
Report HSRI-71-127 

A PROCEDURE FOR NALUA'NG VEHICLE 

Ray W .  Murphy 

Highway Safe ty  Research I n s t i t u t e  
I n s t i t u t e  of Science and Technology 
The Univers i ty  of Michigan 
Ann Arbor, Michigan 48105 

October 1 9 ,  1971 

F ina l  Report 
Contract  No.: DOT-HS-031-1-051 

Prepared f o r :  
National  Highway T r a f f i c  Safe ty  Administrat ion 
U. S . Department of Transpor ta t ion  

The opinions ,  f i nd ings ,  and conclusions 
expressed i n  t h i s  pub l i ca t ion  a r e  those  
of  t h e  au thor  and no t  neces sa r i l y  those  
of t he  National  Highway T r a f f i c  Safe ty  
Administrat ion 





16. Abstract 

This  r e p o r t  d e s c r i b e s  a  method f o r  de termining  v e h i c l e  b rak ing  
e f f i c i e n c y  whereby a c t u a l  s t o p p i n g  d i s t a n c e s  achieved by t h e  v e h i c l e  
a r e  compared t o  i d e a l  s t o p p i n g  d i s t a n c e s  t h e o r e t i c a l l y  achievable  
i f  t h e  v e h i c l e  b rake  system were a b l e  t o  modulate t h e  brakes  such 
t h a t  t h e  t i r e s  produced peak b rak ing  f o r c e s  throughout  t h e  s t o p .  
T e s t  procedures  a r e  d e s c r i b e d  f o r  both  v e h i c l e  and t i r e  t e s t s ,  along 
w i t h  t h e  method employed f o r  c a l c u l a t i n g  i d e a l  s topp ing  d i s t a n c e .  
R e s u l t s  from t e s t s  and c a l c u l a t i o n s  a r e  p r e s e n t e d  f o r  two v e h i c l e s  
equipped w i t h  four-wheel  a n t i l o c k  sys tems,  which demonstrate  t h a t  
t h e  method i s  v i a b l e  and r e a l i s t i c .  A means of comparing t i r e  peak 
c a p a b i l i t y  on a  g iven  s u r f a c e  t o  t h a t  produced by a  s t a n d a r d  t i r e  
i s  a l s o  d i s c u s s e d .  
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1. INTRODUCTION 

This  r e p o r t  p r e s e n t s  t h e  f i n d i n g s ,  conc lus ions ,  and recommen- 
d a t i o n s  de r ived  by t h e  Highway S a f e t y  Research I n s t i t u t e  (HSRI) i n  
a  r e s e a r c h  s tudy  f o r  t h e  Nat iona l  Highway T r a f f i c  S a f e t y  Adminis- 
t r a t i o n  (NHTSA) e n t i t l e d ,  "Braking E f f i c i e n c y  Eva lua t ion  Procedure 
- Vehic les  Equipped w i t h  Four-Wheel An t i lock  Systems." The o b j e c -  
t i v e s  of t h i s  s tudy  were two- fo ld :  t o  develop v i a b l e  and r e a l i s t i c  
procedures  f o r  de te rmining  t h e  b rak ing  e f f i c i e n c y  of v e h i c l e s  
equipped w i t h  four-wheel  a n t i l o c k  sys tems,  and t o  determine by 
means of  t h e s e  procedures  brak ing  e f f i c i e n c i e s  c u r r e n t l y  a t t a i n a b l e  
by v e h i c l e s  equipped wi th  p roduc t ion  and/or  developmental f o u r -  
wheel a n t i l o c k  sys tems.  

Braking e f f i c i e n c y  i s  a  measure of t h e  a b i l i t y  of t h e  v e h i c l e -  
brake  system combination t o  u t i l i z e  t h e  b rak ing  f o r c e s  a v a i l a b l e  
i n  t h e  t i r e - r o a d  i n t e , r f a c e .  H e r e t o f o r e ,  b rak ing  e f f i c i e n c y  has been 
d e f i n e d  ( I ) *  by: 

2 Where: K i s  t h e  average maximum s u s t a i n e d  d e c e l e r a t i o n ,  i n  f t / s e c  , 
a  v e h i c l e  can achieve  wi thou t  wheel lock  up on a  g iven  
s u r f a c e  

g  i s  t h e  g r a v i t y  c o n s t a n t ,  32 .2  f t / s e c  2 

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

Using t h i s  d e f i n i t i o n ,  b rak ing  e f f i c i e n c i e s  can be c a l c u l a t e d  
from v e h i c l e  and brake  system des ign  d a t a  f o r  a  wide range of  s u r -  
f a c e s  and f o r  any v e h i c l e  l oad  c o n d i t i o n  ( 2 ) .  This  d e f i n i t i o n ,  
however, presumes a c o n s t a n t  c o e f f i c i e n t  of f r i c t i o n  a t  t h e  t i r e -  
road i n t e r f a c e  f o r  a l l  t i r e  loads  and v e h i c l e  speeds .  While t h i s  
assumption may be reasonably  c o r r e c t  f o r  b rak ing  on s u r f a c e s  w i th  
a  h igh  c o e f f i c i e n t  of  f r i c t i o n ,  t e s t  d a t a  i n d i c a t e  t h a t  f o r  wet o r  
s l i p p e r y  s u r f a c e s ,  t h e  c o e f f i c i e n t  of  f r i c t i o n  i s  h igh ly  speed and 
l o a d  dependent .  Thus a  methodology was proposed and implemented i n  
t h i s  program, where in :  

1. Veh ic l e  t e s t s  were conducted on dry  and s l i p p e r y  s u r f a c e s  
under v a r i o u s  load  c o n d i t i o n s  t o  determine s topp ing  
d i s t a n c e  f o r  a  programmed brake peda l  a p p l i c a t i o n  from 
a  g iven  v e l o c i t y .  

2 .  T i r e - r o a d  i n t e r f a c e  t e s t s  were conducted us ing  a  mobile 
t i r e  t e s t e r  t o  determine peak t i r e - r o a d  c o e f f i c i e n t s  f o r  
t h e  same range of  speed and load  c o n d i t i o n s  exper ienced  
i n  t h e  v e h i c l e  t e s t s .  From t h e s e  peak c o e f f i c i e n t s  i d e a l  
s t o p p i n g  d i s t a n c e s  were c a l c u l a t e d  f o r  each load  and 
s u r f a c e  c o n d i t i o n .  

3 .  Brake system e f f i c i e n c y  was then  determined from t h e  
fo l lowing  e q u a t i o n :  .. 

*Numbers i n  pa ren theses  i n d i c a t e  r e f e r e n c e s  l i s t e d  i n  Sec t ion  5 



where : 
Di i s  t h e  i d e a l  s t o p p i n g  d i s t a n c e  

Da i s  t h e  a c t u a l  s t o p p i n g  d i s t a n c e  

R e s u l t s  from t h i s  s t u d y  i n d i c a t e  t h a t  t h e  t e s t  p rocedures  
developed i n  t h i s  program a r e  v i a b l e  and r e a l i s t i c ,  and t h a t  v e h i -  
c l e s  equipped w i t h  c u r r e n t  p r o d u c t i o n  o r  developmental  four -wheel  
a n t i l o c k  systems can  ach ieve  brake  system e f f i c i e n c i e s  i n  t h e  range 
of  60 t o  70% on a  dry  s u r f a c e  and 75 t o  9 8 %  on a  wet s l i p p e r y  s u r -  
f  a c e .  

I n  t h e  f o l l o w i n g  s e c t i o n ,  procedures  a r e  d e s c r i b e d  f o r  bo th  
t h e  v e h i c l e  and t h e  t i r e  t e s t s ,  a long  w i t h  a  p r e s e n t a t i o n  o f  t e s t  
r e s u l t s .  I n fo rma t ion  on t e s t  v e h i c l e s ,  t e s t  equipment,  and i n s t r u -  
men ta t ion  i s  a l s o  p rov ided .  An a n a l y s i s  of  t h e  t e s t  r e s u l t s  i s  
p r e s e n t e d  i n  S e c t i o n  3 . 0 ,  showing t i r e  peak f o r c e  v e r s u s  v e l o c i t y  
c h a r a c t e r i s t i c s  and c a l c u l a t e d  b rak ing  e f f i c i e n c i e s  f o r  v a r i o u s  
l o a d  and s u r f a c e  c o n d i t i o n s .  The d a t a  from t e s t s  o f  s t a n d a r d  t i r e s  
and locked  wheel s t o p s  u s i n g  t h e  t e s t  v e h i c l e s  a r e  a l s o  d i s c u s s e d .  
Conclusions and recommendations a r e  g iven  i n  S e c t i o n  4 .  The N - s l i p  
c h a r a c t e r i s t i c s  g e n e r a t e d  from each  s e r i e s  o f  t i r e  t e s t s  a r e  g iven  
i n  t h e  Appendix. References  a r e  l i s t e d  a t  t h e  end o f  t h e  r e p o r t .  



2 .  TEST PROGRAM 

2 . 1  V E H I C L E  TESTS 

Two v e h i c l e s  were  t e s t e d :  a  1971  C h r y s l e r  I m p e r i a l  e q u i p p e d  
w i t h  "Sure -Brake , "  a  f o u r - w h e e l  a n t i l o c k  s y s t e m  d e v e l o p e d  j o i n t l y  
by C h r y s l e r  and Bendix ( 3 ) ;  and a  1971  Buick R i v i e r a  equ ipped  w i t h  
a n  e x p e r i m e n t a l  f o u r - w h e e l  a n t i l o c k  s y s t e m  d e v e l o p e d  by Genera l  
Motors .  Both v e h i c l e s  were  e q u i p p e d  w i t h  d i s c  b r a k e s  on t h e  f r o n t  
whee l s  and drum b r a k e s  on t h e  r e a r  w h e e l s .  Both v e h i c l e s  were  
e q u i p p e d  w i t h  Goodyear P o l y g l a s  t i r e s :  t h e  C h r y s l e r  w i t h  L84-15,  
l o a d  r a n g e  B; t h e  Buick w i t h  H78-15, l o a d  range  B .  T e s t  v e h i c l e s  
a r e  p i c t u r e d  i n  F i g .  1. 

