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Les d c a n i s m e s  de renforcement q u i  a g i s s e n t  dans l a  p l t e  de 
ciment 2 hau te  r e s i s t a n c e  s o n t  eva lues  dans c e t  e s s a i  v i s a n t  B 
d e f i n i r  l e s  c a r a c t e r i s t i q u e s  communes B c e r t a i n e s  nouve l l e s  
t echno log ies  comme l e s  p a t e s  de ciment p res sees  3 chaud, 
impregnees e t  sans  d6 fau t s  majeurs.  Les f a c t e u r s  importants  
modif iant  l a  r e s i s t a n c e  des  mater iaux poreux s o n t ,  e n t r e  
a u t r e s ,  l a  p o r o s i t e ,  l a  dimension des  po res ,  l a  composition 
C-S-H, l e  comportement des  composites e t  l e s  c r i t e r e s  de 
rup tu re .  

C e t t e  communication t r a i t e  egalement des  e f f e t s  de f a i b l e s  
r a p p o r t s  eau-ciment, des i n c l u s i o n s  denses ,  des  mod i f i ca t ions  
des  c o n t r a i n t e s  dans l e s  zones c r i t i a u e s  e t  de l e u r  r81e dans 
11am61iora t ion e t  l e  c o n t r a l e  d e l a - f a b r i c a t i o n  de l a  p l t e  de 
ciment B hau te  r e s i s t a n c e .  
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(Received June 5,  1984) 

The mechanisms responsible  f o r  high s t r e n g t h  i n  cement p a s t e  
systems a r e  assessed i n  an attempt t o  def ine  f e a t u r e s  common 
t o  s e l e c t e d  new technologies ,  e.g., hot-pressed, impregnated, 
and macrodefect-free pastes .  Important f a c t o r s  inf luencing 
s t r e n g t h  of porous systems inc lude  poros i ty ,  pore geometry, 
C-S-H composition, composite behaviour and f r a c t u r e  c r i t e r i a .  
The e f f e c t s  of low watercement  r a t i o ,  dense inc lus ions ,  
s t r e s s  modif icat ion i n  c r i t i c a l  a r e a s  and t h e i r  r o l e  i n  
optimizing and c o n t r o l l i n g  production of high-strength cement 
pas te  a r e  discussed. 

Energy consciousness i n  t h e  1980's has increased t h e  need f o r  innovat ion 
i n  t h e  cement and concrete  indus t ry ,  wi th  t h e  r e s u l t  t h a t  high-strength 
l ightweight  mate r ia l s  have been developed f o r  var ious  app l ica t ions  such a s  
c ladding panels  and composites f o r  r e t r o f i t  purposes. The a r e a  of high 
s t r e n g t h  concrete* has  a l s o  been t h e  sub jec t  of recen t  symposia c a l l e d  t o  
o b t a i n  consensus on p r i o r i t i e s  t o  be s e t  among concrete  s c i e n t i s t s ,  s t r u c t u r a l  
engineers ,  and mechanics t h e o r i s t s  (1).  

Development .of new m a t e r i a l s  has  genera l ly  been c a r r i e d  o u t  by m a t e r i a l  
s c i e n t i s t s ,  inc lud ing  research on t h e  s u p e r p l a s t i c i z e r s  t h a t  have made 
poss ib le  the  use of low w/c r a t i o  concrete.  Although t h e r e  a r e  many , 
conventional ways of producing high-strength concrete  ( inc lud ing  jud ic ious  
s e l e c t i o n  of aggregate,  admixture and cur ing condi t ions)  work has  genera l ly  
been r e l a t e d  t o  t h e  cement p a s t e  binder  phase. New technologies r e s u l t i n g  i n  

I high-strength concrete  products have evolved from research on port land cement 
p s t e .  Th is  paper examines some of t h e  s t rengthening mechanisms i n  opera t ion  
i 2 high-strength cement pas te  and considers  t h e  mechanistic f e a t u r e s  common t o  
s e l e c t e d  new technologies  concerned wi th  t h e  paste .  

* For normal weight aggregate  concrete ,  h igh s t r e n g t h  is  genera l ly  def ined a s  
concrete  having compressive s t r e n g t h  exceeding t h a t  used i n  cur ren t  design 
p r a c t i c e  and i s  nominally 240 MPa. 
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Some a u t h o r s  (12) have c i t e d  t h e  e x i s t e n c e  of macropores a s  a s t r e n g t h  
c o n t r o l l i n g  f a c t o r  i n  cement systems. Evidence f o r  t h e  ex i s tence  of 

I 
macropores based on d i f f e r e n c e s  i n  p o r o s i t y  va lues  obta ined by water  

I pycnometry o r  pycnometry us ing o t h e r  f l u i d s  i s  n o t ' v a l i d  i n  hydrated por t l and  
cement systems. Macropores i n  very low w/c r a t i o  cement p a s t e  p repara t ions  

I (w/c G 0.20) may occur a s  a r e s u l t  of poor compaction i f  rheo log ica l  a i d s ,  
I t s p e c i a l  admixtures,  o r  s p e c i a l  compaction procedures a r e  n o t  used. Such voids  

would undoubtedly be a source  of weakness. 

