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Des m o r t i e r s  a y a n t  un r a p p o r t  s a b l e l l i a n t  (ciment  e t  condensat  
d e  s i l i c e )  de  2,25 o n t  S t 6  r e a l i s e s  e n  r e m p l a ~ a n t  0%, 10% e t  
30% de ciment  p a r  du condensa t  de s i l i c e  dans d e s  m o r t i e r s  3 
r a p p o r t s  eau lc iment  + condensat  de  s i l i c e  de 0 ,45  e t  0,60. La 
r e s i s t a n c e  3 l a  compression,  l a  r e p a r t i t i o n  d imens ionne l le  d e s  
p o r e s ,  l a  p o r o s i t e ,  l a  t e n e u r  en hydroxyde de ca lc ium e t  l e  
degr6  d ' h y d r a t a t i o n  on t  S t 6  mesures en f o n c t i o n  du temps 
( j u s q u ' a  180 j o u r s ) .  La d u r a b i l i t e  d e s  m o r t i e r s  a b t 6  e v a l u e e  
a )  e n  mesurant l a  r e s i s t a n c e  d e s  m o r t i e r s  non a e r 6 s  e t  d u r c i s  
pendant 28 j o u r s ,  3 d e s  c y c l e s  de g e l  e t  de d6ge l  e t .  b) en 
exposan t  des  B c h a n t i l l o n s  3 une s o l u t i o n  concent ree  de s e l s  
renfe rmant  d e s  c h l o r u r e s .  

Un changement s i g n i f i c a t i f  s ' e s t  p r o d u i t  dans l a  s t r u c t u r e  d e s  
p o r e s  des  melanges a p r e s  7 j o u r s  e n v i r o n  : e l l e  e t a i t  
r e l a t i v e m e n t  i r r e g u l i s r e .  Une a m e l i o r a t i o n  de l a  r e s i s t a n c e  1 
l ' a c t i o n  du g e l  a 6 t 6  obtenue dans l e  c a s  des  B c h a n t i l l o n s  
d u r c i s  pendant 28 j o u r s  e t  p r e p a r e s  avec  un r a p p o r t  eau lc iment  
+ condensa t  de s i l i c e  de 0,60, l e  c iment  & a n t  remplace 3 lo%,  
p u i s  3 30%, p a r  du condensat  de s i l i c e .  La r e s i s t a n c e  3 l a  
s o l u t i o n  s a l i n e  s ' e s t  cons iderab lement  amel io ree  a p r s s  7 j o u r s  
d a n s  l e  c a s  d e s  e c h a n t i l l o n s  p r e p a r e s  a v e c  un  r a p p o r t  
eau lc iment  + condensa t  de s i l i c e  de 0,45 e t  con tenant  30% de 
condensa t  de s i l i c e .  Apres 28 j o u r s ,  d e s  e c h a n t i l l o n s  
c o n t e n a n t  10% de condensat  de s i l i c e ,  p r e p a r e s  a v e c  un r a p p o r t  
eau lc iment  + condensa t  de s i l i c e  de  0,45 r e s i s t a i e n t  egalement  
3 l ' a t t a q u e  d e s  s o l u t i o n s  s a l i n e s .  
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MICROSTIUICTURAL PROPERTIES OF BLENDED CEMENT MORTARS 

AND THEIR RELATION TO w m I L I n  

R.P. Peldman and Huang Cherig-Yi, Diviaion of  Building Research, Nat iona l  

Research Counci l  of  Canada, Ottawa. Canada, RIA OR6. 

A f i n e l y  d i v i d e d  s i l i c a  by-product of  t h e  f e r r o - s i l i c o n  i n d u s t r y .  

condensed s i l i c a  fume, has  been found t o  r e a c t  r e l a t l v e l y  r a p i d l y  w i t h  

h y d r a t i n g  cement t o  produce a dense  impermeable body. 