P r i o r  t o  t e s t i n g ,  t h e  b r a k e s  i n  b o t h  v e h i c l e s  were b u r n i s h e d  
a c c o r d i n g  t o  t h e  p r o c e d u r e  s p e c i f i e d  i n  SAE Recommended P r a c t i c e  
J 8 7 3 b .  Appara tus  and i n s t r u m e n t s  i n s t a l l e d  i n  t h e  v e h i c l e s  f o r  t h e  
t e s t s  ( s e e  F i g .  2 )  i n c l u d e d :  

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

2 .  f i f t h  wheel  f o r  measur ing  v e h i c l e  v e l o c i t y  and s t o p p i n g  
d i s t a n c e  

3 .  p r e s s u r e  t r a n s d u c e r  t o  measure  b r a k e  l i n e  p r e s s u r e  

4 .  wheel  r o t a t i o n  i n d i c a t o r s  which p roduce  one p u l s e  p e r  
r e v o l u t i o n  o f  t h e  wheel  

5 .  the rmocouple  t o  measure  b r a k e  t e m p e r a t u r e s  

6 .  b r a k e  p e d a l  a p p l i c a t i o n  d e v i c e  which p r o v i d e d  ramp f r o n t e d  
p e d a l  d i s p l a c e m e n t s  f o r  making u n i f o r m  b r a k e  a p p l i c a t i o n s  

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

FIGURE 1-A.  TEST VEHICLE: 1971 CHRYSLER IMPERIAL 



FIGURE 1-B. TEST VEHICLE: 1971 BUICK RIVIERA 

FIGURE 2. INSTRUMENTS AND RECORDER INSTALLED IN THE BUICK 
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The b r a k e  p e d a l  a p p l i c a t i o n  d e v i c e  ( s e e  F i g .  3) c o n s i s t e d  o f  
a  h y d r a u l i c  a c t u a t o r ,  f i x e d  by a  f l o o r  b r a c k e t ,  which was powered 
by a s m a l l  h y d r a u l i c  power s u p p l y  and c o n t r o l l e d  by means o f  a  
s e r v o - v a l v e .  P e d a l  p o s i t i o n  c o u l d  be  c o n t r o l l e d  t o  any v a l u e  up t o  
f o u r  i n c h e s ,  and p e d a l  a p p l i c a t i o n  r a t e  c o u l d  be v a r i e d  from 2 i n /  
s e c  t o  130 i n / s e c .  A f t e r  a  s e r i e s  o f  p r e l i m i n a r y  r u n s  on e a c h  v e h i -  
c l e ,  i t  was d e t e r m i n e d  t h a t  a  b r a k e  p e d a l  a p p l i c a t i o n  c o n s i s t i n g  o f  
a p p r o x i m a t e l y  3  i n c h e s  d i s p l a c e m e n t  i n  0 . 1  second  (30 i n / s e c  a p p l i -  
c a t i o n  r a t e )  would b e  a p p r o p r i a t e  f o r  t h e  t e s t s .  With t h e  3 i n c h  
d i s p l a c e m e n t ,  t h e  b r a k e  l i n e  p r e s s u r e s  deve loped  were  h i g h  enough 
(1200 t o  1600 p s i )  t o  t a k e  a d v a n t a g e  o f  t h e  maximum t o r q u e  c a p a b i -  
l i t y  o f  t h e  b r a k e s .  The 30 i n / s e c  a p p l i c a t i o n  r a t e  was deemed t h e  
maximum a l l o w a b l e  f o r  u s e  d u r i n g  t h e  t e s t s ,  d e s p i t e  t h e  f a c t  t h a t  
i n f o r m a l  t e s t s  conduc ted  a t  H S R I  have shown t h a t  tllio male  s u b j e c t s  
c o u l d  a p p l y  t h e  b r a k e  p e d a l  i n  s p i k e  s t o p s  a t  r a t e s  of  150 t o  180 
i n / s e c .  I t  was f e a r e d  t h a t  r a t e s  h i g h e r  t h a n  30 i n / s e c ,  u s e d  on a  
r e p e a t e d  b a s i s ,  would p roduce  impac t  s t r e s s e s  s e v e r e  enough t o  
damage t h e  b r a k e  s y s t e m .  

S t o p p i n g  d i s t a n c e  was measured by an e l e c t r o n i c  c o u n t e r  f e d  by 
p u l s e s  ( 1  p u l s e  p e r  f o o t )  from t h e  f i f t h  w h e e l .  The c o u n t e r  s t a r t e d  
c o u n t i n g  p u l s e s  a t  t h e  same i n s t a n t  t h a t  t h e  p e d a l  a p p l i c a t i o n  d e -  
v i s e  was a c t i v a t e d .  When t h e  v e h i c l e  s t o p p e d ,  t h e  c o u n t  was h e l d  
u n t i l  t h e  d i g i t a l  d i s p l a y  was r e a d  and r e s e t .  

A l l  t e s t s  were  conduc ted  on t h e  H S R I  s k i d  p a d ,  a  100 f t  by 
700 f t  r e s u r f a c e d  a s p h a l t  a r e a  o f  t h e  E a s t  Ramp o f  Willow Run Air- 
p o r t .  T e s t s  r e q u i r i n g  a  h i g h  c o e f f i c i e n t  o f  f r i c t i o n  s u r f a c e  were  
c o n d u c t e d  on d r y  a s p h a l t  and t h o s e  r e q u i r i n g  a  low c o e f f i c i e n t  
s u r f a c e  were  conduc ted  on a  p o r t i o n  o f  t h e  s k i d  pad which had been  
t r e a t e d  w i t h  an a s p h a l t  s e a l a n t  ( J e n n i t e )  and w e t t e d  f o r  t h e  t e s t . 5 .  

F I G U R E  3 .  BRAKE PEDAL A P P L I C A T I O N  D E V I C E  ISSTALLED IS THE CHRYSLER 



S p r i n k l e r s  were t u r n e d  on f o r  a  s e t  t ime p e r i o d  b e f o r e  each 
run .  The t ime p e r i o d  was a d j u s t e d  each  day t o  meet weather  condi -  
t i o n s ,  such t h a t  t h e  amount o f  wa te r  on t h e  t r a c k  was s u f f i c i e n t  
t o  cover  t h e  t r a c k ,  b u t  n o t  s o  g r e a t  a s  t o  cause hydroplaning .  
ASTM s k i d  numbers f o r  t h e  h igh  and low c o e f f i c i e n t  s u r f a c e s  a r e  
8 5  and 23, r e s p e c t i v e l y .  

Veh ic l e s  were t e s t e d  under 3  l oad ing  c o n d i t i o n s  ( s e e  weights  
"as t e s t e d "  Table I ) ,  on t h e  h igh  and low c o e f f i c i e n t  s u r f a c e s .  
These load ing  c o n d i t i o n s  corresponded t o  curb weight  p l u s  weight  
of o p t i o n a l  equipment i n s t a l l e d  p l u s  a  pe rcen tage  o f  t h e  v e h i c l e  
c a p a c i t y  we igh t .  Veh ic l e  l o a d  c a p a c i t y  f o r  bo th  t h e  Chrys l e r  and 
t h e  Buick (6 pas senge r s  p l u s  200 pounds luggage) was 1100 pounds. 

With t h e  v e h i c l e  t r a v e l i n g  i n i t i a l l y  i n  a  s t r a i g h t  l i n e  a t  
60 mph w i t h  c o l d  b rakes* ,  t h e  brake  a p p l i c a t i o n  d e v i c e  was a c t i -  
v a t e d  t o  b r i n g  t h e  v e h i c l e  t o  a  s t o p ,  wh i l e  t h e  d r i v e r  s t e e r e d  t o  
ma in t a in  t h e  v e h i c l e  i n  t h e  1 2  f t  l a n e .  Veh ic l e s  were t e s t e d  a t  
t h e  t h r e e  s p e c i f i e d  weights  on t h e  h igh  and low c o e f f i c i e n t  s u r -  
f a c e s ,  w i t h  t h e  a n t i l o c k  system f u n c t i o n i n g  and w i t h  t h e  a n t i l o c k  
system d i s a b l e d .  Each t e s t  c o n d i t i o n  was r e p e a t e d  10 t imes .  For  
t h e  s t o p s  i n  which wheel lockup was a l lowed,  peda l  f o r c e  was main- 
t a i n e d  only  i f  t h e  v e h i c l e  remained d i r e c t i o n a l l y  s t a b l e  throughout  
t h e  s t o p .  I t  became obvious e a r l y  i n  t h e  program t h a t  v e h i c l e  s t a -  
b i l i t y  could  n o t  be main ta ined  i n  locked wheel s t o p s  from 60  mph 
on t h e  wet s u r f a c e ,  and t h e r e f o r e  t h e  t e s t  speed  under  t h e s e  condi -  
t i o n s  was reduced t o  30-34 mph. 

