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ABSTRACT 

To study the pore s t ruc tu re  of  hardened cement pastes water vapour sorp t ion  
isotherms are measured in a g rav ime t r i c  way. The accuracy appeared to be 
r e s t r i c t e d  by water vapour e f f ec t s  on the balance (a Cahn 2000 micro balance) 
and by the employed type of secondary f u l c r a .  I t  takes several days before the 
t o t a l  amount of  water vapour is adsorbed or desorbed when the vapour pressure 
is changed. Therefore a method of e x t r a p o l a t i o n  is employed to ca l cu la te  the 
e q u i l i b r i u m  amount from the course of the mass change wi th  t ime. 

INTRODUCTION 

Concrete is a w ide ly  used bu i l d i ng  mater la l  and there is a great  i n t e r e s t  in 

improving and c o n t r o l l i n g  the mechanical p rope r t i es .  Some of the mechanical 

p roper t i es  of  concrete,  espec ia l l y  shrinkage and creep, la rge ly  depend on the 

mechanica| p rope r t i es  of  the hydrated cement paste. The hydrated cement paste is 

the b ind ing agent between the aggregate p a r t i c l e s  in the concrete.  Hydrated 

cement paste is a porous mater ia l  and under normal cond i t ions  the pores are more 

or less f i l l e d  w i th  water ,  depending on the r e l a t i v e  humldi ty  of  the environment 

( r e f . 1 ) .  I t  has been found tha t  the shr inkage and creep behaviour of  concrete 

using Port land cement d i f f e r s  from tha t  of  concrete using Port land b las t - fu rnace  

cement ( r e f . 2 ) .  Therefore researches are being made in to  the d i f fe rences  in 

chemical and physica| s t ruc tu re  between hydrated Port land cement paste and Por t -  

land b las t - fu rnace  cement paste. The shrinkage and creep of hydrated cement 

pastes are a f fec ted  by the presence and the displacement of  water  in the pores 

( r e f .  l ) .  The pore s t ruc tu re  of  the hydrated cement pastes are analysed by 

adsorpt ion and desorpt ion measurements w i th  water vapour at  25°C. By using water 

vapour as adsorbate a l l  pores of  importance in shrinkage and creep processes are 

involved in the measurements. 

EXPERIMENTAL SET-UP 

The measurement of  the amount of  water  vapour adsorbed by the hydrated cement 
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Fig. 1. Schematic drawing of exper imental  set-up 

paste is done by weighing.  A Cahn 2000 record ing e lec t roba lance (see i in Fig.  

i )  is used fo r  t h i s  purpose. The balance is placed in a glass vacuum b o t t l e  (see 

2 in Fig. i ) .  The ins ide  of the vacuum b o t t l e  and the hangdown tubes f o r  the 

sample pan and the ta re  pan are coated w i th  t i n o x i d e .  This conduct ive coat ing is 

e l e c t r i c a l l y  connected to the balance and grounded to e l im ina te  e l e c t r o s t a t i c  

charges and t h e i r  a t tendant  d is turbances.  The vacuum b o t t l e  and hangdown tubes 

are mounted in a housing, thermostated at 25°C (see 3 in Fig. i )  

The pressure of  the adsorbate is measured w i th  a Druck PDCR IIO/W p iezo-  

r e s i s t i v e  pressure t ransducer (see 4 in Fig. I ) .  The t ransducer is mounted in 

the aluminum l i d  of  the vacuum b o t t l e .  The pressure of  the water vapour is 

con t ro l l ed  by a "cold f i n g e r " .  For th i s  purpose a small bulb (see 5 in Fig. i ) ,  

p a r t i a l l y  f i l l e d  w i th  d i s t i l l e d  and outgassed water ,  is connected to the system. 

The bulb is placed in a thermostated bath (see 6 in Fig. 1). The temperature of  

the bath is con t ro l l ed  by a programmable thermostat  (see 7 in Fig. i ) .  The 

thermostated bath can be replaced by a Dewar f lask  conta in ing  a mix ture  of  dry-  

ice and methanol. At the temperature of  -79°C of  the mixture the sa tu ra t i on  
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pressure of  water  vapour is  on ly  0.07 Pa. At t h i s  pressure a l l  the evaporab le  

(not  chemica l l y  combined) water  is removed from the hydrated cement paste.  

The vacuum b o t t l e  and hangdown tubes are a lso connected to an o i l  d i f f u s i o n  

vacuum pump and a r o t a r y  vane vacuum pump. A set  o f  va lves  is placed between the 

pumps and the system to con t ro l  the pumping speed. 

