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Gsm; 

Des mortiers de ciment contenant OX, 10% et 30% de silice fine 

ont 6tk pr6par6s avec des rapports eaulciment + silice fine de 
0,45 et 0,60. La resistance 3 la compression, les teneurs en 

Ca(OH)2 et en eau non evaporable et la repartition 
dimensionnelle des pores ont kt6 soumises 3 un contr6le continu 
pendant 180 jours. La silice fine reagit avec la plus grande 

partie du Ca(OH)2 form6 lors de l'hydratation en moins de 
28 jours et augmente la rksistance 3 la compression du mortier. 
De plus, elle modifie la repartition dimensionnelle des pores 

des mortiers en reagissant avec le Ca(OHI2 form6 autour des 

grains de sable et celui disperse dans la pSte de ciment. 
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ABSTRACT 
Cement mortars  conta ining 0 ,  10 and 30 percent  s i l i c a  fume were 
prepared a t  waterlcement + s i l i c a  fume r a t i o s  of 0.45 and 0.60. 
Compressive s t r e n g t h ,  Ca(0H) and non-evaporable water con ten t s  and 

pore-size d i s t r i b u t i o n  were monitored up t o  180 days. S i l i c a  fume 
r e a c t s  wi th  most of t h e  Ca(OH)2 formed dur ing  hydrat ion wi th in  28 days 

and improves t h e  compressive s t r e n g t h  of t h e  mortar. In  a d d i t i o n  i t  
a f f e c t s  t h e  p o r e s i z e  d i s t r i b u t i o n  of mortars  by r e a c t i n g  wi th  Ca(0H) 
formed around t h e  sand g r a i n s  and a l s o  wi th  t h a t  d i spe r sed  throughout 
t h e  cement pas te .  

In t roduc t ion  

Waste m a t e r i a l s  such a s  f l y  a s h  and b l a s t  fu rnace  s l a g ,  when mixed w i t h  

por t land cement and hydrated,  produce a  pore s t r u c t u r e  more discont inuous  and 
impermeable than t h a t  of hydrated por t l and  cement p a s t e  (1).  Recent work 
suggests  t h a t  "condensed s i l i c a  fume", a  byproduct of t h e  f e r r o - s i l i c o n  
i n d u s t r y ,  produces a  s i m i l a r  e f f e c t  ( 2 ,  3). 

L i t t l e  work h a s  been done on mic ros t ruc tu ra l  changes i n  mortars  
conta ining s i l i c a  fume. P r e f e r e n t i a l  depos i t ion  of Ca(OH)2 i n  t h e  i n t e r f a c i a l  
zone around aggregates  h a s  been observed (4 ) .  Also, s i n c e  t h e  d i f f e r e n c e  

between t h e  mic ros t ruc tu re  of hydrated p a s t e s  and blends  has  been r e l a t e d  t o  
t h e  Ca(0H) component ( I ) ,  s i g n i f i c a n t  d i f f e r e n c e s  i n  t h e  p r o p e r t i e s  of 
por t land cement mortars  wi th  and without s i l i c a  fume can be a n t i c i p a t e d .  The 
o b j e c t i v e  of t h i s  work was t o  fol low changes, such a s  compressive s t r e n g t h ,  

pore s t r u c t u r e ,  Ca(OH)2 and non-evaporable water con ten t s  of mortars  
conta ining 0  t o  30 pe rcen t  s i l i c a  f  ume. 
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Experimental Mate r i a l s  

Type I por t l and  cement wi th  a C3A con ten t  of 11.82% and s i l i c a  fume 
conta ining 95.2% SiOp, 1.56% carbon, 0.27% K20, 0.10% Na20, and having a 

s u r f a c e  a r e a  21,000 m2/kg were used. Ottawa s i l i c a  sand pass ing ASTM-Clog was 
' 

used f o r  making mortar a t  a sand-binder r a t i o  of 2.25. Binder i n  t h e  mortar 

conta ined cement w i t h  0 ,  10 o r  30 pe rcen t  s i l i c a  fume. Mixes were prepared a t  

w/(c+s.f .) (water/(cement + s i l i c a  fume)) of 0.45 and 0.60. Melment admixture 
was used a t  a dosage of 0.3 and 2% only i n  mor ta r s  made wi th  w/(c+s.f.) of 
0.45 and con ta in ing  10 and 30 percent  of s i l i c a  fume, r e s p e c t i v e l y .  

