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ABSTRACT

The article presents the results of geopolymer technology development and a study of the
performance of lightweight concrete based on a porous aggregate. The purpose of the study is to
identify the transformations in composition and structure during the formation and operational
testing of porous geopolymer concrete. The porous aggregate and binder are synthesized from
molding mixtures of related composition containing sodium liquid glass and finely dispersed from
thermal power plants' waste (fly ash and aluminosilicate microsphere). A thermal curing mode for
concrete is proposed to ensure the formation of a porous structure with satisfactory resistance to
mechanical stress and water. Phase transformations are studied during thermal synthesis of
geopolymer material, with prolonged exposure of concrete to water and solutions of magnesium
sulfate and sodium. Preliminary economic calculations are performed, indicating the advantages
of porous geopolymer concrete compared to cement concrete based on expanded clay. The
porous concrete based on geopolymer binder is intended for the production of energy-efficient

wall products.
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Introduction

The widespread use of concrete in construction
is due to the possibility of regulating the
composition and structure of concrete mixtures,
using raw materials of various origins. The
predominance of cement concretes is due to the
deep study of the technology of production of
concrete products, high construction and technical
properties, and long-term observations of the
performance of cement paste [[1], [2], [3]].

The cement industry is a major consumer of raw
materials, fuel, and energy. Cement production
accounts for about 5% of global CO, emissions [[4],
[5]]. To solve this problem, the development of low-
carbon concrete technologies is relevant. The use of
low-clinker and cement-free binders contributes to
achieving carbon neutrality of concrete [[6], [7], [8]].

Geopolymer concretes based on cementless
binders obtained from powdered aluminosilicate
and/or silicate material and a liquid alkaline
component are very promising. Finely ground
materials are used as a powder base for geopolymer
binder, such as blast furnace slag, ash from fuel

combustion, and agricultural waste, red mud, man-
made glass [[9], [10], [11], [12], [13], [14]].
Hardening of geopolymer binders is based on
chemical reactions between aluminosilicates and/or
silicates and an alkali solution. Sodium (potassium)
hydroxide and sodium (potassium) silicate or their
combinations are used for alkaline activation of the
powdered component of geopolymer binders [[15],
[16], [17]].

The mechanism of geopolymerization is due to
the processes of dissolution-hydrolysis and
hydrolysis-polycondensation. Alkaline activation
leads to the dissolution of silicon and alumina from
powdered materials with subsequent orientation,
polycondensation, and the formation of a three-
dimensional rigid network and a ring structure with
Si-O-Al-O bonds [[18], [19]]. Hydrates of various
structures are involved in the formation of three-
dimensional rigid networks: amorphous phase
(gseopolymer gel), semi-crystalline phases, and
crystalline zeolites. The main gel-like hydration
products of geopolymer binder are calcium
aluminosilicate hydrate (C-A-S-H) and sodium
aluminosilicate hydrate (N-A-S-H) [20]. High
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mechanical properties of geopolymer concrete are
achieved by selecting a rational proportion of
sodium silicate and sodium hydroxide in the liquid
component of the binder, as well as the ratio of silica
and alumina in its solid part [[18], [19], [20]]. For
example, geopolymer systems characterized by
molar ratios of SiO,/Al,03 = 3.5 —4.5; Na,0/Al,Os =
0.8 — 1.6; Na;0/SiO; = 0.20 — 0.48 and H,0/Na,0 =
10 — 25 have high strength and durability [21].
To ensure the required SiO,/Al,O; ratios in the
geopolymer binder, combined powdered aggregates
are used, for example, fly ash, blast furnace slag, and
nickel slag with a high magnesium content [6]; liquid
crystal glass waste and metakaolin [10]; glass
powder, fly ash, and metallurgical slag [22]. The
choice of the H,0/Na,O ratio determines the
hardening capabilities of the binder, for example, for
some systems at H,O/Na,O exceeding 25,
polycondensation does not occur and the material
does not harden [21]. The use of liquid glass with a
high silica modulus, for example, 2.92, improves the
rheological (fresh) and mechanical properties of self-
compacting geopolymer concrete [23]. Along with
the binder material composition, the curing
conditions affect the geopolymerization reaction.
When the curing temperature increases from 20 to
50 — 80°C, the activation of the binder accelerates,
and the strength of the concrete increases twofold.
Geopolymer binder containing metakaolin and
subjected to multi-hour heat treatment at a
temperature of 80°C, at the age of 56 days is
characterized by a compressive strength of 67 MPa
[13]. According to [23], geopolymer concrete based
on fly ash demonstrates higher strength at
temperatures of 150°C and 450°C.

