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1.0 INTRODUCTION 

This document constitutes the summary final report on 
U.S. Department of Transportation Contract Numbaa DOT-NS- 
031-3-765 entitled "Braking Efficiency Test Tachnique," 
This research study has been conducted by the Highway Safety 
Research Institute ( H S R J )  of The University of Michigan at 
its facilities in Ann Arbor, Michigan, with certa in  test 
activities being conducted at the facilities of the Bendix 
Automotive Development Center in New Carlisla, Indiana, 

The program's primary objective has been tha developngnt 
of a method whereby vehicle stspping performance can bs 
specified, measured, and compared independently of the t e s t  

surface. The "independence" quality of the method derives 
from a technique by which a measure o f  the prevailing fric- 
tional "potential" of the test surface is used t o  normalize 
a vehicle's stopping ~erforvance, as measured oq that surface. 
The normalized characterization thus qyanttfies tha "efficiency" 
with which the vehicle i s  cgpable of utilizing the f r i c t i ona l  
limitations of the test surface t g  maximize decelarati~n. 
The measure which has been defined, however, involves a 
specialized concept of "efficiency" which derives from 
certain convictigns c~ncerning the safety relevance of vehicle 
limit braking capability, Whereas this conGapt i s  d p c i d e d l y  
removed from "classical" braking efficiency as has bgen 
defined by J ,  A .  Rouse (1) and others, the summary report 
begins with a discussion of the rationale which forms the 
conceptual basis for the study. It should be noted t h a t  the 
concept presented here is tailored not only toward a safety 
argument, but also toward rulemaking 4s a potential adaptation 
to braking effectiveness requirements which currently ex i s t  
within FMVSS 105-75 and 121. 



The c o n c e p t ,  wh ich  h a s  b e e n  d e v e l o p e d  i n t o  a  t e s t  

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

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

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

t ~ o  p h y s i c a l  measu remen t  a c t i v i t i e s ;  o n e  wh ich  a d d r e s s e s  

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

p o t e n t i a l ,  and  t h e  o t h e r  which  a d d r e s s e s  v e h i c l e  l imi t  

< t o p p i n g  c a p a b i l i t y .  The t h i r d  e l e m e n t  o f  t h e  m e t h o d ,  t h e n ,  

s p e c i f i e s  a n o r m a l i z i n g  f o r m u l a  by w h i c h  t h e  b r a k i n g  e f f i c i e n c y  

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

h'i t ' h in  t h i s  s t u d y  a  d e m o n s t r a t i o n  o f  t h e  d e v e l o p e d  

me thodo logy  h a s  b e e n  a c h i e v e d  t h r o u g h  t h e  c o n d u c t  o f  f u l l -  

s c a l e  t e s t i n g  ?nd t h e  accompany ing  c o m p u t a t i o n s  o f  t h e  b r a k i n g  

e f f i c i e n c y  m e a s u r e ,  The b r a k i n g  e f f i c i e n c y  t e s t s  i n v o l v e d  

measurement  o f  t h e  limit b r a k i n g  p e r f o r m a n c e  o f  b o t h  a p a s s e n g e r  

c a r  and a  h e a v y  t r u c k ,  a s  w e l l  a s  t h e  e x t e n s i v e  a p p l i c a t i o n  

o f  a  m o b i l e  dynamometer  f o r  measu remen t  o f  s u r f a c e  f r i c t i o n .  

The m o b i l e  d e v i c e ,  a m a j o r  d e v e l o p m e n t  of  t h i s  s t u d y ,  i s  

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

c a p a b i l i t y  o f  a r e f e r e n c e  t i r e  a t  v a r y i n g  l o a d  a n d  v e l o c i t y  

c o n d i  t 5 o n s .  

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

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

e x a m i n e d ,  t o g e t h e r  w i t h  c e r t a i n  c o n s i d e r a t i o n s  wh ich  we f e e l  

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

c o n c l u s i o n s  a n d  r ecommenda t ions  i s  p r e s e n t e d  i n  summary o f  
1 I 

t h e  p r o g r a m ' s  f i n d i n g s  a s  w e l l  a s  i t s  i m p l i c a t i o n s  f o r  f u t u r e  

r e s e a r c h .  
1 .  



2.0 CONCEPTUAL BASIS FOR T H E  STUDY 

S i n c e  t h e  t e c h n i q u e  which ha s  been deve loped  i n  t h i s  

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

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

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

s e r v e s  t o  e s t a b l i s h  c e r t a i n  p o s i t i o n s  upon which t h e  r a t i o n a l e  

i s  founded,  and t o  d e s c r i b e  t h e  measurement concep t  which 

has been p u r s u e d .  

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

method by which a  measure  of b r a k i n g  per fo rmance  would o b t a i n  

which has  s a f e t y - m e a n i n g  r e g a r d l e s s  o f  t h e  s u r f a c e  employed.  

Accord ing ly ,  t h e  q u e s t i o n  i s  r a i s e d  "What i n f l u e n c e  does  t h e  

s u r f a c e  have on d e t e r m i n i n g  t h e  s t o p p i n g  d i s t a n c e  which can 

be  acc rued?"  The paved s u r f a c e  compr i ses  o n l y  one component 

o f  t h e  f r i c t i o n  coup l e  which s u s t a i n s  s h e a r  f o r c e  a t  t h e  

t i r e - r o a d  i n t e r f a c e .  S i n c e  t h e  r o l e  p l a y e d  by t h e  pavement 

c a n n o t ,  w i t h i n  c u r r e n t  t e c h n o l o g y ,  be  d i s t i n g u i s h e d  from t h e  

r o l e  p l ayed  by t h e  t i r e ,  i t  i s  n o t  c a t e g o r i c a l l y  f e a s i b l e  

t o  c h a r a c t e r i z e  a  pavemen t ' s  f r i c t i o n  f o r c e  c a p a b i l i t y  a s  an 

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

o f  t h e  pavement i t s e l f .  F u r t h e r ,  a  g i v e n  t i r e  w i l l  g e n e r a t e  

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

sum of  t h e  mechan ica l  and chemica l  d e s c r i p t i o n s  o f  b o t h  t i r e  

and pavement,  b u t  a l s o  a s  i n f l u e n c e d  markedly  by t h e  p r e v a i l i n g  

v e l o c i t y  and v e r t i c a l  l o a d  a t  which t h e  t i r e  i s  o p e r a t e d .  

D i f f e r e n c e s  i n  s u r f a c e  t e x t u r e ,  c h e m i s t r y  and c o n t a m i n a t i o n  

can  cause  changes  i n  t h e  r e l a t i v e  i n f l u e n c e  o f  v e l o c i t y  and 

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

As a  consequence o f  t h e s e  f a c t s ,  t h e  ASTM s k i d  number 

measure was judged t o  be  an i n s u f f i c i e n t l y  comprehensive  

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

pavement.  Whereas t h e  ASTM method u t i l i z e s  a  s i n g l e  v e r t i c a l  



l o ad  and s i n g l e  t e s t  v e l o c i t y  i n  d e r i v i n g  i t s  measu re ,  no 

mechanism c x i s t s  t o  a ccoun t  f o r  t h e  i n f l u e n c e  o f  l o a d  and 

v e l o c i t y  a s  may be p e c u l i a r  t o  t h e  s u r f a c e  b e i n g  measured .  

