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1  . 0  INTRODUCTION 

The pro1 i f e r a t i o i l  o f  v e h i c l e  performance r e g u l a t i o n s  t o  the 

i n t e r n a t i o n a l  community has r e s u l t e d  i n  a  v a r i e t y  o f  b rak ing  per-  

formance requ i  remen t s  among Nor th  Ameri can and European coun t r i es  . 
These r e g u l a t i o n s  are i n f l uenced  by d i f f e r e n t  op in ions on good brak-  

i n g  and hand l i ng  performance so t h a t  they are t o  some e x t e n t  incom- 

p a t i  b l e  w i t h  each o the r .  As a  r e s u l t ,  i t  may be necessary f o r  some 

manufacturers t o  modi fy  brake p r o p o r t i o n i n g  on veh ic les  in tended 

f o r  expor t .  I n  a d d i t i o n  t o  t h e  problem w i t h  r e g u l a t i o n  o f  s t r a i g h t -  

1 i n e  b rak ing  performance, the U. S. government and var ious European 

o rgan i za t i ons  (ISO) a re  a c t i v e l y  pursu ing methods f o r  measuri ng and 

r e g u l a t i n g  b rak ing - i n -a - t u rn  performance. Advocates o f  b rak ing- in -a -  

t u r n  requirements say t h a t  t h i s  i s  a  more p rec i se  t o o l  f o r  c o n t r o l  l i n g  

brake p r o p o r t i o n i n g  t h a t  may be somewhat more rep resen ta t i ve  o f  a  

r e a l i s t i c  d r i v i n g  s i t u a t i o n .  Some o f  the advocates perce ive brak ing-  

i n - a - t u r n  requirements as a  replacement f o r  some o f  the s t r a i g h t - l i n e  

b rak ing  t e s t s ;  however, i t  i s  more 1  i k e l y  t h a t  these maneuvers would 

be added t o  the p resen t  requirements r a t h e r  than s u b s t i t u t e d .  

This s tudy prov ides a  s e t  o f  analyses which serve t o  i l l u s t r a t e  

t he  d i s t i n c t i o n s  between b rak ing  performances imp1 i e d  by the var ious 

regu la t i ons  ove r  a  broad range o f  cond i t ions ,  cover ing veh i c l e  con- 

f i g u r a t i o n ,  l o a d i  ng, road sur face,  and b r a k i  ng maneuver types. 

The s tudy was d i v i d e d  i n t o  th ree  main tasks, which are docu- 

mented i n  Sect ions 2.0, 3.0, and 4.0 o f  t h i s  r epo r t .  

Sec t ion  2.0 presents  an overview o f  the  var ious regu la t i ons  

i n  terms o f  t h e i r  requirements on p ropo r t i on ing .  A1 though each 

r e g u l a t i o n  covers severa l  facets o f  b rak ing  performance and, f r equen t l y ,  

i s  a p p l i c a b l e  t o  severa l  v e h i c l e  types, o n l y  the requirements on the 

s topp ing  o r  dece le ra t i on  performance o f  passenger cars,  w i t h  non- 

f a i l e d  and p a r t i a l l y  f a i l e d  sys terns, a re  consi  dered here. Whereas 

r a d i c a l l y  d i f f e r e n t  approaches towards c e r t i f i c a t i o n  have been 



adopted i n  t h e  va r i ous  coun t r i es ,  we cons ider  here o n l y  the  tech- 

n i c a l  aspects o f  t h e  r e g u l a t i o n s .  Two rep resen ta t i ve  passenger cars ,  

one domestic and one European, a r e  s e l e c t e d  t o  demonstrate the  con- 

s t r a i n t s  on brake p r o p o r t i o n i n g  which are imposed by the var'ious 

r egu la t i ons .  A v a i l a b l e  o p t i o n  packages and permi s s i  b l e  l oad ing  con- 

d i  t i o n s  a re  cons idered f o r  each v e h i c l e  i n  o r d e r  t o  s e l e c t  two 

o p t i o n / l o a d  combinat ions which w i  11 l i m i t  t o  t h e  g r e a t e s t  degree the 

p r o p o r t i o n i n g  range a l lowed by each r e g u l a t i o n .  The range o f  pro-  

p o r t i o n i n g  p e r m i t t e d  by each r e g u l a t i o n  i s  ca l  cu l  a ted  by means o f  a  

q u a s i - s t a t i c  ana l ys i s .  I n  o rde r  t o  compare t h e  c o n s t r a i n t s  imposed 

on p r o p o r t i o n i  ng s e l e c t i o n  by t h e  d i f f e r e n t  r egu la t i ons  , one pro-  

p o r t i o n i n g  va lue i s  p icked  t o  b e s t  s a t i s f y  t h e  U.S. r egu la t i on ,  and 

ano ther  t o  b e s t  s a t i s f y  t h e  va r ious  European regu la t i ons .  

Sec t i on  3.0 at tempts t o  answer t he  ques t ion  "Which r e g u l a t o r y  

ph i losophy leads towards b e t t e r  acc i  dent-avoi  dance capabi li t y ? "  To 

t h i s  end, a  computer s i m u l a t i o n  o f  b rak i ng  maneuvers i s  used t o  c a l -  

c u l a t e  t h e  b rak i ng  performance of  the  two rep resen ta t i ve  veh i c l es  

i n  each o f  t he  two most extreme o p t i o n l l o a d  combinations (as de te r -  

mined by q u a s i - s t a t i c  a n a l y s i s ) .  The maneuvers i n c l u d e  s t r a i g h t -  

l i n e  b rak i ng  and b rak i ng  i n  a  moderate cons tan t  r ad ius  t u r n  on t h ree  

sur faces e x h i b i t i n g  h igh,  medium, and low f r i c t i o n a l  p r o p e r t i e s .  

Each c o n d i t i o n  i s  s imu la ted  f o r  t he  p r o p o r t i o n i n g  s e l e c t e d  t o  b e s t  

comply w i t h  FMVSS 105-75 and f o r  t he  p r o p o r t i o n i n g  se lec ted  t o  s a t i s f y  

t h e  European regu la t i ons  (as determined i n  Sec t ion  2.0). 

Resul ts  are presented i n  t e n s  o f  t h e  d i s t ance  necessary t o  reduce 

t h e  v e h i c l e  speed t o  an a r b i t r a r y  v e l o c i t y  and i n  terms of  the  impact  

v e l o c i t y  which r e s u l t s  i f  s topp ing  d is tance  i s  l i m i t e d .  Steady- 

s t a t e  dece le ra t i on  l e v e l s  and the changes i n  r e a c t i o n  t ime needed t o  

compensate f o r  the  d i f f e r e n t l y  p ropor t ioned  v e h i c l e  i n  each case 

a re  a l s o  presented. 

The a c t i v i t i e s  o f  agencies w i t h i n  the Un i t ed  States and Europe 

towards develop ing a  b r a k i  ng - in -a - tu rn  r e g u l a t i o n  are reviewed and 

analyzed i n  Sec t ion  4.0. Tes t ing  procedures a re  hypothesized f rom 



the previous work done by the agencies involved and, when necessary, 
further computer simulations are conducted t o  evaluate any further 
constraints on proportioning selection which might be imposed by a 
bra k i  ng- i n-  a-turn reg ul a t i  on. 



2.0 AN ANALYSIS TO COMPUTE BRAKE PROPORTIONING VALUES WHICH 
SATISFY EXIST1 NG REGULATIONS 

This  s e c t i o n  reviews the b rak ing  regu la t i ons  used throughout 

the  world,  and q u a n t i f i e s  t he  p r o p o r t i o n i n g  c o n s t r a i n t s  which they 

impose on brake design f o r  passenger cars. A q u a s i - s t a t i c  ana l ys i s  

i s  used t o  d i  r e c t l y  compare the  range o f  p r o p o r t i o n i n g  which each 

s tandard pe rm i t s  f o r  t h e  case o f  two veh ic les ,  one be ing a  " t y p i c a l "  

domes t i c a l l y - p r o d u c e d  c a r  and the o t h e r  be ing  a  " t y p i  c a l "  European 

car .  When a1 1  poss ib l e  o p t i o n  packages and l oad ing  cond i t i ons  a re  

considered, the b rak ing  standards o f  Europe r e q u i r e  a s l i g h t l y  h i g h e r  

p r o p o r t i o n i n g  than t he  p r o p o r t i o n i n g  which would be se lec ted  t o  comply 

w i t h  t he  U.S. standard. The regu la t i ons  are con t ras ted  by s e l e c t i n g  

one p r o p o r t i o n i n g  va lue  t o  maximize the l i k e l i h o o d  o f  pass ing the 

U.S. s tandard and another  va lue t o  bes t  comply w i t h  t he  European 

standards, Th i s  i s  done f o r  bo th  rep resen ta t i ve  passenger cars ,  The 

r e l a t i v e  highway " sa fe t y "  which r e s u l t s  from t h e  s e l e c t i o n  o f  a  pro-  

p o r t i o n i n g  va lue  t o  comply w i t h  each o f  the d i f f e r e n t  r egu la t i ons  i s  

then determined by conduct ing a  l a r g e  number o f  computer s imu la t i ons  

o f  b r a k i n g  cond i t i ons  n o t  covered by the regu la t ions .  Th is  a c t i v i t y  

i s  descr ibed i n  Sec t ion  3.0. 

Throughout t h i s  r epo r t ,  the term "p ropo r t i on ing "  re fers  t o  t he  

r a t i o  o f  the brake to rque  a p p l i e d  a t  t he  f r o n t  ax l e  t o  t he  t o t a l  

brake torque a p p l i e d  a t  both ax les.  The c h a r a c t e r i s t i c s  o f  the  

var ious components which comprise the t o t a l  brake system a r e  super- 

f luous t o  the  i n t e n t  o f  t h i s  study. Accord ing ly ,  the var ious mechani- 

c a l e  components a re  cons idered t o  d e f i n e  a  " b l a c k  box," f o r  which a  

g i ven  pedal  f o r c e  w i l l  repeatedly  p rov ide  f r o n t  and r e a r  brake torques 

hav ing known magni tudes. 

The term "b rak ing  e f f i c i e n c y "  i s  o f t e n  used i n  t h i s  sect ion,  

and i n  t h i s  context ,  e f f i c i e n c y  i s  de f i ned  as the r a t i o  o f  the 1 imi . t  

(no locked wheels) dece le ra t i on  t o  an i d e a l  dece le ra t ion ,  where t he  

c a r  i s  " o p t i m a l l y "  p ropo r t i oned  f o r  a  g iven  surface, such t h a t  t he  



t i r e s  a re  a1 1  produc ing b rak ing  forces t h a t  are the  maximum l e v e l s  

which can be ob ta ined  f o r  t h e  su r f ace  cond i t ions .  I f  the a v a i l a b l e  

f r i c t i o n  were a  constant ,  p, t he  b rak ing  e f f i c i e n c y  would s imply  be 

A where Ax = dece le ra t i on  i n  g ' s .  

2.1 An Overview o f  the E x i s t i n g  Regulat ions 

The var ious  w o r l d  b rak ing  regu la t i ons  have been reviewed, d i s -  

cussed, and compared e x t e n s i v e l y  [1,2,3,4], so t he  focus o f  t h i s  

study i s  on j u s t  two quegf ions : "How do the var ious brake regula-  

t i o n s  r e s t r i c t  f r o n t / r e a r  p r o p o r t i o n i n g  s e l e c t i o n  on t y p i c a l  passen- 

ge r  ca rs?"  and "Which regu la t i ons  l e a d  t o  passenger cars  w i t h  b e t t e r  

acc i  dent-avoidance capabi li t i e s ? "  The var ious  b rak ing  regu la t i ons  

w i l l  be discussed here on l y  i n  the con tex t  o f  these two quest ions 

and thus we w i l l  be dea l i ng  w i t h  sma l l  p o r t i o n s  o f  a  few se lec ted  

standards . 
I n  a  broad review o f  e x i s t i n g  brake standards, Oppenheimer 

[I] categor izes the e x i s  ti ng r e g u l a t i o n s  i n  t o  t h e  b rak ing  standards 

of :  

( a )  Un i ted  States 

(b) Europe 

( c )  Sweden 

(d )  Japan 

( e )  Other 

The b r a k i n g  r e g u l a t i o n  o f  t he  Un i ted  States,  FMVSS 105-75, has 

been a  model f o r  r egu la t i ons  i n  Canada and A u s t r a l i a .  Most o f  the 

European r e g u l a t i o n s  are modeled a f t e r  t he  Un i ted  Nat ions Economic 

Commission f o r  Europe (ECE) Regulat ion 13, o r  a re  n a t i o n a l  approvals 

o f  a  r e g u l a t i o n  t h a t  i s  nea r l y  i d e n t i c a l  i n  t echn i ca l  content,  the 

Common Market  European Economic Communi ty (EEC) Di r e c t i  ve 71/320 

(updated by D i r e c t i v e s  751524 and 741132). Sweden has i t s  own 

standard, Regulat ion F-18, and Japan i s  i n  the process o f  developing 

an independent n a t i o n a l  standard. According t o  Oppenheimer, a1 1  o f  



the  ma jo r  b rak ing  standards of t h e  wo r l d  a r e  c u r r e n t l y  represented 

by  the f o u r  r egu la t i ons  l i s t e d  above, which comprise the  f i r s t  

th ree  categor ies.  

The b rak ing  standards o f  t he  Un i t ed  States,  Europe, and Sweden 

have many impor tan t  s imi  1  a r i  t i e s  and con t ras ts ,  p a r t i c u l a r l y  w i t h i n  

t h e  scope o f  t h i s  study. The standards r e f l e c t  d i f f e r e n t  ph i losoph ies  

towards what k i n d  o f  performance c o n s t i t u t e s  good b rak ing  and u t i -  

li ze some d i f f e r e n t  means o f  implementat ion. 

Many o f  the  d i  f ferences i n  t he  processes o f  ach iev ing  c e r t i -  

f i  c a t i o n  under the regu la t i ons  FMVSS 105-75, ECE R. 13, 71/320/ECE, 

and F-18 are discussed by Oppenheimer [I], w i t h  t he  d e t a i l s  t o  be 

found i n  t h e  regu la t i ons  themselves [5,6,7,8]. I t  i s  use fu l  here t o  

simp1 i f y  the  s i t u a t i o n  by reduc ing the t o t a l  number o f  c e r t i f i c a t i o n  

processes t o  two types, namely, a  " t e s t i n g "  type ( i n  which a  repre- 

s e n t a t i v e  v e h i c l e  i s  t es ted  by an au thor i zed  agency according t o  the 

p rov i s i ons  o f  the r e g u l a t i o n )  and a  "non- test "  type (wherein the 

manufacturer submits eng ineer ing  data t o  the proper  agency). "Test -  

i ng "  pmcedures a re  i d e n t i f i e d  as being more demanding than "non- 

t e s t "  processes because, n o t  o n l y  i s  the engineer ing design be ing 

checked, b u t  a l so  the manufactur ing q u a l i t y  c o n t r o l  and t ime-vary ing 

cha rac te r i  s  ti cs o f  vehi  c l e  components (such as brake . l  i n i  ng p ro -  

p e r t i e s ) .  When des ign ing f o r  a  r e g u l a t i o n  i n v o l v i n g  phys i ca l  t e s t -  

ing,  a manufacturer t y p i c a l l y  a l lows f o r  d i f f e r e n t  s o r t s  o f  impre- 

c i s i ons ;  i n  t h i s  study, a  to le rance  o f  10% i s  used repeatedly .  

The f o u r  b rak ing  standards a l l  r e q u i r e  s topp ing  d is tance o r  

dece le ra t i on  l i m i t s  which are v e r i f i e d  by t e s t i n g  a  candidate 

veh i c l e .  The requirements o f  these standards are summarized i n  

Table 1  which a l s o  shows 90% t a r g e t  s topp ing  distances and equ i va len t  

dece le ra t ions  f o r  each regu la t i on .  The equ i va len t  dece le ra t ions  

shown i n  the t a b l e  were c a l c u l a t e d  a f t e r  assuming t h a t  the veh i c l e  

dece le ra t i on  s t a r t s  a t  zero, increases l i n e a r l y  t o  a  t ime ~ t ,  then 

remains cons tan t  f o r  the du ra t i on  o f  the s top.  The "equ i va len t  

dece le ra t ion"  i s  t he  cons tan t  value reached a f t e r  t ime ~t and i s  





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

where V i s  the i n i t i a l  v e l o c i t y  ( f t / s e c ) ,  S i s  t h e  s p e c i f i e d  

s topping d is tance  ( f t ) ,  and g  i s  the g r a v i t a t i o n a l  constant  ( f t / s e c 2 ) .  

To prepare t h e  tab le ,  t he  r i s e  time, h t ,  was de f i ned  t o  be 0.5 

second. 

The s  topp i  ng d i s tance  and dece le ra t i on  performance measures o f  

the  f o u r  standards can be d i r e c t l y  compared by r e f e r r i n g  t o  Table 1, 

a l though t he  e f f e c t s  o f  d i f f e r i n g  su r f ace  cond i t i ons  and t e s t i n g  

procedures a re  n o t  accounted f o r .  The dece le ra t i on  l e v e l s  c a l c u l a t e d  

from FMVSS 105-75, t h e  U.S. r egu la t i on ,  are c l e a r l y  t he  most demand- 

i ng. 

Al though the  European regu la t i ons  are seen t o  r e q u i r e  l e s s  

dece le ra t i on  capabi li ty,  they con ta in  a d d i t i o n a l  p r o v i s i o n s  aimed 

a t  p reserv ing  the s t a b i l i t y  o f  the  v e h i c l e  and thus r e f l e c t  a  d i f f e r -  

e n t  ph i losophy as t o  what c o n s t i t u t e s  "good brak ing."  I n  general ,  

comparing t h e  d i  f f e r e n t  regu l  a t i ons  i s  1  i ke compari ng "apples and 

oranges" and cannot be done unless s p e c i f i c  veh ic les  are used as 

examples. The remainder o f  t h i s  sec t i on  ou tl i nes t h e  me thodology 

developed t o  do t h i s  comparison, which i s  then demonstrated f o r  a  

t y p i  ca l  U  .S. and European passenger car .  

2.2 A  Q u a s i - S t a t i c  Analys is  o f  Brak ing  

As i nd i ca ted ,  the b rak ing  standards o f  t he  U.S., ECE, EEC, and 

Sweden have s u f f i c i  e n t l y  d i f f e r e n t  formats and p h i  losophies t h a t  they 

cannot be d i r e c t l y  compared. On t h e  o t h e r  hand, a  q u a s i - s t a t i c  

ana l ys i s  o f  b rak i  ng can be used t o  c a l  cu l  a t e  p r o p o r t i o n i  ng c o n s t r a i n t s  

f o r  a  p a r t i c u l a r  veh ic le ,  based on the p rov i s i ons  , o f  any o f  the 

f o u r  standards. A quasi-s t a t i c  ana l ys i s  i nvo l ves  on ly  the f o r e l a f t  

l o a d  t r a n s f e r  i n  a  v e h i c l e  du r i ng  b rak ing  t o  g i v e  adhesion u t i l i z a -  

t i o n  values f o r  t h e  f r o n t  and r e a r  axles f o r  a  g i ven  dece le ra t i on  



l e v e l  and a  g i ven  p ropo r t i on ing .  The adhesion u t i  1  i z a t i o n  values, 

KF and KR, f o r  t h e  f r o n t  and r e a r  ax les represents  t h e  b rak ing  forces 

between the  t i r e  and the road, normal ized by t h e  v e r t i c a l  loads on 

the t i r e s  and are c a l c u l  a ted  as: 

- P  Ax 
K~ - 11 - a l e  + h l a  -Ax 

where p  i s  p r o p o r t i o n i n g  (as d e f i  ned e a r l i e r ) ,  Ax  i s  dece le ra t i on  

( i n  g ' s ) ,  a/a i s  t h e  l o n g i t u d i n a l  d is tance  between t h e  cen te r  o f  

g r a v i t y  (c .g . )  o f  the v e h i c l e  and t he  f r o n t  a x l e  d i v i d e d  by the 

wheelbase, and h/e i s  the r a t i o  o f  the  h e i g h t  o f  t h e  c.g. o f  the 

v e h i c l e  d i v i d e d  by t h e  wheel base o f  t he  veh i c l e .  I t  i s  assumed i n  

Equat ions (2.2) and (2.3) t h a t  none o f  the wheels are locked, t h a t  

the b rak ing  f o r c e  a t  each ax le  i s  equal t o  the brake torque d i v i d e d  

by the r o l l i n g  rad ius  o f  t h e  t i r e ,  and t h a t  the r o l l i n g  r a d i i  o f  a l l  

o f  the t i r e s  are equal. Equations (2.2) and (2.3) can be used t o  

compare a l l  o f  the b rak ing  standards i n  t h e  case o f  a  p a r t i c u l a r  

veh i c l e  i f  i t  i s  assumed t h a t  t h e  brakes on t he  v e h i c l e  are s u f f i -  

c i e n t l y  power fu l  and fade r e s i s t a n t  t o  l ock  up any wheel on d ry  pave- 

ment w i t h  a  reasonable pedal f o r c e  a p p l i c a t i o n .  I f  t h i s  i s  t he  case, 

t he  o n l y  v a r i a b l e  i s  t he  f r o n t l r e a r  p ropo r t i on ing ,  p, which must be 

s e t  t o  keep KF and KR w i t h i n  l i m i t s  spec i f i ed ,  o r  imp l ied ,  by t he  

var ious b rak ing  standards. When KF and KR are  n o t  spec i f i ed ,  b u t  a  

dece le ra t i on  l e v e l  o r  s topp ing  d is tance i s  spec i f i ed ,  the i m p l i e d  

c o n s t r a i n t  i s  t h a t  K must be l e s s  than the a v a i l a b l e  t r a c t i o n ,  as 

expressed by t h e  f r i c t i o n  c o e f f i c i e n t  between t h e  t i r e  and the  road. 

Accord ing ly ,  t h e  f o u r  main b rak i  ng regu l  a t i ons  a re  summarized 

below i n  terms t h a t  make use of  Equations (2.2) and (2.3) and i n  terms 

of f i g u r e s  which g r a p h i c a l l y  show the p r o p o r t i o n i n g  cons t ra i  n t s  i m -  

posed by t he  separate regu la t i ons .  On these f i g u r e s ,  dece le ra t i on  



c o n s t i t u t e s  t h e  abscissa, s i nce  i t  i s  s p e c i f i e d  d i r e c t l y  much o f  

the t ime  and when i t  i s  not,  s topp ing  d is tance (which depends on 

i n i t i a l  v e l o c i t y )  can be used t o  c a l c u l a t e  an equ i va len t  decelera- 

t i o n  w i t h  the a i d  o f  Equat ion (2.1). 

2.3 Summaries o f  t he  Various Requlat ions 

The f o l l o w i n g  summaries deal  o n l y  w i t h  those p o r t i o n s  o f  the 

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

when braked w i t h  t h e  s e r v i c e  brake f u l l y  opera t iona l ,  o r  t o  the pe r -  

formance r e q u i r e d  dur ing  a  p a r t i a l  f a i l u r e  ( d i v i d e d  c i r c u i t  t e s t ) .  

Other  aspects o f  b r a k i n g  system performance such as fade, wa te r  

recovery,  and power-boost f a i l u r e ,  t o  name a  few, a re  beyond the 

scope o f  t h i s  study b u t  can, i n  general ,  be e a s i l y  compared by 

r e f e r r i  ng d i  r e c t l y  t o  the regu l  a t i  ons. 

2.3.1 FMVSS 105-75. The Un i t ed  States r e g u l a t i o n  [5]  r equ i res  

s topp ing  d is tance  t e s t s  t o  be performed on "a 12-foot-wide, l e v e l  

roadway hav ing a  s k i d  number o f  81 ." For  a  non-ant i  lock-equipped 

veh ic le ,  "stops are made w i  t h o u t  lockup  o f  any wheel a t  speeds g rea te r  

than 10 mph." A l l  o f  the  n o n - f a i l e d  s topp ing  d is tance  requirements 

were l i s t e d  i n  Table 1, a long  w i t h  the "equ i va len t  dece le ra t ion"  

l e v e l s  c a l c u l a t e d  f o r  90% s topp ing  d is tances and a  .5-second b u i l d -  

up t ime  f o r  the dece le ra t ion .  This type o f  t e s t  r e s u l t  i s  i n f l u e n c e d  

p r i m a r i l y  by the maximum torque l e v e l s  supp l i ed  by t he  brakes and by 

t h e  a v a i l a b l e  t i r e  t r a c t i o n .  Assuming t h a t  t he  brakes are capable 

o f  p r o v i d i n g  h i g h  t o q u e  1  evels,  the t r a c t i o n  c a p a b i l i t i e s  o f  the 

t i r e s  d i r e c t l y  l i m i t  the  performance o f  the veh ic le ,  a1 though the 

p r o p o r t i o n i n g  determines t h e  b rak ing  e f f i c i e n c y .  

The adhesion u t i l i z a t i o n ,  K, o f  t h e  f r o n t  and r e a r  ax l e  i s  

shown as a  f u n c t i o n  of dece le ra t i on  and p r o p o r t i o n i n g  i n  F igure  1  f o r  

the case o f  an American in te rmed ia te -s ized  c a r  which i s  i n  the 105-75 

" li ght ly - loaded"  cond i t ion ,  where 



" L i g h t l y  loaded v e h i c l e  weight"  means: For  
veh i c l es  w i t h  a  GVWR o f  10,000 l b  o r  l ess ,  un- 
loaded veh i c l e  we igh t  p l us  300 l b  ( i n c l u d i n g  
d r i v e r  and i ns t rumen ta t i on ) .  .." 

The curves o f  cons tan t  K a re  used to ,  l o c a t e  p r o p o r t i o n i n g  boundaries 

f o r  va r ious  poss ib l e  l e v e l s  o f  ti re- road f r i c t i o n a l  c a p a b i l i t i e s ,  

as i n d i c a t e d  b y  the  f r i c t i o n  c o e f f i c i e n t ,  p. For example, i f  

p = .80, t he  p r o p o r t i o n i n g  must be very  c lose t o  73% t o  achieve a  

dece le ra t i on  o f  .79 g  (see Table 1 )  w i t h  no lockup.  I f  the propor-  

t i o n i n g  were s e t  a t  p  = 70%, we can see t h a t  KF ( t h e  adhesion u t i l i -  

z a t i o n  o f  the  f r o n t  a x l e )  would be .75 b u t  t h a t  KR would be .90. The 

r e a r  a x l e  would t ry  t o  generate more l o n g i t u d i n a l  f o r c e  than i s  

a v a i l a b l e  w i t h  p = .8, and the wheels would l ock  up. I f ,  however, 

u  = .95, the 70% p r o p o r t i o n i n g  would be pe rm iss ib l e .  W i  t h  p = .95, 

the quas i  - s t a t i  c  ana lys is  de f ines  a  " p r o p o r t i o n i n g  window," extending 

from p  = 68% t o  p  = 88%, such t h a t  any p r o p o r t i o n i n g  w i t h i n  t h i s  

"window" w i l l  y i e l d  a  .79 g  dece le ra t i on  w i t h  no wheel lockup .  

T i r e  t r a c t i o n  l i m i t s  are known t o  be s e n s i t i v e  t o  the v e r t i c a l  

l o a d  on t he  t i r e .  Consequently, assuming t h a t  uF ( f r i c t i o n  a v a i l a b l e  

a t  the  f r o n t  t i r e s )  equals pR ( f r i c t i o n  a v a i l a b l e  a t  the r e a r  t i r e s )  

can l e a d  t o  e r r o r s  i n  choosing t h e  c o r r e c t  values o f  KF and KR. For  

example, the  dry-asphal t t r a c t i o n  data compi l e d  f o r  the ti res i n- 

s t a l l e d  on the American i n te rmed ia te  c a r  (Table 3  on page 27) g i ve  

values o f  uF = I  -03  and pR =1 .I 1, a t  t h e  normal loads produced by t h i s  

c a r  i n  a  .79 g  dece le ra t ion .  Thus, on d r y  aspha l t  the a p p l i c a b l e  

p r o p o r t i o n i n g  "window" i s  i n d i c a t e d  i n  F igure  1  by the heavy b lack  

l i n e s .  Th is  window, as shown, i s  f o r  one o p t i o n  package and l oad ing  

cond i t i on .  Since the s tandard i s  app l i ed  t o  a l l  p o s s i b l e  o p t i o n  

packages a t  bo th  GVWR and l i g h t  loading, the p r o p o r t i o n i n g  "windows" 

must be considered f o r  each combination. The f i n a l  "window" f o r  the 

c a r  model i s  de f i ned  by the over lap  o f  a l l  o f  the "windows" app l i cab le  

t o  s p e c i f i c  o p t i o n  and load ing  combinations. 
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Figure 1. The use o f  adhesion u t i l i z a t i o n  curves t o  determine the 
"propor t ion ing  window" imposed by MVSS 105-75 f o r  the 
case of  a  p a r t i c u l a r  vehic le-  l oad i  ng condi t ion.  



