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SOMMAIRE 

On mesure ,  'a l 'aide de disques dlune Cpaisseur de 1. 3 mm, 
la microduretC e t  le  rnodulede Young de plusieurs syst'emes 
de  cirnent si l ice trai t6 ?I llautoclave, de cirnent 
portland hydratC normalement e t  de v e r r e  poreux, r ep r6-  
sentant un large  Cventail de porositC et  de rdpartition des  
pores  suivant leur grosseur.  Ensuite,  ces  Cchantillons sont 
compl'etement impr CgnCs de soufre. Les rdsultats  sont d6 - 
c r i t s  de fason adequate e n  fonction de  l a  r'egle de mdlange 
du mod'ele Reuss ,  s i  l 'on suppose une bonne adhCrence ent re  
l e  liant et  l ' irnpregnant, e t  des propriCtCs sernblables pour 
l8imprCgnant dans l e s  pores comme 'a l1extCrieur, en  vrac.  
On dtudie egalernent des syst'emes awque l s  une par t ie  ou 
l 'ensemble des  suppositions ne slappliquent pas ,  comrne l e  
v e r r e  p o r e w  impr6gnC de soufre et le  ciment portland hy- 
dra t6  imprCgnC de mkthacrylate de  mCthyle. 
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I STRUCTURE AND PROPERTIES OF POROUS CEMENT SYSTEI6 

AND THEIR MODIFICATION BY IMPREGNANTS 

AN 
R.F. Feldman and J . J .  Beaudoin, Bui ld ing Mate r i a l s  Sec t ion ,  

Divis ion o f  Bui ld ing Research, Nat ional  Research Council o f  Canada, 

Ottawa. K l A  0R6. 

SUMMARY - Microhardness and Young's modulus o f  d i s c s  1 . 3  mm t h i c k  were 

measured on s e v e r a l  autoclaved p o r t l a n d  cemen t / s i l i ca  systems, normal lyhydrated 

po r t l and  cement and porous g l a s s ,  r e p r e s e n t i n g  a wide range o f  p o r o s i t y  and 

pore - s i ze  d i s t r i b u t i o n s .  These samples subsequent ly  were f u l l y  impregnated wi th  

( s u l f u r .  I t  was found t h a t  t h e  r e s u l t s  could  be  adequate ly  desc r ibed  by t h e  

Reuss model mixing-rule ,  assuming t h a t  good bonding was achieved between t h e  

ma t r ix  and t h e  impregnant and t h a t  t h e  impregnant nad s i m i l a r  p r o p e r t i e s  when 

i n  t h e  po res  a s  when o u t s i d e ,  a s  bu lk .  Systems were a l s o  s t u d i e d  f o r  which 

some p r  a l l  t h e  assumptions d i d  no t  hold ,  e . g .  porous g l a s s  impregnated wi th  

s u l f u ~ ,  and hydra t ed  p o r t l a n d  cement impregnated wi th  methyl methacryla te .  

P o r o s i t y  i s  one o f  t h e  major f a c t o r s  c o n t r o l l i n g  the  r e s i s t a n c e  t o  

chem.ical a t t a c k  and t h e  mechanical p r o p e r t i e s  o f  po r t l and  cement n o r t a r s  and 

conc e t e .  (1 ,2)  I n  t h e  case  o f  hydra t ed  p o r t l a n d  cement m a t e r i a l s  i t  has  been 1 
d i f f i c u l t  t o  d e f i n e  o r  measure p o r o s i t y .  (3)  Pores i n  hydra t ed  p o r t l a n d  cement 

have been de f ined  a s  spaces  t h a t  can be  occupied by water  t h a t  i s  evaporable  a t  

t h e  vapour p res su re  o f  i c e  a t  -7g°C. This  d e f i n i t i o n  has  t h e  obvious disad-  

vantage o f  inc lud ing  a s  pores  some o f  t h e  hydra t e  water  t h a t  d i s s o c i a t e s  a t  

such low p r e s s u r e s .  In  a d d i t i o n  i t  is  now known t h a t  l a r g e  s t r u c t u r a l  changes 

occur  i n  t h i s  ma te r i a l  on seve re  d ry ing ,  i . e .  t h e r e  a r e  l a r g e  i r r e v e r s i b l e  

dimensional changes and r educ t ion  i n  s u r f a c e  a r e a .  (4,s) 

