  and camber 

a n g l e  dpon t h e  c o r n e r i n g  and b r a k i n g  f o r c e  c a p a b i l i t y  of t i r e s  on 

wet s u r f a c e s .  

Equipment 

The t e s t s  were done on t h e  i n t e r n a l  drum t i r e  t e s t  machine 

a t  Kar l s ruhe  U n i v e r s i t y ,  Germany. The drum i s  12 .5  f e e t  i n  

d i a m e t e r .  Water dep th  can  be c o n t r o l l e d  t o  c l o s e  t o l e r a n c e s .  

Road S u r f a c e  

An a r t i f i c i a l  a b r a s i v e  s u r f a c e  was a p p l i e d  t o  t h e  drum. 

T i r e s  Tes ted  

S i x  d i f f e r e n t  t r e a d  p a t t e r n s  were c u t  on 5.60 x  15 b i a s  

p l y  t i r e s  and on 155 x  1 5  r a d i a l  p l y  t i r e s .  Groove wid th  was 

3  m m . ,  groove dep th  was 7 mm. and t h e  r a t i o  o f  groove a r e a  t o  

t o t a l  c o n t a c t  p a t c h  a r e a  was . 2  f o r  a l l  p a t t e r n s .  The t r e a d  

p a t t e r n s  a r e  shown below. 



Two p roduc t ion  t i r e s ,  a  5 . 6 0  x  1 5  b i a s  p l y ,  and a  1 5 5  x  15 

r a d i a l  p l y  were a l s o  t e s t e d .  

T e s t  Procedure 

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

t o  determine maximum c o r n e r i n g  f r i c t i o n  f o r  water  dep ths  of . 2 ,  
1 . 0 ,  and 2 . 0  mm and speeds from 30 t o  120 km/hr. 

A s t u d y  of  t h e  e f f e c t s  of va ry ing  t h e  r a t i o  of  groove a r e a  

t o  t o t a l  c o n t a c t  p a t c h  a r e a  was done by va ry ing  groove width  on 

t h e  c i r c u m f e r e n t i a l l y  grooved t i r e  ( F ) .  

The 5.60 x  15 p roduc t ion  b i a s  p l y  t i r e  was used t o  s t u d y  t h e  

e f f e c t s  of camber ang le  and t r e a d  groove dep th .  

T i r e  l o a d  was 300 kg. f o r  a l l  t e s t s  and i n f l a t i o n  p r e s s u r e  

was 1 . 5  atm. f o r  a l l  t e s t s  excep t  t h e  i n f l a t i o n  p r e s s u r e  v a r i a -  

t i o n  s t u d y .  

Method f o r  Analyzing and P r e s e n t i n g  Data 

Graphs of  maximum c o r n e r i n g  f o r c e  ve r sus  speed a t  v a r i o u s  

water  dep ths  a r e  p r e s e n t e d  f o r  each of t h e  s p e c i a l  t r e a d  p a t t e r n s .  

Graphs of maximum corne r ing  and b rak ing  f o r c e  ve r sus  i n f l a -  

t i o n  p r e s s u r e ,  camber a n g l e ,  t r e a d  d e p t h ,  and t h e  r a t i o  of  groove 

a r e a  t o  c o n t a c t  a r e a  a t  v a r i o u s  speeds and water  depths  a r e  

p r e s e n t e d  f o r  t h e  two p roduc t ion  t i r e s .  

Conclusions 

(1) For a  g iven  speed ,  groove depth  and water  d e p t h ,  t h e r e  

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

p a t c h  a r e a  above which no improvement i n  t r a c t i o n  i s  

o b t a i n e d ,  This  va lue  i n c r e a s e s  wi th  i n c r e a s i n g  wa te r  

dep th .  

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

improves b rak ing  and c o r n e r i n g  t r a c t i o n .  

(3)  Camber ang le  has  on ly  a sma l l  e f f e c t  upon wet s u r f a c e  

f r i c t i o n .  



(4 )  The s i x  s p e c i a l l y  c u t  p a t t e r n s  vary g r e a t l y  i n  maxi- 

mum corne r ing  f o r c e  a t  h igh  speeds .  The t r a n s v e r s e l y  

grooved p a t t e r n  (A)  appears  t o  g ive  s u p e r i o r  r e s u l t s .  



Reference #11 

C .  G .  G i l e s  and F .  T .  W .  Lander 

"The S k i d - R e s i s t i n g  P r o p e r t i e s  of Wet Sur faces  a t  High 
Speeds: Explora tory  Measurements wi th  a  Small Braking 
Force T r a i l e r "  

J o u r n a l ,  Royal Aeronaut ica l  S o c i e t y ,  Vol. 60,  1956, p .  83-94 

Goal of T e s t s  

The v a r i a t i o n  of locked wheel brake f o r c e  c o e f f i c i e n t  w i th  

speed up t o  100 mph. on s e v e r a l  d i f f e r e n t  runway s u r f a c e s  was 

i n v e s t i g a t e d .  

A s i n g l e  wheel s k i d  t r a i l e r  towed by a  Jaguar  s p o r t s  c a r  

was used.  

A wa te r ing  t r u c k  was used t o  wet t h e  s u r f a c e s .  

Road Sur faces  

Seven runway s u r f a c e s  r e p r e s e n t i n g  a  wide v a r i e t y  of s u r f a c e  

t e x t u r e s  were t e s t e d :  two bitumen macadam, one bitumen macadam 

wi th  g r a v e l  aggrega te ,  and four  c o n c r e t e .  Photographs showing 

t h e  s u r f a c e  t e x t u r e s  a r e  p r e s e n t e d ,  bu t  q u a n t i t a t i v e  measures 

of  t e x t u r e  were n o t  performed. 

Water depth  was maintained a t  approximately -06  i n c h ,  

T i r e s  Tes ted  

Two 4.00 x  1 6 ,  6  p l y  a i r c r a f t  t i r e s  made e s p e c i a l l y  f o r  t h i s  

t e s t ;  one smooth t r e a d ,  and one having both  c i r c u m f e r e n t i a l  and 

l a t e r a l  grooves.  

Tes t  Procedure 

For each t i r e - s u r f a c e  combinat ion,  t h r e e  measurements of  

locked wheel BFC a t  1 0  mph speed increments  between 2 0  and lOOmph 

( i . e .  1 0 ,  2 0 ,  3 0 , - - - g o ,  1 0 0  mph) were made. T e s t  wheel r o t a t i o n a l  

speed and f r i c t i o n  f o r c e  were recorded whi le  t h e  t e s t  wheel was 



locked  f o r  2 - 3  seconds .  A l so ,  one s u r f a c e  was t e s t e d  i n  a  dry  

c o n d i t i o n  a t  speeds  between 55  and 100 mph. 

For a l l  t e s t s ,  t i r e  load  was 317 pounds and i n f l a t i o n  

p r e s s u r e  was 20 p s i .  

Technique f o r  Analyzing and P r e s e n t i n g  Data 

For each  s u r f a c e ,  a  graph of  locked wheel BFC v e r s u s  speed 

f o r  t h e  smooth and grooved t i r e s  i s  p r e s e n t e d .  

Conclusions 

(1) Locked wheel B F C  d e c r e a s e s  w i t h  i n c r e a s i n g  speed f o r  a l l  

t h e  wet s u r f a c e s  t e s t e d ,  b u t  t h o s e  s u r f a c e s  having  a  

rough t e x t u r e  show t h e  l e a s t  d e c r e a s e .  On t h e  roughes t  

s u r f a c e  a  c o e f f i c i e n t  of  . 4  was o b t a i n e d  a t  1 0 0  mph 

even w i t h  t h e  smooth t i r e .  

(2) On smooth t e x t u r e d ,  wet s u r f a c e s  a  t r e a d  p a t t e r n  improves 

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

has  l i t t l e  a f f e c t  on rough s u r f a c e s .  

(3) On d ry  s u r f a c e s ,  locked wheel BFC d e c r e a s e s  only  

s l i g h t l y  w i t h  i n c r e a s i n g  s p e e d ,  b u t  above 80 mph BFC 

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



Refe rence  # 1 2  

G .  Grime and C . G .  G i l e s  

"The S k i d  R e s i s t i n g  P r o p e r t i e s  of  Roads and T i r e s u  

P roceed ing  o f  t h e  Automobile D i v i s i o n ,  I n s t i t u t i o n  o f  
Mechanical  E n g i n e e r s ,  1954 -55 ,  No. 1, p .  1 9 .  

Goal of  T e s t s  

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

p a t t e r n ,  and t r e a d  r u b b e r  h a r d n e s s  upon s k i d  r e s i s t a n c e  on wet 

r o a d s ,  

Equipment Used 

An au tomob i l e ,w i th  a  f i f t h  wheel  mounted w i t h i n  t h e  whee l -  

ba se  t o  r u n  a t  a  h i g h  s l i p  a n g l e  ( 2 0 ' )  w h i l e  wheel l o a d  and 

c o r n e r i n g  f o r c e  a r e  r e ~ o r d e d ~ w a s  u sed  t o  measure  s i d e  f o r c e  

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

An au tomob i l e  i n s t r u m e n t e d  t o  r e c o r d  d e c e l e r a t i o n  was used  

t o  measure l ocked  wheel  b r a k e  f o r c e  c o e f f i c i e n t  ( B F C ) .  

Road S u r f a c e s  

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

road  s u r f a c e s  i n  England hav ing  a  wide v a r i e t y  of compos i t i on  and 

t e x t u r e  were  t e s t e d .  

The t r e a d  p a t t e r n  and r u b b e r  h a r d n e s s  t e s t s  were done on 

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

L a b o r a t o r y .  

No q u a n t i t a t i v e  measures  o f  s u r f a c e  t e x t u r e  were  made. 



T i r e s  Tes ted  

The s u r f a c e  t e x t u r e  s t u d y  was done u s i n g  a  smooth t r e a d  

t i r e .  

For t h e  t r e a d  p a t t e r n  s t u d y ,  one smooth t r e a d  t i r e ,  and t e n  

t i r e s  having a  v a r i e t y  of s t r a i g h t  c i r c u m f e r e n t i a l  grooved,  z i g -  

zag c i r c u m f e r e n t i a l  grooved,  and b l o c k - t y p e  t r e a d  p a t t e r n s  were 

t e s t e d .  

For t h e  rubber  ha rdness  t e s t s  a  smooth t r e a d  t i r e  and a  

z i g - z a g  c i r c u m f e r e n t i a l  grooved t i r e ,  each w i t h  t h r e e  v a l u e s  of 

rubber  ha rdness  ( 2 5 ,  60, and 75 on t h e  Dunlop s c a l e )  were 

used .  

T e s t  Procedure 

Data f o r  t h e  s u r f a c e  t e x t u r e  s t u d y  was o b t a i n e d  by measuring 

s i d e  f o r c e  c o e f f i c i e n t  a t  30 mph. 

Data f o r  t h e  t r e a d  p a t t e r n  and rubber  ha rdness  s t u d i e s  was 

o b t a i n e d  by measuring locked wheel d e c e l e r a t i o n  of an ins t rumented  

v e h i c l e  a t  30 mph. 

Technique f o r  Analyzing and P r e s e n t i n g  Data 

R e s u l t s  of  t h e  t r e a d  p a t t e r n  s t u d y  were p r e s e n t e d  by 

p l o t t i n g  locked wheel B F C  v e r s u s  t h e  parameter  

( 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 ) .  

Conclusions 

(1) Both rough macro tex tu re  and h a r s h  m i c r o t e x t u r e  a r e  

n e c e s s a r y  t o  i n s u r e  h i g h  s k i d  r e s i s t a n c e .  



( 2 )  Two road  s u r f a c e s ,  s i m i l a r  i n  m a c r o t e x t u r e  and 

made of t h e  same a g g r e g a t e  and b i n d e r ,  can d i f f e r  

i n  f r i c t i o n  by a  f a c t o r  of  9 due t o  wear ,  p o l i s h i n g ,  

o r  con t amina t i on  w i t h  o i l .  

(3) A t r e a d  p a t t e r n  g i v e s  a  s i g n i f i c a n t  i n c r e a s e  i n  B F C  

on s u r f a c e s  h v i n g  a  smooth mac ro t ex tu re  b u t  makes 

l i t t l e  o r  no d i f f e r e n c e  on rough s u r f a c e s .  

( 4 )  The 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  t e n d s  t o  i n c r e a s e  

w i t h  an i n c r e a s e  o f  t h e  pa rame te r  

( 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 ) .  

( 5 )  Locked wheel BFC t e n d s  t o  i n c r e a s e  w i t h  i n c r e a s i n g  

t r e a d  rubbe r  h a r d n e s s  up t o  a  c e r t a i n  p o i n t  above 

which no f u r t h e r  improvement i s  o b t a i n e d .  

( 6 )  N e i t h e r  t r e a d  p a t t e r n  n o r  an i n c r e a s e  i n  r u b b e r  

h a r d n e s s  has  any e f f e c t  on p o l i s h e d  s u r f a c e s  which 

l a c k  m i c r o t e x t u r e .  



Reference  #13 

K .  A .  Grosch and G .  Maycock 

" I n f l u e n c e  of  T e s t  Cond i t ions  on Wet Skid  R e s i s t a n c e  of 
T i r e  Tread Compounds" 

Rubber Chemistry and Technology, Vol .  4 1 ,  No. 2 ,  March 
1968,  pp .  477-493, 

Goal of  T e s t s  

The i n f l u e n c e  of  rubber  compound, s u r f a c e  t e x t u r e ,  and 

speed upon 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  on 

wet s u r f a c e s  was e v a l u a t e d .  

A f r o n t  wheel braked  c a r  was used f o r  t h e s e  t e s t s .  Th i s  

v e h i c l e  was modif ied  s o  t h a t  b rake  t o r q u e  cou ld  be  a p p l i e d  a t  

a  c o n t r o l l e d  r a t e  on ly  t o  t h e  f r o n t  whee l s ,  on which t h e  t e s t  

t i r e s  a r e  mounted. Th i s  v e h i c l e  was ins t rumen ted  t o  measure 

v e h i c l e  speed and d e c e l e r a t i o n .  

A s p r i n k l e r  system was used  t o  p r o v i d e  a  c o n s i s t e n t  wet 

s u r f a c e .  

Road S u r f a c e s  

Four s u r f a c e s  a t  t h e  Road Research Labora tory  t e s t  t r a c k  

were t e s t e d .  

(1)  F ine  c o l d  a s p h a l t  

(2) P o l i s h e d  c o n c r e t e  

(3) Rounded g r a v e l  macadam 

(4) Q u a r t z i t e  macadam 

For a  d e s c r i p t i o n  of  t h e  t e x t u r e s  of  t h e s e  s u r f a c e s  s e e  r e f e r -  

ence # 2 7 .  

Water dep th  was about  .02 i n c h e s .  

T i r e s  T e s t e d  

S i x  t i r e s  a l l  o f  t h e  same s i z e  (6.40 x  15) and t r e a d  p a t t e r n  
( 6  c i r c u m f e r e n t i a l  grooves and s i p e d )  were t e s t e d .  F ive  were 



made w i t h  rubber  compounds s p e c i a l l y  formula ted  t o  g ive  a  wide 

range of  r e s i l i e n c e  bu t  about  t h e  same hardness .  The s i x t h  t i r e  

was made w i t h  a  compound commonly used f o r  commercially a v a i l a b l e  

t i r e s .  Values of  rubber  hardness  a t  20' C .  and r e s i l i e n c e  

between 20°C and 100°C a r e  t a b u l a t e d  f o r  each compound. 

T e s t  Procedure 

Vehic le  speed and d e c e l e r a t i o n  were recorded  a s  t h e  f r o n t  

brakes  were g r a d u a l l y  a p p l i e d  u n t i l  lockup occur red .  T e s t s  were 

performed a t  speeds between 20 and 80 mph. T i r e  load  was 800 pounds 

and i n f l a t i o n  p r e s s u r e  was 2 4  p s i  f o r  a l l  t e s t s .  

Technique f o r  Analyzing and P r e s e n t i n g  Data 

Values of  peak and locked wheel BFC were computed from t h e  

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

Graphs of peak and locked wheel BFC ve r sus  speed wi th  

rubber  compound a s  a  parameter  a r e  p r e s e n t e d  f o r  each s u r f a c e .  

Using t h e  method of  l e a s t  s q u a r e s ,  equa t ions  of t h e  form 

p - r  = b ( ~ - 8 1 ,  where and V a r e  t h e  mean BFC and speed ,  were 

f i t t e d  t o  t h e  d a t a .  The va lues  of F, 7, and b  a r e  t a b u l a t e d .  

Conclusions 

(1) Values f o r  locked wheel BFC dec rease  more r a p i d l y  

w i t h  speed than  do peak v a l u e s .  

(2) Both peak and s l i d i n g  BFC a r e  most speed dependent 

on smooth s u r f a c e s .  

( 3 )  Smooth t e x t u r e d  s u r f a c e s  show a  l a r g e r  d i f f e r e n c e  

between peak and s l i d i n g  BFC than  do c o a r s e  t e x t u r e d  

s u r f a c e s .  

( 4 )  I n c r e a s i n g  rubber  h y s t e r e s i s  i n c r e a s e s  both  peak and 

locked wheel B F C ,  bu t  t h e  e f f e c t  i s  g r e a t e r  f o r  peak 
BFC.  This  can be a t t r i b u t e d  t o  tempera ture  r i s e ,  due 

t o  s l i d i n g  f r i c t i o n ,  caus ing  a  dec rease  i n  rubber  

h y s t e r e s i s .  



Reference t14 

J .  L .  Harned, L .  E .  Johns ton ,  and G .  Scharpf 

"Measurement of  T i r e  Brake Force C h a r a c t e r i s t i c s  a s  Rela ted  
t o  Wheel S l i p  (Ant i lock)  Cont ro l  System Design" 

S.A.E. Paper No. 690214, 1969 

Goal of  T e s t s  
- -  

The i n f l u e n c e  of  (1) road  s u r f a c e ,  ( 2 )  speed ,  (3)  water  

d e p t h ,  (4)  t r e a d  wear ,  ( 5 )  t r e a d  p a t t e r n ,  and (6) t i r e  a s p e c t  

r a t i o  upon t h e  b rak ing  f o r c e  ve r sus  s l i p  c h a r a c t e r i s t i c s  of  t i r e s  

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

a n t i l o c k  brake  sys tems.  

A s i n g l e  wheel f r i c t i o n  t r a i l e r  was used f o r  t h e s e  t e s t s .  

Wheel s l i p  was c o n t r o l l e d  by an a n t i - l o c k  brake  system modif ied t o  

pe rmi t  s l i p  ampl i tudes  of 1 0 0 % .  

The t e s t  s u r f a c e s  were we t t ed  w i t h  a  s p r i n k l e r  system. 

Road Sur faces  

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

wide v a r i e t y  of t e x t u r e s  were t e s t e d .  T e s t s  were a l s o  performed 

on smooth i c e  a t  t h e  Na t iona l  S a f e t y  Counci l  i c e  t e s t  f a c i l i t y  a t  

Stevens P o i n t ,  Wisconsin.  



T i r e s  Tes ted  

1. PO series bias 
American OELI 

2. SO series snow 
American conl- 
mercial 

3. 80 series radial 
Arncrican com- 
mercial 

4. 80 'series 108 stud 
mow American 
commercial 

5. 80 series f i h e r ~ l a s  
AmericJn ex;wri- 
rncntal 

6, 70 ceriec fibcrslas 
American experi- 
mental 

7. SO se:ies radi31 
Europc~n com- 
mercial 

6. FO scrics r a d 1 ~ 1  
Europc~n conl- 

m c r c i ~ l  

9. 80 series 3 0  strl~d 
CIOW Europc.~n 
experiment J: 

10. 80 series mow 
Europe~n com- 
merciai 

Belted and 
radisl ply 

Belted and 
diagonal 
crossed- ply 

Belted and 
diagonal 
crossed- ply 

Belted and 
radial ply 

Belred and 
r a d i ~ l  ply 

Bcltcd and 
radi.11 ply 

Belted and 
radial ply 

Highway t x ) e  Ynrterri 
with 5 ribr ~ n d  
multiple sipec 

Open jp~ttcrn w i t h  
sipes 

Highway tync pattern 
with 5 ribs and 
multiple sipes 

Open pattern with 
sipes and 108 
tungsten carbide 
studs 

Highway type pattern 
with 7 ribs and 
multiple slpes 

II ishway t y e  7nnei.1 
with 7 ribr and 
rnu1ti;)le si?es 

Highway typc pa:rcn; 
wi th  7 rib; .~nd 
m s x i r n ~ n i  ~ ? c c  

Open ITattcrn wi:h 4 
ribs, n111lri;~Ic trans- 
vcrce sroovcs ~ n d  
S ~ ; > C :  

Dpen pXtc':ii wi t \ !  

sipcs 21id .:30 

rungTtcn c.rrbidc 
studs 

Opcn pxtern \+.ith 
sipes 

Size -- 
7 . 7 5 -  14 

Load Hardness, Polymer 
.4ilalysicU 

R a t i ~ ;  Duro- 
at 24 !:xi meter SBR, % :)DD, 70 - .- 

1270 57 55 45 

'SBR - Styrene Buradiene; I'BP - Polgbu~ad~cnc  

T e s t  Procedure 

Braking f o r c e ,  wheel r o t a t i o n a l  speed ,  v e h i c l e  speed and 

a c c e l e r a t i o n  were recorded  on magnet ic  t a p e  whi l e  s e v e r a l  

wheel s l i p  c y c l e s  were executed  as t h e  t r a i l e r  was towed over  

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



Speeds of 20, 40, and 60 mph were u s e d ,  and each t i r e  was 

run  a t  i t s  r a t e d  l o a d  a t  2 4  p s i .  Every t i r e  was broken i n  by 

1 0 0  m i l e s  of  normal d r i v i n g  b e f o r e  be ing  t e s t e d .  

Water depth  was c o n t r o l l e d  by va ry ing  t h e  f low r a t e  from 

t h e  s p r i n k l e r  sys t em,  and measured by measuring t h e  amount of 

wa te r  drawn o f f  by s u c t i o n  from a  known a r e a  of road  s u r f a c e .  