Mor ta rs  w i t h  a aand-binder (cement and a i l l c a  E w e )  r a t i o  of  2.25 were 

made by r e p l a c i n g  0 ,  10 and 30% cement w i t h  s i l i c a  Fume a t  wfc + s f  of 0.45 

and 0.60. Colgreas ive  s t r e n g t h ,  p o r e  s i z e  d l a t r i b u t l o n ,  p o r o s l t y ,  ca lc ium 

hydroxide conten t ,  and degree  of h y d r a t i o n  were measured a s  a  f u n c t i o n  of 

t ime (up t o  LBO days). Durability of mor ta rs  was a s s e s s e d  by ( a )  measuring 

t h e  r e s i s t a n c e  of non a i r - e n t r a i n e d  w r t a r a ,  cured f o r  28 days,  t o  f r e e z i n g  

and thawing c y c l e s ,  and (b)  expos ing  specimens t o  a concent ra ted  s o l u t i o n  of  

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

S i g n i f i c a n t  change o c c u r r e d  l n  t h e  pore  s t r u c t u r e  of  t h e  blends a f t e r  

about  7 daya; it was r e l a t i v e l y  discontinuous.  Improvement i n  r e s l s t a n c e  t o  

f r o a t  a c t l o n  r e s u l t e d  f o r  spec inens  cured  For 28 days  and prepared a t  a  

W/C + s f  of 0.60, w i t h  10 and 30L s i l i c a  fume replacement. Res i s tance  t o  

t h e  s a l t  s o l u t i o n  improved g r e a t l y  a f t e r  7 days f o r  specimens made a t  

W/C + af of  0.45 and c o n t a i n i n g  30L s t l l c a  fume. Af te r  2 8 d a y s  specimens 

c o n t a i n i n g  10% s i l i c a  fume prepared  a t  wfc + s f  of  0.45 were a l s o  r e s i s t a n t  

t o  a t t a c k  by s a l t  s o l u t l o n s .  

1. I n t r o d u c t i o n  

B l a s t  f u r n a c e  s l a g  and f ly-ashes used w i t h  p o r t l a n d  cement a r e  k n w n  t o  

produce impermeable bodies  w i t h  d i scont inuous  pore  s t r u c t u r e  (1.2). 

R e l a t i v e l y  long  p e r i o d s  of  c u r i n g  a r e  necessary ,  however, b e f o r e  t h e  

desirable m i c r o s t r u c t u r e  is w e l l  formed. I f  condensed s l l l c a  fume ( s f ) ,  a  

by-product of t h e  f e r r o - s i l i c o n  i n d u s t r y ,  is  added t o  hydrating cement i t  

r e a c t s  r a p i d l y  t o  produce a dense  impermeable body (3-5). but  t h e  mechanism 

l e a d i n g  t o  t h e  format ion  of t h e  modified m i c r o s t r u c t u r e  and lnformat lon  w i t 1 1  

regard t o  its d u r a b l l i t y  is s t i l l  incomplete (6 -8 ) .  Flortars coverlng a 



l a rge  range of s l l l c a  fume contents  (0-30%) and a practical w/c + s f  range 

of 0.45-0.60 have now been assessed f o r  d u r a b i l i t y  t o  f r o s t  ac t ion  and s a l t  

a t t ack .  A t t e q t s  have a l s o  been made t o  c o r r e l a t e  t h e  r e s u l t s  w i th  var ious  

micros t ructura l ,  mechanical, and chemical p rope r t i e s  of t h e  s p e c i ~ n s .  

2. Experimental 

t ia ter ia ls .  Type I por t land cement wi th  a C$ content  of 11.82% and s i l i c a  

fume contaltilng 95.2% Si02, 1.56% carbon, 0.27% K20, 0.10% N a p  (surface  

a r ea  21 000 m2/kg) were used. Ottawa s i l i c a  sand pass ing ASTHCIO9 waa uaed 

f o r  mortar with sand-binder r a t i o  of 2.25. Cement i n  t h e  l o r t a r  contained 

e l t h e r  10 o r  30% e l l i c e  fume. n ixes  were prepared a t  w/c + s f  of 0.45 and 

0.60. 

