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1.0 INTRODUCTION 

T h i s  docunient c o n s t i  t u  t es  t h e  summary f i n a l  r e p o r t  on Con t r a c t  

DOT-tlS-6-01368 e n t i t l e d  " Iniproved Passenger Car B r a k i n g  Performance." 

The p r o j e c t  has been conducted by t h e  Highway S a f e t y  Research 

I n s t i t u t e  o f  The U n i v e r s i t y  o f  M i c h i g a n  w i t h  suppor t  o f  t he  f a c i l i t i e s  

o f  t h e  C h r y s l e r  C o r p o r a t i o n  P r o v i n g  Grounds and bo th  t h e  f a c i l i t i e s  

and s t a f f  o f  t h e  Bend ix  Automot ive  P r o v i n g  Grounds. 

The p r i m a r y  o b j e c t i v e  o f  t h i s  s t u d y  has been t o  de te rm ine  

whether a b a s i s  e x i s t s  f o r  e x t e n d i n g  t h e  s t o p p i n g  d i s t a n c e  r e q u i r e -  

ments o f  FMVSS 105-75 t o  cover  c o n d i t i o n s  o f  l o w  and s p l i t  f r i c -  

t i o n  s u r f a c e s  as  we1 1  as b r a k i n g  i n  a  t u r n .  The c u r r e n t  105 s tan -  

dard,  w h i l e  n o m i n a l l y  encompassing t h e  genera l  m a t t e r  o f  t h e  b r a k i n g  

s a f e t y  o f  h y d r a u l  i c a l l y - b r a k e d  v e h i c l e s ,  1  i n i i t s  i t s e l f  t o  r e q u i r e -  

n ~ n t s  f o r  s t r a i g h t - l i n e  s t o p p i n g  on a  h i g h  f r i c t i o n  ( d r y )  s u r f a c e .  

To t h e  degree t h a t  assurance o f  adequate s t o p p i n g  performance on 

a  d r y  s u r f a c e  does n o t  a l s o  assu re  adequate s t o p p i n g  on o t h e r  s u r -  

face c o n d i t i o n s ,  o r  w h i l e  b r a k i n g  i n  a  t u r n ,  t h e  s t a n d a r d  may be 

s u b j e c t  t o  r e v i s i o n .  

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

and expe r in len ta l  t echn iques  t o  t h e  examina t i on  o f  d i f f e r i n g  s u r f a c e  

and maneuver ing c o n d i t i o n s .  The purpose o f  these examina t i ons  was 

f o u r f o l d :  

1) To e s t a b l i s h  t e s t  p rocedures  s u i t a b l e  f o r  demon- 

s t r a t i  ng r e p r e s e n t a t i v e  v e h i c l e  s t o p p i n g  response 

undc r  t h e  s u b j e c t  c o n d i t i o n s .  

2)  To p r o v i d e  an unders tand ing  o f  t h e  mechanics o f  

v e h i c l e  response undc r  t h e  b r a k i n g  c o n d i t i o n s  o f  

i n t e r e s t  . 
3) To conduc t  f u l l - s c a l e  t e s t s  so as t o  r e v e a l  t h e  

p r a c t i c a l  aspects  a s s o c i a t e d  w i t h  such c a n d i d a t e  

e x t e n s i o n s  t o  t h e  f e d e r a l l y - r e q u i r e d  method. 



4 )  To e v a l u a t e  t h e  nleasured v e h i c l e  responses so as 

t o  de te rm ine  i f n iean ingfu l  improvements i n  t r a f f i c  

safety waul d  acc rue  f rom s p e c i f i c a t i o n  o f  p c r f o r -  

mance under t h e  cand ida te  c o n d i t i o n s .  

The scope o f  t h e  s t u d y  was c o n s t r a i n e d  a t  t h e  o u t s e t  t o  

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

responsc under l o w  and s p l i t  f r i c t i o n ,  and cu rved -pa th  b r a k i n g  

c o n d i t i o n s .  Thus t h e  s tudy  was n o t  t o  c o n s i d e r  any o f  t he  d i r e c -  

t i o n a l  responsc i s s u e s  r e l a t e d  t o  these cond i t i ons - -a l t hough  i t  

was recogn ized  t h a t  s t r o n g  hypotheses do e x i s t  which connect  t h e  

d i r e c t i o n a l  d i s t u r b a n c e s  and " l o s s  o f  c o n t r o l "  r e s u l t s  o f  b r a k i n g  

t o  t r a f f i c  s a f e t y .  

Moreover, t h e  conf inement  o f  i n t e r e s t  t o  s t o p p i n g  d i s t a n c e  

measures, a lone,  se rves  t o  e x p l a i n  why recommendations a r e  made 

h e r e i n  f o r  ex tend ing  FMVSS 105-75 o n l y  t o  t h e  i n c l u s i o n  o f  a 

s t r a i g h t - 1  i n 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 .  As w i l l  be shown, 

s t o p p i n g  d i s t a n c e  performance on sp l  i t  f r i c t i o n  s u r f a c e s  o r  i n  

curved paths  i s  e i t h e r  c o n c e p t u a l l y  u n r e l a t e d  t o  t h e  broad i n t e r -  

e s t s  o f  t r a f f i c  s a f e t y  o r  o f  n e g l i g i b l e  s i g n i f i c a n c e  as an add i -  

t i o n a l  measure beyond t h a t  o f  s t r a i g h t  b r a k i n g  on homogeneous 

s u r f a c e s .  



