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SUW.IARY OF FINDINGS 

R a i n f a l l  dec reases  urban freeway c a p a c i t y  on t h e  

John C. Lodge Freeway i n  D e t r o i t  by about  e i g h t  

p e r c e n t  when t h e  freeway i s  being r e g u l a t e d  by a  

f u l l y  o p e r a t i o n a l  c o n t r o l  system by means of ramp 

meter ing  and v a r i a b l e  message in fo rmat ion  s i g n s .  

This  v a l u e  i s  approximately h a l f  t h a t  observed i n  

a  s i m i l a r  s tudy r e c e n t l y  concluded on a  Houston 

Freeway. 

2.  The s i g n i f i c a n c e  of  t h e  above f i n d i n g s  i s  inc reased  

by t h e  f a c t  t h a t  a t  l e a s t  one t ime i n  t e n  i t  w i l l  

r a i n  wi th  enough i n t e n s i t y  i n  D e t r o i t  t o  s i g n i f i c a n t l y  

reduce freeway c a p a c i t y  d u r i n g  one, o r  both  of  t h e  

peak p e r i o d s .  

3. Both t h e  d ry  and r a i n y  weather  c a p a c i t i e s  were found 

t o  va ry  among t h e  freeway d e t e c t o r  s t a t i o n s  and 

e x t e n s i v e  d a t a  measurement systems a r e  probably neces- 

s a r y  t o  de termine  t h e  a p p r o p r i a t e  r e d u c t i o n s  f o r  a  

s p e c i f i c  a p p l i c a t i o n .  

4 .  R a i n f a l l  a l s o  appears  t o  dec rease  t h e  mean f r e e  speed 

of t h e  freeway under t h e  same c o n d i t i o n s .  
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CHAPTER ONE 

INTRODUCTION AND RESEARCH APPROACH 

INTRODUCTION 

The advanced c o n t r o l  of freeway o p e r a t i o n s  i s  based 

on r e l a t i o n s h i p s  between demand on a  s e c t i o n  of freeway 

and t h e  c a p a c i t y  ( a t  t h e  d e s i r e d  l e v e l - o f - s e r v i c e )  of t h a t  

freeway s e c t i o n .  The maximum observed t r a f f i c  volume, 

t o g e t h e r  w i t h  r e s u l t s  of speed and d e n s i t y  s t u d i e s ,  a r e  

used a s  a  guide  t o  e s t a b l i s h  a  numerical  v a l u e  f o r  t h e  capa- 

c i t y  of a  roadway under i d e a l  c o n d i t i o n s  (1). This  v a l u e ,  

q u a n t i f y i n g  t h e  maximum number of v e h i c l e s  which have a  

r easonab le  e x p e c t a t i o n  of p a s s i n g  over  t h e  s e c t i o n  of f r e e -  

way, w i l l  vary  depending on how roadway and t r a f f i c  

c h a r a c t e r i s t i c s  va ry  from i d e a l  c o n d i t i o n s ,  Thus c a p a c i t y  

can be reduced f o r  v a r i o u s  reasons .  

The Highway Capaci ty  Manual i d e n t i f i e s  t h e s e  reasons  

a s  be longing t o  two major categories--roadway f a c t o r s  and 

t r a f f i c  f a c t o r s .  Roadway f a c t o r s  a r e  p h y s i c a l  f e a t u r e s  and 

a r e  g e n e r a l l y  of a f i x e d  n a t u r e  and inc lude :  shou lde r  width ,  

a l ignment ,  s u r f a c e  c o n d i t i o n s ,  g r a d e s ,  l a n e  wid th ,  number of 

l a n e s ,  and ramp spacing.  T r a f f i c  f a c t o r s  a c t  i n  a d d i t i o n  

t o  t h e  roadway f a c t o r s  t o  de termine  t h e  a v a i l a b l e  c a p a c i t y .  



These i n c l u d e  t r a f f i c  mix, v a r i a t i o n s  i n  t r a f f i c  f low, l a n e  

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

a r e  v a r i a b l e s  when r e l a t e d  t o  time. A t h i r d  l i s t  could  be 

developed t o  i n c l u d e  dynamic envi ronmenta l  v a r i a b l e s  such 

a s  r a i n ,  snow, f o g ,  and reduced v i s i b i l i t y  a s s o c i a t e d  w i t h  

t h e s e  phenomena i f  t h e  e f f e c t s  a r e  l a r g e  enough t o  be  

impor tan t .  The Highway Capaci ty  Manual i d e n t i f i e s  c a p a c i t y  

v a r i a t i o n s  a s  low a s  two and t h r e e  p e r c e n t ,  t h e r e f o r e ,  any 

change g r e a t e r  t h a n  t h i s  could  be  cons ide red  impor tan t .  S ince  

t h e  e f f e c t  o f  envi ronmenta l  f a c t o r s  have n o t  been e x t e n s i v e l y  

s t u d i e d ,  t h e  main g o a l  of  t h i s  s t u d y  i s  t o  de termine  how 

r a i n f a l l  ( i n  p a r t i c u l a r )  a f f e c t s  c a p a c i t y  and performance a t  

f i v e  c o n s e c u t i v e  freeway s t a t i o n s  on t h e  John C. Lodge 

Freeway i n  D e t r o i t ,  Michigan. 

A r e c e n t  Texas T r a n s p o r t a t i o n  I n s t i t u t e  ( T T I )  s t u d y  on 

a  Houston freeway i n d i c a t e s  t h a t  c a p a c i t y  was reduced t o  

between 81% and 86% under r a i n y  c o n d i t i o n s  ( 2 ) .  I n  a  

December 1968 r e p o r t  p repared  by T T I  on t h e  John C. Lodge 

Freeway i n  D e t r o i t  ( 3 ) ,  r e s u l t s  of  a s i m i l a r  b u t  ve ry  l i m i t e d  

s t u d y  a r e  p r e s e n t e d .  The i r  d a t a  were p r e s e n t e d  i n  diagram 

2 form r e l a t i n g  speed w i t h  bo th  energy (veh-miles/hr  ) ,  and 

f low (veh/minute) .  Although on ly  a  few d a t a  p o i n t s  f o r  d r y  

wea the r  days  a r e  shown, they  a r e  a s s o c i a t e d  w i t h  a  h i g h e r  



optimum speed f o r  maximum energy than  a r e  r a i n y  days. When 

maximum flow i s  cons ide red ,  however, t h e i r  p l o t  i n d i c a t e s  

only  one optimum speed. S ince  a l l  e f f o r t s  by r e s e a r c h e r s  

on t h i s  p r o j e c t  have been d i r e c t e d  toward maximizing flow 

on t h e  Lodge Freeway, t h e  r e s u l t  i n d i c a t i n g  no d i f f e r e n c e  

between r a i n y  and d ry  days f o r  c a p a c i t y  f low ' i s  more 

impor tant .  