Mixing 

Cement was mixed w i t h  a por t ion  of t h e  water  i n  a Hobart Model N-50 

mixer (ASTM C-305). The remaining water  was then  added whi le  mixing a t  a slow 

speed f o r  2 min; s i l i c a  fume was then mixed a t  a low speed f o r  2 min and a t  a 
medium speed f o r  another  2 min. The sand was then  added a t  a slow speed f o r  

2 min and a t  a medium speed f o r  3 min. 

P roper t i e s  determined 

Compressive s t r e n g t h  (5 1 mm cubes) ; Ca(0H) con ten t  ( thermal  a n a l y s i s ) ;  

non-evaporable water  ( t  hermogravimetry-weight-loss between 1 00-1000°C) ; and 
pore s i z e  d i s t r i b u t i o n  (Hg porosimetry t o  408 MPa) were determined. The 

d e t a i l s  of t h e s e  a r e  desc r ibed  i n  r e fe rence  1. 

Resul ts  

Compressive s t r e n g t h  

Compared t o  t h e  r e f e r e n c e  mortar,  t h a t  w i t h  s i l i c a  fume showed g r e a t e r  
s t r e n g t h s  a t  a w/ (c+s .f .) of 0.45. The inc reased  s t r e n g t h  was observed a t  
cur ing per iods  a s  e a r l y  a s  one day. After  14 days cu r ing  t h e  s t r e n g t h s  were 

I 
57, 44 and 40 MPa f o r  30, 10 and 0 percent  s i l i c a  fume con ten t ,  r e s p e c t i v e l y .  
Corresponding str .engths a f t e r  90 days cu r ing  were 77, 54 and 48 MPa. A t  a 

I w/(c+s.f.) of 0.60, however, no s i g n i f i c a n t  i n c r e a s e  i n  s t r e n g t h  occurred due 
t o  s i l i c a  fume add i t ion .  A comparison of t h e  compressive s t r e n g t h s  of mortars  
and p a s t e s  con ta in ing  0 t o  30 percent  s i l i c a  fume a t  a w/(c+s.f.) of 0.45 i s  
presented i n  Figs.  1 and 2. The r a t e  of s t r e n g t h  development f o r  cement o r  
mortar con ta in ing  0 o r  30 percent  s i l i c a  fume i s  shown i n  Fig. 1. Each 
experimental  po in t  i s  t h e  mean va lue  f o r  t h r e e  specimens; t h e  b a r s  g i v e  t h e  

maximum and minimum values .  With no  s i l i c a  fume, t h e  p a s t e  i s  s t r o n g e r  than  
mortar throughout,  having a s t r e n g t h  of 68 MPa, compared t o  55 MF'a f o r  mortar ,  

C 

a t  180 days. The mixes con ta in ing  30 percent  s i l i c a  fume show t h e  r e v e r s e  
trend. Af te r  seven days cur ing,  t h e  curves r ep resen t ing  mortar and p a s t e  
begin t o  diverge; t h e  mean s t r e n g t h  of mortar a f t e r  180 days  cu r ing  i s  82 MPa 
compared t o  74 MPa f o r  pas te .  

I 
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FIG. 1 

Compressive s t r e n g t h  of cement 

p a s t e s  and mortars  conta ining 0 and 
30 percent  s i l i c a  f  ume 
(w/(c+s.f .) = 0.45). 

The r a t i o  of compressive s t r e n g t h s  of mortar  t o  p a s t e  con ta in ing  0, 10 
o r  30 percent  s i l i c a  fume i s  p l o t t e d  a s  a func t ion  of cu r ing  t ime i n  Fig. 2. 
A f t e r  an i n i t i a l  decrease ,  t h i s  r a t i o  f o r  specimens conta ining 30 pe rcen t  
s i l i c a  fume inc reases  t o  a value  of 1.11 a f t e r  180 days cur ing;  f o r  specimens 
conta ining no  s i l i c a  fume t h e  r a t i o  begins t o  d e c l i n e  a f t e r  7 days cur ing,  t o  

a value  of 0.80 a f t e r  180 days. Specimens con ta in ing  10 percent  s i l i c a  fume 
do n o t  show a s  r a p i d  a d e c l i n e  i n  r a t i o .  The r a t i o  a f t e r  180 days  cu r ing  i s  
0.90. 