Technique f o r  Analyzing and P r e s e n t i n g  Data 

The d a t a  on magnet ic  t a p e  was f e d  t o  an ana log  computer 

which f i l t e r e d  o u t  n o i s e  due t o  road  s u r f a c e  i r r e g u l a r i t i e s ,  

computed v a l u e s  of  brake  f o r c e  c o e f f i c i e n t  and wheel s l i p ,  and 

p l o t t e d  t h e  r e s u l t s  on an X - Y  p l o t t e r .  

By superimposing t h e  p - s l i p  cu rves  o b t a i n e d  from s e v e r a l  

s l i p  c y c l e s  on a  g iven  s u r f a c e ,  t h e  v a r i a b i l i t y  of  s u r f a c e  

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

R e s u l t s  a r e  p r e s e n t e d  i n  t h e  form of  p l o t s  of  b r a k i n g  

f o r c e  c o e f f i c i e n t  v e r s u s  wheel s l i p  o b t a i n e d  by ave rag ing  t h e  

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

Conclus ions  

(1) On t h e  d r y  a s p h a l t  and c o n c r e t e  s u r f a c e s  locked wheel 

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

speed ,  r eaches  a  minimum a t  about  20 mph, t h e n  i n c r e a s e s  

w i t h  i n c r e a s i n g  speed  above 20 mph. However, t h e  peak 

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

h igh  s p e e d s ,  maximum b r a k i n g  f o r c e  may occur  a t  lockup.  



Wheel S l i p  

( 2 )  On wet s u r f a c e s  bo th  peak and locked wheel b rake  f o r c e  

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

s p e e d s ,  and t h e  r a t e  o f  d e c r e a s e  i s  g r e a t e r  on wet 

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

(3)  V a r i a b i l i t y  of  f r i c t i o n  c o e f f i c i e n t  between d i f f e r e n t  

p o i n t s  on a  d ry  s u r f a c e  i s  u s u a l l y  about  .05 .  On wet 

s u r f a c e s ,  t h i s  v a r i a b i l i t y  i s  much l a r g e r  ( . I - . 2 )  be-  

cause  of  non-uniform wa te r  depth  and i t  i n c r e a s e s  w i t h  

i n c r e a s i n g  speed .  

( 4 )  On l o o s e  g r a v e l  roads,maximum b r a k i n g  f o r c e  i s  o b t a i n e d  

a t  lockup.  

(5) An i n c r e a s e  o f  w a t e r  dep th  causes  a  d e c r e a s e  of b o t h  

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

g r e a t e s t  a t  h igh  s p e e d s .  However a t  low w a t e r  dep ths  

( . 0 2  i n  o r  l e s s )  t h e  peak v a l u e  remains h i g h  even a t  

h igh  speeds .  

( 6 )  On smooth i c e ,  s tudded  t i r e s  g i v e  s i g n i f i c a n t l y  h i g h e r  

c o e f f i c i e n t s  t h a n  unstudded t i r e s ,  and t h e  unstudded 

snow t r e a d  t i r e  i s  somewhat s u p e r i o r  t o  t h e  highway 

t r e a d  t i r e .  Peak and locked wheel c o e f f i c i e n t s  have 

approx ima te ly  t h e  same v a l u e  and a r e  independent  of 



speed ;  excep t  t h e  t i r e  w i t h  a  ve ry  l a r g e  number of 

s t u d s  ( t i r e  No. 9 ) which gave h i g h e r  peak t h a n  locked 

wheel v a l u e s  and gave h i g h e r  c o e f f i c i e n t s  a t  h ighe r  

speeds .  

( 7 )  Wet t r a c t i o n  d e c r e a s e s  w i t h  i n c r e a s i n g  t r e a d  wear and 

t h e  r a t i o  of peak t o  locked wheel c o e f f i c i e n t s  i n c r e a s e s .  

( 8 )  T i r e  a s p e c t  r a t i o  has  no e f f e c t  on locked wheel braking  

f o r c e  on wet s u r f a c e  b u t  does a f f e c t  t h e  peak v a l u e .  

A t  low speeds ,  t h e  low a s p e c t  r a t i o  t i r e  gave h i g h e r  

peak v a l u e s ,  b u t  a t  h igh  speeds t h e  h igh  a s p e c t  r a t i o  

t i r e  was s u p e r i o r .  



Reference # 1 5  

K .  E .  Holmes 

"Braking Force/Braking S l i p  Measurements Over a  Range of 
Condi t ions  Between 0 and 100 p e r  c e n t  S l i p "  

Road Research Labora tory  Report LR 2 9 2 ,  1970. 

Goal of T e s t s  

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

roads  a s  a f f e c t e d  by road s u r f a c e  t e x t u r e ,  speed ,  t r e a d  rubber  

compound, t r e a d  p a t t e r n ,  and t i r e  c o n s t r u c t i o n  was i n v e s t i g a t e d .  

Some measurements f o r  combined b rak ing  and c o r n e r i n g  were 

a l s o  performed.  

Equipment 

The Road Research Labora tory  mobile t i r e  t e s t e r  was used 

f o r  t h e s e  t e s t s .  This  t e s t e r  c o n s i s t s  of  a  t r u c k  w i t h  t h e  t e s t  

t i r e  mounted w i t h i n  i t s  wheelbase.  The t e s t  wheel f i x t u r e  i s  

ins t rumen ted  t o  measure b rak ing  f o r c e ,  c o r n e r i n g  f o r c e ,  a l i g n i n g  

moment, t i r e  l o a d ,  and wheel r o t a t i o n a l  speed ,  By means o f  a  

h y d r o s t a t i c  t r a n s m i s s i o n ,  t e s t  wheel angu la r  v e l o c i t y  can be 

v a r i e d  from f r e e  r o l l i n g  t o  lockup whi l e  running a t  a  c o n s t a n t  

s l i p  a n g l e .  

A s p r i n k l e r  system was used t o  p rov ide  a  c o n s i s t e n t l y  wet 

s u r f a c e .  

Road Sur faces  

The t e s t s  were done on f i v e  s u r f a c e s  a t  t h e  Road Research 

Labora tory  t e s t  t r a c k .  These s u r f a c e s  p rov ide  a  wide v a r i e t y  o f  

t e x t u r e s .  



J l ac ro tex tu re  M i c r o t e x t u r e  - I 
(1) m a s t i c  a s p h a l t  smooth 1 p o l i s h e d  

An equa l  volume of w a t e r  was a p p l i e d  t o  a l l  s u r f a c e s .  Water 
depth  was . 5 - . 7 5  mm above t h e  a s p e r i t i e s  on t h e  smooth s u r f a c e s  

(1) and ( 2 ) .  

( 2 )  f i n e  c o l d  a s p h a l t  smooth 

( 3 )  q u a r t z i t e  macadam rough 

( 4 )  b r i d p o r t  macadam rough 

(5) mixed aggrega te  macadam rough 

T i r e s  T e s t e d  

h a r s h  

h a r s h  

p o l i s h e d  

h a r s h  

-- A 

T e s t  Procedure  

I 
i 

>lake 1 Tread Pilttern Construction 
I 

I I I I 
Dunlop Smooth F Crossed ply 5.00~16 57 6 3 
nunlop Go13 Seal  Crossed ply 5 1 58 

1 Dunlop 1 Smooth =. 
I 

63 
1 Dunlop Gold Sea l  Pat terned Crossed ply 5.25~16 62 

Braking f o r c e ,  t i r e  l o a d ,  t e s t  wheel a n g u l a r  v e l o c i t y  and v e h i -  

c l e  speed  were r eco rded  w h i l e  t h e  t e s t  v e h i c l e  t r a v e r s e d  a  30 f o o t  

s e c t i o n  of  each t e s t  s u r f a c e  a t  c o n s t a n t  speed .  

1 

Size l ? e s ~ l l i z ~ c *  iiardness; 
I i 

Speeds of  1 0 ,  2 0 ,  and 30 mph were used .  T i r e  l o a d  was 500 

pounds and i n f l a t i o n  p r e s s u r e  was 16 p s i .  

j Dun!op C 4 l  / Patterned Crossed ply 
Text i le  banded 
radial ply 
Textile banded 
radial ply 
Metal banded 
radial ply 
\!eta1 banded 
radial ply 
\!eta1 banded 
radial ply 

I Pi re l l i  Cintnrato 

Dunlop SP41 

llichelin '3 Stop' 

Patterned 

Patterneil 

Pat terned 

5 .90~15  
165x15 

165x15 

165x15 

5.50~16 

5.50~16 

1 Bichelin 'I Rib' 1 Patteioetl 
I ,  

31 
36 

3 5 

3 9 

- 

- 
J 

Jlichelin 'S Rib' 

63 
65 

60 

60 

- 

- Rorn f 



A s e r i e s  of  b rak ing  t e s t s  were done a t  l oads  from 400 t o  800 

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

Technique f o r  Analvzina and P r e s e n t i n g  Data 

The exper imenta l  d a t a  r eco rds  and t h e  c a l i b r a t i o n  d a t a  were 

used a s  i n p u t  t o  a  computer which p rocessed  t h i s  d a t a  t o  compute 

va lues  f o r  b rak ing  f o r c e  c o e f f i c i e n t s  (BFC) and cor responding  

va lues  of s l i p ,  and p l o t t e d  BFC v e r s u s  s l i p  us ing  a  p l o t t e r .  

Conclusions 

( I )  BFC r i s e s  r a p i d l y  w i t h  i n c r e a s i n g  s l i p  t o  a  peak between 

7 %  and 2 5 %  s l i p ,  fo l lowed by a  g radua l  d e c r e a s e ,  t hen  

f a l l s  o f f  r a p i d l y  between 80% and 1 0 0 %  s l i p  t o  t h e  locked 

wheel va lue .  

(2) Smooth t i r e s  gave lower BFC va lues  only  on t h o s e  s u r f a c e s  

having a  smooth macro tex tu re .  

(3 )  Lower r e s i l i e n c e  rubber  g i v e s  h i g h e r  peak and locked 

wheel RFC. 

( 4 )  BFC d e c r e a s e s  w i t h  i n c r e a s i n g  speed ,  e s p e c i a l l y  on 

smooth s u r f a c e s .  

(5)  I n  t h e  speed  range cons ide red  (10-30 mph) m i c r o t e x t u r e  

i s  more impor tan t  than  macro tex tu re .  

( 6 )  The worn t i r e ,  which has a  very  t h i n  l a y e r  of  rubber  over  

t h e  c o r d s ,  shows a  very h igh  va lue  of  b rak ing  s t i f f n e s s ;  

90% of  i t s  peak va lue  of  BFC i s  o b t a i n e d  a t  only  1% s l i p .  

(7) The e f f e c t  of a  c o n s t a n t  s l i p  ang le  upon t h e  BFC ve r sus  

b rak ing  s l i p  curve i s  t o  (1) d e c r e a s e  t h e  i n i t i a l  s l o p e ,  

(2) reduce  t h e  peak v a l u e ,  and (3)  t o  s h i f t  t h e  peak t o  a  

h i g h e r  va lue  of b rake  s l i p .  

( 8 )  T i r e  l o a d  had no e f f e c t  on b rak ing  f o r c e  c o e f f i c i e n t  over  

t h e  range covered .  



Reference If16 

K, E .  Holmes and R .  D .  Stone 

"Ti re  Forces a s  Funct ions  of Cornering and Braking S l i p  
on Wet Road Sur faces"  

Road Research Labora tory  Report L R  2 5 4 ,  1969. 

Goal o f  T e s t s  

To i n v e s t i g a t e :  

(1) b rak ing  f o r c e  a s  a  f u n c t i o n  of l o n g i t u d i n a l  (braking)  s l i p  

(2) c o r n e r i n g  f o r c e  and a l i g n i n g  moment a s  a  f u n c t i o n  of s l i p  

a n g l e  

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

combined b rak ing  and c o r n e r i n g  

as  a f f e c t e d  by speed ,  road s u r f a c e ,  t i r e  c o n s t r u c t i o n ,  t r e a d ,  and 

rubber  r e s i l i e n c e  on wet s u r f a c e s .  

Equipment 

The t e s t s  were done us ing  a  mobile t i r e  t e s t e r  c o n s i s t i n g  of  a  

v e h i c l e  t o  which a  f i f t h  t e s t  wheel i s  mounted. The t e s t  wheel 

f i x t u r e  i s  i n s t rumen ted  t o  measure b rak ing  f o r c e ,  c o r n e r i n g  f o r c e ,  

a l i g n i n g  moment, t i r e  l o a d ,  and t e s t  wheel r o t a t i o n a l  speed .  By 

means of a  h y d r o s t a t i c  t r a n s m i s s i o n ,  t e s t  wheel a n g u l a r  v e l o c i t y  can 

be v a r i e d  from f r e e - r o l l i n g  t o  lockup w h i l e  running  a t  a  c o n s t a n t  

s l i p  ang le .  

A s p r i n k l e r  system was used t o  wet t h e  road  s u r f a c e s .  

Road Sur faces  

T e s t s  were run  on f i v e  s u r f a c e s  a t  t h e  Road Research Labora tory  

t e s t  t r a c k .  These s u r f a c e s  r e p r e s e n t  a  wide v a r i e t y  of  t e x t u r e s .  

(1) u a s t i c  a s p h a l t  - smooth macro tex tu re ,  p o l i s h e d  m i c r o t e x t u r e  

(2) f i n e  c o l d  a s p h a l t  - smooth macro tex tu re ,  h a r s h  m i c r o t e x t u r e  

(3) q u a r t z i t e  macadam - rough macro tex tu re ,  h a r s h  m i c r o t e x t u r e  

( 4 )  b r i d p o r t  macadam - rough macro tex tu re ,  p o l i s h e d  m i c r o t e x t u r e  



(5 )  mixed a g g r e g a t e  macadam - rough m a c r o t e x t u r e ,  h a r s h  

m i c r o t e x t u r e .  

Water dep th  was . Q 2  - - 0 3  i n c h e s .  

T i r e s  Tes ted  

T e s t  Procedure  

hlake 

nunlop 
n l ~ n l o p  Gold Seal  
Dunlop 
Dunlop Gold Seal  
Dunlop C41 
P i re l l i  Cinturato 

n u n l o p  SP41 

Michelin ' X  Stop' 

bjichelin 'X Rib' 

hlichelin ' X  Rib' 

Braking f o r c e ,  c o r n e r i n g  f o r c e ,  a l i g n i n g  moment, t e s t  wheel 

a n g u l a r  v e l o c i t y ,  and v e h i c l e  speed  were r eco rded  w h i l e  t h e  t e s t  

v e h i c l e  t r a v e r s e d  a 30 f t .  s e c t i o n  of  each t e s t  s u r f a c e  a t  

c o n s t a n t  speed .  

Speeds of  1 0  t o  6 0  mph were used .  T i r e  l o a d  was 500 pounds,  

and i n f l a t i o n  p r e s s u r e  was 16 p s i .  

Tread Pat tern 

Smooth f 
Patterned 
Smooth f 
Patterned 
Pat terned 
Pat terned 

Pat terned 

Pat terned 

Pat terned 

Porn # 

Technique f o r  Analyzing and P r e s e n t i n g  Data 

The exper imen ta l  d a t a  r e c o r d s  and t h e  c a l i b r a t i o n  d a t a  were 

used a s  i n p u t  t o  a  computer which p r o c e s s e d  t h i s  d a t a  t o  produce 

o u t p u t  i n  b o t h  t a b u l a r  and g r a p h i c a l  form i n  a p p r o p r i a t e  u n i t s .  

The computer was a l s o  used t o  per form a m u l t i p l e  r e g r e s s i o n  

a n a l y s i s  t o  e v a l u a t e  t h e  r e l a t i v e  impor tance  o f  t e s t  v a r i a b l e s  

Construction 
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Crossed ply 
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radial ply 
Text i le  banded 
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radial ply 
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- 

- 
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5.25~16 
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165x15 
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165x15 

5.50~16 

5.50~16 

! 
Resi l ience* 

55 
51 
3 8 
3 1 
31 
3 6 

35 

3 9 

- 

- 



such a s  speed ,  rubber  r e s i l i e n c e ,  t r e a d  p a t t e r n ,  brake  s l i p ,  

and s l i p  ang le .  

The d a t a  i s  p r e s e n t e d  i n  g r a p h i c a l  form. 

Conclusions 

A .  Pure braking  

(1) A p l o t  of braking  f o r c e  ve r sus  b rak ing  s l i p  shows a  

r a p i d  i n i t i a l  r i s e  t o  a  peak a t  7 - 2 5 %  s l i p ,  fol lowed by 

a  g radua l  dec rease ,  t hen  a  more r a p i d  dec rease  between 

8 0  and 1 0 0 %  s l i p .  The i n i t i a l  s l o p e  seems t o  be inde -  

pendent  of speed and s u r f a c e .  

I 

0 Braking S l i p  1 0 0  

( 2 )  An i n c r e a s e  i n  speed lowers t h e  b rak ing  f o r c e  ve r sus  

s l i p  curve g e n e r a l l y ,  and locked wheel va lues  drop more 

than  peak v a l u e s .  

( 3 )  The dec rease  of BFC w i t h  i n c r e a s i n g  speed i s  g r e a t e s t  

on s u r f a c e s  having a smooth macsotexture .  

( 4 )  Tread p a t t e r n  improves BFC a t  h igh  speeds e s p e c i a l l y  on 

smooth s u r f a c e s  



( 5 )  T i r e s  made of lower r e s i l i e n c e  rubber  gave h i g h e r  BFC a t  

a l l  speeds  and on a l l  s u r f a c e s ,  bo th  h a r s h  and p o l i s h e d .  

B .  Pure  Corner ing  

(1) A p l o t  of c o r n e r i n g  f o r c e  ve r sus  s l i p  a n g l e  shows a  

l i n e a r  i n i t i a l  r i s e  fo l lowed by a  peak a t  a  v a l u e  of  

s l i p  a n g l e  t h a t  depends on t h e  l e v e l  r eached ,  fo l lowed 

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

The i n i t i a l  s l o p e  i s  independent  of speed  and s u r f a c e .  

I s u r f a c e  

( 2 )  The e f f e c t s  o f  speed ,  s u r f a c e  t e x t u r e ,  rubber  r e s i l i e n c e ,  

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

b r a k i n g .  

(3 )  A p l o t  of  a l i g n i n g  moment v e r s u s  s l i p  a n g l e  shows a  

r a p i d  r i s e  t o  a  peak v a l u e  fo l lowed  by a  r a p i d  d e c r e a s e  
t o  ze ro  when c o r n e r i n g  f o r c e  r eaches  i t s  peak v a l u e .  

Combined Braking and Corner ing  

(1) A p l o t  of c o r n e r i n g  f o r c e  v e r s u s  s l i p  a n g l e  a t  c o n s t a n t  
b rak ing  f o r c e  has  t h e  same i n i t i a l  s l o p e  b u t  a  lower 

peak v a l u e  when compared t o  t h e  p u r e  c o r n e r i n g  c a s e .  



( 2 )  A p l o t  of co rne r ing  f o r c e  ve r sus  s l i p  a n g l e  a t  c o n s t a n t  

brake s l i p  has  a  much lower i n i t i a l  s l o p e  and t h e  peak 

occur s  a t  a  h i g h e r  s l i p  ang le  than  i n  t h e  pure  c o r n e r i n g  

c a s e .  

(3) Curves of b rak ing  f o r c e  ve r sus  b rake  s l i p  a t  c o n s t a n t  

s l i p  ang le  have a  lower i n i t i a l  s l o p e  and a  reduced 

peak va lue  which occur s  a t  h i g h e r  s l i p  compared t o  t h e  

pure  b rak ing  c a s e .  

( 4 )  The exper imenta l  d a t a  does n o t  s u p p o r t  t h e  f r i c t i o n  

c i r c l e  concep t .  

( 5 )  P l o t s  of  r e s u l t a n t  s h e a r  f o r c e  ve r sus  r e s u l t a n t  s l i p  

have a  shape very  s i m i l a r  t o  t h o s e  of b rake  f o r c e  

ve r sus  b rake  s l i p .  



Reference  # 1 7  

W.B .  Horne and T . J . W .  Leland 

" In f luence  of T i r e  Tread P a t t e r n s  and Runway Sur face  
Condi t ions  on Braking F r i c t i o n  and R o l l i n g  R e s i s t a n c e  
of  a  Modern A i r c r a f t  T i r e "  

NASA Technica l  Note D-1376, 1962 

Goal of T e s t s  

T e s t s  were performed t o  i n v e s t i g a t e  b rak ing  f r i c t i o n  and 

r o l l i n g  r e s i s t a n c e  of  a i r c r a f t  t i r e s  a s  a f f e c t e d  b y  t h e  fo l lowing  

f a c t o r s  : 

(1) Tread p a t t e r n  des ign  and wear 

( 2 )  Su r face  t e x t u r e  

( 3 )  Sur face  contaminat ion  (wa te r ,  s l u s h ,  j e t  f u e l ,  

and f i r e  e x t i n g u i s h i n g  foam) 

( 4 )  T i r e  l o a d  

( 5 )  I n f l a t i o n  p r e s s u r e  

( 6 )  Speed 

Equipment 

The experiments  were done a t  t h e  Langley Landing Loads 

Track. This  t e s t  f a c i l i t y  c o n s i s t s  of a  water  j e t  c a t a p u l t  

which a c c e l e r a t e s  a  t e s t  c a r r i a g e ,  upon which t h e  t e s t  t i r e  i s  

mounted, over  a  t e s t  s u r f a c e .  The t e s t  c a r r i a g e  i s  ins t rumented  

t o  measure speed ,  brake  f o r c e ,  t i r e  l o a d ,  and t e s t  wheel 

angu la r  v e l o c i t y .  

Road Sur faces  

Three s u r f a c e s  cons ide red  r e p r e s e n t a t i v e  of a c t u a l  runway 

s u r f a c e s  were used.  



(1) P o r t l a n d  cement c o n c r e t e  

( 2 )  Smooth a s p h a l t  w i t h  a  sand  f i n i s h  

( 3 )  Rough a s p h a l t  w i t h  a  g r a v e l  a g g r e g a t e  

(highway s p e c i f i c a t i o n )  

The s u r f a c e  contaminants  used were w a t e r ,  s l u s h ,  J P - 4  j e t  

f u e l  and f i r e  e x t i n g u i s h i n g  foam. 

