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APPENDIX A 

ACC I  DENT DATA ANALY S I S 

A .  1 DATA 

A . 1 . 1  EXPOSURE AND GEOMETRIC DATA. Exposure  and 

g e o m e t r i c  i n f o r m a t i o n  was o b t a i n e d  f rom b o t h  t h e  Ohio 

and P e n n s y l v a n i a  Tu rnp ike  Commissions.  A d e s c r i p t i o n  o f  

t h i s  d a t a  i s  n e c e s s a r y  f o r  an u n d e r s t a n d i n g  o f  t h e  

a n a l y s i s  t a s k .  

The e x p o s u r e  i n f o r m a t i o n  i s  i n  t h e  form o f  s c r e e n  

c o u n t s  between i n t e r c h a n g e s  by t o l l  c l a s s .  From t h i s  d a t a  

i t  was p o s s i b l e  t o  compute t h e  number o f  v e h i c l e s  which 

c r o s s e d  each  o n e - t e n t h  m i l e  segment o f  t h e  highway d u r i n g  

t h e  p e r i o d  r e p r e s e n t e d  by t h e  a c c i d e n t  d a t a .  

The Ohio Tu rnp ike  c o n s i s t s  o f  two pavements  which a r e  

e a c h  t w o - l a n e ,  2 4  f e e t  w i d e ,  s e p a r a t e d  by a  median ,  w i t h  

80 f e e t  between t h e  c e n t e r l i n e  o f  e ach  pavement .  The 

i n s i d e  and o u t s i d e  s h o u l d e r s  a r e  each  10 f e e t  w i d e .  

The c r o s s - s e c t i o n  o f  e ach  pavement i s  t r i a n g u l a r  on 

t h e  t a n g e n t s ,  w i t h  a crown o f  3 / 1 6  i n c h  p e r  f o o t .  On 

c u r v e s ,  t h e  crown i s  removed and t h e  c r o s s - s e c t i o n  i s  

t h e n  a  s t r a i g h t  l i n e .  

The s u p e r e l e v a t i o n  on c u r v e s  i s  g i v e n  below a s  a 

f u n c t i o n  of  t h e  d e g r e e  o f  c u r v e .  



SUPERELEVATION ON OHIO TURNPIKE 

Degree of 
Curve 

Superelevation 
in in./ft. 

1 (max. 
superelevation) 

The superelevation is accomplished by rotating each 

pavement about the median edge. Thus the two inside edges 

always remain the same elevation. Spiral transitions are 

used on curves of l o  or more. 

Although the length of the spiral transitions is 

available, the analysis has been based on the value of the 

degree of curvature of the simple curve, and this value 

has been assumed for all points on a curve, including the 

transitions. This was done for convenience but does not 

introduce a serious problem. The length of the transi- 

tions is typically from 200 to 400 feet, while the resolu- 

tion on accident location is one-tenth mile or 528 feet. 

Thus the resolution is not sufficient to locate an accident 

within a transition as opposed to the simple curve. 



The P e n n s y l v a n i a  Tu rnp ike  ha s  two l a n e s ,  e ach  1 2  f e e t  

wide i n  each  d i r e c t i o n .  Thus ,  t h e  e a s t b o u n d  and w e s t -  

bound t r a f f i c - w a y s  a r e  each  24 f e e t  w ide .  The t r a n s v e r s e  

p r o f i l e  o f  e ach  t r a f f i c - w a y  i s  a  s t r a i g h t  l i n e ;  i . e . ,  t h e r e  

i s  no crown. I n s t e a d ,  t h e r e  i s  some s u p e r e l e v a t i o n  o f  t h e  

i n s i d e  e d g e ,  even on t a n g e n t s .  The two i n s i d e  edges  

( a d j a c e n t  t o  t h e  median) a r e  a t  t h e  same e l e v a t i o n .  When 

a  c u r v e  i s  e n c o u n t e r e d ,  t h e  o u t s i d e  edge o f  t h e  t r a f f i c -  

way on t h e  i n s i d e  o f  t h e  cu rve  i s  lowered  t o  a c h i e v e  s u p e r -  

e l e v a t i o n ,  and t h e  o u t s i d e  edge  o f  t h e  t r a f f i c - w a y  on t h e  

o u t s i d e  of  t h e  c u r v e  i s  r a i s e d .  

The s u p e r e l e v a t i o n  f o r  e ach  t r a f f i c - w a y  a s  a  f u n c t i o n  

o f  t h e  d e g r e e  o f  cu rve  i s  g i v e n  i n  t h e  f o l l o w i n g  l i s t .  

SUPERELEVATION ON THE PENNSYLVANIA TURNPIKE 

Degree of  Curve 
( c o r d  d e f i n i t i o n )  

S u p e r e l e v a t i o n  
i n  i n . / f t .  

0 (Tangents )  t o  1 '15 '  



SUPERELEVATION ON THE PENNSYLVANIA TURNPIKE (Con t . )  

Degree o f  Curve 
( c o r d  d e f i n i t i o n )  

S u p e r e l e v a t i o n  
i n  i n . / f t .  

1 (upgrade)  
1 3/16 (downgrade) * 

H o r i z o n t a l  a l i gnmen t  d a t a  was o b t a i n e d  f o r  e ach  t u r n -  

p i k e ,  g i v i n g  t h e  d e g r e e  and d i r e c t i o n  o f  c u r v a t u r e  a t  e ach  

o n e - t e n t h  m i l e  o f  t h e  highways.  V e r t i c a l  a l i gnmen t  was 

s i m i l a r l y  o b t a i n e d ,  g i v i n g  t h e  g r a d e  t o  t h e  n e a r e s t  O , l % . * *  

A "highway f i l e "  was g e n e r a t e d  f o r  e ach  t u r n p i k e ,  

i n c l u d i n g  e x p o s u r e ,  s u p e r e l e v a t i o n ,  and h o r i z o n t a l  and 

v e r t i c a l  a l i gnmen t  d a t a  f o r  e ach  o n e - t e n t h  m i l e .  The 

c u r v a t u r e  i s  g i v e n  i n  a r c  minu t e s  ( u s i n g  t h e  a r c  d e f i n i t i o n  

o f  c u r v a t u r e ) ,  and g r a d e  i s  g i v e n  i n  t e n t h s  o f  a p e r c e n t .  

These f i l e s  a l l o w  compu ta t i on  o f  exposu re  ( v e h i c l e - m i l e s )  

f o r  v a r y i n g  combina t i ons  and c u r v a t u r e ,  

*For c u r v e s  of  6 O ,  a  s u p e r e l e v a t i o n  o f  1 3/16 i n / f t  was 

u sed  i n  t h e  a n a l y s i s  r e g a r d l e s s  o f  g r a d e .  

**The range  o f  g r a d e s  on t h e  highways a r e  - 3 . 0 %  t o  + 2 . 0 %  

i n  Ohio and - 3 . 5 %  t o  + 3 . 5 %  i n  P e n n s y l v a n i a .  The maximum 

c u r v a t u r e s  a r e  Z030 '  i n  Ohio and 6 "  i n  P e n n s y l v a n i a .  



A . 1 . 2  ACCIDENT DATA. The a c c i d e n t  d a t a  used  i n  

t h e  a c c i d e n t  d a t a  a n a l y s i s  t a s k  c o n s i s t s  o f  i n f o r m a t i o n  

t a k e n  from p o l i c e  r e p o r t s  of  a c c i d e n t s  on t h e  Ohio and 

P e n n s y l v a n i a  Turnp ikes .  The d a t a  was o b t a i n e d  i n  d i g i t a l l y  

coded form and an a c c i d e n t  f i l e  was c r e a t e d  on magnet ic  

t a p e  f o r  each  t u r n p i k e  i n  t h e  format  of  t h e  S t a t i s t i c a l  

Research  System of  HSRI. The Ohio f i l e  c o n t a i n s  6 ,189  

a c c i d e n t s  which o c c u r r e d  from J a n u a r y  1966 th rough  

J u n e  19 70-four and o n e - h a l f  y e a r s .  

The Pennsy lvan ia  f i l e  c o n t a i n s  11 ,492  a c c i d e n t s  t h a t  

o c c u r r e d  between June  1967 and June  1969,  inclusive- two 

and o n e - h a l f  years-on b o t h  t h e  main r o u t e  and t h e  Nor th-  

e a s t  E x t e n s i o n .  S e v e r a l  a c c i d e n t s  i n  t h e s e  f i l e s  o c c u r r e d  

i n  t o l l  p l a z a s ,  s e r v i c e  a r e a s ,  e t c . ,  and do n o t  r e p r e s e n t  

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

a c c i d e n t s  on t h e  main l i n e  were i n c l u d e d .  The numbers o f  

a c c i d e n t s  used  i n  t h e  s t u d y  a r e  5 ,553  i n  Ohio and 9 ,822  i n  

P e n n s y l v a n i a .  The highway c u r v a t u r e ,  s u p e r e l e v a t i o n ,  and 

g rade  from t h e  "highway f i l e "  were merged w i t h  t h e  a c c i d e n t  

f i l e  s o  t h a t  each  a c c i d e n t  r e c o r d  a l s o  c o n t a i n e d  t h e  

a l i gnmen t  d a t a  a t  each a c c i d e n t  s i t e .  

With f i l e s  of  a c c i d e n t  and exposu re  d a t a ,  b o t h  con-  

t a i n i n g  g e o m e t r i c  i n f o r m a t i o n ,  i t  i s  p o s s i b l e  t o  compute 

e i t h e r  a c c i d e n t  f r equency  o r  a c c i d e n t  r a t e  ( a c c i d e n t s /  

v e h i c l e  mi l e )  f o r  combina t ions  of  h o r i z o n t a l  and v e r t i c a l  



a l i g n m e n t .  Much o f  t h e  a n a l y s i s  t o  be  d e s c r i b e d  i n  t h i s  

appendix  i s  ba sed  on a c c i d e n t  e x p e r i e n c e  by g r a d e  and 

c u r v a t u r e ,  u s i n g  s i x  o r  s even  l e v e l s  ( i n t e r v a l s )  of  g r a d e  

and e i g h t  l e v e l s  o f  c u r v a t u r e .  These l e v e l s  c o n s t i t u t e  

m a t r i c e s  o f  48 and 56 p o s s i b l e  c e l l s .  The m a t r i c e s  o f  

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

i n  T a b l e s *  A - 1  and A - 2 .  The c o r r e s p o n d i n g  m a t r i c e s  o f  t h e  

number o f  a c c i d e n t s  a r e  g iven  i n  Tab l e s  A-3 and A-4. 

The a c c i d e n t  r a t e s  f o r  t h e  two highways ove r  t h e  

r e s p e c t i v e  d a t a  c o l l e c t i o n  p e r i o d s  i n  a c c i d e n t s  p e r  100 

m i l l i o n  v e h i c l e  m i l e s  a r e  95 .9  i n  Ohio and 1 4 8 . 1  i n  

P e n n s y l v a n i a .  The h i g h e r  r a t e  i n  P e n n s y l v a n i a  h a s  n o t  y e t  

been e x p l a i n e d ,  e x c e p t  p o s s i b l y  by t h e  o l d e r  d e s i g n  and 

nar row median.  I t  i s  i n t e r e s t i n g  t o  n o t e  i n  t h i s  r e g a r d  

t h a t  t h e  ave rage  t r a f f i c  i s  n e a r l y  e q u a l  on b o t h .  The 

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

day ( o r  a v e r a g e  ADT) i s  15 ,496  v e h i c l e s  p e r  day i n  Ohio 

and 1 4 , 6 2 1  i n  P e n n s y l v a n i a .  

*Al l  t a b l e s  p e r t i n e n t  t o  t h i s  appendix  a r e  i n c l u d e d  a t  

t h e  end o f  t h i s  append ix .  



A .  2 REGRESSION MODEL 

The numbers o f  a c c i d e n t s  by e a c h  c o n d i t i o n  o f  h o r i -  

z o n t a l  and v e r t i c a l  a l i g n m e n t  shown i n  T a b l e s  A - 3  and 

A - 4  v a r y  g r e a t l y .  Most of  t h e  v a r i a t i o n  i s  e x p l a i n e d  

s i m p l y  by t h e  s i m i l a r l y  g r e a t  v a r i a t i o n  i n  e x p o s u r e  o r  

t h e  v e h i c l e  m i l e s  t r a v e l e d  a t  e ach  g e o m e t r i c  c o n d i t i o n .  

The s t r o n g  dependence  o f  a c c i d e n t s  on e x p o s u r e  i s  shown 

by a  l i n e a r  r e g r e s s i o n  o f  t h e  number o f  a c c i d e n t s  a g a i n s t  

v e h i c l e  m i l e s .  The r e g r e s s i o n  e q u a t i o n  f o r  e ach  t u r n p i k e  

i s  : 

Ohio 

P e n n s y l v a n i a  Y a  = 4 8 . 2  + O . O 1 l l O V m  
( A .  2 )  

p 2  = 0.919 n  = 5 1  

where Y a  i s  t h e  number o f  a c c i d e n t s ,  Vm i s  v e h i c l e  m i l e s  

x  and n  i s  t h e  number o f  d a t a  c e l l s .  The s l o p e  o f  

Y i s  t h e  mean a c c i d e n t  r a t e  f o r  e ach  t u r n p i k e  i n  a c c i d e n t s  
a  

p e r  l o 4  v e h i c l e  m i l e s .  The p r o p o r t i o n  o f  t h e  v a r i a t i o n  

from c e l l  t o  c e l l  e x p l a i n e d  by t h e  r e g r e s s i o n  i s  g i v e n  by 

t h e  s q u a r e  o f  t h e  c o r r e l a t i o n  p .  Thus exposu re  e x p l a i n s  

9 9 %  o f  t h e  v a r i a t i o n  i n  Ohio and 9 2 %  of  t h e  v a r i a t i o n  i n  

P e n n s y l v a n i a .  



Both t h e  c o n s t a n t  and s l o p e  o f  t h e  r e g r e s s i o n  f o r  

P e n n s y l v a n i a  a r e  h i g h e r  t h a n  f o r  Ohio.  Th i s  i s  c o n s i s t e n t  

w i t h  t h e  o b s e r v a t i o n  t h a t  t h e  Pennsy lvan i a  Turnp ike  ha s  

a  g e n e r a l l y  h i g h e r  a c c i d e n t  r a t e .  

S i n c e  much of  t h e  v a r i a b i l i t y  i s  e x p l a i n e d  by 

exposu re ,  t h e  unexp la ined  v a r i a t i o n ,  i n c l u d i n g  e f f e c t s  o f  

a l i g n m e n t ,  can b e s t  be  s t u d i e d  by examining a c c i d e n t  r a t e .  

A g e n e r a l i z e d  dummy v a r i a b l e  m u l t i p l e  r e g r e s s i o n  model 

approach  was u s e d .  The model i s  of  t h e  form 

Y = a c c i d e n t  r a t e  obse rved  i n  highway a  

s e c t i o n s  d e f i n e d  by a  s p e c i f i c  g r ade  

and c u r v a t u r e  i n  a c c i d e n t s  p e r  10 4 

v e h i c l e  m i l e s  

+ 
X1 = v e c t o r  d e f i n i n g  highway g rade  f o r  

d i s c r e t e  i n t e r v a l s  

-f 
X 2  = v e c t o r  d e f i n i n g  highway c u r v a t u r e  f o r  

d i s c r e t e  i n t e r v a l s  

E = e r r o r  

The e r r o r  E i s  v a r i a b i l i t y  i n  c r a s h  r a t e  t h a t  i s  n o t  

e x p l a i n e d  by t h e  model f o r  independent  e f f e c t s  o f  g r ade  

and c u r v a t u r e .  The e r r o r s  may a r i s e  from any s o u r c e  n o t  



r e p r e s e n t e d  i n  t h e  model,  i n c l u d i n g  i n t e r a c t i o n  of grade  

and c u r v a t u r e  o r  f a c t o r s  n o t  r e l a t e d  t o  highway geometry.  

The r e g r e s s i o n  model i s  f i t t e d  w i t h  t h e  o b j e c t i v e  o f  

minimizing t h e  sum of s q u a r e s  of t h i s  r e s i d u a l  v a r i a b i l i t y  

and a s s u r e s  t h a t  t h e  mean E a c r o s s  a l l  c e l l s  i s  z e r o .  

The a l ignment  v e c t o r s  a r e  expressed  a s  a  s e t  of dummy 

(0 o r  1 )  v a r i a b l e s  which a l low an a n a l y s i s  of  v a r i a n c e  t o  

be performed over  d i s c r e t e  l e v e l s  by u s i n g  l e a s t  s q u a r e s  

m u l t i p l e  r e g r e s s i o n .  S p e c i f i c a l l y ,  t h e  v a r i a b l e s  used f o r  

Ohio a r e :  

OHIO 

DUMMY VARIABLE SPECIFICATION 

Grade 
(%> X1l X 1 2  *13 X14 X15 

1. - 3 . 5  t o  - 2 . 5  1 0 0 0 0 



C u r v a t u r e  '21 '22 '23 '24 '25 '26 ' 2 7  

A l l  f i v e  g r a d e  v a r i a b l e s  a r e  z e r o  f o r  c a s e s  i n  t h e  

g r ade  i n t e r v a l  o f  0  + 0 . 6 % .  Thus t h e  i n t e r v a l  r e p r e -  

s e n t i n g  l e v e l  r oad  becomes t h e  " r e f e r e n c e "  i n t e r v a l .  

S i m i l a r l y ,  c u r v a t u r e s  o f  0 ' 0 '  ( s t r a i g h t  r o a d )  become t h e  

! ' reference1 '  c u r v a t u r e  i n t e r v a l .  

The m u l t i p l e  r e g r e s s i o n  a n a l y s i s  was pe r fo rmed  u s i n g  

t h e  Michigan I n t e r a c t i v e  Data  A n a l y s i s  System (MIDAS). 

A summary o f  t h e  o u t p u t  o f  t h e  r e g r e s s i o n  i s  shown i n  

Tab le  A - 5  f o r  t h e  Ohio Tu rnp ike  and Tab l e  A - 6  f o r  t h e  

P e n n s y l v a n i a  T u r n p i k e ,  u s i n g  e i g h t  l e v e l s  o f  c u r v a t u r e  f o r  

b o t h .  The model f i t t e d  t o  t h e  Ohio d a t a  e x p l a i n s  6 5 %  o f  

t h e  v a r i a b i l i t y  i n  a c c i d e n t  r a t e .  S i m i l a r l y ,  t h e  

P e n n s y l v a n i a  model e x p l a i n s  6 0 %  o f  t h e  v a r i a b i l i t y .  

The r e g r e s s i o n  model p r o v i d e s  an e x p e c t e d  v a l u e  f o r  

e ach  c e l l  o f  c u r v a t u r e  by g r a d e .  The model f o r  e x p e c t e d  

v a l u e  i s  



where 
A 

' i j  = t h e  expected  a c c i d e n t  r a t e  f o r  t h e  

c e l l  de f ined  by g rade  G i  ( i .1 , .  . . 7 )  

and c u r v a t u r e  D .  ( j = l , .  . . 8 )  
3 

p = common c o n t r i b u t i o n  t o  a c c i d e n t  r a t e  

f o r  a l l  c e l l s  

A G i  = i nc remen ta l  c o n t r i b u t i o n  t o  a c c i d e n t  

r a t e  t h a t  i s  common t o  a l l  c e l l s  w i t h  

g rade  G i  

AD = i nc remen ta l  c o n t r i b u t i o n  t o  a c c i d e n t  
j 

r a t e  t h a t  i s  common t o  a l l  c e l l s  w i t h  

c u r v a t u r e  D . 
j  

Thus each c e l l  i s  composed of a d d i t i v e  components 

t h a t  depend on grade  and c u r v a t u r e .  The model used assumes 

t h a t  t h e  d i f f e r e n c e  between expected  and observed  ( a c t u a l )  

r a t e s  ( E )  i s  a  random v a r i a b l e  whose mean over  a l l  c e l l s  

i s  ze ro  and whose v a r i a n c e  i s  t h e  same over  a l l  c e l l s .  

The r e s u l t s  of t h e  r e g r e s s i o n  i n d i c a t e  s u b s t a n t i a l  

v a r i a t i o n  i n  t h e  c o n t r i b u t i o n  of grade  and c u r v a t u r e  t o  

a c c i d e n t  r a t e  as  i s  i n d i c a t e d  by t h e  v a r i a t i o n  i n  A G i  and 

A D .  f o r  bo th  t u r n p i k e s .  However, n o t  a l l  c o n t r i b u t i o n s  
3 



a r e  s t a t i s t i c a l l y  s i g n i f i c a n t  a t  t h e  5% c o n f i d e n c e  l e v e l . *  

I n  t h e  Ohio d a t a ,  on ly  t h e  h i g h e r  a c c i d e n t  r a t e s  on down- 

g r a d e s  o f  - 2 . 5  t o  - 3 . 5 %  and on cu rves  of  from 0'44' t o  

1 '5 '  a r e  s t a t i s t i c a l l y  s i g n i f i c a n t .  The e f f e c t s  o f  

c u r v a t u r e  i n  Pennsy lvan i a  were o n l y  s i g n i f i c a n t  a t  cu rves  

ove r  1 ° 5 0 ' ;  none of  t h e  g r ade  i n t e r v a l s  was 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  Pennsy lvan i a .  

The d i f f e r e n c e s  between t h e  observed  ( a c t u a l )  r a t e s  

and t h e  e x p e c t e d  r a t e s  a r e  a l s o  t h e  r e s i d u a l s ,  o r  

Observed - Expected = Res idua l  

Tab les  A - 2 6  and A - 2 9  g i v e  t h e  obse rved  r a t e s ,  t h e  expec t ed  

r a t e s  ba sed  on t h e  m u l t i p l e  r e g r e s s i o n ,  and t h e  r e s i d u a l s  

f o r  each  c e l l  d e f i n e d  by g rade  and c u r v a t u r e  on t h e  two 

t u r n p i k e s .  Also  shown i n  t h e  t a b l e s  a r e  t h e  9 5 %  

c o n f i d e n c e  i n t e r v a l s  f o r  t h e  expec t ed  r a t e s .  

S i n c e  random e r r o r  from c a u s a l  f a c t o r s  u n r e l a t e d  t o  

geometry w i l l  p roduce  r e s i d u a l  d i f f e r e n c e s ,  o n l y  t h o s e  

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

t h e  con f idence  i n t e r v a l s  i n d i c a t e  no tewor thy  f a i l u r e  o f  

* S t a t i s t i c a l  s i g n i f i c a n c e  a t  t h e  5 %  c o n f i d e n c e  l e v e l  means 

t h a t  t h e  p r o b a b i l i t y  t h a t  an obse rved  v a r i a t i o n  cou ld  

have  o c c u r r e d  by chance from random e r r o r  r a t h e r  t h a n  

from a  t r u e  v a r i a t i o n  i s  0 .05 .  



t h e  r e g r e s s i o n  model t o  e x p l a i n  t h e  o b s e r v e d  r a t e s .  F i v e  

c e l l s  f o r  t h e  Ohio Tu rnp ike  a r e  o u t s i d e  t h e  95% c o n f i d e n c e  

i n t e r v a l .  These a r e  i n d i c a t e d  by a s t e r i s k s  and a r e  found 

on - 2 . 5 %  t o  - 3 . 5 %  downgrades and on c u r v e s  o f  0'44' t o  

1 ' 5 ' .  Only o n e ,  however ,  i s  p r o b l e m a t i c a l ,  i . e . ,  w i t h  

an o b s e r v e d  r a t e  g r e a t e r  t h a n  t h e  e x p e c t e d  r a t e .  T a b l e  

A-29 i n d i c a t e s  s e v e n  c e l l s  w i t h  o b s e r v e d  r a t e s  o u t s i d e  t h e  

c o n f i d e n c e  i n t e r v a l s ,  a l l  a t  c u r v a t u r e s  g r e a t e r  t h a n  3'23' . 
Only t h r e e  a r e  p r o b l e m a t i c a l  and o n l y  one ( - 2 . 5  t o  - 3 . 5 %  

g r a d e  and 3'23' t o  4'12' c u r v a t u r e )  i n c l u d e s  a s u b s t a n t i a l  

number o f  a c c i d e n t s .  

The e f f e c t s  of  g r a d e  and c u r v a t u r e  on t h e  e x p e c t e d  

a c c i d e n t  r a t e  i s  shown more c o n v e n i e n t l y  i n  F i g u r e s  A - 1  

t h r o u g h  A-4 .*  F i g u r e s  A - 1  and A-3 show t h e  e f f e c t s  o f  

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

highway ( g r a d e s  o f  0  i 0 . 6 % ) .  The p l o t s  o f  e x p e c t e d  r a t e s  

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

d i s p l a c e d  v e r t i c a l l y .  F i g u r e s  A - 2  and A-4 g i v e  t h e  

e x p e c t e d  r a t e s  by g r a d e  f o r  t a n g e n t s  (D = 0 ' 0 ' ) .  

S i m i l a r l y ,  t h e  p l o t s  f o r  o t h e r  c u r v a t u r e s  would be  s i m p l e  

v e r t i c a l  d i s p l a c e m e n t s  o f  t h e  cu rve  shown. 

*The f i g u r e s  f o r  t h i s  appendix  a r e  g i v e n  a f t e r  t h e  end o f  

t h e  t e x t  and b e f o r e  t h e  t a b l e s .  



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

i n c r e a s i n g  a c c i d e n t  r a t e  w i t h  i n c r e a s i n g  c u r v a t u r e ,  w i t h  

no s i g n i f i c a n t  dependence on g r a d e .  C o n t r a s t i n g l y ,  t h e  

Ohio d a t a  show h i g h  peaks  a t  g r a d e s  o f  - 2 . 5  t o  - 3 . 5 %  

and cu rves  of  0'44' t o  1 ° 5 ' ,  w i t h  no s i g n i f i c a n t  e f f e c t s  

o f  o t h e r  g r a d e s  o r  c u r v a t u r e s .  

S i n c e  t h e  Pennsy lvan i a  Tu rnp ike  has  much s h a r p e r  

cu rves  t h a n  encoun te r ed  i n  Ohio,  t h e  i n t e r v a l s  u sed  f o r  

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

P e n n s y l v a n i a  a n a l y s i s .  Th i s  makes d i r e c t  comparison 

between t h e  two d i f f i c u l t .  A l l  c u r v a t u r e s  found i n  Ohio 

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

The h i g h  peak a t  cu rves  o f  abou t  l o  i n  Ohio cou ld  be  masked 

by t h e  much wide r  i n t e r v a l  i n c l u d i n g  such cu rves  i n  

P e n n s y l v a n i a .  

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

e l e v e n  l e v e l s  o f  c u r v a t u r e ,  t h e  f i r s t  e i g h t  o f  which a r e  

i d e n t i c a l  t o  t h o s e  used  f o r  t h e  Ohio d a t a .  The r e s u l t s  o f  

t h e  r e g r e s s i o n  a r e  g i v e n  i n  Tab l e s  A - 1 1  and A - 3 2  and 

F i g u r e s  A-5 and A-6. Except  f o r  t h e  two h i g h  peaks  i n  

Ohio,  t h e  p l o t s  r e f l e c t  t h e  g e n e r a l l y  h i g h e r  a c c i d e n t  r a t e s  

i n  P e n n s y l v a n i a .  Using e l e v e n  l e v e l s  o f  c u r v a t u r e  i n  

P e n n s y l v a n i a  r a t h e r  t h a n  e i g h t  r a i s e s  t h e  p r o p o r t i o n  of  

e x p l a i n e d  v a r i a t i o n  from 6 0 %  t o  6 7 %  and r educes  t h e  

s t a n d a r d  e r r o r  o f  t h e  r e g r e s s i o n .  



The e x p e c t e d  r a t e  i n  P e n n s y l v a n i a  a p p e a r s  t o  have  

two s t e p s  w i t h  c u r v a t u r e  i n  t h e  e l e v e n - l e v e l  model r a t h e r  

t h a n  a  g r a d u a l  i n c r e a s e  a s  i n  t h e  e i g h t - l e v e l  model .  The 

f i r s t  s t e p  o c c u r s  a t  c u r v a t u r e s  of from 1 '6 '  t o  1 ° 2 7 ' ,  

and t h e  second  a t  t h e  h i g h e s t  c u r v a t u r e s  o f  4'13' t o  6'. 

There  i s  n o t  a  peak  a t  0 ' 4 4 ' - 1 ° 5 ' ,  however ,  a s  i n  Ohio .  

F u r t h e r m o r e ,  t h e  f i r s t  s t e p  o c c u r s  a t  c u r v a t u r e s  f o r  which 

no  dependence w i t h  c u r v a t u r e  i s  e v i d e n t  i n  Ohio .  The 

e l e v e n - c u r v a t u r e  model shows no s i g n i f i c a n t  dependence on 

g r a d e .  

A . 3  SINGLE-VEHICLE AND WET-PAVEMENT ACCIDENTS 

The above d i s c u s s i o n  o f  t h e  r e g r e s s i o n  model r e l a t e s  

t o  a l l  a c c i d e n t s  on t h e  m a i n l i n e  o f  t h e  two t u r n p i k e s .  

The r e g r e s s i o n  was r e p e a t e d  f o r  s i n g l e - v e h i c l e  a c c i d e n t s  

and f o r  a c c i d e n t s  on wet  pavement .  

These  two subg roups  were  examined f o r  two r e a s o n s .  

F i r s t l y ,  we t -pavement  and s i n g l e - v e h i c l e  a c c i d e n t s  c o u l d  

be  e x p e c t e d  t o  be  common under  c o n d i t i o n s  conduc ive  t o  

s k i d d i n g .  S e c o n d l y ,  t h e  h i g h  peaks  i n  t h e  Ohio d a t a  a t  

downgrades and a t  lo  c u r v e s  were  found t o  have  r e l a t i v e l y  

h i g h  p r o p o r t i o n s  of  such  a c c i d e n t s .  

Exposure  d a t a  was n o t  a v a i l a b l e  f o r  wet-pavement  

c o n d i t i o n s .  Tha t  i s ,  we do n o t  know what  f r a c t i o n  o f  t h e  

m i l e a g e  i s  a ccumula t ed  on wet  h ighway.  Thus ,  compu ta t i on  

o f  a c c i d e n t  r a t e s  f o r  wet  r o a d s  was n o t  p o s s i b l e .  However, 



i t  seems r e a s o n a b l e  t o  assume t h a t  l o c a l  d i f f e r e n c e s  i n  

c l i m a t o l o g y  a r e  minor  on b o t h  t u r n p i k e s ,  and t h e r e f o r e  

t h a t  t h e  p r o p o r t i o n  o f  t r a v e l  on wet  pavement i s  i ndepen -  

d e n t  o f  g r a d e  and c u r v a t u r e .  Based on t h i s  a s sumpt ion  

an a c c i d e n t  r a t e  was computed f o r  w e t - s u r f a c e  c o n d i t i o n s  

by d i v i d i n g  t h e  number o f  such  a c c i d e n t s  by t h e  t o t a l  

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

The r e s u l t s  o f  t h e  r e g r e s s i o n  f o r  wet  pavement a r e  

g i v e n  i n  Tab l e s  A-7,  A-10,  and A-13,  w h i l e  t h e  t a b l e s  o f  

o b s e r v e d ,  e x p e c t e d ,  r e s i d u a l  r a t e s ,  and 9 5 %  c o n f i d e n c e  

i n t e r v a l s  a r e  g i v e n  i n  Tab l e s  A-28,  A-31,  and A-34. P l o t s  

o f  t h e  e x p e c t e d  r a t e s  f o r  wet road  a r e  i n d i c a t e d  by "w" 

i n  F i g u r e s  A - 1  t h rough  A-6.  

The a b s o l u t e  h e i g h t  o f  t h e  cu rves  f o r  w e t - s u r f a c e  

c o n d i t i o n s  ha s  no meaning o t h e r  t h a n  r e p r e s e n t i n g  t h e  

r e l a t i v e  p r o p o r t i o n  o f  a c c i d e n t s  t h a t  were on wet r o a d .  

The shape  o f  t h e  c u r v e s ,  i . e . ,  changes  i n  t h e  h e i g h t  o f  

t h e  wet curve  r e l a t i v e  t o  t h e  t o t a l ,  does i n d i c a t e  t h e  

i n f l u e n c e  o f  wet pavement on t h e  p r o p e n s i t y  f o r  a c c i d e n t s  

on g r a d e s  o r  c u r v e s .  

The r e g r e s s i o n  t a b l e s  i n d i c a t e  a  s i g n i f i c a n t  c o n t r i -  

b u t i o n  t o  wet pavement a c c i d e n t s  a t  t h e  same l e v e l s  o f  

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

Fu r the rmore ,  t h e  "wet" a c c i d e n t s  r e p r e s e n t  a  h i g h e r  p r o -  

p o r t i o n  o f  t h e  t o t a l  on t h e  s t e e p e r  downgrades and l o  



curves  on t h e  Ohio Turnpike .  This  i n d i c a t e s  t h a t  a  wet 

s u r f a c e  may be an impor tan t  c o n t r i b u t i n g  f a c t o r  t o  

a c c i d e n t s  a t  t h e s e  geomet r i e s .  A s i m i l a r  phenomena i s  

n o t  observed  i n  t h e  Pennsylvania  d a t a .  

Treatment of  s i n g l e - v e h i c l e  a c c i d e n t s  does n o t  invo lve  

a  s i m i l a r  exposure problem. These a c c i d e n t s ,  which a r e  

o f t e n  " l o s s - o f - c o n t r o l "  e v e n t s ,  can Gccur under  a l l  t r a v e l  

c o n d i t i o n s .  Thus t h e  t o t a l  v e h i c l e  mi l e s  i n  each l e v e l  of  

g rade  and c u r v a t u r e  i s  a p p r o p r i a t e  f o r  computing s i n g l e -  

v e h i c l e  a c c i d e n t  r a t e s .  Although t h e  a b s o l u t e  h e i g h t  of 

t h e  s i n g l e - v e h i c l e  a c c i d e n t  curves  ( s )  i n  F igures  A - 1  

through A-6 have meaning, t h e  i n t e r p r e t a t i o n  o f  t h e  curves  

i s  i d e n t i c a l  t o  t h a t  f o r  t h e  wet-pavement c u r v e s .  The 

r e s u l t s  a r e  s i m i l a r  t o  t h o s e  f o r  wet pavement,  w i t h  a 

h igh  i n c i d e n c e  a t  lo  curves  and downgrades i n  Ohio, b u t  

l e s s  s t r i k i n g .  

A . 4  SUPERELEVATION AND SIDE FORCE FACTOR 

The Pennsylvania  Turnpike has a  h i g h e r  o v e r a l l  a c c i -  

den t  r a t e  than  t h e  Ohio Turnpike ( 1 4 8  and 96  a c c i d e n t s  p e r  

1 0 0  m i l l i o n  v e h i c l e  m i l e s ,  r e s p e c t i v e l y ) .  More r e l e v a n t  

t o  t h e  o b j e c t i v e s  of  t h i s  s t u d y ,  t h e  r e g r e s s i o n s  a g a i n s t  

c u r v a t u r e  i n d i c a t e  t h a t  t h e  e f f e c t s  of c u r v a t u r e  on 

a c c i d e n t  r a t e  a r e  q u i t e  d i f f e r e n t  f o r  t h e  two highways. 



The s u p e r e l e v a t i o n  r a t e s  a r e  q u i t e  d i f f e r e n t  on t h e  

two highways, and t h u s  t h e  a p p a r e n t  e f f e c t s  of  c u r v a t u r e  

might be dependent  on s u p e r e l e v a t i o n  p o l i c y .  To i n v e s t i -  

g a t e  t h i s  p o s s i b i l i t y ,  t h e  r e g r e s s i o n  model was r e p e a t e d  

f o r  two independent  v a r i a b l e s  o t h e r  than  c u r v a t u r e ,  One 

was s imply s u p e r e l e v a t i o n .  The second was a  d e r i v e d  

" s i d e  f o r c e  f a c t o r "  model i n c o r p o r a t i n g  bo th  s u p e r e l e v a t i o n  

and c u r v a t u r e .  

The r e s u l t s  of  t h e  models u s i n g  s u p e r e l e v a t i o n  ( i n  

i n c h e s / f o o t )  a r e  g iven  i n  Tables  A-14 through A-19 and 

A-35 through A - 4 0 ,  and F igures  A - 7  th rough A-14. The 

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

than  t h e  c u r v a t u r e  models.  The e x p l a i n e d  v a r i a b i l i t y  i s  

on ly  32% i n  Ohio and 35% i n  Pennsylvania-approximately 

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

a l o n e  does n o t  e x p l a i n  t h e  v a r i a t i o n  w i t h  geometry a s  w e l l  

a s  c u r v a t u r e .  

The h igh  peak i n  Ohio i s  n o t  appa ren t  w i t h  s u p e r -  

e l e v a t i o n ,  p robab ly  because  o t h e r  c u r v a t u r e s  have t h e  same 

s u p e r e l e v a t i o n  and d i l u t e  t h e  e f f e c t .  None of  t h e  i n c r e -  

mental  c o n t r i b u t i o n s  of  grade  o r  s u p e r e l e v a t i o n  a r e  

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  t h e  Ohio d a t a .  

The expec ted  a c c i d e n t  r a t e  i n c r e a s e s  nonuniformly 

wi th  s u p e r e l e v a t i o n  i n  Pennsy lvan ia ,  b u t  i s  on ly  



s t a t i s t i c a l l y  s i g n i f i c a n t  a t  s u p e r e l e v a t i o n s  o f  7 / 8  

i n / f t  and 1 i n / f t .  

S u p e r e l e v a t i o n  a l o n e  does  n o t  s a t i s f a c t o r i l y  e x p l a i n  

t h e  v a r i a b i l i t y  i n  a c c i d e n t  r a t e  on e i t h e r  h ighway,  n o r  

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

u n i q u e l y  de t e rmined  by c u r v a t u r e  on each  highway,  t h e  u s e  

o f  s u p e r e l e v a t i o n  a s  t h e  i ndependen t  v a r i a b l e  o f  r e g r e s s i o n  

i s  e q u i v a l e n t  t o  r e b r a c k e t i n g  c u r v a t u r e .  S i m i l a r  r e s u l t s  

would be  o b t a i n e d  on each  highway u s i n g  t h e  c u r v a t u r e  model 

i f  c u r v a t u r e  i n t e r v a l s  were  r e d e f i n e d  such  t h a t  e ach  

i n t e r v a l  c o n t a i n e d  c u r v e s  of  one s u p e r e l e v a t i o n  r a t e .  The 

lower  c o r r e l a t i o n s  a c h i e v e d  w i t h  t h e  s u p e r e l e v a t i o n  model 

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

would be  l e s s  s a t i s f a c t o r y  t h a n  t h e  i n t e r v a l s  t h a t  were  

u sed  h e r e ,  

S k i d d i n g  o r  l o s s  o f  c o n t r o l  on a  c u r v e  w i l l  o c c u r  

o n l y  when t h e  e q u i v a l e n t  s i d e  f o r c e  f a c t o r *  demanded by 

a  t u r n  o r  maneuver exceeds  t h e  c a p a b i l i t i e s  o f  t h e  t i r e -  

highway i n t e r f a c e .  The s i d e  f o r c e  f a c t o r ,  f ,  (which w i l l  

b e  r e f e r r e d  t o  s imp ly  a s  s i d e  f o r c e )  i s  g i v e n  by ( 2 ,  - - 3 ) :  

*The e q u i v a l e n t  s i d e  f o r c e  i s  t h e  imbalance  between c e n t r i -  

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

by s u p e r e l e v a t i o n .  

1 3 9  



where 

e  = s u p e r e l e v a t i o n  r a t e  i n  f e e t l f o o t  

V = v e h i c l e  speed  i n  mph 

R = r a d i u s  of cu rve  i n  f e e t  

S u p e r e l e v a t i o n  r a t e s  ( e )  and c u r v a t u r e  ( D )  a r e  g i v e n  i n  

s i x t e e n t h s  o f  an i n c h  p e r  f o o t  and a r c  m i n u t e s ,  r e s p e c -  

t i v e l y ,  i n  t h e  d a t a  used  f o r  t h i s  s t u d y . *  The above 

e q u a t i o n  t h e n  r educes  t o  

where 

e  = s u p e r e l e v a t i o n  r a t e  i n  s i x t e e n t h s  o f  

an i n c h  p e r  f o o t  

V = v e h i c l e  speed  i n  mph 

D = c u r v a t u r e  i n  a r c  minu t e s  

*The c u r v a t u r e s  f o r  t h e  t u r n p i k e s  a r e  ba sed  on t h e  a r c  

d e f i n i t i o n  o f  c u r v a t u r e ,  b u t  t h e  d i f f e r e n c e  between t h e  

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

e n c o u n t e r e d  on t h e  t u r n p i k e s .  



Side  f o r c e  was computed from c u r v a t u r e  and s u p e r -  

e l e v a t i o n  f o r  each  a c c i d e n t  l o c a t i o n  and added t o  t h e  

f i l e  of  a c c i d e n t s .  I t  was s i m i l a r l y  computed f o r  each  

t e n t h  mi le  of t h e  highway, thus  a l lowing  d e r i v a t i o n  of  

exposure  by s i d e  f o r c e .  

The a c t u a l  t r a v e l i n g  speed  b e f o r e  t h e  c o l l i s i o n  would 

be a p p r o p r i a t e  f o r  t h e  s i d e  f o r c e  computa t ion .  The speed  

g iven  w i t h  a c c i d e n t  d a t a  i s  s u b j e c t i v e  and n o t  r e l i a b l e .  

Fur thermore ,  speed  i s  n o t  a s s o c i a t e d  w i t h  t h e  exposure  d a t a .  

T h e r e f o r e ,  s i d e  f o r c e  was computed f o r  t h e  p o s t e d  speed  

l i m i t s .  These speeds  p rov ide  r e a s o n a b l e  r e p r e s e n t a t i o n  

o f  t h e  t r a f f i c  on both  l i m i t e d - a c c e s s  highways. The speeds  

used i n  t h e  s i d e  f o r c e  computat ions a r e :  

Ohio: V = 70 mph 

Pennsy lvan ia :  55  mph a t  m i l e p o s t  4 7 . 6 - 4 8 . 4 ,  

245 .4-247,  333.1-334.8  

6 5  mph e lsewhere  

4 A m a t r i x  of  a c c i d e n t s  p e r  v e h i c l e  mi l e  (XI0 ) was g e n e r a t e d  

f o r  each c e l l  of s i d e  f o r c e  ( f )  and g r a d e ,  u s ing  e i g h t  

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

r e g r e s s i o n s  a r e :  



S i d e  Fo rce  F a c t o r  

Leve l  - Ohio P e n n s y l v a n i a  

1 ( t a n g e n t s )  -0 .15625  0 .0138  

2 -0 .00517  t o  0 .00338 0.00979 t o  0 .0107 

S i d e  f o r c e  f a c t o r s  n o t  i n c l u d e d  i n  t h e  above i n t e r v a l s  

were  n o t  e n c o u n t e r e d  on t h e  highways.  

The r e s u l t s  o f  dummy v a r i a b l e  m u l t i p l e  r e g r e s s i o n s  

4 o f  a c c i d e n t  r a t e  ( i n  a c c i d e n t s / l O  v e h i c l e  m i . )  a r e  g i v e n  

i n  T a b l e s  A-20 t h rough  A-25.  The s i d e  f o r c e  model e x p l a i n s  

abou t  68% o f  t h e  c e l l - t o - c e l l  v a r i a b i l i t y  on t h e  Ohio 

Tu rnp ike  and a b o u t  74% on t h e  P e n n s y l v a n i a ,  and i s  

s u p e r i o r  i n  t h i s  r e g a r d  t o  t h e  c u r v a t u r e  mode ls .  The 

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

s m a l l e r .  T a b u l a t i o n s  o f  o b s e r v e d  and e x p e c t e d  r a t e s ,  

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

A-41 t h rough  A-46. P l o t s  o f  t h e  e x p e c t e d  r a t e s  w i t h  c u r v a -  

t u r e  and w i t h  g r a d e  a r e  g i v e n  i n  F i g u r e s  A - 1 1  t h rough  

A-14. The r e s u l t s  s t r o n g l y  r e semb le  t h e  r e s u l t s  u s i n g  

t h e  c u r v a t u r e .  A h i g h  peak o c c u r s  i n  b o t h  t h e  g r a d e  and 



s i d e  f o r c e  cu rves  and t a b l e s  f o r  Ohio.  The peak w i t h  

s i d e  f o r c e  i s  a t  f  = 0 .04139 ,  which o c c u r s  on 1" c u r v e s  

and i s  t h u s  t h e  same peak obse rved  i n  t h e  c u r v a t u r e  model.  

The P e n n s y l v a n i a  d a t a  does n o t  i n d i c a t e  a  dependence on 

g r a d e ,  b u t  does  have an i n c r e a s i n g  a c c i d e n t  r a t e  w i t h  

i n c r e a s i n g  f .  

A. 5 GENERAL DISCUSSION OF REGRESSION MODEL RESULTS 

The r e g r e s s i o n  models a r e  a d d i t i v e  models .  Expec ted  

r a t e s  a t  p a r t i c u l a r  combina t ions  o f  g r ade  and c u r v a t u r e  

( o r  s i d e  f o r c e ,  e t c . )  a r e  t h e  sum o f  t h e  c o n t r i b u t i o n s  o f  

g r ade  and c u r v a t u r e .  D i f f e r e n c e s  between e x p e c t e d  r a t e s  

and o b s e r v e d  r a t e s  a r e  f a i l u r e s  o f  t h e  a d d i t i v e  model t o  

p r e c i s e l y  " p r e d i c t "  a c c i d e n t  e x p e r i e n c e  because  of  random 

" e r r o r "  i n  t h e  d a t a .  The t e rm  " e r r o r "  i s  u sed  i n  t h e  

g e n e r a l  s e n s e  h e r e  t o  i n c l u d e  any e f f e c t s  n o t  examined by 

t h e  model.  These i n c l u d e  f a c t o r s  o t h e r  t h a n  highway 

geometry t h a t  might  c o n t r i b u t e  t o  a c c i d e n t  c a u s a t i o n  and 

i n c i d e n c e ,  such  a s  mechanica l  d e f e c t s ,  d r i v e r  f a c t o r s ,  

w e a t h e r ,  e t c .  A d d i t i o n a l l y ,  g e o m e t r i c  i n f l u e n c e s  t h a t  

c anno t  be r e p r e s e n t e d  by an a d d i t i v e  model c o n t r i b u t e  t o  

t h e  e r r o r .  These would c o n s i s t  p r i m a r i l y  o f  c r o s s - p r o d u c t  

t e rms  o r  i n t e r a c t i o n  e f f e c t s .  

The 9 5 %  c o n f i d e n c e  i n t e rva l s - abou t  t h e  e x p e c t e d  

r a t e s -de f ine  a  range  w i t h i n  which t h e  obse rved  r a t e s  can 

be e x p e c t e d  t o  f a l l  w i t h  a p r o b a b i l i t y  o f  0 . 9 5 .  Thus ,  



obse rved  r a t e s  o u t s i d e  t h e  i n t e r v a l  a r e  no rma l ly  i n t e r -  

p c e t e d  a s  " r e a l "  f a i l u r e s  o f  t h e  model ,  r a t h e r  t h a n  "by 

chance" consequences  of  random e r r o r .  

I n t e r a c t i o n  between g rade  and c u r v a t u r e  c o u l d  a l s o  

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

c o n f i d e n c e  i n t e r v a l ,  and c o u l d  r e s u l t  i n  obse rved  v a l u e s  

e i t h e r  g r e a t e r  o r  lower  t h a n  t h e  expec t ed  r e s u l t s .  Such 

an e f f e c t  cou ld  be e x p e c t e d  t o  be m a n i f e s t  by a  p a t t e r n ,  

w i t h  i n c r e a s i n g  e f f e c t s  a t  h i g h e r  c u r v a t u r e s  and s t e e p e r  

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

d e n t  r a t e s  a r e  p r o b l e m a t i c a l .  Any i n t e r a c t i o n  which t e n d s  

t o  reduce  a c c i d e n t  e x p e r i e n c e  i s  d e s i r a b l e .  

The p o i n t s  d i s c u s s e d  above a s s i s t  i n  i n t e r p r e t a t i o n  

o f  t h e  r e s u l t s  o f  t h e  r e g r e s s i o n  models .  The r e g r e s s i o n s  

a g a i n s t  g r ade  and c u r v a t u r e  on t h e  Ohio Turnpike a r e  

p r e s e n t e d  i n  Tab l e s  A-5 t o  A - 7  and A-26 t o  A-28 and i n  

F i g u r e s  A-1,  A-2. Cons ide r ing  a l l  a c c i d e n t s ,  t h e  r e g r e s -  

s i o n s  i n d i c a t e  t h a t  o n l y  g r a d e s  o f  0 '44 ' -1 '5 '  have 

i n c r e m e n t a l  c o n t r i b u t i o n s  t o  expec t ed  a c c i d e n t  r a t e  t h a t  

a r e  s t a t i s t i c a l l y  s i g n i f i c a n t  (Tab le  A - 5 ) .  The e f f e c t s  

a r e  ve ry  marked a t  t h e s e  p o i n t s ,  b u t  have l i t t l e  depen-  

dence on o t h e r  g r a d e s  and c u r v a t u r e s  ( F i g u r e s  A - 1 ,  A-2) .  

The o f f e n d i n g  g rade  and c u r v a t u r e  have one common c e l l  i n  

which t h e  a d d i t i v e  e f f e c t s  r e s u l t  i n  a  ve ry  h i g h  e x p e c t e d  

a c c i d e n t  r a t e .  The c e l l  i s  s t r i k i n g  s i n c e  t h e  observed  
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a c c i d e n t  r a t e  i s  665 a c c i d e n t s / l O  v e h i c l e  m i l e s ,  n e a r l y  

seven t imes t h e  average  f o r  t h e  highway and n e a r l y  2 . 5  

t imes a s  g r e a t  as  t h e  n e x t  h i g h e s t  c e l l .  

F ive  c e l l s  of t h e  m a t r i x  have observed  r a t e s  which 

a r e  o u t s i d e  t h e  conf idence  i n t e r v a l .  We cannot  conc lude ,  

however,  t h a t  a l l  f i v e  a r e  n o t  t h e  r e s u l t  of chance.  With 

a  p r o b a b i l i t y  of  0 . 0 5 ,  t h e  r e s i d u a l s  could  be o u t s i d e  t h e  

conf idence  i n t e r v a l s  of i n d i v i d u a l  c e l l s  because  of  random 

e r r o r .  S i n c e  t h e r e  a r e  44 c e l l s  i n  t h e  Ohio c u r v a t u r e  

model,  5 %  o r  2 . 2  cou ld  be expec ted  t o  f a l l  o u t s i d e  t h e  

conf idence  i n t e r v a l  by "chance" a l o n e .  The number o u t -  

s i d e  t h e  conf idence  i n t e r v a l  has  a  b inomia l  d i s t r i b u t i o n ,  

and t h e  p r o b a b i l i t y  of  f i n d i n g  5 out  of 4 4  such c a s e s  i s  

0 . 0 7 .  This  i s  a  low p r o b a b i l i t y ,  s o  we may conclude t h a t  

t h e  r e s i d u a l s  i n  some of  t h e  f i v e  c e l l s  r e p r e s e n t  r e a l  

d i f f e r e n c e s .  However, we cannot  i d e n t i f y  which. 

