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P r i n t e d  i n  t h e  Un i t ed  S ta tes .  

THE FLOW OF HELIUM INTO THE INTERLAYER SPACES 
O F  HYDRATED PORTLAND CEMENT PASTE 

R. F. Feldman 
Division of Building Re search,  National Research  Council of Canada 

Ottawa, 7, Ontario, Canada 

(Communicated by G. L. Kalousek) 

ABSTRACT 
A helium flow technique has been worked out whereby the changes 
occurring to  hydrated portland cement a s  a resul t  of the removal 
of inter layer  water  can be measured.  Results were  obtained a t  
water-cement rat ios  of 0.4, 0.6, 0.8 and 1.0. "Solid volume" 
measurements  were  also made. It was concluded that the spaces 
into which helium flowed were  inter layer  spaces and not fixed- 
dimension, narrow-necked pores.  This work supported the 
mechanism discussed in the new model of hydrated portland 
cement on the sequence of water  removal f rom the inter layer  
spaces and subsequent collapse of the spaces.  An est imate of the 
density of the f i r s t  5. 25% of the water  removed f rom the 11% R. H. 
condition was made;  this was 1.27 5 0.08 gm/cc. 

SOMMAIRE 
On a ClaborC une technique de flux dlhClium qui permet  de mesurer  
l e s  changements qui prennent place dans une p t t e  de ciment port-  
land hydrate 5 l a  suite de l'enl'evement de l 'eau dans l e s  couches 
intermCdiaires. Des rgsultats ont CtC obtenus pour des  rapports  
eau:ciment de 0.4, 0.6, 0.8 e t  1.0. Des m e s u r e s  du "volume 
solide" ont auss i  CtC faites.  On a conclu que le  passage de 
llhClium s e  faisait  dans les  couches intermediaires  et  non dans 
des  pores  Ctroites et  de dimensions fixes. Cette Ctude appuie le  
mCcanisme discutC du nouveau mod'ele de ciment portland hydratk 
s u r  la  s6quence de l 'enlkvement de l 'eau dans les  couches inter  - 
mCdiaires et  l 'affaissement subskquent des  espaces.  Un estimC 
de l a  densit6 du p remie r  5.2570 de l 'eau enlevCe aux conditions de 
11 % d8humiditC relative a CtC fait; l a  valeur Ctait de 1. 27 5 0.08 
gm/cc. 
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Introduction 

Scientific in te res t  in experiments that provide information on the 

nature of hydrated portland cement paste i s  current ly considerable,  owing 

to a recently described new model  for  hydrated portland cement (1) and 

subsequent discussions (2,  3). 

The new model  recognizes that the hydrated calcium si l icates  in 

portland cement a r e  layer  -structured, and many of the propert ies  of hydrat - 
ed portland cement can be ascr ibed to this. Previous physical m e a s u r e -  

ments  such a s  density and water  sorption determinations did not take into 

account the fact that the d-dried hydrates can rehydrate when re-exposed to  

water vapor; thus many accepted propert ies  and parameters  had to  be r e -  

a s se s sed  o r  revised. In addition, i t  i s  now considered that the propert ies  

that led to  the notion of "gel-porestt  a r e  in  fact  due to  inter layer  spaces.  

Studie s involving length and sorption scanning i so therms (4)  have 

shown that up to 8070 of the length change in the course of a sorption i so -  

t he rm determination i s  due to  inter layer  hydration o r  dehydration. 

Seligmann (5) has analyzed NMR measurements  of others  and his  own and 

has shown that a large portion of what was considered to be physically 

adsorbed water  i s  inter layer  water.  Verbeck and Helmuth (6)  have gone 

fur ther  and concluded that the water  that was fo rmer ly  considered to be gel 

water  i s  inter layer  water ,  and that gel pores  a r e  in fact  inter layer  spaces.  

At this stage i t  was important to  follow by some experimental 

technique the changes to  the solid that resul t  f rom the removal o r  replace-  

ment  of the inter layer  water  in  o rde r  to confirm i t s  existence. The helium 

flow technique developed for  this purpose and the resu l t s  obtained with i t  

a r e  the subject of this  paper.  

