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Abstract. Lightweight concretes are widely used in construction, however, achieving
an optimal balance between thermal insulation and strength characteristics remains an
urgent scientific and technical task. The purpose of this study is to develop multilayer
lightweight concrete with a variotropic structure based on expanded polystyrene fillers and
adjustable porosity of cement stone using air-entrapping additives. Experimental studies of
the effect of the composition of the mixture, the content of expanded polystyrene and the
porization parameters on the density, compressive strength and thermal conductivity of the
material were carried out. It was found that an increase in porosity of up to 4.5% due to the
use of air-entrapping additives allows maintaining strength at the required level (up to 2.8
MPa for thermal insulation layers and up to 39.0 MPa for structural layers) while reducing
the coefficient of thermal conductivity to 0.095 W/(m-°C), which is 15-30% lower compared
with traditional lightweight concrete. The scientific novelty of the research lies in the
development of a variotropic multilayer structure with a controlled distribution of density
and porosity over the thickness of the material, providing a targeted combination of strength
and thermal characteristics. The proposed approach makes it possible to reduce the average
density of the material, increase the energy efficiency of enclosing structures and can be used
in the design of energy-efficient buildings.
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Annarna. JKewin OemoHnOap KYpwliviCma KeHiHeH KOJAOAHbLIAObL, OIpaK HCbliy
OKWAYay JHcoHe GepiKmiK cunammamanapvl apacblHOdebl OHMAlbl mene-meHoikKe Koi
JHCEMKI3Y O3eKmi bLILIMU-MEXHUKATLIK MiHOem oOoavin Kana Oepedi. Ocvl 3epmme)yoiy
Makcamol aya oemkis2iut KOcnanapowvl naudaiana omulpuln, CMupogpham moimulipuliumapbol
MeH pemmelemin YeMeHm mac Keyekminiei He2i3iHoe 8apuamponmol KYPuliblMbl Oap Ken
Kabammol dHcenin OemoHObl a3ipney 001vin maodwliadsl. Kymvic OapvicblHOA KOCNAHBIY
KYPAMbBIHbIY, HOIUCMUPOIL KOOICIHIY KYPAMbBIHbIY JHCIHEe NOpu3ayus napamempiepiniy
Mamepuanovly muvlabl30bl2bIHA, KbICY Oepikmicine JHCaHe JiCblly emKizeiwmicine acepi
OolbIHWA dIKCNepUMeHmmIK 3epmmeyaep Hcypeizindi. Aya emkizeiu Kocnaiapovl KOJIOAHy
apxulisl keyekminikmiy 4,5% - 2a Oetiin apmyvwl xHcwlny omkiseiuumik koagpuyuenmin 0,095
Bm/(m-°C) Oeiiin  memendeme omvipbin, Oepikmikmi Kadxcemmi  OeHeeuoe(Hcoliy
oxwaynazviut Kabammap ywin 2,8 Mlla-ea Oetlin scane Kypolivimovlk kabammap yutin 39,0
MIlla-2a Oeuiin) cakmay2a MyMKiHOIK Oepemini AHLIKMANObl, OY1 O0CMypai OKnemeH
canvicmoipzanoa 15-30% - 2a memen bGemonOapmen. 3epmmeyoil 2bLILIMU IHCAHANBIZb
Oepikmik new JHCblIYy CUNAMMAMALAPLIHbIY MAKCAMMyl YIULECIMIH KaMmamacsls ememin
mamepuanoviy KaiblHOblebl OOUbIHWA Mbl2bI30bIK NeH KeyeKMINIKmiy 0acKapbliamvii
mapanyvl 6ap eapuamponmvl Ken kKadbammsl KYpbLIbIMObl 23ipiey 00abin madbliaobi.
Ycvinvinzan macin  mamepuanoely opmawia muiebl30bI2blH  MOMeHOemyee, KOpuiay
KYDbLIBIMOAPIHbIY SHEpeUs MUIMOLLIZIH apmmulpyea MYMKIHOIK 6epedi dcane IHepUsiHbl
YHemOeumin umapammapovl #co6anayoa Koioany2a 60aaobi.

