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1 .0  INTRODUCTION 

This document c o n s t i t u t c s  the  f i n a l  r epo r t  on Contract  DOT-HS- 

6-01 368 e n t i t l e d  " Iniproved Passenger Car Braking Performance. " The 

p ro j ec t  has been conducted by the  Highway Safe ty  Research I n s t i t u t e  

o f  The Univers i ty  of Michigan with support  of the  f a c i l i t i e s  of 

t h e  Chrysler Corporation Proving Grounds and both the  f a c i l i t i e s  

and s t a f f  of t he  Bendix Automotive Proving Grounds. 

The primary ob j ec t i ve  of  t h i s  study has been t o  deteriliine 

whether a  bas i s  e x i s t s  f o r  extending the  stoppinq d i s tance  requ i re -  

ments of FblVSS 105-75 t o  cover condi t ions  of low arid s p l i t  f r i c -  

t i o n  sur faces  a s  well a s  braking in  a turn. The cur ren t  105 s tan-  

dard,  whil e  nominal l y  enconipassiny the  general mat ter  of the  braking 

s a f e ty  of hydraul i c a l  ly-braked veh i c l e s ,  1 imi t s  i t s e l f  to  requ i re -  

ments f o r  s t r a i g h t - l i n e  stopping on a  high f r i c t i o n  (d ry )  su r f ace .  

To the  degree t h a t  assurance of adequate stopping perforinance on 

a d ry  sur face  does n o t  a l s o  assure  adequate stopping on o ther  sur-  

f a ce  condi t ions ,  o r  while braking in a  t u r n ,  t he  standard may be 

sub j ec t  t o  r ev i s i on .  

Accordingly, t h i s  study was configured t o  apply b o t h  ana ly t i c a l  

and experimental techniques t o  t he  examination of d i f f e r i n g  sur face  

and maneuvering condi t ions .  The purpose of these  exanlinations was 

fou r fo ld :  

1 )  To e s t a b l i s h  t e s t  procedures s u i t a b l e  f o r  dellion- 

s t r a t i n g  r ep re sen t a t i ve  vchicl e  stopping response 

under the  sub jec t  condi t ions .  

2 )  To provide an understanding of the  rnectlanics of 
veh ic le  response ur~der the  braking condi t ions  of 

i n t e r e s t .  

3 )  To concluct f u l l - s c a l e  t e s t s  so as  to ~ 'cveal  the  
p r ac t i c a l  aspects  assoc ia ted  w i t h  such candidate  

extensions  t o  tlle federa l ly - requ i red  n!ethod. 



4) To evaluate the nicasured vehicle responses so as 

to  determine i f  meaningful improvements i  n t r a f f i c  

safe ty  would accrue from specificat ion of perfor- 

mance under the candidate conditions . 
The scope of the study was constrained a t  the outse t  t o  

include only the stopping distance measure of vehicle braking 

response under low and spl i t  f r i c t i o n ,  and curved-pa t h  braking 

conditions. Thus the study was not t o  consider any of the direc- 

t ional  response i  ssues re1 ated t o  these condi tions-a1 t h o u g h  i  t 
was recognized t h a t  strong hypotheses do ex i s t  which connect the 

directional  disturbances and " loss  of control " resul t s  of braking 

t o  t r a f f i c  safe ty .  

Moreover, the conf inenient of i n t e r e s t  t o  stopping distance 

measures, alone, serves to explain why recommendations a r e  made 

herein for  extending FMVSS 105-75 only to the inclusion of a 
s traight-1 ine,  low-friction t e s t  condition. As wi 11 be shown, 

stopping distance perforlnance on s p l i t  f r i c t i on  surfaces or  in 

curved paths i s  e i t he r  conceptually unrelated t o  the broad in te r -  

e s t s  of t r a f f i c  safe ty  or of negligible significance as  an a d d i -  

t ional  measure beyond ' t h a t  of s t r a i gh t  braking on homogeneous 

surfaces.  

The report  i s  arranged t o  provide re la t ive ly  brief discussion 

of each research task in the main body, with extensive appendices 

pertaining t o  deta i led  methods a n d  r e su l t s .  A n  overview of pro- 

j e c t  tasks i s  presented in Section 2 .0 ,  with discussion of individual 

tasks and presentation of r e su l t s  provided in Section 3.0.  In 

Section 4.0, the possible extension of FMVSS 105-75 t o  cover the 

various candidate condi tions i s  examined, leading to conclusions 

and reconimendations in Sections 5.0  and 6 .0 ,  respectively.  



2.0 O V E R V I E W  OF THE RESEARCH PLAN 

The p r o j e c t  c o n s i s t e d  o f  f o u r  ma jo r  t a s k s  i n t e n d e d  t o  l e a d  

toward c o n c l u s i o n s  r e l e v a n t  t o  t h e  q u e s t i o n  o f  ex tend ing  FMVSS 105- 

75.  S ince  i t  was d e s i r e d  t h a t  t e s t  procedures be developed and 

en~ployed t o  g a t h e r  a  r e p r e s e n t a t i v e  s e t  o f  b r a k i n g  da ta ,  i t  was 

f i r s t  necessary  t o  conduct  an e x e r c i s e  t o  i d e n t i f y  t h a t  1  i m i t e d  

s e t  o f  passenger c a r s  wh ich  wou ld  y i e l d  more o r  l e s s  r e p r e s e n t a t i v e  

b r a k i n g  performance.  A proposed a n a l y t i c a l  approach toward t h i s  

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

i n a b i  1  i t y  t o  a c c u r a t e l y  p r e d i c t  d i f f e r e n c e s  i n  s topp ing  d i s t a n c e  

among r e a l  v e h i c l  es-for want o f  p a r a m e t r i c  da ta  d e s c r i b i n g  brakes 

and t i r e s  i n  a  comprehensive manner. A1 t e r n a t i v e l y ,  then,  a  t e s t  

program was executed, i n v o l v i n g  twe l  ve  passenger v e h i c l e s  wh ich  had 

been manufac tured s i n c e  t h e  e f f e c t i v e  d a t e  o f  FMVSS 105-75. These 

t e s t s  p r o v i d e d  da ta  wh ich  c l e a r l y  d i s c r i m i n a t e d  among v e h i c l e s  i n  

terms o f  h i g h  and low  f r i c t i o n  b r a k i n g  and s t o p p i n g  i n  a  cu rved  

path .  A1 so, a  genera l  t r y - o u t  o f  t e s t  methods was e f f e c t e d ,  pe r -  

m i t t i n g  t h e  i d e n t i f i c a t i o n  o f  r e f i n e m e n t s  wh ich  were t o  be imp le -  

mented i n  t h e  major  t e s t  phase. 

Subsequent t o  t h e  i n i t i a l  t e s t  e x e r c i s e ,  a  q u a s i - s t a t i c  simu- 

l a t i o n  e f f o r t  was under taken  t o  c l e a r l y  d e f i n e  t h e  f i r s t - o r d e r  

mechanisms d e t e r m i n i n g  s t o p p i n g  d i  s tance performance under t h e  

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

between t h e  nia j o r  v e h i c l e  parameters,  t h e  s u r f a c e  and maneuvering 

c o n d i t i o n s ,  and t h e  r e s u l t i n g  c o n s t r a i n t s  on nlinimum s t o p p i n g  d i  s -  

tance.  S p e c i f i c  i n q u i r i e s  made by way o f  t h e  q u a s i - s t a t i c  s imu la -  

t i o n  gu ided  t h e  s e l e c t i o n  o f  t e s t  c o n d i t i o n s  t o  be a p p l i e d  i n  t h e  

f u l l - s c a l e  t e s t  s e r i e s .  

The ma jo r  t e s t  e f f o r t  i n v o l v e d  conduct  o f  an e x t e n s i v e  m a t r i x  

of  t e s t s  on each of  f i v e  s e l e c t e d  passenger ca rs .  The n i a t r i x  con- 
t a i n e d  28 separa te  t e s t  sequences b u i l t  around t h e  f i r s t ,  second, 



and t h i r d  effect iveness t e s t  formats of the 105 standard. The 
g rea t ly  expanded number of t e s t  condi tioris permitted both 

s t r a i g h t  and r i g h t / l e f t  turning stops on low, high, and s p l i t  f r i c -  

t ion  surfaces,  with the  spl i t  f r i c t i o n  condition being represented 

by both h i - r ight  ( t h a t  i s ,  the high f r i c t i o n  side of the s p l i t  i s  

s i tua ted  on the r i g h t  s ide  of the  vehic le)  and h i - l e f t  o r i en ta t ions .  

Data taken in t h i s  t e s t  s e r i e s  c l ea r ly  del ineate the r e l a t i v e  gain 

t o  be niade i f  one were t o  specify stopping distance performance in  

a  turn-in addition t o  the speci f ica t ion  of s traight-1 ine stopping 

d is tance .  Further, the  data serve to  p u t  i n  focus the conceptual 
problems associated with the  speci f ica t ion  of s p l i t  f r i c t i o n  

stopping performance. 

The f ina l  task involved a la rge  sca le  computerized analys is ,  
pa r t  of which examined the s e n s i t i v i t y  of t e s t  r e su l t s  t o  impre- 

c is ion  in the t e s t  condition var iables .  Together with a f i e l d  

survey of ce r t a in  economic matters ,  the  siniulation e f f o r t  was a l so  
applied in the examination of advanced braking system concepts. 

Advanced concepts were t rea ted  both in terms of t h e i r  l i k e l y  in f lu -  
ence on performance capab i l i ty  and in ternis of the cos ts  l i k e l y  to .  
a t tend t h e i r  introduction as production hardware. 

Conclusions and recolnmendati ons were drawn with regard t o  the  
advisabi 1 i  t y  of extending the  stopping distance requirements of 

FMVSS 105-75. By way of imp1 i c a t i o n ,  the general absence of  recom- 
mendations t o  add more stopping distance requirements reveals t h a t  
the d i rec t ional  o r  yaw disturbance aspects of braking on s p l i t  

f r i c t i o n  surfaces and in a  turn are  seen as  the more important 
safe ty  issues associated with those braking conditions. 



3.0 TECHNICAL DISCUSSIOfl 

In t h i s  section the methods employed, and resu l t s  obtained, 

in conduct of the various elements of the research study will be 

presented. This discussion has been designed t o  provide a  general ized 

treatment of the material while Appendices A through G have been 

prepared for  detailed presentation of the resu l t s  of the experimental 

and simulation e f fo r t s .  A l t h o u g h  findings deriving from gathered 

data a re  s ta ted  in the text  of t h i s  section,  de f in i t ive  conclusions 

re1 a t ive  to candidate modifications of FMVSS 105-75 are presented in 

Sections 4 .0 ,  5.0, and 6 .0 .  

3.1 Survey Test Proqram 

A t e s t  program was conducted on a  sample of twelve vehicles in 

order t o  obtain a data s e t  characterizing straight-1 ine and curved- 

path braking performance of FMVSS 105-75-compliant passenger cars 

on low and high f r i c t i on  surfaces. Performance data on current 

braking systems for braking in a turn a n d  on low f r i c t i on  surfaces 

i s  scarce. Thus the data obtained in t h i s  survey t e s t  se r ies ,  along 

with data from more extensive t e s t s  of f ive  vehicles (see Section 

3.3) l a t e r  in the project ,  provided the principle basis fo r  determin- 

i ng whet her augmentation of the 105-75 standard should be recommended. 

The survey t e s t s  also provided a  p i lo t  exercise f o r  refinement 

of the proposed t e s t  procedures t o  be applied i n  f u l l  -scale t e s t s  

of f i ve  vehicles to follow. As or ig inal ly  planned, two of t h e  

twelve vehicles were t o  have been subjected t o  a n  additional s e t  of 

braking t e s t s  o n  spl i t  coeff ic ient  surfaces,  However, the t e s t  a c t i -  

vi ty was terminated due t o  sub-freezing ter~iperatures a f t e r  only one 

vehicle was tested in the straight-1 ine/spl i t - coef f i c i  ent condition. 

I n  the absence of the desired experimental data,  the quasi -s ta t ic  

simu1at:ion e f fo r t  (see Section 3.2) was expanded t o  include s p l i t  

f r i c t i on  conditions. 



3.1 .1  ---- Twel ve-Vctiicle Sample. I n  se1 ect ing the twelve 

vehicles,  information was obtained from the M V M A  speci f ica t ion  

sheets ,  Automotive News, and consurlier journals regarding models 

avai lable ,  sa les  volume, and brake system design. Vehicles were 

selected to provide representat ion from the four major American 

autoniobile nianufacturers and t o  cover vehicle s i z e  ranging from sub- 

compact to  f u l l  s i z e .  Generally, the  vehicles selected were niodels 

exhibi t ing re l a t ive ly  high sa les  volume within the size/nianufacture 

groupings, tending to  make the sanipl e representat ive of the highway 

population. A f ina l  cons t ra in t  on sample select ion was the ava i l -  

a b i l i t y  of t e s t  vehicles from local rental  agencies, dealers ,  or  

manufacturers, given the understanding tha t  such vehicles would be 

used f o r  braking t e s t s .  

All the t e s t  vehicles were manufactured a f t e r  January 1 ,  1976 

so t h a t  they should comply with the  105-75 standard. Except fo r  

the  Plyniouth Valiant a n d  the VW Beetle, a l l  vehicles in the 1976 

production year were manufactured with d isc  f ron t  brakes. Thus, 

s ince drum f ron t  brakes a re  being phased o u t  of design usage, they 

were n o t  included in the sample. Most 1976 vehicles have d isc  f ront  

a n d  drum rear  brakes, but a few domestic and imported vehicles have 

four-wheel d isc  brakes, e i t h e r  as  standard equipment o r  as an option. 

Since t h i s  appears to  be a growing trend,  one vehicle with four-wheel 

d i s c  brakes was included in the sample. In se lec t ing  the sample, i t  

was seen tha t  most 1976 brake systems incorporate a proportioning valve 

between the master cylinder and the rear  brake cyl inders .  The 

function of t h i s  valve i s  t o  reduce rea r  brake 1 ine pressure r e l a t i v e  

t o  the  f r o n t  a t  higher levels  of master cyl inder pressure. By use of 

such a function, the brake syste~ri designer avoids the well-known 

e f f e c t s  of eniploying a fixed proportioning system which i s  s e t  t o  pre- 

vent rear-wheel lockup a t  high levels  of deceleration (on high 

coef f i c i en t  of f r i c t i o n  surfaces such as specif ied by FMVSS 105-75). 

With such f ixed proportioning systems, preniature front-wheel lockup 

will occur on low coef f i c i en t  of f r i c t i o n  surfaces, producing longer 

stopping distances than could be obtained i f  the proportioning were 



c l o s e r  t o  optimum f o r  l o w  dece l  e v a t i o n  s tops .  Severa l  v e h i c l e  models 

were produced i n  1976, however, wh ich  were o f  t h e  f i x e d  p r o p o r t i o n i n g  

v a r i e t y .  Three o f  these were i n c l u d e d  i n  o u r  twe lve -ca r  sample. 

T a b l e  3.1 c o n t a i n s  a  l i s t  o f  t h e  t w e l v e  v e h i c l e s  wh ich  were t e s t e d ,  

showing s i z e  c l a s s i f i c a t i o n  and s a l i e n t  b rake  system f e a t u r e s .  

3.1.2 T e s t  S i t e  and Exper i i nen ta l  Procedures.  -- E r a k i n g  t e s t s  

u s i n g  t h e  t w e l v e - v e h i c l e  san~p le  were conducted on t h e  s k i d  t r a c t i o n  

f a c i l  i ty  a t  t h e  C h r y s l e r  C o r p o r a t i o n ' s  P r o v i n g  Grounds i n  Chelsea, 

M ich igan .  T h i s  f a c i l i t y  c o n s i s t s  o f  f o u r  a d j a c e n t  l anes ,  twen ty -  

e i g h t  f e e t  w ide  and 1000 f e e t  l o n g  w i t h  a  l o n g  approach area f rom 

each d i r e c t i o n .  The compos i t i on  and ASTM s k i d  number o f  t h e  f o u r  

l a n e s  i n  a d j a c e n t  o r d e r  a r e  shown i n  Tab le  3.2. W e t t i n g  of t h e  s u r -  

f a c e  was accompl ished w i t h  a  m u l t i p l e - h e a d  s p r i n k l i n g  system a long  

one s i d e  o f  t h e  t e s t  l anes  w h i c h  produced a  reasonab ly  homogeneous 

wa te r  dep th  by  v i r t u e  o f  t h e  u n i f o r m  1% grade ac ross  t h e  l a n e .  The 

l a n e  w i d t h  o f  t w e n t y - e i g h t  f e e t  was adequate t o  l a y  o u t  cu rved  paths  

f o r  b r a k i  n g - i  n - a - t u r n  expe r imen ts  on t h e  same sur face area used f o r  

s t r a i g h t - 1  i n e  t e s t s .  

The HI-CO ( h i g h  c o e f f i c i e n t  o f  f r i c t i o n )  t e s t s ,  s t r a i g h t  and 

c u r v e d  path ,  were conducted o n  t h e  d r y  brushed c o n c r e t e  su r face ,  

SN40(DRY) = 80, and t h e  LO-CO ( l o w  c o e f f i c i e n t  o f  f r i c t i o n )  t e s t s  

were conducted on  t h e  wet  j e n n i  t e  s u r f a c e ,  SN40 = 30. S t r a i g h t - 1  i n e  

SP-CO ( s p l i t  c o e f f i c i e n t  o f  f r i c t i o n )  t e s t s  were r u n  w i t h  one v e h i c l e  

on each o f  t h e  t h r e e  a v a i l a b l e  s u r f a c e  j u n c t i o n s  w i t h  t h e  s u r f a c e  

wet .  

I n  a d d i t i o n  t o  t h e  s k i d  numbers p r o v i d e d  by C h r y s l e r ,  t h e  d r y  

brushed c o n c r e t e  and t h e  wet  j e n n i t e  s u r f a c e s  were c h a r a c t e r i z e d  by 

peak f r i c t i o n  measurements. These rneasure~llents were made s p e c i f i c a l  l y  

t o  a p p l y  NHTSA's B r a k i n g  E f f i c i e n c y  Technique [ I ] ,  a method d e r i v i n g  

a  b r a k i n g  e f f i c i e n c y  n u ~ n e r i c  from b r a k i n g  t e s t  da ta  by  coniparing a  

v e h i c l e ' s  s t o p p i n g  d i s t a n c e  w i t h  t h e  computed i d e a l  s t o p p i n g  d i s -  

t ance  o f  a  t ~ y p o t h e t i c a l  r e f e r e n c e  v e h i c l e  wh ich  niakes o p t i n i u ~ ~ i  use o f  

t h e  a v a i l a b l e  t r a c t i o n  on t h e  t e s t  s u r f a c e .  To o b t a i n  t h i s  numer ic ,  



Tab le  3.1 . Twel ve-Car Sample Showing S i z e  and 
S a l i e n t  Brake System Features .  

Brakes P r o p o r t i o n i n g  
S i z e  V e h i c l e  Year Manu fac tu re r  F ron t IRear  Valve 

Chevet te  1976 GM D i  sc1Drum No 
SU b- P i n t o  Wagon 1976 Ford Di sc/Drum Yes compact 

Greml i n  1976 AMC D i  sc/ Drum No 

Nova 1976 GM D i  sc/Drutn Yes 

Compact Pacer 1976 AMC D i  sc/ Drum No 

Volvo 244 1976 Volvo D i  sc/Di  sc Yes 
- - -- - -- -- - - - - -- - 

I n t e r -  Monte C a r l o  1976 GM D i  sc/Drum Yes 

med ia te  Fu ry  1977 Chry l  ser  D i  sc1Drum Yes 

T o r i n o  1976 Ford  DiscIDrum Yes 

F u l l  B u i c k  LeSabre 1976 GM Disc/Drum Yes 

S i z e  Ford  LTD 1976 Ford  D i  sc/Drum Yes 

Dodge Monaco 1977 C h r y s l e r  Di sc/Drum Yes 

Tab le  3.2.  T e s t  Su r face  C h a r a c t e r i s t i c s  a t  
C h r y s l e r  P rov ing  Grounds. 

SN40 SN40 
Composi t ion Wet Dry 

Jenni  t e  3 0 - .. 
Epoxy-Coated Concrete 1 0  - - 
Brushed Concrete 50 8 0 

Pol i s  hed Concrete 15 - - 



peak f r i c t i on  measureiiients a r e  made a t  two t i r e  loads, representing 

the nominal f ront  and rear  t i r e  loads on ttie reference vehicle, and 

a t  four veloci t ies  using the ASTM E-501 standard t i r e  as a  reference 

t i r e .  The peak t rac t ion  measurement data niade with DOT'S Surface 

Frict ion Dynamometer, or  SFD, are shown in Figure 3.1. The curves 

drawn through the data points are the best l e a s t  squares f i t  to the 

data points of curves with the general form AV2 + BV + C where V i s  

vel oci ty . 
All H I - C O  t e s t s  were run a t  an i n i t i a l  velocity of 60 mph and, 

in the curved-path case, on a  curve with a  radius of 801 fee t ,  deter- 

mined to produce an i n i t i a l  l a te ra l  acceleration of 0 . 3  g .  For the 
LO-CO t e s t s ,  the corresponding values were 40 ~ n p h  i n i t i a l  velocity 

and a  curved-path radius of 535 f ee t ,  producing an i n i t i a l  l a t e r a l  
accelerat ion of 0.2 g .  

The performance measure derived from these t e s t s  was mininlunl 

stopping distance. Successive stops were made with increasing 

increments of constant pedal force until  lockup occurred on e i the r  

axle.  Two additional stops were made a t  the constant pedal force 

giving m i n i m u m  stopping distance with a t  most one wheel locked per 

axle ,  thus assuring vehicle controllabil  i  ty .  Also, two driver "best  
e f fo r t "  stops were made, permitting driver modulation of the brake 
pedal. Steering correction by the driver was permitted throughout 

the run. All t e s t s  were performed with the transmission in neutral 
per 105-75 t e s t  procedures. The t e s t  weight for  each vehicle was 
curb weight plus d r i ve r ,  passenger, and i  nstrumentation, or approxi - 
mately the 1 ightly-loaded vehicle condition used for  the th i rd  

effectiveness t e s t  in  the 105-75 procedure. 

I n  t h i s  survey t e s t  se r ies ,  vehicles were tested essen t ia l ly  
in  the condition as received froill the rental  agencies. Each was 
inspected and serviced to assure that  proper brake adjustment was 
a t t a ined ,  t o  determine that  t i r e s  and brake 1 inings were not 

excessively worn, and t ha t  the master cylinder,  wheel cylinders,  and 
brake 1 i  nes were sound. 
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Front :  ' = 1 . 4 8 ~ 1  o - ~ v ~ -  1  ,35x1 O - ~ V  t 1.18 
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Veloc i ty ,  mph 

Figure 3.1 . DOT Surface F r i c t i o n  Dynarilolneter peak f r i c t i o n  measure- 
ments on dry  conc re t e  and wet j e n n i t e  a t  Chrysler  Proving 
Grounds, October 1976. 



Each v e h i c l e  i n  t u r n  was i n s t r u m e n t e d  w i t h  a  f i f t h  wheel 

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

and s t o p p i n g  d i s t a n c e  and a  thermocouple was i n s t a l l e d  i n  t h e  b r a k e  

pad o f  t h e  l e f t  f r o n t  b rake  w i t h  t empera tu re  d i s p l a y e d  t o  t h e  d r i v e r  

t o  assu re  tempera tures  below 200°F b e f o r e  t h e  s t a r t  o f  each r u n .  

Wheel l o c k u p  was r e p o r t e d  by s p o t t e r s  s t a t i o n e d  on each s i d e  o f  t h e  

t e s t  l a n e .  

The o r i g i n a l  approach toward  o b j e c t i v e  a p p l i c a t i o n  o f  t h e  

b rake  peda l ,  by wh ich  t h e  d r i v e r  app l  i e d  t h e  pedal  manua l l y  w h i l e  

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

i n i t i a l  v e l o c i t y ,  p roved t o  be a  f o r m i d a b l e  d r i v e r  t a s k .  Thus, a  

s i rnp le  dead-weight  pedal f o r c e  a p p l i c a t i o n  d e v i c e  was implemented 

wh ich  c o u l d  be q u i c k l y  and s i m p l y  i n s t a l l e d  i n  any c a r .  I t  con- 

s i s t e d  o f  a  s t e e l  bar  wh ich  clamped t o  t h e  b rake  pedal and p o s i t i o n e d  

a  l o a d i n g  pan a t  t h e  f r o n t  edge o f  t h e  d r i v e r ' s  sea t  p e r m i t t i n g  t h e  

placement, b e f o r e  t h e  t e s t  run ,  o f  one o r  niore c a l i b r a t e d  we igh ts .  

When t h e  d r i v e r  r e l e a s e d  t h e  hand-held pan, i t  dropped a  s h o r t  d i s -  

tance,  r a p i d l y  a p p l y i n g  a  c o n s t a n t  and h i g h l y  r e p e a t a b l e  pedal f o r c e .  

As shown i n  F i g u r e  3 , 2 ,  however, t h e  dead-weight  dev i ce  produces an 

ove rshoo t  i n  t h e  p ressu re  t r a n s i e n t  a t  t h e  o u t p u t  o f  t h e  master  

c y l  i n d e r .  W i t h  manual brakes,  t h e  t r a n s i e n t  shows a  1  a r g e  anipl i tude  

o v e r s h o o t  wh ich  darnps t o  t h e  f i n a l  v a l u e  w i t h i n  about  0 .6  second- 

t h e  o v e r - p r e s s u r e  c o n d i t i o n  l a s t i n g  f o r  l e s s  t h a n  0.2 second. The 

l a g  i n h e r e n t  i n  vacuum-boosted brakes,  however, smooths t h e  i n i t i a l  

t r a n s i e n t  so t h a t  t h e  f i n a l  p ressu re  l e v e l  i s  reached i n  about  0 . 2  

second. A second i n e r t i a l  e f f e c t  was seen t o  d e r i v e  f r o m  t h e  moment 

abou t  t h e  brake peda l  p i v o t  wh ich  a r i s e s  f r o m  t h e  d e c e l e r a t i o n  o f  

t h e  pedal  a p p l i c a t i o n  w e i g h t  i t s e l f .  As showtl i n  F igu re  3.2b, 

v e h i c l e  d e c e l e r a t i o n  a c t i n g  on  t h e  w e i g h t  causes an i n c r e a s e  i n  pedal  

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

Neve r the less ,  a  q u i t e  c o n s t a n t  p r e s s u r e  l e v e l  i s  o b t a i n e d  th roughou t  

t h e  b r a k i n g  p e r i o d .  These e f f e c t s  were judged t o  be l e s s  d e t r i m e n t a l  

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

observed w i t h  d i r e c t  d r i v e r  c o n t r o l  o f  peda l  f o r c e .  Thus t h e  dead- 

w e i g h t  pedal  f o r c e  a p p l i c a t o r  was used t h r o u g h o u t  t h e  survey  t e s t s .  
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Figure 3.2 .  Brake 1 ine pressure transients resulting from application 
o f  the dead-weight brake appl ication device . ( a )  Manual 
brakes, vehicle stationary.  ( b )  Vacuum-boost power brakes, 
vehicle stopping. 



3.1.3 Test Results on Twelve-Car Sample. A se r i es  of s t ra igh t  

and  curved-path ( 1  e f t  a n d  r i gh t  turning) mi ninlum stopping di stance 

t e s t s  were made on each of the twelve vehicles on H I - C O  (brushed 

concrete) a n d  LO-CO (wet jenni te)  surfaces.  Also, one vehicle was 

tes ted  fo r  s t ra ight-1  ine braking performance o n  three di f fer ing spl i t  

coef f i c ien t  surfaces.  I n  a l l  t e s t s ,  the vehicle was loaded to i t s  

curb weight plus about 400 pounds which included the dr iver ,  a 
passenger, and instrumentation. 

Best stopping performances, defined by the shor tes t  stopping 

distance out of three runs made a t  tha t  constant pedal force which 

was determined to give optimunl stopping without axle lockup, are  

plotted in  Figures 3.3 a n d  3.4. Figure 3.3 i s  a d a t a  summary fo r  

the HI-CO t e s t s  which were conducted with an i n i t i a l  velocity of 60 

mph a n d ,  in the case of braking in a tu rn ,  with an i n i t i a l  l a te ra l  

accelerat ion of 0.3 g .  Figure 3.4 presents a data summary fo r  the 

LO-CO t e s t s  which were conducted with a n  i n i t i a l  velocity of 40 mph 

and an  i n i t i a l  l a te ra l  acceleration of 0.2 g in the turn .  The HI- 

CO s t r a i gh t - l i ne  braking t e s t  i s  equivalent to the th i rd  ef fect ive-  

ness t e s t  ( l i g h t l y  loaded vehicle)  of the current FMVSS 105-75 stan- 

dard. The requirement of the standard, fo r  t h i s  condition, i s  a 
maximum stopping distance of 194 f e e t .  Detailed resu l t s  of these 

t e s t s  can be found in Appendix A ,  while the following discussion 

pertains b o t h  t o  those individual performance data a n d  to the rank 

order data shown in Table 3.3. 

In the H I - C O  s t ra igh t - l ine  t e s t  (Figure 3 .3) ,  a l l  cars except 

a n  AMC Pacer stopped in a distance l e s s  than the 194-foot require- 

ment of 105-75. The best performing vehicle, a Ford Torino, stopped 

in 152 f e e t ,  followed closely by a Chevrolet Monte Carlo a t  154 f e e t .  

The subcompact Ford Pinto s ta t ion  wagon ranked third with a s t ra igh t -  

l i ne  stop of 157 f e e t .  The average s t ra igh t - l ine  stopping distance 

of the small cars was 13 f e e t  (8.0%) longer than the average for the 

large  ca rs .  The three vehicles without proportioning valves ranked 

8th (Chevctte) ,  11 t h  (Gre~i~l i n ) ,  and 1 2 t h  (Pacer) .  
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Tab le  3.3. Rank o f  t h e  Twelve V c h i c l e s  i n  Order  o f  S h o r t e s t  t o  
Longest  S t o p p i n g  D i s t a n c e  on  Dry Concre te  and on Wet 
Jenn i  t e  f o r  S t r a i  g h t - L i  ne and In -A-Turn  S tops ,  

D ry  Concre te  - --.-- 

Tu rn  S t r a i g h t  -- 
T o r i n o  

Monte C a r l  o  

P i n t o  Wagon 

Bu i  ck LeSabre 

Vol vo 

Dodge Monaco 

Fu ry  

Cheve t te  

F o r d  LTD 

11 1 0  Nova 

9 11 G r e m l i n  

12  1 2  Pacer  

Wet J e n n i t e  - 
S t r a  i g h.t_ 

1  Monte C a r l o  

2 Bu i  ck  LeSabre 

3 Dodge Monaco 

4 Fury  

5 F o r d  LTD 

6 Nova 

7 Chevet te  

8 P i n t o  Wagon 

9 T o r i n o  

Tu rn  -- 
2 

1  

3 

4 

7 

6 

8 

5 

9 

1 0  Greiril i n  11 

11 Vo lvo  1 0  

1 2  Pacer 12  

Comparing s t r a i g h t - 1  i n e  b r a k i n g  r a n k  on d r y  c o n c r e t e  and wet  j e n n i  t e :  

1 shows no change 

8 show improvement o f  f r o m  1  t o  4 p o s i t i o n s  

3 show d r a s t i c  d rops  o f  f r o m  5 t o  8 p o s i t i o n s  

Comparing s t r a i g h t  t o  t u r n  r a n k :  

On d r y  conc re te ;  t h e  l a r g e s t  change i s  2 p o s i t i o n s  

8 change 1  o r  0  p o s i t i o n s  

On we t  j e n n i t e ;  t h e  l a r g e s t  change i s  3 p o s i t i o n s  

10 change 1 o r  0 p o s i t i o n s  



On the LO-CO surface (Figure 3 .4) ,  the difference in s t ra ight-  

l i ne  braking performance between large and small cars was more 

pronounced, with the average stopping distance for the small cars 

being 24 fee t  (24%) longer than for  the large cars .  The Monte Carlo 

stopped in the shortest  distance, 87 fee t ,  and the Pacer ranked 12th 

with 150 f ee t .  Looking a t  the change in rank order which i s  seen t o  
occur between the H I - C O  and LO-CO s t r a igh t - l ine  braking t e s t s  

(Table 3 .3 ) ,  eight  vehicles show a difference ranging from 1 t o  4 

rank poisi t ions,  one vehicle shows no change (Pacer) and three show 

rather large decreases in rank of from 5 t o  8 posit ions.  We also 

note that  o n  the LO-CO surface, the Chevrolet Monte Carlo remained 

top ranked while the previously f irst-ranked Ford Torino dropped t o  
ninth place. 

