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A STUDY O F  MECHANICAL PROPERTIES O F  AUTO CLAVED 

CALCIUM SILICATE SYSTEMS 

J. J. Beaudoin and R ,  F. F'eldman, Division of Building Research 

National Research  Council of Canada, Ottawa, Canada 

(Communicated by D. M. Roy) 
(Received Aug. 21, 1974; i n  f i n a l  f o rm Nov. 7, l a 7 4 )  

ABSTRACT: 

Compressive strength,  modulus of elast ici ty,  and microhard-  

ness  measurements  w e r e  made on a var ie ty  of autoclaved 

cement-si l ica preparations covering a wide range of porosity. 

A spec t rum of l inear log mechanical proper ty  - porosity 

functions was observed. Analysis demonstrated that the 

slopes of these functions w e r e  dependent on the preparation 

s i l ica  content and density of the hydrated product. The slopes 

of the l ines for '  each mechanical proper ty  bore a constant ra t io  

with slopes calculated f r o m  the corresponding l ines of the 

other two mechanical properties.  This  resulted in expressions 

in terre la t ing mechanical proper t ies  which were  independent 

of porosity and valid for a l l  preparat ions  studied. Compressive 

s t rength  and microhardnes s for preparat ions  studied were  

shown to be di rect ly  re la ted.  

La rCsistance 5 l tCcrasement ,  le module dtClasticitC et  l a  

microdurete d lun  assor t iment  de prhparations ciment-si l ice 

autoclave furent dCter minCs pour une grande gamme de poro- 

sitC. Un spec t re  de fonctions l ineai res  5 base logarithmique 

propriCtC mhcanique-poros it6 fut cons tati:. Une analyse a 

dCmontrC que les  pentes de ces  fonctions dtpendaient de la  

teneur en s i l ice  de la  prCparation et de  l a  densit6 du produit 

hydratC. Les pentes des courbes pour chaque propriCt6 

mkcanique ont maintenu un rapport  constant aux pentes cal- 

culCes > p a r t i r  des courbes correspondantes des  deux autres  

propriCtCs mCcaniques. I1 en  rCsulta des  express ions  reliant 

en t re  e l les  l e s  propriCtCs mhcaniques qui Ctaient indhpendentes 

de  la  porositC et valables pour toutes l e s  prCparations CtudiCes. 

I1 fut dCmontrC que la  rgs is tance 5 1'Ccrasement et  l a  micro- 

dureti: des prCparations CtudiCes Ctaient d i rectement  rel ikes 

l lune > l t a u t r e .  
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Compressive strength,  modulus of elast ici ty and microhardness  a r e  

mechanical proper t ies  that have been shown to be porosity dependent for 

r o o m  temperature  hydrated cement paste (1 to 5). Recent work (6, 7) cites 

porosity, morphology and c rys ta l  bonding a s  contributing to the mechanical 

behaviour of autoclaved and r o o m  temperature  hydrated paste. It appears  

that although porosity i s  a major factor controlling mechanical behaviour of 

porous cement hydrates other factors  a l so  play a role. 

The chemist ry  of autoclaved pastes  with and without quartz (si l ica) 

additions has  been studied by various investigators (8  to 14); the principal  

products,  depending on initial proportions of cement and s i l ica ,  a r e  crys-  
e 

talline a C  S hydrate,  11A tobermori te ,  poorly crystall ized tobermori te  
2 

(CSH(1) and CSH(I1)) and somet imes hillebrandite and xonotlite. 

A systemat ic  study of the mechanical proper t ies  of the cement-si l ica 

s y s t e m  under autoclaved conditions on a porosity b a s i s  may help in elucidat- 

ing the contributory role  of morphology, c rys ta l  bonding and chemist ry  of 

the hydration product a s  character ized by solid density; this s y s t e m  i s  

especially good for this type of study because  of the wide variat ion possible 

in pore  distr ibution and morphology. Mindess (15) studied s t rength  porosity 

relat ionships for  autoclaved l ime-s i l ica  mixtures but assumed a constant 

value for the solid density in calculating porosity making any a s s e s s m e n t  of 

r esu l t s  difficult. 

