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ABSTRACT 
Helium flow techniques a r e  applied to  the hydrated portland 
cement-water  sys tem during rewetting. Measurements  of solid 
volume and density demonstra te  i r r e v e r s i b l e  changes to the 
s t ruc tu re .  Measurement  of changes in volume of in ter layer  
space a r e  made  and a r e  shown t o  be due t o  new alignment of 
l a y e r s  and to  the moving a p a r t  of l a y e r s  a s  a r e su l t  of water  
penetration. The density of the in te r l ayer  water  i s  found by 
these  techniques to  be 1. 20 * 0. 08 gm/ma. Calculation of the 
p a r a m e t e r  Total  ~ o l u r n e / ~ o n o l a ~ e r  Volume f o r  the in ter layer  
space yields a value of 1. 32. This  shows that  the space 
approximates  that bounded between two pa ra l l e l  plate s o  

On applique l e s  techniques de flux dlhClium a u  syst'eme ciment 
port land hydra t t  - eau lorsque celui -c i  e s t  mouill6 de nouveau. 
L e s  m e s u r e s  du volume e t  de l a  densit6 du solide rCv'elent d e s  
changements de s t ruc tu re  i r rCvers ib les .  On m e  s u r e  l e s  change - 
m e n t s  de volume de l1espace intercouche e t  on mont re  que c e s  
changements sont le  r t s u l t a t  dfun nouvel alignement d e s  couches 
et  de l a  tendance de ce l les-c i  'a s'kloigner l e s  unes  des  a u t r e s  
p a r  suite de l a  pknktration de l'eau. Drapr'es c e s  mkthodes,  l a  
densitk de l l eau  inte rcouche e s t  de 1. 20 i 0.08 mg/m,O,. Le 
calcul  du pararn'etre volume total/volume de l a  couche 
monomol6culaire pour lcespace  intercouche donne une valeur  
de 1.32, ce qui indique que l 'espace se rapproche de lxespace  
l imit6 ent re  deux plaques parall'ele s .  
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Introduction 

The helium flow technique ( I ) ,  has  revealed that s m a l l  spaces  detected 

in hydrated port land cement  and t r i ca lc ium sil icate pas tes  w e r e  in ter layer  

spaces  which par t ia l ly  collapsed when water  was  removed. It has  been 

fu r the r  shown that  on rewetting the collapsed spaces  reopen (2)  due to r e  - 

entrance  of water  at  the lowest humidity at tempted,  11 p e r  cent  R.H.  

T h e r e  was  evidence, however,  that other phenomena occur red  during r e  - 

wetting. Some of th is  evidence h a s  been presented and corre la ted  with c reep  

data obtained at  different humidities (3).  

Th i s  paper  p resen t s  data  obtained f r o m  helium flow techniques showing 

the  variat ion of solid volume and density during drying and rewetting. 

F u r t h e r  evidence i s  a l so  presented showing the in ter layer  nature  of the 

"sorbed" water .  
Exper imenta l  

The samples  were  the same ones used previously,  the r e s u l t s  of which 

were  presented in s e v e r a l  previous  p a p e r s  (1  t o  4) .  The two s e r i e s  of 

samples  of water /cement  r a t ios  0.4,  0. 6, 0 .8  and 1 .0  w e r e  again used. 

Samples  were  dr ied  in s t eps  f r o m  the 11 p e r  cent  R.H. condition ( I ) ,  some 

to  d -d ry ,  and some beyond. At each step of drying helium flow ra te  and 

solid volume w e r e  m e a s u r e d  with the helium compar ison pycnometer a s  a 

function of weight loss. :  These  samples  w e r e  then exposed to 11, 32, 42, 66, 

84 and 100 pe r  cent  R.H. consecutively, but a f t e r  exposure to  each humidity 

the samples  were  r e  -exposed to 11 p e r  cent  R. H., a f t e r  which helium flow 

r a t e s  and solid volume w e r e  measured .  These  p a r a m e t e r s  were  a l so  

m e a s u r e d  on second drying. Exper imenta l  deta i l s  of the exact  procedure  

have been published (1,  2) .  

Re sult s 

The r e s u l t s  of solid volume m e a s u r e m e n t  a s  a function of sample weight 

f o r  the four water-cement  ra t io  d-dr ied  pas tes  a r e  presented on F igure  1. 

