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1  . 0  INTRODUCTION 

T r y i n g  t o  assess t h e  r o l e  o f  v e h i c l e  handl i n g  i n  a c c i d e n t  

c a u s a t i o n  has been and s t i l l  i s  a  v e r y  d i f f i c u l t  t a s k .  Many 

f a c t o r s ,  such as d r i v e r  competence, road  c o n d i t i o n s ,  and t r a f f i c  

c o n d i t i o n s ,  t o  name a  few, i n t e r a c t  i n  t h e  a c c i d e n t  p rocess .  Thus, 

t h e  r o l e  o f  v e h i c l e  handl  i n g  per formance i s  h i g h l y  obscured.  

Dunlap, e t  a1 . , have addressed t h i s  problem a t  some l e n g t h  [I]. 

I t  i s  w e l l  known t h a t  handl i n g  c h a r a c t e r i s t i c s  o f  v e h i c l e s  

can be a1 t e r e d  by t i r e  i n - u s e  f a c t o r s .  Depar tures  o f  i n f l a t i o n  

p r e s s u r e  f r o m  recommended va lues ,  t r e a d  dep th  d i f f e r e n t i a l s ,  im- 

p rope r  rep lacements  o f  t i r e s ,  and extreme va lues  o f  wheel l o a d i n g  

can combine t o  s i g n i f i c a n t l y  change t h e  handl  i n g  p r o p e r t i e s  o r i -  

g i n a l l y  des igned i n t o  a  v e h i c l e .  I t  can be hypo thes i zed  t h a t  i f  

v e h i c l e  h a n d l i n g  does p l a y  a  s i g n i f i c a n t  r o l e  i n  a c c i d e n t  causa- 

t i o n ,  t hen  c e r t a i n  v e h i c l e  handl i n g  parameters shou ld  d i f f e r  f o r  

t h e  a t - r i  sk p o p u l a t i o n  and t h e  a c c i d e n t - i n v o l v e d  p o p u l a t i o n .  I n  

p a r t i c u l a r ,  i t  would be of i n t e r e s t  t o  compare unders tee r  and s t e e r -  

i n g  s e n s i t i v i t y  (as de termined by i n - u s e  t i r e  f a c t o r s )  f o r  t h e  two 

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

T h i s  p r o j e c t  i s  a  s tudy  o f  t h e  f e a s i b i l i t y  o f  making such 

compar isons.  C a l c u l a t i o n s  a r e  made o f  t h e  d i s t r i b u t i o n s  o f  under -  

s t e e r  c o e f f i c i e n t s  and s t e e r i n g  s e n s i t i v i t i e s  ( i  .e . ,  l a t e r a l  a c c e l e r a -  

t i o n  p e r  u n i t  s t e e r i n g  wheel a n g l e )  f o r  t h e  a t - r i s k  p o p u l a t i o n  o f  

domest ic  v e h i c l e s  i n  Washtenaw and Oakland Count ies  and a  sample o f  

a c c i d e n t - i n v o l  ved v e h i c l e s  i n  t hese  same c o u n t i e s  . *  In -use  t i r e  

and l o a d i n g  f a c t o r s  a r e  assumed t o  have t h e  major  i n f l u e n c e  on  these 

two v e h i c l e  handl  i n g  per formance measures. 

The r e p o r t  beg ins  w i t h  a  s ta tement  o f  t h e  o b j e c t i v e s  o f  t h e  

s tudy ,  f o l l o w e d  by an o v e r a l l  d e s c r i p t i o n  o f  t h e  methodology t h a t  

*These popul a t i o n s  were r e s t r i c t e d  t o  1972-1 976 model y e a r  domest ic  
passenger c a r s .  



was employed. A f t e r  p r e s e n t i n g  t h e  f i n d i n g s  t h a t  were ob ta ined ,  a  

number o f  c o n c l u s i o n s  a r e  drawn and recommendations f o r  f u r t h e r  

work a r e  made. Var ious  d e t a i l s  of t h e  methodology and i t s  imp le -  

m e n t a t i o n  u s i n g  s p e c i a l l y  designed computer codes a r e  documented 

i n  s i x  appendices.  



OBJECTIVES 

The o b j e c t i v e  o f  t h i s  p r o j e c t  was t o  de termine t h e  f e a s i b i l i t y  

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

v e h i c l e s  and e n t i r e  v e h i c l e  p o p u l a t i o n s  as t h e y  a r e  a f f e c t e d  by 

i n-use t i r e  and l o a d i n g  c o n d i t i o n s .  P r o v i d e d  f e a s i  b i l  i t y  was demon- 

s t r a t e d ,  a  second o b j e c t i v e  was t o  c a l c u l a t e  t h e  d i s t r i b u t i o n  o f  

t hese  response c h a r a c t e r i s t i c s  f o r  an a t - r i  sk v e h i c l e  p o p u l a t i o n  

and an a c c i d e n t - i n v o l v e d  v e h i c l e  p o p u l a t i o n .  I n  t h i s  manner, t h e  

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

i n  terms o f  t hese  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 .  





3.0 METHODOLOGY 

A procedure f o r  e s t i m a t i n g  t h e  unders teer  c o e f f i c i e n t  and 

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

non o f  t h i s  s tudy.  Given t h a t  t h i s  e s t i m a t i o n  r e q u i r e s  i n fo rma-  

t i o n  t h a t  i s  e i t h e r  n o t  a v a i l a b l e  o r  i s  ve ry  d i f f i c u l t  t o  o b t a i n ,  

i t  was necessary t h a t  t h e  e s t i m a t i o n  procedure be reduced t o  i t s  

bare  e s s e n t i a l  s  . Accord i  ng l y ,  t h e  express ion f o r  unders teer  c o e f f i  - 
c i e n t ,  as d e r i v e d  and developed f o r  t h e  1  i n e a r  automobi le  by a  

number o f  i n v e s t i g a t o r s  [2, 3, 41, was reduced t o  t h e  f o l l o w i n g  

express ion,  on  t h e  b a s i s  o f  assumptions t o  be d iscussed below: 

where 

\F,R = f r o n t , r e a r  a x l e  l oads  ( I b )  

C " = LF, RF, LR, RR c o r n e r i n g  s t i f f n e s s  (1  b/deg) 
192,334 

C = LF, RF camber s t i f f n e s s  ( 1  b/deg) 
9 , 2  

N " = LF, RF a l i g n i n g  moment s t i f f n e s s  ( f t - l b / d e g )  
1,2 

a y ~  - 
a 4 

= r o l l  camber r a t e  o f  f r o n t  suspension (deg ldeg)  

9- 
a a  = r o l l  compliance o f  v e h i c l e  (deg/g)  

Y 
k = f r o n t  a1 i g n i n g  moment compliance s t e e r  ( d e g / f t - 1  b)  
aMz F 



( I t  shou ld  be no ted  t h a t  a l l  of t hese  q u a n t i t i e s  a r e  assumed t o  

be p o s i t i v e .  T h i s  p r a c t i c e  d i f f e r s  f rom t h e  SAE s i g n  convent ions  

f o r  some o f  t h e s e  q u a n t i t i e s ,  b u t  makes t h e  c a l c u l a t i o n  a l g e b r a i c a l l y  

s i m p l e r .  ) 

I t  w i l l  be noted t h a t  many o f  t h e  des ign  v a r i a b l e s  c o n t r i -  

b u t i n g  t o  unders tee r  do n o t  appear i n  Equa t ion  ( 1 ) .  S p e c i f i c a l l y ,  

t h e  a1 i g n i n g  moments a c t i n g  on t h e  o v e r a l l  v e h i c l e  have been i g n o r e d  

s i  nce t h e i r  i n f l u e n c e  i s  v e r y  smal l  . Suspension r o l l  - s t e e r  p r o -  

p e r t i e s  have n o t  been i n c l u d e d  because ( 1  ) t hese  d a t a  a r e  g e n e r a l l y  

n o t  a v a i l a b l e ,  ( 2 )  r o l l - s t e e r  e f f e c t s  a r e  n o t  i n f l u e n c e d  s i g n i f i -  

c a n t l y  by i n - u s e  v a r i a b l e s ,  and ( 3 )  t h i s  p r o p e r t y  i s  a lmos t  a lways 

c o n t r o l l e d  by  t h e  des igne r  t o  be smal l  o r  t o  add t o  t h e  unders tee r  

q u a l i t y  o f  t h e  v e h i c l e .  I n  a d d i t i o n ,  t h e  i n f l u e n c e  o f  suspension 

compl i a n c e  e f f e c t s  has been neg lec ted ,  w i t h  t h e  e x c e p t i o n  o f  " f r o n t  

a1 i g n i  ng moment compl i a n c e  s t e e r .  " A1 though t h e  p r i m a r y  reason 

f o r  n e g l e c t i n g  suspension compl iance e f f e c t s  i s  t h e  absence o f  da ta ,  

i t  i s  a l s o  t r u e  t h a t  t hese  e f f e c t s  a r e  smal l  i n  compar ison w i t h  

t h e  major  f a c t o r s  i n f l u e n c i n g  t h e  u n d e r s t e e r  c o e f f i c i e n t .  

The i n f l  uence o f  " f r o n t  a' l . igni ng moment compl i a n c e  s t e e r "  on 

u n d e r s t e e r  i s  w i d e l y  recogn ized,  and measurements have been pub1 i shed 

f o r  a  number o f  v e h i c l e s .  The aggregate  n e t  e f f e c t  o f  a l l  o f  t h e  

f a c t o r s  wh ich  have been n e g l e c t e d  i s  an i n c r e a s e  i n  u n d e r s t e e r .  

Thus, c a l c u l a t i o n s  o f  t h e  unders tee r  c o e f f i c i e n t  u s i n g  Equa t ion  ( 1  ) 

can be expected t o  be somewhat low.  

S t e e r i n g  s e n s i t i v i t y  was c a l c u l a t e d  u s i n g  t h e  f o l l o w i n g  

equation:: 

where 

g  = a c c e l e r a t i o n  o f  g r a v i t y  ( f p s 2 )  

a = wheel base ( f t )  

V = f o r w a r d  speed ( f p s )  

GR = o v e r a l l  s t e e r i n g  r a t i o  



T h i s  performance numeric was c a l c u l a t e d  i n  t h i s  s tudy f o r  a  speed 

o f  40 mph ( s e l e c t e d  as r e p r e s e n t a t i v e  o f  suburban d r i v i n g  c o n d i t i o n s )  

and i s  expressed as g 's1100 degrees of s teer ing-wheel  ang le .  Because 

t h e  unders teer  c o e f f i c i e n t s  es t ima ted  by Equat ion  (1 ) a r e  expected 

t o  be somewhat smal l ,  c a l c u l a t i o n s  o f  s t e e r i n g  s e n s i t i v i t y  can be 

expected t o  be somewhat 1  arge.  

T i r e  s t i f f n e s s  data  were ob ta ined  from t e s t s  performed on 

approx ima te l y  300 d i f f e r e n t  t i r e s  by t h e  Calspan Corpo ra t i on  [5].  

Because these t e s t s  were performed a t  a  c o l d  i n f l a t i o n  p ressu re  o f  

24 p s i  and f u l l  t r e a d  depth, procedures were developed t o  c o r r e c t  

these s t i f f n e s s  measurements t o  account  f o r  t h e  i n-use v a r i a b l e s  o f  

i n f l a t i o n  pressure  and a c t u a l  t r e a d  depth.  Un fo r tuna te l y ,  these 

c o r r e c t i o n s  had t o  be based on minimal  amounts o f  da ta .  The manner 

i n  wh ich  t h e  t i r e  data  a r e  assembled and c o r r e c t i o n s  a r e  a p p l i e d  t o  

these s t i f f n e s s  data a r e  d e t a i l e d  i n  Appendix A .  

A common va lue o f  r o l l  camber r a t e  was assumed t o  app ly  t o  a l l  

veh ic les ,  namely, 0.90 degldeg which i s  t h e  median o f  t h e  va lues t o  

be found i n  t h e  open l i t e r a t u r e .  I n  a d d i t i o n ,  a  f i x e d  va lue o f  

0.54 deg/100 f t - l b  was used f o r  " f r o n t  a l i g n i n g  moment compliance 

s t e e r . "  T h i s  va lue  was 1  i kewise t h e  median o f  t h e  data t o  be found 

i n  t h e  1 i  t e r a t u r e .  

The o r i g i n a l  p lan  t o  account f o r  t h e  i n f l u e n c e  of r o l l  compl i -  

ance was t o  use f i x e d  va lues f o r  d i f f e r e n t  c a t e g o r i e s  o f  veh ic les ;  

i .e. ,  one va lue  f o r  v e h i c l e s  i n  t h e  s p o r t  category,  another  f o r  

f a m i l y  sedans, etc. .  However, an examinat ion  of t he  data a v a i l a b l e  

i n  t h e  l i t e r a t u r e  d i d  n o t  suppor t  t h i s  scheme. Accord ing ly ,  an e s t i -  

ma t ion  procedure f o r  r o l l  compl i ance  was developed u s i n g  c e r t a i n  

c h a s s i s  parameter data  from the  passenger ca r  s p e c i f i c a t i o n  sheets 

t h a t  a r e  prepared by  t h e  Motor  V e h i c l e  Manufacturers A s s o c i a t i o n  (MVMA). 

The r o l l  compliance e s t i m a t i o n  and t h e  s e l e c t i o n  of values f o r  t h e  

r o l l  camber r a t e  and " f r o n t  a l i g n i n g  moment compliance s t e e r "  a r e  

d e t a i l e d  i n  Appendix B. 

To eva lua te  t h e  accuracy o f  t h e  adopted unders teer  e s t i m a t i o n  

procedure, a  comparison was made between measured and es t ima ted  



unders tee r  c o e f f i c i e n t s  f o r  n i n e  passenger c a r s .  The r e s u l t s  a r e  shown i n  

Tab le  1  and i n  F i g u r e  1  . As can be seen, t h e  agreement between measured 

and e s t i m a t e d  va lues  o f  unde rs tee r  i s  q u i t e  reasonab le .  On t h e  

whole, t h e  e s t i m a t e d  va lues  a r e  somewhat l e s s  than  t h e  measured va lues ,  

as  expected.  I t  was concluded t h a t  t h e  e s t i m a t i o n  procedure  produces 

usab le  va lues  o f  unde rs tee r  c o e f f i c i e n t s ,  

Having demonstrated t h a t  i t  i s  f e a s i b l e  t o  e s t i m a t e  unders tee r  

by t h e  developed computa t iona l  procedure,  unde rs tee r  and s t e e r i n g  

s e n s i t i v i t y  d i s t r i b u t i o n s  can be c a l c u l a t e d  f o r  t h e  ( 1 )  OE v e h i c l e  

p o p u l a t i o n ,  ( 2 )  a t - r i s k  v e h i c l e  p o p u l a t i o n ,  and ( 3 )  a c c i d e n t - i n v o l v e d  

p o p u l a t i o n ,  p r o v i d e d  t h e  r e q u i r e d  data  a r e  a v a i l a b l e  o r  can be 

developed. 