The Univers i ty  of Michigan, i n  1969, d i d  an a n a l y s i s  

s i m i l a r  t o  t h a t  of T T I  of two r e p r e s e n t a t i v e  d r y  days and 

two r a i n y  days i n  an e f f o r t  t o  confirm 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  freeway c a p a c i t y  and t h e o r e t i c a l  f r e e  speed 

induced by weather  changes ( 4 ) .  No c o n s i s t e n t  d i f f e r e n c e s  

were found wi th  regard  t o  r a i n ,  b u t  r e l a t i v e l y  c o n s i s t e n t  

changes were found between t h e  f o u r  freeway s t a t i o n s  inc luded  

i n  t h e  s tudy .  The v a r i a b i l i t y  of t h e  r e s u l t s  i n d i c a t e d  t h a t  

a  l a r g e r  number of  sample days was r e q u i r e d  t o  produce any 

d e f i n i t i v e  conclus ions  regard ing  i n d i v i d u a l  s t a t i o n  o p e r a t i o n s  

and t h e  i n f l u e n c e  of r a i n .  

Reports  on s t u d i e s  d e a l i n g  wi th  i n c i d e n t  d e t e c t i o n  

i n d i c a t e  t h a t  t h e  frequency of i n c i d e n t s  (an  i n c i d e n t  being 

any stoppage of one o r  more v e h i c l e s  e i t h e r  on t h e  roadway 

o r  shou lde r )  i s  much g r e a t e r  dur ing  w e t  pavement c o n d i t i o n s  

( 5 ) .  I n  England i t  was found t h a t  sp ray  s e n t  up by c a r s  



i s  t h e  b i g g e s t  s i n g l e  cause  of  breakdown on roadways ( 6 ) .  

I n c i d e n t s  may c r e a t e  b o t t l e n e c k s  which may f u r t h e r  reduce 

c a p a c i t y  and t h i s  i s  ano the r  r eason  t o  s tudy  t h e  problem of  

t h e  e f f e c t  of  r a i n  on c a p a c i t y .  

CONCEPT B E H I N D  STUDY 

To e f f e c t i v e l y  and e f f i c i e n t l y  c o n t r o l  freeway 

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

s e c t i o n  of  freeway must be  known. S ince  t h i s  numeric v a l u e  

assumes such a  c r i t i c a l  r o l e  i n  de termining meter ing  r a t e s ,  

i t  shou ld  b e  a s  a c c u r a t e  a s  p o s s i b l e .  A v a l u e  has  been 

d e f i n e d  from t h e  many y e a r s  of s t u d y  t h a t  have occurred  on 

t h e  Lodge Freeway. This  s t u d y  d i r e c t e d  i t s e l f  t o  t h e  ques- 

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

i f  i t  does ,  by how much. A f t e r  de termining t h e  changes i n  

t h e  parameters  due t o  w e t  pavement, more a c c u r a t e  c o n t r o l  

can be  achieved.  I f  t h e  c a p a c i t y  of a  freeway s u b s e c t i o n  i s  

reduced,  t h e  demand should  be  more t i g h t l y  c o n t r o l l e d .  This  

w i l l  t h u s  p r e v e n t  congested c o n d i t i o n s  from developing and 

w i l l  e n a b l e  t h e  freeway t o  o p e r a t e  " a t  c a p a c i t y . "  

Demand f o r  freeway s e c t i o n s  can be c o n t r o l l e d  by u t i -  

l i z i n g  a  system o f  ramp meter ing  and t r a f f i c  c o n t r o l  s i g n s .  

Ramp meter ing  c o n s i s t s  o f  an  o r d i n a r y  stop-and-go t r a f f i c  

s i g n a l  mounted approximately one-half way down an  on-ramp. 



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

v e h i c l e  on a  one-at-a-time b a s i s .  During p e r i o d s  of  heavy 

demand, queues b u i l d  up on t h e s e  ramps. Demand f o r  ramps 

should ,  t h e r e f o r e ,  be c o n t r o l l e d .  This  can be  accomplished 

by means of t r a f f i c  c o n t r o l  and in fo rmat ion  s i g n s  ( 7 ) ,  ( 8 ) .  

The d i f f e r e n c e  between demand and c a p a c i t y  of a  f r e e -  

way s e c t i o n ,  and demand and s t o r a g e  on a  ramp, d i c t a t e  t h e  

c o n t r o l  exe rc i sed .  This  c o n t r o l  i s  based on r e a l  t ime t r a f f i c  

flow measurements r a t h e r  than  on a  f i x e d  time b a s i s ;  a  block 

diagram showing t h e  system l o g i c  f o r  c o n t r o l  i s  shown i n  

F i g u r e  1. The i n t r o d u c t i o n  of  t h e  changed c a p a c i t y  parameter  

occurs  i n  t h e  p rocess ing  and assessment  phases of t h e  c o n t r o l  

o p e r a t i o n .  

TRAFFIC FLOW 

MEASUREMENT J 
PROCESSING 1 

I ASSESSMENT 

FIGURE 1 

BLOCK DIAGRAM SHOWING REAL TIME SYSTEM LOGIC 



RESEARCH APPROACH 

The s tudy  was performed by t h e  Highway S a f e t y  Research 

I n s t i t u t e  ( H S R I )  o f  The U n i v e r s i t y  of Michigan on a  nor th-  

bound s e c t i o n  o f  t h e  John C. Lodge Freeway having a  l eng th  

of  abou t  2 2/3 m i l e s .  This  s i t e  was chosen s i n c e  it con- 

t a i n e d  an  a c t i v e  t r a f f i c  r e s e a r c h  f a c i l i t y  t h a t  provided 

t h e  necessa ry  c a p a b i l i t i e s  f o r  d a t a  c o l l e c t i o n  and a n a l y s i s .  

The Na t iona l  Proving Ground f o r  Freeway S u r v e i l l a n c e ,  Con t ro l ,  

and E l e c t r o n i c  T r a f f i c  Aids f a c i l i t y  and l o c a l  agenc ies  have 

been a c t i v e l y  performing r e s e a r c h  work on t h e  Lodge Freeway 

s i n c e  1955. A t  t h e  t i m e  o f  t h i s  s t u d y ,  i t  was being u t i -  

l i z e d  a s  a  f u l l y  o p e r a t i o n a l  freeway c o n t r o l  system f o r  t h e  

purpose o f  maximizing f low through t h e  Lodge c o r r i d o r .  Thus, 

t h i s  experiment  took p l a c e  i n  t h e  a p p r o p r i a t e  environment 

of an  advanced c o n t r o l  system where, i n  a p p l i c a t i o n ,  t h e  

r e s u l t s  and knowledge gained would be merged. I t  was t o  

f u r t h e r  r e f i n e  t h e  c o n t r o l  parameters  u t i l i z e d  i n  t h e  ramp 

mete r ing  and in fo rmat ion  s i g n  system t h a t  t h i s  s tudy  was 

i n i t i a t e d .  