Calcium hydroxide and non-evaporable water con ten t s  

The change i n  Ca(OH)2 content  wi th  cu r ing  age f o r  mortars  w i t h  t h r e e  

s i l i c a  fume con ten t s  (0,10,30%) a t  two w/(c+s.f.) r a t i o s  (0.45 and 0.60) i s  
presented i n  Fig. 3 .  The nomenclature f o r  t h e  s i x  mixes i s  shown i n  t h i s  
f igure .  Specimens cH and C' (0% s i l i c a  fume) a t t a i n  va lues  of 20.3 and 
17.3% Ca(0H) 2, r e s p e c t i v e l y ,  whi l e  t h e  10 pe rcen t  blends (B:~ and B:~) show 

- maximum Ca(0H) con ten t s  a t  around seven days; they  decrease  t o  7.5 and 4.6% 
a f t e r  180 daysZ curing.  Blends B e 0  and B f o  show decreas ing va lues  a f t e r  one 

R H day's curing.  B 3 0 r e g i s t e r s  ze ro  Ca(0H) a f t e r  3 days' cu r ing  whi le  B30 does 
s o  a f t e r  14 days. 
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A G E ,  d a y s  

FIG. 2 
Dependence of r a t i o  of compressive 
s t r e n g t h s  of mortar t o  p a s t e  on a g e  
and s i l i c a  fume con ten t  

(w/(c+s.f .) = 0.45). 

4 

10% l o c f  0 R, l m c :  B., 1 

A G E ,  d a y s  

FIG. 3 
Ca(0H) con ten t  ve r sus  hydrat ion age 
f o r  mortars  con ta in ing  s i l i c a  fume. 
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A G E ,  d a y s  

FIG. 4 
Nonevaporable water  ve r sus  
hydrat ion time f o r  mortars  
wi th  and wi thout  s i l i c a  fume 

P O R E  D I A M E T E R ,  n m  

FIG. 5 

Pore s i z e  d i s t r i b u t i o n  curves  of cement 
mortar w i t h  d i f f e r e n t  s i l i c a  fume 
con ten t s  (w/ (c+s .f .) = 0.45) ( a )  0% 
s i l i c a  fume (b )  10% s i l i c a  fume ( c )  30% 
s i l i c a  f  m e .  
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The change i n  non-evaporable water  con ten t  w i t h  t ime i s  shown i n  

Fig. 4. The r e s u l t s  a r e  p l o t t e d  a s  non-evaporable water pe r  i g n i t e d  weight of 
cement p l u s  s i l i c a  fume. cH and C' a t t a i n e d  v a l u e s  of approximately 20.2 and 
18.9%, r e s p e c t i v e l y  a f t e r  180 days'  curing.  B y O  and B: have va lues  i n  H excess  of t h a t  of C a t  one day and about t h e  same a t  3  J a y s ,  but a t  7  days cH 
has  t h e  l a r g e s t  va lue  and a t  approximately 180 days  t h e  v a l u e s  a r e  20.2, 17.3 
and 15.2% f o r  cH, B y g  and B:~, r e spec t ive ly .  This i s  probably due t o  lower 
combined water  a s s o c i a t e d  wi th  calcium s i l i c a t e  hydra te  (CSH) produced i n  t h e  

blends than wi th  t h e  t o t a l  combined water a s soc ia ted  wi th  Ca(OHl2 o r  t h e  CSH 
produced i n  cH. The CSH produced i n  t h e  blends h a s  a  lower CaO/Si02 r a t i o  
than t h a t  produced i n  normal mortar (3).  In  a d d i t i o n ,  t h e  CSH produced i n  t h e  
blends  may g i v e  o f f  more combined water  below 100°C ( r e f e r e n c e  temperature 
from which i t  i s  determined). S imi la r  r e s u l t s  were obta ined f o r  c', B t 0 ,  BPIO; 
t h e i r  values  a t  3  days were 13.1, 11.8 and 10.9, r e s p e c t i v e l y ,  and a t  180 days 
were 18.9, 12.4 and 11.8, r e s p e c t i v e l y .  The reason  f o r  such a  decrease  i n  t h e  
value  f o r  8 t 0  i s  n o t  known bu t  an amount of unreacted s i l i c a  fume i n  B : ~  i s  

p a r t l y  r e spons ib le  f o r  i t s  low value. I n  a d d i t i o n  t h e  va lues  of non- 
evaporable water  con ten t  f o r  B t 0  and B: do n o t  change much from 3 t o  
180 days,  b u t  l a r g e  changes i n  Ca(0H) ?for  B t O ) ,  compressive s t r e n g t h ,  and 
pore s i z e  d i s t r i b u t i o n  and poros i ty ,  i n d i c a t e  t h a t  a  s i g n i f i c a n t  r e a c t i o n  is  
occur r ing  i n  t h i s  period.  

