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ABSTRACT 

Cement mortars containing 0 and 10% silica fume were prepared at a 

waterlcement + silica fume ratio of 0.60 and sandlcement ratios of 0, 
0.5, 1.0, 1.5, 1.8, 2.0, 2.25 and 3.0. Pore-size distributions were 
studied by mercury intrusion and reintrusion. More pores of 
(97+0.175) x lo3 nm size form at the sand interface for mortars with 
silica fume than without it. There is only a slight difference in the 
fine pore distribution with and without silica fume. 

Introduction 

Studies of portland cement paste and equivalent mortars show that the 
sand-matrix interface has a definite effect on the pore-size distribution 
1 3 .  Further work with portland cement - silica fume blends has 
demonstrated that the effect at the interface is magnified in this system (1). 
Addition of silica fume in pastes affects the hydration rate (4). The 
freeze-thaw resistance is not affected, although it is greatly improved in 
mortars with sandlcement ratio of 2.25 (3). Pore volume with diameters in the 
(97+0.875) x lo3 nm range is greatly increased by the addition of silica fume 
to mortar with sandlcement ratio of 2.25. These pores may occur at the 
sand-matrix interface due to the interaction of silica fume and Ca(OH)2, which 
initially forms at the interface; a portion of these pores may not be as 
readily accessible to fluids (1,3). 

Well-cured blends of several waste materials and portland cement have 
lower permeabilities than pastes or concretes without the addition, and haye 
demonstrated superior resistance to various forms of chemical attack (5-8). 
Silica fume, in addition to causing very low permeabilities in blends, is a 
very reactive pozzolan (4,8). The sequence of reactions leading to a unique 
pore-size distribution in mortars can provide a material capable of resisting 
many forms of chemical and physical attack and of protecting other susceptible 

materials such as reinforcing steel. 

In this work, a detailed study was made of the pore structure of 
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mortars wi th  sandlcement r a t i o s  varying from 0 t o  3.0, wi th  and without  t h e  

replacement of 10% port land cement by s i l i c a  fume. 

Experimental 

Mater ia ls  

Type I port land cement wi th  C3A content of 11.82% and s i l i c a  fume 
containing 95.2% Si02,  1.56% carbon, 0.27% K20 and 0.10% Na20 ( su r face  a r e a  

21 000 m2/kg) were used. Ottawa s i l i c a  sand pass ing ASTM C 109 was used f o r  

mortar wi th  sandlbinder  r a t i o s  of 0, 0.5, 1.0, 1.5, 1.8, 2.0, 2.25 and 3.0. 

Binder i n  t h e  mortar contained 0 o r  10% s i l i c a  fume. Mixes were prepared a t  

w/(c+sf) of 0.60 (w = water,  c = cement, s f  = s i l i c a  fume). No water-reducing 
o r  a i r -en t ra in ing  admixtures were used. 

Mixing 

Cement, s i l i c a  fume and water were mixed f o r  30 seconds i n  t h e  bowl of 

a Hobart Model N-50 mixer (ASTM C 305) a t  a slow speed. A l l  t h e  sand was 

added and mixing continued a t  slow speed f o r  30 seconds. The mixer was 

stopped and then mixing was continued a t  medium speed f o r  30 seconds, a f t e r  
which t h e  mix was allowed t o  s t a n d  f o r  13 minutes. Mixing was then  completed 

by a f u r t h e r  one minute a t  medium speed. 

P roper t i e s  determined 

Pore-size d i s t r i b u t i o n  was determined i n  a l l  mixes a f t e r  28 days of 

cur ing time (Hg porosimetry t o  a p ressure  of 414 MPa). Specimens were d r ied  

by vacuum and f i n a l  hea t ing  f o r  about 24 h a t  100°C. Mercury was removed by 

heat ing specimens a t  1 0 5 ' ~  i n  vacuum f o r  s e v e r a l  weeks u n t i l  weight re turned 

t o  o r i g i n a l  value.  Reintrus ion was performed on mixes con ta in ing  s i l i c a  fume 

a t  sandlcement r a t i o s  of 0, 1.5, 1.8, 2.0, 2.25 and 3.0. 