The p a r t i a l  f a i l u r e  t e s t ,  namely, one c i r c u i t  i s  d isabled,  i s  

performed on the same sur face  a t  both l o a d  cond i t i ons ,  b u t  wheel 

lockup i s  a1 lowed. The s topp ing  d is tance  must n o t  exceed 456 f e e t .  

A 90% t a r g e t  s topp ing  d is tance  i s  thus 410.4 f ee t ,  and the "equ i va len t  

dece le ra t ion , "  c a l c u l  a ted f rom Equat ion (2.  I ) ,  i s  0.31 g ' s .  The adhe- 

s i o n  u t i l i z a t i o n  r e q u i r e d  f o r  the case o f  a  f r o n t l r e a r  brake c i r c u i t  

s p l i t  can e a s i l y  be seen i n  F igure  1, f o r  when t he  r e a r  c i r c u i t  i s  

f a i l e d ,  t he  p r o p o r t i o n i n g  i s  100% and when t he  f r o n t  c i r c u i t  i s  f a i l e d ,  

the p r o p o r t i o n i n g  i s  0%. For  t h e  example veh i c l e  under d iscuss ion,  we 

see t h a t  when the r e a r  c i r c u i t  i s  f a i l e d ,  the  va lue o f  KF a t  p = 100% 

shou ld  be about .49 and when t h e  f r o n t  c i r c u i t  i s  f a i l e d ,  KR ; -82. 

Both of these u t i l i z a t i o n s  apparent ly  do n o t  exceed the f r i c t i o n  

a v a i l a b l e  on a  surface hav ing a  s k i d  number o f  81, thus a  f r o n t l r e a r  

s p l i t  should be adequate f o r  rneeti ng the p a r t i a l  f a i l u r e  requ i  rements 

o f  105-75. 

2.3.2 Europe: ECE R. 13 and 71/320/EEC. The Common Market 

r e g u l a t i o n  711320 [7 ]  i s  n e a r l y  i d e n t i c a l  t o  t he  Un i t ed  Nat ions 

ECE R. 13 [6]  i n  the  t echn i ca l  aspects, and un less no ted  otherwise,  

terms and phrases c i t e d  below are excerp ted  f rom 71/320/EEC. The 

European regul  a t i ons  spec i f y  s topp i  ng d is tances g iven t h a t  " t h e  road 

s h a l l  possess a  sur face  hav ing good adhesion." They f u r t h e r  r equ i re  

t h a t  du r i ng  t he  t e s t ,  t he  requ i red  s topp ing  d i s tance  "must be ob ta i ned  

w i t h o u t  the wheels lock ing ,  w i t h o u t  the v e h i c l e  l e a v i n g  i t s  path and 

w i t h o u t  abnormal v i b r a t i o n s .  " The 1  i g h t  l oad ing  c o n d i t i o n  i s  de f i ned  

as the "unladen veh i c l e  w i t h  o n l y  t he  d r i v e r  on board and p o s s i b l y  

one o t h e r  person seated, i f  poss ib le ,  on the f r o n t  seat.. ." 
A p r o p o r t i o n i n g  "window" based on a  t a r g e t  dece le ra t i on  l e v e l  

of  0.65 g ' s  (see Table 1  ) i s  shown i n  F igure  2  f o r  the  same veh i c l e  

and l oad ing  c o n d i t i o n  cons idered i n  F igure 1. Th is  "window" has been 

determined and p l o t t e d  i n  the same manner as the "window" f o r  FMVSS 
105-75 (see F igure  1 ) . The bounds on p r o p o r t i o n i n g  app l i cab le  t o  the 

European s topp ing  d is tance  requirement are, c l e a r l y ,  much w ider  than 

i s  the case f o r  t he  U.S. requirement, i n  view o f  the lower  dece le ra t i on  

requirement c a l l e d  o u t  i n  71/320/EEC. 
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Figure 2 .  P ropo rtioni ng cons t r a i  nts imposed by 71/320/EEC, f o r  the 
case of a parti cul a r  vehi cl e-loading condi t i  o n .  



A1 though t h e  U.S. and t h e  European r e g u l a t i o n s  both i nc l ude  

a  s p e c i f i c a t i o n  on wheels-unlocked s topp ing  d is tance,  a  s i g n i f i c a n t  

depar ture from the form of 105-75 i s  found i n  71/320/EEC--namely, 

the l a t t e r  a l s o  con ta ins  a  "non tes t "  requirement which i s  s a t i s f i e d  

by t he  submission o f  eng ineer ing  data by the  v e h i c l e  manufacturer.  

These da ta  c o n s i s t  o f  p l o t s  o f  adhesion u t i l i z a t i o n  ( K )  versus decelera- 

t i o n  (Ax) which a re  c a l c u l  a ted accord ing  t o  Equat ions (2 .2)  and (2 .3 ) .  

The r e g u l a t i o n  requi  res t h a t  these curves meet the f o l l o w i n g  two con- 

d i t i o n s ,  which cond i t i ons  are p l o t t e d  i n  F igu re  3  as they appear i n  

the regu la t i on ,  namely: 

Note t h a t  the  second c o n d i t i o n  imp1 i e s  t h a t  KR c A, (as shown i n  the  

f i g u r e ) ,  s i nce  Equat ions (2 .2 )  and (2 .3)  r e q u i r e  t h a t  i f  KR i s  l e s s  

than A,, KF must be g r e a t e r  than A,, and vice-versa. I n  the  r e g u l a t i o n  

the f i r s t  c o n d i t i o n  t e c h n i c a l l y  r e f e r s  t o  K i n  general ,  b u t  s ince  

KF > K R y  t he  l i m i t  i s  f o r  KF as shown. 

For  purposes o f  t h i s  s tudy,  we must ask how these "nontest "  

cond i t i ons  ( o r  l i m i t s )  a c t  as c o n s t r a i n t s  on p ropo r t i on ing .  I n  o r d e r  

t o  t ransform these "non t e s t "  l i m i t s  on adhesion u t i  1  i z a  t i o n  i n t o  con- 

s t r a i n t s  i n  t h e  p r o p o r t i o n i  ng ldece le ra t i on  space, we combine these 

c o n s t r a i n t s  w i t h  Equations (2 .2)  and (2.3) t o  o b t a i n  the  f o l l o w i n g  

r e l a t i o n s h i p s :  

where again a l a  i s  t h e  l o n g i t u d i n a l  d is tance between the f r o n t  a x l e  

and the cen te r  o f  g r a v i t y  (c.g. ) o f  the veh i c l e ,  d i v i d e d  by  the  wheel- 

base, and h l a  i s  t he  h e i g h t  o f  the c.g. o f  the v e h i c l e  d i v i d e d  by 



Dece le ra t ion ,  Ax ( G '  s )  

F igure  3. Adhesion U t i  1 i z a t i o n  Boundaries 
f o r  the  ECE and EEC Brake Regulat ions. 



the wheelbase. The p r o p o r t i o n i n g  boundaries y i e l d e d  by Equations 

(2 .4)  and (2.5) have been p l o t t e d  on F igure  2  and we see t h a t  the 

"nontes t" c o n s t r a i n t s  r e s t r i c t  the a l lowab le  p r o p o r t i o n i n g  much more 

than the s topp ing  d is tance  c r i  t e r i o n .  

The dashed l i n e  i n  F igure  3  i n d i c a t e s  the  on l y  app l i cab le  

d i f f e r e n c e  b e b e e n  the EEC and ECE regu la t i ons ,  namely, the  former 

r e g u l a t i o n  permi ts  the adhesion u t i l i z a t i o n  o f  t he  r e a r  ax l e  t o  be 

g r e a t e r  than t h a t  of the  f r o n t  (a l though KR i s  s t i l l  l i m i t e d  by the 

f u n c t i o n  A x  + .05) ove r  the range .03 < A, < $45. This d i f f e r e n c e  

between 71/320/EEC and ECE R.13, i n  terms o f  p r o p o r t i o n i n g  requ i re -  

ments, i s  a l s o  shown i n  F igure  2. I t  shou ld  be no ted  t h a t  t h i s  smal l  

d i f f e r e n c e  i s  un impor tant  i n  t h e  con tex t  o f  t h i s  study. I t  i s  men- 

t i o n e d  o n l y  f o r  reasons o f  completeness. 

The adhesion u t i l i z a t i o n  l i m i t s  are c a l c u l a t e d  p e r  the  regula-  

t i o n s  w i t h  a  q u a s i - s t a t i c  a n a l y s i s  us ing  Equat ions (2.4) and (2 .5) .  

I n  o r d e r  t o  p rov ide  the eng ineer ing  curves pe r  t he  regu la t i on ,  the 

manufacturer  must de f i ne  p r o p o r t i o n i n g  as a  f u n c t i o n  o f  dece le ra t ion ,  

and thus assume a  value f o r  t h e  b rak ing  f o r c e / l i n e  pressure ga in  a t  

each ax le .  B u t  t h i s  g a i n  depends on the brake l i n i n g  f r i c t i o n  which 

i s  known t o  vary  s  i g n i f i  c a n t l y  under d i f f e r e n t  opera t ing  cond i t ions .  

Thus d i f f e r i n g  curves cou ld  be prepared f o r  one v e h i c l e  by making 

d i f f e r e n t  ( y e t  v a l i d  w i t h i n  p roper  con tex ts )  assumptions regard ing  

t he  l i n i n g  f r i c t i o n .  Nevertheless, the  "paper r e g u l a t i o n "  i s  t r e a t e d  

as rea l ,  f o r  t h i s  study, t o  he lp  e s t a b l i s h  i n  an i d e a l  sense which o f  

t he  var ious r e g u l a t i o n s  leads t o  b e t t e r  highway sa fe t y .  

The p a r t i a l  f a i l u r e  t e s t  i s  i d e n t i c a l  t o  the s e r v i c e  brake t e s t  

w i t h  respec t  t o  i n i t i a l  speed, road sur face,  and veh i c l e  load ing .  The 

r e q u i r e d  s topp ing  distance, however, i s  306.2 f e e t  r a t h e r  than 166.2 

feet. Thus the 90% t a r g e t  d is tance  i s  275.6 f e e t  and f o r  an i n i t i a l  

ve loc i  ty o f  49.7 mph and an assumed t ime delay o f  .5 second, the 

e q u i v a l e n t  dece le ra t ion ,  A,, i s  . 3 2  g ' s .  This requirement i s  seen t o  
be s l i g h t l y  more demanding than the requirement i n  105-75, b u t  again, 

the requ i red  s topp ing  d is tance  shou ld  be p h y s i c a l l y  r e a l i z a b l e ,  g iven  

normal ti r e  t r a c t i o n  capabi li t i e s  on d ry  surfaces. 



2.3.3 Sweden, F-18. The Swedish r e g u l a t i o n  F-18 [8]  i s  a  

t e s t - o r i e n t e d  regu la t i on ,  as i s  105-75, b u t  there  the s i m i l a r i t i e s  

end. The performance requ i  rement t o  be met by the  non- fa i  l e d  s e r v i c e  

brakes i s  w r i t t e n  as f o l l ows :  

4.1.12.1 The brake sys tern s h a l l  be so arranged t h a t  
w i t h  any l oad ing  c o n d i t i o n  w i t h i n  the frame- 
work of  t he  t o t a l  p e r m i t t e d  l o a d  o r  guaran- 
teed a x l e  pressure, and w i t h  the l oad  
un i f o rm i  ty d i s t r i b u t e d  ove r  the load ing  area, 
no wheel w i l l  l o c k  a t  r e t a r d a t i o n s  lower  than 
those p resc r i bed  i n  4.1.15.1 and 4.1.16.1, 
when b rak ing  on a  carriageway hav ing  a  co- 
e f f i c i e n t  o f  f r i c t i o n  o f  0.8. For  vehic les 
w i t h  a  t o t a l  we igh t  o f  maximum 3,500 Kg, there  
i s  a l so  the cond i t i on  t h a t  a t  a  r e t a r d a t i o n  
between 5.8 and 8.0 in /sec2  t he  r e a r  wheels 
s h a l l  n o t  l ock  before the f r o n t  wheels. 

The requ i red  r e t a r d a t i o n  (dece le ra t i on )  w i t h  no wheels locked i s  .592 

g ' s  f o r  a  passenger car. 

There a r e  severa l  i n t e r e s t i n g  fea tu res  i n  F-18 which war ran t  

d iscuss ion.  For  example, r e g u l a t i o n  F-18 a l lows the t e s t  agency t o  

t e s t  t h e  v e h i c l e  " w i t h  any load ing  cond i t i on  w i t h i n  t he  framework o f  

the t o t a l  p e r m i t t e d  l o a d  ... . w i t h  t he  l o a d  un i f o rm ly  d i s t r i b u t e d  over  

the l oad ing  area" i n s t e a d  o f  l i m i t i n g  the t e s t s  t o  a  l i g h t  and a GVWR 

load ing ,  as do the o t h e r  r egu la t i ons .  However, t h i s  p r o v i s i o n  should 

n o t  amount t o  much a c t u a l  d i f fe rence ,  as the  l oad ing  c o n d i t i o n  which 

r e s u l t s  i n  the lowest  b rak ing  e f f i c i e n c y  i s  t y p i c a l l y  one o f  the two 

extreme condi t i ons ,  namely, d r i v e r  on ly  ( l i g h t  l oad ing  when the r e a r  

ax l e  has the  g r e a t e s t  tendency t o  l ock )  and GVWR (when the f r o n t  a x l e  

has t h e  g r e a t e s t  tendency t o  l o c k ) .  

The second depar ture o f  F-18 from o t h e r  r egu la t i ons  i s  the 

s p e c i f i c a t i o n  of  a  "carr iageway hav ing a  c o e f f i c i e n t  o f  f r i c t i o n  o f  

.8." This s p e c i f i c a t i o n  i s  n o t  a  t h e o r e t i c a l  assumption, b u t  an 

ac tua l  t e s t  cond i t ion .  The procedure invo lves  w e t t i n g  the  t r a c k  ( t h i s  

act ,  i n  i t s e l f ,  i s  a  ma jo r  departure from the o t h e r  regu la t ions ,  which 

c a l l  f o r  t e s t i n g  on d r y  pavement), measuring the 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 ,  11 , a t  op t ima l  s l i p  ( f ound  by va ry i ng  the brake torque 
P 

on the t e s t  wheel u n t i  1  the maximum p va lue  i s  measured), and i f  

necessary, changing the  wa te r  depth u n t i l  the p readings a re  w i t h i n  
P  

.05 o f  the s p e c i f i e d  va lue o f  .8. (Readings are taken a t  5-meter 

i n t e r v a l s ,  and t he  re fe rence  ti r e  used t o  e s t a b l i s h  the  s p e c i f i e d  t e s t  

c o n d i t i o n  i s  the ASTM E249-14 t i r e  which i s  no l onge r  the  s tandard 

t i r e  i n  t h e  U.S.) On one hand, t h i s  c o n d i t i o n  g ives the bes t  idea  

o f  what t o  expec t  i n  terms of a v a i l a b l e  f r i c t i o n  s i nce  i t  i s  peak 

f r i c t i o n ,  11 , t h a t  i s  p h y s i c a l l y  measured. On the o t h e r  hand, the 
P  

c o r r e l a t i o n  between measurements made w i t h  t he  ASTM t i r e  and those 

made w i t h  a  normal passenger c a r  t i r e  i s  u s u a l l y  n o t  very good. The 

problem a t  hand i s  t o  es t imate  the  maximum f r i c t i o n  ( p  ) a v a i l a b l e  
P 

f o r  a  passenger c a r  t i r e ,  g iven  t h a t  11 = .8 f o r  an ASTM E249-14 t i r e .  
P 

This  es t ima t i on  i s  n o t  poss ib l e  unless'  t i r e  t e s t s  are designed and 

conducted w i t h  t he  i n t e n t  o f  answering t h i s  p a r t i c u l a r  quest ion.  For  

l ack  o f  any data, we w i l l  assume below t h a t  p = . 8  f o r  the t i r e s  on 
P 

t he  v e h i c l e  be ing tested.  We s h a l l  a l s o  assume t h a t  the  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  i s  n o t  l oad  s e n s i t i v e  ( n o t  t rue ,  b u t  the na tu re  

o f  the l o a d  s e n s i t i v i t y  va r i es  cons iderably  w i t h  t i r e s  and opera t ing  

cond i t i ons ) ,  and t h a t  the e f f e c t  o f  v e l o c i t y  on f r i c t i o n  c o e f f i c i e n t  

i s  n e g l i g i b l e .  (Th i s  l a t t e r  assumption can be j u s t i f i e d  by n o t i n g  

t h a t  i f  the  wheels do n o t  lock,  the  f r i c t i o n a l  l i m i t s  are no t  exceeded 

and b rak ing  f o r ce  i s  l i m i t e d  by t he  a p p l i e d  brake torque. Whi le t i r e  

t r a c t i o n  on a  wet su r face  i s  very s e n s i t i v e  t o  v e l o c i t y ,  t he  f r i c t i o n  

i s  t h e  lowes t  a t  the v e l o c i  ty a t  which the s top  i s  i n i t i a t e d  and w i l l  

o n l y  go up as t he  v e h i c l e  slows. I f  a  wheel locks  because too much 

pedal force i s  app l ied ,  t he  lockup should occur s h o r t l y  a f t e r  the s top  

i s  i n i t i a t e d  when t he  v e l o c i t y  has n o t  decreased s i g n i f i c a n t l y .  Thus 

the f r i c t i o n  c o e f f i c i e n t  which e x i s t s  a t  t he  i n i t i a l  v e l o c i t y  should 

be adequate t o  p r e d i c t  lockup and thus determine t he  brake torque 

l e v e l s  which d e f i n e  t he  " l i m i t "  c o n d i t i o n . )  

The t h i r d  impo r tan t  c o n d i t i o n  i n  the Swedish s tandard i s  t h a t  

the  o r d e r  of  wheel lockup i s  as much a c r i t e r i o n  f o r  c e r t i f i c a t i o n  as 



dece le ra t i on  c a p a b i l i t y .  S ince t he  o rde r  o f  wheel lockup i s  found 

through road t e s t i n g ,  manufactur ing to le rances  should be considered. 

Brake p ropo r t i on ing ,  de f i ned  by t he  r e l a t i o n s h i  p  

T 

(where TF and TR are t he  f r o n t  and r e a r  brake torques which r e s u l t  

f rom a g iven pedal  f o r c e )  can be thought  o f  as a des ign propor- 

t i o n i  ng s u b j e c t  t o  e r r o r  as a r e s u l t  o f  ac tua l  torques be ing d i f f e r e n t  

f rom t h e  des i r ed  torques. Thus, we can w r i t e  t h a t  

where TF, TRY and p are now the design values o f  f r o n t  torque, r e a r  

torque,  and p ropo r t i on ing ,  and E F y  ER, and E are the corresponding 
P 

e r ro r s .  By r e w r i t i n g  Equat ion ( 2 . 7 ) ,  t h e  p r o p o r t i o n i n g  e r r o r  can be 

expressed as: 

The f i n a l  d i f f e r e n c e  between F-18 and t h e  o t h e r  standards i s  

t h a t  F-18 does n o t  s p e c i f y  s topp ing  distances, b u t  i n s t e a d  s p e c i f i e s  

a  dece le ra t i on  l e v e l .  Therefore, t h e  r e a c t i o n  t ime o f  the  v e h i c l e  i s  

n o t  c r i t i c a l  and, c l e a r l y ,  t he re  i s  no need t o  c a l c u l a t e  any "equi -  

v a l e n t  dece le ra t ions . "  

The p r o p o r t i o n i n g  boundaries impose'd by F-18 on the example 

American in te rmed ia te -s ized  c a r  ( a t  l i g h t  l oad ing )  a re  sketched i n  

F igure  4. The e r r o r  to lerances f o r  t he  f r o n t  and r e a r  brake torque 

ga ins were s e t  + l o% w i t h  t he  s igns  s e t  t o  the wors t  case f o r  each 

boundary. (Tha t  i s ,  i f  b rak ing  performance i s  l i m i t e d  by impending 

lockup o f  t h e  f r o n t  axle,  E F  i s  assumed t o  be + lo%, w h i l e  E R  i s  
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Decelerat ion ( g ' s )  

Figure 4. P ropo r t i on i  ng cons t r a i n  t s  imposed by the Swedish regul a t i on ,  
F-18, f o r  a  p a r t i c u l a r  vehic l  e- loadi  ng cond i t ion .  



assumed t o  be -10%. The a c t u a l  p r o p o r t i o n i n g  i s  then g r e a t e r  than 

the  des ign p r o p o r t i o n i n g  by the amount E , c a l c u l a t e d  from Equat ion 
P  

(2.8) . And i f performance i s  l i m i t e d  by impendi ng r e a r  ax l e  .lockup, 

the  s igns  are reversed t o  E~ = -10% and E R  = + l o%. )  Wi thout  t o l e r -  

ances on torque gain, t h e  lower  boundary would f o l l o w  the  KR = .8 

adhesion u t i  li z a t i  on curve e x a c t l y  t o  s a t i  s f y  t he  requirement t h a t  

the r e a r  a x l e  n o t  l o c k  f i r s t .  When t h e  e r r o r  to lerances are i nc l uded  

v i a  Equat ion (2.8), t he  boundary f a l l s  above the KR = .8  curve. The 

upper boundary s i m i l a r l y  f o l l ows  the KF = .8 curve, w i t h  an ad jus t -  

ment f o r  the p r o p o r t i o n i n g  to le rance  up t o  the  dece le ra t i on  which i s  

s p e c i f i e d  f o r  no wheel lockup. The so l  i d  l i n e  i s  f o r  the l i m i t  

Ax = .59, which i s  t he  va lue  g iven i n  t he  standard, and the  dashed 1  i n e  

i s  f o r  Ax = .65, which i s  the  t a r g e t  va lue  t h a t  inc ludes  a  10% margin 

o f  s a f e t y ,  as p e r  Table 1. Note t ha t ,  i n  d e r i v i n g  the p r o p o r t i o n i n g  

boundaries r e q u i r e d  t o  s a t i s f y  F-18, two to lerances are employed: a  

10% inc rease  i n  Ax and assumed t l O %  e r r o r s  i n  the  brake torque gains. 

I n  d i scuss ing  FMVSS 105-75, we o n l y  used one to le rance  s i nce  t h e  o rde r  

i n  which wheels l ock  i s  n o t  spec i f i ed  by the  standard. S ince F-18 

requ i res  t h a t  t h e  r e a r  wheels n o t  l ock  be fo re  t he  f r o n t  wheels a t  

dece le ra t ions  between 5.8 and 8.0 m/sec2, the lower  p r o p o r t i o n i n g  

boundary i s  extended t o  Ax  = .82 g 's .  If, however, the a v a i l a b l e  
f r i c t i o n  i s  o n l y  p = .80, as we have assumed, t h i s  lower  boundary 

P  
need o n l y  be extended t o  A, = 0.8. 

A  comparison o f  F igures 1, 2 ,  and 4 revea ls  t he  p r o p o r t i o n i n g  

c o n s t r a i n t s  imposed by F-18 t o  be more r e s t r i c t i v e  than those imposed 

by 105-75 o r  71/320/EEC (ECE R.13), b u t  i t  must be emphasized t h a t  

the assumptions which are behind F igure  4 a re  more numerous than t he  

assumptions behind the o t h e r  two f i gu res ,  and o f t e n  somewhat a r b i t r a r y  

as no ted  i n  the  preceding d iscuss ions.  

The p a r t i a l  f a i l u r e  t e s t  requ i res  a  r e t a r d a t i o n  t o  be achieved 

which i s  50% t h a t  o f  t h e  f u l l  s e r v i c e  system. No mention, however, 

i s  made o f  wheel lockup. Thus, t he  r e q u i r e d  dece le ra t i on  i s  A, = .296, 

which, w i t h  a  10% margin, becanes A, = .326. Th is  dece le ra t i on  l e v e l  



i s  only s l ight ly higher than  the requirements of 105-75 and 71/320/EEC. 

However, F-18 i s  a much tougher performance standard because the 

surface i s  wetted t o  achieve a .8  coefficient of f r ic t ion,  whereas 

the other tes t s  are conducted on dry surfaces l ikely t o  exhibit higher 

values of p 
P ' 

The performance of a front/rear c i rcu i t  s p l i t  i s  estimated 

from Figure 4 by considering p = 0% (front  c i rcu i t  fa i lure)  and 

p = 100% ( rea r  c i rcu i t  fa i lure) ,  as was done ea r l i e r  in the examination 

of 105-75. At p = loo%, Figure 4 shows t h a t  a t  Ax = .33 the adhesion 

ut i l izat ion,  K F y  of the front  t i r e s  i s  - 5 ,  which i s  well under the 

available f r ic t ion ,  namely, up = .8. However, when p = 0%, the 

necessary adhesion ut i l izat ion of the rear t i res  i s  .9,  a level higher 

than p Thus, the vehicle manufacturer must e i the r  (1)  instal  1 t i r e s  
P '  

capable of achieving an adhesion of .9 on the t e s t  surface prescribed 

in F-18, ( 2 )  use a different type of s p l i t  for  the emergency hydrau- 

l i c  c i rcu i t ,  or (3)  be wil ling t o  forego the assumed 10% safety 

margin, since a t  Ax = -30, the required ut i l izat ion i s  only 0.8, a 
uti l ization that  should be attainable. 

The performance of a diagonally s p l i t  hydrualic brake c i rcu i t  

can also be estimated from Figure 4.  The adhesion uti l ization curves 

shown were prepared by dividing the braking force a t  each wheel by 

the normal force when fore-aft  load transfer i s  due t o  a constant 

deceleration. Since the normal forces depend only on deceleration, 

the same curves apply t o  the condition of only one wheel per axle 

applying braking force i f  the values of adhesion ut i l izat ion which are 

shown in the figure are doubled to account fo r  the f ac t  t h a t  the 

braking wheels must apply twice as much force t o  reach a deceleration 

level than  they do during a non-failed stop. The proportioning boun- 
daries for  this  type of brake l ine s p l i t  when part ia l ly  failed a r e  
shown in Figure 4, a t  Ax 5 .33, along the l ine labeled K = .4 ,  to  

correspond t o  the fr ic t ion coefficient value of .8. I f  one of the 

two braking wheels i s  allowed to lock, a higher deceleration level 



migh t  be achievable i f  t h e  l o s s  i n  b rak ing  f o r c e  due t o  lockup  i s  

l e s s  than t h e  inc rease  i n  b rak ing  f o r c e  a t  t he  unlocked wheel, which 

i s  due t o  t h e  h i g h e r  pedal  f o r ce .  

2.4 P r o p o r t i o n i n g  Cons t ra in ts  Which are Imposed by the Various 
Regulat ions on Two Representat ive Vehic les 

Two " rep resen ta t i ve "  veh ic les ,  namely, a  t y p i c a l  American 

passenger c a r  and a  t y p i c a l  European car, were se lec ted  i n  t h i s  s tudy 

t o  eva lua te  t he  1  i m i t s  on those p r o p o r t i o n i n g  values whi ch s a t i s f y  

the  var ious regu la t i ons .  The methodology employed i s  t h a t  o u t l i n e d  

i n  t he  preceding sec t i on .  

