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ABSTRACT

The s tu d y  r e p o r t e d  h e r e i n  was c o n c e rn e d  w i th  th e .  

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

c o n c r e t e » The f a c t o r s  b e l i e v e d  to  c o n t r i b u t e  s i g n i f i c a n t l y  

to  s t i f f n e s s  a r e  t e m p e r a t u r e , s u p p o r t  p r e s s u r e  and  a s p h a l t  

c o n t e n t .  These a r e  ex am ined  in  t h e  s t u d y .

An e x t e n s i v e  s u r v e y  o f  t h e  l i t e r a t u r e  on f a t i g u e  

t e s t i n g  i s  g iv e n ,  a n d  th e  m e r i t s  o f  a r e l a t i v e l y  new t e s t  

e q u ip m e n t - " th e  d e f l e c t o m e t e r — a r e  o b s e r v e d .  T h is  e q u ip m e n t  

was u s e d  i n  t h e  s t u d y .  T e s t  p r o c e d u r e s  a r e  a d e q u a t e l y  

d e s c r i b e d .

The a g g r e g a t e  g r a d a t i o n  u s e d  was v e r y  c o a r s e  and 

g a p -g ra d e d  and  r e s u l t e d  in  a s t i f f  m ix . R e s u l t s  o f  th e  

t e s t  a r e  n o t ,  t h e r e f o r e ,  i n  a b s o l u t e  c o n fo r m i ty  w i th  d a t a  

r e p o r t e d  from  o t h e r  m ixes o r  t e s t  p r o c e d u r e s .

v i i i



CHAPTER 1

INTRODUCTION

■ D e s ig n  c o n s i d e r a t i o n s  f o r  a s p h a l t i c  c o n c r e t e  

p a v em en ts  a im  a t  p r o v i d i n g  a pav em en t s u r f a c e  t h a t  w i l l  

g iv e  good s e r v i c e  t o  t r a f f i c  t h r o u g h o u t  i t s  s e r v i c e  l i f e  0 

To t h i s  end  t h e  p av em en t i s  d e s ig n e d  f o r  s t a b i l i t y ,  d u r ­

a b i l i t y ,  f l e x i b i l i t y ,  im p e r v io u s n e s s  and s k i d  r e s i s t a n c e „ 

O th e r  f a c t o r s  w h ich  a r e  a ls o ,  c o n s i d e r e d  a r e  f r a c t u r e  

( t e n s i l e ) s t r e n g t h  an d  f a t i g u e  r e s i s t a n c e .

S t a b i l i t y  o r  r e s i s t a n c e  o f  a mix t o  d e fo r m a t io n  i s  

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

c o h e s io n ,  and  i n e r t i a .  M ajor  c o n t r i b u t i n g  f a c t o r s  a r e  

a g g r e g a t e  c h a r a c t e r i s t i c s  ( e s p e c i a l l y  s u r f a c e  t e x t u r e ) ,  

c o m p a c t io n  o f  m ix , and  a s p h a l t  c o n t e n t . F o r  good s t a b i l i t y  

t h e  a s p h a l t  c o n te n t  m ust be  m a i n t a i n e d  a t  a  c o m p a r a t iv e ly  

low  v a lu e  ,,-

D u r a b i l i t y  i s  t h e  r e s i s t a n c e  o f  t h e  m ix tu r e  to  

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

t r a f f i c .  T h is  i s  n o r m a l ly  a c h i e v e d  th r o u g h  u s e  o f  h ig h  

a s p h a l t  c o n t e n t s ,  d e n s e l y  g ra d e d  a g g r e g a t e , a n d  w e l l  com­

p a c t e d  m i x t u r e s .

F l e x i b i l i t y  i s  d e f i n e d  a s  t h e  a b i l i t y  o f  t h e  mix t o  

conform  to  v a r i a t i o n s  i n  su b g ra d e  and  b a s e  e l e v a t i o n s . I t
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i s  p ro m o te d  b y  h i g h  a s p h a l t  c o n t e n t  a n d  c o m p a r a t i v e l y  o p e n -  

g r a d e d  a g g r e g a t e  0

I m p e r v io u s n e s s  i s  d e s i r a b l e  i f  t h e  pav em en t s t r u c ­

t u r e  i s  to  b e  d u r a b l e , P e r m e a b i l i t y  i s  h e r e  d e f i n e d  n o t  

o n ly  i n  t e rm s  o f  p e r c o l a t i o n  o f  w a t e r  i n t o  t h e  pav em en t b u t  

a l s o  o f  a i r  an d  w a t e r  v a p o r ,  b o t h  o f  w hich  a r e  d e t r i m e n t a l  

to  t h e  m ix tu re o  S k id  r e s i s t a n c e  i s  f u r n i s h e d  b y  th e  same 

f a c t o r s  t h a t  c o n t r i b u t e  t o  s t a b i l i t y « I t  a l s o  r e q u i r e s  

a g g r e g a t e  ty p e  t h a t  i s  r e s i s t a n t  t o  t h e  p o l i s h i n g  a c t i o n  o f  

t r a f f i c » ■

F r a c t u r e  o r  t e n s i l e  s t r e n g t h  i s  t h e  maximum s t r e n g t h  

o f  t h e  m i x t u r e „ T h is  i s  i m p o r t a n t  when c o n s i d e r i n g  h e a v y  

l o a d s ,  p a r t i c u l a r l y  a t  low  t e m p e r a t u r e s  o r  when t h e  su b g ra d e  

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

g a t e  g r a d a t i o n ,  m i n e r a l o g i c a l  c o m p o s i t io n  o f  f i n e  a g g r e g a t e ,  

and  m ix tu r e  d e n s i t y .  I n c r e a s e  i n  a s p h a l t  c o n t e n t  and  

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

l i m i t s .

F l e x i b i l i t y  o f  a s p h a l t i c  c o n c r e t e  p a v e m e n ts  h a s  

a l s o  b e e n  r e f e r r e d  t o  a s  f a t i g u e  r e s i s t a n c e  ( 1 ) ,  I n  i t s  

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

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

e l a s t i c  d e f o r m a t i o n .  T h is  may b e  a s s o c i a t e d  w i t h  l i t t l e  o r  

no p e rm a n e n t  d e f o r m a t io n  o f  th e  pavem en t a t  t h e  o u t s e t ,

D a ta  seem t o  I n d i c a t e  t h a t  a l l  m ix tu r e s  e x h i b i t  f a t i g u e
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( 2 ) ,  a n d  t h a t  c r a c k i n g  i s  r e l a t e d  t o  th e  i n t e n s i t y  o f  th e  

t e n s i l e  s t r e s s  In d u c e d  i n  t h e  m i x t u r e .  M ix tu re  v a r i a b l e s  

t h a t  c o n t r i b u t e  t o  h i g h  f r a c t u r e  s t r e n g t h  w ould  t h e r e f o r e  

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

I t  w i l l  b e  s e e n  from  t h i s  b r i e f  s u r v e y  t h a t  t h e r e  

i s  a c o n f l i c t  o f  i n t e r e s t  b e tw e e n  f a c t o r s  c o n t r i b u t i n g  to  

s t a b i l i t y  and  s k i d  r e s i s t a n c e  on one h a n d ,  a n d  t h o s e  r e ­

q u i r e d  f o r  d u r a b i l i t y  and  f l e x i b i l i t y  on t h e  o t h e r .  A 

b a l a n c e  h a s  t h u s  t o  be s t r u c k  b e tw e e n  a  s t a b l e  b u t  ro u g h  

and  w e a th e re d  s u r f a c e ,  and  a  sm ooth , o t h e r w i s e  f l e x e d  

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

a  q u e s t i o n  o f  eco n o m ic s  an d  e n g i n e e r i n g  11 ju d g m e n t ."

W hile  t h i s  c o n f l i c t  i s  b e in g  r e s o l v e d  f a t i g u e  r e ­

s i s t a n c e  i s  u n w i t t i n g l y  b e in g  i n v o l v e d .  We n o t e d  e a r l i e r  

t h a t  f a t i g u e ,  w hich  i s  a p r o c e s s  o f  p r o g r e s s i v e  l o c a l i z e d  

p e rm a n e n t  s t r u c t u r a l  change due to  f l u c t u a t i o n  o f  s t r e s s e s  

and s t r a i n s  ( 2 ) ,  i s  I n f l u e n c e d  b y  a s p h a l t  c o n t e n t  among 

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

c o n t r i b u t i o n  on th e  f a t i g u e  l i f e  o f  t h e  p a v e m e n t .

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

and  commented on by  Hveem and Carmany (3 ) i n  1948 . I n  a  

l a t e r  p a p e r ,  Hveem (4 )  p r e s e n t e d  d a t a  on m e a su re d  pavem ent . 

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

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

t h i s  was t h a t  a pavem en t c o u ld  s u s t a i n  any  num ber o f  l o a d



r e p e t i t i o n s  p r o v i d e d  th e  p e r m i s s ib l e ,  d e f l e c t i o n  was n o t  

e x c e e d e d .

F o l lo w in g  on Hveem’ s l e a d  many r e s e a r c h e s  hav e  b e e n  

c a r r i e d  o u t  i n  t h e  l a s t  two d e c a d e s ,  n o t a b l y  i n  E urope  and  

t h e  U n i te d  S t a t e s ,  These h a v e  in v o lv e d  t e s t  r o a d s  su ch  a s  

th e  WASHO and  th e  AASHO, and  l a b o r a t o r y  t e s t s  on b o t h  

sp e c im en s  t a k e n  from  th e  p avem en t a n d  sp e c im en s  made i n  th e  

l a b o r a t o r y .  The l a b o r a t o r y  i n v e s t i g a t i o n s  w hich  h av e  b e e n  

u n d e r t a k e n  a r e  o f  two b a s i c  a p p r o a c h e s .  The f i r s t  a p p ro a c h  

i s  c o n c e rn e d  more w i th  th e  f u n d a m e n ta l  b e h a v i o r  o f  t h e  a s ­

p h a l t i c  c o n c r e t e  a s  an  e n g i n e e r i n g  m a t e r i a l .  T e s t s  a r e  

c a r r i e d  o u t  w i th  e s t a b l i s h e d  m ethods o f  f a t i g u e  t e s t i n g  

su ch  a s  th e  r o t a t i n g  c a n t i l e v e r  m achine  u s e d  b y  F e l l  (5 )«

The se c o n d  a p p ro a c h  e n d e a v o rs  to  s i m u la t e  f i e l d  c o n d i t i o n s .  

I t  i n c l u d e s  su ch  n o t a b l e  w orks a s  r e p o r t e d  b y  M onism !th  ( 6 )., 

P a p a z ia n  and  B a k e r  ( 7 ) ,  M on ism !th , S e c o r  and  B lack m er ( 8 ) ,  

J im e n e z  ( 9 ) and  V a l l e r g a ,  F in n  and  H ic k s  (1 0 )  t o  m en tio n  

o n ly  a  few . These w i l l  be  d i s c u s s e d  l a t e r  i n  t h e  r e v ie w  o f  

l i t e r a t u r e .

Of p a r t i c u l a r  i n t e r e s t  h e r e  i s  th e  a p p a r a t u s  and 

t e s t  p r o c e d u r e  t h a t  was r e p o r t e d  i n  J im en e z  ( 9 )« Commen­

t i n g  on th e  r a t i o n a l e  b e h in d  t h i s  t e s t  m ethod J im en e z  n o t e s  

t h a t  ( p .  4 ) :

I n  t h e  p a s t ,  t h e  u s u a l  p r o c e d u r e  u s e d  in  
t e s t i n g  f o r  f l e x i b i l i t y  h a s  b een  to  l o a d  a  
p r i s m o i d a l  sh a p ed  sp ec im en  i n  some s o r t  o f  
beam c o n d i t i o n .  T h is  ty p e  o f  t e s t i n g  do es
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n o t  a p p e a r  t o  be a d e q u a te  f o r  d u p l i c a t i n g  
s e r v i c e  c o n d i t i o n s ,  a l t h o u g h  i t  d o e s  s e r v e  
to  o b t a i n  c o m p a ra t iv e  v a l u e s  o f  p a r a m e t e r s  
w i th  w h ich  t o  d e te r m in e  t h e  e f f e c t s  o f  
c e r t a i n  v a r i a b l e s .  A m odel f o r  t e s t i n g ,  
more c l o s e l y  r e l a t e d  t o  t h e  c o n d i t i o n s  i n  
t h e  p a v em en t,  i s  a l a r g e  d i a m e t e r  d i s c  •
f i x e d  a b o u t  i t s  p e r i p h e r y  and  lo a d e d  on i t s  . 
c e n t e r .

To s i m u la t e  t h e  e f f e c t  o f  su b g ra d e  r e a c t i o n  th e  

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

w h ich  can  be a d j u s t e d  t o  g iv e  v a r i a b l e  s u p p o r t  t o  t h e  p a v e ­

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

r e p o r t . T e s t  d a t a  o b t a i n e d  w i th  t h i s  p r o c e d u r e  h a s  b e e n  

r e p o r t e d  b y  J im e n e z  ( 9 , 1 1 ) , .  and  Layman a n d  P h i l i p p i  ( 1 2 ) .  

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

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

f l e x i b i l i t y  and  f a t i g u e  r e s i s t a n c e  o f  a s p h a l t i c  c o n c r e t e . ;

L a b o r a to r y  f a t i g u e  t e s t s  a r e  g e n e r a l l y  o f  two t y p e s  

c o n t r o l l e d - s t r e s s  w here  t h e  l o a d  i s  i n  t h e  n a t u r e  o f  a l t e r ­

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

w here l o a d i n g  i s  i n  t h e  form  o f  a l t e r n a t i n g  s t r a i n  o f  

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

d i f f e r e n t .  I n  t h e  fo r m e r  a f l a w  w i l l  l e a d  t o  s t r e s s  con­

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

l e a d  to  f a s t  p r o p a g a t i o n  an d  c o m p le te  f a i l u r e  o r  r u p t u r e .

I n  th e  l a t t e r ,  h o w ev er ,  c r a c k in g  w i l l  r e s u l t  i n  a  d e c r e a s e  

i n  s t r e s s  a n d  h e n ce  a s lo w e r  r a t e  o f  p r o p a g a t i o n .  The 

f a t i g u e  l i f e ,  m e a su re d ,  t h e r e f o r e ,  i n c l u d e s  a  c o n s i d e r a b l e  .



l e n g t h  o f  t im e  r e q u i r e d  t o  i n i t i a t e  a c r a c k  t h a t  d e f i n e s  

f a i l u r e .  I n  f a c t , f a i l u r e  i n  t h i s  c a s e  i s  a r b i t r a r i l y  

d e te r m in e d  s i n c e  c o m p le te  r u p t u r e  w i l l  t a k e  a  l o n g  t im e  to  

a c h i e v e ,

The c h o ic e  a s  t o  w hich  mode o f  t e s t i n g  s h o u ld  be 

a d o p te d  d e p en d s  on th e  ty p e  o f  p a v e m e n t , I t  h a s  b e e n  

s u g g e s t e d  (10) t h a t  s i n c e  t h i n  l a y e r s  o f  a s p h a l t i c  c o n c r e t e  

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

s h o u ld  b e  made w i t h  m ix es  o f  low  s t i f f n e s s .  C o n s e q u e n t ly ,  

from  a v a i l a b l e  f a t i g u e  d a t a ,  t h e  a p p r o p r i a t e  mode o f  t e s t  

w ould  b e  c o n t r o l l e d  s t r a i n .  On th e  o t h e r  h a n d ,  t h i c k  p a v e ­

ment s e c t i o n s  im p a r t  more s t i f f n e s s  t o  t h e  s t r u c t u r e  and 

h e n ce  r e q u i r e  s t i f f e r  m ix e s .  T e s t i n g  p r o c e d u r e  a p p r o p r i a t e  

t o  t h i s  w ould  b e  c o n t r o l l e d  s t r e s s .

I n  a c t u a l  f i e l d  p e r fo r m a n c e ,  p av em en ts  a r e  s u b j e c t e d  

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

makes t h e  c o n t r o l l e d - s t r e s s  mode o f  t e s t i n g  a  more l o g i c a l  

o n e .

The d e f l e c t o m e t e r  i s  e s s e n t i a l l y  a  c o n t r o l l e d - s t r e s s  

t y p e . o f  a p p a r a t u s . The same l o a d  m ag n itu d e  i s  m a in t a in e d  

d u r i n g  t h e  p e r i o d  o f  t e s t i n g .  T h is  i s  made p o s s i b l e  by 

u s i n g  a  f l o a t i n g  l o a d  sy s te m .

W hile  t h e  work r e p o r t e d  b y  J im en e z  ( 9 ) was e x t e n ­

s i v e ,  t h e  p r im a r y  o b j e c t  was to  e v a l u a t e  t h e  d e f l e c t o m e t e r  

a s  a f a t i g u e  t e s t i n g  m achine  . The m a t e r i a l  u s e d  w a s  l i m i t e d



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

s u g g e s t e d  t h a t  c o a r s e - g r a i n e d  m ix tu r e s  s h o u ld  a l s o  "be 

t e s t e d  to  f i n d  o u t  w h e th e r  t h e y  co n fo rm ed  w i t h  t h e  g e n e r a l  

f i n d i n g s .  The work by  Layman and  P h i l l i p i  (1 2 )  was c o n ­

c e r n e d  w i th  f l e x u r a l  p r o p e r t i e s  o f  c e r t a i n  b l a c k  b a s e  

m ix tu r e s o  Among th e  t h i n g s  i n v e s t i g a t e d  was v a r i a t i o n  o f  

th e  m ix tu r e  s t i f f n e s s  w i th  t e m p e r a t u r e  f o r  a  c o n s t a n t  a s ­

p h a l t  c o n te n to

The work r e p o r t e d  h e r e  i s  an e x t e n s i o n  o f  t h e  two 

w orks a b o v e ,  and  d e a l s  s p e c i f i c a l l y  w i th  t h e  e f f e c t s  o f  

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

c r e t e  m i x t u r e s .  The m a t e r i a l s  and  a g g r e g a t e  g r a d a t i o n  

c o in c id e  w i th  t h o s e  u s e d  on. t h e  c o n s t r u c t i o n  o f  t h e  U.S:. 

I n t e r s t a t e  Highway 19° D e t a i l s  o f  t h i s  w i l l  b e  d i s c u s s e d  

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

S t i f f n e s s  o r  dynam ic s t i f f n e s s ,  a s  i t  i s  o f t e n  

c a l l e d ,  h a s  b e e n  d e f i n e d  s im p ly  a s  th e  r a t i o  o f  s t r e s s  

a m p l i tu d e  to  s t r a i n  a m p l i tu d e  (2 ,  4 , 5 )°  I t  i s  d e p e n d e n t  

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

g i v e s  a  r e f l e c t i o n  o f  t h e  T h e o l o g ic a l  b e h a v i o r  o f  t h e  m ix­

t u r e ,  S t i f f n e s s  o f  a s p h a l t i c  c o n c r e t e  p a v em en ts  i s  a 

f u n c t i o n  o f  a l l  t h e  c o m p o n e n ts . t h a t  c o n s t i t u t e  th e  p a v em en t,  

v i z , ,  s u b g ra d e ,  s u b - b a s e ,  b a s e  and  s u r f a c i n g .  However, 

Hveem (4 ,  p .  46) p r e f e r s ,  f o r  d e s i g n  p u r p o s e s ,

To a s s o c i a t e  t h e  c o n c e p t  o f  s t i f f n e s s  w i th  
t h e  p avem en t and  b a s e  s t r u c t u r e  a lo n e  i n  w hich



c a s e  t h e r e  w i l l  n o t  h e  a  c o n s i s t e n t  r e l a t i o n ­
s h ip  b e tw e e n  s t i f f n e s s  a n d  d e f l e c t i o n  a s  th e  
c h a r a c t e r  o f  t h e  s u p p o r t i n g  s o i l  w i l l  th e n  
r e p r e s e n t  a  v a r i a b l e s  “r e s i l i e n c e „11

I n  t h i s  s tu d y  th e  su b g ra d e  s u p p o r t  i s  a  c o n t r i b u t i n g  

f a c t o r  t o  s t i f f n e s s 0 The e f f e c t  o f  i n i t i a l  s u p p o r t  on th e  

s t i f f n e s s  a n d / o r  f a t i g u e  l i f e  o f  t h e  m ix tu r e  fo rm s  p a r t  o f  

t h e  i n v e s t i g a t i o n  * O th e r  v a r i a b l e s  a r e  t e m p e r a tu r e  and 

a s p h a l t  c o n t e n t  =

The s i g n i f i c a n c e  o f  m ix tu r e  s t i f f n e s s  i n  t h e  f a t i g u e  

p e r fo rm a n c e  o f  p a v em en ts  h a s  b e e n  r e c o g n i z e d  from  th e  

e a r l i e s t  i n v e s t i g a t i o n s ,  a l t h o u g h  d i s p a r i t y  e x i s t s  b e tw e e n  

t h e  i n t e r p r e t a t i o n  t h e n  0  3, 1 4 ) ,  a n d  w hat i s  c u r r e n t l y  

know n„ E v e ry  i n v e s t i g a t o r  a f t e r  R a d e r  (13 )  h a s  made co n ­

s i d e r a b l e  c o n t r i b u t i o n s  to  t h i s  s u b j e c t *  F in n  (2 ,  p .  66 )  

h a s  t h e  f o l l o w i n g  t o  sa y  s

To m a n ip u la te  t h e  f a t i g u e  c h a r a c t e r i s t i c s  o f  
a s p h a l t i c  m ix e s ,  i t  w ou ld  be  d e s i r a b l e  t o  
h a v e  a  s i n g l e  p a r a m e te r  whose a s s o c i a t i o n  
w i th  f a t i g u e  i s  know n. A t p r e s e n t  t h e  s t i f f ­
n e s s  m o d u lu s - -  seems to  b e  m ost l o g i c a l ,  i n ­
asmuch a s  a  c o n s i d e r a b l e  amount o f  i n f o r m a t i o n  
h a s  b e e n  r e p o r t e d  r e l a t i v e  t o  i t s  c o r r e l a t i o n  
w i th  f a t i g u e  l i f e — .

