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Abstract 

Calcium hydro-silicate components formed during the autoclaving process are highly complex formations which often blend 
together mutually and form a variety of intermediate products, from completely amorphous, to the good crystalline phases. For 
fly ash autoclaved aerated concrete, the situation is even more complicated by the fact that high temperature and fluidized fly 
ash, as basic silica ingredients, have high variability of the chemical and mineralogical composition. This paper presents the 
results of microstructure monitoring and physical and mechanical tests on samples of fly ash aerated concrete based on high 
temperature and fluidized fly ashes performed after 2 years of storage in laboratory conditions. The microstructure of aerated 
concrete is assessed on the basis of SEM images and mineralogical composition according to X-ray analysis. The changes in 
compressive strength, density and coefficient of thermal conductivity of the fly ash aerated concrete in time are evaluated. 
© 2015 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of organizing committee of the 7th Scientific-Technical Conference Material 
Problems in Civil Engineering. 
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1. Introduction 

Aerated concrete is a building material which possesses an array of physical-mechanical properties that would 
otherwise require an appropriate combination of several types of materials. Its universality lies in low bulk density 
combined with sufficient structural strength. The low bulk density is due to the porosity of the material, structural 
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strength is determined by a very strong crystalline structure of the interpore walls. Calcium hydro-silicate based 
aerated concrete, where the pores represent approximately 50 % of volume, is due to its structure an excellent 
thermal insulation material. Structures from aerated concrete mostly meet the thermal-technical requirements of 
contemporary standards without any additional insulation. The homogeneity of aerated concrete walls (as opposed 
to structures with external thermal insulation) has a positive influence on thermal transmittance and steam and air 
flow, as reported by Brandštetr and Šauman [3]. The durability of aerated concrete is understood as its resistance to 
weather and other external attack and to ageing, fatigue and wear. Specifically, the durability of aerated concrete is 
understood as frost and weather resistance, investigated Drochytka [2].   

 
Much like in ordinary concretes, carbonation occurs in autoclaved aerated concretes during exposure to CO2 as 

well. However, there are some differences in the reactions taking place. It was also proposed by Matsui, et al. [5], 
that at the very beginning of carbonation reactions in aerated concrete, CO2 reacts with calcium hydro-silicates and 
calcium hydro-aluminates present which is facilitated by the fact that the inter-grain space has a greatly reduced 
pH value due to autoclaving and the hydrothermal reactions which occurred there. The reaction kinetics of the 
minerals in aerated concrete with CO2 can be represented by the equation (1). 

   (1) 

According to Matoušek and Drochytka [1], another difference lies in the fact that in autoclaved materials all 
products of hydrothermal reactions are typically well crystalline which slows down the reaction with CO2. 
Moreover, it has been observed that aerated concretes do not carbonate completely but only to a degree of 40 to 55 
% which is, among others, caused by changes in moisture conditions of structures made of aerated concrete, i.e. 
very high or very low moisture. 

Table 1. Classification of aerated concrete in 2 phases of carbonatation. 

Phase of 
carbonatation 

Carbonatation 
degree [%] pH [-] Condition of 

carbonatation 
I ≤ 35 ≥ 9.2 initial 

II ˃ 35 < 9.2 advanced 

 
Carbonation in aerated concrete takes place only within a specific interval of material moisture, i.e. when initial 

moisture has dropped below 20-25 % and the aerated material has not yet dried to 4-6 % of moisture content. 
Carbonation is at its most intense within this interval. However, the decrease in strength after the carbonation of 
aerated concrete is negligible; a greater risk lies in the action of SO2, i.e. sulphation. The knowledge of the 
influence of moisture on the carbonation of aerated concrete applies to sulphation as well; in fact, these 
degradation processes typically occur simultaneously. 