To t h e  e x t e n t  t h a t  t h e  ASTM method r e p r e s e n t s  t h e  o n l y  

r ecogn i zed  f u l l - s c a l e  road f r i c t i o n  s t a n d a r d ,  i t s  sho r t comings  

r e d u i r e d  t h a t  t h e  s u b j e c t  b r a k i n g  e f f i c i e n c y  method l ook  t o  

t h e  development  o f  a  new t i r e - r o a d  f r i c t i o n  measurement .  

In  d e t e r m i n i n g  a  p o s i t i o n  t o  be  t a k e n  c o n c e r n i n g  t h e  

t i r e - r o a d  f r i c t i o n  c h a r a c t e r i z a t i o n  which i s  needed t o  e f f e c t  

a  mean ingfu l  n o r m a l i z a t i o n  of s t o p p i n g  d i s t a n c e ,  c e r t a i n  

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

a d d r e s s e d .  
8 

C l a s s i c a l  b r a k i n g  e f f i c i e n c y  can  be  d e f i n e d  a s  a  measure  

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

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

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

A number o f  c h a r a c t e r i z a t i o n s  which  a r e  b a s i c  t o  t h e  

c l a s s i c a l  b r a k i n g  e f f i c i e n c y  concep t  r e n d e r  i t  u n u s a b l e  i n  

a  s a f e t y  s t a n d a r d s  c o n t e x t .  F i r s t l y ,  i t  i s  c l e a r  t h a t  any 

d e r i v e d  c l a s s i c a l  b r a k i n g  e f f i c i e n c y  measure  p r o v i d e s  no 

i n d i c a t i o n  o f  a b s o l u t e  s t o p p i n g  pe r fo rmance  c a p a b i l i t y .  A 

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

e f f i c i e n c y  by e f f e c t i n g  t h e  h i g h  u t i l i z a t i o n  o f  a  t r a c t i o n -  

poor  t i r e .  Thus ,  s i n c e  good s t o p p i n g  d i s t a n c e  c a p a b i l i t y  i s  

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

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

would be  a  n e c e s s a r y  a d j u n c t  t o  any c l a s s i c a l  b r a k i n g  e f f i -  

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

s e r i o u s l y  compromise t h e  a c c r u a l  o f  a  t i r e ' s  i n n a t e  t r a c t i o n  

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

needed a s  w e l l .  



I n  l i g h t  o f  t h e s e  and o t h e r  o b s e r v a t i o n s ,  i t  was c o n -  

c l u d e d  t h a t  c l a s s i c a l  b r a k i n g  e f f i c i e n c y  i s  u n u s a b l e  a s  a 
s t a n d a r d  method by which s t o p p i n g  p e r f o r m a n c e  can  b e  n o r m a l i z e d .  

I n s t e a d ,  t h e  s u b j e c t  s t u d y  h a s  p u r s u e d  t h e  deve lopment  o f  a  

s i m p l i f i e d  n o r m a l i z a t i o n  which  d e r i v e s  i t s  meaning and 
v a l i d i t y  from a  s c e n a r i o  o f  t h e  s a f e t y  i m p l i c a t i o n s  o f  v e h i c l e s  

d i s t r i b u t e d  s e r i a l l y  i n  t r a f f i c  s t r e a m s .  

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

highway t r a v e l  does  n o t ,  by i t s  v e r y  n a t u r e ,  impose any t r u l y  

g e n e r a l  r e q u i r e m e n t  f o r  t h e  a b s o l u t e  b r a k i n g  p e r f o r m a n c e  o f  
v e h i c l e s ,  a l t h o u g h  i n  e a c h  p u r e  b r a k i n g  a p p l i c a t i o n  t h e r e  i s  
some a b s o l u t e  p e r f o r m a n c e  r e q u i r e m e n t  t o  b e  met i f  a c o l l i s i o n  

i s  t o  b e  a v ~ i d e d ,  A c c o r d i n g l y ,  one  can  a s s e r t  t h a t  more 

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

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

t h a t  a  c e r t a i n  minimum l e v e l  i s  e s s e n t i a l .  

On t h e  o t h e r  h a n d ,  t h e  l e a d i n g / f o l l o w i n g  d i s t r i b u t i o n  

o f  v e h i c l e s  on t h e  highway d o e s  impose  a n  i n h e r e n t l y  m e a n i n g f u l  

r e q u i r e m e n t  f o r  r e l a t i v e  b r a k i n g  p e r f o r m a n c e .  By t h i s  pros- 
p e c t ,  t h e  r e l a t i v e  b r a k i n g  c a p a b i l i t y  o f  s e r i a l l y  a d j a c e n t  

v e h i c l e s  a c h i e v e s  s a f e t y  meaning due  t o  t h e  l i k e l i h o o d  of  

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

f low which a r i s e  from t h e  e v a s i v e  t a c t i c s  o f  t h e  l e s s  c a p a b l e  

b r a k i n g  p e r f o r m e r s  i n  t h e  s t r e a m .  

A b r a k i n g  e f f i c i e n c y  measure  b a s e d  upon r e l a t i v e  p e r -  
formance  d e p a r t s  from c l a s s i c a l  b r a k i n g  e f f i c i e n c y  i n  t h a t  i t  

n o r m a l i z e s  a  v e h i c l e ' s  s t o p p i n g  p e r f o r m a n c e  t o  a c c o u n t  f o r  

t h e  e x t e n t  t o  which o t h e r  v e h i c l e l t i r e  s y s t e m s  c a n  u t i l i z e  

t h e  a v a i l a b l e  p a v e m e n t - l i m i t e d  f r i c t i o n .  ( R a t h e r  t h a n  

a c c o u n t i n g  f o r  t h e  f r i c t i o n a l  p o t e n t i a l  o f  t h e  s u b j e c t  v e h i c l e ' s  

own t i r e s  on t h e  s u b j e c t  s u r f a c e . )  I n  t h e  deve lopment  o f  a - 
s t a n d a r d i z e d  t e c h n i q u e  which  i n v o l v e s  a d j u s t m e n t  f o r  " o t h e r  

v e h i c l e "  c h a r a c t e r i s t i c s ,  i t  becomes n e c e s s a r y  t o  s t a n d a r d i z e  



t h e  " o t h e r  v e h i c l e "  r e p r e s e n t a t i o n .  Thus we have d e f i n e d  a  

b r a k i n g  e f f i c i e n c y  c h a r a c t e r i z a t i o n  which n o r m a l i z e s  t h e  

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

s t o p p i n g  d i s t a n c e  c a p a b i l i t y  o f  " t h e  mean p a s s e n g e r  v e h i c l e . "  

The NHTSA has  espoused  a  comparab le  r a t i o n a l e  i n  r u l e -  

making which r e q u i r e s  a  d r a m a t i c  upg rad ing  o f  t h e  b r a k i n g  

c a p a b i l i t y  o f  commercial v e h i c l e s .  I m p l i c i t  i n  such  r u l i n g s  

has  been t h e  n o t i o n  t h a t  t h e  mean p a s s e n g e r  v e h i c l e  r e p r e s e n t s  

t h e  norm, o r  r e f e r e n c e ,  i n  s t o p p i n g  c a p a b i l i t y  such  t h a t  i t  i s  

deemed w i s e r  t o  upgrade  commercial  v e h i c l e  pe r fo rmance  toward 

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

pe r fo rmance .  The f a c t  t h a t  p a s s e n g e r  c a r s  compr i s e  t h e  m a j o r i t y  

o f  t h e  v e h i c l e  p o p u l a t i o n ,  and t h a t  t hey  g e n e r a l l y  have 

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

t o  t h e  judgment t h a t  t h e y  r e p r e s e n t  a  de f a c t o  norm f o r  

b r a k i n g  per fo rmance  i n  t h e  t r a f f i c  sy s t em.  