Y et we do n o t  seem to  h a v e  r e a c h e d  t h e  u l t i m a t e ,  o r  

e v e n  a p p ro a c h e d  i t ,  b e c a u s e  a l t h o u g h  the. know ledge  i s  p i l i n g  

p a v em en ts  c o n t in u e  to  f a i l  i n  f a t i g u e .  T h is  i s  h a r d l y  s u r ­

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

t a n c e  a r e  f u n c t i o n s  o f  many i n d e t e r m i n a t e  v a r i a b l e s  i n ­

c l u d i n g  t h e  m ix tu r e  p r o p e r t i e s  an d  e n v i r o n m e n ta l  c o n d i t i o n s .



A lso ,  some o f  t h e  b a s i c  a s s u m p t io n s  o f  h o m o g e n e ity  i s o t r o p y  

and  e l a s t i c i t y  assum ed  i n  t h e  a n a l y s i s  a r e  o n ly  c lo s e  ap­

p r o x i m a t i o n s  a t  b e s t o  T h e r e f o r e ,  any  a d d i t i o n a l  i n f o r m a t i o n  

i n  t h i s  f i e l d ,  e s p e c i a l l y  by  t e s t  m ethods t h a t  a p p ro a c h  

s i t e  c o n d i t i o n s ,  w i l l  be  a  welcome c o n t r i b u t i o n .  I t  i s  

h o ped  t h a t  t h i s  s tu d y  w i l l  add  t o  t h e  k n o w le d g e .



CHAPTER. 2

LITERATURE REVIEW

One o f  t h e  e a r l i e s t  i n v e s t i g a t i o n s  i n t o  t h e  c r a c k i n g  

r e s i s t a n c e  o f  a s p h a l t i c  c o n c r e t e  was r e p o r t e d  by  R ader  (1 3 )  

i n  1936o T h is  was l a r g e l y  c o n c e rn e d  w i th  t h e  p h y s i c a l  

p r o p e r t i e s  o f  t h e  m ix tu r e  a t  low  t e m p e r a t u r e s .  Beam s p e c i ­

mens 2" X 1-§'H X 6" w ere c u t  from  two e x i s t i n g  p av em en ts  o f  

c o n t r a s t i n g  p e r fo rm a n c e  (one h e a v i l y  c r a c k e d  and  a n o th e r  i n  

good c o n d i t i o n )  and  t e s t e d  i n  f l e x u r e .  A s p h a l t  was a l s o  

e x t r a c t e d  by  t h e  Abson m ethod and c o n e if i te rm y  t e s t s  p e r ­

fo rm ed  on i t *  Rem olded sam p le s  w ere  t e s t e d  f o r  s t a b i l i t y .

The r e s u l t s  o f  t h i s  i n v e s t i g a t i o n  a r e  o f  p a r t i c u l a r  i n t e r e s t :  

R a d e r  r e p o r t s  t h a t  t h e  pavem en t w h ich  was i n  good c o n d i t i o n  

a f t e r  8 y e a r s  o f  s e r v i c e  h ad  a v e r a g e  v a l u e s  o f  m odulus o f  

e l a s t i c i t y *  o f  4 7 9 ,0 0 0  p s i ,  w h i le  t h e  c r a c k e d  pavem en t h a d  

a v e r a g e  v a l u e s  o f  6 2 4 ,0 0 0  p s i*  He n o t e d  t h a t  t h e  g r e a t  

d i f f e r e n c e s  i n  s t i f f n e s s  w ere  due to  g r e a t  d i f f e r e n c e s  i n  

d e n s i t y ,  and  t h a t  t h e  h i g h  s t i f f n e s s  was r e s p o n s i b l e  f o r

*The te rm  "m odulus o f  e l a s t i c i t y "  u s e d  h e r e  i s  th e  
same a s  " s t i f f n e s s  m odu lus"  u s e d  e ls e w h e re  a n d  d e f i n e s  t h e  
r e l a t i o n s h i p  b e tw e e n  s t r e s s  and  s t r a i n  f o r  s t a t i c  lo a d in g *
F o r  dynam ic l o a d i n g  th e  te rm  "dynam ic  s t i f f n e s s  m odulus"  
h a s  b e e n  used*  A l l  t h e s e  t e rm s  h a v e  th e  same c o n n o ta t io n *
The h i g h e r  t h e  m o d u lu s ,  th e  s t i f f e n  t h e  m ix .

10



11

h i g h  t e n s i l e  s t r e s s e s  w hich  r e s u l t e d  from  low  t e m p e r a t u r e s « 

T h u s , he  c o n c lu d e d  t h a t  a low  m odulus o f  e l a s t i c i t y  was 

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

s u b s e q u e n t  r e p o r t  (14) he  p ro d u c e d  more d a t a  w h ich  c o n f i rm e d  

h i s  i n i t i a l  f i n d i n g s » A l th o u g h  t h e s e  f i n d i n g s  do n o t  seem 

t o  a g re e  w i t h  o u r  c u r r e n t  k n o w le d g e ,  t h e y  p a v e d  way f o r  

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

a s p h a l t i c  c o n c r e t e  p a v e m e n ts „ I t  i s  now g e n e r a l l y  a ck n o w l­

ed g ed  t h a t  t h e r m a l  s t r e s s e s  a r e  n o t  a  m ain c a u s e  o f  s u r f a c e  

c r a c k s „

The f i r s t  r e p e a t e d - l o a d i n g  t e s t  was r e p o r t e d  by  

Thomas (15 )  i n  1948» H is  s t u d i e s  i n v o lv e d  sp e c im en s  16 

i n c h e s  i n  d i a m e t e r  s u p p o r t e d  on a  s p r i n g  b a s e  and lo a d e d  

c e n t r a l l y .  E i g h t  r e p e t i t i o n s  o f  l o a d  w ere a p p l i e d  on e i t h e r  

s i d e  o f  t h e  sp e c im e n .  The s t r e n g t h  o f  t h e  sp ec im en  was 

e v a l u a t e d  from  t h e  amount o f  damage r e s u l t i n g  from  th e  l o a d  

a p p l i c a t i o n .  I t  was c o n c lu d e d  t h a t  h i g h  s t i f f n e s s  was n o t

a d v a n ta g e o u s  s i n c e  c r a c k i n g  o c c u r r e d  more on t h e  s t i f f e r
I -

m i x t u r e s »

The n e x t  work i n  l i n e  i s  t h a t  r e p o r t e d  b y  Hveem a n d  

Carmany ( 3 ) and  l a t e r  e x te n d e d  by  Hveem ( 4 ) .  I n  th e  l a t t e r  

work Hveem d i s c u s s e d  th e  d i f f e r e n t  com ponen ts  o f  a pavem ent 

and  how t h e y  i n t e r a c t  w i t h  e a c h  o t h e r  d u r in g  t h e  s e r v i c e  

l i f e  o f  t h e  p a v e m e n t . D e f l e c t i o n  m easu rem en ts  w ere  made a t  

d i f f e r e n t  e l e v a t i o n s  i n  t h e  p avem en t and  r o a d  b a se m e n t  a n d
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t h e s e  w ere c o r r e l a t e d  w i th  f i e l d  p e r f o r m a n c e „ C om parison

was a l s o  made w i t h  t h e  r e s u l t s  o f  t h e  Road T e s t  O n e-M ary land

and  t h e  WASHO r o a d  t e s t  and  i t  was c o n c lu d e d  t h a t  a  l i m i t i n g

d e f l e c t i o n  o f  a b o u t  0 ,0 2 0  in c h  was e s s e n t i a l  f o r  r e p e a t e d -

f l e x u r e  e n d u r a n c e ,  Hveem a l s o  p r e s e n t e d  i n i t i a l  r e s u l t s  o f

l a b o r a t o r y  f a t i g u e  t e s t s  on beams 2" X 2" X 10" c u t  from

e x i s t i n g  p a v e m e n ts .  The t e s t  a p p a r a t u s  h ad  a  cam a r r a n g e -

m ent o p e r a t i n g  a t  s p e e d s  t o  s i m u la t e  t r u c k  t r a f f i c .  The

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

o r  d e f l e c t i o n  i n c r e a s e d .  T hus, c o n c lu d e d  Hveem (4 ,  p„ 7 2 ) ,

T here  i s  an  u n u s u a l l y  c lo s e  c o r r e l a t i o n  b e tw ee n  
o b s e r v a t i o n s  o f  c r a c k i n g  and  f a t i g u e . t y p e  

. f a i l u r e s - - -  a n d  m ea su re d  d e f l e c t i o n s — - .  These 
d e f l e c t i o n s  a p p e a r  t o  be  a s s o c i a t e d  w i th  com­
p r e s s i o n  and  re b o u n d  i n  t h e  s o i l - - - .  I t  may be 
s a i d  t h a t  t h e  p r i n c i p a l  d e s t r u c t i v e  f o r c e  i s  
t h e  e n e r g y  s t o r e d  i n  t h e  su b g ra d e  b y  e a c h  p a s ­
s i n g  w h e e l .

; Hughes an d  P a r i s  (1 6 )  w orked  on th e  d e fo r m a t io n  o f  

a s p h a l t  a n d  sa n d  m ixes  em p lo y in g  two r a t e s  o f  d e f o r m a t io n .  

The r e s u l t s  f o r  h i g h  d e fo r m a t io n  r a t e  (3 i n c h e s  p e r  s e co n d )  

w ere  n o t  v e r y  s i g n i f i c a n t  a s  t h e y  d i d  n o t  show any  e f f e c t  

on mix v a r i a b l e s .  However, f o r  t h e  low r a t e  o f  0 .0 7  in c h  

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

w ere s i g n i f i c a n t  i n  m ix tu r e  d e f o r m a b i l i t y .  S p e c i f i c a l l y ,  

i t  was n o t e d  t h a t  f a i l u r e  o c c u r r e d . a t  lo w e r  m a g n i tu d e s  o f  

d e fo r m a t io n ,  and  t h e s e  v a r i e d  w i th  a s p h a l t  c o n s i s t e n c y  a n d  

t e m p e r a t u r e  s u s c e p t i b i l i t y ,  -
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¥ o o d ? G oetz  and  M cL aughlin  (1 7 , 18) p r e s e n t e d  

p a p e r s  on th e  s t r e n g t h  o f  b i tu m in o u s  m ix t u r e s  m d e r  d i f ­

f e r e n t  l o a d i n g  c o n d i t i o n s 0 T e s t s  w ere  c a r r i e d  o u t  on 

c y l i n d r i c a l  sp e c im e n s ,  lo a d e d  a x i a l l y ,  and  u n d e r  d i f f e r e n t  

t e m p e r a t u r e s  a n d  l o a d i n g  p r e s s u r e s „ The r e s u l t s  showed a; 

l o g a r i t h m i c  r e l a t i o n s h i p  b e tw e e n  d e fo r m a t io n  an d  l o a d  r e p e ­

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

t i o n s h i p  b e tw e e n  t e m p e r a t u r e  and c o m p re s s iv e  s t r e n g t h .

S e v e r a l  r e p o r t s  h a v e  b e e n  p r e s e n t e d  b y  M ohism ith .

©t a l .  (6 ,  8 ,  1 9 , 2 0 , 21) on a s p h a l t  m ix tu r e  b e h a v i o r  i n  

r e p e a t e d  f l e x u r e  0 I n  R e fe r e n c e  6 M onism !th  p r e s e n t e d  some 

o f  t h e  f a c t o r s  w hich  , s h o u ld  be  c o n s i d e r e d  i n  t h e  a n a l y s i s  

o f  f l e x i b i l i t y  c h a r a c t e r i s t i c s  o f  p a v e m e n ts .  T h e s e . i n ­

c lu d e d  (a )  p r o p e r t i e s  o f  m a t e r i a l s ,  t h a t  i s ,  a s p h a l t ,  a g g r e ­

g a t e s  and  t h e  m ix t u r e ,  ( b ) s t r u c t u r a l  e f f e c t s  i n c l u d i n g  

s l a b  t h i c k n e s s  a n d  l o a d  d i s t r i b u t i o n ,  and  ( c )  e x t e r n a l  co n ­

d i t i o n s  such  a s  t e m p e r a t u r e , r e s i l i e n t  p r o p e r t i e s  o f  th e  

s u b g r a d e ,  and  m a g n i tu d e ,  f r e q u e n c y  and  d u r a t i o n  o f  t h e  l o a d .  

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

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

c o s i t y  t o  t h e  o v e r a l l  p e r fo rm a n c e  o f  t h e  m i x t u r e ,  and  how 

r e p e a t e d  s t r e s s i n g  can  c a u se  s t r a i n “h a r d e n i n g  an d  e v e n t u a l  

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

s tu d y  beam sp e c im en s  3" X 2" X 12" were co m p ac ted  b y  a  

k n e a d in g  c o m p a c to r  an d  t e s t e d  i n  t h e  m anner o f  Thomas ( 1 5 ) .



S i g n i f i c a n t  c o n c l u s i o n s  o f  t h i s  s tu d y  w ere t h a t  ( a )  t h e  

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

t e n t  and  th e  num ber o f  l o a d  a p p l i c a t i o n s ,  and  (b )  d e c r e a s e d  

t e m p e r a tu r e  i n c r e a s e d  t h e  m odulus o f  r u p t u r e  w hich  was a c ­

com panied  b y  i n c r e a s e d  r i g i d i t y  u n d e r  dynamic l o a d i n g .  I n  

t h e  p a p e r  c i t e d  i n  R e f e r e n c e  8 t h e  d i s c u s s i o n  c e n t e r e d  

more on t h e  e f f e c t s  o f  f r e q u e n c y  o f  l o a d  a p p l i c a t i o n  arid 

s t r e s s  r e v e r s a l «, T hree  r a t e s  o f  a p p l i c a t i o n s  o f  30, 15, 

a n d  3 p e r  m i n u t e , w i th  l o a d  a p p l i c a t i o n  t im e  o f  1 s e c o n d ,  

w ere  u s e d .  These, c o r r e s p o n d e d  w i th  slow  m oving t r a f f i c  on 

an u r b a n  h ighw ay  o p e r a t i n g  a t  c a p a c i t y .  M on ism !th  e t  a l .  

c o n c lu d e d  from  t h i s  i n v e s t i g a t i o n ,  t h a t  f o r  t h e  ra n g e  o f  

f r e q u e n c i e s  and  t e m p e r a t u r e s  u t i l i z e d ,  th e  f r e q u e n c y  o f  

l o a d i n g  h a d  l i t t l e  e f f e c t  on t h e  m odulus o f  r u p t u r e . The 

e f f e c t s  o f  s t r e s s  r e v e r s a l  were a l s o  n e g l i g i b l e ;  a s  lo n g  a s  

t h e  maximum s t r a i n s ,  f o r  th e  r e v e r s a l  and  n o n - r e v e r s a l  t e s t -  

beam s w ere t h e  sam e„ B ased  on t h i s  and  o t h e r  d a t a  a v a i l ­

a b l e  a t  t h e  t i m e , i t  was s u g g e s t e d  (8 ,  p . 1 9 7 ) t h a t  an 

" e x c e l l e n t  c r i t e r i o n  f o r  p r e d i c t i o n  and p r e v e n t i o n  o f  

f a t i g u e  f a i l u r e "  was t h e  l i m i t i n g  b e n d in g  s t r a i n .  F o r  f i e l d  

p e r fo rm a n c e  i t  was s u g g e s t e d  t h a t  t h e  r a d i u s  o f  c u r v a t u r e  o f  

t h e  l o a d e d  a r e a  w ould  b e  a good i n d i c a t o r .

I n  p r e s e n t i n g  t h e i r  work on f l e x u r a l  f a t i g u e  Deacon 

a n d  M onism lth  (2 0 )  r e - d e f i n e d  t h e  f a c t o r s  a f f e c t i n g  f a t i g u e  

b e h a v i o r  b o t h  f o r  f i e l d  p e r fo rm a n c e  and l a b o r a t o r y  t e s t i n g .
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L a b o r a to r y  v a r i a b l e s  w ere c a t e g o r i z e d  i n t o  ( a )  l o a d  v a r i ­

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

l o a d i n g  a n d  mode o f  l o a d i n g  ( w h e th e r  s im p le  o r  com pound),

(b )  e n v i r o n m e n ta l  v a r i a b l e s ,  i n c l u d i n g  t e m p e r a t u r e ,  m o is tu r e  

and  a g in g ,  and  ( c )  m ix tu r e  v a r i a b l e s .  S i g n i f i c a n t  v a r i a b l e s  

i n  t h e  m ix tu r e  w ere a g g r e g a t e  ty p e  a n d  g r a d a t i o n ,  b i n d e r  

t y p e  and  h a r d n e s s ,  a n d  sp ec im en  a i r  v o i d s ,  s u r f a c e  t e x t u r e ,  

s h a p e ,  s i z e ,  s t i f f n e s s ,  a n i s o t r o p y  and  a s p h a l t  c o n t e n t .  

E m p h asis  was p l a c e d  on c o m p o u n d - lo a d in g  f a t i g u e  b e h a v i o r  

s i n c e  v e h i c u l a r  s t r e s s e s  w ere e s s e n t i a l l y  compound i n  n a t u r e .  

The t e s t  e q u ip m e n t  u s e d  was t h e r e f o r e  d e s ig n e d  f o r  such  

l o a d i n g .  D u r in g  e a c h  l o a d  a p p l i c a t i o n  t h e  sp ec im en  was 

f l e x e d  f o r  a  g iv e n  d u r a t i o n  a f t e r  w hich  i t  was f o r c e d  to  

r e t u r n  t o  i t s  o r i g i n a l  p o s i t i o n .  T h is  r e s u l t e d  i n  s t r e s s  

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

c o n c l u s i o n s  w ere made from  t h e  s t u d y ,  b u t  t h e  m ost s i g n i f i ­

c a n t  h e r e  was t h a t  (2 0 ,  p .  1 2 )s  ,

I n  g e n e r a l  i t  a p p e a r s  t h a t  l o a d ,  e n v i r o n m e n ta l  
and  m ix tu r e  and  spec im en  v a r i a b l e s  t e n d i n g  t o  
i n c r e a s e  t h e  s t i f f n e s s  m o d u li  o f  a s p h a l t  s p e c i -  
mens-->tend a l s o  ( a )  t o  i n c r e a s e  t h e  o b s e r v e d ,  
s e r v i c e  l i v e s  f o r  c o n t r o l l e d - s t r e s s  l o a d i n g  
a t  any  g iv e n  s t r e s s  l e v e l ,  b u t  (b )  t o  d e c r e a s e  
t h e  o b s e r v e d  s e r v i c e  l i v e s  f o r  c o n t r o l l e d -  
s t r a i n  t e s t i n g  a t  any  g iv e n  s t r a i n  l e v e l .

The s t i f f n e s s  m odulus was fo u n d  t o  a l t e r  c o n s i d e r a b l y  d u r i n g

th e  f i n a l  p h a se  o f  t h e  t e s t ,  due t o  t h e  dam aging  f a t i g u e

l o a d i n g .
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. The l a s t  p a p e r  (,21.) d e a l s  w i th  p r e d i c t i o n  o f  pavem en t 

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

l o a d  t e s t s  w ere c o n d u c te d  on p r o t o t y p e  pavem en t s e c t i o n s  and  

o b s e r v a t i o n s  w ere  made o n  th e  b e h a v i o r  o f  t h e  s u b g ra d e ,  b a s e  

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

i c a n t  e f f e c t  on t h e  m easu red  d e f l e c t i o n .  T h is  e f f e c t  was 

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

th e  r e s u l t s ,  t h e  a u t h o r s  s t a t e d  t h a t  t h e  r e s i l i e n t *  c h a r a c ­

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

t h e  r a t e  o f  l o a d i n g  a n d  t e m p e r a t u r e . Nomographs p r e s e n t e d  

by  van  d e r  P o e l  i n  1954, and  m o d i f i c a t i o n s  t h e r e o f  by 

Heukelom and  Klomp (22 )  gave good e s t i m a t e s  o f  m ix tu re  

s t i f f n e s s ,  know ing t h e  s t i f f n e s s  o f  t h e  b i n d e r  and volume 

o f  a g g r e g a t e .

A n o th e r  p a p e r  b y  Epps and  M onism ith  (23 )  w i l l  be  

d i s c u s s e d  l a t e r .