To a s s e s s  the cementing proper t ies  of various waste products such 

a s  fly ash  i t  would be useful to base selectivity on fac to rs  affecting a univer- 

sally recognized engineering property such as  porosity.  Previous work (6) 

c lear ly  showed that compress ive  s t rength  and modulus of elast ici ty curves 

for  room temperature  hydrated paste w e r e  significantly displaced f r o m  

those represent ing autoclaved cement pas te .  It was thought that a bet ter  

defined s y s t e m  (cement-s i l ica)  under autoclaved conditions would provide a 

spec t rum of mechanical proper ty  vs  porosity functions that would a s s i s t  in 

character iz ing the engineering proper t ies  of fly ashes  f r o m  different sources. 

The relat ionships between microhardness ,  strength and modulus of elasticity 

and their  dependence on porosity would b e  fur ther  elucidated. 
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Exper imenta l  

Mater ia ls  

The following mate r i a l s  w e r e  used: 

1. Normal  Type I Cement was mixed with varying proportions of s i l i ca  and 

hydrated a t  wa te r - so l ids  ra t ios  f r o m  0. 26 to 0.45. 

2. Si l ica ,  prepared by grinding Ottawa s i l ica  sand and retaining that which 

passed through a 100-mesh s ieve ,  was  mixed with cement ( 5 ,  10,  20, 30; 

50 and 65 per cent by weight) p r i o r  to autoclaving. The pa r t i c l e  s i ze  d i s -  

tr ibution was a s  follows: 150 p m  - 75 p m  (40 p e r  cent);  75 p m  - 45 pm ( 1  6 

p e r  cent);  45 p m  - 25 pm (14 pe r  cent);  25 p m  - 12 pm (10 pe r  cent);  12 y m  

- 6 p m  (10 pe r  cent) ;  6 pm - 1. 5 p m  ( 5  per  cent) ;  and f iner  than 1. 5 p m  ( 5  

pe r  cent). 

3. Fly Ash composed as  follows: 56 p e r  cent s i l ica ,  23 p e r  cent alumina,  

4 p e r  cent f e r r i c  oxide,  13 pe r  cent  CaO and 4 pe r  cent miscellaneous 

oxides. It was  used a s  a 50 pe r  cent replacement  fo r  cement  in  the cement- 

fly a s h  mixtures .  Eighty-five p e r  cent of the pa r t i c l e s  w e r e  45 pm - 12 ym. 

Methods 

Helium Comparison Pycnometry  

The application of this technique to the hydrated portland cement 

s y s t e m  i s  descr ibed e lsewhere  (16). Solid volume i s  measured  enabling 

the determination of porosity a s  the  apparent  volume i s  calculated f r o m  

sample  geometry.  The  p rob lem of rehydrat ion encountered when wa te r  i s  

used a s  the displacement medium i s  avoided. Using 11 p e r  cent R. H. a s  

datum avoids excess ive  decomposition of the hydrates  (17).  

Compress ive  Strength;  Young's Modulus and Microhardnes s 

Strength was  measured in  compress ion on 2-in. (5. 1 -cm)  cubes;  

two cubes w e r e  tested for each preparation.  Young's modulus was 

measured on 3. 2 - c m  d iamete r  d i scs ,  1. 3 m m  thick; ten d i s c s  for each 

prepara t ion w e r e  used. The procedure  involves measur ing the deflection 

of a specimen when i t  i s  loaded at  i ts  centre  and supported a t  three  points 

located at  the c i rcumference of a c i r c le  2. 5 c m  (1 in . )  in  d iameter  (3 ) .  A 

Leitz microhardness  test ing machine with a Vickers  indenter was used f o r  

the microhardness  measurements  which w e r e  made on the d i scs  used f o r  

modulus of elast ici ty measurements  and w e r e  ca r r i ed  out a t  11 per cent R.H 

T h e r e  w e r e  ten ha rdness  measurements  made on each d i sc  and three  d i s c s  

w e r e  tested fo r  each  preparation.  

Hydration 

Samples  for autoclaving w e r e  prepared a t  water-sol id  ra t ios  0. 26,  

0. 30, 0. 35, 0.40 and 0.45. P repara t ions  a t  each  water-sol id  ra t io  con- 

s i s t ed  of s ix  s e t s  of samples ,  each  s e t  having a different s i l i c a  content. 

