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Abstract. Nowadays, the problem of energy saving is very relevant. One 
of the ways to reduction energy consumption in construction materials 
production and construction of civil and industrial high-rise buildings is the 
application of claddings with heat-insulating performance. The concept of 
energy efficiency of high-rise buildings is closely related to environmental 
aspect and sustainability of applied construction materials; reducing service 
costs; energy saving and microclimate comfortability. A complexity of 
architectural and structural design as well as aesthetic characteristics of 
construction materials are also should be considered. The high interest 
focused on materials with combined properties. This work is oriented on the 
study of energy efficiency of buildings by improving heat-insulation and 
strength performance of autoclave aerated concrete. The applied method of 
sulfate activation of lime allows monitoring phase and structure formation 
in aerated concrete. The optimal mix design of aerated concrete with the 
compressive strength up to 8.5 МPа and decreased density up to 760 kg/m3 
was proposed. Analysis of structure at macro- and microscale was performed 
as well as the criteria of an optimal porosity formation was considered a 
number, size, shape of pore and density of interior partition. SEM analysis 
and BET method were performed in this research work. The research results 
demonstrated the correlation between structure and vapor permeability 
resistance, also it was found that the increase of strength can lead to 
reduction of thermal conductivity. 

1 Introduction 
The modern regulations require construction materials to meet the strict requirements for 

thermal and strength performance for construction of polyfunctional energy-saving high-rise 
buildings and residential complexes. Special requirement are made for materials applied in 
high-rise buildings. These materials should provide the required level of comfortability and 
optimal microclimate for human life and activities as well as required heat insulation [1]. Due 
to a significant environmental impact of construction materials production the energy 
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efficiency of buildings become a problem number one in the construction sector [2]. A “Zero-
energy” house is one of the effective approaches in construction was introduced and become 
very popular in Europe [3].  

The new generation composites are the functional materials with improved performance 
and combine several characteristics such as structural, decorative, thermal-insulation and 
sound insulation etc. [4]. The application of autoclave aerated concrete as building envelopes 
is a good way to realize the concept. Aerated concrete performs well in the constructions with 
steel reinforced-concrete and high-rise monolithic structures [5]. Nowadays, autoclave 
aerated concrete is a multi-purpose construction material, produced using «green» 
technology [6]. The aerated concrete is a light-weight structural material with high thermal- 
and sound- insulation, reduced labor intensity; reduced transportation and others associated 
costs. Die to its light-weight and plasticity, aerated concrete can be easily cut in simple and  
more complex architectural elements, which allows to expand the applicability of the material 
and be  a good fit in high-rise buildings and others complex structures construction where the 
use of high-density elements is not possible. Moreover, aerated concrete is characterized by 
low thermal-conductivity providing an optimal air condition control and microclimate. 

Development of innovative approaches and energy-efficient and eco-friendly 
technologies for aerated concrete production with improved thermal characteristics is based 
on modification of cellular structure saving the strength performance [7–9]. Smart concrete 
is among of the innovative construction materials. It can work in extreme climate and service 
conditions [10] considering social and aesthetic aspects [11].   

The reduction of density with saving and increasing of strength performance is the key 
factor for efficiency of production and application of aerated concrete. An effective method 
to achieve an excellent thermal-insulating characteristics in aerated concrete is the control of 
hydration process. Often, a low quality autoclave material is associated with uncompleted 
chemical interaction between lime and quartz components in the binder system. Therefore, 
intensity and completeness of lime slaking as well as chemical reactivity of Са(ОН)2 are the 
key parameters at first stage of hydration in order to produce a high quality material. 

However, at industrial level of production, it is difficult to precisely control the hydration 
process. The previous studies [12] showed that slaking of high-reactive lime (reactivity is 86 
%, water demand is 32–64%) at the temperature range of 160– 190ºС at the presence of 0.05–
0.25 % gypsum, the gypsum dehydration takes place leading to formation of β-hemihydrate 
of calcium sulfate and Са(ОН)2-particles with higher dispersity. Incorporation of high-
dispersed Са(ОН)2 and β-hemihydrate calcium sulfate into the aerated concrete mixture 
causes the change in hydration kinetics, setting time and rheological performance [13–14].  
In addition it helps to combine the periods of intensive structure formation and gas release 
(blow out of aerated concrete). That provides high-performance matrix structure of the final 
autoclave composite. 

2 Materials and Methods 
The mix of aerated concrete was designed to be applicable for a small-sized blocks cutting 
technology production in order to provide density of 800 kg/m3 and compressive strength of 
2.5–7.5 MPa [15]. The sulfate activation of lime was performed during binder specimens 
casting process. The β-hemihydrate calcium sulfate in content of 0.15 % was added to lime. 
The obtained mixture was slaked. Water/ solid ratio was 0.32. The obtained slaked binder 
was added into the aerated concrete mixture consisting of cement, aluminum paste and 
quartz sand. It was observed that the most intensive gas release was achieved with 
providing the certain thermal conditions during exothermic reaction caused by lime slaking 
process when. Therefore, only about 20 % of the lime-gypsum mixture needs to be slaked 
before adding into the concrete mix. The mix of aerated concrete was poured in cubic metal 
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providing the certain thermal conditions during exothermic reaction caused by lime slaking 
process when. Therefore, only about 20 % of the lime-gypsum mixture needs to be slaked 
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forms of 10×10×10 cm using castable technology. The components of the aerated concrete 
mixture was in the following proportion: lime – 1; quartz sand – 3; cement – 1; aluminum 
paste – 0.0048.  

