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SUMMARY OF FINDINGS 

Pavement and pavement marking wear by studded tires are sus- 

pected causes of several effects that result in decreased highway 

safety. In order of decreasing hazard the most important effects 

are 

1. Tire Hydroplaning and Wet Skid 

2. Road Repair and Maintenance Hazard 

Other effects, discussed in more detail in the report, are felt to 

be of less potential hazard than the factors cited above. 

In the case of hydroplaning studded tire wear was found to be 

both beneficial and detrimental to safety. In some cases, a coar- 

sening of the surface produces enhanced skid resistance properties. 

In other cases, studded tire wear has a smoothing effect and the 

skid number is reduced. 

If road maintenance activity projections resulting from stud- 

ded tire wear hold true, the construction sites may serve to be a 

significant source of accidents. Of course, the decision to repave 

or recondition a road surface is at least partially determined by 

the known or suspected relationship between road damage and acci- 

dents. Thus extensive repairs partially assume a knowledge of the 

known accident causation factors of damaged pavement. 

Some possible studded tire effects such as the ejection of 

studs from high speed vehicles, or the degradation of vehicle corn- 

ponents were judged to have little relationship to accidents. 

Modelling activities have suggested that the relationship be- 

tween pavement wear effects and accident rate may be difficult to 

define in an experimental context. A suggested approach plan in- 

volves four major investigative phases: 

1. Definition of the extent of road damage, 

2. Examination of available accident data, 

3. Observations of traffic flow patterns on lightly and heavily 
damaged road sections. 



4. Collection of supplemental information during police inves- 
tigations. 

Studies indicate that accident information corresponding to one 

years experience on the New York or Ohio Turnpikes will be necessary 

to produce results that are statistically significant. 
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CHAPTER 1 

INTRODUCTION 

S i n c e  t h e i r  i n t r o d u c t i o n  i n t o  t h i s  conn t r7y  i r ~  t h e  mid -1  960 ' r ; ,  

t h e  u s e  o f  s t u d d e d  t;irlc>:: f o r  w i n t e r  dr:Lving i~:l;-, iricrc?n:;c?d r a p i d l y .  

The a d o p t i o n  and c o n t i n u e d  u s e  o f  s t u d d e d  t i r e s  h a s  been  t h e  s o u r c e  

o f  much c o n t r o v e r s y  i n  t h e  highway community. Advoca tes  o f  s t u d d e d  

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

s a f e t y  u n d e r  a d v e r s e  w i n t e r  d r i v i n g  c o n d i t i o n s .  Opponents  m a i n t a i n  

t h a t  s t u d d e d  t i r e s  s u b s t a n t i a l l y  a c c e l e r a t e  highway pavement wear  

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

u s a g e ,  a p a r t  from p e r f o r m a n c e  u n d e r  a d v e r s e  d r i v i n g  c o n d i t i o n s ,  have  

n o t  been  f u l l y  e x p l o r e d ;  t h e s e  i s s u e s  a r e  a s s o c i a t e d  p r i n c i p a l l y  

w i t h  t h e  pavement wear  g e n e r a t e d  by t i r e  s t u d s  and t h e  e f f e c t s  o f  

t h i s  wear  on s a f e t y .  O t h e r  i m p o r t a n t  economic o r  n o n - s a f e t y  r e l a t e d  

b e n e f i t s  o f  s t u d d e d  t i r e s  have  s i m i l a r l y  been  g i v e n  l i t t l e  a t t e n t i o n .  

Both s i d e s  p o s s e s s  e x p e r i m e n t a l  e v i d e n c e  t o  s u p p o r t  t h e i r  v i e w s .  

T e s t s  by S m i t h ,  Clough and o t h e r s  [205,  206,  207, 2081 i n d i c a t e  t h a t  

v e h i c l e s  e q u i p p e d  w i t h  s t u d d e d  t i r e s  have  b e t t e r  t r a c t i v e  p e r f o r -  

mance t h a n  e i t h e r  c o n v e n t i o n a l  t i r e s  o r  non-s tudded  snow t i r e s  f o r  

c e r t a i n  w i n t e r  d r i v i n g  c o n d i t i o n s ;  t h e  g r e a t e s t  r e l a t i v e  improvement 

i s  on g l a r e  i c e  a t  32' F .  But c l i m a t o l o g i c a l  s t u d i e s  i n d i c a t e  t h a t  

s u c h  o p t i m a l  c o n d i t i o n s  o c c u r  i n f r e q u e n t l y .  On t h e  o t h e r  hand ,  

v a r i o u s  pavement wear  e x p e r i m e n t s  and o b s e r v a t i o n s  o f  a c t u a l  r o a d  

s u r f a c e s  i n d i c a t e  a c c e l e r a t e d  pavement wear  f rom s t u d d e d  t i r e  u s a g e  

r3.04, 153-155,  1 7 1 1 .  But s t u d i e s  o f  r e l a t i v e  a c c i d e n t  i n v o l v e m e n t  

have  n o t  shown any c l e a r - c u t  d e g r a d a t i o n  i n  highway s a f e t y  as a  r e -  

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

s t u d d e d  t i r e  u s a g e  a r g u e  t h a t  t h e  d e m o n s t r a b l e  c o s t s  e x c e e d  t h e  un- 

p r o v e d  b e n e f i t s ;  c o n s e q u e n t l y ,  t h e  u s e  o f  s t u d d e d  t i r e s  ough t  t o  b e  

banned a s  M i n n e s o t a  and O n t a r i o  have  done .  

U l t i m a t e l y ,  t h e  f a t e  o f  s t u d d e d  t i r e s  s h o u l d  b e  r e s o l v e d  on t h e  

b a s i s  o f  t h e  r e l a t i v e  c o s t s  and benefits o f  t h e i r  u s e .  A t  p r e s e n t ,  

n o t  enough i s  known a b o u t  t h e  p rob lem t o  p e r f o r m  s u c h  a  r e s o l u t i o n .  

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



s t u d d e d  t i r e s  and t o  r e f i n e  t h e  e s t i m a t e s  o f  p r o b a b l e  pavement 

damage. What r e m a i n s  t o  be  d e t e r m i n e d  a r e  t h e  non -win t e r  s a f e t y  

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

Apa r t  f rom t h e i r  d i r e c t  i n f l u e n c e  on v e h i c l e  h a n d l i n g  c h a r a c -  

t e r i s t i c s ,  s t u d d e d  t i r e s  have two m a j o r  a r e a s  o f  impac t  on t h e  r o a d  

e n v i r o n m e n t :  a c c e l e r a t e d  wear  o f  pavement s u r f a c e s  and  o f  s u r f a c e  

m a r k i n g s .  Pavement wear  i s  a  f u n c t i o n  o f  t h e  p a v i n g  m a t e r i a l ,  t h e  

c h a n n e l i z i n g  c h a r a c t e r  o f  t h e  roadway ,  t h e  e x p o s u r e  m i l e a g e ,  and 

t h e  s p e e d  d i s t r i b u t i o n  of s t u d - e q u i p p e d  v e h i c l e s .  Wear i s  most 

p ronounced  where  t r a f f i c  c h a n n e l i z a t i o n ,  l a r g e  v e h i c l e  a c c e l e r a -  

t i o n s ,  and  h i g h  e x p o s u r e  o c c u r  s i m u l t a n e o u s l y .  T o l l  b o o t h  l a n e s  

and  f r eeway  e n t r a n c e  and e x i t  ramps a r e  good examples  o f  h i g h  wear  

a r e a s .  A t  t h e s e  l o c a t i o n s ,  a c t u a l  r u t s  o r  t r o u g h s  a n  i n c h  o r  more 

i n  d e p t h  have  been  p roduced  i n  t h e  pavement 1103,  1 7 8 1 .  The t r o u g h  

h a s  a shape  s imi lar  t o  a  normal  d i s t r i b u t i o n  and i s  c h a r a c t e r i s t i -  

c a l l y  t h r e e  o r  f o u r  whee l  w i d t h s  w i d e .  When c h a n n e l i z a t i o n  i s  n o t  

a f a c t o r  ( i . e . ,  when a  l a n e  i s  r e l a t i v e l y  wide a n d / o r  l a n e  mark ings  

a r e  n o t  p r e s e n t ) ,  t h e  p a t t e r n  o f  wear  i s  more u n i f o r m  a c r o s s  t h e  

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

t e r a l  d i s p l a c e m e n t  of  v e h i c l e s  on t h e  r o a d ,  changes  i n  pavement 

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

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

Under normal  p r a c t i c e ,  roadways a r e  g r a d e d  t o  a l l o w  f r e e  run-  

o f f  o f  w a t e r  coming f rom r a i n ,  m e l t i n g  snow, and o t h e r  c a u s e s .  The 

p r e s e n c e  o f  s t ud -p roduced  t r o u g h s  w i l l  n a t u r a l l y  i n h i b i t  t h i s  

d r a i n a g e .  The r e d u c t i o n  i n  s k i d  r e s i s t a n c e  o f  r o a d  s u r f a c e s  due  t o  

w a t e r  and o t h e r  con t aminan t  l u b r i c a t i o n  i s  w e l l  known and i s  a  

s o u r c e  o f  m a j o r  c o n c e r n  t o  highway e n g i n e e r s .  Two o t h e r  phenomena, 

h y d r o p l a n i n g  and  whee l  s p l a s h  and s p p a y ,  have  a l s o  r e c e i v e d  i n c r e a -  

s e d  a t t e n t i o n  r e c e n t l y .  

H y d r o p l a n i n g  i s  a phenomenon which can  r e s u l t  when a  f i l m  o f  

water c o l l e c t s  on t h e  r o a d  s u r f a c e .  Under c e r t a i n  c i r c u m s t a n c e s  a 

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

f a c e  i n  t h e  same way t h a t  a p l a n i n g  b o a t  would behave  on t h e  w a t e r .  



About 1 / 1 6  i n c h  o f  w a t e r  i s  a l l  t h a t  i s  r e q u i r e d  f o r  a smooth t i r e  

a t  s p e e d s  n e a r  60 mph. Hydrop lan ing  can be c o n t r o l l e d  t o  some de- 

g r e e  t h r o u g h  t i r e  d e s i g n  by a l l o w i n g  pathways f o r  t h e  w a t e r  en- 

t r a p p e d  by t h e  advanc ing  t i r e  t o  e s c a p e  [ I l l .  Water t h a t  c o l l e c t s  

i n  s t ud -p roduced  t r o u g h s  i n  t h e  roadway t e n d s  o b v i o u s l y  t o  i n c r e a s e  

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

however,  s i n c e  on c e r t a i n  pavement t y p e s  ( s e e  Appendix A ,  s e c t i o n  

A . 1 . 5 )  s u r f a c e  roughnes s  i n  t h e  t r o u g h  caused  by t h e  uneven wear  o f  

t h e  pavement and i t s  embedded a g g r e g a t e  may b e  a n  o f f s e t t i n g  i n f l u -  

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

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

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

Highway Depar tments  i n  s e v e r a l  s t a t e s  have p r o j e c t e d  e x t e n s i v e  

r o a d  s u r f a c e  r e p a i r  a c t i v i t i e s  o v e r  t h e  n e x t  s e v e r a l  y e a r s  t o  reme- 

dy t h e  pavement wear t h a t  i s  e x p e c t e d  t o  r e s u l t  f rom s t u d d e d  t i r e  

u sage  [g ,  1 2 ,  83, 1031. If t h e s e  p r o j e c t i o n s  h o l d  t r u e ,  t h e n  t h e  

r e s u l t i n g  i n t e r r u p t i o n s  o f  normal  t r a f f i c  f l ow  a t  t h e  r e p a i r  s i t e s  

may p rove  t o  be  an  i m p o r t a n t  s o u r c e  o f  a c c i d e n t s .  P a s t  e x p e r i e n c e  

h a s  shown t h a t  t h e  a c c i d e n t  r a t e  t h a t  can be  e x p e c t e d  f rom main ten-  

ance  and r e p a i r  a c t i v i t i e s  i s  s u b s t a n t i a l  [87, 881. S e v e r a l  s t u d i e s  

have  shown t h a t  a c c i d e n t  mechanisms t h a t  can  i n c r e a s e  t h e  r i s k  a t  

c o n s t r u c t i o n  o r  main tenance  s i t e s  i n c l u d e  c o l l i s i o n s  w i t h  equ ipment ,  

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

c o n t r o l  due t o  s u r f a c e  c o n d i t i o n s .  

The a c c e p t e d  d e f i n i t i o n  f o r  "wheel  s p l a s h "  i s  w a t e r  o r  s l u s h  

e j e c t e d  t o  t h e  s i d e  o r  t o  t h e  r e a r  as t h e  t i r e  comes i n  c o n t a c t  w i t h  

t h e  con t amina t ed  pavement .  Spray  i s  g e n e r a l l y  c o n s i d e r e d  t o  be  wa- 
t e r  e n t r a i n e d  i n  t h e  t u r b u l e n t  wake o f  a  moving v e h i c l e .  Spray  can  

become p r e v a l e n t  w i t h  o n l y  1/16 i n c h  w a t e r  f i l m  a t  s p e e d s  o f  60 mph. 

Again ,  i t  i s  c l e a r  t h a t  any s tud-produced  t r o u g h s  t h a t  h o l d  w a t e r  

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

pr.oblem. 

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

t h e  roadway i n  two ways:  F i r s t  i s  t h e  p r o d u c t i o n  o f  p h y s i c a l  



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

t h e  pavement s u r f a c e .  A s t e e r i n g  e f f e c t  comes abou t  f rom t h e  t enden -  

cy o f  a  t i r e  t o  c l imb t h e  s i d e s  o f  a  t r o u g h  [log]. The r e s u l t  can  b e  

s imi la r  t o  d r i v i n g  a l o n g  a  s t r e e t c a r  t r a c k  w i t h  t h e  v e h i c l e  t end i r i g  

t o  move back and f o r t h  a c r o s s  t h e  t r a c k .  These  l a t e r a l  f o r c e s  a r e  

g e n e r a l l y  unexpec t ed  by t h e  d r i v e r  and may c a u s e  a  m i l d  l o s s  o f  con- 

t r o l  t h a t  c o u l d  be  s e r i o u s  unde r  c r i t i c a l  c o n d i t i o n s .  Fo r  i n s t a n c e ,  

t h i s  e f f e c t  may o c c u r  on a  t i g h t  c u r v e  where t h e  d r i v e r  may a l r e a d y  

b e  i n  m a r g i n a l  c o n t r o l  o f  t h e  v e h i c l e .  A second  f a c t o r  t h a t  a f f e c t s  

l a t e r a l  p l acemen t  i s  t h e  p s y c h o l o g i c a l  e f f e c t  of  t h e  pavement s u r f a c e  

on t h e  d r i v e r .  Thus ,  d r i v e r s  w i l l  t e n d  n o t  t o  d r i v e  i n  t r o u g h s  once 

a n  a d v e r s e  s t e e r i n g  e f f e c t  h a s  become e v i d e n t  t o  them.  The d r i v e r  

w i l l  n a t u r a l l y  t e n d  t o  keep h i s  wheel  be tween ,  o r  t o  one s i d e  o f  t h e  

t r o u g h s .  T h i s  n o n - c e n t r a l  p lacement  o f  v e h i c l e s  i n  t h e  l a n e  can  i n -  

c r e a s e  t h e  r i s k  e i t h e r  o f  r u n n i n g  o f f  t h e  main pavement w i t h  subse -  

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

i n g  i n  o t h e r  l a n e s .  A l t e r n a t i v e l y ,  a  weaving movement f rom one s i d e  

o f  t h e  l a n e  t o  t h e  o t h e r  may be  p roduced  a g a i n  i n c r e a s i n g  t h e  l i k e l i -  

hood o f  c r a s h - p r o d u c i n g  e v e n t s .  It might  be  h y p o t h e s i z e d  t h a t  s h i f -  

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

t r o u g h i n g  p rob lems  by s p r e a d i n g  wear  more e v e n l y  o v e r  t h e  pavement 

s u r f a c e .  The e f f e c t  might  t o  some e x t e n t  be  s e l f - a l l e v i a t i n g .  Ye t ,  

s i n c e  t h e  most s e v e r e  wear  o c c u r s  i n  a r e a s  where t h e  t r a f f i c  i s  na- 

t u r a l l y  c h a n n e l i z e d  t r o u g h i n g  might  be  s e l f - r e i n f o r c i n g  by c r e a t i n g  

a  t r a c k i n g  e f f e c t .  

Many o t h e r  p o s s i b l e  e f f e c t s  o f  s t u d d e d  t i r e - i n d u c e d  wear on 

highway s a f e t y  may be  l i s t e d .  T h i s  r e p o r t  w i l l  c o n s i d e r  t h e  more i m -  

p o r t a n t  e f f e c t s  i n  some d e t a i l .  As d i s c u s s e d  e a r l i e r ,  however ,  e ach  

o f  t h e s e  e f f e c t s  a r e  s u b j e c t  t o  a c o n s i d e r a b l e  amount o f  c o n t r o v e r s y  

as t o  t h e  f u l l  s a f e t y  o r  e conon i c  i m p l i c a t i o n s  t h a t  a c c r u e .  A t  t h e  

p r e s e n t  s t a g e  o f  t h e  p rob lem,  t h e r e f o r e ,  a  s e n s i b l e  program p l a n  i s  

t o  g a t h e r  and s y n t h e s i z e  a l l  t h e  a v a i l a b l e  i n f o r m a t i o n ,  and b a s e d  on 

t h i s  data ,  t o  a s s e s s  t h e  important e f f e c t s  where p o s s i b l e .  Where 

a s s e s s m e n t  i s  n o t  p o s s i b l e ,  a  r e s e a r c h  p l a n  h a s  been  deve loped  t o  

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

judgement . 



CHAPTER 2 

RESEARCH APPROACH 

As i n d i c a t e d  i n  C h a p t e r  1, t h e  p r e s e n t  s t a t e  o f  knowledge 

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

highway community c o u l d  b e n e f i t  f rom a  c o l l e c t i o n  and s y n t h e s i s  o f  

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

t h i s  n e e d .  

One o f  t h e  f i r s t  t a s k s  i n  t h e  p rogram was t h e  p r e p a r a t i o n  o f  

a  b i b l i o g r a p h y  o f  p u b l i s h e d  m a t e r i a l  r e l a t i v e  t o  s t u d d e d  t i r e  pave-  

ment w e a r .  T h i s  b i b l i o g r a p h y  i s  p r e s e n t e d  i n  Appendix D ,  where  

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

l i s t e d  a l p h a b e t i c a l l y  w i t h i n  e a c h  s u b j e c t .  

An i n t e n s i v e  r e v i e w  o f  t h e  l i t e r a t u r e  r e s u l t e d  i n  a  d e f i n i -  

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

o f  t h o s e  p a r t i c u l a r  a r e a s  where  d a t a  was a v a i l a b l e .  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 i s  l i t e r a t u r e  r e v i e w  i s  p r e s e n t e d  i n  Appendix A .  

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

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

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

f o r m a t i o n ,  were  u s e d  t o  i d e n t i f y  a r e a s  where  a d d i t i o n a l  knowledge 

was r e q u i r e d  and ,  t h u s ,  were  u s e d  t o  d e v e l o p  t h e  f o l l o w - o n  r e s e a r c h  

recommenda t ions  p r e s e n t e d  i n  Appendix C .  A more d e t a i l e d  d i s c u s -  

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

GENERAL MODEL 

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

model  r e l a t i n g  s t u d - i n d u c e d  damage t o  a c c i d e n t  c a u s a t i o n ,  The 

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

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

r e v i e w  had  b e e n  c o m p l e t e d ,  t h e  model was r e v i s e d  t o  r e f l e c t  a  

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

d a t a  on many o f  t h e  p r o b l e m s ,  t h e  model  was u s e d  t o  p r o v i d e  a b a s i s  

f o r  i n f o r m e d  judgement t o  s e l e c t  t h o s e  a r e a s  where  more s e r i o u s  



h a z a r d s  were  l i k e l y  t o  o c c u r .  The judgement was t h a t  t h e  more i m -  

p o r t a n t  e f f e c t s  w i l l  b e  found  f o r  wet w e a t h e r ,  l o s s  o f  c o n t r o l  

c r a s h e s  on h i g h  t r a f f i c  volume i n t e r s t a t e - t y p e  h ighways .  

The model ,  w h i c l i  i:; jli*t.::c.r~i,,ccl I n P i  g u r e  1, has tlll?ce pr* 1 I ) ( :  i]j:i 1 

s egmen t s  : p r e c o n d i t i o n s ,  act- i.ve ! ' : ictors, anti main e f f e c t s .  I 'he 

p r o c o n d i t i o n s  segment  d e t a i l s  t h e  s i t u a t i o n s  i n  which s u b s t a n t i a l  

s t u d d e d  t i r e  damage i s  l i k 3 l y  t o  a r i s e ;  t h e  a c t i v e  f a c t o r s  s e c t i o n  

i n d i c a t e s  t h e  e f f e c t s  o f  t h e  damage on t h e  a c c i d e n t  c a u s a t i o n  p ro -  

c e s s ,  and t h e  main e f f e c t s  p o r t i o n  shows t h a t  c o m b i n a t i o n  o f  p r e -  

c o n d i t i o n s  and  a c t i v e  f a c t o r s  which i s  l i k e l y  t o  have  t h e  most 

s u b s t a n t i a l  e f f e c t  on c r a s h e s .  Each e l emen t  w i l l  b e  d i s c u s s e d  i n  

more d e t a i l  i n  t h e  fo l l .owing  p a r a g r a p h s .  

PRECONDITIONS.  Pavement wear  i s  a f u n c t i o n  o f  s e v e r a l  f a c t o r s  

which i n c l u d e  t h e  volume of s t u d d e d  t i r e - e q u i p p e d  v e h i c l e s ,  t h e  

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

s i g n  s t r e n g t h  of t h e  pavement ,  and t h e  c l i m a t e .  Normal p r a c t i c e  i s  

t o  d e s i g n  a pavement which w i l l  c a r r y  w i t h o u t  f a i l u r e  a n  a n t i c i p a -  

t e d  volume o f  t r a f f i c  o v e r  some p e r i o d  o f  t i m e .  High-volume, h igh -  

s p e e d  r o a d s  a r e  c o n s t r u c t e d  w i t h  h i g h e r  d e s i g n  s t a n d a r d s  and  w i t h  

b e t t e r  q u a l i t y  m a t e r i a l s ,  a n d ,  h e n c e ,  a r e  l e s s  s u b j e c t  t o  e a r l y  

f a i l u r e  t h r o u g h  f r o s t / w a t e r  a c t i o n ,  s e t t l i n g ,  and s p a l l i n g  t h a n  

low-volume, low-speed roadways .  Pavement wear  r e s u l t i n g  f rom 

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

q u e s ,  t r a f f i c  movements ( t u r n i n g ,  a c c e l e r a t i o n ,  normal  d r i v i n g ) ,  

and  t o  some e x t e n t ,  v e h i c l e  s p e e d .  F o r  a  p a r t i c u l a r  t y p e  o f  pave-  

ment ,  t h e  e x t e n t  o f  wear  v a r i e s  l o g a r i t h m i c a l l y  w i t h  t h e  volume o f  

s t u d - e q u i p p e d  t r a f f i c ,  s i n c e  a s  wear  p r o g r e s s e s  s o f t e r  m a t e r i a l s  

a r e  removed f rom t h e  pavement and t h e  i n c r e a s i n g l y  h a r d  pavement 

s l ows  t h e  r a t e  o f  wear  [ 140 ] .  T r a n s l a t e d  i n t o  t h e  t i m e  domain,  

t h e  c h a r a c t e r i s t i c  s t u d - i n d u c e d  wear  i s  l i k e l y  t o  a p p e a r  more r a -  

p i d l y  and t o  r e a c h  a g r e a t e r  d e g r e e  o f  s e v e r i t y  on h i g h  volume 

r o a d s .  I f ,  a s  i n d i c a t e d  i n  F i g u r e  2 ,  low-volume r o a d s  f a i l  f o r  

o t h e r  r e a s o n s  e a r l i e r  t h a n  high-volume r o a d s ,  and i f  t h e  low-volume 

r o a d s  have  a s u b s t a n t i a l l y  l o w e r  r a t e  o f  s t u d d e d  wea r ,  t h e n  damage 



i s  l i k e l y  t o  be  a much more s u b s t a n t i a l  p rob l em on t h e  high-volume,  

h igh - speed  i n t e r s t a t e - t y p e  h ighways .  S tud - induced  damage can  t a k e  

a number o f  f o r m s .  The most p ronounced  e f f e c t  i s  t h a t  o f  t h e  wear  

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

[ 103 ] ;  o t h e r  changes  i n  t h e  s u r f a c e ' s  micro-and m a c r o s t r u c t u r e  

c an  a f f e c t  t h e  pavement f r i c t i o n  p r o p e r t i e s  and t h e  r i d i n g  smooth- 

n e s s  [95]. An a s s o c i a t e d  e f f e c t  i s  t h e  w e a r i n g  away o f  pavement 

m a r k i n g s .  A l l  t h e s e  p r o c e s s e s  combined p roduce  a  p a r t i c u l a r  p a t -  

t e r n  o f  pavement damage, which i f  p r e s e n t ,  c o n s t i t u t e  a s e t  o f  p r e -  

c o n d i t i o n s  which  may b e  conduc ive  t o  a c c i d e n t  c a u s a t i o n ,  

MAIN EFFECTS 

C o n t r a s t e d  t o  t h e  i n d i r e c t  i n f l u e n c e  o f  pavement ma rk ing  wear  

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

t i o n  and  i n  t h e  l a t e r a l  p r o f i l e  ( t r o u g h i n g )  o f  t h e  r o a d  can  con- 

t r i b u t e  q u i t e  d i r e c t l y  t o  c r a s h e s * .  Changes i n  t h e  f r i c t i o n a l  p ro -  

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

t h e  k i n d  and volume o f  t r a f f i c  t r a v e l i n g  o v e r  t h e  pavement .  I f  t h e  

t r o u g h s  become w a t e r  f i l l e d  t o  a s u f f i c i e n t  d e p t h ,  t h e  phenomenon 

o f  dynamic h y d r o p l a n i n g  c a n  o c c u r  w i t h  a s u b s e q u e n t  l o s s  o f  c o n t r o l ,  

which  f r e q u e n t l y  r e s u l t s  i n  a c r a s h .  Even i n  t h e  a b s e n c e  o f  dyna- 

mic  h y d r o p l a n i n g  t h e  f r i c t i o n  l o s s  e f f e c t s  can  c o n t r i b u t e  t o  a c c i -  

d e n t  e v e n t s .  The dynamic h y d r o p l a n i n g  can p roduce  more s e v e r e  l o s -  

s e s  o f  c o n t r o l  t h a n  migh t  o t h e r w i s e  o c c u r .  Hence,  f r i c t i o n  l o s s  

and  t r o u g h i n g  t o g e t h e r  may s u b s t a n t i a l l y  i n c r e a s e  a c c i d e n t  p o t e n -  

t i a l  i n  a d i r e c t  and  i d e n t i f i a b l e  manner .  

#The f a c t  t h a t  s u c h  t r o u g h i n g  can  be  c a u s e d  by s t u d d e d  t i r e s  h a s  
b e e n  amply d e m o n s t r a t e d  [164,  1 6 6 ,  183,  9 5 ,  5 ,  291.  I n  ex t r eme  
c a s e s  t r o u g h  d e p t h  may r e a c h  a n  i n c h  o r  more a s  d i s c u s s e d  i n  C h a p t e r  
7 



TptaL 
T r a f f i c  
Voiume 

3 t , l e r  ?;at e r i a l s  O t h e r  S t u d  
Declgn Used Equipped 

IjFL2CO:T2TTIOKS I I I 1 . - C l i m a t e  

* 

Feveme3t 
Wear 

Y Y . 
Paverr.e?t Changes i n  

Changes i n  j Chznges in 
. 

Marking L a t e ~ a l  
R i d i n g  C A ~ ~ - ~  F r i c t i c n a l  

I P r o f i l e  
a c t e r i s t i c s  3 P r o p e r t f e s  (Rut  t i n g )  

I 
- . . 

ACTIVE FACTORS . . 
T r a f f i c  Flcr;  - Water Accuniula t ion 
C h a r a c t e r i s t i c s  : ( D e p t h  and p a t t e r n )  

. D r i v e r  

I n c i d e n c e  +- Respcnses  3 
F requency  b o f  

o f  - H y d r o p l a n i n g  fir I 
Corf  l i e :  . 
% i t i ~ a t i c ~ s  V e h i c l e  . 

P r o p e r t i e s  E 
Frequency  . 
o f  Loss o f  
Conkrc l  

Weaty::er 
C r e s h e s  P I It/ e  t 1 . 

N A I N  EFFECT'S 3 
t ItJeather . 

C r a s h e s  
h n ~ ~ n n ~ m ~ m ~ ~ ~ ~ m ~ . m ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ m m ~ m m ~ ~ n n n ~ m a a ~ ~ ~ ~ m a ~ ~ m m m ~ m m m ~ m m m ~ m m m m m m m m w m m m m m ~ m m m m m ~ *  

3 i g ~ r e  ] . T h e  G e n e r a l  Model o f  EC,ud-Induced Damage and 
P c s s i b l e  Consequences  



2 Year:; 

dl point at which damage constitutes some hazard 

d 2  point at which damage constitutes severe hazard 

tl design life low volume road 

t2 design life high volume road 

Figure 2. Variation of Pavement Wear With Time 





CHAPTER 3 

RESEARCH FINDINGS 

Pavement and pavement mark ing  wear  b y  s t u d d e d  t i r e s  a r e  

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

f i c  s a f e t y .  The e f f e c t s  which  were p o t e n t i a l l y  found  t o  b e  most 

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

o f  e s t i m a t e d  d e c r e a s i n g  h a z a r d :  

T i r e  h y d r o p l a n i n g  and wet  s k i d  

Road r e p a i r  and m a i n t e n a n c e  h a z a r d  ( t h e  r e s u l t  c f  pave- 

ment s u r f a c e  and pavement mark ing  r e s t o r a t i o n )  

S p l a s h  and s p r a y  

V e h i c l e  l a t e r a l  p l a c e m e n t  s h i f t i n g  

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

D r i v e r  f a t i g u e  r e s u l t i n g  f rom n o i s e  and v i b r a t i o n  

E j e c t e d  s t u d s  th rown f rom h i g h  s p e e d  v e h i c l e s  

V e h i c l e  component d e g r a d a t i o n  

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

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

highway s a f e t y .  

TIRE HYDROPLANING AND WET SKID 

T i r e  h y d r o p l a n i n g  and wet s k i d  was found  t o  b e  d e p e n d e n t  on 

a  complex s e t  o f  t i r e ,  v e h i c l e ,  and r o a d  s u r f a c e  f a c t o r s .  F o r  t h e  

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

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

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

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

l e n g t h ,  r a i n f a l l  i n t e n s i t y ,  m i c r o t e x t u r e  ( f r i c t i o n  p r o d u c i n g ) ,  and 

m a c r o t e x t u r e  ( d r a i n a g e  p a t h  o u t l e t s ) .  I n  g e n e r a l ,  h y d r o p l a n i n g  was 

f o u n d  t o  b e  a  r e l a t i v e l y  r a r e  e v e n t  e v e n  a t  s p e e d s  a s  h i g h  a s  1 3 0  

mph and 0 . 1  i n c h  of  w a t e r ,  i n  t h e  p r e s e n c e  o f  good t r e a d ,  good s u r -  

f a c e  and no w a t e r  p u d d l i n g  1171 .  The most i m p o r t a n t  f a c t o r  



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

d u c t i o n  o f  pavement whee l  r u t s  1164, 1 6 6 ,  1 8 3 ,  9 5 ,  5 ,  291. Water  

a c c u m u l a t i n g  i n  a r u t  d e p t h  o f  no more t h a n  0 . 1  i n c h  c a n  l o w e r  t h e  

h y d r o p l a n i n g  l i f t - o f f  s p e e d  by more t h a n  1 5  mph. 

Wet s k i d  was found t o  be  p r l m a r i l y  i n f l u e n c e d  by s u r f a c e  t e x -  

t u r e  c h a r a c t e r i s t i c s .  A g r i t t y  m i c r o t e x t u r e  combined w i t h  an  open 

m a c r o t e x t u r e  g i v e s  t h e  b e s t  s k i d  r e s i s t a n c e ,  b o t h  i n  t e r m s  o f  low 

s p e e d  pe r fo rmance  and i n s e n s i t i v i t y  t o  s p e e d .  M a i n t a i n i n g  good 

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

open m a c r o t e x t u r e .  S tudded  t i r e  wear  was found  t o  b e  b o t h  b e n e f i -  

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

I n  some c a s e s ,  ( e . g . ,  t o p e k a  o r  a s p h a l t  c o n c r e t e )  s t u d d e d  t i r e  wear  

i n  t h e  w i n t e r  c o a r s e n s  t h e  s u r f a c e  and p r o d u c e s  b e t t e r  s k i d  r e s i s -  

t a n c e  p r o p e r t i e s .  I n  o t h e r  c a s e s ,  s t u d d e d  t i r e  wear  h a s  a  smooth- 

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

s k i d  number i s  r e d u c e d .  See  Appendix A ,  S e c t i o n  A . 1 . 5  f o r  a de- 

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

A nomograph which c a n  b e  u sed  f o r  d e t e r m i n i n g  t h e  s p e e d  a t  

which wet  s k i d  o r  h y d r o p l a n i n g  w i l l  o c c u r  i s  d e v e l o p e d  i n  Appendix 

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

when a pavement s e c t i o n  needs  r e s u r f a c i n g .  

ROAD R E P A I R  AND MAINTENANCE HAZARD 

P a s t  e x p e r i e n c e  h a s  shown t h a t  ma in t enance  a c t i v i t i e s  r e p r e -  

s e n t  a  s i g n i f i c a n t  h a z a r d  t o  t r a f f i c  187 ,  881.  H i s t o r i c a l  d a t a  

f rom t h e  S t a t e  o f  Texas  i s  l i s t e d  i n  T a b l e  I .  

I n  v iew of t h e  v a s t  e x p e n d i t u r e s  p r o j e c t e d  by s e v e r a l  highway 

o r g a n i z a t i o n s  f o r  r e p a i r i n g  s t u d d e d  t i r e -damaged  r o a d s ,  i t  c a n  be  . 
conc luded  t h a t  r e p a i r  and m a i n t e n a n c e  a c t i v i t i e s  w i l l  b e  e x t e n s i v e  

19, 1 2 ,  83, 1031. It t h e r e f o r e  f o l l o w s  t h a t  a c c i d e n t s  and f a t a l i -  

t i e s  a s s o c i a t e d  w i t h  s u c h  a c t i v i t i e s  may b e  s i g n i f i c a n t .  No known 

s t u d i e s  o f  t h e  p a r t i c u l a r  p rob l em w i t h  r o a d  s u r f a c e  r e p a i r  a r e  

known. However, s u c h  a c t i v i t i e s  a r e  c o n s i d e r e d  t o  be  t h e  s econd  

most  l i k e l y  s o u r c e  o f  a c c i d e n t  c a u s a t i o n  due t o  s t u d d e d  t i r e  damage. 



TABLE I 

TEXAS: R u r a i  Motor V e h i c l e  A c c i d e n t s  a t  Areas  Under C o n s t r u c t i o n  

Year  

1960 

1 9 6 1  

1962  

1963  
1964 

19 6  5 
1966 

1967 

F a t a l  A c c i d e n t s  

60 

49 

50 

56 

53 

30 

53 

54 

N o n f a t a l  A c c i d e n t s  

SPLASH AND SPRAY 

S t u d d e d  t i r e - p r o d u c e d  r u t s  can  be  e x p e c t e d  t o  i n c r e a s e  t h e  

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

and s p r a y .  Al though  a n n o y i n g  and b o t h e r s o m e ,  s p l a s h  and s p r a y  e f -  

f e c t s  p r i o r  t o  s t u d d e d  t i r e  wear  e x p e r i e n c e  h a v e  n o t  b e e n  i d e n t i f i e d  

as a  s i g n i f i c a n t  a c c i d e n t  p r o d u c e r  ( l e s s  t h a n  0 . 2 %  o f  r e p o r t e d  ac -  

c i d e n t s  [ 9 2 ] ) .  Most s u c h  a c c i d e n t s  a r e  t h e  r e s u l t  o f  a  p a n i c  b r a -  

k i n g  maneuver on t h e  p a r t  o f  t h e  d r i v e r  d u r i n g  a n  o b s c u r e d  wind- 

s h i e l d  e x p e r i e n c e .  

Wate r  d e p t h  was found t o  i n f l u e n c e  s p l a s h  i n t e n s i t y  S u t  n o t  

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

number o f  s p l a s h - i n d u c e d  a c c i d e n t s .  No a p p l i c a b l e  s t u d i e s  have  

b e e n  made, however ,  and i n  t h e  a b s e n c e  o f  s u c h  s t u d i e s ,  s p l a s h  and  

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

ded  t i r e  wear  t h a n  t h e  a f o r e m e n t i o n e d  e f f e c t s .  

VEHICLE LATERAL PLACERENT SHIFTING 

V e h i c l e  l a t e r a l  p l a c e m e n t  s h i f t i n g  c a n  o c c u r  a s  t h e  r e s u l t  o f  

pavement m a r k i n g  o b l i t e r a t i o n  and wheel p a t h  w e a r .  The f o r m e r  r e -  

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



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

a d v e r s e  e f f e c t s  which would c a u s e  t h e  d r i v e r  t o  s t e e r  t o  one s i d e  

o f  t h e  worn p a t h s .  Among t h e s e  s e v e r a l  e f f e c t s  a r e  (1) r e t a i n e d  

w a t e r  i n  t h e  p a t h  r u t s  which can  f r e e z e ,  c a u s e  h y d r o p l a n i n g ,  o r  

p roduce  s p l a s h  and s p r a y  p rob l ems ;  (2) roughened pavement which 

can  c a u s e  annoy ing  v e h i c l e  i n t e r i o r  n o i s e  and  v i b r a t i o n  l e v e l s ;  

and ( 3 )  a d v e r s e  s t e e r i n g  e f f e c t s  from t h e  t endency  o f  t i r e s  t o  

c l imb  t h e  s i d e s  o f  t h e  r u t s .  

While a l l  o f  t h e s e  f a c t o r s  c o u l d  p roduce  l a t e r a l  p l acemen t  

s h i f t i n g  and ,  t h u s ,  c o n t r i b u t e  t o  i n c r e a s e d  a c c i d e n t  r a t e s ,  none ,  

w i t h  t h e  p o s s i b l e  e x c e p t i o n  o f  pavement mark ing  o b l i t e r a t i o n ,  h a s  

been  p roven  t o  do s o .  Road edge  pavement mark ings  have been  found 

t o  c o n t r i b u t e  s i g n i f i c a n t l y  t o  r e d u c e d  a c c i d e n t  r a t e s  [ l o ? ] .  The 

same, a s  f a r  a s  i s  known, h a s  n o t  been  shown f o r  i n t e r m e d i a t e  l a n e  

mark ings  on m u l t i - l a n e  h ighways .  

A s t u d y  t o  d e t e r m i n e  t h e  i n f l u e n c e  o f  whee l  p a t h  wear  on l a -  
t e r a l  p l acemen t  s h i f t i n g  h a s  p roduced  n e g a t i v e  r e s u l t s  [ l g g ] .  The 

method o f  t a k i n g  d a t a  i s  open t o  q u e s t i o n ,  however ,  i n  t h a t  o n l y  

t h e  l a t e r a l  v e h i c l e  p lacement  a t  a  p o i n t  l o c a t i o n  was measured ,  

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

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

t e r m e d i a t e  l a n e  mark ings  on l a t e r a l  p l a c e m e n t ,  a s  w e l l  as more 

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

VEHICLE TRANSVERSE FORCES AND STEERING EFFECTS 

Adverse  s i d e  f o r c e s  and s t e e r i n g  e f f e c t s  c an  o c c u r  as t h e  r e -  

s u l t  o f  v e h i c l e  t i r e s  i n t e r a c t i n g  w i t h  s t ud -p roduced  whee l  r u t s .  

T i r e s ,  i n  g e n e r a l ,  have a  t endency  t o  c l imb  t h e  s i d e  o f  a  r i d g e ,  

o r  s l o p e d  s u r f a c e .  Al though  p u b l i s h e d  e v i d e n c e  i s  c o n f l i c t i n g ,  t h e  

t endency  seems t o  b e  l e s s  f o r  t i r e s  o f  r a d i a l  c o n s t r u c t i o n .  

Two phenomena have been  i d e n t i f i e d  by M a r s h a l l ,  e t  a l .  [ l o g ] :  
a  t i r e  r u n n i n g  up a g a i n s t  a  low v e r t i c a l  r i d g e  w i l l  t e n d  t o  " h o l d  

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

c l i m b .  Once c l i m b i n g  i s  i n i t i a t e d ,  however,  a  s i d e  f o r c e  t e n d i n g  



t o  r e i n f o r c e  c l i m b i n g  q u i c k l y  b u i l d s  u p .  A r i d g e  a s  l o w  a s  3/8 i n c h  

can  c a u s e  a  r a p i d l y  char ig ing v e h i c l e  s i d e  f o r c e  e x c e e d i n g  100 l b s .  

D a t a  o f  t h i s  t y p e ,  however ,  i.s ve ry  l i m i t e d  and t e n d s  t o  be  more 

s u b j e c t i v e  t h a n  o b j e c t i v e .  I n  any c a s e ,  t h e  c o m p a r a t i v e  l e v e l  o f  

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

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

v e r t i c a l  r i d g e s .  How much lower  w i l l  depend on t h e  s l o p e  and d e p t h  

o f  t h e  r u t .  

The r i d g e  e x i s t i n g  a t  t h e  pavement edge  i s  c o n s i d e r e d  i n  some 

c i r c l e s  t o  be  a  main c o n t r i b u t o r  t o  l o s s  o f  c o n t r o l  i n  r a n - o f f - t h e -  

r o a d  a c c i d e n t s .  It may b e ,  t h e r e f o r e ,  t h a t  s t u d - i n d u c e d  r u t s  o f  

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

a d v e r s e  t r a n s v e r s e  f o r c e s  and s t e e r i n g  e f f e c t s  w i t h i n  a  S r a f f i c  

l a n e .  An answer  t o  t h i s  q u e s t i o n  w i l l  r e q u i r e  a  more t h o r o u g h  ex- 

a m i n a t i o n  o f  t i r e  r u t  c l i m b i n g  o r  " n i b b l i n g "  p r o p e r t i e s .  

DRIVER FATIGUE RESULTING FROM NOISE AND VIBRATION 

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

by t h e  f a c t  t h a t  s u c h  e f f e c t s  a r e  measured i n  t e r m s  which a r e  l a r -  

g e l y  s u b j e c t i v e .  

I n t e r i o r  n o i s e  l e v e l s  i n  t h e  a v e r a g e  p a s s e n g e r  c a r  a r e  j u s t  

a t  t h e  d i v i d i n g  l i n e  a t  which o r d i n a r y  c o n v e r s a t i o n  can be c a r r i e d  

on w i t h o u t  g r e a t  e f f o r t  [131]. As f a r  a s  f a t i g u e  d i s c o m f o r t  i s  

c o n c e r n e d ,  i n t e r i o r  n o i s e  l e v e l s  a r e  w i t h i n  t h e  s o - c a l l e d  n o i s y  com- 

f o r t  c r i t e r i o n ,  b u t  above t h e  q u i e t  comfor t  c r i t e r i o n .  (The n o i s y  

comfor t  c r i t e r i o n  i s  d e f i n e d  t o  b e  a  maximum p e r m i s s i b l e  sound p r e s -  

s u r e  l e v e l  be low which p e o p l e  a r e  c o m f o r t a b l e  i f  s u c h  p e o p l e  e x p e c t  

a  n o i s y  e n v i r o n m e n t .  The q u i e t  comfor t  c r i t e r i o n  i s  d e f i n e d  i n  a 

l i k e  m a n n e r . )  

Road s u r f a c e  e f f e c t s  can  i n c r e a s e  o v e r a l l  v e h i c l e  n o i s e  by as 

much a s  1 0  db(A)  ( a b o u t  1 5 % )  f rom smooth t a r m a c  t o  a  l e v e l  c o b b l e d  

s u r f a c e  [126] .  Wet c o n d i t i o n s  can  f u r t h e r  i n c r e a s e  t h e  n o i s e  l e v e l  

f rom 3 t o  1 5  d b ( A ) .  I n  t h e  w o r s t  c a s e  i n v o l v i n g  a  w e t ,  rough  s u r -  
f a c e ,  a u t o m o b i l e  i n t e r i o r  n o i s e  l e v e l s  can  e x c e e d  90 db(A)  o v e r  a 

na r row f r e q u e n c y  band .  Above t h e  9 0  db(A)  l e v e l ,  a  slight d e c r e a s e  



i n  human per fo rmance  h a s  Seen  r e c o r d e d  i n  c a r r y i n g  o u t  complex t a s k s  

[95]. Although t h e  r e s u l t s  a r e  h i g h l y  s u b j e c t i v e ,  i t  i s  p o s s i b l e  

t h a t  n o i s e  l e v e l s  r e s u l t i n g  from d r i v i n g  o v e r  a w e t ,  s tud- roughened  

s u r f a c e  can  p roduce  l o n g  t e r m  d r i v e r  f a t i g u e .  