2.0 O V E R V I E I J  OF TtIE RESEARCH PLAN 

The project  consisted of four major tasks intended to lead 
toward conclusions relevant  t o  the question of extending FMVSS 105- 

75. Since i t  was desired t ha t  t e s t  procedures be developed and 
employed to  gather a representat ive s e t  of braking data ,  i t  was 
f i r s t  necessary t o  conduct an exercise to iden t i fy  tha t  l imited 
s e t  of passenger cars which would yie ld  more or l e s s  representat ive 
braking perforr~iance. A proposed analyt ica l  approach toward t h i s  
vehicle se lect ion task was discarded in concern for  the general 
inabil i  t y  t o  accurately predict  differences in stopping distance 

among real vehicles-for want of parametric data descri bi r ~ g  brakes 
and t i r e s  in  a comprehensive manner. A1 te rna t ive ly ,  then,  a  t e s t  

program was executed, i nvol ving twel ve passenger vehicles which had 
been manufactured since the e f f ec t i ve  date of FMVSS 105-75. These 
t e s t s  provided data which c lea r ly  discriminated among vehicles in 
terms of high and low f r i c t i o n  braking and stopping in a curved 
path. Also, a  general t ry-out  of t e s t  methods was e f fec ted ,  per- 
mitting the iden t i f i ca t ion  of refinements which were t o  be imple- 
mented in the major t e s t  phase. 

Subsequent to  the i n i t i a l  t e s t  exercise,  a  quas i - s ta t i c  simu- 
l a t ion  e f f o r t  was undertaken to c lea r ly  define the f i r s t - o rde r  
mechanisms determining stopping distance performance under the 

conditions of i n t e r e s t .  This e f f o r t  established the re la t ionships  
between the major vehicle parameters, the surface and maneuvering 
conditions, and the resul t ing const ra ints  on minimum stopping dis-  

tance. Specif ic  inquir ies  made by way of the quas i - s ta t i c  simula- 
tion guided the se lect ion of t e s t  conditions to be applied in the 
ful l -scale  t e s t  s e r i e s .  

The r11a jor t e s t  e f f o r t  invol ved cor~duct of an extensive matrix 

of t e s t s  on each of f ive  selected passenger cars.  The matrix con- 
tained 28 separate t e s t  sequences b u i l t  around the f i r s t ,  second, 



and th i rd  cffcct ivcncss l e s t  forrriats of the 105 standard. The 

grea t ly  expanded nurnbcr of t e s t  conditions perniitted 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 s p l i t  f r i c t i o n  condition being represented 
by both h i - r igh t  ( t h a t  i s ,  the high f r i c t i o n  s ide  of the s p l i t  i s  

s i tua ted  on the r igh t  s ide  of the vehicle)  and h i - l e f t  or ienta t ions .  

Data taken in  t h i s  t e s t  s e r i e s  c l ea r ly  de l ineate  the r e l a t i v e  gain 
t o  be made i f  one were t o  specify stopping distance performance in 

a turn--in addition to  the speci f ica t ion  of s t r a igh t - l ine  stopping 

distance.  Further,  the data serve to  p u t  in  focus the conceptual 

problerris associated w i t h  the speci f ica t ion  of s p l i t  f r i c t i o n  

stopping pcrforrnance . . 

The f ina l  task involved a  la rge  sca le  computerized analysis ,  

par 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- 

cis ion in the t e s t  condition variables.  Together with a  f i e l d  

survey of cer ta in  economic.matters, the siniul ation e f f o r t  was a lso  

appl i  ed i  n the exami nation of advanced braki ng sys tern concepts . 
Advanced concepts were treated both in terms of t h e i r  l ike ly  inf lu-  

ence on performance capabi l i ty  and in terms of the costs  l ike ly  to  
at tend t h e i r  introduction as production hardware. 

Conclusions and recommendations were drawn with regard to the 
advisabil i t y  of extending the stopping distance requirements of 

FMVSS 105-75. By way of in~p l i ca t ion ,  the general absence of recom- 
mendations t o  add more stopping distance requirements reveals tha t  
the  direct 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 
sa fe ty  issues associated with those braking conditions. 



3.0 TECt-1NICAL DISCUSS ION 

In t h i s  s e c t i o n  the  methods employed, and r e s u l t s  o b t a i n e d ,  

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

s u m a r i z e d .  A l though  c e r t a i n  f i n d i n g s  d e r i v i n g  f rom ga the red  data  

a r e  summarized i n  t h e  t e x t  o f  t h i s  s e c t i o n ,  d e f i n i t i v e  conc lus ions  

r e l a t i v e  t o  cand ida te  m o d i f i c a t i o n s  o f  FCNSS 105-75 a r e  p resen ted  

i n  S e c t i o n  4 .0 .  