P a p a z ia n  an d  B a k e r  ( 7 ,  24) c a r r i e d  o u t  f a t i g u e  t e s t s  

on p r i s m a t i c  sp e c im en s  t e s t e d  a s  s im p le  beam s w i th  an e l a s ­

t i c  s u p p o r t  a t  t h e  c e n t e r .  They r e p o r t e d  t h a t  t h e  e n d u ra n c e  

o f  t h e  m ix tu r e  was a  f u n c t i o n  o f  th e  s t r e s s - l e v e l .  I n  t h e  

se co n d  p a p e r  t h e y  a n a l y s e d  t h e  e f f e c t  o f  s t i f f n e s s  r a t i o  on

^ D e fo rm a t io n s  i n  p av em en t s t r u c t u r e s  c a u s e d  by 
m oving v e h i c l e s  a r e  e s s e n t i a l l y  e l a s t i c  i n  the. se n se  t h a t  
t h e y  a r e  a lm o s t  c o m p le te ly  r e c o v e r a b l e .  However, to  a v o id  
c o n f u s i o n  th e  d e f l e c t i o n s  have  b e e n  te rm e d  r e s i l i e n t  r a t h e r  
t h a n  e l a s t i c .  T h is  t e rm  a s  o r i g i n a l l y  u s e d  b y  Hveem (4 )  
r e f e r r e d  t o  t h e . s u b g r a d e .
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pavem ent s t r e s s e s ,  u s i n g  W e s te r g a a r d s  e q u a t i o n s  and  B u r-  

m i s t e r ' s  t h e o r y  f o r  t w o - l a y e r e d  s y s te m s .  They n o t e d ,  how­

e v e r ,  t h a t  maximum d e f l e c t i o n s  d ep en d ed  n o t  o n l y  on r a t i o s ,  

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

D eh len  (2 5 )  p r e s e n t e d  a  s tu d y  o f  " c h i c k e n  n e t "  c r a c k ­

in g *  o f  a r o a d  s u r f a c i n g ,  c o n d u c te d  i n  S o u th  A f r i c a .  De­

f l e c t i o n s  were made b y  means o f  a Benkelm an beam , an d  from  

t h e  d e f l e c t i o n  p r o f i l e s  t h e  c u r v a t u r e  was d e te r m in e d .  T h is  

was u s e d  t o  a s s e s s  t h e  s t r e s s e s  in d u ced , i n  t h e  p a v em en t.

The a u t h o r  n o t e d  t h a t  a  c o r r e l a t i o n  e x i s t e d  b e tw e e n  maximum 

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

He s t a t e d  t h a t  t h e  c u r v a t u r e .w a s  d e p e n d e n t  m a in ly  on t h e  

m odulus o f  t h e  b a s e  m a t e r i a l .

A l th o u g h  many o f  t h e  l a b o r a t o r y  t e s t  p r o c e d u r e s  so 

f a r  t r i e d  t o  s i m u l a t e  su b g ra d e  r e a c t i o n  t h r o u g h  th e  u se  o f  

a  s p r i n g  b a s e  o r  an  e l a s t i c  c e n t r a l  s u p p o r t , none  had  s u f ­

f i c i e n t  l a t e r a l  c o n f in e m e n t  t o  a p p ro a c h  f i e l d  c o n d i t i o n .

The d e f l e c t o m e t e r  r e p o r t e d  b y  J im e n e z  ( 9 ,  11, 26'), and  

Layman and  P h i l l i p i  ( 1 2 ) ,  h a d  b o t h  d e v ic e s  i n c o r p o r a t e d .

A su b g ra d e  s u p p o r t  was p r o v i d e d  by an o i l - a i r  sy s tem  i n  a 

c y l i n d r i c a l  cham ber s e a l e d  a t  th e  t o p  w i th  a  t h i n  r u b b e r  

m em brane. The sp ec im en  was c lam ped  o n to  t h e  cham ber by

*The te rm s  " c h ic k e n  n e t "  c r a c k i n g ,  " a l l i g a t o r i n g "  
o r  "m apping" h av e  b e e n  u s e d  t o  r e f e r  to  t h e  p a t t e r n  o f  - 
s u r f a c e  c r a c k i n g  t y p i c a l  o f  f a t i g u e  f a i l u r e  o f  a s p h a l t i c  
c o n c r e t e .
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means o f  a s t e e l  r i n g  an d  b o l t s .  A c o n s t a n t  c la m p in g  f o r c e  

was m a i n t a i n e d  th r o u g h  th e  u s e  o f  s p r i n g s  and  m e ta l  s p a c e r  

s l e e v e s .  A v i b r a t o r y - k n e a d i n g  c o m p a c tio n  m ethod  was d e ­

v e lo p e d  a lo n g  w i th  t h i s  t e s t  p r o c e d u r e  t o  com pact sp e c im en s  

4" and  17 i n i n  d i a m e t e r .  F u r t h e r  d e t a i l s  o f  t h i s  w i l l  

a p p e a r  i n  th e  r e p o r t . The. g e n e r a l  f i n d i n g s  r e p o r t e d  i n  

R e f e r e n c e  9 w ere a s  f o l l o w s :

(a )  F a t ig u e  l i f e  i n c r e a s e d  w i th  i n c r e a s i n g  a s p h a l t  

v i s c o s i t y .

. (b )  A l o g a r i t h m i c  r e l a t i o n s h i p  b e tw e e n  a p p l i e d

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

, w here  I Q an d  b  were mix c o n s t a n t s .  F o r  n o rm al  a s ­

p h a l t i c  m ix t u r e s  b was v e r y  c l o s e  to  1 /5 .

( c )  T here  was an  optimum a s p h a l t  c o n t e n t  a s s o c i a t e d  

w i t h  maximum f a t i g u e  l i f e .

(d )  T here  was an  optimum a s p h a l t  c o n t e n t  a s s o c i a t e d  

w i th  maximum dynam ic m o d u lu s .

( e ) Dynamic m odulus I n c r e a s e d  w i t h  i n c r e a s e  i n  

sp ec im en  d e n s i t y  ( f o r  an  optimum a s p h a l t  c o n t e n t ) .

( f )  W ith in  t h e  l i m i t e d  ra n g e  o f  s t r e s s  a n d  spec im en  

d e n s i t y  s t u d i e d ,  t h e  dynam ic m odulus f o r  a m ix tu r e  was 

r e l a t i v e l y  c o n s t a n t  r e g a r d l e s s  o f  s t r e s s  l e v e l  o r  sp ec im en  

t h i c k n e s s .

From t h e s e  s t u d i e s  J im en e z  s u g g e s t e d  t h a t  f a t i g u e  l i f e  o f  

a s p h a l t i c  c o n c r e t e  c o u ld  be  I n c r e a s e d  by  i n c r e a s i n g  th e
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d e n s i t y  by  c o m p a c t io n  ( w i t h i n  l i m i t s ) ,  i n c r e a s i n g  t h e  a s ­

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

a s p h a l t  ( i f  l o s s  o f  d e n s i t y  i s  n o t  g r e a t ) ,  o r  b y  i n c r e a s i n g  

th e  dynam ic m odulus o f  e l a s t i c i t y  w i th  t h e  u s e  o f  m ix tu re  

a d d i t i v e s „ The f i n d i n g s  o f  Layman a n d ' P h i l l i p i  (12) co n ­

f i r m e d  th e  above r e s u l t s *  I n  a d d i t i o n  t h e y  r e p o r t e d  t h a t s  

. (g )  R a d ia l  s t r e s s e s  w i t h i n  t h e  sp ec im en  v a r i e d  a p ­

p r o x i m a te l y  i n  p h a s e  w i th  t h e  a p p l i e d  s t r e s s „

(h )  For. a  g iv e n  t e s t  t e m p e r a t u r e ,  a s  r a d i a l  s t r e s s  

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

( i )  The r a d i a l  s t r a i n  f o r  a g iv e n  t h i c k n e s s  i n c r e a s e d  

a s  t e s t  t e m p e r a t u r e  i n c r e a s e d ,  due to  d e c r e a s e  i n  dynamic 

m odulus a t  f a i l u r e „

( j )  T o ta l  d e f l e c t i o n  a t  f a i l u r e  i n c r e a s e d  a t  h i g h e r  

t e s t  t e m p e r a t u r e s e

P e r fo rm a n c e  o f  f l e x i b l e  p a v em en ts  h a s  been , a n a l y s e d  

by  K ondner and  K r i z e k  (2 ? )  b a s e d  on th e  f i n d i n g s  o f  th e  

AASHO Road T e s t  an d  a  r i g i d  b e a r i n g - p l a t e  s t u d y .  A n a l y t i c a l  

m ethods o f  a n a l y s i s  w ere em ployed  i n  e v a l u a t i n g  s t r e s s e s  

and  e f f e c t s  o f  l a y e r s  on d e f l e c t i o n s .  I t  was n o t e d  i n  p a r ­

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

in g  th e  s t i f f n e s s  o f  t h e  s o i l - p a v e m e n t  s y s te m .  A lso  th e  

l o a d  d e f l e c t i o n  r e s p o n s e  f o r  d e f l e c t i o n - c o n t r o l l e d  t e s t s  was 

d i f f e r e n t  from  t h a t  o f  l o a d - c o n t r o l l e d  t e s t s .
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W hite (2 8 )  p r e s e n t e d  a  summary o f  a c o m p re h e n s iv e  

s tu d y  on f a t i g u e  a n d  d e f l e c t i o n s  o f  a s p h a l t i c  pav em en ts  

w h ich  h a d  b e e n  c o n d u c te d  b y  th e  O regon  S t a t e  Highway D e p a r t ­

ment o' These c o n s i s t e d  o f  f i e l d  t e s t s  u s i n g  t h e  Benkelman 

beam , l a b o r a t o r y  t e s t s  on beams c u t  from  t h e  p a v e m e n ts ,  

and  l a b o r a t o r y  t e s t s :  on m olded s p e c im e n s .  One i n t e r e s t i n g  

d e d u c t io n  from  th e  l a b o r a t o r y  t e s t s  was t h a t  t h e r e  was "no 

e v id e n c e  o f  c o n n e c t io n  b e tw e e n  v o id  c o n te n t  a n d  f a t i g u e  

d u r a b i l i t y ."  From t h e  f i e l d - c u t  beam s, a l s o ,  no c o r r e l a t i o n

was fo u n d  b e tw e e n  t h e  pav em en t c h a r a c t e r i s t i c s  and  t h e  num-
'  .

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

An i n t e r e s t i n g  s tu d y  on p a v in g  m a t e r i a l s  f o r  o r t h o -  

t r o p i c  s t e e l  p l a t e  b r i d g e s  was g iv e n  b y  M e tc a l f  ( 2 9 ) .  T h is  

was i n  c o n j u n c t i o n  w i t h  t h e  c o n s t r u c t i o n  o f  su ch  a  b r i d g e  

a t  San Mateo i n  t h e  San F r a n c i s c o  Bay. C om posite  beam 

sp e c im en s  4" w ide by  18" lo n g  c o n s i s t e d  o f  a s t e e l  p l a t e  

5 /8 "  t h i c k  a n d  a  pavem en t l a y e r  1 -g-” t h i c k .  Among th e  

f i n d i n g s  o f  t h e  s tu d y  was t h a t  a  t e m p e r a t u r e  o f  7 2 °F was 

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

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

lo w e r  t h a n  7 2 °F .

From F rance , B a z in  and  S a u n i e r  (30) s u b m i t t e d  r e s u l t s  

o f  a  s tu d y  on  d e f o r m a b i l i t y ,  f a t i g u e  and  h e a l i n g  p r o p e r t i e s  

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

p a r t e d  f o r c e d  v i b r a t i o n s  i n t o  a c lam ped  t e s t b a r . The f o r c e
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( l o a d )  and  d i s p l a c e m e n t  w ere m e a su re d  w i th  t r a n s d u c e r ' s  and  

c a r r i e r  f r e q u e n c y  a m p l i f i e r s .  S pec im ens d i f f e r e d  in  sh ape  

and  s i z e .  Some w ere  p a r a l l e l e p l p e d i c  w i th  d im e n s io n s  2 cm. 

X 2 cm. X 15 cm ., w h i le  o t h e r s  w ere  t r a p e z o i d a l .  The r e ­

s u l t s  show ed t h e  same ty p e  o f  c o r r e l a t i o n  b e tw e e n  s t i f f n e s s  

m odulus an d  t e m p e r a t u r e ,  t im e  o f  l o a d i n g ,  a s p h a l t  t y p e ,  and  

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

U s in g  van  d e r  P o e l ' s  nom ographs and  i n c o r p o r a t i n g  th e  e f ­

f e c t s  o f  v o id s  fo u n d  i n  t h i s  i n v e s t i g a t i o n ,  t h e  a u t h o r s  

d e v e lo p e d  new nom ographs f o r  mix s t i f f n e s s .  They w arned  

t h a t  t h e s e  w ere o n ly  v a l i d  i n  t h e  ra n g e  o f  l i n e a r  b e h a v i o r  

o f  th e  m ix .

K irk  (3 1 )  p r e s e n t e d  r e s u l t s  o f  f a t i g u e  t e s t s  on 

sp e c im e n s  5 cm. X 7 cm. X 35 cm ., w hich  w ere t e s t e d  i n  a  

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

s o i d a l l y  a t  t h e  r a t e  o f  50 c y c l e s  p e r  s e c o n d .  Range o f  

t e s t  t e m p e r a t u r e s  from  -5°C  to  20°C was em p lo y ed , and  

f a i l u r e  was d e f i n e d  a s  t h e  p o i n t  w here  t h e  l o a d  h a d  f a l l e n  

t o  50$ o f  t h e  s t a r t i n g  l o a d .  Some o f  t h e  n o t a b l e  c o n c lu ­

s i o n s  drawn from  th e  s tu d y  were t h a t  b i n d e r  c o n t e n t  was t h e  

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

m i x t u r e s ,  and  t h a t  a i r  v o i d s  h a d  no e f f e c t  on t h e  f a t i g u e  

s t r a i n .

S i g n i f i c a n t  c o n t r i b u t i o n s  h av e  come from  P e l l  s i n c e  

i 9 6 0 . Some o f  h i s  p a p e r s  oh f a t i g u e  o f  b i tu m in o u s  r o a d
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m ixes  a p p e a r  i n  K o l l o i d  Z e i t s c h n i f t  ( J u l y ,  I 9 6 0 ) ,  P r o c e e d ­

in g s  F i r s t  I n t e r n a t i o n a l  C o n fe re n c e  on th e  S t r u c t u r a l  

D es ig n  o f  A s p h a l t  P a v e m e n ts ,  a n d  P r o c e e d in g s  I n s t i t u t i o n  

o f  C i v i l  E n g in e e r s  (V o l .  31, 1965)» L a t e r  p a p e r s  i n c lu d e  

th e  two c i t e d  i n  t h i s  r e p o r t  (5 ,  3 2 ) .  The t e s t i n g  m achine  

u s e d  was o f  t h e  form  o f  a  r o t a t i n g  b e n d in g  c a n t i l e v e r .  I t
; i • ■ ' . .

was th o u g h t  t o  he  a d v a n ta g e o u s  i n  t h a t  t h e  c r a c k  p r o p a - - 

g a t i o n  was v e r y  r a p i d ,  and  t h e r e  was no m e a s u r e a b le  change 

i n  s t i f f n e s s . S pec im ens  h a d  a  maximum d i a m e t e r  o f  2-§ 

in c h e s  a t  t h e  n e c k ,  w hich  I n c r e a s e d  c o n t i n u o u s l y  to  3 i  i n ­

c h e s  n e a r  b o t h  e n d s .  They w ere  subm erged  i n  a  c o o l a n t  

l i q u i d .  P r e l i m i n a r y  work h a d  d e m o n s t r a te d  t h a t  t h e r e  was 

no d i f f e r e n c e  b e tw e e n  c o o l i n g  b y  l i q u i d  o r  b y  a i r ,  a l t h o u g h  

th e  l a t t e r  p ro d u c e d  more e x p e r i m e n t a l  s c a t t e r .  D i f f e r e n t  

t e s t  t e m p e r a t u r e s  w ere  u s e d ,  and  a  c o n s t a n t  s p e e d  o f  1000 

rpm. S t i f f n e s s  was m ea su re d  b y  a  s p e c i a l  m ach ine  w hich  

a p p l i e d  a  c o n s t a n t  a m p l i tu d e  d e f o r m a t io n  t o  the. sp e c im e n . 

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

c r a c k i n g  an d  t h a t  s t i f f n e s s  was im p o r t a n t  i n  d e te r m in in g  

f a t i g u e  l i f e . A d d i t io n  o f  f i l l e r  i n  c o a r s e ,  g r a d e d  m ixes 

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

v o i d s  and  an i n c r e a s e  i n  s t i f f n e s s .  I t  was a l s o  n o te d  t h a t  

t h e r e  was an  optimum a s p h a l t  c o n t e n t  f o r  maximum f a t i g u e  

l i f e .  Thus, c o n c lu d in g  t h e i r  s t u d y ,  P e l l  and  T a y lo r  (32 ) 

o b s e r v e d  t h a t  t h e  m ost im p o r t a n t  f a c t o r s  l e a d i n g  to  a
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c o n d i t i o n  o f  l i n e a r  mix b e h a v i o r  were  low v o i d  c o n t e n t , low 

t e s t i n g  t e m p e r a t u r e  and  a d e q u a te ,  q u a n t i t i e s  o f  f i l l e r  and  

b i n d e r .

V a l l e r g a  e t  a l .  (10)  i n v e s t i g a t e d  t h e  e f f e c t  o f  

a s p h a l t  a g i n g  on t h e  f a t i g u e  o f  a s p h a l t i c . c o n c r e t e . T h e i r  

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

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

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

Thin  F i lm  Oven m ethod  t o  o b t a i n  d i f f e r e n t  c o n s i s t e n c i e s . 

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

u s e d  t o  m a n u f a c t u r e  beam sp e c im en s  o f  a s p h a l t i c  m i x t u r e s . .

The s p e c im e n s  were  t e s t e d  i n  s im p le  beam l o a d i n g  a t  t h e  

r a t e  o f  100 a p p l i c a t i o n s  p e r  m in u te  ( w i t h  a  l o a d  d u r a t i o n  

o f  0.1 s e c o n d s ) .  I t  was f o u n d  t h a t  a l t h o u g h  s t i f f n e s s  

i n c r e a s e d  f a t i g u e  l i f e ,  sp e c im en s  made w i t h  a g e d  a s p h a l t  

o u t p e r f o r m e d  t h o s e  made w i t h  u n a g e d  a s p h a l t  f o r  t h e  same 

r a n g e  o f  s t i f f n e s s .  From f i e l d  d a t a  i t  was fo u n d  t h a t  an 

i n c r e a s e  i n  t h e  b a s e  modulus  was s i g n i f i c a n t  i n  i n c r e a s i n g  

f a t i g u e  l i f e  f o r  b o t h  aged  and  un a g ed  a s p h a l t s .

A n o th e r  p a p e r  o f  i n t e r e s t  h e r e  i s  t h a t  p r e s e n t e d  

b y  Schm id t  and  S a n t u c c i  (33)  i n  1969 ° T h e i r  s t u d y  i n v o l v e d  

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

a r o a d  t e s t  p r o j e c t  (Z a c a -W ig m o re ) . Schm id t  s u g g e s t e d  an  

e x p r e s s i o n  w hich  d e s c r i b e s  t h e  i n f l u e n c e  o f  a s p h a l t  v i s c o s i t y
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on f a t i g u e  r e s i s t a n c e  o f  f l e x i b l e  p a v em en ts  m e a su re d  u n d e r  

c o n t r o l l e d  s t r a i n .  The e x p r e s s i o n  a p p e a r s  b e lo w :

N1 = K N0 M  o /r l ,  ) ( V s  )n

where  K i s  a c o n s t a n t  d e p e n d e n t  on t h e  mix, N0 i s  

f a t i g u e  l i f e  o f  a r e f e r e n c e  sample  a t  t e m p e r a t u r e  TQ,

6  i s  t h e  dynamic s t r a i n ,

■)qo i s  v i s c o s i t y  o f  a s p h a l t  i n  t h e  r e f e r e n c e  sample  

a t  T0

vl 1 i s  v i s c o s i t y  o f  a s p h a l t  a t  t e m p e r a t u r e  T , ,

N1 i s  f a t i g u e  l i f e  a t  t e m p e r a t u r e  T1 , 

n  i s  a  c o n s t a n t  v a r y i n g  from 4 t o  6 .

Thus,  t h e  a u t h o r s  c l a im e d ,  v i s c o s i t y  c o u ld  be  u s e d  t o  p r e ­

d i c t  f a t i g u e  c r a c k i n g  o f  an a s p h a l t i c  c o n c r e t e  pavem ent  a t  

any  r e a s o n a b l e  p r e v a i l i n g  f i e l d  t e m p e r a t u r e .  A l th o u g h  t h e  

e q u a t i o n  s u g g e s t s  t h a t  d o u b l i n g  t h e  v i s c o s i t y  r e s u l t s  in  

h a l v i n g  t h e  pavem en t  f a t i g u e  l i f e ,  f i e l d  o b s e r v a t i o n s  d i d  

n o t  c o n f i r m  t h i s .  I n  f a c t  d a t a  showed t h a t  a t h o u s a n d f o l d  

d ro p  i n  v i s c o s i t y  was r e q u i r e d  t o  m e r e ly  d o u b le  t h e  pavem ent  

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

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

somewhere b e tw e e n  c o n t r o l l e d - s t r e s s  and c o n t r o l l e d - s t r a i n .

