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R~SUM~ 

La tension superficielle et 1'6nergie superficielle d'un solide 
se trouvent diminu~es par la pr6sence d'une pellicule d'eau 
adsorb6e. Quand la tension superficielle d'un mat6riau poreux 

grande surface interne est diminu~e, la Iongueur augmente 
tandis que la r6sistance diminue. En s'appuyant sur la th6orie 
de la propagation des fissures de Griffith, il est possible de cal- 
culer 1'6nergie superficielle. Pour une p~te de ciment durcie 
ayant un rapport eau/ciment de 0,45 et de 0,6, 1'6nergie super- 
ficielle se r6v~le ~tre de 1 370 erg/cm ~ e t 'de 657 erg/cm 2 
respectivement. On a laiss~ la p~.te de ciment s'hydrater durant 
28 jours sans perdre d'humidit6 ~ une temperature de 20 ~ 
Ces r~sultats concordent avec I'~nergie superficielle du verre 
poreux poss6dant une surface similaire. 

SUMMARY 

The surface tension and the surface energy of a solid is reduced 
by the presence of an adsorbed water film. When the surface 
tension of a porous materialwith a large interiorsurface is reduc- 
ed, the length increases whereas the strength decreases. With 
the help of Griffith's theory of crack propagation it is possible 
to calculate the surface energy. For hardened cement paste 
with a water cement ratio of 0.45 and 0.6 the surface energy 
is found to be 1370 erg/cm 2 and 657 erg/cm ~ respectively. 
The cement paste was allowed to hydrate for 28 days without 
loss of moisture at a temperature of 20 ~ These results are 
in agreement with the surface energy of porous glass with a 
similar interior surface. 

1. INTRODUCTION 

In a l iquid the attractive and  repuls ive  forces which 
interact with a molecule  compensa te  one another.  
W h e n  a molecule  approaches  the surface at a dis- 
tance which is less than the r ange  of the molecular  
forces (R ~ 10 -7 cm) a force results which is d i rec ted  
towards the center .  In o rde r  to b r ing  a molecule  
to the surface, it is necessa ry  to do work to ove rcome  
the resul t ing force. When  the surface a rea  of a 
g iven  l iquid is en l a rged  the total e n e r g y  increases  
as a result. The difference in e n e r g y  re la ted  to 
the increase  in the surface a rea  is called specific 
surface energy .  The specific surface e n e r g y  is 
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usually m e a s u r e d  in e r g / c m  ~. In a l iquid the sur- 
face e n e r g y  and  the surface tension which is usually 
m e a s u r e d  in d y n / c m  are  numer ica l ly  equal. Gibbs  
has poin ted  out that in a solid material  the surface 
tension and  the surface e n e r g y  F are  re la ted  in the 
following way Ill .  

u = F + A . d F / d A  (1) 

In equat ion (1) A stands for the surface area. In 
a l iquid dF/dA is zero. Calculations have shown 
that in a solid material  the surface tension can be  
three  times g rea te r  than the surface e n e r g y  [2, 3i. 
This means,  however ,  that A . d F / d A  is in the 
same o r de r  of magn i tude  as F. For  a long time the 
physical s ignificance of surface tension was the sub-  
ject  of much  controversy.  As late as 1947 it was 
therefore possible  for L. Prandtl  to quote two physics 
textbooks in which surface tension is s imply descr ib-  
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e d  as " a convenien t  means  of calculat ion " [4] 
( see  also [5]). Udin and  his c o - w o r k e r s  then s h o w e d  
that a thin c o p p e r  wi re  contracts  u n d e r  the inf luence 
of sur face  tension when  it is h e a t e d  n e a r  to mel t ing  
poin t  [6]. 

Thei r  e x p e r i m e n t s  e s t ab l i shed  the fol lowing va lue  
for the surface  tens ion of c o p p e r :  1,400 d y n / c m .  
In c o m p a r i s o n  with this, wa te r  has  a va lue  of 72,9 
d y n / c m .  