Survey T e s t  Program 

A t e s t  program was conducted on a  sample o f  twe lve  v e h i c l e s  i n  

o r d e r  t o  o b t a i n  a  da ta  s e t  c h a r a c t e r i z i n g  s t r a i g h t - l i n e  and curved- 

p a t h  b r a k i n g  performance o f  FMVSS 105-75-compl ian t  passenger ca rs  

on low and h i g h  f r i c t i o n  s u r f a c e s .  Perfornlance d a t a  on c u r r e n t  

b r a k i n g  systems f o r  b r a k i n g  i n  a  t u r n  and on l o w  f r i c t i o n  su r faces  

i s  sca rce .  Thus t h e  da ta  b b t a i n e d  i n  t h i s  su rvey  t e s t  s e r i e s ,  a long  

w i t h  d a t a  f rom more e x t e n s i v e  t e s t s  o f  f i v e  v e h i c l e s  l a t e r  i n  t h e  

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

augmentat ion o f  t h e  105-75 s t a n d a r d  shou ld  be recommended. The 

su rvey  t e s t s  a l s o  p r o v i d e d  a  p i l o t  e x e r c i s e  f o r  r e f i n e m e n t  o f  t h e  

proposed t e s t  p rocedures  t o  be app l  i e d  i n  f u l l - s c a l e  t e s t s  o f  f i v e  

v e h i c l e s  t o  f o l l o w .  

3.1.1 Twel ve -Veh ic le  San~ple.  I n  s e l e c t i n g  t h e  t w e l v e  v e h i c l e s ,  

i n f o r t n a t i o n  was o b t a i n e d  f rom t h e  MVMA s p e c i  f i c a t i o n  sheets ,  Auto- 

m o t i v e  News, and consumer j o u r n a l s  r e g a r d i n g  model s  a v a i l  ab le ,  sa les  

volume, and b rake  system d e s i g n ,  V e h i c l e s  were s e l e c t e d  t o  p r o v i d e  

r e p r c s e n  t a  t i o n  f rom the '  f o u r  ma jo r  Anieri can autoniobi 1 e  manufac turers  

and t o  cove r  v e h i c l e  s i z e  r a n g i n g  f rom subcompact t o  f u l l  s i z e .  

General l y ,  t h e  v e h i c l e s  s e l e c t e d  were model s  e x h i b i t i n g  r e 1  a t i v e l y  

h i g h  s a l e s  v o l  urrlc w i  tlii n the  s i  ze/manufacture groupings;  t e n d i n g  t o  

make t h e  sarrple r e p r e s e n t a t i v e  o f  t h e  highway p o p u l a t i o n .  Table 3.1 

c o n t a i n s  a  l i s t  o f  t h e  twe lve  v e h i c l e s  w h i c h  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  systeri i  f e a t u r e s .  



Tab le  3.1 . Twcl vc-Car Saiill)lc Shovii~ig S i z e  and 
Ss 1 i c n t  Ura kc  Sys tern fea  t u r c s  , 

Bra kcs P r o p o r t i o n i n g  
S i t e  V e h i c l e  Year Mar lu fac turcr  Front/Rcar Val vc! 

Chevc t t c  1976 GM 
Sub- 
co111pa c t P i n t o  Wagon 1976 Ford 

D i  sc/Druni No 

Di  SC/D~UIII Yes 
Grcnil i n  1976 AMC Di sc/Drum No 

Nova 1976' GM D i  sc/Drum Yes 

Conlpac t Pa ce r  1976' AMC D i  sc/Druni No 
Volvo 244 1976 Volvo Disc/Di  sc Yes 

I n t e r -  Monte Car lo  1976 GM Disc/Drum Yes 
media te  F u r y  1977 Chry l  se r  Disc/Drum , Yes 

T o r i  no 1976 F o r d  Disc/Drurn Yes 

F u l l  B u i c k  LeSabre 1976 GM Disc/Drum Yes 
S ize  Ford LTD 1976 Ford Di sc/Drum Yes 

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



3,1 ,2  Test S i t e  and Cxpcrimcntal P-roccdures. Braking t e s t s  

using the twelve-vehicle sample were conducted on the skid tract ion 

fac i l  i t y  a t  the Chrysler Corporation's Proving Grounds in Chelsea, 

Michigan. This f a c i l i t y  consists  of four adjacent lanes,  twenty- 
e ight  fee t  wide and 1000 f ee t  long with a long approach area from 
each di rect ion.  Wetting of the surface was accornpl ished w i t h  a  

multiple-head sprinkling systeni along one side of the t e s t  lanes 

which produced a reasonably honiogeneous water depth by vir tue of 
the uniform 1% grade across the lane. The lane width of twenty-eight 

f e e t  was adequate to  lay out  curved paths for  braking-in-a-turn 
experiments on the  same surface area used for  s  t raight-1 ine t e s t s .  

In addition t o  the skid numbers provided by Chrysler, the dry 

brushed concrete and the wet jennite surfaces were characterized by 

peak f r i c t ion  nieasuren~ents. These measurements were made speci f ica l ly  

t o  apply NHTSA's Braking Efficiency Technique [ I ] ,  a  method deriving 

a braking efficiency numeric from braking t e s t  data by comparing a 
vehic le ' s  stopping distance with the computed ideal stopping dis-  

tance of a hypothetical reference vehicle which makes optimum use of 

the available t rac t ion on the t e s t  surface. To obtain th i s  numeric, 

peak f r i c t ion  measurements are  made a t  two t i  re loads, representing 
the nominal f ront  and rear t i r e  loads on the 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 .  

All H I - C O  t e s t s  of vehicle stopping distance performance were 
run a t  an i n i t i a l  velocity of 60 mpli and, in the  curved-path case, 
a t  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 mph  i n i t i a l  velocity and an i n i t i a l  
la tera l  accelerat ion of 0.2 g. 