Typ ica l  t r a c e s  from t h e  o s c i l l o g r a p h  r e c o r d e r  f o r  a  locked  
wheel s t o p  a r e  g iven  i n  F i g .  4  and f o r  a  s t o p  w i t h  t h e  a n t i l o c k  s y -  
s tem o p e r a t i o n a l  i n  F i g .  5 .  Note t h a t  i n  bo th  c a s e s  t h e  peda l  was 
d i s p l a c e d  approximate ly  3  inches  i n  0 . 1  seconds .  This  d i sp lacement  

TABLE 1. SUMMARY OF WEIGHT DATA FOR TEST VEHICLES 

I CHRYSLER IMPERIAL BUICK RIVIERA 

percent  S t a t i c  Weight, Pounds Pe rcen t  S t a t i c  Weight , Pounds 
Capaci ty  Front  Rear Capac i ty  F ron t  Rear Total 
Weight Wheels Wheels Weight Wheels Wheels 

Curb 
Weighta 

As 
Received 

As 
Tes t ed  

As 
Tes t ed  

As 
Tes t ed  

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

*Temperature a s  measured on any brake  d i d  n o t  exceed 200°F 



FIGURE 4. OSCILLOGMPH RECORD FOR STOP WITH ANTILOCK SYSTEM DISABLED, 
HIGH COEFFICIENT SURFACE, CHRYSLER IMPERIAL 





r e s u l t e d  i n  a  b r a k e  l i n e  p r e s s u r e  s l i g h t l y  h i g h e r  t h a n  1100 p s i  
o c c u r r i n g  i n  a b o u t  0 . 3 2  s e c . ,  b u t  c l i m b i n g  t o  s t e a d y  s t a t e  v a l u e  o f  
1500 p s i .  The d e c e l e r a t i o n  t r a c e  f o l l o w s  t h e  l i n e  p r e s s u r e  t r a c e  
q u i t e  c l o s e l y ,  e x c e p t  f o r  a  s l i g h t  l a g .  I n  F i g .  4 ,  i t  can be  s e e n  
t h a t  even  though  maximum b r a k e  l i n e  p r e s s u r e  was a p p l i e d ,  t h e  r e a r  
w h e e l s  o f  t h e  C h r y s l e r  d i d  n o t  l o c k  u n t i l  t h e  v e h i c l e  v e l o c i t y  had 
d e c r e a s e d  t o  30 mph, and t h e  f r o n t  w h e e l s  d i d  n o t  l o c k  u n t i l  t h e  
v e h i c l e  was n e a r l y  s t o p p e d .  The wheel  r o t a t i o n  t r a c e s  a l s o  show 
( e a c h  " b l i p "  i n d i c a t e s  1 r e v o l u t i o n  o f  t h e  whee l )  t h a t  t h e  r i g h t  
r e a r  wheel  l o c k e d  b e f o r e  t h e  l e f t  r e a r .  I n  F i g .  5 ,  o f  c o u r s e ,  no 
wheel  l o c k  o c c u r s ,  b u t  i t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  t h e  a c c e l e r a -  
t i o n  t r a c e  i n d i c a t e s  i n t e r m i t t e n t  o s c i l l a t i o n s  due t o  t h e  o p e r a t i o n  
o f  t h e  a n t i l o c k  s y s t e m .  

I n  t h e  s o - c a l l e d  " l o c k e d  wheel  s t o p s , "  on t h e  d r y  pavement ,  n o t  
a l l  whee l s  l o c k e d  i m m e d i a t e l y  upon b r a k e  a c t i v a t i o n .  T a b l e  2 sum- 
m a r i z e s  t h e  d a t a  f o r  t h e  l o c k e d  wheel  s t o p s .  Note t h a n  even w i t h o u t  
a n t i l o c k  s y s t e m  o p e r a t i o n a l ,  wheel  l o c k  up on t h e  C h r y s l e r  I m p e r i a l  
a t  100% l o a d  on t h e  h i g h  c o e f f i c i e n t  s u r f a c e  d i d  n o t  o c c u r  u n t i l  
t h e  v e h i c l e  was n e a r l y  s t o p p e d .  

S t o p p i n g  d i s t a n c e  d a t a *  f rom a l l  t h e  v e h i c l e  t e s t s  a r e  g i v e n  
i n  T a b l e s  3 ,  4 ,  5 ,  and  6 ,  i n  which f o r  e a c h  s e t  o f  10 s t o p s  t h e  
mean, s t a n d a r d  d e v i a t i o n ,  and t h e  * l a  and t h e  k3a v a l u e s  a r e  g i v e n .  

2 . 2  TIRE-ROAD INTERFACE TESTS 

The p u r p o s e  o f  t h e  t i r e - r o a d  i n t e r f a c e  t e s t s  was t o  e s t a b l i s h  
t h e  p - s l i p  c h a r a c t e r i s t i c s  o f  t h e  t i r e s  u s e d  on t h e  t e s t  v e h i c l e s  
and a  s t a n d a r d  t i r e * *  on t h e  h i g h  and low c o e f f i c i e n t  s u r f a c e s  a t  
v a r i o u s  s u e e d s .  Of p a r t i c u l a r  i n t e r e s t  i n  t h e s e  t e s t s  was t h e  ~ e a k  
c o e f f i c i e n t  r e s u l t i n g  a t  a  g i v e n  v e l o c i t y ,  b e c a u s e  i t  i s  upon i h e s e  
~ e a k  v a l u e s  t h a t  t h e  e f f i c i e n c y  c a l c u l a t i o n s  a r e  b a s e d .  

The HSRI Mobi le  T i r e  ~ e s t k r  was u s e d  t o  d e t e r m i n e  t h e  u - s l i u  
c h a r a c t e r i s t i c s  o f  t h e  t i r e s  f o r  t . h i s  program.  I t  i s  a  h i g h ' s p e e h ,  
o v e r - t h e - r o a d  d e v i c e ,  c o n s i s t i n g  o f  a  r e t r a c t i n g  t i r e - w h e e l  dynamo- 
m e t e r  mounted on a  m o d i f i e d  t a n d e m - a x l e  commercial  t r a c t o r  ( s e e  
F i g .  6 ) .  The t i r e  mounted on t h e  t e s t  wheel  can be  s t e e r e d ,  and 
d r i v e n  o r  b r a k e d .  The d a t a  r e c o r d i n g  s y s t e m ,  w i t h  t h e  a s s o c i a t e d  
s i g n a l  c o n d i t i o n i n g  and c o n t r o l  i n s t r u m e n t a t i o n ,  i s  mounted i n  t h e  
c a b .  The p n e u m a t i c  s y s t e m  f o r  r a i s i n g  and l o w e r i n g  o f  t h e  w h e e l ,  t h e  
h y d r a u l i c  s y s t e m  f o r  c o n t r o l l i n g  wheel  s p e e d ,  and t h e  t e s t  wheel  
a ssembly  a r e  a l l  mounted on a  s p e c i a l l y  c o n s t r u c t e d  p l a t f o r m  on t h e  
v e h i c l e  f rame .***  

The t e s t  p r o c e d u r e  was a s  f o l l o w s :  w i t h  t h e  t e s t e r  t r a v e l i n g  
a t  a  g i v e n  s p e e d ,  and t h e  t e s t  t i r e  f r e e l y  r o l l i n g  on t h e  t e s t  s u r -  
f a c e ,  t h e  a u t o m a t i c  s l i p  c o n t r o l  was a c t i v a t e d ,  c a u s i n g  t h e  t e s t  
t i r e  t o  p r o c e e d  from f r e e l y  r o l l i n g  ( 0 %  s l i p )  t o  f u l l y  l o c k e d  (100% 
s l i p )  i n  3 . 5  s e c o n d s .  When t h e  f u l l y  l o c k e d  c o n d i t i o n  was a c h i e v e d ,  
t h e  t i r e  was l i f t e d  f rom t h e  s u r f a c e  and a l l o w e d  t o  c o o l  b e f o r e  i n i -  
t i a t i n g  t h e  n e x t  t e s t  s e q u e n c e .  Dur ing  t h e  t e s t  s e q u e n c e ,  v e h i c l e  
s p e e d ,  t e s t  t i r e  s p e e d ,  normal  l o a d ,  and  l o n g t u d i n a l  f o r c e  a r e  mea- 
s u r e d  and c o n t i n u o u s l y  r e c o r d e d .  

"11 s t o p p i n g  d i s t a n c e s  have been  c o r r e c t e d  t o  60 mph u s i n g  t h e  
- e q u a t i o n :  S60 - 3600 where  S60 i s  t h e  c o r r e c t e d  s t o p p i n g  d i s -  St 7 

' t 
t a n c e ,  and St i s  t h e  a c t u a l  s t o p p i n g  d i s t a n c e  measured f rom t e s t  

s p e e d  i n  mph, Vt. 
*-*The s t a n d a r d  t i r e  u s e d  f o r  t h e s e  t e s t s  was an  8 . 4 5 - 1 5  T r a c t i o n  
T e s t  S t a n d a r d  m a n u f a c t u r e d  by t h e  G e n e r a l  T i r e  Company. 
* * * A  comple te  d e s c r i p t i o n  o f  t h e  Mobi le  T i r e  T e s t e r  i s  g i v e n  i n  
R e f e r e n c e  4 .  
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FIGURE 6 .  HSRI MOBILE TIRE ROAD INTERFACE TESTER 

When p o s s i b l e ,  t i r e  t e s t s  were i n t e r s p e r s e d  w i t h  v e h i c l e  t e s t s  
t o  ensu re  t h a t  v a r i a t i o n s  i n  t e s t  r e s u l t s  due t o  d i f f e r e n c e s  i n  
t empera tu re ,  humidi ty ,  wind v e l o c i t y ,  s u r f a c e  c h a r a c t e r i s t i c s ,  and 
wa te r  f i l m  depth  on t h e  low c o e f f i c i e n t  s u r f a c e  would be minimized, 

On t h e  low c o e f f i c i e n t  s u r f a c e ,  t e s t s  were conducted a t  5 ,  1 5 ,  
30 and 45 mph, w i t h  t i r e  loads  e q u i v a l e n t  t o  t h e  t h r e e  average  s t a -  
t i c  l oads  on t h e  v e h i c l e  t i r e s .  I t  would have been d e s i r a b l e  t o  t e s t  
t h e  t i r e s  a t  6 0  rnph, b u t  space  c o n s t r a i n t s  a t  t h e  t e s t  s i t e  preven-  
t e d  doing s o .  I t  was imposs ib l e  t o  t e s t  a t  t h e  same loads  and speeds  
on t h e  dry s u r f a c e ,  because t h e  t i r e - r o a d  i n t e r f a c e  f o r c e s  gene ra t ed  
a t  such loads  and speeds exceeded t h e  c a p a c i t y  of t h e  Mobile T i r e  
T e s t e r .  However, an a t t empt  was made t o  a s s e s s  t h e  l o a d  and speed  
s e n s i t i v i t y  ( i f  any) of t h e  t i r e s  on t h e  dry  s u r f a c e ,  by t e s t i n g  
each t i r e  a t  s e v e r a l  l oads  a t  a  g iven  speed and s e v e r a l  speeds  a t  
a  g iven  l o a d .  