Recent ly  i t  has  been shown t h a t  p o r o s i t y  a t  11 p e r  c e n t  r e l a t i v e  

humidity (R.H. ) can be  measured wi th  appropr i a t e  c o r r e c t i o n s  by methods us ing 

h e l i m ,  methanol o r  s a t u r a t e d  s o l u t i o n  o f  Ca(Otl)2; measurement a t  11  p e r  c e n t  

R.W. avoids  t h e  problem o f  d i s s o c i a t i o n  a t  lower vapour p res su res .  A l l  t h e s e  

techniques  g ive  s i m i l a r  r e s u l t s .  (3)  Subsequent work by H a r r i s  e t  a 1  (6) us ing  

i n e l a s t i c  neutron s c a t t e r i n g ,  showed t h a t  t he  p o r o s i t y  determined by t h i s  

technique,  although performed on undr ied samples,  was s i m i l a r  t o  t h a t  ob ta ined  

by t h e  o t h e r s ,  (3) and t h a t  t h e  d iscrepancy wi th  t h e  evaporable  water  technique 



was due t o  the  removal of  i n t e r l a y e r  water on drying. 

Other f a c t o r s  r e l a t e d  t o  t h e  s t r u c t u r e  (besides poros i ty ) ,  such as  

the c r y s t a l l i n i t y  and densi ty of  t h e  products, the  nature o f  t h e  bonding between 

c r y s t a l l i t e s ,  and geometric c h a r a c t e r i s t i c s  of  pores, perhaps a f f e c t  mechanical 

p roper t i es .  

This paper w i l l  attempt t o  contr ibute  t o  the  information on the 

e f f e c t  o f  these o ther  fac tors  by examining r e s u l t s  from two complementary 

s tud ies  : 

1. A study o f  the  re la t ionsh ip  between poros i ty  and mechanical p roper t i es  f o r  

a  var ie ty  o f  c r y s t a l l i t e s  and pore d i s t r i b u t i o n s  of r e l a t e d  port land cement 

systems, f o r  which a  r e l i a b l e  method f o r  poros i ty  determination was used; 

2. A study of  these systems, when impregnated (as completely as  poss ib le ) ,  

yielding information on the dependence of a  mechanical property on the volume 

f rac t ion  of inpregnant, from which f u r t h e r  i n s i g h t  concerning the  s t r u c t u r e s  

may be gained. 

EXPERIMENTAL 

Materials 

The following mater ials  were used: 

Normal type I cement mixed with varying proportions of  s i l i c a  and hydrated 

a t  water-sol ids  r a t i o s  from 0.26 t o  0.45. 

S i l i c a  prepared by grinding Ottawa s i l i c a  sand, re ta in ing  t h a t  which 

passed through a 100-mesh s ieve ,  and mixing with cement (5, 10, 20, 30, 50 and 

65 per  cent  by weight) p r i o r  t o  autoclaving. 

Su l fur  of reagent grade containing 3 ppm of H2S. 

Hydrated port land cement pas te  cured a t  room temperature prepared a t  

water-cement r a t i o s  of 0.25, 0.45, 0.70 and 1.1 and hydrated f o r  e i g h t  years .  

Two samples of  porous glass  obtained from Corning Glass Works. Poros i t i es  
0 

were 29.7 and 31.8 p e r  cen t  with pores 60A i n  diameter. (Specimens i n  t h i s  

study were i n  the form of  3.2 cm diameter d i scs ,  1 .3  m th ick ,  t o  f a c i l i t a t e  

drying procedures and t o  enable complete and homogeneous impregnation. ) 

Methyl methacrylate - reagent grade. 

Methods 

1. Porosi ty  determination 

Porosi ty  was determined before and a f t e r  impregnation by measuring 



s o l i d  volume by helium comparison pycnometry; t h i s  has been described 

previously. (3) The apparent volume was determined by weighing i n  methanol, 

samples sa tura ted  with methanol. 

2. Mechanical p roper t i es  

Young's modulus and microhardness of  t h e  samples were determined 

before and a f t e r  impregnation. Techniques used f o r  these measurements have 

been described. (1,2) Ten hardness measurements were made on each d i s c  and 

three d i scs  were t e s t e d  f o r  each preparat ion.  

3. Impregnation 

(a) S u l f u r  

Five d i scs  of each preparat ion were impregnated. P r i o r  t o  impregna- 

t ion  the  samples were heated a t  128 O C  i n  vacuum f o r  24 h .  The samples were 

impregnated under molten s u l f u r  i n  a vacuum vesse l .  A f u l l  descr ipt ion w i l l  

be presented i n  another paper. 