Two items which a re  of i n t e r e s t  r e la t ive  t o  the braking-in-a- 

turn data are the matters of l e f t - to - r igh t  asymmetry and the d i f fe r -  

ence between stopping distance capabi 1 i t i e s  measured in straight-1 ine 

and braking-in-a-turn t e s t s .  Froin Figures 3 . 3  and 3.4 i t  can be 

seen tha t  both asymmetry in performance a n d  s t ra igh t  versus turn 

differences were generally small. On the HI-CO surface the average 

asymmetry was 5.6 f ee t  for  the large cars and 9 .3  fee t  fo r  the small 

ca r s ,  o r  an  overall average of 7 . 5  f e e t .  Nine o u t  of twelve vehicles 

exhibited the i r  longest stopping distance turning r i gh t ,  b u t  for 

three of these the difference was three fee t  o r  l e ss .  On the LO-CO 

surface, the average asymmetry was 7.1 f ee t  for  the large cars and  

4 . 5  f e e t  for  the small cars,  or 5.8 fee t  overa l l ,  a n d  f ive  out of 

twelve had t he i r  longest stopping distance turning r igh t .  The Nova 
had the larges t  asymnietry on the HI-CO surface (17 f e e t  longer in a 
r igh t  t u rn ) ,  b u t  on the LO-CO surface, the asymmetry was only s ix  

fee t  longer, in a l e f t  turn. O n  the LO-CO the high ranking Monte 

Carlo exhibited the larges t  asynimetry, 23 fee t  longer, in a l e f t  turn ,  

b u t  on the H I - C O  i t  stopped in a distance only one foot longer, in 

a r igh t  turn.  



To cornpare s t r a i g h t  and i n - a - t u r n  s t o p p i n g  d i s t a n c e s ,  t h e  

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

used. The d i f f e r e n c e s  expressed as  a  pe rcen tage  o f  t h e  s t r a i g h t -  

l i n e  v a l u e  a r e  shown i n  T a b l e  3.4. The sma l l  c a r  average d i f f e r e n c e  

was 7 . 2 %  on t l I - C O  and 3 . 9 b n  LO-CO and t h e  l a r g e  c a r  average 

d i f f e r e n c e  was 1 .4% on HI-CO and 7 . 6 %  on  LO-CO. Over a l l  t w e l v e  

v e h i c l e s  t h e  average d i f f e r e n c e  was 4 .3% on HI-CO and 5 . 7 %  o n  LO-CO. 

On t h e  HI-CO t e s t ,  one c a r  s topped i n  a  s h o r t e r  d i s t a n c e  i n  t h e  

t u r n  and f o u r  c a r s  s topped s h o r t e r  i n  t h e  t u r n  on t h e  LO-CO t e s t .  

R e f e r r i n g  a g a i n  t o  Tab le  3.3, where t h e  v e h i c l e s  a r e  ranked  a c c o r d i n g  

t o  s t o p p i n g  d i s t a n c e  performance,  i t  i s  seen t h a t  on  t h e  111-CO t e s t  

t h e  l a r g e s t  change i n  r a n k  between t h e  s t r a i g h t  and i n - a - t u r n  t e s t  

i s  two p o s i t i o n s  and on  t h e  LO-CO t e s t ,  t h r e e  p o s i t i o n s .  

A f i n a l  p o i n t  o f  i n t e r e s t  w i t h  r e s p e c t  t o  t hese  d a t a  i s  t h e  

spread i n  s t o p p i n g  d i s t a n c e  o v e r  t h e  t h r e e  runs  wh ich  were conducted 

a t  t h e  optimum peda l  f o r c e  l e v e l  f o r  each t e s t ;  i .e., a  measure o f  

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

t h e  t h r e e  r e p e a t e d  s t o p p i n g  d i s t a n c e s  was 7 . 5  f e e t .  Expressed as a  

percentage o f  t h e  niinimuin s t o p p i n g  d i s tance ,  t h e  average was 5%.  

Note  t h a t  t h i s  i s  v e r y  c l o s e  t o  t h e  average percentage d i f f e r e n c e  

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

These d a t a  i n d i c a t e  t h a t  1  i t t l e  d i s c r i m i n a t i o n  i n  per formance 

i s  g a i n e d  f rom b r a k i n g - i n - a - t u r n  t e s t s  o v e r  what  i s  l e a r n e d  f rom 

s t r a i g h t - 1  i n e  t e s t s  where s t o p p i n g  d i s t a n c e  i s  t h e  o n l y  per formance 

measure. 

B r a k i n g  e f f i c i e n c y  1  eve1 s  [I] were computed f o r  each v e h i c l e  

u s i n g  t h e  s h o r t e s t  measured s t o p p i n g  d i s t a n c e s  f r o m  t h e  HI-CO and 

LO-CO s t r a i g h t - l i n e  b r a k i n g  t e s t s  and t h e  peak s u r f a c e  f r i c t i o n  

c h a r a c t e r i s t i c s  wh ich  were p l o t t e d  i n  F i g u r e  3.1. The b r a k i n g  e f f i -  

c i e n c y  r e s u l t s  a r e  t a b u l a t e d  i n  Tab le  3.5. B r a k i n g  e f f i c i e n c y  i s  

d e f i n e d  by t h e  e x p r e s s i o n :  

I d e a l  S t o p j i n g  D i s t a n c e  o f  Reference V e h i c l e  E f f ,  = -- - 
Measured S t o p p i n g  D is tance  o f  Real V e h i c l e  



Table 3.4. Percentage Difference Between Straight-Line and 
In-a-Turn Stopping Di s tance .  

Dry Concrete Wet Jenni t e  

Chevette 

Pinto Wagon 

Greml i n 
No va 

Pacer 

Volvo 244 

Small Car Average 7 .2% 3.9% 

Monte Carlo 

Fury 

Tori no 

Buick LaSabre 

Ford LTD 

Dodge Monaco 

Large Car Average 1 . 4 %  7.6% 

Overall Average 4.3% 5.7% 

*In-a-turn stopping d is tance  shor t e r  than s t r a i g h t - l i n e  
stopping d is tance .  



Table 3.5. B r a k i n g  E f f i c i e n c i e s  o f  12 V e h i c l e s  on H igh  C o e f f i c i e n t  
and on Low C o e f f i c i e n t  Sur faces .  

V e h i c l e  

C hevet  t e  

P i n t o  Wagon 

Greml i n  

Nova 

Pacer 

Volvo 244 

Monte C a r l o  

Fury 

T o r i  no 

Bui  ck LaSabre 

Ford  LTD 

Dodge Monaco 

Average 

HI-CO 
Brushed Concre te  

LO- CO 
Wet J e n n i t e  

*Higher u t i l i z a t i o n  of LO-CO s u r f a c e  than  o f  HI-CO s u r f a c e .  



By t h i s  measure, f i v e  o u t  o f  t h e  s i x  l a r g e  v e h i c l e s  ach ieved 

s l i g h t l y  h i g h e r  u t i l i z a t i o n  o f  t h e  wet LO-CO s u r f a c e  t h a n  o f  t h e  

HI-CO s u r f a c e .  O v e r a l l ,  however, t h e  v e h i c l e s  averaged 5.8% h i g h e r  

u t i l i z a t i o n  o f  t h e  HI-CO s u r f a c e  than  t h e y  d i d  o f  t h e  LO-CO su r -  

f a c e .  The Vo lvo  r e g i s t e r e d  t h e  g r e a t e s t  d i f f e r e n c e  ( 1  9.5%) w i t h  

78.8% e f f i c i e n c y  on  d r y  brushed c o n c r e t e  and 59.3% on wet  j e n n i  t e .  

A t  t h e  c o n c l u s i o n  o f  t h e  su rvey  t e s t  program, s t r a i g h t - 1  i n e  

s p l i t  c o e f f i c i e n t  b r a k i n g  t e s t s  were made w i t h  t h e  Dodge Monaco 

( f r o m  an i n i t i a l  v e l o c i t y  o f  40 mph) on each o f  t h e  t h r e e  s p l i t  

c o e f f i c i e n t  s u r f a c e s  p r o v i d e d  by t h e  j u n c t i o n s  o f  t h e  f o u r  t e s t  lanes .  

Minimum s t o p p i n g  d i s t a n c e  t e s t s  were a l s o  made on each o f  t h e  fou r  

s u r f a c e s  taken  s i n g l y  t o  q u a n t i f y  t h e i r  r e s p e c t i v e  peak f r i c t i o n  

c h a r a c t e r i s t i c s .  The r e s u l t s  o b t a i n e d  a r e  p l o t t e d  i n  F i g u r e  3.5 .  

C l e a r l y ,  t h e  s t o p p i n g  d i  s tances measured on homogeneous su r faces  do 

n o t  r e l a t e  w e l l  t o  t h e  s u r f a c e  s k i d  numbers. T h i s  l a c k  o f  c o r r e l a -  

t i o n ,  o f  course ,  i s  l a r g e l y  due t o  t h e  f a c t  t h a t  peak f r i c t i o n  

c o e f f i c i e n t  r a t h e r  t h a n  s l i d i n g  f r i c t i o n  o r  s k i d  number i s  t h e  char -  

a c t e r i  s t i  c  o f  t h e  t i r e / r o a d  i n t e r f a c e  wh ich  1  i m i  t s  wheel s-unlocked 

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

Minimum s t o p p i n g  d i s t a n c e  on t h e  brushed c o n c r e t e  (SN40 = 50) 

was seen t o  be o n l y  s i x  f e e t  s h o r t e r  t han  on t h e  p o l i s h e d  c o n c r e t e  

(SN40 = 151, i n d i c a t i n g  t h a t  t h e  peak f r i c t i o n  l e v e l s  on these  su r -  

f a c e s  were c l o s e  t o  t h e  same a1 though t h e  r a t i o  o f  t h e  s k i d  numbers 

was g r e a t e r  t han  t h r e e  t o  one. W i t h  approximately t h e  same peak 

f r i c t i o n  va lues  on each s i d e  o f  t h e  s p l i t ,  i t  f o l l o w s  t h a t  t h e  s t o p p i n g  

d i s t a n c e  on  t h e  s p l i t  was e s s e n t i a l l y  t h e  same as o n  t h e  su r faces  on 

each s i d e .  Fur thermore ,  t h e  wheel l o c k  p a t t e r n  was seen t o  be t h e  

same i n  t h e  f o u r  cases w i t h  b o t h  r e a r  wheels l o c k i n g  th rough  t h e  l a s t  

t e n  t o  twen ty  f e e t .  

The l a r g e s t  s p l i t  i n  peak f r i c t i o n  v a l u e s  was between t h e  epoxy 

and brushed c o n c r e t e  s u r f a c e s  as i n d i c a t e d  by t h e  l a r g e  d i f f e r e n c e  

(38 f e e t )  i n  t h e  s t o p p i n g  d i s t a n c e  r e s u l t s  o b t a i n e d  on t h e  separa te  
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s u r f a c e s .  On t h e  s p l i t ,  t h e  minimum s t o p p i n g  d i s t a n c e  was ach ieved  

w i t h  b o t h  l o w  c o e f f i c i e n t - s i d e  wheels l o c k e d  th rough  t h e  l a s t  f o r t y  

f e e t  o f  t h e  r u n .  On t h i s  s p l i t  f r i c t i o n  s u r f a c e ,  t h e  s t o p p i n g  d i s -  

t a n c e  was t h r e e  f e e t  s h o r t e r  t han  was measured on t h e  epoxy su r face .  

W i t h  t h e  wheels l o c k e d  on t h e  l o w  c o e f f i c i e n t  s i d e  o f  t h e  v e h i c l e ,  

a  yaw moment was genera ted  wh ich  caused t h e  v e h i c l e  t o  d r i f t  t oward  

t h e  h i g h  c o e f f i c i e n t  s i d e  o f  t h e  s p l i t ,  d e s p i t e  the  d r i v e r ' s  s t e e r -  

i n g  e f f o r t .  An a t t e m p t  t o  a p p l y  an even h i g h e r  pedal f o r c e  and thus  

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

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

i n  l o s s  o f  v e h i c l e  c o n t r o l .  Thus, i n  t h i s  s p l i t  f r i c t i o n  s u r f a c e  

c o n d i t i o n ,  t h e  minimum s t o p p i n g  d i s t a n c e  was 1  i m i t e d  by v e h i c l e  con- 

t r o l l a b i l  i t y  r a t h e r  t h a n  by  t h e  maximum t r a c t i o n  a v a i l a b l e .  

The i nc remen t  i n  peak f r i c t i o n  e x i s t i n g  between t h e  j e n n i t e  

and epoxy s u r f a c e s  i s  seen t o  be i n t e r m e d i a t e  between t h e  peak 

f r i c t i o n  incre t l ien ts  c h a r a c t e r i z i n g  t h e  o t h e r  two s p l i t  f r i c t i o n  s u r -  

f a c e s .  Minimum s t o p p i n g  d i s t a n c e s  measured on t h e  j e n n i t e  and epoxy 

s u r f a c e s  s e p a r a t e l y  d i f f e r e d  by  o n l y  f o u r t e e n  f e e t .  On t h e  j e n n i t e /  

epoxy s p l i t ,  t h e  s t o p p i n g  d i s t a n c e  was t h e  same as on  t h e  j e n n i t e  

a l o n e .  A l t h o u g h  t h i s  r e s u l t  i s  a  few f e e t  s h o r t e r  t han  expected f o r  

t h e  s p l i t  c o n d i t i o n ,  t h e  r e s u l t  i s  reasonab le  i n  c o n s i d e r a t i o n  o f  

t h e  t y p i c a l  da ta  v a r i a b i l i t y  i n  t hese  b r a k i n g  t e s t s .  

3.2 Q u a s i - S t a t i c  A n a l y s i s  

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

q u a s i - s t a t i c  a n a l y s i s ,  was conducted i n  o r d e r  t o  unders tand some 

f i r s t - o r d e r  s e n s i t i v i t i e s  o f  v e h i c l e  per fo rmance t o  t h e  t ypes  o f  

b ra  k i  ng maneuvers under c o n s i d e r a t i o n  i n '  t h i  s  s tudy .  The r e s u l t s  

of t h e  c a l c u l a t i o n s  were examined and used t o  p l a n  t h e  t e s t i n g  p r o -  

cedu res  d e s c r i b e d  i n  t h e  n e x t  s e c t i o n .  

T h i s  s e c t i o n  surnmarizes t h e  quas i  - s t a t i c  a n a l y s i s  by d e s c r i  b-  

i n g  t h e  model wh ich  was used, t h e  v a r i o u s  c o n d i t i o n s  wh ich  were 



cons ide red ,  and t h e  r e s u l t i n g  o b s e r v a t i o n s  on  t h e  d i f f e r e n t  mech- 

anisnis i n v o l v e d  i n  1  i m i t  b r a k i n g .  A more comple te  documenta t ion  

o f  t h i s  e f f o r t  i s  i n c l u d e d  i n  Appendix B.  

3.2.1 Q u a s i - S t a t i c  Mode l .  The model used i n  t h e  q u a s i -  

s t a t i c  s t u d y  c o n s t i t u t e s  a  s i m p l e  r e p r e s e n t a t i o n  o f  a  four -whee led 

v e h i c l e  w i t h  c o n v e n t i o n a l  ( n o n - a n t i l o c k )  b rakes .  The model i s  quas i  - 
s t a t i c  i n  t h e  sense t h a t  l o a d  t r a n s f e r  t akes  p l  ace i n s t a n t a n e o u s l y  

s i m p l y  as  a  f u n c t i o n  o f  k i n e m a t i c  r e l a t i o n s h i p s .  For  t h e  case o f  

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

as w e l l  as l o n g i t u d i n a l  a c c e l e r a t i o n  l e v e l .  Thus t h e  model i s  

s u i t a b l e  f o r  e v a l u a t i n g  t h e  i n c i d e n c e  o f  wheel l o c k u p  wh ich  occu rs  

i m m e d i a t e l y  f o l l o w i n g  pedal  app l  i c a t i o n ,  b u t  does n o t  account  f o r  

t h e  e f f e c t s  o f  d i m i n i s h i n g  l a t e r a l  a c c e l e r a t i o n  as t h e  v e h i c l e  s lows 

down. 

The parameters  needed t o  d e f  i ne a  q u a s i  - s t a t i  c  model wh ich  

can r e p r e s e n t  s t r a i g h t - 1  i n e  and i n - a - t u r n  b r a k i n g  maneuvers, on  

u n i f o r m  and s p l  i t - c o e f f  i c i e n t  su r faces ,  a r e  d e s c r i b e d  i n  t h e  f o l  l ow-  

i n g  t h r e e  groups:  

P i t c h  P lane  Parameters.  The parameters i nvo l  ved a r e :  

AIL, w h i c h  i d e n t i f i e s  t h e  l o n g i t u d i n a l  p o s i t i o n ,  A, 

o f  t h e  c  .g .  ( c e n t e r  o f  g r a v i t y )  beh ind  t h e  f r o n t  a x l e ,  

r a t i o e d  t o  t h e  l e n g t h ,  L, o f  t h e  wheelbase; H/L, wh ich  

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

wheelbase and a c t s  as a  mechanical  " g a i n "  wh ich  d e t e r -  

mines t h e  amount o f  l o a d  t r a n s f e r  due t o  t h e  v e h i c l e  

d e c e l e r a t i o n ;  and P, t h e  b rake  p r o p o r t i o n i n g ,  wh ich  

g i v e s  t h e  p o r t i o n  o f  t h e  t o t a l  b r a k i n g  t o r q u e  wh ich  

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

2. T i re /Road F r i c t i o n a l  C h a r a c t e r i s t i c s .  The b r a k i n g  f o r c e  

c a p a b i l i t y  o f  a  p a r t i c u l a r  t i r e l s u r f a c e  comb ina t i on  i s  

d e s c r i b e d  by  t h e  f r i c t i o n  c o e f f i c i e n t s  u and us,  wh ich  
P 

co r respond  t o  peak and s l  i d e  va lues ,  r e s p e c t i v e l y .  The 



braking force present a t  the t i  re/road interface 

i s  proportional t o  the brake torque, as long as the 

brake force/normal force r a t i o  i s  l e s s  than p I f  
P 

the braking torque i s  such tha t  the brake force/ 

normal force r a t i o  would be greater  t h a n  p the 
P' 

wheel locks u p ,  and the braking force i s  then equal 

t o  the  product of the normal force and p s .  A s p l i t  

coeff ic ient  surface i s  represented when p a n d  us 
P 

d i f f e r  between the r ight-  and left-hand sides of the 

vehicle. For t h i s  analys is ,  s ix  surface types were 

defined. The surface types comprised three uniform 

surfaces (a  high coef f i c ien t ,  a medium coeff ic ient ,  

a n d  a low coeff ic ient  surface) and three s p l i t  coeff i -  

c ien t  surfaces (two of which had the same average of 

the r ight-  and left-hand coeff ic ients ,  and two of which 

had the same f r i c t iona l  increment between the r ight-  

and  left-hand s i de s ) .  

3 .  Roll Plane Parameters. The braking-in-a-turn maneuver 

involves def in i t ion of one input condition and two 

vehicle properties: A , the constant l a te ra l  accelera- 
Y 

t ion level ( i n  g ' s ) ,  H/W, the r a t i o  of the c.g.  height 

to  the track width of the vehicle,  and C the  ro l l  
4 , 

dis t r ibu t ion ,  which gives the percentage of the to ta l  

l a t e r a l  load t ransfer  which accrues a t  the f ron t  axle .  

The 1  imi t braking performance fo r  a  part icular  s e t  of parameter 

values was found by assuming a  (small ) brake torque l eve l ,  balancing 

pitch and ro l l  moments to  determine the ver t ica l  load on each t i r e ,  

checking each wheel for  lockup, and calculat ing the resul t ing 

deceleration and stopping distance.  The brake torque level was then 

increased by a small aniount, and the calculat ion repeated. This 

sequence was continued until  both wheels on the same axle were found 

to lock. At t h i s  tinie, the r e su l t s  which gave the lowest stopping 

distance were recorded. As t h i s  procedure was progra~nnied on a  coni- 

puter, the large nuiliber of i t e ra t ions  could be accoi~ipl i  shed 

economically and expediently. 



The r e s u l t s  o f  t hese  c a l c u l  a t i o n s  were u l  t i m a t e l  y expressed 

i n  terms o f  b r a k i n g  e f f i c i e n c y ,  t h e r e b y  r a t i o i n g  a  g i v e n  v e h i c l e ' s  

performance t o  t h e  b e s t  performance 1  eve1 ach ievab le  i n  s t r a i g h t -  

l i n e  b r a k i n g  by t h a t  v e h i c l e  on t h a t  s u r f a c e  i f  t h e  v e h i c l e  were 

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

f o l  l o w i n g  r a t i o n a l e :  I n  a c t u a l  b r a k i n g  s i t u a t i o n s ,  we cannot  exer -  

c i s e  any cho ice  o v e r  s u r f a c e  f r i c t i o n  c o n d i t i o n s  wh ich  p r e v a i l ;  

s u r f a c e  c o n d i t i o n s  must s i m p l y  be accepted and v e h i c l e  brake systems 

must  be judged on t h e i r  a b i l i t y  t o  maximize t h e i r  u t i l i z a t i o n  o f  

t h e  f r i c t i o n a l  c o n s t r a i n t  t o  mi  n i l n i z e  s t o p p i n g  d i s t a n c e s .  S ince  t h e  

b e s t  t h a t  a  conven t iona l  n o n - a n t i l o c k - e q u i p p e d  v e h i c l e  can do i s  

be i d e a l l y  p r o p o r t i o n e d  i n  i t s  f r o n t / r e a r  brake t o r q u e  d i s t r i b u t i o n ,  

i t  i s  reasonab le  t o  r a t e  b r a k i n g  performance by r a t i o i n g  a  v e h i c l e ' s  

measured performance t o  t h e  "maximum u t i l  i z a t i o n "  case. 

Because s p l  i t  c o e f f i c i e n t  su r faces  were cons idered,  some o f  

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

100%-an occur rence which  i s  i m p o s s i b l e  w i t h  u n i f o r m  f r i c t i o n  s u r -  

f aces .  T h i s  anomaly occu rs  when t h e  s p l  i t  f r i c t i o n  s u r f a c e  i s  

a r ranged  such t h a t  t h e  h e a v i l y  loaded,  o u t s i d e  t i r e s  r u n  on t h e  h i g h  

f r i c t i o n  s i d e  of  t h e  s p l  i t .  R a t i o i  ng minimum s t o p p i n g  d i  s tances 

o b t a i n e d  i n  t h i s  case t o  t h e  r e f e r e n c e  n~ininluln d i s t a n c e  a c h i e v a b l e  

i n  a  s t r a i g h t  1 i n e  can y i e l d  e f f i c i e n c i e s  above 100%. 

The q u a s i - s t a t i c  a n a l y s i s  was conducted i n  two d i s t i n c t  s tages.  

F i r s t ,  t h e  s e n s i t i v i t y  o f  b r a k i n g  e f f i c i e n c y  performance t o  ma jo r  

parameters such as t h e  b rake  p r o p o r t i o n i n g  v a l u e  was e s t a b l  i shed. 

The r e s u l t s  o f  t hese  c a l c u l a t i o n s  were examined, and va lues f o r  

v e h i c l e  paranieters and t e s t  i n i t i a l  c o n d i t i o n s  were s e l e c t e d .  The 

s e l e c t i o n s  were made t o  p e r m i t  examina t ion  o f  a few v e h i c l e  c o n f i g -  

u r a t i o n s  wh ich  r e p r e s e n t e d  t h e  w i d e s t  reasonab le  range o f  t hose  

parameters most i n f l  uenc ing b r a k i n g  e f f i c i e n c y .  Second, a  m a t r i x  

was for l i iu la ted wh ich  c o n t a i n e d  120 combinat ions  o f  t h e  parameter 

va lues  s e l e c t e d  i n  t h e  f i r s t  s tage,  and t h e  b r a k i n g  e f f i c i e n c y  

a s s o c i a t e d  w i t h  each comb ina t ion  was c a l c u l  a ted .  



3.2.2 D i s c u s s i o n  o f _ C a l c u l a t e d  R e s u l t s .  The q u a s i - s t a t i c  

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

capabi  1  i t i e s  o v e r  niany opera ti ng c o n d i t i o n s .  The r e s u l  t s  o f  t h e  

c a l c u l a t i o n s ,  p resented i n  Appendix B, a r e  t h e  b a s i s  f o r  t h e  f o l l o w -  

i n g  o b s e r v a t i o n s :  

1 .  The c h o i c e  o f  f r o n t l r e a r  p r o p o r t i o n i n g  i s  seen as 

t h e  parameter most  i n f l u e n t i a l  i n  de te rm in ing  b r a k i n g  

e f f i c i e n c y  o v e r  t h e  s t r a i g h t  and cu rved -pa th  b r a k i n g  

cases u s i n g  h igh ,  l ow ,  and s p l i t  f r i c t i o n  c o n d i t i o n s .  

The e f f e c t s  o f  o t h e r  parameters o f t e n  depend on  t h e  

r e l a t i o n  between t h e  p r o p o r t i o n i n g ,  t h e  f r o n t l r e a r  

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

As t h e  comb ina t ion  o f  s u r f a c e  and maneuver ing cond i -  

t i o n s  becomes complex, b r a k i n g  e f f i c i e n c y  becomes an 

i n c r e a s i n g l y  cornpl i c a t e d  f u n c t i o n  o f  p r o p o r t i o n i n g  and 

o t h e r  parameters .  When b r a k i n g  i n  a  s t r a i g h t  l i n e  on 

a u n i f o r m  s u r f a c e ,  two 1  i m i  t i n g  mechanisms e x i  s t - that  

i s ,  per formance i s  l i m i t e d  by t h e  imminent  l o c k u p  o f  

e i t h e r  b o t h  f r o n t  o r  b o t h  r e a r  wheels.  When b r a k i n g  i n  

a  t u r n ,  as  many as e i g h t  d i f f e r e n t  l i m i t i n g  mechanisms 

can be i d e n t i f i e d  f o r  a  g i v e n  v e h i c l e  o v e r  t h e  range  o f  

b rake  p r o p o r t i o n i n g .  As a  r e s u l t  o f  t h e  added com- 

p l e x i t y ,  i t  was seen t h a t  t h e  o v e r a l l  s e n s i t i v i t y  o f  

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

parameters i s  decreased,  s i n c e  as one pe r fo rn iance - l i r n i t -  

i n g  mechanism c o n s t r a i n s  e f f i c i e n c y  i n  a  c e r t a i n  f r i c -  

t i o n  l e v e l  regime, i t  i s  p o s s i b l e  f o r  d i f f e r e n t ,  more 

e f f i c i e n t  mechanisms t o  dominate i n  s u r f a c e  f r i c t i o n  

regimes t h a t  a r e  e i t h e r  h i g h e r  o r  l o w e r  than  the  reg ime 

i n  q u e s t i o n .  



The change i n  e f f i c i e n c y  between s t r a i g h t - l i n e  and 

i n - a - t u r n  b r a k i n g  on a un i form sur face  v a r i e s  con- 

s i d e r a b l y  and depends on t h e  r e l a t i o n s h i p  between t h e  

p r o p o r t i o n i n g  va lue  and t h e  a v a i l a b l e  f r i c t i o n .  W i t h  

p r o p o r t i o n i n g  p e r f e c t l y  matched t o  t h e  f r i c t i o n  l e v e l  

f o r  s t r a i g h t - l i n e  b rak ing ,  b r a k i n g  e f f i c i e n c y  was seen 

t o  reduce by as much as 18% when b r a k i n g  i n  a  t u r n .  

On o t h e r  surface f r i c t i o n  l e v e l s ,  t h e  same v e h i c l e  w i l l  

e x h i b i t  b r o a d l y  v a r y i n g  s t r a i g h t  versus t u r n  d i f f e r -  

ences-in one case t h e  i n - a - t u r n  e f f i c i e n c y  was seen 

t o  be 16% h igher  than s t r a i g h t - l i n e  e f f i c i e n c y .  

4 .  On s p l i t  c o e f f i c i e n t  sur faces,  t h e  change from s t r a i g h t -  

1  i n e  t o  i n - a - t u r n  b r a k i n g  g e n e r a l l y  r e s u l t e d  i n  a  

h i g h e r  e f f i c i e n c y .  The average l e v e l  o f  b r a k i n g  e f f i -  

c i e n c y  on t h e  sp l  i t  c o e f f i c i e n t  surfaces was observed 

t o  be about 10% h i g h e r  than on t h e  u n i f o r m  s u r f a c e s .  

5. The i t e ~ n  most i n f l u e n c i n g  b r a k i n g  e f f i c i e n c y  i n  a  t u r n  

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

w i t h  r e s p e c t  t o  t h e  r i g h t / l e f t  placement o f  h i / l o  f r i c -  

t i o n  surfaces.  D i f f e r e n c e s  i n  e f f i c i e n c y  between r i g h t  

and l e f t  t u r n s  on a  sp l  i t  ranged from 0  t o  18%. 

6 .  Among s p l i t  f r i c t i o n  sur faces,  t h e  o n l y  d e s c r i p t i v e  

parameter found t o  u n i f o r m l y  a f f e c t  measured e f f i -  

c i e n c i e s  i s  t h e  increment  i n  f r i c t i o n  l e v e l  across 

t h e  s p l i t .  T h i s  c h a r a c t e r i s t i c  i s  seen t o  i n v a r i a b l y  

exaggerate t h e  asymnietry i n  performance between r i g h t -  

and 1  e f t -  hand t u r n s .  

7 .  The average f r i c t i o n  l e v e l  represented by t h e  p a i r  o f  

su r faces  con ipr is ing t h e  s p l i t  c o n d i t i o n  was n o t  seen 

t o  n lc thod ica l  l y  i n f l  uence e f f i c i e n c y  r e s u l t s .  Thus t h e  

s p e c i f i c a t i o n  o f  t h e  average LI l e v e l  i n c o r p o r a t e d  i n  a  

s p l i t  f r i c t i o n  t e s t  c o n d i t i o n  would appear t o  be more 

o r  l e s s  open t o  s e l e c t i o n  on t h e  b a s i s  o f  p r a c t i c a l  



considerations of f r i c t i o n  treatment techniques, and 

n o t  constrained by any technical concerns over a 
discriminatory t e s t  prac t ice .  

8.  The l a t e r a l  accelerat ion level which ex i s t s  during 

braking in a turn was found t o  impose a r e l a t i v e l y  

snial 1  i  nfl uence on braki ng e f f ic iency between the  val ues 

of 0.2 g a n d  0 .3  g A Thus a braking-in-a-turn t e s t  
Y '  

procedure could a1 te rnat ive ly  employ 1  a tera l  accelera- 

t ions between 0.2  and 0.3 g ,  obtaining generally repre- 

senta t i  ve, t h o u g h  not iden t i ca l ,  r e s u l t s  by e i t h e r  t e s t  

condition. 

9 .  The f ron t / r ea r  d i s t r ibu t ion  of r o l l  s t i f f n e s s ,  , 
has a pronounced e f f e c t  on  the r i g h t l l e f t  asymmetry 

in braki ng-i n-a-turn performance on a spl i t  coe f f i c i en t  

surface-typically (though n o t  invar iably) ,  increased 

bias in C increases asymmetry. 
4 

10. The influence of C on braking in  a turn on a  uniform 

f r i c t i o n  surface i s  mixed; sometimes increasing,  some- 

times decreasing perforniance on various surfaces.  

11. Vehicles with a r e l a t i v e l y  high value of brake torque 

proportioning, given the  longitudinal locat ion of the  

c . g . ,  tend to f a r e  cons is tent ly  poorer on any lower 

f r i c t i o n  surface,  whether braking in a  s t r a i g h t  l i n e  or 

i n  a turn.  The e f f e c t  i s  generally reduced by the use 

of proportioning valves which change the proportioning 

as a function of 1  ine pressure. 



3.3 In-Depth Test Program 

A comprehensive t e s t  program was carried out on a sample of 

f ive  passenger cars covering straight-1 ine and curved-path braking 

on high, low, and spl i t  coeff ic ient  surfaces.  In addition t o  pro- 

viding a denionstration of the re la ted  t e s t  procedures and surface 

conditions which could be integrated with the exis t ing 105-75 pro- 

cedures, these t e s t s  yielded an additional data s e t  characterizing 

representat ive braking performance 1 eve1 s of modern passenger 

vehicles under these t e s t  conditions. 

3.3.1 Test Vehicle Selection.  Four of the f i ve  vehicles were 

selected from among the twel ve-vehicle sample tested e a r l i e r  t o  
provide a broad range in stopping distance performance. The f i f t h  

vehicl e, by contractual requirement, was an anti  1 ock-equi pped ca r .  

The four conventional vehicles selected were the Chevrolet Monte 

Carlo, Ford LTD, Ford Pinto s ta t ion  wagon, and the AMC Pacer, i  . e . ,  

one from each of the four s i ze  c lasses .  Table 3.6 gives an overall 

performance summary of the original  twel ve-vehicl e sample from which 

the selection was made. Columns 1 ,  2 ,  and  5 give sums of the mini- 

m u m  stopping distances in the several t e s t s  for  each car ,  with 

performance rank (1 being the bes t )  given in parentheses. In column 
5 (Total Stopping Distance), the selected vehicles a r e  seen to rank 

the highest (Monte Carlo and Pinto wagon) and lowest (Ford LTD and 

Pacer) of a1 1 vehicles in the respective large  and small car groups. 