The c e l l  of c u r v a t u r e s  of  about  lo  a t  s t e e p  down- 

grades  i s  t h e  on ly  c e l l  w i t h  r e s i d u a l s  g r e a t e r  than  t h e  

conf idence  i n t e r v a l  and r e p r e s e n t s  t h e  on ly  ev idence  of 

p r o b l e m a t i c a l  geometry.  There a r e  34 a c c i d e n t s  i n  t h i s  

c e l l ,  and a l l  occur red  i n  t h e  westbound l a n e s  a t  m i l e p o s t s  

166.4-166.6 .  

Accidents  on wet pavement and s i n g l e - v e h i c l e  a c c i d e n t s  

have a h igh  i n c i d e n c e  i n  t h e  h i g h - a c c i d e n t - r a t e  c u r v a t u r e  

and g r a d e ,  a s  i n d i c a t e d  i n  F i g u r e s  A - 1  and A - 2 .  They a r e  



both  o v e r - r e p r e s e n t e d  i n  t h e  h i g h - r a t e  c e l l  where wet -  

pavement involvements c o n s t i t u t e  7 4 %  of  a l l  involvements ,  

compared wi th  2 5 %  f o r  t h e  e n t i r e  highway, and 79% f o r  

s i n g l e - v e h i c l e  a c c i d e n t s ,  compared wi th  67% o v e r a l l .  The 

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

f o r  both types  of a c c i d e n t s  i n  both  geometry c a t e g o r i e s .  

The r e s u l t s  i n  Pennsylvania  a r e  q u i t e  d i f f e r e n t .  

Grade has no s t a t i s t i c a l l y  s i g n i f i c a n t  c o n t r i b u t i o n .  

Accident  r a t e  i n c r e a s e s  wi th  i n c r e a s e d  c u r v a t u r e  and a l l  

incrementa l  terms f o r  c u r v a t u r e s  above 1 ' 5 0 '  a r e  s i g n i -  

f i c a n t .  Wet-pavement a c c i d e n t s  fo l low a  s i m i l a r  p a t t e r n  

wi thout  t h e  over- involvement  seen i n  Ohio. However, one 

modest c u r v a t u r e  (0'44' -1'49 ' )  does have a  s i g n i f i c a n t  

o v e r - r e p r e s e n t a t i o n  of "wet" a c c i d e n t s .  In g e n e r a l ,  t h e  

Pennsylvania  d a t a  have a  h i g h e r  a c c i d e n t  r a t e  than  Ohio 

a t  a l l  c u r v a t u r e s  and grades  excep t  f o r  t h e  n o t a b l y  h igh  

c e l l  i n  Ohio. 

The Pennsylvania  r e g r e s s i o n  wi th  e l even  l e v e l s  of 

cu rva tu re  pe rmi t s  a  more d i r e c t  comparison between t h e  

two highways. This r e g r e s s i o n ,  Tables  A - 1 1  t o  1 3  and 

A - 3 2  t o  3 4  and Figures  A - 5  and 6 ,  i n d i c a t e s  a  s t e p  i n  

r a t e  a t  c u r v a t u r e s  of 1 ' 6 '  and a second s t e p  a t  4 ' 1 3 ' .  

Nei the r  wet pavement nor  s i n g l e - v e h i c l e  a c c i d e n t s  appear  

t o  be c o n s i s t e n t l y  o v e r - r e p r e s e n t e d  a t  t h e s e  c u r v a t u r e s .  



The s u p e r e l e v a t i o n  models e x p l a i n  on ly  32-35% of  t h e  

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

s u c c e s s f u l  models .  The g e n e r a l  i n c r e a s e  w i t h  s u p e r -  

e l e v a t i o n  i n  Pennsy lvan ia  i s  c o n s i s t e n t  w i t h  t h e  c u r v a t u r e  

model ,  b u t  t h e  r e s u l t s  i n  Ohio mask t h e  h i g h  a c c i d e n t  

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

The s i d e  f o r c e  f a c t o r  models have t h e  h i g h e s t  R' and 

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

t h e  t h r e e  models :  6 8 %  i n  Ohio and 7 4 %  i n  P e n n s y l v a n i a .  

They r e i n f o r c e  t h e  o b s e r v a t i o n  from t h e  c u r v a t u r e  models ,  

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

two highways.  The s i n g l e  peaks  i n  Ohio o c c u r  a t  

f = 0.0414,  which i s  e q u i v a l e n t  t o  a  lo  c u r v e ,  and a t  

downgrades of  2 . 5 - 3 . 5 % .  Both peaks  a r i s e  from t h e  same 

highway segment n o t e d  i n  t h e  c u r v a t u r e  model. The 

P e n n s y l v a n i a  f  d a t a  i n d i c a t e  t h e  g e n e r a l l y  i n c r e a s i n g  

r a t e ,  w i t h  i n c r e a s i n g  f  e q u i v a l e n t  t o  i n c r e a s i n g  c u r v a -  

t u r e .  Comparisons between highways a t  s i m i l a r  s i d e  f o r c e  

v a l u e s  show t h a t  Pennsy lvan ia  has  c o n s i s t e n t l y  h i g h e r  

a c c i d e n t  r a t e s  a t  a l l  v a l u e s ,  and does n o t  have a  s p i k e  

a t  0 . 0 4  as  does  Ohio.  Ohio does n o t  show t h e  h i g h e r  

r a t e s  a t  f  v a l u e s  of  0 .05  and 0 . 0 6  a s  does  Pennsy lvan ia .  

A l l  of  t h e  r e g r e s s i o n s  r e s u l t e d  i n  a  g r e a t e r  number 

o f  c e l l s  w i t h  obse rved  r a t e s  o u t s i d e  t h e  95% c o n f i d e n c e  

i n t e r v a l  t h a n  cou ld  b e  e x p e c t e d  from random e r r o r ,  i . e . ,  

e r r o r  n o t  c o r r e l a t e d  w i t h  g r a d e  o r  c u r v a t u r e .  However, 



t h e r e  a r e  no p a t t e r n s  i n d i c a t i n g  t h a t  s u b s t a n t i v e  

i n t e r a c t i v e  e f f e c t s  a r e  p r e s e n t .  

A . 6  CRITIQUE OF AN ALTERNATIVE ANALYTIC TECHNIQUE 

The r e g r e s s i o n  t echn ique  employed t o  o b t a i n  expec ted  

a c c i d e n t  r a t e s  uses  t h e  d a t a  f o r  a l l  geometr ic  combina- 

t i o n s  t o  compute t h e  expec ted  r a t e s .  S p e c i f i c a l l y ,  t h e  

expected  r a t e s  f o r  t angen t  s e c t i o n s  a r e  based on a c c i d e n t  

expe r i ence  on curves as  w e l l  as on t a n g e n t  s e c t i o n s ,  and 

t h e  e s t i m a t e d  r a t e  on l e v e l  s e c t i o n s  i n c l u d e s  use  of  

d a t a  on g r a d e s .  

Readers n o t  f a m i l i a r  w i th  r e g r e s s i o n  t echn iques  o r  

methods o f  e s t i m a t i o n  may wonder why e s t i m a t e s  of  t h e  

e f f e c t  o f  grade  a l o n e  should  i n c l u d e  use  of  d a t a  confounded 

by t h e  e f f e c t s  of c u r v a t u r e .  Indeed ,  we might be i n c l i n e d  

t o  base  such an e s t i m a t e  only on d a t a  from t a n g e n t  s e c t i o n s .  

An a l t e r n a t e  t echn ique  us ing  such an approach was 

i n v e s t i g a t e d .  

S p e c i f i c a l l y ,  t h i s  t echn ique  assumes t h a t  t h e  

observed c r a s h  r a t e s  ( i  . e . ,  c r a s h e s / m i l e )  a t  e i t h e r  ze ro  

grade o r  ze ro  c u r v a t u r e  do n o t  have an e r r o r  component. 

A f u r t h e r  assumption i s  t h a t  t h e  c r a s h  r a t e  d i f f e r e n c e s  

between c e l l s  d e f i n e d  by d i f f e r e n t  grade  l e v e l s  f o r  t h o s e  

c e l l s  w i t h  zero  c u r v a t u r e  a r e  t h e  a c t u a l  i nc remen ta l  

e f f e c t s  on c r a s h - r a t e  d i f f e r e n c e s  between grade  l e v e l .  



S i m i l a r l y ,  c r a s h - r a t e  d i f f e r e n c e s  between c e l l s  d e f i n e d  

by d i f f e r e n t  c u r v a t u r e  l e v e l s  f o r  t h o s e  c e l l s  w i t h  ze ro  

g rade  a r e  t h e  a c t u a l  i n c r e m e n t a l  e f f e c t s  on c r a s h  r a t e  

of  d i f f e r e n c e s  between c u r v a t u r e  l e v e l s .  

That i s ,  a  p r e d i c t i o n  model of  t h e  fo l lowing  form 

i s  p roposed :  

where 
A 

C i j  = p r e d i c t e d  c r a s h  r a t e  f o r  t h e  c e l l  d e f i n e d  

by t h e  i t h  grade  l e v e l  and t h e  j t h  

c u r v a t u r e  l e v e l .  

p = t h e  observed c r a s h  r a t e ,  C i o j o ,  under 

t h e  c o n d i t i o n s  i n  which t h e  i t h  g rade  

l e v e l  d e f i n e d  a s  i o  i m p l i e s  a zero  grade  

and t h e  j t h  c u r v a t u r e  l e v e l  d e f i n e d  a s  

j o  impl i e s  a  zero  c u r v a t u r e .  

6 G i  = t h e  d i f f e r e n c e  between t h e  observed  c r a s h  

r a t e ,  'i j  o and p. This  i s  t h e  d i f f e r e n c e  

between t h e  observed  c r a s h  r a t e  f o r  grade  

i when c u r v a t u r e  i s  ze ro  and t h e  observed 

c r a s h  r a t e  when bo th  grade  and c u r v a t u r e  

a r e  z e r o .  



6 D  = t h e  d i f f e r e n c e  between t h e  observed  c r a s h  
j  

r a t e  and u .  This  i s  t h e  d i f f e r e n c e  between 

t h e  c r a s h  r a t e  f o r  c u r v a t u r e  j  when g rade  i s  

z e r o  and t h e  observed  c r a s h  r a t e  when bo th  

grade  and c u r v a t u r e  a r e  ze ro .  

This  method was a p p l i e d  t o  t h e  d a t a  from t h e  

Pennsylvania  Turnpike shown w i t h  e l e v e n  l e v e l s  of  cu rva -  

t u r e .  For t h i s  d a t a  t h e  v a l u e s  of 6 G i  were de termined 

as  f o l l o w s :  

J Grade ' i j o  IJ 
6 G i  

S i m i l a r l y ,  t h e  v a l u e s  o f  8D. were de termined a s  f o l l o w s :  
3 



' i o j  li 
SD. 

i Curvature  

These v a l u e s  of p ,  6 G i  and SD. were then  used  t o  compute 
J 

p r e d i c t e d  c r a s h  r a t e s ,  C i j  These p r e d i c t e d  c r a s h  r a t e s  

and t h e  d i f f e r e n c e  between observed and p r e d i c t e d  c r a s h  

r a t e s  a r e  a l s o  shown i n  Table A - 4 7  f o r  each grade  and 

c u r v a t u r e  c e l l  d e f i n e d  by i ,  j .  

The d i f f e r e n c e s  between observed  and p r e d i c t e d  c rash  

r a t e s  were then  used t o  rank t h e  i n d i v i d u a l  c e l l s  from 

l a r g e s t  t o  s m a l l e s t  d i f f e r e n c e .  Those c e l l s  having  t h e  

l a r g e s t  d i f f e r e n c e  were then  sugges ted  a s  c a n d i d a t e s  f o r  

f u r t h e r  i n v e s t i g a t i o n .  The assumption was t h a t  t h e r e  

may be an i n t e r a c t i o n  e f f e c t  between grade  and c u r v a t u r e  

i n  t h o s e  c e l l s  which l e a d s  t o  t h e  l a r g e r  than  expec ted  



c r a s h  ra tes-given t h e  c o n t r i b u t i o n s  from g r a d e  and 

c u r v a t u r e .  Th i s  i s  ana logous  t o  t h e  e x c e s s  c r a s h  c e l l  

i d e n t i f i c a t i o n  p r o c e d u r e  used w i t h  t h e  r e s i d u a l s  from 

t h e  dummy v a r i a b l e  m u l t i p l e  r e g r e s s i o n  model.  

The r a n k i n g  o f  t h e  c e l l s  from l a r g e s t  d i f f e r e n c e  t o  

s m a l l e s t  d i f f e r e n c e  i s  p r e sen t ed  i n  Tab l e  A-48. Also  

i n c l u d e d  f o r  r e f e r e n c e  i s  t h e  r a n k i n g  t h a t  r e s u l t e d  from 

t h e  u s e  o f  t h e  r e s i d u a l s  from t h e  dummy v a r i a b l e  m u l t i p l e  

r e g r e s s i o n  model .  V i s u a l  comparison o f  t h e  two r a n k i n g s  

i n d i c a t e s  c o n s i d e r a b l e  d i s ag reemen t  between t h e  two p r o -  

c e d u r e s .  The c e l l  w i t h  t h e  h i g h e s t  rank---Grade 1 and 

Curva tu re  10-using t h e  d i f f e r e n c e  method was r anked  

f i f t h  h i g h e s t ,  u s i n g  t h e  r e g r e s s i o n  model r e s i d u a l  method.  

More i m p o r t a n t l y ,  t h e  c e l l  w i t h  t h e  l a r g e s t  r e g r e s s i o n  

model res idua l - - -Grade  4  and C u r v a t u r e  11--was ranked  i n  

t h e  range  24 t o  40 by t h e  d i f f e r e n c e  method,  mere ly  

because  Grade 4 i s  a  l e v e l  r o a d .  

Spearman ' s  r ank  c o r r e l a t i o n  c o e f f i c i e n t ,  r S ,  was 

computed t o  e s t i m a t e  t h e  d e g r e e  o f  r e l a t i o n s h i p  between 

t h e  two r a n k i n g s .  Using t h e  computed v a l u e ,  rS = 0 . 5 8 ,  

t h e  n u l l  h y p o t h e s i s  t h a t  no r e l a t i o n s h i p  e x i s t s  between 

t h e  two r a n k s  i s  r e j e c t e d  w i t h  an a = 0 . 0 1  p r o b a b i l i t y  o f  

a  Type- I  e r r o r .  Thus t h e r e  i s  some r e l a t i o n s h i p  between 

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

t h e  a n a l y s i s  would have been q u i t e  d i f f e r e n t  i f  t h e  



d i f f e r e n c e  method had been used t o  i d e n t i f y  grade by 

c u r v a t u r e  c e l l s  which have l a r g e r  than  expected  c r a s h  

r a t e s .  

The d i f f e r e n c e  method a l s o  has some more fundamental 

shor tcomings .  The average  of t h e  d i f f e r e n c e s  i s  - 0 . 2 3 0 5 ,  

i n d i c a t i n g  t h a t  they  a r e  n o t  symmetric about z e r o .  By 

d e f i n i t i o n ,  t h e  r e g r e s s i o n  model r e s i d u a l s  a r e  symmetric 

about  z e r o .  However, t h e r e  i s  no reason why t h e  d i f f e r e n c e s  

shou ld  sum t o  z e r o ,  s i n c e  t h e r e  a r e  unexpla ined  v a r i a t i o n s  

i n  a l l  o f  t h e  observed c rash  r a t e s .  The d i f f e r e n c e  method 

i g n o r e s  t h e s e  unexpla ined  v a r i a t i o n s  and hence l e a d s  t o  

r e s u l t s  t h a t  a r e  n o t  c o n s i s t e n t  w i t h  t h e  m u l t i p l e  

r e g r e s s i o n  model r e s i d u a l  approach.  

The s t a n d a r d  e r r o r  of t h e  e s t i m a t e  u s i n g  t h i s  t e c h -  

n ique  i s  0 .0120.  The s t a n d a r d  e r r o r  of t h e  r e g r e s s i o n  

model i s  only  , 0 0 6 ,  o r  h a l f  as  g r e a t .  While both  methods 

p rov ide  a  l i n e a r  model of a c c i d e n t  r a t e  by c u r v a t u r e  and 

g r a d e ,  t h e  r e g r e s s i o n  model p rov ides  a more r e l i a b l e  

e s t i m a t e .  In  e s s e n c e ,  t h e  e f f e c t s  of c u r v a t u r e  o r  grade  

can be e s t i m a t e d  " b e t t e r "  u s i n g  a l l  t h e  d a t a .  This  

r e s u l t s  from t h e  f a c t  t h a t  none of t h e  o b s e r v a t i o n s  a r e  

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

s e c t i o n s .  S ince  t h e  use  of dummy v a r i a b l e  m u l t i p l e  

r e g r e s s i o n  t o  i d e n t i f y  c e l l s  which have l a r g e r  than  



expected  crash  r a t e s  i s  based upon a  more r igo rous  

approach,  i t s  conclus ions  a r e  more r e a d i l y  a c c e p t a b l e .  

Thus, s i n c e  t h e  d i f f e r e n c e  method l e a d s  t o  d i f f e r e n t  and 

l e s s  r e l i a b l e  conc lus ions ,  i t s  use i s  no t  cons idered  

a c c e p t a b l e .  



F i g u r e  A - 1  

C u r v a t u r e  Model  
E x p e c t e d  R e l a t i o n s h i p  B e t w e e n  C u r v a t u r e  a n d  

C r a s h  R a t e  u s i n g  O h i o  T u r n p i k e  D a t a  

t = t o t a l  c r a s h e s  
s = s i n g l e  v e h i c l e  c r a s h e s  
w = w e t  p a v e m e n t  c r a s h e s  

Degree of C u r v a t u r e  
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Flilgure A - 3  

C u r v a t u r e  Model 

400-  

3 00- 

2 0 0 -  

100- 

E x p e c t e d  R e l a t i o n s h i p  B e t w e e n  C u r v a t u r e  a n d  C r a s h  
R a t e  U s i n g  P e n n s y l v a n i a  T u r n p i k e  D a t a  

(8 L e v e l s  of C u r v a t u r e )  

t = t o t a l  c r a s h e s  
s = s i n g l e  v e h i c l e  c r a s h e s  
vl = w e t  p a v e m e n t  c r a s h e s  
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F i g u r e  A - 4  

Curvature  Model 
E x p e c t e d  R e l a t i o n s h i p  Be tween  Grade a n d  Crash 

R a t e  u s i n g  P e n n s y l v a n i a  T u r n p i k e  Data  
(8  L e v e l s  of C u r v a t u r e )  

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

c r a s h e s  
w = w e t  pavement 

c r a s h e s  

Grade i n  P e r c e n t  



F i g u r e  A - 5  

Curvature  Model 
Expected  R e l a t i o n s h i p  Between Curvature  and Crash 

Rate u s i n g  P e n n s l y v a n i a  Turnpike Data 
( 1 1  L e v e l s  of Curvature)  

w- 

t = t o t a l  c r a s h e s  
s = s i n g l e  v e h i c l e  c r a s h e s  
w = w e t  pavement c r a s h e s  

Degree  of Curvature  



F i g u r e  A - 6  
I 

Curvature  Model 
E x p e c t e d  R e l a t i o n s h i p  Between Grade and Crash 

Rate  U s i n g  P e n n s y l v a n i a  Turnpike  Data 
( 1 1  L e v e l s  of C u r v a t u r e )  

t = t n t a l  c r a s h e s  
s = s i n g l e  v e h i c l e  c r a s h e s  
w = w e t  pavement c r a s h e s  

Grade i n  P e r c e n t  



F i g u r e  A-7  

l-i 
-,-I 
E 

S u p e r e l e v a t  i o n  Model 
E x p e c t e d  R e l a t i o n s h i p  Be tween  S u p e r e l e v a t  i o n  and  

Crash  Rate  U s i n g  O h i o  Turnpike  Data  

3 5 7 12  16  
A S u p e r e l e v a t i o n  i n  S i x t e e n t h s  of a n  i n c h / f o o t  
[I) 
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s i n g l e  v e h i c l e  
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w e t  pavement  

c r a s h e s  



F i g u r e  A - 8  

Supere  l e v a t  i o n  Model 
E x p e c t e d  R e l a t i o n s h i p  Be tween  Grade and  

Crash R a t e  U s i n g  O h i o  T u r n p i k e  Data  

t -------2 t 
t t = t o t a l  c r a s h e s  \ s = s i n g l e  v e h i c l e  c r a s h e s  

w\w\ , , S w  = w e t  pavement  c r a s h e s  
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Grade i n  P e r c e n t  



F i g u r e  A - 9  

S u p e r e  l e v a  t i o n  Mode 1 
E x p e c t e d  R e l a t i o n s h i p  Be tween  S u p e r e l e v a t  i o n  and  

Crash  R a t e  u s i n g  P e n n s y l v a n i a  Turnpike  Data  

I I I I 1 I I I I I 
fi 4 5 6 7  9 1 1  12 14  16 1 & ~ o ~ e r e l e v a t i o n  i n  S i x t e e n t h s  of a n  i n c h / f o o t  

rn 



F i g u r e  A - 1 0  

S u p e r e  l e v a  t i o n  Mode 1 
E x p e c t e d  R e l a t i o n s h i p  Be tween  Grade a n d  

Crash  R a t e  U s i n g  P e n n s y l v a n i a  T u r n p i k e  Data  

t o t a l  c r a s h e s  
s i n g l e  v e h i c l e  c r a s h e s  
w e t  pavement c r a s h e s  

Grade i n  P e r c e n t  



F i g u r e  A - 1 1  

S i d e  Force Factor Model 
E x p e c t e d  R e l a t i o n s h i p  Be tween  F r i c t i o n  and  

Crash  R a t e  U s i n g  O h i o  T u r n p i k e  Data  

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

c r a s h e s  
w = w e t  pavement  

c r a s h e s  
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F i g u r e  A - 1 2  

S i d e  Force F a c t o r  Model 
E x p e c t e d  R e l a t i o n s h i p  Be tween  Grade a n d  

Crash R a t e  U s i n g  O h i o  T u r n p i k e  Data 

t = t o t a l  c r a s h e s  
s = s i n g l e  v e h i c l e  c r a s h e s  
w = w e t  pavement  c r a s h e s  

Grade i n  P e r c e n t  



F i g u r e  A-13 

S i d e  Force F a c t o r  Model 
E x p e c t e d  R e l a t i o n s h i p  Be tween  F r i c t i o n  and  

Crash  R a t e  U s i n g  P e n n s y l v a n i a  T u r n p i k e  Data 

t = t o t a l  c r a s h e s  
s = s i n g l e  v e h i c l e  c r a s h e s  
w  = w e t  pavement c r a s h e s  
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Table  A-5 

M u l t i p l e  Regress ion  Ana lys i s  f o r  t h e  
Ohio Turnpike Accident  Rate 

Curvature  - 8 Levels  

A l l  Accidents  

S t d .  e r r o r  of r e g r e s s i o n  = 0.0067 

p = 0.00594 S t d .  e r r o r  (SEU) = 0.0035 

Inc remen ta l  Grade Adjustment 

i Grade (%)  6 G i  S t d .  E r r o r  (SE6Gi) 

Inc remen ta l  Curvature  Adjustment 

Curvature  6 D  
j 

S t d .  E r r o r  (SE6Dj) 

*The v a l u e  of  8 i s  s i g n i f i c a n t l y  d i f f e r e n t  from ze ro  

a t  t h e  5 %  conf idence  l e v e l  (a  = 0 . 0 5 ) .  



Tab le  A-6 

M u l t i p l e  R e g r e s s i o n  A n a l y s i s  f o r  t h e  
Ohio Turnp ike  A c c i d e n t  Ra t e  

C u r v a t u r e  - 8 Leve l s  

S i n g l e - V e h i c l e  A c c i d e n t s  

S t d .  e r r o r  o f  r e g r e s s i o n  = 0 .0056  

p = 0.00309 Std. e r r o r  (SEu) = 0 .0029  

I n c r e m e n t a l  Grade Adjus tment  

Grade ( % )  6 G i  S t d .  E r r o r  (SE6G; 

I n c r e m e n t a l  C u r v a t u r e  Adjus tment  

j C u r v a t u r e  

*The v a l u e  o f  6 i s  s i g n i f i c a n t l y  d i f f e r e n t  from z e r o  

a t  t h e  5% c o n f i d e n c e  l e v e l  (a = 0 . 0 5 ) .  



Tab le  A - 7  

M u l t i p l e  R e g r e s s i o n  A n a l y s i s  f o r  t h e  
Ohio Tu rnp ike  A c c i d e n t  Ra t e  

C u r v a t u r e  - 8 L e v e l s  

Wet Road A c c i d e n t s  

p 2  = 0 .5895  S t d .  e r r o r  o f  r e g r e s s i o n  = 0.0057 

S t d .  e r r o r  (SEp) = 0.0030 

I n c r e m e n t a l  Grade Adjus tment  

6 G i  S t d .  E r r o r  (SEGGi) 
i Grade ( % )  

I n c r e m e n t a l  C u r v a t u r e  Adjus tment  

6 D  
j  

S t d .  E r r o r  (SEGDj) 
j  C u r v a t u r e  

*The v a l u e  o f  6 i s  s i g n i f i c a n t l y  d i f f e r e n t  f rom z e r o  

a t  t h e  5 %  c o n f i d e n c e  l e v e l  ( a  = 0 - 0 5 ) .  



Table A- 8 

M u l t i p l e  Regress ion  Ana lys i s  f o r  t h e  
Pennsylvania  Turnpike Accident  Rate  

Curvature  - 8 Levels  

A l l  Accidents  

p z  = 0.5989 S t d .  e r r o r  of  r e g r e s s i o n  = 0.0080 

Inc remen ta l  Grade Adjustment 

Grade ( % )  

S t d .  e r r o r  (SE ) = 0.0041 
1-I 

6 G i  S t d .  E r r o r  (SE6Gi) 

Inc remen ta l  Curvature  Adjustment 

j  Curvature  
6D 

j  

1 O00' 0 .0  

2 0'1' t o  0'43' -0 .00247 

S t d .  E r r o r  (SEgD ) 
j 

*The va lue  o f  6 i s  s i g n i f i c a n t l y  d i f f e r e n t  from ze ro  

a t  t h e  5% conf idence  l e v e l  f a  = 0 . 0 5 ) .  



Table  A-9 

M u l t i p l e  Regress ion  Ana lys i s  f o r  the  
Pennsy lvan ia  Turnpike Accident  Rate 

Curvature  - 8 Levels  

S i n g l e  Veh ic l e  Accidents  

Inc remen ta l  Grade Adjustment 

Grade ( % )  

S t d .  e r r o r  of r e g r e s s i o n  = 0.0072 

S t d .  e r r o r  (SE ) = 0.0037 
lJ 

6 G i  S t d .  E r r o r  (SEGGi) 

Inc remen ta l  Curvature  Adjustment 

j  Curvature  
6D 

j 
S t d .  E r r o r  (SE6Dj) 

*The va lue  o f  6 i s  s i g n i f i c a n t l y  d i f f e r e n t  from ze ro  

a t  t h e  5 %  conf idence  l e v e l  ( a  = 0.05)  . 



T a b l e  A-10  

M u l t i p l e  R e g r e s s i o n  A n a l y s i s  f o r  t h e  
P e n n s y l v a n i a  T u r n p i k e  A c c i d e n t  R a t e  

C u r v a t u r e  - 8 L e v e l s  

Wet Road A c c i d e n t s  

p 2  = 0 . 4 5 9 0  S t d .  e r r o r  o f  r e g r e s s i o n  = 0 . 0 0 4 9  

11 = 0 . 0 0 7 4 9  S t d .  e r r o r  (SEu)  = 0 . 0 0 2 6  

I n c r e m e n t a l  G r a d e  A d j u s t m e n t  

G r a d e  (%)  6Gi S t d .  E r r o r  (SE6Gi) 

I n c r e m e n t a l  C u r v a t u r e  A d j u s t m e n t  

i C u r v a t u r e  61) 
j 

1 O 0 0 '  0 . 0  

2 0 ° 1 '  t o  0 ' 4 3 '  0 . 0 0 0 6 6  

3 0 ' 4 4 '  t o  1 ' 4 9 '  0 . 0 0 5 0 0  

4 1 ° 5 0 '  t o  2 ' 3 3 '  0 . 0 0 5 9 6  

5  2 '34 '  t o  3 '22 '  0 . 0 0 4 7 9  

6  3 '23 '  t o  4 '12 '  0 . 0 0 5 7 6  

7 4 ' 1 3 '  t o  4 '59 '  0 . 0 0 7 0 9  

8 5 ° 0 0 1  t o  6 ' 0 0 '  0 . 0 1 0 9 5  

S t d .  E r r o r  (SE6D ) 
j  

*The v a l u e  o f  6 i s  s i g n i f i c a n t l y  d i f f e r e n t  f r o m  z e r o  

a t  t h e  5 %  c o n f i d e n c e  l e v e l  ( a  = 0 . 0 5 ) .  



Table A - 1 1  

M u l t i p l e  Regress ion  Ana lys i s  f o r  t h e  
Pennsylvania  Turnpike Accident  Rate 

Curvature  - 11 Levels  

A l l  Accidents  

S t d .  e r r o r  of  r e g r e s s i o n  = 0.0063 

p = 0.01482 S t d .  e r r o r  (SEp) = 0.0030 

Inc remen ta l  Grade Adjustment 

Grade ( % )  
6 G i  S t d .  E r r o r  (SE ) 6 G ,  

Inc remen ta l  Curvature  Adjustment 

j Curvature  
6 D S t d .  E r r o r  (SE6D ) 

j  

*The va lue  o f  6 i s  s i g n i f i c a n t l y  d i f f e r e n t  from ze ro  

a t  t h e  5 %  conf idence  l e v e l  ( a  = 0 . 0 5 ) .  

1 7 9  



Tab le  A - 1 2  

M u l t i p l e  R e g r e s s i o n  A n a l y s i s  f o r  t h e  
P e n n s y l v a n i a  Tu rnp ike  Acc iden t  Ra te  

Cu rva tu r e  - 11 Leve l s  

S i n g l e  V e h i c l e  A c c i d e n t s  

p2 = 0.6593 S t d .  e r r o r  o f  r e g r e s s i o n  = 0.0052 

i-i = 0.00958 S t d .  e r r o r  (SE ) = 0.0024 
1-1 

I n c r e m e n t a l  Grade Adjustment  

Grade ( % )  6 G i  S t d .  E r r o r  (SE6Gi) 

I n c r e m e n t a l  Cu rva tu r e  Adjus tment  

j  C u r v a t u r e  
6 D 

j 
S t d .  E r r o r  (SE ) 6 D j  

1 0'0' 0.0 0.0028 

*The v a l u e  o f  6 i s  s i g n i f i c a n t l y  d i f f e r e n t  from z e r o  

a t  t h e  5 %  c o n f i d e n c e  l e v e l  ( a  = 0.05). 

180 



T a b l e  A - 1 3  

M u l t i p l e  R e g r e s s i o n  A n a l y s i s  f o r  t h e  
P e n n s y l v a n i a  T u r n p i k e  A c c i d e n t  R a t e  

C u r v a t u r e  - 11 L e v e l s  

Wet Road A c c i d e n t s  

p 2  = 0.5874 S t d .  e r r o r  o f  r e g r e s s i o n  = 0 .0044  

I n c r e m e n t a l  Grade Adjus tment  

Grade ( % )  

S t d .  e r r o r  (SE,,) = 0 .0021  

6 G i  S t d .  E r r o r  (SEGGi) 

I n c r e m e n t a l  C u r v a t u r e  Adjus tment  

j C u r v a t u r e  
1 0'0'  

6D 
j  

S t d .  E r r o r  (SEGD ) 
1 

*The v a l u e  o f  6 i s  s i g n i f i c a n t l y  d i f f e r e n t  from z e r o  

a t  t h e  5% c o n f i d e n c e  l e v e l  (a  = ' 0 .05)  . 
1 8 1  



Table A-14 

Multiple Regression Analysis for the 
Ohio Turnpike Accident Rate 

Superelevation 
All Accidents 

p 2  = 0.32394 Std. error of regression = 0.0111 

p = 0.00658 Std. error (SEU) = 0.0066 

Incremental Grade Adjustment 

i Grade ( % )  6Gi Std. Error (SE6Gi) 

Incremental Superelevation Adjustment 

Superelevation be 
j 

Std. Error (SEge ) 
j j 

1 3/16 on tangents 0.00 - - - - -  

2 3/16 on curves 0.00466 0.0064 



T a b l e  A-15 

M u l t i p l e  R e g r e s s i o n  A n a l y s i s  f o r  t h e  
O h i o  T u r n p i k e  A c c i d e n t  R a t e  

S u p e r e l e v a t i o n  
S i n g l e  V e h i c l e  A c c i d e n t s  

I n c r e m e n t a l  Grade  A d j u s t m e n t  

Grade  ( % )  

S t d .  e r r o r  o f  r e g r e s s i o n  = 0 . 0 0 8 2  

S t d .  e r r o r  (SE ) = 0 .0049  
lJ 

6 G i  S t d .  E r r o r  (SE6Gi) 

I n c r e m e n t a l  S u p e r e l e v a t i o n  A d j u s t m e n t  

j S u p e r e l e v a t i o n  
6 e  

j  
S t d .  E r r o r  (SEge  ) 

j  
1 3 /16  on  t a n g e n t s  0 . 0 0  - - - - - -  

2 3 /16  on  c u r v e s  0 . 0 0 4 3 1  0 . 0 0 4 7  

3  7 /16  - 0 . 0 0 1 7 2  0 . 0 0 9 5  

4 9 / 1 6  0 . 0 0 8 3 9  0 . 0 0 5 5  

5 1 2 / 1 6  0 . 0 0 0 1 3  0 . 0 0 6 1  

6 1 6 / 1 6  0 . 0 0 4 2 2  0 . 0 0 5 5  



Table  A-16 

M u l t i p l e  R e g r e s s i o n  A n a l y s i s  f o r  t h e  
Ohio Tu rnp ike  A c c i d e n t  Ra t e  

S u p e r e l e v a t i o n  
Wet Road A c c i d e n t s  

S t d .  e r r o r  o f  r e g r e s s i o n  = 0.0049 

1-1 =-0 .00026  S t d .  e r r o r  (SEH) = 0.0029 

I n c r e m e n t a l  Grade Adjus tment  

Grade ( % )  6 G i  S t d .  E r r o r  (SEgGi) 

I n c r e m e n t a l  S u p e r e l e v a t i o n  Adjus tment  

6 e  
j 

S t d .  E r r o r  (SEge ) 
j S u p e r e l e v a t i o n  j 

1 3/16 on t a n g e n t s  0 .00  - - - - -  

2 3/16 on c u r v e s  0.00460 0 .0028  

3  7/16 0 .00223  0 .0057  

4 9/16 0 .00739 0 .0033*  

5  12/16 0 .00068 0.0037 

6  16/16 0.00204 0 .0033  

*The v a l u e  o f  6 i s  s i g n i f i c a n t l y  d i f f e r e n t  from z e r o  

a t  t h e  5 %  c o n f i d e n c e  l e v e l  (a = 0 . 0 5 ) .  



Table A - 1 7  

Multiple Regression Analysis for the 
Pennsylvania Turnpike Accident Rate 

Superelevation 
All Accidents 

p2  = 0.3540 Std. error of regression = 0.0132 

11 = 0.0140 Std. error (SEp) = 0.0062 

Incremental Grade Adjustment 

i Grade ( % )  
6 Gi Std. Error (SEGGi) 

Incremental Superelevation Adjustment 

j 
6 e 
j 

Std. Error (SEge ) Superelevation 
j 

1 116 on tangents 0.00 - - - - -  

2 1 / 6  on curves -0.00025 0.0070 

"he value of 6 is significantly different from zero 

at the 5% confidence level (a = 0.05). 

1 8 5  



Table A-18 

Multiple Regression Analysis for the 
Pennsylvania Turnpike Accident Rate 

Superelevation 
Single Vehicle Accidents 

p2 = 0.3753 Std. error of regression = 0.0091 

1-1 = 0.00712 Std. error (SE ) = 0.0043 
P 

Incremental Grade Adjustment 

Grade ( % )  S t d .  Error (SE ) 6 G; 

Incremental Superelevation Adjustment 

j Superelevation 
6e 

j 
Std. Error (SE6, ) 

1 0.C - - - - -  j 
116 on tangents 

2 116 on curves 0.00103 0.0049 

*The value of 6 is significantly different from zero 

at the 5% confidence level (a = 0.05). 

186 



T a b l e  A-19 

M u l t i p l e  R e g r e s s i o n  A n a l y s i s  f o r  t h e  
P e n n s y l v a n i a  T u r n p i k e  A c c i d e n t  Ra t e  

S u p e r e l e v a t i o n  
Wet Road A c c i d e n t s  

S t d .  e r r o r  o f  r e g r e s s i o n  = 0.0074 

= 0.00484 S t d .  e r r o r  (SEW) = 0.0034 

I n c r e m e n t a l  Grade Adjus tment  

Grade ( % )  6 G i  S t d .  E r r o r  (SE6G;) 

I n c r e m e n t a l  S u p e r e l e v a t i o n  Ad jus tmen t  

j S u p e r e l e v a t i o n  
6e 

j 
S t d .  E r r o r  (SE6, ) 

i 
J 

1 1 / 6  on t a n g e n t s  0 . 0  - - - - -  

2 1 / 6  on c u r v e s  0 .00126 0.0039 

*The v a l u e  o f  6 i s  s i g n i f i c a n t l y  d i f f e r e n t  f rom z e r o  

a t  t h e  5 %  c o n f i d e n c e  l e v e l  (a = 0 . 0 5 )  . 
187  



T a b l e  A - 2 0  

M u l t i p l e  R e g r e s s i o n  A n a l y s i s  f o r  t h e  
O h i o  T u r n p i k e  A c c i d e n t  R a t e  

S i d e  F o r c e  F a c t o r  
A l l  A c c i d e n t s  

p2  = 0 . 6 8 2 5  S t d .  e r r o r  o f  r e g r e s s i o n  = 0 . 0 0 6 5  

I n c r e m e n t a l  G r a d e  A d j u s t m e n t  

G r a d e  ( % )  

S t d .  e r r o r  (SEp)  = 0 . 0 0 3 4  

6Gi S t d .  E r r o r  (SEGGi) 

I n c r e m e n t a l  S i d e  F o r c e  F a c t o r  A d j u s t m e n t  

S i d e  F o r c e  F a c t o r  6  f 
j  

S t d .  E r r o r  (SE6f  ) 
j 

- 0 . 0 1 5 6 2 5  o n  t a n g .  0 . 0  - - - - - - - - 

3  0 . 0 0 8 1 3  t o  0 . 0 1 2 8 8  - 0 . 0 0 1 6 5  0 . 0 0 3 8  

4  0 . 0 1 7 6 3  t o  0 . 0 2 2 3 8  0 . 0 0 3 9 4  0 . 0 0 4 0  

5  0 . 0 2 7 1 4  t o  0 . 0 3 1 8 9  0 . 0 0 3 0 1  0 . 0 0 4 0  

6 0 . 0 4 1 3 9  0 . 0 1 6 4 2  0 . 0 0 3 8 *  

7 0 . 0 4 9 0 6  t o  0 . 0 5 0 8 9  0 . 0 0 0 6 0  0 . 0 0 4 0  

8 0 . 0 5 1 5 3  t o  0 . 0 5 9 2 0  0 . 0 0 5 1 0  0 . 0 0 4 0  

"he v a l u e  o f  6  i s  s i g n i f i c a n t l y  d i f f e r e n t  f r o m  z e r o  

a t  t h e  5 %  c o n f i d e n c e  l e v e l  ( a  = 0 . 0 5 ) .  



T a b l e  A - 2 1  

M u l t i p l e  R e g r e s s i o n  A n a l y s i s  f o r  t h e  
O h i o  T u r n p i k e  A c c i d e n t  R a t e  

S i d e  F o r c e  F a c t o r  
S i n g l e  V e h i c l e  A c c i d e n t s  

S t d .  e r r o r  o f  r e g r e s s i o n  = 0 . 0 0 5 6  

11 = 0 . 0 0 2 9 8  S t d .  e r r o r  (SEU) = 0 . 0 0 2 9  

I n c r e m e n t a l  Grade  A d j u s t m e n t  

i 6Gi 
S t d .  E r r o r  (SEGGi) 

Grade  ( % )  

I n c r e m e n t a l  S i d e  F o r c e  F a c t o r  A d j u s t m e n t  

j S i d e  F o r c e  F a c t o r  
6  f 

j 
S t d .  E r r o r  ( S E g f j )  

1 - 0 . 0 1 5 6 2 5  o n  t a n g .  0 . 0 0  - - - - - -  

2 - 0 . 0 0 5 1 7  t o  0 . 0 0 3 3 8  0 . 0 0 1 1 4  0 . 0 0 3 2  

3  0 . 0 0 8 1 3  t o  0 . 0 1 2 8 8  - 0 . 0 0 0 2 3  0 . 0 0 3 2  

4  0 . 0 1 7 6 3  t o  0 . 0 2 2 3 8  0 . 0 0 5 3 6  0 . 0 0 3 4  

5 0 . 0 2 7 1 4  t o  0 . 0 3 1 8 9  0 . 0 0 4 8 8  0 . 0 0 3 4  

6  0 . 0 4 1 3 9  0 . 0 1 4 2 0  0 . 0 0 3 2 *  

7 0 . 0 4 9 0 6  t o  0 . 0 5 0 8 9  0 . 0 0 1 3 6  0 . 0 0 3 4  

*The v a l u e  o f  6 i s  s i g n i f i c a n t l y  d i f f e r e n t  f r o m  z e r o  

a t  t h e  5 %  c o n f i d e n c e  l e v e l  ( a  = 0 . 0 5 ) .  



Tab le  A - 2 2  

M u l t i p l e  R e g r e s s i o n  A n a l y s i s  f o r  t h e  
Ohio Tu rnp ike  A c c i d e n t  Ra t e  

S i d e  Force  F a c t o r  
Wet Road A c c i d e n t s  

S t d .  e r r o r  o f  r e g r e s s i o n  = 0.0053 

1 ~ -  = -0 .00009  S t d .  e r r o r  (SEu) = 0.0028 

I n c r e m e n t a l  Grade Adjus tment  

i Grade ( % )  6 G i  S t d .  E r r o r  (SE6Gi) 

I n c r e m e n t a l  S i d e  Fo rce  F a c t o r  Adjus tment  

S i d e  Fo rce  F a c t o r  S t d .  E r r o r  (SE6f i )  
J 

1 -0.015625 on t a n g .  0 .0  - - - - - -  

*The v a l u e  o f  6 i s  s i g n i f i c a n t l y  d i f f e r e n t  f rom z e r o  

a t  t h e  5 %  c o n f i d e n c e  l e v e l  (a = 0 . 0 5 ) .  



Tab le  A-23 

M u l t i p l e  R e g r e s s i o n  A n a l y s i s  f o r  t h e  
P e n n s y l v a n i a  T u r n p i k e  A c c i d e n t  Ra t e  

S i d e  Fo rce  F a c t o r  
A l l  A c c i d e n t s  

S t d .  e r r o r  o f  r e g r e s s i o n  = 0.0038 

S t d .  e r r o r  (SEp) = 0 .0019  

I n c r e m e n t a l  Grade Adj us tment  

Grade ( % )  
6 G i  S t d .  E r r o r  (SE6Gi) 

i 

I n c r e m e n t a l  S i d e  F o r c e  F a c t o r  Adjus tment  

j  S i d e  Fo rce  F a c t o r  
6 f 

j  
S t d .  E r r o r  (SEGf j )  

1 -0 .0139  on Tangen t s  0 . 0  - - - - - -  

*The v a l u e  o f  6 i s  s i g n i f i c a n t l y  d i f f e r e n t  from z e r o  

a t  t h e  5% c o n f i d e n c e  l e v e l  ( a  = 0 . 0 5 ) .  
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M u l t i p l e  R e g r e s s i o n  A n a l y s i s  f o r  t h e  
P e n n s y l v a n i a  Tu rnp ike  Acc iden t  Ra t e  

S i d e  Fo rce  F a c t o r  
S i n g l e  V e h i c l e  A c c i d e n t s  

p 2  = 0.7169 S t d .  e r r o r  o f  r e g r e s s i o n  = 0.0032 

p = 0.00772 S t d .  e r r o r  (SEp) = 0.0016 

I n c r e m e n t a l  Grade Adjus tment  

i Grade ( % )  

I n c r e m e n t a l  S i d e  Fo rce  F a c t o r  Adjus tment  

6 f 
j 

S t d .  E r r o r  (SE6f ) 
j S i d e  Fo rce  F a c t o r  j 
1 -0 .0139  on t a n g e n t s  0 . 0  - - - - -  

*The v a l u e  o f  6 i s  s i g n i f i c a n t l y  d i f f e r e n t  f rom z e r o  

a t  t h e  5% c o n f i d e n c e  l e v e l  (a = 0 . 0 5 ) .  
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Multiple Regression Analysis for the 
Pennsylvania Turnpike Accident Rate 

Side Force Factor 
Wet Road Accidents 

p 2  = 0.6511 Std. error of regression = 0.0027 

p = 0.00518 Std. error (SEU) = 0.0013 

Incremental Grade Adjustment 

i Grade ( % )  
6Gi Std. Error (SEGGi) 

Incremental Side Factor Force Adjustment 

Side Factor Force 6 f Std. Error (SE 
j 6f, 

J 

-0.0139 on tangents 0.0 - - - - -  

*The value of 6 is significantly different from zero 

at the 5% confidence level (a = 0.05). 
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T a b l e  A - 3 3  

PENNSYLVANIA TURNPIKE CUR1 E & GRADE ANALYSIS 

(Single-Vehicle Relatlve Crash Rate) 

Grade in Percent 

Curvatures 
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Table A - 3 4  

PENNSYLVANIA TURNPIKE C URVE & GRADE ANALYSIS 

( W e t - - R o a d  R e l a t i v e  C r a s h  R a t e )  

G r a d e  i n  Percent  

C ~ l r v a  tures 
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' T a b l e  A - 3 9  ( C o n t i n u e d )  

Pennsylvania Turnpike Superelevat ion & Grade A n a l y ~ i s  - Wet-Road R e l a t i v e  Crash Rate 

Superelevat ion 
i n  inches / foot  
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* S t a t  i s t i c a l l y  s i g n i f i c a n t  @ . 9 5  l e v e l .  
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APPENDIX B 

VEHICLE DYNAMICS ON CURVE-GRADE SECTIONS OF HIGHWAY 

The purpose  of t h i s  appendix i s  t o  p r e s e n t  a n a l y s e s  

of t h e  f a c t o r s  which can l e a d  t o  l o s s  of  c o n t r o l  on 

s e c t i o n s  of highway w i t h  c u r v a t u r e  and g rade .  F i r s t ,  

s i m p l i f i e d  a n a l y t i c a l  r e s u l t s  a r e  d e s c r i b e d  t o  p rov ide  a  

p e r s p e c t i v e  from which t o  examine t h e  d e t a i l e d  r e s u l t s  

o b t a i n e d  by f u l l - s c a l e  s i m u l a t i o n .  Then t h e  s i m u l a t i o n  

r e s u l t s  a r e  g iven .  

B . 1  SIMPLIFIED ANALYSES OF VEHICLE PROPERTIES INFLUENCING 
SKIDDING 

For purposes  of  t h i s  s e c t i o n ,  "sk idding"  i s  d e f i n e d  

t o  mean v e h i c l e  motion which r e s u l t s  from a  d r i v e r  l o s i n g  

c o n t r o l  o f  h i s  v e h i c l e  because  he  has o p e r a t e d  t h e  v e h i c l e  

i n  a  manner which exceeds t h e  l e v e l  o f  f r i c t i o n  a v a i l a b l e  

f o r  c o n t r o l l i n g  t h e  v e h i c l e .  For example,  i n  b r a k i n g ,  a  

d r i v e r  can l o s e  c o n t r o l  of  h i s  v e h i c l e  i f  t h e  f r o n t  whee l s ,  

t h e  r e a r  whee l s ,  o r  a l l  f o u r  wheels  l o c k .  I f  a l l  f o u r  

wheels  l o c k ,  t h e  d r i v e r  cannot  ach ieve  g r e a t e r  b r a k i n g  

f o r c e  by pushing  h a r d e r  on t h e  b rake  p e d a l .  I f  t h e  f r o n t  

wheels  l o c k ,  t h e  d r i v e r ' s  a b i l i t y  t o  s t e e r  t h e  v e h i c l e  

i s  g r e a t l y  reduced .  I f  t h e  r e a r  wheels  l o c k ,  t h e  v e h i c l e  

becomes dynamica l ly  u n s t a b l e  and t ends  t o  s p i n  a round,  

and ,  i n  extreme c a s e s ,  t r a v e l  r e a r - e n d  f i r s t .  I n  a l l  t h r e e  



of t h e s e  c a s e s ,  t h e  l e v e l  o f  f r i c t i o n  a v a i l a b l e  a t  t he  

t i r e / r o a d  i n t e r f a c e  has  been exceeded a t  one o r  bo th  s e t s  

of wheels .  

Loss of c o n t r o l  i n  co rne r ing  can be caused by t h e  

f r o n t -  t i r e  s i d e  f o r c e  s a t u r a t i n g  ( i  . e . ,  approaching a  

maximum l e v e l )  o r  by t h e  r e a r - t i r e  s i d e  f o r c e  s a t u r a t i n g .  

When t h e  f r o n t  t i r e s  s a t u r a t e  and t h e  r e a r  t i r e s  do n o t ,  

t h e  v e h i c l e  w i l l  n o t  t u r n  any s h a r p e r .  The d r i v e r  has  l o s t  

c o n t r o l  of t h e  v e h i c l e  because he cannot t u r n  more t i g h t l y  

by i n c r e a s i n g  t h e  s t e e r  a n g l e ,  I f  t h e  r e a r  t i r e s  a r e  

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

enough t o  produce a  yaw moment imbalance,  and t h e  v e h i c l e  

w i l l  s p i n  around,  In  g e n e r a l ,  t h e  s i d e  f o r c e s  from t h e  

r e a r  t i r e s  have a  s t a b i l i z i n g  e f f e c t ,  t ending  t o  keep a  

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

While b rak ing  i n  a  t u r n ,  a  d r i v e r  must r e g u l a t e  h i s  

s t e e r i n g  and b rak ing  t o  ma in ta in  t h e  d e s i r e d  pa th  wi thout  

exceeding t h e  upper limits on l o n g i t u d i n a l  o r  l a t e r a l  t i r e  

f o r c e  a t  t h e  f r o n t  o r  r e a r  wheels .  

O c c a s i o n a l l y ,  s i t u a t i o n s  occur r ing  on t h e  highway cause 

d r i v e r s  t o  demand more s h e a r  f o r c e  from t h e i r  t i r e s  than  

the  t i r e / r o a d  f r i c t i o n a l  p o t e n t i a l  w i l l  pe rmi t .  When 

t h i s  happens,  t h e  v e h i c l e  can s k i d  and,  i f  t h e  v e h i c l e  

s t r i k e s  something whi l e  ou t  of  c o n t r o l ,  a  sk idd ing  a c c i d e n t  

occur s .  



