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On a contra16 par poros i&t r i e  au mercure, durant une cure  de 
180 jours ,  l a  modification de l a  s t r u c t u r e  des pores dans des  
mort iers  de ciment Portland contenant 0, 10 e t  30 % de s i l i c e  
f i n e  e t  ayant un rapport  e a u l l i a n t  de 0,60 e t  un rappor t  
sablelciment de 2,25. L a  valeur  l imina i re  d ' in t rus ion  dans l e s  
pores augmente avec l e u r  dimension e t  diminue avec l ' a j o u t  de 
s i l i c e  f i n e ;  e l l e  e s t  de l l o r d r e  de 0,5 B 20 x lo3 nm. 

On a ggalement prepars des  mort iers  sans  s i l i c e  f i n e  ou en  
contenant 10 % suivant  un rappor t  eaulciment de 0,60 e t  des 
rappor ts  sable/ciment de 0, 1,0, 1,5, 1.8, 2,0, 2,25 e t  3.0; l e  
s a b l e  s a t i s f a i s a i t  3 l a  norme ASTM C109. Des mesures de la  
porosi td  par i n j e c t i o n  de mercure ont  6 td  e f f e c t u h s  apres  14 
jours  de cure. En presence de s i l i c e  f i n e ,  l e  volume des  pores 
ayant un diamstre compris e n t r e  0 ,s  e t  20 x lo3 urn a augment6 
avec l e  rapport  sablelciment. D e s  prismes _de mortier-  out  6 td  
soumis B de- ' h )  

conf ormemenf 566 

(procedure ' au 
gel-d6gel el ds 
r g s i d u e l s .  r t 
sablelcimen! B 

0,02 % apre  
- - -- - - 

f a i b l e ,  lor  
protection.  



Influence of Condensed Silica Fume and 
SandICement Ratio on Pore Structure and 

Frost Resistance of Portland Cement Mortars 

by R. F. Feldman 

Synopsis: Pore s t r u c t u r e  changes i n  s i l i c a  fume-portland cement 
blend mortars f a b r i c a t e d  with 0, 10 and 30% s i l i c a  fume a t  a 

water lb inder  r a t i o  of 0.60 and a sandlcement r a t i o  of 2.25 have 
been monitored by mercury porosimetry while being cured f o r  1 t o  
180 days. The threshold  va lue  f o r  pore i n t r u s i o n  inc reases  with 
pore s i z e  and becomes less abrupt  with s i l i c a  fume add i t ion ;  i t  is  
i n  t he  0.5 t o  20 x 103 nm region.  

Mortars were a l s o  made wi th  and without 10% s i l i c a  fume a t  a 
waterlcement r a t i o  of 0.60 and sandlcement r a t i o s  of 0, 1.0, 1.5, 
1.8, 2.0, 2.25 and 3.0; t h e  sand passed ASTM C109. Mercury 

i n t r u s i o n  measurements were c a r r i e d  out  a f t e r  14 days of curing.  
In t h e  resence of s i l i c a  fume pore volume i n  t h e  0.5 t o  

5 20 x 10 nm pore diameter range increased with sandfcement r a t i o .  

Mortar prisms were subjec ted  t o  f r eez ing  and thawing cyc le s  (two 
cycles  i n  24 h)  according t o  ASTM s tandard  t e s t  method C 666, 
Procedure B. Freezing and thawing r e s i s t a n c e  was monitored by 

measuring changes i n  r e s i d u a l  length  and weight. Resul ts  i n d i c a t e  
t h a t  i f  t h e  sandlcement r a t i o  is 2.25 o r  over,  expansion is l e s s  
than  0.02% a f t e r  500 cyles.  A t  lower sandlcement r a t i o s  10% s i l i c a  
fume g ives  l i t t l e  p ro tec t ion .  

Keywords: cements; freeze-thaw d u r a b i l i t y ;  mortars (ma te r i a l ) ;  

p o r o s i t y ;  port land cements; sands;  s i l i c a .  
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INTRODUCTION 

When by-product m a t e r i a l s  such a s  condensed s i l i c a  fume, f l y  
a sh ,  and b l a s t  furnace  s l a g  a r e  mixed wi th  po r t l and  cement and 
hydrated,  they  produce a pore  s t r u c t u r e  more d iscont inuous  and 

impermeable than t h a t  of hydrated por t land  cement pas t e  (1-3). 

This has  been r e l a t e d  t o  t h e  low Ca(OH)2 content  of t h e  hydrated 

blend product and it  has  been suggested t h a t  boundaries between t h e  
C-S-H phase and Ca(OH)2 c r y s t a l s ,  and perhaps Ca(OH)* c r y s t a l s  

themselves, provide pathways f o r  flow of f l u i d s  t h a t  a r e  a f f e c t e d  
by t h e  a d d i t i v e s  (1,2). 

