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5 .  EFFECT OF T.'7ATEP.-CEl'IENT RATIO

Only the w a te r  i n  t h e  c a p i l l a r i e s  may f r e e z e .  The 

c a p i l l a r y  p o r e s  i n  c o n c r e t e  a r e  formed by t h e  e x c e s s i v e  

w a t e r  which i s  a r e s u l t  o f  t h e  r e l a t i o n  o f  th e  t o t a l  volume 

o f  m ix in g  w a t e r  to t h e  c h e m i c a l l y  c o n b in e d  w a t e r  and t o  

the  c e l  w a t e r  s u b j e c t  t o  t h e  a d s o r p t i v e  p o w e r .  With 

s u f f i c i e n t  l o n g - t i m e  h y d r a t i o n ,  e . g . ,  a f t e r  2 $ d a y s ,  a c c o r 

d in g  t o  Wood 1964 , th e  c h e m i c a l l y  and p h y s i c a l l y  com

b i n e d  v /a te r  i s  s a i d  t o  be a b o u t  40 p e r  c e n t  of  t h e  cement 

w a t e r .  T h a t  i s ,  i f  a w a t e r - c e m e n t . r a t i o  below 0 .4 0  by 

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

i n  t h e  p a s t e  w o u ld  n o t  be v u l n e r a b l e  t o  f r e e z i n g  d e t e r i o r a 

t i o n .  P o r t l a n d - c e m e n t  p a s t e s  o f  low w a te r - c e m e n t  r a t i o  a r e  

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

th e  g ro w th  o f  c a p i l l a r y  i c e  s im p ly  b e c a u s e  t h e r e  a r e  few er  

c a p i l l a r i e s  i n  t h e  p a s t e .

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

on w a te r - c e m e n t  r a t i o .  S in c e  t h e  volume of cement g e l  p r o 

duced by h y d r a t i n g  t h e  cement i s  a p p r o x i m a t e l y  t w i c e  t h e  

volume o f  t h e  cem en t ,  c o n s e q u e n t l y  t h e  ge l  n o t  o n ly  r e 

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

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

low w a te r - c e m e n t  r a t i o  p a s t e  w i l l  have  s m a l l e r  c a p i l l a r y  

volume,  o r  s m a l l e r  c a p i l l a r y  s i z e s .  The e f f e c t s  o f  t h e s e  

i n t e r n a l  changs  g i v e  r i s e  t o  low p e r m e a b i l i t y  o f  t h e  p a s t e .
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T ab le  I  £ P o w e rs , C ope land ,  Hayes and I lann , (1954)] show? 

the  e f f e c t s  o f  a r e  on p e r n e a b i l i t y . The d a t a  p e r t a i n  to a 

g iv e n  p a s t e  a t  d i f f e r e n t  s t a g e s  c f  h y d r a t i o n .  N o t i c e  t h a t  

w i t h i n  a -week t h e  c o e f f i c i e n t  o f  p e r m e a b i l i t y  d ropped  t o  

a b o u t  one o n e - h u n d r e d - t h o u s a n d t h  o f  i t s  i n i t i a l  v a l u e .

The r e l a t i o n s h i p '  f o r  a s e r i e s  of  p a s t e s  i n  which a b o r t  

931 o f  th e  cement r a s  h y d r a t e d  i s  g iv e n  i n  F i g u r e  3• £?ower 

C ope land ,  Hayes and I lann , (1954)J •

The p e r m e a b i l i t y  o f  a w e l l - c u r e d  p a s t e  i s  r e d u c e d  ap -  

p r o x i m a t e l j ’ a thotis and f o l d  b3r r e d u c t i o n  i n  w a te r - c e m e n t  

r a t i o s  from O.o t o  C .4  by w e i g h t . This l a r g e  r e d u c t i o n  i n  

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

s i z e  and volume t h a t  accom panies  t h e  d e c r e a s e  in  w a t e r -  

cement r a t i o .  A l l  o f  t h e  c a p i l l a r y  volume i n  f r e s h  p a s t e  i s  

c a p a b le  o f  rap id ,  t r a n s m i s s i o n  o f  w a t e r  ; t h i s  p e r m e a b i l i t y  

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

p a s t e  o f  0 . 3  w a te r -ce m en t  r a t i o  may d e c r e a s e  a t h o u s a n d f o l d  

be tw een  t h e  c u r i n g  a g e s  o f  7 days and 1 y e a r .  Thus,  t h e r e  

i s  a mi .1 l i o n  f o l d  d i f f e r e n c e  be tw een  t h e  p e r m e a b i l i t y  o f  h ig h  

w a t e r - r a t i o  p a s t e  a t  e a r l y  a g es  and t h a t  of  w e l l - c u r e d  low- 

w a t e r - r a t i o  c a s t e .