Tyilin ce3nep: oicenin bemon, sapuamponmel KYpoblivblM, NOAUCIIUPOTLOEMOH, HCBLITY
OMKI32IUWMIK, KOPpULAY KYPbLIbIMOapbl, Oepikmik, sHepausi muimoiniel.
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AHHOTAUMA. JIé2Kue 6GemoHbl WUPOKO NPUMEHSIOMCS 8 CMPOUmenbemee, OOHAKO
00CmuUdICeHUe ONMUMATBLHO20 OANAHCA MeXCOy MeNIOU3OIAYUOHHBIMU U NPOYHOCTIHBIMU
Xapakmepucmukamy ocmaémcs aKmyanibHoU HayyHo-mexHudeckou 3aoaueu. ILlenvio
Hacmoswje2o UCCie008aHUsl AGNAEMcs paspabomKa MHO2OCIOUHO20 N1€2K020 bOemoHa ¢
8APUAMPONHOU  CIMPYKMYPOL  HA  OCHOBE  NEHONONUCMUPOIbHLIX — 3aNOJIHUMenel U
pezyiupyemoti. NOpUCmocmu YemMeHmHO20 KAMHs C UCHONb308AHUEM B030YX0BOBIEKAIOUUX
006asok. B pamkax pabomvl nposedeHvl IKChepUMEHMANbHblE UCCAeO08AHUS GIUAHUSA
COCMasa cmecu, coOOepHCanHus NeHONOAUCUPONA U RAPAMEMPO8 NOPUZAYUU HA NIOMHOCHb,
NPOYHOCTb NPU CHCAMUU U MENTONPOBOOHOCHIb MAMEPUAld. YCmaHo81eHo, umo yseiuieHue
nopucmocmu 0o 4,5% 3a cuém npumeHeHus 6030YX08081eKAIOWUX 000ABOK NO0380151em
COXPaHAMb NPOYHOCMb HA mpedyemom yposHe (00 2,8 MIla 0 meniouzonsyuoHusix cloés
u oo 39,0 Mlla ona KOHCMPYKYUOHHLIX Cl0OEG) NPU OOHOBPEMEHHOM CHUIICEHUU
koappuyuenma mennonpogoonocmu 0o 0,095 Bm/(m-°C), umo na 15-30% Hudce no
CPABHEHU0 ¢ MPAOUYUOHHbIMU JéeKUMU Oemonamu. Hayunas Ho8u3HA uUCcre008aHUs
3aKauaemcs 6 pazpabomke BapuUAMpONnHoOU MHO2OCIOUHOU CMPYKMYpPbl C YAPABIAEMbIM
pacnpeoeienuem NIOMHOCMU U NOPUCMOCMU NO MOJWUHe Mamepuaia, obecneuugarowen
YeNeHANpasieHHoe COYemanue NPOYHOCMHBIX U  MEeNnIOMeXHUYeCKUX Xapakmepucmuk.
IIpeonoaicennulii NOOX00 NO3605€M CHUUMb CPEOHION NIOMHOCHb MAMEPUAd, NO8bICUNDb
IHEP20IPPEKMUBHOCIIb 02PANCOAIOWUX KOHCIPYKYULL U MOdCem Oblmb UCNOIb308AH NPU
NPOEKMUPOBAHUU IHEP2OIPpHexmusHbIX 30aHUlL.

KutoueBble ciioBa: jeckuti Oemon, 8apuamponHas Cmpykmypd, noaucmupoioemo,
Menionpo80OHOCIb, 02PANCOArOWUe KOHCMPYKYUU, NPOYHOCTb, YHEP20IPHEKMUBHOCMb.
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1 INTRODUCTION

The external enclosing structures of most buildings in the Republic of Kazakhstan are
characterized by low energy efficiency or economically unjustified indicators, which does not meet
modern international requirements and leads to extra consumption of thermal energy (Resolution of
the Government of the Republic of Kazakhstan, 2023; Sadyrov, 2022). This is due to the fact that
there were no energy-saving technologies at the construction stage of these houses. To reduce heat
loss and adapt such apartment buildings to the standard of a low-energy building, it is necessary to
significantly improve the energy efficiency of the building. The structure of heat losses in apartment
buildings includes: through the exterior walls 20-30%, through the ventilation system 30-40%,
through windows and entrance doors12-25%, through the roof 10-20% and through the basement 3-
6% (Gongalves et al., 2020; Tuktamisheva & Adilova, 2025).

