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1 . 0  INTRODUCTION 

This document c o n s t i t u t e s  t he  f i n a l  r e p o r t  on U.  S .  

Department of T ranspo r t a t i on  Contract  Number DOT-HS-031-3-765 

e n t i t l e d  "Braking Ef f i c i ency  Test  Technique," This r e sea rch  

s tudy  has been conducted by t he  Highway Sa fe ty  Research 

I n s t i t u t e  (HSRI) of  The Univers i ty  of Michigan a t  i t s  f a c i l i t i e s  

i n  Ann Arbor, Michigan, wi th  c e r t a i n  t e s t  a c t i v i t i e s  being 

conducted a t  t h e  f a c i l i t i e s  of  the  Bendix Automotive Development 

Center i n  New C a r l i s l e ,  Indiana.  

The program's primary o b j e c t i v e  has been t h e  development 

of  a  method whereby v e h i c l e  s topping performance can be s p e c i f i e d ,  

measured, and compared independently of t h e  t e s t  s u r f a c e .  The 

"independence" q u a l i t y  of t h e  method de r ives  from a  technique 

by which a  measure of t he  p r e v a i l i n g  f r i c t i o n a l  "po fen t i a l "  of  

t he  t e s t  s u r f a c e  i s  used t o  normalize a v e h i c l e ' s  s topp ing  p e r -  

formance, as measured on t h a t  s u r f a c e .  The normalized 

c h a r a c t e r i z a t i o n  thus  q u a n t i f i e s  the  " e f f i c i ency"  wi th  which 

the  v e h i c l e  i s  capable  of u t i l i z i n g  t he  f r i c t i o n a l  l i m i t a t i o n s  

of t he  t e s t  s u r f a c e  t o  maximize d e c e l e r a t i o n .  The measure which 

has been de f ined ,  however, involves  a s p e c i a l i z e d  concept of  

"e f f ic iency"  which de r ives  from c e r t a i n  convic t ions  concerning 

t h e  s a f e t y  re levance of veh i c l e  l i m i t  b raking c a p a b i l i t y .  Whereas 

t h i s  concept i s  decidedly  removed from " c l a s s i c a l "  braking 

e f f i c i e n c y  as has been de f ined ,  f o r  example, by Rouse ( I ) * ,  t h e  

body of t h i s  r e p o r t  beg ins ,  i n  Sec t ion  2 ,  with  a  d i s cus s ion  of 

t he  r a t i o n a l e  which forms t h e  conceptual  b a s i s  f o r  t h e  s tudy .  

I t  should  be noted t h a t  the  concept p resen ted  here  i s  t a i l o r e d  

no t  only toward a  s a f e t y  argument, but  a l s o  toward rulemaking 

as a  p o t e n t i a l  adap ta t i on  t o  braking e f f e c t i v e n e s s  requirements 

which c u r r e n t l y  e x i s t  w i th in  FMVSS 105-75 and 1 2 1 .  

The concept has been developed i n t o  a  t e s t  technique which 

is  comprised of t h r e e  b a s i c  elements.  These elements a r e  
d i scussed  i n  Sec t ion  3 i n  t h e  context  of t h e  developmental 

*Numbers i n  paren theses  i n d i c a t e  r e f e r ences  l i s t e d  i n  
Appendix A.  



e f f o r t  of  t h i s  program. The technique i s  def ined  as  r e q u i r i n g  

two phys i ca l  measurement a c t i v i t i e s ;  one which addresses  pave- 

ment 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 addresses  v e h i c l e  l i m i t  s topp ing  

c a p a b i l i t y .  The t h i r d  element of t h e  method, t hen ,  s p e c i f i e s  

a normalizing formula by which t h e s e  measurements a r e  combined 

i n  t h e  computation of t h e  braking e f f i c i e n c y  numeric. 

Within t h i s  s tudy  a  demonstrat ion of t h e  developed 

methodology has been achieved through t h e  conduct of f u l l - s c a l e  

t e s t i n g  and t h e  accompanying computations of t h e  braking 

e f f i c i e n c y  measure. These t e s t s ,  descr ibed  i n  Sec t ion  4 ,  
involved t h e  measurement of t h e  l i m i t  b raking performance of 

both a  passenger c a r  and a  heavy t r u c k ,  as  w e l l  as  t h e  ex t ens ive  

a p p l i c a t i o n  of a  mobile dynamometer f o r  measurement of s u r f a c e  

f r i c t i o n .  The mobile dev ice ,  a  major development of t h i s  s t u d y ,  

i s  e s p e c i a l l y  conf igured f o r  measurement of t h e  peak t r a c t i o n  

c a p a b i l i t y  of a  r e f e r ence  t i r e  a t  varying load and v e l o c i t y  

cond i t i ons .  

I n  Sec t ion  5 of t he  r e p o r t ,  t he  p o t e n t i a l  a p p l i c a t i o n  of 

t h e  developed braking e f f i c i e n c y  t e s t  technique t o  rulemaking 

i s  examined, t oge the r  wi th  c e r t a i n  cons ide ra t i ons  which we f e e l  

t o  be n a t u r a l  outgrowths of t h e  b a s i c  concept .  

I n  Sec t ion  6 ,  a  s e t  of conclus ions  and recommendation i s  

p resen ted  i n  summary of t he  program's f i n d i n g s ,  a s  we l l  as i t s  

imp l i ca t i ons  f o r  f u t u r e  r e sea rch .  The r e p o r t  i s  s ' t ruc tured  

wi th  f i v e  appendices which cover ,  f i r s t l y ,  a  l i t e r a t u r e  survey 

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

recommended procedures f o r  conducting t h e  braking e f f i c i e n c y  

technique.  



1 .  

2 . 0  CONCEPTUAL BASIS FOR THE STUDY 

Since  t h e  t echn ique  which has  been developed 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  of  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  under ly ing  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 fo l lowing  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 concept  which has  been pursued .  

To beg in  t h e  d i s c u s s i o n  i n  a  t r a f f i c  s a f e t y  c o n t e x t ,  t h e  

p o s i t i o n  was adopted t h a t  "a v e h i c l e  m a n i f e s t s  optimum b r a k i n g  

performance when it  pe rmi t s  t h e  r e p r e s e n t a t i v e  d r i v e r  t o  ach ieve  

t h e  minimum s t o p p i n g  d i s t a n c e  whi l e  o the rwise  c o n t r o l l i n g  h i s  

v e h i c l e ' s  p a t h  under  t h e  e x i s t i n g  c o n d i t i o n s  of  roadway f r i c t i o n . "  

From t h i s  d e f i n i t i o n ,  t h e  scope of  t h i s  s t u d y  and t h e  form of  

t h e  d e s i r e d  t e s t  method assumed shape .  Namely, t h e  " p o s i t i o n "  

s u g g e s t s  t h e  need t o  ( a )  c h a r a c t e r i z e  minimum s t o p p i n g  d i s t a n c e  

performance (as  opposed t o  i n s t a n t a n e o u s  d e c e l e r a t i o n  

c a p a b i l i t i e s ) ;  (b)  t o  account  f o r  t h e  l i m i t e d  a b i l i t y  w i t h  which 

t h e  r e p r e s e n t a t i v e  d r i v e r  can modulate b rake  p e d a l  e f f o r t  t o  

maximize b rak ing  wi thou t  s u f f e r i n g  wheel lockup;  and (c)  t o  

a t t a i n  a  meaningful  n o r m a l i z a t i o n  f o r  pavement f r i c t i o n .  

A s  f o r  t h e  c h a r a c t e r i z a t i o n  of  minimum s t o p p i n g  d i s t a n c e  

performance,  t h i s  s t u d y  was n o t  s t r u c t u r e d  t o  b reak  much new 

ground. The only  s u b s t a n t i v e  d e p a r t u r e  from c u r r e n t  s t o p p i n g  

d i s t a n c e  measurement p r a c t i c e  involved  t h e  methodology by which 

c e r t a i n  concerns about  t h e  r e p r e s e n t a t i v e  d r i v e r  were addressed .  

I t  was hypothes ized  t h a t  maximum s t o p p i n g  performance i s  

c o n s t r a i n e d  i n  s e r v i c e  by t h e  degree  of  b rake  peda l  modulat ion 

t h a t  i s  r e q u i r e d  of  t h e  d r i v e r  t o  acc rue  t h e  maximum u t i l i z a t i o n  

o f  a  v e h i c l e ' s  b rak ing  c a p a b i l i t y .  S ince  t h e  t r a n s i e n t  c h a r a c t e r  

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

performance o f  t i r e s  a s  w e l l  as b r a k e s ,  t h e  b r a k e  p e d a l  e f f o r t  

cor responding  t o  maximum d e c e l e r a t i o n  wi thou t  lockup (F igure  1 )  

may vary  markedly over  t h e  course  of  a  s t o p .  To t h e  e x t e n t  
t h a t  t h e  r e p r e s e n t a t i v e  d r i v e r  seldom, i f  e v e r ,  g a t h e r s  
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exper ience which would permit  him t o  recognize  t h e  need,  and 

thus  provide  f o r ,  app rop r i a t e  pedal  modulation dur ing l i m i t  

b rak ing ,  i t  i s  hypothesized t h a t  s a f e t y  q u a l i t y  i s  enhanced 

by t h a t  v e h i c l e  system which r e q u i r e s  t h e  l e a s t  modulation o r  
v a r i a t i o n  i n  braking e f f o r t  i n  achieving complete u t i l i z a t i o n  

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

I t  fo l lows from the  s t a t e d  hypothesis  t h a t ,  i n  t h e  absence 

of comprehensive d a t a  de sc r ib ing  t he  brake modulation c a p a b i l i t y  

o f  d r i v e r s ,  braking performance measures should be s t r u c t u r e d  

us ing  non-modulated brake pedal  e f f o r t  throughout t h e  s t o p .  

Ce r t a in  t a sks  were thus devoted i n  t h i s  s tudy  t o  t h e  development 

of  hardware and procedures by which c o n s t a n t - p e d a l - e f f o r t  s t o p s  

could be executed,  

The major cha l lenge  of t h e  s tudy  was t o  de t e rmine . a  method 

by which a  measure of  braking performance would o b t a i n  which 

has s a f e t y  meaning r e g a r d l e s s  of t h e  s u r f a c e  employed. 

Accordingly, t he  ques t i on  i s  r a i s e d  "What i n f luence  does t h e  

s u r f a c e  have on determining t h e  s topping d i s t a n c e  which can be 

accrued?" The paved su r f ace  comprises only one component of 

t he  f r i c t i o n  couple which s u s t a i n s  shea r  f o r c e  a t  t he  t i r e - r o a d  

i n t e r f a c e .  Since  t h e  r o l e  played by t h e  pavement cannot ,  

w i t h i n  cu r r en t  technology,  be d i s t i ngu i shed  from t h e  r o l e  p layed 

by the  t i r e ,  i t  i s  not  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  

pavement ' s  f r i c t i o n  f o r c e  c a p a b i l i t y  as an i nhe ren t  p rope r ty  

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 chemistry of t h e  pavement 

i t s e l f .  Fu r the r ,  a  given t i r e  w i l l  g ene ra t e  shea r  fo r ce s  on a  

given s u r f a c e  no t  only  as r e l a t e d  t o  t h e  sum of t he  mechanical 

and chemical d e s c r i p t i o n s  of  both t i r e  and pavement, bu t  a l s o  

as in f luenced  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 oad ,  Di f fe rences  i n  s u r f a c e  t e x t u r e ,  chemistry and contamina- 

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

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

As a  consequence of t he se  f a c t s ,  t h e  ASTM s k i d  number 

measure i s  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  of t he  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  of  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  

load and s i n g l e  t e s t  v e l o c i t y  i n  de r iv ing  i t s  measure, no 

mechanism e x i s t s  t o  account f o r  t h e  i n f luence  of load and 

v e l o c i t y  as  may be p e c u l i a r  t o  t he  s u r f a c e  being measured. To 

t he  e x t e n t  t h a t  t he  ASTM method r ep re sen t s  t h e  only recognized 

f u l l - s c a l e  road f r i c t i o n  s t anda rd ,  i t s  shortcomings r equ i r e  

t h a t  t he  s u b j e c t  braking e f f i c i e n c y  method look t o  t h e  

development of a  new t i re - , road  f r i c t i o n  measurement. 

, In  determining a  p o s i t i o n  t o  be taken concerning the  t i r e -  

road 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  

meaningful normal izat ion of s topping d i s t a n c e ,  c e r t a i n  impl i -  

c a t i ons  of a  c l a s s i c a l  ve rs ion  of braking e f f i c i e n c y  need t o  

be addressed.  

. C l a s s i c a l  braking e f f i c i e n c y  can be def ined as  a  measure 

of t he  e x t e n t  t o  which a  veh i c l e  i s  capable of accruing t h e  

peak long i tud ina l  fo r ce  c a p a b i l i t y  of each t i r e  throughout t h e  

s topping  process .  

I n  t h e  s i m p l i s t i c  approach which has t r a d i t i o n a l l y  been 

used ( f o r  example, i n  eva lua t ion  of a  passenger v e h i c l e ' s  

f r o n t -  t o - r e a r  brake propor t ion)  , t he  "peak long i tud ina l  fo r ce  

c a p a b i l i t y "  of t i r e s  was merely represen ted  by a  normalizing 

cons tan t  , p , where 

The p c a p a b i l i t y  of t he  t i re-pavement couple was u t i l i z e d  

i n  t h e  c l a s s i c a l  e f f i c i e n c y  measure t o  normalize an average 

l o n g i t u d i n a l  a c c e l e r a t i o n  performance, A x ,  such t h a t :  

Ax/g - x 100% = ( c l a s s i c a l  e f f i c i e n c y )  ( 2 . 2 )  
u 



A developed i n t e r p r e t a t i o n  of c l a s s i c a l  e f f i c i e n c y ,  such a s  

was app l i ed  by Murphy ( 2 ) ,  involves  a  more accu ra t e  r e p r e -  

s e n t a t i o n  of  the  road f r i c t i o n  capab i l i t y - subs t i t u t i ng  a  

l o n g i t u d i n a l  f o r c e  func t ion  f o r  t h e  cons tan t  c h a r a c t e r i z a t i o n ,  

y.  A comprehensive form of t h i s  func t ion  would inc lude  t h e  

f r i c t i o n a l  coupling i n f luences  of v e l o c i t y  and v e r t i c a l  t i r e  

load ,  mentioned p rev ious ly .  

I f  one were t o  exper imental ly  determine t h e  comprehensive 

measure of  a  v e h i c l e ' s  c l a s s i c a l  braking e f f i c i e n c y ,  it would 

r e q u i r e  l o n g i t u d i n a l  shear  fo r ce  measurements of t h e  i n s t a l l e d  

t i r e  whi le  ope ra t i ng  on t h e  s u b j e c t  s u r f a c e  a t  s u f f i c i e n t  loads  

and v e l o c i t i e s  as ' to  cover a l l  those  opera t ing  cond i t i ons  which 

were experienced by each t i r e  on t he  v e h i c l e .  Following t h i s  

d a t a  a c q u i s i t i o n  e f f o r t ,  a  computation would be conducted i n  

which t he  running i n t e g r a t i o n  of- ins tantaneous  a c c e l e r a t i o n  
y i e l d s  t h e  i d e a l  s topp ing  d i s t ance  which would de r ive  i f  t h e  

p e r f e c t  a n t i - l o c k  system was mainta ining each t i r e  a t  i t s  peak 

fo rce  output  throughout t he  s t o p .  

One can qu ick ly  pe rce ive  t h a t  t he  s e n s i t i v i t y  of a  t i r e ' s  

normalized l o n g i t u d i n a l  fo r ce  t o  v e r t i c a l  load imposes a  h o s t  

of problems t o  such a  comprehensive c l a s s i c a l  braking e f f i c i e n c y  

method, e s p e c i a l l y  f o r  t h e  case of m u l t i - a x l e  commercial v e h i c l e s .  

I f  one must compute t h e  ins tan taneous  v e r t i c a l  loads  of each 

t i r e  throughout a  s t o p ,  then one must have a  comprehensive 

knowledge of t he  manner and degree t o  which v e r t i c a l  load i s  

d i s t r i b u t e d  about t h e  var ious  ax l e s  on a  v e h i c l e .  For those  

veh i c l e s  wi th  tandem suspensions o r  wi th  ' m u l t i p l e  independent ly-  

suspended (and thus s t a t i c a l l y  inde te rmina te )  a x l e s ,  t h e  

computation of v e r t i c a l  load d i s t r i b u t i o n  r e q u i r e s  a  complicated 

and q u i t e  non- rou t ine  s e t  of  parameter  measurements. Addi- 

t i o n a l l y ,  a  r a t h e r  complex s imu la t i on  i s  then  needed t o  permit  

t h e  de te rmina t ion  of t h e  i d e a l  s topping d i s t a n c e  normal ize r .  

Fu r the r ,  i t  i s  c l e a r  t h a t  any der ived  c l a s s i c a l  braking 
e f f i c i e n c y  measure provides  no i n d i c a t i o n  of abso lu t e  s topping  
performance c a p a b i l i t y .  A v e h i c l e  could s c o r e  a  very h igh  va lue  



of  c l a s s i c a l  braking e f f i c i e n c y  by e f f e c t i n g  t h e  high u t i l i z a t i o n  

o f  a  t r a c t i o n - p o o r  t i r e .  Thus, s i n c e  good s topping  d i s t a n c e  

c a p a b i l i t y  i s  no t  assured  through t h e  i n d i c a t i o n  of a  h igh  

value  of c l a s s i c  braking e f f i c i e n c y ,  it 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  necessary  ad junc t  t o  any c l a s s i c a l  

braking 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  

loading can s e r i o u s l y  compromise the  acc rua l  of 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  fol lows t h a t  a t i r e  load  r a t i n g  r u l e  

would be needed as  w e l l .  

In l i g h t  of t he se  obse rva t ions ,  i t  was concluded t h a t  

c l a s s i c a l  braking e f f i c i e n c y  i s  unusable as  a  s tandard  method 

by which s topping  performance can be normalized.  I n s t e a d ,  t h e  

s u b j e c t  s tudy  has pursued t h e  development of a  s i m p l i f i e d  

normal iza t ion  which de r ives  i t s  maning and v a l i d i t y  from a  

s c e n a r i o  of ' the s a f e t y  implicat i '%ns of 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 reams.  

I t  can be argued,  i n  developing 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  very ' na tu re ,  impose any t r u l y  

genera l  requirement f o r  t he  abso lu te  braking performance of 

v e h i c l e s ,  al though i n  each pure braking a p p l i c a t i o n  t h e r e  i s  

an abso lu te  performance requirement t o  be met i f  a  c o l l i s i o n  

i s  t o  be avoided. Accordingly,  one can a s s e r t  t h a t  more 

braking c a p a b i l i t y  i s  b e t t e r  and, indeed,  high l e v e l s  of 

c a p a b i l i t y  a r e  probably 

performance l e v e l  which 

i d e n t i f i e d .  

On t h e  o the r  hand, 

d e s i r a b l e .  However, a  s p e c i f i c  minimum 

i s  gene ra l l y  e s s e n t i a l  cannot be 

t h e  l ead ing / fo l lowing  d i s t r i b u t i o n  of 

veh i c l e s  on t he  highway does impose an i n h e r e n t l y  meaningful 
requirement f o r  r e l a t i v e  braking performance, By t h i s  p r o s p e c t ,  
t he  r e l a t i v e  braking c a p a b i l i t y  of  s e r i a l l y  ad jacen t  veh i c l e s  

achieves s a f e t y  meaning due t o  t he  l i k e l i h o o d  of r ea r - end  

c o l l i s i o n s  as wel l  as  t h e  d i s tu rbances  i n  t r a f f i c  flow which 

a r i s e  from t h e  evas ive  t a c t i c s  o f  t h e  l e s s  capable  braking 



performers i n  the  s t ream.  That i s ,  i t  i s  gene ra l l y  d e s i r a b l e  

t h a t  a l l  veh i c l e s  i n  t h e  t r a f f i c  s t ream have equal  braking 

a b i l i t y ,  r ega rd l e s s  of  t h e i r  abso lu t e  a b i l i t y .  

' A braking e f f i c i e n c y  measure based upon r e l a t i v e  
performance depa r t s  from c l a s s i c a l  braking e f f i c i e n c y  i n  t h a t  

it normalizes a  v e h i c l e ' s  s topp ing  performance t o  account 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 - t i r e  systems can u t i l i z e  

t he  a v a i l a b l e  pavement-l imited f r i c t i on - r a the r  than accounting 

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  of t he  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  su r f ace .  I n  t h e  development of a  s t anda rd i zed  

technique which involves  adjustment f o r  "other  veh ic le"  

c h a r a c t e r i s t i c s ,  i.t becomes necessary  t o  s t anda rd i ze  t h e  "o the r  

veh ic le"  c h a r a c t e r i s t i c s .  Thus we have def ined  a  b rak ing  

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 normalizes t h e  s topping  

d i s t ance  c a p a b i l i t y  of veh i c l e s  a g a i n s t  t h e ,  r e f e r ence  s topping  

d i s t ance  c a p a b i l i t y  of  " the  mean passenger  v e h i c l e  . I 1  

The NHTSA has espoused a  comparable r a t i o n a l e  i n  rulemaking 

which r equ i r e s  a  dramat ic  upgrading of t h e  braking c a p a b i l i t y  

of  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  

no t ion  t h a t  t h e  mean passenger v e h i c l e  r ep re sen t s  t h e  norm, o r  

r e f e r ence  i n  s topping  c a p a b i l i t y  such t h a t  i t  i s  deemed wiser  

t o  upgrade commercial v e h i c l e  performance toward passenger  

veh i c l e s  r a t h e r  than t o  downgrade passenger  c a r  performance. 

The f a c t  t h a t  passenger  c a r s  comprise t h e  ma jo r i t y  of t h e  

v e h i c l e  popu la t i on ,  and t h a t  they gene ra l l y  have exh ib i t ed  t h e  

s u p e r i o r  l i m i t  b raking c a p a b i l i t y  g ives  b a s i s  t o  t he  judgment 

t h a t  they r ep re sen t  a  de f a c t o  norm f o r  braking performance i n  

t h e  t r a f f i c  system. 

I n  terms of t h e  braking e f f i c i e n c y  measurement i t s e l f ,  t h e  

concept sugges t s  t h a t  two concurrent  s topping d i s t a n c e  measures 

w i l l  be made on a given s u r f a c e ,  us ing both  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 ence  passenger v e h i c l e .  Because of concerns over 
t h e  long-term r e p e a t a b i l i t y  of an a c t u a l  passenger  v e h i c l e ' s  
performance, however, i t  was judged more p r a c t i c a l  t o  compute 



t h e  s topping  d i s t a n c e  c a p a b i l i t y  of t h e  r e f e r ence  v e h i c l e  on 

t h e  s u b j e c t  s u r f a c e  us ing  t i r e  shea r  f o r c e  d a t a  which w i l l  have 

been gathered us ing a  s p e c i a l  t e s t  dev ice .  The t i r e  def ined  

t o  be i n s t a l l e d  on t h e  hypo the t i ca l  r e f e r ence  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  performance which i s  r e p r e s e n t a t i v e  

of  t h e  mean v e h i c l e  i n  t he  passenger c a r  popula t ion .  

The e x e r c i s e  of t h e  method o u t l i n e d  h e r e ,  and developed i n  

t h e  nex t  s e c t i o n ,  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  

nove l ,  b u t  one which i s  proposed as being s p e c i f i c a l l y  addressed 

t o  a  gene ra l l y  meaningful s a f e t y  argument. 



3.0 THE ELEMENTS OF A BRAKING EFFICIENCY TEST TECHNIQUE 

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

which c e n t e r s  around a  r e f e r e n c e  v e h i c l e  scheme f o r  no rmal 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 

of  t h e  r e f e r e n c e  v e h i c l e ' s  performance 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  b e  used  f o r  a  r e f e r e n c e  b r a k i n g  performance 

measurement,  i t  became n e c e s s a r y  t o  d e f i n e  a  computat ion by 

which " r e f e r e n c e "  performance cou ld  be  d e r i v e d .  The a s s o c i a t e d  

computat ion 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  of r e l e v a n t  

v e h i c l e  pa ramete r s  a s  w e l l  a s  a  mathemat ica 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  bas i c '  i n e r t i a l  'and geomet r i c  

o f  t h e  v e h i c l e  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  p e r f o r -  

mance computat ion would t h e n  i n c l u d e  a  s e t  of  pa ramete 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 ,  as  it  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 of  a  new t e s t  

device-a major  t a s k  i n  t h e  program. 

Aside  from t h e s e  e f f o r t s  which were a l l  r e l a t e d  t o  t h e  

r e f e r e n c e  v e h i c l e ' s  performance c h a r a c t e r i z a t i o n ,  a d d i t i o n a l  

e f f o r t  was a l s o  devoted  t o  t h e  o b j e c t i v i z a t i o n  of l i m i t  

s t o p p i n g  d i s t a n c e  t e s t i n g .  I n  t h i s  s e c t i o n ,  we p r e s e n t  a  
d i g e s t  o f  t h e  e f f o r t s  devoted  t o  each  o f  t h e s e  t o p i c s .  

3.1 THE DEFINITION OF THE REFERENCE VEHICLE 

A s c e n a r i o  was p r e s e n t e d  i n  S e c t i o n  2 i n  which t h e  

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

d i sposed  i n  a  t r a f f i c  s t r e a m  c o n s t i t u t e  a  s a f e t y  h a z a r d .  



In  t h i s  s c e n a r i o ,  a  hypo the t i ca l  "mean" passenger v e h i c l e  

(as c u r r e n t l y  e x i s t s  on t h e  U.S. road system) was seen a s  

r ep re sen t ing  t he  r e f e r ence  v e h i c l e .  The l i m i t  b raking 

c a p a b i l i t y  of t h i s  v e h i c l e  on any e x i s t i n g  road s u r f a c e  was 

seen ,  i n  conceptual  terms,  as  c o n s t i t u t i n g  a  " f r i c t i o n  

u t i l i z a t i o n "  l e v e l  aga ins t  which t h e  braking performance of 

o the r  veh i c l e s  could be compared. 

The computation of t h e  r e f e r ence  v e h i c l e ' s  c a p a b i l i t y  

r equ i r ed ,  as mentioned, t h a t  c e r t a i n  parameters be eva lua ted ,  
v i z :  

W = t o t a l  v e h i c l e  weight ,  l b s .  

2 = v e h i c l e  wheelbase,  inches 

h  = he igh t  of t he  v e h i c l e ' s  mass c e n t e r  above 

t h e  road p l ane ,  inches  

a  = l o c a t i o n  of t he  mass c e n t e r  a f t  of t h e  

f r o n t  a x l e  c e n t e r .  

C lea r ly ,  t h e s e  parameters a r e  s i g n i f i c a n t  only i n  

determining t h e  mass which i s  t o  be d e c e l e r a t e d  and t h e  

v e r t i c a l  l oad ,  F Z ,  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  ex t en t  t h a t  t h e  normalized 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  of the  v e h i c l e ' s  t i r e s  w i l l  be s e n s i t i v e  t o  v e r t i c a l  

load  i s  i t  necessary  t o  be ,concerned wi th  f r o n t  versus  r e a r  

t i r e  load ing .    his i s  t he  case  because t h e  computation of 

t h e  r e f e r ence  v e h i c l e ' s  performance was conceived as  r e p r e -  

s e n t i n g  an i d e a l  braking process  by which t h e  maximum a v a i l a b l e  

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

would be s u s t a i n e d  throughout t h e  s t o p .  



The de te rmina t ion  of  t h e  c i t e d  parameters  was guided by 

an i n t e r e s t  i n  a u t h e n t i c i t y ,  i n  terms of t h e  t r u l y  mean 

r e p r e s e n t a t i o n  of modern passenger  c a r s ,  Thus,  i n  t h e  c a s e  

of  parameters  W, L, and a ,  t h e  American-made p o r t i o n  of  t h e  

domest ic  v e h i c l e  p o p u l a t i o n  was c h a r a c t e r i z e d  by way of a  

thorough compi la t ion  of  d a t a  a s  pub l i shed  f o r  each model y e a r  

i n  t h e  Motor Vehic le  Manufacturer  A s s o c i a t i o n  " S p e c i f i c a t i o n s . "  

(The parameter  h  i s  no t  g e n e r a l l y  a v a i l a b l e  from t h e  hfVbIA o r  

any o t h e r  s o u r c e . )  The r e s p e c t i v e  v e h i c l e  models (and thus  

parameter  v a l u e s )  were each a s s igned  a  pe rcen tage  of t h e  y e a r l y  

p roduc t ion  of t h e  r e s p e c t i v e  manufac turers  on t h e  b a s i s  of  

annual  s a l e s  f i g u r e s  p u b l i s h e d  by t h e  Automotive News. Next, 

t h e  average  v a l u e  of  each parameter  was computed f o r  each 

v e h i c l e  model l i n e  such as  Ford, Chevro le t ,  P o n t i a c ,  e t c .  

The average  parameter  v a l u e s  f o r  fore ign-manufac tured  

l i n e s  of passenger  c a r s  were no t  o b t a i n a b l e  from p u b l i s h e d  

d a t a .  Thus it was necessa ry  t o  u t i l i z e  an a b b r e v i a t e d  sample 

of  parameters  which had been measured p r e v i o u s l y  a t  HSRI on 

c e r t a i n  h igh  volume models of  f o r e i g n  v e h i c l e s .  These v e h i c l e  

s e l e c t i o n s ,  compris ing over  60  p e r c e n t  of  t h e  f o r e i g n  c a r  

market i n  t h e  United S t a t e s ,  p rovided  average  parameter  v a l u e s  

f o r  each r e s p e c t i v e  f o r e i g n  manufac turer  i n  a  form comparable 

t o  t h a t  c i t e d  f o r  domest ic  p roduc t ion .  (The remaining 4 0 %  

of  f o r e i g n  v e h i c l e s  were assumed t o  p o s s e s s  t h e  average s e t  

o f  f o r e i g n  v e h i c l e  parameters  a s  had been measured.) 

A t  t h i s  p o i n t ,  t h e  d a t a  c o n s i s t e d  of  a  s e t  of average  

parameters  f o r  t h e  t o t a l  y e a r l y  p roduc t ion  f o r  each manu- 

f a c t u r i n g  d i v i s i o n ,  both  f o r e i g n  and domest ic ,  f o r  t h e  1971, 

1972, and 1973 model y e a r s .  Vehic le  r e g i s t r a t i o n  d a t a  f o r  

a l l  passenger  c a r s  were made a v a i l a b l e  by R . L .  Polk and Company 

and were used t o  a s s i g n  each manufac turer  a  pe rcen tage  of 

t h e  t o t a l  v e h i c l e  market f o r  each of  t h e  t h r e e  y e a r s .  By t h i s  
a p p o r t i o n i n g ,  t h e  average v a l u e  of  each o f  t h e  parameters  a ,  
R, and W was then  o b t a i n e d  f o r  each model y e a r ,  a s  shown i n  

Table  3.1. 





The d a t a  compila t ion and averaging was l i m i t e d  t o  t h e  

t h r e e  most recen t  yea r s  f o r  which d a t a  was a v a i l a b l e  i n  o rder  

t o  a t t e n u a t e  t h e  i n f luence  of o l d e r  v e h i c l e s  and thereby 

e f f e c t  an ex t r apo la t ed  s e t  of average parameters such as may 

be more r e p r e s e n t a t i v e  of t h e  t o t a l  v e h i c l e  popula t ion  i n  

t h e  c u r r e n t  e r a  (1974-75). Averaging t h e  parameter  va lues  

over  the  t h r e e  yea r s  i n  Table 1, a  s e t  of  "curb weight" 

dimensions were def ined  as  fo l lows :  

a = 52.2 inches 

R = 1 1 2 . 6  inches  

W = 3480 l b s .  

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

he igh t  measurements which had bcen made a t  HSRI (122) ,  i t  

was determined t h a t  a  t y p i c a l  v e h i c l e ,  whose a ,  R, and W 

parameters were as shown above, could be expected t o  possess  

a  va lue  of h  : 22.5 inches .  

The f i n a l  va lues  spec i fy ing  t h e  r e f e r ence  "mean" passenger 

c a r  were f u r t h e r  ad jus t ed  t o  inc lude  the  placement of a  150 l b .  

d r i v e r  p lu s  a  75  l b .  "ha l f -passenger , "  y i e l d i n g  t h e  f i n a l  

v e h i c l e  con f igu ra t i on  shown i n  Figure 2 .  

I t  was recognized,  of course ,  t h a t  t h e  i n d i c a t e d  mean 

parameter values  r e p r e s e n t  only a  temporary a u t h e n t i c i t y  s i n c e  

c e r t a i n  economic and r egu la to ry  i n f luences  cont inue t o  impact 

on v e h i c l e  des ign p r a c t i c e ,  and thus on t h e  con f igu ra t i on  of 

t h e  mean passenger c a r  i n  t h e  popula t ion .  

Having e s t a b l i s h e d  a  d e f i n i t i o n  of t he  r e f e r ence  passenger 

c a r ,  i t  was necessary  t o  determine 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  passenger c a r  t i r e .  S ince  t r a c t i o n  c a p a b i l i t y  

was t h e  p roper ty  which would govern s e l e c t i o n  of t h e  r e f e r ence  

t i r e ,  i t  was c l e a r  t h a t  t he  t i r e ' s  r ep re sen t a t i venes s  could 

no t  be screened wi th  r i g o r  comparable t o  t h e  c a r  parameter  
de te rmina t ion .  Fu r the 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  



F i g u r e  2;  Parameters  of t h e  .Reference V e h i c l e  

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  a s  w e l l  

a s  t r a c t i o n  performance 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  of  

a  t i r e  whose l 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 rposes  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 approx ima te ly  t h e  ave rage  per formance  of a  

sample o f  domes t i c  p r o d u c t i o n  t i r e s .  The "average" p e r f o r -  

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

which,  s t r i c t l y  s p e a k i n g ,  i s  o f  unknown r e p r e s e n t a t i v e n e s s  t o  

t h e  mean, b u t  one which can b e  argued t o  be  r e a s o n a b l y  

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

which a r e  observed  among t i r e s .  

Shown i n  F i g u r e  3 i s  a  s e t  o f  d a t a  which was g e n e r a t e d  

i n  a  p r e v i o u s  s t u d y  u s i n g  t h e  HSRI Mobile T i r e  T e s t e r  ( 2 1 ) .  
These d a t a  i l l u s t r a t e  t h e  d i s t r i b u t i o n  of  peak normal ized  

l o n g i t u d i n a l  s h e a r  f o r c e s  measured over  a  m a t r i x  o f  s u r f a c e  

and v e l o c i t y  c o n d i t i o n s  f o r  each o f  a  sample of e l e v e n  t i r e s .  

The d o t t e d  b a r  w i t h i n  each  d a t a  sample a t  a  g i v e n  v e l o c i t y  

and s u r f a c e  i n d i c a t e s  t h e  ave rage  per formance  f o r  t h a t  c o n d i t i o n .  
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Using t h e s e  d a t a  a s  t h e  on ly  a v a i l a b l e  r e f e r e n c e  cover ing  

a  r e a s o n a b l y  broad  sample o f  t i r e s  and c o n d i t i o n s ,  t h e  

Goodyear Custom Power Cushion P o l y g l a s  was i d e n t i f i e d  a s  

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

average  per formance ,  

While t h e  ASTM t i r e  was n o t  i n c l u d e d  i n  t h e  e l e v e n - t i r e  

sample,  t h e r e  was an i n t e r e s t  i n  de te rmin ing  i t s  degree  o f  

r e p r e s e n t a t i v e n e s s - e i t h e r  a s  compared t o  t h e  ave rage  of  t h e  

t i r e  sample per formances ,  o r ,  more c o n v e n i e n t l y ,  a s  compared 

t o  t h e  t r a c t i o n  c a p a b i l i t y  of  t h e  Goodyear P o l y g l a s  t i r e .  I n  

t h e  l a t t e r  comparison,  a  r a t i o n a l e  was espoused  by which an 

adequa te  match between t h e  performance of t h e  ASTM t i r e  and 

t h e  Goodyear P o l y g l a s  t i r e  would be s e e n  a s  grounds f o r  

s e l e c t i o n  of  t h e  ASTM standard-given t h a t  t h i s  t i r e  i s  p r o -  

duced i n  a  c o n t r o l l e d  f a s h i o n  and has  been des igned  f o r  

maximum s t a b i l i t y  of t r e a d  compound and minimum i n f l u e n c e  o f  

" r eve r s ion"  a l t e r a t i o n s  of  t h e  t r e a d  s u r f a c e .  For p u r p o s e s ,  

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

t h e  c a n d i d a t e  ASTM and Goodyear P o l y g l a s  t i r e s  were t e s t e d ,  

under  a  v a r i e t y  of  pavement and v e l o c i t y  c o n d i t i o n s ,  u s i n g  

t h e  newly-developed S u r f a c e  F r i c t i o n  Dynamometer device-to 

be d i s c u s s e d  i n  S e c t i o n  3 . 2 .  

P r i o r  t o  t h e  g a t h e r i n g  of  t h e s e  d a t a ,  a  s e t  of  t e s t s  

were performed u s i n g  bo th  c a n d i d a t e  t i r e s  t o  de te rmine  a  

p r a c t i c e  t o  be observed  i n  p r e p a r i n g  t i r e  samples  f o r  t e s t i n g .  

Of p a r t i c u l a r  i n t e r e s t  was t h e  t i r e  b r e a k - i n  p rocedure  which 

would be  r e q u i r e d  t o  a s s u r e  t h e  e l i m i n a t i o n  of mold contaminant  

e f f e c t s  and t h e  achievement of  a  s t a b i l i z e d  s h e a r  f o r c e  p e r -  

formance. The Goodyear P o l y g l a s  t i r e  sample used  i n  t h e s e  

exper iments  was an E78-14 s i z e ,  chosen a s  r e p r e s e n t a t i v e  of  

t h e  s i z e  c l a s s  l i k e l y  t o  be i n s t a l l e d  on a  v e h i c l e  whose 

dimensions were comparable t o  t h e  d e f i n e d  r e f e r e n c e  v e h i c l e .  

The t e s t  t i r e ' s  l o a d i n g ,  9 2 5  l b s . ,  was de termined a s  t h e  ave rage  

wheel l o a d  on t h e  r e f e r e n c e  v e h i c l e .  A s  shown i n  F i g u r e  4 ,  t h e  
Goodyear t i r e  was found t o  e x h i b i t  a  s i g n i f i c a n t  t r a n s i e n t  i n  
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peak normal ized  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  a s  s u c c e s s i v e  

lockup c y c l e s  were accumulated,  beg inn ing  w i t h  t h e  as-new 

c o n d i t i o n .  (The b a s i c  I1lockup cyc le"  i s  a s  d i s c u s s e d  l a t e r  i n  

S e c t i o n  3 .2 .2 . )  I n  a d d i t i o n  t o  t h e  "new t i r e "  d a t a ,  a  s e t  of  

measurements were made under  i d e n t i c a l  c o n d i t i o n s ,  b u t  w i t h  

a t i r e  whose i n i t i a l  s t a t e  was t h a t  which fo l lowed p r e p a r a t i o n  

by an ASTM-recommended b r e a k - i n  p rocedure  ( f r e e  r o l l i n g  f o r  

100 m i l e s  a t  highway s p e e d s ) .  As shown i n  F i g u r e  5 ,  t h e  f r e e -  

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

a s t e a d y - s t a t e  o r  a sympto t i c  performance w i t h  t h i s  t i r e .  

F u r t h e r ,  i t  was c l e a r  t h a t  a  p r e c o n d i t i o n i n g  p r a c t i c e  i n v o l v i n g  

20 lockup c y c l e s  would b e  r e q u i r e d  t o  a s s u r e  achievement of 

a s t e a d y  performance.  The p r e c o n d i t i o n i n g  work h i s t o r y  was 

found t o  impose a  r a t h e r  i n s i g n i f i c a n t  t r e a d  s u r f a c e  a d j u s t m e n t ,  

w i t h  l e s s  than  1/32 i n .  t r e a d  dep th  l o s s  t y p i c a l l y  o b s e r v e d ,  

I n  a  d u p l i c a t e  experiment  conducted w i t h  t h e  ASTM G78-15 

t i r e  ( d e s i g n a t i o n  E501-73),  t h e  d a t a  shown i n  F i g u r e  6 was 

o b t a i n e d ,  i n d i c a t i n g  a  much "quicker"  achievement of  s t e a d y -  

s t a t e  performance.  On t h e  b a s i s  o f  t h e s e  measurements i t  was 

de termined t h a t  t h e  burdensome 100-mi le  b r e a k - i n  p r a c t i c e  

would be avoided and,  i n s t e a d ,  a  p r e c o n d i t i o n i n g  i n v o l v i n g  

10 lockup c y c l e s  would be conducted on t h e  ASTFl t i y e .  . . . . 

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

s e t  o f  d a t a  was g a t h e r e d  u s i n g  bo th  of t h e  s u b j e c t  t i r e s ,  under 

each of 1 2  c o n d i t i o n s  of  s u r f a c e  and v e l o c i t y .  On t h e  b a s i s  

o f  d a t a  shown i n  F i g u r e  7 ,  t h e  ASTM E501-73 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  of t h e  " r e p r e s e n t a t i v e "  Goodyear P o l y g l a s  t i r e  t h a t  

t h e  ASTM s e l e c t i o n  could  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 u d y .  Th i s  judgment was based  upon t h e  magnitude 

o f  t h e  d i f f e r e n c e s  i n  performance o f  t h e s e  two t i r e s  a s  com- 

p a r e d  t o  t h e  range o f  d i f f e r e n c e s  which were observed  among 

t h e  e l e v e n - t i r e  sample.  As can  be no ted  i n  F i g u r e  7, t h e  

b r o a d e s t  d e p a r t u r e  o f  t h e  ASTM t i r e  from t h e  Goodyear 's  
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t r a c t i o n  performance occurs  on wet c o a t e d - a s p h a l t  su r faces -  

an o b s e r v a t i o n  which has been made by o t h e r  o r g a n i z a t i o n s  

capab,le o f  such measurements. 