The freeway c o n t r o l  system n e c e s s a r i l y  has  a  l a r g e  

number of  v e h i c l e  d e t e c t o r s  u t i l i z e d  f o r  t r a f f i c  f low measure- 

ments a s  w e l l  a s  e x c l u s i v e  u s e  of  an IBM 1800 computer system. 

These items were u t i l i z e d  f o r  d a t a  a c q u i s i t i o n ,  summary, 



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

freeway d e t e c t o r  s t a t i o n s  were employed t o  c o l l e c t  d a t a  and 

t h e i r  l o c a t i o n s  a r e  shown i n  F i g u r e  2 .  S t a t i o n s  3 ,  4 ,  6 ,  

and 7 each have t h r e e  northbound l a n e s  w h i l e  s t a t i o n  5 has  

f o u r  l a n e s .  A s  t h e  f i g u r e  d e p i c t s ,  s t a t i o n s  4 ,  5 ,  6 ,  and 7 

a r e  each l o c a t e d  on s t r a i g h t  a l ignments ;  w h i l e  s t a t i o n  3 i s  

l o c a t e d  midway through a r e v e r s e  curve .  Each l a n e  a t  each 

s t a t i o n  i s  counted i n d i v i d u a l l y  by an u l t r a s o n i c  v e h i c l e  

d e t e c t o r .  These u n i t s  a r e  mounted on b r i d g e s  and p e d e s t r i a n  

overpasses  over  t h e  freeway. These l a n e  coun t s  a r e  t h e n  

summed t o  p rov ide  s t a t i o n  coun t s .  Occupancy i s  measured a s  

t h e  pe rcen tage  of time t h a t  v e h i c l e s  a r e  d e t e c t e d  by t h e  

d e t e c t o r s  and averaged.  

The f i r s t  s t e p  i n  t h e  s t u d y  was t o  de te rmine  on which 

days it r a i n e d  d u r i n g  t h e  p e r i o d  2:30 t o  6:30. Th i s  f o u r  

hour d u r a t i o n  corresponds  t o  t h e  t ime t h e  freeway c o n t r o l  

system was o p e r a t i o n a l  and, t h e r e f o r e ,  t o  t h e  t i m e  d a t a  cou ld  

be  c o l l e c t e d .  The r a i n y  days were determined by reviewing 

f i g u r e s  from t h e  United S t a t e s  Environmental Data S e r v i c e  

( 9 ) ,  and choosing days g e n e r a l l y  having more t h a n  0.04 inch  

p r e c i p i t a t i o n  d u r i n g  t h i s  peak t r a f f i c  f low p e r i o d .  Local  

c l i m a t o l o g i c a l  d a t a  f o r  D e t r o i t  C i t y  A i r p o r t  ( abou t  4 miles 

from t h e  p r o j e c t )  a r e  pub l i shed  monthly; a  sample copy i s  
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inc luded  a s  F i g u r e  3. The monthly summaries were searched 

f o r  r a i n y  days and a  s i m i l a r  q u a n t i t y  of  d r y  days.  The 

mean amount of  r a i n f a l l  on t h e  days u t i l i z e d  i n  t h i s  s t u d y  

was 0.15 i n c h ,  w h i l e  t h e  h i g h e s t  v a l u e  was 0.35 inch .  

I f  p o s s i b l e ,  consecu t ive  r a i n y  and d r y  days were chosen 

t o  avoid  p o s s i b l e  changes i n  t r a f f i c  p a t t e r n s .  Also,  h o l i d a y s ,  

days preceding and fo l lowing  h o l i d a y s ,  and days on which 

r e s e a r c h  exper iments  were conducted were n o t  chosen. I n  

a d d i t i o n ,  t h e r e  were o t h e r  days n o t  a v a i l a b l e  f o r  s e l e c t i o n  

because t h e  computer was n o t  o p e r a t i o n a l  due t o  s o f t w a r e  

and/or hardware changes, a s  w e l l  a s  days when d e t e c t o r  

s t a t i o n s  were n o t  o p e r a t i n g  p r o p e r l y  f o r  any of a v a r i e t y  of 

r easons .  Within t h e s e  l i m i t a t i o n s ,  3 4  s t a t i o n - d a y s  of  d r y  

d a t a ;  and 2 1  s t a t i o n - d a y s  of  r a i n  d a t a  were compiled f o r  t h e  

f u l l  f o u r  hour c o n t r o l  p e r i o d .  S ince  t h e  d a t a  c o l l e c t e d  d a i l y  

on t h e  p r o j e c t  i s  s t o r e d  on computer punch c a r d s ,  t h e r e  was 

no d i f f i c u l t y  i n  r e c o v e r i n g  t h e  d e s i r e d  days and reduc ing  

t h e  d a t a  f o r  a n a l y s i s .  The s p e c i f i c  d a t a  u t i l i z e d  was among 

a  l a r g e r  assemblage c o l l e c t e d  r o u t i n e l y  every  day and con- 

s i s t e d  of 240 one-minute v a l u e s  f o r  volume and occupancy 

a t  each of  t h e  f i v e  consecu t ive  freeway s t a t i o n s  p r e v i o u s l y  

d e s c r i b e d .  

A program was p repared  t o  p l o t  volume v e r s u s  occupancy 

d a t a  on a  c o o r d i n a t e  p l a n e  f o r  each day f o r  each s t a t i o n ;  

s e e  F igure  4 f o r  p l o t s  of  two days  a t  s t a t i o n  5. A d d i t i o n a l l y ,  
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t h i s  program determined t h e  l e a s t  s q u a r e s  r e l a t i o n s h i p  f o r  

a p a r a b o l a  f i t  through t h e s e  d a t a  p o i n t s  and fo rced  through 

t h e  o r i g i n ,  and t h e s e  f e a t u r e s  correspond t o  t h e  Greensh ie ld ' s  

Model. A mathematical  d e r i v a t i o n  of t h i s  model appears  i n  

Appendix A t o  t h i s  r e p o r t .  Appendix B c o n t a i n s  a s h o r t  

d e s c r i p t i o n  of  t h e  program l o g i c  a s  w e l l  a s  t h e  method used 

t o  c o n v e r t  occupancy v a l u e s  t o  d e n s i t y  v a l u e s  a t  each 

