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SUMMARY OF FINDINGS 

The p u r p o s e  of  t h e  r e s e a r c h  r e p o r t e d  h e r e  was t o  

deve lop  t e n t a t i v e  g u i d e l i n e s  f o r  highway geometries and 

pavement s u r f a c e  c h a r a c t e r i s t i c s  t o  e n s u r e  a d e q u a t e  

v e h i c l e  c o n t r o l  d u r i n g  maneuvers on highway s e c t i o n s  con-  

t a i n i n g  a  combina t i on  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 .  A c c o r d i n g l y ,  t h e  o b j e c t i v e s  o f  t h e  s t u d y  were  

t o  (1) examine t h e  f a c t o r s  t h a t  i n f l u e n c e  s a f e  o p e r a t i o n s  

on highway s e c t i o n s  hav ing  combined c u r v a t u r e  and g r a d e ;  

( 2 )  d e t e r m i n e  t h o s e  o p e r a t i n g  c o n d i t i o n s  which d e f i n e  t h e  

o n s e t  o f  s k i d d i n g ;  ( 3 )  e v a l u a t e  by a c c i d e n t  d a t a  a n a l y s i s ,  

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

s k i d d i n g  ; and ( 4 )  s u g g e s t  measures  f o r  a l l e v i a t i n g  

s k i d d i n g  a c c i d e n t s  and recommend m o d i f i c a t i o n s  t o  c u r r e n t  

AASHTO d e s i g n  p o l i c e s .  

Acc iden t  r e c o r d s  from t h e  Ohio and P e n n s y l v a n i a  

Tu rnp ikes  were  examined f o r  i n f l u e n c e s  o f  c u r v a t u r e  and 

g r a d e ,  b o t h  s e p a r a t e l y  and i n  combina t i on .  The a n a l y s i s  

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  shows t h a t  t h e  P e n n s y l v a n i a  

Tu rnp ike  a c c i d e n t  r a t e  i s  n o t  dependent  on g r a d e ,  b u t  

does i n c r e a s e  w i t h  i n c r e a s i n g  c u r v a t u r e .  The Ohio Tu rnp ike  

d a t a  shows no s i g n i f i c a n t  a c c i d e n t  dependence on e i t h e r  

g r a d e  o r  c u r v a t u r e ,  e x c e p t  t h a t  a s p e c i f i c  l o  cu rve  on a  

3% downgrade has  a  v e r y  h i g h  a c c i d e n t  r a t e .  Th i s  a c c i -  

d e n t  h i s t o r y  a p p e a r s  t o  be  h i g h l y  a s s o c i a t e d  w i t h  wet  



pavement,  and t o  a  d e g r e e  w i t h  h e a v i l y  worn t i r e s .  A l l  

l o  cu rves  on t h e  Ohio Turnp ike  have a  h i g h  i n c i d e n c e  o f  

wet pavement a c c i d e n t s .  

S i m u l a t i o n  and a n a l y t i c a l  s t u d i e s  o f  a  wide v a r i e t y  

o f  v e h i c l e ,  t i r e ,  r oad  s u r f a c e ,  g e o m e t r i c ,  and maneuver 

combina t ions  were conducted t o  d e f i n e  and e v a l u a t e  

o p e r a t i n g  c o n d i t i o n s  which can l e a d  t o  l o s s  of  c o n t r o l  and 

t h e  o n s e t  of  s k i d d i n g .  The maximum s a f e  v e l o c i t i e s  f o r  

v a r i o u s  o p e r a t i n g  c o n d i t i o n s  were e v a l u a t e d  f o r  (1)  e q u i -  

l i b r i u m  c o r n e r i n g ,  ( 2 )  l a n e  changes ,  and (3)  l a n e  changing 

combined w i t h  b r a k i n g .  A l a n e  change maneuver was shown 

t o  be  a  c r i t i c a l  c o n d i t i o n  a t  cu rve  s i t e s ;  i t  cou ld  r e s u l t  

i n  l o s s  o f  c o n t r o l  a t  normal highway speeds  f o r  p a s s e n g e r  

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

a  s k i d  r e s i s t a n c e  o f  SN40 = 3 0 .  I n  an emergency l a n e  

change and b r a k i n g  maneuver on an SN40 = 30 s u r f a c e ,  l o s s  

of  c o n t r o l  was shown t o  occu r  a t  app rox ima te ly  6 0  rnph, 

i ndependen t  o f  g rade  and c u r v a t u r e ,  when v e h i c l e s  were 

equ ipped  w i t h  h a l f - w o r n  t i r e s .  From t h e  s i m u l a t i o n  r e s u l t s ,  

i t  was conc luded  t h a t  highway cu rves  and s i t e s  hav ing  

combined c u r v a t u r e  and g rade  r e q u i r e  g r e a t e r  pavement 

s k i d  r e s i s t a n c e  t h a n  co r r e spond ing  t a n g e n t  s e c t i o n s  a s  a  

s a f e t y  margin a g a i n s t  emergency maneuvers .  A l s o ,  worn 

t i r e s ,  which a r e  s u b s t a n t i a l l y  l e s s  e f f e c t i v e  t h a n  t h e  

ASTM s t a n d a r d  t i r e  i n  wet pavement t r a c t i o n ,  b u t  which 



have t r e a d  d e p t h s  which a r e  g r e a t e r  t h a n  t h e  l e g a l  minimum 

i n  some s t a t e s ,  must b e  c o n s i d e r e d  i n  d e t e r m i n i n g  pavement 

s k i d  r e s i s t a n c e  r e q u i r e m e n t s .  The a n a l y t i c a l  and s i m u l a t i o n  

work pe r fo rmed  i n  t h i s  s t u d y  showed g r a d e  t o  be  a  roadway 

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

r e q u i r e m e n t s .  

Two s e c t i o n s  o f  highway w i t h  h i g h  a c c i d e n t  r a t e s  

were s e l e c t e d  and s u b j e c t e d  t o  an i n d e p t h  e v a l u a t i o n  t o  

d e t e r m i n 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 .  One o f  t h e  s e l e c t e d  

s i t e s  was t h e  h i g h  a c c i d e n t  s i t e  on a  l o  c u r v e  w i t h  3 %  

downgrade on t h e  Ohio T u r n p i k e .  The o t h e r  s i t e  was 

l o c a t e d  on 1 - 9 5  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 .  L i k e l y  

c a u s e s  f o r  a  h i g h  d e g r e e  o f  maneuver ing e x i s t s  a t  t h e  

V i r g i n i a  s i t e  due t o  an i n t e r c h a n g e  w i t h  U.S. 1 a t  t h i s  

s i t e .  During t h i s  s t u d y ,  methods f o r  e v a l u a t i n g  prob lem 

s i t e s  were  deve loped  and used t o  conc iude  t h a t  (1)  a  

pavement s u r f a c e  d r a i n a g e  prob lem e x i s t s  a t  t h e  p rob lem 

s i t e  s e l e c t e d  on t h e  Ohio T u r n p i k e ;  and ( 2 )  many f a c t o r s ,  

i n c l u d i n g  pavement s u r f a c e  d r a i n a g e ,  s h o r t  speed -change  

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

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

i n  V i r g i n i a .  F u r t h e r  e v a l u a t i o n  o f  t h e  pavement. s u r f a c e  

d r a i n a g e  problem i n d i c a t e s  t h a t  pavement w a t e r  d e p t h  i s  

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

C o n s e q u e n t l y ,  t h e  margin  o f  wet w e a t h e r  pavement s k i d  



r e s i s t a n c e  a v a i l a b l e  f o r  emergenc ies  i s  l e s s  on cu rves  

t h a n  on t a n g e n t s .  Grade i s  a  s econda ry  f a c t o r  i n  

d e t e r m i n i n g  pavement w a t e r  d e p t h .  

The o v e r a l l  f i n d i n g s  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  on c u r v e - g r a d e  

s i t e s  u n l e s s  t h e y  a r e  a t t e m p t i n g  t o  pe r fo rm s e v e r e  

maneuvers on s l i p p e r y  road  s u r f a c e s  w i t h  f a i r  t o  poo r  

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

method f o r  a r r i v i n g  a t  r e a s o n a b l e  g e o m e t r i c  d e s i g n s  f o r  

highway s i t e s  w i t h  combined h o r i z o n t a l  c u r v a t u r e  and 

v e r t i c a l  g r a d e ,  p r o v i d e d  t h a t  (1)  t h e  s e l e c t e d  v a l u e s  o f  

s u p e r e l e v a t i o n  a r e  l a r g e  enough t o  r e s u l t  i n  a d e q u a t e  

pavement s u r f a c e  d r a i n a g e ,  and ( 2 )  t h e  pavement s k i d  

r e s i s t a n c e  i s  h i g h  enough t o  a l l o w  f o r  v e h i c l e  maneuver ing.  

I n  some c a s e s ,  however ,  a p p l i c a t i o n s  o f  t h e s e  p r o c e d u r e s ,  

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

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

d r a i n a g e .  The t u r n p i k e  a c c i d e n t  s t u d y  and f i e l d  s i t e  

s t u d i e s  do show, however ,  t h a t  some s i t e s  w i t h  combined 

g rade  and c u r v a t u r e  do have an e x t r a o r d i n a r y  number of 

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

t h a t  d e r i v e  from low v a l u e s  o f  s u p e r e l e v a t i o n ,  t h e  

a n a l y t i c a l  and s i m u l a t i o n  s t u d i e s  i n d i c a t e  t h a t  v e h i c l e  

maneuver ing a t  cu rve  and c u r v e / g r a d e  s i t e s  i s  p o t e n t i a l l y  

more haza rdous  t h a n  a t  t a n g e n t  s e c t i o n s .  Consequen t ly ,  



recommendations a r e  made c o n c e r n i n g  (1 )  i n t e r p r e t a t i o n  of 

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

and pavement s u r f a c e  d r a i n a g e  ; ( 2 )  s k i d  r e s i s t a n c e  r e q u i r e -  

ments f o r  c u r v e s  and c u r v e - g r a d e  s i t e s  ; and (3)  a t t e n t i o n  

t o  g e o m e t r i c  d e s i g n  and s i g n i n g  io r educe  s e v e r e  maneuvers 

on c u r v e s .  These recommendations a r e  a p p l i c a b l e  t o  t h e  

d e s i g n  of  new highway s e c t i o n s  and can be u sed  f o r  

e v a l u a t i n g  a c c i d e n t -  c a u s a t i o n  a t  e x i s t i n g  s i t e s .  

The b a s i c  p r emi se  of  t h e s e  recommendations i s  t h a t  

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

adequa t e  f o r  t h e  c h a r a c t e r i s t i c s  of t h e  s i t e .  A c c o r d i n g l y ,  

a  f o r m u l a  h a s  been  deve loped  f o r  d e t e r m i n i n g  s k i d  r e s i s -  

t a n c e  r e q u i r e m e n t s  a s  a  f u n c t i o n  o f  s i t e  g e o m e t r i c s ,  

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

d i s t r i b u t i o n ,  and minimum t i r e  t r a c t i o n  p r o p e r t i e s  ( s e e  

Chap te r  3 ,  Equa t ion  ( 1 5 ) ) .  A l s o ,  a  r a t i o n a l e  i s  p r e s e n t e d  

f o r  d e f i n i n g  t h e  maneuver demand p o t e n t i a l  e x i s t i n g  a l o n g  

t h e  l e n g t h  o f  t h e  roadway a s  a  highway d e s i g n  a i d .  To 

a i d  i n  d e t e r m i n i n g  improvements t o  be  made a t  a  h i g h -  

a c c i d e n t  s i t e ,  a  form has  been deve loped  t o  r e c o r d  t h e  

p e r t i n e n t  roadway f a c t o r s  ( s e e  Appendix F )  . 





DEFINITION OF SYMBOLS 

D e f i n i t i o n  

BFC 

BPN 

b 

Long i tud ina l  a c c e l e r a t i o n  

L a t e r a l  a c c e l e r a t i o n  

Dis t ance  from t h e  v e h i c l e  c e n t e r  
of g r a v l t y  t o  t h e  f r o n t  a x l e  

Maximum a c c e l e r a t i o n  i n  a  l a n e  
change maneuver 

Approximately equa l  t o  t h e  l a t e r a l  
a c c e l e r a t i o n  ( i n  g t s )  used i n  a  
l a n e  change maneuver on an e q u i -  
v a l e n t  t a n g e n t  s e c t i o n  o f  road 

Brake Force C o e f f i c i e n t .  

B r i t i s h  P o r t a b l e  Number 

Dis t ance  from t h e  v e h i c l e  c e n t e r  
o f  g r a v i t y  t o  t h e  r e a r  a x l e  

Width of l a n e  change maneuver 

Confidence I n t e r v a l  

Center  of  g r a v i t y  

S t e e r i n g  c o n t r o l  system g a i n s  

S t e e r i n g  ramp t ime i n t e r v a l  ( s e e  
T 

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

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 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  

Aerodynamic l i f t  c o e f f i c i e n t  

L o n g i t u d i n a l  s t i f f n e s s  of  t i r e  

Aerodynamic s i d e  f o r c e  c o e f f i c i e n t  



Symbol 

D 

DUY DFZ 

FXGRAD 

D e f i n i t i o n  

L a t e r a l  s t i f f n e s s  

Camber s t i f f n e s s  

Roadway c u r v a t u r e  

V a r i a t i o n  i n  peak l a t e r a l  f o r c e  
c o e f f i c i e n t  ( t i r e s )  w i t h  l o a d  

P a r a m e t r i c  c u r v a t u r e  v a l u e s  

I n c r e m e n t a 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  c u r v a t u r e  D 

j 
D i f f e r e n c e  between obse rved  c r a s h  
r a t e  and p  when g rade  i s  z e r o  

Water d e p t h  

Eastbound 

Expec ted  

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

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

P a r a m e t r i c  s u p e r e l e v a t i o n  v a l u e s  

I n c r e m e n t a 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  s u p e r e l e v a t i o n  e i  

G r a d i e n t  o f  p x  w i t h  r e s p e c t  t o  s l i p  

i n  h i g h - s l i p  r e g i o n  

Brak ing  f o r c e  

L o n g i t u d i n a l  f o r c e  on f r o n t  t i r e s  

L o n g i t u d i n a l ,  l a t e r a l ,  and v e r t i c a l  
f o r c e s ,  r e s p e c t i v e l y ,  on t h e  i t h  t i r e  

L o n g i t u d i n a l  f o r c e  on r e a r  t i r e s  

L o n g i t u d i n a l  f o r c e  i n  t i r e  f o o t p r i n t  



Symbol D e f i n i t i o n  
- ~ 

Fx v a l u e s  a t  a  common s l i p  v a l u e  

f o r  v e h i c l e s  of d i f f e r e n t  weight  

L a t e r a l  f o r c e  on f r o n t  t i r e s  

L a t e r a l  f o r c e  on l e f t  f r o n t  t i r e  

L a t e r a l  f o r c e  on r i g h t  f r o n t  t i r e  

L a t e r a l  f o r c e  on r e a r  t i r e s  

L a t e r a l  f o r c e  on l e f t  r e a r  t i r e  

L a t e r a l  load  on t i r e  

L a t e r a l  f o r c e  i n  t i r e  f o o t p r i n t  

V e r t i c a l  f o r c e  on f r o n t  t i r e s  

V e r t i c a l  f o r c e  on r e a r  t i r e s  

V e r t i c a l  l o a d  on t i r e  

S ide  f o r c e  f a c t o r  

A c c e l e r a t i o n  needed t o  ma in ta in  
a  curved p a t h  

Inc 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  s i d e  f o r c e  f a c t o r  

f j  
Pavement grade  

Magnitude o f  downgrade 

Magnitude of  grade  f o r  downgrade 
and zero  f o r  upgrade 

P a r a m e t r i c  grade  va lues  

Inc 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  grade  G i  

D i f f e r e n c e  between o b s e r v e d  crash 
r a t e  and p when c u r v a t u r e  i s  zero  



Symbol D e f i n i t i o n  

G r a v i t a t i o n a l  c o n s t a n t  

L . O . C .  

M . P .  

Open l o o p  s t e e r i n g  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  

C e n t e r  o f  g r a v i t y  h e i g h t  o f  v e h i c l e  

R a i n f a l l  i n t e n s i t y  

R a i n f a l l  r a t e  d e s i g n  v a l u e  

U n i t  v e c t o r s  o f  i c o o r d i n a t e  s y s t e m  

S l o p e  f a c t o r  

C o n t r o l  l o o p  g a i n  

U n i t  v e c t o r s  o f  k c o o r d i n a t e  sy s t em 

Pavement w i d t h  

Loss O f  C o n t r o l  

Length o f  c u r v e  

Length o f  f l ow  p a t h  

Length of  s p i r a l  

Wheel b a s e  o f  v e h i c l e  

M i l e p o s t  

Mass o f  s p r u n g  mass o f  v e h i c l e  

A l i g n i n g  moment i n  t i r e  f o o t p r i n t  

Mass o f  f r o n t  unsprung  masses o f  
v e h i c l e  

Mass o f  r e a r  unsprung  mass o f  
v e h i c l e  

U n i t  v e c t o r s  o f  m c o o r d i n a t e  sy s t em 

Normal f o r c e  on v e h i c l e  

Not A p p l i c a b l e  



Symbol 

n 

D e f i n i t i o n  

Number o f  d a t a  c e l l s  i n  r e g r e s s i o n  
model 

Observed  Obs . 
R o l l ,  p i t c h  and yaw r a t e s  o f  
v e h i c l e ,  r e s p e c t i v e l y  

Rad iu s  o f  c u r v e  

Res i d u e  

R o t a t i o n  r a t e  o f  i t h  whee l  

Rad ius  o f  c u r v a t u r e  o f  roadway 

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

C o r r e l a t i o n  c o e f f i c i e n t  

Spea rman ' s  r a n k  c o r r e l a t i o n  
c o e f f i c i e n t  

Command d e v i a t i o n  from nomina l  p a t h  

Pavement s l o p e  

SBL Southbound Lane 

P a r a m e t r i c  s u r f a c e  d e s i g n a t i o n s  

L e f t  f r o n t  whee l  s l i p  

L e f t  r e a r  whee l  s l i p  

R i g h t  f r o n t  whee l  s l i p  

R i g h t  r e a r  whee l  s l i p  

S t a n d a r d  e r r o r  o f  t h e  e s t i m a t e s  
o f  A D  

j 
S t a n d a r d  e r r o r  o f  t h e  e s t i m a t e s  
o f  Ae 

j 
S t a n d a r d  e r r o r  o f  t h e  e s t i m a t e s  



Symbol D e f i n i t i o n  

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 s  
of  A G i  

S t anda rd  e r r o r  of  t h e  e s t i m a t e s  

Sk id  number 

Improved s k i d  number r e q u i r e d  f o r  
a  curve  s i t e  

Improved s k i d  number r e q u i r e d  f o r  
a  combined c u r v e - g r a d e  s i t e  

S k i d  number increment  f o r  overcoming 
w a t e r  dep th  on pavement 

Improved s k i d  number needed f o r  
a  g r ade  

Sk id  number g r a d i e n t  

A s a f e  s k i d  number f o r  l e v e l  t a n g e n t s  
a t  v e l o c i t y ,  V 

Required s k i d  number on a t a n g e n t  

at V~~ 

Sk id  number a t  40  mph 

Minimum a l l o w a b l e  s k i d  number a t  
40  mph 

Improved s k i d  number r e q u i r e d  a t  
combined c u r v e - g r a d e  s i t e  a t  40 mph 

Sk id  number v a l u e s  de t e rmined  by t h e  
Schonfe ld  Method a t  4 0 ,  3 0 ,  and 
60 mph, r e s p e c t i v e l y  

SN v a l u e  needed on a  t a n g e n t  
s e t p i o n  

SN v a l u e  measured by a  s k i d  
t r i f l e r  

S i n g l e - v e h i c l e  c r a s h e s  

L o n g i t u d i n a l  s l i p  

Time and pavement t e x t u r e  d e p t h  



Symbol D e f i n i t i o n  

Gross f a c t o r  r e l a t i n g  t i r e s  i n  
use  t o  ASTM t i r e  

S t e e r i n g  ramp t ime i n t e r v a l  
(see C8)  

T o t a l  c r a s h e s  

L o n g i t u d i n a l ,  l a t e r a l  and v e r t i c a l  
v e l o c i t i e s ,  r e s p e c t i v e l y ,  of 
v e h i c l e  sprung mass 

v 
V . C .  

Veh ic l e  v e l o c i t y  

V e r t i c a l  Curve 

L imi t ing  s a f e  v e l o c i t y  f o r  c o r n e r i n g  
w i t h  d r i v e  t h r u s t  a p p l i e d  as  
n e c e s s a r y  t o  m a i n t a i n  speed  

L imi t ing  s a f e  v e l o c i t y  f o r  a  
c o r n e r i n g  v e h i c l e  which a l s o  performs 
a  l a n e  change w i t h  d r i v e  t h r u s t  
a p p l i e d  as  n e c e s s a r y  t o  m a i n t a i n  
speed  

Maximum i n i t i a l  v e l o c i t y  from which 
a  combined l a n e  change and a b r u p t  
s t o p  can be performed w i t h o u t  l o s s  
of c o n t r o l  

Veh ic l e  m i l e s  i n  u n i t s  of  1 0 , 0 0 0  
m i l e s  

Speed L i m i t  

Weight of  v e h i c l e  

W.B. Westbound 

Veh ic l e s  of  d i f f e r e n t  we igh t s  

Veh ic l e  f i x e d  c o o r d i n a t e  system 

Space f i x e d  c o o r d i n a t e  system X', Y ' ,  Z '  

Vector  d e f i n i n g  highway grade  f o r  
d i s c r e t e  i n t e r v a l s  

Vector  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  



Symbol D e f i n i t i o n  

V e h i c l e  p a t h  c o o r d i n a t e s  

Number o f  a c c i d e n t s  p r e d i c t e d  by 
r e g r e s s i o n  e q u a t i o n  

Feedback l o o p  t r a n s f e r  f u n c t i o n  

Expec ted  a c c i d e n t  r a t e  f o r  t h e  
c e l l  d e f i n e d  by g r a d e  G i  ( i = 1 , 2 , .  . . , 7 )  
and c u r v a t u r e  D .  ( j  = I ,  2 , .  . . , 8 )  

I 
Forward l oop  t r a n s f e r  f u n c t i o n  

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

P r e d i c t e d  p a t h  d e v i a t i o n  

C y l i n d r i c a l  c o o r d i n a t e  sy s t em f o r  
d e s c r i b i n g  combined c u r v e - g r a d e  

S p e c i f i e d  l i m i t i n g  c o n f i d e n c e  v a l u e  
f o r  a  Type I e r r o r  

L a t e r a l  s l i p  a n g l e  

V e h i c l e  s i d e s l i p  a n g l e  

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

I n c l i n a t i o n  (camber)  a n g l e  o f  wheel  

Roadway c u r v e  i n c r e m e n t ,  i n c l u d i n g  
t r a n s i t i o n s  

Roadway cu rve  i n c r e m e n t ,  c i r c u l a r  
p o r t i o n  o n l y  

V e h i c l e  f r o n t  wheel  a n g l e  

Commanded f r o n t  wheel  a n g l e  

S t e e r i n g  wheel  a n g l e  

V e r t i c a l  d e f l e c t i o n s  o f  f r o n t  
unsprung  masses  



Symb o  1 D e f i n i t i o n  

V e r t i c a l  d e f l e c t i o n  of  r e a r  unsprung 
mass 

E r r o r  

Braking e f f i c i e n c y  

S p i r a l  curve  increment  

S t e e r i n g  p a t h  e r r o r  

Lead compensated s t e e r i n g  p a t h  e r r o r  

C o n t r i b u t i o n  t o  t h e  t o t a l  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  o f  
t h e  r e g r e s s i o n  m a t r i x  

Maximum c o e f f i c i e n t  of  f r i c t i o n  
produced by e i t h e r  f r o n t  o r  r e a r  
t i r e s  

C o e f f i c i e n t  of  f r i c t i o n  f o r  f r o n t  
wheels  

C o e f f i c i e n t  of  f r i c t i o n  f o r  r e a r  
wheels  

Locked wheel c o e f f i c i e n t  of  f r i c t i o n  
a t  4 0  mph 

Locked wheel c o e f f i c i e n t  of  f r i c t i o n  
a t  80 mph 

Maximum l o n g i t u d i n a l  c o e f f i c i e n t  
of f r i c t i o n  

Locked wheel c o e f f i c i e n t  of  f r i c t i o n  

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  
a t  3' s l i p  ang le  

C o r r e l a t i o n  c o e f f i c i e n t  

Ro l l  ang le  of  r e a r  unsprung mass 

Veh ic l e  heading ang le  

S t e e r  ang le  a t  f r o n t  wheel 



Symbol D e f i n i t i o n  

Des i r ed  v e h i c l e  p a t h  ang le  

C e n t e r l i n e  

Denotes d i f f e r e n t i a t i o n  with 
r e s p e c t  t o  t i n e  



CHAPTER 1 

INTRODUCTION AND RESEARCH APPROACH 

T h i s  r e p o r t  p r e s e n t s  f i n d i n g s ,  recommendat ions ,  

and c o n c l u s i o n s  deve loped  by t h e  Highway S a f e t y  Research  

I n s t i t u t e  (HSRI) o f  The U n i v e r s i t y  o f  Michigan f o r  t h e  

N a t i o n a l  C o o p e r a t i v e  Highway Research  Program (NCHRP) 

i n  a  p r o j e c t  e n t i t l e d :  " I n f l u e n c e  o f  Combined Highway 

Grade and H o r i z o n t a l  Al ignment  on S k i d d i n g . "  T h i s  p r o -  

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

p rob lem i n v o l v i n g  v e h i c l e  o p e r a t i o n  on highway s e c t i o n s  

c o n t a i n i n g  b o t h  c u r v a t u r e  and g r a d e  (upg rade  o r  down- 

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

been  t o  deve lop  t e n t a t i v e  g u i d e l i n e s  f o r  highway geo-  

m e t r i c ~  and pavement s u r f a c e  c h a r a c t e r i s t i c s  t o  e n s u r e  

a d e q u a t e  v e h i c l e  c o n t r o l  d u r i n g  maneuvers on highway 

s e c t i o n s  w i t h  combined v e r t i c a l  and h o r i z o n t a l  a l i g n m e n t .  

The s p e c i f i c  o b j e c t i v e s ,  c a l l e d  o u t  i n  t h e  KCHRP 

p r o j e c t  s t a t e m e n t ,  a r e  t o :  

"1. Examine a n a l y t i c a l l y  t h e  roadway and v e h i c l e  

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

p a s s e n g e r  a u t o m o b i l e s  on highway s e c t i o n s  c o n t a i n i n g  a  

combina t i on  o f  h o r i z o n t a l  a l i gnmen t  and v e r t i c a l  a l i g n -  

men t ,  w i t h  emphasis  on t h e  downgrade h o r i z o n t a l  

c u r v a t u r e  c o n d i t i o n .  S p e c i f i c a l l y ,  t h e  f o l l o w i n g  

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

a n a l y s i s  : 

1 



A .  Roadway 

1 )  Grades 

2) S u p e r e l e v a t i o n  r a t e  and r u n o f f  

3) Radius  and t y p e  of  h o r i z o n t a l  a l i gnmen t  

4 )  Pavement s u r f a c e  p r o p e r t i e s  and c o n d i t i o n s  

5 )  Drainage  

B .  V e h i c l e  and O p e r a t i o n  C h a r a c t e r i s t i c s  

1 )  O p e r a t i n g  speeds  and l a t e r a l  a c c e l e r a t i o n  

2) Brak ing  and l o n g i t u d i n a l  a c c e l e r a t i o n  

3) Weigh t ,  geomet ry ,  s u s p e n s i o n  and r e l a t e d  

f a c t o r s  

4 )  T i r e  c h a r a c t e r i s  t i c s  and c o n d i t i o n s  

H i g h - l e v e l  ma thema t i ca l  s i m u l a t i o n  t e c h n i q u e s  f o r  a n a l y z -  

i n g  t h e  o p e r a t i o n  of  au tomob i l e s  w i t h  v a r y i n g  v e h i c l e  

p a r a m e t e r s  under  roadway c o n d i t i o n s  have been deve loped  

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

s c a l e  t e s t s .  Due t o  t h i s  fact -coupled w i t h  t h e  l i m i t e d  

a v a i l a b l e  funds  f o r  P r o j e c t  1-14-the development  o f  

new models i s  n o t  a n t i c i p a t e d  d u r i n g  t h i s  p r o j e c t .  

2 .  Determine t h o s e  combina t ions  o f  s p e e d ,  roadway 

g e o m e t r i c s  , and pavement c o n d i t i o n s  t h a t  d e f i n e  t h e  on-  

s e t  o f  s k i d d i n g  f o r  modern p a s s e n g e r  a u t o m o b i l e s .  

3 .  E v a l u a t e  t h e  r e s u l t s  o f  O b j e c t i v e s  1 and 2 

by one o r  more o f  t h e  f o l l o w i n g  methods:  



a )  Comparison w i t h  a c c i d e n t  e x p e r i e n c e  and 

roadway c h a r a c t e r i s t i c s  

b )  P h y s i c a l  s i m u l a t i o n  

c )  F i e l d  s t u d i e s  

d) O t h e r  

4 .  S u g g e s t  measures  f o r  a l l e v i a t i n g  sk idc i ing  

a c c i d e n t s  on highway s e c t i o n s  c o n t a i n i n g  a  combina t i on  

o f  h o r i z o n t a l  and v e r t i c a l  a l i gnmen t  and p r e p a r e  

recommended a d d i t i o n s  o r  m o d i f i c a t i o n s  t o  c u r r e n t  AASHTO 

d e s i g n  p o l i c y  t o  accommodate a n t i c i p a t e d  v e h i c l e  

maneuvers on t h i s  t y p e  o f  highway s e c t i o n . "  

To a c h i e v e  t h e  p r i n c i p a l  o b j e c t i v e ,  a  p l a n  was 

a d o p t e d  which a d d r e s s e d  t h e  s p e c i f i c  o b j e c t i v e s  by 

d i v i d i n g  t h e  r e s e a r c h  i n t o  s i x  ( 6 )  t a s k s .  These  t a s k s  

a r e  enumera ted  below and t h e  t y p e  o f  work pe r fo rmed  i n  

each  t a s k  i s  b r i e f l y  summarized.  

1. A c c i d e n t  Data  A n a l y s i s .  

A c c i d e n t  d a t a  f i l e s  f o r  t h e  Ohio and P e n n s y l v a n i a  

T u r n p i k e s  were e s t a b l i s h e d  and i n t e r r o g a t e d  t o  o b t a i n  

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

ment and a c c i d e n t  e x p e r i e n c e .  



2 .  Computer S i m u l a t i o n  S t u d i e s .  