The r e p r e s e n t a t i v e  American v e h i c l e  i s  the 1978 Chevro le t  

Monte Car l  o  and the r e p r e s e n t a t i v e  European vehi  c l e  i s the Vol kswagen 

Go1 f. 

For each o f  the  two rep resen ta t i ve  veh ic les ,  there  a re  two 

combinations o f  op t i ons  and l oad ing  f o r  which the  b rak ing  e f f i c i e n c y  

i s  the most compromised. These a r e :  

1)  A l i g h t l y  loaded c a r  equipped w i t h  many opt ions which 

add we igh t  t o  the  f r o n t  end. The f r o n t  brakes cannot 

be f u l l y  u t i  li zed because t h e  r e l a t i v e l y  unloaded r e a r  

wheels would l o c k  premature ly .  

2) A h e a v i l y  loaded c a r  equipped such t h a t  the gross ax le  

we igh t  r a t i n g  (GAWR) f o r  t h e  r e a r  ax l e  i s  h i ghes t  

r e l a t i v e  t o  t h a t  o f  the f r o n t  ax le .  

Ove ra l l  v e h i c l e  we igh t  i s  a l s o  a  f a c t o r  i n  dece le ra t i on  performance 

s i  nce ti re t r a c t i o n  decreases wi t h  i nc reas ing  load. 

The s e l e c t i o n  o f  op t i ons  f o r  the  G o l f  was s t r a i gh t f o rwa rd  s i nce  

there  a r e  few of them and o n l y  one s e t  of gross ax le  we igh t  r a t i n g  

(GAWR) e x i s t s .  I n  t h e  case o f  t he  Monte Carlo, t he  GAWR are unique 

f o r  each o p t i o n  combination, so severa l  candidate combinations were 

chosen and GAWR data  were ob ta ined  from the manufacturer  f o r  each one. 



A f t e r  r e c e i v i n g  the GAWR data, the  "wo rs t  case" was i d e n t i f i e d .  The 

"WOE t cases ," as determined f o r  the two rep resen ta t i ve  passenger 

cars, a re  i n d i c a t e d  i n  Table 2. 

Table 3 presents data which de f i ne  the  l i m i t  t r a c t i o n  e x h i b i t e d  

by the  t i r e s  t h a t  are i n s t a l l e d  on t h e  Monte Car lo  and the,Golf. The 
1 ;  ~ L I & / L ,  --> - 7 . b  _-  6 ? :- . . 

peak f r i c t i o n  coe f f i c ien t ,  p , i s  shown as a  f u n c t i o n  o f  load. P 
Appendix A conta ins a d iscuss ion  o f  these data and t h e i r  
sources. 

The p m p o r t i  on i  ng boundaries imposed by each o f  the regu la t i ons  

discussed above a re  g iven i n  F igure  5 f o r  t h e  in te rmed ia te -s ized  

American car. A11 o f  t he  lower  boundaries apply  t o  one o f  the "wors t  

case" op t i on / l oad  combinations, w h i l e  t he  upper boundaries a re  f o r  the 

o t h e r  "wors t  case." A comparison o f  F igure  5  w i t h  Figures 1  through 4 

reveals  the e x t e n t  t o  which t h e  "p ropo r t i on ing  windows" become sma l l e r  

when "wors t  cases" a re  considered. 

The "window" de f ined  by FMVSS 105-75 depends on the a v a i l a b l e  

t r a c t i o n ,  which i s  a  f u n c t i o n  o f  the t i re and road sur face p rope r t i es .  

F igure  5  shows l i m i t s  f o r  var ious p values, so t h a t  the t i r e  data can 

be used t o  determine the p r o p o r t i o n i n g  value which would do the b s t  

j o b  o f  i n s u r i n g  t h a t  the c a r  can pass t h e  road t e s t s  r equ i red  by 105-75. 

The l o a d  on each f r o n t  wheel dur ing  a  .79 g  dece le ra t ion  would be 

1380 l b s  f o r  the c a r  w i t h  no op t i ons  a t  GVWR loading,  w h i l e  the l o a d  

on each r e a r  wheel, f o r  the l i g h t l y  loaded c a r  w i t h  a l l  o f  the  f r o n t -  

end op t ions ,  would be 500 I bs  a t  t he  same dece le ra t ion .  Table 3 does 

n o t  l i s t  any loads lower  than 800 lbs,  b u t  a  l a r g e  amount o f  data 

compiled f o r  t h i s  s i z e  and cons t ruc t i on  o f  t i r e  [9] i n d i c a t e s  t h a t  

the d i f f e r e n c e  i n  p f o r  loads o f  500 l b s  and 1400 1bs would be about 

.12. A p r o p o r t i o n i n g  value o f  p  = 68% would be op t ima l  i f  the f r i c -  

t i o n  c o e f f i c i e n t  a t  the r e a r  ax l e  i s  h i g h e r  than t h a t  o f  t he  f r o n t  

ax l e  by .12, and thus 68% was se lec ted  as the  "American P ropo r t i on ing "  

t o  be used f o r  subsequent computer s imulat ions.  





Table 3. F r i c t i o n  C o e f f i c i e n t s  on Dry Asphal t  f o r  T i res  
I n s t a l  l e d  on the  Two Representat ive Vehicles. 

1 

Vehic le  

Domes ti c 

Fore ign 

T i r e  Size 

P205170R- 14 

155SR-13 

Load ( l b s )  

800 

1368 

1716 

2060 

384 

5 88 

79 3 

99 4 

1195 

P 

1 . I 1  

1.03 

.99 

.89 

1 .OO 

.94 

.88 

.83 

.81 
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The European r e g u l a t i o n  71/320/EEC (ECE R.13) i s  b e s t  s a t i s -  

f i e d  by  a  p r o p o r t i o n i n g  va lue  o f  p  = 75%. The boundaries due t o  the 

Swedish r e g u l a t i o n  F-18 over1 ap, as shown i n  the  f i g u r e ,  w i t h  p  = 75% 

be ing  a  value t h a t  minimizes the  degree t o  which the  p r o p o r t i o n i n g  

boundaries a re  v i  01 ated. 

The p a r t i a l  f a i l u r e  c o n d i t i o n  was discussed i n  Sec t ion  2.3 

f o r  the "most severe case," which i s  t h e  c a r  equipped w i t h  many 

op t ions  and l i g h t l y  laden. It was no ted  t h a t  a  f r o n t / r e a r  s p l i t  m igh t  

n o t  be adequate t o  pass F-18 because the a v a i l a b l e  f r i c t i o n  a t  t h e  

r e a r  ax l e  du r i ng  t he  f a i l e d - f r o n t s  t e s t  must be 11 = .80 t o  achieve 
P  

the  dece le ra t i on  l e v e l  r equ i red  by F-18 and must be p = -90 t o  
P 

achieve 110% o f  the  requ i red  l e v e l .  I f  a  diagonal s p l i t  were employed 

i n  the  c i r c u i t ,  t he  p r o p o r t i o n i n g  cou ld  n o t  be g rea te r  than p = 67% 

f o r  t h e  adhesion u t i l i z a t i o n  o f  the f r o n t  t i r e  t o  be 0.80 ( f o r  the c a r  

w i t h  no op t i ons  and loaded t o  the  GVWR).  I f  the pedal f o r c e  i s  i n -  

creased u n t i l  t h e  f r o n t  wheel locks,  the r e a r  wheel can p rov ide  more 

b rak ing  f o r c e  up t o  a  l i m i t  determined by p The dece le ra t ion ,  A,, 
P 

i s  then 

I f  A, i s  s p e c i f i e d ,  Equat ion (2.8) can be r e w r i t t e n  as 

For  the case a t  hand, Ax = .33, up = .8, a l e  and h/e are g iven i n  

Table 2, and we have t h e  c o n d i t i o n  t h a t  i f  us > . 5 4 ,  a  reasonable 

assumption, the F-18 p a r t i a l  f a i l u r e  t e s t  can be passed. 

F igu re  6  i l l u s t r a t e s  the p r o p o r t i o n i n g  cons t ra i n t s  app l i cab le  

t o  the European subcompact car.  A l l  o f  t he  preceding d iscuss ion  o f  

t he  n o n - f a i l e d  requirements f o r  the  domestic c a r  a l s o  apply  here. 





Regarding the parti  a1 -fai 1 ure t e s t  condi t ion, i t  turns o u t  (agai n )  
that  only the Swedish t e s t  imposes much of a restriction. For the 

diagonal s p l i t  of the European car, the most severe condition i s  that  

of GVWR loading when, t o  keep the adhesion ut i l izat ion of the front 

wheel less than -80, the proportioning must be less  than 74%. To 

achieve the required .33 g deceleration, the front  could be locked 

and must have a s l iding f r ic t ion  coefficient of ps = .55. (Note t h a t  
a front/rear s p l i t  would n o t  be adequate for  passing any of the regu- 

lations with the front brakes disabled because the extremely forward 

position of the c.g. in the l ightly loaded condition would require 

an unrealistical ly high traction capabi l i  ty  from the rear t i r e s .  ) 

A 1  t h o u g h  the regulations of the U.S. and Europe ref lect  

different phi losophies towards what constitutes "good" braking per- 

formance, they actually impose similar constraints on proportioning 

selection. FMVSS 105-75 requires a proportioning which gives a high 

braking efficiency, fo r  e i ther  l igh t  or GVWR loading, on a high f r i c -  

tion surface ( a n d  deceleration levels near . 8  g ' s ) .  Efficiency i s  a t  
a maximum fo r  the l ightly loaded vehicles a t  a deceleration level 

lower than .8 g ' s ,  and a t  a maximum for  the GVWR loaded vehicle a t  

a deceleration level t h a t  i s  higher t h a n  .8 g ' s .  B u t  on lower f r i c -  

tion surfaces, where high deceleration levels are impossible because 

of the low t i r e  traction capabili t ies,  braking efficiency i s  much 

lower for  e i ther  loading condition because the adhesion available a t  
the rear axle i s  n o t  well ut i l ized.  The European regulations require 

a s l ight ly higher proportioning in order t o  prevent lockup of the 

rear axle a t  any deceleration up t o  .8 g 's .  (Thus  the adhesion 

available a t  the rear axle i s  always under-uti l ized.)  Braking e f f i -  

ciency would be a t  a maximum fo r  the l ight ly loaded vehicle a t  a 

deceleration level near . 8  g 's  and a t  a higher deceleration level for  

the GVWR loading. Efficiency on low friction surfaces i s  lower, 

s l ight ly  more so than for  the proportioning selected t o  best comply 
with 105-75. 



One migh t  j u s t i f i a b l y  argue t h a t  the  d i f f e rences  between t he  

Un i t ed  States and European regu la t i ons  which a f f e c t  t he  resu l  t i n g  

p r o p o r t i o n i n g  c o n s t r a i n t s  are n o t  s i g n i f i c a n t  enough t o  requi,re a  

separate p r o p o r t i o n i n g  f o r  veh ic les  s o l d  i n  the  U.S. and Europe. 

Reasons migh t  be g iven f o r  r a i s i n g  the  value o f  the "American Pro- 

p o r t i o n i n g "  and f o r  l owe r i  ng the  "European P ropo r t i on ing "  l e v e l  , a l -  

though t h e  s e l e c t i o n  o f  one p r o p o r t i o n i n g  va lue would c e r t a i n l y  reduce 

the p r o b a b i l i t y  o f  pass ing each r e g u l a t i o n  by some margin. S ince t he  

o v e r a l l  purpose o f  t h i s  s tudy i s  t o  i n v e s t i g a t e  the  e f f e c t  t h a t  the  

d i f f e r e n t  r egu la t i ons  (and the ph i l osoph ies  behind them) have on 

b rak ing  performance and sa fe t y ,  two values o f  p r o p o r t i o n i n g  a r e  used 

f o r  making a  comparison. 

A t  t h i s  p o i n t ,  i t  should be no ted  t h a t  more compl icated p ro -  

p o r t i o n i n g  func t ions  were considered than t he  cons tan t  p r o p o r t i o n i n g  

discussed up u n t i l  now. These p r o p o r t i o n i n g  f unc t i ons  were s t i l l  

" f i xed , "  i n  t h a t  they d i d  n o t  vary  w i t h  load, b u t  d i d  vary  w i t h  pedal 

force.  F igure  7 i 1 l u s t r a t e s  a  general, non-constant f unc t i on .  A l -  

though the curves shown are  those o f  b rak ing  torque versus l i n e  

pressure, the l i n e  pressure magnitude i s  n o t  needed t o  de f i ne  the 

p r o p o r t i o n i n g  f unc t i on  if the y -ax i s  i n t e r c e p t ,  To, and the r a t i o  o f  

the two slopes, a/b, are known f o r  the  p o r t i o n  o f  t h e  curve which i s  

be ing  considered. The we igh t  of t h e  veh i c l e ,  W, def ines t h e  t o t a l  

b rak ing  force needed t o  achieve a  g iven dece le ra t ion ,  and the  r o l l i n g  

rad ius  of t h e  t i r e s ,  R, t r a n s l a t e s  the fo rce  l e v e l s  i n t o  b rak ing  t o r -  

que l e v e l s  (assuming no locked wheels).  The p r o p o r t i o n i n g  i s  then 

c a l c u l a t e d  f r o m  t he  t o t a l  torque needed t o  achieve the  g iven  decelera- 

t i o n  and the  parameters To and a/b, accord ing t o  the  r e l a t i o n  

I f  a/b i s  less  than u n i t y ,  the p r o p o r t i o n i n g  f u n c t i o n  i s  "progress ive"  

because t he  p r o p o r t i o n i n g  increases w i  t h  A,. 



NOTE: AP i s  a  reference 
pressure increment 
o f  a rb i  t r a r y  magnitude 

Pressure a t  Master Cyl inder  

Figure 7. A n a l y t i c  representat ion o f  a f ixed,  b u t  non-constant, 
p ropo r t i on ing  funct ion.  



The "p rogress ive"  p r o p o r t i o n i n g  sys tern undoubtedly r e s u l t s  i n  

h i g h e r  b r a k i n g  e f f i c i e n c y  over  a  range o f  dece le ra t ions  when a  p a r t i -  

c u l  a r  1  oadi  ng condi ti on i s  consi  dered. These gains a re  m i  t - igated 

when a  v a r i e t y  o f  l o a d i n g  cond i t i ons  a re  considered, however, because 

i nc reas ing  the pay load ( i n  e i t h e r  r ep resen ta t i ve  ca r )  increases the  

brake torque l e v e l s  needed t o  achieve a  g iven  dece le ra t ion ,  r esu l  t i n g  

i n  a  h i g h e r  p r o p o r t i o n i n g  (see Eq. (2. l o ) ) ,  and a t  the same time, 

s h i f t s  t h e  c.g. t o  t he  r e a r  o f  the  v e h i c l e  such t h a t  the p ropo r t i on -  

i n g  shou ld  be lowered t o  ma in ta i n  cons tan t b rak ing  e f f i c i e n c y .  

Fo r  example, w i  t h  the rep resen ta t i ve  domestic c a r  and the most 

"p rogress ive"  case o f  a/b = 0, where the  torque on the r e a r  a x l e  i s  

h e l d  cons tan t  f o r  i nc reas ing  pressure, To can be s e t  f o r  the p  and 

A x  values t h a t  de f i ne  t he  lower  l i m i t  on p r o p o r t i o n i n g  imposed by F-18. 

Th is  p o i n t  i s  A, = -82, p  = 77%. F o r  R = 12 i n . ,  W = 3740 l b  ( c a r  

w i t h  many opt ions,  l i g h t l y  loaded),  Equat ion (2.10) g ives a  value o f  

To = 8464 i no lb .  Using t h i s  value a t  A, = .65, where the upper con- 

s t r a i n t  occurs, we have p  = 71%. However, s i nce  the  upper boundary 

i s  f o r  GVWR load, the va lue o f  W = 4318 1  b  should be used t o  c a l c u l a t e  

p  and the r e s u l t i n g  value i s  p  = 75%. Thus the use o f  a  more s o p h i s t i -  

cated h y d r a u l i c  set-up t o  u t i l i z e  a  p rogress ive  p r o p o r t i o n i n g  system 

o n l y  gains 2% i n  the a l lowab le  p r o p o r t i o n i n g  range between the lower  

c o n s t r a i n t  f o r  the  l i g h t l y  laden, h e a v i l y  equipped c a r  a t  Ax .82, 

and the GVWR loaded veh ic le ,  w i t h  no op t ions ,  a t  Ax = -65. Constant 

values of p r o p o r t i o n i n g  ( e .  , To = 0 )  were used i n  t h i s  s tudy 

because: 

1) The p rogress ive  p r o p o r t i o n i n g  f u n c t i o n  would reduce 

t o  a  cons tan t  va lue a t  lower  dece le ra t i on  l e v e l s  and 

there  would be no j u s t i f i c a t i o n  f o r  us i ng  a  d i f f e r e n t  

va lue f o r  the U.S. and European regu la t i ons  over  the 

lower-to-mi d  dece le ra t i on  l e v e l s .  A comparison o f  

the r e l a t i v e  s a f e t y  r e s u l t i n g  f rom t h e  d i f f e r e n t  regu- 

l a t i o n s  would n o t  be poss ib le .  



2 )  The i nc rease  i n  t he  a l l owab le  p r o p o r t i o n i n g  range, 

2% f o r  the domestic c a r  a t  b e s t  (a /b  = 0 ) ,  i s  n o t  

enough t o  j u s t i f y  t he  added compl ex i  ty when the on ly  

des ign goal  i s  assumed t o  be c e r t i f i c a t i o n  under a  

b rak ing  regu la t i on .  



3.0 A STUDY OF BRAKING PERFORMANCE UNDER CONDITIONS NOT 
ADDRESSED I N  EXISTING REGULATIONS 

I n  the prev ious sec t ion ,  the  b rak ing  standards e x i s t i n g  w i t h -  

i n  t h e  Un i t ed  States and Europe were found t o  make c o n f l i c t i n g  demands 

on t he  f o r e - a f t  p r o p o r t i o n i n g  o f  brake torque. Fur ther ,  an examina- 

t i o n  o f  t he  European and U.S. standards showed t h a t  d i f f e r e n t  regula-  

tory ph i losoph ies  under ly  t h e i r  r espec t i ve  development. Having 

addressed the t o p i  c  o f  t h e i  r bas i c  incompat i  b i  1  i t y  , the purpose o f  

t h i s  s e c t i o n  i s  t o  seek answers p e r t a i n i n g  t o  the quest ion,  "Which 

r e g u l a t o r y  ph i losophy leads t o  o v e r a l l  b e t t e r  acc i  den t -avo i  dance 

capabi 1  i t y ? "  

To f a c i l i t a t e  the c a l c u l  a t i o n s  ( s i m u l a t i o n s )  performed t o  

address t h e  above s t a t e d  quest ion, two p r o p o r t i o n i n g  s e t t i n g s  were 

se lec ted  f o r  each v e h i c l e  which would maximize the  l i k e l i h o o d  o f  each 

t o  comply w i t h  the U.S., European, and Swedish standards. For assumed 

cond i t i ons  o f  l o a d i n g  and sur face,  s t r a i g h t - l i  ne and i n - a - t u r n  brak- 

i n g  s imu la t i ons  are conducted. Each veh i c l e  i s  s imu la ted  w i t h  each o f  

the se lec ted  p r o p o r t i o n i n g  values, thereby f a c i l i  t a t i n q  d i r e c t  com- 

par isons.  Th is  procedure requ i res  a  l a r g e  number o f  s imu la t i ons  which 

employ ti re -veh i c l e  system models t h a t  have been p r e v i o u s l y  mechanized 

i n t o  a  computer code. 

The b rak ing  cond i t i ons  se lec ted  f o r  s i m u l a t i o n  are l i s t e d  i n  

Table 4. Each c o n d i t i o n  inc ludes  a  number o f  runs because ( 1 )  two 

p ropo r t i on ings  a re  used and ( 2 )  the brake l i n e  p ressure  must be v a r i e d  

by t r i a l  and e r r o r  i n  o rde r  t o  e s t a b l i s h  l i m i t  cond i t ions .  Note t h a t  

the l o a d i n g  cond i t i ons  a re  i d e n t i c a l  t o  hose analyzed i n  Sec t ion  2.0. 

Three sur faces w i  t h  h igh,  medium, and low f r i c t i o n a l  p rope r t i es  are 

assumed t o  be rep resen ta t i ve  o f  the  f r i c t i o n  cond i t i ons  t o  be en- 

countered i n  t h e  r e a l  wor ld.  The s t r a i g h t - l i n e  and i n - a - t u r n  b rak ing  

condi t i o n s  are def ined by the values o f  i n i  ti a1 1  a t e r a l  a c c e l e r a t i o n  



Table 4 M a t r i x  o f  Non-Test Braking Condit ions t o  be Simulated 

I n i t i a l  La te ra l  
Accel e r a t i  on For 

Constant Radius 
Turn' ( g  ' s) 

Vehic le  
Type Loading Condi t ion Sur f  ace Condi t ion 

Domestic L i g h t  (Many op- 
t i o n s )  

High f r i c t i o n  
( d r y  aspha l t  

GVWR (base-no op- 
t i o n s )  

European L i g h t  (some f r o n t  
end op t ions)  

GVWR 

- 

Domestic L i g h t  Medium f r i c t i o n  
(wet aspha l t )  

GVW R 

European L i g h t  

GVWR 

Low (po l  i shed, 
wet surface) 

Domes t i c  L i g h t  

GVW R 

European L i g h t  

GVW R 



g iven  i n  the t ab le .  A  s t e e r i n g  c o n t r o l l e r  (see below) i s  added t o  

the s i m u l a t i o n  s i nce  i t  i s  assumed t h a t  the d r i v e r  i s  b rak ing  on a  t u r n  

w i t h  a  f i x e d  rad ius.  The i n i t i a l  v e l o c i t y  i s  40 mph, al though s topp ing  

d is tances which would be accrued a t  speeds o t h e r  than 40 mph can be 

c a l c u l  a ted  f rom o t h e r  va r i ab les  t h a t  a re  c a l c u l a t e d  d u r i  ng the  simu- 

l a t i o n s .  

The computer program used i n  t h i s  s tudy  was developed a t  HSRI 

du r i ng  an e a r l i e r  s tudy o f  v e h i c l e  behav io r  [ lo ] .  I t  i s  based on a  

fourteen-degree-of- f reedom model of the  motor c a r  and inc ludes  a  

pneumatic ti r e  model o f  s u f f i c i e n t  complex i ty  t h a t  accurate p r e d i  c- 

t i ons  o f  shear fo rces  can be generated under combined corner ing  and 

b rak ing  cond i t ions .  Both models a re  reviewed, i n  q u a l i t a t i v e  terms, 

i n  Appendix A which a l so  l i s t s  and discusses the sources o f  the 

parameter data which are requ i red  as i npu t .  

As no ted  above, a  s imu la t i on  o f  b rak ing  on a  constant - rad ius 

pa th  requ i res  t h a t  an automatic c o n t r o l l e r  be added t o  the v e h i c l e  

model. Since the  b r a k i n g  performance, as s imulated,  depends t o  a  

l a r g e  degree on the cha rac te r i s  t i c s  o f  the c o n t r o l  l e r ,  these charac- 

t e r i s t i c s  are discussed here i n  some d e t a i l .  

The f i n d i n g s  t o  be discussed below r e l a t e  t o  veh i c l e  behavior,  

as opposed t o  the d r i v e r  c o n t r o l  behavior ,  Thus, t he  automat ic  con- 

t r o l l e r  adopted t o  implement the s i m u l a t i o n  i s  i n  no way in tended t o  

s imu la te  t he  ac t i ons  o f  a  d r i v e r ,  b u t  r a t h e r  t o  eva lua te  the b rak ing-  

in-a-  t u r n  performance o f  t he  v e h i c l e  when nav iga t i ng  a  cons tan t - rad i  us 

tu rn .  The c o n t r o l l e r  added t o  the v e h i c l e  model i s  concep tua l l y  s imple 

and easy t o  implement. I t  employs a  feedback s i gna l ,  as i l l u s t r a t e d  

i n  F igure  8, which i s  t h e  pa th  dev ia t i on  o f  a  p o i n t  l y i n g  on the l o n g i -  

t u d i n a l  ax i s  o f  t h e v e h i c l e  l oca ted  C, f e e t  i n  f r o n t o f  the c.g. o f  

t h e  c a r  body. A  p r o p o r t i o n a l - i  n t e g r a l - d e r i v a t i  ve (PID) c o n t r o l  scheme 

i s  used such t h a t  t h e  in tended s t e e r  angle ( t h a t  i s ,  n o t  i n c l u d i n g  

de f l ec t i on -s tee r  o r  compl iance-steer e f f e c t s )  a t  t h e  road can be 

expressed as : 
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Figure 8. Geometry of the automatic controller which was adopted 
t o  maintain a constant radius turn. 



where A X  i s  the path deviation as shown in the figure,  and CPa, Cd ,  

and Ci are feedback gains. I n  general, derivative feedback i s  used 
to  speed up the response of a system, a t  the expense of steady-state 
accuracy, while integral control i s  used to  improve the steady-state 
accuracy, a t  the expense of response time and s t ab i l i t y .  I t  was found 
that the s teady-s ta te  errors were small during simul ated cornering 
maneuvers, so Ci was s e t  a t  zero. 

This control l e r  scheme exhibits both advantages and d i  sadvan- 
tages when i t  i s  compared to  the human controller. On one hand, a 
human driver can predict the behavior of the vehicle and s teer  i t  by 

considering both i t s  total  current s t a t e  and the expected transient 
response to a particular steering effor t .  The degree t o  which the 
driver can predict the vehicle response, and sense i t s  current s t a t e ,  
ref lects  the ski1 1 and experience of the driver. The automatic con- 
t r o l l e r  works w i t h  very limited input--only the deviation and i t s  
derivative (and possibly i t s  integral)  of a single point from the 
correct path-and then processes the information in a crude and simple 
fashion. These drawbacks i n  the automatic controller are somewhat 
mitigated because the controller i s  very f a s t  (with no limit  on the 
s t e e r  ra te ) ,  accurate, and absolutely repeatable. On noting that  the 
braking-in-a-turn simulations are not to establish precise magnitudes 
of vehicle performance indices, b u t  rather to compare the performance 
of two differently proportioned vehicles, we can be reasonably assured 
that  the controller i s  adequate to maintain desired vehicle trajec- 
tories within the context of this study. 

A study of limit braking performance requires precise defini- 
tions of the term "limit." For physical testing ac t iv i t i e s ,  the l imit  
condition i s  reached in s t raight- l ine braking when an increase in 
pedal force would resul t i n  lockup of the wheels on one axle. When 
braking i n  a t u r n ,  the l imit  i s  reached when an increase i n  pedal force 
would resul t  in an uncontrollable vehicle which plows out o r  spins out. 



However, i t  was found t h a t  s imu la ted  l i m i t  cond i t i ons  were e a s i l y  

i d e n t i f i e d  by the above c r i t e r i a  o n l y  when b rak ing  on the  assumed 

medium o r  low f r i c t i o n  surfaces. I n  these l a t t e r  two cases, a  wheel 

would reach a  l a r g e  l o n g i t u d i n a l  s l i p  r a t i o  and the l o n g i t u d i n a l  

shear f o r c e  decreased s u f f i c i e n t l y  f o r  the wheel t o  l ock  and s t a y  

locked. On the h i gh  f r i c t i o n  sur face ,  however, the  i d e n t i f i c a t i o n  o f  

the " l i m i t "  c o n d i t i o n  i s  n o t  so c l ea r .  The drop i n  l o n g i t u d i n a l  f o r c e  

w i t h  l a r g e  s l i p  r a t i o s  was n o t  as pronounced and t he  shear f o r c e  o f t e n  

remained l a r g e  enough t o  keep the wheel f rom l o c k i n g  completely,  o r  i f  

i t  d i d  lock,  t o  subsequent ly un lock and r e t u r n  t o  a moderate s l i p  r a t i o .  

