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OBJECTIVE 

The major o b j e c t i v e  of t h i s  s t u d y  was t o  d e f i n e  t h e  

envelope e n c l o s i n g  t h e  r e l a t i o n s h i p  between v e h i c l e  d e c e l e r -  

a t i o n  and brake  peda l  e f f o r t  which g i v e s  rise t o  good d r i v e r -  

v e h i c l e  b r a k i n g  performance. Having d e r i v e d  a  s u i t a b l e  set  of 

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

a  f u n c t i o n  of  peda l  d i sp lacement ,  i t  was a l s o  d e s i r e d  t o  recom- 

mend an a p p r o p r i a t e  s e t  of o b j e c t i v e  t e s t i n g  and compliance 

procedures .  The e f f e c t  of v a r i o u s  t y p e s  of brake  f a i l u r e s  upon 

t h e  brake  peda l  f o r c e  r e q u i r e d  t o  o b t a i n  a  given l e v e l  of dece l -  

e r a t i o n  was a l s o  i n v e s t i g a t e d  i n  o r d e r  t o  d e r i v e  a  methodology 

by which d e c e l e r a t i o n / p e d a l  f o r c e  r a t i o s  may be recommended f o r  

a  brake  f a i l u r e  mode. 

SUMMARY OF TASKS 

I n  o r d e r  t o  meet t h e  o b j e c t i v e s  of t h i s  program f i v e  major 

exper imenta l  and a n a l y t i c a l  t a s k s  were c a r r i e d  o u t .  

LITERATURE REVIEW 

A review of t h e  l i t e r a t u r e  was c a r r i e d  o u t  p e r t i n e n t  t o  an 

a n a l y s i s  of t h e  d e c e l e r a t i o n / p e d a l  f o r c e  c h a r a c t e r i s t i c s  of an 

automotive v e h i c l e .  The f a c t o r s  cons ide red  impor tan t  i n  t h e  

review were brake  system des ign ,  b rake  usage,  sk idd ing ,  brake 

t e s t i n g ,  and d r i v e r  c h a r a c t e r i s t i c s  and brake  modulat ion.  

FOOT FORCE CAPABILITY OF DRIVERS 

The brake  p e d a l  on conven t iona l  v e h i c l e s  i s  a c t u a t e d  by t h e  

f o o t  o r  both  f e e t  of t h e  d r i v e r .  For t h i s  reason it i s  impor- 

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

i n g  t h e  d r i v i n g  popu la t ion .  A procedure was developed by which 

l e f t  and r i g h t  f o o t  maximum f o r c e  e x e r t i o n  could  be measured 

f o r  a  sample of female and male d r i v e r s .  The peda l  f o r c e  measur- 

i n g  buck shown i n  F igure  1 was used i n  t h e s e  t e s t s .  Male and 



Figure  1. Foot  peda l  f o r c e  measurement buck. 



female s u b j e c t s  were s e l e c t e d  a t  random from i n d i v i d u a l s  i n  a  

l o c a l  shoe s t o r e  and a  d r i v e r  l i c e n s i n g  o f f i c e .  Two measure- 

ments of maximum f o o t  f o r c e  were taken wi th  t h e  r i g h t  and t h e  

l e f t  f o o t ,  each. The i n s t r u c t i o n s  on t h e  f i r s t  and second t r i a l s  

were v a r i e d  such t h a t  i n  t h e  second t r i a l  t h e  s u b j e c t  was asked 

t o  e x e r t  t h e  a b s o l u t e  maximum e f f o r t .  Maximum f o o t  f o r c e  f o r  

t h e  r i g h t  and l e f t  f o o t ,  weight and age f o r  each s u b j e c t  were 

obta ined.  

DRIVER BRAKING PERFORMANCE AS A FUNCTION OF PEDAL-FORCE AND 
PEDAL-DISPLACEMENT 

An exper imenta l  t e s t  v e h i c l e  was cons t ruc ted  i n  which v a r i a -  

t i o n s  i n  d e c e l e r a t i o n / p e d a l  f o r c e  ga in  and pedal  displacement  

could be r e a d i l y  made. A braking t e s t  was devised  i n  which a  

d r i v e r  was r e q u i r e d ,  upon a  s i g n a l ,  t o  b r i n g  t h e  c a r  t o  a  s t o p  

a s  r a p i d l y  a s  p o s s i b l e  w i t h i n  a  l ane  t e n  f e e t  wide d e l i n e a t e d  by 

rubber t r a f f i c  cones (Figure  2 )  , The t e s t  was conducted on 

t h r e e  s u r f a c e s :  a  d ry  a s p h a l t ,  wet a s p h a l t  and a  wet-painted 

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

f a c e s  were, r e s p e c t i v e l y :  ,86, .71  and .40. Stops were made 

from 35 mph and 50 mph. The 2 8  t e s t  s u b j e c t s  were randomly 

s e l e c t e d  on t h e  b a s i s  of t h r e e  weight c a t e g o r i e s  and f i v e  age 

groupings,  wi th  an upper l i m i t  of 6 0  yea r s .  