The purpose  of  t h e  f o l l o w i n g  pa rag raphs  i s  t o  p r e s e n t  

s i m p l i f i e d  a n a l y s e s  showing how v e h i c l e  p r o p e r t i e s  a c t  t o  

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

c o r n e r i n g  maneuvers.  These computat ions o f  b r a k i n g  and 

c o r n e r i n g  c a p a b i l i t y  do n o t  i n c l u d e  t h e  e f f i c i e n c y  of t h e  

d r i v e r  i n  us ing  t h e  e n t i r e  t i r e / v e h i c l e  performance 

a v a i l a b l e  t o  him; r a t h e r  t h e y  show t h e  e x t e n t  t o  which t h e  

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

B . 1 . 1  BRAKING. A s i m p l i f i e d  a n a l y s i s  of  t h e  b rak ing  

p r o c e s s  f o l l o w s .  Consider  t h e  v e h i c l e  a s  shown i n  F igure  

B - 1  p r e s e n t e d  below. 

F igure  B-1. Nomenclature f o r  Braking A n a l y s i s .  
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Summing t h e  moments abou t  t h e  c e n t e r  o f  g r a v i t y  ( c . g . )  

and assuming p i t c h  e q u i l i b r i u m  

I d e a l l y ,  b o t h  t h e  f r o n t  and r e a r  t i r e s  p roduce  maximum 

b r a k i n g  f o r c e .  Assuming t h a t  p' r e p r e s e n t s  t h e  maximum 

no rma l i zed  f o r c e  t h a t  e i t h e r  t h e  f r o n t  t i r e s  o r  t h e  r e a r  

t i r e s  can p roduce ,  t h e n  under  i d e a l  b r a k i n g  

and 

From Equa t ions  ( B .  1) , ( B .  2 )  , and ( B .  3 )  i t  can be shown 

t h a t  

f o r  an i d e a l  s t o p  i n  which 

where W = F Z F  + FZR 



Also ,  from (B. 2 )  , (B. 3) , and (B. 4)  i t  i s  c l e a r  t h a t  

R e l a t i o n s h i p s  (B. 5 )  and ( B .  7 )  a r e  shown on F i g u r e  B - 2 ,  

I t  can be seen  by examining t h e  i d e a l  b r a k i n g  curves  

p r e s e n t e d  i n  t h e  f i g u r e  t h a t  pa ramete r s  a and b ,  s p e c i f y -  

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

on t h e  i d e a l  d i s t r i b u t i o n  of  b r a k i n g  f r o n t  t o  r e a r  f o r  a  

g iven  p' . 
Superimposed on F i g u r e  B - 2  i s  a  t y p i c a l  example of  

b rake  p r o p o r t i o n i n g  f r o n t  t o  r e a r  f o r  a  passenger  c a r .  

I n  t h i s  example,  62% o f  t h e  b rak ing  t a k e s  p l a c e  a t  t h e  

f r o n t  wheels  and 38% t a k e s  p l a c e  a t  t h e  r e a r  whee l s .  For 

a  v e h i c l e  w i t h  i t s  c e n t e r  of  g r a v i t y  a t  t h e  middle 

o f  t h e  wheelbase ( i . e . ,  a  = b  = 5 ' ) ,  t h i s  p r o p o r t i o n i n g  

does a  r easonab ly  good job of  f i t t i n g  t h e  i d e a l  b r a k i n g  

cu rve .  No t i ce  t h a t  f o r  p' = 0 . 6  t h i s  p r o p o r t i o n i n g  i s  

i d e a l  f o r  t h e  a  = b  = 5 '  c a s e .  This  means t h a t  f o r  t h i s  

c a s e  t h e  f r o n t  and r e a r  t i r e s  a r e  o p e r a t i n g  a t  maximum 

f o r c e  l e v e l s  s i m u l t a n e o u s l y .  

Below p' = 0 . 6 ,  t h e  f r o n t - t i r e  b r a k i n g  f o r c e  r eaches  

a  maximum b e f o r e  t h e  r e a r - t i r e  b r a k i n g  f o r c e .  A .  example 

of  t h i s  i s  shown i n  t h e  f i g u r e .  For FXR/# = . 15 ,  t h e  



d e a l  
r a k i n g  
u r v e s  

= 2 '  
qn* ( B 7 )  

F i g u r e  B - 2 .  The E f f e c t  of  Brake P r o p o r t i o n i n g  on 
rnance. Braking PerforA. ,  



t o t a l  b rak ing  f o r c e  determined by t h e  brake  p r o p o r t i o n i n g  

i s  0.4W. However, t h e  i d e a l  curve  shows t h a t  0.42W could  

have been ob ta ined  w i t h  t h e  same l e v e l  of  f r o n t - t i r e  

normal ized  b rak ing  f o r c e  (FXF/W). Above p' = 0 . 6 ,  t h e  

r e a r - t i r e  brake  f o r c e  r eaches  a  maximum b e f o r e  t h e  f r o n t -  

t i r e  brake  f o r c e .  Consider  t h e  case  where FXR/W = 0.28 .  

The dashed l i n e s  i n  t h e  f i g u r e  i l l u s t r a t e  t h a t ,  f o r  t h i s  

l e v e l  of FXR/W, i d e a l  b rak ing  would y i e l d  0.86W t o t a l  brake  

f o r c e ,  compared t o  0 .74W as  determined by t h e  brake  

p r o p o r t i o n i n g .  

C l e a r l y ,  a  v e h i c l e  w i t h  t h e  common type  of brake  

p r o p o r t i o n i n g  i l l u s t r a t e d  h e r e  cannot u t i l i z e  a l l  t h e  

f r i c t i o n  p o t e n t i a l  a v a i l a b l e  f o r  s t o p p i n g .  A well-known 

p r a c t i c e  i s  t o  compute b rak ing  e f f i c i e n c y  a s  a  f u n c t i o n  

of  p t  f o r  a  g iven  brake  p r o p o r t i o n i n g .  That i s ,  f o r  a  

p r o p o r t i o n i n g ,  p ,  such t h a t  FXR = p  FXF, t h e  b rak ing  

e f f i c i e n c y ,  q ,  i s  g iven  by: 

1 a 
( 1  + p) f o r  FXR = "FZR - - 

1 h  
(1 + p t  ( 1  + F) ($1 ( i . e . ,  r e a r  t i r e  

maximum f o r c e )  

b  
( 1  + P ) ( $  f o r  FXF - - - - " . F ~ ~  

( i . e . ,  f r o n t  t i r e  
maximum f o r c e )  



(These e q u a t i o n s  can be  d e r i v e d  from t h e  s imp le  v e h i c l e  

model t r e a t e d  h e r e . )  I n  t h e  example w i t h  a  = b  = 5 '  and 

38 , t h e  b r ak ing  e f f i c i e n c y  a s  a  f u n c t i o n  o f  p 1  i s  P = n  

g iven  i n  t h e  fo l l owing  t a b l e :  

These e f f i c i e n c i e s  a r e  good. C l e a r l y ,  t h e  e f f i c i e n c y  can 

be  very  poor  i f  t h e  p r o p o r t i o n i n g  i s  n o t  p r o p e r l y  matched 

t o  t h e  f o r e - a f t  p o s i t i o n  of  t h e  c . g .  f o r  some l o a d i n g  

c o n d i t i o n s  o f  t h e  v e h i c l e .  A l so ,  t h e  i n f l u e n c e  o f  a  

change i n  c . g .  h e i g h t ,  h ,  i s  i m p o r t a n t  i n  e v a l u a t i n g  t h e  

e f f i c i e n c y  o f  a g iven  b rake  p r o p o r t i o n i n g .  

F a c t o r s  such  a s  d i f f e r e n c e s  i n  f r o n t - t o - r e a r  t i r e  

f o r c e  c a p a b i l i t i e s ,  a n t i - l o c k  b r a k e s ,  and v a r i a b l e  p r o -  

p o r t i o n i n g  systems r e q u i r e  a  more s o p h i s t i c a t e d  a n a l y s i s  

t h a n  has  been p r e s e n t e d  h e r e .  D e t a i l e d  computer s imu la -  

t i o n s  have been employed i n  t h i s  p r o j e c t  t o  s t u d y  t h e  

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



complex roadway c o n d i t i o n s .  N e v e r t h e l e s s ,  t h i s  s i m p l i f i e d  

a n a l y s i s  s e r v e s  t o  show t h e  b a s i c  problems w i t h  r e g a r d  

t o  e f f i c i e n t  b rak ing  on a l l  s u r f a c e s .  

B . 1 . 2  CORNERING. Figure  B-3 shows a v e h i c l e  i n  a  

t u r n  on a  downgrade. The t h r e e  f o r c e  and t h r e e  moment 

equa t ions  of  e q u i l i b r i u m  a r e  given i n  Equat ions (B.9) 

through (B.14) a s  l i s t e d  a f t e r  F igure  B-3. Note t h a t  sma l l  

ang le  approximations have been used wherever p o s s i b l e .  

Approximate g r a v i t y  f o r c e s  (us ing  sma l l  angle  

assumpt ions ,  i . e . ,  G and e  - < 0 . 1  r a d . ) :  

W i n  Z d i r e c t i o n  

- W G  i n  X d i r e c t i o n  downhil l  ( G  p o s i t i v e  

f o r  u p h i l l )  

We i n  Y d i r e c t i o n  l a t e r a l ,  p a r a l l e l  t o  

road 

Approximate Equi l ibr ium Equa t ions :  

Note: i=l means l e f t  f r o n t  

i s 2  means r i g h t  f r o n t  

i = 3  means l e f t  r e a r  

i = 4  means r i g h t  r e a r  



Figure B - 3  

2 4 2  



Normal t o  Road: 

L a t e r a l  P a r a l l e l  t o  Road: 

Longi tudinal  P a r a l l e l  t o  Road: 

Yaw : 

( B .  10) 

(B. 11) 

(Fyl + Fy2)a  = (Fy3 + Fy4)b 

P i t c h :  

(2FXi)h + (FZ3 + FZl)b - (FZ1 FZ2)a  = 0 (B. 13) 

Rol l :  

(LFyi)h + (FZ2 + F Z 4  ) t  - (FZ1 + F Z 3 ) t  = O ( B .  14)  



Since  a  s i m p l i f i e d  a n a l y s i s  a p p l i c a b l e  t o  s l i p p e r y  

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

n e g l e c t e d  and bo th  f r o n t  t i r e s  and bo th  r e a r  t i r e s  w i l l  

be t r e a t e d  t o g e t h e r .  So lv ing  Equa t ions  (B.9) th rough  

(B. 13) f o r  t h e  f r o n t  v e r t i c a l  l o a d ,  FZF,  and t h e  r e a r  

v e r t i c a l  l o a d ,  F Z R ,  t h e  fo l l owing  r e s u l t s  a r e  o b t a i n e d :  

( B .  151, 

(B. 16) 

where R = a+b = wheelbase .  Note t h a t  g rade  e n t e r s  t h i s  

a n a l y s i s  on ly  because  a  s m a l l  amount o f  l o a d  t r a n s f e r  i s  

needed t o  b a l a n c e  t h e  t i r e  b r ak ing  f o r c e  r e q u i r e d  t o  

m a i n t a i n  c o n s t a n t  v e l o c i t y  on a  downhi l l  s l o p e .  For  

mv2 pas senge r  c a r  o p e r a t i o n  on highways,  t h e  terms e ,  

- WGh WGh , and - i n  (B. 15) and (8 .16)  a r e  sma l l  and t h e y  can b  a  

be n e g l e c t e d .  (S ince  d e t a i l e d  computer s i m u l a t i o n  has  

been used t o  produce q u a n t i t a t i v e l y  p r e c i s e  r e s u l t s ,  a  

s imple  a n a l y s i s  can be used f o r  t h e  exemplary purposes  o f  

t h i s  d i s c u s s i o n .  ) Thus,  

( B .  1 7 )  

(B.  1 8 )  



By n e g l e c t i n g  r o l l  and by t r e a t i n g  bo th  f r o n t  wheels 

and b o t h  r e a r  wheels t o g e t h e r ,  t h e  l a t e r a l  f o r c e  e q u a t i o n  

and t h e  yaw moment e q u a t i o n  become: 

L a t e r a l :  FyF + FyR - W V* - we - s  R ( B .  19) 

Yaw: a F ~ ~  - b F ~ ~  = 0 (B.20) 

A s  a  f i r s t  approximation under  l i m i t  c o n d i t i o n s  

( i . e . ,  c o n d i t i o n s  under  which t i r e  s i d e  f o r c e  has reached 

a  maximum o r  s a t u r a t e d ) ,  t h e  maximum p o s s i b l e  t i r e  f o r c e s  

a r e  g iven  by 

F~ FL k" ~ F ~ ~ I  ( p o s i t i v e  f o r  r i g h t  t u r n )  (8.21)  

- 
FyRL ?pR lFZRl  ( p o s i t i v e  f o r  r i g h t  t u r n )  (B.22) 

Before proceeding  f u r t h e r ,  i t  i s  of i n t e r e s t  t o  

compare r e s u l t s  o b t a i n e d  us ing  Equat ions  (B. 17) through 

(B. 2 2 )  w i t h  r e s u l t s  o b t a i n e d  by Zuk ( 4 )  - f o r  a  s i t e  on 

1-95 where 1-95  c r o s s e s  US 1 i n  V i r g i n i a .  The parameters  

of t h e  v e h i c l e  and t h e  highway a r e :  

G = - 0 . 0 2 6  (downhi l l )  

e = 0 . 0 1 5 6  



R = 5730 f t .  

- 
'-'F - '-'R = 0 .3  

W = 4000 l b s .  

a  = 4 . 5 f t .  

b = 5 . 5  f t .  

h  = 2 .0  f t .  ( n o t  needed f o r  t h e  s i m p l i f i e d  

e q u a t i o n s )  

The maximum v e l o c i t y  a t  maximum s i d e  f o r c e  p r e d i c t e d  by 

Zuk's  a n a l y s i s  was 164.6  mph compared t o  165 mph p r e -  

d i c t e d  by Equa t ions  (B .  17)  th rough  ( B .  22 ) .  When R was 

reduced  t o  1000 f t .  ( t o  r e p r e s e n t  maneuvering c o n d i t i o n s  

i n  Zuk's  a n a l y s i s ) ,  t h e  maximum v e l o c i t y  p r e d i c t e d  by 

Zuk was 68.7 mph and t h i s  a n a l y s i s  p r e d i c t s  69 mph. 

Now c o n s i d e r  c a s e s  where t h e  f r o n t  and r e a r  t i r e  

c h a r a c t e r i s t i c s  a r e  d i f f e r e n t .  T i r e - i n - u s e  f a c t o r s  such  

a s  wear ,  i n f l a t i o n  p r e s s u r e ,  and rep lacement  t i r e  d i f f e r -  

ences  can l e a d  t o  d i f f e r e n t  f r o n t - t o - r e a r  t i r e  s h e a r  f o r c e  

c h a r a c t e r i s t i c s .  (See Appendix G . )  For  t h e  pu rposes  of  

t h i s  s e c t i o n ,  i t  i s  assumed t h a t  t h e  maximum f r i c t i o n  

c o e f f i c i e n t s ,  p F  and p R ,  r e p r e s e n t  t h e  i n f l u e n c e  o f  t h e  

m u l t i t u d e  of  f a c t o r s  which i n t e r a c t  a t  t h e  t i r e / r o a d  

i n t e r f a c e .  



When p F  d i f f e r s  from , t h e  yaw moment b a l a n c e  

de te rmines  whether  t h e  v e h i c l e  o p e r a t e s  a t  maximum p o s s i b l e  

f r o n t - t i r e  s i d e  f o r c e  o r  a t  maximum p o s s i b l e  r e a r - t i r e  

s i d e  f o r c e .  A g r a p h i c a l  method o f  s o l u t i o n  f o r  Equat ions  

(B.19) through (B.22) i s  i l l u s t r a t e d  i n  F i g u r e  B-4. I n  

t h i s  f i g u r e ,  p o s s i b l e  v a l u e s  of  FyF a r e  p l o t t e d  v e r s u s  

co r re spond ing  va lues  of F y R  P o i n t s  s a t i s f y i n g  Equat ion  

(B.20) ,  t h e  yaw moment b a l a n c e ,  l i e  on a  s t r a i g h t  l i n e  

through t h e  o r i g i n  w i t h  s l o p e  b / a .  The maximum p o s s i b l e  

r e a r -  t i r e  f o r c e ,  FyRL, de te rmines  a  v e r t i c a l  l i n e ,  and 

F~~~ de te rmines  a  h o r i z o n t a l  l i n e .  The "FyRL and FyFL 

b l i n e s "  i n t e r s e c t  t h e  l i n e  FyF = H FyR a t  two p o i n t s .  The 

p o i n t  c l o s e s t  t o  t h e  o r i g i n  (symbolized by P i n  F i g u r e  B-4) 

de te rmines  t h e  maximum p o s s i b l e  t o t a l  s i d e  f o r c e  (FyF + FyR) 

w h i l e  m a i n t a i n i n g  a  yaw moment b a l a n c e .  

Any a t t empt  by t h e  d r i v e r  t o  t u r n  " t i g h t e r "  t h a n  

p r e d i c t e d  by t h e  a n a l y s i s  w i l l  r e s u l t  i n  e i t h e r  a  "plow-out" 

o r  a  " s p i n - o u t "  r e s p o n s e ,  depending upon t h e  f r o n t - t o - r e a r  

s i d e  f o r c e  c h a r a c t e r i s t i c s  of  t h e  v e h i c l e .  The v e h i c l e  

w i l l  plow ou t  i f  t h e  f r o n t - t i r e  s i d e  f o r c e  i s  maximized. 

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

r eaches  a  maximum. 

Lines o f  c o n s t a n t  t o t a l  l a t e r a l  f o r c e ,  FyR + FyR, 

have a  s l o p e  o f  -1 .0  i n  F igure  B - 4 .  The l i n e  of  t o t a l  

l a t e r a l  f o r c e  p a s s i n g  through p o i n t  P de termines  t h e  t o t a l  
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F i g u r ?  B - 4 .  Graph ic  S o l u t i o n  of Corner ing  E q u a t i o n s .  



l a t e r a l  f o r c e  which can be developed by t h e  v e h i c l e ' s  

t i r e s  i n  an e q u i l i b r i u m  t u r n  a s  d e s c r i b e d  by Equat ions  

(B. 17)  through (B. 22) .  Equat ion  ( B .  19)  e q u a t e s  t h e  t o t a l  

l a t e r a l  f o r c e  t o  t h e  speed  and weight  of  t h e  v e h i c l e  and 

t o  t h e  geometry of t h e  road  ( i  . e . ,  R and e )  . 

For t h e  example i l l u s t r a t e d  by t h e  heavy l i n e s  i n  

F igure  B-4, FyFL = 1000 l b s . ,  b u t  f o r  an e q u i l i b r i u m  t u r n ,  

FyF = 800 l b s .  i n  o r d e r  t o  ma in ta in  a  yaw moment b a l a n c e .  

I n  t h i s  c a s e ,  t h e  t i r e s  could produce a  t o t a l  of  1800 l b s .  

f o r c e ;  however, t h e  v e h i c l e  can u t i l i z e  only  1600 l b s .  

o u t  of  t h e  1800 l b s .  a v a i l a b l e .  

A summary o f  t y p i c a l  c a l c u l a t e d  r e s u l t s  f o r  d i f f e r e n t  

va lues  of  p R  and v F  i s  p r e s e n t e d  i n  Table  B - I . *  

Table  B - l  

SITE AND VEHICLE PARAMETERS GIVEN ON PAGES 245 AND 246 

p~ "R F~~~ F~~~ F~~ F~~ V (maximum) 

0 . 3  0 . 3  660 540 660 540 242 f t / s e c  (165 mph) 

0 . 3  0.2 660 360 440 360 200 f t / s e c  (136 mph) 

0 .4  0 . 3  880 540 660 540 242 f t / s e c  (165 mph) 

0 .3  0 .4  660 720 660 540 242 f t / s e c  (165 mph) 

0.2 0 .3  440 540 440 360 200 f t / s e c  (136 mph) 

*Note t h a t  a  s u r f a c e  w i t h  a  30 s k i d  number a t  130 mph may 

have a r a t h e r  h igh  s k i d  number a t  4 0  mph. 



Examination of  t h e  r e s u l t s  (Table B-1) shows t h a t  t h e  

s m a l l e r  c o e f f i c i e n t  of f r i c t i o n  de termines  t h e  maximum 

t o t a l  f o r c e  a t t a i n a b l e .  A n a l y t i c a l l y ,  t h i s  i s  seen  by 

comparing t h e  yaw moments which would be produced by t h e  

maximum f r o n t  and r e a r  t i r e  f o r c e s ,  v i z ,  

Thus, t h e  s m a l l e s t  magnitude moment i s  produced by t h e  

t i r e s  having t h e  lowest  " f r i c t i o n  c o e f f i c i e n t . "  I f  

p R  > p F ,  t h e  f r o n t  t i r e s  s a t u r a t e  and an i n c r e a s e  i n  s t e e r  

1 ang le  w i l l  n o t  produce a  g r e a t e r  p a t h  c u r v a t u r e  (R); i f  

uF > uR, t h e  r e a r  t i r e s  s a t u r a t e  and i n c r e a s i n g  s t e e r  

angle  w i l l  cause a yaw moment imbalance which cannot  be 

coun te rac ted  by i n c r e a s e d  r e a r  t i r e  s i d e  f o r c e ,  and con- 

s e q u e n t l y  t h e  v e h i c l e  t ends  t o  s p i n  o u t .  (During s p i n -  

o u t ,  t h e  v e h i c l e  s i d e s l i p  a n g l e ,  B ,  d e f i n e d  as t h e  ang le  

between t h e  v e l o c i t y  v e c t o r  and an a x i s  o u t  t h e  f r o n t  of 

t h e  v e h i c l e ,  d i v e r g e s .  ) 

This a n a l y s i s  p rov ides  t h e  background f o r  a working 

d e f i n i t i o n  of  " l o s s  of c o n t r o l "  i n  c o r n e r i n g :  

A d r i v e r  has s u f f e r e d  l o s s  of  c o n t r o l  when e i t h e r  

1. an i n c r e a s e  i n  s t e e r i n g  ang le  no l o n g e r  
1 produces a h i g h e r  p a t h  c u r v a t u r e  (K) 

( t r a j e c t o r y  i n s t a b i l i t y )  , o r  

2 5 0  



2 .  an i n c r e a s e  i n  s t e e r  a n g l e  produces 

an u n s t a b l e  yaw a c c e l e r a t i o n  ( d i r e c t i o n a l  

i n s t a b i l i t y ) .  

The f i r s t  t ype  of l o s s  of  c o n t r o l  i s  r ecogn ized  

e a s i l y  when i t  occur s  i n  t h e  s i m u l a t i o n .  The computed 

t ime h i s t o r i e s  a r e  c h a r a c t e r i z e d  by an e v e r - i n c r e a s i n g  

s t e e r  a n g l e  w i t h  no co r respond ing  i n c r e a s e  i n  l a t e r a l  

a c c e l e r a t i o n ,  yaw r a t e ,  o r  p a t h  c u r v a t u r e .  The second 

( s p i n - o u t )  t y p e  o f  l o s s  of c o n t r o l  produces a  d r a m a t i c a l l y  

d i v e r g e n t  s i d e s l i p  a n g l e .  F igures  B-5 and B-6  i l l u s t r a t e  

t h e  c o n d i t i o n s  which l e a d  t o  t h e  two types  of  l o s s  of  

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

I n  t h e  plow-out  example of  F igure  B - 5  i t  i s  assumed 

t h a t  t h e  maximum l a t e r a l  f o r c e ,  FyFL9 from b o t h  f r o n t  

t i r e s  i s  8 0 0  l b s .  and,  due t o  t i r e  d i f f e r e n c e s  o r  o t h e r  

f a c t o r s ,  FyFL i s  equa l  t o  t h e  maximum a v a i l a b l e  l a t e r a l  

f o r c e  from t h e  r e a r  t i r e s  (FyRL),  even though t h e  c e n t e r  

of g r a v i t y  i s  c l o s e r  t o  t h e  f r o n t  wheels  than  t o  t h e  r e a r  

wheels  ( i  . e .  , b  > a ) .  P o i n t s  s a t i s f y i n g  t h e  yaw moment 

b a l a n c e  l i e  a long a  r a d i a l  l i n e  drawn through t h e  o r i g i n  

w i t h  s l o p e ,  b / a ,  i n  F igure  B - 5 .  Lines of  c o n s t a n t  t o t a l  

l a t e r a l  f o r c e  have a  n e g a t i v e  s l o p e  equa l  t o  u n i t y .  These 

l i n e s  r e p r e s e n t  Equat ion  (B.19) f o r  v a r i o u s  s t e a d y  t u r n i n g  

c o n d i t i o n s .  The p o i n t  where l o s s  o f  c o n t r o l  occurs  can 

be  found by p roceed ing  o u t  t h e  yaw moment b a l a n c e  l i n e  
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from t h e  o r i g i n  through h i g h e r  and h i g h e r  va lues  of  t o t a l  

l a t e r a l  f o r c e  up t o  t h e  p o i n t  where e i t h e r  FyRL o r  FyFL 

i s  reached.  I n  F igure  B - 5 ,  FyFL i s  reached f i r s t ,  i n d i -  

c a t i n g  t h a t  f o r  t h i s  example f r o n t  t i r e  s a t u r a t i o n  occurs  

b e f o r e  r e a r  t i r e  s a t u r a t i o n .  Examination of  t h e  f i g u r e  

shows t h a t  t h e  maximum t o t a l  l a t e r a l  f o r c e  which can be  

ob ta ined  w i t h o u t  l o s s  of  c o n t r o l  i s  approximate ly  1460 l b s .  

Note t h a t  i n  t h i s  case  t h e  t i r e s  could  have produced a 

1 6 0 0 - l b .  t o t a l  l a t e r a l  f o r c e  i f  i t  were n o t  n e c e s s a r y  t o  

ma in ta in  a yaw moment b a l a n c e .  

F igure  B-6 i l l u s t r a t e s  t h e  s p i n - o u t  type  of  l o s s  o f  

c o n t r o l .  The l i m i t i n g  va lues  of  t i r e  f o r c e  s e l e c t e d  f o r  

t h i s  example a r e  FyFL = 900 l b s .  and FyRL = 7 0 0  l b s .  

Examination of F igure  B - 6  i n d i c a t e s  t h a t  FyRL i s  t h e  

l i m i t i n g  f a c t o r  and t h a t  t h e  maximum va lue  of (FyF + FyR) 

wi thou t  s p i n - o u t  i s  1 5 4 0  l b s . ,  which i s  l e s s  than  t h e  

1600 l b s .  a v a i l a b l e  from t h e  f r o n t  and r e a r  t i r e s  combined 

i f  t h e  moment ba lance  i s  n o t  cons ide red .  

These s imple  examples p rov ide  a  u s e f u l  p e r s p e c t i v e  

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

f u l l - s c a l e  s i m u l a t i o n .  



B .  1 . 3  BRAKING AND CORNERING. The s i m p l i f i e d  a n a l y s i s  

(Equat ions  ( B .  17)  through ( B .  22) can be  ex tended t o  

i n c l u d e  t h e  i n f l u e n c e  o f  b rak ing  on t h e  e q u i l i b r i u m  t u r n -  

i n g  performance of  t h e  v e h i c l e .  For t h i s  purpose  assume 

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

t h e  change i n  v e l o c i t y  t a k i n g  p l a c e  over  a s h o r t  t ime 

p e r i o d .  For a  d e s i r e d  l e v e l  of b r a k i n g  f o r c e ,  F X ,  t h e  

p i t c h  moment e q u a t i o n ,  i s :  

where 

o r ,  s o l v i n g  (B.23) and (B.24) ,  

( B .  23) 

( B .  24) 

(Note t h a t  FX < 0 f o r  b r a k i n g . )  The l o n g i t u d i n a l  b r a k i n g  

f o r c e  FX i s  d i s t r i b u t e d  f r o n t  t o  r e a r  accord ing  t o  t h e  

b rake  p r o p o r t i o n i n g  of  t h e  v e h i c l e .  



where 

(B. 2 8 )  

A s i m p l e  means of r e p r e s e n t i n g  t h e  maximum l a t e r a l  

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

t h e  form: 

= + 7 ( p o s i t i v e  s i g n  f o r  F~~~ - ( ~ F ~ z F )  
r i g h t  t u r n )  

(B. 29) 

(B. 30) 

Equa t ions  ( B .  29) and ( B .  30) a r e  r e a s o n a b l e  app rox ima t ions  

f o r  q u a l i t a t i v e  r e s u l t s .  More e x a c t  r e l a t i o n s  a r e  employed 

i n  t h e  s i m u l a t i o n .  N e v e r t h e l e s s ,  (B.29) and ( B .  30) a r e  

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

Cons ider  t h e  v e h i c l e  and roadway d e s c r i b e d  by t h e  

p a r a m e t e r s  g i v e n  on pages  245 and 246. Assuming t h a t  t h e  d e s i r e d  

FX i s  -500 l b s . ,  t h e n  

F~~ = -200 l b s .  ( 1 . 5  F X R p  FXF) 

F~~ = -300 l b s .  

F~~ = -1700 l b s .  

F~ F = -2300 l b s .  

256 



F~ RL = 4 7 0  l b s .  

F~ FL = 6 2 2  l b s .  

F~~ = 574 l b s .  

(maximum) = 225 f t / s e c  (153 mph) 

These c a l c u l a t i o n s  a r e  shown g r a p h i c a l l y  i n  F igure  B - 7 ,  

a long  w i t h  s i m i l a r  r e s u l t s  f o r  t h e  non-braked v e h i c l e .  

I t  can be  s e e n  i n  t h i s  example t h a t  t h e  d e s i r e d  b r a k i n g  

1 (equa l  t o  g) reduced t h e  maximum a t t a i n a b l e  l a t e r a l  

f o r c e  from 1200 l b s .  t o  1044 l b s .  The maximum v e l o c i t y  

was reduced from 165 mph t o  153 mph. 

B .  1 . 4  SUMMARY. The s i m p l i f i e d  a n a l y s e s  p r e s e n t e d  

i n  t h i s  s e c t i o n  i n d i c a t e  t h a t  d r i v e r s  a r e  n o t  l i k e l y  t o  

l o s e  c o n t r o l  of t h e i r  v e h i c l e s  a t  moderate highway speeds  

u n l e s s  t h e y  a r e  t r a v e l i n g  and maneuvering under  s l i p p e r y  

c o n d i t i o n s  w i t h  poor  t i r e s .  

B .  2 SIMULATION RESULTS 

B . 2 . 1  HVOSM SIMULATION. The HVOSM v e h i c l e  model 

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

degrees  of freedom ( s e e  F i g u r e  B-8) .  The sprung mass i s  

a l lowed t h r e e  t r a n s l a t o r y  and t h r e e  r o t a t i o n a l  degrees  of  

freedom. The r e a r  a x l e  unsprung mass i s  al lowed one 



F~ RL 

F i g u r e  B -  7 .  I n f l u e n c e  o f  B rak ing  on Corne r ing  





r o t a t i o n a l  and one t r a n s l a t o r y  deg ree  of freedom. Each 

of  t h e  f r o n t  unsprung masses i s  a l lowed one t r a n s l a t o r y  

degree  of freedom. The f o u r  wheels  each have a  r o t a -  

t i o n a l  degree  of  freedom i n  a d d i t i o n  t o  one f r o n t  wheel 

s t e e r  deg ree  of freedom. 

The c e n t e r s  of g r a v i t y  of  t h e  f r o n t  unsprung masses 

a r e  c o n s t r a i n e d  t o  d e f l e c t i o n  p a t h s  p a r a l l e l  t o  t h e  sprung 

mass Z a x i s .  The c e n t e r  of  g r a v i t y  of  t h e  r e a r  unsprung 

mass i s  assumed c o n s t r a i n e d  t o  motion p e r p e n d i c u l a r  t o  

t h e  sprung  mass X a x i s  w h i l e  a d d i t i o n a l l y  c o n s t r a i n e d  t o  

remain a  f i x e d  d i s t a n c e  from t h e  r e a r  a x l e  " r o l l  c e n t e r . "  

The r e a r  a x l e  r o l l  c e n t e r  i s  c o n s t r a i n e d  t o  a  p a t h  

p a r a l l e l  t o  t h e  sprung  mass Z a x i s .  The r o t a t i o n a l  deg ree s  

of  freedom o f  t h e  f o u r  wheels a l low f o r  t h e  e f f e c t  of  

r o t a t i o n a l  wheel s l i p  on t i r e  f o r c e s  du r ing  b r a k i n g  o r  

t r a c t i o n .  The s t e e r  deg ree  of  freedom i s  i n i t i a t e d  on ly  

when r i g i d  o b s t a c l e s  such a s  curbs  a r e  encoun te r ed .  

The fo l l owing  assumptions  d e f i n e  t h e  su spens ion  

geometry:  (1) t h e  camber a n g l e  of  each f r o n t  wheel r e l a -  

t i v e  t o  t h e  v e h i c l e  i s  de te rmined  by i n t e r p o l a t i o n  of  a  

t a b u l a r  i n p u t  of  camber ang l e  a s  a  f u n c t i o n  o f  su spens ion  

d e f l e c t i o n ;  ( 2 )  s t e e r  ang l e s  of t h e  f r o n t  wheels  a r e  

assumed e q u a l  and f r o n t  r o l l  s t e e r  e f f e c t s  a r e  n e g l e c t e d ;  

( 3 )  r e a r  a x l e  r o l l  s t e e r  i s  t r e a t e d  as  a  l i n e a r  f u n c t i o n  



of  t h e  angu la r  degree  of  freedom of  t h e  r e a r  a x l e ;  and 

( 4 )  a n t i - p i t c h  e f f e c t s  a r e  approximated by c o e f f i c i e n t s  

t a b u l a t e d  a s  f u n c t i o n s  of suspens ion  d e f l e c t i o n s ,  

The e x t e r n a l  f o r c e s  c o n s i s t  of t i r e  f o r c e s ,  a e r o -  

dynamic f o r c e s ,  and r o l l i n g  r e s i s t a n c e .  The t i r e  f o r c e s  

a c t  w i t h i n  t h e  t i r e - t e r r a i n  c o n t a c t  p a t c h ,  wh i l e  a e r o -  

dynamic d rag  and r o l l i n g  r e s i s t a n c e  f o r c e s  a r e  g r o s s l y  

approximated as  a c t i n g  d i r e c t l y  through t h e  sprung mass 

c e n t e r  of g r a v i t y  a long t h e  v e h i c l e  X a x i s .  

For complete d e t a i l s  of  t h e  HVOSM s i m u l a t i o n ,  s e e  

Reference  ( 1 ) .  - A number of a u x i l i a r y  programs were w r i t t e n  

t o  supplement t h e  HVOSM s i m u l a t i o n  i n  g e n e r a t i n g  t i r e -  

s u r f a c e  d a t a ,  t e r r a i n  t a b l e  d a t a ,  and feedback c o n t r o l  of  

t h e  v e h i c l e ,  These programs and models a r e  d e s c r i b e d  i n  

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

B .  2 . 2  TIRE/SURFACE DATA GENERATION. The HVOSM simu- 

l a t i o n  r e q u i r e s  t a b u l a r  i n p u t  of t i r e / s u r f a c e  f r i c t i o n  

d a t a  i n  a  p a r t i c u l a r  form which i s  i nconven ien t  f o r  t h e  

purposes  of  t h i s  s t u d y ,  s i n c e  l i t t l e  d i s t i n c t i o n  i s  a l lowed 

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

f a c e  t o  t h e  t o t a l  f r i c t i o n .  As a  r e s u l t ,  an a u x i l i a r y  

program was w r i t t e n  by HSRI which accep ted  s e p a r a t e  i n p u t s  

of g e n e r a l  t i r e  c h a r a c t e r i s t i c s  and g e n e r a l  s u r f a c e  

c h a r a c t e r i s t i c s  s e p a r a t e l y  and o u t p u t t e d  t h e  t o t a l  t i r e /  

s u r f a c e  f r i c t i o n  t a b l e s  r e q u i r e d  by t h e  HVOSM s i m u l a t i o n .  

See F igure  B - 9 .  



F r i c t i o n  
Tables  

Required 
by HVOSM 

Program 

Figure  B - 9  

The t i r e  and s u r f a c e  i n t e r a c t i o n  of i n t e r e s t  i n  t h i s  

s tudy i s  shown i n  t h e  s u r f a c e / t i r e  mat r ix  o f  Table B - 2 .  

The d e f i n i t i o n s  and d e s c r i p t i o n s  p e r t a i n i n g  t o  Table B - 2  

a r e  shown i n  Tables  B-3 and B - 4 .  

The t i r e  p r o p e r t i e s  a r e  c h a r a c t e r i z e d  by a  s e t  of 

inpu t  parameters  chosen t o  b e s t  r e f l e c t  average f r i c t i o n  

v a r i a t i o n s ,  wi th  s l i p  and load  based on a c t u a l  t i r e  t e s t  

d a t a  a v a i l a b l e  a t  HSRI.  Table B - 5  summarizes t h e s e  

assumed parameters  f o r  each t i r e .  



Table B - 2  

Surface/Tire Matrix 

Tire A 

Surface 

where: P x  z locked wheel friction coefficient I v - 4 0  at 4 0  mph 

3 

4 

v x /  s-l E locked wheel friction coefficient 

v = 8 0  at 80 mph 

P 
x P 

: peak longitudinal friction coefficient 
at 4 0  mph 

Same as 2 - A  

but 
- - 028 

v = 8 0  

Same as 5 - A  

but 

- 043 

v = 4 0  

Same as 2-B 

but 

Same as 2-C 

but 

- - = 0 . 0  

v = 8 0  v = 8 0  v = 8 0  

- 
P x  

= - 2 4  

v = 4 0  
Fix 

- - = ,041 

v = 8 0  v = 8 0  v = 8 0  

Px  

- 
s=l 

- 

Pxp = $ 6 8  
yx = . 5 4  

- 
,?=I 

- = . 1 0  

v = 4 0  

px = $ 4 4  

v = 8 0  v = 8 0  

Same as 5-B 

but 

Same as 5-C 

but 



T a b l e  B-3 

S u r f a c e  D e s c r i p t i o n s  

S k i d  Number S k i d  Number G r a d i e n t  
S u r f a c e  Type @ 40 mph With Respec t  t o  V e l o c i t y  

Smooth 

2 F i n e ,  Rounded 3 0  - . 5  (mph) - l  

3 F i n e ,  G r i t t y  30 - . 2  (mph)" 

4 Coa r se  , 4 0 - .  75 (mph) 'l 
Rounded 

5 C o a r s e ,  G r i t t y  4 0  - . 5  (mph) - I  

T i r e  

A 

B 

C 

T a b l e  B-4 

T i r e  D e s c r i p t i o n s  

T read  Wear 

New 

H a l f  -Worn 

F u l l y  Worn 



Table B-5 

T i r e  
Parameters  A (New) B (Half-Worn) C ( F u l l y  Worn 

FXGRAD - . 2 5  - - 2 5  - . 2 5  

DUYDFZ - . 0 0 0 2 5  - . 0 0 0 2 5  - , 0 0 0 2 5  
- -- - 

V = 40 mph 

where,  

FXGRAD : g r a d i e n t  of px w i t h  r e s p e c t  t o  s l i p  

i n  t h e  h i g h - s l i p  r e g i o n  

T~ : an assumed t i r e  performance o r  wear 

f a c t o r  i n d i c a t i n g  t h e  r a t i o  of  t h e  

s k i d  number f o r  a  g iven  t i r e  t o  t h a t  

o f  t h e  s t a n d a r d  ASTM s k i d  t e s t  t i r e  

on any s u r f a c e  

Cs - l o n g i t u d i n a l  s t i f f n e s s  o f  t i r e  

S~ v a l u e  o f  s l i p  a t  which p occurs  
XP 

DUYDFZ : v a r i a t i o n  of  peak l a t e r a l  f r i c t i o n  

c o e f f i c i e n t  w i t h  l o a d  ( l b s )  - I .  

Where a p p r o p r i a t e ,  t h e s e  terms a r e  g r a p h i c a l l y  d e f i n e d  on 

F i g u r e  B-10. 



Figure  B - 1 0 .  T i r e  Parameter  Term D e f i n i t i o n s  



I n  a d d i t i o n ,  i t  i s  assumed t h a t  t h e  peak l a t e r a l  

c o e f f i c i e n t  of f r i c t i o n ,  u 
YP ' s a t u r a t e s  and t h a t  t h e  v a l u e  

O f  "P 
a t  t h i s  s l i p  a n g l e  i s  e q u a l  t o  p 

XP ' 
The s a t u r a t i o n  

c h a r a c t e r i s t i c s  o f  v a r e  shown on F i g u r e  B - 1 1 .  
YP 

B . 2 . 3  TERRAIN TABLE DATA GENERATION. The HVOSM 

s i m u l a t i o n  p r o v i d e s  f o r  a  t e r r a i n  o r  s u r f a c e  upon which 

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

d e s c r i b e s  how t h e  e l e v a t i o n  v a r i e s  w i t h  d i sp lacemen t s  i n  

t h e  two h o r i z o n t a l  d i r e c t i o n s ,  I t  i s  t h e  r e s p o n s i b i l i t y  

of  t h e  program u s e r  t o  p r o v i d e  t h i s  t a b u l a r  i n p u t  f o r  each  

d i f f e r e n t  t e r r a i n .  S ince  i n  t h i s  s t u d y  t e r r a i n  geornetr ics  

were a  p r i n c i p a l  i n t e r e s t ,  changes i n  t e r r a i n  t a b l e s  were 

f r e q u e n t  and would have r e q u i r e d  e x c e s s i v e  amounts o f  

t ime i f  p r e p a r e d  "by hand." I n s t e a d ,  an a u x i l i a r y  program 

was w r i t t e n  which assumed a  g e n e r a l  s u r f a c e  o r  t e r r a i n  i n  

t h e  form of  a  "banked h e l i c a l  ramp," thus  a l lowing  f o r  a  

c o n s t a n t  r a d i u s  p a t h  w i t h  downgrade o r  upgrade a s  w e l l  as  

s u p e r e l e v a t i o n .  A s k e t c h  of  a  banked h e l i c a l  ramp i s  

shown i n  F igure  B - 1 2 .  

The i n p u t s  t o  t h i s  a u x i l i a r y  program a r e  t h e  r a d i u s  

o f  t h e  curve  (Ro),  g rade  ( G ) ,  and s u p e r e l e v a t i o n  ( e ) .  

The o u t p u t  i s  t h e  t a b u l a r  d a t a  i n  t h e  form r e q u i r e d  by 

t h e  HVOSM s i m u l a t i o n .  Thus a curved roadway of nominal 

r a d i u s  R o ,  g rade  G ,  and s u p e r e l e v a t i o n  e ,  can be o b t a i n e d  

by s imply e n t e r i n g  t h e  t h r e e  r e q u i r e d  pa ramete r s  and 

a l lowing  t h e  program t o  g e n e r a t e  t h e  r e q u i r e d  t a b l e ,  
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s a t u r a t e s ,  uYP="xP 
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F igure  B - 1 1 .  S a t u r a t i o n  C h a r a c t e r i s t i c  of  p 
Y' 



F i g u r e  B - 1 2 .  A Banked Helical Ramp 



The r e l a t i o n s h i p  used f o r  o b t a i n i n g  t h e  e l e v a t i o n  o f  

p o i n t s  on t h e  road  i s  c o n v e n i e n t l y  d e s c r i b e d  i n  te rms  of 

t h e  c y l i n d r i c a l  c o o r d i n a t e s  (Z, R ,  and 0 )  shown i n  F i g u r e  

B-13. F i r s t  c o n s i d e r  p o i n t s  on t h e  c e n t e r l i n e  o f  t h e  

road .  The e l e v a t i o n  of p o i n t s  on t h e  c e n t e r l i n e  o f  t h e  

r o a d ,  i l l u s t r a t e d  i n  F igu re  B-13, i s  g iven  by t h e  

e q u a t i o n :  

(B. 31) 

where 

Z i s  t h e  e l e v a t i o n  

R i s  t h e  r a d i u s  of t h e  c e n t e r l i n e  of  t h e  road  
0 

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

G i s  t h e  g r a d e .  

The e l e v a t i o n  of  a l l  p o i n t s  on t h e  road  a t  any r a d i i  i s  

g iven  by 

(B. 32) 

where 

R i s  t h e  r a d i a l  d i s t a n c e  c o o r d i n a t e  and 

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



Figure B-13. Curve/Grade Geometry 



Thus ,  as shown i n  F i g u r e  B-13,  p o i n t  P i s  a t  a  h i g h e r  

e l e v a t i o n  t h a n  p o i n t  C .  For  a  r oad  w i t h  l a n e  w i d t h  L 

and s u p e r e l e v a t i o n  e  t h e  p o i n t  P on t h e  o u t s i d e  edge  o f  

t h e  road  i s  h i g h e r  t h a n  t h e  p o i n t  C on t h e  c e n t e r l i n e  o f  

t h e  road  by t h e  amount, e  * L .  

For  u s e  i n  t h e  HVOSM t e r r a i n  t a b l e s  t h e  e x p r e s s i o n  

d e s c r i b i n g  t h e  road s u r f a c e  was c o n v e r t e d  from c y l i n d r i c a l  

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

B . 2 . 4  VEHICLE C O N T R O L L E R .  

B . 2 . 4 . 1  Genera l  D e s c r i p t i o n .  I t  was a p p a r e n t  from 

t h e  b e g i n n i n g  of  t h e  s t u d y  t h a t  a  feedback  c o n t r o l  scheme 

would be  r e q u i r e d  t o  gu ide  a  v e h i c l e  a long  c i r c u l a r  p a t h s  

w h i l e  a l s o  b e i n g  c a p a b l e  o f  pe r fo rming  l a n e  changes  abou t  

such  p a t h s .  The b a s i c  r e q u i r e m e n t s  f o r  such  a  c o n t r o l  

sys tem a r e  a s  f o l l o w s :  

1 )  P a t h  d e v i a t i o n  f o r  a s t e a d y - s t a t e  c i r c u l a r  

t u r n  s h o u l d  b e  d r i v e n  t o  n e a r  z e r o .  

2 )  No h i g h l y  o s c i l l a t i n g  o r  u n u s u a l  c o n t r o l  

b e h a v i o r  d u r i n g  t r a n s i e n t  p e r i o d s .  

3) Good r e s p o n s e ,  p a r t i c u l a r l y  d u r i n g  l a n e  

change o r  s i m i l a r  maneuvers .  

No a t t e m p t  was made t o  model o r  approx imate  human 

d r i v e r  b e h a v i o r  by c o n s i d e r i n g  t ime d e l a y s  and neurornuscular  



dynamics.  However, s t e e r  l e v e l s  and r a t e s  which f a r  

exceeded t h o s e  of human performance were n o t  cons ide red  

d e s i r a b l e .  

A f t e r  c o n s i d e r i n g  a  number o f  d i f f e r e n t  schemes, a  

g e n e r a l  c o n t r o l  sys tem was developed.  I t  i s  shown i n  

F igure  B -  14 .  The a p p r o p r i a t e  v a r i a b l e  r e l a t i o n s h i p s  a r e  

shown i n  F igure  B-15. The p r i n c i p a l  feedback v a r i a b l e s  

a r e  heading  a n g l e  ($) , s i d e s l i p  a n g l e  ( B )  , and yaw r a t e  

( r ) .  Pa th  ang le  e r r o r  (A) i s  t h e  a n g u l a r  d i f f e r e n c e  

between t h e  v e l o c i t y  v e c t o r  d i r e c t i o n  ($  + B )  = y o r  v e h i c l e  

p a t h  a n g l e  and t h e  d e s i r e d  p a t h  a n g l e  ($  ) .  As shown i n  
P  

F igure  B-14, p r e d i c t e d  p a t h  a n g l e  e r r o r ,  (A'), i s  formed 

by t h e  d i f f e r e n c e  o f  t h e  d e s i r e d  p a t h  a n g l e  ($  ) and 
P  

v e h i c l e  p a t h  a n g l e  ($ + B )  p r e d i c t e d  i n  t ime.  A t  i s  f e d  

forward  w i t h  i t s  i n t e g r a l  forming y  which can be thought  
P '  

o f  a s  a  p r e d i c t e d  p a t h  d e v i a t i o n .  This  i s  then  compared 

w i t h  t h e  r e f e r e n c e  p a t h  d e v i a t i o n  AR.  The a d d i t i o n a l  f o r -  

ward loop compensation and yaw r a t e  damping i s  r e q u i r e d  

f o r  both  s t a b i l i t y  and t h e  performance requi rements  men- 

t i o n e d  above. The o u t p u t  o f  t h e  c o n t r o l l e r ,  f r o n t  wheel 

a n g l e  (6FW),  i s  t h e  i n p u t  t o  t h e  v e h i c l e  dynamics b l o c k ,  

t hus  c l s o i n g  t h e  loop .  The sys tem as  shown i s  b a s i c a l l y  

s i n g l e - l o o p  and compensatory,  w i t h  A t  a s  t h e  pr imary  e r r o r  

s i g n a l .  
$P 

i n p u t s  a s  a  f u n c t i o n  o f  t ime d e f i n e  t h e  d e s i r e d  

p a t h  t o  be fo l lowed ,  w h i l e  t h e  AR i n p u t s  d e f i n e  p a t h  

v a r i a t i o n s  superimposed about  t h e  p a t h  d e f i n e d  by $ 
P  

advanced i n  t ime.  
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As an example ,  c o n s i d e r  t h e  c i r c l e - t o - c i r c l e  l a n e -  

change maneuver used i n  t h i s  s t u d y .  The v e h i c l e  i s  

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

which t ime  a  1 2 - f o o t  l a n e  change t o  an i n s i d e  c o n c e n t r i c  

c i r c l e  i s  t o  be  per formed .  I f  t h e  e q u a t i o n  of  t h e  c i r c l e  

i s  

R 2  = x 2 + y  2 (B. 33) 

t h e n ,  by d i f f e r e n t i a t i n g  t h i s  e x p r e s s i o n ,  an e q u a t i o n  f o r  

t h e  d e s i r e d  p a t h  a n g l e  I) can be  o b t a i n e d  a s  f o l l o w s :  
P  

Per forming  t h e  d i f f e r e n t i a t i o n  y i e l d s ,  

(B. 34) 

( B .  3 5 )  

dx e v a l u a t e d  a long  t h e  t r a j e c t o r y ,  i s  Now obse rve  t h a t  - 
dy '  

t h e  t a n g e n t  of  t h e  d e s i r e d  p a t h  a n g l e  a long  t h e  t r a j e c t o r y .  

Thus,  

T h e r e f o r e ,  t h e  a n g u l a r  t a n g e n t  t o  t h e  c i r c l e  ($  j can b e  
P  

e x p r e s s e d  i n  terms o f  s i m p l e  p a t h  c o o r d i n a t e s  x and y ,  

which a r e  known a s  a  f u n c t i o n  o f  t ime  i n  t h e  s i m u l a t i o n .  
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A t  t ime T=O,  wi th  t h e  v e h i c l e  a t  x = R ,  y  = 0 ,  and 

o r i e n t e d  i n  t h e  y - d i r e c t i o n ,  t h e  $ ( T )  i n p u t  expressed  
P  

by Equat ion (B.36) w i l l  cause t h e  v e h i c l e  t o  fo l low t h e  

c i r c l e  wi th  r a d i u s  R ,  provided t h e  AR i n p u t  i s  zero f o r  

a l l  t ime.  These r e l a t i o n s h i p s  a r e  shown i n  F igure  B-15. 

