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ABSTRACT 
Hydration reactions of sealed portland cement paste may 
lower the relative humidity within the hardening cement 
paste. Powers called this phenomenon self-desiccation and 
stated that self-desiccation gives rise to a bulk shrin- 

kage, so-called autogenous shrinkage (1,Z). This paper 
presents a thermodynamic analysis of self-desiccation in 
hardening cement paste. The thermodynamic calculations 
are carried out on the basis of fundamental equations of 
reaction for the clinker minerals. According to the 
calculations C,S hydration seems not to be thermodynami- 
cally feasible at low relative humidities. The presence 
of C,S in the cement may contribute to limit self- 
desiccation of portland cement paste. 

Introduction 

Due to low water-cement-ratios some cement pastes may not con- 
tain enough water to permit full unrestricted hydration of the 
cement. This causes a lowering of the relative humidity within 
the hardening cement paste even under sealed conditions. Powers 
called this phenomenon self-desiccation and stated that self- 
desiccation gives rise to a bulk shrinkage, so-called autogenous 
shrinkage (1,2). Self-desiccation and thereby autogenous shrin- 
kage is widely considered to be an important cause of crack for- 
mation in concrete at early ages. 

Several factors influence the course of self-desiccation in 
hardening cement paste, for example w/c-ratio, cement type, and 
silica-fume addition. However, many published data in the li- 
terature indicate that self-desiccation is not able to lower the 
relative humidity (RH) in a cement paste to more than approxi- 
mately 15%. This observation is also made by Powers (2) for pure 
portland cement paste and later by Paillkre et al. (4) for 
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pastes containing si 
this trend. 
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FIG. 1. 

Relative humidity 
within various cement 
paste and mortar spe- 
cimens during sealed 

curing (4). 
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Measurements reported by Powers (2) support the suggestion that 
the above mentioned relative humidity level of 75% RH in some 
way is fundamental to cement hydration. 

Powers stored portions of unhydrated cement in atmospheres of 
controlled relative humidity. The amounts of water taken up by 
the cement after 6 months of storage are presented in Figure 2. 

Powers' experiment shows that cement hydration is generally ham- 
pered at lower relative humidities but markedly detained at 
relative humidity levels lower than approximately 75%. 

Similar results indicating the same tendency have been published 
by Rodt (3). 

As pointed out by Powers (21, some physical factors must play an 
important role in the retardation of cement hydration at lower 
relative humidities. This will be mentioned further on. But the 
fact that the cement hydration is distinctly retarded at a 
certain relative humidity level indicates that chemical factors 
could be important, too. Therefore, a thermodynamic analysis of 
the observed phenomenon seems appropriate. 

Thermodynamic analysis 

Seen from a chemical point of view, the hydration reaction of 
cement is very complicated: 
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FIG. 2. 

Amounts of water taken up by 
dry cement exposed to water 
vapor of different relative 
humidities for 6 months (2). 
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- the hydration reaction invol 
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Relative vapor pressure, p/pS 

ves both liquid and solid sub- 

generally not in thermodynamic 
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- depending upon the conditions under which the reactions take 
place, several different products can be produced. 

A classical thermodynamic analysis can therefore only be ap- 
proximate. 

Mchedlov-Petrossyan et al, (6) have published a comprehensive 
exposition of silicate thermodynamics. Mchedlov-Petrossyan pre- 
sents basic equations of reaction for important cement clinker 
minerals as shown in Table 1. He also presents tables of ther- 
modynamic constants for the constituent substances, see Table 2. 
This enables thermodynamic calculations to be carried out. 

At constant temperature and pressure Gibbs free energy indicates 
the direction of spontaneous chemical change. Only chemical 
reactions that minimize Gibbs free energy are spontaneous. 

Based on this concept the lowest relative humidities that allow 
hydration to proceed are calculated in the following. 
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TABLE 1. 
Equations of reaction for C,S, C,S, and C,A according to 

Mchedlov-Petrossyan et al. (6). 