Using the me thod  d e s c r i b e d  b y  Birke and  F r i ed -  
man  [7], Nicolson p r e p a r e d  MgO and NaCI crys ta ls  
with d i ame te r s  b e t w e e n  100 A and  3,000 A. With 
such  small  par t ic les  it is not p o s s i b l e  to i g n o r e  the 
n u m b e r  of molecu les  ly ing  n e a r  the surface.  By 
m e a n s  of X-ray diffraction pa t te rns  Nicolson could  
show a deformat ion  of the latt ice due  to sur face  
tension. This is ano ther  convinc ing  p roo f  of the 
ex i s t ence  of surface  forces.  

The i nc rea s ing  influence of sur face  tension, with 
the par t i c le  rad ius  g rowing  continual ly smaller ,  has 
b e e n  d e m o n s t r a t e d  recen t ly  b y  means  of the MOss- 
b a u e r  effect. These  e x p e r i m e n t s  w e r e  c a r r i e d  out 
with finely d i v i d e d  ~-Fe20 3 [8, 9]. Burton and  his 
co l l eagues  also s u c c e e d e d  in measur ing ,  with the 
he lp  of the MOssbauer  effect, the d i f fe rence  in b ind-  
ing  mechan i sm of the surface  mo lecu le s  in tung-  
s ten [10]. This me thod  has p r o v e d  to b e  par t icu-  
la r ly  successful  when  s tudy ing  the. mo lecu l a r  r eac -  
tions n e a r  the surface  of a solid.  

Powers ,  whose  e x p e r i m e n t s  have  con t r ibu ted  a 
g r e a t  dea l  to the k n o w l e d g e  of the s t ruc ture  of 
c emen t  gel ,  was the first to r ecogn ize  the impor t ance  
of sur face  tension for the phys ica l  p r o p e r t i e s  of 
h a r d e n e d  cemen t  pas te  f i l l .  

2. TH E I N F L U E N C E  O F  ~%N ~ D S O R B E D  L I Q U I D  
F I L M  

A l iquid  film which  is a d s o r b e d  on a surface  is 
ab le  to some  extent  to neutra l ize  the forces  which 
act on the surface  molecules .  In this way  the sur face  
e n e r g y  is r e d u c e d  b y  AF. Bangham and  his col lea-  
gues  have  b e e n  ab le  to show that s p r e a d i n g  p r e s s u r e  

can also b e  ca lcu la ted  for sol ids  with the he lp  of 
G i b b ' s  adso rp t ion  i so therm [12, 13]: 

P 

- M.O dp (2) 
O 

In equa t ion  (2) M s tands  for the mola r  volume,  
O for the sur face  and  v for the vo lume of gas  a d s o r b -  
e d  at p r e s s u r e  7:. Equat ion (2) does  not l e ad  to 
exac t  va lues  of s p r e a d i n g  p r e s s u r e  ~ b e c a u s e  the 
m e a s u r e m e n t s  a r e  not p r e c i s e  enough  for small  
va lues  of p.  

Bangham also s h o w e d  that the d e c r e a s e  in su r face  
tens ion  is the s ame  as the d e c r e a s e  in sur face  e n e r g y  
and  bo th  va lues  a r e  equal  to the s p r e a d i n g  p r e s s u r e .  
These  cons ide ra t ions  a r e  b a s e d  on the assumpt ion  
that the  a d s o r b e d  mo lecu l e s  m o v e  on the sur face  
of the  a d s o r b e n t  l ike  a two d imens iona l  gas  [12] 
( see  also [14]): 

7: =--AF ~ Yo- -u  (3) 

Here AF stands for the decrease in surface energy 
and Y0 represents the surface tension without adsorb- 
ed film and y the surface tension of the solid with 
adsorbed film. In this case the activation energy 
necessary to move an adsorbed particle on the 

sur face  must  b e  sma l l e r  than the  act ivat ion e n e r g y  
which  is n e c e s s a r y  to r e m o v e  the  par t i c le  from the 
surface.  In connec t ion  with e x p e r i m e n t s  on crys ta l  
growth,  Vo lmer  and  Adh ika r i  [15] w e r e  ab le  to 
p r o v e  that an a d s o r b e d  l iquid  film has  h igh  mobi l i ty  
a long  the surface.  Excep t  in the  case  of low t e m p e r -  
atures ,  we  must  p r e s u m e  two t rans la to ry  d e g r e e s  
of f r e e d o m  in the sur face  p l a n e  [16]. 