ERRORS IN THE MEASUREMENTS OF THE ADSORBED MASS 

In the chosen exper imenta l  set -up e r ro rs  in the measured mass due to thermo- 

mo lecu la r  f l ow ,  convect ion  or  e l e c t r o s t a t i c  charges are l a r g e l y  e l i m i n a t e d .  Two 

o the r  sources of  e r r o r  turned out  to be of  importance In t h i s  se t -up :  

I .  Water vapour e f f e c t s  on the balance.  There are severa l  repor ts  on mass a r t i -  

fac ts  using a Cahn-RG balance in water  vapour (p. 42 r e f . 3 ) .  

2. Abrupt changes in the measured mass (or  s h i f t s  o f  the zero po i n t )  a f t e r  

b u i l d i n g  v l b r a t i o n s .  The e r r o r  o r i g i n a t e s  from the type o f  secondary f u l c r a  

employed in t h i s  Cahn 2000 balance. 
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Fig.  2. Pressure dependence o 6 the apparent  mass gain f o r  a Cahn 2000 micro-  
balance in  water  vapour a t  25 C, i nc reas ing  pressure ,  no load ,  4 x. 
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Water vapour e f f ec t s  

The e f f e c t  o f  water  vapour on the balance was measured in the set -up 

descr ibed.  The balance beam was unloaded and at  a temperature of  25°C. The 

pressure was var ied  stepwise from 1.6% up to 80% of  the s a t u r a t i o n  pressure at 

25°C and r e v e r s e l y .  This was done 4 t lmes.  The mass a r t l f a c t  measured at  the 

va r ious  pressures are p l o t t e d  in Fig.  2 and Fig.  3. The g rea t  spreadlng of  the 

measured mass a r t e f a c t  in the low pressure range of  Fig.  2 is caused by warming 

up e f f e c t s .  The l as t  measured po in ts  o f  the desorp t ion  branch at  p /po= l . 6  ' in 

Fig.  3 were taken as zero po ln t  f o r  the mass a r t e f a c t  From these diagrams i t  

f o l l ows  tha t  an e r r o r  o f  about 15 ug occurs in the mass measurement. 

Measurements w i th  the balance beam loaded w i th  the suspenslon wl res and the pans 

(about 85 mg on each s ide)  showed an mass a r t e f a c t  t ha t  might we l l  be 40 ug. 

These measurements were h e a v i l y  d i s t u rbed ,  so no c l ea r  conclus ions could be 

drawn. I t  is very  wel l  poss ib le  t ha t  t h i s  mass a r t e f a c t  Is load dependent,  l i ke  

w i th  the Cahn-RG balance ( r e f . 4 ) .  More measurements w111 have to be done to g lve 
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F ig .3 .  Pressure dependence of  the apparent mass gain f o r  a Cahn 2000 micro 
balance in water  vapour at  25°C, decreasinq pressure,  no load ,  4 x. 
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a dec i s i ve  answer. 

Armlen@th chan~es due to v i b r a t i o n s  or shocks 

In f a c t  the Cahn 2000 microba]ance and many o the r  commerc ia l l y  a v a i l a b l e  

microbalances are torque measuring ins t ruments .  The to rque measured can be 

changed by a change of  the mass m, suspended from the balance beam, or by a 

change AI o f  the d is tance  I between the ax is  of  r o t a t i o n  o f  the beam and the 

po in t  o f  Impact o f  the fo rce  exer ted  on the beam by the suspended mass m. The 

apparent  mass change due to  such a change of  armlength can e a s i l y  be c a l c u l a t e d :  

Lm = L I  m (1) 
l 

I f  the secondary fu lcrum cons is ts  o f  a s imple round hook, bent in the top end 

of  the suspension w i r e ,  hooked on a loop of  w i re  a t tached to  the beam, the 

d is tance  I can va ry  e a s i l y .  Durlng a v l o ] e n t  v i b r a t i o n  of  the beam the hook can 

lose con tac t  w i th  the loop and the po ln t  of  Impact can be moved (see Fig.  4) .  