In this regard, a significant role is played by the development of new solutions in creating new
energy-efficient enclosing structures. One approach to solving this issue is the use of multilayer
lightweight concrete with a variable structure for the enclosing structures of residential buildings. The
following features characterize multilayer lightweight concrete with a variotropic structure:

- smooth change in average density between layers;

- change in the pore structure of concrete layers from the periphery to the center of the product;

- varying the ratio of layer thicknesses to control the properties of multilayer lightweight
concrete (strength, average density, thermal conductivity).

Despite the extensive body of research on lightweight concrete and polystyrene-based
materials, most existing studies focus on homogeneous structures with fixed porosity and density
parameters. These approaches, while effective in improving either thermal or mechanical properties,
often fail to ensure their optimal combination (Estemesova et al., 2023).

Modern foreign studies also confirm the high potential of lightweight concretes and multilayer
enclosing systems to improve the energy efficiency of buildings. The works Haller et al. (2024); Lee
et al. (2021); Shi (2025) show that the use of lightweight composites and styrofoam-based materials
helps to reduce heat loss and increase the thermal efficiency of external enclosing structures.

Furthermore, the majority of previous works do not consider the possibility of controlled
variation of material properties across the cross-section of enclosing structures (Zhangabay et al.,
2023).

Therefore, there is a clear research gap in the development of multilayer lightweight concrete
with a variotropic structure, enabling the regulation of density and porosity distribution within a single
structural element.

The present study aims to address this gap by developing and experimentally validating
multilayer lightweight concrete compositions with controlled structural heterogeneity.

The hypothesis of the study is that the formation of a variotropic structure of multilayer
lightweight concrete using polystyrene aggregates allows the simultaneous increase in thermal
insulation properties and the provision of the required strength of the material due to the rational
distribution of density across the cross-section of the structure.

The scientific novelty of the research lies in the development of a method for forming a
variotropic structure of multilayer lightweight concrete with an adjustable porosity of the cement
matrix. The dependences between the degree of porization, the content of polystyrene filler and the
physical and mechanical characteristics of the material have been established.

Despite numerous studies of lightweight concretes, most of the existing solutions are based on
homogeneous materials with fixed porosity, which limits the ability to simultaneously provide the
required strength and energy efficiency.

The aim of this study is to develop and experimentally validate compositions of multilayer
lightweight concrete with a variotropic structure based on expanded polystyrene aggregates, as well
as to determine the influence of mixture composition and porosity parameters on the physical,
mechanical, and thermal properties of the material.

505



Bulletin of the Kazakh Leading Academy of Architecture and Civil Engineering. Nel (99), 2026. Construction

2 MATERIALS AND METHODS

The experimental program was designed to investigate the influence of mixture composition
and structural configuration on the physical, mechanical, and thermal properties of lightweight
concrete.

The main variables of the study included:

- the content of polystyrene aggregates (kg/m* of mixture);

- the use of air-entraining additives;

- curing conditions (normal curing and heat treatment);

- the structural configuration of multilayer concrete.

All experimental procedures were carried out in accordance with standard testing methods.
Compressive strength was determined according to GOST 10180-2012, density was measured in
accordance with GOST 12730.1-2020, and thermal conductivity was evaluated following GOST
7076-99. As part of the experimental program, 10 samples of highly porous polystyrene concrete with
different porosity parameters and the composition of the mixture were produced. To ensure the
reliability of the results, the tests were carried out on at least three parallel samples for each
composition under the same laboratory conditions. The obtained values were averaged, and the
deviations between individual measurements did not exceed 5%, which ensured reproducibility and
reliability of experimental data. Statistical processing of the results was performed by calculating the
average values and relative deviations of experimental parameters.

Preliminary tests were conducted on the following lightweight aggregates as components for
various layers of multilayer lightweight concrete: expanded polystyrene, foam glass, perlite,
vermiculite, granulated slag, expanded clay, and glass microspheres.