3 . 2  COMPUTATION OF IDEAL STOPPING DISTANCE 

The Braking E f f i c i e n c y  T e s t  Technique p rov ides  a  measure 

of  t h e  t e s t  v e h i c l e ' s  b rak ing  e f f i c i e n c y  a s  d e f i n e d  by t h e  

equa t ion :  

I d e a l  Stopping ~ i s t .  
E f f  = Measured Stopping D i s t .  (3 .1)  

where t h e  "measured 

d i s t a n c e  of t h e  t e s  

i s  t h e  minimum s t o p  

v e h i c l e  could i d e a l  

of  t h e  r e f e r e n c e  t i  

s topp ing  d i s t a n c e t 1  

t v e h i c l e  and t h e  "i 

p ing  d i s t a n c e  which 

l y  o b t a i n ,  g iven  t h e  

r e l t e s t - s u r f a c e  comb 

i s  t h e  minimum 

d e a l  s t o p p i n g  d  

t h e  r e f e r e n c e  p  

f r i c t i o n  prope 

i n a t i o n .  

s t o p p i n g  

i s t ance l l  

a s senger  

r t i e s  

The use  of t h e  term " i d e a l "  impl i e s  s e v e r a l  a r b i t r a r y ,  

b u t  s u p p o r t a b l e ,  assumptions w i t h  r ega rd  t o  t h e  r e f e r e n c e  

v e h i c l e ' s  performance dur ing  t h e  s topp ing  p r o c e s s .  I n  g e n e r a l ,  

t h e s e  assumptions a r e  made t o  y i e l d  a  de te rmina t ion  of t h e  

minimum s topp ing  d i s t a n c e  imaginable ,  w h i l e  account ing  f o r  t h e  

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

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

r e f e r e n c e  v e h i c l e  pa ramete r s .  A d d i t i o n a l l y ,  t h e  assumptions 

s e r v e  t o  ma in ta in  a  p r a c t i c a l  l e v e l  of s i m p l i c i t y  i n  problem 

s o l u t i o n .  

The b a s i c  assumptions which under ly  t h e  d e r i v a t i o n  of 

t h e  i d e a l  s topp ing  d i s t a n c e  a r e  l i s t e d  below i n  what might 

be cons idered  "order  of importance."  

1) The r e f e r e n c e  v e h i c l e ' s  b rak ing  system i s  such 

a s  t o  ma in ta in  t h e  g e n e r a t i o n  of  peak a v a i l a b l e  

brake  f o r c e  a t  each t i r e  du r ing  t h e  e n t i r e  

s t o p p i n g  p r o c e s s .  I m p l i c i t  i n  t h i s  s t a t e m e n t  



i s  t h e  f a c t  t h a t  b r a k e  sys tem r e s p o n s e  i s  
i n s t a n t a n e o u s ,  n o t  on ly  d u r i n g  t h e  s t o p ,  b u t  

a t  i t s  o n s e t .  

2 )  Reference  t i r e / t e s t - s u r f a c e  peak l o n g i t u d i n a l  

f r i c t i o n  performance may b e  d e s c r i b e d  by t h e  

e q u a t i o n s  : 

where V i s  v e h i c l e  v e l o c i t y ,  up i s  peak normal i zed  

l o n g i t u d i n a l  s h e a r  f o r c e  (F,/FZ), A ,  B ,  and C a r e  

p a r a m e t r i c  c o n s t a n t s ,  and t h e  s u b s c r i p t s  F and R 

deno te  f r o n t  and r e a r  + i r e s ,  r e s p e ' c t i v e l y .  

3) The p i t c h  r e sponse  of  t h e  r e f e r e n c e  v e h i c l e  i s  

i n s t a n t a n e o u s ,  i , e , ,  f o r e / a f t  l o a d  t r a n s f e r  i s  

q u a s i - s t a t i c .  

Given t h e  accep tance  of t h e  premise  t h a t  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  p r o p e r  r e f e r e n c e ,  o r  n o r m a l i z e r ,  f o r  t h e  

b r a k i n g  e f f i c i e n c y  measure,  t h e n  assumption (1) i s  j u s t i f i e d  

i n  t h a t  i t  embodies t h e  e s s e n t i a l  meaning of i d e a l .  Minimum 

( o r  i d e a l )  s t o p p i n g  d i s t a n c e  w i l l  r e s u l t  from con t inuous  usage 

o f  t h e  peak a v a i l a b l e  t r a c t i o n  f o r c e  a t  each  o f  t h e  r e f e r e n c e  

v e h i c l e ' s  t i r e s .  However, t h e  argument has  been  encoun te red  

t h a t  s u g g e s t s ,  w h i l e  peak f r i c t i o n  u t i l i z a t i o n  i s  r e a s o n a b l e ,  

t h e  assumption of an i n s t a n t a n e o u s  b r a k e  a p p l i c a t i o n  r a t e  

i s  n o t .  A f t e r  a l l ,  such performance i s  i m p o s s i b l e  i n  t h e  

r e a l  wor ld  and must be  accounted  f o r  i n  t h e  t e c h n i q u e .  

Indeed ,  t h i s  i s  t r u e ,  b u t  con t inuous  peak f r i c t i o n  

u t i l i z a t i o n  i s  e q u a l l y  i m p o s s i b l e .  The l i s t  of f f i m p o s s i b i l i t i e s M  
i n  any s i m p l e  n o t i o n  o f  " i d e a l "  i s  fundamenta l ly  u n l i m i t e d .  

For i n s t a n c e ,  g i v e n  t h e  s t a t e - o f - t h e - a r t ,  t h e  u s e  of 
t r u c k  t i r e s  whose f r i c t i o n  c a p a b i l i t y  i s  a s  h i g h  a s  t h e  



r e f e r e n c e  t i r e  may be  e q u a l l y  i m p o s s i b l e .  The p o i n t  i s  merely 

t h a t  each o f  t h e s e  i m p o s s i b i l i t i e s  r e p r e s e n t s  a  s a f e t y  degrad ing  

p e n a l t y  which r e s u l t s  i n  a  r e a l - w o r l d  s t o p p i n g  per formance  

which is somewhat l e s s  t h a n  i d e a l .  Each s o u r c e  from which 

l e s s  t h a n  i d e a l  per formance  d e r i v e s  i s  no more c o n c e p t u a l l y  

confounding  t h a n  any o t h e r .  Each s o u r c e  adds f e e t  t o  s t o p p i n g  

d i s t a n c e  per formance;  each  f o o t  j u s t  a s  l i k e l y  t o  r e s u l t  i n  

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

Th i s  i s  n o t  t o  s a y  t h a t  such  r e a l - w o r l d  c o n s i d e r a t i o n s  

may go unaccounted  f o r .  On t h e , c o n t r a r y ,  t h e y  may a l l  b e  

accounted  f o r  t o g e t h e r ,  none r e c e i v i n g  s p e c i a l  s i g n i f i c a n c e  

o v e r  t h e  o t h e r ,  by e s t a b l i s h i n g  a  r e a l i s t i c  l e v e l  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 .  The g e n e r a l  q u e s t i o n  o f  per formance  l e v e l  

s e l e c t i o n  i s  a d d r e s s e d  more f u l l y  i n  S e c t i o n  5 . 0 ,  " A p p l i c a t i o n  

o f  t h e   raking E f f i c i e n c y  T e s t  ~ e c h n i ~ u e  t o  Rulemak-ing,." . 
Assumption ( 2 )  , above,  d e r i v e s  i t s  s u p p o r t  from a  more 

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

s u r f a c e ,  w i l l  show peak l o n g i t u d i n a l  f r i c t i o n  c a p a b i l i t y  which 

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

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

v a r y  from t h e  i n i t i a l  t e s t  v e l o c i t y  down t o  z e r o .  The v e r t i c a l  

l o a d ,  however, which i s  expe r i enced  a t  each of t h e  v e h i c l e ' s  

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

t i r e s  may b e  v e r y  d i f f e r e n t  from l o a d i n g  of  r e a r  t i r e s .  

Accord ing ly ,  we have chosen t o  d e f i n e  f r o n t  t i r e  and r e a r  t i r e  

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

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

d e f i n i t i o n  i s  r a t i o n a l i z e d  by way of  t h e  f o l l o w i n g  d i s c u s s i o n .  

Consider  t h a t  each r e f e r e n c e  t i r e / t e s t - s u r f a c e  combina- 

t i o n  w i l l  e x h i b i t  what might  b e  c a l l e d  a  nominal peak f r i c t i o n  

c a p a b i l i t y .  Given t h e  i d e a l  n a t u r e  of  t h e  r e f e r e n c e  v e h i c l e ' s  

b r a k i n g  sys t em,  t h i s  f r i c t i o n  l e v e l ,  unom, w i l l  b e  e q u a l ,  



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

v e h i c l e  and w i l l ,  i n  combination w i t h  t h e  r e f e r e n c e  v e h i c l e  

pa ramete r s ,  e s t a b l i s h  a  nominal load  l e v e l  f o r  t h e  f r o n t  

(FZF) and r e a r  (FZR) t i r e s ,  r e s p e c t i v e l y ,  according t o  t h e  

fo l lowing formula: 

F = 859 - 370 unom l b .  
zRnom 

The t ime h i s t o r y  of r e f e r e n c e  t i r e  loadings  dur ing  a  

s t o p  w i l l  vary only s l i g h t l y  about t h e s e  nominal va lues  due 

t o  v e l o c i t y  and 1 o a d . s e n s i t i v i t i e s .  Consider ,  f o r  example, 

t h e  r e f e r e n c e  t i r e  d a t a  ga thered  dur ing  t h i s  s t u d y ' s  demon- 

s t r a t i o n  t e s t  program and p r e s e n t e d  i n  F igure  8 .  'For a  g iven  I 
s u r f a c e ,  t h e  maximum span i n  peak l o n g i t u d i n a l  f r i c t i o n  a c r o s s  

v e l o c i t y  and load  v a r i a t i o n s  ( load  v a r i a t i o n s  much l a r g e r  

than  t h e  load  range over  which a  f r o n t  o r  r e a r  t i r e  of t h e  

r e f e r e n c e  v e h i c l e  would be ope ra ted )  i s  0 . 1 6 .  By Equat ions 

( 3 . 3 )  an equal  v a r i a t i o n  i n  v e h i c l e  d e c e l e r a t i o n  impl i e s  a  

t i r e  load  v a r i a t i o n  of  approximately 59 pounds. With thi;' 

r e s u l t ,  two p o i n t s  become s i g n i f i c a n t :  

1 )  The r e f e r e n c e  t i r e . ,  having been i d e n t i f i e d  a s  

a r e p r e s e n t a t i v e  passenger  c a r  t i r e ,  w i l l  

e x h i b i t  very smal l  v a r i a t i o n s  i n  l o n g i t u d i n a l  

t r a c t i o n  performance due t o  load  v a r i a t i o n s  

of  t h e  o r d e r  of 60 l b s .  

2 )  I t  i s  unreasonable  t o  expect  an o v e r - t h e - r o a d  

t i r e  t e s t e r  t o  have s u f f i c i e n t  f o r c e  measure- 

ment f i d e l i t y  t o  i d e n t i f y  such sma l l  v a r i a t i o n s  

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

t i r e  t r a c t i o n  per formance ,  a s  r e q u i r e d  f o r  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 i n g  d i s t a n c e ,  a s  two independent  f u n c t i o n s ,  

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

Each f u n c t i o n  i s  independent  of  l o a d ,  t h u s  i g n o r i n g  s m a l l  

l o a d  v a r i a t i o n s  o c c u r r i n g  a t  each  a x l e ,  b u t  each f u n c t i o n  i s  
unique  such  t h a t  t h e i r  d i f f e r e n c e s  encompass per formance  

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

f r o n t  t o  r e a r ,  

The a c t u a l  f u n c t i o n s  used  a s  t i r e  per formance  d e s c r i p t o r s  

a r e  t h o s e  of  Equat ion  (3 .2 )  . Each f u n c t i o n  i s  s e n s i t i v e  t o  

v e l o c i t y  i n  b o t h  t h e  f i r s t  and second power. Thereby,  a  

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

l o n g i t u d i n a l  f r i c t i o n  performance a b t a i n s .  . 
u 

The b a s i s  f o r  assumption (3)  l i e s  p r i m a r i l y  i n  pragmatism. 

The assumption of q u a s i - s t a t i c  l o a d  t r a n s f e r  g r e a t l y  r educes  

t h e  complexi ty of  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 i o n  ( t o  

s a y  n o t h i n g  of avo id ing  t h e  need f o r  de te rmin ing  mean 

passenger  c a r  s p r i n g  r a t e s  and p i t c h  moments o f  i n e r t i a )  w h i l e  
n o t  damaging t h e  concep tua l  f o u n d a t i o n  of  t h e  c a l c u l a t i o n .  

Having e s t a b l i s h e d  t h e  b a s i s  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  (DI) problem, t h e  mechanics of  i t s  s o l u t i o n  a r e  

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

form e x p r e s s i o n  f o r  DI a r e  g iven  i n  Appendix C ,  S ,ec t ion  

. S e v e r a l  sample c a l c u l a t i o n s  have been made t o  e s t a b l i s h  

t h e  v a l i d i t y  of t h i s  c losed- fo rm s o l u t i o n .  Sample r e s u l t s  

from t h e  a l g e b r a i c ,  c losed- fo rm s o l u t i o n  were compared w i t h  

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  u s i n g  a  numer ica l  i n t e -  

g r a t i o n  s o l u t i o n .  These r e s u l t s  ag reed  t o  w i t h i n  0 . 1  f o o t .  

(S topping  d i s t a n c e s  f o r  t h e s e  examples ranged from 132 t o  
2 9 7  f e e t . )  



3 . 3  THE MEASUREMENT OF THE REFERENCE TIRE'S TRACTION PERFORMANCE 

Measurement of  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 ,  over  t h e  range of  v e l o c i t i e s  and loads  

o f  i n t e r e s t ,  i s  necessa ry  i n  o r d e r  t o  implement t h e  c a l c u l a -  

t i o n  of  t h e  i d e a l  s topp ing  d i s t a n c e ,  As i n d i c a t e d  i n  S e c t i o n  

3 . 2 ,  t h e  mathematical  express ions  used t o  model t h e  r e f e r e n c e  

t i r e ' s  peak t r a c t i o n  performance p rov ide  f o r  t h e  e f f e c t s  of 

load ing  d i f f e r e n c e s ,  f r o n t  t o  r e a r ,  a s  w e l l  a s  f o r  a  

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

Thus t h e  b rak ing  e f f i c i e n c y  method r e q u i r e s  t h a t  t i r e  t e s t s  

be conducted 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  va lues  of t h e  p a r a m e t r i c  c o n s t a n t s  of  Equat ions (3 .2a)  

and (3 .2b) .  The accomplishment of t h i s  t a s k  impl i e s  t h e  

s o l u t i o n  of t h r e e  problems,  namely: 

1 )  Es tab l i shmen t  of a  w e l l  designed t i r e  t e s t  

ma t r ix  encompassing a p p r o p r i a t e  v a l u e s  of  t e s t  

v e l o c i t y  and t i r e  load ing .  

2 )  Employment of  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  implementat ion of t h e  r e s u l t i n g  

d a t a .  

The fo l lowing  t h r e e  s e c t i o n s  address  each of t h e s e  problems 

r e s p e c t i v e l y .  

3 .3 .1  DESIGN OF A TIRE TEST MATRIX. I n  g e n e r a l ,  t h e  t i r e  

t e s t  ma t r ix  must p rov ide  s u f f i c i e n t  d a t a  p o i n t s  t o  e s t a b l i s h  

t h e  peak l o n g i t u d i n a l  f r i c t i o n  performance over  t h e  range of  

loads  and v e l o c i t i e s  t o  which t h e  t i r e  would be s u b j e c t e d  

dur ing  a  minimum d i s t a n c e  s t o p  of t h e  r e f e r e n c e  v e h i c l e  on t h e  

t e s t  s u r f a c e  of i n t e r e s t .  S p e c i f i c a l l y ,  t h e  m a t r i x  must p r o -  

v i d e  s u f f i c i e n t  d a t a  p o i n t s  t o  pe rmi t  t h e  f i t t i n g  of q u a d r a t i c  

express ions  t o  t h e  f r o n t  and r e a r  t i r e  t r a c t i o n  e q u a t i o n s .  



Given the  paramet r ic  d e s c r i p t i o n  of t h e  r e f e r ence  v e h i c l e ,  

and t h e  assumption of q u a s i - s t a t i c  p i t c h  behavior ,  t h e  

v e r t i c a l  load imposed upon t h e  r e f e r ence  v e h i c l e ' s  f r o n t  and 

r e a r  t i r e s  may be expressed as  a func t ion  of v e h i c l e  

d e c e l e r a t i o n ,  as  fo l lows :  

where 

FZFl  = v e r t i c a l  load on each f r o n t  t i r e  

. F z ~ '  = v e r t i c a l  load  on each r e a r  t i r e  
C 

ax 
= l o n g i t u d i n a l  d e c e l e r a t i o n  i n  g  u n i t s  

Given t h e  i d e a l  na tu re  of t h e  r e f e r ence  v e h i c l e ' s  braking 

system, a  i n  Equations ( 3 . 4 )  i s  simply a  func t ion  of t he  peak 
X 

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

s u r f a c e  combination, There fore ,  v e r t i c a l  loading app rop r i a t e  

f o r  t h e  t i r e  t e s t  a c t i v i t y  i s  dependent on t i r e - s u r f a c e  

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

I n  t he  con tex t  of a  v e h i c l e  t e s t  program, app rop r i a t e  

t i r e  t e s t  v e l o c i t i e s  a l s o  became dependent on t i r e - s u r f a c e  

f r i c t i o n .  V e l o c i t i e s  of i n t e r e s t  range from Vo ,  t h e  i n i t i a l  

v e l o c i t y  of t h e  s t o p ,  down t o  zero .  Although t h e  r e f e r ence  

v e h i c l e  "stop" i s  a  c a l c u l a t i o n  a c t i v i t y ,  t he  t e s t  v e h i c l e  

must be s u b j e c t  t o  rea l -wor ld  s topping  d i s t a n c e  t e s t s  from t h e  

same v e l o c i t y .  P a r t i c u l a r l y  f o r  reasons  of t e s t  s a f e t y ,  Vo 

must be chosen according t o  t h e  f r i c t i o n  c h a r a c t e r i s t i c  of 

t h e  t e s t  su r f ace .  

A dilemma thus a r i s e s  i n  which t h e  t i r e  t e s t  condi t ions  
of load and v e l o c i t y  should be chosen according t o  f r i c t i o n  



p r o p e r t i e s  o f  t h e  t i r e / s u r f a c e  combinat ion;  p r o p e r t i e s  which 

a r e  unknown u n t i l  t e s t s  a r e  conducted.  

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

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

de termined accord ing  t o  t h e  r e s u l t s  of  an i n i t i a l  s e t  o f  

t i r e  t e s t s  which e s t a b l i s h  t h e  nominal peak  f r i c t i o n  l e v e l ,  

"nom 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  combinat ion .  These 

t e s t s  a r e  conducted w i t h  ' the t e s t  t i r e  e x p e r i e n c i n g  a  l o a d ,  

F - Z t '  
o f  9 2 5  l b .  (which i s  o n e - q u a r t e r  of  t h e  weight  of  t h e  

r e f e r e n c e  v e h i c l e  o r  t h e  average  t i r e  l o a d  imposed by t h e  

r e f e r e n c e  v e h i c l e )  and a t  a  t e s t  v e l o c i t y ,  V t ,  w i t h i n  t h e  

r ange  

where Vo and V a r e  i n  m i l e s  p e r  hour .  The v e l o c i t y ,  V o ,  i s  t 
t h e  i n i t i a l  v e l o c i t y  from which v e h i c l e  s t o p p i n g  performance i s  

measured. Vo i s  de termined,  a s  a  f u n c t i o n  of  pnom,  accord ing  t o  
t h e  r e l a t i o n s h i p  d e s c r i b e d  i n  F i g u r e  9 .  The v a l u e  of  pnOm i s  
d e f i n e d  as  t h e  ave rage  peak v a l u e  of l o n g i t u d i n a l  f r i c t i o n  

measured i n  f i v e  t e s t s  conducted a t  FZt and V t .  

The r e l a t i o n s h i p  d e s c r i b e d  i n  F i g u r e  9 d e r i v e s  p r i m a r i l y  

from e x p e r i e n c e  g a t h e r e d  i n  t h e  demons t ra t ion  t e s t  program 

r e g a r d i n g  t e s t  s i t e  s a f e t y .  P a r t i c u l a r l y  i n  t h e  middle  range  

o f  som, Vo v a l u e s  a r e  lower t h a n  t h o s e  o r i g i n a l l y  e n v i s i o n e d  

and may appear  t o  t h e  r e a d e r  a s  somewhat lower t h a n  n e c e s s a r y .  

This  r e s u l t s  from t h e  f a c t  t h a t  pnom i s  a peak f r i c t i o n  

measure,  w h i l e  t e s t  s i t e  s a f e t y  i s  more c l o s e l y  r e l a t e d  t o  

s l i d e  f r i c t i o n  v a l u e s .  (Tes t  s a f e t y  becomes a  s e r i o u s  i s s u e  

when v e h i c l e  c o n t r o l  i s  l o s t  due t o  wheel lock  and,  con- 

s e q u e n t l y ,  s l i d e  f r i c t i o n  l e v e l s  p r e v a i l . )  The r e l a t i o n s h i p  

d e s c r i b e d  by F i g u r e  9 has  t h e  f u r t h e r  advantage  of  c o n t a i n i n g  

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

(That  i s ,  t h e  conduct  of  compliance t e s t i n g  on m a r g i n a l l y  





" d i f f e r e n t "  s u r f a c e s  cannot r e q u i r e  major d i f f e r e n c e s  i n .  t h e  

t e s t i n g  program o r  i n  v e h i c l e  performance .) 

Since t h e  pe rmis s ib l e  range of v e l o c i t y  (Vt) a t  which 

t h i s  i n i t i a l  t i r e  t e s t  i s  run (.707 Vo k 5 mph) i s  dependent 

on unOm, whose va lue  i s  no t  known u n t i l  t h e  t e s t  i s  complete,  

an i t e r a t i v e  t e s t  p rocess  i s  r equ i r ed .  However, t h e  + 5 rnph 

t o l e r a n c e  i n  Vt i s  l a r g e  enough t h a t ,  g iven a  reasonable  

i n i t i a l  judgment regard ing  t h e  va lue  of pnom, a  q u a l i f y i n g  s e t  

of f i v e  t i r e  t e s t s  may be e a s i l y  a r r i v e d  a t  a f t e r  conducting 

only  a  very few i n i t i a l  t r i a l  t e s t s .  

With t h e  values  of Vo and pnom e s t a b l i s h e d ,  t h e  t i r e  t e s t  

ma t r ix  app rop r i a t e  f o r  t h e  p a r t i c u l a , r  t e s t  s u r f a c e  may be 

e s t a b l i s h e d .  The t i r e  t e s t  mat r ix  i s  a  s i x - p o i n t ,  two- 

dimensional mat r ix  der ived from t h r e e  veloc. i ty and two normal 
C 

load cond i t i ons .  The t h r e e  t e s t  v e l o c i t i e s  a r e :  

These t h r e e  v e l o c i t i e s  were chosen according t o  t h e  fol lowing 

r a t i o n a l e .  Assuming cons tan t  d e c e l e r a t i o n ,  ax,  t h e  r e l a t i o n -  

s h i p  between ins tan taneous  v e l o c i t y  and d i s t a n c e  . t r ave r sed  

i s  shown i n  Figure  1 0 .  Tes t  v e l o c i t y  p o i n t s  a r e  chosen f o r  

th.e t i r e  d a t a  mat r ix  based upon an equal  c o n t r i b u t i o n  t o  

s topping d i s t a n c e .  Thus t h e  s topping d i s t a n c e  (dt )  of Figure 

10 i s  p a r t i t i o n e d  i n t o  t h r e e  equal  segments and t h e  v e l o c i t y  

accruing a t  t h e  median d i s t a n c e  of each p a r t i t i o n  i s  des igna ted  

a s  one of the  t e s t  v e l o c i t i e s . *  

&I t  w i l l  be noted i n  Sec t ion  4 . 4 . 1  t h a t  t h e  choice  of t h e s e  
t h r e e  v e l o c i t i e s  r e s u l t e d  i n  c e r t a i n  d i f f i c u l t i e s  i n  f i t t i n g  
t i r e  d a t a  t o  Equations ( 3 . 3 ) .  Consequently, i n  Appendix D ,  
four  v e l o c i t i e s  have been suggested f o r  use  i n  f u t u r e  
a p p l i c a t i o n s  of t h e  technique.  



Figure 10.  Veloc i ty  v s ,  d i s t a n c e  f o r  a  cons tan t  d e c e l e r a t i o n  
s t o p ,  

Note t h a t  v e h i c l e  v e l o c i t y  which occurs  a t  1 / 2  t h e  

s topping  d i s t ance  i s  . 7 0 7  Vo.  I t  i s  t h i s  "median d i s t a n c e  

ve loc i ty "  which was employed i n  Equation (3.6) a s  t h e  most 

r e p r e s e n t a t i v e  v e l o c i t y  about which t o  d e f i n e  t h e  accep tab le  

range f o r  t h e  i n i t i a l  t i r e  t e s t  v e l o c i t y ,  V t .  

The two condi t ions  of normal load (FZ) a t  which t i r e  t e s t s  

a r e  conducted a r e  def ined as  i n d i c a t e d  e a r l i e r  by t h e  r e l a t i o n s :  

By way of review, a l l  t e s t  v e l o c i t i e s  and t e s t  t i r e  

l oads ,  as  they r e l a t e  t o  pnom, appear i n  Figures  11 and 1 2 .  







Thus i s  d e s c r i b e d  a s i x - p o i n t  t i r e  t e s t  matrix. A 

minimum o f  f i v e  v a l i d  t i r e  t e s t s  must be  conducted  f o r  each  

o f  t h e  s i x  m a t r i x  p o i n t s  ( i . e . ,  a  minimum 'of 30 t i r e  t e s t s  a r e  

needed t o  d e s c r i b e  t h e  t e s t  s u r f a c e ) .  A t i r e  t e s t  i s  con-  

s i d e r e d  v a l i d  when i t  produces  an FZ* measure w i t h i n  ? 50 l b .  

of  t h e  p r e s c r i b e d  v e r t i c a l  l o a d  and a  V5* c o n d i t i o n  w i t h i n  

+ 2 mph of  t h e  p r e s c r i b e d  t e s t  v e l o c i t y ,  

3 . 3 . 2  DEVELOPMENT OF THE SURFACE FRICTION DYNAMOMETER. The 

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

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

of  r e f e r e n c e  t i r e / t e s t  s u r f a c e  peak l o n g i t u d i n a l  f r i c t i o n  d a t a .  

This  d a t a  must be  g a t h e r e d  a t  a  v a r i e t y  of  l o a d s  and v e l o c i t i e s ,  

i n  accordance  w i t h  t h e  above de f ined .  t e s t  m a t r i x .  

A review o f  t h e  a v a i l a b l e  t i r e  t e s t  d e v i c e s  showed t h a t  

v e r y  few o f  them a r e  s u i t a b l y  des igned  t o  f a c i l i t a t e  t h e  

r e q u i r e d  measurements.  For example,  t h e  s o - c a l l e d  " s k i d  

t r a i l e r , "  which does e x i s t  i n  l a r g e  numbers,  has  l i m i t e d  

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

two r e a s o n s .  F i r s t l y ,  s k i d  t r a i l e r s  a r e  n o t  des igned  s p e c i -  

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

Although t e s t  t i r e  l o a d i n g  i s  v a r i a b l e  by changing t r a i l e r  

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

Of g r e a t e r  i n t e r e s t ,  however,  i s  a  problem i m p l i e d  by 

t h e  need t o  de te rmine  peak ,  r a t h e r  t h a n  s l i d i n g  f r i c t i o n .  

The g r e a t  m a j o r i t y  o f  t r a i l e r - t y p e  d e v i c e s  have been  i n -  

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

on t h e  t e s t  w h e e l ( s )  which r e s u l t s  from o p e r a t i o n  on 

s u r f a c e s  which a r e  n o t  p e r f e c t l y  smooth. Th i s  v a r i a t i o n  i n  

l o a d ,  combined w i t h  t h e  ve ry  low t ime  c o n s t a n t  e x h i b i t e d  by 

t h e  wheel spin-down sys tem r e s u l t s  i n  marked v a r i a t i o n  i n  peak 

-- - - - - -- - 

*Deta i l ed  d e f i n i t i o n s  of  Fz and V v a l u e s  a s  d e r i v e d  from raw 
t e s t  d a t a  a r e  g iven  i n  Appendix 8 , S e c t i o n  C . 2 .  



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

s h o r t  ( d i f f i c u l t  t o  i n t e r p r e t )  r e c o r d i n g  of  peak f o r c e .  

One method f o r  s o l v i n g  t h i s  problem i n v o l v e s  c l o s e d -  

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

t h e r e  e x i s t  a  s m a l l  number of  t i r e  t e s t  d e v i c e s  which p r o v i d e  

such  c o n t r o l  and which would b e  compat ib le  w i t h  t h e  t i r e  t e s t  

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 .  U n f o r t u n a t e l y ,  

such  dev ices  r e q u i r e  e l a b o r a t e  c o n t r o l  systems and consequen t ly  

a r e  r a t h e r  expens ive .  Inasmuch a s  t h e  b r a k e  e f f i c i e n c y  t e s t  

t echn ique  i s  cons ide red  f o r  a p p l i c a t i o n  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 ,  i t  was n o t  deemed r e a s o n a b l e  t o  r e q u i r e  t h e  u s e  of  

such  an economical ly burdensome d e v i c e .  

Thus, a  major  p o r t i o n  of  t h e  e f f o r t  of  t h i s  program was 

d i r e c t e d  toward t h e  development of a t i r e  t e s t  d e v i c e ,  t e c h -  
C 

n i c a l l y  s u i t e d  t o  t h e  needs of  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  would n o t  exceed t h e  market  v a l u e  o f  

c o m m e r c i a l l y - a v a i l a b l e  ASTM s k i d  t r a i l e r s .  

The S u r f a c e  F r i c t i o n  Dynamometer (SFD) developed i n  t h i s  

program i s  p i c t u r e d  i n  F igures  1 3  and 1 4 .  A p ickup t r u c k  w i t h  a  

crew cab mounts a  d e v i c e  c a p a b l e  of measuring l o n g i t u d i n a l  

f r i c t i o n  performance of p a s s e n g e r  c a r  t i r e s  on paved s u r f a c e s .  

The d e v i c e  w i l l  a c c e p t  14-  and 1 5 - i n c h  passenger  c a r  t i r e s  

and is  des igned t o  measure t h e  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  o f  t i r e s  o p e r a t e d  a t  v e r t i c a l  l o a d s  r ang ing  

from 400 t o  2000 pounds. 

The r e f e r e n c e  o r  t e s 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 a 
wheel c a r r i a g e  s t r u c t u r e  (WC) which 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  of  low f r i c t i o n ,  b a l l  

s p l i n e  a s s e m b l i e s .  A b i a x i a l  s e r i a l  l o a d  c e l l  j o i n s  t h e  t e s t  

wheel s p i n d l e  assembly t o  t h e  WC, and t r a n s d u c e s  v e r t i c a l  (Fz)  

and l o n g i t u d i n a l  (Fx) f o r c e s .  V e r t i c a l  t i r e  f o r c e s  a r e  
g e n e r a t e d  by a  low r a t e  a i r  s p r i n g  which b e a r s  upon t h e  WC. 







The t e s t  wheel i s  braked by a  s i n g l e  c y l i n d e r ,  f l o a t i n g  

c a l i p e r  d i s c  brake.  

I n  o rder  t o  e longa te  t h e  spin-down t r a n s i e n t  of t h e  t e s t  

wheel f o r  t h e  purpose of record ing  peak t r a c t i o n  performance, 

t h e  r o t a t i o n a l  degree of freedom of t h e  t e s t  wheel i s  
h y d r a u l i c a l l y  coupled t o  t h a t  of a  chassis-mounted f lywheel .  

The e f f e c t i v e  r o t a t i o n a l  moment of i n e r t i a  of t h e  t e s t  wheel 

system i s  thereby increased  roughly t e n f o l d ,  e f f e c t i n g  a  s i m i l a r  

i nc rea se  i n  t h e  response time of t h i s  system, thereby f a c i l i -  

t a t i n g  improved accuracy i n  peak f r i c t i o n a l  performance 

measurement. An example of SFD-gathered d a t a  showing the  

sus t a ined  peak reading c a p a b i l i t y  appears i n  Figure  15.  

Ins t rumenta t ion  and c o n t r o l  devices  a r e  l oca t ed  i n  t h e  

r e a r  s e c t i o n  of t h e  cab. Continuous.analog s i g n a l s  of F,, F Z ,  

Fx/FZ and v e h i c l e  v e l o c i t y  (V5) a r e  a v a i l a b l e  f o r  record ing  

(any t h r e e  concur ren t ly )  on a  th ree-channe l  ink-pen r eco rde r .  

Galvanometer read-ou t  of  t e s t  wheel brake temperature i s  a l s o  

provided.  

A d e t a i l e d  d e s c r i p t i o n  of t h e  des ign  of t h i s  device  - i s  

p resen ted  i n  Appendix B ,  t oge the r  with opera t ing  procedures 

which a r e  recommended f o r  i t s  use .  

3 . 4  THE CONDUCT OF LIMIT BRAKING MEASUREMENTS ON A TEST VEHICLE 

Since t h e  measurement of l i m i t  b raking performance 

involves  a  s topping d i s t ance  c h a r a c t e r i z a t i o n ,  t h i s  s tudy 

c l e a r l y  b e n e f i t t e d  from t h e  ex i s t ence  of e s t a b l i s h e d  t e s t  

methodologies. In  t h e  i n t e r e s t s  of achieving g r e a t e r  t e s t  

o b j e c t i v i t y ,  however, c e r t a i n  developments were pursued.  

They involved the  achievement of an open-loop brake pedal  

a p p l i c a t i o n  procedure ,  as  we l l  as  an o b j e c t i v e  monitoring 

of t he  occurrence of wheel lockup. While t h e  open-loop 
pedal  a p p l i c a t i o n  c o n s t i t u t e s  a  conceptual ly  s i g n i f i c a n t  
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Figure  1 5 .  Sur face  F r i c t i o n  Dynamometer: Example d a t a .  



d e p a r t u r e  from c u r r e n t  s t o p p i n g  d i s t a n c e  measurement 

p r a c t i c e ,  p e r  FMVSS 1 2 1  and 1 0 5 - 7 5 ,  t h e  wheel lockup 

moni to r  i s  merely a  hardware development ,  

The development o f  a  p e d a l - a c t u a t i o n  d e v i c e  was under -  

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

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

o f  a "brake machine" (such a s  i s  c u r r e n t l y  marketed ,  f o r  

example,  under  a  General  Motors p a t e n t ) .  The lockup-moni tor  

hardware was des igned  t o  p r o v i d e  an i n d i c a t i o n  o f  wheel l o c k -  

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

p r e t i v e  judgment o f  lockup occur rence  by an o b s e r v e r  s t a t i o n e d  

e x t e r n a l  t o  t h e  v e h i c l e .  

3 .4 .1  PEDAL FORCE LIMITER. The conduct  o f  open-loop 

l i m i t  b r a k i n g  t e s t s  has  been accomplished u s i n g  p e d a l - d i s -  

p lacement  and f o r c e - l i m i t i n g  d e v i c e s  a s  w e l l  a s  c l o s e d - l o o p  

f o r c e  s e r v o s  and b r a k e - l i n e - p r e s s u r e  l i m i t i n g  sys t ems .  

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

d e s i r e d  (pe r  arguments p r e s e n t e d  i n  S e c t i o n  2 . 0 ) ,  d i f f i c u - l t y  

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

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

p lacement  has  been found t o  be  u n a c c e p t a b l e  i n  measuring 

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

b r a k e  sys t ems .  The the rma l  expans ion  o f  b r a k e  drums i n  

such  systems causes  a  d e c r e a s i n g  p e d a l  f o r c e  a t  c o n s t a n t  

d i sp lacemen t ,  t h e r e b y  r e n d e r i n g  a  f a u l t y  ana logue  o f  t h e  

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

L i n e - p r e s s u r e  l i m i t i n g  schemes have been demonst ra ted  

a s  adequa te  f o r  measuring t h e  l i m i t  b r a k i n g  performance 

o f  v e h i c l e s  w i t h  h y d r a u l i c  b r a k e  sys t ems .  For c e r t a i n  

h y d r a u l i c  sys t ems ,  however,  p r o p o r t i o n i n g  i s  ach ieved  

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

t h a t  l i n e - p r e s s u r e  l i m i t i n g  becomes ve ry  d i f f i c u l t .  Thus 
t h e  g e n e r a l  s o l u t i o n  t o  t h e  problem l i e s  i n  t h e  l i m i t i n g  of  

p e d a l  f o r c e  i t s e l f .  



The pedal  f o r c e  l i m i t i n g  dev ice  developed i n  t h i s  s tudy  

and demonstrated i n  f u l l - s c a l e  t e s t s  i s  shown i n  Figures  16 

and 1 7 .  Note t h a t  i t  i s  mounted on t h e  brake pedal  a s  a  

s e r i a l  be l lows- type  a c t u a t o r  whose a p p l i c a t i o n  f o r c e  i s  

r e a c t e d  by a  f o o t -  cons t r a ined  backstop.  The bellows com- 

ponent provides  a  v i r t u a l l y  f r i c t i o n l e s s  mechanism f o r  

a p p l i c a t i o n  of an a d j u s t a b l e  l e v e l  f o r c e .  The bellows i s  

i n f l a t e d  t h rough . the  va lv ing  of a  s t o r e d  volume of p r e -  

r egu la t ed  a i r  ( see  Figure  1 8 ) .  The equ i l ib r ium p r e s s u r e  

p'rovides a  s t a t i c  peda l  f o r c e  which v a r i e s  s l i g h t l y  dur ing 

a s t o p  as ' t h e  peda l  force/displacement  r e l a t i o n s h i p  of t h e  

brake system changes. 

The des ign  of t h e  l i m t e r  device  provided f o r  emergency 

pedal  r e l e a s e ,  merely by removal crf f o o t  p r e s s u r e  from t h e  

hinged "backstop" p l a t e .  Emergency a p p l i c a t i o n  of -g rea te r  

peda l  e f f o r t  r equ i r ed  manual disengagement of a  lock ing  t a b  

a t  t h e  base  of t h e  backstop,  pe rmi t t i ng  a  follow'through 

peda l  motion. 

3 . 4 . 2  PEDAL DISPLACEblENT LIhlITER. As d i scussed  i n  

Sec t ion  2 . 0 ,  brake pedal  displacement i s  t h e  i npu t  v a r i a b l e  

t o  be c o n t r o l l e d  i n  performing open-loop measurements of t h e  

braking performance of a i r - b r a k e d  v e h i c l e s .  Hardware f o r  

accomplishing cons tan t  pedal  displacement i s  u s u a l l y  conf igured 

t o  l i m i t  t h e  downward t r a v e l  of t h e  brake peda l .  In u s e ,  t h e  

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

and mainta in  peda l  d isplacement .  

Due t o  t h e  high ga in  of most a i r  brake t r e a d l e  ' v a l v e s ,  

peda l  s t o p s  must be very r i g i d  t o  mainta in  an e f f e c t i v e l y  

cons tan t  pedal  displacement a g a i n s t  t h e  v a r i a t i o n s  i n  peda l  

f o r c e  which t h e  d r i v e r  i n v a r i a b l y  a p p l i e s  dur ing  t h e  s t o p .  

The f l e x i b i l i t y  of t h e  f l o o r  s t r u c t u r e  i n  t h e  v i c i n i t y  of t h e  

brake pedal  can,  however, make t h i s  a d i f f i c u l t  t a s k .  



Figure 16. Constant 1 force  device .  
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-Figure 1 7 .  Constant pedal  fo r ce  device i n s t a l l e d  i n  

/ veh ic l e .  /=- 
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Figure 1 8 .  Schematic diagram: Constant pedal force device, 



To circumvent  t h i s  d i f f i c u l t y ,  t h e  p e d a l  s t o p  p i c t u r e d  

i n  F i g u r e  19 was developed i n  t h i s  s t u d y .  Th i s  d e v i c e  

l imits  t h e  upward t r a v e l  of t h e  b r a k e  p e d a l .  Thus,  a t  t h e  

o n s e t  of  b r a k e  a p p l i c a t i o n  t h e  d r i v e r  needs  on ly  t o  a c t i v a t e  

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

t h e  r e s t r a i n i n g  mechanism. T h e r e a f t e r ,  no d r i v e r  c o n t a c t  

w i t h  t h e  b rake  p e d a l  i s  r e q u i r e d .  A c a t c h - p i n  r e t r a c t o r  

mechanism i s  p rov ided  f o r  emergency b r a k e  r e l e a s e  o r  a p p l i c a t i o n .  