The change in armlength LK can be r e l a t e d  to the d isp lacement  a o f  the hook or 

the angle ~, I nd l ca ted  in Fig.  4, the rad ius r o f  the hook and the d iameter  o f  

the w i re  used f o r  the loop: 

a| = d a = ~ s in ~ = ~ ~ (2) 
2r  2 2 

The angle ~ is r e s t r i c t e d  by the c o e f f i c i e n t  o f  s t a t i c  f r i c t i o n .  For nichrome 

suspension wi res w i th  a d iameter  o f  0.1 mm m can be about 200 in a s t a t i c  

s i t u a t i o n .  In p rac t i ce  however m wiJ i  be sma l ie r  because of  the e x t i n c t i n g  

v i b r a t i o n s  of  the beam and the suspended loads.  

t 

. ' ,  ,t I 
f ,  tp: 

Fig.  4. Armlength change in  a Secondary fu |crum cons i s t i ng  of  a hook on a loop 

of  wi re 
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Fig. 5. Armlength change in a secondar}, fulcrum as used in a Cahn 2000 balance. 

On the Cahn 2000 microbalance used fo r  the experiments the suspension wires 

are suspended from a second loop, hanging on the loop f l xed  to the beam (see 

Fig. 5). Now L1 can be re la ted  to the dimensions of the second loop,  the 

d iameter  of  the w l re  of  the f l r s t  loop and the angle { as ind ica ted  in Fig. 5: 

! : d a = ~ ~ s in ~ ~ ~ ~ ~ (3) 
2r 2 r 2 r 

S u b s t i t u t i n g  the actual  values d=O.05 mm, r = i . 5  mm and b=3 mm and supposlng 

#=3°=5.24xi0 -2 rad one obta ins LI=2.62 ~m. Using the actual  value I=66 mll! one 

obta ins ± I / I =3 .96x i 0  -5 fo r  the Cahn 2000 mlcrobalance. The changes of armlength 

are s tochas t i c  in nature and they are independent f o r  the l e f t  and the r i g h t  

arm of  the balance. Using the obtained 3.96x10 -5 as mean value fo r  L I / I  one can 

ca l cu l a te  w i th  eq. i the mean value &~ of the e r r o r  in the measured mass 

d i f f e r e n c e  when the balance is loaded wi th  500 mg on both s ides:  

~=,, '2x3.96x10-5x500 mg=28 ~g. Experiments ca r r i ed  out w i th  loads vary ing from 

I00 mg on one side up to 600 mg on both sides of  the beam showed ~-T/l=4xlO -5,  

independent of  the load. 

From eq. 3 i t  is c lear  tha t  the change in armlength can be e l im ina ted  fo r  any 

angle ~ i f  b=O. This so lu t ion  is s i m i l a r  to tha t  proposed by Poul is and co- 

workers f o r  the cons t ruc t ion  of  secondary f u l c ra  w i th  p i vo t  bearings ( r e f . 5 ) .  

I f  b=O there w i l l  be no force on the second loop to keep i t  up r i gh t .  This can 

be solved by adding a proper counterweight  to t h i s  loop. (On l a t e r  vers ions of  

the Cahn 2000 microbalance a r ibbon suspension is used fo r  the secondary f u l c r a ,  

thereby e l i m i n a t i n g  th i s  armlength e r r o r . )  
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CURTAILING THE MEASURING TIME 

The adsorp t ion  of  water vapour in hydrated cement paste involves much t ime.  

Using s l i ces  0.5 mm thick~ a f t e r  5 days no change in mass could be measured. 

This imp l ies  tha t  the measuring of  an isotherm at 15 po in t s ,  both fo r  the 

adsorp t ion  and desorpt lon branch, would invo lve  ha l f  a year i f  wa i t i ng  fo r  

e q u i l i b r i u m .  Therefore i t  was examined whether the e q u i l i b r i u m  values can be 

ex t rapo la ted  from the course of the mass change wi th  t ime. 

The mass change k ine t i cs  were approximated w i th  a f i r s t  order  d i f f e r e n t i a l  

equat ion:  

dm(t)  = ! (m(t)_me) (4) 
dt  

where m(t)  is the adsorbed mass at  the moment t ,  meiS the adsorbed mass in 

e q u i l i b r i u m  going w i th  vapour pressure at  the moment t and z is a t ime constant.  

