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SKID RESISTANCE MEASURMENTS 

OF VIRGINIA PAVEMENTS 

TILTON E. SHELBURNE Director of Reteareh 
and 

R. L. SHEPPE, ^ ( s o c i a t e Beseareh Engineer 
V i r g i n i a Department of Highwaya 

SYNOPSIS 
More than 1000 measurements of forward s k i d d i n g d i s t a n c e s on 32 pavement 

s u r f a c e s both in a dry and i n a wet c o n d i t i o n are reported. The purpose of the 
study was to obtain data on s u r f a c e c h a r a c t e r i s t i c s that could be used as a guide 
for e s t a b l i s h i n g future design, c o n s t r u c t i o n , and maintenance p o l i c i e s . Both 
good and worn tread s y n t h e t i c and n a t u r a l rubber t i r e s were employed. 

Skid r e s i s t a n c e measurements were made by the stopping d i s t a n c e method. A 
light - w e i g h t automobile equipped with 6.00 by 16 i n . 4-ply t i r e s was used through
out the study. The t e s t car was a free-moving v e h i c l e and not influenced by the 
same f o r c e s as a towed v e h i c l e . On l e v e l s e c t i o n s of pavement the c a r was 
brought to an i n i t i a l uni/orm speed of 10, 20, 30, and 40 mi. per hr. and the 
brakes a p p l i e d i n s t a n t l y , l o c k i n g a l l four wheels. At the i n s t a n t of l o c k i n g 
the wheels a detonator, attached to the running board and actuated e l e c t r i c a l l y 
through the brake pe d a l , f i r e d a c h a l k b u l l e t on the pavement. The forward 
s k i d d i n g , or s t o p p i n g d i s t a n c e , was measured from the c h a l k mark to the gun 
a f t e r the car had stopped. Two or more measurements were made a t each of the 
four speeds on a dry s u r f a c e . The pavement was then s p r i n k l e d with water and 
the t e s t s repeated. R e s u l t s reported are average values for each condition. 

T e s t s were conducted p r i n c i p a l l y on high-type pavements on primary roads 
i n c l u d i n g bituminous con c r e t e , sand a s p h a l t , s p e c i a l plant-mix, rock a s p h a l t , 
sand and s l a g s e a l treatments, broom drag treatment, portland cement concrete, and 
glazed bituminous s u r f a c e s . T e s t s e c t i o n s were s e l e c t e d to permit an e v a l u a t i o n 
of d i f f e r e n t kinds of m a t e r i a l s and methods of f i n i s h i n g . T e s t s were conducted 
on two-, t h r e e - , and f o u r - l a n e pavements w i t h t r a f f i c counts (24-hr. b a s i s ) 
ranging from 556 to 9401 v e h i c l e s . A l l but two t e s t s , however, were conducted 
on the o u t s i d e l a n e s . Fourteen of the 32 s u r f a c e s were r e s u r f a c e d c o n c r e t e 
pavements. 

Forward skidding d i s t a n c e s i n c r e a s e d with speed and were much longer on wet 
than on dry s u r f a c e s . At 40 mi. per hr., measurements ranged from 63.6 to 
88.9 f t . on dry and 72.0 to 254.5 f t . on wet s u r f a c e s . The data i n d i c a t e d that 
a t t h i s maximum speed (40 mi. per h r . ) forward stopping d i s t a n c e s are c r i t i c a l 
only on the wet pavements. I t was considered unsafe to conduct t e s t s on a wet 
s u r f a c e at greater speeds. 

Twenty-seven of the 32 s u r f a c e s were found to have s a t i s f a c t o r y non-skid 
c h a r a c t e r i s t i c s in a wet c o n d i t i o n . Those s u r f a c e s having a harsh, g r i t t y , 
s s n d p a p e r - l i k e t e x t u r e were found to have sh o r t stopping d i s t a n c e s and c o r r e s 
pondingly high c o e f f i c i e n t s of f r i c t i o n . On the other hand, long stopping d i s 
tances were measured on smooth g l a i e d s u r f a c e s . From a s a f e t y standpoint broom-
f i n i s h e d c o n c r e t e pavement was f a r s u p e r i o r to the smooth or b e l t - f i n i s h e d 
s u r f a c e . 
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Non-skid treataents were effective in reducing forward skidding distances 
on wet surfaces. In one instance at 40 n i . per hr. the stopping distance was 
reduced from 224 to 94.7 f t . At 40 mi. per hr. on wet surfaces stopping dis
tances were about 40 percent longer for worn than for good tread t i r e s . Under 
comparable conditions stopping distances were about 12 percent longer with 
smooth synthetic (S-3) than with smooth or worn tread pre-war natural rubber 
t i r e s . 

The stopping distance method was found to be a re l a t i v e l y simple, inexpen
s i v e , quick means of meaauring skid resistance of pavement surfaces. Close 
check r e s u l t s were obtained. 

S i n c e t h e P r e s i d e n t ' s S a f e t y 
C o n f e r e n c e i n May 1946, more and 
more emphasis i s b e i n g p l a c e d upon 
highway s a f e t y . Many f a c t o r s a r c 
i n v o l v e d i n the b u i l d i n g o f s a f e t y 
i n t o highways. I t i s not the pur
pose of t h i s paper to d i s c u s s these 
v a r i o u s items, but merely to r e p o r t 
s t u d i e s made on one f a c t o r o n l y • 
the r e s i s t a n c e of pavement s u r f a c e s 
to s k i d d i n g . ^ 

A v a i l a b l e d ata i n d i c a t e t h a t i n 
r u r a l V i r g i n i a 7S87 a c c i d e n t s were 
r e p o r t e d i n 1940, and 15,503 i n 
1946. A c c u r a t e d a t a a r e l a c k i n g 
on t h e number o f t h e s e a c c i d e n t s 
t h a t can be d i r e c t l y a t t r i b u t e d to 
the s u r f a c e c h a r a c t e r i s t i c s o f the 
pavements; however, i n many c a s e s , 
t h e s u r f a c e was r e p o r t e d t o be 
s l i p p e r y or hazardous. I n some i n 
s t a n c e s c e r t a i n s e c t i o n s o f pave
ments have been c a l l e d to the a t t e n 
t i o n o f t h e D e p a r t m e n t a s b e i n g 
h a z a r d o u s when wet; however, by 
v i s u a l i n s p e c t i o n many o f t h e s e 
s u r f a c e s appeared to have good s u r 
f a c e c h a r a c t e r i s t i c s . The d e c i d e d 
i n c r e a s e i n the number of a c c i d e n t s 
and the d e s i r e f o r f a c t u a l d a t a on 
s k i d d i n g c h a r a c t e r i s t i c s o f pave
ment s u r f a c e s prompted the Depart
ment to undertake t h i s i n v e s t i g a t i o n . 

Many s t u d i e s o f s k i d r e s i s t a n c e 
a r e r e p o r t e d i n t e c h n i c a l l i t e r a 
t u r e . P e r h a p s t h e most c o m p l e t e 
d a t a on f a c t o r s a f f e c t i n g s k i d d i n g 
a r e r e p o r t e d i n B u l l e t i n 120 o f 
Iowa State' C o l l e g e . C i ) ^ I n t h i s r e -

I t a l i c i i e d figures in parentheses refer 
to l i s t of references at the end of the 
paper. 

p o r t by P r o f . Moyer a l l of the im
p o r t a n t phases o f s k i d d i n g r e l a t e d 
t o highway s a f e t y were a n a l y z e d . 
C o e f f i c i e n t s o f f r i c t i o n f o r new 
t r e a d and smooth t r e a d t i r e s on wet 
and dry s u r f a c e s were measured f o r 
b o t h s t r a i g h t a h e a d s k i d d i n g and 
sideways s k i d d i n g a t speeds of from 
3 t o 40 mi. per h r . by means o f a 
two-wheel t r a i l e r t e s t u n i t . T e s t s 
were made upon a l l types of b i t u m i 
n o u s , . p o r t 1 and cement c o n c r e t e , 
b r i c k , g r a v e l , c i n d e r s , a s p h a l t 
plank, s t e e l p l a t e s , and wood plank 
s u r f a c e s . T e s t s were a l s o run upon 
mud-, snow-, and i c e - c o v e r e d s u r 
f a c e s w i t h and without t i r e c h a i n s . 
I n a d d i t i o n . P r o f . Moyer r e p o r t e d 
r e s u l t s of the e f f e c t o f t i r e p r e s 
s u r e , wheel l o a d s , t i r e t r e a d , and 
t e m p e r a t u r e . As a r e s u l t of t h e s e 
t e s t s i t was d e m o n s t r a t e d t h a t to 
be r e a s o n a b l y f r e e from the dangers 
o f s k i d d i n g when b r a k i n g on wet 
s u r f a c e s , s t r a i g h t s k i d c o e f f i c i e n t s 
of 0.40 or h i g h e r a t 40 mi. per hr. 
s h o u l d be a v a i l a b l e . T h i s 0.40 
c o e f f i c i e n t of f r i c t i o n corresponds 
to a stopping d i s t a n c e of 133 f t . 

I n 1939, the Oregon S t a t e High
way Department r e p o r t e d r e s u l t s of 
t e s t s c o n d u c t e d t o d e t e r m i n e the 
s k i d d i n g r e s i s t a n c e of pavements i n 
t h a t s t a t e (2), T h e s e t e s t s were 
c o n d u c t e d i n a manner s i m i l a r to 
those r e p o r t e d by P r o f . Moyer. I n 
g e n e r a l , the r e s u l t s of the Oregon 
t e s t s confirmed those of P r o f . Moyer 
and s u p p l i e d i n f o r m a t i o n f o r d e s i g n 
purposes i n t h a t S t a t e . 

The purpose of the t e s t s r e p o r t e d 
h e r e i n was t o s e c u r e f a c t u a l d a t a 
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on V i r g i n i a pavements. I t was not 
i n t e n d e d to s tudy the many f a c t o r s 
i n v o l v e d but t o h o l d c o n s t a n t as 
many of these v a r i a b l e s as p o s s i b l e 
and to o b t a i n d a t a on the s u r f a c e 
c h a r a c t e r i s t i c s t h a t c o u l d be used 
as a guide f o r e s t a b l i s h i n g f u t u r e 
d e s i g n , c o n s t r u c t i o n , and mainte
nance p o l i c i e s . D u r i n g the p a s t 

/ 
• 

10 IS 20 25 30 39 4 0 
SPEEDOMETER READING (MPH) 

F i g u r e 1. Speedometer C a l i b r a t i o n 

year more than 1000 t e s t s have been 
performed on 32 pavement s u r f a c e s . 
W h i l e the main p e r s p e c t i v e was to 
e v a l u a t e pavement s u r f a c e c h a r a c t e r 
i s t i c s , some t e s t s were d u p l i c a t e d 
w i t h four d i f f e r e n t s e t s of t i r e s . 

A lthough two t y p e s o f s k i d d i n g 
a r e common - f o r w a r d s k i d d i n g and 
s i d e s k i d d i n g - t h e s e measurements 
d e a l w i t h f o r w a r d s k i d d i n g o n l y . 
I n conducting the t e s t s i t appeared 
t h a t i n g e n e r a l , forward s k i d d i n g i s 
a f u n c t i o n of the t i r e and pavement 
t e x t u r e w h i l e s i d e s k i d d i n g may be 
i n f l u e n c e d by the f o l l o w i n g : c a r 
balance, brake adjustment, or pave
ment s u r f a c e i r r e g u l a r i t i e s such as 
e x c e s s crown, t r a n s v e r s e d i p s , or 
d i f f e r e n c e s i n e l e v a t i o n o f two 
a d j o i n i n g l o n g i t u d i n a l s u r f a c e s . 
In t h e s e t e s t s the c a r was a f r e e -
moving v e h i c l e and not i n f l u e n c e d 
by the same f o r c e s as a towed v e h i c l e . 

A n o t h e r f a c t o r d e s e r v i n g con

s i d e r a t i o n i n e v a l u a t i n g s k i d r e 
s i s t a n c e i s the v a r i a t i o n between 
the s k i d d i n g d i s t a n c e on a dry s u r 
f a c e and a wet one. For a s u r f a c e 
t o be s a f e f o r a l l - w e a t h e r c o n d i 
t i o n s i t s s k i d r e s i s t a n c e when wet 
s h o u l d be r e a s o n a b l y c l o s e to t h a t 
when dry. Many s k i d d i n g a c c i d e n t s 
may occur when the d r i v e r suddenly 
e n c o u n t e r s a wet s u r f a c e a f t e r he 
has b e e n d r i v i n g on a d r y one. 
O f t e n he i s not aware t h a t the r e 
s i s t a n c e of the s u r f a c e has changed 
a p p r e c i a b l y . 

D E S C R I P T I O N OF T E S T S 

The s k i d r e s i s t a n c e measurements 
were made by the s t o p p i n g d i s t a n c e 
method. T h i s p r o c e d u r e has p r e -

F i g u r e 2. T e s t Car 

v i o u s l y been d e s c r i b e d by P r o f . 
Moyer { ^ ) . I n t h i s s t u d y P r o f . 
Moyer found t h a t r e s u l t s o b t a i n e d 
i n s topping d i s t a n c e t e s t s were r e 
markably uniform and t h a t the pos
s i b i l i t i e s of e r r o r by t h i s method 
were ve r y s m a l l . He f u r t h e r found 
t h a t the r a t i n g of s u r f a c e s l i p p e r i -
n e s s was almost i d e n t i c a l f o r both 
th e t o w i n g - b r a k i n g t e s t s and the 
s t o p p i n g d i s t a n c e t e s t s . 

A 1946 S t y l e m a s t e r C h e v r o l e t car 
weighing 3090 l b . and equipped with 
6.00 by 16 i n . 4-ply t i r e s was used 
t h r o u g h o u t t h e t e s t s . P r i o r to 
performing the t e s t s the speedometer 
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was c a l i b r a t e d by means of a s t o p 
watch over a measured m i l e . S e v e r a l 
t r i a l runs were made a t each speedo
meter r e a d i n g of 10, 20, 30, and 40 
mi. per h r . and the time c h e c k e d 
c a r e f u l l y . R e s u l t s of the c a l i b r a -
t i o n a r e s h o wn g r a f i c a l l y i n 
F i g u r e 1. 

A l l s k i d measurements were per
formed on tangents w i t h r e l a t i v e l y 
even s u r f a c e s and on l e v e l s e c t i o n s 
of pavement. Before each s e r i e s of 
t e s t s the a i r p r e s s u r e i n each t i r e 
was a d j u s t e d to 30 p s i . as measured 
by a bourdon type gauge. I n p e r 
f o r m i n g t h e t e s t s t h e c a r was 
brought to an i n i t i a l uniform speed 
o f 10, 20, 30, and 40 mi. per h r . 
and t h e b r a k e s a p p l i e d h a r d i n 
s t a n t l y , or as n e a r l y so as p o s s i b l e , 
t o l o c k a l l f o u r w h e e l s . At the 

ONTACT SWITCH 
6 VOLT BATTERY-

STEERING WHEEL POST-^ 

METAL BAR (ATTACHED TO BRAKE) 

BRAKE PEDAL 

GROUND TO CHASSIS 

DETONATOR-

Kigure i. Wiring Diagram 
for Detonator 

i n s t a n t the w h e e l s were l o c k e d an 
e l e c t r i c d etonator ( F i g . 2) loaded 
w i t h a 22 b l a n k c a r t r i d g e f i r e d 
a c h a l k b u l l e t on t h e pavement. 
The gun was a t t a c h e d to the running 
board of the car and a c t u a t e d e l e c 
t r i c a l l y through the brake p e d a l . 
The w i r i n g diagram for the e l e c t r i c 
d e t o n a t o r i s shown i n F i g u r e 3. 
The stopping d i s t a n c e , t h a t i s , the 
d i s t a n c e from the c h a l k mark to the 
gun, was m e a s u r e d by means o f a 
s t e e l tape ( F i g . 4 ) . Two or more 
m e a s u r e m e n t s were made a t e a c h 
s p e e d and r e s u l t s r e p o r t e d a r e 
a v e r a g e v a l u e s . 

Four s e t s of t i r e s were used i n 

t h e t e s t s . F o r c o n v e n i e n c e , t h e 
f o u r s e t s o f t i r e s a r e d e s i g n a t e d 
by the l e t t e r s "A", "B", "C", and 
"D". (See F i g . 5 ) . 
Tires A - These t i r e s were f u r n i s h e d 
w i t h the c a r when i t was purchased 
by the Department. From correspon
dence w i t h the manufacturer i t was 

F i g u r e 4. Measuring 
S k i d d i n g D i s t a n c e 

l e a r n e d t h a t they are composed o f 
77 percent s y n t h e t i c and 23 percent 
n a t u r a l rubber. The t i r e s were new 
when the t e s t s were s t a r t e d . 
Tires B - Good t r e a d n a t u r a l rubber 
t i r e s which were s u p p l i e d by one of 
t h e p r o m i n e n t r u b b e r c o m p a n i e s . 
They were b u i l t f o r p u r e l y e x p e r i 
mental p u r p o s e s and had been used 
by the N a t i o n a l S a f e t y C o u n c i l for 
i t s t e s t s on i c e a t Houghton Lake, 
Michigan d u r i n g January, 1946. The 
t i r e s had been used f o r about 1500 
m i l e s on roads p r i o r to the t e s t s . 
They r e p r e s e n t a t y p i c a l c o n d i t i o n 
o f t i r e s on a new c a r d u r i n g the 
f i r s t t h r e e o r f o u r months o f 
s e r v i c e . 
T i r e s C - Smooth t r e a d s y n t h e t i c 
t i r e s w hich were f u r n i s h e d by the 
Equipment Depot of the Department. 
They were worn t i r e s and marked S-3. 
No r e c o r d i s a v a i l a b l e as to t h e i r 
m i l e a g e ; however, t h e t r e a d was 
q u i t e smooth. They r e p r e s e n t a poor 
t r e a d c o n d i t i o n and would undoubt-
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"A" "B" 

"C" "D" 
F i g u r e 5. T i r e s Used for S k i d R e s i s t a n c e T e s t s 

e d l y be d i s c a r d e d as un s a f e by the 
average d r i v e r . 
T i r e s D - Worn t r e a d n a t u r a l rubber 
t i r e s which were s e c u r e d from mem
b e r s o f the De p a r t m e n t . I n many 
c a s e s t h e s e t i r e s , a l t h o u g h seven 
year s old, were s t i l l used as spares 
or were s t o r e d i n g a r a g e s . They 
were pre-war t i r e s w i t h worn t r e a d . 
I n most c a s e s t h e s e t i r e s would be 
c o n s i d e r e d t o have r e a c h e d t h e i r 

maximum l i f e . 
In performing the t e s t s , measure

ments were made a t the four speeds 
w i t h the s u r f a c e i n a dry c o n d i t i o n . 
The pavement was t h e n s p r i n k l e d 
w i t h water and the t e s t s r e p e a t e d . 
In most c a s e s i n hot weather, espe
c i a l l y on c o a r s e t e x t u r e d s u r f a c e s 
or on pavements w i t h high crown, i t 
was n e c e s s a r y to s p r i n k l e the pave
ment more than once to m a i n t a i n a 
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u n i f o r m l y wet c o n d i t i o n . Most o f 
the t e s t s were performed w i t h the 
good t r e a d type A t i r e s . E x c e p t i o n s 
were s u r f a c e s 30, 30-A, and 31. 
The remainder of the t e s t s were per
formed i n an attempt to s e c u r e some 
inf o r m a t i o n on the t i r e v a r i a b l e . 

As a m a t t e r o f r e c o r d both a i r 
and pavement temperatures were taken 
f o r e a c h t e s t . S i n c e t h e t e s t s 
were performed i n t e r m i t t e n t l y d u r i n g 
a 9-mo. p e r i o d , a i r t e m p e r a t u r e s 
r a n g e d from 36 t o 92 F. and a v e r 
aged 73 F. C o r r e s p o n d i n g pavement 
t e m p e r a t u r e s v a r i e d f rom 33 t o 
102 F. and averaged 70 F. 

An a l e r t , s k i l l f u l d r i v e r i n 
good p h y s i c a l c o n d i t i o n performed 
the t e s t s . I n s o f a r as p o s s i b l e the 
same d r i v e r was used throughout the 
s e r i e s of t e s t s . S i n c e these t e s t s 
were r a t h e r s e v e r e on the c a r i t 
was n e c e s s a r y to m a i n t a i n i t i n 
e x c e l l e n t o p e r a t i n g c o n d i t i o n . 
T h i s r e q u i r e d f r e q u e n t b a l a n c i n g 
of wheels and adjustment of brakes. 
At the g r e a t e r speeds and p a r t ^ i c u -
l a r l y on wet s u r f a c e s t h e r e was 
some s i d e s k i d d i n g as the c a r came 
t o r e s t . By c a r e f u l s e l e c t i o n of 
an even t e s t s e c t i o n and by s k i l l f u l 
d r i v i n g t h i s was h e l d to a minimum. 
I n c a s e s where s i d e s k i d d i n g was 
c o n s i d e r e d e x c e s s i v e forward s k i d 
d i n g measurements were d i s c a r d e d -
and the t e s t r e p e a t e d . 

S i n c e the t e s t s were c o n d u c t e d 
on a c t u a l highways i t was n e c e s s a r y 
t o t a k e p r e c a u t i o n s f o r the s a f e 
h a n d l i n g of t r a f f i c . Flagmen were 
s t a t i o n e d a t e i t h e r end of the t e s t 
s e c t i o n s a p p r o x i m a t e l y 1500 f t . 
a p a r t . T r o o p e r s from t h e S t a t e 
Pol i c e f o r c e d i r e c t e d t r a f f i c d u r i n g 
the conduct of the t e s t s . 

DESCRIPTION OF SURFACES TESTED 

When the w o r k i n g p l a n f o r t h i s 
s t u d y was f o r m u l a t e d , i t was de
c i d e d t o e v a l u a t e t h e d i f f e r e n t 
types of sXirface a c c o r d i n g to t h e i r 
performance w i t h one t i r e c o n d i t i o n 
( t i r e s A ) . T i r e s B, C, and D were 

to be used only for s u f f i c i e n t t e s t s 
t o e n a b l e a comparison of the t i r e 
v a r i a b l e . T h i s p r o c e d u r e was 
f o l l o w e d e x c e p t f o r t e s t s a t l o c a 
t i o n s Number 30 and 31 which were 
i n c l u d e d a f t e r t i r e s A were d i s 
carded. Due to the v e r y t h i n l a y e r 
o f rubber on t i r e s C and 0, i t was 
deemed a d v i s a b l e to run t e s t s w i t h 
t h e s e t i r e s on t h e wet pavements 
o n l y. 

The s u r f a c e s t e s t e d were s e l e c t e d 
w i t h the view o f d e t e r m i n i n g s k i d 
r e s i s t a n c e q u a l i t i e s o f the h i g h -
t y p e pavements and the e f f e c t o f 
d i f f e r e n t k i n d s o f m a t e r i a l or 
methods o f f i n i s h i n g . Some t e s t s 
were run on low-type s u r f a c e s be
cause of some c o n d i t i o n p e c u l i a r to 
t h a t s u r f a c e or because i t s l o c a t i o n 
was convenient to other t e s t s i t e s . 
I t i s r e a l i z e d t h a t t h e r e i s con
s i d e r a b l e v a r i a t i o n i n s u r f a c e s of 
t h e same t y p e but i t i s b e l i e v e d 
t h a t t h e pavements s e l e c t e d a r e 
r e p r e s e n t a t i v e . T h e r e a r e a l s o 
many o t h e r t y p e s o f pavement i n 
V i r g i n i a ; however, t h e s e are p r i n -
c i p a l l y o n t h e secondary iroads where 
speeds a r e not so g r e a t as on p r i 
mary highways. Many of the pave
ments under c o n s i d e r a t i o n a r e on 
U.S. Route 1. T e s t l o c a t i o n s are 
shown i n F i g u r e 6. 

The pavements t e s t e d were two-, 
t h r e e - , and f o u r - l a n e s i n w i d t h . 
S u r f a c e s 5 and 11 were on the i n 
s i d e l a n e s and a l l o t h e r s t e s t e d 
w i t h t i r e s A were on the o u t s i d e 
l a n e s . Due t o h i g h crown i n the 
pavements, s u r f a c e s 30, 30-A, and 
31 were t e s t e d i n the c e n t e r of the 
r o a d . A l l t e s t s on e a c h s u r f a c e 
were made i n t h e same d i r e c t i o n , 
w h i c h was s e l e c t e d s o as to t a k e 
advantage of alignment and grade. 

On t h e t h r e e - and f o u r - l a n e 
roads t h e r e was o f t e n some d i f f e r 
ence i n t e x t u r e between the i n s i d e 
and o u t s i d e l a n e s c a u s e d by the 
g r e a t e r amount o f t r a f f i c i n the 
o u t s i d e l a n e s . A l s o , o i l d r i p p i n g s 
from t r a f f i c were more p r e v a l e n t on 
the o u t s i d e l a n e s . S i n c e t h i s i s 
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F i g u r e 6. L o c a t i o n o f Pavement S u r f a c e s 
T e s t e d for S k i d R e s i s t a n c e 

T e s t 
No. 

1 
2 

3 
4 
S 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 

KEY 
D e s c r i p t i o n T e s t 

No. 

*H-3 ( S l a g & Natural Sand-1944) 16 
F-1 {25» Granite Scr.-75% Nat.Sand- 17 

1945) 18 
F-1 (lOOX Granite Screening8-194S) 19 
P.Cement Concrete ( B e l t Finish-1938) 20 
Natural Sand Seal-1946 21 
F - l (lOOX Natural Sand-1943) 22 
Road Mix (No.11 GraTel-1946) 23 
S l a g Seal on Sheet Asphalt-1938 24 
Natural Rock Asphalt (1941) 25 
H-3 (Umestone & Natural Sand-1944) 26 
S l a g Seal on H-3 P l a n t Mix (1946) 27 
S p e c i a l P l a n t Mix (1946) 28 
P.Oment (x>ncrete (Broom Finish-1946) 29 
F-1 (100% ( i r a n i t e Screenings-1945) 30 
F-1 (100% Natural Sand-1946) 31 

D e s c r i p t i o n 

S p e c i a l P l a n t Mix (1940) 
F-1 (100% Natural Sand-194S) 
F-1 (100% Granite Screenings-194S) 
F-1 (100% Trap Rock Screenings-1945) 
H-3 (100% Limestone AggregBte-1945) 
H-3 (Limestone & Natural Sand-194S) 
F-1 (100% Limestone Screening8-1944) 
P.Cement Concrete ( B e l t F i n i s h - 1 9 4 3 ) 
F-1 (100% Granite Screenings-1944) 
,H-3 (Granite & Natural Sand-1944) 
1-3 (Limestone & Natural Sand-1946) 
H-3 (100% Limestone Aggregate-1945) 
H-3 (Limestone & Natural Sand-1945) 
F-1 (100% Trap Rock Screening8-1946) 
Bituminous Seal Treatment 
Mixed i n Place Surface Treatment 

Surfaces such as H-3, F-1 & 1-3 are plant-mix bituminous s u r f a c e s 

the c o n d i t i o n to which most t r a f f i c 
i s s u b j e c t e d i t was f e l t t h a t t e s t s 
where p o s s i b l e should be run on the 
o u t s i d e l a n e s . 

On the b a s i s of a verage 24-hr. 
counts, t r a f f i c on the roads t e s t e d 
v a r i e d from 556 v e h i c l e s on s u r f a c e s 
No. 27 and 28 (2 l a n e s ) to 9401 on 
s u r f a c e s No. 10 and 1 (4 l a n e s ) . 
For the year ending June 30, 1946, 
an a v e r a g e o f the t r a f f i c c o u n t s 
a t the 31 l o c a t i o n s was 3693 v e h i c l e s . 

S i n c e many of these s u r f a c e s a r e 
of s i m i l a r t y p e s they w i l l be-des
c r i b e d below i n e i g h t groups. T h i s 
w i l l not o n l y p r e v e n t r e p e t i t i o n 
but w i l l a l s o e n a b l e the r e a d e r to 
g e t a c l e a r e r u n d e r s t a n d i n g o f the 
v a r i o u s s u r f a c e s . I t s h o u l d be 
p o i n t e d out t h a t 14 of the 32 s u r 
f a c e s are r e s u r f a c e d c o n c r e t e pave
ments (Nos. 1, 2, 3, 5, 8, 9, 10, 
11, 14, 15, 17, 18, 19, and 2 9 ) . 
I n c o n j u n c t i o n w i t h t h e t e s t s . 
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I S - LIMESTONE, GRAN ft NAT SANO 119441 Za-LfMESTONE ft NATURAL SANO 11943) 21-LIWtSTONt a a NAIORAL 5AMD 119441 

BT-Ll l l tSTONE 1I94SI 2 0 - LIMESTONE (I94S1 

BITUMINOUS CONCRETE ( I ) 

• •-LOCAL SANO • IRAVtL I l f 4 0 ) I t-LOCAL SAND ft t l l W C L t l t 4 « ) 

SPECIAL PLANT MIX ( I D ) 
f-RMK A1PI4M.T (1*411 

F i g u r e 7. Text u r e of S u r f a c e s 

-NATURAL SAND [19.51 ^ - 2 5 % GRAN SCR 75% NAT SANDfOASI 19-TRAP ROCK SCREENINGS 

IS-HATURAL SANO (1946) S-NATUfiAL SANO (19431 B-GHANITE S CRE E Nl NGS (I 94 6) Z2-LIMEST0NE SCREENINGS (1944) 

2 9 ^ TRAP ROCK S CREENiNGS (I ^ J - GRANITE SCREENING (194 51 2 4-GRANITE SCHEEÎ INGS (19445 

SAND ASPHALT (II) 

F i g u r e 8. Texture of S u r f a c e s 
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5-SAND SEAL 11946)1 I - SLAG SEAL {I946I 

S E A L T R E A T M E N T S ( Y ) 
SLAG SEAL ( 19361 -GRUSMEO STONt SEAL (1947) 

i O - S t A L - E X C t S S ASPHALT ( 1 9 4 5 ) 3 I - SEAL - E XCESS ASPHALT ( I 9 3 9 ) 

S U R F A C E S WITH E X C E S S ASPHALT (SB) 

I 3 - CONCRETE BFTOOM [1946) 8 J -C0NCf tETE BELT (19431 4-CONCRETE BELT FINISH ( I93B) 

P O R T L A N D C E M E N T C O N C R E T E (CTf) 

F i g u r e 9. Texture of S u r f a c e s 

photographs were taken of pavement 
t e x t u r e s to r e c o r d a c t u a l c o n d i t i o n s 
a t the time of t e s t s . The t e x t u r e 
p i c t u r e s are arranged by groups and 
i d e n t i f i e d by t e s t n u m b e r i n 
F i g u r e s 7, 8, and 9. 

Group I - Bi tuminous Concrete 
(Type H-3 and 1-3 Plant Mix) B i t u 
minous c o n c r e t e pavement ( t y p e H-3 
and 1-3) c o n s i s t s of a dense-graded 
bituminous concrete s u r f a c e . These 
w e a r i n g c o u r s e s a r e u s u a l l y about 
one i n . t h i c k and placed on a binder 
or l e v e l i n g c o u r s e . T h i s i s a hot 
p l a n t - m i x e d m a t e r i a l composed of 
85-100 p e n e t r a t i o n a s p h a l t i c cement 
(5.5 to 8.5 p e r c e n t ) combined w i t h 
g r a d e A c r u s h e d s t o n e , o r s l a g 
c o a r s e aggregate and sand, s l a g , or 
stone s c r e e n i n g s , or a combination 
t h e r e o f . The aggregate i s u n i f o r m l y 
g r a d e d from c o a r s e t o f i n e w i t h 
100 percent p a s s i n g the J^-in. s i e v e 
and 2 percent to 10 percent p a s s i n g 
the No. 200 mesh s i e v e . S p e c i f i c a 

t i o n s f or t h i s type s u r f a c e are a l s o 
v a r i e d w i t h i n the above l i m i t s i n 
or d e r to o b t a i n the most d e s i r a b l e 
mix w i t h the m a t e r i a l s a v a i l a b l e . 
P r i o r to 1 9 4 6 . t h i s type was d e s i g 
nated as H-3; s i n c e t h a t time i t i s 
known as 1-3. A l l s u r f a c e s l i s t e d 
as H-3 i n t h i s r e p o r t were c o n s t r u c 
t e d b e f o r e t h i s change i n d e s i g 
n a t i o n . 

E i g h t s u r f a c e s of t h i s type from 
one t o t h r e e y e a r s i n age were 
t e s t e d . S u r f a c e No. 1 was composed 
of s l a g and sand aggregate; Nos. 10, 
21, 26, and 28 o f l i m e s t o n e and 
sand; Nos. 20 and 27 of 100 percent 
limestone; and No. 25 of limestone, 
g r a n i t e , and sand aggregate. Lime
s t o n e i s t h e most commonly u s e d 
c o a r s e a g g r e g a t e f o r t h i s type o f 
s u r f a c e . 