Pore s i z e  d i s t r i b u t i o n  

The p o r e s i z e  d i s t r i b u t i o n  f o r  t h e  w/ (c+s.f .) of 0.45 and 0.60 i s  shown 
i n  Figs.  5  and 6, . r e spec t ive ly .  Resu l t s  f o r  mortar  wi thout  s i l i c a  fume a r e  
shown i n  Fig. 5a; t h e  t o t a l  poros i ty  down t o  100 nm pore diameter f o r  t h e  
180 day specimen i s  about 5.5% of volume, a s  compared wi th  l e s s  than  2.0% f o r  
t h e  equ iva len t  cement p a s t e  (2).  The volume of mercury in t ruded  i n t o  t h e  
specimen dec reases  wi th  cu r ing  time over  t h e  f u l l  range of p ressure  i n  a  
progress ive  manner, except  f o r  t h e  three-day specimen, which has  a  lower than  
expected p o r o s i t y  above 300 nm diameter. The curves  f o r  a l l  samples a t  h igh 
p r e s s u r e s  a r e  concave t o  t h e  p ressure  a x i s .  

R 
The p o r e s i z e  d i s t r i b u t i o n  curves  f o r  specimens B 1 0  a r e  presented i n  

Fig. 5b. A t  v a l u e s  below 60 nm, t h e  t o t a l  i n t r u d e d  volume genera l ly  dec reases  
a s  t h e  cu r ing  age increases .  After  t h r e e  days t h e  curves a t  t h e  h igh  p ressure  
end a r e  convex t o  t h e  p ressure  ax i s .  This  t r e n d  i s  s i m i l a r  t o  t h a t  observed 

previously  f o r  f l y  a sh  and s l a g  blends ( I ) ,  where i t  was r e l a t e d  t o  t h e  
d i s r u p t i o n  of d iscont inuous  pores  by t h e  high p r e s s u r e  i n t r u s i o n  and t o  t h e  
e x t e n t  of the  r e a c t i o n  of t h e  C a ( 0 ~ ) ~ .  A p l o t  of t h e  s l o p e  of t h e  curves  i n  
Figs.  5  and 6  a t  t h e  maximum i n t r u s i o n  p ressure  dV/dlo@ (%/nm)lO v e r s u s  age 

of cur ing is  presented i n  Fig. 7. There i s  a l a r g e  inc rease  i n  s l o p e  w i t h  
time f o r  those  specimens where C ~ ( O H ) ~  con ten t  i s  low o r  decreasing.  A t  

100 nm t h e  curves  i n  Fig. 5b f o r  a l l  t h e  cu r ing  ages ,  except  one day, f o r  
mortars  wi th  10 percent  s i l i c a  fume, merge w i t h  t h e  same pore  volume of about  
7.5%, whi le  from 200 nm t o  3000 nm, t h e  pore volumes f o r  9 0 a n d  180-day cured 
specimens a r e  g r e a t e r  than  a l l  bu t  t h e  o n e d a y  cured specimen. 

2 
The d i s t r i b u t i o n  curves  f o r  specimens B 3 0  a r e  presented i n  Fig. 5c. The 

t r e n d  i s  t h e  same a s  i n  Fig. 5b i n  t h a t  i n  t h e  100 t o  3000 nm range t h e  t o t a l  
pore volume is  g r e a t e r  i n  many cases  f o r  t h e  specimens cured f o r  longer  times. 