Each t i r e  t e s t  under each c o n d i t i o n  was r e p e a t e d  1 0  t i m e s .  A 
summary of  t h e  mean peak f o r c e  va lues  from each t e s t  i s  g iven  i n  
Table 7 .  Tables  8 ,  9 ,  and 1 0  p r e s e n t  t h e  mean, one sigma and 3 sigma 
v a l u e s  f o r  each t i r e  t e s t e d .  I t  i s  immediately e v i d e n t  t h a t  on t h e  
wet s u r f a c e ,  t h e  peak t i r e - r o a d  i n t e r f a c e  c o e f f i c i e n t s  were h i g h l y  
v e l o c i t y  s e n s i t i v e ,  and somewhat l oad  s e n s i t i v e .  No r e a l  c o r r e l a t i o n  
e i t h e r  t o  l oad  o r  t o  v e l o c i t y  was found f o r  t h e  dry  s u r f a c e  t e s t s ,  
excep t  f o r  t h e  s t a n d a r d  t i r e ,  which showed t h e  peak f o r c e  t o  be q u i t e  
s e n s i t i v e  t o  v e l o c i t y .  

The u - s l i p  c h a r a c t e r i s t i c s  f o r  each t i r e  averaged f o r  t h e  t e n  
rbns made under each t e s t  c o n d i t i o n ,  a r e  g iven  i n  t h e  appendix,  i n  
F i g .  A - 1  th rough A - 6 .  



TABLE 2 .  DATA SUMMARY - LOCKED WHEEL STOPS 

Average S t o p  
Track  Load Speed D e c e l e r a t i o n  D i s t a n c e  

Veh i c l e  C o n d i t i o n  % (MPH) ( g - u n i t s )  ( f e e t )  * Remarks on Wheel Lock-Up 

CHRYSLER Dry 40 60 0 .68  178 F r o n t  whee l s  d i d  n o t  l o c k  u n t i l  
v e h i c l e  was n e a r l y  s t o p p e d .  Rea r  
whee l s  l o c k e d  a t  speeds  f rom 42 
t o  50 mph. 

Dry 60 60 0 .66 183  F r o n t  whee l s  d i d  n o t  l o c k  u n t i l  
v e h i c l e  was n e a r l y  s t o p p e d .  Rea r  
whee l s  l o c k e d  a t  speeds  f rom 20 
t o  50 mph. 

198 F r o n t  whee l s  d i d  n o t  l o c k  u n t i l  
v e h i c l e  was n e a r l y  s t o p p e d .  Rea r  
whee l s  l o c k e d  a t  s p e e d s  f rom 1 4  
t o  1 8  mph. 

Wet 40 3 0  0 .16 770 A l l  whee l s  l o c k e d  s h o r t l y  a f t e r  
b r a k e  a p p l i c a t i o n  

Wet 60 3  0  0.16 744  A l l  whee l s  l o c k e d  s h o r t l y  a f t e r  
b r a k e  a p p l i c a t i o n  

Wet 100 3 4 0.14 888 A l l  whee l s  l o c k e d  s h o r t l y  a f t e r  
b r a k e  a p p l i c a t i o n  

B U I  CK Dry 60 54 0 .74 1 6 3  F r o n t  whee l s  l ocked  a t  s p e e d s  f rom 
40 t o  20 mph. Rear  whee l s  l o c k e d  
a t  s p e e d s  f rom 45  t o  12  mph. 

Dry 80 60 0 .69  175 F r o n t  whee l s  l o c k e d  s h o r t l y  a f t e r  
b r a k e  a p p l i c a t i o n .  Rear  whee l s  
l o c k e d  a t  low s p e e d .  

Dry 100 60 0 .65  187  L e f t  f r o n t  wheel  l o c k e d  s h o r t l y  
a f t e r  b r a k e  a p p l i c a t i o n .  Rear  
whee l s  l o c k e d  a t  low s p e e d .  

Wet 60 3 0  0 .13  80 3 A l l  whee l s  l o c k e d  s h o r t l y  a f t e r  
b r a k e  a p p l i c a t i o n  

Wet 8  0  30 0 .18  656 A l l  whee l s  l o c k e d  s h o r t l y  a f t e r  
b r a k e  a p p l i c a t i o n  

- 

Wet 100 3 2 0 .18 682 A l l  whee l s  l o c k e d  s h o r t l y  a f t e r  
b r a k e  a p p l i c a t i o n  

*Where i n i t i a l  s p e e d  i s  o t h e r  t h a n  60 mph, s t o p p i n g  d i s t a n c e  i s  c o r r e c t e d  t o  60 rnph i n i t i a l  s p e e d .  



TABLE 3. 
STOPPING DISTANCE DATA, CHRYSLER IMPERIAL, ANTILOCK SYSTEM OPERATIONAL 

Cor rec t ed  One Three 
Me an Standard  S tandard  

Track Loading Stopping  Dev ia t ion  Dev ia t ions  Mean Mean Mean Mean 
Condi t ion  Condi t ion  Dis tance*  a 3  a + la  - l a  + 3 a  - 3 0  

Dry 40 % 1 8 3  3 . 8  1 1 . 4  1 8 7  1 7 9  1 9 4  1 7 2  

Dry 6 0 %  1 8 4  3 . 6  1 0 . 8  1 8 8  1 8 0  1 9 5  1 7 3  

Dry 1 0 0 %  1 9  4  6 . 7  2 0 . 1  2 0 1  1 8 8  224 1 7 4  

Wet 4 0 %  4  19 2 0 . 6  6 1 . 8  440 398  4 8 1  357 

Wet 6 0 %  4  2  1 1 2 . 5  3 7 . 5  434  409  458  384  

Wet 1 0 0 %  385  1 7 . 4  5 2 . 2  402  3 6 8  437  3 3 3  

~ l l  d i s t a n c e s  a r e  i n  f e e t  

TABLE 4 .  
STOPPING DISTANCE DATA, CHRYSLER IMPERIAL, ANTILOCK SYSTEM DISABLED 

Correc ted  One Three 
Me an S tandard  S tandard  

Track Loading Stopping Dev ia t ion  Dev ia t ions  Mean Mean Mean Mean 
Condi t ion  Condi t ion  Di s t ancek  0 30  + l o  - l a  + 3 a  - 3 0  

Dry 4 0 %  1 7  8  3 . 9  1 1 . 8  1 8 2  1 7 4  1 9 0  1 7 6  

Dry 6 0 %  1 8 3  3 . 0  9 . 0  1 8 6  1 8 0  1 9 2  1 7 4  

Dry 1 0 0 %  1 9 8  2 . 1  6 . 3  200 1 9 6  204 1 9 2  

Wet 4 0 % 7 7  0 5 0 . 6  1 5 1 . 8  8 2 1  719  9 2 2  618 

Wet 6 0 %  7  4  4  4 7 . 3  1 4 1 . 9  7 9 1  6 9 7  886 602  

Wet 1 0  0 % 889 4 0 . 6  1 2 1 . 8  930  8 4 8  1 0 1 1  767 

*All d i s t a n c e s  a r e  i n  f e e t  



TABLE 5 ,  
STOPPING DISTANCE DATA, B U I C K  RIVIERA, ANTILOCK SYSTEM OPERATIONAL 

Corrected One Three 
Me an  S tanda rd  S tanda rd  

Track Loading Stopping  Dev ia t ion  D e v i a t i o n s  Mean Mean Mean Mean 
Cond i t ion  Condi t ion  Distance* u 3 a +lo -10 +3u -30 

Dry 60% 180 6.4 19.2 186 174 199 161 

Dry 80 % 181 5.7 17.1 187 175 198 144 

Dry 100% 193 6.6 19.8 200 186 213 173 

Wet 60% 535 32.7 98.1 568 502 633 437 

Wet 8 0 % 498 18.8 56.3 517 479 554 442 

Wet 100% 5 2 8 20.6 61.8 549 507 590 466 

*All d i s t a n c e s  a r e  in f e e t  

TABLE 6. 
STOPPING DISTANCE DATA, BUICK RIVIERA, ANTILOCK SYSTEM DISABLED 

C o r r e c t e d  One Three 
Me an S tanda rd  S t a n d a r d  

Track Loading Stopping  Dev ia t ion  ~ e v i a t i o n s  Mean Mean Mean Mean 
Cond i t ion  Condi t ion  Di s t ance*  o 3 u +la -lo +30 -30 

Dry 6 0 % 163 8.4  25.2 171 155 188 138 

Dry 80% 175 5.4 16.2 180 170 191 159 

Dry 100% 18 7 4.4 13.2 191 183 200 174 

Wet 60% 803 60.5 181.5 864 743 985 622 

Wet 80% 657 54.3 162.9 711 603 820 494 

Wet 10 0 % 682 65.5 196.5 748 617 878 486 

*All d i s t a n c e s  a r e  i n  f e e t  



TABLE 7 .  
SUMMARY OF MEAN PEAK VALUES FROM TIRE-ROAD INTERFACE TESTS 

Load ,  i n  Pounds 
S p e e d  T r a c k  

T i r e  (MPH) C o n d i t i o n  800  850 1 0 0 0  1050  1 2 0 0  1 2 5 0  1350  1 4 5 0  1500  1 6 0 0  

H78-15  1 0  d r y  1 . 0 0  
1 5  d r y  1 . 0 7  1 . 0 0  1 . 0 3  0 . 9 8  
3 0 d r y  1 . 0 4  