1.2 Composition of C-S-H 

It i s  known t h a t  f o r  t h e  hydrated por t l and  cement system t h e  degree  of 
polymerization and p o l y s i l i c a t e  con ten t  i n c r e a s e s  w i t h  t i m e .  It h a s  n o t  y e t  
been demonstrated, however, t h a t  t h e  dependence of s t r e n g t h  on p o l y s i l i c a t e  
con ten t  i s  independent of t h e  type  of C-S-H. 

The dependence of s t r e n g t k p o r o s i t y  r e l a t i o n s  on chemical composition 
of t h e  h y d r o s i l i c a t e s  (and, hence, dens i ty  and c r y s t a l l i n i t y )  has  been s t u d i e d  
by t h e  au thors ,  who obtained a family of l o g  s t r e n g t k p o r o s i t y  curves  from t h e  
r e s u l t s  of measurements on a v a r i e t y  of autoclaved cement-s i l ica  systems (5) 
(Fig. 2a). In  general ,  h i g h e s t  s t r e n g t h s  appear  t o  be  obtained i f  t h e  
reac t ion  product i s  a blend of poor ly -c rys ta l l ine  and semi -c rys ta l l ine  types  
of C-S-H (curves  f o r  20 and 30% Si02,  Fig. 2a). The p ropor t ion  of c r y s t a l l i n e  
types giving h ighes t  s t r e n g t h  is dependent on poros i ty  and s t a r t i n g  mate r ia l .  
The f l y  ash/cement blend (curve EF, Fig. 2a) h a s  a n  inc reas ing  proport ion of 
coarse ,  dense, c r y s t a l l i n e  m a t e r i a l  and has  h i g h e s t  s t r e n g t h s  over  t h e  
p o r o s i t y  range studied. Very high s t r e n g t h  obtained a t  low p o r o s i t y  (below 
the  normal working range) wi th  a h i g h d e n s i t y  mat r ix  m a t e r i a l  w i l l  be 
discussed a s  a s p e c i a l  c a s e  i n  s e c t i o n  2.2. 

Taylor  (6)  and Crennan e t  a l .  (13) presented t h e  authors '  d a t a  i n  
another  way by prepar ing a poros i ty  pa r t i c le - type  s t r e n g t h  diagram (Fig. 2b) 
f o r  cement p a s t e s  and s i m i l a r  mate r ia l s .  Poros i ty  i s  p l o t t e d  a g a i n s t  amount 
of coarse ,  dense, c r y s t a l l i n e  m a t e r i a l  f o r  a s e r i e s  of cons tan t  s t r e n g t h  
contours.  The l i n e s  AB, EF, and CD c ross ing  t h e  s t r e n g t h  contours  a r e  f o r  
normally cured cement pas te ,  autoclaved cement-s i l ica  products  and very "high 
densi ty"  cement mate r ia l s .  The s i g n i f i c a n c e  of t h e  l i n e s  w i l l  be discussed i n  
s e c t i o n s  2.1 and 2.2. 

1.3 Cement Pas te  Microst ructure  

Cement p a s t e  can be considered a s  a composite m a t e r i a l  c o n s i s t i n g  
l a r g e l y  of C-S-H, CH, unhydrated cement and pore  space,  t h e  amount of each 
component depending on the  degree of hydrat ion and w/c r a t i o .  I n  a s s e s s i n g  
t h e  r e l a t i v e  c o n t r i b u t i o n  of each component t o  s t r e n g t h  t h e  a p p l i c a t i o n  of  
composite theory i s  u s e f u l ;  when applying binary mixture r u l e  theory C-S-H, 
CH, and pore  space can  be considered a s  one phase and unhydrated cement a s  t h e  
other .  The fol lowing form of mixing r u l e  equat ion r e l a t i n g  microhardness* of 
t h e  composite (Hc) t o  volume f r a c t i o n  of t h e  second phase provides  some 
i n s i g h t  i n t o  expected composite behaviour (14) : 

Hc = H I  (1 + {av2/(1 + Y V ~ ) } )  

where a = ( G  /G - l ) / ( G  / G ~ ) } B  
Y = 1 a-fE,fE,)+l)f ( E , / E , - ~ )  

V2 = volume f r a c t i o n  of second phase 
E i s  modulus of e l a s t i c i t y  

* Microhardness c o r r e l a t e s  w i t h  both compressive and f l e x u r a l  s t r e n g t h  of 
cement systems (5). 
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FIG. 2 (a )  
Compressive s t r e n g t h  versus  
poros i ty  f o r  va r ious  autoclaved 
and room temperature hydrated 
cement and c e m e n e s i l i c a  
p repara t ions  

F L E X U R A L  S T R E N G T H .  M P a  

0 
I N C R E A S I N G  P R O P O R T I O N  O F  C O A R S E ,  
D E N S E .  C R Y S T A L L I N E  M A T E R I A L  - 

FIG. 2(b) 
Poros i ty -par t i c le  t y p e s t r e n g t h  
p l o t  f o r  cement p a s t e s  and 
s i m i l a r  mate r ia l s .  Curves of 
cons tan t  compressive s t r e n g t h  a r e  
l a b e l l e d  i n  MPa. The broken l i n e  
XC j o i n s  p o i n t s  of maximum 
s t r e n g t h  a t  a  g iven  p o r o s i t y  and 
f r a c t i o n  of non-crysta l l ine  
mater ia l .  For s i g n i f i c a n c e  of 
l i n e s  AB, CD and EF s e e  t e x t  k 

FIG. 2(c)  
Re la t ion  between compressive 
s t r e n g t h  and f l e x u r a l  s t r e n g t h  
f o r  normally hydrated por t l and  
cement p a s t e  
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G i s  shear  modulus 
f? i s  a s t r e s s  concentra t ion f a c t o r  and i s  a func t ion  of E2/E and 

geometry of the  second phase ( i .e .  major t o  minor a x i s  r a t i o  of 
a n  e l i p t i c a l  inc lus ion)  

(Subscr ip t s  r e f e r  t o  f i r s t  o r  second phase and H1 i s  t h e  microhardness 
of t h e  f i r s t  phase, usua l ly  t h e  continuous matrix.)  