Considering the high and low f r i c t i o n  t e s t s  independently (columns 

1 a n d  2 ) ,  the Monte Carlo and Torino have the maximum spread in per- 

formance on the L O - C O  surface, b u t  the smallest spread in performance 

on the HI-CO surface.  Thus the selection of the Monte Carlo and LTD 

const i tu tes  a compromise in the large  car group. In the small car 
group the Pinto wagon and the Pacer give the maximum spread in per- 

formance for both surfaces. Looking a t  , s t ra ight- l ine  versus curved- 
p a t h  perfornlance, the two large cars exhibit  the larges t  difference 

values i n  column 4 for the LO-CO surface whilc on the HI-CO surface 
(column 3 )  the difference values a re  negligible f o r  a l l  the large 



Tab le  3.6. O v e r a l l  Performance F a c t o r s  o f  Twelve V e h i c l e s .  

L(ST, LT, R T ) ' M ~ ~ .  
Stop.  D is tance,  F t .  

Dry - Wet 

Chevet te  544 (1  0)' 345 ( 8 )  

P i n t o  Wagon 494 ( 3 )  327 ( 6 )  

Greml i n  543 ( 9 )  393 (11 )  

Nova 566 (11 ) 328 ( 7 )  

Pacer 646 ( 1 2 )  453 (12 )  

Volvo 244 500 ( 5 )  377 (10 )  

Monte C a r l o  471 ( 2 )  292 ( 1 )  

Fu ry  513 ( 7 )  308 ( 4 )  

T o r i n o  462 ( 1 )  348 ( 9 )  

Bu i  ck  
LeSa b r e  491 ( 4 )  297 ( 2 )  

F o r d  LTD 524 ( 8 )  321 ( 5 )  

Dodge Monaco 500 ( 6 )  306 ( 3 )  

S t r a i g h t - T u r n  
% D i f f e r e n c e  --- 
Dryw 

T o t a l  S top.  
D i s tance ,  F t .  

*S topp ing d i s t a n c e  i n  a  t u r n  i s  s h o r t e r  t han  t h a t  ach ieved i n  
s t r a i g h t  l i n e .  

t 
Numbers i n  t hese  c o l  umns r e p r e s e n t  t h e  sunimation o f  minimum 
s t o p p i n g  d i s t a n c e  va lues  measured i n  a  s t r a i g h t  l i n e  and i n  
l e f t -  and r i g h t - h a n d  t u r n s .  

 umbers i n  parentheses r e p r e s e n t  a  r a n k  o r d e r  w i t h  (1  ) b e i n g  
b e s t  per formance.  



c a r s .  Among t h e  smal l  c a r s  t h e  P i n t o  e x h i b i t e d  t h e  l a r g e s t  

d i f f e r e n c e  va lues  i n  i t s  per formance on t h e  LO-CO s u r f a c e  and t h e  

Pacer e x h i b i t e d  t h e  1  a r g e s t  d i f f e r e n c e  va lues  on t h e  111-CO s u r f a c e .  

On t h e  b a s i s  o f  t h e s e  o b s e r v a t i o n s ,  i t  was expected t h a t  a  broad 

range  i n  s t o p p i n g  d i s t a n c e  behav io r  would be covered by t e s t i n g  t h e  

s e l e c t e d  sample. 

Upon f i n d i n g  t h a t  a  1976 Pacer and a  1976 P i n t o  s t a t i o n  wagon 

c o u l d  n o t  be r e n t e d  f o r  t he  i n - d e p t h  t e s t  program, a  1977 Pacer and 

a  1977 Mercury  Bobcat  s t a t i o n  wagon were s u b s t i t u t e d .  These a1 t e r -  

n a t e  cho i ces  were made a f t e r  d e t e r m i n i n g  t h a t  e s s e n t i a l  l y  no changes 

were made f rom 1976 t o  1977 i n  t h e  des ign  o f  t h e  AMC Pacer and t h a t  

t h e  d i f f e rences  between- t h e  1976 P i n t o  and t h e  1977 Bobcat  wagons 

were p r i n c i p a l l y  cosmet i c .  The Monte C a r l o  and t h e  Ford  LTD were 

t h e  same v e h i c l e s  as had been used i n  t h e  su rvey  t e s t  program. 

The f i f t h  t e s t  v e h i c l e ,  a  four -whee l  - a n t i l o c k - e q u i p p e d  1976 

Nova, was l oaned  t o  t h e  p r o j e c t  by t h e  Kel  sey-Hayes C o r p o r a t i o n .  

The Kel sey-Hayes a n t i l o c k  system i n s t a l l e d  o n  t h i s  v e h i c l e  was a  

two-modul a  t o r  system empl o y i  ng sepa ra te  ax1 e  c o n t r o l  on  t h e  f r o n t  

and r e a r  wheels.  T h i s  system i s  conipr ised o f  two hyd rau l  i c - s u p p o r t e d  

b rake  p ressu re  modu la to rs  ( h y d r a u l i c  p r e s s u r e  i s  d e r i v e d  f rom t h e  

v e h i c l e ' s  power s t e e r i n g  pump), a  p r o p e l l o r  s h a f t  sensor p r o v i d i n g  

average r e a r  wheel v e l o c i t y  data,  two f r o n t - w h e e l  r o t a t i o n  sensors 

t h e  o u t p u t s  o f  wh ich  a r e  used t o  o b t a i n  t h e  average v e l o c i t y  o f  t h e  

f r o n t  wheels, and t h e  a s s o c i a t e d  e l e c t r o n i c  modules. 

3 .3 .2  -- Test  S i t e  and - Exper imenta l  -- Procedures .  T h i s  comprehen- 

s i v e  t e s t  s e r i e s  was performed under s u b c o n t r a c t  by t h e  personnel  

o f  t h e  Bendix Autoniot ive P r o v i n g  Grounds a t  t h e  Bendix t e s t  f a c i l i t y  

near  South  Bend, I n d i a n a .  

The s i x  b r a k i n g  t e s t  courses r e q u i r e d  f o r  t h e  program were l a i d  

o u t  on  t h e  Bendix V e h i c l e  Dynamics T e s t  Area, as shown i n  F i g u r e  3 .6 .  

The LO-CO and HI-CO s t r a i g h t  and cu rved  courses  and t h e  SP-CO 

s t r a i g h t  course  were p laced  on  e x i s t i n g  su r faces  o f  a s p h a l t  and 

j e n n i t e ,  as shown i n  t h e  f i g u r e .  A  new, s i x - f o o t - w i d e  s t r i p  o f  
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Figure  3 . 6 .  Locat ion  o f  the s i x  t e s t  c o u r s e s  on the Veh ic le  Dynamics T e s t  Area a t  
Bendix Automotive Proving Grounds. 



j e n n i t e  c o a t i n g  was l a i d  down o v e r  t h e  e x i s t i n g  base a s p h a l t  f o r  

t h e  curved SP-CO course.  As i l l u s t r a t e d  i n  F i g u r e  3.7, t h e  same 

j e n n i t e  s t r i p  was used i n  f o u r  combinat ions  o f  SP-CO i n - a - t u r n  

t e s t s ,  i . e . ,  t u r n i n g  b o t h  l e f t  and r i g h t  w i t h  t h e  LO-CO s u r f a c e  

on t h e  i n s i d e  and o u t s i d e  o f  t h e  cu rve .  

A l l  o f  t h e  t e s t  s u r f a c e s  were c h a r a c t e r i z e d  by peak and 

s l i d i n g  f r i c t i o n  measurements niade once d u r i n g  each week i n  wh ich  

v e h i c l e  b r a k i n g  t e s t s  were r u n .  Measures were taken w i t h  t h e  

Bendix ASTM s k i d  t r a i l e r  and t h e  DOT Sur face  F r i c t i o n  Dynamometer 

(SFD) . A  comple te  p r e s e n t a t i o n  o f  t h e  o b t a i n e d  s u r f a c e  f r i c t i o n  

d a t a  i s  con ta ined  i n  Appendix C .  F i g u r e  3.8 i s  a  p l o t  of t h e  data  

o b t a i n e d  on t h e  HI-CO s t r a i g h t  s u r f a c e .  The s o l  i d  l i n e s  connect  

t h e  h i g h  va lues  and t h e  l o w  va lues  of t h e  two measures made on 

each d a t e  w i t h  t h e  SFD. The broken 1 i n e s  connect  t h e  da ta  p o i n t s  

o b t a i n e d  w i t h  t h e  Bendix s k i d  t r a i l e r ,  each p o i n t  r e p r e s e n t i n g  t h e  

average o f  t h e  r e a d i n g s  f rom t h e  l e f t  and r i g h t  s k i d  t r a i l e r  t i r e ;  

each i s  a l s o  averaged o v e r  as many as t h r e e  r u n s .  Data f rom t h e  

Bendix s k i d  t r a i l e r  i s  i ncomp le te  because o f  s e v e r a l  breakdowns 

d u r i n g  t h e  three-month p e r i o d .  Measured va lues  o f  s l  i d i n g  fri c-  

t i o n  f rom t h e  two machines were i n  good agreement on t h e  HI-CO 

su r face ,  as seen i n  F i g u r e  3.8, b u t  agreement was n o t  as good on 

t h e  LO-CO s u r f a c e s  (see Appendix C). Peak f r i c t i o n  measures f rom 

t h e  s k i d  t r a i l e r  were g e n e r a l l y  much h i g h e r  t han  those  f r o m  t h e  

SFD. Th i s  i s ,  perhaps, n o t  a  s u r p r i s i n g  r e s u l t  s i n c e  t h e  SFD was 

designed s p e c i f i c a l l y  t o  produce a c c u r a t e  peak f r i c t i o n  measures 

and t h e  s k i d  t r a i l e r  was designed f o r  s k i d  number, o r  s l i d i n g  f r i c -  

t i o n ,  measurements. Su r face  f r i c t i o n  va lues ,  peak and s l  i de ,  

r e f e r r e d  t o  i n  t h e  remainder o f  t h i s  r e p o r t  a r e  f rom t h e  SFD da ta  

on 1  y . 
The temporal  v a r i a t i o n s  i n  measured sur face f r i c t i o n  were 

g e n e r a l l y  l a r g e r  t han  t h e  spread i t 1  t h e  two va lues  measured on each 

sur face on a  g i v e n  day, i n d i c a t i n g  t h a t  a  measurable v a r i a t i o n  i n  

sur face f r i c t i o n  c o n d i t i o n s  d i d  occu r  o v e r  t h e  three-month p e r i o d  o f  

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



Figure 3.7. Curved jcnnite strip illystretin left and right 
turning pattls w i t h  t h e  Iiiqh c o c f  .icient surface on 9 
the inside and outside o f  the curve. 



F i g u r e  3.8. Peak and s l i d e  f r i c t i o n  o f  t h e  h i g h  c o e f f i c i e n t  
s t r a i g h t  t e s t  s u r f a c e  measured w i t h  t h e  DOT S u r f a c e  
F r i c t i o n  Dynamometer ( - )  and t h e  Bendix s k i d  
t r a  i 1 er ( x )  . 
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o f  t h e  s e v e r a l  t e s t  s u r f a c e s ,  t h e  average v a l u e  and t h e  maximum 

and minimum va lues  o v e r  a l l  nleasurements on a  g i v e n  s u r f a c e  a r e  

t a b u l a t e d  i n  Tab le  3.7 .  The HI-CO s t r a i g h t  and HI-CO t u r n  su r faces  

a r e  seen t o  be e s s e n t i a l l y  t h e  same i n  b o t h  peak and s l i d i n g  f r i c -  

t i o n  va lues .  Thus a  d i r e c t  compar ison o f  t h e  HI-CO s t r a i g h t - l i n e  

and b r a k i n g - i n - a - t u r n  s t o p p i n g  performance i s  reasonab le ,  as i s  t h e  

case a l s o  f o r  t h e  LO-CO s t r a i g h t  and t u r n  t e s t  s i n c e  t h e y  were p e r -  

formed on t h e  same s u r f a c e  a rea .  On t h e  s p l i t  c o e f f i c i e n t  t e s t  areas,  

t h e  peak and s l  i d e  va lues  on  t h e  HI-CO s i d e s  a r e  n o m i n a l l y  t h e  same 

on t h e  s t r a i g h t  and curved a r e a s .  On t h e  LO-CO s i d e  o f  t h e  s p l i t s ,  

t h e  s l i d i n g  f r i c t i o n  va lues  a r e  n e a r l y  t h e  same b u t  t h e  peak f r i c -  

t i o n  v a l u e s  d i f f e r  by a  f a c t o r  o f  abou t  1  . I .  Thus f o r  t h e  peak 

f r i c t i o n  va lues  t h e  degree o f  s p l i t  i s  much h i g h e r  on  t h e  s t r a i g h t  

s p l i t  s u r f a c e  (abou t  3.1 t o  1  ) t han  on t h e  cu rved  s p l  i t  s u r f a c e  

(abou t  1 .9  t o  1  ) .  

The f u l l  m a t r i x  o f  s u r f a c e  f r i c t i o n  measures r e q u i r e d  f o r  com- 

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

method [I] were made w i t h  t h e  SFD on t h e  HI-CO and LO-CO s t r a i g h t  

t e s t  s u r f a c e s  t h r e e  t imes  d u r i n g  t h e  th ree-month  t e s t  p e r i o d .  

P l o t s  o f  t h e s e  d a t a  and t h e  c h a r a c t e r i s t i c  curves  wh ich  t h e y  d e f i n e  

a r e  c o n t a i n e d  i n  Appendix C .  These da ta ,  a l o n g  w i t h  s i m i l a r  d a t a  

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

t h e  B r a k i n g  E f f i c i e n c y  T e s t  Technique c o n t r a c t ,  c o n s t i t u t e  a  f a i r l y  

l a r g e  d a t a  s e t  w i t h  wh ich  t h e  b r a k i n g  e f f i c i e n c y  measure has been 

a p p l i e d .  T h i s  da ta  s e t  i n c o r p o r a t e s  peak f r i c t i o n  measures on sur -  

faces  w i t h  SNqO s k i d  numbers r a n g i n g  f rom abou t  20 t o  80 and peak 

f r i c t i o n  va lues  from about  0.4 t o  0.95. The s u r f a c e s  i n c l u d e d  a re :  

d r y  brusl ied conc re te ,  d r y  a s p h a l t ,  d r y  j e n n i t e ,  wet  aspha l  t, and wet 

j e n n i t e .  An a n a l y s i s  o f  t h i s  da ta  s e t ,  p resented i n  Appendix G o f  

t h i s  r e p o r t ,  suggests t h a t  t h e  su r face  f r i c t i o n  nleasurement phase 

o f  t h e  B r a k i n g  E f f i c i e n c y  T e s t  Technique, r e q u i r i n g  peak f r i c t i o n  

measurements a t  two t i r e  l oads  and f o u r  v e l o c i t i e s ,  c o u l d  be s i m p l i f i e d  

t o  measurements a t  one t i r e  l o a d  and one v e l o c i t y ,  w h i l e  o b t a i n i n g  



Table 3.7. Peak and S l i d e  Surface F r i c t i o n  Values o f  
Tes t  Surfaces a t  BAPG Measured w i t h  t h e  SFD. 

Surface -- Average Maximum Minimum - 
Ir P 

0.958 1.00 0.92 
H I - C O  S t .  Dry Aspha l t  

'j s 0.807 0.85 0.77 

u P 
0.414 0.52 0.34 

LO-CO S t .  & T.  Wet Jenni  t e  
I-r s 0.227 0.26 0.19 

u P 
0.944 0.99 0.90 

HI-CO T .  Dry Aspha l t  
Ir s 0.802 0.83 0.76 

P P 
0.804 

SP-CO S t .  H I  Wet Aspha l t  0.463 

SP-CO S t .  LO Wet Jenni  t e  ' P 

F.I s 0.140 

' P 
0.831 

SP-CO T. H I -  I* Wet Asphal t 
s 0.489 

u P 
0.794 

SP-CO T.  HI-0* Wet Aspha l t  
s 0.481 

'I P 
0.425 

SP-CO T. LO Wet J e n n i t e  
Ir s 0.165 

*I = i n s i d e  s i d e  o f  curve 

0 = o u t s i d e  s i d e  o f  curve 



essen t i a l ly  the same corllputed ideal stopping distance a s  obtained 

from the much larger  data s e t .  This observation has provided the 

basis for  a recommendation (Section 5.0) t h a t  the braking ef f ic iency 
method may become much reduced in compl exi t y  as fu tu re  research 

conf i rms the prel imi nary f i  ndi ng reported here. 

Vehicle t e s t s  were conducted according to  the basic procedures 

and conditions of FMVSS 105-75 with respect t o  the f i r s t  (pre-  

burnish) ,  second, and th i rd  effect iveness t e s t  with b u t  a few 

exceptions. Exceptions were adopted concerning the topics of wind 

veloci ty,  i n i t i a l  brake temperature, and brake pedal control forces.  

Test a c t i v i t y  was permitted under prevailing steady-state wind velo- 

c i t i e s  not exceeding 15 m p h .  I n i t i a l  brake temperature was not t o  
exceed 200°F, b u t  the lower bound on i n i t i a l  brake temperature was 

dropped in  recognition of the f a c t  t h a t  t e s t s  on wet surfaces 

involving low energy stops and exposure to  water spray imply low 
temperatures. Pedal force 1 imi t s  were not enforced in recognition 

of the f a c t  tha t  these were not compl iance t e s t s  and tha t  pedal 

forces l e s s  t h a n  1 5 ' l b s  might be encountered in t e s t s  on surfaces 

of low f r i c t i o n  l eve l .  

The t e s t  sequence employed i s  given in Table 3.8. Burnish 

and re-burnish procedures per 105-75 were applied between the f i r s t  

and second effect iveness s e r i e s  and between the second and th i rd  

effect iveness s e r i e s ,  respect ive ly .  Tests on the high f r i c t i o n  

s t r a i g h t  surface were run a t  60 mph  i n i t i a l  ve loci ty  so tha t  r e s u l t s  

would re1 a t e  d i rec t ly  to  the current  s toppi ng distance requirement 

of 105-75 and would also then compare d i rec t ly  t o  the e a r l i e r  t e s t  

r e s u l t s  obtained in  t h i s  study a t  the Chrysler Proving Grounds. All 

other  t e s t s  were conducted a t  an i n i t i a l  veloci ty of 40 m p h .  The 
reduced veloci ty condition was selected p a r t i a l l y  on the grounds of 

niinimizing t i r e  f l a t - spo t t ing ,  a condition which occurred on several 

cars  during the t e s t s  a t  Chrysler,  pa r t i cu la r ly  during the braking- 

in-a-turn t e s t  from 60 niph on the high coeff ic ient  surface.  During 
braking in a turn,  t i r e s  on the inside of the turn tend to lock 



Table  3.8. T e s t  Sequence Fo l l owed  i n  Tes t  o f  
F i v e  Cars a t  BAPG 

Pre -Burn i  sh E f f e c t i v e n e s s  S e r i e s  

No. - Speed Surface D i r e c t i o n  Load 

1  60 mph H i  F r i c t i o n  S t r a i g h t  GVW R  

2 40 nlph Lo F r i c t i o n  S t r a i  y h t  GVW R 

3 40 mph Sp l  i t  ( H i - R t )  S t r a i g h t  GVW R 

4  40 mph Spl i t  ( H i - L f t )  S t r a i g h t  GVW R  

Pos t -Bu rn i sh  (2nd )  E f f e c t i v e n e s s  S e r i e s  

60 mph 

40 rnph 

40 rnph 

40  mph 

40 rnph 

40 niph 

40 rnph 

40 mph 

40 mph 

40 mph 

40 mph 

40 niph 

60 nlph 

40 mph 

40 rnph 

40 mph 

40 niph 

40 mph 

40  niph 

40 niph 

40 rnph 

40 niph 

40 rliph 

40 rnph 

H i  F r i c t i o n  

H i  F r i c t i o n  

H i  F r i c t i o n  

Lo F r i c t i o n  

Spl  i t ( H i - R t )  

Spl i t  ( H i - L f t )  

Lo F r i c t i o n  

Lo F r i c t i o n  

Spl i t  ( H i  - R t )  

Sp l  i t ( H i  -R t )  

Spl  i t  ( H i - L f t )  

Sp l  i t  ( H i - L f t )  

S t r a i  g h t  

Turn-Ri  g h t  

T u r n - L e f t  

S t r a i g h t  

S t r a i g h t  

S t r a i g h t  

Turn-Ri  g h t  

T u r n - L e f t  

Tu rn -R igh t  

T u r n - L e f t  

Tu rn -R igh t  

Turn- L e f t  

T h i r d  E f f e c t i v e n e s s  S e r i e s  

H i  F r i c t i o n  

H i  F r i c t i o n  

t i i  F r i c t i o n  

Lo F r i c t i o n  

Spl i t ( H i  - R t )  

S p l i t  ( H i - L f t )  - 

Lo F r i c t i o n  

Lo F r i c t i o n  

Spl  i t  ( H i - R t )  

Spl  i t  ( H i - R t )  

Spl i t  ( H i  - L f t )  

S p l i t  ( H i - L f t )  

S t r a i g h t  

Tu rn -R igh t  

~ u r h - L e f  t 

S t r a i g h t  

S t r a i g h t  

~ t r a i  g h t  

Tu rn -R igh t  

Turn-Lef  t 

Turn -R igh t  

T u r n - L e f t  

Turn-Ri  g h t  

Turn- L e f t  

GVW R  

GVW R 

GVW R  

GV\JR 

GVW R 

GVW R 

GVW R  

GVW R  

GVWR 

GVW R 

GVWR 

GVWR 

L i g h t  

L i g h t  

L i g h t  

L i g h t  

L i g h t  

L i g h t  

L i g h t  

L i g h t  

L i g h t  

L i g h t  

L i g h t  

L i g h t  



prematu re l y  due t o  l a t e r a l  l o a d  t r a n s f e r  and o f t e n  minimum s t o p p i n g  

d i s t a n c e  i s  accrued w i t h  one o r  b o t h  i n s i d e  t i r e s  l o c k e d .  Success ive  

r e p e a t  o f  such locked-wheel  c o n d i t i o n s  l eads  t o  excess i ve  t i r e  wear 

and t o  a  t y p i c a l  c o n c e n t r a t i o n  o f  t h a t  wear on one spo t .  Regard ing  

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

NHTSA r e s e a r c h  s t u d i e s  [2, 3, 4 1  have y i e l d e d  recommendations f o r  

40 mph and 35 mph as t h e  i n i t i a l  v e l o c i t y  c o n d i t i o n  f o r  b r a k i n g - i n - a -  

t u r n  t e s t s .  Fur thern io re ,  t h e  40-mph c o n d i t i o n  employed i n  t h e  

e a r l i e r  t e s t s  a t  C h r y s l e r  showed good d i s c r i m i n a t i o n  between v e h i c l e s  

as w e l l  as p r o c e d u r a l  advantages r e g a r d i n g  t e s t  s a f e t y  and r e p e a t -  

a b i  1  i t y  o f  t e s t  r e s u l  t s  . 
C e r t a i n  o f  t h e  arguments s t a t e d  above a1 so se rve  t o  r a t i o n a l i z e  

t h e  s e l e c t i o n  o f  0.2 g  f o r  t h e  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  compon- 

e n t  f o r  b r a k i n g - i n - a - t u r n  t e s t s .  A l t hough  l o w e r  t h a n  t h e  0.3 g  

c o n d i t i o n  used i n  p r i o r  b r a k i n g - i n - a - t u r n  procedures [2, 3, 41, t h e  

0.2 g va lue  i s  seen as reasonab le  c o n s i d e r i n g  t h e  p u r e l y  l o n g i t u -  

d i n a l  i n t e r e s t  o f  t h i s  s tudy ,  and o f  105-75. Wh i l e  h i g h e r  va lues  o f  

l a t e r a l  a c c e l e r a t i o n  may be u s e f u l  i n  emphasizing d i r e c t i o n a l  sens i  - 
t i v i  t i e s  t o  b r a k i n g  i n  a  t u r n  [3] ,  t he  s topp ing  d i s t a n c e  r e s u l t  i s  

adequa te l y  assessed i n  t h e  more commonly encountered range o f  0 .2  g. 

T h i s  p o s i t i o n  i s  f u r t h e r  suppor ted  by r e s u l t s  f r o m  t h e  q u a s i - s t a t i c  

s i m u l a t i o n  e f f o r t ,  r e p o r t e d  i n  S e c t i o n  3.2, wh ich  showed v e r y  1  i t t l e  

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

f r i c t i o n  sur faces,  w h i l e  b r a k i n g  i n  t u r n s  o f  0.2 g and 0 .3  g  l a t e r a l  

a c c e l e r a t i o n .  Thus a l l  b r a k i n g - i n - a - t u r n  t e s t s  i n  t h i s  t e s t  s e r i e s  

were r u n  from an i n i t i a l  v e l o c i t y  o f  40 mph, on a  c u r v e  w i t h  a  r a d i u s  

o f  535 f e e t ,  g i v i n g  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  0.2 g. 

Twel ve - foo t -w ide  1  anes were d e l  i n e a t e d  by t r a f f i c  cones f o r  

a l l  t e s t s .  A v a l i d  t e s t  r e q u i r e d  t h a t  t h e  v e h i c l e  ren ia in  w i t h i n  t h e  

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

s p l i t  c o e f f i c i e n t  su r faces ,  t h a t  t h e  v e h i c l e  remain  a s t r i d e  t h e  s p l  i t  

th roughou t  t h e  r u n .  A l l  s tops  were niade w i t h  c o n s t a n t  b rake  l i n e  

p r e s s u r e  c o n t r o l  1  ed b y  a  Lebow Model 7610 b rake  machine. P ressu re  

was i t icreniented on success i ve  r u n s  t o  e s t a b l i s h  t h e  m in in i~~ l l i  s topp i r lg  



d i s t a n c e  perforn iance w i t h  no rnore than  one wheel l o c k u p  pe r  a x l e ,  

t h u s  a s s u r i n g  v e h i c l e  c o n t r o l 1  a b i l  i t y .  A t  l e a s t  two s tops  were 

r e q u i r e d  a t  t h a t  p ressu re  y i e l d i n g  t h e  niininlum s t o p p i n g  d i s t a n c e .  

A  maxinium o f  t e n  s tops  were a1 lowed i n  each o f  t h e  28 t e s t s  t o  1  i m i  t 

t h e  brake wear. A l l  t e s t s  were r u n  w i t h  t h e  v e h i c l e ' s  t r a n s m i s s i o n  

i n  n e u t r a l .  

Each v e h i c l e  was o u t f i t t e d  w i t h  new OEM t i r e s  and brake 

l i n i n g s  and t h e  brake systems were i n s p e c t e d  t o  assure  reasonab le  

o v e r a l l  i n t e g r i t y  and 1  i ke-new c o n d i t i o n .  T i r e s  were purchased 

i n  s e t s  o f  s i x  and, i f  f l a t - s p o t t i n g  o c c u r r e d  on t h e  h i g h  c o e f f i -  

c i e n t  t e s t ,  t h e  t i r e  was r e p l a c e d  f o r  t h e  l ow  c o e f f i c i e n t  t e s t  t o  

p r e v e n t  c o n t a m i n a t i o n  o f  t he  data  by premature  wheel l ockup  on t h e  

f l a t  spo ts .  

I n s t r u m e n t a t i o n  was p r o v i d e d  t o  p e r m i t  measurement o f  b rake 

1  i n i n g  tempera ture  a t  t h e  f o u r  wheels, b rake  pedal  f o r c e ,  s t e e r i n g  

wheel d isp lacement ,  i n i t i a l  v e l o c i t y ,  s t o p p i n g  d i s t a n c e ,  and wheel 

l o c k u p .  Brake tempera tures  were sensed by Chrome1 -A1 umel thermo- 

coup les ,  i n s t a l l e d  per  105-75, w i t h  r e a d o u t  on a  d i g i t a l  d i s p l a y  

pyrorneter. A  s t r a i n  gauge pedal f o rce  t r a n s d u c e r  sensed t h e  

mach ine -app l i ed  pedal  f o r c e  and a  p o t e n t i o m e t r i c  t r a n s d u c e r  b u i l t  

i n t o  a rep1  acement s t e e r i n g  wheel sensed s t e e r i n g  d i sp lacemen t .  

Pedal f o r c e  and s t e e r i n g  d isp lacement  were r e c o r d e d  on a  two-channel 

s t i p  c h a r t .  A  s tanda rd  f i f t h  wheel w i t h  " l a t c h e d - t y p e "  d i g i t a l  

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

da ta .  D.C. tachometers mounted on each wheel were connected t o  

l ockup  d e t e c t i o n  c i r c u i t r y  wh ich  d i s p l a y e d ,  a t  t h e  end o f  each r u n ,  

t h e  wheel and a x l e  l ockup  c r i t e r i a  wh ich  were s a t i s f i e d .  The "wheel 

l ockup"  c o n d i t i o n  was s a t i s f i e d  when t h e  wheel speed dropped below 

t h e  e q u i v a l e n t  o f  2 mph v e h i c l e  speed f o r  0.2 second o r  l o n g e r ,  w i t h  

t h e  o v e r a l l  v e h i c l e  speed rema in ing  above 10 mph. Ax le  l ockup  was 

i n d i c a t e d  i f  b o t h  wheels on an a x l e  l o c k e d  s i m u l t a n e o u s l y  f o r  more 

than  app rox in ia te l y  0 .2  second. 



3 .3 .3  Discuss io~  of Full-Scale Test Results. Test r esu l t s  

on the f ive  vehicles tested a t  the B A P G  are  summarized in the bar 

graphs i n  Figures 3.9 through 3.14, covering the s ix  se t s  of t e s t  

conditions, v i z . ,  s t ra ight-1  ine and curved-path stopping distance 

on high, low, a n d  s p l i t  coeff ic ient  surfaces.  The range of peak 

and  s l id ing  f r i c t i on  values of each surface,  r~leasured with the SFD, 

a re  shown in eacli f igure.  The data plotted represent the shor tes t  

of  the two best stopping distances obtained a t  optimum pedal force.  

These stopping distances i ncl ude correction fo r  differences i n  

i n i t i a l  velocity by the application of the formula: 

where 

Vo i s  the intended i n i t i a l  velocity,  i . e . ,  60 mph or 
40 mph in these t e s t s  

VA i s  the actual i n i t i a l  velocity 

m i s  the measured stoppi ng distance 

S, i s  the corrected stopping distance 

This forniula i s  based on the assumption of constant decelerat ion,  

a  condition closely approximated in constant pedal force stops. 

The data plotted in Figures 3.9 through 3.14 are also presented 

in tabular  form in Appendix C ,  along with wheel lockup data on the 

best performance stops.  In the case of the antilock-equipped Nova, 

a l l  best perfornlance stops involved controlled lockup of e i the r  the 

f ron t  or  b o t h  the f ront  and  the rear  wheels, i  . e . ,  with antilock 

systems on the f ront  axle or  f r on t  and  rear  axles cycling. With 

the other four vehicles, most of the best performance stops involved 

lockup of one wheel or  one wheel per axle.  In par t icular ,  in 
s t r a i gh t  a n d  curved-path t e s t s  on s p l i t  coefficient  surfaces, 63 

out of the 64 best performance stops involved lockup of one wheel 

or one wheel per axle.  For braking in a turn on H I - C O  and LO-CO 



M -t ' 7 6  Monte C a r l o  
F -t ' 76 Fo rd  LTD . . 

HI-CO 
B -+ ' 7 7  Mercury Bobcat  Wagon 
P -, ' 7 7  AMC Pacer 
N -t ' 76 Nova An ti -Lock 

.* 
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1 s t  E f f .  GVWR 2nd Eff. GVWR 

S t r a i g h t - L i  ne S topp i  ng D i s t a n c e  on H i  911 C o e f f i c i e n t  
Su r face .  V o  = 60 nlph. 
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M + ' 7 6  Monte C a r l o  
LO- CO F -t ' 7 6  F o r d  LTD 

0.34 < p < 0 .52 
B -+ ' 77 Mercury  Bobca t  Wa o n  
P -+ ' 7 7  AMC Pacer  
N + ' 7 6  Nova A n t i - L o c k  
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200 

S t r a i  gh t -  L i n e  S t o p p i  ng D i s t a n c e  on  Low C o e f f i c i e n t  
S u r f a c e .  V o  = 40 mph. 

F i g u r e  3.10 



M -+ ' 7 6  Monte C a r l o  
F + ' 7 6  Ford LTD 
B ,  -+ ' 7 7  Mercury Bobcat  Wagon 
P -+ ' 7 7  AMC Pacer  
N + ' 7 6  Nova A n t i - L o c k  
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3 r d  Eff. LLV 

Brak ing - In -A-Turn  S t o p p i n g  D i s t a n c e  on H i g h  C o e f f i c i e n t  S u r f a c e .  
= 40 mph. A,,, = 0.2G. Tub-n Radius = 535 F t .  Turn L e f t  - TL. 