Experimental  

Mater ia l s  

(a )  Porous  sil ica g lass  - -Po ros i ty  i s  approximately 5070 by volume 
2 

made  up almost  entirely of pores  251 radius; the surface a r e a  i s  180 m /gm. 



V o l .  1, No.  3 
CEMENT PASTE, POROSITY,  H E L I U M  FLOW 

(b) Compacts of reagent grade NaC1 - -Poros i ty  varied f rom 18 to 
2 

0% by volume. Surface a r e a  was l e s s  than 0. 5 m /gm. 

( c )  Compacts of reagent grade Ca(0H) - -Poros i ty  varied f rom 46 
2 

2 
to 8% by volume. Surface a r e a  was 15 m /gm.  

(d) A Type I portland cement was paste -hydrated a t  water-cement 

ratios 0.4, 0.6, 0.8 and 1.0, in  cylinders 3.2 cm in diameter  for 2. 5 

years .  Discs 1.25 m m  thick were cut f r o m  these and were used a s  the 

samples for helium flow measurements .  

The compacts fabricated in (a ) ,  (b) and (c)  were of the same dimen- 

sions. The analysis of the cement has been published previously (4).  

Helium Comparison Pycnometer 

As shown in Figure 1, the sample i s  placed in a cylinder which i s  

then evacuated. Helium i s  allowed to f i l l  the two cylinders a t  approximately 

1 atrn. The cylinders a r e  then isolated and compressed to 2 atrn by mov- 

ing the reference piston to the forward fixed position (Figure 1);  in doing 

this the volume i s  exactly halved and the p res su re  i s  doubled. The sample 

D I F F E R E N T I A L  

FIG. 1 

Simplified s chematic diagram of 
helium comparison pycnometer. 

S A M P L L  C U P  

piston i s  moved simultaneously with the reference piston, and by reference 

to the differential p re s su re  indicator, the p res su re  in the two cylinders i s  

kept the same.  

In the actual experiment the sample i s  evacuated for 10 m i n  and 

helium i s  then admitted to the sample for  15 sec. P r e s s u r e  equalisation 

between the cylinders and compression take a fur ther  1 min:45 sec. As 
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soon a s  compression to 2 atm i s  complete, helium flow readings begin. 

The sample cylinder i s  always returned to 2 atm before a reading i s  taken 

by comparing with the reference cylinder through the differential manometer. 

Flow i s  plotted as  mil l i l i ters  of helium at  2 atm per  100 gm of sample and 

as  a function of time. 

General Procedure 

The samples were heated under vacuum before a run, in a separate 

vacuum vessel.  After a prescribed period of t ime dry  a i r  was allowed to 

enter  the vessel and the sample was t ransfer red  to the pycnometer's sample 

cylinder in a gloved box dried with magnesium perchlorate. The sample, 

except in the case of porous g lass ,  was in the form of several  discs a s  

already described, the total weight varying f rom 15 to 30 gm. Porous 

glass  was in the form of broken tube, 2 -rnm wall thickness and 2.5 cm in 

diameter.  The runs on the hydrated cement were done at  different mois -  

ture contents. At fir s t  moisture was removed by evacuation alone and then 

by heating at  increasing temperatures and for different periods of time. 

The sample was weighed after  the helium flow run which extended over 40 

h r ,  so the change in flow character is t ics  could be plotted a s  a function of 

weight change. Some runs were also performed using nitrogen a s  the 

fluid. 

The instrument itself exhibited a small  leak ra te ,  but this was 

determined before the experiments.  All runs were performed in a 

temperature -controlled laboratory at  22°C. 

The standard procedure was followed with these mater ia ls  using 

only helium a s  the fluid. It was found that the flow ra te  was of the same 

order  a s  the blank run (< 0.100 m l  for  40 h r )  and was independent of the 

porosity of the compact. Density calculations (from Boyle's law) were 

made by assuming that the value obtained directly af te r  compression was 
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correct .  Results corroborated this and indicated that the helium gas had 

completely entered the pores  regard less  of the porosity. 

