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SYNOPSIS 

In t h i s paper r e s u l t s of measurements of road roughness and s k i d 
r e s i s t a n c e are given for more than SO d i f f e r e n t road s u r f a c e s i n C a l ­
i f o r n i a The t e s t methods and equipment used were d e s c r i b e d i n l a s t 
y e a r ' s r e p o r t of the Committee on Road Surface P r o p e r t i e s as published 
i n the Highway Research Board B u l l e t i n No. 27. An important o b j e c t i v e 
i n these t e s t s has been the development of t e s t i n g equipment and o f 
c a l i b r a t i o n and t e s t i n g methods which w i l l a s s u r e g r e a t e r c o n s i s t e n c y 
and accuracy i n the t e s t r e s u l t s , wherever t h i s equipment i s used, than 
has been p o s s i b l e heretofore. 

I t i s b e l i e v e d t h a t the b a s i c design of the Bureau of P u b l i c Roads 
roughness t r a i l e r used m these t e s t s i s fundamentally sound and t h a t 
I t p r o v i d e s the s i m p l e s t and most a c c u r a t e measure of road roughness 
which has been developed to date. V a r i o u s t e s t and c a l i b r a t i o n pro­
cedures, however, i n d i c a t e d t h a t under c e r t a i n c o n d i t i o n s i n c o n s i s t e n t 
r e s u l t s were obtained which could be corrected by m o d i f i c a t i o n s develop­
ed a t the U n i v e r s i t y of C a l i f o r n i a in the design of the t r a i l e r . Also, 
an important new f e a t u r e added to the t r a i l e r , was the o s c i l l o g r a p h 
equipment which provides a continuous record of road roughness. Records 
of the i n t e g r a t e d v a l u e s of road roughness and the c o r r e s p o n d i n g os­
c i l l o g r a m s can be taken a t the same time and the r e s u l t s c o r r e l a t e d 

The d e t a i l s i n the d e s i g n of the t r a i l e r improvements and of the 
o s c i l l o g r a p h equipment are given together with the design d e t a i l s f o r 
the c a l i b r a t i o n equipment. The c a l i b r a t i o n and t e s t i n g p r o c e d u r e s 
which are proposed i n t h i s paper w i l l make the equipment s t a n d a r d i t a b l e 
and w i l l p ermit making r e l i a b l e comparisons of the roughness of road 
s u r f a c e s wherever t h i s equipment i s used 

I n t e g r a t e d roughness v a l u e s of 40 i n . per mi. have been recorded on 
new p.c. c o n c r e t e pavements on t h r e e d i f f e r e n t c o n s t r u c t i o n j o b s i n 
C a l i f o r n i a . These v a l u e s are approximately one-half of the values f o r 
the smoothest p.c. concrete i n the middle west and e a s t e r n United S t a t e s 
as measured with s i m i l a r equipment. The remarkable smoothness of p c. 
c o n c r e t e pavements i n C a l i f o r n i a may be a t t r i b u t e d l a r g e l y to the use 
of the Johnson . f i n i s h i n g machine which removes a l l major and minor sur­
face i r r e g u l a r i t i e s by a s u c c e s s i o n of planning and f l o a t i n g operations 
r e q u i r i n g as many as 6 to 8 passes of the f i n i s h i n g machine. Roughness 
va l u e s i n the range of 56 to 60 i n . per mi. have been measured on the 
smoothest a s p h a l t pavements i n C a l i f o r n i a . These values are only s l i g h t ­
l y lower than the v a l u e s measured on the smoothest a s p h a l t pavements 
i n V i r g i n i a . They were obtained both i n V i r g i n i a and i n C a l i f o r n i a on 
hot p l a n t mix pavements designed to provide maximum s t a b i l i t y and where 



s u p e r i o r workmanship with a s p h a l t f i n i s h i n g machines and f l a t r o l l e r s 
e l i m i n a t e d p r a c t i c a l l y a l l s u r f a c e i r r e g u l a t i t i e s . The roughness v a l -
use f o r a s p h a l t s e a l coat type s u r f a c e s were approximately double the 
values obtained on pl a n t mix jobs l a i d with f i n i s h i n g machines. 

The s k i d d i n g r e s i s t a n c e measurements were made on dry and wet s u r ­
f a c e s by three d i f f e r e n t methods ( 1 ) towing a t r a i l e r w i t h a tr u c k a t 
c o n s t a n t speed and r e c o r d i n g the speed and b r a k i n g e f f o r t w i t h one 
t r a i l e r wheel l o c k e d , ( 2 ) l o c k i n g a l l wheels of a pass e n g e r c a r and 
measuring the t o t a l stopping d i s t a n c e , and ( 3 ) l o c k i n g a l l wheels of a 
passenger car and recording the speed and r a t e of d e c e l e r a t i o n by means 
of e l e c t r o n i c and o s c i l l o g r a p h equipment. 

The major o b j e c t i v e i n these t e s t s was to develop t e s t i n g equipment 
and t e s t i n g methods which would y i e l d the most a c c u r a t e and complete 
information i n regard to the s k i d r e s i s t a n c e of road s u r f a c e s for which 
published data are a v a i l a b l e I t was a l s o proposed to measure the s k i d 
r e s i s t a n c e on c e r t a i n types of s u r f a c e s , such as the open g r i d s t e e l 
bridge f l o o r s , for which published s k i d r e s i s t a n c e values have hereto­
fore not been a v a i l a b l e 

The t r u c k - t r a i l e r method provided the g r e a t e s t ease and f l e x i b i l i t y 
of operation of the methods used because i t permitted operation a t con­
s t a n t speed on roads c a r r y i n g high t r a f f i c volumes without i n t e r f e r i n g 
with t r a f f i c or c r e a t i n g a hazard when running the wet t e s t s Also the 
use of e l e c t r i c brakes permitted a wide v a r i a t i o n i n the braking f o r c e s 
up to the maximum impending-skid ( r o l l i n g wheel) braking force and the 
maximum s l i d i n g (locked wheel) braking force The passenger car braking 
t e s t s r e quired the use of a u x i l i a r y watering equipment, a f l a g man, and 
la r g e s i g n s to c o n t r o l t r a f f i c w h i l e the t e s t s were being run These 
t e s t s , however, r e p r e s e n t a common form of braking when making an emer­
gency stop and the o s c i l l o g r a m s showing the d e c e l e r a t i o n a t any given 
speed provided an e x c e l l e n t method for comparing the t i r e - r o a d f r i c t i o n 
as measured by the t r u c k - t r a i l e r (constant speed) method with the pass­
enger c a r d e c e l e r a t i o n method 

Br a k i n g t e s t s were made at speeds from 10 to SO mph i n the t r u c k -
t r a i l e r method and from 10 to 40 mph i n the passenger car braking t e s t s 
except on c e r t a i n s l i p p e r y wet s u r f a c e s where i t was found to be too 
dangerous to attempt a braking t e s t with the passenger car from 40 mph. 
The s k i d r e s i s t a n c e of each s u r f a c e was checked w i t h t h r e e types of 
t i r e s (1) s y n t h e t i c rubber with a non-skid tread p a t t e r n , (2) n a t u r a l 
rubber with a non-skid t r e a d p a t t e r n s i m i l a r to that on the s y n t h e t i c 
rubber t i r e s , and (3) s y n t h e t i c rubbei with tread worn smooth. 

Skid r e s i s t a n c e measurements were made on more than SO s u r f a c e s u s i n g 
the t r u c k - t r a i l e r method with check measurements on 6 r e p r e s e n t a t i v e 
s u r f a c e s by the o t h e r two methods 

The f r i c t i o n values ranged from a maximum of 0 8 on dry pavements at 
low speeds to a value approaching 0.1 on wet s e c t i o n s of glazed a s p h a l t 
pavements a t SO mph. Values i n the range of 0 2 to 0.3 were obtained 
on the worn open-grid s t e e l bridge f l o o r s i n the wet t e s t s i n d i c a t i n g a 
siippery-when-wet c o n d i t i o n for s u r f a c e s of t h i s type. The impending-
s k i d f r i c t i o n values were from 10 to 100 percent higher than the s l i d i n g -
s k i d f r i c t i o n v a l u e s f o r c o r r e s p o n d i n g speeds on the same s u r f a c e 

The c o e f f i c i e n t s of f r i c t i o n computed from the t o t a l stopping d i s ­
tances r e p r e s e n t the average f r i c t i o n over the e n t i r e speed range and 
include both the impending-skid and s l i d i n g - s k i d f r i c t i o n values The 



stopping d i s t a n c e f r i c t i o n values are u s u a l l y reported i n terms of the 
i n i t i a l speed and on t h i s b a s i s a re 10 to 15 p e r c e n t higher than the 
corresponding values for the given speed on the same surface as measured 
i n the t r u c k - t r a i l e r and passenger c a r d e c e l e r o n e t e r t e s t s . The os­
c i l l o g r a m s showing a continuous r e c o r d of the i n s t a n t a n e o u s b r a k i n g 
f o r c e s i n the t r u c k - t r a i l e r method and of the d e c e l e r a t i o n and speed i n 
the passenger car t e s t s provide a most i n t e r e s t i n g , accurate and d e t a i l e d 
r e c o r d of s k i d r e s i s t a n c e and braking performance under many d i f f e r e n t 
road conditions which should be very h e l p f u l i n determining the pavement 
design and c o n s t r u c t i o n p r a c t i c e s which provide a high degree of s k i d 
r e s i s t a n c e or which contribute to the slippery-when-wet condition., Charts 
and t a b l e s are p r e s e n t e d i n the paper g i v i n g the d e t a i l e d r e s u l t s of 
the s k i d t e s t s with i n t e r p r e t a t i o n s to i n d i c a t e the s k i d r e s i s t a n c e of 
a l l the major types of s u r f a c e s and the f a c t o r s which i n f l u e n c e d the 
values obtained in the t e s t s 

I n t h e r e p o r t o f t h e Committee on 
Road S u r f a c e P r o p e r t i e s p r e s e n t e d 
l a s t y ear a t t h e Ann u a l M e e t i n g and 
p u b l i s h e d i n B u i l e t i n No. 27, a b r i e f 
summary o f t h e p r e v i o u s w o r k i n 
measu r i n g road roughness and t h e s k i d 
r e s i s t a n c e o f r o a d s u r f a c e s was 
g i v e n . A l s o g i v e n i n t h e r e p o r t 
were p r e l i m i n a r y t e s t r e s u l t s and a 
d e s c r i p t i o n o f t h e e q u i p m e n t c u r ­
r e n t l y b e i n g used by t h e I n s t i t u t e 
o f T r a n s p o r t a t i o n and T r a f f i c E n g i ­
n e e r i n g o f t h e U n i v e r s i t y o f C a l i ­
f o r n i a a t B e r k e l e y . 

D u r i n g t h e p a s t y e a r f u r t h e r im­
p r o v e m e n t s have been made i n b o t h 
t h e r o a d r o u g h n e s s and t h e s k i d r e ­
s i s t a n c e t e s t e q u i p m e n t a t t h e U n i ­
v e r s i t y o f C a l i f o r n i a . An i m p o r t a n t 
o b j e c t i v e i n t h i s work has been t h e 
development o f t e s t i n g equipment and 
o f c a l i b r a t i o n and t e s t i n g methods 
which w i l 1 assure g r e a t e r c o n s i s t e n c y 
and a c c u r a c y i n t h e t e s t r e s u l t s and 
w h i c h may l e a d t o t h e a d o p t i o n o f a 
n a t i o n a l s t a n d a r d f o r m e a s u r i n g road 
roughness and s k i d r e s i s t a n c e . Many 
d e v i c e s and methods have been d e v e l ­
oped by p r e v i o u s i n v e s t i g a t o r s t o 
measure r o a d r o u g h n e s s and s k i d r e ­
s i s t a n c e , b u t t h e r e s u l t s e s p e c i a l l y 
o f t h e r o a d r o u g h n e s s measurements 
v a r i e d g r e a t l y and were expressed m 
so many d i f f e r e n t u n i t s as t o make 
comparisons m e a n i n g l e s s . 

I t IS b e l i e v e d t h a t t h e b a s i c de­
s i g n o f t h e BPR r o u g h n e s s i n d i c a t o r 

i s f u n d a m e n t a l l y sound and t h a t i t 
p r o v i d e s t h e s i m p l e s t and most a c c u r ­
a t e method t o measure roughness w h i c h 
has been d e v e l o p e d t o d a t e . The 
improvements made on the t r a i l e r and 
t h p a d d i t i o n o f a d i r e c t r e c o r d i n g 
o s c i l l o g r a p h t o o b t a i n a g r a p h i c a l 
r e c o r d o f r o u g h n e s s , a r e r e c e n t de­
v e l o p m e n t s i n t h e c u r r e n t r e s e a r c h 
by t h e I n s t i t u t e w h i c h s h o u l d make 
t h i s e q u i p m e n t more a c c e p t a b l e as a 
s t a n d a r d f o r m e a s u r i n g r o a d r o u g h ­
ness. A d e t a i l e d d e s c r i p t i o n o f t h e 
i m p r o v e m e n t s and r e l a t e d s t a n d a r d ­
i z i n g f e a t u r e s i n t h e use o f t h e BPR 
r o u g h n e s s i n d i c a t o r a r e g i v e n i n 
t h i s r e p o r t . 

S k i d r e s i s t a n c e measurements i n 
t h e c u r r e n t s t u d y were made on v a r ­
i o u s road s u r f a c e s by t h r e e d i f f e r e n t 
m ethods p a r t l y f o r t h e p u r p o s e o f 
d e t e r m i n i n g v a r i a t i o n s i n t h e t e s t 
r e s u l t s by t h e t h r e e m e t h o d s and 
a l s o t o d e t e r m i n e t h e advantages and 
d i s a d v a n t a g e s o f each method w h i c h 
s h o u l d be c o n s i d e r e d i n e s t a b l i s h i n g 
s t a n d a r d t e s t e q u i p m e n t and p r o ­
c e d u r e s . S p e c i a l a t t e n t i o n was g i v e n 
t o o b t a i n i n g g r e a t e r a c c u r a c y , v e r ­
s a t i l i t y and m o b i l i t y o f t h e t e s t 
e q u i p m e n t t h a n was o b t a i n e d i n p r e ­
v i o u s s t u d i e s . A d e t a i l e d d e s c r i p ­
t i o n o f t h e t e s t i n g e q u i p m e n t and 
p r o c e d u r e s and a d i s c u s s i o n o f t h e 
t e s t r e s u l t s i n m e a s u r i n g s k i d r e ­
s i s t a n c e i s g i v e n i n t h e l a t t e r p a r t 
o f t h e r e p o r t . 



IMPROVEMENTS IN DESIGN AND CALIBRA­
TION TECHNIOUES OF WE BPR ROUGHNESS 

INDICATOR 

The road roughness i n d i c a t o r used 
i n t h e c u r r e n t 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 C a l i f o r n i a was b u i J t i n 
1941 from p l a n s f u r n i s h e d by the U.S. 
B u r e a u o f P u b l i c R o a ds. F o r t h e 
f i r s t y e a r and a h a l f , i t was used 
i n m e a s u r i n f ; t h e r o u g h n e s s o f more 
t h a n 1,000 m i . o f r o a d s i n I o w a , 
Kansas, M i s s o u r i , and Vryoming i n an 
e x t e n s i v e r o a d r e s e a r c h p r o g r a m 
s p o n s o r e d by I o w a S t a t e C o l l e g e . 
F o l l o w i n g t h i s i n t e n s i v e use, i t was 
k e p t m s t o r a g e u n t i l June 1949 when 
i t was a c q u i r e d by t h e U n i v e r s i t y o f 
C a l i f o r n i a f o r t h e c u r r e n t r e s e a r c h . 
A l t h o u g h t h e r e s u l t s o f t h e r o u g h ­
ness t e s t s w i t h t h e BPR i n d i c a t o r 
were h i g h l y s a t i s f a c t o r y , i t was r e c ­
o g n i z e d t h a t c e r t a i n improvements i n 
d e s i g n and i n the c a l i b r a t i o n o f t h e 
u n i t w o u l d be h i g h l y d e s i r a b l e t o 
i m p r o v e i t s a c c u r a c y , c o n s i s t e n c y , 
and g e n e r a l u t i l i t y , e s p e c i a l l y i f 
i t were t o be c o n s i d e r e d f o r a d o p t i o n 
by t h e h i g h w a y d e p a r t m e n t s i n t h e 
v a r i o u s s t a t e s and c i t i e s as s t a n d a r d 
e q u i p m e n t f o r m e a s u r i n g r o a d r o u g h ­
ness. 

The f o l l o w i n g i t e m s i n t h e d e s i g n 
and o p e r a t i o n o f t h e t r a i l e r w ere 
i n v e s t i g a t e d and w i l l be d e s c r i b e d 
i n t h e d i s c u s s i o n w h i c h f o l l o w s : 
1. T i r e t y p e and roundness r e q u i r e ­
ments. 2. O i l l e a k a g e i n d a s h p o t 
damping u n i t s . 3. I m p r o v e d i n t e ­
g r a t o r d e s i g n . 4. E q u i p m e n t and 
method f o r c a l i b r a t i n g i n t e g r a t o r . 
5. I n t e g r a t o r c a b l e . 6. D e v e l ­
o p m e n t o f d i r e c t r e c o r d i n g o s ­
c i l l o g r a p h e q u i p m e n t . 7. C a l i ­
b r a t i o n o f t h e roughness t r a i l e r u n i t . 

T i r e Type and Roundness A e q u i r e m e n t s -
The BPR p l a n s a nd s p e c i f i c a t i o n s 
c a l l f o r a s t a n d a r d f o u r - p l y 6.00 by 
16 r i b t r e a d t i r e f o r t h e wheel on 
th e t r a i l e r . The e a r l y t e s t s u s i n g 
a t r a i l e r w i t h a r i b t r e a d t i r e , 
i n d i c a t e d t h a t on c e r t a i n s u r f a c e s 
s t o n e c h i p s and g r a v e l p a r t i c l e s 

were p i c k e d up by the t r e a d and were 
l o d g e d m t h e g r o o v e s o f t h e t r e a d 
p a t t e r n . T h i s had t h e e f f e c t o f i n ­
c r e a s i n g t h e ro u g h n e s s by an u n p r e ­
d i c t a b l e amount. To c o r r e c t t h i s 
c o n d i t i o n , a f o u r - p l y 6.00 by 16 t i r e 
w i t h a smooth t r e a d has been used i n 
a l l o f t h e t e s t s w i t h t h e I n s t i t u t e 
t r a i l e r . 

A n o t h e r i m p o r t a n t t i r e i t e m n o t 
c o v e r e d i n t h e BPR s p e c i f i c a t i o n s , 
IS t h a t o f c h e c k i n g t h e roundness o f 
the t i r e . The f i r s t i n d i c a t i o n t h a t 
t h e t i r e on t h e I n s t i t u t e t r a i l e r 
was n o t p e r f e c t l y r o u n d , was i n t h e 
o s c i l l o g r a m s f o r t h e ro u g h n e s s o f a 
smooth p.c. c o n c r e t e pavement. I n 
these o s c i l l o g r a m s , i t was n o t e d t h a t 
t h e r e was a c o n t i n u o u s r i p p l e , r e ­
s e m b l i n g a s i n e wave w i t h a p e r i o d o r 
c y c l e o f 7.2 f t . Measurements o f t i r e 
d i a m e t e r s showed t h a t t h e t i r e was 
0.061 i n . o u t o f r o u n d . I t was ob­
v i o u s t h a t t h i s had an a p p r e c i a b l e 
e f f e c t on t h e roughness measurements 
and s t e p s were t a k e n t o c o r r e c t t h i s 
d e f e c t . The t i r e was p l a c e d i n a 
l a r g e t u r n i n g l a t h e and by u s i n g a 
s p e c i a l c a r b o r u n d u m g r i n d i n g t o o l , 
t h e t i r e t r e a d was g r o u n d down t o 
w i t h i n 0.001 o f an i n c h t o l e r a n c e i n 
t i r e d i a m e t e r s . Subsequent o s c i l l o ­
grams on smooth c o n c r e t e pavements 
showed no e v i d e n c e o f t h e s i n e wave 
t y p e r i p p l e s p r e v i o u s l y o b s e r v e d . 