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

f rom s t u d d e d  t i r e -damaged  roadways a r e  i n  t h e  g e n e r a l  s u b j e c t  a r e a  

o f  v e h i c l e  r i d e .  Human r e s p o n s e  t o  whole body v i b r a t i o n  i s  g e n e r a l -  

l y  u s e d  as t h e  measure  f o r  r i d e  c o m f o r t .  Thus,  t h e  v i b r a t i o n  p a t h  

which i s  most p e r t i n e n t  t o  r i d e  c o n s i d e r a t i o n s  i n c l u d e s ,  i n  o r d e r ,  

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

Each o f  t h e s e  p roduces  an  a t t e n u a t i n g  e f f e c t  on t h e  r o a d  s u r f a c e  

f o r c i n g  f u n c t i o n ,  however,  such  t h a t  t h e  v i b r a t i o n  wave form f e l t  

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

t h e  r o a d .  F u r t h e r ,  i n d i v i d u a l  d i f f e r e n c e s  i n  t h e  a fo r emen t ioned  

v e h i c l e  components can  p roduce  an  o r d e r  o f  magni tude  d i f f e r e n c e  i n  

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

Comparison o f  s e a t  mon i to r ed  v i b r a t i o n  d a t a  ( a n  o l d  runway-- 

r e a s o n a b l y  l e v e l  w i t h  b roken  s u r f a c e  a r e a s  f a i r l y  e v e n l y  d i s t r i b u t e d )  

w i t h  p roposed  "Fa t i gue -Dec rea sed  P r o f i c i e n c y "  l imits  f o r  v e r t i c a l  

v i b r a t i o n  as e s t a b l i s h e d  by t h e  I n t e r n a t i o n a l  O r g a n i z a t i o n  o f  S t an -  

d a r d i z a t i o n  (ISO), s u g g e s t s  t h a t  road- induced  v e h i c l e  v i b r a t i o n s  

a r e  j u s t  below t h o s e  i n d u c i n g  f a t i g u e  even  f o r  p e r i o d s  a s  l o n g  a s  

e i g h t  h o u r s  [128] .  Roughened r o a d  s u r f a c e s  ( i . e . ,  b l a c k  t o p  v e r s u s  

B e l g i a n  b l o c k s )  have been  found t o  i n c r e a s e  v i b r a t i o n  a c c e l e r a t i o n  

l e v e l s  by a s  much a s  a f a c t o r  o f  f o u r ,  however [126] .  On a v e r y  

rough  r o a d  ( B e l g i a n  b l o c k s ) ,  r e s u l t i n g  v i b r a t i o n s  a r e  p r o b a b l y  n o t  

t o l e r a b l e  f o r  more t h a n  abou t  an hou r  w i t h o u t  some impairment  i n  

pe r fo rmance .  The w o r s t  examples  o f  stud-damaged r o a d s  a r e  somewhere 

between b l a c k  t o p  and B e l g i a n  b l o c k  s u r f a c e s ,  and,  a c c o r d i n g  t o  p ro-  

posed  IS0 s t a n d a r d s ,  a r e  e s t i m a t e d  t o  c a u s e  some v i b r a t i o n  f a t i g u e  

per fo rmance  impa i rment  a f t e r  abou t  f o u r  h o u r s  o f  d r i v i n g .  These  

c o n c l u s i o n s  a r e  o b v i o u s l y  q u i t e  t e n t a t i v e ,  however,  s i n c e  (1) no 

s p e c i f i c  stud-damaged pavement t e s t  d a t a  i s  a v a i l a b l e ,  and ( 2 )  t h e  

IS0 s t a n d a r d s  a r e  o n l y  i n  t h e  "proposed"  s t a g e ,  w i t h  much o f  t h e  

c r i t e r i a  d a t a  b e i n g  somewhat s u b j e c t i v e  and s u b j e c t  t o  i n t e r p r e t a t i o n .  



Four  hou r s  o f  con t i nuous  d r i v i n g  i s  a  l o n g  t i m e ,  however-- 

g e n e r a l l y  l o n g e r  t h a n  most p e o p l e  d r i v e  w i t h o u t  r e s t i n g .  F a t i g u e  

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

d e r  such  c o n d i t i o n s .  Tentatively, t h e r e f o r e ,  i t  must be conc luded  

t h a t  v i b r a t i o n  induced  f a t i g u e  i s  no t  a  major  f a c t o r  i n  a c c i d e n t  

c a u s a t i o n  r e s u l t i n g  f rom s t u d d e d  t i r e - i n d u c e d  pavement wear .  Noise  

l e v e l s  f rom s t u d  worn pavements under  wet c o n d i t i o n s  a r e  c o n s i d e r e d  

t o  be  s l i g h t l y  more f a t i g u e  p roduc ing .  Noise  i nduced  f a t i g u e  must 

be  c o n s i d e r e d  a  minor a c c i d e n t  c a u s a t i v e  f a c t o r  compared t o  o t h e r  

e f f e c t s  d i s c u s s e d  e a r l i e r ,  however.  

EJECTED STUDS THROWN FROM HIGH-SPEED VEHICLES 

The h a z a r d  r e s u l t i n g  f rom s t u d s  b e i n g  e j e c t e d  from high-speed 

v e h i c l e s  was found t o  be s i m i l a r  t o  t h a t  o f  an e j e c t e d  s t o n e  o f  t h e  

same w e i g h t .  It was r e p o r t e d  from Sweden t h a t  f o r  a  s t u d  t o  be  

e j e c t e d  by c e n t r i f u g a l  f o r c e ,  a  v e h i c l e  speed  on t h e  o r d e r  o f  500  

mph would be  r e q u i r e d  [ 1 4 1 ] .  I n  g e n e r a l ,  s t u d  e j e c t i o n  i s  no rma l ly  

c aused  by s l i d i n g  between t h e  t i r e  and r o a d  s u r f a c e .  E j e c t e d  s t u d s  

have been  found t o  have l i t t l e  k i n e t i c  energy  and a r e  o f t e n  l o s t  

d u r i n g  low speed  t r a v e l  i n  low g e a r .  

If t h e  t i r e  i s  r o l l i n g  n e a r  z e r o  s l i p  c o n d i t i o n s  ( o r d i n a r y  

t r a v e l ) ,  t h e  h i g h e s t  s t u d  k i n e t i c  would o c c u r  i f  t h e  s t u d  i s  e j e c t e d  
2 a t  t h e  t o p  o f  t h e  t i r e  (4mV ) .  If a  s t u d  i s  e j e c t e d  i n  t h e  c o n t a c t  

p a t c h ,  d i r e c t l y  below t h e  s p i n d l e ,  t h e  k i n e t i c  energy  i s  z e r o .  Prac-  

t i c a l l y ,  t h e  on ly  e j e c t i o n  c o n d i t i o n s  o f  i n t e r e s t  a r e  t h o s e  which i n -  

vo lve  a  s t u d  b e i n g  thrown backward i n  a low t r a j e c t o r y  which j u s t  

m i s se s  t h e  r e a r  overhang  o f  t h e  v e h i c l e  [143].  Under such  c o n d i t i o n s  

t h e  s t u d  would have l i t t l e  f o rwa rd  k i n e t i c  energy  o f  i t s  own, b u t  

would be  a  h a z a r d  on ly  a s  t h e  r e s u l t  o f  t h e  v e l o c i t y  o f  a f o l l o w i n g  

v e h i c l e .  The dange r  i s ,  t h e r e f o r e ,  s i m i l a r  t o  t h a t  e x i s t i n g  f rom an 

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

I n  t h e  e a r l y  y e a r s  o f  s t u d d e d  t i r e  u s e  i n  Michigan t h e r e  were a  

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

Ev idence  seems t o  s u g g e s t  t h a t  most o f  t h e  e v e n t s  were t h e  r e s u l t  o f  

e j e c t e d  s t u d s .  Such r e p o r t s  have become r e l a t i v e l y  uncommon i n  more 

r e c e n t  y e a r s ,  however.  T h i s  s u g g e s t  t h a t  (1) t h e  c a u s e  f o r  t h e  



prob lem h a s  been  i d e n t i f i e d ,  o r  ( 2 )  s t u d  f a s t e n i n g  methods have i m -  

p r o v e d .  

VEHICLE COMPONENT DEGRADATION 

Component degr3ada t  i o n  mechanisms a r e  a  f u n c t i o n  o f  a g i n g  and 

l o a d i n g  c y c l e s .  S tudded  t i r e -damaged  r o a d  s u r f a c e s  may a f f e c t  t h e  

l a t t e r ,  b u t  have  no e f f e c t  on a g i n g  p r o c e s s e s .  The m a j o r  components 

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

s y s t e m s .  With p r o p e r  l u b r i c a t i o n ,  however ,  t h e  l e v e l  o f  i n c r e a s e d  

wear  r e s u l t i n g  f rom d r i v i n g  o v e r  stud-damaged pavements  i s  c o n s i d -  

e r e d  t o  be  mino r .  

S tudded  t i r e - p r o d u c e d  r o a d  a s p e r i t i e s  which c o u l d  c o n t r i b u t e  

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

1. Exposed a g g r e g a t e  

2 .  L o n g i t u d i n a l  r u t s  

Exposed a g g r e g a t e  a s p e r i t i e s  a r e  o f  an  o r d e r  o f  magni tude  i n  s i z e  

which i s  e a s i l y  e n g u l f e d  by t h e  t i r e  t r e a d .  S u s p e n s i o n  component 

c y c l i n g  i s ,  t h e r e f o r e ,  n o t  i n v o l v e d .  

L o n g i t u d i n a l  r u t s ,  e s p e c i a l l y  t h o s e  w i t h  s t e e p  e d g e s ,  c an  p ro -  

duce  s i g n i f i c a n t  s t e e r i n g  s y s t e m  i n p u t s .  T r a v e l i n g  f rom s i d e  t o  

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

s t e e r i n g  s y s t e m  components .  The f o r c e s  and c y c l i n g  which a r e  ne- 

c e s s a r y  t o  p roduce  l o n g  t e r m  d e g r a d a t i o n  would undoub t ed ly  be  sen-  

s e d  by t h e  d r i v e r  a s  annoy ing ,  however.  The d r i v e r ,  i n  t u r n ,  c o u l d  

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

e l i m i n a t i n g  t h e  d i s t u r b a n c e .  As n o t e d  e a r l i e r ,  no t endency  f o r  

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

wear  as t h e  r e s u l t  o f  s t u d d e d  t i r e -damaged  pavements  i s ,  t h e r e f o r e ,  

c o n s i d e r e d  t o  b e  o f  minor  consequence .  No c o n c l u s i v e  a s s e s s m e n t  

c an  be  g i v e n ,  however ,  due t o  t h e  g e n e r a l  l a c k  o f  p e r t i n e n t  d a t a  on 

i n - s e r v i c e  component wear  c h a r a c t e r i s t i c s .  S p e c i f i c a l l y ,  no d a t a  

h a s  been  found  which shows t h e  e f f e c t  o f  pavement s u r f a c e  p r o p e r -  

t i e s  on  s t e e r i n g  and s u s p e n s i o n  sy s t em wear  r a t e s .  

Even i f  component wear  were  found  t o  be  s u b s t a n t i a l ,  however ,  

t h e  e f f e c t  on v e h i c l e  s a f e t y  and s u b s e q u e n t  a c c i d e n t  c a u s a t i o n  i s  



p r o b l e m a t i c .  Recen t  s t u d i e s  have shown t h a t  many v e h i c l e  components  

must  b e  worn c o n s i d e r a b l y  b e f o r e  any e f f e c t  on v e h i c l e  p e r f o r m a n c e  

i s  a p p a r e n t  [145,  1 4 7 1 .  R e q u i r e d  d e g r a d a t i o n  t o  p r o d u c e  " n o t i c e a b l e "  

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

as f o l l o w s :  

Shock A b s o r b e r s  5 0 %  r e d u c t i o n  i s  damping 

B a l l  J o i n t s  No n o t i c e a b l e  e f f e c t s  w i t h  a r t i f i c i a l  f r e e -  
p l a y  of 0 . 1  i n c h  r a d i a n  and 0 . 6  i n c h  
a x i a l  

S t e e r i n g  P l a y  2 . 5  i n c h  o f  s t e e r i n g  w h e e l  f r e e p l a y  

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

mance.  





CHAPTER 4 
SUGGESTED RESEARCH 

As a  r e s u l t  of  t h e  l i t e r a t u r e  r e v i e w  and m o d e l l i n g  a c t i v i t i e s ,  

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

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

pavement wear  and a c c i d e n t  c a u s a t i o n .  The d e t a i l e d  p r e s e n t a t i o n  o f  

o f  a  two-phase r e s e a r c h  p l a n  i s  p r e s e n t e d  i n  Appendix C .  A summary 

o f  t h o s e  r e s u l t s  i s  p r e s e n t e d  be low.  

Follow-on r e s e a r c h  recommendat ions  a r e  i n  t h r e e  s e p a r a t e  a r e a s :  

1. Acc iden t  c a u s a t i o n  mechanisms 

2 .  I n - s e r v i c e  mechanism i d e n t i f i c a t i o n  

3, Acc iden t  d a t a  a n a l y s i s  

ACCIDENT CAUSATION MECHANISMS 

Acc iden t  c a u s a t i o n  mechanisms a r e  t h o s e  e f f e c t s  i d e n t i f i e d  i n  

t h e  i n t r o d u c t i o n  which a r e  s u s p e c t e d  o f  c o n t r i b u t i n g  t o  deg raded  

t r a f f i c  s a f e t y .  Each mechanism i s  l i s t e d  i n  o r d e r  a l o n g  w i t h  one 

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

knowledge g a p s .  With knowledge g a i n e d  t h r o u g h  t h e  recommended r e -  

s e a r c h ,  more d e f i n i t i v e  answers  can  be  p roduced  r e l a t i v e  t o  t h e  

a c t u a l  h a z a r d  o f  e ach  s u s p e c t e d  mechanism. 

1. T i r e  Hydrop l an ing  and Wet S k i d  

a .  Exper iment  r e s e a r c h  t o  e s t a b l i s h  h y d r o p l a n i n g  mechani- 

sms on s t u d d e d  t i r e -damaged  s u r f a c e s  w i t h  c a r e f u l l y  

c o n t r o l l e d  w a t e r  d e p t h  and c a r e f u l l y  measured t i r e  and 

s u r f a c e  c h a r a c t e r i s t i c s .  

b .  E x p e r i m e n t a l  r e s e a r c h  t o  d e f i n e  a s p e r i t y  s i z e  o r d e r s  

which p roduce  wet t r a c t i o n  and s p e e d  dependence t r a c -  

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

2 .  Road R e p a i r  and Main tenance  Hazard 

a .  R e a l i s t i c  a n a l y s i s  t o  e s t i m a t e  r o a d  r e p a i r  a c t i v i t i e s  



resulting from studded tire wear, and project expected 

accident experience. 

3. Splash and Spray 

a. Experimental research to determine splash and spray in- 

tensity for water depths between 0.1 and 0.5 inch. 

4. Vehicle Lateral Placement Shifting 

a. In-service traffic monitoring to determine vehicle path 

shifting over characteristic intervals. 

b. Experimental research to determine lane holding charac- 

teristics as influenced by intermediate traffic lanes. 

5. Vehicle Transverse Forces and Steering Effects 

a. Experimental research to determine tire nibbling charac- 

teristics in the presence of studded tire-like wear 

ruts. Both moment and side force characteristics should 

be examined for representative tire types and rut pro- 

files. 

6. Driver Fatigue Resulting From Noise and Vibration 

a. Experimental research to measure noise and vibration 

levels inside a cross-section of vehicles, at various 

speeds, over typical studded tire-damaged pavements. 

7. Ejected Studs Thrown from High-Speed Vehicles 

No research recommended 

8. Vehicle Component Degradation 

No research recommended 

IN-SERVICE MECHANISMS IDENTIFICATION 

The recommended research described here deals with measuring 

studded tire-induced pavement and marking wear patterns, and resul- 

ting traffic flow patterns. The object is to identify accident 

causation mechanisms in actual in-service situations. It is 



: ;uggested t l l a t  onc of  t l ~ t l  ma,i o ? ~  t ~ i i ~ t l ~ ~ l  l;c ::y::l txrn:: , l..i kt? t l ~ c  N C W  

York Thruway o r  O h i o  T u r n p i k c ,  t i c \  u:;c\il as tlie l o c a t l o r )  f o r  t he  i n -  

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

d a t a ,  and t h e i r  semi-autonomous n a t u r e  min imizes  many a d m i n i s t r a -  

t i v e  p rob lems  i n  c o n d u c t i n g  r e s e a r c h .  

Measurement o f  t h e  p a t t e r n  o f  s t u d d e d  t i r e  wear w i l l  b e  con- 

d u c t e d  i n  two p h a s e s .  The f i r s t  phase  w i l l  c o v e r  r e l a t i v e l y  s h o r t  

s t r e t c h e s ,  on t h e  o r d e r  o f  f i v e  m i l e s ,  w i t h  i n t e n s i v e  measurements ,  

a p p r o x i m a t e l y  50 p e r  m i l e .  The i n t e n s i v e  measurements w i l l  b e  

u sed  t o  e s t a b l i s h  t h e  s t a t i s t i c a l  p r o p e r t i e s  o f  wear p a t t e r n s  f o r  

b a d l y  worn and b a r e l y  damaged s e c t i o n s .  Once t h e  s t a t i s t i c a l  p ro-  

p e r t i e s  a r e  known, t h e  a p p r o p r i a t e  sample  s i z e  t o  measure  t h e  e n t i r e  

roadway can  be  c a l c u l a t e d .  A r e a s o n a b l e  e s t i m a t e  o f  t h e  number o f  

o b s e r v a t i o n s  needed w i l l  b e  on t h e  o r d e r  o f  one p e r  m i l e  p e r  l a n e .  

The measurement a p p a r a t u s  w i l l  b e  s i m i l a r  t o  K e y s e r 1 s  p r o f i l o m e t e r  

[166] .  S k i d  number measurements  w i l l  be  made a t  t h e  same p o i n t s  

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

T r a f f i c  f l ow  c h a r a c t e r i s t i c s  w i l l  b e  examined t o  e s t a b l i s h  a 

c o r r e l a t i o n  between c a u s a t i o n  mechanisms and wear p a t t e r n s .  The 

recommended s t u d y  w i l l  u s e  a  camera mounted on o v e r p a s s e s  t o  r e -  

c o r d  t h e  v e h i c l e  p a t h s  o v e r  some d i s t a n c e  ups t r eam,  a p p r o x i m a t e l y  

500 f e e t ,  f rom t h e  o v e r p a s s .  The pho tog raphs  p roduced  w i l l  b e  

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

t o  b e  a n a l y z e d  w i l l  b e  worn and unworn pavement mark ing ,  damaged 

and undamaged s u r f a c e ,  and wet and d r y  w e a t h e r .  Obse rv ing  appro-  

x i m a t e l y  500 v e h i c l e s  unde r  e ach  one o f  t h e s e  c o n d i t i o n s  w i l l  

y i e l d  s t a t i s t i c a l l y  v a l i d  r e s u l t s .  S i g n i f i c a n t l y  g r e a t e r  v a r i a b i l i -  

t y  i n  t h e  v e h i c l e  p a t h s  f o r  t h e  damaged pavement and worn pavement 

mark ing  c o n d i t i o n s  w i l l  c o n f i r m  t h e  t r a f f i c  f l ow  p o r t i o n s  o f  t h e  

g e n e r a l  model .  

CIDENT DATA ANALYSIS 

Acc iden t  d a t a  a n a l y s i s  w i l l  be  conduc t ed  u s i n g  d i g i t a l l y  coded 

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

of  v a r i a n c e  and r e g r e s s i o n  t e c h n i q u e s ,  a c c i d e n t  e x p e r i e n c e  w i l l  b e  



r e l a t e d  t o  t r a f f i c  volume, a s  g a t h e r e d  f rom t o l l  r e c o r d s ,  and t o  

measured s t u d d e d  t i r e  damage. P a r t i c u l a r  a t t e n t i o n  w i l l  be  g i v e n  

t o  t h e  i n c i d e n c e  o f  wet w e a t h c r  a c c i d e r i t s  on the b a d l y  worn and 

unworn s e c t i o n s  o f  pavement .  Ba::ot3 on recen l .  n c c  S t l r n t  r x p e r l  enccj 

on t o l l  r o a d s ,  i t  i s  e s t i m a t e d  t h a t  a p p r o x i m a t ~ l y  400  m i l e s  w l l l  tic 

needed  t o  o b t a i n  s t a t i s t i c a l l y  s i g n i f i c a n t  r e s u l t s .  

If s t a t i s t i c a l l y  s i g n i f i c a n t  r e l a t i o n s  a r e  found  be tween  s t u d  

damage and a c c i d e n t  p a t t e r n s ,  a  more d e t a i l e d  s t u d y  o f  a c c i d e n t s  

w i l l  b e  c o n d u c t e d .  The s t u d y  w i l l  u s e  supp l emen ta ry  a c c i d e n t  r e -  

p o r t  forms t o  b e  comple ted  by i n v e s t i g a t i n g  p o l i c e  o f f i c e r s .  The 

supp lemen ta ry  r e p o r t  fo rm w i l l  d e t a i l  f o r  wet w e a t h e r  a c c i d e n t s  

t h e  n a t u r e  and e x t e n t  o f  w a t e r  found  on t h e  roadway a t  t h e  t i m e  o f  

t h e  c r a s h ,  and w i l l  d e s c r i b e  t h e  v e h i c l e  dynamics  o f  t h e  i n v o l v e d  

c a r s .  T h i s  i n f o r m a t i o n  w i l l  be  u sed  t o  d e t e r m i n e  i f  t h e  p a t t e r n  

o f  wet w e a t h e r  c r a s h e s  i s  d i f f e r e n t  f o r  worn and undamaged pave-  

ment s e c t i o n s .  Approximate ly  one y e a r ' s  a c c i d e n t  e x p e r i e n c e  f o r  a 

ma jo r  th ruway  s y s t e m  s h o u l d  p r o v i d e  a d e q u a t e  d a t a  f o r  t h i s  a n a l y s i s .  



APPENDIX A 

SYNTHESIS OF RESEARCH RESULTS 

T h i s  s e c t i o n  d e s c r i b e s  t h e  s y n t h e s i s  o f  r e s u l t s  d e r i v e d  f rom a  

l i t e r a t u r e  r ev i ew  of t h e  deg raded  s a f e t y  e f f e c t s  which r e s u l t  f rom 

t r a v e l  o v e r  r o a d s  t h a t  have been  damaged by s t u d d e d  t i r e s .  The ma- 
t e r i a l  i s  o r g a n i z e d  s o  a s  t o  emphasize  t h e  year - round  e f f e c t  on 

d r i v i n g  s a f e t y  which r e s u l t s  f rom t h e  w i n t e r  u s e  o f  s t u d d e d  t i r e s .  

Both s a f e t y  and wear  f a c t o r s  a r e  t r e a t e d ;  t h e  l a t t e r ,  however,  o n l y  

t o  t h e  e x t e n t  n e c e s s a r y  t o  p r o v i d e  background i n f o r m a t i o n  f o r  t h e  

d i s c u s s i o n s  o f  s a f e t y  e f f e c t s .  The emphasized s a f e t y - r e l a t e d  e f f e c t s  

a r e  t h o s e  which r e s u l t  f rom pavement and mark ing  wea r .  These  a r e  

l i s t e d  a s  below i n  o r d e r  o f  d e c r e a s i n g  i m p o r t a n c e :  

T i r e  Hydrop l an ing  and Wet S k i d  

Road R e p a i r  Main tenance  Hazard 

S p l a s h  and Spray  

V e h i c l e  L a t e r a l  Placement  S h i f t i n g  

Adverse  T r a n s v e r s e  F o r c e s  and S t e e r i n g  I n p u t s  

D r i v e r  F a t i g u e  R e s u l t i n g  f rom Noise  and V i b r a t i o i l  

E j e c t e d  S t u d s  Thrown from High Speed V e h i c l e s  

V e h i c l e  Component D e g r a d a t i o n  

Pavement and mark ing  wear ha s  a l a r g e r  i n f l u e n c e  on some s a f e t y -  

r e l a t e d  e f f e c t s  t h a n  on o t h e r s .  I n  a d d i t i o n ,  more r e s e a r c h  h a s  been  

conduc t ed ,  and c o n s e q u e n t l y  more i s  known abou t  some e f f e c t s  t h a n  

o t h e r s .  The d e t a i l  w i t h  which each  o f  t h e  e f f e c t s  i s  t r e a t e d  w i l l  

r e f l e c t  b o t h  t h e s e  f a c t o r s .  

A . 1  TIRE HYDROPLANING AND WET SKID 

Complete t i r e  h y d r o p l a n i n g  i s  a  phenomenon t h a t  o c c u r s  when a  

f i l m  o f  w a t e r  s e p a r a t e s  t h e  t i r e  f rom t h e  pavement s u r f a c e .  Under 

s u c h  c i r c u m s t a n c e s ,  t i r e - t o -pavemen t  f r i c t i o n  can  be  l e s s  t h a n  1/20 

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

T i r e  h y d r o p l a n i n g  r e p r e s e n t s  t h e  end r e s u l t  g r a d u a l  



o f  c o n t a c t  f r i c t i o n ,  b r o u g h t  abou t  by i n c r e a s e d  s p e e d  and w a t e r  

d e p t h .  The t h r e e  zone concep t  commonly u sed  t o  d e s c r i b e  hyd rop l a -  

n i n g  o n s e t  i s  shown i n  F i g u r e  A - 1 .  The p a r t  o f  t h e  t i r e  f o o t p r i n t  

t h a t  i s  a s s o c i a t e d  w i t h  zone A on t h e  f i g u r e  i s  h y d r o p l a n i n g ,  s i n c e  

a n  unbroken  w a t e r  f i l m  s e p a r a t e s  t h a t  p a r t  o f  t h e  f o o t p r i n t  f rom 

t h e  pavement .  I n  zone B ,  a  t r a n s i t i o n  from wet t o  d r y  t r a c t i o n  i s  

o c c u r r i n g  w i t h  t h e  w a t e r  a s s o c i a t e d  w i t h  zone A b e i n g  f o r c e d  o u t  t o  

t h e  s i d e s  o f  t h e  f o o t p r i n t .  I n  zone C ,  t h e  t r a c t i o n  i s  e s s e n t i a l l y  

d r y ,  e x c e p t  p e r h a p s  f o r  w a t e r  g l o b u l e s  o r  o t h e r  t r a c e s  o f  w a t e r  

which a r e  t r a p p e d  i n  t i r e  t r e a d  s l o t s ,  o r  pavement i n t e r s t i c e s  [ 2 ,  

1 6 ,  1 7 ,  261.  Obv ious ly ,  b e f o r e  t o t a l  h y d r o p l a n i n g  o c c u r s ,  t h e  con- 

t a c t  a r e a  C ,  and  hence ,  t h e  a v a i l a b l e  f r i c t i o n  f o r c e ,  must be  

g r e a t l y  r e d u c e d  o v e r  what i s  a v a i l a b l e  unde r  d r y  c o n d i t i o n s .  I n  

t h e  p r e s e n t  d i s c u s s i o n s  of s k i d d i n g  unde r  c i r c u m s t a n c e s  where com- 

p l e t e  l i f t - o f f  does  - n o t  o c c u r ,  b u t  where t h e  t i r e / r o a d  f r i c t i o n  co- 

e f f i c i e n t  i s  l e s s  t h a n  0 . 1 ,  a n  a r b i t r a r y  d e f i n i t i o n  o f  wet s k i d  i s  

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

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

C l e a r l y ,  t hough ,  h y d r o p l a n i n g  and wet s k i d  a r e  d i f f e r e n t  l e v e l s  o f  

t h e  same phenomenon. As t h e  r e m a i n i n g  d i s c u s s i o n s  w i l l  show, 

however,  where one b e g i n s  and t h e  o t h e r  l e a v e s  o f f  i s  n o t  a lways  

c l e a r .  

A . 1 . 1  HYDROPLANING. T i r e  h y d r o p l a n i n g  i s  a  m a n i f e s t a t i o n  o f  

two, o r  p o s s i b l y  t h r e e ,  s e p a r a t e  phenomena, G e n e r a l l y ,  h y d r o p l a n i n g  

i s  s e p a r a t e d  i n t o  t h a t  c aused  by hydrodynamic p r e s s u r e  and t h a t  due 

t o  t h e  t h i n  f i l m ,  o r  s q u e e z e  f i l m  e f f e c t  [l]. Dynamic h y d r o p l a n i n g  

i s  a s s o c i a t e d  w i t h  w a t e r  d e p t h s  o f  a t  l e a s t  0 .008 i n c h e s  t h i c k .  

Th in  f i l m  h y d r o p l a n i n g ,  on t h e  o t h e r  hand ,  i s  c o n f i n e d  t o  f i l m  

t h i c k n e s s e s  o f  be tween  3 x and 0 .002  i n c h e s .  I n  be tween  t h e s e  

two r e g i o n s  i s  a  r a n g e  o f  t h i c k n e s s  o f  0 .002 and 0 .008  i n c h e s  t h a t  

h a s  p roduced  what h a s  been  c a l l e d  l a m i n a r  h y d r o p l a n i n g  [80]. La-  

m ina r  h y d r o p l a n i n g  v e r y  p r o b a b l y  r e p r e s e n t s  some form o f  t r a n s i t i o n  

be tween  t h i n  f i l m  h y d r o p l a n i n g  where t h e r e  i s  no f l ow  i n  t h e  w a t e r  

f i l m ,  and  dynamic h y d r o p l a n i n g  where  t h e  f l ow  i n  t h e  w a t e r  f i l m  i s  

t u r b u l e n t .  



A=Vnbrcken W a t e r  F i l m  

B = T r a n s i t i s z  S t a t e  

C=Dry or S u b s t a n t i a l l y  Dyy A r e a  

Figure A-1. The Three L u b r i c a t i o r  Zones  o f  t h e  
C o n t a c t  P a t c h  o f  a Tire Rolling or 
S l i d i n g  on a  Wet S u r f a c e  [ I71  



A . 1 . 1 . 1  Dynamic Hydrop l an ing .  As t h e  t i r e  e n c o u n t e r s  t h e  

f l o o d e d  pavement i n  dynamic h y d r o p l a n i n g ,  a s t a g n a t i o n  p r e s s u r e  de- 

v e l o p s  a t  t h e  t i r e / w a t e r  i n t e r f a c e .  P r e s s u r e  b u i l d s  up i n  t h e  w a t e r  

a s  t h e  s q u a r e  o f  t h e  t i r e  v e l o c i t y  and ,  a t  a speed  c a l l e d  t h e  hydro- 

p l a n i n g  s p e e d ,  e q u a l s  t h e  a v e r a g e  t i r e - g r o u n d  b e a r i n g  p r e s s u r e .  A t  

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

t h e  w a t e r  much i n  t h e  way t h a t  a  w a t e r  s k i e r  s k i s  a c r o s s  a  l a k e .  

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

abou t  0 .05  f o r  w a t e r  d e p t h s  o f  0 . 1  t o  0 . 3  i n c h e s  [ 2 2 ] .  As a  r e s u l t ,  

t h e  t i r e  h a s  a t endency  t o  s t o p  r o t a t i n g  o r  "spin-down".  

S e v e r a l  r e s e a r c h e r s  have made a t t e m p t s  t o  p r e d i c t  t h e  hyd rop l a -  

n i n g  speed  by means o f  a n  a n a l y t i c a l  e x p r e s s i o n .  Horne and J o y n e r  

[ 2 3 ]  found  e x p e r i m e n t a l l y  t h a t  f o r  smooth s u r f a c e s  and smooth,  o r  

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

app rox ima ted  by t h e  r e l a t i o n s h i p :  

where 

Vd = h y d r o p l a n i n g  l i f t - o f f  s p e e d  (mph) .  ( T h i s  speed  i s  a s s o -  

c i a t e d  w i t h  i n c i p i e n t  "spin-down" f rom f u l l  r o t a t i o n a l  

s p e e d .  ) 

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

The e x p r e s s i o n  a l s o  h o l d s  f o r  r i b b e d  t i r e s  where t h e  f l u i d  d e p t h  i s  

g r e a t e r  t h a n  t h e  r i b  d e p t h .  H o r n e t s  work was done w i t h  a  l a r g e  

v a r i e t y  o f  a i r c r a f t  t i r e s ,  and t h e  c o n s t a n t  i n  E q u a t i o n  ( A - 1 )  r e -  

f l e c t s  t h e  c h a r a c t e r i s t i c s  o f  t h e s e  t i r e s .  Kummer [ 2 7 ]  d e t e r m i n e d  

t h e  c o n s t a n t  t o  b e  abou t  1 3 . 2  f o r  p a s s e n g e r  c a r  t i r e s .  The d i f f e r -  

ence  i s  e v i d e n t l y  due t o  t h e  d i f f e r e n t  c a r c a s s  s t i f f n e s s e s  o f  t h e  two 

t i r e  t y p e s .  

F o r  a  t ime i t  a p p e a r e d  t h a t  t h e  form o f  E q u a t i o n  ( A - 1 )  was va- 

l i d  o n l y  f o r  c e r t a i n  k i n d s  o f  l o a d - p r e s s u r e  r e l a t i o n s h i p s .  I n  1 9 6 5 ,  
A l l b e r t  and Walker [ 2 ]  r e p o r t e d  t h a t  t h e  h y d r o p l a n i n g  s p e e d  was i n -  

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



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

F u r t h e r ,  i t  was r e p o r t e d  t h a t  t h e  h y d r o p l a n i n g  s p e e d  decr>eased  as a 

f u n c t i o n  of t i r e  p r e s s u r e  i f  t h e  l o a d  was h e l d  c o n s t a n t .  These  r e -  

s u l t s  were  m o d i f i e d  l a t e r  [ l ]  t o  show t h a t  t h e  c o n s t a n t  d e f l e c t i o n  

c a s e  had a  form s i m i l a r  t o  E q u a t i o n  ( A - 1 ) .  C o n c l u s i o n s  f o r  t h e  con- 

s t a n t  l o a d  c a s e  remained  t h e  same, however .  Subsequen t  r > e s e a r c h  by 

S t a u g h t o n  and Williams [70] i n d i c a t e s  t h a t  A l l b e r t l s  c o n c l u s i o n s  

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

t e s t i n g  methods  employed.  A l l b e r t l s  h y d r o p l a n i n g  e x p e r i m e n t s  were  

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

drum as opposed t o  t h e  f l a t  t r a c k  u sed  by  Horne.  D e f l e c t i o n  d i s t o r -  

t i o n  [ 4 3 ]  and  t h e  r e l a t i v e l y  small amount o f  w a t e r  r e q u i r e d  f o r  

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

Even a f t e r  h a v i n g  overcome t h i s  c h a l l e n g e ,  however ,  H o r n e ' s  

work i s  s t i l l  n o t  u n i v e r s a l l y  accep ted- -and  w i t h  good rea . son .  Fac-  

t o r s  which a r e  o b v i o u s l y  i m p o r t a n t  i n  h y d r o p l a n i n g  ( e . g . ,  t i r e  t y p e  

w a t e r  d e p t h ,  whee l  l o a d ,  e t c . )  a r e  n o t  t a k e n  i n t o  a c c o u n t .  I n  

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

c oun t ed  f o r .  

Some o f  t h e s e  f a c t o r s  a p p e a r  i n  a  more comple t e  e q u a t i o n  f o r  

p r e d i c t i n g  h y d r o p l a n i n g  which was deve loped  by Moore [ 4 7 ] .  Moore ' s  

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

ward t h r u s t  p r o v i d e d  by t h e  change i n  momentum o f  t h e  w a t e r  l a y e r  

i n  f r o n t  o f  t h e  t i r e .  The e x p r e s s i o n  i s  g i v e n  as f o l l o w s :  

where 

W = whee l  l o a d  

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

p = f l u i d  d e n s i t y  

B = t i r e  t r e a d  w i d t h  

and where  t h e  o t h e r  t e r m s  a r e  d e f i n e d  on F i g u r e  A - 2 .  



F i g u r e  A-2. The Hydrodynamic Upward Thrust 



I f  i t  i s  assumed t h a t  

t h e n  E q u a t i o n  ( A - 2 )  r e d u c e s  t o  E q u a t i o n  ( A - 1 ) .  Thus ,  Moore 's  equa- 

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

c o n t r i b u t e  t o  dynamic h y d r o p l a n i n g .  It i s  n o t  a c c u r a t e ,  however,  i n  

t h a t  h y d r o p l a n i n g  s p e e d s  p r e d i c t e d  by t h e  e q u a t i o n  a r e  abou t  t w i c e  

a s  h i g h  a s  t h o s e  o c c u r r i n g  i n  p r a c t i c e .  The d i s c r e p e n c y  i s  due t o  

e f f e c t s  i n  t h e  c o n t a c t  a r e a - - s p e c i f i c a l l y ,  t h e  s i n k a g e  zone ( z o n e  A 

o f  F i g u r e  A - 1 ) .  

Under wet c o n d i t i o n s  t h e  t i r e  f l o a t s  on a  w a t e r  f i l m  i n  zone A .  

The t h i c k n e s s  o f  t h e  w a t e r  f i l m  d e c r e a s e s  p r o g r e s s i v e l y  toward  t h e  

r e a r  o f  t h e  c o n t a c t  p a t c h .  I f  t h e  t i m e  o f  s i n k a g e  o f  a  p a r t i c u l a r  

t r e a d  e l emen t  exceeds  t h e  t r a v e r s a l  t i m e  o f  t h e  e l emen t  t h r o u g h  t h e  

c o n t a c t  a r e a ,  t h e n  zones  B and C do n o t  e x i s t ,  and h y d r o p l a n i n g  oc- 

c u r s .  I n  p r a c t i c e ,  i t  h a s  been found t h a t  when t h e  h y d r o p l a n i n g  

s p e e d  i s  app roached  from lower  v e l o c i t i e s  ( e . g . ,  a u t o m o b i l e s  o r  a i r -  

c r a f t  t a k i n g  o f f ) ,  t h e  t r a v e r s a l  t i m e  app roaches  t h e  s i n k a g e  t i m e  

when t h e  hydrodynamic upward t h r u s t  i s  b u t  a small f r a c t i o n  o f  wheel  

l o a d .  Thus ,  i t  a p p e a r s  t h a t  an  e q u a t l o n  l i k e  ( A - 2 ) ,  b u t  m o d i f i e d  

f o r  s i n k a g e  e f f e c t s ,  i s  r e q u i r e d .  The main s t u m b l i n g  b l o c k  i s  t h a t  

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

t i r e  t r e a d  p a t t e r n .  

A p a r t i a l  s o l u t i o n  t o  t h e  p rob lem,  a t  l e a s t  i n  t e rms  o f  t i r e  

e f f e c t s ,  h a s  been  p r o v i d e d  by Gengenbach [ll, 121 .  Gengenbach h a s  

p roduced  a  c o n s i d e r a b l e  amount o f  e x p e r i m e n t a l  d a t a  which shows t h a t  

wheel  sp in -up  s p e e d  c o r r e l a t e s  c l o s e l y  w i t h  t h e  e q u a t i o n :  

where 

V = h y d r o p l a n i n g  sp in -up  speed  (mph) .  ( T h i s  speed  i s  a s s o c i a -  u  
t e d  w i t h  i n c i p i e n t  " sp in -up"  f rom a  f u l l  s t o p . )  

CH = t i r e  l i f t  c o e f f i c i e n t .  



(No te  t h a t  t h e  sp in -up  s p e e d  d i f f e r s  from t h e  l i f t - o f f  s p e e d  s i n c e ,  

as w i l l  b e  e x p l a i n e d  l a t e r ,  t h e  f o rmer  i s  l ower  t h a n  t h e  l a t t e r ,  

E q u a t i o n s  ( A - 1 )  and  (A-5) a r e ,  t h e r e f o r e ,  on ly  i n d i r e c t l y  compara- 

b l e .  ) The b a s i c  d i t f c r e n c e  b c t w c ~ n  17qli:lt3on:; ( A - 2 )  nntl (A-5)  1:; 

t h a t  t h e  v a r i o u s  f a c t o r s  a:;sociat,cltl w:l 1,h wheel t l  i.mcn:;l o n ,  cor~tac:t; 

l e n g t h ,  e t c . ,  a r e  lumped i n t o  a s i n g l c  l i f t  c o e f f i c i e n t  t e r m .  

T read  e f f e c t s  a r e  a l s o  i n c l u d e d  i n  t h i s  t e r m .  

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

C ~ '  
a l t h o u g h  t h e  p r o p o r t i o n  c o n t r i b u t e d  by t h e  s u r f a c e  i s  unknown, 

s i n c e  a l l  t e s t s  were  made on t h e  same s u r f a c e .  Water  d e p t h  was 

measured f rom t h e  t o p  o f  t h e  s u r f a c e  a s p e r i t i e s ,  however ,  which t o  

some d e g r e e  removed s u r f a c e  dependence .  

I n  any c a s e ,  t h e  Gengenbach e q u a t i o n  seems t o  be  t h e  b e s t  y e t  

a v a i l a b l e  f o r  p r e d i c t i n g  i n c i p i e n t  h y d r o p l a n i n g ,  T h i s  e q u a t i o n  w i l l  

b e  u sed  as t h e  main h y d r o p l a n i n g  p r e d i c t i o n  e q u a t i o n  i n  o t h e r  s e c -  

t i o n s  o f  t h e  r e p o r t .  

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

t i r e  h y d r o p l a n i n g  can  o c c u r  a t  s p e e d s  below 40 mph. Dynamic hydro-  

p l a n i n g  i s  t h o u g h t  t o  be  a  r a r e  e v e n t ,  however,  even  a t  s p e e d s  a s  

h i g h  as 130 mph and  0 . 1  i n c h e s  o f  w a t e r ,  w i t h  good t r e a d ,  good s u r -  

f a c e ,  and no w a t e r  p u d d l i n g  [17] .  

A .1 .1 .2  Th in  F i l m  Hydrop l an ing .  Th in  f i l m ,  s q u e e z e  f i l m ,  o r  

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

p e n e t r a t e  a t h i n  ( l e s s  t h a n  0 . 0 0 2  i n c h e s  o f  w a t e r )  b u t  t e n a c i o u s  

f l u i d  f i l m  t h a t  c o a t s  a  smooth pavement s u r f a c e  1221. T h i s  t y p e  o f  

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

drodynamic p r e s s u r e .  Los se s  i n  t i r e - t o - p a v e m e n t  f r i c t i o n  c o e f f i -  

c i e n t  a s s o c i a t e d  w i t h  dynamic h y d r o p l a n i n g  o c c u r  somewhat more 

a b r u p t l y  t h a n  t h a t  a s s o c i a t e d  w i t h  t h i n  f i l m  h y d r o p l a n i n g .  T h i s  

phenomenon i s  c o n s i d e r e d  i n  more d e t a i l  by Horne 1211. I n  g e n e r a l ,  

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

r 2 2 1 .  

Both t h i n  f i l m  and dynamic h y d r o p l a n i n g  a r e  a  f u n c t i o n  o f  se- 

v e r a l  f a c t o r s .  These  i n c l u d e  v e l o c i t y ,  t r e a d  d e s i g n ,  t i r e  m a t e r i a l ,  



t i r e  a s p e c t  r a t i o ,  t i r e  c o n s t r u c t i o n ,  i n f l a t i o n  p r e s s u r e ,  t empera -  

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

[35]. Some o f  t h e  more i m p o r t a n t  of  t h e s e  f a c t o r s  w i l l  b e  d i s c u s s 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 .  