Measurements taken from t h e  s t a r t  of braking c o n s i s t e d  of 

the  braking d i s t a n c e ,  braking t ime,  number of wheels locked,  

d u r a t i o n  of wheels locked,  number of l o s s  of c o n t r o l  runs ,  pedal  

f o r c e  and speed,  

DRIVER BRAKING PRACTICE 

The d e c e l e r a t i o n  l e v e l s  t h a t  d r i v e r s  used i n  normal d r i v i n g  

cond i t ions  were measured by means of an instrumented v e h i c l e .  

The v e h i c l e  was d r iven  by personnel  engaged on Univers i ty  bus i -  

ness .  Measurements were made of t h e  d e c e l e r a t i o n  l e v e l s  t h a t  

were used by d r i v e r s  and t h e  maximum d e c e l e r a t i o n  i n  each a p p l i -  



F i g u r e  2. Brake t e s t  in progress 



c a t i o n  of t h e  b rakes  was recorded,  By t h i s  means a  frequency 

d i s t r i b u t i o n  of t h e  peak d e c e l e r a t i o n s  employed i n  everyday 

d r i v i n g ,  on c i t y ,  r u r a l  roads  and expressways, were ob ta ined ,  

Such d a t a  were r e q u i r e d  i n  o r d e r  t o  provide  informat ion  of 

demands imposed upon t h e  s e r v i c e  brake  and t h e  p r o b a b i l i t y  wi th  

which a given l e v e l  of d e c e l e r a t i o n  i s  d e s i r e d  by d r i v e r s .  The 

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

phase of t h e  p r o j e c t .  

FAILURE ANALYSIS 

An a n a l y s i s  was conducted t o  determine t h e  e f f e c t  of v a r i -  

ous f a i l u r e s  i n  t h e  braking system, such a s  f r o n t  and r e a r  brake  

c i r c u i t  f a i l u r e ,  b o o s t e r  f a i l u r e  and brake fade  upon t h e  pedal  

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

FINDINGS 

MAXIMUM FOOT FORCE 

The maximum f o r c e  e x e r t e d  wi th  t h e  r i g h t  f o o t  f o r  276 

female d r i v e r s  i n  t h e  "s tandard1 '  mot iva t ion  ( t r i a l - 1 )  and t h e  

"induced" mot iva t ion  ( t r i a l - 2 )  c o n d i t i o n s  a r e  shown i n  t h e  form 

of a  cumulat ive p e r c e n t  d i s t r i b u t i o n  of f o r c e  i n  Figure  3.  The 

analogous d a t a  f o r  t h e  3 2 3  male s u b j e c t s  a r e  shown i n  Figure  4 .  

The 5 t h  p e r c e n t i l e  f o r c e  f o r  females was 7 0  and 100 l b s  i n  t h e  

two t r i a l s ,  and f o r  males 1 4 0  and 185 l b s .  

These d a t a  could be cons idered  t o  be over-es t imates  of 

f o r c e  l e v e l s  t h a t  may be a t t a i n e d  i n  a v e h i c l e  s e a t ,  which has  

cons ide rab le  compliance, because a  hard  s e a t  was used i n  t h e  

t e s t  f i x t u r e ,  On t h e  o t h e r  hand t h e  s t r e s s  of an emergency s i t u -  

a t i o n  has  been argued t o  enab le  d r i v e r s  t o  e x e r t  h igh  pedal  

f o r c e s .  An i n t e r m e d i a t e  l e v e l  between t h e  " s t andard"  motiva- 

t i o n  and "induced" mot iva t ion  pedal  f o r c e  l e v e l s  f o r  t h e  5 t h  per-  

c e n t i l e  female would appear  t o  be a  reasonable  maximum f o r c e  

l e v e l  t h a t  d r i v e r s  should be expected t o  e x e r t  t o  d e r i v e  a  high 



PEDAL FORCE (lbs) 

Figure 3 .  Cumulative percent pedal force for 
276 females. 