., - 

Turn R i g h t  - TR. 
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LO-co M ' 7 6  Monte C a r l o  
F ' 7 6  F o r d  L I D  

0.34 < u < 0.52 
P 

B ' 7 7  Mercury  Bobcat  ~ a  

0.19 < us < 0 .26  
P ' 7 7  AIllC Pacer 
N ' 76  Nova A n t i - L o c k  

B rak ing - In -A -Tu rn  S t o p p i n g  D i s t a n c e  on Low' C o e f f i c i e n t  S u r f a c e .  
Vo = 40 niph. A = 0.2G. Turn  Radius = 535 Ft. Turn L e f t  = TL, Y 0 
Turn  R i g h t  = TR. 

F i g u r e  3.12 



Ford LTD 
Mercury  Bobcat  Wagon 
ANC Pacer 
Nova A n t i - L o c k  

1 s t  E f f .  GVNR 2nd Eff. GVWR 3rd E f f .  L L V  

S t r a i g h t - L i n e  S topp ing  D i s t a n c e  on S p l i t  C o e f f i c i e n t  S u r f a c e .  
= 40 n~ph, H igh  L e f t  - HL, H i g h  R i g h t  - HR. 

F igu re  3.13 



M ' 7 6  Monte C a r l o  
F ' 7 6  Ford  LTD 
B ' 7 7  Mercury  Bobcat  
P ' 7 7  AMC Pacer 
N ' 7 6  Nova A n t i - L o c k  

2nd E f f .  3rd E f f .  

B r a k i n g - I n - A - T u r t ~  S topp i r l g  D i s tance  on S p l i t  C o e f f i c i e n t  S u r f a c e .  
V, = 40 nipl,, A = 0.2G, Turn Rad ius  = 535 F t .  Turn L e f t  - TL, 

Y 0 
Turn R i g h t  - TR. 

F i g u r e  ' 3 . 1 4  



s u r f a c e s  taken  t o g e t h e r ,  22 o u t  o f  32 b e s t  s t o p s  i n v o l v e d  l o c k u p  

o f  a t  l e a s t  one wheel and f o r  s t r a i g t i t - l i n e  s tops  on  111-CO and LO- 

CO s u r f a c e s  taken  t o g e t h e r ,  a t  l e a s t  one wheel was l o c k e d  i n  11 o u t  

o f  24 b e s t  s tops .  A v a l i d  t e s t  r e q u i r e d  t h a t  l ockup  o f  no niore 

t h a n  one wheel pe r  a x l e  o c c u r r e d  w h i l e  t h e  v e h i c l e  v e l o c i t y  was 

above 10  mph. However, on some o f  t h e  s t r a i g h t - l i n e  b r a k i n g  t e s t s  

on HI-CO and LO-CO s u r f a c e s ,  s h o r t e r  s t o p p i n g  d i s t a n c e s  were o b t a i n e d  

w i t h  e i t h e r  f r o n t  o r  r e a r  a x l e  l o c k u p  w i t h  t h e  v e h i c l e  rema in ing  

w i t h i n  t h e  1 2 - f o o t - w i d e  l a n e .  T h i s  was p a r t i c u l a r l y  t r u e  o f  t h e  

Pacer,  t h e  o n l y  one o f  t h e  f i v e  t e s t  v e h i c l e s  wh ich  d i d  n o t  have a  

p r o p o r t i o n i n g  v a l v e .  The Pacer s topped i n  d i s t a n c e s  s h o r t e r  by 

1 0  f e e t ,  8 f e e t ,  and 5 f e e t  i n  t h e  f i r s t ,  second, and t h i r d  e f f e c t i v e -  

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

r e a r  wheels l o c k e d  and by 19 f e e t ,  47 f e e t ,  and 9 f e e t ,  r e s p e c t i v e l y ,  

on t h e  l o w  c o e f f i c i e n t  s u r f a c e  w i t h  b o t h  f r o n t  wheels l o c k e d .  These 

r e s u l t s  i n d i c a t e  t h a t  t h e  e f f e c t i v e n e s s  o f  t h e  un locked a x l e  was 

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

t h e  o t h e r  a x l e  had o c c u r r e d .  The r e s u l t s  suggest  t h a t  t h i s  v e h i c l e ' s  

o v e r a l l  b r a k i n g  per formance c o u l d  be enhanced by an improved brake 

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

o t h e r  v e h i c l e s ,  t h e  Mercury  Bobcat  wagon e x h i b i t e d  a  3 - f o o t  s h o r t e r  

s t o p p i n g  d i s t a n c e  i n  t h e  HI-CO t h i r d  e f f e c t i v e n e s s  t e s t  w i t h  i t s  

r e a r  a x l e  l o c k e d  and t h e  F o r d  LTD e x h i b i t e d  a  3 - f o o t  s h o r t e r  s t o p p i n g  

d i s t a n c e  i n  t h e  LO-CO t h i r d  e f f e c t i v e n e s s  t e s t  w i t h  i t s  f r o n t  a x l e  

l o c k e d .  F u r t h e r ,  t h e  wheel l o c k  d a t a  i n d i c a t e d  t h a t  t h e  b rake  t o r q u e  

balance,  f r o n t  t o  r e a r ,  o f  t h e  Monte Car lo ,  t h e  Ford  LTD, and t h e  

Bobcat  wagon was c l o s e  t o  optinlum ove r  t h e  range o f  v e h i c l e  l o a d s  

and su r face  f r i c t i o n  c o n d i t i o n s  o f  these t e s t s .  These t h r e e  v e h i c l e s  

e x h i b i t e d  s l i g h t l y  f r o n t - b i a s e d  b r a k e  t o r q u e  d i s t r i b u t i o n  i n  a l l  

cases w i t h  t h e  e x c e p t i o n  t h a t  t h e  Bobcat  wagon e x h i b i t e d  a  s l i g h t  

r e a r  a x l e  b i a s  i n  t h e  l i g h t l y  l o a d e d  c o n d i t i o n  on  t t i e  HI-CO s u r f a c e .  

R e f e r r i n g  t o  t h e  b a r  graphs o f  s t o p p i n g  d i s t a n c e ,  we see t h a t  

on t h e  60-n~ph, h i g h - c o e f f  i c i e n t ,  s t r a i g h t - 1  i n e  t e s t  ( F i g .  3 . 9 )  a1 1  

v e h i c l e s  s topped i n  d i s t a n c e s  below t h a t  r e q u i r e d  by 105-75. The 



anti lock-equi pped Nova required surpr is i  ngly 1 arge pedal forces 

achieving i t s  best performance on the H I - C O  surface a t  pedal forces 

greater  than the 150-1 b 1 iini t of the 105-75 standard when loaded 

t o  the GVWR. This was due t o  the use of metal l ic  brake l inings on 
t h i s  vehicle which have a lower f r i c t i on  coeff ic ient  t h a n  conven- 

tional l inings and therefore require higher pedal forces t o  achieve 

a given level o f  braking torque, The Nova antilock vehicle, loaned 

t o  the project  by Kelsey-Hayes, was a police special package which 

Kelsey-Hayes normally operated with metal 1 i c  1 inings because of t he i r  

superior fade charac te r i s t i c s .  The data of Figure 3.9 fur ther  show 

tha t  while the Pacer exhibited the best stopping distance in the 

second effectiveness t e s t ,  a t  GVWR i t  yielded the longest stopping 

distance in the 1 ight ly  1 oaded condition ( t h i rd  effectiveness t e s t ) .  

Also, i t  was seen t h a t  while the antilock Nova achieved the second 

shor tes t  stopping distance in each of the three effectiveness s e r i e s ,  

i t  turned in the best average perforniance. 

Considering the braki ng-i n-a-turn data (Figs.  3.1 1 a n d  3.12),  

we see tha t  the data spread on the 111-CO surface i s  n o t  large.  

Further, the Pacer was again seen to perform very well r e la t ive  t o  
the other vehicles in the second effectiveness t e s t  b u t  most poorly 

in the l i gh t l y  loaded condition. On the LO-CO surface, the Pacer 

turned in the poorest performance and  the anti lock Nova the best .  

In addit ion,  the difference between l e f t  turning and r i gh t  turning 

performance was generally small. Note tha t  the spread in vehicle 

performance i s  generally larger in the t e s t s  on low coeff ic ient  sur-  

faces (Figs.  3.10 a n d  3.12) than i t  i s  on the high coeff ic ient  

surfaces (Figs.  3.9 a n d  3.11).  

Results of the s t ra ight-1  ine braking t e s t  on the s p l i t  coeff i -  

c ien t  surface a re  shown in Figure 3.13. Note t h a t  none of the 

vehicles show a s ign i f i can t  asynlmetry with regard t o  the r ight-  

o r  l e f t - s i de  placement of the high coeff ic ient  surface. Also note 

t h a t  a l l  riiinirliunl distance stops involved the lockup (above 10 m p h )  

of one o r  b o t h  of the wheels on  the L O - C O  side of the s p l i t .  



E x c l u d i n g  t h e  a n t i l o c k  Nova f rom t h e  count ,  13 o u t  o f  24 b e s t  s t o p s  

o c c u r r e d  w i t h  o n l y  t h e  LO-CO s i d e  f r o n t  wheel l o c k e d  and a l l  o t h e r s  

o c c u r r e d  w i t h  b o t h  t h e  f r o n t  and r e a r  wheels on t h e  LO-CO s i d e  

l o c k e d .  

F i g u r e  3.14 shows t h e  r e s u l t s  o f  t h e  b r a k i n g - i n - a - t u r n  t e s t s  

on t h e  s p l i t  c o e f f i c i e n t  su r face .  A l l  b u t  one o f  t h e  mininiuni d i s -  

t ance  s t o p s  i n  these t e s t s  i n v o l v e d  l o c k u p  o f  one o r  b o t h  o f  t h e  

wheels on t h e  LO-CO s i d e  o f  t h e  s p l i t .  Aga in  e x c l u d i n g  t h e  a n t i l o c k  

Nova f r o m  t h e  coun t ,  21 o u t  o f  32 b e s t  s tops  o c c u r r e d  w i t h  o n l y  t h e  

LO-CO s i d e  f r o n t  wheel l o c k e d  and a l l  o t h e r s  o c c u r r e d  w i t h  b o t h  t h e  

f r o n t  and r e a r  wheels on t h e  LO-CO s i d e  l o c k e d .  A somewhat s u r p r i s -  

i n g  r e s u l t  he re  i s  t h a t  o n l y  t h e  a n t i l o c k  Nova e x h i b i t e d  a  con- 

s i s t e n t  s i g n i f i c a n t  asyrnnietry i n  l e f t  and r i g h t  t u r n i n g  s t o p p i n g  

d i s t a n c e .  I n  e v e r y  case t h e  Nova ach ieved  t h e  s h o r t e s t  s t o p p i n g  

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

h e a v i l y  l oaded ,  t i r e s  on t h e  l o w  c o e f f i c i e n t  s i d e  o f  t h e  s p l i t .  

T h i s  i s  r e a d i l y  e x p l a i n e d  i f  we assume t h a t  t h e  wheel ( o r  whee ls )  

on t h e  LO-CO s i d e  o f  t h e  s p l i t  a r e  a lways t h e  f i r s t  t o  l o c k ,  as was 

found t o  be t h e  case w i t h  t h e  n o n - a n t i l o c k  v e i c l e s ,  and i f  we con- 

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

a n g u l a r  v e l o c i t y  o f  t h e  two wheels on an ax1 e. Thus a  h i g h e r  b rak -  

i n g  t o r q u e  i s  ach ieved  b e f o r e  wheel l o c k u p  occu rs  (and c y c l i n g  i s  

i n i t i a t e d )  when t h e  h e a v i l y - l o a d e d  t i r e s  a r e  on t h e  LO-CO s i d e  o f  

t h e  s p l i t  r a t h e r  than on t h e  HI-CO s i d e ,  and a s h o r t e r  s t o p p i n g  

d i s t a n c e  i s  accrued.  

O f  t h e  o t h e r  f o u r  v e h i c l e s  .on l y  t h e  Pacer, i n  one t e s t  (second 

e f f e c t i v e n e s s ,  H I - R i g h t ) ,  e x h i b i t e d  a  l a r g e  l e f t  t o  r i g h t  t u r n i n g  

asymnetry.  I n  a l l  o t h e r  t e s t s ,  t h e  asymmetry was smal l  ( f o r  a l l  

f o u r  n o n - a n t i  1  ock-equipped c a r s )  and no c o n s i s t e n t  p a t t e r n  was e v i -  

d e n t  r e 1  a t i n g  s h o r t e r  s t o p p i n g  d i s t a n c e s  t o  t h e  i n s i d e l o u t s i d e  

l o c a t i o n  o f  t h e  HIILO-CO sur faces  o f  t h e  s p l i t  i n  a  t u r n .  

I n  o r d e r  t o  f u r t h e r  e l u c i d a t e  t h e  s t o p p i n g  d i s t a n c e  da ta  p r e -  

sen ted  i n  tihe seve ra l  ba r  c h a r t s ,  c e r t a i n  q u a n t i t a t i v e  coniparisons 

o f  t h e  t e s t  r e s u l t s  a r e  p resen ted  below. F i r s t ,  as a  measure o f  



data variabil  i  ty,  the difference in stopping distance between 

the two best stopping distance runs was tabulated (see Appendix 

C fo r  the complete tabula t ion) .  The average difference (and 

average percentage difference) over a l l  28 t e s t s  for  each car 
was: Monte Carlo, 2.3 f e e t  ( 2 . 2%) ,  Ford LTD, 4 . 3  f ee t  ( 3 . 4 X ) ,  

Bobcat wagon, 1.6 f e e t  ( 1 .4%) ,  Pacer, 4.5 fee t  (3 .32) ,  and Nova 

(ant i  lock) ,  3.4 f e e t  ( 2 . 8%) .  The larges t  s ingle difference observed 

was 36 f e e t  (29%) in the LO-CO s t r a i gh t  t e s t  with the Ford L T D .  

The rank order of stopping distance perforniance of the f i ve  
vehicles i s  readily seen in the bar graphs fo r  each individual t e s t .  

In a few cases a change in rank occurs from t e s t  to t e s t ,  b u t  

1  arge changes a re  ra re .  The AMC Pacer, fo r  example, i s  seen in 

the HI-CO s t r a igh t  t e s t  to move from a rank position of ( 1 )  in the 
second effectiveness t e s t  to ( 5 )  in the th i rd  effectiveness t e s t .  

Looking a t  overall performance factors ,  we find tha t  the four con- 

ventional vehicles rank in the same order as they did overall in 
the previous t e s t s  conducted a t  Chrysler Proving Grounds ( i  .e.,  

the ranking shown in Table 3.6,  colunin 5 ) .  Table 3.9 contains 

three overall perforniance colnpari sons of the f ive  vehicles: the 
sum of a1 1 minimum stopping distances for  each vehicle on homogen- 
ous surfaces ( i . e . ,  the sum frorn the s t ra igh t  and in-a-turn t e s t  

on both H I - C O  and L O - C O  surfaces) ;  the sum of a l l  minimuni stopping 
distances fo r  each vehicle on the s p l i t  coeff ic ient  surfaces; and 

the sum of - a1 1 minimum stopping distances for  each vehicle from a1 1 

28 t e s t s .  The four conventional vehicles keep the same rank with 

respect t o  each other in a l l  three columns in Table 3.9, which i s  

also the sanie rank order they achieved in the previous t e s t s ,  i  . e . ,  
in  order of best to poorest performance; Monte Carlo, Bobcat wagon, 

Ford L T D ,  and Pacer. Considering a1 1 f ive  vehicles, the antilock 
Nova ranked f i r s t  on the honiogeneous surfaces (column 1 ) ,  fourth 

on the s p l i t  coeff ic ient  surfaces (column 2 ) ,  and th i rd  overall 
(coluinn 3 ) .  



Tab1 e  3.9. O v e r a l l  B r a k i n g  Pe r fo rn~ance  Coriiparisons o f  F i v e  
Cars i n  Terriis o f  t h e  Sums o f  Minimuni S topp ing  
D i s t a n c e s  i n  Seve ra l  Tes ts .  

c o n  
Homogeneous 

Sur faces  -- 

Monte C a r l o  1578 ( 2 )  

Ford  LTD 1729 ( 4 )  

Bobcat  Wagon 1628 ( 3 )  

Pacer 1924 ( 5 )  

Nova A n t i l o c k  1513 ( 1 )  

c on  
S p l i t  CO T o t a l  on 
Su r faces  -- A l l  Tests  

Tab le  3.10 g i v e s  a  compar ison o f  t h e  s t r a i g h t - l i n e  and i n - a -  

t u r n  b r a k i n g  performance o f  each v e h i c l e  on  b o t h  t h e  HI-CO and 

LO-CO s u r f a c e s  i n  t h e  second and t h i r d  e f f e c t i v e n e s s  t e s t s .  The 

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

was used. S ince  t h e  s t r a i g h t  and i n - a - t u r n  t e s t s  were r u n  a t  

d i f f e r e n t  v e l o c i t i e s  (60  mph and 40 mph, r e s p e c t i v e l y ) ,  t h e  HI-CO 

t e s t  d a t a  measured a t  60 mph was conve r ted  t o  an e q u i v a l e n t  40-mph 

s t o p p i n g  d i s t a n c e ,  i n  o r d e r  t o  make t h e  compar ison,  by app l  i c a t i o n  

o f  t h e  f o r m u l a  Sc = ( 4 0 / 6 0 ) 2  Sm (see page 4 3 ) .  I n  9 o u t  o f  20 

cases, t h e  i n - a - t u r n  s t o p p i n g  d i s t a n c e  was s h o r t e r  t h a n  t h e  s t r a i g h t  

s t o p p i n g  d i s t a n c e .  A l l  d i f f e r e n c e s  were l e s s  t h a n  11% i n  magni- 

tude.  The average d i f f e r e n c e s  were s l i g h t l y  l a r g e r  on  t h e  LO-CO 

s u r f a c e  than  on t h e  HI-CO su r face  and a r e  o n l y  s l i g h t l y  l a r g e r  i n  

magn i tude than  t h e  d a t a  v a r i a b i  1  i t y  d i f f e r e n c e s  g i v e n  above on 

page 53 . These r e s u l t s  a r e  coriiparable t o  those  o b t a i n e d  i n  t h e  

p r e v i o u s  t w e l  ve-car  sarnpl e  t e s t s  . 
S i m i l a r  " d i f f e r e n c e  measures" were corliputed f o r  v a r i o u s  

a d d i t i o n a l  cases as surilmarized i n  Tab le  3.11. T h i s  t a b l e  p r e s e n t s  

v a r i o u s  average and niaxiniurii percentage d i f f e r e n c e s ,  where t h e  

average i s  t a k e n  o v e r  a1 1  s t o p p i n g  d i s t a n c e  d a t a  ga the red  i n  t t i e  



Tab le  3 .10 .  P e r c e n t  D i  f ' f e r e n c e  i n  S topp ing  D is tance  Between 
S t r a i g h t - L i  ne and B r a k i n g - i n - a - T u r n  on  HI-CO and 
LO-CO Sur faces  fro111 40 mph. 

2nd E f f .  3 r d  E f f .  - 

V e h i c l e  HI-CO LO-CO HI-CO LO-CO 

Monte C a r l o  *8 .7%.  8.4% *4.3% 7.7% 

Ford  LTD 0 .3  6.9 *5.1 *10.9 

Mercury  Bobcat  *4.0 8.5 2.5 8.4 

AMC Pacer  *0.3 "2.1 0.8 *2.5 

Nova (An t i 1  oc k )  *3.9 5.6 7.5 1.3 

Average 3.4 6.3 4 .0  6 .2  

* I n - a - t u r n  s t o p p i n g  d i s t a n c e  s h o r t e r  t han  s t r a i  gh t -1  i n e  
s  t o p p i  ng d i  s tance.  

Tab1 e  3.11 . Percentage D i f f e r e n c e s  i n  S t o p p i n g  D i s t a n c e  Averaged 
Over A l l  F i v e  Cars and Over t h e  2nd and 3 r d  E f f e c t i v e -  
ness T e s t  f o r  E i g h t  D i f f e r e n t  Combinat ions o f  T e s t  
Condi t i o n s .  

T e s t  Condi t i o n  Avg. Max. 

H igh  Co. A ( T u r n  R i g h t - T u r n  L e f t )  4.8% 1 0 . 5 % ( P a c e r )  

Low Co. A ( T u r n  R i g h t - T u r n  L e f t )  8 .2  12.6 (Monte C a r l o )  

S p l i t  Co. H I - R i g h t  A ( T u r n  R i g h t - T u r n  L e f t )  11 .5  14.6 (LTD) 

S p l i t  Co. H I - L e f t  A ( T u r n  R i g h t - T u r n  L e f t )  6 .5  7.8 (Nova) 

S p l i t  Co. A (HI L e f t  Tu rn  R i g h t  - H I  R i g h t  
Tu rn  L e f t )  5 .3  10.2 (LTD) 

S p l i t  Co. A ( H I  R i y h t  Turn  R i g h t , -  H I  L e f t  
Tu rn  L e f t )  6 .0  8 .3 ,  ( t iova)  

S p l i t  Co. S t r a i g h t .  A ( H I - L e f t  - 
H I - R i g h t )  1.8 4.6 ( p a c e r )  

Spl  i t  Co . A ( T u r n - S t r a i g  h t  ) 5.7 12.6 (Pace r )  



second and t h i r d  e f f e c t i v e n e s s  t e s t s ,  Tabu1 a t i o n s  of t h e  d i f f e r -  

ences f o r  each c a r  averaged o v e r  t h e  second and t h i r d  e f f e c t i v e n e s s  

t e s t s  a r e  g i v e n  i n  Appendix C .  C e r t a i n  o f  these d i f f e r e n c e s  a r e  

somewhat l a r g e r  t han  t h e  average v a r i a b i l i t y  found i n  t h e  s t o p p i n g  

d i s t a n c e  measures. Cons ide r i  rig t h e  complex c o n d i t i o n s  i n  b r a k i n g  

i n  a  t u r n  and on s p l i t  c o e f f i c i e n t  s u r f a c e s ,  however, t h e y  do n o t  

appear s i g n i f i c a n t  as d i s c r i m i n a t i n g  measures o f  v e h i c l e  per formance.  

A comparable means o f  v i e w i n g  t h e  a b s o l u t e  va lues  o f  s t o p p i n g  

d i s t a n c e s  nieasured on s p l i t  c o e f f i c i e n t  s u r f a c e s  i s  shown i n  Tab le  

3.12. These tabu1 a t i o n s  show, f o r  f i r s t ,  second, and t h i r d  e f f e c t i v e -  

ness t e s t s ,  t h a t  t h e  s p l i t  c o e f f i c i e n t  c o n d i t i o n  imposed no unusual 

demands o v e r  t h a t  a s s o c i a t e d  w i t h  s t r a i g h t - 1  i n e  b r a k i n g  on a  low 

c o e f f i c i e n t  s u r f a c e  wh ich  i s  r o u g h l y  comparable i n  f r i c t i o n  l e v e l  

t o  t h e  LO-CO s i d e  o f  t h e  s p l i t .  We see i n  t hese  d a t a  t h a t  o n l y  t h e  

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

t h e  s p l i t  c o e f f i c i e n t  s u r f a c e  compared t o  i t s  per formance on t h e  

homogeneous l o w  c o e f f i c i e n t  s u r f a c e .  Except  f o r  t h e  Pacer wh ich  

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

t h e  o t h e r  v e h i c l e s  showed no s i g n i f i c a n t  d i f f e r e n c e s .  A f u l l  

i n t e r p r e t a t i o n  o f  these r e s u l t s ,  however, r e q u i r e s  c a r e f u l  cons ide ra -  

t i o n  o f  t h e  v e h i c l e  wheel l o c k u p  s t a t u s  and o f  t h e  peak and s l i d e  

f r i c t i o n  va lues  o f  t h e  s e v e r a l  su r faces .  

The q u a s i - s t a t i c  s i m u l a t i o n  e f f o r t  r e p o r t e d  i n  S e c t i o n  3.2 

demonstrates t h e  conip lex i  t y  o f  t h e  s p l  i t  c o e f f i c i e n t l b r a k i n g - i n - a -  

t u r n  s i t u a t i o n  r e s u l t i n g  f rom f a c t o r s  such as l a t e r a l  and l o n g i t u -  

d i n a l  1  oad t r a n s f e r ,  f r o n t - t o - r e a r  p r o p o r t i o n i n g ,  p e a k - t o - s l  i de 

f r i c t i o n  r a t i o s ,  degree o f  s p l  i t  betweent 1-11-CO and LO-CO s ides ,  

e t c . ,  showing t h a t  rnaximuni b r a k i n g  e f f i c i e n c y  c o u l d  occu r  w i t h  

v a r i o u s  coi r ib inat ions o f  whecl lockup,  depending on i n t e r a c t i o n s  o f  

t hese  f a c t o r s .  An unders tand ing  o f  t h e  ga the red  data  f o r  s p l i t  

f r i c t i o n  b r a k i n g  i s  f a c i  1  i t a t e d  by a g e n e r a l i z e d  d i s c u s s i o n  o f  t h e  

b r a k i n g  f o r c e  c h a r a c t e r i s t i c s  encountered on  a  sp l  i t  c o e f f i  c i e n t  

s u r f a c e ,  as shown i n  F i g u r e  3.15. T h i s  i s  a p l o t  o f  t h c  conceptua l  

r e l a t i o n s h i p  between pedal  f o r c e  and r i g t ~ t / l  e f t  b r a k i n g  f o r c e s  



T a b l e  3.12. Pe rcen tage  D i f f e r e n c e s  i n:Stopping D i s t a n c e  Between 
LO-CO S t r a i g h t  and SP-CO S t r a i g h t  T e s t s  and Between 
LO-CO S t r a i g h t  and SP-CO Tu rn  T e s t s  i n  I s t ,  2nd, 
and 3 r d  E f f e c t i v e n e s s  T e s t s .  

% D i f f e r e n c e  % D i f f e r e n c e  
LO-CO S t r a i g h t  LO-CO S t r a i g h t  
SP-CO S t r a i g h t  SP-CO Tu rn  

--- 
V e h i c l e  I s t  2nd 3 r d  2nd 3 r d  

Monte C a r l o  "7.3% *5.1% 10.47; "4.2% 13.5% 

F o r d  LTD 0 .0  *12.1 *4 .8  *7.1 *5 .6  

Bobcat  Wagon 4.5 0 .8  3 . 9  *2.5 5 .8  

Pacer  "17.6 *32.0 "16.7 *21 .O *8.3 

Nova A n t i l o c k  11 .4  1 3 . 0  27.0 31 .I 36.0 

*S topp ing  d i s t a n c e  on t h e  s p l i t  c o e f f i c i e n t  s u r f a c e  s h o r t e r  
t h a n  o n  t h e  l o w  c o e f f i c i e n t  s u r f a c e .  
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F i g u r e  3.15. I l l u s t r a t i o n ' o f  pedal f o rce  vs. b r a k i n g  f o r c e  on a 
s p l i t  c o e f f i c i e n t  su r face  where bo th  l o w  c o e f f i c i e n t  
s i d e  wheels l o c k  before  t h e  h i g h  c o e f f i c i e n t  s i d e  
wheel s .  



( such  as d e r i v e  f r o m  t h e  t r a c t i v e  f o r c e s  o f  t i r e s  on t h e  h i g h  and 

l o w  c o e f f i c i e n t  s i d e s  o f  t h e  s p l i t )  and t o t a l  b r a k i n g  f o r c e .  Each 

a b r u p t  d r o p  i n  t h e  v a r i o u s  cu rves  r e p r e s e n t s  a  wheel l ockup ;  t h u s  

t h e  magni tude o f  t h e  d r o p  i s  de te rm ined  by t h e  peak and s l i d e  

f r i c t i o n  va lues  o f  t h e  s u r f a c e  and the  i n s t a n t a n e o u s  t i r e  l o a d .  I n  

t h i s  example we have shown b o t h  LO-CO s i d e  t i r e s  l o c k i n g  before  

e i t h e r  HI-CO s i d e  t i r e ,  as was g e n e r a l l y  t h e  case i n  t h e  t e s t s  a t  

Bend ix .  The f i r s t  peak i n  t h e  t o t a l  f o r c e  c u r v e  i s  t h e  maximum no- 

wheel s - l o c k e d  b r a k i n g  f o r c e .  The r e l a t i v e  p o s i t i o n s  ( h o r i z o n t a l l y )  

and t h e  amp1 i tudes o f  t h e  f o u r  peaks, as w e l l  as t h e  s l o p e  o f  t h e  

c u r v e  between peaks, depends upon t h e  s e v e r a l  f a c t o r s  men t ioned  . 

above, i .e . ,  l a t e r a l  and l o n g i t u d i n a l  l o a d  t r a n s f e r  ( o r  i n s t a n t a n -  

eous t i r e  l o a d s ) ,  p r o p o r t i o n i n g ,  p e a k - t o - s l i d e  r a t i o s ,  e t c .  

Immed ia te l y  upon l o c k u p  o f  one wheel ,  a  s i d e - t o - s i d e  b r a k i n g  f o r c e  

unbalance and a  r e s u l t i n g  yaw moment o c c u r s  wh ich  i n c r e a s e s  i n  

magn i tude as t h e  pedal  f o r c e  i n c r e a s e s .  I f  t h e  s i d e  f o r c e  c a p a b i l  i t y  

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

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

d e s i r e d  p a t h .  Note t h a t  i f  optimuin four -whee l  dynami c  p r o p o r t i o n i n g  

c o u l d  be ach ieved,  a l l  wheels wou ld  a r r i v e  a t  i n c i p i e n t  wheel l o c k  

a t  t h e  same peda l  f o r c e  and niaxinium u t i l i z a t i o n  o f  t h e  a v a i l a b l e  

f r i c t i o n  o r  b r a k i n g  f o r c e  wou ld  be ach ieved .  On a s u r f a c e  w i t h  a  

l a r g e  i nc remen t  i n  f r i c t i o n  ac ross  t h e  s p l i t ,  however, a  l a r g e  yaw 

irionient wou ld  s t i l l  r e s u l t  wh ich  c o u l d  r e s u l t  i n  l o s s  o f  v e h i c l e  

c o n t r o l  . 
From t h e  cu rves  i n  F i g u r e  3.15, i t  appears t h a t  o n  a  s u r f a c e  

w i t h  a  l a r g e  s p l i t  and a  r e l a t i v e l y  smal l  d i f f e r e n c e  i n  peak - to -  

s l i d e  f r i c t i o n  va lues  on t h e  LO-CO s i d e ,  t h e  l a r g e s t  n e t  b r a k i n g  

f o r c e s  ( s h o r t e s t  s t o p p i n g  d i s t a n c e s )  wou ld  be a c h i e v e d  w i  t h  t h e  LO- 

CO s i d e  wheels l o c k e d  and t h e  HI-CO s i d e  wheels o p e r a t i n g  near t h e i r  

peak t r a c t i o n  1  i m i  t s ,  I n  such cases,  t h e  b e s t  s t o p p i n g  d i s t a n c e  

wou ld  be l i n i i  t e d  by t h e  d r i v e r ' s  a b i l i t y  t o  s t e e r  such t h a t  t h e  

v e h i c l e  wou ld  s t a y  a s t r i d e  o f  t h e  s p l i t .  One c o u l d  a l s o  c o n j u r e  up 

a s e t  o f  s p l i t  f r i c t i o n  cond i  t i o r i s  'such t h a t  t h e  d i f f e r e n c e  between 



t h e  maximum no-wheel s-1 ocked b r a k i n g  f o r c e  wou ld  approx imate  t h e  

n e t  b rake  f o r c e  a c h i e v a b l e  w i t h  t h e  LO-CO s i d e  wheels l o c k e d  and 

t h e  HI-CO s i d e  wheels o p e r a t i n g  n e a r  t h e i r  t r a c t i o n  l i m i t s .  A 

c l o s e  l o o k  a t  t h e  Bend ix  s t o p p i n g  d i s t a n c e  and sur face f r i c t i o n  

data  suggests t h a t  t h e  l a t t e r  c o n d i t i o n  e x i s t e d  i n  t h e  s p l i t  

c o e f f i c i e n t  b r a  k i  n g - i  n -a-  t u r n  t e s t s  and t h e  former c o n d i t i o n  e x i s t e d  

i n  t h e  s p l  i t  c o e f f i c i e n t  s t r a i  gh t -1  i n e  b r a k i n g  t e s t s .  I n  b o t h  

cases, t h e  v e h i c l e  was c o n t r o l  l a b l e  w i t h  one o r  bo th  i n s i d e  (LO-CO) 

wheels l o c k e d  and w i t h  o u t s i d e  wheels o p e r a t i n g  near t h e i r  t r a c t i o n  

l i m i t .  However, a  much l a r g e r  d r i v e r  s t e e r i n g  e f f o r t  was r e q u i r e d  

i n  t h e s e  t e s t s  t han  i n  t h e  s t r a i g h t  and i n - a - t u r n  t e s t s  on t h e  

honiogeneous sur faces .  