As we n o t e d  e a r l i e r ,  t h e s e  two modes o f  t e s t i n g  a r e  n e a r l y  

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

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

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

v i s c o s i t y .
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The l a s t  p a p e r  t o  be  r e v i e w e d  h e r e  was p r e s e n t e d  b y .
' . ' .

Epps and  M o n lsm i th  (23 )  i I n  t h e i r  s t u d y  t h e  a u t h o r s  I n ­

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

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

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

were  i

( a ) .  H igh  a i r  v o i d s  r e s u l t e d  i n  s h o r t e r  f a t i g u e  l i f e „ 

The s t r u c t u r e  o f  t h e  v o i d s  a s  w e l l  a s  t h e i r  a b s o l u t e  volume 

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

c a p a c i t y  and  s t r e s s  c o n c e n t r a t i o n .  -

( b ) S t i f f n e s s  i n c r e a s e d  w i t h  r e d u c t i o n  i n  a i r  v o i d s .  

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

s t r e s s  l e v e l .  However, t h e y  o b s e r v e d  t h a t  " t h e  change i n  

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

be  w h o l l y  e x p l a i n e d  b y  change  i n  s t i f f n e s s  p r o d u c e d  by t h e  

same a i r  v o i d  v a r i a t i o n "  (2 3 ,  p .  4 3 3 ) .

( c )  A g g r e g a t e  g r a d a t i o n  was t h o u g h t  t o  ha ve  an e f ­

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

(d )  A g g r e g a te  t y p e  h a d  an  i n f l u e n c e  on f a t i g u e  l i f e .

( e )  A verage  s t i f f n e s s  v a l u e s  o f . 6 5 6 ,0 0 0  p s i ,  3 1 8 ,0 0 0  

p s i ,  and  2 8 8 ,0 0 0  p s i  were  o b t a i n e d  f o r  a s p h a l t  g r a d e s  o f  

4 0 - 5 0 ,  6 0 -7 0 ,  a n d  8 5 -1 0 0  r e s p e c t i v e l y .  Thus,  h a r d e r  a s ­

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

1 iv e  s .
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( f ) An optimum a s p h a l t  c o n t e n t  e x i s t e d  f o r  maximum 

f a t i g u e  e n d u r a n c e ,  a l l  o t h e r  t h i n g s  "being e q u a t e  T h is  

optimum a s p h a l t  c o n t e n t  was h i g h e r  t h a n  t h a t  r e q u i r e d  on 

t h e  "bas is  o f  s t a b i l i t y »

From t h i s  r e v i e w  i t  i s  e v i d e n t  t h a t  t h e  p ro b le m  o f  

f a t i g u e  f a i l u r e  h a s  y e t  t o  be  r e s o l v e d *  V a r i a b i l i t y  i n  mix 

p r o p e r t i e s  a n d  t e s t i n g  p r o c e d u r e s  r e s u l t  i n  a  wide s p e c t ru m  

o;f  t e s t  r e s u l t s  a n d  i n t e r p r e t a t i o n s *  T h e r e f o r e ,  a  number 

o f  q u e s t i o n s  r e m a i n  u n a n sw e re d ,  su c h  a s ,  f o r  e x a m p le ,  why 

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

t h e  same r a n g e  o f  s t i f f n e s s e s , ,  o r  why s t i f f n e s s  and  f a t i g u e  

l i f e  do n o t  v a r y  c o n s i s t e n t l y  w i t h  t h e  f a c t o r s  t h a t  a r e  

b e l i e v e d  t o  i n f l u e n c e  th em .  The r e s u l t s  so f a r  show g r e a t  

p r o m i s e ,  a n d  i t  i s  ho p ed  t h a t  f a t i g u e  r e s i s t a n c e  may soon 

be  i n c o r p o r a t e d  a s  a c r i t e r i o n  f o r  t h e  d e s i g n  o f  f l e x i b l e  

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

most  b e n e f i c i a l  t o  f a t i g u e  t e s t i n g  a r e  t h o s e  w h ich  b e s t  

s i m u l a t e  f i e l d  c o n d i t i o n s *  Among t h o s e  a v a i l a b l e  t o d a y  i s  

t h e  d e f l e c t o m e t e r  d i s c u s s e d  e a r l i e r *  T h is  was u s e d  i n  t h e  

p r e s e n t  I n v e s t i g a t i o n .



CHAPTER 3

MIX DESIGN

The m i x t u r e  u s e d  i n  t h i s  s t u d y  was d e s i g n e d  f o r  

f i l m  t h i c k n e s s  a c c o r d i n g  t o  t h e  Hveem Method o f  Mix D e s ig n  

(3 4 )„  S l i g h t  d e p a r t u r e  f rom t h e  s t a n d a r d  p r o c e d u r e  was 

made i n  sam ple  c o m p a c t io n .  T h is  c h a p t e r  d e s c r i b e s  t h e  

d e s i g n  m ethod .  .

M a t e r i a l s

The a g g r e g a t e , w hich  was s u p p l i e d  b y  t h e  S t a t e  

Highway D e p a r t m e n t , was t a k e n  f rom  P i t  Number 75 -50 0  on t h e  

T u c s o n -N o g a le s  h ig hw ay  (U .S .  I n t e r s t a t e  Highway 19)•  The 

c o n t r a c t o r  f o r  t h e  p r o j e c t  was New P u e b l o .  T hree  n o m in a l  

a g g r e g a t e  s i z e s  o f  3 / 4 " ,  3 /8 "  and  " sa n d "  were o b t a i n e d  

d i r e c t l y  f rom t h e  h o t  b i n s  a t  t h e  h o t  mix p l a n t . These 

w i l l  be  r e f e r r e d  t o  h e r e a f t e r  a s  " c o a r s e , "  "medium" and 

" f i n e "  r e s p e c t i v e l y .

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

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

c l a y  and  was v e r y  d u s t y .  I t  was t h u s  n e c e s s a r y  t o  c o n d u c t  

a  w e t - s i e v e  a n a l y s i s .  The r e s u l t s  o f  t h i s  a n a l y s i s  a r e  

g i v e n  i n  Appendix  A.

27 ' ' - '
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The a g g r e g a t e s  were com bined  t o  m eet  t h e  d e s i g n  

s p e c i f i c a t i o n  f o r  t h e  h ig h w ay  p r o j e c t  ( 1 - 1 9 ) .  A p e r c e n t a g e  

c o m b i n a t i o n  o f  3 7 - 1 9 - 4 4  f o r  c o a r s e - m e d i u m - f i n e  was o b t a i n e d .  

T h is  a g r e e d  w i t h  t h a t  u s e d  b y  t h e  Highway d e p a r t m e n t . The 

f i n a l  g r a d a t i o n  i s  g i v e n  i n  T ab le  1 and  F i g u r e  1 .  T ab le  2 

shows two i n d e p e n d e n t  r e s u l t s  o b t a i n e d  b y  t h e  Highway d e ­

p a r t m e n t .  These  a r e  g i v e n  h e r e  f o r  c o m p a r i s o n  p u r p o s e s  

o n l y .

The optimum b i n d e r  c o n t e n t  was e s t i m a t e d  b y  t h e  CKE 

m eth od ,  and  a Sand E q u i v a l e n t  t e s t  was made t o  e s t i m a t e  t h e  

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

The r e s u l t s  o f  t h i s  a n a l y s i s  a r e  sum m arized  i n  T a b le  3. 

D e t a i l e d  d a t a ,  i n c l u d i n g  t h a t  on t h e  m i x t u r e ,  i s  a l s o  g i v e n  

i n  Append ix  A.

M ix tu r e

An optimum a s p h a l t  c o n t e n t  o f  5«5% b y  w e i g h t  o f  

t o t a l  mix was a d o p t e d .  I t  was d e c i d e d  t o  compact  Hveem 

sp e c im e n s  (4 i n c h e s  i n  d i a m e t e r  by  2 .5  i n c h e s  h i g h )  a t  

t h r e e  a s p h a l t  c o n t e n t s  - -  5.0%, 5 . 5 $ ,  and  6.0% — f o r  t h e  

p u r p o s e  o f  c h a r a c t e r i z i n g  t h e  m ix .  A v i b r a t o r y - k n e a d i n g  

c o m p a c to r  was u s e d .  T h is  c o m p a c to r  was a l s o  u s e d  f o r  t h e  

l a r g e  s p e c im e n s .  T h e r e f o r e , d e s c r i p t i o n  o f  t h e  m o ld in g  

p r o c e d u r e  w i l l  b e  d e f e r r e d  t o  t h e  n e x t  c h a p t e r .  E v a l u a t i o n  

o f  t h i s  a p p a r a t u s  (26)  showed t h a t  i t  y i e l d s  d e n s i t i e s  com­

p a r a b l e  t o  t h o s e  o b t a i n e d  b y  o t h e r  e s t a b l i s h e d  p r o c e d u r e s
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( M a r s h a l l  o r  Hveem) „ H e n c e , I t  seemed l o g i c a l  t o  u se  t h i s  

c o m p a c to r ,  I n  l i e u  o f  Hveem’ s k n e a d i n g  c o m p a c to r ,  In  t h e  

c h a r a c t e r i z a t i o n  o f  t h e  m i x t u r e „ Hveem s t a b i l i t y  and  c o -  

h e s l o m e t e r  v a l u e s  were  d e t e r m i n e d  i n  t h e  m anner  d e s c r i b e d  

i n  R e f e r e n c e  34,, The r e s u l t s ,  a r e  g i v e n  i n  T a b le  4„

S in c e  one o b j e c t i v e  o f  t h i s  s t u d y  was t o  o b s e r v e  

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

f l e c t o m e t e r  s p e c im e n s  were made a t  t h e  t h r e e  a s p h a l t  . 

c o n t e n t s  u s e d  a b o v e . The p r o c e d u r e  f o r  t h i s  f o l l o w s .
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T a b le  1

S ie v e  A n a l y s i s  o f  Combined A g g r e g a te

S ie v e  Humber P e r c e n t  P a s s i n g  S p e c i f i c a t i o n  L im i ts* .

1 " 100  100 

3 / 4 ” 96 8 9 -1 0 0

3 /8 "  65 61 -75

# 4  46 - 4 6 -5 6

8 40 39-47

16 . 33 2 8 -3 7

30 23 17 -26

50 12 ' 10 -1 7

100 5 . 5  6 -1 2

200 3 . 4  2 -6

* D e s lg n  S p e c i f i c a t i o n s  f o r  t h e  1 -19 -1  (60)  P r o j e c t -  
A r i z o n a  Highway D e p a r tm e n t ,



PE
RC

EN
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IN
G

-

100

20S p e c i f i c a t i o n  L i m i t s

70

G r a d a t i o n  Curve
60 40

50

20 80

100
3 /4 "  3 /8 100 200

SIEVE NUMBER

F i g u r e  1 . A g g reg a te  G r a d a t i o n

PERCENT 
RETA
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' T ab le  2

S ie v e  A n a l y s i s  o f  Combined A g g re g a te  

O b t a i n e d  b y  I n d e p e n d e n t  O p e r a t o r s

S ie v e  Number P e r c e n t  P a s s i n g
. . .  A* B

■ 1" TOO 100

3 / 4 "  96 95

3/(5" 68 65

# 4  . 51:  50

8 ' ' 43 44

16 32 35

30 21 24

50  12 11

100 7 5

200  . 5 3

■^Courtesy o f  A r i z o n a  Highway D e p a r t m e n t » S e t  A was 
done i n  t h e  C e n t r a l  L a b o r a t o r y  o f  t h e  A r i z o n a  Highway D e p a r t ­
m ent ,  P h o e n i x ,  S e t  B was o b t a i n e d  b y  t h e  Highway D e p a r tm en t  
i n  T ucson .  These r e s u l t s  a r e  f u r n i s h e d ,  h e r e  f o r  c o m p a r is o n  
p u r p o s e s . .
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T ab le  3 

A g g r e g a te  P r o p e r t i e s

S p e c i f i c  G r a v i t y  -  C o a r s e ,  gm/cc . 2 .6 5

• -  F i n e ,  gm/cc 2 . 6 4

-  Combined,  gm/cc 2 . 6 4

CKE =• K e ro se n e  E q u i v a l e n t , % • 3 .  3

. -=• O i l  E q u i v a l e n t ,  % 2 . 9

Sand E q u i v a l e n t , % 4?

S u r f a c e  A re a ,  s q .  f t . / l b .  2 5 . 0

O i l  R a t i o , ■% o f  d r y  a g g r e g a t e  3 .9

A s p h a l t  C o n t e n t . ( 6 0 -7 0  p e n . ) ,  % o f  t o t a l  mix 5 .1 2

T a b le  4

D es ig n  C h a r a c t e r i s t i c s  o f  M ix tu r e

A s p h a l t  c o n t e n t ,  /  b f  t o t a l  mix 5 . 0  5 . 5  6 . 0

T h e o r e t i c a l .  S p . O r . , gm/cc 2 .4 4 5  2 .4 3 5  2 .4 1 4

Specim en D e n s i t y ,  gm/cc 2 .3 1 6  2 .371 2 .3 7 2

Void  C o n t e n t j  % 5 . 2  2 . 7  1.-7

Hveem S t a b i l i t y ,  fo 56 54 42

C o h e s io m e te r  V a lue  225 429 4 1 7 :



CHAPTER 4

SPECIMEN MOLDING PROCEDURE

P r e p a r a t i o n  o f ' M a t e r i a l s  

An e s t i m a t e  o f  t h e  q u a n t i t i e s  o f  d i f f e r e n t  m a t e r i a l s  

r e q u i r e d  p e r  sam ple  was made b a s e d  on t h e  d e n s i t i e s  o b t a i n e d  

i n  t h e  mix d e s i g n .  I t  was d e s i r e d  t o  m a i n t a i n  a u n i f o r m  

sp e c im en  t h i c k n e s s  o f  2 . 0  i n c h e s .  The d i a m e t e r  w a s - 1 7 .5  

i n c h e s .  T ab le  5 g i v e s  t h e  r e s p e c t i v e  q u a n t i t i e s  u s e d :

T ab le  5

B a tc h  W e ig h t s ,  I n  Grams, P e r  Spec im en

A s p h a l t  C o n t e n t ,  ^  o f  t o t a l 5 . 0 5 . 5 6 . 0

A g g r e g a te  -  C o a rse 6 ,3 1 5 6 ,2 8 0 6, 245

-  Medium. 3 ,2 4 2 3 ,2 2 7 3, 212

-  F in e . 7 ,5 0 5 7 ,4 6 5 7, 425

T o t a l  w e i g h t  o f  A g g r e g a te 1 7 ,0 6 2 1 6 ,9 7 2 16, 882

W eigh t  o f  A s p h a l t 899 988 1, 078

W eigh t  p e r  Specimen 17 ,9 6 0 1 7 ,9 6 0 17, 960

M ixing  o f  t h e  m i x t u r e was done i n a H o b a r t Pood

M ix e r .  S in c e  t h e  q u a n t i t i e s  i n v o l v e d  a r e  l a r g e  e a c h  b a t c h  

was s p l i t  i n t o  t h r e e  e q u a l  p a r t s  an d  t h e s e  were mixed

, 4
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s e p a r a t e l y .  Thus,  t h e  d i f f e r e n t  s i z e  a g g r e g a t e s  were 

w e ig h ed  i n t o  a l a r g e  t r a y  (one  t r a y  p e r  sp e c im en )  and  t h o r ­

o u g h ly  m ixed my h a n d .  These were  t h e n  w e ig h ed  i n t o  t h r e e  

e q u a l  p a r t s  and  p u t  i n  p a n s  f o r  oven  h e a t i n g .  The a g g r e g a t e  

was p u t  i n  t h e  oven a t  300°P o v e r n i g h t .

M eanw hile ,  a 6 0 -7 0  p e n e t r a t i o n  g r a d e  a s p h a l t  cement 

was t r a n s f e r r e d  f rom  5 g a l l o n  c a n s  i n t o  s m a l l  c a n s  c a p a b l e  

o f  h o l d i n g  a p p r o x i m a t e l y  1 ,2 0 0  gm. o f  a s p h a l t  ( t h e  amount 

r e q u i r e d  f o r  one s p e c i m e n ) . The t r a n s f e r  was done a t  a 

t e m p e r a t u r e  o f  140°F i n  o r d e r  t o  a v o i d  o v e r h e a t i n g  t h e  

b i n d e r .  A few h o u r s  p r i o r  t o  m ix in g  ( n o r m a l l y  a b o u t  4 h o u r s )  

t h e  a s p h a l t  was p l a c e d  i n  a  s m a l l  oven and t h e  t e m p e r a t u r e  

r e g u l a t e d  t o  2 5 0 ° F .  A t h e r m o m e te r  was i n s e r t e d  i n  t h e  a s ­

p h a l t  t o  m o n i t o r  t h e  t e m p e r a t u r e .  As soon  a s  i t  r e a c h e d  t h e  

d e s i r e d  c o n s i s t e n c y  m ix in g  was r e a d y  t o  commence.

M ix ing

Two m i n u t e s  b e f o r e  m ix in g ,  t h e  m ix in g  bowl was 

p l a c e d  i n  t h e  oven t o  h e a t  i t  up t o  t h e  m ix in g  t e m p e r a t u r e .  

The a g g r e g a t e  was t h e n  t r a n s f e r r e d  i n t o  t h e  bow l  and by  

means o f  a t r o w e l  a  d e p r e s s i o n  was made i n  t h e  c e n t e r  f o r  

t h e  b i n d e r .  A b a l a n c e  c a p a b le  o f  w e ig h in g  up t o  15 k g s .  

was u s e d  t o  t a r e  o f f  t h e  w e i g h t  o f  t h e  bowl a n d  i t s  con­

t e n t s .  The d e s i r e d  q u a n t i t y  o f  a s p h a l t  was t h e n  a d d e d - - t h e  

r e m a i n i n g  a s p h a l t  was i m m e d ia t e l y  r e t u r n e d  t o  t h e  s m a l l  

o v e n .  The bow l  was f i x e d  i n  t h e  m ix in g  m ach ine  and  t h e



o p e r a t i o n  s t a r t e d .  A s p a t u l a  was o c c a s i o n a l l y  u s e d  t o  c l e a n  

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

o b t a i n  u n i f o r m  c o n s i s t e n c y .  M ix in g  was s t o p p e d  when t h e  

m i x t u r e  l o o k e d  u n i f o r m .  N o r m a l l y . t h e  whole  m ix in g  o p e r a t i o n  

t o o k  l e s s  t h a n  5 m i n u t e s .

The m i x t u r e  was t r a n s f e r r e d  i n t o  c l o s e d  c o n t a i n e r s  

(two c o n t a i n e r s  p e r  spec im en)  an d  s t o r e d  i n  t h e  oven a t  

300°F u n t i l  r e a d y  f o r  c o m p a c t io n ,  which  n o r m a l l y  f o l l o w e d  

w i t h i n  one h o u r  a f t e r  m ix i n g .  I t .  was d e s i r a b l e  t o  h a v e  

t h e s e  two o p e r a t i o n s  o v e r  i n  a s  s h o r t  a  t im e  a s  p o s s i b l e  i n  

o r d e r  t o  e l i m i n a t e  m i x t u r e  v a r i a b l e s  due t o  a s p h a l t  h a r d e n ­

i n g .

The m ix in g  room and t h e  c o m p a c t io n  room were i n .  

s e p a r a t e  l o c a t i o n s  o f  t h e  b u i l d i n g .  Ovens were  a v a i l a b l e  

i n  t h e  c o m p a c t io n  room i n t o  which  t h e  m i x t u r e - c o n t a i n e r s  . 

were  t r a n s f e r r e d .  B e f o r e  c o m p a c t io n  s t a r t e d  t h e  molds and  

c o m p a c t io n  h e a d  were h e a t e d  u s i n g  a  h o t  p l a t e .  K erosene  

was l i b e r a l l y  a p p l i e d  on a l l  s u r f a c e s ,  which  w ou ld  come i n t o  

c o n t a c t  w i t h  t h e  m i x t u r e  i n  o r d e r  t o  m in im ize  t h e  r i s k  o f  

a d h e r i n g .  Once t h e  s t a g e  was s e t  c o m p a c t io n  b e g a n .

,The. V i b r a t o r y - K n e a d i n g  Compactor

A p h o t o g r a p h  o f  t h e  c o m p a c to r  i s  shown i n  F i g u r e  2 .  