The above e x p e r i e n c e c l e a r l y i n ­
d i c a t e s t h e need f o r c h e c k i n g t h e 
t i r e f o r c l e a n n e s s s i n c e i t i s ob­
v i o u s t h a t i f p a t c h e s o f mud, o i l o r 
a s p h a l t a r e p e r m i t t e d t o s t i c k t o 
the t i r e , the roughness r e a d i n g s w i l l 
be i n c r e a s e d by an u n p r e d i c t a b l e 
amount. 

O i l Leakage mDashpot Damping Units-
An a n n o y i n g f e a t u r e i n t h e o p e r a t i o n 
o f t h e t r a i l e r , was t h e l e a k a g e o f 
o i l p a s t t h e b r o n z e b u s h i n g s a t t h e 
t o p o f t h e d a s h p o t s o f t h e damping 
u n i t . T h i s l e a k a g e w h i c h amounted 
t o as much as a h a l f a p i n t o f o i l 
i n one day's o p e r a t i o n was caused by 
th e wear o f t h e b u s h i n g s w h i c h had 
d e v e l o p e d a f t e r many t h o u s a n d s o f 



m i l e s o f o p e r a t i o n o f t h e t r a i l e r . 
I n s t e a d o f r e p l a c i n g t h e worn bush­
i n g s , i t was d e c i d e d t o m a c h i n e 
g r o o v e s in t h e b u s h i n g s and i n s e r t 
r u b b e r "0" r i n g s w h i c h s h o u l d have 
as good o r b e t t e r s e a l i n g < e f f e e t 
than new bronze b u s h i n g s . A f u r t h e r 
a d v a n t a g e o f t h e "0" r i n g s i s t h a t 
t h e y can e a s i l y be r e p l a c e d i f f u r ­
t h e r wear o r l e a k a g e d e v e l o p s . The 
use o f t h e r u b b e r "0" r i n g s e f f e c ­
t i v e l y s t o p p e d a l l o i l l e a k a g e . 

Improved I n t e g r a t o r Design - The 
i n t e g r a t o r (See F i g . 1) i s t h e most 
i m p o r t a n t p a r t o f t h e PPR r o u g h n e s s 
m e a s u r i n g mechanism. I t has g i v e n 
us more t r o u b l e and r e q u i r e d more 
a t t e n t i o n than any o t h e r p a r t o f the 
roughness u n i t . A c a r e f u l check o f 
t l i c i n t e g r a t o r i n d i c a t e d e x c e s s i v e 
wear l a r g e l y b e c a u s e t h e case was 
n o t d u s t p r o o f . A l s o t h e r e was some 
irii s 9 1 1 gnment o f p a r t s , s u c h as o f 
the main s h a f t , w h i c h caused t h e i n ­
t e g r a t o r t o " g r a b " and r e s u l t e d i n 
lower v a l u e s f o r road roughness than 
th e t r u e v a l u e s . The worn p a r t s i n 
t h e i n t e g r a t o r were r e p l a c e d , t h e 
srhaft was r e a l i g n e d and a d u s t p r o o f 
c o v e r was b u i l t t o e n c l o s e t h e e n t i r e 
i n t e g r a t i o n u n i t . 

o v e r l a r g e a r e a s 6 f t h e commutator. 
The c a r b o n c o a t i n g s c a u s e d e r r a t i c 
d o u b l e r e a d i n g s , e s p e c i a l l y on v e r y 
smooth s u r f a c e s . V a r i o u s c o r r e c t i v e 
measures were t r i e d o u t t o p r e v e n t 
the a r c i n g and b r u s h wear b u t i t was 
f i n a l l y d e c i d e d t o r e p l a c e t h e b r u s h -
commutator d e s i g n w i t h a s i x - p r o n g e d 
cam M i c r o P r e c i s i o n S w i t c h d e s i g n 
( F i g . 2 ) . The s i x - p r o n g e d cam was 
a t t a c h e d t o t h e b a c k f a c e o f t h e 
i n t e g r a t o r and i s o p e r a t e d by t h e 
same s h a f t w h i c h o p e r a t e s t h e com­
m u t a t o r p l a t e . The M i c r o P r e c i s i o n 
S w i t c h , Type L-2, i s mounted i n such 
a way t h a t each com p l e t e r o t a t i o n o f 
t h e cam a c t u a t e s t h e s w i t c h s i x 
t i m e s , t h e r e b y r e c o r d i n g s i x i n c h e s 
o f r o a d r o u g h n e s s w h i c h i s a l s o t h e 
v a l u e o b t a i n e d w i t h a p r o p e r l y f u n ­
c t i o n i n g b r u s h c o n t a c t d e s i g n . The 
s i x - p r o n g e d cam M i c r o S w i t c h d e s i g n 
has g i v e n no t r o u b l e and, s i n c e i t 
I S much e a s i e r t o b u i l d t h a n t h e 
hni'.i.-commutator d e s i g n , i t i s r e c -
ammended as tKe p r e f e r r e d d e s i g n . 

V ^ h i l e we were e x p e r i m e n t i n g t o 
c o r r e c t t h e a r L i n g t r o u b l e i n t h e 
h r u s h - c o m m u t a t o i d e s i g n , we used a 
low c u r r e n t r e l a y and s e v e r a l c o n ­
d e n s e r s i n th«> s y s t e m . When we 
changed o v e r t o t h e cam d e s i g n , we 
r e t a i n e d tKe r e l a y and t h e condensers 
s i n c e i n t i n s way t h e a r c i n g Across 
t h e M i c r o S w i t c h and r e l a y c o n t a c t 
p o i n t s was re'luced and t h i s s h o u l d 
i n c r e a s e t h e l i f e o f M i c r o S w i t c h 
and the r e l a y . 

F i g u r e 1. S c h e m a t i c D i a g r a m o f t h e 
E s s e n t i a l E l e m e n t s o f t h e B u r e a u o f 
P u b l i c R o a d s Road R o u g h n e s s T r a i l e r 

The most s e r i o u s d i f f i c u l t y w i t h 
t h e i n t e g r a t o r has been a t t h e p o i n t 
o f c o n t a c t between t h e c a r b o n b r u s h 
and t h e c o m m u t a t o r p l a t e . I t was 
n o t e d t h a t t h e r e was a r c i n g a t t h i s 
p o i n t f o r each break o f t h e m a g n e t i c 
c o u n t e r c o n t a c t . The a r c i n g caused 
p i t t i n g i n t h e i n s u l a t i n g m a t e r i a l o f 
t h e c o m m u t a t o r a n d t h i s i n t u r n 
caused e x c e s s i v e b r u s h wear and t h i n 
c o a t i n g s o f c a r b o n t o be d e p o s i t e d 

u/ere Strifes 

Inttgrotor 

F i g u r e 2 M o d i f i c a t i o n t o t h e BPR 
R o u g h n e s s I n t e g r a t o r 



Equipment and Method for Calibrating 
Integrator - S i n c e t h e a c c u r a c y o f 
th e measurements w i t h t h e BPR r o u g h ­
n e s s i n d i c a t o r d e p e n d s l a r g e l y on 
t h e a c c u r a c y o f t h e i n t e g r a t o r , a 
c a l i b r a t i n g d e v i c e f o r t h e i n t e g r a t o r 
w h i c h meets t h e g e n e r a ] recommenda­
t i o n s as g i v e n i n t h e BPR Manual o f 
I n s t r u c t i o n s , s h o u l d s e r v e a v e r y 
u s e f u l p u r p o s e . The u n i t d e v e l o p e d 
by t h e I n s t i t u t e f o r t h i s purpose i s 
shown i n F i g u r e 3. I t c o n s i s t s o f a 
1/60 h o r s e p o w e r m o t o r r u n n i n g a t 
1800 rpm a c t i n g t h r o u g h a ge a r r e ­
d u c t i o n box w h i c h p e r m i t s o p e r a t i o n 
a t 2 0 , 5 0 , and 150 r p m . On t h e 
d r i v e s h a f t f r o m t h e gear box, a cam 
h a v i n g a T - s l o t and s e t screw a r ­
rangement i s f i t t e d so t h a t one end 
o f t h e c o n n e c t i n g r o d can be s e t a t 
any r a d i u s f r o m 0.001 t o 0.75 i n . 
T)>e cam i s used t o a c t u a t e a M i c r o 
S w i t c h w h i c h o p e r a t e s t h e magnet i c 
c o u n t e r n o r m a l l y used t o c o u n t t h e 
wheel r e v o l u t i o n s o f t h e t r a i l e r b u t 
whi c h i n t h e c a l i b r a t i o n o f t h e i n ­
t e g r a t o r , c o u n t s t h e n u m b e r o f 
r e v o l u t i o n s o r r e p i t i t i o n s o f "rough­
n e s s ' ' o f known d i s p l a c e m e n t f o r 
• * l i i c h t h e cair i s s e t . The o t h e r 
K I K I o f t h e c o n n e c t i n g r o d i s a t t a c h e d 
t c- a s l i d e r w h i c h moves w i t h a r e ­
c i p r o c a t i n g a c t i o n and i s c l a m p e d 
t o t l \ e i n t e g r a t o r c a b l e . The i n t e ­
g r a t o r measures t h e " r o u g h n e s s " i n 
i n c h e s f o r a p r e d e t e r m i n e d number o f 
r e v o l u t i o n s o f t h e cam. The cam can 
l e s e t t o g i v e a r e c i p r o c a t i n g s t r o k e 
o f from 0.002 i n . t o 1 ^ i n . a t a f r e ­
quency o f f r o m 20 t o 150 c y c l e s per 
m i n u t e . T y p i c a l r e s u l t s o f a c a l ­
i b r a t i o n o f t h e i n t e g r a t o r are g i v e n 
i n T a b l e 1. I t s h o u l d be n o t e d t h a t 
f o r a s m a l l a m p l i t u d e o f 0.101 i n . , 
t h e " r o u g h n e s s " as measured by t h e 
i n t e g r a t o r was e x a c t l y t h e same as 
t h a t m e a s u r e d by t h e c a l i b r a t i n g 
u n i t . As the a m p l i t u d e was i n c r e a s ­
ed, t h e e r r o r i n c r e a s e d t o a maximum 
o f 2.8 p e r c e n t w h i c h i s w i t h i n t h e 
maximum e r r o r (±3 p e r c e n t ) , s p e c i f i e d 
i n t h e PPR Manual o f I n s t r u c t i o n s . 

The c a l i b r a t i o n u n i t d e v e l oped by 
t h e I n s t i t u t e p r o v i d e s a f a s t and 

c o n v e n i e n t method o f c a l i b r a t i n g t h e 
i n t e g r a t o r . The e n t i r e u n i t , i n ­
c l u d i n g b a s e p l a t e , o n l y w e i g h s 
about IS pounds. I t can be a t t a c h e d 
d i r e c t l y t o t h e frame o f t h e t r a i l e r 
w i t h two b o l t s and t h e c a l i b r a t i o n 
can be made w i t h o u t d i s m a n t l i n g any 
p a r t o f the t r a i l e r . 

4C Mofcr 
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F i g u r e 3. S c h e m a t i c D i a g r a m o f t h e 
C a l i b r a t i o n U n i t f o r t h e R o u g h n e s s 

I n t e gr s t o r 

J n t c g r o t o r Co6Ie - The BPR p l a n s f o r 
t h e t r a i l e r s p e c i f y t h a t t h e c a b l e 
used w i t h t h e i n t e g r a t o r s h o u l d be 
a R o e b l i n g s t a i n l e s s s t e e l w i r e 
c a b l e o r e q u i v a l e n t w i t h a d i a m e t e r 
o f 3/64 i n . c o n s i s t i n g o f 3x12x0.005 
i n . d i a m e t e r w i r e s . The R o e b l i n g 
c a b l e c o u l d n o t be o b t a i n e d i n t h e 
San F r a n c i s c o - O a k l a n d A r e a and v a r ­
i o u s s u b s t i t u t e s were t r i e d o u t by 
u s i n g t h e i n t e g r a t o r c a l i b r a t i o n 
u n i t . A r a d i o d i a l c a b l e o f t h e 
s p e c i f i e d d i a m e t e r was used i n t h e 
f i r s t t r i a l . T h i s c a b l e e l o n g a t e d 
O.Ol i n . w i t h each s t r o k e o r c y c l e 
and, t h e r e f o r e , i n t r o d u c e d e r r o r s i n 
the range o f 1 t o 10 p e r c e n t depend­
i n g upon t h e a m p l i t u d e o f t h e s t r o k e . 
A b r o n z e f i s h l e a d e r w i t h a n y l o n 
c o r e nnd w i t h an o v e r - a l l d i a m e t e r 
o f 3/64 i n . e l o n g a t e d 0.018 i n . p e r 
s t r o k e . The t e s t s w i t h t h i s c a b l e 
p r o d u c e d even p o o r e r r e s u l t s t h a n 
the t e s t s w i t h t h e r a d i o d i a l c a b l e . 
A s t a i n l e s s s t e e l c a b l e o f t h e t y p e 
used i n a i r p l a n e c o n t r o l s was f i n a l l y 
l o c a t e d w h i c h had t h e r e q u i r e d s i z e , 
s t r e n g t h and p l i a b i l i t y . The r e s u l t s 



TABLE 1 

T Y P I C A L RESULTS OF ROUGHNESS INTEGRATOR CALIBRATION 

" R o u g h n e s s " 
l i t u d e o f Speed C y c l e s C o r r e c t I n t e g r a t o r 
S t r o k e p e r T o t a l Re a d i n g R e a d i n g P e r c e n 
I n c h e s Minu te C y c l e s I n c h e s I n c h e s E r r o r 

0. 101 150 1000 101 101 0 
SO 1000 101 101 0 
20 1000 101 101 0 

0. 253 150 1000 253 258 't'2.0 
50 1000 253 256 • 1.2 
20 1000 253 256 • 1. 2 

0. 504 ISO 1000 504 517 + 2.6 
50 1000 50 4 517 t 2 . 6 
20 1000 504 519 • 2.8 

o f c a l i b r a t i o n t e s t s w i t h t h i s c a b l e 
a r e g i v e n i n T a b l e '1 and s i n c e t h e 
e r r o r f o r a l l f r e q u e n c i e s and mag­
n i t u d e s o f s t r o k e r a n g e d f r o m 0 t o 
2.8 p e r c e n t , t h i s c a b l e was a c c e p t e d 
as m e e t i n g t h e OPR s p e c i f i c a t i o n s . 

D e v e l o p m e n t of Direct Recording 
Oscillograph Equipment - The need 
f o r a g r a p h i c a l r e c o r d o f r o a d r o u g h ­
n e s s was d i s c u s s e d i n l a s t y e a r ' s 
r e p o r t p u b l i s h e d i n B u l l e t i n 27. 
A l s o , g i v e n i n the r e p o r t was a gen­
e r a l d e s c r i p t i o n o f t h e d i r e c t r e ­
c o r d i n g o s c i l l o g r a p h e q u i p m e n t de­
v e l o p e d a t t h e U n i v e r s i t y o f C a l i f ­
o r n i a w h i c h makes i t p o s s i b l e t o 
o b t a i n a g r a p h i c a l r e c o r d o f t h e 
r o a d r o u g h n e s s as m e a s u r e d by t h e 
BPR Roughness I n d i c a t o r . D u r i n g the 
p a s t y e a r t h e r e have been a number 
o f i n q u i r e s r e q u e s t i n g a more d e t a i l e d 
d e s c r i p t i o n o f t h i s e q u i p m e n t i n ­
c l u d i n g t h e w i r i n g d i a g r a m s . T h i s 
i n f o r m a t i o n i s now a v a i l a b l e and w i l l 
be c o v e r e d i n p a r t i n t h i s r e p o r t . 

The c l o s e - u p v i e w i n F i g u r e 4 shows 
the l a t e s t d evelopments i n t h e t r a i l ­
e r d e s i g n . The two i t e m s o f m a j o r 
i m p o r t a n c e shown i n t h i s f i g u r e a r e 
t h e i n t e g r a t o r and t h e p o t e n t i o m e t e r . 
The l a t t e r s e r v e s as t h e p i c k - u p 
u n i t w h i c h i s u s e d t o o b t a i n t h e 

g r a p h i c a l r e c o r d w i t h t h e d i r e c t 
r e c o r d i n g o s c i l l o g r a p h . B o t h t h e 
i n t e g r a t o r and t h e p o t e n t i o m e t e r 
u n i t s a r e now h o u s e d i n d u s t p r o o f 
cases mounted on t h e t r a i l e r f r a m e . 
A s c h e m a t i c d i a g r a m o f t h e o s c i l l o ­
g r a p h e q u i p m e n t u s i n g b a t t e r i e s as 
t h e power source i s shown i n F i g u r e 5. 
W i r i n g diagrams f o r b a t t e r y o p e r a t i o n 
a r e g i v e n i n F i g u r e s 6 and 7. 

D u r i n g t h e p a s t y e a r a C h e v r o l e t 
C a r r y - a l l was f i t t e d o u t f o r use i n 
v a r i o u s t y p e s o f r o a d t e s t s . A s m a l l 
H o m e l i t e g e n e r a t o r was m o u n t e d on 
t h e r e a r bumper t o s u p p l y 110 v o l t 
60 c y c l e c u r r e n t f o r the o s c i l l o g r a p h 
and o t h e r e q u i p m e n t . W i t h t h i s new 
p o w e r s u p p l y a v a i l a b l e f o r r o a d 
t e s t s , t h e c a r r y - a l l wad e q u i p p e d 
f o r use i n t h e r o u g h n e s s t e s t s as 
t h e t o w i n g v e h i c l e and t h e e l e c ­
t r o n i c equipment was m o d i f i e d t o use 
t h e p o r t a b l e power s u p p l y i n s t e a d 
o f t h e b a t t e r i e s . ' The w i r i n g d i a ­
gram f o r use w i t h a p o r t a b l e power 
source i s shown i n F i g u r e 8. 

The o s c i l l o g r a m s o b t a i n e d w i t h 
t h e p o r t a b l e p o w e r s o u r c e a r e i n 
e v e r y r e s p e c t t h e same as t h o s e ob­
t a i n e d u s i n g b a t t e r i e s as t h e pow*r 
so u r c e i f the t e s t s a r e r u n o v e r t h e 
same s e c t i o n o f r o a d . The p o r t a b l e 
power u n i t has a h i g h e r i n i t i a l c o s t 
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and i s n o t as easy t o i n s t a l l as t h e 
b a t t e r y u n i t . H o w e v e r , t h e r e i s 
some d i f f i c u l t y i n k e e p i n g t h e b a t ­
t e r i e s f u l l y c h a r g e d i n an e x t e n d e d 
t e s t i n g program and f o r such a p r o ­
gram t h e p o r t a b l e power s u p p l y i s 
more de p e n d a b l e and may i n t h e l o n g 
r u n c o s t l e a s t h a n i f b a t t e r i e s a r e 
used. 

The c a l i b r a t i o n o f t h e i n t e g r a t o r , 
d i s c u s s e d e a r l i e r i n t h i s r e p o r t , 
may be c o n s i d e r e d as t h e f i r s t im­
p o r t a n t s t e p i n t h e c a l i b r a t i o n o f 
the t r a i l e r . A r o a d c a l i b r a t i o n t e s t 
o f t h e r o u g h n e s s t r a i l e r , i n v o l v i n g 
t h e use o f a r t i f i c i a l o b s t r u c t i o n s 
o f known h e i g h t and s i z e , i s p r o ­
posed as t h e second and f i n a l s t e p . 

F i g u r e 4. Road R o u g h n e s s I n d i c a t o r 

F i g u r e S. S c h e n a t i c D i a g r a n o f t h e 
E s s e n t i a l E l e m e n t s o f t h e P r o f i l o -
g r a p h E q u i p m e n t f o r B a t t e r y O p e r ­

a t i v e C o n d i t i o n s 

C a l i b r a t i o n o / t h e Aoughness T r a i Z e r -
I n o u r s t u d y o f methods f o r s t a n d ­
a r d i s i n g t h e BPR t r a i l e r , i t appeared 
d e s i r a b l e t o d e v e l o p a s t a n d a r d meth­
od such t h a t t h e r e s u l t s o f t e s t s i n 
t h e v a r i o u s s t a t e s w i t h a BPR t y p e 
t r a i l e r would be d i r e c t l y comparable. 