Dur ing s t r a i g h t - l i n e  stops, i t  was no ted  t h a t  an increase i n  l i n e  

pressure caused an inc rease  i n  the  maximum s l i p  r a t i o  a t  one ax le ,  

r i g h t  up t o  a  s h o r t  lockup. Fu r the r  increases i n  l i n e  pressure would 

r e s u l t  i n  a  l e n g t h i e r  t ime o f  lockup, b u t  a t  no pressure l e v e l s  were 

dramat ic  changes i n  performance noted. Regarding the brak ing- in-a-  

t u r n  s imu la t i ons ,  i t  was no ted  t h a t  an inc reased  l i n e  pressure caused 

an inc reased  maximum dev ia t i on  o f  t he  v e h i c l e  f rom the  in tended path,  

and thus an i nc rease  i n  the maximum s t e e r  angle produced by t he  

c o n t r o l l e r .  

I n  general ,  t he  t r a n s i t i o n  f rom a  c o n d i t i o n  which was c l e a r l y  

sub l im i  t t o  one where an a x l e  remained locked f o r  one second o r  more 

was smooth and gradual on the h i g h  f r t c t i o n  sur face.  Thus i t  was 

necessary t o  s e t  more o r  l ess  a r b i t r a r y  cond i t i ons  t o  d i s t i n g u i s h  the  

l i m i t  cond i t ion ,  v i z . :  

1 )  The l i m i t  c o n d i t i o n  f o r  s t r a i g h t - l i n e  b rak ing  i s  an 

a x l e  lockup  l a s t i n g  . 2  second. 

2 )  Two c r i t e r i a  are employed f o r  b rak ing  i n  a  t u rn .  

a)  The c o n t r o l l e r  ou tpu t  was l i m i t e d  t o  an angle 

o f  8" a t  t he  road. I f  the o u t p u t  s tayed a t  8.' 

f o r  . 2  second, the run  was de f ined  as a  " l i m i t  

cond i t ion . "  



The " l i m i t  cond i t i on "  was a l s o  de f i ned  as be ing  

reached i f  the  d e v i a t i o n  o f  the veh i c l e  f rom the 

in tended pa th  exceeded .10 f ee t .  ( I n  the con-, 

t e x t  o f  the automat ic  c o n t r o l l e r ,  an e r r o r  o f  

. I 0  f e e t  was a  good i n d i c a t i o n  t h a t  the v e h i c l e  

was becoming uncon t ro l l ab le ,  a l though t h i s  i s  

obv ious ly  n o t  a  reasonable l i m i t  f o r  a  s lower  

( b u t  much more soph i s t i ca ted )  human c o n t r o l l e r . )  

3.2 Discuss ion o f  Resul ts  

The s i m u l a t i o n  m a t r i x  o u t l i n e d  i n  Sec t ion  3.1 y i e l d s  p red i c -  

t i o n s  o f  b rak ing  performance which can be descr ibed by many d i f f e r e n t  

i nd i ces ,  some o f  which a re  summarized i n  Tables 5,  6, and 7. The 

l o n g i t u d i n a l  dece le ra t i on  1  evels  represen t  the s  teady-s ta te  values 

found a t  each l i m i t  cond i t i on .  The s topp ing  d is tances app l i cab le  t o  

an i n i t i a l  v e l o c i t y  o f  40 mph were ob ta i ned  d i r e c t l y  from the simula- 

t i on ,  whereas the s topp ing  d is tances from 60 mph were c a l c u l a t e d  as 

descr ibed below. 

Stopping d is tances which r e s u l t  when t he  i n i t i a l  v e l o c i t y  i s  

o t h e r  than 40 mph can be c a l c u l a t e d  f rom the  data presented i n  Tables 

5-7  if i t  i s  assumed t h a t  

1)  the v e l o c i t y  s e n s i t i v i t y  o f  the ti re - road  f r i c t i o n  

i s  n e g l i g i b l e ,  so t h a t  the f r i c t i o n  a v a i l  ab le  a t  an 

a r b i t r a r y  v e l o c i t y  i s  equal t o  t h e  f r i c t i o n  a v a i l  - 
ab le a t  40 mph, and 

2 )  unders teer lovers  t e e r  e f f e c t s  a re  n e g l i g i b l e  f o r  the 

b rak ing - i n -a - t u rn  maneuver, such t h a t  t h e  s l i p  

angles o f  t he  t i r e s  a t  t h e  i n i t i a t i o n  o f  the b rak ing  

i n p u t  a re  ma in ly  a  f u n c t i o n  o f  the  l a t e r a l  accelera-  

t i o n  which p r e v a i l s  p r i o r  t o  brak ing.  

Each b rak ing  s i m u l a t i o n  con ta ins  a  t r a n s i e n t  response t o  the brake 

i npu t ,  du r i ng  which t ime the v e h i c l e  s t a t e  f l u c t u a t e s  w i t h  time. 



Table 5. A Summary o f  L i m i t  Stopping Distances Achieved on 
a High F r i c t i o n  Surface. 

,- 

Vehic le  

U.S. 

European 

A 
XS.S. 

( g  ' s )  
- 91  

1 .OO 
1.02 
1 .OO 

.98 
- 8 8  
.98 
.86 
.92 
.84 
.96 
.80 

.86 
-81 
.87 
-81 
.84 
.80 
-72  
-66 
- 7 3  
-67  
-69 
.63 

P ropo r t i on ing  

U. S. 
European 

U.S. 
European 

U.S. 
European 

U.S. 
European 

U. S. 
European 

U.S. 
European 

U. S. 
European 

U. S. 
European 

U. S. 
European 

U. S. 
Europe an 

U. S. 
European 

U. S. 
European 

Loading 
Condi ti on 

L igh t ,  Many 
Options 

GVW R, 
Base 
Vehic le  

L i gh t ,  
Front-End 
Options 

GVW R 

S.D. ( f t )  
V0=40 mph 

64.6 
60.7 
58.7 
60.9 
64.0 
67.8 
62 .O 
69.0 
66.9 
71.9 
65.4 
74.5 

67.4 
71.6 
69.4 
72.4 
71.8 
74.4 
80.0 
86.6 
78.8 
84.4 
85 -0  
91.1 

AS. D. 
( f t )  

-28.8 
-30.7 
-31.4 
-30.0 
-29.1 
-27.4 
-29.9 
-26.6 
-28.2 
-26.0 
-28.2 
-24.5 

-27.4 
-25.7 
-27.0 
-25.9 
-25.1 
-24.1 
-22.7 
-20.8 
-22.9 
-21.2 
-21.1 
-19.6 

I n i t i a l  
Ay ( g ' s )  

0 

.2 

. 4  

0 

.2 

. 4  

0 

.2 

.4 

0 

.2 

.4 

S.D. ( f t )  
V0=60 mph 

140 
131 
129 
133 
137 
146 
1 34 
150 
142 
154 
140 
161 

148 
157 
149 
156 
157 
163 
1 76 
191 
175 
1 88 
1 86 
20 1 

A v  
(mph) 
-28.1 
-30.1 
-30.7 
-29.5 
-28.5 
-26.9 
-29.4 
-26.0 - 
-27.6 
-25.4 
-27.9 
-24.1 

-26.8 
-25.0 
-26.3 
-25.2 
-24.7 
-23.7 
-22.1 
-20.3 
-22.2 
-20.6 
-20.5 
-19.1 
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Eventual ly ,  the  t r a n s i e n t  response d imin ishes and the v e h i c l e  brakes 

i n  a  q u a s i - s t a t i c  fashion w i t h  t he  l o n g i t u d i n a l  t i r e  forces and the 

l o n g i t u d i n a l  dece le ra t i on  hav ing f a i  r l y  cons tan t values . I t  'was ob- 

served t h a t  the  t r a n s i e n t  response always had d im in ished  by the t ime 

t=1.5 seconds. Thus, i f  the v e l o c i t y  and accumulated s topping d i s -  

tance a t  1.5 seconds a re  known, t he  d is tance  r e q u i r e d  t o  reach zero 

v e l o c i t y  can be c a l c u l a t e d  as: 

v2 t = l  5  S. D. ( f i n a l )  = S. D. ( t z l . 5 )  + 
2*g*Axs.s .  

I t remains t o  c a l c u l a t e  t he  d i s tance  t r a v e l e d  and the ve lo-  

c i t y  a t  t=1.5 seconds. On n o t i n g  t h a t  

and 

we can i d e n t i f y  t he  in f luence  of  the  i n i t i a l  v e l o c i t y ,  Vo, and 

i s o l a t e  i t  by re -wr i  t i n g  the  above equat ions f o r  t=1.5 seconds as 



The values o f  A V  and AS.D. are i nc l uded  i n  Tables 5-7. To 

i l l u s t r a t e  the use o f  these tab les ,  we can c a l c u l a t e  the  s topp ing  

d is tance t o  be expected f o r  the 1  i g h t l y  loaded, U.S.-proporti.oned 

domestic veh i c l e  on the  h i gh  f r i c t i o n  sur face  w i t h  an i n i t i a l  v e l o c i t y  

o f  60 mph, A t  e 1 . 5  seconds, t h e  v e l o c i t y  would be 60 - 28.1 = 

31.9 mph = 46.8 f t / s e c .  The d i  stance t r a v e l e d  i n  1.5 seconds would 

be 

60 mph (1.47 f t /sec/mph) 1.5 sec - 28.8 f t  = 103 f t  

The s topp ing  d is tance  t o  reach zero speed i s  then 

This procedure was f o l l owed  i n  o rde r  t o  c a l c u l a t e  the 60-mph s topp ing  

distances shown i n  the tab les.  

Adhesion u t i  li z a t i o n  a t  the two ax les becomes a  dynamic v a r i -  

ab le  dur ing  the t r a n s i e n t  p o r t i o n  o f  a  b rak ing  run. Table 8 l i s t s  

the s teady-s ta te  and peak values o f  t he  adhesion u t i l i z a t i o n  o f  bo th  

axles on the  medium and h igh  f r i c t i o n  sur faces f o r  purposes o f  corn 

pa r i son  w i t h  the q u a s i - s t a t i c  c a l c u l a t i o n s  f rom Sect ion 2.0 and the 

general  European regu la to r y  phi losophy t h a t  the u t i  l i z a t i o n  o f  the 

f r o n t  ax l e  should be h i g h e r  than t h a t  o f  the  rear .  ~p  i nd i ca tes  the 

d i f f e r e n c e  between t h e  p r o p o r t i o n i n g  ca l cu la ted  from instantaneous 

l o n g i t u d i n a l  t i r e  fo rces  and t h e  design value, based on the  brake 

torques. The o rder  o f  a x l e  lockup i s  a l so  i nd i ca ted .  

The s imu la ted  b rak ing  runs have a l s o  been used t o  prepare p l o t s  

which show v e l o c i t y  as a  f u n c t i o n  o f  s topping d is tance.  Two example 

p l o t s  are i nc l uded  here as Figures 9 and 10 f o r  the l i g h t l y  loaded 

domestic c a r  braked on the  h i g h - f r i  c t i o n  and l o w - f r i c t i o n  surfaces, 

r espec t i ve l y .  (A1 1  o f  the v e l o c i  t y /d is tance  p l o t s  obta ined i n t h i s  

study have been i nc l uded  i n  Appendix 8 . )  These f i gu res  can be 



Table 8. Data P e r t a i n i n g  t o  t h e  Simulated Adhesion U t i  l i z a t i o n  o f  the Two Axles on 
the Medium and High F r i c t i o n  Surfaces. 

F i  r s  t 
Ax le  t o  
Lock 

Rea r 
F r o n t  
F ron t  
F r o n t  
Rea r 
F r o n t  
F ron t  
F r o n t  

F ron t  
Fvont  
F ron t  
F r o n t  
F r o n t  
F r o n t  

European I GvWR 

Surface 
Condi ti on 

High 
( Dry 
Asphalt)  

Medi urn 
(Wet 
Asphal t )  

Vehic le 

U.S. 

U.S. 

Loading 
Cond i t ion  

L i g h t  

GVW R 

L i  gh t 

GVWR 

L i  gh t 

GVW R 

L i g h t  

F ron t  

K~ AP 

I European 1 -44  1 . 5 9  1 .60 1 - 1 9 1  . 2 0 1  -1  I + 1  1 +2 ( F r o n t (  
U.S. 

P ropo r t i on ing  

U.S. 
European 

U.S. 
European - 

U.S. 
European 

U.S. 
European 

U.S. 
European 

U. S. 
European 

U. S. 
European 

S.S. 

.84 
-1.00 
1 .OO 
1.01 

- 8 3  
.85 
.83 
.82 

.62 

.62 

.62 

.63 

.58 

.57 

K~ 

Min. 

-3  
-2 

-16 
-2 
-3 
0 

-1 
0 

+1 
0 

-1  
- 1 
0 
0 

.47 

A xs.s.  

.91 
1.00 

.98 
.86 
- 8 6  ' 
-81  
.72 
.66 

.62 

.55 

.53 
-48  . 

-56 
-51 

Max. 

1.03 
1.05 
1.04 
1.05 

.87 
-87  
-85  
.86 

.67 

.67 
-67 
-67  
-60 
.59 

S.S. 

1.09 
.95 
.90 
.60 
.98 
-61 
.47 
.30 

.61 

.41 

.40 
- 2 8  
-47  

-- -30  

Max. 

1.12 
1.11 
1.11 
1.11 

-99 
.83 
-54 
.34 

.68 
- 4 8  
.43 
.30 
-53 
.32 

S . S .  

+2 
+2  
+2 
+1 
+2 
+2 
+2 
+ I  

+1 
+1 
+1 

0 
+2 
+1 

.58 -1 

. 
Max. 

+4 
+6 

+19 
+5 
+9 
+3 
+4 
+2 

+4 
+2 
+2 
+ 1 
+3 
+2 

-60  -27  .30 +1 +2 



Figurz 9. Speed vs. distance curves f o r  the domestic intermediate, 
l igh t ly  loaded, on the h i g h  f r i c t i on  surface.  



Figure 10. Speed vs. distance curves f o r  the domestic intermediate, 
l i gh t l y  loaded, on the  low f r i c t i o n  surface. 



u t i l i z e d  t o  i n d i c a t e  the impact  v e l o c i t y  which r e s u l t s  i f  a  l i m i t e d  

s topp ing  d is tance  i s  a v a i l  able;  f o r  ins tance,  i f  a  d is tance  o f  60 

f e e t  i s  a v a i l a b l e  t o  s top  on the h i g h - f r i c t i o n  sur face,  the i,mpact 

v e l o c i t i e s  would be: 

4 . S .  p ropo r t i on ing ,  s t r a i g h t  l i n e ,  11 mph 

-U.S.  p ropo r t i on ing ,  . 2  g turn,  0  mph 

-U.S. p ropo r t i on ing ,  . 4  g tu rn ,  11 mph 

*European p ropo r t i on ing ,  s t r a i g h t  l i n e ,  5 mph 

-European p ropo r t i on ing ,  . 2  g turn,  5 mph 

*European p ropo r t i on ing ,  .4  g turn,  14 mph 

Thus the d i f f e rences  between the impact  v e l o c i t i e s  e x h i b i t e d  by the 

d i f f e r e n t l y  p ropor t ioned  veh ic les  are 6  mph f o r  the s t r a i g h t - l i n e  

stop, 5 mph f o r  the s t o p  i n  which A ( t=O) = . 2  g, and 3 mph f o r  the 
Y  

s top  i n  which A ( t=O) = , 4  g. I t m igh t  be argued t h a t  k i n e t i c  energy, 
Y  

p r o p o r t i o n a l  t o  V2,  i s  more i n d i c a t i v e  o f  the damage t o  expect. The 

d i f fe rences  i n  V2 a re  96 ( m ~ h ) ~  f o r  the s t r a i g h t - l i n e  stop, 25 ( m ~ h ) ~  

f o r  the . 2  g ' s  i n i t i a l  A s top,  and 75 ( m ~ h ) ~  f o r  the  . 4  g is  i n i t i a l  
Y  

A,, stop.  I f  the a v a i l a b l e  d i s tance  i s  sho r te r ,  the  d i f f e rences  i n  

impact  v e l o c i t y  f a l l  more q u i c k l y  than the d i f f e rences  i n  k i n e t i c  

energy. Fo r  example, a t  40 fee t ,  the d i f f e rences  i n  v e l o c i t y  a re  on l y  

1  mph, b u t  t he  d i f f e rences  i n  V 2  a re  67  ( m ~ h ) ~  f o r  the s t r a i g h t - l i n e  

stop, 61 ( m ~ h ) ~  f o r  the . 2  g i n i t i a l  A stop, and 48 ( m ~ h ) ~  f o r  the 
Y  

. 4  g ' s  i n i t i a l  A s top.  I n  general ,  however, i t  appears t h a t  i r r e -  
Y  

spec t i ve  o f  whether V o r  V2 i s  compared, the  b i gges t  d i f f e r e n c e  i s  

found a t  the d is tance  a t  which the b e t t e r  p ropo r t i oned  v e h i c l e  comes 

t o  a  complete s top.  

The r e a c t i o n  t ime o f  the d r i v e r ,  namely, t he  t ime requ i red  t o  

( a )  n o t i c e  an obs tac le ,  ( b )  decide t o  brake, and ( c )  move the f o o t  t o  

the brake pedal, i s  c l e a r l y  an impor tan t  f a c t o r  when b rak ing  t o  avo id  

a  c o l l i s i o n .  The speed versus d is tance  p l o t s  can be used t o  es t imate  



the  a d d i t i o n a l  r e a c t i o n  t ime which i s  ga ined o r  l o s t  f o r  the d r i v e r  

by t he  use o f  a  d i f f e r e n t  brake system. For  example, i n  F igure  9 we 

see t h a t  i f  60 f e e t  a re  a v a i l a b l e  t o  s t o p  a f t e r  the d r i v e r  hqs reacted, 

and the  c o n d i t i o n  i s  t h a t  o f  a  s t r a i g h t  stop, the  impact  v e l o c i t y  

would be 5  mph f o r  the European p ropo r t i oned  veh i c l e .  From the  f i g u r e ,  

we see i t would take the U.S. p ropo r t i oned  v e h i c l e  64 f e e t  t o  reach 

5 mph and thus t he  e x t r a  "sa fe ty "  i n  t he  European p ropo r t i on ing ,  f o r  

t h i s  cond i t i on ,  i s  4  f ee t .  The i n t e r p r e t a t i o n  here i s  t h a t  the  d r i v e r  

o f  the  European v e h i c l e  has an a d d i t i o n a l  .07 second a t  40 mph t o  

r e a c t  and h i t  the obs tac le  a t  5  mph compared t o  the t ime a v a i l a b l e  t o  

the d r i v e r  of  t he  U.S. p ropo r t i oned  car.  The d i f ferences i n  the d i s -  

tance needed t o  reach a  g iven  speed are again t h e  l a r g e s t  when the 

f i n a l  speed i s  V=O mph. The maximum values o f  ~ t ,  t h e  d i f f e r e n c e  i n  

r e a c t i o n  t ime which i s  needed t o  compensate f o r  improved o r  decreased 

performance t h a t  r e s u l t s  from a  d i f f e r e n t  p ropo r t i on ing ,  have been 

c a l c u l a t e d  and a re  presented i n  Table 9. For  each c o n d i t i o n  the 

U.S. p ropo r t i oned  v e h i c l e  i s  taken as t h e  basel ine,  and the a t  va lue 

i n d i c a t e s  t he  e x t r a  t ime  a v a i l a b l e  t o  t h e  d r i v e r  t o  r e a c t  t o  an emer- 

gency s i t u a t i o n  t h a t  would n o t  be a v a i l a b l e  i f  the  veh i c l e  were pro-  

p o r t i o n e d  t o  comply w i t h  t he  European standards. Suppose t h a t  a t  40 

mph, on t h e  medium f r i c t i o n  surface, a  s i t u a t i o n  presented i t s e l f  

where a  s t o p  must be made i n  300 f e e t  by the domestic passenger c a r  

n a g i v a t i n g  a  .2 g  t u r n  under GVWR loading.  From Table 6  the l i m i t  

s topp ing  d is tance  capabi 1  i ty i s  109.4 f e e t  w i t h  European p r o p o r t i o n i n g  

which requ i res  a  r e a c t i o n  t ime o f  3.25 seconds. Wi th  the  U.S. pro-  

p o r t i o n i n g ,  the  l i m i t  s topp ing  d is tance  c a p a b i l i t y  i s  95.7 f ee t ,  

l eav ing  3.48 seconds f o r  the  d r i v e r  t o  reac t .  The d i f f e r e n c e  i s  .23 

second, which can be found i n  Table 9. 

The data presented i n  Tables 5-9 l ead  t o  some general  observa- 

t i o n s  on t h e  e f f e c t s  t h a t  the d i f f e r e n t  p r o p o r t i o n i n g  values have on  

performance, namely: 
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For nearly every condition, the U.S. proportioning ( tha t  
i s ,  the proportioning value selected to  best comply with 
the U.S. standard FMVSS 105-75) leads t o  better decelera- 
tion and s toppi ng distance performance than does the 
European proportioning. Of course, th i s  i s  exactly what 
should be expected from the analyses presented in Section 
2.0. Deceleration capability i s  maximized when the adhe- 
sion uti l i  zati on a t  each axle just  reaches the fr ic t ional  
l imit  of the tire-road interface.  The lower "U.S. pro- 
portioning" value selected to meet 105-75 i s  nearer to 
an optimal proportioning value fo r  most conditions than i s  
the higher "European proportioning" value, and thus greater 
deceleration i s  possible. 

2. The U.S.-proportioned vehicles lock the rear wheels f i r s t  
on a high coefficient surface when the loading i s  such tha t  
the c.g. i s  i n  an extreme forward position. The decelera- 
tion achieved prior to  rear-wheel lockup- is  very high for  
both the Ameri can-produced and the European-produced 
vehicle, in fac t ,  higher than the deceleration capability 
required by any of the standards. 

3. When proportioning i s  calculated as a function of the 
longitudinal t i  re forces produced under dynamic conditions , 
the resulting average value i s  always higher than the de- 
sign value of proportioning as created by the torque ratio 
of the front and rear brakes. This i s  because the front  
t i res  are compressed due to the fore-aft  load transfer and, 
w i t h  a reduced rolling radius, greater force i s  needed to 
balance the brake torque. For the same reason, less force 
i s  created a t  the rear t i r e s .  The design value of propor- 
tioning m i g h t  be lowered to compensate for  this e f fec t  i n  

the case of the Swedish and U.S. standards, which are t e s t  
oriented. However, the lower l imit  imposed by ECE R.13 and 
71/320/EEC i s  a "paper regulation," and testing considera- 
tions are not applicable. 



4. The adhesion u t i l i z a t i o n  o f  t he  r e a r  a x l e  i s  o f t e n  much 

g rea te r  than t h a t  of t he  f r o n t  on t he  h i gh  f r i c t i o n  sur-  

face f o r  bo th  p ropo r t i on ings .  Due t o  the  l oad  s e n s i t i v e  

behavior  of pneumatic t i r e s ,  however, t he re  i s  much, g rea te r  

t r a c t i o n  a v a i l a b l e  a t  t he  r e l a t i v e l y  1  i g h t l y  loaded r e a r  

a x l e  than a t  t he  h e a v i l y  loaded f r o n t  ax le .  When the  r e a r  

a x l e  does l o c k  be fo re  t h e  f r on t ,  t h e  d i f f e r e n c e  between t he  

s teady-s ta te  values o f  K F  and K R  i s  -15 f o r  t he  European 

v e h i c l e  and .25 f o r  t h e  domestic veh i c l e .  

5. L i m i t  dece le ra t i on  f o r  t he  b rak ing- in -a - tu rn  c o n d i t i o n  i s  

sometimes g rea te r ,  sometimes l e s s  than t h a t  found i n  

s  t r a i g h t - l i n e  brak ing.  Only on the  low f r i c t i o n  sur face  

i s  a  t r e n d  evident-the l i m i t  dece le ra t i on  i n  a  t u r n  i s  

always l ess  than t h a t  ach ievable du r i ng  a  s t r a i g h t - l i n e  

s top.  

6. Ti  r e  p r o p e r t i e s  i n f l u e n c e  s topp ing  performance much more 

than p ropo r t i on ing .  The t i r e  data f o r  the  two representa- 

t i v e  veh i c l es  (see Appendix A) i n d i c a t e  t h a t  g r e a t e r  adhe- 

s i o n  i s  a v a i l a b l e  on the h i gh  and medium f r i c t i o n  sur faces 

t o  t h e  t i r e s  mounted on the domestic car. For a1 1  o f  the 

d i f f e r e n t  maneuvers s imu la ted  on these surfaces, the  d i  f- 

ference i n  ach ievable dece le ra t i on  between s i m i l a r l y  pro- 

por t ioned ,  b u t  d i f f e r e n t l y  ti red, veh i c l es  i s  g r e a t e r  than 

f o r  d i f f e r e n t l y  p ropor t ioned  b u t  o therw ise  i d e n t i c a l  

veh ic les .  

7. A l l  o f  the performance comparisons d e r i v i n g  from s topp ing  

distance, such as d i f fe rences  i n  impact  v e l o c i t y ,  d i f f e r -  

ences i n  impact  v e l o c i t y  squared, increases i n  a v a i l  ab le  

r e a c t i o n  time, and, o f  course, s topp ing  distance, a re  

magn i f ied  a t  h i ghe r  i n i t i a l  speeds and on sur faces w i t h  

reduced t r a c t i o n .  

8. D i f fe rences  i n  dece le ra t i on  c a p a b i l i t y  are l a r g e s t  on the 

h i gh  f r i c t i o n  sur face,  where the d i f f e rences  average .1 g, 

and sma l l es t  on the  low f r i c t i o n  surface, where they average 

about .03 g. When the  d i f f e rences  i n  l i m i t  dece le ra t i on  are 

normal ized by t he  magnitude o f  the l i m i t  dece le ra t ion ,  the 

percentage change i s  always about 10%. 
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With respec t  t o  the  measure o f  s topp ing  distance, t he  U.S. regu- 

l a t i o n  c l e a r l y  leads t o  s h o r t e r  s topp i  ng d is tances.  The a d d i t i o n a l  

" sa fe t y "  i s  r e l a t i v e l y  smal l ,  however, and unless the dr iver? i s  

s k i l l e d  enough t o  e x p l o i t  t h i s  a d d i t i o n a l  "sa fe ty , "  as der ives from 

a  d i f f e r e n c e  i n  brake p ropo r t i on ing ,  t he  d i f f e rences  must be considered 

t o  be n e g l i g i b l e .  The d r i v e r  must r e a c t  q u i c k l y  t o  an emergency 

s i t u a t i o n  on a  h igh  f r i c t i o n  sur face  t o  take advantage o f  a  d i f f e r e n c e  

i n  s topp ing  d is tance c a p a b i l i t y  which amounts t o  .I second o r  l ess  a t  

the i n i t i a l  t r a v e l i n g  speed. On a  low f r i c t i o n  sur face,  the d i f f e r -  

ences i n  s topp ing  d is tance  which are due t o  p r o p o r t i o n i n g  are more 

s i g n i f i c a n t ,  b u t  the d r i v e r  must apply  a  pedal f o r c e  p r e c i s e l y  enough 

t o  u t i  li ze d i  f f e ~ n c e s  i n  dece le ra t i on  capabi 1  i ty  which amount t o  

severa l  hundredths o f  a  g. This can o n l y  be achieved i f  the d r i v e r  

i s  ab le  t o  pe rce i ve  the f r o n t  wheels beginn ing t o  lock,  and then 

decrease the pedal  f o r c e  t o  the l e v e l  which g ives the  l i m i t  decelera- 

t i o n  on the  e x i s t i n g  road sur face.  The d r i v e r  who overbrakes and 

locks  t h e  f r o n t  axle,  the  d r i v e r  who i s  too caut ious and underbrakes, 

and the d r i v e r  who "pumps" the brake pedal through cyc les o f  no 

b rak ing  t o  t o t a l  lockup would, o f  course, r e a l i z e  n e g l i g i b l e  b e n e f i t  

from a  s l i g h t  d i f f e r e n c e  i n  p ropo r t i on ing .  