The main f e a t u r e s  o f  t h e  m achine  a r e ,  a t i l t e d  t u r n t a b l e  bn 

w hich  t h e  mold  i s  s e t ,  a l o a d i n g  sy s tem  o f  c o u n t e r - r o t a t i n g  

e c c e n t r i c  m a s s e s ,  a b a l l a s t  f o r  de ad  l o a d ,  e l e c t r i c  m o to r s ,
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F i g u r e  2 .  V l b r a t o r y - K n e a d l n g  Compactor

1.  4 - I n c h e s  d i a m e t e r  mold on t i l t e d  t u r n t a b l e
2 .  E l e c t r i c  s w i t c h e s  and  t i m e r
3.  L o ad in g  sy s tem  o f  c o u n t e r - r o t a t i n g  e c c e n t r i c  m asses
4 .  P o s i t i o n i n g  c r o s s b a r
5 .  E l e c t r i c  g e a r  m otor  f o r  t u r n t a b l e
6 .  E l e c t r i c  m otor  f o r  p o s i t i o n i n g  c r o s s b a r
7 .  E l e c t r i c  m otor  f o r  l o a d i n g  sys tem
8 .  T i l t  c o n t r o l  f o r  t u r n t a b l e
9 .  B a l l a s t  f o r  dead  l o a d
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s w i t c h e s  a n d  a  c o m p a c t io n  h e a d .  Two c o m p a c t io n  h e a d s  were

a v a i l a b l e  f o r  t h e  4=i n c h e s  an d  1T i - i n c h e s  d i a m e t e r  s p e c i ­

mens .  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  a p p a r a t u s  an d  p r o c e d u r e

i s  g i v e n  i n  R e f e r e n c e  9 ,  and  i s  sum m arized  b e lo w r

( a )  The d e ad  l o a d  was 283 l b s .  (225 l b s .  i n  t h e  

c a s e  o f  4" d i a m e t e r  s p e c i m e n s ) .

(b )  A dynamic l o a d  o f  400 l b s . (250  l b s .  f o r  t h e  

4"  d i a m e t e r  s a m p le s )  was i m p a r t e d  b y  t h e  

r o t a t i o n  o f  e c c e n t r i c  m asses  a t  a  f r e q u e n c y  

o f  1200 r e v o l u t i o n s  p e r  m i n u t e .

( e )  A f o l d i n g - t y p e  w o r k - t a b l e  was a t t a c h e d  to  t h e  

t u r n t a b l e  and  t h e  h e a t e d  mold was s e t  on i t .

A ^ " - s t e e l  and  i?” -p ly w o o d  p l a t e s ,  and  a p a p e r

d i s c  e a c h  1 Tir i n c h e s  i n  d i a m e t e r  were p l a c e d

i n s i d e  t h e  m old .  The p a p e r  was w e t t e d  w i t h  

k e r o s e n e  t o  a v o i d  s t i c k i n g .

(d )  Com paction  was done i n  two l a y e r s - - t h e  m ix t u r e  

i n  e a c h  c o n t a i n e r  f o r m in g  a l a y e r .  A f t e r  i n ­

t r o d u c i n g  t h e  h o t  m i x t u r e  i n  t h e  mold  a t r o w e l  

was u s e d  t o  s p r e a d  i t  e v e n l y ,  a n d  a t am p ing  

f o o t  was u s e d  o v e r  t h e  s u r f a c e .  Care  was 

t a k e n  t o  a v o i d  s e g r e g a t i o n .

( e )  The mold was p l a c e d  on t h e  t u r n t a b l e  and t h e  

c o m p a c t io n  h e a d ,  b a l l a s t ,  and  l o a d i n g  sy s tem  

were l o w e r e d  i n t o  p o s i t i o n .  A t i l t  o f  one



d e g r e e  was g i v e n  t o  t h e  t u r n t a b l e „ D u r in g  

t h e  c o m p r e s s io n  o f  t h e  m i x t u r e  t h e  whole 

l o a d i n g  s y s te m  was r e s t i n g  f r e e l y  on t h e  

m i x t u r e „

( f )  The t i m e r  was s e t  f o r  two m i n u t e s  an d  t h e  

m a s t e r  s w i t c h  was s e t  o n .  D u r in g  c o m p a c t io n  

t h e  t u r n t a b l e  a n d  mold r o t a t e  a t  1 7 . 5  r e v o ­

l u t i o n s  p e r  m i n u t e .  The r o t a t i n g  e c c e n t r i c s  

c a u s e  a v i b r a t o r y  c o m p a c t io n  w h i l e  t h e  t i l t

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

(g )  A f t e r  two m i n u t e s  t h e  l o a d  was removed and  t h e  

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

t h e  s e c o n d  l a y e r .  The above p r o c e d u r e  was 

r e p e a t e d .

(h)  The . t i l t  was removed and  a  l e v e l l i n g  l o a d  

( v i b r a t o r y )  was a p p l i e d  f o r  50 s e c o n d s .

( i )  The l o a d i n g  sy s te m  was r a i s e d  a n d  t h e  mold was 

removed from t h e  t u r n t a b l e . To e x t r u d e  t h e  

sp e c im en  t h e  mold was s e t  on a c y l i n d e r  a b o u t  

15 i n c h e s  i n  d i a m e t e r .  I t  was t h e n  f o r c e d  

downwards b y  p u l l i n g  on i t . With  p r o p e r  

h e a t i n g  and  a p p l i c a t i o n  o f  k e r o s e n e  i t  was 

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

( j )  The sp e c im en  was p l a c e d  on a f l a t  b e n c h  and

a l l o w e d  t o  c o o l  b e f o r e  i t  was l a b e l l e d .
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There  was no s p e c i f i e d  c u r i n g  t im e  f o r  t h e  s p e c i m e n s „ 

However ,  t o  l i m i t  t h e  r i s k s  o f  damage t h e  sp e c im e n s  were 

l e f t  i n  p o s i t i o n  f o r  a t  l e a s t  two d a y s  /b e f o r e  t h e y  were 

moved t o  a n o t h e r  b e n ch  f o r  d e n s i t y  d e t e r m i n a t i o n » .A f t e r ­

w ard s  t h e y  were  t r a n s f e r r e d  i n t o  a  c o n t r o l l e d - t e m p e r a t u r e  

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

t e s t  t e m p e r a t u r e „ I n  g e n e r a l , sp e c im en s  were  c u r e d  f o r  a t  

l e a s t  t e n  d a y s „



CHAPTER 5

TESTING PROCEDURE

I n  t h i s  c h a p t e r  a  d e s c r i p t i o n  o f  t h e  t e s t  eq u ip m en t  

and  t h e  method o f  t e s t i n g  i s  p r e s e n t e d .  . F o r  a b e t t e r  u n ­

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

i s  r e f e r r e d  t o  t h e  o r i g i n a l  work ( 9 ) .

The two v a r i a b l e s  c o n t r o l l e d  d u r i n g  t e s t i n g  were 

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

s u p p o r t  p r e s s u r e  ( f o r  t h e  optimum a s p h a l t  c o n t e n t ) ,  These 

a r e  shown i n  A ppendix  B .

The D e f l e c t o m e t e r  •

The p r i m a r y  com ponen ts  o f  t h e  d e f l e c t o m e t e r  a r e ,  a  

l o a d i n g  s y s te m  and  a r e a c t i o n  u n i t .  The p h o t o g r a p h  i n  

F i g u r e  3 shows t h e  e q u ip m e n t  f u l l y  a s s e m b le d  a n d  r e a d y  f o r  

t e s t i n g .

The l o a d i n g  sy s te m  c o n s i s t s  o f  r o t a t i n g  e c c e n t r i c  

and  m i r r o r - p o s i t i o n e d  m asses  r o t a t i n g  a t  740 r e v o l u t i o n s  

p e r  m i n u t e . These  a r e  d r i v e n  by  a m otor  w hich  i s  mounted  

on t h e  same p l a t f o r m  a s  t h e  m a s s e s , and  w hich  c o n t r i b u t e s  

t o  t h e  t o t a l  l o a d  on  t h e  s p e c i m e n . A b a l l a s t  f o r  dead  l o a d  

i s  a l s o  m ounted  on t h e  s h a f t . The number o f  l o a d i n g  i s  

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

41
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F i g u r e  3 .  D e f l e c t o m e t e r

1. R e a c t i o n  U n i t  S u p p o r t i n g  1Yi" d i a m e t e r  spec im en
2 .  L oad ing  sy s te m  o f  c o u n t e r - r o t a t i n g  e c c e n t r i c  m asses
3. D i s p l a c e m e n t  pump
4 .  P r e s s u r e  gauge f o r  r e a c t i o n  u n i t
5 .  Specimen
6 .  B a l l a s t  f o r  dead  l o a d
7 .  E l e c t r i c  m o to r  f o r  d r i v i n g  masses
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e c c e n t r i c  m a s s e s . One c o u n t e r  r e a d i n g  c o r r e s p o n d s  t o  20 

r e v o l u t i o n s .  W ith  t h i s  a r r a n g e m e n t  t h e  a p p a r a t u s  g i v e s  a  

d e a d  l o a d  o f  175 l b s .  and  a l i v e  l o a d  o f  150 l b s .  These 

c a n ,  however* b e  v a r i e d .

The r e a c t i o n  u n i t  p r o v i d e s  s u p p o r t  f o r  t h e  s p e c im e n .  

I t  c o m p r i s e s  a c y l i n d r i c a l  chamber  c o n t a i n i n g  o i l  and  a i r ,  

and  s e a l e d  a t  t h e  t o p  w i t h  a t h i n  r u b b e r  m embrane . The 

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

p o r t  p r e s s u r e  t o  t h e  sp e c im e n .  To do t h i s  t h e  e q u ip m e n t ,  

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

a f t e r w a r d s  a s  i s  deemed n e c e s s a r y .  A sp ec im en  i s  c lam ped  

o n to  t h e  o i l  chamber  by  means o f  a  s t e e l  r i n g  a n d  16 b o l t s .  

The r i n g  h a s  an  i n t e r n a l  d i a m e t e r  o f  14 i n c h e s .  The c lamp­

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

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

r e c o r d e d  on a  b o u rd o n  p r e s s u r e  gauge m ounted  on t h e  s i d e  o f  

t h e  o i l  cham ber .

To m o n i t o r  t h e  d e f l e c t e d  shape  o f  t h e  spec im en  

g a u g es  a r e  mounted, on a  r i g i d  c a r r i a g e  ( s t e e l  b a r )  which  i s  

s e c u r e d  o n to  t h e  o i l  cham ber .  T h i s  i s  r e f e r e n c e d  so t h a t  

i t  i s  a lw a y s  i n  t h e  same l o c a t i o n .

C a l i b r a t i o n  o f  t h e •D e f l e c t o m e t e r  

A s t i f f  d i s c  1T i"  i n  d i a m e t e r  c o n s i s t i n g  o f  a 

p lywood p l a t e  sa n d w ic h e d  b e tw e e n  two s t e e l  p l a t e s  was 

u s e d  f o r  c a l i b r a t i o n .  T h i s  was c lam ped  o n to  t h e  o i l  chamber
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by means o f  th e  s t e e l  r in g  and b o l t s .  The v a lv e  co n n ec tin g  

the  o i l  chamber and the  o i l  pump was opened. The pump 

p i s t o n  was d is p la c e d  inwards u n t i l  a p re s s u re  o f  1 .0  p s i  

was r e g i s t e r e d  on th e  bourdon gauge ( the  gauge was tapped  

l i g h t l y  in  the  p r o c e s s ) .  The p i s t o n  was f u r t h e r  d is p la c e d .

2 i n c h e s  and  t h e  p r e s s u r e ,  n o t e d .  With  th e  e q u ip m e n t  i n  " 

c a l i b r a t i o n  a p r e s s u r e  o f  2 . 5 0  p s i  was o b t a i n e d .  A f u r t h e r  

d i s p l a c e m e n t  o f  2 i n c h e s  b r o u g h t  t h e  p r e s s u r e  t o  4 .0 5  p s i . 

When t h e  a p p a r a t u s  was n o t  i n  c a l i b r a t i o n  e i t h e r  a i r  was 

a d d ed  ( o r  removed)  b y  b l o w i n g  i n t o  t h e  a i r  p i p e ,  o r  o i l  was 

a d d ed  ( o r  removed) b y  means o f  a  t e e - c o n n e c t i o n  a r r a n g e m e n t » 

I t  was som etim es  n e c e s s a r y  t o  r e p e a t  t h e  o p e r a t i o n  s e v e r a l  

t i m e s  ( t r i a l - a n d - e r r o r ) b e f o r e  c a l i b r a t i o n  was a c h i e v e d .  

A f t e r  c a l i b r a t i o n  t h e  d i s c  was removed and  a sp ec im en  

c lam ped  i n  p o s i t i o n .

Specimen T e s t i n g  

B o th  t h e  d e f l e c t o m e t e r  and t h e  t e s t  sp e c im en s  were  

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

d a y s  b e f o r e  u s e .  C a l i b r a t i o n  was done j u s t  p r i o r  t o  a c t u a l  

t e s t i n g .  T e m p e r a tu r e s  o f  5 9 °F ,  75°F and 90°F were  u s e d .

One sp e c im en  was t e s t e d  a t  41°F  b u t  h a d  t o  be  abandoned  

a f t e r  e i g h t  d a y s .  I n i t i a l  s u p p o r t  p r e s s u r e s  o f  0 . 0 ,  1 . 0 ,  

an d  2 . 0  were  a l s o  u s e d .  The f o l l o w i n g  p r o c e d u r e  was a d o p ­

t e d ;



( a )  The sp ec im en  was s e c u r e d  i n t o  p o s i t i o n  and  t h e  

b o l t s  were  t i g h t e n e d  j u s t  enough  f o r  th e .  

s l e e v e s  t o  make c o n t a c t .  D u r in g  t h e  p r o g r e s s  

o f  t h e  t e s t  t h e  b o l t s  l o o s e n e d  a n d  h a d  t o  b e

. t i g h t e n e d  a g a i n .

(b )  A l o a d  d i s c  ( o r  l o a d i n g  f o o t )  o f  5 - 0  s q u a r e  

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

was n e c e s s a r y  t o  u s e  a  h i g h e r  s t r e s s  and  t h e r e ­

f o r e  a  d i s c  o f  3 .1 4 2  (t t ) s q u a r e  i n c h e s  was 

u s e d .

( e )  The l o a d i n g  sy s te m  was l o w e r e d  u n t i l  t h e  l o a d  

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

(d)  The gauge c a r r i a g e  was f i x e d  i n  p o s i t i o n  and  

a l l  t h e  g a u g es  were  s e t  t o  z e r o .

( e )  The v a l v e  c o n n e c t i n g  t h e  pump t o  t h e  chamber 

was op en ed  and  t h e  p i s t o n  w a s . d i s p l a c e d  u n t i l  

a  p r e s s u r e  o f  1 . 0  p s i  ( o r  w h a t e v e r  o t h e r  p r e s ­

s u r e  was u s e d )  was r e g i s t e r e d  on t h e  b o u rd o n  

g a u g e .  The v a l v e  was t h e n  c l o s e d  and  r e m a in e d  

so d u r i n g  t h e  r e m a i n d e r  o f  t h e  t e s t .

( f )  The g a u g es  were  r e - c h e c k e d  to  e n s u r e  t h a t  t h e y  

were  a t  z e r o .  The c o u n t e r  was a l s o  s e t  t o  

z e r o .

(g)  The l o a d i n g  sy s te m  was l o w e r e d  o n to  t h e  s p e c i ­

men a n d  t h e  m o to r  s t a r t e d .



(h )  R e a d in g s  o f  d e f l e c t i o n s  and p r e s s u r e  were 

t a k e n  a t  g i v e n  number o f  l o a d  r e p e t i t i o n s „

The i n i t i a l  re a d in g s  were always closely*. 

spaced, tim ew ise . A sample of. d a ta  re c o rd  

sh e e t  i s  shown, in  Appendix C.

( i )  The accum ulated  d e f l e c t io n s  o f  th e  load  d isc

( c e n t r a l  d e f l e c t i o n )  were p l o t t e d  a g a i n s t  t h e  

number o f  r e p e t i t i o n s  t o  m o n i t o r  t h e  c o n d i t i o n  

o f  t h e  s p e c i m e n . . T h is  p l o t  was l i n e a r  u n t i l  

f a i l u r e  o c c u r r e d .  At l e a s t  two more r e a d i n g s  

were  t a k e n  bey o nd  t h e  p o i n t  o f  f a i l u r e  t o  

e n s u r e  a smooth c u r v e .  A t y p i c a l  p l o t  i s  shown 

i n  F i g u r e  4 .

(3)  A f t e r  f a i l u r e  t h e  sp ec im en  was removed and  t h e  

c r a c k  p a t t e r n  on t h e  l o w e r  s i d e  was m arked  o u t  

b y  c h a l k .  T h is  i s  shown i n  t h e  p h o t o g r a p h  i n  

F i g u r e  5 .

(k )  R a d i a l  s t r e s s e s  an d  dynamic m o d u l i  were  com­

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

t h e  s p e c im e n .  One p o i n t  c o i n c i d e d  w i t h  t h e  

f a i l u r e  s t r e s s  and  a n o t h e r  was a r b i t r a r i l y  

c h o se n  mid-way b e tw e e n  t h e  i n i t i a l ,  s u p p o r t  

p r e s s u r e  and  t h e  p r e s s u r e  a t  f a i l u r e .  The su p ­

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

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

p r e s s u r e  a s  P ^ .
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F i g u r e  5 .  T y p ic a l  Crack  P a t t e r n  o f  F a i l e d  Specimen



*9

S t r e s s  C o m pu ta t io n  

E q u a t i o n s  u s e d  i n  s t e p  ( k ) above a r e  t h o s e  g i v e n  by 

J im e n e z  (9)  and  commonly r e f e r r e d  t o  a s  G r a s h o f ’ s e q u a t i o n s , 

They were d e v e l o p e d  from t h e  B e r n o u l l i - E u l e r  t h e o r y  o f  

b e n d i n g  a n d  m o d i f i e d  f o r  dynamic l o a d i n g .  These a r e  g iv e n  

b e lo w :

(1)  R a d i a l  s u r f a c e  s t r e s s ,  S, a t  t h e  c e n t e r  o f  a 

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

s u p p o r t e d  from be low  and l o a d e d  c e n t r a l l y  on 

t o p :

S = 3lmtO, W (In  §  ) -  ( a )
Zirmt^ r o 8mt

where m = r e c i p r o c a l  o f  P o i s s o n ’ s r a t i o

assum ed  = 0 . 2

W = Dead l o a d  + l o a d  o f  r o t a t i o n  + l o a d

o f  t r a n s l a t i o n

r  = e f f e c t i v e  spec im en  r a d i u s

r0 = r a d i u s  o f  l o a d e d  a r e a

P = s u p p o r t  p r e s s u r e  a t  f a i l u r e

t  = spec im en  t h i c k n e s s

(2)  E x p r e s s i o n  f o r  Modulus o f  e l a s t i c i t y  o r  th e  

Dynamic S t i f f n e s s  M o d u lu s :

E = 2l22!zli------------------------------------ [  W V  -  (b)
(4x r e p . d e f l .  a t  f a i l u r e  m ^t^ )  L -TT 4
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Where Ŵ = 2  ( l o a d  o f  r o t a t i o n  + l o a d  o f  t r a n s ­

l a t i o n  ) and  t h e  o t h e r  v a r i a b l e s  a r e  a s  d e f i n e d  i n  

e q u a t i o n  (a) ' .

The e q u a t i o n  f o r  l o a d  o f  t r a n s l a t i o n  i s  g i v e n  a s

/ z  2 

where  M = Mass = T o t a l  Dead Load 

d = r e p e a t e d  d e f l e c t i o n

w — a n g u l a r  v e l o c i t y  o f  t h e  e c c e n t r i c  m asses  

= 77«5 r a d i a n s  p e r  s e c o n d  

When t h e  v a l u e s  o f  l o a d ,  r ,  r 0 a n d  m a r e  s u b s t i t u t e d  

i n  e q u a t i o n s  ( a )  and  ( b ) , t h e  f o l l o w i n g  e q u a t i o n s  a r e  ob­

t a i n e d .

F o r  a  5 . 0  s q u a r e  i n c h e s  l o a d  d i s c s

S = 1 ^  [(3 1 9  + 1 .33 1d )  -  2 2 . 0 5 p ]  ( c )

F o r  a  TT s q u a r e  i n c h e s  l o a d  d i s c s

S = ^(362  > 1.51 Id )  -  2 2 . 0 5 p j  (d )1

E = 1 2 2  (3370 + 30.4-5P -  4 3 2 p ) ( e )
S t  3

where  t  = sp e c im en  t h i c k n e s s  .

p = s u p p o r t  p r e s s u r e  a t  p o i n t  o f  d e t e r m i n ­

a t i o n

d = r e p e a t e d  d e f l e c t i o n  a t  p o i n t  o f  d e t e r ­

m i n a t i o n

a n d  6  -  r e p e a t e d  d e f l e c t i o n  a t  f a i l u r e
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I f  t h e  m i x t u r e  c h a r a c t e r i s t i c s  a r e  d e t e r m i n e d  a t  

f a i l u r e ,  t h e n  d = S.