The p e r m e a b i l i t y  o f  p a s t e  h as  an  i m p o r t a n t  b e a r i n g  on 

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

mines the r e l a t i v e  e a s e  w i th  which t h e  cement p a s t e  and 

a g g r e g a t e s  may become s a t u r a t e d .  Sometimes e n g i n e e r s  a r e  

co n ce rn e d  n o t  o n l v s a b o u t  t h e  d u r a b i l i t y  o f  t h e  c o n c r e t e

i  ft
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we re  i t  t o  become c r i t i c a l l j ’- s a t u r a t e d  b u t  more i m p o r t a n t l y  

about  t h e  l e n g t h  o f  t ime r e n u i r e d  f o r  c o n c r e t e  t o  a t t a i n  

such a s t a t e  o f  v u l n e r a b i l i t y  t o  f r e e z i n g  when exposed  to  

t h e  w e t t i n g  and f r e e z i n g  c o n d i t i o n s  o f  w i n t e r .  v /e l l -c u rE d  

and low p e r m e a b i l i t y  c o n c r e t e  may r e n u i r e  many months to  

a t t a i n  a c r i t i c a l  s a t u r a t i o n  and hence  s u c c e s s f u l l y  laass 

t h ro u g h  t h e  f r e e z i n g  s e a s o n .
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



C
O

E
FF

IC
IE

N
T

 
OF

 
PE

R
M

EA
BI

LI
TY

 
K. 

, 
cm

/s
ec

.x
IO

1 4 0

1 2 0

CM

100

8 0

6 0

4 0

20

0.80.2 0.70.3 0.60 .4 0.5

WATER CEMENT RATIO (By weight)

Figure 3 .  R e la t io n sh ip  Between C o e f f i c i e n t  o f  P e r m e a b i l i ty  
and Water-cement Ratio  (Powers, Copeland, Hayes and 

Mann (1954 )J
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Tab le  1 - R e d u c t io n  cf  P e r m e a b i l i t y  By Cemen 

H y d ra t io n  (^Powers, C ope land ,  Haye 

and I .a n n (19 5 k )]

Age P e r m e a b i l i t y  C o e f f i c i e n t  
K-j s cm/'sec

f r e s h 2 x 1 0 "^

5 day s 4 x 10“ J
so 1 x 1 0 ”

a 4 x 1 0 “ 9

13 5 x 1 0 - 1 0

24

oi—i io 1—1XrH

U l t i m a t e 0 . 6  x 1 0 " 1 0

•v/C = 0 .7 0
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6 . EFFECTS OF AGGREGATES AND CRITICAL SIZE CONCEPT

The n eed  f o r  an u n d e r s t a n d i n g  o f  t h e  i n f l u e n c e  o f  

a g g r e g a t e s  on th e  r e s i s t a n c e  o f  c o n c r e t e  to  f r e e z i n g  and 

th aw ing  i s  becoming i n c r e a s i n g l y  i m p o r t a n t .  The d u r a b i l i t y  

o f  c o n c r e t e s  depends  on t h e  r a t e  a t  which  the  a g g r e g a t e s  

become c r i t i c a l l y  s a t u r a t e d  i n  t h e  c o n c r e t e  and upon t h e  

d i f f e r e n t  p h y s i c a l  r e s p o n s e s  o f  t h e  a g g r e g a t e s  to  f r e e z i n g .

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

cerrent  p a s t e  a r e  a l s o  a p p l i c a b l e  t o  a g g r e g a t e s .  TThen 

s a t u r a t e d  t h e  r e s i s t a n c e  of a g g r e g a t e s  t o  f r e e z i n g  der>ends 

upon t h e  p o r e  c h a r a c t e r i s t i c s  o f  t h e  a g g r e g a t e s  and t h e  

cement p a s t e .  As i n  t h e  cement p a s t e ,  t r ie  m a g n i tu d e  of the  

h y d r a u l i c  p r e s s u r e  dev e lo p ed  i n  a g g r e g a t e s  d e p en d s  upon 

t h e i r  d e g r e e  of  s a t u r a t i o n  and t h e  n e r m e a b i l i t y  and s i z e  

o f  th e  a g g r e g a t e  p a r t i c l e .  I f  t h e  a g g r e g a t e  p o r e s  a r e  not  

f u l l y  s a t u r a t e d , l e s s  w a te r  would need  to  b e  e x p e l l e d  d u r i n g  

f r e e z i n g  and lo w e r  o r  n e g l i g i b l e  h y d r a u l i c  p r e s s u r e s  would 

r e s u l t .  I f  th e  p o r e s  a r e  f u l l y  s a t u r a t e d ,  w a t e r  w i l l  be 