A . 1 . 2  SURFACE EFFECTS. Pavement s u r f a c e  p r o p e r t i e s  a f f e c t  

h y d r o p l a n i n g  i n  t e r m s  of  w a t e r  a c c u m u l a t i o n .  A c c o r d i n g  t;o Ga l l away ,  

e t  a l .  [241] ,  pavement w a t e r  d e p t h  above t h e  s u r f a c e  t e x t u r e  c a n  b e  

d e s c r i b e d  by t h e  f o l l o w i n g  e m p i r i c a l  e q u a t i o n :  

where  

T = s u r f a c e  t e x t u r e  d e p t h  ( i n , )  

L = d r a i n a g e  p a t h  l e n g t h  ( f t .  ) 

I = r a i n f a l l  i n t e n s i t y  ( i n . / h r . )  

S = pavement c r o s s - s l o p e  ( f t  . / f t  . ) 
From t h i s  e q u a t i o n  i t  i s  c l e a r  t h a t  two o f  t h e  f a c t o r s  a f f e c t i n g  

w a t e r  d e p t h  a r e  u n d e r  t h e  c o n t r o l  o f  t h e  pavement d e s i g n e r .  These  

a r e  pavement t e x t u r e  and c r o s s - s l o p e .  I n c r e a s i n g  e i t h e r  t h e  pave-  

ment t e x t u r e  d e p t h  o r  t h e  c r o s s - s l o p e  r e s u l t s  i n  a d e c r e a s e  i n  wa- 

t e r  d e p t h .  

The e f f e c t  o f  s u r f a c e  p r o p e r t i e s  on h y d r o p l a n i n g ,  o r  wet  s k i d  

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

p o s e d  by A l l b e r t  and Walker  [ 2 ] ,  and l a t e r  m o d i f i e d  by Kurnrner and 

Meyer [ 2 8 ] .  I n  t h i s  scheme, pavements  c a n  b e  c l a s s i f i e d  a c c o r d i n g  

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

d r a i n a g e  p r o p e r t i e s  : 

1. Smooth s u r f a c e s  ( b l e e d i n g  a s p h a l t ,  h i g h l y  p o l i s h e d  s t o n e  

a s p h a l t  o r  cement c o n c r e t e  s u r f a c e s ) .  

2 .  F i n e - t e x t u r e d ,  r o u n d e d  s u r f a c e s  (worn s t o n e  o r  s i l i c a  s a n d  

s u r f a c e s  of f i n e  g r a d a t i o n ) .  

3 .  F i n e - t e x t u r e d ,  g r i t t y  s u r f a c e s  (new s i l i c a  s a n d  o r  metal 

c a r b i d e - e p o x y  s u r f a c e s ) .  



4. Coarse-textured, rounded surfaces (polished slag or lime- 

stone surfaces or large gradation or uncrushed gravel 

surfaces). 

5 .  Coarse-textured, gritty surfaces (new slag pavements con- 

sisting of large particles, possessing large- and small- 

scale macroscopic roughness, or limestone surfaces which 

contain more than 10 percent sand-sized siliceous material). 

The gritty or harsh microtexture of a surface determines its basic 

friction properties and hence, its low speed skid number. The 

coarse, or open macrotexture of a surface determines its drainage 

characteristics. Drainage characteristics, in turn, determine the 

variation in skid number with speed. 

The microtexture scale affecting low speed number is on the 

order of 0.001 to 0.004 in. 13, 32, 51, 811. The manner in which 

surface microtexture affects the friction level is illustrated in 

Figure A-3. On this figure, increased friction levels are obtained 

by adding microtexture to a surface of constant macrotexture. 

The macrotexture asperity scale affecting surface drainage is 

on the order of 0.002 to 0.10 in. [15, 60, 731. The effect of ma- 

crotexture on a surface of constant microtexture is shown on Figure 

A-4. In the example shown, the friction level at low speeds remains 

relatively constant with increasing macrotexture. This effect is 

a consequence of the fact that water inertial effects vary with the 

square of velocity. At low speeds, the effect is minimal, but at 

higher speeds, the result is a significant loss in friction. In- 

creasing the macrotexture increases the number of water outflow 

channels, and reduces the buildup of hydrodynamic pressure. 

As might be expected, these examples represent a relatively 

simple explanation of the effect of pavement texture on friction 

properties. (See References 47, 63, 181, for example, for a more 
thorough discussion of pavement friction characteristics.) The ex- 

amples do, however, give an indication of basic trends, 

Whether it be the thin film or dynamic variety, hydroplaning 

occurs most readily with smooth tires in combination with a smooth, 
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f i n e  t e x t u r e d  s u r f a c e .  For  s u r f a c e s  c a t e g o r i z e d  a s  c o a r s e  o r  open 

t e x t u r e d ,  dynamic hydrop lan ing  does not  occur  u n t i l  t h e  dep th  of  

t h e  w a t e r  f i l m  exceeds  t h e  h e i g h t  o f  t h e  s u r f a c e  p r o j e c t i o n .  For  

example,  t h e  hydrop lan ing  l i f t - o f f  speed  i s  g r e a t e r  f o r  an open 

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

g r a v e l  s e a l  c o a t  t h a n  f o r  c o n c r e t e  [35] .  

Measures t h a t  have been used t o  improve pavement s u r f a c e s  r e -  

l a t i v e  t o  r e d u c i n g  hydrop lan ing  i n c l u d e  g roov ing  t h e  pavement, 

roughening  t h e  pavement t o  i n c r e a s e  i t s  m a c r o s t r u c t u r e ,  and add ing  

an open porous wear ing  course  t o  t h e  e x i s t i n g  pavement s u r f a c e .  

Horne and Joyner  [231 r e p o r t  t h a t  grooving  an a i r p o r t  runway w i t h  

3/8 i n c h  by 3/8 i n c h  grooves a t  two i n c h  c e n t e r s  r a i s e d  t h e  w a t e r  

l e v e l ,  c a u s i n g  hydrop lan ing  from 0.17 i n c h e s  t o  0.40 i n c h e s .  Addi- 

t i o n a l  s t u d i e s  of  t h e  b e n e f i t  o f  grooving  were c a r r i e d  ou t  i n  

England by H a r r i s  on wet runways a t  speeds  of  80 mph [IT], For a 
w a t e r  dep th  of between 0 . 0 1  and 0.02 i n c h e s ,  i t  was found t h a t  t h e  

b r a k i n g  f o r c e  c o e f f i c i e n t  was about  0 . 2  on an ungrooved s u r f a c e ,  

and t h a t  t h i s  remained about  t h e  same i n  a  d i r e c t i o n  p a r a l l e l  t o  

t h e  g rooves .  P e r p e n d i c u l a r  t o  t h e  g rooves ,  however, t h e  c o e f f i c i e n t  

was measured t o  be 0 . 6 .  A t  a  lower speed of  30 rnph, however, no 

d i f f e r e n c e  was no ted  i n  b r a k i n g  f o r c e  c o e f f i c i e n t s ,  p a r a l l e l  and 

p e r p e n d i c u l a r  t o  t h e  g rooves .  

The use  o f  a  porous wear ing  c o u r s e  t o  a l l e v i a t e  dynamic hydro- 

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

d r a i n a g e  i n  t h e  t i r e - g r o u n d  c o n t a c t  p a t c h  [21] .  The porous s u r f a c e  

a l lows  w a t e r  t r a p p e d  i n  t h e  f o o t p r i n t  t o  f low r i g h t  th rough  t h e  

pavement as w e l l  a s  th rough  d r a i n a g e  channe l s  p rov ided  by t h e  t i r e  

t r e a d  and t h e  m a c r o s t r u c t u r e  of  t h e  pavement. The wear ,  f r e e z e -  

thaw, and m i c r o t e x t u r e  c h a r a c t e r i s t i c s  o f  such  a  s u r f a c e  would have 

t o  be  c o n s i d e r e d  b e f o r e  e l e c t i n g  t o  use  such a s u r f a c e  as a hydro- 

p l a n i n g  s u p p r e s s i o n  method, however. 

A.1.3 TIRE EFFECTS. The t i r e  f a c t o r s  t h a t  i n f l u e n c e  dynamic 

hydrop lan ing  i n c l u d e  i n f l a t i o n  p r e s s u r e ,  t i r e  d i a m e t e r ,  t r e a d  p a t -  

t e r n ,  t r e a d  wid th ,  t i r e  m a t e r i a l ,  c a r c a s s  c o n s t r u c t i o n ,  wheel l o a d ,  



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

of  one a n o t h e r ,  however .  F o r  example ,  t h e  wheel  l o a d  d i v i d e d  by t h e  

c o n t a c t  a r e a  i s  n o m i n a l l y  e q u a l  t o  t h e  i n f l a t i o n  p r e s s u r e ,  whe rea s  

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

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

however ,  as e v i d e n c e d  by t h e  s u c c e s s  Horne 1231 and Gengenbach [ll] 

have  had  i n  d e s c r i b i n g  dynamic h y d r o p l a n i n g  o n s e t  a n a l y t i c a l l y  

( s e e  E q u a t i o n s  ( A - 1 )  and  (A-5) ,  r e s p e c t i v e l y ) .  As d i s c u s s e d  e a r l i e r ,  

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

0 . 1  i n . ,  Horne found  t h a t  t h e  h y d r o p l a n i n g  s p e e d  was s o l e l y  a func-  

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

however ,  Gengenbach d e m o n s t r a t e d  t h a t  whee l  l o a d ,  t r e a d  w i d t h ,  t r e a d  

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

S i n c e  dynamic h y d r o p l a n i n g  i s  a  m a n i f e s t a t i o n  o f  hydrodyn.amic l i f t ,  

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

s i n c e  i t  i s  t h e  whee l  l o a d  t h a t  c o u n t e r a c t s  t h e  l i f t  f o r c e .  F o r  

r e l a t i v e l y  f l e x i b l e  t i r e s ,  however,  t h e  t i r e  w i l l  d e f l e c t  u n d e r  

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

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

p r e s s u r e .  I n  t h e  more g e n e r a l  c a s e ,  however,  Gengenbach h a s  shown 

t h a t  whee l  l o a d  e f f e c t s  a re  r e l a t e d  t o  t h e  s q u a r e  r o o t  of' t h e  hy- 

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

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

Comparing smooth t i r e s ,  Gengenbach found  t h a t  t h e  l i f t  c o e f f i -  

c i e n t  ( C H  i n  E q u a t i o n  A - 5 )  was a  c o n s t a n t  o f  59 f o r  b e l t e d  r a d i a l  

t i r e s ,  and  t h a t  f o r  c o n v e n t i o n a l  t i r e s ,  CH v a r i e d  a c c o r d i n g  t o :  

where  W c  i s  t h e  p r e s c r i b e d  maximum t i r e  l o a d  c a p a c i t y .  

Gengenbach a l s o  d e m o n s t r a t e d  t h a t  C H  was g r e a t l y  i n f l u e n c e d  by 

t i r e  t r e a d  p a t t e r n .  F o r  t h e  s i x  p a t t e r n s  shown i n  F i g u r e  A - 5 ,  p a t -  

t e r n s  A ,  B ,  C ,  and D were  found  t o  have  t h e  same CH v a l u e  o f  1 5 . 5 .  
P a t t e r n  E was d e t e r m i n e d  t o  have  a  v a l u e  o f  1 0 ,  and F a  v a l u e  o f  



F i g u r e  A - 5 .  V i e w  o f  S imple  T read  P a t t e r n s  I n v e s t i g a t e d .  
Tyre  5 . 6 0  x 15. Tread d e p t h  7mm Groove width 3mm. 
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2 6 .  The p a t t e r n s  were c a r e f u l l y  c u t  s o  a s  t o  i n s u r e  t h a t  t h e  p ro-  

p o r t i o n  o f  g roove  v o i d s  t o  t h e  e n t i r e  t r e a d  s u r f a c e  remained con- 

s t a n t .  CH d i f f e r e n c e s  were ,  t h e r e f o r e ,  s o l e l y  due t o  p a t t e r n  d i f -  

f e r e n c e s .  The c h a r a c t e r i s t i c  i n  p a t t e r n s  A-D which r e s u l t s  i n  a  

un i fo rmly  low c o e f f i c i e n t  i s  t h e  open n a t u r e  o f  t h e  s i d e s  o f  t h e  

t r e a d s .  T h i s  a l l o w s  w a t e r  t r a p p e d  i n  t h e  c o n t a c t  p a t c h  t o  be  

squeezed  o u t  l a t e r a l l y .  The d i f f e r e n c e  between t r e a d s  D and E i s  

a t t r i b u t e d  t o  t h e  f a c t  t h a t  w a t e r  i s  squeezed  t o  t h e  c e n t e r  o f  

p a t t e r n  E whereas  i t  i s  squeezed  t o  t h e  s i d e s  o f  p a t t e r n  D .  No 

l a t e r a l  movement w i t h i n  t h e  c o n t a c t  p a t c h  i s  p e r m i s s i b l e  w i t h  p a t -  

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

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

h y d r o p l a n i n g  s u p p r e s s i o n  a r e  t h o s e  w i t h  open p a s s a g e s  t o  t h e  t r e a d  

edges  which a l l o w  t h e  e scape  o f  t r a p p e d  w a t e r .  

A d i f f e r e n t  k i n d  o f  t r e a d  m o d i f i c a t i o n  h a s  a l s o  been  used  a s  

a  means o f  r a i s i n g  t h e  speed  o f  dynamic h y d r o p l a n i n g  o n s e t .  T h i s  

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

t h e  l a t e r a l  d i r e c t i o n .  S i p i n g  i s  a  c o n t r o v e r s i a l  m a t t e r ,  however,  

and w h i l e  some r e s e a r c h e r s  have r e p o r t e d  marked improvements i n  

t r a c t i o n  c h a r a c t e r i s t i c s  t h r o u g h  s i p i n g  [16, 261, o t h e r s  have re-  

p o r t e d  s i p i n g  t o  be  o f  l i t t l e  o r  no v a l u e  [53, 821.  

S i p e s  a r e  b e l i e v e d  by some t o  p r o v i d e  i n c r e a s e d  t r a c t i o n  

t h r o u g h  two e f f e c t s  a c t i n g  i n  c o n c e r t .  F i r s t ,  t h e  s h a r p  edge  o f  

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

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

t h e  t r e a d  f rom t h e  s u r f a c e .  Second,  t h e  s i p e  i t s e l f  f u r n i s h e s  a  

low p r e s s u r e  c a v i t y  i n  t h e  t i r e  t r e a d  i n t o  which some o f  t h e  now 

punc tu r ed  f l u i d  f i l m  can d r a i n .  These combined e f f e c t s  p u r p o r t e d l y  

a l l o w  many a d h e s i o n  p o i n t s  on t h e  t r e a d  r i b  t o  deve lop  and t h u s  i n -  

c r e a s e  t r a c t i o n .  Horne and J o y n e r  [23] s u g g e s t  t h a t  s i p i n g  i s  most 

b e n e f i c i a l  on smooth s u r f a c e s  a t  h i g h  s p e e d s ,  however,  and t h a t  

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

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

I n c r e a s i n g  t h e  t i r e  a s p e c t  r a t i o  ( w i d t h / d i a m e t e r )  i n c r e a s e s  



t h e  c o n t a c t  p a t c h  a r e a  and c a u s e s  h y d r o p l a n i n g  a t  lower  speeds  [35] .  
T h i s  i s  due t o  t h e  f a c t  t h a t  on w i d e r  t i r e s ,  t h e  w a t e r  t r a p p e d  i n  

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

t h e  t endency  f o r  h y d r o p l a n i n g  [ 1 6 ] .  The b e s t  c o n t a c t  p a t c h  e l l i p s e  

f o r  m in imiz ing  h y d r o p l a n i n g ,  t h e r e f o r e ,  i s  one w i t h  a maximum 

l e n g t h  and a minimum w i d t h  [l]. T h i s  t y p e  o f  e l l i p s e  min imizes  t h e  

w a t e r  e s c a p e  d i s t a n c e  and t e n d s  t o  maximize t h e  l e n g t h s  o f  zones  

A and B ,  as d i s c u s s e d  e a r l i e r  i n  c o n j u n c t i o n  w i t h  F i g u r e  A - 1 .  The 

impor t ance  o f  t i r e  w i d t h  i n  dynamic h y d r o p l a n i n g  i s  c l e a r l y  ev iden -  

ced i n  E q u a t i o n s  (A-2) and (A-5) where i t  i s  shown t h a t  i n c r e a s i n g  

t h e  t r e a d  w i d t h  c a u s e s  t h e  l i f t  o f f  speed  t o  b e  r e d u c e d .  

F r i c t i o n  on wet s u r f a c e s  i s  m o s t l y  a s s o c i a t e d  w i t h  t h e  removal  

of  w a t e r  a t  h i g h  s p e e d ,  r a t h e r  t h a n  w i t h  t i r e  m a t e r i a l .  Rubber 

m a t e r i a l  i s  t h e r e f o r e  c o n s i d e r e d  t o  b e  o f  somewhat l e s s  impor t ance  

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

c o e f f i c i e n t s  up t o  0 . 5  have been  a c h i e v e d  on f u l l y  f l o o d e d ,  smooth 

s u r f a c e s ,  however,  t h r o u g h  c a r e f u l  t r e a d  and m a t e r i a l  improvements 

L 2 6 1  

While  some o f  t h e  o t h e r  f a c t o r s  a r e  more i m p o r t a n t ,  t i r e  con- 

s t r u c t i o n  can a l s o  have a  s i g n i f i c a n t  e f f e c t  on dynamic hyd rop l a -  

n i n g  pe r fo rmance  ( e . g . ,  t h e  d i f f e r e n c e  i n  CH v a l u e s  f o r  smooth,  

r a d i a l  and b e l t e d  t i r e s  ment ioned  e a r l i e r ) .  I n  o r d e r  t o  p e r f o r m  

e f f e c t i v e l y  i n  a  wet s u r f a c e  env i ronmen t ,  t h e  t i r e  c o n t a c t  p a t c h  

must n o t  b e  unduly  d i s t o r t e d  as i t  t r a n s m i t s  l o a d s  t o  t h e  v e h i c l e .  

R a d i a l  p l y  t i r e s  have  t h e  l e a s t  d i s t o r t i o n  o f  a l l  t y p e s  due  t o  

t h e i r  h i g h  modulus o f  l a t e r a l  r i g i d i t y .  B r a k i n g  f o r c e  c o e f f i c i e n t  

v a l u e s  f o r  r a d i a l  t i r e s  a s  opposed t o  c r o s s  p l y  t i r e s  show v a l u e s  

1 0  t o  30% h i g h e r  i n  t e s t s  on smooth wet a s p h a l t  1261. T i r e s  w i t h  

rounded (as  opposed t o  s q u a r e )  p r o f i l e s  a r e  a l s o  more p r e s s u r e -  

dependent  r e l a t i v e  t o  dynamic h y d r o p l a n i n g  [ T O ] .  I n  g e n e r a l ,  t h e  

l i f t - o f f  s p e e d  f o r  a smooth rounded  t i r e  can  be  50 t o  100% h i g h e r  

t h a n  f o r  a smooth s q u a r e  p r o f i l e  t i r e .  

A.1.4 FLUID EFFECTS. The p r imary  f l u i d  e f f e c t s  which i n f l u -  

ence  dynamic h y d r o p l a n i n g  i n c l u d e  w a t e r  d e p t h ,  hydrodynamic l i f t  



and d r a g ,  and  f l u i d  v i s c o s i t y .  

As m e n t i o n e d  e a r l i e r ,  t h e  p r i m a r y  m a n i f e s t a t i o n  o f  dynamic 

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

and p l a n i n g  a l o n g  on a  t h i n  f i l m  o f  w a t e r .  S i n c e  t h e  t i r e - t o -  

g round  f r i c t i o n  i s  v i r t u a l l y  r e d u c e d  t o  z e r o  u n d e r  t h e s e  c i r cum-  

s t a n c e s ,  t h e  t i r e  t e n d s  t o  s p i n  down, o r  s t o p  r o t a t i n g .  Spin-down 

h a s  b e e n  n o t e d  a t  w a t e r  d e p t h s  a s  low a s  0 . 2  rnm [ll]. I n c r e a s i n g  

t h e  w a t e r  d e p t h  c a u s e s  a  p r o g r e s s i v e l y  l o w e r  spin-down u n t i l  t h e  

d e p t h  r e a c h e s  a b o u t  9 o r  1 0  mm [35]. The f l u i d  d r a g  c o e f f i c i e n t  

a s s o c i a t e d  w i t h  dynamic h y d r o p l a n i n g  i s  b e l i e v e d  t o  b e  on t h e  o r d e r  

o f  0 . 0 5  and i s  t h e  r e s u l t  o f  p r e s s u r e  d r a g  and f l u i d  v i s c ! o s i t y .  

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

a l o n g  [ 2 2 ] .  A c o m p a r i s o n  o f  t h e  v a r i o u s  f a c t o r s  c o n t r i b u t i n g  t o  

t h e  t i r e / r o a d  s k i d  number i n  t h e  p r e s e n c e  o f  a s u r f a c e  w a t e r  l a y e r  

i s  g i v e n  by Kurnmer [27]. 

P r e s s u r e  i n  t h e  t i r e  c o n t a c t  p a t c h  h a s  been  f o u n d  t o  b e  s i g n i -  

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

t r e a d  r i b s  f o r  g r o o v e d  t i r e s  [ 2 3 ] .  T h i s  p r e s s u r e  d i f f e r e n c e  be-  

comes p r o g r e s s i v e l y  s m a l l e r  u n t i l  a t  a  s p e e d  o f  a b o u t  94 k n o t s  no 

d i f f e r e n c e  i s  e v i d e n t .  

As n o t e d  e a r l i e r ,  when a  t i r e  h a s  s t o p p e d  r o t a t i n g  a s  t h e  r e -  

s u l t  o f  dynamic h y d r o p l a n i n g ,  i t  h a s  b e e n  found  t h a t  a  f c ' r w a r d  

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

o c c u r s  a g a i n .  T h i s  phenomenon c a n  b e  e x p l a i n e d  by t h e  f a c t  t h a t  

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

and d r a i n  f rom t h e  r e a r  o f  t h e  c o n t a c t  p a t c h .  When t h e  t i r e  s t o p s  

r o t a t i n g ,  however ,  w a t e r  i n - f l o w  and o u t - f l o w  f rom t h e  c o n t a c t  

p a t c h  i s  g r e a t l y  d i m i n i s h e d .  The w a t e r  t r a p p e d  i n  t h e  s l i d i n g  

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

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

t h e r e f o r e ,  g r e a t l y  r e d u c e d .  The t i r e  f o r w a r d  s p e e d  must  b e  l o w e r e d  

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

t h e  c o n t a c t  p a t c h  and a l l o w  t h e  t i r e  t o  r e g a i n  c o n t a c t  w i t h  t h e  

r o a d  s u r f a c e .  Trapped  w a t e r  i s  t h e r e f o r e  t h e  p r i m a r y  f a c t o r  b e i n g  



r e s p o n s i b l e  f o r  t h e  d i f f e r e n c e  between t h e  spin-down and subsequen t  

sp in -up  s p e e d s  [ 2 1 ] .  

Viscous  f l u i d s ,  i . e . ,  f l u i d s  t h a t  a r e  i n h e r e n t l y  s l i p p e r y ,  i n -  

duce h y d r o p l a n i n g  more r e a d i l y  t h a n  ones  o f  lower  v i s c o s i t y  [23] .  

Dust  and o i l  combining w i t h  r a i n  w a t e r  p roduce  a  f l u i d  which i s  more 

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

speeds  a s s o c i a t e d  w i t h  t h e s e  c o n d i t i o n s  a r e  lower  [21 ,23 ] .  I n  t h i s  

same v e i n ,  s t o p p i n g  d i s t a n c e s  a r e  1 . 6 ,  2 . 6 ,  and 3 .0  t i m e s  g r e a t e r  

f o r  w e t ,  s l u s h y ,  and f l o o d e d  s u r f a c e s ,  r e s p e c t i v e l y ,  when compared 

t o  d r y  s u r f a c e s  [ 2 2 ] .  

A.1.5  STUDDED TIRE FACTORS. The ma jo r  s t u d d e d  t i r e - i n d u c e d  

f a c t o r s  c o n t r i b u t i n g  t o  h y d r o p l a n i n g  and wet s k i d  a r e  pavement t e x -  

t u r e  changes  and wear  r u t s .  

The e f f e c t  o f  w a t e r  a c c u m u l a t i n g  i n  worn wheel  p a t h  r u t s  i s  

d i s c u s s e d  i n  S e c t i o n  A . l . l . l .  It i s  shown t h e r e  t h a t  r u t s  which 

a l l o w  w a t e r  a c c u m u l a t i o n s  t o  o n l y  0 . 1  i n c h  can  be  t h e  most s i g n i f i -  

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

r u t s  may be  an  a d d i t i o n a l l y  haza rdous  f a c t o r .  Accumulated w a t e r  i n  

uneven r u t s  c an  p roduce  s i t u a t i o n s  where some whee l s  a r e  hyd rop l a -  

n i n g  w h i l e  o t h e r s  a r e  n o t .  The r e s u l t  i s  a  d e g r a d a t i o n  i n  t h e  ve- 

h i c l e  d i r e c t i o n a l  s t a b i l i t y ,  as w e l l  as i n  b r a k i n g  and c o r n e r i n g  

e f f i c i e n c y .  

As d i s c u s s e d  e a r l i e r ,  a g r i t t y  m i c r o t e x t u r e  combined w i t h  a n  

open m a c r o t e x t u r e  g i v e s  t h e  b e s t  s k i d  r e s i s t a n c e .  S tudded  t i r e  

i wear  h a s  been  found t o  be  b o t h  b e n e f i c i a l  and d e t r i m e n t a l  i n  main- 

t a i n i n g  good s u r f a c e  s k i d  r e s i s t a n c e .  

New P o r t l a n d  Cement c o n c r e t e  s u r f a c e s  a r e  commonly g i v e n  a 
rough "broom" f i n i s h  t o  enhance  s k i d  r e s i s t a n c e .  S e v e r a l  r e s e a r -  

c h e r s  [103,  137 ,  140 ,  180 ,  1831  have r e p o r t e d  t h a t  t h i s  f i n i s h  i s  

q u i c k l y  worn away d u r i n g  i n i t i a l  exposu re  t o  s t u d d e d  t i r e s .  The 

s u r f a c e  t h e n  becomes somewhat l e s s  s k i d  r e s i s t a n t .  Fo r  c e r t a i n  

k i n d s  o f  m a t r i x / a g g r e g a t e  comb ina t i ons ,  however,  a d d i t i o n a l  exposu re  

t o  s t u d d e d  t i r e s  w i l l  c a u s e  a n  i n c r e a s e  i n  s k i d  r e s i s t a n c e .  The 



i n c r e a s e  may be  enough t o  b r i n g  t h e  s k i d  r e s i s t a n c e  up t o  t h e  o r i -  

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

wear  a s  i t  a f f e c t s  m i c r o t e x t u r e ,  m a c r o t e x t u r e  and s k i d  number (SN) 

i s  i l l u s t r a t e d  on F i g u r e  A-6. 

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

i n t e r e s t .  As t h e  broom f i n i s h  i s  worn away, t h e  m i c r o t e x t u r e  be-  

comes s m o o t h e r .  T h i s  t r e n d  c o n t i n u e s  u n t i l  t h e  s t u d s  b e g i n  t o  

p e n e t r a t e  t h e  more d e n s e  m a t e r i a l  be low t h e  broom e f f e c t  and t h e  

s u r f a c e  becomes more g r i t t y  a g a i n .  

The m a c r o t e x t u r e  o f  a  broom f i n i s h  i s  somewhat c l o s e d ,  and 

i n i t i a l  s t u d d e d  t i r e  wear  t e n d s  t o  make i t  more c l o s e d .  As t h e  

m a t r i x  i s  worn away a r o u n d  t h e  a g g r e g a t e ,  however ( a s s u m i n g  i n  

t h i s  c a s e  t h a t  t h e  m a t r i x  m a t e r i a l  i s  s o f t e r  t h a n  t h e  a g g r e g a t e ) ,  

t h e  s u r f a c e  becomes more open ,  and t h e  pavement d r a i n a g e  c h a r a c -  

t e r i s t i c s  a r e  improved .  U l t i m a t e l y ,  a s  some o f  t h e  a g g r e g a t e  i s  

d i s l o d g e d ,  t h e  m a c r o t e x t u r e  becomes s l i g h t l y  l e s s  open .  

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

by  t h e  v a r i a t i o n  i n  s k i d  number .  It s h o u l d  b e  n o t e d  t h a t  t h i s  

s k i d  number p r o f i l e  i s  a n  i l l u s t r a t i v e  example  f o r  a n  assumed 

measurement s p e e d .  As m e n t i o n e d  e a r l i e r ,  m i c r o t e x t u r e  h a s  t h e  most  

e f f e c t  on low s p e e d  f r i c t i o n  c h a r a c t e r i s t i c s ,  w h e r e a s  m a c r o t e x t u r e  

i s  most  i m p o r t a n t  a t  h i g h  s p e e d .  T h e r e f o r e ,  t h e  v a r i a t i o n  i n  s k i d  

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

upon t h e  s p e e d  a t  which  t h e  s k i d  number i s  m e a s u r e d .  The p r o f i l e  

shown on F i g u r e  A - 6  c o u l d ,  t h e r e f o r e ,  b e  marked ly  d i f f e r e n t  f o r  

d i f f e r e n t  measurement  s p e e d s .  

I n - s e r v i c e  measurements  o f  s k i d  number v a r i a t i o n  a s  t h e  r e -  

s u l t  o f  s t u d d e d  t i r e  wea- have  shown a wide  v a r i a t i o n  i n  r e s u l t s .  

Hyyppa [ 1 8 9 ]  f o u n d  a  l a r g e  s e a s o n a l  v a r i a t i o n  i n  s k i d  r e s i s t a n c e  

when a s p h a l t  r o a d s  were  s u b j e c t e d  t o  v e h i c l e  t r a f f i c  e q u i p p e d  w i t h  

s t u d d e d  t i r e s .  I n  w i n t e r ,  s t u d d e d  t i r e s  were  found  t o  c o a r s e n  

t h e  s u r f a c e  and r a i s e  t h e  c o e f f i c i e n t  o f  f r i c t i o n .  The c o a r s e n i n g  

e f f e c t  was f o u n d  t o  b e  most  p r e v a l e n t  i n  t r a f f i c  l a n e s  which  were 

h e a v i l y  t r a v e l e d  by heavy v e h i c l e s .  
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F o r  m u l t i p l e  l a n e  h ighways ,  t h e  f r i c t i o n  c o e f f i c i e n t  was found  

t o  i n c r e a s e  i n  t h e  r i g h t ,  o r  s low l a n e  as t h e  r e s u l t  of  w i n t e r  

s t u d d e d  t i r e  wear .  The p a s s i n g  l a n e ,  i n  c o n t r a s t ,  showed l o s s  i n  

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

h e a v i e r  v e h i c l e s  t r a v e l  a lmos t  e x c l u s i v e l y  i n  t h e  r i g h t  l a n e  and 

t h u s  when equ ipped  w i t h  s t u d d e d  t i r e s  roughen  t h e  s u r f a c e  more.  Ve- 

h i c l e s  u s i n g  t h e  p a s s i n g  l a n e  a r e  main ly  p a s s e n g e r  c a r s  and t h e s e ,  

b e i n g  l i g h t e r ,  have a  g r e a t e r  t endency  t o  p o l i s h  t h e  s u r f a c e .  The 

w i n t e r  c o a r s e n i n g  e f f e c t  was n o t  found t o  be  u n i v e r s a l ,  however.  I n  

some c a s e s ,  b o t h  t h e  r i g h t  and p a s s i n g  l a n e s  were  found t o  have l o s t  

f r i c t i o n  p o t e n t i a l  d u r i n g  t h e  w i n t e r .  I n  g e n e r a l ,  t h e  changes  were  

n o t  l a r g e .  

O t h e r  s t u d i e s  o f  s k i d  r e s i s t a n c e  t e n d  t o  c o n f i r m  Hyy:ppgls r e -  

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

1967 t h r o u g h  1970 a r e  summarized on T a b l e  A - 1  [178] .  The changes  

i n d i c a t e d  a r e  r e l a t i v e l y  s m a l l  and s u g g e s t  t h a t  s t u d d e d  t i r e  wear  

h a s  n e i t h e r  worsened ,  n o r  improved t h e  s k i d  r e s i s t a n c e  o f  most 

O n t a r i o  pavements .  Al though n o t  s t a t e d ,  t h e s e  measurements were 

e v i d e n t l y  a l l  made a t  t h e  same t ime  o f  t h e  y e a r .  Fromm and C o r k i l l  

[159]  and Smi th  and S c h o n f e l d  [ I 7 8 1  i n  O n t a r i o ,  a s  w e l l  a s  Wehner 

i n  West Germany 11831,  show t h e  same s e a s o n a l  v a r i a t i o n  i n  s k i d  r e -  

s i s t a n c e  t h a t  was found by Hyypps. 

A .1 .6  SUMMARY. I n  summary, s t u d d e d  t i r e s  have been  found  t o  

be  b o t h  b e n e f i c i a l  and d e t r i m e n t a l  i n  r e l a t i o n  t o  pavement f r i c t i o n  

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

a b r a d e d ,  t h e  e f f e c t  i s  d e t r i m e n t a l .  On t h e  o t h e r  hand ,  t h e  f r i c -  

t i o n  p r o p e r t i e s  o f  a p r e v i o u s l y  smooth s u r f a c e  can  be  improved s i g -  

n i f i c a n t l y  t h r o u g h  exposu re  t o  s t u d d e d  t i r e s .  A t  l e a s t  one r e s e a r -  

c h e r  ( i . e . ,  Ludema [30 ] )  f o r  example ,  h a s  recommended t h a t  s u r f a c e s  

o f  low f r i c t i o n  can  b e  r e h a b i l i t a t e d  by t a k i n g  a  h a r d  o b j e c t  and 

s p a l l i n g  t h e  pavement s u r f a c e  t o  improve i t s  t e x t u r e  c h a r a c t e r i s t i c s .  

T h i s  a p p e a r s  t o  be  a  f u n c t i o n  a l r e a d y  b e i n g  u n d e r t a k e n  by t h e  t i r e  

s t u d .  

While s t u d d e d  t i r e  u s e  may n o t  a d v e r s e l y  a f f e c t  pavenen t  





c h a r a c t e r i s t i c s  r e 1 3 1  i ve  t o  i iydrtopl; inlng a r ~ d  wet s k i d ,  t he  Sam(> i s  

no t  t r u e  o f  uneven wear e f f e c t s  which have r e s u l t e d  i n  wheel  t r a c k  

t r o u g h i n g ,  o r  r u t t i n g .  Ample e v i d e n c e  o f  s u c h  t r o u g h i n g  h a s  been  

documented [164 ,  166 ,  168 ,  1 7 8 ,  183 ,  1891;  t h e r e f o r e ,  t h e  wear 

mechanism p r o d u c i n g  such  e f f e c t s  w i l l  n o t  be  d i s c u s s e d  h e r e .  The 

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

d e f i n e d  q u a n t i t a t i v e l y  i n  S e c t i o n  A . l . l .  

A.2 SAFETY ASPECTS OF ROAD REPAIR MAINTENANCE ACTIVITIES 

Road s u r f a c e  r e p a i r  a c t i v i t i e s  a r e  p r o j e c t e d  t o  be  s u b s t a n t i a l  

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

t e d .  P a s t  e x p e r i e n c e  h a s  shown t h a t  t h e  a c c i d e n t  r a t e  which can  be 

e x p e c t e d  f rom such  ma in t enance  and r e p a i r  a c t i v i t i e s  can  be  sub-  

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

t o  be  t h e  s econd  most i m p o r t a n t  s o u r c e  o f  a c c i d e n t s  r e s u l t i n g  f rom 

s t u d d e d  t i r e  wea r .  As t h e  f o l l o w i n g  d i s c u s s i o n s  w i l l  show, however,  

t h i s  f e e l i n g  i s  more i n t u i t i v e  t h a n  f a c t u a l ,  s i n c e  l i t t l e  a p p l i c a -  

b l e  d a t a  i s  a v a i l a b l e .  

Pavement s u r f a c e  r e p a i r s  i n  t h e  S t a t e  o f  Wiscons in  [:83] a r e  

p r o j e c t e d  t o  a v e r a g e  $ 5 . 4  m i l l i o n  o v e r  t h e  n e x t  t w e n t y - f i v e  y e a r s  

a s  t h e  r e s u l t  o f  s t u d d e d  t i r e  damage. Approx imate ly  2 ,800 m i l e s  o f  

pavement a r e  i n v o l v e d .  I n  Minneso ta ,  t h e  c o s t s  a r e  e x p e c t e d  t o  be  

$2 .8  m i l l i o n  f o r  1973  ana  a r e  p r o j e c t e d  t o  r i s e  t o  $ 1 3 . 3  m i l l i o n  

p e r  y e a r  by 1980 [12 ] .  C o s t s  i n  t h e  P r o v i n c e  o f  O n t a r i o  a r e  e s t i -  

mated t o  t o t a l  $127 m i l l i o n  t h r o u g h  1979 f o r  r e p a i r i n g  stud-damaged 

pavements  and pavement mark ings  [103,  91 .  From t h e s e  e s t i m a t e s  i t  

c a n  be  conc luded  t h a t  roadway ma in t enance  a c t i v i t i e s  w i l l  i n c r e a s e  

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

wea r .  T h i s  c o n c l u s i o n  i s  s u p p o r t e d  by p r o j e c t e d  r e p a i r  a c t i v i t i e s  

f o r  Wiscons in  [83]. As t h e  r e s u l t  o f  s t u d d e d  t i r e  damage i t  i s  

e s t i m a t e d  t h a t ,  o v e r  a  p e r i o d  o f  t w e n t y - f i v e  y e a r s ,  a s  many as t e n  

a d d i t i o n a l  pavement o v e r l a y s  w i l l  b e  r e q u i r e d  f o r  s t r e t c h e s  o f  

h e a v i l y  t r a v e l e d  roadway,  

S e v e r a l  s t u d i e s  have shown t h a t  i n c r e a s e d  a c c i d e n t  l e v e l s  can  



b e  expec ted  when maintenance and c o n s t r u c t i o n  a c t i v i t i e s  a r e  i n  

p r o g r e s s .  Sample a c c i d e n t  mechanisms i n c l u d e :  

1. C o l l i s i o n  w i t h  maintenance equipment .  

2 .  C o l l i s i o n  w i t h  o t h e r  v e h i c l e s .  

3 ,  D r i v i n g  i n t o  work a r e a s .  

4. Loss of  c o n t r o l  because  o f  road  s u r f a c e  c o n d i t i o n s ,  

I n  g e n e r a l ,  c o n s t r u c t i o n  s i t e  a c c i d e n t s  occur  through e r r o r  on t h e  

p a r t  o f  m o t o r i s t s ,  o r  c o n s t r u c t i o n  crews.  D r i v e r  e r r o r s  may r e s u l t  

from: 

1. Confusion i n  r e a d i n g  s i g n s ,  o r  warning s i g n a l s .  

2 .  Not f o l l o w i n g  s i g n - i n d i c a t e d  messages ( e . g . ,  s lowing  down). 

3 .  Being c o n f r o n t e d  w i t h  an unexpected s i t u a t i o n .  

C o n s t r u c t i o n  s i t e  crews c o n t r i b u t e  t o  a c c i d e n t s  t h r o u g h :  

1. Improper s i g n  o r  warning s i g n a l  p lacement .  

2 .  S ign  messages which a r e  i n c o r r e c t  and which a r e  soon i g -  

no red .  

3 .  Improper l a n e  marking a l t e r a t i o n .  

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

McGarry [85, 863  i n d i c a t e d  t h a t  t h e  g r e a t e s t  haza rd  o c c u r s  where 

t h e  highway i s  under  c o n s t r u c t i o n ,  bu t  s t i l l  open t o  t r a f f i c .  

Examples i n c l u d e d  b r i d g e  rep lacement  o r  pavement connec t ion  pro-  

j e c t s  where i t  was n e c e s s a r y  t o  b u i l d  a  d e t o u r  around t h e  o r i g i n a l  

a l ignment  and t h u s  i n t r o d u c e  s h a r p  t u r n s .  

The nex t  most dangerous s i t u a t i o n  invo lved  p a t c h i n g ,  widening,  

and r e s u r f a c i n g ,  where t h e  road  cou ld  remain open b u t  where b a r r i -  

cades were r e q u i r e d  i n t e r m i t t e n t l y .  Most a c c i d e n t s  i n  t h e s e  c i r -  

cumstances i n v o l v e d  r ea r -end  c o l l i s i o n s .  D r i v e r s  f a i l e d  t o  recog-  

n i z e  i n  t ime  t h a t  t r a f f i c  ahead was s t o p p e d ,  o r  s lowing  down. It 

i s  t h i s  t y p e  o f  maintenance a c t i v i t y  which w i l l  be  p r e v a l e n t  r e l a -  

t i v e  t o  s tudded  t i re-damaged road  s u r f a c e  r e p a i r  r e s u l t i n g  from 

s tudded  t i r e  damage. 

C o n s t r u c t i o n  s i t e  a c c i d e n t  s t a t i s t i c s  f o r  t h e  S t a t e s  of  Texas,  



V i r g i n i a ,  and Wyoming a r e  shown on T s b l e s  A-2, A-3, and P - 4 ,  r e s -  

p e c t i v e l y  [87]. A more d e t a i  ler, breakdown o f  V i r g i n i a  s t a t i s t i c s  

f o r  t h e  s i x - m o n t h  period bet  w c . ~ . ~ i  b ? ; ~ y  . ~ ~ i t i  O o t , i \ k ~ o ~ l  o f  1068 1 :: : : l l i )w t~  

on T a b l e  A - 5  [88]. I t  i s  cli.a17 f rom t h e s e  tab1c;s t h a t  c o n s t r u c t i o n  

and  m a i n t e n a n c e  s i t e  accidents r e p r e s e n t  a  s i g n i f i c a n t  component o f  

t o t a l  a c c i d e n t  s t a . t i s t i c s .  D a t a  a r e  g e n e r a l l y  i n c o m p l e t e ,  however ,  

a n d  a r e  e v i d e n t l y  n o t  c o l l e c t e d  on a  n a t i o n a l  b a s i s .  

I n  summary, c o s t  p r o j e c t i o n  a n a l y s e s  have  shown t h a t  r o a d  r e -  

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

s t u d d e d  t i r e  damage.  F u r t h e r ,  c o n s t r u c t i o n  s i t e  a c c i d e n t  r a t e s  i n -  

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

v i t i e s .  With  t h e  c o n t i n u e d  u s e  o f  s t u d d e d  t i r e s ,  t h e n ,  i t  c a n  b e  

e x p e c t e d  t h a t  r o a d  r e p a i r  a c t i v i t i e s  w i l l  be  one  o f  t h e  h i g h e s t  

s o u r c e s  o f  a s s o c i a t e d  a c c i d e n t s .  F a c t o r s  which c o u l d  a f f e c t  t h i s  

c o n c l u s i o n  a r e :  

1. Improved c o n s t r u c t i o n  s i t e  a c c i d e n t  p r e v e n t i o n  m e a s u r e s .  

2 .  Improved r o a d  s u r f a c e  and s t u d  d e s i g n  c h a r a c t e r i s t i c s  which 

r e s u l t  i n  r e d u c e d  w e a r .  

3 .  R e v i s e d  r o a d  wear  p r o j e c t i o n  d a t a .  

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

would  r e q u i r e  t h e  a c q u i s i t i o n  o f  more r e f i n e d  c o n s t r u c t i o n  s i t e  a c c i -  

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

m a t e s .  