Polystyrene, expanded clay, and blast furnace slag are the most suitable aggregates due to their
availability on the raw material market and ease of use.

The selection of materials was based on their availability, low density, and suitability for
producing lightweight concrete with enhanced thermal insulation properties. In particular, expanded
polystyrene was selected due to its extremely low density and its ability to significantly reduce the
thermal conductivity of the material.

Blast furnace slag was used as a mineral additive to improve durability and reduce cement
consumption, while also contributing to sustainability through the use of industrial waste
(Akmalayuly & Toleuov, 2022).

The first step in producing multilayer concrete was the development of a highly porous
polystyrene for use as a thermal insulation layer in three-layer enclosing panels in residential
buildings.

Polystyrene concrete is an effective and relatively inexpensive thermal insulation material that
is widely used in construction. Depending on its composition, this concrete can be used as thermal
and sound insulation or as a structural material (Samoilova et al., 2024).

Polystyrene-based concrete can be used for all parts of a building (structural and non-structural)
as a very lightweight material by varying the percentage of its aggregates. Changing the polystyrene
ratio in concrete also changes its intended use. Unlike lightweight industrial aggregates, polystyrene
is widely available (Gernay, 2018).

An analysis of existing approaches indicates that the use of polystyrene granules in lightweight
concrete represents an efficient solution for several reasons. Firstly, due to their low density,
polystyrene granules increase the porosity of the concrete matrix, thereby improving its thermal
insulation performance. Secondly, polystyrene is an industrial by-product, which contributes to
reducing the overall cost of the material. Finally, the utilization of industrial waste provides additional
environmental benefits, supporting sustainable construction practices.

The fundamental difference between polystyrene concrete and its closest comparable material,
cellular concrete, is its increased tensile and compressive strength (approximately 12% higher), as
well as greater resistance to moisture and steam.
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While polystyrene concrete has many advantages, it also has its disadvantages, namely low
strength and shrinkage. These disadvantages can be minimized with additives and proper
manufacturing technology. To solve this issue, a number of studies were conducted, including
examining the effects of various additives on the properties of polystyrene concrete, the use of
modified cements, and different aggregate fractions.

A number of authors emphasize that materials containing lightweight aggregates are less
resistant to frost, but have sufficient frost resistance for use in wall structures. The frost resistance of
lightweight concrete decreases significantly with increasing polystyrene content and the size of the
aggregates themselves.

It is also worth noting that the frost resistance of lightweight concrete is primarily determined
by the product porosity. The resistance of concrete to freezing is determined not only by the air gaps
in the product, but also by the bonds between the aggregate and the matrix. To improve the frost
resistance of materials containing lightweight aggregates, it is not necessary to increase the density
(as is the case with heavyweight concrete), but either to reduce the open porosity or increase the
density of the cement paste. Sufficient frost resistance is achieved by using porous aggregate or an
air-entraining additive in the cement paste. The frost resistance of these materials can be enhanced by
using hydrophobic additives (Samoilova et al., 2024).

The feasibility of using industrial waste as an economically and environmentally beneficial
solution was also proved. Numerous studies have focused on the use of ash and slag in the production
of building structures (Samoilova et al., 2024).

The use of slag as a composite binder has several advantages:

- it is used for the construction of massive structures; however, in winter concreting conditions
using slag binders, heating is recommended,;

- it increases the initial and final setting time, which leads to the preservation of the concrete
mix workability;

- it increases resistance to aggressive environments (sulfate attack, alkali resistance, acid
resistance, etc.);

- it increases the frost resistance and water resistance of products.

The concrete mix was prepared using the following materials:

- 142.5 B cement, with a specific effective activity of natural radionuclides for raw materials
equal to 57 Bg/kg;

- blast furnace slag, ground in a ball mill;

- expanded polystyrene gravel, 2.5-5 mm fraction;

- water;

- air-entraining additives (MasterAir 200) and superplasticizer (Master Rheobuild 270W). The
composition of the concrete mix is shown in Table 1. The appearance of polystyrene concrete samples
is shown in Figure 1.