D i s t r i b u t i o n s  o f  unde rs tee r  and s t e e r i n g  s e n s i t i v i t y  were f i r s t  

c a l c u l a t e d  f o r  t h e  OE v e h i c l e  p o p u l a t i o n .  The necessary v e h i c l e  

s p e c i f i c a t i o n s  ( t i r e  s i z e ,  i n f l a t i o n  pressure ,  ax1 e  loads,  e t c .  ) were 

compi led  f o r  each v e h i c l e  from t h e  MVMA s p e c i f i c a t i o n  sheets .  (The 

procedure  f o r  assembl i n g  t h e  v e h i c l e  parameter  da ta  i s  o u t l i n e d  i n  

Appendix C . )  These computa t ions  were performed f o r  each OE v e h i c l e  

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

unde rs tee r  c o e f f i c i e n t  and s t e e r i n g  s e n s i t i v i t y  wh ich  c o u l d  then  be 

expanded t o  account  f o r  t h e  f o l l o w i n g  i n -use  f a c t o r s :  (1 ) t i r e  i n f l a -  

t i o n  p ressu re  and t r e a d  depth,  ( 2 )  v e h i c l e  l o a d i n g  (as  determined by 

t h e  number o f  occupants) ,  and ( 3 )  t h e  d i s t r i b u t i o n  o f  makes and models 

i n  t h e  a t - r i s k  p o p u l a t i o n .  

The manner i n  wh ich  i n f l a t i o n  p ressu re  and t r e a d  depth, respec-  

t i v e l y ,  v a r y  i n  an i n - u s e  p o p u l a t i o n  o f  v e h i c l e s  was determined f rom 

data  c o l  l e c t e d  by the  Systems A n a l y s i s  D i v i s i o n  o f  HSRI , i n  con junc-  

t i o n  w i t h  a  checklane ope ra ted  by t h e  M ich igan  S t a t e  P o l i c e  i n  

Jackson County i n  J u l y ,  1976 [Ill. The data  were f i r s t  s c r u t i n i z e d  

t o  i n v e s t i g a t e  f o r  dependencies o f  these f a c t o r s  on v e h i c l e  age, s i z e ,  

o r  t y p e  ( i . e . ,  s t a t i o n  wagon o r  n o n - s t a t i o n  wagon) (see Appendix D ) .  

S i n c e  i t  was determined t h a t  t r e a d  depth  i s  dependent on v e h i c l e  age, 

t h e  i n - u s e  t i r e  da ta  was d i v i d e d  i n t o  f i v e  groups a c c o r d i n g  t o  v e h i c l e  

age i n  yea rs .  



Table  1 .  Comparison o f  Measured and P r e d i c t e d  
Values o f  Understeer.  

Unders t e e r  
C o e f f i c i e n t  (deg/g) 

V e h i c l e  Measured P r e d i c t e d  Reference 

1971 Ford Mustang 4.60 3.55 6 

1973 Buick  Century 6.09 4.86 6 

1973 Chevro le t  Capr ice  4.93 5.22 7 

1974 Chevrol e t  Nova 5.26 3 -82 7 

1969 Ford Galax ie  8.15 4.57 8 

1970 Ford T o r i  no 5.14 5.83 9 

1970 Ford T o r i  no 6.07 6.28 9 

1970 Ford Tor ino  6.31 4.78 9 

1973 Plymouth Fury 5.78 5.03 10 



F i g u r e  1 . P r e d i c t e d  vs . measured va lues o f  unders teer  
(dashed 1 i n e  i n d i c a t e s  Kpred = Kmeas). 



To c a l c u l a t e  t h e  r e q u i r e d  d i  s t r i b u t i o n s ,  t h e  i n-use t i r e  

f a c t o r s  were f i r s t  a p p l i e d  t o  an OE v e h i c l e  t o  develop d i s t r i b u t i o n s  

f o r  each l o a d i n g  c o n d i t i o n  ( i  .e., number of occupants equal t o  1  , 
2 ,  3, e t c . ) .  For  a  g i ven  number o f  occupants i n  a  p a r t i c u l a r  v e h i c l e ,  

t he  i n f l a t i o n  pressure  and t r e a d  depth c o n d i t i o n  o f  each case v e h i c l e  

f rom t h e  a p p r o p r i a t e  age category  o f  t h e  checklane data  was a p p l i e d  

i n  succession. Thus, one va lue  of unders teer  was c a l c u l a t e d  f o r  

each i n f l a t i o n  p ressu re - t read  depth combinat ion f rom t h e  checklane.  

Of tent imes,  two s t e e r i n g  s e n s i t i v i t y  d i s t r i b u t i o n s  were c a l c u l a t e d  

f o r  each l o a d i n g  c o n d i t i o n  because o f  t h e  a v a i l a b i l i t y  o f  two OE 

s t e e r i n g  r a t i o s  (manual and power s t e e r i n g )  . These d i s t r i b u t i o n s  

were weighted by t h e  power s t e e r i n g  i n s t a l l a t i o n  r a t e  pub l i shed  i n  

annual v e h i c l e  p r o d u c t i o n  summaries [12] and combined. 

These separa te  d i s t r i b u t i o n s  were then combined i n t o  one d i s -  

t r i b u t i o n  which r e f l e c t e d  t h e  i n f l u e n c e  of l oad ing ,  by we igh t i ng  

t h e  i n d i v i d u a l  d i s t r i b u t i o n s  i n  accordance w i t h  data a v a i l a b l e  de- 

f i n i n g  t h e  occupant p r o b a b i l i t i e s  (see Appendix D ) .  An assumption i s  

t hus  be ing made t h a t  t i r e - i n - u s e  f a c t o r s  a r e  independent o f  t h e  

number of occupants. Th is  assumption appears reasonable f o r  s h o r t  

t r i p s ,  b u t  f o r  l ong  t r i p s  w i t h  f u l l  passenger l oads  (e.g. ,  vaca t ion  

t r a v e l )  more a t t e n t i o n  may be p a i d  t o  the  c o n d i t i o n  o f  t i r e s .  

F i n a l l y ,  t h e  d i s t r i b u t i o n s  of unders teer  and s t e e r i n g  s e n s i t i v i t y  

computed f o r  each v e h i c l e  were combined i n  a  manner t h a t  accounted 

f o r  t h e  d i s t r i b u t i o n  o f  makes and models i n  t h e  a t - r i s k  p o p u l a t i o n  o f  

i n t e r e s t ;  i .e., t h e  v e h i c l e s  r e g i s t e r e d  i n  Washtenaw and Oakland 

Count ies (see Appendix E ) .  The a t - r i s k  p o p u l a t i o n  was l o c a l i z e d  i n  

t h i s  manner because t h e  data  c o l l e c t e d  t o  c a l  c u l  a t e  t h e  d i s t r i b u t i o n s  

f o r  a c c i d e n t - i  nvo l  ved v e h i c l e s  were, and are ,  be ing  ob ta ined  f rom 

these  same two coun t ies .  

The l a s t  t ask  i n . t h e  s tudy r e q u i r e s  t h e  computat ion of t h e  

unders tee r  and s t e e r i n g  s e n s i t i v i t y  of a c c i d e n t - i n v o l  ved v e h i c l e s .  

The necessary data  ( t i r e  s izes ,  i n f l a t i o n  pressures,  t r e a d  depths, 

and occupant we igh ts )  were compi led from acc iden t  records  ma in ta ined  

by Systems Ana lys i s  [13, 141. (The manner i n  which t h i s  i n f o r m a t i o n  was 

assembled i s  d e t a i l e d  i n  Appendix C . )  Understeer and s t e e r i n g  sens i -  

t i v i t y  were computed f o r  each a c c i d e n t - i n v o l v e d  v e h i c l e  u s i n g  data 



c o l l e c t e d  from the acc iden t  scene i n  con junc t i on  w i t h  i n f o rma t i on  

gathered f rom the  MVMA s p e c i f i c a t i o n  sheets. These c a l c u l a t i o n s  

cou ld  then be assembled t o  y i e l d  a  d i s t r i b u t i o n  o f  understeer and 

s t e e r i n g  s e n s i t i v i t y  as possessed by an acc iden t - invo l  ved popu la t ion  

o f  passenger cars .  

A d e t a i l e d  d e s c r i p t i o n  of the  computat ional  procedures used 

t o  develop the  var ious  d i s t r i b u t i o n s  i s  g iven  i n  Appendix F. 



4.0 FINDINGS 

D i s t r i b u t i o n s  o f  unders teer  and s t e e r i n g  s e n s i t i v i t y ,  as e s t i -  

mated f o r  t h e  OE v e h i c l e  popu la t ion ,  a r e  shown i n  F igu res  2a and b  

and 3a and b. It should  be noted t h a t  these d i s t r i b u t i o n s  have 

been c a l c u l a t e d  assuming two i n f l a t i o n  pressure c o n d i t i o n s :  (1 ) 
recomnended i n f l a t i o n  pressures f o r  maximum l o a d  and ( 2 )  24 p s i .  

The i n f l a t i o n  pressures fo r  maximum loads were used because these 

pressures a r e  g iven  i n  t h e  MVMA s p e c i f i c a t i o n  sheets. Since, however, 

these c a l c u l a t i o n s  were performed f o r  t h e  d r i  ver-on1 y  l o a d i n g  condi  - 
t i o n ,  t h e  a p p r o p r i a t e  i n f l a t i o n  pressures would have been t h e  

pressures recommended f o r  1  i g h t  loads.  However, t h i s  i n f o r m a t i o n  i s  

n o t  a v a i l a b l e  and, accord ing ly ,  c a l c u l a t i o n s  were performed by 

assuming a l l  t i r e s  t o  be i n f l a t e d  t o  24 p s i .  

An examinat ion of t h e  r e s u l t s  computed f o r  t h e  OE p o p u l a t i o n  

y i e l d s  t h e  f o l l o w i n g  f i nd ings :  

I n f l a t i o n  Pressures a t  Values Recommended f o r  Maximum Load 

*Unders teer  c o e f f i c i e n t  

* p o p u l a t i o n  s i z e :  374 

-mean: 3.74 deg lg  

.standard d e v i a t i o n :  1.09 deg/g 

* S t e e r i n g  s e n s i t i v i t y  

* p o p u l a t i o n  s ize:  572 

'mean: 0.558 g  ' s/ 100 deg 

*s tandard  d e v i a t i o n :  0.147 g 's1100 deg 

* A l l  T i r e s  I n f l a t e d  t o  24 p s i  

Understeer c o e f f i c i e n t  

p o p u l a t i o n  s i ze :  374 

mean: 3.62 deg lg  

*s tandard  d e v i a t i o n :  1.15 deg/g 



SS ( g  ' s/ 100" s t e e r i n g  wheel ) 

( b )  S tee r i ng  S e n s i t i v i t y  

F i gu re  2. D i s t r i b u t i o n s  o f  unders teer  and s t e e r i n g  s e n s i t i v i t y  f o r  
t he  OE v e h i c l e  popu la t ion  assuming a l l  t i r e s  i n f l a t e d  t o  
pressures recommended fo r  maximum l o a d  cond i t i ons .  



( a )  Unders t e e r  

SS ( g  I s /  100" s t e e r i  ng wheel ) 

( b )  S t e e r i n g  S e n s i t i v i t y  

F i g u r e  3. D i s t r i b u t i o n s  of u n d e r s t e e r  and s t e e r i n g  sens i  t i v i  t y  f o r  
t h e  OE v e h i c l e  p o p u l a t i o n  assuming a l l  t i r e s  i n f l a t e d  t o  
24 p s i .  



* S t e e r i n g  s e n s i t i v i t y  

* p o p u l a t i o n  s i z e :  572 

'mean: 0.567 gls/ lOO deg 

* s t a n d a r d  d e v i a t i o n :  0.152 g ls / lOO deg 

Note t h a t  t h e  d i f f e r e n c e  i n  sample s i z e  used t o  compute t h e  d i s t r i -  

b u t i o n  o f  u n d e r s t e e r  and s t e e r i n g  s e n s i t i v i t y  r e s u l t s  f rom t h e  

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

p o p u l a t i o n .  I t  shou ld  a l s o  be no ted  t h a t  t hese  OE c a l c u l a t i o n s  have 

been per formed o n l y  f o r  t h e  s o - c a l l e d  base v e h i c l e ,  t h a t  i s ,  t h e  

v e h i c l e  w i t h o u t  o p t i o n s .  I t  can be assumed t h a t ,  as o p t i o n s  a r e  

added t o  a  v e h i c l e  and t h e  w e i g h t  of t h e  v e h i c l e  i s  increased,  changes 

i n  t i r e  s i z e s  (and suspens ions)  a r e  made u s i n g  t h e  o p t i o n a l  t i r e  

s i z e s  c a l l e d  o u t  i n  t h e  FlVMA s p e c i f i c a t i o n  sheets .  

The d i s t r i b u t i o n s  of  u n d e r s t e e r  and s t e e r i n g  s e n s i t i v i t y  e s t i -  

mated f o r  a  t y p i c a l  v e h i c l e  o f  a  g i v e n  make, model, and model year ,  as 

d e r i v e  f r o m  in -use  d i s t r i b u t i o n s  o f  i n f l a t i o n  pressure ,  t r e a d  depth, 

and l o a d i n g ,  a r e  shown i n  F igu res  4a and b. The mean v a l u e  o f  under-  

s t e e r  i s  3.46 deg/g, s l i g h t l y  l ower  t h a n  t h e  v a l u e  o f  3.58 deg/g t h a t  

was o b t a i n e d  f o r  t h e  OE v e h i c l e  by assuming a l l  t i r e s  t o  be i n f l a t e d  

t o  24 p s i .  The s tandard  d e v i a t i o n  i s  0.47 deg/g. Approx ima te l y  90% 

o f  t h e  d i s t r i b u t i o n  l i e s  w i t h i n  +40% of t h e  mean. The mean v a l u e  o f  

t h e  s t e e r i n g  s e n s i t i v i t y  i s  0.667 g ' s / 1 0 0  deg ( a t  40 mph), s l i g h t l y  

l a r g e r  than  t h e  0.644 gls/ lOO deg c a l c u l a t e d  f o r  t h e  OE v e h i c l e .  The 

s t a n d a r d  d e v i a t i o n  i s  0.053 g ls / lOO deg . 
The d i s t r i b u t i o n s  o f  u n d e r s t e e r  and s t e e r i n g  s e n s i t i v i t y  com- 

pu ted  f o r  t h e  e n t i r e  i n - u s e  v e h i c l e  p o p u l a t i o n  a r e  shown i n  F i g u r e s  

5a and b.  The mean v a l u e  of  t h e  unders tee r  c o e f f i c i e n t  i s  3.53 deg/g 

and t h e  s tandard  d e v i a t i o n  i s  1.61 deg/g. I t  i s  observed t h a t  t h e  

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

w h i l e  t h e  s tandard  d e v i a t i o n  i s  s u b s t a n t i a l l y  g r e a t e r .  Approx ima te l y  

90% o f  t h e  d i s t r i b u t i o n  i s  found t o  l i e  between 1 . 5  and 6 deg/g. The 

mean v a l u e  o f  s t e e r i n g  s e n s i t i v i t y  i s  0.631 g ' s / 1 0 0  deg ( a t  40 mph) 

and t h e  s tandard  d e v i a t i o n  i s  0.138 g t s / l O O  deg. About 90% o f  t h e  



- 2 0  2 4 6 8 1 0  

K ( d e g l g )  

( a )  U n d e r s t e e r  

SS ( g ' s / l O O O  s t e e r i n g  wheel ) 

( b )  S t e e r i n g  S e n s i t i v i t y  

F i g u r e  4 .  D i s t r i b u t i o n s  o f  u n d e r s t e e r  and s t e e r i n g  s e n s i t i v i t y  f o r  
a  t y p i c a l  v e h i c l e  o f  a  g i v e n  make, mode l ,  and model y e a r  
f r o m  t h e  a t - r i  sk popu l  a t i o n .  