2. Experimental program 

2.1. Raw materials and specimens production 

The silicate component in the aerated concrete was a mixture of 2 high-temperature fly ashes (HTC1 and 
HTC2) and 1 fluidized bed combustion ash (FBC). Their chemical composition is listed in Table 2. Specimens 
contains 0 % (0 FBC) and 13 % (13 FBC) admixture of FBC. Lime was used as binder together with flue gas 
desulphurization gypsum as an auxiliary raw material. The raw materials were mixed in a mixer with water at 50 
°C, concrete sawing sludge and aerating agent. Aluminium powder was used as the aerating agent. The slurry was 
poured in moulds in which the concrete was left to expand and later to cure. After 2 – 3 hours the aerated concrete 
cake reached manipulation strength and it was possible for it to be cut into blocks. These were then autoclaved in 
saturated steam for 12 hours at the temperature of 174 °C and pressure of 0.8 MPa. In these conditions a 
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hydrothermal reaction occurs during which various calcium hydro-silicates are produced. The most important one 
is tobermorite which is responsible for the strength of aerated concrete. The blocks were later cut into specimens. 
Half of the specimens was used in testing of physical-mechanical properties. In addition, an analysis of the 
microstructure of the aerated concrete was performed. The second half of the specimens was stored indoors with 
alternating temperature and humidity conditions for 2 years. After that time, the specimens were subjected to the 
same tests. 

Table 2. Chemical composition of fly-ashes. 

 SiO2 Al2O3 Fe2O3 SO3 CaO MgO K2O Na2O P2O5 
HTC1 46.40 29.33 12.35 0.00 2.10 1.11 1.30 0.34 0.07 
HTC2 50.16 27.54 13.08 0.07 2.51 1.46 1.35 0.35 0.19 
FBC 39.12 19.92 5.63 7.05 19.41 1.08 1.44 0.34 0.27 

2.2. Testing methods 

2.2.1. Density (ČSN EN 678 [8]) 

The specimens were cubes sized 100 x 100 x 100 mm and were used in the determination of compressive 
strength according to ČSN EN 679 [9]. The faces of the specimens must not have a flatness deviation greater than 
0.1 mm. One test set consists of three specimens. The specimens were dried to a constant mass at (60 ± 5) °C, 
volume Vi of the specimens was calculated from their dimensions obtained using callipers with accuracy to 0,1 
mm, mass at dried state mdi was determined immediately after removing the specimens from the dryer. 

 
Bulk density ρi of each specimen i [kg.m-3] was determined according to the formula (2). 

iV
dim

i        i = 1, 2, 3   (2) 

2.2.2. Compressive strength (ČSN EN 679 [9]) 

The same specimens were used in this test as in the determination of bulk density (100 x 100 x 100 mm). The 
test set also consisted of three specimens. The loading was applied axially and perpendicularly to the direction of 
rise. 

 
The compressive strength fci [N.mm-2] of an ith specimen was determined according to the formula (3). 

ci

i
civ A

Ff        i = 1, 2, 3   (3) 

Where Fi is the largest power at interruption in N and Aci is a transverse cross-sectional area toward the applied 
load in mm2. 

2.2.3. Coefficient of thermal conductivity (ČSN EN 73 1353 - hot wire method [10]) 

This method can be used for measuring solid materials as well as granular and powder ones. It is often used in 
industrial devices where the heat source is integrated into the body of the testing probe of given properties for ease 
of measurement. During the measurement of the specimens of aerated concrete, the Shotherm apparatus from the 
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Shova Denco company was used. Its operation is entirely automatic and its output quantity is the specimen’s 
thermal conductivity value [W.m-1.K-1]. 

3. Results and discussion 

3.1. Physical and mechanical properties 

The specimens were tested for physical-mechanical properties, namely bulk density in dried state, compressive 
strength and thermal conductivity. These properties are visualized in the following figures. 
 

 

Fig. 1. Density of aerated concrete in a dry condition. 