The chemical composition of cement and slag is shown in Table 2. The use of slag as a mineral
additive to cement is due to the desire to increase corrosion resistance and reduce the proportion of
an expensive component in the concrete mix. Blast furnace slag is a chemically active waste from the
metallurgical industry, and reacts with cement and additives. Due to the high content of calcium,
silicon and aluminum oxides (SiO02, A,O3, Ca0), concrete with blast furnace slag content becomes
more resistant to aggressive media (alkalis, salts and acids).

Air-entraining additive in combination with steaming allows to increase porosity up to 4,5%
without strength decrease.

Table 1
Composition of highly porous polystyrene concrete
No CEM 142,5H, Blast Polystyrene, Air-entraining Superplasticizer
kg/m* furnace kg/m* modifier Master Rheobuild
slag, Master Air 200, % 270, %
kg/m*
1 240 160 20 0.7 0.7
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Figure 1 — Polystyrene concrete samples with a water-binding ratio (W/B) = 0,45 (author’s material)

Table 2
Density of polystyrene concrete
Concrete hardening conditions Standard density, kg/m’ Actual density, kg/m’
Heat treatment 350-400 370
Normal conditions 350-400 398

The studies were conducted according to the following hardening modes:

- natural hardening. The samples were tested for durability at the ages of 3, 7, 14 and 28 days.
The samples were stored in a specialized cabinet under a film with sawdust. The average temperature
for 28 days in the laboratory room is t = 23°C and W = 75%.

- hardening under heat treatment conditions.

In the process of heat treatment, accelerated hydration of cement stone occurs and the time for
gaining final strength decreases. It is important to note that polystyrene granules are "sensitive" to
temperatures above 80 °C. For this reason, it is important to ensure a balance between accelerating
hydration processes and preserving polystyrene granules. According to the heating technology, there
are three stages: preheating, isothermal exposure, and gradual cooling. For highly ionized polystyrene
concrete, the temperature limit is regulated by 60-70°C, as well as a relative humidity of at least 90%.
Such parameters will ensure the hydration processes without destructive effects on the polymer.

The stages of heat treatment are shown in Figure 2:

Temperature profile for the heat treatment of

Isothermal holding 12 h!

60 +

50 -
@]
o
g Rise fn tempeture | Coolding
g ©1 /3 41
3
(3

30 B

20

0.0 2f5 5.‘0 7.'5 10'.0 12'.5 15'.0 17'.5
Time, h

Figure 2 — Stages of heat treatment of three-layer wall panels
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Stages of heat treatment of three—layer wall panels:

Heating to a temperature of 60°C - 3 hours: the purpose of this stage is to evenly distribute the
temperature throughout the entire volume of the product to prevent thermal shock, as well as to
activate the initial stage of binder hydration (C>S and C3S).

The duration of the first stage usually does not exceed 2-3 hours, and the heating rate is 15-
20°C/h. At this stage, the heat released during the cement hydration combines with the external
thermal effect, thereby building a smooth temperature gradient across the product section. Also, at
this stage, C3S hydration increases, crystallization begins (C-S-H(I)), and free H>O binding in the gel
begins.

1) Isothermal exposure of products at a temperature of 60°-12 hours. The purpose of this stage
is to achieve maximum hydration of the cement stone. During isothermal exposure, concrete reaches
about 80% of its design strength. Hydrosilicates and calcium hydroaluminates are actively formed
here, which are a fundamental factor in the concrete structuring. The processes that occur with
concrete in an autoclave are subject to thermophysical laws that affect its structure.

The next step requires gradual cooling.

2) The products are kept in the chamber at a reduced temperature for 4 hours. The main focus
at this stage is on removing thermal stresses in concrete, preventing cracking and shrinkage. The
temperature decreases gradually (10-150°C/h). The temperature dependence is expressed by the
following equation:

During the pressure reduction process, it is important to control the rate of pressure reduction
to prevent damage to the concrete. Cooling is slow due to low heat transfer. A sharp decrease in
temperature leads to the formation of cracks at the boundary of the cement stone/ polystyrene
granules.

The positive side of heat treatment also manifests itself in its environmental benefits, as the
removal of the blowing agent (isopentane) from the mixture toward the edges of the mold improves
the environmental friendliness of the material.