Mic ros t ruc tu ra l  changes i n  mortars  (4)  and p r e f e r e n t i a l  

depos i t i on  of Ca(OH)2 i n  t h e  i n t e r f a c i a l  zone around aggregates 
(5,6) have been observed. It would t h e r e f o r e  be expected t h a t  

vary ing  t h e  sandlcement r a t i o  (i.e.,  changing t h e  amount of 
sand-pas te  i n t e r f a c e )  would in f luence  t h e  mic ros t ruc tu re  of t h e  

mortar. I n  add i t i on ,  s i l i c a  fume is a very r e a c t i v e  pozzolan and 
i ts  presence i n  mortars  might be expected t o  cause s i g n i f i c a n t  
changes i n  t h e  micros t ruc ture .  

&cent  work on mortars  (7,8)  and concre te  (9) sugges ts  t h a t  
t h e i r  f r o s t  r e s i s t a n c e  i s  improved by inco rpo ra t ion  of s i l i c a  fume. 

Although t h e r e  is no s t r o n g  i n d i c a t i o n  of t h e  mechanism, i t  has  

been pos tu l a t ed  t h a t  a f i n e  pore s t r u c t u r e  produced i n  t he  mortar  
by t h e  s i l i c a  fume renders  t h e  water  unfreezable  (7 ) .  Fur ther  work 

has  i nd i ca t ed ,  however, t h a t  t he  pore s t r u c t u r e  is  not s o  f i n e  a s  
was f i r s t  thought (8) .  

It is  t h e  purpose of t h e  p re sen t  work t o  monitor  t h e  

development of pore s t r u c t u r e  i n  mortars  with and without  s i l i c a  
fume and t o  i n v e s t i g a t e  t h e  e f f e c t  of t h e  s and -pas t e  i n t e r f a c e  on 

t h e  mic ros t ruc tu re  and f r o s t  r e s i s t a n c e  of t h e  mixes. 

EXPERIMENTAL 

Mater ia ls  

Type I por t l and  cement w i t h  C3A con ten t  of 11.8% ( c a l c u l a t e d  

by Bogue f o r m l a )  and s i L i c a  fume conta in ing  95.2% S i 0  , 1.6% 
carbon,  0.27% K 0 and 0.10% Na20 (surface area by N p  a88orpti.n 

21 000 mZ/kg) wzre used. Ottawa s i l i c a  sand meeting ASTM C109 was 
used f o r  making mortars t o  give sand/binder r a t i o s  of 0, 0.5, 1.0, 
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1.5, 1.8, 2.0, 2.25 and 3.0. Most mixes were prepared a t  a 
w/(c+sf) of 0.60; two were prepared a t  a w/(c+sf) of 0.70. Binder 
i n  the  mortar contained 0, 10 o r  30% s i l i c a  fume. No water- 
reducing o r  a i r -entra ining admixtures were included. 

Mixing 

Cement, s i l i c a  fume, and water were mixed together  i n  the  bowl 
of a Hobart Model N-50 mixer (ASTM C305) f o r  30 s a t  low speed. 
All t h e  sand was added and mixing continued a t  low speed f o r  

another 30 s. The machine was stopped a second t i m e ,  then mixing 
was continued a t  medium speed f o r  30 s. Mixing was stopped again 

f o r  If min, then resumed f o r  1 min more a t  medium speed. Mortar 
specimens were made i n  the  form of 25.4 x 25.4 x 127-m prisms 
o u t f i t t e d  with s t e e l  s tuds  and were cured f o r  14 days. 

Measurements 

Pore s i z e  d i s t r i b u t i o n  -- This was determined by Hg i n t r u s i o n  
porosimetry t o  414 MPa. Specimens were dried i n  vacuum and then 

heated f o r  about 15 h a t  100°C. Measurements were made on: 

1) Mortars containing 0, 10 o r  30% s i l i c a  fume (designated cH,  BY^ 
and B: , respect ively)  with a sandlcement r a t i o  of 2.25, mixed 
a t  a wf(c+sf) of 0.60. Determinations were made a t  1, 3, 7, 14, 
28, 90 and 180 days of hydration. 

2) Two s e r i e s  of mortars without s i l i c a  fume. Ser ies  A, with 
sandlcement r a t i o s  of 0, 0.5, 1.0, 1.5, 1.8, 2.0, 2.25 and 3.0, 

was cured fo r  14 days a t  a w/(c+sf) of 0.60. Ser ies  B, with 
sandlcement r a t i o s  of 0, 1.5, 1.8, 2.0, 2.25 and 3.0, was cured 

f o r  28 days a t  a w/(c+sf) of 0.60. 
3) A s e r i e s  of mortars containing 10% s i l i c a  fume with sandlcement 

r a t i o s  of 0, 0.5, 1.0, 1.5, 1.8, 2.0, 2.25 and 3.0. This s e r i e s  
was cured f o r  28 days a t  a w/(c+sf) of 0.60. 