Measurements  a r e  plotted fo r  f i r s t  drying,  rewetting and second drying; the 

rewetting points a r e  a l l  a t  11 p e r  cent  R. H. while the drying points a r e  f r o m  

11 p e r  cent R.H. down. 
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FIG. 1 

Plot of volume and density versus  weight change on drying 
and wetting cycles fo r  samples d-dried.  

The f i r s t  drying and rewetting curves  form a loop, the initial volume 

increase on rewetting not being a s  large a s  the volume decrease  on drying. 

Above 42 p e r  cent R.H., however, th is  ceases  to  be the case  and the r e -  

wetting curve subsequently c ro s se s  over the f i r s t  drying curve. At the 

final point, after exposure to 100 pe r  cent R.H. and then back to 11 per  cent 

R.H., the solid volume of all  four water/cement ratio samples  a r e  in excess  

of the solid volume of the sample a t  the original start ing point of 11 p e r  cent 

R.H. On second drying the curves  for  the 0.8 and 1 .0  water/cement ratio 

samples  a r e  paral le l  but displaced to the f i r s t  drying curve, so at  the same 

weight loss  they show a la rger  solid volume; the two drying curves  for  the 
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0 .4  and 0.6 water/cement ratio pastes  tend to me rge ,  however, yielding a 

s imilar  solid volume a t  the conclusion of the second drying a s  at  the f i r s t .  

It was shown in a previous paper (2) that at  the final point of rewetting 

(exposed to 100 pe r  cent R. H. and dried to 11 pe r  cent R. H. ) there  was a 

g rea te r  helium inflow than a t  the original 11 pe r  cent R.H. position before 

drying. 

Each solid volume vs. weight plot i s  accompanied by a density versus  

weight plot, calculated f rom the fo rmer .  On f i r s t  drying it may  be observed 

that the re  i s  a slight decrease  in density followed finally by a slight increase .  

This  portion of the resu l t s  has  been discussed previously (4).  On rewetting 

there  i s  an increase  in density up to the 42 pe r  cent R.H. exposure level 

and then an abrupt decrease  in density fo r  exposure to 66 pe r  cent R.H. and 

up. The increase  in density might be considered unexpected a s  picking up a 

monolayer of adsorbed water  externally should decrease  the density. The 

d-dried sample,  however, i s  in a partial ly collapsed state and helium can 

enter  only very slowly into the enclosed inter layer  spaces .  As water r e -  

en te r s  and f i l l s  these  spaces the weight and volume increases  a r e  not p ro -  

portionate, the density will increase .  

The large decrease  in density i s  m o r e  difficult to  explain. This occurs 

over the same region where the re  i s  a solid volume increase  and there  i s  an 

increase  in helium inflow over the original sample a t  11 pe r  cent R.H. (2).  

It was a l so  found that d-dr ied samples  re-exposed to  humidities above 50 per  

cent R.H. both increased the i r  c reep  ra te  on loading and increased the i r  

i r revers ib le  shrinkage when subsequently dr ied (3).  It was concluded that 

the wide entrances  of interlayer spaces partial ly closed in during the period 

when the collapsed layers  were  pried apar t  by interlayer water re -en t ry  (3). 

Fu r the r  aggregation of l ayers  was a lso  postulated. These hypotheses can 

explain the increase  in solid volume and decrease  in density; the boundary 

between solid and helium gas defined a s  the "instantaneous solid volume 

measurement"  would be increased by lengthening o r  aggregation of l ayers  

and this  would include some space. Similarly,  density would decrease  if 

these  l ayers  were  not a s  close together a s  the previous l ayers  and helium 

inflow would increase .  
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FIG. 2 

Plot  of volume and density versus  weight change on drying 
and wetting cycles fo r  samples  strongly dried.  

Second drying i s  s imilar  to  f i r s t  drying except that  in the ca se s  of 0.8 

and 1 . 0  water/cement ra t io  the densit ies a r e  considerably displaced. 