Resul ts  

Pore-size d i s t r i b u t i o n  of mortars without s i l i c a  fume 

I Resu l t s  f o r  the  pore-size d i s t r i b u t i o n  of mortars with sandlcement 
r a t i o s  of 0, 1.5, 1.8, 2.0, 2.25 and 3.0, cured f o r  28 days,  wi thout  s i l i c a  

fume add i t ion ,  prepared a t  a waterlcement r a t i o  of 0.6, a r e  shown i n  Figure 1. 
Resul ts  of poros i ty  a r e  based on t o t a l  volume of mortar sample. To ta l  pore 

volumes down t o  30 nm pore diameter f o r  a l l  the  mortar mixes a t e  l a r g e r  than 

f o r  p a s t e  (sandlcement r a t i o  of 0.0). The mortar wi th  sandlcemerit r a t i o  of 

3.0 has the  maximum t o t a l  poros i ty  down t o  500 nm pore diameter,  but t h e  p a s t e  

has ,  by f a r ,  t h e  maximum t o t a l  poros i ty  when a l l  pores  a r e  included (down t o  
2.9 nm). 

Pore volumes ca lcu la ted  i n  t h i s  way a r e  not  e n t i r e l y  meaningful, 

however, because, a s  sand content  inc reases ,  an i n c r e a s i n g  proport ion of t h e  
volume of t h e  sample i s  non-porous sand and a decreasing proport ion i s  cement 

p a s t e ,  which con ta ins  t h e  pores. In  o rder  t o  normalize t h e s e  r e s u l t s ,  pore 

volume was ca lcu la ted  a s  a percent  of the  p a s t e  volume of t h e  mortar. The 

sand volume was sub t rac ted  from t h e  t o t a l  volume of t h e  o r i g i n a l  mixture;  t h i s  

was done by c a l c u l a t i n g  volumes of components, us ing d e n s i t i e s  f o r  t h e  sand, 

cement and water.  Resul ts  a r e  presented i n  Figure 2. The t o t a l  p o r o s i t y  a t  
2.9 nm now i n c r e a s e s  approximately wi th  sandlcement r a t i o ;  t h e  h ighes t  and 
lowest poros i ty  i s  40.0 and 35.6% f o r  t h e  3.0 and 0.0 sandlcement r a t i o ,  

r e spec t ive ly .  However, the  d i s t r i b u t i o n  of pores is  v a s t l y  d i f f e r e n t ;  f o r  t h e  

0.0 sandlcement r a t i o ,  the  pore volume down t o  40 nm i s  only about 2.5%, while 

t h i s  value i n c r e a s e s  t o  12, 19.5, 18.9, 20.5 and 21.2% f o r  t h e  sandlcement 

r a t i o s  of 1.5, 1.8, 2.0, 2.25 and 3.0, r e spec t ive ly .  
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FIG. 1 
Pore-size d i s t r i b u t i o n  of mortars  p l o t t e d  a s  volume pe rcen t  of mortar.  

Sandlcement r a t i o s  = 0.0 t o  3.0. 

0% S I L I C A  FUME 
SAND, CEMENT RATIO (28  DAYS CURED) 

FIG. 2 
Pore-size d i s t r i b u t i o n  of mortars  p l o t t e d  a s  volume pe rcen t  of p a s t e  por t ion .  

Sandlcement r a t i o s  = 0.0 t o  3.0. 

The pore  volume is  d iv ided  i n t o  f o u r  ranges of pore  d iameters :  

(97+0.875, 0.875+0.175, 0.175+0.0175, 0.0175+0.0029) - 103 nm. These a r e  
presented i n  Table I, c a l c u l a t e d  both  on t h e  b a s i s  of t o t a l  mortar  volume and 

p a s t e  volume a lone.  With some d e v i a t i o n  i n  t h e  1.8 t o  2.25 sandlcement r a t i o  
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1 ranges,  t h e  two coarse r  pore ranges inc rease  i n  volume wi th  sandlcement r a t i o ,  
and t h e  two f i n e r  ranges decrease.  The volume of each of t h e  coa r se  ranges 
and t h e  sum of volumes of these  ranges is  p l o t t e d  a g a i n s t  sandlcement r a t i o  i n  

I 
Figure  3. 

TABLE I 
Pore-size D i s t r i b u t i o n  of Mortars. Sandlcement Ra t io  = 0.0 t o  3.0. 