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

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

as  vre l l  a s  i n  th e  a g g r e g a t e s .  Thus,  t h e  p r o p e r t i e s  o f  p a s t e ,  

i t s  p e r m e a b i l i t y ,  a i r  c o n t e n t ,  and p o r o s i t y  a r e  a l s o  i n 

v o lv ed  i n  t h e  p rob lem  o f  a g g r e g a t e s  d u r a b i l i t y .  I n  a d d i t i o n ,  

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

o f  the  a g g r e g a t e s  i n  c o n c r e t e  by l i m i t i n g  the  i n g r e s s  of

22
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w a t e r ;  t h e  p r o t e c t i o n  a f f o r d e d  i n  t h i s  manner dec ends 

upon th e  p e r m e a b i l i t y  and t h i c k n e s s  of  t h e  p a s t e  o r  m o r ta r  

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

t h e  c o n c r e t e .

The e x p e l l e d  w a t e r  from th e  a g g r e g a t e  must  f i n d  

p r e s s u r e - r e l i e f  p o i n t s  b e f o r e  c a u s in g  d e s t r u c t i o n  cP th e  

p a s t e .  R e l i e f - p o i n t s  a r e  a v a i l a b l e  i f  t h e  p a s t e  i s  a i r -  

e n t r a i n e d .  These a i r  b u b b l e s  must be c lose  enough to t h e  

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

t r a v e l l e d  d i s t a n c e s  o f  t h e  e x p e l l e d  w a t e r .  I t  i s  f o r  t h i s  

r e a s o n  t h a t  the  use o f  e n t r a i n e d - a i r  may be o f  b e n e f i t  t o  

the  c a s t e  and th e  a g g r e g a t e  d u r in g  f r e e z i n g .

6 .1  T h ic k n e s s  and P e r m e a b i l i t y  o f  M o r ta r

I t  i s  r e a s o n a b l e  to assume [V erbeck  and Landgren  ( I 9 6 0 )] 

t h a t  t h e  m o r t a r  c o v e r  t r a n s m i t s  w a te r  by c a o i l l a r y  t e n s i o n  

i n  a  manner a p p r o x i m a t i n g  D a rc y ’ s Law f o r  f low  under  h y d r o 

s t a t i c  p r e s s u r e  and t h e r e f o r e  t h a t  t h e  r a t e  of f low would 

d e c r e a s e  as  th e  t h i c k n e s s  of t h e  membrane i n c r e a s e s ,  and 

t h a t  s h i g h l y  pe rm eab le  membrane would t r a n s m i t  w a te r  more 

r a p i d l y  t h a n  a membrane o f  low- p e r m e a b i l i t y .

The p e r m e a b i l i t y  o f  p a s t e  o r  m o r t a r  depends s i g n i f i 

c a n t l y  upon t h e  w a te r -ce m en t  r a t i o  and t h e  d e g re e  o f  h y d r a 

t i o n  o f  t h e  cement a s  d i s c u s s e d  e a r l i e r .  F o r  w e l l  h y d r a t e d  

p a s t e s  t h e  p e r m e a b i l i t y  nay be i n c r e a s e d  by a s  much as  1 0 0  

f o l d  a s  t h e  w a te r - c e m e n t  r a t i o  i s  i n c r e a s e d  from 0 .L0  to

Such d i f f e r e n c e s  i n  p e r m e a b i l i t y  have  a s i g n i f i c a n t  i n f l u e n c e
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on t h e  r a t e  a t  which  th e  m o r t a r  membrane w i l l  t r a n s m i t  

w a te r  i n t o  an a g g r e g a t e .  That  t i e  nerm eabi l i t^w and 

t h i c k n e s s  of  t h e  m o r t a r  c o v e r  does s i g n i f i c a n t l y  a f f e c t  

t h e  t im e  r e o u i r e d  f o r  an a g g r e g a t e  t o  become d e s t r u c 

t i v e l y  s a t u r a t e d  i n  c o n c re te  i s  d e m o n s t r a t e d  i n  T ab le  2.

