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HELIUM FLOW CHARACTERISTICS O F  REWETTED SPECIMENS 
O F  DRIED HYDRATED PORTLAND CEMENT PASTE 

R. F. Feldrnan 

Division of Building Resea rch ,  Nat. Res .  Council of Canada 
Ottawa 

(Communicated by F .  H .  Wittmann) 

ABSTRACT 
In an effort  to de te rmine  how and when water r e - e n t e r s  
in ter layer  spaces  the helium flow technique i s  applied to  
the d r i ed  hydrated portland cement  s y s t e m  during r e -  
exposure to  water vapour.  Two s e t s  of samples  a t  four 
water -cement  ra t ios  w e r e  exposed consecutively, to 11, 
32,  42, 66, 84 and 100 per  cent  RH. After each exposure 
they were  reconditioned to 11 pe r  cent  RH before  m e a s u r e -  
m e n t s  w e r e  made.  Measurements  were  a l s o  taken following 
second drying. 

Resul ts  show that  water r e - e n t e r s  the in ter layer  s t r u c t u r e  
af ter  exposure  to the lowest  humidity. Measurements  
following second drying show that  r ewetting regenera tes  
the p r o c e s s  that  occur red  on f i r s t  drying. 

Afin d e  dCterminer quand e t  comment  l l e a u  pCnktre de  nouveau 
l e s  e spaces  intercouches,  on applique l a  rnethode de  f lux 
dlhel ium a u  sys t&me de  c iment  port land hydrate seche pendant 
que celui -c i  e s t  expose d e  nouveau b l a  vapeur d leau.  On 
expose, 11 un apr'es l l au t re ,  deux sCries  dlCchantillons 
comportant  quat re  rappor ts  eau lc iment  h une humidite 
re la t ive  de  11, 32, 42, 66, 84, e t  100 pour cent .  Aprks  
chaque exposition, l e s  Cchantillons sont reconditionnhs b 
une humidit6 re la t ive  de  11 pour cen t  avant d lE t re  m e s u r e s .  
Des m e s u r e s  sont p r i s e s  egalement  a p r k s  l e  deuxikme 
se'chage. 

L e s  resu l t a t s  montrent  que l l e a u  phn'etre de  nouveau l a  s t r u c t u r e  
intercouche apr'es exposition h lthumiditC l a  plus faible. L e s  
m e s u r e s  p r i s e s  apr'es l e  second sCchage mont ren t  que l e  
remouil lage rCtablit l e  p rocessus  qui s e  produit  l o r s  du 
p r e m i e r  sCchage. 
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Introduction 

A new exper imenta l  technique h a s  recent ly  been devised (1) 

whereby changes in solid and pores  resul t ing f r o m  the remova l  of 

in ter layer  and physically adsorbed water can be  followed. This i s  

the helium flow technique. It has  been applied (2) to hydrated portland 

cement  and t r i ca lc ium s i l ica te  pas tes  a s  water was  removed f r o m  the 

11 per  cent  RH to the d - d r y  state.  This work showed that  s m a l l  

spaces  in the s y s t e m s  a r e  not  narrow-necked,  f ixed-dimension p o r e s  

but in ter layer  spaces  that  par t ia l ly  col lapse  when water i s  removed. 

Details  regarding the sequence of col lapse  w e r e  obtained f r o m  these  

exper iments .  

It i s  the  purpose  of the p r e s e n t  work to apply the helium flow 

technique to the dr ied  hydrated portland cement  s y s t e m  during rewet t -  

ing to de te rmine  how and when water  r e - e n t e r s  the in ter layer  spaces .  

Mate r i a l  
Exper imenta l  

Type I portland cement  was pas te-hydrated for  2.5 y e a r s  a t  

water cement  r a t ios  of 0.4, 0. 6, 0. 8 and 1. 0 in  cylinders 3 .2  c m  

in d iameter .  Discs 1. 25 m m  thick w e r e  cut  and used a s  samples  fo r  

hel ium flow measurements .  