Group II - Sand Asphalt (Type F-1 
Plant Mix) Sand a s p h a l t pavement 
( t y p e F-1) c o n s i s t s of one or more 
c o u r s e s of sand a s p h a l t c o n s t r u c t e d 
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on a prepared base. T h i s i s a hot 
p l a n t - n i x e d m a t e r i a l composed o f 
85-100 p e n e t r a t i o n a s p h a l t i c cement 
i n the amount of 5.5 to 9.5 percent 
combined w i t h n a t u r a l s and, s t o n e 
s c r e e n i n g s , e r a combination of both 
s a n d and s t o n e s c r e e n i n g s . A l l 
a g g r e g a t e s must p a s s a 3 / 8 - i n . 
s i e v e w i t h 2 to 12 p e r c e n t p a s s i n g 
the No. 200 mesh s i e v e . The aggre
g a t e must be of s u c h q u a l i t y t h a t 
the r e s u l t i n g m i x t u r e w i l l have a 
minimum s t a b i l i t y o f 1500 l b . a t 
140 F. as determined by the Hubbard-
F i e l d t e s t . On some p r o j e c t s on 
R o u t e 1 a 2 0 0 0 - l b . s t a b i l i t y was 
s p e c i f i e d . W h i l e s p e c i f i c a t i o n s 
may vary s l i g h t l y from year to year 
and from j o b to j o b depending upon 
t h e a v a i l a b l e a g g r e g a t e and t h e 
amount o f t r a f f i c , t h e y have r e 
mained e s s e n t i a l l y the same. 

E l e v e n sand asphal t s u r f a c e s con
s t r u c t e d from 1943 t o 1946 were 
t e s t e d . Of t h e s e . s n x f a c e s No. 2 
was composed o£ 25 p e r c e n t i g r a n i t e 
s c r e e n i n g s and 75 p e r c e n t n a t u r a l 
sand a g g r e g a t e . The a g g r e g a t e i n 
s u r f a c e s No. 6, 15, and 17 was com
posed of 100 p e r c e n t n a t u r a l sand; 
Nos. 3. 14, 18, and 24 o f 100 per
c e n t g r a n i t e s c r e e n i n g s ; No9. 19 
and 29 o f 100 p e r c e n t t r a p r o c k 
s c r e e n i n g s , and No. 22 o f 100 per
cent limestone s c r e e n i n g s . N a t u r a l 
s a n d i s t h e most commonly u s e d 
aggregate f o r t h i s type o f s u r f a c e 
but numerous s e c t i o n s o f pavement 
h a v e b e e n c o n s t r u c t e d u s i n g t h e 
o t h e r types o f aggregate e i t h e r i n 
experimental work or because of the 
a v a i l a b i l i t y of the m a t e r i a l . 

Group III - Special Plant' Mix B i 
tuminous pavements of t h i s type con
s i s t of one or more c o u r s e s o f a s 
p h a l t - c o a t e d aggregate c o n s t r u c t e d 
on a p r e p a r e d base c o u r s e or r o a d 
s u r f a c e . T h i s i s a hot plant-mixed 
m a t e r i a l composed o f 5 to 6.5 per
c e n t 85-100 p e n e t r a t i o n a s p h a l t i c 
cement combined w i t h n a t u r a l sand 
g r a v e l from l o c a l p i t s w i t h no i n i 
t i a l p r o c e s s i n g other than s c r e e n i n g 

o u t the o v e r s i z e m a t e r i a l . E a c h 
j o b i s designed to give the g r e a t e s t 
s t a b i l i t y w i t h the aggregate a v a i l 
a b l e . Aggregate s p e c i f i c a t i o n s vary 
w i t h t h e a v a i l a b l e m a t e r i a l b u t 
u s u a l l y have a maximum s i z e o f 3/4 
or 1 i n . w i t h a t o l e r a n c e of 0-5 per
cent p a s s i n g the No.200 mesh s i e v e . 
T h e s e mixes a r e q u i t e s i m i l a r i n 
t e x t u r e t o t h e s a n d a s p h a l t mix 
e x c e p t f o r t h e p r e s e n c e o f some 
l a r g e r s i z e p a r t i c l e s . They a r e 
r e p r e s e n t e d i n t h i s r e p o r t by s u r 
f a c e s Nos. 12 and 16. 

Group IV - Rock Asphalt (Type G-1) 
Rock a s p h a l t pavement ( t y p e G-1) 
c o n s i s t s of a w e a r i n g s u r f a c e com
posed of n a t u r a l rock a s p h a l t con
s t r u c t e d on a prepared base. I t i s 
a s a n d s t o n e r o c k a s p h a l t o b t a i n e d 
from an approved source and prepared 
i n a p l a n t c a p a b l e o f m a i n t a i n i n g 
u n i f o r m q u a l i t y . P r e p a r a t i o n o f 
t h i s mat«Tiai c o n s i s t s o f g r i n d i n g 
only., -with no sand o r b i t u m i n o u s 
m a t e r i a l added. N a t n r a l r o c k a s 
p h a l t must have an a s p h a l t c o n t e n t 
(by e x t r a c t i o n ) o f 6.0 to 7.5 per
c e n t . The m i x t u r e must p a s s a 
3 / 4 - i n . s i e v e w i t h n o t l e s s t h a n 
99 p e r c e n t p a s s i n g a %-in. s i e v e 
and not l e s s than BO pe rc en t p a s s i n g 
the No. 4 s i e v e . Where t h i s ma
t e r i a l i s a p p l i e d a t t h e r a t e , o f 
25 l b . per sq. yd. or l e s s , 100 per
c e n t must p a s s the 3 / 8 - i n . s i e v e 
and 99 p e r c e n t must pass the No. 4 
s i e v e . 

S u r f a c e No. 9 c o n s i s t s o f a 
i C - i n . w e a r i n g c o u r s e o f n a t u r a l 
r o c k a s p h a l t l a i d i n 1941 on a 
s h e e t a s p h a l t base. 

G r o u p V - S e a l T r e a t n e n t S e a l 
treatments c o n s i s t of a p p l y i n g from 
0.1 to 0.2 g a l . of l i q u i d bituminous 
m a t e r i a l t o t h e r o a d s u r f a c e and 
c o v e r i n g with the maximum amount of 
c o a r s e sand, g r a v e l , s l a g , or stone 
c h i p s t h a t the bituminous m a t e r i a l 
w i l l hold. T h i s treatment i s r o l l e d 
w i t h a medium weight r o l l e r to s e t 
the a g g r e g a t e i n t o the b i t u m i n o u s 
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m a t e r i a l . S l a g and c r u s h e d s t o n e 
used f o r t h i s work a r e r e q u i r e d to 
p a s s a 3 / 8 - i n . s i e v e w i t h not more 
t h a n 10 p e r c e n t p a s s i n g a No. 8 
mesh s i e v e . S u r f a c e s Nos. 5, 8, 11 
and 30-A are of t h i s type. 

Group VI- Bituminous Surface Treat-
'ment, firooa Drag Seal T h i s s u r f a c e 
i s a c o l d m i x e d-in-place bituminous 
s u r f a c e t r e a t m e n t a p p l i e d on a 
p r e p a r e d b a s e . I t i s composed o f 
l i q u i d bituminous m a t e r i a l combined 
w i t h washed g r a v e l , c r u s h e d s t o n e , 
or s l a g . The b i t u m i n o u s m a t e r i a l 
i s a p p l i e d a t the r a t e o f 0.1 to 
0.2 g a l . p e r s q . yd. and c o v e r e d 
w i t h from 20 to 40 l b . of aggregate 
p e r s q . yd. An a d d i t i o n a l a p p l i 
c a t i o n of from 0.2 to 0.4 g a l . per 
s q . yd. of b i t u m i n o u s m a t e r i a l i s 
t h e n a p p l i e d a f t e r w h i c h i t i s 
mixed w i t h a l o n g broom d r a g and 
then r o l l e d . During r o l l i n g opera
t i o n s from 5 to 8 l b . per s q . yd. 
o f choke m a t e r i a l i s broomed i n t o 
t h e s u r f a c e . A s e a l c o a t o f from 
0.1 to 0.2 g a l . per s q . yd. of b i 
tuminous m a t e r i a l i s then a p p l i e d 
and the s u r f a c e u n i f o r m l y c o v e r e d 
w i t h a g g r e g a t e w h i c h i s broomed 
i n t o the v o i d s and r o l l e d . Aggre
gate s p e c i f i e d f o r mixing i s m a t e r i 
a l p a s s i n g the K - i n . s i e v e and r e 
t a i n e d on the No. 8 s i e v e or m a t e r i 
a l p a s s i n g the 3 / 8 - i n . s i e v e and 
r e t a i n e d on the No. 8 s i e v e . E a c h 
o f the above a g g r e g a t e s as w e l l as 
c o a r s e s a n d and c r u s h e d s t o n e or 
s l a g p a s s i n g the No. 4 s i e v e and 
r e t a i n e d on the No. 100 s i e v e may 
be used f o r choke. 

S u r f a c e No. 7 i s a broom d r a g 
s e a l i n w h i c h washed g r a v e l was 
used as c o v e r i n g aggregate. 

Group K I I - P o r t l a n d Cenent Concrete 
P o r t l a n d cement c o n c r e t e pavement 
i s composed o f c l a s s p or c l a s s x 
c o n c r e t e ( V i r g i n i a s p e c i f i c a t i o n ) 
and c o n s t r u c t e d a c c o r d i n g to ap
proved methods. The t e x t u r e of the 
s u r f a c e i s determined by the method 
of f i n i s h i n g . B e l t f i n i s h i n g g i v e s 

a r a t h e r smooth t e x t u r e w i t h s h a l l o w 
d e p r e s s i o n s and low r i d g e s . The 
broom f i n i s h which i s a p p l i e d w i t h 
a s t i f f broom g i v e s a rougher t e x 
t u r e w i t h deep grooves and r a t h e r 
p r o n o u n c e d r i d g e s . S i n c e t h e 
grooves i n t h i s f i n i s h a r e more or 
l e s s c o n t i n u o u s from the c e n t e r o f 
the pavement to the edge i t a l l o w s 
w a ter to d r a i n o f f v e r y r a p i d l y so 
t h a t a c o n t i n u o u s f i l m of water i s 
l e s s l i k e l y to be found on pavements 
of t h i s type. 

S u r f a c e s No. 4 ( c o n s t r u c t e d i n 
1938) and 23 (1943) were b e l t - f i n i 
s h e d w h i l e s u r f a c e No. 13 ( 1 9 4 5 ) 
was broom-finished. 

Group VIII - Surfaces w i t h Excess 
Asphalt Pavements i n t h i s group 
have an e x c e s s o f a s p h a l t on t h e 
s u r f a c e . With t h i s type of s u r f a c e 
e s p e c i a l l y where t h e a s p h a l t i s 
g r e a t l y i n e x c e s s , the a g g r e g a t e 
has l i t t l e or no e f f e c t on the s k i d 
r e s i s t a n c e of the pavement. S e v e r a l 
f a c t o r s may cause pavement s u r f a c e s 
t o get i n t h i s c o n d i t i o n . A l a r g e 
amount o f heavy t r a f f i c , p a r t i c u 
l a r l y i n h o t w e a t h e r , may c a u s e 
more compaction of the mix than was 
a n t i c i p a t e d and thus work the a s 
p h a l t to the s u r f a c e . On b i t u m i n 
ous s u r f a c e t r e a t m e n t s e x c e s s a s 
p h a l t may be a p p l i e d a t the time 
the t r e a t m e n t i s p l a c e d or weather 
c o n d i t i o n s may cause the a s p h a l t to 
s t r i p from t h e a g g r e g a t e so t h a t 
t h e a g g r e g a t e i s whipped from the 
s u r f a c e l e a v i n g an e x c e s s of a s p h a l t . 
S u r f a c e s Nos. 30 and 31 are of t h i s 
type. 

D I S C U S S I O N OF T E S T DATA 

The complete d a t a f o r more than 
1000 s t o p p i n g d i s t a n c e t e s t s on 32 
pavement s u r f a c e s a r e p r e s e n t e d i n 
T a b l e 1. These s t o p p i n g d i s t a n c e s 
a r e a c t u a l average forward s k i d d i n g 
d i s t a n c e s and do not i n c l u d e ' d r i v e r 
r e a c t i o n time. Other i n v e s t i g a t o r s 
r e p o r t t e s t r e s u l t s a s c o e f f i 
c i e n t s o f f r i c t i o n ; h owever, i n 
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TABLE 1 SKID RESISTANCE HEASUREHEKTS 

IT 

BIT owe. (TUt M • >•« 
Sl . ( A Ih t . SmI (1«M> 
l i _ U M t l h t S d I (1M4) 
U a n u n A l i i t Sad (IMS) 
Umam A Ik t W (1M6) 
U x U D i A N h M (IMS) 
l . S . , a n l t » A l k t U (1M4) 
lOB u _ t > a i (IMS) 
i m U - s u m (IMS) 

l O O K t a i u S e t . (IMS) 
I00) l (h>l t .9e t . (IMS) 
l O O K W u S o (IM6) 
l l X X k m s u S o (1M4) 
lOa lWEtaekSo (IMS) 
lOISTnpItackScr (1M6) 
l O n U m u n S c r (IM4) 
U m N i t . S n I (IMS) 
l O S I k l . S n I (1«<) 
lOOgilht Snd (IMS) 

S B Q A L nan u i 
La»l U « ( k n a l (1M6) 
L « l Sud a ( k m l (IMO) 

A i o x i 
• o x unu3 <m o-i) 
Dark A q b l t ( I M l ) 
U L n u m s 

a n i tal (1M<) 

o Sm I Sum Sml (1M» 

a _ c n u - » u Fiidib (ina> 

•̂*"i.'!a"{?Si) 
tatt. W . ( 1 M < ) A ^ (IMS) . 

B - OOBIBEAD 

11 t 10 SO 40 It 1 SO SO 40 
a D. C 8.D c B D C 8 D C S.O. C S D c B Q. C S.D c 

s s f4 U t 4T 41 4 7S rs 0 Tl T 4 BS 11 1 •s 40 4 ?• 91 9 94 
• s 44 IT 0 T4 ST 1 41 TO 0 74 9 4 M 14 1 41 41 1 49 UO ft 44 
• 1 74 n 0 74 St 0 TT M 4 74 T S U 14 ft 40 9T 9 4S 91 4 44 
4 T I t IT ft 74 44.1 4T 74 4 Tl 4 4 •4 SO 4 41 U 5 U 94 S SO 
4 T TO u t Tf 40 4 T4 70 4 T9 ft 0 •9 U 4 71 4T « 44 94 S 4S 
< » 4T IT T Tft n 1 41 70 9 T4 ft T «1 11 4 41 M 1 44 ftS 1 60 
4 4 44 14 • Tt M 1 U 49 7 01 ft 9 4T SO. 4 49 <T 7 44 ISO I 44 
4 T 6f 14 T 40 ST T T9 49 1 n ft 9 Tl ILT 41 U 9 41 9T.7 U 
1 1 T4 17 4 74 ST 4 79 70 4 T4 T 1 41 SI 0 49 U 4 44 tft S 41 

4 T n 14 4 41 U S 4T •4 1 •4 ft S tft IS 1 74 U 4 44 74 0 U 
4 T 4f IT 1 Tl U 4 44 49 1 7T ft 9 Tl SS s 40 to 4 49 110 ft 48 
1.4 n 11 t T» 14 0 T9 71 1 71 T 4 » 80 ft 49 44 ft 4T U ft 44 
4 4 44 IT 0 Tft 41 0 7S Tl 0 Tl 4 1 41 11 4 4S 44 1 CS •T ft 61 
1 S T4 IT T T4 S« 1 n TO 1 Tft 9 0 4T n 0 49 49 S 41 lis 9 W 
4 T a U 4 6ft 40 S T4 74 1 TO T T IS 11 0 49 41 ft TO ft! 0 69 
I 1 T4 U 4 44 S4 S 4S C9 1 TT T 1 44 11 T 4S ftS 4 44 99 8 14 
4 4 44 IT T Tft 19 4 T4 Tl T TS 4 4 44 19 9 47 49 1 4T 94 1 44 
4 4 n 14 4 Tl 19 4 Tft TS 4 TS ft 4 44 19 9 4T W 4 4T ST 4 41 
4 1 11 IT 4 T4 U 4 4T 44 4 41 ft 1 49 11 4 41 41 1 TS H 0 41 
4 0 TO 1» 9 4T 19 4 Tft 44 S 40 T 1 U SI 0 U U 0 70 7S 9 71 
t 4 Tft IT T Tft IT 9 T9 TO 4 T4 T 0 40 11 1 49 47 4 41 90 9 89 

4 4 44 U t Tl 19 S T4 47 0 T9 4 9 41 19 4 a 19 9 71 79 ft 67 
4 4 44 IT t T7 S9 4 74 44 9 40 4 1 44 IB 9 71 44 1 4S TS 0 T4 
4 4 a U 0 T4 S9 4 74 44 9 79 4 ft 44 19 S 49 41 0 70 74 9 TO 

4 4 T4 14 1 41 S9 0 n 47 T 79 ft 4 T4 14 4 TS 41 4 71 TT T 49 

ft 0 44 U 1 T4 n 4 40 41 4 04 4 0 70 U 4 71 41 0 70 41 0 44 
4 4 74 IT 0 Tft U 1 70 T9 S tt ft ft 74 10 0 47 a 4 44 a 4 44 
ft 4 74 D 0 70 41 T 71 T4 0 TO 7 S 44 SS 0 41 U 9 44 SI 1 44 

4 4 T» 11 0 74 40 T 74 Tl 0 74 ft S 4T IP 1 44 44 1 44 •1 s 44 

4.4 44 It S 49 40 T Tft TS ft 71 9 ft U n 4 47 U 9 44 lU 1 4ft 

4 t 44 U T 44 14 4 11 4T ft 79 T S U 14 9 U U 7 44 l U s 4T 
4 4 44 19 4 44 19 0 n TO 4 Tft 9 1 44 SS 4 c 47 1 44 111 0 40 
4 4 T7 IT 0 TO •9 1 n 74 1 TS ft 1 « 14 9 79 41 7 70 B4-S 4S 
1 4 T4 n 4 71 SB 1 Tft TO 4 T4 T ft IT n ft U IT 4 ft4 US s U 

( t e l a ) • I l k n M aal lt>. 11 Suai - « n r Ftt) 
( S m M >itA Ifg. U am - Vnr F.t) 

I TO 4 Tl t I 

IS • t l IT I 
II I 11 ST I 
U S IS It 0 

S* S 

B S 

IT 6 
IS S 
IT S 

IT T 

U S 

IT 4 
TO I 
TS S 

111 S 
4S T 
sss 
40 4 

<0' n s SI I 4 S SS III 4 10 IM 4 T4 I Tl S 

TS S 
U 0 
Tl I 

T» 4 

I I I 

t h i s r e p o r t the s t o p p i n g or s k i d d i n g 
d i s t a n c e i s u s e d s i n c e i t i s be
l i e v e d t h a t such v a l u e s may be more 
r e a d i l y v i s u a l i z e d . A l l t e s t r e 
s u l t s p r e s e n t e d g r a p h i c a l l y a r e 
p l o t t e d a s f o r w a r d s k i d d i n g d i s 
t a n c e s . I n order t h a t these r e s u l t s 
m i g h t be r e a d i l y c o m p a r e d w i t h 
t h o s e o f o t h e r s , T a b l e 1 i n c l u d e s 
the average c o e f f i c i e n t of f r i c t i o n 
a s c o m p u t e d from t h e f o l l o w i n g 
s t a n d a r d s t o p p i n g d i s t a n c e formula: 

«2 
30 5 

coe f f i • where / = a v e r a g e 
c i e n t o f f r i c t i o n 

V = i n i t i a l speed i n 
mi. per h r . a t the time of a p p l y i n g 
brakes 

S = av e r a g e s t o p p i n g 
d i s t a n c e i n f t . 
R e s u l t s a r e grouped a c c o r d i n g t o 
the p a r t i c u l a r pavement type s p r e 
v i o u s l y d e s c r i b e d f o r both d r y and 

wet s u r f a c e s . Average v a l u e s a r e 
g i v e n by groups as w e l l as a grand 
a v e r a g e f o r e a c h t y p e o f t i r e . 
Where the s u r f a c e was t e s t e d w i t h 
a l l f our t i r e s i n a wet c o n d i t i o n 
a v e r a g e v a l u e s a r e g i v e n i n t h e 
r i g h t hand column. 

With the e x c e p t i o n of 30, 30-A, 
and 31, a l l s u r f a c e s were t e s t e d 
w i t h type A t i r e s . The primary ob
j e c t i v e . w a s t o e v a l u a t e the s k i d 
r e s i s t a n c e o f s u r f a c e s ; however, 
a d d i t i o n a l t e s t s were performed to 
d e t e r m i n e t h e e f f e c t o f the t i r e 
v a r i a b l e . A l s o , t e s t s were made to 
a s c e r t a i n the e f f e c t i v e n e s s of non-
s k i d treatments on a g l a z e d s u r f a c e . 

C o n p a r i s o n of Surface Types Re
s u l t s o f a l l measurements f o r the 
29 s u r f a c e s t e s t e d w i t h t i r e A a r e 
shown g r a p h i c a l l y i n F i g u r e 10. 
These a r e grouped a c c o r d i n g to s u r 
f a c e t y p e s and a r r a n g e d i n o r d e r 
from s h o r t to long stopping d i s t a n c e 
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TABLE 1 - Cont inaed 

B . Goco m m 

1 to 
tl 

W U 11 t to 
•n r 

11 t to 
i r 

40 111 
m 

to M a 
c B D c 8 D C 8 D C 8 D C 8 D c S D c a.D c S D C S D c 8 D c 8 D c SD c 3 0 C 8.D c 8 D C 

•4 16 • T9 41 4 49 94 4 B9 4 9 41 It S w 9S 4 57 111 1 « 
•1 U 4 U •4 T 4T 144,4 U 

T4 10 1 «• S4 0 a m 4 44 4 9 41 n 1 40 51.4 IT 111 1 u 

71 1* T u 4T 9 41 90 4 U 4 4 44 to 1 a 44 4 44 140 0 u 
n SO 0 6T 4T 4 M 110 1 44 4 T ts tf 4 49 •4 1 W 104 4 so 
IT » 9 M 4f 1 11 90 1 » 4 0 TO tS 4 M 41 0 49 141 t ss 1 9 71 14 4 14 U 1 « ISl 4 41 4 4 44 tt 1 a 54 5 u lU 4 49 

Tt 19 4 «• 4S 0 44 •4 1 4S 1 S 6T 19 9 44 tt 4 41 •4 0 4S 0 t a 19 0 4T 44 1 41 OS t 4S 4 0 70 B 1 44 44.7 4T 05 5 JOl 
Tl to 0 <T 4T t 41 94 0 99 4 I 44 IS T 57 44 1 4t 14T 9 S9 

TB U 0 TO 4S i 44 M f 4t 9 1 TS ts S 40 a 4 It 1S4 S 40 1 T TT » 0 4T M 7 U 154 t 41 5 0 71 to 0 4T Q t 59 U4 5 14 
TS 1* 0 TO 49 4 44 §4 S 4t 9 t Tl » S a a 0 51 154 S 40 

•4 I L l Tt 41 1 TS 11 r 44 4.9 04 19 T M 49 4 41 HI 0 41 4 5 95 II 4 57 a s It » r 0 . a 5.0 04 n 9 74 a t 47 91 0 n 

• 1 1* 4 (9 44 4 41 n 1 99 
•i i U 0 T4 45 S 44 91.1 H 9 9 T4 n 1 44 91 4 IT Its 1 U 4 T tf IT 1 71 «T 0 44 UT 7 a 1 1 t l 19 1 70 47 4 M 101 4 IS 
u » • a 4T t 44 100 1 IS 

1 9 Tl to S 44 a 4 41 94 T a 
•1 If 0 TO 44 1 49 IT 1 99 9 T Tl to 9 45 a 4 59 10t<9 M 

u t l 1 Q 40 t H lot s 49 T t Sri t9 4 45 04 5 4T 119 T 44 

a U 0 U M f 4T Ut T 41 t 1 M II t 19 04 1 U » s s 14 

ft IT 9 T4 I I S a 104 9 SO 9 0 «4 U 4 41 W 1 49 uo s 41 < t a 19 t 47 54 t 55 ut.o 41 1 7 74 If 0 70 .55 9 a 110 5 49 
TS >1 4 M l i 4 u 114 t 44 4 9 M IT T 90 Tt 5 4T 145 0 U 

.55 9 

U S . n SLO to ISO 7 tt no 0 ts 
l i t 10 Tt.0 It IM 0 19 tl4.t t l 
19 1 n 01 s SS lU s to »9 t tt 

T4 to t «T H 0 41 US 4 U T 9 IS 19 1 9t TS 0 40 uo T » I 1 Tt 19 t 70 a 0 » lis 1 a • T 74 19 T a a S 01 lOS T 54 

v a l u e s . An i n s p e c t i o n of the c h a r t 
r e v e a l s t h a t a t the l o w e r s p e e d s 
l e s s d i f f e r e n c e i s found i n the s u r 
f a c e s t h a n a t the h i g h e r s p e e d s . 
D i f f e r e n c e s between d r y and wet 
s u r f a c e s a r e a l s o more pronounced 
a t higher speeds. Consequently, i t 
a p p e a r s t h a t the r e s u l t s o b t a i n e d 
on a wet s u r f a c e a t 40 mi. per h r . 
can be used s u c c e s s f u l l y to compare 
the s k i d r e s i s t a n c e of the v a r i o u s 
pavements. 

C o n s i d e r i n g d a t a i n F i g u r e 10 
and a s p e e d o f 40 mi. p e r h r . , 
s t o p p i n g d i s t a n c e s from 63.6 t o 
79.3 f t . , and a v e r a g i n g 70.4 f t . , 
w e r e m e a s u r e d on d r y s u r f a c e s . 
Corresponding computed c o e f f i c i e n t s 
o f f r i c t i o n r a n g e d from 0.84 to 
0.68 and a v e r a g e d 0.75. Thus i t 
c a n r e a d i l y be s e e n t h a t a l l 29 
s u r f a c e s have e x c e l l e n t s k i d r e s i s 
tance when t e s t e d dry. 

V a l u e s f o r t h e same s u r f a c e s 
when wet ( a t 40 mi. per h r . ) ranged 

from 72.0 t o 120.5 and a v e r a g e d 
92.5 f t . The corresponding computed 
c o e f f i c i e n t s o f f r i c t i o n v a r i e d 
from 0.74 to 0.44 and averaged 0.58.' 
I f the s u r f a c e s are r a t e d a c c o r d i n g 
t o p r e v i o u s i n v e s t i g a t o r s on the 
b a s i s of s t o p p i n g d i s t a n c e s of 133 
f t . ( c o e f f i c i e n t of f r i c t i o n 0.4) 
t h e n a l l 29 s u r f a c e s would f a l l 
w i t h i n t h i s l i m i t . A c c o r d i n g to 
AASHO design standards ( 4 ) i n which 
a f a c t o r of s a f e t y of 1.25 i s used, 
the s a f e b r a k i n g d i s t a n c e on wet 
l e v e l s u r f a c e s a t 40 mi. per h r . 
s h o u l d not exceed 113 f t . ( c o e f f i 
c i e n t o f f r i c t i o n 0 . 4 7 ) . I f the 
29 s u r f a c e s a r e e v a l u a t e d on t h i s 
b a s i s , then a l l but three are found 
to be w i t h i n t h i s l i m i t . The three 
l o c a t i o n s not m e e t i n g AASHO r e 
quirements are s u r f a c e s 10, 20, and 
24. Two of these s u r f a c e s are b i t u 
minous con c r e t e type H-3 (10 and 2 0 ) . 
S u r f a c e 10 c o n t a i n e d an e x c e s s of 
a s p h a l t which under heavy t r a f f i c 
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F i g u r e 10. S k i d R e s i s t a n c e Measurements on V a r i o u s Pavement S u r f a c e s 
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was worked to the s u r f a c e r e s u l t i n g 
i n a g l a z e d t e x t u r e . I n f a c t , 
s i n c e t h i s s u r f a c e was t e s t e d i t 
h a s b e e n r e p l a c e d w i t h a s a f e r 
s u r f a c e . S u r f a c e 20 i s a s h o r t 
e x p e r i m e n t a l s e c t i o n a p p r o x i m a t e l y 
500 f t . i n l e n g t h . Although l a b o r a 
t o r y t e s t r e p o r t s do not show t h a t 
t h e m i x t u r e c o n t a i n s an e x c e s s o f 
a s p h a l t i the s u r f a c e appears to be 
g l a z e d . P o l i s h i n g of the limestone 

eO 90 40 
S P E E D (MPH) 

F i g u r e 11. Speed v s . Stopping 
D i s t a n c e - Wet & Dry S u r f a c e s 

( T i r e s A) 

aggregate i n t h i s mix may be a con
t r i b u t i n g f a c t o r . The other s u r f a c e 
( 2 4 ) i s a s a n d a s p h a l t pavement 
(type F-1) c o n t a i n i n g crushed stone 
aggregate with a high a b r a s i o n l o s s . 
T h i s m i x t u r e a l s o c o n t a i n e d an ex
c e s s of a s p h a l t which combined w i t h 
the s o f t p o l i s h e d aggregate r e s u l t e d 
i n a s u r f a c e with poor s k i d r e s i s t 
ance. 

While the r e s u l t s on the remain
i n g 26 s u r f a c e s i n d i c a t e them to be 
e n t i r e l y w i t h i n p r e s c r i b e d l i m i t s , 
c e r t a i n c o m p a r i s o n s o f m a t e r i a l s 
and methods o f f i n i s h i n g a r e ex
t r e m e l y i n t e r e s t i n g . For the s u r 
f a c e s t e s t e d wet ( t i r e s A) the e i g h t 
groups l i s t e d a c c o r d i n g to stopping 
d i s t a n c e s from the l o w e s t t o the 
h i g h e s t a r e a s f o l l o w s : s p e c i a f 
p l a n t mix, rock a s p h a l t , s e a l t r e a t -
men-ts, s a n d a s p h a l t , b i t u m i n o u s 

c o n c r e t e , p o r t l a n d cement c o n c r e t e , 
broom d r a g t r e a t m e n t , and g l a z e d 
b i t u m i n o u s s u r f a c e s . S i n c e e q u a l 
s a m p l i n g s we're no t p r a c t i c a l f o r 
t h e v a r i o u s s u r f a c e s too much em
p h a s i s s h o u l d n o t be p l a c e d upon 
t h i s r a t i n g . I t d o e s i n d i c a t e 
c e r t a i n p e r t i n e n t t r e n d s . 

To i l l u s t r a t e t h e s p e e d v e r s u s 
s t o p p i n g d i s t a n c e r e l a t i o n s h i p . 
F i g u r e 11 has be^n prepared. Curves 
a r e shown f o r two s u r f a c e s - a b i 
tuminous c o n c r e t e ( 2 0 ) and a sand 
a s p h a l t ( 1 7 ) . I t w i l l be n o t e d 
t h a t when dry, lower s t o p p i n g d i s 
t a n c e s were o b t a i n e d on s u r f a c e 20 
than on s u r f a c e 17; however, a f t e r 
t h e s e s u r f a c e s were s p r i n k l e d w i t h 
water s t o p p i n g d i s t a n c e v a l u e s f o r 
s u r f a c e 20 are much higher than those 
f o r s u r f a c e 17 . I n f a c t , w e t t i n g the 
s u r f a c e of the sand a s p h a l t had only 
a s l i g h t e f f e c t on t h e s t o p p i n g 
d i s t a n c e . Such c u r v e s can be used 
t o p r e d i c t s t o p p i n g d i s t a n c e s a t 
s p e e d s o t h e r t h a n t h o s e t e s t e d . 
For example, a t 50 mi. per h r . , the 
s t o p p i n g d i s t a n c e on s u r f a c e 17 
(wet) would be approximately 110 f t . 

With f i n e - t e x t u r e d s u r f a c e s such 
a s s a n d a s p h a l t , r o c k a s p h a l t , 
s p e c i a l p l a n t - m i x and t h e s e a l 
t r e a t m e n t s , the aggregate p a r t i c l e 
shape and r e s u l t i n g s u r f a c e t e x t u r e 
i s v e r y i m p o r t a n t from a s k i d d i n g 
s t a n d p o i n t . The use o f a g g r e g a t e 
c o n t a i n i n g the more c u b i c a l p a r t i 
c l e s r e s u l t e d i n a g r i t t y or sand
p a p e r - l i k e t e x t u r e which was found 
t o g i v e s h o r t e r s t o p p i n g d i s t a n c e s 
t h a n i f t h e a g g r e g a t e p a r t i c l e s 
were f l a t . S h a r p n a t u r a l s a n d s , 
and s l a g s a r e t y p i c a l examples o f 
c u b i c a l p a r t i c l e s . T h i s i s i l l u s 
t r a t e d by F i g u r e 12 where c u r v e s 
f o r wet F-1 s u r f a c e s a r e shown. 
S u r f a c e 6 i s a n a t u r a l sand a s p h a l t 
and No. 3 i s a r e l a t i v e l y s o f t 
g r a n i t e s c r e e n i n g s m i x t u r e . I n 
a n a l y z i n g t h e d a t a i t was found 
t h a t f o r s t o n e s c r e e n i n g s ( F - 1 ) 
m i x t u r e s s t o p p i n g d i s t a n c e s v a r i e d 
d i r e c t l y w i t h t h ^ a b r a s i o n l o s s of 
t h e a g g r e g a t e . I n o t h e r w o r d s . 