I n  t e rms  of  t h e  b r a k i n g  e f f i c i e n c y  measurement i t s e l f ,  

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

measures  w i l l  be made on a g i v e n  s u r f a c e ,  u s i n g  b o t h  t h e  

s u b j e c t  v e h i c l e  and t h e  r e f e r e n c e  p a s s e n g e r  v e h i c l e .  Because  

o f  conce rns  ove r  t h e  l o n g - t e r m  r e p e a t a b i l i t y  o f  an a c t u a l  

p a s s e n g e r  v e h i c l e ' s  p e r f o r m a n c e ,  however ,  i t  was judged  more 

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

r e f e r e n c e  v e h i c l e  u s i n g  t i r e  sb.ear  f o r c e  d a t a  which w i l l  have 

been g a t h e r e d  on t h e  s u b j e c t  s u r f a c e  u s i n g  a  s p e c i a l  t e s t  

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

r e f e r e n c e  v e h i c l e  i s  one which e x h i b i t s  a  t r a c t i o n  pe r fo rmance  

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

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

The e x e r c i s e  o f  t h e  method o u t l i n e d  h e r e ,  and deve loped  

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

which i s  n o v e l ,  b u t  one which i s  p roposed  a s  b e i n g  s p e c i f i c a l l y  

a d d r e s s e d  t o  a  g e n e r a l l y  mean ing fu l  s a f e t y  a rgument .  



3.0  THE ELEMENTS O F  A B R A K I N G  EFFICIENCY TEST TECHNIQUE 

Given t h e  d e f i n i t i o n  of a b r a k i n g  e f f i c i e n c y  c o n c e p t  

which c e n t e r s  a round  a  r e f e r e n c e  v e h i c l e  scheme f o r  n o r m a l i z a -  

t i o n ,  t h e  b u l k  o f  t h e  s t u d y  was concerned  w i t h  development  

o f  t h e  r e f e r e n c e  v e h i c l e ' s  pe r fo rmance  c h a r a c t e r i z a t i o n .  S i n c e  

a t  t h e  o u t s e t  we a s s e r t e d  t h e  judgment t h a t  no p h y s i c a l  v e h i c l e  

cou ld  be  used f o r  a r e f e r e n c e  b r a k i n g  pe r fo rmance  measurement ,  

i t  became n e c e s s a r y  t o  d e f i n e  a  compu ta t i on  by which " r e f e r e n c e "  

per fo rmance  c o u l d  be  d e r i v e d .  The a s s o c i a t e d  compu ta t i on  

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

p a r a m e t e r s  a s  w e l l  a s  a  ma thema t i ca l  s o l u t i o n  t o  t h e  r e f e r e n c e  

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

The s e l e c t i o n  o f  b a s i c  i n e r t i a l  and g e o m e t r i c  p a r a m e t e r s  

was complemented by an e f f o r t  t o  i d e n t i f y  a t r u l y  r e p r e -  

s e n t a t i v e  r e f e r e n c e  t i r e .  The r e f e r e n c e  pe r fo rmance  compu ta t i on  

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

c a p a b i l i t y  o f  t h i s  t i r e ,  a s  i t  would b e  found t o  o p e r a t e  on 

t h e  s u b j e c t  t e s t  s u r f a c e .  The t r a c t i o n  measurements  c l e a r l y  

r e q u i r e d  t h e  development  o f  a  new t e s t  device-a ma jo r  t a s k  

i n  t h e  program,  

3 . 1  PARAMETERS OF TflE REFERENCE VEHICLE 

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

p a s s e n g e r  v e h i c l e  a r e  shown i n  F i g u r e  1. Values  fo r  W ,  1 ,  

and a  were  d e t e r m i n e d  a s  r e p r e s e n t i n g  t h e  mean p a s s e n g e r  

v e h i c l e  i n  t h e  U.S. on t h e  b a s i s  o f  a  c o m p i l a t i o n  o f  a v a i l a b l e  

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

d e s i g n a t i o n ,  h ,  was e v a l u a t e d  on t h e  b a s i s  o f  l i m i t e d  l a b o r a t o r y  

measurements a s  r e p r e s e n t i n g  a  v a l u e  which was c o m p a t i b l e  w i t h  

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

t h r e e  p a r a m e t e r s .  



F i g u r e  1. P a r a m e t e r s  o f  t h e  R e f e r e n c e  V e h i c l e  

C l e a r l y ,  t h e s e  p a r a m e t e r s  a r e  s i g n i f i c a n t  o n l y  i n  
d e t e r m i n i n g  t h e  mass which i s  t o  be  d e c e l e r a t e d  and t he  

v e r t i c a l  l o a d ,  FZ, which i s  imposed upon f r o n t  and r e a r  t i r e s .  
Only t o  t h e  e x t e n t  t h a t  t h e  n o r m a l i z e d  l o n g i t u d i n a l  f o r c e  

c a p a b i l i t y  o f  t h e  v e h i c l e ' s  t i r e s  w i l l  b e  s e n s i t i v e  t o  

v e r t i c a l  l o a d  i s  i t  n e c e s s a r y  t o  be  conce rned  w i t h  f r o n t  

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

c i t e d  p a r a m e t e r s .  

3 . 1 . 1  T H E  SELECTION OF THE R E F E R E N C E  TIRE. Having 

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

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

p a s s e n g e r  c a r  t i r e .  S i n c e  t r a c t i o n  c a p a b i l i t y  was t h e  

p r o p e r t y  which would govern  s e l e c t i o n  o f  t h e  r e f e r e n c e  t i r e ,  

i t  was c l e a r  t h a t  t h e  t i r e ' s  r e p r e s e n t a t i v e n e s s  cou ld  n o t  be  

s c r e e n e d  w i t h  r i g o r  comparab le  t o  t h e  c a r  p a r a m e t e r  



d e t e r m i n a t i o n .  F u r t h e r ,  i t  was c l e a r  t h a t  l i m i t a t i o n s  i n  

a v a i l a b l e  d a t a  d e s c r i b i n g  t i r e  market  d i s t r i b u t i o n  as  w e l l  a s  

t r a c t i o n  pe r fo rmance  would p r e v e n t  t h e  i d e n t i f i c a t i o n  o f  a  

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

t h e  - mean of  t h e  o p e r a t i n g  t i r e  p o p u l a t i o n .  R a t h e r ,  f o r  

pu rpose s  o f  t h i s  s t u d y  a  t i r e  would be s e l e c t e d  whose t r a c t i o n  

c a p a b i l i t y  was a p p r o x i m a t e l y  t h e  a v e r a g e  pe r fo rmance  of a  

sample  o f  d o m e s t i c  p r o d u c t i o n  t i r e s ,  and whose s i z e  was 

e s t a b l i s h e d  by t h e  we igh t  p a r a m e t e r  d e t e r m i n e d  f o r  t h e  

r e f e r e n c e  v e h i c l e .  