The results of numerous studies confirm that
geopolymer concrete can serve as a worthy
alternative to cement concrete [[10], [13], [23]]. The
widespread use of technogenic materials in
geopolymerization processes indicates the resource-
saving and environmental focus of cement-free
concrete activated by alkali. Compared to Portland
cement, the production of geopolymer binder emits
5 —7 times less CO; [10].

Liquid glass is an alkaline component of many
geopolymer binders. Liquid glass is an aqueous
solution of alkali silicates. Sodium liquid glass
(Na;0-mSiO, + nH;0) is often used in geopolymer
binders. Changing the ratios (mSiO,)/Na;O and
(Na20-mSi0,)/H,0 allows to regulate the chemical
activity and density of liquid glass.

High thermal sensitivity to thermal effects is an
advantage of liquid glass [[23], [24]]. Solid foam with
a density of 50 — 150 kg/m? is formed when liquid

glass is heated to a temperature of 120 -
500°C. The combination of liquid glass with powder
aggregates allows the creation of highly porous
materials. The main driving force of the process of
thermal porization of liquid glass compositions is an
increase in the water vapor pressure with an
increase in the temperature inside the liquid glass
mass. According to [24], porization consists of three
stages, the duration and nature of which depend on
the type and amount of moisture. At the first stage
(temperatures of 100 — 120°C), the original mass
partially passes into a pseudopyroplastic state and
begins to deform with an increase in volume. At the
second stage (temperatures of 130 — 150°C), free
and adsorbed moisture are vigorously released, and
intensive porization of the material is observed. At
the final stage (temperature above 150°C), the
constitutional moisture is removed, the final
restructuring of the structure occurs, and the
physical and chemical processes are completed. The
greatest contribution to the formation of the porous
structure is made by the constitutional water, which
begins to be removed at temperatures above 150°C.
The unique properties of liquid glass form the basis
of porous concrete technologies, granulated
materials for various purposes [[25], [26]]. The
multifunctionality of liquid glass is realized in the
production of geopolymer concrete components:
for alkaline activation of cementless binders and as
part of the raw mix for porous granulated aggregates
[[26], [27], [28]].

The diversity of the composition of binders and
structures of geopolymer concretes predetermines
their  widespread use in  energy-efficient
construction. This requires the expansion of
scientific understanding of the formation and
stability of porous geopolymer concretes in various
conditions [[29], [30], [31]].

The aim of the work is to study the
transformations of the composition and structure
during the formation and operational testing of
porous geopolymer concrete.

The object of the study is geopolymer concrete
based on a porous aggregate.

The idea of the study is the formation of a stable
highly porous structure of geopolymer material due
to components contributing to the directed creation
of pores and voids.

Experimental part

To implement the idea, molding mixtures of
liquid glass and fine-dispersed hollow waste from
thermal power engineering were used. The use of
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fine-dispersed waste from thermal power
engineering in the composition of concrete is known
and confirmed by positive experience [[9], [28]].

Geopolymer binder and porous concrete were
synthesized from molding mixtures of related
composition (Table 1). Sodium liquid glass with a
silicate modulus n = mSiO,/Na,0 = 2.8 and a density
of 1350 kg/m? was used in the experiments. Liquid
glass is a binding base for molding compositions.
When liquid glass is heated, steam is formed, which
causes the pyroplastic raw material to swell.