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

From t h e  l e a s t  squares  r e l a t i o n s h i p  developed f o r  each 

s t a t i o n - d a y  s t u d i e d ,  t h e  peak of  t h e  p a r a b o l a  can be  d e t e r -  

mined. This  v e r t e x  p o i n t  w i l l  cor respond t o  t h e  maximum 

volume p a s s i n g  over  a freeway s e c t i o n  on t h a t  p a r t i c u l a r  

day. This  v a l u e  f o r  maximum volume would equa l  t h e  c a p a c i t y  

of  t h a t  s e c t i o n  of  freeway f o r  t h a t  p a r t i c u l a r  day s i n c e  i n  

a l l  c a s e s ,  demand was more than  s u f f i c i e n t  t o  ach ieve  

c a p a c i t y  and even congested f low l e v e l s .  The i n a b i l i t y  o f  

t h e  c o n t r o l  system t o  c o n t r o l  demand and main ta in  it a t  

c a p a c i t y  enabled  t h e  d a t a  t o  be judged a c c e p t a b l e .  S ince  t h e  

G r e e n s h i e l d ' s  Model was u t i l i z e d ,  i t  was a s imple  m a t t e r  t o  

de te rmine  t h e  jammed occupancy. Owing t o  t h e  symmetrical  

p r o p e r t i e s  of  t h e  p a r a b o l a ,  t h e  v a l u e  f o r  occupancy c o r r e s -  

ponding t o  t h e  v e r t e x  of  t h e  pa rabo la  i s  one-half t h e  v a l u e  

f o r  jammed occupancy. 



A s  d e r i v e d  i n  Appendix A ,  t h e  f r e e  speed i s  equa l  t o  

f o u r  t imes  t h e  c a p a c i t y  d i v i d e d  by t h e  jammed d e n s i t y .  By 

fo l lowing  t h e  above p rocedures ,  v a l u e s  f o r  f r e e  speed and 

c a p a c i t y  f o r  each freeway s t a t i o n ,  and f o r  each r a i n y  and 

d r y  day,  were determined.  Each o f  t h e s e  v a l u e s  have been 

ar ranged i n  t a b u l a r  form and a r e  shown i n  Appendix C ,  

Tables C 1  and C2, a long  wi th  t h e i r  r e s p e c t i v e  mean va lues .  

S t a t i s t i c a l  t e s t s  were performed on t h e s e  sets o f  d a t a  

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

During an e a r l y  p e r i o d  of  t h i s  r e s e a r c h  a l i m i t e d  

s tudy  was performed a long t h e  Lodge Freeway t o  conf i rm t h a t  

t h e  d a t a  r e p o r t e d  on t h e  o f f i c i a l  weather  d a t a  summaries 

were i n  agreement w i t h  a c t u a l  c o n d i t i o n s  observed on t h e  

freeway . 



CHAPTER TWO 

RESEARCH F I N D I N G S  

The d a t a  p r e s e n t e d  i n  Tables  C 1  and C 2  was examined 

s t a t i s t i c a l l y  by u t i l i z i n g  t h e  S t u d e n t s  t Test. R e s u l t s  

i n d i c a t e  t h a t  a t  t h r e e  of t h e  s t a t i o n s  t h e r e  was 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  r e d u c t i o n  i n  c a p a c i t y  ( s e e  Table 1) .  A t  

t h e s e  t h r e e  s t a t i o n s  t h e  c a p a c i t y  on r a i n y  days was reduced 

t o  abou t  9 2 %  of  t h a t  a t t a i n a b l e  on d r y  days.  There were 

no s i g n i f i c a n t  changes a t  s t a t i o n  6 o r  7 and t h i s  i s  due i n  

p a r t  t o  t h e  s m a l l e r  sample s i z e  o f  d a t a  g a t h e r e d  a t  t h e s e  

two s i tes .  Also,  t h i s  a p p a r e n t  c o n t r a d i c t i o n  a t  s t a t i o n s  6 

and 7 was t e s t e d  a g a i n s t  t h e  h y p o t h e s i s  t h a t  t h e r e  i s  an 

8 p e r c e n t  r e d u c t i o n  i n  r a i n y  weather  c a p a c i t y .  R e s u l t s  

i n d i c a t e  t h a t  v a l u e s  found a t  t h e s e  two s t a t i o n s  a r e  n o t  

i n c o n s i s t e n t  w i t h i n  t h e  range  o f  normal sampling f l u c t u a t i o n s .  

S t a t i s t i c a l  examinat ion  of  d a t a  on mean t h e o r e t i c a l  

f r e e  speeds  a t  each of t h e  f i v e  s t a t i o n s  p r e s e n t e d  i n  Table 2 

shows t h a t  t h e r e  was no s t a t i s t i c a l l y  s i g n i f i c a n t  v a r i a t i o n  

a t  f o u r  s i t e s .  S t a t i o n  4 had a  f r e e  speed r e d u c t i o n  on r a i n y  

days  o f  10.9%. A s i g n  t e s t  was performed on t h e  f r e e  speed 

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

t h e  mean f r e e  speed a t  a l l  f i v e  s t a t i o n s .  Furthermore,  on ly  

one t i m e  i n  t h i r t y - t w o  would r e s u l t s  showing a d e c r e a s e  a t  

a l l  s t a t i o n s  be  o b t a i n e d  by chance. Th i s  i n d i c a t e s  a  



TABLE 1 

COMPARISON OF CAPACITY FLOWS 

DETECTOR 
STATION 
NUMBER 

C 

I 

3 

CAPACITY FLOW 
DIFFERENCE 

S I G N I F I C A N C E  

TABLE 2 

COMPARISON OF FREE S P E E D S  

DETECTOR 
STATION 
NUMBER 

SAMPLE S I Z E  
I 

FREE SPEED MPH) 

TTk 
DIFFERENCE 

SIGNIFICIEE 
LEVEL 

-11.9 



s i g n i f i c a n t  e f f e c t  a t t r i b u t a b l e  t o  r a i n .  The magnitude o f  

t h i s  r e d u c t i o n ,  however, canno t  be  de termined a t  t h i s  t ime 

due t o  t h e  l i m i t e d  d a t a  a v a i l a b l e .  The d e c r e a s e  i n  f r e e  speed 

i s  c o n s i s t e n t  w i t h  t h e  f a c t  t h a t  t h e  G r e e n s h i e l d ' s  Model would 

p r e d i c t  a  reduced f r e e  speed f o r  a  dec reased  c a p a c i t y .  