Two s e t s  of samples  w e r e  used a t  the  four wa te r -cement  ra t ios ,  

the total  weight being about 15 g m  fo r  one s e t  and 35 g m  (for higher 

accuracy)  fo r  the other.  One s e t  was d r i ed  in  s teps  to the previously 

determined (by conventional techniques) equivalent of the d -d r ied  s ta te  

(3) (8 to  9 pe r  cent  weight l o s s  based on the dr ied  s ta te) ;  the  second 

s e t  was dr ied ,  again in steps,  to well beyond this  condition (about 

12 pe r  cent  weight loss ) .  At each s tep  of drying helium flow r a t e  and 

solid volume w e r e  m e a s u r e d  using the hel ium pycnometer a s  a function 

of weight l o s s  (1). 
General  P r o c e d u r e  

The s a m e  samples  w e r e  a l so  used in the  p r e s e n t  work. They 

w e r e  exposed, consecutively, to 11, 32, 42, 66 pe r  cent  R H  fo r  per iods  
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of 30 to 40 days and to 84 and 100 per  cent R H f o r  50 to  75 days. 

Following exposure a t  each humidity the samples  were  re-exposed to 

11 p e r  cent RH, usually for 35 to 65 days, when helium flow m e a s u r e -  

ments  were  made. The conditioning sequence i s  i l lus t ra ted in schema.  

After exposure to 100 p e r  cent RH and conditioning a t  11 per  cent RH, 

the samples  were  dr ied again, this  t ime  in about four s teps .  The 

f i r s t  s e r i e s  of samples  was maintained a t  11 per  cent RH for  10 months, 

with periodic weighings for  the 0.4 and 0.6 W/C, and fo r  about 5 months 

fo r  the 0. 6 and 0. 8 ra t io  pas tes  before second drying. 

Ex t ra  precautions were  taken to avoid carbonation of the cement. 

Exposure to different humidities took place in vacuum desiccators  

containing s t i r r e d  sa l t  solutions. The des icca to rs  themselves  were  

s tored in a i r t ight  boxes containing NaOH to absorb  any CO, that might 

be present .  Levels of GO, in a l l  samples,  both before and af ter  the 

experiments,  were  2 per  cent by weight. 

DRY CONDITION Ln 
All helium flow 
m e a s u r e m e n t s  
m a d e  a t  th is  
condition 

SCHEMA 

Resul ts  
Sorption I so therms  

Resul ts  for  the f i r s t  s e r i e s  of samples  a r e  presented in Tables 

I and 11. The t ime a t  each condition and the weight change f r o m  the 

dr ied s ta te  a r e  presented for each re la t ive  humidity condition. In this 





Reading No. 

1 

2  

3  

4  

5  

6  

7  
8  
9  

- 

Condition 

Hydration 
11% RH 

Incrementa l  
drying to d -  
dry.  

11% 
3270 
11% 
4270 
11% 
6 6% 
11% 
84% 
11% 

100% 
I m m e r s e d  in  
sa t .  Ca(OH), 
solution 

32-70 
11% 
11% 
11% 

W/C Ratio: 

T ime  

2.5 y r  
1 6 2  days 

3 1  days  

3 8  days 
- 
- 

3 5  days  
32  days  
8 7  days  
2 4  days  
29 days  
5 6  days  

8  days  
4  days  

- 
3 5  days  
5 1 d a y s  
8 0  days  

7 

0. 8  

Final Wt 

( gm) 

1 3 . 3 2 2 5  
1 2 . 2 3 6 5  

1 2 . 8 2 6 6  
- 
- 

13. 0282 

1 3 . 2 6 4 0  

1 3 . 4 1 3 3  
- 

19. 00U1 

- 
1 3 . 3 5 8 5  
1 3 . 3 4 8 5  
1 3 . 3 3 9 3  

Reading No. 