T a b le  2 .  -  Time R e o u i r e d  f o r  D e s t r u c t i v e
S a t u r a t i o n  o f  A g g re g a te  Depends upon t h e  
P e r m e a b i l i t y  and T h ic k n e s s  of t h e  P r o t e c t i v e  
M o r ta r  Cover.  ( / /e rbeck  and l a n d g r e n  (196C)J .

M o r t a r  Cover
Days of b J e t t i n g  S u s t a i n e d  
B e fo re  F a i l u r e  (Popou t)  a t  
V a r io u s  T h ic k n e s s e s  o f  
M o r ta r  Cover

" la te r  -Cement 
R a t i o  by 
I fe ight

P e r m e a b i l i t y  
K^, cm/sec

1 / 6 - i n . 
Thick

1 / 4 - i n .
rr»V»«? /-> V 1 n i  c±z

3 / 6 - i n . 
Thick

C.70 3 0 0 0 x l 0 " 9 1 1 1 0 ^ 0  •' i / 792

0 .4 5 l x l O " 9 477

UPtoto 960

6 . 2 C r i t i c a l  S iz e  Concept

I f  the  d e g r e e  of s a t u r a t i o n  o f  an a g g r e g a t e  i s  

s u f f i c i e n t l y  h i g h ,  say above 91  p e r c e n t ,  so t h a t  t h e  r e 

m a in in g  a i r - f i l l e d  p o r e s  c an n o t  accommodate t h e  9 p e r c e n t  

e x p a n s io n  c f  w a t e r  d u r i n g  f r e e z i n g ,  t h e  w a te r  w i l l  be ex

p e l l e d  i n t o  t h e  p a s t e  s u r r o u n d i n g  the  a g g r e g a t e  and h y d r a u 

l i c  p r e s s u r e  i s  d e v e lo p e d .  The e x c e l l e d  w a t e r  must  t r a v e l  

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

h y d r a u l i c  P r e s s u r e  would i n c r e a s e  as the  d i s t a n c e  i n c r e a s e s .  

The e x p u l s i o n  d i s t a n c e  depends s i g n i f i c a n t ! 3s upon t h e  

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

21,
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I f  the  a g g r e g a t e  s i z e  i s  l a r g e ,  t h e  f r e e z i n g  w a t e r  must 

t r a v e l  a r e l a t i v e l y  lo n g  ch. s t a n c e  b e f o r e  r e a c h i n g  th e  a i r -  

e n t r a i n e d  s u r r o u n d i n g  m o t e  (assuming t h e  c o n c r e t e  i s  a i r -  

e n t r a i n e d )  . The h y d r a u l i c  p r e s s u r e  i n c r e a s e s  a s  the  

t r a v e l l e d  d i s t a n c e  i n c r e a s e s .  The r e s u l t i n g  p r e s s u r e  can 

be so h ig h  t h a t  even a i r - e n t r a i n e d  pa s t e  would be damaged 

b e cause  o f  t h e  r e l a t i v e l y  l a ;  p e r m e a b i l i t y  o f  t h e  p a s t e .  

T h e r e f o r e ,  the a d v a n ta g e o u s  e f f e c t  o f  u s i n g  a s m a l l  maxi

mum s i z e  o f  an a g g r e g a t e  i n  c o n c r e t e  on th e  r e o u i r e d  e x 

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

o b v io u s ;  the s m a l l e r  t h e  s i z e ,  t h e  s h o r t e r  t h e  e x p u l s io n  

d i s t a n c e ,  and lo w e r  t h e  r e s u l t i n g  h y d r a u l i c  p r e s s u r e .

» ~~f r s'i  f i fob
o r.
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The p o s s i b i l i t y  o f u s i n g  f r e e z i n g - a n d - t h a w i n g  t e s t s  

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

h as  b e e n  r e c o g n i z e d  f o r  many y e a r s ; Jackson  (1 9 3 2 ) ,

Lang (123S) and Campbell  (1939)  d id  s i m i l a r  v/ork on t h e  

c o m n a r i s io n s  o f  f r e e z i n y - a n d - t h a w i n g  t e s t s  and f i e l d  

pe rfo rm an  ce of v a r i o u s  c o n c r e t e  a g g r e g a t e s .  Specimen Is 

made w i th  ag grega te  i n  q u e s t i o n  were c o n s i d e r e d  to  b e  

a c c e p t a b l e  i f  t h e y  d.id no t  show a r e d u c t i o n  o f  f l e x u r a l  

s t r e n g t h  g r e a t e r  t h a n  3 0  p e rc e n t  when s u b j e c t e d  t o  4 0  

c y c l e s  of  f r e e z i n g  and th a w in g .