After t h i s  treatment t h e  res idua l  porosi ty  was measured by determin- 

ing the new s o l i d  volume by the helium pycnometer. 

(b) Methyl methacrylate 

Samples conditioned a t  11 p e r  cent  R.H. were vacuum sa tura ted  with 

methyl methacrylate monomer i n  a vacuum vessel ;  samples were contained i n  a 

metal basket .  After  sa tura t ion ,  the  samples were ra i sed  above the excess 

monomer and, i n  the  presence of i t s  vapour, exposed t o  cobal t  rad ia t ion ,  2 

2,500 rad/min f o r  17 h. After  the mechanical p roper t i es  and porosi ty  were 

measured, the samples were reimpregnated t o  reduce residual  porosi ty  due t o  

shrinkage during polymerization, and re-exposed t o  the rad ia t ion .  

4. Ef fec t  of water on dimensional s t a b i l i t y  of  the composites 

Samples, both impregnated and unimpregnated, were mounted on 

Tuckerman s t r a i n  gauges. They were i n  the form of prisms 1 by 3 by 0.13 cm 

and were enclosed i n  vacuum vessels ;  samples from each preparat ion were 

immersed i n  l i q u i d  water and companion samples of  each preparat ion were exposed 

t o  water vapour a t  100 per  cent  R.H. Expansion was measured as a function of 

time 

RESULTS 

1. Mechanical p roper t i es  of unimpregnated systems 

The logarithms of  microhardness and modulus of e l a s t i c i t y  were 

p l o t t e d  aga ins t  porosi ty .  The p l o t s  resu l ted  i n  a family of  s t r a i g h t  l i n e s  



(each s i l i c a  con ten t  y i e l d i n g  a d i f f e r e n t  l i n e )  with d i f f e r e n t  s lopes ;  Figure  1 

shows t h e  r e s u l t s  f o r  Young's modulus. (2) The r e s u l t s  o f  l i n e a r  r e g r e s s i o n  

a n a l y s i s  a r e  recorded i n  Table I .  

TABLE I 

Regression Analysis o f  Modulus o f  E l a s t i c i t y ,  

and Microhardness versus  Poros i ty  Data 

E = EOl  exp(-bEp) 

% ~ i  E~~ ( ~ a  x r t b ~ *  

0 3200.0 0.0885 * 0.0074 0.962 

5 704.7 0.0509 ' 0.0078 0.960 

10 887.2 0 .0599 '0 .0058  0.978 

20 568.9 0.0405 ' 0.0021 0.998 

30 387.3 0.0300 ' 0.0035 0.979 

5 0 419.8 0.0380 ' 0.0023 0.995 

65 477.5 0.0415 2 0.0055 0.970 

Rm. temp. 300.0 

M = HOI exp(-bHp) 

%Si - 2 
HO1(MPa x 10 ) b~ r 

0 - 
5 30.27 0.0667 + 0.0072 0.989 

10 33.96 0 . 0 6 6 9 ' 0 . 0 0 8 3  0.976 

20 32.89 0.0629 ' 0.0065 0.970 

30 18.16 0.0452 * 0.0055 0.973 
1 

5 0 21.83 0.0521 ' 0.0086 0.957 

65 39.45 0.0680 * 0.0147 0.950 

Rm. Temp. 14 .50 

* gives  90 p e r  c e n t  confidence l i m i t s  

t c o r r e l a t i o n  c o e f f i c i e n t  

Microhardness and modulus o f  e l a s t i c i t y  f o r  t h e  autoclaved and m o m  

temperature hydrated p a s t e  obey the  general  r e l a t i o n s h i p ,  

E,ii = (E ol,Hol) exP. ( -bE,H) PI  (1) 

1 53 



where E and H r e f e r  t o  modulus o f  e l a s t i c i t y  and microhardness r e s p e c t i v e l y ,  p  

r e p r e s e n t s  p o r o s i t y ,  and b  i s  a  c o n s t a n t .  EO1 and HO1 a r e  t h e  modulus o f  

e l a s t i c i t y  and microhardness o f  t h e  autoclaved and room-temperature hydra t ed  

p a s t e  a t  zero  p o r o s i t y .  