( a )  Understeer 

0  0.2 0.4 0.6 0.8 1  . O  1 . 2  

SS ( g  Is /  1009 s tee r i ng  wheel ) 

( b )  S teer ing  Sensi ti v i  t y  

F igure 5 .  D i s t r i b u t i o n s  o f  understeer and s t e e r i n g  s e n s i t i v i t y  f o r  
the a t - r i  sk v e h i c l e  popul a t i o n .  



d i s t r i b u t i o n  i s  found between 0.4 and 0.8 g ls/ lOO deg. These i n -  

use d i s t r i b u t i o n s ,  l i k e  t h e  OE d i s t r i b u t i o n s ,  a r e  based on base 

v e h i c l e  s p e c i f i c a t i o n s ,  w i t h  each occupant ( o r  passenger) assumed 

t o  weigh 150 pounds. 

The d i s t r i b u t i o n s  o f  unders teer  and s t e e r i n g  s e n s i t i v i t y  i n  

an a c c i d e n t - i n v o l v e d  p o p u l a t i o n  a r e  shown i n  F igu res  6a and b .  The 

mean va lue  o f  unders teer  c o e f f i c i e n t  e x h i b i t e d  by 218 v e h i c l e s  i s  

3.48 deg/g w i t h  t h e  s tandard  d e v i a t i o n  be ing 1.39 deg/g. I t  i s  

observed t h a t  t h e  mean i s  o n l y  0.05 deg/g ( o r  1.4%) lower  than t h e  

mean o b t a i n e d  f o r  t h e  a t - r i s  k  p o p u l a t i o n .  However, t h e  s tandard  

d e v i a t i o n  i s  0.22 deg/g ( o r  14%) l e s s  than t h a t  e x h i b i t e d  by t h e  i n -  

use p o p u l a t i o n .  F u r t h e r ,  about  90% o f  t h e  d i s t r i b u t i o n  l i e s  between 

1  and 5.5 deg/g, a  r e s u l t  t h a t  i s  q u i t e  s i m i l a r  t o  t h e  i n -use  d i s t r i -  

b u t i o n  o f  unders teer .  For t h e  d i s t r i b u t i o n '  o f  s t e e r i n g  s e n s i t i v i t y  

t h e  mean v a l u e  i s  0.614 g ' s / 1 0 0  deg ( a t  40 mph), and t h e  s tandard  

d e v i a t i o n  i s  0.145 g ' s / 1 0 0  deg ( a t  40 mph). These values r e p r e s e n t  

depar tures  from t h e  mean and s tandard  d e v i a t i o n  o f  t h e  d i s t r i b u t i o n  

f o r  t h e  a t - r i s k  p o p u l a t i o n  of 2.7% l e s s  and 5.1% g r e a t e r ,  r e s p e c t i v e l y .  

I n  a d d i t i o n ,  app rox ima te l y  90% of  t h e  d i s t r i b u t i o n  i s  l o c a t e d  between 

0.4 and 0.85 gls/ lOO deg ( a t  40 mph), v e r y  much l i k e  t h e  i n -use  

d i s t r i b u t i o n  of s t e e r i n g  s e n s i t i v i t y .  

Desp i te  t h e  s im i  l a r i  t y  o f  bo th  t h e  ur idersteer and s t e e r i n g  

s e n s i t i v i t y  d i s t r i b u t i o n s  y i e l d e d  by t h e  a c c i d e n t  and a t - r i  sk popu la t i ons ,  

ch i -square  t e s t s  f o r  t h e  goodness of f i t  o f  t h e  two d i s t r i b u t i o n s  

y i e l d e d  by t h e  a c c i d e n t  p o p u l a t i o n  t o  t h e  d i s t r i b u t i o n s  es t ima ted  f o r  

t h e  a t - r i s k  popu la t i ons  i n d i c a t e d  a  d i f f e rence  i n  b o t h  t h e  d i s t r i b u t i o n s  

o f  unders teer  and s t e e r i n g  s e n s i t i v i t y  a t  a  l e v e l  o f  s i g n i f i c a n c e  o f  

0.05. However, w i t h  t h e  r e l a t i v e l y  l a r g e  sample s i z e s  i nvo lved ,  even 

v e r y  s l  i g h t  d i f f e r e n c e s  can be s t a t i s t i c a l l y  s i g n i f i c a n t .  From an 

eng ineer ing  s tandpo in t ,  t h e  d i s t r i b u t i o n s  a r e  ve ry  s i m i l a r ,  and any 

d i f f e r e n c e s  among t h e  d i s t r i b u t i o n s  a r e  most probab ly  i nconsequenti  a1 . 
Cons ide ra t i on  must a l s o  be g i ven  t o  t h e  f o l l o w i n g  p o i n t s  i n  comparing 

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

r i s k  p o p u l a t i o n .  There were o r i g i n a l l y  513 v e h i c l e s  i n  t h e  a c c i d e n t  sample. 



F igu re  5a. (Repeated) D i s t r i b u t i o n  o f  unders teer  f o r  the 
a t - r i s k  pop.ulat ion.  

F igu re  6a. D i s t r i b u t i o n  o f  unders teer  f o r  the  acc i  d e n t - i n v o l  ved 
v e h i c l e  popu la t i on .  



0.4 0.6 0.8 1 .O 

SS (g's/10O0 s tee r i ng  wheel ) 

F igure 5b. (Repeated) D i s t r i b u t i o n  o f  s t ee r i ng  s e n s i t i v i t y  f o r  
the a t - r i s k  popula t ion.  

SS (g  I s /  100" s teer ing  wheel ) 

F igure 6b. D i s t r i b u t i o n  of s t ee r i ng  s e n s i t i v i t y  f o r  the acc ident -  
i n v o l  ved veh i c l e  popul a t i on .  



However, e l i m i n a t i n g  f o r e i g n  cars ,  1  i g h t  t r u c k s ,  and cases w i t h  

t i r e s  t h a t  had l o s t  a i r  d u r i n g  t h e  a c c i d e n t  l e f t  o n l y  218 v e h i c l e s .  

A sample s i z e  o f  218 seems r a t h e r  sma l l ,  and i t  i s  conce ivab le  t h a t  

t hese  r e s u l t s  c o u l d  change markedly w i t h  a  much l a r g e r ,  and t h e r e -  

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

I t  shou ld  be noted t h a t  da ta  were a v a i l a b l e  d e f i n i n g  t h e  a c t u a l  

t i r e s  ( s i z e s ,  e t c .  ) f o r  the  a c c i d e n t - i n v o l  ved v e h i c l e s .  Thus, i t  

was assumed t h a t  a  more accu ra te  e s t i m a t e  o f  unders tee r  shou ld  t r y  

t o  r e f l e c t  t r u e  wheel l oads  r a t h e r  than t h e  l oads  produced by 

assuming we igh ts  assoc ia ted  w i t h  t h e  base v e h i c l e .  Acco rd ing l y ,  

sa l  es-weighted, average v e h i c l e  we ights  were computed u s i n g  (1) t h e  

we ights  o f  t h e  o p t i o n a l  equipment t a b u l a t e d  i n  t h e  MVMA s p e c i f i c a -  

t i o n s  and ( 2 )  t h e  i n s t a l l a t i o n  r a t e s  of these v a r i o u s  o p t i o n s ,  as  

can be o b t a i n e d  f rom annual p r o d u c t i o n  summaries. On t h e  o t h e r  hand, 

base v e h i c l e  we igh t  was used t o  compute r o l l  compliance, s i n c e  o n l y  

t h e  s p r i n g  r a t e s  assoc ia ted  w i t h  t h e  base v e h i c l e  were known. 

Perhaps t h e  b i g g e s t  o b s t a c l e  t o  making a  f a i r  compari son between 

t h e  a t - r i s k  and t h e  a c c i d e n t  p o p u l a t i o n s  i s  t h e  manner i n  wh ich  t i r e  

s i z e s  and c o n s t r u c t i o n s  were handled.  For t h e  a t - r i s k  popu la t i on ,  

t h e  t i r e  s i z e  and c o n s t r u c t i o n  assoc ia ted  w i t h  t h e  base v e h i c l e  was 

assumed. Thus, m i x i n g  o f  s i z e s  and c o n s t r u c t i o n s  was n o t  i n c l u d e d  

i n  t h e  c a l c u l a t i o n s  o f  t h e  i n - u s e  d i s t r i b u t i o n s  o f  unders teer  and 

s t e e r i n g  s e n s i t i v i t y  because accoun t ing  f o r  these v a r i a b l e s  would 

have been r a t h e r  d i f f i c u l t .  On t h e  o t h e r  hand, t h e  s i z e  and cons t ruc -  

t i o n  o f  each t i r e  was known f o r  each a c c i d e n t  v e h i c l e ,  and t h i s  

i n f o r m a t i o n  was used i n  c a l c u l a t i n g  unders teer  f o r  these v e h i c l e s .  

An examinat ion  o f  t h e  data  shows t h a t  t h e  m a j o r i t y  o f  v e h i c l e s  had 

i d e n t i c a l  t i r e  s i z e s  and c o n s t r u c t i o n s  a t  a l l  f o u r  wheels. However, 

a  s i g n i f i c a n t  number o f  v e h i c l e s  had d i f f e r e n t  t i r e  s i z e s  on f r o n t  

and r e a r  a x l e s  ( g e n e r a l l y ,  b i g g e r  t i r e s  on t h e  r e a r )  and some had 

d i f f e r e n t  s i z e s  d i s t r i b u t e d  more o r  l e s s  randomly.  M i x i n g  o f  r a d i a l s  

w i t h  n o n - r a d i a l s  occu r red  on o n l y  one v e h i c l e .  However, m i x i n g  o f  

b i a s  and b i a s - b e l t e d  t i r e s  was common, b u t  would appear t o  have l i t t l e  



consequence as these  two c o n s t r u c t i o n s  have n e a r l y  i d e n t i c a l  s t i f f -  

nesses f o r  a g i v e n  t i r e  s i z e .  

The presence o f  mixed t i r e  s i z e s  on t h e  a c c i d e n t  v e h i c l e s  and 

t h e  assumpt ion  o f  t h e  OE base v e h i c l e  t i r e  s i z e  f o r  t h e  i n - u s e  c a l -  

c u l  a t i o n s  cou ld ,  then,  account  f o r  some o f  t h e  d i f f e r e n c e  i n  t h e  

r e s p e c t i v e  d i s t r i b u t i o n s  o f  u n d e r s t e e r  and s t e e r i n g  s e n s i t i v i t y .  On 
t h e  whole, though, i t  i s  observed t h a t  t h e  d i f f e r e n c e s  i n  t h e  

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





5.0 CONCLUSIONS A N D  RECOMMENDATIONS 

The following conclusions can be drawn from th i s  study: 

1 ) The feasi bil i t y  of estimating understeer coeff ic ients  

using available data on t i r e  s t i f fnesses  and chassis parameters has 

been demonstrated. 

2 )  Understeer d is t r ibut ions  calculated for  the a t - r i  sk and 
accident vehi cl e  populations showed no differences of any conse- 
quence between the two. 

3 )  Distributions of steering s ens i t i v i t y  calculated fo r  the 

a t - r i sk  and accident vehicle populations showed no differences o f  

any consequence between the two. 

I t  i s  recommended tha t  t h i s  study be extended and refined with 
par t icular  a t tent ion being given to the fol  lowing points. 

1 )  There i s  a  shortage of data i l l u s t r a t i ng  the e f fec t s  of 

in f la t ion  pressure and tread depth on t i r e  s t i f f ne s s  properties. 

Testing should be carried out to bet ter  define these dependencies. 

2 )  I t  i s  very d i f f i c u l t  to expand the OE understeer and 

steering s ens i t i v i t y  d i s t r ibu t ions  t o  account for  the in-use mixing 

of t i r e  s izes  and constructions. Since these variables a re  impor- 

t a n t ,  however, i t  appears advisable t o  ca lcula te  the in-use d i s t r i -  
butions in a  manner analogous to the method used fo r  the accident 
d i s t r ibu t ions ,  namely, ca lcula te  the  understeer coeff ic ient  2nd 

s teering s ens i t i v i t y  for  each vehicle in the checklane sample. The 
necessary t i r e  data a re  known fo r  t h i s  sample. Precautions, however, 
would have to be taken to  assure a  representat ive make/model 
d i s t r ibu t ion .  

3 )  A much larger sample of accident vehicles would be 
des i rable .  





APPENDIX A  

T I  RE ST1 FFNESS CALCULATIONS 

The t i r e  s t i f f n e s s  data  base employed i n  t h i s  s tudy has been 

generated by t h e  Calspan Corpo ra t i on  w i t h  t h e  a i d  o f  t h e i r  - T i r e  

Research F a c i l  i t y  (TIRF) . Mechanical c h a r a c t e r i  s t i c s  were measured - - 
on 298 d i f f e r e n t  passenger-car t i r e s  a t  a  v a r i e t y  o f  normal l oad ings ,  

w i t h  each t i r e  t e s t e d  a t  24 p s i  c o l d  i n f l a t i o n  pressure  and a t  f u l l  

t r e a d  depth.  The t e s t s  were conducted a t  30 mph on a  su r face  hav ing 

a  roughness e q u i v a l e n t  t o  a  s k i d  number o f  75. 

D e s c r i p t o r s  f o r  each t i r e  t e s t e d  were p laced  i n  a  computer 

f i l e  named DATA1 . A sample e n t r y  f o r  a  ti r e  showing t h e  va r ious  

d e s c r i p t o r s  i s  shown i n  F i g u r e  A.1. 

S t i f f n e s s  data f o r  each t i r e  i n  DATA1 was p u t  i n t o  another  

computer f i l e  c a l l e d  DATA2. T h i s  f i l e  con ta ined  c o r n e r i n g  and a1 i g n -  

i n g  moment s t i f f n e s s e s  f o r  s i x  v e r t i c a l  l oads  and i n c l i n a t i o n  (camber) 

s t i f f n e s s  f o r  f i v e  l oads .  The loads  ranged from 50% t o  175% o f  t h e  

r a t e d  l o a d  a t  24 p s i  as p resc r ibed  by t h e  T i r e  and R i m  Assoc ia t i on .  

A sample e n t r y  f o r  a  t i r e  i s  shown i n  F i g u r e  A.2. 

The procedures used t o  c o r r e c t  s t i f f n e s s e s  f o r  i n f l a t i o n  

p ressu re  and t r e a d  depth  a r e  desc r ibed  below. 

A. 1  I n f l  a t i on -Pressu re  C o r r e c t i o n  

The c o r r e c t i o n  f o r  t h e  e f f e c t  of  i n f l a t i o n  p ressu re  on co rne r -  

i n g  s t i f f n e s s  was developed from data found i n  t h e  open l i t e r a t u r e  

f o r  t w e l v e  t i r e s ,  a l l  o f  s i z e  E  and H, o r  e q u i v a l e n t .  (These t i r e s  

a r e  l i s t e d  i n  Table A.l  . )  Two dimensionless q u a n t i t i e s  were se lec ted  

t o  r e p r e s e n t  t h e  data.  The f i r s t  was non-dimensional c o r n e r i n g  

s t i f f n e s s ,  C / C  where C denotes c o r n e r i n g  s t i f f n e s s  and C denotes 
C1 C1 

0 
~1 a 

0 
c o r n e r i n g  s t i f f n e s s  a t  24 p s i  and r a t e d  l oad .  The second q u a n t i t y  was 

where p denotes i n f l a t i o n  pressure,  FZ denotes normal l oad ,  w  
Fz/wd 
denotes s e c t i o n  w id th ,  and d  denotes o v e r a l l  d iameter  as l i s t e d  i n  t h e  

T .& R.A.  yearbook. T h i s  second q u a n t i t y  was se lec ted  t o  no rma l i ze  





Load 
(1 b )  

Corner ing 
S t i f f n e s s  
( 1 b ldeg 

A1 i g n i  ng 
Mornen t 
S t i f f n e s s  

( f t - 1  b ldeg)  

Camber 
S t i f f n e s s  
(1  b ldeg)  

F i g u r e  A.2. Sample e n t r y  f o r  a t i r e  f rom f i l e  DATA2. 