Sil ica contents expressed  as pe r  cent by weight of solid w e r e  5, 10, 20, 30, 

50 and 65 per cent; this provided a total of 30 different  prepara t ions .  Mixes 

w e r e  c a s t  in cube molds and mois t  cured fo r  24 hours ;  t h r e e  cubes w e r e  
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cas t  for each  preparation.  After  demolding samples  w e r e  autoclaved at 

21b°C, 21 kg/cm2 p r e s s u r e  fo r  3 hours .  Two cubes w e r e  retained for  

compress ive  s t rength  measurement .  A 1. 25-in. ( 3 .  2-cm)  core  was  taken 

f r o m  the th i rd  cube with a diamond tipped core  dri l l .  T e n  d i scs ,  0. 050 in. 

(. 127 cm)  thick, were  s l iced f r o m  each c o r e  for measurements  of modulus 

of e las t ic i ty  and microhardness .  

Results  

Poros i ty  

The logar i thms of compress ive  s t rength ,  microhardnes  s ,  and 

modulus of e las t ic i ty  w e r e  plotted against  porosity;  the plots r e su l t ed  in a 

family of s t r a igh t  l ines ( each  s i l ica  content yielding a different l ine) with 

different slopes ( F i g u r e s  1 - 3). The r e s u l t s  of l inear r eg ress ion  

analysis  a r e  recorded in Table 1. F o r  l ines  represent ing each s i l i ca  con- 

tent the slope ra t ios  were  determined.  Table 2 gives values of the slope 

ra t ios  f o r  the semilogar i thmic  functions represent ing the three  mechanical 

FIG. 1 

Compress ive  s t rength  vs  

porosity for  various 

autoclaved and r o o m  tem- 

p e r a t u r e  hydrated cement 

and ce ment - s i l ica  

prepara t ions  



Vol. 5, No. 2 107 
MECHANICAL PROPERTIES, AUTOCLAVING, CALCIUM SILICATE HYDRATES 

10 2 0 3 0  4 0  5 0 6 0  

P O R O S I T Y .  % 

F I G .  3 

Modulus of elast ici ty vs  

porosity for var ious  

autoclaved and r o o m  

tempera tu re  hydrated 

cement  and cement-  

s i l ica  prepara t ions  

FIG.  2 

Microhardness vs porosity 

for var ious  autoclaved 

and r o o m  tempera tu re  hy- 

drated cement  and cement-  

s i l ica  prepara t ions  
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Compress ive  s t r eng th ,  

m i c r o h a r d n e s s ,  and modulus 

of e las t ic i ty  for  r o o m  t e m p e r  - 

a t u r e  hydra ted  pas t e  obey the 

g e n e r a l  re la t ionship ,  S, E, H = 

where  S, E, H r e f e r  to s t r eng th  

modulus of e las t ic i ty  and 

mic roha rdness  and p r e p r e -  

s en t s  porosi ty.  T h i s  a p p e a r s  

to be t r u e  a l s o  for  autoclaved 

cemen t - s i l i ca  mixtures .  T h e  

mean  slope r a t io s  for  the 

r ange  of s i l i c a  contents studied 

a r e  a s  follows: 

It can  be e a s i l y  shown that: 

Vo l .  5, No. 2 

T A B L E  1 

R e g r e s s i o n  Analys is  of Modulus of E la s t i c i t y ,  

C o m p r e s s i v e  St rength  a n d  M i c r o h a r d n e s s  v e r s u s  

P o r o s i t y  Data  

:; g ives  90 p e r  cent  confidence l imi t s  

t c o r r e l a t i o n  coeff ic ient  
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TABLE 2 Equations 1 , 2  and 3 apply within 
Ratio of Slopes of St rength ,  M i c r o h a r d n e s s  and 

Modulus  of E la s t i c i t y  v s  P o r o s i t y  Data 
the s ta t i s t ica l  bounds of the ra t ios  

b 
b~ , b~ and S and the validity of - - - 

b~ b~ b~ 

the genera l  equation for S ,  E and H. 

They a l so  imply that  porosity gen- 

e r a l l y  influences the p roper t i e s  S,  

E and H in a s i m i l a r  way for range 

of compositions and morphologies. 

The constant of proportionality i n  Eq. (3)  has  a physical significance. I t  i s  

the ra t io  of microhardness  to compress ive  s t rength  at  z e r o  porosity. 