The t o t a l  pore  volume down t o  a  pore  s i z e  of 300 nm f o r  t h e  90- and 28-day 
cured specimens i s  g r e a t e r  than t h a t  f o r  t h e  o n e d a y  specimen; t h e  th ree -day  
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PORE DIAMETER.  n m  

FIG. 6 
Pore  s i z e  d i s t r i b u t i o n  curves  of cement 
mortar wi th  d i f f e r e n t  s i l i c a  fume 
con ten t s  (w/(c+s.f .) = 0.60) ( a )  0% 

s i l i c a  fume ( b )  10% s i l i c a  fume ( c )  30% 
s i l i c a  fume. 

specimen has  t h e  lowest  porosi ty .  A t  t h e  pore s i z e  of 30 nm, t h e  t o t a l  
in t ruded volume decreases  wi th  age of cur ing and with  ages g r e a t e r  than t h r e e  
days,  t h e  curves  a r e  sharply  convex t o  t h e  p ressure  ax i s .  The change i n  s l o p e  

R with  time of these  curves  a t  maximum pressure  (Fig. 7)  shows t h a t  f o r  B30 and 

B f 0 ,  l a r g e  changes occur up t o  28 days,  whi le  f o r  C' t h e  change i s  s l i g h t .  

This is  t h e  period i n  which the  major por t ion  of Ca(OH)2 i s  being formed by 
hydrat ion r e a c t i o n s  o r  being consumed by t h e  r e a c t i o n  wi th  s i l i c a  fume. 

Previous work with  f l y  ash  and s l a g  (1)  revealed t h a t  t h e  convex curves were a 
r e s u l t  of t h e  formation of a discont inuous s t r u c t u r e  when Ca(0H) reac ted  w i t h  
the  pozzolan. It was concluded t h a t  dur ing t h e  mercury i n t r u s i o n  experiment, 
rup tu re  of t h e  s t r u c t u r e  occurred. In t h i s  case  wi th  s i l i c a  fume, t h e  
pozzolanic r e a c t i o n  and t h e  formation of t h e  discont inuous s t r u c t u r e  commences 
only a f  t e r  about t h r e e  days' curing. 

The r e s u l t s  f o r  samples made a t  t h e  w/(c+s.f .) of 0.60 (Fig. 6) show a 
s i m i l a r  t rend a s  f o r  the  w/(c+s.f .) of 0.45. The t o t a l  volumes down t o  100 nm 

pore diameter f o r  specimens cH, BY and B~ in Figs. 6a,b,c are approximately 
3, 7 and 8 percent ,  r e s p e c t i v e l y ,  !or the3#oday cured specimens. T o t a l  
poros i ty  f o r  t h e  whole pore s i z e  range f o r  cK (Fig. 6a) decreases  generally 
with cur ing time i n  a progress ive  manner. Specimen BH (Fig. 6b) d i s p l a y s  
some merging i n  t h e  d i s t r i b u t i o n  curves and a t  about 380 nm, samples cured f o r  
14 and 28 days have t o t a l  p o r o s i t i e s  t h a t  a r e  lower than samples cured f o r  90 

and 180 days. These e f f e c t s  a r e  even more apparent  f o r  specimen B:~, where 
over some ranges t h r e e d a y  cured specimens have lower p o r o s i t i e s  than those  



Huang Cheng-yi and R.F. Feldman 

Vol. 15,  No. 2 

AGE, days 

FIG. 7 
Dependence of s l o p e  of pore  s i z e  d i s t r i b u t i o n  curve ( a t  maximum i n t r u s i o n  

p ressure )  on age and s i l i c a  fume content .  

cured f o r  longer  per iods;  t h e  180-day cured specimen has  a s  h igh a p o r o s i t y  a s  

t h e  one-day specimen a t  2000 nm. These e f f e c t s  a r e  u s u a l l y  accompanied by 

abrupt jumps i n  t h e  d i s t r i b u t i o n  curves. Both specimens B t O  and B H O  have an 
inc reas ing  s l o p e  a t  t h e  maximum i n t r u s i o n  a f t e r  about  t h r e e  days 02 curing.  
This  e f f e c t ,  p l o t t e d  i n  Fig. 7, i s  s i m i l a r  t o  t h a t  f o r  B t o  o r  B:~. 

Discussion 

The s t r e n g t h  of a composite m a t e r i a l  i s  n o t  only dependent on t h e  

r e l a t i v e  propor t ions  of components ( fo r  example i n  mortar ,  t h e  propor t ion of 
cement p a s t e  and sand) b u t  a l s o  on t h e  s t r e n g t h  of t h e  bond between t h e  

components. Although s i l i c a  sand i s  denser and s t ronger  than cement p a s t e ,  
Lhe s t r e n g t h  of mortar  i s  lower than  t h a t  of p a s t e  (Figs .  1 and 2) owing 
' p a r t l y  t o  a weak sand-cement bond. The a d d i t i o n  of s i l i c a  fume t o  t h e  mortar 