The HVOSM* s i m u l a t i o n  was a p p l i e d  t o  de t e rmine  t h o s e  

roadway and v e h i c l e  f a c t o r s  t h a t  can l e a d  t o  l o s s  o f  

c o n t r o l  and t h e  o n s e t  of  s k i d d i n g  on s e c t i o n s  of  h i g h -  

way w i t h  combined v e r t i c a l  and h o r i z o n t a l  a l i g n m e n t .  

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

and a  f u l l - s c a l e  s i m u l a t i o n  s t u d y  were conduc ted ,  The 

maximum s a f e  v e l o c i t i e s ,  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  (1)  e q u i l i b r i u m  c o r n e r i n g ,  ( 2 )  l a n e  changes ,  and 

(3)  l a n e  changing combined w i t h  b r a k i n g  were e v a l u a t e d .  

3. F i e l d  I n v e s t i g a t i o n  o f  Problem S i t e s .  

Two s e c t i o n s  o f  highway, one on t h e  Ohio Turnp ike  

and t h e  o t h e r  on 1 - 9 5  i n  V i r g i n i a ,  b o t h  o f  which have 

(1 )  combined h o r i z o n t a l  and v e r t i c a l  a l ignment  and (2)  

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

i d e n t i f y  t h o s e  c h a r a c t e r i s t i c s  which have p o t e n t i a l  f o r  

p roduc ing  a c c i d e n t s  a t  t h e s e  s i t e s .  

4 .  A n a l y s i s  o f  R e s u l t s  o f  Tasks 1,  2 ,  and 3. 

The r e s u l t s  of  Tasks 2 and 3 were supplemented w i t h  

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

e f f i c i e n c y ,  and pavement d r a i n a g e .  The r e s u l t s  of  t h e  

*The l e t t e r s  HVOSM a r e  used t o  d e s i g n a t e  a  g e n e r a l l y  

a v a i l a b l e  mathemat ica l  s i m u l a t i o n  deve loped  by 

McHenry , e  t a l .  (1) . 



a c c i d e n t  d a t a  a n a l y s e s  (Task 1 )  were combined w i t h  

r e s u l t s  p r e d i c t e d  by s i m u l a t i o n  t o  de t e rmine  t h e  

c o n d i t i o n s  which cause  l o s s  o f  c o n t r o l .  

5 .  Formula t i on  o f  Design P o l i c y  Recommendations. 

Measures f o r  r e d u c i n g  t h e  i n c i d e n c e  o f  p a s s e n g e r  

c a r  a c c i d e n t s  on s e c t i o n s  of  highway w i t h  combined h o r i -  

z o n t a l  a l i gnmen t  and upgrade  and downgrade v e r t i c a l  

a l i gnmen t  were d e r i v e d  from t h e  f i n d i n g s  o f  Tasks 1 

th rough  4  and t h e s e  measures  have been u sed  t o  recommend 

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

6 .  P r e p a r a t i o n  of t h e  F i n a l  Repo r t .  

The f i n d i n g s  from t h e  r e s e a r c h  approach  d e f i n e d  by 

Tasks 1 th rough  5 a r e  p r e s e n t e d  i n  t h e  n e x t  c h a p t e r  o f  

t h i s  r e p o r t .  These f i n d i n g s  have been o r g a n i z e d  i n t o  

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

1 )  Acc iden t  Data A n a l y s i s  

2 )  V e h i c l e  Loss - o f  - C o n t r o l  A n a l y s i s  

3) Pavenent  Dra inage  

4) S e l e c t i o n  and E v a l u a t i o n  o f  Problem S i t e s  

5 )  Design P o l i c y  A n a l y s i s  

I n t e r p r e t a t i o n s  and ~ p p l i c a t i o n s  o f  t h e s e  f i n d i n g s  a r e  

d i s c u s s e d  i n  Chap te r  3. Conc lus ions  a r e  s t a t e d  i n  

Chap te r  4 .  P a r t  I 1  of  t h i s  r e p o r t  c o n t a i n s  s e v e r a l  



appendices  which p r o v i d e  d e t a i l e d  documentat ion of  t h e  

work done t o  produce t h e  f i n d i n g s  p r e s e n t e d  i n  Chapte r  

I t  shou ld  be  n o t e d  t h a t  towards t h e  end of t h e  con- 

t r a c t  p e r i o d ,  emphasis was s h i f t e d  from computer a n a l y s i s  

t o  s i t e  e v a l u a t i o n  s t u d i e s  because  t h e  s i m u l a t i o n  r e s u l t s  

and t h e  a c c i d e n t  d a t a  a n a l y s i s  i n d i c a t e d  t h a t  v e h i c l e  

d r i v e r s  were n o t  l i k e l y  t o  l o s e  c o n t r o l  o f  t h e i r  v e h i c l e s  

on c u r v e - g r a d e  s i t e s  u n l e s s  t hey  were a t t e m p t i n g  t o  p e r -  

form s e v e r e  maneuvers on s l i p p e r y  road s u r f a c e s  w i t h  

f a i r  t o  poor  t i r e s .  Consequent ly ,  t h e  problem s i t e s  were 

examined c a r e f u l l y  t o  i d e n t i f y  cause s  f o r  s e v e r e  maneuvers 

and r e l a t i v e l y  l a r g e  w a t e r  d e p t h s .  



CHAPTER 2 

FINDINGS 

The f i n d i n g s  o f  t h i s  program a r e  p r e s e n t e d  i n  

t h i s  c h a p t e r .  S e p a r a t e  s u b - s e c t i o n s  e n t i t l e d  A c c i d e n t  

Da t a  A n a l y s i s ,  V e h i c l e  L o s s - o f - C o n t r o l  . 4 n a l y s i s ,  Pave-  

ment Dra inage  A n a l y s i s ,  S e l e c t i o n  and E v a l u a t i o n  o f  

Problem S i t e s ,  and Design P o l i c y  A n a l y s i s  d e s c r i b e  t h e  

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

t i t l e s .  

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

a r e  combined and i n t e r p r e t e d  i n  C h a p t e r  3 t o  e x p l a i n  

how t h e y  can  b e  a p p l i e d  t o  t h e  p rob lem o f  m a i n t a i n i n g  

v e h i c l e  c o n t r o l  d u r i n g  maneuvers on highway s e c t i o n s  

c o n t a i n i n g  a  comb ina t i on  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 .  

2 . 1  ACCIDENT DATA ANALYSIS 

2 . 1 . 1  SYNOPSIS OF ACCIDENT ANALYSIS FIIiDINGS. The 

a n a l y s i s  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  shows no e v i d e n c e  

o f  e f f e c t s  t h a t  can  be  a t t r i b u t e d  t o  g r a d e s  and c u r v e s  

i n  c o m b i n a t i o n .  The P e n n s y l v a n i a  Tu rnp ike  a c c i d e n t  r a t e  

i s  n o t  dependen t  on g r a d e ,  b u t  does  i n c r e a s e  w i t h  

i n c r e a s i n g  c u r v a t u r e  and s i d e  f r i c t i o n  f a c t o r .  The Ohio 

Tu rnp ike  shows no s i g n i f i c a n t  a c c i d e n t  dependence on 



e i t h e r  g rade  o r  c u r v a t u r e ,  e x c e p t  t h a t  a  s p e c i f i c  lo  

curve  on a  3% downgrade has  a  ve ry  h i g h  a c c i d e n t  r a t e .  

This  a c c i d e n t  h i s t o r y  appears  t o  be h i g h l y  a s s o c i a t e d  

w i t h  wet pavement ,  and t o  some e x t e n t  w i t h  h e a v i l y  worn 

t i r e s .  A l l  1 "  cu rves  i n  Ohio have a  h igh  i n c i d e n c e  o f  

wet-pavement a c c i d e n t s .  Curves w i t h i n  t h e  range  o f  

0 '44 ' -1 '49 '  i n  Pennsy lvan i a  a l s o  have a  somewhat h i g h e r  

i n c i d e n c e  of wet-pavement c r a s h e s  than  do cu rves  o f  

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

2 . 1 . 2  TURNPIKE ACCIDENT DATA STUDIES 

2 . 1 . 2 . 1  E f f e c t s  of  H o r i z o n t a l  and V e r t i c a l  A l ign -  

ment Upon Acc iden t  R a t e s .  The pr imary  o b j e c t i v e  o f  

t h e  a c c i d e n t  d a t a  a n a l y s e s  performed i n  t h i s  s t u d y  was 

t o  de t e rmine  t h e  e x t e n t  t o  which 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 ,  bo th  s i n g l y  and i n  combina t ion ,  i n f l u e n c e  

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

f a c i l i t a t e d  by a c q u i r i n g  d a t a  on t h e  a c c i d e n t s  produced 

on t h e  main t r a f f i c - w a y s  of  t h e  Ohio and Pennsy lvan i a  

Tu rnp ikes .  These highways have g r ades  r ang ing  from - 3  

t o  '2  p e r c e n t  on t h e  Ohio Turnpike and from - 3  t o  + 3  

p e r c e n t  on t h e  Pennsy lvan i a  Tu rnp ike .  Curves on t h e  two 

highways a r e  l i m i t e d  t o  maximum c u r v a t u r e s  o f  2 '30 '  i n  

Ohio and 6" i n  Pennsy lvan i a .  The Pennsy lvan i a  a c c i d e n t  

d a t a  cove r s  a  t w o - a n d - o n e - h a l f - y e a r  p e r i o d  s t a r t i n g  i n  

1966,  and c o n s i s t s  o f  r e c o r d s  on 9 ,822 m a i n l i n e  a c c i d e n t s .  

Four and o n e - h a l f  y e a r s  o f  highway o p e r a t i o n s  on t h e  Ohio 

Turnpike beg inn ing  i n  1966 y i e l d e d  5 , 5 5 3  m a i n l i n e  a c c i d e n t s .  



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

I n f o r m a t i o n  e x i s t e d  i n  s u f f i c i e n t  d e t a i l  t o  p e r m i t  

t r a f f i c  exposu re  t o  be  computed f o r  e ach  p o i n t  on t h e  

highway. 

V e r t i c a l  a l i g n m e n t  i n  a r c  minu t e s  o f  d e g r e e  o f  

c u r v a t u r e  was combined w i t h  each  a c c i d e n t  r e c o r d  and 

merged w i t h  t h e  t r a f f i c  d a t a .  S i m i l a r l y ,  h o r i z o n t a l  

a l i g n m e n t  i n  p e r c e n t  g r a d e  and s u p e r e l e v a t i o n  were  a l s o  

merged w i t h  b o t h  t h e  a c c i d e n t  r e c o r d s  and t r a f f i c  d a t a .  

The two s e t s  o f  da t a - - exposu re  and acc iden t -pe r -  

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

b o t h  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 .  The a n a l y t i c  

t e c h n i q u e  u sed  was 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  

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

ment .  Appendix A c o n t a i n s  a  d e t a i l e d  d i s c u s s i o n  o f  t h e s e  

r e g r e s s i o n  models and t h e  r e s u l t s  o b t a i n e d  from t h e i r  

u s e .  

Al though  b o t h  g r a d e  and c u r v a t u r e  a r e  c o n t i n u o u s  

v a r i a b l e s ,  t h e i r  d i s t r i b u t i o n  on t h e  t u r n p i k e s  i s  n o t  

c o n t i n u o u s .  F u r t h e r m o r e ,  t h e  q u a n t i t y  o f  d a t a  t o  be  

a n a l y z e d  d i d  n o t  j u s t i f y  h i g h  r e s o l u t i o n  i n  t h e  t r e a t -  

ment o f  e i t h e r  p a r a m e t e r .  For  t h e s e  r e a s o n s ,  g r a d e  was 

s t r a t i f i e d  i n t o  s even  l e v e l s ,  and h o r i z o n t a l  a l i gnmen t  

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



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

a c c i d e n t  r a t e  t h a t  d e r i v e  from h o r i z o n t a l  and v e r t i c a l  

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

combinat ions  t o  e s t i m a t e  t h e  inc remen ta l  e f f e c t  of  each 

p a r a m e t e r .  

The two highways have q u i t e  d i f f e r e n t  o v e r a l l  a c c i -  

d e n t  e x p e r i e n c e .  On t h e  Ohio Turnpike t h e  o v e r a l l  

a c c i d e n t  r a t e  i s  9 6  a c c i d e n t s  p e r  l o 8  v e h i c l e  m i l e s ,  

wh i l e  t h e  co r re spond ing  r a t e  on t h e  Pennsy lvan ia  Turn- 

p i k e  i s  148.  This  d i f f e r e n c e ,  r e f l e c t e d  i n  t h e  r e s u l t s  

of  t h e  r e g r e s s i o n  models ,  makes highway-to-highway com- 

p a r i s o n s  d i f f i c u l t  t o  i n t e r p r e t .  The problem i s  com- 

pounded by t h e  use  of  d i f f e r e n t  s u p e r e l e v a t i o n  p o l i c i e s  

on t h e  two highways. Thus, h o r i z o n t a l  a l ignment  i s  n o t  

d e f i n e d  comple te ly  by c u r v a t u r e  a l o n e .  Because t h e  

r e g r e s s i o n  o f  a c c i d e n t  r a t e  a g a i n s t  c u r v a t u r e  produced 

r e s u l t s  which d i f f e r e d  on t h e  two highways, two a d d i -  

t i o n a l  models were used t o  d e s c r i b e  t h e  h o r i z o n t a l  

a l ignment .  The t h r e e  models used were r e g r e s s i o n  of  

a c c i d e n t  r a t e  a g a i n s t  (1)  c u r v a t u r e ,  ( 2 )  s u p e r e l e v a t i o n  

r a t e ,  and (3)  t h e  p o r t i o n  o f  DfAlembert f o r c e  due t o  

l a t e r a l  a c c e l e r a t i o n ,  which must be p rov ided  by pavement 

s k i d  r e s i s t a n c e .  * The l a t t e r  was computed from 

*Note t h a t  I tem ( 3 )  i s  sometimes r e f e r r e d  t o  as  " s i d e  

f r i c t i o n  f a c t o r "  i n  MSHTO d e s i g n  p o l i c y  ( 2  3 ) .  See 
- 9  - 

Equat ion  ( 6 ) .  



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

p o s t e d  l e g a l  l i m i t .  T h i s  q u a n t i t y  w i l l  be  c a l l e d  t h e  

" s i d e  f o r c e  f a c t o r , "  and t h e  symbol - f w i l l  b e  u s e d  t o  

r e p r e s e n t  t h i s  q u a n t i t y .  

Tab le  2 - 1  p r o v i d e s  a  summary a s s e s s m e n t  o f  t h e  

r e g r e s s i o n  mode l s .  The s q u a r e  o f  t h e  m u l t i p l e  c o r r e -  

l a t i o n  c o e f f i c i e n t ,  p 2 ,  i n d i c a t e s  t h e  p r o p o r t i o n  o f  t h e  

v a r i a b i l i t y  i n  t h e  d a t a  which i s  e x p l a i n e d  by t h e  

r e g r e s s i o n  model.  Thus t h e  model w i t h  e i g h t  l e v e l s  of  

c u r v a t u r e  e x p l a i n s  65% o f  t h e  v a r i a b i l i t y  i n  Ohio and 

60% i n  P e n n s y l v a n i a ,  w h i l e  t h e  u s e  o f  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  t h e  l a t t e r  e x p l a i n s  6 7 % .  The s u p e r -  

elevation r a t e  models were r e l a t i v e l y  u n s a t i s f a c t o r y  

on b o t h  highways and o f  l i t t l e  v a l u e  i n  comparing h i g h -  

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

c o r r e l a t i o n  and e x p l a i n e d  a p p r o x i m a t e l y  70% of  t h e  

v a r i a b i l i t y .  

The e x p e c t e d  a c c i d e n t  r a t e  ( b a s e d  on t h e  c o e f f i -  

c i e n t  o f  t h e  r e g r e s s i o n )  , t h e  o b s e r v e d  r a t e ,  t h e  

d i f f e r e n c e  ( r e s i d u a l s )  , and t h e  95% c o n f i d e n c e  i n t e r -  

v a l s  a b o u t  t h e  e x p e c t e d  r a t e  were computed f o r  e a c h  

combina t i on  o f  g r ade  and h o r i z o n t a l  a l i g n m e n t .  

A c c i d e n t - c a u s a t i o n  f a c t o r s  n o t  e x p l a i n e d  by t h e  

a d d i t i v e  a l i g n m e n t  model would b e  e x p e c t e d  t o  r e s u l t  
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i n  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  w i t h  

a  p r o b a b i l i t y  of  0 . 0 5 .  T h e r e f o r e ,  such  o c c u r r e n c e s  

would be  e x p e c t e d  i n  5 %  o f  t h e  combina t ions  of  g r ade  

and h o r i z o n t a l  a l i g n m e n t .  Th is  p r o p o r t i o n  was exceeded  

i n  a l l  mode ls ,  and by a  f a c t o r  t h a t  i n d i c a t e s  s i g n i f i -  

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

which have  r e s i d u a l s  r e p r e s e n t i n g  r e a l  d i f f e r e n c e s  

v e r s u s  chance  consequences  of  random e r r o r  c anno t  be 

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

and h o r i z o n t a l  a l i gnmen t  i s  n o t  e v i d e n t .  

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

d e t a i l  i n  Appendix A ,  and t h e  p r i n c i p a l  f i n d i n g s  a r e  

d e p i c t e d  g r a p h i c a l l y  i n  F i g u r e s  A-1 ,  A - 2  and A - 5 ,  A - 6  

f o r  t h e  e i g h t - l e v e l  c u r v a t u r e  model a p p l i e d  t o  t h e  Ohio 

d a t a  and t h e  e l e v e n - l e v e l  model a p p l i e d  t o  t h e  

P e n n s y l v a n i a  d a t a ,  and i n  F i g u r e  A - 1 1  t h rough  A-14 f o r  

t h e  s i d e - f o r c e - f a c t o r  model.  R e s u l t s  a r e  g i v e n  i n  each  

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

wet-pavement  a c c i d e n t s .  

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

s i d e  f o r c e  models a r e  i n d i c a t e d  by t h e  h o r i z o n t a l  b a r s  

below t h e  a b s c i s s a .  

The r e g r e s s i o n  a n a l y s i s  i n d i c a t e s  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  and p r o b l e m a t i c a l  dependence o f  a c c i d e n t  

r a t e  upon g r a d e  e x c e p t  a t  t h e  s t e e p e r  downgrades 



( - 2 . 5  t o  - 3 % )  i n  Ohio. There  a r e  moderate  b u t  s i g n i -  

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

t h e  s t e e p e r  u p g r a d e s ,  and on wet-pavement a c c i d e n t s  on 

downgrades o f  about  1% i n  P e n n s y l v a n i a .  Both t u r n p i k e s  

show a  dependence on c u r v a t u r e  and s i d e  f o r c e  f a c t o r .  

The models o f  Ohio Turnpike e x p e r i e n c e  have a  v e r y  h i g h  

peak i n  a c c i d e n t  r a t e s  a t  l o  cu rves  and t h e  e q u i v a l e n t  

f o f  0 . 0 4 3 .  The a c c i d e n t  r a t e  i n  Ohio i s  n o t  s i g n i f i -  

c a n t l y  dependent  on o t h e r  v a l u e s  of  c u r v a t u r e  o r  f .  The 

Pennsy lvan i a  d a t a  e x h i b i t  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  c u r v a t u r e  and w i t h  i n c r e a s i n g  f ,  b u t  do 

n o t  e x h i b i t  a  h i g h  peak on l o  c u r v e s ,  a s  i s  t h e  c a s e  i n  

Ohio. Although t h e  Pennsy lvan i a  Turnpike ha s  h i g h e r  

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

Ohio Tu rnp ike ,  t h e  a c c i d e n t  r a t e s  a r e  h i g h e r  i n  

P e n n s y l v a n i a  p o i n t - b y - p o i n t  a t  a l l  c u r v a t u r e s  and s i d e  

f o r c e  v a l u e s .  Thus t h e  s i d e - f o r c e - f a c t o r  model f a i l s  

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

highways.  

I t  i s  p a r t i c u l a r l y  no tewor thy  t h a t  t h e r e  i s  a  v e r y  

h igh  a c c i d e n t - r a t e  s i t e  on t h e  Ohio Turnp ike .  The i n t e r -  

s e c t i o n  of t h e  h i g h - a c c i d e n t  downgrade and h i g h - a c c i d e n t  

c u r v a t u r e  (g r ade  = - 2 . 5  t o  - 3 %  and c u r v a t u r e  = 0'44' t o  

1'5')  i s  t h e  o n l y  c e l l  w i t h  an observed  a c c i d e n t  r a t e  

h i g h e r  t h a n  t h e  con f idence  i n t e r v a l  o f  t h e  expec t ed  

a c c i d e n t  r a t e .  Fu r the rmore ,  t h e  34 a c c i d e n t s  i n  t h i s  



c e l l  a l l  o c c u r r e d  i n  t h e  wes tbound  l a n e s  a t  m i l e p o s t  

1 6 6 . 4 - 1 6 6 . 7 .  T h i s  l o c a t i o n  i s  a  l o  c u r v e  on a  3% down- 

g r a d e .  The a c c i d e n t  r a t e  i n  t h i s  0 . 3 - m i l e  segment was 

8 665 a c c i d e n t s / l O  v e h i c l e  m i l e s  o v e r  t h e  4 - 1 / 2 - y e a r  

p e r i o d  cove red  by t h e  d a t a ,  a s  compared t o  an a v e r a g e  

o f  95 .9  f o r  t h e  e n t i r e  h ighway.  L a t e r  d a t a  s u ~ p l i e d  by 

t h e  Tu rnp ike  Commission f o r  t h e  same s i t e  i n d i c a t e s  t h a t  

from J u l y  1970 t o  A p r i l  1973-a 34-month p e r i o d  s u b s e -  

q u e n t  t o  t h e  4 - 1 / 2 - y e a r  per iod- the  a c c i d e n t  r a t e  was 

8 559 a c c i d e n t s / l O  v e h i c l e  m i l e s .  The s i t e  h a s  c o n t i n ~ e d  

t o  have  a  h i g h  a c c i d e n t  r e c o r d .  S i n c e  t h e  c u r v a t u r e  i s  

r a t h e r  modes t ,  t h e  l o c a t i o n  was s e l e c t e d  a s  a  f i e l d  s t u d y  

s i t e  and t h e  f i n d i n g s  a r e  d i s c u s s e d  i n  S e c t i o n  2 . 4 . 1 .  

2 . 1 . 2 . 2  Env i ronmen ta l  F a c t o r s .  S e v e r a l  f a c t o r s  

were  examined r e l a t i v e  t o  t h e i r  a s s o c i a t i o n  w i t h  a c c i -  

d e n t  r a t e  and g r a d e  and c u r v a t u r e ,  v i z ,  ( 1 )  s u r f a c e  

c o n d i t i o n s ;  ( 2 )  number o f  v e h i c l e s  i n v o l v e d  i n  t h e  a c c i -  

d e n t ;  and (3 )  i l l u m i n a t i o n .  Weather  was n o t  i n c l u d e d  

b e c a u s e  i t  was found t h a t  s u r f a c e  c o n d i t i o n s  a r e  a  

s u r r o g a t e  f o r  w e a t h e r .  

T a b l e  2 - 2  g i v e s  t h e  d i s t r i b u t i o n  o f  a c c i d e n t s  by 

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

g r a d e  on t h e  Ohio T u r n p i k e .  I t  i s  i m p o r t a n t  t o  o b s e r v e  

t h a t  an abno rma l ly  h i g h  p r o p o r t i o n  o f  t h e  a c c i d e n t s  

p roduced  on c u r v e s  o f  0 ' 4 4 ' - 1 ' 5 '  and on downgrades o f  



TABLE 2 - 2  

ACCIDENT EXPERIENCE BY SURFACE CONDITION 

01110 TURNPIKE 

Degree o f  
Curva tu re  

Number o f  
Acc iden t s  Dry 

P e r c e n t  : 

WE t O t h e r *  

T o t a l  

Grade i n  
P e r c e n t  

- 2 . 4  t o  - 1 . 5  70 8 4 9 . 4  2 9 . 2  2 1 . 3  

- 3 . 5  t o  - 2 . 5  8 3  3 6 . 1  4 9 . 4  1 4 . 5  

T o t a l  5 , 5 5 3  5 6 . 7  2 5 . 4  1 7 . 9  

*The "o the r "  c a t e g o r y  c o n s i s t s  l a r g e l y  of snow/ice  

c o n d i t i o n s  . 



2 . 5 - 3 . 5 %  a r e  o c c u r r i n g  on wet  pavements .  Wet-pavement 

a c c i d e n t s  a r e  o v e r - r e p r e s e n t e d  i n  r o a d  s e c t i o n s  w i t h  

t h e s e  a l i g n m e n t s  by n e a r l y  2 t o  1. (The c u r v a t u r e  and 

g r a d e  s t r a t a  w i t h  h i g h  "wet" i n c i d e n c e  c o n t a i n  t h e  s i t e  

s e l e c t e d  f o r  f i e l d  i n v e s t i g a t i o n . )  I n  a d d i t i o n ,  t a n g e n t  

s e c t i o n s  o f  t h e  Ohio Tu rnp ike  have a  l ower  p r o p o r t i o n  

o f  wet-pavement  a c c i d e n t s  t h a n  t h e  r ema inde r  o f  t h e  r o a d .  

Cor r e spond ing  d a t a  f o r  t h e  P e n n s y l v a n i a  Tu rnp ike  i s  

g i v e n  i n  Tab l e  2 - 3 .  The r e l a t i v e  i n c i d e n c e  o f  w e t - s u r f a c e  

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

P e n n s y l v a n i a .  A h i g h  p r o p o r t i o n  o f  w e t - w e a t h e r  a c c i d e n t s  

do o c c u r  on c u r v e s  o f  0 ' 44 ' - 1 ' 49 '  on t h e  P e n n s y l v a n i a  

T u r n p i k e .  . 
Tab le  2 -  4 c l a s s i f i e s  t h e  Ohio Tu rnp ike  a c c i d e n t s  

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

i n t o  s i n g l e  and m u l t i - v e h i c l e  a c c i d e n t s .  Kote t h a t  t h e  

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

same two s t r a t a  t h a t  e x h i b i t e d  a  h i g h  p r o p o r t i o n  o f  w e t -  

s u r f a c e  a c c i d e n t s .  Al though  Tab le  2 -5  shows some v a r i a -  

t i o n  o f  s i n g l e - v e h i c l e  a c c i d e n t s  on t h e  P e n n s y l v a n i a  

T u r n p i k e ,  no c o n s i s t e n t  p a t t e r n  i s  o b s e r v e d .  

Both t u r n p i k e s  have t h e  h i g h e s t  r e l a t i v e  i n c i d e n c e  

o f  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  on c u r v e s  

o f  abou t  l o .  Both t y p e s  o f  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  a s s o c i a t e d  w i t h  l o s s  o f  c o n t r o l  from l i m i t a t i o n s  

of t h e  t i r e - r o a d  i n t e r f a c e .  



TABLE 2 - 3  

ACCIDENT EXPERIENCE BY SIJRFACE CONDITION 

PENNSYLVANIA TURNPIKE 

D e g r e e  o f  Number  o f  P e r c e n t :  

C u r v a t u r e  A c c i d e n t s  D r y -  Wet O t h e r *  

0 ° 0 '  4 , 4 7 9  5 3 . 3  2 9 . 5  1 7 . 2  

5 ° 0 0 ' - 6 0 0 0 '  2 2 4  5 5 . 8  3 3 . 0  1 1 . 2  

T o t a l  9 , 8 2 2  4 7 . 1  3 6 . 2  1 6 . 7  

Grade i n  
P e r c e n t  

t 0 . 7  t o  t 1 . 4  1 , 0 0 7  5 0 . 1  3 6 . 0  1 3 . 9  

- 0 . 6  t o  t 0 . 6  2 , 1 5 8  4 6 . 4  4 0 . 0  1 3 . 6  

- 1 . 4  t o  - 0 . 7  1 , 0 0 9  5 1 . 7  3 0 . 5  1 7 . 8  

- 2 . 4  t o  - 1 . 5  1 , 1 9 8  4 6 . 4  3 7 . 4  1 6 . 2  

- 3 . 5  t o  - 2 . 5  1 , 8 1 9  4 1 . 8  3 7 . 7  2 0 . 5  

T o t  a1 9 , 8 2 2  4 7 . 1  3 6 . 2  1 6 . 7  

*The  " o t h e r "  c a t e g o r y  c o n s i s t s  l a r g e l y  o f  s n o w / i c e  

c o n d i t i o n s .  



TABLE 2 - 4  

Degree of 
Curvature  

SINGLE VERSUS MULTI-VEHICLE ACCIDENTS 

O H I O  TURNPIKE 

P e r c e n t :  

O 0 0 '  

0 ° 1 ' - 0 ° 2 1 '  

0 '22 ' -0 '43 '  

0 '44 ' -1 '5 '  

1 ' 6 ' -1 '27 '  

1 '28 ' -1 '49 '  

1 ° 5 0 ' - 2 0 1 1 '  

2 '12 ' -2 '33 '  

T o t a l  

Grade i n  
P e r c e n t  

Number o f  S i n g l e  M u l t i -  
Accidents  Veh ic l e  Veh ic l e  

T o t a l  



TABLE 2 - 5  

Degree o f  
C u r v a t u r e  

SINGLE VERSUS MULTI-VEHICLE ACCIDENTS 

PENNSYLVANIA TURNPIKE 

P e r c e n t  : 

T o t a l  

Grade i n  
P e r c e n t  

Number o f  
A c c i d e n t s  

S i n g l e  M u l t i -  
V e h i c l e  V e h i c l e  

t 2 . 5  t o  + 3 . 5  

t 1 . 5  t o  t 2 . 4  

t 0 . 7  t o  t 1 . 4  

- 0 . 6  t o  t 0 . 6  

- 1 . 4  t o  - 0 . 7  

- 2 . 4  t o  - 1 . 5  

- 3 . 5  t o  - 2 . 5  

Tot a1 



A d i s t r i b u t i o n  o f  a c c i d e n t s  categorized by t h e  p r e -  

sence  of  d a y l i g h t  o r  da rkness  i s  shown i n  Tables  2-6 

and 2 -  7 .  Except f o r  a  g r e a t e r  i n c i d e n c e  of  c r a s h e s  

o c c u r r i n g  i n  da rkness  on t a n g e n t s  of t h e  Ohio Turnp ike ,  

very l i t t l e  v a r i a t i o n  a s  a  f u n c t i o n  o f  a l ignment  e x i s t s  

on e i t h e r  t u r n p i k e .  The r e l a t i v e  i n c i d e n c e  of  day v e r s u s  

n i g h t  a c c i d e n t s  i s  l i k e l y  a  c h a r a c t e r i s t i c  of exposure .  * 

2 . 1 . 3  CAUSATIVE FACTORS AT HIGH-ACCIDENT SITES. 