An i n v e s t i g a t i o n  was under taken t o  see i f  t h e r e  was a  

r e l a t i o n s h i p  between t h e  q u a n t i t y  of  r a i n f a l l  and t h e  reduc- 

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

When t h e  s i x  days  were d i v i d e d  i n t o  two groups (one having 

t h e  t h r e e  days  t h a t  it r a i n e d  l e a s t  and t h e  o t h e r  having t h e  

t h r e e  on which it r a i n e d  t h e  most)  each group had e x a c t l y  one- 

h a l f  of t h e  h i g h e s t  and one-half  of  t h e  lowes t  v a l u e s  f o r  capa- 

c i t y .  There fo re ,  t h e r e  i s  no a p p a r e n t  c o r r e l a t i o n  between 

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

A one-way a n a l y s i s  of  v a r i a n c e  was performed on t h e  d a t a  

a t  each s t a t i o n .  R e s u l t s  showed t h a t  t h e r e  i 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  v a r i a t i o n  among t h e  s t a t i o n s  f o r  b o t h  t h e  r a i n y  and 

d r y  d a t a  s e t s .  Th i s  remained t r u e  even when t h e  s t a t i o n  having 

t h e  l a r g e s t  mean d i f f e r e n t i a l  was removed from t h e  a n a l y s i s .  

FREQUENCY OF RAINFALL 

Because t h e  r a i n  does  have a d e c r e a s i n g  e f f e c t  on freeway 

c a p a c i t y ,  t h e  f requency of r a i n f a l l  becomes an  impor tan t  

q u e s t i o n .  Records f o r  t h e  p e r i o d  September 1960 through 

August 1970 f o r  t h e  D e t r o i t  a r e a  were r e c e i v e d  from t h e  

United S t a t e s  Environmental  Data S e r v i c e .  This  t e n  y e a r  

span of  d a t a  was examined f o r  f requency of  occur rence  of 



r a i n f a l l  d u r i n g  t h e  p e r i o d s  o f  7:00 t o  9:00 a.m. and  3:00 t o  

6 :00 p.m. These  times would c o r r e s p o n d  t o  t h e  morn ing  and  

e v e n i n g  peak  p e r i o d s  and  would also b e  t h e  time a f r eeway  

c o n t r o l  p r o j e c t  would b e  o p e r a t i o n a l .  A n a l y s i s  shows t h a t  

r a i n f a l l  i n  e x c e s s  o f  0.04 i n c h  c a n  be e x p e c t e d  10% o f  t h e  

time f o r  e i t h e r  o n e  o r  b o t h  o f  t h e  p e r i o d s ;  and  t h e  r a t e  

jumps t o  20% f o r  a r a i n f a l l  i n t e n s i t y  o f  a n y t h i n g  over a 

trace. These  r e s u l t s  a re  p r e s e n t e d  i n  T a b l e  3. I n  t h i s  

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

o f  0.04 i n c h  o r  more. The a v e r a g e  amount of p r e c i p i t a t i o n  

f o r  t h e  p e r i o d  2:30 t o  6:30 o n  t h e  r a i n  d a y s  s t u d i e d  was 

0.15 i n c h .  

TABLE 3 

MEAN YEARLY RAINFALL AND SNOWFALL 
I N  DETROIT, M I C H I G A N  SEPTEMBER, 
1960 TO AUGUST, 1970 - FREQUENCY 
OF OCCURRENCE 

1 

Both P e r i o d s  
Cumula t i ve  

Frequency /Year  

555.8 

174.2 

71.8 

37.4 

16.9  

1 .6  

0 .1  

3:00 t o  
6:00 p.m. 
O c c u r r e n c e s /  

Year 

272.1  

52.8 

17 .8  

10.9 

9.9 

1 .4  

0 . 1  

AMOUNT 
Water  E q u i v a l e n t  

i n  I n c h e s  

NONE 

TRACE 

T  - 0.03 

0.04 - 0.09 

0.10 - 0.49 

0.50 - 0.99 

1 .00  - 1 .99  

7:00 t o  
9:00 a.m. 
O c c u r r e n c e s /  

Year 

283.7 

49.6 

16.6  

9.6 

5.4 

0 . 1  

0.0 



CHAPTER THREE 

INTERPRETATION, APPRAISAL, AND APPLICATION 
OF RESEARCH FINDINGS 

S i n c e  l i m i t e d  i n f o r m a t i o n  i s  a v a i l a b l e  on t h i s  s u b j e c t ,  

t h e  numer ica l  f i n d i n g s  of t h i s  e x t e n s i v e  s t u d y  must be viewed 

a s  t e n t a t i v e .  The r e c e n t  T T I  s t u d y  a l s o  shows t h a t ,  on a  

Houston freeway,  c a p a c i t y  was reduced by r a i n .  However, 

t h e i r  f i n d i n g s  i n d i c a t e  t h e  r e d u c t i o n  t o  be  somewhat g r e a t e r ,  

from 1 4 %  t o  19%.  The d i f f e r e n c e  between t h i s  16.5% and 

D e t r o i t ' s  8% i s  s t a t i s t i c a l l y  s i g n i f i c a n t .  The i n t e r p r e -  

t a t i o n  i s  t h a t  r a i n f a l l  does appear  t o  reduce  t h e  c a p a c i t y  

of t h e  Lodge Freeway by abou t  8 % ,  a  s i g n i f i c a n t l y  less amount 

t h a n  t h a t  r ecorded  on t h e  Houston freeway. 

The b e s t  a p p l i c a t i o n  t o  be  made from t h i s  knowledge 

i n  t h e  o p e r a t i o n  o f  dynamic freeway c o n t r o l  i s  t o  reduce  t h e  

magnitude of  t h e  c a p a c i t y  v a l u e  u t i l i z e d  f o r  each o f  t h e  

Freeway s u b s t a t i o n s  on r a i n y  days by t h e  a p p r o p r i a t e  amount, 

t e n t a t i v e l y  appear ing  t o  be a  c o n s t a n t  f o r  D e t r o i t .  This  v a l u e  

change r e q u i r e s  no th ing  more t h a n  a  s imple  s o f t w a r e  a l t e r a t i o n .  

Thus, a  freeway s e c t i o n  having a  r e d u c t i o n  i n  c a p a c i t y  due 

t o  r a i n  by a  known p e r c e n t a g e  would, on r a i n y  days ,  incor -  

p o r a t e  a  new t h r e s h o l d  v a l u e  f o r  c a p a c i t y .  This  would be  

t h e  on ly  change r e q u i r e d  i n  t h e  e n t i r e  r e a l  time freeway 

c o n t r o l  and i n f o r m a t i o n  system. I n  a d d i t i o n ,  t h i s  in fo rmat ion  



can be a p p l i e d  i n  a  ramp meter ing  scheme u t i l i z i n g  pret imed 

meter ing  r a t e s  by i n s t a l l i n g  a  companion d i a l  having t h e  

a p p r o p r i a t e  r e d u c t i o n  i n  meter ing  r a t e s  and by e n e r g i z i n g  

i t  on r a i n y  days.  