0% S i l i c a  Fume. w/(c+sf) = 0.60. 28 Days Cured. 
- -  

Sandlcement r a t i o  3.0 

Pore diameter Pas te  Pas te  Pas te  
(nm x 10-3) Normal p o r t i o n  Normal p o r t i o n  Normal p o r t i o n  

97+0.875 1.79 4.04 1.22 2.37 1.14 2.10 

0.875+0.175 3.89 8.79 2.3 4.47 3.40 6.25 

0.175+0.0175 7.15 16.15 10.85 21.08 9.45 17.37 

0.0175+0.0029 4.60 11.00 5.81 11.29 5.26 9.67 

TOTAL 17.43 39.98 20.18 39.21 19.25 35.39 

Paste  Paste  
Normal por t ion  Normal por t ion  Normal 

97j0.875 1.64 2.88 0.18. 0.29 0.57 

0.875+0.175 4.37 7.67 1.71 2.79 0.55 

0.175+0.0175 9.65 16.83 11.66 19.0 19.84 

0.0175+0.0029 5.38 9.44 8.2 13.36 14.88 
- - 

TOTAL 21.04 36.92 21.75 35.43 35.84 

Pore-size d i s t r i b u t i o n  of mortars  wi th  s i l i c a  fume on f i r s t  i n t r u s i o n  

The pore-diameter d i s t r i b u t i o n  of mortars  con ta in ing  10% s i l i c a  fume 
(cured f o r  28 days) ,  w i t h  sandlcement r a t i o s  of 0.0, 0.5, 1.0, 1.5, 1.8, 2.0, 
2.25 and 3.0, i s  presented i n  Figure  4. Volume c a l c u l a t i o n s  a r e  based on 
p a s t e  por t ion.  Whereas f e a t u r e s  imposed on t h e  curves  due t o  t h e  i n f l u e n c e  of 
s i l i c a  fume a r e  ev iden t  ( I ) ,  t h e r e  is  considerable  d i f f e r e n c e  between t h e  
mortars ,  a l though t h e  t o t a l  pore volume only  v a r i e s  between approximately 39.0 
and 44.0% by volume. The in f luence  of s i l i c a  fume may be observed i n  
Table 11, where t h e  pore  volumes f o r  t h e  f o u r  pore ranges  a r e  c a l c u l a t e d ,  on 
t h e  b a s i s  of both t h e  t o t a l  mortar volume and t h e  volume of t h e  p a s t e  por t ion.  

Generally,  t h e  volume of pore diameter  ranges (97+0.875 and 
0.875+0.175) x 103 nm ( t h e  c o a r s e r  ranges) and (0.0175+0.0029) x 103 nm ( t h e  
f i n e s t  range)  i n c r e a s e s  and t h a t  of t h e  (0.175+0.0175) x lo3 nm range 
decreases  a s  s i l i c a  fume i s  added. 

The volume of t h e  pores  i n  t h e  two coarse r  ranges and t h e  sum of these  

volumes a r e  p l o t t e d  a g a i n s t  sandlcement r a t i o  i n  Figure  3B. I n  t h e  
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(A)  0% S I L I C A  FUME (28 DAYS CURED) 
wl(c  + sf) = 0.60 

1 2  

1 6  )- 1B) 10% S I L I C A  FUME (28 DAYS CURED) 4 
wl(c  + sf) = 0.60 

P 
0 1 I I I 

0 1 2 3 

S A N D I C E M E N T  R A T I O  

FIG. 3 
Plot of pore volumes ( %  of paste portion) of various pore size ranges of 
mortars vs sandlcement ratios (0.0 to 3.0). 

(974.875) x lo3 nm range, the volume increases generally with sandlcement 
ratio, with a steep increase after a sandlcement ratio of 2.0. These values 
are also greater in each case than the volumes for the specimens without 
silica fume addition. The volumes for the range (0.875+0.175) x 103 nm vary 
in a somewhat random manner with sandlcement ratio within 4 to 7% pore volume. 
These values up to 1.5 sandlcement ratio are in excess of those for specimens 
without silica fume, but values for 1.8 and 3.0 sand/cement-ratio are lower. 