The highway a l ignment  geometr ics  i d e n t i f i e d  a s  h i g h -  

a c c i d e n t  s i t e s  by t h e  r e g r e s s i o n  a n a l y s i s  a r e  t h e  lo 

curves  and 2 . 5 - 3 %  downgrades on t h e  Ohio Turnpike and 

t h e  4 '13 ' -6"  cu rves  on t h e  Pennsylvania  Turnpike .  One- 

way a n a l y s e s  of  v a r i a n c e  of  numbers of  a c c i d e n t s  a t  t h e s e  

a l ignment s  a g a i n s t  o t h e r  a l ignments  were run  u s i n g  t h e  

v a r i a b l e s  i n  each f i l e  which a r e  r e l a t e d  t o  c a u s a t i o n  

as  c o n t r o l  v a r i a b l e s .  Summaries of t h e  r e s u l t s  a r e  g iven  

i n  Tables  2-8  through 2 - 1 0 .  The s i g n i f i c a n c e  l e v e l  g iven  

i n  each  t a b l e  as a  p e r c e n t  i s  t h e  p r o b a b i l i t y  t h a t  d i f f e r  

ences  a s  g r e a t  as  those  observed  would r e s u l t  from chance 

a long .  I f  t h e  s i g n i f i c a n c e  l e v e l  i s  l e s s  than  5 % ,  t h e  

d i f f e r e n c e s  a r e  u s u a l l y  i n t e r p r e t e d  as r e a l .  

* R e l i a b l e  d a t a  on h o u r l y  t r a f f i c  p a t t e r n s  i s  n o t  a v a i l a b l e .  

T o l l  r e c o r d s  a r e  n o t  ma in ta ined  w i t h  h o u r l y  i n f o r m a t i o n .  



TABLE 2 - 6  

ACCIDENT EXPERIENCE B Y  ILLUMINATION 

OHIO TURVPIKE 

D e g r e e  o f  Number o f  * P e r c e n t  : 

C u r v a t u r e  A c c i d e n t s  D a y l i g h t  D a r k n e s s  

0  "0 ' 3 , 3 1 7  5 3 . 1  4 0 . 4  

T o t  a 1  5 , 5 5 3  

Grade  i n  
P e r c e n t  

- 3 . 5  t o  - 2 . 5  8  3 5 5 . 4  3 9 . 8  

T o t a l  5 , 5 5 3  5 5 . 8  3 8 . 5  

*The d a y l i g h t  and  d a r k n e s s  f i g u r e s  a d d  t o  l e s s  t h a n  

100  b e c a u s e  5 . 6 %  o f  t h e  a c c i d e n t s  w e r e  a t  d a w n l d u s k .  



TABLE 2 - 7  

Degree  o f  
C u r v a t u r e  

ACCIDENT EXPERIENCE BY ILLUMINATION 

PENNSYLVANIA TURNPIKE 

0 '0 '  

0 ' 1 ' - 0 ' 4 3 '  

0 ' 4 4 ' - 1 ' 4 9 '  

1 ' 5 0 ' - 2 ' 3 3 '  

2 ' 3 4 ' - 3 ' 2 2 '  

3 ' 2 3 ' - 4 ' 1 2 '  

4 ' 1 3 ' - 4 ' 5 9 '  

5 ° 0 0 ' - 6 0 0 0 '  

T o t a l  

Number o f  * P e r c e n t  : 

A c c i d e n t s  Day l i g h t  D a r k n e s s  

Grade  i n  
P e r c e n t  

- 3 . 5  t o  - 2 . 5  1 , 8 1 9  6 3 . 8  3 1 . 6  

T o t a l  9 , 8 2 2  6 4 . 2  3 1 . 2  

*The d a y l i g h t  and  d a r k n e s s  f i g u r e s  add  t o  l e s s  t h a n  

1 0 0  b e c a u s e  4 . 6 %  o f  t h e  a c c i d e n t s  w e r e  a t  dawn/dusk .  



TABLE 2 - 8  

SUMMARY OF ONE-WAY ANALYSIS OF VARIANCE 
O H I O  TURKPIKE 

Acc iden t s  on Curves o f  0 '44 ' -1 '5 '  Compared t o  A l l  
O the r  Curva tu re s  I n c l u d i n g  Tangents  

R e l a t i v e  S i g n i f i c a n c e  
V a r i a b l e  Cond i t i on  Inc idence  Level  ( % )  

Weather r a i n  o r  s l e e t  - h i g h *  < 0 . 1  
o t h e r  - low 

L i g h t  dark  
dawn 

S u r f a c e  wet 
Cond i t i on  o t h e r s  

- h i g h  < 0 . 1  
- low 

- h igh  < 0 . 1  
- low 

Pr imary  Cause d e f e c t i v e  t i r e s ,  
L i s t e d  on u n s a f e  speed  - h i g h  < 0 . 1  
Acc. Report  mech. f a i l u r e ,  

s l e e p  - low 

Unsafe d r i n k i n g  - h igh  < 0 . 1  
P e r s o n a l  u n s k i l l e d  d r i v e r ,  
F a c t o r s  s l e e p  , 

i n a t t e n t i o n  - low 

Unsafe d e f e c t i v e  t i r e s ,  
Ac t ion  u n s a f e  speed  

f o r  c o n d i t i o n s  - h i g h  < 0 . 1  
l o s t  c o n t r o l ,  
f a i l u r e  t o  y i e l d  
1 / 2  roadway, 
crowding - low 

Acc iden t  
Type 

s i d e s w i p e ,  
f i x e d  o b j e c t  , 
r a n - o f f - r o a d -  - h i g h  < 0 . 1  
r e a r  end - low 

*The te rms  "high"  and "low" r e f e r  t o  t h e  r e l a t i v e  number 

o f  a c c i d e n t s  under  t h e  c o n d i t i o n s  l i s t e d .  For  example ,  

i n  t h i s  t a b l e  co r r e spond ing  t o  t h e  v a r i a b l e  "Pr imary 

Cause L i s t e d  on Acc. Repo r t , "  " d e f e c t i v e  t i r e s "  and 

"unsafe  speed" a r e  c i t e d  w i t h  r e l a t i v e l y  h i g h  f requency  

w h i l e  "mechanical  f a i l u r e "  and " s l eep"  a r e  c i t e d  

r e l a t i v e l y  few t i m e s .  



TABLE 2 - 9  

SUMMARY OF ONE-WAY ANALYSIS OF VARIANCE 
OHIO TURNPIKE 

A c c i d e n t s  on Downgrade o f  - 2 . 5 % - 3 %  Compared t o  A l l  
O t h e r  Grades  I n c l u d i n g  H o r i z o n t a l  S e c t i o n s  

R e l a t i v e  S i g n i f i c a n c e  
V a r i a b l e  C o n d i t i o n  I n c i d e n c e  Leve l  ( % )  

Weather  r a i n  - h i g h *  < 0 . 1  
o t h e r s  - low 

L i g h t  n o t  s i g .  

S u r f a c e  C o n d i t i o n s  wet  
d r y  

- h i g h  < 0 . 1  
- low 

P r imary  Cause n o t  s i g .  

Unsafe  A c t i o n  u n s a f e  s p e e d  
f o r  c o n d i t i o n s  - h i g h  3 . 9  
f a i l u r e  t o  
p a s s  c l e a r l y  - low 

Unsafe  P e r s o n a l  
F a c t o r s  i n a t t e n t i o n  - low 0 . 3  

A c c i d e n t  Type f i x e d  o b j e c t  - h i g h  0 . 1  
r e a r  e n d ,  s i d e  
s w i p e ,  r a n - o f f -  
r o a d  - low 

*See f o o t n o t e  a t  bo t t om o f  T a b l e  2 - 8  f o r  t h e  meaning 

o f  t h e  t e rms  " h i g h t t  and " low."  



TABLE 2-10 

SUMMARY OF ONE-WAY ANALYSIS OF VARIANCE 
PENNSYLVANIA TURNPIKE 

A c c i d e n t s  on Curves o f  4 ' 13 ' - 6 "  Compared w i t h  
Curves o f  0 '0 ' -0 '43 '  

Var iab  l e  
R e l a t i v e  S i g n i f i c a n c e  

Cond i t i on  I n c i d e n c e  Leve l  ( % )  

Weather n o t  s i g ,  

I l l u m i n a t i o n  n o t  s i g .  

S u r f a c e  Cond i t i ons  n o t  s i g .  

Of f end ing  V e h i c l e  
Movement ( I n t e n t )  n o t  s i g .  

P r imary  Cause s p e e d  t o o  < 0 . 1  
L i s t e d  on Acc. f a s t ,  f a i l e d  
Repor t  t o  s i g n a l ,  

d r i v e r  drowsy 
o r  a s l e e p  - h i g h *  
fo l l owed  t o o  
c l o s e l y ,  d e -  
f e c t i v e  t i r e s ,  
o t h e r ,  an imal  
on r o a d  - low 

Acc iden t  Type h e a d - o n ,  s i d e  0 . 1  
s w i p e ,  f i x e d  
o b j e c t ,  non-  
c o l l i s i o n  - h i g h  
r e a r  end ,  
a n g l e  - low 

*See f o o t n o t e  a t  t h e  bo t tom of  Tab l e  2 - 8  f o r  t h e  meaning 

o f  t h e  t e rms  "high"  and " low."  



The r e s u l t s  shown i n  Tab l e  2 - 8  f o r  w e a t h e r ,  l i g h t  

c o n d i t i o n s ,  and s u r f a c e  c o n d i t i o n s  a r e  c o n s i s t e n t  w i t h  

e a r l i e r  o b s e r v a t i o n s  made i n  t h i s  s e c t i o n .  The v a r i a b l e  

t a b u l a t e d  a s  "pr imary  cause"  l i s t e d  on t h e  a c c i d e n t  

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

i n g  d e f e c t i v e  t i r e s  on lo  c u r v e s  t h a n  on t h e  r ema inde r  

o f  t h e  r o a d .  Th i s  r e s u l t  i s  no t ewor thy  and w i l l  b e  

d i s c u s s e d  l a t e r .  D e f e c t i v e  t i r e s  were a l s o  l i s t e d  

f r e q u e n t l y  a s  t h e  "unsa fe  a c t i o n . "  

On t h e  2 . 5 - 3 %  downgrades i n  t h e  Ohio Tu rnp ike  (Tab l e  

2 - 9 ) ,  r a i n  and wet  pavement a r e  f r e q u e n t l y  i m p l i c a t e d  

i n  t h e  a c c i d e n t  r e c o r d .  No p r imary  c a u s a t i o n  codes- 

such  a s  t i r e s ,  v e h i c l e  d e f e c t s ,  s p e e d ,  d r i n k i n g ,  i n a t t e n -  

t i o n ,  etc.-were i n d i c a t e d  w i t h  s i g n i f i c a n t l y  d i f f e r e n t  

f r e q u e n c i e s .  I n a t t e n t i o n  was l i s t e d  a s  a  p e r s o n a l  f a c t o r  

s i g n i f i c a n t l y  l e s s  f r e q u e n t l y  i n  a c c i d e n t s  o c c u r r i n g  on 

downgrades .  F ixed-ob  j e c t  a c c i d e n t s  were o v e r - r e p r e s e n t e d .  

T a b l e  2-10 g i v e s  the a n a l y s i s  of  v a r i a n c e  f o r  

c u r v e s  of  4 " - 1 3 ' - 6 " ,  compared w i t h  t a n g e n t s  and c u r v e s  

up t o  0 '43'  on t h e  P e n n s y l v a n i a  T u r n p i k e .  Weather ,  

i l l u m i n a t i o n ,  and s u r f a c e  c o n d i t i o n s  were n o t  s i g n i f i -  

c a n t ,  whereas  t h e y  were on t h e  Ohio Tu rnp ike .  Speed 

t o o  f a s t ,  f a i l e d  t o  s i g n a l ,  and f a t i g u e  were f r e q u e n t l y  

l i s t e d  c a u s e s  on t h e  s h a r p e r  c u r v e s .  D e f e c t i v e  t i r e s  

were  l e s s  f r e q u e n t l y  l i s t e d .  The f i n d i n g s  c a t e g o r i z e d  



by a c c i d e n t  type a r e  s i m i l a r  t o  t h o s e  o b t a i n e d  i n  Ohio 

e x c e p t  f o r  t h e  h i g h e r  i n c i d e n c e  o f  head-on c o l l i s i o n s  

o c c u r r i n g  i n  Pennsy lvan i a .  

E i g h t y  p e r c e n t  o f  t h e  a c c i d e n t s  on t h e  4-6" cu rves  

o f  t h e  Pennsy lvan i a  Turnpike a r e  a l s o  on g r ades  of 

from 2 . 5 - 3 . 5 % ,  n e a r l y  e q u a l l y  d i v i d e d  between upgrades  

and downgrades.  Th is  f i n d i n g  r e f l e c t s  t h e  n a t u r e  of t h e  

topography where t h e  s h a r p  cu rves  o c c u r .  

The h i g h  i n c i d e n c e  o f  wet-pavement a c c i d e n t s  

o c c u r r i n g  on 1"  cu rves  i n  Ohio has  been n o t e d .  Examina- 

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

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

i n  Ohio d u r i n g  t h e  4 - 1 / 2 - y e a r  s t u d y  p e r i o d  and i n  t h e  

subsequen t  y e a r s  shows a  h i g h  i n c i d e n c e  o f  wet-pavement 

a c c i d e n t s  o c c u r r i n g  w i t h  t i r e s  w i t h  l i t t l e  o r  no t r e a d .  

A t  l e a s t  on t h e  Ohio Tu rnp ike ,  i t  appeared  t h a t  i n s u f f i -  

c i e n t  t r e a d  dep th  might  be t h e  p r i n c i p a l  t i r e  " d e f e c t . "  

The r e l a t i o n s h i p  between d e f e c t i v e  t i r e s  and wet 

pavement f o r  t h e  e n t i r e  a c c i d e n t  p o p u l a t i o n  o f  each  t u r n -  

p i k e  i s  shown i n  Table  2 - 1 1 .  I n  Ohio ,  n e a r l y  tw ice  a s  

many d e f e c t i v e  t i r e s  appea r  i n  t h e  wet-pavement a c c i d e n t s  

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

d e f e c t i v e  t i r e s  a r e  found i n  w e t - s u r f a c e  a c c i d e n t s  t han  

would be e x p e c t e d  from t h e  d i s t r i b u t i o n  o f  a c c i d e n t s .  



TABLE 2 - 1 1  

DEFECTIVE TIRES AS A CAUSATION FACTOR 

Ohio Turnpike  P e n n s y l v a n i a  Tu rnp ike  

A l l  S i n g l e  M u l t i -  A l l  S i n g l e  M u l t i -  
Acc.  Veh. Veh. Acc. Veh. Veh. 

P e r c e n t  o f  
A c c i d e n t s  on 
Wet Pavement 2 5 . 4  2 9 . 0  2 0 . 0  4 6 . 7  4 2 . 7  2 5 . 5  

P e r c e n t  o f  
A l l  D e f e c t i v e -  
T i r e  A c c i d e n t s  
on Wet 
Pavement 4 4 . 3  4 4 . 3  5 4 . 5  1 9 . 4  2 0 . 2  1 0 . 3  

P e r c e n t  o f  
Wet-Pavement 
A c c i d e n t s  
w i t h  
D e f e c t i v e  
T i r e s  

P e r c e n t  o f  
Dry -Pavement 
A c c i d e n t s  
w i t h  
D e f e c t i v e  
T i r e s  



The d i f f e r e n c e s  a r e  s i g n i f i c a n t  a t  t h e  0 . 0 %  l e v e l .  

Near ly  t h e  i n v e r s e  i s  t r u e  i n  Pennsy lvan i a ,  where t h e  

i n c i d e n c e  o f  d e f e c t i v e  t i r e s  i s  c o n s i d e r a b l y  lower .  The 

d i f f e r e n c e s  i n  " d e f e c t i v e  t i r e s "  i n  t h e  two highways 

may be p a r t l y  t h e  r e s u l t  of  a c c i d e n t  f i l e  s t r u c t u r e  and 

d i f f e r e n c e s  i n  r e p o r t i n g  p r o t o c o l .  Comparisons between 

highways w i t h  r e s p e c t  t o  c a u s a t i v e  f a c t o r s  may n o t  be 

r e a l i s t i c .  

2 . 2  V E H I C L E  LOSS-OF-CONTROL A N A L Y S I S  

2 . 2 . 1  T Y P E S  O F  A N A L Y S I S .  Computer s i m u l a t i o n  

t e chn iques  and s i m p l i f i e d  t h e o r e t i c a l  a n a l y s e s  can be  

e f f e c t i v e l y  employed t o  examine t h e  roadway and v e h i c l e  

f a c t o r s  t h a t  i n f l u e n c e  t h e  s a f e t y  o f  c u r r e n t  au tomobi les  

o p e r a t i n g  on highways c h a r a c t e r i z e d  by a  combinat ion of  

h o r i z o n t a l  and v e r t i c a l  a l i gnmen t s .  Both of  t h e s e  t ypes  

o f  a n a l y s i s  have been used  i n  t h i s  program. 

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

(1)  v e h i c l e  b r a k i n g  a s  i n f l u e n c e d  by v e h i c l e  l o a d i n g ,  

geometry ,  b rake  p r o p o r t i o n i n g ,  and pavement s u r f a c e  

f r i c t i o n  ; (2) v e h i c l e  c o r n e r i n g  a s  i n f l u e n c e d  by g r a d e ,  

s u p e r e l e v a t i o n ,  r a d i u s  of c u r v a t u r e ,  v e l o c i t y ,  pavement 

f r i c t i o n ,  t i r e  c h a r a c t e r i s t k c s  , and v e h i c l e  geometry;  

and (3)  t h e  i n f l u e n c e  o f  b r ak ing  w h i l e  c o r n e r i n g .  Two 

r e s u l t s  from t h i s  a n a l y s i s  w i l l  be d i s c u s s e d  i n  t h i s  



s e c t i o n .  They a r e  (1 )  a  working d e f i n i t i o n  o f  " v e h i c l e  

l o s s  o f  c o n t r o l "  and ( 2 )  a  q u a s i - s t a t i c  a n a l y s i s  o f  

c o r n e r i n g  on a  downgrade.  A d e t a i l e d  p r e s e n t a t i o n  o f  

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

Appendix B .  

The s i m u l a t i o n  s t u d y  c o n s i s t e d  o f  two parts-a 

p i l o t  s t u d y  t o  a s s e s s  t h e  impor t ance  o f  t h e  many 

v e h i c l e  and roadway f a c t o r s  a f f e c t i n g  v e h i c l e  c o r n e r i n g  

pe r fo rmance  on a  g r a d e ,  and a  p a r a m e t r i c  s t u d y  t o  

examine t h e  i n f l u e n c e  o f  d i f f e r e n t  s u r f a c e s ,  t i r e s ,  

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

on t h e  maximum speed  a t  which t h e  f o l l o w i n g  t h r e e  

maneuvers c o u l d  be pe r fo rmed :  c o r n e r i n g  u n d e r  t r a c t i o n ,  

c o r n e r i n g  and l a n e  c h a n g i n g ,  and c o r n e r i n g  p l u s  l a n e  

changing  combined w i t h  b r a k i n g .  The HVOSM (Highway- 

V e h i c l e - O b j e c t  S i m u l a t i o n  Model) program (1)  - was u s e d  

t o  pe r fo rm t h i s  p a r a m e t r i c  s t u d y .  A u x i l i a r y  programs 

were writ t e n  t o  (1 )  p roduce  t i r e l s u r f a c e  c h a r a c t e r i s  t i c s  

i n  a  s u i t a b l e  form f o r  i n p u t  i n t o  t h e  HVOSM f r i c t i o n  

t a b l e s  ; ( 2 )  c a l c u l a t e  t e r r a i n  t a b l e s  s u i t a b l e  f o r  r e p r e -  

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

model ;  and ( 3 )  p r o v i d e  s t e e r i n g  i n p u t s  t o  g u i d e  t h e  

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

b e i n g  c a p a b l e  o f  changing  l a n e s .  These a u x i l i a r y  p r o -  

grams and t h e  r e s u l t s  from t h e  s i m u l a t i o n  s t u d y  a r e  



t r e a t e d  i n  d e t a i l  i n  t h e  l a t t e r  p a r t  o f  Appendix B .  

Th i s  s e c t i o n  p r e s e n t s  t h e  a n a l y t i c a l  r e s u l t s ,  f o l l owed  

by a  summary o f  t h e  f i n d i n g s  o f  t h e  s i m u l a t i o n  s t u d y .  

2 . 2 . 2  RESULTS FROM THE SIMPLIFIED ANALYSIS. A 

p r imary  r e s u l t ,  d e r i v e d  i n  p a r t  from t h e  s i m p l i f i e d  

a n a l y s i s ,  i s  a  d e f i n i t i o n  o f  " l o s s  o f  c o n t r o l . "  The 

f o l l o w i n g  working d e f i n i t i o n  o f  " l o s s  o f  c o n t r o l "  was 

adop t ed  f o r  u se  i n  t h i s  i n v e s t i g a t i o n :  

A d r i v e r  ( o r  t h e  v e h i c l e  c o n t r o l  sys tem used  i n  t h e  

s i m u l a t i o n )  h a s  s u f f e r e d  a  l o s s  o f  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  a n g l e  no l o n g e r  

1 p roduces  a  h i g h e r  p a t h  c u r v a t u r e  (fi) 

( r e f e r r e d  t o  h e r e i n  as " t r a j e c t o r y  

i n s t a b i l i t y " ) ,  o r  

2 ,  an i n c r e a s e  i n  s t e e r  a n g l e  p roduces  an  

u n s t a b l e  yaw a c c e l e r a t i o n  ( r e f e r r e d  t o  

h e r e i n  a s  " d i r e c t i o n a l  i n s t a b i l i t y f t ) .  

I n  t h e  f i r s t  l o s s - o f - c o n t r o l  mechanism, t h e  v e h i c l e ' s  

r e s p o n s e  t o  s t e e r i n g  i n p u t s  i s  commonly r e f e r r e d  t o  as a 

"p low-ou t , "  I t  i s  c h a r a c t e r i z e d  by  a  s a t u r a t i o n  of t h e  

l a t e r a l  s h e a r  f o r c e  c a p a b i l i t y  o f  t h e  f r o n t  t i r e s ,  The 

second  l o s s - o f - c o n t r o l  mechanism i s  p o p u l a r l y  r e f e r r e d  

t o  as " s p i n - o u t , "  and i t  i s  c h a r a c t e r i z e d  by s a t u r a t i o n  

o f  t h e  l a t e r a l  s h e a r  f o r c e  c a p a b i l i t y  o f  t h e  r e a r  t i r e s .  



I n  t h i s  l a t t e r  c a s e ,  t h e  f r o n t  t i r e s ,  which a r e  s t i l l  

c a p a b l e  o f  p r o d u c i n g  a d d i t i o n a l  s i d e  f o r c e ,  can be  

s t e e r e d  t o  p roduce  f o r c e s  which c a n n o t  b e  b a l a n c e d  by 

t h e  s a t u r a t e d  r e a r  t i r e s .  Consequen t ly ,  t h e  v e h i c l e  h a s  

an unba l anced  yaw moment which t e n d s  t o  s p i n  t h e  v e h i c l e  

a r o u n d ,  t h e r e b y  d e v e l o p i n g  a  l a r g e  a n g l e  ( c a l l e d  t h e  

s i d e s l i p  a n g l e )  between t h e  t a n g e n t  t o  t h e  p a t h  o f  t h e  

c e n t e r  o f  g r a v i t y  o f  t h e  v e h i c l e  and t h e  d i r e c t i o n  o f  

t h e  v e h i c l e ' s  p l a n e  o f  symmetry.  Both l o s s - o f - c o n t r o l  

mechanisms a r e  r e c o g n i z e d  r e a d i l y  when t h e y  o c c u r  i n  

t h e  s i m u l a t i o n .  The p low-ou t  r e s p o n s e  i s  i d e n t i f i 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 c o r r e s p o n d i n g  

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 .  The s p i n - o u t  i s  

r e c o g n i z e d  by 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  

r e s p o n s e .  

A s i m p l i f i e d ,  n u m e r i c a l l y  o r i e n t e d  e x p l a n a t i o n  o f  

v e h i c l e  b e h a v i o r  i n  l o s s  o f  c o n t r o l  s i t u a t i o n s  can be  

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

o f  c o r n e r i n g  on a downgrade,  p r e s e n t e d  i n  Appendix B .  

T h i s  a n a l y s i s  w i l l  p r e d i c t  r e s u l t s  comparable  t o  t h o s e  

o b t a i n e d  by Zuk ( 4 )  - f o r  c a s e s  i n  which t h e  maximum 

l a t e r a l  s h e a r  f o r c e  c a p a b i l i t y  o f  t h e  f r o n t  and r e a r  

t i r e s  i s  e q u a l .  I n  a d d i t i o n ,  t h i s  a n a l y s i s  can be  u sed  

t o  p r e d i c t  l o s s  o f  c o n t r o l  when t h e  maximum l a t e r a l  

f o r c e s  c a p a b l e  of b e i n g  p roduced  by f r o n t  and r e a r  t i r e s  



a r e  d i f f e r e n t .  During a  s t e a d y  t u r n  maneuver t h e r e  

a r e  two e q u i l i b r i u m  c o n d i t i o n s  t o  be s a t i s f i e d ,  i n  

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

t h e  maximum a v a i l a b l e  f o r c e s  a t  t h e  t i r e s .  These 

c o n d i t i o n s  a r e  a l a t e r a l - f o r c e  b a l a n c e  and a  yaw- 

moment b a l a n c e .  I n  a  h i g h l y  s i m p l i f i e d  a n a l y s i s ,  t h e s e  

c o n d i t i o n s  a r e  e x p r e s s e d  a s  : 

- w v L  - we L a t e r a l  Fo rce :  FyF + FyR - g 

Yaw Moment : a  FyF - b FyR = 0 

where 

F~ F i s  t h e  l a t e r a l  f o r c e  from bo th  f r o n t  t i r e s  

F~ R i s  t h e  l a t e r a l  f o r c e  from b o t h  r e a r  t i r e s  

W i s  t h e  we igh t  o f  t h e  v e h i c l e  

R i s  t h e  r a d i u s  o f  t h e  t u r n  

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

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

o f  g r a v i t y  t o  t h e  f r o n t  a x l e  

b i s  t h e  d i s t a n c e  from t h e  v e h i c l e  c e n t e r  

o f  g r a v i t y  t o  t h e  r e a r  a x l e  

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



Note t h a t  g r ade  does n o t  e n t e r  i n t o  t h e s e  s i m p l i f i e d  

e q u a t i o n s ,  s i n c e  g r ade  ha s  a  n e g l i g i b l e  i n f l u e n c e  on 

s t e a d y  t u r n i n g  performance f o r  t h e  range  o f  g r a d e s  

found on most U.S .  h ighways.  

Q u i t e  c l e a r l y ,  t h e  s k i d  r e s i s t a n c e  of  t h e  road  

l i m i t s  t h e  maximum t o t a l  l a t e r a l  f o r c e  a v a i l a b l e  a n d ,  

c o n s e q u e n t l y ,  t h e  maximum l a t e r a l  a c c e l e r a t i o n  i m p l i e d  

by Equa t ion  ( 1 ) .  However, t h e  moment b a l a n c e  between 

f r o n t  and r e a r  t i r e  f o r c e s  must be  s a t i s f i e d  i f  t h e  

v e h i c l e  i s  t o  be under  c o n t r o l  i n  a  t u r n .  

2 . 2 . 3  SIMULATIOK FINDINGS. A p i l o t  s i m u l a t i o n  

s t u d y  was per formed  t o  i d e n t i f y  t h e  highway and v e h i c l e  

f a c t o r s  t o  be examined i n  a  more d e t a i l e d  p a r a m e t r i c  

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

exc lude  t h e  f o l l o w i n g  f a c t o r s  from t h e  p a r a m e t r i c  s t u d y :  

(1 )  r oad  p e r t u r b a t i o n s ,  such  a s  t r a v e r s i n g  a  bump o r  

t a n g e n t  ( n o n - s p i r a l )  s u p e r e l e v a t i o n  t r a n s i t i o n ;  and 

( 2 )  wind e f f e c t s ,  such  a s  g u s t s  o r  a s t r o n g ,  s t e a d y  

c r o s s - w i n d .  These e x t e r n a l  i n p u t s  t o  t h e  v e h i c l e  were 

found t o  cause  a  l e s s  s i g n i f i c a n t  c o n t r o l  problem t h a n  

a  r equ i r emen t  t o  pe r fo rm an emergency maneuver.  For  

example ,  a  bump t r a v e r s a l  on a  curve/downgrade was n o t  

found i n  t h e  s i m u l a t i o n  t o  p roduce  l o s s  o f  c o n t r o l ,  where-  

a s  a  l a n e  change under  t h e  same c i r c u m s t a n c e s  d i d  p roduce  

l o s s  o f  c o n t r o l .  I n  t h i s  s p e c i f i c  i n s t a n c e ,  t h e  bump 



r e p r e s e n t e d  a  two- inch  buck l ing  o f  t h e  pavement i n  a  

t o t a l  span o f  s i x  f e e t .  S i m i l a r  r e s u l t s  were o b t a i n e d  

f o r  a  n o n - s p i r a l  s u p e r e l e v a t i o n  t r a n s i t i o n  and f o r  two 

t y p e s  o f  c r o s s - w i n d  d i s t u r b a n c e s :  a  30-mph wind p l u s  a  

20-mph g u s t ,  and a  60-mph wind.  

The s i m u l a t i o n  model does n o t  i n c l u d e  t h e  p r o c e s s  

whereby t h e  p r o f i l e  o f  t h e  road  s u r f a c e  i n f l u e n c e s  t h e  

r e sponse  o f  t h e  s t e e r i n g  sys tem.  In  a d d i t i o n ,  t h e  

v e h i c l e  c o n t r o l l e r  de s igned  t o  s i m u l a t e  t h e  d r i v e r  would 

n o t  have responded t o  t o r q u e s  a t  t h e  s t e e r i n g  wheel even 

i f  t h e s e  t o r q u e s  had been c a l c u l a t e d .  Consequen t ly ,  t h e  

s i m u l a t i o n  r e s u l t s  f o r  bumps and s u p e r e l e v a t i o n  t r a n s i -  

t i o n s  do n o t  i n c l u d e  any c o n t r o l  problems which r e s u l t  

from d r i v e r  e r r o r s  due t o  m i s l e a d i n g  s t e e r i n g  l o a d s  o r  

c u e s .  A l s o ,  t h e  wind l o a d s  were s i m u l a t e d  o n l y  i n  t h e  

s e n s e  o f  app ly ing  l a t e r a l  f o r c e s  t o  t h e  c e n t e r  o f  g r a v i t y  

of  t h e  v e h i c l e .  These l oads  had no s u b s t a n t i a l  e f f e c t  

on v e h i c l e  s t a b i l i t y .  Applying a  complete  f i e l d  o f  a e r o -  

dynamic f o r c e s  and moments t o  t h e  v e h i c l e  would have 

r e q u i r e d  modeling and d a t a  a c q u i s i t i o n  a c t i v i t i e s  w e l l  

beyond t h e  scope  of t h i s  program. As i n d i c a t e d  by t h e  

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

a s  s i m u l a t e d ,  would n o t  have a  l a r g e  i n f l u e n c e  on t h e  

s t u d y  o f  cu rve /g rade  a c c i d e n t  f a c t o r s ,  a l t h o u g h  a e r o -  

dynamic l i f t  f o r c e s ,  by a l t e r i n g  t h e  normal l o a d s  on t h e  

t i r e s ,  cou ld  conce ivab ly  d e c r e a s e  t h e  maximum s i d e  



f o r c e s  t h a t  can be  p roduced  by t h e  t i r e s  o r  o t h e r w i s e  

u p s e t  t h e  b a l a n c e  o f  yaw moments on t h e  c a r .  Aero- 

dynamic s i d e  f o r c e  c o u l d  p roduce  s i m i l a r  e f f e c t s .  Wind 

f a c t o r s  a r e  d i s c u s s e d  more f u l l y  i n  Appendix D .  