P rope r t i e s  determined. Conpreaslve s t r e n g t h  (5 1 am-cubes); Ca(OR) 

content (thermal ana lys i s )  (9);  non-evaporable water (theraogravlmetry); 

pore s i z e  d l s t r l b u t i o n  (Hg porosimetry t o  408 m a ) ;  r e s i s t ance  t o  s a l t  

so lu t ion  (27.5% dac12, 3.9 HgC12, 1.8% NaCl, 0.1% NdCOj - pH of 6.3) (10); 

freeze-thaw re s l e t ance  ( f r eeze  l n  a i r  - thaw i n  water, -la°C t o  +Sac, two 

cycles  i n  24 h, ASRI-C666B). 

3. Results 

Compressive s t rength .  Resul ts  and nolaenclature f o r  specimens a r e  

presented i n  Fig. I and Table I. Large increases  i n  a t r eng th  were obtalned 

wi th  s l l l c a  fume add l t l ons  a t  w/c + s f  of 0.45 f o r  both e a r l y  and l a t e  

curing perlode. At w/c + sf of 0.60, however. t h e  s t r eng th  a t  180 days was 

t h e  name f o r  30% replacement and t h e  reference; t h e  10% replacement r e su l t ed  

In  lower s t rength .  

Calcium hydroxide and nonsvaporable  water content. The quan t i t y  of 

calcium hydroxide present a f t e r  180 days of curing i a  tabula ted  i n  Table I. 

The reference  cement contalna 17.32 and 20.35% i g n i t e d  weight f o r  w/c of 

0.45 and 0.60, respectively.  The speclaens with a l l i c a  f u ~ e  had g r e a t l y  

reduced calcium hydroxlde content  owing t o  pozrolanic reaction. The now 

evaporable water content was l a r g e r  i n  specimens without s i l i c a  fume: 20.2, 

17.3 and 15.2 a t  0, LO and 30% s i l i c a  fume, respect ive ly ,  a f t e r  180 days of 

curlng a t  w/c + sf of 0.60. This probably r e f l e c t s  t h e  d i f f e r ence  i n  t h e  

amount of hydra te  water f o r  t h e  CSH product and Ca(OH)2. 

Pore s i z e  d i s t r i bu t ion .  Pore s i z e  d i s t r i b u t i o n s  i n  mortars of cement a r e  

q u l t e  d l f f e r e n t  from those of neat cement pastes.  A comparison of t h e  



L H 
r e s u l t s  f o r  mor ta rs  (Fig. 2 )  C (90) and C (90) wi th  those  f o r  p a s t e s  (11)  

r e v e a l s  t h a t  t o t a l  pore  volume f o r  pores  g r e a t e r  t h a n  90 nm ( i n  specimens 
I H 

C (90) and C (90))  a r e  about  6% mL/mL; t h e  p o r o s i t y  of n e a t  cement p a s t e  i s  

only about  2% poros i ty .  Pore volumes f o r  mor ta rs  w i t h  30% s i l i c a  fume 
I H 

(BJ0(90) and nj0(90),  Fig. 2) a r e  about  8 and 102, r e s p e c t i v e l y .  