Solid densi t ies  were  determined a t  11 pe r  cent R. H. by helium d i s -  

placement for a l l  prepara t ions  studied. The specific volume inc reases  to a 

maximum value a s  s i l ica  content inc reases  and then d e c r e a s e s  at  l a rge  

s i l ica  contents ( F i g u r e  4).  The high density values correspond to the p r  e s -  

ence of cuC S hydrate  (determined by X-ray diffraction) and low values of 
2 

compress ive  strength.  Similar ly  the low density values correspond to the  

p resence  of poorly crys ta l l ized hydrosil icate and optimum strength. T h e  

above observations a r e  a l so  t rue  fo r  maximum and minimum values of 

modulus of e las t ic i ty  and microhardness .  

Interrelat ionship of Mechanical P r o p e r t i e s  

F igures  5 and 6 a r e  plots of modulus of elast ici ty and microhardness  

vs compress ive  strength.  F igure  7 plots modulus of e las t ic i ty  vs m i c r o -  

hardness .  As expected f r o m  Equations (1) and (2 ) ,  F i g u r e s  5 and 7 a r e  non- 

l inear re la t ions  when the origin i s  included in the population of exper imenta l  

points. 

Equation (3) desc r ibes  the relat ion between microhardness  and 

s t rength  a s  l inear  and passing through the origin. Regress ion  analysis  of 

the exper imenta l  da ta ,  which includes r e s u l t s  f r o m  the 30 prepara t ions  a s  

well  a s  room tempera tu re  hydrated pas te  but does not include the o r ig in  in 
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0. 36 
0 10 20 30 40 5 0 60 7( 
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FIG. 5 

Modulus of e l a s t i c i t y  vs 

c o m p r e s s i v e  s t r eng th  for  

va r ious  autoclaved and 

r o o m  t e m p e r a t u r e  

hydra ted  cemen t  and 

cemen t - s i l i ca  p repa ra t ions  

Vo l .  5, No. 2 

FIG. 4 

Speci f ic  volume of sol id 

p h a s e  vs  s i l i c a  content 

f o r  var ious  autoclaved 

cemen t - s i l i ca  p repa ra t ions  

0 200 400 600 800 1000 1200 1400 

C O M P R E S S I V E  S T R E N G T H .  K G l C M  

the population of expe r imen ta l  points ,  g ives  the following relat ion:  

T h e  m i c r o h a r d n e s s  i n t e rcep t  6. 853 k g / m m 2  i s  s m a l l  a s  the populat ion of 
2 

m i c r o h a r d n e s s  values c o v e r s  the r ange  0 < H < 80 k g / m m  . The  c o r r e l a -  
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tion coefficient 0 .9  60 
P R O O M  T E M P E R A T U R E  H Y D R A T E D  

2 P A S T E  ( R E F .  6.2.1 ) 
indicates a good linear r 

o 6 0  

fit. Any disparity a 3  

w 0 6  e5 

between Eqs.  (3)  and (4) 20.6 a 
O 4  W/  ( C  + S i )  NO. S i ,  % 

i s  negligible and i s  o 0.26 I 

l 0.30 2 10 

probably inherent in  o 0.35 3 20 

1 P 3 
0.40 4 3 0  

e r r o r s  associated with I A 
A 0.45 5 I 5 0  

6 65 

the third degree of 0  I I I I I I I  I 1 1 1  I I 
0  2 0 0  4 0 0  6 0 0  8 0 0  1 0 0 0  1 2 0 0  1 4 0 0  

f reedom (porosity) on C O M P R E S S I V E  S T R E N G T H ,  K G I C M ~  

which the derivation of FIG. 6 

Microhardness vs compress ive strength fo r  
Eq. (3)  i s  based. The 

various autoclaved and room temperature  . 

data plotted in Figure  hydrated cement and cement- s i l i ca  preparations 

5 include: 30 prepara-  

tions of autoclaved 

cement-si l ica mixtures; 

5 preparations of auto- 

claved cement-fly a sh  

mixtures;  preparations 

representing room 

temperature  hydrated 

paste;  and, p repara -  

tions of autoclaved 

paste without s i l ica  

addition. 