With road  s u r f a c e  p e r t u r b a t i o n s  and wind e f f e c t s  

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

i terns : 

1 )  F ive  t y p e s  o f  r o a d  s u r f a c e s ,  r e p r e s e n t i n g  

d i f f e r e n t  s k i d  numbers and s k i d  number 

g r a d i e n t s  

2 )  Three  s t a t e s  of t i r e  wear :  new, h a l f - w o r n ,  

and f u l l y - w o r n  

3) Three  downgrades:  1 % ,  3 % ,  and 6 %  

Three cu rves  : 3 " ,  and 6" 

5 )  Three  s u p e r e l e v a t i o n s :  -0 .0156  f t / f t ,  

0 . 048  f t / f t ,  and 0 .100  f t / f t  

6 )  Three  v e h i c l e  t y p e s :  s m a l l  s e d a n ,  i n t e r -  

med ia t e  s e d a n ,  and s t a t i o n  wagon 

7 )  Three maneuvers :  c o r n e r i n g  unde r  t r a c t i o n ,  

c o r n e r i n g  and l a n e  change ,  and c o r n e r i n g  

and l a n e  change p l u s  b r a k i n g .  

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

i n  t e rms  o f  t h e  maximum v e l o c i t y  above which l o s s  o f  

c o n t r o l  w i l l  o c c u r  f o r  t h e  g i v e n  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  maximum v e l o c i t i e s  were symbol ized  

f o r  e ach  maneuver a s  f o l l o w s :  

'CR i s  t h e  l i m i t i n g  s a f e  v e l o c i t y  f o r  

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

a s  n e c e s s a r y  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  

'LC i s  t h e  l i m i t i n g  s a f e  v e l o c i t y  f o r  a  

c o r n e r i n g  v e h i c l e  which a l s o  per forms  

a  n i n e -  t o  t w e l v e - f o o t  l a n e  change 

w h i l e  d r i v e  t h r u s t  i s  a p p l i e d  t o  

m a i n t a i n  a  c o n s t a n t  v e l o c i t y  

i s  t h e  maximum i n i t i a l  v e l o c i t y  from 

which a  combined l a n e  change and 

a b r u p t  s t o p  maneuver can be performed 

w i t h o u t  l o s s  of  c o n t r o l .  

To a p p r e c i a t e  f u l l y  t h e  r e s u l t s  of  t h i s  s i m u l a t i o n  

s t u d y ,  c e r t a i n  nuances  o f  t h e  t h r e e  maneuvers s h o u l d  be  

made c l e a r .  F i r s t ,  t h e  l i m i t i n g  f a c t o r  i n  t h e  c o n s t a n t -  

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

t o r q u 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 .  The 

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

on t h e  r e a r  d r i v e  wheels  r educes  t h e  c a p a b i l i t y  o f  t h e  

r e a r  t i r e s  t o  p roduce  a  l a t e r a l  f o r c e .  As speed  i s  

i n c r e a s e d ,  more l o n g i t u d i n a l  s l i p  i s  r e q u i r e d .  E v e n t u a l l y  

an o p e r a t i n g  p o i n t  i s  r e ached  i n  which t h e r e  i s  n o t  



enough l a t e r a l  f o r c e  a v a i l a b l e  t o  m a i n t a i n  a  yaw moment 

b a l a n c e ,  and t h e  v e h i c l e  s p i n s  o u t .  The v e h i c l e  c o u l d  

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

t h r u s t  were  removed, w i t h  t h e  v e h i c l e ,  s o  t o  s p e a k ,  

" c o a s t i n g  . " 

I n  t h e  l a n e - c h a n g e  maneuver t h e  d i r e c t i o n  o f  t h e  

l a n e  change ( i . e . ,  t o  t h e  r i g h t  o r  t o  t h e  l e f t )  a f f e c t s  

t h e  l i k e l i h o o d  t h a t  t h e  f r i c t i o n  p o t e n t i a l  o f  t h e  

t i r e l s u r f a c e  i n t e r f a c e  w i l l  b e  exceeded .  On a  c u r v e  t o  

t h e  r i g h t ,  t h e  s i m u l a t i o n  r e s u l t s  i n d i c a t e  t h a t  g r e a t e r  

i n s t a n t a n e o u s  t i r e  f o r c e s  a r e  r e q u i r e d  t o  change f rom 

t h e  l e f t  l a n e  t o  t h e  r i g h t  l a n e  t h a n  t o  change from t h e  

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

a c c e l e r a t i o n  deve loped  i n  t h e  cu rve  h e l p s  t o  s t a r t  t h e  

l a n e  change ( t h e  d r i v e r  can b e g i n  t o  " d r i f t  o u t " ) .  But 

i n  t h e  fo rmer  c a s e  t h e  f r i c t i o n  l e v e l  o f  t h e  t i r e l r o a d  

i n t e r f a c e  i s  l i k e l y  t o  be exceeded  w h i l e  t r y i n g  t o  change 

t o  a  s m a l l e r  r a d i u s  p a t h .  C l e a r l y ,  t h e  o p p o s i t e  i s  t r u e  

on a  c u r v e  t o  t h e  l e f t ,  where i t  i s  more d i f f i c u l t  t o  

change from t h e  r i g h t  t o  t h e  l e f t  l a n e  o f  t h e  highway 

w i t h o u t  e x c e e d i n g  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 .  The 

l a n e  change r e s u l t s  p r e s e n t e d  h e r e  c o r r e s p o n d  t o  t h e  

more demanding c o n d i t i o n .  

( I n c i d e n t a l l y ,  i t  i s  n o t  known i f  t h i s  d i f f e r e n c e  

i n  t h e  p o t e n t i a l  f o r  l o s s  o f  c o n t r o l  from l a n e  changing  



on r i g h t  and l e f t  c u r v e s  h a s  an i n f l u e n c e  on t h e  

a c c i d e n t  r e c o r d . )  

I n  t h e  t h i r d  maneuver ,  l a n e  c h a n g i n g  p l u s  b r a k i n g ,  

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

( t h e  w o r s t  c a s e )  w h i l e  t h e  b r a k e s  a r e  a p p l i e d  s i m u l t a n -  

eous  l y  t o  m a i n t a i n  0 .3g  l o n g i t u d i n a l  d e c e l e r a t i o n .  F o r  

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

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

t h a t  l a r g e  f r o n t - w h e e l  s l i p  o r  even  f r o n t - w h e e l  l o c k u p  

w i l l  o c c u r  i n  t h i s  maneuver .  Thus t h e  maximum s i d e  f o r c e  

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

p l o w - o u t  t y p e  o f  r e s p o n s e  o c c u r s  a t  t h e  v e l o c i t y  l i m i t ,  

v ~ o c .  

The s i m u l a t i o n  f i n d i n g s  w i t h  r e s p e c t  t o  VCR and 

v ~ ~ c  a r e  summarized i n  F i g u r e  1. These r e s u l t s  show t h e  

i n f l u e n c e  o f  s k i d  number and c u r v a t u r e  on V C R  and VLOC 

f o r  a  b a s e l i n e  s e t  o f  c o n d i t i o n s  i n  which a  t y p i c a l  sedan  

w i t h  h a l f - w o r n  t i r e s  i s  o p e r a t e d  w i t h  e  = 0.0156 f t / f t  

and G = - 6 % .  I t  can  b e  s e e n  t h a t  a l t h o u g h  c u r v a t u r e  h a s  

a  l a r g e  i n f l u e n c e  on V C R ,  i t  h a s  o n l y  a  s m a l l  i n f l u e n c e  

on V L O C .  C l e a r l y ,  s k i d  number h a s  a  l a r g e  b e a r i n g  on 

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

w i t h  h a l f - w o r n  t i r e s ,  an SY40 v a l u e  o f  40  i s  needed  t o  

e n s u r e  t h a t  V L O C  i s  g r e a t e r  t h a n  70 mph f o r  a  t u r n  on a  

3' c u r v e .  For  6' c u r v e s ,  i t  a p p e a r s  t h a t  an SNd0 v a l u e  

o f  a b o u t  5 5  i s  n e e d e d  t o  e n s u r e  t h a t  VLOC i s  g r e a t e r  
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t h a n  70 mph. For f u l l y  worn t i r e s ,  even h i g h e r  s k i d  

numbers would be needed .  ( I n  f a c t ,  a s  might be  e x p e c t e d ,  

t h e r e  i s  a lmos t  a  d i r e c t  t r a d e o f f  between t i r e  q u a l i t y  

and s u r f a c e  q u a l i t y ;  t h a t  i s ,  a  good t i r e  on a  poo r  s u r -  

f a c e  i s  n e a r l y  e q u i v a l e n t  t o  a  poor  t i r e  on a  good 

s u r f a c e . )  

I t  was a l s o  found t h a t  g r ade  had ve ry  l i t t l e  

i n f l u e n c e  on V L O C .  I n  g e n e r a l  t e r m s ,  i t  may be  s a i d  t h a t  

t h e  l a n e  change p l u s  b r a k i n g  maneuver was s e v e r e  enough 

t h a t  g r ade  and c u r v a t u r e  had on ly  a  s m a l l  i n f l u e n c e  on 

t h e  r e s u l t s .  The l ane -change  maneuver w i t h o u t  b r a k i n g  

was s e l e c t e d  because  c u r v a t u r e  and s u p e r e l e v a t i o n  were 

found t o  have a  n o t i c e a b l e  i n f l u e n c e  i n  t h i s  c a s e  ( s e e  

F i g u r e  2 ) .  

I n  S e c t i o n  2 . 5 . 3 . 4 ,  t h e  r e s u l t s  p r e s e n t e d  i n  

Appendix B f o r  t h e  V L C  a r e  used  t o  deve lop  an a p p r o x i -  

mate l i n e a r  fo rmula  f o r  p r e d i c t i n g  t h e  v a l u e  o f  SN40 

needed t o  make s u c c e s s f u l  l a n e  changes a t  c u r v e / g r a d e  

s i t e s .  D i s c u s s i o n  of t h i s  fo rmula  i s  d e f e r r e d  u n t i l  

t h a t  s e c t i o n .  N e v e r t h e l e s s ,  i t  s h o u l d  be  s t a t e d  h e r e  

t h a t  an i m p o r t a n t  f i n d i n g  of  t h e  s i m u l a t i o n  s t u d y  was 

t h a t  t h e  l a n e  change maneuver was shown t o  be a  c r i t i c a l  

c o n d i t i o n  which cou ld  r e s u l t  i n  l o s s - o f - c o n t r o l  s i t u a t i o n s  

a t  normal  highway s p e e d s .  For example ,  a s  shown on 

F i g u r e  2 ,  f o r  p a s s e n g e r  c a r s  o p e r a t e d  w i t h  h a l f - w o r n  t i r e s  

on 3' cu rves  w i t h  0 .048  f t / f t  s u p e r e i e v a t i o n ,  V L C  = 6 6  mph 

on a  s u r f a c e  w i t h  SN40 = 30.  
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Comparable r e s u l t s  u s i n g  t h e  s i m p l e  p o i n t  mass 

e q u a t i o n  f o r  c o r n e r i n g  per formance  ( s e e  Equa t ion  ( 8 )  

o f  S e c t i o n  2 . 5 . 3 )  a r e  a l s o  shown on F i g u r e  2 .  I t  i s  

c l e a r  t h a t  u s i n g  t h e  p o i n t  mass e q u a t i o n  f o r  p r e d i c t i n g  

t h e  c o r n e r i n g  per formance  o f  an a c t u a l  v e h i c l e  i s  f a r  

from c o n s e r v a t i v e  and cou ld  l e a d  t o  a  f a l s e  s e n s e  o f  

s e c u r i t y .  

2 . 3  PAVEMENT DRAINAGE ANALYSIS 

Pavement d r a i n a g e  i s  an i m p o r t a n t  c o n s i d e r a t i o n  i n  

c r o s s - s e c t i o n  d e s i g n ,  i n  t h a t  w a t e r  d e p t h  ha s  a c r i t i c a l  

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

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

b e  t h e  p r imary  a d v e r s e  e f f e c t  r e s u l t i n g  from e x c e s s  w a t e r  

on t h e  pavement.  I n  a c t u a l i t y ,  however ,  a  comple te  hyd ro -  

p l a n i n g ,  even w i t h  smooth t i r e s ,  i s  p r o b a b l y  a  r a r e  

o c c u r r e n c e .  The v a s t  m a j o r i t y  o f  w e t - w e a t h e r  s k i d d i n g  

a c c i d e n t s  undoub ted ly  o c c u r  as  a  r e s u l t  of  w a t e r  d e p t h s  

w e l l  below t h o s e  needed  f o r  h y d r o p l a n i n g .  Data  o b t a i n e d ,  

f o r  example ,  on a  s p e c i f i c  smooth t i r e  ( s e e  Appendix D 

o r  ( 5 ) )  - show t h a t  a  w a t e r  d e p t h  of  0 . 1 5  i n .  i s  r e q u i r e d  

f o r  complete  h y d r o p l a n i n g  wheel  spindown a t  60 mph, where-  

a s  t h e  t i r e  b r a k e  f o r c e  c o e f f i c i e n t  becomes l e s s  t h a n  

0 . 0 5  a t  t h i s  same v e l o c i t y  a t  a  w a t e r  d e p t h  of  0 .03  i n .  

The p r imary  consequence o f  e x c e s s  w a t e r  on t h e  pavement ,  



t h e n ,  i s  a  d e g r a d a t i o n  i n  t i r e  t r a c t i o n .  The t r a c t i o n  

l o s s  i s  a lmos t  always f a r  s h o r t  of  t h a t  needed t o  p r o -  

duce hydrop lan ing ,  y e t  t h e  a v a i l a b l e  t r a c t i o n  i s  w e l l  

below t h e  range needed f o r  s a f e  d r i v i n g .  

B a s i c  r e s e a r c h  on methods f o r  p r e d i c t i n g  pavement 

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

geornetr ics  has  been a t t empted  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  (TTI) , t h e  Road Research Labora tory  (RRL) , and 

t h e  Goodyear T i r e  and Rubber Company. The r e s u l t s  of 

t h e s e  r e s e a r c h  e f f o r t s  a r e  d i s c u s s e d  i n  Appendix C .  

Gallaway e t  a l .  (6) a t  TTI have developed a  formula  f o r  

p r e d i c t i n g  w a t e r  dep th  which can be w r i t t e n  i n  t h e  

fo l lowing  form: 

where 

d  = w a t e r  depth  above t h e  pavement t e x t u r e ,  i n .  

T = average  pavement t e x t u r e  d e p t h ,  i n .  

L = pavement w i d t h ,  f t .  

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

I  = r a i n f a l l  i n t e n s i t y ,  i n / h r  



A s i m i l a r  e x p r e s s i o n  deve loped  a t  t h e  Road Research 

Labo ra to ry  ( 7 )  - can be w r i t t e n  a s  f o l l o w s :  

where G i s  t h e  g r ade  o f  t h e  pavement and t h e  o t h e r  terms 

a r e  d e f i n e d  a s  i n  Equa t ion  ( 3 ) .  

F i n a l l y ,  Yeager and M i l l e r  a t  Goodyear ( 8 ,  - - 9 )  have 

produced d a t a  which can be d e s c r i b e d  by t h e  e q u a t i o n  

In  examining t h e s e  t h r e e  fo rmulae  f o r  p r e d i c t i n g  

w a t e r  d e p t h ,  i t  can be  n o t e d  t h a t  Equa t ion  (3) i s  i n d e -  

pendent  o f  g r a d e .  The i m p o r t a n t  roadway g e o m e t r i c  

f a c t o r s  i n  t h i s  e x p r e s s i o n  a r e  pavement w id th  and s u p e r -  

e l e v a t i o n .  A weak dependence on t e x t u r e  dep th  i s  

i n d i c a t e d .  I n  Equa t ions  (4)  and ( S ) ,  t h e  p r imary  geome- 

t r i c  f a c t o r s  a r e  a l s o  pavement w id th  and s u p e r e l e v a t i o n .  

A weak dependence upon g rade  i s  i n d i c a t e d ,  w h i l e  a  

t e x t u r e  term i s  m i s s i n g .  I t  can be conc luded  t h a t  r o a d  

w id th  and s u p e r e l e v a t i o n  a r e  t h e  p r imary  roadway f a c t o r s  

a f f e c t i n g  pavement d r a i n a g e ,  w i t h  g r ade  and t e x t u r e  d e p t h  

b e i n g  o f  secondary  impor t ance .  I n c r e a s i n g  t h e  road  



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

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

i n c r e a s e s  t h e  pavement s l o p e  and l e a d s  t o  lower  w a t e r  

d e p t h s .  I n c r e a s i n g  t h e  g r a d e ,  on t h e  o t h e r  hand ,  i n c r e a s e s  

b o t h  t h e  s l o p e  and t h e  r u n - o f f  d i s t a n c e .  S i n c e  t h e  

fo rmer  l e a d s  t o  lower  w a t e r  d e p t h s  and t h e  l a t t e r  t o  

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

These c o n c l u s i o n s  a r e  i l l u s t r a t e d  on F i g u r e  3 ,  which con-  

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

s e p a r a t e  s e c t i o n s  o f  r o a d  hav ing  g r a d e s  o f  1% and 6 % .  

Road w i d t h  and s u p e r e l e v a t i o n  a r e  f i x e d  a t  24 f e e t  and 

3/16 i n / f t ,  r e s p e c t i v e l y .  I n  comparing t h e  t h r e e  equa -  

t i o n s  f o r  p r e d i c t i n g  w a t e r  d e p t h ,  F i g u r e  4 p r e s e n t s  

w a t e r  d e p t h  v e r s u s  r o a d  w i d t h  a s  p r e d i c t e d  by E q u a t i o n s  

(3 )  , ( 4 )  , and ( 5 )  , f o r  t h e  f o l l o w i n g  c o n d i t i o n s  : I  = 0 .25  

i n / h r ,  e  = - i n .  p e r  f t .  = , 0156  f t / f t ,  and T = 0 .0117  
16 

i n .  I t  i s  obv ious  t h a t  Equa t ion  (3 )  p r e d i c t s  much lower  

w a t e r  d e p t h s  t h a n  do E q u a t i o n s  (4 )  o r  ( 5 ) .  Although t h e  

d e p t h  measurement datum f o r  a l l  t h r e e  e q u a t i o n s  i s  t h e  

t o p  o f  t h e  pavement t e x t u r e ,  Equa t ion  (3)  p r e d i c t s  nega-  

t i v e  w a t e r  d e p t h s  f o r  s m a l l  r oadwid ths  ( i . e . ,  t h e  w a t e r  

l e v e l  i s  below t h e  t o p  o f  t h e  pavement t e x t u r e ) ,  w h i l e  

Equa t ion  (4)  p r e d i c t s  z e r o  d e p t h ,  and E q u a t i o n  ( 5 )  a  

p o s i t i v e  v a l u e .  These  d i f f e r e n c e s  p r o b a b l y  r e s u l t  from 

d i f f e r e n c e s  i n  e x p e r i m e n t a l  t e c h n i q u e s  u sed  by t h e  t h r e e  
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F i g u r e  4 .  A Comparison of Water Depth Prediction Equations. 



o r g a n i z a t i o n s .  A second  d i f f e r e n c e  p robab ly  r e s u l t s  

from t h e  f a c t  t h a t  t h e  pavements u sed  i n  t h e  RRL 

r e s e a r c h  were compara t i ve ly  more c o a r s e - t e x t u r e d  t h a n  

t h o s e  u sed  a t  T T I  and Goodyear. G r e a t e r  t e x t u r e  d e p t h ,  

a c c o r d i n g  t o  Equa t ion  ( 3 ) ,  s h o u l d  make f o r  g r e a t e r  w a t e r  

d e p t h s .  Because o f  t h e s e  d i s c r e p a n c i e s  and because  o f  

t h e  impor tance  o f  w a t e r  dep th  on t i r e  s h e a r  f o r c e  p o t e n -  

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

d e p t h  i s  recommended i n  Chap te r  4 .  I n  d i s c u s s i o n s  i n  

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

a r e  ba sed  on Equa t ion  ( 4 ) .  The r e s u l t s ,  t h u s  o b t a i n e d ,  

w i l l  l e a d  t o  s a f e r ,  c o n s e r v a t i v e  highway d e s i g n s .  

A demons t r a t i on  o f  t h e  manner i n  which pavement 

d r a i n a g e  i n f l u e n c e s  t r a c t i o n  i s  g iven  i n  Table  2 -12 .  

Three  t y p e s  o f  pavement s e c t i o n s  a r e  compared: a  t a n g e n t ,  

a  s u p e r e l e v a t e d  c u r v e ,  and a  s u p e r e l e v a t e d  cu rve  p l u s  

s u p e r e l e v a t e d  s h o u l d e r .  For a  r a i n f a l l  r a t e  o f  0 . 2 5  

i n / h r ,  t h e  t r a c t i o n  a v a i l a b l e  on t h e  t a n g e n t  i s  between 

4 and 6 s k i d  number u n i t s  g r e a t e r  t h a n  what i s  a v a i l a b l e  

on t h e  c u r v e s .  Also shown on Table  2-12 a r e  t h e  e q u i -  

v a l e n t  s i d e  f o r c e  s k i d  number u n i t s  r e q u i r e d  t o  t r a v e r s e  

each  pavement s e c t i o n  i n  a  s t e a d y - s t a t e  manner. (The 

term " e q u i v a l e n t  s i d e  f o r c e  s k i d  number u n i t s "  i n  t h i s  

p a r t i c u l a r  c o n t e x t  r e f e r s  t o  t h e  rough e q u i v a l e n c e  o f  

c o r n e r i n g  f o r c e  and b r a k i n g  f o r c e  c a p a b i l i t i e s  o f  most 
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t i r e s .  I t  i s  r e c o g n i z e d ,  of  c o u r s e ,  t h a t  t h e  b r a k i n g  

c a p a b i l i t y  o f  a  p a r t i c u l a r  t i r e  may be  somewhat more ,  o r  

l e s s ,  t h a n  i t s  c o r n e r i n g  c a p a b i l i t y .  The t e r m  i s  u s e d  

somewhat i m p r e c i s e l y  h e r e  i n  a  c o m p a r a t i v e  s e n s e  r a t h e r  

t h a n  a s  an a b s o l u t e  m e a s u r e . )  Adding t h e  l o s s e s  due t o  

b o t h  w a t e r  d e p t h  and s t e a d y - s t a t e  d r i v i n g  r e q u i r e m e n t s  

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

s e c t i o n s  i s  10 t o  12 SN u n i t s  l e s s  t h a n  t h a t  a v a i l a b l e  on 

t a n g e n t s .  T h u s ,  f o r  t h e  c o n d i t i o n s  i n d i c a t e d ,  pavement 

f r i c t i o n  on a  c u r v e  must  be  g r e a t e r  by 1 0  t o  1 2  s k i d  

number u n i t s  i f  a  v e h i c l e  i s  t o  t r a v e l  a  c u r v e  w i t h  t h e  

same marg in  o f  s a f e t y  a s  e x i s t s  on a  t a n g e n t .  

I n  summary, pavement w a t e r  d e p t h  i s  p r i m a r i l y  a  

f u n c t i o n  o f  pavement w i d t h  and  s u p e r e l e v a t i o n .  Grade i s  

a  s e c o n d a r y  f a c t o r .  The marg in  o f  w e t - w e a t h e r  f r i c t i o n  

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

g e n t s .  T h i s  marg in  r e d u c e d  by t h e  f r i c t i o n  r e q u i r e  - 

ments  n e e d e d  f o r  s t e a d y - s t a t e  c o r n e r i n g  a s  w e l l  a s  by  t h e  

i n c r e a s e d  w a t e r  d e p t h s  t h a t  e x i s t  on c u r v e s  a s  a  r e s u l t  

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

s e c t i o n s .  



2 . 4  SELECTION AND EVALUATION OF PROBLEM SITES 

The two highway s i t e s  were s e l e c t e d  and s u b j e c t e d  t o  

an i n d e p t h  e v a l u a t i o n  t o  d e t e r m i n 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 .  One s i t e  i s  a t  a  cu rve  l o c a t e d  on t h e  w e s t -  

bound p o r t i o n  o f  t h e  Ohio Tu rnp ike  between m i l e p o s t s  

1 6 6 . 4  and 166 .6  ( j u s t  s o u t h  o f  C l e v e l a n d ) .  The o t h e r  i s  

a t  a  cu rve  on 1 - 9 5  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 ,  where 

t h e r e  i s  an i n t e r c h a n g e  between 1 - 9 5  and U.S. 1. These  

two s i t e s  were chosen  from an i n i t i a l  group o f  s i x ,  w i t h  

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

l i m i n a r y  o n - s i t e  e v a l u a t i o n .  Each o f  t h e  s i x  s i t e s  i s  

c h a r a c t e r i z e d  by an a l i gnmen t  geometry  which combines 

v e r t i c a l  g r ade  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  c u r v a t u r e  and g rade  a r e  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 u g g e s t e d  by  t h e  AASHTO ( 2 ) .  The - 

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

o f  e ach  s i t e ,  and t h e  methods u sed  i n  t h e  p r e l i m i n a r y  on-  

s i t e  e v a l u a t i o n s  a r e  d e s c r i b e d  i n  Appendix D .  A comple te  

d i s c u s s i o n  o f  t h e  i n d e p t h  e v a l u a t i o n  o f  e ach  o f  t h e  two 

s e l e c t e d  s i t e s  i s  a l s o  g i v e n  i n  Appendix D. A summary 

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

s e c t i o n ,  a l o n g  w i t h  an a n a l y t i c  example i n  which s i m u l a t e d  

maneuvers a r e  compared w i t h  a v a i l a b l e  a c c i d e n t  d a t a .  



2 . 4 . 1  EVALUATION OF THE OHIO TURNPIKE SITE. The 

Ohio Turnp ike  s i t e  i s  a  g e n t l e  one -deg ree  curve  l o c a t e d  

between E x i t s  10 and 11. The s i t e  l i e s  a t  a  p o i n t  where 

t h e  roadway i s  e l e v a t e d  some 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 ,  w i t h  t h e  g r ade  v a r y i n g  between 2 %  and 3% 

downward. (See F i g u r e  D-1 o f  Appendix D f o r  a  p l a n  and 

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

p l a z a  i s  w i t h i n  t h r e e  m i l e s  o f  t h e  s i t e ,  and t h e r e  a r e  

no s i g n s  n e a r  t h e  s i t e .  

From Janua ry  1 ,  1966 ,  t o  June  3 0 ,  1970 ,  t h e  number 

o f  r e c o r d e d  a c c i d e n t s  between m i l e p o s t s  1 6 6 . 4  and 166 .6  

was t h e  h i g h e s t  f o r  any 0 . 2 - m i l e  segment on t h e  Tu rnp ike .  

From J a n u a r y  1, 1966 t o  May 1 ,  1973 ,  a  t o t a l  o f  5 5  

a c c i d e n t s  on t h e  0 . 2 - m i l e  segment were r e c o r d e d .  O f  t h e  

t o t a l ,  37 ( o r  67%)  i n v o l v e d  " sk idd ing"  o r  " l o s s  o f  

c o n t r o l 1 '  on a  wet s u r f a c e .  Al though d a t a  a r e  n o t  always 

r e c o r d e d ,  16 o f  t h e  i n v o l v e d  v e h i c l e s  were n o t e d  t o  have 

h a d  smooth t i r e s .  

R a i n f a l l  d a t a  r e c o r d e d  a t  nea rby  C leve l and  Hopkins 

A i r p o r t  show t h a t  d u r i n g  t h e  hour  o f  t h e  a c c i d e n t  t h e  

r a i n f a l l  a ccumula t i on  was l e s s  t h a n  0 . 1  i n c h  a lmos t  70% 

o f  t h e  t ime .  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 ,  t h e n ,  a r e  

p r o b a b l y  i n f r e q u e n t l y  g r e a t e r  t h a n  0 . 2 5  i n / h r .  

P r i o r  t o  June  o f  1970 t h e  pavement a t  t h e  s i t e  was 

P . C .  c o n c r e t e .  Al though t h e  s k i d  number was n e v e r  



d i r e c t l y  r e c o r d e d ,  measurements f o r  s i m i l a r  s i t e s  a long  

t h e  Tu rnp ike  would s u g g e s t  a s k i d  number r ange  o f  between 

25 and 35 a t  t h e  s i t e  d u r i n g  t h i s  p e r i o d .  The s i t e  

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

19 7 0 .  Recent  s k i d  t r a i l e r  measurements and measurements 

made w i t h  a  B r i t i s h  P o r t a b l e  T e s t e r  d u r i n g  t h i s  p r o j e c t  

i n d i c a t e  t h a t  t h e  s k i d  number a t  t h e  s i t e  i s  c u r r e n t l y  

between 4 0  and 5 0 .  

P r i o r  t o  r e p a v i n g ,  7 9 %  o f  t h e  a c c i d e n t s  a t  t h e  s i t e  

o c c u r r e d  d u r i n g  wet w e a t h e r .  A f t e r  r e p a v i n g ,  t h i s  number 

d e c r e a s e d  t o  6 2 % .  These p e r c e n t a g e s  a r e  b o t h  much h i g h e r  

t h a n  commonly o c c u r s  a l o n g  t h e  Turnp ike  a n d ,  a s  s u c h ,  

i n d i c a t e  a  d e f i n i t e  ove r - i nvo lvemen t  o f  w e t - w e a t h e r  

a c c i d e n t s .  

The major  cause  o f  a c c i d e n t s  a t  t h e  s i t e  i s  a p p a r -  

e n t l y  t h e  r e s u l t  of  i n a d e q u a t e  pavement d r a i n a g e .  As 

was i n d i c a t e d  i n  S e c t i o n  2 . 3 ,  t h e  w a t e r  d e p t h  on a u n i -  

form pavement s u r f a c e  d u r i n g  r a i n y  w e a t h e r  i s  p r i m a r i l y  

de t e rmined  by road  w i d t h ,  s u p e r e l e v a t i o n ,  and r a i n f a l l  

i n t e n s i t y .  A t  t h e  s u b j e c t  s i t e ,  t h e  e f f e c t i v e  road  w i d t h  

f o r  d r a i n a g e  c o n s i d e r a t i o n  i s  34 f e e t .  Th i s  w i d t h  

i n c l u d e s  t h e  2 4 - f o o t  w id th  of  t h e  two t r a f f i c  l a n e s  p l u s  

a  1 0 - f o o t  paved s h o u l d e r ,  a l l  o f  which a r e  s u p e r e l e v a t e d  

a t  t h e  s a n e  r a t e  o f  3/16 i n .  p e r  f o o t .  On t h e  crowned 

t a n g e n t  s e c t i o n s  o f  t h e  T u r n p i k e ,  t h e  d r a i n a g e  w i d t h  i s  



o n l y  1 2  f e e t ,  w i t h  t h e  crown s l o p e  a l s o  b e i n g  3/16 i n .  