16 DESIGN 

those s u r f a c e s c o n t a i n i n g aggregates 
wi t h low a b r a s i o n l o s s e s were found 
t o produce s h o r t e r s t o p p i n g d i s 
t a n c e s than those c o n t a i n i n g aggre
g a t e s w i t h h i g h e r a b r a s i o n l o s s e s . 

I n g e n e r a l the c o a r s e r t e x t u r e d 
s u r f a c e s ( b i t u m i n o u s c o n c r e t e and 
broom drag t r e a t m e n t ) o f f e r e d l e s s 
r e s i s t a n c e to s k i d d i n g when wet than 
the f i n e - t e x t u r e d s u r f a c e s . With 
the c o a r s e r t e x t u r e d s u r f a c e s some 
of the l a r g e r p a r t i c l e s were obser
ved to p o l i s h under t r a f f i c . T h i s 
was p a r t i c u l a r l y n o t i c e a b l e on 
s u r f a c e 7. 

The d a t a o b t a i n e d on c o n c r e t e 
pavements w h i l e not e x t e n s i v e per
m i t s a comparison of b e l t - f i n i s h e d 
and b r o o m - f i n i s h e d s u r f a c e s . I n a 
dry c o n d i t i o n the smoother s u r f a c e 
o f f e r s s l i g h t l y g r e a t e r r e s i s t a n c e 
t o s k i d d i n g ; however, as has p r e 
v i o u s l y been s t a t e d , none o f the 
s u r f a c e s t e s t e d d r y were found'to 
be c r i t i c a l . I n a wet c o n d i t i o n 
t h e broom f i n i s h was found to be 
f a r s u p e r i o r . For example, s t o p p i n g 
d i s t a n c e v a l u e s f o r b o t h t h e d r y 
and wet c o n d i t i o n s ( a t 40 mi. per 
h r . ) were as f o l l o w s : 

Stopping Distances 
Dry Wet Increase Increase 
f t . f t . f t . percent 

Belt Finish 
(avg. of 2) 69. 1 111.6 42.5 61.5 

Broom Finish 73.3 B4.3 11.0 15.0 

T h i s f u r t h e r i l l u s t r a t e s the import
ance of the d i f f e r e n c e s i n stopping 
d i s t a n c e of a s u r f a c e from a d r y to 
a wet c o n d i t i o n . 

A comparison of s u r f a c e s 10 and 
11 a r e of i n t e r e s t s i n c e t h e y a r e 
a d j a c e n t l a n e s o f a 4 - l a n e pavement. 
S u r f a c e 10 i s the o u t s i d e l a n e and 
s u r f a c e 11 the i n s i d e l a n e . S u r 
f a c e 11 was o r i g i n a l l y the same as 
10; however, i t was s e a l e d e a r l y i n 
F e b r u a r y 1946 w i t h t a r (RT-5) and 
s l a g a g g r e g a t e (H-in. No. 8 ) . A 
comparison of the s t o p p i n g d i s t a n c e s 
a t 40 mi. per h r . w i t h t i r e s A a r e 
as f o l l o w s : 

Surface 10 70.0 
Surface 11 76.0 

Stopping Distance 
Dry Wet Increase Increase 
f t . f t . f t . percent 

120.5 50,5 72.3 
82.3 6.3 8.3 

Thus, i t can be seen t h a t a l t h o u g h 
the stopping d i s t a n c e on s u r f a c e 10 
i s l e s s than t h a t on s u r f a c e 11 i n 
a dry c o n d i t i o n , the, important item 
from a s a f e t y s t a n d p o i n t i s the i n 
c r e a s e i n s t o p p i n g d i s t a n c e from a 

STOPPING DISTANCE ( F E E T ) 

o 
2 '61 
3 

8 

8 8 

< * 
• < 

* ' t 

V 
F i g u r e 12. Comparison of F-1 
S u r f a c e s (Wet) on B a s i s of 
P a r t i c l e Shape ( T i r e s A) 

dry to a wet c o n d i t i o n . I t w i l l be 
o b s e r v e d t h a t t h i s p e r c e n t a g e i n 
c r e a s e i s n e a r l y nine times g r e a t e r , 
f o r s u r f a c e 10 than for s u r f a c e 11. 

S u r f a c e s on which a r e l a t i v e l y 
low i n c r e a s e i n s t o p p i n g d i s t a n c e 
from the d r y to the wet c o n d i t i o n 
were measured i n c l u d e l o c a t i o n s 17, 
19, 16. 12. 11, 9, 8, and 13. From 
a s a f e t y s t a n d p o i n t these s u r f a c e s 
s h o u l d be c o n s i d e r e d much b e t t e r 
t h a n t h o s e i n w h i c h t h e s t o p p i n g 
d i s t a n c e i s g r e a t l y d i f f e r e n t when 
the s u r f a c e changes from a dry to a 
wet c o n d i t i o n . 

I n p e r f o r m i n g the t e s t s on the 
f i n e r t e x t u r e s i t was observed t h a t 
i4ien a pavement was f i r s t s p r i n k l e d 
l i g h t l y the s t o p p i n g d i s t a n c e s were 
g r e a t e r than a f t e r the s u r f a c e was 
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LEGEND 
Q SKIDDING DISTANCE ATM.2MPH 
C9 INCREASE IN SKIDDING DISTANCE FROM 112-20 MPH 
B INCREASE IN SKIDDING DISTANCE FROM 2 0 - 3 0 MPH 
• INCREASE IN SKIDDING DISTANCE FROM 30-40 MPH 

V.V.V a V REPRESENTS TIRE TYPES 
CAR-1946 CHEVROLET S E D A N - W T 3 0 9 0 LBS 

SURFACE 8 
SLAG SEAL 

V 

SURFACE 9 
ROCK ASPHALT 

SURFACE 13 
CONCRETE 

amou FINISH) 

SURFACE 14 
SAND ASPHALT 

(CRMITE SCnEEMmS) 

SURFACE IB 
SAND ASPHALT 
PIATURAL SAND) 

SURFACE le 
SPECIAL PLANT MIX 

F i g u r e 13. S k i d R e s i s t a n c e Measurements 
on S i x S u r f a c e s (Wet) with Four T i r e C o n d i t i o n s 

t h o r o u g h l y wet. T h i s was n o t i c e d 
p a r t i c u l a r l y on the f i n e r - t e x t u r e d 
s u r f a c e s s u b j e c t e d to l a r g e volumes 
o f t r a f f i c and on t h e r o a d s on 
which o i l d r i p p i n g s were more pre
v a l e n t . I t seems l o g i c a l t h a t a 
t h i n o i l y f i l m may s e r v e as a b e t t e r 
l u b r i c a n t t h a n a t h i c k e r f i l m o f 
p l a i n water. A f t e r complete soak-
i n g s much of the o i l may have been 
washed away. W h i l e enough d a t a 
were not a v a i l a b l e t o prove t h i s 
p o i n t c o n c l u s i v e l y , the t r e n d was 
n o t i c e a b l e . 

Tire Variable I n s t u d y i n g forward 
s k i d d i n g i t i s r e c o g n i z e d t h a t the 
two p r i n c i p a l f a c t o r s i n v o l v e d a r e 
the pavement s u r f a c e and the t i r e . 
W h i l e t h e main o b j e c t i v e was an 
e v a l u a t i o n o f s u r f a c e s , the t i r e 
v a r i a b l e c o u l d n o t be n e g l e c t e d . 
Only s i x s u r f a c e s were t e s t e d i n a 
wet c o n d i t i o n w i t h a l l four s e t s of 
t i r e s . F i g u r e 13 i s a bar graph of 
the measurements and permits a com
p a r i s o n of the s k i d r e s i s t a n c e of 

the four t i r e s on the s i x s u r f a c e s . 
With the e x c e p t i o n o f s u r f a c e 15, 
decided d i f f e r e n c e s were found w i t h 
the four t i r e s . For soSe unaccount
a b l e r e a s o n t h i s s u r f a c e ( 1 5 ) was 
found to have e x c e l l e n t s k i d c h a r 
a c t e r i s t i c s w i t h a l l f o u r t i r e s . 
W i th the e x c e p t i o n o f s u r f a c e 15 
t h e t i r e s r a t e d i n o r d e r o f s k i d 
r e s i s t a n c e are as f o l l o w s : A, B, D, 
and C. T t w i l l be o b s e r v e d t h a t 
a t 30 mi. per hr. on s u r f a c e 15 the 
r a t i n g of the t i r e s i s i n the same 
order as f o r the o t h e r s u r f a c e s a t 
40 mi. per h r . The t i r e v a r i a b l e 
i s more pronounced on some s u r f a c e s 
t h a n on o t h e r s . F o r e x a m p l e , 
g r e a t e r d i f f e r e n c e s were found i n 
s t o p p i n g d i s t a n c e s on s u r f a c e 14 
t h a n on s u r f a c e 8.' The s t o p p i n g 
d i s t a n c e a t 40 mi. per hr. on s u r 
face 8 was only 47.5 percent longer 
w i t h t i r e s C t han w i t h A, whereas 
on s u r f a c e 14 t i r e s C p r o d u c e d 
92.5 p e r c e n t g r e a t e r s t o p p i n g d i s 
tance than t i r e s A. 

The same d a t a a r e p r e s e n t e d i n 
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LEGEND 
0 SKIDDING DISTANCE AT lie MPH 
S INCREASE IN SKIDDING DISTANCE FROM 112-20 MPH 
B INCREASE IN SKIDDING DISTANCE FROM 20-30 MPH 
• INCREASE IN SKIDDING DISTANCE FROM 30-40 MPH 

NOS. S, 9,13 ETC. REPRESENT SURFACE TYPES 
ALL SURFACES TESTED IN A WET CONDITION 
CAR - 1946 CHEVROLET SEDAN WT 3090 

J. a. 

i s o , 

I 40| 

F i g u r e 14. S k i d R e s i s t a n c e Measurements with Four T i r e C o n d i t i o n s 

F i g u r e 14; however, i n t h i s c a s e 
v a l u e s f o r a l l s i x s u r f a c e s a r e 
grouped t o g e t h e r f o r e a c h s e t o f 
t i r e s . S t o p p i n g d i s t a n c e s f o r the 
good t r e a d t i r e s (A and B) are much 
l o w e r and mof% u n i f o r m t h a n f o r 
smooth t r e a d t i r e s . Smooth t r e a d 
n a t u r a l rubber t i r e s were found to 
be s a f e r than smooth t r e a d s y n t h e t i c 
t i r e s ( S - 3 ) . The average s t o p p i n g 
d i s t a n c e f o r D t i r e s was 113.1 f t . 
as compared to 126.3 f t . f o r C t i r e s . 
S l i g h t l y h i g h e r v a l u e s were obtained 
w i t h B t i r e s t h a n w i t h A t i r e s . 
The a v e r a g e s t o p p i n g d i s t a n c e a t 
40 mi. per hr. for the s i x s u r f a c e s 
was 81.2 f t . f o r A t i r e s a s com
p a r e d w i t h 90.3 f t . f o r B t i r e s . 
A v e r a g e s t o p p i n g d i s t a n c e s f o r 
smooth t r e a d t i r e s (C and D) were 
39.5 p e r c e n t l o n g e r than f o r good 
t r e a d t i r e s (A and B ) . As p r e v i 
o u s l y m e n t i o n e d a i r and pavement 
t e m p e r a t u r e s were r e c o r d e d a t the 
time of each s e r i e s of t e s t . I t so 
happened t h a t t i r e s A were t e s t e d 
f i r s t d u r i n g p e r i o d s of much lower 
t e m p e r a t u r e s . A v e r a g e pavement 
t e m p e r a t u r e f o r the s i x s u r f a c e s 

t e s t e d w i t h t i r e s A was 57 F. as 
compared with averages of 80 to 90 F. 
a t the time of t e s t i n g t h e o t h e r 
t h r e e t i r e s . T h i s may p a r t i a l l y 
account for the d i f f e r e n c e i n stop
p i n g d i s t a n c e s w i t h t i r e s A and B. 
P r o f . Moyer r e p o r t s a d e f i n i t e i n 
c r e a s e i n c o e f f i c i e n t of f r i c t i o n 
w i t h a d e c r e a s e i n t e m p e r a t u r e ; 
h o w e v e r , he found t h a t t h i s was 
more marked i n the s i d e - s k i d than 
i n the s t r a i g h t - s k i d c o e f f i c i e n t s . 

Non-Skid Treataent Two s u r f a c e s 
( 3 0 and 31) i n w h i c h t h e r e was a 
n o t i c e a b l e e x c e s s of a s p h a l t f l u s h e d 
to the s u r f a c e were t e s t e d wet w i t h 
t i r e s C. S e v e r a l a c c i d e n t s had 
been reported on these s e c t i o n s and 
t h e y were i n c l u d e d i n the D e p a r t 
ment's non-skid program. To d e t e r 
mine the e f f e c t i v e n e s s of n o n - s k i d 
t r e a t m e n t s , measurements were made 
on both of them p r i o r to treatment 
and on one o f them a s h o r t t i m e 
a f t e r w a r d . 

T hese g l a z e d s u r f a c e s gave the 
l e a s t r e s i s t a n c e of any pavements 
t e s t e d . At 40 mi. per h r . on the 
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wet s u r f a c e s t h e s t o p p i n g d i s t a n c e 
was 224 f t . f o r l o c a t i o n 30 and 
254.5 f t . f o r s u r f a c e 3 1 . The non-
s k i d t r e a t m e n t c o n s i s t e d o f p r i m i n g 
t h e s u r f a c e w i t h a b o u t 0.1 g a l . 
p e r s q . y d . o f c u t - b a c k a s p h a l t 
(RC-2A), c o v e r i n g i m m e d i a t e l y w i t h 
a b o u t 20 l b . per s q . yd. o f No. 12 
( 3 / 8 - i n . No. 1 0 ) s t o n e c h i p s and 
c o m p a c t i n g . T r a f f i c was n o t p e r 
m i t t e d on t h e s u r f a c e f o r a 1 2 - h r . 
p e r i o d . Measurements made a p p r o x i 
m a t e l y f i v e weeks l a t e r on t h e non-
s k i d t r e a t m e n t (30-A) r e v e a l e d t h a t 

B E F O R E N O N - S K I D T R E A T M E N T 

i n s p e c t i o n o f F i g u r e 16 c l e a r l y r e 
v e a l s t h a t t h e s t o p p i n g d i s t a n c e s 
h a v e been i m p r o v e d a t a l l s p e e d s 
b u t more p a r t i c u l a r l y a t t h e h i g h e r 

A 

S P E E D ( MPH ) : 

A F T E R N O N - S K I D T R E A T M E N T 

F i g u r e 15. Route 55 
F a u q u i e r County 

t h e s t o p p i n g d i s t a n c e a t 40 mi. per 
h r . had been r e d u c e d f r o m 224 t o 
94.7 f t . ( F i g s . 15 and 1 6 ) . An 

F i g u r e 16. B e f o r e and A f t e r 
Non-Skid T r e a t m e n t 

( S u r f a c e s Wet) T i r e s C 

ones. From t h e c u r v e i t can be p r e 
d i c t e d t h a t t h e s t o p p i n g d i s t a n c e 
a t 50 m i . p e r h r . on s u r f a c e 30-A 
w o u l d be a p p r o x i m a t e l y 160 f t . Be
f o r e t r e a t m e n t t h i s same s t o p p i n g 
d i s t a n c e w o u l d have r e s u l t e d a t a 
speed o f a b o u t 33 m i . per h r . 

S e v e r a l s e a l t r e a t m e n t s w e r e 
t e s t e d and f o u n d t o have good non-
s k i d c h a r a c t e r i s t i c s . I t s h o u l d n o t 
be i n f e r r e d t h a t a l l s e a l t r e a t m e n t s 
have such c h a r a c t e r i s t i c s . I n f a c t , 
t h e s e a l i n g o f a s u r f a c e i s an ex
a c t i n g o p e r a t i o n and i f n o t c o n 
t r o l l e d c a r e f u l l y o r done u n d e r 
i d e a l w e a t h e r c o n d i t i o n s a s l i c k 
s u r f a c e may r e s u l t . I f an e x c e s s 
o f a s p h a l t i s p r e s e n t t h e s u r f a c e 
has a t e n d e n c y t o b l e e d d u r i n g h o t 
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w e a t h e r a n d may become s l i c k . 
P l a n t - m i x e d m a t e r i a l s p e r m i t a 
b e t t e r c o n t r o l over the p r o p o r t i o n s 
than i s n o r m a l l y p o s s i b l e by road-
mix methods. The Department i s ex
p e r i m e n t i n g w i t h l e a n s a n d - a s p h a l t 
( 4 to 5 p e r c e n t ) p l a n t - m i x e d non-
s k i d t r e a t m e n t s ; however, time d i d 
n o t p e r n i t b e f o r e and a f t e r t e s t s 
on these t r e a t m e n t s . 

The s t o p p i n g d i s t a n c e method 
proved to be a r e l a t i v e l y s i m p l e , 
p r a c t i c a l and quick means of e v a l u 
a t i n g s u r f a c e c h a r a c t e r i s t i c s . I f 
-curves were not needed to a p p r o x i 
mate s t o p p i n g d i s t a n c e s a t speeds 
o t h e r than t e s t s p e e d s , then mea
surem e n t s c o u l d be made a t 40 mi. 
per h r . on the dry s u r f a c e and r e 
p e a t e d a f t e r the s u r f a c e had been 
s p r i n k l e d . Such a t e s t p r o c e d u r e 
would r e q u i r e o n l y a s h o r t time and 
numerous t e s t s c o u l d be performed 
i n a day. Such a procedure i s en
t i r e l y f e a s i b l e for d e t e r m i n i n g the 
s k i d d i n g c h a r a c t e r i s t i c s o f a l a r g e 
number o f pavements and c o u l d be 
used i n c o n j u n c t i o n w i t h a non-skid 
program. 

SUMMARY OF RESULTS 

Based upon more than 1000 mea
surements of forward s k i d d i n g d i s 
t a n c e s on 32 pavement s u r f a c e s w i t h 
the f o u r t i r e v a r i a b l e s and under 
the c o n d i t i o n s of t e s t s p r e v i o u s l y 
d e s c r i b e d the more important r e s u l t s 
have been summarized as f o l l o w s : 

Genera I 
1. On r e l a t i v e l y smooth l e v e l pave
ments the s t o p p i n g d i s t a n c e method 
i s an e x c e l l e n t means of d e t e r m i n i n g 
the a v e r a g e s k i d r e s i s t a n c e . The 
equipment i n v o l v e d i s r e l a t i v e l y 
s i m p l e and i n e x p e n s i v e . T e s t s can 
be performed and checked i n a r e l a 
t i v e l y s h o r t time. With few excep
t i o n s c l o s e check r e s u l t s were ob
t a i n e d . I n many i n s t a n c e s d i f f e r 
ences between repeat t e s t s were only 
a few t e n t h s of a foot a p a r t . 
2. At 40 mi. per h r . and w i t h a l l 

f o u r t y p e s o f t i r e s t h e s t o p p i n g 
d i s t a n c e s v a r i e d from 63.6 to 88.9 
f t . on a dry and from 72.0 to 254.5 
f t . on a wet s u r f a c e . Corresponding 
c o e f f i c i e n t s o f f r i c t i o n r a n g e d 
from 0.84 to 0.60 on a dry and from 
0.74 t o 0.21 on a wet s u r f a c e . 
T h e s e d a t a i n d i c a t e c l e a r l y t h a t 
s t o p p i n g d i s t a n c e s a t t h i s maximum 
speed are c r i t i c a l o n l y on the wet 
s u r f a c e s . I t was c o n s i d e r e d un
s a f e to conduct t e s t s on wet s u r 
f a c e s a t a s p e e d g r e a t e r t h a n 
40 mi. per hr. 
3. S k i d d i n g d i s t a n c e s i n c r e a s e d 
w i t h s p e e d . F o r t h e 29 s u r f a c e s 
t e s t e d w i t h t i r e s A t h e a v e r a g e 
s t o p p i n g d i s t a n c e s are as f o l l o w s : 
Speed, mi. per hr. Dry Surface Wet Surface 

f t . f t . 
11.2 
20 
30 
40 

S.6 
17.7 
38.4 
70.4 

7.1 
21.9 
50.3 
92.5 

These r e s u l t s emphasize the import
ance of speed from a s a f e t y s t a n d 
p o i n t , p a r t i c u l a r l y on wet pavements. 
4. The data can be used to e s t a b 
l i s h departmental p o l i c i e s concern
i n g the d e s i g n , c o n s t r u c t i o n , and 
maintenance of s u r f a c e s w i t h good 
non-skid c h a r a c t e r i s t i c s . The data 
o b t a i n e d checks r e a s o n a b l y c l o s e l y 
w i t h t h a t of p r e v i o u s i n v e s t i g a t o r s . 
5. The r e s u l t s o b t a i n e d a t t h e 
f o u r speeds can be used to p r e d i c t 
s t o p p i n g d i s t a n c e s a t other speeds. 

Surface 
6. A l l of the pavements t e s t e d i n 
a dry c o n d i t i o n were found to have 
s a t i s f a c t o r y r e s i s t a n c e to s k i d d i n g 
f o r s p e e d s o f 40 mi. p e r h r . o r 
l e s s . 
7. Twenty-seven of the 32 s u r f a c e s 
t e s t e d wet were c o n s i d e r e d to have 
s a t i s f a c t o r y n o n - s k i d c h a r a c t e r 
i s t i c s . Three of the f i v e s u r f a c e s 
(10, 30, and 31) found to be unsafe 
from a s k i d d i n g s t a n d p o i n t have 
been r e b u i l t or r e s u r f a c e d . 
8. For the s u r f a c e s t e s t e d wet the 
e i g h t groups l i s t e d i n a c c o r d a n c e 
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w i t h the s t o p p i n g d i s t a n c e s from 
t h e l o w e s t t o t h e h i g h e s t a r e as 
f o l l o w s : s p e c i a l p l a n t mix, r o c k 
a s p h a l t , s e a l t r e a t m e n t s , sand a s 
p h a l t , bituminous c o n c r e t e , p o r t l a n d 
cement c o n c r e t e , broom drag t r e a t 
ments, and s u r f a c e s w i t h e x c e s s a s 
p h a l t . I t s h o u l d be p o i n t e d out 
t h a t t h i s r a t i n g a p p l i e s o n l y t o 
the s u r f a c e s t e s t e d , and s i n c e only 
a few s u r f a c e s a r e i n c l u d e d i n some 
g r o u p s , too much e m p h a s i s s h o u l d 
not be pla c e d on t h i s r a t i n g . 
9. S k i d d i n g r e s i s t a n c e v a r i e s w i t h 
the t e x t u r e and c o m p o s i t i o n of the 
pavement s u r f a c e . Those s u r f a c e s 
h a v i n g a h a r s h , g r i t t y , sandpaper
l i k e t e x t u r e -were found t o have 
s h o r t s t o p p i n g d i s t a n c e s . T y p i c a l 
examples of t h i s c o n d i t i o n are s u r 
f a c e s 17, 2, 19, 16, 12, 9, 5, 11, 
8, and 13. On t h e o t h e r h a n d , 
g l a z e d s u r f a c e s s u c h as 30 and 31 
were found t o have l o n g s t o p p i n g 
d i s t a n c e s and c o r r e s p o n d i n g l y low 
c o e f f i c i e n t s of f r i c t i o n . 
10. Broom-finished p o r t l a n d cement 
c o n c r e t e pavement was found t o be 
much s a f e r from a s k i d d i n g s t a n d 
p o i n t than smooth or b e l t - f i n i s h e d 
c o n c r e t e . S t o p p i n g d i s t a n c e s on 
d r y b r o o m - f i n i s h e d c o n c r e t e a r e 
s l i g h t l y higher than on b e l t - f i n i s h e d 
s u r f a c e s ; however, on wet s u r f a c e s 
s t o p p i n g d i s t a n c e s f o r t h e b e l t -
f i n i s h e d were c o n s i d e r a b l y h i g h e r 
t h a n f o r the b r o o m - f i n i s h e d pave
ment. I t was o b s e r v e d t h a t t h e 
broom-finished s u r f a c e a l l o w s water 
to d r a i n o f f v e r y r a p i d l y so t h a t a 
c o n t i n u o u s f i l m o f w a t e r i s l e s s 
l i k e l y to be encountered on such a 
s u r f a c e . 
11. With sand a s p h a l t ( F - 1 ) con
t a i n i n g s t o n e s c r e e n i n g s ( p l a n t -
m i x e d ) , t h e s t o p p i n g d i s t a n c e a t 
40 mi. p e r h r . on a wet s u r f a c e 
v a r i e d d i r e c t l y as the a b r a s i o n l o s s 
of the stone s c r e e n i n g s , other f a c 
t o r s being e q u a l . I n o t h e r words, 
l o n g s t o p p i n g d i s t a n c e s were mea
sured on the F-1 s u r f a c e s c o n t a i n i n g 
100 p e r c e n t s t o n e s c r e e n i n g s w i t h 
high a b r a s i o n l o s s and s h o r t s t o p 

p i n g d i s t a n c e s were e n c o u n t e r e d 
w i t h s u r f a c e s c o n t a i n i n g low a b r a 
s i o n l o s s stone s c r e e n i n g s . 

T i r e s 
12. Good t r e a d t i r e s were found 
t o o f f e r g r e a t e r r e s i s t a n c e t o 
s k i d d i n g than smooth or worn t i r e s . 
T h i s was p a r t i c u l a r l y t r u e on t h e 
f i n e - t e x t u r e d s u r f a c e s and not so 
pronounced on the more open-textured 
ones such as the broom-drag t r e a t 
ment. C o n s i d e r i n g o n l y the t e s t s 
a t 40 mi. per h r . on the s i x s u r 
f a c e s t e s t e d w e t w i t h a l l f o u r 
t i r e s , the average s t o p p i n g d i s t a n c e 
was 39.5 p e r c e n t l o n g e r f o r worn 
than for good t r e a d t i r e s . 
13. The composition of the t i r e i s 
a f a c t o r a f f e c t i n g s k i d d i n g . While 
t h i s phase o f t h e problem was n o t 
i n v e s t i g a t e d thoroughly, under com
p a r a b l e c o n d i t i o n s t h e a v e r a g e 
s t o p p i n g d i s t a n c e s w i t h smooth t r e a d 
s y n t h e t i c ( S - 3 ) t i r e s were 11.7 per
c e n t longer than w i t h smooth t r e a d 
n a t u r a l rubber t i r e s . 

Non-Skid Treatments 
14. Non-skid treatments are e f f e c t 
i v e i n producing s u r f a c e s w i t h good 
r e s i s t a n c e to s k i d d i n g . I n the c a s e 
t e s t e d , the s t o p p i n g d i s t a n c e on 
t h e wet s u r f a c e was r e d u c e d from 
224 to 94.7 f t . a t 40 mi. per hr. 
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DISCUSSION 
R. A. Moyer, Iowa S t a t e C o l l e g e 

I would l i k e t o t a k e t h i s op
p o r t u n i t y to c o n g r a t u l a t e M e s s r s . 
S h e l b u r n e and Sheppe f o r t h e i r i n 
t e r e s t i n g r e p o r t o f s k i d r e s i s t a n c e 
measurements of V i r g i n i a pavements 
u s i n g the r e l a t i v e l y s i m p l e method 
of locked wheel b r a k i n g i n s t o p p i n g 
d i s t a n c e t e s t s from v a r i o u s i n i t i a l 
speeds w i t h a popular make passenger 
c a r . We have used t h i s method o f 
t e s t i n s i m i l a r i n v e s t i g a t i o n s a t 
Iowa S t a t e C o l l e g e a t v a r i o u s times 
d u r i n g t h e p a s t 10 y e a r s . T h i s 
method has a l s o been used i n b r a k i n g 
t e s t s on i c e , snow, and on b a r e 
pavements by the N a t i o n a l S a f e t y 
C o u n c i l ' s Committee on Winter D r i v 
i n g Hazards, of which I am chairman. 
A r e p o r t o f the r e s u l t s o b t a i n e d 
d u r i n g the p a s t two y e a r s i n t h e 
t e s t s conducted by the Committee on 
Winter D r i v i n g Hazards was p r e s e n t e d 
a t one of the s e s s i o n s of the T r a f f i c 
Department. 

I n t h i s d i s c u s s i o n I would l i k e 
t o p r e s e n t the r e s u l t s of some r e 
c e n t b r a k i n g t e s t s on Iowa pavements 
i n connection w i t h a program of r e 
s u r f a c i n g o f c o n c r e t e p a v e m e n t s 
u s i n g bituminous s u r f a c e t r e a t m e n t s . 
O n l y a l i m i t e d number of b r a k i n g 
t e s t s were run but the r e s u r f a c i n g 
o f c o n c r e t e p a v e m e n t s i s b e i n g 
c a r r i e d o u t on a l a r g e s c a l e i n 
many s t a t e s and t h i s has l e d to some 
i n t e r e s t i n g problems, one o f which 
i s the d e t e r m i n a t i o n of the e f f e c t 
i v e n e s s of bituminous s u r f a c e t r e a t 
ments i n p r o v i d i n g a smooth non-skid 
s u r f a c e . 

The t e s t s i n Iowa r e v e a l e d c e r 
t a i n i m p o r t a n t f e a t u r e s i n t h i s 
type of bituminous r e s u r f a c i n g , and 
fo r t h i s reason i t seems a p p r o p r i a t e 
to p r e s e n t the r e s u l t s i n t h i s d i s 
c u s s i o n to supplement the r e s u l t s 
and o b s e r v a t i o n s by S h e l b u r n e and 
Sheppe. At t h i s time, I would, a l s o , 
1 i k e to emphasize the need and v a l u e 
of t e s t s of t h i s type which can and 

s h o u l d be run by a l l s t a t e highway 
d e p a r t m e n t s where " s l i p p e r y when 
wet" pavements a r e r e s p o n s i b l e f o r 
many n e e d l e s s s k i d d i n g a c c i d e n t s . 
The o n l y s p e c i a l equipment needed 
i n running s t o p p i n g d i s t a n c e t e s t s 
i s an e l e c t r i c d e t o n a t o r ^ o r a 
f i f t h wheel w i t h an a c c u r a t e speed 
i n d i c a t o r and s t o p meter^ t o mea
s u r e the s t o p p i n g d i s t a n c e automa
t i c a l l y a f t e r the brakes are a p p l i e d . 

During the p a s t s i x y e a r s a con
s i d e r a b l e m i l e a g e of o l d c o n c r e t e 
pavement i n Iowa has been r e s u r f a c e d 
w i t h bituminous s u r f a c e t r e a t m e n t s 
a s a maintenance measure where ex
t e n s i v e c r a c k i n g and a c e r t a i n 
amount of s u r f a c e s c a l i n g and p i t t i n g 
have i n d i c a t e d t h e need f o r s u c h 
treatment. Many of these treatments 
have been made on the h e a v i l y t r a 
v e l e d L i n c o l n Highway ( U . S . 3 0 ) 
w h i c h c r o s s e s the s t a t e e a s t and 
west and which was the f i r s t highway 
i n Iowa to be paved w i t h c o n c r e t e 
a c r o s s the s t a t e . These bituminous 
t r e a t m e n t s have been e f f e c t i v e i n 
e l i m i n a t i n g f u r t h e r c r a c k i n g , s c a l 
i n g , and p i t t i n g o f o l d c o n c r e t e 
pavements a t a moderate c o s t , but 
t h e Iowa S t a t e Highway P a t r o l r e 
p o r t e d an e x c e s s i v e l y l a r g e number 
o f s k i d d i n g a c c i d e n t s on s e c t i o n s 
o f pavement so t r e a t e d . The s k i d 
t e s t s were run to provide a measure 
of the r e l a t i v e s l i p p e r i n e s s of the 
t r e a t e d s e c t i o n s and to d e t e r m i n e 
the cause of the s l i p p e r y c o n d i t i o n 
and remedies to prevent i t . 

The t e s t procedure i n these t e s t s 
^ The e l e c t r i c detonator of the type used 
by nany i n v e s t i g a t o r s and as described i n 
the paper by Shelburne and Sheppe, may be 
purchased from the American Automobile 
Association, T r a f f i c Engineering and Safety 
Department, Pennsylvania Ave. at 17th St., 
Washington, D. C. The cost i s a p p r o x i 
mately 520.00. 
^ A f i f t h wheel device (the Wagner Stop-
meter) w i t h speed i n d i c a t o r and stopmeter 
may be purchased from the Wagner E l e c t r i c 
Corporation, 6400 Plymouth Ave., St. Louis 
14, Missouri. 
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was the same as t h a t o u t l i n e d by 
Shelburne and Sheppe except t h a t i n 
t h i s e x p l o r a t o r y study the t e s t runs 
were a l l made a t a speed of a p p r o x i 
m a t e l y 30 m.p.h. i n s t e a d o f t h e 
p r e f e r r e d speeds of 10, 20, 30, and 
40 m.p.h. on each s u r f a c e . A l l of 
t h e t e s t s were r u n w i t h a r e c e n t 
model p o p u l a r make c a r e q u i p p e d 
w i t h new r i b - t r e a d s y n t h e t i c rubber 
t i r e s . 