4) Two mortars containing 0 and 10% s i l i c a  fume with sandlcement 

r a t i o  of 3.0. These were cured f o r  28 days a t  a w/(c+sf) of 
0.70. 

Re-intrusion of mercury -- Hg was removed from specimens on 
which mercury in t rus ion  experiments had been performed by heat ing 
them a t  105OC i n  vacuum f o r  severa l  weeks u n t i l  t he  weight returned 
t o  i ts  i n i t i a l  value before in t rus ion.  Re-intrusion was then 

performed on t h e  specimens containing 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. 

Freezing and thawing res i s t ance  -- This was determined f o r  a l l  
mixes a f t e r  14 days of curing by two methods: 1) Residual 
expansion was measured, four  specimens per  mix; mortars were made 

i n  the  form of 25.4 x 25.4 x 127-mm prisms o u t f i t t e d  with s t e e l  
s tuds;  the  freeze-thaw cycle consis ted  of f r eez ing  i n  a i r  and 

thawing i n  water (-lB°C t o  +5OC), two cycles i n  24 h. Cooling 
r a t i o s  were those of ASTM Standard Test Method C-666, Procedure B. 

2) Weight l o s s  was measured using mixes a t  a w/(c+sf) = 0.60, 
sandlcement r a t i o  of 1.8, 2.0, 3.0, with and without 10% s i l i c a  
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fume, and a t  a  w/(c+sf)  = 0.70, sandlcement r a t i o  of 3.0, wi th  and 

without  10% s i l i c a  fume. 

RESULTS 

Pore-size D i s t r i b u t i o n  

Mortars w i th  and without  s i l i c a  fume a s  a func t ion  of t i m e  -- 
The pore-size d i s t r i b u t i o n  of mortars  made a t  a  sandlcement r a t i o  
of 2.25, con ta in ing  0, 10 o r  30% s i l i c a  fume and cured f o r  1, 3, 7, 
14, 28, 90 and 180 days a t  a  w/(c+sf) of 0.60, a r e  shown i n  

Figure l(a-c) .  The mortar mix without  s i l i c a  fume i n  Figure l a  
d i s p l a y s  a progress ive  decrease  i n  t o t a l  po ros i ty  wi th  cur ing  time. 
Poros i ty  down t o  100 nm pore diameter  a t  180 days is about 3%; a 
s i m i l a r  p a s t e  cured f o r  only 28 days is l e s s  than 1.5% (10).  Below 
a pore  s i z e  of 100 nm t h e  curves a t  a l l  ages  of cu r ing  a r e  concave 

t o  t h e  absc i s sa .  (This is i n  c o n t r a s t  t o  pore d i s t r i b u t i o n s  f o r  

specimens conta in ing  s i l i c a  fume a s  r e f e r r e d  t o  below.) 

The mortar  wi th  10% s i l i c a  i n  Figure l b  d i s p l a y s  l e s s  
p rog res s ive  behaviour, al though below 60 nm t h e  t o t a l  in t ruded 
volume gene ra l ly  decreases  a s  cu r ing  time inc reases .  Af t e r  t h r e e  
days t h e  curves below 100 nm become convex t o  t h e  pore diameter  
a x i s .  This t r end  i s  s i m i l a r  t o  t h a t  observed previous ly  i n  f l y  a sh  
and s l a g  b lends ,  where i t  was r e l a t e d  t o  d i s r u p t i o n  of 
d iscont inuous  pores by h igh  p re s su re  i n t r u s i o n  and t o  t h e  e x t e n t  of 

t h e  r e a c t i o n  of Ca(OH)2 (11).  A p l o t  of t h e  s l o p e  of t h e  curves a t  
t h e  l i m i t  of t h e  i n t r u s i o n ,  dV/d l o g  D (%/nm)lO, versus  age  of 
cur ing  is  presented  i n  Figure 2. There is  a l a r g e  i nc rease  i n  
s lope  wi th  time f o r  specimens i n  which Ca(OH)2 is  decreas ing  o r  
low, e.g., B: and Byo. A t  about 150 nm t h e  curves  i n  Figure l b  
f o r  7 t o  180 8ays of cu r ing  merge, having t h e  same pore volume of 
about 6%; above 150 nm t h e  pore volume f o r  180 days i s  g r e a t e r  than  
t h a t  f o r  t h e  7-day cured specimen. 