A.3  SPLASH AND SPRAY 

S p l a s h  and s p r a y  a r e  t e r m s  t h a t  a r e  a p p l i e d  t o  w a t e r  t h a t  i s  

e j e c t e d  t o  t h e  s i d e ,  o r  b e h i n d  a  v e h i c l e  a s  i t  t r a v e l s  o v e r  a  wet  

pavement .  S p l a s h  i s  u s u a l l y  d e f i n e d  t o  b e  t h e  l a r g e r  d r o p s  o f  w a t e r  

o r  s l u s h  which f a l l  t o  t h e  pavement i m m e d i a t e l y  a f t e r  becoming a i r -  

b o r n e .  S p r a y  i s  a  term g i v e n  t o  t h e  f i n e r  d r o p l e t s  which  become 

e n t r a i n e d  i n  t h e  t u r b u l e n t  wake o f  t h e  v e h i c l e .  M e a s u r a b l e  amounts  

o f  s p r a y  can r e s u l t  f rom w a t e r  d e p t h s  a s  t h i n  a s  0 . 0 1  i n c h e s .  

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

p r o b l e m s .  



T a b l e  A - 2  

TEXAS: R u r a l  Notor  V e h i c l e  A c c i d e n t s  a t  Areas  Under 
C o n s t r u c t i o n +  

Year  

1960 

1 9 6 1  

1962 

1963  
1964 

1965 
1966 

1967 

F a t a l  A c c i d e n t s  N o n f a t a l  A c c i d e n t s  

1664 

1598 
1450 

1517 

# S o u r c e :  Texas Depar tment  o f  P u b l i c  S a f e t y ,  A u s t i n ,  Texas  

T a b l e  A-3 

V I R G I N I A :  A c c i d e n t s  a t  Areas  Under C o n s t r u c t i o n *  

Year  - 
1960 

1961  

1962 

1963  

1964 

1965 
1966 

1967 

A l l  
A c c i d e n t s  

F a t a l  
A c c i d e n t s  

P e r s o n a l  
I n  j u r y  

P r o p e r t y  
Damage 

"Source :  V i r g i n i a  T r a f f i c  C ra sh  F a c t s ,  p l u s  i n f o r m a t i o n  f rom t h e  

V i r g i n i a  S t a t e  P o l i c e  H e a d q u a r t e r s ,  Richmond, V i r g i n i a  



Table A-4 
WYOMING: Accidents at Areas Under Constructions 

Year 

1962 

156 3 
196b 

1965 
1966 

Total 
Number of Accidents Injuries 

76 
54 
n.a. 

91 

86 

Fatalities 

3 

4 
n.a. 

Qoouce: The Wyoming "1965 Construction Area Motor Vehicle Acci- 
dents" (discontinued after 1956). Among the materials surveyed this 

one presents the most elaborate analysis of accidents at construc- 

tion sites. It compares districts, gives descriptions of the acci- 

dents, and concludes that 3 2 %  of the accidents occurred entering or 

leaving detours with 13 such accidents assigned the cause: "Failed 

to make curve onto detour--overturned1'. 

Table A-5 

Summary of Accident Data 

Total Accidents 

Persons Killed 

Persons Injured 

Property Damage 

Construction 
Construction 
Equipment Maintenance Total 

Splash and spray laboratory tests on an uncovered wheel 1951 
indicate that the major portion of water is displaced sideways in 

the form of splash. Water thrown off in the rearward direction 

leaves the trailing edge of the contact patch in the form of spray. 



D e p a r t u r e  a n g l e s  a r e  on t h e  o r d e r  o f  30 d e g r e e s  f rom t h e  h o r i z o n t a l .  

S p r a y  d r o p l e t s  a r e  l l f t e d  o f f  t h e  r o a d  by t h e  t i r e  and c a r r i e d  a l o n g  

i n  t h e  t u r b u l e n t  wake o f  b o t h  t h c  t i r e s  and t h e  v e h i c l e s .  Water  

c o n t a i n e d  i n  t i r e  g r o o v e s  and s i p e s  i s  th rown c l e a r  a f t e r  a b o u t  one- 

q u a r t e r  r e v o l u t i o n .  The amount o f  w a t e r  th rown f r e e  d e c r e a s e s  a s  

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

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

backward;  t h e  g r e a t e r  t h e  r e l a t i v e  wind ,  t h e  more t e n d e n c y  f o r  a  

s p l a s h  d r o p  t o  s h a t t e r  and  become p a r t  o f  a  s p r a y  mist [96] .  

A c c i d e n t s  r e s u l t i n g  f rom s p l a s h  and  s p r a y  a r e  r e l a t i v e l y  un- 

common. An a n a l y s i s  i n  England  i n d i c a t e d  t h a t  1 . 3  p e r c e n t  o f  wet  

w e a t h e r  a c c i d e n t s  a r e  t h e  r e s u l t  o f  mud o r  w a t e r  t h rown  on t h e  

w i n d s c r e e n  [97]. A s i m i l a r  s t u d y  i n  t h e  s t a t e  o f  Mich igan  o f  b o t h  

wet and d r y  w e a t h e r  a c c i d e n t s  h a s  shown t h a t  t h e  a c c i d e n t  f r e q u e n c y  

r e s u l t i n g  f rom s p l a s h  and s p r a y  i s  on t h e  o r d e r  o f  1 t o  500,  o r  

1 t o  600 [ 9 2 ] .  E v i d e n t l y ,  a c c i d e n t s  r e s u l t i n g  f rom s p l a s h  and  

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

p a s s i n g  maneuvers  f rom t h e  o p p o s i t e  d i r e c t i o n .  It i s  n o t  c o m p l e t e l y  

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

however .  It a p p e a r s  t h a t  d r i v e r s  t e n d  t o  l e a r n  t o  compensa te  f o r  

t h e  e f f e c t s  o f  s p l a s h  and s p r a y .  When a c c i d e n t s  do o c c u r ,  t h e  o r i -  

g i n  seems t o  i n v o l v e  a  sudden  l o s s  o f  v i s i b i l i t y  which c a u s e s  t h e  

d r i v e r  t o  c a r r y  o u t  some t y p e  o f  p a n i c  maneuver .  Roadways randomly 

r u t t e d  t h r o u g h  t h e  u s e  o f  s t u d d e d  t i r e s  would o b v i o u s l y  be  more 

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

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

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

and  v e h i c l e  c h a r a c t e r i s t i c s  ( i . e . ,  s h a p e ,  f e n d e r s ,  mud f l a p s ,  

whee l  a r r a n g e m e n t ,  e t c . ) .  Each o f  t h e s e  f a c t o r s  w i l l  b e  d i s c u s s e d  

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

, .. 
A . 3 . 1  WATER DEPTH. Wate r  f i l m  t h i c k n e s s  seems t o  have  l i t t l e  

i n f l u e n c e  on s p r a y  b u t  g r e a t l y  i n f l u e n c e s  s p l a s h  [94,  951. A s  i n -  

d i c a t e d  e a r l i e r ,  d e p t h s  o f  0 . 0 1  i n c h e s  have  p roduced  s i g n i f i c a n t  

s p l a s h  e f f e c t s ,  w h i l e  d e p t h s  on t h e  o r d e r  o f  0 . 0 0 1  i n c h e s  seem t o  



b e  t h e  s m a l l e s t  t h a t  p r o c i u ~ e  ally ;iill;~l.iT.lcant amount o f  s p r a y .  The 

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

e v i d e n t l y  unknown, however .  

I n  a n  i n v e s t i g a t i o n  on t n e  e f f e c t s  o f  mud f l a p s  on ? a s s e n g e r  

c a r s ,  Chapoux [ g l ]  found t h a t  s p r a y  l e n g t h  i n c r e a s e s  a p p r o x i m a t e l y  

a s  t h e  s q u a r e  r o o t  of  w a t e r  d e p t h  and a s  t h e  s q u a r e  o f  s p e e d .  S p r a y  

h e i g h t ,  on t h e  o t h e r  hand ,  e v i d e ~ t l y  i n c r e a s e s  d i r e c t l y  w i t h  b o t h  

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

v e h i c l e .  

A . 3 . 2  VEHICLE SPEE3. V e h i c l e  s p e e d  h a s  an  e f f e c t  on b o t h  

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

s p l a s h  d r o p l e t s .  Accord ing  t o  Maycock [97] ,  s p r a y  d e n s i t y  i s  i n s i g -  

n i f i c a n t  below 30 mph, b u t  i n c r e a s e s  r a p i d l y  t h e r e a f t e r  a t  a b o u t  

t h e  2 . 8  power o f  s p e e d .  Most w a t e r  d i s p l a c e d  by t h e  t i r e s  below 

30 mph f a l l s  t o  t h e  p a v e x e n t  w i t h o u t  b r e a k i n g  u p .  A c c o r d i n g  t o  

Lane [98], s p l a s h  d r o p l e t s  s h a t t e r  i n t o  s p r a y  a c c o r d i n g  t o  t h e  r e -  

l a t i o n s h i p  

where  

u-v = R e l a t i v e  d r o p  v e l o c i t y  i n  mph. 

r = D r o p l e t  d i a m e t e r  i n  i n c h e s .  

F o r  d r o p s  between 0 . 0 5  and 0 . 1 0  i n c h e s  i n  d i a m e t e r ,  t h e  c r i t i c a l  

s p e e d  f o r  s h a t t e r i n g  i s  between 20  and 35 mph. T h i s  e f f e c t  i s  res- 

p o n s i b l e  f o r  t h e  l a r g e  i n c r e a s e  i n  s p r a y  ( m i s t  w i t h  i n c r e a s i n g  

s p e e d ) .  

Spray  p a t t e r n s  a r e  i n f l u e n c e d  by whee l  s p e e d  i n  t h a t  s p r a y  

th rown f o r w a r d  i n c r e a s e s  w i t h  i n c r e a s i n g  whee l  s p e e d .  S p l a s h  d rop-  

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

f o r w a r d  a t  v e h i c l e  v e l o c i t y .  Those l e a v i n g  l a t e r  move a t  a g r e a t e r  

v e l o c i t y  t h a n  t h e  v e h i c l e  a n d ,  h e n c e ,  have  a g r e a t e r  t e n d e n c y  t o  

s h a t t e r  i n t o  s p r a y  mist. S m a l l e r  t i r e s  t r a v e l i n g  a t  a g r e a t e r  r o -  

t a t i o n a l  s p e e d  would ,  t h e r e f o r e ,  t e n d  t o  p r o d u c e  more s p r a y  t h a n  

would l a r g e r  t i r e s  f o r  t h e  same v e h i c l e  s p e e d .  



A.3.3  ROAD SURFACE. C o n v e n t i o n a l  r o a d  s u r f a c e s  may o r  may n o t  

have  a n  e f f e c t  on s p r a y  p r o d u c t i o n .  S u r f a c e s  made o f  impe rv ious  

g r a v e l  and c h i p  d r e s s i n g s  were  found t o  r e d u c e  s p r a y  by a s  much a s  a  

f a c t o r  o f  two o v e r  u n t r e a t e d  s u r f a c e s  [97] .  C o n t r o l  i n  t h e s e  ex- 

p e r i m e n t s  was n o t  s u f f i c i e n t  t o  g u a r a n t e e  r e s u l t s ,  however ,  and t h e  

e f f e c t  o f  s u r f a c e  t r e a t m e n t s  on s p l a s h  and s p r a y  p r o d u c t i o n  i s  t h e r e -  

f o r e  n o t  c l e a r .  

An e x p e r i m e n t a l  p o r o u s  s u r f a c e  was a l s o  examined u n d e r  t h e s e  

same w e t t i n g  c o n d i t i o n s  and t h i s  s u r f a c e  p roduced  no  s p r a y  w h a t e v e r .  

A c h a r a c t e r i s t i c  o f  a po rous  s u r f a c e  i s  t h a t  i t  a l l o w s  w a t e r  t o  be  

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

i n g  a l o n g  t h e  s u r f a c e  i t s e l f .  While  a l l e v i a t i n g  prob lems  w i t h  

s p l a s h  and s p r a y  ( a l s o  h y d r o p l a n i n g )  t h e  po rous  s u r f a c e  l a c k s  d u r a -  

b i l i t y  and t e n d s  t o  l o s e  p o r o s i t y  w i t h  t i m e .  

A.3.4  TIRE TREAD PATTERN. F o r  w a t e r  d e p t h  l e s s  t h a n  1 / 8  i n c h ,  

Maycock [97] found  t h a t  a smooth t i r e  p roduced  more s i d e  s p l a s h  

t h a n  a t r e a d e d  t i r e  w h i l e  t h e  s p r a y  d i f f e r e n c e s  were  i n s i g n i f i c a n t .  

O t h e r  r e s e a r c h  h a s  shown t h a t  s i d e  s p l a s h  i s  p r o g r e s s i v e l y  g r e a t e r  

w i t h  ( 1 )  w i n t e r  t r e a d s  ( 2 )  summer t r e a d s  ( 3 )  a l l  t i r e s .  Kamrn, e t  

a l .  1951 found  t h a t  s i d e s p l a s h  c o u l d  be  g r e a t l y  r e d u c e d  by bond ing  

a f l e x i b l e  c h i n e  t o  t h e  t i r e  s i d e w a l l .  I n  t h e  same s e t  o f  e x p e r i -  

men t s ,  i t  was found  t h a t  a  t r a n s v e r s e  t r e a d  i s  b e s t  f o r  removing 

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

s u p p r e s s i o n  s t a n d p o i n t .  I n  t h i s  l a s t  c o n t e x t  i t  h a s  been  found  t h a t  

a h y d r o p l a n i n g  smooth t i r e  p roduced  t h e  g r e a t e s t  amount o f  s p l a s h  

1941. 

A.3.5  VEHICLE FACTORS. Maycock [ 9 7 ]  found  t h a t  v e h i c l e s  w i t h  

s l o p i n g  backs  p roduced  a b o u t  t w i c e  t h e  s p r a y  as d i d  v e h i c l e s  w i t h  

f l a t  s q u a r e  b a c k s .  E v i d e n t l y  v e h i c l e  ae rodynamics  h a s  a g r e a t  i n -  

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

i n f l u e n c e d  by t i r e  t y p e ,  water d e p t h ,  and v e h i c l e  s p e e d  1951. 

A.3.6 COUNTERMEASURES. Measures  t o  c o u n t e r  t h e  e f f e c t s  o f  

s p l a s h  and s p r a y  have  g e n e r a l l y  been  conce rned  w i t h  r e d u c i n g  o r  

removing t h e  s o u r c e  of t h e  a i r b o r n e  w a t e r .  S i n c e  most s p l a s h  and 



s p r a y  p r o b l e m s  a r i s e  fror-. commerc ia l  v e h i c l e s ,  n o s t  o f  t h e  a p p l i c a b l e  

r e s e a r c n  h a s  b e e n  d i r e c t e d  t ~ w a r d  d e v e l o p i n g  f e n d e r s  and mud f l a p s  

f o r  s p l a s h  and  s p r a y  s u p p r e s s i o n  [ 1 4 7 ,  1 8 3 ,  9 5 ,  971. C a r e f u l l y  de-  

s i g n e d  mud f l a p s ,  f o r  example ,  h a v e  b e e n  d e v e l o p e d  which r e d u c e  s p r a y  

b e h i n d  a  l a r g e  commerc ia l  v e h i c l e  by ss much a s  a  f a c t o r  o f  t h r e e  o r  

f o u r .  O t h e r  s p r a y  s u p p r e s s i o n  d e v i c e s  h a v e  i n c l u d e d  a  hood mount 

d e t e c t o r  which  i s  a s e d  t o  d e f l e c t  a i r f l o w  away f rom t h e  w i n d s c r e e n .  

S p r a y  r e d u c t i o n s  on t h e  o r d e r  o f  two t o  t e n  t i m e s  have  b e e n  e x p e r i e n -  

c e d  w i t h  s u c h  d e v i c e s  [97]. Prob lems  h a v e  r e s u l t e d  w i t h  hood mounted 

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

d e f l e c t o r  and  l a n d  on t h e  w i n d s c r e e n  t e n d  n o t  t o  merge and p r o d u c e  a  

m o t t l e d  e f f e c t  which  i s  d i f f i c u l t  t o  s e e  t h r o u g h .  

A . 3 . 7  SUMMARY. I n  summary, i t  c a n  be  u n d e r s t o o d  t h a t  s p l a s h  

and s p r a y  e f f e c t s  a r e  r e a s o n a b l y  w e l l  u n d e r s t o o d  and t h a t  s t u d d e d  

t i r e - i n d u c e d  pavement  r u t s  w i l l  i n c r e a s e  b c t h  t h e  f r e q u e n c y  and i n -  

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

a c c i d e n t s  r a t e s  i s  p r o b l e m a t i c a l ,  however .  H e r e t o f o r e ,  a c c i d e n t s  

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

i n  a c c i d e n t  s t a t i s t i c s .  I t  i s  e x p e c t e d ,  t h e r e f o r e ,  t h a t  s p l a s h -  and  

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

i n d u c e d  a c c i d e n t s  t h a n  t h e  e f f e c t s  d i s c u s s e d  i n  S e c t i o n s  A . l  and  

A . 4  LATERAL PLACEMEN!SSHFTING CAUSED 3 Y  M A R K I N G  WEAR AND WORN 
WHEEL PATHS 

V e h i c l e  l a t e r a l  p l a c e m e n t  s h i f t i n g  c a n  r e s u l t  f rom pavement  

m a r k i n g  o b l i t e r a t i o n  and w h e e l  p a t h  w e a r .  The f o r m e r  r e s u l t s  i n  a  

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

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

e f f e c t s  which  may c a u s e  t h e  d r i v e r  t o  s t e e r  t o  one  s i d e  o f  t h e  worn 

p a t h s .  Among t h e s e  s e v e r a l  e f f e c t s  a r e :  (1) r e t a i n e d  w a t e r  i n  t h e  

p a t h  r u t s  which  c a n  f r e e z e ,  c a u s e  h y d r o p l a n i n g ,  wet  s k i d ,  o r  p r o d u c e  

s p l a s h  a n d  s p r a y  p r o b l e m s ;  ( 2 )  roughened  pavement which  can  c a u s e  

a n n o y i n g  v e h i c l e  i n t e r i o r  n o i s e  and v i b r a t i o n  l e v e l s ;  and  ( 3 )  ad-  

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

s i d e  s l o p e s .  



A LANE M A R K I N G  EFFECTS. Resea rch  by Gordon on a  two-lane 

r o a d  (one  l a n e  i n  e i t h e r  d i r e c t i o n )  [ l o o ]  h a s  shown t h a t  t h e  r o a d  edge 

and c e n t e r  l i n e  a r e  t h e  p r imary  v i s u a l  i n p u t s  which t h e  d r i v e r  u s e s  

i n  g u i d i n g  h i s  v e h i c l e .  These  two cues  i n v o l v e  between 80 and 90% o f  

t h e  d r i v e r ' s  eye  f i x a t i o n  p o s i t i o n s  i n  t h e  normal  c o u r s e  o f  d r i v i n g .  

It would seem l o g i c a l  t o  conc lude ,  t h e n ,  t h a t  i n t e r m e d i a t e  l a n e  mar- 

k i n g s  on e i t h e r  s i d e  a l s o  p r o v i d e  t h e  p r imary  v e h i c l e  gu idance  s t imu-  

l u s  on m u l t i - l a n e  highways.  Lane marking o b l i t e r a t i o n  s h o u l d ,  t h e r e -  

f o r e ,  p roduce  degraded  l a n e  h o l d i n g  and v e h i c l e  gu idance  c h a r a c t e r i s -  

t i c s - - p a r t i c u l a r l y  on c u r v e s .  

Be fo re  and a f t e r  a c c i d e n t  f rom t h e  s t a t e  o f  Ohio i n d i c a t e s  t h a t  

pavement edge markings  a l o n g  r u r a l  two-lane highways have made a  s i g -  

n i f i c a n t  r e d u c t i o n  i n  a c c i d e n t  s t a t i s t i c s  [102] .  The d a t a  i n d i c a t e d  

a  n e t  r e d u c t i o n  o f  37% i n  f a t a l i t i e s  and i n j u r i e s  w i t h  a s i g n i f i c a n c e  

a t  t h e  0 .02 l e v e l .  

O t h e r  s t u d i e s  have shown t h a t  pavement markings  have a s i g n i f i -  

c a n t  e f f e c t  on v e h i c l e  l a t e r a l  p l acemen t .  Data c o l l e c t e d  by W i l l i s -  

t o n  [ l o 5 1  a t  f o u r  d i f f e r e n t  s t r a i g h t ,  two-lane s i t e s  show t h a t  t h e  

l a t e r a l  p lacement  d i s t a n c e  f rom t h e  c e n t e r l i n e  becomes p r o g r e s s i v e l y  

l a r g e r  a s  l a n e  marking cues  become f ewer .  The d a t a  a r e  summarized on 

Table  A - 6 .  The d a t a  a l s o  show t h a t  p lacement  d i s t a n c e  i s  i n f l u e n c e d  

by t h e  p r e s e n c e  o f  oppos ing  t r a f f i c .  The most s i g n i f i c a n t  edge mar- 

k i n g  e f f e c t s  on p lacement  were found t o  o c c u r  a t  n i g h t .  A f t e r  d a r k  

t h e  m a j o r i t y  o f  d r i v e r s  t e n d  t o  d r i v e  n e a r e r  t h e  midd l e  [104],  

Tab l e  A-6 
L a t e r a l  Placement  From C e n t e r l i n e  ( f t . )  As I n f l u e n c e d  

by Pavement Markings 

S i t e  

Markings 

MEETING 
FREELY MOVING OPPOSING TRAFFIC 

1 2 3  4  1 2 3 4 

C e n t e r l i n e  & Edge L i n e s  2 . 6  2 .9  3 . 4  4 . 1  3 . 0  3 .5  3 . 8  4 .6  

C e n t e r l i n e  Only 

No Markings 3 . 2  4 .0  4 . 3  3 . 2  3 . 8  4 . 4  4 . 5  3 .7  

S i m i l a r  s t u d i e s  by Hubbe l l  and T a y l o r  [ l o 1 1  t e n d  t o  c o n f i r m  

the se  c o n c l u s i o n s .  It was found t h a t  t h e  ex t r emes  i n  l a n e  h o l d i n g  
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were  r e p r e s e n t e d  b y  no m a ~ k i n ~ ; ~  31ic! 2 s o l i d  y e l l o w  c e n t e r l i n e  p l u s  

e d g e  l i n e s .  Edge d e l l n e a t i o n  v:as f '~u11ti t o  b e  t h e  o n l y  s i i : n i f i c s n t  

e l e m e n t  on a l l  c a s e s .  

Whi le  i t  i s  c l e a r  t h a t  l a n e  m a r k i n g s  can  have  a  s i g n i f i c a n t  

e f f e c t  on b o t h  a c c i d e n t  c a u s a t i  011 and l a t e r a l  p l a c e m e n t ,  no s u r v e y  

h 2 s  b e e n  i d e n t i f i e d  whick shows t h e  g e n e r a l  p r e v a l e n c e  of  m a r k i n g  

w e a r  a s  t h e  r e s u l t  o f  s t i idded  t i r e  u s e .  

A . 4 . 2  OTHER EFFECTS. The o c c u r r e n c e  o f  o t h e r  e f f e c t s  which  

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

i n  r u t s ,  roughened  s u r f a c e s ,  and a d v e r s e  s t e e r i n g  f o r c e s  and mo- 

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

t i o n  a s  a c c i d e n t  c a u s a t i o n  mechanisms.  No c o n n e c t i o n  h a s  y e t  b e e n  

f o u n d ,  however ,  be tween  t h e s e  e f f e c t s  and l a t e r a l  p l a c e m e n t  s h i f t -  

i n g .  I n  t h e  o n l y  known s t u d y  which h a s  b e e n  made t o  d e t e r m i n e  

l a t e r a l  p l a c e m e n t  e f f e c t s  r e s u l t i n g  f rom s t u d d e d  t i r e  w e a r ,  t h e  r e -  

s u l t s  were  n e g a t i v e  [99]. I n  t h e s e  s t u d i e s ,  e l e v e n  s t r a i g h t - a w a y  

s e c t i o n s  o f  f r e e w a y  w i t h  r u t  d e p t h s  r a n g i n g  be tween  0 . 2 6  and 0 . 5 6  
i n c h e s  were  compared i n  t e r m s  o f  l a t e r a l  p l a c e m e n t  w i t h  f i f t e e n  

' s i m i l a r  unworn s e c t i o n s .  V i d e o t a p e  u n i t s  r e c o r d e d  v e h i c l e  p l a c e -  

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

s e c t i o n .  A s y n o p s i s  o f  r e s u l t s  i s  shown i n  T a b l e  A - 7 .  The s i n i l a -  

r i t y  o f  r e s u l t s  i n d i c a t e d  no s i g n i f i c a n t  o r  d i s c e r n i b l e  d i f f e r e n c e s  

i n  v e h i c l e  p l a c e m e n t  be tween  f r e e w a y  l a n e s  w i t h  a p p r e c i a b l e  w e a r  

a s  compared w i t h  l a n e s  n o t  e x p o s e d  t o  s t u d d e d  t i r e  w e a r .  It s h o u l d  

b e  n o t e d ,  however ,  t h a t  a l l  s u r v e y s  were  made i n  t h e  p r e s e n c e  o f  

d r y  pavement and  i n  c l e a r  w e a t h e r .  T n e r e f o r e ,  no c o n c l u s i o n s  c a n  

b e  drawn r e l a t i v e  t o  a v o i d i n g  whee l  r u t s  where  t r a p p e d  w a t e r  i s  p r e -  

s e n t .  

A.4.3 SUMMARY. It i s  e v i d e r i t  t h a t  l a n e  mark ing  o b l i t e r a t i o n  

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

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

however ,  i t  woulC g e n e r a l l y  a p p e a r  t h a t  m a r k i n g  o b l i t e r a t i o n  i s  n o t  

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

ment m a r k i n g s  which a r e  most i m p o r t a n t  i n  a f f e c t i n g  p l a c e m e n t  and 



Table  A-7 

Placement Comparison Between Worn and Unworn Pavement S e c t i o n s  

D i s t a n c e  From Veh ic l e  C e n t e r l i n e  t o  
Right  Pavement Edge $ V e h i c l e s  

A r i t h m e t i c  S tandard  C o e f f i c i e n t  Within Three 
Mean D e v i a t i o n  of V a r i a t i o n  Foot Wheel Ruts  

LANES WITH WHEEL 
PATH WEAR (19)  6 . 0 1  f t .  1 .27  f t .  21.23% 

UNWORN LANES ( 7 )  6 . 2 6  f t .  1 . 3 2  f t .  2 1 . 1 6 %  77% 

a c c i d e n t  r a t e s  a r e  l a n e  d e l i n e a t o r s - - p a r t i c u l a r l y  edge markings.  

These a r e  no t  l o c a t e d  i n  t h e  a r e a s  of s u b s t a n t i a l  wheel p a t h  wear 

a l o n g  most highway s e c t i o n s ,  however. T h e r e f o r e ,  marking wear 

cannot  be i d e n t i f i e d  a s  a commonly p r e v a l e n t  s o u r c e  of  l a t e r a l  

placement  s h i f t i n g .  On t h e  o t h e r  hand,  l a t e r a l  placement  s h i f t i n g  

f o r  o t h e r  r e a s o n s  could  l e a d  t o  marking wear and t h e n c e  t o  a  com- 

pounding e f f e c t  o f  a d d i t i o n a l  placement  s h i f t i n g .  No ev idence  sup- 

p o r t i n g  t h i s  h y p o t h e s i s  has  been produced,  however,  

Marking wear has  been r e p o r t e d  t o  be uncommonly e x c e s s i v e  i n  

a r e a s  where l a n e  c r o s s i n g  and weaving i s  p r e v a l e n t  11031 ( e . g . ,  

c u r v e s ,  o r  i n t e r c h a n g e  ramp l o c a t i o n s  on m u l t i - l a n e  h ighways) .  To 

compound t h e  problem, l a n e  markings a t  t h e s e  l o c a t i o n s  a r e  o f  

g r e a t e r  need i n  v e h i c l e  guidance  and t h e i r  l o s s  i s  t h e r e f o r e  of  

g r e a t e r  s i g n i f i c a n c e .  Such l o c a t i o n s  could  r e p r e s e n t  an e x c e p t i o n  

t o  t h e  g e n e r a l  l a c k  of  a  c a u s e - e f f e c t  r e l a t i o n s h i p  between s tudded  

t i r e  wear and l a t e r a l  placement  s h i f t i n g .  

Other  t h a n  l a n e  marking o b l i t e r a t i o n ,  no wear e f f e c t  has  been 

shown t o  cause  l a t e r a l  placement  s h i f t i n g .  

A.5 ADVERSE TRANSVERSE FORCES AND STEERING INPUTS 

Adverse t r a n s v e r s e  f o r c e s  and s t e e r i n g  moments may be t r a n s -  

m i t t e d  t o  a  v e h i c l e  as t h e  r e s u l t  of t i r e  i n t e r a c t i o n  w i t h  s tudded  



t i r e - w o r n  whee l  r u t s .  The advt3r::e c f fecn ; :  c o u l d  r e s u l t  f rom two 

mechanisms:  

1. Roadhold ing  d e g r a d a t i o n  r e s u l t i n g  f rom a  roughened  s u r f a c e  

which may o c c u r  d u r i n g  c o r n e r i n g  a n d / o r  b r a k i n g ,  

2 .  T i r e / r u t  edge  i r ~ t e r a c t i o n  a s  t h e  r e s u l t  o f  t i r e  n i b b l i n g  

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

A . 5 . 1  R O A D H O L D I N G  EFFECTS. Roadhold ing  e f f e c t s  a r e  i n f l u e n -  

c ed  by pavement a s p e r i t i e s  which a r e  o f  l a r g e  s c a l e  compa.red t o  

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

t i e s  a r e  measured  i n  t e r m s  of  i n c h e s ,  whereas  f r i c t i o n - p r o d u c i n g  

macro- and m i c r o t e x t u r e s  a r e  measured i n  t e r m s  o f  f r a c t i c n s  o f  a n  

i n c h .  

While  t h e  f r i c t i o n - p r o d u c i n g  c h a r a c t e r i s t i c s  o f  a  pa.vement 

s u r f a c e  can  be  d e s c r i b e d  i n  t e r m s  o f  a  s k i d  number, t h i s  number may 

n o t  b e  r e f l e c t e d  i n  t h e  maximum c o r n e r i n g  and b r a k i n g  f o r c e s  which 

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

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

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

c h a r a c t e r i s t i c s  o f  t h e  maneuver .  I n  o r d e r  f o r  a  v e h i c l e  t o  t a k e  

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

t em must a c t  t o  keep  t h e  t i r e s  u n i f o r m l y  i n  c o n t a c t  w i t h  t h e  r o a d  

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

c l e  r i d e  c o n s i d e r a t i o n s - - t e n d  t o  d e g r a d e  t h i s  c a p a b i l i t y .  I n  

a d d i t i o n ,  a  p a r t i c u l a r  c o r n e r i n g  o r  b r a k i n g  maneuver may r e s u l t  i n  

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

e f f e c t s  ( e . g . ,  v e h i c l e  mass t r a n s f e r  t h r o u g h  p i t c h ,  o r  r o l l ) .  

Whi le  a  good d e a l  o f  r e s e a r c h  h a s  been  done i n  t h e s e  a r e a s ,  

[ 106 ,  1 1 0 ,  111, 1 1 2 1 ,  much i s  s t i l l  n o t  c l e a r l y  u n d e r s t o o d .  I n  

p a r t i c u l a r ,  no r e s e a r c h  h a s  been  i d e n t i f i e d  which shows t h e  e f f e c t s  

o f  t r a v e l i n g  o v e r  worn r u t s  w h i l e  a t  t h e  same t i m e  c a r r y i n g  o u t  

b r a k i n g  and c o r n e r i n g  maneuvers .  T h e r e f o r e ,  i n  t h e  a b s e n c e  o f  s u c h  

i n f o r m a t i o n  i t  i s  n o t  c l e a r  what e f f e c t  r u t s  and roughened  s u r f a c e s  

would have  on t h e s e  maneuvers .  I n t u i t i o n  would s u g g e s t ,  however ,  

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



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

A.5 .2  TIRE/RUT EDGE INTERACTION. T i r e s ,  i n  g e n e r a l ,  have a 

t endency  t o  c l imb  t h e  s i d e  of a  r i d g e  o r  s l o p i n g  s u r f a c e .  I n  t h e  

t i r e  t r a d e  t h i s  phenomenon i s  known a s  I 1n ibb l i ng" .  A c l i m b i n g  

r e a c t i o n  does  n o t  a lways  o c c u r  immed ia t e ly  upon c o n t a c t  w i t h  t h e  

r i d g e ,  however .  I n i t i a l l y ,  most t i r e s  r u n n i n g  up a g a i n s t  a low 

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

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

c l i m b i n g  on t h e  r i d g e  i s  i n i t i a t e d ,  however ,  a s i d e  f o r c e  t e n d i n g  

t o  r e i n f o r c e  c l i m b i n g  q u i c k l y  b u i l d s  up .  

M a r s h a l l  e t  a l .  [ l o 9 1  show d a t a  which i l l u s t r a t e  t h e s e  cha- 

r a c t e r i s t i c s  f o r  t h r e e  k i n d s  o f  t i r e s .  The t i r e s  were  made t o  

c r o s s  a  1 / 2  i n c h  p l a n k  a t  a 1 /2  d e g r e e  a n g l e  w i t h  r e s p e c t  t o  t h e  

d i r e c t i o n  o f  t r a v e l .  An i n i t i a l  f f h o l d  o f f 1 '  t endency  f o l l o w e d  by a  

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

b i a s  and b i a s - b e l t e d  t i r e s .  The same i s  n o t  t r u e  f o r  r a d i a l  t i r e s ,  

however .  I n  t h i s  l a t t e r  c a s e ,  t h e  f o r c e s  a r e  g e n e r a l l y  i n  a d i r e c -  

t i o n  t o  oppose  c l i m b i n g .  The peaks  and v a l l e y s  i n  t h e  n i b b l i n g  

r e s p o n s e s  e v i d e n t l y  c o r r e s p o n d  t o  r i b s  and g rooves  i n  t h e  t i r e  t r e a d .  

The d a t a  o f  M a r s h a l l  e t  a l .  [ l o 9 1  shows t h a t  t h e  s i d e  f o r c e  

q u i c k l y  v a r i e s  f rom -125 l b .  t o  t 1 3 5  l b .  f o r  t h e  b i a s  and b i a s -  

b e l t e d  t i r e s .  T h i s  "swing back f1  t endency  h a s  i m p o r t a n t  i m p l i c a -  

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

ponse  of t h e  t i r e  i s  i n  a d i r e c t i o n  t o  oppose  h i s  a c t i o n s .  F o r  t h e  

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

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

p r e d i c t a b l e  f e e l i n g .  F o r  t h e  b i a s  and b i a s - b e l t e d  t i r e s ,  however ,  

t h e  "swing back"  t e n d e n c y  t r i e s  t o  p u l l  t h e  t i r e  a c r o s s  t h e  r i d g e  

and can  come as a s u r p r i s e  t o  t h e  d r i v e r .  D r i v e r s  t r y i n g  t o  g e t  back  

o n t o  t h e  r o a d  a f t e r  g o i n g  o f f  on t h e  s h o u l d e r  have  been  known t o  

s p i n - o u t  b e c a u s e  o f  t h i s  e f f e c t .  

The i m p l i c a t i o n  o f  t o r q u e s  b e i n g  a p p l i e d  t o  t h e  s t e e r i n g  s y s -  

tem t h r o u g h  n i b b l i n g  i s  n o t  c o n s i d e r e d  t o  be  a s  s e r i o u s .  A t o r q u e  

a p p l i e d  a t  t h e  t i r e  i s  t y p i c a l l y  r e d u c e d  by a f a c t o r  o f  a b o u t  twen ty  



by t h e  t i m e  i t  i s  f e l t  by t h e  d r : v e r .  The r e s u i t i n g  d i s t u r b a n c e  

t o r q u e s  o f  or,e o r  two f o o t - p o u n d ? ,  applied a t  the s t e e r i n g  w h e e i ,  

a r e  w e l l  w i t h i n  t h e  c o n c r o l  c a p a b i l i i ;  \ c : ;  o f  311 dri v e r s .  F u r t h c r ,  

f o r  c a r s  e q u i p p e d  w i t h  pcwer s teer iny: ,  t l i e  di.;;t;url!ance t o r q u e  w i l l  

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

a l i g n i n g  t o r q u e s  p r o d u c e d  by n i b b l i n g  w i l l  be  o f  l e s s  consequence  

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

O t h e r  d a t a  showing t h e  n i b b l i n g  c h a r a c t e r i s t i c s  o f  t i . r e s  t r a -  

v e l i n g  o v e r  o b j e c t s  i s  p r e s e n t e d  i n  [107 ,  1 1 3 1 .  Ic c o n t r a s t  t o  

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

b r e a k e r )  a r e  more i n f l u e n c e d  by t h e  o b s t a c l e s  t h a n  c o n v e n t ' i o n a l  

d e s i g n s .  Whatever  t h e  r e l a t i v e  d i f f e r e n c e ,  however ,  i t  i s  c l e a r  

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

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

The i m 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  f o r  t i r e s  t ravel i r1 .g  o v e r  

w h e e l  r u t s  p r o d u c e d  by s t u d d e d  t i r e  wear  i s  n o t  c o m p l e t e l y  c l e a r .  

S t u d d e d  t i r e - w o r n  r u t s  have  s l o p e d  s i d e s  and h e n c e  c a n n o t  b e  ex- 

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

duced  by r i d g e s .  The f o r c e s  may b e  l a r g e  enough t o  draw a v e h i c l e  

t o  one  s i d e  o r  t h e  o t h e r  of  a  r u t ,  however .  I f  t h e  d r i v e r  a t t e m p t s  

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

c a n  b e  e x p e c t e d .  The s e v e r i t y  o f  t h e  phenomenon w i l l  b e  a  f u n c t i o n  

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

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

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

h i s  v e h i c l e  t o  one s i d e  o f  t h e  worn p a t h s ,  I n  f a c t ,  a  v e h i c l e  l e f t  

t o  i t s e l f  would t e n d  t o  c l i m b  o u t  o f  t h e  worn p a t h s  on i t s  own 

a c c o r d .  As i n d i c a t e d  i n  S e c t i o n  A . 4 ,  however ,  no e v i d e n c e  o f  l a t e r a l  

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

A . 5 . 3  SUMMARY. Adverse  t r a n s v e r s e  f o r c e s  may o c c u r  a s  t h e  

r e s u l t  o f  roughened  pavement s u r f a c e s ,  o r  worn wheel  p a t h s .  The 

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

n e r i n g  and b r a k i n g .  The l a t t e r  may c a u s e  a n  a d v e r s e  s i d e - t o - s i d e  

m o t i o n  when a  d r i v e r  a t t e m p t s  t o  t r a v e l  i n  t h e  worn r u t s .  No d i r e c t  



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

e i t h e r  phenomenon, however .  I f  pavements  c o n t i n u e  t o  be  worn a t  

p r e s e n t  r a t e s ,  t h e  l i k e l i h o o d  o f  r o a d h o l d i n g  d e g r a d a t i o n ,  and ad- 

v e r s e  r u t  t r a v e l  e f f e c t s  w i l l  b e  i n c r e a s e d .  I n  t h i s  e v e n t ,  v e h i c l e  

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

pavements  s h o u l d  be  more c a r e f u l l y  examined.  I n  p r e s e n t  c i rcum- 

s t a n c e s ,  however ,  a d v e r s e  t r a n s v e r s e  f o r c e s  a r e  c o n s i d e r e d  t o  be  o f  

l e s s  consequence  t h a n  t h e  e f f e c t s  ment ioned  h e r e t o f o r e  i n  t e r m s  o f  

a c c i d e n t  c a u s a t i o n  mechanisms.  

Rut o r  roughened  s u r f a c e - i n d u c e d  s t e e r i n g  t o r q u e s  a r e  c o n s i -  

d e r e d  t o  be  o f  n e g l i g i b l e  consequence .  

A . 6  NOISE AND VIBRATION EFFECTS ON DRIVER FATIGUE RESULTING FROM 
ROUGHENED PAVEMENT 

The s u b j e c t i v e  e f f e c t s  o f  n o i s e  and v i b r a t i o n  a r e  n o t  c o n s i s -  

t e n t  and depend upon t h e  s u b j e c t ,  t h e  s e t t i n g ,  and t h e  t y p e  o f  

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

body t h r o u g h  t h e  e a r ,  whereas  v i b r a t i o n  i s  f e l t ,  a f f e c t i n g  man 

p r i m a r i l y  by t h e  w i d e s p r e a d  mechan i ca l  d i s t u r b a n c e  o f  o r g a n s  and 

t i s s u e s .  High i n t e n s i t y ,  low f r e q u e n c y  sound ( l e s s  t h a n  100 h z )  

c an  e n t e r  t h e  body by d i r e c t  a b s o r p t i o n  t h r o u g h  t h e  body s u r f a c e ,  

however,  and can  e x c i t e  n o n - a u d i t o r y  s e n s e  o r g a n s .  I n  t h i s  connec- 

t i o n ,  t h e  u l t i m a t e  p h y s i o l o g i c a l  e f f e c t  o f  such  n o i s e  i s  e s s e n t i a l l y  

s i m i l a r  t o  t h a t  o f  f u l l  body mechan i ca l  v i b r a t i o n .  The b e s t  known 

f r equency  dependen t  e f f e c t s  o f  n o i s e  and v i b r a t i o n  on man a r e  r e -  

p o r t e d  by Guignard  [122] .  

The s e p a r a t e  e f f e c t s  o f  n o i s e  and v i b r a t i o n  on d r i v e r  f a t i g u e ,  

as produced  by r o a d  r o u g h n e s s ,  a r e  d i s c u s s e d  i n  t h e  f o l l o w i n g  sub-  

s e c t i o n s .  

A .6 .1  NOISE EFFECTS 

A . 6 . 1 . 1  Sound Measurement .  Sound l e v e l  i s  commonly measured 

i n  one o f  two ways. Sound p r e s s u r e  l e v e l  (SPL) i s  an  a b s o l u t e  mea- 

s u r e  o f  sound p r e s s u r e  which i s  d e f i n e d  a s  f o l l o w s :  



' r e f  

I n  o t h e r  words ,  SPL i s  t h e  r o o t  mean s q u a r e  p r e s s u r e ,  P ,  r e l a t e d  i n  

d e c i b e l s  t o  a  r e f e r e n c e  p r e s s u r e ,  P r e f '  I n  g e n e r a l ,  P r e f  i s  e q u a l  

t o  0 .0002 m i c r o b a r .  The u n i t s  of  SPL a r e  r e f e r r e d  t o  a s  db(C)  when 

r e a d  on t h e  C-sca le  o f  a  sound l e v e l  m e t e r .  The C-sca le  r e p r e s e n t s  

a  r e s p o n s e  which i s  e s s e n t i a l l y  un i fo rm  o v e r  t h e  a u d i b l e  f r equency  

s p e c t r u m .  

A more commonly u sed  sound p r e s s u r e  measurement method i s  

ba sed  on t h e  A-weighted s c a l e  e q u a l i z a t i o n  scheme. T h i s  w e i g h t i n g  

s c a l e  app rox ima te s  t h e  i n v e r s e  f r equency  r e s p o n s e  c h a r a c t e r i s t i c s  

o f  t h e  human e a r  a t  t h e  40-phon l o u d n e s s  l e v e l  [ l l g ] .  L i t t l e  we igh t  

i s  g i v e n  t o  low f r e q u e n c y  s o u n d s .  I n  g e n e r a l ,  t h e  A-weighted s c a l e  

i s  s t a t i s t i c a l l y  i n d i s t i n g u i s h a b l e  f rom t h e  b e s t  p sycho log i ca l l . y  

d e r i v e d  measures  i n  i t s  r e l a t i o n s h i p  a s  a  p r e d i c t o r  o f  human r e s -  

ponse  t o  v e h i c l e  n o i s e .  