From t h e  wheel l o c k u p  summary g i v e n  e a r l i e r ,  i t  i s  c l e a r  

t h a t  t h e  b e s t  per fo rmance s t o p s  i n  t h e  s p l i t  c o e f f i c i e n t  t e s t s  

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

F i g u r e  3.15 as A (one LO-CO-side 'wheel l o c k e d )  and B ( b o t h  LO-CO . 

s i d e  wheel s  l o c k e d ) .  

Su r face  f r i c t i o n  measures g a t h e r e d  i n  these t e s t s  appear t o  

be r e l a t e d  t o  t h e  s t o p p i n g  d i s t a n c e  d a t a  o n l y  by c o n s i d e r i n g  

averages.  The p e r t i n e n t  average s u r f a c e  f r i c t i o n  va lues  ( t a k e n  

f r o m  Tab le  3 . 7 )  a r e  g i v e n  i n  Tab le  3.13. A l so  I n  Tab le  3.13 a r e  

l i s t e d  t h e  average o f  t h e  peak f r i c t i o n  on t h e  HI-CO s i d e  and t h e  

s l i d i n g  f r i c t i o n  on  t h e  LO-CO s i d e  o f  t h e  s p l i t .  T h i s  nunier ic  

r e l a t e s  t o  t h e  maxinluni b r a k i n g  f o r c e  a v a i l a b l e  under t h e  c o n d i t i o n  

o f  t h e  LO-CO wheels l o c k e d  and t h e  HI-CO wheels o p e r a t i n g  near  

t h e i r  t r a c t i o n  1  i n i i  t s .  Assuming t h i s  average t o  .be t h e  t r a c t i o n  

l i m i t  i n  t h e  s p l i t  c o e f f i c i e n t  t e s t s ,  we see t h a t  t h e  va lues  on t h e  

s p l  i t  s u r f a c e s  f o r  t h e  s t r a i g h t - 1  i n e  and t u r n i n g  courses a r e  a lmos t  

i d e n t i c a l  ( 0 . 4 7 - s t r a i g h t  and 0 . 4 9 - t u r n ) .  Fu r the r ,  we see t h a t  t hese  

va l r fes  a r e  o n l y  s l i g h t l y  l a r g e r  t han  t h e  t r a c t i o n  l i m i t  f o r  t h e  

LO-CO homogeneous s u r f a c e  wh ich  had a nominal  peak v a l u e  o f  0.41. 

C o n s i d e r i n g  these s i m p l e  f r i c t i o n  meitsLrres a lone ,  we wou ld  e x p e c t  

t h e  s t o p p i n g  d i s t a n c e s  ach ieved  on these  t h r e e  su r faces  t o  be abou t  



Tab le  3.13. Average Sur face  F r i c t i o n  Values on Low C o e f f i c i e n t  
S t r a i g h t  Su r face  and on t h e  S p l i t  C o e f f i c i e n t  
S t r a i g h t  and Curved Sur faces .  

LO-co SP- co SP- co 
S t r a i g h t  - S t r a i g h t  Turn  - 

HI-SIDE LpH=0.80 H I -S I  DE L~pH=O .81 

- 
llPL=0, 25 vpL=O .43 

LO-SIDE - LO-SIDE - 
pSL=O. 14 psL=0.17 

"H + 

t 

Avg . 2 = 0.47 "H 2 " s L ~ ~ ~ ~ ~  

t h e  same; perhaps s l i g h t l y  s h o r t e r  on t h e  s p l i t  s u r f a c e .  T h i s  

e x p e c t a t i o n  i s  i ndeed  con f i rmed  by  t h e  d a t a  i n  Tab le  3.12. ( I f ,  

on  t h e  o t h e r  hand, a  no-whee ls - locked t e s t  c o n s t r a i n t  were employed, 

t h e  t r a c t i o n  l i m i t  on t h e  s p l i t  su r faces  wou ld  have been determined 

s i m p l y  by t h e  peak f r i c t i o n  v a l u e  on t h e  LO-CO s i d e  o f  t h e  s p l i t . )  

I t  was ment ioned i n  t h e  above d i s c u s s i o n  , t h a t  t h e  d r i v e r  

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

g r e a t e r  on t h e  s p l i t  f r i c t i o n  s u r f a c e s  than  on t h e  homogeneous s u r -  

f a c e s .  A  q u a n t i t a t i v e  measure o f  t h i s  e f f o r t  i s  g i v e n  by t h e  

s t e e r i n g  d i sp lacemen t  da ta  summarized i n  Tab le  3.14.  S ince  t h e  

f o u r  v e h i c l e s  w i t h  conven t i ona l  b rake  systems d i s p l a y e d  v e r y  s i m i l a r  

r e s u l t s ,  da ta  f roni  these v e h i c l e s  i s  averaged t o g e t h e r .  The a n t i -  

1  ock v e h i c l e  c o n s i s t e n t l y  r e q u i r e d  l e s s  s t e e r i n g  e f f o r t  and average 

va lues  f o r  i t  a r e  shown s e p a r a t e l y .  For  t h e  conven t i ona l  v e h i c l e s  

t h e  peak-to-peak s t e e r i n g  d i s p l  acernent an t h e  s p l  i t  s u r f a c e s  was 

abou t  t w i c e  t h a t  r e q u i r e d  on  t h e  homogeneous s u r f a c e s .  A lso ,  we see 

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

f o r  t h e  case o f  b r a k i n g  i n  a  t u r n  on homogeneous s u r f a c e s  o v e r  t h a t  

r e q u i r e d  d u r i n g  s t r a i g h t - 1  i n e  s t o p s .  On t h e  average,  t h e  s t e e r -  

i n g  e f f o r t  w i t h  t h e  a n t i l o c k  Nova was l e s s  than  h a l f  t h a t  r e q u i r e d  

w i t h  t h e  c o n v e n t i o n a l  v e h i c l e s .  



Table  3.14. Average Peak-to-Peak S t e e r  Angle and Average 
Number o f  S t e e r i n g  Reve rsa l s .  

Conven t i ona l  V e h i c l e s  

Average 
Average No. o f  
P-P S t e e r  Reversa l  s  

tlI-CO S t r a i g h t  85" 3.6 

LO-CO S t r a i g h t  81 " 3.4 

HI-CO Turn  107" 2.9 

LO-CO Turn  110" 3.3 

SP-CO S t r a i g h t  191" 3.9 

SP-CO Turn  195" 3.4 

A n t i l o c k  Nova 

Average 
Average . No. o f  
P-P S t e e r  - Reversa l  s  

The b r a k i n g  e f f i c i e n c y  numer ic  was computed f o r  each v e h i c l e  

u s i n g  t h e  minimum s t o p p i n g  d i s t a n c e  d a t a  f rom t h e  h i g h  and l o w  

c o e f f i c i e n t  s t r a i g h t - l i n e  t e s t s  and f o r  each o f  t h e  t h r e e  s e t s  o f  

su r face  f r i c t i o n  measurements t a k e n  w i t h  t h e  SFD d u r i n g  t h e  t h r e e -  

month t e s t  p e r i o d .  The comple te  s u r f a c e  f r i c t i o n  d a t a  i s  p resen ted  

i n  Appendix C.  Tab le  3.15 c o n t a i n s  t h e  r e s u l t s  o f  t h e  b r a k i n g  

e f f i c i e n c y  compu ta t i ons .  The e f f i c i e n c y  va lues  d e r i v i n g  f r o m  t h e  

sur face f r i c t i o n  d a t a  l a b e l e d  number "11" (columns 2 and 5 i n  

Tab le  3.15)  a r e  p l o t t e d  i n  F i g u r e  3.16 f o r  ease o f  compar ison.  

A1 1  v e h i c l e s  e x c e p t  t h e  Pacer, a c h i e v e d '  s i g n i f i c a n t l y  h i g h e r  

u t i l i z a t i o n  o f  wet  l o w  c o e f f i c i e n t  sur faces  than  o f  t h e  d r y  h i g h  

c o e f f i c i e n t  su r face  and t h e  t o p  ranked  v e h i c l e s  (Monte Car lo ,  Bob- 

c a t  wagon, and Nova) e x l ~ i b i t e d  l a r g e r  d i f f e r e n c e s  than t h e  bo t tom 

ranked  F o r d  LTD and Pace r .  One wou ld  e x p e c t  t h a t  i n  gene ra l  t h e  

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

f r o m  poo re r  wet  s u r f a c e  t r a c t i o n  o f  t h e  'ASTM-501 t e s t  t i r e ,  wh ich  

has a  r e l a t i v e l y  sn~ooth ,  uns iped  t r e a d  s t r u c t u r e ,  compared t o  t h e  

t y p i c a l  passenger c a r  t i r e .  

Conlpari ng t h e  e f f i c i e n c y  va lues  computed f r o m  t h e  same 

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



Tab le  3.15. B r a k i n g  E f f i c i e n c i e s  o f  F i v e  V e h i c l e s  on  H i g h  
C o e f f i c i e n t  and o n  Low C o e f f i c i e n t  Su r faces ,  
S t r a i g h t - L i n e  S tops .  

HI-CO LO-CO 
E f f .  D r y  Asphal  t Wet Jenn i  t e  

V e h i c l e  T e s t  I I  I  I  I I I  I  I  I  I  I 

Monte C a r l o  1 s t  71.7% 71.9% 70.6% 87.7% 92.6% 86.0% 

F o r d  LTD 1 s t  71.4 71.8 70.4 76 .9  81.2 75.4 

2n d 67.8 68.2 66.9 68.5 72.3 67.2 

3 r d  78.3 78 .8  77.3 77.7 82.1 76.3 

Bobcat  Wagon 1 s t  74.6 75.0 73.6 87.1 91.9 85.4 

2nd 64 .8  65.0 63 .8  80.7 85.2 79.2 

3 r d  82.6 83.4 81 .8  94.0 99.3 92.2 

Pacer  1 s t  70.6 71.4 70.0 68.2 72.1 66.9 

2nd 75.2 75.6 74.2 53.4 56.5 52 .4  

3 r d  70.6 71.0 69.6 67.3 71.2 66 .0  

A n t i l o c k  Nova 1 s t  73.5 73.7 72 .3  92.1 97.2 90.3 

2n d 72.4 72.8 71.4 92.6 97.2 91.1 

3 r d  82.0 82.6 81 .0  96.9 102.5 95.1 

I  Bascd o n  SFD Measureil ients f r o m  June 6, 1977 

I 1  Based on SFD Measurements f r o m  J u l y  19, 1977 

I11 Based on  SFD Measuremet~ts f r o m  October  3, 1977 



1 s t  E f f .  GVWR 2nd E f f .  GVWR 

M -, ' 7 6  Mont,e C a r l  o  

F -+ ' 7 6  Ford  LTD 

B  -, ' 7 7  Mercu ry  Bobcat  

P -+ ' 7 7  AlilC Pacer  

N -* ' 7 6  Nova An ti 1 oc k 

F i g u r e  3.1 6 .  B r a k i n g  e f f i c i e n c i e s  on h i g h  c o e f f i c i e n t  and  l o w  
c o e f f i c i e n t  s u r f a c e s ,  s t r a i g h t - 1  i n e  s t o p s .  



f r i c t i o n  nieasurements ( T a b l e  3 .15 ) ,  we f i n d  t h a t  t h e  maximuni 

and average spread i n  t h e  e f f i c i e n c y  numer ic  i s  1 , 6 %  and 1.42, 

r e s p e c t i v e l y ,  o n  t h e  d r y  s u r f a c e  and 7.1% and 6.1%, r e s p e c t i v e l y ,  

on t h e  we t  s u r f a c e .  T h i s  i s  a  c l e a r  demons t ra t i on  o f  t h e  . l a r g e r  

v a r i a b i l i t y  t o  be expec ted  f r o m  w e t  s u r f a c e  f r i c t i o n  measurements 

compared t o  d r y  s u r f a c e  f r i c t i o n  measurements. 

I n  summary, we f i n d  t h a t  where s t o p p i n g  d i s t a n c e  i s  t h e  o n l y  

per formance measure, l i t t l e  o r  no i n f o r r i i a t i o n  i s  ga ined  b y  p e r -  

f o r m i n g  b r a k i  n g - i n - a - t u r n  and s p l  i t - c o e f f i  c i e n t  b r a k i n g  t e s t s  wh ich  

canno t  be deduced f r o m  s t r a i g h t - 1  i n e  b r a k i n g  t e s t s  on  h i g h  and l ow  

c o e f f i c i e n t  homogeneous s u r f a c e s .  A n t i  l o c k - e q u i  pped v e h i c l e s  can 

be an e x c e p t i o n ,  perhaps,  as  e v i d e n c e d  by t h e  r i g h t / l e f t  t u r n i n g  

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

a n t i l o c k  Nova and t h e  l o n g e r  s t o p p i n g  d i s t a n c e s  e x h i b i t e d  b y  t h i s  

v e h i c l e  o n  t h e  s p l i t  su r faces .  I n  t h e  case o f  s p l i t  c o e f f i c i e n t  

sur faces ,  i f  no wheel l o c k u p s  a r e  p e r m i t t e d ,  t h e  s t o p p i n g  d i s t a n c e  

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

f r i c t i o n  equa l  t o  t h a t  o f  t h e  l o w  f r i c t i o n  s i d e  o f  t h e  s p l  i t .  I f  

wheel l o c k u p  on t h e  l o w  s i d e  i s  p e r m i t t e d ,  t h e  s t o p p i n g  d i s t a n c e  

w i l l  approx imate  t h a t  w h i c h  w o u l d  be ach ieved  on a  u n i f o r m  s u r f a c e  

w i t h  a  peak f r i c t i o n  v a l u e  equa l  t o  t h e  average o f  t h e  peak f r i c -  

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

o n  t h e  l ow  f r i c t i o n  s i d e .  A l a r g e  s t e e r i n g  e f f o r t  i s  r e q u i r e d  t o  

compensate f o r  t h e  yaw moment w h i c h  i s  genera ted when one wheel p e r  

a x l e  i s  a1 lowed t o  l o c k  on t h e  s p l i t  c o e f f i c i e n t  s u r f a c e .  Con- 

s e q u e n t l y ,  i t  i s  d o u b t f u l  t h a t  t h e  average d r i v e r  wou ld  ach ieve  

t h e  mininium s t o p p i n g  d i s t a n c e s  on t h e  s p l i t  su r faces  ach ieved  by 

t h e  p r o f e s s i o n a l  t e s t  d r i v e r  i n  t h e  t e s t s  a t  Bend ix .  I n  r e a l i t y  

t h e  s t o p p i n g  d i s t a n c e  wou ld  g e n e r a l l y  be 1  i m i t e d  by v e h i c l e  con- 

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

c o e f f i c i e n t  s u r f a c e .  

The a n t i  l ock -equ ipped  v e h i c l e  e x h i b i t e d  the  b e s t  o v e r a l l  

per for t i lance on hoiliogcneous s u r f a c e s ,  b u t  ranked  f o u r t h  i t 1  p e r f o r -  

mance on t h e  s p l  i t  c o e f f i c i e n t  su r faces .  However, t h e  a n t i  l o c k  



system r e 1  i e v e s  t h e  d r i v e r  o f  t h e  t a s k ,  o f  p r e c i s e l y  m o d u l a t i n g  

peda l  f o r c e  and s i g n i f i c a n t l y  eases t h e  s t e e r i n g  task  d u r i n g  

rnaxiniurn per fo r r~ lance s t o p s .  

3.4 S i m u l a t i o n  o f  V e h i c l e s  Used i n  t h e  In -Dep th  T e s t  Program 

The f i v e  v e h i c l e s  wh ich  were t e s t e d  as d e s c r i b e d  i n  t h e  

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

v e s t i g a t e  t h e  s e n s i t i v i t y  o f  t h e  b r a k i n g  performance t o  smal l  

d e v i a t i o n s  i n  t h e  t e s t  c o n d i t i o n s .  An e x i s t i n g  v e h i c l e  hand1 i n g  

program r u n  a t  t h e  Appl i e d  Phys i cs  L a b o r a t o r y  (APL) a t  John Hopkins 

U n i v e r s i t y  was used f o r  t h i s  purpose,  and was m o d i f i e d  o n l y  t o  

i n c l u d e  a  niodel o f  t h e  a n t i l o c k  system wh ich  was i n s t a l  l e d  on t h e  

Nova t e s t  c a r .  

T h i s  s e c t i o n  b r i  e f l y  d e s c r i b e s  t h e  model employed- and some 

emphasis i s  g i v e n  t o  t h e  measurement and e s t i m a t i o n  o f  t h e  v a r i o u s  

parameter  va lues  needed f o r  t h e  s in iu l  a t i o n .  The computed sens i  - 
t i v i  t i e s  o f  s t o p p i  ng d i s t a n c e  p e r f o r ~ n a r ~ c e  t o  v a r i a t i o n s  i n  t h e  t e s t  

c o n d i t i o n s  a r e  then  p resen ted  and d iscussed.  

The parameter  1  i s t i n g s  f o r  t h e  f i v e  v e h i c l e s  a r e  i n c l u d e d  i n  

Appendix D, as a r e  some o f  t h e  o t h e r  s i m u l a t i o n  r e s u l t s  n o t  i n c l u d e d  

i n  t h i s  s e c t i o n .  The mathemat ica l  model developed t o  r e p r e s e n t  

t h e  a n t i l o c k  system i s  p resen ted  i n  Appendix F, wh ich  a l s o  l i s t s  

t h e  FORTRAN s u b r o u t i n e  wh ich  was added t o  t h e  APL program. 

3.4.1 Computer Model.  The mathemat ica l  model wh ich  was 

used f o r  t h i s  s t u d y  i s  docurliented i n  References [ 5 ]  and [ 6 ] .  The 

genera l  c h a r a c t e r  o f  t h e  niodel i s  sur~imarized by t h e  f o l l o w i n g  

e x e r p t s  f rom Reference [ 6 ] :  

The s i m u l a t e d  v e h i c l e  i s  r e p r e s e n t e d  by a  17-degree- 
o f - f reedom model t h a t  c o n s i s t s  o f  



* A  b a s i c  6-DOF niodel o f  t h e  v e h i c l e  sprung mass 

* A  2-DOF f r o n t  wheel o r  f r o n t  a x l e  model 

* A  2-DOF r e a r  wheel o r  r e a r  a x l e  model 

* A  3-DOF s t e e r i  ng sys tem niodel 

* A  4-DOF wheel r o t a t i o n a l  dynamics model 

The 6 DOF's o f  t h e  sprung mass model a r e  t h e  6  
s t a n d a r d  t r a n s l a t i o n a l  and r o t a t i o n a l  DOF's o f  a  body 
moving i n  i n e r t i a l  space: t r a n s 1  a t i o n  a l o n g  t h r e e  
axes and r o t a t i o n  about  each a x i s .  The 2  f r o n t  wheel 
DOF's r e p r e s e n t  t h e  m o t i o n  o f  t h e  f r o n t  unsprung masses. 
Fo r  an independent  f r o n t  suspension,  t h e  2 DOF's a r e  t h e  
v e r t i c a l  m o t i o n  o f  each f r o n t  wheel .  I f  t h e  f r o n t  sus- 
pens ion  r e p r e s e n t s  a  s o l  i d  a x l e  c o n f i g u r a t i o n ,  t h e  2 
DOF's a r e  t h e  r o t a t i o n  and v e r t i c a l  m o t i o n  o f  t h e  f r o n t  
a x l e .  A co r respond ing  d i s c u s s i o n  d e s c r i b e s  t h e  2 r e a r  
wheel DOF's. 

. . . . Four a d d i t i o n a l  DOF's . . . a r e  c o n t a i n e d  i n  t h e  
r o t a t i o n a l  e q u a t i o n s  o f  m o t i o n  abou t  t h e  s p i n  a x i s  o f  
each whee l .  These e q u a t i o n s ,  wh ich  i n c l u d e  t h e  d i f f e r -  
e n t i a l  e f f e c t s  o f  t h e  r e a r  whee ls ,  y i e l d  t h e  wheel 
r o t a t i o n  r a t e s  f r o m  w h i c h  s l i p  and, i n  t u r n ,  t h e  c i r cum-  
f e r e n t i  a1 and 1  a t e r a l  fri c t i  on c o e f f i c i e n t s  a r e  computed.. . 
. . . . The suspens ion  f o r c e s  i n c l  ude s p r i n g  e f f e c t s ,  shock 
absorbers ,  a u x i  1  i a r y  r o l l  s t i f f n e s s ,  coulomb f r i c t i o n ,  
and " a n t i "  f o r c e s  such as a n t i p i t c h  and a n t i r o l l  ... 

The f o r c e  o f  g r a v i t y ,  aerodynamic f o r c e s  and moments, 
and t i r e  f o r c e s  and moments genera ted  a t  t h e  t i r e - r o a d  
i n t e r f a c e  a re  c o n s i d e r e d  t h e  o n l y  i n ipo r tan  t e x t e r n a l l y  
a p p l i e d  f o r c e s  and moments a c t i n g  on t h e  v e h i c l e .  The 
t i r e  f o r c e s  i n c l u d e  t h e  r a d i a l  f o r c e  a r i s i n g  f r o m  r a d i a l  
t i r e  d e f l e c t i o n ,  t h e  s i d e  f o r c e  due t o  s l i p  a n g l e  and 
i n c l i r l a t i o n  angle,  and t h e  c i  r c u m f e r e n t i  a1 f o r c e  a r i s i n g  
f r o m  app l  i e d  t o r q u e .  S i n c e  t h e  roadway i s  t r e a t e d  as a  
f l a t  h o r i z o n t a l  p lane ,  a " p o i n t - c o n t a c t "  r e p r e s e n t a t i o n  
o f  t h e  t i r e  i s  used t o  o b t a i n  t h e  r a d i a l  l o a d i n g .  The 
c i r c u m f e r e n t i a l  f o r c e  c a l c u l a t i o n  uses a  t w o - s t r a i g h t -  
1  i n e  a p p r o x i n i a t i o n  o f  f r i c t i o n  c o e f f i c i e n t - s l  i p  b e h a v i o r .  
The s i d e  f o r c e  c a l c u l a t i o n s  a r e  based on  s l i p - a n g l e  and 
i n c l i n a t i o n - a n g l e  p r o p e r t i e s  o f  t h e  t i r e s  wh ich  a r e  s a t -  
u r a t e d  a t  1  a r g e  angl  es.  Interaction between c i  rcun i fe r -  
e n t + i a l  and s i d e  fo rces  u t i l i z e s  a  m o d i f i e d  " f r i c t i o n -  
e l l i p s e "  concep t  t h a t  " r o l l s  o f f "  s i d e  f o r c e  as a  f u n c t i o n  
o f  t i r e  s l i p .  The " r o l l o f f "  c h a r a c t e r i s t i c  i s  an e ~ i i p e r i c a l  
r e l a t i o n s h i p  o b t a i n e d  fro111 t i r e  t e s t  da ta .  The t i r e  



a l i g n i n g  t o r q u e  and o v e r t u r n i n g  monient a r e  modeled as 
n o n l i n e a r  f u n c t i o n s  o f  l a t e r a l  f o r c e ,  normal f o r c e ,  and 
i n c l i n a t i o n  ang le . .  . . 

Open-loop c o n t r o l  i n p u t s  can be e n t e r e d  i n  t h e  fo rm 
o f  s t e e r i n g  wheel a n g l e  and d r i v e  o r  b rake  t o r q u e . .  . . 
The b rake  to rque  magni tude i s  de termined from i n p u t  da ta  
f u n c t i o n s  o f  b rake l i n e  p ressu re  a t  t h e  f r o n t  and r e a r  
wheel s .  

I t  shou ld  be c l e a r  f rom t h e  above d e s c r i p t i o n  t h a t  a  l a r g e  

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

s i m u l a t e d .  Most  o f  t h e  needed parameter  va lues  were e i t h e r  t a k e n  

f r o m  pub1 i s h e d  s p e c i f i c a t i o n s  o r  e s t i m a t e d  f rom nieasurements made 

b y  HSRI and o t h e r  groups on comparable v e h i c l e s .  Many o f  t h e  

parameters  o f  l e s s e r  s i g n i f i c a n c e  i n  t h e  computer model, such as 

t h e  aerodynanii c  c o e f f i c i e n t s ,  t h e  a n t i - p i  t c h  and a n t i - r o l l  c o e f f i -  

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

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

A l l  o f  t h e  t i r e  da ta  was ga t l i e red  b y  Calspan on i t s  i n d o o r  

t i r e  t e s t i n g  setup,  and can be found i n  Reference [ 7 ] .  P l o t s  

were made f r o m  these data  and a r e  i n c l u d e d  i n  Appendix D .  S ince  

Calspan p r o v i d e d  t h e  t i r e  model used a t  APL, t h e  da ta  were p resen ted  

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

t h e  conipu t e r  program. 

The mechanical  c h a r a c t e r i s t i c s  o f  t h e  t e s t  c a r s  wh ich  were 

measured a t  H S R I  f o r  t h i s  s t u d y  i n c l u d e d  t h e  f o l l o w i n g :  

The c e n t e r - o f - g r a v i  t y  ( c  .g . ) l o c a t i o n  o f  t h e  e n t i r e  

v e h i c l e .  T h i s  was found by  u s i n g  a  l a r g e  swing 

wh ich  had been f a b r i c a t e d  a t  HSRI f o r  t h i s  purpose.  

The 1 ong i  t u d i  n a l  p o s i t i o n  was found  by b a l a n c i n g  

t h e  v e h i c l e ,  and t h e  v e r t i c a l  l o c a t i o n  was found by 

p i t c h i n g  t h e  swing, m e a s ~ r r i n g  t h e  s t a t i c  a n g l e  and 

r e s u l  t a n t  to rque,  and c a l c u l  a t i  ng t h e  c .g .  p o s i t i o n  

based on these measurements, t h e  v e h i c l e  we igh t ,  and 

t h e  known p r o p e r t i e s  o f  t h e  swing.  The c . g .  l o c a t i o n  



o f  t he  sprung mass was then es t ima ted  f o r  t h e  i n p u t  

t o  t h e  computer  program. 

2 )  The p i t c h  moment o f  i n e r t i a  o f  t h e  e n t i r e  v e h i c l e .  

The same swing appara tus  used t o  l o c a t e  t h e  c . g .  was 

a l s o  used t o  e s t a b l i s h  t h e  p i t c h  i n e r t i a .  T h i s  was 

done by a l l o w i n g  t h e  v e h i c l e  t o  o s c i l l a t e ,  pendulum 

fash ion ,  o b t a i n i n g  a  measure o f  t he  p e r i o d  o f  t h e  

o s c i l l a t i o n s .  The p i t c h  i n e r t i a  was then c a l c u l a t e d  

f rom t h e  measured p e r i o d ,  t h e  c.g. l o c a t i o n ,  t h e  

w e i g h t  o f  t h e  v e h i c l e ,  and t h e  swing p r o p e r t i e s .  The 

sprung mass p i t c h  moment o f  i n e r t i a  was then  separa ted 

f rom t h i s  f i g u r e .  

The suspension s p r i n g  r a t e s  and coulomb f r i c t i o n  1  e v e l s .  

The suspension parameter  measurement se tup a t  H S R I  

was u t i l  i z e d  f o r  t hese  measurements. The sprung mass 

o f  t h e  v e h i c l e  was f i x e d  t o  ground, w h i l e  t h e  two 

wheels o f  e i t h e r  t h e  f r o n t  o r  r e a r  suspension were 

moved t o g e t h e r  v e r t i c a l l y .  Force versus d e f l e c t i o n  

curves  were p l o t t e d  t o  enab le  the  o b s e r v a t i o n  o f  t h e  

s p r i n g  r a t e s  and f r i c t i o n  l e v e l s .  

4 )  The a u x i l  i a r y  r o l l  s t i f f n e s s e s  due t o  an t i - sway  ba rs .  

The same se tup  needed t o  d e t e r m i n e ' t h e  s p r i n g  r a t e s  

was used aga in ,  a l t h o u g h  t h i s  t i m e  r i g h t -  and l e f t -  

s i d e  wheel s  were moved i n  oppos i te  d i r e c t i o n s  f rom 

t h e i r  e q u i l i b r i u ~ l i  p o s i t i o n s .  The t o t a l  r o l l  s t i f f n e s s  

was c a l c u l a t e d  from t h e  f o r c e  and displacement h i s -  

t o r i e s ,  and t h e  c o n t r i b u t i o n  f rom t h e  sp r i ngs  was 

s u b t r a c t e d  t o  produce n e t  auxi.1 i a r y  r o l l  s t i  f f n e s s  

va l  ues . 
5 )  V e h i c l e  we igh t  d u r i n g  t e s t i n g .  Imniediate ly  b e f o r e  

t h e  p h y s i c a l  t e s t s  f o r  each ca r  were s t a r t e d  a t  GAPG, 

t h e  l o a d  a t  each a x l e  was measured. The r e s u l t s  

were used t o  e s t a b l i s h  t h e  sprung mass va lue  and i t s  



c.g.  l o c a t i o n  f o r  t h e  loaded and unloaded ca r ,  

w i t h  i n s t r u m e n t a t i o n  and d r i v e r .  

6 )  The brake p r o p o r t i o n i n g .  Each v e h i c l e  employed 

a f r o n t l r e a r  brake l i n e  c i r c u i t  s p l i t ,  wh ich  made 

i t  p o s s i b l e  t o  d i s a b l e  t h e  f r o n t  brakes and t o  con- 

d u c t  t e s t s  c h a r a c t e r i z i n g  s topp ing  d i s t a n c e  as a  

f u n c t i o n  o f  " f r o n t - d i r e c t e d "  pedal f o r c e .  S i m i l a r  

da ta  were taken w i t h  t h e  r e a r  brakes d i sab led ,  which 

then  gave us t h e  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  

pedal  f o r c e .  

A n t i  l o c k  parameters.  A1 1  o f  t he  parameter  va lues  

needed t o  s i m u l a t e  t h e  a n t i l o c k  system on t h e  Nova 

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

wh ich  were p rov ided  by t h e  Kel sey-Hayes Company. We 

d i d  n o t  have a  g r e a t  deal  o f  con f i dence  i n  some o f  t he  

es t ima tes .  A r e f i n e d  s e t  o f  parameters was chosen 

e m p i r i c a l l y  so as t o  o b t a i n  a  c l o s e  c o r r e l a t i o n  

between measured and s imul  a t e d  s t o p p i n g  d i s t a n c e s .  

I n  t he  p h y s i c a l  t e s t i n g  a c t i v t y ,  i t  was seen t h a t  

t h e  Nova performed s i m i l a r l y  t o  t h e  Bobcat  d u r i n g  

s t r a i g h t - 1  i n e  b r a k i n g  on h i g h  c o e f f i c i e n t  su r faces .  

Thus t h e  a n t i 1  ock parameter va lues  were a d j u s t e d  

u n t i l  t h e  s i i r ~ u l a t e d  Nova performance was c l o s e  t o  

t h e  s i m u l a t e d  Bobcat perforniance, w h i l e  a t  t h e  same 

t i m e  t h e  c o n t r a s t  between the  t r a c e s  p r o v i d e d  by 

Kelsey-Hayes and t h e  s i m u l a t e d  t r a c e s  was minin i ized.  

The a n t i l o c k  s i m u l a t i o n s  a r e  d iscussed f u r t h e r  i n  

S e c t i o n  3.5.1.  

A f t e r  these measurer~ients had been rnade f o r  each v e h i c l e ,  i t  

was seen t h a t  t he  i n e r t i a l  and suspension parameter  va lues  c l o s e l y  

con f i rmed  those va lues  wh ich  can be d e r i v e d  f rom e m p i r i c a l  r e l a -  

t i o n s ,  such as those g i v e n  i n  Reference [8]. 



3 .4 ,2  Coniputed Sensi t i v i  t i e s  o f  V e h i c l e  B rak ing  Performance. -- 
I n  any exper imenta l  t e s t  program, c e r t a i n  v a r i a t i o n s  i n  t h e  t e s t i n g  

c o n d i t i o n s  a r e  i n e v i t a b l e .  A s e t  o f  computer s i m u l a t i o n s  was 

implemented t o  de termine t h e  e f f e c t  o f  such v a r i a t i o n s  on s t o p p i n g  

d i s t a n c e  performance.  A m a t r i x  o f  c o n d i t i o n s  was fo rmula ted,  as 

l i s t e d  i n  Tab le  3.16, t o g e t h e r  w i t h  t he  r e s u l t s  o f  t h e  s i m u l a t i o n s .  