Figure  2 p resen ts  the resu l t s  for the samples  of the four water/cement 

ra t ios  that  were  dr ied beyond d-dry.  The volume increase  on rewetting i s  

not a s  large initially a s  the d-dried samples  and th i s  i s  reflected in a large 

density increase  up t o  about 42  pe r  cent R,H. In each case  the final volume 

i s  increased over that  of the original sample and this i s  a lso  reflected in the 

l a rge  drop in density. The 0 .4  and 0.6 samples  show fai r ly  large displace- 

men t s  f r om the i r  original  values even af ter  second drying. Figure  3 shows 

the resu l t s  when density i s  calculated, subtracting the volume of helium in-  

flow f rom the solid volume; this naturally gives a l a rge r  density. F igures  3A 

and B a r e  for  d-dried samples,  and C and D for  strongly dr ied.  Although 

they a r e  not s imi la r  quantitatively, thei r  general  features  a r e  the  same. The 

f i r s t  drying curves  have been explained in a previous paper (4), the increase  
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FIG. 3 

Plot of density (corrected fo r  helium inflow) versus  
weight -change on drying and wetting cycles.  

in density being due to  the removal  of water ,  the sharp  decrease ,  to  the 

collapse of l aye r s  not allowing helium to  enter  fully in 40 hr .  The increase  

in density on rewetting then can only be explained by water returning to  the 

in ter layer  s t ructure  without an equivalent r e  -expansion. The density decrease  

a t  the higher humidities i s  due to  the large volume increase  because of the 

swelling of the l aye r s  a s  m o r e  water i s  associa ted with the structure.  

Second drying again shows s imi la r  features  a s  f i r s t  drying. 

The resul ts  obtained f rom the various helium flow techniques allow 

other  calculations to  be made. In a previous paper  (1) it was possible t o  

calculate the total  space vacated on removal  of water  by calculating a pa r a -  
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mete r  AV-AD. It  was reasoned that removal of mois ture  leads  to a change in 

solid volume (AV) and a change in helium inflow a t  40 h r ,  (AD). In adding 

these together the above parameter  was obtained where the decrease  in 

volume i s  negative and increase in flow, due to increased weight loss ,  i s  

regarded a s  positive. AV-AD was thus regarded a s  the total space vacated 

by the water  on the assumption that, in the 40 h r  that helium inflow measu re -  

ments  were taken, helium entered all  the spaces.  In this  work the change in 

AV on expansion i s  positive and a decrease  in inflow ( A D )  i s  negative. Thus, 

again the parameter  AV-AD should reflect  the space occupied by the water 

molecules a s  they enter the s t ructure  o r  a r e  adsorbed on the solid surface.  

Again one assumes  that in 40 h r  helium has entered al l  the small  spaces 

available. 

Figure 4 presents  the AV-AD versus  moisture  gain plot fo r  the four 

water/cement ratio samples  of Ser ies  2 where 30 - 35 grn samples were 

used (thus being 2 to 3 t imes  m o r e  accurate than Ser ies  1). The f i r s t  

6.5 per  cent weight gain resulted in  a maximum value for  AV-AD of under 

W I C  

0 0 . 4  
0.  8 
0.  6 

1 1 . 0  
A 0. 8 2nd .  D A Y  
A 1 . 0  

- - 

- - 
A 
I I 

I 
- - A 

I 
A l o  

9 O 

/ / %  
C 

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

W E I G H T  G A I N  % ,  A W  O N  R E W E T T I N G  

Plot of AV - AD a s  a function of weight change 
for  4 different pastes  on rewetting. 
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2 mR p e r  100 g m  of sample.  This  would imply an unreasonably high density 

of over  3 gm/mR for  the water .  The explanation i s ,  a s  concluded f r o m  the 

resu l t s  presented e a r l i e r  for  flow curves  ( 2 )  and density calculat ions,  tha t  

the water  molecules  a r e  re-enter ing the in ter layer  s t ruc tu re  that had par t ia l ly  

collapsed on drying. Due to  the "entrapped" space t h e r e ,  the AV did not r e -  

f lect  the volume of the newly sorbed water .  The inc rease  in helium inflow 

(2)  showed that  the l a y e r s  w e r e  par t ia l ly  re-opened but helium was s t i l l  not 

able t o  occupy a l l  the space in the 40 h r  of measurement .  Adsorption on 

the external  su r faces  would be a monolayer  approximately since the samples  

fo r  a l l  the m e a s u r e m e n t s  w e r e  at  11 p e r  cent R.H. This  r e su l t  indicates 