Water depth  ranged from j u s t  damp a t  t h e  h igh  s p o t s  of  

t h e  s u r f a c e  t o  . 5  inches  f o r  t h e  deepes t  pudd les .  This  i s  

c o n s i d e r e d  r e p r e s e n t a t i v e  of a c t u a l  runway c o n d i t i o n s  i n  heavy 

r a i n .  For  t h e  r o l l i n g  r e s i s t a n c e  measurements,  a  w a t e r  depth  

of - 2 5 - 1 . 7 5  i n c h e s  was used .  

S l u s h  depth  was - 5 - 2 . 0  i n c h e s .  

One b r a k i n g  t e s t  was performed on a s p h a l t  contaminated  wi th  

j e t  f u e l .  The s u r f a c e  was coa ted  w i t h  f u e l ,  t h e n  al lowed t o  soak 

i n  and dry f o r  one h o u r .  The s u r f a c e  was then  l i g h t l y  sp rayed  
w i t h  w a t e r  j u s t  b e f o r e  t h e  t e s t  run .  

Braking t e s t s  were a l s o  performed on foam 2-5  inches  

deep . 

T i r e s  Tes ted  

A sample of  t w e n t y - f i v e  32 x  8 . 8 ,  2 2  p l y  r a t i n g ,  t ype  VII 

a i r c r a f t  t i r e s  was t e s t e d .  These t i r e s  d i f f e r e d  p r i m a r i l y  i n  

t h e i r  t r e a d  p a t t e r n s ,  r e p r e s e n t i n g  a  v a r i e t y  of  dimpled,  

l a t e r a l l y  grooved,  and c i r c u m f e r e n t i a l l y  grooved p a t t e r n s .  

T e s t  Procedures  

A s  t h e  t e s t  wheel moved ove r  t h e  s u r f a c e ,  wheel s l i p  was 

v a r i e d  from f r e e - r o l l i n g  t o  lockup w h i l e  s p e e d ,  t i r e  l o a d ,  

b r a k i n g  f o r c e ,  and t e s t  wheel a n g u l a r  v e l o c i t y  were r eco rded  

on an o s c i l l o g r a p h .  

T i r e  l o a d  was v a r i e d  from 9 ,000 t o  22,000 l b s . ,  i n f l a t i o n  

p r e s s u r e  from 85 t o  350 p s i  and speed  from 1 3  t o  104 k n o t s .  



Technique f o r  Analyzing and P r e s e n t i n g  Data 

Braking performance i s  expressed  a s  an average  c o e f f i c i e n t  

of  f r i c t i o n ,  pave ,  d e r i v e d  from t h e  b rake  f o r c e  ve r sus  s l i p  

curve  by averaging  t h e  BFC ob ta ined  f o r  va lues  of s l i p  between 

1 0  and 5 0 % .  

The d a t a  was p r e s e n t e d  i n  t h e  form of p l o t s  of  BFC ve r sus  

s l i p  f o r  each t e s t .  Also graphs of vave o r  r o l l i n g  r e s i s t a n c e  

ve r sus  speed f o r  t h e  va r ious  t e s t  c o n d i t i o n s  a r e  p r e s e n t e d .  

Conclusions 

(1) R o l l i n g  r e s i s t a n c e  i n c r e a s e s  w i t h  i n c r e a s i n g  

speed .  

( 2 )  F l u i d  d isp lacement  drag i n c r e a s e s  a s  t h e  squa re  

of speed and l i n e a r l y  w i t h  f l u i d  depth and d e n s i t y .  

( 3 )  For a  f r e e - r o l l i n g  t i r e  on a  wet s u r f a c e ,  t h e  

c e n t e r  of v e r t i c a l  c o n t a c t  p r e s s u r e  moves p r o -  

g r e s s i v e l y  forward as speed i n c r e a s e s  s o  t h a t  

when hydroplaning  occur s  t h e  t i r e  s p i n s  down. 

( 4 )  On dry s u r f a c e s  peak BFC i s  p r a c t i c a l l y  independent  

of speed b u t  dec reases  wi th  i n c r e a s i n g  ground 

bea r ing  p r e s s u r e .  

(5) On wet s u r f a c e s  peak BFC dec reases  w i t h  i n c r e a s i n g  

speed .  

(6) Locked wheel B F C  dec reases  w i t h  i n c r e a s i n g  speed 

on bo th  wet and dry s u r f a c e s  and i s  u s u a l l y  

lower than  t h e  peak BFC. A t  low speeds locked 

wheel BFC approached t h e  peak va lue .  

( 7 )  Tread p a t t e r n  has a  very  impor tant  i n f l u e n c e  on 

wet s u r f a c e s .  Dimple t r e a d s  a r e  no t  s i g n i f i c a n t l y  

b e t t e r  t han  smooth t r e a d s .  Of t h e  t r e a d s  t e s t e d ,  

t h e  c i r c u m f e r e n t i a l  grooves were t h e  most e f f e c t i v e ,  
t h e  g r e a t e r  t h e  number, w id th ,  and depth  of grooves 

t h e  b e t t e r .  



( 8 )  Reducing 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  wet 

f r i c t i o n  a t  low speed b u t  reduces  f r i c t i o n  

a t  h i g h  speeds .  

( 9 )  I n c r e a s i n g  t i r e  load  w h i l e  keeping i n f l a t i o n  

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

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



Refe rence  # 18 

J . D .  K e l l y ,  J r .  

" F a c t o r s  A f f e c t i n g  Pas senge r  T i r e  T r a c t i o n  on 
t h e  Wet Road" 

SAE Paper  680138, 1968 

Goal o f  T e s t s  

To e v a l u a t e  t h e  e f f e c t s  of  t r e a d  p a t t e r n  d e s i g n ,  t i r e  con-  

s t r u c t i o n  v a r i a b l e s ,  t r e a d  r u b b e r  compound, s p e e d ,  t i r e  l o a d  and 

i n f l a t i o n  p r e s s u r e ,  ambient t e m p e r a t u r e ,  and s u r f a c e  t e x t u r e  upon 

l ocked  wheel b r ake  f o r c e  c o e f f i c i e n t  (BFC) and maximum c o r n e r i n g  

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

T e s t  Equipment 

Locked wheel BFC was e v a l u a t e d  u s i n g  a  two-wheel s k i d  

t r a i l e r .  

Corner ing  t r a c t i o n  was e v a l u a t e d  by measur ing maximum speed  

a t t a i n e d  on a  2 5 0  f t .  d i ame te r  s k i d  pad .  

Road S u r f a c e s  

For BFC measurement,two s u r f a c e s  were u s e d :  

(1) Course  t e x t u r e d  a s p h a l t ,  u = . 7  

( 2 )  Smooth t e x t u r e d ,  p a i n t e d  a s p h a l t ,  p = .1 

For  c o r n e r i n g  t e s t s  an a s p h a l t  s u r f a c e  o f  p = . 5  was used .  

These s u r f a c e  c o e f f i c i e n t s  were measured a t  2 0  mph w i t h  t h e  

ASTM s t a n d a r d  t i r e .  

Average t e x t u r e  dep th  n o t  s p e c i f i e d .  

Water d e p t h  was app rox ima te ly  .04 i n c h  f o r  a l l  t e s t s .  



T i r e s  T e s t e d  

The t r e a d  p a t t e r n  s t u d y  u sed  b i a s  p l y  t i r e s  a l l  hav ing  t h e  

same s i z e  ( n o t  s p e c i f i e d )  and r u b b e r  compound (no t  s p e c i f i e d )  b u t  

w i t h  a  wide v a r i e t y  of t r e a d  p a t t e r n s .  

The e f f e c t s  o f  crown a n g l e  and t h e  a d d i t i o n  o f  a  b e l t  upon 

t h e  pe r fo rmance  o f  b i a s  p l y  t i r e s  were  e v a l u a t e d  u s i n g  a  g rooved  

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

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

t i r e s  e ach  h a v i n g  one of  t h e  t r e a d  p a t t e r n s  u sed  i n  t h e  t r e a d  

p a t t e r n  s t u d y .  

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

and ambien t  t e m p e r a t u r e  were  i n v e s t i g a t e d  u s i n g  a  grooved and 

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

T e s t  P r o c e d u r e  

Few d e t a i l s  abou t  t h e  t e s t  p r o c e d u r e  a r e  g i v e n .  V a r i a b l e s  

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

f o r  most o f  t h e  t e s t s ,  b u t  were  h e l d  c o n s t a n t .  1;o t i r e  r u n - i n  

p r o c e d u r e  was d i s c u s s e d .  

A s t a n d a r d  c i r c u m f e r e n t i a l l y  g rooved  t i r e  was u sed  a s  a  

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

Technique  f o r  Ana lyz ing  and P r e s e n t i n g  Data  

The t r a c t i o n  pe r fo rmance  o f  e ach  t i r e  i s  r a t e d  r e l a t i v e  t o  

t h e  pe r fo rmance  o f  t h e  s t r a i g h t  g rooved  c o n t r o l  t i r e ,  which i s  

a r b i t r a r i l y  g i v e n  a  r a t i n g  o f  100 .  R e s u l t s  a r e  p r e s e n t e d  i n  t h e  

form o f  b a r  g r a p h s  showing r e l a t i v e  t r a c t i o n  r a t i n g s  ( example ) .  

Number o f  Grooves 



Conclus ions  

Tread Design 

( a )  Tread p a t t e r n  d e s i g n  makes no s i g n i f i c a n t  d i f f e r e n c e  

on c o u r s e  t e x t u r e d  s u r f a c e s ,  b u t  on smooth s u r f a c e s ,  

where no o t h e r  means of  w a t e r  d r a i n a g e  e x i s t s ,  i t  i s  

t h e  most impor t an t  t i r e  v a r i a b l e .  

(b) S i p e s  i n c r e a s e  BFC on smooth s u r f a c e s ,  b u t  d e c r e a s e  

c o r n e r i n g  t r a c t i o n .  

( c )  Jagged o r  z igzag  grooves  o f f e r  l i t t l e  i f  any 

advantage  ove r  s t r a i g h t  g rooves ,  b u t  i f  j agged  grooves  

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

b u t  p i t c h  l e n g t h  seems t o  have no e f f e c t .  

H 
P i t c h  Length 

(d )  For a  g i v e n  t r e a d  w i d t h ,  i n c r e a s i n g  t h e  number o f  

g rooves  improves BFC b u t  ha s  a  s m a l l  d e t r i m e n t a l  

e f f e c t  upon c o r n e r i n g  t r a c t i o n .  

( e )  For a  g i v e n  number o f  g rooves  t h e r e  i s  an optimum 

t r e a d  w id th  f o r  which maximum b r a k i n g  and c o r n e r i n g  

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

( f )  Tread r a d i u s  has  no a f f e c t  on b r a k i n g  t r a c t i o n  b u t  

a  lower  r a d i u s  improves c o r n e r i n g  t r a c t i o n .  

(g)  Grooves i n  t h e  s h o u l d e r  r e g i o n  a r e  more impor t an t  

t h a n  t h o s e  i n  t h e  c e n t e r  o f  t h e  t r e a d .  T ransve r se  

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

improvements i n  BFC.  On t h e  low c o e f f i c i e n t  s u r f a c e  

a  f o u r  groove t i r e  w i t h  t r a n s v e r s e  g rooves  i n  t h e  

s h o u l d e r  r e g i o n  and no s i p e s  gave performance s u p e r i o r  

t o  t h a t  of  t h e  same t i r e  w i t h  s i p e s  added.  Apparen t ly  

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

a c t i o n  i n  t h e  s h o u l d e r  r e g i o n .  
6 8  



T i r e  C o n s t r u c t i o n  

( a )  For  b i a s  p l y  t i r e s ,  c o r d  a n g l e  ha s  no a f f e c t  on 

BFC, b u t  low a n g l e s  improve c o r n e r i n g  t r a c t i o n  

s l i g h t l y .  

( b )  The a d d i t i o n  of a  b e l t  t o  a  b i a s  p l y  t i r e  ha s  no 

e f f e c t  p r o v i d e d  t h e  g rooves  a r e  wide enough t h a t  

t h e y  do n o t  c o m p l e t e l y  c l o s e  i n  t h e  c o n t a c t  p a t c h  

o f  t h e  n o n - b e l t e d  t i r e .  

( c )  R a d i a l  c o n s t r u c t i o n  does  n o t  p r o v i d e  s u p e r i o r  

l ocked  wheel BFC, b u t  does  seem t o  o f f e r  a  s l i g h t  

improvement i n  c o r n e r i n g  t r a c t i o n .  

Tread  r u b b e r  compounds hav ing  h i g h  h y s t e r e s i s  improve t r a c t i o n  

on c o u r s e  t e x t u r e d  s u r f a c e s .  

BFC i s  i ndependen t  o f  speed  on c o u r s e  t e x t u r e d  s u r f a c e s  f o r  

speeds  up t o  40  mph, b u t  on smooth t e x t u r e d  s u r f a c e s  BFC d e 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 .  Speed and s u r f a c e  t e x t u r e  a r e  t h e  two most 

i m p o r t a n t  v a r i a b l e s  i n  t h e  wet  t r a c t i o n  problem.  

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

BFC. 

Exper iments  i n  which i n f l a t i o n  p r e s s u r e  was v a r i e d  a t  c o n s t a n t  

l o a d  i n d i c a t e  t h a t  t h e r e  i s  an  optimum p r e s s u r e  f o r  maximum 

t r a c t i o n .  

The e f f e c t  o f  ambien t  t e m p e r a t u r e  i s  s m a l l  and b o t h  i n c r e a s e s  

and d e c r e a s e s  i n  BFC w i t h  changing  t e m p e r a t u r e  have been  n o t e d .  



Refe r ence  # 19 

P .  K o e s s l e r  and G .  Senger  

"Comparative I n v e s t i g a t i o n s  I n t o  t h e  Corner ing  C h a r a c t e r i s t i c s  
o f  Car T i r e s "  

MIRA T r a n s l a t i o n  No. 26/65 - Motor I n d u s t r y  Research  
A s s o c i a t i o n ,  L i n d l e y ,  England.  O r i g i n a l l y  p u b l i s h e d  i n  
German i n  Deut .  K a f t . ,  No. 1 7 2 ,  1964 .  

Goal o f  T e s t s  

To d e t e r m i n e  t h e  f o l l o w i n g  r e l a t i o n s h i p s :  

( a )  S l i p  a n g l e  - l a t e r a l  f o r c e  - l o a d  

(b) S l i p  a n g l e  - a l i g n i n g  moment - l o a d  

( c )  Camber a n g l e  - l a t e r a l  f o r c e  - l o a d  

a s  a f f e c t e d  by t h e  f o l l o w i n g  v a r i a b l e s :  

( a )  t i r e  s i z e  

(b)  i n f l a t i o n  p r e s s u r e  

( c )  t r e a d  d e p t h  

(d )  c o n s t r u c t i o n  ( b i a s  p l y ,  r a d i a l )  

( e )  m a n u f a c t u r e r  (b rand)  

T e s t  Equipment 

F l a t  bed t i r e  t e s t e r  w i t h  a c o n c r e t e  s u r f a c e  5 m e t e r s  i n  

l e n g t h .  I t s  s p e e d  was . 2  m/sec.  S t r a i n  gage l o a d  c e l l s  were  used  

t o  measure  l a t e r a l  f o r c e ,  l o a d ,  and a l i g n i n g  moment. 

Road S u r f a c e  

A l l  t e s t s  were  done on t h e  d r y  c o n c r e t e  bed s u r f a c e .  

T i r e s  T e s t e d  

T h i s  t a b l e  s p e c i f i e s  t i r e  s i z e ,  rim s i z e  and t h e  i n f l a t i o n  p r e s s u r e  

a t  which t h e  t e s t s  were  per fo rmed .  Column 4 g i v e s  t h e  p r e s s u r e s  a t  

which t h e  l a t e r a l  f o r c e - s l i p  a n g l e - l o a d  t e s t  were done.  Column 5 g i v e s  

p r e s s u r e s  f o r  a l i g n i n g  moment - s l ip  a n g l e - l o a d  t e s t s .  Column 6  g i v e s  

p r e s s u r e s  f o r  l a t e r a l  f o r ce - cambe r  a n g l e - l o a d  t e s t s .  P r e s s u r e s  a r e  
2 

i n  kg/cm. 



T A B U L A T I O N  OF T Y R E S  T E S T E D ,  I N F L A T I O N  P R E S S U R E S  U S E D  
AND T H E  A P P R O P R I A T E  DIAGRAMS 

1 I 6 . 4 0  S - 1 3  1 1 5  J K  x 131 1 , 4  2 ,O 2 , o  I , I i 
t-' ' , 

1 I 

! 5  J K  x  1 3 1  1 , 4  2 ,O  
I 

I 

I ! 2 9 0  6 . 4 0  - 13  M + S /  1 
I i I 

s l a t  I n f l a t i o n  be T y r e  S i z e  

5 . 9 0  - 13 

I I I 
! 

M a t  I n f l a t i o n  

P  P r e s s u r e  

// 
S a t  I n f l a t i o n  

P r e s s u r e  P 

P r e s s u r e  P 
(+I 

6 . 4 0  - 13 j 1 
I 

4 J x 1 5  5 . 6 0  - 1 5  

R e m a r k s  R i m  

4  J x 1 3  

5  J K  x 1 3  1 , 4  2 ,O 2 , s  1 , 4  2 ,O 

1 

5 . 6 0  - 15 

c m  

1 , 2  1 , 4  1 , 7  2 ,O  1 1 , 4  2 , o  

1 j 
2 , o  

2 , 2 5  

i 1 

6 . 4 0  - 13 j 2  1 5 J K  x 1 3  
! 

2,O I 

I 1 

I 

1 , 4  , 
I I 

1 1 

1 i 4 J x 1 5  1 , 4  I : 
3 n m  T r e a d  

, 
I I 

I I ! 
! 

1 , 4  2 , o  2 , s  1 2 , o  2 , o  j 
I 

; 8 m m  T r e a d  

5 . 6 0  - 1 5  : 1 I 4 J x 1 5  1 , 4  I 3123 T r e a d  
I 



Test  Procedures  

S l i p  ang les  were measured r e l a t i v e  t o  t h e  p o s i t i o n  of zero 

l a t e r a l  f o r c e .  

The t i r e s  were new bu t  run a t  a  s l i p  angle  u n t i l  n o t i c e a b l e  

wear had occurred  be fo re  beginning t e s t  r u n s ,  

To e v a l u a t e  r e p r o d u c i b i l i t y  of  t h e  d a t a ,  many t e s t  runs were 

made with a  s i n g l e  t i r e .  R e s u l t s :  

S c a t t e r  i n  co rne r ing  f o r c e  d a t a  = + 1 . 5 %  

S c a t t e r  i n  a l i g n i n g  moment d a t a  = t 5 %  

Technique f o r  Analyzing and Presen t ing  Data 

The r e s u l t s  a r e  p resen ted  i n  t h e  form of p l o t s  o f :  

(1) L a t e r a l  f o r c e  v s .  wheel load  wi th  s l i p  ang le  a s  a  

parameter .  

( 2 )  Aligning  moment v s .  s l i p  ang le  wi th  load  a s  a  

parameter .  

(3)  L a t e r a l  f o r c e  v s .  wheel load  wi th  camber ang le  

a s  a  parameter .  

( 4 )  L a t e r a l  f o r c e  v s .  a l i g n i n g  moment wi th  s l i p  angle  

and l o a d  as  parameters  (Gough d iagrams) .  

Conclusions 

1. Two t i r e s  from t h e  same p roduc t ion  run ,  a f t e r  being worn t o  

a  t r e a d  depth  of 3 mm. by normal d r i v i n g ,  show no d i f f e r e n c e  

i n  co rne r ing  s t i f f n e s s ,  bu t  a t  high co rne r ing  f o r c e s  the  s l i p  

ang le  r e q u i r e d  t o  produce a  given l a t e r a l  f o r c e  d i f f e r e d  by 
a s  much as  3 degrees .  

2 .  The co rne r ing  s t i f f n e s s  of o therwise  i d e n t i c a l  t i r e s  

i n c r e a s e s  a s  t r e a d  depth dec reases .  The e f f e c t  of t r e a d  

wear i s  most n o t i c e a b l e  a t  h igh  s l i p  ang les .  



3. Comparison between a  t i r e  b e f o r e  and a f t e r  1 , 2 5 0  km of 

road  s e r v i c e  shows t h e  d i f f e r e n c e  t o  be n e g l i g i b l e ,  b u t  

a  s i g n i f i c a n t  i n c r e a s e  i n  a l i g n i n g  moment was observed .  

4 .  Comparison between t i r e s  of d i f f e r e n t  s i z e :  

(a)  For two t i r e s  of d i f f e r e n t  s i z e  bu t  having t h e  

same rim diameter  (7.25 x 1 3 ,  6 . 4 0  x 13)  a t  

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

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

(b) For c o n s t a n t  t i r e  width  and s e c t i o n  h e i g h t  

b u t  d i f f e r e n t  rim diameter  ( 6 . 4 0  x 1 3 ,  6 . 4 0  x 1 5 ) ,  

t h e  l a r g e r  s i z e  shows only  a  very  s l i g h t  i n c r e a s e  

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

(c )  I f  t h e  above two comparisons a r e  r e p e a t e d  wi th  

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

r a t e d  l o a d  c a p a c i t y ,  t h e  wider  t r e a d  t i r e  has  

g r e a t e r  s t i f f n e s s ,  and s m a l l e r  rim d iamete r  

causes  g r e a t e r  c o r n e r i n g  s t i f f n e s s .  

(d) The e f f e c t  of t i r e  s i z e  was observed t o  be 

s m a l l e r  t han  t h e  e f f e c t  of  changing p r e s s u r e .  

( e )  No t r e n d  i n  a l i g n i n g  moment o r  camber t h r u s t  

w i t h  t i r e  s i z e  was observed .  

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

(a )  Higher p r e s s u r e s  produce h i g h e r  c o r n e r i n g  

s t i f f n e s s .  The i n c r e a s e  i s  g r e a t e r  a t  h igh  

l o a d s  than  a t  low l o a d s .  