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

on t h e  curved  s e c t i o n  l o c a t e d  a t  t h e  s u b j e c t  s i t e  i s  

t h a t  w a t e r  dep th s  d u r i n g  wet wea the r  a r e  rough ly  tw ice  

t h o s e  which o c c u r  on t a n g e n t  s e c t i o n s .  

For a  r a i n f a l l  r a t e  o f  0 .25  i n / h r ,  t h e  w a t e r  dep th  

on a  t a n g e n t  s e c t i o n  can be a s  much as  0 .028  i n  ( 7 ) .  - The 

c o r r e s p o n d i n g  dep th  a t  t h e  s u b j e c t  s i t e  i s  0 .046 i n .  When 

u s i n g  a t  l e a s t  one t y p e  o f  f u l l - t r e a d e d  t i r e ,  t h e  Brake 

Force  C o e f f i c i e n t  (BFC) f o r  t h e  0 .028  i n .  w a t e r  d e p t h  i s  

0 .26  a t  80 mph. For an 0 .046  i n .  d e p t h ,  t h e  co r r e spond ing  

BFC i s  0.20-a d i f f e r e n c e  o f  . 06 .  S i n c e  BFC u n i t s  when 

m u l t i p l i e d  by 100 a r e  e s s e n t i a l l y  e q u i v a l e n t  t o  S k i d  

Number (SN) u n i t s ,  t h e r e  i s  a  l o s s  of  s i x  SS u n i t s  on t h e  

curve  a s  compared t o  a  t a n g e n t .  For  a  s i m i l a r  t i r e  o f  

smooth t r e a d ,  t h e  BFC v a l u e s  a r e  0 .10  and 0 . 0 4 ,  r e s p e c -  

t i v e l y ,  f o r  t h e  t a n g e n t  and curve  s e c t i o n s .  Aga in ,  a  

l o s s  o f  s i x  SN u n i t s  i s  i n d i c a t e d ,  a l t h o u g h  t h e  t r a c t i o n  

v a l u e s  a r e  w e l l  below s a f e  l e v e l s .  When t h e  t r a c t i o n  

l o s s e s  due t o  i n c r e a s e d  w a t e r  d e p t h  a r e  coupled  w i t h  t h e  

f r i c t i o n  i nc r emen t  needed  t o  t r a v e l  t h e  cu rve  i n  a  

s t e a d y - s t a t e  manner ( s e e  Table  2-12 o f  S e c t i o n  2 . 3 ) ,  i t  

i s  c l e a r  t h a t  t h e  f r i c t i o n  margin  a v a i l a b l e  f o r  emergency 

s i t u a t i o n s  i s  s u b s t a n t i a l l y  l e s s  f o r  t h e  s u b j e c t  curve  

t h a n  f o r  a  co r r e spond ing  t a n g e n t  s e c t i o n .  I n  a l l ,  t h e  

f r i c t i o n  a v a i l a b l e  on t h e  curve  can be a s  much a s  10 t o  



1 2  SN u n i t s  below t h a t  f o r  a  t a n g e n t .  With smooth t i r e s ,  

t r a v e l  on t h e  s u b j e c t  cu rve  d u r i n g  wet w e a t h e r  a p p e a r s  

t o  be  e x t r e m e l y  h a z a r d o u s .  

An a n a l y s i s  o f  t h e  a c c i d e n t  d a t a  and t h e  above 

d i s c u s s i o n s  i n d i c a t e  t h a t  t h e  major  p rob lem a t  t h e  Ohio 

Tu rnp ike  s i t e  i s  i n a d e q u a t e  t r a c t i o n  d u r i n g  wet  w e a t h e r .  

S u g g e s t e d  methods f o r  improving  t h e  s i t u a t i o n  i n c l u d e :  

1. Re fus ing  a c c e s s  t o  t h e  Tu rnp ike  t o  v e h i c l e s  

w i t h  smooth t i r e s  d u r i n g  wet  w e a t h e r .  

Improving t h e  pavement d r a i n a g e .  

4 .  I n c r e a s i n g  t h e  pavement f r i c t i o n  l e v e l .  

From p r e v i o u s  d i s c u s s i o n s ,  t h e  r e s u l t s  a c h i e v a b l e  b y  

implement ing  i t e m s  1 and 2 a r e  a l r e a d y  e v i d e n t .  Pave-  

ment d r a i n a g e  can be  improved by d e c r e a s i n g  t h e  d r a i n a g e  

l e n g 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  w i t h  a  pavement o v e r l a y ,  

a n d / o r  by p r o v i d i n g  d r a i n a g e  p a t h s  below t h e  t i r e / r o a d  

c o n t a c t  s u r f a c e .  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  a t  t h e  

s i t e  from 0.0156 t o  0 . 0 6  w i l l  r e d u c e  w a t e r  d e p t h s  by 

abou t  one- th i rd -a  r e d u c t i o n  t h a t  i s  n o t  a  comple te  

s o l u t i o n  by i t s e l f .  I n c r e a s i n g  s u p e r e l e v a t i o n  beyond 

0 . 0 6  i s  somewhat i m p r a c t i c a l  and does  n o t  p roduce  a 

s i g n i f i c a n t  r e d u c t i o n  i n  w a t e r  d e p t h .  Water can b e  



made t o  d r a i n  below t h e  t i r e / r o a d  c o n t a c t  s u r f a c e  by 

add ing  a  wea r ing  c o u r s e  o f  l a r g e ,  s h a r p ,  exposed  a g g r e -  

g a t e  ( such  a s  open g r aded  a s p h a l t  pavement m i x e s ) ,  o r  by 

g roov ing  t h e  pavement i n  a  t r a n s v e r s e  d i r e c t i o n .  The 

e x t e n t  t o  which t h e  s i t u a t i o n  w i l l  b e  improved,  however ,  

i s  n o t  known, s i n c e  i n f o r m a t i o n  a s  t o  how e f f e c t i v e l y  

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

a v a i l a b l e .  A t  t h i s  w r i t i n g ,  t h e  b e s t  s u g g e s t i o n  seems 

t o  be  t o  i n c r e a s e  t h e  s u r f a c e  s u p e r e l e v a t i o n  t o  0 . 0 6  by 

add ing  a  wea r ing  c o u r s e  o f  l a r g e ,  s h a r p ,  exposed a g g r e -  

g a t e .  The s u p e r e l e v a t i o n  i n c r e a s e  w i l l  improve d r a i n a g e ,  

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

and t h e  s u r f a c e  s k i d  r e s i s t a n c e .  To p r o v i d e  f o r  (1)  t h e  

w a t e r  d e p t h s  t h a t  w i l l  e x i s t  even a f t e r  a  s u p e r e l e v a t i o n  

t r e a t m e n t ,  (2 )  s t e a d y - s t a t e  c o r n e r i n g  r e q u i r e m e n t s ,  (3 )  

a  margin  o f  s k i d  r e s i s t a n c e  f o r  emergency needs  ( s e e  

S e c t i o n  2 . 5 )  , and (4 )  a  minimum t r e a d  d e p t h  o f  2/32 i n . ,  

i t  i s  s u g g e s t e d  t h a t  t h e  SN40 v a l u e  a t  t h e  i d e n t i f i e d  

s i t e  be  k e p t  above 6 5  ( s e e  Appendix D ,  S e c t i o n  

D . 4 . 3 . 2 ) .  

2 . 4 . 2  EVALUATION OF THE 1 -95  SITE. The s e l e c t e d  

s i t e ,  on sou thbound  1 - 9 5  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 ,  

c o n s i s t s  o f  a curve  o f  1 ° 0 0 ' 5 6 "  combined w i t h  a down- 

g r a d e  t h a t  v a r i e s  between 2 . 6 %  and 3 . 1 % .  The s i t e  i s  

l o c a t e d  a t  an i n t e r c h a n g e  w i t h  U . S .  1 ,  w i t h  1 - 9 5  p a s s i n g  



o v e r  U.S. 1 on a  b r i d g e  which  i s  midway be tween  t h e  e x i t  

and e n t r a n c e  ramps t o  and f rom U.S .1 .  (See  F i g u r e  

D-14 o f  Appendix D f o r  a  p l a n  and p r o f i l e  d r awing  o f  t h e  

s i t e . )  

From December 1 8 ,  1 9 6 4 ,  t o  J u n e  26 ,  1972 ,  1 3 5  

a c c i d e n t s  were  r e c o r d e d  on sou thbound  1 - 9 5  i n  a  r e g i o n  

e x t e n d i n g  1000 f e e t  beyond t h e  b e g i n n i n g  and e n d i n g  o f  

t h e  e x i t  and  e n t r a n c e  s p e e d - c h a n g e  l a n e s .  O f  t h i s  

number ,  45 a c c i d e n t s  ( o r  34%)  i n v o l v e d  " 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  wet  s u r f a c e .  Seven p e r c e n t  o f  

t h e  t o t a l  were  c l a s s e d  a s  s i d e s w i p e s ,  26% a s  r e a r - e n d  

c o l l i s i o n s ,  and 59% i n v o l v e d  a  c o l l i s i o n  w i t h  a  f i x e d  

o b j e c t  a l o n g  t h e  r o a d s i d e .  Worn t i r e s  were  i n v o l v e d  i n  

o n l y  7 %  o f  t h e  a c c i d e n t s ,  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  a lways  n o t e d  on t h e  a c c i d e n t  r e p o r t .  

The r e g i o n s  be tween  t h e  e x i t  ramp and t h e  b r i d g e  

( a p p r o x i m a t e l y  1000 f e e t )  and be tween  t h e  b r i d g e  and 

e n t r a n c e  ramp ( a l s o  a b o u t  1000 f e e t ) ,  h a d  a p p r o x i m a t e l y  

e q u a l  p e r c e n t a g e s  o f  i n v o l v e m e n t s ,  2 7 %  and 2 4 % ,  

r e s p e c t i v e l y .  The same i s  t r u e  o f  t h e  1 0 0 0 - f o o t  segments  

b e f o r e  t h e  e x i t  ramp ( 1 7 % )  and a f t e r  t h e  e n t r a n c e  ramp 

( 1 5 % ) .  Seven t een  p e r c e n t  o f  t h e  a c c i d e n t s  o c c u r r e d  a t  

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

f o r  t h e  s i t e  ( 1 0 )  - s u g g e s t s  t h a t  a  m a j o r i t y  o f  t h e  a c c i -  

d e n t s  were  t h e  r e s u l t  o f  i n d e c i s i o n  i n  weav ing ,  me rg ing ,  

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 .  



R a i n f a l l  d a t a  r e c o r d e d  a t  n e a r b y  Quan t i co  Na r ine  

Base show t h a t  d u r i n g  t h e  hour  o f  t h e  a c c i d e n t  t h e  

r a i n f a l l  a ccumula t i on  was l e s s  t han  0 . 1  i n c h  i n  39 o f  

t h e  51 we t -wea the r  a c c i d e n t s .  As i n  t h e  c a s e  o f  t h e  

Ohio Turnp ike  s i t e ,  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  g r e a t e r  

t han  0 .25  i n / h r  a r e  p r o b a b l y  i n f r e q u e n t .  

The pavement a t  t h e  s i t e  i s  P . C .  c o n c r e t e .  The 

e n t i r e  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 

d u r i n g  J u n e ,  1972.  However, 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  improvement i n  w e t - w e a t h e r  s k i d d i n g  a c c i d e n t  

s t a t i s t i c s  ha s  been n o t e d  a s  y e t .  Recent s k i d  measure-  

ments made a t  t h e  s i t e  i n d i c a t e  t h a t  t h e  SN40 v a l u e  i s  

between 4 5  and 60 p a r a l l e l  t o  t h e  g rooves  and between 

60 and 80 t r a n s v e r s e  t o  t h e  g roov ing .  (See Tab l e  D-12.) 

Acc iden t  c a u s a t i o n  f a c t o r s  a t  t h e  s u b j e c t  s i t e  z r e  

a p p a r e n t l y  t h e  r e s u l t  of  many f a c t o r s  which a c t  b o t h  

s e p a r a t e l y  and i n  c o n c e r t .  These f a c t o r s  i n c l u d e  reduced  

pavement t r a c t i o n  due t o  i n a d e q u a t e  w a t e r  d r a i n a g e ,  s h o r t  

speed -change  l a n e s ,  i n s u f f i c i e n t  s i g h t  d i s t a n c e ,  and 

o b s t r u c t e d  s i g n s .  

The s u p e r e l e v a t i o n  r a t e  on t h e  1 -95  cu rve  i s  t h e  

same (3/16 i n .  p e r  f o o t )  a s  t h a t  on t h e  Ohio s i t e ,  b u t  

t h e  d r a i n a g e  w id th  i s  l e s s  (24 f e e t  f o r  1 -95  a s  com- 

p a r e d  w i t h  34 f e e t  on t h e  Ohio T u r n p i k e ) .  The s m a l l e r  

road w id th  i s  due t o  t h e  f a c t  t h a t  t h e  s h o u l d e r s  on t h e  



h i g h  s i d e  o f  t h e  1 - 9 5  cu rve  a r e  n o t  s u p e r e l e v a t e d .  

Consequen t ly ,  t h e  maximum w a t e r  d e p t h  d u r i n g  a  r a i n -  

f a l l  o f  0 . 2 5  i n c h  p e r  hour  i s  0 .040 i n .  on 1 - 9 5  a s  

opposed t o  0 .046  i n .  i n  Ohio.  The two s e c t i o n s  a r e  

compared i n  Tab l e  2 - 1 3  i n  t e rms  of  e x p e c t e d  SS u n i t s  

l o s t  due t o  w a t e r  d e p t h .  (The v a l u e s  g i v e n  f o r  t h e  1 - 9 5  

s i t e  a r e  p r o b a b l y  somewhat p e s s i m i s t i c ,  s i n c e  t h e  b e n e -  

f i c i a l  e f f e c t s  o f  pavement g roov ing  a r e  n o t  a ccoun ted  

f o r .  Grooving a i d s  w a t e r  e x p u l s i o n  i n  t h e  t i r e / r o a d  

c o n t a c t  p a t c h ,  and t h e  l o n g i t u d i n a l  g roov ing  a t  t h e  1 - 9 5  

s i t e  w i l l  be  most b e n e f i c i a l  d u r i n g  c o r n e r i n g .  ) Whereas 

t r a c t i o n  l o s s e s  due t o  w a t e r  d r a i n a g e  a r e  somewhat o f  a  

problem a t  t h e  1 -95  s i t e ,  t h e  s i t u a t i o n  i s  n o t  a s  a c u t e  

a s  seems t o  be t h e  c a s e  a t  t h e  Ohio s i t e .  

S i t e  geometry  and s i g n i n g  o f t e n  combine t o  p roduce  

s i t u a t i o n s  where d r i v e r s  a r e  g iven  t o  i n d e c i s i o n .  For  

example ,  j u s t  ahead o f  t h e  e x i t  ramp a t  t h e  s u b j e c t  s i t e ,  

a v e r t i c a l  c r e s t  cu rve  t e n d s  t o  h i d e  t h e  e x i t  d e c e l e r a t i o n  

l a n e  from oncoming d r i v e r s .  An e x i t  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  f o r  U.S. 1 and t h e  c i t y  o f  Massaponax i s  

c o m p l e t e l y  o b s c u r e d  by two o t h e r  s i g n s .  An e x i t  speed  

a d v i s o r y  s i g n  o f  25  mph canno t  be s e e n  u n t i l  t h e  v e h i c l e  

a c t u a l l y  t u r n s  i n t o  t h e  e x i t .  The e x i t  ramp i s  r e l a -  

t i v e l y  s t e e p  ( 6 . 5 %  downgrade) and i s  s h a r p l y  cu rved  

( i n i t i a l l y  4 . 9 "  t o  t h e  r i g h t  and t h e n  7 .9"  t o  t h e  l e f t ) .  

C o n s i d e r i n g  t h a t  t h e  e x i t  ramp a d v i s o r y  speed  i s  2 5  mph, 



TABLE 2 - 1 3  

COMPARISON OF FRICTION LOSSES DUE TO WATER DEPTH 
AT 1 - 9 5  AND O H I O  TURNPIKE PROBLEM SITES 

blaximum Maximum 
D r a i n a g e  W a t e r  SN U n i t s  ~ o s t 2  

S i t e  ~ e n ~ t h -  ~ e ~ t h l  40 mph 70 mph 80 mph 

1 - 9 5 ,  
F r e d e r i c k s  - 

b u r g  24 f t .  0 .040  i n .  2 3 4 

Oh io  T u r n -  
p i k e ,  M.P. 
1 6 6 . 5  34 f t .  0 . 0 4 6  i n .  3 5 6 

l ~ a s e d  on E q u a t i o n  ( 4 )  

' ~ a s e d  on 5 . 2 0  x 10  f u l l  t r e a d e d  t i r e  ( 5 )  - 



t h e  e x i t  d e c e l e r a t i o n  l a n e  ( a l t h o u g h  l o n g e r  t h a n  would 

be  s u g g e s t e d  by c u r r e n t  AASIITO recommendations f o r  t h e  

e x i s t i n g  ramp c u r v a t u r e )  i s  a t  l e a s t  150 f e e t  t o o  s h o r t  

f o r  a  2 5  mph ramp s p e e d .  

P roceed ing  s o u t h  p a s t  t h e  e x i t  ramp, a  h i g h  embank- 

ment 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  c u r v e  h i d e  t h e  

b r i d g e  from oncoming m o t o r i s t s .  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  r o a d  e d g e ,  a l s o  

c o n t r i b u t e  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 o p  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  s o u t h  o f  t h e  

b r i d g e ) ,  t h e  r o a d  ahead  canno t  be 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  d e c k .  Thus ,  t h e r e  i s  a  c o n t i n u -  

i n g  s i g h t  d i s t a n c e  problem i n  t h e  r e g i o n  l o c a t e d  between 

t h e  e x i t  ramp and t h e  s o u t h  end o f  t h e  b r i d g e  d e c k .  

I n  t h e  r e g i o n  l o c a t e d  between t h e  e x i t  and t h e  b r i d g e ,  

t h e r e  i s  a l s o  a  v a r i a b l e - m e s s a g e  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 .  T h i s  s i g n  i s  h i d d e n  

from oncoming m o t o r i s t s  by a  n o - h i t c h h i k i n g  s i g n  u n t i l  

t h e  m o t o r i s t  i s  a lmos t  upon t h e  b r i d g e .  

South  o f  t h e  b r i d g e ,  t h e  e n t r a n c e  ramp and a c c e l e r a -  

t i o n  l a n e  a r e  d i f f i c u l t  t o  s e e  due t o  t h e  road  c r e s t  

ment ioned  above ,  t h e  r o a d s i d e  v e g e t a t i o n ,  and t h e  f a c t  

t h a t  t h e  ramp merges on t h e  i n s i d e  o f  t h e  c u r v e  and i s  



t h u s  h idden  by  road  c u r v a t u r e .  F u r t h e r ,  t h e  e n t r a n c e  

ramp i s  a  s h a r p  cu rve  (8 .1 ' )  on a  s t e e p  upgrade ( 3 . 4 % )  

w i t h  l i t t l e  s i g h t  d i s t a n c e .  Many m o t o r i s t s  u s i n g  t h e  

ramp have been  obse rved  t o  e n t e r  t h e  a c c e l e r a t i o n  l a n e  

a t  no more t h a n  20  mph. Cons ide r i ng  t h e s e  f a c t s  a s  w e l l  

a s  t h e  a d d i t i o n a l  f a c t  t h a t  t h e  f reeway e n t e r s  an up-  

g r ade  o f  a lmos t  3% a l o n g  t h e  l e n g t h  of t h e  a c c e l e r a t i o n  

l a n e ,  t h e  e x i s t i n g  a c c e l e r a t i o n  l a n e  i s  a lmos t  1 8 0 0  f e e t  

s h o r t e r  t h a n  t h e  minimum l e n g t h  recommended by AASHTO. 

Sugges t ed  ways o f  improving t h e  s i t e  i n c l u d e :  

1. E n f o r c i n g  a reduced  speed  l i m i t  a t  t h e  

s i t e .  

2 .  Improving t h e  d r a i n a g e  of t h e  pavement.  

3. Improving t h e  f r i c t i o n  l e v e l  o f  t h e  

pavement . 

4 .  Improving s i g n i n g .  

Improving t h e  s i g h t  d i s t a n c e  . 

6 .  Improving t h e  i n t e r c h a n g e  ramps.  

Methods f o r  implement ing i t ems  1 - 3  have a l r e a d y  been 

d i s c u s s e d  i n  S e c t i o n  2 . 4 . 1  w i t h  r e s p e c t  t o  t h e  Ohio 

Turnp ike  s i t e  and need  no f u r t h e r  d i s c u s s i o n  h e r e .  

Sugges ted  ways o f  improving s i g n i n g  a t  t h e  s i t e  

i n c l u d e  (1) removing o r  r e l o c a t i n g  t h e  s i g n s  which 



o b s c u r e  t h e  e x i t  sign-U.S. I ,  Massaponax; ( 2 )  r e l o c a t i n g  

t h e  a d v i s o r y  e x i t  speed  s i g n  s o  t h a t  i t  can be  s e e n  

from t h e  d e c e l e r a t i o n  l a n e ;  (3 )  removing o r  r e l o c a t i n g  

t h e  n o - h i t c h h i k i n g  s i g n  which o b s c u r e s  t h e  i c y  b r i d g e  

warn ing  s i g n ;  and ( 4 )  add ing  a  "MERGE" message below t h e  

merge arrow j u s t  p r i o r  t o  t h e  e n t r a n c e  l a n e .  

I t  i s  assumed t h a t  i t  w i l l  n o t  be f e a s i b l e  t o  a l t e r  

t h e  b a s i c  c u r v e l g r a d e  geometry o f  t h e  s i t e .  Neve r the -  

l e s s ,  t h e  s i g h t  d i s t a n c e  a t  t h e  s i t e  can b e  improved by 

c u t t i n g  away, o r  removing,  o b s t r u c t i o n s  on t h e  i n s i d e  o f  

t h e  c u r v e .  Sugges t ed  measures  i n c l u d e  (1 )  removing p a r t  

of  t h e  e a r t h e n  embankment p r i o r  t o  t h e  e x i t  and between 

t h e  e x i t  and t h e  b r i d g e ;  ( 2 )  removing e x c e s s  v e g e t a t i o n  

a l l  a l o n g  t h e  i n t e r c h a n g e  r o a d s i d e ;  ( 3 )  widen ing  t h e  b r i d g e  

deck s o  t h a t  a  minimum o f  t e n  f e e t  o f  s h o u l d e r  w i d t h  i s  

a v a i l a b l e ;  ( 4 )  f a i t h f u l l y  mowing t h e  g r a s s  i n  advance o f  

b o t h  t h e  e x i t  and e n t r a n c e  ramps;  ( 5 )  add ing  r a i s e d  cu rbs  

on t h e  f a r  s i d e  o f  each  ramp which a r e  p a i n t e d  f o r  h i g h  

v i s i b i l i t y ;  and ( 6 )  making t h e  pavement i n  t h e  speed  

change l a n e s  t o  c o n t r a s t  w i t h  t h e  f reeway  pavement .  

F i n a l l y ,  i t  i s  s u g g e s t e d  t h a t  b o t h  speed  change 

l a n e s  a t  t h e  i n t e r c h a n g e  ramps be l e n g t h e n e d .  The e x i t  

ramp d e c e l e r a t i o n  l a n e  s h o u l d  be a t  l e a s t  8 0 0  f e e t  l ong  

and t h e  e n t r a n c e  ramp a c c e l e r a t i o n  l a n e  abou t  2 3 0 0  f e e t  

l o n g .  



2 . 4 . 3  SIMULATION OF AN ACCIDEKT SCENARIO. One 

v e r y  common s i t u a t i o n  ment ioned i n  t h e  r e p o r t s  o f  a c c i -  

d e n t s  o c c u r r i n g  on t h e  Ohio Tu rnp ike  i n  t h e  v i c i n i t y  o f  

m i l e p o s t  166 was t h a t  o f  l o s s  o f  v e h i c l e  c o n t r o l  due t o  

r e a r - e n d  s l i d i n g  o r  " f i s h t a i l i n g "  w h i l e  c o r n e r i n g .  Defec-  

t i v e  o r  n e a r l y  smooth t i r e s  were f r e q u e n t l y  obse rved  t o  

e x i s t  i n  t h e s e  c a s e s .  I t  s h o u l d  be  n o t e d  t h a t  t h e  

o p e r a t i n g  speeds  ment ioned  i n  t h e  a c c i d e n t  r e p o r t s  

ranged  from abou t  40 mph t o  65 mph. These f i n d i n g s  

s u g g e s t e d  t h a t  s i m u l a t i o n  be employed t o  examine t h e  con-  

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

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

g i v e n  below.  

C u r v a t u r e :  

Downgrade: 2 % 

S u p e r e l e v a t i o n :  ,0156 ( 3 / 1 6 " / f o o t )  

Rain 

Hal f -worn  t i r e s  on f r o n t  

Fu l l y -worn  t i r e s  on r e a r  

(Ha l f -worn  t i r e s  c o n s i d e r e d  85% e f f e c t i v e  

a s  ASTM s t a n d a r d  s k i d  t e s t  t i r e . )  

(Fu l l y -worn  t i r e s  w i t h  app rox ima te ly  3/32 i n .  

t r e a d  c o n s i d e r e d  60% e f f e c t i v e  a s  ASTM 

s t a n d a r d  s k i d  t e s t  t i r e . )  

V e h i c l e :  1966 Ford Custom 

S u r f a c e  S k i d  Number (SN40) : 30 

S u r f a c e  Sk id  Number 

G r a d i e n t :  ( -  . 5 )  rnph-' 

66 



Two d i f f e r e n t  maneuvers were s i m u l a t e d ,  The f i r s t  

was a  s i m p l e  c o r n e r i n g  maneuver ( w i t h  d r i v e  t h r u s t  main- 

t a i n e d )  run  a t  7 5  mph. The s econd  was a  65-mph c o r n e r i n g  

maneuver w i t h  t h e  a d d i t i o n  o f  a  1 2 - f o o t  l a n e  change .  The 

75-mph c o r n e r i n g  maneuver was per formed  w i t h  no d i f f i -  

c u l t y .  However, t h e  c o r n e r i n g  and l a n e - c h a n g e  maneuver 

a t  6 5  mph was u n s u c c e s s f u l .  The v e h i c l e  began t o  make t h e  

l a n e  change t o  t h e  i n s i d e  b u t  t h e  r e a r - e n d  spun o u t  

d u r i n g  t h e  c o r r e c t i o n  p h a s e ,  a s  shown i n  F i g u r e  5 .  The 

s i m u l a t i o n  r e s u l t s  i n d i c a t e  t h a t  t h i s  maneuver can  be 

accompl i shed  s u c c e s s f u l l y  by t h e  assumed t i r e / v e h i c l e  

sy s t em o p e r a t i n g  unde r  t h e  s p e c i f i e d  roadway c o n d i t i o n s  

o n l y  a t  speeds  of  5 0  mph o r  l e s s .  

2 . 5  DESIGN POLICY ANALYSIS 

The fo rmu la  recommended by A4SHTO f o r  cu rve  d e s i g n  

i s :  

where 

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

f  = s i d e  f o r c e  f a c t o r ,  d i m e n s i o n l e s s  

v = v e h i c l e  s p e e d ,  mph 

R = r a d i u s  o f  c u r v e ,  f t .  



h 1 
C I 

Lane Change P a t h  

. 

F i g u r e  5 .  A c c i d e n t  S c e n a r i o  S i m u l a t i o n  R e s u l t .  



I n  i t s  p r e s e n t  form,  t h e  fo rmu la  r e p r e s e n t s  a  b a l a n c e  

between t h e  c e n t r i f u g a l  f o r c e  p roduced  by t u r n i n g  and 

t h e  f o r c e  o f  g r a v i t y  ( e )  and t i r e / r o a d  i n t e r f a c e  f o r c e s  

( f ) .  To d e r i v e  t h i s  f o rmu la  t h e  v e h i c l e  i s  t r e a t e d  a s  

a  p o i n t  mass and highway g r a d e  i s  n e g l e c t e d .  

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

p r i m a r i l y  t o  r e f l e c t  d r i v e r  c o m f o r t ,  s i n c e  f  r e p r e -  

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

f e e l s .  These  comfo r t  c o n s i d e r a t i o n s  l i m i t  f t o  v a l u e s  

t h a t  a r e  a p p a r e n t l y  w e l l  below t h e  c o n d i t i o n  of  imminent 

s k i d d i n g  f o r  commonly e x i s t i n g  t i r e s  and pavement c o n d i -  

t i o n s .  Va lues  o f  e  a r e  t h e n  computed from t h e  fo rmula  

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

highway d e s i g n  s p e e d ) .  Va lues  o f  e  a r e  l i m i t e d  t o  abou t  

0 .12 i n  r e g i o n s  where snow and i c e  do n o t  e x i s t ,  and t o  

abou t  0 . 0 6 - 0 . 0 8  i n  r e g i o n s  where snow and i c e  c o n d i t i o n s  

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

computed from t h e  f o r m u l a ,  i s  g r e a t e r  t h a n  t h e  p r a c t i c a l  

l i m i t ,  t h e  d e s i g n  o f  t h e  roadway i s  u s u a l l y  changed t o  

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

2 . 5 . 1  SUMMARY OF FINDINGS CONCERNING A MARGIN OF 

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

d e s i g n e d  i n  acco rdance  w i t h  t h e  c u r r e n t  AASHTO d e s i g n  

p o l i c y ,  an i n c r e a s e  i n  s k i d  number by an amount a p p r o x i -  

ma te ly  e q u a l  t o  100 t imes  t h e  f  f a c t o r  i n  t h e  ,4ASHTO 



d e s i g n  fo rmu la  w i l l  a l l o w  t h e  same s i d e  f o r c e  c a p a b i l i t y  

f o r  changing  l a n e s  on c u r v e s  a s  on t a n g e n t  s e c t i o n s  o f  

highway. A l s o ,  an i n c r e a s e  i n  s k i d  number e q u a l  t o  100 

t imes  t h e  g r ade  i n  f t . / f t .  f o r  downgrades w i l l  p r o v i d e  

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

on downgrades a s  on l e v e l  s e c t i o n s  o f  r oad .  Both t h e  

s i m u l a t i o n  f i n d i n g s  and t h e  a n a l y s i s  of a c c i d e n t  d a t a  

s u g g e s t  t h a t  t h e  margin  i n  s k i d  number needed t o  make t h e  

s a f e t y  o f  c u r v e / g r a d e  s i t e s  comparable  t o  t h a t  o f  l e v e l  

t a n g e n t  s e c t i o n s  i s  t h e  sum o f  t h e  margin  needed  on 

c u r v e s  p l u s  t h e  margin needed  on downgrades.  These  i d e a s  

a r e  e x p r e s s e d  p r e c i s e l y  i n  Equa t ion  ( 1 3 ) .  