2. Densi ty  of unimpregnated systems 

The s o l i d  d e n s i t i e s  were determined a t  11 p e r  c e n t  R.11. by helium 

displacement  f o r  a l l  p repa ra t ions  s t u d i e d .  The s p e c i f i c  volume f o r  a  g iven 

w a t e r / s o l i d  r a t i o  i n c r e a s e s  t o  a  maximum value a s  s i l i c a  con ten t  i nc reased  and 

then decreased a t  l a r g e  s i l i c a  con ten t s  (Figure  2) .  Samples wi th  low s p e c i f i c  

volume conta ined aC S hydra te  (determined by x-ray d i f f r a c t i o n )  and had r e l a -  
2  

t i v e l y  low va lues  o f  Young's modulus and microhardness.  Samples wi th  t h e  

h i g h e s t  s p e c i f i c  volume conta ined poor ly  c r y s t a l l i z e d  h y d r o - s i l i c a t e  and had 

maximum va lues  o f  Young's modulus and microhardness.  (2) 

3 .  Young's modulus and microhardness,  a t  zero  p o r o s i t y  

These va lues  were ob ta ined  f o r  a l l  t he  p repa ra t ions  by e x t r a p o l a t i n g  

t o  zero p o r o s i t y  the  gene ra l  r e l a t i o n s h i p  r e f e r r e d  t o  above; t hey  a r e  inc luded  

i n  Table I .  I t  can be seen  t h a t  t h e  h i g h e s t  va lues  were ob ta ined  f o r  t h e  sam- 

p l e s  wi th  t h e  low s i l i c a  con ten t  ( con ta in ing  t h e  l a r g e r  q u a n t i t y  o f  h igh d e n s i t y  

cLC2S), although these  p r e p a r a t i o n s  had lower e l a s t i c  modulus and microhardness 

va lues  a t  h i g h e r  p o r o s i t i e s .  R i s  r e s u l t  sugges t s  t h a t  t h e  low values  f o r  t h e  

samples having high p o r o s i t y  may be  due t o  low bond s t r e n g t h  o r  small  a r e a  o f  

bond between i n h e r e n t l y  s t r o n g  c r y s t a l s .  With dec reas ing  p o r o s i t y  t h e  a r e a  o f  

bond i n c r e a s e s ,  and t h e  p r o p e r t i e s  o f  t h e  body should  tend t o  those  o f  t h e  

i n d i v i d u a l  c r y s t a l l i t e s .  The morphology o f  t h e  c r y s t a l s ,  t h e i r  bonding and 

t h e i r  i n h e r e n t  mechanical p r o p e r t i e s  a l l  appear  t o  p l ay  a  r o l e  i n  determining 

t h e  mechanical p r o p e r t i e s  o f  a  porous body. 

4 .  Mechanical p r o p e r t i e s  o f  p o r t l a n d  cement systems impregnated wi th  s u l f u r  

Figure  3 g ives  t h e  observed dependence o f  Young's modulus on volume 

f r a c t i o n  o f  s u l f u r  impregnant. These r e s u l t s  show t h a t  t h e  l a r g e r  tlie s u l f u r  

volume f r a c t i o n ,  t h e  sma l l e r  t h e  Young's modulus f o r  each composition and t h a t  
p r o p e r t i e s  of t he  composite a r e  n o t  uniquely  determined by the  volume f r a c t i o n  

o f  s u l f u r .  The p r o p e r t i e s  o f  t h e  cement ma t r ix  a r e  a l s o  important  i n  d e t e r -  

mining t h e  mechanical p r o p e r t i e s  o f  t h e  composite.  The observed dependence o f  

Young's modulus on t h e  s i l i c a  con ten t  be fo re  and a f t e r  impregnation is  

p resen ted  i n  Figure  4 ,  and t h e  s u l f u r  con ten t  dependence of t h e  r a t i o  o f  

Young's modulus a f t e r  t o  t h a t  be fo re  impregnation Ec/E i s  shown i n  Figure  5 .  

Values o f  Young's modulus o f  t h e  samples made with 5 and 10 p e r  cen t  s i l i c a  



were t h e  lowest b e f o r e  impregnation and t h e  h i g h e s t  a f t e r  impregnat ion.  These 

p r e p a r a t i o n s ,  a s  s t a t e d  p rev ious ly ,  were composed o f  predominantly h igh  d e n s i t y  

aC2S. 