An example where eq. (1) might be app l ied  i s  a cement system con ta in ing  
l a r g e  amounts of unhydrated cement separated by t h i n  l a y e r s  of C-S-H. 
Consider phase 1 t o  be t h e  dense,  unhydrated cement p a r t i c l e s  p resen t  i n  
s u f f i c i e n t  numbers t o  comprise t h e  continuous phase, and t h e  second, 
d iscont inuous phase t o  be t h e  hydrated m a t e r i a l  inc lud ing  C-S-H, CH and pore  
space. Equation (1 )  i n d i c a t e s  t h a t  t h e  con t r ibu t ion  of t h e  second phase t o  
composite s t r e n g t h  depends on t h e  shape of t h e  second-phase p a r t i c l e s ,  modulus 
r a t i o ,  and volume f r a c t i o n .  The inner  bracketed term (negat ive)  expresses  t h e  
degree t o  which t h e  s t r o n g  unhydrated cement p a r t i c l e s  can c o n t r i b u t e  t o  
composite s t r eng th .  Other examples include polymer-impregnated o r  modified- 
cement systems. In  general ,  t h e  composite theory w i l l  be used t o  supplement 
o t h e r  arguments i n  support  of p a r t i c u l a r  s t rengthening mechanisms. 

1.4 Crack Formation 

Some workers have employed t h e  G r i f f i t h  equat ion t o  p r e d i c t  
s t r e n g t h  ( o )  of ceramic and cement systems (5) .  

where E i s  Young's modulus, T i s  s u r f a c e  energy, and c i s  ha l f  t h e  f l aw 
length.  

One d i f f i c u l t y  w i t h  t h e  d i r e c t  a p p l i c a t i o n  of eq. (2) i s  t h a t  work 
t e r m  i n  a d d i t i o n  t o  s p e c i f i c  s u t f a c e  energy a f f e c t  f r a c t u r e .  Secondly, 
n e i t h e r  f r a c t u r e  energy nor Young's modulus i s  constant ;  both a r e  dependent on 
poros i ty ,  w/c r a t i o ,  environment, and o t h e r  mat r ix  p r o p e r t i e s  (2,15). For 
example, some workers have i n c o r r e c t l y  compared polymer-odified cement 
systems with  ordinary por t l and  cement p a s t e  (9), us ing  t h e  same v a l u e  of T f o r  
both  systems i n  eq,  (2) .  

Equation (2)  i s  a p a r t i c u l a r  case  of t h e  I n g l i s  s o l u t i o n  f o r  t h e  s t r e s s  
f i e l d  round an e l l i p t i c a l  hole  i n  an i n f i n i t e  p l a t e  wi th  i t s  major a x i s  normal 
t o  a uniform t e n s i l e  s t r e s s  (16). A fundamental assumption i n  t h e  G r i f f i t h  
equat ion i s  t h a t  t h e  flaws a r e  a tomical ly  sharp  and t h e  major/minor a x i s  r a t i o  
l a r g e ,  i . e . ,  t h a t  t h e  shape of t h e  f l aw i s  fixed. Pores (having d i f f e r e n t  
pore shapes) ,  a s  such, do not  f i t  t h e  G r i f f i t h  d e f i n i t i o n  of a flaw. Some 
ceramic s c i e n t i s t s  have approached t h i s  problem by consider ing pores  
themselves a s  an i n t e g r a l  p a r t  of f laws,  i.e., t h e  l eng th  of t h e  f l aw i s  
considered t o  be t h e  pore  diameter p l u s  one g r a i n  diameter on e i t h e r  s i d e  of 
the  pore (17). This i s  based on t h e  concept t h a t  cracks  w i l l  propagate a long 
g r a i n  boundaries emanating from t h e  pore w a l l  i n t o  t h e  body u n t i l  t h e  next  
l ayer  of g r a i n s  i s  encountered. Ef fec t s  of v a r i a t i o n  i n  pore shape t h a t  a l t e r  
t h e  s t r e s s  f i e l d  i n  t h e  v i c i n i t y  of t h e  pore a r e  n o t  considered. This  concept 
was appl ied t o  cement p a s t e  by Wittman and Zai tsev,  who modelled t h e  system a s  
a p l a t e  con ta in ing  a c y l i n d r i c a l  h o l e  w i t h  two edge c racks  emanating from 
po in t s  of maximum t e n s i l e  s t r e s s  (18). Ver i f i ca t ion  of i t s  v a l i d i t y  f o r  
normally hydrated cement p a s t e  by d i r e c t  measurement i s  d i f f i c u l t  s i n c e  g r a i n  
s i z e  is  extremely f i n e .  I n  systems t h a t  con ta in  l a r g e  numbers of unhydrated 
cement g r a i n s  (5 - 50 um) i t  may be possible .  It i s ,  however, uncer ta in  
whether macropores i n  poorly compacted low waterlcement r a t i o  p a s t e s ,  which 
con ta in  l a r g e  amounts of unhydrated cement, can  be  considered a s  f l aws  i n  t h e  
G r i f f i t h  sense  (9 ) .  
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1.5 Applied S t r e s s  Mode 