With the ex- 

ception of autoclaved 

paste without si l ica the 

data a r e  well described 

by a smooth curve r e p  

W / ( C  + S i )  

0 0.76 

l 0.30 

0.35 

0.40 

A 0.45 

N O .  - 
I 

2 

3 

4 

5 

S i ,  % - 
5 

10 

20 

30 

5 0 

6 65 

P R O O M  T E M P E R A T U R E  H Y D R A T E D  

P A S T E  ( R E F .  6,2,1 ) 

0 1 1 1 1 1 1 1 1 1 1 1 1 1 1  
0  2  0 4 0  6 0  8 0  1 0 0  1 2 0  1 4 0  

M I C R O H A R D N E S S .  K G ~ M M ~  

FIG. 7 

Modulus of elastici ty vs microhardness for 

various autoclaved and room temperature  

hydrated cement and cement-s i l ica  preparations 

resenting Eq. (1).  The data for autoclaved paste  without s i l i ca  lie on a line 

of constant slope; the data for autoclaved paste with si l ica l ie  below the line 

which represen ts  samples  with product densit ies between 2. 7 5 and 2. 88. 

It i s  noted that within the sample population descr ibed by Eq. (1) the locus 
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of points having low s i l ica  contents l ies  n e a r e r  the high density line than 

those having higher s i l ica  contents. An extension of the dashed segment  of 

the high density line (F igure  5) likely includes data represent ing hot-pressed 

hydrated cement.  Data on this line a t  s t r eng th  levels l e s s  than 200 kg/cm 
2 

may be considered to be within the sample  population descr ibed by Eq .  (1). 

Table 3 l i s t s  values of the ra t io  E /S ( the ra t io  of modulus of e las-  
0 0 

ticity at  z e r o  porosity to s t rength  at  z e r o  poros i ty) ,  calculated f r o m  data 

obtained by extrapolation of the mechanical property-porosity data. It will 

be noted that the re  i s  variat ion in the values of E /S and H /S for  the 
0 0 0 0 

different prepara t ions;  this i s  consistent  with the distr ibution of da ta  for 

varying s e t s  of prepara t ions  in Figure  5. 

The high density 
TABLE 3 

Ratlo  of Modulus of E l a s t ~ c ~ t y  and M ~ c r o h a r d n e s s  at Z e r o  P o r o s ~ t y  
line 

to S t r eng th  a t  Z e r o  Poros i ty  that  r ep resen t  the 

Room T e m p e r a t u r e  

Hydrated P a s t e  

Autoclaved P a s t e  

Cemen t -F ly  Ash 

50/50 

Autoclaved P a s t e  

0% Si l ica  

5% S111ca 

10% S ~ l i c a  

2070 Silica 

3090 Silica 

50% Sl l ica  

6590 Silica 

highest  value of the rat io 

E ~ / s ~ .  The 5 p e r  cent 

s i l i ca  prepara t ion has 

the next highest value. 

The  remaining cement-  

s i l i c a  prepara t ions  have 

s i m i l a r  values. The 

accuracy  of Eqs .  ( l ) ,  (2)  

and (3) in describing the 

da ta  i s  also dependent 

on average values of H /S . These  values a r e  included in Table 3. It 
0 0 

appears  that a high density solid phase contributes to g r e a t e r  r a t e s  of 

change of modulus of elast ici ty with respec t  to compress ive  strength.  

It i s  noteworthy that the data plotted in F igures  5,  6 and 7 include 

resu l t s  represent ing prepara t ions  containing varying proportions of crys  - 

talline cuC S hydrate ,  poorly crys ta l l ized hydrosil icate (CSH(1)) and tober-  
2 

mori te  like ca lc ium sil icate hydrate. 

The relat ion between modulus of elast ici ty and compress ive  strength 
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for s e v e r a l  concretes  (18) has the general  f o r m  E = a s b ,  where  0 . 4 5  < b < 

0. 78. This  relat ion,  independent of porosity, was  shown to be valid for hy- 

dration periods up to five years .  F o r  concrete ,  porosity s e e m s  to affect the 

mechanical proper t ies  of compress ive  s t rength  and modulus of elast ici ty i n  

a s imilar  way. 

Optimum Silica Content 

The three  mechanical proper t ies  investigated - compress ive  strength, 

microhardness  and modulus of elast ici ty - had maximum values at  si l ica 

contents between 20 and 30 per  cent ( see  Figure  8 for compress ive  s t reng th  

resu l t s ;  microhardness and modulus of elast ici ty showed s imi la r  dependence 

on s i l ica  content). X-ray diffraction resul ts  indicate that most  of the s i l i ca  

has reacted at  the maximum position. The charac te r i s t i c  shape for 

strength vs  s i l ica  content observed by Menzel (19) was observed for each  

mechanical property.  