( b )  Al igning  moment dec reases  w i t h  i n c r e a s i n g  

p r e s s u r e ,  

6 ,  E f f e c t  of t i r e  c o n s t r u c t i o n :  

(a )  When r a d i a l  and b i a s  p l y  t i r e s  of  t h e  same s i z e  

and brand were compared, t h e  r a d i a l  gave h i g h e r  

c o r n e r i n g  s t i f f n e s s .  However, t h e  d i f f e r e n c e  i s  

g r e a t e s t  a t  h igh  s l i p  ang les  where t h e  r a d i a l  

produced s i g n i f i c a n t l y  h ighe r  c o r n e r i n g  f o r c e s  

a t  a  g iven  s l i p  a n g l e .  



( b )  The t i r e  w i t h  a  snow t r e a d  has a  lower c o r n e r i n g  

s t i f f n e s s  than  t h e  same t i r e  wi th  normal t r e a d .  

Camber t h r u s t  i s  much s m a l l e r  f o r  r a d i a l  t i r e s .  

7 .  T i r e s  of  t h e  same s i z e  and c o n s t r u c t i o n  b u t  of d i f f e r e n t  

brand (manufacture)  vary  , s i g n i f i c a n t l y  i n  a l l  t r a c t i o n  

c h a r a c t e r i s t i c s  ( s l i p  angle  a t  a  given l a t e r a l  f o r c e  can 

d i f f e r  by a s  much as  2 5 % ) .  



Reference  # 2 0  

F .  T .  W .  Lander and T .  Wil l iams 

"The Skidding  R e s i s t a n c e  of  Wet Runway S u r f a c e s  With 
Reference t o  S u r f a c e  Tex tu re  and T i r e  Condi t ions"  

Road Research Labora tory  Report  LR 184,  1968. 

Goal o f  T e s t s  

The wet s u r f a c e  b r a k i n g  performance o f  an a i r c r a f t  t i r e  a s  

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

wear was i n v e s t i g a t e d .  

The Road Research Labora to ry  heavy l o a d  t e s t  v e h i c l e  was 

used f o r  t h e s e  t e s t s .  Th i s  v e h i c l e  c o n s i s t s  of  a  t r u c k  w i t h  a  

f i x t u r e ,  upon which t h e  a i r c r a f t  t i r e  t o  be t e s t e d  i s  mounted, 

a t t a c h e d  between t h e  wheelbase on t h e  v e h i c l e  c e n t e r l i n e .  The 

t e s t  wheel f i x t u r e  i s  ins t rumen ted  t o  measure b r a k i n g  f o r c e ,  

brake t o r q u e ,  t e s t  wheel a n g u l a r  v e l o c i t y ,  and t i r e  l o a d ,  The 

t e s t  wheel i s  f i t t e d  w i t h  an a n t i - l o c k  b rake  sys tem.  

A s p r i n k l e r  system i s  used t o  p r o v i d e  a  c o n s i s t e n t l y  wet 

s u r f a c e ,  

Road S u r f a c e s  

Four s u r f a c e s  a t  t h e  Road Research Labora tory  t e s t  t r a c k  

and t h r e e  runway s u r f a c e s ,  p r o v i d i n g  a wide range  of  s u r f a c e  

t e x t u r e s ,  were t e s t e d .  
I 

Surface ! Texture depth 

Sroooth polished cod3crete 
Fine cold asphalt  
Poiished gravel rnac.:iarn 
Quartzite macadarr, 
Slurry sealed asphalt 
Erushed concrete 
r' 
r amborough expe~,irn,ntal 
surface coarse textured 
rcacadam 

ins 
(0.005) 
(0.013) 
(0.047) 
(0.061) 
(0.012) 
(0.016) 
(0.088) 



Texture  depth  was measured us ing  t h e  "sand pa tch"  method. 

Water depth  was - 0 4  i n c h e s .  

T i r e s  Tes ted  

Two a i r c r a f t  t i r e s ,  one smooth and one having a  c i r c u m f e r -  

e n t i a l  groove t r e a d  p a t t e r n ,  were t e s t e d .  

Tread Pattern 

Tyre size 

'Ilea.! Rubber hardness 
( Duclop scale) 

35 x 10 x 17 in (8? x 25 x 33 crn) 

Resilience* (% 
at 20°C) 

5 ribs 29 mm (1% in) wide. 0.475 rnrm 
(3/16th in) groove:$ hetween ribs 
depth 0.635 mrn (0.25 in) 

64 - 66 

45 - 52 

T e s t  Procedure 

Locked wheel b rak ing  f o r c e  was measured by lock ing  t h e  b rakes  

f o r  a  p e r i o d  o f  one second s e v e r a l  t imes  whi l e  p a s s i n g  over  t h e  

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

T r a c t i o n  performance wi th  a n t i - l o c k  b rak ing  was measured by 

a l lowing  t h e  a n t i - l o c k  system t o  c y c l e  s e v e r a l  t imes  whi l e  p a s s i n g  

over  t h e  t e s t  s u r f a c e .  

The t e s t  program c o n s i s t e d  of  s t u d y i n g  t h e  e f f e c t s  o f :  

(1) va ry ing  l o a d  and i n f l a t i o n  p r e s s u r e  wh i l e  ma in ta in ing  

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

( 2 )  vary ing  i n f l a t i o n  p r e s s u r e  whi le  keeping l o a d  c o n s t a n t  

( 3 )  changes i n  s u r f a c e  t e x t u r e  

( 4 )  d imin i sh ing  groove depth  from new t o  worn smooth 

( 5 )  i n c r e a s i n g  speed 



T i r e  l o a d s  from 1 - 5  t o n s ,  i n f l a t i o n  p r e s s u r e s  from 25-260 p s i ,  

and speeds  up t o  60 mph were used .  

Techniaue f o r  Analyzing and P r e s e n t i n g  Data 

Locked wheel B F C  was o b t a i n e d  by ave rag ing  t h e  v a l u e s  from 

t h e  s e v e r a l  b rake  a p p l i c a t i o n s  on each s u r f a c e .  For t h e  a n t i -  

l ock  d a t a ,  t h e  BFC i s  t h e  average  v a l u e  o b t a i n e d  ove r  s e v e r a l  

c y c l e s .  

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

c i e n t  v e r s u s  speed .  

Conclus ions  

(1) S u r f a c e  t e x t u r e  i s  one of  t h e  most impor tan t  v a r i a b l e s  

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

( 2 )  Braking f o r c e  c o e f f i c i e n t s  on t h e s e  wet s u r f a c e s  w i t h  

a n t i - l o c k  b r a k i n g  were always h i g h e r  t h a n  t h e  locked 

wheel v a l u e s ,  t h e  average  improvement b e i n g  .13 .  

(3) I n c r e a s i n g  t i r e  l o a d ,  wh i l e  a d j u s t i n g  i n f l a t i o n  p r e s -  

s u r e  t o  m a i n t a i n  c o n s t a n t  c o n t a c t  a r e a  caused a  d e c r e a s e  

i n  BFC on smooth t e x t u r e d  s u r f a c e s  b u t  no e f f e c t  was 

seen  on rough s u r f a c e s .  

The same r e s u l t s  were o b t a i n e d  when i n f l a t i o n  p r e s s u r e  

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

( 4 )  Tread grooves i n c r e a s e  b r a k i n g  f o r c e  on ly  on smooth 

s u r f a c e s .  On rough s u r f a c e s ,  t h e  smooth t i r e  gave 

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

grooved t i r e .  On smooth s u r f a c e s ,  b r a k i n g  f o r c e  f a l l s  

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

dep ths  below 3  mm. 



Reference  # 2 1  

T .  J .  W .  Leland 

"An E v a l u a t i o n  o f  Some Unbraked T i r e  Corner ing  Force  
C h a r a c t e r i s t i c s "  

NASA Techn ica l  Note D-6964, 1972. 

Goal o f  T e s t s  
-- - 

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

t r e a d  p a t t e r n ,  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  upon wet c o r n e r i n g  

f r i c t i o n  and hyd rop l an ing  speed  o f  au tomobi le  t i r e s .  

Equipment 

These  t e s t s  were performed a t  t h e  Langley Landing Loads 

Track .  For a  d e s c r i p t i o n  o f  t h i s  f a c i l i t y  s e e  Reference  1 7 .  

Road S u r f a c e s  

T e s t s  were performed on two s u r f a c e s :  

(1) Concre te  t r o w e l l e d  t o  a v e r y  smooth f i n i s h  

(2) Concre te  roughened by s a n d b l a s t i n g .  

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

which t h e  t i r e  c o n t a c t  p a t c h  was photographed .  

The s u r f a c e s  were t e s t e d  d ry  and a t  w a t e r  dep th s  o f  - 0 4  and 

, 4  i n c h e s .  

T i r e s  T e s t e d  

S i x  au tomobi le  t i r e s ,  s i z e  6 .50 x  1 3 ,  were t e s t e d :  

(1) A smooth t r e a d  b i a s  p l y  t i r e ,  hav ing  normal t r e a d  

r u b b e r  t h i c k n e s s ,  b u t  no grooves .  

(2) A b i a s  p l y  t i r e  w i t h  4 even ly  spaced  s t r a i g h t  c i rcum- 

f e r e n t i a l  grooves  .18 i n c h  wide and - 2 5  i n c h  deep.  

(3)  Same a s  (2) b u t  w i t h  l a t e r a l  grooves  spaced  a t  1 / 2  i n c h  

i n t e r v a l s  on t h e  s h o u l d e r  r i b s .  



( 4 )  Same a s  (2)  b u t  w i t h  d imples  i n  t h e  s h o u l d e r  r i b s .  

( 5 )  A r e g u l a r  p r o d u c t i o n  t i r e  w i t h  f o u r  z i g - z a g  grooves  

and s i p e s .  

(6 )  A r a d i a l  p l y  t i r e  w i t h  a  t r e a d  p a t t e r n  s i m i l a r  t o  (5)  

(grooved and s i p e s )  b u t  w i t h  l a t e r a l  groove on t h e  

s h o u l d e r  r i b s .  

T e s t  P rocedu re  

C o r n e r i n g  f o r c e  a t  s l i p  a n g l e s  o f  3 ,  4 . 5 ,  and 6 d e g r e e s  

was measured f o r  e ach  t i r e  on each  c o n c r e t e  s u r f a c e .  T e s t  wheel 

a n g u l a r  v e l o c i t y  was r e c o r d e d  t o  d e t e c t  spin-down which i n d i c a t e s  

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

p a t t e r n  i n  t h e  c o n t a c t  p a t c h  were t a k e n  a s  t h e  t i r e  p a s s e d  ove r  

t h e  g l a s s  p l a t e .  

Speeds o f  20-90 mph were u sed .  T i r e  l o a d  was 835 pounds 

and i n f l a t i o n  p r e s s u r e  was 2 7  p s i  f o r  a l l  t e s t s .  

Technique f o r  Ana lyz ing  and P r e s e n t i n g  Data  

A p l o t  of  c o r n e r i n g  f o r c e  v e r s u s  speed  w i t h  s l i p  a n g l e  a s  

a  p a r a m e t e r  i s  p r e s e n t e d  f o r  each  t i r e - s u r f a c e  combina t ion .  

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

by t h e  e q u a t i o n  o f  Horne .*  

Conc lus ions  

( I )  On t h e  d ry  s u r f a c e s ,  c o r n e r i n g  f o r c e  a t  g i v e n  s l i p  

a n g l e  i n c r e a s e s  somewhat w i t h  i n c r e a s i n g  s p e e d ,  

( 2 )  A smooth t r e a d  t i r e  w i l l  hyd rop l ane  a t  t h e  speed  

g i v e n  by t h e  Ho'rne e q u a t i o n  even a t  s m a l l  w a t e r  

d e p t h s .  

*"Phenomena o f  Pneumat ic  T i r e  Hydrop l an ing , "  W . B .  Horne,  e t  a l . ,  
NASA T e c h n i c a l  Note D - 2 0 5 6 ,  November 1963 .  



(3 )  I n  sha l l ow  w a t e r  (.04 i n c h )  t r e a d  grooves  a r e  

h i g h l y  e f f e c t i v e  i n  d e l a y i n g  t h e  o n s e t  o f  hydro-  

p l a n i n g .  A grooved t i r e  w i l l  n o t  hyd rop l ane  a t  

t h e  speeds  and w a t e r  dep th s  normal ly  encoun te r ed  

by au tomob i l e s .  

(4 )  Dimples i n  t h e  t r e a d  do n o t  improve wet t r a c t i o n .  

( 5 )  L a t e r a l  g rooves  i n  t h e  s h o u l d e r  r e g i o n  p r o v i d e  a  

l a r g e  improvement ove r  t h e  s imp le  c i r c u m f e r e n t i a l  

groove p a t t e r n .  

( 6 )  The z i g - z a g  grooves  of  t h e  p r o d u c t i o n  t i r e  appea r  

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

grooves .  However, t h e  good t r a c t i o n  per formance  

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

e f f e c t i v e  on t h i s  smooth s u r f a c e .  

( 7 )  The m i c r o - t e x t u r e  p rov ided  by s a n d b l a s t i n g  t h e  

smooth c o n c r e t e  s u r f a c e  improves t h e  o v e r a l l  l e v e l  

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

( 8 )  I n  deep w a t e r  ( - 4  i n c h e s ) ,  t h e  p a t t e r n e d  t i r e s  

hyd rop l ane  a t  t h e  same speed  a s  t h e  smooth t i r e -  

a t  t h e  speed  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 .  

However, a t  speeds  below t h e  hyd rop l an ing  speed  

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



Reference  # 2 2  

T.J.W. Leland and G . R .  Taylor  

"An I n v e s t i g a t i o n  of t h e  I n f l u e n c e  of  A i r c r a f t  T i r e  
Tread Wear on Wet Runway Braking" 

NASA Technica l  Note,  NASA T N  D-2770, 1965 

Goal of T e s t s  

To de termine  t h e  e f f e c t  of d imin i sh ing  t r e a d  groove 

depth  upon t h e  wet runway b r a k i n g  performance of a i r c r a f t  t i r e s .  

The exper iments  were done a t  t h e  Langley l and ing  l o a d s  

t r a c k .  This  t e s t  f a c i l i t y  c o n s i s t s  of  a  w a t e r - j e t  c a t a p u l t  

which a c c e l e r a t e s  a  t e s t  c a r r i a g e ,  upon which t h e  t e s t  t i r e  i s  

mounted, over  a  t e s t  s u r f a c e .  

A s p r i n k l e r  system was used t o  ma in ta in  t h e  s u r f a c e  i n  a  

c o n s i s t e n t  wet c o n d i t i o n .  

Road Sur face  

Concre te  - t e x t u r e  n o t  d e s c r i b e d .  

T e s t s  were done w i t h  t h e  s u r f a c e  d r y ,  j u s t  damp (no s t a n d i n g  

w a t e r  above s u r f a c e  a s p e r i t i e s ) ,  and wet w i t h  w a t e r  depths  of  

.1 - . 3  and 1 . 0  i n c h .  

T i r e s  Tes ted  

32  x  8 . 8 ,  t ype  V I I ,  2 2 - p l y - r a t i n g  a i r c r a f t  t i r e s .  

Three t i r e s  were t e s t e d .  

T i r e  I - s p e c i a l l y  molded w i t h  a  smooth t r e a d  

T i r e  I 1  - a  s t a n d a r d  d i m p l e - t r e a d  t i r e  

T i r e  I11 - a  s t a n d a r d  t h r e e - g r o o v e  t i r e  



T i r e  t r e a d  wear was s i m u l a t e d  by u s i n g  t h e  smooth and dimple 

t r e a d  t i r e s  t o  r e p r e s e n t  comple t e ly  worn t i r e s ,  t h e n  c u t t i n g  

p r o g r e s s i v e l y  deepe r  g rooves  t o  s i m u l a t e  v a r i o u s  wear c o n d i t i o n s .  

On t i r e  I ,  f i v e  grooves  of  e q u a l  dep th s  were c u t  t o  s i m u l a t e  

un i form wear .  On t i r e  11 ,  f i v e  g rooves  were c u t  w i t h  t h e  c e n t e r  

groove hav ing  a  s m a l l e r  dep th  t h a n  t h e  o t h e r s  t o  s i m u l a t e  non- 

un i form wear .  T i r e  I11  was mod i f i ed  by c u t t i n g  two a d d i t i o n a l  

grooves  t o  s i m u l a t e  a  new f i v e - g r o o v e  t i r e .  

Groove w i d t h s :  T i r e  I  - - 2 9  i n c h  

T i r e  I 1  - . 2 2  i n c h  

T i r e  I11  - , 3 7 5  i n c h  

T e s t  Procedure  

As t h e  t i r e  moved ove r  t h e  t e s t  s u r f a c e ,  b r a k e  t o r q u e  was 

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

r o t a t i o n a l  speed  were r e c o r d e d .  The b r a k e  c y c l e  was i n i t i a t e d  

by magne t ic  p i ckups  s o  t h a t  t h e  same p o r t i o n  of  s u r f a c e  was 

u sed  f o r  eve ry  t e s t .  

T i r e  l o a d  was 10 ,500  l b s  f o r  a l l  t e s t s .  

A t i r e  p r e s s u r e  o f  150 p s i  was used f o r  most t e s t s ,  b u t  

some were run  a t  90 p s i .  

Speeds ranged  from 2 0  t o  100 k n o t s .  

Technique f o r  Analyzing and P r e s e n t i n g  Data 

Braking performance was e x p r e s s e d  i n  t h e  form of  an average  

c o e f f i c i e n t  o f  f r i c t i o n ,  "ve, d e r i v e d  from t h e  BFC v e r s u s  s l i p  

cu rve  by a v e r a g i n g  t h e  BFC o b t a i n e d  f o r  s l i p  v a l u e s  between 10 

and 5 0 % .  

The d a t a  was p r e s e n t e d  i n  t h e  form o f  g raphs  o f  pave  v e r s u s  

speed  o r  t r e a d  wear .  



Conclus ions  

(1) Smooth and d i m p l e - t r e a d  t i r e s  show t h e  same b rak ing  

performance.  

( 2 )  Tread wear has  only ;I sma l l  a f f e c t  011 11 nvc  ~ i n t  i 1 

t h e  t r e n d  i s  ahout  80% worn, a f t e r  which pave  

drops r a p i d l y .  

( 3 )  I n  t h e  non-uniform wear c a s e ,  even when t h e  c e n t e r  

groove i s  comple te ly  worn, b rak ing  performance i s  

s t i l l  s i g n i f i c a n t l y  b e t t e r  t h a n  f o r  a  smooth t i r e .  

( 4 )  T i r e  I11 w i t h  t h e  w i d e s t  grooves produced t h e  

h i g h e s t  f r i c t i o n  c o e f f i c i e n t s .  

(5) Lower t i r e  p r e s s u r e  ( 9 0  p s i )  gave a  n o t i c e a b l y  h i g h e r  

pave t h a n  t h e  h igh  i n f l a t i o n  p r e s s u r e  (150 p s i )  on 

t h e  dry  s u r f a c e ,  b u t  ve ry  l i t t l e  d i f f e r e n c e  was 

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

(6) S i g n i f i c a n t  r e d u c t i o n  i n  pave  occur s  when t h e  s u r f a c e  

i s  " j u s t  damp" (no s t a n d i n g  w a t e r ) .  

( 7 )  The exper iments  a t  a  wa te r  depth of 1 . 0  inch  s u b s t a n -  

t i a t e  t h e  hydroplane  v e l o c i t y  equa t ion  of  Horne; 

and a l s o  show t h a t  i n  deep w a t e r ,  r a p i d  l o s s  of  

f r i c t i o n  occur s  a t  speeds  below t h e  hydroplaning  

speed  when t h e  t r e a d  i s  more t h a n  6 0 %  worn. 



Reference # 2 3  

T . J . W .  Leland,  T . J .  Yager, and U . T .  Joyner  

" E f f e c t s  of Pavement Texture  on Wet Runway Braking 
Performance1' 

NASA Techn ica l  Note D-4323, 1968. 

Goal of T e s t s  

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

t e x t u r e  upon both wet and dry  s u r f a c e  b rak ing  performance of  

a i r c r a f t  t i r e s  was i n v e s t i g a t e d .  

Equipment 

The t e s t s  were done a t  t h e  Langley Landing Loads Track.  

For a  d e s c r i p t i o n  of  t h i s  f a c i l i t y  s e e  Reference 1 7 .  

Road Sur faces  

T e s t s  were performed on f i v e  d i f f e r e n t  s u r f a c e s :  

(1) Concrete  t r o w e l l e d  t o  a very smooth f i n i s h  - 
average t e x t u r e  depth  = . 4  mm. 

(2) Textured c o n c r e t e  - average t e x t u r e  depth = 2 . 0  mm.  

( 3 )  Small aggrega te  a s p h a l t  - average t e x t u r e  

depth = 3.4 mm.  

( 4 )  Large aggrega te  a s p h a l t  - average t e x t u r e  

depth = 5 . 6  mm. 

( 5 )  Wet smooth i c e .  

Sur face  t e x t u r e  depth was measured us ing  t h e  "grease  pa tch"  

method. 

The s u r f a c e s  were t e s t e d  d r y ,  j u s t  damp, and a t  a wa te r  

depth of  . I - .  2 i n c h e s .  



T i r e s  Tes ted  

Three 32 x 8 . 8  t ype  V I I ,  2 2  p l y  r a t i n g  a i r c r a f t  t i r e s  w i t h  

t r e a d s  made of n a t u r a l  rubber  were t e s t e d :  

(1 )  smooth t r e a d  - t r e a d  rubber  t h i c k n e s s  equa l  t o  

a  new t i r e  b u t  no grooves 

( 2 )  t h r e e  e q u a l l y - s p a c e d  c i r c u m f e r e n t i a l  grooves 

. 5  i n c h  wide 

(3) f o u r  e q u a l l y - s p a c e d  c i r c u m f e r e n t i a l  grooves 

. 5  inch  wide .  