The d i scuss ion  of f r a c t u r e  c r i t e r i a  h a s  been based on specimens 
sub jec ted  t o  t e n s i l e  s t r e s s .  A l i n e a r  c o r r e l a t i o n  between compressive and 
f l e x u r a l  s t r e n g t h s  was observed (19) f o r  normally hydrated cement p a s t e  
(Fig. 2c); t h e  average compressive/f l e x u r a l  s t r e n g t h  r a t i o  was approximately 
10. Roy and Gouda (7 )  found a s i m i l a r  c o r r e l a t i o n  between compressive and 
t e n s i l e  s t r e n g t h s  f o r  both  h o e p r e s s e d  and cold-pressed cement p a s t e  
specimens and argued t h a t  most mic ros t ruc tu ra l  p r o p e r t i e s  (such a s  p o r o s i t y )  
a f f e c t i n g  high s t r e n g t h  i n  compression c o n t r i b u t e  i n  a p a r a l l e l  manner t o  t h e  
h igh  s t r e n g t h  i n  tension. 

F a i l u r e  t h a t  occurs  i n  most compressive s t r e n g t h  t e s t s  involves  t h e  
generat ion of t e n s i l e  s t r e s s e s  because of end e f f e c t s .  Crack growth invo lv ing  
a pore l inkage  process  h a s  a l s o  been descr ibed a s  occur r ing  dur ing  compression 
of por t land cement p a s t e  (17). It appears  t h a t  t h e r e  a r e  common f a c t o r s  
a f f e c t i n g  crack growth i n  compression and f l e x u r a l  t e s t ing .  The r o l e  pores  
play i n  f r a c t u r e  under compression o r  i n  t ens ion  may, however, be d i f f e r e n t .  
Rice  h a s  suggested t h a t  t e n s i l e  ( o r  f l e x u r a l )  s t r e n g t h  may be  c o n t r o l l e d  
pr imari ly  by pore and g r a i n  s i z e  and by t o t a l  poros i ty ,  inc lud ing  shape 
e f f e c t s ,  a s  discussed previously; he  f u r t h e r  a rgues  t h a t ,  i n  compression, 
pores a lone a c t  a s  s t r e s s  concentra tors :  t h a t ,  i n  compression, crack 
development from pores  is  i n h i b i t e d  u n t i l  much h igher  s t r e s s e s  have been 
reached (1  7). 

1.6 Pore Shape 

Several  express ions  have been used t o  desc r ibe  t h e  p o r o s i t y  dependence 
of  s t r e n g t h  and f r a c t u r e  energy f o r  ceramic and cement systems (6,20). For 
example, i t  has  been found t h a t  t h e  r o l e  of pore shape i n  f r a c t u r e  energy can 
be accounted f o r  by t h e  fol lowing r e l a t i o n  (2 1) : 

Y = Y , ~  -bp (3 )  

where Y = f r a c t u r e  energy, p = poros i ty ,  yo = f r a c t u r e  energy a t  z e r o  
p o r o s i t y ,  and b i s  a pore  shape f a c t o r  (Fig. 3). S imi la r  express ions  have 
been used f o r  t h e  poros i ty  dependence of e l a s t i c  modulus and s t reng th .  A 
model was developed by Knudsen (22) t o  account f o r  t h e  e f f e c t  of pore  shape by 
assuming t h a t  f r a c t u r e  energy should be p ropor t iona l  t o  t h e  f r a c t i o n  of s o l i d  
a r e a  f rac tu red ,  and t h a t  f r a c t u r e  w i l l  genera l ly  fol low t h e  p a t h  of m a x i m  
pore and minimum s o l i d  c ross - sec t iona l  a rea .  The a n a l y s i s ,  which assumes a 
uniform d i s t r i b u t i o n  of pores ,  r e s u l t e d  i n  t h e  non-linear model curves  i n  
Fig. 3. The "b" values  used i n  eq. ( 3 ) ,  which r e s u l t  i n  l i n e a r  curves i n  
c l o s e  agreement w i t h  t h e  model curves ,  a r e  g iven  i n  Fig. 3. Values of "b" 
der ived from s t r e n g t h  d a t a  f o r  autoclaved c e m e n t s i l i c a  p repara t ions  vary from 
4.4 t o  7.7. Assuming t h a t  t h e r e  i s  some c o r r e l a t i o n  between s t r e n g t h  r a t i o s  
(S/So) and f r a c t u r e  energy r a t i o s  (-flyo), t h e s e  systems seem t o  have a v a r i e t y  
of pore shapes. It might be argued t h a t  pore shape and composition of C-S-H 
a r e  n o t  two independent va r iab les .  It appears ,  however, t h a t  pore  shape 
modif icat ion f o r  a system with  a given composition provides a means of 
inc reas ing  s t reng th .  