The American S o c i e t y  f o r  T e s t i n g  and M a t e r i a l s  

p u b l i s h e d  a symposium on f r e e z i n g - a n d  - 1 hawiny  t e s t s  of  

c o n c r e t e  in  194-6. P r o c e d u r e s  and p r a c t i c e s  in  t h e  m ajo r  

U. S. l a b o r a t o r i e s  were p r e s e n t e d  i n  d e t a i l ,  w i t h  many 

o p i n i o n s  r e g a r d i n g  th e  i n t e r p r e t a t i o n  o f  such t e s t s .  This  

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

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

a g g r e g a t e  t e s t  m ethods .  Tor example ,  a d e t a i l e d  p ro ce d u r  

i s  given f o r  t e s t i n g  c o n c r e t e  c o n t a i n i n g  a g g r e g a t e  o f  un

c e r t a i n  q u a l i t y .  Some o b s e r v a t i o n s  w e r e : (a)  h ig h  a l k a l

cem ents  should  be  a v o id e d ;  (b) a g g r e g a t e  sh o u ld  be 

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

t r o l l e d ;  (c)  th e  maximum p a r t i c l e  s i z e  shou ld  no t  exceed

lo
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o n e - t h i r d  t h e  :ninimum spec im en  d imension  ; ( d ) a i r  c o n t e n t

shou ld  be  c a r e f u l l 3r oont r c l l e  d ; (e)  c o n c r e t e  expans io n

can be  u se d  as an i n d i c a t i o n  of  specim en d e t e r i o r a t i o n ;  

and ( f ) a l t h o u g h  f r e e z i n g - a n d  - t h a w in g  t e s t s  a r e  u s e f u l  

f o r  e v a l u a t i n g  a g g r e g a t e ,  much more must b e  known a b o u t  

t h e i r  conduc t  and i n t e r p r e t a t i o n .

S e v e r a l  l a b o r a t o r j r s t u d i e s  d u r in g  the  p e r i o d  t o

1 ? 5 7  made p a r t i c u l a r l y  s i g n i f i c a n t  c o n t r i b u t i o n s  to t h e  

problem of f r o s t  r e s i s t a n c e  of  c o n c r e t e  by  f r e e s i n g - a n d -  

t  ha wing t e s t s .  Some o f  t h e  im p o r ta n t  p o i n t s  ms de which 

a r e  ve  r t i n e n  t  t o  t h i s  p r o j e c t  a r e :  (a) ? r e e s i n g - a n d -

t  hawing t e s t s  should  be  e v a l u a t e d  i n  t e r m s  o f  t h e  m o i s t u r e  

c o n d i t i o n s  o f  the  sp ec im en  £  Sweet ( l ? k f ) J  ; (b) the  

l i m i t i n g  v a lu e  fo r  d e g re e  o f  s a t u r a t i o n  a p p e a re d  to  be 

i l l .  d e f i n e d ,  p r o b a b l y  b e c a u s e  o f  n o n -u n i fo rm  m a te r  d i s t r i 

b u t i o n  [^Blackburn (1949)3  ; ( c ) A d e g re e  o** s a t u r a t i o n

o f  l e s s  th a n  0 .£$ i n d i e  a t e d  a hi.chip' d u r a b l e  specim en and 

t h a t  low s a t u r a t i o n s  could be c o n v e n ie n t !  y o b t a i n e d  by 

a i r  e n t r a i n r i e n t  Q f n i t e s i d e  and fv/eet  (1950)]  ; (d)

l a r g e s t  p a r t i c l e s  were  most  s u b j e c t  to  d e t e r i o r a t i o n  

[ ^ t a l k e r  and K c l a u g h l i n  ( 1 9 5 6 ) 3  •

About 1950, t h e  c o n c e p t  of u s in g  a i r  e n t r a i n m e n t  as  

a means o f  making th e  p a s t e  m a t r ix  r e s i s t a n t  to  f r o s t  

damage a p p e a r s  to  have  been f i r m l y  e s t a b l i s h e d .  I n  a d d i 