Porous Glass  

The same resul t  a s  above was obtained for  porous glass  when helium 

was used a s  a fluid, but when nitrogen was used, i t  was found that the 

"apparent volume" was very low, giving an abnormally high value for  

density. It was concluded that nitrogen was adsorbing on the clean porous 

g lass  surface during the compression f rom 1 to 2 atmospheres.  

The lack of flow when helium was used was significant. The density 

value was real is t ic  and i t  was apparent that helium ve ry  rapidly entered the 

pores  even when these were  25A radius. 

Hydrated Portland Cement 

Two se ts  of samples were used a t  the four water-cement rat ios  of 

0.4, 0.6, 0.8 and 1.0. One se t  was dried to what had been previously 

determined by conventional techniques to be equivalent to  the d-dried s tate  

(4);  the other s e t  was dried well beyond the d-dried state.  All the samples 

had been initially equilibrated over concentrated NaOH solution (1  170 R. H. ) 

in  desiccators  for a minimum of 6 months. The f i r s t  helium flow run was 

done a t  this state and the samples were then dried in 10 to 12 s teps,  a 

helium flow run being done a t  each step. The f i r s t  se t  lost  a total of about 

8.2% based on the weight a t  1170 R.H. and the second se t  about 10.870. In 

general  i t  took f rom 40 to  50 days until the final stage of drying. 

Helium Flow a s  a Function of Time 

Figure 2 presents  the flow of helium versus  t ime for the water - 
cement rat io 0.4 (weight loss  to  10.8%). The curves for  all  the water-  

cement rat io samples a r e  s imi lar  (water-cement rat ios  of 0.6, 0.8 and 1.0, 

not shown). The curves in Figure 2 can be divided into three  types. The 

curve for the sample a t  1170 RR. H. and the subsequent two curves up to a 

weight loss  of 1.92% show a very rapid helium flow for  approximately the 

f i r s t  50 min. F r o m  about 8 to  10 h r  onward the ra te  i s  no grea ter  than that 
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of the blank run, and one can assume that helium i s  no longer flowing into 

the sample. This i s  the f i r s t  type of curve, designated Type I. Fu r the r  

weight loss  up to 4 o r  570 yields curves which show even m o r e  rapid helium 

flow at the ea r ly  periods and a l e s s  rapid decrease  in ra te ,  the ra te  a t  10 h r  

sti l l  being significant, but insignificant at  40 hr.  Beyond this point, up to a 

weight loss  of 6 to 770, one observes the  second type of curve (Type II), 

FIG. 2 

Helium flow into 0.4 water-cement 
rat io  cement paste at different water 
contents, a s  a function of time. 

5 10 15 20 25 30 35 40 

TIME. H O U R S  

where the ra te  in the f i r s t  50 min  becomes l e s s  than in the previous con- 

dition, but there  i s  a c rossover  of curves a t  a la te r  period, with m o r e  

helium penetrating ultimately. The ra te  a t  40 h r  at 670 weight loss  now 

exceeds that of the blank run and i t  appears  that a t  40 h r  helium has not yet 

fully penetrated. Beyond 6 to 770 weight l o s s  i s  the third type of curve 

(Type HI), which shows a loss  in ra te  with weight loss  before 1 h r  and a net 

decrease  in helium flow at 40 hr .  Fu r the r  weight loss  beyond 770 shows 

the ra te  decreasing a t  both the ear ly  and late periods. The rate  a t  10.82% 

weight loss  a f te r  40 h r  i s  quite low even though little penetration has 

occurred. 
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W E I G H T  L O S S .  I O N  D R Y I N G  W E I G H T  L O S S ,  I O N  D R Y I N G  

FIG. 3 FIG. 4 

Helium flow a t  50 min  and 40 h r ,  Helium flow a t  50 min  and 40 h r ,  
plotted a s  a function of weight loss  plotted a s  a function of weight loss  
for 0.4 water -cement rat io cement for  0. 6 water-cement ratio cement 
paste. paste. 