PEDAL FORCE (1b.S) 

Figure 4 .  Cumulative percent pedal force f o r  
3 2 3  females. 



l e v e l  o f  d e c e l e r a t i o n  from t h e  v e h i c l e .  A f o r c e  o f  85 l b s  i s  

t h e r e f o r e  sugges ted  by t h e s e  d a t a  a s  t h e  maximum brake  peda l  

e f f o r t  f o r  a  v e h i c l e  d e c e l e r a t i o n  i n  t h e  o r d e r  of 0 . 7 5  g. 

DRIVER-VEHICLE BRAKING TEST 

The major i n t e r e s t  i n  t h e  b rak ing  t e s t  was t o  de termine  

t h e  e f f e c t  of t h e  r e l a t i o n s h i p  between d e c e l e r a t i o n  and pedal  

f o r c e  and peda l  d isp lacement  upon t h e  a b i l i t y  o f  d r i v e r s  t o  

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

v e h i c l e .  

The s topp ing  d i s t a n c e s  achieved i n  each run  d u r i n g  t h e  t e s t  

were conver ted  t o  t h e  average  d e c e l e r a t i o n .  An a n a l y s i s  of 

v a r i a n c e  c a r r i e d  o u t  upon t h e  average  d e c e l e r a t i o n  d a t a  showed 

t h a t  t h e r e  were no s i g n i f i c a n t  e f f e c t s  due t o  t h e  peda l  d i s p l a c e -  

ment v a r i a b l e .  Thus, performance was s i m i l a r  f o r  a  peda l  having 

a maximum displacement  of 2 . 5  i n c h e s ,  a t  about  1000 p s i  i n  t h e  

b rake  l i n e ,  and one which had z e r o  i n c h e s  d isplacement .  Mean 

d e c e l e r a t i o n s  were s l i g h t l y  f a v o r a b l e  t o  t h e  pedal  which d i s -  

p laced  d u r i n g  braking.  S t a t i s t i c a l l y  s i g n i f i c a n t  e f f e c t s  were 

found due t o  t h e  d e c e l e r a t i o n / p e d a l  f o r c e  g a i n .  The mean dece l -  

e r a t i o n s  on each of t h e  t h r e e  s u r f a c e s ,  a t  t h e  two i n i t i a l  speeds ,  

f o r  t h e  d e c e l e r a t i o n / p e d a l  f o r c e  ga in  l e v e l s  a r e  shown i n  F igure  

5. The h i g h e s t  ga in  ( d e f i n e d  a s  h igh  d e c e l e r a t i o n / p e d a l  f o r c e  

i n  g / l b ,  o r  a s  pedal  f o r c e / d e c e l e r a t i o n  i n  l b s / g )  conf igura -  

t i o n  d i d  n o t  provide  optimum performance i n  any of  t h e  s u r f a c e  

x speed combinat ions.  On t h e  d r y  and wet s u r f a c e s  performance 

was a l s o  poor a t  low g a i n s .  On t h e  wet-painted s u r f a c e  t h e  low 

and i n t e r m e d i a t e  g a i n  c o n f i g u r a t i o n s  provided b e s t  performance. 

Table 1 shows t h e  f i n d i n g s  of Newman-Keuls t e s t s  conducted 

i n  each of t h e  s u r f a c e  and speed c o n d i t i o n s  a c r o s s  t h e  d e c e l -  

e r a t i o n / p e d a l  f o r c e  g a i n  l e v e l s .  Values which a r e  i n  pa ren theses  

i n d i c a t e  t h o s e  l e v e l s  of c o n t r o l  ga in  which provided s u p e r i o r  
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Figure  5. Geometric mean d e c e l e r a t i o n  a s  a 
func t i on  of dece l e r a t i on /peda l  f o r c e  
ga in ,  speed and s u r f a c e .  