I n  a d d i t i o n  t o  shape, t h e  "b" va lue  i n  eq. (3)  i s  a l s o  s e n s i t i v e  t o  
pore l o c a t i o n  and s i z e .  F rac tu re  has  genera l ly  been seen t o  o r i g i n a t e  i n  
l a r g e ,  no t  smal l ,  pores  i n  a body having both types  (17). Bodies having only 
f i n e  pores a r e  genera l ly  a t  l e a s t  a s  s t r o n g  a s  comparable bodies w i t h  
p r imar i ly  l a r g e  pores.  Samples having more uniformly shaped and spaced pores  
tend t o  have lower "b" values.  Local concentra t ions  of pores  can a l t e r  "b" 
values  whether t h e  pores  a r e  i n t e r g r a n u l a r  o r  in t ragranu la r ,  o r  mixed. In 
general ,  pores entrapped wi th in  g r a i n s  a r e  l e s s  de t r imenta l  t o  s t r e n g t h  than  
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FIG. 3  
Frac tu re  energy r a t i o ,  y/yo vs 
volume f r a c t i o n  poros i ty  f o r  
va r ious  simple pore  shapes. The 
arrows from each pore  shape 
i n d i c a t e  t h e  d i r e c t i o n  of 
s t r e s s i n g  r e l a t i v e  t o  t h e  pore  
geometry 
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pores  a t  g r a i n  boundaries. The "b" v a l u e  i n  compression tests i s  
s i g n i f i c a n t l y  higher.  The reason f o r  t h i s  apparent  h igher  poros i ty  dependence 
of compressive s t r e n g t h  i s  n o t  known. 

It fs apparent  t h a t  conparison of s t r e n g t h  d a t a  on t h e  b a s i s  of a n  
exponent ia l  equat ion s i m i l a r  t o  eq. (3) is  inadequate t o  exp la in  a l l  t h e  
reasons f o r  a t r eng th  d i f f e r e n c e s  among var ious  cement systems . The 
a p p l i c a t i o n  of eq. (3) t o  s t r e n g t h  d a t a  is,  however, a  u s e f u l  s t a r t i n g  p o i n t  
f o r  comparing d i f f e r e n t  systems. 

These comments address  what t h e  au thors  consider  t o  be some of  t h e  
important f a c t o r s  i n  t h e  development of very h i g h  s t r e n g t h  cement p a s t e s  ( i n  
t h i s  review compressive s t r e n g t h  i n  excess  of 60 MPa). Consideration w i l l  be 
given t o  these  f a c t o r s  i n  mechanistic arguments p e r t a i n i n g  t o  high 
s t reng th .  

2.0 Optimization of F a c t o r s  Cont ro l l ing  Production of 
H i g h t h  Cement Pas te  

2.1 Low Water-Cement Rat io  

A s  discussed, h igher  s t r e n g t h s  can be achieved wi th  normally hydrated 
low-porosity cement paste.* This  i s  usua l ly  accomplished by keeping t h e  w/c 
r a t i o  a s  low a s  poss ib le ,  but i t  should be recognized t h a t  low w/c r a t i o  
cement p a s t e  (usua l ly  w/c t0.25) has  a  c h a r a c t e r i s t i c  mic ros t ruc tu re  d i f f e r e n t  

. from t h a t  of p a s t e  wi th  higher  w/c r a t i o .  The low w/c r a t i o  p a s t e  i s  a  more 
heterogeneous composite m a t e r i a l  than  normal cement p a s t e  because i t  con ta ins  
s i g n i f i c a n t  amounts of anhydrous cement p a r t i c l e s  embedded i n  a  C-S-H matrix.  
This ,  i n  t u r n ,  has  c h a r a c t e r i s t i c s  d i f f e r e n t  from those produced a t  h igher  w/c 
r a t i o  (23). The C-S-H matr ix  and t h e  unhydrated cement p a r t i c l e s  both 

* An important  assumption i s  t h a t  t h e  low p o r o s i t y  p a s t e s  a r e  w e l l  compacted 
and do no t  contain  l a r g e  voids  t h a t  may occur due t o  poor consol idat ion.  
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c o n t r i b u t e  t o  s t reng th .  This C-S-H d i f f e r s  from t h a t  prepared a t  h igher  w/c 
r a t i o  i n  t h a t  i t  is  l e s s  dense, con ta ins  trapped microspace between s h e e t s ,  
has  a  d i f f e r e n t  C/S r a t i o ,  a  s i g n i f i c a n t l y  lower N 2  s u r f a c e  a r e a ,  a  pore  s i z e  
d i s t r i b u t i o n  skewed towards smal ler  pore s i z e s ,  and con ta ins  pore space t h a t  
cannot be pene t ra ted  by mercury. In  t h e s e  p a s t e s ,  e f f e c t s  descr ibed a s  ag ing  

\ 
a r e  more prominent, i .e . ,  rearrangement and conso l ida t ion  of C-S-H l a y e r s ,  
genera l ly  r e s u l t i n g  i n  s t r e n g t h  inc reases .  The r e l a t i v e  con t r ibu t ions  of t h e  J 

C-S-H matrix and cement inc lus ions  i s  important i n  developing h igh  s t r e n g t h ,  
and t h e s e  s p e c i a l  c h a r a c t e r i s t i c s  of low w/c r a t i o  p a s t e s  p lay  a  r o l e  i n  
determining t h e  e x t e n t  of t h e i r  contr ibut ion.  