On t he  o t h e r  hand, i f  one adopts the  European view o f  "sa fe ty , "  

t he  European p r o p o r t i o n i n g  would be i d e n t i f i e d  as lead ing  t o  " sa fe r "  

b rak ing  because the r e a r  ax l e  can lock  up on e i t h e r  o f  the two 

represen ta t i ve  veh ic les  p ropor t ioned  t o  meet 105-75, b u t  n o t  when they 

a re  p ropo r t i oned  t o  comply w i t h  t he  European regu la t ions .  I t  appears 

t h a t  the p r o p o r t i o n i n g  cons t ra i n t s  imposed by the "non- test "  p r o v i -  

s ions  o f  71/320/EEC and ECE R. 13 a re  conservat ive i n  t h a t  they do n o t  

account f o r  t he  e f f e c t i v e  increase i n  p r o p o r t i o n i n g  which i s  due t o  

the s p r i n g  ra tes  o f  the ti res (noted above) o r  f o r  the g rea te r  adhe- 

s i o n  a v a i l a b l e  a t  the r e a r  ax l e  r e l a t i v e  t o  the  f r o n t  axle. (On the 

o t h e r  hand, manufactur ing inaccurac ies a re  n o t  accounted f o r .  ) 



4.0 THE INFLUENCE OF A BRAKING-IN-A-TURN REGULATION 
ON BRAKE PROPORTIONING 

The U.S. Department of Transportation, the International Stan- 
dards Organi zation (ISO) , and other organi zati ons in Europe have 
been actively pursuing methods for  measuring (and perhaps regulating) 
braki ng-in-a-turn performance. The purpose of this  section i s  to 
review the e f for t s  made by these organizations towards developing 
braki ng-i n-a-turn regul ation, and through computer simulation, to 
evaluate whether further constraints on brake proportioning would 
accrue from the additional regulation. The past and cu.rrent activi-  
t ies  of the U.S. government and the IS0 towards this  goal are reviewed 
and discussed in Section 4.1, the methodology for studying. the reper- 
cussions of proposed regulations i s  described in Section 4.2, and the 
results of the study are discussed in Section 4.3. 

4.1 A Review of Proposed Braking-in-a-Turn Regul ations 

Test procedures which are designed to measure the performance 
of a passenger car which i s  braking in a turn f a l l  into two broad 
categories , which wi 11 be discussed separately. One category, wh i  ch 
i s  termed open-loop testing, consists of tes ts  which do not allow the 
driver t o  s teer  o r  modulate the force on the brake pedal. ( I n  control 
terms, such a system i s  an open-loop system.) Typically, the steering 
wheel i s  displaced and a f t e r  the car has responded and i s  executing 
a constant-radius turn, pedal force (o r  brake line pressure) i s  
applied. (The steering and brake inputs may be applied by specially 
designed machines or applied by a driver who may be aided by physical 
stops on the steering wheel and brake pedal.) In the second category, 
the driver attempts t o  make the shortest  stop possible while steering 
to stay w i t h i n  a specified lane. Technically, both the car and driver 
are being tested as a closed-loop system, where modulation of the 
steering and/or braking control derives from feedback o f  the vehicle 
performance through the driver. 



Open-loop t e s t s  o f  b rak ing - i n -a - t u rn  performance have been used 

ex tens i  ve l y  i n  severa l  p r o j e c t s  suppor ted by t h e  NHTSA. HSRI  developed 

and r e f i n e d  a  b rak ing- in -a - tu rn  t e s t  as p a r t  o f  a  l a r g e r  v e h i c l e  

hand l i ng  program [ll]. The performance o f  a  c a r  was measured by two 

methods, one o f  which i s  more s u i t e d  f o r  cars which s p i n  o u t  as a  

l i m i t  c o n d i t i o n  and the o t h e r  which i s  b e t t e r  f o r  cars which l ose  

t h e i r  s t e e r i n g  a t  the  l i m i t .  The f i r s t  measure i s  a  p l o t  o f  the r a t e  

o f  t h e  veh i c l e  s i d e s l i p  angle, b ,  as a  f u n c t i o n  o f  i o n g i  t u d i n a l  decel-  

e r a t i o n ,  A,. The second measure i s  a  p l o t  o f  "normal ized pa th  curva- 

ture," de f i ned  as 

where p ( t )  i s  t he  inverse  o f  t h e  instantaneous rad ius  o f  cu rva tu re  

and Ro i s  t h e  i n i t i a l  rad ius  o f  cu rva tu re .  These 

two performance measures a re  eva lua ted  frm d i g i t i z e d  t ime h i s t o r i e s  

of Ax, Ay, r (yaw r a t e ) ,  V ( f i f t h  wheel v e l o c i t y ) ,  and a  c o n t r o l  

channel. The t e s t  procedure i s  compl icated t o  implement, b u t  i s  con- 

c e p t u a l l y  s t r a i g h t f o r w a r d  and has been used t o  catalogue a  wide range 

o f  passenger cars  i n  a  number o f  NHTSA-sponsored s tud ies .  

Another  open-loop b r a k i  ng- i  n-a- t u r n  t e s t  was developed by 

Calspan Corporat ion [12]. I n  t h i s  procedure, a  constant  rad ius  t u r n  

i s  marked on a  s k i d  pad. The d r i v e r  b r i ngs  the c a r  i n t o  the t u r n  and 

ad jus t s  the steer ing-wheel angle u n t i l  t h e  v e h i c l e  i s  f o l l o w i n g  the 

pa th  w i t h  no s t e e r i n g  co r rec t i on .  The brakes a r e  then app l i ed  and 

the s teer ing-wheel  angle i s  h e l d  constant.  A f t e r  the v e h i c l e  has 

stopped, the l a t e r a l  d e v i a t i o n  f r o m  the in tended pa th  and the heading 

e r r o r  (yaw angle, r e l a t i v e  t o  t h e  tangent  o f  the curve)  a re  measured. 

Subsequent t o  t h i s  Calspan study, NHTSA has n o t  sponsored any f u r t h e r  

research whi ch u t i  li zes t h i s  p a r t i c u l a r  t e s t  procedure. 



More recently, several European groups have been actively 
pursuing the development of a braki ng-i n-a- turn t e s t  procedure for  
the IS0 Committee o n  Road Vehicles, TC 22/SC 9.  Two procedures are 
bei ng consi dered, namely, an open- loop and closed-loop procedure. 
I t  appears that the open-loop procedure i s  further along and has been 
receiving more attention. The I ta l ian delegation submitted a can- 
didate procedure 1131 which i s  identical t o  the t e s t  method developed 
by Calspan, although the performance measures d i f fe r  from Calspan's. 
The procedure was t r ied i n  the f ie ld  by I ta ly and the results were 
reported [14] t o  serve as a basis of discussion by other delegations. 
After several modifications [15, 16, 17, 181, the t e s t  procedure has 
gained substance and can be summarized in Table 10 in terms of i n i t i a l  
condi tions and physical quantities which might be measured. Condi- 
tions not given in the table are s e t  in accordance with the s t raight-  
l ine t e s t  procedure given in E C E  R.13. The candidate performance 
indices l i s ted  i n  the table seem t o  represent the least  defined portion 
of the procedure and i t  i s  noted in a l l  of the documents that  they need 
clari  fication. 

Closed-loop testing has been proposed by France [19] and some 
preliminary tes t i  ng was conducted. However, most of the developmental 
work fo r  a closed-loop braking-in-a-turn t e s t  has been performed in 
the United States under NHTSA sponsorship [20, 21, 221. The most 
recent of these studies was conducted a t  HSRI and, a t  NHTSA's request, 
consi dered several candidate t e s t  additions to FMVSS 105- 75, namely, 

1 )  braking in a turn 
2 )  low-friction surfaces 
3) sp l i t - f r ic t ion  surfaces. 

Two large testing programs were conducted and various analyses were 
performed to examine the candidate t e s t  methods and conditions. I t  
was concluded that insufficient deficiencies existed in the vehicle 
popul ation to justify the proposed extensions and that  only the low 
fr ic t ion,  s t raight- l ine braking condition constitutes a viable exten- 
sion of the stopping distance requirements of 105-75. I t  was also 



Table 10. Summary o f  the IS0 Braking- in-a-Turn Test 
Procedure (Document ISOITC 22/SC 9, $143). 

Radi us o f  Turn : 

Lo ad: 

I n i  t i a l  Speed: 

Ins t rumenta t ion :  
(Must be Recorded 
Cont inuously)  

Other Condi t i o n s  Which 
are Noted: 

Brake A p p l i c a t i o n  Time: 

Candi date Performance 
I ndi ces : 

Ro = 40 m (131 f t ) ,  100 m (328 f t )  

l i g h t  loading,  GVWR 

Ro = 40 rn, Vo = 49 Km/h (30 rnph) 

Ro = 100 rn, Vo = 62 Km/h (39 mph) 

Ax = l o n g i t u d i n a l  dece le ra t i on  

A = l a t e r a l  acce le ra t i on  
Y 
B = s l i p  angle 

r = yaw r a t e  

e = p i t c h  angle 

$I = r o l l  angle 

hS = steer ing-wheel angle 

P = f r o n t  brake c i r c u i t  pressure 

V = v e h i c l e  speed 

ti re i n f l a t i o n  pressures 

wheel lockup 

.2 second o r  l e s s  

AS = change i n  s topp ing  d is tance  
due t o  corner ing. P l o t t e d  as 
a f u n c t i o n  o f  pedal force.  

A ymax = maximum 1 a t e r a l  acce le ra t i on  

= maximum yaw r a t e  

A ( 1 )  = l a t e r a l  acce le ra t i on  1 second 
Y a f t e r  brake a p p l i c a t i o n  

r ( 1 )  = yaw r a t e  1 second a f t e r  brake 
a p p l i c a t i o n  

~ ( 1 )  = s l i p  angle 1 second a f t e r  brake 
appl i c a t i o n  

A = l a t e r a l  d e v i a t i o n  o f  the  veh i c l e  c.g. 
f r o m  t he  i d e a l  (cons tan t  r ad ius )  
pa th  



found t h a t  s topp ing  d is tances i n  a  t u r n  do n o t  d i f f e r  s i g n i f i c a n t l y  

from s topp ing  d is tances measured du r i ng  s t r a i g h t - 1  i n e  b rak ing .  

It appears t h a t  a  b rak i  ng- in-a- turn regul  a t i o n  i s  n o t  imminent 

i n  t he  U.S. and t h a t  a  consensus s tandard f o r  a  b rak ing- in -a - tu rn  

t e s t  procedure w i l l  most l i k e l y  be developed by ISO.  An IS0 s tandard 

i s  l i k e l y  t o  f i t  one o f  two categor ies,  namely: 

1. An open-loop t es t ,  us ing  the t e s t  procedure developed 

a t  Calspan [12], i n  which performance i s  measured i n  

terms o f  one o r  more phys i ca l  va r i ab les  which would 

cha rac te r i ze  the change i n  p a t h  curva tu re  which r e s u l t s  

from brak ing.  

2. A c losed- loop t e s t  n e a r l y  i d e n t i c a l  t o  the candidate 

t e s t  a d d i t i o n  t o  FMVSS 105-75 which was r e c e n t l y  

i n v e s t i g a t e d  by HSRI  f o r  NHTSA [22]. 

4.2 Methodoloqy o f  Study 

O f  the many s imu la t ions  run f o r  the s tudy  presented i n  Sect ion 

3, c losed- loop b rak ing  i n  a  t u r n  on a  h i g h  f r i c t i o n  su r f ace  ( d r y  

aspha l t )  was one o f  the cond i t i ons  considered. S ince two p ropo r t i on -  

i n g  values were used, the r e s u l t s  (see Appendix B and Sect ion 3.2) 

can be s tud ied  t o  determine the e f f e c t  o f  p r o p o r t i o n i n g  on s topp ing  

d is tance when b rak ing  i n  a  turn,  or,  conversely,  they can be s tud ied  

t o  determine the l i m i t s  t h a t  a s topp ing  d is tance requirement would 

p l ace  on p r o p o r t i o n i n g  se lec t i on .  

The consequences o f  an open-loop b r a k i  ng- i  n-a- t u r n  r e g u l a t i o n  

were s t u d i e d  by p e r f o m i n g  a  spec ia l  s e t  o f  s imulat ions.  Th is  s e t  

covered the f o l  lowing condi t i o n s  : 

1 .  two v e h i c l e  types ( t h e  two represen ta t i ve  cars used 

throughout  the p r o j e c t ) ,  

2. two load ing  cond i t i ons  ( t h e  two extreme o p t i o n  and l oad  

combinations f o r  each veh ic le ,  as de f ined  i n  Sect ion 

2.4), 



3. two s e t s  of  i n i t i a l  cond i t ions ,  as noted i n  Table 10, 

4. th ree  values o f  brake p r o p o r t i o n i n g  which were se lec ted  

t o  extend over  and s l i g h t l y  beyond the ranges perrr i i t ted 

by t he  e x i s t i n g  standards, and 

5. var ious l e v e l s  o f  brake l i n e  pressure ( r e s u l t i n g  i n  

dece le ra t ions  which ranged from about 0.5 g  up t o  a  

l e v e l  where e i t h e r  sp in -ou t  occur red  o r  where s t e e r i n g  

was t o t a l l y  10s t )  . 

4.3 Discussion o f  Resul ts 

4.3.1 Closed-Loop Tests. The r e s u l t s  o f  the  s imu la t ions  tend 

t o  r e i  n fo rce  e a r l i e r  exper imenta l  f i n d i n g s  [22] t h a t  s topp ing  d i s -  

tances achieved i n  a  t u r n  do n o t  vary much from those achieved dur ing  

s  t r a i g h t - 1  i ne b r a k i  ng. Through a1 1  o f  t he  s imu la ted  maneuvers, the 

r e s u l t i n g  l i m i t  s topping d is tances were c lose t o  each o ther ,  and 

were sometimes be t t e r ,  sometimes worse when i n  a  t u r n  than when i n  a  

s t r a i g h t  l i n e .  I n  general, the s t r a i g h t - l i n e  s topp ing  d is tance per-  

formance g ives a  good f i  r s t - o r d e r  es t imate  o f  t he  curved-path 

s topping distance. Based on the most recen t  b rak ing- in -a - tu rn  s tudy 

sponsored by t he  NHTSA, i t  i s  d i f f i c u l t  t o  e n v i s i o n  a  brak ing- in-a-  

t u r n  r e g u l a t i o n  be ing promulgated i n  t he  U.S. 

4.3.2 Open-Loop Tests. The open-loop t e s t i n g  procedure f o r  

b rak ing  i n  a  t u r n  t h a t  i s  be ing developed by the IS0 does n o t  y e t  

address t he  ques t i on  o f  how t o  measure performance. As Table 10 

i nd i ca tes ,  many p o s s i b i l i t i e s  a E  be ing  considered. Accordingly,  a  

broad range of p o s s i b l e  performance i nd i ces  has been prepared f rom 

the s imu la t ions .  There have been arguments f o r  us ing  t he  instantaneous 

values a t  t = 1  second and arguments f o r  us ing  t ime averages, thus 

both are seen as poss ib l e  measures and a re  i nc l uded  i n  the t abu la ted  

r e s u l t s  . The numerics a re  1  i sted  f o r  one example i n  Table 11, and 
de f ined  as f o l l ows :  





1.  P ropo r t i on ing  - the pe rcen t  o f  the t o t a l  brake torque 

which ac t s  on t h e  f r o n t  a x l e .  

2 .  Pressure - a  brake l i n e  p ressure  which i s  i n p u t  t o  

t he  computer program. 
.. 

3. Ax - the  l o n g i t u d i n a l  dece le ra t ion ,  averaged over  the 

f i r s t  one second a f t e r  t h e  brake a p p l i c a t i o n ,  

4. Ax - the  s  teady-s t a t e  l o n g i  t u d i  n a l  d e c l e r a t i o n  . - S.S. 
5 .  A,, - t h e  l a t e r a l  acce le ra t i on ,  averaged o v e r  t h e  f i r s t  

o i e  second a f t e r  the brake a p p l i c a t i o n .  

6. A ( 1 )  - t he  instantaneous l a t e r a l  a c c e l e r a t i o n  a t  t = l  
Y  

second. 

7 .  ? - the  yaw ra te ,  averaged ove r  t he  f i r s t  one second. 

8. r ( 1 )  - t h e  instantaneous yaw ra te ,  a t  t = l  second. 

9. i - the v e h i c l e  s i d e s l i p  angle, averaged ove r  the 

f i r s t  one second. 

10. @ ( I )  - t he  instantaneous veh i c l e  s i d e s l i p  angle a t  

t = l  second. 

A s imple examinat ion o f  t h e  data presented i n  Table 11 does n o t  

i n d i c a t e  whether a  low value o f  A o r  r i s  due t o  a change i n  pa th  
Y  

curva tu re  o r  s imply  due t o  the f a c t  t h a t  the v e h i c l e  i s  s low ing  down. 

I f  the  r a t e  o f  change o f  s i d e s l i p  angle i s  zero, A and r depend on 
Y  

v e l o c i t y  as f o l l ows :  

where g i s  the  g r a v i t a t i o n a l  cons tan t  and Ro i s  the  rad ius  o f  the  

tu rn .  A b e t t e r  i n d i c a t i o n  o f  the changes i n  p a t h  curva tu re  caused 

by b rak ing  i s  g i ven  by no rma l i z i ng  the l a t e r a l  acce le ra t ion ,  A and 
Y '  



the yaw ra te ,  r, by t he  r igh t -hand  s ides o f  Equations (4.1) and (4 .2 ) .  

Table 12 was prepared accord ing ly .  When average values are needed, 

the  v e l o c i t y  o r  the v e l o c i t y  squared i s  averaged t o  use Equations 

(4.1) and (4.2).  The ac tua l  normal ized pa th  curva tu re  (see Reference 

[ I l l )  i s  a l so  i n d i c a t e d  as an i d e a l i z e d  reference, both f o r  the 

average ove r  the f i r s t  one second and t he  instantaneous value a t  t = l  

second. For  t h e  l a s t  s i x  columns o f  Table 12, a  value o f  1.0 i n d i -  

cates t h a t  the pa th  curva tu re  i s  e s s e n t i a l l y  unchanged, a  value 

g rea te r  than 1.0 i nd i ca tes  increased curvature,  t h a t  i s ,  a  tendency 

towards spinout,  and a value l e s s  than 1.0 i n d i c a t e s  a loss  o f  s t ee r -  

i n g  which r e s u l t s  i n  a  loss  o f  curvature.  

I n  o r d e r  t o  i l l u s t r a t e  the  e f f e c t  which an open-ioop type o f  

b rak ing- in -a - tu rn  r e g u l a t i o n  migh t  have on p r o p o r t i o n i n g  se lec t ion ,  

p l o t s  were prepared showing constant  values o f  normal ized pa th  curva- 

ture,  averaged over  one second, i n  t he  space de f ined  by p ropo r t i on ing  

and dece le ra t ion .  Figures 11 and 12 c o n s i s t  o f  two such p l o t s  f o r  

the  represen ta t i ve  European vehic le .  The i n i t i a l  rad ius o f  t u r n  i s  

100 meters and the l a t e r a l  acce le ra t i on  i s  0.3 g ' s  a t  t=O. 

Figures 11 and 12 i l l u s t r a t e  behavior  whose exp lana t ion  requ i res  

t h a t  we f i  r s  t consi  der  t h e  combined t r a c t i o n  c h a r a c t e r i s t i c s  o f  the  

pneumatic t i r e .  For  example, data showing the manner i n  which l a t e r a l  

( s i d e )  and l o n g i t u d i n a l  f o r ce  depend on combined l a t e r a l  and l o n g i -  

t u d i n a l  s l i p  are p l o t t e d  i n  Appendix A f o r  t he  t i r e s  used on t he  

G o l f  and the Monte Carlo.  As has been noted elsewhere, the  s i de  f o r c e  

a t  a  g iven  s l i p  angle decreases and f a l l s  t o  a  very  smal l  value as 

l o n g i t u d i n a l  s l i p  i s  increased from the f r e e - r o l l i n g  s t a t e  t o  the 

" lockup" cond i t ion .  We must n e x t  observe t h a t  a  veh i c l e  execu t ing  a 

steady t u r n  requ i res  s ide  forces between the t i r e s  and the road. I n  

the  s imp les t  sense, the f r o n t  t i r e s  t ry  t o  t u r n  t h e  vehic le ,  the r e a r  

t i r e s  t r y  t o  r e s t o r e  the v e h i c l e  t o  a  s t r a i g h t - l i n e  path,  and the 

a c t u a l  path  curva tu re  depends on the balance between the f r o n t  and 

r e a r  ti r e  forces as w e l l  as on the instantaneous value o f  the t o t a l  

s i de  f o r c e  being generated by t h e  t i r e s .  







Ax , dece lera t ion  ( g ' s )  

Figure 12., Lines o f  normalized path curvature f o r  the European car ,  l i g h t l y  loaded, 
braking i n  a  turn w i th  an i n i t i a l  l a t e r a l  acce lera t ion  o f  . 3  g a s .  



I n  l i g h t  o f  these fundamentals, t ime h i s t o r i e s  o f  veh i c l e  

motions and t i r e  fo rces ,  as generated dur ing  a s imu la t ion ,  were 

s t u d i e d  t o  i d e n t i f y  the var ious e f f e c t s  which b rak ing  has on the pa th  

c u r v a t w  o f  a  passenger ca r  du r i ng  an open-loop b rak ing- in -a -  t u r n  

maneuver. Four d i s t i n c t  mechanisms, o r  stages i n  the  t ime h i s t o r y ,  

were i d e n t i  f i  ed, v i  z. : 

Dur ing the p e r i o d  i n  which the  brakes are be ing  a p p l i e d  

( t h e  f i r s t  .3 second), the sprung mass has n o t  responded 

f u l l y  t o  the l o n g i t u d i n a l  fo rces  and f o r e l a f t  l o a d  t rans-  

f e r  i s  min imal .  A t  the  medium t o  h igh  dece le ra t i on  

l e v e l s  which were be ing simulated, adhesion u t i l i z a t i o n  

o f  the f r o n t  a x l e  i s  h i g n e r  than the  eventual  steady- 

s t a t e  u t i l i z a t i o n .  Therefore,  the s l i p  r a t i o s  f o r  the 

f r o n t  t i r e s  increase, the s i d e  forces produced by the 

f r o n t  t i r e s  decrease, and there  i s  a  l oss  o f  s t e e r i n g  

and pa th  curvature.  

Subsequently, the sprung mass responds t o  the  dece le ra t i on  

by p i  t ch ing  forward, and overshoots the  s  teady-s t a t e  

p o s i t i o n  a t  about t=.4 second. The l oad  on t he  f r o n t  

ax le  i s  h i ghe r  than the s teady-s ta te  cond i t i on ,  w n i l e  

the r e a r  ax l e  l o a d  i s  lower .  The s l i p  r a t i o s  decrease a t  

t h e  f r o n t  a x l e  and inc rease  a t  the rear ,  r e s u l t i n g  i n  more 

s t e e r i n g  f o r c e  and l e s s  r e s t o r i n g  fo rce .  The r e s u l t  i s  an 

inc rease  i n  pa th  curva tu re .  I t  was no ted  t h a t  t h i s  

"second stage" behav io r  nea r l y  always has a l a r g e r  e f f e c t  

than t h e  " f i r s t  stage," so a f t e r  the f i r s t  .5 second, t h e  

p a t h  curva tu re  i s  u s u a l l y  g rea te r  than i t  was be fo re  brake 

a p p l i c a t i o n .  Rear-wheel lockup, i f  i t  occurs a t  a l l ,  

begins du r i ng  t h i s  stage. 

3. The body rebounds somewhat from "s tage  2 "  and reaches a 

p i t c h  angle which again unloads the f r o n t  a x l e  and loads 

the rear ,  produc ing an e f f e c t  s i m i l a r  t o  "s tage 1." Th is  

stage i s  o f t e n  n e g l i g i b l e ,  b u t  can be s i g n i f i c a n t  when the 



veh i c l e  i s  loaded t o  the GVWR, as the damping r a t i o  i s  

then lower. 

4. F i n a l l y ,  the veh i c l e  s e t t l e s  i n t o  a  more-or-less steady- 

s t a t e  cond i t ion ,  i n  which the normal loads on the t i r e s  

do n o t  change very  much. Curvature i s  now a f f e c t e d  

p r i m a r i l y  by the understeer/overs ' teer c h a r a c t e r i s t i c s  o f  

the  veh i c l e  and by t h e  reduc t ion  i n  t i r e  s i d e  forces 

r e s u l t i n g  from l o n g i t u d i n a l  s l i p  as i n f l uenced  by the  pro-  

p o r t i o n i n g  o f  the brake torques. 

Having noted these f o u r  stages, we can now discuss Figures 11 and 12 

more thoroughly.  

When the  v e h i c l e  i s  loaded t o  the GVWR cond i t ion ,  the  cen te r  o f  

g r a v i t y  i s  a t  the most rearward l oca t i on ,  and the  se lec ted  values o f  

p r o p o r t i o n i n g  r e s u l t  i n  a  much h ighe r  adhesion u t i l i z a t i o n  a t  the 

f r o n t  a x l e  than a t  the rear .  From Figure 11, we no te  t h a t  a t  low 

and moderate dece le ra t ions ,  the  pa th  curva tu re  i s  r e l a t i v e l y  i nsens i -  

ti ve t o  e i t h e r  dece le ra t i on  o r  p ropo r t i on ing .  Bu t  a t  h i ghe r  decelera- 

t i o n  l e v e l s ,  t h e  pa th  curva tu re  decreases w i t h  increased dece le ra t i on  

and increased p r o p o r t i o n i  ng. The curva tu re  decreases w i t h  dece le ra t i on  

because the f r o n t  a x l e  i s  always u t i l i z e d  more than the rear ,  and as 

the o v e r a l l  brake torque l e v e l s  are increased t o  achieve the  h igher  

dece le ra t ion ,  the f r o n t  t i r e s  lose  t h e i r  s i de  f o r c e  capabi li t i e s  more 

q u i c k l y  than t he  r e a r  t i r e s .  Also, the t h i r d  stage o f  the  response 

t o  braking, descr ibed e a r l i e r ,  has a  s i g n i f i c a n t  e f f e c t .  The curva- 

t u r e  decreases w i t h  p ropo r t i on ing  because a  h igher  brake torque i s  

needed a t  the f r o n t  a x l e  t o  ma in ta i n  a g iven dece le ra t i on  l e v e l .  Note 

t h a t  when t he  p r o p o r t i o n i n g  and dece le ra t i on  a r e  l i m i t e d  t o  the area 

pe rm i t t ed  by r e g u l a t i o n  ECE R. 13, t h e  l i n e s  o f  constant  path curva tu re  

are more s e n s i t i v e  t o  the dece le ra t i on  l e v e l  than t o  the p ropo r t i on ing .  

The dece le ra t i on  has a  l a r g e  i nf luence on the  th ree  stages o f  the 

b rak ing  t r ans ien t ,  and these stages dominate the  behavior  e x h i b i t e d  

dur ing  t h e  f i r s t  one second o f  brak ing.  



The sane veh ic le ,  w i t h  op t ions  and l i g h t  l oad ing  (see Sec t ion  

2.4), ma in ta ins  a  much n i g h e r  p a t h  curva tu re  du r i ng  the  f i r s t  one 

second o f  t h e  b rak ing  t r a n s i e n t  than the case considered above. As 

i s  shown i n  F igure  12, t he re  i s  a  s t r ong  inc rease  i n  p a t h  curva tu re  

a t  moderate dece le ra t i on  l e v e l s ,  which increase i s  mos t l y  due t o  t he  

mechanism descr ibed as "s tage  two." A t  low p ropor t ion ings ,  t he  steady- 

s t a t e  behav io r  (s tage f o u r )  i s  so s t r o n g l y  towards inc reased  curva tu re  

t h a t  the  h i g h  cu rva tu re  l i n e s  extend t o  h i g h  d e c l e r a t i o n  l e v e l s .  The 

eventual  l oss  o f  cu rva tu re  a t  the h i g h e s t  dece le ra t i on  l e v e l s  i s  due 

t o  a  l o s s  of s i d e  f o r c e  a t  a l l  o f  the  t i r e s .  Once again, we no te  t h a t  

t he  cu rva tu re  l i n e s  are more s e n s i t i v e  t o  dece le ra t i on  than t o  p ro -  

p o r t i o n i  ng because o f  t h e  t r a n s i e n t  behav io r  ( p a r t i c u l a r l y ,  stage two). 