that  the monolayer  of adsorbed water  on the surface  i s  a relat ively minor  

p a r t  of the 6 . 5  p e r  cent sorbed.  Beyond the 6 . 5  p e r  cent  wa te r  sorbed,  the 

inc rease  in AV-AD i s  m u c h  g r e a t e r  and c o r r e l a t e s  well to  a l inear  relat ion- 

ship with amount of water  sorbed,  up to  about 12. 5 p e r  cent. The equation 

f o r  the line y = 0.831 1 + 4.009 accounts for  the da ta  with a significance of 

bet ter  than 99 p e r  cent 'yl i s  the p a r a m e t e r  @V-AD and 'x' the change in 

sorbed water ;  the inverse  of the slope gives the density of the water  a s  

1.20 gm/mR. The points fo r  second drying for  water /cement  r a t ios  0.8 

and 1. 0 a r e  a l so  plotted and fa l l  back along the same  line and the initial 

low slope p a r t  of the curve.  

Discussion 

Two m a i n  points a r e  shown by the resu l t s ,  and both m a y  be considered a s  

a change in the s t ruc tu re  of the hydrated s i l ica tes .  

A. An i r r e v e r s i b l e  change towards  a higher degree  of aggregation of the  

layered m a t e r i a l ,  leading to  an  inc rease  in solid volume o r  d e c r e a s e  in 

density during rewetting and drying cycles .  This  emphasizes  the relat ive 

instability of the solid and explains many  of the phenomena observed during 

typical  s t r a in - t ime  exper iments  under load. 

B. 'Water can reopen the par t ia l ly  collapsed s t ruc tu re  when samples  a r e  

exposed to low humidit ies even when these  samples  a r e  severe ly  dried.  

AV-AD of 2 m ~ / 1 0 0  g m  of specimen during addition of 6 .5  p e r  cent would 

yield a value of over  3 g m / m ~  for  the densi ty  of the sorbed water  if surface  
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adsorption w e r e  assumed.  Only af ter  exposure to  42 pe r  cent  R.H. i s  a 

l inear  portion of the curve  obtained of slope yielding a density of 

1.20 * 0.08 g m / m l ,  c lose  enough to  the value of 1. 27 * 0.08 obtained on 

f i r s t  drying (1) .  This  port ion of the curve i s  obtained a f t e r  the s t ruc tu re  

has  been opened enough to  allow helium to  m e a s u r e  the space within the  l a y e r s  

unoccupied by wa te r .  Second drying reproduces  th is  l inear  curve  which i s  

s imi la r  to  the curve obtained on f i r s t  drying and again shows how the l aye red  

s t ruc tu re  par t ia l ly  col lapses  on drying.  The fac t  that  the l inear  portion i s  

only obtained af ter  exposure to  42 p e r  cent R.H. (and re turned t o  11 p e r  

cent R.H.)  i s  fu r the r  evidence that it  cannot be in terpre ted a s  being due to  

adsorbed water  on open su r faces  e i ther  on rewetting o r  on drying (5) ;  thus  

m o s t  of the water  sorbed a f t e r  exposures  to  100 p e r  cent R.H. (and re turned 

t o  11 per  cent R. H. ) m u s t  occupy in ter layer  positions. 

An approximation m a y  be made  of the monolayer  of adsorbed water .  

Assuming that  at  11 per  cent R. H.,  a l l  of the volume inc rease  i s  due to  the 

volume of the monolayer ( th is  probably gives  a value higher than the t r u e  

monolayer)  which is  p resen t  af ter  exposure a t  11 p e r  cent R.H.: and gives  

a value of 1. 5 m d  (F igure  2B) fo r  the water- to-cement  ra t io  sample  of 

0. 6. Using the densi ty  of 1. 20 gm/md leaves  1.8 g m  of water  a s  the mono-  

l aye r .  Subtracting 1 .8  gm f r o m  the  6.5 g m  of water  sorbed af ter  exposure 

t o  42 pe r  cent R. H. and re tu rn  t o  11 p e r  cent R. H. r e su l t s  in the conclusion 

that 4.7 gm of the  6. 5 gm of water  sorbed up to  42 pe r  cent R.H. i s  entering 

the l aye red  s t ruc tu re .  