TABLE 1. RANK ORDER OF DECELERATION/PEDAL FORCE GAINS 
DIFFERING SIGNIFICANTLY I N  DRIVER VEHICLE 
BRAKING DECELERATION 

Dry Wet Wet-Painted 
PFG 3 5 50 35 50 35 5 0 Rank 

Level  (g / lb )  MPH MPH MPH MPH MPH MPH Sum 

[Those v a l u e s  b locked  o f f  i n d i c a t e  t h e  p e d a l  f o r c e  g a i n s  
p r o v i d i n g  s i g n i f i c a n t l y  g r e a t e s t  mean d e c e l e r a t i o n  under  
each  su r f ace - speed  c o n d i t i o n ] .  

performance t o  o t h e r  l e v e l s .  The numbers w i t h i n  t h e  t a b l e  i n d i -  

c a t e  t h e  r a n k i n g s  of each  of t h e  d e c e l e r a t i o n / p e d a l  f o r c e  g a i n  

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

The mean f requency  w i t h  which wheels  were locked  up d u r i n g  

each  run  a s  a  f u n c t i o n  of  t h e  i n i t i a l  speed and t h e  p e d a l  f o r c e  

g a i n  i s  shown i n  F i g u r e  6 .  There i s  a  c l e a r  r e d u c t i o n  i n  wheel 

lockup  f requency  a s  t h e  g a i n  i s  dec reased .  There were s l i g h t l y  

less wheel  lockups w i t h  t h e  2 . 5  i n c h  maximum d i sp l acemen t  p e d a l  

t h a n  t h e  0 d i sp l acemen t  on some of  t h e  p e d a l  f o r c e  g a i n  l e v e l s .  

There  was a  c o n s i d e r a b l e  e f f e c t  upon mean number of wheel 

lockups of t h e  pavement s u r f a c e ,  w i t h  f a r  g r e a t e r  f requency  of  

wheel  lockups  o c c u r r i n g  on t h e  wet -pa in ted  s u r f a c e  than  on 

e i t h e r  t h e  wet and t h e  d r y  which i n c u r r e d  s i m i l a r  f r e q u e n c i e s  

( F i g u r e  7 )  . 



F i g u r e  6 .  Mean number o f  wheel  lockups  a s  a  
f u n c t i o n  o f  d e c e l e r a t i o n / p e d a l  f o r c e  
g a i n  and speed .  

I Wet - '\ 
Pa in t ed  ', 

0.065 0.037 0.021 0.012 0.007 0.004 
(1) ( 2 )  (3) ( 4 )  ( 5 )  (6) 

DECELERATION/PEDAL FORCE GAIN (g/lb) 

F i g u r e  7.  Mean number o f  wheel  lockups  as a  
f u n c t i o n  of d e c e l e r a t i o n / p e d a l  f o r c e  
g a i n  and s u r f a c e .  
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The mean time f o r  which wheels were locked up a s  a f u n c t i o n  

of t h e  pavement s u r f a c e  and t h e  peda l  f o r c e  g a i n  i s  shown i n  

F igure  8 .  The mean time of wheel lockup i s  g r e a t e s t  on t h e  wet- 

p a i n t e d  s u r f a c e .  There i s  a c o n s i s t e n t  r e d u c t i o n  i n  wheel lock- 

up t i m e  a s  t h e  pedal  f o r c e  g a i n  i s  reduced. The p r o p o r t i o n  of 

t h e  b rak ing  t i m e  d u r i n g  which one o r  more wheels were locked on 

each of  t h e  t h r e e  s u r f a c e s  i s  shown i n  F igure  9 ,  i n d i c a t i n g  

t h a t  f o r  a s  much a s  60 p e r c e n t  of t h e  b rak ing  time, on t h e  wet- 

p a i n t e d  s u r f a c e ,  one o r  more wheels were locked.  

Loss of c o n t r o l  t r i a l s  (Table 2)  occur red  most o f t e n  wi th  

t h e  h i g h e s t  brake  pedal  g a i n .  There a r e  smal l  d i f f e r e n c e s  a t t r i -  

TABLE 2.  PERCENT^ OF TRIALS INVOLVING LOSS OF 
LATERAL CONTROL AS A FUNCTION OF BRAKE 
SYSTEM, SPEED AND SURFACE 

Peda l  D i s -  Decelera t ion/Pedal  Force Gain ( g / l b )  
placement Sur face  MPH 0.065 0.037 0.021 0 . 0 1 2  0.007 0.004 ------- 

Dry 

Wet 

Wet- 
P a i n t e d  

Dry 

Wet 

Wet- 
P a i n t e d  

Mean 

' pe rcen t  = Loss of Con t ro l  T r i a l s  i n  a T e s t  Condi t ion  
T o t a l  (Success fu l  & Loss of Con t ro l )  T r i a l s  i n  a x 1 0 0  

T e s t  Condi t ion  
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b u t a b l e  t o  t h e  peda l  d isp lacement  v a r i a b l e  i n  t h e  p e r c e n t  of 

l o s s  of c o n t r o l  t r i a l s .  C l e a r l y ,  most such e v e n t s  occurred  

w i t h  t h e  h i g h e s t  d e c e l e r a t i o n / p e d a l  f o r c e  g a i n  b rake  conf igura-  

t i o n  on t h e  wet-pain ted  s u r f a c e ,  though they  were a l s o  q u i t e  

f r e q u e n t  on t h e  wet s u r f a c e .  