Based upon a  s e t  o f  d a t a  which was a v a i l a b l e  d e p i c t i n g  

t h e  t r a c t i o n  pe r fo rmance  o f  a  sample  o f  common p r o d u c t i o n  

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

a s  most r e p r e s e n t a t i v e  o f  a v e r a g e  pe r fo rmance .  I n  a  s e t  o f  

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

c a p a b i l i t y  o f  t h e  s e l e c t e d  "average"  t i r e  ( s i z e  E78-14) was 

compared w i t h  t h e  pe r fo rmance  o f  t h e  ASTM G78-15 (E501-73)  t i r e  

o v e r  a wide r a n g e  o f  s u r f a c e  c o n d i t i o n s  and v e l o c i t i e s ,  S i n c e  

b o t h  t i r e s  were  o p e r a t e d  a t  i d e n t i c a l  l o a d  l e v e l s ,  the 
i n f l u e n c e  o f  t i r e  s i z e  became i r r e l e v a n t  t o  t h e  p rob lem o f  

i d e n t i f y i n g  a t r a c t i o n  r e f e r e n c e  t i r e  e x h i b i t i n g  "average"  

c a p a b i l i t y .  C l e a r l y ,  t h e  s u i t a b i l i t y  o f  t h e  ASTM t i r e  f o r  
t h i s  r o l e  was o f  i n t e r e s t  due t o  i t s  d e s i r a b l e  p r o p e r t i e s  as 
a  s t a b l e  t e s t  s amp le .  Based upon t h e  d a t a  g a t h e r e d  i n  t h e s e  

t e s t s ,  t h e  ASTM t i r e  was judged  t o  p o s s e s s  a  t r a c t i o n  p o t e n t i a l  

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

t i r e  t h a t  t h e  ASTM s e l e c t i o n  c o u l d  be  a p p l i e d  a s  t h e  

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

COMPUTATION OF IDEAL STOPPING DISTANCE 

The Brak ing  E f f i c i e n c y  T e s t  Technique  p r o v i d e s  a measure  
o f  t h e  t e s t  v e h i c l e ' s  b r a k i n g  e f f i c i e n c y  a s  d e f i n e d  by the  

e q u a t i o n :  



I d e a l  S t o p p i n g  ! l i s t .  , 1 0 0 $  
E f f  = Measured  S t o p p i n g  D i s t .  

w h e r e  t h e  " m e a s u r e d  s t o p p i n g  d i s t a n c e "  i s  t h e  minimum s t o p p i n g  

d i s t a n c e  o f  t h e  t e s t  v e h i c l e  and  t h e  " i d e a l  s t o p p i n g  d i s t a n c e "  

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

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

o f  t h e  r e f e r e n c e  t i r e / t e s t - s u r f a c e  c o m b i n a t i o n .  

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

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

c l o s e d  fo rm e x p r e s s i o n  r e l a t i n g  f r o n t  and  r e a r  t i r e  l o a d s ,  

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

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

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

i n  wh ich  

a )  n o  b r a k e  a c t u a t i o n  l a g  o c c u r s  

b )  t h e  v e h i c l e ' s  p i t c h  r e s p o n s e  i s  

i n s t a n t a n e o u s ,  a n d  

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

o u t  t h e  s t o p .  

To t h e  e x t e n t  t h a t  t h e s e  i d e a l i z a t i o n s  y i e l d  a s h o r t e r  

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

r e a l  w o r l d ,  t h e  compu ted  d i s t a n c e  r e p r e s e n t s  a  p e r f o r m a n c e  

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

a  c l e a r l y . d e f i n e d  r e f e r e n c e .  N e v e r t h e l e s s ,  t h e  computed  

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

f r i c t i o n a l  c o n s t r a i n t  w h i c h  wou ld  b e  imposed  by  t h e  s u b j e c t  

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

p a s s e n g e r  c a r .  

Whi l e  t h e  i d e a l  d i s t a n c e  v a l u e  i s  u t i l i z e d  d i r e c t l y  i n  

t h e  b r a k i n g  e f f i c i e n c y  d e t e r m i n a t i o n ,  any  s p e c i f i c a t i o n s  o r  

s t a n d a r d s  m u s t  a c c o u n t  f o r  t h e  n o n - i d e a l  p r o c e s s e s  by wh ich  



a c t u a l  v e h i c l e s  a c h i e v e  t h e i r  limit b r a k i n g  per fo rmance  

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

e f f i c i e n c y  pe r fo rmance .  

3 . 3  THE MEASUREMENT OF THE R E F E R E N C E  T I R E ' S  TRACTION P E R F O m t A N C E  

Measurement o f  t h e  peak l o n g i t u d i n a l  t r a c t i o n  c a p a b i l i t y  

o f  t h e  r e f e r e n c e  t i r e  i s  n e c e s s a r y  i n  o r d e r  t o  implement t h e  

c a l c u l a t i o n  o f  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 p e c i f i c a l l y ,  t i r e  t e s t s  must be conduc ted  i n  o r d e r  t o  

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

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

r e f e r e n c e  t i r e  a s  i n f l u e n c e d  by bo th  l o a d  and v e l o c i t y .  The 

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

p rob lems ,  namely: 

1) E s t a b l i s h m e n t  o f  a  w e l l  d e s i g n e d  t i r e  t e s t  

m a t r i x  encompassing a p p r o p r i a t e  v a l u e s  o f  t e s t  

v e l o c i t y  and t i r e  l o a d i n g .  

2 )  Employment o f  an  a p p r o p r i a t e  t i r e  t e s t  d e v i c e .  

3) E f f e c t i v e  imp lemen ta t i on  of t h e  r e s u l t i n g  d a t a .  

The t i r e  t e s t  m a t r i x  i n v o l v e s  a  s e t  o f  e i g h t  nominal  

o p e r a t i n g  c o n d i t i o n s  a t  which peak no rma l i zed  l o n g i t u d i n a l  

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

cove r  a  m a t r i x  o f  two v a l u e s  of  v e r t i c a l  l o a d  and f o u r  v a l u e s  

o f  v e l o c i t y  which a r e  chosen  on t h e  b a s i s  o f  an i n i t i a l  

sampl ing  o f  t h e  nominal  t r a c t i o n  p o t e n t i a l  o f  t h e  r e f e r e n c e  

t i r e  on t h e  s u b j e c t  t e s t  s u r f a c e .  The two l o a d  l e v e l s  

co r r e spond  t o  t h e  h y p o t h e t i c a l  f r o n t  and r e a r  t i r e  l o a d s  which 

would a c c r u e  i f  t h e  r e f e r e n c e  v e h i c l e  were o p e r a t e d  a t  t h e  

maximum d e c e l e r a t i o n  l e v e l  p e r m i t t e d  by t h e  nominal  t r a c t i o n  

c o n s t r a i n t .  The t e s t  v e l o c i t i e s  a r e  s e l e c t e d  t o  span  t h e  

r ange  o f  v e l o c i t i e s  c o v e r e d  d u r i n g  a  s t o p  from an i n i t i a l  

v e l o c i t y  which i s  chosen  a s  r ough ly  p r o p o r t i o n a l  t o  t h e  

measured nominal t r a c t i o n  l e v e l .  