The pore-size d i s t r i b u t i o n  curves  f o r  mortar  wi th  30% s i l i c a  
fume i n  Figure l c  show t h e  same t r end  a s  t h e  curves f o r  10% s i l i c a  
fume. I n  t h e  100 t o  4000 nm range t h e  t o t a l  pore volume i s  i n  many 
cases  g r e a t e r  f o r  specimens cured f o r  longer lengths  of time. The 
3-day cured specimen has  t h e  lowest  p o r o s i t y  down t o  a pore s i z e  of 

about 600 nm. A t  a pore s i z e  of about 30 nm t h e  t o t a l  in t ruded 

volume decreases  w i th  age  of cu r ing ,  and wi th  ages  g r e a t e r  t h a n  
t h r e e  days t h e  curves a r e  convex t o  t h e  absc issa .  

A comparison of t h e  pore-size d i s t r i b u t i o n  curves  r e v e a l s  t h a t  
t h e  threshold  value f o r  pore i n t r u s i o n  ( t h e  po in t  a t  which a l a r g e  

i nc rease  i n  i n t r u s i o n  occurs)  i nc reases  w i th  pore  s i z e  (0.5 t o  

30 x lo3  nm) and becomes less abrupt  wi th  addi ton  of s i l i c a  fume. 
These e f f e c t s  f o r  mortars  con ta in ing  s i l i c a  fume a r e  u s u a l l y  
accompanied by abrupt  changes. 

Mortars wi thout  s i l i c a  fume -- Resul t s  f o r  pore-size 
d i s t r i b u t i o n  of mortars  a t  sandtcement 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 (Se r i e s  B) wi thout  s i l i c a  fume 
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addi t ion a t  a waterlcement r a t i o  of 0.60 a re  presented i n  Figure 3. 
Pore volume i s  based on t h e  volume of the  pas te  por t ion  of the  
specimen. This is calcula ted by computing the  volume of the 
individual  components of t h e  mix, based on densi ty ;  t h e  sand volume 

is  subtracted from the  t o t a l  volume of the  o r i g i n a l  mixture. The 
t o t a l  porosi ty  a t  2.9 nm pore diameter now increases  approximately 
with sandlcement r a t i o ,  t h e  highest  and lowest poros i t i e s  being 
40.5 and 35.6% f o r  the  3.0 and 0 sandlcement r a t i o s ,  respect ively .  
The d i s t r i b u t i o n  of pores i s  vas t ly  d i f f e r e n t ,  however; f o r  a 
sandlcement r a t i o  of 0.0 t h e  pore volume down t o  40 nm i s  only 
about 2.5%, while t h i s  value increases  t o  12, 19.5, 18.9, 20.5 and 
21.2% f o r  sandlcement r a t i o s  of 1.5, 1.8, 2.0, 2.25 and 3.0, 
respect ively .  

The measurement of pore-size d i s t r i b u t i o n  f o r  mortars without 
s i l i c a  fume was repeated i n  Ser ies  A, cured f o r  14 days; these  
mortars contained sandlcement r a t i o s  of 0, 0.5, 1.0, 1.5, 1.8, 2.0, 
2.25 and 3.0. The r e s u l t s  f o r  the  volume of coarser  pores of 

diameter (97+0.875) x 103 nm a r e  presented i n  Figure 4, together  
with the  volume of t h i s  pore range f o r  Ser ies  8 .  With some 

devia t ion i n  the  1.8 t o  2.25 sandlcement r a t i o  range, t h e  pore 
volume usually increases  with sandlcement r a t i o  and is general ly  
g rea te r  f o r  the  1 4 d a y  cured specimens. 

Mortars containing s i l i c a  fume, f i r s t  in t rus ion  -- The 
pore-diameter d i s t r i b u t i o n  of mortars containing 10% s i l i c a  fume 
(cured f o r  28 days) with 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 a r e  presented i n  Figures 5 and 6; pore 
volume ca lcu la t ions  a r e  based on pas te  portion.  P o r e s i z e  
d i s t r i b u t i o n  r e s u l t s  f o r  t h e  mortars without s i l i c a  fume and 

re-intruded d i s t r i b u t i o n s  f o r  mortars with s i l i c a  fume a r e  a l s o  
included. 

The pore volume i s  divided i n t o  four  ranges of pore diameter: 
(97+0.875), (0.875+0.175), (0.175+0.0175) and (0.0175+0.0029) x 

lo3 nm. Figure 5 contains the  r e s u l t s  f o r  sandlcement r a t i o s  of 0, 
0.5, 1.0 and 1.5, and Figure 6 those f o r  sandlcement r a t i o s  of 1.8, 
2.0, 2.25 and 3.0. Addition of s i l i c a  fume increases  the  volume of 
pores i n  the  (97j0.875) x lo3 nm range a t  a l l  sandlcement r a t i o s ,  

an e f f e c t  t h a t  increases  with r a t i o ;  a t  one of 3.0, volume 
increases  from approximately 4 t o  10.5%. Generally, wi th  s i l i c a  
fume addi t ion the  volume of pores i n  ranges (97j0.875) x lo3 and 
(0.875j0.175) x lo3 ( the  coarse ranges) and (0.0175+@.0029) x 

lo3 nm ( the  f i n e s t  range) increases  and decreases i n  the  
(0.175+0.0175) x 103 nm range. 