A c t i v a t i o n  of  t h i s  mechanism by t h e  d r i v e r  r e t r a c t s  t h e  c a t c h -  

p i n  and a l lows  f o r  f r e e  u s e  of  t h e  b r a k e  p e d a l ,  

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

demons t ra t ion  t e s t  program was conducted were wary o f  t h i s  

new d e v i c e .  Concern f o r  t h e '  a b i l i t y  t o  q u i c k l y  r e l e a s e  t h e  

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

was judged unaccep tab le  by ' the d r i v e r .  Consequent ly,  'a more . 
conven t iona l  d e s i g n ,  p r e v e n t i n g  downward motion,  was employed 

i n  t e s t i n g ,  The a n t i c i p a t e d  f l e x i b i l i t y  problems were 

encoun te red .  Thus an a i r  p r e s s u r e  gauge showing t r e a d l e  v a l v e  

o u t p u t  p r e s s u r e  was d i s p l a y e d  t o  t h e  d r i v e r .  Dr ive r  f eedback ,  

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

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

3 . 4 . 3  DEVELOPMENT OF A WHEEL LOCKUP FIONITOR. Veh ic l e  

b r a k i n g  performance t e s t i n g ,  a s  d e f i n e d  i n  FMVSS 105-75 and 

1 2 1 ,  and a s  r e q u i r e d  by t h e  b rak ing  e f f i c i e n c y  t e s t  method 

p r e s c r i b e d  h e r e i n ,  demand t h e  performance o f  s t o p p i n g  d i s -  

t a n c e  t e s t s  w i t h o u t  t h e  occur rence  of  wheel l o c k  (o r  w i t h  

on ly  ffmomentary" wheel l o c k ) .  However, t h e  c o n d i t i o n  known 
a s  "wheel lock" has  n o t ,  h e r e t o f o r e ,  been o b j e c t i v e l y  d e f i n e d  

i n  t h e  a p p l i c a b l e  s a f e t y  s t a n d a r d s .  Indeed ,  t h e  occur rence  

of wheel l o c k  i s  f r e q u e n t l y  de termined by t h e  s u b j e c t i v e  

judgment of  o b s e r v e r s  a t  t h e  t e s t  s i t e .  
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F i g u r e  19. Peda l  s t o p  device. 



In order to upgrade the objectivity of both the defini- 
tion and determination of wheel lock, the development of an 

automatic wheel lock monitoring system was undertaken in 
this project, 

Major considerations in the development of this system 
were: 

(1) applicability to a broad range of vehicles 

(2) ease of installation 

( 3 )  simplicity in operation and data presentation 

( 4 )  objectivity of wheel lock determination. 

The resulting system is composed of three basic elements: .' 

(1) wheel rotation transducer , 

( 2 )  fifth wheel with digital tachometer 

(3) electronic logic module. 

The wheel rotation transducer is illustrated in Figure 

20. It consists of a compression strut.for attachment to 

the road wheel, and a pulse signal generator (Fig. 21) which 

mounts on the vehicle body. These two units are interconnected 

via a flexible drive cable which drives the pulse generator. 
The compression strut mounting unit is essentially a 
compression turnbuckle. Its length is adjustable such that 

it may be mounted on wheels ranging from the 13-inch diameter 

passenger car wheel to the 22 1/2-inch diameter truck wheel. 

The output signals of as many as ten wheel rotation 
transducers are input to the electronic logic module shown in 
Figure 22. These signals,, along with the digital output of a 
fifth wheel measuring vehicle velocity, are operated upon 
to determine the occurrence of wheel lock according to the 
following definition: 





Wheel 

F i g u r e  2 1 .  Wheel r o t a t i o n  t r a n s d u c e r  p u l s e  g e n e r a t o r .  





Wheel lock  has occur red  i f  a  wheel s u s t a i n s  

a r o t a t i o n a l  v e l o c i t y  of  l e s s  than  w f o r  a  

t ime p e r i o d  of  x whi le  v e h i c l e  v e l o c i t y  

(V5) i s  g r e a t e r  t h a n  V. 

A schemat ic  diagram of t h e  computing module l o g i c  scheme 

appears  i n  F igure  2 3 .  The q u a n t i t i e s  w, x ,  and V a r e  p r o -  

grammable i n p u t s  t o  t h e  computing module. The system o u t p u t  

is. d i s p l a y e d  by way of s i g n a l  l i g h t s  which a r e  l o c a t e d  on t h e  

c o n t r o l  pane l  of  t h e  l o g i c  module. 





4 . 0  CONDUCT AND RESULTS OF THE DEMONSTRATION TEST PROGRAM 

This  s e c t i o n  is  concerned  w i t h  p r e s e n t i n g  t h e  e x p e r i -  

menta l  f in ' d ings  produced by a  program of  demons t ra t ion  t e s t s  

which were conducted w i t h i n  t h i s  s t u d y .  The o b j e c t i v e s  of  

t h e  t e s t  program were twofo ld :  (1) t o  e v a l u a t e  t h e  p r a c -  

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

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

s e t  o f  t e s t - r e l a t e d  hardware developed under  t h i s  s t u d y .  The 

s e c t i o n  w i l 1 , p r e s e n t  b o t h  t h e  conduct  and r e s u l t s  o f  t h e  t e s t  

program through d i s c u s s i o n s  o f  

1) t h e  t e s t  v e h i c l e s  

2 )  t h e  t e s t  m a t r i x  

3)  t e s t  p rocedure  
. . 

C 4) t e s t  program r e s u l t s .  

4 .1  THE TEST VEHICLES 

The v e h i c l e  s t o p p i n g  d i s t a n c e  t e s t  p o r t i o n  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 echn ique  a d d r e s s e s  two g e n e r i c  c l a s s e s  of  

v e h i c l e s ,  namely, v e h i c l e s  w i t h  h y d r a u l i c  b r a k e  sys tems and 

t h o s e  w i t h  a i r  b rake  sys t ems .  (The germane d i f f e r e n c e  i n  

t h e s e  two systems i s  t h e  mechanica l  n a t u r e  o f  t h e  b r a k e  c o n t r o l  

i n p u t  d e v i c e .  Hydrau l i c  sys tems use  m a s t e r  c y l i n d e r s  which 

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

o f  a i r  systems i s  e s s e n t i a l l y  a  d i sp lacemen t  i n p u t  d e v i c e . )  

Consequent ly ,  two v e h i c l e s ,  one o f  each c l a s s i f i c a t i o n ,  were 

employed i n  t h e  demons t ra t ion  t e s t  program. These v e h i c l e s  
were : 

(1) 1969 Chevrole t  Townsman S t a t i o n  Wagon 

( 2 )  1974 Diamond Reo COE 6x4. 

4 .1 .1  THE HYDRAULIC BRAKE VEHICLE. The Chevro le t  s t a t i o n  
wagon used i n  t h e  demons t ra t ion  t e s t  program was an HSRI- 
developed t e s t  v e h i c l e  known a s  t h e  V a r i a b l e  Braking V e h i c l e  

(VBV). (For a  d e s c r i p t i o n  o f  t h e  VBV, s e e  Appendix E . )  Th i s  



v e h i c l e  was seen as  providing a  major advantage t o  t h i s  s tudy 

i n  t h a t  i t s  programmable, s e rvo -con t ro l l ed  braking system 

could be configured t o  provide  an o b j e c t i v e l y  de f inab l e  s e t  

of brake system p r o p e r t i e s .  

The use of t he  VBV e s s e n t i a l l y  provided fou r  " d i f f e r e n t "  

hydrau l ica l ly -braked  t e s t  veh i c l e s  f o r  t h e  s tudy .  By a d j u s t i n g  
pedal  f o r c e / l i n e  p re s su re  ga in  f o r  t h e  r e a r  a x l e  brake system, 

t h r e e  l e v e l s  of brake propor t ion ing  were a t t a i n e d .  The f o u r t h  

condi t ion  of t h e  v e h i c l e  involved a l t e r a t i o n  of t h e  nominal 

fade c h a r a c t e r i s t i c s  of t h e  v e h i c l e .  A peak reading c i r c u i t  

was employed t o  mainta in  cons tan t  r e a r  brake l i n e  p r e s s u r e ,  

whi le  a c c e l e r a t e d  f r o n t  brake fade  was s imulated by slowly 
bleeding a i r  from the  brake peda l  a c t u a t o r ,  thus reducing 

brake pedal  f o r c e  (and f r o n t  brake e f f e c t i v e n e s s )  dur ing t he  . . 
s t o p .  

P r i o r  t o  t e s t i n g ,  t h e  VBVybrake system was overhauled,  

al though the  i n s t a l l a t i o n  of new brake pads was no t  necessary .  

Consequently, no burnishing a c t i v i t y  was undertaken.  

Ins t rumenta t ion  items on t h i s  v e h i c l e  (exc lus ive  of 

ins t rumenta t ion  r e s i d e n t  on t h e  VBV and no t  used f o r  d a t a  

ga ther ing  purposes)  included:  

1) Wheel r o t a t i o n  t ransducers  on a l l  wheels and 

a s soc i a t ed  l o g i c  c i r c u i t r y  (see  Sec t ion  3 . 4 . 3 ) .  

2)  F i f t h  wheel f o r  sens ing  v e l o c i t y  and a s soc i a t ed  

c i r c u i t r y .  

3) Thermocouples i n  one pad of a l l  f ou r  b rakes ,  

4 )  Pedal fo r ce  t ransducer .  

I n  add i t i on  t o  t h e  above i t ems ,  t he  peda l - fo rce  device  
descr ibed  i n  Sec t ion  3 .4 .1  was i n s t a l l e d  i n  t h i s  v e h i c l e .  

The f i f t h  wheel (and a s soc i a t ed  c i r c u i t r y )  was used 
t o  sense  t h e  i n i t i a l  t e s t  v e l o c i t y  and t o  measure s topping  

d i s t ance .  The c i r c u i t r y ,  which memorizes i n i t i a l  v e l o c i t y  



and i n i t i a t e s  t h e  d i s t a n c e  measure, was a c t i v a t e d  by t h e  

same d r i v e r - o p e r a t e d  swi t ch  which a c t i v a t e d  t h e  p e d a l - f o r c e  

dev ice .  

A p e d a l - f o r c e  t r ansduce r  was used t o  examine t h e  

performance of  t h e  cons tan t  p e d a l - f o r c e  dev ice .  However, t h i s  

measurement i s  not  necessary  t o  t h e  braking  e f f i c i e n c y  method. 

(A maximum pedal  f o r c e  boundary could be e s t a b l i s h e d  by 

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

4 . 1 . 2  THE AIR-BRAKE VEHICLE.  The 1974 Diamond Reo 

t r a c t o r  had a  1 4 2 "  wheelbase and was equipped w i t h  suspens ions  

r a t e d  a t  12,000 l b .  ( f r o n t )  and 34,000 l b .  ( r e a r ) .  T e s t s  were 

conducted wi th  t h e  v e h i c l e  i n  t h e  "bob ta i l "  c o n d i t i o n  and 

"loaded" (equipped wi th  f l a t b e d  body - and i r o n  weights  b r i n g i n g  

t h e  v e h i c l e  t o  a  load  c o n d i t i o n  of 11,000 l b .  f r o n t  and 

34,000 l b  . r e a r )  . 
Ins t rumen ta t ion  employed on t h i s  v e h i c l e  inc luded :  

1 )  Wheel r o t a t i o n  t r ansduce r s  on each wheel and 

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

2 )  F i f t h  wheel and a s s o c i a t e d  c i r c u i t r y .  

3) Thermocouples i n  one shoe of each b rake .  

4) P res su re  gauge a t  t h e  output  of t h e  t r e a d l e  v a l v e ,  

I n  a d d i t i o n  t o  t h e  above i t ems ,  t h i s  v e h i c l e  was equipped 

wi th  t h e  convent ional  p e d a l - s t o p  device d i scussed  i n  S e c t i o n  

3 .4 .2 .  

As was t h e  c a s e  wi th  t h e  passenger  c a r ,  t h e  f i f t h  wheel 

and a s s o c i a t e d  c i r c u i t r y  were used t o  determine both  i n i t i a l  

v e l o c i t y  and s topping  d i s t a n c e .  In  t h e  case  of  t h e  a i r - b r a k e d  

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

v i a  t h e  brake  l i g h t  s i g n a l .  The a i r - p r e s s u r e  gauge was in tended 



f o r  e v a l u a t i n g  t h e  per formance  o f  t h e  p e d a l - s t o p  d e v i c e  and 

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

S i n c e  t h i s  v e h i c l e  was new ( l e s s  t h a n  100 m i l e s  on t h e  

odometer) p r i o r  t o  t e s t i n g ,  l i t t l e  v e h i c l e  p r e p a r a t i o n ,  o t h e r  

t h a n  t h e  i n s t a l l a t i o n  o f  i n s t r u m e n t a t i o n ,  was r e q u i r e d .  A 

b u r n i s h i n g  program, a s  p e r  FbWSS 1 2 1 ,  was conducted .  The p r o -  

gram was t e r m i n a t e d  a t  350 s n u b s ,  a t  which t ime t h e  b r a k e  

e f f e c t i v e n e s s  o f  t h e  v e h i c l e  had s t a b i l i z e d .  

4 . 2  THE TEST MATRIX 

I n  o r d e r  t o  demons t ra t e  t h e  v i 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  t e s t  t e c h n i q u e ,  t h e  s t r a i g h t - l i n e  l i m i t  b r a k i n g  

performance o f  b o t h  t h e  h y d r a u l i c  and a i r - b r a k e d  t e s t  v e h i c l e s  

was measured on f o u r  s u r f a c e s  and f o r  a v a r i e t y  of  v e h i c l e  

c o n d i t i o n s ,  a s  o u t l i n e d  i n  t h e  f o l l o w i n g  two s e c t i o n s .  

A f u l l  m a t r i x  o f  t i r e  t e s t s  was a l s o  conducted w i t h  

t h e  SFD on each of  f o u r  t e s t  s u r f a c e s ,  p r o v i d i n g  d a t a  f o r  

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

C e r t a i n  developmental  problems a s s o c i a t e d  w i t h  t h e  SFD ( s e e  

S e c t i o n  4 . 4 )  made i t  i m p o s s i b l e  t o  conduct  a  f u l l  t i r e  t e s t  

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

i n t e n d e d .  However, p e r i o d i c  t e s t s  were conducted i n  accom- 

paniment w i t h  each v e h i c l e  t e s t  t o  i n s u r e  c o n s i s t e n c y  o f  t h e  

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

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

b r a k i n g - l n - a - t u r n  e f f i c i e n c y  measures were conducted  on each 

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

d e s c r i b e d  i n  S e c t i o n  4 . 2 . 3 ,  

4 . 2 . 1  THE HYDRAULIC BRAKE VEHICLE. I n  a d d i t i o n  t o  

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

S e c t i o n  4 .1 .1 ,  t h e  t e s t  m a t r i x  f o r  t h e  h y d r a u l i c a l l y - b r a k e d  
v e h i c l e  was compounded by u s i n g  t h r e e  d i f f e r e n t  s e t s  o f  t i r e s  

and by t e s t i n g  on f o u r  s u r f a c e s .  The e n t i r e  t e s t  m a t r i x  f o r  
t h i s  v e h i c l e  i s  d e s c r i b e d  i n  Table  4 .1 .  



TABLE 4.1. THE HYDRAULIC BRAKE VEHICLE TEST MATRIX 

Condition Brake Differential 
Numb er Surface Tire Proportioning Fade 

1 T~ 

2 T~ P~ 

3 T~ P~ 

4 T~ F~ 

5 D2 T~ 
6 T~ 

7 T~ P~ 

8 
' T~ - 

9 Tc Pc 
10 W1 T~ 
11 W2 T~ 
12 W2 T~ P~ 
13 W2 T~ P~ 

14 W2 T~ 

15 W2 Tc 



MATRIX CONDI TIOIJS 

high friction dry asphalt surface 

lower friction dry jennite surface 

higher friction wet - asphalt surface 

low friction wet - jennite surface 
baseline tire selection - Goodyear 
Polyglas Custom Power Cushion L78-15 

second tire selection - Uniroyal Tiger 
Paw Polyester L78-15 

third tire selection - Uniroyal Fastrak 
L78-15 

C 

baseline proportioning setting, 56% front, 

44% rear (design value for this vehicle) 

second proportioning setting, 62% front, 

38% rear 

Pc Third proportioning setting, 50% front, 

50% rear 

F~ baseline differential fade condition 

F~ second differential fade condition (nominal 

20% reduction in front brake effectiveness 

over the course of a stop) 

The matrix shown in Table 4.1 provides tests of the 

baseline condition vehicle on four different surfaces (Tests 

#I, 5, 10, and 11). In addition, the vehicle was tested in 

seven different variations from the baseline condition on the 

higher friction dry surface (Tests # 2 ,  3, 4, 6, 7, 8, and 9). 
On the lowest friction wet surface, four variations from the 

baseline condition were examined (Tests #12, 13, 14, and 15). 
One condition variation which was not examined on both the dry 



and wet s u r f a c e  i s  t h e  FB d i f f e r e n t i a l  fade  s e l e c t i o n .  The 

wet s u r f a c e  FB condi t ion  was omit ted  because t h e  low v e l o c i t y  

of t h a t  reduced f r i c t i o n  t e s t  would n o t  s t i m u l a t e  a  s i g n i f i c a n t  

degree of  brake f ade ,  

4 . 2 . 2  THE AIR-BRAKED VEHICLE, The a i r - b r a k e d  heavy t r u c k  

was sub j ec t ed  t o  t h e  braking e f f i c i e n c y  t e s t  mat r ix  i n d i c a t e d  i n  

Table 4 . 2 .  (Surface des igna t ions  r e f e r  t o  those  given i n  

Table 4 . 1  . )  As i n d i c a t e d  i n  t h e  t a b l e ,  t h e  v e h i c l e  was t e s t e d  

f o r  l i m i t  b raking performance on fou r  s u r f a c e s  and i n  both  t h e  

b o b t a i l  and loaded cond i t i ons .  

TABLE 4 . 2  THE AIR BRAKE VEHICLE TEST MATRIX 

. , , . . . 

Condit ion No. Loading 

Bob ta i l  

Bob ta i l  

Bob ta i l  

Bob ta i l  

Loaded 

Loaded 

4 . 2 . 3  BRAKING-IN-A-TURN TESTS. The l i m i t  b r a k i n g - i n - a -  

t u r n  performance of both t h e  hyd rau l i c -  and a i r - b r a k e d  

veh ic l e s  was measured. Since  t he  b r a k i n g - i n - a - t u r n  e f f i c i e n c y  

t e s t  i s  viewed p r imar i l y  as a brake performance measure 

compounded by l a t e r a l  load t r a n s f e r  de r iv ing  from t h e  t u r n i n g  
maneuvers, t he se  t e s t s  were conducted a t  r e l a t i v e l y  low l e v e l s  

of l a t e r a l  a c c e l e r a t i o n s .  

During a t u r n ,  t h e  i n s i d e  wheels a r e  r e l a t i v e l y  l i g h t l y  
loaded and t h e r e f o r e  provided r e l a t i v e l y  l i t t l e  t i r e  s i d e  



f o r c e  con t r i bu t ing  t o  v e h i c l e  s t a b i l i t y .  Consequently, lock-  

up of i n s i d e  wheels was allowed dur ing b r a k i n g - i n - a - t u r n  

t e s t s .  

A measure of minimum no-outs ide-wheels- locked s topping  

d i s t a n c e  was obta ined f o r  each of t h e  t e s t  condi t ions  

descr ibed  i n  Table 4 . 3 ,  I t  had o r i g i n a l l y  been planned t h a t  

t h e  i n i t i a l  v e l o c i t y  of t h e  b r a k i n g - i n - a - t u r n  t e s t s  would be 

equal  t o '  Vo as  determined by t h e  "om of t h e  t e s t  s u r f a c e  

( t he  same as f o r  s t r a i g h t - l i n e  braking e f f i c i e n c y  t e s t i n g )  

and t h a t  t h e  t u r n  rad ius  would be e s t a b l i s h e d  such t h a t  t h e  

passenger c a r  would exper ience an i n i t i a l  l a t e r a l  a c c e l e r a t i o n  

of . 3  g and t h e  t r u c k ,  , 2  g .  That i s  

where R i s  t h e  t u r n  r ad ius  i n  f e e t ,  Vo i s  i n  mph and 

. 3  f o r  t h e  passenger  c a r  
a = 

Y . 2  f o r  t h e  t ruck  

On the  wet j e n n i t e  s u r f a c e ,  t h i s  scheme e s t a b l i s h e d  a  

s a t i s f a c t o r y  t u rn ing  r ad ius  of 200 f t .  f o r  t h e  passenger  c a r  

and 300 f t .  f o r  t h e  t ruck .  However, on t h e  dry j e n n i t e ,  t h e  

scheme r e s u l t e d  i n  r a d i i  which were too l a r g e  f o r  t h e  a v a i l a b l e  

f a c i l i t y .  

Consequently, t he  t e s t s  conducted on the .  dry j e n n i t e  

employed the  same r ad ius  t u rns  as used on t h e  wet j e n n i t e .  

The i n i t i a l  v e l o c i t i e s  were then chosen t o  produce nominal 

. 3  g and . 2  g  tu rns  f o r  t h e  passenger c a r  and t r u c k ,  

r e s p e c t i v e l y .  



TABLE 4.3. BRAKING-IN-A-TURN TEST MATRIX 

Nominal Initial Turn Nominal Initial 
Surface Vehicle Vehicle Condition Velocity Radius Lateral Accel. 

Station 
Wagon 

Tire: TA 

Proportioning: PC 

30 mph 200 ft. 3g 

Fade: FA 

Station Tire: TA 
Wagon 

Proportioning: PA 

Fade: FA 

30 mph 200 ft. 

D2 Truck Bobtail 30 mph 300 ft. - 2g 

W2 Truck Bobtail 25 mph 300 ft. .14g 



In  t h e  t r u c k  t e s t s  which were r u n  a t  0 . 2  g a  on t h e  
Y 

wet j e n n i t e  s u r f a c e ,  it was found t h a t  v e h i c l e  d i r e c t i o n a l  

c o n t r o l  was l o s t  a t  a  l e v e l  o f  b r a k i n g  s u b s t a n t i a l l y  below 

t h a t  r e q u i r e d  t o  a c h i e v e  lockup o f  o u t s i d e  wheels .  Con- 

s e q u e n t l y ,  t e s t s  were conducted a t  t h e  reduced  l e v e l  o f  V, 
shown i n  Tab le  4 . 4 ,  r e s u l t i n g  i n  a , I 4  g  i n i t i a l  l a t e r a l  

v e l o c i t y .  

4 .3  TEST PROCEDURE 

4.3.1 SURFACE FRICTION DYNAMOMETER TEST PROCEDURE. The 

o p e r a t i o n  of t h e  S u r f a c e  F r i c t i o n  Dynamometer i n v o l v e s  t h e  

conduct  of  numerous checkout  and c a l i b r a t i o n  s t e p s  which a r e  

done p r i o r  t o  each d a y ' s  d a t a  t a k i n g .  These d e t a i l s  a r e  

d e s c r i b e d  i n  Appendix B .  F,or t h e  g a t h e r i n g  of  a s p e c i f i c  s e t  

of  d a t a ,  however, a  s t a n d a r d  s e t  of  was -fol,lowed 

as o u t l i n e d  below. 

The r e f e r e n c e  t e s t  t i r e  was mounted on t h e  T i r e  and 

R i m  A s s o c i a t i o n  approved rim and s t a t i c a l l y  b a l a n c e d .  

The i n f l a t i o n  p r e s s u r e  of  t h e  t e s t  t i r e  was m a i n t a i n e d  

a t  a  s e l e c t e d  "warmt1 v a l u e  o f  2 7  p s i  t h roughou t  t h e  e n t i r e  

t e s t  o p e r a t i o n .  Th i s  warm p r e s s u r e  was de termined by f i r s t  

s e t t i n g  t h e  i n f l a t i o n  p r e s s u r e  a t  t h e  T i r e  and R i m  A s s o c i a t i o n  

recommended 2 4  p s i  w i t h  t h e  t i r e  i n  i t s  "cold" (ambient  

t empera tu re )  c o n d i t i o n ,  and t h e n  running  t h e  t i r e  f o r  t e n  

m i l e s  a t  a  nominal 9 2 5  l b .  l o a d i n g .  "Warm" p r e s s u r e  was 

m a i n t a i n e d  by t h e  f o l l o w i n g  p rocedure :  

1 )  A t  t h e  beg inn ing  of  a  t i r e  t e s t  s e r i e s ,  t i r e  

p r e s s u r e  was s e t  a t  24 p s i  " c o l d , "  and t h e  t i r e  

was run  t e n  m i l e s  a t  9 2 5  l b .  l o a d  t o  o b t a i n  a  

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

was t h e n  a d j u s t e d  t o  2 7  p s i ,  i f  n e c e s s a r y ,  



2 )  For t h e  f i r s t  s e v e r a l  t i r e  t e s t s ,  i n f l a t i o n  

p re s su re  was checked and ad jus t ed  t o  27 p s i  

a f t e r  each pass  over t h e  s u b j e c t  s u r f a c e .  

3) When it became apparent  t h a t  ( 2 )  had e s t a b l i s h e d  

a s t a b l e  cond i t i on ,  t i r e  p r e s s u r e  was checked 

and ad jus t ed  i f  necessary  on every t h i r d  pass  

over t h e  s u b j e c t  s u r f a c e .  

On t h e  b a s i s  of t he  d a t a  p r e sen t ed  i n  F igure  5 ,  ASTM 

t e s t  t i r e s  were "precondit ioned" p r i o r  t o  t e s t i n g  by conducting 

a t  l e a s t  t e n  lockup cyc les  on a  d ry  s u r f a c e  a t  a  load  of 9 2 5  

l b .  This p r e p a r a t i o n  p r a c t i c e  was conducted t o  s t a b i l i z e  

t he  shea r  fo r ce  behavior  of t h e  t i r e  sample. Applying t h e  

scheme which was presen ted  i n  Sec t ion  3 .3 .1 ,  t i r e  t e s t i n g  

on each t e s t  s u r f a c e  was i n i t i a t e d  wi th  a  s e r i e s  of pnon t e s t s ,  

followed by t h e  conduct of 30 t e s t  runs  cover ing t h e  s i x - p o i n t  

load  and v e l o c i t y  mat r ix .  

When t e s t i n g  on wet s u r f a c e s ,  e x t e r n a l  wate r ing  

v i a  a  t anker  t r u c k  was used.  P r i o r  t o  t e s t i n g ,  t h e  s u r f a c e  

was wet ted s e v e r a l  times t o  i n s u r e  a  s t a b l e  wate r  depth .  

T h e r e a f t e r ,  t he  SFD would t r a v e r s e  t h e  t e s t  s u r f a c e  t o  perform 

t i r e  t e s t s  immediately a f t e r  t h e  water  t anke r  had completed a  

we t t i ng  pas s .  

I n  a l l  t i r e  t e s t i n g ,  an e f f o r t  was made t o  perform t e s t s  
only  over t h e  es t imated  l eng th  of  t e s t  s u r f a c e  on which t h e  

v e h i c l e  under t e s t  would a c t u a l l y  perform i t s  s t o p .  This p ro -  

cedure gene ra l l y  allowed one t e s t  p e r  pass  a t  v e l o c i t y  V1, two 

a t  V 2 ,  and t h r e e  a t  V3.  

I t , h a d  o r i g i n a l l y  been planned t o  perform one complete 

t i r e  t e s t  matr ix  on a  s u r f a c e  f o r  each day on which v e h i c l e  

t e s t i n g  was performed on t h a t  s u r f a c e ,  Developmental 
d i f f i c u l t i e s  wi th  t h e  SFD precluded t h i s  mode of ope ra t i on .  

(See Sec t ion  4.4.1.)  Consequently, one complete mat r ix  was 



performed on each s u r f a c e .  T h e r e a f t e r ,  a  pnom check was 

performed concur ren t ly  wi th  v e h i c l e  t e s t i n g ,  I n  a l l  c a s e s ,  

t h i s  check f e l l  w i t h i n  a  2 .04 range of pnom. 

4 . 2 . 3  TEST PROCEDURE FOR THE HYDRAULICALLY-BRAKED 
VEHICLE. L i m i t  s topp ing  d i s t a n c e  measures were made on each 

of  t h e  four  t e s t  s u r f a c e s  from the  i n i t i a l  v e l o c i t y ,  V o ,  

as determined by t h e  pnom va lue  f o r  t h e  s u r f a c e .  

P r i o r  t o  t e s t i n g ,  t i r e s  were i n f l a t e d  t o  t h e  manufac ture r ' s  

recommended p re s su re .  Brake l i n i n g  temperature  was n o t  p e r -  

mi t t ed  t o  be above 200°F a t  t h e  i n i t i a t i o n  of each t e s t  run .  

I n  conducting t he  t e s t  s t o p  sequence,  t h e  v e h i c l e  was 

d r iven  a t  an i n i t i a l  v e l o c i t y  s l i g h t l y  above V o ,  a t  which 

time t h e  d r i v e r  r e l e a s e d  t h e , a c c e l e r a t o r  and coasted down t o  

Vo (with t h e  automat ic  t ransmiss ion  remaining i n  "Drive") .  On 

observing the  f i f t h  wheel speedometer,  t h e  d r i v e r  a c t i v a t e d  
I 

t h e  pedal  fo r ce  device  a s  t h e  v e h i c l e  passed through Vo.  I 

By means of a  s e q u e n t i a l  t e s t  procedure ,  t h e  maximum 

peda l  f o r c e  f o r  a  no-wheel- lock-s top was determined.  A 

minimum of f i v e  s t o p s  were then conducted a t  a  va lue  of peda l  

f o r c e  which was j u s t  below t h e  l e v e l  r equ i r ed  f o r  wheel 

l ock .  

On dry s u r f a c e s ,  wi th  t h e  brake p ropor t i on ing  ad jus t ed  
t o  t h e  nominal o r  t o  t h e  forward b i a s  c o n d i t i o n ,  wheel lock  

could sometimes n 6 t  be a t t a i n e d  due t o  t h e  f o r c e  l i m i t a t i o n  

of t h e  pedal  f o r c e  dev ice .  I n  such c a s e s ,  f i v e  s t o p s  were 
conducted a t  t he  maximum pedal  f o r c e .  

4 . 3 . 3  .THE AIR-BRAKED,VEHICLE TEST PROCEDURE.  The p ro -  

cedure f o r  t e s t i n g  t h e  a i r -b raked  t ruck  was i d e n t i c a l  t o  

t h a t  used f o r  t h e  passenger  c a r  w i th  two excep t ions .  



F i r s t l y ,  t h e  manual t r a n s m i s s i o n  r e q u i r e d  t h a t  t h e  c l u t c h  

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

placement  l i m i t e r  was employed t o  o b t a i n  a  c o n s t a n t  a i r  

p r e s s u r e  b r a k i n g  l e v e l .  

The s'ame i t e r a t i v e  p rocedure  was employed f o r  l o c a t i n g  

t h e  b r a k e  i n p u t  a t  which performance was measured,  A t  l e a s t  

f i v e  r e p e a t s  of  t h e  " l i m i t  p rox imi ty"  s t o p  were per formed.  

4.3.4 BRAKING-IN-A-TURN TEST PROCEDURE. A 1 2 - f o o t  wide 

l a n e  a t  t h e  p r o p e r  r a d i u s ,  a s  c a l l e d  f o r  i n  Table  4.4,  was 

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

markers .  B r a k i n g - i n - a - t u r n  t e s t s  were t h e n  conducted w i t h  

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

with.  t h e  a d d i t i o n a l  c o n s t r a i n t s  t h a t :  . . (a )  t h e  e n t i r e  s t o p p i n g  
p rocedure  be  conducted w i t h i n  t h e  p r e s c r i b e d  l a n e  w i t h o u t  

d i s t u r b i n g  any of  t h e  t r a f f i c  cones ,  and t h a t  (b) t h e  o u t s i d e  

whee l - lock  c r i t e r i o n  ( see  S e c t i o n  4 .2 .3)  b e  observed .  

The same i t e r a t i v e  p rocedure  was employed f o r  l o c a t i n g  

t h e  l i m i t  performance b rak ing  i n p u t .  A minimum of f i v e  - 
r e p e a t s  of  t h e  " l i m i t  p rox imi ty t '  s t o p  were per formed.  

4.4 TEST PROGRAM RESULTS 

4 . 4 . 1  TIRE TEST RESULTS. E a r l y  i n  t h e  t i r e  t e s t  a c t i v i t y  

a  problem was encountered  i n  t h e  SFD f o r c e  measurement sys tem.  

Measurement e r r o r s  were observed  which i n d i c a t e d  a  s e n s i t i v i t y  

of  t h e  t r ansduced  f o r c e s ,  F, and F Z ,  t o  t h e  t o r q u e  which i s  

t r a n s m i t t e d  through t h e  connec t ion  o f  t h e  t e s t  wheel t o  t h e  

h y d r a u l i c  motor ( s e e  Appendix B ) .  The f o r c e  measurement e r r o r s  

were on t h e  o r d e r  of  1 0  l b s . ,  such t h a t  t hey  became apparen t  

on ly  when measuring s m a l l  f o r c e s  such a s  d e r i v e  on wet s u r f a c e s  

and/or  a t  low v a l u e s  of  v e r t i c a l  l o a d .  



To avoid  t h e  problem* i n  an expedient  manner, t h e  SFD 

was ope ra ted  throughout  t h e  demonst ra t ion  t e s t i n g  w i t h  t h e  

f lywheel  sys  tern d isconnected .  

The t i r e  d a t a  ob ta ined  w i t h  t h e  SFD on each of t h e  f o u r  

t e s t  s u r f a c e s  appears  i n  F igures  24  through 2 7 ,  Each graph 

c o n t a i n s  p l o t s  of t h e  exper imenta l  d a t a  p o i n t s  ga the red  on 

a  s u r f a c e  p l u s  a  p l o t  of t h e  t i r e  d e s c r i p t o r  equa t ion  which 

r e s u l t s  when t h e  d a t a  a r e  f i t t e d  t o  equa t ions  of t h e  form: 

k 

Table 4 . 4  p r e s e n t s  va lues  of pnom and V o ,  t o g e t h e r  w i t h  t h e  

t i r e  d e s c r i p t o r  e q u a t i o n s ,  and t h e  i d e a l  s topp ing  d i s t a n c e s  

(assuming an i n i t i a l  v e l o c i t y  of  Vo) which d e r i v e  from t h e s e  

t i r e  d a t a .  

Upon examination of t h e  dry s u r f a c e  d a t a  (F igures  

2 4  and 2 5 )  i t  i s  apparent  t h a t  t h e  SFD provides  peak l o n g i -  

t u d i n a l  t r a c t i o n  measurements wi th  a  r a t h e r  h igh  degree  of 

r e p e a t a b i l i t y .  The wet s u r f a c e  measurements (Figures  26 and 27) 

show cons iderably  more s c a t t e r  t han  t h e  dry s u r f a c e  d a t a .  This  

r e s u l t  i s  t o  be expected due t o  t h e  d i f f i c u l t y  of  main ta in ing  con 

s t a n t  water  dep th ,  both  s p a t i a l l y  and t empora l ly ,  and t h e  

s e n s i t i v i t y  of  t r a c t i o n  performance t o  t h i s  parameter .  The 

r e p e a t a b i l i t y  of t h e  t i r e  d a t a  i s  q u a n t i f i e d  i n  Table 4 . 5 .  
The t a b l e  p r e s e n t s  t h e  s t a n d a r d  d e v i a t i o n  of t h e  t i r e  t r a c t i o n  

measurements r e l a t i v e  t o  t h e  f i t t e d  second o r d e r  curves f o r  

each s e t  of d a t a  p o i n t s ,  i . e . ,  d a t a  a t  t h e  same nominal va lues  

o f  load  and v e l o c i t y .  The maximum s t a n d a r d  d e v i a t i o n  on peak 

l o n g i t u d i n a l  t r a c t i o n  f o r  d a t a  ga the red  on a  dry s u r f a c e  was 

"Efforts t o  d e a l  w i th  t h i s  developmental problem cont inue  a t  
t h e  t ime of  t h e  w r i t i n g  of  t h i s  r e p o r t .  
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TABLE 4 . 5  

TIRE DATA: STANDARD DEVIATION ON pp 

Dry A s p h a l t  Dry . J e n n i t e  

Load Load 

V e l o c i t y  1340 l b .  510 l b .  V e l o c i t y  1320 l b .  530 l b .  

57.5 mph , 005  .004 52.0 mph ,004  .006 

44 .5  mph , 007  ,004  40 .3  mph , 0 0 5  , 0 1 5  

25 mph .005 , 012  23 .3  mph .006 , 0 1 3  

Wet ~ i ~ h a l t  'Wet J e n n i  t e ,  

Load Load 
V e l o c i t y  1280 l b .  575 l b .  V e l o c i t y  1180 l b .  675 l b .  

38 .8  mph .007 .010 27.4  mph , 008  .014 

30 .0  mph , 006  , 014  21.2 mph , 016  , 005  

1 7 . 3  mph .009 .009 12 .2  mph .007 ,010  



,015 whi le  t h e  average was , 0 0 7 .  For wet s u r f a c e  d a t a ,  t h e  

maximum was .016 whi le  t h e  average was .010 .  

, I n  o rder  t o  examine t h e  e f f e c t  of t he se  v a r i a b i l i t i e s  

on t h e  braking e f f i c i e n c y  measure, i d e a l  s topping d i s t ances  

f o r  each s u r f a c e  were c a l c u l a t e d  us ing two a l t e r n a t e  t i r e  

equa t ions ,  r ep re sen t ing  p lu s  and minus "one s tandard  dev ia t ion"  

i n  t h e  pp values .which were shown i n  Figures 2 4  through 2 7 .  

Each new t i r e  equat ion was determined on t h e  b a s i s  of t h r e e  

d a t a  p o i n t s :  

o r  

where 

'i ; i = 1 , 2 , 3  a r e  t h e  t h r e e  t i r e  t e s t  v e l o c i t i e s  

pp(Vi); i = 1 , 2 , 3  a r e  t h e  a s s o c i a t e d  t h r e e  up values  

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

equat ion 

'i ; i = 1 , 2 , 3  a r e  t h e  a s soc i a t ed  s t anda rd  

dev i a t i ons  as  given i n  Table 4 . 5 .  

The "plus and minus 3" equat ions  y i e lded  r e s u l t s  a s  

shown i n  Table 4.6, wi th  t h e  maximum e f f e c t  on i d e a l  s topp ing  

d i s t a n c e  seen as a  change of 1 . 2  f t .  (2 .1%)  on t h e  wet j e n n i t e  

s u r f a c e .  

The t i r e  d a t a ,  p a r t i c u l a r l y  t h a t  of Figures 26 and 

2 7 ,  i n d i c a t e  a  shortcomin.g i n  t he  t h r e e - v e l o c i t y  t e s t  matr ix  
scheme. As can be seen i n  t he se  f i g u r e s ,  c e r t a i n  of t h e  t i r e  

equat ions  i n d i c a t e  a  pronounced curva ture  which r e s u l t s  i n  

u n r e a l i s t i c  i n t e r c e p t  va lues .  Th is ,  of course ,  i s  due t o  t h e  

absence of t i r e  d a t a  i n  t h e  low v e l o c i t y  reg ion  (below V 3 ) ,  
2 which permits  somewhat excess ive  i n f luence  of t h e  V term i n  



TABLE 4.6 

EFFECT OF TIRE DATA VARIANCE ON IDEAL STOPPING DISTANCE 

I d e a l  S topp ing  D i s t a n c e s  ( f t . )  C a l c u l a t e d  From: 

Base T i r e  
S u r f  a c e  Equa t ions  Equa t ions  Equa t ions  

Dry A s p h a l t  139 .1  138.4 140.0 

Dry J e n n i t e  121.5  120.4 122 .1  

Wet Aspha l t  80.9 80 .1  81.9 

Wet J e n n i t e  57.0 56 .1  58.2 

t h e  c u r v e  f i t  e q u a t i o n s .  While t h i s  r e g i o n  has  r e l a t i v e l y  
l i t t l e  e f f e c t  on s t o p p i n g  d i s t a n c e ,  it was c o n c l u d e h  from 

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

s h o u l d  b e  t a k e n  i n  t h e  v i c i n i t y  of  . 2  V O R .  

F i n a l l y ,  t h e  t i r e  t e s t  d a t a  of  F i g u r e s  2 4  t h rough  2 7  

i n d i c a t e  t h e  impor tance  o f  b o t h  t i r e  l o a d  and v e l o c i t y  i n  t h e  

c h a r a c t e r i z a t i o n  o f  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 .  I n  p a r t i c u l a r ,  t h e  d r y  s u r f a c e  d a t a  of  F i g u r e s  2 4  and 

25 i n d i c a t e  t h a t  t h e  s e n s i t i v i t y  o f  peak t r a c t i o n  t o  t i r e  l o a d  

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

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

i n d i c a t e  t h a t  s e n s i t i v i t i e s  of  t i r e  t r a c t i o n  t o  e i t h e r  l o a d  

o r  v e l o c i t y  can  b e  on t h e  o r d e r  o f  1 0 %  o v e r  t h e  f u l l  r ange  of  

c o n d i t i o n s  imposed by t h e  r e f e r e n c e  v e h i c l e .  

"Appendix D i n c l u d e s  a  d e s c r i p t i o n  of  t h e  r e s u l t i n g  a l t e r e d  
t i r e  t e s t  m a t r i x .  