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

between d b ( C ) ,  which i s  a  d i r e c t  measure  o f  sound p r e s s u r e  l e v e l  

and d b ( A ) ,  which c o r r e s p o n d s  t o  t h e  A-scale  we igh t ed  sound l e v e l  

measurement .  Fo r  example ,  a  change o f  10  db(C)  i n  SPL means t h a t  

two d i f f e r e n t  sounds  v a r y  i n  power by a  f a c t o r  o f  1 0 .  On t h e  o t h e r  

hand ,  a  change i n  10 db(A)  on t h e  A-scale  means t h a t  two sounds  

e s s e n t i a i l y  d i f f e r  by a  f a c t o r  o f  2 .  A d i f f e r e n c e  o f  20 db(A)  means 

t h a t  one sound i s  r a t e d  a s  f o u r  t i m e s  a s  n o i s y  a s  a n o t h e r  [ 120 ] ,  

~ ~ 6 . 1 . 2  S u b j e c t i v e  Response  t o  No i se .  I n  t h e  g e n e r a l  s u b j e c -  

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

a r e  i m p o r t a n t .  Discomfor t  i s  n o t  a  r e l i a b l e  g u i d e  t o  l o s s  o f  wor- 

k i n g  e f f i c i e n c y  o r  impairment  t o  h e a l t h .  Man can  f i n d  p l e a s a n t l y  

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

damage [122]. Deafness  avo idance  and comfor t  c r i t e r i a  a s  a  f unc -  

t i o n  o f  n o i s e  f r equency  a r e  shown on Tab l e  A-8 r1251 .  These  a r e  

s u g g e s t e d  c r i t e r i a  f o r  au tomo t ive  d e s i g n e r s .  O t h e r  c r i t e r i a  f o r  



n o i s e  c o n t r o l  a r e  s u g g e s t e d  by R o s e n b l i t h ,  e t  a l .  [131] .  

T a b l e  A - 8  
L i m i t s  f o r  Deafness-Avoidance and Comfort 

Maximum P e r m i s s i b l e  Sound P r e s s u r e  L e v e l ,  
above 0 .0002  m i c r o b a r .  

Deafness-Avoidance C r i t e r i o n  Comfort C r i t e r i o n  

Repea ted  
O c c a s i o n a l  Exposure  

Octave Exposure  ( P e r i o d  o f  Noisy ( P e o p l e  Q u i e t  ( P e o p l e  
Band (1 H r  o r  L e s s )  Months) Expec t  N o i s e )  Expec t  Q u i e t )  

Annoyance, f a t i g u e ,  d i s c o m f o r t ,  and i r r i t a b i l i t y  a r e  f r e q u e n t  

s u b j e c t i v e  r e a c t i o n s  t o  e x c e s s  n o i s e  [134]. Menta l  pe r fo rmance  and 

motor  p r o c e s s e s  a r e  i n f l u e n c e d  b y  n o i s e - - a t  l e a s t  t e m p o r a r i l y  11253. 

Work c a r r i e d  o u t  unde r  n o i s y  c o n d i t i o n s  r e q u i r e s  a  c o n s i d e r a b l e  i n -  

c r e a s e  i n  ene rgy  e x p e n d i t u r e  even  though  o u t p u t  may r ema in  t h e  same. 

I n  complex t a s k s ,  pe r fo rmance  f a l l s  o f f  under  h i g h  n o i s e  c o n d i t i o n s  

( a  s l i g h t  e f f e c t  i s  n o t i c e a b l e  f o r  n o i s e  above t h e  90  db(C) l e v e l )  

[951.  D e c i s i o n  t a s k s  a l s o  show a  per fo rmance  decrement  a t  abou t  

t h e  90 db (C)  l e v e l .  The decrement  i s  i n  t e r m s  o f  more e r r o r ,  r a t h e r  

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

p e t i t i v e  t a s k s .  I n  s h o r t ,  n o i s e  can  have w ide ly  d e l i t e r i o u s  e f f e c t s  

on t a s k  pe r fo rmance .  

On t h e  o t h e r  hand ,  some t y p e s  o f  n o i s e  can l e a d  t o  i n c r e a s e d  

work pe r fo rmance .  Fo r  example ,  i n t e r m i t t e n t  and i m p u l s i v e  n o i s e  

may be  b e n e f i c i a l  t o  p e r s o n s  i n v o l v e d  i n  b o r i n g  t a s k s .  F o r  s i m p l e ,  



low i n f o r m a t i o n  p r o c e ~ s i r ~ g  t a s k : ; ,  n o i s e  tends t o  improve pe r fo rmance  

11151.  S t eady  low i n t e n s i t y  n o i s e ,  Flowever, u s u a l l y  p roduces  no 

change i n  p e r f o r m a n c e .  

A . 6 . 1 . 3  Vehicle/Roadway Noise  C h a r a c t e r i s t i c s .  The  amount o f  

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

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

tween  t i r e  and v e h i c l e  body a r e  a l l  i m p o r t a n t  i n  d e t e r m i n i n g  t h e  

amount o f  n o i s e  p roduced  by a  v e h i c l e  t r a v e l i n g  a l o n g  a  roadway 

[ l l g ] .  A c c u r a t e  d a t a  on t h e  n o i s e  p roduced  by t h e  v a r i o u s  t i r e / r o a d -  

way i n t e r a c t i o n  mechanisms f o r  c u r r e n t  t i r e / r o a d w a y  c o m b i n a t i o n s  a r e  

u n a v a i l a b l e ,  however [ 120 ] .  I n  a d d i t i o n ,  a l t h o u g h  t h e  v a r i o u s  

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

s p e c i f i c  mechanisms a r e  n o t  w e l l  u n d e r s t o o d ,  o r  e a s i l y  measured 

[ 136 ] .  Noise  p roduced  by t i r e s ,  i n  p a r t i c u l a r ,  i s  n o t  e a s i l y  a l l e -  

v i a t e d .  F a c t o r s  which i n c r e a s e  s a f e t y ,  t r a c t i o n ,  and t r e a d  wear  

i n  t i r e s  a l s o  c o n t r i b u t e  t o  i n c r e a s e d  n o i s e  [ 133 ] .  

T y p i c a l  n o i s e  s p e c t r a  measured i n s i d e  two v e h i c l e s  w i t h  t h e  

windows c l o s e d  a r e  r e p o r t e d  by Cal low [117 ] .  These  d a t a  were  ob- 

t a i n e d  d u r i n g  t r a v e l  a t  45 mph o v e r  a smooth,  d r y ,  t a r m a c  s u r f a c e .  

Peak n o i s e  l e v e l s  a r e  74 db(A)  f o r  a n  A u s t i n  Mini  Mk. I1 850,  and  

69 db(A)  f o r  a  Fo rd  Zephyr 6 Au toma t i c .  For  t h e s e  v e h i c l e s ,  t h e  

n o i s e  l e v e l s  a r e  j u s t  a t  t h e  d i v i d i n g  l i n e  f o r  Speech  Communication 

L e v e l  55  [131] .  While  t h i s  d a t a  i s  t y p i c a l ,  i t  does  n o t  n e c e s s a r i l y  

r e p r e s e n t  t h e  e x t r e m e s .  

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

s p e e d  [117] .  The d a t a  a r e  a compos i t e  o f  measurements  f rom 2 4  d i f -  

f e r e n t  a u t o m o b i l e s  and a g a i n  r e p r e s e n t  t r a v e l  o v e r  a  d r y ,  smooth 

t a r m a c  s u r f a c e .  

Cal low 11171 shows t h a t  maximum sound l e v e l s  a r e  abou t  87 

db (A)  n e a r  70 mph. S i n c e  t h e  s p e c t r u m  s h a p e  f o r  v e h i c l e  n o i s e  i s  

r e l a t i v e l y  i n d e p e n d e n t  o f  v e h i c l e  s p e e d  [ l l g ] ,  i t  can  be  conc luded  

t h a t  t h e s e  peak  v a l u e s  o c c u r  a t  f r e q u e n c i e s  somewhere be tween  75 and  

300 h z .  T h e r e f o r e ,  even  a t  70 mph, v e h i c l e  i n t e r i o r  n o i s e ,  r e s u l -  

t i n g  from t r a v e l  o v e r  smooth s u r f a c e s ,  i s  below t h e  n o i s y  comfor t  
c r i t e r i a .  



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

n o i s e  h a s  b e c n  de t e rmined  f rom d a t a  c o l l e c t e d  f o r  29 d i f f e r e n t  

automobile: ;  t r a v e l i n g  ovell t h e  MIRA s t o n e - s e t t  s u r f a c e  ( a  l e v e l  

cobb led  s u r f a c e  [ 1 2 6 1 ) .  The mean n o i s e  l e v e l s  r e s u l t i n g  f rom 

t r a v e l i n g  o v e r  t h i s  s u r f a c e  a r e  about  8 db(A) h i g h e r  t h a n  compara- 

t i v e  v a l u e s  f o r  t h e  t a rmac  s u r f a c e .  The h i g h e s t  v a l u e s  a r e  on 

t h e  o r d e r  o f  98 d b ( A ) ,  however .  These  v a l u e s  exceed  t h e  n o i s y  

comfor t  c r i t e r i a ,  a s  d i s c u s s e d  i n  S e c t i o n  A . 6 . 1 . 2 ,  and a r e  a t  a 
l e v e l  which w i l l  c ause  some f a l l - o f f  i n  d r i v i n g  t a s k  pe r fo rmance .  

Water  on a  pavement s u r f a c e  may i n c r e a s e  t h e  r e s u l t i n g  n o i s e  

l e v e l  p roduced  by an  a u t o m o b i l e  anywhere f rom 3  t o  1 5  d b ( A ) .  F o r  

example ,  wet smooth a s p h a l t  i s  1 5  db(A)  n o i s i e r  t h a n  t h e  same 

s u r f a c e  when d r y ,  w h i l e  a r o u g h e r  p o r t l a n d  cement s u r f a c e  i s  8 
db(A)  n o i s i e r  when wet 11291.  E v i d e n t l y ,  t h e  r o u g h e r  t h e  s u r f a c e ,  

t h e  l e s s e r  t h e  i n c r e a s e  i n  n o i s e  f rom d r y  t o  wet c o n d i t i o n s .  

M i l l s  [126] i n d i c a t e s  t h a t  r o a d  n o i s e  i s  more s e n s i t i v e  t o  t h e  

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

v e h i c l e  w e i g h t s ,  r a t h e r  t h a n  h i g h  w e i g h t s .  

A - 6 . 1 . 4  Noise  Produced by S tudded  T i r e s ,  and Pavements 

Roughened by S tudded  T i r e s .  The n o i s e  p roduced  by s t u d s  on 

s t u d d e d  t i r e s  i s ,  i n  g e n e r a l ,  i n s i g n i f i c a n t  [133] ,  A s l i g h t  buz- 

z i n g  i s  h e a r d  when b o t h  f r o n t  and r e a r  t i r e s  a r e  equ ipped  w i t h  

s t u d s .  S t u d  n o i s e  i s  a l m o s t  u n n o t i c e a b l e ,  when o n l y  t h e  r e a r  t i r e s  

a r e  s t u d d e d .  I n  g e n e r a l ,  s t u d  n o i s e  i s  h e a r d  most c l e a r l y  by a 
b y s t a n d e r ,  a t  low s p e e d ,  on a smooth h a r d  s u r f a c e .  

The n o i s e  p roduced  by s u r f a c e s  roughened by s t u d d e d  t i r e s  

v e r y  p r o b a b l y  l i e s  between t h e  n o i s e  p roduced  by t h e  smooth t a r -  

mac and s t o n e - s e t t  s u r f a c e s  d e s c r i b e d  i n  t h e  p r e v i o u s  s e c t i o n .  A 

r e l a t i v e  compar i son  o f  t h e s e  two s u r f a c e s  a l o n g  w i t h  a s p r a y  and 

c h i p  (3/4 i n .  c h i p p i n g s )  i s  shown on F i g u r e  A-7 [126]. The s p r a y  

and  c h i p  c o a t i n g  i s  abou t  midway between t h e  o t h e r  two i n  t e r m s  

o f  n o i s e - p r o d u c i n g  c h a r a c t e r i s t i c s ,  and i s  p r o b a b l y  comparab le  t o  

a  s t u d d e d  t i re -damaged  s u r f a c e .  It would a p p e a r  t h a t  v e h i c l e  i n -  

t e r i o r  n o i s e ,  r e s u l t i n g  f rom t r a v e l  o v e r  r o a d s  roughened by 
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s t u d d e d  t i r e s ,  would b e  i n  t h e  90 db(A) r a n g e .  Al though  t h e  r e s u l t s  

a r e  h i g h l y  s u b j e c t i v e ,  t h i s  i s  a  n o i s e  l e v e l  which can  p roduce  mar- 
g i n a l  l o n g  t e r m  d r i v e r  f a t i g u e .  

VIBRATION EFFECTS 

A-6.2.1 S u b j e c t i v e  Response t o  V i b r a t i o n .  Repea ted  a t t e m p t s  

have been  made t o  d e f i n e  l imi ts  o f  human exposu re  t o  mechan i ca l  v i -  

b r a t i o n .  Most o f  t h e  a p p l i c a t i o n  h a s  been  i n  t r a n s p o r t  o r  m i l i t a r y  

v e h i c l e s  where d r i v e r  comfor t  o r  crew per formance  h a s  been  t h e  

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

p r i m a r i l y  due t o  t h e  f a c t  t h a t  measured r e s u l t s  must be  b a s e d  on 

s u b j e c t i v e  r e a c t i o n .  As ment ioned  e a r l i e r ,  s u c h  r e a c t i o n s  a r e  n o t  

c o n s i s t e n t  and depend upon t h e  s u b j e c t ,  t h e  s e t t i n g ,  and t h e  t y p e  

o f  d i s t u r b a n c e .  I n  b r o a d  t e r m s ,  human t o l e r a n c e  t o  whole body v i -  

b r a t i o n  i s  l o w e s t  i n  t h e  4-8 hz  band o f  f r e q u e n c i e s  11221. T h i s  i s  

r e c o g n i z e d  i n  t h e  " f a t i g u e - d e c r e a s e d  p r o f i c i e n c y  l imi ts  f o r  v e r t i -  

c a l  v i b r a t i o n "  which have been  p roposed  by t h e  I n t e r n a t i o n a l  S t an -  

d a r d i z a t i o n  O r g a n i z a t i o n  (ISO) [121] .  The 4-8 hz f r e q u e n c y  band 

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

q u e n c i e s  t o  be  h i g h l y  o b j e c t i o n a b l e .  I n  g e n e r a l ,  up t o  a b o u t  f o u r  

minu t e s  e x p o s u r e ,  t i m e  i s  n o t  a  f a c t o r  i n  t h e  IS0  l imits  [123] .  

From t h a t  p o i n t  up t o  2 4  h o u r s ,  however,  t h e  a c c e l e r a t i o n  t o l e r a n c e  

l i m i t s  a r e  r e d u c e d  c o n t i n u o u s l y  t o  a l e v e l  o f  abou t  4% o f  t h o s e  

f o r  s h o r t  t i m e  e x p o s u r e .  

I n  g e n e r a l ,  t h e  h i g h e r  t h e  f r e q u e n c y ,  t h e  lower  t h e  d i s p l a c e -  

ment a m p l i t u d e  must b e  t o  m a i n t a i n  a  g i v e n  l e v e l  o f  c o m f o r t .  A 

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

p lacement  a m p l i t u d e  and f r e q u e n c y  i s  shown i n  11301.  

While t h e  r e s u l t s  d i s c u s s e d  above r e p r e s e n t  an  a t t e m p t  t o  de- 

f i n e  v i b r a t i o n  t o l e r a n c e  l im i t s ,  i t  would b e  wrong t o  assume t h a t  

d i s c o m f o r t  i s  s o l e l y  r e l a t e d  t o  t h e  b o d y ' s  dynamic r e s p o n s e  t o  

v i b r a t i o n ,  o r  t h a t  any s i m p l e  n u m e r i c a l  e x p r e s s i o n  o f  human t o l e r -  

ance  can be  u n i v e r s a l l y  a p p l i e d .  As i n  t h e  c a s e  o f  annoyance by 

n o i s e ,  d i s t u r b a n c e  by v i b r a t i o n  o f  any g i v e n  i n t e n s i t y  w i l l  depend 

on i n d i v i d u a l  s u s c e p t i b i l i t y  and t h e  p a r t i c u l a r  c i r c u m s t a n c e s .  I n  



a  home, f o r  example ,  t h e  l i m i t  o f  3 c c e p t a S i l i t y  o f  v i b r a t i o n  may 

l i e  o n ,  o r  a  l i t t l e  a b o v e ,  t h e  t ! ~ r e s k o l d  o f  ; ) e r c e p t i o n  ( o n  t h e  
C o r d e r  o f  0 . 0 2  m/sec ) ,  whereas  i n  p u b l i c  t r a n s p o r t  a l e v e l  o f  some 

20 db h i g h e r  t h a n  t h i s  may b e  a c c e p t e d  a s  n o t  u n c o m f o r t a b l e .  

I n  g e n e r a l ,  t h e  human body i s  l e s s  a b l e  t o  t o l e r a t e  v i b r a t i o n  

t h a n  i s  t h e  v e h i c l e  s t r u c t u r e .  Thus ,  v i b r a t i o n s  t r a n s m i t t e d  

t h r o u g h  t h e  v e h i c l e  body,  a l t h o ~ g h  h a v i n g  l i t t l e  e f f e c t  on t h e  

v e h i c l e ,  may b e  somewhat more d e t r i m e n t a l  t o  t h e  d r i v e r .  

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

e x p o s u r e  t o  p r o l o n g e d  v i b r a t i o n  i n c l u d e  [132] :  

1. Degraded v i s u a l  a c u i t y  a s  m a n i f e s t e d  i n  b l u r r i n g  o f  t h e  

v i s u a l  image on t h e  r e t i n a .  (The r e s u l t  o f  r e l a t i v e  

movement be tween t h e  eye  and t h e  v iewed o b j e c t . )  

2 .  Degraded r e a c t i o n  t i m e  i n  p e r f o r m i n g  s i m p l e  d e c i s i o n  

t a s k s .  

3 ,  Degraded p e r f o r m a n c e  in t r a c k i n g  t a s k s - - t a s k s  which make 

up a  l a r g e  p a r t  o f  t h e  d r i v i n g  t a s k .  

Road-induced v i b r a t i o n  c a n ,  t h e r e f o r e ,  have  s e r i o u s  e f f e c t s  on 

d r i v i n g  p e r f o r m a n c e .  Tne e f f e c t s  a r e ,  however ,  dependen t  upon 

v i b r a t i o n  f r e q u e n c y ,  i n t e n s i t y ,  and d u r a t i o n  o f  e x p o s u r e .  

A-6.2.2 Vehicle/Roadway V i b r a t i o n  C h a r a c t e r i s t i c s .  Road 

s u r f a c e - i n d u c e d  v e h i c l e  v i b r a t i o n s  which c o u l d  r e s u l t  f rom damage 

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

The v i b r a t i o n  p a t h  which i s  p e r t i n e n t  t o  r i d e  c o n s i d e r a t i - o n s  

( i . e . ,  t h e  p a t h  a s s o c i a t e d  w i t h  whole  body v i b r a t i o n )  i n c l u d e s ,  i n  

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

t h e  s e a t .  Each o f  t h e s e  p r o d u c e s  a n  a t t e n u a t i n g  e f f e c t  on  t h e  

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

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

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

v e h i c l e  components  can  p r o d u c e  a n  o r d e r  o f  magn i tude  d i f f e r e n c e  i n  

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

V e h i c l e  r i d e  ( v i b r a t i o n )  c h a r a c t e r i s t i c s  a r e  commonly measured  



both objectively and subjectively. The former consists of placing 

accelerometers at selected positions within a vehicle and recor- 

ding accelerations while traveling over selected roads. The lat- 

ter consists of weighing the opinions of individual subjects in 

their reaction to vehicle and road characteristics. Objective 

measures d l 1  be used in the present discussion. 

Comparisons between the acceleration spectra of 28 different 

vehicles as measured by Oliver and Whitehead [128], and the IS0 

proposed standards discussed in [121] show that the indicated vi- 

bration levels in all vehicles except one are below "Fatigue- 

Decreased Proficiency" (FDP) limits for up to eight hours of ex- 

posure. The vehicle not meeting the eight-hour exposure limit (a 

light commercial van) would, according to the proposed IS0 stan- 

dards, cause some FDP after about five hours (an amplitude of 0.05g 

in the 2-4 and 4-8 hz bands). 

The effects of road surface and speed on vehicle spectra are 

illustrated by data collected by Chiesa and Oberto [118]. These 

data are vibration spectra for three automobiles (a set which ex- 

hibited the highest amplitude spectra out of a total of six vehi- 

cles tested), that were tested on three road surfaces (uneven, 

cobbled, smooth) at three different speeds (40, 65, and 90 km/hr). 

All measurements were made with accelerometers fixed to the front 

part of the vehicle body at a rigid point on the frame above the 

front wheels. (These mountings should produce vibrations of 

greater amplitude than those produced from seat-mounted instru- 

ments.) The vehicles used weighed between 2.600 and 3,100 lb. 

when loaded with three passengers and instrumentation. 

In examining the various spectra of Chiesa and Oberto it is 

evident that there is a general increase in vibration amplitudes 

with speed. It can also be noted that amplitudes increase roughly 

in the order of the smooth, cobbled, and uneven surfaces. With 

few exceptions, however, maximum accelerations are less than 0.5 
2 m/sec . Vibration induced FDP should not be expected, then, for 

at least four to six hours (see Hanes [123]). 



A - 6 . 2 . 3  V i b r a t i o n  Produce5  5 y  Pavements Roughened by S tudded  

T i r e s .  The s p e c t r a l  d a t a  p r e s e n t e d  by  Ch i e sa  and Obe r to  [118]  un- 

d o u b t e d l y  encompass t h e  r o a d  s u r f a c e  c o n d i t i o n s  which can  r e s u l t  

f rom s t u d d e d  t i r e  damage. Comparison o f  t h e s e  s p e c t r a  w i t h  v i b r a -  

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

f o u r  h o u r s  would be  neeaed  t o  p roduce  F a t i g u e - D e c r e a s e d  P r o f i c i e n -  

cy (FDP).  

Care  s h o u l d  b e  t a k e n  i n  i n t e r p r e t i n g  t h i s  r e s u l t ,  however ,  

f o r  as Van Deusen [135]  h a s  p o i n t e d  o u t ,  i t  i s  d i f f i c u l t  t o  i n t e r -  

p r e t  random v i b r a t i o n  d a t a  (which  c o n t a i n s  a l l  f r e q u e n c i e s )  i n  

t e r m s  t h a t  c an  b e  compared w i t h  t o l e r a n c e  l imi t s .  While  i t  migh t  

a p p e a r  t h a t  a  v i b r a t i o n  becomes l i m i t i n g  whenever  a  measured  i n -  

t e n s i t y  i n  any one f r e q u e n c y  band exceeds  a  l i m i t i n g  v a l u e ,  t h i s  

p r o c e d u r e  i g n o r e s  t h e  a d d i t i v e  e f f e c t s  o f  a d j a c e n t  f r e q u e n c y  bands .  

It seems r e a s o n a b l e  t o  assume t h a t  t h e  human does  n o t  r e s p o n d  i n -  

d e p e n d e n t l y  t o  e a c h  f r e q u e n c y  component,  b u t  t h a t  h i s  r e s p o n s e  i s  

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

t o l e r a n c e  d a t a  i s  d e t e r m i n e d  f rom s u b j e c t i v e  r e s p o n s e  a t  a s i n g l e  

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

r e s u l t s  i n  t e r m s  of v e h i c l e  r i d e  comfor t  have n o t  been  c o m p l e t e l y  

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

t h e n ,  v i b r a t i o n  t o l e r a n c e  d a t a  s h o u l d  o n l y  be  u sed  a s  a rough  

g u i d e .  

I n  l i g h t  o f  t h e s e  comments, FDP due t o  t r a v e l  o v e r  s t u d d e d  

t i r e -damaged  s u r f a c e s  may v e r y  w e l l  o c c u r  a t  t i m e  i n t e r v a l s  sub-  

s t a n t i a l l y  l e s s  t h a n  t h e  f o u r  h o u r s  ment ioned  e a r l i e r .  

A .6 .3  SUMFIARY. Both n o i s e  and v i b r a t i o n  e f f e c t s ,  r e s u l t i n g  

f rom t r a v e l  o v e r  r o a d s  which have been  worn by s t u d d e d  t i r e s ,  have 

b e e n  found  t o  have  a n  e f f e c t  on d r i v e r  f a t i g u e  , b u t  o n l y  a f t e r  l o n g  

t e r m  e x p o s u r e .  N e i t h e r  e f f e c t ,  b y  i t s e l f ,  i s  c o n s i d e r e d  t o  be  a 

s e r i o u s  f a c t o r  i n  a c c i d e n t  c a u s a t i o n ,  however ,  s i n c e  t h e  t i m e  i n -  

t e r v a l s  r e q u i r e d  t o  p roduce  FDP a r e  g e n e r a l l y  l o n g e r  t h a n  most 

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

combined n o i s e  and v i b r a t i o n  env i ronmen t  a r e  undoub t ed ly  more 



d e l e t e r i o u s .  No combined t o l e r a n c e  l imits  f o r  both  s t i m u l i  have 

been uncovered,  however. 

A . 7  EJECTED STUDS THROWN FROM HIGH-SPEED VEHICLES 

Exper imenta l  ev idence  has  shown t h a t  s t u d s  a r e  l o s t  from 

s tudded  t i r e s  d u r i n g  o p e r a t i o n  usage .  Exper ience  has  shown t h a t  

s t u d s  a r e  more f r e q u e n t l y  l o s t  from s t u d  rows which a r e  n e a r e r  

t h e  c e n t e r  of  t h e  t r e a d  p a t t e r n  CI.38, 1403. Other  ev idence  

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

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

d r i v i n g  [138]. T i r e  wear appea r s  t o  be an a d d i t i o n a l  f a c t o r  a f -  

f e c t i n g  i n c r e a s e d  l o s s  r a t e s  [142] .  While it i s  c l e a r  t h a t  s t u d  

l o s s  can be expected  a s  t h e  r e s u l t  o f  s tudded t i r e  u s e ,  l o s s  

r a t e s  cannot be e a s i l y  q u a n t i f i e d .  I n  a d d i t i o n  t o  t h e  f a c t o r s  

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

t y p e ,  s t u d  p r o t r u s i o n ,  s t u d  wear,  t i r e  compound, t r e a d  p a t t e r n ,  

s t u d  ho ld  shape ( i n  t r e a d ) ,  s t u d  i n s t a l l a t i o n  p r e s s u r e ,  and t h e  

t h i c k n e s s  of  t h e  u n d e r t r e a d  between t h e  s t u d  f l a n g e  and t i r e  

c o r d s .  Whatever t h e  f a c t o r s  i n v o l v e d ,  however, i t  i s  c l e a r  t h a t  

s t u d s  a r e  l o s t .  

The o p e r a t i o n a l  l o s s ,  o r  e j e c t i o n  of  s t u d s  has  been r e p o r t e d  

t o  be f r e q u e n t  bu t  not  haza rdous .  I n  t h e  e a r l y  y e a r s  of s tudded 

t i r e  use i n  Michigan t h e r e  were a  r a s h  of  r e p o r t s  of  p o l i c e  c a r s  

be ing  s h o t  a t  d u r i n g  freeway p a t r o l .  Evidence seems t o  s u g g e s t  

t h a t  most of  t h e  e v e n t s  were t h e  r e s u l t  o f  e j e c t e d  s t u d s .  Such 

r e p o r t s  have become r e l a t i v e l y  uncommon i n  more r e c e n t  y e a r s ,  

however. This  i m p l i e s  t h a t  (1) t h e  source  of  t h e  problem has  been 

i d e n t i f i e d ,  o r  ( 2 )  s t u d  f a s t e n i n g  methods have improved, 

The mechanism o f  s t u d  l o s s  i s  g e n e r a l l y  due t o  s l i d i n g  be- 

tween t h e  t i r e  and road  s u r f a c e .  Research i n  Sweden has  shown 

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

speed must be 500  mph [1411. Los t  s t u d s ,  however, o f t e n  appea r  

d u r i n g  low speed  t r a v e l ,  f r e q u e n t l y  i n  low g e a r ,  and g e n e r a l l y  pos- 

s e s s  very l i t t l e  k i n e t i c  energy [139]. N e v e r t h e l e s s ,  t h e  I t a l i a n  



government  h a s  recommended t h a t  f l a p s  b e  f i t t e d  b e h i n d  r e a r  whee l s  

when s t u d s  a r e  u s e d .  

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

on  F i g u r e  A-8. F o u r  p o i n t s  a r e  shown which w i l l  b e  assumed t o  b e  

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

If i t  i s  assumed t h a t  t h e  t i r e  i s  r o l l i n g  w i t h o u t  s l i p  ( a  good 

a s s u m p t i o n  f o r  h i g h  speed  t r a v e l ) ,  t h e n  t h e  s t u d  e j e c t i o n  v e l o c i -  

t i e s  f o r  t h e  v a r i o u s  p o l n t s  a r e  a s  i n d i c a t e d  on T a b l e  A - 9 .  C l e a r l y ,  

o n l y  t h o s e  s t u d s  e j e c t e d  a t  low a n g l e s  ( be tween  p o i n t s  1 and 2 )  

w i l l  c l e a r  t h e  r o a r  ove rhang  o f  t h e  v e h i c l e  and become a h a z a r d  t o  

oncoming t r a f f i c  [143] .  It i s  c l e a r ,  a l s o ,  t h a t  t h e  backward e j e c -  

t i o n  v e l o c i t y  of  s u c h  s t u d s  w i l l  b e  r e l a t i v e l y  low.  F o r  v a l u e s  o f  

t h e  a n g l e ,  4 - < 2 6 0 ,  t h e  backward e j e c t i o n  v e l o c i t y  w i l l  b e  l e s s  

t h a n  1 0 %  of  t h e  v e h i c l e  v e l o c i t y .  ( V a l u e s  o f  f o r  con temporary  

a u t o m o b i l e s  a r e  be tween  8 and 2 4 O  [ 2 5 4 ] . )  Under t h e s e  c o n d i t i o n s ,  

The s t u d  w i l l  b e  a  h a z a r d  p r i m a r i l y  as t h e  r e s u l t  o f  t h e  v e l o c i t y  

of  a  f o l l o w i n g  v e h i c l e .  The d a n g e r  i s  similar t o  t h a t  o f  a n  e j e c -  

t e d  s t o n e  o f  s imilar  mass. 

V e h i c l e  I 
A Rea r  Overhang 

Ye = V:l-coc 4) 

F i g u r e  A-8. S t u d  E j e c t i o n  Geometry 
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Table  A-9 
Stud E j e c t i o n  V e l o c i t i e s  

E j e c t i o n  Po in t  E j e c t i o n  V e l o c i t y #  

1 0 

2 V (1-cos $ )  

3 V 

4 2V 

*The v e h i c l e  i s  assumed t o  be t r a v e l i n g  a t  v e l o c i t y  V.  

I n  summary, s t u d  l o s s ,  a l though  o c c u r r i n g  r a t h e r  f r e q u e n t l y - -  

e s p e c i a l l y  a s  t i r e s  become worn--should not  be cons ide red  a  major 

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

A . 8  VEHICLE COMPONENT DEGRADATION 

Vehic le  component d e g r a d a t i o n  mechanisms a r e  a f u n c t i o n  o f  

a g i n g  and l o a d i n g  p r o c e s s e s .  The former c o n s i s t  of c o r r o s i o n ,  r o t ,  

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

f a i l u r e ,  a b r a s i v e  wear,  buck l ing ,  c r e e p ,  and f r a c t u r e  [ 1 4 9 ] .  Road 

s u r f a c e s  damaged by s tudded  t i r e s  may a f f e c t  l o a d  c y c l i n g  p r o c e s s e s ,  

bu t  have no e f f e c t  on a g i n g .  The components which w i l l  be most 

a f f e c t e d  a r e  t h o s e  which make up t h e  s t e e r i n g  and suspens ion  sys -  

tems.  

whi 

l o n  

a r e  

t h e  

The pr imary  

ch could  cause  

. g i  t u d i n a l  r u t s  

o f  an o r d e r  o  

t i r e  t r e a d .  

s tudded  t i r e - p r o d u c e d  road  s u r f a c e  a s p e r i t i e s  

adve r se  component l o a d i n g  c o n d i t i o n s  a r e  t h e  

. Other  a s p e r i t i e s ,  such as exposed a g g r e g a t e ,  

f magnitude i n  s i z e  which i s  e a s i l y  engu l fed  by 

Although n o i s y ,  component c y c l i n g  i s  n o t  i n v o l v e d .  

Long i tud ina l  r u t s ,  e s p e c i a l l y  t h o s e  w i t h  s t e e p  edges ,  can 

produce s i g n i f i c a n t  s t e e r i n g  sys tem i n p u t s  ( s e e  S e c t i o n  A.4). 
T r a v e l i n g  from s i d e - t o - s i d e  w i t h i n  a  r u t  cou ld ,  t h e r e f o r e ,  i n c r e a s e  

t h e  c y c l i n g  t imes  o f  s t e e r i n g  sys tem components. I n  a d d i t i o n ,  such 
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components .  D e f l e c t i o n  a m p l i t u d e s  would b e  low, however .  The 

f o r c e s  and v i b r a t i o n s  which a r e  n e c e s s a r y  t o  p roduce  l o n g  t e r m  

d e g r a d a t i o n  would undoub t ed ly  be  s e n s e d  b y  2 d r i v e r  a s  annoy ing ,  

however .  A d r i v e r ,  i n  t u r n ,  cou ld  b e  e x p e c t e d  t o  s t e e r  o u t  o f  

and t r a v e l  t o  one s i d e  o f  such  r u t s ,  t h u s  e l i m i n a t i n g  t h e  d i s t u r -  

b a n c e .  As n o t e d  i n  S e c t i o n  A.4, however,  no t endency  f o r  s t e e r -  

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

If i t  i s  assumed, however ,  t h a t  r u t s  o f  s i g n i f i c a n t  d e p t h  

e i t h e r  do e x i s t  o r  w i l l  e x i s t  a t  some f u t u r e  t i m e ,  t h e  q u e s t i o n  

t h e n  becomes what w i l l  b e  t h e  e x p e c t e d  component d e g r a d a t i o n  r e -  

s u l t i n g  f rom s u c h  r u t s ?  U n f o r t u n a t e l y ,  v e r y  l i t t l e  i n f o r m a t i o n  

i s  a v a i l a b l e  which can  l e a d  t o  a  s a t i s f a c t o r y  answer .  Ev idence  

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

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

j u s t  now b e i n g  i n c o r p o r a t e d  i n t o  au tomob i l e  component d e s i g n  

s t a n d a r d s  [148,  1511 .  Da t a  t h a t  a r e  a v a i l a b l e  on a c t u a l  component 

r e l i a b i l i t y  a r e , f o r  t h e  most p a r t ,  i n  p r i v a t e  hands  and n o t  a v a i l -  

a b l e  t o  t h e  p u b l i c  [152] .  

The o n l y  p u b l i s h e d  d a t a  found was t h a t  o f  a few f r a g m e n t a r y  

t e s t s  which were conduc t ed  a t  t h e  Motor I n d u s t r y  Resea r ch  Assoc i a -  

t i o n ' s  (MIRA) pav6 ( c o b b l e d )  t r a c k  i n  England [146] .  One t h o u s a n d  

m i l e s  on t h e  pav6 t r a c k  i s  c o n s i d e r e d  t o  b e  e q u i v a l e n t  t o  t h e  

l i f e t i m e  o f  a  v e h i c l e  on normal  r o a d s .  The s u b j e c t  t e s t s  on un- 

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

1. An i d l e r  arm s u p p o r t  b r a c k e t  b roken  a f t e r  29 pav6 m i l e s .  

2 .  A f r o n t  s u s p e n s i o n  c r o s s  member c r a c k e d  a f t e r  850 pav6 

m i l e s .  

3 .  A s t e e r i n g  arm broken  a f t e r  912 pav6 m i l e s .  

On a s t a t i s t i c a l  b a s i s  t h e s e  d a t a  i n d i c a t e  l i t t l e  more t h a n  

t h e  f a c t  t h a t  t h e  e v e n t s  happened ,  and a r e  o f  no v a l u e  i.n a r r i v i n g  

a t  g e n e r a l i z e d  c o n c l u s i o n s .  

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

a r r i v e  a t  s t a t i s t i c a l l y  s i g n i f i c a n t  an swer s ,  t h e  f o l l o w i n g  prob lems  



a r e  immediately e v i d e n t :  

1. The number of  v e h i c l e  models,  t h e  number of i n d i v i d u a l  

components, and t h e  r e q u i r e d  t e s t  mileage a r e s o  l a r g e  as 
t o  make a  f u l l  s c a l e  t e s t  program comple te ly  i m p r a c t i c a l .  

2 .  Data c o l l e c t e d  f o r  one s e t  o f  v e h i c l e s  would become obso- 

l e t e  a s  soon a s  t h e  r e s u l t s  of  t h e  d a t a  a r e  used t o  modi- 

f y  components and change t h e i r  f a i l u r e  c h a r a c t e r i s t i c s .  

3 .  The e f f e c t s  of secondary f a c t o r s  such a s  p r o p e r  l u b r i c a -  

t i o n ,  c o r r o s i o n  environment ,  and minor changes i n  s t r u c -  

t u r a l  s t r e n g t h  could  be l a r g e  i n  f a t i g u e  f a i l u r e  s t a t i s -  

t i c s .  

By and l a r g e ,  t h e n ,  t h e  s y s t e m a t i c  c o l l e c t i o n  o f  d a t a  which could  

be used i n  drawing meaningful  conc lus ions  about  component wear 

and f a i l u r e  r a t e s  i s  cons ide red  t o  be i m p r a c t i c a l ,  i . e , ,  d a t a  

concern ing  wear and f a i l u r e  r a t e s  which r e s u l t  from t r a v e l  ove r  

pavements roughened by s tudded t i r e  u s e .  

Even i f  d a t a  were a v a i l a b l e  t h a t  i n d i c a t e d  s u b s t a n t i a l  com- 

ponent wear and f a t i g u e  r a t e s ,  however, t h e  e f f e c t s  on v e h i c l e  

s a f e t y  and subsequent  a c c i d e n t  c a u s a t i o n  a r e  p r o b l e m a t i c a l .  B i r d  

e t  a l .  [ I 4 5 1  and Fancher ,  e t  a l ,  [147] have shown t h a t  most suspen- 
s i o n  and s t e e r i n g  components must be worn c o n s i d e r a b l y  b e f o r e  any e f -  

f e c t  on v e h i c l e  performance i s  a p p a r e n t .  A synops i s  of  t h i s  work i s  

g iven  by Fancher ,  e t  a l .  [ I471  and can be reviewed t h e r e  by t h e  r e a d e r  

who i s  i n t e r e s t e d  i n  g r e a t e r  d e t a i l .  B r i e f l y ,  t h e  conc lus ions  

reached r e l a t i v e  t o  v a r i o u s  k inds  o f  s t e e r i n g  and suspens ion  com- 

ponents  a r e  l i s t e d  a s  f o l l o w s :  

Shock Absorbers - Shock a b s o r b e r  d e g r a d a t i o n  c o n t r i b u t e s  t o  

a  d e t e r i o r a t i o n  i n  v e h i c l e  h a n d l i n g  performance under c o n d i t i o n s  

which e x c i t e  v e r t i c a l  v i b r a t i o n s .  The phenomena which r e s u l t  a r e  

m a n i f e s t a t i o n s  of  "brake  hop", "wheel hop", and " a x l e  tramp". 

These phenomena c o n t r i b u t e  t o  a  n e t  l o s s  i n  t i r e  s h e a r  f o r c e  and 

reduce bo th  b rak ing  and c o r n e r i n g  performance.  Even w i t h  v a s t l y  

degraded shock a b s o r b e r s ,  however, changes i n  performance a r e  n o t  

l a r g e .  Removing 90% of  t h e  f l u i d  from shock a b s o r b e r s  was found 



to cause premature wheel lock-up in braking maneuvers and a loss 

of roadholding capability in a turn [147]. The loss in braking 

performance was cn the order of 20%. In this same test series, 

however, using shock absorbers with worn guide rods and broken 

valve guides (common manifestations of extreme wear) produced no 

perceptible change in roadholding performance. 

Other work has shown that shock absorber damping characteris- 

tics must be degraded at least 50% from nominal before significant 

differences in vehicle performance or driver skill requirements 

are apparent [144, 1451. It was also found that a 50% decrease 

in damping reduced maximum lateral acceleration capability (tur- 

ning performance) by 25 to 40%. Again wheel hop was the major 

factor. 

Ball Joints - Loose ball joints have little effect on vehi- 
cle handling performance, short of complete failure. 

Steering System Play - Steering wheel play seems to have 
little effect on path following accuracy until play at the 

steering wheel periphery exceeds 3,O to 3.5 in. 11451. The main 

effect of steering wheel play seems to be an increase in driver 

work load to account for increased peak-to-peak steering wheel 

motion. A similar conclusion was reported by Fancher, et al. 

[147], where it was found that, "Indeterminancies of front wheel 

steer angle which arise due to iash in wheel bearings, ball joints, 

tie-rod ends, or in the steering gear box, whether taken singly 

or in combination, do not exhibit a first-order influence on vehi- 

cle limit performance. " 

Other Components - Front wheel misalignment was found to be 
an insignificant factor in path following accuracy for all but 

the most severe maneuvers [145, 1471. Vehicle rollover resis- 

tance may, for example, be influenced by front end misalignment. 

The loss of a stabilizer bar and a steering damper have also 

been investigated by Sird, et.a1.[145]. Each was found to alter 

vehicle handling characteristics and in some cases increased the 

amount of control activity required. No immediate safety-related 



e f f e c t s  were a p p a r e n t ,  however. 

I n  summary, t h e  road  s u r f a c e  a s p e r i t i e s  r e s u l t i n g  from 

s tudded  t i r e  damage which could  cause  a d v e r s e  component wear r a t e s  

a r e  t h e  l o n g i t u d i n a l  wheel r u t s .  T r a v e l i n g  from s i d e - t o - s i d e  on 

such  r u t s  w i l l  i n c r e a s e  t h e  wear r a t e s  on s t e e r i n g  and suspens ion  

components. No r e l e v a n t  wear r a t e  d a t a  a r e a v a i l a b l e ,  however, 

which cou ld  be used t o  d e f i n e  t h e  s e v e r i t y  o f  t h e  problem. I n  any 

c a s e ,  even i f  wear r a t e s  a r e  s u b s t a n t i a l ,  t h e  e f f e c t s  of  component 

d e g r a d a t i o n  on a c c i d e n t  c a u s a t i o n  have been found t o  be  of l i t t l e  

consequence u n l e s s  t h e  wear i s  of such magnitude a s  t o  v i r t u a l l y  

r e q u i r e  component r ep lacemen t .  



APPEKDIX E3 

IN-SERVICE PREDICTION OF YYDROPLANING AN9 WET SKID 

T i r e  h y d r o p l a n i n g  a n d / o r  wet s k i d  i s  c o n s i d e r e d  t o  b e  t h e  most  

s e r i o u s  d r i v i n g  h a z a r d  r e s u l t i n g  f rom t h e  pavement wear  p a t t e r n s  

p roduced  by s t u d d e d  t i r e s .  A c c o r d i n g l y ,  a nomograph h a s  been  p r e -  

p a r e d  which  c a n  be  u s e d  b o t h  f o r  p r e d i ~ t i ~ g  h y d r o p l a n i n g  and f o r  

d e t e r m i n i n g  when a  pavement s e c t i o n  s h o u l d  b e  r e s u r f a c e d ,  o r  rough-  

e n e d .  The nomograph i s  shown on F i g u r e  B-1. The d e t a i l s  o f  how 

t h e  nomograph was d e v e l o p e a  and  how i t  can  b e  u sed  a r e  d e s c r i b e d  

i n  t h i s  a p p e n d i x .  

B . l  NOMOGRAPH DEVELOPMENT 

The nomograph i s  b a s e d  on t h e  a p p l i c a t i o n  o f  E q u a t i o n s  (A-5) 

and  ( A - 6 )  o f  Appendix A .  E q u a t i o n  ( A - 6 )  [ 1 1 9 ]  h a s  been  m o d i f i e d  

t o  i n c l u d e  t h e  e f f e c t  o f  w a t e r  a c c u m u l a t i n g  i n  a  worn whee l  p a t h  

r u t  and  i s  r e w r i t t e n  a s  f o l l o w s :  

where  e a c h  o f  t h e  p a r a m e t e r s  i s  l i s t e d  i n  T a b l e  B - 1  a l o n g  w i t h  i t s  

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

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

and  c r o s s - s l o p e .  