When the pressure is constant  a f t e r  t=O the so lu t i on  of  the d i f f e r e n t i a l  

equat ion is an exponent ia l  func t ion :  

m(t )  = m e - (me-m(O)) e - t / ~  (5) 

By measuring the mass at three consecut ive t imes t I ,  t 2 and t 3 w i th  equal t ime 

i n t e r v a l s  At one can ca l cu l a te  T and m e (see Fig. 6) :  

At 
: (6) 

m( t2 ) -m( t  I )  

In m(t3)_m(t2 ) 

With the ca lcu la ted  value fo r  ~ and two of  the measured masses the mass at any 

t ime t can be ca l cu la ted :  

~mass a 

m(t I ) 

m 0 

~mass b 

I 

I 
i I 
i i 

t l  t2 t3 t ime • 

me,2 

me,1 

m 0 

m 
e 

m(t 3 ) 

m(t 2 ) 

t ime 

Fig. 6. Mass change versus t ime curves, a. a f t e r  a s i ng le  pressure change 

b. a f t e r  consecut ive pressure changes. 
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m(t) = m(t2)+(m(t2J-7,~1', ) 

- t /T  - t2 /~ 
e -e (7) 
- t2/~ e - t l / ~  

e 

m ]s the value of m(t, w~en t approaches i n f i n i t y .  Combining th is  wi th eq. 5, e 
eq. 6 and t2- t1=Lt  one obtains:  

m(t2)2-m(tl)m(t3,, 
m e = (8) 

2m(t2)-m(t l ) -m(t3)  

( I f  t2-t1~ t 3 - t  2 then ~ can be calculated numerical ly  and m e can be ca lcu la ted 

with eq. 7.) J~nt t i  and co-workers have derived the same formula for  ca l cu la t i ng  

the equ i l ib r ium mass based on a model fo r  the adsorpt ion k ine t l cs .  They appl ied 

th is method of ex t rapo la t i on  to n i t rogen adsorpt ion measurements on ac t ive  

carbon, The e q u i l i b r a t i o n  time was 2-3 hours ( r e f . 6 ) .  For water vapour 

adsorption on hydrated cement pastes the e q u i l i b r a t i o n  time is about 50 times as 

long. The long e q u i l i b r a t i o n  time w i l l  l i k e l y  be caused by slow penetra t ion of 

water vapour in small pores then by adsorpt ion k ine t ics .  

The method was employed to ca lcu la te  the equ i l i b r ium masses for  an isotherm. 

The masses measured 2, 6 and 12 hours a f t e r  a pressure change were used. 
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Fig. 7. Adsorption isotherm fo r  water vapour on hydrated cement paste at 25°C. 
• 6 hours a f t e r  pressure change, • 18 hours a f t e r  pressure change, O ca lcu la ted 
equ i l ib r ium.  
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The ca lcu la ted  t ime constant  z var ied  from 3:10' hour to 15:25' hour. The mean 

value was 7:30' hour. The e q u i l i b r i u m  mass was ca lcu la ted  w i th  the use of t h i s  

mean t ime constant  #. In Fig. 7 the r e s u l t i n g  e q u i l i b r i u m  mass and the mass 

a f t e r  6 and a f t e r  18 hours are p l o t t e d  versus pressure.  In Fig.  8 the B.E.T. -  

p lo ts  belonging to these isotherms are shown. The r e s u l t i n g  B.E.T. s p e c i f i c  

surface areas are i i 0  m2/g, 112 m2/g and 115 m2/g r e s p e c t i v e l y  f o r  the masses 

measured a f t e r  6 hours, the ca lcu la ted  e q u i l i b r i u m  masses and the masses 

measured a f t e r  18 hours. 

Later  experiments showed tha t  the mass change a f t e r  18 hours is only about 

60 to 85% of the mass change at e q u i l i b r i u m ,  I t  was a lso found tha t  apply ing 

eq. 6 to measurements between 24 and 60 hours a f t e r  a pressure change y i e l ds  

t ime constants between 25 and 50 hours. The ca lcu la ted  mass changes then 

d l f f e r e d  less than 5% from the real mass change at  e q u i l i b r i u m .  Besides the 

method turned out to be very sens i t i ve  f o r  e r ro rs  in the measured masses, 
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Fig. 8. B.E.T. p lo ts  f o r  water  vapour on hydrated cement paste. 
• 6 hours a f t e r  pressure change, • 18 hours a f t e r  pressure change ,O ca lcu la ted  
e q u i l i b r i u m .  
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especia l ly  when Lt is much smaller than T. Therefore i t  was concluded that  th is  

ext rapolat ion method cannot reduce the measuring time by more than 60~ else the 

loss of accuracy w i l l  be unacceptable. Employing th is method for  desorption 

measurements with masses measured 2, 6 and 12 hours a f te r  a change of pressure 

gave very poor resul ts .  This is caused by the longer times involved with 

desorption. 
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