1 

2  

3  

4  

5  

6  

7  

8  
9  

- 

70 Change 
f r o m  Dry  

8. 88 
- 

4. 82  
- 
- 

6 . 4 7  

8 . 4 0  

9 . 6 2  
- 

5 5 . 2 7  

- 

9. 17  
9 . 0 9  
9 . 0 2  

W/ C Ratio: 

T ime  

2 . 5  y r  
202 days  

2 2  days 

7 0  days  
1 4  days  
82  days  
1 6  days 
3 3  days  
3 0  days  
3 5  days  
32  days 
3 7  days 

8  days  
5  h r  

7 0  days  
4 0  days  

- 
- 

1. 0  

Final Wt 

(gm) 

1 3 . 1 8 6 0  
12 .1132  

1 2 . 6 7 0 1  

1 2 . 7 4 1 7  

1 2 . 8 0 1 6  

1 3 . 1 0 5 2  

1 3 . 3 6 3 0  
- 

20 .9043  

(damp d ry )  

1 3 . 2 8 2 8  
13 .1815  

- 
- 

70 Change 
f r o m  Dry  

8. 8 6  
- 

4 .  60 

5 . 1 9  

5. 6 8  

8 .19 

1 0 . 3 2  
- 

7 2 . 5 7  

9 . 6 6  
8. 82 

- 
- 
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s e r i e s  only the weights a t  11 per  cent  RH, af ter  exposure to  the var ious  

conditions and following r e t u r n  to the 1 1 p e r  cent condition, were  recorded.  

F o r  the 0.4 W/C ra t io  paste, f i r s t  drying a t  11 per  cent RH was continued 

f o r  56 days;  a level  of 12. 14 per  cent above the subsequently obtained d r y  

s ta te  (beyond d-dry)  was reached. On rewetting a t  11 p e r  cent RH f o r  49 

days, 4 .68 per  cent  weight was regained. After each exposure to higher 

humidities, m o r e  weight was retained a f te r  each drying a t  11 per  cent  RH. 

Following immers ion  in saturated Ca(OH)2 solution, in which the sample  

los t  some weight due possibly to leaching (compare  readings Nos. 5 and 7), 

the sample  was maintained a t  11 per  cent RH for  a total of 311 days.  During 

this t ime readings Nos. 7 to 12 were  obtained. Very sl ight weight l o s s  was 

recorded,  and this resul ted in a m a j o r  hys te res i s  between rewetting, 4. 68 

p e r  cent water content and second drying to 10.79 per  cent. A s imi la r  

r e s u l t  was obtained fo r  the 0. 6 W/C ra t io  paste;  f i r s t  drying a t  11 p e r  cent  

RH (12.33 p e r  cent mois tu re  above d r y  s ta te)  was continued f o r  117 days 

before final drying commenced. The sample weight a t  11 per cent  RH 

increased af ter  each exposure to higher humidit ies and subsequent r e t u r n  

to 11 per  cent  RH. Finally, af ter  exposure to  100 p e r  cent  RH and condi- 

tioning for  259 days a t  11 per  cent RH, the sample  weight was 12. 02 per  

cent  above that  a t  the d r y  level, indicating that  the sample  had a lmos t  

completely regained a l l  the water los t  a t  the f i r s t  -d ry  position. Readings 

a t  intermediate points show that  weight loss  had ceased.  The reading 

after  f i r s t  re-exposure  a t  11 per  cent  RH for  41 days was 5.39 per  cent, 

result ing in a l a r g e  hysteres is .  Resul ts  for the samples  prepared a t  W/C 

ra t ios  of 0. 8 and 1. 0 a r e  presented in Table 11. These samples  w e r e  only 

d r ied  to  the  equivalent of d-dry.  The resu l t s  a r e  essential ly t h e  s a m e  a s  

for the  other samples .  Fea tu res  that differ a r e  (a)  the  smal le r  hys te res i s ,  

s ince  not a s  much water  was removed, and (b) sl ightly m o r e  water  retained 

a t  the  final 11 p e r  cent RH position than a t  the  init ial  11 p e r  cent RH posi-  

tion before final drying. 