As an added f e a t u r e to a i d i n 
the i n t e r p r e t a t i o n of the t e s t r e 
s u l t s samples were taken from each 
b i t u m i n o u s s u r f a c e t e s t e d and the 
p e r c e n t o f a s p h a l t i n the samples 
was d e t e r m i n e d i n the l a b o r a t o r y . 
The a s p h a l t d e t e r m i n a t i o n s were made 
because p r e v i o u s s t u d i e s showed t h a t 
b i t u m i n o u s s u r f a c e s w i t h h i g h a s 
p h a l t contents are q u i t e c e r t a i n to 
be s l i p p e r y when w e t . In h o t 
weather t h e s e s u r f a c e s are s u b j e c t 
to b l e e d i n g and have a tendency to 
form a g l a z e of pure a s p h a l t over the 
s u r f a c e which makes them s l i p p e r y 
when wet. 

The s u r f a c e t r e a t m e n t s h a v e 
v a r i e d from l i g h t t o heavy u s i n g 
v a r i o u s t y p e s of c o v e r m a t e r i a l . 
I n 1941 the treatments c o n s i s t e d of 
the a p p l i c a t i o n of 0.6 g a l . per sq. 
yd. of an R.C.-4 c u t - b a c k a s p h a l t 
and 60 l b . per s q . yd. o f s t o n e 
c h i p s (maximum s i z e % i n . ) as cover 
m a t e r i a l . I n 1945 the above amounts 
were c u t i n h a l f and pea g r a v e l 
(3/8 i n . maximum s i z e ) was used as 
cover m a t e r i a l . A l s o i n 1945 t r e a t 
ments w i t h as low as 0.20 g a l . per 
s q . yd. of an R.C.-5 c u t - b a c k a s 
p h a l t and 20 l b . per s q . yd. o f 
s a n d , were u s e d . 

I n T a b l e 1 the r e s u l t s of the 
b r a k i n g t e s t s a r e g i v e n f o r t h e 
v a r i o u s t y p e s of road s u r f a c e s t o 
g e t h e r w i t h a d e t a i l e d d e s c r i p t i o n 
of the s u r f a c e s . Stopping d i s t a n c e s 
were o b t a i n e d f o r the dry pavement 
c o n d i t i o n on o n l y t h r e e s u r f a c e s . 
The r e s u l t s i n t h e d r y pavement 
t e s t s gave the u s u a l c o n s i s t e n t l y 
low v a l u e s w i t h s t o p p i n g d i s t a n c e s 
c o n s i d e r a b l y s h o r t e r than f o r the 

same pavements when wet. L o c k e d 
wheel sto p s on dry pavements take a 
l a r g e amount o f r u b b e r o f f t h e 
t i r e s , they cause f l a t spots on the 
t i r e s , and the v a l u e s a r e u s u a l l y 
s o much s h o r t e r than f o r t h e wet 
pavement s^ops t h a t only a few t e s t s 
were run on e a c h o f the s u r f a c e s 
f o r w h i c h d r y pavement s t o p s &re 
r e p o r t e d . The c o e f f i c i e n t s of f r i c 
t i o n i n Table I are computed v a l u e s 
based on the stopping d i s t a n c e s ob
t a i n e d i n the t e s t s on each s u r f a c e . 

For new-tread t i r e s on wet s u r 
f a c e s , the c o e f f i c i e n t s of f r i c t i o n 
a t 30 m.p.h. sh o u l d be 0.5 or more 
to p r o v i d e a r e a s o n a b l e margin o f 
s a f e t y , e s p e c i a l l y when b r a k i n g . 
The s t o p p i n g d i s t a n c e when b r a k i n g 
from 30 m.p.h. f o r a c o e f f i c i e n t of 
f r i c t i o n o f 0.5 i s 60 f t . The 
s t o p p i n g d i s t a n c e on the dry pave
ments averaged 36 f t . which i s w e l l 
below the 6 0 - f t . v a l u e recommended 
as the minimum f o r wet pavements. 
I n the wet pavement t e s t s , the only 
s u r f a c e w h i c h measured up to the 
above s t a n d a r d was the c o n c r e t e 
pavement i n M a r s h a l l County with an 
average c o e f f i c i e n t of f r i c t i o n of 
0.51 and a s t o p p i n g d i s t a n c e from 
30 m.p.h. of 59 f t . The c o e f f i 
c i e n t s of f r i c t i o n f or the wet b i 
tuminous s u r f a c e s ranged from 0.27 
t o 0.46 and t h e c o r r e s p o n d i n g 
s t o p p i n g d i s t a n c e s ranged from 111 
t o 65 f t . While these s u r f a c e s do 
not measure up to the above recom
mended s t a n d a r d f o r s a f e t y i n the 
b r a k i n g t e s t s , t h e o n l y s u r f a c e 
which these t e s t s i n d i c a t e d as dan
g e r o u s l y s l i p p e r y i s the s u r f a c e i n 
Benton County for which the c o e f f i 
c i e n t of f r i c t i o n was found to a v e r -
a g e 0 . 2 7 . T h i s v a l u e i s o n l y 
s l i g h t l y higher than the c o e f f i c i e n t 
of f r i c t i o n on packed snow for which 
the s k i d d i n g a c c i d e n t r a t e has been 
found to be a p p r o x i m a t e l y 20 times 
g r e a t e r than on dry pavements. 

The most s u r p r i s i n g r e s u l t s i n 
t h i s study were the high percentages 
o f a s p h a l t found i n the s a m p l e s 
t a k e n from the v a r i o u s bituminous 
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TABLE I . RESULTS OF BRAKING TESTS CN P.C. CONCBETC AND 
BJ-nJMINOUS TREATCD P.C. CONCREIE ROAD SURFACES IN IOWA. 

Description of Road Surface 

Type Year 
B u i l t 

Treatment 
Cover Aggregate 
Amount Type 
lb.per 
Sq.yd. 

Asphalt 
Amount Type 
gal.per 
sq.yd. 

Bitumen County 
Content 
When 

Tested 
percent 

Route 
No. 

I: 
' a 

mph f t . 

2.? » 

Ct N 

O 3 

Concrete 1922 Marshall 30 Dry 30 36 0.83 
Concrete 1922 Marshall 30 Wet 30 59 0.51 
B i t . Tr. 194S 30 3/8 gravel 0.3 RC 5 8.6 Polk 64 Dry 30 37 0.81 
B i t . Tr. 1945 30 3/8 gravel 0.3 RC 5 8.6 Polk 64 Wet 30 86 0.35 
B i t . Tr. 1945 30 3/8 gravel 0.3 RC 5 8.5 Marshall 30 Dry 30 36 0.83 
B i t . Tr. 1945 30 3/8 gravel 0.3 RC 5 8.5 Marshall 30 Wet 30 73 0.41 
B i t . Tr. 1946 25 sand 0.25 RC S 13.1 MarshalI 30 Wet 30 81 0.37 
B i t . Tr. 1945 20 sand 0.2 RC S 21.6 Benton 30 Wet 30 70 0.43 
B i t . Tr. 1941 60 H stone 0.6 RC 4 10.8 Benton 30 Wet 30 83 0.36 
B i t . Tr. 1941 60 K stone 0.6 RC 4 14.9 Benton 30 Wet 30 111 0.27 
B i t . Tr. 1945 25 sand 0.25 RC 5 13.5 Tama 30 Wet 30 65 0.46 
B i t . Tr. 1946 25 sand 0.25 RC 5 12.7 Marshall 30 Wet 30 81 0.37 

s u r f a c e s t e s t e d , w i t h v a l u e s r anging 
from 8.5 to 21.6 percent. I f the 
s p e c i f i e d amounts o f a s p h a l t and 
cover m a t e r i a l had al1 been r e t a i n e d 
on the s u r f a c e , the a s p h a l t content 
s h o u l d have been about 7 p e r c e n t . 
I t i s apparent t h a t a l a r g e amount 
o f c o v e r m a t e r i a l was whipped o f f 
the s u r f a c e by t r a f f i c probably be
cause the c o n c r e t e pavement was so 
hard t h a t i t was d i f f i c u l t t o imbed 
t h e a g g r e g a t e i n the a s p h a l t and 
h o l d i t t h e r e . The e x c e s s a s p h a l t 
p r e s e n t on the s u r f a c e s t e s t e d con
t r i b u t e s to b l e e d i n g which was ob
s e r v e d i n v a r y i n g amounts on a l l of 
t h e b i t u m i n o u s t r e a t e d s u r f a c e s . 
While the e x c e s s a s p h a l t p r o v i d e d 
a waterproof treatment and thus pro
t e c t e d the s u r f a c e a g a i n s t f u r t h e r 
c r a c k i n g and s c a l i n g , i t a l s o was 
r e s p o n s i b l e f o r the s l i p p e r y when 
we t c o n d i t i o n a s d e t e r m i n e d i n 
these e x p l o r a t o r y t e s t s . 

The wide range i n a s p h a l t content 
obtained i n the l a b o r a t o r y t e s t s of 
s a m p l e s t a k e n f r o m b i t u m i n o u s 
t r e a t e d s e c t i o n s of c o n c r e t e pave
ments, c l e a r l y i n d i c a t e s the d i f f i 
c u l t y of p r o v i d i n g the c o r r e c t pro

p o r t i o n s of a s p h a l t and a g g r e g a t e 
by t h i s method of a s p h a l t s u r f a c e 
treatment on a hard s u r f a c e such as 
c o n c r e t e . For maximum s t a b i l i t y as 
determined by l a b o r a t o r y s t a b i l i t y 
t e s t s , and to e l i m i n a t e the tendency 
f o r b l e e d i n g , the a s p h a l t c o n t e n t 
f o r bituminous m i x t u r e s u s i n g sand 
or g r a v e l or stone c h i p s s h o u l d be 
l e s s than 7 percent and the e x p e r i 
e n ce i n Iowa has been t h a t i t i s 
p r a c t i c a l l y i m p o s s i b l e to h o l d to 
t h i s low a s p h a l t c o n t e n t by t h e 
s u r f a c e t r e a t m e n t method. U n l e s s 
the a s p h a l t c o n t e n t can be h e l d to 
the low v a l u e r e q u i r e d to p r e v e n t 
b l e e d i n g or f l u s h i n g of a s p h a l t to 
the s u r f a c e , the s u r f a c e i s c e r t a i n 
to be s l i p p e r y when wet. T h i s has 
been the r e s u l t i n every i n v e s t i g a 
t i o n of s k i d r e s i s t a n c e o f b i t u m i 
n o u s s u r f a c e s w i t h w h i c h I am 
f a m i l i a r and was again c l e a r l y i n d i 
c a t e d i n the r e s u l t s o f t e s t s by 
S h e l b u r n e and Sheppe f o r s u r f a c e s 
30 and 31 f o r which t h e y r e p o r t e d 
a n o t i c e a b l e e x c e s s o f a s p h a l t 
f l u s h e d t o the s u r f a c e , s t o p p i n g 
d i s t a n c e s of 224 f t . and 254.5 f t . 
from 40 m.p.h., and a r e c o r d of a 
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number o f s k i d d i n g a c c i d e n t s on 
the s e s u r f a c e s . 

I n v i e w o f t h e d i f f i c u l t y o f 
p r o v i d i n g a s a t i s f a c t o r y s e a l c o a t 
on concrete pavements by the s u r f a c e 
t r e a t m e n t method, the Iowa S t a t e 
Highway Commission has d e c i d e d t o 
d i s c o n t i n u e t h i s method of t r e a t 
ment f o r r e s u r f a c i n g o l d c o n c r e t e 
pavements and now p l a n s to use the 
a s p h a l t i c c o n c r e t e type of c o n s t r u c 
t i o n w i t h a combined t h i c k n e s s f o r 
bi n d e r and s u r f a c e c o u r s e of 3 i n . 
The a s p h a l t i c c o n c r e t e w i l l c o n s i s t 
o f a dense-graded hot p l a n t - m i x e d 
m a t e r i a l which w i l l permit a c c u r a t e 
c o n t r o l of the a s p h a l t c o n t e n t and 
which w i l l p r o v i d e h i g h s t a b i l i t y 
and h i g h s k i d r e s i s t a n c e . S i n c e 
t h e m i x t u r e i s d e n s e - g r a d e d , i t 
s h o u l d have good w a t e r - p r o o f i n g 
p r o p e r t i e s to p r o t e c t the o l d con
c r e t e and f o r t h i s r e a s o n a s e a l 
c o a t s h o u l d not be n e c e s s a r y . The 
e l i m i n a t i o n of the s e a l c o a t w i l l 
be an important f a c t o r i n p r e v e n t i n g 
the l a r g e v a r i a t i o n s i n the a s p h a l t 
c o n t e n t and e s p e c i a l l y t h e h i g h 
percentages of a s p h a l t which a r e r e 
s p o n s i b l e f o r the s l i p p e r y when wet 
s u r f a c e c o n d i t i o n . The p l a n t - m i x 
method should a s s u r e a c c u r a t e con
t r o l of the a s p h a l t c o n t e n t . T h i s 
c o n t r o l and the use of a w e l l graded 
mixture of hard sharp c u b i c a l - s h a p e d 
( i n s t e a d o f s o f t f l a t e l o n g a t e d 
s h a p e d ) a g g r e g a t e s , s h o u l d a s s u r e , 
many y e a r s o f h i g h s t a b i l i t y and 
high r e s i s t a n c e to s k i d d i n g f o r the 

' wet pavement condition^. 
I n p r e v i o u s s t u d i e s a t Iowa 

S t a t e C o l l e g e ' , the a s p h a l t i c con
c r e t e s u r f a c e s of the type d e s c r i b e d 
above provided the h i g h e s t r e s i s t 
ance t o s k i d d i n g o f a l l ' t he t y p e s 
o f s u r f a c e s t e s t e d . S h e l b u r n e and 
Sheppe r e p o r t s i m i l a r r e s u l t s f o r 
the plant-mixed a s p h a l t i c s u r f a c e s 
on w h i c h t h e y r a n b r a k i n g t e s t s . 
T h i s provides some c o n v i n c i n g argu-

' R. A. M«yer,"Skidding C h a r a c t e r i s t i c s 
of Road Surfaces" Proceedings, Highway Re
search Board, 13:123-168. 1934. 

ments j u s t i f y i n g the c o n s t r u c t i o n 
o f the hot p l a n t - m i x e d a s p h a l t i c 
c o n c r e t e s u r f a c i n g on o l d c o n c r e t e 
pavements i n s t e a d of the r e l a t i v e l y 
l i g h t a s p h a l t s u r f a c e t r e a t m e n t s 
r e c e n t l y used i n Iowa and i n many 
other s t a t e s . 

B e f o r e b r i n g i n g t h i s d i s c u s s i o n 
to a c l o s e , I would l i k e to empha
s i z e a g a i n t h a t the r e c e n t b r a k i n g 
t e s t s i n Iowa were of an e x p l o r a t o r y 
type and were not n e a r l y as complete 
a s the V i r g i n i a t e s t s . F o r t h i s 
r e a s o n i t was 'not p o s s i b l e to make 
as complete and as s a t i s f a c t o r y an 
a n a l y s i s and i n t e r p r e t a t i o n of the 
r e s u l t s of the t e s t s as S h e l b u r n e 
and Sheppe could make of the r e s u l t s 
of the V i r g i n i a t e s t s . A f a r b e t t e r 
measure of the s k i d r e s i s t a n c e pro
p e r t i e s of road s u r f a c e s can be ob
t a i n e d i f the b r a k i n g t e s t s are run 
f o r the s u r f a c e s i n the wet c o n d i 
t i o n a t four speeds ranging from 10 
to 40 m.p.h. u s i n g both new t r e a d 
and smooth t r e a d t i r e s , than i f the 
. t e s t s are run at only one speed and 
w i t h o n l y new t r e a d t i r e s . W ith 
b r a k i n g t e s t s a t four speeds, c u r v e s 
may be p l o t t e d which i n d i c a t e s i g 
n i f i c a n t trends i n t h 6 c o e f f i c i e n t s 
o f f r i c t i o n a s t h e s p e e d i s i n 
c r e a s e d . I n my o p i n i o n the most 
hazardous f e a t u r e of a road s u r f a c e 
which i s s l i p p e r y when wet i s the 
marked d e c r e a s e i n the c o e f f i c i e n t 
o f f r i c t i o n ( e s p e c i a l l y f o r smooth 
t r e a d t i r e s ) a s the spe e d of t h e 
v e h i c l e i s i n c r e a s e d . S l i p p e r y s u r 
f a c e s may have f a i r l y h i g h c o e f f i 
c i e n t s of f r i c t i o n when wet a t slow 
speeds i n the range of 5 to 15 m.p.h. 
but a t 40 m.p.h. the c o e f f i c i e n t s 
of s l i p p e r y s u r f a c e s w i l l f r e q u e n t l y 
r e a c h t h e low v a l u e s o f 0.30 t o 
0.20 or about the same as the co e f 
f i c i e n t s o b t a i n e d i n the b r a k i n g 
t e s t s on packed snow. I t i s t h i s 
c h a r a c t e r i s t i c w h i c h makes t h e s e 
s u r f a c e s so hazardous when wet be
cause i t should be r e a l i z e d t h a t as 
t h e s p e e d o f t h e v e h i c l e i s i n 
c r e a s e d the f r i c t i o n a l requirements 
f o r s t e e r i n g and f o r b r a k i n g i n -
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c r e a s e a p p r o x i m a t e l y as the square 
o f the speed whereas the f r i c t i o n 
which may be developed by the t i r e s 
and the s l i p p e r y road s u r f a c e a c t u 
a l 1 y d e c r e a s e s as the v e h i c l e speed 
i s i n c r e a s e d u n t i l a s p e e d i s 
reached where c o n t r o l of the v e h i c l e 
i s l o s t , r e s u l t i n g too f r e q u e n t l y 
i n a s e r i o u s s k i d d i n g a c c i d e n t . 

The r e p o r t by S h e l b u r n e and 
Sheppe p r o v i d e s an e x c e l l e n t guide 
which v a r i o u s s t a t e and c i t y h i g h 
way d e p a r t m e n t s may f o l l o w i n de
v e l o p i n g t h e i r own t e s t i n g program 
t o measure the s k i d r e s i s t a n c e o f 
s l i p p e r y when wet road s u r f a c e s and 
to measure a l s o the s k i d r e s i s t a n c e 
o b t a i n e d a f t e r v a r i o u s methods and 
types of s k i d r e s i s t a n c e treatments 
have been used to c o r r e c t the s l i p 
p e r y when wet s u r f a c e c o n d i t i o n . 
T h e i r r e p o r t shows t h a t the s i i p p e r y 
c o n d i t i o n c a n be c o r r e c t e d a t a 
moderate c o s t , and i n my o p i n i o n the 
advantages gained i n the r e d u c t i o n 
o f a c c i d e n t s caused by the s l i p p e r y 
c o n d i t i o n f a r outweigh the c o s t of 
c o r r e c t i n g the s l i p p e r y c o n d i t i o n , 
i f t h i s work i s c a r r i e d out on the 
b a s i s o f a c a r e f u l l y c o n d u c t e d 
t e s t i n g program of the type used m 
V i r g i n i a . 

MR. SHELBURNE, Closure: We are i n 
deed g r e a t f u l for P r o f e s s o r Moyer's 
generous remarks. H i s a d v i c e con
c e r n i n g the equipment and procedures 
f o r c o n d u c t i n g the t e s t s was v e r y 
h e l p f u l . The V i r g i n i a t e s t s f o r 
t h e most p a r t were c o n d u c t e d on 
h i g h - t y p e pavements where the s u r 

f a c e c o m p o s i t i o n and t e x t u r e a r e 
p r a c t i c a l l y c o n s t a n t f o r the p a r t i 
c u l a r s e c t i o n i n v o l v e d . W h i l e a 
few t e s t s were performed on s u r f a c e 
t r e a t m e n t s such as P r o f e s s o r Moyer 
d e s c r i b e s , i t i s b e l i e v e d t h a t f o r 
most road-mix a p p l i c a t i o n s a con
s i d e r a b l e range i n t e x t u r e and com
p o s i t i o n i s encountered. 

I n view of t h e Iowa p o l i c y o f 
d i s c o n t i n u i n g the use of t h i n s u r 
f a c e t r e a t m e n t a p p l i c a t i o n s i n 
f a v o r of a 3 - i n . binder and s u r f a c e 
c o u r s e o f a s p h a l t i c c o n c r e t e i t 
might be w e l l to c i t e s i m i l a r ex
p e r i e n c e s i n V i r g i n i a . I n 1937, 
the V i r g i n i a Department d i s c o n t i n u e d 
the use o f r e l a t i v e l y t h i n b i t u 
minous s u r f a c e t r e a t m e n t s on con
c r e t e pavements. S i n c e t h a t time, 
where s u r f a c i n g of c o n c r e t e pave
ments i s done i t has become sta n d a r d 
p r a c t i c e to use plant-mixed m a t e r i 
a l s c o n s i s t i n g of about 170 l b . of 
b i n d e r and 130 l b . per s q . yd. of 
e i t h e r a dense-graded a s p h a l t i c con
c r e t e or a s a n d a s p h a l t w e a r i n g 
c o u r s e . E x p e r i e n c e has shown t h a t 
t h e s e t h i c k e r p l a n t - m i x c o u r s e s , 
where the g r a d a t i o n and q u a l i t i e s 
of m a t e r i a l are r i g i d l y c o n t r o l l e d , 
have performed very s a t i s f a c t o r i l y . 
As shown by the paper, t h e s e s u r 
f a c e s a l s o have r e l a t i v e l y s h o r t 
s t o p p i n g d i s t a n c e s even when wet 
and are t h e r e f o r e much more d e s i r 
able from a s a f e t y s t a n d p o i n t . Road 
r o u g h n e s s m e a s u r e m e n t s on t h e s e 
plant-mix bituminous c o n c r e t e s u r 
f a c e s a l s o i n d i c a t e t h a t t h e s e 
p a v e m e nts have e x c e l l e n t r i d i n g 
qua 1 i t i e s . 
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I Z Z A R D , Chairman 

T h e t h i r d a n n u a l m e e t i n g o f t h e 
C o m m i t t e e on S u r f a c e D r a i n a g e o f 
H i g h w a y s w a s h e l d o n D e c e m b e r 1, 
1 9 4 7 w i t h n i n e m e m b e r s p r e s e n t a n d 
t h r e e o t h e r s r e p o r t i n g by l e t t e r . 
T h e m a j o r p a r t o f t h e m e e t i n g w a s 
d e v o t e d t o d i s c u s s i n g t h e D r a i n a g e 
G u i d e p r e p a r e d by t h e O h i o D e p a r t 
m e n t o f H i g h w a y s a n d t o r e p o r t s on 
p r o g r e s s o f r e s e a r c h p r o j e c t s i n 
w h i c h t h e C o m m i t t e e i s i n t e r e s t e d . 

Ohio Drainage Guide - T h e O h i o 
D r a i n a g e G u i d e i s p a r t o f a P l a n 
P r e p a r a t i o n M a n u a l a n d i s i n t e n d e d 
p r i m a r i l y a s a t o o l t o f a c i l i t a t e 
h y d r a u l i c d e s i g n o f c u l v e r t s a n d 
s m a l l o p e n c h a n n e l s . I t d o e s n o t 
d e a l w i t h w a t e r w a y s f o r b r i d g e 
s t r u c t u r e s . T h e G u i d e i n c l u d e s 
23 p a g e s o f t e x t a n d e x a m p l e s d e m 
o n s t r a t i n g how to u s e t h e 24 c h a r t s , 
f o u r o f w h i c h d e a l w i t h e s t i m a t i n g 
p e a k r a t e s o f r u n o f f , 12 w i t h f l o w 
i n o p e n c h a n n e l s , a n d e i g h t w i t h 
c u l v e r t a n d p i p e f l o w . T h e b a s i c 
p r i n c i p l e f o l l o w e d i s t h a t o f d e 
s i g n i n g c u l v e r t s as h y d r a u l i c s t r u c 
t u r e s t o c a r r y a d e s i g n d i s c h a r g e 
e s t i m a t e d i n c u b i c f e e t p e r s e c o n d . 
T h e c h a r t s e n a b l e d e t e r m i n a t i o n o f 
t h e d e p t h o f p o n d i n g a t t h e e n 
t r a n c e f o r a n y g i v e n d i s c h a r g e d e 
p e n d i n g o n t h e h e a d l o s s t h r o u g h 
t h e s t r u c t u r e m e a s u r e d f r o m t h e 
t a i l w a t e r e l e v a t i o n i n t h e o u t l e t 
c h a n n e l o r , i n t h e c a s e o f b a r r e l s 
on s t e e p g r a d e s , on t h e s i z e a n d 
s h a p e o f t h e e n t r a n c e . 

T h e C o m m i t t e e r e v i e w e d t h e O h i o 
D r a i n a g e G u i d e t h o r o u g h 1 y and r e c o m -
m e n d s t h a t o t h e r h i g h w a y d e p a r t 

m e n t s g i v e c o n s i d e r a t i o n t o d e 
v e l o p i n g s i m i l a r g u i d e s f o r u s e by 
t h e i r d e a i g n e n g i n e e r s . I t i s 
r e c o g n i z e d t h a t t h e w e a k e s t p o i n t 
i n t h e m e t h o d i s t h e e s t i m a t i o n o f 
t h e p e a k r a t e o f r u n o f f i n c u b i c 
f e e t p e r s e c o n d b u t a s m o r e d a t a 
b e c o m e a v a i l a b l e f r o m h y d r o l o g i c 
s t u d i e s o f t h e S o i l C o n s e r v a t i o n 
S e r v i c e , U . S . G e o l o g i c a l S u r v e y and 
o t h e r a g e n c i e s , t h i s d e f i c i e n c y i s 
g r a d u a l l y b e i n g r e m o v e d . T h e r u n 
o f f c h a r t i n t h e O h i o G u i d e i s 
i d e n t i c a l t o t h a t p u b l i s h e d i n P a r t 
I T , R o a d s i d e D e v e l o p m e n t R e p o r t , 
H i g h w a y R e s e a r c h B o a r d , A p r i l 1 9 4 0 , 
w h i c h h a s b e e n f o u n d t o be r e a s o n 
a b l y i n l i n e w i t h t h e m o s t r e c e n t 
r u n o f f d a t a a v a i l a b l e on s m a l l 
d r a i n a g e a r e a s . I t i s s u g g e s t e d 
t h a t e a c h S t a t e c o n t a c t t h e S o i l 
C o n s e r v a t i o n S e r v i c e - R e s e a r c h , 
W a s h i n g t o n 2 5 , D . C . , f o r l a t e s t 
a v a i l a b l e b u l l e t i n s on p e a k r a t e s 
o f r u n o f f on s m a l l d r a i n a g e a r e a s 
i n t h a t S t a t e . 

W i t h s u i t a b l e c h a r t s a t h a n d 
h y d r a u l i c a n a l y s i s o f a c u l v e r t c a n 
be made q u i c k l y f o r a r a n g e o f d i s 
c h a r g e r a t e s , a n d f o r a l t e r n a t e 
t y p e s o f p i p e s , o r b o x e s , e i t h e r 
s i n g l e o r i n m u l t i p l e . T h e d e s i g n 
e r c a n t h e n s e l e c t t h e m o s t e c o n o m 
i c a l l a y o u t m e e t i n g t h e l i m i t a t i o n s 
on c o v e r o v e r t h e c u l v e r t a n d f o r 
f r e e b o a r d a g a i n s t o v e r t o p p i n g t h e 
e m b a n k m e n t o r s u b m e r g i n g v a l u a b l e 
i m p r o v e m e n t s on t h e u p s t r e a m s i d e 
o f t h e r o a d w a y . T h e f i n a l s e l e c t i o n 
o f t h e d e s i g n d i s c h a r g e may be made 
w i t h r e f e r e n c e t o t h e p r o b a b i l i t y 
o f e x c e s s i v e d a m a g e i f e x c e e d e d . 



DESIGN 

H a n d b o o k f o r m u l a s w li i c h g i v e o n l y 
t h e f e q i i i r e d w a t e r w a y a r e a in s q u a r e 
f e u L p i M m i t no a n a l y s i s o f t h e h y 
d r a u l i c c f f e c l o f t h e s e many v a r i 
a b l e s w h i c h o u g h t Lo i n f l u e n c e t h e 
f i n a l d e s i g n . 

1 \it- w i d e s p r e a d a p p l i c a t i o n o f 
h y d r a u l i c s t o d e s i g n o f c u l v e r j . s 
d e p e n d s on r e d u c i n g t h e i n v o l v e d 
m a t h e m a t i c a l f o r m u l a s to r e l a t i v e l y 
s i m p l e c h a r t s , g i v i n g r e s u l t s w i t h 
i n p r a c t i c a l l i m i t s o f a c c u r a c y , 

w h i c h f i e l d e n g i n e e r s can u s e q u i c k 
l y juid c fill f i d e n t 1 y . T h e O h i o G u i d e 
t a k e s a l o n g s t e p in t h i s d i r e c t i o n 
b u t some o f t h e c o m m i t t e e m e m b e r s 
f e e l t h a t t h e | > r o c e d u r e i s s t i l l 
t o o c o m p l i c a t e d f o r g e n e r a l u s e . 
I' u r t h e r s i m |) 1 i f i c a 11 o n and c l a r i f i 
c a t i o n I S u n d o u b t e d l y p o s s i b l e . On 
t h e o t h e r hand i t must be r e c o g n i z 
ed t h a t t l i e f i e l d e n g i n e e r s o u g h t 
t o ij e i; i V <• n m o r e t r a i n i n g i n t h e 
e l e m e n t s o i f l o w i n o p e n c h a n n e l s 
a n d t h r o u g h c u l v e r t s s o t h a t t h e y 
may be a b l e t o a p p l y t h e w o r k i n g 
c h a r t s m o r e i n t e l l i g e n t l y . 

Ilydrologic Data - T h e U . S . G e o l o g i 
c a l . S u r v e y r e p o r t e d t h a t a n u m b e r 
o f . S t a t e h i g h w a y d e p a r t m e n t s a r e 
e n t e r i n g i n t o c o o p e r a t i v e a g r e e 
m e n t s w i t h t h e S u r v e y , among t h e s e 
b e i n g O h i o , M i s s o u r i , and G e o r g i a . 
T h e s e a g r e e m e n t s v a r y i n t h e i r p r o 
v i s i o n s . Some p r o v i d e f o r s t a t i s t 
i c a l a n a l y s e s o f e x i s t i n g s t r e a m -
f l o w r e c o r d s t o p r o v i d e d a t a on 
m a g n i t u d e a n d f r e q u e n c y o f p e a k 
f l o w s . Some p r o v i d e l o r i n s t a l l a 
t i o n o f a d d i t i o n a l g a g i n g s t a t i o n s 
on s m a l l d r a i n a g e a r e a s e a c h s e l e c t 
e d a s b e i n g r e p r e s e n t a t i v e o f a 
p h y s i o g r a p h i c a r e a o f u n i f o r m r u n 
o f f and c l i m a t i c c h a r a c t e r i s t i c s . 
I n s e v e r a l S t a t e s a g r e e m e n t s p r o 
v i d e f o r s t u d i e s by t h e S u r v e y r e 
g a r d i n g m a g n i t u d e a n d f r e q u e n c y o f 
f l o o d s and s t a g e s o f s u c h f l o o d s i n 
t h e v i c i n i t y o f p r o p o s e d b r i d g e 
s i t e s f o r u s e by t h e S t a t e i n d e 
s i g n i n g t h e b r i d g e w a t e r w a y s a n d 
h i g h w a y g r a d e l i n e s . S p e c i a l s t u d i e s 
o f t h u n d e r s t o r m s a r e b e i n g made i n 

O h i o . I n New Y o r k S t a t e s t u d i e s 
a r e b e i n g made o f f l o o d s t o o b t a i n 
d a t a f o r u s e by t h e D e p a r t m e n t o f 
P u b l i c W o r k s i n c o n t e s t i n g c l a i m s 
by p r o p e r t y o w n e r s f o r d a m a g e s 
c a u s e d b y s u c h f l o o d s . 

T h e C o m m i t t e e i n v i t e s a t t e n t i o n 
t o B u l l e t i n No. 7 of t h e O h i o W a t e r 
R e s o u r c e s B o a r d e n t i t l e d " F l o o d s i n 
O h i o - - M a g n i t u d e a n d F r e q u e n c y " . 
T h i s b u l l e t i n , c o m p i l e d i n c o o p e r a 
t i o n w i t h t h e U . S . G e o l o g i c a l S u r 
v e y , i n c l u d e s t a b u l a t i o n o f p e a k 
f l o w s a t 4 4 g a g i n g s t a t i o n s , f r o m 
w h i c h a r e p l o t t e d g r a p h s o f t h e r e 
c u r r e n c e i n t e r v a l s o f t h e s e f l o o d s . 
I h i s t y p e o f g r a p h e n a b l e s g o o d 
e s t i m a t e s o f t h e m a g n i t u d e o f p r o b 
a b l e f l o o d s f o r f r e q u e n c i e s n o t 
g r e a t l y i n e x c e s s o f t h e p e r i o d o f 
r e c o r d f o r t h e s t r e a m g a g e d . By 
c o m p a r i n g f l o o d s o f a g i v e n f r e 
q u e n c y on d r a i n a g e a r e a s h a v i n g 
s i m i l a r p h y s i o g r a p h i c and c l i m a t i c 
c o n d i t i o n s b u t v a r y i n g i n s i z e , i t 
I S u s u a l l y p o s s i b l e t o make f a i r l y 
g o o d e s t i m a t e s o f p r o b a b l e f l o o d s 
on s t r e a m s w h i c h a r e n o t g a g e d l o 
c a t e d i n t h e s a m e r e g i o n . 