W h e n  the sur face  tens ion  is r e d u c e d ,  a sol id  which  
has  b e e n  c o m p r e s s e d  can e x p a n d .  Bangham and  
F a k h o u r y  found the fol lowing equa t ion  re la t ing  the 
e x p a n s i o n  A1/1 to the d e c r e a s e  in surface  tens ion  
or  sur face  e n e r g y  [17, 18]: 

1 I1 = ~ ~ 0 - - F )  (4) 

In e x p e r i m e n t s  on p o r o u s  glass ,  the so -ca l l ed  
Bangham equat ion  was c o n f i r m e d  [19]. Bangham 
d e d u c e d  the constant  ), f rom the  elast ic  p r o p e r t i e s  
of a thin non-porous  r o d  [20]. Hil ler  modi f i ed  this 
equa t ion  for a p o r o u s  mater ia l  wi th  p o r e s  o r i en t a t ed  
at r a n d o m  [21!: 

Op 
E : 3--{ (5) 

In equat ion (5) E is the e las t ic  modulus ,  O the 
in te r io r  surface of the  p o r o u s  ma te r i a l  and  p the  
dens i ty  of the non p o r o u s  mater ia l .  Yates d e r i v e d  
a s imi lar  re lat ion b e t w e e n  the m o d u l u s  of c o m p r e s -  
s ion and  ), [22]: 

2 0 p  
K - 9 x (6) 

Equat ion (5) a n d  Equat ion (6) a r e  ident ical  with 
= 0,25. 
F o r  a bri t t le  ma te r i a l  with su r f a c e  e n e r g y  F, the  

ul t imate  s t ress  z is e x p r e s s e d  b y  the Griffith e q u a -  
t ion [23] ( see  also [24]): 

= ]/~"r (7) 
V ~ c  

in which  c is the l eng th  of the c r a c k  which  induces  the  
f racture .  When  the sur face  e n e r g y  d e c r e a s e s ,  the  
ul t imate s t ress  is also r e d u c e d .  F r o m  equat ion  (7) 
it follows that: 

In this case  % s tands  for the  ul t imate s t ress  of a 
ma te r i a l  in vacuo. W h e n  F in equa t ion  (8) is r e p l a c e d  
b y  equa t ion  (4), the fol lowing funct ion b e t w e e n  the  
re la t ive  ult imate s t ress  and  the expans ion  is found:  

= 1 - -  XF ~ 1 (9) 

It must  b e  k e p t  in mind  that equa t ion  (9) a p p l i e s  
only  to bri t t le  ma te r i a l s  when  the  f rac ture  is i n d u c e d  
b y  tens i le  s t ress .  In our  e x p e r i m e n t s  the r e l a t ive  
c o m p r e s s i v e  s t r eng th  S/S o is a p p r o x i m a t e l y  equa l  to 
the  re la t ive  tensi le  s t r eng th  ~ /% 121]. In add i t i on  
equa t ion  (9) is only  a p p l i c a b l e  w h e n  the e x p e r i m e n t  is 
c a r r i e d  out on a ma te r i a l  with a l a r g e  in terna l  surface .  
W h e n  the d e c r e a s e  in the u l t imate  s t r ess  and  the  
e x p a n s i o n  of the  p o r o u s  b o d y  a r e  p lo t t ed  as in 
equa t ion  (9) on a d i a g r a m  the  resul t  must  b e  a 
s t ra igh t  l ine with the fol lowing incl inat ion:  

tg o: = - - 1 / ~ ' o  (10) 

Equat ions  (9) and  (10) w e r e  con f i rmed  b y  Hi l ler  
with e x p e r i m e n t s  on po rous  g lass  which  p o s s e s s e s  a 
s imi lar  in ternal  su r face  to h a r d e n e d  cement  p a s t e  
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FIG. 1. - -  Re la t ive  humidity of  the air around hardened 
cement  paste as a function of the duration of hydration.  
The experiments were  carried out with three different 
water /cement  ratios: 0.25; 0.3 and 0.4. 