I f  a  l a n e  change t o  a  c o n c e n t r i c  i n n e r  c i r c l e  i s  r e q u i r e d  

a t  T=3 seconds ,  then t h e  t ime h i s t o r y  f o r  AR would be 

AR = C 9 f o r  T - > 3 

where C i s  a  c o n s t a n t  e q u i v a l e n t  t o  a  1 2 - f o o t  l a n e  change. 

Note t h a t  t h i s  s t e p  form of AR can cause an ab rup t  change 

i n  s t e e r i n g  t o  occur .  Varying degrees  of  s t e e r i n g  p a t h  

response  can be ob ta ined  by ramping AR from 0 t o  C a t  t h e  

d e s i r e d  r a t e ,  as  shown i n  F igure  B-16. 

F igure  B - 1 6  



B.2.4.2 Veh ic l e  T r a n s f e r  Funct ion  Approximation. S ince  

heading  a n g l e  ( )  s i d e s l i p  a n g l e  ( B ) ,  and yaw r a t e  ( r = $ )  

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

proposed c o n t r o l  sys tem,  i t  i s  d e s i r a b l e  from an a n a l y t i c a l  

and des ign  v iewpoint  t h a t  a  reasonably  v a l i d  r e l a t i o n s h i p  

between t h e s e  v a r i a b l e s  and f r o n t  wheel a n g l e  i s  known. 

The obvious approach i s  t o  w r i t e  down t h e  l i n e a r  e q u a t i o n s  

of  motion f o r  a  two-degree-of - f reedom v e h i c l e  and then  

form t h e  r e q u i r e d  t r a n s f e r  f u n c t i o n s :  

(B. 3 7 )  



where 

v  = l a t e r a l  v e l o c i t y  r e l a t i v e  t o  veh ic le  

body ax is  ( f t l s e c )  

r = yaw r a t e  ( rad lsec)  

$ = yaw angle (rad) 

6FW = f r o n t  wheel angle ( rad)  

Ca = l a t e r a l  s t i f f n e s s  of a l l  t i r e s  ( l b l r a d )  

M = vehic le  mass ( s lugs)  

u = forward v e l o c i t y  ( f t l s e c )  

b = l oca t ion  of r e a r  t i r e s  from c .g .  ( f t )  

a  = l oca t ion  of f r o n t  t i r e s  from c .g .  ( f t )  

1 = vehic le  yaw moment of i n e r t i a  about 

2 veh ic l e  v e r t i c a l  body ax i s  ( s l u g - f t  ) 

The following values were chosen on the  bas i s  of the  

veh ic le  being s imulated with a  design speed of 1 0 0  f t l s e c ,  



By a p p r o p r i a t e  s u b s t i t u t i o n s  and assuming 2 2 v/u 

(u = cons tan t  h e r e ) ,  t h e  two r e q u i r e d  t r a n s f e r  f u n c t i o n s  

a r e  formed: 

and 

( B .  38) 

(B. 39) 

With yaw r a t e  damping inc luded (C13 = 0 . 2 ) ,  t h e  

Y r,6FW t r a n s f e r  f u n c t i o n  becomes: 

(B. 40) 

(B. 4 1 )  

The e f f e c t  of the  yaw r a t e  damper i s  t o  move t h e  two 

complex po les  of t h e  Y r  ' denominator c l o s e r  t o  and 
' FW 

f a r t h e r  ou t  along t h e  n e g a t i v e  r e a l  a x i s  i n  t h e  complex 

p l a n e .  This i s  d e s i r a b l e  f o r  reasons  of response  and 

s t a b i l i t y ,  as  w i l l  be shown by some r o o t  l o c i  p l o t s .  



B .  2 . 4 . 3  Forward Loop Gain. The v e h i c l e  t r a n s f e r  

f u n c t i o n s  Y ' and Y can now be  combined w i t h  t h e  
r , 6 ~ ~  JI+B , r  

c o n t r o l l e r  t r a n s f e r  f u n c t i o n s  shown i n  F igure  B-14 t o  

form one forward loop t r a n s f e r  f u n c t i o n  Y o .  Using t h e  

v a l u e s  shown i n  F i g u r e  B-14, Yo becomes: 

and t h e r e f o r e  H E YoYF becomes 

(B. 43) 

A s u i t a b l e  v a l u e  of forward loop g a i n  (K1) can now 

be chosen from a  r o o t  l o c u s  p l o t  o f  H f o r  t h e  p a r t i c u l a r  

s e t  o f  c o n t r o l l e r  v a l u e s  shown i n  F igure  B-14. These 

c o n t r o l l e r  v a l u e s  were chosen by g e n e r a t i n g  r o o t  l o c i  

p l o t s  f o r  d i f f e r e n t  c o n t r o l l e r  v a l u e s  t o  de te rmine  a  

s u i t a b l e  r o o t  l o c u s  p l o t .  This  p l o t  was t h e n  used  t o  

choose K l .  Two r o o t  l o c u s  p l o t s  a r e  shown i n  F igures  8 -17  

and B-18, demons t ra t ing  t h e  e f f e c t  of  yaw r a t e  damping. 

F i g u r e  B - 1 7  i s  t h e  r o o t  l o c u s  f o r  H shown above,  which 

i n c l u d e s  yaw r a t e  damping. F i g u r e  B-18 i s  a  r o o t  l o c u s  

of  a  s i m i l a r  t r a n s f e r  f u n c t i o n  r e s u l t i n g  from no-yaw-ra te  

damping and s l i g h t l y  d i f f e r e n t  c o n t r o l l e r  v a l u e s .  The 



Figure  B - 1 7 .  Root Locus w i t h  Yaw R a t e  Damping 

2 8 2  



F i g u r e  B-18. Root Locus w i t h o u t  Yaw R a t e  Damping 
2 8 3  



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

r e s u l t  o f  t h e  yaw r a t e  damping which moves t h e  two complex 

p o l e s  t o  t h e  l e f t  and toward t h e  n e g a t i v e  r e a l  a x i s .  

A va lue  of 1 . 5  was chosen f o r  K1 from t h e  r o o t  locus  

of F igure  B - 1 7  and proved q u i t e  s u i t a b l e  i n  t h e  computer 

s i m u l a t i o n .  S tep  changes i n  t h e  i n p u t  command provided  

r e spons ive  l a n e  changes r e q u i r e d  f o r  many of  t h e  maneuvers. 

V a r i a b l e  t ime h i s t o r i e s  shown i n  t h e  nex t  s e c t i o n  

demonstrate  t h e  e f f e c t i v e n e s s  of  t h e  c o n t r o l  scheme. 

B.2.5 SIMULATION E X E R C I S E S .  S imula t ion  e x e r c i s e s  

were c a r r i e d  o u t  i n  two phases .  I n  t h e  f i r s t  phase a  

p i l o t  s tudy  was c a r r i e d  ou t  t o  de termine  which parameters  

were most impor tant  i n  t h e  v e h i c l e  i n t e r a c t i o n  w i t h  t h e  

roadway. The second phase c o n s i s t e d  of  a  more e x t e n s i v e  

examinat ion of  t h e s e  impor tant  pa ramete r s .  

The v a r i a b l e s  e v a l u a t e d  i n  t h e  p i l o t  s t u d y  i n c l u d e d :  

s u r f a c e  

t i r e s  

grade  

c u r v a t u r e  

s u p e r e l e v a t i o n  

v e h i c l e  type  

maneuver 

wind e f f e c t s  

roadway p e r t u r b a t i o n s  



The r e s u l t s  of  t h e  p i l o t  s t u d y  i n d i c a t e d  t h a t  wind 

e f f e c t s  and roadway p e r t u r b a t i o n s  had a  l e s s e r  i n f l u e n c e  

on v e h i c l e  s t a b i l i t y  t h a n  some of  t h e  o t h e r  p a r a m e t e r s .  

F u r t h e r  examinat ion  of  t h e s e  pa ramete r s  was t h e r e f o r e  

d e f e r r e d  a s  a  means of  l i m i t i n g  t h e  scope  o f  t h e  s t u d y  t o  

manageable p r o p o r t i o n s .  As a  r e s u l t ,  t h e  pr imary  s t u d y  

focused  on t h e  f i r s t  seven pa ramete r s  shown above. Table  

B-6 shows t h e  range  of v a r i a t i o n s  c o n s i d e r e d  f o r  each  of  

t h e s e  p a r a m e t e r s .  (Also ,  t h e  n o t a t i o n  used t o  l a b e l  t h e  

computer r e s u l t s  i s  i n d i c a t e d  i n  Table  B - 6 . )  

Table  B-6 

1. SURFACE 

N o t a t i o n  Meaning 

2 .  TIRE 

Nota t ion  

T i r e  A 

T i r e  B 

T i r e  C 

Meaning 

New Tread 

Hal f  -Worn Tread 

Fully-Worn Tread 

3 .  GRADE 

Nota t ion  Meaning 



T a b l e  B - 6  ( C o n t i n u e d )  

4 .  CURVATURE 

N o t a t i o n  

5. SUPERELEVATION 

N o t a t i o n  

6 .  VEHICLE TYPE 

N o t a t i o n  

7 ,  MANEUVER 

N o t a t i o n  

Meaning 

Meaning 

3 / 1 6 " / f o o t  

9 / 1 6 " / f o o t  

1 1 / 8 " / f o o t  

Meaning 

S m a l l  Sedan 

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

S t a t i o n  Wagon 

Meaning 

C o r n e r i n g  Under T r a c t i o n  

C o r n e r i n g  and Lane Change 

C o r n e r i n g ,  Lane Change 

and Brak ing  



S i m u l a t i o n  runs  were made f o r  s e v e r a l  o f  t h e s e  

pa ramete r  combinat ions a t  d i f f e r e n t  v e l o c i t i e s .  Success  

o r  f a i l u r e  i n  per forming a  g iven  maneuver a t  t h e s e  

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

o p e r a t i o n  w i t h  r e s p e c t  t o  t h a t  p a r t i c u l a r  maneuver and 

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

The r e s u l t s  o f  t h e  parameter  s t u d y  were d e s c r i b e d  

p r i m a r i l y  i n  terms of  s o - c a l l e d  s a f e  v e l o c i t i e s .  For each  

s e t  of o p e r a t i n g  c o n d i t i o n s  ( i . e . ,  t i r e / s u r f a c e  f r i c t i o n ,  

maneuver, roadway g e o m e t r i c s ,  e t c . ) ,  t h e r e  i s  i d e a l l y  one 

v e l o c i t y  above which t h e  v e h i c l e  would have d i f f i c u l t y  

per forming t h e  r e q u i r e d  maneuver due t o  v a r i o u s  forms of  

i n s t a b i l i t y  t h a t  would r e s u l t  from i n s u f f i c i e n t  f r i c t i o n .  

The amount of  a v a i l a b l e  f r i c t i o n  from t h e  t i r e / s u r f a c e  

i n t e r f a c e  i s  h i g h l y  dependent  upon v e h i c l e  v e l o c i t y  under  

wet c o n d i t i o n s ,  w i t h  lower f r i c t i o n  a v a i l a b l e  a t  h i g h e r  

v e h i c l e  v e l o c i t i e s .  These i n s t a b i l i t i e s  can be p u t  i n t o  

one of  two c a t e g o r i e s :  

1)  l o s s  o f  v e h i c l e  d i r e c t i o n a l  s t a b i l i t y ,  and 

2 )  l o s s  o f  p a t h  o r  t r a j e c t o r y  s t a b i l i t y .  

The former i s  commonly c a l l e d  a s p i n - o u t  and r e s u l t s  from 

l o s s  of  t r a c t i o n  o f  t h e  r e a r  wheels .  A s p i n - o u t  i s  

c h a r a c t e r i z e d  by l a r g e  v e h i c l e  s i d e s l i p  a n g l e s ,  o r  t h e  

i n a b i l i t y  of  t h e  v e h i c l e  t o  m a i n t a i n  o r i e n t a t i o n  i n  t h e  

approximate d i r e c t i o n  of  t h e  v e l o c i t y  v e c t o r .  A p a t h  



i n s t a b i l i t y  i s  commonly c a l l e d  a  plow-out and i s  t h e  

r e s u l t  of l o s s  of t r a c t i o n  on t h e  f r o n t  wheels .  A plow- 

ou t  i s  c h a r a c t e r i z e d  b y . a  l a r g e  p a t h  e r r o r ,  o r  i n a b i l i t y  

of t h e  v e h i c l e  t o  main ta in  a  given p a t h .  Normally one o r  

both of t h e s e  types  of i n s t a b i l i t i e s  w i l l  begin  t o  occur  

above the  s o - c a l l e d  s a f e  v e l o c i t y  f o r  a  given s e t  o f  

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

In  t h i s  s t u d y ,  t h e s e  s a f e  v e l o c i t i e s  were c l a s s i f i e d  

according  t o  maneuver. 

1) V-CRITICAL, o r  VCR,  i s  t h e  s a f e v e l o c i t y ,  

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

co rne r ing  under t r a c t i o n .  The amount of 

t r a c t i o n  necessa ry  i s  t h a t  which w i l l  a l low 

t h e  v e h i c l e  t o  compensate f o r  aerodynamic 

d r a g ,  road d r a g ,  and grade whi l e  ma in ta in ing  

c o n s t a n t  v e l o c i t y .  No l a n e  change o r  braking  

i s  involved .  

2 )  V-LANE CHANGE, o r  V L C ,  i s  t h e  s a f e  v e l o c i t y  

f o r  a  v e h i c l e  co rne r ing  under t r a c t i o n  t h a t  

a l s o  performs a  9 -  t o  1 2 - f o o t  l a n e  change. 

3) V-LOSS OF CONTROL, o r  VLOC,  i s  t he  s a f e  v e l o c i t y  

f o r  a  v e h i c l e  performing t h e  VLC maneuver b u t  

wi th  t r a c t i o n  removed and moderate b rak ing  



added a t  t h e  t ime of  t h e  l a n e  change. The 

s a f e  v e l o c i t y  i n  t h i s  c a s e  i s  d e f i n e d  as  

t h a t  v e l o c i t y  t h e  v e h i c l e  had a t  t h e  ve ry  

s t a r t  o f  t h e  b r a k i n g .  Moderate b rak ing  

h e r e  i s  d e f i n e d  as  0 . 3 g 1 s  d e c e l e r a t i o n .  

In  o r d e r  t o  make c l e a r  t h e  concept  of s t a b i l i t y  f o r  

each  of  t h e  t h r e e  chosen maneuvers,  s e t s  of  t y p i c a l  t ime 

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

n e x t  w i t h  a  d i s c u s s i o n  of  each .  

B.2.5.1 VLOC - Lane Change and Braking .  The VLOC 

maneuver i s  d e f i n e d  a s  f o l l o w s :  A t  t ime T=O,  t h e  v e h i c l e  

e n t e r s  a  cu rve  of r a d i u s  R and m a i n t a i n s  t h a t  curve  f o r  

t h r e e  seconds .  A t  t ime T=3 seconds ,  t h e  v e h i c l e  performs 

a  9 -  t o  1 2 - f o o t  l a n e  change t o  t h e  i n s i d e ,  v i a  t h e  f e e d -  

back c o n t r o l  scheme, and s i m u l t a n e o u s l y  a p p l i e s  b r a k i n g  

t o  m a i n t a i n  0.3g s d e c e l e r a t i o n .  The l a n e  change shou ld  

be completed w i t h i n  f o u r  seconds of  t h e  t ime t h e  maneuver 

i s  i n i t i a t e d ,  o r  by t ime T = 7  seconds .  The purpose  o f  t h i s  

maneuver i s  t o  demonst ra te  t h e  e f f e c t  of  t i r e  f o r c e  l o s s  

due t o  combined s t e e r i n g  and b rak ing  i n  a  t y p i c a l  highway 

emergency maneuver wi thou t  exceeding  r e a s o n a b l e  l e v e l s  of  

s t e e r  and b r a k i n g .  F igure  B-19 shows t h e  d e s i r e d  v e h i c l e  

t r a j e c t o r y .  F igure  B - 2 0  c o n t a i n s  t ime h i s t o r i e s  f o r  a  

t y p i c a l  s t a b l e  maneuver. 



AR Negative as Shown 

Figure B-19. Circle-to-Circle Lane Change, VLOC 

and VLC.  
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Def in i t i ons  f o r  each of the  v a r i a b l e s  shown i n  Figures 

B - 2 0  through B - 2 8  a r e  l i s t e d  i n  Table B - 7 .  

Table B - 7  

P l o t  Var iable  De f in i t i ons  

Longitudinal  Accelera t ion 

La t e r a l  Accelera t ion 

Yaw Rate 

Vehicle S i d e s l i p  Angle 

S t ee r ing  Wheel Angle 

L a t e r a l  Path Deviat ion from I n i t i a l  Radius 

Forward Veloci ty  

Path Angle E r r o r ,  i . e . ,  angular  d i f f e r e n c e  

between veh ic l e  Is v e l o c i t y  vec to r  and 

tangent  t o  the  p re sc r ibed  path  

Lef t  Front Wheel S l i p  

Right Front  Wheel S l i p  

Lef t  Rear Wheel S l i p  

Right Rear Wheel S l i p  



A very  common occur rence  d u r i n g  moderate  b r a k i n g  i n  

low f r i c t i o n  s i t u a t i o n s  i s  wheel lockup.  Due t o  t h e  

d r a m a t i c  l o s s  o f  t i r e  s i d e  f o r c e  w i t h  i n c r e a s e d  wheel 

s l i p ,  s e r i o u s  v e h i c l e  s t a b i l i t y  problems can a r i s e .  The 

type  of i n s t a b i l i t y  i s  g e n e r a l l y  dependent upon which 

wheel o r  wheels  have reached e i t h e r  a  lockup o r  h i g h - s l i p  

c o n d i t i o n .  

F r o n t  wheel lockup w i l l  r e s u l t  i n  a  v e h i c l e  which i s  

d i r e c t i o n a l l y  s t a b l e  b u t  u n s t a b l e  i n  t r a j e c t o r y ,  i .  e . ,  a  

plow-out  i n s t a b i l i t y .  That  i s ,  once t h e  f r o n t  wheels  

have locked ,  t h e  v e h i c l e  w i l l  a l i g n  i t s e l f  w i t h  t h e  v e l o -  

c i t y  v e c t o r  and a c q u i r e  n e a r  ze ro  s i d e s l i p ,  w h i l e  i t s  

p a t h  from t h a t  p o i n t  w i l l  be a  s t r a i g h t  l i n e  c o i n c i d e n t a l  

w i t h  t h e  v e l o c i t y  v e c t o r  a t  t h e  t ime of  t h e  f r o n t  wheel 

lockups .  F ron t  wheel s t e e r  has  l i t t l e  o r  no e f f e c t  a s  a  

r e s u l t  o f  t h e  l o s s  i n  t i r e  s i d e  f o r c e  from t h e  locked wheel 

c o n d i t i o n .  This  e f f e c t  f o r  t h e  VLOC maneuver i s  shown i n  

F igure  B - 2 1 .  Note t h a t  t h e  wheel lockups have occur red  

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

change. This  s i t u a t i o n  r e s u l t s  i n  t h e  v e h i c l e  plowing o f f  

t h e  road  on t h e  i n s i d e .  If t h e  f r o n t  wheels  had locked 

immediately b e f o r e  t h e  v e h i c l e  had t ime t o  change d i r e c t i o n s  

t o  t h e  i n s i d e  f o r  t h e  l a n e  change,  t hen  t h e  r e s u l t  would 

be no l a n e  change and a p low-out  on t h e  o u t s i d e ,  as  shown 

i n  F i g u r e  B - 2 2 .  
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Cases i n  which r e a r  wheel lockups occu r  r e s u l t  i n  

v e h i c l e s  u n s t a b l e  i n  bo th  d i r e c t i o n  and t r a j e c t o r y .  

( G e n e r a l l y ,  t h e  fo rmer  i m p l i e s  t h e  l a t t e r  b u t  n o t  v i c e  

v e r s a . )  Th is  always r e s u l t s  i n  a  s p i n - o u t  o r  ve ry  l a r g e  

s i d e s l i p  a n g l e s ,  An example o f  such a  ca se  i n  shown i n  

F igu re  B - 2 3 .  

Most v e h i c l e s ,  i n c l u d i n g  t h o s e  s i m u l a t e d  i n  t h e  s t u d y ,  

have b r ake  sys tems  wherein  t h e  b r ake  p r e s s u r e  i s  p r o -  

p o r t i o n e d  s o  t h a t  t h e  f r o n t  b r akes  a r e  more e f f e c t i v e .  

Hence, t h e  f r o n t  wheels  w i l l  l o c k  f i r s t  du r ing  a  b r ak ing  

maneuver. Load t r a n s f e r  w i l l  d e l a y  somewhat ( o r  p r e v e n t  

i n  some c a s e s )  f r o n t  wheel lockup and produce o p p o s i t e  

e f f e c t s  on t h e  r e a r ,  However, u n l e s s  d e f e c t i v e  o r  smooth 

t i r e s  were on t h e  r e a r ,  t h e  c a s e s  s t u d i e d  produce p r i m a r i l y  

f r o n t - w h e e l  lockups when lockups  occu r r ed  a t  a l l .  I t  

shou ld  be  no t ed  t h a t  t h e  VLOC v a l u e s  o b t a i n e d  a s  a  r e s u l t  

o f  wheel l o c k  i n s t a b i l i t i e s  a r e  h i g h l y  dependent on t h e  

amount of  v e h i c l e  d e c e l e r a t i o n  and hence brake  l i n e  p r e s s u r e  

t h a t  was chosen i n  t h e  s t u d y  ( 0 . 3  g  I s )  . 
Maximum t i r e  s i d e  f o r c e  l o s s  occu r s  when wheel l ock  

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

occur  even f o r  low and i n t e r m e d i a t e  w h e e l - s l i p  v a l u e s .  

S i m i l a r  v e h i c l e  s t a b i l i t y  problems can a r i s e  a s  f o r  t h e  

wheel lockup c a s e s ,  b u t  i n  a  l e s s  d r a m a t i c  manner. The 

most common problem r e s u l t i n g  from such  occu r r ences  was 
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diminished p a t h  s t a b i l i t y .  That i s ,  when t h e  v e h i c l e  was 

r e q u i r e d  t o  perform a  9 -  t o  1 2 - f o o t  l a n e  change under 

b r a k i n g ,  t he  v e h i c l e  would remain d i r e c t i o n a l l y  s t a b l e  

b u t  be capable  of performing a  l a n e  change of  only  8 f e e t  

o r  l e s s .  The v a r i a b l e  t ime h i s t o r i e s  shown i n  F igure  B-24 

demonstrate  t h e s e  reduced t i r e  s i d e  f o r c e  e f f e c t s ,  

B.2.5.2 VLC - Lane Change, No Braking. The VLC 

maneuver i s  d e f i n e d  as t h e  VLOC maneuver but  wi thou t  b rak ing .  

The primary problem encountered was one of  d i r e c t i o n a l  

s t a b i l i t y  du r ing  t h e  lane-change maneuver above a  c e r t a i n  

v e l o c i t y .  The v e h i c l e  w i l l  begin t o  make t h e  lane-change 

maneuver from t h e  s t a b l e  co rne r ing  maneuver, However as 

a  r e s u l t  of h i g h e r  s i d e s l i p  angles  necessary  f o r  t h e  l a n e -  

change maneuver, t h e  v e h i c l e  r e q u i r e s  g r e a t e r  t i r e / s u r f a c e  

f r i c t i o n  than  may be a v a i l a b l e .  The r e s u l t  i s  d i r e c t i o n a l  

i n s t a b i l i t y  of vary ing  degree .  For v e l o c i t i e s  n e a r  VLC 

some temporary d i r e c t i o n a l  i n s t a b i l i t y  o c c u r s ,  a f t e r  

h i c h  t h e  v e h i c l e  i s  a b l e  t o  s t a b i l i z e  i t s e l f  (us ing  p rope r  

c o n t r o l )  and complete t h e  r equ i red  l a n e  change. This  

c h a r a c t e r i s t i c  n e a r  VLC has been used t o  d e f i n e  t h e  VLC 

v e l o c i t i e s .  F igure  B-25 shows a s u c c e s s f u l  VLC maneuver 

performed below t h e  c r i t i c a l  VLC va lue .  F igure  B - 2 6  i s  

t h e  same run b u t  performed a t  a v e l o c i t y  above t h e  c r i -  

t i c a l  VLC va lue .  VLC i s  7 2  mph f o r  the  runs shown h e r e .  
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The e f f e c t  of d i f f e r e n t  f r o n t - t o - r e a r  t i r e  f r i c t i o n  

c a p a b i l i t i e s  as  r e f l e c t e d  by t i r e  wear was found t o  be 

very s i g n i f i c a n t  i n  t h e  s i m u l a t i o n  s t u d y .  For example, 

a  v e h i c l e  having ha l f -worn  t i r e s  on both  the  f r o n t  and 

r e a r  and performing t h e  VLC maneuver had a  c r i t i c a l  VLC 

va lue  of 70 mph. The same runs were made b u t  now wi th  h a l f -  

worn t i r e s  on t h e  f r o n t  and fu l ly -worn  t i r e s  on t h e  r e a r .  

The e f f e c t  was t o  reduce t h e  maximum f r i c t i o n  c a p a b i l i t y  

by 30% on t h e  r e a r  t i r e s .  The new c r i t i c a l  VLC va lue  was 

found t o  be 55 mph. I n  l i g h t  of t h i s ,  i t  i s  n o t  s u r p r i s i n g  

t h a t  a  l a r g e  number of  a c c i d e n t  r e p o r t s  invo lv ing  sk idd ing  

i n d i c a t e  fu l ly-worn  r e a r  t i r e s .  

B .2 .5 .3  VCR - Cornering Under T r a c t i o n ,  No Lane 

Change o r  Braking.  The VCR maneuver i s  d e f i n e d  simply a s  

co rne r ing  w i t h  enough t r a c t i o n  s o  as  t o  overcome a e r o -  

dynamic and r o l l i n g  r e s i s t a n c e s  and ma in ta in  c o n s t a n t  f o r -  

ward v e l o c i t y .  The e f f e c t  o f  t r a c t i o n  under low f r i c t i o n  

cond i t ions  a t  high speeds has been t h e  dominant f a c t o r  i n  

l i m i t i n g  t h e  VCR v e l o c i t i e s .  There i s  no doubt t h a t  con- 

s i d e r a b l y  h i g h e r  v e l o c i t i e s  could  be achieved i f  a e r o -  

dynamic and r o l l i n g  r e s i s t a n c e  were ignored  and hence no 

t r a c t i o n  was necessa ry  t o  ma in ta in  c o n s t a n t  v e l o c i t y .  The 

e f f e c t  of t r a c t i o n  on t i r e  s i d e  f o r c e s  i s  s i m i l a r  t o  t h a t  

of  b rak ing .  Negative wheel s l i p ,  which i s  t h e  case  under 

t r a c t i o n ,  produces a  l o s s  o f  t i r e  s i d e  f o r c e  which i s  



s i m i l a r  t o  t h e  s i d e  f o r c e  l o s s  t h a t  occur s  under  b r a k i n g  

and p o s i t i v e  wheel s l i p .  The problem w i t h  t r a c t i o n  on 

t h e  r e a r  whee l s ,  i n  t h i s  c o n t e x t ,  i s  t h a t  t i r e  s i d e  f o r c e  

l o s s e s  h e r e  produce " f i s h - t a i l i n g "  o r  d i r e c t i o n a l  s t a b i l i t y  

problems a t  speeds  c o n s i d e r a b l y  below t h o s e  t h a t  would be 

l i m i t i n g  speeds  f o r  i d e a l  c o r n e r i n g  w i t h o u t  t r a c t i o n .  

F i g u r e  B - 2 7  shows a  r u n  a t  a  v e l o c i t y  j u s t  below t h e  VCR 

v e l o c i t y .  F igure  B-28 i s  t h e  same run  a t  a  v e l o c i t y  above 

'CR . VCR i s  106 mph f o r  t h e  runs  shown h e r e .  

B.2 .5 .4  Summary P l o t s .  The fo l lowing  p l o t s  

summarize i n  c o n c i s e  form t h e  r e s u l t s  of  t h e  s i m u l a t i o n  

s t u d y .  Most p l o t s  a r e  e i t h e r  V L O C ,  V L C ,  o r  VCR v e r s u s  

D ,  where D r e p r e s e n t s  t h e  degree  of c u r v a t u r e  of  t h e  p a t h  

fo l lowed .  One degree  of c u r v a t u r e  cor responds  t o  5730 

f e e t  of  r a d i u s .  S i x  degrees  cor responds  t o  955 f e e t  of  

r a d i u s ,  

F igures  B-29 through B-31 show t h e  e f f e c t s  of  s u p e r -  

e l e v a t i o n ,  s u r f a c e s ,  and t i r e s  on VCR a t  d i f f e r e n t  curva-  

t u r e s .  Likewise ,  F igures  B-32 through B-34 and F igures  

B-35 through B-37 demons t ra t e  t h e s e  same e f f e c t s  b u t  f o r  

VLC and V L O C ,  r e s p e c t i v e l y .  F igure  B-38 shows t h e  e f f e c t  

g rade  has  on VLOC.  The n o t a t i o n  used i n  t h e  p l o t s  i s  a l s o  

d e f i n e d  i n  Table B-6. 
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S 2 ,  C Z Y  Tire B y  G3 

Figure B-29. Effect of Superelevation on VCR 
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Figure B - 3 0 .  E f f ec t  o f  Surface on VCR 



F i g u r e  B-31. E f fec t  o f  T i r e  Wear on VCR 
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Figure B-32. Effect of Superelevation on VLC 



e2, C 2 ,  Tire B, G3 

Figure B-33. E f f e c t  of Sur face  on VLC 
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Figure B - 3 4 .  Ef fec t  o f  Tire Wear on VLC 
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Figure B-35. E f f e c t  o f  Superelevation on VLOC 
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F i g u r e  B-36. E f f e c t  of S u r f a c e  on VLOC 



F i g u r e  B - 3 7 .  Ef fec t  of Ti re  Wear on VLOC 
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F i g u r e  B-38. Ef fec t  of Grade on VLOC 



The VCR ( s t e a d y  t u r n )  r e s u l t s  shown i n  t h e  f i r s t  

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

o f  t h e  deg ree  of  p a t h  c u r v a t u r e .  On 6' cu rves  f o r  

v e h i c l e s  o p e r a t i n g  on e i t h e r  h e a v i l y  worn t i r e s  (T IRE C) 

o r  low s k i d  number roads  (SNq0 = 20) VCR can b e  l e s s  t han  

6 0  mph. For  3' c u r v e s ,  VCR i s  g r e a t e r  t h a n  70 mph i n  a l l  

t h e  c a s e s  p r e s e n t e d  h e r e .  For lo  c u r v e s ,  VCR i s  g r e a t e r  

t h a n  89 mph. 

The VLC r e s u l t s  a r e  s i g n i f i c a n t l y  dependent  upon 

highway georne t r ics .  Even though t h e  l ane -change  r e s u l t s  

were o b t a i n e d  from a  ma thema t i ca l l y  complex s e t  o f  non- 

l i n e a r  d i f f e r e n t i a l  e q u a t i o n s  i n  which t h e  s h e a r  f o r c e  

c h a r a c t e r i s t i c s  o f  a l l  f o u r  t i r e s  were computed u s i n g  

compl ica ted  e m p i r i c a l  r e l a t i o n s h i p s ,  examina t ion  o f  t h e  

r e s u l t s  g i v e n  i n  F i g u r e s  B-32,  B-33,  and B-34 i n d i c a t e s  

t h a t  VLC can be approximated by a  s i m p l e  l i n e a r  f u n c t i o n  

of d e g r e e - o f - c u r v a t u r e ,  s u p e r e l e v a t i o n ,  s k i d  number, and 

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

cu rves  from l o  t o  4" ( p o s s i b l y  S o ) .  The approx imate  

e x p r e s s i o n  o b t a i n e d  i s :  

+ 37 (TF- 0 .85)  (B. 4 4 )  

where a l l  terms have been d e f i n e d  p r e v i o u s l y .  



C l e a r l y ,  t h i s  i s  a  ve ry  s imple  formula f o r  r e p r e -  

s e n t i n g  a  h o s t  of  complex f a c t o r s .  The t i r e  f a c t o r ,  T F ,  

was t aken  as  1 . 2  f o r  new t i r e s  (TIRE A),  . 8 5  f o r  h a l f  - 

worn t i r e s  (TIRE B)  , and .6 f o r  f u l l y  worn t i r e s  (TIRE C) . 
The s k i d  number g r a d i e n t  f o r  t h i s  formula i s  - . 5  s k i d  

numbers p e r  mph. For s u r f a c e s  w i t h  l a r g e r  magnitude s k i d  

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

s a f e .  A l so ,  wa te r  depth  i s  n o t  t r e a t e d  d i r e c t l y  i n  t h i s  

formula .  S ince  t h e  ASTM s k i d  number i s  o b t a i n e d  a t  a 

wa te r  depth  o f  approximate ly  0 . 0 2  i n c h ,  t h i s  e q u a t i o n  may 

be  a p p l i c a b l e  t o  weather  c o n d i t i o n s  which r e s u l t  i n  about 

0 . 0 2  i nch  of  w a t e r  on t h e  r o a d ,  For heavy r a i n s  o r  poor  

d r a i n a g e  c o n d i t i o n s ,  t h e  i n f l u e n c e  of  w a t e r  depth  must be 

cons ide red  i n  de termining  t h e  t i r e / r o a d  s h e a r  f o r c e  

p o t e n t i a l .  

N e v e r t h e l e s s ,  t h i s  formula i s  u s e f u l  f o r  

(1) p r e d i c t i n g  VLC f o r  a  g iven  s e t  o f  roadway 

and t i r e  c o n d i t i o n s  o r  

( 2 )  e s t i m a t i n g  t h e  s k i d  number needed f o r  a  

d e s i r e d  VLC f o r  a  g iven  s e t  of  roadway 

geometr ics  w i t h  a  s p e c i f i e d  s t a t e  of  t i r e  

wear.  

For e s t i m a t i n g  a  s k i d  number t h e  Equat ion ( B . 4 4 )  can 

be w r i t t e n  i n  t h e  form: 



(B. 45) 

I t  s h o u l d  be reemphasized t h a t  Equat ion  (B.45) i s  

an approximat ion  t o  t h e  computer r e s u l t s .  The c o e f f i c i e n t s  

i n  (B.45) were chosen s o  t h a t  t h e  r e g i o n  of  g r e a t e s t  

accuracy  i s  c e n t e r e d  around (1) highway cu rves  i n  t h e  

range from 2 "  t o  3" w i t h  AASHTO recommended l e v e l s  of  e ;  

(2) 40 mph s k i d  numbers i n  t h e  range  from 30 t o  40; and 

(3) passenger  c a r s  w i t h  new t o  ha l f -worn  t i r e s .  S l i g h t l y  

d i f f e r e n t  c o e f f i c i e n t s  cou ld  be  developed t o  o b t a i n  a  

more a c c u r a t e  e x p r e s s i o n  f o r  o t h e r  ranges  of  t h e  p e r t i n e n t  

v a r i a b l e s  i f  d e s i r e d .  

C l e a r l y  VLC i s  s i g n i f i c a n t l y  l e s s  than  VCR under  

e q u i v a l e n t  s e t s  of o p e r a t i n g  c o n d i t i o n s .  For example,  

f o r  a  v e h i c l e  o p e r a t i n g  w i t h  f u l l y  worn t i r e s  on a  3" 

c u r v e ,  v~ c = 59 mph ( s e e  F i g u r e  B-34) ,  w h i l e  under  t h e  

same c o n d i t i o n s ,  VCR = 71.5 mph ( s e e  F igure  B-31) .  

The VLOC r e s u l t s  p r e s e n t e d  h e r e  i n d i c a t e  t h a t  VLOC 

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

( s e e  F igures  B-34, B-36, and B-37) excep t  f o r  a  few c a s e s  

on 6"  cu rves  w i t h  e i t h e r  v e r y  good t i r e s  o r  good s k i d  

number road  s u r f a c e s .  A l s o ,  grade  has  no e f f e c t ,  a s  shown 

i n  F i g u r e  B-38. For normal ly  s u p e r e l e v a t e d  roads  w i t h  

SN40 = 30 and v e h i c l e s  w i t h  good ( h a l f  -worn) t i r e s ,  VLOC 

i s  l e s s  t h a n  60 mph. C l e a r l y ,  VLOC i s  a ve ry  s e n s i t i v e  



f u n c t i o n  of  t h e  f r i c t i o n  p o t e n t i a l  a v a i l a b l e  a t  t h e  t i r e /  

road  i n t e r f a c e .  Thus i t  appea r s  t h a t  i f  VLOC i s  t o  be  

i n c r e a s e d  a t  curve /grade  s i t e s ,  t h e  s k i d  number must be  

i n c r e a s e d  and/or  t h e  q u a l i t y  o f  t h e  t i r e s  used  must be  

improved. 

Very l i t t l e  d i f f e r e n c e  i n  t h e  VLOC r e s u l t s  was no ted  

i n  v a r i o u s  v e h i c l e s .  This  can be  e x p l a i n e d  by t h e  

f o l l o w i n g :  VLOC v a l u e s  f o r  any v e h i c l e  a r e  de termined 

p r i m a r i l y  by t h e  v e l o c i t y  a t  which f r o n t - w h e e l  lockups  

f i r s t  o c c u r ,  hence r e f l e c t i n g  t h e  t i r e l s u r f a c e  f r i c t i o n  

c h a r a c t e r i s t i c s .  S i n c e  each v e h i c l e  was r e q u i r e d  t o  

d e c e l e r a t e  t h e  same amount and t h e  t i r e  f o r c e s  were 

normal ized  from v e h i c l e  t o  v e h i c l e  by w e i g h t ,  s i m i l a r  

wheel s l i p  v a l u e s  would be  expec ted .  See F i g u r e  B-39 .  

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

were no ted  i n  t h e  VLC and VCR r e s u l t s ,  a l though  t h e  

d i f f e r e n c e s  were s t i l l  s m a l l .  S i n c e  t h e s e  d i f f e r e n c e s  

were s m a l l  and normal ly  occur red  a t  v e l o c i t i e s  above 70 

mph, t h e  e f f e c t s  of  v e h i c l e - t o - v e h i c l e  v a r i a t i o n s  were 

n o t  pu r sued .  Consequent ly,  t h e  i n t e r m e d i a t e  sedan (CZ) 

s e r v e d  as  t h e  b a s e l i n e  v e h i c l e  f o r  t h e  pa ramete r  v a r i a t i o n s  

i n  t h e  s i m u l a t i o n  s t u d y .  
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APPENDIX C 

THE INFLUENCE OF GRADE AND CURVATURE ALIGNMENT 
COMBINATIONS ON PAVEMENT DRAINAGE 

Pavement w a t e r  depth  i s  an impor tant  f a c t o r  i n  

de te rmin ing  t h e  a v a i l a b l e  f r i c t i o n  a t  t h e  t i r e / r o a d  

i n t e r f a c e .  A t  t h i s  w r i t i n g ,  t h r e e  r e s e a r c h  e f f o r t s  have 

been c a r r i e d  ou t  t o  de termine  t h e  f a c t o r s  which i n f l u e n c e  

pavement d ra inage  and t o  p r e d i c t  w a t e r  dep th .  

Gallaway e t  a l .  (6) a t  t h e  Texas T r a n s p o r t a t i o n  

I n s t i t u t e  have a r r i v e d  a t  t h e  fo l lowing  formula f o r  r e l a t -  

i n g  w a t e r  depth  t o  i t s  c o n t r o l l i n g  f a c t o r s :  

where 

d  = average  wa te r  depth  above t h e  t e x t u r e ,  i n .  

T = average  t e x t u r e  dep th ,  i n .  

L f  = 
d r a i n a g e  p a t h  l e n g t h ,  f t .  

I = r a i n f a l l  i n t e n s i t y ,  i n / h r  

S  = c r o s s  s l o p e ,  f t / f t  

The formula was d e r i v e d  by u s i n g  s p e c i a l l y  f a b r i c a t e d  t e s t  

s u r f a c e s  which could  be o r i e n t e d  as  d e s i r e d  and s u b j e c t e d  

t o  c o n t r o l l e d  r a i n f a l l  r a t e s .  



Ross and Russam ( 7 )  - a t  t h e  Road Research  Labo ra to ry  

deve loped  a  s i m i l a r  e x p r e s s i o n  which i s  g iven  as  f o l l o w s :  

where t h e  terms a r e  d e f i n e d  a s  f o r  Equa t ion  (C .1) .  Th is  

fo rmula  was deve loped  i n  a  manner s i m i l a r  t o  t h a t  used  

by Gal laway,  a l t h o u g h  t h e  s u r f a c e s  were c h a r a c t e r i z e d  by 

somewhat g r e a t e r  t e x t u r e  d e p t h s .  

S i m i l a r  work by Yeager and M i l l e r  ( 8 ,  - - 9 )  a t  t h e  

Goodyear T i r e  and Rubber Company has  produced d a t a  which 

can be d e s c r i b e d  by t h e  fo rmu la :  

Aga in ,  t h e  d a t a  were d e r i v e d  by u s i n g  a  t e s t  s u r f a c e  

which cou ld  be t i l t e d  and s u b j e c t e d  t o  a  c o n t r o l l e d  

r a i n f a l l  r a t e .  

Equa t ions  (C. I ) ,  (C. 2 )  , and ( C .  3) , a l t h o u g h  s i m i l a r  

i n  form,  g i v e  r e s u l t s  which d i f f e r  by a s  much a s  a  f a c t o r  

o f  t h r e e .  (See ,  f o r  example ,  F i g u r e s  D-3 and D - 1 0  o f  

Appendix D.) Although t h a t  f a c t  shou ld  be n o t e d ,  t h i s  

appendix  i s  concerned  n o t  w i t h  t h e  q u a n t i t a t i v e  l e v e l s  o f  



w a t e r  dep ths  which t h e  e q u a t i o n s  p r e d i c t ,  b u t  w i t h  t h e  

q u a l i t a t i v e  i n f l u e n c e  t h a t  c u r v a t u r e  and g rade  combina- 

t i o n s  have on w a t e r  d e p t h s .  I n  t h i s  way, t h e  impor tan t  

c o n t r o l l i n g  f a c t o r s  can be  i d e n t i f i e d  and can be  used  t o  

reduce w a t e r  dep ths  and thus  i n c r e a s e  d r i v i n g  s a f e t y .  

I n  Equat ion  ( C . l ) ,  t h e  roadway c o n t r o l l i n g  f a c t o r s  

a r e  d r a i n a g e  l e n g t h ,  s l o p e ,  and t e x t u r e  dep th .  Only 

d r a i n a g e  l e n g t h  and s l o p e  appea r  i n  Equa t ions  (C.2) and 

C .  3 ) .  

The s l o p e  i s  t h e  a n g l e  between t h e  h o r i z o n t a l  and 

t h e  p l a n e  of t h e  road .  I n  terms of  g rade  and s u p e r e l e v a t i o n  

it  can be shown t h a t  t h e  s l o p e  can b e  w r i t t e n  a s :  

cos S = cos e *  cos G 

where 

G = roadway g r a d e ,  % 

eh = t r u e  roadway s u p e r e l e v a t i o n  ( s e e  

Appendix F)  , f t l f t  

The l a t t e r  e x p r e s s i o n  i s  an approximat ion  based  on s m a l l  

a n g l e  assumptions ( a  very  good approximat ion  i n  t h i s  

c a s e )  . 



S i m i l a r l y ,  i t  can be shown t h a t  t h e  d r a i n a g e  p a t h  

l e n g t h ,  L f ,  and t h e  road  w i d t h ,  L ,  a r e  r e l a t e d  by t h e  

e x p r e s s i o n :  

L = L f  cos 6 

where 9 i s  t h e  d r a i n a g e  a n g l e  a c r o s s  t h e  road  a s  d e f i n e d  

by F igu re  C - 1 .  F u r t h e r ,  i t  can be  shown t h a t  

t a n  8 = 
t a n  G 
s l n  e g  

Using s m a l l  a n g l e  approximat ions  f o r  G and e* ,  Equa t ion  

(C. 6 )  can be r e w r i t t e n  w i t h  t h e  a i d  o f  Equat ion  ( C .  7 )  

a s  : 

o r  t h a t  

R e f e r r i n g  back t o  Equat ion  (C. 1) , now, t h e  e q u a t i o n  

can be r e w r i t t e n  as  f o l l o w s :  



Figure C - 1 .  Drainage Pa th  Geometry 



- .11 L f  ,425 
- 3  1 d  = [3 .38  x 10 (T) ( I ) ~ ~ ~ ]  - T (C. 10)  

o r  w i t h  t h e  a i d  o f  Equa t ion  ( C . 9 )  

- 3  1 -.I1 .425 
d = [3 .38  x 10 (T) ( F )  ( I )  * 5 9 ]  - T (C. 11)  

Thus,  i f  Equa t ion  (C.11) i s  t o  be  b e l i e v e d ,  t h e  p r imary  

roadway geome t r i c  f a c t o r s  i n f l u e n c i n g  d r a i n a g e  a r e  t h e  

pavement w id th  and s u p e r e l e v a t i o n .  Grade has  v i r t u a l l y  

no i n f l u e n c e .  I n c r e a s i n g  t h e  g r ade  s i m u l t a n e o u s l y  

i n c r e a s e s  t h e  pavement s l o p e  and t h e  d r a i n a g e  p a t h  l e n g t h .  

(For  a  f i x e d  road  w i d t h ,  i n c r e a s i n g  s u p e r e l e v a t i o n  o n l y  

i n c r e a s e s  t h e  s l o p e . )  I n c r e a s i n g  t h e  pavement s l o p e  

reduces  t h e  w a t e r  d e p t h ,  w h i l e  i n c r e a s i n g  t h e  d r a i n a g e  

p a t h  l e n g t h  l e a d s  t o  an i n c r e a s e d  d e p t h .  The n e t  e f f e c t  

i s  z e r o .  Equa t ion  ( C . 1 1 ) ,  t h e n ,  i n d i c a t e s  t h a t  w a t e r  

dep th  i s  independent  o f  g r a d e .  

A s i m i l a r  c o n c l u s i o n  can be  drawn from Equa t ion  

(C.2) and (C .3 ) ,  a l t hough  t h e  r e s u l t  f o r  Equa t ion  (C.2) 

i s  n o t  a s  c l e a r  c u t .  Equa t ion  (C.2) i s  p l o t t e d  on F i g u r e  

C - 2  t o  show t h e  s e p a r a t e  i n f l u e n c e s  o f  g r ade  and s u p e r -  

e l e v a t i o n  on w a t e r  d e p t h .  I t  can be n o t e d  on t h e  upper  

p l o t s  t h a t  w a t e r  dep th  i s  v i r t u a l l y  independent  o f  g r ade  

e x c e p t  a t  low v a l u e s  of  s u p e r e l e v a t i o n .  The same 

c o n c l u s i o n  can be  drawn from t h e  lower  p l o t s ,  s i n c e  t h e  



4 6 
GRADE, % 

RAINFALL RATE ~ 0 . 2 5  in/hr. 
ROAD WIDTH = 24 ft. 

SUPERELEVATION, ft/ft 

. - - . .. - - . . . - - - - . . - -- 
Figure  C - 2 .  The I n f l u e n c e  o f  Grade and S u p e r e l e v a t i o n  on 

Water D e ~ t h  as P r e d i c t e d  bv Eai la t i r rn  f C . 7 1  



p l o t s  of  wa te r  depth  ve r sus  s u p e r e l e v a t i o n  tend  t o  

converge ( i . e . ,  become independent of grade)  a s  

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

S i m i l a r  p l o t s  f o r  Equat ion (C.3) a r e  shown on 

Figure  C-3. As b e f o r e ,  i t  i s  ev iden t  t h a t  t h i s  equa t ion  

a l s o  p r e d i c t s  sma l l  v a r i a t i o n  i n  wa te r  depth as t h e  r e s u l t  

of grade .  

Equat ions ( C .  1)  , ( C .  2 )  , and (C. 3) , a l though d i f f e r i n g  

by as  much as  a f a c t o r  of t h r e e  i n  p r e d i c t i o n s  o f  wa te r  

dep th ,  y i e l d  the  conclus ion  t h a t  wa te r  depth i s  

e s s e n t i a l l y  independent of  grade.  Road width and s u p e r -  

e l e v a t i o n  a r e  t h e  pr imary geometr ic  f a c t o r s  i n f l u e n c i n g  

wa te r  dep ths .  There fo re ,  f o r  t h e  most p a r t ,  c u r v a t u r e  

and grade  do n o t  i n t e r a c t  t o  produce g r e a t e r  wa te r  dep ths .  
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SUPERELEVATION, ft/ft 

Figure  C-3. The I n f l u e n c e  o f  Grade and S u p e r e l e v a t i o n  
on Water Depth as P r e d i c t e d  by Equat ion ( C . 3 )  
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APPENDIX D 

FIELD EVALUATION OF HIGHWAY SITES WITH HIGH ACCIDENT 
RATES HAVING COMBINED GRADE AND HORIZONTAL CURVATURE 

To de termine  t h e  e f f e c t  of  combined grade  and h o r i -  

z o n t a l  c u r v a t u r e  a s  an a c c i d e n t  c a u s a t i o n  f a c t o r ,  two 

highway s i t e s  were s e l e c t e d  which have a h i s t o r y  of  h igh  

a c c i d e n t  r a t e s .  Each s i t e ,  i n  a d d i t i o n ,  e x h i b i t e d  an 

a l ignment  geometry vhich combined v e r t i c a l  grade  w i t h  

h o r i z o n t a l  c u r v a t u r e .  I n  each c a s e ,  t h e  s i t e  c u r v a t u r e  

and g rade  could  be c l a s s e d  a s  be ing  r e l a t i v e l y  g e n t l e  and 

w e l l  w i t h i n  l i m i t a t i o n s  s e t  down by t h e  AASHTO ( 2 ) .  - 

D . 1  PRELIMINARY SITE SELECTION 

The two s i t e s  s e l e c t e d  were narrowed down from an 

i n i t i a l  group o f  s i x .  The s i x  i n i t i a l  s i t e s  were chosen 

on t h e  b a s i s  of r e f e r r a l s  from s t a t e  highway o f f i c i a l s  and 

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

d e s c r i b e d  i n  Appendix A .  

These s i x  s i t e s  a r e  d e s c r i b e d  a s  f o l l o w s :  

1. Two r i g h t - a n g l e  cu rves  l o c a t e d  on 1 - 7 5  i n  

Troy,  Michigan,  approximate ly  seven mi le s  

n o r t h  o f  D e t r o i t .  The eas t e rnmos t  curve  

beg ins  j u s t  n o r t h  of  t h e  i n t e r s e c t i o n  of  



I -  75 and Maple Road and ends  j u s t  e a s t  of  

t h e  i n t e r c h a n g e  between 1 - 7 5  and Roches t e r  

Road. The westernmost  curve  beg ins  j u s t  

wes t  of  t h e  i n t e r s e c t i o n  between 1 - 7 5  and 

L i v e r n o i s  Road and ends  j u s t  n o r t h  o f  t h e  

i n t e r c h a n g e  between 1 - 7 5  and Big Beaver Road. 