The poured specimens were cured in ambient conditions for 3 hours followed by 
autoclave treatment under the following curing regime: air-flush of the specimens in the 
curing chamber for 40 min; after that pressure was buildup by up 10 atmospheres and 
temperature up to 180°C during 1 hour; curing process was performed at a constant 10 
atmospheres and 180°C for 5 hours followed by pressure release during 2 hours. The portion 
of β-hemihydrate calcium sulfate in the binder was determined using cation-exchange 
method [16]. Microstructure of the aerated concrete was investigated using high-resolution 
scanning-electron microscope Hitachi S-800 and the microporosity of concrete specimens 
was measured by BET method using SoftSorbi–II ver.1.0. machine. 

Thermal-conductivity of the autoclaved specimens was determined by the cylindrical 
probe method using ITP-MG4 Zond apparatus. Vapor permeability was measured according 
to the procedure described in the Russian Standard GOST 31359-2007 [18]. 

3 Results 
The mix design of aerated autoclaved concrete was developed using design of experiment 
method considering the following parameters: slaked product content, water/solid ratio and 
content of β-hemihydrate calcium sulfate (%). The aerated concrete with density of 800 kg/m3 

and compressive strength of 4.5 МPа was used as a reference. 
In order to describe the binder system response by variation of the given parameters, 

adequate regression equations and  yield surfaces were developed as depicted in Figure 1. 

6,5

7,0

7,5

8,0

8,5

0,40
0,45

0,50
0,55

0,60 0,05

0,10

0,15

0,20

0,25

C
om

pr
es

si
ve

 s
tre

ng
th

, М
P

а

"water-lime" ratio

content o
f 

gyp
sum dihyd

rate, %

 

720

740

760

780

800

820

0,40
0,45

0,50
0,55

0,60 0,05

0,10

0,15

0,20

0,25

D
en

si
ty

, k
g/

m
3

"water-lime" ratio
co

nte
nt 

of 

gyp
su

m dihy
drat

e, %

 
Fig. 1. The effect of water/solid ratio and content of β-hemihydrate calcium sulfate on density and 
compressive strength of aerated concrete. 

 
Figure 1 demonstrated that the incorporation of previously slaked gypsum-lime binder 

into the aerated mixture enables to improve compressive strength performance and reduce 
density and water demand from 0.5 to 0.48 of the specimens. 

The aerated concrete after autoclave treatment demonstrated the absence of SO 2
4  ions, 

confirming the reactivity of β-hemihydrate calcium sulfate during structure formation. 
Therefore, the optimal mix composition of aerated concrete contented 0.15% of β-
hemihydrate calcium sulfate with 0.4 water/solid ratio, resulting in a significant increase of 
compressive strength from 4.5 to 8.5 MPa, and density reduction from 800 to 760 kg/m3.  
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Sulfate activation positively effected pore formation in concrete matrix. Structural 
skeleton of the optimal composition demonstrated porosity increase from 70 to 75% as well 
as homogeneous pore distribution (Figure 2 b). Pores were spherical with 0.3–0.9 mm in 
diameter. 
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Fig. 2. SEM images of the aerated concrete after autoclave treatment: a – composition 1; b – 
composition 2 (Table 1). 

 
According to the surface area BET data presented in Table 1, the volume of nanopores in 

concrete specimens was changed, where the volume of pores less than 94.6 nm was 0.007 
cm3/g for reference specimen, and the volume of those for the experimental specimen was 
0.018 cm3/g. Formation of proper porous structure is the key parameter to improve thermal 
characteristics of concrete, because density reduction causes the decrease of thermal 
conductivity from 0.19 to 0.17 W/(m·С°) (Table 1), improving thermal characteristics of 
aerated concrete. 

 
Table 1. Characteristics of the aerated concrete after autoclave treatment. 
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Mix 2 of the produced aerated concrete specimen meets the requirements of the Russian 

Standard GOST 31359-2007 [19] in terms of vapor permeability, which was 12 % higher 
than that for reference mix 1 (Table 1). That means it can provide the "breathing wall" effect 
and keep in-door microclimate optimal.  

 

    
 

Fig. 3. SEM images of the mix 2 (Table 1). 
 

Microstructure of an interporous zone as the most important zone in aerated concrete 
matrix responsible for with density and strength performance demonstrated the increase of 
structural packing density (Figure 3). Hydrothermal curing conditions are favorable for 
needle-like and stem-like crystal formations, which are typical for 11Å-tobermorite that 
serves as a reinforcing element at micro level structure strengthening structure of aerated 
concrete.  

Conclusions 
This work demonstrated the opportunity to control thermal- and sound-insulating 
performance of aerated concrete due to homogeneous pore distribution, required density of 
interporous zone, required size and shape of particles. It can be achieved by controlling of 
hydration process in the binder system. Using method of lime sulfate activation allowed 
maximally intensify lime reactivity and stimulate the chemical interaction between 
components in the changing and rheological characteristics of fresh concrete mixture and 
mineral composition of aerated concrete. Increasing porosity, formation of multudispersed 
pores and their homogeneous distribution led to density reduction of the aerated concrete up 
to 5 %. The formation of needle-like crystals helps to reinforce matrix structure improving 
density of interporous zone, reduce structure imperfection and double the compressive 
strength of aerated concrete. 

The developed aerated concrete is characterized by complex of improved thermal 
characteristics including heat conductivity reduction from 0.19 to 0.17 W/(m·°С), vapor 
permeability increase from 0.14 to 0.16 mg/(m·h·Pа) and that meets the requirements of 
modern standards of thermal insulation, energy saving and microclimate parameters. The 
application of developed concrete is good approach to produce environmentally friendly, 
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sustainable and energy efficient structure at the stage of design, production and operation of 
high-rise buildings in today’s megapolises.  
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