T r a c t i o n  T e s t  
S t a n d a r d  
8 . 4 5 - 1 5  5  d r y  1 . 0 3  

1 5  d r y  0 . 9 0  
3  0 d r y  0 . 8 1  

L84-15  5  w e t  
1 5  w e t  
3 0  w e t  
4 5  w e t  

H78-15  5  w e t  
1 5  w e t  
3  0  w e t  
4 5  w e t  

T r a c t i o n  T e s t  
S t a n d a r d  
8 . 4 5 - 1 5  5  w e t  

1 5  w e t  
3  0  w e t  
4 5  w e t  



TABLE 8 .  
SUMMARY OF TIRE-ROAD PEAK FORCE DATA, GOODYEAR POLYGLAS L84-15 TIRE 

Tire-Road F r i c t i o n  C o e f f i c i e n t  

Load Speed Mean Mean Mean Mean 
S u r f a c e  ( l b s )  (MPH) Mean l a  30 + l a  - l a  +30 -30 

dry  
a s p h a l t  

d ry  
a s p h a l t  

d ry  
a s p h a l t  

wet 
j e n n i  t e  

I I 

wet 
j e n n i  t e  

1 1  

I I 

I I 

wet 
j enn i  t e  

t I 

I t  

11 

wet 
j e n n i  t e  

I I 



TABLE 9 .  
SUMMARY OF TIRE-ROAD PEAK FORCE DATA, GOODYEAR POLYGLAS H 7 8 - 1 5  TIRE 

T i r e - R o a d  I n t e r f a c e  C o e f f i c i e n t  

L o a d  S p e e d  Mean Mean Mean Mean 
S u r f a c e  ( l b s )  (MPH) Mean l a  3  a + l a  - l a  + 3 a  -30 

d r y  
a s p h a l t  8 5 0  1 0  1 . 0 0  0 . 0 7  0 . 2 1  1 . 0 7  0 . 9 3  1 . 2 1  0 . 7 9  

1 1  I I 1 5  1 . 0 7  0 . 0 4  0 . 1 2  1.11 1 . 0 3  1 . 1 9  0 . 9 5  
I I I I 3  0  1 . 0 4  0 . 0 4  0 . 1 2  1 . 0 8  1 . 0 0  1 . 1 6  0 . 9 2  

d r y  
a s p h a l t  1 0 5 0  1 5  1 . 0 0  0 . 0 2  0 . 0 6  1 . 0 2  0 . 9 8  1 . 0 6  0 . 9 4  

d r y  
a s p h a l t  1 2 5 0  1 5  1 . 0 3  0 . 0 4  0 . 1 2  1 . 0 7  0 , 9 9  1 . 1 5  0 . 9 1  

d r y  
a s p h a l t  1 4 5 0  1 5  0 . 9 8  0 . 0 1  0 . 0 3  0 . 9 9  0 . 9 7  1 . 0 2  0 . 9 5  

w e t  
j e n n i t e  1 0 5 0  5  0 . 5 6  0 . 0 4  0 . 1 1  0 . 6 0  0 . 5 2  0 . 6 8  0 , 4 4  

I I 11 1 5  0 . 4 3  0 . 0 3  0 . 0 9  0 . 4 6  0 . 4 0  0 . 5 2  0 . 3 4  
I I I I 3  0  0 . 3 8  0 . 0 4  0 . 1 2  0 . 4 2  0 . 3 4  0 . 5 0  0 . 2 6  
I I I I 4  5  0 . 3 4  0 . 0 2  0 . 0 6  0 . 3 6  0 . 3 2  0 . 4 0  0 . 2 8  

w e t  
j e n n i t e  1 3 5 0  5  0 . 5 4  0 . 0 2  0 . 0 6  0 . 5 6  0 . 5 4  0 . 6 0  0 . 4 8  

I I I I 1 5  0 . 4 6  0 . 0 3  0 . 0 9  0 . 4 9  0 . 4 3  0 . 5 5  0 . 3 7  
1 1  I t  3  0  0 . 3 8  0 . 0 3  0 . 0 9  0 . 4 1  0 . 3 5  0 . 4 7  0 . 2 9  
I I I I 4  5  0 . 2 7  0 . 0 3  0 . 0 9  0 . 3 0  0 . 2 4  0 . 3 6  0 . 1 8  

w e t  
j e n n i t e  1 4 5 0  5  0 . 5 5  0 . 0 4  0 . 1 2  0 . 5 9  0 . 5 1  0 . 6 7  0 . 4 3  

1 1  1 1  1 5  0 . 4 0  0 . 0 4  0 . 1 2  0 . 4 4  0 . 3 6  0 . 5 2  0 . 2 8  
I I I I 3  0  0 . 3 3  0 . 0 4  0 . 1 2  0 . 3 7  0 . 2 9  0 . 4 5  0 . 2 1  
I I I I 4  5  0 . 2 6  0 . 0 6  0 . 1 8  0 . 3 2  0 . 2 0  0 . 4 4  0 . 0 8  

TABLE 1 0 .  
SUMMARY OF TIRE-ROAD PEAK FORCE DATA, GENERAL 8 . 4 5 - 1 5  STANDARD TIRE 

T i r e - R o a d  I n t e r f a c e  C o e f f i c i e n t  

L o a d  S p e e d  Mean Mean Mean Mean 
S u r f a c e  ( l b s )  (MPH) Mean l a  3  a + l a  - l a  + 3 a  -30 

d r y  
a s p h a l t  1 0 5 0  5  1 . 0 3  0 . 0 7  0 . 2 1  1 . 1 0  0 . 9 6  1 . 2 4  0 . 8 2  

1 1  1 1  

I I 

1 5  0 . 9 0  0 . 0 4  0 . 1 2  0 . 9 4  0 . 8 6  1 . 0 2  0 . 7 8  
1 1  3 0  0 . 8 1  0 . 0 5  0 . 1 5  0 . 8 6  0 . 7 6  0 . 9 6  0 . 6 6  

wet 
j e n n i t e  1 0 5 0  

11 I 1  

5  0 . 4 4  0 . 0 7  0 . 2 1  0 . 5 1  0 . 3 7  0 . 6 5  0 . 2 3  

I I 
1 5  0 . 3 8  0 . 0 5  0 . 1 5  0 . 4 3  0 . 3 3  0 . 5 3  0 . 2 3  

1 I 3  0  0 . 3 4  0 . 0 4  0 . 1 2  0 . 3 8  0 . 3 0  0 . 4 6  0 . 2 2  
I I I I 4  5  0 . 2 5  0 . 0 3  0 . 0 9  0 . 2 8  0 . 2 2  0 . 3 4  0 . 1 6  



3 .  ANALYSIS OF RESULTS 

The d e t e r m i n a t i o n  of  b rake  sys tem e f f i c i e n c y  a s  d e f i n e d  by 
Equat ion  2 ( s e e  S e c t i o n  1 )  r e q u i r e s  t h e  c a l c u l a t i o n  of  i d e a l  s t o p -  
p ing  d i s t a n c e ,  which i s  d e f i n e d  a s  t h e  d i s t a n c e  t o  s t o p  t h e  c a r  
from 60 mph i f  t h e  b rake  t o r q u e  on each wheel were modulated such  
t h a t  peak t i r e - r o a d  f o r c e s  were produced throughout  t h e  s t o p .  The 
r e s u l t s  of  t h e  t e s t s  of  t h e  L84-15 and t h e  H78-15 t i r e s  on t h e  d ry  
a s p h a l t  s u r f a c e ,  c i t e d  i n  t h e  l a s t  s e c t i o n  and p l o t t e d  i n  F i g ,  7 ,  
show l i t t l e ,  i f  any,  s e n s i t i v i t y  of t i r e  peak f o r c e  t o  l oad  o r  
speed .  However, on t h e  low c o e f f i c i e n t  s u r f a c e ,  t h e  t e s t  r e s u l t s  
show c o n s i d e r a b l e  speed  and l o a d  s e n s i t i v i t y ,  a s  demonst ra ted  i n  
F i g s .  8  and 9 .  

CALCULATION OF IDEAL STOPPING DISTANCE 

S ince  no r e a l  dependency o f  t i r e - r o a d  peak c o e f f i c i e n t  va lues  
on speed  o r  l o a d  was no ted  f o r  t h e  dry  s u r f a c e  t e s t s ,  a  c o n s t a n t  
va lue  equa l  t o  t h e  average  o f  t h e  peak c o e f f i c i e n t s  f o r  each t i r e  
was used t o  c a l c u l a t e  i d e a l  s t o p p i n g  d i s t a n c e  on dry  a s p h a l t .  
Thus : 

u = vav  (3) 

which g i v e s  p = 0.95  f o r  t h e  L84-15 t i r e  and p = 1.02  f o r  t h e  H78-15 
t i r e .  To d e s c r i b e  t h e  v a r i a t i o n  o f  p w i t h  v e l o c i t y  on t h e  low c o e f f -  
i c i e n t  s u r f a c e ,  a  second degree  polynomial  was f i t t e d  t o  t h e  d a t a  
p o i n t s  g e n e r a t e d  a t  v a r i o u s  speeds  f o r  t h e  g iven  t i r e  a t  a  g iven  
l o a d  us ing  t h e  l e a s t  s q u a r e s  t echn ique  ( 5 ) .  
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The r e s u l t i n g  e x p r e s s i o n  f o r  t h e  peak t i r e - r o a d  c o e f f i c i e n t  as 
a  f u n c t i o n  of v e l o c i t y  f o r  a  g iven  l o a d  i s :  

where V i s  t h e  v e l o c i t y  i n  f t / s e c  and A ,  B ,  and C a r e  t h e  c o n s t a n t s  
d e r i v e d  us ing  t h e  l e a s t  s q u a r e s  curve  f i t t i n g  technique .  In  Table  11 
a r e  l i s t e d  t h e  va lues  of  A ,  B ,  and C f o r  each  t i r e  i n  each  of t h r e e  
l o a d i n g  c o n d i t i o n s .  The r e s u l t i n g  curves  f o r  t h e  polynomials  a r e  
p l o t t e d  on t h e  same graph  w i t h  t h e  expe r imen ta l  d a t a  points  i n  F i g s .  
8 and 9 .  

I f  t h e  peak t i r e - r o a d  c o e f f i c i e n t  i s  exp res sed  as i n  Equat ion  
4 ,  t h e  i d e a l  s t o p p i n g  d i s t a n c e  can be c a l c u l a t e d  by 

where g = t h e  g r a v i t y  c o n s t a n t ,  3 2 . 2  f t / s e c  2 

V = v e h i c l e  v e l o c i t y ,  f t / s e c  

Vl = i n i t i a l  t e s t  speed ,  f t / s e c  

A ,  B ,  and C a r e  a s  d e f i n e d  f o r  Equat ion  4 .  