4 . 4 . 2  VEIIICLE TEST PROGRAM RESULTS : HYDRAULICALLY - 
BRAKED VEHICLE. The r e s u l t s  of  t h e  b r a k i n g  e f f i c i e n c y  t e s t s  

conducted  on t h e  h y d r a u l i c a l l y - b r a k e d  v e h i c l e  appea r  i n  Tab le  

4 .7 .  Data a r e  p r e s e n t e d  f o r  a l l  f i f t e e n  t e s t  c o n d i t i o n s  which 

were d e s c r i b e d  i n  Table  4 . 1 ,  For each  c o n d i t i o n ,  t h e  

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

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

a d d i t i o n ,  t h e  maximum and minimum v a l u e s ,  and t h e  maximum 

v a r i a t i o n s  (maximum minus minimum) f o r  each  of  t h e s e  v a r i a b l e s  

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

t e s t i n g  method. Of most s i g n i f i c a n c e  i s  t h e  maximum v a r i a t i o n  

of  t h e  b r a k i n g  e f f i c i e n c y  numeric .  On d ry  s u r f a c e s ,  t h e  

ave rage  of t h i s  f i g u r e  i s  4 . 7 % ,  and on wet s u r f a c e s ,  5 . 6 % .  

I t  shou ld  b e  no ted  t h a t ,  i n  r e l a t i v e  t e r m s ,  t h e  v a r i a t i o n  

i n  s t o p p i n g '  d i s t a n c e  i s  somewha? l a r g e r  t h a n  t h e  v a r i a t i o n  i n  

t h e  e f f i c i e n c y  numeric .  I n  c a l c u l a t i n g  e f f i c i e n c y ,  t h e  measured 

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

i d e a l  s t o p p i n g  d i s t a n c e  of t h a t  same. r u n .  S i n 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  i s  c a l c u l a t e d  u s i n g  t h e  measured i n i t i a l  

v e l o c i t y  o f  t h e  r u n ,  t h e  method removes t h e  e f f e c t s  of  v a r i a -  

t i o n  i n  i n i t i a l  v e l o c i t y  from t h e  r e s u l t i n g  e f f i c i e n c y  numeric .  

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

from t h e  i n h e r e n t  v a r i a b i l i t y  of  t h e  b r a k i n g  p r o c e s s ,  p l u s  

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

exper i ence  i n d i c a t e d  t h a t  t h e  p e d a l  f o r c e  d e v i c e  'used i n  t h i s  

program was g e n e r a l l y  r e p e a t a b l e  t o  w i t h i n  t h e  n e a r e s t  pound, 

r u n  t o  r u n .  

4 . 4 . 3  VEHICLE TEST PROGRAM RESULTS: AIR-BRAKED 

VEHICLE. The r e s u l t s  of  t h e  b rak ing  e f f i c i e n c y  t e s t s  conducted 

on t h e  a i r - b r a k e d  v e h i c l e  a r e  g iven  i n  Table  4 . 8 .  The t a b l e  

c o n t a i n s  t h e  ave rage ,  t h e  maximum and minimum, and t h e  

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

b r a k i n g  e f f i c i e n c y  f o r  t e s t s  conducted a t  each  o f  t h e  s i x  t e s t  

c o n d i t i o n s  (as  were d e f i n e d  i n  Tab le  4 .2) .  
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TAR 1.1: 4 8 

A1 R BRAKli V l i l l  l CLli TIST RESULTS 

Initial t'cloci ty Stopping Distnncc Braking Efficiency 
(rt) ( 2 )  Impending 

Condition Maximum blnximum Maximum Wheel Lock 
Number .\lax. &n. Variation Avg. Max. Min. Vari ation Avg. Max. Min. Variation Front Middle Rear 

6 29. 7 3C1.0 L O .  5 0.5 183.3 193.0 173.0 20.0 30.5 32.5 29.5 3.0 X 

fVo valuc o l  40 1.1ther than 42.5 mph mistakenly c~~~ployed. 



Although t h e  ave rage  v a l u e  o f  maximum v a r i a t i o n  i n  

b r a k i n g  e f f i c i e n c y  i s  s e e n  t o  be lower f o r  t h e  a i r - b r a k e d  

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

no rmal i zed  l e v e l  o f  t h i s  measure i s  somewhat g r e a t e r  f o r  t h e  

air-bra,,ked v e h i c l e .  That  i s ,  t h e  a v e r a g e  normal i zed  b r a k i n g  

e f f i c i e n c y  v a r i a t i o n  (ANV) , as c a l c u l a t e d  by Equa t ion  ( 4 . 1 ) ,  

i s  7 . 2 %  f o r  t h e  p a s s e n g e r  c a r ,  b u t  i s  9 .2% f o r  t h e  t r u c k .  

Th i s  h i g h  v a r i a b i l i t y  i n  t h e  t r u c k  t e s t  r e s u l t s  i s  l i k e l y  t h e  

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

t e c h n i q u e .  As d i s c u s s e d  i n  S e c t i o n  3 . 4 . 2 ,  t h e  s e n s i t i v i t y  of  

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

t h e  p e d a l  s t o p  d e v i c e  was r e c o g n i z e d .  A p e d a l  s t o p  d e v i c e  

which c i rcumvented  t h i s  problem by n o t  r e q u i r i n g  con t inuous  

d r i v e r  f o o t  p r e s s u r e  th roughou t  t h e  s t o p  was developed d u r i n g  

t h i s  s t u d y ,  b u t  was n o t  employed by t e s t  d r i v e r  p e r s o n n e l  

because  o f  t h e i r  concern  ove r  i t s  n o n - t r a d i t i o n a l  c h a r a c t e r .  

C 

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

compounded by t h e  d r i v e r  v a r i a t i o n s  i n  a c t u a t i n g  a  c o n v e n t i o n a l  

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

r e p e a t a b i l i t y  from r u n  t o  r u n  was approx ima te ly  1 0 %  of  t h e  

nominal v a l u e  ( a s  r e f l e c t e d  by t h e  ANV o f  t h e  t r u c k  t e s t  d a t a ) .  

T e s t  

4 .4 .4  VEHICLE TEST PROGRAM RESULTS: BRAKING-IN-A-TURN 

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

conducted  on b o t h  t e s t  v e h i c l e s  a p p e a r s  i n  Tab le  4 . 9 .  
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Maximum e f f i c i e n c y  v a r i a t i o n  
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For  each t e s t  v e h i c l e  on each s u r f a c e ,  t h e  b rak ing - in -  

a - t u r n  e f f i c i e n c i e s  measured a r e  q u i t e  comparable w i th  t he  

s t r a i g h t - l i n e  braking e f f i c i e n c i e s  p resen ted  e a r l i e r .  Although 

t h e  l a t e r a l  load t r a n s f e r  r e s u l t i n g  from t h e  t u rn ing  maneuver 

would tend t o  decrease  e f f i c i e n c y ,  t h e  use  of t h e  ou t s ide -  

wheel-lock l i m i t  c r i t e r i o n  apparent ly  negates  t h i s  tendency. 



5 . 0  APPLICATION OF THE BRAKING EFFICIENCY 
TEST TECHNIQUE TO RULEMAKING 

The concept  developed i n  t h i s  s t u d y  i s  founded upon t h e  

argument t h a t  t h e  on ly  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  performance 

requi rement  which t h e  highway t r a f f i c  sys tem imposes upon i t s  
c o n s t i t u e n t  v e h i c l e s  concerns  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 ,  

one t o  a n o t h e r ;  t h e  t r a f f i c  s t r eam imposes 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  requi rement  ( a l though  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  

implementa t ion  o f  a  concept  d e r i v i n g  from t h i s  argument ,  a  

measure of  r e l a t i v e  c a p a b i l i t y  has  been d e f i n e d  by which a  

v e h i c l e ' s  performance - on any s u r f a c e  can be  mean ingfu l ly  

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  measure t o  b e  most 

worthy o f  co 'ns ide ra t ion  f o r  rulemaking.  I n  ' c o n t r a s t  t o  v a r i o u s  

fragmented approaches toward b r a k i n g  per formance  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  method p e r m i t s  a  homogeneous t r e a t m e n t  

of pavement f r i c t i o n  l e v e l .  Accord ing ly ,  t h e  method accoun t s  

f o r  a l l  p o s s i b l e  t e s t  s u r f a c e s  uniformly-suggest ing t h a t  t h e  

r e l a t i v e  performances of 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 one pavement a s  i t  i s  on any o t h e r .  

The homogeneity q u a l i t y  of t h e  method would,  o f  c o u r s e ,  

be f o i l e d  i f  one were t o  d i v i d e  t h e  f r i c t i o n  range  i n t o  d i s c r e t e ,  

n o n - a d j a c e n t  segments ,  f o r  pu rposes  of  l i m i t i n g  t h e  t e s t  regimes 

w i t h i n  which a  s t a n d a r d  might app ly .  Such a  s e c t i o n a l i z i n g  

approach has  a  t endency ,  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  compliance assessment  e f f o r t s  of  t h e  manufac tur ing  

community on t h e  measurement of  v e h i c l e  per formance  p r e c i s e l y  

a t  t h e  c o n d i t i o n s  of t h e  d e f i n e d  b o u n d a r i e s .  C u r r e n t l y ,  t h e  

two boundar i e s  d e f i n e d  i n  FbWSS 1 2 1 ,  a t  s k i d  numbers o f  30 

and 75, do s e r v e  t o  i d e n t i f y  h i g h  (above SN = 75) and low 

(below SN = 30) f r i c t i o n  r a n g e s ,  b u t  t h e r e  a r i s e s  a  n a t u r a l  

concern  on t h e  p a r t  of v e h i c l e  manufac tu re r s  f o r  a s s u r a n c e  of 



compliance on s u r f a c e s  e x h i b i t i n g  s k i d  numbers v e r y  n e a r  t h o s e  

v a l u e s .  A major  r e a s o n  f o r  t h i s  concern  d e r i v e s  from t h e  

i n a b i l i t y  t o  no rmal i ze  d a t a  t a k e n  on "non-boundary'condition" 

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 c o n c e n t r a t e s  upon t h e  per formance  o b t a i n e d  

under  narrow 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  performance s t a n d a r d ,  we advoca te  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 ,  

how eve^, t h a t  some bounds must b e  p l a c e d  upon t h i s  r ange  such  

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  can  b e  

d e f i n e d .  U n f o r t u n a t e l y ,  even t h e  d e f i n i t i o n  o f  upper  and lower 

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

o f  compliance a t  t h e  f r i c t i o n  b o u n d a r i e s ,  b u t  t h i s  s i t u a t i o n  - i s  s imply  unavo idab le .  

I t  would appear  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  upper  l i m i t  

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 rms  of  t h e  pnom c h a r a c t e r i -  

z a t i o n ,  cou ld  be  de te rmined  on t h e  b a s i s  of  a  highway pavement 

s u r v e y .  I n  such  an approach ,  an SFD-type machine would be 

employed t o  g a t h e r  pnom 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  highway pavements ( d r y ) .  The r e s u l t i n g  measurements 

would be used  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  upper  

boundary f o r  pnom. 

The d e f i n i t i o n  of  a  lower f r i c t i o n  l i m i t ,  a s  i s  presumably 

a c h i e v a b l e  i n  t h e  highway t r a f f i c  envi ronment ,  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 i t i o n  o f  t h e  

absence  o f  a  p e r t i n e n t  t e s t  technology f o r  i c e -  o r  snow- 

contaminated  s u r f a c e s .  Thus we would n o t  a d v o c a t e  a  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  such  a  su rvey  wou'ld i d e n t i f y  pnom v a l u e s  which a r e  

w e l l  below t h o s e  l e v e l s  which c o u l d  be  s p e c i f i e d  f o r  compliance 

t e s t i n g .  Accord ing ly ,  t h e  lower unom boundary f o r  a  r u l e  
might  b e  based  upon measurements t a k e n  on w e t ,  c o a t e d  pavements 

such  a s  a r e  commonly used  i n  v e h i c l e  t e s t  p r a c t i c e .  



Regardless  of t h e  l o c a t i o n  on t h e  born s c a l e  o f  t h e  upper  

and lower boundary c o n d i t i o n s ,  performance 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 pnom i s  w i t h i n  t h e  d e s c r i b e d  r a n g e .  Thus 

one could  e v a l u a t e  performance on whatever  s u r f a c e  pavement a s  

might b e  ava i lab le-a l though some a t t e n t i o n  shou ld  be g iven  t o  

s u r f a c e  p r o f i l e  i r r e g u l a r i t y .  C l e a r l y ,  t h e  number o f  t e s t s  

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

would be  i n  d i r e c t  r e l a t i o n  t o  t h e  v e h i c l e  development e n g i n e e r ' s  

a b i l i t y  t o  a n a l y t i c a l l y  i n t e r p o l a t e  performance between 

measurements. Spot  checking o f  a  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 t  on ly  two o r  t h r e e  pnom l e v e l s ,  f o r  example,  w i l l  b e  adequa te  

on ly  i f  t h e r e  e x i s t s  a  p e r f o r m a n c e - p r e d i c t i v e  model which p e r m i t s  

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

With r e g a r d  t o  t h e  s e t t i n g  o f  s p e c i f i c a t i o n s  of  b r a k i n g  
e f f i c i e n c y  performance l e v e l s ,  c e q t a i n  c o n s i a e r a t i o n s  shou ld  

be  addressed .  

F i r s t l y ,  t h e  i d e a l  s t o p p i n g  d i s t a n c e  computa t ion  h a s ,  by 

d e s i g n ,  exc luded a  number of  inf1uence.s  which,  i n  an a c t u a l  

v e h i c l e ,  t e n d  t o  degrade  minimum 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 .  

These i n f l u e n c e s ,  d i s c u s s e d  i n  S e c t i o n  3 . 2 ,  i n c l u d e d  such i t ems  

a s  b rake  system l a g  and t h e  i n a b i l i t y  of mechanica l  f r i c t i o n  
i 
I 

b r ake  systems t o  con t inuous ly  s u s t a i n  peak t i r e  s h e a r  f o r c e  

u t i l i z a t i o n .  Thus t h e  v e h i c l e  p o p u l a t i o n  w i l l ,  i n  g e n e r a l ,  

e x h i b i t  l i m i t  s t o p p i n g  d i s t a n c e s  which exceed t h e  i d e a l  a s  was 

shown i n  t h e  demons t ra t ion  t e s t i n g .  (The on ly  c o n c e i v a b l e  1 
e x c e p t i o n  t o  t h i s  might be  t h e  c a s e  of  a  v e h i c l e  w i t h  v e r y  h i g h  

t r a c t i o n  t i r e s ,  which v e h i c l e  cou ld  e f f e c t i v e l y  u t i l i z e  t h e  I 

1 high  peak s h e a r  f o r c e s  a v a i l a b l e  t o  acc rue  a  s h o r t e r  t h a n  " i d e a l "  

s t o p p i n g  d i s t a n c e . )  Aside from t h i s  remote concep tua l  p o s s i -  
I 

b i l i t y ,  t h e  performance c a p a b i l i t y  of v e h i c l e s  w i l l  be  s u f f i c i e n t l y  
1 

low t h a t  any r e a s o n a b l e  s p e c i f i c a t i o n  of  b rak ing  e f f i c i e n c y  w i l l  

i nvo lve  e f f i c i e n c y  v a l u e s  w e l l  below 1 0 0 % .  I 
S i n c e  t h e  e f f i c i e n c y  measure i s  based  upon a r e p r e s e n t a t i v e  

passenger  v e h i c l e  r e f e r e n c e ,  a  q u a n t i t a t i v e  gu ide  t o  s c a l i n g  
b rak ing  e f f i c i e n c y  s p e c i f i c a t i o n s  can e a s i l y  be  e s t a b l i s h e d  by 



measuring t h e  b rak ing  e f f i c i e n c i e s  o f  a  r e p r e s e n t a t i v e  sample 

of  passenger  c a r s  on a  s e l e c t i o n  of s u r f a c e  c o n d i t i o n s ,  Such 

d a t a  would n o t  only  e v a l u a t e  t h e  nominal p e r c e n t a g e  e f f i -  

c i e n c i e s  of modern passenger  c a r s ,  b u t  a l s o  i n d i c a t e  t h e  

e x t e n t  t o  which t h e  e f f i c i e n c y  l e v e l  of  such v e h i c l e s  v a r i e s  

over  t h e  s u r f a c e  f r i c t i o n  r ange .  Using t h e s e  d a t a  a s  a  

p r a c t i c a l  r e f e r e n c e ,  one could  then  e v a l u a t e  t h e  b rak ing  

e f f i c i e n c y  performances of  o t h e r  v e h i c l e  c l a s s e s  and de termine  

"allowances" a s  guided by whatever  c o s t / b e n e f i t  c o n s i d e r a t i o n s  

a s  a r e  e s s e n t i a l  t o  t h e  rulemaking p r o c e s s .  

I n  de termining  t h e  contour  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  a s  a  f u n c t i o n  of pnom, a cont inuous  form, a s  shown i n  

F igure  28 ,  would appear  t o  be h i g h l y  d e s i r a b l e ,  D i s c o n t i n u i t i e s  

i n  requi rement  s p e c i f i c a t i o n  a c r c s s  - t h e  f r i c - t i o n  range  would 

o f f e r  t h e  manufacturer  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  of  t h e  s p e c i f i e d  l e v e l s .  As shown i n  F igure  2 9 ,  a  

d i s c o n t i n u i t y  i n  E r e q u i r e d  a t  pnom = p1 w i l l  n o t  p r o v i d e  

r e l i e f  t o  t h e  v e h i c l e  development c h a l l e n g e  i n  t h e  regime of  

%om j u s t  below u l .  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 brake  systems o f f e r  no d i scon t inuous  

c h a r a c t e r i s t i c s  which could  be f i t t e d  t o  such a  s p e c i f i c a t i o n .  

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

a c t u a l  contour  of 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 o f  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 b e  

l e d  t o  cons ide r ing  a  non-cons tan t  e f f i c i e n c y  requi rement  on ly  

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"  over  t h e  f r i c t i o n  range  

("cost"  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  achieved  

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 hen  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  

requirement  i s  t h e  answer. 



Example Continuous Form 
(. . . "must be above this line 
to comply") 

I 1- Lower Bound 

I (to b e  established) 

"nom 
Nominal Friction Level 

I 
Upper Bound d 

(to be established)[ 

Figure 28. Example braking efficiency requirement showing desired 
continuous form as a function of som. 





A primary cons ide ra t i on  i n  t h e  s p e c i f i c a t i o n  of a  

braking e f f i c i e n c y  requirement invo lves  t h e  ex t en t  t o  which 

t h e  r e f e r ence  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 no t  r ep re sen t  t h e  average passenger  c a r  t i r e ' s  

performance. With regard 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 tudy  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 coated s u r f a c e s ,  a s  com- 

pared t o  "average" c a r  t i r e  performance. C l e a r l y ,  i f  t h i s  

t i r e  were t o  be used as  a  government-defined r e f e r ence  f o r  

braking 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 

the  d e s i r e d  ave rage - l i ke  performance would need t o  be f a c t o r e d  

i n t o  t h e  braking 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 equ i r ed  e f f i c i e n c y  l e v e l s  upwards i n  t hose  regimes 

'nom i n  which t h e  r e f e r ence  t i r e ' s  t r a c t i o n  i s  sub-average 

and, conversely ,  by a d j u s t i n g  reqpirements downwards f o r  t h a t  

p o r t i o n  of t h e  pnom range i n  which t he  r e f e r e n c e  t i r e  i s  above 

average i n  t r a c t i o n  c a p a b i l i t y .  



6 . 0  CONCLUSIONS AND RECOMMENDATIONS 

A braking performance c h a r a c t e r i z a t i o n  has been developed 

by which t h e  i n f luence  of pavement f r i c t i o n  becomes normalized 

t o  render  a  measure which i s  argued 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 .  Conclusions a r e  p r e sen t ed  he re  which 

address  t h e  q u a l i t y  of t h i s  measure as  i t  may be a p p l i c a b l e  

i n  a  s t anda rd  p r a c t i c e  con tex t .  

6 . 1  CONCLUSIONS 

1. The braking e f f i c i e n c y  technique p re sen t ed  h e r e  

i s  capable i n  concept (and, as  has been p a r t i a l l y  

demonstrated,  i n  p r a c t i c e )  of accounting 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 l i m i t  a  

v e h i c l e ' s  braking performance on any paved s u r f a c e .  

2 .  The developed concept i s  such t h a t  i t  i s  compre- 

hens ive ly  app l i cab l e  t o  veh i c l e s  opera ted  i n  t h e  

United S t a t e s ,  bu t  i t  i s  no t  i n t e r n a t i o n a l  i n  form 

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 t f  

passenger  v e h i c l e  i s  of markedly d i f f e r e n t  s i z e  and 

weight d i s t r i b u t i o n  from one country  t o  t h e  n e x t ,  

wi th  t h e  mean U.S. v e h i c l e  probably depa r t i ng  most 

no tab ly  from i n t e r n a t i o n a l  mean values  of t h e  

p e r t i n e n t  parameters .  

3 .  The braking 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 topp ing  d i s t a n c e  performance i s  eva lua ted  

through an open-loop t e s t  procedure which 

i s  cons t r a ined  through o b j e c t i v e  d e s c r i p t i o n s  

of i n i t i a l  v e l o c i t y ,  wheel lockup,  peda l  

a p p l i c a t i o n ,  and d i s t a n c e  measurement, and 



b) t h e  normal i z ing  numeric i s  d e r i v e d  through 

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

demons t ra t ion  t e s t i n g  showed t h e  method t o  be q u i t e  

r e p e a t a b l e  on t h e  s h o r t  term.  Long term r e p e a t -  

a b i l i t y  of  b rak ing  e f f i c i e n c y  measures ,  i t  might b e  

a rgued ,  depends 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  temporal  c o n s i s t e n c y  of 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 .  I t  would appear  t h a t  whatever  

v e h i c l e  and pavement c h a r a c t e r i s t i c s  as  might change 

from day t o  day o r  month t o  month would be  adequa te ly  

accounted  f o r  by t h e  complementary measures of  

v e h i c l e  and pavement a s  make up t h e  b r a k i n g  e f f i c i e n c y  

method. 

5.  The t e s t  burden  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 ency  t echn ique  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  measure-  

ments a r e  made on ly  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 

might  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  burden .  

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  accompani- 

ment of  s t o p p i n g  d i s t a n c e  measurements w i t h  SFD 

measurements would on ly  be  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 .  Indeed,  i f  t h a t  were t h e  

c a s e ,  t h e n  it  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 ,  whether  s k i d  numbers a s  r e q u i r e d  
i n  FMVSS 1 0 5 - 7 5  and 1 2 1  o r  SFD measurements a s  i n  

t h e  b rak ing  e f f i c i e n c y  method, would be  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 hardware 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  has  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  comparable  

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 machine would b e  comparable ,  

i n  p r o d u c t i o n ,  t o  t h e  c o s t  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 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  

sys tem)  . 
8. The p r o c e s s i n g  o f  SFD d a t a ,  and t h e  subsequen t  

computa t ion  of  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  

burden .  . While t h e  c o m ~ u t e r i , z e d  de . te rminat ion  

o f  t h e  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 e r  c o s t s  a  

t r i v i a l  amount ($ .  50 t o  $1.00 f o r  one s u r f a c e  

c o n d i t i o n ) ,  t h e  manual t a s k  employed i n  r e d u c i n g  

t i r e  t r a c t i o n  d a t a  i n v o l v e s  a  3 -  t o  4-hour  e f f o r t  

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

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

would p r a c t i c a l l y  e l i m i n a t e  t h e  manual t a s k .  

6.2 RECOMMENDATIONS 

On t h e  b a s i s  o f  t h e  developments  which have 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 :  

1, A program of  b r a k i n g  e f f i c i e n c y  measurements 

shou ld  be conducted t o  e n l i g h t e n  whatever  
rulemaking c o n s i d e r a t i o n s  a s  might  ensue  from 

t h i s  s t u d y .  There i s  a  need t o :  



a )  E s t a b l i s h  t h e  performance c a p a b i l i t i e s  of  

contemporary passenger  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 ency  numeric.  This  s c a l e  w i l l  show b o t h  

t h e  nominal pe rcen tage  u t i l i z a t i o n  o f  modern 

passenger  c a r s  a s  w e l l  a s  t h e  manner i n  which 

t h a t  . u t i l i z a t i o n  i s  d i s t r i b u t e d  over  t h e  

f r i c t i o n  range .  

b )  E s t a b l i s h  t h e  performance c a p a b i l i t i e s  of 

commercial v e h i c l e s  which a r e  conf igured  

w i t h  t h e  upgraded b rak ing  s y s  tems r e q u i r e d  

by FMVSS 1 2 1 .  These d a t a  should  pe rmi t  an 

assessment  of t h e  e x t e n t  t o  which t h e  b rak ing  

e f f i c i e n c y  performance s p r e a d  between cars 
and t r u c k s  v a r i e s  over  t h e  f r i c t i o n  range. '  

Thus, c o n s i d e r a t i o n s  of t h e  need f o r . s p e c i a 1  

c a r -  and t r u c k - a p p l i c a b l e  requi rements  can 

be  e n t e r t a i n e d  w i t h  an informed view toward 

t h e  consequences of  such s p e c i f i c i t y ,  i n  terms 

of t h e  s p r e a d  i n  b rak ing  performance which 

would p r e v a i l  i n  t h e  v e h i c l e  p o p u l a t i o n .  

A survey  of peak t r a c t i o n  measurements shou ld  be 

conducted over  a  s u b s t a n t i a l  sample of  highways t o  

pe rmi t  d e f i n i t i o n  o f  a  r easonab le  upper  bound, f o r  

t h e  range  of t h e  v a r i a b l e  pnom, over  which a  b rak ing  

e f f i c i e n c y  t echn ique  would app ly .  The measurements,  

c l e a r l y ,  should  b e  conducted on dry pavements and 

should  i n c l u d e  t h o s e  pavements r e p r e s e n t i n g  t h e  more 

ag 'gress ive  t e x t u r e s  which a r e  i n  common highway 

usage .  

3 .  Measurements of  t h e  s h e a r  f o r c e  p o t e n t i a l  of a  

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

t h e  ASTM t i r e  t o  de termine  t h e  s h o r t -  and long- t e rm 



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 de termine  

peak t r a c t i o n  performance.  With t h e s e  d a t a ,  an 

e s t i m a t e  can b e  made of  t h e  f requency of  SFD 

measurements as  might be  necessa ry  t o  a s s u r e  v a l i d  

c h a r a c t e r i z a t i o n  o f  a  g iven  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 rak ing  e f f i c i e n c y  t e s t  

f a c i l i t y .  Should t h e s e  measurements i n d i c a t e  sub-  

s t a n t i a l  s h o r t - t e r m  v a r i a b i l i t y  i n  peak t r a c t i o n  

p o t e n t i a l ,  a  h igh  l e v e l  of SFD t e s t  burden would 

b e  impl i ed .  Of c o u r s e ,  i f  such v a r i a b i l i t y  i s  

e s t a b l i s h e d ,  one might argue t h a t  only  by a  

normal iz ing  b rak ing  performance measure can a  

meaningful c h a r a c t e r i z a t i o n  be made. 

.4. I n  f u r t h e r  re f inement  of t h e , b r a k i n g  e f f i c i e n c y  

method, work should  be  done t o  examine t h e  i n f l u e n c e  

of  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 normalized l o n g i t u d i n a l  f o r c e  

t o  de termine:  

a )  t h e  e x t e n t  t o  which t h e  de layed  spin-down - 

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

measurement of  a  r e p r e s e n t a t i v e  peak 

t r a c t i o n  performance,  and 

b) 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 ,  could  be 

a c c e p t a b l e  f o r  use  i n  t h e  g a t h e r i n g  of  

t r a c t i o n  d a t a  f o r  b rak ing  e f f i c i e n c y  

n o r m a l i z a t i o n .  

5 .  F u r t h e r  p r o g r e s s  should  be made i n  t h e  development 

of  a  p a s s i v e  pedal  f o r c e  c o n t r o l  e lement .  While 

au tomat ic  brake  a c t u a t i o n  machines p rov ide  an 

admi t t ed ly  h igh  q u a l i t y  open-loop b rak ing  i n p u t ,  

i t  i s  c l e a r  t h a t  a  p a s s i v e  dev ice  i s  f e a s i b l e  and 

s u r e l y  could  be provided  a t  s u b s t a n t i a l l y  l e s s  c o s t .  



6.  The q u a l i f i c a t i o n s  of t he  r e f e r ence  t i r e  should 

be eva lua ted  through a  program of t i r e  d a t a  

a c q u i s i t i o n .  Upon determining t h e  t r a c t i o n  

p r o p e r t i e s  of  a  mean passenger  c a r  t i r e  over  a  

wide range of f r i c t i o n ,  t h e  a c c e p t a b i l i t y  o f  

t h e  ASTM t i r e  f o r  use  i n  t h e  braking e f f i c i e n c y  

technique can be eva lua ted .  



APPENDIX A 

LITERATURE SURVEY 

This literature survey was conducted in fulfillment of 

Task I of the Braking Efficiency Test Technique study. In 

conducting this survey, one paper ( 2 ) "  was found to be a 

primary source in terms of its direct and immediate background 

to the present project. Consequently, much of this report 

is devoted to illuminating and expanding certain points raised 

by this paper, and hence, the presentation of the literature 

survey begins with a detailed synopsis of it. The remaining 

portion of the literature survey is organized as follows: 

(1) Velocity and load sensitivity of the peak 
longitudinal friction coefficient. 

(2) Human pedal force and pedal displacement 

rate potential. 

(3) Standard tire representing the mean U.S. tire 
population in peak longitudinal friction 

coefficient over a variety of surfaces, both 

wet and dry. 

(4) Theoretical and experimental braking performance 
measures. 

(5) Brake proportioning. 

- 

*Numbers in parentheses refer to references listed at the 
end of this Appendix. 



R. W. Murphy, "A Procedure f o r  Eva lua t ing  Veh ic l e  
Brakine Performance" 

'The purpose  of  Murphy's work was " t o  develop v i a b l e  and 

r e a l i s t i c  procedures  f o r  de termining  t h e  b r a k i n g  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 t ems ,  and t o  

de termine  by means of t h e s e  procedures  b rak 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 w i t h  p r o d u c t i o n  

and/or  developmental  four-wheel  a n t i l o c k  systems."  

Braking e f f i c i e n c y  has  p r e v i o u s l y  been d e f i n e d  a s :  

where 

Kx 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 2 ,  which a  v e h i c l e  can ach ieve  wi thou t  

wheel lockup 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 f t / s e c  2 

p 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 .  

However, t h i s  formula assumes t h a t  p i s  c o n s t a n t  through-  

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

assumption i s  approximately c o r r e c t ,  b u t  f o r  wet o r  s l i p p e r y  

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

and t i r e  l o a d i n g .  Hence, f o r  h i s  pu rposes ,  Murphy d e f i n e d  

b rak ing  e f f i c i e n c y  a s :  

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  of  t h e  v e h i c l e  

which would acc rue  i f  t h e  b r a k i n g  e f f o r t  were 

t o  be modulated t o  o b t a i n  t h e  maximum t i r e - r o a d  

f r i c t i o n  f o r c e  throughout  t h e  s t o p .  [ L i s t e r  

determined t h a t  maximum brak ing  f o r c e  occur s  a t  

approximately 15% l o n g i t u d i n a l  s l i p  ( 3 ) . ]  

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  based  on 

exper iment .  

An exper imenta l  program was conducted t o  de te rmine  

s t o p p i n g  d i s t a n c e s  f o r  two c a r s  (a  1971 Chrys le r  Imper i a l  

equipped w i t h  "Sure-Brake,"  a  four-wheel  a n t i l o c k  system 

developed j o i n t l y  by Chrys le r  and Bendix ( 4 ) ;  and a  1 9 7 1  

Buick R i v i e r a  equipped w i t h  an exper imenta l  fou r -whee l  a n t i -  

l o c k  system developed by General  Motors) a t  a  r ange  of i n i t i a l  

v e l o c i t i e s  and l o a d i n g s .  The t e s t s  were run  on bo th  dry  

a s p h a l t  and wet j e n n i t e .  

I n  t h e  s t o p p i n g  d i s t a n c e  t e s t s  t h e  b rake  p e d a l  was a p p l i e d  

a u t o m a t i c a l l y  ( i n s u r i n g  open-loop i n p u t s  and t h e r e b y  e l i m i n a t i n g  

t h e  e f f e c t s  of  d r i v e r  s k i l l )  a t  a  peda l  a p p l i c a t i o n  r a t e  of 

30 i n / s e c .  Dr ive r  c o n t r o l  was l i m i t e d  t o  s t e e r i n g  i n p u t s  w i t h  

t h e  goal  of ma in ta in ing  t h e  v e h i c l e  w i t h i n  a  1 2 - f o o t  l a n e .  

Stopping d i s t a n c e  was measured by an e l e c t r o n i c  coun te 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 a  f i f t h  wheel .  The 

measurement was i n i t i a t e d  a t  t h e  i n s t a n t  of p e d a l  a c t u a t i o n ,  

The HSRI Yobile  T i r e  T e s t e r  was used t o  de termine  t h e  p - s l i p  

c h a r a c t e r i s t i c s  of t h e  t i r e s  used i n  t h e  s t o p p i n g  t e s t s .  Use 

of t h i s  d e v i c e  al lowed d e t e r m i n a t i o n  of peak l o n g i t u d i n a l  

f r i c t i o n  c o e f f i c i e n t s  a t  v a r i o u s  loads  and v e l o c i t i e s  f o r  use  

i n  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 .  
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f r i c t i o n  a v a i l a b l e  a t  t h e  t i r e s ) ,  b u t  a  measure o f  t h e  t i r e s t  

l o n g i t u d i n a l  t r a c t i v e  q u a l i t i e s  i s  a l s o  needed.  To f u l f i l l  

t h i s  r equ i remen t ,  t h e  f r i c t i o n  performance of  t h e  v e h i c l e  t e s t  

t i r e s  was r a t e d  a g a i n s t  t h e  performance o f  a  s t a n d a r d  t i r e .  

(The s t a n d a r d  t i r e  used f o r  t h e s e  t e s t s  was an 8.45-15 T r a c t i o n  

T e s t  S tandard  manufactured by t h e  General  T i r e  Company.) The 

s t a n d a r d  t i r e  was t e s t e d  f o r  px a t  v a r i o u s  speeds  ( f i x e d  load)  
P 

and i n s e r t e d  i n  t h e  equa t ion  f o r  D i e  A performance measure,  

t h e  t i r e  f a c t o r ,  was t h e n  d e f i n e d  a s :  

D, ( s t d )  
I T i r e  F a c t o r :  F = 
Di 

where Di ( s t d )  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  u s i n g  t h e  
J. 

s t a n d a r d  t i r e  and Di i s  t h e  idea? s t o p p i n g  d i s t a n c e  u s i n g  t h e  

t e s t  t i r e .  A second performance measure,  t h e  b r a k e  sys tem 

r a t i n g ,  was d e f i n e d  as : 

Brake System Ra t ing :  R = EF (A- 6 )  

where E i s  t h e  b rak ing  e f f i c i e n c y  of t h e  v e h i c l e  and F i s  t h e  

t i r e  f a c t o r .  This  r a t i n g  ccmpares t h e  a c t u a l  b r a k e  sys tem 

performance t o  t h a t  which could  b e  ach ieved  u s i n g  t h e  

s t a n d a r d  t i r e .  

A f i n a l  performance measure was d e f i n e d :  

Wet t o  Dry Performance Ra t ing :  

Di (wet) 

Da (we t 

FpvT 

This measure g i v e s  an i n d i c a t i o n  of  t h e  a c t u a l  v e h i c l e ' s  dry 

b rak ing  performance compared t o  i t s  w e t - b r a k i n g  performance 



normal ized  by t h e  d r y  t o  wet per formance  o f  t h e  v e h i c l e  w i t h  

t h e  s t a n d a r d  t i r e s .  

Murphy reached t h e  f o l l o w i n g  c o n c l u s i o n s :  

1. A n t i l o c k  systems improve t h e  minimum 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  c a r s .  

2 .  The t e s t  p rocedure  developed i n  t h i s  s t u d y  i s  
a v i a b l e  means o f  q u a n t i f y i n g  a  v e h i c l e ' s  

b r a k i n g  per formance .  

LOAD AND SENSITIVITY OF PEAK LONGITUDINAL FRICTION COEFFICIENT 

A number o f  i n v e s t i g a t o r s  have s t u d i e d  t h e  e f f e c t  o f  a  

t i r e ' s  v e l o c i t y  on t h e  peak b r a k i n g  c o e f f i c i e n t  o b t a i n a b l e .  

As a  r u l e ,  t h e  peak l o n g i t u d i n a l  f r i c t i o n  c o e f f i c i e n t  d e c r e a s e s  
C 

w i t h  i n c r e a s i n g  speed  f o r  a l l  road  surfaces---wet  o r  d r y  

( 2 ,  5-11) .  

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

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

r e v e a l e d  t h a t  d a t a  i s  l a c k i n g  i n  t h i s  a r e a .  Murphy i n c l u d e d  

l i m i t e d  d a t a  on l o a d i n g  i n  h i s  p a p e r  ( Z ) ,  b u t  t h e  range  was 

r e s t r i c t e d  t o  1450-1600 l b .  

PEDAL FORCE 

I n  t h e  s t o p p i n g  d i s t a n c e  exper iments  proposed  i n  t h i s  

p r o j e c t ,  i t  was d e s i r e d  t o  i n p u t  t h e  b r a k i n g  c o n t r o l  i n  an 

open- loop manner t o  i n s u r e  t h a t  t h e  r e s u l t s  be  independent  o f  

d r i v e r  s k i l l .  None the le s s ,  a p p r o p r i a t e  pa ramete r s  f o r  t h i s  

open- loop p e d a l  a p p l i c a t i o n  p rocedure  must be  e s t a b l i s h e d .  

Hence, t h e  l i t e r a t u r e  was s e a r c h e d  t o  de te rmine  a  f o o t  p e d a l  

f o r c e  and/or  p e d a l  d i sp lacemen t  r a t e  t h a t  would b e  r e p r e s e n t a t i v e  

o f  a  human i n  an emergency s t o p .  



I n  an experiment  us ing  105 women employees a t  t h e  

Na t iona l  Bureau of S t a n d a r d s ,  50% could  n o t  ach ieve  a  s u s t a i n e d  

b rake  p e d a l  f o r c e  of  200 lb-the v a l u e  cons ide red  a c c e p t a b l e  

under a  1970 Federa l  Motor Veh ic l e  S a f e t y  S tandard  (12) .  

The maximum p e d a l  f o r c e  a d r i v e r  can e x e r t  i s  a  non- 

l i n e a r  f u n c t i o n  of  t h e  d r i v e r ' s  h i p  j o i n t  a n g l e  and knee a n g l e  

(13) .  Aoki found t h a t  80% of t h e  male d r i v e r s  he  t e s t e d  cou ld  

r each  a  p e d a l  f o r c e  of 150. l b ,  however, on ly  w i t h  "enormous 

e E f o r t , "  He recommended t h a t  t h e  maximum brake  p e d a l  f o r c e  

on a  passenger  c a r  should  be 44  l b .  I n  a  l a t e r  s t u d y ,  u s i n g  

a  d r i v e r  s i m u l a t o r ,  Aoki de termined t h a t  from a  c o n t r o l  s t a n d -  

p o i n t  4 4  Ib was t h e  optimum brake  p e d a l  f o r c e  f o r  a c t u a l l y  

s topp ing  a  v e h i c l e  (14 ) .  

- The f o o t  f o r c e  c a p a b i l i t y  of peop le  i n  b rak ing  was s t u d i e d  

a s  a  f u n c t i o n  of age ,  s e x ,  and weight  u n d e r ' b o t h  s t a n d a r d  and 
, 

induced m o t i v a t i o n  (15) .  ( I t  was determined from minimum 

s t o p p i n g  d i s t a n c e  t e s t s  t h a t  maximum peda l  d isp lacement  had 

only a  s l i g h t  e f f e c t  on t h e  s t o p p i n g  d i s t a n c e s  a t t a i n e d . )  The 

p e d a l  f o r c e  t h a t  could  be  a t t a i n e d  by a t  l e a s t  5 %  of t h e  

p o p u l a t i o n  was : 

Standard   lotiva vat ion Induced 3 lo t iva t ion  

Females 70 l b  100 l b  

Males 140 l b  185 l b  

I t  was concluded , t h a t  an i n t e r m e d i a t e  p e d a l  f o r c e  l e v e l  

between t h o s e  measured under "s tandard"  and "induced" mot iva-  

t i o n  would be a r e a s o n a b l e  maximum f o r c e  t h a t  d r i v e r s  shou ld  

be  expected  t o  e x e r t  i n  a t t a i n i n g  l i m i t  v e h i c l e  d e c e l e r a t i o n s .  

Hence, i t  was sugges ted  t h a t  85 l b  be g iven  a s  t h e  maximum 

brake  p e d a l  e f f o r t  necessa ry  t o  r each  a  v e h i c l e  d e c e l e r a t i o n  

o f  .75g. 



A s i m i l a r  s t u d y  (16) showed t h e  maximum f o o t  p e d a l  

f o r c e  f o r  t h e  f i f t h  p e r c e n t i l e  female r a n g i n g  up t o  120 l b ,  

depending on t e s t  c o n d i t i o n s .  For t h e  f i f t h  p e r c e n t i l e  male 

t h e  range  was 120 t o  190 l b .  

PEDAL DISPLACEMENT RATE 

A b r a k e  p e d a l  d i sp lacemen t  r a t e  o f  30 i n / s e c  was used i n  

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

(Z), a l though  i n f o r m a l  t e s t s  conducted  a t  HSRI have shown t h a t  

two male s u b j e c t s  cou ld  app ly  t h e  b r a k e  p e d a l  a t  r a t e s  o f  

150 t o  180 i n / s e c .  