The intensive development of industry in the Republic of Kazakhstan is aimed at improving the
quality of domestic products and their competitiveness in the marketplace of alternatives offered by
other countries. The primary factors influencing the quality of finished products include their
production process, including the materials used and the manufacturing technology.

Taking into account the sharply continental climate prevailing in Kazakhstan, the most
fundamental requirements for thermal insulation materials are resistance to fluctuating low
temperatures, high operational reliability coefficient, durability, as well as environmental and fire
safety. The expanded polystyrene concrete (EPSC) being developed and studied by us must possess
all of the abovementioned properties while maintaining an economic component that affects the cost
of the final product (Samoilova et al., 2024; Rakhimov et al., 2024).

Polystyrene aggregates in concrete have been studied since the late 20th century, and the results
indicate that the water-cement ratio is a key factor determining the strength, deformation, and
performance characteristics of the material. Based on experimental data, relationships were proposed
that make it possible to predict the modulus of elasticity from the material strength.

Modern research confirms the effectiveness of polystyrene in enclosing building structures both
in hot and cold climates. It has been established that the use of polystyrene materials reduces operating
energy costs, life-cycle costs, and carbon dioxide emissions, and also provides environmental benefits
through the recycling of hard-to-decompose waste.

At the same time, most studies consider materials with a homogeneous structure and fixed
porosity parameters, which limits the possibilities for optimizing their properties. Therefore, it is
actual to develop compositions with controlled porosity, including through the use of various
additives that enhance thermal insulation properties and reduce the material density.

However, increasing porosity, despite improving thermal performance, is accompanied by a
decrease in strength, that requires finding the optimal balance between energy efficiency and material
mechanical properties in accordance with regulatory documents.
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Based on the proposed composition of highly porous expanded polystyrene concrete an energy-
efficient three-layer panel was developed.

The following materials were used to manufacture the wall panel:

- Portland cement I 42.5B (M500D0), with specific effective activity of natural radionuclides
for raw materials: Aes(cement)=57 Bqg/kg from Central Asia Cement JSC,

- blast furnace slag as a composite binder for cement;

- air-entraining additive;

- superplasticizer with water-reducing properties;

- crushed stone of fraction 5-20 (Keregetass quarry);

- sand and gravel mixture (Shakhan quarry);

- gauging water.

The technology for the production of three-layer wall panels with a HPEPC (Highly Porous
Expanded Polystyrene Concrete) layer has been developed based on existing technology, but the cost
of products is significantly lower, in addition, less time is spent on production. The technology of
manufacturing wall panels using a heat-insulating layer of polystyrene concrete:

1. A reinforcing mesh is installed on a form with a formwork, after that a mixture of heavy
concrete is supplied.

2. After laying, the mixture is compacted for 30 seconds.

3. Then the pallet moves off into the pre-hardening chamber for 10 minutes before the concrete
mixture sets, and a new pallet takes its place.

4. After 10 minutes, a mixture of light HPEPC is laid on the newly gripped mixture of heavy
concrete.

5. After laying two layers of concrete, the pallet is sent back to the pre-hardening chamber to
set the light concrete for 10 minutes.

6. A reinforcement frame is installed on the gripped mixture of light concrete and a second layer
of heavy concrete is poured in the same way as the first layer.

7. The second layer of heavy concrete is compacted using an immersion vibrator.

8. The finished wall panel is sent to the heat and humidity treatment chamber for 12 hours,
where all stages of isothermal heating take place.

The chemical composition of cement and slag is given in Table 3. Blast furnace slag is a
chemically active waste product of the metallurgical industry and reacts with cement and additives.

Table 3

Chemical composition of Portland cement and blast furnace slag
Binder SiO2 ALOs CaO MgO Cl
Portland cement M500D0 23.37 4.98 60.38 1.13 0.003
Blast furnace slag 36.5 13.95 38.74 9.47 0.038

Due to the high content of calcium, silicon and aluminum oxides (SiO2, AL O3, CaO), concrete
containing blast furnace slag becomes more resistant to aggressive environments (alkalis, salts and
acids).

Figure 3 shows a diagram of the structure of an energy-efficient three-layer panel. The surface
layers of the panel are made of heavy concrete. The central part of the wall panel is heat-insulating
and is made of highly porous expanded polystyrene concrete.