Table 1 — Composition of molding mixtures

Content in molding mixture,
Raw kg/m3
materials for geopolymer for porous
binder aggregate
Sodium 200.0 136.0
liquid glass
Fly ash 85.0 40.8
AI.um|n05|I|cate 850 952
microsphere

Chemical composition of thermal power plant
fly ash, %: SiO,— 51; Al,0; — 27; Fe;03 — 4; CaO — 7;
MgO — 2; Na,0 — 1; SOz — 2; LOI — 6. The material
composition of fly ash includes aluminosilicate glass,
quartz, mullite, and particles of unburned coal. The
fly ash bulk density is 720 kg/m3. The specific surface
area of fly ash is 300 m?/kg and does not require
preliminary preparation of the material when
introducing it into the molding mixture. The fly ash
regulates the consistency of liquid glass molding
mixtures and is active in geopolymerization
processes. The low bulk density of fly ash is favorable
for obtaining porous concrete. The use of fly ash
helps to reduce thermal conductivity and increase
the fire resistance of the material.

Chemical composition of ash aluminosilicate
microsphere, %: SiO, — 68; Al,O; — 25; Fe;05; — 2;
Ca0 — 5. Aluminosilicate microsphere consists of
hollow glass-crystalline particles with a diameter of
50 — 200 um. The microsphere is predominantly
composed of aluminosilicate glass, and anorthite,
mullite, and quartz are also present. Bulk density is
400 kg/m3. Aluminosilicate microsphere serves as an
elementary cell for the formation of a homogeneous
porous structure of materials. The use of
microsphere as an aggregate in concrete is due to its
high dispersion, low density, high strength,
increased resistance to thermal and aggressive

effects.
The generally accepted methods were used to
study the materials. A FSH-6K

photosedimentometer was used to assess the
dispersion of thermal energy waste. A hydrometer
was used to determine the density of the liquid
glass. To assess the overall porosity of the granules,
the average density of both the starting material and
the burnt granules was determined. The splitting
method, taking into account the maximum force and
the granule splitting area, was used to assess the
strength of the fired granules. The arithmetic mean
of the results of 10 tests on a PGM-1000MG4
hydraulic press was used to evaluate the granules'
compressive strength.

The mass of the initial sample and the sample
soaked in water for 1 day was compared to assess
the water absorption of concrete.

The effect of liquids on the strength of the
concrete under study was characterized by the
coefficient of water resistance. For this purpose, the
strength of concrete samples exposed to liquids was
compared with the strength of concrete samples
hardened in air.

Compressive  strength of concrete was
determined on testing samples measuring 70x70x70
mm by a PGM-1000MG4 hydraulic press.

The thermal conductivity coefficient of concrete
was estimated using an ITP-MG4 device on samples
measuring 100x100x10 mm.

Physical and mechanical tests of concrete were
conducted on seven samples from each series. The
range of test results was 4.2 — 5.8%.

To determine the phase composition of the
materials, a modernized DRON-3M diffractometer
with a BSV-24 X-ray tube with CuK a-radiation was
used. The microstructure of the concrete was
studied using a JSM-6490LV scanning electron
microscope.

Porous aggregate is the basis of lightweight
concrete. The fractional composition and porosity of
the aggregate determine the density, thermal
conductivity, and strength of lightweight concrete.
Using computer modeling of the structure of large-
pore geopolymer concrete, the fraction of
granulated aggregate was adopted as 10 — 12 mm
[32]. Hexagonal packing of aggregate particles with
minimal separation of granules represents a stable
framework.
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The binding matrix holds the aggregate granules
together at the contact points and partially fills the
intergranular space (Figure 1). To obtain an
aggregate of a given size, granules with a diameter
of 8 — 10 mm and an average density of 970 kg/m?3
were molded from a liquid glass mixture.

Granules were porousized by thermal swelling.
The effect of processing temperature on the
composition, structure, and properties of granules
was studied (Figure 2, Tables 2 and 3).

Temperatures of 150, 250, and 350°C with
isothermal exposure for 60 minutes were selected
for firing pellets. The formation of granules of a
regular spherical shape was achieved as a result of
swelling.

At the same time, the temperature of 150°C
made it possible to achieve the optimal swelling
coefficient of the granules — 1.20. With a subsequent
increase in temperature, the diameter of the
granules remained virtually unchanged (Table 2).

Firing granules at a temperature of 150°C
ensures the greatest porosity.

The compressive strength and water resistance
of granules are very sensitive to the firing
temperature (Table 3). An increase in the firing
temperature from 150 to 250 and 350°C is
accompanied by an increase in the compressive
strength of the granules by 1.7 and 1.5 times,
respectively, and an increase in the water resistance
of the granules by 3.0 and 3.5 times, respectively.