The maximum p e d a l  d i sp lacemen t  des igned  i n t o  t h e  b r a k e  

p e d a l  was shown t o  have on ly  a s l i g h t  e f f e c t  on t h e  ave rage  

v e h i c l e  d e c e l e r a t i o n  a c h i e v a b l e  (15). . 

STANDARD TIRE 

Data a v a i l a b l e  i n  t h e  l i t e r a t u r e  was su rveyed  i n  an 

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

r e f e r e n c e .  

As i n d i c a t e d  by a  d r a f t  o f  "Standard  S p e c i f i c a t i o n  f o r  

T r a c t i o n  T e s t  Con t ro l  T i r e s "  ( u n p u b l i s h e d ) ,  an SAE s t a n d a r d  

t i r e  was a t  one t ime c o n s i d e r e d  by t h e  SAE T e s t  P rocedures  

Subcommittee ( s i n c e  d i s b a n d e d ) .  C o n s t r u c t i o n  s p e c i f i c a t i o n s  

were g i v e n ,  b u t  no performance t e s t s  were shown. However, i n  

a s t u d y  on t h e  t r a c t i v e  q u a l i t i e s  of  t i r e s  i n  s k i d d i n g  (17) 

an SAE c o n t r o l  t i r e  was used .  The d a t a  p r e s e n t e d  i n  t h e  s t u d y  

showed t h a t  t h e  wet f r i c t i o n  c o e f f i c i e n t  f o r  t h e  c o n t r o l  t i r e  

was s i g n i f i c a n t l y  below t h e  mean c o e f f i c i e n t  f o r  t h e  t i r e s  

t e s t e d .  

A second s t a n d a r d  t i r e  was developed and manufac tured  by 

Genera l  T i r e  (18 ) .  Th i s  t i r e  was i n t e n d e d  a s  a  s t a n d a r d  s k i d  



t e s t  t i r e  t o  be  used t o  c o r r e l a t e  road  s u r f a c e  f r i c t i o n  

measurements. D e t a i l e d  s p e c i f i c a t i o n s  f o r  t h e  t i r e ' s  

c o n s t r u c t i o n  were g iven .  A l so ,  t h e  t i r e ' s  r a d i a l  d e f l e c t i o n  

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

p r e s s u r e s .  , However, no d a t a  was g iven  t o  de te rmine  t h e  t i r e ' s  

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

The t h i r d  t i r e  cons ide red  was t h e  ASTM s t a n d a r d  t i r e .  I n  

a  l a r g e  s c a l e  s y s t e m a t i c  t i r e  t e s t i n g  program, 86 t i r e s  ( 2  
each  of 4 3  d i f f e r e n t  types  r e p r e s e n t i n g  90% of  t h e  O . E .  

p o p u l a t i o n )  were measured f o r  l o n g i t u d i n a l  and l a t e r a l  t r a c t i o n  

c a p a b i l i t y  on t h r e e  d i f f e r e n t  w e t t e d  s u r f a c e s  u s i n g  t h e  HSRI 

Mobile T i r e  T e s t e r  (19 ) .  Four of  t h e  t i r e s  t e s t e d  were ASTJI: 

s t a n d a r d  t i r e s .  The px v a l u e s  of t h e s e  t i r e s  were v e r y  c l o s e  
P 

t o  t h e  mean of  a l l  t h e  t i r e s  on t h e  wet a s p h a l t  and wet  

c o n c r e t e  s u r f a c e s ,  b u t  they  were c o n s i d e r a b l y  below t h e  mean 

on wet j e n n i t e .  

I n  a n o t h e r  s t u d y  ( 2 0 )  i n  which 11 t i r e s  ( r e p r e s e n t i n g  a l l  

f i v e  major t i r e  manufac tu re r s )  were s t u d i e d  i n  dry t r a c t i o n ,  

i t  was found t h a t  t h e  average  t i r e  i n  t h e  sample v a r i e d  s i g n i -  

f i c a n t l y  i n  ux depending on t h e  s u r f a c e  ( a s p h a l t  o r  c o n c r e t e )  
P 

used .  On t h e  b t h e r  hand,  t h e  ASTM t i r e  i n  t h e  sample showed 

no s i g n i f i c a n t  v a r i a t i o n  i n  px on t h e s e  two s u r f a c e s .  F u r t h e r ,  
P 

t h e  asymmetry of t h e  average  sample t i r e  i n  terms of  peak 

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

f i c a n t l y  over  t h e  two s u r f a c e s ,  whereas ,  a g a i n ,  t h e  ASTM t i r e  

showed no s i g n i f c a n t  v a r i a t i o n  i n  i t s  asymmetry c h a r a c t e r i s t i c s .  

A f o u r t h  t i r e  cons ide red  was t h e  Goodyear Po lyg las  Power 

Cushion. I n  a  s t u d y  u s i n g  t h e  IISRI Hobi le  T i r e  T e s t e r ,  11 

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

(both  wet and d ry )  t o  b u i l d  a  t r a c t i o n  d a t a  b a s e  f o r  u s e  i n  

t i r e  model v a l i d a t i o n  work (21) .  T i r e s  were s e l e c t e d  f o r  

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



T A B L E  A .  1 

PEAK LONGITUDINAL F R I C T I O N  C O E F F I C I E N T  AND COMPARISON O F  
GOODYEAR POLYGLAS POWER C U S H I O N  T I R E  W I T H  T E N  OTHER T I R E S  

Surface - W e t  A s p h a l t  
V e l o c i t v  I rn~h)  2 0  40 5 5  

W e t  C o n c r e t e  
3l l  n n  K C  

D r y  A s p h a l t  D r y  C o n c r e t e  
7n d n  213 40 

G o o d y e a r  Po ly -  
g l a s  P o w e r  
C u s h i o n  . 8 3 2  - 6 5 4  . 6 9 1  . 4 8 6  . 4 7 3  . 3 6 4  1 . 1 2 6  1 . 0 2 8  . 9 9 4  . 8 9 4  

Avg. of  A l l  
T i r e s  

M a x .  o f  A l l  
T i r e s  

- M i n .  of A l l  
T i r e s  

w 
0 

No. of  T i r e s  
With C o e f .  
H i g h e r  T h a n  
G o o d y e a r  T i r e  4  2  3 

N o .  o f  T i r e s  
With C o e f .  
L o w e r  Than 
G o o d y e a r  T i r e  6 8  7 



of  t h e  two t i r e  v a r i a b l e s  ( ca rca s s  c o n s t r u c t i o n  and meridian 

p r o f i l e )  could be i s o l a t e d .  As shown i n  Table A - 1 ,  t h e  

Polyglas  t i r e  exh ib i t ed  t h e  most r e p r e s e n t a t i v e  ux of t h e  

t i r e  t e s t e d ,  P  

I n  a  s tudy prev ious ly  c i t e d ,  (19) ,  t h e  Polyglas  t i r e  a l s o  

appeared.  I t s  u x  c h a r a c t e r i s t i c s  along wi th  t h e  means of 
P 

t he  sample t i r e s  f o r  t h e  t h r e e  s u r f a c e s  a r e  given i n  Table A - 2 .  

TABLE A - 2  

J enn i  t e  Concrete Asphalt  

Polyglas  Flean Polyglas  Mean Polyglas  Mean 

. 3 7  .. 3 2 . 69  C . 6 2  . -5 7 . 5 7  

Refer r ing  t o  t h e  a c t u a l  d i s t r i b u t i o n  of t h e  number of t i r e s  

versus  t r a c t i o n  c o e f f i c i e n t  increment ,  t h e  Polyglas  t i r e  was 

seen t o  be moderately r e p r e s e n t a t i v e  of t h e  mean (see  

Figure A . 1 .  
- .  

BRAKING PERFORMANCE MEASURES 

Experimental 

The e f f e c t i v e n e s s  of a v e h i c l e  Is brakes  may be  determined 

by measuring t h e  maximum d e c e l e r a t i o n  c a p a b i l i t y  of t h e  

v e h i c l e  on a  p a r t i c u l a r  s u r f a c e .  This can be done us ing e i t h e r  

of  two approaches : 

(1) D i r ec t l y  by measuring t h e  a c t u a l  d e c e l e r a t i o n  

during braking.  

( 2 )  I n d i r e c t l y  by measuring t h e  i n i t i a l  v e l o c i t y  and 

t h e  s topping  d i s t a n c e .  [Using t h i s  approach,  

braking systems of 1972 passenger  c a r s  and motor- 

cyc les  were eva lua ted  by t h e  DOT based on d a t a '  

fu rn i shed  by v e h i c l e  manufacturers ( 2 2 ) . ]  
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Three methods have been used  t o  measure s t o p p i n g  d i s t a n c e  

e x p e r i m e n t a l l y :  

(1). I n t e g r a t i o n  o f  a  f i f t h  wheel v e l o c i t y  s i g n a l  ( 2 3 ) .  

(2)  A r e v o l u t i o n  c o u n t e r  a t t a c h e d  t o  t h e  f i f t h  wheel 

( 2 ,  24) .  

(3) D i r e c t  d i s t a n c e  measurement employing an 

e x p l o s i v e l y  f i r e d  c h a l k  p e l l e t  t o  mark t h e  p o i n t  

o f  b r a k e  a c t u a t i o n  ( 2 5 ) .  I n  t h i s  method, accoun t  

must be  t a k e n  of t h e  t ime  l a g  f o r  t h e  c h a l k  

p e l l e t  t o  h i t  t h e  ground.  

To measure t h e  i n s t a n t a n e o u s  v a l u e  o f  t h e  v e h i c l e ' s  

d e c e l e r a t i o n ,  two methods have been employed: 

(1) D i f f e r e n t i a t i n g  t h e  v e l o c i t y ' o f  t h e  f i f t h  wheel 

(2) Using a  dece le romete r  (24,  2 6 ) .  

The mean d e c e l e r a t i o n  o f  t h e  v e h i c l e  was measured d i r e c t l y  

by L i s t e r  and Sweet land (27) u s i n g  an i n s t r u m e n t  of  t h e i r  own 

d e s i g n  which was c a r r i e d  by t h e  v e h i c l e .  

An a l t e r n a t i v e  t o  a c t u a l  road  t e s t i n g  employs a  s t a t i o n a r y  

dy~amomete r  . There a r e  two main t y p e s .  

(1) The v e h i c l e  i s  anchored ,  and t h e  b raked  wheels  a r e  

d r i v e n  by r o l l e r s .  

(2) The v e h i c l e  i s  d r i v e n  o n t o  a  p l a t f o r m  and b raked  

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

each wheel on t h e  p l a t f o r m .  

The SAE has  d e v i s e d  t e s t  p rocedures  (28) and per formance  

r equ i remen t s  f o r  b r a k i n g  sys tem based  on d e c e l e r a t i o n  l e v e l s  

and s t o p p i n g  d i s t a n c e s  (28) . 
Recent government s t a n d a r d s  have been d e v i s e d  t h a t  s e t  

more demanding performance l e v e l s  t h a n  t h e  SAE r e g u l a t i o n s  

(29,  3 0 ) .  



Exper imenta l  and T h e o r e t i c a l  Trea tments  o f  Braking 
E f f e c t i v e n e s s  and Braking E f f i c i e n c y  

The f o l l o w i n g  s t u d y  i s  c i t e d  i n  some d e t a i l  s i n c e  t h e  

e x p e r i m e n t a t i o n  and computer modeling r e p o r t e d  a r e  d i r e c t l y  

a p p l i c a b l e  t o  t h e  p r e s e n t  p r o j e c t .  The r e s e a r c h  was r e p o r t e d  

i n  two documents (31,  32 ) .  

The s t u d y  was conducted i n  o r d e r  t o  de te rmine  t h e  b r a k i n g  

performance c a p a b i l i t i e s  of  b u s e s ,  t r u c k s  and t r a c t o r - t r a i l e r s  

equipped w i t h  s t a n d a r d  b r a k i n g  sys t ems .  Hence, t h r e e  i n t e g r a l  

t r u c k s ,  t h r e e  b u s e s ,  and ' f o u r  t r a c t o r -  t r a i l e r  combinat ions  
were s u b j e c t e d  t o  a  number o f  b r a k e  per formance  t e s t s .  To 

de te rmine  t h e  improvement i n  b r a k i n g  per formance ,  i f  any ,  

a t t r i b u t e d  t o  advanced b r a k i n g  sys t ems ,  t h r e e  add i t . i ona1  

v e h i c l e s  were t e s t e d :  

(1) An i n t e g r a l  t r u c k  equipped w i t h  d i s c  b r a k e s  and 

a  f u l l  power h y d r a u l i c  b r a k e  a c t u a t i o n  sys t em.  

(2) A t r a c t o r - t r a i l e r  equipped w i t h  p r o p o r t i o n i n g  

v a l v e s ,  an a d a p t i v e  b r a k i n g  sys t em,  and a  t r a i l e r  

b r a k e  s y n c h r o n i z a t i o n  d e v i c e .  

(3 )  A t r a c t o r - t r a i l e r  equipped w i t h  a  wheel a n t i l o c k  

sys tem.  

Inc luded  i n  t h e  t e s t i n g  program were maximum d e c e l e r a t i o n  

t e s t s  and b r a k e  b a l a n c e  t e s t s  ( c o r r e c t  a x l e - w e i g h t  p r o p o r t i o n i n g ) .  

The a n a l y t i c a l  phase  o f '  t h e  s t u d y  was d i r e c t e d  towards 

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

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

thermal  r e s p o n s e .  Equat ions  were developed and p r e s e n t e d  t o  

i n c l u d e  a  wide range  o f  o p t i o n s  f o r  t h e  v e h i c l e  modeled, i . e . ,  

number of  a x l e s ,  t ype  of b r a k e s ,  e t c .  

Based on t h e  s t u d y ,  recommendations were made t o  upgrade  

t h e  b r a k i n g  performance of  b u s e s ,  t r u c k s ,  and t r a c t o r - t r a i l e r s  

t o  a l e v e l  approaching  t h a t  o f  p a s s e n g e r  c a r s .  



An i n t e r e s t i n g  a n a l y s i s  of  b r a k i n g  e f f i c i e n c y  was done 

by G .  R ,  Olsson ,  -- e t  a l .  ( 3 3 ) .  

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

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

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

r a t i o  SF/SR ( f r o n t  s l i p  t o  r e a r  s l i p ) ,  t i r e  p r o p e r t i e s ,  and 

v e h i c l e  geometry.  The t i r e  t r a c t i o n  model used was found i n  

References  34 and 35. 

The d e r i v a t i o n  was developed by a p p l y i n g  a  l i m i t i n g  

p r o c e s s  t o  t h e  e q u a t i o n s  of motion of  a  highway v e h i c l e  d u r i n g  

b r a k i n g  maneuvers a t  t h e  upper  l i m i t  o f  speed  number, where:  

I/ 2 Speed Number = S = Uo (pogL) 

U - i n i t 5 a l  v e h i c l e  v e l o c i t y  
0 

uo  - v a l u e  of  f r i c t i o n  c o e f f i c i e n t  a t  0. v e l o c i t y  

g  - g r a v i t y  c o n s t a n t  

L - wheelbase of  v e h i c l e  

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

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

t o  i t s  v a l u e  a t  ze ro  speed-po ( a  c o n s t a n t ) .  S i n c e  t h i s  

d e r i v a t i o n  was based  on t h e  t i r e  model i n  Ref s .  34 and 35,  

which was developed assuming d ry  s u r f a c e s ,  t h e  v a l i d i t y  of  

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

The e q u a t i o n  d e r i v e d  f o r  b r a k i n g  e f f i c i e n c y  was,: 

where A g i v e s  t h e  c o n t r i b u t i o n  t o  e f f i c i e n c y  due t o  t h e  e f f e c t  

of  v a r i a t i o n  o f  s t r e s s  o v e r  t h e  t i r e  c o n t a c t  p a t c h :  



B accounts for the effect of variation of friction with sliding 
speed: 

and C accounts for the aerodynamic drag: 

(A- 1 0 )  

(A- 11) 

In the above expressions: 

a = distance from front axle to c.g. of vehicle 

b = distance from rear axle to c.g. of vehicle 

Po = value of friction coefficient at 0 velocity 

m = mass of vehicle 

8 ' = gravity constant 
* 

S~ = front tire longitudinal slip 

s~ = rear tire longitudinal slip 

L = wheelbase of vehicle 

Cs = tire circumferential stiffness 

VAs = fractional reduction in friction due to sliding speed 

P = density of air at S . T . P .  

C~ = drag coefficient of vehicle 

A~ = projected frontal area of vehicle 

v2 - = ideal stopping distance 
h o g  



Dimensionless  groups :  

Po"' g  
P = r a t i o  o f  t i r e  t r a c t i o n  f o r c e  t o  t i r e  
L 
S c i r c u m f e r e n t i a l  s t i f f n e s s  

pVbCDAF 
= r a t i o  o f  aerodynamic d r a g  t o  t i r e  t r a c t i o n  

Po m g  
f o r c e  

For  0 t o  b e  maximum, 

w i t h  

and t h e  r e s t r i c t i o n  t h a t  n e i t h e r  SF n o r  SR > 1. 

BRAKE PROPORTIONING 

(A- 12)  

(A- 13)  

A v e h i c l e ' s  b r a k i n g  per formance  can  b e  improved s i g n i -  

f i c a n t l y  u s i n g  b r a k e  p r o p o r t i o n i n g .  Th i s  t o p i c  was covered  

a s  p a r t  of two o t h e r  l i t e r a t u r e  s u r v e y s  and hence  they  a r e  

reproduced h e r e  (15 ,  31 ) .  

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

au tomobi l e s .  The second conce rns  t r u c k s .  and t r a c t o r - t r a i l e r s .  

From Ref.  1 5 ,  pp.  12 -13 :  

When a  four-wheeled  v e h i c l e  d e c e l e r a t e s  t h e r e  i s  a  t r a n s -  

f e r  of  l o a d  (36 ,  37) o n t o  t h e  f r o n t  wheels  because  t h e  body ' s  

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

optimum b r a k i n g ,  t h e  p r o p o r t i o n i n g  of  t h e  b r a k i n g  e f f o r t  between 

t h e  f r o n t  and r e a r  a x l e s  s h o u l d  match t h e  i n s t a n t a n e o u s  l o a d  



d i s t r i b u t i o n  (37,  3 8 ) .  Manufac tu re r s  b u i l d  i n  a  f r o n t - t o - r e a r  

p r o p o r t i o n i n g  ( 3 9 ) ,  b u t  a  b r a k e  sys tem hav ing  a  f i x e d  f r o n t -  

t o - r e a r  b r a k i n g  r a t i o  can  o n l y  a c h i e v e  optimum performance  

f o r  'a  g i v e n  r a t e  o f  d e c e l e r a t i o n  (40-42) .  T y p i c a l l y ,  b r a k e  

p r o p o r t i o n i n g  i s  f i x e d  w i t h  60 p e r c e n t  t o  70 p e r c e n t  o f  t h e  

b r a k i n g  o c c u r r i n g  a t  t h e  f r o n t  wheels  ( 3 9 ) .  

A s e r i e s  o f  t e s t s  on v e h i c l e s  hav ing  d i f f e r e n t  we igh t  

d i s t r i b u t i o n s  and d i f f e r e n t  b r a k e  p r o p o r t i o n i n g  (38) has  

shown t h a t  a  f r o n t l r e a r  b r a k e  r a t i o  e q u a l i n g  t h e  wheel  l o a d  

d i s t r i b u t i o n  o f  t h e  v e h i c l e  a t  a  d e c e l e r a t i o n  o f  1 . 0 g  i s  
d e s i r a b l e  i f  t h e  c a r  i s  t o  remain d i r e c t i o n a l l y  s t a b l e  when 

h e a v i l y  b raked  on a l l  s u r f a c e s .  On low c o e f f i c i e n t  s u r f a c e s ,  

however, t h i s  would r e s u l t  (36)  i n  p rematu re  f r o n t  wheel  lockup 

and a  d e c e l e r a t i o n  l e s s  t h a n  maximum f o r  t h a t  s u r f a c e .  The 

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

mance d u r i n g  b r a k i n g  i s  t h a t ,  under  c e r t a i n  c o n d i t i o n s ,  t h e  

d r i v e r  may be a b l e  t o  app ly  h i g h e r  p e d a l  e f f o r t s  'and a c h i e v e  

h i g h e r  maximum d e c e l e r a t i o n s  w i t h o u t  i n c u r r i n g  wheel lockup.  

One s o l u t i o n  t o  t h e  problem o f  p r o p e r  p r o p o r t i o n i n g  i s  

t o  va ry  t h e  b r a k e  p r o p o r t i o n i n g  w i t h  t h e  d e c e l e r a t i o n  o f  t h e  

c a r ,  This  can  be  done by c o n t r o l l i n g  t h e  p r e s s u r e  a t  each 

a x l e  i n  cor respondence  t o  t h e  a x l e  l o a d i n g  ( 4 3 - 4 5 ) ,  b u t  t h e  

u s u a l  p rocedure  i s  t o  l i m i t  o r  p r o p o r t i o n  t h e  r e a r  b r a k e  

h y d r a u l i c  p r e s s u r e  above some f i x e d  upper  l i m i t  ( 4 3 ) .  A t  b e s t ,  

however, t h e s e  l a t t e r  methods a r e  o n l y  compromises a s  a  r e s u l t  

o f  v a r i a t i o n s  i n  v e h i c l e  l o a d i n g  and b r a k e  per formance .  

From Ref.  31, pp .  12 -33 :  

The c o e f f i c i e n t  of  f r i c t i o n  between t h e  t i r e s  and t h e  road  

n e c e s s a r y  t o  p r e v e n t  t h e  lockup o f  wheels  on t h e  f r o n t  a x l e  

i s  g i v e n  by:  



where 

F ~ , ~  = brake f o r c e  on f r o n t  a x l e  

F ~ , ~ l d y n  = v e r t i c a l  f o r c e  on f r o n t  a x l e  

J) = s t a t i c  r e a r  a x l e  load  d iv ided  by 
t o t a l  v e h i c l e  weight 

4 = brake f o r c e  between t i r e  and roadway 
generated a t  t h e  r e a r  a x l e ,  d iv ided  

by t o t a l  brake f o r c e  

X = he igh t  . . of c e n t e r  . . of g r a v i t y  d iv ided  
. . 

by wheelbare 

The braking e f f i c i e n c y ,  as  determined from t h e  f o r c e s  

a c t i n g  on t h e  f r o n t  wheels,  can be computed from 

S i m i l a r l y ,  t h e  braking e f f i c i e n c y ,  a s  determined from t h e  

fo rce s  a c t i n g  on t h e  r e a r  wheels,  can be computed from 

(A- 15) 

F r i c t i o n  u t i l i z a t i o n  o r  braking e f f i c i e n c y ,  E ,  i s  def ined  

as  t he  r a t i o  of t h e  maximum, wheels-unlocked d e c e l e r a t i o n  

ax/g t o  t h e  c o e f f i c i e n t  o f  f r i c t i o n  p, e x i s t i n g  between t i r e  

and roadway. Thus, braking e f f i c i e n c y  can be expressed as  

(A- 1 7 )  



I n  g e n e r a l ,  E w i l l  be d i f f e r e n t  f o r  t h e  i n d i v i d u a l  a x l e s  o v e r  

a wide r ange  o f  l o a d i n g  and d r i v i n g  c o n d i t i o n s  due t o  dynamic 

weight  t r a n s f e r  (1 ,  40, 46-50) and ,  i n  t h e  c a s e  o f  a r t i c u l a t e d  

v e h i c l e s ,  due t o  f o r c e s  t r a n s m i t t e d  through t h e  k i n g - p i n  o f  

t h e  t r a i l e r  (51,  52 ) .  

I n t e g r a l  Trucks w i t h  Fixed Brake Force  D i s t r i b u t i o n  

Braking  e f f i c i e n c y  i s  d i r e c t l y  i n f l u e n c e d  by t h e  d i s t r i -  

b u t i o n  o f  b rake  f o r c e  b r a k i n g  e f f o r t  among t h e  a x l e s .  

Accord ing ly ,  commercial v e h i c l e s  w i t h  a  l a r g e  we igh t  d i f f e r e n c e ,  

loaded  and empty, t e n d  t o  have reduced b r a k i n g  e f f i c i e n c i e s  

a t  d r i v i n g  c o n d i t i o n s  d e p a r t i n g  from t h e  d e s i g n  p o i n t .  A 

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

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

f a c t o r y  r e s u l t s  f o r  t h e  l o a d  cond i t io ' n  and d e c e l e r a t i o n  l e v e l  

t h a t  occur  most f r e q u e n t l y .  

Braking e f f i c i e n c y ,  E ,  of t h e  i n t e g r a l  motor t r u c k  i s  

de termined by t h e  c e n t e r  of  g r a v i t y  l o c a t i o n ,  t h e  b r a k e  f o r c e  

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

( 2 ,  46, 47 ) .  The b r a k e  f o r c e  d i s t r i b u t i o n ,  4 ,  i s  t y p i c a l l y  

n o t  c o n s t a n t  d u r i n g  t h e  b rak ing  p r o c e s s .  A t  low d e c e l e r a t i o n s ,  

4 w i l l  depend upon t h e  d i f f e r e n c e  i n  pushout  p r e s s u r e s  on 

f r o n t  and r e a r  a x l e ,  whereas a t  h i g h e r  d e c e l e r a t i o n s ,  4 may 

b e  a f f e c t e d  by f a d e  (51) .  For a  t r u c k  w i t h  t y p i c a l  v a l u e s  

f o r  $, X ,  and $, Equat ions  (A-15) and (A-16) produce  t h e  

r e s u l t  shown i n  F i g u r e  A . 2 .  Note t h a t  f o r  t h e  loaded  c o n d i t i o n ,  

t h e  l i m i t i n g  va lue  o f  b r a k i n g  e f f i c i e n c y  i s  de termined by 

t h e  f r o n t  a x l e ,  w h i l e  f o r  t h e  empty c o n d i t i o n ,  t h e  f r o n t  a x l e  

l i m i t s  up t o  a  p o f  0 .68 ,  a t  which p o i n t  t h e  r e a r  a x l e  becomes 

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

The s t o p p i n g  d i s t a n c e  t h a t  can b e  ach ieved  p r i o r  t o  wheel 

lockup i s  d i r e c t l y  r e l a t e d  t o  b r a k i n g  e f f i c i e n c y  ( 4 6 ,  4 7 ,  5 0 ) .  

For a  b r a k i n g  e f f i c i e n c y  of  one ,  t h a t  i s ,  a  d e c e l e r a t i o n  i n  g  

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



Figure A . 2 .  Braking Efficiency for Two-Axle Vehicle 
Equipped with Fixed Brake Force 



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

assumed t h a t  t h e  d e c e l e r a t i o n ,  ax /g ,  and t h e  f r i c t i o n  c o e f f i -  

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

inc remen ta l  s t o p p i n g  d i s t a n c e ,  A D ,  (wheels u n l o c k e d ) ,  r e s u l t i n g  

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

e x p r e s s i o n  

where V = i n i t i a l  speed  of t h e  v e h i c l e .  On u s i n g  Equat ion  

(A-17),  t h e  e x p r e s s i o n  g iven  i n  Equat ion  (A-18) becomes 

(A- 18)  

(A- 19)  

where 

- v = minimum s t o p p i n g  d i s t a n c e  (A- 20) - - 
4 i n  zgp, 

The i n c r e a s e  i n  s t o p p i n g  d i s t a n c e  a s  c a l c u l a t e d  from Equat ion  

(A-19) f o r  a  t y p i c a l  t r u c k  i s  a l s o  shown i n  F i g u r e  11.2. 

I f  i t  were r e q u i r e d  t h a t  t h e  e f f i c i e n c y ,  E ,  neve r  be l e s s  

t h a n  a  s p e c i f i e d  v a l u e ,  Emin ,  i r r e s p e c t i v e  of  roadway and 

l o a d i n g  c o n d i t i o n s ,  a  very  t i g h t  bound i s  p l a c e d  on t h e  

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

ment. I f  t h e  requi rement  f o r  Emin i s  s e t  t o o  h i g h ,  i t  w i l l  

n o t  be p o s s i b l e  t o  ach ieve  i t  w i t h  a  f i x e d  b rake  f o r c e  d i s t r i -  

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

> Emin can be checked through t h e  f o l l o w i n g  i n e q u a l i t y  ( 4 7 )  

(A- 21) 
'min "min 



A p p l i c a t i o n  o f  t h i s  i n e q u a l i t y  t o  t h e  wet and d ry  roadway 

(0.2 - < p - < 0.8)  and over  t h e  f u l l  range  of $ and x d e f i n e s  

an envelope  f o r  v a l u e s  o f  $ t h a t  y i e l d  E - > Emin ( 4 7 ) .  

Exper imenta l  work has  been r e p o r t e d  

comparing d i f f e r e n t  f i x e d  b r a k e  f o r c e  d i  

c o n d i t i o n s  f o r  passenger  c a r s .  I n  tes t s  

d i f f e r e n t  b rake  f o r c e  d i s t r i b u t i o n s ,  he 

d i s t r i b u t i o n  r e s u l t e d  i n  minimum s t o p p i n  

by Alexande 

s t r i b u t i o n s  

o f  c a r s  w i t  

showed t h a t  

g  d i s t a n c e .  

r (381 
and l o a d  

h  t h r e e  

on ly  one 

The r e l a t i o n s h i p s  d i s c u s s e d  above (Equat ions  (A-15) , (A-16) ,  

and (A-21)) a r e  a l s o  a p p l i c a b l e  t o  i n t e g r a l  t r u c k s  equipped 

w i t h  tandem-axle s u s p e n s i o n s .  Tandem-axle suspens ions  a r e  

des igned t o  d i s t r i b u t e  t h e  s t a t i c  l o a d  among bo th  a x l e s  i n d e -  

pendent  of  i r r e g u l a r i t i e s  i n  t h e  road  s u r f a c e .  They can be  

c l a s s i f i e d  i n t o  t h r e e  b a s i c  groups ( accord ing  t o  t h e i r  a t t a c h -  

ment t o  t h e  t r u c k  frame) a s  i s  i n d i c a t e d  i n  F i g u r e  A.3. 

( a )  walking beam s u s p e n s i o n ,  (b) t w o - e l l i p t i c  l e a f  s p r i n g  

s u s p e n s i o n ,  and (c)  m u l t i p l e  l e a f - m u l t i p l e  rod  s u s p e n s i o n .  

[The h i s t o r y  of  tandem suspens ions  has  been reviewed by 

Hendrickson ( 5 3 ) . ]  I n  g e n e r a l ,  t h e  r e a c t i o n  moments d u r i n g  

b r a k i n g  cause  a  change i n  l o a d  d i s t r i b u t i o n  among bo th  a x l e s  

of  t h e  tandem s u s p e n s i o n .  During b r a k i n g ,  t h e  forward  a x l e  

of  a  walk ing  beam o r  m u l t i p l e  l e a f - m u l t i p l e  rod  s u s p e n s i o n  

w i l l  b e  s u b j e c t e d  t o  an i n c r e a s e  i n  l o a d ,  w h i l e  t h e  forward 

a x l e  o f  a  t w o - e l l i p t i c  l e a f  s p r i n g  suspens ion  w i l l  e x p e r i e n c e  

a  d e c r e a s e  i n  a x l e  l o a d  from t h e i r  r e s p e c t i v e  s t a t i c  l o a d  

v a l u e s  ( 4 6 ,  54 -56) .  S ince  l o a d  t r a n s f e r  among a x l e s  of a  

tandem suspens ion  can l e a d  t o  premature  wheel lockup ,  tandem- 

a x l e  geometry and t h e  b rake  f o r c e  d i s t r i b u t i o n  among i n d i v i d u a l  

a x l e s .  of a  tandem suspens ion  have a  pronounced e f f e c t  upon peak ,  

wheels -unlocked d e c e l e r a t i o n  per formance .  



(A) Walking -beam suspension. 

(B) Two-leaf spring suspension. 

(C )  Multiple spring-multipie rod suspension 

Figure  A . 3 .  Tandem Axle Suspensions 



A r t i c u l a t e d  V e h i c l e s  w i t h  Fixed Brake Force  D i s t r i b u t i o n  

The sum o f  t h e  dynamic a x l e  l o a d s  o f  each  u n i t  of  a  

t r u c k - t r a i l e r  combinat ion  i s  e q u a l  t o  t h e  we igh t  o f  t h e  p a r t i -  

c u l a r  u n i t ,  assuming no f o r c e s  a r e  t r a n s m i t t e d  by t h e  h i t c h .  

I n  t h e  c a s e  o f  a  t r a c t o r - s e m i t r a i l e r ,  t h e  a x l e  l o a d s  o f  t h e  

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

t r a i l e r .  The e q u a t i o n s  e x p r e s s i n g  we igh t  t r a n s f e r ,  b r a k e  

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

a  t r a c t o r - s e m i t r a i l e r  a r e  consequen t ly  more compl i ca ted  t h a n  

t h o s e  f o r  t h e  i n t e g r a l  t r u c k  and t h e  t r u c k - t r a i l e r  combinat ion  

(51,  56- 62 ) .  Exper imenta l  work i n  Europe h a s  i n d i c a t e d  t h a t  

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

t h e  combinat ion i n  accordance  w i t h  t h e o r e t i c a l  p r e d i c t i o n s  

(63 -65) .  I t  has  been observed  t h a t  t h e  t r a c t o r - t r a i l e r  com- 

b i n a t i o n  i s  s t a b l e  w i t h  a  locked f r o n t  a x l e ,  u n s t a b l e  w i t h  

t h e  t r a i l e r  a x l e  locked (producing  " t r a i l e r  swing") ,  and 

v i o l e n t l y  u n s t a b l e  w i t h  t h e  t r a c t o r  a x l e  locked  (producing  

" j a c k k n i f i n g " ) .  The p o t e n t i a l  f o r  j a c k k n i f i n g  i s  g r e a t e s t  a t  

t h e  beg inn ing  of  a  s e v e r e  b r a k i n g  p r o c e s s  due t o  t h e  l a r g e  

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

a p p l i c a t i o n  and b u i l d u p  t ime of  t h e  b r a k e  f o r c e  on t h e  t r a i l e r  

i s  g r e a t e r  t h a n  f o r  t h e  t r a c t o r  (52,  58, 62,  6 3 ) .  

P r e v e n t i o n  of  wheel lockup appea r s  t o  be  t h e  g r e a t e s t  

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

wheel lockup does o c c u r ,  u n d e s i r e d  a r t i c u l a t i o n  and d i r e c t i o n a l  

r e sponse  can  be minimized by having  t h e  f r o n t  wheels  l o c k  up 

f i r s t ,  t h e n  t h e  t r a i l e r  whee l s ,  and t h e n  t h e  t r a c t o r  r e a r  

wheels .  The o f t e n  observed  p r a c t i c e  i n  t h e  U.S. of d i s -  

connec t ing  o r  removing t h e  f r o n t  b r a k e s  of  a  tandem-axle  

t r a c t o r  i s ,  however, i n  c o n f l i c t  w i t h  t h e  above o b s e r v a t i o n  

(66) .  E l i m i n a t i n g  t h e  f r o n t  b r a k e s  w i t h o u t  changing t h e  b a s e -  

l i n e  d i s t r i b u t i o n  of  t h e  combinat ion  h a s ,  g e n e r a l l y ,  an 

u n f a v o r a b l e  i n f l u e n c e  on t h e  b r a k i n g  per formance  of  t h e  v e h i c l e  

combinat ion (51) . 



S e v e r a l  means f o r  d e t e r m i n i n g  t h e  optimum f i x e d  b r a k e  

f o r c e  d i s t r i b u t i o n s  on a  t r a c t o r - s e m i t r a i l e r  have  been  s u g g e s t e d .  

They c o n s i s t  o f  e i t h e r  computing t h e  d e c e l e r a t i o n  a c h i e v a b l e  

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

assumed b r a k e  f o r c e  d i s t r i b u t i o n s  o r  computing t h e  b r a k e  f o r c e  

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

r ange  o f  b r a k i n g  e f f i c i e n c i e s  (51 ,  5 9 ,  6 0 ) .  Given t h e  b r a k e  

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

t r a c t o r  t h a t  w i l l  y i e l d  a' minimum s t o p p i n g  d i s t a n c e  can  be 

computed from d a t a  d e f i n i n g  t h e  geometry and l o a d i n g  of t h e  

combinat ion  (51) .  A s t a t i c  a n a l y s i s  y i e l d s  t h a t  

where 

E 1 ~  = b r a k i n g  e f f i c i e n c y  produced by t r a c t o r  

r e a r  a x l e  

S i l ~  = c o e f f i c i e n t  of  f r i c t i o n  between t r a c t o r  

r e a r  a x l e  and roadway. 

(See F i g u r e  A.4  f o r  o t h e r  symbol s . )  

S i n c e  i n  most c a s e s  t h e  c o n s t a n t s  A and B i n  Equa t ion  

(A-22) a r e  d i f f e r e n t  f o r  t h e  empty and loaded  v e h i c l e ,  Equat ion  

(A-22) w i l l  u s u a l l y  y i e l d  two d i f f e r e n t  v a l u e s  f o r  @ l R .  For  

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

4 1 ~ 9  s h o u l d  n o t  exceed 50% ( 6 4 ) .  A r e l a t i v e l y  s m a l l  v a l u e  o f  

$ 1 ~ 3  and hence a  modera te  u t i l i z a t i o n  by t h e  t r a c t o r  r e a r  a x l e  

o f  road  f r i c t i o n  i n  t h e  l o n g i t u d i n a l  d i r e c t i o n ,  means t h a t  





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

maintenance of d i r e c t i o n a l  s t a b i l i t y .  This  r e s u l t  i s  

impor tan t  s i n c e  t h e  danger  of j a c k k n i f i n g  i s  d i r e c t l y  r e l a t e d  

t o  t h e  l a t e r a l  f o r c e s  t h a t  can be  produced a t  t h e  t r a c t o r  

r e a r  a x l e  (62, 6 3 ) .  

Brake f o r c e s  should  be d i s t r i b u t e d  on a  t r u c k - t r a i l e r  

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

p o i n t  a r e  approximately equa l  t o  ze ro  d u r i n g  b r a k i n g .  This  

p r a c t i c e  i s  e s p e c i a l l y  impor tant  on combinat ions i n  which l a r g e  

d i f f e r e n c e s  e x i s t  between t h e  loaded and unloaded d r i v i n g  

c o n d i t i o n  (67-69) .  Time d i f f e r e n c e s  i n  t h e  a p p l i c a t i o n  of 

b rakes  on t h e  i n d i v i d u a l  a x l e s  i s  a l s o  an impor tan t  f a c t o r  

(57, 70) .  On a s e m i t r a i l e r ,  f o r  example, i f  b r a k e  t o r q u e  

b u i l d s  up on t h e  t r a c t o r  r e a r  a x l e  much f a s t e r  t han  on t h e  

t r a i l e r  a x l e ,  t h e  combinat ion may j a c k k n i f e ;  e s p e c i a l l y  on 

s l i p p e r y  roadways. This  phenomenon can occur  ve ry  q u i c k l y ,  

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

he  cannot  c o r r e c t  f o r  t h e  j a c k k n i f e  i n  t h e  s h o r t  t ime a v a i l a b l e  

(711 * 

I t  should  be no ted  t h a t  dynamic l o a d  t r a n s f e r  between t h e  

forward and rearward  a x l e  of a  tandem a x l e  suspens ion  has  been 

n e g l e c t e d  i n  d e r i v i n g  Equat ion  (A-22). This  assumption i s  

v a l i d  on ly  f o r  tandem a x l e  d e s i g n s  w i t h  e q u a l i z a t i o n  l e v e r s  

r e s u l t i n g  i n  an approximate ly  c o n s t a n t  l o a d  d i s t r i b u t i o n .  For 

a x l e s  wi thou t  e q u a l i z a t i o n ,  however, t h e  reac t ion .moments  

du r ing  b rak ing  cause  a  change i n  l o a d  d i s t r i b u t i o n  among t h e  

i n d i v i d u a l  a x l e s  (51,  54, 55, 72) .  I n  t h i s  i n s t a n c e ,  t h e  

b rak ing  e f f i c i e n c i e s  of each a x l e  have t o  be computed 

i n d i v i d u a l l y .  

V a r i a b l e  Brake Force D i s t r i b u t i o n  

I f  t h e  d e c e l e r a t i o n  l e v e l s  achieved  p r i o r  t o  wheel l o c k ,  

a s  l i m i t e d  by a  f i x e d  d i s t r i b u t i o n  of  brake  f o r c e ,  a r e  con- 

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



f o r c e  can  b e  employed. t h e  l a t t e r  i n s t a n c e ,  t h e  b r a k e  

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

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

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

l o a d s  on t h e  a x l e s  produced by t h e  dynamic we igh t  t r a n s f e r  

d u r i n g  t h e  b r a k i n g  p r o c e s s  ( 2 ,  3 8 ,  46, 47, 51,  73 -78) .  A 

b r a k i n g  e f f i c i e n c y  c u r v e  t y p i c a l l y  produced by a  b r a k i n g  s y s  tem 

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

F i g u r e  A . 5 .  I t  i s  c l e a r  t h a t  t h e  sys t em a s  des igned  p roduces  

b e t t e r  b r a k i n g  e f f i c i e n c i e s  on road  s u r f a c e s  w i t h  h i g h e r  

c o e f f i c i e n t s  o f  f r i c t i o n .  The b r a k i n g  e f f i c i e n c y  c u r v e  i n  

F i g u r e  A . 5  a l s o  demons t ra t e s  t h a t  t h e  d e s i g n e r  wanted t o  a v o i d  

lockup o f  t h e  r e a r  wheels  a t  t h e  h i g h e r  c o e f f i c i e n t s  o f  road  

f r i c t i o n .  