I t  i s  b e l i e v e d  t h a t  a  r e d u c t i o n  of  8  p e r c e n t  i n  t h e  

a v a i l a b l e  c a p a c i t y  of  t h e  Lodge Freeway, an  occurrence  t h a t  

happens a t  l e a s t  10 p e r c e n t  of  t h e  time, i s  h i g h l y  impor tant .  

This  i s  e s p e c i a l l y  e v i d e n t  when it i s  compared wi th  t h e  f a c t  

t h a t  by c o n s t r u c t i n g  a  f o u r t h  l a n e  (which i s  a  major under- 

t a k i n g )  t h e  c a p a c i t y  changes by on ly  one- th i rd .  Other  common 

p h y s i c a l  and c o n t r o l  changes such a s  one f o o t  of  l a n e  width 

o r  v a r i a t i o n s  i n  ramp d e s i g n  have impacts  of  less than  8 

p e r c e n t .  

The consequences of n o t  a d j u s t i n g  f o r  reduced c a p a c i t y  

would be ,  s i n c e  t h e  throughput  i s  reduced,  a  l eng then ing  of 

t h e  p e r i o d  o f  c a p a c i t a t e d  freeway f low because t h e  demand 

would be c o n s t a n t .  Thus, t h e r e  i s  e x t r a  d e l a y  t o  t h o s e  

m o t o r i s t s  t r a v e l i n g  dur ing  t h a t  pe r iod .  The c o s t - e f f e c t i v e -  

ness  of t h i s  type  of s tudy  and t h e  a p p l i c a t i o n  of  

r e s u l t s  i s  very  favorab le .  The c o s t  was q u i t e  nominal s i n c e  

no new equipment was r e q u i r e d  f o r  i t s  execu t ion .  Hardware 

inc luded  e x i s t i n g  u l t r a s o n i c  v e h i c l e  d e t e c t o r s ,  and a n  IBM 

1800 computer system. The need f o r  such a  s t u d y  i s  obvious 

when t h e  f i n d i n g s  a r e  cons idered  a s  i s  t h e  f a c t  t h a t  t h e  



knowledge ga ined  should  be  implemented i n t o  an  o p e r a t i o n a l  

freeway c o n t r o l  system. 

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

c o n t r o l  p r o j e c t s ,  i s  t h a t  on r a i n y  days a  l a r g e  q u a n t i t y  o f  

v e h i c l e s  w i l l  be  d i v e r t e d  from t h e  Freeway due t o  reduced 

c a p a c i t y .  Thus, i d e n t i f i c a t i o n  of  a t t r a c t i v e  a l t e r n a t e  

r o u t e s  becomes necessa ry .  

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

way s t a t i o n s  under b o t h  r a i n y  and d r y  c o n d i t i o n s  h a s  impl i -  

c a t i o n s  a s  t o  t h e  number of d e t e c t o r  s t a t i o n s  r e q u i r e d  t o  

a c q u i r e  t h e  d a t a  n e c e s s a r y  t o  comple te ly  i d e n t i f y  t h e  magni- 

t u d e  o f  t h e  c a p a c i t y  changes a t  each s u b s t a t i o n .  I t  appears  

t h a t  measurements must be made a t  more t h a n  on ly  one o r  two 

sites. On f u l l y  dynamic freeway c o n t r o l  p r o j e c t s  t h i s  would 

p r e s e n t  no problem s i n c e  adequate  d e t e c t o r  s t a t i o n s  would of 

n e c e s s i t y  b e  i n  e x i s t e n c e .  On p r o j e c t s  employing o t h e r  ramp 

mete r ing  s t r a t e g i e s ,  d e t e c t o r s  would have t o  b e  purchased,  

r e n t e d ,  o r  borrowed f o r  a  s u f f i c i e n t  t ime t o  make complete 

measurement s t u d i e s .  



The v a r i a n c e  ob ta ined  i n  t h e  measured v a l u e s  i n  t h i s  

s tudy  may provide  a  guide  t o  t h e  sample s i z e  necessary  f o r  

a d d i t i o n a l  s t u d i e s  of  t h i s  type  elsewhere.  

I n  a p p l i c a t i o n ,  t h e  presence  of r a i n  could  be  d e t e c t e d  

by simply looking o u t  t h e  window, by having automat ic  r a i n  

d e t e c t i o n  equipment i n  t h e  f i e l d ,  o r  by c o n t a c t  from a 

nearby weather  s t a t i o n .  This  l a s t  method may be s u p e r i o r  

because of t h e  p o s s i b i l i t y  o f  r e c e i v i n g  in fo rmat ion  on dura- 

t i o n  and i n t e n s i t y  of t h e  s torm. However, s i n c e  t h e  i n t e n s i t y  

of r a i n f a l l  does n o t  appear  t o  be impor tant ,  any of t h e s e  

methods would be accep tab le .  



CHAPTER FOUR 

CONCLUSIONS AND SUGGESTED RESEARCH 

This  r e s e a r c h  r e p o r t  was concerned w i t h  de termining i f  

an  envi ronmenta l  v a r i a b l e  ( r a i n f a l l  i n  p a r t i c u l a r )  had an 

i n f l u e n c e  on freeway c a p a c i t y .  I n  a d d i t i o n ,  it determined 

t h e  magnitude o f  t h e  v a r i a n c e  found. 

Ana lys i s  of  d a t a  f o r  one se t  o f  r a i n y  days  and a n o t h e r  

se t  o f  d r y  days  f o r  each of  t h e  f i v e  s t a t i o n s  i n d i c a t e d  t h a t  

c a p a c i t y  was indeed d e c r e a s e d  a t  t h r e e  of  t h e  f i v e  s t a t i o n s ,  

The magnitude of  t h e  r e d u c t i o n  was 8 p e r c e n t .  S i m i l a r  

s t u d i e s  were accomplished on f r e e  speed d a t a .  There were no 

s t a t i s t i c a l l y  s i g n i f i c a n t  changes i n  t h i s  t r a f f i c  f low 

parameter ,  however, t h e r e  was a  c o n s i s t e n t  r e d u c t i o n  i n  t h e  

mean f r e e  speed a t  each of t h e  s t a t i o n s  due t o  r a i n .  I t  i s  

b e l i e v e d  t h a t  t h e o r e t i c a l  f r e e  speed i s ,  i n  f a c t ,  reduced 

by r a i n f a l l .  

R a i n f a l l  having enough i n t e n s i t y  t o  produce an e f f e c t  

on c a p a c i t y  and f r e e  speed i s  a  r a t h e r  common occur rence  i n  

D e t r o i t ,  Michigan, happening a t  l e a s t  t e n  p e r c e n t  of t h e  

t ime.  