(150-200 m2/g) [21]. H o w e v e r  d i v e r g e n c i e s  a r e  
o b s e r v e d  when  cap i l l a ry  condensa t ion  occurs .  

The p r e s s u r e  which is c r e a t e d  b y  the sur face  
tension in a m a c r o s c o p i c  b o d y  is usual ly  n e g l e g i b l e .  
On the o ther  hand  col lo idal  pa r t i c l es  as found in 
cemen t  ge l  reac t  qui te  differently.  The p r e s s u r e  P 
i n c r e a s e s  r ap id ly  with d e c r e a s i n g  rad ius  r of the 
par t i c les  [3, 22, 25]: 

2u 
P = -- (ii) 

r 

Brunauer  and  his co l ]eagues  m e a s u r e d  the surf- 
ace  e n e r g y  of t obe rmor i t e  which is a main  consti-  
tuent of h y d r a t e d  cemen t  pas te  [26-29]. The  most  
r e c e n t  resul t  p u b l i s h e d  b y  this g r o u p  is 450 e r g / c m  2 
[30]. If we  p r e s u m e  that the a v e r a g e  ge l  pa r t i c l e  
has a rad ius  of 100 A, and  if we p r e s u m e  the sur face  
tension is t h r ee  t imes the surface  e n e r g y  w e  find 
with equat ion  (11) a p r e s s u r e  of 2.7-109 d y n / c m  2 
= 2.66.10 a atm. This c o n s i d e r a b l e  p r e s s u r e  acts 

on a ge l  pa r t i c le  when  the a d s o r b e d  l a y e r  has b e e n  
r e m o v e d  comp]ete ly .  This resul t  may  th row new 
light on the mechan i sm of de format ion  of col lo idal  
sys tems  such as cemen t  paste .  The a d s o r b e d  wa te r  
r e d u c e s  sur face  tension and  t he r e fo re  l ower s  the 
hydros ta t i c  p r e s s u r e  of the ge l  par t ic les .  In pa r -  
ticular,  the surface  l ayers  of the hydra t ion  p r o d u c t s  
b e c o m e  m o r e  mobi le  as a result .  Thus it is p o s s i b l e  
to exp la in  the low c r e e p  ve loc i ty  of d r i e d  c e m e n t  
spec imens .  In this case,  h o w e v e r ,  wa te r  d o e s  not 
p l a y  an act ive role  in the de format ion  p r o c e s s ,  as is 
often c la imed,  but  only inf luences  the c r e e p  mecha -  
nism b y  lower ing  the surface  e n e r g y ,  

3. EXPERIMENTS 

The inf luence of the wa te r  content  on the s t r eng th  
of conc re t e  has b e e n  d e s c r i b e d  and  d i s c u s s e d  in 
deta i l  b y  Pih la javaara  [31 to 34]. W h e n  a c o n c r e t e  
s p e c i m e n  is d r i ed ,  its s t r eng th  inc reases .  Pihla- 
j a v a a r a  t e rms  this p r o c e s s  d ry ing - s t r eng then ing .  
On the o ther  hand,  the s t r eng th  d e c r e a s e s  when  
conc re t e  a d s o r b s  water .  This is known as wet t ing-  
weaken ing .  The d e c r e a s e  of s t r eng th  of h a r d e n e d  
cemen t  pas te  resul t ing  from the r i s ing  wa te r  content  
was first s t ud i ed  sys temat ica l ly  b y  S e r e d a  and  his 
co l l eagues  [35!. The s t reng th  of h a r d e n e d  c e m e n t  

pas te  i n c r e a s e s  when  o v e n - d r i e d  ( l l 0  "C), b y  about  
25 % [35, 36]. With  mor t a r  s p e c i m e n s  an i n c r e a s e  
of about  40 % was o b s e r v e d  [36]. F i sche r  found 
that there  is an i n c r e a s e  in s t r eng th  of o v e r  a 100 % 
in conc re t e  which  was h e a t e d  up  to 200 ~ b e f o r e  
the test [37]. 