Severa l  papers  desc r ib ing  t h e  p repara t ion  and p r o p e r t i e s  of a  well- 
consol idated,  low poros i ty  matr ix  wi th  a  r e l a t i v e l y  h igh  degree of hydrat ion 
have been published by Yudenfreund e t  a l .  (24-30). A t y p i c a l  composition o f  a  
cement p a s t e  prepared by them is  a s  follows: w/c = 0.20, type I cement wi th  
f ineness  600 - 900 m2/kg (much f i n e r  than  normal), a  g r ind ing  a i d ,  
e.g., d ie thylcarbonate  a t  0.5% by weight of cement, 1% by weight of d r y d x e d  
calcium l ignosulphonate  and 0.5% potassium carbonate  ( a  se t -con t ro l l ing  
add i t ive ) .  This t y p i c a l  cement p a s t e  (degree of hydration (10%) has  a  
compressive s t r e n g t h  of about 204 MPa a t  28 days. Poros i ty  determined by 
water pycnometry was reca lcu la ted  by t h e  p resen t  au thors  t o  give  an equ iva len t  
value of approximately 5% corresponding t o  t h a t  which would have been obtained 
by helium pycnometry. The d a t a  p o i n t  f o r  t h i s  p repara t ion  l i e s  on t h e  
s t r e n g t h  p o r o s i t y  curve f o r  normally hydrated cement p a s t e  ( l i n e  AB, Fig. 2a). 
I n  t h i s  case ,  t h e  a b i l i t y  t o  achieve low poros i ty  by means of g r ind ing  and 
rheo log ica l  a i d s  (wi thout  which e f f e c t i v e  conso l ida t ion  would be d i f f i c u l t  t o  
achieve) appears  t o  be respons ib le  f o r  h igh  s t reng th .  

2.2 E f f e c t  of Dense Inclusions  

S t reng ths  s i g n i f i c a n t l y  h igher  than 204 MPa can be obtained a t  low 
p o r o s i t i e s  by inc reas ing  t h e  c o n t r i b u t i o n  of dense phases such a s  unhydrated 
cement. Roy e t  a l .  (31) demonstrated t h a t  wi th  "hot-press ing"  techniques 
s t r e n g t h s  a s  high a s  644 and 6 3  MPa (compressive and t e n s i l e  s t r e n g t h s ,  
r e spec t ive ly )  can be achieved. These low poros i ty  mate r ia l s ,  pressed a t  up t o  
1020 MPa, and temperatures g r e a t e r  than  150°C contained l a r g e  amounts of 
unhydrated cement (degree of hydrat ion ranged from 29 - 37%). There a r e  
s e v e r a l  o t h e r  examples of very s t r o n g  cement p a s t e  systems a t  low p o r o s i t i e s .  
These include s e v e r a l  of the  hydrated aluminate cement minerals ,  e.g., C4AF, 
C3A, CA (32-34). 

Low s t r e n g t h  of aluminate cements hydrated a t  e l eva ted  temperatures i s  
o f t e n  a t t r i b u t e d  t o  t h e  formation of the  C3AH6 phase. Contrary t o  genera l  
opinion, however, t h e  cur ing  of aluminate systems a t  h igher  temperature 
a c t u a l l y  r e s u l t s  i n  improvement i n  s t r e n g t h ,  provided t h e  w a t e r s o l i d  r a t i o  i s  
low. Higher s t r e n g t h s  a t  very low w / s  r a t i o s  may be a t t r i b u t e d  t o  d i r e c t  
formation of the  cubic C3AH6 phase on t h e  o r i g i n a l  s i t e s  of t h e  cement 
minerals.  This  r e s u l t s  i n  in t imate  con tac t  between dense p a r t i c l e s  t h a t  form * 

a c l o s e l y  welded, continuous network with  enhanced mechanical s t r eng th .  An 
analagous exp lana t ion  i s  of fe red  f o r  enhanced s t r e n g t h  of low p o r o s i t y ,  
autoclaved, cement-sil ica mixtures a t  low s i l i c a  content .  These p a s t e s  
con ta in  s i g n i f i c a n t  amounts of dense aC2SH and a r e  weak a t  h igh  p o r o s i t i e s  
where the  i n t e r p a r t i c l e  con tac t s  a r e  fewer, weaker, and poss ib ly  have s h a r p  
boundaries t h a t  can c o n t r i b u t e  t o  h igher  l o c a l  s t r e s s e s .  A t  low poros i ty ,  t h e  
con t r ibu t ion  t o  s t r e n g t h  of t h e  aC SH p a r t i c l e s  - formed i n  c l o s e  proximity t o  
one ano ther  - i s  r e f l e c t e d  i n  t h e  $arge i n c r e a s e  i n  s t r e n g t h  of t h e  
mater ia l .  

A l l  of t h e s e  high-s t rength,  low-porosity systems con ta in ing  l a r g e  



amounts of dense c r y s t a l l i n e  m a t e r i a l  demonstrate t h e  p r i n c i p l e  expressed by 
t h e  mixture  r u l e ,  i . e . ,  eq. (1) .  The cond i t ions  of formation of t h e  dense 
inc lus ions ,  however, determine the  relevance of what i s  p red ic ted  by 

1 eq. (1) .  