Both t h e  d r y  and r a i n y  weather  c a p a c i t i e s  were found 

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



Since  t h e  i n f l u e n c e  of r a i n f a l l  on t r a f f i c  f low h a s ,  

i n  many c a s e s ,  an  i n f l u e n c e  g r e a t e r  than  some of t h e  common 

p h y s i c a l  and c o n t r o l  changes t h a t  a r e  commonly employed, 

t h e r e  i s  an obvious conc lus ion  t h a t  r a i n y  weather  i n f l u e n c e s  

should be  examined completely.  

The freeway o p e r a t i o n s  and c o n t r o l  p r o j e c t  i n  t h e  

John C .  Lodge Freeway Cor r idor  i n  D e t r o i t  has i d e n t i f i e d  

v i a b l e  a l t e r n a t e  r o u t e s .  Thus, when t h e  c a p a c i t y  of  t h e  

Freeway i s  reduced due t o  r a i n ,  m o t o r i s t s  can be  d i v e r t e d  

t o  a t t r a c t i v e  a l t e r n a t e  r o u t e s  t h a t  have a v a i l a b l e  c a p a c i t y .  

FURTHER RESEARCH 

I t  i s  sugges ted  t h a t  f u r t h e r  r e s e a r c h  be  performed on 

unmetered urban freeways t o  de termine  i f  r a i n f a l l  has  an 

i n f l u e n c e  on any of t h e  t r a f f i c  parameters  under t h o s e  

c o n d i t i o n s .  I t  may be p o s s i b l e  t h a t  meter ing  h e l p s  t o  main- 

t a i n  a  f reeway 's  c a p a c i t y  n e a r e r  i t s  f u l l  p o t e n t i a l  t h a n  i f  

i t  were n o t  metered. This  could  be because meter ing  d i s -  

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

Also,  smoother f low r e s u l t s  because of t h e  one-at-a-time 

merger t h a t  meter ing  p rov ides .  



A second a r e a  f o r  s t u d y  cou ld  be t o  de te rmine  a t  what 

l e v e l  r a i n f a l l  i n t e n s i t y  beg ins  t o  have a s i g n i f i c a n t  e f f e c t .  

Th i s  s t u d y  d i r e c t e d  i t s e l f  t o  days having an  i n t e n s i t y  i n  

e x c e s s  of 0 .04  i n c h  i n  a  f o u r  hour  p e r i o d  and an  e f f e c t  was 

d i s c o v e r e d .  L e s s e r  i n t e n s i t i e s  should  a l s o  be  s t u d i e d .  

Study r e s u l t s  may b e  un ique ly  d i f f e r e n t  i n  each c i t y  

a s  t h e  d r i v i n g  p o p u l a t i o n s  d i f f e r .  However, each s t u d y  

cou ld  be  performed a s  o u t l i n e d  i n  t h i s  r e p o r t .  

Although it  had been o r i g i n a l l y  planned t o  

o p e r a t i o n a l l y  employ t h e  r e s u l t s  of  t h l s  s t u d y ,  o t h e r  

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

made it  imposs ib le .  I t  i s  sugges ted  t h a t  o p e r a t i o n a l  

freeway c o n t r o l  systems i n t r o d u c e  t h e  recommended procedure  

and conf i rm t h e s e  f i n d i n g s .  
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APPENDIX A 

MATHEMATICAL DERIVATION OF GREENSHIELD'S MODEL 

We may e x p r e s s  t h e  l i n e a r  r e l a t i o n s h i p  between speed  

and d e n s i t y  a s  f o l l o w s :  

u  = a - b k  

u = speed  

a = c o n s t a n t  = um 

b  = c o n s t a n t  of p r o p o r t i o n a l i t y  = u d k j  

k  = d e n s i t y .  

Speed i s  maximum (urn) when k  = 0 ( o r  a c t u a l l y  when o n l y  one  

c a r  i s  p r e s e n t ) .  T h e r e f o r e ,  

u  = u  - bk. m (2) 

Speed i s  minimum ( z e r o )  when k  = k .  o r  maximum d e n s i t y .  
3 

T h e r e f o r e ,  

M u l t i p l y  b o t h  s i d e s  o f  e q u a t i o n  ( 2 )  by k  , 

S i n c e  Q = uk , we have 

2 
Q = umk - bk . 



To f i n d  Qmax w e  t a k e  t h e  f i r s t  d e r i v a t i v e  and s e t  i t  e q u a l  

t o  ze ro ;  

The optimum c o n c e n t r a t i o n  (ko)  o c c u r s  when w e  have maximum 

volume, t h u s ,  

and by s u b s t i t u t i n g  from e q u a t i o n  ( 3 )  we have,  

k  = k . / 2 .  
0 3 

From e q u a t i o n  ( 2 )  w e  have,  

= u t b k .  

~f w e  s u b s t i t u t e  t h i s  r e l a t i o n s h i p  i n t o  e q u a t i o n  ( 4 )  w e  have,  

and by e q u a t i n g  t o  ze ro  w e  f i n d  t h e  speed f o r  t h e  maximum 

volume, o r  t h e  optimum speed i s ,  



By the relationship we have in equation (5), we obtain, 

Maximum volume = Qmax - - koUo 

Qmax = (um/2b) (um/2) = (2uo/2b)(2u0/2) 

Since b = um/kj 

1 
= , - 

Qmax or, urn - 4 ~ ~ ~ ~ / k  
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APPENDIX B 

DESCRIPTION OF LEAST SQUARES PROGRAM 

AND 

CONVERSION OF OCCUPANCY TO DENSITY VALUES 

This  program computes equa t ions  f o r  a l e a s t  squares  

pa rabo la ,  a pa rabo la  f o r c e d  through t h e  o r i g i n ,  and a l e a s t  

squares  s t r a i g h t  l i n e  fo rced  through t h e  o r i g i n  based on 

volume and occupancy d a t a .  Addi t iona l  o u t p u t  a r e  v a l u e s  

of c a p a c i t y  and occupancy a t  optimum v a l u e s  of  t h e  pa rabo las  

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

USAGE 

1, Opera t iona l  Procedure: Use 11 XEQ LSP 

2. Inpu t :  Data f i l e  on d i s k  c o n t a i n i n g  volume and 

occupancy d a t a  must be f o r  a complete s i x  hour 

pe r iod .  This  i s  checked b e f o r e  computation beg ins ,  

i f  any d a t a  i s  miss ing  t h e  job i s  abor ted .  