The two cu rves  a r e  w i t h i n  about  one m i l e  o f  

each  o t h e r .  The c u r v a t u r e  a t  each  s i t e  i s  3" ,  

w i t h  t h e  e a s t e r n  cu rve  b e i n g  s u p e r e l e v a t e d  a t  

a  r a t e  o f  0 .05  f t / f t  and t h e  wes t e rn  cu rve  a t  

0 .06  f t / f t .  T r a v e l i n g  nor thbound ,  t h e  g r ade  

a t  t h e  e a s t e r n  s i t e  v a r i e s  between a  2 .00% 

upgrade and a  1 . 5 0 %  downgrade, w h i l e  t h e  g r a d e  

a t  t h e  w e s t e r n  s i t e  v a r i e s  s i m i l a r l y  between 

a  2 .63% upgrade and 2 .07% downgrade. Acc iden t  

d a t a  f o r  1971 i n d i c a t e  t h a t  35 a c c i d e n t s  were 

r e p o r t e d  on t h e  e a s t e r n  c u r v e ,  w i t h  abou t  6% 

of t h e s e  o c c u r r i n g  d u r i n g  wet wea the r .  T h i r t y -  

s i x  a c c i d e n t s  were r e p o r t e d  on t h e  westernmost  

c u r v e ,  and 39% of  t h e s e  were du r ing  wet w e a t h e r .  

A s i t e  on t h e  Ohio Tu rnp ike ,  j u s t  s o u t h  of  

C leve l and ,  between E x i t s  10 and 11. The s i t e  

i s  l o c a t e d  i n  t h e  westbound d i r e c t i o n  between 

m i l e p o s t s  1 6 6 . 4  and 166 .6 .  The c u r v a t u r e  a t  

t h e  s i t e  i s  1°00' and t h e  downgrade v a r i e s  



between - 2 . 0 %  and - 3 . % .  Two hundred and 

f o u r t e e n  a c c i d e n t s  occur red  between m i l e -  

p o s t s  166.4  and 166.6 ,  and of t h e s e  34, 28 

occur red  dur ing  wet w e a t h e r ,  two under  snowy 

c o n d i t i o n s ,  and f o u r  d u r i n g  d ry  wea the r .  

Twenty-seven of t h e  34 were s i n g l e - v e h i c l e  

a c c i d e n t s .  No i n t e r c h a n g e  a r e a s  a r e  w i t h i n  

f o u r  mi l e s  o f  t h e  s i t e .  

3. A s i t e  on t h e  westbound l a n e  of t h e  Pennsylvania  

Turnpike between In te rchanges  9  and 10 n e a r  

E d i e ,  Pennsylvania .  The s i t e  l i e s  between 

m i l e p o s t s  105 .5  and 105 .8 ,  w i t h  a  4' curve  t o  

t h e  l e f t .  With m i l e p o s t  numbers i n c r e a s i n g  i n  

t h e  e a s t e r l y  d i r e c t i o n ,  t h e r e  i s  a  downgrade of  

3 .0% f o r  westbound t r a f f i c  from m i l e p o s t s  105.86 

t o  105.63.  There i s  an upgrade o f  2 .84% from 

m i l e p o s t s  105.63  t o  105.45.  A t o t a l  o f  54 

a c c i d e n t s  were r eco rded  i n  t h e  segment 105.5  

t o  105 .8  d u r i n g  t h e  p e r i o d  January  1967 t o  

June 1969. Of t h e s e  54,  43 occur red  i n  t h e  wes t -  

bound l a n e ,  and 34 o f  t h e s e  43 o c c u r r e d  under  

wet s u r f a c e  c o n d i t i o n s .  

4 .  A s i t e  on 1-80  n e a r  B r o o k v i l l e ,  Pennsy lvan ia ,  

approximate ly  one m i l e  e a s t  of  E x i t  1 3  i n  t h e  

eas tbound l a n e .  The s i t e  l i e s  between m i l e p o s t s  

77/36 and 78/36, w i t h  a b r i d g e  l o c a t e d  a t  



m i l e p o s t  78/22. The c u r v a t u r e  a t  t h e  s i t e  i s  

1'30' w i t h  a  s u p e r e l e v a t i o n  r a t e  o f  .042 f t / f t .  

The downgrade i s  s t e a d i l y  i n c r e a s i n g  and 

approaches  4 .0% n e a r  t h e  e a s t e r n  edge o f  t h e  

s i t e .  A t o t a l  o f  2 1  a c c i d e n t s  were r eco rded  

a t  t h e  s i t e  from November 29,  1970,  t o  

August 4 ,  1971.  Fou r t een  o f  t h e s e  o c c u r r e d  

d u r i n g  wet w e a t h e r ,  and 10 of  t h e s e  wet -  

wea the r  a c c i d e n t s  i n v o l v e d  s i n g l e  v e h i c l e s .  Of 

t h e  2 1  t o t a l  a c c i d e n t s ,  11 invo lved  t r a c t o r -  

t r a i l e r  semi r i g s .  

I n  October  of  1 9 7 1  a  program was i n i t i a t e d  t o  

reduce  t h e  a c c i d e n t - c a u s i n g  p o t e n t i a l  o f  t h e  

s i t e .  A 1 5 0 - f o o t  s e c t i o n  was grooved i n  t h e  

t r a n s v e r s e  d i r e c t i o n ;  a  1 , 3 0 0 - f o o t  s e c t i o n  was 

grooved l o n g i t u d i n a l l y ;  1 3  rumble s t r i p s  were 

i n s t a l l e d  ( t h e s e  have s i n c e  been  removed) ; a  

berm i n  t h e  median was c u t  b a c k ;  t h e  cu rve  

s h o u l d e r s  were s u p e r e l e v a t e d  and paved;  and a  

wet-pavement warning l i g h t  was i n s t a l l e d  which 

t r i g g e r e d  a u t o m a t i c a l l y  unde r  wet c o n d i t i o n s ,  

S i n c e  t h e s e  a l t e r a t i o n s  were i n s t a l l e d ,  t h e r e  

have been no  r e p o r t e d  a c c i d e n t s  a t  t h e  s i t e .  

5 .  A s i t e  on 1 - 9 5  a t  an i n t e r c h a n g e  ove rpas s  w i t h  

U.S. 1 j u s t  s o u t h  o f  F r e d e r i c k s b u r g ,  V i r g i n i a ,  



i n  t h e  southbound l a n e .  T r a v e l i n g  s o u t h ,  t h e  

c u r v a t u r e  a t  t h e  s i t e  i s  1°0 '56"  t o  t h e  r i g h t .  

The grade  i s  downward a t  a  r a t e  va ry ing  between 

2.64% and 3 . 0 6 % ,  w i t h  a  s u p e r e l e v a t i o n  i n  both  

l a n e s  o f  t0 .0156 f t / f t .  (This i s  t h e  same as  

crown s l o p e  s u p e r e l e v a t i o n  i n  V i r g i n i a . )  

A t o t a l  o f  1 8 6  a c c i d e n t s  were recorded a t  t h e  

s i t e  d u r i n g  t h e  p e r i o d  of  December 1 8 ,  1964,  

t o  June 26, 1972. Of t h e s e ,  73 occur red  under  

wet weather  c o n d i t i o n s .  A 0.95-mi le  l e n g t h  of 

t h e  s i t e  was l o n g i t u d i n a l l y  grooved on June  26, 

1972. The grooving ex tends  from 0 . 1  mi le  n o r t h  

of  t h e  e x i t  t o  U.S. 1 t o  0.36 m i l e  s o u t h  of  t h e  

e n t r a n c e  from U.S. 1. I n  t h e  p e r i o d  p r i o r  t o  

grooving from June 2 7 ,  1971, t o  June 26, 1972,  

a  t o t a l  of 23 a c c i d e n t s  were recorded i n  t h e  

0.95 mile s tretch-13 of t h e s e  occur red  d u r i n g  

wet pavement c o n d i t i o n s .  A f t e r  grooving,  f o r  

a  p e r i o d  between June 2 7 ,  1972, through June 26,  

1973,  19 a c c i d e n t s  were recorded-nine o f  t h e s e  

under  wet c o n d i t i o n s .  

6 .  A s i t e  on northbound 1 - 9 5  n e a r  Woodbridge, 

V i r g i n i a ,  1 . 6 8  mi les  i n  l e n g t h ,  which l i e s  

between 1 5 0  f e e t  s o u t h  of  t h e  ramp t o  S t a t e  

Highway 123 and 150 f e e t  n o r t h  of t h e  overpass  



over  County Highway 639. Trave l ing  n o r t h ,  

t h e  highway i s  t h r e e  l a n e s  wide w i t h  a  cu rva -  

t u r e  of  1.29716O t o  t h e  r i g h t .  The grade  a t  

t h e  s i t e  i s  approximate ly  3.36% downward and 

t h e  s u p e r e l e v a t i o n  r a t e  i s  0.0156 f t / f t .  A 

0 .49-mi le  segment of t h e  s i t e  was l o n g i t u d i n a l l y  

grooved on August 28, 1969. 

During t h e  p e r i o d  o f  August 28, 1966, t o  

August 2 7 ,  1969,  a  t o t a l  of  80 a c c i d e n t s  were 

r e p o r t e d  over  t h e  e n t i r e  1 .68 -mi le  segment.  

F o r t y - f i v e  o f  t h e s e  occur red  i n  t h e  a r e a  which 

was l a t e r  t o  be grooved. Of t h e  80 a c c i d e n t s  

ove r  t h e  e n t i r e  s i t e ,  45 occur red  under  wet 

c o n d i t i o n s  and 32 of t h e s e  occur red  i n  t h e  s e c -  

t i o n  which was l a t e r  grooved.  A f t e r  grooving ,  

79 a c c i d e n t s  were r e p o r t e d  over  t h e  e n t i r e  s i t e  

f o r  t h e  p e r i o d  August 2 8 ,  1969 t o  August 2 7 ,  

1972. Th i r ty - two  of  t h e s e  79 occur red  dur ing  

wet weather  c o n d i t i o n s .  I n  t h e  grooved s e c t i o n ,  

35 a c c i d e n t s  were r e p o r t e d  and 1 4  of  t h e s e  

occur red  under  wet s u r f a c e  c o n d i t i o n s .  



D.2 PRELIMINARY SITE EVALUATIONS 

Five  of t h e  s i x  i n i t i a l  s i t e s  were s u b j e c t e d  t o  a  

p r e l i m i n a r y  s i t e  e v a l u a t i o n .  The Pennsy lvan ia  Turnpike 

s i t e  could  n o t  be i n c l u d e d  i n  t h i s  e v a l u a t i o n  because  o f  

problems w i t h  h i g h - d e n s i t y  summer t r a f f i c .  

The p r e l i m i n a r y  e v a l u a t i o n  p rocedure  i s  o u t l i n e d  a s  

fo l lows  : 

1. Make a  motion p i c t u r e  r e c o r d  of  each  s i t e  w h i l e  

t r a v e l i n g  through t h e  s i t e  a t  t h e  speed  l i m i t .  

2 .  Using a  B r i t i s h  P o r t a b l e  T e s t e r ,  measure t h e  

pavement f r i c t i o n  p r o p e r t i e s  a t  q u a r t e r - m i l e  

i n t e r v a l s  a t  each s i t e  t o  be  e v a l u a t e d .  

Measurements a r e  t o  b e  made i n  bo th  l a n e s  of  

two- lane  highways and i n  t h e  i n s i d e  and o u t s i d e  

l a n e s  o f  t h r e e - l a n e  highways. Measurements i n  

each  l a n e  a r e  t o  be made: 

a .  between t h e  i n s i d e  wheel p a t h  and 

t h e  l a n e  edge ,  

b .  w i t h i n  t h e  i n s i d e  wheel p a t h ,  

c .  between wheel p a t h s ,  

d .  w i t h i n  t h e  o u t s i d e  wheel p a t h ,  

e .  between t h e  o u t s i d e  wheel p a t h  and 

t h e  l a n e  edge .  



A t  each measurement p o i n t ,  f o u r  r e p l i c a t i o n s  

a r e  t o  be made wi th  t h e  tester-ne t o  smooth 

t h e  water  l a y e r  on t h e  s u r f a c e ,  and t h r e e  

o t h e r s  t o  be averaged f o r  t h e  s u r f a c e  f r i c t i o n  

c o e f f i c i e n t  va lue .  

3.  Using t h e  S i l i c o n e  P u t t y  method, measure t h e  

pavement t e x t u r e  depth  a t  each end and a t  t h e  

midpoint of each s i t e .  Make measurements i n  

both  l anes  of a two- lane  highway and i n  t h e  

i n s i d e  and o u t s i d e  l anes  of a  t h r e e - l a n e  h igh-  

way. A t  each measurement l o c a t i o n ,  make 

measurements ac ross  t h e  l a n e ,  a s  was done under 

Item 2 f o r  t h e  f r i c t i o n  measurements. Two 

p u t t y  impressions a r e  t o  be made a t  each 

measurement p o i n t  and t h e  r e s u l t s  averaged.  

4 .  Using t h e  Schonfeld method ( 1 4 ) ,  - r eco rd  t h e  

pavement s u r f a c e  parameter  va lues  which can be 

used t o  compute s k i d  numbers. Es t imate  

parameter  va lues  a t  t h e  p o i n t s  which were 

measured under Item 2 .  

Note t h e  fo l lowing a d d i t i o n a l  informat ion  a t  

each s i t e  i n  an a p p r o p r i a t e  l o g :  

a .  t h e  l o c a t i o n  of measurement p o i n t s  wi th  

r e s p e c t  t o  a  s t a t i o n  marker ,  mi l e  p o s t ,  

bench mark, e t c . ,  



b .  n o t e  t h e  speed  l i m i t ,  

c .  on a  hand-drawn s k e t c h ,  i n d i c a t e  t h e  

l o c a t i o n  o f :  

(1) b r i d g e  decks 

( 2 )  underpass  l o c a t i o n s  

(3 )  i n t e r c h a n g e  ramps ( p a r t i c u l a r l y  

t h o s e  which appea r  t o  be  h idden)  

( 4 )  rock  o r  h i l l  c u t s  

( 5 )  l a n e  drops  

( 6 )  g u a r d r a i l  i n s  t a l l a t i o n s  

( 7 )  p e r t i n e n t  s i g n s  

( 8 )  c u r b i n g  

( 9 )  d r a i n a g e  f a c i l i t i e s  

(10) grooving  

(11) weaving e x i t l e n t r a n c e  l o c a t i o n s  

(12) r e l a t i v e l y  s h o r t  a c c e l e r a t i o n  o r  

d e c e l e r a t i o n  l a n e s  

(13) pavement s h o u l d e r s  which a r e  worn 

away as  t h e  r e s u l t  o f  v e h i c l e s  

running  o f f  t h e  road  edge .  

6 .  Record any a d d i t i o n a l  p e r t i n e n t  i n f o r m a t i o n  

on a  t a p e  r e c o r d e r ,  as n e c e s s a r y .  



D.3' FINAL SITE SELECTION 

The two s i t e s  s e l e c t e d  f o r  i n d e p t h  e v a l u a t i o n  were 

chosen on t h e  b a s i s  o f  t h e  f o l l o w i n g  c r i t e r i a :  

1. One s i t e  must be chosen from t h e  Ohio o r  

P e n n s y l v a n i a  Tu rnp ikes  s o  t h a t  t h e  r e s u l t s  

of  t h e  t u r n p i k e  a c c i d e n t  d a t a  a n a l y s i s  can 

be  u t i l i z e d .  

2 .  One s i t e  must be  from V i r g i n i a  o r  C a l i f o r n i a  

s o  as  t o  e n s u r e  i n t e r e s t e d  l o c a l  c o o p e r a t i o n .  

3. The two s i t e s  must e x h i b i t  somewhat d i f f e r e n t  

c h a r a c t e r i s t i c s .  

Using t h e s e  c r i t e r i a ,  t h e  s i t e s  s e l e c t e d  f o r  i n d e p t h  

a n a l y s i s  were t h e  Ohio Turnp ike  s i t e  and t h e  1 - 9 5  s i t e  

n e a r  F r e d e r i c k s b u r g ,  V i r g i n i a .  The Ohio Turnp ike  s i t e  i s  

an uncompl i ca t ed  cu rve  g r ade  w i t h  l i t t l e  t r a f f i c  i n t e r -  

a c t i o n  and no a p p a r e n t  d i s t r a c t i n g  f e a t u r e s .  The V i r g i n i a  

s i t e ,  on t h e  o t h e r  hand ,  i s  a t  an i n t e r c h a n g e  where 

weaving and dec i s ion -mak ing  a r e  r e q u i r e d .  Each o f  t h e s e  

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

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

D . 4  INDEPTH EVALUATION OF THE OHIO TURNPIKE SITE 

A s i m p l i f i e d  p l a n  and p r o f i l e  d rawing  of  t h e  Ohio 

Turnp ike  s i t e  i s  shown on F i g u r e  D-1 ( 1 5 ) .  - I n  t h e  





westbound l a n e  t h e  roadway c u r v e s  from a  due wes t  d i r e c -  

t i o n  t o  a  d i r e c t i o n  a p p r o x i m a t e l y  39 '  n o r t h  o f  w e s t .  The 

c u r v e  d a t a  a r e  shown on t h e  f i g u r e .  I n  t h e  e a s t e r l y  

d i r e c t i o n  from M.P. 1 6 6 . 6 ,  t h e  s u r r o u n d i n g  t e r r a i n  

g r a d u a l l y  s l o p e s  upward from t h e  roadbed  u n t i l  t h e  roadbed 

i s  a s  much a s  80 f e e t  below t h e  s u r r o u n d i n g s .  In  t h e  

r e g i o n  wes t  o f  M.P. 166 .6 ,  t h e  s u r r o u n d i n g s  s l o p e  downward 

u n t i l  t h e  r o a d  i s  a s  much a s  60 f e e t  above t h e  s u r r o u n d i n g s .  

The roadbed  g r a d e  i n  t h e  westbound l a n e  i s  2 . 0 %  downward 

e a s t  o f  M.P. 166 .6 .  The g r a d e  i s  3 . 0 %  downward between 

M.P . ' s  166 .6  and 166 .4  and downward a t  2 . 0 %  wes t  o f  

M.P. 166 .4 .  

A t y p i c a l  c r o s s - s e c t i o n  o f  t h e  roadway i s  shown on 

F i g u r e  D - 2  ( 1 6 ) .  - Note t h a t  t h e r e  i s  a  paved ,  t e n - f o o t ,  

s u p e r e l e v a t e d  s h o u l d e r  on t h e  o u t s i d e ,  o r  h i g h  s i d e  o f  t h e  

cu rve .  A t  t h e  s u b j e c t  s i t e  t h e  t e n - f o o t  s h o u l d e r  i s  on 

t h e  median s i d e .  

The road  p a v i n g  m a t e r i a l  a s  o r i g i n a l l y  l a i d  was P . C .  

c o n c r e t e .  A b i t uminous  o v e r l a y  was l a i d  i n  June  o f  1970 

(17) 

There  i s  a  l e n g t h  o f  g u a r d r a i l  on t h e  r i g h t  s h o u l d e r  

o f  t h e  westbound l a n e  which b e g i n s  n e a r  M.P. 166 .5  and 

c o n t i n u e s  westward p a s t  t h e  b r i d g e  o v e r  B e n n e t t  Road. The 

g u a r d r a i l  b e g i n s  on t h e  median o r  l e f t  s i d e  n e a r  M.P. 

166 .3  and a l s o  c o n t i n u e s  westward o v e r  t h e  b r i d g e .  There  





i s  a l s o  a  s e c t i o n  of g u a r d r a i l  on t h e  median s i d e  which 

extends e a s t  from M.P. 166 .6 .  There a r e  no s i g n s  

anywhere along the  s i t e  segment. 

D.4.1 OHIO TURNPIKE SITE ACCIDENT DATA ANALYSIS. A 

his togram of a c c i d e n t s  on t h e  Ohio Turnpike between mi le -  

p o s t s  161.5 and 170.5  i s  shown on Table D - 1 .  The d a t a  

a r e  f o r  t h e  p e r i o d  of  January 1, 1966, t o  June 30, 1970. 

The numbers of a c c i d e n t s  between mi lepos t s  166.3  and 167.0 

a r e  t h e  h i g h e s t  f o r  any s e c t i o n  of t h e  tu rnp ike  which does 

n o t  inc lude  an in t e rchange  o r  a  s e r v i c e  p l a z a .  Note 

p a r t i c u l a r l y  t h e  numbers of a c c i d e n t s  i n  t h e  westbound 

d i r e c t i o n .  The l a r g e s t  group of a c c i d e n t s  i n  any t h r e e  

consecut ive  mi lepos t s  has  occurred  a t  mi l epos t s  166.4 ,  

166 .5 ,  and 166.6.  

S p e c i f i c  d a t a  concerning each of  t h e  5 4  a c c i d e n t s  

t h a t  occurred  a t  t h e s e  mi l epos t s  from January 1, 1966 t o  

May 1, 1973 i s  shown on Table D - 2 .  The d a t a  inc lude  

mention of t h e  g e n e r a l  c i rcumstances of t h e  a c c i d e n t ,  

c o n t r i b u t i n g  f a c t o r s ,  and c l i m a t i c  d a t a .  

C l ima t i c  d a t a  were ob ta ined  from t h e  weather  s t a t i o n  

a t  Cleveland Hopkins A i r p o r t ,  which i s  approximately n i n e  

mi le s  nor thwest  of the  s i t e .  Hourly r a i n f a l l  accumula- 

t i o n s  a t  t h e  a i r p o r t  dur ing  t h e  hours  b e f o r e ,  d u r i n g ,  and 

a f t e r  t h e  hours  o f  t h e  acc iden t  a r e  g iven ,  These a r e  



Table D-1 

A Histogtan o f  Ohio Turn  ik A c ide  t 
~ u r l n l  t f e  tier103 f/B$iIeP! ! f l & 9 9 8 t s  1 6 1 . b  and 170 .5  

5 Eastbound i r c s  t l ~ o u n d  .- - O f f  Line 
1 + X  I ' X  0 +  0 + 
5 O l x x x x  Z + X X  3 t x x x  0 + 
1 t x  0 ' 1 t x  1 *x  
3 t X L X  I + \  2 t x x  0 t 

7 1 A X X X X X X  5 t X X k X X  2 t X X  3 + X X X  
4 t X X X X  J + X X X  1 t X  3 t X X X  
7 + X X X X X X X  I 4~ 6 t x x x x x x  23  ~ X ~ X X X I X X X L ~ X ~ X X X X I ~ X X X X  
2 t x x  I + u  1 t x  2 t x x  
2 t X X  0 +  2 t X X  1 * X  
4 t x x x x  0 * 4 t X X I X  0 + 
1 * X  0 + I t X  0 t 
7 t X X X X X X X  I * X  6  t X Y X X X X  1 * X  
2 t X X  C t 2 t X X  0 t 
2 t x x  0 4 2 c x x  0 t 

4 t X X X X  I + X  3 t x x x  0 t 
2 t x x  1 * x  1 * X  0 l 
0 t 0 +  0 t 0 + 
I + X  1 ' X  0 t 0 t 

4 t X X X X  2 + Y X  2 t x x  0 + 
2 t a x  1 t Y  1 t X  0 t 
2 t x x  2 t X X  0 t 0 + 
5 + X X X X X  1 + X  4 t X X X X  0 t 

2 + X X  1 + X  I t X  0 + 
1 + x  1 + X  0 t 0 t 

2 + X X  1 + X  1 * X  0 t 

0 t 0 c  0 t 0 t 

I * X  0 + 1 + X  0 + 
1 + X  0 * I t x  0 t 

2 t x x  2 t x x  0 +  0 t 

0 + 0 t 0 t 0 + 
2 t x x  0 +  2 t x x  0 t 

I t x  1 t X  0 t 0 1 

2 t x x  2 t X X  0 + 0 t 
2 t x a  1 t x  1 t X  0 + 
3 t x x x  2 t X X  I t X  0 t 

4 ' X X X X  7 + X X  2 t x x  0 + 
3 t x x x  o 4 3 t x x x  o * 
0 * 0 t 0 t 0 t 

6 t X L X X X X  4 + X X X X  2 + A X  0 t 

4 t X X X X  2 t X X  2 t X X  0 +  
b t X X X X X X  4 4 X h X X  2 t X X  0 t 
8 + X X X X X X X X  5 t X X X X X  3 + X X X  0 t 
4 t X X X X  4 t X X X X  0 +  0 t 

3 t X l X  Z t X X  1 + X  0 t 
4 t k X X X  3 + Y k X  1 t X  0 t 

2 1 X X  2 t x x  0 t 0 t 
4 t x x x x  2 t x x  2 t x x  0 t 
1 + x  1 + X  0 + 0 t 

4 t x x x x  2 + X X  2 t X X  0 + 
6 + X > X X X X  3 + X X X  3 t A X X  0 + 

1 6  t X X X X X X X X X X X Y X 1 X X  5 * X X X X X  I 1  t X X X X X X X X X X X  0 t 

2 1  * L L X X X L h X k X X X A X , < X X A X X  4 + X X X X  17 t X X X X X X X X X X X X X X X  0 t 

d t X f A X X X X X  2 t X X  6 + X X X X X X  0 l 
1 6  t X X X X X X x X Y X X Y X )  \ Y  3 t X X X  1 3  t X X X X X X X X X X X X X  0 
21 t X X X X X X X > L X h Y > Y X X X X ( A  1 1  + X X X X X X > , > ? l h  10 t X X X X X X X X X X  0 4 

14 t l X X X X X X X X X X X X X  9 A X X X X X X Y k A  5 t X X X X X  0 +  
7 t L I X X X X X  3 + X X X  4 t X X X X  0 + 
2 t X X  I t X  1 t X  0 t 
7 + X X X X X X X  5 + X X X X X  2 t x x  0 t 

0 + X X X X X X X X  5 t X X X X X  3 t X X X  1 * x  
2 t x x  C 1 2 * X X  0 t 
2 t X X  1 + x  I * X  0 * 

1 2  t A L X X X X X X X X X X  6 t X X X X X X  6 t X X X X X X  0 +  
b t X X X X X X  2 + X X  4 t X X X X  0 * 
0 t A Y X X X X I X  3 + X X X  5 t X X X X X  0 t 
9 t X X X X X X X X X  3 + X X X  6 t X X X X X X  0 +  
0 t 0 + 0 +  0 t 

1 + X  ' 1 + X  0 1 0 l 
0 * 0 t 0 t 0 * 
0 +  0 + 0 + 0 l 
0 t 0 + 0 t 0 t 

11 ~ X L X X X X X a X X X X  7 * X X X X X X X  5 t X X X X X  0 +  
0 + 0 t 0 +  0 t 

3 t X I X  1 + X  2 t x x  0 l 
5 t x x x x x  4 + X Y X X  1 t x  0 t 

2 t x x  2 t x x  0 t 0 + 
0 t C t 0 0 t 

0 t 0 * 0 t 0 t 

1 + x  1 + X  0 +  0 t 
2 t x a  0 t 2 t x x  0 + 
2 * X X  1 + X  1 + x  0 t 

U . L L X X X X X X  4 + X X X X  4 t x x x x  0 * 
4 ~ X X X X  2 + x X  2 t X X  0 + 
J t X L X  0 + 3 t X X X  0 t 
3 + X X X  1 + x  2 t x x  0 l 
3 t x x x  0 t 3 t X X X  I + X  
5 t x r x x x  4 I K X X X  I t x  14 ~ K X K X X X I L X ~ X L L X  
5 * X I X X X  2 + X X  3 t x x x  5 t x x x x x  
I t x  I t X  0 * 0 * 3 4 5  
5 t x r x x x  'I ' X X X X  I t X  3 t x x x  
4 r a x x x  I t x  3 t x x x  1 * x  
2 t X X  I +I(  1 t x  0 +  





Table D- 2 (Continued) 

3ate 

6/30/ 
67 

7/20/ 
6 7 

8/26/ 
6 7 

9/9/ 
6 7 

3/15/ 
6 8 

5/11 
6 8 

5 1 1  
6 8 

5/29/ 
68 

6/2S/ 
68 

7/23/ 
68 

8/4/ 
68 

Driver 
Condition 

Satisfac- 
tory 

Satisfac- 
tory 

Satisfac- 
tory 

Satisfac- 
tory 

Satisfac- 
tory - 
Both 
Drivers 

Satisfac- 
tory 

Satisfac- 
tory 

Satisfac- 
tory 

Satisfac- 
tory 

Satisfac- 
tory 

Satisfac- 
tory 

. -. 

Hour 

1910 

1730 

1745 

1920 

1730 

1305 

1810 

2255 

1426 

1855 

1340 

Vehicle 
Condition 

Satisfac- 
tory 

Satisfac- 
tory 

Unknown 

Satisfac- 
tory 

Defective 
Tires tl 
Satisfac- 
tory I 2  

Satisfac- 
tory 

Unknown 

Defective 
Tires 

Unknown 

Defective 
Tires 

Satisfac- 
tory 

- - -~ 

Speed 

50 

Vehicle I1 

Hit Object 
in Roadway 

llit Guard- 
rail on 
Right and 
Then Into 
Median 

Hit Guard- 
rail in 
Median 

llit Guard- 
rail on 
Right 

llit Stop- 
ped Vehicle 

llit Guard- 
rail on 
Right 

llit Guard- 
rail on 
Icight 

Ran Into 
Median 

Ran Into 
hle d i an 

llit Guard- 
rail on 
Right 

Ilit Guard- 
rail on 
Right - . 

Road 
Condi- 
tion 

Dry 

Vehicle I2 

None 

None 

None 

None 

Stopped Due 
to Prior 
Accident 

None 

None 

None 

None 

None 

None 

55 'Dry 

I 
50 

60 

65 

60-65 

70 

70 

40 

40 

55 

- - 

Accumulated 
Precip. One 
flour Prior 
To Accident 

Trace rain 

Wet 

Wet 

Wet 

Wet 

Wet 

Wet 

Wet 

Wet 

Dry 

Accumulated 
Precip. 
During Hour 
of Accident 

None 

Accumulated 
Precip . One 
Hour After 
Accident 

None 

None 

.03" rain 

Trace rain 

.02" rain 

.12" rain 

.02" rain 

Trace rain 

.05" rain 

None 

None 

None 

None 

None 

.02" rain 

.05" rain 

.01" rain 

.02" rain 

Trace rain 

None 

None 

1 None 

None 

None 

-01" rain 
Trace snow 

.11" rain 

.04" rain 

Trace rain 

None 

None 

None 

Tractor- 
Trailer 

Wind 
Vel. 
(kn. ) 

5-6 

Psssengcr Car 
Towing House 
Trailer I 
Passenger Car. 
Skidding 

Passenger Car. 
Skidding 

Both Passenger 
Cars; Skiddlng 
for Vehicle I1 

Passenger Car. 
Skidding 

Passenger Car. 
Skidding 

Passenger Car. 
Skidding; Rear 
Tires Had 1/32" 
of Tread 

Tractor- 
Trailer; Skidd- 
ing; Over- 
turned 

Passenger Car, 
Skidding 

Passenger Car 
Towing Trailer 

i 

Dir. 

SW 

5-7 

7-14 

8-12 

6-7 

3-4 

6-9 

3-4 

7-13 

3-6 

4-9 

X 

S 

N 

S 

NE 

NE 

N 

SE 

NE 

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

l o c a t i o n  o f  t h e  wea the r  s t a t i o n .  The wind d a t a  a l s o  

r e p r e s e n t s  an ave rage  ove r  t h e  t h r e e - h o u r  p e r i o d  w i t h i n  

which t h e  a c c i d e n t  o c c u r r e d .  Wind v e l o c i t y  i s  p r o b a b l y  

t h e  l e a s t  a c c u r a t e  i n f o r m a t i o n  g i v e n ,  s i n c e  t h e  l o c a l  

t e r r a i n  around t h e  a c c i d e n t  s i t e  i s  undoub ted ly  somewhat 

d i f f e r e n t  t h a n  a t  t h e  a i r p o r t .  I t  s h o u l d  be  remembered 

t h a t ,  t r a v e l i n g  w e s t ,  t h e  roadway emerges from a  deep h i l l  

c u t  (up t o  80 f e e t  below t h e  s u r r o u n d i n g  t e r r a i n )  a t  M.P.  

1 6 6 . 6 ,  and t h e n  p r o g r e s s e s  i n t o  a  h e a v i l y  f i l l e d  a r e a  

where t h e  roadway i s  a s  much a s  60 f e e t  above t h e  s u r r o u n d i n g  

t e r r a i n .  

The d a t a  on Table  D - 2  a r e  summarized i n  Table  D - 3 .  

I t  can b e  n o t e d  t h a t  o f  t h e  5 5  a c c i d e n t s  o c c u r r i n g  a t  t h e  

s i t e ,  40 ,  o r  7 3 % ,  o c c u r r e d  d u r i n g  wet w e a t h e r .  I n  a d d i -  

t i o n ,  16 of  t h e  5 5  i n v o l v e d  d e f e c t i v e  t i r e s  a s  a 

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

always examined o r  r e p o r t e d  i n  each  c a s e .  

R a i n f a l l  r a t e  r anges  a r e  a l s o  r e c o r d e d  on Tab l e  D-3 ,  

due t o  t h e  f a c t  t h a t  a  l a r g e  m a j o r i t y  of  t h e  a c c i d e n t s  

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

t h e  w a t e r  dep th  on t h e  pavement ,  and w a t e r  d e p t h ,  i n  t u r n ,  

i n f l u e n c e s  t i r e  t r a c t i o n .  The i n d i c a t e d  r a i n f a l l  r a t e s  

r e p r e s e n t  a ccumula t i on  d u r i n g  t h e  hour  o f  t h e  a c c i d e n t  





a t  a  p o i n t  n i n e  m i l e s  no r thwes t  of t h e  s i t e .  T h e r e f o r e ,  

a c t u a l  r a i n f a l l  r a t e s  a t  t h e  t ime of  t h e  a c c i d e n t  a r e  

probably  d i f f e r e n t  due t o  (1)  t h e  d i s t a n c e  f a c t o r ,  and 

(2 )  t h e  f a c t  t h a t  t h e  r a t e s  i n d i c a t e d  a r e  averaged over  

an h o u r .  The l a t t e r  would s u g g e s t  t h a t  i n s t a n t a n e o u s  r a i n -  

f a l l  r a t e s  a t  t h e  t ime of t h e  a c c i d e n t  cou ld  be much 

h i g h e r ,  o r  much lower ,  t han  t h e  i n d i c a t e d  h o u r l y  ave rage  

r a t e s .  

During June of 1970 t h e  pavement a t  t h e  s u b j e c t  s i t e  

was r e s u r f a c e d  w i t h  a  b i tuminous  o v e r l a y .  P r i o r  t o  t h a t  

t i m e ,  t h e  pavement s u r f a c e  was P . C .  c o n c r e t e ,  Table  D - 4  

shows a  comparison of t h e  p e r c e n t a g e  of  wet s u r f a c e  

a c c i d e n t s  t o  t o t a l  a c c i d e n t s  f o r  each  o f  t h e  y e a r s  b e f o r e  

and a f t e r  r e s u r f a c i n g .  As i n d i c a t e d ,  b e f o r e  r epav ing  7 9 %  

of t h e  a c c i d e n t s  occur red  d u r i n g  wet w e a t h e r ;  a f t e r w a r d ,  

6 2 % .  Apparent ly  r epav ing  had some b e n e f i c i a l  e f f e c t ,  b u t  

n o t  a  l a r g e  e f f e c t .  

D . 4 . 2  ACCIDENT CAUSATION ANALYSIS. I t  i s  appa ren t  

t h a t  wet wea the r  i s  a  c o n t r o l l i n g  f a c t o r  r e l a t i v e  t o  

a c c i d e n t  c a u s a t i o n  a t  t h e  Ohio Turnpike s i t e .  Other  

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

f o l l o w ,  t h e  d e g r a d a t i o n  of  pavement s u r f a c e  f r i c t i o n  

dur ing  wet wea the r  w i l l  be cons ide red  f i r s t .  Next w i l l  

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

f a c t o r s .  



TABLE D-4 

A COP?PARISON OF THE PERCENTAGE OF WET WEATHER ACCIDENTS, 
BY Y E A R ,  BEFORE AND AFTER RESURFACING 

I 

I PAVEMENT RESURFACED 

I Year 

Cumulative Pe rcen tage  Before Repaving 2 7  100 = 79pa  3 4 

Cumulative Pe rcen tage  A f t e r  Repaving 

T o t a l  Wet 
% Wet Weather Accidents  1 

T o t a l  Accidents  
! 



D .  4 . 2 . 1  Wet Weather E f f e c t s .  Wet w e a t h e r  a c c i d e n t -  

c a u s a t i o n  e f f e c t s  a r e  p r i m a r i l y  t h e  r e s u l t  o f  a  wet 

pavement s u r f a c e .  ( V i s i b i l i t y  may a l s o  be  a  f a c t o r ,  b u t  

poo r  v i s i b i l i t y  u s u a l l y  c a u s e s  t h e  t r a f f i c  t o  s low down, 

o r  s t o p ,  whereas  wet pavement p e r  s e  u s u a l l y  does  n o t . )  

I n  t h i s  s e c t i o n ,  t h e  measurements of  pavement s k i d  r e s i s -  

t a n c e  made a t  t h e  s i t e  a r e  d e s c r i b e d  f i r s t .  Next f o l l o w s  

a  d i s c u s s i o n  of  pavement d r a i n a g e  c h a r a c t e r i s t i c s .  

F i n a l l y ,  t h e  p r o b a b l e  t r a c t i o n  c h a r a c t e r i s t i c s  o f  t h e  s i t e  

a r e  p r e d i c t e d ,  a s  such  t r a c t i o n  p r o p e r t i e s  can be e s t i -  

mated by s k i d  r e s i s t a n c e  measurements and by s u r f a c e  

d r a i n a g e  p r o p e r t i e s .  

D . 4 . 2 . 1 . 1  Measurements of pavement f r i c t i o n .  Measure- 

ments o f  pavement f r i c t i o n  p r o p e r t i e s ,  made a t  o r  n e a r  t h e  

s i t e  by t h e  Ohio Department o f  T r a n s p o r t a t i o n ,  a r e  g i v e n  

i n  Table  D - 5 .  U n f o r t u n a t e l y ,  a  s k i d  t e s t  measurement 

program was n o t  begun i n  Ohio u n t i l  t h e  l a t t e r  p a r t  o f  

1969.  Because o f  t h i s ,  no s k i d  t e s t s  were made a t  t h e  

s u b j e c t  s i t e  p r i o r  t o  t h e  t ime  t h e  s i t e  was r e s u r f a c e d  i n  

J u n e ,  1970. F r i c t i o n  p r o p e r t i e s  p r i o r  t o  t h i s  t ime  must 

t h e r e f o r e  be  i n f e r r e d  from measurements made a t  o t h e r  

s e c t i o n s  of  t h e  Tu rnp ike .  During Oc tobe r  of  1969 some 

u n r e s u r f a c e d  s e c t i o n s  o f  t h e  Turnp ike  were s u b j e c t e d  t o  

s k i d  t e s t s  a s  a  means o f  check ing  o u t  newly a c q u i r e d  s k i d  



TABLE D - 5  

AVAILABLE MEASURED SKID TRAILER DATA 

Date I Measurement D e v i c e  
I 

j 1 0 / 2 / 6 9  

i B e f o r e  
R e s u r f a c i n g  

I 

L o c k e d  Wheel S k i d  
T r a i l e r  a t  4 0  mph 
T e s t  S p e e d  

1 1 / 1 5 / 7 1  
A f t e r  
R e s u r f a c i n g  

L o c k e d  Wheel S k i d  
T r a i l e r  a t  4 0  mph 
T e s t  S p e e d  

- - - - - -- - - - - - -- . . . . - -. . 

M.P. L a n e  

1 0 1 - 1 0 9  , T r a v e l i n g  
I 

1 
I 

i 

1 0 9 - 1 1 4  P a s s i n g  

1 1 4 - 1 1 8  1 T r a v e l i n g  

1 6  1 T r a v e l i n g  

1 6  7 i Passing 

- - - - -. 

A v e r a g e  

3 0 .  0  



t e s t i n g  appara tus  (19 ) .  - The r e s u l t s  of  t h e s e  t e s t s  a r e  

shown on t h e  upper p a r t  of Table D - 5 .  I t  can be i n f e r r e d  

from t h e s e  r e s u l t s  t h a t  p r i o r  t o  r e s u r f a c i n g ,  t h e  s i t e  

between M.P.  166.4-166.6 had a  s k i d  number i n  t h e  range 

of  25 t o  44 i n  t h e  t r a v e l i n g  l a n e  and 34 t o  48 i n  t h e  

pass ing  l a n e .  A f t e r  r e s u r f a c i n g ,  t e s t s  a t  t h e  s i t e ,  made 

i n  November of  1 9 7 1 ,  show s k i d  numbers of  40 and 53 i n  

t h e  t r a v e l i n g  and p a s s i n g  l a n e s ,  r e s p e c t i v e l y  (19) .  - 
These a r e  l i s t e d  on t h e  lower l i n e  of Table D-5. 

As a  p a r t  of  t h e  p r e s e n t  program, a d d i t i o n a l  t e s t s  

were made a t  t h e  s i t e  t o  de termine  pavement f r i c t i o n  p r o -  

p e r t i e s .  Sur face  f r i c t i o n  was measured wi th  a  B r i t i s h  

P o r t a b l e  T e s t e r  (2, 2) and by means of  t h e  Schonfeld 

p h o t o - i n t e r p r e t a t i o n  method (14) .  - In  a d d i t i o n ,  t h e  

average t e x t u r e  depth  of t h e  pavement was measured by 

means of t h e  p u t t y  impress ion  method (22) .  - Measurements 

were made a t  mi l epos t s  166.00 ,  166 .25 ,  166.50,  166.75,  

and 167.00.  The r e s u l t s  of t h e  measurements, a s  averaged 

a c r o s s  t h e  f o u r  m i l e p o s t s ,  a r e  given i n  Table D-6 .  Note 

t h a t  t e n  measurements were made a c r o s s  t h e  roadway, f i v e  

each i n  both  t h e  t r a v e l i n g  and p a s s i n g  l a n e s ,  

The d a t a  ob ta ined  wi th  t h e  B r i t i s h  P o r t a b l e  T e s t e r  

were c o l l e c t e d  w i t h  s l i d e r s  made of  t h e  same rubber  

compound used t o  make t h e  ASTM s t a n d a r d  t e s t  t i r e  as  p e r  

ASTM Des ignat ion  E249-66 ( 1 1 ) .  - The s l i d e r s  were made 
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from a  s i n g l e  b a t c h  and were o b t a i n e d  from t h e  General  

T i r e  and Rubber Company. I n  c a r r y i n g  ou t  t h e  measure- 

ments ,  t h e  s l i d e r  c o n t a c t  l e n g t h  was a d j u s t e d  between 

4 -  7 1 8  and 5 i n c h e s .  

I n  examining t h e  s k i d  number d a t a  i t  can be no ted  

t h a t  t h e  BPN va lues  a r e  g e n e r a l l y  h i g h e r  than  t h o s e  

determined by bo th  t h e  Schonfeld p h o t o - i n t e r p r e t a t i o n  

method and by s k i d  t r a i l e r  measurements. This  r e s u l t  i s  

probably  caused by t h e  s l i d e r s  which were used on t h e  

B r i t i s h  P o r t a b l e  T e s t e r .  In  a  l i m i t e d  t e s t  s e r i e s  con- 

ducted  dur ing  t h e  p r o j e c t ,  o t h e r  "s tandard"  s l i d e r s  have 

y i e l d e d  s k i d  number va lues  as  much as 30 u n i t s  below t h e  

va lues  i n d i c a t e d  on Table D - 6 .  S ince  t h e  program was n o t  

aimed a t  c o r r e l a t i n g  s k i d  t e s t i n g  measurements,  however, 

no a t t empt  has  been made t o  " a d j u s t "  t h e  measured BPN 

v a l u e s .  

The Schonfe ld  and s k i d  t r a i l e r  d a t a  a r e  probably  t h e  

most r e p r e s e n t a t i v e  measures of  pavement f r i c t i o n  cha rac -  

t e r i s t i c s ,  a l though t h e  r e s p e c t i v e  measurements were made 

almost  20 months a p a r t .  These d a t a  i n d i c a t e  t h a t  t h e  

c u r r e n t  SNhO va lues  a t  t h e  s i t e  a r e  probably  somewhere 

between 40 and 50. 

Pavement t e x t u r e  va lues  averaged l e s s  than  0 . 0 1  i n . ,  

i n d i c a t i n g  a  r e l a t i v e l y  smooth s u r f a c e .  



D . 4 . 2 . 1 . 2  Pavement d r a i n a g e  c h a r a c t e r i s t i c s .  P r i o r  

t o  r e s u r f a c i n g ,  t h e  s k i d  number d a t a  g iven  on Tab le  D-5 

s u g g e s t s  t h a t  t h e  s u b j e c t  s i t e  may have had a  sub-  

s t a n d a r d  f r i c t i o n  s u r f a c e .  There were no a c t u a l  t e s t s  

made a t  t h e  s i t e ,  however, and t h i s  conc lus ion  must be 

i n f e r r e d  from d a t a  t aken  a t  o t h e r  s i m i l a r  s i t e s .  A f t e r  

r e s u r f a c i n g ,  t h e  s u r f a c e  would appear  t o  be adequate  

accord ing  t o  c u r r e n t l y  a c c e p t e d  c r i t e r i a .  I t  i s  a p p a r e n t ,  

t h e n ,  t h a t  some o t h e r  f a c t o r  i s  ve ry  p robab ly  r e s p o n s i b l e  

f o r  t h e  h igh  i n c i d e n c e  of  we t -wea the r  a c c i d e n t s  a t  t h e  

s i t e .  

The most l i k e l y  c a u s a t i v e  f a c t o r  r e l a t e s  t o  t h e  

d r a i n a g e  c h a r a c t e r i s t i c s  of t h e  s i t e .  As i n d i c a t e d  i n  

Appendix C ,  pavement s u r f a c e  d r a i n a g e  i s  a  f u n c t i o n  of  

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

and p robab ly  t e x t u r e  dep th .  The t h r e e  e q u a t i o n s  t h a t  were 

developed t o  r e l a t e  w a t e r  depth  t o  t h e  above v a r i a b l e s  

a r e  r e p e a t e d  a s  f o l l o w s :  



where 

T = average s u r f a c e  t e x t u r e  d e p t h ,  i n .  

Lf  = l eng th  of  flow p a t h ,  f t .  

I = r a i n f a l l  i n t e n s i t y ,  i n / h r  

S  = pavement s l o p e  

Equat ion (D. l )  was developed a t  t h e  Texas T r a n s p o r t a t i o n  

I n s t i t u t e  ( 6 ) ,  - Equat ion (D.2) a t  t h e  Road Research 

Laboratory ( 7 ) ,  - and Equat ion (D.3) a t  t h e  Goodyear T i r e  

and Rubber Company ( 8  - 9  - 9 )  . As i n d i c a t e d  i n  Chapter  2 ,  

Equat ion (D.l)  p r e d i c t s  water  depths which a r e  a s  much as  

a  f a c t o r  of  t h r e e  l e s s  than  those  p r e d i c t e d  by Equat ion 

(D. 2 ) .  The p r e d i c t i o n s  from Equat ion ( D .  3) f a l l  some- 

where i n  between. S ince  Equat ions (D.1) and (D.2) 

b r a c k e t  expected  r e s u l t s ,  however, t h e  remaining d i s c u s -  

s i o n s  w i l l  be p r i m a r i l y  concerned wi th  t h e s e  two. Where 

des ign  p o l i c y  i s  concerned,  t he  w o r s t - c a s e  p r e d i c t i o n s  

r e p r e s e n t e d  by Equat ion (D. 2) w i l l  be  used.  

Equat ions (D.1) and (D.2) a r e  p l o t t e d  on F igure  D-3 

i n  terms of wa te r  depth ve r sus  road wid th .  S e p a r a t e  

curves a r e  shown f o r  r a i n f a l l  i n t e n s i t i e s  of 0 . 1 0 ,  0 .25 ,  

and 0 . 5 0  i n / h r .  These va lues  were chosen t o  r e f l e c t  t h e  

hour ly  r a i n f a l l  accumulat ions recorded  a t  Cleveland 

Hopkins A i r p o r t  and t o  account  f o r  h i g h e r  r a i n f a l l  r a t e s  

t h a t  undoubtedly occur  f o r  s h o r t e r  p e r i o d s  than would b e  

r e f l e c t e d  i n  an average hour ly  r a t e .  (For example,  on 



F i g u r e  D-3.  

Width Across Roadway -ft  

Water  Depth v s .  Road Width f o r  V a r i o u s  R a i n f a l l  
R a t e s  Between b1.P. 1 6 6 . 4 - 1 6 6 . 6  on E x i s t i n g  
Westbound Ohio T u r n p i k e .  



J u l y  29, 1970, a  thunders torm occur red  between 1505 and 

1525 EDT. The t o t a l  p r e c i p i t a t i o n  accumulated dur ing  t h e  

p e r i o d  from 1500 t o  1600 EDT was 1 .26  inches  of r a i n .  The 

r a i n f a l l  r a t e  du r ing  t h e  twenty-minute i n t e r v a l  o f  t h e  

s to rm,  t h e r e f o r e ,  was roughly t h r e e  t imes t h i s  v a l u e  o r  

about 3.75 i n / h r . )  I t  can be no ted  on Table  D-3 t h a t  

h o u r l y  r a i n f a l l  accumulat ions of  l e s s  than  0 . 1  inch  a r e  

t h e  most f r e q u e n t  du r ing  t h e  a c c i d e n t  e v e n t s  t h a t  have 

occur red  a t  t h e  s i t e .  There i s  only  one case  where t h e  

accumulat ion was g r e a t e r  than  0.25 i n c h ,  and i n  t h a t  case  

t h e  accumulat ion was 1 . 2 6  i n c h .  

R a i n f a l l  i n t e n s i t y  c l a s s i f i c a t i o n s ,  t y p i c a l  y e a r l y  

d u r a t i o n ,  and v i s i b i l i t y  r e s t r i c t i o n s  a r e  g iven  i n  Table  

D -  7 ( 5 ,  2 5 ,  26) .  Note t h a t  r a i n f a l l  r a t e s  on t h e  o r d e r  - - -  
o f  one i n c h  p e r  hour  and above a r e  ve ry  uncommon. 

F u r t h e r ,  f o r  r a i n f a l l  r a t e s  of  0 .8  i n / h r  and below, t h e r e  

i s  l i t t l e  impairment t o  d r i v i n g  i n  terms of v i s i b i l i t y  

r e s t r i c t i o n s .  Dr ive r s  would no t  be expected  t o  reduce 

speed ,  t h e r e f o r e ,  on t h e  b a s i s  of v i s i b i l i t y  a l o n e .  

Return ing  now t o  F igure  D-3, t h e  s p e c i f i c  s i t e  

pa ramete r s  used i n  Equat ions  (D.1) and (D.2) a r e  l i s t e d  

as follows: 

G = - 3 . 0 %  

e = 0.0156 

T = 0.0045 i n .  



Table D-7 

Rainfall Intensity Experience 

Typical Yearly Restrictions 
Condition Intensity (in/hr) Duration (hr/yr) to Driving 

Drizzle (0.01 (Trace) 32 None 

Light Rain 0.04 - 0.20 2 0 None 

Moderate Rain 0.25 - 0.50 

Heavy Rain 0.60 - 0.80 

Heavy Downpour 1 

Very Heavy 
Storm 

16 Very slight 
visibility 
reduction 

13 Slight 
visibility 
reduction 

1.1 Moderate 
visibility 
reduction 

Greatly 
reduced 
visibility 



I t  i s  e v i d e n t  t h a t  t h e  two s e p a r a t e  equa t ions  y i e l d  r e s u l t s  

which a r e  d i f f e r e n t  by an approximate f a c t o r  o f  two o r  

three-Equation (D.2) p r e d i c t i n g  t h e  deeper  water  dep ths .  