Effect of Weight Loss on the Volume of Helium Flow 

To illustrate how the helium flow varies  with mois ture  content, the 

volume that flowed into the sample a t  50 min  and at 40 h r  was plotted a s  a 

function of moisture removed f rom the 11% condition. F igures  3 and 4 show 

the plots for  water-cement ratios of 0.4 and 0.6, respectively. The only 

r ea l  difference in the curves i s  that for the water-cement rat io of 0.4 the 

maximum inflow was approximately 4.2 m1/100 gm, while for  water-cement 

rat ios  of 0.6, 0.8 and 1.0 the maxima were 3.2 and 3.4 for  0.6, 3.2 and 

3.6 for  0.8 and 3.1 and 3.6 for  1.0. This includes the two samples for  the 

water -cement ratios 0.6, 0.8 and 1.0. The s imilar i ty  between the curves 

for water-cement ratios 0.6, 0.8 and 1.0 and how they differ with 0.4 i s  

not surprising when one considers their  surface a r e a s  a s  determined by 
L 

nitrogen adsorption. These a r e  30, 55, 51, and 57 m /gm for  water-  

cement rat ios  of 0.4, 0.6, 0.8 and 1.0, respectively. The plotted points 

show some sca t te r  between the two samples for  l e s s  than 270 water removed, 

especiallyfor water-cement ratio of 0.8, but beyond 270 the agreement i s  

quite good. They all  show a decreasing amount of helium inflow after 50 

m i n  a t  approximately 4 to 4. 570 weight loss ,  while the amount that flowed 
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in after 40 hr  decreased very steeply after 6 to 6. 5% weight loss .  After 8 

to 970 weight loss  there  i s  little fur ther  decrease  in helium flow. This i s  

just a little beyond the equivalent of the d-dried state.  

Nitrogen Used a s  Fluid in Pycnometer 

Nitrogen was also used a s  the fluid on hydrated portland cement; 

some of the resu l t s  a r e  shown in Figure 5 for  the paste prepared at a water-  

cement rat io  of 1.0. Results indicated little flow of nitrogen into the smal l  

spaces of the sample. The curve for the sample equilibrated at 1170 R. H. i s  

little g rea t e r  than a blank run. Since a t  1170 R. H. approximately a mono- 

layer  of adsorbed water exists,  the surface will not be so active and 

adsorption of nitrogen will decrease  relative to a bare  surface. The other 

curves shown a r e  for the sample in a fair ly  well dr ied state.  In none of the 

ca ses  does the nitrogen flow compare in amount with that for  helium 

(Figure 2) and there  i s  little change between 4 and 870 weight loss ,  the final 

curve being equivalent to the d-dried state. The la t ter  curves can thus be 

explained by the fact that during drying the monolayer of water i s  removed, 

and increased adsorption of nitrogen will take place a s  a resul t  of the 

compression of the gas f rom 1 to 2 atm. Examination of the curve 

representing a weight l o s s  of 8.3370 (approximately d-dried) reveals  that in 

the f i r s t  20 minutes there i s  a high ra te  of nitrogen flow. This ra te  cannot 

be matched by the equivalent helium curve (Figure 2) and i t  i s  believed to  

be predominantly adsorption. The resu l t s  f rom porous g lass  showed this  

even m o r e  clear ly and also in the case of hydrated cement the density 

obtained by nitrogen was too high, approaching that of the unhydrated 

cement. This has been mentioned previously (7) .  It i s  c lear  then that in 

measuring the flow of helium into hydrated portland cement one i s  measu r -  

ing flow into spaces which nitrogen cannot penetrate,  whether these spaces 

contain some water o r  not. Studies, which will be reported in another paper, 

have shown that pore volumes computed by measuring solid volumes by this 

helium technique (the value i s  taken immediately after compression to 2 atm; 

flow i s  not taken into account) i s  the same a s  that obtained by methanol 

pycnometry. This in turn  has been shown t o  give pore volumes s imilar  to  

liquid nitrogen (8) .  Of interest  in this  paper a r e  the nature of the spaces 
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that  the  ni t rogen and methanol  molecu les  do not e n t e r ,  effect  of r emova l  of 

wa te r  f r o m  the s p a c e s ,  and the  r o l e  of w a t e r  in them.  