Table A.1. T i r e s  Used f o r  Developing t h e  I n f l a t i o n  
Pressure Cor rec t ion .  

T i  r e  S i ze  Reference 

BFG S i  1 vertown E78-14 15 

F i  res tone  500 E78-14 15 

Goodyear Custom Power 
Cushion Po lyg las  E78-14 

P i r e l l  i 185R-14 15 

General Be1 t e d  Jumbo 780 H78-14 15 

F i r e s  tone 500 H78- 14 15 

F i r es tone  Town & Country 
Sup-R-Be1 t H78- 14 

F i r es tone  Town & Country HR78- 14 15 

F i r es tone  Del uxe Champion 
Sup- R-Be1 t H78- 14 

B r i  dgestone 225R-14 15 

F i r es tone  H78-14 

General Be1 t e d  Jumbo 780 E78-14 



t he  data w i t h  r espec t  t o  t i r e  s i ze .  I n  t he  a t tempt  t o  c o r r e l a t e  

w i t h  -!- , i t  was found t h a t  t he  q u a n t i t y  (CC1/C ) ( 2 4 1 ~ )  
0.57 

C~ o  F,/wd a. 

p rov ides  a s a t i s f a c t o r y  c o r r e l  a t i o n .  The re1  a t i o n s h i  p between these 

two non-dimensional numerics was found by f i t t i n g  a  cub ic  polynomial  

t o  t h e  a v a i l a b l e  data,  y i e l d i n g :  

The goodness o f  t h i s  f i t  i s  shown g r a p h i c a l l y  i n  F igure A.3. I t  has 

a c o e f f i c i e n t  o f  de te rmina t ion ,  r2, o f  0.61. Fur ther ,  t h e  range o f  

t h e  q u a n t i t y  $ f o r  which t h i s  es t ima t i on  i s  v a l i d  i s  1.7 t o  

11.95. The range o f  i n f l a t i o n  pressures i n  t h e  o r i g i n a l  t e s t  data 

was 12 t o  36 p s i .  

No c o r r e c t i o n s  f o r  t h e  e f f ec t  o f  i n f l a t i o n  pressure on a l i g n i n g  

s t i f f n e s s  o r  i n c l  i na t i o n  s t i f f n e s s  were developed. Because t h e  

equat ion f o r  t he  unders teer  c o e f f i c i e n t  i s  much l e s s  s e n s i t i v e  t o  

changes i n  a l i g n i n g  moment and camber s t i f f n e s s e s  than i t  i s  t o  

changes i n  co rne r i ng  s t i f f nesses ,  t h e  l a c k  o f  c o r r e c t i o n s  f o r  these 

parameters i s  no t  viewed as a  se r ious  shortcoming. 

A.2 Tread Depth Co r rec t i on  

Data showing t he  i n f l u e n c e  of t r e a d  depth on t i r e  s t i f f n e s s e s  

was even more sparse than i n f l a t i o n  pressure data.  Data was l o c a t e d  

o n l y  f o r  t he  f i v e  t i r e s  l i s t e d  i n  Table A.2. Genera l l y  speaking, 

bo th  co rner ing  and a1 igning-moment s t i f f n e s s  increase w i t h  decreasing 

t r e a d  depth, bu t  t h e  magnitude o f  t he  increase i s  dependent on 

v e r t i c a l  l oad .  Th is  behav ior  i s  i l l u s t r a t e d  i n  F igures A.4a-d. 





Table  A . 2 .  T i r e s  Used f o r  Developing t h e  Tread Depth 
Cor rec t ions .  

T i r e  S ize  Reference 

F i  res tone  Del uxe Champion 
Sup-R-Be1 t 678-1 4  5  

F i  r e s t o n e  Radia l  Del uxe 
Champion GR78- 14 5 

F i  r e s  tone 500 E78-14 15 

F i r e s  tone  Sup-R-Be1 t H78- 14 15 



( a )  Corner ing S t i f f n e s s  vs .  Tread Wear 

( b )  Corner ing S t i f f n e s s  vs. Load 

gure A.4.  Corner ing and a1 i g n i n g  moment s t i f f n e s s  as a f u n c t i o n  
o f  t r e a d  depth and l o a d  f o r  a t y p i c a l  t i r e .  
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( c )  A l i g n i n g  Moment S t i f f n e s s  vs.  Tread Wear 

( d )  A l i g n i n g  Moment S t i f fness  vs. Load 

F igure A.4 (Cont.)  



To d e r i v e  a  c o r r e c t i o n  f o r  co rne r ing  s t i f f n e s s ,  t h e  data  were 

grouped i n  terms o f  t h r e e  dimensionless parameters: ( 1 )  a  dimen- 

s i o n l e s s  c o r n e r i n g  s t i f f n e s s ,  C /C , where C denotes co rne r ing  
a a~ a 

s t i f f n e s s  and C, denotes c o r n e r i n g  s t i f f n e s s  a t  t h e  t i r e ' s  c o l d  
R 

i n f l a t i o n  pressure  and cor respond ing r a t e d  load;  ( 2 )  t h e  f r a c t i o n  o f  

t r e a d  worn away, 1  - d/do, where d  denotes t r e a d  depth and do denotes 

f u l l  t r e a d  depth; and ( 3 )  a  d imensionless load,  F  /F , where Fz 
Z~ 

denotes l o a d  and F denotes r a t e d  l o a d  a t  t h e  t i r e ' s  c o l d  i n f l a t i o n  
R 

pressure.  Dimension1 ess c o r n e r i  ng s t i f f n e s s  appeared t o  be re1  a ted  i n 

a  parabol  i c  manner t o  bo th  f r a c t i o n a l  t r e a d  depth and dimensionless 

load.  Accord ing ly ,  a  1  eas t  squares curve f i t  was performed y i e l d i n g  

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

I.  

The c o e f f i c i e n t  o f  de te rm ina t ion ,  r2, of t h i s  f i t  i s  0.83, w i t h  t h e  

equa t ion  being v a l i d  f o r  t r e a d  depths r a n g i n g  f rom f u l l  t o  b a l d  and 

dimension1 ess l oads  rang ing  between 0.25 and 1.75. 

The r a d i a l  t i r e  was n o t  i nc luded  i n  t h i s  cu rve  f i t  because i t  

e x h i b i t e d  marked d i f f e r e n c e s  f rom t h e  o t h e r  t i r e s .  I t  was found 

t h a t  t h e  c o r n e r i n g  s t i f f n e s s  o f  t h i s  one t i r e  was n o t  p a r t i c u l a r l y  

a f f e c t e d  by t r e a d  depth, e s p e c i a l l y  a t  h i g h  l oads .  To base a  

c o r r e c t i o n  f o r  r a d i a l  t i r e s  on t h i s  one t i r e  appeared r a t h e r  ques- 

t i o n a b l e ,  so, ins tead,  t h e  c o r r e c t i o n  equat ion  ( A . 2 )  was a p p l i e d  t o  

a1 1 t i r e s  rega rd less  o f  c o n s t r u c t i o n  type.  

A procedure f o r  c o r r e c t i n g  a1 i g n i n g  s t i f f n e s s  f o r  t r e a d  depth was 

a l s o  developed. A d imensionless a l i g n i n g  moment s t i f f n e s s ,  N,/N, , 
R 



analogous t o  dimensionless co rner ing  s t i f f ness ,  and t he  numerics 

d e f i n i n g  f r a c t i o n  o f  t r e a d  worn away and dimensionless l o a d  a re  

employed, as be fo re .  A s a t i s f a c t o r y  curve f i t  t o  the  data was 

ob ta ined  by assuming dimensionless a1 i g n i n g  s t i f f n e s s  t o  va ry  i n  a  

1  i nea r  fashion w i t h  f r a c t i o n a l  t r ead  depth and p a r a b o l i c a l l y  w i t h  

dimension1 ess load .  The r e s u l t i n g  equat ion i s  

The c o e f f i c i e n t  o f  determinat ion,  r2, i s  0.97. The equat ion i s  v a l i d  

f o r  t r ead  depths ranging from f u l l  t o  ba ld  and dimensionless loads 

rang ing  f rom 0.4 t o  1.75. 

I n  c o n t r a s t  t o  t h e  manner i n  which t h e  co rner ing  s t i f f n e s s  o f  

t h e  r a d i a l  t i r e  v a r i e d  w i t h  t r ead  depth,  t he  a l i g n i n g  s t i f f n e s s  o f  

t he  r a d i a l  t i r e  v a r i e d  w i t h  t r e a d  depth i n  a  manner s i m i l a r  t o  t h e  

o t h e r  t i r e s ,  and consequently, Equat ion (A.3) app l i es  t o  a l l  t i r e s .  

However, a1 i g n i n g  moment data were n o t  a v a i l a b l e  f o r  t he  8.55-14 

b i a s - p l y  t i r e ,  and thus t h i s  t i r e  d i d  n o t  en te r  i n t o  t he  d e r i v a t i o n  

o f  Equat ion (A .3) .  

A c o r r e c t i o n  f o r  t h e  e f f e c t  of t r ead  depth on i n c l i n a t i o n  

(camber) s t i f f n e s s  was n o t  developed. I t s  omission i s  j u s t i f i e d  on 

t he  grounds t h a t  the  unders teer  c o e f f i c i e n t  i s  no t  n e a r l y  as sens i -  

t i v e  t o  changes i n  i n c l i n a t i o n  s t i f f n e s s  as i t  i s  t o  changes i n  

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

A.3 Apply inq t h e  S t i f f n e s s  Cor rec t ions  

Because o f  t he  way t he  t i r e  s t i f f nesses  were normal ized i n  t h e  

c o r r e c t i o n  equat ions,  t he  f o l  l ow ing  procedure was used t o  imp1 ement 

t h e  c o r r e c t i o n s .  



For  a  g i v e n  t i r e ,  t h e  c o r n e r i n g  s t i f f n e s s  a t  24 p s i  and a t  

r a t e d  l o a d  i s  ob ta ined  from t h e  Calspan t e s t  da ta  by averag ing t h e  

s t i f f n e s s  o f  a l l  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 .  The 

i n f l a t i o n  pressure  c o r r e c t i o n  i s  then app l  i e d  t o  o b t a i n  c o r n e r i n g  

s t i f f n e s s  a t  t h e  a c t u a l  i n f l a t i o n  p ressu re  of t h e  t i r e  and t h e  r a t e d  

l o a d  a t  t h a t  p ressure .  There were a  few cases i n  t h e  i n -use  i n f l a -  

t i o n  p ressu re  d i s t r i b u t i o n  where t h e  p ressu re  was o u t s i d e  t h e  range 

o f  t h e  t a b l e  o f  T. & R.A.  r a t e d  l oads .  I n  these cases, e x t r a p o l a t i o n s  

were made f o r  r a t e d  l o a d .  The t r e a d  dep th  c o r r e c t i o n  was then  a p p l i e d  

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

(Thus, t h e  i n f l u e n c e  of l o a d  on c o r n e r i n g  s t i f f n e s s  i s  handled by  

t h e  t r e a d  dep th  c o r r e c t i o n .  ) For purposes of  t h e  c a l c u l a t i o n ,  a  f u l l  

t r e a d  dep th  o f  12/32" was assumed. 

The procedure f o r  a l i g n i n g  moment s t i f f n e s s  was analogous t o  

t h a t  f o r  c o r n e r i n g  s t i f f n e s s  except  t h a t  no pressure  c o r r e c t i o n  was 

made. There fore ,  an i n f l a t i o n  pressure  o f  24 p s i  was assumed. 

I n c l  i n a t i o n  s t i f f n e s s  was n o t  a d j u s t e d  f o r  i n f l a t i o n  p ressu re  

o r  t r e a d  depth.  Ins tead,  t h i s  parameter was ob ta ined  f o r  t h e  appro-  

p r i a t e  l o a d  d i r e c t l y  f rom t h e  Calspan t e s t  da ta .  

I t  shou ld  be noted t h a t  t h e  c o r r e c t i o n s  were a p p l i e d  t o  a l l  

t i r e s  even i f  t h e y  had an i n f l a t i o n  pressure  o f  24 p s i  and f u l l  t r e a d  

depth  and c o u l d  have been o b t a i n e d  d i r e c t l y  f r o m  t h e  Calspan da ta .  

Th is  was done so t h a t  eve ry  t i r e  would be t r e a t e d  c o n s i s t e n t l y ,  and 

no c o n f u s i o n  would r e s u l t  f rom us ing  two o r  more methods t o  c a l c u l a t e  

s t i f f n e s s e s  . 



APPENDIX B  

ROLL CAMBER RATE, FRONT ALIGNING MOMENT COMPLIANCE STEER, 
AND ROLL COMPLIANCE 

Th i s  appendix documents t he  manner i n  which chassis parameters 

were ob ta ined  f o r  use i n  t h e  unders teer  equat ion.  

B.1 R o l l  Camber Rate o f  t he  F r o n t  Suspension 

Values o f  f ront -wheel  r o l l  camber r a t e ,  av/a$, were found i n  

t he  open l i t e r a t u r e  f o r  e i g h t  veh i c l es .  The median va lue (0.90 

deg/deg) o f  t h e  data t abu la ted  i n  Table B.1 was adopted (as d i s -  

cussed e a r l i e r )  as a va lue  rep resen ta t i ve  o f  a l l  veh i c l es .  

8 . 2  "Front  Wheel A1 i g n i  ng Moment Compl iance S teer "  

Values o f  " f r o n t  a l i g n i n g  moment compliance s teer , "  as needed 

f o r  Equat ion (1 ) ,  cannot be found, as such, i n  t h e  1  i t e r a t u r e .  

However, data  cou ld  be found f o r  n i ne  veh i c l es  i n  terms o f  s t ee r i ng  

system s t i f f n e s s ,  which parameter i s  s imply  t he  r e c i p r o c a l  o f  t he  

t o t a l  a1 i gn i ng  moment compliance s teer ,  a$/aMZF, o f  t he  f r o n t  ax le ,  

i . e n ,  t w i c e  t h e  " a l i g n i n g  moment compliance s t e e r "  f o r  a  s i n g l e  

f r o n t  wheel. Examination of t h e  measured va lues o f  compliance s t e e r  

l i s t e d  i n  Table B.2 shows t h e  median va lue  t o  be 0.54 deg/100 f t - 1  b, 

which va lue  was assumed, i n  t h i s  study, t o  be rep resen ta t i ve  o f  motor 

cars,  i n  genera l .  

B .  3 R o l l  Compliance 

R o l l  compliance was est imated from data prov ided i n  t h e  MVMA 

s p e c i f i c a t i o n  sheets.  Given t h a t  r o l l  compl iance may be expressed 

as 



Tab1 e B. 1 . Var ious  Measured Values o f  F r o n t  
Suspension R o l l  Camber Rate.  

