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ABSTRACT 
During the long-term investigation of the physical properties of autoclaved 
aerated concrete (AAC) in the indoor environment with changing relative 
humidity and temperature the significant increase of the AAC density was 
found. It was proved that the increase of the density was a consequence of 
carbonation process. For the investigated types of the AAC the ultimate in- 
crease of density was proportional to initial dry density of the AAC. It was 
found as well that relative volumes of the micropores (with radius from 3.5 
nm to 7500 nm) of the investigated types of the AAC are proportional to their 
dry densities. The simulation of the time courses of density increase due to 
carbonation based on solution of modified diffusion equation was done. In 
spite of using simplifications (constant value of CO1 diffusion coefficient, ne- 
glecting the relative humidity changes), the calculated time courses coincided 
sufficiently with the measured ones. 0 1997 Elsevier Science Ltd 

Introduction 

The carbonation of the PC based materials is generally modelled by the calculation of car- 
bonation depth. The calculation of carbonation depth is based on an assumption that the 
carbonating material can be considered to be semi-infinite medium. The another approach 
suitable for simulation of the carbonation in the elements of complex form (edge, infinite 
plate, rectangular paralellepiped, cylinder), based on the analytical solution of the modified 
diffusion equation can be applied in the cases when the mean moisture content of the mate- 
rial is steady and the parameters of the carbonation can be considered to be constant. This 
approach has been applied for the case of the AAC and it has been experimentally verified 
on specimens of rectangular paralellepiped form. 

Model of Carbonation 

Carbonation is a chemical reaction controlled by carbon dioxide diffusion. This follows from 
the fact that the chemical reaction by which the immobilized reactant is formed proceeds 
very rapidly compared with the diffusion process. In the case when carbonation is present 
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the usual equation of diffusion has to be modified by addition of the term expressing the 
amount of COz consumed by chemical reaction and it becomes [ 11: 

$&.C)/& + aSLIt = div (D, gradC) (1) 

where E is porosity [-1, C is CO2 concentration in pores of carbonating material [kg.m”], t is 
time [s], S is amount of COZ consumed by chemical reaction per unit volume of the carbon- 
ating material [kg.mq, D, is effective diffusion coefficient [m’.s-‘I. 

relation: 
n CoefI&&. The effective diffusion coefficient is expressed by the 

D, = D/p (2) 

where D is the diffusion coefficient of CO2, p is the CO2 diffusion resistance factor [-1. In air 
D = 1.4. lo-’ m2.sm1 at the temperature 0°C and normal atmospheric pressure [2]. The value of 
CO2 diffusion resistance factor is not equal to the water vapour diffusion resistance factor 
value. For example in [3] the measured D, value of aerated concrete, at RH less than 60%, is 
6. lo-’ m2.s“, consequently the p value is about 23, that means about 3 times higher than the 
water vapour diffision resistance factor. The value of effective diffusion coefftcient depends 
on the open porosity of the material and on its moisture content. The carbonation leads to 
changes in microstructure and decrease of the porosity and consequently to the decrease of 
the effective diffision coefftcient value. This effect is important in PC based materials with 
fine pore structure (pore radius I 500 nm), for example in hydrated cement pastes (HCP) 
with low value of W/C (W/C I 0.5) [4], but can be neglected in aerated concretes, total 
porosity of which is in the range 70-80% and most of this porosity is concentrated in macro- 
pores. On the other hand the decrease of the CO2 effective diffusion coefficient of aerated 
concrete with the increase of its moisture content is significant [3]. 

. . 
Concentration of Carbon B~onsumedbv C-al Reach. From the fact that 
during the carbonation the chemical reaction proceeds very rapidly compared with the diffu- 
sion process the existence of local equilibrium between the free and hnmobilised CO2 can be 
assumed. In the simplest case the relation between the concentration S of carbon dioxide 
consumed by chemical reaction and concentration C of carbon dioxide free to diffusion can 
be assumed as linear [ 11: 

S=R.C (3) 

Providing that the initial CO2 concentration in pores of carbonating material is equal to 0 
and CO2 concentration in the ambient air is constant, the parameter R can be expressed as: 

R=Ap~lc, (4) 

where ApM is the maximum possible density increase of material caused by carbonation 
[kg.mM3], C, is carbon dioxide concentration in ambient air [kg.m”]. 