Mortars containing s i l i c a  fume, re- in t rus ion -- The pore 
diameter d i s t r i b u t i o n ,  on re-intrusion,  f o r  mortars containing 10% 
s i l i c a  fume with sandjcement r a t i o s  of-0.0,  1.5, 1.8, 2.0, 2.25 and 
3.0 a r e  shown a s  histograms i n  Figures 5 and 6; the  complete 
d i s t r i b u t i o n s  a r e  shown i n  Figure 7. There is  an inc rease  i n  t h e  
volume of (97j0.875) x 103 nm range pores compared t o  t h a t  a t  f i r s t  

in t rus ion ,  the  inc rease  being g rea te r  the  l a r g e r  the  sandlcement 
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r a t i o .  The volume of t h e  two ranges of sma l l e s t  pores is gene ra l ly  
lower on second i n t r u s i o n .  

The complete range of pore s i z e  d i s t r i b u t i o n  i n  Figure 7 shows 
t h e  e f f e c t  of both f i r s t  and second i n t r u s i o n  on t h e  same p lo t .  
The h y s t e r e s i s  between t h e  two curves i nc reases  w i th  sandlcement 
r a t i o  up t o  2.0. Beyond t h i s  it  decreases  because specimens wi th  
sandlcement r a t i o s  of 2.25 and 3.0 a l r eady  have r e l a t i v e l y  h igh  
pore volumes i n  t h e  coarse  ranges on f i r s t  i n t r u s i o n  a s  we l l  a s  
l a r g e r  pore volumes i n  t h e  f i n e r  ranges. 

A comparison of pore-size d i s t r i b u t i o n s  from t h e  r e - in t ru s ion  
f o r  specimens wi th  s i l i c a  fume and the  r e s u l t s  from t h e  f i r s t  

i n t r u s i o n  f o r  t h e  equ iva l en t  specimens without  s i l i c a  fume shows 
t h a t  t h e  volume of t he  pore range (97+0.875) x 103 nm is l a r g e r  on 
re- in t rus ion .  The r e s t  of t h e  d i s t r i b u t i o n  is  s i m i l a r :  t h e  
(0.0175+0.0029) x lo3 nm range i s  s l i g h t l y  l a r g e r ,  t h e  
(0.175+0.0175) x 103 nm range is  l e s s ,  and t h e  (0.875+0.175) x 

lo3 nm i s  gene ra l ly  about t h e  same. 

Mortars w i th  and wi thout  s i l i c a  fume, w/(c+sf) = 0.70 and 
sand/cement r a t i o  = 3.0 -- The pore-size d i s t r i b u t i o n  i n  t h i s  
mortar  i s  cha rac t e r i zed  by t h e  h igh  volume of pores i n  t h e  
(97+0.875) x 103 nm range,  even without  s i l i c a  fume (about 13%). 
I n  both cases ,  with and without  s i l i c a  fume, t h e  d i f f e r ence  between 
pore volumes on f i r s t  and second i n t r u s i o n  i n  t h e  
(97+0.875) x lo3 nm range is  no t  l a rge .  

Freezing and thawing r e s i s t a n c e  -- A summary i s  presented  i n  
Table I of r e s u l t s  of r e s i d u a l  expansion measurements on f r eez ing  
and thawing cyc l e  exposure. For comparison, column 7 g ives  t h e  
average percentage r e s i d u a l  expansion per  100 f r eez ing  and thawing 

cyc l e s  x 100. Values a r e  very h igh  f o r  specimens wi th  and wi thout  
s i l i c a  fume u n t i l  t h e  sandlcement r a t i o  is  g r e a t e r  than  2.0 a t  a 
(w/(c+sf)  = 0.60. Values f o r  specimens wi th  sandlcement r a t i o s  of 
2.25 and 3.0 (w/(c+sf)  = 0.60), 10% s i l i c a  fume, a r e  0.26 and 0.16, 
r e spec t ive ly ,  whi le  t h e  va lues  f o r  t h e  same mixes without  s i l i c a  
fume a r e  102.5 and 0.68, r e spec t ive ly .  The low value of t h e  l a t t e r  
sample may be due not  only  t o  an  i n c r e a s e  i n  volume of pores of t h e  
(97+0.875) x 103 nm range but a l s o  t o  an inc rease  i n  r e s t r a i n t  t o  
l eng th  change due t o  h igher  volume f r a c t i o n  of sand. Resul t s  of 
weight change wi th  f r eez ing  and thawing of t h i s  mortar  d isp layed 
l a r g e  and r ap id  d e t e r i o r a t i o n .  