Total  Space Vacated by Water  V e r s u s  Degree  of Drying ( s e e  Appendixfor 
definit ions) 

Before  a specif ic  in terpreta t ion of the  flow c u r v e s  i s  m a d e  s o m e  

f u r t h e r  analys is  will  be helpful. In  the  hel ium pycnometr ic  technique one 

m a y  obtain a "solid volume" of the  sample  by using the  value obtained by 

compress ing  the g a s  in  the  sample  cyl inder  t o  2 atrn. No hel ium flow i s  

taken into account. O n e m a y t h e n p l o t a c u r v e  of change in"solidvolume"(AV) 

with weight l o s s  a s  shown on F i g u r e  6 ( th i s  weight l o s s  i s  due t o  the w a t e r  

removed in s tep-by-s tep drying f r o m  the 11% R. H. s t a r t ing  condition). 

S imi la r ly  on F i g u r e s  3 and 4 "total  inflow" a t  40 h o u r s  h a s  been plotted 

agains t  weight loss .  Th i s  t e r m  "total  inflow" now r e f e r s ,  of c o u r s e ,  t o  

the hel ium flow into the  s m a l l  p o r e s  into which ni t rogen and methanol  

essen t ia l ly  cannot e n t e r .  Without d i scuss ing  any in te rp re ta t ion  of the  

c u r v e s  i t  can be observed that  r emova l  of m o i s t u r e  l e a d s  t o  a change i n  

"solid volume" and a change in  hel ium flow (AD). Adding t h e s e  together  a 

p a r a m e t e r  AV-AD i s  obtained where  the  d e c r e a s e  i n  volume i s  a negative 

AV and i n c r e a s e  in flow, AD, due t o  i n c r e a s e d  weight l o s s  i s  r egarded  a s  

posit ive.  Th i s  can be regarded  a s  the  space  vacated by the  w a t e r ,  on the  

assumption that  a t  the  beginning of the flow exper iments  l i t t le  hel ium 

en te red  in to  the  s m a l l  spaces  vacated by the  w a t e r  f o r  the  shor t  per iod a t  

1 a t m  and dur ing compress ion .  I t  i s  a s s u m e d  tha t  c o r r e c t i o n  f o r  th i s  

amount i s  m a d e  f r o m  the  r e s u l t s  of the  f i r s t  condition ( the  sample  con- 

ditioned a t  1170 RR. H. ) which a r e  sub t rac ted  f r o m  the o t h e r s  t o  obtain AV 

and AD. It i s  a l s o  a s s u m e d  that  the  helium does  not i n t e r a c t  with the  s u r -  

f ace  o r  o the r  body f o r c e s  and i s  a t  2 a t m  within a l l  the  s m a l l  spaces  tha t  

wa te r  h a s  vacated.  

A s  w a t e r  i s  removed f r o m  the sample  one would expect  a continual 

d e c r e a s e  in  the p a r a m e t e r  AV-AD. In F i g u r e  6, AV-AD i s  plotted for  the 

two s e t s  of s a m p l e s  f r o m  0 .4  to  1 .0  and f o r  C3S pas te  hydrated a t  0. 5 and 

0.8 wa te r -cement  ra t io ;  f o r  the  C S p a s t e s  only up t o  a l o s s  of 3 .  570 was  
3 

plotted. The p a r a m e t e r  AV-AD a p p e a r s  l i n e a r  up t o  about 5. 570 weight 

l o s s  ( F i g u r e  6). Consequently,  a l i n e a r  r e g r e s s i o n  ana lys i s  was  applied to  
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a WEIGHI LOSS -4 .1268 
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A Z WEIGHT LOSS ' 8.331% 

0 0.4 WIC CEMENT PASTE A & B 
0 0.6 WIC CEMENT PASTE A - 
A 0 . 8  WIC CVnENT PASTE A 
V 1.0 WIC CEMMT PASTE A 
t 0.6  WIC CEMENT PASTE B 
X 0 . 8  WIC CVnENT PASTE B 
T 1.0 WIC CEMENT PASTE B 
A 0.5 WIC C j S  PASTE 

A V V S  AW 0.4CEMENT PASTE 
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- 
'. '. 