R a i n f a l l i n t e n s i t y - f r e q u e n c y 
d u r a t i o n d a t a c o m p i l e d by Y a r n e l l 
a n d p u b l i s h e d i n M i s c e l l a n e o u s 
P u b l i c a t i o n No. 204 o f the U . S . D e 
p a r t m e n t o f A g r i c u l t u r e i n c l u d e d 
o n l y s t o r m s t h r o u g h 1 9 3 3 . S i n c e 
t h a t t i m e m a n y a d d i t i o n a l f i r s t 
o r d e r w e a t h e r s t a t i o n s h a v e b e e n 
i n s t a l l e d a n d 1 4 m o r e y e a r s o f 
r e c o r d o b t a i n e d f r o m t h e o r i g i n a l 
s t a t i o n s . T h e C o m m i t t e e b e l i e v e s 
t h a t t h e W e a t h e r B u r e a u o u g h t t o 
a n a l y s e t h e d a t a now a v a i l a b l e a n d 
p u b l i s h a new b u l l e t i n on i n t e n s i t y -
f r e q u e n c y r e l a t i o n s . D a t a o f t h i s 
k i n d a r e p a r t i c u l a r l y v a l u a b l e i n 
t h e d e s i g n o f s t o r m d r a i n s f o r u r b a n 
h i g h w a y s a n d a i r p o r t s . 

Some r u n o f f d a t a a r e b e i n g o b 
t a i n e d b y i n s t a l l a t i o n o f c r e s t 
s t a g e r e c o r d e r s , a s i m p l e d e v i c e 
w h i c h l e a v e s g r o u n d c o r k p a r t i c l e s 
a d h e r i n g t o a s t a f f , p l a c e d i n a 
v e r t i c a l p i p e , a t t h e maximum e l e 
v a t i o n r e a c h e d by t h e f l o o d w a t e r s . 



IZ7.ARD - COMMITTEE REPORT 

An o b s e r v e r r e c o r d s t h e m i x i m u m 
s t a g e • n d r e s e t s t h e gage f o r t h e 

n e x t f l o o d . T h e s e g a g e s a r e i n e x 
p e n s i v e , a n d i f s u p p l e m e n t e d by 
c u r r e n t m e t e r m e a s u r e m e n t s t o e s 
t a b l i s h s t a g e - d i s c h a r g e c u r v e s , c a n 
y i e l d v a l u a b l e i n f o r m a t i o n on f l o o d 
d i s c h a r g e s . U s e d i n p a i r s o r i n 
s e r i e s on a c a r e f u l l y s e l e c t e d 
r e a c h t h e y e n a b l e s l o p e - a r e a d e 
t e r m i n a t i o n s o f d i s c h a r g e . 

T h e c o m m i t t e e n o t e d t h a t a s e r 
i e s o f R e g i o n a l H y d r o l o g i c C o n f e r 
e n c e s i s b e i n g p l a n n e d by t h e S u b 
c o m m i t t e e on H y d r o l o g i c D a t a o f t h e 
F e d e r a l I n t e r - A g e n c y R i v e r B a s i n 
C o m m i t t e e f o r t h e p u r p o s e o f c o m 
p i l i n g r e c o m m e n d a t i o n s f r o m a l l 
i n t e r e s t e d F e d e r a l a g e n c i e s a s t o 
a d d i t i o n a l h y d r o l o g i c m e a s u r i n g 
s t a t i o n s n e e d e d . T h e P u b l i c R o a d s 
A d m i n i s t r a t i o n w i l l c o o p e r a t e w i t h 
t h e S t a t e h i g h w a y d e p a r t m e n t s i n 
p r e p a r i n g l i s t i n g s o f s t r e am - g a g i n g 
s t a t i o n s w h i c h w o u l d be u s e f u l i n 
c o n n e c t i o n w i t h f u t u r e r o a d a n d 
b r i d g e c o n s t r u c t i o n . 

S t o r m u j a t e r Drainage f o r Urban High
ways - A S u b c o m m i t t e e on S t o r m w o t e r 
D r a i n a g e for U r b a n H i g h w a y s h a s b e e n 
f o r m e d a n d i s p r e p a r i n g a l i s t o f 
p r o b l e m s on w h i c h r e s e a r c h i s b e 
l i e v e d t o be n e e d e d . 

E x p e r i m e n t a l w o r k on i n l e t c a p a 
c i t i e s i s i n p r o g r e s s a t t h e U n i 
v e r s i t y o f I l l i n o i s , a n d a t t h e 
U n i v e r s i t y o f M i n n e s o t a , a s r e p o r t 
ed e l s e w h e r e i n t h i s b u l l e t i n . R e 
s e a r c h a t t h e U n i v e r s i t y o f I l l i 
n o i s w i l l a l s o i n c l u d e s t a t i s t i c a l 
a n a l y s i s o f d a t a f o r a b o u t 15 r e 
c o r d i n g r a i n f a l l g a g e s i n t h e v i 
c i n i t y o f C h i c a g o t o p r o v i d e i n 
t e n s i t y - f r e q u e n c y d u r a t i o n c u r v e s 
a n d r e l a t e d i n f o r m a t i o n f o r u s e i n 
d e s i g n o f s t o r m w a t e r d r a i n a g e on 
e x p r e s s h i g h w a y s . 

Hydraulic Research on Culverts -
A f u n d a m e n t a l i n v e s t i g a t i o n o f t h e 
h y d r a u l i c s o f c u l v e r t s i s u n d e r w a y 
a t t h e S t . A n t h o n y F a l l s H y d r a u l i c 
L a b o r a t o r y o f t h e U n i v e r s i t y o f 

M i n n e s o t a a s a c o o p e r a t i v e p r o j e c t 
o f the M i n n e s o t a D e p a r t m e n t o f H i g h 
w a y s and t h e P u b l i c R o a d s A d m i n i s 
t r a t i o n . T h e f i r s t p h a s e o f t h i s 
i n v e s t i g a t i o n i s a t h o r o u g h s e a r c h 
o f e n g i n e e r i n g l i t e r a t u r e t o l e a r n 
w h a t h a s b e e n d o n e p r e v i o u s l y . An 
a n n o t a t e d b i b l i o g r a p h y c o v e r i n g 
a b o u t 1 0 0 o f t h e m o r e i m p o r t a n t 
a r t i c l e s i s i n p r e p a r a t i o n . T h e 
s e c o n d p h a s e o f t h e p r o j e c t i s t l i e 
c o n s t r u c t i o n o f a t i l t i n g c h a n n e l 
i n w h i c h m o d e l c u l v e r t s may be i n 
s t a l l e d f o r t e s t i n g on v a r i o u s 
g r a d i e n t s . T h e p l a n s f o r t h i s a p 
p a r a t u s h a v e b e e n a p p r o v e d and c o n 
s t r u c t i o n i s e x p e c t e d t o s t a r t s o o n . 
T h e t h i r d p h a s e w i l l be m e a s u r e 
ment o f f l o w t h r o u g h model c u l v e r t s 
w i t h v a r i o u s a p p r o a c h a n d o u t l e t 
c h a n n e l c o n d i t i o n s s i m u l a t i n g t h e 
s i t u a t i o n s c o m m o n l y e n c o u n t e r e d i n 
t h e f i e l d . One o f the i n i t i a l o b 
j e c t i v e s w i l l be to d e v e l o p e n t r a n c e 
a n d o u t l e t s e c t i o n s f o r p i p e c u l 
v e r t s w h i c h w i l l o p e r a t e e f f i c i e n t 
l y o v e r a w i d e r a n g e o f f l o w s , d e 
c r e a s i n g t h e t i e a d w a t e r e l e v a t i o n 
f o r p e a k f l o w s , and m i n i m i z i n g t h e 
e r o s i o n a t b o t h i n l e t and o u t l e t . 
T h e r e s u l t i n g d e s i g n s w i l l be m o d i 
f i e d a s n e c e s s a r y t o f a c i l i t a t e 
m a s s p r o d u c t i o n by p r e c a s t i n g , or 
p r e f a b r i c a t i o n , t h e r e b y e l i m i n a t i n g 
t h e n e e d f o r c a s t - i n - p l a c e c o n c r e t e 
h e a d w a l l s a n d s e c u r i n g g r e a t e r 
e c o n o m y i n f i r s t c o s t a s w e l l a s 
l o w e r e d m a i n t e n a n c e c o s t s . 

T h e h y d r a u l i c m o d e l t e s t s a t t h e 
S t . A n t h o n y F a l l s H y d r a u l i c L a b o r a 
t o r y w i l l a l s o e n a b l e f u r t h e r e x 
p e r i m e n t a l v e r i f i c a t i o n o f t h e 
t h e o r y o f f l o w t h r o u g h s h o r t t u b e s 
a s d e v e l o p e d by D r . K e u l e g a n . T h e 
a n a l y t i c a l s t u d y by D r . K e u l e g a n , 
a b s t r a c t e d i n t h i s b u l l e t i n , w i l l 
be o f g r e a t i n t e r e s t t o r e s e a r c h 
e n g i n e e r s s i n c e i t r e v e a l s c l e a r l y 
t h e i n a d e q u a c i e s o f t h e e m p i r i c a l 

f o r m u l a s p r e v i o u s l y d e v e l o p e d f r o m 
l i m i t e d e x p e r i m e n t a l d a t a . 

Proposed Research on Underscour at 
Bridge Piers and Abutments - T h e 



DESIGN 

c o m m i t t e e e n d o r s e s t h e p r o p o s a l 
m a d e b y t h e J o i n t C o m m i t t e e on 
F l o o d s o f t h e A m e r i c a n S o c i e t y o f 
C i v i l E n g i n e e r s f o r a f u n d a m e n t a l 
i n v e s t i g a t i o n o f t h e m e c h a n i c s o f 
s c o u r a r o u n d b r i d g e p i e r s and a b u t 
m e n t s . I n m a n y s e c t i o n s o f t h e 
c o u n t r y i t i s n e c e s s a r y t o b u i l d 
b r i d g e f o u n d a t i o n s i n a l l u v i a l 
s t r e a m b e d s . A t f l o o d s t a g e s d e e p 
s c o u r o c c u r s a r o u n d t h e s e o b s t r u c 
t i o n s p l a c e d i n the s t r e a m and o c 
c a s i o n a l l y a p i e r o r a b u t m e n t w i l l 
f a i l by u n d e r m i n i n g . A more f u n d a 
m e n t a l u n d e r s t a n d i n g o f t h e f o r c e s 
i n v o l v e d i n t h e s c o u r p h e n o m e n a , 
p a r t i c u l a r l y t h e e f f e c t o f l o c a l 
e d d i e s , w i l l make i t p o s s i b l e t o 
d e s i g n s u b s t r u c t u r e s w h i c h w i l l be 
s a f e a g a i n s t s c o u r w i t h o u t e x c e s 
s i v e c o s t f o r e i t h e r c o n s t r u c t i o n 
o r m a i n t e n a n c e . 

( E d i t o r s N o i e : S i n c e t h e c o m m i t t e e 
D e e c i n g a r e s e a r c h p r o j e c t ha• been f i 
nanced by the Iowa S t a t e Highway Commis-
a i o n and the P u b l i c Roadi Ad min ia t ra t i on 
f o r model i n vea t i ga t i ona o f a c o u r a r o u n d 
b r i d g e p i e r a . The w o r k w i l l be done by 
the Iowa I n a t i t u t e of H y d r a u l i c Reaea rch 
o f the U n i v e r a i t y o f Iowa a t Iowa C i t y , 
under the d i r e c t i o n of D r . Hunter Rouae . ) 

T h e c o m m i t t e e i s g r a t i f i e d w i t h 
t h e w i d e s p r e a d i n t e r e s t now b e i n g 
s h o w n on s u r f a c e d r a i n a g e o f h i g h 
w a y s . S u b s t a n t i a l p r o g r e s s i s b e i n g 
made on t h e r e s e a r c h p r o b l e m s e n 
d o r s e d b y t h e c o m m i t t e e . No new 
o b j e c t i v e s w e r e s e t f o r t h , i t b e i n g 
f e l t t h a t e f f o r t s f o r t h e n e x t y e a r 
s h o u l d be d e v o t e d t o s u p p o r t o f 
p r o j e c t s u n d e r w a y . 

T h e c o m m i t t e e w i l l w e l c o m e s u g 
g e s t i o n s a s t o r e s e a r c h n e e d e d i n 
t h e f i e l d o f h i g h w a y d r a i n a g e . 
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T h e H i g h w a y D r a i n a g e R e s e a r c h 
P r o j e c t w a s u n d e r t a k e n by t h e U n i 
v e r s i t y o f I l l i n o i s a t t h e r e q u e s t 
o f t h e S t a t e o f I l l i n o i s D i v i s i o n 
o f H i g h w a y s a n d t h e P u b l i c R o a d s 
A d m i n i s t r a t i o n . D e s i g n e n g i n e e r s 
i n the I l l i n o i s H i g h w a y D e p a r t m e n t 
h a v e l o n g r e a l i z e d t h a t t h e d a t a 
f o r d e s i g n o f h i g h w a y d r a i n a g e f a 
c i l i t i e s i s f a r f r o m a d e q u a t e . T h e 
S t a t e D i v i s i o n o f H i g h w a y s , f a c e d 
w i t h t h e t a s k o f b u i l d i n g h u n d r e d s 
o f m i l e s o f e x p r e s s h i g h w a y s u p o n 
w h i c h t r a f f i c s t o p p a g e , due t o h i g h 
o r p o n d e d w a t e r w o u l d be e x t r e m e l y 
c o s t l y , d e c i d e d t o u n d e r t a k e a s t u d y 
a n d t o a c c u m u l a t e d a t a f o r t h e p r o 
p e r d e s i g n o f d r a i n a g e f a c i l i t i e s 
f o r t h e s e h i g h - s p e e d r o a d w a y s . 

T h i s p r o j e c t f i n a n c e d j o i n t l y by 
t h e S t a t e o f I l l i n o i s and the P u b l i c 
R o a d s A d m i n i s t r a t i o n , p r o v i d e s f o r 
f u n d a m e n t a l r e s e a r c h t o d e v e l o p i m 
p r o v e d d e s i g n s o f t h e v a r i o u s p e r t i 
n e n t h y d r a u l i c f e a t u r e s o f s u c h a 
h i g h - s p e e d r o a d w a y . T h e a c t u a l i n 
v e s t i g a t i o n w i l l be c a r r i e d o u t by 
t h e U n i v e r s i t y o f I l l i n o i s u n d e r a n 
a g r e e m e n t b e t w e e n t h e U n i v e r s i t y 
a n d S t a t e o f I l l i n o i s , D i v i s i o n o f 
H i g h w a y s . T h e p u r p o s e o f t h e s t u d y 
i s " t o c o m p i l e i n f o r m a t i o n a n d t o 
m a k e i n v e s t i g a t i o n s a n d t e s t s r e 
l a t i n g t o h y d r a u l i c s a n d h y d r o l o g y 
a s i n v o l v e d i n h i g h w a y d e s i g n , c o n 
s t r u c t i o n a n d m a i n t e n a n c e w i t h t h e 
o b j e c t i v e o f i m p r o v i n g e f f i c i e n c y , 
e c o m o n y and s a f e t y . " 

T h i s o b j e c t i v e d i r e c t s t h a t t h e 
s t u d i e s be n o t o n l y a n a l y t i c a l , b u t 

t h a t t o a l a r g e e x t e n t t h e y i n v o l v e 
t h e c o n s t r u c t i o n and t e s t i n g o f h y 
d r a u l i c m o d e l s o f p r o p o s e d d e s i g n s 
a n d t h e d e v e l o p m e n t o f new d e s i g n s . 
T h e f e a t u r e s o f g r e a t e s t c o n c e r n t o 
t h e H i g h w a y D e p a r t m e n t a r e , f l o w i n 
g u t t e r s , f l o w t h r o u g h g u t t e r i n l e t s 
o f v a r i o u s d e s i g n s and f l o w t h r o u g h 
a c o l l e c t i o n s y s t e m t o t h e p o i n t 
w h e r e t h e c o l l e c t i o n s y s t e m e n t e r s 
the m a i n d r a i n . I n a d d i t i o n t o t h i s 
l a b o r a t o r y w o r k , a n a n a l y t i c a l s t u d y 
i s t o be made of h y d r o l o g y a s i t a f 
f e c t s r u n - o f f on t h e h i g h w a y p r o 
j e c t . I t w i l l i n c l u d e t h e s t u d y 
o f s t o r m p a t h s and p a t t e r n s r e l a t i v e 
t o t h e d r a i n a g e a r e a s h a p e , i n c l u d i n g 
a c o m p r e h e n s i v e r e v i e w and a n a l y s i s 
o f e x i s t i n g r a i n f a l l d a t a . A m o d e l 
r e p r o d u c i n g a n y g i v e n r a i n f a l l h y -
d r o g r a p h w i l l be u s e d i n t h e l a b 
o r a t o r y i n c o n n e c t i o n w i t h t h e s e 
h y d r o l o g i c s t u d i e s . 

T h e s u p e r h i g h w a y p r o j e c t f a c i n g 
t h e I l l i n o i s S t a t e H i g h w a y D e p a r t 
ment i n t h e f u t u r e i a t h e C o n g r e s s 
S t r e e t S u p e r h i g h w a y , o f f i c i a l l y 
k n o w n a a t h e W e s t R o u t e , i n t h e 
c i t y o f C h i c a g o . By d i r e c t i n g a l l 
i m m e d i a t e l a b o r a t o r y s t u d y t o t h e 
C o n g r e s s S t t e e t S u p e r h i g h w a y a n d 
o b t a i n i n g r e s u l t s b e f o r e t h e a c t u a l 
f i n a l d e s i g n i s c o m p l e t e d on t h e 

p r o j e c t , i t w i l l be p o s s i b l e t o u a e 
t h e C o n g r e s s S t r e e t r o a d w a y a s a 
' p i l o t ' p r o j e c t . An e x t e n s i v e s t u d y 
c a n t h e n be made o f s u c h p r o b l e m * 
a s d r i v e r b e h a v i o r a n d p s y c h o l o g y 
a n d o t h e r v a r i a b l e s n o t r e a d i l y 
a d a p t a b l e t o e i t h e r l a b o r a t o r y o r 
p u r e l y a n a l y t i c a l s t u d y . 



DESIGN 

T h e C o n g r e s s S t r e e t p r o j e c t i s 
o f t h e d i v i d e d h i g h w a y t y p e w i t h 
e a c h d i r e c t i o n a l r o a d w a y c o n s i s t i n g 
o f f o u r 1 2 - f t . l a n e s f o r h i g h - s p e e d 
t r a f f i c a n d one e m e r g e n c y p a r k i n g 
l a n e . E a c h d i r e c t i o n a l r o a d w a y i s 
s y m e t r i c a l a b o u t i t s c e n t e r l i n e 
e x c e p t t h a t t h e e m e r g e n c y p a r k i n g 
l a n e i s p r o v i d e d on t h e r i g h t s i d e 
o f t h e r o a d w a y . T h e e m e r g e n c y p a r k 
i n g l a n e i s s e p a r a t e d f r o m t h e h i g h 
s p e e d r o a d w a y hy a m o u n t a b 1 e - t y p e 
c u r b . The p u r p o s e o f t h i s c u r b and 
g u t t e r i s t o c h a n n e l i z e t r a f f i c 
and remove l i g h t p r e c i p i t a t i o n r u n 
o f f f r o m t h e r o a d w a y w i t h o u t i t s 
f i r s t p a s s i n g o v e r t h e e m e r g e n c y 
p a r k i n g l a n e . On t h e e x t r e m e r i g h t 
h a n d s i d e o f t h e e m e r g e n c y p a r k i n g 
l a n e i s a l a r g e c i r c u l a r s e c t i o n 
g u t t e r w h i c h i s d e s i g n e d t o c a r r y 
t h e b u l k of the r u n - o f f t o the c o l 
l e c t i o n s y s t e m . On t h e o t h e r , o r 
l e f t s i d e o f t h e d i r e c t i o n a l r o a d 
way i s a b a r r i e r - t y p e c u r b and g u t 
t e r w h i c h c a r r i e s t h e « t e r f r o m 
t h a t h a l f o f t h e r o a d w a y t o t h e 
c o l l e c t i n g s y s t e m . T h e c o l l e c t i o n 
s y s t e m t h e n c a r r i e s t h e w a t e r f r o m 
t h e t h r e e i n l e t b o x e s t o a j u n c t i o n 
and t h e n c e t o the main d r a i n . 

B e c a u s e o f t h e b r o a d s c o p e o f 
t h e l a b o r a t o r y i n v e s t i g a t i o n s , 
s e v e r a l t y p e s o f h y d r a u l i c m o d e l s 
w i 1 1 be e m p l o y e d i n t h e s t u d y . F i r s t 
a 1 : 3 m o d e l o f a p o r t i o n o f t h e 
C o n g r e s s S t r e e t p r o j e c t w i l l be 
b u i l t . T h i s model w i l l e x t e n d f r o m 
t h e c e n t e r l i n e o f t h e r o a d w a y t o 
t h e o u t s i d e edge o f t h e t o e - o f - s l o p e 
g u t t e r i n w i d t h , and i n l e n g t h w i l l 
r e p r o d u c e a p r o t o t y p e d i s t a n c e o f 
140 f e e t . By v a r y i n g t h e a m o u n t o f 
w a t e r s u p p l i e d t o t h e t o e - o f - s l o p e 
g u t t e r a t the u p - s t r e a m e n d o f t h e 
m o d e l a n y g u t t e r i n l e t s p a c i n g may 
be s i m u l a t e d . T h a t i s , t h e m o d e l 
w i l l a l w a y s r e p r e s e n t t h e d o w n 
s t r e a m 1 40 f e e t o f the i n l e t s p a c i n g 
d i s t a n c e . T h i s 1 : 3 m o d e l w i l l be 
u s e d i n i t i a l l y t o s t u d y s u c h d e s i g n 
f e a t u r e s o f t h e C o n g r e s s S t r e e t 
S u p e r h i g h w a y a s v e l o c i t y d i s t r i 
b u t i o n i n g u t t e r s , e f f i c i e n c y o f 

i n l e t g r a t i n g s , s h e e t f l o w a c r o s s 
t h e h i g h w a y s l a b and a s t u d y o f t h e 
i n t e r s e c t i o n p a t t e r n o f t h e s h e e t 
f l o w w i t h t h e g u t t e r f l o w . T h e 
m o d e l w i l l be o f t h e a d j u s t a b l e 
s l o p e t y p e c a p a b l e o f l o n g i t u d i n a l 
s l o p e s v a r y i n g b e t w e e n z e r o a n d s i x 
p e r c e n t a n d t r a n s v e r s e s l o p e s v a r y i n g 
b e t w e e n z e r o and t e n p e r c e n t . 

T h e m o d e l i t s e l f w i l l r e s t u p o n 
a t r u s s e d model s u p p o r t f r a m e w h i c h 
i n t u r n w i l l be s u p p o r t e d b y h y 
d r a u l i c j a c k s a t a l t e r n a t e p a n e l 
p o i n t s . T h e m o d e l i s o f s i m p l e 
d e s i g n , t o f a c i l i t a t e r e m o d e l i n g 
a n d c o n s i s t s e s s e n t i a l l y o f 2 - b y 
1 0 - i n . t r a n s v e r s e t e m p l a t e s w i t h a 
p l y w o o d s u r f a c e . I t h a s b e e n d e 
c i d e d t o u s e m o l d e d L u c i t e s h e e t s 
f o r t h e g u t t e r p o r t i o n s o f t h e mode l 
t o f a c i l i t a t e o b s e r v a t i o n i n t h e 
v e l o c i t y d i s t r i b u t i o n p h a s e o f t h e 
w o r k . T h e r e s t o f t h e m o d e l a r e a , 
r e p r e s e n t i n g t h e r o a d w a y l a n e s , w i l l 
be c o v e r e d w i t h 3 / 8 - i n . t h i c k M a r i n e 
p l y w o o d . T h e p l y w o o d w i 1 1 be t r e a t e d 
s o a s t o o b t a i n t h e p r o p e r r o u g h n e s s 
f or h y d r a u 1 i c s i m i 1 i t u d e . T h e l u c i t e 
i s n a t u r a l l y o f the r e q u i r e d r o u g h 
n e s s . 

T h e w a t e r s u p p l y f o r t h i s m o d e l 
w i l l be pumped f r o m a b e l o w f l o o r 

. l e v e l r e s e r v o i r , o r c h a s e , i n t o a 
c o n s t a n t h e a d t a n k a n d t h e n t o one 
o f t h r e e o u t l e t s , f i r s t i t may f l o w 
t o t h e u p - s t r e a m e n d o f t h e m o d e l 
a n d be i n t r o d u c e d a s g u t t e r f l o w , 
a s f r o m an u p - s t r e a m p a v e m e n t a r e a 
w h i c h i s n o t a p a r t o f t h e m o d e l . 
I t w i l l t h e n f l o w down e i t h e r t h e 
m o u n t a b l e - c u r b g u t t e r o r t h e t o e -
o f - s l o p e g u t t e r t o t h e i n l e t b a s i n s 
a n d t h e n c e r e t u r n t o t h e c h a s e . 
S e c o n d , t h e w a t e r may l e a v e t h e 
c o n s t a n t h e a d t a n k i n o n e o f t w o 
h o r i z o n t a l p i p e s w h o s e p u r p o s e i t 
i s t o s i m u l a t e , i n o n e c a s e , t h e 
r a i n f a l l on t h e h i g h w a y s l a b , a n d 
i n t h e o t h e r c a s e , t h e r u n - o f f f r o m 
t h e c u t s l o p e t o t h e s i d e o f t h e 

. p r o t o t y p e r o a d w a y . B o t h o f these pipes 
a r e h o r i z o n t a l a n d d i r e c t l y a b o v e , 

. i n c a s e o n e , t h e c e n t e r l i n e o f t h e 
r o a d w a y a n d i n c a s e t w o , t h e t o e -
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o f - s l o p e g u t t e r . F l o w w i l l t a k e 
p l a c e t h r o u g h o r i f i c e s i n t h e s i d e s 
o f t h e p i p e . T h e o r i f i c e s w i l l be 
a b o u t s i x i n c h e s on c e n t e r f o r t h e 
e n t i r e l e n g t h o f t h e m o d e l . T h e 
w a t e r l e a v i n g a n o r i f i c e w i l l i m 
p i n g e upon a s h e e t o f p l a s t i c s c r e e n 
m a t e r i a l w h i c h w i l l d i s t r i b u t e t h e 
f l o w e v e n l y a s i t f l o w s down t h e 
s h e e t , and f i n a l l y w i l l r e l e a s e t h e 
w a t e r a t t h e b o t t o m e d g e o f t h e 
s c r e e n to t h e mode l i t s e l f . B e t w e e n 
t h e d i s t r i b u t i o n p i p e s and t h e c o n 
s t a n t head t a n k t h e w a t e r w i l l f l o w 
t h r o u g h v a l v e s w h i c h a r e o p e r a t e d 
by a p a i r o f S e l s y n m o t o r s s o t h a t 
a n y d e s i r e d r a i n f a l l h y d r o g r a p h may 
be r e p r o d u c e d i n t h e m o d e l . B y 
u s i n g c o n t i n u o u s o u t f l o w m e a s u r i n g 
d e v i c e s on t h e d i s c h a r g e l i n e s f r o m 
t h e c a t c h b a s i n s i t w i l l be p o s s i b l e 
t o a c c u r a t e l y m e a s u r e t h e d e n t e n -
t i o n p e r i o d or t i m e l a g w h i c h o c c u r s 
b e t w e e n t h e c h a n g e i n r a i n f a l l i n 
t e n s i t y on t h e h i g h w a y s l a b and t h e 
d i s c h a r g e r a t e a t t h e c a t c h b a s i n 
ou t l e t s . 

T h e s e c o n d f o r m o f m o d e l w h i c h 
i s t o be e m p l o y e d i n t h i s i n v e s t i 
g a t i o n IS o f a l a r g e s c a l e , p r o b a b l y 
1:1^2 o r e v e n 1 : 1 . T h i s m o d e l , 
a c t u a l l y t h r e e m o d e l s i n o n e , w i l l 
c o n s i s t o f t h r e e g u t t e r s and c a t c h 
b a s i n s c o m p l e t e w i t h c o l l e c t i o n 
s y s t e m . T h e o n l y g u t t e r s e c t i o n s 
t h a t w i l l be b u i l t on t h i s m o d e l 
w i l l be t h o s e n e c e s s a r y t o a c c u r a t e 
l y r e p r o d u c e t h e e n t r a n c e and t a i l -
w a t e r c o n d i t i o n a t t h e i n l e t i t 
s e l f . T h i s m o d e l , t o o , w i l l be o f 
t h e a d j u s t a b l e s l o p e t y p e . H o w e v e r , 
i t w i l l be s u b j e c t e d t o a l o n g i 
t u d i n a l s l o p e c h a n g e o f o n l y z e r o 
t o f o u r p e r c e n t a n d w i l l n o t be 
c a p a b l e o f any c h a n g e i n t r a n s v e r s e 
s l o p e . T h e g u t t e r s o f t h i s m o d e l 
w i l l be c o n s t r u c t e d o f l i g h t w e i g h t 
a g g r e g a t e c o n c r e t e t o e a s e t h e 
c h a n g e o f s l o p e p r o b l e m . T h e g r a t 
i n g i n l e t b a r s , c a t c h b a s i n s a n d 
t l ie j u n c t i o n b o x e s w i l l a l l be made 
o i L u c i t e o f v a r y i n g t h i c k n e s s e s . 
T h i s a g a i n i s d o n e t o l a c i l i t a t e 
the o b s e r v a t i o n o f f l o w c h a r a c t e r 

i s t i c s . 
T h i s m o d e l i s e x p e c t e d t o y i e l d 

d a t a f o r t h e more e f f i c i e n t d e s i g n 
o f c a t c h b a s i n s , j u n c t i o n b o x e s and 
g r a t e s , d a t a f o r t h e e l i m i n a t i o n , 
o r a t l e a s t g r e a t r e d u c t i o n i n t h e 
a m o u n t , o f a i r e n t r a i n e d by t h e 
w a t e r i n t h e c a t c h b a s i n . F i n a l l y 
a c h e c k t e s t on t h e p r o p e r s i z e and 
l o c a t i o n o f c o l l e c t i n g s y s t e m |>ipes 
w h i c h d r a i n the c a t c h b a s i n s o i' i n 
l e t b o x e s w i l l be m a d e . I h e p i p i n g 
i n t h i s m o d e l a l s o , w i l l be made o f 
L u c i t e m a t e r i a l a r t i f i c i a l l y r o u g h 
e n e d f o r h y d r a u l i c s i m i l i t u d e . In 
t h i s s t u d y , t o o , a s y s t e m o f m e a s 
u r i n g d e v i c e s w i l l be u s e d to show 
t h e t i m e l a g b e t w e e n t h e v a r i o u s 
p o i n t s o f i n f l o w a n d o u t f l o w f r o m 
the m o d e l . D e s i g n f e a t u r e s d e v e l o p 
ed i n t h i s m o d e l s t u d y w i l l be r e 
p r o d u c e d a t 1:3 s c a l e and w i l l t h e n 
be i n s e r t e d i n t h e 1:3 model o f t h e 
r o a d w a y i t s e l f . T h e r e t h e y w i l l 
be s u b j e c t e d to t e s t s on t h e i n t e 
g r a t e d s t r u c t u r e t o d e t e r m i n e w h a t 
e f f e c t a n y p a r t i c u l a r c h a n g e may 
h a v e on t h e g e n e r a l p r o b l e m . By 
a d h e r i n g t o t h i s p r o c e d u r e t h e 1:3 
m o d e l w i l l a l w a y s be a v a i l a b l e f o r 
t e s t s a n d d e m o n s t r a t i o n s o f t h e 
l a t e s t d e s i g n s . 

T h e t h i r d t y p e o f m o d e l t o be 
e m p l o y e d i n t h i s s t u d y i s n o t , 
s t r i c t l y s p e a k i n g , a h y d r a u l i c 
m o d e l . I t i s d e s i g n e d i n a c c o r d 
a n c e w i t h t h e l a w s o f h y d r a u l i c 
s i m i l i t u d e b u t r a t h e r t h a n u s e 
w a t e r f o r t h e t e s t i n g m e d i u m a 
B e n t o n i t e s o l u t i o n w i l l be u s e d . 
B e n t o n i t e i s a c t u a l l y a c o l l o i d a l 
c l a y , w h i c h , when i n p r o p e r s u s p e n 
s i o n a n d s u b j e c t e d t o s t r e s s , e x 
h i b i t s a r e m a r k a b l e b i r e f r i n g e n t 
c h a r a c t e r i s t i c . T h a t i s , when s u b 
j e c t e d t o c i r c u l a r l y p o l a r i z e d 
l i g h t , t h o s e p o r t i o n s o f t h e s u s 
p e n s i o n u n d e r d i f f e r e n t s t r e s s e s 
show d i f f e r e n t c o l o r s . The d i f f e r 
e n c e i n t h e s t r e s s a n d , t h e r e f o r e , 
t h e c o l o r , i s c a u s e d by t h e e x i s t 
e n c e o f a n a c c e l e r a t i o n g r a d i e n t 
t h r o u g h t h e l i q u i d a t t h e p o i n t 
u n d e r q u e s t i o n . T h i s a c c e l e r a t i o n . 