Tes t  Procedure  

T i r e  l o a d ,  b rak ing  f o r c e ,  speed ,  and t e s t  wheel a n g u l a r  

v e l o c i t y  were r eco rded  w h i l e  t h e  b rake  was g r a d u a l l y  a p p l i e d  

from f r e e - r o l l i n g  t o  lockup as  t h e  t e s t  t i r e  t r a v e r s e d  each 

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

T e s t s  were performed a t  speeds  of  25, 50,  75, and 100 

k n o t s .  

The smooth t i r e  was t e s t e d  a t  i n t e r v a l s  throughout  t h e  t e s t  

program t o  d e t e c t  changes i n  t e s t  environment and t o  measure 

t h e  e f f e c t s  of s u r f a c e  wear .  

Technique f o r  Analyzing and P r e s e n t i n g  Data 

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

were d e r i v e d  from t h e  r eco rded  d a t a .  From t h e s e ,  an average  

b rak ing  f o r c e  c o e f f i c i e n t ,  "vve, d e f i n e d  as  t h e  average  v a l u e  

of 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  between 1 0  and 5 0 %  s l i p  was 

d e r i v e d .  

P l o t s  of  pave  v e r s u s  speed  f o r  t h e  v a r i o u s  t i r e ,  s u r f a c e ,  

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



Conclusions 

A .  Dry Sur faces  

(1) No s i g n i f i c a n t  d i f f e r e n c e s  i n  f r i c t i o n  between 

t h e  fou r  s u r f a c e s  was observed.  

( 2 )  'ave dec reases  w i t h  i n c r e a s i n g  speed .  

(3) An i n c r e a s e  i n  t i r e - s u r f a c e  c o n t a c t  p r e s s u r e ,  

caused by an i n c r e a s e  o f  t i r e  i n f l a t i o n  p r e s s u r e  

and/or  an i n c r e a s e  i n  l o a d ,  reduces f r i c t i o n  

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

B .  " J u s t  Damp" Sur face  

(1) Even a very t h i n  f i l m  of  water  can cause a  l a r g e  

dec rease  i n  f r i c t i o n .  

(2) There were l a r g e  d i f f e r e n c e s  i n  f r i c t i o n  between 

t h e s e  s u r f a c e s  even i n  t h e  " j u s t  damp" c o n d i t i o n .  

The smooth concre te  showed very  low f r i c t i o n  even 

a t  low speed .  Sur face  t e x t u r e  i s  impor tant  even 

a t  low speeds and t h i n  water  f i l m s .  

C .  Flooded Sur face  ( . I - . 2  inch  wa te r  depth)  

(1) On very  rough t e x t u r e d  s u r f a c e s  t h e r e  i s  l i t t l e  

dec rease  i n  pave  r e l a t i v e  t o  t h e  damp s u r f a c e  v a l u e ,  

except  a t  speeds c l o s e  t o  t h e  hydroplaning speed 

where pave  drops r a p i d l y .  

(2) I n c r e a s i n g  t i r e - s u r f a c e  c o n t a c t  p r e s s u r e  dec reases  

f r i c t i o n  a t  lower s p e e d s ,  b u t  improves f r i c t i o n  a t  

h igh  speeds because t h e  hydroplaning  speed i s  

r a i s e d .  

Sur face  Texture  E f f e c t s  

(1) A p l o t  o f  pave  ve r sus  average t e x t u r e  depth  f o r  

c o n s t a n t  speed shows pave  i n c r e a s i n g  wi th  i n c r e a s i n g  

t e x t u r e  depth b u t  l e v e l i n g  o f f  t o  a  c o n s t a n t  va lue  



a t  high t e x t u r e  dep th .  A t  h igh  speeds  t h e  curve 

l e v e l s  o f f  a t  h i g h e r  t e x t u r e  d e p t h s .  A t  t e x t u r e  

depths  g r e a t e r  t h a n  4 . 0  mm no s i g n i f i c a n t  

improvement i s  o b t a i n e d .  

The e f f e c t  of s u r f a c e  wear i s  t o  d e c r e a s e  p a v e .  

However, t h e  e f f e c t  of wear may n o t  be  p r e d i c t a b l e  

from changes i n  average  t e x t u r e  depth  (which q u a n t i -  

f i e s  macro - t ex tu re  on ly )  because  f r i c t i o n  can be 

a f f e c t e d  by changes i n  m i c r o - t e x t u r e .  



Reference # 2 4  

G .  llaycock 

"S tud ies  on t h e  Skidding R e s i s t a n c e  of Passenger  Car 
T i r e s  on Wet Sur faces"  

Proceedings of  t h e  Automobile D i v i s i o n  of The I n s t i t u t i o n  
of  J lechanical  Eng inee r s ,  1965-66, Volume 180,  P a r t  2 A ,  
pp. 122-157. 

Goal of  T e s t s  

The e f f e c t s  of t r e a d  p a t t e r n ,  t r e a d  rubber  composi t ion ,  

s u r f a c e  t e x t u r e ,  and speed  upon peak and locked wheel b rake  

f o r c e  c o e f f i c i e n t s  on wet roads were i n v e s t i g a t e d .  

Equipment 

A f r o n t  wheel braked c a r  was used f o r  t h e s e  t e s t s .  The 

v e h i c l e  was modif ied  so  t h a t  brake  to rque  could  be a p p l i e d  a t  

a  c o n t r o l l e d  r a t e  only t o  t h e  f r o n t  wheels where t h e  t e s t  t i r e s  

were mounted. The v e h i c l e  was ins t rumented  t o  measure speed 

and d e c e l e r a t i o n ,  and t e s t  wheel angu la r  v e l o c i t y .  

A s p r i n k l e r  system was used t o  p rov ide  a  c o n s i s t e n t  wet 

s u r f a c e .  

Road Sur faces  

Seven s u r f a c e s  a t  t h e  Road Research Labora tory  t e s t  t r a c k ,  

r e p r e s e n t i n g  a  wide v a r i e t y  of s u r f a c e  t e x t u r e s ,  were t e s t e d :  

(1) m a s t i c  a s p h a l t ,  (2) p o l i s h e d  c o n c r e t e ,  (3 )  f i n e  c o l d  a s p h a l t ,  

( 4 )  a s p h a l t  w i t h  c h i p p i n g s ,  ( 5 )  rounded g r a v e l  c a r p e t ,  ( 6 )  mixed 

a g g r e g a t e ,  and ( 7 )  q u a r t z i t e .  For a  d e s c r i p t i o n  of t h e  
t e x t u r e s  of  t h e s e  s u r f a c e s ,  s e e  Reference 2 7 .  

Water depth was - 0 4 - $ 0 8  i n c h e s .  



T i r e s  Tes ted  

Two s e t s  of t i r e s  were t e s t e d .  The f i r s t  s e t  c o n s i s t e d  of  

n i n e  t i r e s  having  t h r e e  d i f f e r e n t  t r e a d  p a t t e r n s :  ( a )  smooth, 

(b) s i x  c i r c u m f e r e n t i a l  g rooves ,  and (c)  a  r e g u l a r  p r o d u c t i o n  

t r e a d  p a t t e r n  w i t h  s i x  grooves and s i p e d ,  each of  which was 

a v a i l a b l e  w i t h  t h r e e  d i f f e r e n t  rubber  compounds : (a )  n a t u r a l  

r u b b e r ,  (b)  o i l - e x t e n d e d  SBR, and ( c )  o i l - e x t e n d e d  h i g h - s t y r e n e  

SBR. These t h r e e  compounds had r e s i l i e n c e s  of 4 8 . 5 % ,  2 8 % ,  and 

2 3 . 5 % ,  r e s p e c t i v e l y ,  b u t  about  t h e  same ha rdness  ( 6 7  Dunlop 

s c a l e ) .  A l l  t i r e s  were 6 . 4 0  x  15 c r o s s  p l y .  

A second s e t  of e i g h t  t i r e s ,  a l l  made of t h e  same SBR 

rubber  compound, were des igned t o  s t u d y  t h e  e f f e c t  of t r e a d  

p a t t e r n  v a r i a t i o n s .  S i x  t i r e s  had r i b b e d  and s i p e d  p a t t e r n s  and 

two had b l o c k - t y p e  p a t t e r n s .  A l l  were of r a d i a l  p l y  c o n s t r u c t i o n  

excep t  one f i v e - r i b ,  s i p e d  p a t t e r n  was b i a s  p l y .  

T e s t  Procedure  

Veh ic l e  speed  and d e c e l e r a t i o n  was r eco rded  a s  t h e  f r o n t  

b rakes  were g r a d u a l l y  a p p l i e d  u n t i l  lockup o c c u r r e d .  

The f i r s t  s e t  of  t i r e s  was t e s t e d  on a l l  seven  s u r f a c e s  a t  

speeds  from 2 5  t o  65 mph. The second s e t  of t i r e s  was t e s t e d  

on ly  on s u r f a c e s  (21 ,  ( 3 ) ,  and ( 4 )  a t  speeds  from 2 5  t o  80 mph. 

For a l l  t e s t s ,  t i r e  l o a d  was 900 l b s  and i n f l a t i o n  p r e s s u r e  

was 24 p s i .  

Method of  Analyzing and P r e s e n t i n g  Data 

Values of peak and locked wheel BFC were computed from v e h i c l e  

d e c e l e r a t i o n .  L inea r  e q u a t i o n s  of  t h e  form BFC = C 1 - C 2 V  were 

f i t t e d  t o  t h e  d a t a  by l e a s t  s q u a r e s .  P l o t s  of  peak and locked 

wheel BFC v e r s u s  speed  a r e  p r e s e n t e d  f o r  each t i r e - s u r f a c e  

combinat i o n .  



Conclusions 

(1) Even t h e  s imple  s t r a i g h t  groove,  unsiped t r e a d  

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

over  t h e  smooth t r e a d .  

(2) Tread p a t t e r n  e f f e c t s  a r e  most s i g n i f i c a n t  a t  

h igh  speeds .  

(3)  S ipes  g i v e  s i g n i f i c a n t  improvement on smooth 

s u r f a c e s .  

( 4 )  Tread p a t t e r n  des ign  i s  impor tant  on smooth s u r f a c e s  

bu t  has  no e f f e c t  on rough s u r f a c e s .  

( 5 )  I n c r e a s i n g  t h e  n~unber and width of grooves improves 

f r i c t i o n .  

( 6 )  Tread p a t t e r n  v a r i a t i o n s  have a  g r e a t e r  e f f e c t  

upon peak B F C  than  on locked wheel BFC. 

( 7 )  Rubber compounds having low r e s i l i e n c e  (high 

h y s t e r e s i s )  gave l a r g e  improvements i n  peak BFC 

(20-50%) over  n a t u r a l  rubber  on a l l  s u r f a c e s .  Less 

improvement was ob ta ined  f o r  locked wheel BFC except  

on s u r f a c e s  having a  ha r sh  m i c r o - t e x t u r e .  

( 8 )  Both peak and locked wheel BFC dec rease  w i t h  

i n c r e a s i n g  speed and t h e  r a t e  of dec rease  wi th  

speed i s  g r e a t e s t  on smooth s u r f a c e s ,  Locked wheel 

va lues  dec rease  more r a p i d l y  than  peak va lues  s o  

t h a t  t h e  r a t i o  of peak t o  locked wheel BFC i n c r e a s e s  

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

( 9 )  Radia l  p l y  c o n s t r u c t i o n  p rov ides  somewhat h i g h e r  

peak BFC than  b i a s  p l y  c o n s t r u c t i o n .  



Reference  # 2 5  

G .  Maycock 

"Experiments on T i r e  Tread P a t t e r n s "  

Road Research Labora tory  Report  L R  1 2 2 ,  1967. 

Goal of T e s t s  

The e f f e c t s  of t r e a d  groove width  and r i b  width  upon peak 

and locked wheel BFC on wet s u r f a c e s  were i n v e s t i g a t e d .  

Equipment 

The t e s t  t i r e s  were f i t t e d  t o  t h e  f r o n t  wheels  o f  a  t e s t  

c a r  w i t h  t h e  b r a k e  sys tem modif ied  s o  t h a t  b r a k e  t o r q u e  could  

be a p p l i e d  a t  a  c o n t r o l l e d  r a t e  t o  t h e  f r o n t  wheels  o n l y .  The 

t e s t  c a r  was ins t rumen ted  t o  measure v e h i c l e  speed  and 

d e c e l e r a t i o n  and t e s t  wheel r o t a t i o n a l  speed .  

A s p r i n k l e r  sys tem was used t o  wet t h e  road  s u r f a c e s .  

Road S u r f a c e s  

S i x  d i f f e r e n t  s u r f a c e s  a t  t h e  RRL t e s t  t r a c k  r e p r e s e n t i n g  

a  wide v a r i e t y  o f  macro- and m i c r o - t e x t u r e s  were used .  

A 

B 

Bi tmian  gravel  ca rpe t  with . Ej~,lciport Rounded Gravel 
Carpe t  / grave:. Tops of stones rourded and 

1 h ~ g h l y  polished. 

Asphalt  with I Hot rolled asphalt  t o  B.S. 59.t with i" 
/ pre-coated chlpplngs rolled into the chippings(B1ack)  I 
I sur face .  

C 

I - 
F Blushed  Conc:,ete 

I 

I Concrete flooring, specially polished f olished conc:ete 
and having very  s m a l l  a sper i t i e s .  

Asphalt  with i Hot rolled asphalt  t o  B.S. 5E:P with $" 
hIeldon white chippings roll1 d into the chippings (White) , surface. 

F ine  Cold Asp;alt 
Cold asphalt  t o  B. S. 1690 us ng blast  
furnace s lag aggregate - a ' sandpaper"  
texture.  



For  a  more d e t a i l e d  d e s c r i p t i o n  o f  s u r f a c e s  A ,  B ,  D ,  and E 

s e e  Re fe r ence  2 7 .  

Water d e p t h  v a r i e d  from s u r f a c e  t o  s u r f a c e  due t o  d i f f e r e n c e s  

i n  t e x t u r e .  On t h e  smooth s u r f a c e s ,  w a t e r  d e p t h  was e s t i m a t e d  

t o  be  . 0 2 - - 0 4  i n c h  above t h e  a s p e r i t i e s ,  

T i r e s  T e s t e d  

A l l  t e s t  t i r e s  were  185 x  1 5  r a d i a l s ,  moulded w i t h  a  smooth 

t r e a d .  S t r a i g h t ,  c i r c u m f e r e n t i a l  g rooves  were  t h e n  c u t  by hand 

t o  a d e p t h  o f  8 m m .  

Two s e t s  o f  e x p e r i m e n t a l  t i r e s  were  p roduced .  For  one s e t ,  

t h e  number o f  r i b s  was v a r i e d  w h i l e  t o t a l  r i b  a r e a  (number o f  

r i b s  x  r i b  w i d t h  x c o n t a c t  l e n g t h )  and t h e  r a t i o  o f  r i b  w i d t h  

t o  g roove  w i d t h  was h e l d  c o n s t a n t .  

Dimensions of Tread  P a t t e r n s  Used i n  Exper iment  1 

Number o f  Groove Width Rib Width Groove Width 
Ribs  ( i n )  ( i n )  Rib Width 

For  t h e  o t h e r  s e t  o f  t i r e s ,  g roove  w i d t h  was v a r i e d  w h i l e  

number o f  r i b s  and r i b  w i d t h  were  h e l d  c o n s t a n t .  



Dimensions of  Tread  P a t t e r n s  Used i n  Exper iment  2 

Nominal Groove Number o f  Groove Width R i b  Width Groove Width 
Width ( i n )  Ribs  (i n) (in> Rib  Width 

5  0 .02  0 . 5  (Nominal)  0.04 

5  0 .10  0 .51  0 .20  

5  0 .215  0.49 0.44 

5  0 .29  0.52 0 .55 

5 0 . 3 6  0 .54  0 .67  

A d d i t i o n a l  t y r e :  

0 . 19  5 0 .20  0.52 0 .38  

T e s t  P rocedu re  

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

o f  e ach  f r o n t  wheel  were  r e c o r d e d  a s  t h e  f r o n t  b r a k e s  were  

g r a d u a l l y  a p p l i e d .  

T e s t s  were  done a t  speeds  o f  2 0  t o  105 mph. 

I n f l a t i o n  p r e s s u r e  was 24 p s i  c o l d  and t i r e  l o a d  was 800 l b s  

f o r  a l l  t e s t s .  

Techniaue  f o r  Ana lyz ing  and P r e s e n t i n g  Data  

Peak and l o c k e d  wheel  BFC were  c a l c u l a t e d  from v e h i c l e  

d e c e l e r a t i o n ,  t a k i n g  i n t o  accoun t  l o a d  t r a n s f e r  and aerodynamic 

d r a g .  

P l o t s  o f  peak and l o c k e d  wheel  BFC v e r s u s  speed  w i t h  t r e a d  

p a t t e r n  a s  a  p a r a m e t e r  were  p r e s e n t e d  f o r  each  s u r f a c e .  

Conc lus ions  

( I )  I n c r e a s i n g  t h e  number of  r i b s  from 5  t o  1 3  d i d  n o t  

improve e i t h e r  peak o r  l o c k e d  wheel  BFC,  e x c e p t  

on t h e  smoo thes t  s u r f a c e  ( p o l i s h e d  c o n c r e t e )  on 

which t h e  f i v e - r i b  t i r e  shows a  somewhat g r e a t e r  

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



( 2 )  For a  g iven  r i b  w i d t h ,  groove d e p t h ,  and w a t e r  

dep th  t h e r e  i s  a  groove wid th  above which no 

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

(3) Tread grooves  a r e  ve ry  impor t an t  on s u r f a c e s  o f  

smooth m a c r o - t e x t u r e ,  b u t  show l i t t l e  o r  no 

e f f e c t  on c o a r s e  t e x t u r e d  s u r f a c e s .  

( 4 )  Locked wheel BFC shows a  g r e a t e r  r e d u c t i o n  w i t h  

i n c r e a s i n g  speed  t h a n  does peak B F C .  



Reference  # 2 6  

J.K. Meades 

"Braking Force C o e f f i c i e n t s  Obtained w i t h  a  Sample of  
C u r r e n t l y  A v a i l a b l e  R a d i a l  P ly  and Crossed P ly  Car T i r e s "  

Road Research Labora tory  Report L R  73, 1967,  

Goal o f  T e s t s  

The wet road  b r a k i n g  performance of  a  sample of  t e n  

commercial ly  a v a i l a b l e  c r o s s  p l y  and r a d i a l  p l y  t i r e s  was 

e v a l u a t e d ,  

Equipment 

The RRL f r o n t  wheel braked  c a r  was used f o r  t h e s e  t e s t s .  

This  v e h i c l e  was modif ied  s o  t h a t  b rake  t o r q u e  can be  g r a d u a l l y  

a p p l i e d  t o  only  t h e  f r o n t  wheels on which t h e  t e s t  t i r e s  a r e  

mounted. The v e h i c l e  i s  i n s t rumen ted  t o  measure v e h i c l e  d e c e l e r a  

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

A s p r i n k l e r  sys tem was used t o  p r o v i d e  a  c o n s i s t e n t  wet 

s u r f a c e .  

Road S u r f a c e s  

T e s t s  were performed on f o u r  s u r f a c e s  a t  t h e  Road Research 

Labora tory  t e s t  t r a c k .  

(1) P o l i s h e d  c o n c r e t e :  very  smooth i n  bo th  macro- 

and m i c r o - t e x t u r e .  Average t e x t u r e  depth  = . 4  mm 

(2) Q u a r t z i t e  c a r p e t :  ve ry  rough m a c r o - t e x t u r e  and 

h a r s h  m i c r o - t e x t u r e .  Average t e x t u r e  dep th  = 2.4  rnm 

(3 )  Aspha l t  w i t h  p r e - c o a t e d  ch ipp ing  t o  motorway 

s p e c i f i c a t i o n :  rough m a c r o - t e x t u r e  and h a r s h  

m i c r o - t e x t u r e .  Average t e x t u r e  depth  = 1 . 5  mm 



( 4 )  Brushed c o n c r e t e :  moderate  m a c r o - t e x t u r e  and 

h a r s h  mic ro -  t e x t u r e .  

Water d e p t h  was m a i n t a i n e d  between . 0 2  and - 0 4  i n c h .  

T i r e s  T e s t e d  

A sample  of f i v e  b i a s  p l y  t i r e s  of  s i z e  6 .40  x 1 5  and f i v e  

r a d i a l  p l y  t i r e s  of  s i z e  185 x  1 5  were  t e s t e d ,  These  t i r e s  

were a l l  commerc ia l ly  a v a i l a b l e  and i n  common u s e  on European 

r o a d s .  Photographs  of  t h e  t i r e  t r e a d s  a r e  p r e s e n t e d .  

T e s t  P rocedu re  

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

a n g u l a r  v e l o c i t y  were  r e c o r d e d  by an o s c i l l o g r a p h  w h i l e  t h e  

f r o n t  b r a k e s  were  g r a d u a l l y  a p p l i e d .  

On s u r f a c e s  ( 1 ) ,  ( 2 )  and (3) speeds  from 25 t o  8 0  mph were  

u sed .  On s u r f a c e  (4)  speeds  up t o  125 mph were u sed .  

T i r e  l o a d  was 800 l b s  and i n f l a t i o n  p r e s s u r e  was 24 p s i  

f o r  a l l  t e s t s .  

Technique f o r  Ana lyz ing  and P r e s e n t i n g  Data  

Values  of  b r a k e  f o r c e  c o e f f i c i e n t  were computed from v e h i c l e  

d e c e l e r a t i o n  d a t a  t a k i n g  i n t o  accoun t  aerodynamic d r a g  and 

we igh t  t r a n s f e r .  

P l o t s  o f  peak  and l ocked  wheel BFC v e r s u s  speed  w i t h  t i r e  

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



Conclus ions  

A t  low s p e e d s ,  r a d i a l  and b i a s  p l y  t i r e s  show about  

t h e  same b r a k i n g  per formance .  However, r a d i a l  t i r e s  

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

excep t  on t h e  ve ry  c o a r s e  s u r f a c e .  

A t  low speeds  t h e  r a t i o  of peak t o  locked wheel BFC 

was about  1 . 5  f o r  a l l  t i r e - s u r f a c e  combinat ions 

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

speed ,  and a t  80 mph it  can range  from 2 . 0  t o  8 . 0  

depending on t h e  s u r f a c e .  