E q u a t i o n s  ( c ) ,  (d )  and  ( e )  were  u s e d  i n  f i n d i n g  t h e  

r a d i a l  s t r e s s e s  and  dynamic m o d u l i  o f  t h e  s p e c i m e n s « The 

• r e s u l t s  a r e  d i s c u s s e d  i n  t h e  n e x t  c h a p t e r .  The number o f  

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

f rom t h e  r u n n i n g - p l o t  o f  t h e  d e f l e e t i o n - l o a d  r e p e t i t i o n  

c u r v e .  The p o i n t  o f  f a i l u r e  was t a k e n  a t  t h e  t a n g e n c y  

p o i n t  shown i n  F i g u r e  4 .  D a ta  o b t a i n e d  u s i n g  t h e  s m a l l  

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

t i t i o n s  f o r  f a i l u r e  c o r r e s p o n d i n g  t o  a l o a d i n g  a r e a  o f  5 . 0  

s q u a r e  I n c h e s ,  b y  c a l c u l a t i n g  t h e  new r a d i a l  s t r e s s e s ,  and  

assum ing '  t h e  v a l i d i t y  o f  t h e  r e l a t i o n s h i p  b e tw e e n  s t r e s s  

and  l o a d  r e p e t i t i o n s ;

S = I 0 , w i t h  b -  i

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

u r e  a t  a  c o n s t a n t  s t r e s s - l e v e l  o f  80 p s i .



CHAPTER 6

TEST RESULTS AHD DISCUSSION

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

T a b l e s  9 t o  1 4 0 They a r e  a l s o  r e p r e s e n t e d  g r a p h i c a l l y  i n  

F i g u r e s  6 t o  14 .  I n  t h i s  c h a p t e r  we s h a l l  d i s c u s s  g e n e r a l l y  

t h e  f a c t o r s  which, i n f l u e n c e  t h e  t e s t  r e s u l t s ,  and  t h e n  e x ­

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

t e n t ,  an d  i n i t i a l  s u p p o r t  p r e s s u r e  on s t i f f n e s s  and  f a t i g u e  

l i f e .

The b e h a v i o r  o f  many e n g i n e e r i n g  m a t e r i a l s  i s  a  

f u n c t i o n  o f  t h e i r  p a s t  h i s t o r y —-whether  t h e y  h a v e  b e e n  

s u b j e c t e d  t o  s t r e s s e s  o r  e n v i r o n m e n t a l  c o n d i t i o n s  w hich  may 

weaken t h e i r  s t r e n g t h .  W ith  a s p h a l t i c  c o n c r e t e  s p e c im e n s ,  

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

a f t e r  m o ld ing  s i n c e  t h e  m a t e r i a l  i s  s e m i - f l u i d .  C a r e l e s s  

h a n d l i n g  can  t h e r e f o r e  weaken t h e  spec im en  and y i e l d  b ad  

r e s u l t s .  A l th o u g h  e v e r y  c a r e  was e x e r c i s e d  i n  t h i s  s t u d y ,  

i t  s h o u l d  be  n o t e d  t h a t  d i s t u r b a n c e  t o  t h e  sam ple  e s p e c i a l l y  

a ro u n d  t h e  e d g e s  was i n e v i t a b l e  d u r i n g  t h e  rem o v a l  f rom t h e  

m o ld .  As we m e n t io n e d  e a r l i e r ,  sp e c im e n s  were  l e f t  u n d i s ­

t u r b e d  f o r  a t  l e a s t  two days  b e f o r e  t h e y  were  t r a n s f e r r e d .

I t  i s  n o t  e x p e c t e d  t h a t  any  damage r e s u l t e d  f rom  t h e s e  

t r a n s f e r s .

52 ' ■



53

The i n i t i a l  c u r i n g  was a t  room t e m p e r a t u r e  ( a b o u t  

7 0 ° F ) . The sa m p le s  were t h e n  t r a n s f e r r e d  t o  t h e  t e s t  tem­

p e r a t u r e .  T h i s  would  u n d o u b t e d l y  s e t  up some s t r e s s e s  i n  

t h e  h a r d e n e d  m i x t u r e .  W hether  t h i s  h a s  any c o n s i d e r a b l e  

e f f e c t  on t h e  s u b s e q u e n t  b e h a v i o r  o f  t h e  sp ec im en  i s  u n ­

known.

An i m p o r t a n t  a s p e c t  o f  t h e  mix b e l i e v e d  t o  a f f e c t  

t h e  r e s u l t s  i s  a g g r e g a t e  g r a d a t i o n .  As w i l l  be  s e e n  from 

F i g u r e  1 t h e  a g g r e g a t e  i s  g a p - g r a d e d  and  h a s  a  h i g h  p e r ­

c e n t a g e  o f  c o a r s e  a g g r e g a t e .  T h is  r e s u l t s  i n  a  ro u g h  

s u r f a c e  t e x t u r e .  A l th o u g h  t h i s  i s  n o t  u n u s u a l  f o r  a h i g h ­

way, i n  a  l a b o r a t o r y  t e s t  i t  may l e a d  t o  e r r a t i c  r e s u l t s  

due t o  t h e  u n ev en  d i s t r i b u t i o n  o f  s t r e s s e s  on t h e  l o a d  

d i s c .  Thus some p o r t i o n s  o f  t h e  l o a d e d  a r e a  m a y b e  o v e r -  

s t r e s s e d ,  and  f a i l u r e  w i l l  be l o c a l i z e d .

The e f f e c t  o f  t h e  c o a r s e  g r a d a t i o n  i s  a l s o  m an i­

f e s t e d  i n  t h e  a i r  v o i d s  o b t a i n e d .  A verage  v o i d s  f o r  'ofo, 

5 «5$ and  6% a s p h a l t  c o n t e n t s  a r e  6 . 3 , 5«0  and  4 . 2 ^ ,  w i t h  a  

r a n g e  o f  v a l u e s  f rom  5 . 0  t o  8 . 1^  f o r  6 s a m p le s ,  2 . 7  to  

7.4% f o r  18 s a m p le s ,  and  1 .9  t o  5 . 5% f o r  6 s a m p le s ,  r e ­

s p e c t i v e l y .  These a r e  h i g h e r  t h a n  t h o s e  o b t a i n e d  from t h e  

4" s a m p le s .  However, t h e y  show t h e  e x p e c t e d  i n f l u e n c e  o f  

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

t o  t h e  n a t u r e  o f  t h e  m ix .  A l th o u g h  c a r e  was t a k e n  to  

a v o i d  s e g r e g a t i o n ,  i t  was n o t e d ,  on c o r i n g  one o f  t h e
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sp e c im e n s ,  t h a t  some p o c k e t s  o f  v o i d s  were v i s i b l e .  Th is ,  

was a l o c a l  phenomenon o n l y  and  may have  a f f e c t e d  d i f f e r e n t  

specimens ,  d i f f e r e n t l y .  F o r  a l t h o u g h  sp e c im en s  c o u l d  hav e  

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

a s  w e l l  as  shape  and  s i z e  h a v e  b e e n  known t o  i n f l u e n c e  

s t r e n g t h  p e r f o r m a n c e  c o n s i d e r a b l y  ( 2 3 )»

T e m p e ra tu re  E f f e c t s  

The i n f l u e n c e  o f  t e m p e r a t u r e  on t h e  t e s t  r e s u l t s  i s  

ex am ined  f o r  two t e s t  c o n d i t i o n s :  ( a )  V a r i a b l e  a s p h a l t  c on ­

t e n t  a n d  u n i f o r m  i n i t i a l  s u p p o r t  o f  1 . 0  p s i ,  and  (b )  c o n ­

s t a n t  a s p h a l t  c o n t e n t  o f  5 . 5$; and  v a r i a b l e  i n i t i a l  s u p p o r t .  

F i g u r e  6 shows t h e  e f f e c t  o f  t e m p e r a t u r e  on f a t i g u e  l i f e  on 

a l o g - l o g  s c a l e .  I t  i s  s e e n  t h a t  t h e  e f f e c t  i s  e s s e n t i a l l y  

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

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

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

t e m p e r a t u r e  v a r i a b i l i t y .  T h is  i s  p r o b a b l y  due t o  t h e  f i l m  

t h i c k n e s s ,  s i n c e  a t  t h e  h i g h e r  a s p h a l t  c o n t e n t  t h e  m ix t u r e  

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

b e h a v i o r  a p p r o a c h e s  t h a t  o f  t h e  b i n d e r  which  i s  th e rm o ­

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

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

However,  i t  a p p e a r s  t h a t  medium s u p p o r t  o f  1 . 0  p s i  g i v e s  a  

b e t t e r  p e r f o r m a n c e  f o r  t h e  same t e s t  t e m p e r a t u r e .  I t  was 

n o t e d  t h a t  t h e  e f f e c t  o f  z e r o  i n i t i a l  s u p p o r t  was t o  in d u c e
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a  l a r g e  i n i t i a l  d e f l e c t i o n  i n  t h e  sp e c im en ,  b u t  o t h e r w i s e  

t h e  f a t i g u e  l i f e  was c o m p a ra b le  t o  t h a t  g i v e n  b y  t h e  h i g h e r  

s u p p o r t .  These  w i l l  be  d i s c u s s e d  more i n  a l a t e r  s e c t i o n  

o f  t h i s  c h a p t e r .

F i g u r e s  7a a n d  7b show t h e  i n f l u e n c e  o f  t e m p e r a t u r e  

on t h e  dynamic s t i f f n e s s  m o d u lu s ,  A n o n l i n e a r  r e l a t i o n s h i p  

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

s u p p o r t  p r e s s u r e .  The m odulus  i n c r e a s e s  a s  t h e  t e m p e r a t u r e  

d e c r e a s e s .  T h is  was t o  be e x p e c t e d  s i n c e  t h e  a s p h a l t  v i s ­

c o s i t y ,  i n  p o i s e s ,  i n c r e a s e s  a b o u t  two o r d e r s  o f  m a g n i tu d e  

f o r  a  t e m p e r a t u r e  d ro p  from 90°F  t o  5 9 °F .  Bu t  t h e  p r e c i s e  

e f f e c t  t h i s  change  i n  v i s c o s i t y  h a s  on a m i x t u r e  s t i f f n e s s  

i s  s t i l l  a m a t t e r  o f  c o n j e c t u r e .  F o r  e x am p le ,  i t  i s  i n d i ­

c a t e d  t h a t  f o r  low a s p h a l t  c o n t e n t s  t h e r e  i s  an  optimum 

t e m p e r a t u r e  b e lo w  which t h e  m odulus  w i l l  d e c r e a s e .  T h is  

optimum i s  even  more p r o n o u n c e d  f o r  a z e r o  i n i t i a l  s u p p o r t  

( s e e  F i g u r e  7 b ) .  S i m i l a r  r e s u l t s  were o b t a i n e d  by  t h e  

WASHO r o a d  t e s t ,  where  an  optimum t e m p e r a t u r e  e x i s t e d  f o r  a 

maximum modulus o f  r u p t u r e . T h i s  i s  shown i n  R e f e r e n c e  11.

F i g u r e s  8 a and 8b show t h a t  t h e  c u m u l a t i v e  c e n t r a l  

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

t e m p e r a t u r e  m e n t i o n e d  above a l s o  r e s u l t s  i n  minimum d e f l e c -  . 

t i o n .  The m ag n i tu d e  o f  t h e  d e f l e c t i o n  i s  g r e a t l y  i n f l u e n c e d  

b y  t h e  i n i t i a l  s u p p o r t  p r e s s u r e .  I t  was n o t e d  t h a t  f o r  

z e r o  s u p p o r t  m os t  o f  t h e  d e f l e c t i o n  was i n s t a n t a n e o u s .
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H ow ever$ a s  we s h a l l  see.  l a t e r ,  t h i s  d i d  n o t  seem t o  i m p a i r

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

Effect of Asphalt Content
F i g u r e  9 shows t h a t  t h e r e  i s  an  optimum a s p h a l t  

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

t e m p e r a t u r e . F o r  t h i s  m i x t u r e  i t  i s  a b o u t , 5 . 6^ . .  I t  w i l l  b e  

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

t e s t  was 5 . 1 ^ .  T h is  w ould  s u g g e s t  t h a t  t h e  d e s i r a b l e  b i n d e r  

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

t h e  Hveem Method on t h e  b a s i s  o f  s t a b i l i t y .

I n  R e f e r e n c e  9 J im e n e z  a l s o  r e p o r t e d  an  optimum 

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

t h i s  may b e  due t o  e x c e s s i v e  f i l m  t h i c k n e s s  ( i n  t h e  e a s e  o f  

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

r e s i s t a n c e » I t  was a l s o  s u g g e s t e d  t h a t  t h e  c r a c k  p a t t e r n  

on m i x t u r e  s u r f a c e s  which  a r e  d e f i c i e n t  i n  a s p h a l t  i s  d i f ~  

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

s t u d y  c r a c k s  i n  s p e c im e n s  c o n t a i n i n g  6 .0 %  a s p h a l t  were  n o t

c l e a r l y  d e f i n e d  an d  so no d i s t i n c t i o n  c o u l d  be  made.  A 

t y p i c a l  c r a c k  p a t t e r n  o b s e r v e d  i n  a 5 »0$ a s p h a l t  spec im en  

was shown i n  F i g u r e  5 .  F o r  c o m p a r i s o n ,  F i g u r e  11 i s  a 

p h o t o g r a p h  o f  a c r a c k e d  s e c t i o n  o f  a  s t r e e t  i n  T u cso n .  The 

c r a c k  p a t t e r n s  a r e  s i m i l a r ,  i n d i c a t i n g  t h a t  " a l l i g a t o r i n g "  

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

w h ic h  a r e  d e f i c i e n t  i n  b i n d e r  c o n t e n t .  T h is  may s e e m . l i k e
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s t a t i n g  t h e  o b v i o u s ,  s i n c e  p a v e m e n ts  a r e  d e s i g n e d  f o r  

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

c o n t e n t  t h a n  i s  r e q u i r e d  f o r  f a t i g u e .  Yet  many p a v em en ts  

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

a t i o n  b y  d e s i g n e r s .

E f f e c t  o f  I n i t i a l  S u p p o r t  

O b s e r v e d  r e s u l t s  on t h e  I n f l u e n c e  o f  i n i t i a l  s u p p o r t  

p r e s s u r e  on f a t i g u e  l i f e  show some i n c o n s i s t e n c i e s  which  

c a n n o t  be  s i m p ly  e x p l a i n e d  ( F i g u r e  1 0 ) .  F o r  a  t e m p e r a t u r e  

o f  750 F, w h ich  was n o t e d  t o  be a p p r o x i m a t e l y  optimum f o r  

maximum s t i f f n e s s  and  minimum c e n t r a l  d e f l e c t i o n ,  t h e  lo w e r  

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

f o r  t e m p e r a t u r e s  o f  59°F  an d  9 0 °F ,  an  i n i t i a l  s u p p o r t  o f  

1 . 0 0  p s i .  i s  optimum f o r  b e s t  f a t i g u e  r e s i s t a n c e .

These  f i n d i n g s  a r e  n o t  i n  a c c o r d  w i t h  w ha t  h a s  b e e n  

r e p o r t e d  p r e v i o u s l y  ( 9 ) .  I t  was shown t h a t  a l i n e a r  i n ­

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

e v e r ,  i t  s h o u l d  b e  p o i n t e d  o u t  t h a t  t h e  two m i x t u r e s  v a r y  

c o n s i d e r a b l y  i n  c o m p o s i t i o n  and  p h y s i c a l  p r o p e r t i e s .  As 

P e l l  and  T a y l o r  (3 2 )  n o t e d ,  m i x t u r e s  w i t h  a  f i n e  g r a d a t i o n ,  

low v o i d s ,  and  a d e q u a t e  f i l l e r  and  b i n d e r  h a v e  a  l i n e a r  

b e h a v i o r  u n d e r  l o a d  s t r e s s e s .  T h is  m i x t u r e ,  t o  t h e  con­

t r a r y ,  |was c o a r s e - g r a i n e d  and  g a p - g r a d e d .

N e v e r t h e l e s s ,  an  opt imum i n i t i a l  s u p p o r t ,  a s  i n d i ­

c a t e d ,  may be  s i g n i f i c a n t  f o r  f l e x i b l e  p a v e m e n ts  on e l a s t i c
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f o u n d a t i o n s .  Hveem (4)  p o s t u l a t e d  t h a t  t h e  " p r i n c i p a l  

d e s t r u c t i v e  f o r c e "  i n  f a t i g u e  c r a c k i n g  was t h e  " e n e r g y  

s t o r e d  i n  t h e  s u b g r a d e  b y  e a c h  p a s s i n g  w h e e l . "  Such e n e r g y  

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

B u t  f o r  t h e  low ( z e r o )  s u p p o r t ,  t h e  l a r g e r  d e f l e c t i o n s  

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

optimum t e m p e r a t u r e  where  s t i f f n e s s  and f l e x i b i l i t y  combine 

t o  g i v e  b e t t e r  p e r f o r m a n c e .  .

Dynamic S t i f f n e s s  Modulus

I n  an e a r l i e r  s e c t i o n  t h e  e f f e c t  o f  t e m p e r a t u r e  on 

t h e  dynamic s t i f f n e s s  was d i s c u s s e d .  I t  h a s  a l s o  b e e n  n o t e d  

t h a t  s t i f f n e s s  i s  a f f e c t e d  b y  a  number o f  v a r i a b l e s  such  a s  

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

t e n t  a n d  s t r e s s  l e v e l . The l a s t  two v a r i a b l e s  w i l l  be  d i s ­

c u s s e d  h e r e .

F i g u r e s  12a, b and  c show t h e  v a r i a t i o n  o f  a i r  v o i d s  

w i t h  s t i f f n e s s  f o r  t e s t  t e m p e r a t u r e s  o f  59 °F ,  75°F and  9 0 ° F ,  

r e s p e c t i v e l y .  S e v e r a l  o t h e r  v a r i a b l e s  a r e  i n v o l v e d ,  a s  

w i l l  be  s e e n .  However,  a g e n e r a l  p a t t e r n  i s  e v i d e n t  i r r e ­

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

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

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

a r e  p a r a l l e l .  These  a r e  shown i n  F i g u r e  12d. From t h i s  

f i g u r e  we se e  t h a t  f o r  t h e  same v o i d  c o n t e n t  t h e  s t i f f n e s s  

i s  v e r y  much a f u n c t i o n  o f  t e m p e r a t u r e .
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A l th o u g h  t h e  d e f l e c t o m e t e r  i s  e s s e n t i a l l y  a con­

t r o l l e d  s t r e s s  d e v i c e ,  v a r i a t i o n s  i n  s t r e s s  o c c u r  due t o  

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

t h e  r a d i a l  s t r e s s e s  w i t h  dynamic s t i f f n e s s  i s  shown i n  

F i g u r e  13c The e f f e c t s  o f  d i f f e r e n t  t e m p e r a t u r e s ,  a s p h a l t  

'  c o n t e n t s  an d  i n i t i a l  s u p p o r t  p r e s s u r e s  were n o t  a p p a r e n t ,  

and  so no a t t e m p t  h a s  b e e n  made t o  i s o l a t e  a l l  t h e s e  v a r i ­

a b l e s .  I t  i s  s e e n  from t h i s  t h a t  t h e  r a d i a l  s t r e s s e s  

i n c r e a s e  a s  t h e  s t i f f n e s s  i n c r e a s e s .  Bu t  s i n c e  t h e  f a t i g u e  

r e s i s t a n c e  i s  d e p e n d e n t  on t h e  s t r e s s  l e v e l  ( 8 , 9 ) t h e  c on ­

t r i b u t i o n  made b y  s t i f f n e s s  t o  s t r e s s e s  may be  d e t r i m e n t a l  

t o  t h e  f a t i g u e  l i f e  o f  t h e  m i x t u r e .  However,  a  number o f  

o t h e r  f a c t o r s  w hich  c o n t r i b u t e  t o  t h e  h i g h e r  s t i f f n e s s  a l s o  

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

The v a r i a b i l i t y  o f  s t i f f n e s s  w i t h  l o a d  r e p e t i t i o n s  

t o  f a i l u r e  i s  shown i n  F i g u r e  14.  T h i s  i s  a t  a  s t r e s s -  

l e v e l  o f  80 p s i .  Again  no a t t e m p t  h a s  b e e n  made t o  i s o l a t e  

t h e  many v a r i a b l e s ,  a l t h o u g h  i t  w ould  be d e s i r a b l e  t o  do 

s o .  T h i s  i s  b e c a u s e  o f  t h e  v e r y  l i m i t e d  number o f  sam ples  

a v a i l a b l e  ( e v e n  f o r  r e p l i c a t e  sa m p le s  t h e r e  i s  v a r i a b i l i t y  

i n  v o i d  c o n t e n t  w hich  h a s  t o  b e  a c c o u n t e d  f o r ) .  A g e n e r a l  

t r e n d  i s ,  h o w e v e r ,  i n d i c a t e d  t h a t  an i n c r e a s e  i n  s t i f f n e s s  

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



DYNAMIC STIFFNESS MODULUS (x103 p s i )

F i g u r e  13. V a r i a t i o n  o f  R a d i a l  S u r f a c e  S t r e s s e s
w i t h  S t i f f n e s s .
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LOAD REPETITIONS TO FAILURE

F i g u r e  14. V a r i a t i o n  o f  S t i f f n e s s  w i th  Load R e p e t i t i o n s  to  F a i l u r e .



CHAPTER 7

SUMMARY AND CONCLUSIONS

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

o f  t h e  i n f l u e n c e  o f  m i x t u r e  s t i f f n e s s  on f a t i g u e  r e s i s t a n c e , 

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

c a u se  o f  t h e  l i m i t e d  number o f  s a m p le s  t e s t e d ,  i t  i s  n o t  

p o s s i b l e  t o  g i v e  more t h a n  a g e n e r a l i z e d  p i c t u r e  o f  t h e  ob ­

s e r v e d  r e l a t i o n s h i p s .  As Deacon and M onism!th  ( 2 0 , p .  28) 

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

d e t e r m i n i s t i c  phenom enon , 11 and  h e n c e  t e c h n i q u e s  o f  a n a l y s i s  

s h o u l d  employ s t a t i s t i c a l  m e th o d s .