R o l l  Camber Rate 

V e h i c l e  
a (deg ldeg)  a Reference 

1971 Bu ick  Century  1 .OO 15 

1 971 C hev ro l  e t  
Broo kwood 

1971 Dodge Coronet  0.91 16, 17 

1971 Ford  Mustang 0.76 1 6  

1971 Oldsmobi 1 e F-85 0.76 16 

1971 P o n t i a c  F i  r e b i  r d  0.94 17 

1969 Ford G a l a x i e  0.89 8 

1970 Ford  T o r i n o  1 . O l  9 

median = 0.90 deg/deg 



Table  8.2. Var ious Measures o f  F r o n t  A1 i g n i n g  
Moment Compl iance S teer .  

F r o n t  A1 i g n i  ng Moment 
Compl i ance  S teer  

(deg/100 f t - l b )  
V e h i c l e  a M z ~  Reference 

1971 Ford Mustang 0.38 15, 16 

1973 Buick  Century 0.92 15 

1971 AMC Ambassador 0.54 16 

1971 Dodge Coronet 0.65 16, 17 

1971 Oldsmobi l e  F-85 0.38 16 

1971 Chevrol e t  Brookwood 0.40 17 

1971 Pon t iac  F i r e b i r d  0.43 17 

1969 Ford Ga lax ie  1.21 8 

1970 Ford Tor ino  0.88 9 

median = 0.54 deg/100 f t - l b  



where 

= r o l l  compl iance ( d e g l g )  a a  
Y  

s  = sprung we igh t  ( l b )  

h  = d i s t a n c e  f rom sprung mass c .g .  t o  r o l l  a x i s  ( f t )  

= f r o n t  and r e a r  suspension r o l l  s t i f f n e s s ,  
I ?  r e s p e c t i v e 1  y ( f t - 1  Dideg) 

i t  i s  necessary t o  compute, o r  es t ima te ,  t h e  q u a n t i t i e s  on t h e  r i g h t -  

hand s i d e  o f  Equa t i on  (B.1) .  

S ince  

\s = \vs + W~ 1  b  

where W V S  = sprung w e i g h t  o f  v e h i c l e  (1 b )  

and WL = w e i g h t  of occupants ( l b )  

a  method i s  needed t o  o b t a i n  WV, f o r  each v e h i c l e .  A l e a s t  squares 

f i t  o f  t h e  da ta  shown i n  Tab le  B.3 y i e l d e d  t h e  f o l l o w i n g  r e l a t i o n -  

s h i p :  

Wv s  = 0.884WT - 127 l b  ('B .3 ) 

where WT = base v e h i c l e  c u r b  we igh t  (1  b ) .  

The d i s tance ,  h, was es t ima ted  w i t h  t h e  f o l l o w i n g  r e l a t i o n s h i p :  



Table  8.3. Base V e h i c l e  Curb Weights and Sprung Weights. 

Base V e h i c l e  Sprung . 
Veh ic l  e Weight ( I b )  Weight ( l b )  

2690 

2790 

291 0 

31 00 

3220 

3590 

3770 

41 50 

41 80 

4370 

4470 

1969 Chevrol e t  3660 

1969 Chevrol e t  Ma1 i bu 31 40 

1969 C hev ro l  e t  Nova 291 0 

1969 Chevrol e t  Camaro 31 20 

1969 Pon t iac  Grand P r i x  3885 

1969 Pon t iac  F i r e b i r d  321 8 

1 969 Bu ic  k Speci a1 3248 

1969 Bu ick  4088 

1969 Oldsmobi le 4001 

1969 Oldsmobi le Cu t lass  3231 

1969 C a d i l l a c  4756 

1969 Ford Ga lax ie  3782 

1973 Plymouth V a l i a n t  2965 

1973 Dodge Coronet 3505 

1973 Chrys l  e r  4280 

1974 Ford P i n t o  2440 

1 974 Ford Maver i  c k 2839 

1974 Ford T o r i n o  3881 

1974 Ford 4302 

Reference 

18  

18  

18  

18 

18 

18  

18 

18  

1 8  

18  

18 

18 

18 

18  

18 

18  

18 

18  

18 

18 

18 

1 8  

18  

18  

18  

18  

18  

18 

18 

18 



Table 8.3. (Cont. )  

Base Veh ic le  Sprung 
V e h i c l e  Weight ( l b )  Weight (1 b )  Reference 

1971 AMC Ambassador 3384 2832 16 

1971 Chevrol e t  Brookwood 4646 3998 16 

1971 Dodge Coronet 3385 2863 16 

1971 Ford Mustang 31 51 2659 16 

1 971 01 dsmobi 1 e F-85 3358 281 9 16 

1971 Pon t iac  F i r e b i r d  3240 2703 17 

1973 Chevrol e t  Capr ice 4856 4115 7 

1974 Chevro le t  Nova 3364 281 0 7 

1967 Ford 4257 3707 19 

1970 Ford Tor ino  3258 2 784 9 

1970 Chevrol e t  4333 3657 20 

1972 Chevrol e t  

1972 Chevrol e t  



where hOv = o v e r a l l  v e h i c l e  h e i g h t  ( f t )  

Equa t ion  (B.4)  was d e r i v e d  by  c a l c u l a t i n g  t h e  l e n g t h ,  h, f rom da ta  

d e f i n i n g  t h e  c e n t e r  o f  g r a v i t y  l o c a t i o n  f o r  seve ra l  v e h i c l e s ,  as 

found  i n  t h e  l i t e r a t u r e .  The l o c a t i o n  o f  t h e  r o l l  a x i s  was e i t h e r  

g i v e n  o r  assumed t o  be a t  ground l e v e l  a t  t h e  f r o n t  a x l e  and o f  

wheel c e n t e r  h e i g h t  a t  t h e  r e a r  a x l e .  O v e r a l l  v e h i c l e '  h e i g h t  i s  

o b t a i n e d  from t h e  MVMA s p e c i f i c a t i o n  sheets .  The da ta  used f o r  t h e  

a n a l y s i s  i s  p resented i n  Tab le  B.4. 

The r o l l  s t i f f n e s s  o f  t h e  f r o n t  suspension was es t ima ted  b y  

u s i n g  t h e  f o l l o w i n g  r e l a t i o n s h i p :  

where 

t = t r a c k  ( i n )  

K~ = s p r i n g  r a t e  a t  f r o n t  wheel (1  b / i n )  (base v e h i c l e )  

A u x i l l a r y  r o l l  s t i f f n e s s  d e r i v e s  from sources o t h e r  than t h e  v e r t i -  

c a l  s p r i n g i n g  w i t h  t h e  ma jo r  c o n t r i b u t o r  be ing  t h e  a n t i - r o l l  b a r  o r  

r o l l  s t a b i l i z e r .  I n  t h e  absence o f  an a n t i - r o l l  bar ,  t h e  a u x i l l a r y  

r o l l  s t i f f n e s s  o f  t h e  f r o n t  suspension was e s t i m a t e d  t o  be 

34 f t - 1  b/deg, a  v a l u e  t h a t  i s  t h e  average of  t h e  v e h i c l e s  l i s t e d  

i n  Tab le  8.5. S ince  i n s u f f i c i e n t  d a t a  were a v a i l a b l e  t o  deve lop a  

r e l a t i o n s h i p  between t h e  d iameters  of a n t i - r o l l  b a r s  and a u x i l l a r y  

r o l l  s t i f f n e s s ,  t h e  presence o f  an a n t i - r o l l  ba r  was assumed t o  add 

a d d i t i o n a l  r o l l  s t i f f n e s s  equal  t o  t h a t  p r o v i d e d  by t h e  normal 

s p r i n g i n g  [18]. Thus, w i t h  an a n t i - r o l l  ba r  f i t t e d ,  i t  was assumed 

t h a t  

aLaux 
a +  

= a u x i l l a r y  r o l l  s t i f f n e s s  ( f t - 1  b/deg) o f  t h e  
F f r o n t  suspension.  



Table  B.4. Measured R a t i o s  of  R o l l  Moment Arm 
t o  O v e r a l l  V e h i c l e  He igh t .  

R o l l  Moment O v e r a l l  
A r m  He igh t  

V e h i c l e  h ( i n )  hov ( i n )  h' hov Reference 

1971 Ford  Mustang 16.9 

1973 Bu ick  Century 22.6 

1971 AMC Ambassador 19.2 

1  971 Chevrol e t  14.9 
Broo kwood 

1971 Dodge Coronet  16.3 

1971 Oldsmobi le F-85 13.4 

1971 Pon t iac  F i r e b i r d  11.5 

1973 C h e v r o l e t  Capr ice  15.3 

1967 Ford Ga lax ie  15.5 

1969 Ford  Ga lax ie  16.5 

1970 Ford  T o r i  no 16.5 

1 970 C hev ro l  e t  18.1 

1972 C hev ro l  e t  18.1 

1972 Chevrol e t  20.0 

median = 0.31 



Table B.5. Measured Values o f  F ron t  A u x i l l a r y  
R o l l  S t i f f n e s s  i n  the  Absence o f  
an A n t i  -Ro l l  Bar. 

R o l l  S t i f f n e s s  

1974 Ford P i n t o  18 

Veh ic le  a 

1963 Pon t iac  2 3  

1971 Dodge Coronet 60 

( f t - 1  b/deg) F Reference 

Mean = 34 f t - 1  b/deg 

Es t ima t i on  o f  the  r o l l  s t i f f n e s s  c o n t r i b u t e d  by t h e  r e a r  

suspension i s  compl icated by t h e  f a c t  t h a t  i t  i s  dependent on t h e  

spacing o f  t h e  r e a r  sp r ings  used on l i v e  a x l e  suspensions. Spr ing  

spacing, i n  t u rn ,  i s  t y p i c a l l y  dependent on t he  type o f  s p r i n g  

employed. Accord i  ng ly ,  t he  procedure used t o  es t imate  t he  r o l l  

s t i f f n e s s  o f  t he  r e a r  suspension employs t he  f o l  l ow ing  d e f i n i t i o n :  

where 

s  = s p r i n g  spacing ( i n )  

K~ = sp r ing  r a t e  a t  the  r e a r  wheel (1  b / i n )  (base v e h i c l e )  

Ana l ys i s  of t h e  data presented i n  Table B.6a-d prov ided t h e  f o l l o w i n g  

numbers: 

aLaux 
a + = a u x i l l a r y  r o l l  s t i f f n e s s  ( f t - l b / d e g )  o f  t h e  

r e a r  suspension 



Tab le  B.6a. Measured Values o f  Rear Track  and Rear S p r i n g  
Spacing f o r  Leaf  S p r i n g  Suspensions . 

Rear S p r i n g  
Rear Track Spaci nq 

V e h i c l e  
t ( i n )  r t i  ( i n )  ts' tr Reference 

1963 Ford  G a l a x i e  

1973 Plymouth Val i a n t  

1973 Dodge Coronet  

1973 Chrys l  e r  

1974 Ford P i n t o  

1974 Ford  Maver ick  

1971 Ford Mustang 

1971 Chevrol  e t  . , 

Broo kwood 

1971 Dodge Coronet  

1971 P o n t i a c  F i r e b i r d  

1973 Chevrol  e t  Capr ice  

Mean = 0.77 

Table B.6b. Measured Values o f  Rear Track and Rear S p r i n g  
Spacing f o r  C o i l  S p r i n g  Suspensions. 

Rear Spr i ng 
Rear Track S ~ a c i  ns 

V e h i c l e  tr ( i n )  t i  ( i n ]  ts' Reference 

1963 P o n t i a c  59.3 42.0 0.71 1 8  

1974 Ford  T o r i n o  62.9 33.7 0.54 1 8  

1974 Ford LTD 64.3 38.4 0.60 18 

1971 Bu ick  Century  60.7 41 . O  0.68 15 

1971 AMC Ambassador 60.0 33.8 0.56 16 

1971 01 dsmo b i  1 e F-85 59.0 35.5 0.60 16 

1969 Ford G a l a x i e  64.0 38.4 0.60 8 

Mean =.0.61 - 



Tab le  B.6c. Measured Values o f  Rear A u x i l l a r y  R o l l  S t i f f n e s s  
f o r  Leaf  Sp r ing  Suspensions . 

Rear Auxi  11 a r y  
R o l l  S t i f f n e s s  

1973 Plymouth V a l i a n t  7 7 

1973 Dodge Coronet 132 

1973 Chrys l  e r  97 

1 974 Ford  P i  n t o  4 3 

1974 Ford  Maver ick  67 

Veh ic l  e 
aLaux a$ 

Mean = 83 f t - l b l d e g  

R ( f t - 1  b/deg) Reference 

Tab le  B.6d. Measured Values of Rear A u x i l l a r y  R o l l  S t i f f n e s s  
f o r  Leaf  S p r i  ng Suspensions. 

Rear A u x i l l a r y  
R o l l  S t i f f n e s s  

V e h i c l e  - a:zuxiR ( f t - l b l d e g )  Reference 

1974 Ford T o r i n o  3 1 

1974 Ford Ga lax ie  54 

1971 01 dsmobi 1 e F-85 84 

Mean = 56 f t - 1  b ldeg 



Leaf -Spr ing  Suspensions: 

s = 0 .77 t  i n .  

where t = t r a c k  ( i n )  

and 

(B.  8b) 

Coi 1 Spr ing  Suspensions: 

s 
= 0 .61t  i n .  ( B  .8c)  

and 

U n f o r t u n a t e l y ,  i t  was n o t  p o s s i b l e  t o  v e r i f y  t h e  accuracy o f  

t h e  above-def ined r o l l  compl iance e s t i m a t i o n  procedure i n  v iew o f  

t h e  l a c k  o f  da ta  i n  t h e  open 1 i t e r a t u r e .  However, t h e  va lues com- 

puted f o r  t h e  OE v e h i c l e  p o p u l a t i o n  ranged from about  4 t o  12 deg/g 

w i t h  a mean o f  app rox ima te l y  8 deg/g. These p r e d i c t i o n s  appear t o  

be v e r y  reasonab le .  

For many v e h i c l e s  (app rox ima te l y  20 pe rcen t  o f  t h e  OE popu la-  

t i o n )  s p r i n g  r a t e s  were n o t  l i s t e d ,  and, i n  these cases, t h e  average 

r o l l  compl iance o f  8 deg/g was assumed t o  e x i s t .  



APPENDIX C 

VEHICLE PARAMETER ASSEMBLY 

T h i s  appendix desc r ibes  t h e  c o m p i l a t i o n  o f  v e h i c l e  s p e c i f i c a -  

t i o n s  taken  f rom t h e  MVMA s p e c i f i c a t i o n  sheets,  and t h e  s e t  o f  

parameters a p p l i c a b l e  t o  t h e  a c c i d e n t - i n v o l v e d  v e h i c l e  p o p u l a t i o n .  