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

bg- P o w e rs .
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Hecen t  s t u d i e s  have made s i g n i f i  c a n t  c o n t r i b u t i o n s  

o r  h e lp e d  t o  summarize e x i s t i n g  knovrle d g e . Bio err (1963) 

n o ted  th e  s i  g n i f i c a n c e  of p a r t i c l e  s i z e  to  d u r a b i l i t y  

and t h a t  d r y in g  be tw een  cu r in g  and t e s t i n g  g r e a t l y  im

proved d u r a b i l i t y .  The improved r e s i s t a n c e  an n e a r e d  to  

be r e l a t e d  to  t h o  l o c u s  of f r e e z a b l e  w a t e r .  Drying 

a p p a r e n t l y  r m o v e d  v-;ater i r o n  the  a g g r e g a t e s  and s u b s e 

q u e n t  soaking, r e t u r n e d  m o i s tu r e  to  t h e  n a s t e  p h ase  where 

a i r  v o id s  pr  ov ide  £ me a s u r e  of f r o s t  r e s i s t a n c e .  Committee 

301 op th e  American C o nc re te  I n s t i t u t e  p u b l i s h e d  an ex

t e n s i v e  summary on c o n c r e t e  d u r a b i l i t y  (19 6 2 ) .  The most 

r e c e n t  t h e o r i e s  o f  Powers ,  Verbeck and I a n d y r e n ,  and 

o t h e r s  were  used  to  e v a l u a t e  c u r r e n t  t e s t  m ethods .  In  

summary, th e y  s t a t e  t h a t  " f r e e z i n g - a n d - t h a w i n g  t e s t s  p r o b a b ly  

p r o v id e  t h e  b e s t  measure  of c o n c r e t e  d u r a b i l i t y  b u t  

c u r r e n t  t e s t s  a r e  u n a b le  to  measure  d u r a b i l i t y  w i t h  t h e  

c e r t a i n t y  n e e d e d ” .

In  1955 T. C. Powers o f  t h e  P o r t l a n d  Cement- A s s o c i a 

t i o n  s u g g e s t e d  a new method f o r  t e s t i n g  t h e  f r e e z i n g - a n d -  

th a w in r  r e s i s t a n c e  of c o n c r e t e  o r  a g g r e g a t e .  T h i s  method 

was based  p r i m a r i l y  on t h e o r e t i c a l  c o n s i d e r a t i o n s  r e l a t i n g  

to  f r o s t  r e s i s t a n c e  o f  c o n c r e t e  deve loped  over  t h e  

p e r i o d  1935-1950 .  Powers made r a t h e r  d e t a i l e d  comments 

on ore cedura  1 a s p e c t s  o f  t h e  t e s t  but did not r u b b i s h  any 

d a t a  c o n f i r m in g  i t s  a p p l i c a b i l i t y .
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Powers p r e f a c e d  h i s  p r e s e n t a t i o n  o f  a new t e s t  

r a t i o n a l e  by a c r i t i c a l  r e v i e w  of t h e  e x i s t i n g  p r o 

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

and n o te d  s e v e r a l  i n c o n s i s t e n c i e s  o r  ’weaknesses  i n  them. 

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

he f e l t  t h a t  h i g h  and w id e ly  v a r i a b l e  f r e e z i n g  r a t e s  

t e n d e d  to  r i  ve a d i s t o r t e d  p i c t u r e  of r e l a t i v e  f r o s t  

r e s i s t a n c e  r a t h e r  t h a n  t h e  hoped f o r  s im p le  a c c e l e r a t i o n  

o f  n a t u r a l  p r o c e s s e s .  T ha t  i s ,  the  mechanisms by w hich  

f r o s t  damage m igh t  o c cu r  a t  n a t u r a l  c o o l in g  r a t e s ,  a p 

p r o x i m a te l y  5 ?  ner  hour  maximum, c o u ld  n o t  be  c o r r e l a t e d  

with  t h o s e  a t  r a t e s  o f  10 t o  IOC ? p e r  h o u r ,  t h e  h ig h  

r a t e s  c a u s i n g  u n r e a l i s t i  c a l l y  h ig h  s t r e s s  c o n d i t i o n s .  

C o n s i d e r in g  t h e  g r o w t h - o f - c a p i l l a r y - i c e  t h e o r y ,  and 

n e rh a p s  th e  o sm o t ic  p r e s s u r e  t h e o r y ,  t h i s  r s ^ i d  f r e e z i n g  

could l e a d  t o  an u n d e r e s t i m a t e  of n a t u r a l  f r e e z i r w  

c o n d i t i o n s  where  r e l a t i v e l y  l o n g  p e r i o d s  a t  lew t e m p e r a 

t u r e  a re  commonplace.