For  d e s i g n  p u r p o s e s ,  i t  p roves  t o  be  more c o n v e n i e n t  t o  

compare t h e  " i d e a l t t  p r e s s u r e s  ( e i t h e r  h y d r a u l i c  o r  pneumat ic)  

d e s i r e d  a t  t h e  wheel c y l i n d e r s  o r  b r a k e  chambers t o  t h e  

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

b r a k i n g  sys tem.  " I d e a l "  p r e s s u r e s  a r e  t h o s e  t h a t  co r re spond  

t o  t h e  i d e a l  b r a k i n g  f o r c e s ,  i . e . ,  t h e y  a r e  dependent  upon t h e  

dynamic we igh t  t r a n s f e r  ( 4 6 ,  47, 75, 79 ) .  I d e a l  and a c t u a l  

p r e s s u r e s ,  co r re spond ing  t o  t h e  example used  f o r  computing 

F i g u r e  A . 5  a r e  shown i n  F i g u r e  A . 6 .  

P r o p o r t i o n i n g  v a l v e s  have been des igned  t h a t  modula te  l i n e  

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

( 4 3 ,  44, 75, 77-84) .  I n  t h e  c a s e  of  s t a t i c  modu la t ion ,  t h e  

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

t h e  b r a k i n g  p r o c e s s .  For dynamic modu la t ion ,  t h e  p r o p o r t i o n i n g  

sys tem mus t ,  however,  b e  made s e n s i t i v e  t o  d e c e l e r a t i o n .  For 

example,  s u s p e n s i o n  d e f l e c t i o n  d u r i n g  b r a k i n g  has  been used  t o  

modulate  i n d i v i d u a l  b r a k e  l i n e  p r e s s u r e s .  With t h i s  t y p e  of  

p r o p o r t i o n i n g ,  s u s p e n s i o n  and road  n o i s e  must b e  f i l t e r e d  o u t  

w h i l e  s t i l l  r e t a i n i n g  an a d e q u a t e  s i g n a l ,  
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Figure  A . 5 .  Braking E f f i c i e n c y  for  P r o p o r t i o n a l  Brak ing  



F i g u r e  A . 6 .  I d e a l  and A c t u a l  H y d r a u l i c  p r e s s u r e s  



The i d e a l  b r a k e  f o r c e s  f o r  a  t r a c t o r - s e m i t r a i l e r  i n  t h e  

l o a d e d  and empty d r i v i n g  c o n d i t i o n  a r e  shown i n  F i g u r e  A . 7 .  

These c u r v e s  show t h a t  t h e  i d e a l  b r a k e  f o r c e  on t h e  f r o n t  a x l e  

v a r i e s  l i t t l e  w i t h  change i n  v e h i c l e  l o a d i n g ,  whereas t h e  

i d e a l  b r a k e  f o r c e  on t h e  r e a r  a x l e  of  t h e  t r a c t o r  and on t h e  

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

(51 ,  54, 57) .  S t u d i e s  have shown t h a t  t h e  f o l l o w i n g  p r o c e d u r e  

i s  c o n v e n i e n t  f o r  implementing v a r i a b l e  b r a k e  t o r q u e  

d i s t r i b u t i o n  i n  an a r t i c u l a t e d  v e h i c l e  ( 4 4 ) :  

(1)  The f r o n t  a x l e  b r a k e  f o r c e  of t h e  t r a c t o r  i s  

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

p r e s s u r e .  

(2)  The b r a k e  f o r c e  a t  t h e  r e a r  a x l e  of t h e  t r a c t o r  

i s  de te rmined  by a  l o a d  s e n s i t i v e  p r o p o r t i o n i n g  

v a l v e .  Depending on t h e  d e s i g n  of  t h e  v a l v e ,  

t h e  b r a k e  t o r q u e  on t h e  t r a c t o r  r e a r  a x l e  may 

v a r y ,  f o r  example,  from 50 t o  120% o f  t h e  f r o n t  

a x l e  b r a k e  t o r q u e  o f  t h e  t r a c t o r .  

( 3 )  I t  i s  conven ien t  and s u f f i c i e n t  t o  c o n t r o l  t h e  * 

b r a k e  f o r c e  of  t h e  t r a i l e r  a x l e  by a  manual ly  

p o s i t i o n e d  l i m i t i n g  v a l v e  which has  s e t t i n g s  

f o r  t h e  empty, h a l f - l o a d e d ,  and loaded  c o n d i t i o n s  

r e s u l t i n g  i n  d i f f e r e n t  l i m i t i n g  b r a k e  t o r q u e s  on 

t h e  t r a i l e r  a x l e  (57,  67,  8 1 - 8 4 ) ,  

When b r a k e  p r o p o r t i o n i n g  schemes a r e  employed, i t  becomes 

n e c e s s a r y  t o  examine t h e  v a r i a b i l i t y  i n  per formance  t h a t  may 

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

C a l c u l a t i o n s  of b r a k i n g  e f f i c i e n c y  s h o u l d  be  made by computing 

t h e  c o e f f i c i e n t  of  f r i c t i o n  r e q u i r e d  by each  a x l e  t o  a c h i e v e  

a  g i v e n  d e c e l e r a t i o n  w i t h o u t  wheel l o c k i n g .  I n  o r d e r  t o  

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

t o  be  de te rmined .  For t r a c t o r - s e m i t r a i l e r  and t r u c k - t r a i l e r  
combina t ions ,  t h e  e q u a t i o n s  r e l a t i n g  d e c e l e r a t i o n  a c h i e v a b l e  

and t i r e - r o a d w a y  f r i c t i o n  have t h e  same appea rance  a s  t h o s e  
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Figure A . 7 .  Ideal Brake Forces on Tractor-Semitrailer 



der ived  f o r  b rak ing  systems w i t h  f i x e d  d i s t r i b u t i o n  of  b rake  

to rque .  For v e h i c l e s  w i t h  p r o p o r t i o n i n g  sys t ems ,  t h e  b rake  

f o r c e  d i s t r i b u t i o n  i s  determined by t h e  s t a t i c  loads  on t h e  

t r a c t o r  r e a r  a x l e  and t r a i l e r  a x l e  (51, 6 7 ,  83, 84) o r  by 

t h e  dynamic, a x l e  loads  (81, 82 )  du r ing  b r a k i n g .  

S ince  b rak ing  systems w i t h  p r o p o r t i o n i n g  a r e  o f t e n  imple-  

mented by making t h e  l i n e  p r e s s u r e  a  n o n l i n e a r  f u n c t i o n  of  

t h e  peda l  f o r c e  r a t h e r  than  a  f u n c t i o n  of  t h e  a c t u a l  d e c e l e r a t i o n  

of  t h e  v e h i c l e  o r  a  f u n c t i o n  o f  t h e  f r i c t i o n  c o e f f i c i e n t ,  it 

i s  s t i l l  p o s s i b l e  t o  lock  t h e  wheels ,  e s p e c i a l l y  on low f r i c t i o n  

s u r f a c e s .  Although p r o p o r t i o n i n g  can p rov ide  a  b rake  f o r c e  

d i s t r i b u t i o n  t o  match a  wide range of  load ing  and dynamic 

d r i v i n g  c o n d i t i o n s ,  a  p r a c t i c a l  system i s  s t i l l  s u b j e c t  t o  some 

of t h e  b a s i c  l i m i t a t i o n s  of systems w i t h  f i x e d  to rque  

d i s t r i b u t i o n  ( 7 8 ) .  

WHEEL ANTILOCK SYSTEPlS 

Recen t ly ,  a n t i l o c k  systems have been employed t o  p rov ide  

brake  p r o p o r t i o n i n g .  Wheel a n t i l o c k  systems p reven t  t h e  . 

wheels from lock ing  up dur ing  b rak ing  by a d j u s t i n g  t h e  b rak ing  

e f f o r t  t o  t h e  t r a c t i o n  f o r c e  a v a i l a b l e  a t  t h e  t i r e - roadway  

i n t e r f a c e .  These systems were employed on a i r c r a f t  a s  e a r l y  

a s  1952 (85,  86) .  S h o r t l y  t h e r e a f t e r  s e v e r a l  a n t i l o c k  dev ices  

were in t roduced  f o r  use  on automobiles  (87-93) .  Ho~iever ,  by 

1961 no s a t i s f a c t o r y  wheel a n t i l o c k  dev ice  was i n  p r o d u c t i o n  

f o r  road  v e h i c l e  i n  Europe ( 4 9 )  o r  t h e  United S t a t e s .  During 

t h e  l a s t  t e n  y e a r s ,  e x t e n s i v e  r e s e a r c h  and development has  

been performed on wheel a n t i l o c k  b rak ing  systems f o r  bo th  

passenger  c a r s  and commercial v e h i c l e s  (81,  95-121) .  
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APPENDIX B 

DESIGN OF THE SURFACE FRICTION DYNAMOMETER 
AND PROCEDURES FOR ITS USE 

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

(SFD) o p e r a t i o n  i s  o r g a n i z e d  i n t o  t h r e e  s e c t i o n s .  A g e n e r a l  

d e s c r i p t i o n  of  t h e  SFD and i t s  major  components i s  g i v e n  i n  

S e c t i o n  B . 1 .  S e c t i o n  B . 2  i s  concerned w i t h  g e n e r a l  o p e r a t i n g  

d e t a i l s ,  some o f  which may even  b e  c l a s s i f i e d  more a c c u r a t e l y  

a s  main tenance  b u t  a r e  n o n e t h e l e s s  covered  h e r e .  S e c t i o n  B.3 

r e g a r d s  o p e r a t i o n  of  t h e  SFD i n  t h e  immediate t i r e  t e s t i n g  

envi ronment .  

B . 1  GENERAL DESCRIPTION 

For pu rposes  o f  d e t a i l e d  c o n s i d e r a t i o n ,  t h e  SFD i s  

c o n v e n i e n t l y  broken down i n t o  s e v e r a l  subsys tems .  

1 )  Mechanical  sys tem 

2) Pneumatic sys tem 

3) Brake sys tem 

4)  H y d r a u l i c  sys tem 

5) I n s t r u m e n t a t i o n  sys tem 

Each of  t h e s e  sys tems i s  d i s c u s s e d  i n  t h e  f o l l o w i n g  s e c t i o n s .  

B . 1 . 1  MECHANICAL SYSTEM. The mechanica l  sys tem i s  

des igned  t o  (1) l o c a t e  t h e  t e s t  whee l ,  ( 2 )  r e a c t  t e s t  wheel  

f o r c e s  and t r a n s m i t  them t o  t h e  v e h i c l e  f r ame ,  and (3)  f a c i l i -  

t a t e  mounting of  v a r i o u s  components of  t h e  remain ing  sys t ems .  

A s k e t c h  of  t h e  s t a t i c  member of  t h e  mechanica l  s y s t e ~ i l  

appea r s  i n  F i g u r e  B . 1 .  The b a s i c  frame of t h i s  member i s  a 
h o r i z o n t a l ,  U-shaped s e c t i o n  c o n s t r u c t e d  o f  s t e e l  c h a n n e l .  

This  s t r u c t u r e  i s  b o l t e d  t o  t h e  base  v e h i c l e  frame v i a  t h e  

shimming b l o c k s  and mounting f l a n g e s .  A t  t h e  r e a r  o f  t h i s  





frame is  mounted an i n v e r t e d  U-shaped s t r u c t u r e  i n c o r p o r a t i n g  

t h r e e  s e c t i o n s  of s t e e l  p i p e  and b raced  by s e v e r a l  s e c t i o n s  

of squa re  s t e e l  t u b i n g .  A v e r t i c a l  b a l l  s p l i n e  s h a f t  i s  

mounted t o  each of  t h e  v e r t i c a l  p i p e  members v i a  mounting 

f l a n g e s .  The f lywheel  housing i s  mounted above t h e  b a s i c  

frame. V i r t u a l l y  a l l  remaining SFD components l o c a t e d  i n  t h e  

t r u c k  bed a r e a  (with t h e  excep t ion  of t h e  pneumatic system 

r e s e r v o i r )  mount d i r e c t l y  t o  t h i s  frame s t r u c t u r e .  Th i s  r e s u l t s  

i n ' a  modular ized system which may r e a d i l y  be  t r a n s f e r r e d  t o  

a  new base  v e h i c l e  when d e s i r e d .  

The t e s t  wheel c a r r i a g e  (WC), t h e  second major component 

of t h e  mechanical system, appears  i n  F igure  B . 2 ,  The WC i s  

s i t u a t e d  w i t h i n  t h e  U of t h e  p i p e  s t r u c t u r e  and i s  l o c a t e d  by 

t h e  b a l l  s p l i n e  s h a f t s .  The WC i s  b a s i c a l l y  a  welded aluminum I ' 1 

box s t r u c t u r e  t o  which a r e  b o l t e d  f o u r  aluminum p i l l o w  b l o c k s .  

These p i l l o w  blocks  each r e t a i n  a  b a l l  s p l i n e  o u t e r  r a c e  
I 

assembly through which t h e  b a l l  s p l i n e  s h a f t s  p a s s .  The upper ! 
s u r f a c e  of t h e  WC p rov ides  a  mounting s u r f a c e  f o r  t h e  a i r  

s p r i n g .  While t h e  upper h a l f  of t h e  WC i s  f u l l y  enc losed ,  

t h e  lower h a l f  i s  open on one s i d e  ( r e f e r e n c e  F igure  B . 3 ) .  

Thus a  c a v i t y  i s  provided  i n  which t h e  b i a x i a l  l o a d  c e l l  i s  
I 

mounted. The load  c e l l  i s  b o l t e d  t o  a  machined s u r f a c e  on t h e  

r e a r  f a c e  of t h e  WC. Coaxial  w i t h  t h e  l o a d  c e l l ,  on t h e  

o p p o s i t e  s i d e  of t h e  r e a r  f a c e ,  i s  mounted t h e  t e s t  wheel 
i 

h y d r a u l i c  pump v i a  t h e  pump b r a c k e t .  A d d i t i o n a l  b r a c k e t s  f o r  
I 

shock absorbe r  and l i f t i n g  c y l i n d e r  a r e  l o c a t e d  on t h e  WC as  

a r e  p r o t e c t i v e  housings f o r  t h e  b a l l  s p l i n e  a s sembl i e s .  

The t e s t  wheel s p i n d l e  assembly i s  mounted t o  t h e  f a c e  

of  t h e  b i a x i a l  l oad  c e l l . .  This  s t r u c t u r e  i s  a modif ied  l e f t -  

f r o n t  1 9 7 4  Oldsmobile Toronado s p i n d l e  assembly. I t  i n c l u d e s  

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

Located w i t h i n  t h e  hollow c e n t e r  of  t h e  load  c e l l  i s  a 

double u n i v e r s a l  joint assembly which couples  t h e  t e s t  wheel 

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



B a l l  S p l i n e  

F i g u r e  B . 2  Test  wheel c a r r i a g e .  





B . 1 . 2  PNEUMATIC SYSTEM, A s c h e m a t i c  d iagram of  t h e  

pneumat ic  sys tem appea r s  i n  F i g u r e  B.4. The pneumat ic  sys t em 

per forms a  number of  f u n c t i o n s ,  namely: 

1 )  P r o v i d e s  v e r t i c a l  t e s t  wheel  l o a d i n g  and c o n t r o l .  

2 )  Prov ides  f o r  l i f t i n g  o f  t h e  t e s t  whee l .  

3) Powers and c o n t r o l s  t h e  t e s t  wheel b r a k e  sys t em.  

4) Powers t h e  h y d r a u l i c  sys tem c h a r g i n g  pump. 

5) P r o v i d e s  compressed a i r  f o r  t e s t  wheel  i n f l a t i o n  

p r e s s u r e  ma in tenance .  

The pneumat ic  sys tem i s  powered by an engine-mounted a i r  

compressor  which cha rges  two, 1 3 - g a l l o n  s t o r a g e  t a n k s .  System 

con t . ro l s  a r e  l o c a t e d  i n  t h e  c a b ,  a s  was shown i n  F i g u r e  14 .  

T e s t  wheel v e r t i c a l  l o a d i n g  i s  accomplished by a  low r a t e  

a i r  s p r i n g  which b e a r s  on t h e  WC. V e r t i c a l  l o a d  i s  c o n t r o l l e d  

by r e g u l a t i n g  a i r  p r e s s u r e  t o  t h e  s p r i n g .  A p r e c i s i o n  r e g u l a t o r  

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

e x h a u s t  c o n t r o l  of t h e  s p r i n g  i s  p r o v i d e d  by a  th ree -way  - 

s o l e n o i d  v a l v e  which may b e  r emote ly  c o n t r o l l e d  from t h e  cab 

o r  manual ly c o n t r o l l e d  a t  t h e  t e s t  wheel a r e a .  Use of an a i r  

s p r i n g  l o a d i n g  sys tem p r o v i d e s  a  r e l a t i v e l y  low r a t e  v e r t i c a l  

c o u p l i n g  between t h e  v e h i c l e  and t h e  t e s t  whee l .  Such a  

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

which d e r i v e  from t h e  v e r t i c a l  d i sp lacemen t  o s c i l l a t i o n s  of  

b o t h  t h e  t e s t  wheel and t h e  b a s e  p ickup  t r u c k  v e h i c l e .  

The t e s t  wheel may be  l i f t e d  from t h e  roadway v i a  t h e  

a c t i o n  o f  an a i r  c y l i n d e r  a c t i n g  on t h e  WC. Th i s  c y l i n d e r  

i s  a l s o  c o n t r o l l e d  r emote ly  from t h e  cab o r  manual ly  a t  t h e  

t e s t  wheel a r e a  by a  s o l e n o i d  v a l v e .  A l i m i t  s w i t c h  which 

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

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

a i r  s p r i n g  commands. 





The t e s t  wheel b r a k e  sys tem i s  powered and c o n t r o l l e d  by 

t h e  pneumat ic  sys t em,  The h y d r a u l i c  t e s t  wheel b r a k e  sys tem 

i s  p r e s s u r i z e d  by an  a i r / h y d r a u l i c  p r e s s u r e  i n t e n s i f i e r  w i t h  

an a r e a  r a t i o  o f  2 0 : l .  I n p u t  a i r  t o  t h i s  i n t e n s i f i e r  i s  

s u p p l i e d  by t h e  pneumat ic  sys tem.  The d e s i g n  of  t h e  pneumat ic  

sys t em p r o v i d e s  f o r  t h e  development of b r a k e  sys tem f l u i d  

p r e s s u r e  by way o f  a  s t e p - f r o n t e d - r a m p  t ime h i s t o r y .  (See 

F i g u r e  B . 5 . )  Th i s  f u n c t i o n  i s  employed because  it a l l o w s  a  

r e l a t i v e l y  s m a l l  t ime r a t e  o f  change o f  sys tem p r e s s u r e  d u r i n g  

t h e  p e r i o d  of  t e s t  wheel lockup w i t h o u t  r e q u i r i n g  an  e x c e s s i v e l y  

long  b r a k e  a p p l i c a t i o n  p e r i o d .  Thereby,  a  minimum o v e r - t o r q u e  

of  t h e  t e s t  wheel b r a k e  i s  i n s u r e d ,  enhancing  t h e  "de layed  

spin-down" f e a t u r e  o f  t h e  f l y w h e e l - c o u p l e d  t e s t  wheel .  The 

h e i g h t  o f  t h e  i n i t i a l  s t e p  i s  de te rmined  by a b r a k e  p r e s s u r e  

r e g u l a t o r  s e t t i n g ;  t h e  s l o p e  of  t h e  ramp by a  t h r o t t l e  v a l v e  

s e t t i n g .  (Both c o n t r o l  d e v i c e s  a r e  mounted on t h e  c o n t r o l  

p a n e l  i n  t h e  t r u c k  c a b . )  

There a r e  t h r e e  modes of  o p e r a t i o n  of  t h e  b r a k e - a s s o c i a t e  

p o r t i o n  o f  t h e  pneumat ic  sys t em;  e x h a u s t ,  a p p l y ,  and h o l d .  I n  

t h e  e x h a u s t  mode, t h e  i n t e n s i f i e r  i s  v e n t e d  t o  t h e  atmosphere 

th rough  a  q u i c k - r e l e a s e  v a l v e .  I n  t h e  app ly  mode, i n t e n s i f i e r  

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

f r o n t e d  ramp f u n c t i o n .  The h o l d  mode m a i n t a i n s  i n t e n s i f i e r  

p r e s s u r e  c o n s t a n t  a t  i t s  v a l u e  a t  t h e  t ime  when t h e  h o l d  mode 

was s e l e c t e d .  Mode s e l e c t i o n  i s  c o n t r o l l e d  by a  s w i t c h  i n  t h e  

cab .  An a d d i t i o n a l  f e a t u r e  of  t h e  b r a k e  sys tem mode c o n t r o l  

i s  t h e  t e s t  wheel " a n t i l o c k "  sys t em,  A magnet ic  p i c k - u p  i s  

i n s t a l l e d  i n  t h e  t e s t  wheel pump b r a c k e t  and o b s e r v e s  t h e  

r o t a t i o n a l  motion of  t h e  u n i v e r s a l  j o i n t  by s e n s i n g  t h e  

p a s s a g e  of t e e t h  o f  a  g e a r  mounted on t h e  j o i n t .  (See F i g u r e  

B . 3 , )  The o u t p u t  of  t h e  p i c k - u p  i s  f e d  t o  an e l e c t r o n i c  

c i r c u i t  which behaves a s  a  l a t c h i n g  s w i t c h .  When a t e s t  wheel 

v e l o c i t y  o f  l e s s  t h a n  2 mph i s  s e n s e d ,  t h e  s w i t c h  i s  thrown 



and locked ,  caus ing  t h e  b r ake  system t o  be  i n  exhaus t  mode 

r e g a r d l e s s  of  o p e r a t o r  s e l e c t e d  mode. A push -bu t ton  ( l a b e l e d  

"S t a r t " )  i s  p rov ided  on t h e  c o n t r o l  p a n e l  i n  t h e  cab which 

u n l a t c h e s  and/or  o v e r r i d e s  t h i s  c i r c u i t .  The p r e sence  of  t h i s  

" a n t i l o c k "  f e a t u r e  p r e v e n t s  e x c e s s i v e  wear and f l a t  s p o t t i n g  

of  t h e  t e s t  t i r e .  

The h y d r a u l i c  system which i s  a s s o c i a t e d  w i t h  f l ywhee l /  

t e s t  wheel coupl ing  r e q u i r e s  a charg ing  pump whose f u n c t i o n  

i s  t o  r e p l e n i s h  t h e  h y d r a u l i c  f l u i d  Lost  through pump l eakage .  

A pneumatic-powered h y d r a u l i c  pump i s  p rov ided  f o r  t h i s  

f u n c t i o n .  

A h i g h  p r e s s u r e  a i r  ou tpu t  l i n e  i s  prov ided  i n  t h e  t e s t  

wheel a r e a  f o r  t h e  maintenance of  t e s t  t i r e  i n f l a t i o n  

p r e s s u r e ,  and a s  a  j u n c t i o n  f o r  coupl ing  t h e  pneumat ic  sys tem 

t o  an e x t e r n a l  compressed a i r  s o u r c e .  



B.1 .3  THE BRAKE SYSTEM. The b rake  sys t em,  shown 

s c h e m a t i c a l l y  i n  F igure  B . 6 ,  i s  a  h y d r a u l i c  sys tem whose i n p u t  

d e v i c e  i s  t h e  a forement ioned  a i r / h y d r a u l i c  i n t e n s i f i e r  and 

whose o u t p u t  d e v i c e  i s  t h e  t e s t  wheel d i s c  b r a k e  c a l i p e r .  

The a i r / h y d r a u l i c  i n t e n s i f i e r  i s  p r i m a r i l y  des igned  f o r  

u s e  i n  a i r - o v e r - h y d r a u l i c  t r u c k  b r a k i n g  sys t ems .  A s  s u c h ,  i n  

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

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

passenger  c a r  b rake  c a l i p e r  o f  t h e  SFD. C e r t a i n  d e s i g n  d e t a i l s  

of  t h e  i n t e n s i f i e r  would r e s u l t  i n  e x c e s s i v e  wear of  t h e  

mas te r  c y l i n d e r  p i s t o n  s e a l  i f  t h e  f l u i d  d i sp lacemen t  were 

l i m i t e d  t o  t h e  s m a l l  amount d e r i v i n g  from t e s t  wheel b r a k e  

a p p l i c a t i o n .  Consequent ly,  a  dummy c a l i p e r ,  plumbed i n  

p a r a l l e l  t o  t h e  b rake  c a l i p e r ,  has  been  p r o v i d e d .  This  c a l i p e r  

has  been modif ied  w i t h  a  s t r o k e - l i m i t e r  and. r e t u r n  s p r i n g .  I t  

f u n c t i o n s  a s  a  c a p a c i t o r  i n  t h e  b r a k e  sys tem,  and i n c r e a s e s  

t h e  d isp lacement  of t h e  i n t e n s i f i e r  a p p r o p r i a t e l y .  

. 

Dummy C a l i p e r  

i 

Figure  B . 6 ,  Schematic  diagram: The b rake  sys tem.  
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B.1.4 THE HYDRAULIC SYSTEM. A schemat i c  diagram 

o f  t h e  h y d r a u l i c  sys tem appears  i n  F i g u r e  B.7. The b a s i c  

f u n c t i o n  of  t h e  sys tem i s  t o  s e r v e  as a  h y d r o s t a t i c  t r a n s -  

mis s ion  coup l ing  t h e  r o t a t i o n a l  degree  o f  freedom o f  t h e  t e s t  

wheel and f l y w h e e l .  The main h y d r a u l i c  c i r c u i t ,  composed o f  

t e s t  wheel-  and f l y w h e e l - d r i v e n  pumps plumbed i n  a  " loop , "  

se.rves t h i s  pu rpose .  The remaining  h y d r a u l i c  sys tem components 

a r e  a u x i l i a r y  t o  t h i s  pu rpose .  

The maximum des ign  p r e s s u r e  o f  t h e  h y d r a u l i c  c i r c u i t  i s  

3000 p s i .  To i n s u r e  t h a t  t h i s  p r e s s u r e  i s  n o t  exceeded,  two 

r e l i e f  v a l v e s  s e t  a t  2 9 0 0  p s i  a r e  p r o v i d e d ,  one each  i n  t h e  

l i n e s  connec t ing  t h e  pumps. 

The a d d i t i o n a l  i n e r t i a  p r o v i d e d  by t h e  f lywhee l  g r e a t l y  

i n c r e a s e s  t h e  r e sponse  t ime of t h e  t e s t  wheel l o c k - u p . c y c l e .  

None the le s s ,  due t o  t h e  r e l i e f  v a l v e  f u n c t i o n ,  t e s t  wheel 

lock-up  may o c c u r  w h i l e  s u b s t a n t i a l  k i n e t i c  energy remains 

i n  t h e  f lywhee l .  I f  l ock -up  i s  s u s t a i n e d  (by o v e r r i d i n g  t h e  

b r a k e  sys tem a n t i l o c k  c i r c u i t ) ,  a s  i s  sometimes t h e  c a s e ,  t h i s  

k i n e t i c  energy i s  absorbed  by h e a t i n g  of  t h e  h y d r a u l i c  f l u i d .  

Consequent ly ,  t h e  o u t p u t  of t h e  r e l i e f  v a l v e s  i s  i n p u t  t o  a  

"hea t  t a n k . "  This  tank  s e r v e s  as  bo th  a  the rma l  c a p a c i t o r ,  

by p r o v i d i n g  a  r e l a t i v e l y  l a r g e  volume of  h y d r a u l i c  f l u i d ,  and 

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

atmosphere.  

The o u t p u t  ~ f  t h e  h e a t  t ank  r e t u r n s  f l u i d  t o  t h e  main 

h y d r a u l i c  system v i a  a  p a i r  of  check v a l v e s .  This  o u t p u t  l i n e  

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

r e p l a c e s  f l u i d  l o s t  from t h e  main c i r c u i t  due t o  pump l e a k a g e .  

To complete  t h e  r e p l e n i s h i n g  c i r c u i t ,  t h e  h e a t  t ank  i s  a l s o  

s e r v i c e d  by t h e  pneumatic-powered r e p l e n i s h i n g  pump which 

p r o v i d e s  f l u i d  from t h e  sys tem r e s e r v o i r  a t  a  p r e s s u r e  equa l  

t o  e x i s t i n g  pneumatic  sys tem r e s e r v o i r  p r e s s u r e .  



TEST W REEL 

Figure B . 7  schematic diagram:  The h y d r a u l i c  system. 



The h e a t  t a n k  i s  a l s o  f i t t e d  w i t h  a  o n e - q u a r t  accumula to r  

t o  abso rb  s u r g e s  i n  t h e  sys t em,  and w i t h  a  l a r g e  volume 

s a f e t y  r e l i e f  v a l v e .  T h i s  v a l v e  i s  s e t  t o  200 p s i  and r e t u r n s  

f l u i d  t o  t h e  sys t em r e s e r v o i r .  

B.1.5 INSTRUMENTATION SYSTEM. I n  a d d i t i o n  t o  t h e  

e l e c t r o n i c s  a s s o c i a t e d  w i t h  t h e  t e s t  wheel  a n t i l o c k  sys t em,  

e l e c t r o n i c  i n s t r u m e n t a t i o n  p r o v i d e s  a n a l o g  s i g n a l s  o f  F x ,  F Z ,  

Fx/FZ and V .  Although normal o p e r a t i o n  c a l l s  f o r  c o n t i n u o u s  

r e c o r d i n g  o f  Fx/FZ,  FZ and V by i n k  pen  r e c o r d e r ,  Fx/FZ may 

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

d i g i t a l l y  t o  t h e  d r i v e r .  A galvomometer d i s p l a y e d  t o  t h e  

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

t e m p e r a t u r e .  Scemat ic  diagrams of  t h e  i n s t r u m e n t a t i o n  sys t em 

appea r  i n  F i g u r e s  B . 8  and B . 9 .  

T ransduce r s  f o r  t h e  sys tem a r e  (1) t h e  b i a x i a l  l o a d  c e l l ,  

( 2 )  a  f i f t h  wheel-mounted,  d . c ,  t achomete r  g e n e r a t o r ,  and 

( 3 )  a  i r o n - c a n s t a n t a n  thermocouple .  

Two s t r a i n  gauge b r i d g e  c o n d i t i o n i n g  d e v i c e s  p r o v i d e  

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

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

An e n c a p s u l a t e d  ana log  r n u l t i p l i e r / d i v i d e r  c i r c u i t  p r o v i d e s  

t h e  Fx/FZ computa t ion .  Var ious  p a s s i v e  networks a r e  employed 

t o  f i l t e r  ana log  s i g n a l s  b e i n g  r e c o r d e d .  

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

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

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

v a r i o u s  sys tem c a l i b r a t i o n  r e q u i r e m e n t s .  







B ,  2 SFD: GENERAL OPERATING INFORMATION 

Each o f  t h e  f i v e  major systems o f  t h e  SFD (mechanica l ,  

. p n e u m a t i c ,  b r a k e ,  h y d r a u l i c ,  and e l e c t r i c a l )  demands some 

a t t e n t i o n  w i t h  r e g a r d  t o  maintenance o r  g e n e r a l  o p e r a t i o n .  

Each i s  addressed  s e p a r a t e l y .  

B . 2 . 2  MECHANICAL SYSTEM. The mechanical  sys tem i s  

composed most ly  of  s t r u c t u r a l  members and t h u s  r e q u i r e s  l i t t l e  

a t t e n t i o n .  Of most concern i s  t h e  maintenance of  t h e  b a l l  

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

checked w i t h  r e g a r d  t o :  

1 )  I n t e g r i t y  of  t h e i r  i s o l a t i o n  o r  s e a l i n g  mechanisms; 

i . e . ,  t h e  c o n d i t i o n  of t h e  f o u r  be l lows and t h e  

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

2) L u b r i c a t i o n  of bo th  t h e  i n n e r  and o u t e r  b a l l  

s p l i n e  r a c e s .  

Note t h a t  i f  d i sassembly  of  t h e  b a l l  s p l i n e  i s  e v e r  

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

t h e  o u t e r  r a c e  upon removal of  t h e  i n n e r  r a c e  ( i . e . ,  t h e  s p l i n e  

s h a f t ) .  A s  t h e  i n n e r  r a c e  i s  removed, a dummy r a c e ,  such  a s  

a  cardboard  c y l i n d e r ,  shou ld  be s imul t aneous ly  i n s t a l l e d .  

The on ly  o t h e r  p o i n t  of  maintenance i n  t h e  mechanica l  

system i s  t h e  f lywheel  s u p p o r t  b e a r i n g  which shou ld  r e c e i v e  

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

1 )  remove f lywheel  hous ing  cover  

2 )  remove two b o l t s  a t t a c h i n g  f lywhee l  t o  f lywheel  

hub and r e p l a c e  w i t h  e y e b o l t s  o f  s i m i l a r  t h r e a d  

3 )  u s i n g  e y e b o l t s ,  l i f t  f lywheel  from hous ing  

4 )  f lywheel  b e a r i n g  i s  now exposed.  



B . 2 . 2  PNEUMATIC SYSTEM. The power s o u r c e  f o r  t h e  

pneumatic  system i s  an engine-mounted a i r  compressor (nominal ly ,  

a  t r u c k  a i r  b rake  sys tem compressor ) .  I n  normal o p e r a t i o n ,  

t h e  compressor i s  c o n t r o l l e d  by a  governor  l o c a t e d  on t h e  

r i g h t  f e n d e r  i n s i d e  t h e  engine  compartment. The governor  i s  

s e t  t o  ma in ta in  r e s e r v o i r  a i r  p r e s s u r e  between 110 and 140 p s i .  

Mounted on t h e  head of  t h e  compressor i s  a  mechanica l  governor  

o v e r r i d e  c o n s i s t i n g  s imply  of  a  b r a c k e t ,  b o l t  and l o c k i n g  wing 

n u t .  By t i g h t e n i n g  t h e  b o l t ,  t h e  compressor v a l v e  c o n t r o l  

l e v e r  may be  d e p r e s s e d ,  t hus  c a u s i n g  t h e  compressor t o  i d l e  

r e g a r d l e s s  of  r e s e r v o i r  p r e s s u r e .  Th i s  i s  most conven ien t  

when t r a n s p o r t i n g  t h e  SFD a s  a  normal highway v e h i c l e .  When- 

e v e r  compressed a i r  supp ly  i s  r e q u i r e d ,  t h e  o v e r r i d e  b o l t  

would be backed o f f  s u f f i c i e n t l y  t o  a l low c l e a r a n c e  between i t  

and t h e  v a l v e  c o n t r o l  arm. - 
To i n s u r e  adequa te  a i r  supp ly  a t  a l l  t imes  d u r i n g  

o p e r a t i o n ,  a  r a t h e r  l a r g e  r e s e r v o i r  volume ( 2 6  g a l l o n s )  i s  

p rov ided .  A s u b s t a n t i a l  t ime p e r i o d  (10 t o  15  minu tes )  may 

be  r e q u i r e d  f o r  t h e  system compressor t o  charge  t h i s  r e s e r v o i r .  

To avoid  t h i s  d e l a y  and t o  a l low sys tem o p e r a t i o n  w i t h o u t  

o p e r a t i n g  t h e  t r u c k  motor ,  t h e  sys tem may be  l i n k e d  t o  an 

independent  a i r  supply  of l e s s  than  140 p s i  v i a  t h e  f l e x i b l e  

a i r  l i n e  l o c a t e d  a t  t h e  t e s t  wheel a r e a .  

Normal o p e r a t i o n  of t h e  pneumatic  system may r e s u l t  i n  

t h e  accumula t ion  of  c o n s i d e r a b l e  condensa t ion  i n  t h e  a i r  

r e s e r v o i r .  The t anks  a r e  a r r a n g e d  s e r i a l l y  r e l a t i v e  t o  t h e  

compressor such t h a t  most condensa t ion  occur s  i n  t h e  p a s s e n g e r  

s i d e  t a n k .  The wa te r  v a l v e  l o c a t e d  on t h e  bot tom o f  t h i s  

t ank  shou ld  be used d a i l y  t o  d r a i n  t h i s  condensa t ion .  Tanks 

should  be under p r e s s u r e  d u r i n g  t h i s  p rocedure  t o  f a c i l i t a t e  

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

shou ld  b e  removed t o  check f o r  w a t e r .  T h i s  p l u g  shou ld  no t  

b e  removed w h i l e  t h e  t ank  i s  p r e s s u r i z e d .  



I n  a d d i t i o n  t o  t h e  pneumat ic  sys tem c o n t r o l  f u n c t i o n s  

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

c y l i n d e r  s o l e n o i d  v a l v e s  may be  o p e r a t e d  manual ly  from t h e  

t e s t  wheel a r e a .  The b u t t o n  p r o t r u d i n g  from t h e  s o l e n o i d  

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

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

p r e s s u r i z e s  t h e  a i r  s p r i n g .  

The pneumat ic  s y s t e m . i s  equipped w i t h  t h r e e  o v e r l o a d  

r e l i e f  v a l v e s .  One, l o c a t e d  on t h e  r e s e r v o i r ,  r e l i e v e s  t h e  

e n t i r e  sys tem a t  150 p s i  i n  c a s e  o f  governor  f a i l u r e .  The 

o t h e r  two a r e  l o c a t e d  i n  t h e  i n s t r u m e n t a t i o n  c a b i n e t .  One i s  

s e t  a t  40 p s i  and p r e v e n t s  o v e r l o a d  o f  t h e  t e s t  wheel  l o a d  

c e l l  by l i m i t i n g  a i r  s p r i n g  p r e s s u r e .  The o t h e r  p r e v e n t s  

o v e r - p r e s s u r i z i n g  t h e  h y d r a u l i c  b r a k e  sys tem by l i m i t i n g  a i r /  

h y d r a u l i c  i n t e n s i f i e r  i npu t .  p r e s s u r e  ' t o  100 p s i .  - ' 

B . 2 . 3  THE BRAKE SYSTEM. P e r i o d i c  main tenance  of  t h e  

b r a k e  sys tem shou ld  i n c l u d e :  

1 )  Maintenance of adequa te  f l u i d  i n  t h e  sys tem 

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

p r e s s u r e  i n t e n s i f i e r .  

2) P e r i o d i c  b l e e d i n g  and/or  f l u s h i n g  of  t h e  

b r a k e  sys tem f l u i d  l i n e s .  

3) P e r i o d i c  rep lacement  o f  d i s c  b r a k e  p a d s .  

Bleeding  of  t h e  b r a k e  l i n e s  i s  accompl ished  i n  t h e  same 

manner a s  f o r  any automot ive  b r a k e  sys t em,  e x c e p t  t h a t  t h e  

m a s t e r  c y l i n d e r  i s  s t r o k e d  by u s i n g  t h e  pneumat ic  sys tem.  

Both t h e  t e s t  wheel b r a k e  c a l i p e r  and t h e  dummy c a l i p e r  shou ld  

be  b l e d .  

Disc b r a k e  pads s h o u l d  be  r e p l a c e d  by t h o s e  f o r  a  1974 

Oldsmobile  Toronado f r o n t  b r a k e ,  



B . 2 . 4  THE HYDRAULIC SYSTEM. Hydrau l i c  sys tem o p e r a t i o n  

i s  v i r t u a l l y  au tomat i c .  The system r e q u i r e s  a t t e n t i o n  on ly  

i n  terms of  maintenance.  

F l u i d  l e v e l  i n  t h e  system r e s e r v o i r  s h o u l d  be  ma in ta ined  

t o  t h e  l e v e l  o f  t h e  s i g h t  g l a s s  p rov ided .  

The system shou ld  be b l e d  p e r i o d i c a l l y .  Two open-ended 

v a l v e s ,  one on t h e  forward end of  t h e  h e a t  t a n k ,  and one on 

t h e  passenger  s i d e  forward end o f  t h e  p i p i n g  ne twork ,  a r e  

p rov ided  f o r  t h i s  purpose .  When b l e e d i n g ,  t h e  pneumatic  

sys t em shou ld  be p r e s s u r i z e d  and t h e  f r o n t  end o f  t h e  e n t i r e  

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

o f  t h e  f l u i d  system. 

I n  t h e  event  t h a t  a  l a r g e  f l u i d  volume i s  l o s t  from t h e  

h y d r a u l i c  system such t h a t  majoc a i r  con tamina t ion  of t h e  

main system loop o c c u r s ,  t h e  system shou ld  be  charged  w i t h  an 

independent  h y d r a u l i c  f l u i d  s o u r c e  w i t h  a  d e l i v e r y  c a p a c i t y  

of  roughly 5 gpm. The source  shou ld  be connected  t o  t h e  

q u i c k - d i s c o n n e c t  f i t t i n g  l o c a t e d  a t  t h e  r e a r  o f  t h e  t e s t  wheel 

pump. A r e t u r n  l i n e  t o  t h e  s o u r c e  shou ld  be p rov ided  v i a  t h e  

b l e e d  v a l v e  on t h e  p i p i n g  network.  With t h e  f lywhee l  motor 

r e s t r a i n e d  from r o t a t i n g  and t h e  t e s t  wheel motor f r e e  t o  

r o t a t e ,  f l u i d  shou ld  be pumped i n t o  t h e  system f o r  s e v e r a l  

minu tes ,  t hus  purg ing  t h e  t e s t  wheel motor .  T h i s  p rocedure  

shou ld  be r e p e a t e d  w i t h  t h e  t e s t  wheel motor c o n s t r a i n e d  and 

t h e  f lywheel  motor f r e e  t o  r o t a t e .  During t h i s  a c t i v i t y ,  

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

t h e  pump d r a i n  l i n e s ,  R e s e r v o i r  f l u i d  l e v e l  i s  ma in ta ined  

dur ing  t h i s  procedure  by o p e r a t i o n  o f  t h e  cha rg ing  pump and 

t h e  h e a t  t ank  b l e e d  v a l v e .  