F igure  1 (A, B, C) shows the complete his tory  of drying and wetting, 

including t imes  a t  each condition, for  the second s e r i e s  of samples  of 0.4, 

0 .6  and 0. 8 W/C, respectively.  P a s t e s  with 0.4 and 0. 6 W/C ra t io  were  
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taken to the equivalent of the d-dr y state;  that with 0.8 W/C was dr ied 

fur ther .  Consequently, the la t ter  sorbed m o r e  on rewetting to 11 per  cent 

RH than the other two. Comparison of s e r i e s  I and 11 a t  the s ame  W/C 

rat ios  shows that samples  dr ied the mos t  regained the mos t  weight. The 

amount re - sorbed  was 4.75, 4.96 and 5.69 per  cent a t  W/C rat ios  of 0.4, 

0.6 and 0. 8, respectively;  the amount removed was 8. 88, 9 .  04 and 11. 88 

per  cent, respectively. At each W/C rat io  in the second s e r i e s  m o r e  water 
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was retained on the samples  after exposure to 100 per  cent RH and final 

drying to 11 per cent RH than a t  11 per  cent RH on f i r s t  drying. This, in 

fact, was t rue  after exposure a t  84 per  cent RH for  the 0. 6 W/C rat io  

specimens. The la t ter  fact, a s  well a s  the magnitude of the effect and 

length of t ime during which the samples  were  hydrated, 2.  5 years,  el imi- 

nates the possibility that  the excess  i s  due to reaction of unhydrated mate-  

r ial .  

I t  i s  c lear  f r om the points a t  11 per  cent RH that sorption i s  largely 

i r revers ible ,  a s  has  been shown previously (3). The l ines joining the points 

on the sorption curve and the subsequent 11 per  cent RH a r e  the Itscanning 

curves.  I t  The length of t ime a t  each point shows clear ly  that the scanning 

curves  a r e  not the resu l t  of a non-equilibrium situation. 

Helium Inflow in Rewetted Samples 

Figure  2 (A, B, C) shows helium inflow ve r sus  t ime for 0 .6  W/C 

rat io  dr ied beyond d-dry,  0. 6 W/C rat io  d-dried,  and 0. 8 W/C rat io  d- 

dried.  Each of the f igures  gives the flow curve for the final position of 

f i r  s t  drying and curves  for the samples  exposed to various humidities and 

redr ied to 11 per  cent RH. 

The following a r e  the main features  of these rewetting curves:  

1. Helium flow into the samples  inc reases  af ter  they a r e  equilibrated with 

11 per  cent RH. A Type 11 curve i s  formed.(Curves of var ious  types have 

been discussed previously (1). ) 

2. On exposure to higher relative humidities and redrying to 11 per  cent 

RH, the re  is a fur ther  inc rease  in helium flow r a t e  and total inflow after 

40 hr .  

3. Helium flow r a t e s  continue to inc rease  with re la t ive  humidity up to 

100 per  cent RH, although they level  off la ter ,  leading to a decrease  in 

total inflow in relation to previous curves.  This yields a Type I curve, 

but helium inflow i s  g rea te r  than the value for  the original f i r s t  d r ied  

condition a t  11 pe r  cent RH. 