The increased compressive strength and water
resistance of granules fired at temperatures of 250
and 350°C are due to the presence of crystalline
compounds.

During heat treatment of a liquid glass mixture
with  the participation of anorthite and
aluminosilicate amorphous phases, calcium and
sodium hydroalumosilicates are formed, mainly
hydrogelenite C,ASHs and hydrosodalite NAS;H,
(Table 3).

The hardening of the material and an increase in
its water resistance are achieved as a result of an
increase in the proportion of crystalline compounds
with increasing temperature.

To bind the porous aggregate in the concrete
mixture, a binder with a similar composition to the
granules is used. On the one hand, genetic kinship
ensures reliable bonding of the concrete

components and helps to increase the compressive
strength of the material. On the other hand, liquid
glass, having high adhesion to the porous aggregate,
gives the concrete matrix a pronounced binding
capacity. Thirdly, the related composition of raw
mixes for the aggregate and binder of geopolymer
concrete will allow organizing integrated production
and reducing the firing temperature of granules to
150 —200°C.

The low-temperature firing method makes it
possible to ensure the strength of the granules is
sufficient to preserve their integrity during further
processing. Further firing of geopolymer concrete at
a temperature of 350°C will make it possible to
ensure the hardening of the binder and the
hardening of the porous aggregate.

In the studied molding mixture, the ratio of the
aggregate and binder volumes equal to 9:1 ensured
the distribution of the binder matrix around the
granules and partial placement in the intergranular
space. To prepare the molding mixture, liquid glass
was mixed with fly ash and an aluminosilicate
microsphere.

The resulting suspension was mixed with porous
granules, evenly distributing the binder between the
aggregate. The flowability of the molding mixture
was characterized by 2 — 3 cm of slump of the
Abrams cone. Concrete curing mode: 1 hour —
preliminary curing, 2 hours — heating to a
temperature of 350°C; 2 hours —isothermal holding,
1 hour — cooling. The choice of the maximum
temperature of concrete processing is made taking
into account the thermal transformations during
firing of the granulated liquid glass mixture (Table 3).

The results of tests of large-pore concrete are
presented in Table 4.

The compressive strength of the structure of
large-pore concrete is ensured by reliable adhesion
of the aggregate to the binder in the interfacial
transition zones (Figure 3).

The operational resistance of geopolymer
concrete to the impact of water, magnesium sulfate,
and sodium sulfate solutions was studied.

Concrete samples were kept in liquid media for
24 months, and visual studies were carried out
(Figure 4). The concrete resistance coefficient was
determined after 3, 6, 12, and 24 months (Table 5).
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Figure 1 — Model of the structure of large-pore
concrete

Table 2 — Effect of firing temperature on granule structure
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Discussion of results

The concrete samples that were in water did not
show any external signs of change (Figure 4).

The decrease in concrete strength should be
associated with a decrease in the proportion of the
amorphous component, as indicated by the
decrease in the spectrum against the background of
the XRD pattern in the range of angles of 16 — 38
degrees.

Concrete samples were observed to transform a
magnesium sulfate solution (3% concentration)
starting from 2 months.

The structure and components of the concrete
retained their stability. At the same time, white
amorphous clusters of magnesium hydroxide
appeared in the intergranular which
increased in size and became denser by 12 months
(Figure 4).

space,
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Table 3 — Effect of firing temperature on the granules' composition and properties
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Figure 3 — Structure of large-pore geopolymer concrete

Table 4 — Properties of large-pore geopolymer concrete

Properties Values
Average density, kg/m?3 480
Compressive strength, MPa 4.7
Water absorption, % 31.0
Water resistance coefficient 0.87
1\;\Il1/e(rnr1n'fcl:)conduct|wty coefficient, 0.095

The samples' state was stable from 12 to 24
months of exposure to a magnesium sulfate
solution. The intensity of hydrate reflections
changed in the concrete diffraction pattern (Figure
4): hydrosodalite reflections increased (d/n = 3.678;
2.671; 2.106 A), and hydrogelenite reflections
decreased (d/n = 3.576; 2.37; 1.734 A).