The f o l l o w i n g i s a d e s c r i p t i o n o f 
t h e p r o p o s e d c a l i b r a t i o n t e s t w h i c h 
has been t r i e d o u t i n t h e c u r r e n t 
r e s e a r c h o f r o a d r o u g h n e s s a t t h e 
U n i v e r s i t y o f C a l i f o r n i a . I n c l u d e d 
a l s o i s a b r i e f d i s c u s s i o n o f t h e 
r e s u l t s o f t h i s t e s t . 

The r o a d t e s t f o r c a l i b r a t i n g t he 
t r a i l e r i n o u r s t u d y c o n s i s t e d ( 1 ) 
i n m e a s u r i n g t h e r o u g h n e s s o f a 1/4 
m i . s e c t i o n o f smooth p.c. c o n c r e t e 
pavement; ( 2 ) a g i v e n number o f ob­
s t r u c t i o n s o f known d i m e n s i o n ( s e e 
T a b l e 2 ) were t h e n p l a c e d on t h i s 
s e c t i o n a n d t h e r o u g h n e s s a g a i n 
measured by h a v i n g t h e t r a i l e r r u n 
o v e r a l l o f t h e o b s t r u c t i o n s ; ( 3 ) 
t h e d i f f e r e n c e i n t h e r o u g h n e s s 
v a l u e s i n t h e s e t w o m e a s u r e m e n t s 
r e p r e s e n t s t h e r o u g h n e s s due t o t h e 
a r t i f i c i a l o b s t r u c t i o n s and p r o v i d e s 
a d i r e c t b a s i s o f c o m p a r i s o n f o r 
t r a i l e r s used i n v a r i o u s s t a t e s ; and 
( 4 ) as a f i n a l c h e c k o s c i l l o g r a m s 
were t a k e n i n a l l o f t h e t e s t s so 



t h a t t h e e f f e c t o f each t y p e o f ob­
s t r u c t i o n on t h e g r a p h i c a l r e c o r d o f 
r o n g h n e s a c o u l d be d e t e r m i n e d . 

The r e s u l t s o f t h e t r a i l e r c a l i ­
b r a t i o n t e s t a r e g i v e n i n T a b l e 2. 
I t a h o u l d be n o t e d t h a t f o r a 1/2 
i n . d i a m e t e r r o a d t h e measured r o u g h ­

n e s s i s a b o u t o n e - h a l f t h e t o t a l 
h e i g h t o f t h e r o d s , f o r p l a t e s 6 
i n . w i d e o f t h e same t h i c k n e s s as 
t h e r o d s , t h e measured roughness was 
d o u b l e t h e i r t o t a l h e i g h t , and f o r 
p l a t e s 18 i n . wide t h e roughness was 
about t h r e e t i m e s t h e i r t o t a l h e i g h t . 

Bridge External 
I 1 

6V6 

gTOK 
Brush 

Penmotor 
e-9r 

Hot Shot eroK Linear 

All bridge 
resistors 

1% precision ^ Supply-
, •'(Mallary Synclrrencus ) 
IOBJ " 

6r 6V6 Filaments 

F i g u r e 6 E l e c t r o n i c V i a g r a p h and E x t e r n a l B r i d g e 
C i r c u i t f o r B a t t e r y O p e r a t i n g C o n d i t i o n s 

TABLE 2 

R E S U L T S OF CALIBRATION T E S T S OF U N I V E R S I T Y 
OF CALIFORNIA ROUGHNESS T R A I L E R 

Length of 
Te s t 

Section Type of 
Miles Obstruction 

Number of Roughness, 
Obstructions Inches 

Total Roughness 
Height of Caused by 

Obstructions Obstructions 
Inches Inches 

1/4 None 
1/4 K-in d i a s t e e l 

r e i n f o r c i n g rod 

1/4 K-in.x6-in.* 
s t e e l p l a t e 

1/4 X - i n . x l 8 - i n . * 
s t e e l p l a t e 

1/4 K-in x l 8 - i n 
s t e e l p l a t e 

0 
20 

20 

( 2 0 ) ' 

12 
16K 

33 

22 

(54) 

10 

10 

3K 

(10) 

4K 

21 

10 

(29) 

'He 6-inch and 18-inch.dimension i s i n the d i r e c t i o n of t r a v e l of t r a i l e r . 
••Hxe values shown i n ( ) are computed for 20 p l a t e s snd are based on the t e s t 

r e s u l t s for 7 p l a t e s . 
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The o s c i l l o g r a p h r e c o r d s t a k e n i n 
t h e c a l i b r a t i o n t e s t s a r e shown i n 
F i g u r e 9. A s t u d y o f t h e t r a c e s i n 
t h i s f i g u r e c l e a r l y i n d i c a t e s t h e 
a c t i o n o f t h e t r a i l e r as i t r u n s 
o v e r t h e v a r i o u s o b s t r u c t i o n s . A 
co m p a r i s o n o f measurements and r e c ­
o r d s o f t h i s t y p e s h o u l d i n d i c a t e 
d i f f e r e n c e s i n t h e a c t i o n o f t h e 
t r a i l e r i n s i m i l a r t e s t s made by 
d i f f e r e n t t r a i l e r s b u i l t t o t h e same 
d e s i g n s t a n d a r d s . Of c o u r s e , i f a l l 
t h e t r a i l e r s a r e b u i l t t o t h e same 
d e s i g n s t a n d a r d o f p r o v e n a c c u r a c y , 
t h e r e s h o u l d be no a p p r e c i a b l e d i f ­
f e r e n c e i n t h e r e s u l t s o f t e s t s under 
l i k e pavement c o n d i t i o n s . 

For g r e a t e s t a c c u r a c y i n t h e c a l ­
i b r a t i o n t e s t s , t h e f o l l o w i n g p r e ­
c a u t i o n s s h o u l d be t a k e n . C a r e 
s h o u l d be t a k e n i n p l a c i n g t h e ob­
s t r u c t i o n s t o o b t a i n a t r u e measure 
o f t h e o b s t r u c t i o n s . Thus, i n p l a c i n g 
t h e 1/2 i n . r o d s , t h e y s h o u l d n o t 
be p l a c e d i n a l o w j o i n t s i n c e by 
so d o i n g t h e f u l l h e i g h t o r d i a ­
meter o f t h e r o d c a n n o t be measured. 
N o r s h o u l d t h e p l a t e s be p l a c e d 
d i r e c t l y o v e r j o i n t s o r c l o s e t o 
j o i n t s . D e f ormed r e i n f o r c i n g r o d s 
were used i n s t e a d o f t h e smooth b a r s 
b e c a u s e t h e s m o o t h b a r s r o l l t o o 
e a s i l y and i t i s d i f f i c u l t t o kee p 
them p r o p e r l y a l i g n e d f o r t h e t e s t . 

Mollory 
Vibralcr 

HoshCKake 

HOStl 
Clake 

+ 
ZSOr (S) lOOmo 
^10 Amphlier 

F i g u r e 7 E l e c t r o n i c V i a g r a p k Am­
p l i f i e r Power S o u r c e 

RESULTS OF ROUGHNESS MEASUREMENTS 
ON PAVEMENTS I N C A L I F O R N I A 

Roughness measurements have been 
made on more t h a n 700 m i . o f pavement 
s u r f a c e s i n C a l i f o r n i a w i t h t h e BPR 
t r a i l e r d u r i n g t h e p a s t y e a r and a 
h a l f . The r e s u l t s o f t h e measure­
m e n t s on p a v e m e n t s on r u r a l s t a t e 
h i g h w a y s i n C a l i f o r n i a a r e g i v e n i n 
T a b l e 3 and F i g u r e 10. These d a t a 
w e r e t a k e n on s t a t e h i g h w a y s i n 

Bridge External 16SN7 

I80K 

3or6Voir-, 

Brush 
Penmotor 

250v 

'•~--6L6 

Ganged.„h -^^"''''^ \ |T ToVsS f>>tr.dge resistors 
1% tolarance,5 watt 
wire wound ~ 

(Voltages against ground V.TVM) 

F i g u r e 8. E l e c t r o n i c V i a g r a p h A m p l i f i e r and E x t e r ­
n a l B r i d g e C i r c u i t f o r P o r t a b l e Power C o n d i t i o n s 
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n o r t h e r n C a l i f o r n i a on r o u t e s US 40, 
US 50, US 99, and US 101. The pave­
ment s u r f a c e s w e r e o f t h r e e t y p e s : 
( 1 ) p . c . c o n c r e t e b u i l t w i t h a 
Johnson F i n i s h e r , ( 2 ) a s p h a l t p l a n t 
mixed s u r f a c e s ( i n c l u d i n g a s p h a l t i c 
c o n c r e t e ) p l a c e d w i t h a s p h a l t f i n ­
i s h i n g m a c h i n e s f o l l o w e d by h e a v y 
t h r e e - w h e e l and tandem r o l l e r s , and 
( 3 ) a s p h a l t s u r f a c e s w i t h s e a l c o a t s 
u s i n g v a r i o u s t y p e s o f cover m a t e r i a l 
a p p l i e d w i t h m e c h a n i c a l s p r e a d e r s 
and made l e v e l and smooth by t h e use 
o f d r a g b rooms and medium w e i g h t 
tandem r o l l e r s . 

The s u r f a c e s on w h i c h t h e t e s t s 
were r u n were d i v i d e d i n t o two age 
g r o u p s , 0 t o 2 and 2 t o 20 y e a r s . 
I t s h o u l d be n o t e d i n T a b l e 3 and 
F i g u r e 10 t h a t t h e l o w e s t r o u g h n e s s 
v a l u e s w e r e o b t a i n e d on t h e p . c . 
c o n c r e t e pavements l e s s t h a n 2 ye a r s 
o l d w i t h an a v e r a g e v a l u e o f 52 i n . 
p e r m i l e and a minimum v a l u e o f 38 
i n . p e r m i l e . The a s p h a l t p l a n t 
mixed s u r f a c e s i n t h e low age group 
r a n k e d second i n smoothness w i t h en 
a v e r a g e v a l u e o f 7 1 i n . p e r m i l e 
and a minimum v a l u e o f 52 i n . p e r 
m i l e . The s u r f a c e s w i t h an a s p h a l t 

30 eo 90 eo 
Horlionfol Olslanee In Feel 

ISO lao 

F i g u r e 9. R o u g h n e s s O s c i l l o g r s p h 
R e c o r d s o f R o d s a n d P l a t e s on a 

Smooth Pavement 

I 

I" 
*Mrat9 ifalatM 

cctarm mm mil emcrut pant MiiStai cont SMCcmtt 
to-ti fo-ti it-tei is-toi lo-t) tt-toi 

Pavement t/pe and age Inyeart 

F i g u r e 1 0 . R o u g h n e s s V a l u e s f o r 
D i f f e r e n t T y p e s o f Pavement S u r f a c e s 
on R u r a l S t a t e H ighways i n C a 1 1 f o r m a 

TABLE 3 

RESULTS OF ROAD ROUGHNESS MEASUREMENTS ON PAVEMENTS 
ON RURAL STATE HIGHWAYS I N CALIFORNIA 

Pavement Age L e n g t h R o u g h n e s s i n i n c h e s p e r mi 
Type Y e a r s M i l e s Maximum A v e r a g e Minimum 

P.C. C o n c r e t e 0-2 93 75 52 38 
2-20 41 136 91 62 

A s p h a l t p l a n t mixed 0-2 10 8 98 71 52 
2-20 72 148 97 71 

A s p h a l t sea.1 c o a t 0-2 87 188 124 62 
2-20 83 325 161 71 
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seal coat gave the h ighes t roughness 
values w i t h an average va lue o f 124 
i n . per m i l e and a minimum value o f 
62 i n . per m i l e f o r t h e low age 
group. There was a marked increase 
i n roughness on a l l the su r faces i n 
the 2 t o 20 year age group but the 
values on the asphal t seal coat type 
s u r f a c e s were by f a r t he h i g h e s t 
w i t h an average value o f 161 i n . per 
m i l e and a maximum value o f 325 i n . 
per m i l e . 

As was men t ioned i n the r e p o r t 
l a s t year, the roughness values meas­
ured on the p . c . concre te pavements 
i n C a l i f o r n i a were c o n s i s t e n t l y 
lower than the va lues r e p o r t e d f o r 
s i m i l a r road s u r f a c e types i n o the r 
s t a t e s where roughness t e s t s w i t h 
the BPR I n d i c a t o r have been r u n . 
L i k e w i s e , t he roughness v a l u e s on 
b i tuminous pavements were a l so very 
low a l though the minimum C a l i f o r n i a 
v a l u e f o r an a s p h a l t p l a n t m i x e d 
su r f ace i s o n l y 10 u n i t s lower than 
the 6 2 - i n . per m i l e minimum v a l u e 
r epo r t ed by Shelburne i n 1948 f o r a 
b i t u m i n o u s c o n c r e t e pavement i n 
V i r g i n i a . I t s h o u l d be men t ioned 
here t h a t the values m t h i s y e a r ' s 
r e p o r t f o r the smooth conc re t e and 
a s p h a l t s u r f a c e s are f rom 10 t o 20 
u n i t s lower than the values repor ted 
f o r these s u r f a c e s l a s t year . The 
lower values were obta ined t h i s year 
o n l y on smooth s u r f a c e s a f t e r a l l 
the improvements i n the BPR I n d i c a t o r 
d e s c r i b e d e a r l i e r i n t h i s r e p o r t 
were made. S i m i l a r low values were 
obtained i n some o f l a s t yea r ' s t e s t 
r uns on these s u r f a c e s and c o u l d 
have been g iven i n l a s t y e a r ' s r e ­
p o r t , bu t i t was d e c i d e d t h a t the 
h i g h e r va lues g i v e n i n l a s t y e a r ' s 
r e p o r t s h o u l d s t and u n t i l we were 
c o n f i d e n t t h a t t he l o w e r v a l u e s 
were c o r r e c t . 

Our s tud ie s d u r i n g the past year 
have been d i r e c t e d toward the e l i m ­
i n a t i o n o f a l l e r r o r s or inaccurac ies 
i n the measurement o f road roughness 
w i t h the BPR I n d i c a t o r . We b e l i e v e 
t h a t we have e l i m i n a t e d a l l o f the 
sources o f e r r o r and t h a t the values 

r e p o r t e d t h i s y e a r a r e c o r r e c t . 
I n r e g a r d t o the low v a l u e s o f 

roughness on the pavements i n C a l ­
i f o r n i a , c r e d i t s h o u l d go t o the 
D i v i s i o n o f Highways f o r deve lop ing 
pavement f i n i s h i n g equ ipmen t and 
f i n i s h i n g methods d u r i n g the pas t 
20 years which have produced smooth 
su r faces . The key t o b u i l d i n g smooth 
concrete pavements i n C a l i f o r n i a may 
be a t t r i b u t e d l a r g e l y to the s k i l l f u l 
use o f the Johnson F i n i s h e r developed 
i n C a l i f o r n i a i n 1936 . The c o n ­
s t r u c t i o n o f smooth aspha l t pavements 
i s a l s o l a r g e l y due t o the use o f 
f i n i s h i n g m a c h i n e s , C a l i f o r n i a 
p layed a l e a d i n g p a r t i n deve lop ing 
a s p h a l t f i n i s h i n g mach ines as i s 
i n d i c a t e d by the farct t h a t the f i r s t 
a s p h a l t f i n i s h i n g machine used i n 
t h i s c o u n t r y i n 1927 was an adapta­
t i o n o f a concrete f i n i s h i n g machine 
by C. S. Pope who was then Construc­
t i o n E n g i n e e r f o r t h e C a l i f o r n i a 
D i v i s i o n o f H ighways . W h i l e many 
i m p r o v e m e n t s i n aspha l t pavement 
c o n s t r u c t i o n have been made s i n c e 
t h a t t i m e , t he one s i n g l e f a c t o r 

5 " 

Secondary 
Mtrt9fS 

i l l 
s a § % % « a a 

i § i g ° s V sj «; 
Measured Roughness in inches per Uile 

F i g u r e 11 D i s t r i b u t i o n o f S u r f a c e -
Roughness Measurements f o r t he M a j o r 
and S e c o n d a r y S t r e e t s o f B e r k e l e y 
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TABLE 4 

EFFECT OF VARIATIONS IN SLAB TEMPERATURES ON THE ROUGHNESS OF 
THREE SECTIONS OF PORTLAND CEMENT CONCRETE PAVEMENTS 

T e s t s Conduc ted O c t o b e r 16, 19 50 

Temperatures m Degrees Fah. Roughness i n I n c h e s / K 

Time Ambient Surface At depths below surface i n Pavement S e c t i o n 

PST 1-in. 4 - i n . 7 - i n A B C 

5:00 ao 45 56 98 

6.00 57 61 63 69 71 41 50 98 

7:00 59 62 63 68 70 39 48 100 
8 00 61 64 65 68 70 39 45 96 
9:00 76 75 73 70 70 39 44 94 
10-00 84 84 82 73 71 40 4.5 94 
11 00 92 94 93 80 76 42 45 92 
12.00 94 96 98 84 80 43 46 92 
1 00 pn 91 94 99 84 80 39 41 94 
2 00 90 99 101 88 83 42 45 96 
3:00 91 97 101 91 86 46 48 98 
4:00 90 94 98 92 88 48 49 100 
5:00 85 91 92 93 90 SO 52 100 
6.00 79 81 86 89 88 54 56 102 

Descr ipt ion o f three sections o f concrete pavement on US 40 near F a i r f i e l d , 
C a l i f o r n i a . 

Section A - P.C.C. - 1 year o l d , continuous r e i n f o r c i n g wi th no 
expansion j o i n t s . 

Section B - P.C C. - 1 year o l d , dummy j o i n t s on 1 5 - f t centers 

Section C - P.C.C. - 8 years o l d , 1 5 - f t j o i n t spacing. Pumping 
has occurred on t h i s sect ion, and every j o i n t has 
been 'hudjscked" and subseal,ed. 

Slab thickness f o r a l l pavements i s 8 inches. 

which has c o n t r i b u t e d most t o the extreme roughness o f secondary s t r e e t s 
c o n s t r u c t i o n o f smooth asphal t pave- i s ev iden t when i t i s noted t h a t the 
ments has been the development and roughness values f o r about 20 percent 
c o n t i n u a l improvemen t o f a s p h a l t o f the t o t a l s t r e e t mi leage i n the 
f i n i s h i n g machines. c i t y exceeded 400 i n . per m i l e . I t 

C i t y s t r e e t s are g e n e r a l l y con- should be recognized t h a t the major 
ceded to be much rougher than r u r a l s t r e e t s c a r r y a h i g h percentage o f 
highways and the measurement o f the the c i t y ' s t r a f f i c , were b u i l t t o a 
roughness o f t he 200 m i . o f c i t y h i g h e r s t a n d a r d , and have r e c e i v e d 
s t r e e t s i n Berke ley p rov ided c l e a r - b e t t e r maintenance t4ian the secondary 
c u t ev idence to s u p p o r t t h i s v i e w . s t r e e t s and s h o u l d t h e r e f o r e be 
The r e s u l t s o f the roughness meas- smoother than the secondary s t r e e t s , 
urements i n B e r k e l e y are shown i n Some i n t e r e s t i n g r e s u l t s a re 
F i g u r e 11 and i n d i c a t e t h a t t h e g iven i n Table 4 which i n d i c a t e the 
seconda ry s t r e e t s a re r o u g h e r by s e n s i t i v i t y o f t he equipment when 
f a r t h a n the m a j o r s t r e e t s . The used to measure temperature -warping 
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e f f e c t s on t h r e e s e c t i o n s o f p . c . 
conc re t e pavement. H o u r l y changes 
i n roughness o f one t o two i n c h e s 
per m i l e s were observed w i t h a max­
imum change o f 16 i n . per m i l e on 
new pavement and 10 i n . per m i l e on 
o l d pavement ove r a p e r i o d f r o m 5 
a.m. t o 6 p.m. These data show t h a t 
t empera ture w a r p i n g i s a f a c t o r i n 
the roughness measurements on con­
c r e t e pavements and shou ld be con­
s idered when making close comparisons 
o f the roughness o f c o n c r e t e pave­
ments. 