TABLE B - 1  

WATER DEPTH VARIABLES 

V a r i a b l e  D e f i n i t i o n  

S u r f a c e  T e x t u r e  Depth 

Dra inage  P a t h  Length  

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

Pavement Cross -S lope  

Rut Depth 

U n i t s  I n - S e r v i c e  Range 

i n .  0-0.25 i n .  

f t .  12-60 f t .  

i n / h r  0-5 i n / h r  

f t / f t  o t o  1/8 

i n .  0 t o  0 . 5  i n .  
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T e x t u r e  d e p t h  f o r  most pnvemcnts  r a r e l y  a v e r a g e s  more t h a n  

0 . 1 0  i n c h e s  1119, 2401. T!ie i n d i c a t e d  r a n g e  was e x t e n d e d  t o  0 . 2 5  

i n c h e s  t o  a c c o u n t  f o r  a g g r e g a t e  e x p o s u r e  which may r e s u l t  f rom 

s t u d d e d  t i r e  w e a r .  The i n d i c a t e d  maximum c r o s s - s l o p e  i s  t h e  l e v e l  

which  i s  c o n s i d e r e d  by t h e  AASHO [2371 t o  be  t h e  maximum p r a c t i c a l  

s u p e r e l e v a t i o n  r a t e  f o r  c u r v e  d e s i g n  ( i . e . ,  e  - 0 . 1 2 ) .  

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

g i v e n  i n  T a b l e  3 -2 .  S i n c e  d u r a t i o n  e x p e r i e n c e  v a r i e s  w i d e l y  f rom 

one g e o g r a p h i c a l  r e g i o n  t o  a n o t h e r ,  t h e  d a t a  shown r e p r e s e n t  l i t t l e  

more t h a n  a rough  i n d i c z t o r .  I n  g e n e r a i ,  t h o u g h ,  r a i n f a l l  i n t e n s i -  

t y  g r e a t e r  t h a n  1 . 0  i n / k r  i s  v e r y  uncommon. R a i n f a l l  o f  s u c h  s eve -  

r i t y  would undoub t ed ly  r e q u i r e  a d r i v e r  t o  s l ow  down f o r  l a c k  o f  

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

TABLE B-2 

RAINFALL INTENSITY EXPERIENCE [312 ,  641 
- - -  

Name I n t e n s i t y  ( i n / h r )  T y p i c a l  Y e a r l y  D u r a t i o n  ( h r / y r )  

D r i z z l e  0 . 0 1  32 

L i g h t  Ra in  0 .04  - 0 . 2 0  20 

Heavy Ra in  0 .60  - 0 .80  13 

Heavy Downpour 1 . 0  1.1 

Very Heavy S to rm  4 . 0  0 . 4  

I n  examin ing  E q u a t i o n  ( B - l ) ,  t h e  t e r m  i n  b r a c k e t s  on t h e  r i g h t  

s i d e  r e p r e s e n t s  t h e  r u n - o f f  r a t e ,  t h e  T  t e r m  i s  u sed  t o  e o r r e c t  t h e  

d e p t h  l e v e l s  t o  t h e  t o p s  o f  t h e  a s p e r i t i e s ,  and t h e  R t e r m  r e p r e -  

s e n t s  w a t e r  a c c u m u l a t i o n  i n  r u t s .  If t h e  w a t e r  l e v e l  i s  below t h e  

t o p s  o f  t h e  a s p e r i t i e s ,  d  c an  b e  n e g a t i v e .  A s  w i l l  become e v i d e n t  

i n  u s i n g  t h e  nomograph, t h e  dominant  t e r m  i s  t h e  r u t  d e p t h .  T h i s  



i s  t r u e  f o r  r u t  d e p t h s  above 0 . 2  i n c h e s  and f o r  a l l  r e a s o n a b l e  

v a l u e s  of t h e  o t h e r  p a r a m e t e r s ,  

Equat ion  (A-5) i s  r e w r i t t e n  a s  f o l l o w s :  

where 

W = wheel l o a d  

B = t i r e  t r e a d  wid th  

CH = t i r e  l i f t  c o e f f i c i e n t  

d  = w a t e r  d e p t h  

This  e q u a t i o n  i s  suppor t ed  by a  c o n s i d e r a b l e  amount o f  experimen- 

t a l  d a t a  which were o b t a i n e d  from a  r o t a t i n g  drum t i r e  t e s t i n g  

machine [ll, 121.  I n  t h e  expe r imen t s ,  t h e  drum i s  i n i t i a l l y  r o t a -  

t e d  a t  a speed  which i s  somewhat above t h e  hydrop lan ing  l i f t - o f f  

speed .  A t  t h i s  speed  t h e  t e s t  t i r e  i s  n o t  r o t a t i n g .  To de te rmine  

IrU, t h e  drum i s  g r a d u a l l y  slowed u n t i l  t h e  t i r e  s t a r t s  t o  r o t a t e .  

The speed  a t  which r o t a t i o n  b e g i n s ,  t h e n ,  i s  c a l l e d  t h e  spin-up 

speed ,  V u .  As no ted  i n  S e c t i o n  A . 1  o f  Appendix A ,  VU i s  lower 

t h a n  t h e  spin-down speed ,  Vd,  which i s  commonly a s s o c i a t e d  w i t h  

au tomobi le  t i r e  hydrop lan ing .  VU, t h e r e f o r e ,  r e p r e s e n t s  a more 

c o n s e r v a t i v e  approach  t o  p r e d i c t i n g  i n c i p i e n t  hydrop lan ing  o r  wet 

s k i d .  The v a l i d i t y  of  Equa t ion  ( B - 2 )  has  been checked a g a i n s t  i n -  

dependen t ly  d e r i v e d  d a t a  [64] and has  indeed  been found t o  be con- 

s e r v a t i v e .  (The independent  d a t a  was o b t a i n e d  from hydrop lan ing  

t e s t s  which u t i l i z e d  a  towed t r a i l e r  and a  t e s t  t r o u g h  w i t h  con- 

t r o l l e d  w a t e r  d e p t h . )  

I n  u s i n g  Equa t ion  (B-2)) v a l u e s  o f  t h e  r a t i o  W/B were o b t a i n e d  

f o r  t y p i c a l  v e h i c l e s  [258, 2591 and v a l u e s  o f  CH f o r  t y p i c a l  t i r e s  

111, 121. 

W/B v a l u e s  were found t o  range  between 68 and 240 l b / i n .  The 

s m a l l e r  v a l u e s  a r e  a s s o c i a t e d  w i t h  s m a l l  au tomobi les  of  t h e  

" f o r e i g n  carT1 c l a s s  (weight  1,500 t o  2,000 l b ) ,  whereas t h e  l a r g e r  



- .  val .des  a r e  t y p l c a i  c f  s : 2 t l z r e  Tc;2-"on 2x6 , ~ r n ? i i ~ l n e  ~ 1 3 s ~  : i ~ i t ~ c l i l -  

b i l e z .  T h i s  i s  a n  i n t e r e s t i c g  ?l.Clng ;i:,ce i t  i m p l i e s  t h a t  

s m a l l e r  v e h l c i e s  a r e  x o r e  l i k e l y  e x p e r i e n c e  hydroplaning. I n  

constructing t h e  n o m o g r ~ ? h  a  v a l u e  o f  65 l b / i n  was .dsed f o r  W/B. 

T h i s  means t h a t  t h e  h y e r o p l a n i n p  o r  wet  s k i d  s p e e d ,  d e t e r m i n e d  

f rom t h e  nomograph,  w i l l  by? a  w o r s t  c a s e  c o c d i t i o n .  

V a l u e s  o f  CH f o r  t , y ? i c z l  t i r e s  a r e  shown on t h e  nomograph.  

As i n d i c a t e d  i n  Appendix  A ,  Gengenbach found  f o r  smooth ,  conven- 

t i o n a l  t i r e s  t h a t  C ,  v a r i e i i  z c c o r d i r i g  t o  t h e  f o l l o w i n g  f o r m u l a :  
ki 

where  

W =  res scribed maximum t i r e  l o a d  c a p a c i t y  
C - 

I n  p r a c t i c e ,  W /W i s  no  more t h z n  a b o u t  1 . 8 .  T h e r e f o r e ,  a  w o r s t  
C 

c a s e  v a l u e  o f  CH f o r  a  smooth  c o n v e n t i o n a l  t i r e  i s  a b o u t  100. 

T h i s  i s  t h e  v a l u e  shown on t h e  nomograph.  

S u r f a c e  e f f e c t s  weye d i f f i c u l t  t o  d e t e r m i n e  s i n c e  a l l  o f  t h e  

Gengenbach d a t a  was c o l l e c t e d  u s i n g  t h e  same s u r f a c e - - a  w a t e r -  

p r o o f  a b r a s i v e  l i n i n g  o f  g r a i n  s i z e  80. ( T h i s  meaEs t h a t  t h e  

s u r f a c e  a b r a s i v e  must  p a s s  t h r o u g h  a  s c r e e n  o f  80 m e s h e s / l i n e a l  

i n c h . )  Under Kurnmerfs c l a s s i f i c a t i o n  s y s t e m  ( s e e  S e c t i o n  A . 1 . 2 )  

t h i s  would b e  c a l l e d  a  f i r l e  t e x t ~ r e d ,  g r i t t y  s u r f a c e .  I n  o r d e r  

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

o r  wet  sk:d s p e e d ,  VU a s  computed f rom E q u a t i o n  ( B - 2 ) ,  was m u l t i -  

p l i e d  by a  s u r f a c e  f a c t o r  c o n s t a n t .  F o r  a  f i n e  t e x t u r e d ,  g r i t t y  

s u r f a c e  t h e  c o n s t a n t  i s  1.0. F o r  o t h e r  s u r f a c e s ,  t h e  c o n s t a n t  

was d e t e r m i n e d  by t h e  f o l l o w i n g  r a t i c :  

V H ( s u r f a c e  n )  
K = V E ( f i n e  t e x t u r e d ,  g r i t t y  s u r f a c e )  

where  VH i s  t h e  h y d r o p l a n i n g ,  o r  wet  s k i d  s p e e d .  V a l u e s  o f  K 

were  computed f rom two s e p a r ~ t e  s e t s  o f  c o n s i s t e n t  d a t a  ( i . e . ,  



same t i r e s ,  t i r e  p r e s s u r e ,  t i r e  l o a d i n g ,  and  w a t e r  d e p t h )  and 

a v e r a g e d  [ 2 ,  281. These  v a l u e s  a r e  shown on t h e  nomograph.  

B.2 NOMOGRAPH USE 

The u p p e r  row of t h e  nomograph r e p r e s e n t s  a g r a p h i c a l  so -  

l u t i o n  o f  E q u a t i o n  ( B - l ) .  The l o w e r  row r e p r e s e n t s  E q u a t i o n  

(B-2). 

A sample  s o l u t i o n  i s  shown f o r  t h e  f o l l o w i n g  p a r a m e t e r  

v a l u e s  : 

48 f t / f t  

0 . 8  i n / h r  

20  F t  

0 .10  i n  

0 . 2 0  i n  

2 5  - Closed  t r e a d ,  r a d i a l  t i r e  

0 . 6 5  - Coar se  t e x t u r e d  smooth s u r f a c e  

F o r  t h i s  example ,  t h e  h y d r o p l a n i n g  o r  wet s k i d  s p e e d  i s  2 4  mph. 
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PZOFOSED RZSKARCH PLAN 

Z m p i ~ l c a l  v e r l f l c a ~ i o n  o f  the a d v e r : ; ~  s : i f e t y  e f f e c t s  o f  

s t u d d e 6  t i r e - i n c ~ r ~ ~ e d  r o a d  damakgz > resen t : :  many J i f f  i c i l l t i ~ s  . The 

s r o b l e m s  a r i s e  f r o n  t h e  w i d e  varie::: o f  p r e c o n d i t i o n s  wh ich  may 

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

r a t h e r  p o o r l y  u n d e r s t o o z  mechanisms wh ich  p r o d u c e  a c r a s h  m d e r  a 

p a r t i c u l a r  s e t  o f  c i r c u ? - i s t a n c e s .  The work n e c e s s a r y  t o  d i r e c t l y  

v e r i f y  t h e  e f f e c t s  o f  s t u d 2 e d  t i r e  damage OK c r a s h e s  w i l l  b e  ex-  

t e n s i v e ,  a n d  t h e  d e c i s i o n  t o  embark on  s u c h  a  p r o j e c t  mus t  w e i g h  

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

t h i s  a r e a  a g a i n s t  t h e  p o t e n t l a 1  p a y c f f s  f r o n  o t h e r  r e s e a r c h ;  e . g . ,  

t h e  n e e d  f o r  b e t t e r  d e f i r l i t i o n  o f  t h e  p r o p e r t i e s  o f  t h e  t i r e / r o a d  

i n t e r f a c e .  

An e x p e r i m e n t a l  r e s e a r c h  p l a n  s h o u l d  i n v o l v e  f o u r  m s j o r  i n -  

t e r r e l a t e d  a c t i v i t i e s :  ( 1 )  d e f i n i t i o n  o f  t h e  e x t e n t  o f  damage t o  

a  p a r t i c u l a ~  r o a d  n e t w o r k ,  ( 2 )  e x a h i n a t i o n  o f  t h e  p r e s e n t l y  a v a i -  

l a b l e  a c c i d e n t  d a t a  t o  d e t e c t  a n y  a s s o c i a t i o n  b e t w e e n  s t u d d e d  

t i r e  damage a n d  a c c i d e n t  p a t t e r n s ,  (3) o b s e r v a t i o n s  o f  t r a f f i c  

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

a n d  h e a v i l y  eaixaged roadway s e c t i o n s ,  a n d  ( 4 )  c o l l e c t i o n  o f  sup -  

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

mine  u n i q u e  p a t t e r n s  o f  v e h i c l e  d y n a m i c s  i n  t h e  c r a s h  s e q u e n c e  

a s s o c i a t e d  w i t h  s t u 6 d e d  t i r e - d a m a g e d  roadway s e c t i o n s .  

The i n v e s t i g a t i o n  would  b e  c o n d u c t e d  i n  two p h a s e s .  D u r i n g  

t h e  f i r s t  p h a s e ,  measu remen t  o f  s t u d d e d  t i r e  damage a n d  a n a l y s i s  

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

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

p o t e n t i a l  h a z a r d ,  a n d  if t h e  p o t e ~ t i a l  e x i s t s ,  w h e t h e r  o r  n o t  t h e  

damaged s e c t i o n s  d i s p l a y  a  s u b s t a n t i a l l y  d i f f e r e n t  a c c i d e n t  ex-  

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

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

c a n  b e  i m p l e m e n t e d  t o  d e m o n s t r a t e  more c l e a r l y  t h e  p r e c i s e  n a t u r e  

o f  t h e  h a z a r d s  c r e a t e d  3y t h e  s t u d d e d  t i r e  damage .  



The most a t t r a c t i v e  l o c a t i o n  f o r  t h e  i n v e s t i g a t i o n  i s  one o f  

t h e  t u r n p i k e  sy s t ems  l o c a t e d  i n  t h e  n o r t h e r n  s t a t e s .  These  s y s -  

tems p o s s e s s  s e v e r a l  f e a t u r e s  which s t r o n g l y  recommend them.  They 

p r e s e n t  t h e  high-volume,  w e l l - c o n s t r u c t e d  r o a d s  t h a t  w i l l  e xpe r -  

i e n c e  s u b s t a n t i a l  s t u d d e d  t i r e  damage. The t r a f f i c  and a c c i d e n t  

d a t a  a v a i l a b l e  f rom them i s  good.  Normal a c c o u n t i n g  p r o c e d u r e s  

e n s u r e  a c c u r a t e  c o u n t s  o f  t r a f f i c  volume. The r o a d s  a r e  w e l l  pa-  

t r o l l e d  by s p e c i a l l y  a s s i g n e d  p o l i c e  u n i t s  which w i l l  y i e l d  q u i t e  

f u l l  a c c i d e n t  cove rage  and a h i g h  s t a n d a r d  o f  r e p o r t  q u a l i t y .  

A d m i n i s t r a t i v e l y ,  t h e  t u r n p i k e s  a r e  o p e r a t e d  by a  semi-autonomous 

s t a t e  agency which w i l l  min imize  t h e  p rob lems  of  o p e r a t i n g  a 

m u l t i - p h a s e  i n v e s t i g a t i o n * .  

Ye t ,  t h e  t u r n p i k e s '  un ique  a d v a n t a g e s  pose  p rob lems  o f  t h e i r  

own. F i r s t ,  q u i t e  p o s s i b l y  f o r  r e a s o n s  i n d i c a t e d  above ,  t h e  

t u r n p i k e s  have  a n  a c c i d e n t  e x p e r i e n c e  which i s  f a r  b e t t e r  t h a n  

t h e  t y p i c a l  p o r t i o n s  o f  t h e  I n t e r s t a t e  s y s t e m .  The g e n e r a l i t y  o f  

t u r n p i k e  r e s u l t s  migh t  b e  q u e s t i o n e d ,  and d e t e c t i n g  d i f f e r e n c e s  

o n  a l o w e r  a c c i d e n t  r a t e  b a s e  imposes  more s t r i n g e n t  s t a t i s t i c a l  

r e q u i r e m e n t s .  F u r t h e r ,  t h e  u n i f o r m l y  h i g h  ma in t enance  s t a n d a r d s  

o f  t h e  t u r n p i k e s  may p r e v e n t  as s e v e r e  damage f rom a p p e a r i n g  as 

would b e  found on some I n t e r s t a t e s .  Both o f  t h e s e  p rob lems  sug- 

g e s t  t h e  p o s s i b i l i t y  o f  a Type I1 e r r o r  i n  n o t  f i n d i n g  a n  e f f e c t  

when, i n d e e d ,  one i s  p r e s e n t .  I n  t h i s  s e n s e  t h e  p r e s e n t  program 

p o s e s  a s t r o n g  t e s t  o f  t h e  a d v e r s e  s a f e t y  e f f e c t s  o f  s t u d  damage, 

s i n c e  i f  an  e f f e c t  i s  found  on a  r e c o g n i z a b l y  s a f e  r o a d  sy s t em,  i t  

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

Problems t h a t  were  l i k e l y  t o  c r o p  up i n  u s i n g  r e g u l a r  I n t e r -  

s t a t e  o r  o t h e r  l i m i t e d - a c c e s s  highways a l s o  weighed h e a v i l y  i n  

t h e  recommendat ion f o r  u s i n g  t o l l  r o a d s .  F i r s t ,  t o  d e t e c t  p o s s i b l y  

*The d e c i s i o n  t o  u s e  t u r n p i k e  a u t h o r i t i e s  i s  n o t  i n t e n d e d  as any 
r e f l e c t i o n  on t h e  e x c e l l e n t  r e s e a r c h  e f f o r t s  and f a c i l i t i e s  o f  
s t a t e  highway d e p a r t m e n t s ,  b u t  t h e  t u r n p i k e s  a r e  i n  t h e  un ique  po- 
s i t i o n  o f  h a v i n g  c e n t r a l  r e s p o n s i b i l i t y  f o r  a l l  p h a s e s  o f  o p e r a t i o n  
i n c l u d i n g  c o n s t r u c t i o n ,  ma in t enance ,  t r a f f i c ,  and en fo rcemen t  
which g r e a t l y  s i m p l i f i e s  t h e  p rob lems  o f  o r g a n i z i n g  t h e  r e s e a r c h  
p r o j e c t .  



f i n e  s t a t i s t i c a l  d i f f e r e n c e s  w l l l  r e q 7 ~ i r e  h i g k l y  a c c . ~ r a t , e  t r a f f i c  

volume i n f c r m a t i o n ,  which w o u l ~  r e q u i r e  s n  e x p e n s i v e ,  a d d i t i o n a l  

r e s e a r c h  i n v e s t m e n t  on 2 o n - t o l l  r o a d s .  Secand ,  t r a f f i c  c o n d i t i o n s  

on t u r n p i k e s  t e n d  t o  be  more u n i f o r m  t h r o u g h  t h e  a b s e n c e  o f  heavy 

commuter t r a f f l c  and f r e q u e n t  interc1ianp;en found i n  t h e  u r b a n  p o r -  

t i o n s  o f  t h e  I n t e r s t a t e  s y s t e m .  T h i r d ,  a l t h o u g h  l i t t l e  h a r d  d a t a  

I s  a v a i l a b l e  t o  s u b s t a n t i a t e  t h e  a s s u m p t i o n ,  t h e  t y p i c a l .  t u r n p i k e  

d r i v e r  may be  b o t h  more ma tu r e  and l i t e r a l l y  more s o b e r  t h a n  t h e  

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

f r e e w a y s  w i l l  t e n d  t o  have  more e x t r a n e o u s  v a r i a t i o n  i n  t h e i r  d a t a  

and  hence  t h e  t u r n p i k e s f  a d v a n t a g e s  would seem t o  ou twe igh  t h e i r  

p r o b l e m s .  

I n  f o r m u l a t i n g  t h i s  e x p e r i ~ e n t a l  p l a n ,  o f f i c i a l s  o f  t h r e e  

t u r n p i k e s ,  t h e  New York Thruway, t h e  Ohio T u r n p i k e ,  and t h e  I n d i a -  

n a  T o l l  Road, were  c o n t a c t e d  t o  d i s c u s s  t h e  a n t i c i p a t e d  r e s e a r c h  

e f f o r t .  A l l  t h r e e  a g e n c i e s  e x p r e s s e d  i n t e r e s t  i n  p o s s i b l e  p a r t i -  

c i p a t i o n ,  p r o v i d e d  t h a t  a p p r o p r i a t e  a r r a n g e m e n t s  were  made, and 

o f f e r e d  many u s e f u l ,  c o n c r e t e  s u g g e s t i o n s  on t h e  o p e r a t i o n a l  p ro -  

b lems o f  c o n d u c t i n g  t h e  p rogram.  Based on t h e  o b s e r v a t i o n s  d u r i n g  

t h e  v i s i t s ,  t h e  Kew York Thruway h a s  e x p e r i e n c e d  t h e  most s e v e r e  

damage a n a  p o s s e s s e s  a  s u f f i c i e r , t l y  l a r g e  t r a f f i c  volume t o  o f f e r  

good e x p e r i m e n t a l  p o s s i t i l i t i e s .  The Ohio T u r n p i k e  h a s  e x p e r i e n c e d  

somewhat l e s s  damage t h a n  t h e  New York Thruway, b u t  h a s  a l r e a d y  

comple t ed  t h e  f i r s t  p rogram e l emen t  ( a  s u r v e y  o f  s t u d d e d  t i r e  da- 

mage) and o f  t h e  t h r e e  s y s t e m s ,  Ohio seemed p a r t i c u l a r l y  r e c e p t i v e  

t o  r e s e a r c h  e f f o r t s .  The I n d i a n a  T o l l  Road f o r t u n a t e l y  h a s  e s -  

c aped  t h e  e x t e n t  o f  damage s u f f e r e d  by t h e  o t h e r  two highways and  

t h e r e f o r e  i s  n o t  a 1ike;y  c a n d i d a t e .  Between New York and Ohio,  

t h e  c h o i c e  i s  c l o s e ;  f i n a l  d e t e r m i n a t i o n  s h o u l d  be  made o n l y  a f t e r  

more f u l l y  e x p l o r i n g  t h e  p rogram w i t h  t h e s e  a g e n c i e s .  

I n  t h e  s e c t i o n s  t h a t  f o l l o w  each  t a s k  w i l l  b e  d i s c u s s e d  i n  

more d e t a i l .  The e x p e r i m e n t a l  d e s i g n  e s t i m a t e s  which  have  been  

p r e p a r e d  a r e  b a s e d  on t h e  Kew York d a t a ,  b u t  c an  be  a p p l i e d  t o  
Ohio w i t h  s l i g h t  m o d i f i c a t i o n .  



C . 1  SURVEY OF ROAD DAMAGZ 

Before any o t h e r  meaningful  r e s e a r c h  can b e g i n ,  a  su rvey  of  

road  damage i s  needed,  bo th  t o  a l low an assessment  of t h e  r e l a t i v e  

s e v e r i t y  o f  t h e  p o t e n t i a l  haza rd  and t o  de te rmine  i f  s u f f i c i e n t l y  

l a r g e  s e c t i o n s  can be found t o  make s t a t i s t i c a l l y  v a l i d  compari- 

sons  of  a c c i d e n t  e x p e r i e n c e .  While t h e  p o t e n t i a l  f o r  damage has  

been e x p e r i m e n t a l l y  v e r i f i e d  and has  been of  g r e a t  concern ,  a r e a s  

o f  s e v e r e  damage p r e s e n t l y  have been conf ined  t o  l i m i t e d  highway 

s e c t i o n s  where c o n d i t i o n s  have been f a v o r a b l e  f o r  i t s  development .  

A s  i n d i c a t e d  i n  t h e  a n a l y s i s  of  a c c i d e n t  e x p e r i e n c e  which f o l l o w s ,  

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

l a r g e  roadway segments ,  bu t  o u r  i n f o r m a l  scann ing  of  s e v e r a l  ex- 

t e n s i v e  highway s t r e t c h e s  i n d i c a t e d  on ly  s l i g h t  damage t o  most 

a r e a s .  F i n a l l y  a s  a m a t t e r  of  a n a l y t i c a l  n e c e s s i t y ,  i t  must be 

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

l a r  road  segments .  Hence t h e r e  i s  a  need f o r  s y s t e m a t i c  assessment  

o f  t h e  damage b e f o r e  p roceed ing* .  

Two t y p e s  o f  s tud- induced changes must be a s s e s s e d :  t h e  e x t e n t  

of r u t t i n g ,  and a l t e r a t i o n s  i n  pavement f r i c t i o n  p r o p e r t i e s n n .  

While methods of c h a r a c t e r i z i n g  t h e  pavement on b o t h  t h e s e  dimen- 

s i o n s  a r e  s t i l l  e v o l v i n g ,  p r e s e n t l y  a v a i l a b l e  t e c h n i q u e s  w i l l  be 

used t o  c o l l e c t  d a t a .  For  changes i n  pavement f r i c t i o n  p r o p e r t i e s ,  

t h e  u s u a l  s k i d  t r a i l e r  t e c h n i q u e s  can be used .  Measurement of  

wheel p a t h  wear i s  no t  s t a n d a r d i z e d ,  b u t  a  t e c h n i q u e  s imilar  t o  

K e y s e r ' s  [166] seems most promis ing .  The amount of  d a t a  n e c e s s a r y  

f o r  a n a l y s i s  w i l l  depend on t h e  i n h e r e n t  v a r i a t i o n  i n  wear p a t -  

t e r n s ,  and a  two-stage sampl ing  p l a n  i s  s u g g e s t e d .  Both i s s u e s  a r e  

d i s c u s s e d  i n  d e t a i l  below. 

V o n c e r n  w i t h  t h e  p o t e n t i a l  damage i s  s t i l l  l e g i t i m a t e ,  s i n c e  t h e  
l i m i t e d  damage t o  d a t e  probably  p o r t e n d s  what w i l l  e v e n t u a l l y  oc- 
c u r  e l sewhere .  It i s  q u i t e  p o s s i b l e ,  though,  t h a t  t h e  problem cur-  
r e n t l y  i s  not  r e s e a r c h a b l e  a t  t h e  l e v e l  of  de te rmin ing  d i f f e r e n c e s  
i n  a c c i d e n t  r a t e s ,  s i n c e  s u f f i c i e n t l y  g r e a t  segments o f  highway 
have not  y e t  expe r i enced  damage. 

**The t e rm damage i s  no t  used w i t h  r e s p e c t  t o  changes i n  t h e  pave- 
ment f r i c t i o n  c h a r a c t e r i s t i c s ,  s i n c e  t h e  a c t i o n  of  s tudded  t i r e s  
may o r  may no t  a d v e r s e l y  a f f e c t  t h e s e  p r o p e r t i e s .  



C -1.1 Fl%ASU?.EMENT OF Wd!lI:L PArI'II 1;JZAR. blheel p a t h  wear  mea- 

su rement  by i t s e l f  i s  a:; ir~iicrdp!it;y s i r n p i ~ .  pl.oceFy,. A l l  one needs  

t o  c o l l e c t  q u i t e  a c c u r a 7 e  d a t a  i s  :I lol!i;, r e ssona1 , ly  f i r m  s t r ~ i g l i t  

edge  and a  m a c h i n i s t s t  s q u a r e .  The pro'nlcm i s  t o  c o l l e c l ;  l > n p i d l y  

l a r g e  amounts o f  d a t a  unde r  t r a f f i c  c o n d i t i c n s  t o  minirnjze t r l a f f i c  

c o n g e s t i o n  and crew h a z a r d .  While  more s o p h i s t i c a t e d  mesns might  

be  d e v i s e d ,  K e y s e r l s  p r o f i l o m e t e r  [ I 6 6 1  m o d i f i e d  t o  c o v e r  t h e  en- 

t i r e  t w e l v e - f o o t  l a n e  w i d t h  a ~ d  mounted on a t r u c k ' s  h y d r a u l i c  

t a i l g a t e ,  a p p e a r s  t o  be  t h e  most c o n v e n i e n t  a p p r o a c h .  The r e c o r -  

d i n g  medium used  can  b e  e i t h e r  p a p e r  s t r i p s ,  a s  o r i g i n a l l y  u sed  by 

Keyse r ,  o r  an  e l e c t r o n i c  s y s t e m .  Fo r  p a p e r  s t r i p s ,  a  l e v e r  arm 

r e s t i n g  a t  one end on t h e  s u r f a c e  and a t t a c h e d  t o  a t r a c i n g  pen 

w i l l  p roduce  a n  a c c u r a t e  r e c o r d  o f  t h e  p r o f i l e .  The r e c o r d s  can  

:hen b e  hand-measured a t  s u i t a b l e  i n t e r v a l s  ( s a y  t h r e e  I n c h e s ) ,  

,he measurements  t a b u l a t e d ,  and t h e s e  t a b u l a t i o n s  e n t e r e d  o n t o  

punch c a r d s  and  i n t o  t h e  compu te r .  T h i s  app roach  r e q u i r e s  a  rnini- 

mum o f  s p e c i a l i z e d  equipment  and p e r s o n n e l  and ,  c o n s e q u e n t l y ,  w i l l  

n eed  o n l y  a  s h o r t  t i m e  t o  implement .  However, t h e  d a t a  r e d u c t i o n  

p r o c e s s ,  p a r t i c u l a r l y  f o r  l a r g e  amounts o f  i n f o r m a t i o n ,  c an  be  

t i m e  consuming.  A l t e r n a t i v e l y ,  e l e c t r o n i c  t e c h n i q u e s  c a n  be  u sed  

t o  r e c o r d  t h e  d a t a .  I n s t e a d  o f  a  pen t r a c i n g  on p a p e r ,  t h e  l e v e l  

arm would b e  a t t a c h e d  t o  a p o t e n t i o m e t e r  ( p o t )  and t h e  v e r t i c a l  

d i s p l a c e m e n t  would be  r e c o r d e d  a s  a  s i g n a l  on one t r a c k  o f  a t a p e  

d a t a  r e c o r d e r .  S i m i l a r l y ,  t h e  l a t e r a l  d i s t a n c e  a c r o s s  r h e  r o a d  

can  be  r e c o r d e d  w i t h  a  s t r i n g  p o t ,  and t h e  d e g r e e  o f  s u p e r - e l e v a -  

t i o n  w i t h  a  pendulum p o t ,  on t h e  s econd  and t h i r d  t r a c k s  r e s p e c -  

t i v e l y .  The f o u r t h  t r a c k  can  be  u sed  t o  mark p a r t i c u l a r  s i t e s .  

Once r e c o r d e d ,  t h e  t a p e s  c an  be  p r o c e s s e d  w i t h  a n  a n a l o g  t o  d i g i -  

t a l  c o n v e r t e r ,  and t h e  d a t a  w i l l  b e  r e a d y  f o r  a n a l y s i s .  T h i s  

method b y p a s s e s  hand p r o c e s s i n g ,  which i n t r o d u c e s  e r ro r ; : ,  b o t h  i n  

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

f i c e  i n  measu r ing  and t a b u l a t i n g .  F i e l d  o p e r a t i o n  may a l s o  b e  

s l i g h t l y  f a s t e r  by e l i m i n a t i n g  s t e p s  n e c e s s a r y  t o  change p a p e r  

s t r i p s  and t o  a d j u s t  pens  f o r  e ach  o b s e r v a t i o n .  As a  d i s a d v a n t a g e ,  

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

n i c i a n s  t o  d e s i g n  and t o  a s s emb le  t h e  equ ipment ,  and l e s s  w i d e l y  



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

t a l  form.  The s e t - u p  c o s t s  f o r  t h e  e l e c t r o n i c  r e c o r d i n g  w i l l  b e  

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

v a t i o n  w i l l  b e  l o w e r .  

P r e l i m i n a r y  c o m p a r a t i v e  c o s t  a n a l y s i s  o f  t h e  two t e c h n i q u e s  

i s  i l l u s t r a t e d  i n  T a b l e  C - 1 .  F o r  500 o b s e r v a t i o n s ,  t h e  mechani-  

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

d i n g  due t o  h i g h  i n i t i a l  equipment  c o s t  f o r  t h e  more s o p h i s t i c a t e d  

a p p r o a c h .  F o r  2500 o b s e r v a t i o n s ,  t h e  c o s t s  a r e  r o u g h l y  comparab le  

if t h e  on-road c o l l e c t i o n  r a t e  f o r  e l e c t r o n i c  means a l l o w s  a 2 0 %  

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

f o r  b o t h  t e c h n i q u e s ,  t h e n  t h e  p o i n t  a t  which t h e  e l e c t r o n i c  ap- 

p r o a c h  b r e a k s  even  i s  i n  t h e  14,000-16,000 r a n g e .  Equipment c o s t  

e s t i m a t e s  were  b a s e d  on t h e  i n fo rmed  o p i n i o n  o f  HSRI  t e c h n i c a l  

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

components ,  p u r c h a s e  and assembly  o f  un ique  e l e c t r o n i c  components ,  

and r e n t a l  o f  a d a t a  r e c o r d e r .  C o l l e c t i o n  c o s t s  were  e s t i m a t e d  

on t h e  b a s i s  o f  a  two t e c h n i c i a n  crew o b t a i n i n g  f o u r  o b s e r v a t i o n s  

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

e l e c t r o n i c  means*. Hand m e a s u r i n g  and keypunch ing  c o s t s  a r e  b a s e d  

on  pe r fo rmance  o f  s imi lar  c o d i n g  t a s k s ,  and  t h e  computer  p r o c e s s i n g  

c o s t s  were  e s t i m a t e d  f rom t h e  c u r r e n t  c h a r g e  s t r u c t u r e  o f  t h e  HSRI 

1800/AD4 h y b r i d  computer  f a c i l i t y .  S i n c e  a c t u a l  c o s t s  w i l l  v a r y  

f rom o r g a n i z a t i o n  t o  o r g a n i z a t i o n ,  a more d e t a i l e d  a n a l y s i s  w i l l  b e  

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

be  u s e d .  A c o n s e r v a t i v e  app roach  would u s e  pen  r e c o r d i n g s  i n  t h e  

f i r s t  s t a g e  s amp le ,  and would t h e n  u s e  t h e  e x p e r i e n c e  and t h e  i n -  

d i c a t e d  sample  s i z e  t o  d e t e r m i n e  i f  e l e c t r o n i c  r e c o r d i n g  means 

w i l l  b e  c o s t - e f f e c t i v e .  

*Both e s t i m a t e s  may b e  somewhat o p t i m i s t i c ,  s i n c e  t h e y  b o t h  have  
assumed e i g h t  m i n u t e s  o f  t r a v e l  t i m e  be tween  s i t e s  and a s i n g l e  
u n i t  o p e r a t i o n .  A second  v e h i c l e  w i t h  d r i v e r  may b e  n e c e s s a r y  f o r  
t r a f f i c  p r o t e c t i o n  which would i n c r e a s e  t h e  c o s t s  by a b o u t  3 0 % .  
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Pen & Pape r  Reco rd ing  E l e c t r o n i c  F:ecording 

?<umber o f  O b s e r v a t i o n s  Number o f  O b s e r v a t i o n s  
r n  I t e m  - 2 ~ 0  2500 500 2500 

5qa ipment  Y 4 4133 

F l e l d  Crew $1875 

T a b u 1 a t l ~  $ 2C3 

Keypunchin2 $ 70 

Comguter ~ p s  . $ 30  

r l n m  
A u i ALS $2675 $11375 $5200 $12000 

C .1 .2  STATISTICAL VALI9IYY OF WSA3 FI'EASUREMENTS. A t w o - s t a g e  

p r o c e d u r e  will b e  u s e c  to S e s c r i b e  s t u d - i n d u c e d  changes  i n  pavement 

c h a r a c t e r i s t i c s .  The f i r s t  s t a g e  w i l l  measure  wear  p a t t e r n s  over  

two r e l a t i v e l y  s h o r t  i n t e r v a l s  c h n i g n w a y ,  one l i g h t l y  damaged and  

a n e  h e a v i l y  damaged, t o  d e t e r m i n e  t h e  v a r i a n c e  i n  wear p a t t e r n s  f o r  

a particular highway sezment  . If wear  p a J c t e r n s  a r e  f a i r > l y  u n i f o r m ,  

t h e n  a l i m i t e d  number of measurements  w i l l  b e  t a k e n  f rom e a c h  

highway segment t o  c h a r a c t e r i z e  t h e  wear  p a t t e r n  o v e r  t k e  e n t i r e  

highway s y s t e m .  

As d i s c u s s e 6  e a r l i e r ,  t h e  m o u n t  o f  zkud-ir1duced wear  i s  a 

f u n c t i o n  of volume cf v ? h i c l e s  ~ l t h  s t u d d e d  t i r e s ,  t r a f f i c  move- 

m e n t s ,  and highway m a t e r i a l s .  Of t h e s e  t h r e e  f a c t o r s ,  t ; r a f ? i c  vo- 

Idme and highway m a t e r i a l s  a r e  r e l e v z n t  t o  wear  p a t t e r n s  on main 

l a n e s  of high-vo lume,  i g t e r s t z t e  t y p e  r o a d s .  W i t h i n  t h l s  c o n t e x t ,  

a highway segment  i s  d e f i n e d  as t h e  l e n g t h  o f  pavement o v e r  which 

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

a  segment  i s  e i t n e r  t h e  e n t i r e  r o a d  be tween  two i n t e r c h a n g e s ,  o r  

t h e  portion of a n  i n t e r - i n t e r : 5 a n g e  ~ e g m e n t  which was c c n s t r u c t e d  

w i t h  t h e  same t y p e  o f  rr .aterial , . ; .  Tiie d e f i n i t i o n  i s  i l l u s t r a t e d  i n  



F i g u r e  C - 1  where  t h e  f i r s t  s e g r n c ~ ~ t  i s  t h e  e n t i r e  r o a d  be tween  

i n t e r c h a n g e  1 and i n t e r c h a n g e  2 ,  ;he s econd  segment i s  t h e  p o r t i o n  

o f  t h e  r o a d  be tween  i n t e r c h a n g e  2 and t h e  end o f  t y p e  1 pavement ,  

and t h e  t h i r d  segment i s  t h e  b a l a n c e  o f  t y p e  2 pavement be tween  

i n t e r c h a n g e  2 and  i n t e r c h a n g e  3 .  The f i r s t  s t a g e  e f f o r t  w i l l  b e  

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

t h e  s econd  s t a g e  e f f o r t  w i l l  b e  t o  examine wear  p a t t e r n s  among 

s e g m e n t s . #  

A b a s i c  r e s e a r c h  h y p o t h e s i s  i s  t h a t  t h e  wear  f ound  w i t h i n  a  

pavement segment  i s  r e l a t i v e l y  u n i f o r m .  The s u g g e s t e d  wear  mea- 

su r emen t  p rogram w i l l  t e s t  t h i s  h y p o t h e s i s .  The i n i t i a l  d e t a i l e d  

measurements  w i l l  e s t a b l i s h  w i th in - s egmen t  v a r i a t i o n  and  w i l l  de-  

t e r m i n e  t h e  number o f  measurements  needed  t o  e s t a b l i s h  among-seg- 

ment d i f f e r e n c e s  i n  w e a r .  I f  t h e  wear  found  i n  a  segment  i s  b o t h  

u n i f o r m  and p e r v a s i v e ,  t h e n  i t  can  be  assumed t h a t  t h e  damage w i l l  

a f f e c t  t r a f f i c  o v e r  t h e  e n t i r e  s egmen t ,  and t h a t  m e a n i n g f u l  s ta-  

t i s t i c a l  compa r i sons  can  be  made abou t  a c c i d e n t  e x p e r i e n c e  among 

s e g m e n t s .  

The s u g g e s t e d  r e s e a r c h  p l a n  h a s  been  c o n s t r u c t e d  on t h e  assum- 

p t i o n  t h a t  wear  w i l l  b e  u n i f o r m  o v e r  r e l a t i v e l y  l o n g  s e g m e n t s .  

The u n i f o r m i t y  a s s u m p t i o n ,  i f  v a l i d ,  p e r m i t s  t h e  p rogram t o  b e  

c o n f i n e d  t o  a manageab le  number o f  measurements  and a l l o w s  

s t r a i g h t f o r w a r d  t e s t i n g  o f  s t a t i s t i c a l  h y p o t h e s e s .  I f ,  however ,  

t h e  u n i f o r m i t y  a s s u m p t i o n  d o e s  n o t  h o l d ,  t h e  r e s e a r c h  p rob l ems  w i l l  

become f a r  more s u b s t a n t i a l - - p o s s i b l y  s o  s u b s t a n t i a l  t h a t  no  mean- 

i n g f u l  r e s u l t s  c o u l d  be  e x t r a c t e d .  S h o u l d ,  f o r  example ,  t h e  wear  

p a t t e r n s  b e  s u c h  t h a t  o n l y  s h o r t  segments  o f  a few y a r d s  t o  a round  

a  m i l e  have  r e l a t i v e l y  u n i f o r m  damage, t h e n  t h e  p r o p o s e d  r e s e a r c h  

d e s i g n  would b e  i n v a l i d .  Under c o n d i t i o n s  o f  ex t r eme  v a r i a b i l i t y ,  

i t  i n d e e d  would b e  d i f f i c u l t  t o  p e r f o r m  any e m p i r i c a l  r e s e a r c h .  

*One s l i g h t  p rob l em w i t h  t h i s  d e f i n i t i o n  i s  t h e  t r e a t m e n t  o f  po r -  
t i o n s  o f  t h e  roadway w i t h i n  an  i n t e r c h a n g e  a r e a  s u c h  a s  be tween  
ramps .  Two a p p r o a c h e s  c a n  b e  u s e d .  One i s  t o  a r b i t r a r i l y  d e f i n e  
t h e  boundary  be tween  t h e  two segments  as t h e  p o i n t  midway be tween  
t h e  two most w i d e l y  s e p a r a t e d  ramps .  A more a n a l y t i c a l l y  conven- 
i e n t  a p p r o a c h  i s  t o  c o n s i d e r  t h e  i n t e r c h a n g e  a r e a  and  some d i s t a n c e  
f r o m  i t ,  s a y  - 2 5  m i l e ,  a s  a d i s t i n c t  pavement segment .  



Segrr.ent 1 Segne~t 2 Segment 3 

I H I - _ n ? e r c h a r g e  1 Interchange 2 Interchange 3 



About t h e  b e s t  t h a t  c o u l d  b e  done would b e  t o  t a k e  i n t e n s i v e  wear  

measurement f o r  a  l a r g e  s a n p l e  cf s egmen t s ,  and t o  o b t a i n  s i m i l a r  

measurements  a t  a  l a r g e  number o f  a c c i d e n t  s i t e s .  The r e s e a r c h e r s  

c o u l d  t h e n  compare t h e  e x t e n t  o f  damage a t  a c c i d e n t  s i t e s  w i t h  

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

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

t h i s  p r o c e d u r e  w i l l  b e  s u b j e c t  t o  t h e  u s u a l  l o g i c a l  p i t f a l l s  o f  

any i n d u c t i v e  s t u d y .  