The presence of geopolymer concrete in a
sodium sulfate solution (concentration 5%) is
accompanied by significant transformations of the
composition and structure. After 2 months of
exposure to an aggressive environment, thinning
and destruction of the binder shells around the
granules was observed.

This phenomenon is the result of the leaching of
hydrate compounds from the geopolymer binder.
This is confirmed by the data of diffractometric
analysis: the «elevation» in the spectrum in the
range of 16 — 38 degrees decreases.

Over the time of exposure of concrete to the
sodium sulfate solution, gel-like masses appeared in
the intergranular space and on the surface of the
aggregate, released from the aggressive solution
saturated with amorphous phases (Figure 4). The
increased resistance of the granules compared to
the binder matrix of concrete is due to the greater
vulnerability of the matrix to external influences and

the quantitative difference in the composition
(Table 5).

For the economic assessment of large-pore
geopolymer concrete, calculations of material and
energy costs for the production of 1 m? of concrete
were carried out.

For comparison, the indicators of cement
expanded clay concrete of a similar structure,
characterized by a thermal conductivity coefficient
of 0.155 W/(m-°C), were used. The costs of the
components of the molding mix of geopolymer
concrete, according to preliminary calculations, are
84.5 U.S. dollars/m3, which is 4.9 U.S. dollars/m?3 less
than for cement expanded clay concrete.

The estimated energy costs for obtaining
geopolymer concrete are 2.2 U.S. dollars/m3, which
is 1.4 times higher than the same indicator for
cement expanded clay concrete.

This is due to the proposed mode of heat
treatment of geopolymer concrete. Total costs of
materials and energy for geopolymer concrete are
86.7 U.S. dollars/m?3, which is 4.3 U.S. dollars/m? less
than for expanded clay concrete.

Large-pore geopolymer concrete is effective as
thermal insulation. For the thermal resistance of the
enclosing structure equal to 3.279 (m2-°C)/W, the
required thickness of the thermal insulation layer is:
made of geopolymer concrete, a = [3.279
(m2-°C)/W]:[0.095 W/(m-°C)] = 0.311 m; made of
cement expanded clay concrete, a = [3.279
(m?2-°C)/W]-[0.155 W/(m-°C)] = 0.508 m.

The use of porous geopolymer concrete allows
for a 1.63 — fold reduction in the consumption of
materials for thermal insulation of wall structures.

The prospects for the implementation of the
developed geopolymer porous concretes lie in their
ability to give impetus to the development of small
businesses in various regions [33].

— 101/
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Table 5 — Resistance of geopolymer concrete to aggressive environments

Resistance coefficient of geopolymer concrete
Duration of the test, months in water in magnesium sulfate solution | in sodium sulfate solution
(concentration 3%) (Concentration 5%)
3 0.82 0.76 0.52
0.78 0.73 0.48
12 0.76 0.70 0.45
24 0.75 0.69 0.40
Conclusions concrete.

Large-pore concrete has been developed, in
which the binder and aggregate are formed as a
result of geopolymerization processes.

The following main results were obtained.

Liquid-glass activation of thermal energy waste
in combination with thermal treatment ensures the
formation of a water-resistant composition and a
stable porous structure of geopolymer concrete.

The use of raw mixes of related composition for
the synthesis of porous aggregate and binder allows
integrating technological processes, ensuring
reliable adhesion of the components of geopolymer

The results of studies of phase transformations
of geopolymer material under the influence of water
and salt solutions indicate the prospects for further
improvement of the technology of porous
geopolymer concrete and the expansion of its scope
of application.
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Feononumepni KeyeKTi 6eTOH: KanbINTacTbipy ¥KaHe
naiganaHy cmnatramanapbl

Mupiok O.A.