C.1 MVMA V e h i c l e  S p e c i f i c a t i o n s  

Many o f  t h e  parameters needed by t h e  unders tee r  c a l c u l a t i o n  

were taken  f r o m  t h e  MVMA s p e c i f i c a t i o n  sheets and w r i t t e n  o n t o  t h e  

s p e c i a l  cod ing  f o r m  i l l u s t r a t e d  i n  F i g u r e  C.1. T h i s  fo rm a l s o  i n -  

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

e lements.  The i n f o r m a t i o n  compi led  on t h e  code sheets was then  

keypunched and read  i n t o  a  computer f i l e  named CARPARAM. ( I t  
shou ld  be no ted  t h a t  a  few parameters, n o t  recorded on t h e  code 

sheets,  had t o  be added t o  t h e  f i l e  a f t e r  i t  was c r e a t e d . )  A  sample 

e n t r y  f rom CARPARAM i s  shown i n  F i g u r e  C.2, 

C.2 Acc iden t  V e h i c l e  Parameters 

T i r e  s izes ,  i n f l a t i o n  pressures  and t r e a d  depths, aod t h e  

we igh ts  o f  occupants i n  each a c c i d e n t  case i n v e s t i g a t e d  by t h e  

Systems A n a l y s i s  D i v i s i o n  o f  HSRI were p u t  i n t o  a  f i l e  named 

ACC.CASES, i n  wh ich  each v e h i c l e  was i d e n t i f i e d  o n l y  by i t s  - V e h i c l e  

I d e n t i f i c a t i o n  Number (VIN) .  The V IN 's  were decoded by a  computer - 
program c a l l e d  VINDICATOR ' 7 7  [22]  t o  o b t a i n  t h e  necessary make/ 

mode l l yea r  i n f o r m a t i o n .  A t o t a l  of 218 v e h i c l e s  a r e  con ta ined  i n  t h i s  

f i l e .  A sample e n t r y  f o r  a  g i v e n  v e h i c l e  i s  shown i n  F i g u r e  C.3. 



MVMA iY4.29 V e h i c l e  D a t a  Sheet 

1-1 1-7 1 - 7  1 - A  1-5  

1 I 1 
I D# Year Make Model Type 

7- 1 2 -3 2-3 7 - 4  2-5  2 -6  7- 7 

I I I I 
Auto  4-Speed S td  Opt 6 c y l  4 c y l  A i r  
Trans Trans V-8 V-8 Cond 

OPTION PERCENTAGES 

Table 3-1; Op t i on  Weights 

Table 3-2;  Correc ted Op t i on  Weights 

F i g u r e  C . 1 .  V e h i c l e  s p e c i f i c a t i o n  cod ing  form. 
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APPENDIX D 

METHODOLOGY TO DEFINE DISTRIBUTIONS OF I N-USE INFLATION 
PRESSURE, TREAD DEPTH, AND LOADING 

D.1 D i s t r i b u t i o n  o f  I n f l a t i o n  Pressure  and Tread Depth 

An i n v e s t i g a t i o n  o f  t h e  i n f l a t i o n  p ressu re  and t r e a d  dep th  data  

f r o m  t h e  check lane sample was conducted t o  determine whether v e h i c l e  

age, s i ze ,  o r  t y p e  ( i  .e., s t a t i o n  wagon o r  n o n - s t a t i o n  wagon) had 

any i n f l u e n c e  on t h e  p ressu re - t read  dep th  d i s t r i b u t i o n .  The v a r i a b l e s  

i n v e s t i g a t e d  were average i n f l a t i o n  pressure,  f r o n t - t o - r e a r  p ressu re  

d i f f e r e n t i a l  (average f r o n t  minus average r e a r ) ,  average t r e a d  depth, 

and f r o n t - t o - r e a r  t r e a d  dep th  d i f f e r e n t i a l  (average f r o n t  minus 

average r e a r ) .  A1 1 t h e  s t a t i s t i c a l  ana lyses were performed u s i n g  

t h e  K r u s k a l - W a l l i s  t e s t ,  a non-paramet r ic ,  r a n k  sum t e s t  f o r  com- 

p a r i n g  two o r  more samples [23 ] .  The l e v e l  of  s i g n i f i c a n c e  used f o r  

each t e s t  was 0.05.  

Sample s i z e s ,  means, and s tandard  d e v i a t i o n s  f o r  average i n f l a -  

t i o n  p ressu re  and f r o n t - t o - r e a r  p ressu re  d i f f e r e n t i a l  acco rd ing  t o  

v e h i c l e  age, s i z e ,  and t y p e  a r e  shown i n  Tables D . la -c  and Tables 

D.2a-c, r e s p e c t i v e l y .  In no case do these d i s t r i b u t i o n s  depend on  

v e h i c l e  age o r  s i z e .  The i n f l u e n c e  o f  v e h i c l e  t y p e  was examined 

o n l y  f o r  f u l l - s i z e  ca rs  because t o o  few s t a t i o n  wagons o f  i n t e r -  

med ia te  s i z e  o r  s m a l l e r  were con ta ined  i n  t h e  sample. A s i g n i f i c a n t  

d i f f e r e n c e  i n  average i n f l a t i o n  p ressu re  between wagons and non- 

wagons appeared f o r  3 -4 -yea r -o ld  v e h i c l e s .  Also,  a s i g n i f i c a n t  

d i f f e r e n c e  i n  i n f l a t i o n  p ressu re  d i f f e r e n t i a l  between wagons and non- 

wagons showed up f o r  4 -5 -yea r -o ld  v e h i c l e s .  However, i n  t h e  1 i g h t  

o f  t h e  s i m i l a r i t y  o f  these d i s t r i b u t i o n s  f o r  t h e  o t h e r  age groups 

and t h e  sma l l  numbers of  s t a t i o n  wagons i n v o l  ved, t hese  r e s u l t s  were 

cons ide red  s p u r i o u s .  I t  was conc l  uded t h a t  average i n f l a t i o n  p res -  

su re  and i n f l a t i o n  p ressu re  d i f f e r e n t i a l  a r e  n o t  d e p e n d e n t  on 

v e h i c l e  age, s i z e ,  o r  t ype .  



Table  D . la .  Sample Sizes, Means, and Standard Dev ia t i ons  f o r  
Average I n f l a t i o n  Pressure by V e h i c l e  Age and 
S ize  f o r  Non-Stat ion Wagons. 

Vehi c l  e  Age ( y r s  . ) 
0 - 1  1 - 2  2 - 3  3 - 4  4 - 5  

n = 16 32 39 58 62 
- 

F u l l  x = 25.4 p s i  25.4 25.9 25.3 25,6 

s  = 2 .3  p s i  2 .8  2.7 2 .9  3.4 

I n t e r m e d i a t e  

Compact 

Subcompact/ 
M i n i  



Tab le  D.1 b. Sample Sizes,  Means, and Standard D e v i a t i o n s  f o r  
Average I n f l a t i o n  Pressure by V e h i c l e  Age and 
S i z e  f o r  S t a t i o n  Wagons. 

V e h i c l e  Age ( y r s . )  

0 - 1  1 - 2  2 - 3  3 - 4 4 - 5  

n = 5 7 7 8 14 
- 

F u l l  x = 26.2 p s i  25.1 25.1 27.1 26.3 

s = 3.0 p s i  2.7 3.8 1.6 3.9 
-- - 

1 0 1 3 2 

I n t e r m e d i a t e  21 - 0  29.0 27.3 26.0 

0.58 1.4 

Tab le  D . l c .  Sample Sizes,  Means, and Standard D e v i a t i o n s  f o r  
Average I n f l a t i o n  Pressure by V e h i c l e  Age and Type 
f o r  F u l l - S i z e  Veh ic les .  

V e h i c l e  Age ( y r s )  

n = 16 32 39 58 6 2 
- 

Non- x = 25.4 p s i  25.4 25.9 25.3 25.6 
Wagon s = 2.3 p s i  2 .8  2.7 2.9 3.4 

5 7 7 8 14 

Wagon 26.2 25.1 25.1 27.1 26.3 

3.0 2.7 3.8 1 . 6  3.9 



Table D.2a. Sample Sizes, Means, and Standard Dev ia t i ons  f o r  
I n f l a t i o n  Pressure D i f f e r e n t i a l  by Vehic le  Age 
and S ize  f o r  Non-Stat ion Wagons. 

Veh ic le  Age ( y r s )  

0 - 1  1 - 2  2 - 3 3 - 4  4 - 5  

n = 16 3 6 39 5 8 62 
- 
x = 0.31 p s i  0.06 0.36 0.76 0.40 

s = 1 . 2 5 p s i  1.01 1.53 1.39 1.56 

F u l l  

30 36 4 0 4 1 4 1 

In te rmed ia te  0.40 0.39 0.58 0.34 0.24 

1.48 1.71 1.66 1.77 2.00 
- -- -- - - - -- - - - - 

7 2 17 2 7 37 18 

Compact 0.42 0 0.37 0.10 0 

1.08 1.37 1 . O l  2.02 1.28 

10 12 26 18 5 

Subcompact/ -0.40 1 .OO 1.08 -0.28 1.60 
M in i  1 . I 7  2.09 2.59 1.81 3.58 



Table  D.2b. Sample Sizes, Means, and Standard Dev ia t ions  f o r  
I n f l a t i o n  Pressure D i f f e r e n t i a l  by V e h i c l e  Age 
and S ize  f o r  S t a t i o n  Wagons. 

Veh ic le  Age ( y r s )  

0 - 1  1 - 2  2 - 3  3  - 4  4 - 5  

n = 5  7  7  8 14 
- 

F u l l  x = -0.20 p s i  0  - 0.14 0  -1 - 1 4  

s  = 1.30 p s i  1.53 1.46 1.41 1 .46 
-- 

1  0  1  3  2  

I n t e r m e d i a t e  -2.00 1  .OO -0.67 -1.50 

1  .15 2.12 

Table  D.2c. Sample Sizes,  Means, and Standard Dev ia t ions  f o r  
I n f l a t i o n  Pressure D i f f e r e n t i a l  by V e h i c l e  Age 
and Type f o r  F u l l  -S ize Veh ic les  . 

Veh ic le  Age ( y r s )  

- 
Non-Wagon x = 0 . 3 1  p s i  0.06 0.36 0.76 0.40 

s  = 1.25 p s i  1.01 1.53 1.39 1 .56 

5  7 7  8 14 

Wagon -0.20 0  -0.14 0  -1 - 1 4  

1.30 1.53 1.46 1  .41 1  .46 



S t a t i s t i c s  f o r  average t r e a d  depth  and f r o n t - t o - r e a r  t r e a d  

dep th  d i f f e r e n t i a l  a r e  shown i n  Tables D.3a-c and D.4a-c, respec- 

t i v e l y .  Some dependencies were d i scove red  f o r  these v a r i a b l e s ,  and 

t h e  cases f o r  which s i g n i f i c a n t  d i f f e rences  were found a r e  l i s t e d  

be1 ow: 

Average Tread Depth: 

* v e h i c l e  age i n f l u e n t i a l  f o r  non-wagons f o r  a l l  
v e h i c l e  s i z e s  

vveh ic l  e  s i z e  i n f l u e n t i a l  f o r  non-wagons (age groups 
1-2, 3-4, and 4-5 y e a r s )  

Tread Depth D i f f e r e n t i a l  : 

v e h i c l e  age i n f l u e n t i a l  f o r  non-wagons i n  subcompact/ 
m i n i  ca tegory  o n l y  

* v e h i c l e  s i z e  i n f l u e n t i a l  f o r  non-wagons (4 -5  yea r  o l d  
v e h i c l  es on1 y )  

Age d i d  n o t  have a  s t a t i s t i c a l l y  s i g n i f i c a n t  i n f l u e n c e  f o r  

e i t h e r  v a r i a b l e  f o r  s t a t i o n  wagons, no r  d i d  v e h i c l e  t y p e  have an 

e f f e c t  on  e i t h e r  v a r i a b l e .  

The above a n a l y s i s  i n d i c a t e s  t h a t  v e h i c l e  age has an i n f l u e n c e  

on t h e  d i s t r i b u t i o n  o f  average t r e a d  depth .  Indeed, newer v e h i c l e s  

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

t o  be expected.  The data  a l s o  i n d i c a t e d  t h a t  v e h i c l e  s i z e  has some 

i n f l u e n c e  on average t r e a d  depth .  T h i s  r e s u l t  appears t o  be caused 

by  t r e a d  depths which a r e  somewhat l o w e r  f o r  v e h i c l e s  i n  t h e  sub- 

compact/mini ca tegory  than  f o r  o t h e r  s i z e  v e h i c l e s  . 
As a  r e s u l t  o f  t h e  above f i n d i n g s ,  i t  was concluded t h a t  t h e  

checklane data  on p ressu re  and t r e a d  depths shou ld  be d i v i d e d  i n t o  

f i v e  ca tegor ies ,  one f o r  each age group. F u r t h e r  s u b - d i v i d i n g  

acco rd ing  t o  s i z e  was excluded f o r  t h e  f o l l o w i n g  reasons: ( 1  ) t h e  

i n f l u e n c e  o f  v e h i c l e  s i z e  on average t r e a d  depth  i s  somewhat l e s s  



' Tab le  D.3a. Sample S izes,  Means, and Standard D e v i a t i o n s  f o r  
Average Tread Depth by V e h i c l e  Age and S i z e  f o r  
Non-Sta t ion Wagons. 

V e h i c l e  Age (yrs)  

n = 19 35 52 74 7 8 
- 

F u l l  x = 1 0 . 0 5  8.23 7.44 8.00 7.46 
(1132")  

s = 0.97 1.44 1.92 1 .90 1 .93 
(1132")  

32 41 4 4 48 4 5 

I n t e r -  9.66 8.44 7.70 7.1 5 7.27 
media te  1.29 1.85 2.25 2.04 

13 18 3 4 3 5 20 

Compact 9.54 8.17 7.24 7.31 6.60 

1.05 1.50 2.18 2.53 2.60 

Sub- 11 15 26 2 2 7 

Compact1 9.09 6.93 6.96 6.27 4.71 
M i n i  0.94 2.37 1.93 1.45 1.70 



Tab le  D.3b. Sample S izes ,  Means, and Standard  D e v i a t i o n s  f o r  
Average Tread Depth by  V e h i c l e  Age and S i z e  f o r  
S t a t i o n  Wagons. 

V e h i c l e  Age ( y r s )  

0 - 1  1 - 2  2 - 3 3 - 4 4 - 5  

7 7 1 0  13  n = 5  
- 

F u l l  x = 11 .OO 8.43 7.86 8.70 9.15 
(1132" ) 

s = 1 .00  1.81 2.48 1.49 2.70 
(1132" )  

1 0 3 3 3 

I n t e r m e d i a t e  10 .0  7.67 7.67 8.33 

1.53 1.53 2.08 

Tab le  D.3c. Sample Sizes,  Means, and Standard  D e v i a t i o n s  f o r  
Average Tread Depth by  V e h i c l e  Age and Type f o r  
F u l l  -S i ze  Veh i c l es .  

V e h i c l e  Age ( y r s )  

0 - 1  1 - 2  2 - 3  3 - 4  4 - 5  

- 
Mon- x = 10.05 8.23 7.44 8.00 7.46 

Waqon ( 1 / 3 2 " )  

5 7 7 10  1 3  

11 .OO 8.43 7.86 8.70 9.15 

Wagon 1 . O O  1.81 2 - 4 8  1.49 2.70 



Table  D.4a. Sample Sizes,  Means, and Standard Dev ia t ions  f o r  
Tread Depth D i f f e r e n t i a l  by V e h i c l e  Age and S ize  
f o r  Non-Stat ion Wagons. 

Veh ic le  Age ( y r s )  

0 - 1  1 - 2  2 - 3  3 - 4  4 - 5  

- 
F u l l  x = 0.00 -0.09 0.63 0.36 0.36 

(1 /32")  

s = 0.47 0.70 1.28 1.35 1.38 
(1 /32")  

- 

3 2 4 1 44 48 45 

I n t e r m e d i a t e  0.22 -0.12 0.16 0.23 0.36 

0.66 1.08 1.35 1.32 1.49 

13 18 34 3 5 20 

Compact 0.31 0.50 0.09 0.23 -0.25 

0.63 1.38 1 .36 1.11 1.52 

Subcompact/ 11 15 26 2 2 7 

M i n i  0.36 0.07 -0.12 0.00 -1.14 

0.67 0.80 1.37 1.45 0.69 



Table D.4b. Sample Sizes, Means, and Standard Dev ia t ions  f o r  
Tread Depth D i f f e r e n t i a l  by Veh ic le  Age and Size 
f o r  S t a t i o n  Wagons. 