Refe rence  # 2  7 

J.K. Meades 

"The E f f e c t  o f  T i r e  C o n s t r u c t i o n  on Braking Force  
C o e f f i c i e n t "  

Road Research  Labo ra to ry  Repor t  L R  2 2 4 ,  1969.  

Goal of  T e s t s  

The wet road  b r a k i n g  per formance  o f  b i a s  p l y  and r a d i a l  p l y  

t i r e s  hav ing  t h e  same t r e a d  p a t t e r n  and r u b b e r  compound was 

compared. 

Equipment 

The R R L  f r o n t  wheel b r aked  c a r  was u sed .  Th i s  v e h i c l e  was 

mod i f i ed  s o  t h a t  b r a k e  t o r q u e  can b e  g r a d u a l l y  a p p l i e d  t o  o n l y  

t h e  f r o n t  wheels  where t h e  t e s t  t i r e s  a r e  mounted. The v e h i c l e  

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

and t e s t  wheel  a n g u l a r  v e l o c i t y .  

A s p r i n k l e r  sy s t em was used  t o  p r o v i d e  a  c o n s i s t e n t  wet  

s u r f a c e .  

Road S u r f  a ce s  

T e s t s  were  per formed  on s even  s u r f a c e s  a t  t h e  Road Research  

Labo ra to ry  t e s t  t r a c k ,  r e p r e s e n t i n g  t h e  f u l l  r ange  o f  s u r f a c e  

t e x t u r e s .  

(1) M a s t i c  a s p h a l t :  smooth i n  bo th  macro- and mic ro -  

t e x t u r e ,  ave rage  t e x t u r e  dep th  = .1 mm.  

( 2 )  P o l i s h e d  c o n c r e t e :  smooth i n  b o t h  macro- and 

m i c r o - t e x t u r e ,  ave rage  t e x t u r e  d e p t h  = .1 mm. 

(3) F ine  c o l d  a s p h a l t :  modera te  m a c r o - t e x t u r e  and a  

v e r y  h a r s h  m i c r o - t e x t u r e ,  ave rage  t e x t u r e  

dep th  = .4 mm.  



( 4 )  Rounded g r a v e l  macadam: c o a r s e  macro - t ex tu re  bu t  

a  h i g h l y  p o l i s h e d  aggrega te  (smooth m i c r o - t e x t u r e ) ,  

average  t e x t u r e  depth = 1 . 5  mm. 

(5) Asphal t  w i th  p r e - c o a t e d  chipping  t o  motorway 

s p e c i f i c a t i o n :  a  c o a r s e  macro- and h a r s h  micro-  

t e x t u r e ,  average  t e x t u r e  depth  = 1 . 5  mm. 

( 6 )  Flixed aggrega te  (Br idpor t  g r a v e l  and crushed 

q u a r t z i t e ) :  c o a r s e  macro - t ex tu re  and moderate 

m i c r o - t e x t u r e  ( s tones  somewhat p o l i s h e d ) ,  average  

t e x t u r e  depth  = 1 . 7  mm. 

( 7 )  Q u a r t z i t e  macadam: very c o a r s e  and h a r s h  i n  macro- 

and m i c r o - t e x t u r e ,  average t e x t u r e  depth = 2 . 4  m m .  

Water depth  was - 5 - 1 . 0  mm. 

T i r e s  Tes ted  

Four d i f f e r e n t  t i r e s  were t e s t e d :  

(1) Bias  p l y ,  s i z e  5.90 x  1 4 ,  snow t r e a d  p a t t e r n ,  

w i n t e r  t i r e  rubber  compound. 

( 2 )  Rad ia l  p l y ,  s i z e  165 x  1 4 ,  t r e a d  p a t t e r n  and 

compound same as  (1) . 
(3 )  Bias p l y ,  s i z e  155 x  1 3 ,  c i r c u m f e r e n t i a l  grooves 

and s i p e s .  

( 4 )  Radia l  p l y ,  s i z e  155 x  1 3 ,  t r e a d  p a t t e r n  and 

compound same as  ( 3 ) .  

Tes t  Procedure 

Tes t  v e h i c l e  speed and d e c e l e r a t i o n ,  and t e s t  wheel angu la r  

v e l o c i t y  were recorded  a s  t h e  f r o n t  b rakes  were g r a d u a l l y  a p p l i e d  

u n t i l  lockup.  



Speeds from 30 t o  8 0  mph were  u sed .  T i r e  l o a d  was 8 0 0  l b s  

and i n f l a t i o n  p r e s s u r e  was 2 4  p s i  f o r  a l l  t e s t s .  

Technique  f o r  Ana lyz ing  and P r e s e n t i n g  Data  

Values  f o r  peak and l ocked  wheel b r a k e  f o r c e  c o e f f i c i e n t s  

were  computed from t h e  v e h i c l e  d e c e l e r a t i o n  r e c o r d s .  

P l o t s  of  peak and l o c k e d  wheel BFC v e r s u s  speed  f o r  each  

t i r e - s u r f a c e  combina t ion  a r e  p r e s e n t e d .  S t r a i g h t  l i n e s  were  

f i t t e d  t o  t h e  d a t a  by t h e  method of l e a s t  s q u a r e s .  

Conc lus ions  

(1)  The r a d i a l  p l y  t i r e s  gave h i g h e r  peak BFC on a l l  

s u r f a c e s .  The d i f f e r e n c e s  were  s m a l l  on s u r f a c e s  

hav ing  c o a r s e  m a c r o - t e x t u r e  and were g r e a t e s t  on 

s u r f a c e s  w i t h  smooth m a c r o - t e x t u r e  and h a r s h  

m i c r o - t e x t u r e .  

( 2 )  The d i f f e r e n c e  between r a d i a l  and b i a s  p l y  t i r e s  

f o r  l ocked  wheel BFC i s  s m a l l .  

(3) The c o n c l u s i o n s  s t a t e d  above a p p l y  t o  b o t h  snow 

t r e a d e d  and r e g u l a r  highway t r e a d e d  t i r e s .  

( 4 )  Locked wheel  BFC d e c r e a s e s  more r a p i d l y  w i t h  

i n c r e a s i n g  speed  t h a n  does  peak BFC, and peak 

v a l u e s  were  h i g h e r  t h a n  l ocked  wheel v a l u e s .  



Reference #28 

Samuel Mercer,  J r .  

"Locked Wheel Skid Performance of  Various T i r e s  on 
Clean,  Dry Road Sur faces"  

Highway Research Board B u l l e t i n  No. 186,  1958, pp.  8-25 

Goal of  T e s t s  

Locked wheel brake  f o r c e  c o e f f i c i e n t s  on dry road  s u r f a c e s  

of s e v e r a l  d i f f e r e n t  t i r e s  a s  a f f e c t e d  by speed and t i r e  load  

were e v a l u a t e d .  

Equipment 

T e s t s  were performed u s i n g :  

(1) a  two-wheel s k i d  t r a i l e r  

( 2 )  a  1956 Chevrolet  s t a t i o n  wagon 

(3)  a  1956 Chevrole t  fou r -door  sedan .  

Road Sur faces  

T e s t s  were performed on t h r e e  s u r f a c e s :  

(1) Bituminous a s p h a l t  

( 2 )  P o r t l a n d  cement c o n c r e t e  

(3)  A 5 0 0 - f t .  s e c t i o n  of  a  h e a v i l y  t r a v e l e d  a s p h a l t  

p u b l i c  highway. 

T i r e s  Tes ted  

F i r e s t o n e ,  Goodyear, U.S.  Royal ,  and B.F. Goodrich each 

c o n t r i b u t e d  twelve 6.70 x 15 b i a s  p l y ,  s y n t h e t i c  r u b b e r ,  

t u b e l e s s  t i r e s .  Tread p a t t e r n s  were somewhat d i f f e r e n t ,  bu t  

a l l  had c i r c u m f e r e n t i a l  grooves and s i p e s .  



T e s t  Procedure  

For t h e  f r i c t i o n  t r a i l e r  t e s t s ,  t h e  t i r e s  were mounted i n  

p a i r s  and l oaded  t o  1000 l b s  a t  an  i n f l a t i o n  p r e s s u r e  o f  28  p s i .  

Four t e s t  r uns  were made f o r  each combina t ion  of  t e s t  c o n d i t i o n s .  

Speeds o f  10-50  mph were used .  Road s u r f a c e  t e m p e r a t u r e  was 

measured and one s e t  of t i r e s  was t e s t e d  p e r i o d i c a l l y  a s  a  c o n t r o l .  

With one s e t  o f  t i r e s ,  t h e  e f f e c t  o f  l o a d  was i n v e s t i g a t e d  by 

t e s t i n g  a t  l o a d s  from 7 7 0  t o  1500 l b s  p e r  t i r e .  

Locked wheel s t o p p i n g  d i s t a n c e  t e s t s  were per formed  u s i n g  

i n i t i a l  speeds  o f  30 ,  40, 50 and 7 0  mph. 

A l l  t e s t  t i r e s  were b roken  i n  by 200 m i l e s  o f  normal 

d r i v i n g  p r i o r  t o  t e s t i n g .  

Technique f o r  Analyzing and P r e s e n t i n g  Data 

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

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

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

was r e c o r d e d  a s  d a t a  and t h e  r e s u l t s  of f o u r  r u n s  were  ave raged .  

From t h e  l ocked  wheel s t o p p i n g  d i s t a n c e  d a t a ,  ave rage  v a l u e s  

of  b r a k i n g  f o r c e  c o e f f i c i e n t  were computed. The d a t a  i s  t a b u l a t e d  

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

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

The s t o p p i n g  d i s t a n c e  d a t a  was ana lyzed  t o  de t e rmine  t h e  

accu racy  w i t h  which i n i t i a l  speed  can b e  de te rmined  by measur ing 

t h e  l e n g t h s  of  s k i d  marks on a  d ry  s u r f a c e .  

Conc lus ions  

( I )  On d r y  s u r f a c e s ,  l ocked  wheel b r a k i n g  f o r c e  

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

( 2 )  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 e c r e a s e s  

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



D i f f e r e n c e s  of 1 0 %  i n  b rak ing  performance were 

found between t i r e s  of  d i f f e r e n t  b rands .  

Only sma l l  d i f f e r e n c e s  i n  dry  f r i c t i o n  were found 

between t h e  t h r e e  s u r f a c e s .  

No s i g n i f i c a n t  changes i n  d ry  f r i c t i o n  w i t h  

changing s u r f a c e  t empera tu re  was d e t e c t e d  i n  t h e  

range  of  6 5 - 1 1 0 ° F .  

Speed e s t i m a t e s  based  on t h e  l e n g t h  o f  s k i d  marks 

on d ry  pavements a r e  a c c u r a t e  t o  w i t h i n  1 0 % .  



REFERENCE #29 

A .  H .  N e i l l ,  J r .  

"Wet T r a c t i o n  of  T r a c t i o n i z e d  T i r e s "  

N a t i o n a l  Bureau o f  S t a n d a r d s ,  Techn ica l  Note 566,  1971 

GOAL OF TESTS 

To de t e rmine  t h e  e f f e c t  of  s i p e s  upon c o r n e r i n g  t r a c t i o n  and 

l ocked  wheel s t o p p i n g  d i s t a n c e  on wet road  s u r f a c e s .  

EQUIPMENT USED 

A d i a g o n a l  b r a k e d ,  1968 Chev ro l e t  was used  f o r  bo th  s t o p p i n g  

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

A w a t e r i n g  t r u c k  was used  t o  wet t h e  road  s u r f a c e s .  

ROAD SURFACES 

SN Value 
S topp ing  
D i s t a n c e  J -  Curve 

Pavement Pads Pads 
No. D e s c r i p t i o n  (50-20 mph) (40 mph) 

1 Rounded S i l i c e o u s  Grave l  42-46 50 

Crushed S i l i c e o u s  Grave l  43-49 5  1 

4  S l a g  and Limestone Sc reen ings  7 - 1 8  24 

Rounded S i l i c e o u s  Grave l  42-61  43 
( P . C .  Conc re t e )  

S u r f a c e s  2 ,  4 ,  and 5 were used f o r  b r a k i n g  t e s t s  and s u r f a c e s  

1 and 2 f o r  c o r n e r i n g  t e s t s .  

Average w a t e r  dep th  was m a i n t a i n e d  a t  app rox ima te ly  - 0 5  i n c h .  

The same volume of  w a t e r  p e r  u n i t  s u r f a c e  a r e a  was u sed  f o r  a l l  

s u r f a c e s .  Due t o  d i f f e r i n g  t e x t u r e  d e p t h s ,  t h e  d e p t h  of  w a t e r  above 

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



Ambient t e m p e r a t u r e  v a r i e d  from 73-87°F w i t h  a  mean of  

81'. 

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

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

TIRES TESTED 

Twenty- four  b i a s - b e l t e d  t i r e s ,  a l l  o f  t h e  same s i z e ,  r u b b e r  

compound, and t r e a d  p a t t e r n  ( n o t  s p e c i f i e d ) ,  some s i p e d  and some 

u n s i p e d ,  were  t e s t e d .  

Two methods o f  s i p i n g  were u s e d :  (1) e i g h t  c u t s  p e r  i n c h  a t  

90' t o  t h e  d i r e c t i o n  o f  t r a v e l ;  ( 2 )  s even  c u t s  p e r  i n c h  t o  a  dep th  

of  7/32 i n c h  a t  65"  t o  t h e  d i r e c t i o n  of  t r a v e l .  

A l l  t i r e s  were  r u n  i n  w i t h  100 m i l e s  o f  d r i v i n g ,  e x c e p t  e i g h t  

t i r e s  s i p e d  by method ( 2 )  were d r i v e n  f o r  8000 m i l e s  a f t e r  which 

t h e  s i p e s  were  4 /32  deep .  

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

o f f  t o  make t h e  t i r e s  round .  

There  i s  no i n d i c a t i o n  whe the r  o r  n o t  t h e  s i p e s  open i n t o  a  

g r o o v e ,  

TEST PROCEDURE 

Locked wheel  b r a k i n g  t r a c t i o n  was e v a l u a t e d  by measu r ing  

s t o p p i n g  d i s t a n c e  o f  t h e  d i a g o n a l  b r a k e d  a u t o m o b i l e .  Co rne r ing  

t r a c t i o n  was e v a l u a t e d  by measur ing  s p e e d  a t  breakaway on a  s k i d  

pad  of  2 8 8 - f o o t  r a d i u s .  

Four t e s t  r u n s  f o r  each  combina t i on  o f  s p e e d ,  t i r e ,  and s u r f a c e  

were  made. The s p e e d ,  t i r e ,  and s u r f a c e  combina t i ons  were t e s t e d  

i n  random o r d e r  t o  minimize e x t r a n e o u s  e f f e c t s  such  a s  t e m p e r a t u r e .  

Speeds  of  2 0 ,  3 0 ,  4 0  and 50 mph were  u s e d .  

T i r e  l o a d  was 1270 l b s .  f o r  a l l  t e s t s .  



TECHNIQUE FOR ANALYZING AND PRESENTING DATA 

The r e s u l t s  were p r e s e n t e d  i n  a  t a b l e  g i v i n g  s t o p p i n g  d i s t a n c e  

and s p e e d  a t  breakaway f o r  b o t h  s i p e d  and uns iped  t i r e s  f o r  e ach  

s p e e d - s u r f a c e  combina t i on .  A l s o ,  a  p l o t  o f  s t o p p i n g  d i s t a n c e  

v e r s u s  s peed  f o r  each  s u r f a c e  i s  p r e s e n t e d .  

Each d a t a  p o i n t  i s  an a v e r a g e  o f  f o u r  t e s t  r u n s .  

CONCLUSION 

S i p e s  n e i t h e r  improve n o r  deg rade  t h e  wet  t r a c t i o n  per fo rmance  

o f  t i r e s .  



Reference #30  

B,E. Sabey 

"Road Sur face  Texture  and t h e  Change i n  Skidding 
R e s i s t a n c e  wi th  Speed" 

Road Research Labora tory  Report No. 2 0 ,  1966. 

Goal of  T e s t s  

Locked wheel braking  f o r c e  c o e f f i c i e n t s  were measured on 

s e v e r a l  road  s u r f a c e s  f o r  which t e x t u r e  was a l s o  measured. The 

degree  of  c o r r e l a t i o n  between t h e  r a t e  of d e c r e a s e  of b rak ing  

f o r c e  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  speed and s u r f a c e  t e x t u r e  depth  

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

Equipment 

A s ing le -whee l  s k i d  t r a i l e r  was used t o  g a t h e r  locked wheel 

b rak ing  f o r c e  d a t a .  

Road S u r f a c e s  

A l a r g e  sample of c o n c r e t e  and a s p h a l t  s u r f a c e s  having 

v a r i o u s  t e x t u r e s  were t e s t e d .  

T i r e s  Tes ted  

A l l  t e s t s  were performed w i t h  a  smooth t r e a d  t i r e .  

T e s t  Procedure 

Braking f o r c e  t e s t s  were done a t  3 0 ,  5 0 ,  and 80  mph. Sur face  

t e x t u r e s  were measured us ing  two methods: (1) t h e  sand p a t c h  

method which measures average  t e x t u r e  d e p t h ,  and ( 2 )  a s t e r e o  

photogrammetr ic  t echn ique  from which t h e  p r o f i l e  r a t i o  can be 

d e r i v e d .  The p r o f i l e  r a t i o  i s  d e f i n e d  a s  t h e  r a t i o  of t h e  l e n g t h  



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

t h i s  r a t i o  depends b o t h  upon t e x t u r e  d e p t h  and t h e  s h a p e  o f  

t h e  a s p e r i t i e s .  

Technique f o r  Ana lyz ing  and P r e s e n t i n g  Data  

F i v e  t y p e s  o f  c o r r e l a t i o n s  between s k i d  r e s i s t a n c e  i n  t h e  

s p e e d  r ange  30 mph t o  50 mph and s u r f a c e  t e x t u r e  were  i n v e s t i g a t e d :  

(1)  t h e  d e c r e a s e  o f  BFC v e r s u s  a v e r a g e  t e x t u r e  

d e p t h  

( 2 )  t h e  p e r c e n t a g e  d e c r e a s e  o f  BFC v e r s u s  a v e r a g e  

t e x t u r e  dep th  

( 3 )  t h e  d e c r e a s e  o f  BFC v e r s u s  p r o f i l e  r a t i o  

( 4 )  t h e  p e r c e n t a g e  d e c r e a s e  o f  BFC v e r s u s  

p r o f i l e  r a t i o  

( 5 )  t h e  p e r c e n t a g e  d e c r e a s e  o f  BFC v e r s u s  t h e  

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

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

l i n e s  a r e  p l o t t e d ;  and c o r r e l a t i o n  c o e f f i c i e n t s  a r e  computed. 

Conc lus ions  

A knowledge o f  t h e  d e c r e a s e  i n  b r a k i n g  f o r c e  i n  t h e  

s p e e d  r a n g e  30 mph t o  50 mph i s  n o t  s u f f i c i e n t  t o  

p r e d i c t  t h e  f r i c t i o n  pe r fo rmance  o f  a  s u r f a c e  a t  

80  mph. 

A s i g n i f i c a n t  c o r r e l a t i o n  was e s t a b l i s h e d  between 

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

o f  30 mph t o  80 mph and a v e r a g e  t e x t u r e  d e p t h .  From 

t h i s  c o r r e l a t i o n ,  two c o n c l u s i o n s  can  b e  made: 

( a )  i f  a v e r a g e  t e x t u r e  d e p t h  i s  l e s s  t h a n  , 0 1  i n c h ,  

low v a l u e s  o f  BFC w i l l  b e  o b t a i n e d  a t  80 mph even  



i f  t h e  v a l u e  a t  low speeds  i s  h i g h ,  and ( b )  an 

average  t e x t u r e  depth  of  . 0 2 5  i nch  w i l l  r e s t r i c t  

t h e  & c r e a s e  of  BFC i n  t h e  speed  range  30 mph t o  

80 mph t o  2 5 %  o r  l e s s  of t h e  30 mph v a l u e .  

The p r o f i l e  r a t i o  i s  a  somewhat b e t t e r  measure 

of  s u r f a c e  t e x t u r e  than  average  t e x t u r e  depth  

because  i t  depends t o  some e x t e n t  upon t h e  

sha rpness  of t h e  a s p e r i t i e s .  Somewhat b e t t e r  

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



Reference  #31 

K .  H .  Schulze  and L .  Beckman 

" F r i c t i o n  P r o p e r t i e s  of Pavements a t  D i f f e r e n t  Speeds" 

Skid R e s i s t a n c e ,  ASTM S p e c i a l  Techn ica l  P u b l i c a t i o n  
No. 326 ,  1962.  

Goal o f  T e s t s  

To measure wet s k i d  r e s i s t a n c e  of a  l a r g e  sample o f  p u b l i c  

road  s u r f a c e s ;  t o  c o r r e l a t e  average  s u r f a c e  vo id  w id th  w i t h  t h e  

speed  dependency of  BFC; t o  c o r r e l a t e  BFC w i t h  a  s u r f a c e  wear 

i ndex ;  and t o  c o r r e l a t e  peak and locked  wheel BFC. 

Equipment 

A s i n g l e  wheel s k i d  t r a i l e r .  

T i r e s  Tes t ed  

Not s p e c i f i e d .  

Road Su r f ace s  

A t o t a l  o f  4 8  f i n e  a s p h a l t i c  c o n c r e t e ,  m a s t i c  a s p h a l t ,  and 

P o r t l a n d  cement c o n c r e t e  s u r f a c e s  were t e s t e d .  

Mean vo id  w i d t h ,  de te rmined  from s t e r e o  pho tog raphs ,  was 

used a s  a  measure of s u r f a c e  t e x t u r e .  

Water dep th s  and method of  w e t t i n g  t h e  s u r f a c e s  were n o t  

s p e c i f i e d .  

Tes t  Procedure  

A t o t a l  o f  6 0 0  locked  wheel B F C  measurements were made. 

Twenty peak BFC measurements were made. 

Speeds of  2 0 ,  4 0 ,  6 0  and 8 0  km/hr were used .  