FIG.  8 

W 

Compressive s t rength  > - 
"1 

vs s i l i ca  content for  V, 4 
W 

various autoclaved @z 
a 

cement-s i l ica  
z 
0 3 
U 

preparat ions  
2 
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In addition it was also found that this type of characteristic occurred 

with two other parameters .  

(a )  The specific volume (as  determined by helium displacement) yielded a 

maximum value at a si l ica content between 30 and 40 per  cent (Figure 4). 

(b)  The inverse of the slopes of the logarithm of modulus of elasticity,  

strength and microhardness vs porosity functions (Figure 9) exhibit a 

maximum value at a silica content of approximately 30 per cent. 

FIG. 9 

Inverse slope of the log 

mechanical property- 

porosity relations as a 

function of s i l ica  content 

Discussion 

The compressive strength-porosity functions for room temperature 

hydrated paste and autoclaved paste a r e  not colinear ( 6 )  but intersect  at 

approximately 28 per cent porosity. Similarly the modulus of elasticity vs 

porosity functions intersect at approximately 40 per cent porosity. For 

autoclaved cement-silica mixtures a family of mechanical property-porosity 
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functions exis t .  As the s i l i c a  content  i s  va r i ed  the  s lope  of t he  line changes ;  

e a c h  line a l s o  r e f l ec t s  a  change in  product  dens i ty  and hence  morphological  

and chemica l  change. T h e s e  changes  in  s lope and dens i ty  a t  a  given po ros i ty  

suppor t  the view that  a n  op t imum amount of poor ly  c rys t a l l i zed  hydros i l ica te  

and wel l  c rys t a l l i zed  dense  m a t e r i a l  provide max imum values  of s t r eng th  

and modulus of e las t ic i ty .  The  line f o r  autoclaved pas t e  ex t rapola ted  to z e r o  

po ros i ty  included published va lues  (20)  fo r  c o m p r e s s i v e  s t r e n g t h  of hot 

2 
p r e s s e d  pas t e  up to 90,  000 p s i  (6300 kg /cm ). Divergence  between l ines  i n  

the low poros i ty  reg ion  r e s u l t s  f r o m  a n  in t imate  su r f ace  to s u r f a c e  bonding 

of high dens i ty  units welded together  with a n  op t imum amount of poorly 

c rys t a l l i zed  hydros i l ica te .  In the high poros i ty  reg ion  poor bonding be tween  

the dense  c r y s t a l s  and insufficient poor ly  c rys t a l l i zed  hydros i l ica te  accounts  

f o r  the d ivergence  be tween l i nes  and  resul t ing  low s t r eng th  of the autoc laved 

product  without s i l ica .  P o r o s i t y ,  c r y s t a l  bonding and p roduc t  densi ty and  

morphology a l l  play a ro l e  i n  de t e r  mining va lues  of c o m p r e s s i v e  s t r e n g t h ,  

mic roha rdness ,  and modulus of e las t ic i ty .  Additions of s i l i c a  help p r e s e r v e  

to s o m e  extent  the poor ly -c rys t a l l i zed  s t r u c t u r e .  It h a s  b e e n  observed  (1) 

that  the s lope  of the l i nea r  log mechanica l  p rope r ty -po ros i ty  function for  

r o o m  t e m p e r a t u r e  hydra ted  pas t e  changes  when the  poros i ty  exceeds  50 p e r  

cent; th is  is poss ib ly  due to a  change i n  morphology with high w a t e r - c e m e n t  

r a t io s ,  It i s  poss ib le  tha t  a  s i m i l a r  change in  s lope  would have  been observ-  

ed  fo r  autoclaved p repa ra t ions  had poros i ty  exceeded 50 p e r  cent.  P u r t o n  

(21) a s c r i b e s  the 20 p e r  cent d e c r e a s e  in  sol id volume upon fo rma t ion  of 

a C  S hydra te  and xonotl i te  a s  the major  fac tor  r e spons ib l e  f o r  low com- 
2 

p r e s s i v e  s t r eng th .  Obse rved  changes  i n  c o m p r e s s i v e  s t r e n g t h ,  modulus of 

e las t ic i ty  and mic roha rdness  (when a C  S hydra t e  i s  p r e s e n t )  at  a  cons tant  
2 

poros i ty  sugges t  that  t hese  volume changes cannot  alone account  for  

obse rved  changes i n  s t rength .  