The sum of the two ranges (97+0.875) and (0.875+0.175) x lo3 nm are also 
shown in Figure 3B. Only a small change in volume of pores occurs from 0 to 
1.8 sandlcement ratio but beyond 1.8 the increase is quite abrupt; values 
increase from an average of about 8% for sandlcement ratio up to 1.8, to over 
15% for the specimen with a ratio of 3.0. 

Pore-size distribution of mortars with silica fume on reintrusion 

The pore diameter distributions on reintrusion for the mortars 
containing 10% silica fume with sandlcement ratios of 0.0, 1.5, 1.8, 2.0, 2.25 
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TABLE I1 

Pore-size Dis t r ibut ion  of Mortars. Sandlcement Ratio = 0.0 t o  3.0. 
10% S i l i c a  Fume. w/(c+sf)  = 0.60. 28 Days Cured. -- - 

Sandlcement r a t i o  3.0 2.25 2.0 1.8 

Pore diameter Paste Paste Paste Pas te  

(nm x Normal por t ion  Normal por t ion  Normal por t ion  Normal por t ion  

97+0.875 4.6 10.30 2.78 5.36 1.69 3.09 1.98 3.45 

0.0175+0.0029 8.41 18.83 7.99 15.42 9.2 16.80 9.47 16.51 

TOTAL 19.62 43.93 23.28 44.92 22.68 41.42 22.49 39.21 

1.5 1.0 0.5 0.0 

Paste Paste Paste 
Normal port ion Normal port ion Normal por t ion  Normal - - 

9790.875 2.49 4.03 2.24 3.17 2.44 2:94 1.52 

0.0175+0.0029 9.93 16.08 13.34 18.85 15.83 19.09 20.64 

TOTAL 23.95 38.79 27.59 38.99 32.39 39.08 39.18 

and 3.0 a r e  p re sen ted  i n  Table  111. I n  each c a s e  t h e r e  i s  a l a r g e  i n c r e a s e  i n  
t h e  volume of po res  i n  t h e  c o a r s e  r ange  [(97+0.875) x lo3  nm] compared t o  

f i r s t  i n t r u s i o n  (Table  I I ) ,  t h e  i n c r e a s e  be ing g r e a t e r  w i th  l a r g e r  sandlcement 

r a t i o s .  The volume con ta ined  i n  t h e  two s m a l l e s t  po re  r anges  i s  g e n e r a l l y  

lower f o r  t h e  r e i n t r u s i o n  d i s t r i b u t i o n  than  f o r  t h e  f i r s t  d i s t r i b u t i o n .  

A comparison of po re  d i s t r i b u t i o n s  between t h e  r e i n t r u d e d  specimen 

c o n t a i n i n g  s i l i c a  fume (Table  1 1 1 )  and t h e  e q u i v a l e n t  specimen wi thou t  s i l i c a  

fume ( f i r s t  i n t r u s i o n ,  Table  I )  r e v e a l s  t h a t ,  w i t h  t h e  excep t ion  of t h e  range 

(9790.875) x lo3 nm, they  a r e  s i m i l a r .  The specimens p repa red  a t  a  

sandlcement r a t i o  of 2.0 a r e  t y p i c a l  of t h e  specimens measured. In t h e  

(0.0175+0.0029) x 103 nm range  t h e  volume f o r  t h e  r e i n t r u d e d  specimen w i t h  

s i l i c a  fume is  12.13% compared t o  9.67% f o r  t h e  specimen wi thout  s i l i c a  fume; 

i n  t h e  range  (0.175+0.0175) x l o3  nm, t h e  corresponding v a l u e s  a r e  14.02% t o  

17.37%; i n  t h e  range (0.87590.175) x 103 nm, 6.30 t o  6.25%; and i n  t h e  range 

(97+0.875) x l o 3  nm, 10.74 t o  2.10%. The t o t a l  p o r o s i t i e s  a r e  43.19 t o  
35.39%. 

Discuss ion  

The marked d i f f e r e n c e  i n  t h e  po re  d i s t r i b u t i o n  of mor tars  a s  a f u n c t i o n  

of sandlcement r a t i o  appea r s  t o  be a n  i n t e r f a c i a l  e f f e c t .  As t h e  sandlcement 

r a t i o  i n c r e a s e s ,  t h e  amount of i n t e r f a c e  pe r  volume of specimen should  

i n c r e a s e  and l a r g e r  po res  may be  formed around t h e  sand g r a i n  d u r i n g  mixing. 
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FIG. 4  
Pore-size d i s t r i b u t i o n  of mortars  p l o t t e d  a s  volume pe rcen t  of p a s t e  por t ion .  