D f . S / C V 

o f c o u r s e , i s i n d i c a t i v e o f t h e 
c h a n g e i n v e l o c i t y . I h e r e f o r e , t i ie 
c o l o r I S a d i r e c t m e a s u r e o f t h e 
v e l o c i t y a t a n y p o i n t . T h e l i g h t 
su["*[>lied t o t h i s m o d e l i s p a s s e d 
t h r o u g h a p o l a r o i d s c r e e n and t h e n 
a q u a r t e r wave p l a t e . T h i s q u a r t e r 
wave p l a t e c a u s e s t l i e l i g h t l e a v i n g 
the q u a r t e r wave j i l a t e to be c i r c u 
l a r l y p o l a r i ? . e t i . T h e c i r c u l a r l y 
p o l a r i z e d l i g h t e n c o u n t e r i n g t h e 
d i f f e r e n t r e f r a c t i v e s t r e a m - l i n e s 
i n t h e m o d e l s u s p e n s i o n i s t r a n s 
f o r m e d i n s u c h a way t h a t t h e n e t 
r e s u l t when o b s e r v e d t h r o u g h j i r o p e r 
p o l a r o i d p l a t e s i s a c h r o m a t i c 
v e l o c i t y p i c t u r e . 

T h i s m o d e l i s e x p e c t e d to y i e l d 
d a t a d e p i c t i n g e x a c t l y w h a t f l o w 
c o n d i t i o n s do e x i s t b e t w e e n a d j a 
c e n t b a r s o f the i n l e t g r a t i n g . I t 
w i l l a l s o show e x a c t l y w h a t t h e f l o w 
c o n d i t i o n i s i n the c a t c h b a s i n i t 
s e l f . F r o m t h i s d a t a a much m o r e 
e f f i c i e n t i n l e t g r a t i n g a n d c a t c h 
b a s i n d e s i g n may be d e v e l o p e d . T h e 
i m i ) O r t a n c e o f the h y d r a u l i c s o f t h e 
j e t o f w a t e r f l o w i n g b e t w e e n t h e 
b a r s o f t h e i n l e t g r a t e c a n n o t be 
o v e r e m p h a s i z e d w h e n c o n s i d e r i n g 
a i r en t r a i n ment i n t h e c a t c h b a s i n 
a n d t h e d i s c h a r g e p i pe . A i r e n -
t r a i n m e n t i s p r o b a b l y one o f t h e 
majc jr p r o b l e m s i n the p r o p e r d e s i g n 
o f c a t c h b a s i n s a n d i n l e t b o x e s . 
W i t h the a i d o f t h e B e n t o n i t e model 
t h e d e s i g n o f c a t c h b a s i n s i s e x 
p e c t e d t o be g r e a t l y s i m p l i f i e d . 

T l i e s p a c e p r o v i d e d f o r t h i s 
p r o j e c t i s on t h e c a m p u s o f t h e 
U n i v e r s i t y o f I l l i n o i s , i n U r b a n a . 
The m a i n l a b o r a t o r y i s on t h e f i r s t 
f l o o r o f t h e S a n i t a r y E n g i n e e r i n g 

B u i l d i n g and c o n t a i n s a p p r o x i m a t e l y 
1 5 0 0 s q u a r e f e e t . I t i s i n t h i s 
room t h a t a l l the 1:3 model s t u d i e s 

w i l l be c a r r i e d o n . A n o t h e r l a b o r a 
t o r y , c o n t a i n i n g a b o u t 1 8 0 0 s q u a r e 
f e e t o f f l o o r s p a c e i s b e i n g r e a d 
i e d f o r c o n s t r u c t i o n o f t h e l a r g e 
s c a l e m o d e l t e s t s . T h i s new l a b 
o r a t o r y w i l l a l s o c o n t a i n f a c i l i 
t i e s f o r t e s t i n g c o m p o n e n t p a r t s o f 
t h e p r o j e c t , w i t h o u t i t b e i n g n e c e s 
s a r y t o u s e e i t h e r t h e 1 :3 m o d e l , 
o r t h e l a r g e s c a l e m o d e l o f t h e 
c a t c h b a s i n s and c o l l e c t i n g s y s t e m . 
T h i s a r r a n g e m e n t w i l l make i t p o s s 
i b l e to s t u d y n u m e r o u s d e s i g n f e a t 
u r e s s i m u l t a n e o u s l y , and t h u s a v o i d 
c o s t l y d e l a y w h i l e a w a i t i n g c o m p l e 
t i o n o f a t e s t a l r e a d y i n p r o g r e s s . 

T h e a b o v e s t u d i e s a r e b e i n g 
c a r r i e d o u t by t h e E n g i n e e r i n g E x 
p e r i m e n t . S t a t i o n a t t h e U n i v e r s i t y 
o f I l l i n o i s . D e a n M. L . E n g e r i s 
d i r e c t o r o f the E n g i n e e r i n g E x p e r i 
m e n t S t a t i o n . T h e p e r s o n n e l i n 
v o l v e d i n t h i s p a r t i c u l a r s t u d y i s 
c o m p o s e d o f s t u d e n t s and members o f 
t l ie C i v i l E n g i n e e r i n g s t a f f i n t h e 
C o l l e g e o f E n g i n e e r i n g . P r o f e s s o r 
W. C . H u n t i n g t o n i s h e a d o f t h e 
C i v i l E n g i n e e r i n g D e p a r t m e n t and i s 
i n c h a r g e o f a l l C i v i l E n g i n e e r i n g 
r e s e a r c h . P r o f e s s o r J . J . D o l a n d 
i s i n s p e c i f i c c h a r g e o f t h e H i g h 
w a y D r a i n a g e R e s e a r c h P r o j e c t a s 
w e l l a s o t h e r h y d r a u l i c e n g i n e e r i n g 
r e s e a r c h . M r . . lo l in C . G u i l l o u i s 
i n c h a r g e o f t h e m o d e l t e s t s a n d 
o t h e r l a b o r a t o r y s t u d i e s . S e v e r a l 
r e s e a r c h g r a d u a t e a s s i s t a n t s a r e 
e m p l o y e d and w o r k h a l f t i m e on t h e 
p r o j e c t . I t i s e x p e c t e d t h a t t h e 
p r e l i m i n a r y t e s t s on t h e C o n g r e s s 
S t r e e t S u p e r h i g h w a y w i l l be c o m 
p l e t e d by May o f 1 9 4 8 . T h e l a r g e 
s c a l e m o d e l t e s t s s h o u l d b e g i n b y 
mid F e b r u a r y , 1948 and t h e B e n t o n 
i t e model s h o u l d be i n o p e r a t i o n by 
mid A p r i 1 , 1 9 4 8 . 
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T h e I ' l i i v e r s i t y o f lo'.va t e s t s on 
t h e f l o w o f w a t e r t h r o u g h c u l v e r t s , 
m a d e s o m e t w e n t y y e a r s a g o , a r e 
w e l l known f o r the e x t e n s i v e i i e s s o f 
t h e m e a s II f e me n L s u n li e r L a k e ii . I lie 
m a i n p i i r i i o s e o f t.tie i n vi> s t. i ga t, i o ii 
was t:lie e s L a b ] 1 s }i n'e n t ot the f o r i n i i l a s 
o f ( l i s c h a i ' f ' e f o r c u l v e r t s . T h e i n 
v e s t i g a t i o n p r o p o s e d t h e r e l a t i o n s 
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a s t h e f o r m u l a s o f d i s c h a r g e f o r 
c o n c r e t e and c o r r u g a t e d metal p i p e s , 
r e s p e c t i v e l y , t h e p i p e s h a v i n g 
s q u a r e - e d g e d e n t r a n c e s a n d f l o w i n g 
f u l l . I n t h e s e e x p r e s s i o n s Q i s 
t h e d i s c h a r g e , A t h e c r o s s - s e c t i o n a 1 
a r e a o f t h e p i p e , H ' .he d i f f e r e n c e 
i n t h e e l e v a t i o n s of the w a t e r s u r 
f a c e s a t t h e two e n d s o f t h e \i i pe , 
L t h e l e n g t h , a n d D t h e d i a m e t e r . 
Q u a n t i t i e s a r e m e a s u r e d i n f e e t a n d 
s e c o n d u n i t s . A l t h o u g h the e x p e r i 
m e n t s w e r e made w i t h c u l v e r t s o f 
s m a l l l e n g t h and s i z e , t h e i n v e s t i 
g a t i o n s s u p p o s e t h a t t l i e f o r m u l a 
a r e e q u a l l y v a l i d l o r c u l v e r t e o f 
a n y l e n g t h a n d s i z e . 

T h a t t h e s e f o r m u l a s f a i t h f u l l y 
r e p r e s e n t t l i e d i s c h a r g e s a c t u a l l y 
met w i t h i n t l i e t e s t s o f t h e p a r 
t i c u l a r c u l v e r t s e m p l o y e d t h e r e c a n 
be n o d o u b t . On t h e o t h e r h a n d , 
t h e v a l i d i t y o f t h e f o r m u l a s c a n 
c e r t a i n l y lie q u e s t i o n e d f o r c u l 

v e r t s o f g re a 1 r l e n g t h a n d s i z . 
I t i s t h e |ia r I. i c u I a r s t r u c t u r e o f 
the f o r m u l a s p r o p o s e d w h i c h i i i v i ( , e s 
c r i t i c i s m . U n d e r t h e r a d i c a l s i g n 
o f t h e d e n o m i n a t o r s o f t h e s e f o r m u 
l a s a r e f o u n d t h r e e t e r m s w h i c h i n 
t h e i r o r d e r a r e a s s o c i a t e d w i t h t h e 
l o s s of k i n e t i c e n e r g y a I t h e e x i t 
e n d , t h e l o s s a t e n t r a n c e , a n d the 
l o s s t h r o u g h o u t tlie e n t i r e l e n g t h o f 
t h e t u b e . T h e c r i t i c i s m s t o be 
ni a d <! a r e i n r e g a r d t o the f o r m s o f 
t h e l a s t t w o t e r m s . F ' l r s t , t h e 
d i m e n s i o n s o f t h e s e t e r m s a r e n o t 
c o r r e c t . . S e c o n d , t h e (i a r t i c u I a r 
e x p o n e n t s of t h e d i a m e t e r s i n t h e s e 
t e r m s i m p l y t h a t b o t h t h e e n t r a n c e 
l o s s and t h e s o - c a l l e d M a n n i n g ' s n 
f o r t h e e n t i r e c u l v e r t l e n g t h v a r y 
w i t h t h e c u l v e r t s i z e . W i t h t. h e 
i n c r i - ' a s e o f d i a m e t e r , t h e s e t w o 
r j u a n t i t l e s i n c r e a s e . T h e r e i s , 
n o w , no h y d r o d y n a m i c a 1 b a s i s f o r 
t h i s i m p l i c a t i o n t o he t r u e a n d , 
t h e r e f o r e , t h e a p p a r e n t c o n t r a 
d i c t i o n s i n v o l v i n g t h e f o r m u l a p r o -
j i o s e d r e q u i r e an e x a m i n a t i o n . 

I n d e a l i n g w i t h a s h o r t t u b e , i t 
i s b 11 e r t o d i v i d e i t i n t o t h r e e 
s e g m e n t s . See F i g u r e 1. T h e r e i s 
f i r s t t h e e n t r a n c e s e g m e n t w l i e r e 
t h e l o s s e s o c c u r i n t h e s u r f a c e o f 
d i s c o n t i n u i t y o f the g r a d u a l l y v a n 
i s h i n g v e n a c o n t r a c t s . M e r e t h e 
l o s s e s o c c u r i n t h e body o f w a t e r 
a n d t.he f r i c t i o n a l s h e a r a t t h e 
w a l l i s n e g l i g i b l e . A c c o r d i n g t o 
t h i s v i e w t h e l o s s i s i n d e p e n d e n t 
o f t h e s i z e o f t u b e o r t h e c h a r 
a c t e r o f t h e s u r f a c e . W'e s h a l l d e 
n o t e t h e l e n g t h o f t h e s e g m e n t by 

. S e c o n d l y , t h e r e i s the b o u n d a r y 
l a y e r s e g m e n t , i . e . t h e s e g m e n t i n 
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b o u n d a r y l a y e r s e g m e n t , w a l l f r i c 
t i o n c o m m e n c e s w i t h a l a r g e v a l u e 
and i s g r a d u a l l y r e d u c e d to a l i m i t 
i n g v a l u e w i t h d i s t a n c e . T h e c e n 
t r a l c o r e o u t s i d e o f t h e b o u n d a r y 
l a y e r i s n o n - d i s s i p a t i v e a n d t h e r e 
t h e v e l o c i t i e s a n d t h e p r e s s u r e s 
c o n f o r m t o t h e l a w o f B e r n o u l l i . 
F o r t h e f u l l d e v e l o p m e n t o f t h e 
l a y e r a d i s t a n c e L-^ w i l l be r e 
q u i r e d . F i n a l l y , i f t h e l e n g t h o f 
t h e p i p e e x c e e d s + , t h e r e i s 

t h e t h i r d s e g m e n t , t l i e t e r m i n a l 
s e g m e n t , w h e r e t h e v e l o c i t y p a t t e r n 
d o e s n o t c h a n g e w i t h d i s t a n c e a l o n g 
t h e p i p e a x i s . We s h a l l d e n o t e t h e 
l e n g t h o f t h e t e r m i n a l s e g m e n t by 

. Now i f t h e p i p e i s n o t s u f 
f i c i e n t l y l o n g , t l i e l e n g t h o f t h e 
s e g m e n t i n w h i c h t h e t u r b u l e n t l a y e r 
d e v e l o p s w i l l be l e s s t h a n , and 
t h e c o r r e s p o n d i n g l e n g t h i n t h a t 
c a s e may be d e n o t e d by L , w h e r e 

T u « i U L E M T l O U N O K T L » T E H F U L L Y D t V t L O P t O 
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THK THKORETICAL FORM OF DISCHARGE FWMUI^S 

S u p p o s e t h a t a t u b e o f d i a m e t e r 
D and l e n g t l i L c o n n e c t s two r e s e r 
v o i r s . L e t H be t h e d i f f e r e n c e i n 
t h e e l e v a t i o n s o f t h e w a t e r s u r f a c e 
i n t h e two r e s e r v o i r s . T h e W e i s b a c h 
f o r m u l a c o r r e s p o n d i n g t o t h e c a s e 
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F i g u r e 1. T h e C h a r a c t e r i s t i c F l o w 
. S e g m e n t s i n a S h o r t P i p e 

w h i c h t h e t u r b u l e n t b o u n d a r y l a y e r 
d e v e l o p s . A t t h e u p s t r e a m e n d o f 
t h e s e g m e n t , t h e t h i c k n e s s o f t h e 
b o u n d a r y l a y e r i s n e g l i g i b l e and a t 
t h e d o w n s t r e a m e n d , w h e n t h e t u b e 
i s o f s u f f i c i e n t l e n g t h t o a s s u r e 
t h e f u l l d e v e l o p m e n t o f t h e l a y e r , 
t h e t h i c k n e s s e q u a l s t h e r a d i u s o f 
t h e p i p e . T h e 1 o c a 1 ^ f r i c t i o n a t 
t h e w a l l i s l a r g e w h e r e t h e t h i c k 
n e s s o f t h e l a y e r i s s m a l l . I n t h e 

a n d t h e d i s c h a r g e w i l l be g i v e n by 

Q - ^ 

^ D 

H e r e , i n t h e s e two e x p r e s s i o n s , 
i s t h e e f f e c t i v e r e s i s t a n c e c o e f 
f i c i e n t . T h e p r o p e r e v a l u a t i o n o f 
f g r e q u i r e s t h a t t h e l o s s e s a r e 
f i r s t i n d i v i d u a l l y d e t e r m i n e d f o r 
t h e t h r e e s e g m e n t s a b o v e m e n t i o n e d . 

C o n s i d e r t h e c a s e f o r w h i c h 
L < L Q + L j j D e n o t i n g t h e l o s s 
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i n t h e e n t r a n c e s e g m e n t by H^̂  and 
III t h e b o u i u l a r y l a y e r by H .̂ , 

V-3 
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I n t e r m s o f t h e v e l o c i t y head 
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w h e r e i s t h e c o e f f i c i e n t o f 

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

° D D 2g ' 

or c o m p a r i n g w i t h e q u a t i o n 3 , 

C o n s i d e r n e x t t h e c a s e f o r w h i c h 
t h a t i s when 

We now a d d t o t h e r i g h t h a n d member 
o f e q u a t i o n ( 5 ) t h e t e r m , 

u - p _Ji 

when L = + , and 

A /2gH 

D ^ D D 

when L = L Q + Lj^ + . 
T h e s e a r e the t h e o r e t i c a l d i s c h a r g e 
f o r m u l a s . C o m p a r i n g t h e g e n e r a l 
f o r m o f t h e s e e x p r e s s i o n s w i t h t h e 
f o r m s o f t h e I o w a f o r m u l a s , e q u a 
t i o n s ( I ) a n d ( 2 ) , t h e f o l l o w i n g 
f a c t s a r e r e v e a l e d . f i r s t , t h e r e 
i s no u n i q u e f o r m u l a w h i c h w i l l e x 
p r e s s t h e d i s c h a r g e t h r o u g h s h o r t 
a n d l o n g t u b e s w i t h e q u a l c o r r e c t 
n e s s . S e c o n d l y , by i n t r o d u c i n g the 
c o n c e p t o f t h e v a r y i n g r e s i s t a n c e 
i n t h e l a m i n a r b o u n d a r y l a y e r , one 
d i s p e n s e s w i t h t h e i d e a o f v a r i a b l e 
M a n n i n g ' s n . A c t u a l l y , i t i s s u p 
p o s e d t h a t t h e v a r i a t i o n o f r e 
s i s t a n c e i n t h e c r i t i c a l i n i t i a l 
p a r t o f a s h o r t t u b e i s b r o u g h t 
a b o u t n o t by t h e v a r i a t i o n o f t h e 
s u r f a c e c h a r a c t e r i s t i c s , s i n c e 
t h e s e a r e i n v a r i a b l e , b u t by t h e 
g r a d u a l c h a n g e i n t h e t h i c k n e s s o f 
t h e d e v e l o p i n g t u r b u l e n t b o u n d a r y 
l a y e r . 

THE E V A L U A T I O N OF THE E F F E C T I V E 
C O E F F I C I E N T OF RESI .STANCE 

w h e r e f i s t h e c o e f f i c i e n t o f r e 
s i s t a n c e i n t h e t e r m i n a l s e g m e n t . 
C o m p a r i n g t h e r e s u l t a n t e x p r e s s i o n 
o f H w i t h e q u a t i o n ( 3 ) , i t i s s e e n 
t h a t 

E n t e r i n g t h e e x p r e s s i o n s f o r t h e 
e f f e c t i v e c o e f f i c i e n t o f f r i c t i o n 
f r o m e q u a t i o n ( 6 ) o r e q u a t i o n ( 7 ) 
i n t o e q u a t i o n ( 4 ) , we h a v e f o r t h e 
d i s c h a r g e s , 

T o e v a l u a t e t h e e f f e c t i v e c o e f 
f i c i e n t o f r e s i s t a n c e , t h e 
q u a n t i t i e s , , '^•K' 
a n d f m u s t be f i r s t k n o w n . 

T h e e x a m i n a t i o n o f e n t r a n c e 
l o s s e s in t h e Iowa e x p e r i m e n t s s h o w s 
t h a t f o r c o n c r e t e a n d c o r r u g a t e d 
m e t a l p i p e s w i t h s q u a r e - e d g e d e n 
t r a n c e s , t h e e n t r a n c e l e n g t h L Q 
e q u a l s 3 . 5 D a n d t h e c o e f f i c i e n t o f 
f r i c t i o n i s 

f „ = 0.1.52 
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As r e g a r d s o u r a n a l y s i s f o r 
t h e t u r b u l e n t b o u n d a r y l a y e r s h o w s 
t h a t t h i s q u a n t i t y i s p r o p o r t i o n a l 
t o f , t h e c o e f f i c i e n t o f r e s i s t 
a n c e i n t h e t e r m i n a l s e g m e n t , t h e 
f a c t o r o f p r o p o r t i o n a l i t y b e i n g a 
f u n c t i o n o f L^/L^ a n d t h e r e l a t i v e 
r o u g h n e s s R / k , w h e r e R i s t h e 
r a d i u s of the p i p e and k i s a r o u g h 
n e s s f a c t o r . We h a v e d e d u c e d f r o m 
v a r i o u s p u b l i s h e d d a t a on c o n c r e t e 
p i p e s t h a t f o r c o n c r e t e k = 0 . 0 0 5 
f t . on the a v e r a g e . T h i s r e a l l y i s 
t h e e q u i v a l e n t s a n d g r a i n s i z e f o r 
c o n c r e t e . I f a s m o o t h s u r f a c e i s 
c o v e r e d w i t t i s a n d of t h i s s i z e , t h e 
f l o w d i s t r i b u t i o n w i l l be t h e same 
a s t h a t o f c o n c r e t e u n d e r t h e c o n 
d i t i o n t h a t m e a n f l o w s a n d d i 
a m e t e r s a r e e q u a l . I n c o r r u g a t e d 
m e t a l p i p e k may be i d e n t i f i e d a s 
t h e c o r r u g a t i o n d e p t h , t h a t i s t h e 
v e r t i c a l d i s t a n c e b e t w e e n the c r e s t s 
a n d t r o u g h s o f the c o r r u g a t i o n s . I n 
t h e c o r r u g a t e d m e t a l o f Iowa t e s t s 
k = 1 i n c h . 

F o l l o w i n g the a b o v e e x p l a n a t i o n s , 
the e f f e c t i v e f r i c t i on a 1 coe f f i c i en t 
i n t h e d e v e l o p i n g b o u n d a r y l a y e r 
may be w r i t t e n m a t h e m a t i c a l l y 

' h ^ ( i n 
T h i s f u n c t i o n a l r e l a t i o n s h i p w a s 
i n v e s t i g a t e d f o r t h e s u r f a c e s t h a t 
c a n be i n t e r p r e t e d a s s a n d c o v e r e d 
s u r f a c e s a n d a l s o f o r c o r r u g a t e d 
m e t a l s u r f a c e s o f t h e t y p e u s e d i n 
the Iowa t e s t s . I n t h e s e c o r r u g a t 
ed m e t a l s u r f a c e s t h e c o r r u g a t i o n s 
a r e n e a r l y s i n u s o i d a l i n s h a p e w i t h 
t h e r a t i o o f c o r r u g a t i o n d e p t h s t o 
t h e wave l e n g t h b e i n g k / l = 0 . 1 8 7 5 . 
S i n c e t h e u n i v e r s a l law o f v e l o c i 
t i e s f o r c o n c r e t e a n d c o r r u g a t e d 
m e t a l s u r f a c e s a r e n o t t h e s a m e , 
t h e f u n c t i o n N w a s d e t e r m i n e d 
s e p a r a t e l y f o r t h e two s u r f a c e s . 
T h e r e s u l t o f c o m p u t a t i o n s a r e 
g i v e n i n T a b l e s 1 and 2 , w h e r e f j j / f 
v a l u e s a r e t a b u l a t e d a g a i n s t L ^ / L j ^ 
a n d R / k . 

TABI£ 1 

EFFECTIVE COEFFICIENT OF RESISTANCE OF THE 
TURBULENT BOUNDARY UYER IN SAND-COVERED PIPES 

(k = 0 . 0 9 5 f t . for c o n c r e t e ) 
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EFFl-XTIVE COEFFICIENT OF RESISTANCE OF THE 
TURBULENT BOUNDARY LA.Y}LH IN COIWUGATED PIPES 

(k = 0.0417 f t . k/-| = 0. 1 875 ) 

0 .5 .339 .371 .428 
0, .6 

« 
.294 .319 . 369 

0 .7 .258 .280 . 322 
0, ,8 .228 .249 ,285 

0. .9 .204 .225 .259 
1 .0 .184 .205 .229 

2.209 2.254 
1.852 1.868 

1.663 1.659 
1.547 1.539 

As r e g a r d s L^, , t h e l e n g t h 
n e c e s s a r y f o r t h e f u l l d e v e l o p m e n t 
o f t u r b u l e n t b o u n d a r y l a y e r , o u r 
a n a l y s i s has shown t l i a t i t depends 
on t h e t y p e o f s u r f a c e , t h e d i 
a m e t e r o f p i p e and t h e r e l a t i v e 
r o u g h n e s s . The dependence o f L)-,/R 
on R / k f o r the two s u r f a c e s can be 
r ead f r o m the two c u r v e s i n F i g u r e 
2 . 

Lo« (R/K) 

F i g u r e 2 . L e n g t h of F u l l y D e v e l o p e d 
Bounda ry Laye r i n Rough P ipes 

F i n a l l y , f o r t he c o e f f i c i e n t i n 
t h e t e r m i n a l s e g m e n t , f , we have 

= 4.75 - 2.5 -
' f R 

k R ^ ^ 
5.75 l o g ( l + - ) ^ - l o g ( l + - ) 

R k 

f o r a p i p e s u r f a c e t h e h y d r o d y -
namic a c t i o n o f w h i c h can be s i m u 
l a t e d by a s u r f a c e c o v e r e d w i t h 
sand o f g r a i n s i z e k . As r e m a r k 
ed a b o v e , f o r c o n c r e t e k may be 
t a k e n as e q u a l l i n g 0 . 0 0 5 f t . For 
c o r r u g a t e d m e t a l o f t h e t y p e used 
i n t h e Iowa t e s t s 

/ £ = 2 . 1 1 -
k 

2.5 - + 
R 

5.75 l o g d + - ) ^ -
R 

l o g d + 5) 
k 

The f o r m s o f t h e s e f r i c t i o n f o r m u 
l a s d i f f e r s l i g h t l y f r o m the l o g a 
r i t h m i c f o r m s o r d i n a r i l y g i v e n i n 
t he t e x t s on h y d r a u l i c s . The d i f -
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f e r e n c e r e s u l t s f r o m the c o n v e n t i o n 
a d o p t e d f o r m e a s u r i n g d i s t a n c e s i n 
t he p i p e t r a n s v e r s e s e c t i o n s . We 
measure w a l l d i s t a n c e s f rom the t o p 
o f the sand a s p e r i t i e s or f r o m t l i e 
c r e s t s o f c o r r u g a t i o n s . A c c o r d i n g 
l y , the i n n e r d i a m e t e r s a re measured 
between the c r e s t s o f the roughness 
B s pe r i t i e s . 

IOWA EXPERIMENTS 

The d i s c h a r g e s o b s e r v e d i n t h e 
low» t e s t s f o r the c o r r u g a t e d m e t a l 
and c o n c r e t e p i p e s w i t h s q u a r e -
c o r n e r e d e n t r a n c e s « r e r e p r e s e n t e d 
by s m a l l c i r c l e s i n F i g u r e s 3 and 
4. The c u r v e s shown i n the f i g u r e s 
• r e t h e o r e t i c i l l y o b t a i n e d , u s i n g 
the method o i c o m p u t a t i o n e x p l a i n e d 
above . The agreement between t h e o r y 
and e x p e r i m e n t may be c o n s i d e r e d as 
s a t i s f a c t o r y . 

Due t o t h e s a t i s f a c t o r y a g r e e 
ment between t h e o r y and o b s e r v a t i o n 
n o t e d f o r t h e d i s c h a r g e s o b t a i n e d 
i n t he s m a l l s i z e c u l v e r t s o f t he 
Iowa t e s t s , l i k e c o m p u t a t i o n s were 

a l s o made f o r e i g h t - f o o t d i a m e t e r 
c o r r u g a t e d m e t a l and c o n c r e t e p i p e 
and o f v a r y i n g l e n g t h s up t o t h r e e 
h u n d r e d f e e t . The r e s u l t s o f t h e 
c o m p u t a t i o n s were compared w i t h the 
s i m i l a r r e s u l t s o f t h e I o w a d i s 
cha rge f o r m u l a s . I t was n o t e d t h a t 
t h e I o w a f o r m u l a s gave s m a l l e r 
v a l u e s t h a n the t h e o r e t i c a l r e s u l t s 
and t h a t t h e d i s p a r i t y i n t h e two 
r e s u l t s i n c r e a s e d w i t h i n c r e a s i n g 
L e n g t h s o f p i p e . F u r t h e r m o r e , t he 
i n c r e a s e was l a r g e r f o r t he c o r r u 
g a t e d m e t a l p i p e t h a n f o r t h e c o n -

BASIS OF A N A L Y S I S 

The a n a l y s i s u n d e r t a k e n t o d e 
t e r m i n e the q u a n t i t i e s o f the b o u n d 
a r y l a y e r p roved to be v e r y l e n g t h y . 
The d e t a i l s o f t h e c o m p u t a t i o n s 
w i l l n o t be g i v e n h e r e . For t h e 
purpose o f o r i e n t a t i o n , howeve r , i t 
may be h e l p f u l to make a few remarks 
a b o u t v e l o c i t y d i s t r i b u t i o n s i n 
g e n e r a l . 

The momentum l a w , t o g e t h e r w i t h 

^ . ( H I N F E E T ) 

F i g u r e 3 . Iowa T e s t D i s c h a r g e s i n F i g u r e 4 . Iowa T e s t D i s c h a r g e s i n 
C o n c r e t e P i p e s w i t h S q u a r e - c o r n e r e d C o r r u g a t e d P ipes w i t h Square -

E n t r a n c e s c o r n e r e d E n t r a n c e s 



KEULEGAN - FLOW THROUGH SHOFT TUBES 

t h e s u p p o s i t i o n o f • n o n - d i s s i p » -
t i v e c e n t r a l c o r e and the c o n d i t i o n 
o f c o n t i n u i t y e n a b l e s one to d e t e r 
mine the v a r i a t i o n of b o u n d a r y l a y e r 
t h i c k n e s s and w a l l s h e a r w i t h d i s 
t a n c e f o r a g i v e n r e l a t i v e r o u g h 
n e s s R / k . The c o m p u t a t i o n s a r e 
c a r r i e d o u t by s u p p o s i n g t h a t f o r 
e a c h t y p e o f s u r f a c e a u n i v e r s a l 
v e l o c i t y l a w e x i s t s o f t h e t y p e 

= a + 5.75 l o g d + ^ ) ( 1 4 ) 

w h e r e u i s t h e v e l o c i t y a t t h e 
p o i n t y , y b e i n g m e a s u r e d f r o m 
the c r e s t s o f c o r r u g a t i o n s and t h e 
tops o f the h y p o t h e t i c a l a s p e r i t i e s 
o f s a n d . The q u a n t i t y i s t h e 
s o - c a l l e d s h e a r v e l o c i t y g i v e n by 
t he r e l a t i o n 

where i s t h e s h e a r a t the w a l l 
and p ' i s t he d e n s i t y o f the f l u i d . 
The q u a n t i t y a i s a n u m e r i c a l c o n 
s t a n t c h a r a c t e r i s t i c o f a g i v e n 
s u r f a c e . The f o r m u l a i s v e r y s i m p l e 
and s t a t e s t h a t t h e v e l o c i t y a t a 
p o i n t d e p e n d s s o l e l y on t h e s h e a r 
a t t h e w a l l and t h e d i s t a n c e f r o m 
the w a l l . The e x t e n t and the l i m i t s 
o f t he f l u i d have no r e l a t i o n w h a t 
e v e r t o t he v e l o c i t i e s . T h u s , t h e 
v e l o c i t y law i s i n d e p e n d e n t o f t h e 
d i m e n s i o n s o f t h e c e n t r a l c o r e o r 
o f t h e s i z e o f t h e p i p e . 