The f o l l o w i n g  i s  a summary o f  t h e  f i n d i n g s  r e p o r t e d  

i n  t h i s  s t u d y ;

(1 ) T e m p e r a tu r e  h a s  a p r o f o u n d  e f f e c t  on f a t i g u e

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

o r d e r  o f  m a g n i tu d e  f o r  a  t e m p e r a t u r e  d ro p  f rom  

90°  t o  75° and f rom  75° t o  59° ( s e e  F i g u r e  6 ) .  

I t  was n o t e d  t h a t  f o r  t h e  same r a n g e  o f  tem­

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

o r d e r  o f  m a g n i t u d e .  However,  t h e s e  v a r i a t i o n s  

were  n o t  r e f l e c t e d  i n  t h e  dynamic s t i f f n e s s  

m o d u l i .



(2)  The i n f l u e n c e  o f  t e m p e r a t u r e  on s t i f f n e s s  i s

. n o n - l i n e a r  and  v a r i e s  w i t h  a s p h a l t  c o n t e n t  and  

i n i t i a l  s u p p o r t  p r e s s u r e .  F o r  low a s p h a l t  

c o n t e n t s  t h e r e  i s  an optimum t e m p e r a t u r e  b e lo w  

w hich  t h e  modulus  w i l l  d e c r e a s e .  But f o r  a s ­

p h a l t  c o n t e n t s  g r e a t e r  t h a n  optimum t h e  s t i f f ­

n e s s  I n c r e a s e s  w i t h  d e c r e a s i n g  t e m p e r a t u r e  

( F i g u r e  7 a ) ;

(3)  T h e re  i s  an  optimum t e m p e r a t u r e  ( a b o u t  750F) 

f o r  which  t h e  c e n t r a l  c u m u l a t i v e  d e f l e c t i o n  

a t  f a i l u r e  i s  a minimum. T h is  t e m p e r a t u r e  

c o i n c i d e s  w i t h  t h a t  r e q u i r e d  f o r  ( 2 ) a b o v e .

(4)  T h e re  i s  an optimum a s p h a l t  c o n t e n t  o f  5 . 6 ^  

f o r  b e s t  f a t i g u e  r e s i s t a n c e .  T h i s  was 0 . 5 $  

h i g h e r  t h a n  t h a t  e s t i m a t e d  b y  t h e  Hveem d e s i g n  

m e th o d .

(5)  F o r  t h e  optimum t e m p e r a t u r e  r e p o r t e d  i n  (2)  

an d  ( 3 ) a b o v e ,  low i n i t i a l  s u p p o r t  p r e s s u r e  

r e s u l t e d  i n  b e t t e r  f a t i g u e  r e s i s t a n c e .  T h is  

e f f e c t  was o b s e r v e d  o n l y  f o r  an  a s p h a l t  con ­

t e n t  o f  5 . 5$ ( s l i g h t l y  lo w e r  t h a n  t h e  optimum).. 

I t  would be  d e s i r a b l e  t o  i n v e s t i g a t e  t h i s  e f ­

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

( 6 ) An i n i t i a l  s u p p o r t  p r e s s u r e  o f  1 .0 0  p s i  gave

• b e a t  p e r f o r m a n c e  f o r  t e m p e r a t u r e s  o f  59°F and
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9 0 ° F .  A gain  t h i s  was f o r  an a s p h a l t  c o n t e n t  

o f  5»5^« T h is  s u g g e s t s  t h a t  l a r g e  s u p p o r t  

p r e s s u r e s  may be d e t r i m e n t a l  t o  f a t i g u e  l i f e  . 

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

(7 )  The dynamic s t i f f n e s s  i n c r e a s e s  w i t h  a r e d u c ­

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

i s  t o  p r o d u c e  a f a m i l y  o f  p a r a l l e l  c u r v e s  on 

t h e  V o i d s - S t i f f n e s s  p l o t .

( 8 ) A l th o u g h  t h e  d e f l e c t o m e t e r  i s  e s s e n t i a l l y  a. 

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

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

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

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

(9 )  I n  g e n e r a l ,  t h e  f a t i g u e  l i f e  i n c r e a s e s  w i t h  

t h e  dynamic s t i f f n e s s  m od u lus .

(10)  The b e h a v i o r  o f  t h e  m i x t u r e  t e s t e d  was f a i r l y  

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

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

s e l v e s  t o  n o n - l i n e a r  b e h a v i o r .  The r a d i a l  

s t r e s s e s  and  s t i f f n e s s e s  c a l c u l a t e d  a t  two 

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

men ( T a b l e s  12 and 1 3 ) ,  i n d i c a t e  a c o n s i d e r ­

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

t e s t ,  w h e re a s  e a r l i e r  r e p o r t s  ( 9 , 1 2 , 2 6 ) h a d  

shown t h e s e  t o  be  f a i r l y  c o n s t a n t .  Hence,



g r a d a t i o n  may have  a  l a r g e  I n f l u e n c e  on. t h e  

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

c o n c r e t e / m i x t u r e s .



CHAPTER 8

SUGGESTED FURTHER RESEARCH

The s t u d y  r e p o r t e d  h e r e  i s  b y  no means c o n c l u s i v e „ 

The number o f  s a m p le s  f o r  e a c h  v a r i a b l e  was n o t  l a r g e  

enough  t o  a l l o w  a s t a t i s t i c a l  a n a l y s i s „ I t  w ould  b e  d e ­

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

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

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

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

s h o u l d  be  i n v e s t i g a t e d .

A n o th e r  avenue  i s  t h a t  d e a l i n g  w i t h  a g g r e g a t e  

g r a d a t i o n . As t h i s  and  o t h e r  s t u d i e s  h a v e  i n d i c a t e d  t h e  

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

amount o f  b i n d e r  t h a t  can  be i n c o r p o r a t e d  in. t h e  m ix .  Gap- 

g r a d e d  m i x t u r e s  an d  b i n d e r s  o f  h i g h  v i s c o s i t y  h a v e  b e e n  

u s e d  w i t h  g r e a t  s u c c e s s  i n  E u r o p e . I t  would  b e  d e s i r a b l e  

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

77
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T a b le  6 

A g g r e g a te  C om bin a t io n

P a s s i n g  C o a rse  . Medium F in e  Combined

S i z e T o t a l  $ xO.37 T o t a l  % xO.19 T o t a l  io x 0 . 4 4 A n a l y s t

1" 1 00 .0 3 7 . 0 1 0 0 . 0 1 9 . 0 1 0 0 . 0 4 4 . 0 1 0 0 . 0

3 /4 " 8 9 . 2 3 3 .0 9 9 .6 1 8 .9 1 00 .0 4 4 . 0 9 5 .9

3 /8 " 1 2 *6 ' 4 . 7 8 6 .5 16 .5 1 0 0 . 0 4 4 . 0 6 5 .1

# 4 . 0 . 3 0.1 1 3 .8 2 . 6 9 8 . 6 4 3 . 4 46.1

8 0.1 0 .0 4 0 . 6 0.1 9 0 . 4 3 9 .8 4 0 . 0

16 0.1 0 . 0 4 0 .5 0.1 7 4 . 7 32 .8 3 2 .9

30 - e=D 0 .5 0.1 5 2 . 6 2 3 .2 2 3 . 3

50 - 0 . 4 0.1 2 6 .5 1 1 .7 11 .8

1 00 «• ■ 1 2 .5 5 . 5 5 . 5

200 «=» 7 . 6 3 . 4 3 . 4
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T a b le  7 

A g g r e g a te  P r o p e r t i e s  

( a )  S p e c i f i c  G r a v i t y

S i z e  Range 3 / 4 " - # 4 Minus #4 Minus ;

I d e n t i f i c a t i o n C o arse C o arse . F in e F in e

W t. i n  A i r ,  gm 111 9 . 0 1 1 6 7 .0 9 5 5 . 0 1 0 0 9 .0

P y c . + Water., gm 2 7 0 3 .0 2 7 0 3 .0 2 7 0 3 .0 2 7 0 3 .0

Sum, gm 3 8 2 2 .0 3 8 7 0 .0 3 6 5 8 .0 37 1 2 .0

Pyc . 4- Sample -Water 34 0 0 .8 3 4 2 7 .7 3 2 9 7 .0 332 9 .8

V o l .  o f  Sam ple ,  cc 421 .2 4 4 2 .3 3 6 1 .0 3 8 2 .2

A p p a r e n t  Sp .  Or. gm/ce 2 .6 5 8 2 .6 4 0 2 .6 4 5 2.641

(b)  C.K .E .

S i z e  Range - # 4 3 / 8 " - # , 3 /8 "  -#-

I d e n t i f i c a t i o n I I I I  ' . I I

Sample + Gup, gm. 3 1 7 .3 ; 31 8 . 7 1 8 0 .0 1 8 0 .0

Wt. o f  Cup, gm. 2 1 7 .3 2 1 8 .7 8 0 . 0 8 0 . 0

Wt. o f  Sam ple ,  gm. 1 0 0 .0 1 0 0 .0 1 0 0 .0 1 0 0 . 0

Wet Sample + Cup 3 2 0 .6 322.1 1 8 3 .0 1 8 2 .8

Wt. o f  K e r o s e n e / O i l 3 . 3 3 . 4 3 . 0 2 . 8

A b s o r p t i o n ,  / 3 . 3 3 . 4 3 . 0  1 . 2 . 8
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T a b le  7 ( c o n t i n u e d )  

( c ) Sand E q u i v a l e n t

I d e n t i f i c a t i o n 2-1 3-1 2 -2 3 -2

Sand l e v e l /  ln» 3 .8 2 3 .8 0 4 .0 5 3 .7 5

C lay  l e v e l ,  i n . 8 .3 5 8 . 3 2 8 . 1 0 8 . 0 0

S . E ,  % 4 5 . 7 4 5 . 7 5 0 . 0 4 7 . 0



C a l c u l a t i o n s

S p e c i f i c  g r a v i t y  o f  p l u s  #4  s i z e  ( c o a r s e )  = 2 .6 5

" " " m i n u s  #4 " ( f i n e )  = 2 . 6 4

Combined S . G-. = 1 0 0 .....................

^ P i n e r  . % R e t a i n e d
F in e  S.-Q-. C o a rse  S .G .

From g r a d a t i o n  c u rv e  ^  F i n e r  t h a n  #4 = 4 5 . 3

% R e t a i n e d  = 5 4 . 7

SO ( com bined)  = 1 00

. 4 5 . 5  . 5 4 . 7  
. . .  2 . 6 4  2 .6 5

’■ ' =  100 
3 7 .8 2

= 2 .6 4 2

S u r f a c e  Area  ( S . A . - ^ s q . f t . / l b . )

S i e v e  S iz e  . % P a s s i n g  S .A .  F a c t o r  S u r f a c e  Area

P l u s  # 4 " .  2 . 0

#  4 45 2 0 . 9

8 40 4 1 . 6

16 34 8 • .. 2 . 7

30 . 26 14 3 .6

50 14 30 4 . 2

100 06 60 3 . 6

# 2 0 0  04 .1 6 0  . 6 . 4

T o t a l  = 2 5 .0



S u r f a c e  C o n s t a n t s s  

CKE; .

M easu red  CKE = 3 . 3 5 ^

C o r r e c t e d  v a l u e  -  3 . 3 5  x 2 . 6 4  = 3 .3 4
- 2 .6 5

From A s p h a l t .  I n s t i t u t e  Mix D e s ig n  Handbook ( 3 4 ,  F i g .  V-2) 

CKE = 3 . 3 4  -

; S.A. = 25 :

% F i n e r  4 -  4 5 . 3% — — — " Kf -  1 .05

o n

O i l  r e t a i n e d  = 2 . 9%

C o r r e c t e d  o i l  r e t a i n e d  = 2 . 9  x 2 .6 5
2 .6 5

From F i g .  V-3 (34)  K0 ^  1 . 3  ' ' '

From F i g .  V-4 (34)  ’ :

(Ke »Kf ) = 0 . 2 5 .

S , A. = 25«0

% C o a rse  = 5 4 . 7  —...— .. .... C o r r e c t i o n  = 0 .0 9

Km = 1 .05  + . 0 .0 9

rr - 1 V 14

From F i g .  Y -5 (34).

S .A .  =. 2 5 . 6  S.G-. -  2 . 6 5  Km = 1 . 1 4

4 O i l  R a t i o  = 3,
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From F iR .  V~6 (34)

. A s p h a l t  P e n .  70  a t  77°F 

S u r f a c e  A rea  2 5 . 0

O i l  r a t i o  3 .9  ■ • • B i t i  R a t i o  = 5 . 4

5 . 4  l b s . o f  a s p h a l t  a r e  r e q u i r e d  f o r  100 l b s . o f  a g g r e g a t e

P e r c e n t  o f  t o t a l  mix =........■. 5 ° ^  x  . 1 00
(100  + 5 . 4 )

■ = 5 . .  2 '

E s t i m a t e d  optimum a s p h a l t  c o n t e n t  = 5 . 1 2

Compact Hveem sp e c im e n s  a t  5 . 0 ,  5 . 5  and  6.0%



Table 8

Asphaltic. Concrete T est ing—Hveem Method 

(a) Loose Mixture S p e c i f ic  Gravity

I d e n t i f i c a t i o n 5.0A 5 . OB 5 . 0 0 5-5A 5 . 5 3 5 .5C 6.0A 6 . 0 3 6 . 0 0

Sample i n  a i r ,  gm 5 7 8 . 0  . 5 7 7 . 2 S 69 . 3 5 8 2 . 2 6 0 8 : 0 5 5 8 . 0 5 8 2 . 0 5 8 0 . 0 . 581 .1

P y c . + Water ,  gm 2 7 0 4 . 5 2 7 0 4 . 5 2 7 0 4 . 5 2 7 1 6 . 2 . 2716.2 2 7 1 6 . 2 2716 . 2 . 2 7 1 6 . 2 2716.2

Sun, gn 3 2 8 2 . 5 3281 .7 3 2 7 3 . 8 3 2 9 8 . 4 332 4 •2 3 2 7 4 . 2 3 2 9 8 . 2 3 2 9 6 . 2  ' 3 2 9 7 . 3

P y c . + Sample + Water 3 0 4 8 . 2 3041 .2 ' 3 0 3 6 . 7 3 0 5 4 . 6 .3070 .1 3 0 3 9 . 0 3 0 5 2 . 3 3051.1 3 0 5 0 .0

Vol . '  o f  Sample,  cc 2 4 3 . 3 2 4 0 . 5 237.1 2 4 3 . 8 254 .I 2 3 5 . 2 2 4 5 . 9 245.1 2 4 7 . 3

Loose- S p . Gr. gm/co 2 . 4 7 0 2 . 4 0 0 2 . 4 0 3 2 . 3 9 0 2 . 3 9 3 2 . 3 7 5 , 2 . 3 6 9 2 . 3 6 7 2 . 35O

T h e o r e t i c a l  Sp.  Gr. 2 . 4 4 5 2 . 4 4 5 2 . 4 4 5  ' 2 . 4 3 5 2 . 4 3 5 2 . 4 3 5 2 . 4 1 4 2 . 4 1 4 2 . 4 1 4

00U1



... T ab le  8 ( c o n t i n u e d )

(b) .Specimen Density and Voids

I d e n t i f i c a t i o n 5.0A 5 . OB • 5.00 5.5A 5.5B 5.5C ■ 6.0A 6. OB 6.0C

Wt. in air, . ,gm 1195.5 1198.2 1200.2 1193.2 1191.6 1182.1 1186.1 1185.8 1187.7

Wt. in water 681 .2 682.3 679.2 , 69,1 • 2 688.8 680.7 687.8 686.6 . 685.7

V o l„ cc 514.3 515.9 ' 521.0 502.0 502.8 501 .4 498.3 499.2 502.0

Density,  gm/cc 2.321 2.321 2.305 2.380 2.373 2.360 2.379 2.373 2.365

Density,  p c f . 145.0 145.0 144.0 148.5 148.1 147.3 148.5 148.2 147.7

Void Content, % 5 .0 5 .0 5 .7 2 .2 2 .7 3.1 1 .4 1 .6 2 .0



T ab le  8 ( co n t in u ed ) -

( c )  Hveem S t a b i l i t i e s

I d e n t i f i c a t i o n 5 oOA 5 . OB

S p e c .  H e i g h t ,  i n . 2 . 5 2 2 .5 3

I n i t i a l  D i s p l . 0.001 i n . 202 202

PL a t  Pv o f  3000  l b . 14 . 13

PL a t  Py o f  4000 l b . 16 1 6

PL a t  Py o f  5000 l b . 1 9 .5 18

PL a t  Pv o f  6000  l b . 2 3 .5 21

F i n a l  D i s p l . , .001 i n . 350 355

Specimen S t a b i l i t y ,  % 55 57

C o r r e c t e d  S t a b i l i t y ,  % 55 57

C o h e s io m e te r  Load,  gm 664 858

C o h e s io m e te r  Value 212 273

* T h is  v a l u e  was o m i t t e d .

5.5A 5.5B 5 .5 0 6.0A 6 . OB 6 .00

2 .4 5 2 .4 7 2 .4 9  . 2 . 4 3 2 .4 4 2 .4 6

202 202 202 200 200 200

15 14 38 19 ■25 26

19 16 52 24 33 33

23 19 69 31 41 43

29 24 86 38 :■ 5 2 . 55

308 367 338 305 274 290

54 55 24* 46 41 39

55 55 24 46 41 39

1 400 1 401 1118 1 425 1143 1 21 3

464 460 362 478 37.1 400

CO-a

5 .0 0

2 .5 7

202

12

U

16

18

390

57

57

611

190



APPENDIX B

CHART SHOWING THE TEST VARIABLES REPRESENTED

IN THIS STUDY

88



C o n s ta n ts 2 T h ic k n ess ,  G radation , Compactive E f f o r t

r
SUPPORT j 0 . 0  p s i  | • 1 .0  p s i j 2 .0  p s i

TEMPERATURE J 59 j 75 J  90 59 75 ’90 59
~l '

75 j 90

ASPHALT 1 5-5 j 5 . 0  | 5 . 5 6 , 0  5 . 0 . s I s J s T o " 5 . 0 I 5T5 ' 6 . 0  . 5 .5
■

R e p l i c a t e  spec im ens  were made f o r  eac h  t e s t  v a r i a b l e „

00VO



APPENDIX C

TYPICAL DATA RECORDED PROM 

THE DEFLECTOMETER TESTS

90



DEFLEC TOME TER DATA SHEET

Mix, 1 -19  A .C, 6 . 0 ^  T h ic k ,  ' 1 ,95  i n ,  D .L.  175# L , L ,  150# Mass 4 d i s c  D a te :
^ Mold 1 / 2 5 /7 2

S p eed ?40 rpm P r e s s . 1 .0  p s i  C on t ,  Area ' 5 . 0  i n ^  Temp. 75 F Spec. 6 .0 -1  T e s t  2 /4 /7 2 " '

■x D e n s i t y  . C o u n te r  R ep s .
4" L 
D d

2 1 /40  
D d

Load
D isc

P r e s s
Gage

Time and 
Remarks

B e f o r e T e s t 0 0 300 700 0 . 0 0 0 1 .00 10:27  am
Wt, ( a i r ) J L L J T O  gm 50 1 , 000 3 15 .5 662

-663
8 4 .5

- 9 2 . 0
1 .68

¥ t .  (H20) 1 0 ,07 0  gm 200 4 ,0 0 0 1 9 . 0 51 .5 
. - 5 2 . 0

106 ,5
- 113 .0

1 .85

V o l . 7 ,7 0 0  cc 500 10 ,000 20 .5 • 4 6 . 0  
- 4 6 . 5  ■

119 .5  
- 126 .0

2 .0 0

D e n s i t y 2 . 3 0 8  gm/oe 1 , 000 20 ,0 00 21 ,0 4 2 .5  . 
- 4 3 . 5  •

128 ,5
- 1 3 4 . 5

2 .0 7

Max. 8 . 0 . 2 .4 1 4  gm/oe 2 , 50 0 50 ,0 0 0 21 .5 41 .5  
- 4 2 . 0

139 .5
- 1 4 6 . 0

2 .1 7

Void 4 .3 9  g 5 ,0 0 0 100 ,000 21 . 0 3 5 .5
- 3 6 . 5

149 .0
- 1 5 5 . 5

2 .2 0

1 1 ,5 0 0 230 ,000 21 .0 3 0 ,0
- 3 0 . 5

167 .0  . 
. - 1 7 3 , 5

• 2 .29 3 .4 4 pm

16 ,000 320 ,000 21 .5 2 6 .5
- 2 7 . 0

180 .5
- 1 8 7 .0 .

2 .2 9 5 . 4 7 pm

2 0 ,0 0 0 4 0 0 ,0 0 0 2 1 .5 623 . 
-6 2 4  .