 

Fig. 2. Compressive strength of aerated concrete. 
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The comparison of bulk density of the aerated concrete (Fig.1) reveals a decrease of bulk density in specimens 
containing 13 % FBC ash admixture. This trend is clearly positive as far as aerated concrete is concerned since 
bulk density is connected with thermal insulation properties of the material. After 2 years, there has been a slight 
increase in bulk density. The cause is to be sought in the microstructure of the aerated concrete and will be 
discussed later. The admixture of FBC ash also had an influence on a decrease in compressive strength (Fig. 2). 
This phenomenon can be explained by the quality of the ashes from fluid coal burning, specifically with regards to 
SiO2 content as well as its form. Fly ashes from common powder beds consist of 80 – 95 % amorphous 
aluminosilicates, while FBC ashes contain mainly mineral phases. Thus, it can be assumed that SiO2 contained in 
FBC ash will be less reactive which has been confirmed given the mechanical properties of the concrete. 

 
After 2 years of storage, there has been a slight decrease in compressive strength in most specimens. However, 

no influence of FBC ash admixture on compressive strength after 2 years of storage has been observed. 
 

 

Fig. 3. Coefficient of thermal conductivity of aerated concrete. 

FBC ash clearly has a positive influence on thermal conductivity according to the results displayed in Fig. 3. As 
mentioned above, it is connected mainly with the lower bulk density of aerated concrete containing FBC ash. After 
2 years of storage, there has been little change in the coefficient of thermal conductivity. 

3.2. Microstructure 

After the physical-mechanical properties had been determined, the microstructure of the specimens was 
analyzed. The following figures show X-ray diffractograms of the aerated concrete after 2 years of storage (Fig. 4, 
Fig. 5) and SEM images of the specimens (Fig. 6, Fig. 7). 
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Fig. 4. X-ray diffractogram of aerated concrete with 0 % of fluidized bed combustion fly ash. E – Ettringite, T – Tobermorite, K – Katoite, A – 
Anhydrite, Q – Quartz, C – Calcite. 

 

Fig. 5. X-ray diffractogram of aerated concrete with 13 % of fluidized bed combustion fly ash. E – Ettringite, T – Tobermorite, K – Katoite, A – 
Anhydrite, Q – Quartz, C – Calcite. 

The X-ray diffractograms indicate that the specimens consist mainly of tobermorite. There is also some content 
of katoite (Ca3Al2(SiO4)(OH)8). When fly ashes are used as the silicate component in aerated concrete, CaO-Al2O3-
SiO2-H2O calcium-aluminate-silicate-hydrates are formed in the system, among which belongs also the above-
mentioned katoite. The formation of this mineral during the hydrothermal reaction is desirable as tobermorite also 
crystallizes from a solution of dissolved katoite ions at later stages of the hydrothermal reaction. The formulae also 
show a considerable content of ettringite which was formed secondarily during the 2 years of storage and is a 
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product of sulphation. Calcite is also present which indicates carbonation of the aerated concrete. The presence of 
these minerals can also explain the slight decrease in strength and increase in bulk density over the 2 years. 

 
Comparing the X-ray diffactograms of the specimens based on high-temperature fly ashes and ones containing 

FBC ash, it appears that the use of FBC ash results in a reduction of tobermorite peak intensity. The comparison of 
the chemical composition of the ashes (Table 2) shows a significant difference in SiO2 content, by approx. 10 %. 
An important factor is also the character of SiO2 in the ashes which is amorphous in the high-temperature ashes 
and therefore highly reactive. It can be assumed that SiO2 contained in FBC ashes is little reactive and does not 
contribute fully to the production of CSH phases. 

 

       

Fig. 6. SEM photo of aerated concrete with 0 % of fluidized bed combustion fly-ash after 2 years of storage.  1 – Tobermorite, 2 – fly-ash 
grains, 3 – Katoite. 

     

Fig. 7. SEM photo of aerated concrete with 13 % of fluidized bed combustion fly-ash after 2 years of storage. 1 – Tobermorite, 2 – Katoite, 3 – 
Calcite. 