I n  sum, t h e  t i r e  t r a c t i o n  d a t a  i s  g a t h e r e d  ove r  a  r ange  

o f  l oad  and v e l o c i t y  c o n d i t i o n s  such  a s  would be e x p e r i e n c e d  

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

an i d e a l i z e d  limit s t o p ,  Shown i n  F i g u r e  2 ,  t h e  t i r e  t e s t  

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

f unc t ' on  o f  pnom,  t h e  nominal  t r a c t i o n  l e v e l  measured on t h e  

s u b j e c t  pavement.  Shown i n  F i g u r e  3 ,  t h e  t i r e  t e s t  l oads  a r e  

s e l e c t e d  t o  r e p r e s e n t  f r o n t  (FzF) and r e a r  ( F Z R )  t i r e  l oad  

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

3.4 DEVELOPMENT OF A SURFACE FRICTION DYNAMOMETER 

The conduc t  o f  mobi le  t i r e  t r a c t i o n  measurements ,  a s  
r 

needed i n  t h e  b r a k i n g  e f f i c i e n c y  method,  r e q u i r e s  an a p p a r a t u s  

which i s  c a p a b l e  o f  making r e p e a t a b l e  measurements o f  peak 

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

A major p o r t i o n  o f  t h e  e f f o r t  o f  t h i s  program was d i r e c t e d  

toward t h e  development  o f  such  a  t i r e  t e s t  d e v i c e ,  t e c h n i c a l l y  

s u i t e d  t o  t h e  needs  o f  t h e  b r a k i n g  e f f i c i e n c y  t e s t  t e c h n i q u e  

b u t  whose c o s t  d i d  n o t  exceed t h e  marke t  v a l u e  o f  commerc ia l ly -  

a v a i l a b l e  ASTM s k i d  t r a i l e r s .  

The r e s u l t i n g  d e v i c e ,  t h e  S u r f a c e  F r i c t i o n  Dynamometer 

(SFD) i s  p i c t u r e d  i n  F i g u r e s  4 and 5 .  I t  i s  a crew cab 

p i c k u ~ - b a s e d  d e v i c e  c a p a b l e  o f  measur ing  l o n g i t u d i n a l  t r a c t i o n  

performance of p a s s e n g e r  c a r  t i r e s  i n  an o v e r - t h e - r o a d  

c o n d i t i o n .  The d e v i c e  w i l l  a c c e p t  1 4 -  and 1 5 - i n c h  p a s s e n g e r  

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

from 400 t o  2000 pounds .  

The s u b j e c t  t i r e  i s  l o c a t e d  a t  t h e  r e a r  o f  t h e  v e h i c l e  

on t h e  v e h i c l e  c e n t e r  l i n e .  The t i r e  i s  suspended by t h e  
wheel c a r r i a g e  s t r u c t u r e  (WC) w h i c h  i s  f r e e  t o  move v e r t i c a l l y  

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



"nom 

Figure 2. Test velocities as a function of p n o m  









spline assemblies, A biaxial load cell joins the test wheel 

spindle assembly to the WC, and transduces vertical (FL) and 
longitudinal (Fx) forces. Vertical tire forces are generated 
by a low rate air spring, bearing on the WC, The test wheel 
is braked by a single cylinder, floating caliper disc brake. 

In order to elongate the spin-down transient of the 
test wheel for the purpose of recording peak traction 

performance, the rotational degree of freedom of the test 

wheel is hydraulically coupled to that of a chassis-mounted 
flywheel, The effective rotational moment of inertia of the 
test wheel system is thereby increased roughly tenfold, 

effecting a similar increase in the response time of this 

system, thereby facilitating improved accuracy in peak fric- 

tional performance measurement. Instrumentation and control 

devices are located in the rear section of the cab. Con- 

tinuous analog signals of Fx, F,, Fx/Fz and vehicle velocity 

( V )  are available for recording (any three concurrently) on a 
three-channel ink pen recorder. An example F,/Fz time history 

is shown in Figure 6, clearly indicating the pralonged peak 
response which derives from the increased spin inertia of the 
flywheel system. 

As developed, the test device is uniquely suited to the 
efficient gathering of peak traction data over the matrix of 
velocity and load conditions as required by the braking 

efficiency method. 
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F i g u r e  6 .  S u r f a c e  F r i c t i o n  Dynamometer: Example  d a t a *  



4 . 0  A 1)IIMONSTfUTION TEST PRO(;IW1 

T e s t s  were  c o n d u c t e d  a t  t h e  B e n d i x  Au tomot ive  Development  

L a b o r a t o r i e s  a s  a  d e m o n s t r a t i o n  o f  t h e  o v e r a l l  b r a k i n g  e f f i -  

c i e n c y  m e t h o d ,  S i n c e  t h e  method c o n c e p t u a l l y  a p p l i e s  t o  any  

h ighway v 'eh ic le  c o n f i g u r a t i o n ,  e x p e r i m e n t s  w e r e  c o n d u c t e d  on 

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

b r a k e d  r o a d  t r a c t o r .  The v e h i c l e  t e s t s ,  o f  c o u r s e ,  w e r e  

c o n d u c t e d  t o  o b t a i n  examples  o f  t h e  d e n o m i n a t o r  v a l u e  i n  t h e  

e x p r e s s i o n :  

, I d e a l  S t o p p i n g  D i s t .  
E f f i c i e n c y  = Measured  S t o p p i n g  D i s t .  

I n  a d d i t i o n ,  t h e  v e h i c l e  t e s t s  s e r v e d  t o  d e m o n s t r a t e  

c e r i a i i  s chemes  which  h a d  b e e n  d e v e l o p e d  t o  p e r m i t  c o n s t a n t  

e f f o r t '  a c t u a t i o n  o f  t h e  b r a k e  p e d a l .  F o r  t h e  p a s s e n g e r  c a r ,  

a  p n e u m a t i c  d e v i c e  was employkd t o  p r o v i d e  v a r i a b l e  l e v e l ,  

s u s t d i n e ' d  f o r c e  i n p u t s  t h r o u g h o u t  t h e  s t o p .  F o r  t h e  a i r - b r a k e d  

t r u c k ,  a m e c h a n i c a l  a s s e m b l y  was u s e d  w h i c h  h e l d  d i s p l a c e m e n t  

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

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

w i t h  a  f u n d a m e n t a l  p o s i t i o n  w h i c h  h a d  b e e n  t a k e n ;  n a m e l y ,  t h a t  

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

s y s t e m  w h i c h  demands t h e  minimum i n  b r a k e  p e d a l  m o d u l a t i o n  

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

I n  t h e  a b s e n c e  o f  d a t a  d e s c r i b i n g  d r i v e r  a b i l i t y  t o  " h u n t J '  

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

a s t o p ) ,  t h e  u s e  o f  a  c o n s t a n t  p e d a l  e f f o r t  p r o c e d u r e  was s e e n  

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

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

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

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

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



of up to ten wheels on a given vehicle. The system requires 
that lockup be defined, in terms of a condition in which 
wheel rotational velocity descends below a minimum value, for 
'longer than a prescribed interval of time. 