Per raesb i l i ty  d a t a  d i d  not  i n d i c a t e  t h a t  mor ta rs  would have such l a r g e  

i n c r e a s e s  i n  l a r g e  p o r e s  nor  t h a t  t h e  a d d i t i o n  of  pozzolana would r e s u l t  I n  

f u r t h e r  i n c r e a s e  (1.11). Experiments (2)  t o  i n v e e t l g a t e  t h e  application of 

Hg p o t o s i m e t r i c  techniques  t o  blended cements ( I n v o l v i n g  removal of Hg from 

i n t r u d e d  specimens by d i s t i l l a t i o n  followed by re-intrusion) revea led  t h a t  

t h e  m i c r o s t r u c t u r e  of hydra ted  b lends ,  I n  c o n t r a s t  w i t h  t h a t  of cement 

pas te ,  c o n s i s t s  of  r e l a t i v e l y  l a r g e .  d i ~ c o n t i n u o u s  pores ,  and t h a t  narrow 

w a l l s  s e p a r a t i n g  t h e  pores  can be broken d u r l n g  Hg i n t r u s i o n .  Hence, t h e  

a c t u a l  pore  s i z e  d i a t r i b u t l o n  va lue  w i l l  be q u i t e  d t f f e r e n t  from t h a t  

measured on f i r s t  l n t r u s i o n .  

The r e s u l t s  of repea ted  l n t r u s i o n  experiments f o r  mortar  wlthout  s i l i c a  
I 

fume a r e  s h w n  i n  Fig. 2.1 Roth specimens. C (90R) and 30% s i l i c a  fume 
I 

B30(90R), shaa  d i f f e r e n c e s  from Elrmt l n t r u s i o n ,  bu t  t h e  e f f e c t  i s  l a r g e  f o r  
t 

t h e  b lend  BJ0(90R). The f l r s t  l n t r u s i o n  curve  f o r  t h e s e  mor ta r  b lends  shows 

abrupt  i n c r e a s e s  i n  ln t ruded  volume a t  about  4000 nm, and repea ted  i n t r u s i o n  
t 

(BJO(90R)) i n d i c a t e s  t h a t  a l a r g e  number of pores  w i t h  new e n t r a n c e s  a t  

about  10 000 nm have been c rea ted .  Previous work (12) r e l a t e d  t h e  
' d i f f e r e n c e  i n  t h e  m i c r o s t r u c t u r e  of  hydra tes ,  p a s t e s ,  and b lends  t o  t h e  

Ca(Of02 conten t .  I n  mor ta rs ,  a p r e f e r e n t i a l  d e p o s l t l o n  of Ca(0H) I n  t h e  

i n t e r f a c i a l  zone around a g g r e g a t e s  h a s  been observed (13). This  phenomenon, 

w i t h  subsequent  r e a c t i o n  between Ca(OH)2 and s i l t c a  fume, may e ~ p l a l n  t h e  

r e s u l t s  of  t h e  Hg i n t r u s i o n  measurements. 

Freeze-thaw r e s i s t a n c e .  The freeze-thaw r e s i s t a n c e  r e s u l t s  f o r  mor ta rs  

cured f o r  28 days a r e  presen ted  i n  Pig. 3. None of t h e s e  specimens was a l r -  
1L 

ent ra ined;  samples C (28) and ~ : ~ ( 2 8 )  showed no  s i g n  of  d e t e r l o r a t l o n  a f t e r  
I 

600 cyc les .  Specimen B30(28) f a i l e d ,  h w e v e r ,  a f t e r  190 c y c l e s .  a l though t t  

had t h e  h i g h e s t  compressive s t r e n g t h  a t  28 days (68 m a ,  s e e  Fig. 1). 

Prev ious  work had i n d i c a t e d  t h a t  c o n c r e t e  a t  a w/c of 0.4 and s l l t c a  fume 

c o n t e n t  of 20-302 e x h l b l t s  excess ive  expansion (6) .  The samples cured a t  
H 

W/C 9 ef of 0.60 d isp layed  d i f f e r e n t  behaviour;  specimen C (28) broke a f t e r  
H 

128 c y c l e s ,  but  specimen B10(28) showed l i t t l e  s i g n  of d e t e r l o r a t l o n  a f t e r  
H 

600 c y c l e s ;  sample BJ0(28). whi le  showing 0.022 expansion a t  250 c y c l e s ,  w a s  



s t i l l  i n t a c t  a f t e r  580 c y c l e s .  These r e s u l t s  i n d i c a t e  a  s i g n i f i c a n t  

improvement i n  d u r a b i l i t y  w i t h  a d d i t i o n  of s i l i c a  fume, confirming p r e v i o u s  

i n d i c a t i o n s  (8.14). 