The mechanical and thermal characteristics of all layers of the proposed panel were tested in
an accredited laboratory and have the following indicators (Table 4):

Table 4
Characteristics of three-layer wall panel concretes
Property Internal layer Highly porous expanded External layer
polystyrene concrete
Thermal conductivity, W/(m-°C) 1.74 0.095 1.74
Vapor permeability, mg/(m-h-Pa) 0.03 0.087 0.03
Compressive strength grade B30 B1.5 B30
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Figure 3 — Wall panel with heat insulation layer of highly porous expanded polystyrene concrete (author’s
material)

Actual results of samples studied comply with the standards of regulatory documentation.

The produced panels use highly porous polystyrene concrete as the thermal insulation layer.
This means that in addition to the polystyrene in its composition, additional pores in the cement paste
are created by an additive. Concrete aeration occurs through chemical reactions that create air bubbles

in the concrete mixture (Figure 4).
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Figure 4 — Micrographs at x100 magnification of cement paste samples without air-entraining additive (a) and with it
(b) (author’s material)

Figure 5 clearly shows the even distribution of closed pores formed after the introduction of
the air-entraining additive. Its addition to the concrete mix will enhance the thermal insulation
properties of the concrete, as well as its noise and sound insulation.
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30.0kV 5.6mm x5.00k SE

Figure 5 — Micrographs in x5000 magnification of cement paste samples with pore sizes (author’s material)

It was practically established that the use of an air-entraining additive allows increasing the
entrained air volume by almost 1.5%. It was also established in the study (Meddage et al., 2022).
that steam curing of concrete makes it possible to increase its porosity by almost 3%. An increase in
the volume of entrained air by more than 5% results in a significant reduction in concrete strength.

Experiments in laboratory conditions showed that the amount of water can be reduced using a
plasticizer by more than 10%.

Using a scanning electron microscope Prisna E SEM, photographs were taken of the adhesion
of polystyrene granules to the cement paste, where it is seen that the granules are completely drawn
into the cement paste pores (Figure 6):

i
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Figure 6 — Adhesion of polystyrene to the cement paste (1- polystyrene granules) (author’s material)

An EDX (electron-dispersive X-ray) analysis of two cement paste compositions (the proposed
composition with additional porosity and the control sample) gave results with approximately
identical chemical compositions. Moreover, the thermal insulation properties of the proposed
composition were superior to those of the control sample due to the additional porosity of the cement
paste.
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The layer of thermal insulation polystyrene concrete is not flammable, while the polystyrene
board is a combustible material.

Thus, the resulting highly porous polystyrene concrete meets its characteristics as one of the
layers for the further development of multilayer lightweight concrete with a variotropic structure.

The methodological novelty of this study lies in the combined use of multilayer structuring and
controlled porosity formation through air-entraining additives. Unlike conventional approaches
focused on homogeneous materials, the proposed method enables the regulation of material properties
across the thickness of the structure.

3 RESULTS AND DISCUSSION

The use of multilayer concrete with a variotropic structure results in a reduction in thermal
conductivity of enclosing structures by 10—15%, which is associated with the redistribution of density
and pore structure across the thickness of the material. Unlike homogeneous lightweight concretes,
where porosity is uniformly distributed, the proposed approach allows concentrating low-density,
highly porous layers in the thermal insulation zone while maintaining denser structural layers. This
leads to a decrease in heat transfer without a proportional loss of mechanical strength.

The obtained results confirm that the increase in porosity up to 4.5% due to the use of air-
entraining additives contributes to the formation of a system of closed pores, which effectively
reduces thermal conductivity to 0.095 W/(m-°C). At the same time, compressive strength remains at
a sufficient level (2.8 MPa for the insulating layer and 39.0 MPa for structural layers), which indicates
a successful balance between thermal and mechanical properties.

These results are consistent with previous studies (Meddage et al., 2022; Estemesova et al.,
2023), which report a decrease in thermal conductivity with increasing porosity; however, in those
works, an increase in porosity was accompanied by a significant reduction in strength. In contrast,
the proposed variotropic structure mitigates this limitation by separating functional layers according
to their performance requirements.