Sandlcement r a t i o s  = 0.0 t o  3.0. 

However, o t h e r  f a c t o r s  may c o n t r i b u t e  t o  t h i s  phenomenon. It has  been shown 

t h a t  dur ing hydra t ion  a  p r e f e r e n t i a l  d e p o s i t i o n  of Ca(OHI2 occurs  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  concre te  and 
around f i b r e s  o r  sand i n  mortars  (9-11). The l a y e r  of Ca(OHl2 may be covered 

wi th  a  l a y e r  of e longated C-S-H g e l  p a r t i c l e s .  These l a y e r s  have been 

r e f e r r e d  t o  a s  a  duplex f i l m  ( 9 )  and t h e  zone n e a r e s t  t h e  f i l m  i s  on ly  
s p a r s e l y  occupied a t  e a r l y  s t a g e s  of hydration.  Larger Ca(OH)2 c r y s t a l s  may 

develop i n  t h i s  zone a f t e r  a  few days of hydration.  This modified form of 

depos i t ion  of products  i s  l i k e l y  t o  cause changes t o  t h e  pore 

d i s t r i b u t i o n .  

E f f e c t s  of i n c l u s i o n s  on hydra t ion  r a t e s  and degree of hydra t ion  have 

been repor ted  (4 ,12) ;  i n c l u s i o n s  may a l s o  have a n  e f f e c t  on pore  d i s t r i b u t i o n .  
Ca(OH)2 reduc t ion  i n  t h e  matr ix  due t o  i ts  depos i t ion  a t  i n t e r f a c e s  can reduce 

permeabi l i ty  of t h e  body and access  t o  cement g r a i n s  by H20; t h i s  may r e s u l t  

i n  l i m i t e d  hydra t ion  r e l a t i v e  t o  mixes wi thout  sand and can account f o r  

inc reased  p o r o s i t y  (4). 

The a d d i t i o n  of s i l i c a  fume w i l l  f u r t h e r  in f luence  t h e  process  of 

product c r y s t a l l i z a t i o n  around i n t e r f a c e s  (1 ,4) ;  t h e  s i l i c a  r e a c t s  w i t h  t h e  

Ca(OH)2 s t a r t i n g  a t  e a r l y  t imes of hydrat ion,  c r e a t i n g  both a  b e t t e r  bond wi th  

t h e  aggrega te -mat r ix  i n t e r f a c e  and l a r g e r  pores  i n  t h e  v i c i n i t y  of t h e  matr ix .  

Some of t h e  Ca(OH)2 c r y s t a l l i z e d  around sand g r a i n s  may r e d i s s o l v e  t o  r e a c t  

w i t h  t h e  r e l a t i v e l y  i n s o l u b l e  s i l i c a  i n  l o c a t i o n s  away from t h e  i n t e r f a c e .  

The removal of Ca(OH)2 from t h e  mat r ix  and i n t e r f a c e  decreases  t h e  

permeabi l i ty  of t h e  specimen (2 ,5 ,6)  and t h e  degree  of hydra t ion  of t h e  

cement, r e s u l t i n g  i n  a  h igher  p o r o s i t y  (4,12). The low permeab i l i ty  can be 
achieved d e s p i t e  a  h i g h e r  poros i ty  by l eav ing  a  h igh  degree  of d i s c o n t i n u i t y  
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TABLE 111 

Pore-size D i s t r i b u t i o n  of Mortars on Reintrusion. 
Sandlcement Ra t io  = 0.0 t o  3.0. 

10% S i l i c a  Fume. w/(c+sf) = 0.60. 28 Days Cured. 