- 

- 

'0 

T I M E .  H O U R S  W E I G H T  L O S S ,  Z I A W I  O N  D R Y I N G  

FIG. 5 FIG. 6 

N i t r o g e n f l o w i n t o 1 . 0 w a t e r - c e m e n t  P l o t o f  AV-ADandAVasa func t i on  
ra t io  pas te  a t  different wa te r  con- of weight l o s s  f o r  10 different 
t en t s ,  a s  a function of t ime .  pas tes .  

the  points (39 in  a l l )  below a weight l o s s  of 5. 370. This  s t ra ight  l ine i s  

y = 0.31034 ( & O .  15939) - 0.7886 ( & O m  0 5 0 5 2 ) ~ ~  x being t he  weight l o s s .  The 

cor re la t ion  coefficient i s  0.9823 giving a significance in  the 0.99 level  f o r  

the corre la t ion.  (The  e r r o r s  a r e  es t imated  a t  the 9970 confidence level . )  

If a l l  the  assumptions  a r e  c o r r e c t  and the hel ium fi l led a l l  the  space  that  

the wa t e r  vacated,  the  i nve r se  of the  slope gives  the  densi ty  of the  wate r  

f r o m  0 to  5. 370 weight loss .  Th is  value comes  t o  1.27 % 0.08 gm/cc.  The 

p a r a m e t e r  AV-AD beyond 5.3% weight l o s s  t o  approximately  1170 (F igu re  6) 

shows prac t ica l ly  no fu r t he r  dec r ea se ;  in fac t  ove r  some  regions  t h e r e  i s  an 

i n c r e a s e  plotted on F igu re  6 f o r  the 0 .4  wate r -cement  r a t i o  pas te ) ,  despi te  

the fac t  that  a f u r t he r  5.670 of wate r  has  been removed f r o m  the sample.  It 

appea r s  that  removal  of wa t e r  beyond 5.370 does  not conform to  the m e r e  

removal  of wa t e r  f r o m  po re s .  The curve  f o r  AV ( F i g u r e  6) shows that  be -  

tween 5 to  6% weight l o s s  an  i n c r e a s e  i n  the r a t e  of change of AV occu r s  

(i. e. , an  i nc r ea sed  shr inkage p e r  unit weight loss ) .  In addition, on F igu re  

3 the helium flow a t  40 h r  shows that  a f t e r  5.870 weight l o s s  t he r e  i s  a ve ry  

abrupt  d e c r e a s e  in  the amount that  ha s  flowed into the sma l l  spaces  of the  

sample .  
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FIG. 7 
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Two different models to  explain 
the helium flow character is t ics  of 
the cement pastes.  ( a )  model with 
pores  having narrow necks and 
fixed dimensions (b)  inter layer  
model. 

liiil 

Discussion 

In the presentation of resu l t s  it was suggested that a specific in te r -  

pretation of these resu l t s  could be made.  It  was concluded that the flow of 

helium which was being observed in these experiments was flow f rom the 

pores  of - 2 0 i  radius,  which fil l  rapidly during compression, into spaces 

which have entrances too smal l  for  the entrance of nitrogen. The re  a r e  

two models for  hydrated portland cement. One model has  a micros t ruc ture  

with a small  a r e a  accessible  to  nitrogen but a considerably la rger  a r e a  

available to molecules like water;  the large a r e a  i s  composed of pores  of 

fixed dimensions with necks of such a size that nitrogen cannot enter  

(Figure 7(a)) .  The other ,  the "new model" for  hydrated portland cement, 

does not recognize the existence of these pores  with fixed dimensions, but 

postulates the presence of layered crystals  with inter layer  water between 

adjacent layers;  the surface a r e a  determined by nitrogen adsorption i s  the 

external a r e a  of the layered crystals .  As the water i s  withdrawn, i n t e r l aye r .  

space i s  made available at  f i r s t  for  helium flow, but then collapse of the 

l aye r s  occurs  in  a manner  not proportional to  the loss  of inter layer  water 

(Figure 7(b)).  It will be shown how the la t te r  model i s  the one that best 

f i ts  the data. 