Note t h a t  t h e  e f f e c t  of  t h e  v a r i a t i o n  i n  ve r t i ca l  load on the  t i r e s  
due t o  l o a d  t r a n s f e r  du r ing  t e s t i n g  i s  not i n c l u d e d  i n  this e q u a t i o n .  
The n e t  e f f e c t  on t h e  f i n a l  c a l c u l a t i o n  would indeed  be small s i n c e  
t h e  ga in  i n  t h e  peak f o r c e  c a p a b i l i t y  o f  t h e  f r o n t  tires would be 
o f f s e t  by a  l o s s  of such c a p a b i l i t y  on t h e  rear t i r e s ,  

TABLE 11. 
POLYNOMIALS DESCRIBING PEAK TIRE-ROAD INTERFACE COEFFICIENTS AS A 

FUNCTION OF VELOCITY ON WET SEALED ASPHALT 

v = AV' + BV + C where V i s  i n  f t / s e c  

A B C 

T i r e  Load, Pounds x106 x1 0 x102 



The i n t e g r a l  i n  Equat ion  5  has  a  s o l u t i o n  i n  c l o s e d  form which may 
be found i n  a  t a b l e  o f  i n t e g r a l s  ( 6 ) .  However, i f  t h e  peak t i r e - r o a d  
i n t e r f a c e  c o e f f i c i e n t  i s  c o n s t a n t  a s  i n  Equat ion  3 ,  t h e  e x p r e s s i o n  
f o r  t h e  i d e a l  s t o p p i n g  d i s t a n c e  becomes 

Although i t  i s  n e c e s s a r y  t o  c a l c u l a t e  i d e a l  s t o p p i n g  d i s t a n c e  
i n  o r d e r  t o  a s s e s s  how w e l l  t h e  v e h i c l e  i s  t a k i n g  advantage o f  t h e  
peak f o r c e s  a v a i l a b l e  i n  t h e  t i r e - r o a d  i n t e r f a c e ,  i t  i s  a l s o  neces -  
s a r y  t o  a s s e s s  how t h e  f r i c t i o n a l  c h a r a c t e r i s t i c s  o f  a  g iven  t i r e  
compare t o  t h o s e  of a  r ecogn ized  s t a n d a r d  t i r e  when t e s t e d  on t h e  
same s u r f a c e .  For  t h i s  r e a s o n ,  t h e  s t a n d a r d  8 . 4 5 - 1 5  t i r e s  were 
t e s t e d  a t  v a r i o u s  speeds  on t h e  h i g h -  and l o w - c o e f f i c i e n t  s u r f a c e s  
under  a  v e r t i c a l  l o a d  of 1050 l b s .  The t e s t  d a t a  g iven  on Table 10 
i n d i c a t e  t h a t  t h e  peak t i r e - r o a d  i n t e r f a c e  c o e f f i c i e n t  i s  speed  
s e n s i t i v e  on b o t h  s u r f a c e s .  Again, t h e  l e a s t  squa res  t echn ique  was 
used  t o  f i t  second deg ree  polynomials  t o  t h e  t e s t  d a t a ,  r e s u l t i n g  
i n  - t h e  fo l lowing  e x p r e s s i o n s :  

f o r  t h e  dry a s p h a l t  s u r f a c e  and 

f o r  t h e  wet s e a l e d  a s p h a l t  s u r f a c e .  The curves  r e s u l t i n g  from Equa- 
t i o n s  7 and 8 a r e  p l o t t e d  on t h e  same graph w i t h  t h e  expe r imen ta l  
d a t a  p o i n t s  i n  F i g .  10 .  From t h e s e  e x p r e s s i o n s ,  i d e a l  s t o p p i n g  
d i s t a n c e s  f o r  t h e  s t a n d a r d  t i r e  can be c a l c u l a t e d  from Equat ion  5  f o r  
comparison t o  t h e  o t h e r  t i r e s .  

3 . 2  EVALUATION OF VEHICLE-BRAKE SYSTEM AND TIRE-ROAD PERFORMANCE 

Brake sys tem e f f i c i e n c y  was c a l c u l a t e d  f o r  each v e h i c l e  under 
each t e s t  c o n d i t i o n  u s i n g  Equat ion 2 :  

I t  shou ld  be emphasized t h a t  t h i s  e f f i c i e n c y  does n o t  e v a l u a t e  t i r e -  
road performance b u t  i s  a  measure of  how w e l l  t h e  v e h i c l e - b r a k e  system 
has  u t i l i z e d  t h e  f r i c t i o n a l  f o r c e s  a v a i l a b l e  i n  t h e  t i r e - r o a d  i n t e r -  
f a c e .  To f i x  t h e  t i r e - r o a d  performance t o  a  common, r e a d i l y  a c c e p t a b l e  
r e f e r e n c e  l e v e l ,  i d e a l  s t o p p i n g  d i s t a n c e s  f o r  t h e  s t a n d a r d  t i r e  were 
de te rmined  and t h e  t e s t  t i r e s  were e v a l u a t e d  a g a i n s t  t h i s  s t a n d a r d  
by t h e  f o l l o w i n g  e x p r e s s i o n :  

F = Di (STD) 
9 (9)  

Di 

where F i s  d e f i n e d  a s  t h e  T i r e  F a c t o r  

D. (STD) i s  t h e  i d e a l  s t o p p i n g  d i s t a n c e  f o r  t h e  s t a n d a r d  t i r e  
1 

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



The product  of t h e  Braking System E f f i c i e n c y  and t h e  T i r e  Fac to r  
then  y e i l d s  a number de f ined  a s  t h e  Brake System Rat ing:  

1.1 I I I I I I I 1 I I I 

- 

- 

0 . 8 -  

This  r a t i n g  compares t h e  a c t u a l  brake system performance t o  t h a t  
which could  be achieved  w i t h  t h e  s t a n d a r d  t i r e .  

An e v a l u a t i o n  of  wet t o  dry performance can be made f o r  t h e  t e s t  
v e h i c l e  by d i v i d i n g  t h e  r a t i o  of i d e a l  s topp ing  d i s t a n c e s ,  wet t o  d r y ,  
f o r  t h e  s t a n d a r d  t i r e  by t h e  r a t i o  of  a c t u a l  v e h i c l e  s topp ing  d i s -  
t a n c e s ,  wet t o  d ry .  

This  may be expressed  a s :  

0.7- 

0 . 6 -  
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0 . 5 -  

0 . 4 -  
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0 . 2 -  
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FIGURE 1 0 .  PEAK TIRE-ROAD INTERFACE COEFFICIENTS ON HIGH- AND LOW 
COEFFICIENT SURFACES FOR GENERAL 8 . 4 5 - 1 5  STANDARD TIRE 

where M i s  de f ined  a s  t h e  Wet t o  Dry Performance Rat ing .  
A summary of t h e  r e s u l t s  of t h i s  s tudy  i s  g iven  i n  Table 1 2 ,  i n  

which a r e  l i s t e d  t h e  a c t u a l  s topp ing  d i s t a n c e s  from t h e  v e h i c l e  t e s t s ,  
i d e a l  s t o p p i n g  d i s t a n c e s  c a l c u l a t e d  from t h e  t i r e  t e s t  d a t a ,  and t h e  
brake  system e f f i c i e n c y ,  t i r e  f a c t o r ,  b rake  system r a t i n g ,  and t h e  
wet t o  dry  performance r a t i n g .  





The r e s u l t s  shown i n  Table 1 2  i n d i c a t e  t h a t  t h e  v e h i c l e s  t e s t e d  
were a b l e  t o  ach ieve  brake  system e f f i c i e n c i e s  ranging  from 60 t o  70% 
on t h e  dry s u r f a c e  and 75 t o  98% on t h e  low c o e f f i c i e n t  s u r f a c e .  
These e f f i c i e n c i e s  may a t  f i r s t  g l ance  seem t o  be d i s a p p o i n t i n g l y  low. 
However, when t h e s e  r e s u l t s  a r e  compared t o  t h o s e  achieved  i n  d r i v e r  
c o n t r o l l e d  t e s t s  w i t h  a  v e h i c l e  n o t  equipped wi th  an a n t i l o c k  sys tem,  
t h e  advantages  of an a n t i l o c k  system a r e  c l e a r l y  made m a n i f e s t .  I n  
t e s t s  conducted a t  HSRI i n  1969, i t  was shown t h a t  a l though t h e  v e h i -  
c l e  had a  b rak ing  e f f i c i e n c y  of  b e t t e r  t han  95% f o r  t h e  range of  
s u r f a c e s  t e s t e d ,  d r i v e r s  i n  g e n e r a l  were n o t  a b l e  t o  modulate t h e  
b rakes  t o  ach ieve  b e t t e r  t han  6 5 %  of  t h e  v e h i c l e s t  b rak ing  c a p a b i l i t y  
on dry  a s p h a l t ,  and no b e t t e r  t han  4 5 %  on wet p a i n t e d  a s p h a l t  ( 7 ) .  

The d a t a  i n d i c a t e  t h a t  t h e  Buick was a b l e  t o  ach ieve  s l i g h t l y  
s h o r t e r  s t o p p i n g  d i s t a n c e s  on t h e  d ry  a s p h a l t  s u r f a c e  than  t h e  Chry- 
s l e r ,  wh i l e  on t h e  wet s e a l e d  a s p h a l t  s u r f a c e  t h e  r e v e r s e  was t r u e .  
However, t h e  i d e a l  s topp ing  d i s t a n c e  c a l c u l a t i o n s  show t h a t  t h e  Buick 
t i r e s  shou ld  produce h i g h e r  peak f o r c e s  on t h e  dry  s u r f a c e ,  s o  t h a t  
t h e  b rak ing  e f f i c i e n c i e s  c a l c u l a t e d  f o r  t h e  Chrys l e r  a r e  a c t u a l l y  
h i g h e r .  For t h e  low c o e f f i c i e n t  s u r f a c e ,  t h e  i d e a l  s t o p p i n g  d i s t a n c e s  
f o r  t h e  Buick t i r e s  were cons ide rab ly  l a r g e r  t han  t h o s e  f o r  t h e  Chry- 
s l e r  t i r e s ,  y e t ,  because of t h e  l a r g e r  a c t u a l  s t o p p i n g  d i s t a n c e s ,  
ach ieved  a  lower i d e a l  brake  system e f f i c i e n c y .  