A  r e g u l a t o r y  l i m i t  on the  change i n  pa th  curva tu re  ( i r r e s p e c t i v e  

o f  which va r i ab les  are a c t u a l l y  used t o  cha rac te r i ze  curva tu re )  w i l l  

c l e a r l y  be t he  most demanding f o r  the GVWR l oad ing  case i n  which t he  

veh i c l e  c.g. i s  the most rearward. Europeans seem t o  be more con- 

cerned w i t h  a  l oss  o f  p a t h  cu rva tu re  than an i nc rease  i n  curva tu re .  

(Th i s  concern p robab ly  e x i s t s  because t h e i r  r egu la t i ons  l e a d  t o  h i gh  

p r o p o r t i o n i  ngs which l e a d  t o  a  l o s s  of s t e e r i n g  under severe brak ing.  ) 

Thus a  European r e g u l a t i o n  based on t he  IS0  t e s t  procedure would most 

l i k e l y  l i m i t  the l o s s  o f  curvature,  w i t h  the e f f e c t  o f  encouraging 

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

F igure  13 i s  comparable t o  F igure  11 except  t h a t  the l i n e s  o f  

cons tan t  p a t h  cu rva tu re  apply t o  t he  domestic v e h i c l e  i n  the  GVWR 

l oad ing  cond i t i on .  We see, however, t h a t  the l o s s  o f  pa th  cu rva tu re  

occurs a t  much h i g h e r  dece le ra t i on  l e v e l s  than occurred i n  t he  case 

o f  t h e  European veh ic le .  Th is  behav io r  i s  p r e d i c t e d  because the t i r e  

data g iven  i n  Appendix A  i n d i c a t e  t h a t  t he  ti res used on the Monte Car lo  

a re  charac te r i zed  by t r a c t i o n  l e v e l s  t h a t  a re  s i g n i f i c a n t l y  h i ghe r  than 

t h a t  o f  t h e  t i r e s  used on t he  Go l f .  I t appears t h a t  t i r e  s e l e c t i o n  has 

a  much g r e a t e r  e f f e c t  on t h e  performance e x h i b i t e d  i n  t h i s  type o f  

brake t e s t  than does p r o p o r t i o n i n g .  
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Figure 13 ,' Lines of constant normalized path curvature fo r  the 
domestic car, loaded to the GVWR condition, braking 
i n  a t u r n  with an i n i t i a l  la te ra l  acceleration of 
. 3  9 ' s .  



The tabu1 ated resul ts  of a l l  of the open-loop simulations are 
included i n  Appendix C ,  together with figures showing lines of con- 
s tan t  nomali zed path curvature, as determined for  each t e s t  condition. 



5.0 SUMMARY AND CONCLUSIONS 

Near ly  a l l  o f  the b rak ing  regu la t i ons  and standards which are now 

i n  use throughout the f r e e  w o r l d  are based on one o f  two prototypes,  the 

U.S. standard, FMVSS 105-75, and the  Un i t ed  Nat ions '  ECE Regu la t ion  13, 

which i s  o f t e n  implemented i n  a  n e a r l y  i d e n t i c a l  r e g u l a t i o n  adopted by 

the common market, d i  r e c t i  ve 71/320/EEC. 

ECE R.13 requ i res  s t r a i g h t - l i n e  b rak ing  t e s t s  on a dry ,  smooth 

sur face  which o f f e r s  "good adhesion ," The v e h i c l e  l oad ing  i s  s e t  a t  

d r i v e r  p l u s  i ns t rumen ta t i on  f o r  one t e s t  and the maximum r a t e d  load ing  

(GVWR) f o r  another. The r e g u l a t i o n  requ i res  a dece le ra t i on  c a p a b i l i t y  

o f  about .6 g ' s ,  which i s  s i g n i f i c a n t l y  below the f r i c t i o n a l  l i m i t s  o f  

most passenger c a r  t i r e s  on d ry  surfaces. The t e s t  serves t o  i n s u r e  t h a t  

the brakes i n s t a l l e d  on the v e h i c l e  a re  s i z e d  p r o p e r l y  and t h a t  the 

requ i red  pedal fo rces  are n o t  excessive, b u t  the range o f  brake propor- 

t i o n i n g ~  which can be used t o  achieve the necessary dece le ra t i on  i s  

r a t h e r  wide. ECE R.13 a l s o  conta ins a "paper regulat ion, "  which requ i res  

t he  manufacturer  t o  submi t curves i n d i c a t i n g  the  adhesion u t i  li z a t i o n  

(b rak ing  f o r c e  d i v i d e d  by v e r t i c a l  f o r c e )  e x i s t i n g  ' a t  each ax le  f o r  

dece le ra t ions  ranging from .15 g ' s  t o  .80 g ' s .  These curves must be 

prepared accord ing t o  a  s imple ana l ys i s  conta ined i n  the regu la t i on ,  and 

do n o t  account f o r  dynamics i n  the t r a n s i e n t  response o f  the veh ic le ,  

n o n l i n e a r i  t i e s  i n h e r e n t  i n  the geometry o f  drum brakes, e f f e c t s  o f  

v e l o c i t y ,  temperature, and work h i s t o r y  on brake l i n i n g  f r i c t i o n  coef-  

f i  c i en t s ,  o r  f o r  normal manufactur ing imprec is ion .  The "paper r egu la t i on "  

imposes e x p l i c i t  c o n s t r a i n t s  on a l lowab le  p ropo r t i on ing ,  w i t h i n  the  

con tex t  of the  ana lys is .  Tne lower  l i m i t  on p r o p o r t i o n i n g  i s  the value 

a t  which the  f r o n t  and r e a r  ax les have equal adhesion u t i l i z a t i o n  when 

the v e h i c l e  i s  loaded such t h a t  the cen te r  o f  g r a v i t y  (c.g.) i s  i n  the 

most fo rward  p o s i t i o n  p o s s i b l e  f o r  the veh i c l e  and the f o r e l a f t  l oad  

t r a n s f e r  i s  due t o  a  cons tan t  dece le ra t ion  o f  .8 g 's.  The p a r t i a l  f a i l u r e  



condition i s  tested in the same manner as the non-failed deceleration 
capability of the vehicle, b u t  the deceleration requirement should not 
impose any proportioning constraints i f  the brakes are of s i f f i c i e n t  s ize 
and the t i res  have moderate adhesion on the t e s t  surface. 

ECE R. 13 derives from a philosophy that  the rear axle should never 
lock up before the front  axle during a braking maneuver, thus maintaining 
s tab i l i ty .  The braking efficiency ( tha t  i s ,  the actual l imit  wheels- 
unlocked deceleration divided by the avai lable ti re-road f r ic t ion)  i s  
very high on a high fr ic t ion surface because the large fore/af t  load 
transfer a1 lows large braking forces t o  be generated a t  the heavily 
braked front axle, b u t  the efficiency i s  less  on lower frictional surfaces 
where less deceleration and thus less load transfer i s  possible. 

Sweden i s  the only country with a significant braking regulation 
that i s  not based on E C E  R.13 or  FMVSS 105-75. The philosophy towards 
"good braking performance" i s  identical to that  behind E C E  R.13, b u t  

different methods are used t o  evaluate tni s  perionnance. The Swedish 
regulation, F-18, requires brake tes t s  on a surface with a peak fr ic t ion 
coefficient of -8, as measured w i t h  an ASTM E249-14 t e s t  t i r e .  Under 
GVWR and lightly loaded conditions (and technically, any condition in 

between), the vehicle must be capable of achieving a deceleration of 
.6 g ' s  with no axle lockup, and furthermore, a t  higher deceleration 
levels,  up  through . 8  g ' s ,  the front axle must always lock before the 
rear. When the requirements are made 10% more stringent,  to allow for  
manufacturing tolerances, the allowable proportioning range i s  much 
narrower than that a1 lowed by R.13, and a proportioning selected t o  
sat isfy F-18 easily sa t i s f ies  E C E  R.13. The partial fa i lure  t e s t  might 
be d i f f i cu l t  t o  pass because of the limited available fr ic t ion,  b u t  the 
partial-failure deceleration requirement does not impose further con- 
s t ra in ts  on the proportioning of the non-failed brake system. I t  i s  
d i f f i cu l t  t o  predict the performance of a specific vehicle in the F-18 



t e s t s  because the t i r e - r o a d  f r i c t t o n  i s  a  f i r s t - o r d e r  i n f l u e n c e  and there  

i s  l i t t l e  i n f o r m a t i o n  which serves t o  r e l a t e  the peak f r i c t i o n  measured 

on the ASTM ti r e  t o  the peak f r i c t i o n  a v a i l a b l e  t o  a  s p e c i f i c  passenger 

c a r  ti re.  Also, the surface i s  u s u a l l y  we t t ed  t o  e s t a b l i s h  the p rope r  

f r i c t i o n  c o e f f i c i e n t ,  which compounds the  task  o f  c o r r e l a t i n g  the t r a c -  

t i o n  capabi 1  i ty o f  the  ASTM ti r e  w i t h  t h a t  o f  another  ti r e .  

The U.S. s tandard  r e f l e c t s  a  d i f f e r e n t  d e f i n i t i o n  o f  "good brak ing,"  

which i s  t h a t  o f  good s topp ing  d is tance  performance on a h i gh  f r i c t i o n  

sur face.  FMVSS 105-75 requ i res  n e a r l y  .8 g ' s  of dece le ra t i on  (when 

t a r g e t  s topp ing  d is tances are s e t  t o  be 90% o f  the requ i red  d is tances)  

on a smooth, d ry  sur face  w i t h  an ASTM s k i d  number o f  81. The r e q u i r e d  

dece le ra t i on  i s  s p e c i f i e d  i n  terms o f  s topp ing  d is tance  a t  severa l  i n i t i a l  

v e l o c i t i e s .  The requ i red  s topp ing  d is tances must be achievable w i t h  no 

ax le  lockup, a1 though, u n l i k e  the  European standards, no c o n s t r a i n t s  are 

p laced  on the  o r d e r  i n  which the ax les l o c k  a t  h i g h e r  dece le ra t ions .  

MVSS 105-75 requ i res  i n d i r e c t l y  t h a t  the t i r e s  i n s t a l  l e d  on the v e h i c l e  

have good adhesion and t h a t  the brakes are s i z e d  p roper ly .  Because the 

U.S. r e g u l a t i o n  requ i res  s i g n i f i c a n t l y  h i ghe r  dece le ra t i on  c a p a b i l i t y  

than the European regu la t i ons ,  i t  i s  conceivable t h a t  veh ic les  equipped 

t o  comply w i t h  the  European regu la t i ons  cou ld  have t i r e s  w i t h  l e s s  

adhesion o r  brakes w i t h  l ess  torque c a p a b i l i t y  than a s im i  l a r  v e h i c l e  

equipped t o  s a t i s f y  the  U.S. r e g u l a t i o n .  Nonetheless, t h i s  study assumed 

t h a t  the same brakes and t i r e s  would be used on veh ic les  i r r e s p e c t i v e  

of whether they were in tended t o  meet a  U.S. o r  European b rak ing  standard. 

Only the brake p r o p o r t i o n i n g  would be a l t e r e d  t o  comply w i t h  a  d i f f e r e n t  

standard. 

The d i f f e r e n t  concepts o f  "good b rak ing"  behind the  U.S. and 

European r e g u l a t i o n s  l ead  t o  brake p ropo r t i on ings  which are more no tab le  

f o r  t h e i  r s im i  l a r i  t i e s  than f o r  t h e i  r con t ras ts .  The h i  gh dece le ra t ions  

requ i red  by 105-75 l ead  t o  a p r o p o r t i o n i n g  s e l e c t i o n  which i s  a  t r a d e o f f  



between an "op t ima l "  p r o p o r t i o n i n g  (where t h e  b rak ing  f o r ces  generated 

a t  b o t h  ax les  reach t he  f r i c t i o n a l  l i m i t s  a t  t h e  same t ime  and b rak ing  

e f f i c i e n c y  i s  n e a r l y  100%) f o r  t he  unloaded v e h i c l e  and an "opt imal  " 
p r o p o r t i o n i n g  f o r  t he  v e h i c l e  loaded t o  GVWR. The European r e g u l a t i o n s  

l ead  t o  a  s l i g h t l y  h i ghe r  p r o p o r t i o n i n g  va lue,  so on lower  f r i c t i o n a l  

sur faces veh i c l es  p ropor t ioned  t o  meet e i t h e r  t ype  o f  r e g u l a t i o n  w i l l  
have reduced b rak ing  e f f i c i e n c y .  

To o b t a i n  some s p e c i f i c  f i n d i n g s ,  two veh i c l es  were se lec ted  as 

be ing  rep resen ta t i ve  passenger cars  s u b j e c t  t o  these regu la t i on *  

domest ical ly-produced i n te rmed ia te  s i zed  c a r  and a  European subcompact 

ca r .  Veh ic le  parameter values and t i r e  data were gathered f o r  each. 

Two o p t i o n  and l o a d i n g  cond i t i ons  were i d e n t i f i e d  f o r  each v e h i c l e  as 

c o n s t i t u t i n g  extreme c o n s t r a i n t s  on t he  p r o p o r t i o n i n g  needed t o  s a t i s f y  

t he  var ious regu la t i ons .  A va lue  o f  f o r e - a f t  p r o p o r t i o n i n g  was 

se lec ted  f o r  each o f  the  two veh i c l es  which would op t im i ze  t h e  p e r f o r -  

mance i n  t h e  105-75 t e s t s  w i t h  d i f f e r e n t  values o f  p r o p o r t i o n i n g  be ing  

se lec ted  t o  op t im i ze  t he  performance i n  Sweden's F-18 t e s t s .  The 

p ropo r t i on ings  se lec ted  t o  pass F-18 were a l s o  optimum f o r  passing ECE 

R.13. For t he  domestic ca r ,  t he  European p r o p o r t i o n i n g  was $07 h ighe r  

than t he  U.S. p ropo r t i on ing ,  and f o r  t he  European c a r  t h e  d i f f e r e n c e  

was .06. 

As a means o f  assessing d i f f e r e n c e s  i n  s a f e t y  q u a l i t y  as i t  

der ives  f rom the  d i f f e r e n t  p r o p o r t i o n i n g  l e v e l s  r equ i red  t o  s a t i s f y  t he  

U.S. and t h e  European standard, a  v a r i e t y  o f  b rak ing  cond i t i ons  were 

s imu la ted  u t i l i z i n g  d e t a i l e d  mathematical models o f  t he  v e h i c l e  and 

t i r e .  These cond i t i ons  covered (1  ) two extreme o p t i o n / l  oad combinat ions, 

(2)  h igh ,  medium, and low f r i c t i o n  surfaces, ( 3 )  s t r a i g h t - 1  i n e  b rak ing ,  

and (4 )  b rak ing  i n  a  cons tan t  r ad ius  t u r n ,  w i t h  i n i t i a l  l a t e r a l  ac- 

c e l e r a t i o n s  o f  . 2  and .4  g ' s .  For each cond i t i on ,  t h e  l i m i t  decelera-  

t i o n  was found f o r  t he  v e h i c l e  p ropor t ioned  t o  meet t he  U S .  standards 



and then found f o r  t he  v e h i c l e  p ropor t ioned  t o  meet t he  European 

standards. I n  n e a r l y  every  case, t h e  b rak ing  e f f i c i e n c y  and t h e  

dece le ra t i on  and s topp ing  d is tance  c a p a b i l i t i e s  were b e t t e r ' f o r  t he  

v e h i c l e  which was p ropor t ioned  accord ing t o  t h e  demands o f  t he  U.S. 

standard. P l o t s  o f  v e l o c i t y  as a  f u n c t i o n  o f  s topp ing  d i s tance  were 

prepared (see Appendix B) which i 1 l u s t r a t e  (g raph i ca l  l y  ) d i f f e r e n c e s  

i n  b rak ing  performance as d e r i v e  from d i f f e r e n t  p ropo r t i on ing .  I t  i s  

p o s s i b l e  t o  see t he  d i f f e r e n c e s  i n  " impact v e l o c i t y "  which would 

r e s u l t  i f  the  a v a i l a b l e  s topp ing  d i s tance  i s  l i m i t e d  o r  t h e  d i f f e r e n c e s  

i n  r e q u i r e d  s topp ing  d i s tance  i f  the  v e h i c l e  i s  t o  be slowed t o  an 

a r b i t r a r y  v e l o c i t y .  The most extreme con t ras t s  e x i s t  f o r  e i t h e r  i n t e r -  

p r e t a t i o n  when t he  f i n a l  speed i s  V = 0 mph. (The d i f f e r e n c e s  i n  

ach ievable s topp ing  d i s tance  a re  t abu la ted  f o r  t h i s  c o n d i t i o n  i n  Sect ion 

3.0.) When d i f f e r e n c e s  i n  s topp ing  d i s tance  a re  d i v i d e d  by t he  i n i t i a l  

v e l o c i t y ,  t h e  r e s u l t  i s  t h e  e x t r a  amount o f  t ime  a v a i l a b l e  t o  t he  

d r i v e r  be fo re  t h e  brakes must be app l i ed ,  (These t imes a re  a l s o  c a l -  

c u l a t e d  and t abu la ted  i n  Sec t ion  3 -0.) 

The computer s imu la t i ons  o f  t he  d i f f e r e n t l y  p ropor t ioned  veh ic les  

serve t o  q u a n t i f y  t he  " sa fe t y  q u a l i t y "  ( i n  t he  b rak ing  con tex t )  which 

r e s u l t s  f rom t h e  two p ropo r t i on ings .  The conc lus ions on " sa fe t y  q u a l i t y "  

as de r i ved  f rom the  p r o p o r t i o n i n g  imp1 emented t o  meet t he  d i f f e r e n t  

standards a re  as f o l l o w s :  

1. I n  n e a r l y  every case, t he  v e h i c l e  p ropor t ioned  t o  meet 

t h e  U.S. s tandard achieves a  s h o r t e r  s topp ing  d i s tance  

than t he  v e h i c l e  p ropor t ioned  t o  meet t h e  European standard. 

2. No t rends a re  apparent f rom the  b rak ing- in -a - tu rn  simula- 

t i o n s  on t he  medium o r  h i gh  f r i c t i o n  sur faces.  Performance 

i s  sometimes b e t t e r ,  sometimes worse, than f o r  s t r a i g h t -  

l i n e  b rak ing .  



3. Stopping d is tances  a re  always l onge r  when b rak ing  i n  a  

t u r n  on t h e  low f r i c t i o n  surface than when b rak ing  i n  a  

s t r a i g h t  l i n e ,  b u t  t h e  computed change i n  performance i s  

n o t  dependent on t h e  p ropo r t i on ing .  

4. D i f f e rences  i n  dece le ra t i on  capab i l  i ty  due t o  p r o p o r t i o n i n g  

a r e  about .1 g ' s  on t he  h i gh  c o e f f i c i e n t  su r face .  When 

s topp ing  d is tances  a r e  used t o  c a l  c u l  a t e  "ex t ra  r e a c t i o n  

t ime," t h e  d i f fe rences  average about ,07 seconds when t h e  

i n i t i a l  speed i s  40 mph, and . I 1  seconds when the  i n i t i a l  

v e l o c i t y  i s  60 mph. 

5 .  Di f fe rences  i n  s topp ing  d i s tance  a re  magn i f ied  on lower  

f r i c t i o n  sur faces,  w i t h  t he  " e x t r a  r e a c t i o n  t imes"  averaging 

.31 seconds f o r  an i n i t i a l  v e l o c i t y  of 40 mph on t he  low 

f r i c t i o n  sur face  and ,44 seconds f o r  an i n i t i a l  v e l o c i t y  

o f  60 mph. The average d i f f e r e n c e  i n  1  i m i t  dece le ra t i on  

i s  about .03 g ' s .  

6. T h e t i r e s i n s t a l l e d o n t h e d o m e s t i c c a r h a d h i g h e r l e v e l s  

o f  t r a c t i o n  on h i gh  and medium f r i c t i o n  sur faces than t he  

t i r e s  i n s t a l l e d  on t h e  European car .  On these sur faces,  

t h e  a v a i l a b l e  t i r e  t r a c t i o n  was c l e a r l y  more i n f l u e n t i a l  

w i t h  r espec t  t o  s topp ing  d i s tance  performance than was 

p ropo r t i on ing .  

The outcome o f  a  s i t u a t i o n  i n  which an acc iden t  i s  avoided o r  

reduced i n  s e v e r i t y  by b rak ing  depends on t h r e e  general  f a c t o r s ,  namely, 

1) t h e  r e a c t i o n  t ime,  which i n  t h i s  con tex t ,  i s  t he  de lay 

between t h e  t ime a t  which t h e  obs tac le  t o  be avoided 

i n t e r r u p t s  t he  d r i v e r ' s  l i n e  o f  v i s i o n  and t he  t ime when 

t he  d r i v e r ' s  f o o t  h i t s  t he  brake pedal, 

2 )  t he  a b i l i t y  o f  t he  d r i v e r  t o  apply  t he  c o r r e c t  brake pedal 

f o r c e  needed t o  achieve l i m i t  dece le ra t ion ,  and 



3 )  t he  1  i m i  t dece lera t ion  c a p a b i l i t y  o f  the veh ic le .  

The d i f fe rences i n  veh i c le  b rak ing  performance which r e s u l t  from the  

d i f f e r e n t  propor t ion ings are  always small enough t h a t  g rea t  demands are 

placed on the d r i v e r  i f  he i s  t o  b e n e f i t  from the  l e v e l  o f  incremental 

veh i c le  performance due t o  p ropor t ion ing .  On a  h igh  f r i c t i o n  surface, 

the  d r i v e r  must n o t i c e  the  obstacle, decide t h a t  b rak ing  i s  the  best  

opt ion,  and then apply the brakes i n  a  t ime sho r t  enough f o r  a  d i f f e r e n c e  

o f  .I second ( the  d i f f e rence  i n  reac t i on  t ime needed by the  two d i f -  

f e r e n t l y  propor t ioned veh ic les  t o  s top w i t h i n  the same dis tance)  t o  be 

s i g n i f i c a n t ,  With the  o ther  extreme, a  low f r i c t i o n  sur face,  the  d r i v e r  

must take great  care no t  t o  apply too much pedal f o rce  as t h i s  would 

cause the  f r o n t  ax le  t o  lock ,  r e s u l t i n g  i n  a  complete l oss  o f  s t e e r i n g  

and a  s i g n i f i c a n t  l oss  i n  decelerat ion.  Yet the d r i v e r  must s t i l l  be 

able t o  come c lose enough t o  the  l i m i t  pedal f o rce  t h a t  the d i f fe rences 

o f  several hundreths o f  a  g  i n  dece lera t ion  c a p a b i l i t y  between the 

d i f f e r e n t l y  propor t ioned veh ic les  are s i g n i f i c a n t .  

Regarding the quest ion "Which regu la tory  phi losophy leads t o  

g reater  accident-avoidance capabi l  i t y ? " ,  the t e n t a t i v e  conclusion i s  

t h a t  the  U.S. r e g u l a t i o n  forces a  p ropo r t i on ing  s e l e c t i o n  t h a t  r e s u l t s  

i n  a  marginal 1y b e t t e r  s topping d is tance performance than does a  

propor t ion ing  se1 e c t i  on intended t o  comply w i t h  the European regul  a t ions  . 
The d i f fe rence i n  p ropor t ion ing  i s  n o t  as s i g n i f i c a n t  as the choice 

o f  t i r e s  w i t h  which the veh ic le  i s  equipped. The d i f f e r e n c e  i n  

performance capabi l  i ty would n o t  be s i g n i f i c a n t  t o  "sa fe ty  qua1 i t y "  

unless extremely s k i 1  l e d  d r i v e r s  are assumed t o  be i n  con t ro l  . 
It should be noted t h a t  when a  so-ca l led  "U.S. propor t ion ing"  i s  

assumed, the  r e a r  wheels locked before the  f r o n t  when a  veh ic le  i n  the 

unloaded cond i t i on  i s  braked on a  h igh  f r i c t i o n  surface. However, the  

decelerat ions achieved before  l ock  up occurred were about .9 g Is ,  a  

value w e l l  above the dece lera t ion  l e v e l s  covered i n  any regu la t ion .  



, - '  

A1 though the adhesion ut i l izat ion of the rear axle was much higher 
than that  of the front ,  the f r ic t ion  available a t  the rear axle was 
always higher than the fr ic t ion a t  the front axle due to load 
sens i t iv i t ies  of the pneumatic t i r e .  

Activities conducted by NHTSA towards extending the current 
regulations to  include the braking-in-a-turn condition were reviewed. 
Although the NHTSA has been pursuing the topic for  several years, the 
most recent study [22] concluded that  no just i f icat ion existed for  
supplementing 105-75 with braking-i n-a-turn t e s t s .  Not withstanding 
th is  finding, the IS0 i s  actively pursuing a braking-in-a-turn t e s t  
standard. 

The IS0 i s  concurrently developing two braki ng-in-a-turn t e s t  
procedures. The f i r s t  , suggested by France, consists of measuring 
stopping distances accrued while braking in a constant-radius turn, 
w i t h  continual driver correction allowed (thus placing the t e s t  into 
the category of closed-loop tes t ing) .  The results of the computer 
simulations of cl osed-loop braki ng-i n-a-turn maneuvers on a high fr ic t ion 
surface, which were carried out in Section 3.0, indicate that  variations 
between straight-1 ine stopping distance and in-a-turn stopping distance 
are not systematically influenced by proportioning. Thus the addition 
of a closed-loop braking-in-turn t e s t  to ECE R.13 should not impose any 
further constraints on the selection of proportioning for  a passenger 
car. The second t e s t  procedure i s  an open-loop type t e s t ,  where 
steering correction by the driver i s  not permitted a f t e r  the brakes are 
applied. This l a t t e r  t e s t  has undergone a great deal of developmental 
act ivi ty  resulting in the t e s t  maneuver being f a i r ly  we1 1 establ ished 
i n  terms of in i t i a l  speed, surface type, and in i t i a l  lateral  accelera- 
tion. However, the index used to gauge performance has not been 
clar i f ied.  Presumably, the purpose of the t e s t  i s  to measure the 
change in path curvature which i s  due to  braking in a steady turn. 
Suggested performance indices are 1 ateral  accel eration, yaw ra t e ,  



vehicle s l  i p angle, and 1 ongi tudi nal decel e ra t i  o n ,  measured ei ther one 
second a f t e r  the time of brake application or averaged over some period 
of time. 

The additional constraints imposed by the proposed open-loop 
braking-in-a-turn t e s t  cannot be quantified until the required perfor- 
mance levels have been decided upon. Simulations of the open-loop 
braking-in-a-turn maneuver were carried out, covering the two extreme 
load conditions of the two representative vehicles, using s teer  angles 
s e t  to  achieve the two different in i t i a l  la teral  accelerations being 
considered by the ISO. Proportioning and deceleration (through the 
brake l ine  pressure) were varied and a l l  of the proposed performance 
indices were tabulated. Thus, i f  one of the indices i s  given a value, 
the tables can be used t o  derive the proportioning boundary for  various 
deceleration 1 eve1 s .  The actual path curvature, normal ized by the 
i n i t i a l  radius of the turn and averaged over the f i r s t  one second 
following brake application, was also calculated from the simulations 
t o  present the "ideal" performance measure. Plots were prepared which 
show 1 ines of constant normalized curvature in the space defined by 
proportioning and deceleration. (These plots ,  and the aforementioned 
tables,  are a l l  included i n  Appendix C . )  

There appears to  be a concern within Europe that  passenger cars 
might be proportioned so heavily towards the front axle that  steering 
could be los t  prematurely when braking in a turn. A braking-in-turn 
regulation, as might come to pass i n  Europe, would probably 1 imit the 
loss of path curvature dur ing  the f i r s t  one second a f t e r  brake ap- 
plication. The results obtained i n  th i s  study indicate tha t  a loss of 
path curvature i s  much more sensit ive to  deceleration than to propor- 
tioning. This i s  because the path curvature of the vehicle in the early 
period of the braking-in-a-turn process i s  a function of the transient 
response to  the braking input and the deceleration level affects the 



transient behavior much more than  proportioning, The simulations 

conducted in th is  study involved a high fr ic t ion surface, and i t  was 

noted that  the deceleration level had to be very high in order for  any 

amount of p a t h  curvature t o  be los t  over proportioning ranges which 

extended s l ight ly beyond those imposed by the United Nations regulation 

ECE R.13. I t  appears that  th i s  type of regulation would mainly 

influence t i r e  selection, b u t  i f  the t i r e s  were marginal regarding 

the i r  frictional 1 imits, a lower proportioning would increase the 

1 i kel i hood of compl iance . 
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APPENDIX A 

SIMULATION DETAILS 

Th is  appendix conta ins a b r i e f  summary o f  t he  v e h i c l e  and t i r e  models 

which were used i n  t he  computer s i m u l a t i o n  a c t i v i t i e s .  Since these models 

have been descr ibed i n  d e t a i l  i n  another  r e p o r t  [10], o n l y  b r i e f  descr ip -  

t i o n s  a r e  g iven  i n  t h i s  appendix, w i t h  t h e  excep t ion  t h a t  changes f rom 

t h e  o r i g i n a l  model a r e  discussed i n  some d e t a i l .  Th is  appendix a l s o  

presents  t i r e  and v e h i c l e  parameter da ta  and discusses t he  sources and 

re1  i a b i l i  ty  o f  t he  da ta  when appropr ia te .  