For  each case, t h e  b a s i c  per formance i s  d e f i n e d  by t h e  s h o r t e s t  

s t o p p i n g  d i s t a n c e  wh ich  was found f o r  t h e  conven t i ona l  l y -b raked  

v e h i c l e s  b y  a  s e r i e s  o f  s i ~ n u l a t i o n  runs  i n  wh ich  t h e  brake l i n e  

p ressu re  was i n c r e a s e d  s tep -by -s tep  u n t i l  ax1 e  1  ockup occu r red .  I n  

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

t h e  f r o n t  a x l e  l o c k e d  b e f o r e  t h e  r e a r .  

The s imul  a t i o n s  i n v o l v e d  two su r faces  r e p r e s e n t i n g  h i g h  and 

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

by  t h e  two s k i d  numbers 30 and 81. The " b a s e l i n e "  t e s t  c o n d i t i o n s  

f o r  each v e h i c l e  were: l o a d i n g  t o  ach ieve t h e  gross v e h i c l e  

w e i g h t  (GVIJ), an i n i t i a l  speed o f  40 mph, a  s t e e r  a n g l e  such t h a t  

a  s t e a d y - s t a t e  1  a t e r a l  a c c e l e r a t i o n  o f  0 . 2 . g i s  was reached imniediate- 

l y  before  t h e  brake a p p l i c a t i o n ,  and a  r i s e  t i m e  of 0.2 seconds f o r  

t h e  brake 1  i n e  p ressu re .  The minimum s topp ing  d i s t a n c e  f o r  each 

v e h i c l e  serves as a  r e f e r e n c e  a g a i n s t  wh ich  t h e  s t o p p i n g  d i s t a n c e  

o c c u r r i n g  under d i f f e r e n t  s i n iu la ted  c o n d i t i o n s  a r e  conipared on a  

percentage b a s i s .  The s i g n  conven t i on  used i n  t he  t a b l e  ass igns  a  

p o s i t i v e  v a l u e  when t h e  performance i s  improved ( s h o r t e r  s t o p p i n g  

d i s t a n c e )  w i t h  r e s p e c t  t o  t h e  r e f e r e n c e .  

The f i r s t  t h r e e  1 i n e s  a f t e r  t h e  b a s e l i n e  c o n d i t i o n  c o n t r a s t  

t h e  per formance found under t h e  d i f f e r e n t  l o a d i n g s  and d u r i n g  

s t r a i g h t - l i n e  b r a k i n g .  I t  can be seen t h a t  t h e  f o u r  convent io t ia l  

c a r s  per forn led s i g n i f i c a n t l y  b e t t e r  when unloaded. T h i s  can be 

unders tood by n o t i n g  t h a t :  

1 )  t h e  c e n t e r  o f  g r a v i t y  o f  t h e  v e h i c l e  i s  more f o r w a r d  

i n  t h e  ut l loaded s t a t e ,  and 
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2 )  t h e  f r o n t  a x l e  was a lways found  t o  l o c k  b e f o r e  t h e  

r e a r ,  i n d i c a t i n g  t h a t  t h e  f r o n t / r e a r  p r o p o r t i o n i n g  

was optimum f o r  e i t h e r  a  s u r f a c e  hav ing  a  h i g h  

f r i c t i o n  c o e f f i c i e n t  o r  a  more f o r w a r d  c . g .  l o c a t i o n .  

The c o n t r a s t  between t h e  per fo rmance ach ieved  under t h e  i n - a -  

t u r n  and s t r a i g h t - l i n e  cond i  t i o r i s  i s  v a r i a b l e ,  a1 though t h e  tendency 

i s  towards  b e t t e r  per formance d u r i n g  t h e  s t r a i g h t - l i n e  maneuver. 

We can a l s o  see t h a t  t h e  e f f e c t s  o f  b e i n g  l i g h t l y  l oaded  and o f  

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

when combined, t h e y  f o r m  an independent  t h i r d  c a t e g o r y .  I n  a l l  

t h r e e  c a t e g o r i e s ,  t h e  Nova showed marked ly  1  ess s e n s i t i v i t y  than 

t h e  o t h e r  c a r s .  

The e f f e c t  o f  a  v a r i a t i o n  i n  t h e  i n i t i a l  v e h i c l e  speed i s  

t w o f o l d :  f i r s t ,  t h e  expec ted  s t o p p i n g  d i s t a n c e  ( i n  a  s t r a i g h t - 1  i n e  

maneuver) i n c r e a s e s  i n  p r o p o r t i o n  t o  t h e  square o f  t h e  i n i t i a l  

v e l o c i t y ,  and second, t h e  l a t e r a l  a c c e l e r a t i o n  r e s u l t i n g  i n  a  con- 

s t a n t - r a d i u s  t u r n  ( o r  i n  t h e  s i m u l a t i o n s ,  a  c o n s t a n t  s t e e r  a n g l e )  

i s  a l s o  p r o p o r t i o n a l  t o  t h e  v e l o c i t y  squares .  S i m u l a t i o n s  were r u n  w i t h  

t h e  i n i t i a l  v e l o c i t y  v a r i e d  by 52 mph t o  q u a n t i f y  t h e  per fo rmance 

s e n s i t i v i t y  t o  i n i t i a l  v e l o c i t y ,  and t h e  r e s u l t s  a r e  shown i n  t h e  

t a b l e .  The c a l c u l a t e d  s t o p p i n g  d i s t a n c e s  were a d j u s t e d  i n  each 

case b y  t h e  c o r r e c t i o n  f a c t o r ,  

t o  e l i m i t ~ a t e  t h e  f i r s t  o f  t h e  two speed e f f e c t s .  I n  g e n e r a l ,  we 

see t h a t  t h e  e f f e c t  o f  t h e  v a r i a t i o n  i n  t h e  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  c o n d i t i o n  i s  i ndeed  sma l l  . 
The f r i c t i o n  t h a t  i s  a v a i l a b l e  a t  t h e  t i r e - r o a d  i n t e r f a c e  

i s  addressed i n  FMVSS 105-75 o n l y  by t h e  s k i d  number o f  t h e  t r a c k  

sur face.  Thus t h e  peak f r i c t i o n  c o e f f i c i e n t  o f  a  g i v e n  t i r e  may 

d i f f e r  froin sur face t o  s u r f a c e  or even f rom day t o  day w i t h  t h e  

same s u r f a c e ,  w h i l e  a t  a l l  t imes  s a t i s f y i n g  t h e  105-75 c o n d i t i o n .  



D u r i n g  s t r a i g h t - l i n e  b rak ing ,  i f  t h e  r i s e  t i m e  i s  neg lec ted ,  we 

wou ld  expect  t h a t  a  10% change i n  t h e  a v a i l a b l e  peak f r i c t i o n  would 

cause a  10% change i n  t h e  s t o p p i n g  d i s t a n c e .  The r e s u l t s  o f  a  

10% change wh ich  a r e  shown i n  t h e  t a b l e  i n d i c a t e  t h a t  t h i s  s imp le  

assumpt ion does n o t  h o l d  when b r a k i n g  i n  a  t u r n  i s  cons ide red .  The 

d e v i a t i o n s  f r o m  t h e  10% f i g u r e  show no g e n e r a l i z e d  t r e n d s  i n  b e h a v i o r  

f o r  t h e  f o u r  conven t i ona l  c a r s .  The Nova behaved e x a c t l y  as 

expected on t h e  h i g h  c o e f f i c i e n t  su r face ,  b u t  was about  t w i c e  as 

s e n s i t i v e  on t h e  l o w  c o e f f i c i e n t  s u r f a c e  as would be expected.  

The n e x t  c o n d i t i o n  shown i n  t h e  t a b l e  i s  a  20% brake to rque  

imbalance ( t h a t  i s ,  t h e  brake t o r q u e / l i n e  p r e s s u r e  g a i n  on one s i d e  

o f  t h e  c a r  was i n c r e a s e d  by 20%.)  (A b r a k e  t o r q u e  i n c r e a s e  on t h e  

s i d e  l oaded  by t h e  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  i n  t h e  t u r n  i s  

des igna ted  as t h e  +202 c o n d i t i o n . )  An imba lance o f  t h i s  s o r t  m i g h t  

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

r i g h t -  and l e f t - h a n d  b rake  pads ( o r  shoes) d u r i n g  b r a k i n g - i n - a - t u r n  

t e s t s .  Scanning t h e  r e s u l t s ,  we see t h a t  t h e  change i n  per formance 

v a r i e s  from -4% t o  +9%, and t h a t  no t r e n d s  a r e  e v i d e n t ,  even i n  

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

imbalance s e n s i t i v i t y  serves t o  f u r t h e r  i l l u s t r a t e  t h e  conip lex i  t y  

o f  t h e  i n t e r a c t i o n s  between t h e  parameters i n v o l v e d  i n  b r a k i n g - i n -  

a - t u r n  nianeuvers . 
The f i n a l  s e n s i t i v i t y  shown i n  Tab le  3.16 i s  t h a t  o f  t h e  

s t o p p i n g  d i s t a n c e  i n v o l v e d  i n  v a r i a t i o n  o f  t h e  r i s e  t i m e  i n  b rake  1  i n e  

p ressu re .  I f  t h e  v e h i c l e  d e c e l e r a t i o n  i s  assumed t o  reach  a  con- 

s t a n t  v a l u e  a t  t h e  sarlie t i ~ i i e  as t h e  l i n e  pressure ,  t h e  p o r t i o n  o f  

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

where AT i s  t h e  r i s e  t i m e .  Froni t h i s  r e l a t i o n ,  we would expect  

a  change o f  12  on t h e  l ow  c o e f f i c i e n t  s u r f a c e  and 3% on t h e  h i g h  

c o e f f i c i e n t  su r face ,  f o r  t h e  r i s e  t in ies  shown i n  t h e  t a b l e .  And 



we can see t h a t  t h i s  app rox ima t ion  i s  adequate f o r  a l l  o f  t h e  

v e h i c l e s  except  t h e  Nova, i n  wh ich  a  steady d e c e l e r a t i o n  i s  never  

reached due t o  t h e  a n t i  l o c k  systerrl. 

Be fo re  c o n c l u d i n g  t h e  d i s c u s s i o n  o f  t h e  computer s i m u l a t i o n s ,  

some obse rva t i ons  r e g a r d i n g  t h e  v a l i d i t y  o f  t h e  r e s u l t s  i s  i n  o r d e r .  

Wh i l e  examin ing  t h e  computer o u t p u t  f o r  t h i s  s tudy ,  c e r t a i n  d i s -  

c repanc ies  were no ted  between t h e  t e s t  and s i m u l a t i o n  r e s u l  t s .  

The main d i f f e r e n c e s  a r e  t h e  f o l l o w i n g :  

1 )  The s i m u l a t e d  s t o p p i n g  d i s t a n c e s  were l o n g e r  t han  

those  a c t u a l  l y  measured. I f  t h e  computer r e s u l t s  

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

t o  i n c l u d e  an i n i t i a l  v e l o c i t y  o f  60 mph, i t  can 

be seen t h a t  none o f  t h e  s i n ~ u l a t e d  v e h i c l e s  meets 

t h e  p r o v i s i o n s  o f  105-75. 

2 )  The f r o n t  a x l e  l o c k e d  b e f o r e  t h e  r e a r  i n  a l l  o f  t h e  

s i m u l a t i o n s  i nvo l  v i  ng n o n - a n t i  1 ock-equi  pped c a r s .  

However, r e a r  a x l e  1  ockup o c c u r r e d  f r e q u e n t l y  d u r i n g  

t h e  a c t u a l  t e s t s  on t h e  h i g h  c o e f f i c i e n t  su r faces .  

3)  The a n t i l o c k  c y c l i n g  r a t e  was much h i g h e r  i n  t h e  

s i m u l a t i o n  than  i n  t h e  t e s t s .  

I t  i s  suspected t h a t  t h e  major  reasons f o r  t hese  d i f f e r e n c e s  a r e  

t h e  f o l l o w i n g :  

1 ) Inadequate t i r e  da ta .  The monients and fo rces  o c c u r r i n g  

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

t i o n  c o e f f i c i e n t s  wh ich  had been e x p e r i m e n t a l l y -  

de termined on Ca lspan 's  TIRF machine [ 71. The 

t r a c t i o n  1  i r n i t s  a r e  a l l  " c o r r e c t e d "  by a  c o e f f i c i e n t ,  

where SNs i s  t h e  s k i d  number o f  t h e  sur face t o  be 

s i m u l a t e d  and SNT i s  t h e  s k i d  nurnber o f  t h e  t e s t  



surface on which the t i r e  data were taken. Two 

probl ems stern from thi  s procedure. 

a )  The Calspan t e s t  surface had a SNT = 85, 
however, the measured t rac t ion 1 imi t s  were 
l e s s  than those measured with a mobile t i r e  

t e s t e r  on dry asphalt  and concrete (SN - 81) 
with similar  t i r e s  (same model and manufac- 

t u r e r ) .  A1  1 of the t rac t ion coeff ic ients  seem 

to  be too low, by about 20%. The e f f ec t  of 
t h i s  e r ro r  i s  longer stopping distances and 
lower deceleration levels .  Since the decel era-  
t ion i s  reduced, so i s  the f ron t l rea r  load 
t rans fe r .  Thus the simulated rear  axle load- 
ings a r e  too high, the simulated f ron t  axle 
loadings are  too low, and the f ron t  wheels 

have a greater  than actual tendency to lock 
before the rear  wheel s .  

b)  Since only dry surface t rac t ion data was 
available,  i t  was necessary t o  extrapolate 

these data,  per the scheme of "skid number 
ra t ios"  which i s  eniployed in the A P L  simulation, 

to  obtain wet surface t rac t ion data f o r  each 
t i r e .  The extrapol at ion procedure does not 
shape the peaklsl ide relat ionship authenti - 
ca l l y ,  however. Thus the peak f r i c t i o n  level 

employed i n  simulation of the low coeff ic ient  
surfaces i s  too low. Because the Nova showed 
such a high s ens i t i v i t y  to the peak f r i c t i on  
level on the low coeff ic ient  surface,  a l l  of the 
simulations involving the Nova yie ld  long 
stoppi n g  d i  s tances.  

Simulating the original  equipment t i r e s  correct ly  
would have required measuring t he i r  properties on 

the actual t e s t  surfaces with a tilobi l e  t i r e  



tes ler- -an endeavor beyond t h e  scope o f  t h i s  s t u d y .  

The t i r e  p r o p e r t i e s  m i g h t  have been es t ima ted  b e t t e r ,  

however, by abandoning t h e  concept  o f  u s i n g  TIRF data  

taken on t h e  o r i g i n a l  equipment t i r e s  and u s i n g  

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

t h e  same s i z e  and c o n s t r u c t i o n ,  and t e s t  s u r f a c e s  

employ ing  r e p r e s e n t a t i v e  m a t e r i a l s  ( i  .e., d r y  a s p h a l t ,  

wet  j e n n i  t e ,  e t c . ) .  

No suspens ion  k i n e m a t i c s  da ta .  The k i n e m a t i c s  o f  

suspension 1  inkages i s  r e p r e s e n t e d  i n  t h e  model by 

a n t i - p i  t c h  and a n t i  - r o l l  c o e f f i  c i e n t s .  The measure- 

ment o r  even t h e  e s t i m a t i o n  o f  t hese  c o e f f i c i e n t s  l a y  

o u t s i d e  t h e  scope o f  t h e  s tudy .  However, t h e  p i t c h  

t r a n s i e n t s  observed i n  t h e  s i m u l a t e d  r e s u l t s  may have 

been s i g n i f i c a n t l y  i n f l u e n c e d  by t h e  i n c l u s i o n  o f  

a c c u r a t e  a n t i - p i  t c h  c o e f f i c i e n t s .  I t  m i g h t  be expected 

t h a t  i f  t h e  t r a n s i e n t  mo t ions  were reduced by i n c l u d i n g  

t h e  p r o p e r  coc f f  i c i  en ts ,  g r e a t e r  b rake  t o r q u e  1  eve1 s  

m i g h t  be ach ieved w i t h o u t  l o c k u p  wh ich  would r e s u l t  

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

3 )  Es t ima ted  shock abso rbe r  c h a r a c t e r i s t i c s .  The a c t u a l  

shock absorber  c o e f f i c i e n t s  may have d i f f e r e d  s i g n i -  

f i c a n t l y  froni t h e  e s t i m a t e d  va lues .  S ince shock 

absorbers  i n f l u e n c e  t h e  c h a r a c t e r  o f  t r a n s i e n t  r e -  

sponses, t h e  i n c i d e n c e  of wheel l o c k i n g  may be 

determined by t h e  r e l a t i v e  accuracy  o f  shock absorber  

parameters.  

4 )  A simp1 i f i e d  a n t i l o c k  model, a long  w i t h  approx imate  

p a r a n ~ e t e r  v a l u e s .  I t  i s  d i f f i c u l t  t o  say what i n -  

accuracy  i n  s t o p p i n g  d i s t a n c e  p r e d i c t i o n  i s  due t o  

t h e  a n t i l o c k  model and what i s  due t o  inadequac ies  

i n  t h e  t i r e  r e p r e s e n t a t i o n ,  as t h e  two a r e  i n t i m a t e l y  

r e l a t e d .  Neve r the less ,  i t  was necessary  t o  a d j u s t  a  

few parameters i n  t h e  a n t i l o c k  nnde l  t o  b r i n g  t h e  



cycling behavior t o  the  expected form and 

frequency. 

"Noise" inherent in the  APL hybrid computer. 

Because many of the d i f f e r e n t i a l  equations a n d  

vehicle-component functions were programmed on  a n  
analog computer, noise was introduced into the 

simulations, b o t h  from the  analog e lec t ronic  c i r -  

cu i t s  and from the ADC's (analog-to-digi tal  con- 

ve r t e r s )  and DAC's ( d i g i t a l  -to-analog converters) .  

Normally, the e r ro r s  which r e s u l t  from these in-  

fluences a r e  completely negl ig ib le .  However, during 

the  anti lock simulations, an unwanted o s c i l l a t i o n  in 

the wheel spin accelera t ions  was seen t o  d is rupt  the 

anti lock log ic .  As a r e s u l t ,  i t  was seen t h a t  the 

brake re lease  and re-apply conditions were being 

established in  the logic  elements somewhat pre- 

maturely due t o  random noise in the program. 

6) The simul at ion program encountered computational 

ins tabi l  i  t i  es when vehicle speed reached 1 eve1 s  

much l e s s  than 10 m p h .  Accordingly, each simulation 

was stopped when the  vehicle speed reached 10 m p h ,  

and the average decelerat ion from 35 mph t o  10 mph 

was used t o  extrapolate the  e n t i r e  stopping distance.  

Errors due t o  t h i s  approximation should have been 

negligible for  the conventional cars ,  a n d  sinall f o r  

the Nova. 

Overall, simulations served the purpose of showing r e l a t i v e  sensi-  

t i v i t i e s ,  b u t  should not be construed to represent absolute levels  

of performance. A1 so,  i t  should be noted t h a t  the problems numbered 

( 2 )  through ( 6 )  were qui te  small,  e spec ia l ly  in coniparison to itenl 

( 1 ) .  Computer r e s u l t s  which covered o ther  areas of perfornlance 

than stopping distance,  b u t  were s t i l l  f e l t  to  be of genera1 

i n t e r e s t ,  a re  included in Appendix D. 



3.5 Considera t ion  of Advanced Graki nq Systems 

In t h i s  sec t ion  a  l imited discussion of advanced braking 

systenis wil l  be presented, a s  a  means to support the genera l i ty  

of recomniendations regarding possible fu ture  rulemaking. The basic 

proposition of the study was t h a t  ce r t a in  braking conditions /nay 
e x i s t  which need to be considered in an extended version of FMVSS 

105-75. To the degree t h a t  such extensions might becorne proniul- 

gated as law, concern a r i s e s  t h a t  fu tu re  evolution of brake system 

technology woul d render the requirements unenforceable o r  even 
r e s t r i c t i v e  in a  sense which discourages safe ty  improvement. As 

a  pa r t i a l  s t ep  to  avoid such narrow-sightedness, the prominent 

technological advancement, ant i1 ock braki ng systems, i s  consi dered 

a s  a special i n t e r e s t .  In Section 3.5.1, a  simulation of the 

various basic ant i  lock system arrangements i s  reported--primari l y  

in  terms of stopping distance performance, b u t  a l so  with brief  

reference to  d i rec t ional  response fea tu res .  In Section 3.5.2, the  

cost  imp1 i ca t ions  of various ant i  lock system i n s t a l l a t i o n s  i s  

examined-as supported by i  n p u t  from various manufacturing 

organizat ions.  

3.5.1 Simulations of Advanced Braking - Concepts. The simu- 

l a t ion  a c t i v i t y  involving the advanced braking concepts was 
e s s e n t i a l l y  a  s traightforward extension of the simulation work 

reported in the  previous sec t ion ,  using the same computer program, 

the Nova vehicle parameters, and the same anti lock model, developed 
in  Appendix F.  

Five var ia t ions  of the Nova were considered, v iz .  : 

1 )  no ant i lock systems, 

2 )  one ant i lock module, control1 ing both brakes on 

the r e a r  axle ,  

3) two sn t i lock  modules, each control 1 ing the brakes 
on one ax le ,  



4 )  three anti lock modules, one cont ro l l ing  both 

brakes on the r ea r  axle and the other  two each 

control 1 ing one f ron t  wheel brake, 

5) four ant i lock modules, each independently con- 

t ro l  1 i  ng one wheel brake . 

The conditions simulated covered a low f r i c t i o n  (skid number 

of 30) surface and a high f r i c t i o n  surface (skid number of 81 ) ,  

s t r a i  g h t - 1  i  ne and i  n-a-turn braking, and 1 ightly-1 aden and GVW 

loadings. I n  addi t ion ,  the e f f e c t s  of variat ion i n  the peak 

f r i c t i o n  coe f f i c i en t  were found f o r  the case of the heavily-laden 

vehicle braking in a  turn. I n  a l l  simulations, the r i s e  times of 

the  brake l i n e  pressure was 0 .2  second, and the i n i t i a l  speed was 

40 m p h .  

The braking performance of the basic Nova without any a n t i -  

lock system was characterized by the  f r o n t  axle always locking 

before the r e a r .  (See Section 3 . 4 . 2  for  a  discussion of the 

va l id i ty  of t h i s  sl:muIated behavior. ) Thus, i n  an t i lock config- 

uration number ( 2 )  f ron t  axle lockup was always experienced before 

the  r ea r  wheels were braked t o  a  s u f f i c i e n t  level t o  s t a r t  the 

cycling of the anti lock system. Because axle  lockup vio la tes  one 

of the  s t ipu la t ions  assumed throughout t h i s  study, the  r e s u l t s  

involving one module a re  not included i n  the r e s u l t s .  

The stopping distance performances of the four remaining 

vehicle configurations a r e  shown in Figures 3.17 and 3.18. In the 

s t r a i g h t - l i n e  maneuvers, the performance of the three  anti lock- 

equipped vehicles should be noriiinal l y  the sariie due t o  the assumed 

symmetry of the vehicles and the coninionality of the  anti lock 

n~odules. We d o ,  however, see u p  to a  4% difference in  the simulated 

stopping distances.  This i s  due t o  cer ta in  coir~putational "noise" 

in the hybrid computer, a  probl cin discussed b r i e f ly  in  Section 

3.4 .2 .  Thus the s t ra ight -1  ine brakir\g siniulations serve to define 

the repcatabil i t y  of the simulations of the antilock-equipped 

vehicles. 



S t o p p i n g  D i  stance ( f t )  





An examina t i on  o f  t h e  i n f o r m a t i o n  p resen ted  i n  F i g u r e s  3.17 

and 3.18 l e a d s  us t o  make t h e  f o l l o w i n g  conc lus ions :  

1 ) The d i f f e r e n c e s  i n  per forn iance between t h e  t h r e e -  

module a n t i  l o c k  system and t h e  four-module system 

a r e  n e g l i g i b l e .  

2 )  The t h r e e -  and four -modu le  systems l e a d  t o  

s l i g h t l y  b e t t e r  per formance d u r i n g  b r a k i n g - i n - a -  

t u r n  maneuvers, when compared w i t h  t h e  two- 

module system. The d i f f e r e n c e s  a r e  c o n s i s t e n t l y  

abou t  5%. 

3 )  I n  n e a r l y  a l l  cases, t h e  v e h i c l e  w i t h o u t  any a n t i -  

l o c k  system p r o v i d e d  s h o r t e r  s t o p p i  ng d i  s tances 

t h o s e  w i t h  t h e  a n t i  1  ock  systems; t h e  d i f f e r e n c e s  

ranged f rom -4% t o  +20%, and averaged a  + l o %  
improvement. 

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

i n - a - t u r n  per formance i s  t h e  a b i l  i t y  o f  t h e  v e h i c l e  t o  h o l d  i t s  

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

d i r e c t i o n a l  per formance was n o t  t o  be d i r e c t l y  addressed d u r i n g  
b 

t h i s  resea rch ,  t h e  c u r v a t u r e - h o l  d i n g  a b i  1  i ty o f  t h e  s i m u l a t e d  

v e h i c l e s  was e v a l u a t e d  and i s  p resen ted  below. 

A d i r e c t i o n a l  nieasure o f  t h e  b r a k i  n g - i  n - a - t u r n  response i s  

p resen ted  i n  a  c r o s s - p l o t  o f  n o r m a l i z e d  p a t h  c u r v a t u r e  [ 2 ]  and 

d e c e l e r a t i o n  i n  F i g u r e  3.19. To c a l c u l a t e  t h e  average p a t h  cu rva -  

t u r e ,  (Ro l /K )aVe ,  t h e  s i m u l a t e d  c u r v a t u r e  was averaged o v e r  t h e  

f i r s t  one second, w h i l e  t h e  average d e c e l e r a t i o n  covers  t h e  t i m e  i n  

wh ich  t h e  v e h i c l e  speed was between 35 and 10 niph. Average c u r v a t u r e  

va lues  g r e a t e r  t han  u n i t y  i n d i c a t e  t h a t  t h e  r a d i u s  o f  t h e  t u r n  

decreased d u r i n g  t h e  f i r s t  second, w h i l e  va lues  l e s s  than  u n i t y  

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

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

i l l u s t r a t i n g  these  responses a r e  p l o t t e d  and i n c l u d e d  i n  Appendix D.  
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The 1 imi t braking performance level s  fo r  the conventionally- 

braked vehicle a r e  indicated in Figure 3.19 by the  open points ,  

showi ng the 1 arges t  decel e r a t i  ons. The differences between the  

average path curvatures of the  vehicles equipped with d i f f e r e n t  

braking systerns a r e  dramatic fo r  the  1 imi ting cases--as the a n t i -  

lock-equipped vehicles nearly r e t a in  t h e i r  or ig inal  curvature,  while 

the non-anti lock-equipped vehicle loses most of i t s  path curvature ,  

a n d  in  one case even reverses s l i g h t l y .  I t  i s  seen, however, t h a t  

the conventionally- and antilock-braked vehicles exhibi t  comparable 

p a t h  curvature performance a t  sub-1 imi t decelerat ion l eve l s .  

The trends shown i n  Figure 3.19 are  b r i e f l y  summarized 

below. 

1 )  The differences in average p a t h  curvature shown 

by the  three- and four-module ant i lock systems a r e  

negl i g i  bl e  under a1 1 of the sinlul ated condit ions.  

The three- a n d  four-modul e  sys tems consis tent ly  

display l e s s  average path curvature than the  two- 

module system. This i s  due in par t  t o  the a b i l i t y  

of the more complicated systems t o  increase the  

braking forces  produced by the t i r e s  on the s ide  of 

the vehicle t h a t  i s  loaded by centr ifugal  force .  

Thus a r igh t -  to-1 e f t  force  imbalance e x i s t s ,  which 

produces a yaw moment, turning the vehicle o u t  of  

the curve. 

3)  O n  the high f r i c t i o n  surface,  under the G V N  loading 

condit ion,  the  three- a n d  four-niodul e systems were 

capable of higher decel erat ion l eve l s  than the two- 

niodc~l e  systerli a t  equivalent average path curvature 

l eve l s .  Furttler, the two-niodul e system did sl  igh t ly  

b e t t e r  than the  vehicle with a conventional braking 

sys tern. When l i  ght1.y 1 aden, the conventionally- 

brake vehicle was capable of the best stopping 

di stance performance. D i  rectiorial control , however, 



was c l e a r l y  r e t a i n e d  o n l y  by t h e  a n t i l o c k -  

equ ipped v e h i c l e s ,  when niaxiniuiri d e c e l e r a t i o n  

l e v e l  s  were reached.  

4 )  On the  l o w  f r i c t i o n  su r face ,  t h e  d i f f e r e n c e s  

between t h e  decel  e r a t i o n / p a  t h  c u r v a t u r e  capabi  1  i- 

t i e s  o f  t h e  a n t i l o c k - e q u i p p e d  v e h i c l e s  were smal l  , 
and a l l  o f  them per fo rmed m u k e d l y  b e t t e r  t han  

t h e  non-anti lock-equipped v e h i c l e ,  r e t a i n i n g  t h e  

" s t e e r a b i l i t y "  o f  t h e  v e h i c l e  even a t  t h e  maximum 

b r a k i n g  1  eve1 cond i  ti on. 

3 .5 ,2  Advanced B r a k i n g  Systenis Cost  Es t ima tes .  I n  t h i s  

s e c t i o n ,  t h e  r e s u l t s  o f  a  s l i ia l l  s c a l e  economics a n a l y s i s  o f  t h e  

c o s t s  a s s o c i a t e d  w i t h  advanced b r a k i n g  system e l  emen t s  a r e  p r e -  

sented.  Two b a s i c  concepts i n  brake system advancement a r e  con- 

s i d e r e d :  a n t i l o c k  c o n t r o l  l e r  systems and l o a d - s e n s i  t i v e  p r o p o r -  

t i o n i n g  va l ves .  I n  t h e  f o r e g o i n g  s e c t i o n ,  a  computer ized s i m u l a t i o n  

was used t o  examine t h e  r e l a t i v e  per fo rmance advantages wh ich  

acc rue  f r o m  a n t i l o c k  systems o f  v a r i o u s  c o n f i g u r a t i o n s .  Load- 

s e n s i t i v e  p r o p o r t i o n i n g  was n o t  i n c l u d e d  as an e lement  o f  t hose  

s i m u l a t i o n s ,  o f  course, s i n c e  such dev i ces  n ie re l y  se rve  t o  r e -  

d i s t r i b u t e  brake t o r q u e  t o  accoun t  f o r  s t a t i c  l o a d i n g  of t h e  

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

t h e  q u a s i - s t a t i c  c a l c u l a t i o n s  o f  S e c t i o n  3.2. 

I n  t h e  development o f  e s t i m a t e s  f o r  t h e  consumer c o s t s  o f  t h e  

two advanced concepts ,  t h e  f o l l o w i n g  procedure  was u t i l i z e d : "  

*The o r i g i n a l  p roposa l  c a l l e d  f o r  a  range o f  t e c h n i c a l  e x p e r t s  t o  be 
i n t e r v i e w e d  f o r  t h e  d e t e r m i n a t i o n  o f  t h e  c o s t  d a t a .  The procedure ,  
c a l  l e d  t h e  De lph i  i n t e r v i e w  techn ique ,  was t o  have been a  s e r i e s  o f  
i n t e r v i e w s ,  each f o l l o w i n g  a  v e r y  p r e c i s e  i n t e r v i e w  p a t t e r n .  I t  was 
soon d i scove red ,  however, t h a t  t h e  c o s t i  ng procedures  and i nves tiiien t 
c r i t e r i a  va ry  so w i d e l y  between t h e  f o u r  au tomob i l e  f i r i l l s  t h a t  i t  
wou ld  n o t  be b e n e f i c i a l  t o  f o l l o w  t h e  D e l p h i  p rocedures  on a  b a s i s  
t h a t  would i n c l u d e  a l l  f o u r  U .S .  passenger a u t o  f i r n ~ s .  Rather ,  t h e  
s~ ias t  app rop r - i a te  procedure  wou ld  be t o  c o n c e n t r a t e  attention on t h e  
s l n a l l e s t  o f  t h e  f o u r  f i r r r i s  - 4 l i i e r i c a n  Mo to rs .  The l o g i c  o f  t h i s  p r o -  
cedure w a s  t h a t  t h o  c o s t s  t h a t  were developed would r c p r e s e r l t  t h e  
h i g h  s i d e  o f  t h e  c o s t  c u r v e  because o f  t h e  econoniics o f  s c a l e .  The 
a n a l y s t  c o u l d  be c o n f i d e n t  t h a t  a1 1  f i r l l i s  c o u l d  produce systems a t  
t h e  p r o j e c t e d  c o s t  f i g u r e s .  



The sel  l ing  price of brake system conlponents from the OEM 

brake suppl iers  was determined; t h i s  s e l l i n g  price was considered 

a component cos t  i r~ determining the  manufacturer 's "mil 1 door" cost  

(i . e . ,  the  nianufacturer's actual cos t  as the product leaves his 

shipping point )  fo r  the brake system. 

The auto manufacturer 's mill door cos t  f o r  the additional 
brake sys ten1 el emen t was determi ned, then vari ous burdens were added 

to  the  c o s t ,  and f i n a l l y  the d e a l e r ' s  niarkup was included. The 

resu l t ing  f igure  was considered as the l i s t  price equivalent for  the 

addi tiorial element or  sub-system. 