Compared to conventional polystyrene concrete, where thermal conductivity typically ranges
from 0.11 to 0.14 W/(m-°C), the developed material demonstrates a reduction of approximately 15 —
30%, which confirms the efficiency of controlled porosity and multilayer structuring. Furthermore,
the achieved compressive strength values exceed those reported for similar density materials in earlier
studies (Gernay, 2018; Samoilova et al., 2024), indicating improved structural performance.

Similar trends have been noted in foreign studies. Thus, Wibowo et al. (2024) found that the
use of lightweight concrete based on expanded polystyrene helps to reduce thermal conductivity and
increase energy efficiency of building structures. Lee et al. (2021) also note that the use of lightweight
composites reduces the operational heat loss of buildings, but with increasing porosity, the mechanical
characteristics of the material deteriorate. In contrast to these studies, the variotropic approach
proposed in this paper provides a reduction in thermal conductivity while maintaining the required
strength of the structural layers.

The optimal number of layers for variotropic concrete was determined to be four, which ensures
a gradual transition of density and minimizes interlayer stress concentrations. The use of Portland
cement as a common binder for all layers improves adhesion between layers and enhances the overall
integrity of the structure.

The introduction of granulated blast furnace slag as part of the composite binder contributes not
only to improved durability and resistance to aggressive environments but also to resource efficiency
through the utilization of industrial waste. This aligns with current trends in sustainable construction
materials.

Thus, the proposed approach demonstrates that the combination of multilayer structuring and
controlled porosity formation provides a more effective solution compared to traditional
homogeneous lightweight concretes, ensuring both reduced thermal conductivity and sufficient
mechanical strength.
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Quantitative analysis showed that the developed highly porous polystyrene concrete has a lower
thermal conductivity compared to traditional lightweight concretes based on expanded clay and
homogeneous polystyrene concrete, for which the coefficient of thermal conductivity is usually 0.11—
0.14 W/(m-°C). In the proposed composition, this indicator was reduced to 0.095 W/(m-°C), which
provides an increase in thermal insulation efficiency by 15-30%.

An additional advantage of the developed composition is the possibility of maintaining strength
characteristics with increased porosity due to the combined use of air-entrapping additives and
multilayer structuring. In traditional lightweight concretes, an increase in porosity is usually
accompanied by a significant decrease in strength, whereas in the proposed system, the strength of
the structural layers reached 39 MPa, which meets the requirements for enclosing structures of
residential buildings.

In addition, the use of blast furnace slag as a component of a composite binder reduces cement
consumption and increases the material resistance to aggressive media, which further increases the
operational efficiency of the developed material.

4 CONCLUSION

1. It has been established that the use of multilayer lightweight concrete with a variotropic
structure reduces thermal conductivity of enclosing structures by 10—15% compared to conventional
homogeneous lightweight concrete. This effect is achieved due to the controlled redistribution of
density and pore structure across the thickness of the material, ensuring an optimal combination of
thermal insulation and mechanical performance.

2. Experimental results showed that an increase in porosity up to 4.5% leads to a decrease in
thermal conductivity to 0.095 W/(m-°C), while maintaining sufficient compressive strength (up to
39.0 MPa for structural layers). The optimal number of layers (four) provides a smooth transition of
properties and minimizes internal stresses.

3. The scientific novelty of the research lies in the development and experimental
substantiation of a method for forming a variotropic structure of multilayer lightweight concrete with
an adjustable distribution of density and porosity over the thickness of the structure. For the first time,
the combined use of air-entrapping additives and multilayer structuring was proposed, which reduces
thermal conductivity while maintaining the required strength characteristics of the material.

4. The practical significance of the research lies in the possibility of using the developed
multilayer lightweight concrete in the production of energy-efficient exterior wall panels and
enclosing structures of residential and public buildings. The use of the developed composition makes
it possible to reduce the heat loss of buildings, increase the energy efficiency of construction sites and
reduce cement consumption by using blast furnace slag as a component of a composite binder.

5. The prospects for further research are related to studying the durability of variotropic
multilayer concretes under cyclic freezing and thawing conditions, as well as optimizing the structure
of the material for various climatic operating conditions.
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