SURFACE POUGHNESS STANDARDS 

An impor tan t o b j e c t i v e when making 
roughness t e s t s i s to use the meas­
u r e d v a l u e s t o c l a s s i f y o r r a t e 
pavement sur faces i n terms o f r i d i n g 
q u a l i t y such as e x c e l l e n t , good , 
f a i r , and r o u g h . The t e n t a t i v e 
standards f o r e v a l u a t i n g road rough­
ness o f r u r a l highways given i n l a s t 
year ' s r epo r t were as f o l l o w s : 

Roughness Index 
( i n . per m i . ) 

Below 100 
100 - 150 
150 - 200 
Above 200 

R i d i n g Q u a l i t i e s 

Excel l e n t 
Good 
F q i r 
Rough 

ways has been u s i n g a BPR Roughness 
I n d i c a t o r since 1940. Mr. Swanberg, 
Engineer o f M a t e r i a l s and Research 
r epo r t ed i n a l e t t e r dated December 
4 , 1950, t h a t " the BPR machine has 
been used ve ry s u c c e s s f u l l y d u r i n g 
and a f t e r c o n s t r u c t i o n o f pavements 
t o a s s i s t i n o b t a i n i n g smoo the r 
r i d i n g pavements. Our measurements 
i n d i c a t e t h a t concrete pavements can 
be b u i l t w i t h a roughness index as 
low as 52 i n . per m i l e . Most o f our 
pavements, both b i tuminous and con­
c r e t e , r e c e n t l y b u i l t a re m the 
range o f 65 t o 80 i n . per m i l e . I f 
the roughness index exceeds 90 i n . 
per m i l e , roughness i n r i d i n g i s 
q u i t e a p p a r e n t and i f i t exceeds 
100, i t i s rough. One p r o j e c t b u i l t 
i n 1946 gave a roughness o f 116 i n . 
per m i l e and was so rough i n r i d i n g 
t h a t I t r e s u l t e d i n newspaper c r i t ­
i c i s m . " On the bas i s o f t h e i r ex­
per iences i n check ing the roughness 
o f new p a v e m e n t s , t h e M i n n e s o t a 
Department o f Highways has t e n t a t i v e ! y 
adop ted the f o l l o w i n g s t a n d a r d s : 

Roughness Index 
( i n . per m i . ) 
Below 75 
75 - 100 
Above 100 

R i d i n g O u a l i t i e s 

Good 
F a i r 
Poor 

On secondary c i t y s t r e e t s , where 
the average maximum ope ra t i ng speeds 
are i n the range o f 25 t o 30 mph, 
the roughness values can be increased 
f o r the same c l a s s i f i c a t i o n i n r i d i n g 
q u a l i t y . The t e n t a t i v e s t anda rds 
proposed f o r secondary c i t y s t r e e t s 
based on the B e r k e l e y Study are as 
f o l l o w s : 

houghness Index 
( i n . per m i . ) 
Below 100 
100 - 200 
200 - 300 
JOO - 400 
Above 400 

R i d i n g C u a l i t i e s 

Excel l e n t 
Good 
Fa i r 
Rough 
Very Rough 

The Minnesota Department o f High-

I t I S i n t e r e s t i n g t o n o t e the 
general agreement i n the r e s u l t s o f 
the Minnesota t e s t s on new pavements 
w i t h the r e s u l t s on C a l i f o r n i a pave­
ments i n the 0-2 year age g r o u p . 
The Minneso ta s t a n d a r d s , however, 
are much h i g h e r than the t e n t a t i v e 
standards recommended i n l a s t year ' s 
r e p o r t and again given i n t h i s r e p o r t 
and they are h ighe r f o r a very good 
r e a s o n . The M i n n e s o t a t e s t s are 
made d u r i n g and a f t e r c o n s t r u c t i o n 
as a measure o f the a c c e p t a b i l i t y 
o f the j o b . The i r t e s t s have shown, 
as have the C a l i f o r n i a t e s t s , t h a t 
pavements can be b u i l t t o meet t h e i r 
roughness s tandards . I t i s e n t i r e l y 
proper and reasonable to expect t h a t 
new pavements s h o u l d be b u i l t t o 
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meet the Minnesota s t a n d a r d s . The 
t e n t a t i v e s t a n d a r d s proposed l a s t 
year and again g iven i n t h i s r e p o r t , 
represent a more l i b e r a l e v a l u a t i o n 
o f the roughness o f pavements o f a l l 
ages. They were se t up to i n d i c a t e 
need f o r r e c o n s t r u c t i o n or c o r r e c t i v e 
t r e a t m e n t and were n o t i n t e n d e d t o 
be used as a measure o f the accep­
t a b i l i t y o f new c o n s t r u c t i o n . 

The Minnesota roughness standards 
can serve a ve ry u s e f u l purpose i n 
the c o n s t r u c t i o n o f pavements w i t h 
good r i d i n g q u a l i t i e s . The success 
en joyed by Minnesota i n the use o f 
the BPR Roughness I n d i c a t o r suggests 
the need f o r the use o f t h i s equ ip ­
ment i n a l l s t a t e s . I t s use would , 
no doubt , r e s u l t i n improvements i n 
the design and o p e r a t i o n o f mechan­
i c a l f i n i s h i n g equipment and f i n ­
i s h i n g methods f o r the c o n s t r u c t i o n 
o f both p . c . concrete and the var ious 
types o f a s p h a l t pavement. By i t s 
use engineers and c o n t r a c t o r s cou ld 
i n s i s t and would o b t a i n h igher s tan­
da rds o f workmansh ip i n b u i l d i n g 
good r i d i n g q u a l i t y i n t o the r o a d . 
F i n a l l y , o f c o u r s e , i t s h o u l d be 
r e c o g n i z e d t h a t the p u b l i c j u d g e s 
whether a road i s good or bad l a r g e l y 
on the basis o f i t s r i d i n g q u a l i t i e s 
and an accurate measure o f roughness 
w i t h a machine such as the BPR Rough­
ness I n d i c a t o r should give the p u b l i c 
and the engineer a r e l i a b l e measure 
o f the r i d i n g q u a l i t i e s o f a l l pave­
ment su r faces . 

SKID RESISTANCE TESTS 

I n l a s t y e a r ' s r e p o r t p u b l i s h e d 
i n the Highway Research Board B u l ­
l e t i n No. 27 , a b r i e f d e s c r i p t i o n 
was given o f some o f the p r e l i m i n a r y 
i n s t r u m e n t a t i o n and t e s t i n g to meas­
ure the s k i d r e s i s t ance o f road sur­
faces and br idge f l o o r s i n C a l i f o r n i a . 
D u r i n g the past year , many improve­
ments and a d d i t i o n s t o t h i s e q u i p ­
ment have been made and t e s t s have 
been r u n on more than 50 pavement 
s u r f a c e s t o measure t h e i r s k i d r e ­
s i s t a n c e unde r v a r i o u s t e s t c o n ­

d i t i o n s . I n t h i s r e p o r t , the impor­
t a n t i t e m s o f t e s t e q u i p m e n t n o t 
covered i n l a s t y e a r ' s r e p o r t w i l l 
be desc r ibed f o l l o w e d by a d e s c r i p ­
t i o n o f t y p i c a l pavement s u r f a c e s 
and br idge f l o o r s and by a d i scuss ion 
o f the t e s t r e s u l t s when measur ing 
the s k i d r e s i s t ance o f these surfaces 
u n d e r v a r i o u s t e s t c o n d i t i o n s . 

The major o b j e c t i v e s i n the cu r ­
r e n t research o f s k i d r e s i s t a n c e a t 
t he U n i v e r s i t y o f C a l i f o r n i a are 
(1) to develop equipment and t e s t i n g 
methods w h i c h w i l l p r o v i d e t h r e e 
i n d e p e n d e n t measurements o f s k i d 
r e s i s t ance o f road s u r f a c e s , (2 ) to 
improve upon the accuracy o f the meas­
urements and t o make an e x h a u s t i v e 
s t u d y o f s k i d r e s i s t a n c e o f many 
d i f f e r e n t s u r f a c e t y p e s and t e s t 
c o n d i t i o n s n o t a d e q u a t e l y covered 
i n p rev ious s t u d i e s , ( 3 ) to p rov ide 
the background experience which w i l l 
be h e l p f u l i n d e v e l o p i n g s t a n d a r d 
procedures f o r making s k i d res i s tance 
measurements and (4 ) t o p rov ide the 
basic i n f o r m a t i o n concerning f a c t o r s 
which cause s l i p p e r y road c o n d i t i o n s 
and to d e t e r m i n e the c o n s t r u c t i o n 
methods or c o r r e c t i v e measures which 
s h o u l d be adop ted t o p r e v e n t the 
s l i p p e r y c o n d i t i o n . 

I n t h i s t e s t i n g program the s k i d 
r e s i s t a n c e o f v a r i o u s s u r f a c e s i s 
be ing determined by three independent 
measurements: (1) by measuring the 
maximum b r a k i n g f o r c e on one wheel 
o f a t r a i l e r i n the t o w i n g - t r a i l e r 
method, ( 2 ) by measur ing the m i n ­
imum s t o p p i n g d i s t a n c e i n l o c k e d 
wheel passenger car b r a k i n g t e s t s 
and (3) by measuring the d e c e l e r a t i o n 
a t any g i v e n speed i n t h e l o c k e d 
wheel passenger car b r a k i n g t e s t s . 
The r e s u l t s o f a l l the t e s t s are 
reduced t o a common u n i t , the co­
e f f i c i e n t o f f r i c t i o n , w h i c h i s a 
r a t i o o f the b r a k i n g f o r c e p rov ided 
by one o r more wheels t o the l o a d 
c a r r i e d by t h e whee l o r w h e e l s . 
T h u s , i f t h e b r a k i n g f o r c e on a 
g i v e n whee l i s 400 l b s . and t h e 
weight on the wheel when t h i s f o r c e 
i s a c t i n g i s 1000 l b s . , t h e n the 
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c o e f f i c i e n t o f f r i c t i o n i s 400/1000 
or 0 .4 . 

Skid Test Equipment - I n the towing-
t r a i l e r method, a two wheel t r a i l e r 
e q u i p p e d w i t h e l e c t r i c b rakes i s 
used. For the general run o f t e s t s , 
the t r a i l e r i s loaded t o p r o v i d e a 
t y p i c a l passenger car a x l e load o f 
1,820 l b s . The tow t r u c k i s an FWD 
t ruck w i t h a r a t i n g o f 172 horsepower^ 
a t 2600 RPM. Th i s t r u c k has ample 
reserve power so t h a t i t can be op­
e r a t e d a t v a r i o u s u n i f o r m speeds 
up t o 50 mph w i t h the Lirake on one 
t r a i l e r wheel l o c k e d . The t r u c k i s 
equipped w i t h water tanks and spray 
n o z z l e s f o r r u n n i n g the wet r o a d 
t e s t s . A l s o , i n t he body o f t he 
t r u c k are the v a r i o u s i n s t r u m e n t s 
and c o n t r o l s t o run the t e s t s which 
were descr ibed i n I a s t yea r ' s r e p o r t . 

I n the passenger c a r s t o p p i n g 
d i s t a n c e t e s t s a c a r r y a l l i s used 
in s t ead o f a c o n v e n t i o n a l passenger 
ca r s i n c e the c a r r y a l l i s b e t t e r 
adapted f o r i n s t a l l i n g the v a r i o u s 
i tems o f equipment used t o o b t a i n a 
g raph ica l record o f speed and dece l ­
e r a t i o n i n the b r a k i n g t e s t s . The 
c a r r y a l l i s a l s o be ing used as the 
tow v e h i c l e i n the road roughness 
t e s t s w h i c h are g e n e r a l l y run i n 
c o n j u n c t i o n w i t h the sk id res i s t ance 
t e s t s . 

A genera l view o f the road s u r ­
f a c e t e s t e q u i p m e n t r e a d y t o s e t 
oTf f o r the day ' s t e s t s i s shown i n 
F i g u r e 12. The c a r r y a l l w i t h the 
two f i f t h wheels used i n the s topping 
d i s t a n c e and d e c e l e r a t i o n t e s t s i s 
shown i n Figure 13. One o f the f i f t h 
wheels i s a Wagner Stopmeter used to 
measure s t o p p i n g d i s t a n c e and the 
o t h e r f i f t h wheel i s equipped w i t h 
a magneto g e n e r a t o r which p r o v i d e s 
an accura te measure o f speed which 
can be read d i r e c t l y w i t h a v o l t 
meter type speed i n d i c a t o r or which 
can be recorded as one o f the t races 
on the o s c i l l o g r a m s taken i n these 
t e s t s . 

A schematic diagram o f the equip­
ment i n the t r u c k body used i n the 

t r u c k - t r a i l e r s k i d t e s t s i s shown 
i n F i g u r e 14. I t s h o u l d be no ted 
t h a t the t r u c k i s w e l l equipped to 
make a l l the measurements which are 
r e q u i r e d i n these t e s t s , i n c l u d i n g 
the measurement o f b r a k i n g tis^ces, 
speed, t i m e , s lope o r gr-ftde o f the 
road, and temperature o f the oi ' r or 
o f the road s u r f a c e . A M u l t i f l e x 

F i g u r e 1 2 . G e n e r a l V i e w o f Road 
T e s t Equipment 

F i g u r e 13. C a r r y a l l and F i f t h Wheels 
Used i n B r a k i n g T e s t s 

Timer has been i n s t a l l e d d u r i n g the 
past year to p rov ide accurate t i m i n g 
o f a l l o p e r a t i o n s by means o f a 
s i n g l e push b u t t o n c o n t r o l . Thus, 
i n a t y p i c a l teat; the f o l l o w i n g se­
quence and t i m i n g i s c o n t r o l l e d by 
the M u l t i f l e x T imer u s i n g an a l l -
e l e c t r i c c o n t r o l system. The f i r s t 
o p e r a t i o n a f t e r p u s h i n g the b u t t o n 
c o n s i s t s o f o p e n i n g t h e s o l o n o i d 
va lve which opera tes the spray noz­
z l e s . Two seconds l a t e r the motor 
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which runs the paper on the o s c i l ­
lograph recorder i s s t a r t e d f o l l o w e d 
i n t h r e e seconds by the e l e c t r i c 
brake a p p l i c a t i o n . The brake on one 
t r a i l e r wheel i s a p p l i e d f o r 2 to 4 
seconds d e p e n d i n g upon the speed 
ma in t a ined d u r i n g the t e s t and the 
type o f sur face being t e s t e d . A f t e r 
the brake i s re leased, the water i s 
shut o f f and the paper i s p e r m i t t e d 
t o run two seconds t o complete the 
r e c o r d f o r one t e s t r u n . Separate 
manual c o n t r o l s are a l s o p r o v i d e d 
to f a c i l i t a t e ope ra t ion under c e r t a i n 
spec ia l t e s t c o n d i t i o n s . The photo- ' 
graph o f the i n t e r i o r o f the t r u c k 
body i n Figure 15 shows the general 
arrangement o f the equipment and the 
c o n t r o l pane l . 

b rak ing t e s t s . The t r a i l e r i s equip­
ped w i t h a s o f t suspens ion system 
c o n s i s t i n g o f long l e a f sp r ings , c o i l 
spr ings and h y d r a u l i c shock absorbers 
desigiied to keep the t r a i l e r body as 
f r e e as p o s s i b l e f r o m v i b r a t i o n s 
caused by road roughness. Excessive 
v i b r a t i o n s o f the t r a i l e r and o f the 
t r u c k were e n c o u n t e r e d i n some o f 
the e a r l y t e s t s and the e f f e c t o f 
these v i b r a t i o n s was r e f l e c t e d i n 
the o s c i l l o g r a p h records to such an 
e x t e n t as t o g r e a t l y i m p a i r t h e i r 
a c c u r a c y . By i n c r e a s i n g the l o a d 
on the t r u c k body and by i n s t a l l i n g 
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F i g u r e 14 S c h e m a t i c D r a w i n g o f 
T r a c k Body Used f o r T r u c k - T r a i I e r 

S k i d T e s t s 

The general d e t a i l s i n the design 
o f the t r a i l e r and the equipment on 
the t r a i l e r are shown i n F igure 16. 
The t r a i l e r i s c o n s t r u c t e d a l o n g 
c o n v e n t i o n a l l i n e s w i t h c e r t a i n 
s p e c i a l p r o v i s i o n s r e q u i r e d t o run 
locked wheel and the v a r i a b l e f o r c e 

F i g u r e I S . T r u c k I n t e r i o r S h o w i n g 
E q u i p m e n t U s e d i n T r u c k - T r a i 1 e r 

B r a k i n g T e s t s 

Ball-9oel,t Hllch 
(Miaehn la 

oa Iniek] 

F i g u r e 1 6 . S c h e m a t i c D r a w i n g o f 
T r a i l e r Used f o r T r u c k - T r a 1 1 e r S k i d 

T e s t s 
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shoci' ahsorhe r s on bo th the t r u c k 
and t r a i l e r , the v i b r a t i o n s were 
g r e a t l y reduced and as a r e s u l t o f 
these changes s a t i s f a c t o r y o s c i l ­
lograms are now ob ta ined . The t r a i l -
wheels are f r e e r o l l i n g when the 
b rakes are r e l e a s e d . A magneto-
generator i s a t tached to each wheel 
f o r t h e p u r p o s e o f o b t a i n i n g an 
accura te measure o f speed and wheel 
s l i ppage . 

The maximum brak ing fo rce at each 
speed I S measured w i t h an SR-4 s t r a i n 
gage dynamometer, o f the p r o v i n g 
r i n g t y p e . I n the c a l i b r a t i o n o f 
the dynamometer, i t was found t h a t 
the b r a k i n g f o r c e s can be measured 
to an accuracy o f + or - 2 pe rcen t 
f o r f o r c e s up t o 2 , 0 0 0 l b . The 
dynamometer i s a t tached to the tow-
t r u c k and t r a i l e r d i r e c t l y i n l i n e 
w i t h the l o n g i t u d i n a l a x i s o f the 
wheel b e i n g b r a k e d . I t i s f i t t e d 
w i t h u n i v e r s a l j o i n t s and a s h o r t 
l e n g t h o f c h a i n t o e l i m i n a t e t o r ­
s ion or any o the r r e s t r a i n t not d i ­
r e c t l y induced by the b rak ing f o r c e . 
The tongue o f the t r a i l e r i s sus­
pended i n a c r a d l e i n such a way 
t h a t o n l y v e r t i c a l f o r c e s can be 
t r a n s m i t t e d by i t to the t r u c k . The 
general d e t a i l s o f the t r a i l e r h i t c h , 
dynamometer and the water s p r i n k l i n g 
s y s t e m a r e shown i n F i g u r e 17 . 

T y p i c a l o s c i l l o g r a m s ob ta ined i n 
b r a k i n g t e s t s on d r y and wet p . c . 
concre te pavements u s i n g the t r u c k -
t r a i l e r t o w i n g method are shown i n 
F i g u r e 18. The speed i n b o t h o f 
these t e s t s i s shown i n the -speed 
t r ace to have been he ld cons tan t a t 
40 mph. I n these t e s t s the brakes 
were a p p l i e d w i t h the wheels locked 
f o r two seconds. I t w i l l be noted 
t h a t the maximum b r a k i n g f o r c e was 
r e c o r d e d f o r l e s s t h a n 1/10 o f a 
second a t the beg inn ing o f the brak­
i n g p e r i o d and a f o r c e a l m o s t as 
large when the brakes were re leased . 
The b rak ing fo r ce s between these two 
peaks were abou t 20 p e r c e n t lower 
than the maximum but he ld to a f a i r l y 
u n i f o r m v a l u e . T h i s lower u n i f o r m 
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F i g u r e 17 . T r a i l e r H i t c h , Dynam­
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brak ing fo rce i s used i n t h i s r e p o r t 
as the bes t measure o f the l o c k e d 
or s l i d i n g wheel b r a k i n g f o r c e f o r 
the given t i r e and road sur face con­
d i t i o n . The maximum b r a k i n g f o r c e s 
shown i n these o s c i l l o g r a m s a t the 
i n s t a n t the brakes were a p p l i e d and 
again j u s t before they were re leased, 
are b e l i e v e d t o r e p r e s e n t the max­
imum b r a k i n g f o r c e s deve loped f o r 
the s k i d - i m p e n d i n g ( r o l l i n g whee l ) 
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c o n d i t i o n . Th i s was v e r i f i e d l a t e r 
i n the s k i d - i m p e n d i n g t e s t s where 
t h e maximum b r a k i n g f o r c e s were 
maintained d u r i n g the f u l l two seconds 
o f b r a k i n g . 