Sandlcement r a t i o  3.0 2.25 2.0 
- - 

Pore diameter Paste  Paste  Paste  

(nm x Normal por t ion  Normal por t ion Normal por t ion 

TOTAL 18.02 40.35 23.35 39.56 23.65 43.19 

1.8 1.5 0.0 

Paste  Paste  

Normal por t ion  Normal por t ion  Normal 

97j0.875 4.86 8.47 74.87 7.89 2.80 

TOTAL 23.45 40.88 24.36 39.46 39.01 

i n  t h e  pores ,  o r  by having many ink-bo t t l e  pores (pores  with l a r g e  bodies but 

narrow necks).  

Pore d i s t r i b u t i o n  measurements by mercury i n t r u s i o n  can revea l  the  

discont inuous n a t u r e  of t h e  pore s t r u c t u r e .  Without s i l i c a  fume, t h e  pore  

s t r u c t u r e  changes wi th  sandlcement r a t i o ,  i .e .  the  coarse  pore component 
[(97+0.875) x l o3  nm] increases .  Second mercury i n t r u s i o n  shows l i t t l e  

d i f f e r e n c e  i n  t h e  pore d i s t r i b u t i o n s  (3). When s i l i c a  fume i s  added, f i r s t  

mercury i n t r u s i o n  r e v e a l s  an i n c r e a s e  i n  both t h e  f i n e  pores 

[(0.0175+0.0029) x 103 nm] and coarse  pores;  t h e  l a t t e r  i n c r e a s e  f u r t h e r  wi th  
sandlcement r a t i o ,  i n d i c a t i n g  t h e  i n t e r f a c i a l  n a t u r e  of t h e  phenomenon. 

Second mercury i n t r u s i o n ,  however, g ives  r e s u l t s  which a r e  very d i f f e r e n t  from 

those of f i r s t  i n t r u s i o n ;  t h e s e  r e s u l t s  more c l o s e l y  match t h e  d i s t r i b u t i o n s  

of t h e  specimens without s i l i c a  fume, except t h a t  t h e  amount of coarse  pores 

i s  g r e a t e r ,  and i n c r e a s e s  w i t h  sandlcement r a t i o .  This obse rva t ion  i n d i c a t e s  

t h a t  t h e  mercury i n t r u s i o n  p a r t l y  breaks the  pore s t r u c t u r e ,  e n t e r i n g  f a i r l y  

l a r g e  pores a t  h igh pressures .  A f a l s e  i n d i c a t i o n  of t h e  presence of small  

pores  may thus  be in fe r red .  The amount of r e l a t i v e l y  i n a c c e s s i b l e  coarse  

pores  i n c r e a s e s  wi th  sandlcement r a t i o  and with a reduc t ion  i n  Ca(OH)2 

content.  
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Previous work (3 ,6 ,13)  has  r e l a t e d  t h e  d i f f e r e n c e  i n  f i r s t  and second 
mercury i n t r u s t i o n  t o  Ca(OH)2 con ten t  and pore  d i s c o n t i n u i t y .  This work 

confirms t h a t  t h e  phenomenon i s  a l s o  r e l a t e d  t o  t h e  sand i n t e r f a c e .  

Conclusions 

1. Pores i n  t h e  (97+0.175) x 103 nm range a r e  formed a t  t h e  i n t e r f a c e  of 

wand aggregate  i n  mortars.  These pores  i n c r e a s e  wi th  sandlcement r a t i o  i n  

mixes both with and without s i l i c a  fume. 

2. S i l i c a  fume a d d i t i o n  t o  mortars  r e s u l t s  i n  an i n c r e a s e  i n  pores  of t h e  
(97+0.875) x 103 nm range a t  t h e  sand-aggregate i n t e r f a c e .  A p o r t i o n  of t h e s e  

pores is r e l a t i v e l y  inaccess ib le .  

3. The pore d i s t r i b u t i o n  of mor ta r s  con ta in ing  s i l i c a  fume d i f f e r s  from 

equ iva len t  mortars  wi thout  s i l i c a  fume mainly by having a l a r g e r  c o a r s e  pore  
component. Differences  i n  pe rmeab i l i ty  a r e  due to a d i scon t inuous  pore 
s t r u c t u r e .  

4. The l a r g e  i n c r e a s e  i n  f i n e  pore  s t r u c t u r e  observed on f i r s t  i n t r u s i o n  

w i t h  a d d i t i o n  of s i l i c a  fume is r e a l l y  due t o  l a r g e  bu t  r e l a t i v e l y  
discont inuous  pores.  
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