appears t o  improve t h a t  bond. A p r e f e r e n t i a l  depos i t ion  of c ~ ( o H ) ,  i n  t h e  

i n t e r f a c i a l  zone ( l e s s  than 50 microns) around aggregates  i n  concr&e and 
f i b r e s  i n  p a s t e  h a s  been observed (4-6). It h a s  a l s o  been observed i n  t h i s  
work f o r  t h e  mortars ,  a s  shown i n  Fig. 8. The s t r e n g t h  of mortar wi thout  
s i l i c a  fume dec reases  s i g n i f i c a n t l y  i n  comparison t o  t h e  p a s t e  a f t e r  14 days ,  
when l a r g e  q u a n t i t i e s  of Ca(OHl2 have been formed (Figs.  2 and 3). H A t  t h i s  

R H R  per iod l a r g e  q u a n t i t i e s  of Ca(0H) i n  specimens B 3 0 ,  B O, B and B have 
reac ted  w i t h  s i l i c a  fume. Af te r  $8 days t h e  s t r e n g t h  development curves  of 
B : ~  and p a s t e  w i t h  30 pe rcen t  s i l i c a  fume d ive rge ,  B ! ~  becoming s t ronger .  

This i s  probably due t o  a b e t t e r  bond being formed between t h e  sand g r a i n s  by 
t h e  new CSH formed from t h e  r e a c t i o n  of Ca(0H) wi th  s i l i c a  fume. Although n o  
Ca(OH)2 appears  a f t e r  t h r e e  days i n  B : ~  (Fig. 5, t h e  Ca(OH) t h a t  i s  

continuously being formed is  completely r e a c t e d  wi th  s i l i c a  fume t o  g i v e  
b e t t e r  bonding c h a r a c t e r i s t i c s .  

The development of pore  s t r u c t u r e  l e a d s  t o  s i m i l a r  conclus ions  (Figs .  5 
and 6).  The pore s t r u c t u r e  developed between 3 and 14 days shows lower va lues  
of pore  volume than  those  cured f o r  longer  pe r iods ,  f o r  s i z e  range 
100-1000 nm. This may be t h e  r e s u l t  of t h e  l ime  concentra ted around t h e  sand 
g r a i n  forming an i n i t i a l  s t r u c t u r e ;  a subsequent s t r u c t u r e  r e s u l t i n g  from new 
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FIG. 8  
Scanning e l e c t r o n  micrograph showing l a r g e  Ca(OH)2 formation near  sand 
p a r t i c l e  i n  mortar (w/ (c+s .f .) = 0.60 a f t e r  7 days' curing).  

CSH formation by r e a c t i o n  between t h e  s i l i c a  fume and t h i s  l ime may dominate 
t h e  pore s t r u c t u r e  i n  t h e  100-1000 nm range. The abrup t  inc reases  i n  in t ruded  
volume suggest t h a t  i n  t h i s  region of mercury p ressure ,  rup tu re  of t h e  pore 
s t r u c t u r e  may occur. Such a  rup tu re  t akes  p lace  a t  h igher  p ressures  f o r  
hydrated f l y  ash and s l a g  blends,  and t h i s  probably occurs  wi th  t h e  s i l i c a  
fume blends a t  both in termediate  and high p ressures  (1,7).  These abrupt  
inc reases  i n  in t ruded volume a t  in termediate  p ressures  have n o t  been observed 
f o r  cement p a s t e s  con ta in ing  s i l i c a  fumes ( 2 ) ,  i n  c o n t r a s t  t o  t h e  
mortars. 

The progress ive  manner i n  which t h e  pore  d i s t r i b u t i o n  changes w i t h  time 
f o r  specimens C' and cH (Figs.  5a and 6a) suppor t s  t h e  i d e a  t h a t  t h e  l ime  t h a t  
is formed p r e f e r e n t i a l l y  around t h e  sand g r a i n  i s  converted by r e a c t i o n  wi th  
nearby s i l i c a  fume t o  CSH wi th  a  r e l a t i v e l y  discont inuous pore  s t r u c t u r e .  