A-SpanlAiiipliliei 
B-Aecelarometer 

Amplifnr 
C-Viagropn 

•nvl i l i i r 
D-Aceeliromeltr 

DriHiri S«at 

GjObi t rv t r i Seal 

Slopinttar 

E-Pyromtttr 
Pottrtiomiltr 

F-Oiciltogroph 
Raeerdir 

6-S(opfnitcr 
Indicator 

Malor-Gtneralei 
Power Supply 

Fifth Wheel Speed tndieolor 
Magneto-Generator T,pe 

F i g u r e 19 S c h e m a t i c D r a w i n g o f 
C a r r y a l l U s e d f o r P a s s e n g e r C a r 

S k i d T e s t s 

A general l ayou t o f the equipment 
used i n the passenger car s t o p p i n g 
d i s t a n c e t e s t s i s shown i n F i g u r e s 
19 and 20. I n t h i s t e s t the b r ak ing 
d is tance i s measured w i t h the Wagner 
f i f t h wheel Stopmeter. The Stopmeter 
i s t i e d i n w i t h the s t o p l i g h t c i r ­
c u i t so t h a t the i n s t a n t the brakes 
are a p p l i e d the b r a k i n g d i s t ance i s 
measured by means o f the f i f t h wheel, 
and a f t e r the car s tops , the observer 
i n the car reads the s t o p p i n g d i s ­
t ance on the S t o p m e t e r I n d i c a t o r 
d i a l ( F i g . 2 0 ) . Another f e a t u r e i n 
t h e use o f t h e C a r r y a l l , i s t he 
measurement o f t he i n s t a n t a n e o u s 
d e c e l e r a t i o n r a t e a t v a r i o u s speeds 
i n the locked-whee l s t o p p i n g t e s t s 
us ing a Statham l i n e a r decelerometer 
( F i g . 2 1 ) . The Statham decelerometer 
I S a s e n s i t i v e t ransducer or p ickup 
device which measures l i n e a r a c c e l ­

e r a t i o n or d e c e l e r a t i o n f rom 0 to 2 
g. The a c c e l e r a t i o n o r d e c e l e r a t i o n 
i s recorded by the use o f a s p e c i a l 
a m p l i f i e r and a Brush d i r e c t - r e c o r d ­
i n g o s c i l l o g r a p h . An accu ra t e os­
c i l l o g r a p h r e c o r d o f speed d u r i n g 
the t e s t I S o b t a i n e d by the use o f 
a f i f t h whee l , speed a m p l i f i e r and 
t h e B r u s h o s c i l l o g r a p h shown i n 
Figure 20. 

T y p i c a l o s c i l l o g r a m s ob ta ined i n 
p a s s e n g e r c a r s t o p p i n g d i s t a n c e 
t e s t s on d r y and wet p . c . conc re t e 
pavements are shown i n F i g u r e 22 . 
B o t h o f t h e s e t e s t s were l o c k e d 
wheel b r a k i n g t e s t s f r o m an i n i t i a l 
speed o f 40 mph. Each o s c i l l o g r a m 

F i g u r e 20 C a r r y a l l I n t e r i o r Show­
i n g E q u i p m e n t Used i n D e c e l e r a t i o n 

T e s t a 

shows a d e c e l e r a t i o n t r a c e and a 
speed t r a c e . The t ime i n seconds 
and a sca le i n d i c a t i n g the c o e f f i ­
c i e n t s o f f r i c t i o n are a l s o shown 
on each o s c i l l o g r a m . As was no ted 
i n t he d e s c r i p t i o n o f t he t r u c k -
t r a i l e r b r a k i n g t e s t o s c i l l o g r a m s , 
the passenger car b r a k i n g t e s t os ­
c i l l o g r a m s a l so r epea l some i n t e r ­
e s t i n g b rak ing c h a r a c t e r i s t i c s which 
can o n l y be observed by means o f a 
r e c o r d o f t h i s t y p e . T h u s , t h e 
i n i t i a l b r a k i n g f o r c e s f o r the i m ­
p e n d i n g - s k i d c o n d i t i o n ( w h e e l s 
r o l l i n g ) are h i g h b u t as soon as 
the wheels are l o c k e d , the r a t e o f 
d e c e l e r a t i o n and the f r i c t i o n values 
are r educed by 20 t o 30 p e r c e n t . 
Then as the b r a k i n g c o n t i n u e s and 
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the speed o f the car i s reduced, the 
r a t e o f d e c e l e r a t i o n and the f r i c t i o n 
v a l u e s i n c r e a s e and a t v e r y l ow 
speeds r e t u r n t o a p p r o x i m a t e l y the 
same v a l u e as t he maximum v a l u e s 
when the brakes were f i r s t a p p l i e d . 
The changes i n d e c e l e r a t i o n were 
more pronounced i n the t e s t s on wet 
pavements than i n the t e s t s on d r y 
pavements. 

S T A T H A M 
A C C E L E R O M E T E R 

F i g u r e 2 1 . S t a t h a m A c c e 1 e r o m e t e r 
U s e d t o M e a s u r e A c c e l e r a t i o n o r 

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

.1 

Drt PC Cenerele 

urn PC Concref 

F i g u r e 22. B r a k i n g Tea t Osc i11ograms 
P a s s e n g e r Car D e c e l e r a t i o n M e t h o d 

The nega t ive d e c e l e r a t i o n or os­
c i l l a t i o n e f f e c t wh ich appears on 
the o s c i l l o g r a m i n F igure 22 at the 
i n s t a n t the car i s stopped i s caused 
by the excess ive p i t c h i n g when the 
load t r a n s f e r e d from the rear to the 

f r o n t axle i s r e leased . The p i t c h i n g 
angle f o r v a r i o u s r a t e s o f dece l e r ­
a t i o n was measured by p h o t o g r a p h i c 
methods and f o r the C a r r y a l l t e s t 
car i t was found to vary i n a s t r a i g h t 
l i n e w i t h a maximum observed p i t c h ­
i n g a n g l e o f 1 ° 3 0 ' f o r a r a t e o f 
d e c e l e r a t i o n o f 24 f t . pe r s ec . 
The p i t c h i n g angle when the car i s 
stopped appears more pronounced than 
i t a c t u a l l y i s because as the t r ans ­
f e r e d load i s r e l ea sed the car os­
c i l l a t e s through approximate ly double 
the p i t c h i n g angle observed d u r i n g 
t h e p e r i o d when t h e b r a k e s a r e 
a p p l i e d . 

Angulor Aggtcgaie 

Icjnccd tggregof Angular Aggirgott 
Ptant fug Sjrfocts 

F i g u r e 23 T y p i c a l Coa r se A s p h s l t 
Sur f a c e s 

D e s c r i p t i o n of road surfaces and 
tires - The road s u r f a c e s on which 
t e s t s were run may best be descr ibed 
by r e f e r r i n g to the t e x t u r e p r i n t s 
shown i n Figures 23 t o 26. I n Figure 
23 are shown t y p i c a l t e x t u r e p r i n t s 
o f f o u r types o f open graded asphal t 
s u r f a c e s i n C a l i f o r n i a . The open 
graded t e x t u r e s shown here are ob­
t a i n e d i n both the p l a n t mixed and 
seal coa t type o f a s p h a l t pavement 
c o n s t r u c t i o n . Angular crushed stone 
and rounded g r a v e l aggrega te w i t h 
maximum s izes up t o H or / K - i n . max­
imum are used i n these pavements 
w i t h the r e s u l t s as shown i n these 
t ex tu r e p r i n t s . I n Figure 24 t e x t u r e 
p r i n t s are shown which are t y p i c a l 
o f f o u r types o f dense graded asphal t 
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s u r f a c e s i n C a l i f o r n i a . The dense 
graded t ex tu r e s are also obtained i n 
bo th the p l a n t mixed and the sea l 
coa t type o f a s p h a l t pavement con­
s t r u c t i o n . The dense g rad ing i n the 
p l a n t mixed c o n s t r u c t i o n i s obta ined 
by u s i n g a w e l l graded m i x t u r e o f 
coarse and f i n e aggregate and f i l l e r 
w i t h the p r o p e r amount o f a s p h a l t 
and compaction t o g ive i t h igh s t a ­
b i l i t y and h igh d e n s i t y . The dense 
graded s e a l c o a t s a re o b t a i n e d by 
us ing w e l l graded screenings or sand 
cover which a f t e r r o l l i n g and under 
the a c t i o n o f t r a f f i c i n hot summer 
weather develops a t i g h t s e a l . To 
p r o t e c t some o f t h e po rous p l a n t 
mixed s u r f a c e s a g a i n s t r a v e l i n g , a 
v e r y l i g h t s e a l c o a t known as a 
Class D or f u g seal c o n s i s t i n g o f a 
p e n e t r a t i o n type a s p h a l t i c emulsion 
has been used i n C a l i f o r n i a and 
c e r t a i n o ther western s ta tes w i t h o u t 
the a d d i t i o n o f cover m a t e r i a l . I t 
w i l l be seen f r o m the t e x t u r e p r i n t 
o f t h i s t y p e o f s u r f a c e shown i n 
F igure 24, t h a t i t has a glazed ap­
pearance s i m i l a r t o b leed ing asphal t 
t y p e s u r f a c e s . As w i l l be shown 
l a t e r , t he t e s t r e s u l t s f o r s k i d 
r e s i s t a n c e on glazed a s p h a l t i c sur ­
f aces have i n a l l cases i n d i c a t e d 
t h a t these su r f aces are dangerously 
s l i p p e r y when we t . For t h i s reason 
the C a l i f o r n i a D i v i s i o n o f Highways 
a d o p t e d a p o l i c y d u r i n g t h e pas t 
year t o a p p l y f i n e s c r e e n i n g s or 
sand cover on a l l Class D ( f o g sea l ) 
type seal coa ts . A t e x t u r e p r i n t o f 
a Class D seal coat w i t h sand cover 
i s shown i n Figure 24. 

The p . c . c o n c r e t e s u r f a c e s i n 
C a l i f o r n i a have f o r many years been 
g i v e n a sandy t e x t u r e d f i n i s h as 
shown i n the t e x t u r e p r i n t i n Figure 
25 by the use o f the Johnson F in i she r 
which i s equipped w i t h a bur lap drag . 
The s c r u b b i n g a c t i o n o f the t i r e s 
removes many o f the sand g r a i n s on 
the s u r f a c e o f c o n c r e t e pavements 
a f t e r 4 o r 5 years and t h i s a c t i o n 
combined w i t h t he a c c u m u l a t i o n o f 
o i l d r i p p i n g s on the pavement, as 
shown i n the outer lane o f the f o u r -

l ane d i v i d e d c o n c r e t e h ighway i n 
F i g u r e 25, i s r e s p o n s i b l e f o r a 10 
to 25 percent r e d u c t i o n i n the f r i c ­
t i o n values on o l d concrete pavements 
when wet as compared t o the va lues 
on new concre te pavements when wet . 

F i g u r e 24 T y p i c a l D e n s e - G r a d e d 
A s p h a l t S u r f a c e s 

Skid res i s t ance t e s t s were run on 
12 open -g r id s t e e l b r i dge f l o o r s o f 

_two general types as shown i n Figure 
26. The two general types o f br idge 
f l o o r on w h i c h t e s t s were run are 
the I r v i n g Type V Mesh c o n s i s t i n g o f 
a l t e r n a t e s t r a i g h t bars and crimped 
bars and the U. S. S. I -Beam-Lok . 
The pa t t e rns i n the open-gr id design 
o f bo th types are c l e a r l y shown i n 
F igure 26. I t should be noted t h a t 
the w e l d i n g o f c e r t a i n connec t ions 
on the U . S. S. I -Beam-Lok causes 
s l i g h t roughness o r i r r e g u l a r i t i e s 
on the surface which are not present 
on t h e I r v i n g Type V Mesh . The 
sc rubb ing a c t i o n o f the t i r e s has a 
p o l i s h i n g e f f e c t on b o t h types o f 
open g r i d s t e e l b r i dge f l o o r s a f t e r 
2 or 3 years, which , as w i l l be shown 
l a t e r , increased the sk id res i s t ance 
o f these s u r f a c e s i n the d ry t e s t s 
and reduced the s k i d r e s i s t a n c e i n 
the wet t e s t s . 

D e s c r i p t i o n of t i r e s - Three t i r e 
types were used i n these t e s t s ( 1 ) 
Na tu ra l rubber t i r e s w i t h a r i b t read 
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p a t t e r n ( 2 ) S y n t h e t i c c o l d rubbe r 
t i r e s w i t h the same r i b t read p a t t e r n 
as the n a t u r a l rubber t i r e s and (3 ) 
Syn the t i c rubber t i r e s w i t h a smooth 
t r e a d . The t i r e s were a l l f u r n i s h e d 
by one m a n u f a c t u r e r and each type 
o f the new t i r e s was made f rom the 
same run o f t read s tock . A l l o f the 
t i r e s were s tandard i O O - l e v e l , 6.70 
by 15, 4 - p l y t i r e s . The new t i r e s 
were a l l g i v e n a b r e a k - i n run o f 
about 500 m i . be fo re they were used 
i n the s k i d r e s i s t a n c e t e s t s . The 
t r ead p a t t e r n and general c o n d i t i o n 
o f t he t i r e s used i n the t e s t i s 
shown i n F igu re 27. The same t i r e s 
were used both i n the t e s t s w i t h the 
t r a i l e r and w i t h t h e C a r r y a l l . 

General view of PC Concrete 
showing oil slick in outer lone 

Close-up of P C Concrete 

F i g u r e 2 5 . T y p i c a l C o n c r e t e S u r -
Face on a F o u r - L a n e D i v i d e d Highway 

RESULTS OF SKID RESISTANCE TESTS 

The s k i d r e s i s t a n c e o f r u b b e r 
t i r e s on v a r i o u s types o f road sur ­
f aces i s a complex phenomenon i n ­
f l u e n c e d by many v a r i a b l e f a c t o r s 
and t e s t c o n d i t i o n s . While an e f f o r t 
has been made i n t h i s i n v e s t i g a t i o n 
t o e x p l o r e the e f f e c t o f a l l t he 
v a r i a b l e s , t h i s phase o f the t e s t i n g 
program has not been completed. The 
t e s t r e s u l t s t o da te have r e v e a l e d 
the e f f e c t on s k i d r e s i s t a n c e o f 
many v a r i a b l e s which have been sum­
m a r i z e d i n t h e d i s c u s s i o n w h i c h 
f o l l o w s t o i n c l u d e : 

1 . F r i c t i o n v a l u e s as measured 
by th ree d i f f e r e n t t e s t i n g methods. 

2 . E f f e c t o f angu la r aggrega te , 
r o u n d e d a g g r e g a t e and b l e e d i n g 
a spha l t . 

3. E f f e c t o f open-graded versus 
dense-graded road s u r f a c e cons t ruc ­
t i o n . 

4. F r i c t i o n values on new and o l d 
p . c . concre te and on conc re t e w i t h 
o i l d r i p p i n g s . 

5. F r i c t i o n values on new and o l d 
open-gr id s t e e l br idge f l o o r s . 

6. Seasona l e f f e c t on v a r i o u s 
su r faces . 

7. E f f e c t o f locked-wheel versus 
i m p e n d m g - s k i d b r a k i n g on v a r i o u s 
su r f aces . 

8. E f f e c t o f wheel l oad . 
9. E f f e c t o f t i r e type . 
10. E f f e c t o f speed and wet versus 

dry sur face c o n d i t i o n . 

The two v a r i a b l e f a c t o r s , the 
e f f e c t o f speed and wjet versus d r y 
s u r f a c e c o n d i t i o n , l i s t e d as i t e m 
10, are an i m p o r t a n t c o n s i d e r a t i o n 
i n a s tudy o f a l l o f the r e m a i n i n g 
f a c t o r s l i s t e d and these e f f e c t s 
w i l l t h e r e f o r e be d i s c u s s e d w i t h 
each o f the f i r s t 9 i t ems . 

f r i c t i o n Values as Measured by Three 
D i f f e r e n t Testing Methods - The 
f r i c t i o n values as measured by three 
d i f f e r e n t t e s t i n g m e t h o d s , ( 1 ) 
t r u c k - t r a i l e r , (2 ) s topp ing dis tance 
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and ( 3 ) r a t e o f d e c e l e r a t i o n , are 
g iven i n F igures 28 and 29 based on 
t e s t s on f o u r d i f f e r e n t t y p e s o f 
road s u r f a c e s . The f r i c t i o n values 
i n a l l o f these t e s t s are expressed 
i n t e rms o f the common u n i t , c o ­
e f f i c i e n t o f f r i c t i o n ( f ) . I n the 
t r u c k - t r a i l e r method, the c o e f f i c i e n t 
o f f r i c t i o n i s t h e r a t i o o f t h e 
b r a k i n g f o r c e as measured w i t h the 
dynamometer and the e f f e c t i v e wheel 
load d u r i n g the t e s t . Tn the s t o p ­
p i n g d i s t a n c e method the average 
c o e f f i c i e n t o f f r i c t i o n i s computed 
us ing the standard s topping d is tance 
fo rmula : 

f = 
30 S 

where f - average c o e f f i 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 mph a t 
the t ime the brakes are a p p l i e d . 

S ~ s t o p p i n g d i s t a n c e i n 
f e « t 

I n the r a t e o f d e c e l e r a t i o n method, 
the c o e f f i c i e n t o f f r i c t i o n i s the 
r a t i o o f the measured d e c e l e r a t i o n 
a t any g i v e n speed i n the t e s t t o 
the d e c e l e r a t i o n o f g r a v i t y , 3 2 . 2 . 

I t i s i n t e r e s t i n g t o no te t h a t 
the f r i c t i o n va lues as measured us­
i n g the t r u c k - t r a i l e r and the r a t e 
o f d e c e l e r a t i o n methods were v e r y 
n e a r l y the same a t c o r r e s p o n d i n g 
speeds, whereas the values based on 
the s t o p p i n g d i s t a n c e method and 
when p l o t t e d i n terms o f the i n i t i a l 
speed, were about 25 percent h ighe r 
t h a n t h e v a l u e s o b t a i n e d by t h e 
o ther two methods. The h igher values 
o b t a i n e d u s i n g the s t o p p i n g d i s ­
t ance method may be e x p l a i n e d i n 
p a r t by the f a c t t h a t the f r i c t i o n 
va lues are average va lues over the 
e n t i r e s t o p p i n g d i s t a n c e and thus 
they can be cons idered as the f r i c -

/riring Open Grid, Type "v" 

1 
U S I-Beom 

F i g u r e 26. T y p i c a l O p e n - G r i d S t e e l B r i d g e F l o o r 
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t i o n v a l u e s f o r the average speed 
i n s t e a d o f the i n i t i a l speed. How­
e v e r , even i f t h i s change i s made 
the f r i c t i o n va lues by the s t o p p i n g 
d is tance method w i l l s t i l l be higher 
than the v a l u e s by t h e o t h e r two 
methods. An a d d i t i o n a l reason f o r 
the h igher va lues i s t h a t the s t o p ­
p i n g d i s t a n c e method combines the 
e f f e c t o f impending-skid and s l i d i n g -
wheel b r a k i n g f o r c e s w h i l e o n l y the 
s i i d i n g - w h e e l b r a k i n g f o r c e s are 
measured i n the o t h e r two methods. 
S i n c e the i m p e n d i n g - s k i d b r a k i n g 
fo rces are 25 to 100 percent grea ter 
than the s i i d i n g - w h e e l b r a k i n g f o r ­
ces, the h i g h e r f r i c t i o n va lues as 
r e p o r t e d f o r the s t o p p i n g d i s t a n c e 
method i n F i g u r e s 28 and 29 a r e 
f u l l y accounted f o r . 