The mixes prepared a t  a w/(c+sf)  of 0.70 wi th  sandlcement 
r a t i o  of 3.0 g ive  average percentage r e s i d u a l  expansion pe r  100 
freeze-thaw cyc l e s  x 100 of 0.64 and 7.72 f o r  mixes con ta in ing  0 
and 10% s i l i c a  fume, r e spec t ive ly .  Both specimens l o s e  a 
s u b s t a n t i a l  amount of weight dur ing  cyc l e s  of f r e e z i n g  and thawing, 
but  a s  shown i n  Table I1 t h a t  without  s i l i c a  fume lo ses  weight more 
r ap id ly .  

The r e s u l t s  of weight l o s s  f o r  mortars  made a t  w/(c+sf)  = 0.60 
and sandlcement r a t i o s  of 1.8 and 2.0 a r e  s i m i l a r  t o  t hose  i n  which 
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r e s i d u a l  length  change was measured; s eve re ,  rap id  d e t e r i o r a t i o n  
was ind i ca t ed  f o r  specimens wi th  and without  s i l i c a  fume. The 

mortar  wi th  sandfcement r a t i o  of 3.0 and 10% s i l i c a  fume showed no 
weight l o s s  even a f t e r  548 cyc l e s ;  without  s i l i c a  fume t h e  mortar  
d isp layed l a r g e  and r ap id  weight l o s s  d e s p i t e  a  low average 
r e s i d u a l  l eng th  change measurement. 

DISCUSSION 

The marked d i f f e r e n c e  i n  t h e  pore-size d i s t r i b u t i o n  of p a s t e s  
i n  mortars  a s  a  func t ion  of sandlcement r a t i o  appears t o  be an 

i n t e r f a c i a l  e f f e c t .  A p r e f e r e n t i a l  depos i t i on  of Ca(OH)2 i n  t h e  

i n t e r f a c i a l  zone ( l e s s  than  50 x lo3 nm) around aggregates  i n  
conc re t e  and mortars  and around f i b r e s  i n  p a s t e  has  been observed 

(5,6). The s t r e n g t h  of mortars  without  s i l i c a  fume is  
s i g n i f i c a n t l y  less than  t h a t  of 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(OH)2 have formed (4). In  specimens conta in ing  
s i l i c a  fume a l a r g e  propor t ion  of t h e  Ca(OH)2 has  r eac t ed  a t  t h i s  

s t a g e  (4). Af t e r  28 days t h e  s t r e n g t h  development curves f o r  both 
mortar  and p a s t e  conta in ing  30% s i l i c a  fume d ive rge ,  t h e  mortar  
becoming s t ronge r .  This has  been a t t r i b u t e d  t o  t h e  formation of a  
b e t t e r  bond between sand g r a i n s  owing t o  new CSH formed from t h e  

r e a c t i o n  of Ca(OH)2 and s i l i c a  fume (4). 

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  
(Figure  1). The pore s t r u c t u r e  i n  mortars  between 3 and 14 days 
shows lower va lues  of pore  volume t h a n  t h a t  i n  mortars  cured f o r  
longer  per iods  ( s i z e  ranges 100-3000 nm). This may be because t h e  
l i m e  concen t r a t i on  around each  sand g r a i n  forms a n  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 a new CSH 

formation,  by r e a c t i o n  between 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  100-3000 nm range. The abrupt  
i nc reases  i n  i n t ruded  volume sugges t  t h a t  rup tu re  of t h e  pore 
s t r u c t u r e  may occur  i n  t h i s  region of mercury pressure .  Such a 
rup tu re  t a k e s  p l ace  a t  h igher  p re s su re s  i n  t hese  blends a s  w e l l  a s  
i n  hydra ted  f l y  a sh  and s l a g  ( 1 , l l ) .  The abrupt  i nc reases  i n  

i n t ruded  volume a t  i n t e rmed ia t e  p re s su re s  have no t  been observed i n  
cement pas t e s ,  but  only i n  mortars  conta in ing  s i l i c a  fume (10).  
The p o r e s i z e  d i s t r i b u t i o n  of mortars  without  s i l i c a  fume changes 
progress ive ly .  This (Fig. l a )  suppor ts  t he  assumption t h a t  
d i f f e r e n c e s  i n  pore d i s t r i b u t i o n  i n  mortars  wi th  and wi thout  s i l i c a  
fume a r e  not due s o l e l y  t o  phenomena produced by t h e  dry ing  

technique p r i o r  t o  mercury i n t r u s i o n .  