R e s i s t a n c e  t o  s a l t  s o l u t i o n  exposure. The s a l t  s o l u t i o n  used  i n  t h i s  work 

s imula ted  t h a t  of groundwater from a po tash  mine. Specimens cured  f o r  7 and 

28 days  were exposed t o  t h e  s o l u t i o n  and t e s t e d  p e r i o d i c a l l y  i n  f lexure .  O f  
L 

t h o s e  cured  f o r  7 days,  Bj0(7) showed no  ill e f f e c t s  a f t e r  325 days,  w h i l e  
L L 

C ( 7 )  and B10(7) showed a i g n i f  i c a n t  s i g n a  o f  d e t e r i o r a t i o n .  A l l  epecimena 

cured a t  w/c + s f  of 0.60 d e t e r i o r a t e d  r a p i d l y ,  t h e  l a r g e r  t h e  s i l i c a  fume 

c o n t e n t  t h e  g r e a t e r  t h e  d e t e r i o r a t i o n ;  a t  7 days a t  a  w/c + e f  of 0.60 n o t  

enough r e a c t i o n  between s i l l c a  fume and Ca(OH)2 has  occur red  t o  produce a 

s i g n i f i c a n t  r e d u c t i o n  i n  permeabi l i ty .  

R e s u l t s  f o r  specimens cured  a t  28 days  a r e  presen ted  i n  Pig. 4. A t  b o t h  

w/c + s f  r a t i o s .  r e a l s t a n c e  improved w i t h  amount of s i l i c a  fume. Specimens 
t without  s l l i c a  fume (cH, C ) were bo th  r e l a t i v e l y  n o w r e s i s t a n t .  No 

L 
apparen t  d e t e r i o r a t i o n  h a s  occur red  f o r  specimene BI0,  1 t0(28) ;  b u t  a l though 

t h e r e  was improvement i n  d u r a b i l i t y  (wi th  s i l i c a  fune  a d d i t i o n )  specimene 
H H 

BIO. B30(28) showed a s i g n i f i c a n t  d e c r e a s e  i n  s t i f f n e s s  w i t h  exposure.  

Mercury i n t r u e l o n  eliperlmente on  specimens exposed t o  s a l t  s o l u t i o n s  a r e  
I 

shown i n  Fig. 5. Specimen B30(28)-c showed no  d e c r e a s e  i n  s t i f f n e e e  and no  

apparent  change i n  pore  s i z e  d i s t r i b u t i o n ,  except  f o r  a a l i g h t  r e d u c t i o n  i n  
H 

p o r o s i t y .  Specimen C (28)-c, which conta ined  no  s i l i c a  fune ,  f a i l e d  r a p i d l y  

and d isp layed  a l a r g e  i n c r e a s e  i n  pore volume, mainly i n  t h e  pore  s i z e  range 

2 x l o 4  and I  x 103 nm. T h i s  was probably t h e  r e s u l t  of  c rack  s p a c e s  

c r e a t e d  by l e a c h i n g  of Ca(OH)2. 