Rat ings  made by the s u b j e c t s  of t h e  c o n t r o l l a b i l i t y  of 

t h e  v e h i c l e  dur ing  t h e  b rak ing  test  f o r  each of t h e  g a i n  and 

d isplacement  c o n d i t i o n s  showed (F igure  1 0 )  t h a t  they  d i d  n o t  

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

h i g h e s t  ga in  was u n d e s i r a b l e .  The r a t i n g s  made by s u b j e c t s  of 

t h e  magnitude of t h e  f o r c e  r e q u i r e d  t o  o p e r a t e  t h e  brake  

( F i g u r e  11) showed t h a t  g a i n  l e v e l s  1 and 2 r e q u i r e d  t o o  l i t t l e  

f o r c e  and l e v e l s  5 and 6  r e q u i r e d  t o o  much f o r c e .  The i n t e r -  

mediate  g a i n s  used i n  t h e  t es t ,  l e v e l s  3 and 4 ,  were c l e a r l y  

p r e f e r r e d .  

Based upon t h e s e  d a t a  a  set  of l i m i t i n g  peda l  f o r c e  g a i n  

v a l u e s  was e s t a b l i s h e d  w i t h i n  which good d r i v e r  performance,  

on a l l  t h r e e  s u r f a c e s  used i n  t h i s  t e s t ,  was o b t a i n e d .  F igure  

1 2  shows t h e  s l o p e s  of t h e  f u n c 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  t o  

peda l  f o r c e  f o r  each of t h e  l e v e l s  of t h e  g a i n  f a c t o r  used i n  

t h e  tes t .  ' The r e s u l t s  of t h e  s t a t i s t i c a l  ana lyses  of t h e  

average  d e c e l e r a t i o n  d a t a ,  which a r e  shown i n  Table 1, were 

used t o  d e f i n e  l i m i t i n g  peda l  f o r c e  g a i n  v a l u e s .  The t a b l e  

shows t h a t  on t h e  d ry  s u r f a c e  l e v e l s  2 and 3 ,  a t  bo th  speeds ,  

provided s i g n i f i c a n t l y  s u p e r i o r  performance t o  l e v e l  1. For 

this reason peda l  f o r c e  g a i n  l e v e l  1 was t aken  a s  a  g a i n  which 

should  n o t  be exceeded i n  o r d e r  t o  r e t a i n  good d r i v e r  performance 

when b rak ing  on t h e  d ry  s u r f a c e  = 0.86) .  This  i s  

shown by A' i n  F igure  1 2  a t  a  d e c e l e r a t i o n  l e v e l  of 0.86 g .  

Eowever, peda l  f o r c e  g a i n  l e v e l  1 i n c u r s  s i g n i f i c a n t l y  h i g h  

f r e q u e n c i e s  and d u r a t i o n s  of wheel lockup and l o s s  of c o n t r o l .  

For  t h e s e  r e a s o n s ,  and t h o s e  shown by t h e  s u b j e c t i v e  d a t a ,  a  
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F i g u r e  11. Mean r a t i n g  o f  f o r c e  r e q u i r e d  f o r  28  
s u b j e c t s  a s  a  f u n c t i o n  o f  d e c e l e r a t i o n /  
p e d a l  f o r c e  g a i n  and d i sp l acemen t .  



lower g a i n  was d e s i r e d  f o r  t h e  l i m i t i n g  va lue .  There fo re ,  t h e  

l i m i t i n g  v a l u e  of maximum d e c e l e r a t i o n / p e d a l  f o r c e  g a i n  was 

t a k e n  a s  t h a t  found w i t h  g a i n  l e v e l  2 and i s  shown a s  A i n  

F igure  12. The mean d e c e l e r a t i o n  d a t a  on t h e  w e t  s u r f a c e  show 

t h a t  g a i n  l e v e l  3  provided s u p e r i o r  performance t o  l e v e l s  1 

and 2 and f o r  t h i s  r eason  p e d a l  f o r c e  g a i n  l e v e l  2 was t aken  

a s  t h e  maximum l i m i t i n g  v a l u e .  This  i s  shown a s  B i n  F igure  1 2 .  