For t h e  s u r f a c e  wear s t u d y ,  locked wheel BFC was measured 

on both  l a n e s  of  f o u r - l a n e  roads  and t r a f f i c  d e n s i t y  d a t a  was 

g a t h e r e d  f o r  each l a n e .  

Techniques f o r  A n a l y z i n g  anrl  I ' rcscnt  i n g  I);ita 

S t a t i s t i c a l  methods were used t o  perform t h e  c o r r e l a t i o n s .  

Data i s  p r e s e n t e d  i n  bo th  t a b u l a r  and g r a p h i c a l  form. 

Conclusions 

A s i g n i f i c a n t  c o r r e l a t i o n  was found between s l o p e  of  t h e  BFC 

v e r s u s  speed  curve  and mean s u r f a c e  v o i d  wid th  ( c o r r e l a t i o n  

c o e f f i c i e n t  = - 8 7 ) .  

The s u r f a c e  wear s t u d y  shows t h a t  t h e  e f f e c t  of s u r f a c e  wear 

i s  t o  i n c r e a s e  t h e  s l o p e  of t h e  BFC v e r s u s  speed  cu rve .  This  

s t u d y  a l s o  r e v e a l e d  t h a t  m a s t i c  a s p h a l t  s u r f a c e s  wear more r a p i d l y  

t h a n  cement c o n c r e t e  s u r f a c e s ;  bu t  s i n c e  a s p h a l t  has  h i g h e r  

f r i c t i o n  when new, they  b o t h  t e n d  t o  approach t h e  same s k i d  

r e s i s t a n c e  i n  t h e  worn s t a t e .  

Peak and locked wheel BFC c o r r e l a t e  s u f f i c i e n t l y  w e l l  t h a t  

t h e  above conc lus ions  d e r i v e d  from locked  wheel t e s t s  should  a l s o  

be  v a l i d  f o r  peak BFC. 



Refe rence  # 3 2  

L .  S e g e l  

" T i r e  T r a c t i o n  on Dry,  Uncontaminated S u r f a c e s "  

Pape r  p r e s e n t e d  a t  a  Symposium on t h e  "Phys i c s  o f  T i r e  
T r a c t i o n ,  Theory and Exper iment"  a t  t h e  Genera l  Motors 
Research  L a b o r a t o r i e s ,  Oc t .  1973.  

Goal o f  T e s t s  

The t r a c t i o n  f i e l d s *  o f  s e v e r a l  t i r e s  on two d r y  road  

s u r f a c e s  were  measured t o  i n v e s t i g a t e  t h e  e f f e c t s  of  t h e  f o l l o w i n g  

v a r i a b l e s  : 

(1) road  s u r f a c e  

( 2 )  speed  

(3) c a r c a s s  c o n s t r u c t i o n  ( b i a s ,  b e l t e d  b i a s ,  r a d i a l )  

( 4 )  a s p e c t  r a t i o  

(5)  t r e a d  s h o u l d e r  wear 

Equipment 

The mobi le  t i r e  t e s t e r  o f  t h e  Highway S a f e t y  Research  I n s t i t u t e  

was u sed  f o r  t h e s e  t e s t s .  

*A " t r a c t i o n  f i e l d "  f o r  a  g i v e n  t i r e - s u r f a c e - l o a d - i n f l a t i o n  
p r e s s u r e - s p e e d  combina t ion  i s  a c o l l e c t i o n  o f  d a t a  which d e f i n e s  
t h e  f o l l o w i n g  f u n c t i o n a l  r e l a t i o n s h i p :  

where 
F = l o n g i t u d i n a l  ( b r a k i n g )  f o r c e  

X 
F = l a t e r a l  ( c o r n e r i n g )  f o r c e  
Y 

sx = l o n g i t u d i n a l  ( b r a k i n g )  s l i p  

Y 
= l a t e r a l  s l i p  ( t a n a ,  a = s l i p  a n g l e )  



IN Road S u r f a c e s  

Two s u r f a c e s  a t  t h e  Autoniotive Proving Grounds, I n c . ,  i n  

Pecos ,  Texas were t e s t e d :  

(1) a  c o a r s e  a g g r e g a t e  bi tuminous c o n c r e t e  ( a s p h a l t )  

s u r f a c e  w i t h  s l i g h t  macro- and moderate  

m i c r o - t e x t u r e  

( 2 )  a  brushed  P o r t l a n d  cement c o n c r e t e  s u r f a c e  w i t h  

s l i g h t  macro- and moderate  m i c r o - t e x t u r e .  

T i r e s  Tes ted  

T r a c t i o n  f i e l d s  were o b t a i n e d  f o r  a  sample of  e l e v e n  

commercial ly  a v a i l a b l e  t i r e s  s e l e c t e d  t o  p r o v i d e  a  s y s t e m a t i c  

v a r i a t i o n  i n  a s p e c t  r a t i o  and c a r c a s s  c o n s t r u c t i o n  whi l e  having  

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

T i r e  Aspect  Carcass  Number o f  Tread 
S i z e  R a t i o  C o n s t r u c t i o n  Tread Ribs T V i  d t  h  

F78-14 - 8 0  Bias 7 6 .00 

F78-14 - 8 0  Bias  7 5.75 

F70-14 - 7 4  Bias  7 6 .50 

F78-14 - 8 0  B e l t e d - B i a s  7 5.75 

F78-14 .80  B e l t e d - B i a s  7 5.70 

F78-14 .80 Be l t ed -Bias  7 5.75 

F70-14 . 7 4  B e l t e d - B i a s  7 6.30 

F70-14 .74  Be l t ed -Bias  7 6.50 

F60-14 . 5 9  Be l t ed -Bias  9 8.00 

FR70-14 . 7 1  Rad ia l  5 6.50 

FR70-14 . 7 1  Rad ia l  7 6.50 

A sample of twe lve  t i r e s  were t e s t e d  f o r  t h e  e f f e c t  of  

s h o u l d e r  wear .  These were o r i g i n a l  equipment t i r e s  on t h e  v e h i c l e s  

used i n  a  s t u d y  of  l i m i t  hand l ing  performance a s  i n f l u e n c e d  by 

d e g r a d a t i o n  of s t e e r i n g  and suspens ion  sys t ems ,  and r e p r e s e n t  a 

wide v a r i e t y  of  s i z e s ,  c o n s t r u c t i o n ,  and t r e a d  p r o f i l e s .  



Test  Procedure 

To ob ta in  t h e  t r a c t i o n  f i e l d  d a t a ,  l o n g i t u d i n a l  s l i p  was 

v a r i e d  from 0 t o  1 . 0  ( f r e e - r o l l i n g  - lockup) whi le  t h e  t e s t  t i r e  

was run a t  cons tan t  s l i p  a n g l e .  This  procedure  was r epea ted  

f o r  s e v e r a l  s l i p  ang les  up t o  1 6  degrees  f o r  each t i r e  and s u r f a c e  

a t  speeds of 2 0  and 40 mph. I n f l a t i o n  p r e s s u r e  was 28 p s i  f o r  

a l l  t e s t s  and t i r e  loads  between 800 and 1 1 0 0  pounds were used .  

Braking f o r c e ,  co rne r ing  f o r c e ,  a l i g n i n g  moment, and t e s t  wheel 

r o t a t i o n a l  speed were recorded  on magnetic t a p e .  

For t h e  t r e a d  wear s t u d y ,  f r e e  r o l l i n g  co rne r ing  f o r c e  was 

recorded  on a  s t r i p  c h a r t  r e c o r d e r  wh i l e  t h e  t e s t  t i r e  was run 

a t  a  s l i p  ang le  of 2 0  d e g r e e s ,  a t  4 0  mph, under a  load  of  1550 

pounds. Tread p r o f i l e  shape was recorded  a t  r e g u l a r  i n t e r v a l s  

du r ing  t h i s  t e s t .  

Technique f o r  Analyzing and P r e s e n t i n g  Data 

The t r a c t i o n  f i e l d  d a t a  s t o r e d  on magnetic t ape  was processed  

us ing  a  hybr id  computer on which i t  was d i g i t i z e d ,  f i l t e r e d ,  

averaged ,  and p l o t t e d .  

The t r e a d  wear d a t a  was analyzed by p l o t t i n g  co rne r ing  

f o r c e  c o e f f i c i e n t  ve r sus  d i s t a n c e  t r a v e l e d  which was a l s o  

c o r r e l a t e d  wi th  t h e  amount of t r e a d  wear.  

Conclusions 

In f luence  of Speed and Sur face  

(1) Brake f o r c e  ve r sus  l o n g i t u d i n a l  s l i p  cha rac -  

t e r i s t i c s  a r e  h i g h l y  s e n s i t i v e  t o  speed and 

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

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

(2) Peak l o n g i t u d i n a l  f o r c e  and t h e  va lue  of  s l i p  

a t  which t h e  peak occurs  both  dec rease  w i t h  

i n c r e a s i n g  speed .  



(3)  The v a l u e  of s l i p  a t  which peak l o n g i t u d i n a l  

f o r c e  i s  ob ta ined  i s  ve ry  s e n s i t i v e  t o  s u r f a c e  

c h a r a c t e r i s t i c s .  On t h e  a s p h a l t  s u r f a c e  t h e  

peak occur s  a t  20-30% s l i p ,  wh i l e  on t h e  c o n c r e t e  

s u r f a c e  maximum f o r c e  i s  ob ta ined  a t  lockup.  

B. I n f l u e n c e  of Carcass  Cons t ruc t ion  and Aspect R a t i o  

(1) No c l e a r  t r e n d s  w i t h  r e s p e c t  t o  c a r c a s s  c o n s t r u c t i o n  

o r  a s p e c t  r a t i o  were e s t a b l i s h e d .  Sys temat i c  

t e s t i n g  us ing  s p e c i a l l y  c o n s t r u c t e d  t i r e s  i s  

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

C .  I n f l u e n c e  of Tread Shoulder  Wear 

(1) T i r e s  having s h a r p  c o r n e r s  a t  t h e  t r e a d  s h o u l d e r  

show a  h igh  degree  o f  s e n s i t i v i t y  of peak c o r n e r i n g  

f o r c e  t o  sma l l  amounts of s h o u l d e r  wear .  (See t h e  

i l l u s t r a t i o n  on fo l lowing  p a g e . )  

The amount of change 

due t o  shou lde r  wear 

a  s i g n i f i c a n t  a f f e c t  

c h a r a c t e r i s t i c s  of a  

i n  peak c o r n e r i n g  f o r c e  

can be s u f f i c i e n t  t o  have 

upon t h e  l i m i t  hand l ing  

v e h i c l e .  

(3) I t  seems reasonab le  t o  hypo thes i ze  t h a t  t h i s  

s e n s i t i v i t y  t o  shou lde r  wear i s  due t o  a  l a r g e  

v a r i a t i o n  i n  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  due t o  

sma l l  amounts of s h o u l d e r  wear .  

D .  Combined Long i tud ina l  and L a t e r a l  S l i p  

(1) The l i m i t i n g  s h e a r  f o r c e  c a p a b i l i t y  of pneumatic 

t i r e s  cannot  g e n e r a l l y  be  d e s c r i b e d  us ing  t h e  

" f r i c t i o n  e l l i p s e "  concept .  Real t i r e  behavior  

i s  o f t e n  more complex, 



l* lor a Asphal t  

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

cr=20° F =1550 U~iroyal L76-15 F a s t r a k  z 
Tire Sample  No. 1 



Reference  # 3 3  

F.D. Smithson and F.H. Herzegh 

" I n v e s t i g a t i o n  of  Tire-Road T r a c t i o n  P r o p e r t i e s "  

SAE Paper No. 710091, 1 9 7 1  

Goal of T e s t s  

The e f f e c t s  of road  s u r f a c e  t e x t u r e ,  t r e a d  p a t t e r n ,  and 

rubber  compound upon peak and locked-wheel  b rake  f o r c e  

c o e f f i c i e n t  on wet s u r f a c e s  were i n v e s t i g a t e d .  

Equipment 

The t e s t s  were performed w i t h  t h e  General  Motors f r i c t i o n  

t e s t  t r a i l e r  and w i t h  a  B . F .  Goodrich f r o n t  wheel braked c a r .  

T i r e s  Tes ted  

Four d i f f e r e n t  b i a s  p l y  t i r e s  were t e s t e d :  

(1) A s t a n d a r d  B.F. Goodrich p r o d u c t i o n  t i r e  having 

s i x  c i r c u m f e r e n t i a l  grooves and s iped . ,  and made 

of S ty rene -Butad iene  rubber  (SBR) . 
( 2 )  Same a s  (1) bu t  made of  n a t u r a l  r u b b e r .  

(3) An uns iped  t i r e  having f o u r  s t r a i g h t  c ircum- 

f e r e n t i a l  g rooves ,  and made of  SBR r u b b e r .  

( 4 )  Same a s  (3) b u t  made of n a t u r a l  r u b b e r .  

Road S u r f a c e s  

Four t een  d i f f e r e n t  road  s u r f a c e s  were t e s t e d ;  e i g h t  s p e c i a l  

t e s t  s u r f a c e s  and s i x  p u b l i c  highway s u r f a c e s  known t o  be s i t e s  

of  f r e q u e n t  s k i d d i n g  a c c i d e n t s .  These s u r f a c e s  r e p r e s e n t  a  wide 

v a r i e t y  of  macro- and m i c r o - t e x t u r e s .  



T e s t  P rocedu re  

Peak and l ocked  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  were  

e v a l u a t e d  f o r  each  t i r e - s u r f a c e  combina t ion  a t  2 0 ,  4 0 ,  and 60  mph. 

Method o f  Ana lyz ing  and P r e s e n t i n g  Data  

Brak ing  f o r c e  v a l u e s  were  o b t a i n e d  d i r e c t l y  from t h e  f r i c t i o n  

t r a i l e r  and d e r i v e d  from v e h i c l e  d e c e l e r a t i o n  of  t h e  f r o n t  wheel  

b r aked  c a r .  Each d a t a  p o i n t  i s  an a v e r a g e  o f  10 t e s t  r u n s .  

For  each  s u r f a c e ,  p l o t s  of peak BFC and l ocked  wheel BFC 

v e r s u s  speed  w i t h  t i r e  t y p e  a s  a  pa r ame te r  a r e  p r e s e n t e d .  

Conc lus ions  

(1) T i r e s  hav ing  d i f f e r e n t  r u b b e r  compounds show 

d i f f e r e n t  f r i c t i o n  v a l u e s  o n l y  on s u r f a c e s  hav ing  

h a r s h  m i c r o - t e x t u r e .  Hence, a  s u r f a c e  hav ing  a  

h a r s h  m i c r o - t e x t u r e  must b e  u sed  i n  t i r e  t r a c t i o n  

t e s t s  i f  compound d i f f e r e n c e s  a r e  t o  b e  accoun ted  

f o r .  

( 2 )  S i p e s  improve b o t h  peak  and l ocked  wheel  BFC o n l y  

on smooth p o l i s h e d  s u r f a c e s .  

( 3 )  The t y p i c a l  s l i p p e r y  p u b l i c  highway s u r f a c e  ha s  a  

c o a r s e  m a c r o - t e x t u r e  b u t  r e l a t i v e l y  l i t t l e  m ic ro -  

t e x t u r e .  S i p e s  and h i g h  h y s t e r e s i s  r u b b e r  

compounds b o t h  improve t r a c t i o n  on t h e s e  s u r f a c e s .  

( 4 )  For t h e  pu rpose  o f  d e f i n i n g  t h e  t r a c t i o n  p r o p e r t i e s  

of a  s u r f a c e ,  i t  i s  p roposed  t h a t  t h e  s u r f a c e  b e  

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

( a )  r i b b e d  b u t  u n s i p e d  t i r e  of  S B R  compound 

(b)  r i b b e d  b u t  u n s i p e d  t i r e  made of n a t u r a l  r u b b e r  

( c )  smooth t r e a d  t i r e  made o f  n a t u r a l  r ubbe r  

(d) a  r i b b e d  and s i p e d  t i r e  made o f  n a t u r a l  r u b b e r .  



Reference  # 34 

G . C .  Staughton  

"The E f f e c t  of Tread P a t t e r n  Depth on Skidding 
Res i s t ance"  

Road Research Labora tory  Report  LR 323, 1970 

Goal of  T e s t s  

The e f f e c t s  of  t r e a d  groove d e p t h ,  speed ,  and s u r f a c e  

t e x t u r e  upon peak and locked wheel b r a k e  f o r c e  c o e f f i c i e n t  on wet 

s u r f a c e s  were de termined.  

Equipment 

The t e s t  t i r e s  were f i t t e d  t o  t h e  f r o n t  wheels  of a  t e s t  

c a r  (E- type  J a g u a r )  w i t h  i t s  b r a k e  system modif ied  s o  t h a t  b rake  

t o r q u e  could  be a p p l i e d  a t  a c o n t r o l l e d  r a t e  t o  t h e  f r o n t  wheels  

o n l y .  

A s p r i n k l e r  system was used t o  wet t h e  s u r f a c e s .  

Road S u r f a c e s  

S i x  s u r f a c e s  a t  t h e  Road Research Labora to ry  t e s t  t r a c k  

were used .  These s u r f a c e s  r e p r e s e n t  t h e  f u l l  range of  t e x t u r e s  

found on p u b l i c  r o a d s .  



Texture Avernge 

hlttcro blicro Texture tlepth 
Cl"' 

Smooth concrete Monolithic Granolithic concrete Smooth Polished 100 
flooring specially polished and 
having very small asperities 

hlastic asphalt Smooth fine textured surface Smooth Polished 1 0 0  

Fine textured asphal t  Fine cold asphalt with blast Smooth Harsh 400 
furnace s lag  aggregate - harsh 
sandpaper texture surface 

ilixed aggregate macadam Bitumen macadam with 60% Rough Semi- 1700 
Bridport gravel and 409 Polished 
crushed quartzite - coarse 
texture 

Rridport gravel macadam Bitumen macadam with 100% Rough Polished 1500 
Bridport gravel - tops of 
s tones rounded and highly 
polished - coarse textured 

Asphalt to  llotorway Hot rolled asphalt with pre- Rough Flarsh 1500 
Specification coated chippings rolled into 

surface - coarse textured 

Water dep th  was main ta ined  c o n s t a n t  throughout  t h e  t e s t  

program f o r  each s u r f a c e ,  b u t  v a r i e d  from s u r f a c e  t o  s u r f a c e  

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

face 

Fine textured asphult 

l las t ic  asphalt 

Smooth concrete 

Asphalt to Yotorway specification 

Rridport gravel macadam 

hlixed aggregate macadam 

Rater dept l~ 

Pn' 



T i r e s  Tes ted  

Two commercially a v a i l a b l e  5.60 x 1 3  t i r e s  of c r o s s  p l y  

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

T e s t  Procedure 

Veh ic l e  d e c e l e r a t i o n  and speed ,  and t h e  r o t a t i o n a l  speed o f  

each f r o n t  wheel were recorded  a s  t h e  f r o n t  b rakes  of  t h e  t e s t  

v e h i c l e  were g r a d u a l l y  a p p l i e d .  

T r a c t i o n  t e s t s  were done a t  i n t e r v a l s  of 5,000 km of normal 

d r i v i n g  u n t i l  t h e  t r e a d  was worn t o  a  depth  o f  2 m m ,  a f t e r  

which t e s t s  were run a t  500 km i n t e r v a l s .  

Concurrent ly  w i t h  t h e  t e s t  t i r e s ,  t r a c t i o n  measurements were 

made w i t h  a  smooth t r e a d  c o n t r o l  t i r e  t o  compensate f o r  v a r i a t i o n s  

i n  s u r f a c e  t empera tu re  and water  d e p t h ,  and f o r  s e a s o n a l  e f f e c t s .  

Tread depth  was e v a l u a t e d  by t a k i n g  t h e  average  of  1 6  p o i n t s  

around t h e  t i r e .  

T e s t s  were done a t  speeds o f  5 0 ,  8 0 ,  and 130 km/hr. T i r e  

i n f l a t i o n  p r e s s u r e  was 1 6 . 5  ~ / c m ~  (co ld )  f o r  a l l  t e s t s .  

Technique f o r  Analyzing and P r e s e n t i n g  Data 

Brake f o r c e  c o e f f i c i e n t s  were c a l c u l a t e d  from t h e  recorded  

v a l u e s  of  t e s t  v e h i c l e  d e c e l e r a t i o n ,  t a k i n g  i n t o  account  load  

t r a n s f e r  and aerodynamic d rag .  These BFC v a l u e s  were a d j u s t e d  

according  t o  t h e  c o n t r o l  t i r e  d a t a ,  t h e n  p l o t t e d ,  Data i s  

p r e s e n t e d  i n  t h e  form of p l o t s  of peak and locked wheel BFC 

ve r sus  t r e a d  dep th  f o r  each s u r f a c e  w i t h  speed a s  a  parameter .  

Conclusions 

(1) Sur face  t e x t u r e  and speed i n t e r a c t  w i t h  t r e a d  p a t t e r n  

depth  t o  de termine  s k i d  r e s i s t a n c e .  



( 2 )  Tread wear has  l i t t l e  e f f e c t  on s u r f a c e s  hav ing  

c o a r s e  m a c r o - t e x t u r e .  

(3 )  Tread wear has  a  s i g n i f i c a n t  e f f e c t  on smooth 

t e x t u r e d  s u r f a c e s  and B F C  d rops  v e r y  r a p i d l y  f o r  

t r e a d  d e p t h s  below 2 

( 4 )  On smooth s u r f a c e s  a t  h i g h  s p e e d ,  locked  wheel 

B F C  was ve ry  low even f o r  t h e  new t i r e  w i t h  f u l l  

t r e a d  d e p t h .  Hence, t r e a d  grooves  cannot  comple t e ly  

compensate f o r  l a c k  of  s u r f a c e  t e x t u r e ,  



Reference #35 

G.C. Staughton and T. Williams 

"Tire Performance in Wet Surface Condit ionsf' 

Road Research Laboratory Report Lll 355, 1970. 

Goal of Tests 

Locked wheel braking force coefficient (BFC) and hydroplaning 

speed as affected by tire construction, tire load, inflation 

pressure, tread pattern, surface texture, water depth, and speed 

was investigated. 

The effects of inflation pressure and water depth are 

stressed. 