(The reason f o r  t h e  water  depths  no t  s t a r t i n g  a t  zero  a t  

t h e  l e f t  road edge i s  t h a t  t h e r e  i s  a  paved,  t e n - f o o t  

s u p e r e l e v a t e d  shou lde r  on t h e  l e f t ,  o r  median, s i d e  of  t h e  

road . )  The e f f e c t  t h a t  t h e s e  water  depths  have on 

d r i v i n g  s a f e t y  can b e  examined by cons ide r ing  t h e  r educ t ion  

i n  t i r e  t r a c t i o n  a t  t h e  s i t e  as  a  f u n c t i o n  of wa te r  depth .  

D.4.2.1.3 Pavement t r a c t i o n  c h a r a c t e r i s t i c s  i n  

wet weather .  F igure  D-4 c o n s i s t s  of s e v e r a l  curves of 

v e l o c i t y  ve r sus  water  depth f o r  f i x e d  va lues  of  brake  

f o r c e  c o e f f i c i e n t ,  BFC ( 5 ) .  - The d a t a  a r e  f o r  a 5.20 x  10 

c r o s s - p l y  t i r e  which has  been worn smooth and f o r  a  

"smooth" conc re te  s u r f a c e .  In  terms o f  s u r f a c e  t e x t u r e ,  

t h e  s u r f a c e  i s  very much l i k e  t h a t  a t  t h e  s u b j e c t  s i t e .  

The curve a t  t h e  upper r i g h t  r e p r e s e n t s  t h e  hydroplaning 

c h a r a c t e r i s t i c s  of  t h e  t i r e  on t h e  s u r f a c e .  Note t h a t  

complete hydroplaning-the s i t u a t i o n  where t h e  t i r e  l i f t s  

o f f  t h e  s u r f a c e  and s p i n s  down ( i . e . ,  s t o p s  r o t a t i o n ) -  

does no t  occur  f o r  water  depths of  l e s s  than  about 0 .13 

inch  a t  t y p i c a l  highway speeds .  A t  6 0  mph, however, t h e  

water  depth  need only be 0 . 0 2  i nch  t o  produce a  BFC of 

0.10-a va lue  w z l l  below t h a t  which i s  needed f o r  s a f e  

d r i v i n g .  To produce a  BFC of  0 . 4 ,  t h e  wa te r  depth  must 



5.20 x 10 CrmcO)y Tire 
Warn Smooth 
Laad : 300 Ib 
lnf lation Pressure : 21.8 psi 
Smooth Concrete Surface 

Hydroplaning 
Spin Down Speed 

# 

Water Depth, i ~ . .  - 
-.. -~ - . - . ,. - -=-- -. -- -- -- 

Figure  D-4. Smooth T i r e  T r a c t i o n  C h a r a c t e r i s t i c s  



be w e l l  below 0.005 inch  a t  o r d i n a r y  t u r n p i k e  speeds .  I t  

i s  c l e a r  from t h i s  i s o l a t e d  case  o f  a  p a r t i c u l a r  worn 

t i r e ,  t h e n ,  t h a t  dangerously low f r i c t i o n  l e v e l s  can 

occur  a t  t h e  s u b j e c t  s i t e  under r e l a t i v e l y  common r a i n -  

f a l l  c o n d i t i o n s .  Complete dynamic hydroplaning  i s  no t  very  

l i k e l y ,  however, u n l e s s  uneven s u r f a c e  undu la t ions  c r e a t e  

water  depths  somewhat deeper  than  t h e  average v a l u e s .  

S i m i l a r  d a t a  f o r  a  f u l l y  t r e a d e d  t i r e  of t h e  same 

c o n s t r u c t i o n  and t e s t e d  under t h e  same c o n d i t i o n s  a r e  

shown on Figure  D - 5 .  This  t i r e  w i l l  no t  hydroplane f o r  

water  depths  l e s s  than  0.17 i n c h .  F u r t h e r ,  a  BFC o f  a t  

l e a s t  0.2 can be r e a l i z e d  a t  70 mph f o r  a  wa te r  depth  o f  

0 . 0 4  i nch .  Water depths  must s t i l l  be below 0 . 0 1  i n c h ,  

however, t o  produce a  BFC value  of 0.4 a t  o r d i n a r y  

t u r n p i k e  speeds .  

I t  i s  i n t e r e s t i n g  t o  compare t h e  t r a c t i o n  p r o p e r t i e s  

of  t h e  s u b j e c t  s i t e  wi th  a  t angen t  s e c t i o n  on t h e  Turnpike.  

Whereas on crowned t angen t s  t h e  d ra inage  p a t h  l e n g t h  i s  a t  

most twelve f e e t ,  t h i s  l e n g t h  i s  a  maximum of 34 f e e t  a t  

t h e  s u b j e c t  curve .  F u r t h e r ,  s i n c e  t h e  pavement i s  s u p e r -  

e l e v a t e d  a t  a  r a t e  which i s  t h e  same as  t h a t  of t h e  crown 

s l o p e ,  wa te r  depths  du r ing  commonly o c c u r r i n g  r a i n  showers . 

a r e  roughly double those  which occur  on t angen t  s e c t i o n s .  

S ince  water  depth i s  a  c r i t i c a l  f a c t o r  i n  t i r e  t r a c t i o n ,  

i t  i s  c l e a r  t h a t  t h e  f r i c t i o n  a v a i l a b l e  f o r  emergency 
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maneuvers a t  t h e  s i t e  i s  somewhat below t h a t  a v a i l a b l e  

on a  cor responding  t angen t  s e c t i o n .  The comparat ive 

s i t u a t i o n  can be e a s i l y  demonst ra ted  by r e f e r r i n g  t o  

F igures  D-3 and D-5. Using t h e  expe r imen ta l  d a t a  t h a t  

were used t o  c o n s t r u c t  F igure  D-5, BFC v a l u e s  v e r s u s  

wa te r  depth  a r e  r e p l o t t e d  on F igure  D-6 f o r  c o n s t a n t  v a l u e s  

of v e l o c i t y .  The d a t a  on F igure  D-6 a r e  f o r  a  f u l l y -  

t r e a d e d  t i r e .  S i m i l a r  d a t a  f o r  a  smooth t i r e  a r e  p l o t t e d  

on F igure  D - 7 .  With F i g u r e s  D-3, D-6, and D - 7 ,  t h e n ,  a 

comparison between t r a c t i o n  l o s s e s  a t  t h e  s u b j e c t  s i t e  

as  compared t o  t h a t  a v a i l a b l e  on a  t a n g e n t  a r e  g iven  i n  

Table D-8. For v e h i c l e s  t r a v e l i n g  a t  o r d i n a r y  highway 

speeds w i t h  f u l l y - t r e a d e d  t i r e s ,  t h e r e  i s  a  l o s s  of  - 0 5  

o r  0 .6  i n  BFC on t h e  s u b j e c t  cu rve .  S i n c e  t h e  BFC va lues  

were measured wi th  a  s k i d  t r a i l e r  ( S ) ,  t h e  numbers can be - 
equated  t o  a  s k i d  number l o s s  o f  5  o r  6 .  The l o s s  f o r  

smooth t r e a d e d  t i r e s  i s  n o t  a s  g r e a t ,  b u t  i t  shou ld  be 

kep t  i n  mind t h a t  t h e  o p e r a t i n g  l e v e l s  of s k i d  r e s i s t a n c e  

a r e  a l r e a d y  w e l l  below s a f e  l e v e l s .  

The t i r e  d a t a  used i n  t h i s  s u b s e c t i o n  obv ious ly  do 

n o t  i n c l u d e  a l l  t i r e s  i n  common use  on t h e  Ohio Turnpike .  

Comprehensive t i r e  d a t a  showing t h e  r e l a t i o n s h i p  between 

t r a c t i o n ,  wa te r  d e p t h ,  and s u r f a c e  c h a r a c t e r i s  t i c s  do n o t  

e x i s t  and i f  a v a i l a b l e  would c o n s t i t u t e  an e n t i r e  r e p o r t  

i n  i t s e l f .  However, t h e  d a t a  used a r e  b e l i e v e d  t o  be 
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Table D-8 

Ohio Turnpike S i t e  F r i c t i o n  Losses Due t o  Water Depth 
As Compared t o  a  Tangent Sec t ion  

BFC BFC 
Taneent Curve A BFC 

Velocity Water Depth- Water Depth F u l l  Smoot$ F u l l  Smoota F u l l  Smooth 
mph Tangent, i n . l  Curve S i t e ,  i n . 2   read^ Tread   read^ Tread Tread Tread 

40 -028 .046 .45 . I57  .42 . I19 .03 .038 

b.4 

' ~ a t a  taken from Figure  D-3 f o r  an 0.25 i n / h r  r a i n f a l l  r a t e  as p r e d i c t e d  

by Equation (D.2), f o r  a  road width of twelve f e e t  (two f e e t  on t h e  

absc i s sa  of  Figure  D-3, s i n c e  a  t e n - f o o t  paved shoulder  i s  assumed on t h e  

Figure) . 
'same a s  1, except  t h a t  road width i s  34 f e e t  ( 2 4  f e e t  on t h e  

absc i s sa  o f  Figure  D- 3) . 

3 ~ a k e n  from Figure  D-6. 

4 ~ a k e n  from Figure  D - 7 .  



r e p r e s e n t a t i v e  of t r a c t i o n  c o n d i t i o n s  t h a t  e x i s t  a t  t h e  

s u b j e c t  s i t e  du r ing  wet weather .  A d d i t i o n a l  d a t a  showing 

t h e  i n f l u e n c e  of wa te r  d e p t h ,  t i r e  l o a d ,  t i r e  c o n s t r u c t i o n ,  

t r e a d  w i d t h ,  t r e a d  d e p t h ,  and s u r f a c e  c h a r a c t e r i s t i c s  can 

be found i n  References 5 ,  26-30. The m a t e r l a l  g iven  i n  

t h e s e  r e f e r e n c e s  s u p p o r t s  t h e  remarks p r e s e n t e d  h e r e .  

D . 4 . 2 . 2  Other  Accident  Causat ion F a c t o r s .  Other  

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

wind e f f e c t s ,  s i g n i n g ,  g e o m e t r i c s ,  and s i g h t  d i s t a n c e .  

These a d d i t i o n a l  c a u s a t i o n  f a c t o r s  can be g e n e r a l l y  d i s -  

missed wi th  t h e  p o s s i b l e  excep t ion  of wind e f f e c t s .  Beyond 

t h e  Ridge Road overpass  a t  M.P. 167.77 t h e  s i t e  i s  

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

minimum s i g h t  d i s t a n c e  no l e s s  than  900 f e e t .  As men- 

t i o n e d  e a r l i e r ,  t h e r e  a r e  no s i g n s  i n  t h e  r eg ion  of  t h e  

s i t e  and none a r e  e v i d e n t l y  needed. Geometrics a r e  of 

l i t t l e  concern ,  s i n c e  t h e  s i t e  c o n s i s t s  of a  g e n t l e  one- 

degree curve ranging  through an increment  of 3 9 "  wi th  200- 

f o o t  s p i r a l  t r a n s i t i o n s  a t  each end. Wind e f f e c t s ,  on 

t h e  o t h e r  hand,  may be a  c o n t r i b u t i n g  c a u s a t i o n  f a c t o r .  

Accident  r e p o r t s  from t h e  s i t e  l i s t  only one case  

where wind was l i s t e d  as  a f a c t o r ,  N e v e r t h e l e s s ,  t h e  s i t e  

i s  l o c a t e d  i n  an a r e a  where t h e  roadbed i s  some 6 0  f e e t  

above t h e  sur rounding  t e r r a i n  and t h e  t e r r a i n  i s  g e n e r a l l y  



h i l l y  and uneven. Although wind r e c o r d s  a t  Cleveland 

Hopkins A i r p o r t  (some n i n e  mi le s  d i s t a n t )  i n d i c a t e  winds 

above 15  kn. a r e  i n f r e q u e n t ,  winds a t  t h e  s i t e  cou ld  be  

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

F u r t h e r ,  automobile  aerodynamic d a t a ,  a s  shown on F igure  

D-8, i n d i c a t e  a  c o n s i s t e n t  tendency f o r  t h e  l i f t  on a  

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

wind v a r i e s  from head-on t o  an approximate 30' yaw a n g l e  

(31 ,  - - 32) .  The n e t  i n c r e a s e  i n  l i f t  due t o  a  c ross -wind  

F igure  D-8. V a r i a t i o n  o f  Aerodynamic L i f t  C o e f f i c i e n t  
w i t h  Yaw Angle,  Y 
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can be g r e a t e r  by as much as  a  f a c t o r  of  f o u r .  For a  

passenger  c a r ,  t h i s  i n c r e a s e  i n  l i f t  can reduce t h e  down- 

ward force- -exer ted  by t h e  v e h i c l e  on t h e  road-by a s  

much a s  400 l b .  f o r  a  v e h i c l e  t r a v e l i n g  a t  80 mph i n  a 

25-knot c ross -wind .  These conc lus ions  a r e  i l l u s t r a t e d  on 

F igure  D - 9 ,  which i s  a  p l o t  o f  change i n  l i f t  ve r sus  c r o s s -  

wind v e l o c i t y  f o r  t r a v e l i n g  speeds of  4 0  mph and 80 mph. 

A l i f t  f o r c e  of 400 l b .  can reduce t h e  e f f e c t i v e  c o e f f i -  

c i e n t  of  f r i c t i o n  a t  t h e  t i r e / r o a d  i n t e r f a c e  by a s  much a s  

0 . 1 .  Adverse c ross-wind c o n d i t i o n s ,  t h e n ,  could  s u b s t a n -  

t i a l l y  reduce t h e  a v a i l a b l e  t r a c t i o n  a t  t h e  s i t e  as  t h e  

r e s u l t  of aerodynamic l i f t .  

In  a d d i t i o n  t o  aerodynamic l i f t ,  t h e  s i d e  f o r c e  on 

t h e  v e h i c l e  i s  a l s o  s u b s t a n t i a l l y  a f f e c t e d  by c ross -winds .  

Fo r  most au tomobi l e s ,  t h e  aerodynamic s i d e  f o r c e  i n c r e a s e s  

l i n e a r l y  wi th  t h e  angle  of t h e  r e l a t i v e  wind (31) - ( s e e  

F igure  D-10).  A t y p i c a l  r e l a t i o n s h i p  between s i d e  f o r c e  

and cross-wind v e l o c i t y  f o r  v e h i c l e  speeds of 40 mph and 

80 mph i s  shown on Figure  D - 1 1 .  C l e a r l y ,  a  s i d e  f o r c e  

r e s u l t i n g  from a  cross-wind may e i t h e r  h e l p  o r  h i n d e r  a  

v e h i c l e  i n  a  co rne r ing  maneuver. The wind-produced s i d e  

f o r c e s  i n d i c a t e d  on F igure  D-10 may r e q u i r e  an increment  

i n  f r i c t i o n  c o e f f i c i e n t  as  l a r g e  as  0.08 t o  compensate f o r  

wind e f f e c t s .  
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Figure D-9. The Influence of Cross-Wind on Aerodynamic Lift 
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F i g u r e  D-10. V a r i a t i o n  o f  Aerodynamic S i d e  Force  
C o e f f i c i e n t ,  Cy , w i t h  Yaw Angle ,  Y 

Aerodynamic l i f t  and s i d e  f o r c e  e f f e c t s ,  t h e n ,  can 

have a  s u b s t a n t i a l  e f f e c t  on t h e  c o r n e r i n g  performance o f  

a  v e h i c l e .  Aerodynamic f o r c e s  can a l s o  produce yawing,  

r o l l i n g ,  and p i t c h i n g  moments on a  v e h i c l e ,  and i n  t h i s  

way can a f f e c t  g e n e r a l  h a n d l i n g  per formance .  Aerodynamic 

e f f e c t s  a r e  n o t  l a r g e ,  however,  u n l e s s  t h e  c ross -winds  a r e  

on t h e  o r d e r  of  15 k n o t s  o r  g r e a t e r .  



Cross-Wind Velocity, Knots 

Figure D-11. The Influence of Cross-Wind on Aerodynamic 
Side Force 



The wind d a t a  g iven  i n  Table D - 2 ,  a s  measured a t  

Cleveland  Hopkins A i r p o r t  a t  t h e  t ime of  t h e  a c c i d e n t ,  i s  

summarized on Table D-9 .  Of t h e  54 a c c i d e n t  cases  where 

wind d a t a  was a v a i l a b l e ,  n i n e  (17%) had winds i n  excess  

o f  15 kn. Twenty-f ive of  t h e  5 4  were cross-winds-sixteen 

from t h e  s o u t h  and n i n e  from t h e  n o r t h .  F ive  of  t h e  

25 cross-winds  were g r e a t e r  than  15  kn.  Nineteen of  t h e  

a c c i d e n t s  occur red  i n  t h e  p resence  o f  both  c ross-winds  

and wet pavement. This  number i s  j u s t  under o n e - h a l f  of  

a l l  o f  t h e  wet pavement a c c i d e n t s .  For t h e  one a c c i d e n t  

where wind was l i s t e d  as  a  c o n t r i b u t i n g  f a c t o r ,  t h e  wind 

was recorded  a s  be ing  from t h e  n o r t h  a t  a  v e l o c i t y  of  

17-18  kn. 

Although t h e r e  i s  l i t t l e  i n d i c a t i o n  from t h e  a c c i -  

den t  r e c o r d s  t h a t  wind i s  a  major a c c i d e n t - c a u s a t i o n  

f a c t o r  a t  t h i s  s i t e ,  t h e  h igh  f requency of  occur rence  of  

combinat ions of  c ross-winds  and wet pavement s u g g e s t s  t h a t  

wind i s  a  p o s s i b l e  aggrava t ing  e f f e c t .  However, t h e  wind 

d a t a  from Cleveland Hopkins A i r p o r t  can only  be c o n s i d e r e d  

as  an i n d i c a t i o n  of wind c o n d i t i o n s  a t  t h e  s i t e .  The 

i r r e g u l a r  n a t u r e  of t h e  l o c a l  t e r r a i n ,  t h e  n i n e - m i l e  d i s -  

t a n c e  from t h e  A i r p o r t  t o  t h e  s i t e ,  and t h e  60- foo t  e l e v a -  

t i o n  of t h e  roadway above t h e  su r round ing  l a n d  would a l l  

t e n d  t o  a l t e r  t h e  wind p a t t e r n s  a t  t h e  s i t e  as compared 

t o  those  a t  t h e  a i r p o r t .  Much b e t t e r  wind d a t a  i s  needed 

a t  t h e  s i t e ,  t h e n ,  b e f o r e  s p e c i f i c  conc lus ions  can be 



Table D - 9  

Wind S t a t i s t i c s  a s  Recorded a t  t h e  Time of  t h e  
A c c i d e n t 4 h i o  Turnpike S i t e  

Wind v e l o c i t y 1 ,  Kn. 

0 - 5  6-10 11-15 16-20 21-25 T o t a l s  

A l l  Winds 

North 
Winds 

On l y  South 0 7 6  2 1 16 

Cross 

Winds North 

+ 

Wet South 0  6 6  2 1 1 5  

Pavement 

'wind v e l o c i t i e s  and d i r e c t i o n s  a s  measured a t  Cleveland  

Hopkins A i r p o r t .  

2 ~ h e  roadway a t  t h e  Ohio Turnpike s i t e  s o  t h a t  c ross -winds  

a r e  t a k e n  t o  be i n  t h e  n o r t h  o r  s o u t h  d i r e c t i o n .  

3 ~ h e  a c c i d e n t  co r re spond ing  t o  t h i s  wind c o n d i t i o n  was t h e  

o n l y  one n o t e d  t o  be i n f l u e n c e d  by wind. 



drawn concerning t h e  need f o r  remedial  measures.  

Recommendations f o r  o b t a i n i n g  such d a t a  a r e  g iven  i n  

S e c t i o n  D. 4 . 4  and i n  Chapter 4 .  

D. 4 . 3  SUGGESTED SITE MODIFICATIOHS. The major 

problem which can be c l e a r l y  i d e n t i f i e d  a t  t h e  Ohio Turn- 

p i k e  s i t e  i s  inadequate  wet-weather  t r a c t i o n .  There a r e  

s e v e r a l  c o n t r o l l i n g  f a c t o r s  which can be a l t e r e d  t o  achieve  

b e t t e r  t r a c t i o n ,  Some of  t h e s e  a r e :  

1. Regulate  t h e  t i r e  t r e a d  depth  of v e h i c l e s  

us ing  t h e  freeway dur ing  wet weather  and 

r e f u s e  access  t o  those  v e h i c l e s  wi th  

i n s u f f i c i e n t  t r e a d .  

Enforce reduced speed r e g u l a t i o n s  a t  t h e  

s i t e .  

3 .  Improve t h e  pavement d ra inage .  

4 .  Roughen t h e  s u r f a c e  t o  achieve  a  h i g h e r  

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

The r e s u l t s  ach ievab le  by implementing Items 1 and 2 can 

be a s c e r t a i n e d  from Figures  D-4  and D - 5  and need no 

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

apply ing  Items 3  and 4  a r e  d i scussed  i n  t h e  fo l lowing  

s u b s e c t i o n s .  



D.4 .3 .1  Improving t h e  Pavement Drainage.  Pavement 

d r a i n a g e  a t  t h e  Ohio Turnpike s i t e  can be  improved by:  

1. I n c r e a s i n g  t h e  s u p e r e l e v a t i o n  r a t e .  

2 .  Reducing t h e  d r a i n a g e  p a t h  l e n g t h .  

3. P rov id ing  a d d i t i o n a l  d r a i n a g e  p a t h s  which 

reduce  s u r f a c e  w a t e r  accumula t ion .  

As i n d i c a t e d  i n  Appendix C t h e  major  roadway geomet r i c  

f a c t o r s  t h a t  i n f l u e n c e  d r a i n a g e  on an impervious s u r f a c e  

a r e  road  wid th  and s u p e r e l e v a t i o n .  The i n f l u e n c e  o f  g rade  

i s  n o t  l a r g e ,  s i n c e  i n c r e a s i n g  g rade  i n c r e a s e s  bo th  t h e  

o v e r a l l  s l o p e  and t h e  d r a i n a g e  p a t h  l e n g t h .  The former 

t ends  t o  d e c r e a s e  t h e  w a t e r  d e p t h ,  w h i l e  t h e  l a t t e r  

t e n d s  t o  i n c r e a s e  i t ,  w i t h  t h e  o v e r a l l  r e s u l t  t h a t  t h e  

two t e n d  t o  c a n c e l .  I n  summary, t h e n ,  s u p e r e l e v a t i o n  

and pavement width  a r e  t h e  major geomet r i c  f a c t o r s  con- 

t r o l l i n g  w a t e r  d e p t h ,  w h i l e  o t h e r  f a c t o r s  such a s  g rade  

and s u r f a c e  t e x t u r e  have a  minor i n f l u e n c e .  

The r e d u c t i o n  i n  w a t e r  depth  a t  t h e  s i t e  which can 

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

i l l u s t r a t e d  on F igure  D - 1 2 .  On t h i s  f i g u r e ,  t h e  w a t e r  

dep th  i n  t h e  r i g h t  wheel p a t h  i n  t h e  t r a v e l i n g  l a n e  i s  

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

o f  0 . 2 5  i n / h r .  (Based on t h e  h o u r l y  r a i n f a l l  accumula t ions  
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Figure D-12. The Variation in Water Depth with Superelevation 



g iven  i n  Tables  D - 2  and D-3, a  r a i n f a l 1 , r a t e  of 0 . 2 5  

i n / h r  seems t o  be a  r e a s o n a b l e  d e s i g n  v a l u e  f o r  s h o r t -  

te rm c o n d i t i o n s . )  I t  i s  e v i d e n t  t h a t  i n c r e a s i n g  s u p e r -  

e l e v a t i o n  t o  reduce  w a t e r  dep ths  i s  most e f f e c t i v e  when 

t h e  s u p e r e l e v a t i o n  r a t e s  a r e  s m a l l .  Th l s  countermeasure 

becomes l e s s  and l e s s  e f f e c t i v e  w i t h  an i n c r e a s i n g  s u p e r -  

e l e v a t i o n  r a t e .  From F i g u r e s  D - 4  and D - 5 ,  i t  i s  e v i d e n t  

t h a t  w a t e r  dep ths  must be  reduced  t o  a  range o f  . 01 - .02  

i n c h  i f  pavement t r a c t i o n  i s  t o  b e  ma in ta ined  a t  a  l e v e l  

approximat ing  s a f e  c o n d i t i o n s .  C l e a r l y ,  t h e s e  reduced 

w a t e r  dep ths  cannot  be achieved  by a l t e r i n g  s u p e r e l e v a t i o n  

a l o n e  i f  t h e  r e s u l t s  from Equat ion  ( D .  2) a r e  t o  be 

b e l i e v e d .  

An a l t e r n a t i v e  s o l u t i o n  i s  t o  combine an i n c r e a s e  i n  

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

This  could  be accomplished by p r o v i d i n g  l o n g i t u d i n a l  

d r a i n s ,  f l u s h  w i t h  t h e  pavement s u r f a c e ,  a t  b o t h  t h e  

middle and l e f t  edge (h igh  s i d e  o f  t h e  curve)  of  t h e  road .  

I f  t h i s  were done,  t h e  w a t e r  depth  a t  t h e s e  l o c a t i o n s  

would be e f f e c t i v e l y  z e r o .  Thus, t h e  maximum d r a i n a g e  

p a t h  l e n g t h  i n  e i t h e r  t r a f f i c  l a n e  would be twelve  f e e t ,  

o r  8 . 5  f e e t  i n  t h e  r i g h t  wheel p a t h .  Equat ion  (D.2) i s  

r e p l o t t e d  on F igure  D - 1 2  f o r  a  t w e l v e - f o o t  d r a i n a g e  p a t h  

l e n g t h .  Using a  depth  of between . O 1  and . 0 2  a s  

a c c e p t a b l e ,  a  s u p e r e l e v a t i o n  r a t e  o f  .06 combined w i t h  



f l u s h  l o n g i t u d i n a l  d r a i n s  i n  t h e  middle and l e f t  edge of  

t h e  pavement would r e p r e s e n t  an e f f e c t i v e  means o f  

reducing  wa te r  depths  (and thus  improving t r a c t i o n )  

wi thou t  r e s o r t i n g  t o  o t h e r  remedies .  

A second s e t  of a l t e r n a t i v e s ,  which does n o t  invo lve  

t h e  use o f  s p e c i a l  d r a i n s ,  i s  t o  p rov ide  some means of 

e n s u r i n g  t h a t  r a i n f a l l  runof f  flow t a k e s  p l a c e  a t  a  l e v e l  

below t h a t  of t h e  t i r e  s u r f a c e  c o n t a c t .  Three methods 

might be used f o r  t h i s  purpose :  

1. Add an open t e x t u r e d  weaving course  w i t h  

f a i r l y  l a r g e ,  s h a r p  aggrega te  such t h a t  wa te r  

can d r a i n  between t h e  s u r f a c e  a s p e r i t i e s .  The 

l a r g e ,  s h a r p  aggrega te  w i l l  i n c r e a s e  pavement 

f r i c t i o n  as  w e l l  as  improve d r a i n a g e ,  

2 .  Add a  porous wearing course  such t h a t  s u r f a c e  

w a t e r  can d r a i n  down through t h e  pavement 

i t s e l f  (33 ) .  - 

3 .  Groove t h e  pavement i n  a  c r o s s - h a t c h e d  p a t t e r n  

t o  al low wa te r  t o  d r a i n  o f f  below t h e  ungrooved 

s u r f a c e  (34) .  - The t r a n s v e r s e  grooves w i l l  

enhance s ideward runof f  f low and improve 

b rak ing  f r i c t i o n ,  wh i l e  t h e  l o n g i t u d i n a l  

grooves w i l l  i n c r e a s e  s ideward f r i c t i o n  

p r o p e r t i e s .  



Of t h e s e  t h r e e  methods,  adding a  wear ing  course  w i t h  l a r g e ,  

s h a r p  a g g r e g a t e  i s  probably  t h e  most p r a c t i c a l .  A porous 

pavement o v e r l a y  would p robab ly  a c t  e f f e c t i v e l y  f o r  a 

t i m e ,  b u t  such s u r f a c e s  have been found t o  wear e x c e s s i b l y  

and t o  be s u s c e p t i b l e  t o  f r e e z e - t h a w  d e g r a d a t i o n .  

Grooving i n  a  c r o s s - h a t c h e d  manner i s  an a t t r a c t i v e  

a l t e r n a t i v e  i f  i t  can be done on an o v e r l a y  s u r f a c e  a t  

t h e  s i t e .  C u r r e n f l y ,  t h e  s u r f a c e  m a t e r i a l  i s  a  b i tuminous  

type  which makes grooving  d i f f i c u l t .  F u r t h e r ,  a l though  

grooving  would ve ry  l i k e l y  reduce  s u r f a c e  w a t e r  d e p t h s ,  

a t  t h e  p r e s e n t  t ime no d a t a  i s  known t o  e x i s t  on t h e  

s u b j e c t .  I f  one o f  t h e s e  methods i s  used such t h a t  a  new 

wear ing  course  i s  added a t  t h e  s i t e ,  c a r e  should  be t aken  

t o  e n s u r e  t h a t  t h e  pavement i s  s u p e r e l e v a t e d  a t  as  h i g h  

a  r a t e  above 0 . 0 6  a s  i s  cons ide red  p r a c t i c a l .  

D . 4 . 3 . 2  Improving Pavement F r i c t i o n .  I f  i t  i s  

assumed t h a t  80 mph i s  a  r e a s o n a b l e  des ign  speed  f o r  t h e  

s u b j e c t  c u r v e ,  t h e  average  s t e a d y - s t a t e  s i d e  f o r c e  f a c t o r ,  

f ,  which must be  g e n e r a t e d  by v e h i c l e s  t r a v e l i n g  t h e  curve  

can be de termined from t h e  AASHTO curve  d e s i g n  e q u a t i o n  



where 

V = v e h i c l e  speed ,  mph 

D = degree of  c i r c u l a r  c u r v a t u r e ,  deg. 

For D = 1 ° 0 ' ,  e  = 0.0156 and V = 80 mph, t h e  s i d e  f r i c t i o n  

f a c t o r  i s  0.059. As d i s c u s s e d  i n  Appendix B ,  i t  would 

be er roneous  t o  assume t h a t  a  va lue  of  f  of ,059 i s  a l l  

t h a t  i s  needed t o  n e g o t i a t e  t h e  curve .  

Much evidence has shown t h a t  v e h i c l e s  o f t e n  fo l low 

a  p a t h  of  much g r e a t e r  c u r v a t u r e  than  t h a t  of  t h e  roadway 

(35).  F u r t h e r ,  no c o n s i d e r a t i o n  i s  be ing  g iven  t o  t h e  

f a c t  t h a t  a  v e h i c l e  may be r e q u i r e d  t o  make a  non-s teady-  

s t a t e  maneuver. I f ,  f o r  example, a  v e h i c l e  were fo l lowing  

a  3" curved p a t h  whi l e  making a  lane-change  p a s s i n g  

maneuver a t  t h e  s i t e ,  then t h e  r e q u i r e d  va lue  of f  would 

be about . 2 1 .  For o t h e r  k inds  of maneuvers which a r e  

o c c a s i o n a l l y  n e c e s s a r y ,  t h e  f r i c t i o n  requi rements  can be 

f a r  g r e a t e r .  These c o n s i d e r a t i o n s  a r e  thoroughly  d i s c u s s e d  

i n  Appendix B .  

I t  might be argued t h a t  l a n e  changes and o t h e r  k inds  

of  emergency maneuvers a r e  r e l a t i v e l y  common and t h a t  

t h e s e  maneuvers a r e  as  f r e q u e n t l y  r e q u i r e d  on t angen t s  as  

on cu rves .  This i s  very probably  t r u e .  With s t a n d a r d  

AASHTO curve des ign  p r a c t i c e s ,  however, t h e  f r i c t i o n  

a v a i l a b l e  on a t a n g e n t ,  g iven  t h a t  t h e  s u r f a c e  f r i c t i o n  

i s  t h e  same i n  each case .  On a  cu rve ,  a p o r t i o n  of t h e  

a v a i l a b l e  f r i c t ion - the  f term i n  Equat ion (D.4)--must 



be used  f o r  s t e a d y - s t a t e  c o r n e r i n g  and i s  t h u s  n o t  

a v a i l a b l e  i n  emergency c o n d i t i o n s .  

I t  i s  c l e a r ,  then, t h a t  a  s u r f a c e  of  g r e a t e r  f r i c t i o n  

i s  needed on highway cu rves  when t h e  c e n t r i f u g a l  f o r c e  i s  

n o t  ba lanced  by t h e  s u p e r e l e v a t i o n .  Complicat ing t h i s  

r equ i remen t  i s  t h e  f a c t  t h a t  t h e  f r i c t i o n  s u r f a c e  on a  

curve t ends  t o  wear away f a s t e r  because  of  t h e  r e q u i r e d  

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

e f f i c i e n t  due t o  a l o n g e r  r u n - o f f  l e n g t h  and t h u s  t r a c t i o n  

i s  reduced  s t i l l  more. 

Equat ion  (15) ( s e e  Chapter  3) can be used t o  compute 

t h e  r e q u i r e d  SN40 v a l u e  f o r  t h e  s i t e  a s  i t  now e x i s t s .  

Using t h e  f o l l o w i n g  i n f o r m a t i o n :  

V = 80 mph = - 0 . 5  SN uni ts /mph 

G = 3% T i r e  Tread Depth = 2 / 3 2  i n .  

t h e n ,  



and t h e  equa t ion  g i v e s  a  r e q u i r e d  SN40 v a l u e  of  92. Thus, 

t h e  s i t e  as  i t  p r e s e n t l y  e x i s t s  would r e q u i r e  an 

i m p r a c t i c a l l y  l a r g e  va lue  of s k i d  r e s i s t a n c e  t o  be made 

s a f e  f o r  wet -weather  t r a v e l .  I f  a  pavement o v e r l a y  i s  

added a t  t h e  s i t e ,  such t h a t  t h e  s u p e r e l e v a t i o n  i s  made 

t o  be 0 .060,  then  t h e  SNhO va lue  need only be  6 5 .  F u r t h e r ,  

i f  t i r e  t r e a d  depth  i s  r e g u l a t e d  t o  be 3/32 i n .  r a t h e r  

than  2/32 i n . ,  t hen  t h e  r e q u i r e d  SN40 v a l u e  can be reduced 

f u r t h e r  t o  5 7 .  The long d ra inage  l e n g t h  a t  t h e  s i t e  

f r u s t r a t e s  any a t tempt  t o  make t h e  s k i d  number requirement  

anywhere n e a r  what i s  needed on a  t a n g e n t  s e c t i o n ,  however. 

Thus, i f  a  paved s u p e r e l e v a t e d  s h o u l d e r  i s  t o  be used a t  

t h e  s i t e  (and t h e r e  i s  good evidence  t o  suppor t  t h e  use 

of such s h o u l d e r s ) ,  t hen  an a d d i t i o n a l  increment  i n  s k i d  

r e s i s t a n c e  w i l l  be r e q u i r e d .  

D.4.3.3 Wind-Related Improvements. As sugges ted  

e a r l i e r ,  wind may a l s o  be an a c c i d e n t - c a u s a t i o n  f a c t o r  

a t  t h e  s i t e .  I t  may be necessa ry  t o  p rov ide  wind s c r e e n s  

a t  t h e  s i t e  t o  s h i e l d  t h e  t r a f f i c  from e f f e c t s  of c r o s s -  

winds.  Before t h e s e  measures a r e  implemented, however, 

a  program should  be under taken  t o  measure t h e  wind 

p r o f i l e s  a t  t h e  s i t e .  

D . 4 . 4  SUMMARY OF ANALYSIS OF OHIO TURNPIKE SITE .  

The most c l e a r l y  i d e n t i f i a b l e  f a c t o r  r e s p o n s i b l e  f o r  

t h e  h igh  i n c i d e n c e  of wet-weather  a c c i d e n t s  a t  t h e  Ohio 



Turnpike i s  t h a t  of  poor  wa te r  d r a i n a g e ,  The d ra inage  

p a t h  l e n g t h  on t h e  curve a t  t h e  s i t e  i s  roughly  t h r e e  

t imes  t h a t  of  crowned t a n g e n t  s e c t i o n s .  Water depths  

du r ing  wet weather  a r e  about  tw ice  a s  deep. I f  i t  i s  

assumed t h a t  t h e  brake  f o r c e  and c o r n e r i n g  f o r c e  c o e f f i -  

c i e n t s  a r e  a f f e c t e d  s i m i l a r l y  by wa te r  d e p t h ,  approximate ly  

5 o r  6 s k i d  number u n i t s  a r e  l o s t  a t  t h e  s i t e  du r ing  

r a i n f a l l  r a t e s  of 0 .25 i n / h r  a t  t y p i c a l  t u r n p i k e  speeds .  

An a d d i t i o n a l  5 o r  6 u n i t s  a r e  needed j u s t  t o  n e g o t i a t e  

t h e  curve i n  a  s t e a d y - s t a t e  manner i n  o r d e r  t o  ba lance  

t h e  c e n t r i f u g a l  f o r c e s  produced dur ing  c o r n e r i n g .  The 

r e s u l t  i s  t h a t  10 t o  1 2  s k i d  number u n i t s  a r e  needed t o  

n e g o t i a t e  t h e  curve d u r i n g  wet weather  over  and above 

t h a t  needed on t a n g e n t  s e c t i o n s .  S ince  t h e  SN40 v a l u e  a t  

t h e  s i t e  i s  ve ry  probably  no more than 4 0 ,  t h e  s k i d  

number a t  t u r n p i k e  speeds  i s  l i k e l y  t o  be l e s s  than  20. 

Thus, a lmost  h a l f  of t h e  a v a i l a b l e  f r i c t i o n  i s  be ing  used 

j u s t  t o  t r a v e l  t h e  curve  i n  a  s t e a d y - s t a t e  manner-if 

a  v e h i c l e  i s  equipped w i t h  f u l l y  t r e a d e d  t i r e s .  I f  

something o t h e r  than  s t e a d y - s t a t e  c o r n e r i n g  i s  required-  

e . g . ,  a  l a n e  change i s  r e q u i r e d ,  o r  g u s t i n g  cross-winds  

a r e  present - i t  i s  r e a d i l y  appa ren t  t h a t  t h e  a v a i l a b l e  

f r i c t i o n  can be exceeded and s k i d d i n g  w i l l  r e s u l t .  The 

s i t u a t i o n  i s  y e t  worsened i f  mi ld  s u r f a c e  unevenness i s  



p r e s e n t  a t  t h e  s i t e ,  s i n c e  l o c a l  u n d u l a t i o n s  can produce 

wa te r  dep ths  a t  l e a s t  twice  a s  deep a s  t h e  average  v a l u e s  

shown on F i g u r e  D-3. 

With worn t i r e s  t h e  f r i c t i o n  margin i s  v e r y  p robab ly  

n o n - e x i s t e n t .  During wet w e a t h e r ,  t h e n ,  v e h i c l e s  w i t h  

smooth t i r e s ,  t r a v e l i n g  a t  t h e  speed  l i m i t ,  a r e  l i k e l y  t o  

be conf ron ted  w i t h  l o s s - o f - c o n t r o l  problems w h i l e  r o u t i n e l y  

n e g o t i a t i n g  t h e  cu rve .  Loss of  c o n t r o l  w i t h  f u l l y  t r e a d e d  

t i r e s  i s  more l i k e l y  t h e  r e s u l t  o f  b r a k i n g ,  l a n e  changing ,  

wind g u s t s ,  o r  combinat ions t h e r e o f .  

Sugges ted  remedies  i n c l u d e  (1) e n f o r c i n g  a lower 

speed  l i m i t  a t  t h e  s i t e ;  (2) r e s t r i c t i n g  t u r n p i k e  a c c e s s  

d u r i n g  wet wea the r  t o  v e h i c l e s  w i t h  t i r e s  of  adequa te  

t r e a d  d e p t h ;  (3) adding a  pavement o v e r l a y  t o  i n c r e a s e  

t h e  curve  s u p e r e l e v a t i o n  t o  . 0 6 ;  ( 4 )  g rooving  t h e  pavement 

i n  a  c r o s s - h a t c h e d  manner t o  improve d r a i n a g e ,  o r  i f  t h i s  

i s  i m p r a c t i c a l ,  adding a  pavement o v e r l a y  w i t h  l a r g e ,  

s h a r p ,  exposed a g g r e g a t e  ; (5) e n s u r i n g  t h a t  t h e  s u r f a c e  

f r i c t i o n  a t  t h e  s i t e  i s  compat ib le  w i t h  s i t e  geometry,  

s i t e  d r a i n a g e  c o n d i t i o n s ,  and e x i s t i n g  t i r e  r e g u l a t i o n s .  

D.5 INDEPTH EVALUATION OF THE 1 -95  SITE NEAR FREDERICKSBURG, 
VIRGINIA 

A s i m p l i f i e d  p l a n  and p r o f i l e  drawing of t h e  1 -95  

s i t e  n e a r  F r e d e r i c k s b u r g ,  V i r g i n i a  i s  shown on F i g u r e  D-13 

(36). In  t h e  southbound l a n e  t h e  roadway cu rves  from an 





app rox ima te  s o u t h e a s t e r l y  d i r e c t i o n  t o  a  d i r e c t i o n  

a p p r o x i m a t e l y  due s o u t h .  Da t a  f o r  t h e  cu rve  a r e  shown on 

t h e  f i g u r e .  (Note  t h a t  t h e r e  a r e  no  t r a n s i t i o n  c u r v e s . )  

I n  t h e  g e n e r a l  a r e a  o f  the s i t e ,  t h e  n a t u r a l  t e r r a i n  

g r a d u a l l y  s l o p e s  downward from n o r t h  t o  s o u t h .  There  a r e  

embankments a l o n g  t h e  w e s t e r n  edge o f  t h e  sou thbound  l a n e  

between S t a t i o n  2234 and t h e  e x i t  t o  U.S. 1 ( a b o u t  S t a t i o n  

2224) and between t h e  e x i t  g o r e  ( a b o u t  S t a t i o n  2223) and 

t h e  n o r t h  end  o f  t h e  b r i d g e  ( S t a t i o n  2215) .  1 - 9 5  i s  

e l e v a t e d  a b o u t  20 t o  25 f e e t  above t h e  s u r r o u n d i n g  t e r r a i n  

f rom t h e  s o u t h  end  o f  t h e  b r i d g e  ( S t a t i o n  2211) t o  t h e  

e n t r a n c e  ramp ( S t a t i o n  2200 ) .  

The roadbed  g r a d e  i s  a b o u t  2 . 6 %  downward f rom 

S t a t i o n  2240 s o u t h  t o  S t a t i o n  2210. There  i s  a g r a d e  

t r a n s i t i o n  beyond t h i s  t o  S t a t i o n  2206 which i s  j u s t  

s o u t h  o f  t h e  b r i d g e .  The g r a d e  t h e n  becomes a b o u t  3 . 1 % .  

The g r a d e  remains  downward a t  3 . 1 %  u n t i l  S t a t i o n  2201,  

where a  s a g  c u r v e  b e g i n s  and t h e  g r a d e  t u r n s  upward.  The 

change f rom 2 . 6 %  s l o p e  t o  3.1% s l o p e  o c c u r s  a b o u t  600 

f e e t  n o r t h  o f  t h e  e n t r a n c e  ramp from U.S. 1. 

A t y p i c a l  c r o s s - s e c t i o n  o f  t h e  r o a d  i s  shown on 

F i g u r e  D - 1 4 .  Note t h a t  t h e  paved s h o u l d e r  on t h e  h i g h  

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

Ohio Tu rnp ike  s i t e .  





The road  paving  m a t e r i a l  i s  P.C. c o n c r e t e .  The s i t e  

was grooved June  2 7 ,  1972, between S t a t i o n s  2176 + 14 

and 2238 + 44. The grooves a r e  1/8" x 118" on 314" 

c e n t e r s .  

G u a r d r a i l  i n s t a l l a t i o n s  a long  t h e  s i t e  a r e  i n d i c a t e d  

on F i g u r e  D-13. 

There a r e  approximate ly  f i f t e e n  s i g n s  of  v a r i o u s  

t y p e s  a long 1 -95  a t  t h e  i n t e r c h a n g e .  These w i l l  be  

d i s c u s s e d  a s  a p p r o p r i a t e  i n  l a t e r  s u b s e c t i o n s .  

D . 5 . 1  1 -95  SITE ACCIDENT DATA ANALYSIS. A summary 

of  t h e  a c c i d e n t  d a t a  s t a t i s t i c s  a t  t h e  1 -95  s i t e  i s  

g iven  on Tab le  D-10. The a c c i d e n t s  l i s t e d  a r e  on ly  t h o s e  

which occur red  on 1 -95  i t s e l f .  Of t h e  133 a c c i d e n t s  

o c c u r r i n g  a t  t h e  s i t e ,  51 o r  38% occur red  d u r i n g  wet 

wea the r .  S e v e n t y - f o u r  o r  59% of t h e  a c c i d e n t s  i n v o l v e d  

v e h i c l e s  running  o f f  t h e  road  and h i t t i n g  f i x e d  o b j e c t s .  

F o r t y - f o u r  o r  33% invo lved  r e a r - e n d  o r  s i d e - s w i p e  

a c c i d e n t s .  

The e f f e c t s  o f  worn t i r e s  on we t -wea the r  a c c i d e n t  

c a u s a t i o n  cannot  c l e a r l y  be a s c e r t a i n e d .  The d a t a  i n d i -  

c a t e d  were o b t a i n e d  from a c c i d e n t  r e p o r t s  f o r  t h o s e  

s p e c i f i c  a c c i d e n t s  which occur red  d u r i n g  wet wea the r .  

(Only t h e  wet -weather  a c c i d e n t  r e p o r t s  were o b t a i n e d  due 

t o  t h e  l a r g e  t o t a l  number of r e p o r t s  i n v o l v e d . )  The t i r e  



TABLE D-10 

ACCIDENT DATA SUMMARY 

SOUTHBOUND 1-95 NEAR FREDERICKSBURG. VIRGINIA 
1000 FEET BEYOND BEGINNING AND ENDING OF SPEED CHANGE LANES 

AT INTERCHANGE WITH U.S. 1 
. ~ ---. 

-Year 

1964 

1965 

1966 

1967 

1968 

1969 

1370 

-. 

1971 

1972 

Total 

Z 
- - 

Total 

2 

10 

2 2  

14 

22 

16 

23 

13 

11 

133 
+- 

Wet 

1 

3 

2 

8 

7 

3 

14 

7 

6 

51 

38 

Pavemen 

Dry 

0 

7 

5 

6 

-- 

9 

11 

8 

6 

5 

57 

43 

t 
.C>zdiHon 

Snow/Ice 

1 

0 

15 

0 

6 

2 

1 

-.--.-- 

0 

0 

25 

19 

Smooth 
Tires 

0 

1 

0 

2 

1 

0 

4 

0 

1 

9 

7 

Skidding 
L.O.C. 

Wet Surface 

1 

0 

2 

6 

6 

3 

14 

7 

6 

4 5 

3 4 

n~r-4 

Side 
Swipes 

0 

1 

tq 

Rear 
Ends 

0 

2 

J- 1972 

Hourly 

<.lo 
in/hr 

1 

3 

0 

0 

3 

1 

1 

2 

1 

9 

7 

Fixed 
Object 

1 

7 

Before 
Exit 

0 

3 

Rainfall 
Accumulation 

.lo-.25 
in/hr 

0 

0 

11 

2 

Other 
Causes 

1 

10 

Accldent 

Between 
Exit & 
Bridge 

1 

1 

4 

3 

3 

5 

2 

1 3  

0 

23 

17 

>.25 
in/hr 

0 

0 

5 

After 
Entrance 
Ramp 

0 

1 

6 

4 

7 

-- 

2 

7 

5 

3 

3 6 

27 

Locationon 

At 
Bridge 

0 

-- 

0 

11 

9 

1 

2 

4 

3 

3 

4 

1 

19 

15 

1 - 9  
Between 
Brl dge 
and 

Entrance 
Ramp 

1 

5 

5 

1 

- 

4 

0 

7 
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- 
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2 3 
- 

17 

6 

4 

4 

6 

4 

0 

2 

3 2 

2 4 

1 1 3  

20 

8 

16 

5 

4 

3 

3 

35 

26 

0 
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1 

1 2 

7 

6 

13 

9 

6 

5 

88 

6 6 

9 

16 

6 

7 

79 

59 

0 

0 

0 

0 

3 

3 

2 

10 

8 

3 

10 

3 

4 

39 

2 9 

0 

0 

2 

1 



c o n d i t i o n  d a t a  a r e  i n c o n c l u s i v e ,  s i n c e  i t  i s  n o t  c l e a r  

whether  t i r e  c o n d i t i o n  was always r e p o r t e d  on t h e  

a c c i d e n t  r e c o r d s .  

The h o u r l y  r a i n f a l l  d a t a  f o r  t h e  day of  each o f  t h e  

wet -weather  a c c i d e n t s  were o b t a i n e d  from t h e  Marine Corps 

A i r  S t a t i o n  a t  Quant ico ,  V i r g i n i a .  The A i r  S t a t i o n  i s  

l o c a t e d  approximate ly  2 2  mi l e s  from t h e  s i t e .  The p a t t e r n  

of  r a i n f a l l  accomulat ions i n  terms of  expected  r a i n f a l l  

r a t e s  i s  s i m i l a r  t o  t h a t  found a t  t h e  Ohio Turnpike s i t e .  

(See Table D-3.) 

The m a j o r i t y  of  a c c i d e n t s  occur red  between t h e  e x i t  

and e n t r a n c e  ramps, w i t h  t h e  numbers be ing  almost  e q u a l l y  

d i s t r i b u t e d  i n  t h e  a r e a s  b e f o r e  and a f t e r  t h e  b r i d g e .  

A review of  t h e  " C o l l i s i o n  Diagrams" (10) - r e v e a l s  t h a t  

many of  t h e  a c c i d e n t s  s u g g e s t  i n d e c i s i o n  i n  weaving, 

merging,  e x i t i n g ,  and e n t e r i n g  s i t u a t i o n s .  

A s p e c i a l  s t u d y  was conducted t o  e v a l u a t e  t h e  

e f f e c t i v e n e s s  of t h e  pavement grooving p r o j e c t .  The 

r e s u l t s  of t h e  s t u d y  a r e  shown on Table D-11. The t a b l e  

i n d i c a t e s  t h a t  t h e  t o t a l  number of a c c i d e n t s  a t  t h e  s i t e  

was reduced by 1 7 %  a f t e r  grooving .  The p r o p o r t i o n  

of  a c c i d e n t s  which occur red  on wet pavement was reduced 

from 57% b e f o r e  grooving t o  4 7 %  a f t e r  grooving ,  wh i l e  

t h e  p r o p o r t i o n  of  a c c i d e n t s  which were l o s s - o f - c o n t r o l  
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s k i d d i n g  c r a s h e s  on a wet pavement went from 43-52% down 

t o  32-47%. The above r e s u l t s  a r e  a l l  c o n s i s t e n t  w i th  

b e n e f i t s  t h a t  might be expected  from t h e  grooving p r o j e c t .  