Before the actual  e x p e r i m e n t s  a r e  d e s c r i b e d ,  it 
should  b e  m e n t i o n e d  that an i n c r e a s e  in s t r eng th  is 
not so le ly  c a u s e d  b y  an ex te rna l  d r y i n g  p r o c e s s .  
An inc rea s ing  amount  of wa te r  is r e m o v e d  from 
the cap i l l a r ies  of the h a r d e n e d  cemen t  pas te  as h y d r a -  
tion continues.  This is usual ly  ca l l ed  se l f -des icca t ion  
[38]. The re la t ive  humid i ty  of the air, as was mea -  
s u r e d  a r o u n d  c e m e n t  s tone  s t o r e d  at 20 ~ is shown 
in f igure  1. These  e x p e r i m e n t s  w e r e  c a r r i e d  out 
with 3 di f ferent  w a t e r / c e m e n t  ratios. C e m e n t  pas t e  
which contains  v e r y  little wa te r  after h y d r a t i n g  for 
500 hours  d r i e s  to such  a d e g r e e  that it inf luences  
the s t reng th  to s o m e  extent .  The resul t  shown in 
f igure  1 c o n d r a d i c t s  the g e n e r a l l y  a c c e p t e d  op in ion  
that the hyd ra t i on  of h a r d e n e d  cemen t  pas t e  does  
not continue b e l o w  80 % re la t ive  humidity.  

The p r e p a r a t i o n  of the s a m p l e s  is d e s c r i b e d  in 
detai l  in ano the r  p a p e r  [36]. The s a mp le s  w e r e  
cy l indr ica l  in form, 60 m m  long, with a d i a m e t e r  of 
11.3 mm. W h e n  the s p e c i m e n s  had  b e e n  s t o r e d  
for 28 days  without loss of mois ture ,  they  w e r e  oven-  
d r i e d  (116 ~ up  to constant  weight .  The resu l t ing  
loss of we igh t  e n a b l e d  us to es t imate  the amount  of 
c h e m i c a l l y - b o u n d  w a t e r  and  the d e g r e e  of h y d r a -  
tion. The d r i e d  s p e c i m e n s  w e r e  then put  in des ic -  
cators  in which  the re la t ive  humidi ty  was k e p t  cons-  
tant with hydros t a t i c  l iquids:  10 % (LiC1), 22 % 
(CH2COOK), 33 % (MgC1)2, 42 % (NaC1) and  100 % 
(aqua dest.) .  Whi le  the s a m p l e s  w e r e  b e i n g  s t o r e d  
in the des icca to rs ,  the swel l ing  was m e a s u r e d .  In 
f igure  2 the resul t  of this e x p e r i m e n t  is shown for 
s amples  which  w e r e  p r e p a r e d  with a w a t e r / c e m e n t  
ratio of 0.45 and  0.6. The deformat ion  d u e  to 
swel l ing  is a lmost  ident ica l  in both  cases .  The 
d i f fe rence  cannot  b e  c o n s i d e r e d  statist ically s igni-  
ficant. As soon  as the equ i l i b r ium with the re la t ive  
humidi ty  h a d  b e e n  r e a c h e d ,  the s amples  w e r e  
l o a d e d  to b r e a k i n g  point.  All  s amples  e x p l o d e d  
when  the ul t imate load  was r e a c h e d .  The d e p e n d -  
ence  of the b r e a k i n g  s t ress  on the re la t ive  humi-  
di ty  of the a i r  in which  the s a mp le s  had  b e e n  s t o r e d  
to r each  equ i l i b r i um is shown in f igure  3. The 
s t rength  of the h a r d e n e d  cemen t  pas te  b e f o r e  the 
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dry ing  process  is shown in figure 3 by  a dot ted line. 
The dec rease  in the s t rength and  the deformation 
due  to swell ing ag rees  in the main  with the results 
of Sereda  and  his col leagues  [35, 39]. 

TABLE I. - -  Modulus of elasticity, internal  surface, 
density, and  d e g r e e  of hydrat ion of h a r d e n e d  
cement  paste  with w / c  = 0.45 and  w / c  = 0 . 6  
which was tested. 