U n f o r t u n a t e l y ,  no i n f o r m a t i o n  i s  c u r r e n t l y  a v a i l a b l e  t o  i n -  

d i c a t e  which c o n d i t i o n s  zre  l i k e l y  t o  h o l d .  F i e l d  o b s e r v a t i o n s  o f  

damage have c e n t e r e d  on measu r ing  wear  o v e r  t i m e  a t  s e l e c t e d  s p o t s ,  

r a t h e r  t h a n  on d e s c r i b i n g  damage f o r  l o n g  r o a d  s egmen t s .  An i n -  

v e s t i g a t i o n  o f  damage s i m i l a r  t o  t h e  one recommended was i n  p ro -  

g r e s s  i n  Ohio,  b u t  t h e  r e s u l t s  a r e  u n l i k e l y  t o  be  a v a i l a b l e  soon .  

One o f  t h e  i n v e s t i g a t o r s  d e v o t e d  e f f o r t  t o  t h e  p rob l em.  H i s  ob- 

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

damage p a t t e r n s  i n  t h e  n e a r  f u t u r e ,  He, w i t h  t h e  a s s i s t a n c e  o f  

a  number o f  highway o f f i c i a l s ,  was a b l e  t o  l o c a t e  o n l y  s p o r a d i c  

o c c u r r e n c e s  o f  mode ra t e  t o  s e v e r e  damage. While  t h e s e  a r e a s  

migh t  p o r t e n d  f u t u r e ,  more e x t e n s i v e  damage on more e x t e n s i v e  r o a d  

a r e a s ,  t h e i r  p r e s e n t l y  l i m i t e d  n a t u r e  w i l l  po se  d i f f i c u l t  p rob lems  

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

a l t e r n a t i v e  p l a n s .  S t i l l ,  i n  a r e a s  where damage had o c c u r r e d ,  i t  

a p p e a r e d  t o  b e  f a i r l y  u n i f o r m  o v e r  e x t e n d e d  s e g m e n t s .  Hence,  t h e  

recommended p l a n  was d e v e l o p e d  r a t h e r  t h a n  a l t e r n a t i v e  p l a n s .  

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

n i n g  wear  u n i f o r m i t y  i s  c l o s e l y  t i e d  t o  t h e  g e n e r a l  p rob l em o f  

c h a r a c t e r i z i n g  pavemen t s ,  a n d ,  h e n c e ,  u n t i l  t h e  more g e n e r a l  p ro -  

b lem i s  r e s o l v e d  no e n t i r e l y  s a t i s f a c t o r y  s t a t i s t i c a l  a p p r o a c h  

c a n  be  a d o p t e d .  F o r  t h e  p r e s e n t ,  t h e  most s t r a i g h t f o r w a r d  ap- 

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

normal  d i s t r i b u t i o n .  F o r  e a c h  p r o f i l e  measured ,  t h e  d e p t h  o f  

wear  f o r  a number o f  p o i n t s  a c r o s s  t h e  p r o f i l e  can  b e  r e c o r d e d  s o  

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

y = ( Y ~ ,  Y 2 2  . . .  y i ,  . . .  y n )  where y,  i s  t h e  d e p t h  o f  wear a t  t h e  
I 

i t h  p o i n t  on t h e  p r o f i l e .  



, - 
L ~ ~ . , ~  2 c r ( ~ s . ?  t n e  p F c f l l e  i n i t i a l l y  needs  The nuni=?r of  oksp--vai ' - - -  

t o  b e  q u i t s  l a r g e ,  s c  2s t o  y i e l d  q ~ i t e  aK a c c u r a t ?  e s t i m a t e  o f  

t h e  s t r u c t u r e  o f  i n t e r c o r r e 1 a t l c ; - . s  amang t h e  r c i n t s ;  e r e e s u r e m e n t  

i n t e r v a l  cf 1 . 5  o r  3 . 9  I n c h e s  s e ~ r ~ ~ ,  a p p r o p r i a t e  an\d w j l i  p roduce  a  

v e c t a r  o f  9 0  o r  48 o b s e r v a t i o n ; ;  pel?  p r o f i l e .  To e s t , a b l i s h  s t a t i s -  

t , i c a i  v a l i c i t y  , t w i c e  a2 many ? r ~ f l  let: a s  o b s e r v a t i o n s  p e r  p r o f i l e  

s h o u l d  be  t a k e n  f o r  ea:? segment i n  tf ie  i n i t i a l  s amp le .  Hence,  

i f  t h e  o r i g i n a l  measu reaen t  i n t e r v a l  was 1 . 5  i n c h e s ,  192 ~ r o f i l e s  

p e r  segrner-t would be  r e q u i r e d .  Once t h e  d a t a  h a s  been  c o l l e c t e d ,  

i t  can  t h e n  h e  a s a l y z e d  t o  e s t a b l i s h  t h e  minimun number o f  p o i n t s  

c e r  p r ~ f i l e  and t h e  minimum number o f  p r o f i l e s  p e r  segment nece s -  

s a r y  t o  a c c u r a t e l y  d i f f e r e n t i z t e  between d e g r e e s  o f  w e a r .  Wi thou t  

such  5 d e t a i l e d  a n a l y s i s  i t  i z  n o t  p o s s i b l e  t o  p r e d i c t  t h ?  number 

o f  p r o f i l e s  p e r  segment s i n c e  t h e  m u l t i v a r i a t e  a p p r c a c h  I s  s u f f i -  

c i e n t l y  complex t o  make - a  p r i o r i  Judgements  u n r e l i a b l e 8 .  Al though  

t h e  e x a c t  number o f  m e a s u r e ~ i e n t s  p e r  segment c anno t  b e  a c c u r a t e l y  

p r e a i c t e d ,  a  r e a s c n a b l ?  upge r  bound on t h e  measurements  would b e  

two p e r  l a n e  p e r  m i l e .  A h i g h e r  p e r  m i l e  s a m p l i n g  r a t e  would i n -  

d i c a t e  t h a t  t h e  wear  pa ' c t e rn  i s  s o  v a r i a b l e  t h a t  a  g loba.1  app:roach 

i s  n o t  s u i t a b l e .  Yur the- ,  r e q u i r i n g  more t h a n  one p r o f i l e  p e r  

h a l f  m i l e  would make '5a;a c o l l e c t i o n s  c o s t s  p r o h i b i t i v e .  

Pavement f r i c t i o ~  T ; i i l i  be  measured u s i n g  t h e  c o n v e n t i o n a l  

s k l d  t r a i l e r  t e c h n i q u e s .  To p r o v i d e  a  c o n s i s t e n t  d a t a  b a s e ,  t h e  

s k i d  measurements  s h c u l d  be  c o r d u c t e d  a t  t h e  s a n e  p o i n t  as t h e  l a -  

t e r a l  p r o f i l e a  a r e  take;?,  arid t h e s e  r e a d i n g s  s h o u l d  be  i n c o r p o r a -  

t e d  i n t o  t h e  same c a t a  Base  a s  t h e  p r o f i l e  r , e a su remen t s .  Both  

s e t s  o f  measurements  s h o ~ l d  b e  conduc t ed  a t  some s t a n d a r d  r e f e r -  

e n c e  p o i n t  s u c h  a s  a  or ie- ter - tk  rn i le  ma rke r ,  s o  t h a t  t h e y  can  'be 

r e p l i c a t e d  t o  s h o ~  any p r o g r e s z i v e  e f f e c t s  o f  w e a r .  

C . 1 . 3  SUlWlIARY. Tc summarize ,  pavemect wear  w i l l  b e  measured 

%The m u l t i v a r i a t e  ~ o r m a l  d i s t r i t ~ l t i o n  i s  d i s c u s s e d  i n  mcst  advanced  
s t a t i s t i c a l  t e x t s .  It Ls used  t o  d e s c r i b e  t h e  j c i n t  o c c u r r e n c e  o f  
two o r  more r e l a t e d  e v e n t s .  F o r  example ,  i f  gne were  t o  c o l l e c t  
d a t a  on t h e  h e i g h t  and w e i g h t  o f  a number o f  i n d i v i d u a l s ,  t h e  p a i r s  
o f  h e i g h t / w e i g h t  o b s e r v a t i ~ n s  would have  a  b i v a r i a t e  normal  d i s t r i -  
b u t  i o n .  



. - u s i n g  c o n v e n t i o n a l  t e c h n i q u e s  s i : ~ i i a r  t o  t h o s e  deve loped  b y  Keyse r .  

The c h o i c e  o r  r e c o r d i n g  means ,  m e c h a n i c a l  o r  e l ? c t r o n i c ,  w i l l  de-  

pend on a  c o s t - e f f e c t i v e n e s s  a n a l y s i s  and t h e  number o f  measurements  

p e r  l a n e  p e r  m i l e  needed  f o r  s t a t i s t i c a l  v a l i d i t y .  O b s e r v a t i o n s  

w i l l  be  d i v i d e d  i n t o  two p o r t i o n s .  Tne f i r s t  s e t  w i l l  c o n s i s t  o f  

i n t e n s i v e  measurements  o f  a  b a d l y  worn and o f  a n  undamaged pavement 

s egmen t .  Da t a  c o l l e c t e d  d u r i n g  t h e  f i r s t  s e t  w i l l  b e  a n a l y z e d  t o  

d e t e r m i n e  t h e  number of measurements  needed  t o  a c c u r a t e l y  d e s c r i b e  

t h e  wear  on a p a r t i c u l a r  pavement s egmen t .  I f  o b s e r v a t i o n s  c a n  b e  

made l e s s  f r e q u e n t l y  tl- an two p e r  l a n e  p e r  m i l e ,  t h e n  t h e  s econd  

s e t  o f  p r o f i l e s  c o v e r i n g  t h e  e n t i r e  r o a d  s y s t e m  c a n  be  t a k e n ,  S i -  

m u l t a n e o u s l y ,  s k i d  measurements  w i l l  b e  made a t  t h e  same p o i n t s  as 

t h e  p r o f i l e s .  Both  s e t s  o f  d a t a  w i l l  b e  r e d u c e d  t o  computer  u s a b l e  

form,  and combined w i t h  t h e  a c c i d e n t  d a t a ,  d e s c r i b e d  below,  i n  

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

and s t u d - i n d u c e d  wear p a t t e r n s .  

C . 2  ACCIDENT DATA ANALYSIS 

The s econd  r e s e a r c h  t a s k  i s  t o  a n a l y z e  c u r r e n t l y  a v a i l a b l e  

a c c i d e n t  d a t a  f rom t h e  s t u d y  highway s y s t e m .  The r o a d  damage s u r -  

vey w i l l  b e  l i n k e d  w i t h  t h e  a c c i d e n t  d a t a  t o  d e t e r m i n e  i f  a s t a -  

t i s t i c a l  m e s n i n g f u l  r e l a t i o n s h i p  e x i s t s  between pavement wear  and 

c r a s h e s .  A n a l y s i s  w i l l  b e  pe r fo rmed  f o r  t h e  t o t a l  number o f  a c c i -  

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

s t a t i s t i c a l  t e c h n i q u e s .  A l a r g e  number o f  a c c i d e n t s  ( o n  t h e  o r d e r  

o f  a  y e a r ' s  e x p e r i e n c e  f o r  t h e  Ohio o r  New York t u r n p i k e s )  s h o u l d  

be  u s e d ,  s i n c e  i t  must b e  c o n s e r v a t i v e l y  assumed t h a t  t h e  r e l a t i v e  

e f f e c t  s o u g h t  i s  q u i t e  s m a l l .  

Two p r i n c i p a l  d i f f i c u l t i e s  i n  p e r f o r m i n g  any a c c i d e n t  d a t a  

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

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

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

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

coun t e rmeasu re  f o r  a q u i t e  l i m i t e c  a r e a ,  o r  w i t h  t r y i n g  t o  d e t e r -  

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



v e r y  s p e c i f i c  c o ~ i ~ t e r n e a s ~ r c ,  ~ u c : - ~  a s  p l a c i n g  a s t o p  s i g n  a t  a  

':)iir,d c c r n e r ,  can  r e d u c ?  th. :!i,nbe:? of acc iden t : :  p e r  vek. lc le  n i l e  

o r  p a s s a g e  .c;y m 3 r - l ~ ~  1-,1-3e:-.,: ,-f n;:i;Tl;:>;.:iid:?; b; i i i  :.'ilct\ t h e  p r ; L r t . c u l a r  
- -. 

l o c a t i o r .  3:3n L? 1 '~~ia ' ; . ive1 : j  T i l l ? ;  . ::a~ri'i\er o t' 3 i7 t tT  ~ icn t : ; ,  t.1e w :tie 

char-ce f i u c t u a t i c n s  eve- '." , ~ m t ?  l v i l l  11 t 2;lci t c  m;;icf, s t a t i s t i . c a . 1  com- 
- ,  2 a r i s o n s  d i f f i c u l t .  I n  ~ k e  d i f f ~ s e  e f f e c T s  c a s e ,  a  p a r t ' i c u l a r  

change ,  such  e s  i n c ~ e e s i n g  t h e  nlimber o f  p o l i c e  t r a f f i c  p a t r o l  

h 2 u r s  i n  aR a r e a ,  will have on ly  a  s n a l l  e f f e c t  a t  any p a r t i c u l a r  

l o c a t i o n .  Consequen t l y ,  l a r g e  b a s e  arid t e s t  a r e a s  n u s t  b e  ob- 

s e r v e d  f o r  l o n g  p e r i o d s  o f  t i m e  t c  g e n e r a t e  r e l i a b l e  s t a t i s t i c a l  
- - t e s t s .  l oweve r  ~ i t h  l c n g  ~ L s e r v a t i o r ~  t i m e s  and l a r g e  al-eas , t h e  

u n d e ~ l y i r ~ g  a s s i~ rnp t i on  of s l r n i l a ~  c k a r a c t e r i s t i c s  be tween  c o n t r o l  

and e x p e r i m e n t a l  a r e a s  jecomes i n c r e a s i n g l y  t e n u o u s .  I n  t h e  po- 

l i c e  p a t r o l  example ,  no two r ie ighhorhoods  a r e  q u i t e  a l i k e  i n  t h e  

make-up of  p o p u l a t i o n ,  5 r a f f i c  p a t t e r n ,  d e g r e e  o f  commerc i a l i z a -  

t i o n ,  anc  o t h e r  f e c t o r s  which can  a f f e c t  a c c i d e n t  e x p e r i e n c e .  As 

t i m e  p r o g r e s s e s ,  t r a v e l  p a t t e r n s  a r e  l i k e l y  t o  a l t e r  w i t h l n  any 

p a r t i c u l ~ r  a r e a  as new r o a d s  a r e  c o n s t r u c t e d ,  new s h o p p i n g  a r e a s  

opened ,  new h o u s i n g  d e v e l o p e d ,  and a s  o t h e r  t r a f f i c  improvement 

?Yograms o c c u r .  Con f ron t ed  w i t h  such  p rob l ems ,  one can e i t h e r  

a t t e m p t  t o  measure  concomi t an t  changes  and a l l o w  f c r  t h e i r  e f f e c t s  

i n  t h e  z n a i g s i s  and i n t 2 r p r e t a t i o n  o f  r e s u l t s ,  o r  one c a n  u s e  

m u l t i p l e  i n t e r m e d i a t e  measures  which a r e  more c l o s e l y  t i e d  t o  

t h e  p rob lem b e i n g  s t u d i e d .  

S tudded  t i r e - i n d u c e d  r o a d  damage a p p e a r s  t o  be  a  p rob lem o f  

d i f f u s e  e f f e c t s  a s  d e f i n e d  above ,  and c o n s e q u e n t l y  measurements  

must be  t aker .  o v e r  a  lai-ge a r e a  f o r  an  e x t e n d e d  p e r i o d  laf t i m e .  

By u s i n g  a  t u r n p i k e  s y s t e m ,  t h e  e f f e c t s  o f  e x t r a n e o u s  changes  be- 

t ihree~ t e s t  a r e a s  c an  be  min imized  t o  some e x t e n t  an6  changes  t h a t  

do o c c u r ,  ( i . e . ,  i r , c r e a s e s  i n  ? o l i c e  p a t r o l ,  t r a f f i c  c o . ? t r o l  i m -  

p rovemen t s ,  w e a t h e r  c o n d i t i o n s ,  and f l u c t u a t i o n s  i n  t r a f f i c  vclume)  

c a n  be  r e c o r d e d  and i n c o r p o r a 2 e d  i n t o  t h e  a n a l y s i s .  To some ex- 

t e n t  even  changes  i n  t r a f f i c  mix between a u ~ o m c b i l e  and t r u c k  

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

s e r i o u s  p rob lems  w i l l  r ema in ,  however .  The f i r s t  i s  o f  a  t e c h n i -  

c a l  n a t u r e .  Due t o  r e c o n s t r u c t i o n ,  some segments  o f  b o t h  t h e  



New York and Ohio s y s t e m s  ?lave iind t h e  o r i g i n a l  p c r t l n n d  cement 

c o r l s t r u c t i o n  o v e r l a i c h i  o ti: : ~ ; : ! ) I I ; L  11 . 'Phi:; migh t  p roduce  a. cond i -  

t i o n  i n  which o n l y  ~ l c i : l t  ivt.l,v : ; l ; ~ ? ; ' t ,  p;~verli~rlt .  : : t \ i ' t . i ~ ~ i : i  of' b ~ t j i  

t y p e s  d i s p l a y  a  p a r t i c u l a r  d e g r e e  o f  wea r ,  an2  c o n s e q u e n t l y  a f t e r  

a l l o w i n g  f o r  pavement t y p e  e f f e c t s ,  i n s u f f i c i e n t  d a t a  w i l l  r ema in  

t o  e s t i m a t e  wear  e f f e c t s .  I n  a more ex t r eme  c a s e ,  p a r t i c u l a r  

d e g r e e s  o f  wear  may be  c o n f i n e d  t o  p a r t i c u l a r  pavement t y p e s ,  

t h u s  u t t e r l y  con found ing  t h e  e f f e c t  o f  pavement t y p e  and  wea r .  

U n f o r t u n a t e l y ,  t h i s  s i t u a t i o n  may be  q u i t e  l i k e l y  t o  a r i s e ,  s i n c e  

t n e  new a s p h a l t  o v e r l a y s  w i l l  h ave  l i t t l e  wear  w h i l e  t h e  o l d e r  

p o r t l a n d  cement w i l l  b e  more s e r i o u s l y  worn.  The s econd  p rob l em,  

which  I s  o f  l e s s  s e r i o u s  consequence ,  i s  t h a t  d r i v i n g  p a t t e r n s ,  

even  a p a r t  f rom d i f f e r e n c e s  i n  t r a f f i c  volume and  v e h i c l e  mix,  

c an  v a r y  f rom segment  t o  segment  o f  a  l o n g  highway s y s t e m .  What 

e f f e c t ,  if a n y ,  t h i s  w i l l  h ave  on t h e  a n a l y s i s  i s  p r o b l e m a t i c a l ,  

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

t h a t  f o r  b o t h  New York and  Ohio ,  c e r t a i n  s e c t i o n s  c a r r y  l a r g e  vo- 

lumes o f  commuter t r a f f i c  w h i l e  o t h e r s  a r e  o r i e n t e d  p r e d o m i n a n t l y  

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

o f  pavement wear  and pavement t y p e  e f f e c t s ,  t h e  o v e r a l l  p rob l ems  

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

S e v e r a l  s t a t i s t i c a l  methods w i l l  b e  u s e d .  I n i t i a l l y ,  pave-  

ment s egmen t s  w i l l  b e  c l a s s i f i e d  b y  pavement t y p e  and by two o r  

p o s s i b l y  t h r e e  wea r  l e v e l s :  s l i g h t l y ,  m o d e r a t e l y ,  and s e v e r e l y  

damaged. S t a n d a r d  a n a l y s i s  o f  v a r i a n c e  t e c h n i q u e s  w i l l  b e  a p p l i e d  

t o  f i n d  any s i g n i f i c a n t  d i f f e r e n c e s  i n  a c c i d e n t  r a t e s  among s eg -  

ment s . 
I f  s u c h  d i f f e r e n c e s  a r e  f o u n d ,  m u l t i p l e  l i n e a r  r e g r e s s i o n  

W n e  p o s s i b l e  e f f e c t  o f  t h i s  p rob l em can  b e  found  i n  N e w  York 
where  t h e  damaged a r e a s  a re  m o s t l y  i n  t h e  u p s t a t e  p o r t i o n s  o f  t h e  
Thruway, and  t h e  undamaged a r e a s  c l o s e r  t o  New York C i t y .  I n  
a n a l y z i n g  t h e  r e l a t i v e  f r e q u e n c y  o f  wet  w e a t h e r  a c c i d e n t s  on da- 
maged and undamaged s e c t i o n s ,  t h e  r e s u l t s  may b e  p a r t l y  con tamina-  
t e d  by commuter t r a f f i c  b e i n g  r e l a t i v e l y  l e s s  s e n s i t i v e  t o  w e a t h e r  
c o n d i t i o n s  t h a n  l o n g  d i s t a n c e  t r i p s ,  s i n c e  t h e  l a t t e r  a r e  some- 
what more d i s c r e t i o n a r y .  



t e c h n i q u e s  1 . j i l 1  be  u sed  Cc r,;ec:?; ti .e r e l a t i c : - ; , s b ip  amo:ys t h e  

v a r i a b l e s  :ore e x a c t l y .  S p e e i f i c ~ l l ; : ,  two S;AC:? r e l a t i o n s h i p s  t h a t  

might  be  t e s t e d  a r e :  

(1) A C C ,  = a. + a,VlriL;: + 2 k$!3ARi + a SDUEARi t a4PTYPEi + 
L I i 2 3 

a ,  P T P E  + a,ln(PCNWET, ) t u 
4 i , i 

where  : 

A C C i  i s  t h e  number o f  a c c i d e n t s  c n  t h e  i t h  segment ,  

VMILEi i s  t h e  number o f  v e h i c l e  m i l e s  on t h e  i t h  s sgmen t ,  

AWEARi i s  t h e  a v e r a g e  d e p t h  o f  wear on t h e  i t h  s e g n e n t ,  

SDWEARi i s  t h e  s t a n d a r d  a e v i a t i o l  o f  wear  on t h e  i t1  segmen t ,  

PTYPEi i s  t h e  pavement t y c e ,  where O=gor t l and  ceme:qt and 
l = a s p h a l t ,  I n  t h e  i t h  segment ,  

PCNWET, i s  t h e  p e r c e n t  o f  t i m e  t h a t  t h e  pavement seg-nent  i s  
w e t ,  

u i i s  B r a n d o c  e r r o r  t e r m ,  

a  
j 

i s  t h e  c o e x i c i e n t  o f  t h e  j t h  v a r i a b l e ,  and a i s  
t h e  i n t e r c e p t  o f  t n e  r e g r e s s i o n  l i n e ,  and 0 

I n ( )  d e s i g n a t e s  t h e  n a t u r a l  l o g a r i t h a  o f  t h e  p a r t i c u l a r  
v a r i a b l e .  

Z q u a t i o n  ( C - 1 )  t e s t s  t h e  a s s u m p t i o n  t h a t  t h e r e  i s  a s t r i c t  l i n e a r  

r e l a t i o n s h i p  among t h e  v a r i a b l e s ,  w h l i e  E q u a t i o n  (C-2) t e s t s  t h e  

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

t h e  v a r i a b l e s  a r e  relatively s e l f - e x p l a n a t o r y  w i t h  t h e  p o s s i b l e  

e x c e p t i o n  of SDWEAR, which i s  i n c l u d e d  a s  an  a t t e m p t  t o  d e t e r m i n e  

if a h i g h l y  v a r i a t e d  wear  p a t t e r n  i s  r e l a t i v e l y  more o r  l e s s  



daizgerous t h a n  a  u n i f o r ~  o n e .  

The f i n a l  a n a l y s i s  a c t i v i t y  will examine i n  more d e t a i l  d i f -  

f e r e n c e s  be tween  wet and  d r y  w e a t h e r  a c c i d e n t s  on d i f f e r i n g  pave-  

ment s e g m e n t s .  Ch i - squa re  a n a l y s i s  o f  c o n t i n g e n c y  t a b l e s  c an  b e  

pe r fo rmed  f o r  t h e  f o l l o w i n g  c o m b i n a t i o n s :  pavement t y p e  by d e g r e e  

o f  wear  by wet and d r y  w e a t h e r  a c c i d e n t s ,  pavement t y p e  by d e g r e e  

o f  wear  by wet and d r y  w e a t h e r  a c c i d e n t s  a d j u s t e d  f o r  p r o p o r t i o n  

o f  wet and d r y  d a y s  on s e g m e n t s ,  and wet w e a t h e r  a c c i d e n t s  f o r  

pavement t y p e  o f  t y p e  o f  a c c i d e n t s  ( l o s s - o f - c o n t r o l  v s .  o t h e r  

t y p e s ) .  The f i r s t  a n a l y s i s  w i l l  t e s t  t h e  h y p o t h e s i s  t h a t  d i f f e r -  

e n t  segments  e x p e r i e n c e  a  g r e a t e r  o r  l e s s e r  amount o f  wet  w e a t h e r  

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

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

f e r e n c e s  i n  c l i m a t e  be tween  t h e  worn and unworn segments  which 

might  a c c o u n t  f o r  t h e  d i f f e r e n c e s  i n  wet w e a t h e r  a c c i d e n t s .  The 

t h i r d  a n a l y s i s  examines  t h e  q u e s t i o n  o f  w h e t h e r  d i f f e r e n c e s  c a n  be  

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

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

p r e s e n t e d  i n  T a b l e  C - 2 # .  

T a b l e  C-2 

Example o f  Con t i ngency  T a b l e  
3 

X' A n a l y s i s  - 

Pavement Type 

S l i g h t  Wear 

Modera te  Wear 

S e v e r e  Wear 

TOTAL 

Wet - 

Pavement C o n d i t i o n  

Dry Tot  a 1  

where  : 

'ij i s  number of a c c i d e n t s  o c c u r r i n g  i n  t h e  ( i ,  j ) t h  c a t e g o r y ,  

*The s t a t i s t i c a l  t e c h n i q u e s  r e f e r e n c e d  a r e  d e s c r i b e d  i n  most  i n t r o -  
d u c t o r y  s t a t i s t i c a l  t e x t s .  



X . j  o r  X i .  i s  t h e  t o t a l  ~ f  t h e  5 t h  colurnn o r  t h e  i t h  row and 
X . .  i s  t h e  g r a n a  t c t a l ,  

2 (Xij - E i j )  
2 

The X s t a t i s t i c  = , . f o r  E i j  b e i n g  t h e  expec-  
J E i  j 

X ; X.i t,cc3 nlirni!c~l c:f ( \ o t b ~ ~ ~ ~ l 8 c r l c ~ c : -  \ r ~  ( > : I C ~ \ I  c : i l , t - ~ ; y n ~ - y  w l ~ i c l )  l l ; i , i  = A- X.. 

As i n d i c a t e d  e a r l i e r ,  d a t a  f o r  t h e  a n a l y s i s  w i l l  come f rom t h e  

r o a d  damage s u r v e y  and "ram s t a n d a r d  p o l i c e  a c c i d e n t  r e p o r t s  which 

a r e  a v a i l a b l e  i n  d i g i t a l l y  coded fo rm f rom b o t h  t h e  New York Thru- 

way and t h e  Ohio T u r n p i k e ,  f o r  which a  c o d i n g  form i s  i l l u s t r a t e d  

i n  F i g u r e  C - 2 .  F u r t h e r  s ~ b d i v i s i o n s  o f  t h e  d a t a  t o  s p e c i f y  more 

corxplete d i f f e r e n c e s  be tween  worn and undamaged segments  c a n  b e  

a t t e m p t e d ,  b u t  i t  i s  q u i t e  p o s s i b l e  t h a t  more r e f i n e d  a n a l y s i s  w i l l  

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

amounts o f  d a t a  i n  p a r t i c u l a r  s u b d i v i s i o n s .  

The amount o f  d a t a  f o r  s t a t i s t i c a l l y  s i g n i f i c a n t  r e s u l t s  de-  

pends  on t h e  t y p e  o f  a n a l y s i s  and on t h e  i n h e r e n t  d i f f e r e n c e s  i n  

a c c i d e n t  e x p e r i e n c e  among r o a d  s egmen t s .  The f i r s t  s t a t i s t i c a l  ap- 

p r o a c h - - a n a l y s i s  o f  v a r i a n c e  o f  a c c i d e n t  r a t e s  among r o a d  s egmen t s  

--demands t h e  most d a t a .  F u r t h e r m o r e ,  i t  s h o u l d  b e  c o n s e r v a t i v e l y  

assumed t h s t  t h e  e f f e c t s  s o u g h t  a r e  q u i t e  s m a l l .  Hence,  t h e  d a t a  

s p e c i f i c a t i o n s  a r e  drawn on t h e  b a s i s  o f  a n  a n a l y s i s  o f  v a r i a n c e  

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

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

m i l e  f o r  two segments  w i l l  have t h e  F d i s t r i b u t i o n  s o  t h a t * :  

where  : 

r i s  t h e  a c c i d e n t  r a t e  p e r  v e h i c l e  m i l e  ( o r  some c o n v e n i e n t  
m u l t i p l e  t n e r e o f ) ,  

n  i s  t h e  number o f  a c c i d e n t s  u sed  i n  comput ing  t h e  i t h  r a t e .  
i 

*The n e c e s s a r y  s t a t i s t i c a l  a s s u m p t i o n s  a r e  t h a t  f o r  a g i v e n  t r a f f i c  
volume, and t h e  number o f  v e h i c l e  m i l e s  d r i v e n  o v e r  a  segment ,  t h e  
number o f  a c c i d e n t s  f o l l o w s  a  P o i s s o n  d i s t r i b u t i o n ,  and t h a t  t h e  
t o t a l  v e h i c l e  m i l e s  on t h e  segment h a s  t h e  Gamma d i s t r i b u t i o n .  
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NEW YORK STATE THRUWAY AUTHORITY 
POLICE ACCIDENT REPORT 

IF MORE THAN 2 VEHICLES WERE INVOLVED OR MORE 
THAN 3 PERSONS INJURED, ATTACH ADDITIONAL FORMS 

At Interchanqe No. At Service Are. . 
1 .  1. Parhnp Lo1 H A H E  

TIME OF ACCIDENT 

M O N T H  DAY 

. Add,... 
STRPFT h N O "  

H U M ~ ~ R  ChauBeur'. Occupation ........ .............. . ..................Age...-- "-Sex ....... 
M11.s Drina per Year? . How Many Prrv~ous Acsrdents? 

. Addreas. .... 
F U L L  N A M E  S I R L E T  a NO. 

. . . - .BodyTyp* Raqimlrahon 
STATE NUMBER 

I U I  L N A Y L  STRLLT h NO. C l T I  OR V ILLAGE 

N u m a E a  Chauffeur's empation .. .................. .... ................. .ttge ........ sex ......... 
M11.s Drrr.. per Year? .. . How Many Prrv~ous Acchdents' 

Address 
FULL. NAME SrRELT k NO. C ITY  OR V ILLAGE 

Body Type . . R.galralien 

I .  Going Straight &end 

3 0 3. k l e a p  

Q 4. T b r d  

0 5. Emo~xonmlStr.rs 
5. Turning off Mar. R o ~ d w a y  

7. Areidulq Obpct 

n i2 0 o parked an no.dw.y 

10. slopped m?raUlc 
11. Stopped by hnthc Coalrol 

C-2. ?lev: Y c r k  T h ~ u w a y  
Police Accidert Report Form 



Thz a p p r o p r i a t e  t e s t  i s  rr;i-~t>thor i ::~ r3t:i.c is s 1 g n i f i c a n t  ly d i f f e -  

r e n t  from i. I n  t h e  p r e s e n t  c a n e ,  t h e  r a t t o  o f  a c c i d e n t s  p e r  ve- 

h i c l e  m i l e  on damaged and undamaged r o a d  segments  i s  t o  be  t e s t e d .  

P u b l i s h e d  s t a t i s t i c a l  t a b l e s  o r  computer  programs i n d i c a t e  s i g n i -  

f i c a n t  v a l u e s  o f  3' f o r  c o m b i n a t i o n s  o f  n  and n, .  Assux ing  t h e  1 L 

camaged segment a c c i d e n s  r a t e  i s  5% h i g h e r  t h a n  t h e  undamaged 

r a t e ,  2000 a c c i a e n t s  on undamaged and 1500 a c c i d e n t s  on damaged 

segments  a r e  needed  t o  make a n  o b s e r v e d  F r a t i o  o f  1 . 0 5  s i g n i f i -  

c a n t  a t  t h e  95% c o n f i d e n c e  l e v e l .  To d e t e c t  a  15% d i f f e r e n c e ,  

750 undamaged pavement and  5 0 0  damaged pavement a c c i d e n t s  w i l l  b e  

needed .  

The number of  r o a d  n i l e s  o f  d i f f e r i n g  t y p e s  needed  f o r  a n a l y -  

s i s  can  be  deduced  from t h e  numbers above ,  i f  t h e  number o f  a c c i -  

d e n t s  p e r  r oad -mi l e  i s  known f o r  e a c h  t y p e  o f  pavement .  Unfor-  

t u n a t e l y ,  w i t h o u t  c o n d u c t i n g  t h e  pavement damage s u r v e y ,  t h e  p r e -  

c i s e  f i g u r e s  c a n n o t  be  known, b u t  t h e y  can  be  app rox ima ted  by 

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

F o r  t h e  New York Thruway i n  1971 ,  t h e r e  were  9 . 3  a c c i d e n t s  p e r  

~ a i n - l i n e  r o a d - m i l e ,  and f rom 1966 t h r o u g h  J u n e ,  1970 t h e  Ohio 

T u r n p i k e  a v e r a g e d  8,2 a c c i d e n t s  p e r  m i l e .  Approx imate ly  80% o f  

t h e  c r a s h e s  i n v o l v e d  p a s s e n g e r  v e h i c l e s  and non- icy c o n d i t i o n s ,  

wkich r e d u c e s  t h e  New York c r a s h e s  p e r  r oad -mi l e  t o  7 . 5  and  t h e  

Ohio c r a s h e s  p e r  r oad -mi l e  t o  6 . 5 % .  F o r  t h e  7 . 5  a c c i d e n t s  p e r  

r oad -mi l e  e x p e r i e n c e ,  a g p r c x i m a t e l y  2 0 0  m i l e s  o f  stud-damaged and 

250 m i l e s  o f  undamaged g a v e ~ e n t  would b e  r e q u i r e d  t o  d e t e c t  a  5% 
d i f f e r e n c e  i n  p e r  m i l e  z c c i d e n t  r a t e s .  Fo r  t h e  6 . 5  a c c i d e n t s  p e r  

r oad -mi l e  f i g u r e ,  75 damaged and 115  undamaged road -mi l e s  w i l l  b e  

needed  t o  d e t e c t  a 1 5 %  d i f f e r e n c e # * .  The number o f  a c c i d e n t s  and 

*The b a s e  a c c i d e n t  p e r  r oad -mi l e  d a t a  was d e r i v e d  f rom p u b l i s h e d  
New York r e p o r t s  and  f rom t h e  HSRI Ohio T u r n p i k e  a c c i d e n t  d a t a  
f i l e .  The 80% ca r /non - i cy  f i g u r e  was b a s e d  on t h e  Ohio e x p e r i e n c e  
o f  75 .8% e x p e r i e n c e  i n f o r m a l l y  a d j u s t e d  t o  r e f l e c t  t h e  h i g h e r  p r o -  
p o r t i o n  o f  summertime p a s s e n g e r  c a r  m i l e a g e  which t h e  raw d a t a  
does  n o t  r e f l e c t  due t o  u s e  o f  f o u r  and one -ha l f  y e a r s  d a t a ,  t h e  
l a s t  h a l f - y e a r  o f  which does  n o t  c o v e r  t h e  peak  summer months of 
J u l y ,  Augus t ,  and e a r l y  Sep t embe r .  

"These f i g u r e s  have  been  rounded  up t o  t h e  n e a r e s t  25 and 5 m i l e  
u n i t s  r e s p e c t i v e l y .  



r oad -mi l e s  a r e  a b o u t  e q u a l  t o  a  y c a l l ' s  e x p e r i e n c e  o f  t h e  New York 

Thruway f o r  t h e  5% d i f f e r e n c e  and 0:' t h e  Ohio Tu rnp ike  f o r  a  15% 

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

B r i e f l y  summar iz ing ,  a c c i d e n t  d a t a  a n a l y s i s  e f f o r t s  w i l l  

merge r o a d  damage s u r v e y  r e s u l t s  w i t h  c u r r e n t l y  a v a i l a b l e  p o l i c e  

a c c i d e n t  r e p o r t  i n f o r m a t i o n .  The combined d a t a  w i l l  b e  u sed  t o  

s t u d y  t h e  e f f e c t s  o f  r o a d  damage on  o v e r a l l  c r a s h  r a t e s  and t o  

d e t e r m i n e  d i f f e r e n c e s  i n  a c c i d e n t  p a t t e r n s  f o r  damaged and undama- 

ged s e c t i o n s .  Assuming s n a l l  d i f f e r e n c e s ,  t h e  amount o f  d a t a  r e -  

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

o f  a s i n g l e  y e a r ' s  e x p e r i e n c e  f o r  t h e  New York Thruway o r  Ohio 

T u r n p i k e ,  b u t  t h e  u s e  o f  s u c h  e x t e n s i v e  sy s t ems  w i l l  r u n  a  r e l a -  

t i v e l y  h i g h  r i s k  o f  c o n t a m i n a t i o n  by e x t r a n e o u s  f a c t o r s .  

C . 3  DETAILED A C C I D E N T  INVESTIGATION 

I f  t h e  a c c i d e n t  d a t a  a n a l y s i s  a c t i v i t y  d i . s cove r s  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  a s s o c i a t i o n  be tween  wear  p a t t e r n s  and a c c i d e n t  

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

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

e f f e c t s  a r e  n o t  g e n e r a t e d  by e x t r a n e o u s  f a c t o r s  n o r  by c h a n c e .  

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

gram. F o r  t h i s  s t u d y ,  p o l i c e  o f f i c e r s  w i l l  c omp le t e  a s u p p l e m e n t a l  

a c c i d e n t  r e p o r t  p r o v i d i n g  more i n f o r m a t i o n  on r o a d  c o n d i t i o n s  and  

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

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

pavement wear  a t  t h e  a c c i d e n t  s i t e ,  d e p t h  and  p a t t e r n  o f  w a t e r  

c o v e r a g e ,  s e v e r i t y  o f  s k i d d i n g  p a t t e r n s ,  and t h e  o f f i c e r ' s  e s t i -  

mate  o f  t h e  c o n t r i b u t i o n  o f  t h e s e  f a c t o r s  t o  t h e  c r a s h  s e q u e n c e ;  

a  sample  fo rm i s  p r e s e n t e d  i n  F i g u r e  C - 3 .  

Acc iden t  d a t a  p r e s e n t l y  a v a i l a b l e  does  n o t  c o v e r  s u c h  i t e m s  

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

i f  p r e s e n t ,  a r e  p r e s e n t e d  i n  b r o a d  c a t e g o r i e s  s u c h  as w e t ,  snow- 

cove red  o r  i c y ,  and d r y  f o r  s u r f a c e  c o n d i t i o n ,  and a s  d e f e c t i v e  o r  

n o t - d e f e c t i v e  f o r  pavement c o n d i t i o n .  The f i r s t  c a t e g o r i z a t i o n  

o f  s u r f a c e  c o n d i t i o n  p e r m i t s  no d i s t i n c t i o n  among t h e  v a r i o u s  



1. Water  D i s t 2 l b u t l o n  

Ex t e r i t  

[I Dry 

[I Camp 

[I Wet 1/4" o r  l e s s  d e p t h  

[I Covered 1 / 4 "  o r  g r e e t e r  

[I S l u s h  

2 .  P r e c i p i t a t i o n  

[I None 

[I S p r i n k l e s  

[I D r i z z l e  

[I Modera te  

[I D r i v i n g  

4, Tempera tu r e  

[I 40°F o r  l ower  

[I 41°F o r  above 

5. S k i d d i n g  

B e f o r e  A f t e r  

[I None [ 1 
[I Some [I 
[I Pronounced [I 

Degree  o f  C o n t r i b u t i o n  

[I S o l e  Cause o f  Crash  

[I Major  F a c t o r  

[I C o n t r i b u t i n g  F a c t o r  

[I Minor F a c t o r  

[I No I n f l u e n c e  

[I M i t i g a t i n g  F a c t o r  

3 i s t r l b u t i c n  

[I Even 

[ j Pucldled 

[ ]  Channeled 

D u r a t i o n  

[I S t a r t e d  l e s s  t h a n  15 min ,  p r i o r  

[I S t a r t e d  1 5  t o  6 0  m i n ,  p r i o r  

[I S t a r t e d  60 rnin. o r  more p r i o r  

5. T i r e  Tread  

R . F .  L . R .  - 
L .  F .  R . R .  

P a t h  

[I S t r a i g h t  [I G r e a t e r  t h a n  360° 

[I Less  t h a n  90° [I Clockwise  

[I 90" - 180" [I C o u n t e r c l o c k w i s e  

[I 180" - 360" [I F i s h t a i l  

Degree  o f  Con f idence  

[I A b s o l u t e l y  c e r t a i n  

[I Highly  c o n f i d e n t  

[I Think  p r o b a b l e  

[I B e l i e v e  p o s s i b l e  

[I Pure  s p e c u l a t i o n  

F i g u r e  C - 3  

S u p p l e m e n t a l  A c c i d e n t  Coding Form 



l e v e l s  o f  w a t e r  accurnu la t io r ,  wl~ic 'r ;  nay r a n g e  f rom damp t o  c o v e r e d  

w i t h  w a t e r  of a n  e x t e n s i v e  d e p t h .  T r e s e n c e  o f  r o a d  d e f e c t s  a r e  

p r o b a b l y  o n l y  r e c o r d e d  f o r  c o n d i t i o n s  which r e p r e s e n t  s e v e r e  imme- 

d i a t e  h a z a r d s  s u c h  a s  p o t  h o l e s  and wash o u t s ,  w i t h  more s u b t l e  

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

n o r e d .  S i m i l a r l y ,  v e h i c l e  d e f e c t s  a r e  most l i k e l y  r e c o r d e d  o n l y  

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

d e f e c t i v e  t i r e s  a r e  i n d i c a t e d  when a blow-out p r e c i p A t a t e s  a  

c r a s h .  V e h i c l e  dynamics  a r e  o f t e n  i n d i c a t e d  by a  d i a g r a m  on t h e  

a c c i d e n t  r e p o r t ,  U n f o r t u n a t e l y ,  most o f  t h e  d i a g r a m  i n f o r m a t i o n  

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

f n d i c a t e  l o s s - o f - c o n t r o l  a s  t h e  a c c i d e n t  c a u s e  d s u a l l y  when no 

o t h e r  e x p l a n a t i o n ,  l i k e  " speed  t o o  f a s t  f o r  c o n d i t i o n s " ,  c a n  b e  

a p p l i e d .  Whi le  c r a s h  r e p o r t i n g  h a s  been  i m p r o v i n g ,  t h e  p r e s e n t  

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

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

t o  a s s e s s  a  s i n g l e  c a u s e  o f  t h e  a c c i d e n t .  Consequent l ; / ,  w h i l e  

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

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

The b i - l e v e l  a p p r o a c h ,  which h a s  been  u s e d  i n  a number o f  

s t u d i e s ,  i n c l u d i n g  t h e  companion NCKRP r e p o r t  on w i n t e r  d r i v i n g  

e f f e c t s  o f  s t u d d e d  t i r e  u s e ,  a t t e m p t s  t o  remedy some of t h e  p r o -  

b lems w i t h  c u r r e n t  c r a s h  r e p o r t i n g  p r o c e d u r e s .  I n  t h e  b i - l e v e l  

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

fo rm y i e l d i n g  d e t a i l e d  i n f o r m a t i o n  a b o u t  a  s p e c i f i e d  c l a s s  o f  

a c c i d e n t s .  The c o l l e c t e d  i n f o r m a t i o n  i s  t h e n  merged w i t h  t h e  o r i -  

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

i s  c o n d u c t e d  t o  t e s t  s p e c i f i c  h y p o t h e s e s  a b o u t  t h e  p rob lem b e i n g  

s t u d i e d .  U s e f u l  i n f o r m a t i o n  o f t e n  c a n  be  g a i n e d  t h r o u g h  t h e  c i r -  

c u l a t i o n  o f  w r i t t e n  i n s t r u c t i o n s  and  fo rms  t o  a wide  number of 

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

o n l y  b e  c o l l e c t e d  by work ing  w i t h  a l i m i t e d  number o f  a g e n c i e s ,  

by c a r e f u l l y  i n s t r u c t i n g  f i e l d  f o r c e s  i n  t h e  u s e  o f  t h e  fo rm,  and 

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

S i n c e  t h e  r e s e a r c h  p l a n  recommends t h e  u s e  o f  a  t u r n p i k e  system 

which i s  n o r m a l l y  p a t r o l l e d  by a  r e l a t i v e l y  s m a l l ,  p e r m a n e n t l y  



a s s i g n e d  s t a t e  p o l i c e  a t t a c k m e ~ t ,  t h e  c a r e f u l l y  c o ~ t r o l l e d  ap- 

p r o a c h  i s  e a s i l y  a c h i e v a b l e  and s h o u l d  be  f o l l o w e d .  