S i m i l a r l y ,  C was s e l e c t e d  a t  a  d e c e l e r a t i o n  of 0.40 g a s  t h e  

maximum d e c e l e r a t i o n / p e d a l  f o r c e  g a i n .  Minimum PFG va lues  were 

s e l e c t e d ,  us ing  a s i m i l a r  r a t i o n a l e ,  by t h e  d a t a  shown i n  Table 

1. I n  t h i s  way p o i n t s  D I  E and F were found a s  t h e  minimum 

ga in  l e v e l s  t o  which b rake  system performance should  be  l i m i t e d  

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

DECELERATION MAGNITUDE FREQUENCY DISTRIBUTION 

The peak d e c e l e r a t i o n  on each b rake  a p p l i c a t i o n  was 

recorded  f o r  8934 mi les  of d r i v i n g  by 4 4  d r i v e r s .  The b rake  

was non-power (manual) i n  t h e  i n i t i a l  phase of t h e  test  f o r  

4254 miles and t h e n  conver ted  t o  a  power b rake  f o r  t h e  remainder .  

There were an average  of 1 . 4  brake  a p p l i c a t i o n s  p e r  m i l e  t r a v e l e d .  

F i g u r e  13  shows t h e  cumulat ive p e r c e n t  d i s t r i b u t i o n  of peak 

d e c e l e r a t i o n s  i n  manual and power b rake  modes, which produced 

a lmost  i d e n t i c a l  r e s u l t s .  About 80 p e r c e n t  of a l l  peak brake  

d e c e l e r a t i o n s  were below 0.20 g ,  9 6  p e r c e n t  were below 0 .3  g ,  

and 99.9 p e r c e n t  were below 0 . 5  g .  

FAILURE ANALYSIS 

Analyses were made of t h e  e f f e c t s  upon peda l  e f f o r t  of 

f r o n t  o r  r e a r  b rake  c i r c u i t  f a i l u r e ,  b rake  b o o s t e r  f a i l u r e  and 

b rake  fade .  These ana lyses  were c a r r i e d  o u t  f o r  v a r i o u s  f r o n t -  

r e a r  b rake  f o r c e  d i s t r i b u t i o n s .  The increments  i n  peda l  f o r c e  

t h a t  were r e q u i r e d  i n  each of t h e s e  c o n d i t i o n s  were no ted ,  and 

i n  many i n s t a n c e s  c l e a r l y  r e q u i r e d  peda l  f o r c e s  t h a t  could  no t  

b e  a t t a i n e d  by a  s u b s t a n t i a l  p r o p o r t i o n  of t h e  d r i v i n g  p u b l i c .  
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Figure 12. Cut-off PFG values for satisfactory 
driver-vehicle braking performance. 



Figure  13 ,  Cumulative p e r c e n t  of  
d e c e l e r a t i o n s  f o r  manual 
and power brakes .  

F r o n t  brake  c i r c u i t  f a i l u r e s  r e s u l t e d  i n  h i g h e r  peda l  e f f o r t  

requi rements  than  r e a r  brake  c i r c u i t  f a i l u r e s ,  a s  expected.  

S i m i l a r l y ,  t h e  e f f e c t  of l o s s  of power b o o s t  and t h e  e f f e c t s  of 

l i n i n g  tempera ture  were i n v e s t i g a t e d  i n  terms of d e c e l e r a t i o n /  

peda l  f o r c e  r e l a t i o n s h i p s .  The r e s u l t s  of compliance t e s t s  on 

a  number of v e h i c l e s  equipped w i t h  drum, d i s c ,  and disc/drum 

brakes  were summarized. The c l e a r  d i f f e r e n c e s  i n  t h e  peda l  f o r c e  

g a i n  l e v e l s  between manual and power brakes  a r e  apparen t  (F igures  

1 4  and 1 5 ) .  

A t echn ique  was d e r i v e d  t o  show t h e  e f f e c t  of a  f a i l u r e  i n  

terms of t h e  p r o b a b i l i t y  t h a t  a  d e s i r e d  d e c e l e r a t i o n  w i l l  be 

achieved,  The method used t h e  d a t a  r e p r e s e n t a t i v e  of  t h e  e f f e c t s  

of v a r i o u s  brake  system f a i l u r e s  upon peda l  f o r c e  requ i rements ,  

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

t i o n  of d e c e l e r a t i o n s  i n c u r r e d  i n  everyday d r i v i n g .  F igure  1 6  



MANUAL BRAKES 

DEcELERATION/PEDAL FORCE ( f  t/sec2/lb) 

F i g u r e  1 4 .  Cumulat ive p e r c e n t  o f  v e h i c l e s  w i t h  
lower g a i n :  Manual b rakes .  