Stopping distance testing of the passenger car and 
heavy truck was conducted over a matrix of surface and load 
conditions. Velocities for individual tests were determined 
on the basis of concurrent measurements of the nominal 
surface friction condition, pnom, as indicated previously 
in Figure 2 ,  

The simultaneous operation of the SFD machine provided 
not only the needed pnom, determination, but also the matrix 

, 
of peak tire traction data as required in the computation of 
ideal stopping distances for each of the test surfaces employed. 

Examples of braking efficiency values computed for the 
passenger vehicle and truck on various surfaces are shayn in 
Table 1. Although the test data was gathered for demonstration 
purposes only, the large margin between the car and truck 
efficiencies is notable, Also of interest is the relatively 
small influence on overall passenger car efficiencies which 
resulted from significant changes in brake proportioning. 
(The proportioning variations were achieved through on-boqrd 
programming of a servo-controlled brake system-a f e a t u r e  of 
the HSRI research vehicle which was employed in these tests,) 





5 . 0  APPLICATION OF THE HR,IKING EFFICIENCY 
TEST TECHNIQUE TO RULEYAKING 

The c o n c e p t  d e v e l o p e d  i n  t h i s  s t u d y  i s  f o u n d e d  upon t h e  

a r g u m e n t  t h a t  t h e  o n l y  g e n e r a l l y  a p p l i c a b l e  b r a k i n g  p e r f o r -  

mance r e q u i r e m e n t  wh ich  t h e  h ighway  t r a f f i c  s y s t e m  i m p o s e s  

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

c a p a b i l i t y ,  o n e  t o  a n o t h e r ;  t h e  t r a f f i c  s y s t e m  i m p o s e s  no  

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

i n d i v i d u a l  t r a f f i c  c o n f l i c t s ,  more b r a k i n g  c a p a b i l i t y  i s  

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

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

d e f i n e d  by w h i c h  a  v e h i c l e ' s  p e r f o r m a n c e  - on any s u r f a c e  c a n  

b e  m e a n i n g f u l l y  c h a r a c t e r i z e d ,  I t  i s  i n  r e g a r d  t o  t h i s  

" u n i v e r s a l i t y "  q u a l i t y  t h a t  t h e  a u t h o r s  f e e l  t h e  b r a k i n g  

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

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

t o w a r d  b r a k i n g  p e r f o r m a n c e  s p e c i f i c a t i o n ,  t h e  b r a k i n g  e f f i c i e n c y  

me thod  p e r m i t s  a  homogeneous t r e a t m e n t  o f  pavemen t  f r i c t i o n  

l e v e l .  A c c o r d i n g l y ,  t h e  me thod  a c c o u n t s  f o r  a l l  p g s s i b l e  t e s t  

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

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

pavemen t  a s  i t  i s  o n  any  o t h e r .  

The h o m o g e n e i t y  q u a l i t y  o f  t h e  method w o u l d ,  o f  c o u r s e ,  

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

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

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

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

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

o f  t h e  m a n u f a c t u r i n g  community on  t h e  measu remen t  o f  v e h i c l e  

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

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

f rom t h e  i n a b i l i t y  t o  n o r m a l i z e  d a t a  t a k e n  on  n o n - b o u n d a r y  



c o ~ ~ d i t i o n  s u r f a c e s ,  The n e t  e f f e c t ,  however ,  i s  t o  f o s t e r  

an  e v o l u t i o n a r y  d e s i g n  p r o c e s s  which i s  c o n c e n t r a t e d  upon 

p e r f o r m a n c e  under  na r row and s p e c i a l i z e d  c o n d i t i o n s .  

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

method t o  a  p e r f o r m a n c e  s t a n d a r d ,  we a d v o c a t e  an u n d i v i d e d  

t r e a t m e n t  o f  t h e  pavement f r i c t i o n  r a n g e .  We do  r e c o g n i z e ,  

however ,  t h a t  some bounds must  be  p l a c e d  upon t h i s  r a n g e  s u c h  

t h a t  l o w e s t  and h i g h e s t  f r i c t i o n  l e v e l  r e q u i r e m e n t s  c a n  b e  

d e f i n e d .  

I t  would a p p e a r  t h a t  a r e a s o n a b l e  v a l u e  f o r  t h e  u p p e r  

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

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

pavement s u r v e y ,  By s u c h  an a p p r o a c h ,  an  SFD-type  machine  

would be employed t o  g a t h e r  u n o m  d a t a  on a  r e p r e s e n t a t i v e  

sample  o f  t h e  n a t i o n ' s  d r y  highway p a v e m e n t s ,  The r e s u l t i n g  

measurements would b e  u s e d  a s  t h e  b a s i s  f o r  s p e c i f y i n g  a 
r e a s o n a b l e  u p p e r  f r i c t i o n  b o u n d a r y .  

The d e f i n i t i o n  o f  a lower  f r i c t i o n  l i m i t ,  a s  i s  
p resumably  a c h i e v a b l e  i n  t h e  highway t r a f f i c  e n v i r o n m e n t  u n d e r  

some s o r t  o f  i c e  c o n d i t i o n ,  seems t o  demand t h a t  a p r a g m a t i c  

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

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

we would n o t  a d v o c a t e  i s u r v e y  o f  t h e  n a t i o n ' s  w i n t e r t i m e  

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

would i d e n t i f y  u n o m  v a l u e s  which a r e  w e l l  be low t h o s e  l e v e l s  

which c o u l d  b e  s p e c i f i e d  f o r  c o m p l i a n c e  t e s t i n g .  A c c o r d i n g l y ,  

t h e  lower  v n o m  boundary  f o r  a  r u l e  migh t  b e  b a s e d  upon 
measurements t a k e n  on w e t ,  c o a t e d  pavements  s u c h  a s  a r e  

commonly u s e d  i n  v e h i c l e  t e s t  p r a c t i c e .  

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

u p p e r  and lower  boundary  c o n d i t i o n s ,  p e r f o r m a n c e  would b e  

d e f i n e a b l e  f o r  any s u r f a c e  whose p n o m  i s  w i t h i n  t h e  d e s c r i b e d  



range. An example of such a performance rule is shown in 

Figure 7. One could evaluate performance on whatever surface 

pavement as might be available-although some attention should 

be given to surface profile irregularity. Clearly, the number 
of tests required to assure compliance over the entire 

friction range would bo in direct relation to the vehicle 

development engineer's ability to analytically interpolate 

performance between measurements. Spot checking of a vehicle's 
braking efficiency at only two or three pnom levels, for example, 

will be adequate only if there exists a performance-predictive 

model which permits valid generalization over all values of 

'nom' I 

With regard to the setting of specifications of braking 

efficiency performance levels, certain considerations should 
be addressed. 