RtB TREAD 

F i g u r e 27 T h r e e T i r e T y p e s Used 
i n B r a k i n g T e s t s 

I t should be noted t h a t the t e s t 
da ta i n F i g u r e s 28 and 29 are f o r 
wet surfaces and they show the marked 
r e d u c t i o n i n f r i c t i o n values as the 
speed inc reases which has been r e ­
ported f o r s i m i l a r t e s t s i n previous 
i n v e s t i g a t i o n s . Thus, the f r i c t i o n 
v a l u e f o r r o u n d e d a g g r e g a t e was 
about 0.5 a t 5 mph and dropped t o 
0.32 a t 50 mph; f o r angular aggregate 
i t was 0.55 a t 5 mph and 0.36 a t 50 
mph, f o r p . c . concre te pavements i t 
was 0.58 a t 5 mph and 0 .41 a t 50 mph; 

and on the f o g seal coat s u r f a c e i t 
was 0 .24 a t 10 mph and 0 .14 a t 40 
mph. The t i r e s used i n these t e s t s 
were the co ld rubber s y n t h e t i c type . 
The t e s t s were run i n November and 
December a f t e r some heavy r a i n s had 
washed the s u r f a c e s and made them 
cleaner and less s l i p p e r y than before 
the r a i n s . 
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F i g u r e 2 8 . C o m p a r i s o n o f R e s u l t s 
O b t a i n e d by D i f f e r e n t M e t h o d s o f 
T e s t i n g S k i d R e s i s t a n c e o f O p e n -

Graded A s p h a l t S u r f a c e s 

The t r u c k - t r a i l e r method as used 
i n t h i s i n v e s t i g a t i o n has the f o l l o w ­
i n g advantages and d i s a d v a n t a g e s ; 

1 . Tes ts can be run w i t h a m i n ­
imum o f i n t e r f e r e n c e w i t h t r a f f i c 
over a wide range o f speed o f f rom 
10 t o 50 mph. 

2 . There i s p r a c t i c a l 1y no hazard 
as f a r as l o s s o f c o n t r o l o f t h e 
t e s t v e h i c l e i s concerned. 
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3. Accurate independent measure­
ments can be made o f the impending-
sk id b rak ing f o r c e a t any given speed 
up to 50 mph. 

4. The t e s t s can e a s i l y be s tand­
ard ized as to l o a d , t i r e types , t i r e 
s i z e , and the general t e s t procedures. 

5. The wet t e s t s a re easy t o 
make, do n o t r e q u i r e an a u x i l i a r y 
wa te r t r u c k , use l e s s than 1 / l O t h 
the amount o f water used when s p r i n ­
k l i n g road w i t h water t r u c k , and do 
not create a s k i d d i n g hazard to other 
t r a f f i c on the road . 

6. The e q u i p m e n t used i n the 
t e s t s i s h i g h l y s p e c i a l i z e d and the 
i n v e s t m e n t c o s t i s q u i t e h i g h , 
amounting to about $6 ,000 , n o t i n ­
c l u d i n g the cos t o f the t r u c k . The 
cos t o f o p e r a t i o n i s r e l a t i v e l y low 
and c o n s i s t s l a r g e l y o f the cos t o f 
ope ra t ing the t r u c k . 
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F i g u r e 2 9 . C o m p a r i s o n o f R e s u l t s 
O b t a i n e d by D i f f e r e n t M e t h o d s o f 

T e s t i n g S k i d R e s i s t a n c e 

The passenger car s t o p p i n g d i s ­
tance and r a t e o f d e c e l e r a t i o n meth­
ods have the f o l l o w i n g advantages 
and disadvantages: 

1 . The l o c k e d whee l b r a k i n g 
t e s t s c l o s e l y s imula te ac tua l v e h i c l e 
ope ra t ion and p r o v i d e an a c c u r a t e 
measure o f the road and t i r e f r i c t i o n 
deve loped by a passenger ca r when 
making an emergency stop f o r s i m i l a r 
road and t i r e c o n d i t i o n s . 

2 . The c o s t o f e q u i p p i n g a car 
f o r the s t o p p i n g d i s t a n c e t e s t s us­
i n g an A . A . A . detona'tor i s less than 
S50 and when u s i n g a Wagner Stopmeter 
i s l e s s t h a n S300 . The c o s t o f 
equ ipp ing a car f o r the t e s t s by the 
r a t e o f d e c e l e r a t i o n method i s ap­
p r o x i m a t e l y $ 1 , 5 0 0 . These p r i c e s 
do not i n c l u d e the cos t o f e x t r a or 
spec ia l t i r e s and wheels. 

3. The t e s t s r e q u i r e the use o f 
s p e c i a l t r a f f i c c o n t r o l measures 
such as a flagman and warning s igns . 

4 . The t e s t s a re hazardous a t 
speeds above 30 mph, e s p e c i a l l y on 
s l i p p e r y wet su r faces . 

5. T h i s type o f b r a k i n g t e s t s 
combine the e f f e c t o f impending-skid 
and l o c k e d - w h e e l b r a k i n g f o r c e s 
which are not the same f o r a l l makes 
o f ca rs . For t h i s reason the r e s u l t s 
a re n o t r e p r o d u c i b l e f o r a l l makes 
o f ca r s . 

6. I n t e s t s w i t h the same car 
w i t h adequate b rakes p r o p e r l y ad­
j u s t e d , c o n s i s t e n t r e s u l t s are ob­
t a i n e d on any g iven su r f ace f o r the 
same t e s t c o n d i t i o n s . 

7. The wet t e s t s r e q u i r e the use 
o f a w a t e r - t r u c k and the l i b e r a l 
a p p l i c a t i o n o f wa te r over a 1 2 - f t . 
w i d t h p r e f e r a b l e near the cen te r o f 
the road , t h e r e b y c r e a t i n g a s k i d ­
d i n g hazard t o o the r t r a f f i c on the 
road . 

E f f e c t of Angalar Aggregate, Rounded 
Aggregate and Bleeding Asphalt -
The r e s u l t s o f t e s t s on asphal t seal 
coat sur faces u s i n g the t r u c k - t r a i l e r 
method are g iven i n F igu re 30. The 
t e s t s were run i n the summer season 
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and the v a l u e s g i v e n are f o r t he 
s y n t h e t i c co ld rubber t i r e s w i t h the 
r i b t r ead p a t t e r n . The sur faces i n 
these t e s t s were c l a s s i f i e d i n t o 
three groups, ( 1 ) su r f aces w i t h an­
gular aggregate used as cover mater­
i a l , ( 2 ) s u r f a c e s w i t h r o u n d e d 
aggregate used as cover m a t e r i a l and 
( 3 ) s u r f a c e s w i t h excess a s p h a l t 
caus ing b l e e d i n g o f the a spha l t and 
a glazed s u r f a c e . I t w i l l be noted 
t h a t the f r i c t i - o n values both i n the 
d r y and wet t e s t s f o l l o w the same 
o r d e r w i t h the h i g h e s t v a l u e s ob­
ta ined on the angular aggregate, the 
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F i g o r e 30 S k i d R e s i s t a n c e o f A s ­
p h a l t Seal Coats 

lowest on the b l e e d i n g a s p h a l t , and 
the f r i c t i o n va lues on the rounded 
aggregate occupying a median p o s i t i o n . 

The f r i c t i o n v a l u e s i n the wet 
t e s t s were i n general about one -ha l f 
to o n e - t h i r d o f the values ob ta ined 
i n the d ry t e s t s . I n the wet t e s t s 
on the b l e e d i n g a spha l t su r faces a t 
50 mph, the e x c e p t i o n a l l y low value 
o f 0 . 1 5 was o b t a i n e d as compared 

w i t h 0 .54 i n the d r y t e s t s a t the 
same speed on the same s u r f a c e . The 
r e s u l t s f o r the b l eed ing asphal t are 
i n good agreement w i t h the r e s u l t s 
o f s i m i l a r t e s t s r epor ted i n previous 
i n v e s t i g a t i o n s . There can be no 
d o u b t t h a t w i t h f r i c t i o n v a l u e s 
i n d i c a t i n g s t o p p i n g d i s t a n c e s more 
t han 3 t i m e s g r e a t e r f o r t he wet 
b l e e d i n g a s p h a l t s u r f a c e s than on 
d r y a s p h a l t s u r f a c e s , c o r r e c t i v e 
measures should be taken immediately 
whe reve r b l e e d i n g i s o b s e r v e d t o 
prevent t h i s type o f s l i p p e r y - w h e n -
wet c o n d i t i o n . 

The f r i c t i o n values f o r the round­
ed aggregate were about 25 p e r c e n t 
lower than f o r the angular aggregate 
i n the wet t e s t s . These r e s u l t s 
i n d i c a t e t h a t a s u b s t a n t i a l improve­
ment i n s k i d r e s i s t a n c e may be ob­
t a i n e d by the use o f a n g u l a r rock 
c h i p s and s h a r p sand i n s t e a d o f 
rounded pebbles and sand p a r t i c l e s . 
The r e s u l t s f u r t h e r suggest the ad­
v i s a b i l i t y o f u s i n g crushed g r a v e l 
i n preference t o uncrushed grave l to 
p rov ide h i g h s k i d r e s i s t a n c e on as­
p h a l t sur faces when wet . 

E f f e c t of open-graded versus dense-
graded road surface construction -
The r e s u l t s o f t he t e s t s on open-
g raded v e r s u s d e n s e - g r a d e d p l a n t 
mixed a spha l t pavement c o n s t r u c t i o n 
are shown i n F igu re 31 and i n d i c a t e 
t h a t the f r i c t i o n v a l u e s are i n ­
f l u e n c e d more by the a n g u l a r i t y or 
sharpness o f the aggregate then by 
t h e o p e n - g r a d e d o r d e n s e - g r a d e d 
e f f e c t s . The f r i c t i o n va lues were 
10 t o 25 pe rcen t h i g h e r m the wet 
t e s t s f o r the open-graded a n g u l a r 
a g g r e g a t e s u r f a c e s t h a n f o r t h e 
d e n s e - g r a d e d s u r f a c e s o r f o r the 
open-graded rounded aggregate su r ­
f ace s . The va lues i n the wet t e s t s 
on these s u r f a c e s were 1/2 t o 2/3 
as l a r g e as the va lues measured i n 
t h e d r y t e s t s w i t h t h e g r e a t e s t 
d i f f e r e n c e a t t h e h i g h e r speeds 
where the f r i c t i o n a l r e q u i r e m e n t s 
are g r ea t e s t . 

An a n a l y s i s o f the t e s t data and 
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o f road s u r f a c e c h a r a c t e r i s t i c s i n 
genera l i n d i c a t e t h a t the f r i c t i o n 
values on dense-graded su r faces can 
be as h i g h as f o r open-graded su r ­
faces i f angu la r aggregate i s used 
and i f t h e r e i s no excess a s p h a l t 
i n t h e m i x . Of c o u r s e , a s l i g h t 
excess i n the pe rcen t a s p h a l t w i l l 
have a more p ronounced e f f e c t i n 
reducing the f r i c t i o n values f o r the 
dense-graded than f o r the open-graded 
c o n s t r u c t i o n . 

8, 

Open graded, angular aggregate 
yOpen graded, angular aggregate 

Dense graded 

>Wet 

20 30 40 
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F i g u r e 3 1 S k i d R e s i s t a n c e o f A s ­
p h a l t P l a n t Mix S u r f a c e s 

An i m p o r t a n t advan tage o f t he 
open-graded ove r the dense-graded 
c o n s t r u c t i o n o b s e r v e d i n the wet 
t e s t s and when d r i v i n g on v a r i o u s 
types o f pavements i n r a i n y weather, 
I S the comple te absence o f spla-sh 
which i s encountered i n r a i n y weather 
on a l l dense-graded s u r f a c e s . The 
sp la sh , d u r i n g or immedia te ly a f t e r 
r a i n s , coats the windsh ie lds o f cars 
w i t h muddy water and t h i n f i l m s o f 
mud which i m p a i r s v i s i b i l i t y and i s 
d i f f i c u l t t o remove. 

Tak ing a l l f a c t o r s i n t o account , 
an open-graded p l a n t mixed s u r f a c e 
us ing p r o p e r l y graded angular aggre­
g a t e up t o 3 / 8 - i n . maximum s i z e 
should provide h igh s k i d r e s i s t ance , 
h igh s t a b i l i t y , a smooth r i d i n g sur­
f a c e , no s p l a s h d u r i n g o r a f t e r 
r a i n s , and, i f l i g h t c o l o r e d aggre­
g a t e i s u s e d , w i l l p r o v i d e good 
1 i g h t - r e f 1 e c t i n g p r o p e r t i e s f o r 
n i g h t d r i v i n g . 

f r i c t i o n l^aZues on P. C. Concrete 
Pavements - The r e s u l t s o f t e s t s on 
p . c . c o n c r e t e pavements g i v e n i n 
F igure 32 show a much smal ler spread 
i n v a l u e s than on any o t h e r ma jo r 
sur face type . The t e s t s on concrete 
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F i g u r e 3 2 . S k i d R e s i s t a n c e o f New 
( L e s s Than Two Y e a r s ) and O l d P C. 
C o n c r e t e Pavement Showing the E f f e c t 

o f the O i l S l i c k 

pavements were conducted i n the same 
way as the t e s t s on a s p h « l t pavoments 
discussed above and the r e s u l t s are 
d i r e c t l y comparable. 
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The f r i c t i o n v a l u e s on new c o n ­
c r e t e p a v e m e n t s were o n l y s l i g h t l y 
l o w e r t h a n on t h e a s p h a l t pavemen t s 
b u i l t w i t h a n g u l a r a g g r e g a t e . How­
e v e r , as t r a f f i c wore o f f t h e s h a r p 
sand g r a i n s on t h e s u r f a c e c o a t e d t h e 
s u r f a c e w i t h o i l d r i p p i n g s , and t he 
f r i c t i o n v a l u e s i n t h e w e t t e s t s 
were g r a d u a l l y r e d u c e d o v e r a p e r i o d 
o f t h r e e o r more y e a r s . The g r e a t e s t 
change was o b s e r v e d i n t h e w e t t e s t s 
a t 50 mph w i t h c o e f f i c i e n t s o f f r i c ­
t i o n o f 0 . 3 4 f o r new c o n c r e t e p a v e ­
m e n t s , 0 . 2 8 f o r o l d c o n c r e t e p a v e ­
ments and 0 . 2 5 f o r c o n c r e t e pavements 
c o a t e d w i t h o i l d r i p p i n g s . 

As w i l l be shown l a t e r , t h e f r i c ­
t i o n v a l u e s f o r a l l p a v e d s u r f a c e s 
c a n be i n c r e a s e d by t h e c l e a n s i n g 
a c t i o n o f w a t e r e i t h e r by f l u s h i n g 
o r by heavy r a i n s . T h u s , an i n c r e a s e 
o f 20 p e r c e n t i n t h e f r i c t i o n v a l u e s 
on c o n c r e t e was o b s e r v e d a f t e r heavy 
r a i n s when compared w i t h t h e r e s u l t s 
o b t a i n e d j u s t p r e v i o u s t o t h e heavy 
r a i n s . No o t h e r p r a c t i c a l m e t h o d 
has been d e v e l o p e d t o i m p r o v e t h e 
j k i d r e s i s t a n c e o f o l d c o n c r e t e 
pavements . 

These t e s t r e s u l t s s u g g e s t t h a t 
t o d e v e l o p t h e maximum s k i d r e s i s ­
t a n c e i n c o n c r e t e p a v e m e n t s , i t i s 
d e s i r a b l e t o d e v e l o p a sandy t e x t u r e 
i n t h e f i n a l f i n i s h i n g o p e r a t i o n 
p r e f e r a b l y t h e s k i l l f u l use o f a 
f i b r e o r w i r e b r o o m . F i n i s h i n g 
m e t h o d s w h i c h b r i n g e x c e s s c e m e n t 
p a s t e t o t h e s u r f a c e s h o u l d n o t be 
used because e x c e s s cement p a s t e on 
t h e s u r f a c e i s c e r t a i n t o g i v e t h e 
c o n c r e t e a g l a z e d f i n i s h w h i c h t h e 
t e s t r e s u l t s have c o n s i s t e n t l y shown 
I S t h e m a i n cause o f s l i p p e r y - w h e n -
wet pavements . 

F r i c t i o n Values on New and Old Open-
Grid Steel Bridge Floors - The r e ­
s u l t s o f t h e t e s t s on t e n o l d and 
new o p e n - g r i d s t e e l b r i d g e f l o o r s 
g i v e n i n F i g u r e 33 show t h a t t h e 
f r i c t i o n v a l u e s on t h e « e s u r f a c e s i n 
t h e d r y t e s t s w e r e h i g h e r t h a n t h e 
c o r r e s p o n d i n g v a l u e s f o r any o t h e r 
s u r f a c e t y p e w h i l e i n t h e w e t t e s t s 

t h e f r i c t i o n v a l u e s were q u i t e l o w , 
e s p e c i a l l y t h e v a l u e s o b t a i n e d m 
t h e t e s t s on t h e o l d e r f l o o r s w o r n 
s m o o t h b y t r a f f i c . I n f a c t , t h e 
f r i c t i o n v a l u e s on t h e w o r n f l o o r s 
w e r e so l o w a t t h e h i g h e r s p e e d s 
t h a t t h e y s h o u l d d e f i n i t e l y be c o n ­
s i d e r e d as s l i p p e r y when w e t . The 
c o e f f i c i e n t s o f f r i c t i o n i n t h e w e t 
t e s t s a t SO mph on t h e I - B e a m - L o k 
f l o o r s a v e r a g e d 0 . 1 8 5 a n d on t h e 
I r v i n g Type V t h e y ave raged 0 . 2 1 5 as 
compared w i t h c o e f f i c i e n t s o f 0 . 7 3 5 
and 0 . 7 3 0 r e s p e c t i v e l y o b t a i n e d i n 
t h e d r y t e s t s a t t h e same speeds on 
t h e same f l o o r s . These r e s u l t s i n ­
d i c a t e minimum s t o p p i n g d i s t a n c e s on 
t h e s e f l o o r s t h r e e t o f o u r t i m e s 
g r e a t e r when w e t t h a n when d r y w h i c h 
i s why t h e y s h o u l d he c l a s s i f i e d as 
s i i p p e r y - w h e n - w e t . 
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F i g u r e 33. S k i d R e s i s t a n c e o f Open-
G r i d S t e e l B r i d g e F l o o r s 

The wet t e s t s on new f l o o r s ( l e s s 
t h a n 2 y e a r s o l d ) showed t h a t t h e 



29 

I - B e a m - L o k f l o o r s p r o v i d e d h i g h e r 
s k i d r e s i s t a n c e t h a n t he I r v i n g Type 
V , w i t h a v e r a g e c o e f f i c i e n t s o f 
0 . 3 0 5 f o r t h e f o r m e r and 0 . 2 3 5 f o r 
t h e l a t t e r o b t a i n e d i n t e s t s a t 50 
mph. The I - B e a m - L o k f l o o r s when new 
had a more a b r a s i v e s u r f a c e t h a n t h e 
I r v i n g T y p e V F l o o r s d u e t o t h e 
p re sence o f w e l d e d f i l l e t s (See F i g . 
2 6 ) w h i c h i n c r e a s e d t h e f r i c t i o n 
v a l u e s . The wear e f f e c t o f t r a f f i c 
c a u s e d a g r e a t e r change i n s k i d r e ­
s i s t a n c e on t h e I - B e a m - L o k f l o o r s 
t h a n on t h e I r v i n g T y p e V as i n ­
d i c a t e d by t he l o w e r f r i c t i o n v a l u e s 
o b t a i n e d on t h e o l d e r w o r n I - B e a m -
Lok f l o o r s . 