The h y d r a u l i c  system f l u i d  i s  c l e a n s e d  v i a  t h e  f i l t e r  

a t  t h e  cha rg ing  pump e x i t .  The f i l t e r  s h o u l d  be p e r i o d i c a l l y  

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



The accumulator  l o c a t e d  on t h e  h e a t  t a n k  shou ld  be  

n i t r o g e n - p r e c h a r g e d  t o  50 p s i .  P rope r  p r e c h a r g e  p r e s s u r e  

s h o u l d  be  checked p e r i o d i c a l l y ,  w i t h  t h e  pneumatic  sys tem 

p r e s s u r e  a t  z e r o ,  and w i t h  h y d r a u l i c  sys tem p r e s s u r e  r e l i e v e d  

th rough  opening of  t h e  h e a t  t a n k  b l e e d  v a l v e .  

B.  2 . 5  ELECTRICAL SYSTEM. The power s o u r c e  f o r  t h e  SFD 

e l e c t r i c a l  system i s  t h e  1 2 - v o l t  v e h i c l e  e l e c t r i c a l  sys tem.  

The main f u s e  f o r  t h e  SFD sys tem i s  l o c a t e d  on t h e  r i g h t  f r o n t  

wheel f e n d e r  i n s i d e  t h e  eng ine  compartment. The main power 

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

i n  t h e  a f t  passenger  a r e a  of  t h e  cab .  The 1 2 - v o l t  v e h i c l e  

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

v a l v e s  and c o n t r o l  p a n e l  i n d i c a t o r  l i g h t s .  The 1 2 - v o l t  supp ly  

i s  conver t ed  t o  1 1 0 - v o l t ,  60 c y c l e  AC by an i n v e r t e r  l o c a t e d  

w i t h i n  t h e  i n s t r u m e n t a t i o n  c a b i n e t .  The AC supp ly  powers t h e  

r e c o r d e r  and t h e  s t r a i n  gauge e x c i t a t i o n  u n i t s ,  a s  w e l l  a s  

a  k 1 5 - v o l t  DC power supply  which,  i n  t u r n ,  f e e d s  t h e  Fx/FZ 

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

d i s p l a y  speedometer  package ,  p r o v i d e s  5 v .  DC f o r  DIN power. 

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

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

c i r c u i t .  

A l l  AC power i s  d i s t r i b u t e d  v i a  an AC p l u g  s t r i p  l o c a t e d  

on t h e  i n s i d e  forward w a l l  of  t h e  i n s t r u m e n t a t i o n  c a b i n e t .  

T h i s  s t r i p  may be c o n v e n i e n t l y  plugged i n t o  any AC u t i l i t y  

o u t l e t ,  r a t h e r  t h a n  t h e  i n v e r t e r ,  t o  avoid  b a t t e r y  d r a i n  

d u r i n g  a  g a r a g e - s i t e  o p e r a t i o n ,  

S e v e r a l  p o i n t s  o f  ad jus tmen t ,  n o t  g e n e r a l l y  used i n  d a i l y  

a c t i v i t y ,  b u t  of i n t e r e s t  h e r e ,  a r e  p rov ided  i n  t h e  e l e c t r i c a l .  

system. 



A v e l o c i t y  c a l i b r a t i o n  adjus tment  i s  l o c a t e d  i n s i d e  t h e  

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

box mounted on t h e  c a b i n e t  f r o n t  p a n e l .  Adjustment of t h i s  

trim p o t  v a r i e s  t h e  c a l i b r a t o r  v o l t a g e  a v a i l a b l e  t o  t h e  

v e l o c i t y  measurement system. 

A g a i n  adjustment  f o r  t h e  d r i v e r - d i s p l a y  d i g i t a l  

speedometer i s  l o c a t e d  on t h e  r i g h t  s i d e  of t h e  speedometer 
hous ing .  This trim p o t  'behaves as  a  v o l t a g e  d i v i d e r  

r e l a t i v e  t o  t h e  speedometer Dm i n p u t ,  

The t e s t  wheel ' f a n t i l o c k "  c i r c u i t r y ,  l o c a t e d  i n  a  c h a s s i s  

box on t h e  a f t  w a l l  of t h e  i n s t r u m e n t a t i o n  c a b i n e t ,  has  two 

adjus tment  p o i n t s .  These a r e  .trim p o t  ad jus tments  and may 

be accessed  through ho les  on t h e  c h a s s i s  box cover .  (Adjus t -  

ment should  be made w i t h  t h e , c o v e r  i n  p l a c e  t o  avoid t h e  

e f f e c t s  o f  ex t raneous  n o i s e . )  As i n d i c a t e d  on t h e  c o v e r ,  one 

ad jus tment  i s  f o r  s i g n a l  s e n s i t i v i t y  and one i s  f o r  a n t i l o c k  

t r i g g e r  v e l o c i t y  ad jus tment .  

Phys ica l  c a l i b r a t i o n  of  t h e  i n s t r u m e n t a t i o n  system 

t r a n s d u c e r s  ( load  c e l l  and f i f t h  wheel) should  be accomplished 

p e r i o d i c a l l y .  

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

under taken  i n  March of 1974 t o  a s c e r t a i n  i t s  g a i n ,  l i n e a r i t y ,  

h y s t e r e s i s  and c r o s s -  t a l k  e f f e c t s .  During c a l i b r a t i o n ,  a l l  

l oads  were a p p l i e d  i n  t h e  t e s t  wheel p l a n e  t o  a s s u r e  t h a t  

moments d e r i v i n g  from t h e  o f f s e t  of t h i s  p l a n e  from t h e  l o a d  

c e l l  f a c e  were accounted f o r .  Data from t h e  c a l i b r a t i o n  a r e  

reviewed i n  Tables  B - 1  through B - 6  and i n  F igures  B . 1 0  and 

R . 1 1 .  The r e s u l t i n g  load  r ead ings  a s s o c i a t e d  w i t h  t h e  

c a l i b r a t i o n  r e s i s t o r s  i n s t a l l e d  i n  t h e  two s t r a i n  gauge 

c o n d i t i o n  u n i t s  appear  i n  Table  B - 7 .  

P h y s i c a l  c a l i b r a t i o n  of each load  c e l l  channel  should  be 
I 

accomplished p e r i o d i c a l l y ,  p o s s i b l y  p r i o r  t o  each major use  I . I 

o f  t h e  d e v i c e .  Cross-channel  c a l i b r a t i o n  shou ld  be  accomplished 

o c c a s i o n a l l y .  



TABLE B-1 

SFD LOAD CELL CALIBRATION: FZ CALIBRATION 

Condi t ions  o f  Load: 

1) Fx = 0 . 0  l b s .  

2 )  FZ a p p l i e d  through c e l l  c e n t e r l i n e  

C a l i b r a t i o n  Shunt  R e s i s t o r  Readings,  SFD C e l l :  

Fz Channel 

Lebow R e s i s t o r  Appl ied  a t  C e l l :  Reading Shunt Terminals  

1514 B - D  
1508 C - D 

HSRI R e s i s t o r  I n s t a l l e d  i n  C a l i b r a t i o n  
FZ V i a t r a n :  Reading Swi tch  P o s i t i o n  

1514 l e f t  
1520 r i g h t  

' SFD Load , 

C e l l  Readings 
Ca l ib ra t i -on  'Load 
C e l l  Readings ( l b )  

C e l l  # l  C e l l  # 2  P.vg, 



TABLE B -  1 (Continued) 



TABLE B-2 

SFD LOAD CELL CALIBRATION: FZ CALIBRATION AND 

Fx ZERO OFFSET RESULTING FROM FZ 

C o n d i t i o n  o f  Loading:  

1) F; = 0 .0  l b s .  

2 )  FZ = a p p l i e d  th rough  c e l l  c e n t e r l i n e  

SFD Load 
C e l l  Readings 

C a l i b r a t i o n  Shunt  R e s i s t o r  Read ings ,  SFD C e l l :  

FZ Channel 

HSRI R e s i s t o r  I n s t a l l e d  i n  C a l i b r a t i o n  
FZ V i a t r a n :  Read ing  S w i t c h  P o s i t i o n  

1514 l e f t  
1520 r i g h t  

Fx Channel 

Lebow R e s i s t o r  App l i ed  
a t  C e l l :  Reading  Shunt  Te rmina l s  

1501  B - D  
1498 C - D  

C a l i b r a t i o n  Load C e l l  
Reading ( l b )  

FZ - 
0  

261 
524 
789 

1024 
1258 
1509 
1755 
1930 
1531  
1030 

590 
359 

0 
1205 
1885 

351 
0  



TABLE B-  3 

SFD LOAD CALIBRATION: F CALIBRATION, 
X 

BRAKE TORQUE AND F EFFECT ON F  z X 

Cond i t ions  of Load: 

1 )  F Z  = 0.0 l b s .  

2) Fx = a p p l i e d  a t  approx imate ly  11 i n c h  moment 

arm from c e l l  c e n t e r l i n e  

C a l i b r a t i o n  Shunt R e s i s t o r  Readings,  SFD C e l l :  

Fx Channel 

Lebow R e s i s t o r  Appl ied  a t  C e l l :  Reading Shunt  Terminals  

1501 C - D  . 

1498 B - D 

HSRI R e s i s t o r  I n s t a l l e d  i n  . - C a l i b r a t i o n  
Fx V i a t r a n :  ~ e a - d i n ~  Swi tch  P o s i t i o n  

1502 L e f t  
1499 Right  

SFD Load 
C e l l  Readings 

C a l i b r a t i o n  Load 
C e l l  Readings ( l b )  

C e l l # l  C e l l # 2  Avg, 



TABLE B-4 

S F D  LOAD CELL CALIBRATION: F CALIBRATION, 
X 

F EFFECT ON F z X 

Condition of Load: 

1) Nominally F Z  = 9 2 5  lbs. 

2 F x = applied at approximately 11 inch moment 
arm from cell centerline 

Calibration Shunt Resistor Readings, SFD Cell: 
Fx Channel 

Lebow Resistor Applied at Cell: Reading Shunt Terminals 
1501 C - D  
1498 B - D  

SFD Load Calibration Load 
Cell Readings . . Cell Readings (lb) 

*Brake Slips, Following data contaminated. 



TABLE B-5 

SFD LOAD CELL CALIBRATION:  Fx CALIBRATION, 

BRAKE TORQUE EFFECT ON Fx AND F Z  ZERO OFFSET RESULTING FROM Fx 

C o n d i t i o n s  of  Load: 

1 )  FZ = 0 . 0  l b s .  

2) Fx = a p p l i e d  a t  approximate  1 5  i n c h  moment arm from 
c e l l  c e n t e r l i n e  

C a l i b r a t i o n  Shunt  R e s i s t o r  Readings ,  SFD C e l l :  

Fx Channel 

Lebow R e s i s t o r  Appl ied  a t  C e l l :  Reading  Shunt  Te rmina l s  

1501  C - D  
1498 B - D  

FZ Channel 

HSRI R e s i s t o r  I n s t a l 1 , e d  i n  C a l i b r a t i o n  
FZ V i a t r a n :  ~ e a d i n ~  Switch.  P o s i t i o n  

1516 L e f t  
1518 R i g h t  

SFD ~ o a d '  
C e l l  Readings 

C a l i b r a t i o n  Load 
Cel l  Readings ( l b )  

*Brake S l i p s .  Fo l lowing  d a t a  con tamina ted .  



TABLE B-6 

Cond i t ions  of Load: I 

SFD LOAD CELL CALIBRATION: Fx CALIBRATION 

BRAKE TORQUE EFFECT ON Fx AND F Z  ZERO OFFSET RESULTING FROM Fx 

1 )  FZ = 0.0 l b s .  

2 )  Fx = a p p l i e d  a t  approximate ly  11 i n c h  moment arm 
from c e l l  c e n t e r l i n e  

L 

C a l i b r a t i o n  Shunt R e s i s t o r  Readings,  SFD C e l l :  1 
Fx Channel I 

Lebow R e s i s t o r  Applied a t  C e l l :  Reading Shunt Terminals  ! 
i 

1501 C - D  
1498 B - D  

F Z  Channel 

HSRI R e s i s t o r  ~ n s t a l l e d  i n  C a l i b r a t i o n  
FZ V i a t r a n :  Reading Switch ' P o s i t i o n  1 

t 
1516 L e f t  
1518 Right  

SFD Load 
C e l l  Readings 

C a l i b r a t i o n  Load 1 
C e l l  Readings ( l b )  

F 
X 



TABLE B - 7  

SHUNT CALIBRATION VALUES FOR THE SFD LOAD CELL* 

Viatram Calibration Equivalent 
Data Channel Switch Position Load in Pounds 

Left 

Right 

Left 

Right 

*Values in this table are for shunt resistors 
installed in Viatram units as determined in 
March, 1974, 







S i m i l a r l y ,  p h y s i c a l  c a l i b r a t i o n  of t h e  f i f t h  wheel 

v e l o c i t y  t r ansduce r  should be done r e g u l a r l y ,  e i t h e r  by 

comparison wi th  a  s i m i l a r  device  of a s su red  accuracy o r  by 

a d i s t a n c e  t r a v e l / t i m e  i n t e r v a l  procedure .  

The encapsula ted  d i v i d e r  c i r c u i t  con ta ined  i n  t h e  

i n s t r u m e n t a t i o n  system should o c c a s i o n a l l y  be checked f o r  

l i n e a r i t y  and cons i s t ency  of g a i n .  A c a l i b r a t i o n  check of 

t h i s  dev ice  r e s u l t e d  i n  t h e  d a t a  appear ing  i n  F igure  B . 1 2 .  

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

t i o n  of t h e  l i n e a r i t y  of t h e  device  and of t h e  cons i s t ency  

o f  i t s  ga in  (10.05) over t h e  range of  denominator v o l t a g e s  

commonly encountered i n  t h e  conduct of t h e  braking  e f f i c i e n c y  

t e s t  technique  (1.35 t o  4.00 v; approximately e q u i v a l e n t  t o  

FZ r ead ings  of 500 t o  1500 l b s . ) .  The ze ro  s h i f t  phenomenon, 

i n d i c a t e d  by f  (D) d a t a  does n o t  :amage t h e  u ' t i l i t y  of t h e  

dev ice ,  f o r  i t  may be compensated f o r  i n  t h e  p r e t e s t  

i n s t r u m e n t a t i o n  c a l i b r a t i o n  procedure a s  o u t l i n e d  i n  S e c t i o n  

B .  3 . 2 .  

B.3 SFD TEST PROCEDURE OPERATING INSTRUCTIONS 

The fo l lowing paragraphs o u t l i n e  t h e  procedure  which 

should  be fol lowed i n  p repa r ing  f o r  and performing peak l o n g i -  

t u d i n a l  f r i c t i o n  t i r e  t e s t s  u s ing  t h e  SFD. P a r t i c u l a r  
a t t e n t i o n  should  be p a i d  t o  system c a l i b r a t i o n  and brake  

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

B.3 .1  VEHICLE PREPARATION. S t a r t  t h e  engine  and t u r n  

on power t o  t h e  ins t ru inen ta t ion  system. Turn on t h e  polier 
swi tches  of t h e  r eco rde r  and s t r a i n  gauge c o n d i t i o n e r s .  (To 
i n s u r e  t h a t  t h e  AC i n v e r t e r  i s  on ,  check t h e  paper  f eed  

f u n c t i o n  of t h e  r e c o r d e r .  I f  AC power i s  n o t  p r e s e n t ,  t u r n  
on i n v e r t e r  from r e a r  of i n s t r u m e n t a t i o n  c a b i n e t . )  Charge 
t h e  pneumatic system e i t h e r  by a l lowing s u f f i c i e n t  t ime f o r  
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t h e  engine-mounted compressor t o  f i l l  t h e  r e s e r v o i r  o r  by 

c a n n e c t i n g  a house pneumatic  supp ly  t o  t h e  sys tem v i a  t h e  a i r  

hose  a v a i l a b l e  a t  t h e  t e s t  wheel a r e a .  Allow 1 5  minutes  f o r  

i n s t r u m e n t a t i o n  warm up. 

A mechanical  l a t c h  i s  p rov ided  a t  t h e  extreme r e a r  o f  t h e  

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

when t h e  pneumatic  sys tem i s  n o t  p r e s s u r i z e d .  When s u f f i c i e n t  

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

wheel s t r u c t u r e ,  r e l e a s e  t h i s  l a t c h  s o  t h a t  t h e  wheel may be 

lowered.  

Lower t h e  v e l o c i t y  f i f t h  wheel ( b u t  neve r  back v e h i c l e  

w i t h  t h e  f i f t h  wheel down). 

B .  3 .2  CALIBRATION PROCEDURE. I n s t r u m e n t a t i o n  c a l i b r a -  

t i o n  s h o u l d  be  accomplished w i t h  t h e  SFD pa rked  and- t h e  

i n s t r u m e n t a t i o n  warmed up .  

B .3 .2 .1  V e l o c i t y  C a l i b r a t i o n .  P l a c e  t h e  i n p u t  c o n t r o l  

s w i t c h  f o r  channel  3 ( l o c a t e d  above t h e  r e c o r d e r )  t o  "V5."  

Using t h e  channel  3 p o s i t i o n  c o n t r o l  of  t h e  r e c o r d e r ,  p o s i t i o n  

t h e  i n k  pen t o  ze ro  ( r i g h t - h a n d  edge of  t h e  d a t a  g r i d ) .  Check 

t h e  f i f t h  wheel d r i v e r - d i s p l a y  speedometer  f o r  a  ze ro  r e a d i n g .  

To apply  t h e  c a l i b r a t i o n  v o l t a g e ,  p l a c e  t h e  channel  3 i n p u t  

c o n t r o l  s w i t c h  t o  "Cal . "  Using t h e  g a i n  and s e n s i t i v i t y  

ad jus tmen t s  of  t h e  r e c o r d e r ,  o b t a i n  t h e  i n d i c a t e d  m i l e s  p e r  

hour  co r re spond ing  t o  t h e  c a l i b r a t i o n  v o l t a g e .  Lock t h e  

s e n s i t i v i t y  and p o s i t i o n  c o n t r o l s  i n  p l a c e .  Check d r i v e r  

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

a d j u s t  speedometer  w i t h  trim p o t  on r i g h t  s i d e  of  t h e  

speedometer  c a s e .  Return t h e  i n y u t  c o n t r o l  s w i t c h  t o  "V " 5 ' 
Note t h a t  f i f t h  wheel v o l t a g e  o u t p u t  l e v e l  i s  such t h a t  t h e  

sys tem may c o n v e n i e n t l y  b e  c a l i b r a t e d  such  t h a t  m i l i v o l t s /  

d i v i s i o n  s c a l e  on t h e  g a i n  s e l e c t o r  may be i n t e r p r e t e d  as 



miles p e r  hour ,  f u l l  s c a l e . '  For i n s t a n c e ,  w i t h  t h e  s e l e c t o r  

a t  50 m i l i v o l t s / d i v . ,  s e n s i t i v i t y  may b e  a d j u s t e d  such t h a t  

f u l l - s c a l e  d e f l e c t i o n  cor responds  t o  50 mph. With s e n s i -  

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

swi tched  t o  o t h e r  s e t t i n g s  such a s  100 o r  2 0  mph f u l l  s c a l e  

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

B . 3 . 2 . 2  V e r t i c a l  Load (F,) C a l i b r a t i o n .  L i f t  t h e  t e s t  

wheel o u t  o f  c o n t a c t  w i th  t h e  ground t o  i n s u r e  a t r u e  ze ro  

v a l u e  of FZ .  (P lace  t h e  c a r r i a g e  c o n t r o l  swi t ch  t o  "UP.") 

P l a c e  t h e  i n p u t  s e l e c t o r  s w i t c h  f o r  channel  2 i n  t h e  "Zero" 

p o s i t i o n .  Using t h e  channel  2 p o s i t i o n  adjus tment  on t h e  

r e c o r d e r ,  p o s i t i o n  t h e  pen i n  t h e  zero p o s i t i o n  ( r i g h t  edge 

of  t h e  d a t a  g r i d ) .  Switch t h e  i n p u t  s e l e c t o r  t o  "FZ." Using 

t h e  zero  ad jus tment  on t h e  FZ s i g n a l  c o n d i t i o n i n g  u n i t ,  a d j u s t  

r e c o r d e r  pen t o  ze ro .  (To i n c r e a s e  accuracy  of  ad jus tmen t ,  

p l a c e  t h e  channel  2 ga in  s e l e c t o r  t o  a  h igh  s e n s i t i v i t y  

p o s i t i o n . )  With t h e  ga in  s e l e c t o r  a t  an a p p r o p r i a t e  p o s i t i o n ,  

and t h e  s e n s i t i v i t y  a d j u s t e d  f u l l y  c lockwise  ( t h a t  i s ,  " x l l ' ) ,  

p l a c e  t h e  c a l i b r a t i o n  swi t ch  of  t h e  FZ c o n d i t i o n i n g  u n i t  t o  

t h e  r i g h t  p o s i t i o n  and check f o r  an o u t p u t  of  approximate ly  

4 v o l t s  on t h e  r e c o r d e r .  I f  n e c e s s a r y ,  make adjus tment  w i t h  

t h e  c o n d i t i o n i n g  u n i t  "Span" a d j u s t e r .  I f  span adjus tment  

i s  needed,  r e p e a t  zero ad jus tment  of c o n d i t i o n i n g  u n i t .  

(The preceding  adjus tments  of t h e  FZ c o n d i t i o n i n g  u n i t  

a r e  necessa ry  f o r  p rope r  v o l t a g e  i n p u t  t o  t h e  d i v i d e r  c i r c u i t  

which c a l c u l a t e s  Fx/Fy I f  Fx/FZ i s  n o t  t o  be  r e c o r d e d ,  

a c c u r a t e  zero ad jus tment  i s  not  c r i t i c a l  . )  

S e t  t h e  channel  2 g a i n  s e l e c t o r  t o  100 m i l i v o l t s / v o l t .  

Assuming a  f u l l - s c a l e  v a l u e  of 2000 l b s . ,  p l a c e  t h e  FZ 

c a l i b r a t i o n  swi t ch  t o  t h e  r i g h t  and, u s ing  t h e  channel  2 

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

(1479 l b s .  a s  i n d i c a t e d  by load  c e l l  c a l i b r a t i o n  of March, 

1974) .  The g a i n  c o n t r o l  s e l e c t o r  may now be used t o  o b t a i n  

t h e  d e s i r e d  f u l l - s c a l e  d e f l e c t i o n ,  e , g . ,  50 m i l i v o l t s / d i v .  = 

1000 l b .  f u l l  s c a l e .  



B. 3 . 2 . 3  Normalized Brake Force (Fx/Fz) C a l i b r a t i o n .  (Must 

be  preceded by c a l i b r a t i o n . )  L i f t  t h e  t e s t  wheel o u t  of 

c o n t a c t  w i t h  t h e  ground. P l a c e  t h e  i n p u t  s e l e c t o r  swi t ches  

f o r  channel  1 t o  t h e  "Zero" p o s i t i o n  ( i . e , ,  r i g h t - h a n d  

swi t ch  t o  "Zero," l e f t - h a n d  swi t ch  i n  any p o s i t i o n ) .  P o s i t i o n  

t h e  pen t o  t h e  zero p o s i t i o n  ( r i g h t  edge of  d a t a  g r i d ) .  

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

swi t ch  t o  f f a " ,  l e f t - h a n d  swi t ch  t o  Fx). Using t h e  ze ro  

a d j u s t  on t h e  Fx s i g n a l  c o n d i t i o n i n g  u n i t ,  a d j u s t  r e c o r d e r  pen 

t o  zero .  (To improve t h e  accuracy of t h i s  ad jus tmen t ,  s e l e c t  

a h igh  s e n s i t i v e  g a i n  p o s i t i o n . )  With t h e  g a i n  s e l e c t o r  a t  

an a p p r o p r i a t e  p o s i t i o n  and t h e  s e n s i t i v i t y  ad jus tment  f u l l y  

c lockwise ,  p l a c e  t h e  c a l i b r a t i o n  swi t ch  of t h e  Fx c o n d i t i o n i n g  

u n i t  t o  t h e  l e f t .  Check f o r  an ou tpu t  o f  approximate ly  t h r e e  

v o l t s  on t h e  r e c o r d e r .  I f  n e c e s s a r y , - a d j u s t  t h e  c o n d i t i o n e r  

"Span." I f  span adjus tment  i s  n e c e s s a r y ,  r e p e a t  ze ro  a d j u s t -  

ment. P lace  t h e  l e f t - h a n d  i n p u t  s e l e c t o r  swi t ch  t o  Fx/FZ 

and t h e  g a i n  s e l e c t o r  swi t ch  t o  100 m i l i v o l t s / d i v ,  With t h e  

FZ c a l i b r a t i o n  swi t ch  t o  t h e  r i g h t ,  use  t h e  r e c o r d e r  p o s i t i o n  

a d j u s t  t o  o b t a i n  a  zero r e a d i n g .  With t h e  F Z  c a l i b r a t i o n  . 

swi t ch  t o  t h e  r i g h t  and t h e  Fx c a l i b r a t i o n  swi t ch  t o  t h e  l e f t ,  

u se  t h e  s e n s i t i v i t y  adjustment  t o  o b t a i n  t h e  p r o p e r  r e a d i n g ,  

assuming a  f u l l - s c a l e  va lue  of 1. (As p e r  l o a d  c e l l  c a l i -  

b r a t i o n  of March , 1974, t h e  p r o p e r  Fx/FZ c a l i b r a t i o n  r ead ing  

was 1 . 0 0 ,  i . e . ,  Fx = 1478, FZ = 1479. )  Lower t e s t  wheel onto  

s u r f a c e  and load  wheel t o  d e s i r e d  v e r t i c a l  l oad  by a d j u s t i n g  

a i r  s p r i n g  p r e s s u r e  and observ ing  Fz r e a d o u t .  P l a c e  l e f t -  

hand i n p u t  s e l e c t o r  swi t ch  t o  f f O / F Z "  and a d j u s t  r e c o r d e r  pen 

t o  zero us ing  t h e  r e c o r d e r  p o s i t i o n  adjus tment .  P l a c e  t h e  

l e f t - h a n d  s e l e c t o r  swi t ch  t o  Fx/FZ.  

The g a i n  s e l e c t o r  swi t ch  i s  now an i n d i c a t o r  of t h e  

f u l l - s c a l e  Fx/Fz r ead ing .  For example: 



/ 

50 m i l i v o l t s / d i v  + Fx/FZ = .5 a t  f u l l  s c a l e  

100 m i l i v o l t s / d i v  + Fx/FZ = 1 . 0  a t  f u l l  s c a l e  I 
I 

200 m i l i v o l t s / d i v  + Fx/Fz = 2.0 a t  f u l l  s c a l e  

I n  t h e  p r e c e d i n g  p r o c e d u r e ,  z e ro  and span  a d j u s t m e n t s  of  
I 
I 

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

d i v i d e r  c i r c u i t .  The f o l l o w i n g  a d j u s t m e n t s  o f  p o s i t i o n  and 

s e n s i t i v i t y  p r o v i d e  f o r  p r o p e r  sys tem g a i n .  The f i n a l  a d u s t -  

ment o f  pen ze ro  p o s i t i o n  n u l l s  t h e  z e r o  o f f s e t  o f  t h e  d i v i d e r  

c i r c u i t ,  a s  e x p l a i n e d  i n  S e c t i o n  B.1 .5 .  

The f i n a l  z e r o  p o s i t i o n  ad ju s tmen t  must  b e  r e p e a t e d  

whenever t i r e  v e r t i c a l  l o a d  changes  a r e  made. 

I 
B . 3 . 2 . 4  Brake Force  (F,) c a l i b r a t i o n .  L i f t  t h e  t e s t  i 1 

wheel  o u t  of  c o n t a c t  w i t h  t h e  g round .  P l a c e  t h e  r i g h t - h a n d  i 

i n p u t  s e l e c t o r  s w i t c h  f o r  channe l  1 t o  "Zero" and a d j u s t  t h e  
I 
i 

pen p o s i t i o n  t o  r e a d  z e r o ,  i . e . ,  t h e  r i g h t  edge o f  t h e  d a t a  1 
g r i d .  With t h e  r e c o r d e r  g a i n  s e l e c t o r  on an a p p r o p r i a t e  v a l u e ,  

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

s e l e c t o r  s w i t c h e s  t o  "F," ( l e f t - h a n d  s w i t c h  on "Fxl ' ,  r i g h t -  / 

hand s w i t c h  on " * " ) ,  u s e  span  and z e r o  a d j u s t m e n t s  o f  t h e  Fx 1 
c o n d i t i o n i n g  u n i t  t o  o b t a i n  a  z e r o  r e a d i n g  o u t p u t  o f  z e r o  

v o l t s ,  and a  c a l i b r a t i o n  o u t p u t  o f  app rox ima te ly  t h r e e  v o l t s ,  

a s  was d e s c r i b e d  i n  S e c t i o n  2 . 3 .  (When Fx r a t h e r  t h a n  Fx/FZ 

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

s h o u l d  b e  unde r t aken  t o  i n s u r e  r e a s o n a b l e  u s e  o f  t h e  

i n s t r u m e n t a t i o n  c a p a b i l i t y . )  

S e t  t h e  channe l  1 g a i n  s e l e c t o r  t o  100 m i l i v o l t s / v o l t .  

Use t h e  pen p o s i t i o n  ad ju s tmen t  t o  o b t a i n  a  z e r o  r e a d i n g .  

Assuming a  f u l l - s c a l e  d e f l e c t i o n  e q u a l  t o  2000 l b . ,  p l a c e  

t h e  Fx c a l i b r a t i o n  s w i t c h  t o  t h e  l e f t  and a d j u s t  r e c o r d e r  
s e n s i t i v i t y  t o  o b t a i n  t h e  p r o p e r  r e a d i n g  i n  pounds ( 1 4 7 8  l b .  

a s  of c e l l  c a l i b r a t i o n  of  March, 1974 ) .  Recheck z e r o  pen  

p o s i t i o n .  



Channel 1 i s  now c a l i b r a t e d  f o r  r e c o r d i n g  F x .  The 

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

s e l e c t o r  s w i t c h ,  e . g . ,  

100 m i l i v o l t s / v o l t  -+ Fx = 2000 l b .  f u l l  s c a l e  

50 m i l i v o l t s / v o l t  ; FZ = 1000 l b .  f u l l  s c a l e  

B.3 .3  AIR SYSTEM OPERATION. C o n t r o l  i n p u t s  f o r  t h e  a i r  

sys tem a r e  a v a i l a b l e  on t h e  upper  p o r t i o n  of  t h e  i n s t r u m e n t a -  

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

c a r r i a g e  c o n t r o l ,  t e s t  wheel l o a d  c o n t r o l ,  and b r a k e  sys tem 

c o n t r o l .  The f o l l o w i n g  s e c t i o n s  d e a l  w i t h  each  t o p i c ,  

r e s p e c t i v e l y .  

B.3 .3 .1  C a r r i a g e  C o n t r o l .  P o s i t i o n  o f  t h e  t e s t  wheel 

c a r r i a g e  can  be c o n t r o l l e d  from t h e  v e h i c l e  cab u s i n g  t h e  

t o g g l e  s w i t c h  marked " C a r r i a g e . "  This  s w i t c h  r emote ly  c o n t r o l s  

a  four-way a i r  s o l e n o i d  a t  t h e  t e s t  wheel a r e a  which c o n t r o l s  

a i r  t o  t h e  l i f t  c y l i n d e r .  The "Up" p o s i t i o n  causes  t h e  t e s t  

wheel t o  be  r a i s e d  from t h e  s u r f a c e  w h i l e  t h e  "Down" p o s i t i o n  

causes  i t  t o  be lowered t o  t h e  s u r f a c e .  (Note t h a t  t h e  "Up" 

p o s i t i o n  cor responds  t o  d e a c t i v a t i o n  of  t h e  v a l v e .  F a i l u r e  

o f  e l e c t r i c a l  power t o  t h e  v a l v e  t h e r e f o r e  r a i s e s  t h e  whee l . )  

The v a l v e  may a l s o  b e  c o n t r o l l e d  manual ly  from t h e  t e s t  

wheel a r e a ,  when t h e  c o n t r o l  s w i t c h  i s  d e a c t i v e d  (Up).  To 

a c t i v a t e  t h e  v a l v e  and lower t h e  whee l ,  d e p r e s s  t h e  b u t t o n  

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

l o c k  t h e  v a l v e  i n  i t s  a c t i v a t e d  c o n d i t i o n .  

B . 3 . 3 . 2  Tes t  hrheel Load C o n t r o l .  V e r t i c a l  l o a d i n g  of  

t h e  t e s t  t i r e  may be  c o n t r o l l e d  remote ly  from t h e  cab a r e a .  

Air s p r i n g  p r e s s u r e  ad jus tmen t  and r e a d o u t  p l u s  a  Release/Apply 

c o n t r o l  s w i t c h  a r e  a v a i l a b l e  w i t h i n  t h e  "Load System" s e c t i o n  

of t h e  c o n t r o l  p a n e l .  To a d j u s t  v e r t i c a l  l o a d ,  lower t h e  



t e s t  wheel onto  t h e  s u r f a c e  and s e t  l oad  c o n t r o l  swi t ch  t o  

"Apply.It While observ ing  t h e  FZ r eadou t  on t h e  pen c h a r t  

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

FZ* 

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

p r e c i s i o n  a i r  r e g u l a t o r  whose o u t p u t  i s  i n p u t  t o  a  three-way 

s o l e n o i d  v a l v e ,  This va lve  i s  l o c a t e d  a t  t h e  t e s t  wheel a r e a ,  

b u t  i s  remotely c o n t r o l l e d  by t h e  Release/Apply s w i t c h .  (This  

v a l v e  may a l s o  be c o n t r o l l e d  manually i n  t h e  same manner a s  

t h e  c a r r i a g e  c o n t r o l  s o l e n o i d . )  The v a l v e  causes  p r e s s u r i z a -  

t i o n  of t h e  a i r  s p r i n g  i n  t h e  "Apply," o r  a c t i v a t e d ,  c o n d i t i o n  

and exhaus ts  t h e  a i r  s p r i n g  i n  t h e  "Release" p o s i t i o n .  The 

a i r  s p r i n g  p r e s s u r e  r eadou t  gauge i n d i c a t e s  a i r  p r e s s u r e  

ou tpu t  of  t h e  p r e s s u r e  r e g u l a t o r .  

An added f e a t u r e  of t h e  load  c o n t r o l  system p r e v e n t s  

remote a c t i v a t i o n  of t h e  a i r  s p r i n g  u n l e s s  t h e  wheel c a r r i a g e  

i s  f u l l y  down. A l i m i t  sw i t ch  mounted a t  t h e  r e a r  of t h e  

suppor t  s t r u c t u r e  i n t e r r u p t s  t h e  "Apply" command s i g n a l  u n l e s s  

t h e  l i f t  c y l i n d e r  i s  f u l l y  ex tended,  Thus, t h e  t e s t  t i r e .  

l oad  cannot  be a p p l i e d  remotely u n l e s s  t h e  c a r r i a g e  i s  ttDown," 

Furthermore,  when t h e  c a r r i a g e  i s  commanded tlUp" t h e  a i r  s p r i n g  

w i l l  be exhausted r e g a r d l e s s  of whether a  "Release t t  command 

i s  g iven .  

B . 3 . 3 . 3  Tes t  Wheel Brake Con t ro l .  The t e s t  wheel b rake  

system of  t h e  SFD i s  an a i r - o v e r - h y d r a u l i c  brake  system. 

Operator  c o n t r o l  of  t h e  system i s  a t t a i n e d  through open-loop 

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

i n t e n s i f i e r .  Add i t iona l  c o n t r o l  i s  o b t a i n e d  through t h e  

a c t i o n  of an e l e c t r o n i c  t e s t  wheel " a n t i l o c k "  system. 

A g e n e r a l  d e s c r i p t i o n  of  t h e  pneumatic p o r t i o n  of t h e  

b rake  c o n t r o l  system appeared i n  S e c t i o n  B . 1 . 2 .  Opera t ion  of  

t h e  brake  system i s  very  s imple  a s  a  r e s u l t  o f  t h i s  c o n t r o l  

arrangement .  A f t e r  making p rope r  ad jus tmen t s  of i n i t i a l  



p r e s s u r e  and a p p l i c a t i o n  r a t e ,  t h e  mode s e l e c t i o n  s w i t c h  

may b e  l e f t  on "Apply." P r e s s i n g  t h e  " S t a r t "  b u t t o n  b e g i n s  

each  t e s t  c y c l e  w h i l e  a c t i o n  o f  t h e  a n t i l o c k  sys tem ends 

each t e s t  c y c l e .  

The ad jus tmen t s  of " I n i t i a l  P r e s s u r e "  and " A p p l i c a t i o n  

Rate" a l l o w  f o r  t h e  programming o f  t h e  s t e p - f r o n t e d  ramp 

b r a k e  a p p l i c a t i o n .  As i n d i c a t e d  i n  F i g u r e  B . 5 ,  t h i s  f u n c t i o n  
dP a l lows  f o r  a  low v a l u e  o f . -  d t  a t  t h e  t ime  of  t h e  o c c u r r e n c e  

of  peak Fx ( a  p r o p e r t y  advantageous t o  e l o n g a t i n g  peak F, 

i n  t ime)  w i t h o u t  r e q u i r i n g  an unreasonab ly  long  a p p l i c a t i o n  

t ime .  

Exper i ence  i n d i c a t e s  t h a t  i n i t i a l  p r e s s u r e s  c o r r e s p o n d i n g  

t o  6 0 - 7 0 %  of  t h e  p r e s s u r e  r e q u i r e d  f o r  lock-up  and a  r a t e  

s e t t i n g  r e s u l t i n g  i n  lock-up  o c c u r r i n g  2 112 t o  3 seco,nds a f t e r  

s t a r t i n g  t h e  r u n  r e s u l t s  i n  "good" d a t a  t r a c e s .  

A t r i a l  l o c k - u p  c y c l e ,  conducted  i n  t h e  "Ho1.d" mode may 

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

With i n i t i a l  p r e s s u r e  a d j u s t e d  low and t h e  mode s w i t c h  i n  

s t a r t  a  t e s t  c y c l e .  Slowly i n c r e a s e  b r a k e  p r e s s u r e  

by i n c r e a s i n g  t h e  i n i t i a l  p r e s s u r e  s e t t i n g  u n t i l  wheel l o c k  

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

r e q u i r e d  p r e s s u r e  f o r  l o c k - u p .  I n i t i a l  p r e s s u r e s  may now be  

a d j u s t e d  a c c o r d i n g l y .  (Brake t e m p e r a t u r e  w i l l  a f f e c t  l ock-up  

p r e s s u r e  due t o  f a d e  e f f e c t s .  An e f f o r t  s h o u l d  b e  made t o  

per form t h i s  t e s t  a t  a  r e p r e s e n t a t i v e  b r a k e  t e m p e r a t u r e . )  

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

t o  e s t a b l i s h  t h e  a p p r o p r i a t e  " A p p l i c a t i o n  Rate"  s e t t i n g .  

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

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

p r e s s u r e  i n t e n s i f i e r  i n  t h e  "Apply" and "Mold" modes. The 

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

which b l e e d s  a d d i t i o n a l  a i r  i n t o  t h e  i n t e n s i f i e r  i n  t h e  

"Apply" mode. 



As a  f i n a l  p o i n t ,  t h e  a n t i l o c k  f u n c t i o n  can be ove r -  

r idden  by ma in ta in ing  a c t i v a t i o n  of t h e  " S t a r t "  b u t t o n .  By 
t h i s  method, it i s  p o s s i b l e  t o  g a t h e r  locked-wheel d a t a  w i t h  

t h e  SFD. 

B . 3 . 3 . 4  Performing a  T i r e  T e s t .  T i r e  t e s t i n g  may 

commence a f t e r  p repa r ing  t h e  SFD as  d e s c r i b e d  i n  e a r l i e r  

s e c t i o n s .  A t y p i c a l  t e s t  procedure  i s  d e s c r i b e d  below. 

Adjust  t h e  load  c o n t r o l  system f o r  t h e  d e s i r e d  v e r t i c a l  

l oad  w i t h  t h e  v e h i c l e  parked.  With t h e  v e h i c l e  moving over 

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

may be d e s i r e d  t o  compensate f o r  (1) t h e  unique c h a r a c t e r  of 

t h e  s u r f a c e  on which t h e  v e h i c l e  was parked dur ing  s t a t i c  

adjus.tments and ( 2 )  dynamic e f f e c t s  on l o a d  due t o  n o n l i n e a r  

shock absorber  e f f e c t s  and a i r  system dynamic e f f e c t s .  

I n s t r u c t  t h e  d r i v e r  t o  a t t a i n  t h e  d e s i r e d  t e s t  speed .  

Tes t  should  be conducted a t  as  c o n s t a n t  a  v e l o c i t y  a s  p o s s i b l e .  

The o p e r a t i n g  of t h e  a i r / h y d r a u l i c  braking  system and t h e  

"squeal"  of  t h e  t e s t  t i r e  a r e  q u i t e  a u d i b l e  from t h e  SFD cab.  

These c u e s ,  p l u s  t h e  readout  of t h e  f i f t h  wheel speedometer 

a r e  a v a i l a b l e  t o  a s s i s t  t h e  d r i v e r  i n  h i s  c o n t r o l  t a s k  of 

main ta in ing  v e l o c i t y .  P e r f e c t  maintenance of v e h i c l e  v e l o c i t y  

a t  h igh  speeds ,  high t e s t  t i r e  l o a d s ,  and on h igh  f r i c t i o n  

s u r f a c e s  i s  v i r t u a l l y  imposs ib le .  (This problem i s  somewhat 

a t t e n u a t e d  i n  t h e  SFD compared t o  s k i d  t r a i l e r s  due t o  t h e  

presence  of only one t e s t  t i r e . )  I n  such c a s e s ,  t h e  t e s t  

c y c l e  should  commence a t  one o r  two mph above t h e  d e s i r e d  

speed.  