I n o u r c o m p u t a t i o n s we h a v e 
assumed t h a t f o r a c o n c r e t e s u r f a c e 
we may t a k e a = 5 .85 and k = . 0 0 5 
f t . T h e s e s u p p o s i t i o n s p u t t h e 
c o n c r e t e s u r f a c e i n t h e same c l a s s 
as t h e s a n d c o v e r e d p i p e s u r f a c e s 
o f t he N i k u r a d z e e x p e r i m e n t s . T h a t 
i s , f o r c o n c r e t e 

— = 5.05 + 5.75 l o g d + - ) 

F i g u r e 5. V e l o c i t y D i s t r i b u t i o n i n 
C o r r u g a t e d M e t a l P i p e ; Iowa T e s t s 

The law o f v e l o c i t i e s f o r a c o r 
r u g a t e d s u r f a c e does n o t appea r t o 
have been known p r e v i o u s l y . A d e 
t e r m i n a t i o n was made u s i n g a s e r i e s 
o f v e l o c i t y d i s t r i b u t i o n f r o m t h e 
Iowa t e s t s . The method o f a n a l y s i s 
i n s h o r t i s as f o l l o w s . F o r any 
type o f s u r f a c e we may w r i t e 

y 
u = A + B l o g ( l + - ) 

k 

where A = aU,, 

= 5.75 U„ 

T h u s , i f u i s p l o t t e d a g a i n s t 
( 1 + y / k ) a n d t h e p l o t g i v e s a 
s t r a i g h t l i n e , t h e i n t e r s e c t i o n 
p o i n t A a t t h e o r d i n a t e a x i s and 
t h e i n c l i n a t i o n B d e t e r m i n e U.̂  
and a . The v a l u e u / U ^ may now 

be f o r m e d and may be p l o t t e d a g a i n s t 
l o g ( 1 + y / k ) . For t h e c o r r u g a t e d 





K X I ' K R I M K N T S ON FLOW T H R O U G H I N L E T 

G R A T I N G S FOR S T R E E T G U T T E R S 

CURTIS L . LARSON, S t . A n t h o n y F . l l s H y d r . a J i c L « b o r « t o r > 

I n d e s i g n i n g s u r f a c e d r i i n a g e 
f a c i l i t i e s f o r s t r e e t s and h i g h 
ways , the h i g h w a y e n g i n e e r has been 
l i a n d i c a p p e d by the g e n e r a l l a c k o f 
d a t a on t h e c a p a c i t y o f g r a t e i n 
l e t s . The l i m i t e d d a t a a v a i l a b l e 
i n d i c a t e s t h a t f o r many o f t h e 
g r a t e i n l e t s now i n use , the c a p a 
c i t i e s a re q u i t e l o w , p a r t i c u l a r l y 
on m o d e r a t e and s t e e p g r a d e s . I n 
a d d i t i o n , c l o g g i n g o f g r a t e i n l e t s 
w i t h p a p e r , l e a v e s , and o t h e r d e 
b r i s c o n t i n u e s t o be a s e r i o u s 
m a i n t e n a n c e p r o b l e m . For t h e p u r 
pose o f a l l e v i a t i n g t h e s e . p r o b l e m s , 
an e x p e r i m e n t a l i n v e s t i g a t i o n was 
u n d e r t a k e n a t the S t . A n t h o n y F a l l s 
H y d r a u l i c L a b o r a t o r y o f t h e U n i 
v e r s i t y o f M i n n e s o t a , u n d e r t h e 
s p o n s o r s h i j i o f t h e M i n n e s o t a D e 
p a r t m e n t o f H i g h w a y s . 

A t e s t g u t t e r w i t h a c r o s s - s l o p e 
o f 2 0 . 6 t o 1 and w i t h a n e a r l y v e r 
t i c a l c u r b was c o n s t r u c t e d i n t h e 
3 6 - i n . t i l t i n g c h a n n e l o f the L a b 
o r a t o r y . Near t he end o f t h e g u t 
t e r , a t e s t s e c t i o n was p r o v i d e d , 
i n w h i c h f u l l - s c a l e i n l e t s and c u r b 
o p e n i n g s o f any shape c o u l d be i n 
s t a l l e d . T e s t s o f v a r i o u s g r a t e 
i n l e t s w e r e c o n d u c t e d a t s e v e r a l 
s l o p e s , u s i n g a w i d e r a n g e o f d i s 
c h a r g e s a t e a c h s l o p e . I n a l l 
t e s t s t h e e n t i r e f l o w was i n t r o 
duced a t the uppe r end o f the g u t 
t e r . M e a s u r e m e n t s w e r e t a k e n o f 
the d e p t h and d i s c h a r g e i n the g u t 
t e r , and o f t h e q u a n t i t y o f w a t e r 
p a s s i n g o v e r and a r o u n d the i n l e t , 
w h i c h was t e r m e d " c a r r y o v e r . " The 
p o r t i o n o f t he f l o w i n t e r c e p t e d by 
t h e i n l e t , r e f e r r e d t o as " i n l e t , 
c a p a c i t y , " w a s , o f c o u r s e , the d i f 

f e r e n c e be tween the g u t t e r f l o w and 
t h e c a r r y o v e r . T e s t s w e r e a l s o 
made w i t h s i m u l a t e d d e b r i s added t o 
t h e f l o w . 

I n t e s t s c o n d u c t e d a t t h e N o r t h 
C a r o l i n a E n g i n e e r i n g E x p e r i m e n t 
S t a t i o n ( 1 ) ' , N . W . C o n n e r f o u n d 
t h a t d e f l e c t i n g s l o t s i n a g u t t e r 
a r e s e l f - c l e a n i n g when s e t a t an 
ang le o f 45 d e g . w i t h the d i r e c t i o n 
o f f l o w . I n an a t t e m p t t o i m p r o v e 
the s e 1 f - c 1 e a n i n g a b i l i t y o f g r a t e 
i n l e t s , an e x p e r i m e n t a l i n l e t was 
c o n s t r u c t e d w i t h i t s bars and open
i n g s s e t a t t h i s a n g l e . T e s t s were 
made o f t h i s i n l e t b o t h w i t h and 
w i t h o u t a c u r b o p e n i n g . T h i s e x 
p e r i m e n t a l i n l e t was t h e n i m p r o v e d 
by r o u n d i n g t he s u r f a c e o f each o f 
i t s b a r s . S t a n d a r d i n l e t s t e s t e d 
i n c l u d e d a M i n n e s o t a H i g h w a y De
p a r t m e n t i n l e t , w h i c h has o p e n i n g s 
p a r a l l e l t o t h e f l o w , and a c i t y 
s t r e e t d e p a r t m e n t i n l e t , w h i c h l ias 
o p e n i n g s n o r m a l t o the d i r e c t i o n o f 
f 1 ow. 

S i n c e t h e t e s t g u t t e r was c o n 
s i d e r a b l y s m o o t h e r than the ave rage 
g u t t e r , d i f f e r e n c e s i n r o u g h n e s s 
must be c o n s i d e r e d i n a p p l y i n g the 
t e s t r e s u l t s t o g r a t e i n l e t s i n 
a c t u a l g u t t e r s . I n a d d i t i o n , one 
may w i s h t o a p p l y t h e d a t a t o i n 
l e t s i n v a r i o u s g u t t e r s h a v i n g d i f 
f e r e n t d e g r e e s o f r o u g h n e s s . Vor 
these r e a s o n s , t he t e s t r e s u l t s a r e 
n o t )5resented on the b a s i s o f s l o p e 
a l o n e , b u t r a t l i e r on t h e b a s i s o f 
t h e q u a n t i t y / T / n , i n w h i c h s i s 
the l i i g h w a y s l o p e and n i s the Man
n i n g r o u g h n e s s c o e f f i c i e n t . T h i s 
f a c t o r i s a c o n s t a n t f o r any g i v e n 
g u t t e r . S i n c e t h i s i n d e x i s [i r o 

l l , l i c i i e d f i g u r e * in p « r e n t h e « e > r e f e r to the 1 i i t of r e f e r e o c e i mt the end of paper . 
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p 0 I-1. 1 o 11 a 1 1. o 1 o c 1 L y l o r a g i v e n 
l i .M > L h o f f I o u.' , i t . w i l l be r e f e r r e d 
t, 0 a -s L h I ' " v e l o c i t y i n d e .\ . ' ' Th e 
f o u r L o s t s l o p e s s e l e c t e d gave a 
r;; nge i n v e l o c i t y inde.y f r o m 6. ft t o 
1 7 . 2 , r e s u l t i n g i n s u p e r - c r i t i c a l 
f l o w w i t h i n L h i ^ e n t i r e r a n g e . T h i s 
r ange i n c l u d e s g u t t e r s o f o r d i n a r y 
r o u g h n e s s a t s l o p e s o f 1 t o 6 p e r -
c e ri t . 

The d a t a o b t a i n e d i n the c a p a 
c i t y t e s t s are p r e s e n t e d i n F i g u r e s 
] t h r o u g h 4 , i n the fo rm o f " r a t i n g ' ' 
c u r v e s . I n t h e s e c u r v e s . i n l e t 

C A R R Y O V E R OR G U T T E R F L O W - C F S 

F i g u r e ] . R a t i n g C u r v e s a t 
V e l o c i t y I n d e x o f 1 7 . 2 

c a p a c i t i e s are p l o t t e d as o r d i n a t e s , 
and c a r r y o v e r s as a b s c i s s a s . F o r 
a n y p o i n t , on t h e s e c u r v e s , t h e 
c o r r e s p o n d i n g g u t t e r d i s c h a r g e can 
a l s o be d e t e r m i n e d d i r e c t l y by f o l 
l o w i n g t h e s l o p i n g l i n e s t o t h e 
c a r r y o v e r s c a l e . The l e t t e r d e s i g 
n a t i o n s on the f i g u r e s i n d i c a t e the 
v a r i o u s i n l e t s or i n l e t s e t u p s , as 
f o 1 1ows : 

A. pe r i me n t a 1 i n l e t , w i t h c u r b 
o pe n i n g 

r<. Fx p e r i m e n t a l i n l e t , w i t h o u t 
c u r b o p e n i n g 

D. Improved e x p e r i m e n t a l i n l e t 
G. Highway D e p a r t m e n t i n l e t 
H. C i t y i n l e t 

0 .2 .4 .6 .8 1.0 1.2 

CARRYOVER OR GUTTER FLOW-CFS 

F i g u r e 2 . R a t i n g C u r v e s a t 
V e l o c i t y I n d e x o f 1 4 . 0 

0 .2 .4 .6 .B LO \.t 

C A R R Y O V E R O R G U T T E R F L O W - C F S 

F i g u r e 3 . R a t i n g C u r v e s a t 
V e l o c i t y I n d e x o f 9 . 8 



LAHSON - INLET GRATINGS 

Each o f F i g u r e s 1-4 c o n t a i n s t h e 
d a t a o b t a i n e d a t a c e r t a i n t e s t -
s l o p e , and i s t h e r e f o r e a | i p l i c a b l e 
o n l y f o r a p a r t i c u l a r v e l o c i t y 
i n d e x . 

, VELOCITY INOEX OF OUTTER 

F i g u r e 6 . I n l e t C a p a c i t i e s w i t h 
C a r r y o v e r o f 0 . 1 0 cu f t p e r sec 

C A R R Y O V E R OR G U T T E R F L O W - C F S 

F i g u r e 4 . R a t i n g C u r v e s a t 
V e l o c i t y I n d e x o f 6 . 6 

F i g u r e s 5 , 6 , and 7 a r e p l o t s 
o f v e l o c i t y i n d e x e s v e r s u s i n l e t 

c a p a c i t i e s c o r r e s p o n d i n g t o s e v e r a l 
c a r r y o v e r s . For t h e s e c a r r y o v e r s 
t h e n , one can d e t e r m i n e the c o r r e 
s p o n d i n g i n l e t c a p a c i t y a t any 

, VELOCITY INDEX OF GUTTER 

F i g u r e 5 . I n l e t C a p a c i t i e s w i t h 
No C a r r y o v e r 

^ , VELOCITY INDEX OF GUTTER 

F i g u r e 7 . I n l e t C a p a c i t i e s w i t h 
C a r r y o v e r o f 0 . 2 0 cu f t p e r s ec 

v e l o c i t y i n d e x w i t h i n the range o f 
the t e s t s . These c u r v e s a l s o i n d i 
c a t e the manner i n w h i c h t he c a p a 
c i t y o f any o f t h e i n l e t s v a r i e s 
w i t h s 1 o () e . 

V i s u a l o b s e r v a t i o n s d u r i n g t h e 
t e s t s i n d i c a t e d t h a t t h e d a t a d o 
n o t f u l l y e x p l a i n d i f f e r e n c e s i n 
b e h a v i o r b e t w e e n t h e v a r i o u s i n 
l e t s . To s u p p l e m e n t t h e d a t a , 
t h e r e f o r e , a number o f p h o t o g r a p h s 
were t a k e n o f the i n l e t s i n o p e r a 
t i o n . F i g u r e s 8 t h r o u g h 11 show 
I n l e t s A , D , G, and H o p e r a t i n g 

w i t h a p p r o x i m a t e l y the same g u t t e r 
d i s c h a r g e . 

RESULTS OF C A P A C I T Y TESTS 

Perhaps t he most i m p o r t a n t f a c t 
d e v e l o p e d by t h e s e t e s t s i s t h a t 
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the c;i p;i c i L i f s o f g r a t e i n l e t s can 
lie g r e a t l y i n c r e a s e d by p e r m i t t i n g 
a s m a l l amount o f c a r r y o v e r . T h i s 
s t a t e m e n t ap |>ears t o a p p l y t o any 
g r a t e i n l e t . The r a t i n g c u r v e s show 
t h a t the c a p a c i t i e s o f most o f the 
i n l e t s t, e s t e d a r e a p p r o x i m a t e l y 
( i ouh l ed by a l l o w i n g c a r r y o v e r s f r o m 
0 . 1 0 t o 0 . 2 0 c u . f t . pe r s e c . I n 
the case o f i n l e t s i n s e r i e s , t hese 
s m a l l c a r r y o v e r s f r o m i n l e t t o i n 
l e t p r o d u c e no i l l e f f e c t s o t h e r 
t h a n a s 1 i g h t i ncre ase i n the g u t t e r 
f l o w , s i n c e c a r r y o v e r i s n o t cumu
l a t i v e . C i rea te r c a r r y o v e r s p r o d u c e 
d i m i n i s h i n g r e t u r n s . Thus a c a r r y 
o v e r i n the range o f O . l O t o 0 . 2 0 
c u . f t . per s e c . appea r s t o be the 
op t imum f o r i n l e t s i n s e r i e s i n the 
o r d i n a r y case where the g u t t e r d i s 
cha rge is a l i m i t i n g f a c t o r . 

I h e c a i j a c i t y t e s t d a t a show t h a t 
t h e c a p a c i t y o f a g r a t e i n l e t i s 
a f f e c t e d b o t h by the c h a r a c t e r i s t i c s 
o f the i n l e t and by the c h a r a c t e r 
i s t i c s o f the app roach f l o w . F u r t h e r 
m o r e , v a r i a t i o n s i n the n a t u r e o f 
t he a | i p r o a c h f l o w p r o d u c e v a r y i n g 
and somet imes o p p o s i t e e f f e c t s upon 
i n l e t c a p a c i t y , d e p e n d i n g on t h e 
c h a r a c t e r i s t i c s o f t he i n l e t . Of 
p r i m a r y i m p o r t a n c e i n d e t e r m i n i n g 
i n l e t c a p a c i t y a r e t h e f o l l o w i n g 
i n l e t c h a r a c t e r i s t i c s : t h e w i d t h 
o f the i n l e t , and the e f f i c i e n c y o f 
the i n l e t o p e n i n g s . 

The w i d t h o f t he i n l e t measured 
n o r m a l t o t h e d i r e c t i o n o t f l o w , 
i s an i n f l u e n t i a l f a c t o r i n t h a t 
t he c a r r y o v e r i n a l m o s t e v e r y case 
i s e i t h e r p a r t l y or w h o l l y composed 
o f w a t e r w h i c h p a s s e s a r o u n d t h e 
i n l e t . In o t h e r w o r d s , no i n l e t can 
be e x p e c t e d t o i n t e r c e p t a l a r g e 
p o r t i o n o f t he f l o w u n l e s s i t e x 
t e n d s w e l l i n t o t h e p a t h o f t h e 
f l o w . The i m p o r t a n c e o f w i d t h can 
be seen f r o m an i n s p e c t i o n o f t h e 
r a t i n g c u r v e s f o r I n l e t 0 , the i m 
p r o v e d e x p e r i m e n t a l i n l e t , and f o r 
I n l e t Ci, the Highway D e p a r t m e n t i n 
l e t , b o t h o f w h i c h t ake w a t e r r e a d i l y , 
i n l e t D, b e i n g 24 i n . i n w i d t h , has 
a h i g h r a t i n g c u r v e , w h i l e I n l e t f. , 

w h i c h IS 17 i n . w i d e , has a low r a t i n g . 
I h u s , i t appears w o r t h w h i l e t o make 
g r a t e i n l e t s a t l e a s t 2 4 i n . w i d e 
f o r a g u t t e r o f t h i s s l i a p e , and 
p e r h a p s w i d e r . f o r h i g h w a y s w i t h 
f l a t t e r crown s l o p e s . 

The e f f i c i e n c y o f g r a t e i n l e t 
open ings was found t o depend m a i n l y 
on the e f f e c t i v e l e n g t h o f t h e i n 
d i v i d u a l o p e n i n g s , w h i c h , i n a l l 
cases , IS measured i n the d i r e c t i o n 
o f f l o w . The i m p o r t a n c e o f t h i s 
c h a r a c t e r i s t i c i s w e l l d e m o n s t r a t e d 
i n a g e n e r a l way by the t e s t r e s u l t s . 
.Since i t has 1 3 / 1 6- i n . t r a n s v e r s e 
o p e n i n g s , the c i t y i n l e t . I n l e t I I , 
p e r m i t t e d an a p p r e c i a b l e p o r t i o n o f 
the f l o w t o pass d i r e c t l y o v e r the 
o p e n i n g s . Tlie r a t i n g c u r v e f o r t h i s 
i n l e t t h e r e f o r e r i s e s s l o w l y . In 
t h e H i g h w a y D e p a r t m e n t i n l e t . I n 
l e t C, 1 1 / 4 - i n . by ] 1 - i n . o p e n i n g s 
a r e p l a c e d p a r a l l e l t o t h e f l o w , 
m a k i n g t h r i r e f f e c t i v e l e n g t h 1] i n . 
The p h o t o g r a p h s show t h a t t h e s e 
o j i e n i n g s a l l o w e d no w a t e r t o pass 
over the i n l e t , and a s t e e p e r r a t i n g 
c u r v e was the r e s u l t . The n a r r o w e r 
w i d t h o f I n l e t G, h o w e v e r , c a u s e d 
I t s c a p a c i t y t o f a l l b e l o w t h a t o f 
I n l e t H i n the r e g i o n o f n o c a r r y o v e r . 

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

F i g u r e 8. E x p e r i m e n t a l I n l e t , 
/ T / n = 1 4 . 0 , QQ = 1 . 0 2 , Qj = 0 . 9 2 , 

QQ = 0 . 1 0 c u f t p e r sec 
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F i g u r e 9 . I m p r o v e d E x p e r i m e n t a l F i g u r e 1 1 . C i t y I n l e t , S e r i e s H , 
I n l e t , S e r i e s D, / T / n = 1 4 . 0 , QQ = / j / n = 1 4 . 0 , QQ = 1 . 0 0 , Qj = 0 . 7 7 , 
1 . 0 5 , Qj = 0 . 9 8 , QQ = 0 . 0 7 c u f t QQ = 0 . 2 3 c u f t p e r sec 

p e r B e e . 

O R D I N A R Y B A R S 

•Si 

IMPROVED •ARS 

F i g u r e 1 0 . H i ghwa y D e p a r t m e n t I n l e t , 
S e r i e s G, / s / n = 1 4 . 0 , QQ = 1 . 0 0 , 
Q J = 0 . 8 1 , QQ = 0 . 1 9 c u f t p e r s ec 

v e r t e d downward a t the f a c e o f each 
b a r . T h e o r e t i c a l l y , t he t h i c k n e s s 
o f t h i s s h e e t o f w a t e r v a r i e s as the 
s q u a r e o f the o v e r f a l l d i s t a n c e ( e f 
f e c t i v e l e n g t h o f o p e n i n g ) f o r f l o w 
o f a g i v e n v e l o c i t y , i f t he p a t h o f 
t h e w a t e r c r o s s i n g t h e o p e n i n g i s 
assumed t o be t h a t o f a f r e e l y f a l 
l i n g b o d y . F o r t h i s r e a s o n , i t 
w o u l d appear h i g h l y d e s i r a b l e t o i n 
c r e a s e the e f f e c t i v e l e n g t h o f open-

F i g u r e 1 2 . F l o w O v e r O r d i n a r y and 
Improved G r a t e Bars 

i n g i n a n y w a y p o s s i b l e . 
I n S e r i e s D, t he l e n g t h o f t h e 

o p e n i n g s o f t he e x p e r i m e n t a l i n l e t 
was i n c r e a s e d by r o u n d i n g the g r a t e 
b a r s u r f a c e s . The s u r f a c e o f each 
bar was rounded t o c o n f o r m a p p r o x i 
m a t e l y t o the shape of a f r e e o v e r -
f a i l f r o m i t s l e a d i n g edge , as shown 
i n F i g u r e 1 2 . I n e f f e c t , t h i , ^ change 
moved the b e g i n n i n g p o i n t o f e a c h 
o v e r f a l l f r o m t h e t r a i l i n g edge t o 
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the l e a d i n g edge o f the b a r . .Since 
t. S e l i a r t h i c k n e s s was e cj u a 1 to the 
hnr s j i a c i n y , the o v e r f a l l d i s t a n c e 
o i e f f e c t i v e l e n g t h o f o p e n i n g was 
a p p r o x i m a t e l y d o u b l e d . T h u s , t h e 
t l i i c k n e s s t o f t h e s h e e t o f w a t e r 
d i v e r t e d by each b a r , as w e l l as 
t l i e c a p a c i t y o f e a c h o p e n i n g , was 
t h e o r e t i c a l l y q u a d r u p l e d . A l t h o u g h 
no m e a s u r e m e n t s w e r e made o f t h e 
c a p a c i t y o f i n d i v i d u a l o p e n i n g s , 
t l i e p h o t o g r a p h s d e m o n s t r a t e t h a t 
t h i s i m p r o v e m e n t a c t u a l l y i s v e r y 
e f f e c t i v e . F i g u r e 8 shows t h a t s i x 
o f the open ings f a i l e d t o i n t e r c e p t 
a l l o f t he w a t e r f l o w i n g o v e r t h e 
o r i g i n a l e x p e r i m e n t a l i n l e t , w h i l e 
w i t h the improved g r a t e b a r s . F i g u r e 9, 
a l m o s t t he e n t i r e f l o w was i n t e r 
c e p t e d by t he f i r s t two o p e n i n g s . 
T h i s s i m p l e i m p r o v e m e n t appea r s t o 
be a p p l i c a b l e t o any i n l e t w i t h 
t r a n s v e r s e b a r s , and w o u l d r e s u l t 
i n l i t t l e , i f a n y , i n c r e a s e i n t he 
c o s t o f c a s t i n g t h i s t y p e o f i n l e t . 

The use o f c u r b o p e n i n g s w i t h 
g r a t e i n l e t s was f o u n d t o p r o d u c e 
l i t t l e or no i n c r e a s e i n c a p a c i t y , 
d e p e n d i n g on the e f f i c i e n c y o f the 
i n l e t . The B s e r i e s o f t e s t s was 
c o n d u c t e d w i t h t h e e x p e r i m e n t a l 
i n l e t a s i t w a s u s e d i n the A s e r i e s , 
e x c e p t t h a t t h e c u r b o p e n i n g was 
r e p l a c e d by a s e c t i o n o f c u r b . Com
p a r i s o n o f the r a t i n g c u r v e s , Figures I 
and 2 , shows t h a t o n l y a s m a l l p e r 
cen tage o f the i n l e t c a p a c i t y , l e s s 
t h a n 5 p e r c e n t , can be c r e d i t e d t o 
t h e c u r b o p e n i n g s . I n t h i s c a s e , 
t h e c u r b o p e n i n g i n t e r c e p t s some 
w a t e r w h i c h w o u l d o t h e r w i s e f l o w 
over the i n l e t . I n the case o f i n 
l e t s w i t h more e f f i c i e n t o p e n i n g s , 
w h i c h p e r m i t no w a t e r t o f l o w o v e r 
the i n l e t , i t i s e v i d e n t t h a t a c u r b 
o p e n i n g p r o v i d e s p r a c t i c a l l y no i n 
c r ea se i n c a p a c i t y , u n l e s s t he i n l e t s 
a re a f f e c t e d by b a c k w a t e r . 

The c h a r a c t e r i s t i c s o f t h e a p 
p roach f l o w were a l s o found t o have 
a p ronounced e f f e c t on the c a p a c i t y 
o f g r a t e i n l e t s . The t e s t s showed 
t h a t h i g h v e l o c i t i e s t e n d t o d e 
c r e a s e t he c a p a c i t y o f an i n l e t by 

i n c r e a s i n g the t e n d e n c y f o r w a t e r 
t o f l o w or s p r a y o v e r the o p e n i n g s . 
On the o t h e r h a n d , h i g h v e l o c i t i e s 
t e n d t o i n c r e a s e the c a p a c i t y o f an 
i n l e t by c o n c e n t r a t i n g a g r e a t e r 
f l o w i n a g i v e n w i d t h o f g u t t e r . 
F i g u r e s 5. 6, a n d ? show t h a t e i t h e r 

o i these o p p o s i n g t e n d e n c i e s may be 
p r e d o m i n a n t , d e p e n d i n g on the w i d t h 
o f the i n l e t and t he e f f i c i e n c y o f 
the i n l e t open1ngs . W i t h i n the range 
o f the t e s t s , these c u r v e s a l s o show 
t h a t the i m p r o v e d e x p e r i m e n t a l i n l e t 
and t he H i g h w a y D e p a r t m e n t i n l e t , 
w h i c h have e f f i c i e n t o p e n i n g s , o p e r 
a te w i t h i n c r e a s i n g c a p a c i t y as the 
s l o p e and v e l o c i t y a r e i n c r e a s e d . 
The o r i g i n a l e x p e r i m e n t a l i n l e t and 
the c i t y i n l e t , w h i c h have l e s s e f 
f i c i e n t o p e n i n g s , i n c r e a s e i n c a 
p a c i t y w i t h i n c r e a s e d v e l o c i t y i n -
indexes up to a p p r o x i m a t e l y 14 , b u t 
d e c r e a s e i n c a p a c i t y f o r v e l o c i t y 
i ndexes h i g h e r than 14 . 

DEBRIS TESTS 

I n o r d e r t o have a q u a n t i t a t i v e 
b a s i s f o r c o m p a r i n g the s e 1 f - c l e a n i n g 
a b i l i t i e s o f the v a r i o u s i n l e t s , an 
a r b i t r a r y p r o c e d u r e f o r d e b r i s t e s t s 
was a d o p t e d , u s i n g as d e b r i s p i e c e s 
o f paper 1 by 2 i n c h e s i n s i z e . S i n c e 
no a t t e m p t was made t o d u p l i c a t e 
a c t u a l g u t t e r d e b r i s , the r e s u l t s o f 
t hese t e s t a were n o t i n t e n d e d t o i n 
d i c a t e t he p e r c e n t a g e o f a c t u a l d e b r i s 
w h i c h a g i v e n i n l e t w i l l h a n d l e . 
H o w e v e r , t h e r e s u l t s a r e b e l i e v e d 
t o s e r v e as a b a s i s f o r c o m p a r i n g 
the v a r i o u s i n l e t s t e s t e d . 

The o r i g i n a l e x p e r i m e n t a l i n l e t 
was f o u n d t o p a s s o n l y 20 t o 30 
p e r c e n t o f t h e t e s t d e b r i s , a n d 
w o u l d t h e r e f o r e p r o b a b l y c l o g q u i t e 
e a s i l y . I t was hoped t h a t t h i s i n 
l e t w o u l d be s e l f - c l e a n i n g as a r e 
s u l t o f the component o f f l o w a l o n g 

the a x i s o f each b a r , bu t t h i s com
ponent was n o t s t r o n g enough t o r e 
move th? t e s t d e b r i s . R o u n d i n g the 
b a r s o f t h i s i n l e t , h o w e v e r , p e r 
m i t t e d a p p r o x i m a t e l y 70 p e r c e n t o f 
t he t e s t d e b r i s t o pass t h r o u g h the 
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i n l e t open i n g s . 
Because i t s o p e n i n g s are j j a r a l l e l 

t o the f l o w , the Highway D e p a r t m e n t 
i n l e t h a n d l e d t h e t e s t d e b r i s as 
e a s i l y as i t d i d w a t e r , h a v i n g a 
d e b r i s e f f i c i e n c y o f a b o u t 95 p e r c e n t . 
However , i t s h o u l d be n o t e d t h a t f o r 
l a r g e r d e b r i s , t h i s i n l e t m i g h t c l o g 
as e a s i l y as any o t h e r . The c i t y 
i n l e t , w h i c h i s a rough c a s t i n g w i t h 
the bars no rma l t o the f l o w , passed 
o n l y 17 p e r c e n t o f the t e s t d e b r i s . 

Of the i n l e t s t e s t e d t h e n , o n l y 
the Highway D e p a r t m e n t i n l e t , w h i c h 
l ias o p e n i n g s p a r a l l e l t o the f l o w , 
can be c o n s i d e r e d h i g h l y e f f i c i e n t 
i n p a s s i n g t h i s t y p e o f d e b r i s . The 
d e b r i s t e s t s a l s o i n d i c a t e t h a t i m 
p r o v i n g the h y d r a u l i c e f f i c i e n c y o f 
i n l e t o p e n i n g s i n c r e a s e s the a b i l 
i t y o f the i n l e t t o pass d e b r i s . 

A P P L I C A T I O N OF RESULTS 

For a g i v e n s e t o f d e s i g n c o n d i 
t i o n s , the r e s u l t s o f t h i s i n v e s t i 
g a t i o n can be used t o d e t e r m i n e the 
r e q u i r e d s p a c i n g f o r i n l e t s o f any 
o f the t y p e s t e s t e d . M o r e o v e r , the 
d a t a c a n be u s e d t o p r e d i c t t h e 
o p e r a t i n g c a p a c i t y o f any i n d i v i 
d u a l i n l e t , e i t h e r under the d e s i g n 
c o n d i t i o n s or u n d e r o t h e r c i r c u m 
s t a n c e s , such as r a i n f a l l i n t e n s i 
t i e s h i g h e r or l o w e r t h a n t he d e 
s i g n i n t e n s i t y , or c l o g g i n g o f one 
o r more i n l e t s i n a s e r i e s . 

I f one o f these i n l e t s i s t o be 
used i n a l o c a t i o n where no c a r r y 
o v e r i s p e r m i s s i b l e , i t i s n e c e s 
s a r y m e r e l y t o s e l e c t t h e i n l e t 
c a p a c i t y w h i c h w i l l g i v e no c a r r y 
o v e r a t t h e a p p r o p r i a t e v e l o c i t y 
i n d e x . I n such a l o c a t i o n , howeve r , 
t h e i n l e t may be a f f e c t e d by b a c k 
w a t e r f r o m i n t e r s e c t i n g s t r e e t s or 
f r o m c h a n g e s i n g r a d e , i n w h i c h 
case the c a p a c i t y o f t he i n l e t w i l l 
p r o b a b l y be g r e a t e r t h a n the c a p a 
c i t y f o u n d i n t h e t e s t s . 