Successive stops were made with increasing i  ncrerrients of con- 

s t an t  pedal force unt i l  lockup occurred on ei ther axle. .  Two addi- 
tional stops were made a t  the constant pedal force giving mininiuin 
stopping distance with a t  most one wheel locked per axle,  thus 
assuring vehicle control 1abi 1 i ty .  Steering correction by the driver 
was penni t tcd  throughout the run. 



3 . 1 . 3  Test Rcsul t s  on Twelvc-Car --- Sme, - A se r ies  of 

s t r a i gh t  and curvcd-path ( l e f t  and r ight  turning) minimum stopping 

distance t e s t s  were nladc on each of the twelve vehicles on H I - C O  

(brushed concrete) and LO-CO (wet jennite)  surfaces. In 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 d r ive r ,  a  passenger, a n d  instrunlentation. 

Best stopping performances, defined by the shor tes t  stopping 

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

was detet-rnined t o  give optimum stopping without axle lockup, are  

plotted in Figure 3.1 for  the HI-CO t e s t s  and Figure 3.2 for  the 

LO-CO t e s t s .  

In the ttI-CO s t ra igh t - l ine  t e s t  (Figure 3 . 1 ) ,  a l l  cars except 

an AMC Pacer stopped in a distance less  than the 194-foot require- 

ment of 105-75. The average straight-1 ine stopping distance of 
the small cars was 13 f ee t  (8 .0%) longer than the average for  the 
large cars .  The three veh'icl es without proportioning valves ranked 
8th (Chevette) , 11 t h  (Greml i n ) ,  and 12th (Pacer) .  

On the LO-CO surface (Figure 3 .2 ) ,  the difference in s t ra ighl-  

l ine  braking perfornlance between large and small cars was more 
pronounced, w i t h  the average stopping distance fo r  the small cars 
being 24 feet  (24;) longer than fo r  the large cars.  

To corllpare s t ra igh t ,  a n d  in-a- turn stoppi'ng distances , the 

average value of tile l e f t  and r ight  turning stopping distances i s  
used. The differences expressed as a percentage of the s t ra ight-  
l ine  value are shown .in Table 3.2. The small car average difference 
was 7.2% on H I - C O  and 3.9% on LO-CO and the large car  average 

difference was 1.4% on HI-CO and 7.62 on LO-CO.  , Over a1 1 t r~e l  ve 

vehicles the average difference was 4.3Z'on HI-CO and 5.77; on LO-CO. 

On the 111-CO'test, one car stopped in a shorter  distance in the 

turn and four cars stopped shor ter  in the turn on the L O - C O  t e s t .  

These data indicate tha t  1 i t t l c  discrinli nation in perforrrlance 
i s  gained from braking-in-a-turn t e s t s  over what i s  learned from 
s t ra ight-1  ine t es t s  where stopping dis  tarice i s  the only performance 
nlcasurc. 



t 'o 
55 



.r 'I- 
U C  

c 



Pablc 3 . 2 ,  F'ercerltagc D i  f forcncc Oct~/c\cn Straight-Li nc and 
In-a-Turn S t o p l ~ i r i g  D i  stance.  

Chevettc 
Pinto Wagon 

Greml i n 
Nova 
Pacer 
Volvo 244 

Small Car Average 

Monte Carlo 
Fury 
Tori no 
Buick LaSabre 
Ford LTD 

Dodge Pfonaco 

Large Car Average 

Dry Concrete -- 

8.8% 

7.6 

*2.7 

9.6 

9.9 

4 . 3  

Wet Jcnni t c  

Overall Average 

I 

*In-a-turn stopping distance shor te r  than s t r a i gh t - l i ne  
@ stopping dis tance .  
\ 



B r a k i n g  e f f i c i e n c y  l e v e l s  [I] were corllputed 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  rllcasured s t o p p i n g  d i s t a n c e s  f rom 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  rneasuremcnts o f  peak sur -  

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 .  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 re  

t a b u l a t e d  i n  Tab le  3.3. B r a k i n g  e f f i c i e n c y  i s  de f i ned  by t h e  

exp ress ion :  

I d e a l  S topp ing  D is tance  ---A- o f  Reference V e h i c l e  1004 E f f '  = Measured s t o p p i n g  D i s t a n c e  o f  Real V e h i c l 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  than  o f  t he  

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 5.87: h i g h e r  

u t i l i z a t i o n  o f  t he  H I - C O  s u r f a c e  t h a n  they  d i d  o f  t h e  LO-CO s u r -  

face. The Volvo 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 .  

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 fomlance t o  t h e  types o f  

b r a k i n g  maneuvers under c o n s i d e r a t i o n  i n  t h i s  s t u d y .  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  were examined and used t o  p l a n  t h e  t e s t i n g  p ro -  

cedures d e s c r i b e d  i n  t h e  ' nex t  sec ti on. 

T h i s  s e c t i o n  s u m a r i  zes the  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  the  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 

considered,  and the  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  niech- 

anisms i n v o l v e d  i n  l i r n i t  b r a k i n g .  