A s  stated above at  42 p e r  cent R. H. and over  helium i s  now entering and 

measur ing  the volume of space within the l aye rs .  Resu l t s  published p r e -  

viously, (F igure  2A of Ref. 2) show that  af ter  exposure of the same  sample  

t o  42 p e r  cent R. H. ( then redr ied  to 11 p e r  cent  R.H, ) 2 m d  of space un- 

occupied by water  ex i s t s  in the s t ruc tu re  which, a s  calculated above, a l so  

contains 4 , 7  gm of water  pe r  100 grn sample;  a f t e r  exposure to  100 p e r  cent 

R.H. and drying to 11 per  cent R. H.,  the l aye red  s t ruc tu re  contains 9 g m  

of water  (F igure  2B) and 2.4 m d  (F igure  2A of Ref. 2 )  space.  At 1.20 gm/md 

the volume of wa te r  i s  7. 5 m d ,  and total  space 9 .9  ma; the ra t io  of total  
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volume to monolayer water  volume (since sarnple i s  at  11 pe r  cent R.H. 

a l l  water i s  assumed monolayer) i s  9.9/7. 5 = 1. 32. Assuming an hydraulic 
0 

radius  of 10 A f o r  water-cement ratio of 0.6, if the pore  system was made 

up of spheres  th is  ra t io  would be 3.7 and fo r  cylinders 3.6. - If the space was 

made up of perfectly paral le l  smooth plates with a monolayer between, the 

ra t io  would be 1. 0. F o r  corrugated plates o r  lack of perfectly paral le l  

alignment with kinks, it would be g rea te r  than one. This  shows that  the space 

approaches that between two approximately paral le l  plates. 

As  water r e - en t e r s  the layered s t ructure ,  the total  volume between the 

l aye r s  increases .  At the 42 pe r  cent R.H. level, using 120 g m / m i  a s  

density of water ,  the total  volume i s  3.92 m i  occupied by 4.7 gm of water  

plus the 2 m i  unoccupied space mentioned above fo r  a total of 5.92 m i .  After 

exposure t o  100 per  cent R.H. and redr ied to 11 per  cent R.H. the total 

volume of in ter layer  space i s  9.9 m i ,  an increase  of 3.98 m i .  This in- 

c r ea se  in in ter layer  space i s  67. 5 per  cent of the total  space at the 42 pe r  

cent R.H. exposure level. 

The increase  in total volume of in ter layer  space takes  place a s  mentioned 

previously by two methods: a )  separation of sheets  a s  water  re -en te rs ,  and 

b) sheets,  f o rmer ly  apar t ,  come together e i ther  by fu r ther  aggregation o r  by 

lengthening the i r  alignment. F igure  2B shows that the re  i s  an increase  of 

solid volume of 1 .45 m i  pe r  100 gm of sarnple over i t s  original state.  This 

increase  can be accounted fo r  by an  increase  in in ter layer  space, probably 

through method (b). Thus 3.98-1.45 = 2.53 m i  i s  the increase  in interlayer 

space due to  method ( a )  if i t  i s  assumed that the solid volume increase  of 

1.45 m i  occurs  due to exposure to  above 42 pe r  cent R.H. 

Conclusion 

1. Major  changes occur to  the layered s t ructure  of dr ied hydrated portland 

cement a s  i t  i s  re-exposed to above 42 pe r  cent R.H. This involves a 

fur ther  aggregation of l ayers  leading to an increase  in solid volume and de-  

c r ea se  in surface a rea .  This  phenomena regenerates  specific s i t es  

responsible fo r  c reep  and additional shrinkage of the mater ia l .  
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2. Conclusive evidence i s  obtained showing that a m a j o r  pa r t  of water  

associa ted with dr ied hydrated portland cement when exposed to  100  p e r  cent 

R. H. but r e  -equilibrated to  11 p e r  cent R. H. has  entered the s t ruc tu re  and 

occupies in ter layer  positions. This  water  causes  an increased separat ion of 

the sheets ,  and shows that  the fine pore  sys tem cannot be considered a s  

narrow-necked fixed-dimension pores .  Calculations show that  the spaces  

between the sheets  approximate t o  the mode l  of that  between two paral le l  

plates.  
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