A.1 The Veh ic le  Model 

The v e h i c l e  model u t i l i z e d  f o r  t h i s  s tudy i s  a f ou r t een  degree-of- 

freedom rep resen ta t i on  o f  a convent ional  passenger ca r  w i t h  a s o l i d  r e a r  

a x l e  and an independent f r o n t  suspension. The var ious  degrees o f  freedom 

are: 

body t r a n s l a t i o n  i n  t he  l o n g i t u d i n a l ,  l a t e r a l ,  and v e r t i c a l  

d i r e c t i o n s ,  

body r o t a t i o n  about t he  p i t c h ,  yaw, and r o l l  axes, 

v e r t i c a l  t r a n s l a t i o n  o f  t he  two f r o n t  wheels, 

v e r t i c a l  and r o l l i n g  mot ion o f  t he  r e a r  ax le ,  and 

t he  s p i n  r o t a t i o n  o f  each wheel. 

Several  t ime-sav ing s teps a r e  u t i l  i z e d  i n  implement ing t h e  dynamic equa- 

t i o n s ,  as discussed i n  re fe rence  [23]. Accord ing ly  , the  s imu la t i ons  a r e  

f a i r l y  economical t o  run, g iven  t he  complex i t y  o f  the  model , as developed. 

The s t e e r i n g  system i s  descr ibed by a q u a s i - s t a t i c  model, which ac- 

counts f o r  compliance i n  t he  system b u t  n o t  f o r  any mass. The suspension 

r a t e s  a re  i n p u t  i n  t a b u l a r  form i n  o rde r  t o  account f o r  t he  non- l inear  

charac te r  o f  t he  bump stops,  which a re  impor tan t  when s i m u l a t i n g  l i m i t  

maneuvers. The k inemat ic  p r o p e r t i e s  determined by suspension geometry a re  

represented e i t h e r  by t a b l e  look-ups o r  by c o e f f i c i e n t s ,  depending on t he  

e x t e n t  of t h e  v e h i c l e  da ta  a v a i l a b l e ,  Shock absorbers a re  assumed t o  be 

b i l i n e a r ,  t h a t  i s ,  one r a t e  f o r  compression, and another f o r  rebound. 



E a r l y  i n  t h e  s tudy,  t he  s i m u l a t i o n  was mod i f i ed  t o  accept a r b i t r a r y  

i n i t i a l  cond i t i ons .  I n  t h i s  manner, b rak ing - i n -a - t u rn  simul a t i o n s  be- 

come very  e f f i c i e n t  when one r u n  i s  made t o  determine t h e  response t o  a  

s t e e r  i n p u t  and t h e  f i n a l  steady t u r n  cond i t i ons  a re  then used as i n i t i a l  

cond i t i ons  f o r  t h e  b rak ing  runs. Th is  procedure c u t  t he  computer costs  

n e a r l y  i n  h a l f ,  by c u t t i n g  the  b rak ing - i n -a - t u rn  s i m u l a t i o n  t imes i n  h a l f .  

I t  was found t h a t  the  computer program was inadequate f o r  s i m u l a t i n g  

b rak ing  performance as t he  v e h i c l e  slowed t o  a  low speed, under many 

cond i t i ons  , so t h e  b rak ing  simul a t i ons  were usual  l y  r e s t r i c t e d  t o  1  -1/2 

t o  2-112 seconds i n  du ra t i on .  By t h a t  t ime, t he  v e h i c l e  reached a  

quasi  steady s t a t e ,  any wheels t h a t  were go ing t o  lock-up had done so, 

and t h e  l o n g i t u d i n a l  dece le ra t i on  had s e t t l e d  t o  a  s t a t e  where i t  changed 

very  s l o w l y  w i t h  t ime o r  remained cons tan t .  When r e s u l t s  were needed 

r i g h t  up t o  t he  c o n d i t i o n  o f  zero v e l o c i t y ,  a  separate program was used 

t o  " f i n i s h "  t he  run. Th is  was done by 1  i n e a r l y  regress ing  the  decelera-  

t i o n  t ime  h i s t o r y  f o r  t h e  f i n a l  one second o f  t he  s imu la t ion ,  and then 

a n a l y t i c a l l y  i n t e g r a t i n g  t h e  regressed curve, us i ng  t he  v e l o c i t y  and 

s topp ing  d i s tance  cond i t i ons  a t  t he  end o f  t he  s i m u l a t i o n  as i n i t i a l  

cond i t i ons  f o r  t he  a n a l y t i c  s o l u t i o n .  

A.2 Sources o f  Veh ic le  Data 

The l a r g e  amount o f  parameter da ta  requ i red  by t he  computer s imula-  

t i o n  program was ob ta ined  from a  v a r i e t y  o f  sources, as discussed below. 

General Motors prov ided chass is  and i n e r t i a l  parameter da ta  f o r  a  

"1978 GM In te rmed ia te  Specia l  Coupe" f o r  a  two-passenger l oad  cond i t i on .  

These da ta  were converted t o  t he  format  needed by t h e  HSRI s imu la t i on ,  

and c o n s t i t u t e d  t he  source o f  i n f o r m a t i o n  on suspension geometry, s t e e r i n g  

compliance, i n e r t i a s  o f  t h e  sprung mass, and t he  h e i g h t  o f  the  c.g. 

Phys ica l  dimensions, weights,  and s p r i n g  r a t e s  were taken f rom the  s p e c i f i -  

c a t i o n s  o f  t he  Monte Car10 pub l i shed  by t he  MVMA. GAWR data were p rov ided  
by GM, and t he  few remain ing parameter i tems were est imated f rom measure- 

ments made on s i m i l a r  veh i c l es .  

The Vol kswagon G o l f  was se lec ted  as t he  rep resen ta t i ve  European ca r  



p r i m a r i l y  because VW has pub1 i shed  two papers which l i s t  many p r o p e r t i e s  

o f  t h e  G o l f  (and/or i t s  t h e  American vers ion ,  t h e  Rabb i t )  [ 3 ,  241. These 

papers p rov ided  t h e  parameter va l  ues p e r t a i n i n g  t o  suspension geometry, 

s t e e r i n g  compliance, s p r i n g  r a t e s ,  r o l l  s t i f f n e s s e s  , phys i ca l  dimensions, 

and c.g. he igh t .  Weights o f  the  base v e h i c l e  and o f  t he  var ious  op t ions ,  

a long w i t h  GAWR data, were p rov ided  by VW. The remain ing parameter values 

were est imated f rom measurements made on s im i  1  a r  veh i c l es  . 
The passenger c a r  s i m u l a t i o n  and t he  VW G o l f  a re  n o t  t r u l y  compa- 

t a b l e ,  s i n c e  t h e  s imu la t i ons  assume a  v e h i c l e  w i t h  a  s o l i d  r e a r  ax le ,  

whereas t h e  G o l f  has an independent r e a r  suspension. I t  was a l so  noted 

t h a t  t h e  resonant  f requencies o f  t h e  unsprung masses a r e  much h ighe r  

(about 15 Hz) f o r  t h i s  v e h i c l e  than f o r  most passenger cars ,  and would 

t h e r e f o r e  r e q u i r e  a  sma l l e r  t ime s tep  i n  the  i n t e g r a t i o n  r o u t i n e .  I n  

o rde r  t o  min imize t h e  computat ional  costs ,  t he  values o f  t h e  unsprung 

masses were ad jus ted  t o  pe rm i t  use o f  t he  o r i g i n a l  t ime s tep,  and t h e  

sprung mass parameter da ta  were ad jus ted  t o  ma in ta i n  t he  c o r r e c t  f o r e /  

a f t  l oad  d i s t r i b u t i o n .  Ne i t he r  o f  these incompatabi l  i t i e s  a re  s i g n i f i -  

can t  i n  t he  con tex t  o f  t h e  maneuvers which were s imulated,  b u t  the  e r r o r s  

which cou ld  a r i s e  f rom us ing  t h e  values g iven  i n  t h i s  appendix should be 

cons idered i f  they  w i l l  be used w i t h i n  a  d i f f e r e n t  con tex t ,  such as a  

r i d e  s tudy.  

A.3 The T i r e  Model 

The mathematical model used t o  s imu la te  t h e  pneumatic t i r e s  was 

developed a t  HSRI f o r  t he  purpose o f  p r o v i d i n g  accurate est imates o f  

l o n g i t u d i n a l  and l a t e r a l  t i r e  fo rces  over  a  range o f  s l i p  angles and 

l o n g i t u d i n a l  s l i p  r a t i o s  which occur  d u r i n g  1 i m i t  maneuvers. An ad- 

vantage o f  t h e  model i s  t h a t  ve ry  few t i r e  parameters a re  needed, as 

t he  model i s  based on an ana l ys i s  o f  the  mechanical deformat ion o f  t h e  

t i r e  when co rne r i ng  and b rak ing ,  i ns tead  o f  be ing  a  s e r i e s  o f  a r b i t r a r y  

mathematical f unc t i ons  which a re  f i t t e d  t o  measured da ta  i n  t he  f ash ion  
o f  many o t h e r  t i r e  models. 

The t i r e  model does n o t  p r e d i c t  any moments, b u t  a1 i g n i n g  torque i s  

inc luded  i n  t he  s i m u l a t i o n  by cons ide r i ng  t h e  k i n g p i n  o f f s e t  and a  



constant mechanical t r a i l .  In addition, a1 igning torque from the t i r e s  
can be input in tabular form. The model i s  ful ly  described in reference 

C251. 

A.4 Sources of Tire Data 

The 1978 Monte Carlo i s  equipped w i t h  P205/70R-14 t i r e s .  This s ize 
corresponds to the older GR70-14 s ize designation. Laboratory measure- 
ments have been made by Calspan and pub1 ished [9] for  several t i r e s  of 
this  type, b u t  the u t i l i t y  of the data i s  1 imited because the testing 
did not cover simultaneous braking and steering, and the t e s t  surface 
was a steel be l t  instead of an actual road surface. Road tes t s  of an 
FR70-14 t i r e  were made by HSRI w i t h  a mobile t i r e  t e s t e r ,  which covered 
several surface conditions and combined steering and braking [26], b u t  

these measurements were a1 1 made a t  one load. The t i r e  parameters used 
in the simulations performed in th is  study were obtained by combining 
these two sources. 

The HSRI data covered four surface conditions, namely wet and dry 
asphalt and wet and dry concrete. The wet and dry asphalt data were 
selected t o  represent the medium and the high f r ic t ion  surfaces needed 
for the simulations of non-test conditions, and the dry asphalt data 
were also used for  simulating the open-loop IS0 braking-in-a-turn tes t s .  
In both cases, the parameter values were selected by using a numerical 
minimization a1 gori t h m  t o  "optimize" the match between the measured and 
predicted forces over a broad traction f ie ld  of longitudinal s l i p  ratios 
and s l i p  angles. ( I t  should be noted that agreement between the measured 
data and theory was not exact a t  the free-roll ing, zero s l i p  condition, 
as the agreement there was "traded off"  to get a better match a t  other 
s l i p  ra t ios . )  The model predicts a r i s e  i n  la teral  force with s l ight  
braking, b u t  in th i s  case, the effect  was not evident in the measurements, 
so to compensate, a lower cornering s t i f fness  was used. I t  was found 
that  good agreement was impossible for the wet asphalt data, so the min- 
imization algorithm was used over a limited portion of the traction 
f ie ld  which was considered t o  be most important, that  i s ,  low s l i p  angles 
(0' - 4') and low s l i p  rat ios  (0% - 40%). 



The Calspan data has an advantage i n  t h a t  g r e a t  a t t e n t i o n  was p a i d  

t o  de te rmin ing  t h e  v a r i a t i o n  i n  t i r e  p r o p e r t i e s  due t o  l o a d  changes. 

Whi le t h e  measurements were made on a  s t e e l  su r face  i ns tead  o f  aspha l t ,  

i t  can be argued t h a t  t h e  force-producing mechanisms i n  a  pneumatic 

t i r e  a r e  very  s i m i l a r  on d i f f e r e n t  d r y  sur faces.  The Calspan da ta  were 

t h e r e f o r e  u t i l i z e d  t o  i n t r oduce  l oad  s e n s i t i v i t i e s  t o  t h e  t i r e  p r o p e r t i e s  

by no rma l i z i ng  t he  changes i n  Ca, CS, ex, and uy t o  percentage changes, 

and then  app l y i ng  t he  percentage changes t o  t h e  values de r i ved  from the  

HSRI data.  The f o r c e  produc ing mechanisms d i f f e r  between wet and d r y  

surfaces, so t he  Calspan da ta  were n o t  used t o  i n t r oduce  l oad  s e n s i t i v i t i e s  

t o  t he  wet aspha l t  data.  

The t h i r d  sur face  c o n d i t i o n  i s  a  low f r i c t i o n  sur face ,  such as a  

p o l  i s  hed sur face  w i  t h  s i  gn i  f i  can t  wa te r  depth.  No measurements were 

found f o r  t he  proper  s i z e  and c o n s t r u c t i o n  o f  t i r e  on t h i s  t ype  o f  su r -  

face, so a l l  o f  t he  parameter values f o r  t he  wet aspha l t  c o n d i t i o n  were 

used, except  f o r  t he  f r i c t i o n  c o e f f i c i e n t s  px and uy. These c o e f f i c i e n t s  

were s e t  a t  " t y p i c a l "  values pub l i shed  f o r  a  range o f  t i r e s  on wet, 

p o l  i s  hed roads [27]. 

The VW G o l f  i s  equipped w i t h  155 SR-13 t i r e s ,  and no t r a c t i o n  f i e l d  

measurements cou ld  be found f o r  t h i s  t i r e .  The t i r e  i s  i nc l uded  i n  t he  

Calspan 1  i b r a r y  , however. Accord ing ly ,  t he  measurements publ i shed by 

Calspan were used t o  descr ibe  t h i s  t i r e .  The parameters which a re  spec- 

i f i c  t o  t h e  HSRI model were se lec ted  accord ing t o  t he  recommendations 

made i n  reference [ l o ]  f o r  r a d i a l  t i r e s .  The f r i c t i o n  c o e f f i c i e n t s ,  P, 

and P , were s e t  f o r  d r y  and wet aspha l t  by assuming t he  same r a t i o s  
Y 

between P measured on t he  Calspan t e s t  be1 t and t he  u as measured by HSRI 

f o r  t h e  FR70-14 t i r e .  The values o f  ex and p were s e t  f o r  t he  low 
Y 

f r i c t i o n  sur face  t o  correspond w i t h  publ  i shed measurements made w i t h  

o t h e r  t i r e s  [27], and were i d e n t i c a l  t o  t h e  values used f o r  the  FR70-14 

t i r e .  

A.5 Veh i c l e  and T i r e  Parameter Values 

The parameter da ta  used t o  descr ibe  t h e  two veh i c l es  a r e  presented 

i n  Tables A . l  - A.5. The feedback gains used i n  t h e  automat ic  s t e e r i n g  



c o n t r o l l e r  a re  presented i n  Table A . 6 ,  The u n i t s  are:  p ropo r t i ona l  

feedback (GAINP) , r a d i a n l f t ;  i n t e g r a l  feedback (GAINI) , rad ian / f t / sec ;  

d e r i v i t i v e  feedback (GAIND), r ad ian -sec / f t .  The t u r n  rad ius  was 535 

ft., f o r  t h e  . 2  g t u r n ,  and 268 ft., f o r  t he  .4 g  t u rn .  

Tables A.7 - A.9 p resen t  the  t i r e  parameters ex t rac ted  accord ing 

t o  t he  above d iscuss ion,  T i r e  fo rces  which a re  p red i c ted  by t he  model 

f rom these parameter values a re  p l o t t e d  as f unc t i ons  o f  l o n g i t u d i n a l  

s l i p  i n  F igures A.1 - A.8 and, when app l i cab le ,  measured fo rces  a re  

a l s o  p l o t t e d  t o  p rov ide  a  comparison between the  theory  and t h e  r e a l i t y .  



Table A.1. Vehic le  Parameter Values f o r  a Domestic In te rmed ia te  
Sized Car Equipped w i t h  Many Options, and L i g h t l y  Loaded. 

IKFUT P A R l H 2 ' I F S  TAEL? 
SVI?SOL C E S C R I F T I r S  INITIAL VAL72 
18 I T  KZY. I ! ICL735  I11 T L . 4 1  CD:iEIT:02:S I? . 'JE, 0  1 
?Ii!U?lP FrJIBEEi 0':  ?'JvP3' 3 
A 1 3 C I I Z O N T r \ L  '?;STANCE FFiO;I CG T O  ~?IC?TlI!lT O F  

F S C N T  S G S ? E I S T ? N  (1:;) 4 3 . 4 9  
A 3 a c a ~ z ~ c ~ ~ n r  D T S T A Y C E  EBO: I  C G  T C  E I C P C I X  OF 

P E A 9  S U S 3 F N S I r j N  ( I N )  67.70 
ALPHA 1 STATIC D I 5 T \ ' I C E ,  FSCST A X L E  TC G t C U ' l C  (13 )  11.50 
JLPHA2 STATIC DIS'IAUCE, R E J 3  A X L E  IC G R C U I D  (IN) 11.52 
A N  1 !LIRE PFESSUR E O I S T R I Z U T I C h '  FU XCTIC:l ,  F90YT 0.43 
A N 2  TI9F PBETSUBE C I S T R I 3 0 T I C N  YJKCTICU, 9913 0.40  
C 1 VISCOUS DAXPING:  J C U K C L  GN FEOYT AXLE 

(LE-SEC/I 11) 3.00 
c2 VISCO~S D I ' ~ F I Y ; :  S E ~ O U N D  c:? FFC::? I P L ~  

(LE-?EC/I!!) 6 .03 
C3 VISCOOS 93?P i1 ' ; :  J C O N C E  O l i  Z3A3 AXL? 

( L E - S E C / I ? )  4.00 
C VISCOUS n!::?TY?: R E E C G X D  O X  ? . E A R  7YLF 

(LS-SEC/I") 113.00 
CALF1 L A T E S A L  S S I F T J E S S ,  E33??? 'II:.t, ClyF S I 9 I  

( L B S / D E G )  -1.0'3 
C V f  !!BXI?l[TY C O U L C M E  FFICTIOY, F F C b T  P C S P E ' ? S I O l  

(10) 50.00  
C F 2  E 4 X I Y r J N  C O U L C d F  ? S I C T Z G ? i ,  P.ZAK S U S 3 E N S I O ; T  

(18) 30.00  
C G A M L I I  C A Y B E R  ZTI i ;F .VESS,  O N E  S I i l E  (iES/DE-;) 13.33 
'>%LTAI S T A T 1  C VEPTIC9L D I S T A R C E ,  FA\C!jl,' AYL3  T': 

SEgqNG 3 ; S S  C Z  (IN) 11.5C 
?A1 F R I C T T O U  F 4 D T J C T 1 3 ~ J  E A i i A X L i T C 6 ,  ? F C ' ! V T ? E S  3.302 
F A 2  FFTCTION p 2 5 ' ! C T I O ? !  F X S A b E I ; F ,  ri.Zj5 TI3ES 3.132 

1; 1 G E A V T I Y  Y C'3 lr':I\!S:l'I 0.0 
G 2  G R A V I T Y  Y C C  'P;I '!EYT 0 . 3  
; li S'I2?RIYG ? E l $  S A T I C  1G. !I0 
I X X  SERJYG 3 A 3 S  !;CLL :fC?IENT O F  I k E F T I 1  

( I N - L E - S E C * * 2 )  5350.00 
IYY SP87NG 11SS P I T C ?  Y O Y E U T  OI' I H E i i T T A  

(IS-LE-SZC**2) 23520.00 
f Z Z  S E 3 U Y C  M.\S% Y A Y  MOME2JT C F  I S Z R r I A  

(IFl-LE-SEC**2) 25600 .00  
1x2  SPRrJNG Y A S S  P I T C H  F L A S E  CROSS n0:lEYT 

(IY-LE-SEC**1) 3r)O.OO 
J A 2  E C L L  i l C Y E l ?  !IF !?FA9 A X L E  ( I N - L E - S ? C * * 2 )  350.00 
JS1 F C L A B  Xw9XT C !  ?3CKT d Y S E L ,  C?IE  $175 

(1"-LE-S3CJ.*3) 10 . 0 0  
JS2 F C L A 3  f l O Y E Y T  3S 9 E A S  L B E Z L ,  t i 3 2  S I g i  

( I J l - L E - S  E C t t ? )  10.93 
:( 1 S F R I N G  F A T E ,  Fqi?"? 5USPE:JSIc':I ( L E / T y I )  -1.13 
K2 SEPT.:lr, E A T E ,  3ZA? S U S E t i l S I 3 i  ( L E / Z ' J )  



Table A. 1. (Cont.) 

A S #  
KT 1 
KT2 
e w 
3CH1 
RCH2  
RCZLF 
ROLLR 
RSCS 

T I S ?  
E R A 1  
T a A 2  
TRAIL 
7 ZL 
HIID 
a -  
:is 1 
;Is2 

B I N G P T N  C F F S F " 1 U )  1.5: 
$ T E E R I N G  C C L O X J  S P F I ? l t i  R A T E  ( lh'-LE/!AQ.) 1396.00 
S I E S R I Y G  LINKJ.?? S F S I S G  3!TE, dtiT 5 X C Z  
( I ! l - L B / P A C . )  100030.00 
STE28IYG ' I 8 E I . E  XZY 4 
S P E I h l G  R I T E ,  FSGST 'TIEE, C!IE SIC2 (LE/I!T) 1300.00 
SERI?JG BATE, P E A 3  T I R E ,  Q N E  S13E ( L ' 3 / I U )  1333.35 
M E I G H T  OF P 4 Y L C A D  ( I D S )  0.0 
KCLL C E N T E F  fiEISiiT, F f i O K I  S;ISPZ?:SIOh; (1x1 1 . 6 0  
FCLL CEY'TEF YSIG!1T, 3 E k a  SrJSPE!;SIC!! (1'1) 7 5 . 3 3  
FFCNT A U S I L I L R Y  P O L 1  S T I F E J Z S S  ( I - ? )  4900.00 
KEAS A U Y I L T ? R V  ?nLL S I I F F 3 E S S  ( I : ; - L n / D I G )  9313.3G 
ECLL S T E E F  C C Z T ? I C T E 4 l I  A ' i  S IATIC 

E Q U I L T F P I r ! F  (OVE' iSIEE3 L S  ?OSI?TVT') - 3 . 3 5  
$ C S T Z O N T A L  DI 'S fAUCE F r ? A  P O D Y  X-RYIS TO 
FBCXT S 3 5 P E N 5 1 2 N  (18) 2 9 . 2 5  
A C F I Z C Y T R L  C 1 S T X " C E  F f i G J  E23Y Y - A X 1 5  T3 
FE49 S' ISPENSIJ!  (IY) 18.54 
X A X T F ~ J Y  ~ E A I  T E E  F C ~  ~ Z Y U L : ~ T : O ~  ( s ? c )  2.00 
EFiCgT H A L F  T Y A C X  ( I N )  29.25 
RE99 HALF I 9 A C K  (IS) 28.90 
! E C H A Y I C % L  T ~ ~ I L ( I N )  0.46 
I ! l ? T I A t  VELCCITY (FFS) 5 2 . 0 0  
I C T A L  9 R A G  C ( J E F Y 1 C I E N T  (LES/(?T/S%C! * * 2 )  3.02 
S P s U Y G  HFIGFII OP C A 3  ( L S S j  3288.3:! 
WEIGHT CF F F C Z T  S U S P Z N S I O d  ( 2 2 5 )  174.00 
W Z I G Y T  O F  RE!? SSJ3?!i;SIO!i ( i 3 S )  2 7 8 . 2 3  



Tab l e  A . 2 .  Veh ic le  Parameter Values f o r  a  Domestic In te rmed ia te  
S ized  Car Equipped w i t h  no Opt ions,  Loaded t o  the  
GVWR Condi ti on. 

AR AY ETER TABLE 
D E S C Q  I P T T C N  T N I T T 4 L  VALUE 
KEY. I N C L U O E  I N I T I A L  C C h J I T I O N S  TF .YE. fl 1 

N  811'4 P  hl\J'S1!3ER fYF B U V P S  3 
A 1 H O Q T Z 3 N T A C  D T S T 4 N C E  F R C V  C G  Tr l  Y I C P O I N T  OF 

FRONT S U S P E N S I O N  ( 1 h)  4 5 , 9 0  
A2 H P f J I Z F N T A C  D I S T A N C E  FFZOV C G  T G  M l r ) P C I N T  CF 

Q E 4 R  S U S P E N S I O N  ( I N  1 62-20 
ALPHA1 S T A T I C  D I S T A N C E I  FRCNT AXLE TC GRCIJNO ( I N )  11 a 5  1 
ALPHA2 S T A T I C  D I S T P N C E I  REAR 4Xl.E TC GRCJONO (1'4) 11. SO 
AN 1 1 I R E  P R E S S U R E  n I S T R  I O U 1  I O N  FUNCT I q N ,  FRONT 0.27 
AN2 T I R E  P R E S S l J R E  O I S T R  I S U T I O N  F U N C T I O N ,  Q E 4 R  1 - 2 7  
C 1 V I S C O U S  CAMPIYG: J C U N C E  CN F P O q T  AXLE 

I t f 3 - S E C / I M )  3 ,OO 
C2 V I S C O f J S  D A V P I N G :  R E e C U N C  E N  FRr)NT bXt-E 

( L B - C E C /  I Y  1 5 , O O  
C  3 V I S C O I J S  9 A W I N G :  J C U N C Z  ON P E A R  A X L E  

( r  e-SEC/ IW)  4 - 0 9  
C4 V l S C Q ! J S  O A W P I N C :  REECIJNC ON R E A P  AXLE 

( L R - S E C / I Y  1 10,OO 
CALF1 C b T F R A L  S T I F F N E S S ,  F R C Q T  T I R E ,  CNE S I n E  

( L S S / I ) E G I  -1 .'30 
C F 1  M 4 X I M ' J Y  C O U L O M B  F P I C T I C h ,  FRCKT S U 5 P E N S I f Y  

(1812 50.00 
C F 2  YAXTMUM COULCYB F R I C T I C h ,  R E A 9  S U S b E N S  IOU  

(18) 3 1 . 3 3  
CGAPMA CAYBEQ S T I F F N E S S ,  Oh€ S I 9 E  ( L R S / D E G )  10, 00 

.DELTA1  . S T A T I C  V E P T I C A L  D T S T A N C E t  FPCNT A X L E  TI? 
SPRUNG M A S S  CG ( I N )  11. 5 3 

F 4 t  F R I C T I O N  PEDUCT ION F A P A P E T E R ,  FRONT TT')ES O0Or3Q 
F A ?  F R I C T I O N  REECICT I O N  FARPtrcTEG, Q E P D  T I P c $  0.009 
GI G R A V I T Y  X COMPONENT 3 .  1 
G 2  G D A V I T Y  Y COYFONENT 0.0 
CR STEEP ING GEAR R A T t n  16 00 
I X X  SPRUNG M A S S  P O L L  MCPENT O F  I N E Q T t I  

( I N-LF!-SEC**2 4650.00 
I Y Y  SPRIJYG M A S S  P I T C H  FCMENT GF I r V E R T I A  . 