3.2.1 Q u a s i - S t a t i c  ----- Model. The n~ode l  used i n  t h e  q u a s i - s t a t i c  

s t u d y  co r i s t i  t u t e s  a  simp1 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 c  

w i  t h  conven t i ona l  ( n o n - a n t i  1  ock)  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 a c e  i n s t a n t a n e o u s l y  s i r l ~ p l y  

as a f u l i 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 .  Fo r  t h e  case o f  b r a k i n g  

i n  a t u r n ,  t he  nlodel cons ide rs  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 



Tilblc 3.3. B r a k i n g  E f f i c i c r - l c i c s  of 12 i l ch i c l c s  on t l i gh  C o e f f i c i e n t  
and on Low C o c f f i c i c n t  Sur fsccs.  

Veh ic le  --- - 

Chevctte 

P i n t o  CIagon 

Grenil i n  

Nova 

Pa ce r 

Volvo 244 

Monte Ca r l o  

Fury  

T o r i  no 

Bu ick  LaSabre 

Ford LTD 

Dodge Monaco 

Average 

111-co 
brushed Concrete - -- 

Lo- co 
Wet Jcnni t e  -- A - 

*Higher u t i l  i z a t i o t l  o f  LO-CO su r face  than o f  H I - C O  su r face .  



l o n g i  t ud i r l a l  acce le ra t i on  l e v e l .  Thus t he  model i s  s u i  t a b l e  f o r  

eva lua t i r l g  the inc idence o f  wheel lockup which occurs imniediately 

f o l l o w i n g  pedal a p p l i c a t i o n ,  b u t  does n o t  account f o r  the  e f f ec t s  

o f  d im in i sh i ng  l a t e r a l  a c c e l e r a t i o n  as the  v e h i c l e  slows down. 

3.2.2 Discuss ion -. o f  Cal cu l  a ted  Resu 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  veh i c l e  b rak i ng  

capabi 1  i ti es over many o p e r a t i  ng cond i t i ons .  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  a re  the bas is  f o r  the  f o l l o w i n g  observat ions:  

1. The choice o f  f r o n t / r e a r  p r o p o r t i o n i n g  i s  seen as 

the parameter most i n f l  u e n t i a l  i n  determin ing b rak i ng  

e f f i c i e n c y  over  the  s t r a i g h t  and curved-path b rak i ng  

cases us i ng  high, low, and s p l i t  f r i c t i o n  cond i t i ons .  

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

re1  a t i o n  between. the p r o p o r t i o n i n g  , the f r o n t / r e a r  
. 

s t a t i c  l o a d i  ng, and the 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 the combinat ion o f  su r f ace  and maneuvering condi -  

t i o n s  becomes compl ex, bra  k i  ng e f  fi c i  ency becomes an 

i n c r e a s i n g l y  compl 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 rak i ng  i n  a  s t r a i g h t  1  i n e  on 

a un i fo rm sur face ,  two l i m i t i n g  mechanisms ex is t - tha t  

i s ,  performance i s  l i m i t e d  by t he  imminent lockup o f  

e i t h e r  bo th  f r o n t  o r  b o t h  r e a r  wheels. When b rak ing  i n  

a t u rn ,  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 iven  v e h i c l e  over  the range o f  

brake p ropo r t i on i ng .  As a r e s u l  t o f  the  added com- 

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

b rak ing  e f f i c i e n c y  i n  a  t u r n  t o  t he  va r ious  v e h i c l e  

parameters i s  dccreased, s i nce  as one per forn~ance-1 i m i  t- 

i n g  n~echanism cons t ra ins  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  nlechanisms t o  dorriinate i n  su r f ace  f r i c t i o n  

reginies t h a t  a re  e i t h e r  h i ghe r  o r  lower  than t h e  regitl ie 

i n  quest ion.  



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 u n i f o r m  s u r f a c e  v a r i e s  con- 

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

p r o p o r t i o n i n g  va lue  and the  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 - 1  i ne 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  s u r f a c e  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 i g h e r  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  su r faces ,  t h e  change f rom s t r a i g h t -  

l 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  s p l i t  c o e f f i c i e n t  su r faces  was observed 

t o  be about  10% I l i g h e r  t han  on t h e  u n i f o r m  su r faces .  

5. The i tern 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  s u r f a c e  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  su r faces .  D i f fe rences 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  s p l i t  ranged f rom 0 t o  18%. 

6. Among s p l i t  f r i c t i o n  su r 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  for t l i ly  a f f e c t  nieasured e f f i -  

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

the 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  

exaggera te  the  asyrn~ l~et ry  i n  per forn iance 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  rep resen ted  by  t h e  p a i r  o f  

s i r r faces  comprising t h e  s p l i t  c o n d i t i o n  was n o t  seen 

t o  me thod ica l  l y  i nf1 uence e f f i c i e ~ l 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 D 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  coridi  t i o n  wou ld  appear t o  be niore 

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  

c o n s i d e r a t i o n s  o f  f r i c t i o n  t r c a t ~ n c n t  techniques,  and 



not constrained by any technical concerns over a 

discriminatory t e s t  p rac t i ce .  

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 ive ly  

small in f l  uence on braking eff iciency between the 

values of 0 .2  g and 0 . 3  g A Thus a braking-in-a- 
Y '  

turn t e s t  procedure could a1 ternat ive ly  employ l a t e r a l  

accelerat ions between 0 .2  and 0.3  g ,  obtaining gen- 

e r a l l y  representa t ive ,  though not i d e n t i c a l ,  r e su l t s  

by e i t h e r  t e s t  condition. 