Firstly, the ideal stopping distance computation has, 

by design, excluded a number of influences which, in an actual 

vehicle, tend to degrade minimum stopping distance capability. 

In general, the performance capability of actual vehicles is 
sufficiently low that any reasonable specification of braking 
efficiency performance must permit efficiency values well 

below loo$. 

Since the efficiency measure is based upon a repre- 

sentative passenger vehicle reference, a quantitative guide 

to scaling braking efficiency specifications can easily be 

established by determining an average of the braking effi- 

ciencies of a representative sample of passenger cars on a 

selection of surface conditions. Using these data as a 

practical reference, then, one could evaluate the braking 
efficiency performance of other vehicle classes and determine 
"allowances" as guided by whatever cost-benefit considerations 
as are essential to the rulemaking process. 



Example Cont inuous Form 

I 1 Lower Bound 
I (to be established) 

above this line 

I 
I 
I 
I 
I 
I 
I 
I 
I 

Upper Bound d 
(to be estab1ished)l 

unom 
Nominal Friction.Leve1 

Figure 7. Example braking efficiency requirement showing desired 
continuous form as a function of unom. 



In de te rmin ing  t h e  con tour  of  t h e  r e q u i r e d  e f f i c i e n c y  

l e v e l  as  a  f u n c t i o n  of  p n o m ,  a  cont inuous  form such a s  

shown i n  F igure  7 would appear  t o  be h i g h l y  d e s i r a b l e ,  S t e p -  

wise d i s c o n t i n u i t i e s  i n  r equ i remen t  s p e c i f i c a t i o n  a c r o s s  t h e  

f r i c t i o n  range would o f f e r  t h e  manufac turer  l i t t l e  o r  no 

r e l i e f  from t h e  more s e v e r e  o f  t h e  s p e c i f i e d  l e v e l s .  This  i s  

t h e  c a s e  because of t h e  f a c t  t h a t  t h e  mechanics of  t i r e  and 

b rake  systems o f f e r  no d i s c o n t i n u o u s  c h a r a c t e r i s t i c s  which 

cou ld  be f i t t e d  t o  such s p e c i f i c a t i o n s .  

Given t h a t  d i s c o n t i n u i t i e s  would be avo ided ,  t h e n ,  t h e  

a c t u a l  con tour  o f  t h e  e f f i c i e n c y  requi rement  must d e r i v e  from 

t h e  judgment of  c o s t - b e n e f i t  f a c t o r s .  C l e a r l y ,  one would be  

l e d  t o  c o n s i d e r i n g  a  n o n - c o n s t a n t  e f f i c i e n c y  r equ i remen t  only  

through t h e  o b s e r v a t i o n  t h a t  a  c o n s t a n t  l e v e l  s p e c i f i c a t i o n  

imposes a  l a r g e  g r a d i e n t  i n  "cos t "  ove r  t h e  f r i c t i o n  r ange  

( ' ' cos t"  h e r e  r e f e r s  t o  t h e  economic i m p l i c a t i o n s  of  r e q u i r i n g  

a  v e h i c l e  performance l e v e l  which exceeds c u r r e n t l y  ach ieved  

performance l e v e l s ) .  I f  a s t e e p  c o s t  g r a d i e n t  i s  n o t  p e r c e i v e d ,  

t h e n  c l e a r l y  a  f i x e d  l e v e l  b rak ing  e f f i c i e n c y  r equ i remen t  i s  
t h e  answer.  

A primary c o n s i d e r a t i o n  i n  t h e  s p e c i f i c a t i o n  of a 
b rak ing  e f f i c i e n c y  r equ i remen t  i n v o l v e s  t h e  e x t e n t  t o  which 
t h e  r e f e r e n c e  t i r e  e x h i b i t s  a  range  of  t r a c t i o n  c a p a b i l i t y  

which does n o t  r e p r e s e n t  t h e  average  passenger  c a r  t i r e ' s  

per formance .  With r e g a r d  t o  t h e  ASTM G78-15 t i r e ,  f o r  example,  

t h e  l i m i t e d  d a t a  a v a i l a b l e  t o  t h i s  s t u d y  show a  s i g n i f i c a n t l y  

reduced peak t r a c t i o n  l e v e l  on wet coa ted  s u r f a c e s ,  a s  com- 

pa red  t o  "average" c a r  t i r e  per formance .  C l e a r l y ,  i f  t h i s  

t i r e  were t o  be used a s  a  government-def ined  r e f e r e n c e  f o r  

b rak ing  e f f i c i e n c y ,  t h e  mismatch between i t s  p r o p e r t i e s  and 

t h e  d e s i r e d  a v e r a g e - l i k e  performance would need t o  be f a c t o r e d  

i n  t o  t h e  b r a k i n g  e f f i c i e n c y  r u l e .  This  could  be done by 



a d j u s t i n g  r e q u i r e d  e f f i c i e n c y  l e v e l s  upwards i n  those 
reg imes  o f  uno, i n  wh ich  t h e  r e f e r e n c e  t i r e ' s  t r a c t i o n  i s  
s u b - a v e r a g e  a n d ,  c o n v e r s e l y ,  by a d j u s t i n g  r e q u i r e m e n t s  down- 

wards  f o r  t h a t  p o r t i o n  o f  t h e  un0, r a n g e  i n  which t h e  

r e f e r e n c e  t i r e  i s  above  a v e r a g e  i n  t r a c t i o n  c a p a b i l i t y .  



6 . 0  CONCLUSIONS A N D  RECOMMENDATIONS 

6 . 1  CONCLUS IONS 

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

by  which t h e  i n f l u e n c e  o f  pavement f r i c t i o n  becomes n o r m a l i z e d  

t o  r e n d e r  a  m e a s u r e  which  i s  a r g u e d  t o  be  i n h e r e n t l y  r e l e v a n t  

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

a d d r e s s  t h e  q u a l i t y  o f  t h i s  m e a s u r e  a s  i t  may b e  a p p l i c a b l e  

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

1. The b r a k i n g  e f f i c i e n c y  t e c h n i q u e  p r e s e n t e d  h e r e  

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

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

p r e v a i l i n g  f r i c t i o n a l  c o n s t r a i n t s  which  limit a  

v e h i c l e ' s  b r a k i n g  p e r f o r m a n c e  on  any p a v e d  s u r f a c e .  

The d e v e l o p e d  c o n c e p t  i s  s u c h  t h a t  i t  i s  compre-  

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

U n i t e d  S t a t e s  b u t  i t  i s  n o t  i n t e r n a t i o n a l  i n  fo rm 

due  t o  t h e  f a c t  t h a t  t h e  n a t i o n a l l y - " r e p r e s e n t a t i v e "  

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

and w e i g h t  d i s t r i b u t i o n  f rom o n e  c o u n t r y  t o  t h e  

n e x t ,  w i t h  t h e  mean U.S.  v e h i c l e  p r o b a b l y  d e p a r t i n g  

most  n o t a b l y  f rom i n t e r n a t i o n a l  mean v a l u e s  o f  

t h e  p e r t i n e n t  p a r a m e t e r s .  