The relation (3) expresses the fact that the equilibrium between COzconcentration in 
ambient air and CO2 concentration in the pores of carbonating material will take place when 
maximum possible density increase is achieved. 



Vol. 27, No. 4 CARBONATION, AUTOCLAVING, AERATED CONCRETE 591 

Maximum Possible Densitv Increase Caused bv Carbonation. The density increase can be 
expressed by the amount of COZ required for carbonation of unit volume of material. The 
evaluation of Ap, is based on determination of maximum amount of CaO available for 
carbonation. According to this approach in the case of PC based materials the ARM is given 
by equation: 

ApM = A, .-.-. 
Acao CO2 K 

AC CaO 
(5) 

where A, is the amount of portland cement in the concrete or mortar [kg.me3], A&A, is 
amount of CaO per unit of cement [kg/kg] (it is about 0.60 - 0.65 in the case of portland 
cement [5]), COz, CaO are molecular masses of these compounds [kg], K is coefficient 
expressing the degree of carbonation and possible water loss accompanying carbonation. Its 
value is in the range 0.59 - 0.87 [5]. 

In case of the AAC the relation for maximum density increase is expressed similarly: 

ApM =p.-.-. 
Acao CO2 K 

P CaO 
(6) 

where Acao I p is the amount of CaO per density of AAC. The values of K for the AAC are 
lower than in the case of PC based materials. 

Solution of Modified Diffusion Eauation. The hereinafter presented solutions of equation 
(1) are valid if the carbonation can be considered a continuous process, that means necessary 
conditions of the carbonation process (necessary moisture content of material, availability of 
Ca(OHb capable of being carbonated) are fulfilled. 

Substituting the relation (3) to equation (l), provided that the effective diffusion coeffi- 
cient is constant and taking into account that the value of E is negligible compared with the 
value of R we obtain equation: 

&XIt = (D, /R).div grad C (7) 

In one-dimensional case the equation (7) is: 

&XIt = (D, /R)).&@x2 (8) 

The solution of modified diffusion equation for two special cases - semi-infinite medium 
and rectangular parallelepiped will be presented. The solution for semi-infinite medium is 
interesting from practical point of view, because it is a good approximation for description of 
the carbonation in a wall, the solution for rectangular parallelepiped was applied for simula- 
tion of the carbonation process in the tested specimens. 

For semi-infinite medium, providing that surface concentration of CO2 is constant: 

c = c, ) x = 0, t>o (9) 

at intial condition: 
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x > 0, t = 0, (10) c = 0, 

a solution of equation (8) is [l] : 

l-et-f ’ 
Z.&-GE 

(11) 

where erf is the error function. 
Substituting the assumption C(x,t) = 0.29X, into the equation (11) the well known rela- 

tion for carbonation depth is obtained: 

d = d 2.De.t 
R 

(12) 

The density of the COZ diffusion flow q,,, to the semi-infinite medium is expressed by 
relation: 

qm = De.E 
( 1 

$_ .- 
x=0 

=G E 

and the achieved increase of mass per unit of surface area after time r is given by [l] : 

(13) 

Am(z) = jq,,,dt = 2.G T (14) 
0 

In the case of a rectangular parallelepiped with edges of lengths 2a, 2b, 2c, provided that 
the surface CO* concentration is constant: 

C(-a,y,z) = C(a,y,z) = C(x,-b,z) = C(x,b,z) = C(x,y,-c) = C(x,y,c) = C, 

and initial condition is as follows: 

c = 0, -a c x < a, -b<y<b, -c<z<c 

the solution of the equation (7) is [l] : 

t>o, (15) 

t=O, (16) 

(-1) 
i+m+n 

cos (2i + 1)rcx (2m + WY . . cos . 

(2i + 1). (2m + 1). (2n + 1) 2a 2b 

cos (2n + l)zz 
2c 

(2m+1)2 + (2n+1)2 

4b2 4c2 
(17) 
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The relation expressing the density increase due to carbonation after time t is obtained by 
integrating the product of the expression for concentration (17) multiplied by the R over the 
whole volume of parallelepiped [l] : 

1-512 ; ; ; 1 

rc6 i=Om=On=O(2i+1)2~(2m+1)2~(2n+1)2 
. exp 

+ (2n + 1)2 

4a2 4b2 4c2 
(18) 

For long times, that means in the cases when the following relation for Fourier number Fo 
is fulfilled: 

D, 
Fo= t.- 

R.a’ 
> Fo, (19) 

suffkiently accurate results are obtained by retaining only the first terms in each of the series 
of the the expressions (17) and (18). The relation (18) can be then rewritten as follows: 

The value of Fo, is dependent on the ratio of the parallelepiped dimensions. For example 
if a = b = c, then Fo, = 0.21 and if a = b, c = 4a, then Fo, = 0.37. 