At 1170 R. H. i t  i s  assumed that the samples  possess  approximately 

a monolayer of adsorbed water .  Restricted flow into the sample at  this 

stage can be described by ei ther  model,  i. e . ,  flow into narrow-necked pores  

o r  into partially dehydrated entrances of inter layer  spaces.  As m o r e  water  

i s  removed f rom the sample an increase  in flow would be expected f rom both 

models.  Volume change can be explained in the ea r ly  s tages for  both 

models if one assumed that the monolayer of adsorbed water  on the external  
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surface was being removed. In ei ther  model,  this  can only be used to  

explain a smal l  par t  of the volume change, however, because the complete 

monolayer would occupy l e s s  than 1 m1/100gm of a sample (calculated from 

external a r e a  determined by nitrogen adsorption; the surface a r e a  i s  
2 

30 m / g m  for  0.4 water-cement  rat io  paste) .  Model (b) (Figure 7) can 

explain this since one would expect a diminution in "solid volume" a s  

dehydration proceeds fur ther  into the layers .  P a r t  of the volume vacated 

by the water f rom the inter layer  spaces i s  taken up by a slight collapse of 

the l aye r s  which causes an external  volume change; the r e s t  of the volume 

vacated by water will resul t  in increased flow of the Type I flow curves.  

The sum of the external  volume change (AV) and change in amount 

of inflow (AD) ( same  a s  parameter  OV-AD) plotted against the loss  in weight 

(OW) for  the many samples  (Figure 6)  produced a straight line giving a 

density of 1. 27 gm/cc for  the water removed up to  5.270~ Although this 

resul t  by itself i s  consistent with model ( a ) ,  i t  provides evidence against it 

because, at  this  weight loss  (5.270)~ AV i s  too large to  be explained by the 

fixed-dimension narrow-necked pores  of model (a ) .  The flow curves and 

the value of density for  the water would be consistent with both models  up 

to about 470 weight loss .  Beyond this  loss ,  however, the flow curves show 

a decrease  in  initial ra te  a l thoughmore helium has flowed in at  40 hours.  

(These curves were  labelled Type LI ea r l i e r  in  this paper) .  This las t  fact 

cannot be explained by model (a ) .  Indeed, there  i s  no mechanism in this  

model to  account fo r  a decrease  in  flow ra te  o r  total  flow. One would ex- 

pect an increase  in initial  ra te  and quantity a s  the volume of empty space in 

the smal l  pores  increases .  As m o r e  water i s  removed, i. e . ,  beyond 670 

weight loss  where the Type III curves occur ,  initial flow ra te  dec reases  

even further;  at  40 hours  the total  quantity of helium that has  entered the 

sample now also decreases .  

These resu l t s  can be completely explained by model (b): a s  water i s  

removed f rom the inter layer  spaces m o r e  space i s  vacated and some 

collapse occurs .  At f i r s t ,  however, the collapse i s  not a s  grea t  a s  the 

space created and helium flow increases  in rate .  As entrances to  inter-  

layer  spaces get significantly smal le r ,  ra te  of flow dec reases  even though a 
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l a rge r  volume of helium can ultimately flow in. Where the weight loss  i s  

between 5 and 6% the ra te  of volume change with weight loss  increases  

significantly; this  fi ts in  well with the flow curves and model (b).  This 

increased ra te  of shrinkage has been indicated in  previous studies of length 

change (4)  and was par t  of the evidence used for  constructing this  model. 

F igures  3 and 4 show how rapidly the rate  of flow decreases  over a very 

small  weight loss  range. It  i s  believed that i n  this  region the collapsing 

layers  not only present  "narrow necks" to  the helium atoms but a lso long 

nar row sl i ts  which greatly r e s t r i c t  flow. This  i s  i l lustrated fur ther  in 

F igure  6 which shows that beyond 5. 570 weight loss  there  i s  no fur ther  

decrease  in  AV-AD; in fact i t  sometimes increases .  The increase  in  

shrinkage (-AV) in this region (Figure 6)  does not compensate for  the de-  

c rease  in  flow in the parameter  AV-AD (Figures  2-4). 