Vehic le  Age ( y r s )  

n = 5 7 7 10 13 
- 

F u l l  x = 0.20 -0.43 -0.14 0.20 0.38 
(1132") 

s = 0.45 1.27 1.35 1.40 1 .04 
(1 / 32" ) 

1 0 3 3 3 

In te rmed ia te  0 0 0.67 0.67 

1.00 2.31 1 . I 5  

Table D.4c. Sample Sizes, Means, and Standard Dev ia t ions  f o r  
Tread Depth D i f f e r e n t i a l  by Veh ic le  Age and Type 
f o r  F u l l  -S i  ze Vehic les .  

Vehic le  Age ( y r s )  

- 
No n- x = 0 (1132") -0.09 0.63 0.36 0.36 
Wagon s = 0.47 0.70 1.28 1.35 1.38 

(1132")  

5 7 7 10 13  

Wagon 0.20 -0.43 -0.14 0.20 0.38 

0.45 1.27 1.35 1.40 1.09 



t h a n  t h e  i n f l u e n c e  o f  v e h i c l e  age, ( 2 )  s u b - d i v i d i n g  b o t h  by s i z e  

and y e a r  makes t h e  s i z e  of  some c e l l s  t o o  smal l  t o  y i e l d  meaningfu l  

c a l c u l a t i o n s  o f  unders tee r  and s t e e r i n g  s e n s i t i v i t y  d i s t r i b u t i o n s ,  

and ( 3 )  t h e  ex t reme ly  l o w  v a l u e  o f  average t r e a d  depth  f o r  t h e  1972 

subcompact/mini ca tegory  may be a  spu r ious  r e s u l t  because o f  t h e  

v e r y  smal l  number o f  v e h i c l e s  f a l l i n g  i n t o  t h a t  c a t e g o r y .  The numbers o f  

v e h i c l e s  i n  each age c a t e g o r y  a r e  shown i n  Tab le  D.5. 

D.2 D i s t r i b u t i o n  o f  V e h i c l e  Loadings 

Loads c a r r i e d  by passenger c a r s  c o n s i s t  of occupants and cargo 

c a r r i e d ,  i f  any.  I n  t h i s  s tudy ,  occupant  l o a d i n g s  o n l y  were con- 

s i d e r e d  s i n c e  da ta  i n d i c a t i n g  t h e  w e i g h t  o f  cargo c a r r i e d  by i n -use  

v e h i c l e s  i s  n o t  a v a i l a b l e .  However, i t  i s  b e l i e v e d  t h a t  most i n -  

use passenger c a r s  c a r r y  v e r y  l i t t l e  w e i g h t  i n  t h e i r  cargo area.  

Data i n d i c a t i n g  t h e  number of occupants t y p i c a l l y  c a r r i e d  i n  

passenger ca rs  was o b t a i n e d  f r o m  a  s t u d y  performed by t h e  Federal  

Highway A d m i n i s t r a t i o n  [24]. These da ta  produce t h e  d i s t r i b u t i o n  

reproduced i n  Tab le  D. 6. U n f o r t u n a t e l y ,  t h i s  d i s t r i b u t i o n  ( o r  

p r o b a b i l i t y )  i s  n o t  r e l a t e d  t o  t h e  number o f  occupants a  p a r t i c u l a r  

c a r  i s  designed t o  c a r r y .  Acco rd ing l y ,  separa te  d i s t r i b u t i o n s  were 

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

2, 4, 5, and 6 persons.  D i s t r i b u t i o n s  f o r  v e h i c l e s  capab le  o f  c a r r y -  

i n g  more than  6 passengers were n o t  developed s i n c e  t h e  i n c i d e n c e  o f  

c a r s  t h a t  can c a r r y  more than  6 passengers, t o g e t h e r  w i t h  t h e  pro-  

b a b i l  i t y  o f  a c t u a l l y  o b s e r v i n g  more than  6 passengers, a r e  b o t h  smal l  

enough t h a t  i t  i s  be1 ieved  t h a t  l i t t l e  e r r o r  i s  i n c u r r e d  by  i g n o r i n g  

such an occur rence.  The d i s t r i b u t i o n s  d e r i v e d  f o r  c a r s  o f  d i f f e r e n t  

s e a t i n g  c a p a c i t y  a r e  p resen ted  i n  Tables D .7a-d. For  purposes o f  

c a l c u l a t i o n ,  a  we igh t  o f  150 pounds pe r  passenger was assumed. 

F r o n t -  and r e a r - a x l e  l oads  were computed f o r  each passenger 

c o n f i g u r a t i o n  by means o f  t h e  f r o n t  and r e a r  s e a t  occupant we igh t  

d i s t r i b u t i o n s  g i v e n  i n  t h e  MVMA s p e c i f i c a t i o n  sheets .  S ince d a t a  

a r e  n o t  a v a i l a b l e  i n d i c a t i n g  where peop le  t e n d  t o  s i t  i n  ca rs ,  i t  



T a b l e  0.5. Numbers o f  V e h i c l e s  i n  Each Age Cateaory.  

V e h i c l e  Age 
(Y rs  . )  Number 

0- 1 74 

1-2 1 04 

2 - 3 141 

3 -4 159 

4 - 5 140 



Table  D.6. D i s t r i b u t i o n  o f  Number o f  Occupants. 

Number of Occupants Percentage 

1 50.9 

9  o r  more 0.3 

was necessary t o  assume t h e  o r d e r  i n  which seats  would be occup ied 

as t h e  number o f  occupants i nc reases .  I n  account ing  f o r  t h e  

i n f l u e n c e  o f  passenger l oad ing ,  t h e  f i r s t  two occupants were p laced  

i n  t h e  f r o n t  seat ,  t h e  n e x t  t h r e e  i n  t h e  r e a r  seat ,  and t h e  s i x t h  

i n  t h e  f r o n t  sea t .  For v e h i c l e s  w i t h  fewer than  s i x  seats,  t h e  

o r d e r  o f  sea t  occupancy was mere ly  t r u n c a t e d  a t  t h e  a p p r o p r i a t e  

s e a t i n g  c a p a c i t y  . 



Tab le  D.7. Occupant D i s t r i b u t i o n s  f o r  Veh ic les  o f  Var ious  
Sea t ing  Capac i t i es .  

Occupants Percentage Occupants Percentage 

1 65.1 1 54.2 

2 34.9 2 29.1 

a )  Two Occupant Veh ic les  

Occupants Percentage 

1 52.6 

2 28.3 

3 10.3 

4 5.9 

5 3.0 

c )  F i v e  Occupant Veh ic les  

b )  Four Occupant Veh ic les  

Occupants Percentage 

1 51.8 

2 27.8 

3 10.1 

4 5.8 

5 2.9 

6 2.7 

d) S i x  Occupant Veh ic les  



APPENDIX E 

MAKEIMODEL DISTRIBUTION OF THE AT-RISK POPULATION 

C l e a r l y ,  i t  i s  n o t  p o s s i b l e  t o  i d e n t i f y  w i t h  p r e c i s i o n  t h e  a t -  

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

and Washtenaw Coun t i es .  F o r  purposes of t h i s  s tudy ,  t h e  assumpt ion 

was made t h a t  t h e  a t - r i s k  p o p u l a t i o n  i s  d e f i n e d  by a l l  o f  t h e  domes- 

t i c  passenger v e h i c l e s  r e g i s t e r e d  i n  t h e s e  two c o u n t i e s .  Any l o c a l  

b iases  i n  t h e  d i s t r i b u t i o n  o f  makes/models c o n s t i t u t i n g  t h e  a t - r i s k  

p o p u l a t i o n  wou ld  t h u s  be taken  i n t o  account .  

To de te rm ine  t h e  v e h i c l e s  r e g i s t e r e d  i n  Oakland and Nashtenaw 

Count ies ,  magne t i c  tapes c o n t a i n i n g  t h e  d e s i r e d  r e g i s t r a t i o n  d a t a  

were o b t a i n e d  f r o m  t h e  o f f i c e  o f  t h e  S e c r e t a r y  o f  S t a t e  o f  M ich igan .  

These tapes  c o n t a i n e d  a  random sample o f  t h e  v e h i c l e s  r e g i s t e r e d ,  

c o n s i s t i n g  o f  a p p r o x i m a t e l y  t e n  p e r c e n t  (abou t  70,000) o f  t h e  t o t a l .  

I n f o r m a t i o n  on t h e  makelmodel and model y e a r  was dec iphe red  f r o m  t h e  

V I N  numbers w i t h  t h e  a i d  o f  a  computer program, VINDICATOR ' 7 7 .  O f  

t h e  o r i g i n a l  70,000 v e h i c l  es ( a p p r o x i m a t e l y ) ,  28,239 were i d e n t i f i e d  

as domest ic  passenger ca rs ,  model y e a r  1972-1 976. A f t e r  a g g r e g a t i n g  

t h e  count  by  make, model,  and model yea r ,  t h e  number o f  v e h i c l e s  

r e g i s t e r e d  f o r  each make, model,  and model y e a r  was added t o  f i l e  

CARPARAM. Wi th  t h i s  i n f o r m a t i o n ,  i t  was p o s s i b l e  t o  w e i g h t  t h e  i n -  

use d i s t r i b u t i o n s  o f  u n d e r s t e e r  and s t e e r i n g  s e n s i t i v i t y  computed 

f o r  each make, model,  and model y e a r  and t h e r e b y  account  f o r  t h e i r  

presence i n  t h e  t o t a l  a t - r i s k  p o p u l a t i o n .  





APPENDIX F 

DOCUMENTATION OF THE COMPUTATIONAL ALGORITHMS EMPLOY ED 

This  appendix out1 ines ,  i n  d e t a i l ,  t he  procedures used t o  

compute t h e  unders t e e r  and s t e e r i n g  s e n s i t i v i t y  d i s t r i b u t i o n s  f o r  

t h e  OE, a t - r i s k ,  and acc i den t  v e h i c l e  popu la t ions .  

F.1 The OE Veh ic le  Popu la t ion  

A f low c h a r t  of t h e  procedure used t o  c a l c u l a t e  t he  d i s t r i b u t i o n  

o f  unders teer  and s t e e r i n g  s e n s i t i v i t y  a p p l i c a b l e  t o  t he  OE v e h i c l e  

popu la t i on  i s  shown i n  F igure  F.1. 

Three data f i l e s  con ta i n  the  r e q u i r e d  v e h i c l e  and t i r e  in forma-  

t i o n .  F i l e  'CARPARAM' con ta ins  data f o r  each v e h i c l e  t h a t  was 

ex t r ac ted  from the  MVMA s p e c i f i c a t i o n  sheets, e.g., weights,  t i r e  

s i ze ,  s p r i n g  r a tes ,  e t c .  F i l e  'DATAl ' con ta ins  d e s c r i p t o r s  f o r  each 

t i r e  t e s t e d  by Calspan. F i l e  'DATAZ' con ta ins  s t i f f n e s s e s  measured 

by Calspan f o r  each t i r e  conta ined i n  f i l e  'DATA1 ' .  

To beg in  t he  procedure, t he  program PREPTAXIR reads t h e  t i r e  

s i z e  and r i m  diameter f o r  each v e h i c l e  f rom CARPARAM and forms 

statements known as QUERY statements f o r  processing by *TAXIR. 

These QUERY statements, one f o r  each veh ic le ,  a r e  placed i n  f i l e  

TAXIRINPUT. The QUERY statements con ta i n  t i r e  s i ze ,  r i m  diameter, 

and carcass type i n  a format acceptab le  t o  *TAXIR. 

The program *TAXIR reads a QUERY statement from TAXIRINPUT 

and r e t u r n s  t i r e  i d e n t i f i c a t i o n  numbers from f i l e  DATAl f o r  a l l  t i r e s  

matching t he  d e s c r i p t o r s  i n  t h a t  QUERY statement.  A l l  t h e  QUERY 

statements a r e  processed i n  t h i s  manner. Thus, *TAXIR produces a 

1 i s t  o f  t i r e  i d e n t i f i c a t i o n  numbers f o r  each veh ic le ,  and pu ts  these 

i n t o  f i 1 e TAXIROUTPUT. Because f i l e  TAXIROUTPUT con ta ins  some 

extraneous ma te r i a l ,  i t  i s  e d i t e d  by program TXROUTFIX, and t h e  

e d i  ted contents  a re  p l  aced i n  f il e PREPSTIFFSIN. 



TAXI ROUTPUT 

Program I TxRoUTF 1 x 1 

PREPSTI FFS 

Program F i l e  
ST1 FFS 

F i g u r e  F. 1  . Flow diagram o f  c a l c u l a t i o n  o f  u n d e r s t e e r l s t e e r i n g  
s e n s i t i v i t y  d i s t r i b u t i o n s  f o r  t h e  OE v e h i c l e  p o p u l a t i o n .  



Program LLl 

F i l e  
CARPARAM 

Program Cl 
S t e e r i  ng 

S e n s i t i v i t y  

I 

. 

F i g u r e  F.1.  (Con t . )  

Program 
UNDERSTEER 



The n e x t  s tep  i n  t h e  process ing i n v o l v e s  program PREPSTIFFS 

which uses f i l e s  PREPSTIFFSIN and CARPARAM as i n p u t .  Th i s  program 

w r i t e s  a  f i l e  c o n t a i n i n g  t h e  i n f o r m a t i o n  necessary t o  c a l c u l a t e  t h e  

s t i f f n e s s e s  o f  t h e  t i r e s  mounted on each v e h i c l e .  F r o n t  and r e a r  

a x l e  l oads  a r e  computed f rom i n f o r m a t i o n  con ta ined  i n  CARPARAM, and 

f r o n t  and r e a r  i n f l a t i o n  pressures a r e  a l s o  read  f rom t h e  same f i l e .  

T h i s  i n f o r m a t i o n  i s  combined w i t h  t h e  t i r e  i d e n t i f i c a t i o n  numbers i n  

f i l e  PREPSTIFFSIN and p laced  i n  f i l e  STIFFSINPUT. 

Program STIFFS reads t h e  t i r e  t e s t  da ta  f r o m  f i l e  DATA2 and 

then  reads t h e  i n f o r m a t i o n  f o r  each v e h i c l e  f rom f i l e  STIFFSINPUT. 

T i r e  s t i f f n e s s e s  a r e  c a l c u l a t e d  u s i n g  t h e  Calspan data  and t h e  

i n f l a t i o n  pressure  c o r r e c t i o n  ou t1  i ned  e a r l i e r .  The r e s u l t i n g  t i r e  

s t i f f n e s s e s  a r e  p u t  i n t o  f i l e  STIFFSOUTPUT. 

Program UNDERSTEER reads t i r e  s t i  f fnesses from STIFFSOUTPUT 

and necessary v e h i c l e  da ta  from CARPARAM and computes t h e  unders teer  

c o e f f i c i e n t  and s t e e r i n g  s e n s i t i v i t y  for each v e h i c l e .  The r e s u l t s  

o f  these computat ions a r e  p u t  i n t o  f i l e  USOUTPUT. 

F i n a l l y ,  t h e  unders tee r  c o e f f i c i e n t s  and s t e e r i n g  s e n s i t i v i t i e s  

i n  f i l e  USOUTPUT a r e  processed by programs USCGRAM and SSGRAM t o  

produce h i s  tograms o f  these q u a n t i  t i e s .  