Because c o n c r e t e  has  no i n t r i n s i c ,  m easu rab le  

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

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

r u a n t i  t a t i  v e l y , Powers p ro p o se d  to  use  volume change 

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

a s  th e  b a s i c  t e s t  m eth od o log y .  Specimens ^ o u ld  be  

t r e e s  r e d  and c o n d i t i o n e d  so a e to  s i m i l a t n  f i e l d  c o n d i 

t i o n s  and t h e n  be s u b i e c t e d  t o  c o n t i n u a l  soakin'"-: o a t h
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s l o w - r a t e  f r e e z i n g  and p e r i o d s  a t  low t e m p e r a t u r e .  

A ccord ing  to  Pow ers ,  c o n c r e t e s  s u b j e c t  to  f r o s t  danag.e 

shou ld  r e a c h  some c r i t i c a l  s a t u r a t i o n  l e v e l ,  a f t e r  w h ich  

they would expand on f r e e z i n g .  P e r i o d i c  m easu rem en ts  

o f  d i l a t i o n  and t e m p e r a t u r e  would p e r m i t  i d e n t i f i c a t i o n  

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

B ecause  o f  i t s  t h e o r e t i c a l  b a ckg rou n d  and i t s  p a r t i a l  

s i m u l a t i o n  o f  f i e l d  c o n d i t i o n s ,  i t  was hoped t h a t  t h e  

p ro p o se d  p r o c e d u r e  wou]ri y i e l d  d a t a  t h a t  could be i n 

t e r p r e t e d  i n  a .m ean ing fu l  f a s h i o n .  I t  a l s o  would r e c u i r e  

o n ly  r e l a t i v e l y  s im p le  and i n e x p e n s i v e  eou ip m en t  to  

h a n d le  s i z e a b l e  t e s t  p rog ram s .

The C a l i f o r n i a  D i v i s i o n  o f  Highways ’was f i r s t  t o  r e 

p o r t ,  i n  1961,  a p r a c t i c a l  a p p l i c a t i o n  o f  th e  Powers 

l le thod  JjTrenpen and Spe l lm an  ( 1 9 6 l ) J  . They d e v e lo p e d  

spec im en  p r e p a r a t i o n  and  c o n d i t i o n i n g  m e th o d s ,  t e s t i n g  

and measuring; t e c h n i q u e s , and  p e r f o r m a n c e  c r i t e r i a .

The method was u s e d  to  e v a l u a t e  s e v e r a l  a g g r e g a t e s  f o r  a 

m a jo r  highway c o n s t r u c t i o n  p r o j e c t .  T h i s  h ighway  a p p e a r s  

t o  have p e r fo rm ed  w e l l  s i n c e  the  t im e  o f  c o n s t r u c t i o n .

I n  th e  r e t o r t  Trempen and Spe l lm an  u s e  t h e  i d e a l i s e d  

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

sp e c im en s  a s  shown i n  P ig  ’ 4  . Curve 1 r e p r e s e n t s

t h e r m a l  c o n t r a c t i o n  above th e  f r e e z i n g  p o i n t .  The mea

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

0
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c o e f f i c i e n t  f o r  two r e a s o n s .  The f i r s t  i s  b e c a u s e  t h e  

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

t h e  specim en i s  n o t  z e r o .  The second i s  b e c a u s e  move

ment of w a te r  w i t h i n  th  e p a s t e  and a g g r e g a t e  do es not 

have  t im e  t o  r e a c h  a c om p le te  e q u i l i b r i u m  when t h e  

t e m p e r a t u r e  i s  b e in g  low ered  c o n t i n u a l l y .  Curve 2 r e 

p r e s e n t s  t h e  c o n t r a c t i o n  a f t e r  i c e  b e  F ins  t o  fo rm  i n  t h e  

c o n c r e t e .  I c e  c r y s t a l s  u n d e r  p r o g r e s s ' ! v e  c o o l i n g ,  t e n d  

t o  a t t r a c t  m o i s t u r e  a t  t h e  expense  o f  t h a t  i n  t h e  p a s t e ,  

c a u s in g  th e  l a t t e r  t o  s h r i n k  a t  a r a t e  g r e a t e r  t h a n  t h a t  

due t o  the rmal c o n t r a c t i o n  a l o n e .  The p o i n t  o f  i n t e r s e c 

t i o n  o f  Curves 1 and 1 i n d i e a t e s  t h e  t e m n o r a t u r e  a t  w hich  

i c e  b e g in s  t o  form. I f  e x p e r i m e n t a l  c u rv e s  c o u ld  be 

o b t a i n e d  w i th  the p r e c i s i o n  o f  t h o s e  shown i n  T ig .  4 ,  t h e  

f r e e z i n g  p o i n t  c o u ld  be  d e te r m in e d  a c c u r a t e l y .