3 .  The b r a k i n g  e f f i c i e n c y  method i t s e l f  i s  t o t a l l y  

o b j e c t i v e  s i n c e :  

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

t h r o u g h  a n  o p e n - l o o p  t e s t  p r o c e d u r e  which 

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

o f  i n i t i a l  v e l o c i t y ,  whee l  l o c k u p ,  p e d a l  

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

b )  t h e  n o r m a l i z i n g  n u m e r i c  i s  d e r i v e d  t h r o u g h  

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

and p r o c e s s i n g ,  



4 .  The b r a k i n g  e f f i c i e n c y  measurements  made d u r i n g  

d e m o n s t r a t i o n  t e s t i n g  showed t h e  method t o  b e  

q u i t e  r e p e a t a b l e  on t h e  s h o r t  t e r m ,  Long- te rm 

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

i t  might  b e  a r g u e d ,  d e p e n d s  n o t  upon t h e  t e s t i n g  

method i t s e l f ,  b u t  upon t h e  s t a t i o n a r i t y  o f  

pavement 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  and v e h i c l e  

b r a k i n g - r e l a t e d  p r o p e r t i e s .  

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

e f f i c i e n c y  t e c h n i q u e  i s  somewhat g r e a t e r  t h a n  

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

e f f e c t i v e n e s s  measurement  i n  c o n j u n c t i o n  w i t h  

ASTM s k i d  t r a i l e r  o p e r a t i o n ,  To t h e  e x t e n t  t h a t  
, 

s k i d  t r a i l e r  measurements  a r e  made o n l y  i n f r e -  

q u e n t l y  by c e r t a i n  t e s t  a g e n c i e s ,  t h e  c o n t i n u a l  

o p e r a t i o n  o f  t h e  S u r f a c e  F r i c t i o n  Dynamometer 

i n  a b r a k i n g  e f f i c i e n c y  method migh t  c o n s t i t u t e  

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

however ,  t h e  c o n t i n u a l  accompaniment o f  s t o p p i n g  

d i s t a n c e  measurements  w i t h  SFD measurements  would 

o n l y  b e  r e q u i r e d  i f  pavement  f r i c t i o n  c h a r a c t e r i s t i c s  

were  s e e n  t o  f l u c t u a t e  s i g n i f i c a n t l y  and o f t e n .  

I n d e e d ,  i f  t h a t  w e r e  t h e  c a s e ,  t h e n  i t  would seem 

t h a t  any s u r f a c e  f r i c t i o n  c h a r a c t e r i z a t i o n ,  w h e t h e r  

s k i d  numbers a s  r e q u i r e d  i n  FMVSS 1 0 5 - 7 5  and 121, 

o r  SFD measurements  a s  i n  t h e  b r a k i n g  e f f i c i e n c y  

method,  would b e  r e q u i r e d  on a  f r e q u e n t  b a s i s .  

6 .  The ha rdware  a s s o c i a t e d  w i t h  t h e  measurement o f  

t h e  peak t r a c t i o n  o f  t h e  r e f e r e n c e  t i r e  h a s  been  

found t o  c o n s t i t u t e  a  p r a c t i c a l  and r e l i a b l e  t e s t  

t o o l  whose d a t a  p r o d u c t i v i t y  i s  c o m p a r a b l e  t o  s k i d  

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



7 .  The c o s t  o f  t h e  SFD mach ine  would b e  c o m p a r a b l e ,  

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

a v a i l a b l e  ASTFii s k i d  t r a i l e r  s y s  tems ( i n c l u d i n g  

t r a i l e r ,  tow v e h i c l e ,  and d a t a  a c q u i s i t i o n  s y s t e m ) ,  

8 .  The p r o c e s s i n g  o f  SFD d a t a ,  and t h e  s u b s e q u e n t  

c o m p u t a t i o n  o f  t h e  r e f e r e n c e  v e h i c l e ' s  s t o p p i n g  

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

b u r d e n .  

6.2 RECOMMENDATIONS 

On t h e  b a s i s  o f  t h e  d e v e l o p m e n t s  which h a v e  b e e n  made 

d u r i n g  t h i s  s t u d y ,  we recommend t h e  f o l l o w i n g .  
I 

1. A program o f  b r a k i n g  e f f i c i e n c y  measurements  

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

making c o n s i d e r a t i o n s  a s  m i g h t  e n s u e  f rom t h i s  

s t u d y .  T h e r e  i s  a  n e e d  t o :  

a) E s t a b l i s h  t h e  p e r f o r m a n c e  c a p a b i l i t i e s  o f  

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

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

e f f i c i e n c y  n u m e r i c .  

b )  E s t a b l i s h  t h e  p e r f o r m a n c e  c a p a b i l i t i e s  o f  

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

w i t h  t h e  u p g r a d e d  b r a k i n g  s y s t e m s  r e q u i r e d  

by FMVSS 1 2 1  and 1 0 5 - 7 5 .  T h e s e  d a t a  s h o u l d  

p e r m i t  a n  a s s e s s m e n t  o f  t h e  e x t e n t  t o  w h i c h  

t h e  b r a k i n g  e f f i c i e n c y  p e r f o r m a n c e  s p r e a d  

b e t w e e n  c a r s  and t r u c k s  v a r i e s  o v e r  t h e  

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

2 .  A s u r v e y  o f  peak  t r a c t i o n  measurements  s h o u l d  b e  

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

t o  p e r m i t  d e f i n i t i o n  o f  ,I r e a s o n a b l e  u p p e r  bound ,  

f o r  t h e  r a n g e  o f  t h e  v a r i a b l e  p n o m ,  o v e r  which a  

b r a k i n g  e f f i c i e n c y  t e c h n i q u e  would a p p l y .  



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

a v a r i e t y  o f  paved s u r f a c e s  s l lould  be  made u s i n g  

t h e  ASTM t i r e  t o  de t e rmine  t h e  s h o r t -  and 

l o n g - t e r m  s t a b i l i t y  of t h o s e  c h a r a c t e r i s t i c s  

which d e t e r m i n e  peak t r a c t i o n  pe r fo rmance .  With 

t h e s e  d a t a ,  an e s t i m a t e  can  be  made o f  t h e  f r e -  

quency o f  SI:D measurements a s  might  be n e c e s s a r y  

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

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

e f f i c i e n c y  t e s t  f a c i l i t y .  

4 ,  I n  f u r t h e r  r e f i nemen t  o f  t h e  b r a k i n g  e f f i c i e n c y  

method ,  work shou ld  be  done t o  examine t h e  

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

on t h e  g e n e r a t i o n  of peak no rma l i zed  l o n g i t u d i n a l  

f o r c e  t o  d e t e r m i n e :  

a )  t h e  e x t e n t  t o  which t h e  d e l a y e d  spin-down 

t r a n s i e n t  o f  an  SFD machine  p e r m i t s  

measurement o f  a r e p r e s e n t a t i v e  peak  

t r a c t i o n  pe r fo rmance ,  and 

t h e  c o n d i t i o n s  under  which ASTM s k i d  

t r a i l e r  d e v i c e s ,  c u r r e n t l y  i n  e x i s t e n c e ,  

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

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

e f f i c i e n c y  n o r m a l i z a t i o n .  