Open g r i d s t e e l b r i d g e f l o o r s 
have been r e p o r t e d t o be s l i p p e r y 
when w e t i n c e r t a i n a r e a s and c o r ­
r e c t i v e m e a s u r e s h a v e b e e n t r i e d 
o u t . T h u s , c o n s i d e r a b l e s k i d d i n g 
was e x p e r i e n c e d on an open g r i d s t e e l 
b r i d ~ g e f l o o r o n a l i f t s p a n a t 
J a c k s o n v i l l e , F l o r i d a , u n t i l t h e 
f l o o r was p a i n t e d w i t h a b a t t l e s h i p 
d e c k p a i n t c o n t a i n i n g an a b r a s i v e 
w h i c h a p p a r e n t l y s o l v e d t h e p r o b l e m . 
One o b j e c t i o n t o t h i s t r e a t m e n t i s 
t h a t I t has t o be renewed e v e r y s i x 
m o n t h s . O t h e r methods t r i e d i n v o l v e 
t h e use o f s t e e l s e c t i o n s w i t h r a i s e d 
b u t t o n s o r s m a l l r i d g e s on t h e t o p 
s u r f a c e and t h e use o f a p o r t a b l e 
mach ine f o r c u t t i n g s m a l l g r o o v e s i n 
t h e t o p e x p o s e d e d g e s o f t h e g r i d 
b a r s . H o w e v e r , i t i s n o t known how 
e f f e c t i v e t h e a b o v e m e t h o d s a r e i n 
i m p r o v i n g t h e s k i d r e s i s t a n c e o f t he 
s t e e l g r i d b r i d g e f l o o r s . U n t i l a 
s a t i s f a c t o r y t r e a t m e n t i s d e v e l o p e d , 
I t I S recommended t h a t such b r i d g e s 
be p o s t e d w i t h s i i p p e r y - w h e n - w e t 
s i g n s and w i t h r e s t r i c t e d speed s i g n s . 

S e a s o n a l E f f e c t on Various Surfaces-
The m a j o r i t y o f t h e b r a k i n g t e s t s on 
t h e v a r i o u s r o a d s u r f a c e s w e r e r u n 
d u r i n g t h e d r y season i n A u g u s t and 
S e p t e m b e r u s i n g t h e t r u c k - t r a i l e r 
m e t h o d . I t was o b s e r v e d t h a t t h e 
heavy r a i n s i n November and December 
1 9 5 0 , had a c l e a n s i n g e f f e c t w h i c h 

r e s u l t e d i n a marked i n c r e a s e i n t he 
f r i c t i o n v a l u e s i n t h e w e t t e s t s on 
t h e s e s u r f a c e s as shown i n F i g u r e s 
34 and 3 5 . 
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F i g u r e 3 4 . The E f f e c t o f S e a s o n a l 
D i f f e r e n c e s on t h e S k i d R e s i s t a n c e 
o f a P. C. C o n c r e t e P a v e D e n t and a 

B l e e d i n g A s p h a l t S u r f a c e 

A f a i r l y c o n s i s t e n t i n c r e a s e o f 
0 . 0 7 t o 0 . 1 0 i n t h e c o e f f i c i e n t o f 
f r i c t i o n was n o t e d as b e i n g due t o 
t h e e f f e c t o f t h e heavy r a i n s . T h i s 
change g r e a t l y b e n e f i t e d t h e b l e e d i n g 
a s p h a l t s u r f a c e s w h e r e t h e summer 
t e s t s gave an ave rage v a l u e o f 0 . 1 5 
a t 50 mph and a f t e r t h e h e a v y r a i n s 
t h i s v a l u e was i n c r e a s e d t o 0 . 2 4 . 
On t h e w e t p . c . c o n c r e t e p a v e m e n t s 
t h e c o e f f i c i e n t s w e r e r a i s e d f r o m 
0 . 3 7 t o 0 . 4 4 . S i m i l a r changes were 
n o t e d on a s p h a l t s u r f a c e s w i t h a n ­
g u l a r a g g r e g a t e a n d w i t h r o u n d e d 
a g g r e g a t e . 

H i g h e r f r i c t i o n v a l u e s have been 
o b s e r v e d i n t h e w i n t e r t e s t s t h a n 
i n t h e summer t e s t s i n p r e v i o u s i n -
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v e s t i g a t i o n s h u t t h e r e a s o n f o r t h e 
h i g h e r v a l u e s was n o t d e t e r m i n e d . 
The C a l i f o r n i a t e s t s i n d i c a t e d t h a t 
t h e c l e a n s i n g e f f e c t o f h e a v y r a i n s 
i s p r o b a b l y t h e most i m p o r t a n t r e a s o n 
f o r t h e h i g h e r s k i d r e b i s t a n c e meas­
u r e d i n t h e w i n t e r t e s t s when com­
p a r e d wit>h t h e summer t e s t s . 

. 5 i 

I 

1 

Angu 
1 

'ar Aggr 
faces-w 

1 
egate 
ef 

f o r m speed o f 40 mph was m a i n t a i n e d 
i n t h e t e s t s . The b r a k i n g f o r c e i n 
e a c h t e s t was i n c r e a s e d g r a d u a l l y 
u n t i l t h e m a x i m u m i m p e n d i n g - s k i d 
f o r c e was r e a c h e d . T h i s f o r c e was 
h e l d f o r a b o u t one second a f t e r w h i c h 
a f u r t h e r a t t e m p t t o i n c r e a s e t h e 
b r a k i n g f o r c e r e s u l t e d i n l o c k i n g 
t h e b r a k e s . On t h e we t p . c . c o n c r e t e 
s u r f a c e , t h e measured f r i c t i o n v a l u e 
o f 0 . 7 0 o b t a i n e d f o r t h e i m p e n d i n g -
s k i d c o n d i t i o n was r e d u c e d t o 0 . 4 4 
f o r t h e s i i d i n g - w h e e l c o n d i t i o n and 
on t h e w e t b l e e d i n g a s p h a l t t h e c o r ­
r e s p o n d i n g f r i c t i o n v a l u e s w e r e 
0 . 5 4 and 0 . 2 6 . 
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F i g u r e 3 5 . The E f f e c t o f S e a s o n a l 
D i f f e r e n c e s on t h e S k i d R e s i s t a n c e 
o f O p e n - G r a d e d A s p h a l t S u r f a c e s 

E f f e c t of Locked-Wheel V e r s u s Im­
pend ing-Sk id Braking on Various 
Surfaces - The i n s t r u m e n t a t i o n u s e d 
i n t h e t r u c k - t r a i l e r b r a k i n g t e s t s 
p r o v i d e d an e x c e l l e n t o p p o r t u n i t y t o 
s t u d y t h e e f f e c t o f l o c k e d - w h e e l 
b r a c k i n g v e r s u s i m p e n d i n g - s k i d b r a k ­
i n g on t h e m a x i n u m f r i c t i o n v a l u e s 
o b t a i n e d i n t e s t s o f t h i s t y p e on 
c e r t a i n r e p r e s e n t a t i v e s u r f a c e s . 
T y p i c a l o s c i l l o g r a m s o b t a i n e d i n 
t h e i m p e n d i n g - s k i d and l o c k e d - w h e e l 
b r a k i n g t e s t s a r e shown i n F i g u r e 3 6 . 
These o s c i l l o g r a m s show t h a t a u n i -

Wff/ Bleeding Asphall 

F i g u r e 36 Osc i11ograms o f Impend i n g 
S k i d a n d L o c k e d W h e e l C o n d i t i o n s 

The r e s u l t s o f t h e t e s t s t o meas­
u r e t h e e f f e c t o f l o c k e d - w h e e l v e r ­
sus i m p e n d i n g - s k i d b r a k i n g a r e g i v e n 
i n F i g u r e s 37 and 3 8 . The i m p e n d i n g -
s k i d f r i c t i o n v a l u e s were 80 t o 100 
p e r c e n t h i g h e r t h a n t h e l o c k e d - w h e e l 
v a l u e s on a l l s u r f a c e s e x c e p t t h e 
o p e n - g r i d s t e e l b r i d g e f l o o r w h e r e 
t h e v a l u e s were o n l y a b o u t 10 p e r c e n t 
g r e a t e r . 

T h e s e t e s t s show t h e m a r k e d a d ­
v a n t a g e o f b r a k i n g i n s u c h a way as 
t o a v o i d s l i d i n g t h e w h e e l s s i n c 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 c a n be 
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o b t a i n e d w i t h t h e r o l l i n g whee l t y p e 
b r a k i n g and s t e e r i n g c o n t r o l i s a l s o 
i m p r o v e d i f t h e w h e e l s a re n o t l o c k e d . 
The t e s t r e s u l t s i n d i c a t e t h a t many 
s u r f a c e s w h i c h g i v e l o w f r i c t i o n 
v a l u e s and a r e r a t e d as s l i p p e r y on 
t he b a s i s o f t he l o c k e d - w h e e l b r a k u i g 
t e s t s , can g i v e r e l a t i v e l y h i g h f r i c ­
t i o n v a l u e s i f t h e b r a k e s a r e n o t 
l o c k e d . The r e s u l t s o f t h i s s e r i e s 
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F i g u r e 3 7 . The E f f e c t o f L o c k e d 
Wheel V e r s u s I m p e n d i n g S k i d B r s k i n g 
on S k i d R e s i s t s n c e o f Wet S u r f a c e s 

o f t e s t s as g i v e n i n F i g u r e 38 a l s o 
i n d i c a t e t h e m a r k e d a d v a n t a g e o f 
t i r e s w i t h a good t r e a d p a t t e r n o v e r 
t i r e s w i t h a s m o o t h t r e a d . T h u s , 
t h e i m p e n d i n g - s k i d f r i c t i o n v a l u e a t 
50 mph on b l e e d i n g a s p h a l t was 0 . 5 2 
f o r a good t r e a d t i r e and 0 . 3 0 f o r a 
s m o o t h t r e a d t i r e as c o m p a r e d w i t h 
0 . 2 2 and 0 . 1 5 r e s p e c t i v e l y f o r t h e 
l o c k e d - w h e e l f r i c t i o n v a l u e s . 

E f f e c t of Wheel Load - The r e s u l t s 
o f t e s t s w i t h t w o d i f f e r e n t w h e e l 

l o a d s a r e shown i n F i g u r e 39 and i n ­
d i c a t e t h a t t h e 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 t h e l i g h t w h e e l l o a d 
o f 460 l b s . were a b o u t 10 t o 20 p e r ­
c e n t h i g h e r t h a n f o r t h e n o r m a l 
passenger c a r wheel l o a d o f 875 l b s . 
The g r e a t e s t change i n t h e f r i c t i o n 
v a l u e s due t o wheel l o a d was o b s e r v e d 
i n t he low speed r a n g e . 
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F i g u r e 3 8 . The E f f e c t o f L o c k e d 
Wheel V e r s u s I m p e n d i n g S k i d B r a k i n g 
on S k i d R e s i s t a n c e o f a Wet B l e e d i n g 

A s p h a l t S u r f a c e 

E f f e c t of Tire Type - S k i d r e s i s t a n c e 
m e a s u r e m e n t s w e r e made on s i x d i f ­
f e r e n t r o a d s u r f a c e s u s i n g t h r e e 
t i r e t y p e s , s y n t h e t i c r u b b e r w i t h 
a r i b t r e a d , n a t u r a l r u b b e r w i t h a 
r i b t r e a d and s y n t h e t i c r u b b e r w i t h 
a smooth t r e a d . T h e - r e s u l t s o f t h e s e 
t e s t s g i v e n i n F i g u r e s 40 t o 42 i n ­
d i c a t e t h a t t h e f r i c t i o n v a l u e s f o r 
t h e s y n t h e t i c an<d n a t u r a l r u b b e r 
t i r e s w i t h a r i b t r e a d w e r e v e r y 
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n e a r l y t h e same. The f r i c t i o n v a l u e s 
f o r t h e s y n t h e t i c r u b b e r t i r e s were 
a b o u t 5 p e r c e n t h i g h e r t h a n t h e 
v a l u e s f o r n a t u r a l r u b b e r f o r a l l 
s u r f a c e s e x c e p t t h e new p . c . c o n ­
c r e t e s u r f a c e , w h e r e t h e f r i c t i o n 
V a l u e s f o r t h e n a t u r a l r u b b e r t i r e s 
w e r e h i g h e r w i t h i n a s p e e d r a n g e 
o f 10 t o 30 mph. 

The f r i c t i o n v a l u e s o b t a i n e d w i t h 
t h e s y n t h e t i c s m o o t h t r e a d t i r e s 
w e r e s u b s t a n t i a l l y l o w e r t h a n t h e 
v a l u e s o b t a i n e d f o r t h e o t h e r t w o 
t i r e t y p e s on a l l s u r f a c e s e x c e p t 
t h e new p . c . c o n c r e t e and t h e o p e n -
g r i d s t e e l b r i d g e f l o o r . On t h e new 
c o n c r e t e p a v e m e n t s t h e f r i c t i o n 
v a l u e s w e r e a b o u t t h e same f o r a l l 
t h r e e t i r e t y p e s . On t h e ' s t e e l 
b r i d g e f l o o r t h e y were t h e same a t 
10 mph b u t t h e r e was a g r a d u a l change 
i n t h e f r i c t i o n v a l u e s w i t h a n 
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F i g u r e 39 The E f f e c t o f Wheel Load 
on t h e S k i d R e s i s t a n c e o f Wet P. C. 
C o n c r e t e a n d P l a n t M i x A s p h a l t 

Sur f a c e s 

i n c r e a s e i n speed so t h a t a t 40 mph 
t h e f r i c t i o n v a l u e s w i t h t h e smoo th 
t r e a d t i r e s w e r e a b o u t 12 p e r c e n t 
h i g h e r t h a n t h e v a l u e s o b t a i n e d w i t h 
t h e o t h e r two t i r e s . 

The r e s u l t s o f t e s t s i n p r e v i o u s 
i n v e s t i g a t i o n s have i n d i c a t e d t h a t 
t h e s k i d d i n g h a z a r d on s l i p p e r y w e t 
pavemen t s i s much g r e a t e r when c a r s 
a r e e q u i p p e d w i t h smooth t r e a d t i r e s 
t h a n when t h e y a r e e q u i p p e d w i t h 
t i r e s h a v i n g a good t r e a d p a t t e r n . 
The r e s u l t s o f t h e t e s t s g i v e n i n 
F i g u r e s 3 8 , 4 0 , 4 1 and 42 f u l l y s u b ­
s t a n t i a t e t h e p r e v i o u s f i n d i n g s i n 
r e g a r d t o t h e i n c r e a s e d h a z a r d caused 
by s m o o t h t r e a d t i r e s . The s m o o t h 
t i r e h a z a r d i s n o t as g r e a t on o p e n -
g r a d e d a s p h a l t p l a n t m i x s u r f a c e s as 
i t i s on t h e b l e e d i n g a s p h a l t s u r ­
f a c e s , b u t I t i s s t i l l a s k i d d i n g 
h a z a r d w h i c h e v e r y m o t o r i s t s h o u l d 
a v o i d by m a i n t a i n i n g a g o o d t r e a d 
p a t t e r n on a l l t i r e s . 
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F i g u r e 40 . The E f f e c t o f D i f f e r e n t 
Type T i r e s on S k i d R e s i s t a n c e f o r 

Wet P. C. C o n c r e t e Pavements 
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F i g u r e 41 The E f f e c t o f D i f f e r e n t 
T i r e T y p e s on S k i d R e s i s t a n c e f o r 
Wet O p e n - G r a d e d A s p h a l t S u r f a c e s 
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F i g u r e 42 The E f f e c t o f D i f f e r e n t 
Type T i r e s on S k i d R e s i s t a n c e f o r 
Wet B l e e d i n g A s p h a l t S u r f a c e s and 
Wet O p e n - G r i d S t e e l B r i d g e F l o o r s 

SUMMARY AND CONCLUSIONS 

The more i m p o r t a n t r e s u l t s and 
c o n c l u s i o n s i n t h e c u r r e n t i n v e s t i ­
g a t i o n o f r o a d r o u g h n e s s and s k i d 
r e s i s t a n c e i n C a l i f o r n i a may be 
summar ized as f o l l o w s : 

flood Aoughness -
1 . The BPR Roughness I n d i c a t o r 

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

2 . Check t e s t s and c a l i b r a t i o n 
e q u i p m e n t and c a l i b r a t i o n methods 
d e v e l o p e d i n t h e C a l i f o r n i a s t u d i e s 
i n d i c a t e d t h a t r e p r o d u c i b l e r e s u l t s 
can be o b t a i n e d w i t h t he i m p r o v e d 

m a c h i n e . 
3 . T h e i m p r o v e d m a c h i n e i s 

r e c o m m e n d e d f o r u s e as s t a n d a r d 
e q u i p m e n t f o r m e a s u r i n g r o a d r o u g h ­
nes s and f o r m a k i n g c o m p a r i s o n s o f 
t h e r o u g h n e s s o r r i d i n g q u a l i t i e s 
o f new p a v e m e n t s and o f o l d p a v e ­
m e n t s o f a l l t y p e s i n a l l p a r t s o f 
t h e n a t i o n . 

4 . Roughness s t a n d a r d s a r e p r o ­
p o s e d f o r u s e i n e v a l u a t i n g t h e 
a c c e p t a b i l i t y o f new c o n s t r u c t i o n 
and f o r s c h e d u l i n g t h e r e c o n s t r u c ­
t i o n o f o l d pavemen t s . 

5 . A s t a n d a r d m e t h o d o f meas ­
u r i n g r o a d r o u g h n e s s p r o m o t e s good 
p u b l i c r e l a t i o n s because t h e p u b l i c 
j u d g e s t h e a c c e p t a b i l i t y o f a r e a d 
s u r f a c e l a r g e l y i n t e r m s o f i t s 
r i d i n g q u a l i t i e s . 

6 . The h i g h t y p e pavemen t s u r -
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f a c e s o n r u r a l s t a t e h i g h w a y s i n 
C a l i f o r n i a w e r e f o u n d t o have t h e 
b e s t r i d i n g q u a l i t i e s o f a l l t h e 
v a r i o u s t y p e s o f s u r f a c e s t e s t e d . 
The a v e r a g e r o u g h n e s s f o r new p . c . 
c o n c r e t e p a v e m e n t s was 52 i n . p e r 
m i . and f o r new a s p h a l t i c c o n c r e t e 
and p l a n t m i x e d pavements i t was 7 1 
i n . p e r m i . The r o u g h n e s s f o r t h e 
o l d e r pavements was 40 t o 90 p e r c e n t 
h i g h e r t h a n f o r t h e new p a v e m e n t s . 

7 . The r o u g h n e s s o f a s p h a l t s u r ­
f a c e s w i t h s e a l c o a t s was a l m o s t 
d o u b l e t h e roughnes s measured on t h e 
h i g h t y p e p a v e m e n t s , w i t h a v e r a g e 
v a l u e s o f 124 i n . p e r m i . f o r new 
s e a l c o a t t r e a t m e n t s and 161 i n . p e r 
m i . f o r t h e o l d e r s u r f a c e s o f t h i s 
t y p e . 

8» The w i d e s t s p r e a d i n r o u g h ­
n e s s v a l u e s w a s o b t a i n e d i n t h e 
m e a s u r e m e n t s o f t h e r o u g h n e s s o f 
c i t y s t r e e t s w i t h v a l u e s r a n g i n g 
f r o m l e s s t h a n 100 i n . p e r m i . t o 
o v e r 500 i n . pe r m i . 

9 . The i m p r o v e d BPR I n d i c a t o r 
p r o v i d e s a v a l u a b l e t o o l f o r t h e 
c o n s t r u c t i o n e n g i n e e r t o compare t h e 
e f f e c t i v e n e s s o f v a r i o u s t y p e s o f 
r o a d f i n i s h i n g e q u i p m e n t and methods 
i n b u i l d i n g pavements w i t h good r i d ­
i n g q u a l i t i e s . 