4. Helium flow into the samples  on drying and rewetting i s  not a s imple  

function of mois tu re  content. Plots  of helium inflow a t  40 h r  ve r su s  weight 
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change (Figures 3 and 4) show different paths between the drying and r e -  

wetting processes. F i rs t  drying, rewetting, and second drying a r e  shown on 

these plots. (Drying curves a r e  explained in Reference 1. ) 

In all cases, a maximum is  obtained on rewetting, probably due to two 

opposing effects, one of reopening layers and creating space, the other of 

filling this space with H,O 'molecules and thus preventing an equal amount of 

helium from entering. As each point i s  equilibrated at 11 per cent RH,  each 

condition is  the same with regard to externally adsorbed water, that is,  

approximately one monolayer. 
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W E I G H T  C H A N G E ,  % 

FIG. 3 

Helium inflow at  40 hours vs weight change 

The rewetting curves for the two levels of drying a r e  not the same. The 

f i rs t  point a t  11 per  cent RH for the sample dried beyond d-dry does not have 

a s  much increase in helium inflow as  that d-dried only, although more water 

was sorbed on the former  sample. The fact that sorption on the sample was 

accompanied by a large increase in density (4) showed that the water entered 

the interlayer structure but that i ts opening action to allow a greater  inflow 

of helium together with rehydration water molecules was not so  large. For  
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WEIGHT CHANGE, % 

FIG. 4 

Helium inflow vs weight change, W/C = 0.8 

the 0.6 w/C ratio paste dried beyond d-dry the inflow increase was quite 

large. 

In some instances it may be observed that exposure at 84 per  cent RH 

produced increased helium inflow after a reduction from the maximum, 

which occurred at 32 per  cent RH for the d -dried and at 42 per cent RH for 

samples dried beyond this point. This fact seems to be associated with the 

increased solid volume obtained during the behaviour just described (4, 5). 

Second Drying 

The helium inflow versus t ime behaviour for second drying i s  similar 

qualitatively to  that of f i r s t  drying. This i s  shown on Figure 5 for the 0. 6 

W/C paste, second ser ies .  It i s  evident that type I, 11, and 111 curves a r e  

also produced for second drying. Total inflow after 40 h r  versus weight 

change curves a r e  included for second drying on Figures 3 and 4, where it 

may be seen that all  essential features of first-drying a r e  repmduced, espe- 

cially the abrupt collapse after a certain weight loss (1). This confirms the 

hypothesis that water re-enters  the interlayer spaces and re-expands the layer 

structure. It i s  evident, however, f rom the Barge i rreversible  contractions 
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x 
6~ 5 10 15 2 0  25 3 0  35 40 

TIME, HOURS 

FIG. 5 
Helium inflow for 0. 6 W/C hydrated 

cement paste - 2nd drying 

observed (5) that other phenomena besides re-entry and re-exit of interlayer 

water take place on rewetting and second drying. 

Discussion 

Previous studies (1, 2) utilizing this technique have shown that the spaces 

responsible for helium flow a r e  interlayer spaces and that they exclude nitrogen 

but allow penetration by water. The present work now shows by the increased 

helium inflow after exposure of d-dried samples and samples dried beyond 11 

per  cent RH that interlayer water partially re-enters  a t  this humidity, and r e -  

enters fully by 100 per  cent RH. 
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The total inflow after 40 h r  versus weight change curve for drying and 

wetting shows, a s  did length change measurements,  that there i s  a hysteresis 

in the exit and entry of interlayer water. This was predicted and described by 

a previous model of hydrated portland cement (3). Second drying character-  

istics a r e  similar to those of f i rs t  drying despite changes occurring in the 

paste in t e rms  of length change and surface a r e a  due to drying and wetting 

cycles (5), but this i s  ascribed to further aggregation of sheets and formation 

of layers  (5). 
Conclusion 

1. Irreversibili ty of sorption and validity of scanning curves a r e  again con- 

firmed. 

2 .  Water re-enters  inter layer positions after exposure to  humidities a s  low 

as  11 per  cent RH. 

3. The helium inflow results for rewetting a r e  different from those for r e -  

moval of water, a s  was expected from the model of hydrated portland 

cement for dehydration and rehydration of interlayer water. 

4. Helium flow curves on second drying a r e  qualitatively similar to  those of 

f i rs t  drying. Rewetting regenerates helium inflow and in some cases  larger  

values a r e  recorded than for f i r s t  drying. 
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