The t i r e  f a c t o r  g ives  a  r ea sonab le  assessment  of  how w e l l  each 
t i r e  compares t o  a  s t a n d a r d  t i r e  on a  g iven  s u r f a c e .  I n  a l l  c a s e s  ex-  
c e p t  one,  t h e  v e h i c l e  t i r e s  showed s u p e r i o r  peak f o r c e  c h a r a c t e r i s t i c s  
when compared t o  t h e  s t a n d a r d  t i r e .  The brake  system r a t i n g ,  on t h e  
o t h e r  hand, compares t h e  a c t u a l  s t o p p i n g  d i s t a n c e  achieved  by t h e  
v e h i c l e  t o  t h e  i d e a l  s t o p p i n g  d i s t a n c e  c a l c u l a t e d  f o r  t h e  s t a n d a r d  
t i r e .  The r a t i n g s  i n  a l l  c a ses  a r e  h i p h e r  t han  8 0 % ,  and f o r  t h e  
Chrys l e r  on t h e  low c o e f f i c i e n t  s u r f a c e ,  were i n  excess  o f  100%.  

The wet t o  d ry  performance r a t i n g  compares t h e  wet t o  dry  p e r f o r -  
mance of  t h e  s t a n d a r d  t i r e  t o  t h e  wet t o  dry  performance o f  t h e  ve-  
h i c l e .  I f  t h e  r a t i o  i s  1 . 0 ,  t h e  changes were e q u a l .  I f  g r e a t e r  t han  
1 . 0  then  t h e  v e h i c l e  performance changed l e s s  t han  t h e  s t a n d a r d  t i r e  
which i s  d e s i r a b l e .  Converse ly ,  a t  a  r a t i o  l e s s  t han  1 . 0 ,  t h e  v e h i -  
c l e  expe r i ences  more change than  t h e  s t a n d a r d  t i r e  and t h i s  i s  
u n d e s i r a b l e .  With t h e  excep t ion  of  one p o i n t  bo th  v e h i c l e s  e x h i b i t e d  
l e s s  change than  t h e  s t a n d a r d  t i r e .  

3 . 3  STATISTICAL TOLERANCE ON BRAKING EFFICIENCY CALCULATIONS 

The d e t e r m i n a t i o n  o f  b rak ing  e f f i c i e n c y  i s  based  upon e s t i m a t e s  
of  mean va lues  of  D- and p which were d e r i v e d  from r e l a t i v e l y  smal l  

a 
samples (10 t e s t  r e p l i c a t i o n s )  of  a  t o t a l  p o p u l a t i o n .  The s t a t i s t i c a l  
t o l e r a n c e  on t h e  va lues  f o r  b rak ing  e f f i c i e n c y  s o  d e r i v e d  i s  e s t ima-  
t e d  from t h e  v a r i a t i o n s  found i n  each t e s t  sample. For t h e  dry  s u r -  
f a c e  t e s t s ,  i d e a l  s t o p p i n g  d i s t a n c e  was c a l c u l a t e d  from Equat ion  6 ,  
and b rak ing  e f f i c i e n c y  was c a l c u l a t e d  from Equat ion  2 .  Combining 
Equat ions  2 and 6  r e s u l t s  i n  

7 

Since  e s t i m a t e s  of  t h e  s t a n d a r d  d e v i a t i o n  of D a  and pAv have been 

made ( see  Tables  3 ,  5 ,  8 ,  and 9 ) ,  an e s t i m a t e  of  t h e  s t a n d a r d  d e v i a -  
t i o n  o f  E can be c a l c u l a t e d  from t h e  fo l lowing  e q u a t i o n  ( 8 ) :  



where s E  i s  t h e  e s t i m a t e d  s t a n d a r d  d e v i a t i o n  of  E .  

s D  and s  a r e  e s t i m a t e s  of  t h e  s t a n d a r d  d e v i a t i o n s  o f  Da 
a  ' AV 

and r c s p e c t i v e l y  . 'AV' 

Performing t h e  i n d i c a t e d  d i f f e r e n t i a t i o n s  on E a s  exp res sed  i n  Equa- 
t i o n  1 2 ,  Equat ion  1 3  becomes: 

Using t h i s  e q u a t i o n  and t h e  a p p r o p r i a t e  d a t a  from t h e  v e h i c l e  and 
t i r e  t e s t s ,  s E  was c a l c u l a t e d  f o r  each cor responding  E .  R e s u l t s  a r e  

summarized i n  Table 13 .  Desp i t e  t h e  f a c t  t h a t  t h e r e  i s  c o n s i d e r a b l e  
v a r i a t i o n  i n  t h e  e s t i m a t e s  of  t h e  s t a n d a r d  d e v i a t i o n  f o r  t h e  a c t u a l  
s t o p p i n g  d i s t a n c e ,  t h e  e s t i m a t e  on t h e  cor responding  t o l e r a n c e  on t h e  
e f f i c i e n c y  c a l c u l a t i o n  v a r i e s  on ly  from 4 . 0  t o  4 . 6 % .  

For  t h e  t e s t s  on t h e  low c o e f f i c i e n t  s u r f a c e ,  t h e  de t e rmina t ion  
of t o l e r a n c e  on t h e  e f f i c i e n c y  c a l c u l a t i o n  was g r e a t l y  compl ica ted  
by t h e  i n t r o d u c t i o n  of  t h e  l e a s t  s q u a r e s  t echn ique  t o  de te rmine  t h e  
f u n c t i o n a l  r e l a t i o n s h i p  between pPEAK and v e l o c i t y .  An approach s i m i -  

l a r  t o  t h a t  used i n  t h e  dry  s u r f a c e  t e s t s  was n o t  p o s s i b l e  s i n c e  f o r  
a  g iven  s e t  o f  t e s t s  of a  t i r e  a t  a  g iven  load  and s e v e r a l  speeds ,  
t h e  e s t i m a t e  of  t h e  s t a n d a r d  d e v i a t i o n  o f  upEAK was d i f f e r e n t  f o r  

each speed .  Thus, some e s t i m a t e  of t h e  s t a n d a r d  d e v i a t i o n  i n  D; had 
A 

t o  be made b e f o r e  e s t i m a t i n g  t h e  t o l e r a n c e  on t h e  b rak ing  e f f i c i e n c y  
c a l c u l a t i o n .  Two procedures  were used t o  g e t  an e s t i m a t e  of O D  f o r  

I 

t h e  wet t e s t s .  
The f i r s t  c o n s i s t e d  of  de t e rmin ing  t h e  v a r i a t i o n  i n  i d e a l  s t o p -  

p i n g  d i s t a n c e  which would r e s u l t  from us ing  t h e  mean p l u s  one sigma 
v a l u e s  of  pPEAK a t  each v e l o c i t y  t o  c a l c u l a t e  

and t h e  mean minus one sigma v a l u e s  o f  pPEAK a t  each v e l o c i t y  t o  
c a l c u l a t e  

The v a l u e s  o f  A,, B,, and C+ were s u b s t i t u t e d  f o r  A ,  B ,  and C i n  

Equa t ion  5 t o  c a l c u l a t e  an i d e a l  s t o p p i n g  d i s t a n c e ,  D+, and t h e  va -  

l u e s  of  A _ ,  B - ,  and C were l i k e w i s e  used t o  c a l c u l a t e  a n o t h e r  i d e a l  

s t o p p i n g  d i s t a n c e  D-. R e s u l t s  from t h e s e  c a l c u l a t i o n s  a r e  g iven  i n  

Table  14. The v a r i a t i o n  l i s t e d  i n  t h e  l a s t  column i n  t h e  t a b l e  i s  t h e  
average  o f  (Di-D,) and (D - D . ) .  - 1 



TABLE 1 3 .  TOLERANCE ON BRAKING SYSTEM EFFICIENCY CALCULATIONS FOR 
TESTS ON DRY ASPHALT SURFACE 

P e r c e n t  
C a p a c i t y  D a  O D  a CI E E 

V e h i c l e  T i r e  Load f t f t  ' AV ' AV % % 

C h r y s l e r  L84 -15  4  0  1 8  3 3 . 8  0 . 9 5  0 . 0 6  6 8 . 8  4 . 6  

I I I I 6  0  1 8  4  3 . 6  0 . 9 5  0 . 0 6  6 8 . 5  4 . 2  

I I I f  1 0  0  1 9 4  6 . 7  0 . 9 5  0 . 0 6  6 5 . 0  4 . 6  

B u i c k  H78-15  6  0  1 8 0  6 . 4  1 . 0 2  0 . 0 5  6 5 . 5  4 . 5  

TABLE 1 4 .  VARIANCE IN IDEAL STOPPING DISTANCE CALCULATIONS FROM 
TESTS O N  LOW COEFFICIENT OF FRICTION SURFACE USING 

USING MEAN + l a  VALUES FOR p 

I d e a l  S t o p p i n g  
4 P e r c e n t  D i s t a n c e ,  f t  A v e r a g e  

C a p a c i t y  V a r i a t i o n ,  
V e h i c l e  T i r e s  W e i g h t  Di + D- f t 

C h r y s l e r  L84 -15  4  0  408  36 2 4 7 3  5 5  

I t  11 6  0  377  340 440  5  0  

I I I t  1 0  0  377  326 4  2  3  4  8  

B u i c k  H78-15  6  0  400 356 449 4  6  

I I 11 8  0  4  2  5  36 3  492  6  4  

1  I 11 1 0  0  455  3 7 1  5  35 8  2  



The second p rocedure  used t o  a s s e s s  t h e  v a r i a t i o n  i n  Di c o n s i s t e d  

o f  t h e  fo l lowing .  T e s t  d a t a  from t h e  H78-15 t i r e  a t  1450 l b s  l o a d  and 
v a r i o u s  speeds  were l i s t e d  i n  an a r r a y  a s  fo l lows :  