F.2 The A t -R is  k V e h i c l e  P o p u l a t i o n  

A  f l o w  c h a r t  of t h e  process used t o  c a l c u l a t e  t h e  d i s t r i b u t i o n s  

o f  unders tee r  and s t e e r i n g  s e n s i t i v i t y  a p p l i c a b l e  t o  t h e  a t - r i s k  

v e h i c l e  p o p u l a t i o n  i s  shown i n  F i g u r e  F.2. The procedure i s  i d e n t i c a l  

t o  t h a t  f o r  t h e  OE v e h i c l e  p o p u l a t i o n  up t o  t h e  p o i n t  o f  p roduc ing 

t h e  f i l e  PREPSTIFFSIN. 

A t  t h i s  p o i n t ,  program PREPSTIFFS2 reads t h e  t i r e  s i z e  f o r  each 

v e h i c l e  f rom CARPARAM i n  o r d e r  t o  p r o v i d e  i n f o r m a t i o n  needed by  t h e  

s t i f f n e s s  c o r r e c t i o n  equa t ions .  T h i s  i n f o r m a t i o n  i s  combined w i t h  

t h e  t i r e  i d e n t i f i c a t i o n  numbers f rom f i l e  PREPSTIFFSIN and w r i t t e n  



F i  1  e  
CARPARAM 

Program F i l e  
*TAX I R 

PREPSTI FFS I N  

F i g u r e  F.2. Flow diagram o f  c a l c u l a t i o n  o f  u n d e r s t e e r l s t e e r i n g  
s e n s i t i v i t y  d i s t r i b u t i o n s  f o r  t h e  a t - r i s k  p o p u l a t i o n .  

- 
PREPSTI FFS2 

Program I 



Unders t e e r  
H is tog ram 
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S t e e r i n g  
S e n s i t i v i t y  
H i  s toqram 

F i g u r e  F.2. (Cont . )  



i n t o  f il e STIFFS2INPUT. Program STIFFS2 then  makes some p r e l i m i n a r y  

t i r e  s t i f f n e s s  c a l c u l a t i o n s .  The t i r e  s t i f f n e s s  data  i s  read  from 

f i l e  DATA2, and c o r n e r i n g  and a1 i g n i n g  s t i f f n e s s e s  a t  24 p s i  and 

r a t e d  l o a d  a r e  computed. F r o n t  and r e a r  a x l e  l oads  f o r  each number 

o f  occupants t h a t  each v e h i c l e  i s  designed t o  c a r r y  a r e  computed 

f r o m  i n f o r m a t i o n  c o n t a i n e d  i n  CARPARAM. The camber s t i f f n e s s  o f  t h e  

f r o n t  t i r e  i s  t hen  c a l c u l a t e d  f o r  each l o a d i n g  c o n d i t i o n  and 24 p s i .  

The r e s u l t i n g  a x l e  l oads  and t i r e  s t i f f n e s s e s  a r e  w r i t t e n  i n t o  f i l e  

STIFFS20UT. 

The n e x t  s t e p  i n  t h e  p rocess ing  i s  program UNDERSTEER2 which 

computes t h e  d i s t r i b u t i o n s  o f  unders tee r  and s t e e r i n g  s e n s i t i v i t y  

f o r  t h e  e n t i r e  a t - r i s k  p o p u l a t i o n .  The program accepts t h e  in forma-  

t i o n  i n  f i l e  STIFFSZOUT, necessary v e h i c l e  data  and t h e  r e g i s t r a t i o n  

i n f o r m a t i o n  f r o m  f i l e  CARPARAM, and i n f l a t i o n  pressures  and t r e a d  

depths f r o m  the  check lane data  wh ich  a r e  con ta ined  i n  f i l e  PSITREAD. 

The r e s u l t i n g  d i s t r i b u t i o n s  a r e  p u t  i n t o  f i l e  US20UT. 

L a s t l y ,  programs USC2GRAM and SS2GRAM r e a d  f i l e  US20UT t o  

produce h is tograms o f  t h e  in -use d i s t r i b u t i o n s  o f  unders tee r  and 

s t e e r i n g  s e n s i t i v i t y .  

F .3  The Acc iden t  P o p u l a t i o n  

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

s i m i l a r  t o  t h a t  f o r  t h e  OE p o p u l a t i o n .  The d i f f e r e n c e s  a r e  t h a t  

t i r e  s t i f f n e s s  c a l c u l a t i o n s  a r e  made f o r  a l l  f o u r  t i r e s  on each 

v e h i c l e  and a new data  f i l e ,  ACC.CASES, c o n t a i n i n g  t h e  a c c i d e n t  

v e h i c l e  data ,  i s  used. A f l o w  c h a r t  o f  t h e  procedure i s  shown i n  

F i g u r e  F.3. 

To begin,  program PREPTAXIR3 reads t h e  four  t i r e  s i z e s  f o r  each 

v e h i c l e  f r o m  f i l e  ACC.CASES and prepares  QUERY statements wh ich  a r e  

processed by *TAXIR. The r e s u l t i n g  t i r e  i d e n t i f i c a t i o n  numbers a r e  
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F i g u r e  3. Flow diagram of  c a l  c u l a t i o n  o f  u n d e r s t e e r l s t e e r i n g  
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Placed i n t o  f i l e  TAXIROUTPUT3. Th is  f i l e  i s  e d i t e d  by program 

TXROUT3FIX and t h e  e d i t e d  con ten ts  p laced i n t o  f i l e  PRPSTIFF3IN. 

Program PREPSTI FFS3 prepares i n p u t  f o r  program STIFFS3. The 

t i r e  i d e n t i f i c a t i o n  numbers a r e  read f rom f i l e  PRPSTIFFS3IN and 

combined w i t h  t i r e  s ize ,  i n f l a t i o n  pressure,  and t r e a d  depth  i n f o r -  

ma t ion  f rom f i  l e  ACC .CASES and a x l e  loads c a l  c u l  a ted  f rom i n f o r m a t i o n  

con ta ined  i n  f i l e  CARPARAM and f i l e  ACC.CASES. A1 1  o f  t h i s  in forma-  

t i o n  i s  w r i t t e n  i n t o  f i l e  STIFFS3IN. 

Program STIFFS3 c a l c u l a t e s  c o r n e r i n g  s t i f f n e s s e s  f o r  a l l  f o u r  

t i r e s  and a l i g n i n g  and camber s t i f f n e s s e s  f o r  t h e  f r o n t  t i r e s  and 

puts  t h i s  i n f o r m a t i o n  i n t o  f i l e  STIFFS30UT. The s t i f f n e s s e s  a r e  

c a l c u l a t e d  f rom t h e  data  con ta ined  i n  f i l e  DATA2 and c o r r e c t e d  f o r  

i n f l a t i o n  pressure  and t r e a d  depth. 

Wi th  t h e  t i r e  s t i f f n e s s e s  a v a i l a b l e  i n  f i l e  STIFFS30UT, under- 

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

f o r  each a c c i d e n t  v e h i c l e  by program UNDERSTEER3, Necessary v e h i c l e  

parameters a r e  ob ta ined  from f i l e  CARPARAM and occupant we ights  f rom 

f i  l e  ACC .CASES. The unders teer  c o e f f i c i e n t  and s t e e r i n g  s e n s i t i v i t y  

f o r  each v e h i c l e  i s  p laced i n  f i l e  USC30UT. 

F i n a l l y ,  h is tograms of t h e  unders teer  c o e f f i c i e n t s  and s t e e r i n g  

s e n s i t i v i t i e s  a r e  produced w i t h  t h e  a i d  o f  programs USC3GRAM and 

SS3GRAM. 



REFERENCES 

Dunlap, D.F., Segel,  L., Pres ton,  F.L., Cooley, P.,  and - 
Brown, B.C. A Methodology f o r  Determin ing  t h e  Role o f  
V e h i c l e  Handl i n g  i n  A c c i d e n t  Causat ion .  F i n a l  Report ,  
DOT/HS 802 261. Ann Arbor,  M i  .: Highway S a f e t y  Research 
I n s t i t u t e ,  U n i v e r s i t y  o f  Mich igan,  February  1977. 

Bundorf ,  R.T. "The I n f l u e n c e  o f  V e h i c l e  Des ign  Parameters on 
C h a r a c t e r i s t i c  Speed and Unders teer  ." SAE Paper No. 
670078, 1967. 

Bergman, W .  "The B a s i c  Nature  o f  V e h i c l e  Unders teer -Overs teer  ." 
SAE Paper No. 957B, 1965. 

Pacejka,  H.B. "Simp1 i f i e d  A n a l y s i s  o f  S teady-Sta te  Tu rn ing  
Behav ior  o f  Motor  Veh ic les .  P a r t  111: More E l a b o r a t e  
Systems. " V e h i c l e  System Dynami cs, 2 ( 4 ) :  185-204, 
December 1973. 

Schu r i  ng, D. J. T i r e  Parameter De te rm ina t i on .  F i n a l  Report ,  
DOT/HS 802 087, B u f f a l o ,  NY:  Calspan Corp.,  November 1976. 

Bernard,  J.E., Fancher, P.S., Gupta, R . ,  Moncarz, H., and 
Segel , L. Veh ic le - In -Use L i m i t  Performance and T i r e  
Fac to rs  - The T i r e  I n  Use. F i n a l  Techn ica l  Report ,  
DOT/HS 801 439, Ann Arbor,  M i  .: Highway S a f e t y  Research 
I n s t i  t u t ~ ,  U n i v e r s i t y  o f  Mich igan,  January 1975. 

Johnston,  D.  E., Z e l l  ner ,  J.W. , and Ashkenas, I .L. Handl i n g  
T e s t  Procedures f o r  Passenger Cars P u l l  i n g  T r a i l e r s .  Volume 
11: Techn ica l  Report ,  DOT/HS 801 936, Hawthorne, CA: 
Systems Techno1 ogy, I n c .  , June 1976. 

V e h i c l e  Handl i n g  . Volume 11: Techn ica l  Report ,  Repor t  No. 51 52, 
S o u t h f i e l d ,  M i .  : Bendix Research L a b o r a t o r i e s ,  A p r i l  1970. 

V e h i c l e  Hand l i ng :  A S i m u l a t i o n  Study o f  t h e  Hand l i ng  Per -  
formance o f  T h i r t e e n  C o n f i g u r a t i o n s  o f  an I n t e r m e d i a t e  
S i z e  American Passenger Car. C o n t r a c t  No. FH-11-7571 , 
S o u t h f i  e l  d, M i  . : Bendix Research L a b o r a t o r i e s ,  November 

T ishkowsk i ,  J.R. [ L e t t e r  t o  members o f  SAE V e h i c l e  Dynamics 
Comrni t t e e  concern ing  proposed Standard  XJ266 e n t i  t l ed, 
"Passenger Car and L i g h t  Truck  Steady-Sta te  D i r e c t i o n a l  
Con t ro l  Response T e s t  Procedures"] .  February 16, 1976. 

E v a l u a t i o n  o f  t h e  M ich igan  Checklane System. Highway S a f e t y  
Research I n s t i t u t e ,  U n i v e r s i t y  o f  Mich igan,  Agreement N-2 
o f  June 6, 1975; sponsor ing  agency: M ich igan  S t a t e  Pol i c e .  



Ward's Automot ive Yearbook ( f o r  yea rs  1973-1 977).  D e t r o i t ,  
M i .  : Ward's Communications, Inc . ,  1973-1 977. 

Oakland County C o l l i s i o n  I n v e s t i g a t i o n  P r o j e c t .  Highway 
S a f e t y  Research I n s t i t u t e ,  U n i v e r s i t y  o f  Mich igan,  P r o j e c t  
No. 4.10; sponsor ing  agency: MVMA. 

Washtenaw County C o l l  i s i o n  I n v e s t i g a t i o n  P r o j e c t .  Highway 
S a f e t y  Research I n s t i t u t e ,  U n i v e r s i t y  o f  Michigan,  P r o j e c t  
No. 4.24; sponsor ing  agency: bIVMA. 

Wi ld .  R.E.. Youns, R.D., MacAdam. C.C. .  and G u ~ t a .  R. Veh ic le -  - . -  

i n - l l s e . L i m i t 4 ~ e r f o r m a n c e  a n d - ~ i r e  ~ a c t o r s  1 ~ h e  T i r e  I n  
Use. Appendices D, E, F, G.  F i n a l  Report,  DOTIHS 801 437, - 
Ann Arbor,  M i  .: Highway S a f e t y  ~ e s e a r c h  I n s t i t u t e ,  U n i v e r s i t y  
o f  Mich igan,  January 1975. 

Fancher, P.S., E r v i n ,  R.D.9 Grote, P . ,  MacAdam, C.C. and 
Segel , L.  L i m i t  Handl i n g  Performance as I n f l u e n c e d  by 
Degradat ion  o f  S t e e r i n g  and Suspension Systems. F i n a l  
Report,  DOTIHS 800 761 , Ann Arbor,  M i  . : Highway S a f e t y  
Research I n s t i t u t e ,  U n i v e r s i t y  o f  Michigan,  November 1972. 

Schur inq ,  D.J.,  Kunkel , D.T, Massinq, D.E., and Roland. R.D. 
~ h e " 1 n f l u e n c e  o f    ire   roper tie ion passenger v e h i c l e  
Handl i ng . Vol ume I I I : Appendices A- E . F i n a l  Report ,  
DOTIHS 801 325, Buf fa lo ,  NY: Calspan Corp., June 1974. 

Basso, G.L. F u n c t i o n a l  D e r i v a t i o n  of V e h i c l e  Parameters f o r  
Dynamic S t u d i e s .  Ottawa, O n t a r i o  (Canada): N a t ~ o n a  l 
Research Counc i l ,  N a t i o n a l  Ae ronau t i ca l  Es tab l ishment ,  
LTR-ST .747, September 1974. 

Computer S i m u l a t i o n  o f  V e h i c l e  Hand l ing .  F i n a l  Repor t  DOT/HS 
800 789, S o u t h f i e l  d, M i .  : Bendix Research L a b o r a t o r i e s ,  
September 1 972. 

Weir,  D.H., Hoh, R.H., H e f f l e y ,  R.K., and Teper, G.L. An 
Exper imental  and A n a l y t i c a l  I n v e s t i g a t i o n  o f  t h e  ~ f f e c t  
of  Bus-Induced Aerodynamic D is turbances on Ad jacen t  
V e h i c l e  Con t ro l  and Performance. ST1 TR-1016-1, 
Hawthorne, CA: Systems Technology, I nc . ,  November 1972. 

Bohn, P.F., and Keenan, R.J. H y b r i d  Computer V e h i c l e  H a n d l i n g  
Program. S i l v e r  Spr ings ,  MD: Appl i e d  Phys ics  Labora tory ,  
Johns Hopkins U n i v e r s i t y ,  F i n a l  Report ,  DOTIHS 801 290, 
November 1 974. 



22. V i n d i c a t o r 7 7 U s e r s ' G u i d e :  R e l e a s e N o . 2 .  Washington, D.C., 
Highway Loss Data I n s t i t u t e ,  A p r i l  1977. 

23. Freund, J.E. Modern Elementary S t a t i s t i c s .  Engl ewood C l  i f f s ,  
NJ: P r e n t i c e - H a l l ,  Inc . ,  1967. 

24. S t r a t e ,  H. E. Nat ionwide Personal  T r a n s p o r t a t i o n  Survey: 
Automobi le  Occupancy. Washington, D.C.: Federal  Highway 
A d m i n i s t r a t i o n ,  A p r i l  1972. 