Formation of CSH a t  t h e  i n t e r f a c e  of sand g r a i n s  is  no t  t h e  
only  process t h a t  occurs.  As has  been shown i n  t h i s  and o t h e r  work 
(121, a  l a r g e r  volume of pores  i n  t h e  (97+0.875) x lo3  nm range i s  
formed when t h e  amount of i n t e r f a c e  pe r  volume of specimen 
inc reases .  These pores  may be p a r t  of t h e  duplex f i l m  observed (6) 
around i n t e r f a c e s  owing t o  a poss ib l e  reduct ion  i n  t h e  degree of 
hydra t ion  r e l a t i v e  t o  t h a t  i n  mixes without  sand ( a  r e s u l t  of 
reduct ion  i n  permeabi l i ty  of t h e  hydra te  product  a s  p a r t  of Ca(OH)2 

is segregated  around sand g r a i n s  (5)) .  
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The presence of s i l i c a  fume i n  mortar  enhances t he  i n t e r f a c i a l  

e f f e c t s ;  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  can 

re-d isso lve  t o  r e a c t  w i th  r e l a t i v e l y  i n so lub le  s i l i c a  i n  l o c a t i o n s  
r e l a t i v e l y  remote from t h e  i n t e r f a c e .  This could exp la in  f u r t h e r  

i nc rease  i n  volume of pores i n  t h e  s i z e  range 97+0.875 x 103 nm 

wi th  a d d i t i o n  of s i l i c a  fume. The pore volume a l s o  i n c r e a s e s  w i th  

sandlcement r a t i o .  

Properly en t r a ined  a i r  c r e a t e s  f r o s t - r e s i s t a n t  concre te .  
Air-entrained bubbles a r e  u sua l ly  over 10 x lo3 nm i n  diameter  and 

t h e  d i s t ance  between them should be l e s s  than  0.2 mm. The bubbles 

must remain unsa tura ted  wi th  water  t o  be e f f e c t i v e ,  s o  t h a t  they 
must be r e l a t i v e l y  i n a c c e s s i b l e  t o  water  migra t ing  from t h e  
outs ide .  Pores t h a t  form a t  o r  near  t h e  i n t e r f a c e  of sand g r a i n s  

a r e  smal ler  than  normal a i r - en t r a ined  bubbles,  bu t  some workers 
have concluded t h a t  pores down t o  0.3 x l o3  nm can improve t h e  

r e s i s t a n c e  of mortars  t o  f r o s t  a c t i o n  (13). I n  a d d i t i o n ,  f o r  

sandlcement r a t i o s  of 2.25 o r  g r e a t e r  i n  a homogeneous mix, t h e  

average s e p a r a t i o n  of pores  formed a t  t h e  i n t e r f a c e  would be l e s s  
than  0.2 mm (8). The g r e a t e r  t h e  sand con ten t ,  t h e  sma l l e r  t h e  

space between sand g r a i n s  and t h e  c l o s e r  t h e  pores  t o  each  o the r .  

Addition of s i l i c a  fume g r e a t l y  decreases  t h e  pe rmeab i l i t y  of 
mortars  and concre tes  and ensures  t h a t  a  po r t i on  of t h e  pores i n  

t h e  (97+0.875) x 103 nm range is  r e l a t i v e l y  i n a c c e s s i b l e  even t o  
mercury i n t r u s i o n .  As a consequence, pore volume i n  t h i s  s i z e  

range i n c r e a s e s  on second mercury i n t r u s i o n  due t o  d i s r u p t i o n  of 
pore s t r u c t u r e  a t  h igh  Hg p re s su re s  on f i r s t  i n t r u s i o n .  This 

proper ty  is probably r e spons ib l e ,  a t  l e a s t  i n  p a r t ,  f o r  t h e  

improved f r o s t  r e s i s t a n c e  of mixes conta in ing  10% s i l i c a  fume a t  
sandlcement r a t i o s  of 2.25 and 3.0 and w/(c+sf)  of 0.60. Mortar 
conta in ing  s i l i c a  fume, made a t  a  w/(c+sf)  of 0.70 and sandlcement 

r a t i o  of 3.0, is  not  durable  however, a l though i t  possesses  a l a r g e  
pore volume i n  t he  (97+0.875) x 103 nm range acces s ib l e  t o  mercury 

on f i r s t  i n t r u s i o n .  This i s  probably due t o  t h e  a c c e s s i b i l i t y  of 

t h e  pores t o  water. 

The pores i n  t h e  (97+0.875) x 103 nm range formed a t  t h e  
i n t e r f a c e  of t he  sand g r a i n  can a c t  a s  a i r -ent ra ined  bubbles, 

provid ing  p r o t e c t i o n  f o r  mortars  a g a i n s t  f r o s t  ac t i on .  The sand 

g r a i n s  must be c l o s e  enough toge the r ,  however, t o  provide c l o s e  

spac ing  of pores ,  and t h e  sand content  must be h igh  enough t o  
provide s u f f i c i e n t  pore volume. The presence of s i l i c a  fume 

provides  r e l a t i v e  i n a c c e s s i b i l i t y  of t h e s e  pores t o  water  migra t ing  

from t h e  outs ide .  