5  MPH 1 5  MPH 30 MPH 45 MPH 

The o r d e r  of occu r rence  o f  t h e  v a l u e s  i n  t h e  columns i s  t h e  same o r -  
d e r  a s  t h e  t e s t  r e s u l t s  were o b t a i n e d .  Then va lues  from t h e  f i r s t  row 
were used t o  d e r i v e  a  f u n c t i o n a l  r e l a t i o n s h i p  p = f(V) us ing  t h e  
l e a s t  s q u a r e s  curve  f i t t i n g  t e c h n i q u e ,  which when r e p e a t e d  f o r  each  
succeed ing  row produced t h e  fo l lowing  a r r a y ;  

2 
lJ 1 = A I V  + BIV + C1 

Using Equat ion  5 ,  each of  t h e  t e n  s e t s  of  c o n s t a n t s  A ,  B ,  and C 
y i e l d e d  an i d e a l  s t o p p i n g  d i s t a n c e ,  f o r  a  t o t a l  o f  10 v a l u e s .  The 
mean va lue  was 387 f t .  Using s m a l l  sampling t h e o r y ,  t h e  fo l lowing  
e q u a t i o n  can be  w r i t t e n  ( 9 ) :  

P [ in- 'g2) <I)< (D+ 2:2s)] = 0.95 (15) 

where P = p r o b a b i l i t y  o f  occu r rence  

b = mean v a l u e  

D = any element  of  t h e  sample 

N = number of e lements  i n  t h e  sample 

This  e q u a t i o n  s t a t e s  t h a t  95% o f  a l l  t h e  v a l u e s  of Di s o  c a l c u l a t e d  

w i l l  l i e  between t h e  v a l u e s  o f  387 + 85 f t .  



The t o l e r a n c e  on t h e  v a l u e s  o f  b rak ing  e f f i c i e n c y  c a l c u l a t e d  
f o r  t h e  wet t e s t s  can be e s t i m a t e d  i n  a  s i m i l a r  manner, r e s u l t i n g  
i n  t h e  fo l lowing  e x p r e s s i o n :  

Tolerance  va lues  on braking  e f f i c i e n c y  f o r  t h e  t e s t s  on t h e  wet 
s e a l e d  a s p h a l t  a r e  l i s t e d  i n  Table 15 .  I t  shou ld  be noted  t h a t  t h e  

second term under t h e  r a d i c a l  s i g n  i n  Equat ion 16 ,  namely, 

i s  n e g l i g i b l e  i n  comparison t o  t h e  f i r s t  term,  which i n d i c a t e s  t h a t  
s  

i t h e  r a t i o  of would have t o  be g r e a t e r  than  1 b e f o r e  i t  would s i g -  
a  

n i f i c a n t l y  a f f e c t  t h e  va lue  of s E .  

3 .4 INFLUENCE OF MEASUREMENT AND COMPUTATIONAL ERRORS ON BRAKING 
EFFICIENCY CALCULATIONS 

Average e r r o r s  i n  measurement of i n p u t  d a t a  a r e  e s t i m a t e d  t o  be 
t h e  fo l lowing :  

S topping  d i s t a n c e  on dry a s p h a l t  s u r f a c e ,  0.60% 

Stopping d i s t a n c e  on wet s e a l e d  a s p h a l t  s u r f a c e ,  0 .24% 

Ve loc i ty  measurement, f i f t h  wheel c a l i b r a t i o n ,  0 .2% 

TABLE 1 5 .  TOLERANCE ON BRAKING SYSTEM EFFICIENCY CALCULATIONS FOR 
TESTS ON THE LOW COEFFICIENT OF FRICTION SURFACE 

Pe rcen t  
Capac i ty  a  OD Di a  "B i E E 

Veh ic l e  T i r e  Load f t  f t  f t  f t % % 

Buick H78-15 6 0  535 32.7 400 46 7 4 . 8  4 . 6  

I I I I 8 0  498 18 .8  425 60  85.4 3 . 3  

11  I I 1 0 0  528 20.6 455 82 86.1 3 . 4  

"Est imated from Table 14 .  



E r r o r  i n  reading  o s c i l l o g r a p h  t r a c e s  f o r  v e l o c i t y  i s  e s t i m a t e d  
t o  be 0 .85%.  

Combined e r r o r s  i n  t h e  de t e rmina t ion  o f  PpEAK a r e  e s t ima ted  t o  
be: 

Dry a s p h a l t  s u r f a c e ,  2 .0% 

Wet s e a l e d  a s p h a l t  s u r f a c e ,  4 . 0 %  

E r r o r s  i n  l e a s t  squa res  curve f i t ,  averaged f o r  t h e  g iven  d a t a  
p o i n t s ,  was 6 . 4 % .  

Assuming t h e  sou rces  of  e r r o r  t o  be independent  of  each o t h e r ,  
t h e  combined e r r o r s  i n  t h e  de t e rmina t ion  of  b rak ing  e f f i c i e n c y  may 
be e s t i m a t e d  us ing  t h e  sqau re  r o o t  of t h e  sum of t h e  squa res  of  each 
of t h e  i n d i v i d u a l  e r r o r s  (10 ) .  For t h e  t e s t s  on t h e  dry  a s p h a l t  s u r -  
f a c e  t h e  combined e r r o r  i s  2 .3% and f o r  t h e  wet s e a l e d  a s p h a l t  s u r -  
f a c e  6 . 2 % .  



4 .  CONCLUSIONS AND RECOMMENDATIONS 

R e s u l t s  from t h i s  s tudy  i n d i c a t e  t h a t  t h e  t e s t  p rocedures  deve- 
loped i n  t h i s  program a r e  v i a b l e  and r e a l i s t i c .  Brake system e f f i -  
c i ency ,  a s  de f ined  i n  Equat ion 2 ,  and c a l c u l a t e d  from d a t a  gene ra t ed  
by bo th  v e h i c l e  and t i r e  t e s t s ,  i s  a  r ea sonab le  measure o f  how w e l l  
t h e  v e h i c l e  and brake  system t a k e  advantage o f  t h e  peak f r i c t i o n a l  
f o r c e s  a v a i l a b l e  i n  t h e  t i r e - r o a d  i n t e r f a c e  t o  r e t a r d  v e h i c l e  motion.  
Use of t h e  programmed peda l  a p p l i c a t i o n  dev ice  al lowed open loop i n -  
p u t s  which were f r e e  of  d r i v e r  e r r o r  and run t o  run v a r i a t i o n s .  The 
t i r e  f a c t o r ,  d e f i n e d  i n  Equat ion 9 ,  measures t h e  c a p a b i l i t y  o f  t h e  
v e h i c l e  t i r e s  t o  produce peak braking  f o r c e s  a s  compared t o  t h e  s t a n -  
dard  t i r e .  By s p e c i f y i n g  l i m i t s  on t h e  brake  system e f f i c i e n c y ,  t h e  
t i r e  f a c t o r ,  and t h e  wet t o  dry performance r a t i n g ,  t h e  d e s i r e d  
b rak ing  performance of  t h e  v e h i c l e  can be f a i r l y  w e l l  d e f i n e d .  

Although t h e  t e s t  p rocedures  and computat ional  t echn iques  u t i l i z e d  
i n  t h i s  s t u d y  were very adequate  t o  produce t h e  d e s i r e d  r e s u l t s ,  t h e  
fo l lowing  recommendations a r e  made t o  improve t h e s e  procedures  and 
t echn iques :  

1. Locked wheel s t o p s  cannot  be made on t h e  low c o e f f i c i e n t  of  
f r i c t i o n  s u r f a c e  from 60 mph wi thou t  compromising v e h i c l e  s t a b i l i t y .  
S ince  t h e  in fo rma t ion  provided  by t h e s e  s t o p s ,  e i t h e r  on t h e  h igh  o r  
low c o e f f i c i e n t  s u r f a c e ,  i s  no t  neces sa ry  f o r  c a l c u l a t i o n  of brake  
system e f f i c i e n c y ,  i t  i s  recommended t h a t  locked wheel s t o p s  n o t  be 
r e q u i r e d  as  p a r t  o f  t h e  t e s t  p rocedure .  

2 .  I f  t h e  neces sa ry  t e s t i n g  equipment i s  a v a i l a b l e ,  t i r e  t e s t s  
on t h e  dry s u r f a c e  should  be made a t  t h e  average s t a t i c  l oads  exper -  
ienced  by t h e  v e h i c l e  t i r e s  a t  t e s t  speeds of  5 ,  15 ,  30, 4 5 ,  and 60 
mph t o  a c c u r a t e l y  c h a r a c t e r i z e  t h e  peak t i r e - r o a d  i n t e r f a c e  c o e f f i -  
c i e n t .  

3 .  Adequate run -ou t  a r e a  shou ld  be provided  f o r  t h e  t i r e  t e s t e r  
such t h a t  t e s t s  of t i r e s  on t h e  low c o e f f i c i e n t  s u r f a c e  can be made 
a t  t h e  same speeds a s  t hose  recommended f o r  t h e  dry  s u r f a c e  t e s t s .  
The d a t a  p o i n t s  a t  5 and 60 mph a r e  neces sa ry  t o  d e f i n e  t h e  f u n c t i o n a l  
r e l a t i o n s h i p  of pPEAK and v e l o c i t y .  

4 .  A weighted l e a s t  squa res  curve f i t t i n g  technique  shou ld  be 
used t o  d e f i n e  t h e  pPEAK = f(V) r e l a t i o n s h i p  which w i l l  t a k e  i n t o  

account  d i f f e r e n c e s  i n  t h e  e s t i m a t e d  va lues  of  a a t  v a r i o u s  v e l o c i -  P 
t i e s .  Such a  technique  would permi t  a  more s i m p l i f i e d  approach t o  t h e  
de t e rmina t ion  of t h e  s t a t i s t i c a l  t o l e r a n c e  i n  t h e  f i n a l  r e s u l t .  



APPENDIX 

This appendix con ta ins  a l l  t h e  curves d e f i n i n g  the  averaged 
p - s l i p  c h a r a c t e r i s t i c s  from t h e  t i r e  t e s t s  conducted for t h i s  program. 
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