I Conclusions 

1. S i l i c a  fume r e a c t s  wi th  most Ca(OH)2 produced i n  hydrated cement-sil ica 

fume mortars wi thin  28 days. 
2. The a d d i t i o n  of s i l i c a  fume t o  mortars r e s u l t s  i n  an improved bond between 

the  hydrated cement matr ix  and t h e  sand. 
3. Ca(OH)2 seems t o  form p r e f e r e n t i a l l y  around t h e  sand g r a i n  i n  
mortars. 
4. Cement mortars  have higher  pore volumes i n  t h e  100-4000 nm pore  diameter 
range than equivalent  cement pas tes  cured under s i m i l a r  condi t ions .  
5. S i l i c a  fume a f f e c t s  t h e  pore d i s t r i b u t i o n  of mortars  by r e a c t i n g  wi th  t h e  

Ca(OHI2 formed around t h e  sand g r a i n s  a s  wel l  a s  wi th  t h e  Ca(0H) dispersed 
throughout t h e  cement paste .  



Vol. 15, No. 2 

Huang Cheng-yi and R.F. Feldman 

Acknowledgement r 

The au thors  wish t o  acknowledge t h e  work of Gordon Chan and Ed Quinn i n  
helping t o  c a r r y  ou t  t h e  experiments and t a k e  measurements. This paper i s  a 

c o n t r i b u t i o n  of t h e  Div i s ion  of Bui lding Research, Nat ional  Research Council 
of Canada, and i s  published wi th  t h e  approval of t h e  Director  of t h e  
Division.  

References 

(1 )  R.F. Feldman, Proc., 1 s t  I n t e r .  Conf. on Use of Fly-Ash, S i l i c a  Fume, 
Slag and Other Mineral By-products i n  Concrete, A C I  SP.79 1, p. 415 
(1983). 

(2)  R.F. Feldman and Huang Cheng-yi. RILEM Seminar on t h e  D u r a b i l i t y  o f  

Concrete S t r u c t u r e s  under Normal Outdoor Exposure. 26-29 March 1984. 

Hanover, Federa l  Republic of Germany. 
(3)  M. Regourd and B. Mortureux, Proc., 4 th  I n t e r .  Conf. on Cement 

Microscopy, Las Vegas, p. 249 (1982). 

(4 )  B.D. Barnes, S. Diamond and W.L. Dolch, J. Amer. Ceram. Soc. =(I-21, 
p. 21 (1979). 

(5 )  A. Car lesGiberques ,  J. Grandet and J.P. O l l i v i e r ,  Proc. I n t e r .  Conf. on 
Bond i n  Concrete. Pais ley  College of Technology, Scotland, p. 24, London 
(Appl. Sci.) (1 982). 

(6)  R. Berger,  D.S. Cahn and J . D .  McGregor, J. Amer. Ceram. Soc. p. 57 
(1970). 

(7) R.F. Feldman, J. Amer. Ceram. Soc. 67, p. 30, (1984). 



This  paper,  whi le  being d i s t r i b u t e d  i n  
r e p r i n t  form by t h e  Div is ion  of Building 
Research,  remains t h e  copyr igh t  of t h e  
o r i g i n a l  publ i sher .  It should no t  be 
reproduced i n  whole or  i n  p a r t  wi thout  t h e  
permission of t h e  publ i sher .  

A l is t  of a l l  p u b l i c a t i o n s  a v a i l a b l e  from 
t h e  Div is ion  may be ob ta ined  by w r i t i n g  t o  
t h e  P u b l i c a t i o n s  S e c t i o n ,  D i v i s i o n  of 
B u i l d i n g  R e s e a r c h ,  N a t i o n a l  R e s e a r c h  
C o u n c i l  of Canada ,  Ot tawa,  O n t a r i o ,  
K I A  0R6. 

Ce document e s t  d i s t r i b u B  sous forme de 
t i rB-%part  par l a  Div is ion  des  recherches  
en bat iment.  Les d r o i t s  de reproduct ion  
s o n t  t o u t e f o i s  l a  p ropr iBt6  de 1 ' B d i t e u r  
o r i g i n a l .  Ce document n e  p e u t  S t r e  
r e p r o d u i t  en t o t a l i t 6  ou en p a r t i e  s a n s  l e  
consentement de l ' l d i t e u r .  

Une l i s t e  des p u b l i c a t i o n s  de l a  Div is ion  
peut  Ot re  obtenue en Bcr ivant  a l a  Sec t ion  
d e s  p u b l i c a t i o n s .  Div is ion  des recherches  
en bat iment,  Conseil  n a t i o n a l  de recherches  
Canada, Ottawa, Ontar io ,  KIA 0R6. 