P u r t o n  (22) c o r r e l a t e d  d ry ing  shr inkage  wi th  the amoun t  of hydro- 

s i l i ca t e  f o r m e d  (defined a s  hydra te  giving DTA e x o t h e r m  a t  820 "C  < T < 

870 "C) but hypothesized that  s t r eng th  was  m o r e  probably  r e l a t e d  to the 

d e g r e e  to which  the cement ing  m a t e r i a l  f i l led the  voids. T h i s  s e e m s  i n  

a c c o r d  with the p rev ious  d i scuss ion  of an  op t imum mixture  of c rys ta l l ine  
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and poorly crystall ine mater ia l  being responsible for optimum mechanical 

behaviour. 

The l inear correlation of microhardness and s t rength is  interesting 

and significant. Obviously both processes  involve the breaking of s imilar  

bonds. The resu l t  adds confidence to the cube crushing test  and provides 

a way to es t imate  compress ive strength when the making of cubes is incon- 

venient. 

Conclusions 

1. The observation that data representing measurements  of modulus of 

elastici ty,  compressive s t rength,  and microhardness for  a variety of auto- 

claved preparations containing SiO a s  well as room temperature  hydrated 
2 

cement paste ,  when plotted one against the other,  lie on a single curve 

suggests that the relationships between these  mechanical proper t ies  a r e  not 

significantly influenced by the presence or absence of varying proportions of 
0 

crC SH, CSH(1) o r  11A tobermorite.  This also suggests that differences in 
2 

the microst ructure  of the preparations studied do not significantly inflaence 

the interrelation of mechanical properties.  The quantities of crystall ine and 

poorly crystall ine mater ia l  a r e  in such proportion a s  to impart  to the  hy- 

drated paste composite s imilar i t ies  of mechanical behaviour, i f  5 p e r  cent 

or greater  SiO i s  added. 
2 

2 .  Porosity affects the mechanical proper t ies  of E, S and H qualitatively 

in  a s imi la r  way. This follows f rom the previous statement as  the relation- 

ships between E, S and H a r e  independent of porosity. 

3.  To a f i r s t  approximation, modulus of elastici ty,  E,  can be expressed 

as  an exponential function of strength o r  microhardness;  i. e. , 

The constants subject to the accuracy of extrapolation have physical signifi- 

cance a s  E S H a r e  modulus of elastici ty,  s t rength and microhardness 
0, 0,  0 

at  zero porosity respectively. 

4. Compressive strength can be expressed a s  a l inear function of micro- 
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S 
0 

hardness ;  S = - 
H 

H. This gives a physical significance to the constant of 

0 

proportionality which i s  the ra t io  of the compress ive  s t rength  to microhard-  

ness  at ze ro  porosity. Conversely S /H can be determined f rom the s lope 
0 0 

of the S vs H plot without extrapolation. 

5. For  each mechanical proper ty  measured (modulus of elast ici ty,  c o r n  

p ress ive  s t rength ,  and microhardness) ,  there  i s  a family of straight l ines  

when these proper t ies  a r e  plotted as  log mechanical proper ty  vs porosi ty ;  

each line represen t s  a different s i l ica  content. 

6. The inverse  slope of these lines when plotted a s  a function of s i l i c a  

content follows a bell-shaped curve s imi la r  to the Menzel compress ive  

strength- s i l ica  content relationship. 

7. Similarly the inverse  of solid density (specific volume) when plotted 

a s  a function of s i l ica  content displays a bell-shaped curve. The curves  for 

water-solid ra t ios  0. 30, 0. 35, 0 .40 ,  and 0 .45 a r e  well nested. The curve  

for  water-solid ra t io  0. 26 has  a significantly higher maximal  value proba-  

bly due to a lower degree  of hydration. 

8. Microhardness when plotted a s  a function of si l ica content also d i s -  

played a bell-shaped response akin to that for compress ive  strength and 

modulus of elasticity. 
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