Eq. no. Equation of reaction CSH mineral name 

c,s: 

1 C,S + 2.17H + C,SH,_,, + CH Hillebrandite 

2 C,S + 3H -+ +C,S,H, + +CH Afwillite 

3 C&S + $H + $&HI 5 + $CH Foshagite 

4 C,S + $H -+ $C,S,H + 2CH Xonolite 

5 C,S + BH 
3 

-L $C,S,H, + ZCH 
6 Riversideite 

6 C,S + s!B -, $,W,., + SCH 
6 

Tobermorite 

7 C,S + ZH 
12 

+ $C,S,H,,~,+ $CH Plombierite 

8 CS+=H 3 6 
-+ $C,S,H, 5 + $H Gyrolite 

9 ‘$3 + ;H -. +CS,H, + $CH Okenite 

1 C,S + 1.17H + C$H,_,, Hillebrandite 

2 C,S + 2H -L $C,S,H, + +CH Afwillite 

3 C,S .t LH + 6 $C,S,H, 5 + $CH Foshagite 

4 C,S + fH 1 + ;C,S,H + CH Xonolite 

5 C,S + AH -. 
3 

$C,S,H, + ;CH Riversideite 

6 C,S + ZH -c $,S,H, 5 + $CH Tobermorite . 

7 C,S + %H + $&HI,.,+ $CH Plombierite 

8 CS+sH 2 6 
+ +C2S3H2 5 + +CH . Gyrolite 

9 C,S + $H * $CS,H, + $CH Okenite 

C,A : 

1 C,A f 15H -b $c4m19 
+ LA 

2 0.5Hl.5 - 

2 CA+=H + 
3 2 

;c4m13 + ,Ao.,H1.5 1 Hydrocalumite 

3 C,A + 6~ +C,A% 

4 C,A + 9H *c&I, + CH 

5 C,A + 12H *CA%0 + 2CH 
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TABLE 2. 
Standard molar Gibbs free energy, G&a, of 

substances in Table 1 (6). The given 
figures apply to the solid state except 
for H which is for the gaseous state. 

At non-standard conditions the Gibbs free energy of a substance, 
G, can be written as shown in Equation (1). 

G=G'+RT.ln(a) Eq. (1) 

R denotes the gas constant (Fk8.314 J.(mol.K)-l), T the tempera- 
ture [K], and a the activity [I of the substance. e denotes 
"standard conditions" - that is, at a pressure of 1 atmosphere 
(=101325 Pa). 

a=1 for pure solids, whereby Equation (1) is reduced to: 

G=Ge (pure solids) Eq. (2) 

a=-R- for water vapor, 
P0 

because water vapor can be considered a 

good approximation for an ideal gas. p denotes the partial 
pressure of the water vapor [Pal, and p? the standard pressure 
(@=101325 Pa). For water vapor, Equation (1) thereby is trans- 
formed into Equation (3). 
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G,=Gz 

=G:y 

+RT.~II(%) =Gf+RT.ln(G)+RT.ln(g) 
P P 

Where 
Pa at 

+RTIn(FG)+RT-ln(RH) (water vapor) Eq. (3) 

ps denotes the saturation pressure of water vapor (p,=3167 
25°C). 

As an example numerical calculations based on equation no. 6 for 
C,S hydration as shown in Table 1 are presented in the following. 
At 25°C (298 K) numerical values from Table 2 are inserted in 
Equation (2) and Equation (3) as follows: 

Gc,=Gc:=-897.437 5 

G 
C2S 

=G&= -2194.26 2 

G 
e 

‘gSSH5.5 
=Gc5s6~5 5 = -9885 03 = . 

ml 

G,=Gz+RT-ln($)+RT,ln(RH)=-237.29+2.481n(RH) z 

The change in Gibbs free energy per mole of reaction, A,G, then 
becomes: 

4G =CG~rcducts - CGreactants = + GC5S6H5 5 + $ GCH - ( GC2S + $ G”) , 

=-5.90-5.16.ln(RH) 5 

For RH=lOO% it will be seen that L&G is negative. This indicates 
that the Gibbs free energy of the products is lower than the 
Gibbs free energy of the reactants. At 100% RH C,S hydration 
according to equation 6 in Table 1 is therefore able to proceed 
spontaneously. 