4. R E S U L T S  

The g raph  of the square  of the relat ive ultimate 
load as a function of the length  change  due  to swell- 
ing is shown in figure 4. The values  up to a rela- 
tive humidity of about  40 % can be  l inked approxi-  
mately  by  a straight line. W h e n  the relat ive humi- 
dity of the s u r r o u n d i n g  air rises, water  can en te r  
cement  stone as in te r layer  hydra te  water. In addi-  
tion, new tensions arise due  to capi l lary condensa-  
tion. Both effects contr ibute  to the change  in length. 
Therefore  it could not be  expec ted  that equat ion (9) 
is also valid for the reg ion  of high relat ive humidity. 

W h e n  ). is known, the surface e n e r g y  F o of the 
cement  gel can be  calculated with the help of equa-  
tion (i0). Accord ing  to equat ion (5) k can be  calcu- 
lated when  some physical  values  of the porous  
sys tem are known. In table I the c o r r e s p o n d i n g  
values have b e e n  entered .  The modulus  of elasti- 
city and  the internal  surface in column 2 and  3 have 
b e e n  taken from ear l ie r  pape r s  [40, 41]. The den-  
sity was first of all calculated following a method  
d e s c r i b e d  by  Czernin  [42]. And  then it was measur -  
ed directly with a Fekrumeter .  The two sets of 
results ob ta ined  in this way ag ree  comple te ly  and  
have  b e e n  en t e r ed  in column 4. The d e g r e e  of 
hydrat ion which appea r s  in column 5 has b e e n  cal- 
culated on the basis  of the amount  of water  lost 
du r ing  the d ry ing  process.  With the values  of table I 
equat ion (5) leads to k =  6.23.10 -6 c m / d y n  for 
h a r d e n e d  cement  paste with a w a t e r / c e m e n t  ratio 
of 0.45 and  k = 9.42.10 -6 c m / d y n  for w /c  = 0.6. 
These  results are  in a g r e e m e n t  with values  ob ta ined  
for porous  glass with a similar internal  surface by  
Hiller [21] (5.33.10 -6 cm/dyn)  and  by  A m b e r g  and  
McIntosh [191 (9.1.10 -6 cm/dyn) .  

W/C E 
kp/cm 2 

0.45 / 1.92.105 
0.60 1.35.10 s 

0 
cm 2/g 

140. l0 w 
155-104 

P 
g/cm 3 

2.56 
2.46 

% 

64.9 
81.9 

When  ), is p laced  in equat ion  (10) the surface 
e n e r g y  is found to be  F 0 = 1,370 e r g / c m  2 for 
w/c = 0.45 and  F 0 = 657 e r g / c m  2 for w / c  = 0.6. 
Using the same method  for h a r d e n e d  cement  paste 
with w/c  = 0.3 the surface e n e r g y  was found to be  
F 0 = 1,750 e r g / c m  2 [36]. W h e n  these values  are 
plotted as a function of the d e g r e e  of hydra t ion  the 
result  shown in figure 5 is obtained.  The surface 
e n e r g y  of a comple te ly  hyd ra t ed  cement  s tone can 
then be  est imated to be  about  400 e r g / c m  2. Bru- 
naue r  and  his col leagues  have  de t e rmined  the sur-  
face e n e r g y  of tobermor i te  which lies in b e t w e e n  
386 e r g / c m  2 450 e r g / c m  2 [26-301. The wide scatter- 
ing of results ob ta ined  by  the methods d e s c r i b e d  
he re  seems to indicate that this excel lent  a g r e e m e n t  
is p robab ly  m e r e l y  accidental .  It is difficult to com- 
pa re  results as ve ry  few exper imen t s  on the surface 
e n e r g y  of solids have b e e n  ca r r i ed  out. Schoening  
found the surface e n e r g y  of glass to lie b e t w e e n  
340 e r g / c m  2 and  1,150 e r g / c m  2 [43]. It was also 
found that the surface e n e r g y  of Soda-Lime-G]ass 
is 2,340 e r g / c m  2 [44]. W i e d e r h o r n  found with expe-  
r iments on similar glass values  up to 3,000 e r g / c m  2 
[45]. The results d e s c r i b e d  in the p re sen t  p a p e r  
lie within these limits. More exper iments  will have 
to be  ca r r i ed  out before  these results can be  fully 
significant. 
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