Results f rom sorption and length-change isotherms ( I ) ,  and measure-  

ment  of Young's modulus a s  a function of sorbed water ,  led to the idea that 

the water between the layers  of the hydrated sil icates played an a l l -  

important role,  especially the water in  the middle portion, which, i t  was 

thought, controlled the collapse and change in  elast ic  propert ies .  Signifi- 

cant closing of the layers  did not occur until the in te r ior  portion of the 

water was expelled. This explains the grea t  influence of a smal l  weight 

loss  on the rate  of flow, and the failure of parameter  (AV-AD) to  continue to 

decrease  linearly a s  a function of weight loss .  In effect, the collapse of the 

layers  has  trapped space vacated by water,  and helium cannot enter  this  

space even af ter  40 hours of exposure. Thus the new model a lso explains 

the behavior of the AV-AD versus  AW plot; model ( a )  would predict this plot 

to  continue in  essentially a l inear  fashion. 

Conclusions 

(1)  A technique i s  descr ibed which makes possible the measu re  - 

ment of flow of helium o r  nitrogen into hydrated portland cement. 

(2) Helium flows rapidly into all  pores  except the inter layer  spaces.  

The measurement  of helium flow data i s  the measurement  of the ra te  of 

penetration of helium into inter layer  spaces.  Nitrogen gas produces slight, 
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if any, penetration into these  spaces .  

(3)  By measu r ing  th i s  p a r a m e t e r  f o r  the s a m e  sample  a t  different 

l eve l s  of wa t e r  content i t  i s  poss ible  to  s ta te  conclusively that  these  "smal l  

pores"  into which helium i s  flowing a r e  in te r layer  spaces ,  not f ixed- 

dimension narrow-necked po re s .  

(4) These  measu remen t s  provide corroborat ion to  the "new" model  

fo r  hydrated portland cement  and support  the  mechan i sm  on the sequence of 

wate r  removal  f r o m  the in te r layer  and how th i s  effects volume change. 

(5)  This  technique m a k e s  possible the  study of the in te r layer  na ture  

of hydrated portland cement  and thus  should be helpful in  studying all 

p roper t i es  that a r e  dependent on the na ture  of the i n t e r l aye r ,  such a s  f i r s t -  

drying shrinkage.  

(6) The densi ty  of the wate r  considered predominantly in te r layer  

c ame  to  1.27 f 0.08 gm/cc.  Th i s  i s  in l ine with m e a s u r e m e n t s  m a d e  on 

expanding and non-expanding c lays  fo r  wat-er contents of l e s s  than one 

monolayer  (9).  Resu l t s  fo r  some  adsorba tes  30% above t he i r  bulk values 

a r e  a l so  recorded  in  the l i t e r a tu r e  (10). Brunauer  e t  a1 have repor ted  the  

value fo r  the apparent  density of the molecu le  of wate r  in exce s s  of 

C a  S i  0 2H 0 a s  1.39 gm/cc (11). The densi ty  r e su l t  thus  lends  support  
3 2 7 '  2 

to  the conclusions made  f r o m  the helium flow technique. 
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Appendix 

The following a r e  definitions of t e r m s  used in the text. 

Solid Volume 

This  i s  the value obtained for  solid volume f rom the helium 

pycnometer immediately af ter  the helium i s  compressed to 2 atm.  The 

solid volume i s  considered to exclude a l l  pores ,  but include inter layer  

spaces which m a y  o r  may  not be occupied by water .  

External  Volume Change o r  AV 
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This r e f e r s  t o  the change in solid volume f rom the volume a t  11% 

R.H. due t o  a water  content change. -AV represen ts  a shrinkage. 

AD - 

This i s  the change, due to  a removal  of water f rom the 11% R. H. 

condition, in the helium inflow taken a t  40  h r .  An increase  in inflow yields 

an increase  in AD. 

AV - AD 

This  r e f e r s  t o  the net effect of the removal  of inter layer  water  and 

physically i s  a volume. When helium can en te r  all  the vacated inter layer  

space, this  t e r m  represen ts  the volume which the removed inter layer  water 

had occupied. 