CONCLUSIONS 

1. S i l i c a  fume a f f e c t s  t h e  pore-size d i s t r i b u t i o n  of mor tars  by 
r e a c t i n g  wi th  t h e  Ca(OH)2 formed around sand g ra ins  as w e l l  a s  
wi th  t h e  Ca(OH)2 d i spe r sed  throughout t h e  hydrated cement. 

This takes  p lace  w i th in  28 days. 

2. 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 sand aggregates  i n  mortars .  The pores i nc rease  
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with  sand-cement r a t i o  i n  a l l  mixes, wi th  and without  s i l i c a  
fume. 

3. The pore-size d i s t r i b u t i o n  of mortars  conta in ing  s i l i c a  fume 

d i f f e r s  from t h a t  of equ iva l en t  mortars  wi thout  s i l i c a  fume by 

having a l a r g e r  coarse  pore component. Re la t i ve  
i n a c c e s s i b i l i t y  of t h e s e  pores is  due t o  a discont inuous  pore  

s t r u c t u r e ,  and t h i s  is  respons ib le  f o r  t h e  a r t i f i c i a l l y  l a r g e ,  
f i n e - p o r e  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 .  

4. F r o s t  r e s i s t a n c e  (according t o  ASTM C-666, Procedure B, a t  two 
freezing-thawing cyc l e s  a day) i s  i nc reased  by t h e  a d d i t i o n  of  
10% s i l i c a  fume t o  mortar  wi th  a w/(c+sf)  = 0.60 when t h e  

sandlcement r a t i o  i s  2.25 o r  over.  (The sand used i s  t h a t  
pass ing  ASTM C109. These r e s u l t s  may not  be app l i cab le  t o  

normal concre te) .  
5. Improvement i n  f r o s t  r e s i s t a n c e  a s  a r e s u l t  of i nc rease  i n  t h e  

sandlcement r a t i o  is  due t o  pores i n  t h e  range (97+0.875) x 

lo3 nm formed a t  sand-matrix i n t e r f a c e s  and t h e i r  c l o s e r  
spacing.  

6. Re la t i ve  i n a c c e s s i b i l i t y  of pores con t r ibu t e s  t o  f r o s t  

r e s i s t ance .  This can be provided by t h e  impermeable s t r u c t u r e  

formed i n  t h e  presence of s i l i c a  fume. 
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TABLE I- Values for  Residual Length Change Due t o  Exposure t o  
Freezing and Thawing Cycles 

Cycles 
Specimen Producing 

0.1 0.2 Ultimate Ultimate %Expansion 

Sand/ S i l i c a  % Residual Expansion No. per 100 cyc les  
Cement Fume Expansion % Cycles x 100 

1 2 3 4 5 6 7 

3.0 0% >204 >204 
3.0 10% 138 Failed 
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TABLE 11- Values for Weight Loss Due to Exposure to Freezing and 
Thawing Cycles 

Cycles 
Specimen Producing Ultimate 

0.5 2.0 Weight Ultimate %Weight h s s  

Sand/ Silica % Weight Loss No. per 100 cycles 
Cement Fume Loss % Cycles x 100 

3.0 0% 28 68 
3.0 10% 96 Failed 



Pore Structure and Frost Resistance 985 

P O R E  D I A M E T E R ,  nm 

Fig. 1-- Pore-size distribution curves for cement mortar with 
different silica fume contents at different times (w/(c+sf) = 

0.60). (a) 0 percent silica fume, (b) 10 percent silica fume, 

(c) 30 percent silica fume 

AGE, days 

Fig. 2--Dependence of slope of pore-size distribution curve (at 
maximum intrusion pressure) on age and silica fume content 
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P O R E  D I A M E T E R ,  n m  

Fig. 3--Pore-size distribution of mortars as volume percent of 
volume of paste portion. Cured 28 days at w/c of 0.60. Silica 
fume = 0 percent. Sandlcement ratios 0.b3.0 

7 , , , ~ , , , ' , ' ~ , ,  
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0 - .. 5 -  - 
m 
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0 1 2 3 

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

Fig. &--Volume of pores of diameter 97+0.875 x lo3 nm for mortars, 
sand/cement ratios 0.W3.0, w/(c+sf) = 0.60, 0 percent silica fume 



Pore Structure and Frost Resistance 987 

SILICA FUME 10% REINTRUDED 
SANDICEMENT = 1.5 

SANDICEMEM = 1.0  

SANDICEMENT = 0.5 

[hb 
SANDICEMEM = 0 

RL 

Fig. 5--Histograms of pore-size distribution of mortars, sand/ 
cement ratio W1.5, w/(c+sf) = 0.60 
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Fig. 6--Histograms of pore-size distribution of mortars, sand/ 

cement ratio 1.h3.0, w/(c+sf) = 0.60 
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Fig 7--Pore-size distribution of mortars, first and second in- 
trusions, containing 10 percent silica fume, sandlcement ratios 
h3.0, w/(c+sf) = 0.60 
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