I 9 4 . 5  
-201 ;0

2.31 7 .3 8 pm

VO
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T ab le  9 

M ix tu r e  C h a r a c t e r i s t i c s

Spec imen No-* D e n s i t y ,  '.gm/cc. Void  C o n t e n t ,  ^  H e i ^ i t ,  in*

5 . 0  -1 2 ,3 2 3  4 .9 9  1 .92

5*0  “2 2 .3 1 6  5 .2 8  . 1 .9 3

5 . 5  “ 1 2.231 8 .3 8  2 .0 3

5 . 5  - 2  2 . 2 4 3  7 .8 9  2 .0 6

5 . 5  “ 3 2 . 3 1 8  4 . 8 0  1 . 9 4

5 . 5  " 4  2 .3 1 5  4 , 9 3  1 .9 4

5 . 5  -5  2 .3 6 9  2 .7 1 :  1 .88

5 . 5 - 6  2 .3 4 7  3.61  1.91

5 . 5 - 7  2 . 2 9 0  5 . 9 5  1 .98

5 . 5 - 8  2 . 3 1 2  5 .0 5  1 .9 5 '

6 . 0  -1 2 . 3 0 8  4 .3 9  1 .95

6 . 0  “2 2 . 3 0 0  4 . 7 2  1 .9 6

5 . 5  -9  2 .2 8 6  6 . 1 2  1 .97  .

5 . 5  - 1 0  2 .2 8 5  6 , 1 6  1 .96

5 . 5  -11 ' 2 . 3 2 0  . 4 .7 2  1 .9 3

5 . 5  - 12  2 .2 5 5  7 .3 9  2 . 0 0

5 . 5  - 1 3  2 .3 2 3  4 . 6 0  1 .91

5 . 5  - 1 4  2 . 3 1 0  5 . 1 3  1 .95 .

5 . 0  - 3  2 .2 9 6  6 .09  1 . 94

^S p ec im en s  a r e  num bered  t o  i n d i c a t e  a s p h a l t  c o n t e n t  
and  s e r i e s  number f o r  t h a t  a s p h a l t  c o n t e n t .
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T ab le 9 ( c o n t i n u e d )

M ix tu r e C h a r a c t e r i s t i c s .

Specimen No D e n s i t y ,  gm/c c Void C o n t e n t , % H e i g h t ,

5 o 0 “ 4 2.281 6.71 1 .96

6 . 0  - 3 2 . 2 9 6 4 .8 9 1 .96

6 . 0  - 4 2 .3 6 5 1 .89 1 .8 7

5 .0  -5 2 .2 7 7 6 .8 7 1 .99

5 . 0  - 6  . 2 .2 4 7 8 . 1 0 2.01

5 . 5  -15 2 .3 5 8 3 .1 6 1 .88

5 . 5  -16 2 .3 1 9 4 . 7 4 1 .9 3

5 . 5  -1 7 2 . 3 1 4 4 .9 7 1 .95

5 . 5  -18 2 .2 8 6 6 .1 2 1 .9 8

5 . 5  -19 2 .2 9 8 5 . 6 3 1 .95

5 . 5  - 2 0 2.331 4 .2 7 1 .9 2

6 . 0  -5 2 .3 2 9 ' 3 . 5 2 1 .93

6 . 0 - 6 2 .2 8 0 5 .5 5 2 ,0 0



95

T ab le  10 

D e f l e c t o m e t e r  T e s t  D a ta

T e m p e r a t u r e g °F  Load D i s c .  Specimen S u p p o r t  P r e s s u r e ,  p s i  
'■ • • " ' ; l n 2  ■ — ■ I n i t i a l  F i n a l , P f  Mean,Pm

41

59

5 . 0 0  

3 .1 4 2

75 5 . 0 0

5 . 5 - 9 1 . 0 0 . — 1 .5 0

5 . 5 - 1 0 1 .00 1 .90 1 .5 0

5 .5 - 1 1 0 . 1 0

00CO 1 .00

5 . 5 - 1 2 0 . 1 0 1 .70 1 .0 0

5 . 5 - 1 3 2 . 0 0 2 . 6 0 2 . 5 0

5 . 5 - 1 4 2 . 0 0 2 . 6 0 2 . 5 0

5 . 0 - 3 1 .00 . 2 .  39 1 .5 0

5 . 0 - 4 1 .00 2 .0 5 1 .5 0

6 . 0 - 3 1 .0 0 2 .1 8 1 .5 0

6 © 0— 4 1 .00 1 .8 8 1 .5 0

5 .0 - 1 1 .00 2 .6 5 1 .5 0

5 . 0 - 2 1 .00 2 .2 8 1 .5 0

5 .5 - 1 1 .00 2 .7 0 1 .5 0

5 . 5 - 2 1 .00 2 .5 7 1 .5 0

5 . 5 - 3 1 .00  . 2 . 0 0 1 . 5 0

5 . 5 - 4 1 .00 2 .0 0 1 .5 0

5 . 5 - 5 0 . 0 0 1 .7 8 1 . 0 0

5 . 5 - 6 0 . 0 0 1 .6 4 1 . 0 0

5 . 5 - 7

o001 2 . 6 8 2 . 5 0

5 . 5 - 8 2 .0 0 3 .0 0 2 . 5 0
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T ab le  10 ( c o n t i n u e d )

D e f l e c t o m e t e r  T e s t  D a ta
■ ' "  ' ’ ■ ■ '■

T e m p e r a t u r e S0 P Load D i s c . Spec imen S u p p o r t  P r e s s u r e ,  p s i
i n 2 . No I n i t i a l  F i n a l ,  Pf  Mean,Pm

6 .0 -1  1 .0 0  2 . 2 0  1 .5 0

6 . 0 - 2  1 .0 0  2 . 4 0  1 .5 0

5 . 0 - 5 1 .0 0 2 .6 0

oin

5 . 0 - 6

oo

2 . 7 0 1 .5 0

5 . 5 - 1 5 1 .00 2 .5 5 . 1 .5 0

5 . 5 - 1 6 1 .0 0 2 . 5 8 1 .5 0

5 . 5 - 1 7 0 .1 0 2 .2 5 1 .0 0

5 . 5 - 1 8 0 . 3 0 1 .9 4 1 .0 0

5 . 5 - 1 9 ro o o 3 . 0 0 2 . 5 0

5 . 5 - 2 0 2 .0 0 3 .2 0 2 . 5 0

6 . 0 - 5 1 .00 2 .7 2 1 .5 0

6 . 0 - 6 1 .0 0 2 .7 5 1 .5 0



Table 11

D e f l e c t o m e t e r  T e s t  Data  C om puta t ion

Specimen No R e p e a te d  c e n t r a l  d e f l e c t i o n  Specimen
d (x 1 0 -3  i n . , ) t h i c k n e s s ,  . t  St-^

.At Pm. At P f t ,  i n .

5 . 5 - 9 5 .5 *— • 1 .97 3.881 42.051

5 . 5 - 1 0 8 . 0 6 .5 1 .96 3 .8 4 2 4 8 .9 4 7

5 .5 -11 8 . 5 7 . 0 1 .9 3 3 .725 5 0 .3 2 5

5 . 5 - 1 2 . 8 . 0 7 . 5 2 ,0 0 4 .0 0 0  , 60 .0 0 0

5 . 5 - 1 3 9 . 0 8 . 0 1.91 3.648 55.741

5 . 5 - 1 4 9 . 5 7 . 5 1 .95 3 .8 0 3 55 .6 19

5 , 0 - 3 7 . 0 6 .5 1 .94 3 .7 6 4 4 7 .4 6 4

5 . 0 - 4 7 . 5 7 . 5 1 .96 3 .84 2 56 .4 7 7

6 . 0 - 3 6 . 0 4 .5 1 .96 3 .842 33 .886

6 . 0 —4 ' 5 . 0 4 , 5 1 .87 3 ,497 29 .427

5 .0 -1  : 6 . 0 5 . 0 1 .92 3 .6 8 6 35 .386

5 . 0 - 2 6 . 0 6 . 0 1 .9 3 3 .725 4 3 .1 3 6
VO



T able  11 •( c o n t i n u e d )  ■

D e f l e c t o m e t e r  T e s t  D a ta  C om puta t ion

Specimen N£ R e p e a te d  c e n t r a l  d e f l e c t i o n  Specimen
d ( x l 0 -3  i n . )  - t h i c k n e s s ? t ^

At At Pf

5*5-1 2 .5 5 . 0

5 - 5 - 2  ' 6 . 0 7*5

5 . 5 - 3 , 6 . 0 6 . 0

5 • 5 - 4 7 . 0 5 . 0

5 , 5 - 5 5 . 0 5 . 0

5 , 5 - 6 6 . 0 6 .5

5 . 5 - 7 6 . 0 5 . 5

5 ..5-8 11 .0 1 2 .0

6 .0 -1 7 . 5 6 .5

6 . 0 2 5 . 5 5 . 0

. 5 . 0 - 5 1 1 .0 11 .5

' 5 . 0 - 6 1 0 . 0 12 .5

2 . 0 3 4.121 4 1 .8 2 8

2 .0 6 • 4 ,2 4 4 65 .5 7 0

1 .94 3 .7 6 4 4 3 .8 1 3

1 .94 . 3 .7 6 4 36.511

1 .88 3 .5 3 4 3 3 .2 2 0

1 .91 ' 3 .6 4 8 45 .2 9 0

1 .98. 3 .9 2 0 42 .6 8 9

1 .93 3 .725 86.271

1 .95 3 .8 0 3 4 8 .2 0 3

1 .96 3 .8 4 2 37 .652

1 .99 3 . 96O 90.6 25  '

2.01 4 .0 4 0 101.505

xo
00



T ab le  11 ( c o n t i n u e d )  

D e f l e c t o m e t e r  T e s t  Data  C om puta t ion

Specimen No R e p e a te d  c e n t r a l  d e f l e c t i o n  Specimen
d

At Pm
( x l 0 " 3  i n . )

At Pf
t h i c k n e s s ,  

t ,  i n .
t 6 t

5 . 5 - 1 5 • 7 . 0 8 . 0

00CO 3 .5 3 4 53,151

5 . 5 - 1 6  ' 1 0 .0 1 1 .0 1 .9 3 3 .725 7 9 ,0 8 2

5 . 5 - 1 7 7 . 0 7 . 0 1 .95 3 .80 3 51 .911

5 . 5 - 1 8 5 . 0 5 . 5 1 .98 3 .9 2 0 42 .6 8 9

5 . 5 - 1 9 6 .5 7 . 0 1 .95 3 .8 03 51 .911

5 . 5 - 2 0 7 . 0 6 .5  . ■ 1 .92 3 .68 6 46.001

6»0"*5 7 . 0 6 . 5 \o Vj 3 .725 . 4 6 .7 3 0

6 . 0 - 6 7 . 0 7 .5 2 .0 0 4 .0 0 0 6 0 .0 0 0

voVO



D y n a m ic  S t i f f n e s s ,  C entra l D e f l e c t i o n s ,  and S t r a in s

Specimen No Dynamic S t i f f n e s s ,  p s i  R a d i a l  S t r a i n  (IQ1*^) C e n t r a l  d e f l e c t i o n  
At Pm . At P f  At Pm At Pf  a t  f a i l u r e ,  i n .

5 . 5 - 9 68 ,7 2 6 —— 1 .100 • ( O . 15 3 )*

5 . 5 - 1 0 6 0 ,5 9 6 5 6 ,1 2 4 1 .465 1.531 0 .1 8 0

5 .5 -11 6 3 ,5 2 ? 5 5 ,0 6 2 1.491 1 .615 0 .2 2 0

5 . 5 - 1 2 5 3 ,0 3 3 4 7 ,7 3 3 1 ,659 1 .7 60 0 .1 9 5

5 . 5 - 1 3 4 5 ,9 9 8 4 4 ,6 7 8 1 .911 1 .943 , ' 0 .1 1 2

5 . 5 - H 46 ,3 6 9 ' 4 4 ,5 0 3 1 .8 22 1 .867 0 .1 5 2

5 . 0 - 3 6 1 ,8 3 6 5 3 ,4 1 7 - 1 .459 1 .588 0 .1 5 5

5 . 0 - 4 5 2 ,2 3 4 4 8 ,0 3 4 1 .696 1 .778 0 .1 9 0  .

6 . 0 — 3 8 5 ,7 2 9 75,701 1 .026 I . 103 0.151

6 . 0 - 4 9 7 ,6 9 9 9 1 ,5 7 6 0 .9 8 5 1 .022 0 .1 7 0

5 .0 -1 8 2 ,0 9 5 6 7 ,1 8 8 0.971 1 .079 0 .1 3 9

5 . 0 - 2 67 ,3 45 5 9 ,5 2 6 1 .172 1 .248 0 .1 5 2

*The spec im en  d i d  n o t  f a i l .



T a b le  12 ( c o n t i n u e d )

Dynamic S t i f f n e s s ,  C entra l D e f l e c t i o n s ,  and S t r a in s

Specimen No Dynamic S t i f f n e s s ,  p s i  R a d i a l  S t r a i n  ( 1 0 - 3 )  C e n t r a l  d e f l e c t i o n  
■'______■ At Pm At P f  At Pm • • At Pj» a t  f a i l u r e , i n .

5 .5 -1 6 6 ,8 9 3 5 6 ,3 2 4 1 .049 1 .14 7 0.201

5 . 5 - 2 4 4 ,3 0 4 37 ,9 47 1 .564 1 .692 0 .1 0 0

5 . 5 - 3 6 6 ,3 0 5 6 1 ,3 5 8 1 .178 1 .225 : 0 .1 3 6

5 . 5 - 4 8 0 ,3 8 7 7 2 ,8 0 8 0 .97 5 1 .027 0 .138

5 . 5 - 5 9 3 ,0 1 6 82,881 0 .9 2 3 0 .9 7 7 0 .1 8 7

5 . 5 - 6 68,911 6 3 ,1 3 5 1 .21 3 1 .266 0 .1 7 3

5 . 5 - 7 57,931 , 5 5 ,7 4 5 1 .198 1 .223 0 .1 00

' 5 .5 -8  ' ' 3 0 ,4 2 7 2 8 ,2 7 6 2 .4 5 8  ; . 2 .5 5 3 0 .185

6 .0 -1 6 1 ,2 0 0 , 5 4 ,3 0 2 1 .271 1 .35 2 0 .15 9

6 . 0 — 2 7 6 ,7 5 6 6 6 ,0 1 2 0 .9 9 4 1 .076 0 .1 6 2

5 . 0 - 5 3 3 ,7 3 2 2 8 ,6 5 7 2 .2 5 0 2 ,4 4 3 0 .1 7 4

5 . 0 - 6 29,821 2 5 ,4 5 9 2 .48 5 2 .6 8 3 0 ,2 1 0

5 . 5 - 1 5 5 5 ,2 2 0 4 7 ,2 5 2 . I .512 . 1 .638 0 .1 8 0

\



Specimen No

5 . 5 - 1 7

5 . 5 - 1 8

5 . 5 - 1 9

5 . 5 - 2 0

6 . 0 - 5

6.0-6

T ab le  12 ( c o n t i n u e d )

Dynamic S t i f f n e s s ,  C en tra l D e f l e c t i o n s ,  and S t r a in s

C e n t r a l  d e f l e c t i o n  
i n .At Pm - At T f  • • • At P f a t  f a i l u r e ,

38 ,277 32 ,756 2 .1 0 0 2.241 0 .2 3 0

6 0 ,7 0 0 50,301 . 1 .3 26 1 .45 7 0 .2 7 3

7 2 ,3 8 4 63 ,234 1 .071 1 .1 4 3 O . I 96

4 7 ,9 2 8 4 4 ,0 6 0 1 .496 1 .564 0 .1 1 5

5 4 ,4 1 2 4 7 ,5 1 0 1 .362 1 .469 O . I 76

6 2 ,8 0 8 . 5 1 , 2 0 7 1 .263 1 .404 0 .2 4 7

4 8 ,9 1 7 4 0 ,1 7 3 , 1 .509 1 .67 0 0 .2 5 0
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Table 13

R a d i a l  S t r e s s e s  and  Load R e p e t i t i o n s  to  F a i l u r e

Specimen Kb Load R e p e t i t i o n s  R a d i a l  S t r e s s ,  p s i  S t r e s s  e q u i v a l e n t
Nf (x lO^)  At Pm: At P f  f o r  5 i n 2 d i s c

. .  ■ m . . ,  . v  • ■  A t . p m . . A t  P f  ...■

5 . 5 - 9 800 7 5 . 6 . —— '

5 . 5 - 1 o 230 8 8 . 8 8 5 .9 7 7 .2 7 4 . 4

5 .5 -1 1 120 9 4 .7 8 8 . ? 8 2 .7 7 7 . 0
5 . 5 - 1 2  . 140 8 8 . 0 . 8 4 . 0 7 6 ,9 ; 7 2 .9

5 . 5 - 1 3 110 • 8 7 .9 8 6 . 8 . 7 5 .6 7 4 .7
5 * 5 -14 150 V 8 4 .5 83.1 • V 7 2 . 6 71 .4

5 . 0 - 3 90 9 0 . 2  ; 8 4 .8  • 7 8 , 4 73.1
5 »0—4 8 8 . 6 8 5 . 4 : 7 7 . 0 7 3 .9
6 o 0— 3 110 8 8 . 0 8 3 .5 7 6 .5 72.1
6 e 0—4 28 9 6 .2 9 3 .6 8 3 . 7 81.1
5 .0 -1 60 , 7 9 . 7 7 2 .5
5 . 0 - 2 7 7 8 .9 7 4 . 3

5 .5 -1 ■ 10 7 0 .2 6 4 ,6
5 . 5 - 2 19 6 9 .3 6 4 .2

5 . 5 - 3 . 9 . 5 78.1 7 5 .2

5 . 5 - 4 15 7 8 . 4 7 4 . 8

103



T ab le  13 ( c o n t i n u e d )

R a d i a l  S t r e s s e s  and  Load R e p e t i t i o n s  t o  F a i l u r e

Spec imen No_ Load R e p e t i t i o n s  R a d i a l  S t r e s s ,  p s i
. ( x l 0 4 ) . . .A t .P m . . A t P f

5 - 5 - 5 30 8 5 .9 8 1 . 0
5 . 5 - 6 17 8 3 . 6 7 9 .9

5 . 5 - 7 13 6 9 . 4 6 8 .2

5 . 5 - 8 30 7 4 .8 ■ 7 2 . 2

6 ® 0” 1 12 . 7 7 .8 7 3 . 4

6 o 0 -2 14 7 6 . 3 71 .0

5 . 0 - 5 1 .0 7 5 .9 7 0 . 0

5 . 0 - 6 1.1 74.1 6 8 . 3

5 . 5 - 1 5 1 .4 8 3 .5 7 7 .4

5 . 5 - 1 6 1 .9 8 0 . 4 7 3 . 4

5 . 5 - 1 7 0 .9 8 0 .5 7 3 . 3
5 . 5 - 1 8 1 .0 7 7 .5 7 2 . 3

5 . 5 - 1 9 0 . 4 4 7 1 .7 6 8 .9
5 . 5 - 2 0 1 . 4 74.1 6 9 .8

6 . 0 - 5 1 .9 7 9 . 3 71 .9
6 . 0 - 6 0 .8 3 7 3 .8 67.1



Table 14

Load R e p e t i t i o n s  R educed  t o  a S t r e s s - L e v e l
o f  80 p s i

Specimen No* E q u i v a l e n t  ( x l 0^)

' •' • 5 i n ^  d i s c » 80 p s i .

5 . 5 - 9  — *

5 . 5 - 1 0  400 3 5 Q .

5 .5-11 200 230

' 5 .5 - 1 2  , 240 , 205

5 . 5 - 1 3  185 150

5 . 5 - 1 4  2 6 0  180

5 . 0 - 3  160 . 150

5 . 0 - 4  330 290

. 6 . 0 - 3  190 165

6 . 0 - 4  47 55

5 .0 -1  60 59

5 . 0 - 2  7 6 . 7

5 . 5-1 10 6 . 1 ,

5 . 5 - 2  19 1 0 .7

5 . 5 - 3  9 . 5  8 . 7

5 . 5 - 4  15 14

^Specim en  d i d  n o t : f a i l .
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T ab le  14 ( c o n t i n u e d )

Load  R e p e t i t i o n s  Reduced  t o  a  S t r e s s - L e v e l
o f  80 p s i

Spec im en  Nos E q u i v a l e n t  N ^ . (x 1 0^)

.—— ■ 5 i n ^  d i s c . 80 p s i .

5 . 5 - 5 30 3 9 .5

5 . 5 - 6 17 20 .5

5 . 5 - 7 13 7 . 4

5 . 5 - 8 30 23

6 . 0 — 1 1 2 1 0 . 7

6 . 0 - 2 14 11

5 . 0 - 5 1 . 0 0 . 8

5 . 0 - 6 1.1 0 . 8

5 . 5 - 1 5 1 .4 1 .6

5 . 5 - 1 6 1 .9 1 .9

5 . 5 - 1 7 0 .9 0 .91

5 . 5 - 1 8 1 . 0 .. 0 . 9 0

5 . 5 - 1 9 0 . 4 4 0 . 2 8

5 . 5 - 2 0 1 . 4 1 .0

6 . 0 - 5 1 .9 1 .8

6 . 0 —6 0 . 8 3 0.61
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