Another  s k i d  number margin  may be  needed  a t  curve  

s i t e s  t o  compensate f o r  t h e  l o s s  i n  t i r e l r o a d  i n t e r -  

f a c e  p o t e n t i a l  due t o  w a t e r  d e p t h .  As d i s c u s s e d  p r e -  

v i o u s l y ,  t h e  w a t e r  d e p t h  a t  c u r v e  s i t e s  may be  g r e a t e r  

t h a n  on t a n g e n t  s e c t i o n s  o f  t h e  road  because  t h e  d r a i n a g e  

p a t h  l e n g t h  i s  a t  l e a s t  t w i c e  a s  l ong  on a  s u p e r e l e v a t e d  

c u r v e  a s  on a  crowned t a n g e n t  s e c t i o n  of  roadway. 

I n  a d d i t i o n  t o  t h e  f i n d i n g s  conce rn ing  s k i d  number 

marg in ,  a  means f o r  e s t i m a t i n g  t h e  s k i d  number r e q u i r e d  

t o  make r a p i d  l a n e  change maneuvers a t  curve  o r  cu rve /  

g r a d e  s i t e s  i s  p r e s e n t e d  i n  Equa t ion  ( 9 ) ,  which d e f i n e s  

t h e  r e q u i r e d  minimum s k i d  number a s  a  l i n e a r  f u n c t i o n  o f  

v e l o c i t y ,  deg ree  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 ,  and s t a t e  

o f  t i r e  wear .  



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

f o r m u l a  i s  examined f o r  i t s  a p p l i c a b i l i t y  t o  s i t u a t i o n s  

i n v o l v i n g  a  combined h o r i z o n t a l  c u r v a t u r e  and v e r t i c a l  

g r a d e .  Nex t ,  t h e  o v e r a l l  p h i l o s o p h y  of  a l i gnmen t  d e s i g n  

i s  d i s c u s s e d  i n  t e rms  o f  ( I )  t h e  a c t u a l  c o r n e r i n g  

c h a r a c t e r i s t i c s  of  a r e a l  au tomob i l e  ( n o t  a  p o i n t  mass) ; 

( 2 )  a d d i t i o n a l  c o n s t r a i n t s  imposed by emergency maneuver 

r e q u i r e m e n t s ;  a n d ,  i n  c o n s i d e r a t i o n  o f  (1 )  and ( Z ) ,  t h e  

roadway s k i d - r e s i s t a n c e  r e q u i r e m e n t s  stemming from t h e  

t i r e / r o a d  i n t e r a c t i o n  mechanism. 

2 . 5 . 2  THE CURVE DESIGN FORPilULA IN THE PRESENCE OF 

COMBINED HORI ZONTAL CURVATURE AND VERTICAL GRADE. On 

r e t a i n i n g  t h e  a s sumpt ion  t h a t  t h e  v e h i c l e  i s  a  p o i n t  mass 

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

d e r i v i n g  from g r a d e ,  t h e  c u r v e  d e s i g n  fo rmu la  can be  

w r i t t e n  a s :  

V f  + s i n  e *  cos  G = - 
gR 

cos e *  

where t h e  t e rms  a r e  d e f i n e d  a s  b e f o r e ,  and where 

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

(See Appendix F f o r  a  thorough  d i s c u s s i o n  and d e r i v a -  

t i o n  o f  t h e  above e q u a t i o n .  The d i f f e r e n c e  between 

" a p p a r e n t  s u p e r e l e v a t i o n "  and " t r u e  s u p e r e l e v a t i o n "  i s  



a l s o  d i s c u s s e d  i n  t h i s  appendix .  Note t h a t  i n  c o n s t r u c t -  

i n g  a  cu rve  on a  g r a d e ,  t h e  s u p e r e l e v a t i o n  b u i l t  i n t o  

t h e  r o a d  i s  t h e  a p p a r e n t  s u p e r e l e v a t i o n . )  

The d i f f e r e n c e  between E q u a t i o n s  ( 6 )  and ( 7 ) ,  o r  

t h e  e r r o r  r e s u l t i n g  from t h e  use  o f  t h e  AASHTO fo rmu la  

i n  p l a c e  o f  t h e  e x a c t  e q u a t i o n ,  i s  p r i m a r i l y  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  ra te- the  g r e a t e r  t h e  s u p e r e l e v a t i o n ,  

t h e  g r e a t e r  t h e  e r r o r .  For s u p e r e l e v a t i o n  v a l u e s  a s  

l a r g e  a s  0 . 1 2 ,  however ,  t h e  e r r o r  i s  o n l y  0 . 7 3 % .  Thus ,  

w i t h i n  t h e  r ange  o f  v a l u e s  o f  V ,  R ,  e ,  and G commonly 

e n c o u n t e r e d ,  t h e  AASHTO cu rve  d e s i g n  fo rmu la  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  f o rmu la  and i s  e s s e n t i a l l y  i n d e -  

penden t  o f  g r a d e .  The f o r m u l a ,  a s  p r e s e n t l y  a p p l i e d ,  

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

a l o n e  a s  w e l l  a s  t o  c u r v e s  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 i g n m e n t s .  

2 . 5 . 3  MARGIN OF SAFETY FOR CURVE/GRADE SITES. On 

a  downgrade a  component o f  g r a v i t a t i o n a l  a c c e l e r a t i o n ,  

which i s  e q u a l  t o  t h e  g r a d e ,  G ( f o r  s m a l l  g r a d e s ) ,  must 

be  overcome t o  b r i n g  t h e  v e h i c l e  t o  a  s t o p .  

On a  c u r v e ,  t h e  s i m p l e  p o i n t  mass e q u a t i o n  o f  

e q u i l i b r i u m  s t a t e s  t h a t  



where t h e  t e rms  a r e  a s  d e f i n e d  b e f o r e ,  and where 

- 
f  i s  t h e  a c c e l e r a t i o n  ( i n  g u n i t s )  which must 

be p r o v i d e d  t o  m a i n t a i n  t h e  p a t h  (7 i s  n o t  t o  

be  con fused  w i t h  t h e  f  t e rm of  Equa t ion  ( 6 ) )  

t h e  .4ASHTO d e s i g n  f o r m u l a .  The l a t t e r  t e rm 

d e n o t e s  a  c o r n e r i n g  comfor t  c o n d i t i o n  . )  

V i s  t h e  v e l o c i t y  (which may be t a k e n  e q u a l  t o  a  

d e s i r e d  o r  s e l e c t e d  s p e e d )  

For  a  v e h i c l e  t r a v e l i n g  a t  t h e  speed  l i m i t ,  V S L ,  on a  p a t h  

o f  r a d i u s  R w i t h  s u p e r e l e v a t i o n  e ,  t h e  q u a n t i t y  r e p r e -  

s e n t s  a  f i r s t - o r d e r  app rox ima t ion  t o  t h a t  p o r t i o n  o f  t h e  

t o t a l  a c c e l e r a t i o n  c a p a b i l i t y  r e q u i r e d  t o  keep t h e  v e h i c l e  
- 

on t h e  p a t h .  T h e r e f o r e ,  f  r e p r e s e n t s  an e s t i m a t e  o f  t h e  

a c c e l e r a t i o n  c a p a b i l i t y  ( i n  g  ' s )  which i s  n o t  a v a i l a b l e  

f o r  maneuver ing on c u r v e s .  Consequen t ly ,  and G a r e  

f i r s t - o r d e r  e s t i m a t e s  of  t h e  l o s s  i n  a v a i l a b l e  a c c e l e r a -  

t i o n  c a p a b i l i t y  due t o  c u r v a t u r e  and g r a d e ,  r e s p e c t i v e l y .  

2 . 5 . 3 . 1  Combined I n f l u e n c e  o f  Curve and Grade.  An 

examina t i on  of  t h e  h o r i z o n t a l  a l i gnmen t  d e s i g n  fo rmu la  

( a s  d i s c u s s e d  i n  t h e  p r e v i o u s  s e c t i o n )  i n d i c a t e s  t h a t  

g r ade  h a s  n e g l i g i b l e  i n f l u e n c e  on t h e  d e s i g n  fo rmula  p e r  

s e .  However, c o n d i t i o n s  may e x i s t  a t  c u r v e / g r a d e  s i t e s  

unde r  which t i r e  and v e h i c l e  p r o p e r t i e s  l i m i t  t h e  

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



o p e r a t i o n .  The s i d e  f o r c e  which can be  g e n e r a t e d  by a  

pneumat ic  t i r e  i s  reduced  when h i g h  l e v e l s  o f  l o n g i t u -  

d i n a l  ( b r a k i n g -  o r  t r a c t i o n - i n d u c e d )  s l i p  a r e  p r e s e n t .  

Thus,  s i n c e  i n c r e a s e d  b r a k i n g  f o r c e  o r  p r o p u l s i v e  f o r c e  

i s  needed on downgrades o r  upg rades ,  r e s p e c t i v e l y ,  t h e  

s i d e  f o r c e  a v a i l a b l e  f o r  maneuvering c o u l d  be reduced  

from t h e  l e v e l  of  s i d e  f o r c e  a v a i l a b l e  on a l e v e l  s e c t i o n  

o f  r oad .  A l s o ,  t h e  i n c r e a s e d  b r a k i n g  r e q u i r e d  on a  down- 

g r a d e  cause s  more l o a d  t r a n s f e r  from t h e  r e a r  t i r e s  o n t o  

t h e  f r o n t  t i r e s .  Th i s  i n c r e a s e s  t h e  p o s s i b i l i t y  o f  r e a r -  

wheel l o c k - u p .  I f  t h e  b r ake  p r o p o r t i o n i n g  o f  t h e  v e h i c l e  

a l l o w s  t h e  r e a r  whee ls  t o  l o c k  w h i l e  t h e  f r o n t  whee ls  a r e  

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

and can " s p i n , "  p rov ided  some d i r e c t i o n a l  d i s t u r b a n c e  i s  

e n c o u n t e r e d  o r  produced by t h e  d r i v e r .  

On a  d i v i d e d  highway i t  seems r e a s o n a b l e  t o  hypo the -  

s i z e  t h a t  a  d r i v e r  seldom u s e s  h i s  fo rward  a c c e l e r a t i o n  

c a p a b i l i t y  t o  a v o i d  a  c r a s h .  However, b r a k i n g  i s  f r e -  

q u e n t l y  n e c e s s a r y  t o  a v o i d  a  c o l l i s i o n .  The d r i v e r  can 

u s u a l l y  r educe  h i s  fo rward  a c c e l e r a t i o n  i f  he  i s  

e n c o u n t e r i n g  s t a b i l i t y  p rob l ems ,  b u t  i n  a b r a k i n g  

s i t u a t i o n  t h e  d r i v e r  may have l i t t l e  c h o i c e  e x c e p t  t o  

t r y  t o  s t o p .  Thus,  downgrades l i k e l y  p r e s e n t  more dan-  

ge rous  s i t u a t i o n s  t han  u p g r a d e s ,  because  more b r a k e  f o r c e  

i s  r e q u i r e d  on a  downgrade t h a n  on an upgrade t o  o b t a i n  

t h e  same l e v e l  o f  d e c e l e r a t i o n .  



2 . 5 . 3 . 2  S imu la t ed  Maneuvers a t  Curve/Grade S i t e s .  I n  

t h e  s i m u l a t i o n  s t u d y ,  c a l c u l a t i o n s  were made t o  compare 

v e h i c l e  per formance  i n  a  s t e a d y  t u r n  w i t h  per formance  i n  

emergency maneuvers .  The two emergency maneuvers s e l e c t e d  

f o r  comparison were a  l a n e  change and a l a n e  change con-  

b i n e d  w i t h  an a b r u p t  s t o p .  The maximum v e l o c i t y  f o r  

s u c c e s s  f u l l y  pe r fo rming  each  maneuver was de t e rmined  from 

t h e  s i m u l a t i o n  r e s u l t s .  These v e l o c i t i e s  were termed 

'CR ' V L C ,  and V L O C ,  a s  d e f i n e d  e a r l i e r .  The s i m u l a t i o n  

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

second  p a r t  of  Appendix B ,  and were d i s c u s s e d  e a r l i e r  

( S e c t i o n  2 . 2 . 3 ) .  The q u e s t i o n  b e i n g  a d d r e s s e d  h e r e  i s :  

What b e a r i n g  do t h e  s i m u l a t i o n  r e s u l t s  have on highway 

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

The AASHTO d e s i g n  p o l i c y  f o r  h o r i z o n t a l  cu rves  i s  

ba sed  on t h e  p o i n t  mass e q u a t i o n  f o r  an e q u i l i b r i u m  t u r n .  

I n  t h i s  p o l i c y  t h e  road  s u r f a c e  i s  r e q u i r e d  t o  s u p p l y  t o  

t h e  v e h i c l e  an amount o f  l a t e r a l  f o r c e  which i s  bounded 

by occupant  comfo r t .  Under o r d i n a r y  c i r c u m s t a n c e s  , 

i n c l u d i n g  normal  r a i n s t o r m s ,  t h e  f r i c t i o n a l  p o t e n t i a l  of  

t h e  roadway i s  u s u a l l y  more t h a n  adequa t e  t o  s u p p l y  t h i s  

amount of  l a t e r a l  f o r c e  a t  r e a s o n a b l e  o p e r a t i n g  s p e e d s .  

The s i m u l a t i o n  r e s u l t s  i n d i c a t e  t h a t ,  f o r  speeds  l e s s  

t h a n  70 mph and cu rves  l e s s  t h a n  3" w i t h  r e a s o n a b l e  s u p e r -  

e l e v a t i o n ,  V C R  w i l l  n o t  be r eached  even by v e h i c l e s  



o p e r a t i n g  w i t h  poo r  t i r e s  on r e l a t i v e l y  l o w - f r i c t i o n  

s u r f a c e s .  (Even f o r  6"  c u r v e s ,  i n  w o r s t - c a s e  s i t u a -  

t i o n s ,  VCR i s  56 mph.) Thus t h e  d e s i g n  p o l i c y  seems 

t o  be  adequa t e  f o r  a s s u r i n g  s a t i s f a c t o r y  v e h i c l e  o p e r a -  

t i o n  i n  making "normal" t u r n s .  Fu r the rmore ,  i t  appea r s  

t h a t  t h e  d e s i g n  p o l i c y  p r o v i d e s  a r e a s o n a b l e  gu ide  f o r  

l a y i n g  o u t  highway g e o m e t r i c s .  

2 . 5 . 3 . 3  The Need f o r  a  Margin o f  S a f e t y .  To reduce  

" sk idd ing"  o r  " l o s s  of  c o n t r o l "  a c c i d e n t s ,  i t  a p p e a r s  

t h a t  a  margin  o f  s a f e t y  i s  needed t o  a l l o w  f o r  maneuvering 

a t  c u r v e / g r a d e  s i t e s .  C l e a r l y ,  t h e  computer r e s u l t s  f o r  

V~~ and V~~~ i n d i c a t e  t h a t  t h e s e  v e l o c i t i e s  a r e  much l e s s  

t h a n  V C R  Thus,  roadway and o p e r a t i n g  c o n d i t i o n s  imposing 

a  r e q u i r e m e n t  f o r  maneuvers c o n s t i t u t e  i m p o r t a n t  f a c t o r s  

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

The maximum s p e e d ,  V L C ,  f o r  a  l a n e  change i s  h i g h l y  

dependent  upon t h e  deg ree  o f  c u r v a t u r e  and s u p e r e l e v a t i o n ,  

much i n  t h e  same manner a s  VCR depends upon c u r v a t u r e  and 

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

t h e r e  a r e  c a s e s  where a  d r i v e r  w i t h  h a l f - w o r n  t i r e s  

o p e r a t i n g  on an SN40 = 30 s u r f a c e  w i l l  have t r o u b l e  t r y i n g  

t o  make an emergency l a n e  change a t  70 mph on a  3" c u r v e .  

When b r a k i n g  i s  added t o  t h e  l a n e  change maneuver,  

t h e  computer r e s u l t s  i n d i c a t e  t h a t  v e h i c l e  c o n t r o l  problems 



w i l l  a r i s e  a t  speeds  l e s s  t h a n  6 0  mph on s u r f a c e s  w i t h  

SN40 = 30.  T h i s  r e s u l t  i s  n o t  h i g h l y  dependent  upon 

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

t h e s e  v a r i a b l e s  u sed  i n  t h e  s i m u l a t i o n .  

These f i n d i n g s  show t h a t  t h e  marg in  o f  s a f e t y  needed 

f o r  maneuver ing canno t  be a c h i e v e d  e x c l u s i v e l y  by means 

o f  g e o m e t r i c  d e s i g n .  The road  s u r f a c e  must p r o v i d e  a  

f r i c t i o n  margin  i f  a margin  of  s a f e t y  i s  t o  be p r o v i d e d  

t o  r educe  a c c i d e n t s  a t  c u r v e / g r a d e  s i t e s .  N e v e r t h e l e s s ,  

s u p e r e l e v a t i o n  l e v e l s  can be s e l e c t e d  a t  t h e  upper  end 

o f  t h e  AASHTO-recommended v a l u e s  t o  (1) p r o v i d e  a s  much 

o f  a  s a f e t y  margin  f o r  t u r n i n g  maneuvers a s  p o s s i b l e ,  and 

( 2 )  m a i n t a i n  t h e  f r i c t i o n  p o t e n t i a l  o f  t h e  road  d u r i n g  

r a i n s t o r m s  by i n c r e a s i n g  t h e  d r a i n a g e  ( i . e . ,  d e c r e a s i n g  

t h e  w a t e r  d e p t h ) .  

2 . 5 . 3 . 4  The Value o f  t h e  Margin of  S a f e t y  f o r  

Emergency Maneuvers.  Given t h a t  r o a d s  a r e  d e s i g n e d  i n  

acco rdance  w i t h  t h e  AASHTO p o l i c y ,  how i s  t h e  margin  o f  

s a f e t y  f o r  emergency maneuvers t o  b e  d e t e r m i n e d ?  I n  t h i s  

p r o j e c t ,  t h e  answer t o  t h i s  q u e s t i o n  was s o u g h t  by s imu-  

l a t i n g  t h e  t i r e - v e h i c l e - r o a d w a y - d r i v e r  s y s t e m .  Th i s  

methodology posed  s e v e r a l  d i f f i c u l t  q u e s t i o n s :  

(1 )  Which t i r e ,  s u r f a c e ,  and v e h i c l e  a r e  t o  be 

u sed?  



( 2 )  S i n c e  t h e  t i r e l r o a d  f o r c e s  a r e  h i g h l y  depen-  

den t  upon v e l o c i t y ,  how does one compare 

r e s u l t s  f o r  VLOC w i t h  r e s u l t s  f o r  VCR ( f o r  

example ,  VLOC = 5 7  mph and VCR = 7 7  mph f o r  

a  b a s e l i n e  ca se  i n  t h e  s i m u l a t i o n  s t u d y ) ?  

( 3 )  Are t h e r e  more maneuvers wor th  c o n s i d e r i n g ?  

( C e r t a i n l y  t h e r e  a r e  many p o s s i b l e  v a r i a -  

t i o n s  i n  t h e  t im ing  and l e v e l  o f  b r a k i n g ,  

and p o s s i b l y  t h e s e  v a r i a t i o n s  cou ld  be such  

t h a t  bo th  g r ade  and c u r v a t u r e  might be 

i m p o r t a n t .  ) 

These q u e s t i o n s  i n d i c a t e  l i m i t a t  i o n s  and r e s e r v a -  

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

f i n d i n g s .  ( E x e r c i s i n g  t h e  s i m u l a t i o n  i s  ana logous  t o  

running  v e h i c l e  t e s t s ;  c o n s e q u e n t l y ,  t h e s e  same problems 

would e x i s t  i f  v e h i c l e  t e s t i n g  were t o  be  used  t o  d e t e r -  

mine an adequa t e  margin  o f  s a f e t y . )  N e v e r t h e l e s s ,  t h e  

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

e s t i m a t e s  o f  t h e  s k i d  number needed t o  a l l ow  c o n t r o l l a b l e  

maneuver ing.  For example,  i t  appea r s  t h a t  a  minimum s k i d  

number f o r  e x e c u t i n g  a  l a n e  change and s t o p  maneuver 

w i t h o u t  l o s s  o f  c o n t r o l  can be e s t i m a t e d  from t h e  computer 

r e s u l t s .  These r e s u l t s  i n d i c a t e  t h a t  SNdO = 40  i s  t h e  

minimum s k i d  number needed t o  e n s u r e  t h a t  VLOC i s  g r e a t e r  



t h a n  70  mph on 3" c u r v e s  f o r  o r d i n a r y  p a s s e n g e r  v e h i c l e s  

w i t h  r e a s o n a b l y  good t i r e s .  A v a l u e  o f  SN40 a p p r e c i a b l y  

g r e a t e r  t h a n  40 i s  r e q u i r e d  t o  p roduce  a  f a c t o r  o f  s a f e t y  

t h a t  i s  a d e q u a t e  f o r  t i r e s  worn t o  t h e  l e g a l  l i m i t .  

As s t a t e d  e a r l i e r ,  t h e  f i n d i n g s  o b t a i n e d  wizh r e s p e c t  

t o  V L C  a r e  s i g n i f i c a n t l y  dependent  upon highway g e o r n e t r i c s .  

The f i n d i n g s  d e r i v e  from a  m a t h e m a t i c a l l y  complex s e t  

o f  n o n 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  a r e  computed u s i n g  

c o m p l i c a t e d  e m p i r i c a l  r e l a t i o n s h i p s .  N e v e r t h e l e s s ,  an  

e x a m i n a t i o n  o f  t h e  computer r e s u l t s  i n d i c a t e s  t h a t  V L C  

can be app rox ima ted  by a  s i m p l e  l i n e a r  f u n c t i o n  o f  t h e  

d e g r e e - o f - c u r v a t u r e  ( D )  , s u p e r e l e v a t i o n  ( e )  , s k i d  number 

( S N ) ,  and t i r e  f a c t o r  (TF) f o r  p r a c t i c a l  v a l u e s  o f  t h e s e  

v a r i a b l e s  a s  e x i s t  i n  c u r v e s  r a n g i n g  from l o  t o  4' 

( p o s s i b l y  S o )  of  c u r v a t u r e .  C o n s e q u e n t l y ,  t h i s  l i n e a r  

f u n c t i o n  can be u sed  t o  o b t a i n  t h e  f o l l o w i n g  app rox ima te  

e x p r e s s i o n  f o r  p r e d i c t i n g  t h e  s k i d  number r e q u i r e d  f o r  

s a f e  e x e c u t i o n  o f  a  l a n e - c h a n g e  maneuver on a  c u r v e :  

where t h e  t e rms  a r e  a s  d e f i n e d  b e f o r e ,  and where 



- 
SNdO i s  t h e  minimum a l l o w a b l e  40 mph s k i d  

number 

D i s  t h e  deg ree  of  c u r v a t u r e  

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

u se  t o  t h e  ASTM r e f e r e n c e  t i r e .  

C l e a r l y ,  Equa t ion  ( 9 )  i s  a  ve ry  s imp le  fo rmula  

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 ,  

TF, was t a k e n  a s  1 . 2  f o r  new t i r e s ,  . 8 5  f o r  h a l f - w o r n  

t i r e s ,  and . 6  f o r  f u l l y  worn t i r e s .  The s k i d  number 

g r a d i e n t  assumed i n  d e r i v i n g  t h i s  fo rmula  i s  - . 5  SN p e r  

mph. For  s u r f a c e s  c h a r a c t e r i z e d  by l a r g e r - m a g n i t u d e  s k i d  

number g r a d i e n t s ,  t h e  fo rmula  i s  n o t  c o n s e r v a t i v e l y  s a f e .  

A l so ,  w a t e r  dep th  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  f o rmu la .  

S i n c e  t h e  ASTM s k i d  number i s  o b t a i n e d  a t  a  w a t e r  dep th  

o f  app rox ima te ly  0 .02 i n c h ,  t h i s  e q u a t i o n  may b e  a p p l i -  

c a b l e  t o  wea ther  c o n d i t i o n s  which r e s u l t  i n  about  0 . 0 2  

i n c h  of w a t e r  on t h e  road .  I f  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  e x i s t ,  t h e  i n f l u e n c e  o f  w a t e r  dep th  must be  

c o n s i d e r e d  i n  de t e rmin ing  t h e  t i r e l r o a d  s h e a r  f o r c e  

p o t e n t i a l .  (A change i n  w a t e r  dep th  o f  0 . 0 1  i n c h  can 

have a  s i g n i f i c a n t  i n f l u e n c e  on t i r e  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  fo rmula  i s  u s e f u l  f o r  

(1) 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 

geome t r i c s  w i t h  a  s p e c i f i e d  s t a t e  o f  t i r e  

wear o r  



( 2 )  p r e d i c t i n g  VLC f o r  a  g i v e n  s e t  o f  roadway 

and t i r e  c o n d i t i o n s .  

B e s i d e s  b e i n g  u s e f u l  f o r  p r e d i c t i n g  an a b s o l u t e  

v a l u e  o f  s k i d  number,  t h e s e  l a n e - c h a n g e  r e s u l t s  can  a l s o  

be u s e d  t o  d e r i v e  a  s k i d  number marg in .  The l a t e r a l  

a c c e l e r a t i o n ,  a L ,  r e q u i r e d  t o  e x e c u t e  a  l a n e  change on 

a  cu rved  r o a d  d e r i v e s  from t h e  s u p e r e l e v a t i o n  and t h e  

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

between t i r e  and r o a d  must be s u f f i c i e n t  t o  s u p p l y  t h e  

f o r c e  needed  t o  make t h e  s t e a d y  t u r n  and t o  pe r fo rm t h e  

l a n e  change .  The a c c e l e r a t i o n  needed f o r  t h e  s t e a d y  t u r n  

p o r t i o n  of  t h i s  maneuver i s  n e a r l y  c o n s t a n t ,  s i n c e  t h e  

r a d i u s  o f  t h e  t u r n  i s  o n l y  chang ing  a b o u t  9 t o  1 2  f e e t  

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

r a d i i  o f  1000 t o  6000 f e e t .  C o n s e q u e n t l y ,  t h e  maximum 

l a t e r a l  a c c e l e r a t i o n  u s e d  i n  a  l a n e  change can  b e  

app rox ima ted  by t h e  f o l l o w i n g  e x p r e s s i o n :  

where  t h e  t e rms  a r e  a s  d e f i n e d  p r e v i o u s l y ,  and where 

a~~ i s  a p p r o x i m a t e l y  e q u a l  t o  t h e  l a t e r a l  

a c c e l e r a t i o n  ( i n  g ' s )  u sed  i n  a  l a n e  change 

maneuver on an e q u i v a l e n t  t a n g e n t  s e c t i o n  

of  t h e  road  



2 

, r e p r e s e n t s  t h e  l o s s  i n  Note t h a t  t h e  term, - 
R g  

a v a i l a b l e  a c c e l e r a t i o n  c a p a b i l i t y  due t o  t h e  c o n s t a n t  

v e l o c i t y  t u r n .  Th i s  q u a n t i t y  minus e  i s  e q u a l  t o  t h e  

f a c t o r  7 ,  d i s c u s s e d  a t  t h e  b e g i n n i n g  o f  t h i s  s e c t i o n .  

Thus f e v a l u a t e d  a t  VLC r e p r e s e n t s  an e s t i m a t e  o f  t h e  

a c c e l e r a t i o n  margin  needed t o  compensate f o r  t h e  curved  

p a t h .  An e x t r a  margin  o f  maneuver ing s a f e t y  c o u l d  be  

b u i l t  i n t o  curved  s e c t i o n s  o f  t h e  roadway by a p p r o p r i a t e l y  

i n c r e a s i n g  t h e  s k i d  number on t h e s e  s e c t i o n s  o v e r  t h e  

s k i d  number on t a n g e n t  s e c t i o n s .  I t  i s  r e a s o n a b l e  t o  

c o n s i d e r  i n c r e a s i n g  t h e  s k i d  number on a cu rve  by an 

amount de t e rmined  by T,  i . e . ,  

where SNC e q u a l s  t h e  improved s k i d  number on t h e  cu rve  a t  

t h e  v e l o c i t y  VLC, and SN v, , e q u a l s  t h e  s k i d  number on t h e  
L L  

t a n g e n t s  o f  t h e  road  a t  V L C  

The a c c i d e n t  a n a l y s i s  shows t h a t  g r a d e  and c u r v a t u r e  

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

i n c r e a s e  i n  a c c i d e n t s  a t  c u r v e / g r a d e  s i t e s  o v e r  and above 

t h e  a c c i d e n t  r a t e  p r e d i c t e d  from c u r v a t u r e  and g rade  

i n d i v i d u a l l y .  The e r r o r  a n a l y s i s  and computer s i m u l a t i o n  

f i n d i n g s  con f i rm  t h i s  c o n c l u s i o n .  A l s o ,  upgrades  do n o t  

seem t o  be i m p o r t a n t  f a c t o r s  i n  a c c i d e n t s  on t h e  Ohio o r  



P e n n s y l v a n i a  T u r n p i k e s .  C o n s e q u e n t l y ,  i t  seems 

r e a s o n a b l e  t o  a l l o w  an i n d e p e n d e n t  s k i d  number marg in  

f o r  downgrade s i t e s ,  v i z ,  

where 

SNG i s  t h e  i n c r e a s e d  s k i d  number f o r  g r a d e  

s i t e s  a t  a  v e l o c i t y  V which i s  a t  o r  

n e a r  t h e  speed  l i m i t  

SN i s  a  s a f e  s k i d  number f o r  l e v e l  t a n g e n t  V 
s e c t i o n s  of t h e  r o a d  a t  t h e  s e l e c t e d  

v e l o c i t y ,  V 

and G '  i s  t h e  magni tude  o f  t h e  downgrade 

F u r t h e r m o r e ,  a t  c u r v e l g r a d e  s i t e s  t h e  e f f e c t s  o f  g r a d e  

and c u r v a t u r e  can b e  combined a d d i t i v e l y  t o  o b t a i n  t h e  

f o l l o w i n g  e x p r e s s i o n  f o r  s k i d  number: 

S N ~ ~  
= SNV + 1 0 0 ( F  + G") 

where  t h e  t e rms  a r e  a s  d e f i n e d  b e f o r e ,  and where  

SNCG i s  t h e  improved s k i d  number f o r  c u r v e /  

g r a d e  s i t e s  a t  a  v e l o c i t y ,  V ,  which i s  

a t  o r  above t h e  speed  l i m i t  



G" i s  e q u a l  t o  t h e  magnitude of t h e  grade  

f o r  downgrades and i s  equa l  t o  ze ro  f o r  

upgrades .  