MATHEMATICAL MODEL 

Normal equa t ions  f o r  a l e a s t  s q u a r e s  pa rabo la  a r e :  

Lxy = 



Normal equat ions  f o r  a  l e a s t  squares  parabola  forced through 

t h e  o r i g i n  a r e :  

Normal equat ions  f o r  a  l e a s t  squares  l i n e  through t h e  o r i g i n  

is :  

Cxy = a  Cx 2 
1 

Cor re l a t i on  c o e f f i c i e n t  f o r  l i n e  is :  

The l e a s t  squares  parabola  y i e l d s  t h e  fol lowing equat ion,  

y = a  + a x + a x  2 
0 1 2 



Occupancy i s  e q u a l  t o  x and volume t o  y , t h e r e f o r e ,  

t h e  v a l u e  of  occupancy when volume i s  a maximum i s  

g iven  by; 

x = -al/2a2 = occupancy 

The corresponding v a l u e  of y i s  t h e  maximum volume o r  

c a p a c i t y  g iven  by; 

2 CAPACITY = al  (OCCUPANCY) + a 2  (OCCUPANCY ) 

These v a l u e s  a r e  computed f o r  both  p a r a b o l a s .  

CONVERTING OCCUPANCY TO DENSITY 

The u l t r a s o n i c  d e t e c t o r s  used a t  t h e  freeway s t a t i o n s  

measure bo th  volume and occupancy. I t  i s  t h e r e f o r e  necessa ry  

t o  de termine  a v a l u e  f o r  k ( a t  each d e t e c t o r  s t a t i o n )  s o  

t h e  occupancy v a l u e s  can  be  conver ted  t o  d e n s i t y .  The p o i n t -  

s l o p e  formula ( Y  = mX) was u t i l i z e d  t o  o b t a i n  t h e  r e l a t i o n -  

s h i p  Volume = rn Occupancy; g i v i n g ,  

S ince  Speed = k Volume/Occupancy, we have, 

k = Speed x Occupancy/Volume, o r ,  

k = Speed/m 



To c a l i b r a t e  t h i s  r e l a t i o n s h i p  a  speed of 55 mph ( t h e  

speed l i m i t  on t h e  Lodge Freeway) was u t i l i z e d .  Data p o i n t s  

f o r  v a r i o u s  v a l u e s  of  volume and occupancy were p l o t t e d  on 

a  c o o r d i n a t e  p lane .  The s l o p e  of  t h e  l i n e  drawn through 

t h e s e  d a t a  was then  determined.  With m known, and u s i n g  

55 mph a s  t h e  v a l u e  f o r  speed,  k  could  be  de termined.  Only 

d a t a  p o i n t s  f o r  p e r i o d s  when t h e  speed was a t  55 mph were 

u t i l i z e d .  The v a l u e  of k was t h e n  a p p l i e d  i n  t h e  

r e l a t i o n s h i p ;  Densi ty  = Occupancy/k. 

A more d e t a i l e d  d e s c r i p t i o n  o f  t h i s  measurement and 

o t h e r  r e l a t i o n s h i p s  can  be  found i n  Reference 3 .  
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TABLE C - 1  

DAILY MEASURED VALUES FOR CAPACITY 

ON DRY AND R A I N Y  DAYS 

DATE 
1969-1970 

March 27  

A p r i l  2 3  

May 8  

September 1 5  

November20 

November 2 1  

March 5  

A p r i l  3  

May 26 

August 1 8  

DAY OF 
WEEK 

Thursday 

Wednesday 

Thursday 

Monday 

Thursday 

F r i d a y  

Thursday 

F r i d a y  

Tuesday 

Tuesday 

MEAN OF DRY DAYS 

7 

98.4 

97.4 

March 24 
( 0 . 1 9  i n . )  

March 25  
( 0 . 0 4  i n , )  

March 4  
( 0 . 2 0  i n . )  

A p r i l  2  
(TI 

May 25 
( 0 . 3 5  i n . )  

J u l y  29 

97 .9  

90 .0  

9 6 . 5  

94 .6  

96 .7  

94.4 

NUMBER 
6  

94 .7  

90 .4  

8 3 . 1  

Monday 

Tuesday 

Wednesday 

Thursday 

Monday 

Wednesday 

89 .4  

92 .2  

83 .7  

87.9 

STATION 
5 

94 .3  

94.9 

94 .9  

9 9 . 4  

9 8 . 8  

9 3 . 8  

9 3 . 1  

90 .8  

94 .3  

3 

86.6 

93 .7  

9 3 . 1  

8 6 . 1  

83.7 

8 6 . 3  

87 .6  

88 .4  

88 .2  

86.7 

( 0 . 1 4  i n . )  
MEAN OF RAINY DAYS . 

94 .9  

8 3 . 5  

8 7 . 3  

8 6 . 8  

91 .0  

8 7 . 1  

4 

9 3 . 8  

98 .4  

95.9 

93 .6  

91 .2  

94 .9  

95 .6  

9 4 . 4  

91 .9  

8 9 . 2  

88 .0  

82.5 

82 .3  

8 1 . 5  

81 .0  

82.9 

82 .0  

93 .9  

8 4 . 8  

85 .7  

. 8 4 . 1  

85 .5  

86.0 

9 0 . 1  

86.0 



TABLE C-2 

DAILY CALCULATED VALUES FOR FREE SPEED 

ON DRY AND R A I N Y  DAYS 

DATE 
1 9 6 9 - 1 9 7 0  

March 2 7  

A p r i l  23  

May 8 

September 1 5  

November 20 

November 2 1  

March 5 

A p r i l  3 

May 26 

August  1 8  

DAY OF 
WEEK 

Thursday 

Wednesday 

Thursday 

Monday 

Thursday 

F r i d a y  

Thursday 

F r i d a y  

Tuesday 

Tuesday 

3 

85.9 

91.3 

88.2 

68 .2  

9 0 . 1  

86.6 

71.7 

72.4 

72.7 

65.0 

MEAN OF DRY DAYS 79.3 

77.0 

81.8 

67.4 

65 .2  

57.9 

69.9 

March 24 

March 25  

March 4 

A p r i l  2 

May 26 

J u l y  29 

4 

77.4 

97 .2  

90.5 

84.2 

79 .0  

88.5 

83.7 

83.0 

82.9 

78 .1  

Monday 

Tuesday 

Wednesday 

Thursday 

Monday 

Wednesday 

84.5 

67.9 

7 5 . 1  

75.8 

83.8 

7 3 . 1  

7 6 . 1  

75.3 MEAN OF RAINY DAYS 

STATION 
5 

74 .2  

89.7 

83.2 

80.2 

74.8 

72.6 

71.6 

60.8 

76.9 

76.0 

6 2 . 1  

68.5 

63.2 

76.0 

67.4 

NUMBER 
6 

7 8 . 1  

74 .8  

76.7 

7 

75.9 

77.9 

76.5 

72.0 

76.9 

74.4 

76.9 

75.7 

7 2 . 1  

76.9 

67.2 

73.0 