Curve 3 r e p r e s e n t s  the  ty p e  o f  r e s u l t  t h a t  h a s  been  

o b t a i n e d  i n  c e r t a i n  i n s t a n c e s .  I n  t h i s  c a s e ,  t h e r e  i s  

l i t t l e  or  no change i n  l e n g t h  w h i l e  t h e  specimen i s  b e i n g  

c o o le d  s e v e r a l  d e g r e e s  below? i t s  f r e e z i n g  r o i n t . "Event

u a l l y  th e  curve re sum es  a downward s l o p e .  D i l a t i o n  has  

o c c u r r e d  as measured by t h e  d i s t a n c e ,  a ,  which i s  th e  

g r e a t e s t  d i s t a n c e  be tw een  c u rv e s  3 and 2 .  D i l a t i o n  o f  

t h i s  t y p e  i s  e x t r e m e ly  d i f f i c u l t  t o  measure  from t h e  

p l o t t e d  cu rv e s  o b t a i n e d  i n  th e  s t u d y .  The most common 

t y r e  o f  cu rve  tha t ,  i s  o b t a i n e d  in  t h e  work when t h e  

c o n c r e t e  i s  n e t  immune, i s  x r e p r e s e n t e d  b y  c u rv e  4 .

Here t h e r e  i s  an a b r u p t  e x p a n s io n  a t  t h e  f r e e z i n g  p o i n t .
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The cu rve  rounds  c u i t  e s ha r o l y  and t h e n  re sum es  a down

ward s l o p e .  The d i s t a n c e ,  b ,  i s  e a s i l y  m easu red ;  how

e v e r ,  i t  does n o t  r e p r e s e n t  t h e  e n t i r e  d i l a t i o n  b e ca u se  

o f  i t s  n e a r l y  h o r i z o n t a l  t r e n d  ove r  a few d e g r e e s  of 

c o o l i n g .  The d i s t a n c e ,  b^ ,  r e p r e s e n t s  t h e  c o m p le te  

d i l a t i o n  b u t  i s  d i f f i c u l t  t o  m easu re  i n  p r a c t i c e .

K a c l n n i s  (1962) a p p l i e d  the  Powers t e s t  as a r e 

s e a r c h  t o o l  to  e v a l u a t e  t h e  f r o s t  r e s i s t a n c e  of  cement 

g r o u t  m ix t u r e s  f o r  p r e - s t r e s s e d  c o n c r e t e .  A i r  e n t r a i n -  

ment was found to  be t h e  most e f f e c t i v e  method o f  p r e 

v e n t i n g  e x p a n s io n  and c r a c k i n g  caused  by f r e e z i n g  tem 

p e r a t u r e s .  The i n t r o d u c t i o n  of e n t r a i n e d  a i r ,  even  a t  a 

l a v  p e r c e n t a g e  ( 5 ) i n  a rnix of  h ig h  w a te r - c e m e n t  r a t i o  

was e f f e c t i v e  i n  e l i m i n a t i n g  a l l  b u t  t r a n s i t o r y  e x p an s io n  

a t  a l l  m a t u r i t i e s  t e s t e d .  He c o n c lu d ed  t h a t  w a te r - c e m e n t  

r a t i o  i s  n e x t  i n  i m p o r t a n c e  to a i  r - e n t r a i m e n t  in  p r o v i 

ding, f r o s t  p r o t e c t i o n  fo r  g r o u t s .  P r o v id e d  a mix c o n t a i n  

a t  l e a s t  5 'v e n t r a i n e d  a i r  a low er  w a te r - c e m e n t  r a t i o  

seemed more e f f e c t i v e  th a n  a d d i t i o n a l  a i r  i n  i n c r e a s i n g  

f r o s t  r e s i s t a n c e .  He was a l s o  a b l e  to  e s t a b l i s h  c u r in g  

p e r i o d s  which ’would g i v e  f r o s t  r e s i s t a n c e  to g r o u t s  a t  

v a r i o u s  w a t e r - c e m e n t  r a t i o s .

Besudoin  (1966) worked on P o w e r s ’ method t o  e v a l u a t e  

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

m o r t a r s .  His r e s u l t s  showed t h a t  C.5o w a te r - c e m e n t  r a t i o  

was t h e  maximum f o r  com ple te  s a t u r a t e d  m o r t a r  spec im ens  

which  were a i r - e n t  r a i n e d  b e fo re  d i l a t i o n  o c c u r r e d  . He
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