The fo l lowing  equa t ion  (der ived from Reuss1 model (8) ) f o r  t h e  

modulus o f  e l a s t i c i t y  o f  a two-phase composite m a t e r i a l  was found t o  be i n  good 

agreement wi th  the  r e s u l t s  given i n  Figure  3: 
r 

where V1 and V a r e  t h e  volume f r a c t i o n s  o f  ma t r ix  and impregnant r e s p e c t i v e l y  
2 

and EO1 and Eo2, t h e  zero  p o r o s i t y  va lues  f o r  t h e  ma t r ix  and impregnant 

m a t e r i a l s .  Young's modulus, Ec , f o r  samples wi th  t h e  lowest  volume f r a c -  

t i o n  o f  s u l f u r ,  were used i n  Eq. (2) t o  c a l c u l a t e  EO1 f o r  each p r e p a r a t i o n .  (9) 
3 

EO2 f o r  zero p o r o s i t y  s u l f u r ,  was taken a t  13.9  x 10 MPa. (10) The va lues  

f o r  EO1 ob ta ined  i n  t h i s  way a r e  t a b u l a t e d  i n  Table I1 a long wi th  t h e  va lues  

ob ta ined  by t h e  e x t r a p o l a t i o n  technique.  R e l a t i v e l y  good agreement was 

ob ta ined .  (9) 

The microhardness d a t a  f i t  a modified form o f  Reuss ' equat ion,  

f a c t o r s  be ing  added t o  account f o r  s t r e s s  concen t ra t ions .  (7) The r a t i o  of 

microhardness o f  impregnated samples t o  t h a t  o f  t h e  unimpregnated samples 

v a r i e d  from 1 . 5  t o  6 .0  depending on composition and volume f r a c t i o n .  

TABLE I1 

Modulus o f  E l a s t i c i t y  from Mixing-rule and Ex t rapo la t ion  

E e x t r a p  x 10  
- 3 

% S i  E mixt.  x 10- 
MP a MPa 

  EM^ - ' ex t Ix  loo 

E ~ x  

5 82.4 70.5 +17 

10 71.0 88.7  - 2 3  

20 47.7 56.9 -19 

30 41.1 38.7 + 5 . 8  

5 0 38.4 42.0 - 9 .0  

65 42.7 47.8  -11.7  

Rm. 
Temp. 33.0 30.0 + 9 . 1  



5. Mechanical p roper t i es  of port land cement systems impregnated with methyl 

methacrylate 

Samples with compositions s imi la r  t o  those used f o r  the  s u l f u r  

impregnation study were a l s o  impregnated with methyl methacrylate monomer. 

Residual p o r o s i t i e s  a f t e r  impregnation were i n  the o rder  of  1 t o  2 per  cent .  

The observed dependence of  Young's modulus on volume f r a c t i o n s  of  methyl meth- 

ac ry la te  is shown i n  Figure 6. The cor re la t ion  c o e f f i c i e n t s  f o r  the l i n e a r  

regression l i n e s  given i n  the f igure  were a l l  b e t t e r  than 90 p e r  cent .  Detai ls  

concerning t h i s  work a re  t o  be published l a t e r .  A comparison of  these r e s u l t s  

with those f o r  s u l f u r  impregnation shows t h a t  the curves f o r  s u l f u r  a r e  d i s -  

placed t o  higher  values, f o r  the  same volume of mater ial  impregnated. Another 

observation i s  t h a t  the r e l a t i v e  order  of the compositions i n  each s e t  of  data  

is  s i m i l a r  ind ica t ing  t h a t  the matrix i s  inf luencing the  proper t i es  of t h e  

composite i n  a s imi la r  way i n  both cases .  Similar  behaviour was observed i n  

the measurements of microhardness. 

The mixing-rule equation was a l so  appl ied t o  t h i s  system; the  values 

f o r  E c, EO1 and the  volume f rac t ions  of the components were s u b s t i t u t e d  i n  

Eq. (2) to  obtain Eo2 ,  the  modulus a t  zero porosi ty  f o r  polymethyl methacrylate. 

The value obtained was 2 t o  4 times l a r g e r  than the bulk value. A possible  

explanation f o r  t h i s  i s  t h a t  as  the polymer was ac tua l ly  formed i n  the  pores 

(being placed there  a s  the  monomer), i t s  behaviour may be d i f f e r e n t  from t h a t  

of the bulk mater ial .  