2.3 S t r e s s  Modification i n  C r i t i c a l  Areas 

a F a i l u r e  i n  b r i t t l e  m a t e r i a l s ,  inc lud ing  cement p a s t e s ,  i s  of t e n  t h e  
r e s u l t  of i n i t i a t i o n  and propagation of cracks  o r i g i n a t i n g  i n  high s t r e s s  
regions.  Modification of t h e  s t r e s s  f i e l d  i n  t h e s e  regions  can r e s u l t  i n  high 
s t rength.  F ib re  reinforcement of b r i t t l e  matr ices  can r e s u l t  i n  s i g n i f i c a n t  
inc reases  i n  f l e x u r a l  s t r e n g t h  and i s  a p r a c t i c a l  example of crack c o n t r o l  
through s t r e s s  modif icat ion processes.  This modif icat ion can a l s o  be achieved 
i n  unreinforced mat r i ces ,  f o r  example, by changing t h e  geometry of a crack 
t i p ,  pore,  o r  void space between p a r t i c l e s .  This can be done i n  s e v e r a l  ways: 
(1) depos i t ion  of a smal l  amount of a d d i t i o n a l  C-S-H binder  i n  high-s t ress  
regions ,  ( 2 )  impregnation of a porous system with  a second phase, 
(3) molecular b r idg ing  of microspace by a n  impregnant, (4)  i n t e g r a l  mixing 
with  a low-modulus polymer emulsion, and (5)  f i l l i n g  macrodefects and 
modifying t h e i r  geometry. 

F igure  4 i s  a schematic i l l u s t r a t i o n  of some of t h e s e  concepts. The 
"hot-pressed" samples (7), which had a d d i t i o n a l  moist-curing f o r  28 days,  had 
s i g n i f i c a n t  i n c r e a s e s  i n  s t r e n g t h  although t h e  i n c r e a s e  i n  degree of hydra t ion  
was marginal,  It i s  suggested t h a t  t h e  smal l  amount of a d d i t i o n a l  hydrat ion 
(although t o t a l  p o r o s i t y  i s  e f f e c t i v e l y  unchanged) i s  s u f f i c i e n t  t o  "glue" t h e  
dense c l i n k e r  p a r t i c l e s  together  and modify t h e  s t r e s s  f i e l d  a t  r eg ions  of 
i n t e r p a r t i c l e  con tac t  (Fig. 4a). The mechanism of s t r e s s  modif icat ion 
probably involves  change of pore shape due t o  t h e  f i r s t  concept and reduct ion 
of t h e  "b" f a c t o r  i n  eq. (3).  

Inc reases  i n  s t r e n g t h  due t o  impregnation of pores  wi th  a s o l i d ,  which 
i t s e l f  has good engineer ing p r o p e r t i e s ,  appears a l s o  t o  be ( i n  a d d i t i o n  t o  
poros i ty  reduct ion)  t h e  r e s u l t  of a s t r e s s  modif icat ion mechanism c o n t r o l l i n g  
behaviour i n  regions  of high s t r e s s .  Figure 4b i l l u s t r a t e s  how pore shape i n  
reg ions  of high s t r e s s  may be modified. Large i n c r e a s e s  i n  s t r e n g t h  a s  w e l l  
a s  high t o t a l  s t r e n g t h  a r e  obta ined f o r  compositions containing dense 
p a r t i c l e s ,  e.g. , high p o r o s i t y  systems con ta in ing  aC2SH p a r t i c l e s ,  when t h e s e  
compositions a r e  impregnated with  a second phase. The mechanism responsible  
f o r  s t r e n g t h  i n c r e a s e  ( a t  l e a s t  i n  p a r t )  i s  s i m i l a r  t o  t h a t  suggested f o r  t h e  
"hot-pressed" systems. Another s t rengthening mechanism i s  p o s s i b l e  when t h e  
impregnant i s  f i l l i n g  microspace between s u r f a c e s  separa ted  by d i s t a n c e s  of 
molecular dimension; f o r  example, i t  i s  arguable  t h a t  a polymethylmethacrylate 
molecule could b r idge  two s u r f a c e s  of a micropore, t h u s  u t i l i z i n g  t h e  s t r e n g t h  
of covalent bonds r a t h e r  than the  s t r e n g t h  of t h e  in terconnect ions  of s e v e r a l  
of t h e  polymethylme t h a c r y l a t e  molecules themselves (Fig. 4c). 

Microscopic evidence supports  arguments t h a t  polymer emulsions, 
e.g., l a t e x  systems, b r idge  microcracks w i t h  a polymer f i l m  (35), r e s i s t i n g  
crack growth and inc reas ing  t e n s i l e  s t r e n g t h  and f a i l u r e  s t r a i n  (Fig.  4d). 
Increased d u c t i l i t y  i s  dependent on t h e  type  and amount of polymer. When t h e  
polymer forms a f i l m  i n  a region of high s t r e s s ,  t h e  arguments presented f o r  

I s t r e s s  modif icat ion a l s o  seem t o  apply.  With respec t  t o  water s o l u b l e  
polymers, i f  the  concentra t ion of polymer i n  t h e  pore space a v a i l a b l e  i s  h igh ,  
then  t h e  polymer w i l l  have a d i r e c t  r e i n f o r c i n g  e f f e c t  on t h e  cement system 
and behave t h e  same a s  l a texes .  