For small times the more convenient solution of equation (7) is according to [l] : 

c(~y,~t)=c,~,~,C(_l)i+~n. erfc 

[ 
( 1 2i+1 ‘a-x+erfc 2i+1 ( 1 ‘a+x 

i=O m=O n=O 2.JzX 2.?,iXR 1 

and the corresponding relation expressing the carbonation density increase after time t can be 
written: 

Ap= ApM. 
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(22) 

If the condition Fo < Fo, is fullfiled, the relation (22) can be simplified to : 

In practice the value of Fo, can be estimated fi-om the condition that difference between 
the Ap calculated according to the equation (20) and the Ap calculated according to the 
equation (23) is equal to 0. At that time the Fo, = Fo. 

Experimental Results 

Two sets of AAC SIPOREX (sand) specimens with the mean dry densities 529 kg.mm3 and 
545 kg.m” and one set of AAC CALSILOX (fly ash) specimens with the mean dry density 
573 kg.m” were tested during the 9 years period (from 1987 to 1996). Number of the speci- 
mens in each set was 8. The dimensions of the specimens were 0.15 x 0.15 x 0.6 m. The 
specimens were exposed in the laboratory with air temperature varying from 17°C to 25°C 
and air relative humidity varying from 22 to 80% during the test. The process of the AAC 
density changes consisted of three phases: During the first phase excessive water loss took 
place. The density of the AAC with initial water content 27% rapidly dropped down during 
about two months. During the second phase a small increase of density caused by the water 
vapour sorption up to equilibrium moisture content could be observed. The third phase was 
defined by significant increase of the AAC density in the state of equilibrium moisture con- 
tent (2.5 - 4.0% per mass). At the end of the experiment, the phenolphthalein pH test was 
done, which confirmed decrease of pH along the whole cross- section of the exposed speci- 
mens in comparison with the non-exposed ones. The results of the experiment were com- 
pared with experimental data of Novotny, Plos [6], achieved for AAC CALSILOX (fly ash) 
specimens with dry density 545 kg.m” and AAC CALSILOX (sand) specimens with dry 
density 590 kg.m” with dimensions 0.1 x 0.1 x 0.4 m. The parameters of all examined types 
of AAC are in Table 1. 

The measured time courses of the density of AAC specimens during the third phase were 
compared with the calculated ones where the increases of density were calculated according 
to relations (20) and (23). The comparison of the measured and calculated courses of density 
is shown in Fig. 1. 
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TABLE 1 

Initial Dry Densities, CaO Content, Maximum Density Increase ApMand Degree of 
Carbonation K of the AAC Specimens 

CALSILOX (fly ash) 

Comparison of the Simulation Results with Experimental Data 

Maximum Possible Densitv Increase Caused by Carbonation. In order to verify applicability 
of relations (5) or (6) for PC based materials the dependance of measured ARM values on 
CaO amount for the AACs (by the authors and by [6]), concretes [S], hardened cement 
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TYPE OF AAC DRY DENSITY 

0 Siporexl (sand) 529 kg/m3 
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FIG. I. 
The measured and calculated time courses of the AAC specimens densities. 
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FIG. 2. 
Experimentally determined relation between the maximum density increase ApM and the 
CaO amount for PC based materials in comparison with data for the AACs. 

pastes (HCP) [4] and mortars [9] are compared in Fig. 2. As can be seen from the Fig. 2 the 
linear relation between Ap, and amount of CaO is acceptable for all materials with excep- 
tion of the AAC. The adequate degree of carbonation resulting from relation (5) is K = 0.63. 
In comparison with the other materials in the case of the AAC the lower portion of available 
CaO is spent for carbonation (Table 1). The linear relation between density increase ApMand 
initial dry density of the AAC was found. (Table 1, Fig. 3). 

40 

0 Siporex (sand) 

0 Calsilox (fly.ash) 

n Calsilox (sand) 

520 530 540 550 560 570 580 590 600 
dry density (kg/m3) 

FIG. 3. 
Experimentally determined relation between the maximum density increase ApM and initial 
dry density for AAC specimens. 
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FIG. 4. 