In the case of ant i lock brake systems, the cos t  analysis  was 

applied to four system configurat ions,  viz. , 

one modul a t o r ,  two-wheel systern (simil ar t o  the 

Kel sey-Hayes/ Ford Sure-Trac system) 

two modul a to r  system - both two- and four-wheel 
sensor arrangements 

three modulator, four-wheel system ( s  imi 1 a r  to the 

Bendi x/Chrysl e r  system) 

four rnodirl a to r ,  four-wheel sys tem 

Antilock Braking System 

I t  was discovered a t  an ea r ly  s tage  of t h i s  invest igat ion tha t  

a f a i r l y  preci se  de f in i t ion  of candidate systems was necessary before 

d e f i n i t i v e  cost  evaluat ions could be made. Because of t h i s ,  i t  was 
decided to  develop cost  data on the basis of two anti lock brake con- 

t ro l  systems t h a t  have been developed and offered to  the public on a 

1 imitcd bas is .  The f i r s t  of these was the Kelsey-Hayes package, 
offered by Ford on i t s  Continental autornobi l e s .  The system errlployed 
a s ing le  sensor a t  the d i f f e r e n t i a l  , with both rear  wheel braking 

uni ts  being operated by a s ing le  hydraulic nlodulator. The second 
systern was the  Bendix package offered as optional equipment in the  
luxury c la s s  Chrysler products. This system had three sensors, one 



on each o f  t h e  f r o n t  wheels, and a  t h i r d  sensor on t h e  d r i v e  

s h a f t  f o r  c o n t r o l  o f  t h e  r e a r  wheels.  Each o f  t h e  sensors had 

one modu la to r .  The Bend ix  system was vacuum-actuated. 

OEM D e l i v e r y  P r i c e .  I n t e r v i e w s  i n d i c a t e d  t h a t  t h e r e  was a  - 
genera l  r e l a t i o n s h i p  between t h e  OEM d e l i v e r y  p r i c e s  and t h e  num- 

ber  o f  modu la to rs  u t i l i z e d  i n  a  system. T h i s  r e l a t i o n s h i p  was as 

f o l  lows:  

Number o f  Modu la tors  P r i c e  Mu1 t i p l e  (Range) - 
one m o d u l a t o r  base p r i c e  

two niodul a t o r s  1.5-2.0 t imes  base p r i c e  

t h r e e  rnodul a t o r s  2.0-2.5 t imes  base p r i c e  

f o u r  modul a t o r s  2.5-3.0 t imes  base p r i c e  

Tab le  3.7 shows t h e  OEM s a l e  p r i c e  range f o r  t h e  t y p i c a l  a n t i l o c k  

c o n t r o l l e r s  as a  f u n c t i o n  o f  OEM annual s a l e s  volume o f  an i d e n t i -  

c a l  system. The numbers were developed f rom a  v a r i e t y  o f  p r i c e  

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

f i r m s .  The range o f  p r i c e s  a t  a  s p e c i f i c  volume d e r i v e d  from a  

range o f  p o t e n t i a l  c o m p l e x i t i e s  of t h e  system.* 

A n a l y s i s  o f  t h e  r e l a t i o n s h i p s  between p r i c e  and p r o d u c t i o n  

volume i n d i c a t e d  t h a t  t h e  volume-induced c o s t  r e d u c t i o n s  a r e  gen- 

e r a l  l y  c o n s i s t e n t  w i t h  t h a t  found f o r  most manufac tured p roduc ts :  

as t h e  curnu la t ive  volume i s  doubled,  t h e  average c o s t  ( s e l l i n g  

p r i c e )  f o r  a11 u n i t s  i s  reduced 15-25 p e r c e n t .  I n  t h e  case o f  an 

auto  s u p p l i e r ,  t h e  r e d u c t i o n  i s  about  16 p e r c e n t .  Tab le  3.7 t r a n s  

l a t e s  a 16  p e r c e n t  " l e a r n i n g  cu rve "  r e d u c t i o n  i n t o  t h e  OEM s e l l i n g  

p r i c e  ranges f o r  t h e  a n t i s k i d  b r a k i n g  systems a t  annual p r o d u c t i o n  

volumes from 10 thousand u n i t s  t o  700 thousand u n i t s .  The numbers 

i n d i c a t e  t h a t  w i t h  p r o d u c t t a n  runs  o f  10 thousand u n i t s  t h e  OEM 

s e l l  i n g  p r i c e  t o  t h e  a u t o  manu fac tu re r  f o r  a  one-modulator  system 

*As an exailipl e  o f  t h e  system cor~lpl e x i  t y  va r i ances  t h a t  c o u l d  occur ,  
c o n s i d e r  t h e  d i f f e r e n c e s  i n  t h e  n lodu la tor  c o n s t r u c t i o n  if i t  were 
p o s s i b l e  t o  have any type o f  f l u i d  i n  t h e  ~ i i o d u l a t o r .  C e r t a i n  
niodula t o r s  o p e r a t e  w i t h  two i nco r~ ipa t i  b l  e f l  u i  ds: b rake  and power 
s t e e r i n g .  I f  a f l u i d  were developed t h a t  c o u l d  be o p e r a t e d  i n  
b o t h  systelns, t h e  m o d u l i ~ t o r  cori iplexi t y  would be reduced, r e s u l t i n g  
i n  a  cheaper p r i c e .  

8 8 



Table 3.17. OEM Sales Price Estimate fo r  Antilock Brake Corltrol 
Systems a t  Varying Levels of Production. 

Estimated OEM Sel l ing  Price Range 

Annua 1 One Two Three Four 
Production Val ue Moduljitor Modulators Modulators Modulators - - -- 

1 O K  $80-1 00 $1 20-200 $160-250 $200-300 

Source: Estimate 

will  be in  the $80-1 00 range. The pr ice  would drop t o  $25-32 i f  

the production runs were in the 700 thousandlyear range. S imi lar ly ,  
very l a rge  reductions in cost  as  a  function of volume a r e  projected 

f o r  the other  candidate systems. 

Auto Manufacturer's Add-On Costs ( i  ncl udi ng dea ler  markup). 

The auto manufacturer i s  the assembler of the brake components. The 

cos t  of any spec i f i c  component i s  a  function of the cos t  of materials  

plus the assembly time required to  incorporate the pa r t s  in to  the 

vehicle.  To these two cos ts  a r e  added the corporate overhead and 

p r o f i t .  Table 3.8 shows the re la t ionships  fo r  the major cost  

categories as  a  percentage of the nianufacturing c o s t s .  The per- 
centages were based on production vol u~nes of 350 thousand units /  

year [ l l ,  121. 

Variable cos ts  of production of autorilotive components a re  

those i  ncre~riental cos ts  associated with t h a t  component. The major 
categorical contr ibutions to variable costs  a r e  d i r e c t  1 abor, d i r e c t  

mater ia ls ,  and variable but-den. Other mi nor contr ibutors  t o  

variable c o s t ,  such as  setup cos t s ,  a re  included in the variable 
burden r a t e .  



Tab le  3.1 8. R e l a t i o n s h i p s  Between M a n u f a c t u r i n g  Cost  and 
Consunier Costs f o r  Autoniobi 1 c Coniponents . 

Category  

M a n u f a c t u r i n g  Costs - 
P e r c e n t  --- 

V a r i a b l e  Costs  80-81 

F i x e d  Costs 1  9-20 

T o t a l  M a n u f a c t u r i  ng Costs 100 

Too l  i ng Costs  3 

O the r  Costs  and P r o f i t  10 

Dea le r  Wholesale 11 3  

D e a l e r  Markup 

Customer Cost  

[ll ] DOT C o n t r a c t s  HS-5-01153 and [12 ]  HS-5-01081 performed by 
P i o n e e r  Engi  n e e r i  ng C o r p o r a t i o n .  

The p o r t i o n  o f  t o t a l  n i a n u f a c t u r i n g  c o s t s ,  known as f i x e d  

c o s t ,  i s  t h e  a c c u m u l a t i o n  o f  c o s t s  i n c u r r e d  i n  t h e  manu fac tu r i ng  

o f  a  p r o d u c t  t h a t  does n o t  v a r y  r e g a r d l e s s  o f  t h e  volume. M a j o r  

c a t e g o r i c a l  c o n t r i b u t o r s  t o  f i x e d  c o s t  a r e  i n d i r e c t  l a b o r ,  i n -  

d i r e c t  m a t e r i a l s ,  and f i x e d  burden.  

Tool i n g  c o s t s  a r e  a p p o r t i o n ~ i i e n t s  f o r  s p e c i a l  t o o l  i n g  t o  

manufac ture  a  conlponent o v e r  t h e  1  i f e  p r o d u c t i o n  volur~ie o f  t h a t  

component . 

O the r  c o s t s  p l u s  p r o f i t  i n c l u d e d  such i tenls as e n g i n e e r i n g  

and w a r r a n t y  c o s t s ,  s e l l  i n g  and cldnii n i s t r a t i  ve cos ts ,  c o r p o r a t e  

burden and taxes  ( e x c l  u d i  ng f a c t o r y  burden and t a x e s ) ,  c o r p o r a t e  

d e p r e c i a t i o n  and niai ntenance ( e x c l  u d i  ng f a c t o r y  d e p r e c i a t i o n  and 

n ~ a i n t e n a n c e )  , and o t h e r  c o r p o r a t e  c o s t s  and p r o f i t s .  



Dealer markup i s  the suniiriation of a l l  costs  incurred in 

the operation of a dealership a n d  the dea l e r ' s  p ro f i t .  

The percentages shown in Table 3.8 were developed by 

Pioneer Engineering Corporation on contracts  for the Department 

of Transportation. In these studies vehicles were t o t a l l y  dis-  

assembled so t h a t  production engineers could estimate the produc- 

t ion costs  of each part  (assuming an annual production run of 

350,000 vehic les) .  The estimates were totaled t o  equal the known 

consumer cost of the vehicle. 

Table 3.9 shows the estimates developed for  a variety of 

anti lock modulator concepts a t  assumed production runs of 10 

thousandlyear a n d  a t  350 thousandlyear . The estimates were reviewed 

by a representat ive of one of the smaller U.S. auto manufacturers; 

he agreed with the range with one exception. He f e l t  the estimates 

fo r  units  with a projected vol urne of 350 thousand unitslyear were 

unreasonably low. He indicated,  however, his firm had n o t  developed 

estimates for  350 thousand production runs a n d  his cr i t ic ism was 

t o t a l l y  subjective." 

I n  Table 3.9, the BendixIChrysler system (taken as typical 

of a three-modul a to r  ins ta l  1 a t ion)  and the Kel sey-HayeslFord 

system (taken as typical of the one-modul a to r  system) were evaluated. 

In both instances,  i t  was assumed t ha t  current s t a t e s  of the a r t  

were being used in the technology of e1ect.ronic microprocessors 

a n d  wheel or drive shaf t  rotat ion sensors. 

Finally, Table 3.10 shows the f inal  consumer price range that  

might be expected for each of the modulator concepts a t  various 

production levels .  This table c lear ly  shows the price range t ha t  

can e x i s t  within each of the generic antiskid systems. One could 

reasonably expect, for  example, tha t  the one-modul a tor  syste~il 

could range in price from $45 t o  $215, depending on the production 

vol umc and the sys tern compl exi ty . The variable most strongly 

affect ing price,  however, i s  production v o l  unie. 

*Personal interview (confi dcnti a1 ) with manager o f  brake systeliis, 
U.S. auto firrn, February 1978. 



Tab le  3.19. E s t i m a t e s  o f  Cost  B u i l d u p  f o r  a V a r i e t y  o f  
A n t i l o c k  Brake C o n t r o l  Systems a t  D i f f e r e n t  
P r o d u c t i o n  L e v e l s .  

Type o f  System 1 Module 1 Module 3 Module 3 Module 1 Module 1 Module 3 Module 3 Module 

P r o d u c t i o n  Volume ( u n i t s / y r )  350K 350K 350K 350K 1 OK 1 OK 1 OK 1 OK 

Es t imate  Range Low H igh  Low H i g h  Low H i g h  Low H i g h  

V a r i a b l e  Costs 

OEM Suppi i e r  P a r t s  Cost  30.00 50.00 89.00 105.00 80.00 100.00 179.00 213.00 

D i r e c t  Labor: 2. 072 2. 072 2.763 2. 763 2.763 2.763 3-45'' 3.45'+ 

V a r i a b l e  Burden5 4 -1 6 4.16 5.52 5.52 5.52 5.52 6 .90  6.90 

T o t a l  V a r i a b l e  Costs 36.23 56.23 97.38 113.28 88.28 108.28 189.35 223.35 
- 

F i x e d  Costs 

Non-Variabl e 6urden5 5.18 5.18 6.90 6.90 6.90 6.90 8.63 8.63 

T o t a l  F ixed  Costs 5.18 5.18 6.90 6.90 6.90 6.90 8.63 8 . 6 3  

Manufac tu r ing  Costs 
w 
N Tool i n g  Costs7 

Other  D i r e c t  Cost  and P r o f i t  
( 1 0  p e r c e n t  o f  mfg. c o s t s )  4.14 6.14 10.41 12.02 9.52 11.52 19.80 23.20 

Dea le r  Markup (20  t o  30 p e r c e n t  
o f  rnfg. c o s t s )  

Consumer Cost 56.68 88.82 138.26 171 -11  173.72 211 -26  307.38 374.78 

'Based on average l a b o r  c o s t s  i n  1977 f o r  U.S.  a u t o  f i r m s  o f  $8.28/hr (13.8Q/min.) 
*Based on i n s t a l l a t i o n  t i m e  r e q u i r e m e n t  o f  15 person m i n u t e s / v e h i c l e  
3Based on i n s t a l l  a t i o n  t i rne r e q u i  r e n ~ e n t  o f  20 person m i n u t e s / v e h i  c l  e 
"Based on i n s t a l l a t i o n  t ime  r e q u i r e m e n t  o f  25 person m i n u t e s / v e h i c l e  
"st i rnated a t  200 p e r c e n t  o f  d i r e c t  l a b o r  (Source: a U.S. a u t o  m a n u f a c t u r e r )  
6Est imated a t  250 p e r c e n t  c f  d i r e c t  l a b o r  (Source:  a U.S. a u t o  manufac tu re r )  
'5ased on  $1.5 m i l  1 i o n  f o r  s p e c i a l  t o o l i n g  and $1 - 5  m i l l  i o n  f o r  s p e c i a l  equipment  
"-year an lor t i  za t i o n  
96-year  amortization 
1°20 p e r c e n t  o f  mfg. c o s t s  
1130 p e r c e n t  o f  mfg. c o s t s  



Table 3.20. Estimates of Consunier Costs fo r  Various Antilock 
Brake Systems a t  Di f ferent  Production Levels. 

Annual Production Level (Thousands) 

Type 10 100 350 700 

One Modul a tor  $170-21 5 $ 80-125 $ 55-90 $ 45-75 

Two Modul a to r  235-300 130-1 80 95-1 35 80-1 15 

Three Modulator 305-375 180-230 135-1 75 11 5-1 50 

Four Modul a tor 375-450 230-280 175-21 5 150-1 85 

Source: HSRI estimate 

Load-Sensi t i v e  Proportioning System 

The OEM manufacturing costs  fo r  a load-sensi t ive proportioning 

valve system would have the same "learning curve" cost  reductions 

as' tha t  described in the preceding section for  anti lock braking 

systems. Thus, i t  would be expected tha t  each time the cumulative 

volume was doubled, the  average cost for  - a l l  units produced would 

be reduced about 16 percent. 

OEM Del i very Pri ce. Responses t o  f iel  d i  nqui ry indicated 

t h a t  the OEM se l l ing  price fo r  a l inkless  load-sensitive propor- 

tioning valve with metering and d i f fe ren t i a l  pressure functions 

woul d be $1 8-1 9 ,  in 350 thousand annual vol umes . Using t h i s  price 

as  a reference point ,  Table 3.11 r e f l e c t s  the price estimate for 

the systeni under other annual production volumes. A 1  so shown in  

the table i s  the price for the currently-used three-way valves tha t  

would be replaced by the l ink less ,  load-control systeni. The f inal  

column in the table  shows the net added cost tha,t the auto manu- 

fac turer  would encounter by switching from the present system t o  
the load-sensi t ive proportioning system. 

Auto Manufacturer Add-On Costs ( includinc~ dealer markup). The --.--.--- -. -- 
a u t o  manufacturers would use the sanie technique of adding on costs 

fo r  the load-sensi t ive proportioning valve as was described in the 



Table 3.21. Estimate of OEM Sale Price '  fo r  Load-Control 
Systems a t  Various Production Vol umes. 

Average Cost 
Annual 
Vol ume Load-Con trol  Presently-Used Net 

JThousand) Proportional Systeni Systerri ( ~ e p l  aced) Added Cost 

10 $48- 55 $1 0-1 4 $38-41 

Source: Cal cul ated 

preceding section.  The OEM par ts  wi 11 be considered part  of the 

materials cos t .  Variable burden wil l  be about 200 percent of 

fixed labor cos ts ;  non-variable burden will be about 250 percent 

of 1  abor cos ts .  Corporate general a n d  admi ni s t r a t i  ve expense wi 11 

be about 10 percent of a l l  manufacturing costs ,  and dealer markup 
will be 20-30 percent of manufacturing cos t s .  

Table 3.12 compares the estimated cost  of the load-sensit ive 

proportioning valve system with the valve arrangement that  would 

be replaced. As seen, i t  i s  projected t ha t  the new system would 

cost  $31.99 a n d  would replace a system costing $12.32. The net 

increase would be $19.67. 

The data in Table 3.12 were developed o n  the basis of an annual 

production volurne of 350 thousand un i t s .  Table 3.13 shows the net 

consumer costs  t ha t  niight be expected with the addition of load- 

sensi t ive  proportioning systcnis in to  a  manufacturer's product 1 ine ,  

under varying annual production volumes: Again, the data shows the 

s ign i f i can t  e f f ec t  that  production volume has on cos t ,  or se l l ing 

price.  



Table 3.22. Consunier Cost Estimate o f  Load-Control Proport ioning 
Systern (350 Thousand Annual Product ion)  

Load-Control Current  
Proport ioning 3-Way Valve Net 

I tern - Sys tern fro Be Replaced) Cost 
Vari a bl e Costs -- 

OEM Suppl i e r  P a r t s  
Cost 18 .50  5.00 

Di rec t  Labor .41 . 6g2 

Vari ab le  Burden3 .82 1 .38  

Fixed Cost 

Non-Vari a b l  e Burden4 1 . 0 3  1 .73  

Total  Fixed Cost 1 . 0 3  1 . 7 3  ( .70)  

Manufacturing Costs 

Tooling Costs 3 ,005  -0- 3.00 

Other Di rec t  Cost & - - 
P r o f i t  (10% o f  Mfg. Cost)  2.00 

Dealer Markup (20 t o  30 
Percent  of  :fllfg. Cost ) 6 .  236 

Consumer Cost 31 .99 12.32 19.67 

Source: Calculated 

]Assume 3 minutes i n s t a l  l a t i o n  time O 13.8$/rni nute  

2Assume 5 minutes i n s t a l  1 a t i on  tinie 

3Assurned a t  200 percent  of d i r e c t  l abo r  

4Assunied a t  250 percen t  of  d i r e c t  1 abor 

"ased on $1 .5  iiiill ion f o r  spec i a l  t oo l i ng  and $1 .5  mil l i o n  f o r  
spec ia l  equipment 

6Bascd on 30 percen t  of manufacturing c o s t s  



Table  3 .23 .  Es t ima tes  o f  Consunier Costs f o r  Load-Sensi t i v e  
C o n t r o l  Systems a t  Var ious  Leve l  s o f  P r o d u c t i o n .  

Annual P r o d u c t i o n  Load-Sensi t i v e  C u r r e n t  System Met 
Vol ume (Thousands) --- C o n t r o l  System (To Be Replaced) Cost  

Source: C a l c u l a t e d  



4.0 DISCUSSION OF CANDIDP,TE MODIFICATIONS I N  FMVSS 105-75 

The u n d e r l y i n g  i n t e r e s t  o f  t h i s  r e s e a r c h  has been t o  de termine 

those a d d i t i o n a l  b r a k i n g  per formance requ i remen ts  wh ich  would 

m e a n i n g f u l l y  augment Federa l  S tandard  FMVSS 105-75. As has been 

ment ioned,  t h e  c a n d i d a t e  augmenta t ions  were t o  be l i m i t e d  t o  

measures o f  performance conce rn ing  s t o p  p i  ng c a p a b i l  i ty, p e r  se, 

and were n o t  t o  i n c l u d e  measures o f  d i r e c t i o n a l  response d u r i n g  

b r a k i n g .  Cand idate  niodi f i c a t i o n s  t o  t h e  s t a n d a r d  w i  11 be d i scussed  

i n  t h i s  s e c t i o n  i n  t h r e e  main  t o p i c  a reas ,  v i z . ,  l ow  c o e f f i c i e n t  

b rak ing ,  b r a k i n g  on s p l i t  f r i c t i o n  s u r f a c e s ,  and b r a k i n g  i n  a  t u r n .  

4.1 Low C o e f f i c i e n t  B r a k i n g  

The most b a s i c  t r e a t m e n t  o f  t h e  mechanics o f  b r a k i n g  f o r  any 

r o a d  v e h i c l e  w i l l  r e v e a l  t h a t ,  i f  wheel l ockup  i s  t o  be avo ided,  

s u r f a c e  f r i c t i o n  l e v e l  and b rake  t o r q u e  p r o p o r t i o n i n g  w i  11 p l a y  

f i r s t - o r d e r  r o l e s  i n  d e t e r m i n i n g  b r a k i n g  e f f i c i e n c y .  For s imp le ,  

c o n s t a n t  p r o p o r t i o n i n g  b rake  systems, i t  i s  c l a s s i c a l l y  ill u s t r a t e d  

t h a t  o n l y  a  s i n g l e  s u r f a c e  f r i c t i o n  l e v e l  e x i s t s  a t  wh ich  t h e  

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

l e v e l s  t h a n  t h e  des ign ,  o r  i d e a l ,  va lue ,  we f i n d  the  s imp le  v e h i c l e  

t o  have a  reduced e f f i c i e n c y .  I f  a  v e h i c l e  were t o  be des igned w i t h  

t h e  i d e a l  o c c u r r i n g  a t  a  h i g h  f r i c t i o n  va lue ,  we would e x p e c t  a  

reduced e f f i c i e n c y ,  o r  f r i c t i o n  u t i l i z a t i o n ,  on l o w  f r i c t i o n  s u r -  

f a c e s .  Thus, t h e  i s s u e  w i t h  a  per fo rmance s tanda rd  wh ich  s p e c i f i e s  

o n l y  a  s i n g l e  t e s t  su r face  f r i c t i o n  l e v e l  i s  t h a t  b r a k i n g  e f f i c i e n c y  

can becoiiie s i g n i f i c a n t l y  coniproliii sed f o r  cases o f  o t h e r  su r faces  

wh ich  a r e  renioved i n  f r i c t i o n  l e v e l  f rom-  t h e  s i n g l e  s p e c i f i e d  

cond i  t i on. 

For t h e  most p a r t ,  however, v e h i c l e s  b e i n g  s o l d  i n  t h e  U n i t e d  

S t a t e s  s i n c e  protriul g a t i o n  o f  FMVSS 105-75 i n c o r p o r a t e  sorile s o r t  o f  

p r o p o r t i o n i n g  v a l v e  such t h a t  e f f i c i e n c y  1  eve1 s ach ieved  o v e r  a  

range o f  s u r f a c e  f r i c t i o n  l e v e l s  a r e  s i g n i f i c a n t l y  enhanced. 



Fur thermore ,  such b rake  systems can y i e l d  two i d e a l  o r  optimum 

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

between. 

D e s p i t e  t h i s  s t a t e  o f  a f f a i r s ,  namely, t h a t  most  contemporary 

v e h i c l e s  i n c o r p o r a t e  a  non-constant  p r o p o r t i o n i n g  mechani sm which  

p r o v i d e s  f o r  e f f i c i e n t  b r a k i n g  o v e r  a  broad f r i c t i o n  range,  i t  can 

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

may be i n  o r d e r  i f  t h e  m i x  o f  c o n s t a n t  and v a r i a b l y - p r o p o r t i o n e d  

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

Concerni  ng me thodo log i ca l  i ssues, i t  has 1  ong been recogn ized  

t h a t  t h e  achievement o f  a  s t a b l e ,  l o w  f r i c t i o n  t e s t  c o n d i t i o n  i s  a  

d i f f i c u l t  assignment.  I n  t h i s  s tudy ,  c o n f i r m a t i o n  o f  t h i s  p o i n t  

was o b t a i n e d  i n  t h e  measurements o f  peak f r i c t i o n  l e v e l  on h i g h  and 

l o w  f r i c t i o n  s u r f a c e s .  As shown i n  F i g u r e  4.1, i t  was found  t h a t  

week-to-week v a r i a t i o n  i n  peak f r i c t i o n  1  eve1 i n v o l v e d  s tanda rd  

d e v i a t i o n s  on t h e  l o w  f r i c t i o n  (we t )  s u r f a c e  wh ich  were t w i c e  as 

h i g h  as those found  i n  t h e  d a t a  f o r  t h e  h i g h  f r i c t i o n  ( d r y )  s u r f a c e .  

I n s o f a r  as t h e  two r e p e a t  d a t a  samples f o r  each f r i c t i o n  measure 

t e n d  t o  f o l l o w  one ano the r  r a t h e r  w e l l  , we m i g h t  hypo thes i ze  t h a t  

t h e  d e v i a t i o n s  do n o t  d e r i v e  from t h e  s p a t i a l  n o n - u n i f o r m i t y  o f  t h e  

w a t e r  f i l m  on t h e  t e s t  s u r f a c e  as much as f rom t h e  v a r i a b i l i t y  i n  

t h e  nominal dep th  o f  w a t e r  f i l m ,  and perhaps o t h e r  f a c t o r s ,  f r o m  

week t o  week. 

V e h i c l e  s t o p p i n g  data ,  however, t end  t o  suggest  problems o f  

s p a t i a l  non-un i  f o r m i  t y  by the  i n d i c a t i o n  o f  g r e a t e r  run -  t o - r u n  

v a r i a b i l i t y  on a  we t ted ,  low c o e f f i c i e n t  sur face than  on d r y .  

Shown below, f o r  exanlpl e, a r e  averages o f  t h e  percentage d i f f e r e n c e  

i n  t h e  two s h o r t e s t  s t o p p i n g  d i s t a n c e s  measured on a1 1  o f  t h e  ca rs  

t e s t e d  i n  t h i s  s tudy  a t  C h r y s l e r  and Bend ix  P r o v i n g  Grounds. 

These d a t a  show t h a t  wet  sur face t e s t s  e x h i b i t  2.5 t i l r les t h e  

t o l e r a n c e  i n  s t o p p i n g  d i s t a n c e  r e p e a t s  as i s  found i n  measures 

taken  on a  d r y  su r face .  
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LO-CO S t ra ight  & Turn Test Surface 

Figure 4 . 1 .  Measured peak f r i c t i o n  coeff ic ients  v s .  date for  dry 
asphalt and wet jenni t e  pavenlents. 



Table 4.1 . Average Percentage Differences Between the Two 
Sho r t e s t  Stopping Distance Repeats Obtained i n  
S t r a i  ght-Li ne Braki ng Tests .  

Chrysl e r  Bendi x 

Wet Dry- Dry Wet 

F i r s t  Effect iveness  - - 2.2% 8.7% 

Second Effect iveness  - - 1 .2  2.1 

Third Effect iveness  3.3% 5.2% 0.9  3.0 

Aside from the i s sue  of da ta  r e p e a t a b i l i t y ,  of course,  the re  

always remains t he  problem of the  absolute  f r i c t i o n  l eve l s  per- 

t a i n ing  t o  the  t e s t  su r face  being used. For 1 imi t braking t e s t s  

in  which wheel lockup c o n s t i t u t e s  a performance cons t r a in t ,  mini- 

m u m  stopping d i s tances  wi 11 be heavily influenced by the  peak 
t r a c t i o n  condi t ion.  On dry su r f ace s ,  the  p - s l i p  curve typical  of 

passenger ca r  t i r e s  i s  r a t he r  f l a t ,  with l i t t l e  observable peaking 

(Fig.  4 . 2 ) .  In c o n t r a s t ,  coated o r  polished surfaces  w i l l ,  when 

Peak ----.---- 

Peak 

S l i p  100% 

Figure 4 . 2 .  Typical p - s l i p  curve shapes on dry pavement, and 
wet ,  coated,  o r  pol i stled pavenients . 



w e t t e d ,  t y p i c a l l y  exh ' lb i  t a d e c i d e d l y  peaked response [9 ] .  Thus, 

a l t h o u g h  a  l o c k e d  wheel f r . i c t i b : :  .~ ; l lue  t;!cll as t h e  ASTM s k i d  

number may s e r v e  t o  c l o s e l y  e s t a b l i s h  b o t h  t h e  peak and s l i d e  

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

s k i d  number o b t a i n e d  o n  a  w e t t e d  l o w  f r i c t i o n  s u r f a c e  may o n l y  

c r u d e l y  p i n  down t h e  peak t r a c t i o n  p o t e n t i a l  o f  t h e  t e s t  su r face .  

To p u t  i t  a n o t h e r  way, t h e  "peak iness"  i n  t h e  t r a c t i o n  p o t e n t i a l  

o f  v a r i o u s  wet, c o a t e d  pavements can v a r y  s i g n i f i c a n t l y  frorn one 

a n o t h e r  i n  a b s o l u t e  l e v e l  and can a l s o  v a r y  w i t h  r e s p e c t  t o  t h e  

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

A c c o r d i n g l y ,  we see t h e  need f o r  two m e t h o d o l o g i c a l  f e a t u r e s  

which, a1 though d e s i r a b l e  f o r  upgrad ing  b r a k i n g  performance measure- 

ments on any t y p e  o f  su r face ,  seem e s p e c i a l l y  needed f o r  t e s t i n g  

on  l o w  c o e f f i c i e n t ,  wet  s u r f a c e s .  The two f e a t u r e s  a r e :  

1 )  t h e  measurenient o f  t h e  peak t r a c t i o n  p o t e n t i a l  o f  

t h e  t e s t  s u r f a c e  u s i n g  a  s t a n d a r d  t i r e ,  and 

2 )  t h e  n o r m a l i z a t i o n  o f  minimum s t o p p i n g  d i s t a n c e  

r e s u l t s  u s i  ng  t h e  measured peak t r a c t i o n  l e v e l s  

t o  e f f e c t  a  b r a k i n g  e f f i c i e n c y  numer ic .  

B r a k i n g  e f f i c i e n c y  d e t e r m i n a t i o n s  were made i n  t h i s  s t u d y  and 

were shown, i n  S e c t i o n  3.3,  t o  h o l d  promise f o r  b e i n g  c o n s i d e r a b l y  

s i m p l i f i e d  i n  c o n t r a s t  t o  t h e  methods developed under NHTSA 

sponsors h i  p  i n  Reference [I]. 