I n a a e r i e s o f i n l e t s where some 
c a r r y o v e r i s p e r m i s s i b l e , a c o n 
s i d e r a b l y g r e a t e r i n l e t c a p a c i t y , 
and c o r r e s p o n d i n g l y , a g r e a t e r i n 

l e t s p a c i n g can be u sed . In des ign
i n g s u c h a s e r i e s o f i n l e t s , t h e 

" de s 1 gn " or " n or ma I " i n l e t ca pac i ty , 
c o r r e s p o n d i n g t o a s u i t a b l e c a r r y 
o v e r , can be s e l e c t e d f r o m F i g u r e s 

5 t h r o u g h 7, or f r o m r a t i n g c u r v e s . 
For a s e r i e s o f u n i f o r m l y s p a c e d 
i n l e t s , i t can be shown r e a d i l y 
t h a t , i f s u c c e e d i n g i n l e t s o [ i e r a t e 
w i t h e q u a l c a r r y o v e r , t h e f l o w 
i n t e r c e p t e d by each i n l e t w i l l be 
e q u a l t o t h e r u n o f f p e r i n l e t . 
T h u s , t h e r e q u i r e d i n l e t s p a c i n g 
can be found by e q u a t i n g the d e s i g n 
c a p a c i t y t o t he r u n o f f per i n l e t , 
i f t h e r a t e o f r u n o f f can be e x 
p r e s sed i n t e r m s o f t h e d i m e n s i o n s 
o f the d r a i n a g e a r e a and the r a i n 
f a l l i n t e n s i t y . For the i d e a l i z e d 
case o f a r a i n f a l l o f u n i f o r m i n 
t e n s i t y f o r a p e r i o d l o n g e r t h a n 
the t ime of c o n c e n t r a t i o n , a s suming 
no i n f i l t r a t i o n , t h e e x p r e s s i o n 
thus o b t a i n e d f o r the i n l e t s p a c i n g 

L i n f e e t i s : 

I ^ 4 , 3 , 2 G 0 

i n w h i c h Q j i s t h e d e s i g n i n l e t 
c a p a c i t y i n c u . f t . p e r s e c , b the 
w i d t h o f s t r e e t d r a i n e d i n f e e t , 
and I t h e r a i n f a l l i n t e n s i t y i n 
i n c h e s p e r h o u r . The d e p t h and 
w i d t h o f f l o w i n t h e g u t t e r u | i -
s t r e a m o f e a c h i n l e t c a n t h e n be 
c o m p u t e d i f d e s i r e d . The g u t t e r 
f l o w QQI i s g i v e n b y : 

Qc = Qi ^ Qc ( 2 ) 

w h e r e QQ i s t he d e s i g n c a r r y o v e r . 
For the g u t t e r unde r c o n s i d e r a t i o n . 
M a n n i n g ' s f o r m u l a may be a p p l i e d t o 
o b t a i n t h e f o l l o w i n g d e p t h d i s 
c h a r g e r e l a t i o n : 

9 - 5 ^ y e / 3 

i n w h i c h y i s the d e p t h o f f l o w i n 
f e e t a t t h e c u r b . I f i t i s t o be 
used r e p e a t e d l y , t h i s r e l a t i o n can 
be p l o t t e d as a f a m i l y o f c u r v e s 
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f o r v a r i o u s v a l u e s o f / s / n , t h e 
v e l o c i t y i n d e x . S i n c e the c r o s s -
s l o p e o f t h e e x p e r i m e n t a l g u t t e r 
i s 2 0 . 6 t o 1 , the maximum w i d t h o f 
f l o w , hi, IS g i v e n by : 

"> = 20.6 y (4 ) 

An example b e s t i l l u s t r a t e s t he 
use o f t h e s e d a t a or s i m i l a r d a t a 
i n a d e s i g n p r o b l e m . i n a g u t t e r 
o f t h e same shape as the t e s t g u t 
t e r on a 3 . 5 p e r c e n t g r a d e , t l i e 
r o u g h n e s s c o e f f i c i e n t n i s e s t i 
m a t e d t o be 0 . 0 1 5 . The v e l o c i t y 
i n d e x I S t h e n 1 2 . .5 . A r a i n f a l l 
h a v i n g a u n i f o r m i n t e n s i t y o f 5 i n . 
per h r . i s t o be d r a i n e d f r o m a 24 -
f t . w i d t h o f [>aved s t r e e t or h i g h 
way hy i n l e t s o f Type A . A s s u m i n g 
t h a t a c a r r y o v e r o f 0 . 2 0 c u . f t . 
|>er s e c . i s p e r m i s s i b l e , i t i s seen 
f r o m F i g u r e 7 t h a t , a t a v e l o c i t y 
i n d e x o f 1 2 . 5 , t h e c o r r e s p o n d i n g 
i n l e t c a p a c i t y i s 1.05 c u . f t . per 
s e c . The r e q u i r e d i n l e t s p a c i n g 
c a n t h f? n be o b t a i n e d by use o f 
F tj 11 a t i o n (1 ) : 

4 3 , 2 0 0 X 1.05 

24 X 5 
= 378 f t 

The g u t t e r f l o w j u s t above each i n 
l e t i s g i v e n by: 

= 1.05 + 0 . 2 0 = 1.25 cu . f t . per sec . 

The d e p t h o f f l o w can be f o u n d by 
s u b s t i t u t i o n i n E q u a t i o n ( 3 ) : 

9 .5 X 1 2 . 5 
3 / = 0 . 1 8 f t . 

8 

and t h e maximum w i d t h o f f l o w i s 
f o u n d t o be: 

w = 2 0 . 6 X 0 . 1 8 = 3 . 7 f I . 

I f i t a p p e a r s a d v i s a b l e t o c o n 
s i d e r the e f f e c t s o f g u t t e r s t o r a g e 
and s t o r m s s h o r t e r t h a n the t ime o f 
c o n c e n t r a t i o n , t h e i n l e t s p a c i n g 
c a n n o t be d e t e r m i n e d d i r e c t l y by an 

e q u a t i o n such as E q u a t i o n ( 1 ) . The 
a c t u a l g u t t e r h y d r o g r a p h c a n be 
d e t e r m i n e d , h o w e v e r , by a m e t h o d 
o r i g i n a t e d hy H o r n e r and Jens '^ '^ ' ' . 
I h i s m e t h o d was v e r i f i e d e x | 5 e r i -

m e n t a l l y and d e v e l o p e d f u r t h e r by 
I 7. za rd'^'^ . F u r t h e r d e v e l o p m e n t o f 
t h i s p r o c e d u r e i s n e c e s s a r y t o d e 
t e r m i n e the e f f e c t o f c a r r y o v e r on 
the g u t t e r h y d r o g r a p h . 

A s e r i e s o f i n l e t s p o s s e s s e s a 
v a l u a b l e a t t r i b u t e i n i t s a b i l i t y 
t o a d j u s t i t s c a p a c i t y t o any r a t e 
o f r u n o f f w i t h i n a c o n s i d e r a b l e 
r a n g e . To d e m o n s t r a t e t h a t each 
i n l e t i n a s e r i e s t e n d s t o o p e r a t e 
a t a c a | > a c i t y e q u a l t o t h e r u n o f f 
per i n l e t , a n o t h e r example w i l l be 
g i v e n . In a g u t t e r h a v i n g a v e l o 
c i t y i n d e x o f 1 4 . 0 , t e n o f the i m 
p r o v e d e x p e r i m e n t a l i n l e t s , T y | i e D, 
a re spaced t o r e c e i v e 1.00 c u . f t . 
per sec . o f r u n o f f per i n l e t , w h i c h 
r e s u l t s i n a n o r m a l c a r r y o v e r o f 
0 . 0 7 c u . f t . per s e c . By some u n 
u s u a l c i r c u m s t a n c e . I n l e t No. 5 be
comes c o m p l e t e l y c l o g g e d . The g u t 
t e r d i s c h a r g e i s t h e r e f o r e c o n s i d e r 
a b l y moi'e t l i an no rma l a t I n l e t No . 
6 , and i s l e s s t f i a n n o r m a ! a t t h e 
b e g i n n i n g o f the s e r i e s . The d i s 
c h a r g e i n t e r c e p t e d by each i n l e t o f 
t he s e r i e s can be d e t e r m i n e d , how
e v e r , by use o f t h e a p p r o p r i a t e 
r a t i n g c u r v e , as shown i n T a b l e 1 . 

B e g i n n i n g a t I n l e t No. 1 o f t h i s 
s e r i e s , t h e g u t t e r d i s c h a r g e i s 
I . 0 0 c u . f t . per s e c . , s i n c e t h e r e 
i s no c a r r y o v e r f r o m a p r e c e d i n g 
i j i l e t . T h e r a t i n g c u r v e f o r 

/ s / n = 1 4 . 0 , F i g u r e 2 , shows t h a t 
w i t h t h i s g u t t e r f l o w , 0 . 9 4 c u . f t . 
p e r s e c . i s i n t e r c e p t e d and 0 . 0 6 
pas ses by t he i n l e t as c a r r y o v e r . 
T h i s c a r r y o v e r r e s u l t s i n a g u t t e r 
f l o w o f 1 .06 c u . f t . p e r s e c . a t 
I n l e t N o . 2 and t h e r a t i n g c u r v e 
i s r e f e r r e d t o a g a i n t o d e t e r m i n e 
the f l o w i n t e r c e p t e d and the c a r r y 
o v e r . I h i s p r o c e d u r e may be f o l l o w 
ed on t h r o u g h t h e s e r i e s . In t h i s 
e x a m p l e , the normal i n l e t c a j i a c i t y , 
e q u a l t o the r u n o f f per i n l e t , i s 
r e a c h e d a t I n l e t N o . 3, and a l l 
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s u c c e e d i n g i n l e t s w i l l n o r m a l l y 
o p e r a t e a t t h i s c a p a c i t y . C l o g g i n g 
o f I n l e t No . 5 u p s e t s t h i s e q u i l i 
b r i u m , s i n c e none o f t h e f l o w i s 
i n t e r c e p t e d by t h i s i n l e t . The 

T A B L E 1 

COMPUTATION OF T^(DIVIDUAL CAPACITIES 
OF TYPE D INLETS IN SERIES 

AT A VELOCITY lffX.X OF U . O 

I n l e t 
NuBb«r R u n o f f C o n d i t i o n OG 

I Oi Oc 
1 1 .00 C l e . n .00 0 .94 0. ,06 
2 • .06 0 .99 0. 07 

3 ft .07 .00 0, ,07 

4 m .07 .00 0. 07 

5 Clogged .07 0 1. ,07 

6 C l e f t n .07 .71 0. ,36 
7 « .36 .23 0. ,13 

8 m . 13 .05 0, ,08 

9 m .08 .01 0. 07 

10 m .07 .00 0. ,07 

r e s u l t i s a c a r r y o v e r o f 1.07 and 
a g u t t e r f l o w o f 2 . 0 7 c u . f t . p e r 
s e c . t o I n l e t No . 6 . T h i s g u t t e r 
f l o w , h o w e v e r , i s q u i c k l y r e d u c e d 
a t s u c c e e d i n g i n l e t s , and n o r m a l 
i n l e t c a p a c i t y i s a g a i n r e a c h e d a t 
I n l e t No . 1 0 . T h i s e x a m p l e shows 
t h a t i f t h e g u t t e r f l o w a t any i n 
l e t happens t o be more or l e s s t h a n 
t h e n o r m a l amoun t f o r t h e s e r i e s , 
t he f l o w i n t e r c e p t e d by s u c c e e d i n g 
i n l e t s w i l l i n c r e a s e or d e c r e a s e , 
as the case may be, u n t i l the n o r m 
a l i n l e t c a p a c i t y , e q u a l t o t h e 
r u n o f f p e r i n l e t , i s r e a c h e d a t 
some i n l e t d o w n s t r e a m . 

T h i s i n v e s t i g a t i o n i s l i m i t e d 
c h i e f l y by t h e f a c t t h a t t h e d a t a 
o b t a i n e d a r e a p p l i c a b l e o n l y t o 
i n l e t s i n g u t t e r s h a v i n g c r o s s 
s e c t i o n s i d e n t i c a l t o t h a t o f t h e 
t e s t g u t t e r , t h a t i s , w i t h a u n i 
f o r m c r o s s - s l o p e o f 2 0 . 6 t o 1 . How
e v e r , i t seems l i k e l y t h a t many o f 
t h e g e n e r a l f i n d i n g s o f t h e s e e x 
p e r i m e n t s w i l l a p p l y , i n g r e a t e r o r 
l e s s e r d e g r e e , t o g r a t e i n l e t s i n 
g u t t e r s h a v i n g o t h e r c r o s s - s 1 o p e s . 

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

l a t e r a l i n f l o w on the f l o w c o n d i 
t i o n s i n an a c t u a l g u t t e r w e r e 
n e g l e c t e d , s i n c e t h e s i d e i n f l o w 
per f o o t o f g u t t e r w i l l n o r m a l l y be 
o n l y a f r a c t i o n o f a p e r c e n t o f the 

i - g u t t e r f l o w near an i n l e t . Any r e 
s u l t i n g d i s c r e p a n c i e s w o u l d t h e r e 
f o r e be s m a l l , and w o u l d be r e 
f l e c t e d m a i n l y i n t he v e l o c i t y i n 
dex s c a l e , w h i c h i n p r a c t i c e i s 
s u b j e c t t o an e r r o r o f s e v e r a l p e r 
c e n t i n the e s t i m a t i o n o f the r o u g h 
ness c o e f f i c i e n t . 

Of the s t a n d a r d and e x p e r i m e n t a l 
i n l e t s i n v e s t i g a t e d , none i s b e 
l i e v e d t o r e p r e s e n t the b e s t s o l u 
t i o n t o the r e q u i r e m e n t s o f capa -
c i t y , s e l f - c l e a n i n g a b i l i t y , and 
economy i n g r a t e i n l e t s . N e v e r t h e 
l e s s , the t e s t s have d e v e l o p e d c o n 
s i d e r a b l e e v i d e n c e o f t h e r e l a t i v e 
i m p o r t a n c e o f v a r i o u s i n l e t c h a r 
a c t e r i s t i c s . I t i s p o s s i b l e t h a t 
the b e s t f e a t u r e s o f t he t e s t i n 
l e t s can be combined t o be s t s a t i s 
f y these r e q u i r e m e n t s , f o r a g u t t e r 
o f t h e shape u s e d . F u r t h e r t e s t s 
are b e i n g p l a n n e d f o r t h i s p u r p o s e . 

S U . M ' M A R Y O F R E S U L T S 

The r e s u l t s o f t h i s i n v e s t i g a 
t i o n are s u m m a r i z e d b r i e f l y i n the 
f o l l o w i n g c o n c l u s i o n s , w h i c h a r e 
a p p l i c a b l e t o a c o n t i n u o u s g u t t e r 
h a v i n g a c r o s s - s l o p e o f a p p r o x i m a t e -
l y 20 t o 1 , and a v e l o c i t y i n d e x 
w i t h i n t h e r a n g e o f t h e s e t e s t s . 

1 . The c a p a c i t y o f a g r a t e i n 
l e t c a n be g r e a t l y i n c r e a s e d by 
a l l o w i n g a s m a l l amount o f c a r r y 
o v e r . 

2 . The c a p a c i t y o f a g r a t e i n 
l e t I S d e t e r m i n e d m a i n l y by i t s 
w i d t h n o r m a l t o the f l o w and by the 
e f f i c i e n c y o f i t s o p e n i n g s . 

3. The e f f i c i e n c y o f g r a t e i n 
l e t o p e n i n g s depends l a r g e l y on the 
e f f e c t i v e l e n g t h o f the o p e n i n g s i n 
the d i r e c t i o n o f f l o w . 

4 . The c a p a c i t y o f i n l e t s w i t h 
t r a n s v e r s e bars and o p e n i n g s can be 
i n c r e a s e d s u b s t a n t i a l l y by r o u n d i n g 
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t h e l o p s u r f a c e o 1 e . i i . : , L<;ir. 

5. In the normal range o f a p p l i -
c a I i on , i n l e t s w i t h e f f i c i e n t opi; n -
i I I g s o p e r a t, e w i t h i n c r e a s i n g c a [ > a -
c i t y as t he s l o p e o f l l i e g u t t e r i s 
1 ri c r e a s d . 

6 . F. X c e p t. w h e r e c a p a c i t y i s 
p r o v i d i ; d by p o n d i n g , c u r b 0 [ ) e n i n g s 
a r e o f 1 i i, t 1 i ; or no v a I u e i n i n 
c r e a s i n g L h i.> c a p a c 1 t y o f a g r a I . e 
i n l e t . 
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CARL F . I Z Z A R D , Highway Research 
Engineer, Public Roads Administra
tion - The pape r by M r . L a r s o n i s 
a V a l u a b l e c o n t r i b u t i o n to an u n d e r 
s t a n d i n g o f the l i y d r a u l i c s o f i n l e t 
g r a t i n g s f o r s t r e e t g u t t e r s . The 

r e a d e r w i l l be g l a d t o know t h a t 
M r . L a r s o n has c o n d u c t e d t e s t s on 
m o d i f i c a t i o n s o f t h e i n l e t s d e 
s c r i b e d and t h a t a c o m p l e t e r e j i o r t 
w i l l be p u b l i s h e d by the Un i ve rs i t y . 

I n i n t e r p r e t i n g the d a t a i n t h i s 
palmer t h e e f f e c t o f t h e c r o s s -
s e c t i o n o f the app roach g u t t e r must 
n o t be o v e r l o o k e d . For e x a m p l e , 
the c a p a c i t y o f I n l e t G, as r e p o r t 
e d , w i l l be r e d u c e d n e a r l y 30 p e r 
c e n t i f the t r a n s v e r s e s l o p e o f the 
g u t t e r i s f l a t t e n e d t o a 50 t o 1 
s l o p e . 

The c a p a c i t y o f I n l e t G, o r o f 
any o t h e r g r a t i n g h a v i n g e f f i c i e n t 
o p e n i n g s , can be c l o s e l y a p p r o x i 
m a t e d by a s s u m i n g t h a t a l l t h e 
wat .e r f l o w i n g w i t h i n the w i d t h o f 
t h e g r a t i n g w i l l be i n t e r c e | 5 t e d , 
w h i l e t h e w a t e r f l o w i n g on t h e 
| ) a v e m e n t b e y o n d t h e o u t s i d e edge 
o f t he g r a t i n g i s t h e " c a r r y o v e r " 
d i s c h a r g e . H i c k s ' made t h i s assump
t i o n i n 1944 and t he d a t a i n L a r 
s o n ' s paper may be used as v e r i f i 
c a t i o n . 

The r a t i n g c u r v e f o r [ n l e t C may 
be computed w i t h a maximum d i f f e r 
e n c e o f 3 p e r c e n t i n a r a n g e o f 
g u t t e r f l o w f r o m 0 .5 t o 2 . 0 c u b i c 
f e e t per second u s i n g e q u a t i o n s ( 3 ) 
and ( 4 ) t o e s t i m a t e d e p t h and w i d t h 
o f g u t t e r f l o w and H i c k s ' f l o w d i s 
t r i b u t i o n c u r v e t o e s t i m a - t e f l o w 
w i t h i n the w i d t h o f t h e g r a t i n g . 
H o w e v e r , i t i s n o t n e c e s s a r y t o 
use t h e l a t t e r c u r v e as w i l l be 
s h o w n . 

For g u t t e r s h a v i n g a t r i a n g u l a r 
c r O S s - s e c t i o n , e q u a t i o n ( 3 ) can be 
g e n e r a l i z e d by m a k i n g the n u m e r i c a l 
c o e f f i c i e n t e q u a l t o 0 . 4 6 8 where 
z i s the r a t i o o f w i d t h o f f l o w t o 
d e p t h o f f l o w ( 2 0 . 6 i n L a r s o n ' s ex
p e r i m e n t s ) . The f a c t o r 0 . 4 6 8 i s 
t a k e n d i r e c t l y f r o m e q u a t i o n ( 1 1 ) 
i n R e f e r e n c e 3 . The g e n e r a l e q u a 
t i o n i s t h e n 

C^; - 0 . 4 68 

Su lis t i t u t i n g 2 0 . 6 f o r z g i v e s a n u -
m e r i c a l c o e f f i c i e n t o f 9 .64 i n s t e a d 

' n i c k s , W . I , " R u n o f f Computa t iona and Dra inage I n l e t s f o r Parkways i n Los A n g e l e s , " 
P r o c e e d i n g s , Highway Research B o a r d , V o l . 24 pp 138-147 ( 1 9 4 4 ) . 
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o f 9 . 5 as i n e q u a t i o n ( 3 ) because 
R e f e r e n c e 3 i g n o r e s f r i c t i o n on t he 
c u r b f a c e i n o r d e r t o s i m p l i f y the 
d e r i v a t i o n , t h e e r r o r h a v i n g no 
p r a c t i c a l s i g n i f i c a n c e i n w o r k i n g 
w i t h s h a l l o w d e p t h s . A l s o , because 
o f t h i s f a c t , the same e q u a t i o n may 
be used t o e s t i m a t e t h e c a r r y o v e r 
d i s c h a r g e by t a k i n g y as t h e d e p t h 
a t the o u t s i d e edge o f the g r a t i n g . 
Assume QQ - 1.0 c u b i c f e e t per s ec 
ond and t a k e / s / n = 14 as i n F i g u r e 
2 . T h e n e q u a t i o n ( 5 ) r e d u c e s t o 
QQ ' ( 9 . 6 4 X 1 4 ) y 8 / a = 1 3 5 y a / a 
f r o m w h i c h y = 0 . 1 5 9 f e e t f o r t h e 
a s s u m e d g u t t e r f l o w . The d e p t h 
w i l l be 1 . 4 2 / 2 0 . 6 = 0 . 0 6 9 f e e t l e s s 
a t the o u t e r edge o f the g r a t i n g or 
0 . 0 9 0 f e e t . S u b s t i t u t i n g t h i s d e p t h 
i n t h e same e q u a t i o n QQ = 1 3 5 
( 1 / 1 1 . D s / a = 0 . 2 2 c u b i c f e e t p e r 
s e c o n d . ( N o t e : r e c i p r o c a l s a r e 
e a s i e r t o w o r k w i t h t h a n s m a l l 
d e c i m a l s ; use t a b l e s o f f r a c t i o n a l 
p o w e r s i n h y d r a u l i c h a n d b o o k t o 
f a c i l i t a t e c o m p u t a t i o n . ) . T h e n 
f r o m e q u a t i o n ( 2 ) , Qj = 1.0 - 0 . 2 2 
= 0 . 7 8 c u b i c f e e t per second w h i c h 
a g r e e s c l o s e l y w i t h t h e o b s e r v e d 
v a l u e o f 0 .80 c u b i c f e e t per second 
read f r o m F i g . 2 . 

F r o m e q u a t i o n ( 5 ) i t f o l l o w s 
t h a t t h e w i d t h o f f l o w f o r a g i v e n 
d i s c h a r g e i n a t r i a n g u l a r g u t t e r on 
a g i v e n g r a d e w i l l v a r y as ( z ) o / 8 
w h i l e the d e p t h v a r i e s i n v e r s e l y as 
( z ) 3 / 8 . Thus when t h e t r a n s v e r s e 
s l o p e i s f l a t t e n e d t o 50 t o 1 mak
i n g z - 5 0 , t h e w i d t h o f f l o w i n 
t h e g u t t e r i s ( 5 0 / 2 0 . 6 ) 6 / 8 = 1 . 7 4 
t i m e s t h a t i n L a r s o n ' s t e s t s . The 
d e p t h f o r 2 = 50 w o u l d be 
( 2 0 . 6 / 5 0 ) a / s = 0 . 7 1 7 t i m e s t h a t i n 
La r s o n ' s t e s t s . 

The t r e n d i n d r a i n a g e d e s i g n on 
u r b a n h i g h w a y s i s t o space i n l e t s 
so t h a t t h e w i d t h o f f l o w i n t h e 
g u t t e r f o r a d e s i g n r a i n f a l l i n 
t e n s i t y w i l l n o t e x c e e d an a r b i 
t r a r y amount f o r f r e q u e n t s t o r m s . 
The d e s i g n r a i n f a l l i n t e n s i t y , f o r 
e x a m p l e , may be the average i n t e n s 
i t y f o r a d u r a t i o n o f 20 m i n u t e s 
and a f r e q u e n c y o f one or two y e a r s . 

The i n t e n s e r a i n f a l l o f s h o r t e r 
d u r a t i o n o b s c u r e s v i s i o n so t h a t 
t r a f f i c i s f o r c e d t o move s l o w l y or 
e v e n s t o p , b u t w i t h a d e q u a t e i n 
l e t s the roadway w i l l c l e a r r a p i d l y 
w i t h i n a few m i n u t e s a f t e r the i n 
t e n s e r a i n f a l l c e a s e s . Thus t h e 
t r a f f i c d e l a y w i l l p r o b a b l y n o t be 
s e r i o u s , p a r t i c u l a r l y s i n c e t h e s e 
o c c u r r e n c e s w i l l be i n f r e q u e n t . The 
s t o r m sewer s i z e s s h o u l d be based 
o n , f o r e x a m p l e , a 1 0 - y e a r s t o r m 
f o r d u r a t i o n s c o r r e s p o n d i n g t o t he 
r e s p e c t i v e t i m e s o f c o n c e n t r a t i o n 
so t h a t w a t e r w i l l n o t be ponded on 
t h e r o a d w a y b e c a u s e o f i n a d e q u a t e 
o u t l e t c a p a c i t y e x c e p t f o r t h e e x 
t r e m e s t o r m s f o r w h i c h i t i s n o t 
c o n s i d e r e d e c o n o m i c a l t o d e s i g n . 

R a t i n g c u r v e s s i m i l a r t o t h o s e 
i n F i g u r e 2 may be computed f o r any 
g i v e n w i d t h o f i n l e t w i t h any v a l u e 
o f z i n e q u a t i o n ( 5 ) , a s s u m i n g the 
i n l e t t o have e f f i c i e n t o p e n i n g s . 
From such c u r v e s computed f o r v a r i 
ous g r a d e s i n l e t c a p a c i t y c u r v e s 
f o r d i f f e r e n t r a t e s o f c a r r y o v e r , 
s i m i l a r t o F i g u r e s 5 , 6 and 7 , can 
be d r a w n . These w i l l show, as L a r 
son a b l y d e m o n s t r a t e s , t h a t a s m a l l 
a m o u n t o f c a r r y o v e r g r e a t l y i n 
c r e a s e s t he i n l e t c a p a c i t y . S i n c e 
t h e s p a c i n g o f i n l e t s by e q u a t i o n 
( 1 ) i s d i r e c t l y p r o p o r t i o n a l t o the 
i n l e t c a p a c i t y , t h e s p a c i n g a l s o 
i n c r e a s e s w i t h t he amount o f c a r r y 
o v e r , t h e r e b y r e d u c i n g the i n i t i a l 
c o s t . C h a r t s may a l s o be d rawn f o r 
g u t t e r c a p a c i t y i n r e l a t i o n t o 
grade o f roadway f o r v a r i o u s w i d t h s 
o f f l o w . These can be used t o check 
i n l e t s p a c i n g by t h e c r i t e r i o n 
e s t a b l i s h e d f o r w i d t h o f f l o w i n 
the d e s i g n s t o r m , w h i c h may be f o u n d 
on the f l a t t e r g r a d e s . 

A common p r a c t i c e on e x p r e s s 
h i g h w a y s i s t o p r o v i d e a 2 - f o o t 
g u t t e r on a o n e - i n c h per f o o t s l o p e 
o u t s i d e t h e edge o f t h e 1 2 - f o o t 
t r a f f i c l a n e . E q u a t i o n ( 5 ) can be 
u s e d t o c o m p u t e c a p a c i t y o f t h i s 
t y p e o f c r O S s - s e c t i o n as f o l l o w s . 
Assume s t e e p e r s l o p e t o be e x t e n d 
e d , compu te d i s c h a r g e f o r a g i v e n 



DESIGN 

d e p t h on one p e r c e n t grade and sub 
t r a c t d i s c h a r g e computed f o r d e p t h 
a t p o i n t where s l o p e c h a n g e s . T h e n , 
f o r the l a t t e r d e p t h , compute d i s 
c h a r g e on the f l a t t e r s l o p e . Add 
t h i s d i s c h a r g e t o t h a t computed f o r 
g u t t e r t o o b t a i n t o t a l d i s c h a r g e . 
R e p e a t c o m p u t a t i o n s f o r o t h e r 
d e p t h s . Then p l o t d i s c h a r g e a g a i n s t 
d e p t h or w i d t h w i t h grade as p a r a -
m e t e r ( d i s c h a r g e on o t h e r g r a d e s 
w i l l v a r y w i t h s q u a r e r o o t o f 
g r a d e ) , o r ( l o t d i s c h a r g e a g a i n s t 
s l o p e w i t h d e p t h or w i d t h as p a r a 
m e t e r . S i n c e the i n l e t g r a t i n g i s 
u s u a l l y the same w i d t h as the s t e e p 
p o r t i o n o f t h e g u t t e r , t h e d i s -
c h a r g e computed f o r the l a t t e r w i l l 
a l s o be i n l e t c a p a c i t y i f i n l e t can 
be a s s u m e d as h a v i n g e f f i c i e n t 
o p e n i n g s . T h i s t y p e o f c r o s s -
s e c t i o n e n a b l e s c a r r y i n g a g i v e n 
d i s c h a r g e w i t h much l e s s e n c r o a c h 
men t on t h e t r a f f i c l a n e i n c o m 
p a r i s o n t o a s e c t i o n w i t h t he c u r b 
a t the edge o f t h e t r a f f i c l a n e . 

In a p p l y i n g e q u a t i o n ( 5 ) t o e s t i 
m a t i n g i n l e t c a p a c i t i e s f o r g u t t e r 
s e c t i o n s d i f f e r i n g f r o m t h a t used 
by L a r s o n , s t u d y mus t be g i v e n t o 
h i s e x p e r i m e n t a l d a t a i n j u d g i n g 
w h e t h e r or n o t a p r o p o s e d g r a t i n g 
has e f f i c i e n t o p e n i n g s w h i c h can be 
d e p e n d e d on t o i n t e r c e p t a l l t h e 
f l o w o v e r the g r a t i n g . I n g e n e r a l 
i t appears t h a t a g r a t i n g w i t h ba r s 
p a r a l l e l t o t h e a p p r o a c h i n g f l o w 
and a c l e a r l e n g t h o f o p e n i n g s u f 
f i c i e n t t o p e r m i t t h e f a l l i n g j e t 
o f w a t e r t o c l e a r t h e f a r end o f 
t h e g r a t i n g w i l l have s a t i s f a c t o r y 
c h a r a c t e r i s t i c s . A l e n g t h o f open-
i n g i n t h e d i r e c t i o n o f a p p r o a c h 
f l o w o f abou t 18 i n c h e s i s s u f f i c i 
e n t f o r maximum v e l o c i t i e s l i k e l y 
t o be e n c o u n t e r e d on e x p r e s s h i g h 
w a y s , based on a f r e e - f a l l d r o p o f 
0 . 5 f e e t i n t h e t i m e r e q u i r e d f o r 
the w a t e r t o move the l e n g t h o f the 
o p e n i n g . A l e n g t h o f 2 4 i n c h e s 
w o u l d p r o v i d e some f a c t o r o f s a f e t y 
t o a l l o w f o r d e b r i s a c c u m u l a t i n g 
on the d o w n s t r e a m end o f t h e b a r s . 
A g r e a t e r l e n g t h g i v e s no i n c r e a s e d 

c a p a c i t y e x c e p t when p o n d i n g occu r s 
as a t sag v e r t i c a l c u r v e s . 

I n t h e p a s t w i d e l y - s p a c e d b a r s 
p a r a l l e l t o t h e c u r b h a v e b e e n 
f r o w n e d on because o f the haza rd o f 
w h e e l s on n a r r o w - t i r e d v e h i c l e s , 
such as b u g g i e s and b i c y c l e s , d r o p 
p i n g t h r o u g h t h e o p e n i n g s . On 
l i m i t e d access h ighways where t h e r e 
i s l i t t l e p o s s i b i l i t y of such t r a f 
f i c t h i s o b j e c t i o n d o e s n ' t a p p l y , 
n o r i s i t n e c e s s a r y t o g i v e c o n 
s i d e r a t i o n t o h i g h h e e l s on women's 
s h o e s i n d e t e r m i n i n g t h e maximum 
w i d t h o f o p e n i n g . Where b i c y c l e 
t r a f f i c may be e n c o u n t e r e d d i a g o n a l 
b a r s w i t h r o u n d e d t o p s as i n I n l e t 
D ma y be u s e d . 

A t t e n t i o n i s c a l l e d t o t he f a c t 
t h a t the i n c r e a s e d c a p a c i t y o f I n 
l e t n o v e r I n l e t G, w h i c h has ba r s 
p a r a l l e l t o the c u r b , i s due a l m o s t 
e n t i r e l y t o the w i d t h o f 24 i n c h e s 
w i t h i n the range o f v e l o c i t y i n d e x 
t e s t e d . T h i s can be p r o v e d by com
p u t i n g f l o w i n a w i d t h o f 24 i n c h e s 
as c o m p a r e d t o 17 i n c h e s by t h e 
method p r e v i o u s l y i l l u s t r a t e d . The 
l e n g t h o f o p e n i n g , I I i n c h e s , f o r 
I n l e t C w o u l d b e g i n t o r e s t r i c t 
c a p a c i t y a t g r e a t e r d e p t h s and 
v e l o c i t i e s o f f l o w , b u t I n l e t D may 
a l s o f a i l t o i n t e r c e p t a l l t he f l o w 
i n i t s w i d t h u n d e r s i m i l a r c o n d i 
t i o n s . 

G u t t e r s t o r a g e p r o b a b l y has no 
s i g n i f i c a n t e f f e c t on r e q u i r e d i n 
l e t c a p a c i t y as u s e d i n e q u a t i o n 
( I ) i f t he r a i n f a l l i n t e n s i t y used 
i s t h e a v e r a g e f o r a d u r a t i o n o f 
a b o u t 20 m i n u t e s w h i c h i s the p r e s 
e n t t r e n d o f d e s i g n p r a c t i c e as 
p r e v i o u s l y n o t e d . T h i s t i m e i s i n 
excess o f the t i m e o f c o n c e n t r a t i o n 
f o r most cases so t h a t t he o u t f l o w 
h y d r o g r a p h a t e a c h i n l e t w o u l d 
have r e a c h e d e q u i l i b r i u m w i t h t h e 
i n f l o w h y d r o g r a p h f o r the d r a i n a g e 
a r e a . 

L a r s o n d e s e r v e s g r e a t c r e d i t f o r 
d e v e l o p i n g h i s t h e o r y o f the manner 
i n w h i c h g r a t i n g - t y p e i n l e t s i n 
s e r i e s on a c o n t i n u o u s g r a d e w i l l 
a d j u s t t o t h e r a t e o f r u n o f f b e -
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c a u s e o f t h e c l i» r « c L e r i s L i c o f i n - c a n be o b t a i n e d w i t h f e w e r i n l e t s 
c r e a s e d i n l e t c a p a c i t y w i t h i n - t h a n w o u l d b e r e q u i r e d f o r t h e 
c r e « s e d c a r r y o v e r . R y a p p l y i n g a s s u m p t i o n t h a t e a c h i n l e t o n a 
L a r s o n ' s m e t h o d f o r d e t e r m i n i n g i n - c o n t i n u o u s g r a d e s h o u l d i n t e r c e p t 
l e t s p a c i n g , s a t i s f a c t o r y r e s u l t s a l l t h e f l o w i n t h e g u t t e r . 
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