Equipment 

Most of the tests were done using a single wheel skid 

trailer operated in the free rolling and locked wheel modes. 

Some data was taken with a front wheel braked car and the RRL 

braking and cornering machine. 

Road Surfaces 

Three surfaces at the Road Research Laboratory test track 

were tested: 

(1) smooth concrete - smooth macro-texture, harsh 

micro-texture, average texture depth = . 4  mm. 

(2) rolled asphalt with precoated chipping - rough 
macro-texture, harsh micro-texture, average 

texture depth = 1.5 mm. 

(3) quartzite macadam - very rough macro- texture, 
harsh micro-texture, average texture depth = 2.4 mm. 



Texture  depths  were measured u s ing  t h e  sand p a t c h  method. 

Water depth  was main ta ined  by damming up a - 4 6  x 2 1 . 5  

meter s e c t i o n  of  each s u r f a c e  t o  form a  t r ough .  Water dep th s  

from " j u s t  damp" t o  1 0  mm were used.  Water dep th  was measured 

u s ing  a  c a l i b r a t e d  need l e  probe a t  s e v e r a l  p o i n t s  i n  t h e  t r o u g h .  

T i r e s  Tes t ed  

The main body of t e s t s  w i t h  t h e  s k i d  t r a i l e r  were done 

u s i n g  t h e  fo l l owing  t i r e s :  

A few supplementary t e s t s  u s ing  t h e  f r o n t  wheel braked c a r  

and t h e  RRL b r ak ing  and c o r n e r i n g  machine were done u s ing  r e g u l a r  

p roduc t i on  r a d i a l  and b i a s  p l y  t i r e s  of l a r g e r  s i z e .  

Tyre 
No. 

- m u - - -  - - . 

Tyre 
c o n s t r u c t i o ~  

. .  . 

Tread 
D e t a i l s  

Fd l  ga t t e rned  
t r e a d  

?dl1 pa t t e rned  
t r e a d  

FUl pa t t e rned  
t r e a ?  

F u l l  t r e a d  
depth smooth 

Worn Smooth 
---- ----- - 

- .. ! . - - . -I _- - . I - 
i 

1 

2 

3 

Tyr e 
s i z e  

Rafiial 

Radia l  

- 
C r . ~ s s p l y  1 69 

Treed rubber 
harciness h ~ l o p  

s c a l e  @ 2 0 ' ~  

I I  

- 

60 

145 x iO 

ll 

L - L  

69 - 

6 8 

tt  1 6 6 
i - 

5.20 x 10  



T e s t  Procedure 

Hydroplaning speed and locked wheel BFC were measured f o r  

each  t i r e - s u r f a c e  combinat ion a t  wa te r  dep ths  from " j u s t  damp" 

t o  10 mm. BFC v a l u e s  were measured a t  speeds  of 2 0  t o  130 km/hr. 

T i r e  v a r i a b l e s  i n v e s t i g a t e d  were:  

(1)  t i r e  c o n s t r u c t i o n  - r a d i a l  o r  b i a s  p l y  

( 2 )  t r e a d  p a t t e r n  - f u l l y  p a t t e r n e d  and smooth 

(3) t i r e  l o a d  - 665 t o  2265 Newtons 

2 ( 4 )  i n f l a t i o n  p r e s s u r e  - 55 t o  330 kN/cm . 
Hydroplaning speed  was de termined by measuring t h e  speed 

a t  which s p i n  down of t h e  f r e e - r o l l i n g  wheel o c c u r r e d .  

Technique f o r  Analyzing and P r e s e n t i n g  Data 

P l o t s  of locked wheel BFC v e r s u s  speed  and wa te r  d e p t h ,  

and p l o t s  of hydroplaning  speed  v e r s u s  i n f l a t i o n  p r e s s u r e  and 

w a t e r  dep th  a r e  p r e s e n t e d .  The d a t a  i s  a l s o  t a b u l a t e d .  

Conclus ions  

(1)  I n  deep w a t e r ,  hydrop lan ing  speed  depends p r i m a r i l y  

upon t i r e  i n f l a t i o n  p r e s s u r e .  Tread p a t t e r n ,  t i r e  

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

on ly  a  s m a l l  e f f e c t .  Hydroplaning speed  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 .  

(2) Hydroplaning speed  d e c r e a s e s  w i t h  i n c r e a s i n g  wa te r  

dep th  up t o  a c e r t a i n  dep th  ( 5  mm f o r  a l l  bu t  one 

t e s t  t i r e )  above which no f u r t h e r  d e c r e a s e  o c c u r s .  

( 3 )  For wa te r  dep ths  below 3 mm hydrop lan ing  speed ,  

even f o r  t h e  worn smooth t i r e s ,  i s  s o  h i g h  t h a t  

i t  w i l l  r a r e l y  occur  i n  p r a c t i c e .  



( 4 )  A t  low w a t e r  d e p t h s ,  l ocked  wheel BFC i s  s t r o n g l y  

a f f e c t e d  by t i r e  t r e a d  p a t t e r n  and s u r f a c e  t e x t u r e ,  

e s p e c i a l l y  a t  h i g h  s p e e d s .  I n  deep w a t e r ,  t r e a d  

p a t t e r n  and s u r f a c e  t e x t u r e  have a l a r g e  e f f e c t  

o n l y  a t  s p e e d s  below t h e  hyd rop l an ing  speed .  

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

/ 
s h a l l o w  w a t e r  

_ _ _  -- I 1 

Speed 

L; 
C4 
~9 

( 5 )  A t  low w a t e r  d e p t h s ,  l ocked  wheel BFC i s  n o t  

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

\ \\ and smo 
s u r f a c e ,  deep w a t e r  

\ 

1 I h y d r o p l a n i n g  speed  

r rough 

0 t h  

( 6 )  Most of  t h e  d e c r e a s e  i n  l ocked  wheel BFC w i t h  

i n c r e a s i n g  w a t e r  dep th  o c c u r s  i n  t h e  f i r s t  

3 - 4  mm.  



Reference  # 36 

T .  Wil l iams 

"The R e l a t i o n  Between Braking Force C o e f f i c i e n t  and 
S l i p  f o r  an A i r c r a f t  T i r e  Braked on Four Wet S u r f a c e s "  

Road Research Labora tory  Report  No. 50, 1966 

Goal of  T e s t s  

The e f f e c t  of  speed ,  i n f l a t i o n  p r e s s u r e ,  and s u r f a c e  t e x t u r e  

upon 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  developed 

by an a i r c r a f t  t i r e  on wet s u r f a c e s  was i n v e s t i g a t e d .  

The Road Research Labora to ry  heavy l o a d  t e s t  v e h i c l e  was 

used f o r  t h e s e  t e s t s .  For a  d e s c r i p t i o n  o f  t h i s  d e v i c e  s e e  

Reference  # 2 0 .  The s u r f a c e s  were w e t t e d  w i t h  a s p r i n k l e r  sys tem.  

Road S u r f a c e s  

Four s u r f a c e s  a t  t h e  Road Research Labora to ry  t e s t  t r a c k  

were t e s t e d :  

(1) Smooth c o n c r e t e  - smooth m a c r o t e x t u r e ,  p o l i s h e d  

m i c r o t e x t u r e ,  wa te r  depth  . 0 1 5 - - 0 3  i n c h .  

( 2 )  Fine  c o l d  a s p h a l t  - smooth m a c r o t e x t u r e ,  h a r s h  

m i c r o t e x t u r e ,  wa te r  dep th  ,005- .035 i n c h .  

(3) Q u a r t z i t e  macadam - rough m a c r o t e x t u r e ,  h a r s h  

m i c r o t e x t u r e ,  wa te r  dep th  , 0 0 5 - , 0 4 5  i n c h .  

( 4 )  Rounded g r a v e l  macadam - rough m a c r o t e x t u r e ,  

p o l i s h e d  m i c r o t e x t u r e ,  wa te r  depth  , 0 1 5 - , 0 3 5  i n c h .  



T i r e s  Tes t ed  

A 35 x  1 0  x 1 7  a i r c r a f t  t i r e  hav ing  f i v e  r i b s  1 1 / 8  i n c h  

wide and f o u r  g rooves  3/16 i n c h  wide and , 2 6 4  i n c h  deep was 

t e s t e d ,  

T e s t  P rocedu re  

The t e s t  wheel  b r a k e  was g r a d u a l l y  a p p l i e d  u n t i l  lockup  

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

f o r c e  were r e c o r d e d .  T e s t s  were  per formed  on each  s u r f a c e  a t  

speeds  o f  1 0 ,  30, and 56 mph and a t  i n f l a t i o n  p r e s s u r e s  o f  4 0  

and 160 p s i .  T i r e  l o a d  was 3 . 5  t o n s  f o r  a l l  t e s t s .  

Techniaue  f o r  A n a l v z i n ~  and P r e s e n t i n g  Data 

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

wheel s l i p  were  d e r i v e d  from t h e  r e c o r d e d  d a t a .  P l o t s  o f  BFC 

v e r s u s  s l i p  f o r  each  combina t ion  o f  s u r f a c e  and i n f l a t i o n  

p r e s s u r e  w i t h  speed  a s  a  pa r ame te r  a r e  p r e s e n t e d .  

Conc lus ions  

(1)  The r a t i o  of  peak t o  l ocked  wheel BFC i n c r e a s e s  

w i t h  i n c r e a s i n g  speed  and i s  h i g h e r  on smooth 

t e x t u r e d  s u r f a c e s .  

( 2 )  Peak BFC o c c u r s  a t  about  1 5 - 2 0 %  s l i p .  

( 3 )  On smooth s u r f a c e s  a t  t h e  speeds  and w a t e r  d e p t h s  

used  i n  t h i s  work,  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  cause s  a  d e c r e a s e  i n  b o t h  peak and 

l ocked  wheel BFC. 

( 4 )  I n f l a t i o n  p r e s s u r e  has  no e f f e c t  upon t h e  

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



Reference #37 

T .  Wi l l i ams ,  J.K. Meades, and B.S. R i l ey  

"The Wet Road Grip of  Lorry (Truck) T i r e s :  A 
Comparison of Three Types" 

T r a n s p o r t  and Road Research Labora to ry ,  Report 
L R  544, 1973 

Goal of T e s t s  

To e v a l u a t e  t h e  wet road  c o r n e r i n g  and b rak ing  f r i c t i o n  

o f  t h r e e  t y p e s  of  t r u c k  t i r e s  and t o  compare t h e s e  w i t h  a  t y p i c a l  

automobile  t i r e .  

Equipment 

A t r u c k ,  w i t h  on ly  t h e  f r o n t  wheel b r a k e s  o p e r a t i v e ,  

i n s t rumen ted  t o  measure speed ,  l a t e r a l  and l o n g i t u d i n a l  a c c e l e r a -  

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

s i d e  s l i p  a n g l e  was used f o r  t h e s e  t e s t s .  

Road S u r f a c e s  

Three t e s t  s u r f a c e s  a t  t h e  Road Research Labora tory  were 

used:  

(1) Mas t i c  a s p h a l t ,  average  t e x t u r e  depth  = .04 m m ,  

( 2 )  Smooth c o n c r e t e ,  average  t e x t u r e  dep th  = . 2  mm. 

(3 )  Rounded g r a v e l  macadam, ave rage  t e x t u r e  depth  = 1 . 5  mm. 

Corner ing  t e s t s  were done on s u r f a c e s  (1) and ( 3 ) ;  b r a k i n g  

t e s t s  were done on a l l  t h r e e  s u r f a c e s .  

A s p r i n k l e r  sys tem was used t o  ma in ta in  a  w a t e r  depth  of  

about  . 5  mm above t h e  a s p e r i t i e s .  



Tires  Tes t ed  

k t a i l s  of test tyres 

I Kcs~lltnce Tyre slre I (per cen t )  

T e s t  P rocedu re  

Corne r ing  f r i c t i o n  was e v a l u a t e d  by measur ing  maximum 

l a t e r a l  a c c e l e r a t i o n  o b t a i n a b l e  a t  1 5 ,  2 0 ,  and 2 5  mph i n  a  

J - t u r n  maneuver.  

Peak and l ocked  wheel b r ake  f o r c e  c o e f f i c i e n t s  were o b t a i n e d  

by measur ing v e h i c l e  d e c e l e r a t i o n  a s  t h e  f r o n t  b r a k e s  were  

g r a d u a l l y  a p p l i e d  a t  a  speed  o f  1 0  t o  6 5  km/hr. 

I n f l a t i o n  p r e s s u r e  was 7 5  p s i  f o r  a l l  t e s t s .  

T i r e  l o a d s  o f  2 4 5 0  l b s  and 2 8 0 0  l b s  were used  f o r  t h e  

c o r n e r i n g  t e s t s .  A l o a d  o f  2 4 5 0  I b s  was used  f o r  a l l  b r a k i n g  

t e s t s .  

For pu rposes  of  comparison,  b r a k e  f o r c e  c o e f f i c i e n t s  were 

measured f o r  an au tomob i l e  t i r e  u s i n g  a  f r o n t  wheel b raked  c a r .  



Technique f o r  Analyzing and P r e s e n t i n g  Data 

The c o r n e r i n g  t e s t  d a t a  i s  p r e s e n t e d  i n  t h e  form of p l o t s  

of  maximum l a t e r a l  a c c e l e r a t i o n  v e r s u s  speed  and p l o t s  of 

l a t e r a l  a c c e l e r a t i o n  v e r s u s  s l i p  a n g l e .  

The b rak ing  t e s t  d a t a  was p r e s e n t e d  i n  t h e  form of p l o t s  

of  peak and locked wheel b rake  f o r c e  c o e f f i c i e n t  v e r s u s  speed .  

Conclus ions  

(1) Marked d i f f e r e n c e s  i n  t r a c t i o n  performance were 

found between t h e  t h r e e  t y p e s  of  t r u c k  t i r e s ,  

t h e  o r d e r  of m e r i t  b e i n g :  (1) highway t i r e s ,  

( 2 )  dua l  purpose t i r e s ,  (3) c r o s s  coun t ry  

( o f f  - r o a d )  t i r e s ,  

( 2 )  The automobile  t i r e  was f a r  s u p e r i o r  t o  t h e  b e s t  

t r u c k  t i r e .  The peak b r a k e  f o r c e  c o e f f i c i e n t  f o r  

t h e  automobile  t i r e  on wet m a s t i c  a s p h a l t  was 

twice  t h a t  ob ta ined  f o r  t h e  highway-type t r u c k  

t i r e .  

(3) These d i f f e r e n c e s  a r e  due p r i m a r i l y  t o  d i f f e r e n c e s  

i n  t r e a d  p a t t e r n .  



Refe rence  #38  

Report  o f  t h e  N a t i o n a l  S a f e t y  Counci l  Committee on Winter 
Dr iv ing  Hazards ,  1967,  1968,  1969-1970.  

Goal of  T e s t s  

To e v a l u a t e  t h e  b r a k i n g ,  d r i v i n g ,  and c o r n e r i n g  per formance  

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

i n v e s t i g a t e d :  

(1) s t u d s  

( 2 )  t i r e  l o a d  

( 3 )  i c e  t e m p e r a t u r e  

( 4 )  t i r e  c o n s t r u c t i o n  ( b i a s ,  b e l t e d  b i a s ,  r a d i a l )  

( 5 )  s t u d d e d  t i r e  wear 

(6 )  s i p e s  ( k n i f e - c u t s  on t h e  t r e a d ) .  

Many expe r imen t s  n o t  concerned  w i t h  t i r e  f r i c t i o n ,  such a s  

a  t e s t  of an  a n t i - j a c k k n i f e  d e v i c e  f o r  t r u c k s ,  were a l s o  per formed .  

Only t h e  t i r e  f r i c t i o n  expe r imen t s  a r e  d i s c u s s e d  h e r e .  

Equipment 

In s t rumen ted  au tomob i l e s  were u sed  t o  measure  l ocked  wheel 

s t o p p i n g  d i s t a n c e s  and c o r n e r i n g  pe r fo rmance .  F r i c t i o n  t r a i l e r s  

were used t o  e v a l u a t e  l ocked  wheel f r i c t i o n  and c o r n e r i n g  

f r i c t i o n .  A dynamometer t r u c k  was u sed  t o  e v a l u a t e  d r i v i n g  

t r a c t  i o n .  

Road S u r f a c e s  

A l l  t e s t s  were done on smooth c l e a r  i c e  w h i l e  i c e  s u r f a c e  

t e m p e r a t u r e  was r e c o r d e d .  



T i r e s  Tes ted  

Three r e g u l a r  highway t r e a d ,  b i a s  p l y ,  t i r e s ;  one new 

uns tudded,  one new w i t h  80 s t u d s  i n  4 rows,  and one s tudded  

and worn by 2500 m i l e s  of  d r i v i n g  on c l e a r  r o a d s .  

Three b i a s  p l y  snow t r e a d  t i r e s ;  one new uns tudded,  one 

new w i t h  110 s t u d s  i n  6 rows, and one s tudded  and worn by 2500 

mi le s  of d r i v i n g .  

Nine uns tudded,  highway t r e a d  t i r e s ,  one b i a s  p l y ,  one 

b i a s - b e l t e d ,  and one r a d i a l  p l y  from each o f  t h r e e  manufac tu re r s .  

Tes t  Procedure  

T e s t s  w i t h  t h e  c o r n e r i n g  t r a i l e r  and t h e  locked wheel s k i d  

t r a i l e r s  were done a t  20 mph w i t h  a  t i r e  l o a d  of 1085 l b s .  

Corner ing  f r i c t i o n  was e v a l u a t e d  by measuring t h e  maximum 

speed  t h a t  c o u l d  be ma in ta ined  on a  200 f o o t  r a d i u s  s k i d  pad .  

T r a c t i v e  f r i c t i o n  performance was e v a l u a t e d  by measuring 

draw b a r  p u l l  f o r c e  developed by an automobi le  p u l l i n g  a  dyna- 

mometer t r u c k .  Values o f  f r i c t i o n  were measured a t  i n c i p i e n t  

wheel s p i n  (peak v a l u e )  and f o r  a  wheel s p i n n i n g  a t  300% s l i p .  

Locked wheel s t o p p i n g  d i s t a n c e s  were measured from an 

i n i t i a l  speed  of  20 mph. 

Ten runs were averaged  t o  o b t a i n  each d a t a  p o i n t .  

I c e  t empera tu re  was r eco rded  d u r i n g  a l l  t h e  t e s t s .  

A c o n t r o l  t i r e  c o n s i s t i n g  of an uns tudded,  b i a s  p l y ,  highway 

t r e a d  t i r e  made from ASTM E - 1 7  rubber  was used t o  i n s u r e  d a t a  

r e p r o d u c i b i l i t y .  



(1 )  The new s tudded  snow t i r e  hav ing  110 s t u d s  developed 

abou t  t w i c e  a s  much l ocked  wheel f r i c t i o n  a s  t h e  new 

uns tudded snow t i r e .  

( 2 )  A new s tudded  highway t r e a d  t i r e  hav ing  80 s t u d s  

deve loped  4 5 %  h i g h e r  l ocked  wheel f r i c t i o n  t h a n  t h e  

uns tudded  highway t r e a d  t i r e .  

( 3 )  There  i s  l i t t l e ,  i f  any ,  d i f f e r e n c e  i n  f r i c t i o n a l  

performance on i c e  between uns tudded  highway t r e a d  

t i r e s  and uns tudded  snow t i r e s .  

(4 )  A f t e r  2500 m i l e s  of  normal un i form wear t h e  s t udded  

t i r e s  l o s t  abou t  1 5 %  of  t h e i r  f r i c t i o n  r e l a t i v e  t o  

t h e  new t i r e .  

(5)  On 25°F i c e  a t  20 mph, an i n c r e a s e  i n  t i r e  l o a d  from 

1085 t o  1273 l b s .  caused  a  l o s s  o f  about  1 0 %  i n  

l ocked  wheel f r i c t i o n .  A l so ,  s t o p p i n g  d i s t a n c e  t e s t s  

show t h a t  h e a v i e r  v e h i c l e s  have l o n g e r  s t o p p i n g  

d i s t a n c e s .  

( 6 )  On 25°F i c e ,  s t u d d e d  t i r e s  on a l l  f o u r  wheels  improve 

c o r n e r i n g  f r i c t i o n  by abou t  5 0 %  ove r  t h a t  f o r  r e g u l a r  

highway t r e a d  t i r e s .  Th i s  co r r e sponds  t o  a  24% 

improvement i n  c o r n e r i n g  s p e e d .  

( 7 )  Studded t i r e s  on t h e  r e a r  wheels  o n l y ,  o r  on t h e  

f r o n t  wheels  o n l y ,  g i v e  no improvement i n  c o r n e r i n g .  

( 8 )  On 2 5 ° F  i c e  a  s t u d d e d  snow t i r e  hav ing  1 1 0  s t u d s  w i l l  

p roduce  abou t  t w i c e  a s  much t r a c t i v e  ( d r i v i n g )  f o r c e  

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

(peak f r i c t i o n )  and i n  t h e  s p i n n i n g  c o n d i t i o n .  However, 

peak f r i c t i o n  i s  about  1 0 %  h i g h e r  t h a n  s p i n n i n g  

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



( 9 )  There  i s  no s i g n i f i c a n t  d i f f e r e n c e  between uns tudded  

b i a s  p l y ,  b e l t e d - b i a s ,  and r a d i a l  p l y  t i r e s  on smooth 

i c e .  

(10) S k i d  t r a i l e r  t e s t s  a t  2 0  mph on 25OF i c e  show t h a t  

s i p e d  t i r e s  p roduce  about  20% h i g h e r  v a l u e s  o f  l ocked  

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

t i r e s .  

(11) Brak ing  d i s t a n c e  t e s t s  from 2 0  mph on 25°F i c e  show 

t h a t  t h e  u s e  o f  new s t u d d e d  snow t i r e s  on t h e  r e a r  

wheels  o f  a  v e h i c l e  r e d u c e s  s t o p p i n g  d i s t a n c e  by 25% 

o f  t h a t  f o r  s i m i l a r  uns tudded  t i r e s .  A f t e r  2500 m i l e s  

o f  wea r ,  t h e  improvement i s  r educed  t o  1 9 % .  
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