3 . 3  In-Depth Test Program 

A comprehensive t e s t  program was carr ied out  on a sample of  
f i v e  passenger cars  covering s t r a i g h t - l i n e  and curved-path braking 
on high, low, and s p l i t  coe f f i c i en t  surfaces.  In addition to pro- 
viding a demonstration 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 Select ion.  Four of the f ive  vehicles were 

selected from among the twel ve-vehicle sample tes ted  e a r l i e r  to 

provide a broad range in stopping distance performance. The f i f t h  
vehicle, by contractual requirement, was an anti lock-equipped car .  
The four conventiotlal vehicles se lec ted  were the Chevrolet Monte 

Carlo, Ford LTD,  Ford Pinto s t a t i o n  wagon, and the DlC Pacer, i  , e . ,  
one from each of the four s i ze  c l a s ses .  The f i f t h  t e s t  vehicle,  a 
four-wheel-anti lock-equipped 1976 Nova, was loaned t o  the project  

by the Kel sey-Hayes Corpot.ation. The Kel sey-Hayes an t i  lock system 
ins ta l  led on t h i s  vehicle was a two-modulator system employing 

separate axle control on the f ron t  and rear  wheels. 



3 . 3 . 2  -- Tes t  --- S i  t c  and Experimcn till Procedures .  T h i s  comprehen- 

s i v e  t e s t  s e r i e s  was per fo rmed untler s u b c o n t r a c t  by t h e  personne l  

o f  t h e  Ecnd ix  Automot ive  P r o v i n g  Grounds a t  t h e  Bcnd ix  t e s t  f a c i  li ty 

n e a r  South  Ucnd, I n d i a n a .  

V e h i c l e  t e s t s  were conducted a c c o r d i n g  t o  t h e  b a s i c  p rocedures  

and c o n d i t i o n s  o f  FC1VSS 105-75 w i t h  r e s p e c t  t o  t h e  f i r s t  ( p r e -  

b u r n i s h ) ,  second, and t h i r d  e f f e c t i v e n e s s  t e s t  excep t  t h a t  h igh ,  

low,  i n - a - t u r n ,  and 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 s  were i n c l u d e d  i n  

a 2 8 - t e s t  m a t r i x .  Excep t i ons  were a l s o  adopted conce rn ing  t h e  

t o p i c s  o f  w ind  v e l o c i t y ,  i n i t i a l  b rake  tempera ture ,  and brake peda l  

c o n t r o l  f o r c e s .  T e s t  a c t i  v i  t y  was permi  t t e d  under p r e v a i  1  i n g  

s t e a d y - s t a t e  w ind  v e l o c i t i e s  n o t  exceed ing 15 mph. I n i t i a l  b rake 

ten lpera ture  was n o t  t o  exceed 200°F, b u t  t h e  l o w e r  bound on i n i t i a l  

b rake  tempera ture  was dropped i n  r e c o g n i t i o n  o f  t h e  f a c t  t h a t  t e s t s  

o n  w e t  sur faces  i n v o l v i n g  low energy  s t o p s  and exposure t o  w a t e r  

sp ray  i m p l y  l o w  tempera tures .  Pedal  f o r c e  l i m i t s  were n o t  e n f o r c e d  

i n  r e c o g n i t i o n  o f  t h e  f a c t  t h a t  these were n o t  colnpl iance t e s t s  

and t h a t  peda l  f o r c e s  l e s s  t h a n  15 1  bs m i g h t  be encountered i n  t e s t s  

on s u r f a c e s  o f  l o w  f r i c t i o n  l e v e l .  

3.3.3 D i s c u s s i o n  o f  F u l l - S c a l e  T e s t  Resu1 t s .  Examples o f  t e s t  

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

i n  t h e  b a r  graphs i n  F igu res  3.3 and 3.4. The range o f  peak and 

s l i d i n g  f r i c t i o n  va lues  o f  each s u r f a c e ,  measured w i t h  t h e  SFD,* 

are shown i n  b o t h  f i g u r e s .  The d a t a  p l o t t e d  r e p r e s e n t  t h e  s h o r t e s t  

o f  t h e  two b e s t  s t o p p i n g  d i s t a n c e s  o b t a i n e d  a t  optimum peda l  f o r c e .  

I n  t h e  case o f  t h e  a n t i l o c k - e q u i p p e d  Nova, a l l  b e s t  p e r f o r -  

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

t h e  f r o n t  and t h e  r e a r  wheels, i . e . ,  w i t h  a n t i l o c k  s y s t e m  on t h e  

f r o n t  a x l e  o r  f r o n t  and r e a r  a x l e s  c y c l i n g .  W i t h  t h e  o t h e r  f o u r  

v e h i c l e s ,  most  o f  t h e  b e s t  pe r fo r~ i i ance  s t o p s  i n v o l v e d  l ockup  o f  one 

wileel o r  one wheel p e r  a x l e .  I n  p a r t i c u l a r ,  i n  s t r a i g h t  and 

*That i s ,  "Su r face  F r i c t i o n  Dyn~~norn ter "  as de f i ned  i n  Reference 
rll. 
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S t t sa igh t -L ine  S t o p p i n g  Distar lcc on  Low C o c f f i c i c n t  
Sur face.  Yo = 40 nph.  