For  a given polymercement r a t i o  t h e  concentra t ion of polymer i n  t h e  
pore s o l u t i o n  i s  inverse ly  proport ional  t o  t h e  w/c r a t i o .  This can be a 
s i g n i f i c a n t  f a c t o r  i n  very low poros i ty  systems. For l a tex-modi f i ed  por t l and  
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Schematic i l l u s t r a t i o n s  of F l e x u r a l  s t r e n g t h  v s  p o r o s i t y  f o r  o rd ina ry  
var ious  s t r e s s m o d i f y i n g  por t l and  cement pas te .  MDF = cement p a s t e  
mechanisms 

cement p a s t e  published d a t a  i n d i c a t e  t h a t  ( f o r  cons tan t  polymer con ten t )  
t e n s i l e  s t r e n g t h  i s  p o r o s i t y  dependent over  a wide range of p o r o s i t y  and 
s t r e n g t h  i n c r e a s e s  a s  p o r o s i t y  decreases  (36). It appears  then  t h a t  t o t a l  
p o r o s i t y  i s  one of t h e  c o n t r o l l i n g  f a c t o r s  t h a t  determine t h e  t e n s i l e  s t r e n g t h  
of t h e s e  ma te r i a l s .  

An example of a polymer-modified cement system (having high f l e x u r a l  
s t r e n g t h )  i n  which mechanisms i l l u s t r a t e d  i n  Fig.  4(a, b and d )  a r e  o p e r a t i v e  
i s  a system r e f e r r e d  t o  a s  Macro-Defect-Free (MDF) cement p a s t e  (37-42). Th i s  
p a s t e  system i s  prepared a t  very  low w/c r a t i o s  (0.08 - 0.20). I n  genera l ,  
composition comprises t h e  following: hydrau l i c  cement, water ,  one polymeric 
o r  water-dj . spers ible  a d d i t i v e ,  p a r t i c u l a t e  m a t e r i a l  i n s o l u b l e  i n  t h e  
composit ion having p a r t i c l e  s i z e  (0.1 um. A t y p i c a l  composition i s  a s  a 

follows: 100 p a r t s  por t l and  cement, 0.7 p a r t  s i l i c a  powder (0.04 pm) and 
16.5 p a r t s  aqueous s o l u t i o n  con ta in ing  3.5 p a r t s  polyacrylamide. 
Hydroxypropyl methyl c e l l u l o s e  and hydrolyzed poly(viny1aceta te)  have been 
used i n  l i e u  of polyacrylamide. 

F igure  5 i s  a f l e x u r a l  s t r e n g t h  vs  p o r o s i t y  p l o t  f o r  cement pas te ,  
inc lud ing  a p l o t  po in t  f o r  MDF cement p a s t e  (41). The p o r o s i t y  v a l u e s  
determined by water  pycnometry a r e  probably h igher  than  a c t u a l ,  b u t  t h e  
general  t rend of t h e  d a t a  would be s i m i l a r  i f  c o r r e c t  p o r o s i t y  v a l u e s  were 
used. The ? l o t  p o i n t  f o r  MDF cement p a s t e  i s  s i g n i f i c a n t l y  h i g h e r  t h a n  t h e  
value  on t h e  curve a t  t h e  same poros i ty .  The s t r e s s m o d i f y i n g  c h a r a c t e r i s t i c s  
of t h e  polymer enab le  t h e  dense  unhydrated cement p a r t i c l e s  t o  c o n t r i b u t e  more 
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f u l l y  t o  t h e  s t r e n g t h  of t h e  composite i n  accordance wi th  eq. (1). This is  
t h e  p r i n c i p a l  r eason  why t h e  MDF system i s  s t r o n g e r  t h a n  normal p a s t e  and does  
n o t  f i t  t h e  s t r eng th -poros i ty  curve f o r  t h e  l a t t e r .  

I The f l e x u r a l  s t r e n g t h  va lue  of t h e  MDF p a s t e  (Fig. 5) i s  about  60 MPa, 
a value  approximately t h e  same a s  t h a t  obta ined by Roy and Gouda7 f o r  t h e  
maximum t e n s i l e  s t r e n g t h  of hot-pressed cement pas te .  In bo th  c a s e s  t h e  
unhydrated cement appears  t o  c o n t r i b u t e  an optimum amount t o  composite 
s t r e n g t h  i n  accordance w i t h  mixture  r u l e  theory and eq. (1).  It i s  suggested 
t h a t  a s t r e s s  modif ica t ion mechanism i s  p r imar i ly  responsible .  A 
s i g n i f i c a n t l y  lower compressive s t r eng th l f  l e x u r a l  s t r e n g t h  r a t i o  (approx. 3) 
f o r  polymer-modified cement systems appears  t o  suppor t  t h i s  suggest ion (36). 
The e f f e c t  of macrovoids i n  t h e  MDF polymer cement system h a s  n o t  been 
determined. 

3.0 Concluding Remarks 

The mechanisms d i scussed  a r e  those  t h e  a u t h o r s  b e l i e v e  t o  be  r e l e v a n t  
and apparent ly  r e spons ib le  f o r  t h e  high s t r e n g t h  of many products  desc r ibed  i n  
r e c e n t  pa ten t s .  One of t h e  p r i n c i p a l  mechanisms appears  t o  be  t h e  
modif ica t ion of s t r e s s  i n  a r e a s  of h igh  s t r e s s  ( f o r  example, c rack  t i p s )  by 
chemical and p h y s i c a l  means. It i s  hoped t h a t  t h e  opinions  expressed w i l l  
provide  i n s i g h t  f o r  f u r t h e r  development. 
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