DECELERATION/PEDAL FORCE ( f  t/SeC2/lb) 

F i g u r e  15 .  Cumulative p e r c e n t  o f  v e h i c l e s  w i t h  
lower g a i n :  Power b r a k e s .  



Figure  16. Cumulative pedal  f o r c e  d i s t r i b u t i o n s  
f o r  f r o n t  a x l e  brake c i r c u i t  f a i l u r e  
i n  a  loaded sedan wi th  manual brakes .  

shows t h e  r e l a t i o n s h i p  between t h e  d i s t r i b u t i o n s  of d r i v e r  pedal  

f o r c e ,  t h e  d e c e l e r a t i o n s  used by d r i v e r s ,  and t h e  f r o n t - r e a r  

brake  e f f o r t  of a  h y p o t h e t i c a l  v e h i c l e  i n  a  normal and i n  a  f r o n t  

brake  c i r c u i t  f a i l u r e  cond i t ion .  This  diagram can be used t o  

determine t h e  p r o b a b i l i t y  t h a t  a  5 t h  p e r c e n t i l e  female,  f o r  

example, d r i v i n g  a  manual brake v e h i c l e  wi th  a  60/40  f r o n t -  

r e a r  brake  e f f o r t  d i s t r i b u t i o n ,  f a i l s  t o  achieve  a  probably 

d e s i r e d  d e c e l e r a t i o n  dur ing  a  s t o p  fo l lowing  a  f r o n t  brake  c i r -  

c u i t  f a i l u r e .  Using t h e  r ight -hand s c a l e  of F igure  1 6 ,  t h e  

5 t h  p e r c e n t i l e  l i n e  i n t e r s e c t s  t h e  female f o o t  f o r c e  c a p a b i l i t y  

l i n e  a t  A.  Proceeding v e r t i c a l l y  t o  t h e  @ = 4 0 %  l i n e ,  p o i n t  

B ,  and then aga in  h o r i z o n t a l l y  back t o  t h e  r ight -hand s c a l e ,  

it i s  found t h a t  t h e  p r o b a b i l i t y  of t h e  5 t h  p e r c e n t i l e  female 

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

l e v e l  i s  8 p e r c e n t .  This  means t h a t  t h e r e  i s  a  p r o b a b i l i t y  of 

8 p e r c e n t  t h a t  t h e  d e c e l e r a t i o n  t h a t  t h e  d r i v e r  may pe rce ive  

a s  be ing  r e q u i r e d  w i l l  need a  pedal  f o r c e  equa l  t o  o r  g r e a t e r  
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t h a n  she  is capable of exe r t i ng .  The curves shown i n  t he  r e p o r t  

can be  used wi th  s p e c i f i c  veh ic l e  brake con f igu ra t ions ,  f a i l u r e  

modes and s e l e c t e d  pedal  fo rce  and dece l e ra t i on  requirements i n  

o rder  t o  de f ine  pedal  fo rce  requirements i n  a f a i l e d  condi t ion.  

CONCLUSIONS 

The a n a l y t i c a l  and experimental  s t u d i e s  have shown t h a t  

boundary values  of maximum and minimum decelera t ion/pedal  fo rce  

gain  can be der ived which could be used i n  o rder  t o  s e t  recommended 

l i m i t a t i o n s  upon these  brake system c h a r a c t e r i s t i c s .  The d a t a  

a r e  augmented by those  obta ined by measurements of t h e  maximum 

f o o t  f o r c e  c a p a b i l i t y  of males and females i n  t h e  d r i v i n g  

populat ion.  A maximum brake pedal  e f f o r t  of 85 l b s  has been 

s e l e c t e d ,  being wi th in  t h e  c a p a b i l i t y  of 5 percen t  of female 

d r i v e r s ,  a t  which near t o  t h e  p r a c t i c a l  maximum dece l e ra t ion  

should be a t t a i n a b l e  from a passenger ca r .  For t h i s  reason 85 

l b s  i s  suggested as  t h e  pedal  fo rce  a t  which a dece l e ra t i on  of 

0.75 g should be a t t a i n e d .  