However, none of the  r e d u c t i o n s  a r e  s t a t i s t i c a l l y  s i g n i -  

f i c a n t  a t  even t h e  0.10 conf idence  l e v e l .  That i s ,  t h e  

apparent  improvements might have r e s u l t e d  from chance. 

This f a i l u r e  t o  s t a t i s t i c a l l y  s u p p o r t  t h e  hypo thes i s  t h a t  

grooving reduced w e t - s u r f a c e  a c c i d e n t s  may r e s u l t  from 

t h e  r a t h e r  low power of  t h e  t e s t ,  i . e . ,  t h e  low numbers of 

a c c i d e n t s  a v a i l a b l e  f o r  drawing i n f e r e n c e s .  

D.5.2 ACCIDENT CAUSATION ANALYSIS. I t  i s  appa ren t  

t h a t  wet weather  i s  a  c o n t r o l l i n g  f a c t o r  r e l a t i v e  t o  

a c c i d e n t  c a u s a t i o n  a t  t h e  1-95  s i t e ,  bu t  n o t  t o  t h e  e x t e n t  

t h a t  was t r u e  a t  t h e  Ohio Turnpike s i t e .  Again,  however, 

pavement t r a c t i o n  c h a r a c t e r i s t i c s  must be  examined. I n  

a d d i t i o n ,  such f a c t o r s  as  v e r t i c a l  a l ignment ,  i n t e r c h a n g e  

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

involved .  Wind may a l s o  be a  f a c t o r .  These m a t t e r s  w i l l  

be d i s c u s s e d ,  i n  t u r n ,  i n  t h e  fo l lowing  s u b s e c t i o n s .  

D.5 .2 .1  Pavement T r a c t i o n  C h a r a c t e r i s t i c s .  Measure- 

meRts o f  pavement s k i d  number made a t  t h e  s i t e  w i t h  a  

s k i d  t r a i l e r  (37 - 9  - 38) a r e  as f o l l o w s :  



T r a v e l i n g  Pass ing  
Date Pavement Condi t ion  Lane Lane 

March 1970 P r i o r  t o  Grooving 5 4  61 

9 /27/73  North of  Grooving Area 5 2 5 5 

9 /27/73  Grooved Area 5 3 60 

9 /27/73  Grooved Bridge Deck 5 5  62 

There appears  t o  be l i t t l e  d i f f e r e n c e  between t h e  grooved 

and ungrooved s e c t i o n s .  S i n c e  s k i d  t r a i l e r  measurements 

g e n e r a l l y  r e p r e s e n t  b rak ing  e f f i c i e n c y  , t h e s e  v a l u e s  a r e  

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

c a p a b i l i t y .  

S u r f a c e  measurements made d u r i n g  t h e  p r e s e n t  program 

a r e  given i n  Table D - 1 2 .  D i sc repanc ies  a r e  aga in  

appa ren t  i n  t h e  v a r i o u s  methods used t o  measure s u r f a c e  

f r i c t i o n .  A b e s t  guess  i s  t h a t  t h e  SN40 v a l u e  i s  between 

45 and 60 p a r a l l e l  t o  t h e  grooves and between 60 and 80 

t r a n s v e r s e  t o  t h e  grooving .  

Pavement t e x t u r e  depth  averages  between 0.010 and 

0 .013  i n .  w i t h  t h e  r e s u l t s  be ing  confused by t h e  grooving .  

Pavement d r a i n a g e  c h a r a c t e r i s t i c s  a t  t h e  1 -95  s i t e  can 

be de termined us ing  t h e  same methods p r e s e n t e d  i n  S e c t i o n  

D . 4 . 2 . 1 ,  a l though  t h e  c a l c u l a t i o n s  a r e  l e s s  c e r t a i n  

because  of t h e  pavement grooving .  Water d r a i n a g e  t e s t s  

a t  t h e  s i t e ,  however,  have shown t h a t  w a t e r  does d r a i n  

a c r o s s  t h e  grooves on t h e  s u p e r e l e v a t e d  curve  and n o t  





a long  t h e  g rooves  a s  might  be e x p e c t e d .  T h e r e f o r e  t h e r e  

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

Equa t ions  ( D . l )  and ( D . 2 ) ,  i f  n o t h i n g  e l s e ,  w i l l  b r a c k e t  

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

P r e d i c t e d  w a t e r  d e p t h s  a t  t h e  s i t e  a r e  p l o t t e d  on 

F i g u r e  D-15 f o r  t h e  f o l l o w i n g  s i t e  p a r a m e t e r s :  

G = -3 .059% 

e  = 0.0156 

T = 0.0117 i n .  

Aga in ,  d i s c r e p a n c i e s  between t h e  p r e d i c t e d  r e s u l t s  from 

t h e  two e q u a t i o n s  a r e  a p p a r e n t ,  w i t h  Equa t ion  (D.2) p r e -  

d i c t i n g  t h e  deepe r  d e p t h s .  The f a c t  t h a t  Equa t ion  ( D . l )  

p r e d i c t s  n e g a t i v e  w a t e r  d e p t h s  on t h e  l e f t  r oad  edge  

r e s u l t s  from t h e  p r e d i c t e d  w a t e r  d e p t h  b e i n g  below t h e  

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

The e f f e c t  t h a t  t h e  p r e d i c t e d  w a t e r  d e p t h s  have on 

t i r e  t r a c t i o n  can be examined by r e f e r r i n g  t o  F i g u r e s  

D-4, D - 5 ,  D-6,  and D - 7 .  (The d a t a  p l o t t e d  on t h e s e  

f i g u r e s  a r e  n o t  n e c e s s a r i l y  a p p l i c a b l e  t o  grooved pave -  

ment .  No d a t a  f o r  g rooved  pavement ,  o f  t h e  t y p e  shown 

on t h e s e  f i g u r e s ,  a r e  known t o  e x i s t .  Inasmuch a s  t h e  

w a t e r  e x p u l s i o n  p r o p e r t i e s  o f  g rooved  s u r f a c e s  a r e  b e t t e r  

t h a n  t h a t  o f  ungrooved ,  smooth c o n c r e t e ,  t h e  c o n c l u s i o n s  

d e r i v e d  t h rough  t h e  u se  of  t h e  smooth pavement d a t a  w i l l  

be c o n s e r v a t i v e  i n  terms o f  p r e d i c t i n g  degraded  t i r e  



Figure  D-15. Water Depth v s .  Road Width f o r  Various R a i n f a l l  
Rates  f o r  Southbound 1 -95  a t  In t e rchange  w i t h  
U.S. 1. 4 0 4  



t r a c t i o n  due t o  w a t e r  d e p t h . )  A comparison between 

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

a b l e  on a  t a n g e n t  i s  g i v e n  on Tab l e  D-13. A t  t y p i c a l  

f reeway speeds  t h e r e  i s  a  l o s s  o f  - 0 3  o r  . 0 4  i n  B F C .  

These numbers e q u a t e  t o  a  s k i d  number l o s s  of  3 o r  4 .  

With uneven pavement u n d u l a t i o n s  a t  t h e  s i t e  ( a  v e r y  

p r o b a b l e  c o n d i t i o n )  t h e  l o s s e s  c o u l d  e a s i l y  be doub le  

t h e s e  v a l u e s .  

D .  5 . 2 . 2  S i t e  Geometry and S i g n i n g .  Many of t h e  

a c c i d e n t s  a t  t h e  1 - 9 5  s i t e  appea r  t o  r e s u l t  from t h e  

l o c a t i o n  of  t h e  e x i t  and e n t r a n c e  ramps. Both t h e  e x i t  

and e n t r a n c e  ramps a r e  on t h e  i n s i d e  o f  t h e  cu rve  and a r e  

somewhat obscu red  by embankments, s h r u b b e r y ,  b r i d g e  

r a i l i n g s ,  and c r e s t  c u r v e s .  The s i t u a t i o n  i n  t h e  s o u t h -  

bound l a n e  can be c o n t r a s t e d  w i t h  t h e  nor thbound  l a n e ,  

where t h e  e x i t  and e n t r a n c e  ramps a r e  on t h e  o u t s i d e  o f  

t h e  cu rve  and a r e  t h u s  more v i s i b l e .  A c c o r d i n g l y ,  a c c i d e n t  

e x p e r i e n c e  i n  t h e  nor thbound  l a n e  i s  l ower .  The p r o b a b l e  

e f f e c t s  o f  s i g n i n g  and georne t r ics  a r e  d i s c u s s e d  i n  o r d e r ,  

p r o c e e d i n g  from t h e  e x i t  ramp sou thward .  

G e o m e t r i c a l l y  t h e r e  i s  a  v e r t i c a l  cu rve  which ends  

a t  t h e  approx imate  p o i n t  where t h e  d e c e l e r a t i o n  l a n e  f o r  

t h e  e x i t  ramp b e g i n s .  The c r e s t  of  t h e  cu rve  i s  abou t  

1 , 7 0 0  f e e t  i n  advance o f  t h e  d e c e l e r a t i o n  l a n e .  Using 



Table D-13 

1 - 9 5  S i t e  F r i c t i o n  Losses Due t o  
Water Depth as Compared t o  a Tangent Sect ion 

Veloci ty  Water Depth Water Depth BFC BFC 
mp h Tangent,  i n .  Curve S i t e ,  in . '  Tangent curve3 ABFC 

l ~ a t a  taken from Figure D-15 f o r  an 0 . 2 5  i n j h r  

r a i n f a l l  r a t e  as p r ed i c t ed  from Equation ( D .  2 ) ,  

f o r  a road width of twelve f e e t .  

'same as 1 except  road width i s  2 4  f e e t .  

3 ~ a k e n  from Figure D - 6  



t h e  AASHTO v a l u e  o f  3 . 7 5  f e e t  f o r  a  d r i v e r ' s  e y e  h e i g h t  

and an o b j e c t  o f  z e r o  h e i g h t  ( 2 ) ,  - t h e  d e c e l e r a t i o n  l a n e  

would t h e o r e t i c a l l y  come i n t o  v iew a b o u t  670 f e e t  i n  f r o n t  

o f  t h e  v e h i c l e .  (An o b j e c t  o f  z e r o  h e i g h t  was c h o s e n  

i n s t e a d  o f  t h e  s t a n d a r d  s i x - i n c h  AASHTO o b j e c t  b e c a u s e  o f  

t h e  t a n g e n t i a l  a s p e c t  o f  t h e  e x i t  pavement a t  maximum 

s i g h t  d i s t a n c e .  I n  a d d i t i o n ,  v e g e t a t i o n  g rowing  a l o n g  t h e  

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

i n  t h e  pavement edge  . )  T h i s  means a  d r i v e r  h a s  f i v e  o r  

s i x  s e c o n d s  i n  which t o  a c t  from t h e  t i m e  t h e  e x i t  i s  

f i r s t  s i g h t e d  u n t i l  t h e  e x i t  must  b e  i n i t i a t e d .  W i t h o u t  

s i g n i n g  i t  would b e  d i f f i c u l t  t o  e a s i l y  u s e  t h e  e x i t  ramp 

due  t o  t h i s  s h o r t  s i g h t  d i s t a n c e .  

S i g n i n g  a t  t h e  s i t e  can  b e  c o n f u s i n g ,  however .  

S t a r t i n g  from t h e  n o r t h  and p r o c e e d i n g  s o u t h ,  t h e  v a r i o u s  

s i g n s  a t  t h e  s i t e  a r e  l i s t e d  on T a b l e  D-14. T h e r e  a r e  

f i v e  g u i d e  s i g n s  p r e c e d i n g  t h e  e x i t .  The f i r s t  s i g n ,  

a p p r o x i m a t e l y  one  m i l e  a h e a d ,  i s  an advance  w a r n i n g  s i g n  

which i n d i c a t e s  t h a t  t h e  n e x t  e x i t  w i l l  b e  f o r  U.S. 1 

and t h e  c i t y  o f  Massaponax.  N e x t ,  a p p r o x i m a t e l y  4 ,000  

f e e t  a h e a d ,  i s  a  s i g n  i n d i c a t i n g  t h a t  t h e  n e x t  e x i t  w i l l  

l e a d  t o  t h e  s o u t h  b y p a s s  o f  U.S.  1 7 .  Some 150 f e e t  from 

t h e  b e g i n n i n g  o f  t h e  d e c e l e r a t i o n  l a n e  f o l l o w s  a  t r a i l -  

b l a z e r  a s s e m b l y  showing a g a i n  t h a t  t h e  e x i t  i s  t o  s o u t h  

b y p a s s  U.S. 1 7 .  A t  t h e  b e g i n n i n g  o f  t h e  d e c e l e r a t i o n  l a n e  
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i s  a s i g n  i n d i c a t i n g  t h a t  t h e  e x i t  i s  a l s o  f o r  U.S. 1 

and t h e  c i t y  of Massaponax. Some 300 f e e t  f a r t h e r  down, 

midway i n  t h e  d e c e l e r a t i o n  l a n e ,  i s  a  second guide  t r a i l -  

b l a z e r  assembly t o  U.S .  1 7  s o u t h  bypass .  This  i s  much 

t h e  same as  t h e  f i r s t  assembly.  There a r e  t h r e e  s i g n s ,  

t h e n ,  i n d i c a t i n g  t h a t  t h e  e x i t  i s  f o r  U.S .  1 7  s o u t h  bypass ,  

and two s e p a r a t e  s i g n s  - i n d i c . a t i n g  t h a t  t h e  e x i t  i s  a l s o  

f o r  U.S. 1 and Massaponax. U n f o r t u n a t e l y ,  however, t h e  

U.S. l/Massaponax s i g n  n e a r e s t  t h e  e x i t  i s  almost  e n t i r e l y  

obscured  by t h e  Grooved Pavement Ahead s i g n  and by t h e  

f i r s t  t r a i l b l a z e r  assembly. The s i t u a t i o n  was f i r s t  

n o t i c e d  on t h e  motion p i c t u r e s  t aken  a t  t h e  s i t e  d u r i n g  

t h e  p r e l i m i n a r y  s i t e  e v a l u a t i o n .  A photograph i l l u s t r a t i n g  

t h e  c o n d i t i o n  i s  shown on F igure  D-16. The unobscured 

U.S. l/Massaponax s i g n  i s  shown on F igure  D-17. I t  i s  

e v i d e n t ,  t h e n ,  t h a t  d r i v e r s  s e e k i n g  t o  e x i t  t o  U.S. 1 o r  

Massaponax, n o t  be ing  f a m i l i a r  w i t h  t h e  a r e a ,  could  be 

confused  by t h e  obscured  s i g n  and be i n d e c i s i v e .  

Given t h a t  a  d r i v e r  has  s u c c e s s f u l l y  made t h e  d e c i s i o n  

t o  e x i t  and has  e n t e r e d  t h e  d e c e l e r a t i o n  l a n e ,  a  second 

problem a r i s e s .  The d e c e l e r a t i o n  l a n e  a t  t h e  e x i t  c o n s i s t s  

of  a 250- foo t  t a p e r  s e c t i o n  p l u s  a  250- foo t  t a n g e n t  l e a d i n g  

i n t o  t h e  e x i t  c u r v e ,  f o r  a  t o t a l  l e n g t h  of  500 f e e t .  This  

l e n g t h  i s  w e l l  above t h e  AASHTO minimum recommended l e n g t h  

of 450  f e e t  f o r  t h e  e x i t  ramp c o n d i t i o n s  e x i s t i n g  a t  t h e  



F i g u r e  D - 1 6 .  An Obscured View o f  t h e  U.S .  1/ 
Massaponax S i g n .  

F igure  D - 1 7 .  An Open V i e w  o f  t h e  S i g n  



s i t e  (2). - B r i e f l y ,  AASHTO recommends t h a t  f o r  e x i t  ramp 

r a d i i  o f  c u r v a t u r e  g r e a t e r  than  690 f e e t  ( t h e  va lue  i s  

1162 f e e t  o r  4.9' a t  t h e  e x i t  ramp curve)  freeway speeds  

up t o  80 mph, and t h e  freeway grade  no more than  2 % ,  t h e  

minimum d e c e l e r a t i o n  l a n e  l e n g t h  i s  450 f e e t .  For f r e e -  

way g rades  g r e a t e r  t h a n  3  t o  4 %  downgrade, t h i s  l e n g t h  

shou ld  be m u l t i p l i e d  by 1 . 2 .  S i n c e  t h e  freeway grade  i s  

between 2 and 3 % ,  t h e  p r e s e n t  ramp l e n g t h  exceeds recom- 

mended l imi ts .  Not taken  i n t o  a c c o u n t ,  however, i s  t h e  

f a c t  t h a t  t h e  ramp i t s e l f  i s  on a  s t e e p  downgrade ( - 6 . 5 %  

a t  some p o i n t s ) .  F u r t h e r  p roceed ing  down t h e  e x i t  ramp, 

t h e  ramp c u r v a t u r e  r e v e r s e s  ( s e e  F igure  D-13) t o  a  r a d i u s  

of  7 2 3  f e e t ,  o r  7.9 ' .  Thus,  a l though  t h e  e x i t  ramp 

d e c e l e r a t i o n  l a n e  i s  a l r e a d y  beyond minimum AASHTO 

recommendations,  i t  would seem wor thwhi le  t o  c o n s i d e r  t h e  

s u b j e c t  ramp a s  an unusual  c a s e .  

Indeed ,  t h e  f a c t  t h a t  t h e  a d v i s o r y  e x i t  speed has  

been s e t  a t  25 mph would s u g g e s t  t h a t  t h e  c u r v a t u r e  and 

grade  geometry a t  t h e  s i t e  has  a l r e a d y  been cons ide red  

unusua l .  I t  should  be  no ted  t h a t  t h e  ramp r a d i u s  of 

c u r v a t u r e  of 690 f e e t  cor responds  t o  a  ramp des ign  speed  

o f  50 mph. Thus, i f  t h e  a c t u a l  p r a c t i c a l  ramp speed i s  

only  25 mph, and n o t  50 mph, then  t h e  minimum d e c e l e r a t i o n  

l a n e  l e n g t h  recommended by AASHTO i s  650 f e e t .  On t h e  

b a s i s  of t h e  adv i so ry  ramp s p e e d ,  t h e n ,  t h e  e x i t  



d e c e l e r a t i o n  l a n e  i s  a t  l e a s t  150 f e e t  s h o r t e r  t h a n  

c u r r e n t  AASHTO recommendations.  

The p o s i t i o n  o f  t h e  a d v i s o r y  e x i t  speed  s i g n  s h o u l d  

be n o t e d .  The s i g n  i s  l o c a t e d  j u s t  beyond t h e  d e c e l e r a t i o n  

l a n e  and a round  t h e  curve  - a t  t h e  head  o f  t h e  e x i t  ramp. 

I n  t h i s  l o c a t i o n ,  t h e  s i g n  cannot  b e  s e e n  u n t i l  t h e  

v e h i c l e  i s  i n  t h e  e x i t  c u r v e .  Thus,  t h e  a d v i s o r y  speed  i s  

o f  s m a l l  v a l u e  i n  terms o f  a d v i s i n g  t h e  d r i v e r  t o  u s e  t h e  

d e c e l e r a t i o n  l a n e  a s  a  means o f  s l owing  t o  a  s a f e  e x i t  

speed .  

P roceed ing  p a s t  t h e  e x i t  ramp now, t h e  n e x t  s e c t i o n  

of  i n t e r e s t  l i e s  between t h e  e x i t  and t h e  b r i d g e .  Approach- 

i n g  t h e  b r i d g e  on t h e  r i g h t ,  t h e r e  i s  a  v a r i a b l e  message 

s i g n  which i s  u sed  t o  warn m o t o r i s t s  o f  an i c y  b r i d g e  deck .  

J u s t  i n  f r o n t  of  t h i s  warning s i g n  i s  a  r e g u l a t o r y  s i g n  

which s t a t e s  t h a t  h i t c h h i k i n g  i s  n o t  a l l owed .  U n f o r t u n a t e l y ,  

however ,  t h e  n o - h i t c h h i k i n g  s i g n  obscu re s  t h e  i c y  b r i d g e  

s i g n  ove r  much o f  t h e  approach road  t o  t h e  s i g n .  The 

c o n d i t i o n  i s  i l l u s t r a t e d  on F i g u r e  D-18. The unobscured  

s i g n  i s  shown on F i g u r e  D-19. 

I t  can a l s o  be  n o t e d  on t h e s e  pho tog raphs  t h a t  t h e  

h i g h  embankment and v e g e t a t i o n  on t h e  i n s i d e  o f  t h e  cu rve  

h i d e  t h e  b r i d g e  from oncoming m o t o r i s t s .  The s i t u a t i o n  

i s  p r o b a b l y  most a c u t e  when t r a f f i c  i s  heavy ,  s i n c e  t h e  

t r a f f i c  i t s e l f  c o n t r i b u t e s  t o  l o s s  o f  v i s i b i l i t y  ( s e e  

F i g u r e  D-19).  



F i g u r e  D - 1 8 .  An Obscured View o f  t h e  Icy  B r i d g e  S i g n .  

F i g u r e  0-19. An Open View o f  t h e  S i g n .  
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As t h e  m o t o r i s t  app roaches  t h e  b r i d g e ,  t h e  b r i d g e  

r a i l i n g s ,  b e i n g  r e l a t i v e l y  h i g h  and w i t h i n  t h r e e  f e e t  o f  

t h e  road  e d g e ,  c o n t r i b u t e  f u r t h e r  t o  t h e  l o s s  o f  s i g h t  

d i s t a n c e .  S i n c e  t h e  b r i d g e  i s  b o t h  on a  c u r v e  and a t  t h e  

t op  o f  a  c r e s t  ( t h e  r o a d  g r a d e  changes  from - 2 . 6 4 %  t o  

- 3 . 1 %  j u s t  beyond t h e  b r i d g e )  t h e  road  ahead canno t  b e  

s e e n  u n t i l  t h e  d r i v e r  i s  on t o p  o f  t h e  b r i d g e  deck .  Even 

when on and w e l l  beyond t h e  b r i d g e ,  however ,  a  d r i v e r  h a s  

l i t t l e  i n k l i n g  of  an upcoming e n t r a n c e  ramp, e x c e p t  f o r  

t h e  merge a r row s i g n  ( s i g n  number 5 ) .  The c o n d i t i o n  i s  

shown on F i g u r e s  D-20 and D - 2 1 .  S i n c e  t h e  e n t r a n c e  ramp 

merges on t h e  i n s i d e  o f  t h e  c u r v e ,  t h e  v e g e t a t i o n ,  t h e  

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

t o  h i d e  t h e  e n t r a n c e  from t h e  m o t o r i s t .  The r e s u l t  i s  

t h a t  a c c i d e n t s  i n v o l v i n g  weaving ,  sudden s l o w i n g ,  f a i l u r e  

t o  y i e l d  t h e  r i g h t  o f  way, e t c . ,  commonly occu r  i n  t h e  

a c c i d e n t  s t a t i s t i c s .  The s i t u a t i o n  i s  f u r t h e r  a g g r a v a t e d  

by t h e  f a c t  t h a t  t h e  e n t r a n c e  ramp d e s i g n  i s  such  t h a t  

v e h i c l e s  e n t e r i n g  t h e  f reeway a r e  f r e q u e n t l y  moving a t  s low 

speed  r e l a t i v e  t o  f reeway  t r a f f i c .  

The e n t r a n c e  ramp i s  a  c u r v i n g  upgrade  o f  some 800 

f e e t  i n  l e n g t h .  C u r v a t u r e  i s  8 .1 '  ( 7 1 0 - f o o t  r a d i u s )  and 

t h e  upgrade  i s  a b o u t  3 . 4 %  maximum. Fo l lowing  t h e  e x i t  

ramp t h e r e  i s  an a c c e l e r a t i o n  l a n e  a d j a c e n t  t o  t h e  f reeway  

which i s  500 f e e t  i n  l e n g t h ,  i n c l u d i n g  a  2 5 0 - f o o t  t a p e r  



F i g u r e  D - 2 0 .  A View o f  t h e  E n t r a n c e  Ramp from 
J u s t  South  o f  t h e  Br idge  

F i g u r e  D - 2 1 .  A C l o s e r  View of  t h e  E n t r a n c e  Ramp. 



s e c t i o n .  For a  freeway of 2 %  grade  o r  l e s s ,  and f o r  a  

ramp r a d i u s  of c u r v a t u r e  of 690 f e e t ,  t h e  AASHTO 

recommendation f o r  a c c e l e r a t i o n  l a n e  l e n g t h  i s  575  f e e t .  

This  l e n g t h  i n c l u d e s  a  300-foot  t a p e r .  [The i n d i c a t e d  

va lues  a r e  f o r  a  70-mph freeway des ign  speed . )  This 

l e n g t h  i s  based  on t h e  premise t h a t  t r a f f i c  e n t e r i n g  t h e  

a c c e l e r a t i o n  l a n e  i s  t r a v e l i n g  a t  50 mph. Shor t - t e rm 

o b s e r v a t i o n s  a t  t h e  e n t r a n c e  ramp, however, have shown 

t h a t  most d r i v e r s  a r e  t r a v e l i n g  l e s s  than  20 mph a t  t h e  

beginning  of t h e  a c c e l e r a t i o n  l a n e .  The reason f o r  t h i s  

behav io r  i s  e v i d e n t  from an examinat ion of  t h e  s i g h t  

d i s t a n c e  c o n d i t i o n s  on the  ramp. Three views of t h e  scene  

as  i t  would be viewed by a  d r i v e r  t r a v e l i n g  up t h e  e n t r a n c e  

ramp a r e  shown on Figure  D - 2 2 .  I t  i s  e v i d e n t  t h a t  

v i s i b i l i t y  of  t h e  scene  ahead i s  ex t remely  poor u n t i l  t h e  

v e h i c l e  i s  v i r t u a l l y  upon t h e  a c c e l e r a t i o n  l a n e .  I n  

a d d i t i o n ,  t h e  p e r s p e c t i v e  of t h e  r e l a t i v e l y  s h o r t  

a c c e l e r a t i o n  l a n e  i s  c l e a r l y  i n d i c a t e d .  

Using a  more r e a l i s t i c  speed of 20 mph a t  t h e  p o i n t  

of e n t r y  i n t o  t h e  a c c e l e r a t i o n  l a n e ,  t h e  AASHTO-recommended 

l e n g t h  f o r  t h e  l a n e  i s  1,500 f e e t  x  1 . 5 .  = 2,250 f e e t .  

The 1 . 5  f a c t o r  i s  used t o  account  f o r  t h e  f a c t  t h a t  t h e  

freeway upgrade i s  almost 3% i n  t h e  a r e a  where t h e  

a c c e l e r a t i o n  l a n e  i s  r e q u i r e d .  The e n t r a n c e  ramp then 

i s  approximately 1,750 f e e t  too  s h o r t  f o r  t h e  p r e v a i l i n g  

c o n d i t i o n s .  



Figure  D - 2 2 .  Three Views of t h e  Entrance Ramp as  a  Vehic le  
Proceeds Up t h e  Ramp t o  t h e  A c c e l e r a t i o n  Lane. 



D.5.3 SUGGESTED MODIFICATIONS. Roadway-induced 

a c c i d e n t s  a t  t h e  1-95 s i t e  a r e  a p p a r e n t l y  t h e  r e s u l t  o f  

s e v e r a l  f a c t o r s .  These i n c l u d e :  

1. T r a f f i c  speed 

2 .  Pavement d ra inage  

3 .  Pavement f r i c t i o n  

4 .  S igning  

5 .  S i g h t  Dis tance  

6 .  In te rchange  ramps 

Suggested improvements, wi th  t h e  excep t ion  of reduced 

v e h i c l e  s p e e d s ,  which can be expected  t o  r e d r e s s  t h e  

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

a r e  d i scussed  i n  t h e  fo l lowing s u b s e c t i o n s .  The b e n e f i t s  

of speed r e d u c t i o n  a r e  more o r  l e s s  s e l f - e v i d e n t  and need 

no d i s c u s s i o n .  

D .5 .3 .1  Improving t h e  Pavement Drainage.  Much of  

t h e  m a t e r i a l  g iven  i n  S e c t i o n  D .4 .3 .1  wi th  r e s p e c t  t o  

t h e  Ohio Turnpike s i t e  i s  e q u a l l y  a p p l i c a b l e  t o  t h e  1 -95  

s i t e .  Curvature and s u p e r e l e v a t i o n  a t  t h e  two s i t e s  a r e  

v i r t u a l l y  i d e n t i c a l .  The f a c t  t h a t  t h e  pavement has  been 

grooved a t  t h e  1-95  s i t e  and t h a t  t h e  shou lde r s  a r e  not  

s u p e r e l e v a t e d  would sugges t  t h a t  d ra inage  i s  n o t  as  g r e a t  

a  problem. Even w i t h  t h e s e  d i f f e r e n c e s ,  however, t h e  d a t a  

given i n  Table D-10 show t h a t  s k i d  number l o s s e s  o f  3 o r  



4  can be expec ted  s o l e l y  a s  t h e  r e s u l t  o f  w a t e r  b u i l d - u p  

on t h e  1 - 9 5  cu rve .  These l o s s e s  aga in  a r e  compared t o  

t h e  s k i d  r e s i s t a n c e  a v a i l a b l e  on a  t a n g e n t  s e c t i o n .  

A s  f u l l y  d i s c u s s e d  i n  S e c t i o n  D . 4 . 3 . 1 ,  t h e  pr imary  

methods which can be used t o  improve d r a i n a g e  a r e  t o  

i n c r e a s e  t h e  s u p e r e l e v a t i o n  r a t e  and t o  p rov ide  a d d i t i o n a l  

d r a i n a g e  p a t h s  s o  as  t o  reduce s u r f a c e  w a t e r  accumula t ions .  

Reference t o  F i g u r e  D - 7  s u g g e s t s  t h a t  a  s u p e r e l e v a t i o n  of  

0.06 would be a  v a l u e  which would produce a  s u b s t a n t i a l  

r e d u c t i o n  i n  w a t e r  d e p t h .  (The road  width  a t  t h e  1 - 9 5  

s i t e  i s  24 f e e t .  The wa te r  depth  v e r s u s  e  c h a r a c t e r i s t i c s  

f o r  a  2 4 - f o o t  road width  can be i n f e r r e d  from t h e  24- and 

3 0 . 5 - f o o t  cu rves  on F igure  D - 7 . )  Larger  va lues  of  s u p e r -  

e l e v a t i o n  produce a  d e c r e a s i n g l y  s m a l l e r  p e r c e n t a g e  of  

improvement. A s u g g e s t e d  means o f  a c h i e v i n g  t h e  s u p e r -  

e l e v a t i o n  i s  t o  add a  pavement o v e r l a y .  

Suggested methods f o r  e n s u r i n g  t h a t  wa te r  runof f  

occur s  below t h e  t i r e  c o n t a c t  s u r f a c e  a r e  e i t h e r  t o  ensu re  

t h a t  t h e  pavement o v e r l a y  has  a  wearing course  of  l a r g e ,  

s h a r p  a g g r e g a t e ,  o r  t o  groove t h e  o v e r l a y  i n  a  c r o s s -  

h a t c h e d  p a t t e r n .  The l o n g i t u d i n a l  grooves c u r r e n t l y  a t  

t h e  s i t e  do n o t  enhance t r a n s v e r s e  w a t e r  d r a i n a g e .  Such 

g r o o v e s ,  however,  do improve wet -weather  t r a c t i o n  by 

p r o v i d i n g  wa te r  escape  p a t h s  i n  t h e  t i r e l r o a d  c o n t a c t  

p a t c h .  



D.5.3.2 Improving Pavement F r i c t i o n .  Although 

f r i c t i o n  measurements a t  t h e  s i t e  i n d i c a t e  a compara t ive ly  

good f r i c t i o n  s u r f a c e  (see  Table D-11) , t h e  d i s c u s s i o n s  

i n  Appendix B have i n d i c a t e d  t h a t  an even b e t t e r  s u r f a c e  

i s  needed. Given t h a t  s i x  s k i d  numbers a r e  needed j u s t  

t o  n e g o t i a t e  the  curve i n  a s t e a d y - s t a t e  manner ( t h e  

a n a l y s i s  i n  Sec t ion  D .  4 .3 .2 i s  completely a p p l i c a b l e  h e r e )  , 
as  much as  9 o r  10 s k i d  numbers a r e  needed dur ing  wet 

weather ,  over  and above t h a t  needed on a  tangent-the 

a d d i t i o n a l  3  o r  4 s k i d  numbers be ing  needed t o  overcome 

t h e  i n c r e a s e d  wa te r  depth l e v e l s  on t h e  curve .  For  non- 

s t e a d y - s t a t e  maneuvers, of c o u r s e ,  t h e  requi rements  a r e  

f a r  g r e a t e r .  The p o i n t ,  however, i s  t h a t  t h e  emergency 

f r i c t i o n  margin on a  t angen t  i s  somewhat g r e a t e r  than  f o r  

a  cu rve ,  s i n c e  a  p a r t  of t h e  a v a i l a b l e  f r i c t i o n  i s  needed 

j u s t  t o  n e g o t i a t e  t h e  curve .  

Again us ing  Equat ion (15) of Chapter 3 ,  t h e  r e q u i r e d  

SN40 va lue  f o r  t h e  s i t e ,  as  i t  now e x i s t s ,  can be computed 

from t h e  fo l lowing  s i t e  d a t a :  

V = 80 mph SNgrad = - 0 . 5  SN uni ts lmph 

G = 2.64% T i r e T r e a d  
Depth = 2/32 i n  

D = 1"0156f' 
L = 2 0 . 5  f t  

I D  = 0.25 i n / h r  



Using t h i s  i n f o r m a t i o n  

K(:) = 1 ,790  f e e t  

and Equa t ion  (15)  g i v e s  a  r e q u i r e d  SN40 v a l u e  o f  91 .  Thus,  

even though t h e  d r a i n a g e  l e n g t h  i s  t e n  f e e t  l e s s  t h a n  

t h a t  f o r  t h e  Ohio Turnpike  s i t e ,  t h e  s k i d  number r e q u i r e -  

ment i s  v i r t u a l l y  t h e  same. T h e r e f o r e ,  t h e  same arguments 

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

s e c t i o n  and r e s t r i c t i n g  worn t i r e  u s e ,  a long  w i t h  

i n c r e a s i n g  s u r f a c e  s k i d  r e s i s t a n c e .  

D .  5 . 3 . 3  Improving S i g n i n g ,  Major s i g n i n g  s u g g e s t i o n s  

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

1. S i g n  11, t h e  U.S.  l /Massaponax e x i t  s i g n .  

2 .  S i g n  9 ,  t h e  a d v i s o r y  e x i t  speed  s i g n .  

3 .  S ign  6 ,  t h e  i c y  b r i d g e  s i g n .  

4 .  S i g n  5 ,  t h e  merge s i g n .  

The o n l y  i n d i c a t i o n  t h a t  t h e  e x i t  can be  used  f o r  

U . S .  1 i s  on s i g n s  1 5  and 11. S ign  15  i s  app rox ima te ly  

one m i l e  i n  advance of  t h e  e x i t  w h i l e  s i g n  11 i s  v i r t u a l l y  

a t  t h e  beg inn ing  o f  t h e  e x i t  d e c e l e r a t i o n  s i g n .  S i n c e  

s i g n  11 i s  obscu red  by o t h e r  s i g n s ,  however ,  t h e  f a c t  



t h a t  t h e  e x i t  i s  f o r  U . S .  1 as  w e l l  as  U.S. 1 7  may n o t  

be c l e a r l y  a p p a r e n t .  

Obviously,  t h e n ,  s i g n  11-the U.S. l/Massaponax 

sign-should be made more v i s i b l e .  This  can be accomp- 

l i s h e d  by moving both  t h e  grooved-pavement ( s i g n  12) and 

t h e  U.S. 1 guide t r a i l b l a z e r  assembly ( s ign  13) from i n  

f r o n t  of  s i g n  11. The grooved-pavement s i g n  could be 

moved f u r t h e r  from t h e  road edge o r  removed a l t o g e t h e r .  

The t r a i l b l a z e r  assembly could a l s o  be moved l a t e r a l l y  

o r  advanced f u r t h e r  ahead. Whatever t h e  method, c a r e  

should  be taken  t o  check t h a t  t h e r e  i s  a  c l e a r  view of  

s i g n  11. 

Although t h e  e x i t  speed adv i so ry  s i g n  ( s i g n  9)  has  

a p p a r e n t l y  been i n s t a l l e d  according  t o  t h e  "Manual on 

Uniform T r a f f i c  Cont ro l  Devices" (z), i t  i s  sugges ted  

t h a t  t h i s  s i g n  be moved t o  a  p o i n t  midway i n  t h e  d e c e l e r a -  

t i o n  l a n e .  This w i l l  a l low t h e  s i g n  t o  be seen  by 

m o t o r i s t s  p r i o r  t o  e n t e r i n g  t h e  e x i t  l a n e .  

S ince  t h e  i c y  b r i d g e  s i g n  ( s i g n  6 )  can be a  very 

impor tant  warning d e v i c e ,  i t  i s  sugges ted  t h a t  every  

e f f o r t  be made t o  ensure  t h a t  t h e  s i g n  i s  c l e a r l y  v i s i b l e  

t o  oncoming m o t o r i s t s .  I t  i s  recommended, t h e r e f o r e ,  

t h a t  t h e  n o - h i t c h h i k i n g  s i g n  e i t h e r  be removed a l t o g e t h e r  

o r  t h a t  t h e  i c y  b r idge  s i g n  be advanced i n  f r o n t  of  t h e  



n o - h i t c h h i k i n g  s i g n .  The l a t t e r  cour se  seems p r e f e r a b l e  

s i n c e  i t  w i l l  p r o v i d e  an a d d i t i o n a l  increment  of advance 

warning .  

The only  m o d i f i c a t i o n  s u g g e s t e d  a t  t h e  merge s i g n ,  

s i g n  5 ,  i s  t o  add t h e  a d d i t i o n a l  message "MERGEtt below t h e  

merge arrow. This  a l t e r a t i o n  shou ld  f u r t h e r  c l a r i f y  t h e  

f a c t  t h a t  an e n t r a n c e  ramp i s  ahead and w i l l  p u t  t h e  s i g n  

i n s t a l l a t i o n  i n  compliance w i t h  t h e  s t a n d a r d  i n  

Reference  1 3 ,  

These s i g n  a l t e r a t i o n s  shou ld  be b e n e f i c i a l  i n  

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

shou ld  reduce some o f  t h e  u n c e r t a i n t y  and i n d e c i s i o n  a t  

t h e  i n t e r c h a n g e  ramps. 

D . 5 . 3 . 4  Improving S i g h t  D i s t a n c e .  I f  i t  i s  presumed 

t h a t  t h e  b a s i c  cu rve -g rade  geometry o f  t h e  s i t e  s h o u l d  

n o t  be a l t e r e d ,  t hen  t h e  major means of  improving s i g h t  

d i s t a n c e  i s  through c l e a r i n g  away s i g h t  o b s t r u c t i o n s  on 

t h e  i n s i d e  of  t h e  cu rve .  P r i o r  t o  t h e  e x i t  ramp t h i s  can 

be accomplished by removing p a r t  of  t h e  r o a d s i d e  embank- 

ment and by removing excess  f o l i a g e  and v e g e t a t i o n .  The 

same can be  done between t h e  e x i t  and t h e  b r i d g e .  

On t h e  b r i d g e  i t s e l f ,  c o n s i d e r a t i o n  should  be g iven  

t o  widening t h e  b r i d g e  deck s o  t h a t  a  minimum s h o u l d e r  

width  of t e n  f e e t  i s  a v a i l a b l e - p a r t i c u l a r l y  on t h e  



i n s i d e  of  t h e  curve .  A b e t t e r  s o l u t i o n  dur ing  t h e  des ign  

phase might have been t o  e l i m i n a t e  t h e  median gap between 

t h e  northbound and southbound b r i d g e  s o  t h a t  b r i d g e  r a i l s  

on t h e  median s i d e  would n o t  be r e q u i r e d .  Although t h i s  

des ign  i s  admi t ted  t o  be i n i t i a l l y  more expens ive ,  o v e r a l l  

c o s t s  would very probably  be l e s s  because of reduced 

a c c i d e n t  s e v e r i t y .  

S ince  n e i t h e r  t h e  e x i t  o r  e n t r a n c e  ramps can be 

e a s i l y  seen  due t o  c r e s t  v e r t i c a l  cu rves ,  i t  i s  sugges ted  

t h a t :  

1. The g r a s s  i n  advance of t h e s e  ramps be 

f a i t h f u l l y  removed. 

2 .  Curbs be added on t h e  f a r  s i d e  of each ramp 

and t h a t  t h e s e  be p a i n t e d  ye l low.  

3 ,  The pavement i n  t h e  speed-change l a n e s  be 

made t o  c o n t r a s t  w i th  t h e  freeway pavement. 

Each of t h e s e  sugges t ions  should improve ramp v i s i b i l i t y  

wi thout  a l t e r i n g  b a s i c  roadway geornetr ics .  

D . 5 . 3 . 5  Improving In te rchange  Ramps. Without 

d r a s t i c a l l y  modifying t h e  s i t e ,  t h e  maj o r  improvements 

i n  t h e  in t e rchange  ramps can be made by l eng then ing  t h e  

speed-change l a n e s .  



A t  t h e  e x i t  ramp, t h e  d e c e l e r a t i o n  l a n e  i s  l o n g e r  

t h a n  needed  t o  s a t i s f y  recommended AASHTO minimums, b u t  

n o t  long  enough t o  s a t i s f y  t h e  25-mph e x i t  a d v i s o r y  s p e e d .  

Because of t h i s  25-mph ramp speed-the speed  r e f l e c t i n g  

b o t h  t h e  s t e e p  g r ade  and s h a r p  cu rve  on t h e  ramp--and 

because  of  t h e  l a c k  o f  s i g h t  d i s t a n c e  p r i o r  t o  t h e  e x i t ,  

i t  i s  s u g g e s t e d  t h a t  t h e  ramp be made 300 f e e t  l o n g e r ,  

I n  a d d i t i o n ,  i t  i s  s u g g e s t e d  t h a t  a  c h a n n e l i z i n g  cu rb  some 

2 0 0  f e e t  i n  l e n g t h  be added a t  t h e  end o f  t h e  d e c e l e r a t i o n  

l a n e .  I n  t h i s  way v e h i c l e s  once committed t o  t h e  e x i t  

l a n e  w i l l  n o t  be a b l e  t o  r e - e n t e r  t h e  f reeway  a t  t h e  l a s t  

s econd  and cause  t r a f f i c  c o n f l i c t s .  ( V e h i c l e s  e x i t i n g  

e r r o n e o u s l y  a r e  n o t  unduly  p e n a l i z e d ,  s i n c e  t h e  sou thbound  

e x i t  ramp i s  e a s i l y  a c c e s s i b l e  a t  t h e  j u n c t i o n  w i t h  U.S. 1.) 

The a c c e l e r a t i o n  l a n e  a t  t h e  end o f  t h e  e n t r a n c e  

ramp i s  s u b s t a n t i a l l y  s h o r t e r  t h a n  t h e  minimum AASHTO- 

recommended l e n g t h  f o r  a  ramp speed  o f  20  mph. I t  i s  

s u g g e s t e d  t h a t  t h i s  l a n e  be  ex t ended  a t  l e a s t  1 , 8 0 0  f e e t  

beyond t h e  p r e s e n t  l e n g t h .  A c h a n n e l i z i n g  cu rb  S O 0  f e e t  

i n  l e n g t h  i s  a l s o  recommended h e r e  s o  a s  t o  p r e v e n t  s l ow-  

moving v e h i c l e s  from e n t e r i n g  t h e  f reeway  b e f o r e  hav ing  

a c h i e v e d  a  minimum l e v e l  of  s p e e d .  The curb  s h o u l d  

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

ward a long  t h e  r i g h t  r oad  edge o f  t h e  f r eeway .  



D.5.4 SUMMARY OF ANALYSIS OF 1 -95  SITE. The b a s i c  

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

1 - 9 5  s i t e  a r e  poor  wa te r  d r a i n a g e ,  inadequate  s i g h t  d i s -  

t a n c e ,  u n c l e a r  s i g n i n g ,  and inadequate  in t e rchange  speed-  

change l a n e s .  Water depth  accumulat ions du r ing  wet 

weather  and s t e a d y - s t a t e  co rne r ing  requi rements  a r e  enough 

t o  reduce t h e  a v a i l a b l e  s k i d  number as much as  9  o r  10 

u n i t s  below what i s  a v a i l a b l e  on t angen t  s e c t i o n s .  V e r t i -  

c a l  c r e s t  curves  a r e  p r e s e n t  j u s t  i n  f r o n t  o f  both  t h e  

e x i t  and e n t r a n c e  ramps. These,  a long w i t h  roads ide  

embankments, roads ide  f o l i a g e ,  and road  edge b r i d g e  r a i l -  

i n g s  tend  t o  l i m i t  s i g h t  d i s t a n c e .  S igns  f o r  t h e  e x i t  

ramp and f o r  warning m o t o r i s t s  of i c y  b r i d g e  c o n d i t i o n s  

a r e  obscured by o t h e r  s i g n s .  The e x i t  d e c e l e r a t i o n  l a n e ,  

a l though longer  than  minimum AASHTO recommendations, i s  

inadequate  f o r  t h e  unusua l ly  s t e e p  grade  and s h a r p  cu rva -  

t u r e  of t h e  e x i t  ramp. These a r e  r e f l e c t e d  i n  t h e  e x i t  

ramp adv i so ry  speed of 25 mph. The e n t r a n c e  ramp 

d e c e l e r a t i o n  l a n e  i s  s u b s t a n t i a l l y  s h o r t e r  than  AASHTO 

recommendations. 

Suggested remedies i n c l u d e  (1) adding a  pavement ove r -  

l a y  of l a r g e ,  s h a r p  exposed aggrega te  t o  i n c r e a s e  curve 

s u p e r e l e v a t i o n  t o  0 . 0 6  and improve w e t - s u r f a c e  f r i c t i o n ;  

( 2 )  c u t t i n g  back t h e  embankment and f o l i a g e  along t h e  



i n s i d e  of  t h e  curve and widening t h e  b r i d g e  deck s o  as 

t o  improve s i g h t  d i s t a n c e ;  (3) moving, r e a r r a n g i n g ,  o r  

a l t e r i n g  c r i t i c a l  s i g n s ;  and ( 4 )  ex tend ing  t h e  l e n g t h  of  

both  t h e  e x i t  and e n t r a n c e  speed-change l a n e s .  





APPENDIX E 

THE INFLUENCE OF GRADE ON THE AASHTO CURVE DESIGN FORMULA 

The AASHTO curve des ign  formula i s  as  fo l lows ( 2 )  - : 

The d e r i v a t i o n  of t h i s  e q u a t i o n  r e s t s  on t h e  fo l lowing  

assumptions:  

1. The v e h i c l e  can be cons ide red  as  a  p o i n t  mass. 

2 .  Highway c u r v a t u r e  and s u p e r e l e v a t i o n  va lues  

a r e  sma l l  enough t o  be w i t h i n  t h e  range of 

s m a l l  a n g l e  approx ima t ions ,  i . e  . , 
s i n  a t a n  a a ,  cos a 1. 

3 .  Highway upgrade o r  downgrade v e r t i c a l  a l ignment  

can be n e g l e c t e d .  

The purpose of t h i s  a n a l y s i s  i s  t o  d e r i v e  t h e  curve des ign  

formula i n  i t s  e x a c t  form, assuming only  t h a t  t h e  v e h i c l e  

i s  a  p o i n t  mass,  and compare t h i s  w i t h  t h e  AASHTO formula 

of Equat ion  (E,  1 ) .  

E . l  DERIVATION OF THE EXACT CURVE DESIGN FORMULA 

The e x a c t  curve des ign  formula can be d e r i v e d  by 

c o n s i d e r i n g  t h e  f o r c e s  a c t i n g  on a  v e h i c l e  ( cons ide red  t o  

be a  p o i n t  mass) which i s  t r a v e l i n g  on a  s e c t i o n  of 



highway having  combined grade  and h o r i z o n t a l  c u r v a t u r e .  

I n  t r a v e l i n g  along t h e  cu rve /g rade ,  t h e  v e h i c l e  i s  assumed 

t o  be  t r a v e r s i n g  t h e  curve on a  c i r c u l a r  p a t h  and n o t  

s k i d d i n g .  The d e r i v a t i o n  i s  i n i t i a t e d  by d e f i n i n g  t h e  

road  s u r f a c e  i n  terms of i t s  o r i e n t a t i o n  w i t h  r e s p e c t  t o  

t h e  h o r i  zont a 1  , 

I n  F igure  E - 1 ,  t h e  i c o o r d i n a t e  system i s  d e f i n e d  such 
-r 

t h a t  t h e  u n i t  v e c t o r s ,  l1 and r2, l i e  i n  t h e  h o r i z o n t a l  

p l a n e  wi th  

7- 

1 1 i n  t h e  nominal d i r e c t i o n  of  t h e  r a d i u s  o f  

c u r v a t u r e  o f  t h e  roadway, 

- 
2 i n  t h e  nominal d i r e c t i o n  of t r a v e l  a long 

t h e  roadway, and 

i n  t h e  d i r e c t i o n  of  t h e  g r a v i t y  v e c t o r .  1 3 

The k  c o o r d i n a t e  system i s  d e f i n e d  by r o t a t i n g  t h e  i system 

through an ang le  G about  t h e  T1 a x i s .  G i s  t h e  grade  o f  

t h e  roadway (+  f o r  upgrade) .  The m c o o r d i n a t e  system 

i s  d e f i n e d  by r o t a t i n g  t h e  k system through an ang le  e*  





about  t h e  E2 a x i s .  e"crrrrsponds t o  i h e  s u p e r e i e v a t i o n  

o f  t h e  pavement , "  

The orientation of  r k e  m c o o r d i n a t e  system i s  such  
-- 

t h a t  tile u n i t  ~~? i : t .o . rs ,  m, ar,d m ,  1j.e i n  ~ h e  p l a n e  of 
I 

t h e  road  s u r f ~ c e  w i t h :  

-. 
-?. 

I ' l l  
I n  t h e  d i r e c t i o ~ ~  cif t h e  r a d i u s  o f  c u r v a t u r e  

o f  t h e  roa  

- 
rn, i n  t h e  d i r e c t i o n  o f  t-;avei a long  t h e  

roadxay , and 

- 
TI nc-rmal t c  tb'e road  s u r f a c e .  3 

__-.___ ____-_ - _.. -11. ------- 

l e *  i s  t h e  ? u p c l ~ ? e v a t i o n  a ~ ~ g l e  >u!;t i n t o  a road  when t h e  

road  i s  c o n s t r u c t e d  on a g r a d e .  When forms f o r  t h e  pave-  

ment s i ~ r f a c e  a r c  l a i d  o u t ,  t h e  supereleva ' i  i o n  i s  measured 

i n  a  p l a n e  which i s  normal t o  t h e  roadbed .  T h e r e f o r e ,  

e V - c  n o t  t h e  t r u e  s u p e r e l e v a t i o n .  The t r u e  s u p e r e l e v a t i o n ,  

e ,  i s  measured j ~ i  a  v e r t i c a i  p l a n e .  e x  i s  meascred i n  a 

p l a n e  i ~ h i c h  i s  c a n t e d  from t h e  v e r t i c a i  by t h e  g r ade  a n g l e  

G. e-s r e l a t e d  t o  e  by t h e  f o l l o w i n g  e q u a t i o n :  

, - 
t a n  e = t a n  e *  cos G LL. 2 )  

i n  a c t u a l i t , y .  t h e n ,  t h e  :Fun v a l u e  o f  s u p c ~ e i e v a t i c n  is 

s l i g h t l y  l e s s  .than t h e  s p e c i f i e d  v a i u e  when a cu rve  i s  

c o n s t r u c t e d  on a g r a d e .  F o r  g r ades  up t o  122, however,  

t h e  e r r o r  i s  l e s s  ehan 0 . 8 % .  