As p o i n t e d  ou t  i n  s e c t i o n s  of t h i s  r e p o r t  d e a l i n g  

w i t h  pavement-dra inage  a n a l y s i s  and e v a l u a t i o n  of t h e  

Ohio Turnpike s i t e ,  t h e  margin of wet -weather  f r i c t i o n  

a v a i l a b l e  f o r  emergencies  i s  l e s s  on cu rves  than  on t a n -  

g e n t s .  For  example,  i t  i s  e s t i m a t e d  t h a t  an a d d i t i o n a l  

s k i d  number margin of  fbur t o  s i x  i s  needed a t  t h e  Ohio 

s i t e  t o  compensate f o r  t h e  a d d i t i o n a l  w a t e r  dep th  on t h e  

curve a t  t h a t  s i t e .  

The f i n d i n g s  of  t h e  a c c i d e n t  d a t a  a n a l y s i s  show t h a t  

t h e  l o  curves  on t h e  Ohio Turnpike a r e  t h e  most l i k e l y  

p l a c e s  f o r  l o s s - o f - c o n t r o l  a c c i d e n t s .  When f i r s t  o b t a i n e d ,  

t h i s  r e s u l t  was s u r p r i s i n g ,  i n  t h a t  h i g h e r  v a l u e s  of  

c e n t r i f u g a l  f o r c e  a r e  developed on s h a r p e r  cu rves  and ,  t h u s ,  

g r e a t e r  f r i c t i o n  p o t e n t i a l  i s  needed from t h e  r o a d ,  How- 

e v e r ,  a  s m a l l  s u p e r e l e v a t i o n  i s  used i n  Ohio f o r  l" 

c u r v e s .  Consequent ly ,  t h e  a c c e l e r a t i o n ,  T, which must be 

p rov ided  by t h e  t i r e / r o a d  i n t e r f a c e ,  i s  r e l a t i v e l y  l a r g e .  

Moreover, s i n c e  t h e  s u p e r e l e v a t i o n  i s  low on t h e  1 "  c u r v e s ,  

t h e  water  d e p t h  on t h e  1"  cu rves  w i l l  b e  g r e a t e r  than  on 

s m a l l e r - r a d i u s  cu rves  which have a l a r g e r  s u p e r e l e v a t i o n .  

Consequent ly ,  i t  i s  p o s s i b l e  t h a t  on t h e  Ohio Turnpike 



t h e  most s l i p p e r y  c o n d i t i o n  e n c o u n t e r e d  b y  v e h i c l e s  w i t h  

worn t i r e s  t r a v e l i n g  i n  a  heavy r a i n s t o r m  o c c u r s  on t h e  

l o  c u r v e s .  T h u s ,  f o r  modera te  c u r v e s ,  h i g h e r  s u p e r -  

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

d r a i n a g e  p a t h  l e n g t h  i n  o r d e r  t o  deve lop  t h e  s k i d  number 

marg in  needed  t o  r educe  t h e  l i k e l i h o o d  o f  l o s s  o f  c o n t r o l  

i n  w e t - w e a t h e r  c o n d i t i o n s .  





CHAPTER 3 

INTERPRETATION AND APPLICATION OF FINDINGS 

The f i n d i n g s  of  t h e  s t u d y  do n o t  i n d i c a t e  t h a t  t h e  

AASHTO d e s i g n  fo rmula  f o r  h o r i z o n ~ a l  cu rves  s h o u l d  b e  

mod i f i ed  f o r  a p p l i c a t i o n  t o  highway s e c t i o n s  w i t h  com- 

b i n e d  h o r i z o n t a l  c u r v a t u r e  and v e r t i c a l  g r a d e .  The 

AASHTO fo rmu la  p r o v i d e s  a  p r a c t i c a l  method f o r  a r r i v i n g  

a t  r e a s o n a b l e  g e o m e t r i c  d e s i g n s  f o r  cu rve  s i t e s ,  p r o -  

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

l a r g e  enough t o  f u r n i s h  adequa t e  d r a i n a g e .  The f i n d i n g s  

deve loped  i n  t h e  t u r n p i k e  a c c i d e n t  s t u d y  and i n  t h e  f i e l d  

s i t e  s t u d i e s  do show, however ,  t h a t  some s i t e s  which 

p o s s e s s  combined g r a d e  and c u r v a t u r e  do have an e x t r a -  

o r d i n a r y  number of a c c i d e n t s .  I n  a d d i t i o n  t o  showing 

t h e  d r a i n a g e  d e f i c i e n c i e s  t h a t  d e r i v e  from curve  geomet ry ,  

t h e  a n a l y t i c a l  and s i m u l a t i o n  s t u d i e s  i n d i c a t e  t h a t  

v e h i c l e  maneuver ing a t  c u r v e / g r a d e  s i t e s  i s  p o t e n t i a l l y  

more hazardous  t h a n  a t  comparable  t a n g e n t  s e c t i o n s .  

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

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

(1) r ev i ewing  t h e  d e s i g n  p r a c t i c e s  f o r  new s e c t i o n s  o f  

highway, and ( 2 )  e v a l u a t i n g  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  e x i s t i n g  h i g h - a c c i d e n t - r a t e  s i t e s .  



3 .1  NEW DESIGN APPLICATIONS 

The major  a p p l i c a t i o n s  t o  new d e s i g n  which have 

r e s u l t e d  from t h e  s t u d y  f i n d i n g s  a r e :  

1. The AASHTO d e s i g n  g u i d e l i n e s  f o r  s u p e r -  

e l e v a t i o n  r a t e  shou ld  be adhered  t o ,  w i t h  

t h e  e x c e p t i o n  t h a t  r e s t r i c t i o n s  s h o u l d  be 

p l a c e d  on t h e  g u i d e l i n e s  t o  e n s u r e  adequa t e  

pavement d r a i n a g e .  

2 .  Road s u r f a c e  s k i d  r e s i s t a n c e  shou ld  be  

i n c r e a s e d  on t h o s e  s e c t i o n s  o f  highway 

where o p e r a t i n g  c o n d i t i o n s  impose a  g r e a t e r  

demand f o r  t r a c t i v e  f o r c e s  a t  t h e  t i r e / r o a d  

i n t e r f a c e .  

3. Geometric d e s i g n  and s i g n i n g  p r a c t i c e s  shou ld  

be c a r e f u l l y  reviewed t o  e n s u r e  t h a t  t h e s e  

p r a c t i c e s ,  i n  and of t h e m s e l v e s ,  do n o t  p r o -  

mote a d d i t i o n a l  maneuvering and t h e r e b y  l e a d  

t o  an i n c r e a s e d  p o t e n t i a l  f o r  l o s s  o f  c o n t r o l .  

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

o u t l i n e d  i n  t h e  f o l l o w i n g  s u b s e c t i o n s .  

3 . 1 . 1  AASHTO CROSS-SECTION DESIGN POLICY. The s i x  

s e c t i o n s  of highway i n v e s t i g a t e d  i n  t h i s  program were 

de s igned  by  f i v e  d i f f e r e n t  highway o r g a n i z a t i o n s .  None 

of t h e s e  o r g a n i z a t i o n s  u s e s  t h e  s u p e r e l e v a t i o n  r a t e  



l e v e l s  recommended by t h e  AASHTO. As example s ,  t h e  

s u p e r e l e v a t i o n  r a t e  p o l i c i e s  f o r  t h e  Ohio and P e n n s y l v a n i a  

T u r n p i k e s ,  a s  g i v e n  n e a r  t h e  b e g i n n i n g  o f  Appendix A ,  

can  be  compared w i t h  t h e  recommended AASHTO v a l u e s  ( 2 )  - 

f o r  a  70 mph o r  8 0  mph d e s i g n  s p e e d .  The p r i m a r y  a r e a  o f  

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

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

p o l i c i e s  f o r  a l l  f i v e  highway o r g a n i z a t i o n s  f o r  a  one-  

d e g r e e  c u r v e  a r e  shown on Tab l e  3 - 1 .  Only one o f  t h e s e  

s u p e r e l e v a t i o n  r a t e s - t h a t  f o r  t h e  Michigan Depar tment  

o f  Highways and T r a n s p o r t a t i o n - i s  r e a s o n a b l y  c l o s e  t o  

t h a t  recommended by t h e  AASHTO. (Even i n  t h i s  c a s e ,  t h e  

l e v e l  u s e d  h a s  j u s t  been  r e c e n t l y  a d o p t e d ,  and many one -  

d e g r e e  c u r v e s  on Mich igan  f r eeways  a r e  s u p e r e l e v a t e d  a t  

no more t h a n  t h e  crown s l o p e ,  w i t h  t h e  r e v e r s e  crown 

h a v i n g  been  removed . )  I n  most  c a s e s ,  t h e  s u p e r e l e v a t i o n  

u sed  i s  a  f a c t o r  o f  two o r  t h r e e  below t h e  recommended 

AASHTO l e v e l .  Al though  Tab l e  3 - 1  shows compar i sons  f o r  

o n l y  f i v e  o r g a n i z a t i o n s  i n v o l v e d  i n  highway d e s i g n ,  t h e r e  

a r e  ample g rounds  f o r  s u s p e c t i n g  t h a t  t h e s e  f i n d i n g s  a r e  

q u i t e  t y p i c a l .  Lack o f  conformance w i t h  AASHTO recommen- 

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

r a t h e r  t h a n  t h e  e x c e p t i o n .  



TABLE 3 -1  

A COMPARISON OF SUPERELEVATION RATE POLICIES 
FOR A ONE DEGREE CURVE 

O r g a n i z a t i o n  S u p e r e l e v a t i o n  Ra te  - f t / f t  

Ohio Tu rnp ike  Commission .0156 

P e n n s y l v a n i a  Turnp ike  
Commission 

Michigan Depar tment  o f  
S t a t e  Highways and 
T r a n s p o r t a t i o n  

P e n n s y l v a n i a  Depar tment  
o f  T r a n s p o r t a t i o n  

V i r g i n i a  Depar tment  of  
Highways 

AASHTO : 

70 mph Design Speed* 

80 mph Design Speed* 

"he lower  v a l u e  i s  f o r  emax = 0 . 0 6 ,  w h i l e  

t h e  uppe r  v a l u e  i s  f o r  emax = 0 . 1 2 .  



The c u r r e n t  AASHTO p o l i c i e s  r e g a r d i n g  d r a i n a g e  con-  

s i d e r a t i o n s  i n  c r o s s - s e c t i o n  d e s i g n  a r e  c o n t a i n e d  i n  

Chap t e r s  3  and 4  o f  Re fe r ence  2 (A P o l i c y  On Geomet r ic  

Design o f  Ru ra l  Highways,  1965- re fe r red  t o  s u b s e q u e n t l y  

a s  GDRH), and i n  Chap t e r s  H and I  o f  Re fe r ence  3  (A  P o l i c y  

On Design o f  Urban Highways and A r t e r i a l  S t r e e t s ,  1973- 

r e f e r r e d  t o  a s  DUHAS). On page  162 of t h e  GDRH, t h e  p o l i c y  

r e g a r d i n g  d r a i n a g e  f o r  t h e  " S h a r p e s t  Curve Without  ( i . e . ,  

n o t  r e q u i r i n g )  S u p e r e l e v a t i o n "  i s  r e s t a t e d  f o l l o w s  : 

The minlniunl r ~ t e  of cross slope 
appl~cahle to traveled wa!,s I <  de term~ncd by d ra~nage  rcquircments. Con- 
s15tent w ~ t h  the t)pe of h ~ g h w ~ ! .  :ininunt of riiinfall. snow, and ice, the 
values usunll) accepted range from O 008 foot per foo: for high type rigid 
surfaces to a p p r o x ~ m ~ t e i y  0 02 ioi  iou t!ye f le~ible  surfaces: see Normal 
Cross Siope, chapter IV. Here these \,slues are  the extreme. In  more gen- 
eral use are the valuer from O . O i  to 0 01 5 .  A kalue of 0 0 1 2  is about average 
and,  for d~scussion purposes. IS ured h e r e ~ n  as a {~nglc intermediate value 
representative of the general rsnpe for uncurbed pavements. Steeper cross 
slopes are needed on curbed psiements lo min~mize the spread of surface 
water flow. 

S i m i l a r l y ,  on page  3 5 9 ,  t h e  p o l i c y  r e g a r d i n g  d r a i n a g e  f o r  

" S u p e r e l e v a t i o n  f o r  Curves a t  I n t e r s e c t i o n s "  i s  r e s t a t e d  

"The r a t e  ( i  . e .  , s u p e r e l e v a t i o n  r a t e )  o f  0 . 0 2  
i s  c o n s i d e r e d  a  p r a c t i c a l  minimum f o r  e f f e c t i v e  
d r a i n a g e  a c r o s s  t h e  s u r f a c e . "  

On pages  349-351 o f  DUHAS, t h e  p o l i c y  f o r  d r a i n a g e  

i n  t e rms  o f  "Cross S l o p e  Arrangements"  i s  s t a t e d  a s :  



Cross Slope Arrangements 

&sic Sections 
The cross slope and crown arrangement o f  the traveled way may be 

designed with plane or curved sectlons, or a c o m b ~ n a t ~ o n  of the two. The 
advantage of  the curved section I S  t!iat the cross slope steepens toward the 
edge of  pavement. thereby t'licllitat~ng iirainriee a t  ;he curu. The disadvantages 
are that the cross slope of the outer lanes may be excesslte, d r ~ d  warping of 
pavement areas at  interszctlons may be awkward or difficult to effect. Plane 
sections are more commonly empioyed on urban arterials. 

The cross slope and crown arrangement of  the pavement have the very 
important function of drainlng the surfiice. Under certaln cond~ t lons  veh~cles 
will hydroplane, i.e., the cond~ t ion  where one or rnore tires of a movlng 
vehicle are separated from the pavernent by 3 film o f  water; usually due ro a 
combination of depth of water, pavement surface texture, vehlcle speed, 
tread patterns, tlre conditions and orher factors. The chances of hydroplanirlg 
are minimized if surface water 1s rapldiy d ra~ned .  

Pavements for undlv~ded street? regardless o f  the number of lanes, are 
normally sloped each way from the centerline. 

Pavement sectlons showlng bssic cross slope arrangements for d~v ided  
highways are illustrated In figure H-7. In figures H-7a to Fi-7d. ~nciilslve. 
pavements drain laterally each way from a crown iine which norrn:~lly I S  

iocated on  the centerline of each pavement. However, ~t [nay be off center 
initially where provisloli is made for future widen~ng (figure H-731, or i t  may 
be off center ultimately as a re\ult of adding the e l t r a  lanes shown hatched 
(figure H-7d). 

A cross sectlon w ~ t h  a crown on each roadway has a considerable advantage 
in rapidly d ra~n lng  the pavernent during raxlstorms. Also, the difference 
between the low and i11gl1 p u n t  in the pavement cross sectLon is kept to 3 

minimum by the smaller width of pavement sluplng III one direit ion. Change 
from normal to  supc.relevated croh, h e ~ t i o n  be made with 11ttle d l f f icul~y.  
Disadvantages are that rnore ~ n l r t s  dnd underground drainage llnes are 
required, with plckup trialitie, necil:d at or ncdr both pavement edges, and 
treatment of  at-grade Intersectlor,> I S  more difficult due to the severai t:l@ 
and low points on the cross jection. Such sections, figures H-7a to ti-7d, 
preferably should be used ~n regions of high :a ln t l l  or where snow and i ~ e  ale 
factors. Sections w ~ t h o u t  curbs and w ~ t h  a d?prebsed m e d ~ a n  (figures H-7s 
and H-7b) are particu!~rly 3d~ia1itageous fur these condltlons. 

Where pavements 2re doped In one d ~ r e i t i o n  to  d:s~n from the m e d ~ a n  ro 
the outslde, the slops, may be plogress~vely increased to :he outer edge to 
accelerate the runuif. R'iiere the medisn d r ~ i n s  over the pavements. as in 
figure H-7f, H-7g and H.~!I,  sdvings are er'icctrd rn dralnage siructures, dnd 
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-b -  -d- 
EACH PAVEMENT SLOPES TWO WAYS 

- 1 -  

EACH PAVEMENTSLOPESONEWAY 

ROADWAY SECTIONS FOR DIVIDED HIGHWAYS 
BASIC CROSS SLOPE ARRANGEMENTS 

Figure H-7 

treatment at  intersecting streets IS s impl~fied. Pavements sloped in the same 
directiori have a more conifortable I'erllng to drivers since vehicles tend t o  be 
pulled In the same direction when changlng lanes. 

Another po\slhle arrangemcnt (figure H-71) has a one-way slope on each 
pavement, but ~ i t h  all lanes dralrilng toward t t ~ c  medlan. This section has an 
advantage over sectlons sloped to  the outer edges in that the outer lanes used 
by nlost tral'lic are freer of surfacc water and there is economy in the 
drainage sy:tem In that all surface runoff is collected Into a single conduit  
under the med~an .  This may be part~culaily economical on elevated 
structures. On roadway sectlons. inward-slopin? pavenlents structurally favor 
the outer lane that carrles most heavy axle vehlclos, placing it high instead of  
low In the total pavement s t r u ~ t u r e  and drainage section. The main objection 
to  t h s  arrmgement is that all tne pavement dramage must pass over the inner 
lanes. \511ih median curbs, drainage 1s concentrated next to,  and on,  the 
high-speed lanes which results in annoying and hazardous splashing o n  the 
wndshields of opposing t r a f f~c  when the median is narrow. Also, additional 
water on the hlgh-speed lanes Increases the poss~b l l~ ty  of  hydroplaning in the 
flatter areas. 

On two-lane pavements croxned in the center. the rate of cross slope for 
each lane normally should be 116 to 1 i'4 Inch per foot.  When three or more 
lanes are lncllned In the s:ime dlrecrion on multi-lane pavements. each 
successwe palr of lanes 01 pcitlon thereof o u t ~ a i d  from the first two lanes 
from the crown line preferably should Iiave an Increased slope. The two lanes 
adjacent t o  the crown llne should be pitched at the normal minimum slope 
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1 and, on each successive pair of lanes or portlon thereof outward, the rate 
! 
t should be increased by  about 1/16 inch per foot. However, the slope of the 
i outer lane should nor be so stefp that ~t is uncomfortable to  drive. In general, 
I it is recommended that th t  slope ~n the two lanes adjacent to the crown line 

be a minimum of  118 inch per foot and the rnaxlmum slope In the ou ts~de  
j lane(s) be 114 lnch per foot. 
I 
! For operational reasons. the use of cross slopes steeper than 114 Inch per 
, foot on high-type, high-speed pavements \ilith a central crown line is not 

desirable. In passing maneuvers. dr~vers must cross the crown line and 
i negotiate a total "roll-over" of more than 1 ,!2 Inch per foot, or a cross slope 
! change of over 4 percent. The reverse curve path of travel of the passing 

i vehicle causes a reversal in the direction o i  centrifugal force, whlch force is 
further exaggerated by the efflct of the reversing cross s l o ~ e s .  Trucks with 
high body loads are caused to sway from slde to  side when traveling at  h ~ g h  
speed, a t  whtch time steering control may be difficult. 

S i m i l a r l y ,  on t h e  g e n e r a l  t o p i c  o f  "Dra inage"  on page  

385:  

As discussed under Pavements and Cross Slopes. arterial hjghway pavements 
should be designed wllh suiiic~ent crosc slope to drain rapidly with steeper 
slopes on the outer lanes. Where pavemerit surtaces are warped as at cross 
streets or ramps, surface water ~ h o u l d  be ~ntcrcepred beiore rllc change In 
cross slope. Also, ~nlets  should be located just upgrade of pedestrian crossings. 

and  on page  4 4 2 ,  unde r  t h e  s u b j e c t  o f  "DESIGN ELEMENTS- 

Pavements and Cros s  S l o p e , "  p o l i c y  i s  s t a t e d  a s :  

Pavemenr ar~d  Cross Slope 
Througl l  rlaffrc lanes si~ould be ar least 13 feet w ~ d e .  Sonsuperelevated 

seciiolis should he  sloped 3 n;a\lnilirll of 113 1n;h per foc?i \\'i~ere snow and 
Ice art' not o! 'col i~el~l .  [ w o - i ; i ~ l ~ ~  I?;l\eliii'Pt\ uzuall!, :!re sloped lo  dram the full 
width of the I O J ~ ~ , I ~  Oil w i u c ~  i a ~ i I r t l ~ \ ,  p a r r ~ c ~ i l ~ r l y  In areas of heavy 
1:1iilfa11. tralisversc dr;rlrid_ee ria\ he r ~ , o . w ~ : ;  o ~ i  eactl traveleii uay, with the 
~rowl i  I O C ~ I C ~  :II oric-1111lci or oi~i..ll,tli' 111i. total \vlii!?i ilom one edge. In snow 
3rc;j\. trmSVe;.sr drali~ligc iho~ild 5 ~ .  t \ i ' 0 . U 1 a ~  oli tach traveled way so that 
siiow s t o l ~ d  I I I  rile median will no1 rilelt ~ n l i  drain across h e  traveled way, or 
the med~an should be debigned tu prevent t h ~ s  from hnppen~ng. 



I n  summarizing t h e  v a r i o u s  remarks conce rn ing  

s a t i s f a c t o r y  c r o s s - s l o p e  f o r  d r a i n a g e ,  i t  can b e  con-  

c luded  t h a t  a n y t h i n g  between 0 .008  and 0 .0208 f e e t / f o o t  

i s  a d e q u a t e .  No d a t a  a r e  g i v e n  t o  s u p p o r t  t h i s  r a n g e  o f  

v a l u e s ,  however ,  e x c e p t  i n  t h e  s e n s e  t h a t  t h i s  r ange  

r e p r e s e n t s  common p r a c t i c e .  L a t e r  p a r t s  o f  t h i s  s e c t i o n  

w i l l  d e a l  more s p e c i f i c a l l y  w i t h  t h e  gove rn ing  f a c t o r s ,  

such  a s  pavement w i d t h ,  r a i n f a l l  r a t e ,  and pavement s k i d  

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

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

The remarks  p e r t a i n i n g  t o  t h e  i n f l u e n c e s  o f  pave -  

ment w i d t h  on d r a i n a g e ,  i . e . ,  pages  349-351 o f  t h e  DUHAS, 

s u g g e s t  t h a t  t h e  pavement s h o u l d  be  s l o p e d  a t  a  p r o -  

g r e s s i v e l y  i n c r e a s i n g  r a t e  from t h e  median s i d e  t o  t h e  

o u t s i d e ,  where t h e  median d r a i n s  o v e r  t h e  pavement.  

S i m i l a r  recommendations a r e  made f o r  crowned pavements 

hav ing  t h r e e  o r  more l a n e s  i n c l i n e d  i n  t h e  same d i r e c t i o n .  

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

t i o n  s h o u l d  be  g iven  t o  i n c l i n i n g  a l l  l a n e s  a t  t h e  same 

maximum r a t e .  Th is  c o n s i d e r a t i o n  i s  p a r t i c u l a r l y  i m p o r t a n t  

on curved  s e c t i o n s  o f  highway. The s u p e r e l e v a t i o n  r a t e  

s h o u l d  be  chosen on t h e  b a s i s  o f  pavement w i d t h ,  d e g r e e  

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

v a l u e  f o r  pavement s k i d  r e s i s t a n c e .  Lanes hav ing  p r o -  

g r e s s i v e l y  i n c r e a s e d  s l o p e  w i l l  e x p e r i e n c e  g r e a t e r  w a t e r  

d e p t h s  t h a n  t h o s e  which a r e  s l o p e d  a t  j u s t  one maximum 



r a t e .  V e h i c l e  h a n d l i n g  per fo rmance  may be  a d v e r s e l y  

a f f e c t e d  i n  c r o s s i n g  t h e  crown l i n e ,  however ,  and t h i s  

p o s s i b i l i t y  s h o u l d  be  examined.  C ros s ing  t h e  crown l i n e  

on a  m u l t i - l a n e  highway ( e . g . ,  f o r  a  p a s s i n g  maneuver) 

s h o u l d  be  o f  l i t t l e  c o n c e r n ,  however ,  and remarks  t o  t h i s  

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

3 . 1 . 2  SPECIFIC CROSS-SECTION DESIGN CONSIDERATIONS 

FOR DRAINAGE. From t h e  f i n d i n g s  r e p o r t e d  h e r e ,  i t  i s  

c l e a r  t h a t  r oad  w i d t h  and s u p e r e l e v a t i o n  a r e  t h e  p r ima ry  

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  on highway c r o s s - s e c t i o n s .  

S u r f a c e  t e x t u r e  ha s  a  l e s s e r  e f f e c t ,  w h i l e  g r a d e  ( i f  t h e  

cu rve  i s  on a  g r a d e )  h a s  l i t t l e  i n f l u e n c e .  The impor t ance  

o f  d r a i n a g e  i n  curve  d e s i g n  can  be  a p p r e c i a t e d  by con-  

s i d e r i n g  t h e  f a c t  t h a t  an i n c r e a s e  i n  w a t e r  d e p t h  from 

0 .02  i n .  t o  0 . 0 4  i n .  c an  mean an e f f e c t i v e  d rop  o f  s i x  o r  

s even  s k i d  number u n i t s  i n  pavement s k i d  r e s i s t a n c e .  (See 

F i g u r e s  D-6 and D - 7 . )  ( I f  t h e  w a t e r  r e a c h e s  a  d e p t h  o f  

0 . 10  i n ,  t o  0 . 15  i n . ,  h y d r o p l a n i n g  i s  l i k e l y  and e s s e n t i a l l y  

a l l  c r o s s - s e c t i o n s  s h o u l d  be  d e s i g n e d  t o  l i m i t  t h e  d e p t h  

o f  s u r f a c e  w a t e r  t o  a  maximum v a l u e .  I f  i t  can b e  e x p e c t e d  

t h a t  t h i s  maximum w i l l  b e  exceeded ,  pavement s k i d  r e s i s t a n c e  

s h o u l d  be  i n c r e a s e d  a s  a  compensa t ing  measure .  

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

i n  c o n t r o l l i n g  w a t e r  d e p t h  a r e  t h e  road  w i d t h ,  L ,  and t h e  



s u p e r e l e v a t i o n ,  e .  On a  c u r v e ,  t h e  road  w i d t h  i s  e q u a l  

t o  t h e  pavement w i d t h  p l u s  t h e  w i d t h  o f  paved  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  h i g h  s i d e  o f  t h e  c u r v e ,  i f  one i s  p r e s e n t .  

As shown i n  Appendix C ,  pavement w a t e r  d e p t h  can b e  

e s s e n t i a l l y  e x p r e s s e d  i n  t e rms  o f  r a i n f a l l  r a t e ,  I ,  and 

t h e  s i n g l e  p a r a m e t e r ,  L / e .  I f  t h e  w a t e r  d e p t h  i s  t o  b e  

l i m i t e d  t o  a  maximum p e r m i s s i b l e  v a l u e ,  t h e  d e s i g n  p a r a m e t e r ,  

L / e ,  becomes p r i m a r i l y  a  f u n c t i o n  o f  t h e  r a i n f a l l  r a t e .  

L F i g u r e  6  shows t h e  d r a i n a g e  d e s i g n  p a r a m e t e r ,  K(,), 

p l o t t e d  v e r s u s  r a i n f a l l  r a t e ,  a s  computed from E q u a t i o n  ( 4 ) .  

Three  c u r v e s  a r e  shown on t h e  p l o t ,  one e a c h  f o r  w a t e r  

d e p t h s  of  0 .02  i n . ,  0 . 0 4  i n . ,  and 0 .06  i n .  A maximum 

d e s i g n  w a t e r  d e p t h  o f  0 .02  i n .  i s  d e s i r a b l e ,  s i n c e  t h i s  i s  

t h e  s t a n d a r d  d e p t h  u s e d  i n  pavement s k i d  t e s t i n g  ( 1 1 ) .  - 
However, l i m i t i n g  t h e  d e p t h  t o  0 .02 i n .  i s  n o t  a lways 

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

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

0 .02  i n ,  i s  u s e d ,  however ,  t h e  s k i d  r e s i s t a n c e  o f  t h e  

pavement s h o u l d  b e  i n c r e a s e d  t o  compensa te .  F i g u r e  6 i s  

t h e r e f o r e  d i v i d e d  i n t o  f o u r  p a r t s .  I n  t h e  ACCEPTABLE 

r e g i o n ,  where  t h e  d e s i g n  w a t e r  d e p t h  i s  0 .02  i n .  , o r  l e s s ,  

an i n c r e a s e  i n  s k i d  number i s  n o t  needed .  The i n c r e a s e s  

recommended f o r  o t h e r  p a r t s  o f  t h e  f i g u r e  a r e  g i v e n  i n  

Tab l e  3 - 2 .  Note t h a t  d e s i g n  w a t e r  d e p t h s  g r e a t e r  t h a n  

0 . 0 6  i n .  a r e  n o t  recommended s i n c e  h y d r o p l a n i n g  may o c c u r  

a t  t h e s e  d e p t h s .  
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Table 5-2 

Skid  R e s i s t a n c e  Increment v s .  Design Water Depth 

. . - -. - . . 

S k i d  R e s i s t a n c e  I 

Design Water Increment ,  SND Region on 1 
I 

F i g u r e  6 Depth, d ( i n . )  , (Skid Number U n i t s )  i 

Acceptable  0 - 0 . 0 2  

Region I 1 0.02 - 0.04 7 

I 

, Region I 1  I 0.02 - 0.06 13 
I 

1 
L. 

1 

Unacceptable  > 0 , 0 6  Not Recommended 
I 

1 



I n  u s i n g  F i g u r e  6 ,  a  R a i n f a l l  Ra t e  Design Value must 

L be s e l e c t e d  and t h e  q u a n t i t y  K(,) must be computed.  I t  

i s  s u g g e s t e d  t h a t  r a i n f a l l  r a t e s  between 0 . 2 5  and 0 . 5 0  

i n / h r  be  u sed  f o r  d e s i g n  p u r p o s e s ,  depending  on l o c a l  

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

a r e  r e l a t i v e l y  uncommon, c a u s e  reduced  v i s i b i l i t y ,  and 

hence  a  r e d u c t i o n  i n  t r a f f i c  s p e e d .  (See T a b l e  D-7 o f  

Appendix D.) The i n c r e a s e d  w a t e r  d e p t h  and r e s u l t i n g  l o s s  

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

i s ,  t h u s ,  p a r t l y  compensated by lower  speeds  and t h e  

c o r r e s p o n d i n g l y  reduced  f r i c t i o n  demand of t h e  t r a f f i c .  

L Note t h a t  t h e  p a r a m e t e r ,  K ( b ) ,  i s  s o l e l y  a  f u n c t i o n  of  t h e  

d e s i g n  of  t h e  c r o s s - s e c t i o n .  K i s  r e l a t e d  t o  t h e  o v e r a l l  

s l o p e  o f  t h e  s u r f a c e  and can  be de t e rmined  from F i g u r e  7 .  