1 I Y - L  8 -SEC**2  ) 20500*0C) 
I Z Z  SPRUNG M A S S  YAW MCPENT CF I K E R T T . 4  

( IN-L 8-SEC**2  I 22203.31 
1 x 2  SPRUFdG M 4 S S  P I T C H  PLANE C R O S S  'IOMENT 

( I N - L O - S E C * * Z  1 300.00 
J A t  ROLL YOMENT Q F  REAR A X L E  ( I N - L B - S E C * * 2 )  351 .33  
J S 1  PQCAP MOMENT OF F P O N T  WFEEL, ONE S I D E  

( IN-LEI-SEC**Z 1 10.00 
5 5 2  POLAR M Q u E N T  OF Q E 4 R  WkEEL, CNE S I D E  

[ I N-LB-SEC**2 1 10. 00 
K t  C P P I W G  P A T F ,  FRONT ' U S P E N 5  I C N  ( L e /  IN) -1 .00 
K 2  SPRING R A T E ,  R E 4 Q -  S L S P E K S I O N  ( C 8 / I  N)  -1.Oq 



Table A.2. (Cont. ) 

RCWL 
RCHZ 
ROLLF 
POLL? 
RSCS 

T 1 '4F 
T R A l  
T R P 2  
T Q A 1  L 
VEL 
\?I I N 0  
W 
WS! 
w S ?  

- - 

K INGPTN OFFSET( I N )  1.53 
STEEQ I N G  CCLIJWN SPRING R I T E  { IY-L3/RAO. 1 1 3 9 6 0 0 3  
STEERTNG L I N K A G E  SPFTNG RATE, CNE S I O E  
( IN-LR/QAO, 1 1 1 3 1 0 3 . 3 1  
STFETING TABLE KEY 4 
SPPIYG PATE, FPONT TIRE,  CNE S I C E  ( L R /  IY) 1300oOO 
SPRING RAT€,  Q E 4 8  T I R E ,  13NE S I D E  ( L B / I ? 1 )  1330. 00 
kE IGHT CF PAY LOAD ( LBS 1 877.00 
RCLL MCMENT OF I N E R T 1 4  CF P A Y L O A D  
( IN-LB-SEC**2 1 0.0 
P I T C H  MCHENT OF I N E G T I A  OF PAYCCAD 
( IN-L  0-SEC*+Z 1 3.3 
YAW VCMENT OF I N E R T I A  OF PAYLOAD 
( TN-LR-SEC**2 1 0 • 0 
HCRTZCNTAL DISTANCE F R Q P  MICPCINT CF 
D E A R  SUSPENSInN TO PAYLCAO (MASS CENTEP ( IY) 21  50 
YFPT1C4L DISTdNCE F F C P  CDCUNLI TO P 4 Y L O A D  
MASS CENTEP 1 I N )  23.90 
PCLL C E N T E R   EIGHT, F Q O M  S I J S P E Y S I ~ N  ( 114)  1.60 
ROLL CENTER HEIGHT, R E A R  SUSPENSION ( I N )  15 033 
FRr3NT AtJX 11-f APY 9QLL STIFFNESS ( I V - L f l / g E S )  4900.03 
FF4R A U X I L I A R Y  POLL STIFFNESS ( IN-LB/DEG) 900,OO 
ROLL STEER C C E F f I C I E N T  AT S T P T I C  

ECUILTSRTUY (nVE9STEEQ I S  P O S I T I V E )  -0.05 
H C R l l C N T A t  3 ISTANCE FPCP BODY X-AXIS T O  
FRONT SUSPENSION ( f h l  2 9 . 2 4  
HOPIZCNTAL DISTaNCE FQCV EOOY X-AXIS TQ 
Q E A R  SUSPENZICIN ( T N )  18 .SO 
YAXIYUY REAL TIWE FCR SIYULATIOY (SEC)  3 e 0 9  
FQCNT H A l F  TC! I C K  ( I h l  20.25 
REAR HALF T Q A C K  ( I N )  2 8 * 9 1  
VFCHANICIL T 4 1 1 L (  I N  l 9.46 
TNTTTAL VELOCITY ( F F S  58 .70  
Tf lTAL DRAG COEF F I C I E N T I L 3 S / ( F T / S E C  I * * ?  1 2. 1 2  
SFRUNG WEIGHT OF CIR r ~ e s )  2982.  00 
WEIGHT Cf FQONT S I I S P t N S  ION (Li3S 1 1 7 4 0 0 0  
k f  IGHT flF R E A R  SUSPENSICq \I L B S )  278.00 



Table A.  3. Suspension Characteristics o f  the Domes t i c  Intermediate Car. 

'SPQ ING C O Y P R E S S  I C N  I I & )  V S  F Q Q C E  
F P O N T  SLJSPFNSTCN a a m C  hE S o R  INC, C V L Y  
N O T E :  9 0 T Y  FP.CNT S P R I h G S  4RE IDEYTICbL 
Q E F E V E N C E  S Y S T E M :  (0.0, -kS2/2,1 A T  T P E  PEBOUND STOP* 
THEN IYCREASINGLY P O S I T I V E  F C P C E S  F 9 R  I N C Q E A S I V G  
CCF( ' '~ESS1VE L O A D S  I N  T k E  SPQ I N G e  
NGm OF POINTS:  4 

-2.n000 -2C87,OOOO 
1.7733 903, 11133 
5 e 3 9 0 0  1126m0000 

lCl.09CO 3431,0000 

SPQINC C C M P Q E S S T O N  ( l h l  V S  F O R C E  
R E A P  S U S D E K S I C N  . ..CNE S P P I  NG CNLY 
NflTE: ROTH R E A R  S P Q I N G S  A R E  1 3 E Y T I C A L  
QEFEQENCE S Y S T E M :  ( 0 ,0 ,  : U S L / Z m )  AT T P E  R E B Q I J N D  S T O P ,  
THEN T N C R E A S I N G L Y  P O S I  T I V E  F C R C E S  F O R  I N C R E 4 S l N G  
C O M P R E S 5 I V E  L C A O S  IhJ TFE SPR I W G m  
NO* OF P O I N T S :  4 

-2,0300 -2139,0001 
1.40OO 709m0000 
6m4OC)O 1200.0000 

1 Q  .Or)i33 3330,0301 - 

SUSfJENSTCN C C P P R E S S I C h  ( I K )  V S  T O E  
( F O R  L E F T  FRONT W H E E L ,  TaE F O L L C ~ S  RIGHT HANO RULE,)  
Z E P C  C C M O Q E S S l O N  AT TI-E REBCUND S T C D  
NC.  O F  O q I N f C :  2 
-7.357 - t a b 2 3  
12,650 1,863 

S U S P E K S I C N  C C M P R E S S I C h  ( I N )  V S  C A Y E E R  ( O E G )  
Z E R C  COYPRESSION 4T TFE RESOUPIC STOQ 
N C e  EF PQINTS: 1 

-10,0000 0, 0 



Table  A.4. V e h k l e  Paramete r  Values o f  t ie  E m p e a n  Stbcompact Car, 
Equipped w i t h  F m n t  E:?d Option,  f o r  the L i g h t  and GVWR 
Loadi ng Condi ti ons. 

I V D  I T  P 4 ? 4 V E T r Q  T 1 9 t E  
S V A  811, DESV I P T I ~ Y  I N 1  T I  AL V4L'JE 
I\llT K F Y .  I N C L J O E  I N I T I A L  CONDITT3US IF .'IF. 9 0 
AJ3 '1VQ qt lMscP OF 9 U Y P S  0 
A 1 HPQT?"VT". D IST4UCE F ? O Y  C G  TO YIDPOTNT qE 

~ ' 0 3 1 ~  SIJS  PENS 104 (IN) 31.87 
1 2  q t ? I ! O U T 4 L  DISTANCE F R O M  CG TO MIDDOIYT 3F 

P F 4 Q  SUS'ENSI3Y ( I V I  62 -63  
AL7-11! ST4TTS DISTANCE, FQO\IT AXLE T 3  GRCLJI-13 (I'll 1 3 . 6 3  
4 , ' 4 1 ' ?  S T h T T C  T)IFTANCE? R E A P  AXLE T O  GROLJND ( I N )  11 e 3 1  
A b!l T I R E  "Rc5SUQF D I S T 9  ISVT IOM FUYCTI3Np  FSOVT 0.0 
4 ~ 2  TTPF bRESS!JRE 9 f S T Q  ISUT ION FJNCTION, RfAR 3.3 
C! V 1 S C 7 ' J S  34VPI N;: JOUNCE ON FROWT AXLE 

(LS-SEC/TN)  2.00 
L. 

, 2 V I S C n l l S  3AHoTNS: REBOlJNO PN FRONT AXLC 
( I R-SE: /Ill 3 . 3 1  

f 3 VTSCOIJS DhMPING: JOUNCE ON ? E A ?  AXLE 
( L S - q ? t / l Y )  3 - 0 9  

CC VISC7US l7hMPING: REB3'JND ON R E 4 9  A X L K  
( L B - S E C / I V )  3.00 

S j i = t  L 4 T E 2 4 L  STIFFNESS,  FQPYT T I R E ,  OtlE S I D E  
t t RS/ DEG) -1.09 

C F 1  H A X T  Yf.1M Cr3ULCMB F P I  CT I ON, FRONT SU SpEEISI3'4 
( L S )  11.33 

C F3 lilrAXI'-'lJY COlJL3MB F R  I C T  ION? R E 4 9  SUSPENSf 0'4 
( C 9 )  13.33 

CGAII I '4A C A Y 3 E Q  STIFFNESS,  CNE S I D E  (LBS/DEG) 5 . 3 3  
DELTA1 S T A T I C  V E Q T I C A L  DISTANCE, FR3VT A X L E  T O  

S"PIJNG M A S 5  C C  ( I N 1  13  -27 
FA1 F Q I t T I O N  QEnUCT13V PPRAYETER, FRONT T I q E S  3 , 3 0 2  
F A 7  F R I C T  T O Y  REDUCT TON P4RAMET E99 SEA? T I ?  ES 0.002 
S 1 ; J 4 V T T Y  X COYPtlNENT 3.0 
G? G P f i V T T Y  Y COYPONEYT 0.0 
;> S T E 5 P l V G  GEAR R A T T Q  l e  .70 
I Xw S'?lt\lG M A S S  ROLL MOYENT OF I N E R T 1 4  

( TN-LS-SEC**2 1 1795.00 
I Y Y  SPRCfN? MASS P T T C H  MCMENT OF I N F 9 T T A  

I 1N-l 0-5ES 882) 7 3 3 1 . 3 3  
IZZ SPQUNC Y A S S  Y A d  MOMEVT OF INEqTIA 

( I  N-LO-SEC*e2) 7547-00 
I x z SPRUVG Y A S S  DITCH P L W E  C R O S S  MOMENT 

( I N-L9-SEC**2 1 120.00 
51 7 POLL V O M F V T  qF: REAQ AXLE ( I N - L B - 5 E C * * Z I  503.00 
JS 1 P P L A R  YQUEVT OF F90NT WHEEL, OhJE S I 3 E  

( IN-LB-SEC**2 1 5 . 0 0  
J 53 P q L A ?  YnYENT OF R E A R  WHEEL, ONE S I D E  

I TN-L B-SEf**?)  6. 0 0  
U 1 S P P I Y G  D A T E ,  FRONT SJSPENS ICN ( L R / I N 1  - 1  .OO 
K 2 SP9 I Y G  9 4 T E q  RE4R SUSPENSION (LB/I Y t  - 1 - 3 3  



Table A.4. (Cont.) 

S f '  

K !N;7?M OFFSET(  1'1) -1.50 
?TEE? T Y S  CPLUMY Sf'RIhlS R A T E  ( IN-LB/QAD. 1 ? % 3 . 3 1  
S T f S c T N G  L INKAGE S P R T Y G  Q A T E ,  3 V E  5IDE 
( IN-LS /P90 . )  233333.30 
S T F E D f V G  T 4 P L E  K e Y  1 
S301'lG Q4TEI F Q O N T  TI '?? ,  O N E  S ID€ (L3/  TY 1 1003.00 
So?T4'? R A T E ?  P,E4p T I R E ?  TINE S I D E  t L B / I V I  ) 3 2 * 3 1  
WEIGHT OF o A Y L 3 4 D  ( L n S )  0 . 3  
OQLC CENTEQ HEIGHT 9 FRONT SUSPENSION ( f Y  1 1.30 
? ? L t  C E N T E 3  H E I G i T ,  9E4R SUSPENSION (IY) 1 • 1 
FQ0qT AUK T L I A Q Y  POLL STIFFNESS ( I V - L 3 / D E G  1 3 .3  
Q E 4 R  4 U X I L I A R Y  OCLL S T ?  FtNESS ( I N - L R / 3 S G 1  1 2 3 3  .03 
cf7LL STEED COEFF ICI @IT AT S T A T  IC 

F3lJT L I E ? I ! J M  I O\/ERSTEE9 T S P T S I T  I V E )  1 . 9 5  
P~Q7Zr lVT1IL  O I S T 4 Y C F  F'JQY A0r)Y X - 4 x 1 s  T3 
FQOONT S'JS'FNS ION ( I N1 27.35 
Hn? I ? I M T A L  3 1  STANCE F9f lV BODY Y - A X  1 S T 9  
O E i S Q  SIJSOENS I P N  ( I N  I 2 2 . 2 5  
Y 4 X T  ' l t t Y  ? Z A L  T I M E  F Y  S t  YIlLATiOPI I: S E C )  7 . 9 7  
F?0*JT HALF T Q 4 C K  ( I N 1  27.35 
QFA3 HALF T?4CK 1 1 P ' )  22.25 
! ~ = C - l 2 U I C 4 L  T Q A I L I I N )  1.00 
IVITI AL VEL3C I T Y  ( FPS 58. 7 0  
TOTAL O R 4 G  COEFFIC I@l r (L3S / tFT /SEC 1**2 1 3.02 
$D?!J'iS W F I S i T  OF C A R  ( L B S I  1 7 5 5 e 3 1  
; I € I G i T  OF FPnhlT S;JSPEhISI?N ( L 3 S 1  150.03 
U F I C H T  O= Q54R SUSPENS ICQ (LBS 1 155  003 

Payload Data f o r  the GVWR Cond i t ion  

WEIGfiT O F  PAYLOAD (LBS) 671, 00 
ROLL UOBENT OP INERTIA OF PAPLOAD 
(IN-LB0SEC** 2) 0.0 
PITCE BOHEBT OP INERTIA OF PAYLOAD 
(IN-LB-SEC**2) 0.0 
P A R  MOIiEflT OF I N E B T I A  OF PAYLOAD 
(IN-LB-SEC**2) 0 ,O 
HORIZONTAL DISTBRCE F B O H  H I D P O I B T  OF 
BEAR SUSPENSION TO PAYLOAD 8ASS CENTER (IN) 17,03 
VERTICAL DISTANCE P R O 1  G R O U N D  T O  PBYLOAD 
BASS CENTER (IN) 22.54 

. - 



Tcblc i-I .E. Suspension Characteris t i c s  9 f  t l i e  European Subcanpact 9r.. 

S P B I S G  C O H P R E S S I O N  ( I N )  V S  F O R C E  
FRONT S U S P E N S I O N  ONE SPRING ONLY 
NOTE: BOTH FRONT SPRINGS A R E  I D E N T I C A L  
REFERENCE SYSTER: (0.0, -US2/2. )  A T  THE R E B O U N D  STOP, 
THEN INCREASINGLY P O S I T I V E  FORCES FOR I N C R E A S I N G  
C O U P B E S S I V E  LOADS IN THE SPEIBG. 
NO. OF P O I H T S :  8 

0.0 -165.0030 
0.1000 0.0 
0. 3000 331.0000 
3.3000 571.0000 
4,8530 76 5,0000 
5.8000 949.0000 
6.000 0 1166.9000 
6.5000 1850.0000 

S P R I N G  C O H P R E S S I O N  (IN) VS F O R C E  
R E A R  S U S P E N S I C N  .*ONE S P R I N G  O N L Y  
N O T E :  BOTH R E A R  S P R I N G S  A R E  I D E N T I C A L  
REFERENCE S Y S T E M :  (0.0, -YS1/2.) AT THE R E B O U N D  STOP,  
T H E 1  I N C R E A S I N G L Y  P O S I T I V E  F O R C E S  F O R  I N C R E A S I N G  
C O M P R E S S I V E  LCADS I N  THE SPRING. 
10. O F  P O I N T S :  8 

0. 0 -47.5000 
0, 3000 29.0030 
0.?500 157.0000 
3.2000 314.0000 
4,7000 457.0000 
6.5000 714.0000 
7.7000 1060.0000 
7.8000 1263.0030 

S U S P E J S f  O N  C O Y P R E S S T O N  (IN) VS TOE 
( F O R  LEFT F R O N T  WHEEL, TOE F O L L O W S  BIGRT H A N D  RULE.) 

Z E R O  C O f l P R E S S I O N  AT THE REBOUND STOP 
NO. CF POIflTS: 7 
0.200 0. 333 
1*000 0.300 
2.400 0. 170 
3.000 0.050 
3.900 - 0 . 1 3 3  
4.800 -0,400 
5 .  800 -0,870 

SUSPENSION C O f f P R E S S I O l  ( I N )  VS C A M B E R  (DEG)  
ZEBO C O M P R E S S I O N  AT THE R E B O U N D  S T O P  
NO. OF P O I R T S :  4 

0.3000 1.8800 
2.4000 0.5000 
3.9000 -0.2590 
6.0000 -0.5000 



Table A.6. Automatic Controller Parameter Values for the Two 
Passenger Cars. 

European Car 

CONTROLLER VARIABLES: CL= 15.0000 
G B I A P =  2.0030 
G A I N I =  O m  0 
G A I N D =  3.0500 
RCONST= 535.0000 

STL= 8.0000 D'EG 

Domes ti c Car 



Table A. 7 .  Tire Parameter Values Used for the Domestic Car on 
D r y  Asphalt. 

V E 3 T I C A L  L C A D  V 5  LO!4GITUDI!JAL STIFFUZSS (LES) 

nc. OF POIIJT;: 5 
3 , O  16303 .3300  

1C29.13r : , i  1 6 3 0 3 , d ~ J J  
1365.300G 294QCI.dd39 
171 6, J32C 1922;. 3 J 3 3  
2 9 6  I. 3 0 0 0  26757 .  W 3 d  

VERTICAL LCA3 YS :!ULERO 



Table A.8. Tire Parameter Values Used f o r  the European Car on 
Dry Asphalt. 

V E B T f C A L  LOAD VS LATERAL STIFFNESS (LBS/DEG) 

AN = 0.001 
FA.= 0.002 
NO. OF POIBTS:  6 

LOAD STIFFNESS CA 1 C A 2  
0.0 120.0000 0.0 0 - 0  

384.0000 120.0090 0. 0 0.0 
588eOOOO 127.0000 0.0 0.0 
793.0000 130. 0000 0.0 O e O  
994.0000 11  9,0000 0.0 0.0 

1195.0000 92.0000 0.0 0.0 

VERTICAL L O A D  VS L O N G I T U D I N A L  STIFFBESS (LBS) 

NO. Of POIHTS: 5 
0.0 10526.0000 

598.0000 10526.0000 
801.0000 21372,0000 

1003.91300 12223.00110 
1203,0000 21855.0000 

VERTICAL LORD VS 8UZEBO 

N O e O F e  POX NTS: 6 
0.0 1.0200 1 2400 

384,0000 1.0200 1.2400 
588,0000 0.9600 1-1700 
793,0000 0.9000 1.1200 
994.0000 0.8500 1.0600 

1195.0000 0.8300 1 0000 
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Longi tudinal 

V = 40 mph 

Load = 600 l b  

1 nnai tudinal S l i p  Ratlo -- -. 
F, p,dic*d tire forces generated by the 155 SR-13 t i r e  On ary a: 
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APPENDIX B 

SPEED VS, DISTANCE PLOTS, OBTAINED FROM COMPUTER 
SIMULATIONS OF BRAKING UNDER CONDITIONS NOT 

ADDRESSED I N  THE VARIOUS REGULATIONS 

Th is  appendix conta ins speed vs. d i s t ance  p l o t s  f o r  t h e  l i m i t  

b rak ing  runs made f o r  each combinat ion o f  su r face /veh i  c l  e / l  oad/propor- 

t i o n i n g ,  s imu la ted  as descr ibed i n  s e c t i o n  t h r e e  o f  t h i s  r e p o r t .  These 

r e s u l t s  were ob ta ined  w i t h  t he  models and i n p u t  da ta  descr ibed and 

presented i n  Appendix A. 



F 1 Speed vs. distance clrrves f o r  the domestic ir i teirnediate, 
l i g h t l y  loaded, on the h igh  f r i c t i o n  surface. 
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Figure  8.2. Speed vs. d is tance  curves f o r  t he  domestic in te rmed ia te ,  
loaded t o  GVWR, on the h i g h  f r i c t i o n  surface. 
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Figure  B.3.  Speed vs. d is tance curves f o r  the European subcompact, 
l i g h t l y  loaded, on the h igh  f r i c t i o n  sur face.  



Ficjxre B.4. Speed vs. d is tance  curves f o r  the European subcompact, 
loaded a t  GVWR, on the h i gh  f r i c t i o n  sur face.  
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Figure 8 .5 .  Speed vs. distance curves for the domestic intermediate, 
lightly loaded, on the medium friction surface. 



Figure  8.6. Speed vs. d is tance  curves f o r  the domestic in te rmed ia te ,  
loaded a t  GVWR, on t h e  medium f r i c t i o n  sur face .  
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F igure  8.7. Speed vs. d is tance curves f o r  the European subcompcct, 
l i g h t l y  loaded, on t he  medium f r i c t i o n  sur face.  



F igu re  8.8. Speed vs. d is tance  curves f o r  the European subcompact, 
loaded a t  GVWR, on the medium f r i c t i o n  sur face.  



Figure 8.9. Speed vs. distance curves for  the domestic intermediate, 
l ight ly  loaded, on the low fr ic t ion surface. 
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S t r a i g h t  

F igure B. 10. Speed vs. d is tance curves f o r  the  domestic internsds'ate, 
loaded a t  GVWR, on the  low f r i c t i o n  surface. 



Figure  B .11. Speed vs. d is tance  curves f o r  the European subcompact, 
l i g h t l y  loaded, on the low f r i c t i o n  sur face .  



F igu re  8.72. Speed vs. d is tance  curves f o r  t h e  European subcompact, 
loaded t o  GVWR, on t h e  low f r i c t i o n  sur face.  



APPENDIX C 

RESULTS OF THE OPEN-LOOP BRAKIFIG I N  A TURN SIMULATIONS 

Thi s  appendi x conta ins the complete resu l  t s  o f  the  open-loop b rak ing  

i n  a  t u r n  s imu la t ions .  Tables C . l  through C.16 p resen t  var ious performance 

i n d i c e s  f o r  e i g h t  d i f f e r e n t  v e h i c l e l l o a d  i n i  t i a l  r ad ius  cond i t ions .  The 

tabu1 ated va r i ab les  are discussed i n  Sec t ion  4.3. One o f  these i n d i c e s ,  

n o w a l i  zed p a t h  curva tu re  averaged ove r  one second (Rob), i s  used t o  

prepare the  p l o t s  shown i n  F igures C . l  through C.8. These p l o t s  are a l s o  

discussed i n  Sec t ion  4.3. 
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- - - - 
Prop. Pressure Ax Axs . s . 

A~ Ay(l 
r dl) B ~ ( 1 )  

( % I  ( p s i  ) ( g ' s )  ( g ' s )  ( g a s )  (g ' s )  ( deg/s ec ) (deg/sec (deg) ( deg ) 

70 300 .56 .60 .39 .25 16.1 12.0 -1 .5 - 5  

350 .63 -69 .36 .22 15.2 9.8 -1.8 -.3 

400 .68 .76 .30 .19 12.0 7.8 -1 .7 .2 

450 .74 .82 .25 .15 9.1 3.3 -1 - 7  - .O 

500 .78 .86 -18 0.00 5.0 -3.5 -2.1 -.3 

80 300 .50 .53 .36 .22 14.3 13.4 - .8 .6 

3 50 .56 .61 .30 .15 11.4 9.2 - .8 .5 

400 .61 .67 -25 -11 9.0 5.7 - .8 .5 

4 50 .65 .70 .20 -.01 6.5 -.4 - .9 -.l 

500 .67 -72 -16 0.00 4.5 -.5 -1 .O -. 1 

90 300 .45 .48 .36 .24 14.0 13.2 - .8 .4 

350 .50 .55 .29 -14 10.7 7.8 - .8 .3 

400 .54 .60 .24 .07 8.2 3.9 - .7 .3 

450 .56 .61 .18 0.00 5.6 -. 2 - .8 -.1 

Table C.3 Unweighted b rak ing  i n  a t u r n  numerics f o r  the  European car,  a t  GVWR loading,  w i t h  Ro = 40 m 
(Ay = .5 g).  
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- - - - 
Prop. Pressure . A, A,s.s. 

A~ Ay(l 
r r ( 1 )  B ~ ( 1 )  

(% ( p s i  ( g ' s )  ( g ' s )  ( g ' s )  ( g ' s )  (deg / sec )  (deg/sec  1 (deg)  (deg 

Table C . l l  Unweighted braking i n  a turn numerics f o r  the  domestic  c a r ,  a t  GVWR load ing ,  w i t h  Ro = 4 0  in 
(Ay = - 5  g ) .  
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- 
Prop. Pressure A,s.s. 3i *R A y ( l  1 .Ro r- Ro r ( 1  )*RO u - 

v2 -., 
(%I  ( p s i )  (!J's) ~ ( 1  l2 v v(1)  R o ~  R 0 d 1  1 

Table C.16 Normalized braking i n  a turn  numerics for  the domestic car ,  l i g h t l y  loaded, w i t h  
Ro = 4 0 m  ( A  = .5 g ) .  
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Ax, Deceleration ( g ' s )  

Figure C.1. Lines of constant normalized path curvature f o r  the 
domestic car,  l igh t ly  loaded, braking in  a turn, 
w i t h  an i n i t i a l  l a te ra l  acceleration of . 3  g ' s .  
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A,, Deceleration ( g ' s )  

Figure C.2. Lines of constant  normalized path curvature f o r  the 
domestic ca r ,  loaded t o  the GVWR condi t ion,  braking 
i n  a turn with an i n i t i a l  l a t e r a l  acce lera t ion  of  
. 3  9 ' s .  
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Ax, Decelerat ion ( g ' s )  

F igure  C.3. Lines o f  constant  normal ized p a t h  curva tu re  f o r  the 
domestic car, l i g h t l y  loaded, b rak ing  i n  a  t u r n  w ' i th  
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  o f  . 5  g 's .  
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A,, Dece le ra t ion  ( g '  s) 

F igure  C.4, L ines of constant  normal ized pa th  cu rva tu re  f o r  the  
domestic car, loaded t o  t he  GVWR cond i t i on ,  b rak ing  
i n  a  t u r n  w i t h  an i n i t i a l  l a t e r a l  acce le ra t i on  o f  
.5 g 's .  
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A x *  deceleration ( g ' s )  

Figure C.6. Lines of constant normalized path curvature for the European car, loaded 
to the GVWR condition, braking in a turn with an init ial  lateral 
acceleration o f  . 3  g ' s .  





Ax,  deceleration (g' s ) 
Figure C.8 .  Lines of constant normalized path curvature for the European car, loaded 

to the GVWR condition, braking in a turn with an in i t ia l  lateral 
acceleration of  .5 g ' s .  