I t  i s  d e s i r a b l e  t o  lower t h e  t e s t  t i r e  onto  t h e  t e s t  

s u r f a c e  whi l e  parked o r  a t  r a t h e r  low speeds .  This  procedure 

l e s s e n s  t h e  work load  p laced  on t h e  h y d r a u l i c  system and 

e longa tes  t e s t  t i r e  l i f e .  When a  n o n - r o t a t i n g  t e s t  t i r e  i s  

lowered onto t h e  s u r f a c e  a t  speed ,  t h e  i n e r t i a  of  t h e  f l y -  

wheel i s  a c c e l e r a t e d  r a p i d l y .  This  r e s u l t s  i n  s u b s t a n t i a l  



Fx g e n e r a t i o n  a t  t h e  t i r e - r o a d  i n t e r f a c e  and i n  maximum 

p r e s s u r e  i n  t h e  h y d r a u l i c  sys tem ove r  a  s u s t a i n e d  t ime  p e r i o d ,  

With t e s t  t i r e  down, l o a d  a d j u s t e d ,  and p r o p e r  t e s t  

v e l o c i t y  e s t a b l i s h e d ,  a  lock-up  c y c l e  i s  i n i t i a t e d  by p r e s s i n g  

t h e  b r ake  system " S t a r t "  b u t t o n  (mode c o n t r o l  s w i t c h  on 

?App l y l '  . ) 
More t h a n  one l ock -up  c y c l e  may be  d e s i r e d  on a  s i n g l e  

p a s s  ove r  t h e  t e s t  s u r f a c e .  I f  s o ,  s u f f i c i e n t  t ime  f o r  t h e  

f l ywhee l  t o  " sp in  up" shou ld  b e  a l lowed  between c y c l e s .  

During a  l ock -up  c y c l e ,  t h e  f l ywhee l  i s  d e c e l e r a t e d  somewhat. 

When t h e  t e s t  b r ake  i s  r e l e a s e d ,  a  b r ake  f o r c e  i s  r e q u i r e d  t o  

s p i n  up t h e  t e s t  wheel  and f l y w h e e l  w i l l ,  n o n e t h e l e s s ,  b e  

e v i d e n t  f o r  a  s h o r t  p e r i o d  of t i m e ,  a s  shown i n  F i g u r e  B.13. 

The n e x t  l ock -up  c y c l e  shou ld  n o t b e  i n i t i a t e d  u n t i l  Fx ha s  

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

r e s i s t a n c e ,  b r ake  d r a g ,  and b e a r i n g  and h y d r a u l i c  sys tem 

l o s s e s )  a s  shown i n  t h e  f i g u r e ,  

Between p a s s e s  over  t h e  s u b j e c t  s u r f a c e ,  t h e  t e s t  t i r e  

may be ma in t a ined  i n  a  v a r i e t y  of  c o n d i t i o n s  a s  t h e  SFD 

t r a v e r s e s  o t h e r  a r e a s  o f  t h e  t e s t  f a c i l i t y ;  namely:  

1 )  UP 
2 )  Down and Unloaded 

3)  Down and Loaded 

The c h o i c e  of  c o n d i t i o n s  i s  l a r g e l y  governed by e x p e r i e n c e  I 
I 

i n  .terms o f  maintenance of  t h e  d e s i r e d  t e s t  t i r e  i n f l a t i o n  

p r e s s u r e .  (See S e c t i o n  4 . 3 . 1 . )  However, n e g o t i a t i o n  o f  

t i g h t  t u r n s  shou ld  be avoided w i t h  t h e  t i r e  down and l o a d e d .  

This  p r a c t i c e  w i l l  a vo id  s u b j e c t i n g  t h e  t e s t  t i r e  t o  unneces sa ry  

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

i n c l u d i n g  t h e  l oad  c e l l ,  t o  unneces sa ry  l o a d i n g .  I 
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APPENDIX C 

PROCEDURE AND PROGRAM FOR REDUCING AND HANDLING 
THE BRAKING EFFICIENCY TEST DATA 

C . 1  INTRODUCTION 

A f t e r  conduct ing  a  b r a k i n g  e f f i c i e n c y  t e s t  program, bo th  

SFD t i r e  d a t a  and veh ic1e .pe r fo rmance  d a t a  must be  reduced  

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

t h e  t e s t  v e h i c l e .  This  appendix o u t l i n e s  t h e  d a t a  h a n d l i n g  

p r o c e s s  developed i n  t h i s  s t u d y .  S e c t i o n  C . 2  o u t l i n e s  d a t a  

r e d u c t i o n ,  i . e . ,  t h e  e x t r a c t i o n  of peak l o n g i t u d i n a l  f r i c t i o n  

numerics  from t h e  t i r e  d a t a . '  S e c t i o n  C . 3  rev iews  d a t a  

p r o c e s s i n g ,  i . e . ,  computa t ions  performed upon t h e  d a t a  which 

l e a d  t o  t h e  b rak ing  e f f i c i e n c y  numeric .  Inc luded  i n  t h i s  

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

(1) t h e  mathemat ica l  computa t ions  

( 2 )  t h e  d i g i t a l  computer program which per forms 

t h e s e  computa t ions .  

DATA REDUCTION 

The v e h i c l e  s t o p p i n g  d i s t a n c e  d a t a  r e q u i r e s  no r e d u c t i o n  

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

s t o p s  i n  which wheel lock  o c c u r r e d .  However, p o i n t - w i s e  d a t a  

f o r  p r o c e s s i n g  must be e x t r a c t e d  from t h e  SFD t i r e  d a t a .  

The SFD i s  equipped f o r  t h e  con t inuous  r e c o r d i n g  of 

t e s t  t i r e  v e r t i c a l  l o a d  

t e s t  t i r e  normal ized  b r a k e  f o r c e  

SFD v e l o c i t y  

The r e d u c t i o n  of  d a t a  f o r  each  i n d i v i d u a l  t i r e  t e s t  i s  concerned 

w i t h  producing  a  s i n g l e  v a l u e  of  each of  t h e s e  t h r e e  measures  



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

1. The maximum v a l u e  o f  Fx/FZ o c c u r r i n g  d u r i n g  

a t i r e  t e s t  i s  r e c o r d e d  a s  p f o r  t h a t  t e s t .  
P 

2. The maximum and minimum v a l u e s  of  FZ r e c o r d e d  

w i t h i n  + .05 s e c .  of  t h e  o c c u r r e n c e  of  y 
P 

a r e  averaged .  This  ave rage  v a l u e  i s  r e c o r d e d  

a s  t h e  v a l u e  of  FZ f o r  t h a t  t e s t .  

3 .  The va lue  of V5 measured a t  t h e  o c c u r r e n c e  of  

i s  r eco rded  a s  t h e  v e l o c i t y  o f  t h a t  t e s t .  

C, 3 DATA PROCESSING* 

C.3.1 THE MATHEMATICAL COMPUTATION. The b r a k i n g  e f f i -  

c i ency  of  a v e h i c l e  i s  d e f i n e d  i n  'C t h i s  document a s :  

where 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  of  t h e  v e h i c l e  be ing  

t e s t e d  and 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  o f  t h e  r e f e r e n c e  

) v e h i c l e ,  

Equat ion  (C.1) r e p r e s e c t s  t h e  l a s t  i n  a  s e r i e s  o f  t h r e e  

computat ions r e q u i r e d  f o r  d a t a  p r o c e s s i n g .  I n  i n v e r s e  

c h r o n o l o g i c a l  o r d e r ,  t h e  remaining two a r e :  

(1) The computat ion o f  DI, t h e  i d e a l  s t o p p i n g  d i s t a n c e  

( 2 )  The computat ion of  t h e  p a r a m e t r i c  c o n s t a n t s  f o r  

t h e  r e f e r e n c e  t i r e  e q u a t i o n s  ( s e e  S e c t i o n  3 . 2 ) .  

The fo l lowing  s e c t i o n  a d d r e s s e s  t h e s e  two computa t ions  

r e s p e c t i v e l y .  

*Nota t ion  i n  t h i s  s e c t i o n  may d i f f e r  somewhat from t h a t  used 
e lsewhere  i n  t h i s  document. N o t a t i o n  used  i n  t h i s  s e c t i o n  
i s  e q u i v a l e n t  t o  t h a t  used i n  t h e  d i g i t a l  computer program 
used f o r  d a t a  p r o c e s s i n g .  



C.3.1 .1  The I d e a l  S topping  D i s t a n c e  Computation. The 

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

f o r  t h e  r e f e r e n c e  v e h i c l e  t o  come t o  a  complete  s t o p  from 

t h e  p o i n t  of  b r a k e  a c t u a t i o n ,  assuming q u a s i - s t a t i c  load  

t r a n s f e r  and w i t h  t h e  v e h i c l e ' s  b r a k i n g  sys tem u t i l i z i n g  t h e  

f u l l  f r i c t i o n  p o t e n t i a l  of  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  

throughout  t h e  s t o p .  This  p o t e n t i a l  i s  r e a l i z e d  ( c o n c e p t u a l l y  

and i n  t h e  DI computation.) by i n s u r i n g  t h a t  t h e  l o n g i t u d i n a l  

s l i p  o f  t h e  v e h i c l e ' s  t i r e s  i s  c o n t i n u o u s l y  a d j u s t e d  t o  main- 

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

i n s t a n t a n e o u s  l o a d s  and v e l o c i t i e s  d u r i n g  b r a k i n g  ( s e e  S e c t i o n  

I n  e q u a t i o n  form: 

DI =I0 Vdt 

t r  

where 

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

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

t i s  t ime  

and t f  i s  t h e  t ime t a k e n  f o r  t h e  r e f e r e n c e  

v e h i c l e  t o  come t o  a  complete  s t o p  a f t e r  

t h e  i n s t a n t  of b r a k e  a c t u a t i o n .  

Equat ion  (C.2) can  be t r ans fo rmed  t o  an i n t e g r a t i o n  

i n  V :  

where 



vo is the reference vehicle's velocity at the 

instant of brake actuation 

and Ax is the instantaneous deceleration of this 
vehicle. 

In addition to Equation (C.31,  the operating equations of 

the decelerating vehicle system are: 

where 

FxF 
is the sum of the instantaneous longitudinal 
shear forces of the front tires 

F is the sum of the instantaneous longitudinal 
XR shear forces of the rear tires 

p~ 
is the instantaneous peak longitudinal 

friction coefficient of a single front tire 

p~ 
is the instantaneous peak longitudinal 

friction coefficient of a single rear tire 

F is the instantaneous load on a single 

ZF front tire 

F is the instantaneous load on a single 
Z~ rear tire 

G is the acceleration due to gravity 



and W, L ,  H ,  and a a r e  t h e  r e f e r e n c e  v e h i c l e ' s  we igh t ,  

wheelbase,  h e i g h t  of c . g .  above ground, and d i s t a n c e  of c . g .  

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

As o u t l i n e d  i n  S e c t i o n  3 .2 ,  t h e  t r a c t i o n  performance of 

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

a r e  c h a r a c t e r i z e d  by: 

2 = A F e V  + B F 0 V + C F  I . r ~  (C. 7a) 

and I . r ~  = A R . V ~ + B R ~ V + C R  ( C .  7b) 

where AF, BF, CF, AR, B R ,  and CR a r e  p a r a m e t r i c  c o n s t a n t s .  

(Procedures f o r  de termining  t h e s e  c o n s t a n t s  appear  i n  t h e  

fo l lowing s e c t i o n . )  

Using Equations (C. 3) - (C. 7)  and t h e  d e f i n i t i o n s  : 

Equation (C.3) may be t ransformed t o :  

The a n a l y t i c a l  s o l u t i o n  t o  Equation ( C .  8 )  i s :  

where 



where 

(C. 10) 

2 D  (Vo) *E 
and I = a r c t a n  [ 1 - a r c t a n ( h )  f o r  R <  0 

C)  f o r  R = 0 (C. 11) 

C.3 .1 .2  Computing t h e  T i r e  D e s c r i p t o r  P a r a m e t r i c  

C o n s t a n t s .  The p a r a m e t r i c  c o n s t a n t s ,  AF, B F ,  CF, A R ,  B R ,  

C R ,  a r e  f i t t e d  t o  t h e  t i r e  d a t a  u s i n g  a  l e a s t  s q u a r e s  l i n e a r  

r e g r e s s i o n  t e c h n i q u e .  I g n o r i n g  t h e  n o t a t i o n  F and R ( d e n o t i n g  

f r o n t  and r e a r )  t h e  c o e f f i c i e n t s  a r e :  

where COEFS = (t) 
(C. 12)  

(C. 13) 





Constants 

F t  
INPUT 
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Write 
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Read : 
MUNObl Wri te :  

Val id  Input  
- Calcu l a t e  Data 

Reference 
VZERO 

w 
Read : Check f o r  

vo, DI S u f f i c i e n t  
L Input  I 

Check V a l i d i t y  
of Input  Vo 

Ca l cu l a t e  
Reference 

P ' 

Figure  C . 1 .  Braking e f f i c i e n c y  computer program flow c h a r t .  



The program performs f i v e  f u n c t i o n s :  

(1) Screens inpu t  d a t a  f o r  v a l i d i t y .  The i n i t i a l  

v e l o c i t y  of v e h i c l e  s topp ing  d i s t a n c e  t e s t s  i s  

checked t o  be w i t h i n  2 mph of Vo a s  p r e s c r i b e d  

by Figure  9 (Sec t ion  3 . 3 ) .  The v e l o c i t i e s  and 

v e r t i c a l  l oads  of t i r e  t e s t  i n p u t  a r e  checked 

(as  p e r  t h e  v a l i d i t y  d e f i n i t i o n s  g iven  i n  

Sec t ion  3.3)  . 
( 2 )  Determines i f  s u f f i c i e n t  t i r e  d a t a  i s  g iven  (as  

o u t l i n e d  i n  S e c t i o n  3 . 3 ) .  

( 3 )  Determines t h e  p a r a m e t r i c  c o n s t a n t s  of  t h e  t i r e  

equat ions  from t h e  i n p u t  d a t a .  

( 4 )  C a l c u l a t e s  t h e  i d e a l  s topp ing .  d i s t a n c e  of  t h e  

r e f e r e n c e  v e h i c l e  ( s topping  from t h e  same 

i n i t i a l  v e l o c i t y  a s  t h e  t e s t  v e h i c l e ) .  

(5) Ca lcu la t e s  t h e  t e s t  v e h i c l e ' s  braking  e f f i c i e n c y .  

A l i s t i n g  of t h e  computer program, w r i t t e n  i n  F o r t r a n  IV, 

fo l lows .  
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(2.3.2.2 Program I n p u t .  The computer program r e q u i r e s  

t h e  fo l lowing  i n p u t  form: 

Data - 
TEST SURFACE MUNOM 

VEHICLE STOPPING DISTANCE DATA 

INITIAL VELOCITY (MPH), STOPPING DISTANCE (FT) 

* 

0 . 0  (INDICATES E N D  OF VEHICLE DATA) 

Format 

TIRE TEST DATA 

LOAD (LB)  , VELOCITY (blPH) , p 
P 

3F10.4 

(UP TO 60 DATA SETS. O N E  SET PER LINE) 

0.0 (INDICATES END OF DATA) 

C .3 .3 .3  Program Outpu t .  An example o f  program o u t p u t  

i s  p r e s e n t e d  below. Note t h a t  t h e  t i r e  d a t a  echo c o n t a i n s  

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

m a t r i x  scheme p r e s e n t e d  i n  S e c t i o n  3 . 3 .  

S i m i l a r l y ,  o u t p u t  under  t h e  heading  "Braking E f f i c i e n c y "  

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

i n i t i a l  v e l o c i t i e s  were c o n s i d e r e d  v a l i d .  





C . 3 . 3 . 4  D i c t i o n a r y  of  Computer Program Terms. 

AF, BF, CF, AR,  C o e f f i c i e n t s  f o r  Equat ion  ( C .  7 )  . 
BR, CR [AF and AR a r e  i n  u n i t s  

of  ( s e c / f t 1 2 ;  BF and BR a r e  i n  u n i t s  

o f  s e c / f t ;  CF and CR a r e  

d i m e n s i o n l e s s .  

DA 

DELTAF 

DE LTAV 

DIST 

E 

Mat r ix  c o n t a i n i n g  a c t u a l  s t o p p i n g  

d i s t a n c e s  (DA) a s s o c i a t e d  w i t h  

i n i t i a l  v e l o c i t i e s  (VZERg) s t o r e d  

i n  m a t r i x  V .  

Ac tua l  s t o p p i n g  d i s t a n c e  ( f t )  of 

t e s t  v e h i c l e .  

A l l w a b ' l e  t o l e r a n c e  ( l b )  i n  FC1 

and FC2 f o r  t i r e  t e s t s  ( equa l  t o  

so l b ) .  

Allowable t o l e r a n c e  (mph) i n  V C 1 ,  

V C 2 ,  and VC3 f o r  t i r e  t e s t s  

( equa l  t o  2 mph). 

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

v e h i c l e  equipped w i t h  r e f e r e n c e  

t i r e s .  

Subrou t ine  used  t o  compute DI. 

Braking e f f i c i e n c y  (%)  o f  t e s t  

v e h i c l e .  

T i r e  l o a d s  ( l b )  t o  be  used i n  

de te rmin ing  t h e  peak l o n g i t u d i n a l  

f r i c t i o n  c o e f f i c i e n t s  f o r  t h e  

s t a n d a r d  t i r e  

FC1 = 9 9 4  + MUNOM (370) l b ,  

FC2 = 859 - MUNOM (370) l b .  



F I T  

FZF 

FZR 

FXT 

G 

INPUT 

I R  

IW 

KEYERR 

L 

MUF 

Subrou t ine  used t o  de termine  

c o e f f i c i e n t s  AF, BF, CF, AR,  B R ,  

and CR. 

See MUF 

See MUR 

See MUT 

Grav i ty  c o n s t a n t  ( equa l  t o  

32.17 f t / s e c 2 ) .  

V e r t i c a l  d i s t a n c e  from ground t o  

c . g .  of r e f e r e n c e  v e h i c l e  (equal  

t o  1 .875  f t ) .  

Subrou t ine  t o  r e a d  i n  d a t a  and t o  

.check d a t a  f o r  c o n s i s t e n c y ;  

Read d e v i c e  number. 

Wri te  d e v i c e  number. ' 

F l a g ,  i n i t i a l l y  s e t  t o  0 .  If  s e t  

t o  1 i n  s u b r o u t i n e  INPUT,  program 

w i l l  s t o p  when c o n t r o l  i s  r e t u r n e d  

t o  main r o u t i n e .  

Counter f o r  t h e  number of  d a t a  

p o i n t s  i n  each o f  t h e  s i x  t i r e  

m a t r i x  p o s i t i o n s .  

Wheelbase of r e f e r e n c e  v e h i c l e  

(equal  t o  9 .383 f t . ) .  

Ma t r ix  c o n t a i n i n g  peak l o n g i t u d i n a l  

f r i c t i o n  c o e f f i c i e n t s  ( ) ob ta ined  
XP 

from t h e  t i r e  t e s t s  u s ing  a  load  i n  

t h e  range  FC1 5 DELTAF. FZF and 

VF a r e  m a t r i c e s  c o n t a i n i n g  t h e  

co r re spond ing  t i r e  l o a d  and v e l o c i t y ,  

r e s p e c t i v e l y ,  f o r  each y i n  M U F .  
XP 



MUNOM 

MUR 

MUT 

NF 

N R  

SMALA 

VE L 

VF 

VFSQ 

Nominal c o e f f i c i e n t  of f r i c t i o n  

f o r  t e s t  s u r f a c e .  

Matr ix  c o n t a i n i n g  peak l o n g i t u d i n a l  

f r i c t i o n  c o e f f i c i e n t s  (p ) o b t a i n e d  
x  P  

from t h e  t i r e  t e s t s  u s ing  a  l o a d  i n  

t h e  range FC2 + DELTAF. FZR and 

VR a r e  m a t r i c e s  c o n t a i n i n g  t h e  

cor responding  t i r e  l o a d  and v e l o c i t y ,  

r e s p e c t i v e l y ,  f o r  each p i n  MUR. 
XP 

Entered  peak l o n g i t u d i n a l  f r i c t i o n  

c o e f f i c i e n t  co r re spond ing  t o  l o a d  

FZT and v e l o c i t y  VT.  

Counter f o r  number of t i r e  d a t a  
\I 

p o i n t s  p u t  i n t o  m a t r i x  XF. 

Counter f o r  number of  t i r e  d a t a  

p o i n t s  p u t  i n t o  m a t r i x  XR.  

H o r i z o n t a l  d i s t a n c e  from c e n t e r  of 

f r o n t  a x l e  t o  c . g .  of  s t a n d a r d  

v e h i c l e  ( equa l  t o  4 .35  f t . ) .  I 
t 

See D I 
V e l o c i t i e s  (mph) a t  which t i r e  t e s t s  1 
should  be run  (wi th in  t o l e r a n c e  of 

I 
I 

DELTAv) . vc1 = , 913  'VMU mph, i 
VC2 = , 2 0 7  VMU mph, and VC3 = , 4 0 8  t 

I 

VMU mph. ( ~ 1 1  t o  t h e  n e a r e s t  1 / 2  mph) 
i 

See MUF 

Matr ix  c o n t a i n i n g  squared  v a l u e s  of i 
each  element  i n  VF. 

See MUR 



VRSQ Mat r ix  c o n t a i n i n g  squa red  va lues  

o f  each element  i n  VR.  

Computed v a l u e  of  VZERg (mph) 

u s i n g  MUNgM 

See MUT 

V e l o c i t y  (mph) a t  i n s t a n t  o f  b rake  

. a c t u a t i o n .  

Mat r ix  w i t h  f i r s t  column c o n t a i n i n g  

1's; second column c o n t a i n i n g  VF, - 
and t h i r d  column c o n t a i n i n g  VFSQ. 

Used i n  s u b r o u t i n e  FIT t o  de termine  

AF,  BF, and CF. 

,Mat r ix  w i t h  f i r s t  column c o n t a i n i n g  

l l S ,  second column c o n t a i n i n g  V R ,  - 
and t h i r d  column c o n t a i n i n g  VRSQ. 

Used i n  s u b r o u t i n e  FIT t o  de termine  

AR,  B R ,  and CR.  



APPENDIX D 

PROCEDURE FOR CONDUCT OF THE BRAKING 
EFFICIENCY TEST TECHNIQUE 

D . 1  SCOPE AND APPLICATIONS 

The Braking E f f i c i e n c y  T e s t  Technique i s  a p p l i c a b l e  t o  

t h e  measurement of t h e  l i m i t  b r ak ing  performance of  any 

highway v e h i c l e .  I t  c o n s t i t u t e s  a  method whereby t h e  l i m i t  

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

b rak ing  i n p u t  i s  normal ized  us ing  a  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  

v a l u e  which i s  computed. The computed r e f e r e n c e  v a l u e  

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

s u r f a c e ,  b u t  i s  n o t  a d j u s t e d  i n  any way t o  account  f o r  t h e  

p a r t i c u l a r  t e s t  v e h i c l e  be ing  examined. The computat ion of  

t h e  r e f e r e n c e  normal i ze r  r e q u i r e s  t h e  g a t h e r i n g  of a  s p e c i a l  

s e t  o f  t i r e -pavement  t r a c t i o n  d a t a  us ing  a  r e f e r e n c e  t i r e  and 

a  mobile  dynamometer d e v i c e .  

D . 2  TEST PROCEDURE - VEHICLE STOPPING DISTANCE 

D . 2 . 1  G E N E U L ,  Success ive  s t r a i g h t - l i n e  s t o p s  a r e  

conducted,  from a  d e s c r i b e d  i n i t i a l  v e l o c i t y ,  g a t h e r i n g  d a t a  

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

i n c u r r i n g  lockup of any wheel ,  These s t o p s  a r e  conducted 

w i t h  c o n s t a n t  peda l  e f f o r t .  

D . 2 . 2  DEFINITIONS. 

Lockup - A c o n d i t i o n  i n  which t h e  a n g u l a r  

v e l o c i t y  of a  v e h i c l e ' s  wheel has  

reduced below a  l e v e l  cor respond-  

i n g  t o  w and which has  exceeded 

t h a t  l e v e l  f o r  more t h a n  x 
seconds ,  w h i l e  t h e  v e h i c l e  i s  a t  

a speed above V. 



Stopping  
Dis tance  - 

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

i n  s topp ing  a  v e h i c l e  fo l lowing  

i n i t i a t i o n  of movement a t  t h e  

s e r v i c e  brake  c o n t r o l  e lement ,  

A nominal measure of t h e  peak 

normalized 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  (peak Fx/FZ) of t h e  

r e f e r e n c e  t i r e ,  d e r i v i n g  a t  a  

v e r t i c a l  l o a d  of 925  l b s . ,  and a  

t e s t  v e l o c i t y  Vt w i t h i n  t h e  range 

.707Vo - 5 - < Vt - < .707Vo + 5 (mph) 

The nominal i n i t i a l  v e l o c i t y  of  

t h e  s topp ing  d i s t a n c e  t e s t .  Vo 

i s  determined,  knowing pn0;, 

ac.cording t o  t h e  r e l a t i o n s h i p  

shown i n  F igure  D . 1 .  . 

D . 2 . 3  TEST CONDITIONS, 

Sur face  - Any s t r a i g h t ,  paved s u r f a c e  whose 

grade  does n o t  exceed 1% and whose 

"nom measure i s  between 0 . 4 0  and 

1 . 0 5 . *  

I n i t i a l  Ve loc i ty  - Equal t o  Vo t 2 mph. 

Brake Control  - To be a  c o n s t a n t  e f f o r t  i n p u t  
Input  + 5% of t h e  nominal s t e a d y  v a l u e .  

D . 2 . 4  CONDUCT OF THE STOPPING DISTANCE TESTS, From 

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

a p p l i e d  whi l e  s t e e r i n g  c o n t r o l  i s  e x e r c i s e d  t o  ma in ta in  t h e  

-- - --- - 

*Upper and lower bounds of t h e  pn  range a r e  t e n t a t i v e l y  
sugges ted  as r easonab le  v a l u e s ,  But as sugges ted  i n  t h e  

"recommendations" s e c t i o n  of t h i s  r e p o r t ,  f u r t h e r  r e s e a r c h  
i s  r e q u i r e d  f o r  t h e  e s t ab l i shmen t  of s o l i d l y  d e f e n s i b l e  
v a l u e s .  





v e h i c l e  w i t h i n  a  1 2 - f o o t  l a n e .  I n  manual t r a n s m i s s i o n  

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

a u t o m a t i c  t r a n s m i s s i o n  v e h i c l e s  a r e  m a i n t a i n e d  i n  a  normal  

d r i v e  g e a r  th roughou t  t h e  b r a k i n g  p r o c e s s .  

I t e r a t i v e  t e s t s  a r e  made t o  de te rmine  a  v i r t u a l l y  

maximum c o n t r o l  i n p u t  l e v e l  a t  which wheel  l o c k i n g  i s  n o t  

i n c u r r e d .  A maximum o f  1 5  runs  a r e  t o  b e  made i n  s e l e c t i n g  

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

d a t a  a r e  t o  be  t a k e n .  With anti-wheel-lock-equipped v e h i c l e s  

an i t e r a t i v e  a c t i v i t y  may n o t  b e  n e c e s s a r y  i f  minimum s t o p p i n g  

d i s t a n c e  a c c r u e s  a t  a b r a k i n g  i n p u t  l e v e l  which causes  a n t i -  

l o c k i n g  m o d u l a t i o n s ,  

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

per formance  i s  t o  b e  a s s e s s e d ,  f i v e  s u c c e s s i v e  s t o p s  a r e  t o  

be  conducted  a t  t h a t  i n p u t  l e v e l .  

D.2.5 ACQUIRED DATA. For  each o f  t h e  f i v e  per formance-  

. a s ses smen t  s t o p s ,  t h e  - s t o p p i n g  d i s t a n c e  and i n i t i a l  v e l o c i t y  

v a l u e s  a r e  t o  be  t a b u l a t e d .  

D.3 TEST PROCEDURE - TRACTION PERFORMANCE OF THE REFERENCE TIRE 

D.3 .1  GENERAL. A s e t  o f  t e s t s  a r e  t o  b e  conducted  

u s i n g  a  mobi le  dynamometer d e v i c e ,  i n  which a  r e f e r e n c e  t i r e  

i s  t o  b e  o p e r a t e d  o v e r  a  m a t r i x  of two v e r t i c a l  l o a d s  and 

f o u r  v e l o c i t i e s .  The peak normal i zed  l o n g i t u d i n a l  f o r c e  

measurements o b t a i n e d  w i l l  b e  used  i n  c h a r a c t e r i z i n g  t h e  

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

measurements were made. 



D . 3 . 2  DEFINITIONS. 

v~ - Nominal v e l o c i t y  o f  t h e  mobi le  

dynamometer a t  which t i r e  t r a c t i o n  

d a t a  i s  ga the red - subsc r ip t ,  I ,  

i d e n t i f i e s  each  o f  ( 4 )  v e l o c i t y  

c o n d i t i o n s .  

Nominal v e r t i c a l  l o a d  a p p l i e d  t o  

t h e  r e f e r e n c e  t i r e - s u b s c r i p t ,  T ,  

i d e n t i f i e s  each  of  ( 2 )  l o a d  

c o n d i t i o n s .  

Reference  T i r e  - The ASTM,Traction S t a n d a r d  t i r e  . 

( b e l t e d  b i a s - p l y  - . s i z e  G78-15) 
. , 

. . . . a s  4efi'ne.d i n  ASTM E501-73. 

Peak Fx/FZ - The peak v a l u e  which i s  obse rved  

i n  t h e  f i l t e r e d  Fx /FZ  t ime 

h i s t o r y .  The raw F,/FZ s i g n a l  i s  

t o  be  p a s s e d  th rough  a  c r i t i c a l l y  

damped s e c o n d - o r d e r  f i l t e r  whose 

n a t u r a l  f r equency  i s  5 H z .  

D .  3 . 3  TEST CONDITIONS, 

S u r f a c e  - The t i r e  t r a c t i o n  measurements a r e  

t o  b e  made on t h e  s u b j e c t  s u r f a c e  

and under  such  s u r f a c e  c o n d i t i o n s  

a s  p r e v a i l e d  d u r i n g  g a t h e r i n g  of  

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

d i s t a n c e  d a t a .  

Pa th  a f  t h e  - The t e s t  t i r e  i s  t o  b e  o p e r a t e d  
T e s t  T i r e  o v e r  t h e  nominal l o c a t i o n  o f  t h e  

wheel  p a t h s  which were  e s t a b l i s h e d  

d u r i n g  v e h i c l e  t e s t s .  Data s h o u l d  



b e  t a k e n  o n l y  o v e r  t h a t  l e n g t h  

o f  pavement which was t r a v e l e d  

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

t h e  v e h i c l e  t e s t s .  

FZT T i r e  - The r e f e r e n c e  t i r e  i s  t o  b e  t e s t e d  

Ver t ica l  Load a t  each  o f  two v e r t i c a l  l o a d s ,  FZF 

and FZR, where ,  

FzF = 994 + 370 ( )  l b s  

F~~ = 859 - 370 ( )  1b.s 

as shown i n  F i g u r e  D.2. 

V I ,  T e s t  V e l o c i t y  - A t  each  v e r t i c a l  l o a d  l e v e l ,  t h e  

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

each of  f o u r  v a l u e s  o f  v e l o c i t y ,  

'1-4' i n  which:  

Vl = ,920  Vo 

V2  = , 7 3 5  Vo (Vo i s  d e f i n e d  from 

V3 = , 4 8 3  Vo 'nom a s  shown i n  

F i g u r e  D . 1 )  
v4 = , 2 0 0  vo 

Reference  T i r e  -Dur ing  measurement o p e r a t i o n s  t h e  

In f l a t ion  Pressure r e f e r e n c e  t i r e  sample i s  t o  be  

ma in ta ined  a t  a  "warm'' i n f l a t i o n  

p r e s s u r e  v a l u e  o f  2 7  p s i .  

Reference  T i r e  - A r e f e r e n c e  t i r e  sample i s  t o  b e  
Tread Depth u t i l i z e d  i n  measurement o p e r a t i o n s  

o n l y  when groove  dep th  exceeds  

0 .165  i n c h e s  i n  eve ry  g roove .  

D.3.4 CONDUCT OF THE TESTING SEQUENCE. An e v a l u a t i o n  

%om i s  r e q u i r e d  f i r s t ,  a s  d e f i n e d  e a r l i e r .  An i t e r a t i v e  

s e t  of  t e s t s  may b e  needed t o  a t t a i n  a  measured v a l u e  f o r  
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%om a t  a  v e l o c i t y  which i s  w i t h i n  5 mph of  t h e  ( .707 x Vo) 

value-where V i s  d e f i n e d  a s  a  f u n c t i o n  of pnom i n  F i g u r e  
0 

D.1-and a t  a  load  of 925 l b .  + 50 l b .  

With vnom e s t a b l i s h e d ,  v a l u e s  of  V1+4, FZF,  and FZR can 
be  de termined.  A t  each of  t h e  e i g h t  l o a d  and v e l o c i t y  

combinat ions ,  a  minimum of  f i v e  v a l i d  t i r e  t e s t s  a r e  t o  be  

conducted.  A t i r e  t e s t  i s  c o n s i d e r e d  . v a l i d  when it i n c o r -  

p o r a t e s  an FzT c o n d i t i o n  which i s  w i t h i n  r 50 l b s ,  of t h e  

d e s i r e d  l o a d  and a  VI c o n d i t i o n  which i s  w i t h i n  * 2 mph of 

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

w i t h i n  + 1 p s i  of t h e  d e s i r e d  2 7  p s i  v a l u e .  

The t e s t  i t s e l f  i n v o l v e s  t h e  i m p o s i t i o n  of  a  f u l l  c y c l e  

of  l o n g i t u d i n a l  s l i p  t o  t h e  r e f e r e n c e  t ire-from t h e  f r e e l y  

r o l l i n g  ze ro .  s l i p  c o n d i t i o n  t o  t h e  locked wheel ,  100% s l i p  

c o n d i t i o n  and then  back t o  zero s l i p  a g a i n .  The s l i p  sweep 

i s  t o  b e  s u f f i c i e n t l y  s low,  i n  t i m e ,  t h a t  t h e  t i r e ' s  l o n g i -  

t u d i n a l  f o r c e  response  s h a l l  remain w i t h i n  + 1 0 %  of  i t s  peak 

v a l u e  f o r  p e r i o d s  of a t  l e a s t  ,200 s e c o n d s . V h e  locked wheel 

c o n d i t i o n  i s  t o  be l i m i t e d  t o  l e s s  t h a n  . Z O O  s econds .  

D .  3 . 5  DATA REQUIREFIENTS. Each of t h e  f i v e  r e p e a t  runs 

a t  each t i r e  t e s t  c o n d i t i o n  must b e  r e p r e s e n t e d  by a  s e t  of  

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

1, t e s t  v e l o c i t y ,  VI  

2 .  t i r e  v e r t i c a l  l o a d ,  F Z T 9  and 

3 .  normalized l o n g i t u d i n a l  f o r c e ,  Fx/Fz 

a s  were measured a t  t h e  occas ion  of peak Fx/FZ dur ing  t h e  

s l i p  c y c l e .  These f o r t y  (8  c o n d i t i o n s  x f i v e  r e p e a t s )  s e t s  

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

program. 

*The peak v a l u e  r e t e n t i o n  t ime of  ,200 seconds i s  t e n t a t i v e l y  
sugges ted  a s  a r e a s o n a b l e  v a l u e .  



APPENDIX E 

THE VARIABLE BRAKING VEHICLE 

The V a r i a b l e  Braking Veh ic l e  (VBV) h a s  been conceived  a s  a  

r e s e a r c h  t o o l  f o r  ( a )  t h e  human f a c t o r s  i n v e s t i g a t i o n  of man- 

machine i n t e r a c t i o n s  du r ing  b r a k i n g ,  (b) t h e  e n g i n e e r i n g  e v a l u a -  

t i o n  of i n n o v a t i v e  b rake  sys tem c o n f i g u r a t i o n s ,  and (c)  a s  a  

means f o r  de termining  t h e  a b i l i t y  of b rake  d i a g n o s t i c  d e v i c e s  t o  

d e t e c t  d e g r a d a t i o n s  i n  v e h i c l e  b r a k i n g  performance.  I n  c o n c e p t ,  

such  a  v e h i c l e  r e q u i r e s  a c o n t r o l  and i n s t r u m e n t a t i o n  system by 

which t h e  b r a k i n g  a c t i o n  a t  each wheel may be independen t ly  prog-  

rammed, c o n t r o l l e d ,  and moni tored .  These g o a l s  have been achieved 

f o r  r e a r  wheel b rak ing  c o n t r o l  by means of t h e  system c o n f i g u r a -  * 
t i o n  diagrammed i n  F igure  ~ . 1 ,  

The Model Reference Computer (MRC) i s  t h e  c e n t r a l  component 1 
i 

i n  t h e  VBV system. T h i s  computer i s  a  p;ogramrnable, s p e c i a l -  i 
purpose ,  ana log  dev ice  which s e r v e s  a s  an e l e c t r o n i c  ana log  of any , 

proposed b rake  system whose performance i s  t o  be s y n t h e s i z e d .  The I 

analog i n p u t s  r e q u i r e d  by t h e  MRC a r e  s u p p l i e d  by means of an ex-  

t e n s i v e  i n s t r u m e n t a t i o n  system. The o u t p u t s  of t h e  MRC command two 1 

e l e c t r o h y d r a u l i c  c o n t r o l  systems which a c t u a t e  t h e  l e f t  and r i g h t  i 
i 

r e a r  b rakes  of t h e  v e h i c l e  independen t ly .  The i n s t r u m e n t a t i o n  

sys tem,  t h e  MRC,  and t h e  e l e c t r o h y d r a u l i c  c o n t r o l  systems a r e  

c o l l e c t i v e l y  d e s i g n a t e d  t h e  Model Reference  Con t ro l  System (MRCS). 

Together  they  produce b rak ing  a c t i o n s  a t  t h e  r e a r  wheels  of t h e  

v e h i c l e  which a r e  i n  accord  w i t h  t h e  o u t p u t s  of t h e  mathemat ica l  

model of t h e  b rake  system programmed on t h e  M R C .  The e x t e n s i o n  

of t h i s  d e s i g n  t o  i n c l u d e  f r o n t  wheel b r a k i n g  c o n t r o l  i s  under  

* S u b s c r i p t s  1. and 2 a r e  used t o  d e s i g n a t e  t h e  l e f t - r e a r  
and r i g h t - r e a r  c o n t r o l  sys tems,  r e s p e c t i v e l y .  



c o n s i d e r a t i o n  b u t  i s  n o t  n e c e s s a r y  f o r  t h e  work of  t h e  proposed  

program. 

A 1969 Chevro le t  Townsman s t a t i o n  wagon equipped w i t h  a  

396 c u b i c  i n c h  d i sp lacemen t  (CID) e n g i n e ,  a u t o m a t i c  t r a n s m i s s i o n ,  

power b r a k e s ,  manual s t e e r i n g ,  and a i r  c o n d i t i o n i n g  was u s e d  a s  

t h e  f o u n d a t i o n  v e h i c l e  f o r  t h e  development of  t h e  VBV. The c a r  

was purchased  w i t h  d i s c  b r a k e s  on t h e  f r o n t  wheels  and duo-se rvo  

drum b r a k e s  on t h e  r e a r  w h e e l s ,  

The v e h i c l e  has  been  e x t e n s i v e l y  m o d i f i e d  d u r i n g  t h e  con- 

s t r u c t i o n  of t h e  VBV. I n  o r d e r  t o  p r o v i d e  more c o n s i s t e n t  

b r a k e  per formance ,  t h e  r e a r - a x l e  drum b r a k e s  were r e p l a c e d  by 

d i s c  b r a k e s  having  two c a l i p e r s  p e r  d i s c .  One s e t  of l e f t  and 

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

second s e t  i s  p a r t  of a  comple te ly  independent  emergency b r a k i n g  

sys tem.  The emergency b r a k e s  a r e  a c t u a t e d  by a  p e d a l  and m a s t e r  

c y l i n d e r  l o c a t e d  n e x t  t o  t h e  normal b r a k e  p e d a l .  Both chambers o f  

t h e  m a s t e r  c y l i n d e r  have been  r o u t e d  t o  t h e  b r a k e s  on t h e  f r o n t  

whee l s .  The a i r  c o n d i t i o n i n g  compressor  and hoses  have been  

removed from t h e  eng ine  compartment t o  make room f o r  a  h y d r a u l i c  

pump and a  heavy du ty  a l t e r n a t o r .  The h e a t  exchanger  of t h e  a i r  

c o n d i t i o n i n g  sys tem has been u t i l i z e d  a s  p a r t  of  t h e  h y d r a u l i c  

power sys tem.  

The v a r i o u s  p i e c e s  of equipment a s s o c i a t e d  w i t h  t h e  MRCS 

and i t s  a n c i l l a r y  sys tems a r e  d i s t r i b u t e d  th roughou t  t h e  c a r  as  

shown i n  F i g u r e  E .  2 .  
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Figure ~ . 1  Model-Reference Control System (MRCS) 
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Figure E . 2 .  Major equipment Installations in VBV 