M '7G f4onte Carlo 
SP.-co F ' 76  Ford LTD 

2nd E f f ,  3rd Ef f .  
C 

Braking-In-A-Turn Sto;>ping D i s  t d n c c  on S p l  i t  C o e f f i c i c r l t  S u r f ~ c c .  
Vo = 40 111pl1, A = O . Z G ,  Turn Raclius - 535 l t .  Turn Lc' f t  - TL, 

YO 
Turn R i g h t  - TR, 



cu rved -pa th  t c s t s  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 ,  63 o u t  o f  t h e  64 

b e s t  perforrr iance s t o p s  i n v o l v e d  l o c k u p  o f  one wheel o r  one wheel 

p e r  ax1 e. 

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

c o n f i r m e d  t h e  measurenlcnts mad? i n  t h e  s u r v e y  t e s t  s e r i e s  f o r  

s t r a i g h t - l i n e ,  homogcncous su r faces ,  t h i s  l a t e r  d a t a  s e t  p e r m i t t e d  

more d e f i n i t i v e  assessment o f  b r a k i n g  i n  a  t u r n  and 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 .  I n  summary o f  t hese  t c s t s ,  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 m 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  ng - 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  which cannot  be deduced f r o m  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 h i g h  and 1  ow c o e f f i c i e n t  homogeneous su r faces .  

A n t i 1  ock-equ i  pped v e h i c l  es can be an e x c e p t i o n ,  perhaps,  as e v i -  

denced 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  by t h i s  v e h i c l e  on t h e  s p l i t  s u r f a c e s .  

I n  t h e  case o f  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 f  no wheel lockups a r c  

p e r m i t t e d ,  t h e  s t o p p i n g  d-istance w i l l  be e q u i v a l e n t  t o  t h a t  ach ieved 

on a  un i fo rm s u r f a c e  w i t h  peak f r i c t i o n  equal  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 ockup  on t h e  low 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  11 approx imate  t h a t  wh ich  wou ld  

be ach ieved  on a  u n i f o r m  su r face  w i t h  a  peak f r i c t i o n  va lue  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  va lue  on t h e  l o w  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 wh ich  

i s  gene ra 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  su r face .  Consequently, 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  w o ~ l  d  ach ieve  t h e  minimum s t o p p i n g  d i s ta r l ces  on t h e  s p l  i t  

sur faces  a c h e i v e d  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  

Bendix.  I n  r e a l i t y  t h e  s topp ing  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  c o n 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 

the  s p l  i t  c o e f f i c i e n t  su r face .  



Thc a n t i  l o c k - e q u i p p c d  v e h i c l e  w h i c h  was t c s  t e d  i n  t h i s  s e r i e s  

e x h i b i t e d  t h e  b e s t  o v e r a l l  pe r f o rmance  on hor~logcneous s u r f a c e s ,  

b u t  r anked  f o u r t h  i n  p c r f o m a n c e  on t t ie  s p l i t  c o e f f i c i e n t  s u r f a c e s .  

t l o \ ~ c v e r ,  t h c  a n t i l o c k  systerrl r e l 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  niodul s t . i ng  p e d a 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  t a s k  d u r i n g  rnaxinlum pe r f on r l ance  s t o p s .  
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4.0 CONCLUSIONS AND RECOMI~lCNDATIONS 

Th is  r e s e a r c h  has examined v a r i o u s  aspec ts  o f  passenger c a r  

b r a k i n g  per forn lance i n  an e f f o r t  t o  d e t e r ~ l i i  ne whether  Ff4VSS 105- 

75 nii gh t  be nieani n y f u l  l y  ex tended t o  i n c l  ude s t o p p i n g  d i s t a n c e  

r e q u i  remcnts c o v e r i n g  o t h e r  b r a k i n g  c o n d i t i o n s  than  those  c u r r e n t l y  

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

i s ,  "NO." The s i n g l e  e x c e p t i o n  concerns t h e  s p e c i f i c a t i o n  o f  a  

s t o p p i n g  d is tance-based b r a k i n g  e f f i c i e n c y  per formance f o r  t h e  case 

o f  t i r ak ing  i n  a  s t r a i g h t  l i n e ,  on a  l o w  f r i c t i o n  pavement. I n  

r e g a r d  t o  t h i s  c o n c l u s i o n  we o f f e r  t h e  f o l l o w i n g  remarks:  

1 )  The c o r ~ c l u s i o n  t h a t  105-75 may be n i e a n i n g f u l l y  extended 

by adding a  l o w  f r i c t i o n  t e s t  does n o t  d e r i v e  f rom a  genera l  d i s -  

covery  t h a t  105-compl i a n t  v e h i c l e s  a r e  pecu l  i a r l y  d e f i c i e n t  i n  

b r a k i n g  capabi  li t y  on l o w  f r i c t i o n  s u r f a c e s .  Ra the r ,  t h e  c o n c l u s i o n  

i s  based upon t h e  o b s e r v a t i o n  t h a t  a  " s i n g l e  p o i n t "  b r a k i n g  p e r -  

forniance requ i ren ien t  does n o t ,  o f  i t s e l  f, c o n s t i t u t e  a  means o f  

" s t a n d a r d i z i n g "  v e h i c l e  b r a k i n g  c a p a b i l i t y  o v e r  the range o f  p o s s i b l e  

f r i c t i o n  l e v e l s .  Thus t h e  sugges t i on  o f  e x t e n d i n g  105-75 t o  i n -  

c l u d e  a low f r i c t i o n  t e s t  i s  based upon t h e  m a t t e r  o f  conceptua l  

adequacy r a t h e r  than upon a  demonst ra ted  s a f e t y  need. 