L and e  have been d e f i n e d  e a r l i e r .  

Use of  F i g u r e  6  i n  d e s i g n i n g  a  c r o s s - s e c t i o n  i s  

i l l u s t r a t e d  by t h e  f o l l o w i n g  two examples :  

Case 1 - A Curved S e c t i o n  

S i t e  C h a r a c t e r i s t i c s :  

Width o f  Roadway 

Width o f  S u p e r e l e v a t e d  
S h o u l d e r :  

2 4  f e e t  

10 f e e t  

3 - 
16 i n .  p e r  f t .  

3 % 

0 . 2 5  i n / h r  



PAVEMENT SLOPE, S= V G *  + e* 

F i g u r e  7 .  S l o p e  F a c t o r  Versus Pavement S l o p e .  



I t  f o l l o w s  t h a t  S = 0 .0338 ,  K = 1 . 2 6 ,  L = 30 .5  f t .  

(namely,  t h e  d i s t a n c e  from edge of  paved s h o u l d e r  t o  t h e  

L r i g h t - w h e e l  p a t h  i n  t h e  r i g h t  l a n e ) ,  and K(,) = 2460 f t .  

With t h e  assumed v a l u e  o f  I D  and t h e  a b o v e - c a l c u l a t e d  

L v a l u e  of  K(--), t h e  d e s i g n  f a l l s  w i t h i n  Region I 1  o f  F i g u r e  

6 .  Thus,  on t h e  b a s i s  o f  d r a i n a g e  c o n s i d e r a t i o n s  a l o n e ,  

t h e  s k i d  number a t  t h e  s i t e  must be  1 3  SN u n i t s  g r e a t e r  

t h a n  would be  r e q u i r e d  on a  s e c t i o n  where t h e  maximum 

e x p e c t e d  w a t e r  d e p t h  i s  0 .02  i n .  

Case 2 - A Tangent S e c t i o n  

S i t e  C h a r a c t e r i s t i c s :  

Width o f  Roadway 1 2  f e e t  

Width o f  S u p e r e l e v a t e d  
Shou lde r  !done 

7 
E i n .  p e r  f t ,  

I t  f o l l o w s  t h a t  S  = 0 .0365 ,  K = 1 . 2 0 ,  L = 8 . 5  f e e t  

( d i s t a n c e  from c e n t e r  o f  crowned s e c t i o n  t o  r i g h t - w h e e l  

L p a t h  i n  r i g h t  l a n e ) ,  and K(,) = 280  f e e t .  Thus,  f o r  

Case 2 ,  t h e  d e s i g n  f a l l s  i n  t h e  a c c e p t a b l e  r e g i o n  and no 

i n c r e a s e  i n  s k i d  number i s  i n d i c a t e d .  

I t  i s  c l e a r  t h a t  pavement d r a i n a g e  c a n ,  i n  p r i n c i p l e ,  

b e  c o n s i d e r e d  i n  c r o s s - s e c t i o n  d e s i g n .  I t  f o l l o w s  t h a t  



i f  d r a i n a g e  i s  i n a d e q u a t e ,  pavement f r i c t i o n  s h o u l d  b e  

i n c r e a s e d  c o r r e s p o n d i n g l y ,  p r o v i d e d  w a t e r  d e p t h s  have 

been  l i m i t e d  t o  p r e v e n t  h y d r o p l a n i n g .  As i n d i c a t e d  i n  

S e c t i o n  2 . 5 ,  c u r v a t u r e  and g r a d e ,  i n  a d d i t i o n  t o  d r a i n a g e ,  

a l s o  c o n t r i b u t e  t o  t h e  need  f o r  a d d i t i o n a l  s k i d  

r e s i s t a n c e  a t  p a r t i c u l a r  s i t e s .  P r a c t i c a l  methods f o r  

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

n e x t  s u b s e c t i o n .  

3 . 1 . 3  SURFACE FRICTION REQUIREMENTS. The s k i d  number 

needed  a t  a  c u r v e / g r a d e  s i t e  t o  p r o v i d e  a  margin  o f  

s a f e t y  adequa t e  t o  pe r fo rm a  maneuver i nduced  by a  

t r a f f i c  c o n f l i c t  was s p e c i f i e d  i n  Equa t ion  ( 1 3 ) .  Th i s  

e q u a t i o n  can be  m o d i f i e d  a s  f o l l o w s  t o  accoun t  f o r  d e f i -  

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

t i r e  c h a r a c t e r i s t i c s  d i f f e r e n t  from t h a t  o f  t h e  AST?4 

s t a n d a r d  t i r e :  

where SND i s  t h e  s k i d  number increment  from Tab le  3 - 1 ,  

and where o t h e r  t e rms  have  been  d e f i n e d  p r e v i o u s l y .  

Equa t ion  (14)  can be  f u r t h e r  mod i f i ed  t o  y i e l d  an 

e x p r e s s i o n  f o r  t h e  r e q u i r e d  s k i d  number a t  40 mph. The 

r e s u l t  i s  : 



where  newly u sed  te rms  a r e  d e f i n e d  a s  f o l l o w s :  

S N 4 0 ~  = t h e  SN40 v a l u e  needed  on a  t a n g e n t  s e c t i o n  

'I 

SNgrad  = t h e  s k i d  number g r a d i e n t ,  SN/mph (Note 

t h a t  SNgrad i s  a l m o s t  a lways n e g a t i v e )  

V = a  c h a r a c t e r i s t i c  v e l o c i t y  which i s  n e a r  

t h e  maximum v e l o c i t y  t h a t  v e h i c l e s  t r a v e l  

on t h e  g i v e n  highway s e c t i o n .  Examples 

a r e  t h e  speed  l i m i t ,  t h e  highway d e s i g n  

s p e e d ,  o r  t h e  9 0 t h  p e r c e n t i l e  of t h e  

speed  d i s t r i b u t i o n  on t h e  s e c t i o n ,  mph. 

Values  of  TF f o r  u s e  w i t h  t h e  e q u a t i o n  s h o u l d  be ba sed  on 

minimum t r e a d  d e p t h  t r a c t i o n  c o n d i t i o n s .  To be  c o m p l e t e l y  

c o n s e r v a t i v e ,  t h i s  would mean a  TF v a l u e  f o r  smooth t i r e s .  

However, t h e  v a l u e  of  SN40CG which would r e s u l t  i s  c o n s i d e r e d  

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

t o  t h e  l e g a l  minimum o f  t r e a d  d e p t h  a r e  p r o b a b l y  more 

r e a l i s t i c .  Va lues  o f  TF f o r  s p e c i f i c  t r e a d  d e p t h s  which 

a r e  c h a r a c t e r i s t i c s  o f  l e g a l  minimums i n  most  s t a t e s  a r e  

g i v e n  i n  T a b l e  3 -  3 (12) . - 



Table 3 - 3  

Values o f  TF f o r  S p e c i f i c  Tread Depths  

1 - - - - - - . - -. - - - - 
T~ rq - i i i d - -  i e p  i h  , i n ,  

r 

0 I - (worn smooth)  I 3 2 



Values  o f  SN40T s h o u l d  b e  s e l e c t e d  t o  r e f l e c t  s a f e  

d r i v i n g  e x p e r i e n c e  on t a n g e n t  s e c t i o n s .  An a c c e p t a b l e  

v a l u e  can be  de t e rmined  from F i g u r e  1. For  example ,  

t h e  SN40 v a l u e  needed t o  s a f e l y  c a r r y  o u t  a  l a n e  change 

and b r a k i n g  maneuver on a  t a n g e n t  s e c t i o n  w i t h  a  v e h i c l e  

u s i n g  h a l f - w o r n  t i r e s  (TF = . 85 )  i s  about  40. (See t h e  

v ~ o ~  c u r v e s  on F i g u r e  1 f o r  v e l o c i t i e s  n e a r  80 mph.) A 

v a l u e  o f  40 f o r  h a l f - w o r n  t i r e s  t r a n s l a t e s  t o  an SN40 

v a l u e  o f  34 (=  40 x  - 8 5 )  f o r  a  s t a n d a r d  ASTM t e s t  t i r e .  

I n  summary, Equa t ion  (15)  p r o v i d e s  a means f o r  d e t e r -  

mining pavement s k i d  r e s i s t a n c e  r e q u i r e m e n t s  f o r  cu rve  

and c u r v e / g r a d e  s i t e s .  Th i s  e q u a t i o n  i s  ba sed  on (1)  t h e  

s k i d  r e s i s t a n c e  r e q u i r e d  f o r  s a f e  maneuvering on t a n g e n t  

s e c t i o n s ;  ( 2 )  a d d i t i o n a l  i nc r emen t s  i n  s k i d  r e s i s t a n c e  

t o  compensate f o r  c u r v a t u r e  and g r a d e ;  ( 3 )  pavement 

s u r f a c e  d r a i n a g e  f a c t o r s ;  and ( 4 )  a  t i r e  t r e a d - w e a r  f a c t o r .  

Examples o f  t h e  u s e  o f  Equa t ion  (15)  t o  s p e c i f y  

f r i c t i o n a l  r e q u i r e m e n t s  a r e  a s  f o l l o w s :  

Case 1 - Curved S e c t i o n  of  Pavement w i t h  Moderate 

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

S i t e  C h a r a c t e r i s t i c s :  

Width of  Roadway 

Width o f  S u p e r e l e v a t e d  
Shou lde r  

2 4  f e e t  

10 f e e t  



3 
s i n .  p e r  f t .  

I D  

T i r e  Tread  Depth 

Der ived  Q u a n t i t i e s :  

SND (Region I )  

SNgrad  (As sumed) 

3 % 

8 0  mph 

0 . 2 5  i n / h r  

2 i n .  

0 . 0 3 7 2  

1 . 1 9  

3 0 . 5  f e e t  

1 ,160  f e e t  

7  

, 0 4 3  

- 0 . 5  SN uni t s /mph 

0 . 5 0  

S u b s t i t u t i n g  t h e  above d e r i v e d  q u a n t i t i e s  i n t o  Equa t ion  

(15) y i e l d s  

Thus,  f o r  a  v e h i c l e  t r a v e l i n g  a t  80  mph w i t h  t i r e s  w i t h  

2/32 i n .  o f  t r e a d ,  i n  a  r a i n s t o r m  of  0 . 2 5  i n / h r  r a i n f a l l  

r a t e ,  t h e  r e q u i r e d  v a l u e  of  SNd0 f o r  s a f e  t r a v e l  i s  76.  

I f  t h e  t i r e s  have f u l l  t r e a d  d e p t h  (TF = 1 . 2 ) ,  t h e  

c o r r e s p o n d i n g  v a l u e  i s  43. 



Case 2 - Curved S e c t i o n  o f  Pavement w i t h  Large S u p e r e l e v a t i o n  

S i t e  C h a r a c t e r i s t i c s :  

Same a s  Case 1,  e x c e p t  t h a t  

Width of  S u p e r e l e v a t e d  
Shou lde r  

Der ived  Q u a n t i t i e s :  

i n  p e r  f t  T 
None 

.0693 

0 .83  

20 .5  f e e t  

2 7 2  f e e t  

S u b s t i t u t i n g  t h e  above d e r i v e d  q u a n t i t i e s  i n t o  Equa t ion  

( 1 5 )  y i e l d s  a  r e q u i r e d  SN40 v a l u e  of  50. Thus,  by d o u b l i n g  

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

t h e  r e q u i r e d  s k i d  number ha s  been  reduced  from 76 t o  50. 

Aga in ,  f o r  f u l l y  t r e a d e d  t i r e s ,  t h e  r e q u i r e d  SNd0 v a l u e  

i s  33.  Thus,  i f  t h e  s k i d  r e s i s t a n c e  were made adequa t e  

f o r  a  2/32 i n .  t r e a d ,  a  margin o f  1 7  SN u n i t s  would b e  

a v a i l a b l e  when f u l l y  t r e a d e d  t i r e s  a r e  u s e d .  



Equat ion  (15)  p r o v i d e s  a p r a c t i c a l  means f o r  

d e t e r m i n i n g  t h e  s k i d  number r e q u i r e m e n t s  f o r  a  g i v e n  

s e c t i o n  o f  roadway. I t  i s  e v i d e n t  t h a t  geomet ry ,  d r a i n a g e ,  

and t i r e  usage  e n t e r  i n t o  pavement f r i c t i o n  r e q u i r e m e n t s ,  

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

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

3 . 1 . 4  MANEUVER CONSIDERATIONS IN ROADWAY DESIGN. 

E q u a l l y  i m p o r t a n t  t o  p r o v i d i n g  adequa t e  s k i d  r e s i s t a n c e  

i s  t h e  n e c e s s i t y  f o r  r e d u c i n g  t h e  demand f o r  emergency 

maneuver ing a t  a  s i t e .  The main f a c t o r s  t h a t  i n f l u e n c e  

t h e  need  f o r  emergency maneuver ing a r e  s i g n i n g ,  s i g h t  

d i s t a n c e ,  roadway d i s c o n t i n u i t i e s  ( i . e . ,  i n t e r c h a n g e s ,  

r e s t  s t o p s ,  l a n e  d r o p s ,  e t c . ) ,  t r a f f i c  d e n s i t y ,  and d r i v e r  

r e s p o n s i v e n e s s .  The i n t e r a c t i o n  between t h e s e  v a r i a b l e s  

i s  q u i t e  complex and i s  n o t  f u l l y  u n d e r s t o o d .  I t  i s  

i m p o r t a n t ,  t h e r e f o r e ,  t h a t  t h e  d e s i g n  g u i d e l i n e s  t h a t  do 

e x i s t ,  such  a s  t h o s e  i n  AASHTO g e o m e t r i c  d e s i g n  manuals  

(2 ,  3) and t h e  Manual on Uniform T r a f f i c  C o n t r o l  Devices  

(13) - be  adhe red  t o  a s  c a r e f u l l y  a s  p o s s i b l e .  

I n  e v a l u a t i n g  a  new s e c t i o n  o f  r o a d ,  a  d e s i g n  r ev i ew  

p o l i c y  i s  r e q u i r e d  which can be  used  t o  d e f i n e  a  runn ing  

r e c o r d  o f  t h e  maneuver demand p o t e n t i a l  t h r o u g h o u t  t h e  

l e n g t h  o f  t h e  roadway. Such a  r e c o r d  would be s i m i l a r  



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

p l a n s  ( 2 ,  - - 3) . The f a c t o r s  t o  c o n s i d e r  i n  c o n s t r u c t i n g  a  

r u n n i n g  r e c o r d  o f  maneuver demand p o t e n t i a l  a r e :  

1. t h e  cues  which must be  a s s i m i l a t e d  t o  

c a r r y  o u t  a  d e c i s i o n ,  e . g . ,  s i g n i n g ,  pave -  

ment m a r k i n g s ,  d e l i n e a t o r s ,  o t h e r  v e h i c l e s ,  

e t c .  

2 .  t h e  cue  o b s t r u c t i o n s ,  e . g . ,  embankments, 

f o l i a g e ,  ambiguous s i g n  messages ,  l i m i t e d  

s i g h t  d i s t a n c e ,  e t c .  

3. t h e  complex i ty  o r  number o f  c h o i c e s  i n  

t h e  d e c i s i o n  p r o c e s s  

4 .  t h e  t i m e  a v a i l a b l e  f o r  making t h e  d e c i s i o n .  

Along w i t h  t h e  e s t a b l i s h m e n t  o f  t h i s  r e c o r d ,  c r i t e r i a  n e e d  

t o  be  e s t a b l i s h e d  f o r  l i m i t i n g  t h e  maneuver demand 

p o t e n t i a l  f o r  v a r i o u s  c l a s s e s  o f  geo rne t r i c s .  The c r i t e r i a  

and t h e  r e c o r d  s h o u l d  t h e n  be  u sed  i n  combina t i on  a s  a  

d e s i g n  c o n t r o l  mechanism. 

Al though  i t  i s  p o s s i b l e  t o  o u t l i n e  t h e  b a s i c  r e q u i r e -  

ment f o r  a  d e s i g n  rev iew p r o c e d u r e  t o  e s t a b l i s h  a  maneuver 

demand p o t e n t i a l ,  t h e  q e c i f i c  deve lopment  o f  s u c h  a 

p r o c e d u r e  i s  w e l l  beyond t h e  s cope  o f  t h e  p r e s e n t  p r o j e c t .  

However, p r o j e c t  f i n d i n g s  have  c l e a r l y  d e m o n s t r a t e d  a 

need  and p r i o r i t y  f o r  d e v e l o p i n g  such  a  p r o c e d u r e .  



3 . 2  SITE IMPROVEMENTS 

A form t o  be used  i n  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  e x i s t i n g  highway s i t e s  i s  g i v e n  i n  

Appendix F. S i n c e  i t  i s  i n t e n d e d  f o r  u s e  i n  f i e l d  

i n v e s t i g a t i o n s ,  t h e  form i s  d i v i d e d  i n t o  two parts-a 

s i t e  d e s c r i p t i o n  form and a  s i t e  e v a l u a t i o n  check l i s t .  

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

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

The s i t e  e v a l u a t i o n  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  

Geometr ic  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 i g n i n g  F a c t o r s  

Most s e c t i o n s  o f  t h e  c h e c k l i s t  a r e  p r o v i d e d  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 "Acc iden t -Causa t i on  F a c t o r . "  Th i s  a l l o w s  t h e  p r e s e n c e  

o f  an i t e m  t o  b e  n o t e d  even though t h e  i t e m  may n o t  b e  

an a c c i d e n t - c a u s a t i o n  f a c t o r .  The "Acc iden t -Causa t i on  

F a c t o r "  column has  been  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  review of t h e  c h e c k l i s t .  The i n t e n t  

of t h e  l i s t  i s  t o  p rov ide  a  r a p i d  and e f f i c i e n t  means 

of  i d e n t i f y i n g  t h e  need f o r  s p e c i f i c  s i t e  improvements. 



CHAPTER 4  

CONCLUSIONS AND SUGGESTED RESEARCH 

4 . 1  CONCLUSIONS 

The f i n d i n g s  from t h e  a c c i d e n t  d a t a  a n a l y s e s ,  s i m u l a -  

t i o n  s t u d i e s ,  and f i e l d  s i t e  i n v e s t i g a t i o n s  pe r fo rmed  

i n  t h i s  s t u d y  can  be  i n t e g r a t e d  t o  d e v e l o p  t e n t a t i v e  

g u i d e l i n e s  and d e s i g n  p o l i c y  recommendations which w i l l  

c r e a t e  t h e  marg ins  o f  s a f e t y  needed t o  f a c i l i t a t e  con-  

t r o l l a b l e  and s a f e  maneuvers on highway s e c t i o n s  w i t h  

combined v e r t i c a l  and h o r i z o n t a l  a l i g n m e n t .  

I n  t h i s  s t u d y  no e v i d e n c e  was found t o  i n d i c a t e  t h a t  

g e o m e t r i c  e f f e c t s  due t o  c u r v a t u r e  and g r a d e  combine t o  

p roduce  a  more dangerous  s i t u a t i o n  t h a n  t h a t  p roduced  by 

g r a d e  and c u r v a t u r e  t a k e n  i n d i v i d u a l l y .  Consequen t l y ,  

s e p a r a t e  s k i d  number i n c r e m e n t s  have been  recommended t o  

compensate  f o r  t h e  l o s s  i n  a c c e l e r a t i o n  c a p a b i l i t y  r e q u i r e d  

f o r  p e r f o r m i n g  (1 )  s t o p p i n g  maneuvers on downgrades and 

( 2 )  l a n e - c h a n g e  maneuvers on c u r v e s .  I n  a d d i t i o n ,  a n o t h e r  

i n c r e m e n t  i n  s k i d  number h a s  been  p roposed  t o  a l l e v i a t e  

l o s s - o f - c o n t r o l  problems o c c u r r i n g  a t  c u r v e  s i t e s  

c h a r a c t e r i z e d  by l a r g e  road  w i d t h s  a n d / o r  low s u p e r e l e v a t i o n s .  

I t  a p p e a r s  t h a t  t h e r e  a r e  no b a s i c  problems ( o t h e r  

t h a n  t h e  p rob lems  t h a t  e x i s t  f o r  f l a t  c u r v e s )  w i t h  u s e  o f  

t h e  AASHTO d e s i g n  f o r m u l a ,  a s  recommended f o r  l e v e l ,  



h o r i z o n t a l  c u r v e s ,  t o  d e s i g n  highway georne t r ics  f o r  c u r v e s  

on g r a d e s .  However, i t  i s  recommended t h a t  s u p e r e l e v a t i o n  

l e v e l s  a t  t h e  uppe r  end o f  t h e  AASHTO s p e c i f i e d  v a l u e s  be 

u s e d  t o  (1 )  p r o v i d e  a s  much o f  a  margin  o f  s a f e t y  f o r  

t u r n i n g  maneuvers a s  p o s s i b l e ,  and ( 2 )  m a i n t a i n  t h e  f r i c -  

t i o n  p o t e n t i a l  o f  t h e  road  by l i m i t i n g  w a t e r  d e p t h  d u r i n g  

r a i n s t o r m s .  (Th i s  recommendation a p p l i e s  t o  a l l  c u r v e s ,  

i n c l u d i n g  c u r v e s  on g r a d e s  and c u r v e s  on t h e  l e v e l . )  

The f o l l o w i n g  s p e c i f i c  c o n c l u s i o n s  have been  drawn 

from t h e  f i n d i n g s  o f  e ach  o f  t h e  ma jo r  a c t i v i t i e s  o f  t h i s  

s t u d y :  

1. The a c c i d e n t  d a t a  from t h e  Ohio Tu rnp ike  shows 

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  dependence o f  t h e  

a c c i d e n t  r a t e  on g r a d e  o r  c u r v a t u r e  e x c e p t  t h a t  

a s p e c i f i c  l o  c u r v e  on a  3% downgrade h a s  a  

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

2 .  The a c c i d e n t  r a t e  on t h e  P e n n s y l v a n i a  Tu rnp ike  

does  n o t  depend upon g r a d e  b u t  i t  does  i n c r e a s e  

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

f a c t o r .  (S ide  f r i c t i o n  f a c t o r  i s  t h e  component 

o f  c e n t r i p e t a l  a c c e l e r a t i o n  p r o v i d e d  by t h e  

t i r e / r o a d  i n t e r f a c e  i n  a s t e a d y  t u r n  maneuver . )  

3 .  The a c c i d e n t  h i s t o r y  a t  t h e  l o - c u r v e ,  3%-down- 

g r a d e  s i t e  i n  Ohio ,  i d e n t i f i e d  a s  b e i n g  h i g h l y  

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



a p p e a r s  t o  b e  h i g h l y  a s s o c i a t e d  w i t h  wet  

pavement and worn t i r e s .  

4 .  A l a n e - c h a n g e  maneuver ,  shown t o  b e  a  c r i t i c a l  

c o n d i t i o n  a t  c u r v e  s i t e s ,  c o u l d  r e s u l t  i n  

l o s s  of  c o n t r o l  s i t u a t i o n s  a t  normal  highway 

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

t i r e s  o p e r a t i n g  on s u r f a c e s  w i t h  SNqO = 3 0 .  

5 ,  The a n a l y t i c a l  and s i m u l a t i o n  work per formed  

i n  t h i s  s t u d y  showed g r a d e  t o  b e  a  roadway 

f a c t o r  o f  s m a l l  i n f l u e n c e .  

6 .  I n  a  l i m i t e d  s i m u l a t i o n  s t u d y ,  emergency 

maneuver ing o f  a  motor  v e h i c l e  was found  t o  b e  

a  more l i k e l y  c a u s e  of  l o s s  of  c o n t r o l  t h a n  

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

s i m p l e  wind g u s t s .  

7 .  The l a n e  change and b r a k i n g  maneuver u sed  i n  

t h i s  s t u d y  was s e v e r e  enough t h a t  g r a d e  and 

c u r v a t u r e  had  o n l y  a  s m a l l  i n f l u e n c e  on t h e  

maximum speed  a t  which t h i s  maneuver c o u l d  be  

pe r fo rmed  w i t h o u t  l o s s  of  c o n t r o l .  

8 .  Highway s i t e s  h a v i n g  combined c u r v a t u r e  and 

g r a d e  were  found t o  r e q u i r e  g r e a t e r  pavement 

s k i d  r e s i s t a n c e  a s  an emergency-maneuver s a f e t y  

marg in  t h a n  c o r r e s p o n d i n g  t a n g e n t  s e c t i o n s .  



9 .  Pavement d r a i n a g e  was shown t o  be  an impor- 

t a n t  c o n s i d e r a t i o n  a t  cu rve  s i t e s ,  and t h e  

r a t i o  o f  t o t a l  road  w id th  t o  s u p e r e l e v a t i o n  

was found t o  cause  u n f a v o r a b l e  w a t e r  d e p t h s  

on some lo  c u r v e s .  

10 .  Methods f o r  e v a l u a t i n g  problem s i t e s  were 

deve loped  and used t o  conc lude  t h a t  (1 )  a  

d r a i n a g e  problem e x i s t s  a t  t h e  problem s i t e  

s e l e c t e d  on t h e  Ohio Tu rnp ike ;  and (2)  many 

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

change l a n e s ,  i n s u f f i c i e n t  s i g h t  d i s t a n c e ,  and 

o b s t r u c t e d  s i g n s  c o n t r i b u t e  t o  t h e  h i g h  a c c i -  

d e n t  r a t e  a t  t h e  problem s i t e  l o c a t e d  on 1 - 9 5  

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 n  g e n e r a l ,  t h e  program c o n s i s t e d  of  t h r e e  major  

a c t i v i t i e s  : (1)  a c c i d e n t  d a t a  a n a l y s i s  ; (2 )  computer s i m u l a -  

t i o n ;  and ( 3 )  f i e l d  s i t e  i n v e s t i g a t i o n .  These a c t i v i t i e s  

were i n t e g r a t e d  t o  p r o v i d e  a m u l t i f a c e t e d  approach i n  which 

each  a c t i v i t y  c o n t r i b u t e d  u s e f u l  f i n d i n g s  which cou ld  be  

compared and v e r i f i e d  i n  t h e  o t h e r  a c t i v i t i e s .  Th i s  m u l t i -  

f a c e t e d  approach  i s  recommended f o r  u s e  i n  o t h e r  r e s e a r c h  

endeavors  concerned  w i t h  s a f e t y  problems i n v o l v i n g  t h e  

h i g h w a y - v e h i c l e - d r i v e r  sy s t em.  



4 . 2  SUGGESTED RESEARCH 

A p r o c e d u r e  f o r  implement ing  t h e  f i n d i n g s  o f  t h i s  

program t o  p r o v i d e  t e n t a t i v e  g u i d e l i n e s  f o r  r e v i e w i n g  

d e s i g n  p r a c t i c e s  f o r  new s e c t i o n s  o f  highway and f o r  

e v a l u a t i n g  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  h i g h - a c c i d e n t -  

r a t e  s i t e s  was documented i n  Chap te r  3 .  However, i t  

a p p e a r s  t h a t  some o f  t h e s e  f i n d i n g s  may have b r o a d e r  i m p l i -  

c a t i o n s  t h a n  t h e  o b j e c t i v e s  o f  t h i s  p rog ram,  and t h a t  t h e y  

s h o u l d  r e c e i v e  e v a l u a t i o n  i n  a  l a r g e r  c o n t e x t .  A c c o r d i n g l y ,  

t h e  methodology and f i n d i n g s  deve loped  i n  t h i s  s t u d y  form 

t h e  b a s i s  f o r  recommending t h e  f o l l o w i n g  r e s e a r c h :  

1. The c o n c e p t  of  a  s k i d  number marg in  t o  r e d u c e  

a c c i d e n t s  a t  cu rve  s i t e s  s h o u l d  be  e v a l u a t e d  

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

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

f o r  s e v e r a l  h ighways ,  u s i n g  t h e  methods and 

t e c h n i q u e s  d e v e l o p e d  i n  t h i s  program.  

2 .  A w a t e r  d e p t h  s t u d y  s h o u l d  be  made t o  (1)  r e s o l v e  

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

s t u d i e s  ( 6 - 9 ) ;  - - ( 2 )  d e t e r m i n e  t i r e  l o n g i t u d i n a l  

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

o f  c o n t r o l l e d  w a t e r  d e p t h  and t i r e  w e a r ;  and 

( 3 )  deve lop  means f o r  measu r ing  a v e r a g e  w a t e r  

d e p t h  on highways d u r i n g  r a i n s t o r m s .  



3.  More f i e l d  i n v e s t i g a t i o n s  o f  problem s i t e s  

s h o u l d  be  made t o  s e e  i f  s i t e  d i f f i c u l t i e s  

can  be i d e n t i f i e d  a t  a  number o f  c u r v e  and 

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

methodology deve loped  i n  t h i s  program.  

4 .  Research  t o  d e f i n e  a  means o f  i d e n t i f y i n g  

prob lem s i t e s  w i t h o u t  w a i t i n g  f o r  a c c i d e n t s  

t o  o c c u r  s h o u l d  be  u n d e r t a k e n .  P o s s i b l y ,  a  

concep t  o f  o b s e r v e d  t r a f f i c  c o n f l i c t s  would 

p r o v i d e  a  r e a s o n a b l e  s t a r t i n g  p o i n t .  

More s i m u l a t i o n  s t u d i e s  s h o u l d  be made t o  

i n v e s t i g a t e  o t h e r  maneuvers which might  c a u s e  

l o s s - o f - c o n t r o l  problems and t h e  p o t e n t i a l  f o r  

s k i d d i n g  on highways.  However, a  l a r g e r  amount 

o f  d e t a i l e d  i n f o r m a t i o n  i s  needed on d r i v e r  

b e h a v i o r  i n  p e r f o r m i n g  emergency maneuvers i n  

o r d e r  t o  r e c o n s t r u c t  a c c i d e n t  s i t u a t i o n s .  

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

on t h e  highway can  p r o v i d e  t h e  i n f o r m a t i o n  

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

and b r a k i n g  maneuvers .  

6 .  P r o c e d u r e s  s h o u l d  b e  deve loped  f o r  c r e a t i n g  a  

r u n n i n g  r e c o r d  of  maneuver demand p o t e n t i a l  

a l o n g  new and e x i s t i n g  s e c t i o n s  of  roadway. 



7 .  A d e t a i l e d  s t u d y  of  t h e  i n f l u e n c e s  of  wind 

on v e h i c l e  h a n d l i n g  and t r a c t i o n  ( i . e . ,  t h e  

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

r e s u l t  from c r o s s  winds)  s h o u l d  be  u n d e r t a k e n ,  

A c r o s s - s e c t i o n  o f  au tomob i l e  c o n f i g u r a t i o n s  

s h o u l d  be  examined.  The a c t u a l  wind p r o f i l e s  

a t  t h e  Ohio Turnp ike  ~ r o b l e m  s i t e  s h o u l d  b e  

measured and used  a s  d i s t u r b a n c e  i n p u t s  t o  t h e  

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