6. Porous g lass  impregnation 

The o r i g i n a l  poros i ty  o f  the  sample impregnated with s u l f u r  was 29.7 

per cent.  After  impregnation the  res idua l  poros i ty  was 4 .4  per  cent ,  s i m i l a r  

i n  value t o  several  of the port land cement preparat ions.  The increase i n  

Young's modulus was only 15 per  cent ;  i n  the microhardness, it was 35 per  cent.  

In the  case of methyl methacrylate impregnation, the  porosi ty  of the sample was 
1 

31.8 per  cent  and a f t e r  impregnation there  was about 1 per  cent  residual  

porosi ty .  The increase i n  Young's modulus was 84 per  cent  and i n  microhardness 

approximately 160 p e r  cent .  The r e s u l t s  f o r  the su l fur /g lass  systems were not 

i n  good agreement with the  increase i n  modulus and hardness was much lower than 

would be pred ic ted .  In the case of methyl-methacrylate/glass system, t h e  com- 

puted Eo2 was much higher  than the bulk value, a s  was a l s o  found f o r  the  

portland-cement/methyl-methacrylate system. 
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7 .  Dimensional s t a b i l i t y  of  composites 

Expansion as  a funct ion of  time was measured f o r  the  g lass / su l fur ,  

room-temperature cured pas te / su l fur ,  and methyl-methacrylate/paste systems. 

The sulfur /porous-glass  composite expanded rapidly and broke i n t o  small pieces 

a f t e r  about 2 h of  exposure t o  water vapour a t  100 per  cent  R.H. Expansion 

exceeded 1 per  cent  i n  length. The hydrated-cement/sulfur composite a l s o  

expanded when exposed t o  the water vapour, but a t  a lower r a t e  than the  glass-  

s u l f u r  composite. I t  d i s in tegra ted  a f t e r  12 t o  15 h.  The sample became 

laminated and warped. The cement/methy-methacrylate system a l s o  expanded on 

exposure but  a t  a much slower r a t e  than the o ther  composites. 

The unimpregnated samples remained i n t a c t  but  expanded more rapidly 

when immersed i n  l i q u i d  o r  when exposed t o  water vapour a t  100 per  cent  R . H . ;  

the value expected from length change adsorpt ion measurements was obtained. 

These values were much l e s s  than those observed f o r  the impregnated samples. 

DISCUSSION 

1. S t ruc ture  of  port land cement systems 

(a) Porosi ty ,  probably the most important parameter con t ro l l ing  mechanical 

p roper t i es  o f  these systems, can be reduced by two methods: preparat ion 

i n i t i a l l y  of a body with a l a r g e r  unhydrated cement product content,  and 

impregnation with another mate r ia l .  I t  is  considered t h a t  both techniques 

improve the  bonding between individual  c r y s t a l l i t e s .  The mechanical p roper t i es  

of mate r ia l s  containing large amounts o f  aC S a re  low a t  high p o r o s i t i e s  2 
r e l a t i v e  t o  the o ther  preparations,probably due t o  poor bonding between the 

c r y s t a l l i t e s .  (2,9) 

Both of these techniques show t h a t  i n  the  case of preparat ions low 

i n  s i l i c a ,  where the  dense, more c r y s t a l l i n e  mater ial ,  aC2S, is predominately 

present ,  s t rong  bodies a re  formed when the surfaces of the  c r y s t a l l i t e s  a r e  i n  

close proximity o r  bonded together  by an impregnant. ' h e  f a c t  t h a t  the  values 

of the e l a s t i c  modulus f o r  zero poros i ty ,  E O l ,  f o r  these preparat ions,  were 

the g r e a t e s t ,  ind ica tes  t h a t  the shape of  t h e  pores and the bonding between 

c r y s t a l l i t e s  a r e  very important i n  determining mechanical p roper t i es .  I t  

would appear t h a t  impregnation grea t ly  increases bonding between c r y s t a l l i t e s  

and/or changes the shape of pores o r  flaws so  as  t o  reduce s t r e s s  concentra- 

t ions.  The grea te r  E / E  r a t i o s  (Figure 5) f o r  these mate r ia l s  can thus be 
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understood as  well a s  the  lower r a t i o s  f o r  the  room-temperature cured paste  and 

the 20 and 30 per  cent  s i l i c a  preparat ions.  m e  l a t t e r  mater ials  a r e  poorly 

c r y s t a l l i n e ,  with l a r g e r  surface a reas ,  and chances f o r  good i n t e r p a r t i c l e  bond 

a t  higher  p o r o s i t i e s  a r e  g rea te r .  Thus, despi te  t h e i r  lower densi ty,  t h e i r  

mechanical p roper t i es  a r e  super io r  a t  high p o r o s i t i e s .  