Solving the equation for A,G=O gives a relative humidity of 32%. 
This is the limiting relative humidity of this particular reac- 
tion equation. At lower relative humidities A,G is positive and 
C,S hydration according to equation 6 in Table 1 can not proceed 
spontaneously. 

Numerical calculations for the other equations of reaction in 
Table 1 have been carried out in the same way. Table 3 lists the 
results. 

The calculated values in Table 3 should not be considered as 
being exact values. Due to uncertainty in the thermodynamic data 
the values only indicate approximate levels. Actually, the 
calculated limiting relative humidity of equation 6 could be 
anywhere between 14 and 72% RH, according to uncertainties 
stated in (6). 

Furthermore, the thermodynamic data given in Table 2 apply to 
the crystalline state. Calcium silicate hydrates produced in 
cement pastes are normally ill-crystallized. The Gibbs free 
energy of the calcium silicate hydrates produced in cement 
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pastes, therefore, may be slightly higher than the values in 
Table 2. Taking this into account, the limiting relative 
humidities shoild be higher than indicated in Table 3. 

TABLE 3. 
Lowest relative humidities 

that allow hydration to pro- 
ceed, according to the equa- 
tions of reaction in Table 1. 
The values are far more uncer- 

tain than indicated by the 
number of significant digits 
- cf. the remarks in the text. 

Discussion 

Limiting relative humidities in Table 3 larger than 100% in- 
dicate reactions which are thermodynamically not feasible. C,S 
hydration according to equation of reaction no. 2 and 9, there- 
fore, can not proceed at the given temperature and pressure 
(25'C and 1 atm). 

Classical thermodynamics is not able to predict which reaction 
of the others will proceed. This is determined by kinetic 
factors. 

In principle C,S hydration is possible at a RH-level close to 3% 
if hillebrandite is produced (according to equation 1 in Table 
3). This might however be irrelevant if hillebrandite is a 
kinetically less favourable product. If some of the equations of 
reaction no. 4, 5, 6, 7, or 8 are kinetically dominating a 
substantial reduction of the hydration rate of C,S should be 
expected at a much higher RH-level. 

The general trend of Table 3 is clear no matter which of the 
products that is produced during the hydration of the clinker 
minerals. Theoretically, hydration of C,S and C,A is possible at 
RH-levels close to 0%, while C,S hydration contrary to this is 
expected to stop at a substantially higher RH-level. 

Both physical and chemical factors lead to a retardation of 
cement hydration at lower relative humidities: 

The lower the relative humidity the smaller will be the amount 
of physically held water in the cement paste. Lower relative 
humidities thus reduce the amount of unhydrated cement which is 
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exposed to water and the space available for hydration products 
- the cement gel can be produced only in water-filled space. In 
order to nucleate the hydrate and form hydration products a 
minimum size of the water-filled spaces is in addition probably 
required. Furthermore, a decrease in the relative humidity leads 
to a lower Gibbs free energy of water and thereby reduces the 
chemical motive power of the hydration. 

The experimental data presented in Figures 1 and 2 show that 
cement hydration is generally hampered at lower relative humidi- 
ties but markedly detained at RH-levels lower than approximately 
75%. This value is not inconsistent with the calculated limiting 
relative humidities of C,S hydration presented in Table 3 (note 
the uncertainties). The discontinuation of self-desiccation at 
approximately 75% RH therefore might be partly due to thermody- 
namic factors. 

The results of the thermodynamic calculations are supported by 
experimental evidence of Pate1 et al. (7). Pate1 stored a two 
days old Portland cement paste at different relative humidities 
and measured the fractions of the C,S, C,S, C,A, and C,AF phases 
hydrated after 14 and 90 days. The experiments show that the 
hydration rate of the C,S appears to be especially sensitive to 
relative humidity. 

Conclusions 

Thermodynamic calculations indicate that especially C,S hydration 
is markedly hampered at low relative humidities. 

From a practical point of view the presence of C,S in the cement 
may contribute to restrict self-desiccation of cement paste. 
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