2)  Regard ing  s a f e t y  needs, i t  was seen i n  t e s t s  on  l o w  f r i c -  

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

wh ich  average app rox in la te l y  7 - 1 8  l o w e r  t han  t h e  e f f i c i e n c y  1  e v e l s  

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

d i f f e r e n c e  betwccn e f f i c i c r i c i e s  ach ieved  on low and h i g h  f r i c t i o n  

sur faces suggests t h a t  t h e  v e h i c l e  m a n u f a c t u r i n g  i n d u s t r y  i s  gen- 

e r a l l y  d e s i g n i n g  i t s  b rake  systems t o  p r o v i d e  adequate low f r i c t i o n  

perforr;lance--even though t h i s  pe r fo r~nance  i s  c u r r e n t l y  unregu la ted .  

3) The l a r g e r  s c a l e  problems a s s o c i a t e d  w i t h  m a i n t a i n i n g  and 

s p e c i f y i n g  a l o w  f r i c t i o n  t e s t  pavement suggest ,  i n  o u r  v iew,  t h a t  

any e x t e n s i o n  o f  rMVSS 105-75 t o  i n c l u d e  a  l o w  f r i c t i o n  t e s t  shou ld  

a l s o  i l l c o r p o r a t e  a " b r a k i n g  e  f f i  c i  ency" approach toward  per forn iance 

n o ~ r i i s l  i z a  t i o n .  



4 )  I f  J l ow f r i c t i o n  b r a k i n g  e f f i c i e n c y  requ i rement  were t o  be 

proniul gated,  any o t h e r  e x i s t i n g  s t o p p i n g  d i s t a n c e  requ i rements  shou ld  

be r e f o r m u l  a t c d  i n  terrlis o f  " e f f i c i e n c y , "  a l s o .  F u r t h e r ,  the  

s e t t i n g  o f  requ i remen t  l e v e l s  w i l l  n e c e s s i t a t e  t h a t  NHTSA proceed 

w i  tli c e r t a i n  p r e v i o u s l y  recorninended r e s e a r c h  [I] r e g a r d i n g  develop-  

ment o f  b r a k i n g  e f f i c i e n c y  i n t o  a  r u l e m a k i n g - s u i t a b l e  method. 

I n  a d d i t i o n  t o  t h i s  b a s i c  c o n c l u s i o n  and recomniendation, o t h e r  

f i n d i n g s  suppor ted  by t h e  s tudy  r e s u l t s  a r e  as fo l l ows :  

1)  The niinirnum s t o p p i n g  d i s t a n c e  e x h i b i t e d  by v e h i c l e s  w h i l e  

b r a k i n g  i n  a  med ium-sever i ty  t u r n  does r i o t  appear t o  d i f f e r  s i g n i -  

f i c a n  t l y  f rom minimuni s t o p p i n g  d i s t a n c e s  measured on e q u i v a l e n t  

s u r f a c e s  w h i l e  b r a k i n g  i n  a  s t r a i g h t  1  i n e .  A c c o r d i n g l y ,  one may 

g e n e r a l l y  assulile t h a t  measures o f  s t r a i g h t - l i n e  s t o p p i n g  d i s tance  

s u f f i c e  as a  c l o s e  app rox in la t i on  o f  s t o p p i n g  d i  s tances ach ievab le  

i r i  medium-sever-i t y  tu rns .  , 

2)  Measures o f  mi niniurn s t o p p i n g  d i s t a n c e  o b t a i n e d  w h i l e  

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  do n o t  appear t o  be g e n e r a l l y  

u s e f u l  as c h a r a c t e r i z a t i o n s  o f  v e h i c l e  s a f e t y  q u a l i t y .  Because o f  

many p o s s i b l e  1 ockup combinat ions ,  s p l i t  f r i c t i o n  s topp ing  d i s tances  

a r e  g e n e r a l l y  seen t o  be r a t h e r  s h o r t  compared t o  t he  performance 

l i n i i t s  imposed by t h e  lo!/ f r i c t i o n  s i d e  o f  t h e  s p l i t ,  a l one .  More- 

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

b r a k i n g  was seen t o  be t h e  overwhelming r e a l  i ty- tending t o  suggest  

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

o f  t h e  s a f e t y  i s s u e .  

3)  The e x t r a  c o s t s  o f  a n t i l o c k  b r a k i n g  systems wou ld  n o t  

appear t o  be g e n e r a l l y  j u s t i f i a b l e  s i r i ip ly  on t h e  bas i s  o f  s t o p p i n g  

d i s t a n c e  improvements. A1 though b o t h  improvements and degradat ions  

i n  s t o p p i n g  d i s t a n c e  were seen t o  d e r i v e  f r o m  a r l t i l o c k  systeni opera-  

t i o n ,  t h e  c o n v e n t i o n a l  wisdom, borne o u t  by  t i l e  data,  i s  t h a t  a n t i -  

l o c k  systcnis c o n t r i b u t e  p ro found ly  t o  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  

b u t  o n l y  n ~ i n i n i a l l y  t o  s topp i r i g  d i s t a r ~ c e  performance. 
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