4. Discuss ion  

The a d d i t i o n  of condenaed s i l i c a  fume t o  mor ta rs  can  g r e a t l y  i n c r e a s e  

t h e i r  s t r e n g t h  and r e s i s t a n c e  t o  s a l t  s o l u t i o n a ,  provided they  a r e  n o t  

prepared a t  e x c e s s i v e l y  h i g h  w/c + s f  r a t i o s  (i.e. ~ 0 . 4 5  i n  t h i s  work). The 
t 

r a p i d  d e t e r t o r a t i o n  of mor ta r  specimen Bj0(28) w i t h  f  r e e z e t h a w  c y c l i n g  

(a l though i t  possessed t h e  h i g h e s t  s t r e n g t h  and s a l t  s o l u t i o n  r e s i s t a n c e )  is  

probably r e l a t e d  t o  i t a  low permeabi l i ty  and l a r g e  amount of s i l i c a  fume 

conten t  (30%). The s i l i c a  fume is i n  excess  of t h a t  needed f o r  c o a p l e t e  

r e a c t i o n  of Ca(OH2 (5);  a t  a  w/c + s f  r a t i o  of  0.45 t h e  r e s u l t s  i n d i c a t e  a  

l a r g e  amount of evaporable  water .  The g r e a t e r  permeabi l i ty  of specimen 
H 

B30(28) (w/c + s f  of 0.60) e n s u r e s  g r e a t e r  f r o s t  r e s i s t a n c e .  Specimen 



H 
B10(28), w i t h  l e s s  s i l i c a  fume ( l o % ) ,  d i sp layed  very l i t t l e  s i g n  of  

d e t e r i o r a t i o n .  The l a r g e  p o r e s  w i t h  narrow necks,  a l n u l a t l n g  a i r  

en t ra inment ,  may be r e s p o n s i b l e  f o r  t h e  b e t t e r  f r o s t  r e s l s t a n e e  of some of 

t h e  prepara t lone .  

5. Conclusions 

1. S i l i c a  f u m e  r e a c t  r a p i d l y  w i t h  Ca(OH)2 produced d u r l n g  cement 

hydra t ion .  

2. I n  t h e  cement -s i l i ca  fume system a m l c r o e t r u c t u r e  i s  formed t h a t  h a s  

l a r g e  pores  s e p a r a t e d  by narrow necks, r e s u l t i n g  i n  t h e  format ion  of a n  

inpermeable body. 

3. S i l i c a  fume a d d i t i o n s  can  r e s u l t  I n  lmproved s t r e n g t h  a t  moderate 

w/c + s f .  

4. R e s i s t a n c e  t o  s a l t  s o l u t i o n  c o r r o s i o n  is  improved by a d d l t l o n  of s i l i c a  

fume, even a f t e r  on ly  7 days of curing.  

5. F r o s t  r e s i s t a n c e  of  mor ta rs ,  even  t h o s e  cured  a t  w/c + s f  of 0.60 

(without  air-entrainment) ,  can be lmproved w l t h  s i l i c a  fume a d d i t i o n .  
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Table I. Nomenclature and Proper t ies  of Mortar Specinens 

S i l i c a  fume wlc + s f  S Ca(OH)2 Melment w/c + s f  S Ca(OH)2 Melment 

(%) (0.45) (XI (XI (0.60) (XI (XI 

0 ~ ' (180)  54 17.32 0 ~'(180) 45 20.35 0 

10 
L H 

B,,(l8O) 56 4.55 0a3  ,(180) 39 9.45 0 Bd 
30 

I 
B3,(l8O) 82 0 2.0 B3,,(180) 45 0 0 

(180) - days of curing; S - conpreaaive s t r e n g t h  ( m a ) ;  C - cement mortar; 

B - blended mortar 



Figure I. Compressive strength vs hydratlon t i w  of mortars wlth and 
without slllca fume 

PORt D I A M t l , E R ,  n a  

Figure 2. Pore size dLstrlbutlon of mortars wlth and without slllca fume 



C V C l t S  

Flgure 3. Linear expansion vs cycles  of freeze-thaw for  nortars 

Figure 4 .  Flexural de f l ec t ion  of mortar epecimens va time of expoeure t o  
s a l t  so lu t ion  ( 2 8  days cured) 

Flgure 5. Pore s i z e  distribution of mortars before and a f t e r  expoeure t o  
s a l t  eo lut ion 
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