SEM microscope images show that all the specimens have a good quality microstructure formed mainly by 
well-developed needle-like tobermorite crystals which are well interlocked and form a firm skeleton of the aerated 
concrete. Some unused grains of fly ash and, to a small degree, katoite was observed in the concrete with no FBC 
ash admixture (Fig. 6). However, isometric katoite crystals were mainly present in the concrete with 13 % FBC ash 
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admixture (Fig. 7). The SEM image of this aerated concrete also showed calcite crystals which grow from a place 
thick with tobermorite. Onset carbonation of the concrete can therefore be assumed.  

4. Summary 

The analysis of the microstructure of the fly ash aerated concrete brought the conclusion that signs of 
carbonation and sulphation can be observed in the specimens after 2 years of storage indoors with alternating 
temperature and humidity conditions. Specifically, this was manifested by the presence of ettringite and calcite in 
the concrete. The presence of these minerals was observed in both types of aerated concrete (made with high-
temperature fly ash and with 13 % admixture of FBC ash) to an equal degree. The microstructure of these two 
aerated concretes differed mainly in tobermorite content. It was found that the addition of FBC ash has a negative 
influence on the formation of this mineral. Findings from the microstructure analysis were confirmed during the 
determination of physical-mechanical properties of the concrete. The 2 years of storage have brought a slight 
increase in bulk density and a decrease in compressive strength almost in all specimens. Thermal conductivity 
remained unchanged. The admixture of FBC ash had a positive influence on bulk density, i.e. a decrease. 
Compressive strength did also, which is, however, a negative phenomenon. 

Acknowledgements 

This paper has been worked out under the project No. LO1408 "AdMaS UP - Advanced Materials, Structures 
and Technologies", supported by Ministry of Education, Youth and Sports under the „National Sustainability 
Programme I" and under the project FAST-J-15-2680 „Increasing of the utility properties of autoclaved aerated 
concrete by modification of the autoclaving regime“ supported by Ministry of Education Youth and Sports. 

References 

[1] Matoušek M. Drochytka R. Atmospheric degradation of concrete, Ikas Prague, Czech Republic;1998 ISBN: 80-902558-0-9. (in Czech) 
[2] Drochytka R. Durability of building materials, Brno University of Technology, Czech Republic, Faculty of civil engineering; 2007. (in 

Czech) 
[3] Brandštetr J, Šauman Z. Theory of building materials structure, Brno University of Technology, Czech Republic, Faculty of civil 

engineering; 1979. (in Czech) 
[4] Tunega D, Zaoui A. Understanding of bonding and mechanical characteristics of cementitious mineral tobermorite from first principles,  

J Computational Chemistry 2011;32(2):306–14. 
[5] Matsui K, Kikuma J, Tsunashima M, Ishikawa T, Matsuno S, Ogawa A, Sato M. In situ time-resolved X-ray diffraction of tobermorite 

formation in autoclaved aerated concrete: Influence of silica source reactivity and Al addition. Cem Concr Res 2011;41:510-19. 
[6] Balkovic S, Drábik M. Fluidized bed combustion fly-ah in autoclaved aerated concrete production. Silitech; 2010. (in Czech) 
[7] Drochytka R, Černý V, Kulísek K. The use of anthracite fly ash for the production of autoclaved aerated concrete. Advanced Mater Res 

2012;512/515:3003-06. 
[8] ČSN EN 678, 1995. Determination of density of autoclaved aerated concrete. Prague, Czech Republic. Czech Standards Institute. (in 

Czech) 
[9] ČSN EN 679, 2006. Determination of compressive strength of autoclaved aerated concrete. Prague, Czech Republic. Czech Standards 

Institute. (in Czech) 
[10] ČSN EN 73 1353, 2010. Determination of thermal conductivity of autoclaved aerated concrete. Prague, Czech Republic. Czech 

Standards Institute. (in Czech) 
 