Skid Resistance -
1 . The e q u i p m e n t and t e s t i n g 

m e t h o d s d e s c r i b e d i n t h i s r e p o r t 
were used t o o b t a i n t h r e e i n d e p e n d e n t 
measu remen t s o f t h e s k i d r e s i s t a n c e 
o f r o a d s u r f a c e s f o r many t e s t c o n ­
d i t i o n s , i n c l u d i n g some n o t c o v e r e d 
i n p r e v i o u s H i g h w a y R e s e a r c h B o a r d 
r e p o r t s on t h i s s u b j e c t . 

2 . The t r u c k - t r a i l e r m e t h o d i s 
an a c c u r a t e , f a s t and f l e x i b l e method 
f o r m e a s u r i n g t h e s k i d r e s i s t a n c e o f 
d r y and w e t r o a d s u r f a c e s . The i n ­
i t i a l c o s t o f t h e t e s t e q u i p m e n t i s 
h i g h . The o p e r a t i n g c o s t s a r e l o w . 
T h i s m e t h o d i s recommended f o r use 
i n an e x t e n s i v e and c o n t i n u i n g p r o ­
g r a m o f ; s k i d r e s i s t a n c e t e s t s . 

3 . The s t o p p i n g d i s t a n c e me thod 
I S a s i m p l e and i n e x p e n s i v e m e t h o d 
o f m e a s u r i n g t h e r e l a t i v e s k i d r e ­

s i s t a n c e o f d r y and wet r o a d s u r f a c e s 
f o r t h e l o c k e d - w h e e l t y p e o f b r a k i n g . 
T h i s t y p e o f t e s t i s h a z a r d o u s . The 
r e s u l t s a r e l i m i t e d t o t o t a l s t o p ­
p i n g d i s t a n c e s and a r e n o t r e p r o ­
d u c i b l e f o r a l l makes o f c a r s b u t 
a r e r e p r o d u c i b l e i f t h e same c a r i s 
u s e d i n a l l o f t h e t e s t s . T h i s 
m e t h o d i s recommended f o r use i n a 
l i m i t e d p r o g r a m o f s k i d r e s i s t a n c e 
t e s t s . 

4 . T h e r a t e o f d e c e l e r a t i o n 
method p r o v i d e s an a c c u r a t e g r a p h i c a l 
r e c o r d o f s k i d r e s i s t a n c e o v e r t h e 
e n t i r e speed r a n g e w i t h i n w h i c h i t 
i s s a f e t o r u n t h e t e s t s . T h i s m e t h ­
od i s a r e f i n e m e n t o f t h e s t o p p i n g 
d i s t a n c e m e t h o d . The e q u i p m e n t c o s t s 
a r e h i g h . The m e t h o d p r o v i d e s i n ­
t e r e s t i n g b r a k e t e s t r e c o r d s o f 
l i m i t e d a p p l i c a t i o n and i s recommend­
ed f o r use o n l y i n s p e c i a l s t u d i e s 
o f b r a k i n g and o f s k i d r e s i s t a n c e 
p r o p e r t i e s o f t i r e s and r o a d s u r f a c e s . 

5 . The t e s t d a t a o f s k i d r e s i s ­
t a n c e i n t h i s r e p o r t c o v e r i n g s u c h 
f a c t o r s as t h e e f f e c t o f i n c r e a s e d 
s p e e d , d r y v e r s u s w e t s u r f a c e s , use 
o f s h a r p g r i t t y a g g r e g a t e , g l a z e d 
o r p o l i s h e d s u r f a c e s , excess a s p h a l t , 
a n d s m o o t h t r e a d v e r s u s new t r e a d 
t i r e s c h e c k e d r e a s o n a b l y c l o s e l y 
s i m i l a r d a t a as g i v e n i n p r e v i o u s 
H i g h w a y R e s e a r c h B o a r d r e p o r t s on 
t h i s s u b j e c t . 

6 . The f r i c t i o n v a l u e s f o r r o u n d ­
ed a g g r e g a t e w e r e a b o u t 25 p e r c e n t 
l o w e r t h a n f o r a n g u l a r a g g r e g a t e i n 
t h e w e t t e s t s . 

7 . S l i g h t l y h i g h e r f r i c t i o n 
v a l u e s were o b t a i n e d on o p e n - g r a d e d 
s u r f a c e s t h a n on d e n s e - g r a d e d s u r ­
f a c e s a l t h o u g h t h e s h a r p n e s s o r 
g r i t t m e s s o f t h e a g g r e g a t e was a 
m a j o r f a c t o r i n f l u e n c i n g t h e t e s t 
r e s u l t s . 

The o p e n - g r a d e d s u r f a c e s a r e p r e ­
f e r r e d because t h e y a r e l e s s l i k e l y 
t o d e v e l o p b l e e d i n g o r g l a z i n g , t h e y 
e l i m i n a t e s p l a s h d u r i n g o r a f t e r 
r a i n , and t h e y p r o v i d e b e t t e r l i g h t 
r e f l e c t i n g p r o p e r t i e s f o r n i g h t 
d r i v i n g t h a n d e n s e - g r a d e d s u r f a c e s . ' 

8 . The f r i c t i o n v a l u e s on o p e n -
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g r i d s t e e l b r i d g e f l o o r s were v e r y 
h i g h i n t h e d r y t e s t s b u t t h e y were 
d a n g e r o u s l y l o w i n t h e w e t t e s t s . 
T r a f f i c has a p o l i s h i n g wear e f f e c t 
on t h e s t e e l g r i d f l o o r s w h i c h caused 
a r e d u c t i o n i n t h e f r i c t i o n v a l u e 
on t h e o l d e r f l o o r s . 

9 . Heavy r a i n s i n November and 
December i n c r e a s e d t h e f r i c t i o n v a l ­
u e s m e a s u r e d o n v a r i o u s s u r f a c e s 
d u r i n g t h e p r e v i o u s summer season by 
20 t o 60 p e r c e n t . 

10 . The i m p e n d i n g - s k i d f r i c t i o n 
v a l u e s were 50 t o 100 p e r c e n t h i g h e r 
t h a n t h e l o c k e d w h e e l v a l u e s on a l l 
t y p e s o f a s p h a l t and p . c . c o n c r e t e 
s u r f a c e s on w h i c h t e s t s w e r e r u n . 
T h i s i s an i n d i c a t i o n o f t h e e x t e n t 
o f t h e h a z a r d caused by l o c k e d - w h e e l 
b r a k i n g . 

1 1 . The f r i c t i o n v a l u e s f o r t h e 
s y n t h e t i c r u b b e r t i r e s w i t h a good 
t r e a d w e r e a b o u t 5 p e r c e n t h i g h e r 
t h a n f o r n a t u r a l r u b b e r t i r e s i n t h e 
w e t t e s t s on t h e v a r i o u s paved s u r ­
f a c e s . 

1 2 . These t e s t s i n d i c a t e d t h a t 
t h e g r e a t e s t s k i d d i n g h a z a r d i s e n ­
c o u n t e r e d when b r a k i n g a c a r e q u i p p e d 
w i t h s m o o t h t r e a d t i r e s w i t h a l l 
w h e e l s l o c k e d o r s l i d i n g on a w e t 
g l a z e d a s p h a l t s u r f a c e . F r i c t i o n 
v a l u e s as l ow as 0 . 1 0 were measured 
f o r t h i s t e s t c o n d i t i o n and i n d i c a t e d 
s t o p p i n g d i s t a n c e s 5 t o 6 t i m e s 
l o n g e r t h a n t h e s t o p p i n g d i s t a n c e s 
f r o m same s p e e d on a d r y a s p h a l t 
s u r f a c e . 
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DISCUSSION 

ERNEST G. WILES - B u r e a u of Public 
Roads - I t I S g r a t i f y i n g t o n o t e t h e 
i n c r e a s e d i n t e r e s t t h r o u g h o u t t h e 
c o u n t r y i n d e v e l o p i n g and i n u t i ­
l i z i n g e q u i p m e n t f o r m e a s u r i n g t h e 
s u r f a c e r o u g h n e s s o f p a v e m e n t s . The 
work by P r o f e s s o r M o y e r , b o t h i n t h e 
m i d d l e w e s t and i n C a l i f o r n i a t h a t 
has been r e p o r t e d f r o m t i m e t o t i m e 
t o t h e H i g h w a y R e s e a r c h B o a r d , has 
done much t o s t i m u l a t e i n t e r e s t i n 
t h e s i n g l e w h e e l t r a i l e r t y p e o f 
e q u i p m e n t . 

The s e v e n i t e m s o f d e s i g n and 
o p e r a t i o n t h a t were i n v e s t i g a t e d by 
P r o f e s s o r M o y e r and a r e d e s c r i b e d 
i n t h i s p a p e r a r e o f p a r t i c u l a r i n ­
t e r e s t and w i l l be d i s c u s s e d b r i e f l y . 
I t e m 1 , r e l a t i n g t o t i r e t y p e and 
r o u n d n e s s r e q u i r e m e n t s , i s q u i t e 
i m p o r t a n t . T h e r e i s no d o u b t b u t 
t h a t a t i r e w i t h a s m o o t h t r e a d 
w o u l d e n t i r e l y c o r r e c t t he d i f f i c u l t y 
e x p e r i e n c e d w i t h an a l l - r i b t i r e 
w h i c h has some t e n d e n c y t o c o l l e c t 
l o o s e p a r t i c l e s f r o m t h e p a v e m e n t 
s u r f a c e . The a l l - r i b t r e a d was s e ­
l e c t e d because i t o f f e r e d t h e m i n ­
imum e f f e c t o f t r e a d p a t t e r n i n a 
t i r e t h a t c o u l d be o b t a i n e d r e a d i l y 
t h r o u g h c o m m e r c i a l o u t l e t s . 

T h e r e may be some q u e s t i o n as t o 
w h e t h e r t h e method used t o make t h e 
t i r e r o u n d w o u l d a lways c o r r e c t t h e 
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d i f f i c u l t y t h a t was f o u n d t o e x i s t . 
I f t h e v a r i a t i o n s i n r a d i u s w e r e 
caused by t h e whee l r i m b e i n g o u t o f 
r o u n d , i t w o u l d seem b e t t e r t o c o r ­
r e c t t h i s c o n d i t i o n f i r s t i n o r d e r 
t h a t t h e t i r e bead c o u l d be s e a t e d 
on a r i m w i t h c o n s t a n t r a d i u s . A l s o 
a f t e r t h e t i r e i s m o u n t e d , i n s t e a d 
o f c h e c k i n g t h e t i r e d i a m e t e r and 
g r i n d i n g down t h e t r e a d t o t h e t o l ­
e r a n c e s i n d i c a t e d , i t w o u l d seem t o 
us t o be b e t t e r t o measure t h e r a d i u s 
o f t h e t i r e - w h e e l c o m b i n a t i o n w h i l e 
s u p p o r t i n g i t s n o r m a l o r o p e r a t i n g 
l o a d . I n t h i s way v a r i a t i o n s m 
r a d i u s due t o c a r c a s s s t i f f n e s s o r 
o t h e r c o n d i t i o n s o f t h e t i r e can be 
d e t e c t e d and c o r r e c t e d . I n v e s t i g a ­
t i o n o f t h i s t i r e e c c e n t r i c i t y p r o b ­
l em a t t h e Road R e s e a r c h L a b o r a t o r y 
i n E n g l a n d g a v e i n f o r m a t i v e d a t a 
f r o m w h i c h i t was c o n c l u d e d t h a t 
maximum v a r i a t i o n s i n l o a d e d r a d i u s 
s h o u l d n o t e x c e e d . 0 5 i n c h . I f t h e 
t o l e r a n c e s r e f e r r e d t o by t h e a u t h o r s 
w e r e m a i n t a i n e d f o r t h e t i r e i n a 
l o a d e d c o n d i t i o n , t h e v a r i a t i o n s i n 
r a d i u s w o u l d f a l l w e l l i n s i d e t h o s e 
e s t a b l i s h e d by t h e E n g l i s h w o r k . The 
Bureau o f P u b l i c Roads has f o u n d t h a t 
w i t h p r e s e n t - d a y t i r e s i t i s d e s i r -
a'ble t o b a l a n c e t h e t i r e - w h e e l com­
b i n a t i o n b o t h s t a t i c a l l y and dynam­
i c a l l y , s i n c e any u n b a l a n c e d w e i g h t 
has a t e n d e n c y t o a f f e c t t h e m a g n i ­
t u d e o f t h e r o u g h n e s s r e a d i n g s . 

The use o f r u b b e r "0" r i n g s , as 
s u g g e s t e d by t h e a u t h o r s , may e f f e c t -
i v e l y s e a l t h e d a s h p o t u n i t s and 
p r e v e n t them f r o m l e a k i n g o i l . How­
e v e r , i f t h e s e a l i s t o o t i g h t t h e 
f r i c t i o n d e v e l o p e d b e t w e e n t h e " 0 " 
r i n g and t h e p i s t o n s h a f t may cause 
enough a d d i t i o n a l damping t o dec rea se 
t h e r o u g h n e s s r e a d i n g s . When changes 
o f t h i s t y p e a re made, d e f i n i t e com­
p a r i s o n s be tween t he two methods a r e 
n e c e s s a r y t o e s t a b l i s h c o n c l u s i v e l y 
t h a t t h e change o r i m p r o v e m e n t does 
n o t a f f e c t t h e r o u g h n e s s r e a d i n g s . 

The r e d e s i g n o f t h e c o m m u t a t o r 
end o f t h e i n t e g r a t o r , s u b s t i t u t i n g 
a s i x - p r o n g e d cam and m i c r o s w i t c h 
f o r t h e c o m m u t a t o r , i s a d m i t t e d l y 

an i m p r o v e m e n t f o r r e a s o n s c i t e d i n 
t h i s r e p o r t , a l t h o u g h t h e o r i g i n a l 
d e s i g n has g i v e n s a t i s f a c t o r y s e r ­
v i c e o v e r t h o u s a n d s o f m i l e s w i t h 
due a t t e n t i o n t o t h e c o n d i t i o n o f 
t h e c o m m u t a t o r . 

The B u r e a u o f P u b l i c Roads has 
n o t a d v o c a t e d any p a r t i c u l a r c a l ­
i b r a t i o n d e v i c e f o r t h e i n t e g r a t o r , 
r e a l i z i n g t h a t v a r i o u s u s e r s o f t h e 
r o u g h n e s s e q u i p m e n t m i g h t a l r e a d y 
h a v e a v a i l a b l e some d e v i c e t h a t 
w o u l d be s u i t a b l e f o r such a p u r p o s e . 
The c a l i b r a t i o n d e v i c e d e s c r i b e d by 
t h e a u t h o r s i s , no d o u b t , s u i t a b l e 
f o r t h e p u r p o s e . Howeve r , s i n c e t h e 
p a p e r does n o t d e s c r i b e t h e m e t h o d 
u s e d t o d e t e r m i n e t h e l e n g t h o f 
s t r o k e o f t he c a l i b r a t i o n d e v i c e , i t 
m i g h t be o f i n t e r e s t t o m e n t i o n wha t 
was l e a r n e d a t t h e B u r e a u o f P u b l i c 
Roads r e g a r d i n g t h i s m e a s u r e m e n t . 
I t was f o u n d n e c e s s a r y t o m e a s u r e 
t h e s t r o k e o f t he c a l i b r a t i o n d e v i c e 
u n d e r a c t u a l o p e r a t i n g c o n d i t i o n s 
i n o r d e r t h a t any o v e r t h r o w , l o s t 
m o t i o n o r p l a y i n t h e l i n k a g e o f t h e 
r e c i p r o c a t i n g mechanism w o u l d be i n ­
c l u d e d i n t h e s t r o k e m e a s u r e m e n t . 
To a c c u r a t e l y m e a s u r e t h e s t r o k e 
w i t h t h e m a c h i n e o p e r a t i n g , a m i ­
c r o m e t e r f o r m i n g p a r t o f t h e c i r c u i t 
o f a '^nagic e y e " e l e c t r o n i c t ube was 
u s e d as a c o n t a c t d e t e c t o r . T h i s 
gave a v e r y s e n s i t i v e i n d i c a t i o n o f 
t h e s t r o k e l i m i t u n d e r d y n a m i c c o n ­
d i t i o n s . 

The s u b s t i t u t i o n o f an a i r p l a n e 
c o n t r o l c a b l e f o r t h e i n t e g r a t o r 
c a b l e t h a t i s s p e c i f i e d on t h e Bureau 
o f P u b l i c Roads d r a w i n g s s h o u l d n o t 
be c o n s i d e r e d an i m p r o v e m e n t s i n c e 
t h e a i r p l a n e c a b l e , i n s i z e , s t r e n g t h 
and p l i a b i l i t y , e s s e n t i a l l y d u p l i ­
c a t e s t h e R o e b l i n g s t a i n l e s s s t e e l 
c a b l e s p e c i f i e d . I t d o e s i n d i c a t e 
a n o t h e r s o u r c e f o r t h i s c o n s t r u c t i o n 
i t e m . 

I t may be o f i n t e r e s t t o m e n t i o n 
a n o t h e r means f o r o b t a i n i n g a c o n ­
t i n u o u s g r a p h i c a l r e c o r d o f t h e 
s p r i n g m o v e m e n t o f t h e r o u g h n e s s 
t r a i l e r t h a t has been u s e d by t h e 
B u r e a u o f P u b l i c Roads and i s a p p a r -
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e n t l y s a t i s f a c t o r y . By c e m e n t i n g an 
SR-4 e l e c t r i c a l r e s i s t a n c e s t r a i n 
gage t o one o f t h e s i n g l e - l e a f s u p ­
p o r t i n g s p r i n g s and c o n n e c t i n g i t t o 
a B r u s h d i r e c t - i n k m g o s c i l l o g r a p h , 
a c o n t i n u o u s r e c o r d i n g o f t h e c h a n g ­
i n g s t r a i n i n t h e s p r i n g i s made as 
t h e t r a i l e r t r a v e l s a l o n g a p a v e ­
men t . I t was f o u n d t h a t t h e d e f l e c ­
t i o n and s t r a i n a r e i n l i n e a r r e ­
l a t i o n s h i p a n d t h u s t h e s t r a i n 
v a r i a t i o n s can be e x p r e s s e d i n t e rms 
o f s p r i n g d e f l e c t i o n . A good c o r ­
r e l a t i o n has been o b t a i n e d b e t w e e n 
i n t e g r a t e d d e f l e c t i o n v a l u e s o b t a i n e d 
f r o m t h e g r a p h i c r e c o r d and t h o s e 
shown on t h e c o u n t e r a t t a c h e d t o t he 
i n t e g r a t o r . I n g e n e r a l , i t a p p e a r s 
t o us t h a t t h e c o n t i n u o u s r e c o r d 
i s o f v a l u e p r i n c i p a l l y f o r d e v e l o p ­
i n g d e t a i l e d i n f o r m a t i o n r e g a r d i n g 

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

s t a n d a r d i z i n g t h e o v e r a l l p e r f o r ­
mance o f a g i v e n roughnes s i n d i c a t o r 
i s m o s t d e s i r a b l e , as t h e a u t h o r s 
have r e c o g n i z e d . Whether o r n o t t h e 
method t h a t i s s u g g e s t e d i s e n t i r e l y 
s a t i s f a c t o r y i s , we b e l i e v e , open t o 
q u e s t i o n . Our own e x p e r i e n c e w i t h 
a t t e m p t s i n t h i s d i r e c t i o n was n o t 
e n c o u r a g i n g . W i t h t h e more w i d e ­
sp read use o f e q u i p m e n t o f t h i s t y p e , 
w i t h o r w i t h o u t m a j o r o r m i n o r m o d i ­
f i c a t i o n s . I t i s o b v i o u s t h a t d i f ­
f e r e n t l e v e l s o f r o u g h n e s s i n d e x 
v a l u e s a r e c e r t a i n t o r e s u l t . A 
common d e n o m i n a t o r i s b a d l y n e e d e d . 
P e r h a p s t h r o u g h p l a n n e d p r o g r a m s o f 
c o o p e r a t i v e t e s t s t h i s p r o j e c t com­
m i t t e e can p r o v i d e such a s t a n d a r d ­
i z i n g p r o c e d u r e . 