The f o r c e s  a c t i n g  on t h e  v e h i c l e  a s  i t  t r a v e r s e s  a  

c u r v e l g r a d e  w i t h o u t  s k i d d i n g  a r e  d e p i c t e d  i n  F igure  E - 2 .  

I n  terms of  t h e  p r e v i o u s l y  d e f i n e d  c o o r d i n a t e  sys t ems ,  

t h e s e  f o r c e s  a r e  summed a s  f o l l o w s :  

Now 

and by t h e  a n g u l a r  t r a n s f o r m a t i o n s  which d e f i n e  t h e  m 

c o o r d i n a t e  sys tem i n  terms of  t h e  i sys tem:  

0 
- 

s i n e *  
ml 

s i n h o s .  - cose*  s i n - ]  I:] 
s i n e *  cosG sinG cose*  cosG 

T h e r e f o r e ,  Equat ion  (E.3) can be  r e w r i t t e n  a s :  

fwml - W(-sine* cosG El + sinG m2 + cose*  cosG m3) 

- - W e -  ' (cose*  ml + s i n e *  m3) + - v m 2  t N E3 = o 
gR g 



* 

- m, ( 1n to  paper) 
I m 

Figure E - 2 .  Fo rce s  A c t i n g  on V e h i c l e  



( f  + s i n e *  c o s ~  - - wvL cose*)iii 
gR sinG)Z2 

N v2 
+ (a  - cose*  C O S G  - - sine*))m3 = 0 

!3R 

The t h r e e  components of t h i s  e q u a t i o n  r e p r e s e n t  t h e  

summation of  f o r c e s  a c t i n g  on t h e  v e h i c l e  a long t h e  t h r e e  

axes of  t h e  m c o o r d i n a t e  sys tem.  The iiil component i s  

t h e  c o r n e r i n g  t e rm,  t h e  m2 component t h e  l o n g i t u d i n a l  

a c c e l e r a t i o n  te rm,  and t h e  m3 component t h e  term normal 

t o  t h e  road  s u r f a c e .  Only t h e  El component i s  of  i n t e r e s t  

h e r e .  

S i n c e  t h e  magnitude o f  t h e  v e c t o r  r e p r e s e n t e d  by 

Equat ion  (E.6) i s  z e r o ,  each of i t s  components must be 

z e r o .  Thus t h e  ii component can be  w r i t t e n  i n  s c a l a r  
1 

form a s  : 

vL  f + s i n e *  cosG = - 
gR COSe* 

Equat ion  (E.7) i s  t h e  e x a c t  form of t h e  AASHTO curve  

des ign  formula as  g iven  by Equat ion  (E. 1)  . (With V i n  
3 1 

v mph, t h e  term on t h e  r i g h t  becomes 1 4 , 9 7 R  - vL cose*  = - cose* . )  15R 



E.2 ERROR ANALYSIS 

The e r r o r  r e s u l t i n g  from t h e  u s e  of  t h e  USHTO c u r v e  

d e s i g n  fo rmu la  i n  t h e  p r e s e n c e  o f  upgrade  o r  downgrade 

v e r t i c a l  a l i g n m e n t  can be  d e t e r m i n e d  by  comparing E q u a t i o n s  

(E .1 )  and ( E . 7 ) .  These eqtiat i ions a r e  w r i t z e i l  a s  f o l l o w s :  

v2 f '  = - 
gR 

c o s e *  - s i n e A  c ~ s G  (E. 8 j 

where f t  i n  E q u a t i o n  ( E .  8 )  s i g n i f i e s  t h e  f a c t  t h a t  t h e  

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

t h a t  which i s  assumed when t h e  MSRTO f o r m c i a  i s  a p p l i e d .  

The e r r o r  t h e n  i s :  

ERROR = 
100 1 f - f '  1 ' 

f '  

The e x p r e s s i o n  i s  p l o t t e d  on F i g u r e  E - 3  a s  a  f u n c -  

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

g r a d e ,  and c u r v a t u r e .  I t  can be n o t e d  t h a t  t h e  maximum 
L 

e r r o r  i s  0 . 7 3 % ,  and t h a t  t h i s  e r r o r  o c c u r s  a t  a  s u p e r -  

e l e - l a t i o n  r a t e  o f  0 . 1 2 .  A d d i t i o n a l  p l o t s  o f  t h e  e r r o r  

e x p r e s s i o n  ( E q u a t i o n  ( E . 9 ) )  a r e  shown on F i g u r e  E - 4 .  

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

c u r v a t u r e ,  v e l o c i t y ,  and g r a d e  n e a r  xaximum e r r o r  

c o n d i t i o n s .  



D =  6" 
V =  40 rnph 
G =  12% 

0 .02 -04 -06 .08 .I0 

Superelevation Rate , e 

Figure E-3. k r r o r  Versus Superelevation Rate 



LV = 20 rnph 

Curvature , D -degrees 

40 60 

Ve loc i t y  - mph 

V = 80 mph 
e = 0.12 

, I 

0 2 4 6 8 10 12 

Grade , G 

F i g u r e  E-4. E r r o r  Versus  C u r v a t u r e ,  V e l o c i t y ,  and Grade 



I t  i s  c l e a r  from t h e  p l o t s  on F igures  E -3  and E - 4  

t h a t  t h e  e r r o r  i s  p r i m a r i l y  a  f u n c t i o n  of s u p e r e l e v a t i o n  

r a t e .  Grade i s  a  secondary f a c t o r ,  wh i l e  v e l o c i t y  and 

c u r v a t u r e  have e s s e n t i a l l y  no i n f l u e n c e .  I t  i s  a d d i t i o n -  

a l l y  c l e a r  t h a t  w i t h i n  t h e  ranges  o f  V ,  D ,  e ,  and G common 

t o  highway p r a c t i c e ,  - t h e  AASHTO curve  des ign  formula - i s  

v i r t u a l l y  e q u i v a l e n t  --- t o  t h e  e x a c t  formula and i s  -- 
e s s e n t i a l l y  independent  - of g r a d e .  

E . 3  CONCLUSION 

I t  has  been shown t h a t  t h e  AASHTO curve  des ign  formula 

i s  e q u a l l y  a p p l i c a b l e  t o  h o r i z o n t a l  curves a l o n e  a s  w e l l  

as  curves  c o n s t r u c t e d  on upgrade and downgrade v e r t i c a l  

a l ignment s .  Les t  t h e  wrong impress ion  be g i v e n ,  however, 

i t  must be made c l e a r  t h a t  t h e s e  remarks do n o t  c o n s t i t u t e  

an endorsement of t h e  AASHTO curve des ign  formula .  The 

equa t ion  i s  based on s t e a d y - s t a t e  c o r n e r i n g  performance 

and does n o t  t a k e  i n t o  account  t h e  a c t u a l  dynamic 

c h a r a c t e r i s t i c s  of a  v e h i c l e  as  i t  execu tes  a  c o r n e r i n g  

maneuver o r  a  combined maneuver such a s  co rne r ing  p l u s  

b r a k i n g  o r  c o r n e r i n g  p l u s  l a n e  change. 





APPENDIX F 

TENTATIVE METHODS FOR ANALYSIS OF ACCIDENT-CAUSATION 
FACTORS AT HIGHWAY SITES WITH HIGH ACCIDENT RATES 

Highway s i t e s  w i t h  h igh  a c c i d e n t  r a t e s  can be p i n -  

p o i n t e d  through t h e  a n a l y s i s  of a c c i d e n t  d a t a .  C las ses  

of  a c c i d e n t s  a t  t h e s e  s i t e s  can a l s o  be i d e n t i f i e d  

through such d a t a .  However, a c c i d e n t  c a u s a t i o n  f a c t o r s ,  

p a r t i c u l a r l y  t h o s e  a s s o c i a t e d  w i t h  t h e  s i t e ,  a r e  n o t  

always s o  e a s i l y  i d e n t i f i e d .  This  appendix c o n s i s t s  of 

a  t e n t a t i v e  form which can be  used t o  i d e n t i f y  such 

s i t e  d e f i c i e n c i e s .  Obvious ly ,  each i tem i n  t h e  form i s  

n o t  a p p l i c a b l e  t o  eve ry  s i t e .  N e i t h e r  does t h e  e x i s t e n c e  

o f  a  p a r t i c u l a r  f e a t u r e  a t  a  s i t e  presuppose  t h a t  t h a t  

f e a t u r e  i s  an a c c i d e n t - c a u s a t i o n  f a c t o r .  S i n g l e  f e a t u r e s  

a s  w e l l  as  combinat ions o f  f e a t u r e s  a c t i n g  t o g e t h e r  may 

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

In  i d e n t i f y i n g  t h e  a c c i d e n t - c a u s a t i o n  f a c t o r s  a t  an 

e x i s t i n g  s i t e ,  t h e  form i s  meant t o  be  used i n  conjunc-  

t i o n  w i t h  a c c i d e n t  d a t a .  When used as  an a i d  i n  d e s i g n ,  

t h e  c h e c k l i s t  can be used t o  i d e n t i f y  p o t e n t i a l l y  bad 

des ign  p r a c t i c e .  

A c c i d e n t - c a u s a t i o n  f a c t o r s  o t h e r  than  highway s i t e  

f a c t o r s ,  i . e . ,  t h o s e  r e l a t e d  t o  t h e  v e h i c l e  o r  d r i v e r ,  

a r e  n o t  cons ide red  h e r e .  



The form i s  d iv ided  i n t o  two p a r t s .  The f i r s t  p a r t  

c o n s i s t s  of a  S i t e  D e s c r i p t i o n  form. The second p a r t  i s  

a  S i t e  Eva lua t ion  C h e c k l i s t  wherein t h e  p o s s i b l e  a c c i d e n t -  

c a u s a t i o n  f e a t u r e s  of t h e  s i t e  can be checked o f f .  



F . l  SITE DESCRIPTION FORM 

1. Route Number: 

2 .  Geograph ic  L o c a t i o n :  

Type o f  Road 

a .  Freeway 

b .  Expressway 

c .  Conven t i ona l  Road 

Type o f  Area  

R u r a l  

a .  R e s i d e n t i a l  

b .  Commercial 

c .  I n d u s t r i a l  

d .  A g r i c u l t u r a l  

e .  I n s t i t u t i o n a l  

f .  Undeveloped 

g .  O t h e r  

5 .  AADT 

Urban 

6 .  P o s t e d  Speed L i m i t  

7 .  S i t e  C h a r a c t e r i s t i c s  

a .  R i g h t  o f  Way Width 

b .  Number of  Lanes One D i r e c t i o n  

c .  S i g h t  D i s t a n c e  (Minimum) 



d .  Lane Types Width 

Through 

A u x i l i a r y  

Speed-  
Change 

S t o r a g e  

Truck 

Climbing 

O the r  

e .  I n t e r c h a n g e  

(1 )  N/A  

( 2 )  Freeway 

(3 )  Expressway 

( 4 )  A r t e r i a l  Highway 

( 5 )  Farkway 

(6 )  Major S t r e e t  

( 7 )  Through S t r e e t  

Check if  a p p l i c a b l e  

(8)  Loca l  S t r e e t  

( 9 )  O t h e r  

f .  H o r i z o n t a l  Al ignment  

( 1 )  Tangent  

( 2 )  T rans  i t i o n  Curve 

(3 )  C i r c u l a r  Curve 

( a )  (0 '30'  Cu rva tu r e  

( b )  0 "30 f  - 1 '29 '  C ~ l r v a t u r e  

( c )  1 '30'  - 3O00' C u r v a t u r e  

(d )  > 3" C u r v a t u r e  

( 4 )  O t h e r  

4 4 8  



g .  V e r t i c a l  Alignment 

(1)  Level  

Check i f  a p p l i c a b l e  

(2) Upgrade 

(3)  Downgrade 

( 4 )  V .  C .  Summit 

( 5 )  V ,  C .  Sag 

( 6 )  R o l l e r  Coas t e r  

( 7 )  Other  

h .  Roadway C r o s s - S e c t i o n  

(1) Curbing 

(2) Median 

(a )  Width 

(b )  Paved 

(c)  Unpaved 

(d) With Median B a r r i e r  

(e )  None 

( f )  O the r  

(3) Shoulders  

( a )  Paved 

(b)  Sodded 

(c )  Gravel  

(d)  Bare 

( e )  Other  

( 4 )  C lea r  Roadside Width a t  
S i t e  (Min.) 



i .  Road S u r f a c e  C r o s s - S e c t i o n  

S u p e r e l e v a t i o n  Ra t e  

( 3 )  

( 4 )  

( 5 )  V a r i a b l e  

( 6 )  I n  S u p e r e l e v a t i o n  T r a n s i t i o n  

( 7 )  O the r  (Draw Below) 

j . S u r f a c e  Type 

(1) A s p h a l t i c  Conc re t e  

( 2 )  O t h e r  Bi tuminous  

(3 )  P o r t l a n d  Cement Conc re t e  

( 4 )  P o r t l a n d  Cement Conc re t e  - 
L o n g i t u d i n a l  Grooving 

( 5 )  P o r t l a n d  Cement Conc re t e  - 
L a t e r a l  Grooving 

( 6 )  O t h e r  -- 

k .  S u r f a c e  S k i d  R e s i s t a n c e  

(1 )  SNqO Value 

( 2 )  S N g r a d .  

(3)  Avg. T e x t u r e  Depth 



1, Artificial Illumination 

(1) None 

(2) Tungsten 

(3) Florescent 

(4) Mercury Vapor 

(5) Sodium Vapor 

(6) Other 



PLAX VIEW ILLUSTRATIVE DRAWING OF SITE 



F.2 SITE EVALUATION CHECKLIST 

The S i t e  Eva lua t ion  C h e c k l i s t  i s  d i v i d e d  i n t o  e i g h t  

p a r t s :  

Ambience F a c t o r s  

Geometric F a c t o r s  

T r a f f i c  B a r r i e r  F a c t o r s  

I l l u m i n a t i o n  F a c t o r s  

Roadway Maintenance F a c t o r s  

Marking F a c t o r s  

Unguarded Hazard F a c t o r s  

S ign ing  F a c t o r s  

Most s e c t i o n s  of  t h e  c h e c k l i s t  a r e  p rov ided  w i t h  two 

columns on t h e  r i g h t - h a n d  s i d e  which a r e  l a b e l e d  "Presence" 

and "Accident Causa t ion  F a c t o r , "  These columns a r e  t o  be  

coded as  f o l l o w s :  

PRESENCE 

0 - The i t em,  even though p r e s e n t  a t  t h e  s i t e ,  

i s  n o t  an a c c i d e n t - c a u s a t i o n  f a c t o r  -- 

1 - The i t em - i s  most l i k e l y  an a c c i d e n t -  

c a u s a t i o n  f a c t o r  

- A c c i d e n t - c a u s a t i o n  e f f e c t  i s  unknown 

I n  f i l l i n g  ou t  t h e  form, t h e  "Accident -Causa t ion  Fac tor"  

column need on ly  be - f i l l e d  - i n  when t h e r e  i s  a  1 i n  t h e  



"Presence"  column. A d d i t i o n a l l y ,  t h e  "Acc iden t -Causa t i on  

F a c t o r "  column i s  p l a c e d  a t  t h e  ex t reme r i g h t  t o  f a c i l i t a t e  

a  r a p i d  rev iew of  t h e  c h e c k l i s t .  

Under t h e  t o p i c  l a b e l e d  Ambience F a c t o r s ,  t h e  

"Presence"  column i s  r e p l a c e d  by one l a b e l e d  "Occur rence ."  

The " O c c u r r e ~ c e "  column i s  t o  b e  coded a s  f o l l o w s :  

OCCURRENCE 

1. F requen t  > 50 t i m e s / y r .  

2 .  O c c a s i o n a l  10 - 50 t i m e s / y r .  

3. Seldom 1 - 10 t i m e s / y r .  

4 .  Almost Never < 1 t i m e / y r .  

F i n a l l y ,  under  t h e  t o p i c  of  S i g n i n g  F a c t o r s ,  a  

comple t e ly  d i f f e r e n t  fo rmat  i s  employed. The cod ing  key 

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

SIGNING K E Y  

MESSAGE TYPE 

1. Permanent 

2 .  Manually V a r i a b l e  

3.  A u t o m a t i c a l l y  V a r i a b l e  

5 .  Other  

ILLUMINATION 

1. Un l igh t ed  

2 .  E x t e r n a l l y  L i g h t e d  

3 .  Luminescent P a n e l s  

4 .  Luminous Tube Message 

5 .  O the r  

454 



CONTENT, OR ARRANGEMENT 

1. S i g n  Too Smal l  

2 .  S i g n  L e t t e r s  Too Smal l  o r  Too Narrow 

3. S i g n  Legend Components Confus ing  

4 .  S i g n  Too Wordy t o  b e  Read Qu ick ly  

5 .  Confus ion  Caused by Too Many S i g n s  

6 .  I n s u f f i c i e n t  D i f f e r e n t i a t i o n  Between 
Major  and Minor S i g n s  

8 .  O t h e r  

VISIBILITY 

2 .  S i g n  F r e q u e n t l y  Obscured by Dirt, Snow, 
o r  I c e  

3 .  S i g n  Obscured  by F o l i a g e  

4 .  S i g n  Obscured  by Roads ide  S t r u c t u r e  

5 .  S i g n  Obscured by O t h e r  S i g n  

6 .  S i g n  Leaning - D i f f i c u l t  t o  Read 

7 .  S i g n  Too Low - D i f f i c u l t  t o  Read 

8. S i g n  Not R e f l e c t o r i z e d  

9 .  S i g n  Not L i t  o r  I n a d e q u a t e l y  L i g h t e d  

1 0 .  O t h e r  



ADVANCE WARNING 

1. Inadequate  Advance Warning o f  In t e r change  
Ahead 

2 .  Inadequate  Advance Warning o f  Curve 
Ahead 

3.  Inadequate  A d v ~ n c e  Warning o f  Bridge 
Ahead 

4 .  Inadequate  Advance Warning o f  Change from 
Divided t o  Undivided Highway 

5 .  Inadequate  Advance Warning o f  Change i n  
Number of  Lanes 

6 .  Inadequate  Advance Warning o f  Low Underpass 
o r  Tunnel Clearance  

7 .  Inadequate  Advance Warning o f  S t eep  Grade 

8 .  Other  



S ITE EVALUATION CHECK LIST 

LI,ca 

1 . AMBIENCE FACTORS 

A .  V i s i b i l i t y  L i m i t a t i o n s  

1. Smoke 

2 .  Smog 

3 .  N a t u r a l  Haze 

4. Dust Storms 

B .  Wind and Wind Gusts 

1. > 50 mph 

2. 20-50 mph 

3 .  0-20  mph 

C. Rain 

1. D r i z z l e  - 0 . 0 1  i n / h r  

2 .  L i g h t  Rain 0 .04 -0 .20  i n / h r  

3 .  Heavy Rain 0 .60 -0 .80  i n / h r  

4 .  Heavy Downpour 1 . 0  i n / h r  

5. Very Heavy Storm 4 . 0  i n / h r  

D. Othe r  P r e c i p i t a t i o n  

1. Snow 

2 .  S l e e t  

E .  Sun 

1. Seasona l  o r  D a i l y  D i r e c t  G l a r e  

2. Seasona l  o r  Da i ly  R e f l e c t e d  G l a r e  
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I I .  GEOMETRIC FACl'ORS 
I 

I t e m  

A .  S i t e  D i s t a n c e  L i m i t a t i o n s  I I 

I g 

1. H i l l c r e s t  

2 .  B l i n d  Curve 

3 .  Combined C r c s t  Curve 

4 .  Dip 

5. Entb ankmen t s 

6 .  P i l e d s n o w  

7 .  G u a r d r a i l  

8 .  B r idge  R a i l  o r  Abutment 

9 .  F o l i a g e  

10 .  Highway S i g n  

11. Conunercial S i g n  

1 2 .  B u i l d i n g  

1 3 .  Fence 

1 4 .  O the r  

B. I n t e r c h a n g e  Design D e f i c i e n c i e s  

1. I n a d e q u a t e  Maneuvering D i s t a n c e  Between 
S u c c e s s i v e  E x i t s  

2 .  I n a d e q u a t e  Maneuvering D i s t a n c e  Between 
E n t r y  and E x i t  Ramps 

3. E n t r y  Lane Too S h o r t  f o r  S a f e  Merging 
w i t h  T r a f f i c  

4. E x i t  Lane Too S h o r t  R e q u i r i n g  Slow Down 
on Roadway 

5 .  E n t r y  Ramp Curve Not F i t t e d  t o  Roadway 

6 E x i t  Ramp Curve Not F i t t e d  t o  Roadway 

7 .  E n t r y  Ramp Grade Too S t e e p  

8.  E x i t  Ramp Grade Too S t e e p  

9 .  View of  T r a f f i c  From E n t r y  Lane I n a d e q u a t e  



10.  Ex i t  and Entry  Ramps Too Narrow f o r  
T r a f f i c  Volume 

Item 

11. Ramp Shoulders  Too Narrow i I 
12.  Inadequate  Warning Dis tance  i n  F ron t  of 

In terchange Such That Weaving Length i s  
Too Shor t  
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13. Other I I 
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C .  Curve/Grade D e f i c i e n c i e s  I I 
1. Supere leva t ion  Inadequate  1 1  

a .  Below AASIIO recommended p o l i c y  I I 
b.  Water d ra inage  inadequa te  i n  wet weather  I I 
c .  Inner  and o u t e r  l a n e s  s u p e r e l e v a t e d  a t  

d i f f e r e n t  r a t e s  

d .  

e .  Other  

2. Grade Excess ive  

3 .  Sharp Curve a t  Bottom of Grade 

4.  Sharp Curve a t  Top of  Grade I I 
5 .  Approach Angle a t  Br idge,  Tunnel,  o r  Underpass 

Too Acute f o r  Sa fe  Turn I 1  
6. 

7 .  Other 

D.  Cross -Sec t ion  D e f i c i e n c i e s  I I 
1, Inadequate  Lane Width I I 
2. Shoulders  Too Narrow f o r  Emergency Use 

3 .  Median Geometry 

a .  V i s i b i l i t y  ahead obscured by e l e v a t e d  median 1 I 
b .  Median too  narrow t o  p r e v e n t  cross-median 

a c c i d e n t s  I I 
c .  Median t o o  narrow and t o o  low t o  p r e v e n t  

h e a d l i g h t  g l a r e  



I ten) . 

4 .  No ' T r a f f i c  I s l a n d  Where Needed t o  
Channe l i ze  T r a f f i c  

5 .  Curve S h o u i d e r s  Not S u p e r e l e v a t e d  

6.  L a t e r a l  C l c a r a n c e  a t  B r i d g e  Abutment  
I n a d e q u a t e  

7 .  B r i d g e ,  Tunne l ,  o r  Underpass  Too Narrow 

8 .  S h o u l d e r  Lower Than Pavement 

9 .  

111, TRAFFIC E A i l i l l E R  FACTORS 

A .  G u a r d r a i l  D e f i c i e n c i e s  

1. Not P r e s e n t  Wliere War ran t ed  

2 .  P r e s e n t  Where Not War ran t ed  

3 .  C o n f i g u r a t i o n  I n a d e q u a t e  

a .  Too low 

b .  I n s u f f i c i e n t  l a t e r a l  s t r e n g t h  

c ,  I Iazardous end t r e a t m e n t  

d .  Too c l o s e  t o  r o a d  edge  

e .  Causes e x c e s s i v e  p a s s e n g e r  i n j u r y  

f .  Causes e x c e s s i v e  v e h i c l e  damage 

g .  Causes l a r g e  a n g l e  r e d i r e c t i o n  back  i n t o  
t r a f f i c  s t r e a m  

h .  Causes whee l  s n a g g i n g  

i .  Causes P o c k e t i n g  

j . Othe r  



Item --- 
B .  Median H a r r i e r  D e f i c i e n c i e s  

1. Not P resen t  Tl'hcre Warranted 

2 ,  P r e s e n t  Where Not Warranted 

3 .  Conf igura t ion  Inadequate  

a .  Too low 

b .  I n s u f r i c i e n t  l a t e r a l  s t r e n g t h  

c .  ZIazardous end t r e a t m e n t  

d .  Too c l o s e  t o  road edge 

e .  Causes e x c e s s i v e  passenger  i n j u r y  

f .  Causcs e x c e s s i v e  v e h i c l e  damage 

g. Causes l a r g e  ang le  r e d i r e c t i o n  back 
i n t o  t r a f f i c  s t r eam 

h.  Causes wheel snagging 

i .  Causes pocket ing 

j .  Other 

C .  Br idge R a i l  D e f i c i e n c i e s  

1. Not P r e s e n t  Where Warranted 

2 .  P r e s e n t  Where Not Warranted 

3. Conf igura t ion  Inadequate  

a .  Too low 

b .  I n s u f f i c i e n t  l a t e r a l  s t r e n g t h  

c .  Hazardous end t r e a t m e n t  

d .  Too c l o s e  t o  road edge 

e .  Causes e x c e s s i v e  p a s s e n g e r  i n j u r y  

f .  Causes e x c e s s i v e  v e h i c l e  damage 

g .  Causes l a r g e  ang le  r e d i r e c t i o n  back 
i n t o  t r a f f i c  s t r eam 

h .  Causes wheel snagging 

i .  Causes pocke t ing  

j .  Other 



D. B a r r i e r  Curb Inadeo,uacies  

1. Not P r e s e n t  Where War ran t ed  

2 .  P r e s e n t  Whcre Not War ran t ed  

3 .  C o n f i g u r a t i o n  I n a d e q u a t e  

a .  Too low 

b .  Too h i g h  

c .  Too c l o s e  t o  r o a d  edge  

d .  Encourages  mounting r a t h e r  t h a n  
r e d i r e c t i o n  

e .  Encourages  s p i n - o u t  

f .  Causes e x c e s s i v e  v e h i c l e  damage 

g .  Causes l a r g e  a n g l e  r e d i r e c t i o n  back  
i n t o  t r a f f i c  s t r e a m  

h .  O the r  

E .  Impact  A t t e n u a t o r  D e f i c i e n c i e s  

1. Not P r e s e n t  Nhere War ran t ed  

2 .  P r e s e n t  Where Not Warran ted  

3 .  C o n f i g u r a t i o n  I n a d e q u a t e  

a .  Too s h o r t  i n  l e n g t h  

b .  Too low i n  h e i g h t  

c .  Causes e x c e s s i v e  p a s s e n g e r  i n j u r y  

d .  Causes e x c e s s i v e  v e h i c l e  damage 

e .  I n a d e q u a t e  s i d e  impact  pe r fo rmance  

f .  

g .  O t h e r  



Item 

IV. ILLUMINATION FACTORS 

A .  Overhead Illumination Inadequate or Missing on 
High-llcnsity Curve 

B. Overhead Illumination Inadequate or Missing at 
Intersection or Interchange 

C. Other 

V. ROADWAY blA1NTENANCE FACTORS 

A.  Surface Deficiencies 

1. Smoo th/Even 

a. Slick/Polished 

b. Oily/Greasy 

c. Bleeding Patches 

d. Abrasive 

e. Other 

2. Rough 

a. Pot holes in surface 

b. Bumps in surface 

c. Map cracks 

d. Eroded 

e. Studded tire ruts 

f. Lane joints open, rough, or uneven 

g. Patched 

h. Other 

3, Loose Stones, Sand or Dirt on Surface 

4. Other 



I t e m  

B .  S h o u l d e r  D e f i c i e n c i e s  

I .  S h o u l d e r  Ro~igli ,  S o f t ,  Muddy, o r  R u t t e d  

2 .  S h o u l d e r  P o o r l y  A l igned  Due t o  Wear 

VI .  MARKING FACTORS 

A .  Markings I n a d e q u a t e  

1. Markings  I n s u f f i c i e n t  t o  Warn o f  Approach ing  
I n t e r c h a n g e  E x i t  

2 .  Mark ings  I n s u f f i c i e n t  t o  Warn o f  Approach ing  
I n t e r c h a n g e  E n t r y  Lane 

3 .  I n a d e q u a t e  Channe l ing  o f  T r a f f i c  i n  Advance 
o f  I n t e r c h a n g e  

4 .  Mark ings  Not R e f l e c t o r i z e d  Where Needed 

5. O t h e r  

B .  Mark ings  Omi t t ed  

1. No 1,ane Markings  

2 .  No Nose o r  Funnel  Markings a t  E x i t  
o r  E n t r y  Ramps 

3 .  No Pavement-Width T r a n s i t i o n  Markings  
Where Needed 

4 .  No D i a g o n a l  Markings t o  Warn o f  Approach 
t o  F i x e d  O b s t r u c t i o n  

5 .  No Diagona l  Markings on Underpass  P i e r s ,  
Abu tmen t s ,  C u l v e r t  H e a d w a l l s ,  e t c .  

6 .  No Road Edge D e l i n e a t o r s  

7 .  No O b j e c t  Markings on Curb o r  I s l a n d  

8 .  O t h e r  

C.  Mark ings  Worn o r  Obscured  

1. Markings  Worn Away 

2 .  Markings  F r e q u e n t l y  Covered by Snow, I c e  
o r  Mud 

3 .  O t h e r  



I tem -- 

V I  I .  UNGUARDED HAZAXD FACTORS 

A.  U t i l i t y  P o l e s  

B .  Sign P o l e s  

C .  Trees  

D. B u i l d i n g s  

E .  Fencing 

F. Embankments 

G .  D i t ches  

H. Median P i e r s  

I ,  Roadside B r j d g e  P i e r s  

J, C u l v e r t  Abutments 

K .  Other  
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APPENDIX G 

RELATIONSIIIP BETWEEN TIRE SHEAR FORCE AND TIRE 
CONDITION AND CONSTRUCTION FACTORS 

A t i r e  t r a c t i o n  f i e l d  i s  a  comprehensive d e s c r i p t i o n  

o f  t h e  s h e a r  f o r c e  g e n e r a t e d  between t i r e  and road  ove r  

a  wide range o f  o p e r a t i n g  c o n d i t i o n s .  The s h e a r  s t r e s s e s  

g e n e r a t e d  i n  t h e  t i r e  f o o t p r i n t  combine t o  produce a  

l o n g i t u d i n a l  f o r c e ,  Fxw,  a l a t e r a l  f o r c e ,  F 
YW ' and an 

a l i g n i n g  moment, M Z w .  These f o r c e s  and moments a r e  

f u n c t i o n s  of many o p e r a t i n g  v a r i a b l e s .  The most impor tan t  

v a r i a b l e s  a r e :  

a'  , l a t e r a l  s l i p  a n g l e  

s ' , l o n g i t u d i n a l  s l i p  

F Z  
, v e r t i c a l  l oad  on t h e  t i r e  

V , t r a n s l a t i o n a l  v e l o c i t y  o f  t h e  wheel 

Y' , i n c l i n a t i o n  (camber) ang le  of t h e  wheel 

(Note t h a t  t h e  r a t e s  o f  change of  some of t h e s e  v a r i a b l e s  

may be impor tan t  i n  d r a s t i c  v e h i c l e  maneuvers.)  

Concep tua l ly ,  i t  i s  convenient  t o  symbolize t h e  

s h e a r  f o r c e  v e c t o r  as  f o l l o w s :  



( C l e a r l y ,  t h e  a l i g n i n g  t o r q u e ,  MZ, i s  a l s o  a  f u n c t i o n  of  

t , i e se  same v a r i a b l e s  . )  Equa t ion  ( G .  1 )  , however ,  i s  n o t  

comple t e ,  i n  t h a t  t h e  s h e a r  f o r c e  i s  a l s o  h i g h l y  depen-  

d e n t  upon road s u r f a c e  f a c t o r s ,  and t i r e  c o n s t r u c t i o n  and 

c o n d i t i o n  f a c t o r s .  On e x t e n d i n g  Equa t ion  (G . l )  t o  c o n t a i n  

p a r a m e t e r s  r t h rough  rm,  r e p r e s e n t i n g  t h e  road  (and i t s  1 

s t a t e  o f  c o n t a m i n a t i o n ) ,  and p a r a m e t e r s  t l  t h rough  t,, 

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

f o l l o w i n g  e x p r e s s i o n  i s  o b t a i n e d :  

(Fxw, F ) = f ( a l ,  s ' ,  F Z ,  V ,  y ' ;  r l . . . r m ;  
Y W  

t l . .  . t n )  

( G . 2 )  

T i r e  t r a c t i o n  r e s e a r c h  has  i d e n t i f i e d  some o f  t h e  

more i m p o r t a n t  road  s u r f a c e  p a r a m e t e r s ,  v i z ,  

- w a t e r  d e p t h  

- macro- t e x t u r e  

- m i c r o - t e x t u r e  

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

- t y p e  o f  a g g r e g a t e  

N e v e r t h e l e s s ,  t h e  r e s e a r c h  per formed  t o  d a t e  does  n o t  

e n a b l e  us t o  p r e d i c t  ( q u a n t i t a t i v e l y )  t h e  i n f l u e n c e  o f  

t h e  above p a r a m e t e r s  on t h e  t i r e  t r a c t i o n  f i e l d  g e n e r a t e d  

by a  p a r t i c u l a r  t i r e .  I t  f o l l o w s  t h a t  a c t u a l  t i r e  

measurements ,  a s  c o l l e c t e d  on a  road  s u r f a c e ,  a r e  needed  



t o  q u a n t i f y  t i r e  s h e a r  f o r c e  performance i f  one d e s i r e s  

t o  p r e d i c t  t h e  l i m i t  maneuvering b e h a v i o r  of a  motor 

v e h i c l e  o p e r a t i n g  on t h a t  very  same road  s u r f a c e .  

The emphasis i n  t h i s  appendix c e n t e r s  upon t h e  

i n f l u e n c e  e x e r c i s e d  by t i r e  f a c t o r s  (which may change 

through u s e ,  l a c k  of main tenance ,  o r  rep lacement)  on 

motor v e h i c l e  performance.  The major f a c t o r s  o f  i n t e r e s t  

a r e  : 

t l  - s h o u l d e r  wear 

t 2  - t r e a d  wear 

c o n s t r u c t i o n  ( r a d i a l ,  b i a s ,  o r  b i a s  b e l t e d )  

t 4  - i n f l a t i o n  p r e s s u r e  

t 5  - t r e a d  type  (highway, snow, o r  s tudded  snow) 

The above " t i r e - i n - u s e "  f a c t o r s  a r e  known t o  have a  l a r g e  

i n f l u e n c e  on t h e  t i r e  t r a c t i o n  f i e l d .  To t h e  degree  t h a t  

t h e s e  f a c t o r s  a r e  v a r i a b l e  around t h e  v e h i c l e  ( s i d e - t o -  

s i d e ' a n d  f r o n t - t o - r e a r )  t h e  maneuvering behav io r  of  t h e  

v e h i c l e  i s  a l t e r e d  as  t h e s e  f a c t o r s  change. Thus, on a  

g iven  road  s u r f a c e ,  R ,  t h e  s h e a r  f o r c e s  g e n e r a t e d  by a  

g iven  t i r e ,  shou ld  be r e p r e s e n t e d  by t h e  fo l lowing  

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



R e c e n t l y ,  a  number o f  ma thema t i ca l  models employing 

e m p i r i c a l l y  de t e rmined  p a r a m e t e r s  have been deve loped  f o r  

d e s c r i b i n g  t h e  t i r e  t r a c t i o n  f i e l d  ( 3 9 ,  - - 40, - 41). Without  

e x c e p t i o n ,  t h e s e  models r e q u i r e  t h a t  s h e a r  f o r c e  measure-  

ments be  made t o  de t e rmine  t r a c t i o n  p a r a m e t e r s  such  a s  

c o r n e r i n g  s t i f f n e s s ,  C a ,  l o n g i t u d i n a l  s t i f f n e s s ,  CS , 

camber s t i f f n e s s ,  
Y 
, peak l o n g i t u d i n a l  s h e a r  f o r c e ,  peak 

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

change o f  f r i c t i o n  w i t h  v e l o c i t y .  I t  a p p e a r s  t h a t  semi-  

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

t i r e - i n - u s e  f a c t o r s  t t h rough  t 5  on t h e  t i r e  t r a c t i o n  1 

f i e l d  by measur ing  t h e  i n f l u e n c e  of t h e  t i r e - i n - u s e  

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

G .1 SHOULDER WEAR 

A l i m i t e d  number of  t i r e  t e s t s  ( 4 2 ,  43) have i n d i -  - - 

c a t e d  t h a t  a  s m a l l  amount of  s h o u l d e r  wear can c a u s e  a  

s i g n i f i c a n t  i n c r e a s e  i n  t h e  peak l a t e r a l  f o r c e  t h a t  can 

be g e n e r a t e d  by pneumat ic  t i r e s  on d r y  s u r f a c e s .  F i g u r e  

G - 1  shows t e s t  r e s u l t s  t h a t  have been o b t a i n e d  w i t h  an 

L78-15 t i r e .  These d a t a  were p r o c u r e d  w i t h  t h e  HSRI mob i l e  

t i r e  t e s t e r ,  a d e v i c e  t h a t  s e r v e s  t o  (1)  p r o v i d e ,  i n  a 

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

t i r e  such  t h a t  i t  i s  worn i n  a  manner ana logous  t o  t h e  

wear p roduced  i n  v e h i c l e  t e s t i n g  and ( 2 )  g a t h e r  s i d e  f o r c e  

d a t a  c o n c u r r e n t  w i t h  t h e  wea r ing  p r o c e s s .  The wear 



lot Asphal t  

t 0 Concrete 

1 . 0 0  

O 

O u t s i d e  
Shoulder  

NOTE: Each 

of 2 measure- 

2 measure- 
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c o n c r e t e .  

T read  P r o f i l e  - Outside S h o u l d e r  

a '  =20° FZ=1550 U n i r o y a l  L78-15 F a s t r a k  
T i r e  Sample No. 1 

Figure G-1 



I t  p a t t e r n  ach i eved  a t  t h e  end of  a  s p e c i f i e d  " l a p ,  con-  

s l s t i n g  o f  a  t e s t  r un  a c r o s s  b o t h  a s p h a l t  and c o n c r e t e  

s u r f a c e s ,  i s  d i s p l a y e d  a long  t h e  bot tom o f  F i g u r e  G-1,  

and t h e  ave rage  no rma l i zed  l a t e r a l  s h e a r  f o r c e  o b t a i n e d  

on each  s u r f a c e  i s  p l o t t e d  on t h e  o r d i n a t e  s c a l e .  

Examinat ion of  t h i s  f i g u r e  shows t h a t  a  s m a l l  amount of  

wear on t h e  o u t s i d e  s h o u l d e r  of  t h e  t i r e  p roduces  a  

d r a m a t i c  i n c r e a s e  i n  l a t e r a l  f o r c e .  

S i m i l a r  r e s u l t s  have been  o b t a i n e d  f o r  a  number o f  

t i r e s  ( 4 2 ) ,  - and d a t a  c o r r a b o r a t i n g  t h e s e  s h o u l d e r  wear 

f i n d i n g s  have been o b t a i n e d  on f l a t b e d  t i r e  t e s t  machines  

(43). For  example ,  f l a t b e d  t e s t s  were made on t i r e s  

which had 1 / 2  t h e  t r e a d  a r t i f i c a l l y  removed i n  two 

d i f f e r e n t  p a t t e r n s  : (1) an 8 - i n c h  crown r a d i u s  and 

( 2 )  a  6 - i n c h  crown r a d i u s .  The t e s t  r e s u l t s ,  o b t a i n e d  a t  

1 2 0 0 - l b .  l o a d  and 20" s l i p  a n g l e ,  were a s  f o l l o w s :  

Tread Cond i t i on  L a t e r a l  Fo rce ,  Lbs.  

New t i r e  (broken i n )  1100 

1 / 2  worn,  8" crown r a d i u s  1300 

1 / 2  worn,  6" crown r a d i u s  1400 

Note t h a t  t h e  s m a l l e r  r a d i u s  crown i s  a p r o f i l e  ana logous  

t o  t h a t  produced by s h o u l d e r  wear .  



I t  i s  c l e a r  t h a t  d i f f e r e n t i a l  s h o u l d e r  wear ,  f r o n t  

and r e a r ,  a s  produced by emergency maneuvers and a s  f u r -  

t h e r  i n f l u e n c e d  by t h e  p a r t i a l  rep lacement  of  worn t i r e s  

can induce  changes i n  t h e  l i m i t  t u r n i n g  b e h a v i o r  of a  

motor v e h i c l e .  For example,  a  "plow-out" r e sponse  i n  a  

J - t u r n  maneuver may change t o  a  " s p i n - o u t t 1  r e sponse .  

G . 2  AVERAGE TREAD WEAR 

T i r e  t e s t s  have shown t h a t ,  i n  g e n e r a l ,  a  d e c r e a s e  

i n  t r e a d  depth  r e s u l t s  i n  l a r g e r  l a t e r a l  f o r c e s  b e i n g  

produced on d ry  s u r f a c e s .  However, t h e  o p p o s i t e  i s  t r u e  

on wet s u r f a c e s .  C l e a r l y ,  t i r e - s h e a r - f o r c e  c a p a b i l i t y  

on wet road  s u r f a c e s  i s  a  c r i t i c a l  s a f e t y  i tem wherein 

t r e a d  depth  i s  very  i m p o r t a n t .  F igure  G - 2  shows t h e  

i n f l u e n c e  of  t h e  s t a t e  of  t r e a d  wear on t h e  peak b rak ing  

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

b i a s ,  and r a d i a l  p l y )  ( 4 4 ) .  The i n f l u e n c e  o f  t h e  type  - 

of  s u r f a c e  and t h e  v e l o c i t y  of t h e  t e s t  i s  a l s o  shown i n  

F igure  G - 2 .  These d a t a  show t h a t  t h e  new t i r e s  produce 

h i g h e r  b r a k i n g  f o r c e s  on wet s u r f a c e s  than  t h e  worn t i r e s .  

The d a t a  a l s o  show t h a t  t h e  v e l o c i t y  a t  which t h e  t e s t  

i s  performed i s  a  h i g h l y  s i g n i f i c a n t  v a r i a b l e ,  p a r t i c u l a r l y  

on t h e  c o n c r e t e  and j e n n i t e  s u r f a c e s .  (The a s p h a l t  s u r -  

f a c e  used i n  t h e s e  t e s t s  had a  c o a r s e  macro tex tu re .  I f ,  

however,  t e s t s  had been  performed on an a s p h a l t  s u r f a c e  

w i t h  a  smooth m a c r o t e x t u r e ,  t h e n ,  i n  a l l  l i k e l i h o o d ,  t h e  



F i g u r e  G - 2 .  Inf luence of Tread Wear at 3 Velacities (10,30, and SO mph) 
on 3 Surfaces for 3 Types of Tire Construction 



l o n g i t u d i n a l  f o r c e  would have been h i g h l y  dependent upon 

t e s t  v e l o c i t y . )  

R e s u l t s  s i m i l a r  t o  those  p r e s e n t e d  i n  F igure  G - 2  

have been ob ta ined  f o r  bo th  maximum l a t e r a l  f o r c e  and 

t h e  100% s l i p  ( locked-wheel)  b rak ing  f o r c e  ( 4 4 ) .  - I t  was 

observed t h a t  t r e a d  wear causes l i t t l e  o r  no degrada t ion  

i n  peak f o r c e s  a t  low v e l o c i t i e s  (around 10 mph) on smooth 

wet s u r f a c e s  wi th  macro tex tu re ,  b u t  t h a t  r ead  wear causes  

l o s s e s  i n  s h e a r  f o r c e  performance t o  show up a t  30 and 

50 mph on a l l  t h r e e  s u r f a c e s ,  

G.3 BIAS, BIAS-BELTED, OR RADIAL CONSTRUCTION 

The r a d i a l  t i r e  i s  g e n e r a l l y  s t i f f e r  t han  t h e  b i a s  

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

have a  h i g h e r  co rne r ing  s t i f f n e s s  and a h i g h e r  l o n g i t u -  

d i n a l  (braking)  s t i f f n e s s .  The b e l t e d - b i a s  t i r e  i s  

u s u a l l y  s t i f f e r  than  t h e  b i a s  p l y  t i r e .  When t h e  t i r e s  

on one a x l e  of  a  v e h i c l e  a r e  changed from b i a s  o r  b e l t e d -  

b i a s  t o  r a d i a l  t i r e s ,  t h e  normal d r i v i n g  performance o f  

t h e  v e h i c l e  can be n o t i c e a b l y  changed i f  t h e  r a d i a l  t i r e s  

have a  much l a r g e r  c o r n e r i n g  s t i f f n e s s  than  t h e  o r i g i n a l  

t i r e s .  (Of c o u r s e ,  s i g n i f i c a n t  changes i n  f r o n t -  t o - r e a r  

c o r n e r i n g  s t i f f n e s s  can a l s o  be caused by f r o n t - t o - r e a r  

d i f f e r e n c e s  i n  i n f l a t i o n  p r e s s u r e  o r  t r e a d  d e p t h . )  Much 

o f  t h e  c u r r e n t  i n t e r e s t  i n  t h e  t i r e  mix problem stems from 



t h e  s a f e t y  conce rns  o f  v e h i c l e  f l e e t  managers and o f  

a l re rage  c i t i z e n s  who a r e  t h i n k i n g  o f  r e p l a c i n g  worn 

o r i g i n a l  equipment t i r e s  which l o n g e r - w e a r i n g  r a d i a l  

t i r e s .  There  i s  a  need f o r  gu idance  i n  t h i s  a r e a .  

The s t i f f n e s s  and t h e  peak f o r c e  c a p a b i l i t y  o f  a  

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

c a r c a s s  c o n s t r u c t i o n .  For  i n s t a n c e ,  i t  i s  p o s s i b l e  t h a t  

d i f f e r e n c e s  i n  t r e a d  compounding and t r e a d  p a t t e r n  d e s i g n  

can produce  b i a s  and /o r  b i a s - b e l t e d  t i r e s  which have 

l a r g e r  c o r n e r i n g  s t i f f n e s s e s  and peak  f o r c e  c a p a b i l i t i e s  

t h a n  some r a d i a l  t i r e s .  Thus ,  t i r e  c o n s t r u c t i o n  a l o n e  

does n o t  n e c e s s a r i l y  s e r v e  a s  an i n d i c a t o r  of  s t i f f n e s s  

and peak s h e a r  f o r c e  per formance .  

G . 4  INFLATION PRESSURE 

S t u d i e s  of  v e h i c l e s  i n  u s e  show t h a t  wide r a n g e s  of  

t i r e  i n f l a t i o n  p r e s s u r e  e x i s t  i n  p r a c t i c e  ( 4 5 ) .  - S i n c e  t h e  

s h e a r - f o r c e  per formance  of  a  t i r e  i s  h i g h l y  dependent  

upon i n f l a t i o n  p r e s s u r e ,  t h e  d i r e c t i o n a l  maneuver ing 

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

i n f l a t i o n  p r e s s u r e s  t h a t  d e p a r t  from t h e  recommended 

v a l u e s .  S p e c i f i c a l l y ,  r educed  i n f l a t i o n  p r e s s u r e s  r e s u l t  

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

peak  l a t e r a l  f o r c e  a t  l a r g e  s l i p  a n g l e s .  The l a t t e r  



e f f e c t  i s  demonstrated g r a p h i c a l l y  i n  F igure  G-3 where 

d a t a  a r e  g iven  f o r  a  conven t iona l  passenger  c a r  t i r e  

o p e r a t e d  a t  a  s l i p  a n g l e  of  15 d e g r e e s .  A t  18  p s i ,  t h e  

maximum l a t e r a l  f o r c e  i s  1120 l b s . ,  w h i l e ,  a t  2 4  p s i ,  

t h e  maximum l a t e r a l  f o r c e  i s  1 3 9 0  l b s .  A t  30 p s i ,  t h e  

peak l a t e r a l  f o r c e  i s  more than  1575 l b s .  C l e a r l y ,  i n f l a -  

t i o n  p r e s s u r e  i s  t h e  t i r e - i n - u s e  f a c t o r  which has t h e  

most i n f l u e n c e  on t h e  s h e a r -  f o r c e  performance a t t a i n e d  on 

dry road s u r f a c e s .  

G . 5  TREAD TYPE (HIGHWAY, SNOW, O R  STUDDED SNOW) 

The d i r e c t i o n a l  i n s t a b i l i t y  r e s u l t i n g  ( i n  p a r t )  

from snow t i r e s  mounted on t h e  r e a r  a x l e  of a s t a t i o n  

wagon has been r e p o r t e d  i n  t h e  l i t e r a t u r e  ( 4 6 ) .  - Among 

t h e  o t h e r  f a c t o r s  caus ing  t h i s  behav io r  i s  t h e  compara- 

t i v e l y  low c o r n e r i n g  s t i f f n e s s  e x h i b i t e d  by some snow 

t i r e s  t h a t  p o s s e s s  a  ve ry  deep open t r e a d .  

I n  a  r e c e n t  HSRI s t u d y  ( 4 7 )  - measurements were made 

t o  compare (a )  t h e  peak l o n g i t u d i n a l  f o r c e ,  (b) t h e  

locked-wheel  l o n g i t u d i n a l  f o r c e ,  and (c)  t h e  l a t e r a l  f o r c e  

produced a t  e i g h t  degrees  of  s l i p  and f o r  t h e  same type  

of t i r e  w i t h  a  highway t r e a d ,  a  snow t r e a d ,  and a s tudded 

snow t r e a d .  The measurements were made on a  wet c o n c r e t e  

s u r f a c e .  For t h i s  p a r t i c u l a r  t i r e ,  i t  can be seen  ( see  





T a b l e  G-1) t h a t  b o t h  t h e  s t u d d e d  snow t i r e  and t h e  non-  

s t u d d e d  snow t i r e  p roduce  l ower  no rma l i zed  peak  f o r c e s  

t h a n  t h e  t i r e  w i t h  t h e  highway t r e a d .  

TABLE G - 1  

COMPARISON* OF A STUDDED AND NON-STUDDED SNOW TIRE 
A N D  A HIGHWAY TREAD TIRE ON WET CONCRETE 

(Goodyear P o l y g l a s  G78- 15 )  

Maximum Locked 8 "  S l i p  
L o n g i t u d i n a l  Wheel B rak ing  Angle 

"xp i.lxs P 

Studded  Snow . 6 0  + . O 1  . S O  + - 0 1  $ 6 2  t . 0 1  

Non-Studded 
Snow . 6 1  t .02 .50 F - 0 1  - 6 5  t - 0 2  

Highway 
T read  

*Mobile t i r e  t e s t e r  d a t a ,  w a t e r  d e p t h  . O Z f ' ,  
40 mph. 

G .  6 SUMMARY 

I n  t h i s  Appendix ,  example s h e a r  f o r c e  d a t a  have 

been  p r e s e n t e d  t o  i l l u s t r a t e  t h e  i n f l u e n c e  o f  t i r e  

s h o u l d e r  w e a r ,  t r e a d  w e a r ,  c o n s t r u c t i o n ,  t r e a d  t y p e ,  and 

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