(b) The f a c t  t h a t  EO1 values can be determined from two independent equations, 

Eqs. (1) and (2) ,  both involving poros i ty ,  and fur ther ,  t h a t  Ec/E r a t i o s  can be 

predicted with reasonable accuracy, lends credence t o  arguments f o r  measuring 

porosi ty  by helium pycnometer techniques. 

2. Val idi ty  of  assumptions i n  use of  mixing-rule equations 

(a) In using the  simple Reuss model mixing-rule it i s  i m p l i c i t l y  assumed t h a t  

the  contact  between phases i s  such t h a t  the  impregnant phase is  i n  f a c t  being 

f u l l y  subjected t o  the  s t r e s s  imposed on the  system. The contact between sur-  

faces i n  the  cement/sulfur and cement/methyl-methacrylate systems appear t o  be 

adequate f o r  s a t i s f a c t o r y  s t r e s s  t r a n s f e r  although i t  is  s t i l l  not  good enough 

t o  prevent re-entry o f  water vapour. The phenomenon of  des t ruc t ion  observed 

here i s  complex and w i l l  be discussed i n  a fu ture  paper. The r e s u l t s  from the 

porous g lass / su l fur  system, i . e .  the  low increase i n  mechanical p roper t i es  and 

the rap id i ty  of  e n t r y  of  water i n t o  the system, i n d i c a t e  t h a t  l i t t l e  o r  no bond 

occurs a t  the  i n t e r f a c e  i n  t h i s  p a r t i c u l a r  system. 

(b) I t  is  assumed t h a t  the p roper t i es  of the impregnant, Eo2 ,  a re  s imi la r  t o  

the bulk proper t i es  o f  the  mate r ia l .  This assumption appears s u b s t a n t i a l l y  

cor rec t  i n  the  case of  s u l f u r  where the  mater ial  en te rs  i n t o  the pores as  

molten s u l f u r  and s o l i d i f i c a t i o n  occurs i n  the  pores. However, i n  the  case of 

methyl methacrylate, the  chemical conversion from monomer t o  polymer takes place 

i n  the pores and, from the app l ica t ion  of the  mixing-rule, i t  would appear t h a t  

t h i s  assumption does not hold.  

CONCLUSIONS 

1. Porosi ty  is  an important property defining the  s t r u c t u r e  and mechanical 

p roper t i es  of  hydrated port land cement; it can be measured by the helium 

pycnometer method. 

2. Other important p roper t i es  inf luencing the  mechanical behaviour of  these 

systems a r e  the  nature of the  bond between c r y s t a l l i t e s  and the  mechanical 

p roper t i es  of  the  individual  c r y s t a l l i t e s .  

3 .  Impregnation of  hydrated cement paste  cured a t  room temperature and 

autoclaved cement-s i l iba preparat ions with s u l f u r  and methyl methacrylate 

improves mechanical p roper t i es .  



4 .  I n t e r f a c i a l  bond between s u l f u r  and hydrated cement paste  and methyl 

methacrylate and the pas te  i s  adequate f o r  improving mechanical p roper t i es ,  b u t  

does not prevent re-entry of water vapour and the  consequent expansion resu l t ing ,  

i n  some cases,  i n  des t ruc t ion  of  the  specimen. 

5. Paste  cured a t  room temperature has r e l a t i v e l y  high mechanical p roper t i es  

a t  high p o r o s i t i e s  when compared t o  products high i n  aC2S because of t h e  chance 

of good bonding between poorly c r y s t a l l i z e d  high surface-area c r y s t a l l i t e s .  
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FIG. 1 - Modulus of e l a s t i c i t y  versus porosi ty  f o r  various autoclaved and 

room temperature hydrated cement and cement-silica preparat ions 
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- Spec i f ic  volume of s o l i d  phase versus s i l i c a  content f o r  various 

autoclaved cement-silica preparat ions 
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FIG. 3 - Modulus of  e l a s t i c i t y  versus volume f r a c t i o n  of  s u l f u r  f o r  d i f f e r e n t  

s i l i c a  contents  
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