Most o f  t h e  s u g g e s t e d  form i t e m s  a r e  r e a s o n a b l y  s e l f - e x p l a -  

n a t o r y  and s t e m  d i r e c t l y  f rom t h e  s t u d y  e f f o r t s .  The c o n f i d e n c e  

and  i m p o r t a n c e  s c a l e s  f o r  c e r t a i n  i t e m s  a r e  r e l a t i v e l y  u n i q u e .  The 

c o n f i d e n c e  s c a l e  h a s  been  a s s i g n e d  f o r  i t e m s  f o r  which t h e  o f f i c e r  

may n o t  b e  a b l e  t o  make a d i r e c t  o b s e r v a t i o n  b u t  must r e l y  on 

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

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

t h e  r e l a t i v e  e f f e c t  of pavement f a c t o r s ;  i t  would d i f f e r e n t i a t e  

among t h e s e  t h r e e  h y p o t h e t i c a l  c r a s h e s :  

1. While  t r a v e l i n g  on a  wet pavement ,  a  d r i v e r ,  w i t h o u t  

making any c o n t r o l  novements ,  u n e x p e c t e d l y  l o s e s  c o n t r o l ,  

and t h e  v e h i c l e  s t r i k e s  some f i x e d  o b j e c t  o r  a n o t h e r  

v e h i c l e .  

2 .  Whi le  t r a v e l i n g  on wet pavement ,  t h e  d r i v e r  makes a  

v i o l e n t  e v a s i v e  o r  b r a k i n g  maneuver t o  a v o i d  s t r i k i n g  a 

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

v e h i c l e  o r  f i x e d  o b j e c t ,  

3 .  While  t r a v e l i n g  on wet pavement ,  t h e  v e h i c l e  i s  s t r u c k  

a t  a n  a n g l e  by a n o t h e r  v e h i c l e ,  goes  o u t  o f  c o n t r o l ,  and 

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

I n  t h e  f i r s t  c r a s h ,  s k i d - p r o d u c i n g  c o n d i t i o n s  can  be  r a k d  t h e  

"most i m p o r t a n t ' '  c a u s a t i v e  f a c t o r .  I n  t h e  s econd  example ,  t h e  

i n v e s t i g a t o r  would have t o  j u d g e  w h e t n e r  t h e  s k i d  would have oc- 

c u r r e d  u n d e r  normal  c o n d i t i o n s .  I f  s o ,  wet pavement f a c t o r s  p r o -  

b a b l y  can  b e  c o n s i d e r e d  " c o n t r i b u t o r y " ,  and i f  n o t ,  pavement 

f a c t o r s  would be  r a t e d  " v e r y  i m p o r t a n t " ,  b u t  n o t  "most i m p o r t a n t "  

s i n c e  t h e  d r i v e r ' s  a c t i o n s  p r e c i p i t a t e d  t h e  e v e n t .  F o r  t h e  t h i r d ,  

pavement f a c t o r s  c an  be  judged  " n o t  i m p o r t a n t " .  The i t e m s  on t h e  

s c a l e  r e q u i r e  s u b j e c t i v e  j udgemen t s ,  b u t  making t h e s e  o p i n i o n s  

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

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



them by d e f a u l t .  P a r t i c u l a r  iterr,: a r e  d i s c u s s e d  be low.  

The w a t e r  dept! ;  arld p a t t e r K  ikems s e e k  t o  d e t e r m i n e  i f  s t u d -  

damaged s e c t i o n s  e x p e r i e n c e  s u b s t a n t i a l  w a t e r  dep t l~s  more f r e -  

q u e n t l y  and  if t h e  p a r t i - c u l a r  water a c c u m u l a t l o r  p a t t e r n  can  have  

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

c a l l y  o u t l i n e d  on t h e  form.  The w a t e r  d e p t h  c l a s s i f i c a t i o n s  have  

been  chosen  somewhat a r b i t r a r i l y :  

1. Damp d e s c r i b e s  c o n d i t i o n s  when w a t e r  i s  m i c r o s c o p i c a l l y  

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

t i o n s  of  m o i s t n e s s ,  b u t  w i t h  no d i s c e r n i b l e  w a t e r  c o v e r .  

2 .  Wet i m p l i e s  a d i s c e r n i b l e  w a t e r  c o v e r  l e s s  t h a n  one-quar -  - 
t e r  i n c h  d e e p .  T h i s  r a n g e  i s  most o f t e n  a s s o c i a t e d  w i t h  

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

u n d e r  ex t r eme  c o n d i t i o n s .  

3 .  One Q u a r t e r  t o  Cne H a l f  I n c h  c o v e r s  t h e  r a n g e  f o r  which - ---- 
dynamic hyd rop l a . n ing  can  happen unde r  n o t  u n u s u a l  c i r -  

c u m s t a n c e s ,  and f o r  which  s l i p p e r i n e s s  i s  a l m o s t  a lways  

p r e s e n t .  

4. Over One Hal f  I n c h  p r e s e n t s  c i r c u m s t a n c e s  u n d e r  which dy- ---- 
namic h y d r o p l a n i n g  can  commonly o c c u r ,  and  f o r  which  

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

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

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

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

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

l i k e l i h o o d  o f  r e c o v e r y  i s  s m a l l e r  f o r  a  more s e v e r e  s k i d .  S i m i l a r -  

l y ,  t h e  p re -c rash-maneuvers  d a t a  i s  s o u g h t  t o  d e t e r m i n e  i f  unexpec-  

t e d  l o s s - o f - c o n t r o l  i s  more f r e q u e n t l y  e x p e r i e n c e d  on stud-damaged 

pavement .  T r a v e l i n g  s p e e d  p r i o r  t o  c r a s h  and t i r e  t r e a d  d e p t h  

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

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

Pavement wear  i n f o r m a t i o n  i s  r eco r>ded  o n l y  i n  a q u a l i t a t i v e  

f a s h i o n ,  s i n c e  i t  w i l l  b e  i m p r a c t i c a l  t o  measure  wear  a t  e a c h  



a c c i d e n t  s i t e  w i t h  t h e  r o a d  dana~ye  s u r v e y  t e c h ~ i q u e s .  !?he road  

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

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

t i o n  w i l l  b e  u s e d  t o  e s t a b l i s h  t h e  n e c e s s a r y  l i n k .  The o f f i c e r ' s  

r e p o r t  o f  pavement c o n d i t i o n s  w i l l  b e  u s e d  t o  i n s u r e  a g a i n s t  

m i s c l a s s i f i c a t i o n ,  e i t h 3 r  a t  t h e  b o u n d a r i e s  o f  pavement segments  

o r  f o r  anomalous pavement wear  i n  a  p a r t i c u l a r  s e c t i o n .  

The amount o f  d a t a  r e q u i r e d  t o  o b t a i n  s t a t i s t i c a l  a c c u r a c y  

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

a v a i l a b l e  on  t h e  d i s t r i b u t i o n s  o f  t h e  v a r i o u s  f a c t o r s .  However, 

i f  3 0 0  c r a s h e s  a r e  i n v e s t i g a t e d  f o r  e ach  wear  c o n d i t i o n ,  r e a s o n a -  

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

t i v e l y  i n f r e q u e n t  c e i l s * .  The 60C t o t a l  a c c i d e n t s  c o r r e s p o n d  t o  

one y e a r ' s  wet w e a t h e r  c r a s h  e x p e r i e n c e  on t h e  Ohio T u r n p i k e ,  

and  t o  a  somewhat s h o r t e r  p e r i o d  on t h e  New York Thruway. To 

s i m p l i f y  a c i m i n i s t r a t i o n ,  a l l  wet w e a t h e r  a c c i d e n t s  f o r  a p e r i o d  

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

t h e  p o l i c e  t o  s e l e c t  a c c i d e n t s  t o  meet a  q u o t a .  

Data a n a l y s i s  w i l l  p r o c e e d  l i k e  t h e  compar i son  o f  t h e  r e l a -  

t i v e  f r e q u e n c y  o f  wet w e a t h e r  a c c i d e n t s  on damaged and undamaged 

s e c t i o n s .  As i n d i c a t e d  e a r l i e r ,  d e t a i l e d  a c c i d e n t  i n v e s t i g a t i o n  

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

p e r f o r m  t h i s  t a s k  i n  p a r a l l e l  w i t h  o r  p r i o r  t o  t h e  p r ev i -ous  t a s k .  

However, t h e  s econd  a l t e r n a t i v e  i n c r e a s e s  t h e  r i s k  o f  e x p e n d i n g  

s u b s t a n t i a l  e f f o r t  w i t h o u t  f o r e s e e a b l e  r e s u l t s .  

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

a c c i d e n t  d a t a  a n a l y s i s .  The i n v e s t i g a t i o n  w i l l  c o l l e c t  s u p p l e -  

menta ry  i n f o r m a t i o n  on a l l  wet  c o n d i t i o n  c r a s h e s  f o r  a  s p e c i f i e d  

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

t h e i r  normal  a c c i d e n t  i n v e s t i g a t i o n s ,  b u t  t o  i n s u r e  h igh  q u a l i t y ,  

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

g roup  and t h e  p o l i c e .  About 600 c r a s h e s  w i l l  b e  n e e d e d .  In forma-  

t i o n  w i l l  i n c l u d e  i t e m s  on wear  p a t t e r n s ,  w a t e r  a c c u m u l a t i o n ,  t i r e  

"or example ,  f o r  300 o b s e r v a t i o n s ,  t h e  9 5 %  c o n f i d e n c e  i n t e r v a l  
a b o u t  a  b a s e  p r o p o r t i o n  o f  - 1 0  i s  a p p r o x i m a t e l y  + , 0 5 5 .  - 



c o n d i t i o n ,  an6  s k i d  c h a r a c t e r i s - ~ 2 ~ s .  The accumula t ed  d a t a  w i l l  

b e  matched w i t h  t h e  s t a n d a r d  a c c i a e n t  r e p o r t  i n f o r m a t i o n  and t h e  

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

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

C .4 TRAFFIC FLOW MEASURELXZNT 

A l l  o f  t h e  s u g g e s t e d  r e s e a r c h  s o  f a r  h a s  been  d i r e c t e d  t o -  

ward m e a s u r i n g  t h e  f i n a l  e f f e c t  o f  s t u d d e d  t i r e  damage on a c c i -  

d e n t s .  With t h i s  p rob lem,  a s  w i t h  many o t h e r s ,  i s o l a t i n g  t h e  

e f f e c t  o f  a p a r t i c u l a r  f a c t o r  f rom t h e  m u l t i p l i c i t y  o f  o t h e r  f a c -  

t o r s  i s  q u i t e  d i f f i c u l t .  S t u d i e s  s u g g e s t  one u s e f u l  i n t e r m e d i a t e  

measure  o f  e f f e c t i v e n e s s :  changes  i n  t r a f f i c  f l o w  a s s o c i a t e d  

w i t h  damaged pavement s e c t i o n s .  

To measure  changes  i n  t r a f f i c  f l ow  p a t t e r n s ,  i t  i s  recom- 

mended t h a t  a t i m e  l a p s e  pho tog raphy  t e c h n i q u e  be  employed.  The 

p o s i t i o n  o f  a  p a r t i c u l a r  c a r  would b e  pho tog raphed  a t  s e v e r a l  

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

t e c h n i q u e s ,  t h e  r e l a t i v e  p o s i t i o n  o f  t h e  v e h i c l e  c an  b e  c a l c u l a -  

t e d .  A f t e r  r e c o r d i n g  t h e  i n f o r m a t i o n  f o r  a l a r g e  number o f  v e h i -  

c l e s ,  a p p r o x i m a t e l y  20C, u n d e r  a  p a r t i c u l a r  s e t  o f  c o n d i t i o n s ,  

t h e  o b s e r v a t i o n s  would be  r e p e a t e d  a t  a n o t h e r  s i t e  o r  s i t e s ,  and  

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

t e c h n i q u e s .  

T r a f f i c  e n g i n e e r s  have  l o n g  f e l t  t h a t  i r r e g u l a r i t i e s  i n  t r a f -  

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

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

o t h e r s .  The measurements  have had a  p redominan t  e m p i r i c a l  b a s e  

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

i n  t h e  t r a f f i c  s t r e a m  and t h e  number o f  c r a s h e s  o c c u r r i n g .  

T h e o r e t i c a l  e x p l a n a t i o n s  have been  s p a r s e ,  p a r t i c u l a r l y  i n  r e l a -  

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

t h e  l a c k  o f  a  good t h e o r y ,  i t  seems r e a s o n a b l e  - a  p r i o r i  t h a t  t h e  

g r e a t e r  t h e  v a r i a t i o n  i n  v e h i c l e  p a t h s ,  t h e  more l i k e l y  t h a t  t h e y  
w i l l  e i t h e r  c o l l i d e  w i t h  one a n o t h e r  o r  l e a v e  t h e  roadway and 

s t r i k e  an  o b j e c t .  Examina t i on  o f  T a b l e  C-3, which was c o n s t r u c t e d  



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

l i t y  o f  a  c r a s h  may >e  s u b s ~ a n t i a l l y  i n c r e a s e d  by  s l i g h t  i n c r e a s e s  

i n  t h e  s t a n d a r d  d e v i a t i o n s  ( o r  v a r i a n c e )  o f  t h e  v e h i c l e  ? a t h .  F o r  

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

0 . 7 5  f e e t  t o  1 . 0 0  f e s t  r e s u l t s  i n  a  4 4 - t i m e s  i n c r e a s e  i n  t h e  p r o -  

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

v i a t i o n  f r o m  l . 0 0  f e e t  t o  1 . 2 5  f e e t  l e a d s  t o  a 3 1 - t i m e s  i n c r e a s e  

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

T a b l e  C - 3  

H y p o t h e t i c a l  C r a s h  P r o b a b i l i t i e s  a s  a  F u n c t i o n  

o f  S t a n d a r d  D e v i a t i o n  o f  V e h i c l e  p a t h i  

S t a n d a r d  
D e v i a t i o n  

P r o b a b i l i t y  

o f  Off-Road 2 
P r o b a b i l i t y  

o f  s i d e - s w i ? e  3 

' P r o b a b i l i t y  l e s s  t h a n  0 . 5  x  l o - '  

%he t a b l e s  a r e  c o n s t r u c t e d  a s s u m i n g  t h a t  v e h i c l e  or v e h i c l e s  h a v e  
a mean p a t h  a b o u t  t h e  m i d p o i n t  o f  a t w e l v e  f o o t  l a n e  w i t h  a  t h r e e  
f o o t  c l e a r a n c e  b e t w e e n  v e h i c l e  a n d  e d g e  o f  l a n e ,  a n d  t h a t  t h e i r  
a c t u a l  p o s i t i o n  v a r i e s  i n  a random f a s h i o n  f o l l o w i n g  t h e  n o r m a l  
d i s t r i b u t i o n .  T h e s e  a r e  " i n s t a n t a n e o u s "  p r o b a b i l i t i e s ,  i n  t h a t  t h e y  
r e p r e s e n t  t h e  p r o b a b i l i t y  t h a t  a n  e v e n t  w i l l  i n v o l v e  a p a r t i c u l a r  
v e h i c l e  o r  v e h i c l e s  a t  any  i n s t a n c e  I n  t i m e .  



The recommended exper i rnentnZ p rogram was d i r e c t e d  t o w a r d  

m e a s u r i n g  s u c h  f i n e  c h a n g e s  i n  v e h i c l e  p a t h s .  An e x p l i c i t  con- 

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

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

t o o  i n f r e q u e n t l y  u n d e r  f F e e - f l o w  highway c o n d i t i o n s ,  I n s t e a d  t h e  

a p p r o a c h  u s e d  by t h e  W i s c o n s i n  Highway Depar tment  i n  a  r e c e n t  

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

phenomena.  The o r i g i n a l  s t u d y  d i d  n o t  y i e i d  p o s i t i v e  r e s u l t s ,  

b u t  t h i s  a o e s  n o t  a p p e a r  t o  be  a consequence  o f  t h e  me thodo logy .  

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

which would h a v e  r e v e a l e d  o n l y  g r o s s  d i f f e r e n c e s ,  and  o b s e r v a -  

t i o n s  were  p o i n t  measurements  which a r e  somewhat l e s s  l i k e l y  t o  

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

i f  v e h i c l e s  t e n d  t o  t r a c k  e a c h  o t h e r "  The recommended p rogram 

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

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

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

p h a s e  w i l l  i n v o l v e  t e s t i n g  t h e  f i e l d  e q u i p m e n t ,  d e t e r m i n i n g  t h e  

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

eo his i s  t h e  p r o b a b i l i t y  t h a t  a  v e h i c l e ' s  p a t h  w i l l  d e v i a t e  by 
more t h a n  3 '  i n  o n l y  one  d i r e c t i o n .  

'!Phis i s  t h e  g r o b a b i l i t y  , a s s u m i n g  i n d e p e n d e n t  c h a n g e s  i n  p a t h ,  
t h a t  s e p a r a t i o n  be tween  v e h i c l e s  w i l l  b e  l e s s  t h a n  z e r o ,  g i v e n  a 
mean l a t e r a l  s e p a r a t i o n  o f  s l x  f e e t .  

% T h i s  s e c o n d  p o i n t  i s  a p a t h e r  f i n e  o n e .  I f  t h e  v a r i a t i o n  o f  
v e h i c l e  p a t h s  i s  t r u l y  random, t t e n  p o i n t  measurements  w i l l  y i e l d  
t h e  same e s t i m a t e s  o f  v a r i a n c e  a s  w i l l  f o l l o w i n g  t h e  c a r s  o v e r  a  
d i s t a n c e .  I f ,  t h o u g n ,  t h e  p a t h s  f o l l o w  a  c y c l i c  p a t t e r n ,  t h e r e  
i s  a  p o s s i b i l i t y ,  p e r h a p s  r e m o t e ,  t h a t  t h e  c h a n g e s  i n  f r e q u e n c y  
and  a m p l i t u d e  w i l l  b e  s u c h  t h a t  t h e  a p p a r e n t  v a r i a t i o n  a t  a  p o i n t  
r e m a i n s  unchanged .  T h i s  p o s s i b i l i t y  w i l l  b e  i n c r e a s e d  i f  t h e  ve-  
h i c l e s  t e n d  t o  t r a c k  e a c n  o t h e r ,  s i n c e  a t  a  p a r t i c u l a r  p o i n t  e a c h  
v e h i c l e  w i l l  t e n d  t o  m a i n t a i n  t h e  same p o s i t i o n  i n  t h e  roadway.  
F u r t h e r ,  s i n c e  t h e  o b s e r v a t i o n s  were  made i n  a n  u p s t r e a m  d i r e c t i o n  
f rom o v e r p a s s e s ,  any p a t h  v a r i a t i o n  i n d u c e d  by s t u d  damage migh t  
h a v e  b e e n  o b s c u r e d  by t h e  d r i v e r s 1  a t t e m p t s  t o  s t e e r  a  s t e a d y  
c o u r s e  when c o n f r o n t e d  by t h e  p e r c e i v e d  c o n s t r i c t i o n  o f  t h e  r o a d -  
way f r o m  t h e  o v e r p a s s  s t r u c t u r e  i t s e l f .  



a n d  r s i n ) ,  a n d  l c c a t i n g  the rn;~xlr,ux dlstaccc o v e r  w h i c h  p h o t o -  

g r a p h s  car,  r e c o r d  v?!:ic;? K ~ O V ~ I X ~ I ; ~  ;: r e 1  i : ? b l y  , 

A t  a maximum, 144 s e r i c :  01' ol'::ervatii7ris w i l l  be  n e e d e d .  T h i s  

r e p r e s e n t s  o b s e r v a t i o n s  a t  two d i f f e r e n t  s i t e s  f o r  e a c h  combina-  

t i o n  o f  t h e  c o n d i t i o r i s  i n d i c a t e d  i n  T a b l e  C - 4 .  If o b s e r l v a t i o n s  

d n d e r  n i g h t t i m e  o r  v e t  - $ ? e a t h e r  c o n d i t i o n s  p r o v e  t o  b e  i n ~ p r a c t i c a l ,  

t h e  number o f  o b s e r v a t i o n s  c a n  b e  r e d u c e d  t o  3 0 .  A com-promise 

d e s i g n ,  w h i c h  n e g l e c t s  -j!et w e a t h e r  e f f e c t s ,  b u t  w h i c h  i r l c l u d e s  

n i g h t t i m e  e f f e c t s  o f  pavernerit m a r k i n g  w e a r ,  wou ld  r e q u i r e  48 t o t a l  

s i t e  o b s e r v a t i c n s .  As 5 n d i c a t e d  e a r l i e r ,  200 observations p e r  

s i t e  wou ld  b e  s u f f i c i e n t  t o  g e n e r a t e  h i g h  s t a t i s t i c a l  r e l i a b i l i t y # .  

T a b l e  C - 4  
F a c t o r s  a n d  L e v e l s  f o r  I n c l u s i o n  i n  T r a f f i c  P a t t e r n  S u r v e y  

A .  Pavement  Wear 

1. None o r  s l i g h t  
2 .  M o d e r a t e  
3 .  Heavy 

C .  T r a f f i c  V o l ~ r n e  

1. L i g h t  
2 .  Medium 
3 .  Heavy 

B .  M a r k i n g  Wear 

1. None o r  s l i g h t  
2 .  Heavy 

D .  L , igh t  C o n d i t i o n  

1. Day 
2 .  N i g h t  

E .  W e a t h e r  C o n d i t i o n s  

1. C l e a r  
2 .  R a i n  

F u l l  e x p e r i m e n t :  AxBxCxDxE 

Minimum e x p e r i m e n t :  Ax3xC 

Compromise e x p e r i m e n t :  AxBxC + BxCxD(2) .  

O b s e r v a t i o n s  wou ld  b e  made o f  v e h i c l e s  u s i n g  t h e  ma in  d r i v i n g  

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



o b s e r v a t i o n s .  T h i s  l a t e r  ~ x ~ a r ; , : - I o n  lvould s i g n i f i c a n t l y  i n c r e a s e  

t h e  cc?:;t- o f  t ' i ~ ?  d n t a  i to l l i \c t , ' c ) ; ;  ~c:'fopi;, hut, wi,uiij  n o t  doub]p I t , ,  

s i n c e  c e r t a i  11 cost:; ,'lssoci:ii;t7ti i d  i ;,i; p repa r j  nk: :I ::itc f o r  o b s e r v a -  

$ i o n s  would r ema in  f i x e d .  

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

p r i n c i p a l  p rob l em b e i n g  f i n d i n g  l g c a t i o n s  which s a t i s f y  t h e  pave-  

ment w e a r / t r a f f i c  volume r e q u i r e m e n t s .  The pavement wear  i n f o r -  

m a t i o n  c a n  b e  d e t e r m i n e d  frorri t h e  r o a d  damage s u r v e y  i n f o r m a t i o n ,  

o r  if t h i s  e x p e r i m e n t  i s  conduc t ed  i n d e p e n d e n t l y , f r o r n  q u a l i t a t i v e  

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

The d i f f i c u l t y  w i l l  b e  i n  l o c a t l n g  s i t e s  which have  heavy damage 

b u t  l i g h t  t r a f f i c  volume and -- v i c e  v e r s a .  T h i s  p rob l em migh t  be  

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

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

f i c  vo lumes .  Y e t ,  t h i s  p r o c e d u r e  i s  somewhat more r i s k y  s i n c e  i t  

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

p a r t i c u l a r  t o  one s i t e .  The pavement ma rk ing  l e v e l s  c an  be  e a s i l y  

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

s p r i n g - t i m e  r e p a i n t i n g .  L i g h t i n g  c o n d i t i o n s  p o s e  no  p a r t i c u l a r  

p rob l em,  o t h e r  t h a n  t h e  a v o i d a n c e  o f  dawn a n 6  dusk  p e r i o d s  when 

g l a r e  w i l l  a d v e r s e l y  e f f e c t  d r i v e r  p e r f o r m a n c e .  Weather  cond i -  

t i o n s  a r e  t h e  most p r o b l e m a t i c a l ,  and e l i m i n a t i n g  them f rom t h e  

d e s i g n  may a v o i d  many s c h e d u l i n g  p r o b l e m s .  S i t e s  s h o u l d  b e  l i m i -  

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

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

l owing  e v e n t s .  

Many o f  t h e  o p e r a t i o n a l  p rob l ems  w i l l  have  t o  be  s o l v e d  d u r i n g  

a  p r e - t e s t  p e r i o d .  P r o c e d u r e s  s u g g e s t e d  h e r e  c an  o n l y  be  p r e l i m i -  

n a r y .  F o r  e a c h  s i t e ,  a s u r v e y  w i l l  b e  r e q u i r e d  t o  d e t e r m i n e  e l e -  

v a t i o n s  and d i s t a n c e s  f rom t h e  p o i n t  on t h e  o v e r p a s s  where  t h e  

camera  i s  t o  be  mounted t o  a  numker o f  r e f e r e n c e  p o i n t s  a l o n g  t h e  

roadway.  R e f e r e n c e  p o i n y s  s h o u l 2  b e  f i x e d  o b j e c t s  t h a t  a r e  e a s i l y  

v i s i b l e  and  r e l a t i v e l y  c l o s e  t o  t h e  roadway,  b u t  s h o u l d  n o t  b e  on 

t h e  roadway i t s e l f ,  s i n c e  i t  I s  q u i t e  p o s s i b l e  t h a t  t h e y  migh t  b e  

o b s c u r e d  by o t h e r  v e h i c l e s ,  d i r t  o r  d e b r i s ,  o r  o b l i t e r a t e d  by 



l- ,I ,- , i ' f ic  wear.  Rt?fer1':ici3 p i ? i ~ : t  :; : : i ~ ~ i l t l  bc a t  iio rrlorc thnr: 10C ' 
i n k e r v a l s  a ~ d  s h o u l d  S e  fcun?, on '20th s i d e s  o f  t h e  roadway.  

S t a n d z r d  d e l i n e a t o r  n a r k i n q s  can  be  uzed f o r  t h i s  p u r p o s e ,  o r  i f  

g r e ~ t e r  a c c u r a c y  i s  d e s i r e d ,  t l i ~ l  su rvpy  crew car1 s t a k e  l ? e f e r e n c e  

p o i n t s  a t  p r e d e t e r m i n e d  distance. % # .  

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

f o r w a r d  ?recess. Equipment r e q u i r e d  i s  commerc i a l l y  a v a i l a b l e  

and i n c l u d e s  a  35mm mot ion  p i c t u r e  camera  equ ipped  w i t h  a  h igh -  

q u a l i t y  wide-ang le  l e n s  and v a r i a b l e - i n t e r v a l  t i m e  l a p s e  f e a t u r e ;  

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

c o u n t e ~ ;  and e i t h e r  a  r a d i o  s i g n a l  g e n e r a t o r / r e c e i v e r  s e t  o r  l i n e  

t r a n s m i s s i o n  equiprrient .  The t r a f f i c  c o u n t e r  c an  b e  i n s z a l l e d  i n  

t h e  l a n e  where t r a f f i c  i s  t o  be  o b s e r v e d  and would b e  c o n n e c t e d  

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

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

t o  t h e  camera  c o n t r o l .  The camera  c c n t r o l  would t h e n  a c t i v a t e  

t h e  camera  f o r  t h e  p e r i o d  n e c e s s a r y  t o  t a k e  t h e  d e s i r e d  number o f  

f r a m e s .  The camera  s h o u l d  be  t r i p o d  mounted and l o c a t e d  on t h e  

downstream s i d e  o f  a n  o v e r p a s s .  A p e r s o n  s h o u l d  be  s t a t i o n e d  w i t h  

t h e  equ ipment  a t  a l l  t i n e s  t o  s e r v i c e  i t  i n  c a s e  o f  m a l f u n c t i o n  

and t o  p r e v e n t  t h e f t  and v a n b a l i s m .  

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

t h e  p r e c e d i n g  p a r a g r a p h  can  be  s u g g e s t e d .  The b a s i c  o b s e r v a t i o n  

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

peak  t r a f f i c  p e r i o d s  when v e h i c l e  p a t h s  a r e  l i k e l y  t o  be  s t r o n g l y  

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

be tween  o b s e r v a t i o n s  would t h e n  be  a d j u s t e d  on t h e  b a s i s  o f  t r a f -  

f i c  volume t o  a c h i e v e  t n e  2 0 0  v e h i c l e  o b s e r v a t i o n s  w i t h i n  t h e  two 

h o u r  p e r i o d .  The 36 s econd  a v e r a g e  i n t e r v a l  be tween  o b s e r v a t i o n s  

*Th i s  would s i m p l i f y  one p o r t i o n  o f  t n e  d a t a  r e d u c t i o n  p r o c e s s  by 
a l l o w i n g  i n c o r p o r a t i o n  o f  s t a n d a r d  c o e f f i c i e n t s  f o r  d i s t a n c e  i n  
comput ing  t h e  p o s i t i o n  i n  t h e  l a n e .  However, t h e  convenience w i l l  
b e  m in ima l ,  s i n c e  p r e c i s e  c a l c u l a t i o n  o f  t h e  v e h i c l e  w i l l  r e q u i r e  
s i t e  s p e c i f i c  d a t a  on e l e v a t i o n  o f  t h e  camera ,  a n g l e  o f  d e c l i n a -  
t i o n  o f  t h e  camera ,  and g r a d e  and s u p e r e l e v a t i o n  o f  t h e  r o a d  s u r -  
f a c e .  



s h o i ~ l d  b e  s u f f i c i e n t l y  l ~ r i , n :  t o  l . - ~ r c r > e  t h a t  t h e  p a t h  o f  t h e  v e h i c l e s  

be tween  o b s e r v a t i c n : :  a m  I n d e p e i ~ t i o ~ t  o f  on(. a n o t h e r .  The two h o u r  

pe l ' i od  w i l l  i;c suf fi I t > n t  l y  I ~.)II!: i - o  l r ~ s u r l ~  t h a t  t rnn : : i en t  f a c t o r s  

ir: t h e  t r a f f i c  s t laearn ,  s:lch a:: cil s:ibiecl veh.i .clt .s on t h e  s h o u l d e r ,  a 

convcy o f  m o b i i e  home Transpor t : : ,  o r  p o l i c e  p a t r o l  v e h i c l e s ,  w i l l  

n o t  g r o s s l y  a f f e c t  t h e  o v e r a l l  s a m p l e .  A t  t h e  same t i m e ,  i f  t h e  

two h o u r  p e r i o d  i s  p r o p e r l y  c h o s e n ,  i t  w i l l  be  s u f f i c i e n t l y  s h o r t  

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

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

f r a m e s  b e i n g  t a k e n  e a c h  0.5 s e c o n a s .  The f i v e  s e c o n d  p e r i o d  w i l l  

a l l o w  o b s e r v a t i o n  o v e r  a p p r o x i m a t e l y  500 f e e t  (440' a t  6 0  mph, 5 5 0 '  

a t  75 mph) ,  w i t h  approximate3.y 50  f e e t  be tween  o b s e r v a t i o n s  (44' 
a t  60 mph, 5 5 '  a t  75 mph) .  

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

and t h e  o b s e r v a t i o n s  t r a n s l a t e d  l n t o  d a t a  on t h e  v e h i c l e  p a t h .  

The d a t a  r e d u c t i o n  p r o c e z s  can  u s e  a v a i l a b l e  d i g i t i z i n g  equ ipment  

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

p o i n t s  i d e n t i f i e d  i n  t h e  p h o t o g r a p h  and  r e f e r e n c e  p o i n t s  on t h e  

v e h i c l e s .  The v e h i c l e  r e f e r e n c e  ~ o i n t s  i d e a l l y  would b e  t h e  p o i n t  

o f  c o n t a c t  o f  t h e  r e a r  t i r e s ,  b u t  s i n c e  t h i s  may n o t  a l w a y s  b e  ob- 

s e r v a b l e  some o t h e r  p o i n t s  may n e e d  t o  b e  u s e d .  T h r e e  p o i n t s  a r e  

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

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

h e i g k t  above  t h e  pavement and t h e  h o r i z o n t a l  s e p a r a t i o n  o f  t h e s e  

? o i n t s  c a n  b e  u s e d  w i t h o u t  i n t r o d u c i n g  s u b s t a n t i a l  e r r o r .  The ob- 

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

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

b e  p r o c e s s e d  t h r o u g h  a r e l a t i v e 7 i y  s i m p l e  compute r  p rogram t o  s o l v e  

t h e  n e c e s s a r y  t r i g o n o m e t r i c  equat:ons and t o  compute t h e  v a r i a n c e  

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

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

d i f f e r e n c e s  a r e  a s s o c i a t e d  w i t h  s t u d - i n d u c e d  damage f a c t o r s ,  I f  

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

v e h i c l e  p a t h s ,  t h e n  one  m i g h t  i n f e r  t h a t  s u c h  damage c o n t r i b u t e s  

t o  a  f a c t o r  which i s  commonly t h o u g h t  t o  b e  a s s o c i a t e d  w i t h  a c c i -  

d e n t  c a u s a t i o n .  



C . 5  P 3 O G R A N  COSTS 

The d a t a  ca ther ink ;  a c t , i v i  t ic:;  ~>i>cornrncndec? arc qll i i ;c l  ( . ~ x t p ~ ~ : : l v ( ~  

and a p r e s e r i t a t i o n  o f  l i k e l y  pro;;r>an\ i 3 i? . i t  17, c;!.ii l!e u s c f u l  I r i  j ud-  

g i n g  a t  what l e v e l  t3ach a c t i v i t y  s h c u i d  b c  ir;lplementeii.  Such es-  

t i m a t e s  a r e  p r e s e n t e d  I n  T a b l e s  C-5.0 Lhrough C-5.4 .  As c a n  be  

s e e n  i n  T a b l e  C-5.0 ,  t h e  c o s t  c o u l d  r a n g e  f rom $ 2 3 , 7 2 5  unde r  v e r y  

o p t i m i s t i c  a s s u m p t i o n s  f o r  t h e  most modest  program,  t o  $120,150 

u n d e r  v e r y  c o n s e r v a t i v e  a s s u m p t i o n s  f o r  t h e  most f u l l y  implemen- 

t e d  p rogram.  

E s t i m a t i n g  c o s t s  f o r  t h e  p rogram i n  advance  i s  n o t  a n  e a s y  

t a s k ,  s i n c e  s e v e r a l  p o o r l y  known v a r i a b l e s  w i l l  s t r o n g l y  a f f e c t  

t h e  amounts i n v o l v e d .  The c o s t s  w i l l  v a r y  marked ly  w i t h  t h e  a- 
mount o f  d a t a  t o  b e  c o l l e c t e d  i n  t h e  f i e l d  and t h e  t y p e  o f  p e r s o n -  

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

t r a f f i c  f l o ~  m e a s u r e m e ~ t  a c t i v i t y ,  i t e m i z e d  i n  T a b l e  C - 5 . 4 ,  t h e  

p o s s i b l e  v a r i a t i o n  i s  be tween  $750 and $14 ,350 .  The low f i g u r e  

was a r r i v e d  a t  by a s s u n i n g  t h a t  36 o b s e r v a t i o n s  would b e  r e q u i r e d ,  

t h a t  e a c h  o b s e r v a t i o n  c o u l d  b e  conduc t ed  by a  s i n g l e  s t u d e n t  a s s i s -  

t a n t ,  e a r n i n g  $3 .50 /hou r ,  i n  a  f c u r  hou r  p e r i o d ;  and t h a t  o n l y  a  

modest  amount o f  l o c a l  : r a v e l  would be  r e q u i r e d ,  The h i g h  f i g u r e  

o f  $14 ,350  assumed 1 4 4  i ? ie ld  o b s e r v a t i o n s ,  conduc t ed  o v e r  a  s i x  

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

e a r n i n g  $6 .50 /hou r ;  i n  a d d i t i o n  t h e  h i g h e r  f i g u r e  r e f l e c t e d  a n  

assumed 5 0 - n i l e  t r a v e l  d i s t a n c e  f o r  e a c h  o b s e r v a t i o n  and t h e  nece s -  

s i t y  o f  o v e r n i g h t  t r i p s  f o r  o n e - t h i r d  o f  t h e  o b s e r v a t i o n s .  The 

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

t i a l l y  t h e  same r e a s o n s .  

O t h e r  p rogram c o s t s  snow some v a r i a t i o n ,  b u t  n o t  as e x t e n -  

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

a r e a s  a r i s e s  p r i m a r i l y  due t o  d i f f e r e n c e s  i n  o p t i m i s t i c  and con- 

s e r v a t i v e  e s t i m a t e s  o f  t h e  amount o f  e f f o r t  needed  t o  comple t e  a 

s p e c i f i c  p l a n n i n g ,  programming,  o r  a n a l y s i s  t a s k .  F o r  example ,  

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

T a b l e  C-5.2, r a n g e s  i n  c o s t  f rom $1000 t o  $3000.  Fo r  t h e  low f i -  

g u r e ,  t h e  t a s k  might  be  s u p e r v i s e d  b y  someone a t  t h e  j u n i o r  



p r o r ' c : : ~  i ona l  1.evcCl :~r!ci C O U ~  c i  i t ivo-l v t '  ;I SICT' :~  ri i t'c'i! t ,  (1;iI;a t r a n s f e r  

opt-,rci:-inn. At a 113 b:l~t.r~ i':(:;1il1ci , . " i f !  a'lj :7 l : i j j  t, tit? ~!; i t - ,n might  r e q u i r e  

2 r o t r a c t e d  nego 'c ia t  ions !zrith t i j c  . ' ;Lpp:y ;nil; a!';tll;c.y i n v o l v i n g  s e n i o r  

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

v i s i o n  o f  a  d e t a i l e d  c o m p . ~ t e r  and ~ n a n u a l  r e c o d i n g  o p e r a t i o n  migh t  

b e  needed .  C o s t s  were  b a s e d  on a p p r o x i m a t e  s a l a r y  l e v e l s  f'or t h e  

t y p e s  o f  p e r s o n n e l  i n v o l v e d  2 t  t h e  U n i v e r s i t y .  L i k e w i s e ,  computer  

p r o c e s s i n g  c o s t s  and equ ipment  c o s t s  were  d e r i v e d  f rom i n f o r m a l  

d i s c u s s i o n  w i t h  i n fo rmed  9 e r s o n s  w i t h i n  t h e  U n i v e r s i t y .  One ma jo r  

c o s t  a r e a ,  o v e r h e a d  c h a r g e s ,  h a s  been  o m i t t e d  s i n c e  r a t e s  and i t e m s  

i n c l u d e d  v a r y  r a d i c a l l y  f r om agency t o  agency .  

T a b l e  C-5.0 
1 

E s t i m a t e d  Program C o s t s  b y  Na,jor A c t i v i t y   real 

A c t i v i t v  

PaverneKt Wear Survey  

Low - High 

A c c i d e n t  Data A n a l y s i s  $3 ,600  $14,900 

D e t a i l e d  A c c i d e n t  
I n v e s t i g a t i c n  

T r a f f i c  Flow Measurement $7,750 $43,650 

TOT,4L, $23 ,725  $120,150 

T a b l e  C-5 .1  

E s t i m a t e d  Program C o s t s  f o r  Pavement Wear Su rvey  By Major  
Expense  I t e m s  

A c t i v i t y  Low - High 

P l a n n i n g  & A d m i n i s t r a t i o n  $1 ,500  
A 

$6 ,000  
r: Data C o l l e c t i o n  $2 ,675  $12,000 

Da t a  A n a l y s i s  $1 ,500  $7 ,500  

TOTAL $5 ,675  $25,500 

' A l l  e xpense s  i n  t h i s  t a b l e  r e f l e c t  d i r e c t  c o s t s  o n l y ,  and  do 
n o t  make p r o v i s i o n  f o r  agzncy o v e r h e a a  c h a r g e s .  They do a t t e m p t  
t o  r e f l e c t ,  where  p o s s i b l e ,  a l l  i n c r e m e n t a l  c o s t s ,  even  t h o u g h  
i n  some i n s t a n c e s  t h e  s e r v i c e s  may be  " f r e e "  t o  t h e  p r o j e c t ,  s u c h  
as p o l i c e  t , ime on s u p p l e m e n t a l  s c c i d e n t  r e p o r t s .  

2 ~ e e  T a b l e  C-1 f o r  comp le t e  d e t a i l .  



z s t i m a t e d  P r o g r a z  C c s t s  fcr A c ~ i d e n t  D a t a  A n a l y s i s  

A c t i v i t y  L ow -- 
P l a n n i n g  & Administration $ i , 0 0 0  

Computer  Programming $ 600 

Manual  Z n c o d i n g  o f  
S u p p l e m e n t a l  I n f o r m a t i o n  $ 0  

Computer  P r o c e s s i n g  $ 1 , 0 0 0  

High  

$ 3 , 0 0 0  

$ 2 , 4 0 0  

S t a t i s t i c a l  A n a l y s i s  $ 1 , 0 0 0  $ 4 , 0 0 0  

TOTAL $3,60C $14 ,900  

T a b l e  C-5.3 

E s t i m a t e d  P r o g r a m  C o s t s  f o r  D e t a i l e d  A c c i d e n t  I n v e s t i g a t i o n  

A c t i v i t y  Low - 
P l a n n i n g  & A a m i n i s t r a t i o n  $ 2 , 0 0 0  

Data C o l l e c t i o ~  

C l e r i c a l  P r o c e s s i n g  
o f  Forms 

Computer  Programming 

Computer  P r o c e s s i n g  

High 

$ 6 , 0 0 0  

Data A n a l y s i s  $ 1 , 0 0 0  $ 3 , 0 0 0  

TOTAL $ 6 , 3 0 0  $ 3 6 , 1 0 0  

T a b l e  C-5.4 

E s t i m a t e d  P r o g r a m  C o s t s  f o r  T r a f f i c  F low Measu remen t  

A c t i v i t y  Low - High  
P l a n n i n g  & A d m i n i s t r a t i o n  $ 1 , 5 0 0  $ 6 , 0 0 0  

Equ ipmen t  & S u p p l i e s  

D a t a  C o l l e c t i o n  

P h o t o  I n t e r p r e t a t i o n  

Compute r  P r o g r a m i n g  $ 800 $ 2 , 0 0 0  

Computer  P r o c e s s i n g  $ 500 $ 2 , 0 0 0  

D a t a  A n a l y s i s  

TOTAL $ 7 , 7 5 0  $ 4 3 , 6 5 0  





A bibliography of references pertinent to the relationships 

between studded tires, pavement wear, and accidents is pr3esented 

in this appendix. References are divided into fifteen distinct 

categories, and are listed alphabetically within each division. 

The fifteen categories are: 

1. Tire Hydroplanir~g and Wet Skid--General and Induced By 

Studded Tire Pavement Wear 

2 .  Safety Aspects of Road Repair Maintenance Activities 

3. Spiash and Spray 
4. Lateral P1acemer.t Shifting Caused By Marking Wear and 

Worn Wheel Paths 

5. Transverse Forces and Steering Effects Resulting From 

Roughened Pavement and Worn Wheel Paths 

6. Noise and Vibration Effects on Driver Fatigue Resulting 
From Roughened Pavement 

7. Ejected Studs Thrown From High Speed Vehicles 
8. Vehicle Component Degradation 
9. Pavement Material Properties and Stuaded Tire-Induced 

Wear Characteristics 

10. Studded Tire-Induced Pavement Friction Changes 

11. Pavement Marking Practices, Material Properties, and 

Studded Tire Wear 

12. Studded Tire Perrormance Characteristics 

13. Tire Stud 3esign and Performance Characteristics 

14. Accident Studies Involving Skidding and Studded Tire Use 

15. Miscellaneous 
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