The braking t e s t s  showed t h a t  the  h ighes t  dece l e ra t i on /  

pedal  fo rce  gain  r e s u l t e d  i n  sub-optimal mean dece l e ra t i on  on 

a l l  pavement su r f aces  used i n  t he  tes t ,  r e s u l t e d  i n  high f r e -  

quency of wheel lockup, wheel lockup du ra t ion ,  l o s s  of s t e e r i n g  

c o n t r o l ,  and was down-graded i n  t h e  sub jec t ive  r a t i n g s .  High 

gain  and in te rmedia te  gain  conf igura t ions  provided b e s t  per-  

formance i n  terms of mean dece l e ra t i on  on t h e  dry and wet 

su r f aces ,  while lower gains  were requi red  on the  wet-painted 

su r f ace .  This i s  what would have been expected,  b u t  t h e  d a t a  

a l s o  showed those  dece le ra t ion /peda l  fo rce  gains  t h a t  could be 

used a s  boundary condi t ions ,  such t h a t  t he  gain  l e v e l s  should 

no t  be g r e a t e r  than nor less than ind ica t ed  values .  

The l i m i t i n g  po in t s  have been shown i n  Figure 1 2 .  With 

r e spec t  t o  t h i s  f i g u r e a  number of recommendations can be made 
which a r e  descr ibed i n  Figure 17: 
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Figure 1 7 .  The recommended deceleration/pedal force space. 



1. The l i m i t i n g  maximum deceleration/pedal-force ga in  

should be  0.21 g / lb  because:  

a .  I n  F igure  1 2 ,  C i s  t h e  most c r i t i c a l  l i m i t  and 

f a l l s  on t h i s  f u n c t i o n ;  

b .  Higher pedal  f o r c e  g a i n s  i n c u r r e d  g r e a t e r  f r e -  

quencies  of l o s s  of c o n t r o l  and wheel lockup,  

wheel lockup d u r a t i o n  and were downgraded i n  

s u b j e c t i v e  r a t i n g s  of f o r c e  requirement  and 

c o n t r o l l a b i l i t y ;  

c .  P r a c t i c a l  r e s t r i c t i o n s  on brake  performance cur-  

r e n t l y  p rec lude  a  d e c e l e r a t i o n / p e d a l  f o r c e  curve 

i n  which t h e  ga in  i n c r e a s e s  wi th  peda l  f o r c e .  

There fo re ,  F igure  17 shows a  l i n e  of s l o p e  0.021 g / l b  

a s  t h e  maximum ga in  and t h e  bound on minimum pedal  f o r c e  i n  t h e  

d e c e l e r a t i o n / p e d a l  f o r c e  space .  

2 .  The low ga in  l i m i t  i n  t h e  d e c e l e r a t i o n / p e d a l  f o r c e  

space  i s  ob ta ined  a s  fo l lows :  

a .  The minimum ga in  a t  which e f f e c t i v e  b rak ing  per-  

formance was ob ta ined  on a l l  s u r f a c e s  t h a t  were 

used i s  0.012 g / lb .  

b .  The female 5 t h  p e r c e n t i l e  f o o t  f o r c e  (85 l b s )  

should  be s u f f i c i e n t  t o  a t t a i n  a  d e c e l e r a t i o n  

of 0.75 g .  

There fo re ,  t h e  minimum bound on pedal  f o r c e  and ga in  is  

desc r ibed  (Figure  13)  by a l i n e  of s l o p e  of d e c e l e r a t i o n / p e d a l  

f o r c e  of 0.012 g / lb  pass ing  through t h e  p o i n t  0.75 g/85 l b s .  

3. I n  t h e  even t  t h a t  a  recommendation such a s  t h a t  shown 

above i s  adopted,  it w i l l  be necessa ry  t o  employ a  brake  t e s t  

procedure t o  o b t a i n  peda l  f o r c e  v a l u e s  a t  a  number of dece le ra -  

t i o n  l e v e l s  less than  0.2 g  and up t o  a  maximum a t t a i n a b l e  p r i o r  

t o  wheel lock ing  on a  d r y ,  smooth, Por t l and  cement concre te  

s u r f a c e  a s  desc r ibed  i n  SAE J-843. I n  t h i s  way t h e  curve r e l a t i n g  

pedal  f o r c e  and v e h i c l e  d e c e l e r a t i o n  can be ob ta ined  and com- 

p l i a n c e  wi th  t h e  l i m i t a t i o n s  recommended i n  Figure  17 can be 

measured. 
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