I f  s t o p p i n g  on a  l o w  f r i c t i o n  su r face  was t o  be added as  a  

requ i ren ien t  o f  FMVSS 105-75, i t  would appear w a r r a n t e d  f o r  b o t h  

t h e  LLV ( l i g h t l y - l o a d e d  v e h i c l e )  and GVW (g ross  v e h i c l e  w e i g h t )  

l o a d i n g  c o n d i t i o n s .  I t  can be a n t i c i p a t e d ,  o f  course ,  t h a t  f o r  a  

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

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

w o r s t  case b e h a v i o r  on a  known f r i c t i o n  c o n d i t i o n .  V e h i c l e s  

whose mass c e n t e r  moves f o r w a r d  w i t h  l o a d i n g ,  f o r  exanlple, w i l l  be 

most  c h a l l e n g e d  d u r i n g  b r a k i n g  on a l ow  f r i c t i o n  s u r f a c e  when t h e y  



a r e  unloaded.  Converse ly ,  v e h i c l e s  whose mass c e n t e r  moves r e a r -  

ward w i t h  l o a d i n g  w i l l  be most  c h a l l e n g e d  on  a  l ow  f r i c t i o n  s u r -  

f a c e  when t h e y  a r e  loaded.  P r a c t i c a l l y  speak ing ,  however, a  

f e d e r a l  r e q u i  renient must cove r  t e s t  cond i  t i o n s  whi ch  i n c l  ude those  

cases o f  s e r v i c e  l o a d i n g  and pavement f r i c t i o n  wh ich  a r e  most 

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

An a d d i t i o n a l  p r a c t i c a l  m a t t e r  concerns t h e  sequence o f  t e s t s  

i n  any compl i a n c e  t e s t  s e r i e s .  whi ch i n c l  udes we t  s u r f a c e  c o n d i t i o n s  . 
As i n  t h e  t e s t  sequence o f  FMVSS 121 , t h e  wet  s u r f a c e  t e s t s  shou ld  

be p l a c e d  t o  f o l l o w  t h e  e f f e c t i v e n e s s  measurement on t h e  h i g h  f r i c -  

t i o n  s u r f a c e s  i n  each ( f i r s t ,  second, and t h i r d )  e f f e c t i v e n e s s  

s e r i e s .  T h i s  p r a c t i c e  m in im izes  t h e  w a t e r  c o n t a m i n a t i o n  o f  brakes 

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

I f  we t u r n  t o  t h e  i s s u e  o f  t h e  1  i k e l y  b e n e f i t s  wh ich  wou ld  

acc rue  f rom t h e  s p e c i f i c a t i o n  o f  v e h i c l e  b r a k i n g  performance on 

l ow  f r i c t i o n  su r faces ,  we see a  mixed b a s i s  f o r  f o r e c a s t  i n  t h e  

d a t a  ga the red  i n  t h i s  s t u d y .  For  example, l o o k i n g  a t  b r a k i n g  e f f i -  

c i e n c y  data  taken  f o r  t h e  t w e l v e - c a r  sample a t  C h r y s l e r  P r o v i n g  

Grounds, F i g u r e  4.3, we f i n d  t h a t  v e h i c l e s  on t h e  average r e g i s t e r e d  

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

7 p e r c e n t  o f  t h e  l e v e l s  ach ieved  on t h e  h i g h  f r i c t i o n  pavement. I t  

i s  seen, however, t h a t  c e r t a i n  i n d i v i d u a l  v e h i c l e s  e x h i b i t e d  marked ly  

l o w e r  e f f i c i e n c y  l e v e l s  on t h e  l o w e r  f r i c t i o n  s u r f a c e .  These data ,  

ga the red  f o r  v e h i c l e s  i n  t h e i r  1  i g h t l y - l o a d e d  c o n d i t i o n ,  c o n t r a s t  

marked ly  w i t h  measurements made o v e r  t h e  t h r e e  s e r i e s  o f  e f f e c t i v e -  

ness t e s t s  u s i n g  f i v e  v e h i c l e s  a t  t h e  Bend ix  P r o v i n g  Grounds. As 

shown i n  F i g u r e  4.4, t h e  data  f rom t h e  Bend ix  t e s t s  i n d i c a t e  gen- 

e r a l l y  h i g h e r  e f f i c i e n c i e s  b e i  rig accrued on l o w e r  f r i c t i o n  s u r f a c e s .  

The apparen t  c o n f l i c t  i n  da ta  s e t s  t aken  a t  C h r y s l e r  and Bendix 

t e s t  s i t e s  seems t o  d e r i v e  from d i f f e r e n c e s  i n  t h e  low f r i c t i o n  

s u r f a c e s  i n v o l v e d .  I n  p a r t i c u l a r ,  i t  was found  i n  t h e  Reference 

[ I ]  s tudy  t h a t  t h e  ASTM t i r e  ( w i t h  wh ich  t h e  t r a c t i o n  da ta  i s  

o b t a i n e d  t o  cotilpirte b r a  k i  r ~ g  e f f i c i e n c y )  produces a s i g n i f i c a n t l y  
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F i g u r e  4 . 3 .  B r a k i n g  e f f i c i e n c y  p e r  b r a k i n g  e f f i c i e n c y  t e s t  t echn ique .  
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F i g u r e  4 . 4 .  B r a k i n g  e f f i c i e n c i e s  on  h i g h  c o e f f i c i e n t  and l ow  
c o e f f i c i e n t  su r f aces ,  s t r a i g h t - l i n e  s t o p s .  



reduced t rac t ion  performance on very low f r i c t i o n  surfaces.  Since 

the Bendix fac i l  i  t y '  s  low f r i c t i o n  pavenient registered peak t rac-  

t ion  levels  in the 0.4 to 0.5 range compared t o  the 0.6 to  0.7 

reginle on the respective Chrysler surface ,  i t  seems l ike ly  t h a t  

the ASTM t i  r e  produced a decidedly substandard t rac t ion  performance 

i n  i t s  characterizat ion of the Bendix low f r i c t i o n  pavement. 

Accordingly, we f ind the superior  braking e f f i c i enc ies  on low f r i c -  

t ion surfaces in  the data of Figure 4 .4  t o  be anomalous. These 

data require another adjustment based upon the non-representati ve- 

ness of the ASTM t i r e  fo r  such a  reduced f r i c t i o n  level condition. 

I f  we apply an adjustment of 20 percent t o  the t r ac t ion  measure- 

ments of the ASTM t i r e  on  the Bendix low f r i c t i o n  surface (thereby 

e f fec t ive ly  reducing braking e f f i c i enc ies  by 20 percent on t h a t  

su r face ) ,  we f ind  t h a t  measurenients made a t  Chrysler and Bendix 

s i t e s  more closely agree. The 20 percent adjustment, estimated 

from the data of Reference [ I ] ,  produces the r e s u l t  tha t  braking 

e f f i c i enc ies  on the  low f r i c t i o n  surface a t  Bendix average 12 per- 

cent lower than braking e f f i c i enc ies  measured o n  dry asphal t .  

Moreover, we concl ude from the review of s t ra ight -1  ine braking 

performance data ,  t h a t  vehicl es complyi ng wi t h  Fl,lVSS 105-75 yie ld  

o n  the order of 10 percent lower braking e f f i c i enc ies  on low f r i c -  

t ion surfaces than they do on the currently specif ied high f r i c t i o n  

surface.  Of perhaps equal s ignif icance to considerations for  rule-  

making, however, braking e f f i c i enc ies  on low f r i c t i o n  surfaces show 

approximately twice as wide a range of performance as braking 

ef f ic iency levels  measured on high fr-i ct ion surfaces.  

4 . 2  3 1  --- i t  Frict ion Surface Cotidi t ions  

I n  t h i s  study consideration has been given t o  the examination 

of s p l i t  f r i c t i o n  surfaces as a  generic condition under which brak- 

ing performance niay be evaluated. Because of the  cons t ra in t  of t h i s  

study to issues r e l a t ing  to  stopping distance performance, we have 



c o n f i  ned o u r  examinat ion  t o  a v o i d  d i  r e c t i o n a l  response mat te rs -  

r e c o g n i z i n g ,  however, t h a t  d i r e c t i o n a l ,  o r  yaw, p e r t u r b a t i o n  has 

c l a s s i c a l l y  been seen as t h e  p r i m a r y  prob lem i n v o l v e d  w i t h  b r a k i n g  

on a  s p l i t  f r i c t i o n  s u r f a c e  [ l o ,  111. I n  c o n s i d e r i n g  t h e  poten- 

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

r e g u l a t i o n s ,  c e r t a i n  conceptual  problems can be i d e n t i f i e d .  Most 

g e n e r a l l y  s t a t e d ,  i t  does n o t  seem reasonab le  t o  hypo thes i ze  t h a t  

t h e  b r a k i  ng performance o f  four -whee led,  n o n - a n t i 1  ock-equipped 

v e h i c l e s  on s p l i t  f r i c t i o n  s u r f a c e s  would bear  any g e n e r a l l y  s i g n i -  

f i c a n t  r e l a t i o n s h i p  t o  t h e  brake system des ign .  T h i s  s ta temen t  can 

be expanded upon i n  t h e  f o l l o w i n g  o b s e r v a t i o n s :  

1 )  F o r  t h e  case o f  minimum s t o p p i n g  d i s t a n c e  on a  s p l  i t  

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

w i l l  e x h i b i t  a  b r a k i n g  performance i d e n t i c a l  t o  t h a t  

wh ich  would be ach ieved on a  homogeneous sur face o f  

f r i c t i o n  l e v e l  equal  t o  t h e  low-p s i d e  o f  t h e  s p l i t .  

2 )  A f t e r  the  f i r s t  wheel has locked,  t h e  o r d e r  o f  success ive  

wheel lockups depends b o t h  upon t h e  v e h i c l e ' s  b rake  

p r o p o r t i o n i n g  and l o a d  t r a n s f e r  k i nemat i cs ,  as w e l l  as 

t o  t h e  f r i c t i o n  l e v e l  i nc remen t  o f  t h e  s p l i t .  S ince  

t h e  f r i c t i o n  increment  across  t h e  s p l i t  i s  one o f  t h e  

f i r s t - o r d e r  de te rm inan ts  o f  t h e  v e h i c l e ' s  f u r t h e r  

b r a k i n g  behav ior ,  t h e  need t o  i d e n t i f y  a  g e n e r a l l y  

s a f e t y - s i g n i f i c a n t  s p l i t  i s  paramount. S ince  we see 

no  grounds f o r  i d e n t i f y i n g  a  s p e c i f i c  s p l i t  f r i c t i o n  

c o n d i t i o n  as g e n e r a l l y  c h a r a c t e r i z i n g  t h e  U . S .  r o a d  

system, and s i n c e  t h e  recjul a t i o n  o f  per formance on any 

s p e c i f i c a l l y  s e l e c t e d  s p l i t  s u r f a c e  w i  11 beget  b rake 

system designs wh ich  a r e  p e c u l i a r l y  tuned t o  a  s p e c i f i c  

o r d e r  of wheel l ockup  on t h a t  su r face ,  t h e  genera l  

n o t i o n  of r e g u l a t i n g  per fo r r~ iance f o r  s p l i t  f r i c t i o n  

s u r f a c e s  seenis t o  be c o n c e p t u a l l y  weak. 



3 )  I f  we c o n s i d e r  the  v e h i c l e  wh ich  has ach ieved  l ockup  

o f  a l l  f o u r  wheels on a  s p l i t  f r i c t i o n  s u r f a c e ,  we 

see t h a t  i t s  - b r a k i n g  per fo rmance i s  s i m p l y  de termined 

by t h e  average o f  t h e  two e x i s t i n g  f r i c t i o n  va lues ,  

w h i l e  i t s  yaw response w i l l  be r e l a t e d  t o  t h e  f r i c t i o n  

increment ,  t h e  v e h i c l e ' s  t r a c k  w id th ,  wheel base, and 

i t s  yaw moment o f  i n e r t i a .  Acco rd ing l y ,  t h e  r e g u l a t i o n  

o f  b r a k i n g  per formance under  t h i s  c o n d i t i o n  wou ld  n o t  

impac t  on brake system des ign .  

4 )  The s p l i t  f r i c t i o n  c o n d i t i o n  can be seen as a  s ingu -  

l a r l y  power fu l  d i  s c r i n i i  n a t o r  o f  t i  r e  c h a r a c t e r i s t i c s -  

a  d i s c r i m i n a t i o n ,  however, t h a t  p laces  an emphasis on 

t h e  t i r e ' s  a b i l i t y  t o  m i n i m i z e  - t h e  increment  i n  t r a c -  

t i o n  between two s u r f a c e s .  A "good" t i r e ,  f ron i  t h e  

v i e w p o i n t  o f  n i i n i m i z i  ng v e h i c l e  per formance s e n s i t i v i t y  

t o  a  s p l i t ,  i s  one w h i c h  tends  t o  do p o o r l y  on h i g h  

f r i c t i o n  s u r f a c e s  and v e r y  w e l l  on low f r i c t i o n  s u r f a c e s .  

Moreover, t h e  s p l i t  f r i c t i o n  c o n d i t i o n  tends t o  empha- 

s i z e  t h e  impor tance o f  t h e  t i r e ' s  t r a c t i o n  pecu l  i a r i  t i e s -  

b u t  n o t  i n  a  fash ion  w h i c h  i s  con ipa t ib le  w i t h  t h e  gen- 

e r a l  d e s i r e  f o r  h i g h  t r a c t i o n  q u a l i t y  on a1 1  road  

s u r f a c e s .  

5 )  Regarding t h e  s i g n i f i c a n c e  o f  b r a k i n g  i n  a t u r n  on s p l i t  

f r i c t i o n  sur faces ,  t h e  d i l e n ~ ~ n a  appears t o  be t h a t  one 

wou ld  des ign  a  c o m p l e t e l y  d i f f e r e n t  s e t  o f  b rake  system 

and c o r n e r i  n g / r o l l  i ng p r o p e r t i e s  i f  he presumed t h a t  

t h e  h i g h  f r i c t i o n  s i d e  o f  t h e  s p l i t  would a lways be on 

t h e  o u t s i d e  o f  t h e  t u r n  t h a n  if t h e  h i g h  f r i c t i o n  was 

presumed t o  be on t h e  i n s i d e  o f  t h e  t u r n .  A c c o r d i n g l y ,  

i t  wou ld  a g a i n  seen1 reasonab le  t o  l i ypothes ize  t h a t  no 

genera l  l y  nieani n g f u l  r e q u i  remen t c o u l d  be p l  aced upon 

b r a k i n g - i n - a - t u r n  per fo r r~ iance on a  s p l i t .  As ide  f rom 

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



su r f aces ,  i t  i s  n o t  t h o u g h t  p o s s i b l e  t o  i n f l u e n c e  

v e h i c l e  b r a k i n g  per forn lance i n  a  t u r n  on a  s p l i t  b y  

any g e n e r a l l y  app l  i c a b l e  d e s i g n  t e c h n i q u e - o t h e r  

t han  t h e  g ross  ad j us tmen t  o f  t r a c k  w i d t h ,  wheelbase,  

and yaw moment o f  i n e r t i a  t o  r e t a r d  t h e  s p i n o u t  

d i v e r g e n c y  under  f ou r -whee l  l o c k .  

6 )  The s p e c i f i c a t i o n  o f  t h e  b r a k i n g  e f f i c i e n c y  o f  an 

a n t i  l o ck -equ ipped  v e h i c l e  on a  s p l  i t f r i c t i o n  s u r f a c e  

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

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

b r a k e  sys tem r u l e  may be q u e s t i o n a b l e .  As i s  g e n e r a l l y  

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

f r i c t i o n  t e s t i n g  i s  one o f  assess i ng  t h e  a b i l i t y  o f  h i s  

c o n t r o l  s t r a t e g y  t o  improve  upon t h e  b r a k i n g  c a p a b i l  i ty  

a f f o r d e d  by t h e  l o w  f r i c t i o n  c o n d i t i o n  a l o n e .  Thus t h e  

" s e l e c t  l ow "  c o n t r o l  s t r a t e g y  i s  l e s s  t han  opt imum o n l y  

i n s o f a r  as i t  reduces  t h e  a n t i l o c k - e q u i p p e d  v e h i c l e  t o  a  

b r a k i n g  per fo rmance  no  b e t t e r  t han  t h a t  p r o v i d e d  by a  

n o n - a n t i 1  ock-equipped v e h i c l e .  C o n s i d e r i n g  t h a t  no te ,  

however, i t  wou ld  be somewhat n o n t r a d i t i o n a l  f o r  a  

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

t i o n  wh i ch  tended  t o  demand more o f  t h a t  sys tem than  i s  

o t h e r w i s e  demandable o f  a1 1  o t h e r  v e h i c l e s  i n  t h e  c l a s s .  

Going beyond concep tua l  i s s u e s ,  i t  has been den ions t ra ted  i n  

t h i s  s t u d y  t h a t  a  r e 1  a t i  v e l y  s t r a i g h t f o r w a r d  t e s t  p rocedu re  i s  

a v a i l a b l e  f o r  conduc t  o f  b r a k i n g  t e s t s  on a  s p l i t  f r i c t i o n  su r f ace .  

F u r t h e r ,  t h e  s p l i t  c o n d i t i o n  t h a t  i s  ach i eved  has a  c e r t a i n  i n t u i -  

t i v e  appeal  as c o n s t i t u t i n g  a  r e a s o n a b l e  a n a l o g  o f  a  denlandi ng 

we t  wea ther  cor idi  t i o n  i n v o l v i n g  po l  i s h e d  and u n p o l i s h e d  pavement 

s e c t i o n s .  T h i s  c o n d i t i o n ,  a c h i e v e d  by  w e t t i n g  t h e  j u n c t i o n  between 

coa ted  and uncoa ted  a s p h a l t ,  i s  seen, then,  as p r o v i d i n g  a  p r a c t i c -  

a b l e  approach toward  a s p l  i t  f r i c t i o n  t e s t  ~ne thodo logy ,  n o t w i  t h -  

s t a n d i n g  concep tua l  i s s u e s  o f  r e p r e s e n t a t i v e n e s s  t o  t h e  n a t i o n ' s  



s p l i t  f r i c t i o n  c o n d i t i o n s ,  and n iean ing fu lness  o f  s t o p p i n g  measures 

o b t a i n e d  under such a  t e s t  c o n d i t i o n .  

Given conceptua l  problems abou t  t h e  mean ingfu lness  o f  s t o p p i n g  

d i s t a n c e  nleasurements on s p l  i t  c o e f f i c i e n t  s u r f a c e s ,  i t  may be 

p o i n t l e s s  t o  con~ment f u r t h e r  on t h e  p a r t i c u l a r  c h a r a c t e r i s t i c s  o f  

t h e  r e s u l t s  o f  t h e  s p l i t  f r i c t i o n  t e s t s  wh ich  were conducted i n  

t h i s  s tudy .  Never the less ,  c e r t a i n  i n t e r e s t i n g  o b s e r v a t i o n s  were 

p resen ted  i n  t h e  d i s c u s s i o n  o f  S e c t i o n  3.3. A p a r t i c u l a r l y  c u r i o u s  

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

t e s t  v e h i c l e s  y i e l d e d  s t o p p i n g  d i s t a n c e  performances wh ich  were 

marked ly  i n s e n s i t i v e  t o  t h e  r i g h t j l e f t  l o c a t i o n  o f  t h e  s p l i t  when 

b r a k i n g  i n  a  t u r n .  Indeed,  o v e r a l l ,  r e s u l t s  o f  t h e  s p l i t  f r i c t i o n  

t e s t s  showed a  v e r y  undramat ic  spread i n  performance, i n  f a c t ,  

comparing ve ry  c l o s e l y  w i t h  s t r a i g h t - l i  ne s t o p p i n g  d i s t a n c e  va lues  

measured f o r  each v e h i c l e  on a  l ow  f r i c t i o n  homogeneous s u r f a c e .  

The power fu l  " n o r m a l i z i n g "  i n f l u e n c e  wh ich  rende rs  s p l i t  f r i c t i o n  

t e s t  r e s u l t s  so non-d i  s c r i m i  n a t i  ng appears t o  be t h e  compl i c a t e d  

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

wh ich  a r e  determined f rom a  v a r i e t y  o f  wheel l o a d l p e a k - s l i d e  f r i c -  

t i o n  combinat ions  around t h e  v e h i c l e .  T h i s  s i t u a t i o n  was shown 

r a t h e r  c l e a r l y  i n  t h e  s i m u l a t i o n  r e s u l t s  d iscussed i n  S e c t i o n  3.2- 

i l l u s t r a t i n g  t h a t  s p l i t  f r i c t i o n  b r a k i n g ,  w h i l e  complex because o f  

wheel l ockup  poss i  b i  1  i t i e s ,  does n o t  p e c u l i a r l y  c h a l l e n g e  s t o p p i n g  

d i s t a n c e  performance o f  conven t i ona l  v e h i c l e  t ypes .  An e x c e p t i o n  

t o  t h i s  r u l e ,  o f  course,  i s  found i n  t h e  case o f  t h e  a n t i l o c k -  

equ ipped v e h i c l e  wh ich  does n o t  rnodul a t e  each wheel b rake 

i ndependen t l y  . 

4.3 -- B r a k i n g  I n  A Turn 

As a  g e n e r i c  c l a s s  o f  maneuvers, b r a k i n g  i n  a  t u r n  can app ly  

t o  a  broad v a r i e t y  o f  combinat ions  o f  c o n t r o l  i n p u t s  and i n i t i a l  

cond i  t i o n s .  I n  t h i s  s tudy ,  tiowever, and i n  p r e v i o u s  NHTSA-sponsored 

s t u d i e s ,  the r e l e v a n t  nlancuver s c e n a r i o  has been d e s c r i b e d  as 1  irni  t 



b r a k i n g  i n  an i n i t i a l  l y  s teady t u r n  o f  i ntern led ia te  c o r n e r i n g  

s e v e r i t y .  I n  t h i s  scena r io ,  a  l i m i t  c o n d i t i o n  i s  reached when 

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

i s  unacceptab ly  degraded. I n  v i r t u a l l y  a1 1  p rev ious  resea rch  wh ich  

has adopted t h i s  b a s i c  maneuver scenar io ,  t h e  measurenlent and 

c h a r a c t e r i z a t i o n  o f  d i r e c t i o n a l  response t o  b r a k i n g  has c o n s t i t u t e d  

t h e  p r i m a r y  t a s k .  Indeed, i t  has been i m p l i c i t  i n  t h i s  p r i o r  

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

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

I n  t h e  p r e s e n t  s tudy ,  however, we c o n s i d e r  t h e  same t ype  o f  

maneuver s c e n a r i o  f o r  b r a k i n g  i n  a t u r n ,  b u t  f r o m  t h e  v i e w p o i n t  o f  

e v a l u a t i n g  t h e  l o s s ,  i f  any, i n  l i m i t  s t o p p i n g  c a p a b i l i t y  wh ich  may 

d e r i v e  f rom t h e  s imul  taneous requ i remen t  o f  t r a c k i n g  an i n t e r m e d i a t e  

s e v e r i t y  curve .  The fundamentals o f  t i r e  mechanics r e v e a l  t h a t  a  

t r a d e o f f  i n  t i r e  shear  f o r c e  c a p a b i l i t y  does e x i s t  such t h a t  s t o p p i n g  

capab i l  i t y  i s  compromised by t h e  e x i s t e n c e  o f  t h e  s imul taneous 

c o r n e r i n g  requ i remen t .  However, t h e  l o s s  i n  s topp ing  capabi  1  i ty  

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

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

b r a k i n g  l e v e l  nea r  t h e  t r a c t i o n  l i m i t  i s  a  v e r y  power fu l  f u n c t i o n  o f  

t h e  p r e v a i l i n g  l o n g i t u d i n a l  s l i p  c o n d i t i o n .  Thus we a re  c l e a r l y  

add ress ing  t h e  l e s s  s i g n i f i c a n t  aspect  o f  t h e  s a f e t y  problems 

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

p e r  se.  

Look ing  a t  da ta  ga the red  i n  t h e  two t e s t  phases o f  t h i s  p ro -  

j e c t ,  we can e v a l u a t e  t h e  degree o f  s i g n i f i c a n c e  o f  e l o n g a t i o n  o f  

s topp ing  d i s t a n c e  i n  a  t u r n  con~pared t o  s t o p p i n g  d i s t a n c e  i n  a  

s t r a i g h t  l i n e .  As o u t l i n e d  i n  t a b u l a r  form i n  Sec t i ons  3.1 and 

3.3, i t  was found t h a t  va lues  o f  s t o p p i n g  d i s t a n c e  i n  a  t u r n  

r e g i s t e r e d  v e r y  c l o s e  t o  s t o p p i n g  d i s t a n c e  va l  ues measured i n  a  

s t r a i g h t  1  i n e  on t h e  same sur face.  I n  t h e  data  taken a t  C h r y s l e r  

w i t h  t w e l v e  v e h i c l e s  i n  t h e  LLV l o a d i n g  c o n d i t i o n ,  t h e  average 

v e h i c l e  produced a  va lue  o f  i n - a - t u r n  s t o p p i n g  d i s t a n c e  wh ich  was 



w i t h i n  3.2% o f  i t s  s t r a i g h t - l i n e  s t o p p i n g  d i s t a n c e  va lue .  I n  t e s t s  

o f  t h e  f i v e  v e h i c l e s  a t  Bendix,  i n  b o t h  t h e  LLV and GVW l o a d i n g  

s t a t e s ,  t h e  average v a l u e  o f  i n - a - t u r n  s t o p p i n g  d i s t a n c e  f a 1  1s 

w i t h i n  0.75% o f  t h e  s t r a i g h t - l i n e  s t o p p i n g  d i s t a n c e  f o r  each 

v e h i c l e .  I n d i v i d u a l  v e h i c l e s ,  however, e x h i b i t e d  d i f f e r e n c e s  i n  

" t u r n  vs. s t r a i g h t "  s t o p p i n g  d i s t a n c e s  wh ich  were as h i g h  as 17 .2% 

i n  t h e  t e s t  s e r i e s  a t  C h r y s l e r  and 10.9% i n  t h e  s e r i e s  a t  Bend ix .  

Regarding these " f l y e r s "  i n  t h e  d a t a  sample wh ich  suggest  t h a t  

c e r t a i n  v e h i c l e s  may e x i s t  (a1 b e i t  few i n  number) wh ich  p r o v i d e  

s u b s t a n t i a l l y  reduced i n - a - t u r n  s t o p p i n g  c a p a b i l i t y ,  we observe  t h a t  

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

open. For  example, i n  Tab le  4.2 we see t h a t  t h e  percentage 

d i  f f e r e n c e s  between i n - a - t u r n  and s t r a i g h t - 1  i ne s t o p p i n g  d i s t a n c e s  

a r e  n o t  we1 1  c o r r e l a t e d  i n  t h e  d a t a  ga the red  on  t h e  f o u r  v e h i c l e s  

wh ich  were t e s t e d  a t  b o t h  t h e  C h r y s l e r  and Bend ix  f a c i l i t i e s .  I n  

f a c t ,  t h i s  tab1 e  shows t h a t  some o f  t h e  1  a r g e r  percentage d i f f e r e n c e s  

were r e g i s t e r e d  w i t h  a  (+ )  p o l a r i t y  a t  one t e s t  f a c i l i t y  and ( - )  a t  

t h e  o t h e r .  We i n t e r p r e t  t h i s  t a b l e  as sugges t i ng  t h a t  t h e r e  may 

be no bona f i d e  anomalous v e h i c l e s  i n  terms o f  s t o p p i n g  d i s t a n c e  

i n - a - t u r n  per formance compared t o  s t r a i g h t - 1  i n e  s t o p p i n g  d i s t a n c e .  

Rather,  t h e  1  a r g e r - s i  zed percentage d i f f e r e n c e s  may s i m p l y  d e r i v e  

from random processes i n  t h e  methodology.  Needless t o  say, t h e  data  

a r e  t o o  sparse  t o  conc lude a n y t h i n g  o t h e r  t han  t h e  f a c t  t h a t  t h e  

" f l y e r "  da ta  p o i n t s  a r e  i n c o n c l u s i v e .  

Tab le  4.2.  Percentage D i f f e r e n c e s  i n  S topp ing  D i s t a n c e  Between 
S t r a i g h t - L i n e  and B rak ing - In -A -Tu rn  f o r  V e h i c l e s  
Tested a t  Two F a c i l i t i e s  i n  t h e  LLV C o n d i t i o n .  

HI-CO LO-CO 
C h r y s l e r  Rendix C h r y s l e r  Bendi x 

Monte C a r l o  -2.6 t 4 . 3  -17.2 -7.7 

Ford  LTD -1 .2  t 5 . 1  -10.0 t 1 0 . 9  

Bobcat  ( P i n t o )  Wagon -7.6 - 2 . 5  t 9 . 4  -8 .4  

AMC Pacer  -9.9 -0.8 -0 .7  t 2 . 5  



Never the less ,  t h e  genera l  f i n d i n g  i s  t h a t  a  c o n v e n t i o n a l  

s t r a i g h t - l i n e  s t o p p i n g  d i s t a n c e  measure c o n s t i t u t e s  a  r a t h e r  good 

app rox ima t ion  o f  t h e  s t o p p i n g  d i s t a n c e  c a p a b i l i t y  o f  t h e  same 

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

on  t h e  same s u r f a c e .  Thus, f r o m  t h e  v i e w p o i n t  o f  a  c a n d i d a t e  

s t o p p i n g  d i s t a n c e  i n - a - t u r n  r e g u l a t i o n ,  t h e r e  i s  a  q u e s t i o n  as t o  

t h e  p o t e n t i a l  " p a y o f f "  i n  b r a k i n g  per formance s t a n d a r d i z a t i o n  wh ich  

wou ld  be added t o  t h a t  a l r e a d y  accrued th rough  r e g u l a t i n g  s t r a i g h t -  

1 i n e  b r a k i n g  per formance.  



5.0 CONCLUSIONS AND RECOMMENDATIONS 

This research has examined various aspects of passenger car  

braking performance in an e f f o r t  t o  determine whether FMVSS - 105-75 

might be meaningfully extended t o  include stopping distance require-  

ments covering other braking conditions than those currently specif ied.  

We f i n d ,  in general,  t h a t  the answer t o  t h i s  inquiry i s ,  " N O " .  The 

single exception concerns the speci f ica t ion  of a stopping distance- 

based braking ef f ic iency performance fo r  the case of braking in a 
s t r a i g h t  l i n e ,  on a  lo\^ f r i c t i o n  pavement. In regard t o  t h i s  conclu- 

sion we o f fe r  the following remarks: 

1 )  The conclusion tha t  105-75 may be meaningfully extended by 
adding a low f r i c t i o n  t e s t  does n o t  derive from a general discovery 

t h a t  105-conipl i a n t  vehicles are pecul iar ly  de f i c i en t  in braking 

capabi l i ty  on low f r i c t i o n  surfaces.  Rather, the  conclusion i s  based 

upon the observation t h a t  a "single point"  braking performance 

requirement does n o t ,  of i t s e l f ,  cons t i tu te  a means of "standardizing" 

vehicle braking capabi l i ty  over the range of possible f r i c t i o n  levels .  

Thus the suggestion of extending 105-75 t o  include a low f r i c t i o n  t e s t  

i s  based upon  the matter of conceptual adequacy ra the r  t h a n  u p o n  a 

demonstrated safe ty  need. 

2 )  Regarding safe ty  needs, i t  was seen in t e s t s  on low f r i c t i o n  

surfaces,  tha t  current  vehicles provide braking e f f i c i enc ies  which 

average approximately 7-12% lower than the ef f ic iency levels  at tained 

on a high f r i c t i o n  surface. This r e l a t i v e l y  small difference between 

e f f i c i enc ies  achieved on low a n d  high f r i c t i o n  surfaces suggests t h a t  
the vehicle manufacturing industry i s  generally designing i t s  brake 

sys tenls t o  provide adequate l  ow f r i c t i o n  performance - even t h o u g h  

t h i s  perform~nce i s  currently unregul ated . 
3) The larger  sca le  problems associated with maintaining and 

specifying a low f r i c t i o n  t e s t  pavement suggest in our view, t h a t  
any extension of FMVSS 105-75 t o  include a low f r i c t i o n  t e s t  should 

a1 so incorporate a "braking ef f ic iency"  approach toward performance 

normalization. 



4 )  If  a  low f r i c t i o n  braking ef f ic iency requirement were t o  be 

promulgated, any other  exis t ing  stopping distance requirements should 

be reformulated in terms of "ef f ic iency" ,  a l so .  Further,  the s e t t i n g  

of requirement l eve l s  wi 11 necess i ta te  t h a t  NHTSA proceed with ce r t a in  

previously recomlnended research [ I  ] regarding development of braking 

ef f ic iency i n t o  a rulemaking-sui table  method. 

In addit ion t o  t h i s  basic conclusion a n d  recommendation, other 

f indings supported by the study r e s u l t s  a r e  as follows: 

1 )  The minimum stopping distance exhibited by vehicles while 
braking in a  medium-severity turn does n o t  appear t o  d i f f e r  s ign- 

i f i c a n t l y  from minimum stopping d is tances  measured on equivalent 

surfaces while braking in a s t r a i g h t  l ine .  Accordingly, one may 

generally assume t h a t  measures of s t r a i g h t  1 ine stopping distance 

su f f i ce  as a  close approximation of stopping distances achievable 

in medium s e v e r i t y  turns ,  

2 )  Measures of minimum stopping distance obtained while braking 
on s p l i t - f r i c t i o n  surfaces do  n o t  appear t o  be generally useful as 

charac ter iza t ions  of vehicle sa fe ty  qua1 i  ty .  Because of many possible 

lockup combinations, s p l i t  f r i c t i o n  stopping distances a re  generally 

seen t o  be r a the r  comparable to the performance 1 imits imposed 

by the low f r i c t i o n  side of the s p l i t ,  alone. Moreover, the 

potential f o r  a yaw perturbation during s p l i t  f r i c t i o n  braking was 

seen t o  be the overwhelniing r e a l i t y  - tending t o  suggest t h a t  any 

stopping d is tance  compron~ises a r e  by f a r  the smaller part of the 

safe ty  i  ssue. 

3 )  The ext ra  costs  of ant i- lock braking systems would n o t  appear 
t o  be general ly j u s t i f i a b l e  simply on the basis  of stopping distance 

iniprovements. Although both iniprovcnients and degradations in stopping 

distance were seen t o  derive from anti- lock system operat ion,  the 

conventiorlal \visdoni, borne o u t  by tile d a t a ,  i s  t h a t  ant i- lock systenis 

contr ibute profoundly t o  d i rec t ional  control labi  1 i  t y  b u t  only niininial ly  

t o  stopping d is tance  performance. 
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