The relation beween the relative volume of micropores of the investigated types of AAC 
and their densities. 

Time Course of the Carbonation Densitv Increase. The comparison between the density 
increase Ap (according to relations (20) and (23)) and the experimental results obtained for 
five types of AAC is shown in Fig. 1. 

The same values of D,= 6.1O~‘m*.s~’ [3] and G = 600 mg .m” were used in all calcula- 
tions. The used values of APH (Table 1) were determined from measurements. The calcu- 
lated time courses of carbonation density increase coincided satisfactorily with the measured 
ones. In the case of CALSILOX specimens with initial dry density 573 kg.m” the carbona- 
tion process had not been fully finished. Consequently the found maximum value of density 
increase was not ultimate and therefore the calculated time course of density increase is 
slightly underestimated. 

Discussion 

The values of the AAC maximum density increase obtained from the experiment were ana- 
lysed from the aspect of their correlation with the CaO content. The measured maximum 
density increase was not a function of only CaO content (Table 1). It was found that the 
degree of carbonation K for the AAC tested specimens had lower values than for the PC 
based materials and the apparent correlation between the degree of carbonation and initial 
AAC density (Fig. 3, Table 1) was observed. With the aim to find the possible relation be- 
tween the degree of carbonation and the pore structure of the AAC a set of the mercury 
intrusion porosimetry measurements for the investigated types of AAC [IO] have been ana- 
lysed. The found correlation between the relative volumes of micropores (with radius from 
3.5 nm to 7500 nm) of the investigated types of AAC and their densities (Fig. 4) could ex- 
plain the apparent correlation between the initial density and maximum density increase. 
From the mentioned it follows that degree of carbonation of the AACs is dominantly influ- 
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enced by their pore structure and the equilibrium moisture content adequate to it. However 
the analysed sets of the specimens were not satisfactorily representative from the aspect of 
the ranges of their densities, relative volumes of micropores and they were tested at only one 
level of the ambient relative humidity. Therefore the correlations between the degree of 
carbonation, relative volume of micropores and equilibrium moisture content of the AAC 
should be verified for wider range of these parameters. 

The comparison of the measured and calculated time courses of the AAC density gave a 
good coincidence. Fluctuations of the measured values from the calculated ones were caused 
by the fluctuations in the moisture content (about +2 kg/m in measurements of the authors 
[7]) of the specimens during the year. In the simulation some simplifications were used: CO* 
diffision coefficient was considered constant and the possible effects of the varying ambient 
relative humidity were neglected. From the aspect of the carbonation and its influence on the 
porestructure of the AAC the CO2 diffusion coefficient could be used constant, because the 
changes of the total porosity, which is significant from the aspect of diffusion are negligible. 
As the changing moisture content of the specimens did not reach the values adequate to 
relative humidities over 60% the decrease of the CO1 diffusion coefficient of the AAC 
caused by the increase of moisture content was negligible. Similarly the periods with the 
relative humidities below 30% did not cause significant decrease of specimens moisture 
content and their influence on carbonation process could be neglected. This simplification 
may not be correct in the cases of the smaller specimens. Generally the simultaneous simu- 
lation of the time courses of the moisture content distribution in the specimen is necessary. 

Conclusions 

The long-term measurements of the AAC density increase due to carbonation were carried 
out in the laboratory conditions. The results of the measurements have been compared with 
simulation based on the analytical solution of modified diffusion equation (1). 

It was confumed that it is possible to simulate time courses of the carbonation process by 
analytical solution of modified diffusion equation for the bodies of simple geometrical 
forms. 

The correctness of the results is dependent on the correctness of the carbonation describ- 
ing parameters, i.e.: COZ diffision coefficient, maximum increase of density, COz concen- 
tration. The moisture content is a significant factor influencing the values of these 
parameters but in the cases when the mean moisture content of AAC is steady the parameters 
of the carbonation can be considered to be constant. The changes of the AAC microstructure 
due to carbonation are not important for the CO* diffusion coefficient value. 

In the case of equal CaO content in the AACs with different densities the maximum in- 
crease of the density for particular AAC is determined by its degree of carbonation. The 
degree of AAC carbonation is apparently dependent on its density, which is explained by the 
proportionality between the density and relative volume of micropores of the AAC. 
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