PyOHbIl uHOycmpusnslK yHugepcumemi, PyOoHeil, KazakcmaH

TYWIHAEME

Makanaga reononnmepik TEXHONOTUAHBI d3ip/iey KaHe KeyeKTi TONTbIPFbil Heri3iHae KeHin
6ETOHHbIH, cMNaTTaManapbiH 3epTTey HITUMKEeNepi YCbIHbIIFaH. 3epTTeyAiH MaKcaTbl — KeyekTi
reononvmepik 6eToHAbI KaNbINTaCTbIPy KOHE NalkiganaHy CbiHAKTapbl NPoLUeciHAe Kypambl MeH
KYPbINIbIMbIHbIH,  ©3repicTepiH aHblKTay. KeyeKTi TONTbIpFbiw neH 6alinaHbICTbIpyLWbl 3aT yKcac
Kypamzarbl Kanbintay KocnanapblHaH CUHTe3AdenreH, onapaplH, KypamblHAQ CyMblK HaTpuid
LUBIHBICHI MEH ¥KblNy 3/1EKTP CTAHLMANAPbIHAH a/bIHFAH YCaK AMCNepCTi KanaplKTap (ywna Kya MmeH
ANOMOCUIMKATTLI  MUKpocdepa) 6ap. MexaHUKanblK JKYKTEMEre »KaHe CyAblH acepiHe
KaHafaTTaHapAbIK Te3imainiri 6ap KeyekTi KypblibiMAbl KanbiNTacTbipyabl KamTamacbl3 eTeTiH
6eToHAbl KaTaluTyAblH Kby PEXMMi YCbiHbINAbI. TeononMmMepik matepuanablH, TepMUANbIK,
CUHTE3i KesiHAe »KypeTiH ¢asanblk TypaeHynep, OeTOHFa CyFa XaHE MarHMi MeH HaTpui
cynbdaTbiHbIH, epiTiHAinepiHe y3aK yaKbIT acep eTy KesiHaeri e3repictep 3eptrengi. Kepamsut
HerisiHaeri 6eToHMeH canbicTbipFaHaa KeyeKTenreH reononumepnik 6ETOHHbIH,
APTbIKLWbINbIKTaPbIH PACTalTbIH anAblH ana 3SKOHOMMKA/bIK ecenTeynep XKyprisingi. 93ipneHrex
KeyeKTi reononumepnik 6etoHAap 3Heprua yHemaeuTiH Kabbipfa 6yibiMaapbiH eHaipyre
apHanfaH.
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FeononmmepHbIN NOPUCTBIN BETOH:
dopmupoBaHMe U IKCNNyaTaLMOHHbIE XapaKTePUCTUKHN

Mupiok O.A.

PyoHeHckuli uHOycmpuaneHsil yHugsepcumem, PyoHeil, KasaxcmaH

AHHOTALUMUA

B cTaTbe npeacTaBneHbl pesynbTaThl pa3paboTKM reonoNuMepHoOn TeXHONOMMK U UcCaef0BaHusA
XapaKTepUCTUK Nlerkoro 6eToHa Ha OCHOBE MOPUCTOro 3amnosHwTens. Lienb uccnepoBaHua —
BbliBNEeHWE Npeobpa3oBaHUii cocTaBa W CTPYKTypbl B npouecce GOPMOBaHWA U
3KCNAYaTaLMOHHBIX UCTbITAHUIA MOPUCTOrO reonoiMmepHoro 6etoHa. NMopucTbii 3aNoaHUTENb U
BANYLLEE CUMHTE3MPOBaHbl M3 (GOPMOBOYHLIX CMECEN POACTBEHHOrO COCTaBa, COAEPIKALLMX

Mocrynuna: 6 aHeapa 2026 YKMUAKOE HAaTPUEBOEe CTEK/0 U ME/IKOAMUCTIEPCHbIE OTXOAbI TEM/I0BbIX 3IEKTPOCTaHLMI (30/1a-yHOCa
PeueHsunposaHue: 4 mapma 2026 M aNloMOCUINKaTHaA Mukpocdepa). MpepnoxKeH TennoBOM PEXUM OTBepPKAEeHUA 6eToHa,
MpuHaTa B nevatb: 11 mapma 2026 obecneunBarowmin GopmmupoBaHMe NMOPUCTOIN CTPYKTYPbl, KOTOPAs MMEEeT YA0BNETBOPUTENbHYIO

CTOMKOCTb K MEeXaHMYeCKoW Harpyske u Bo3gelicteuto Boabl. MccneposaHbl  ¢dasoBble
npeBpaLLeHna Npu TEPMUYECKOM CUHTE3E reONOIMMEPHOIO MaTepuana, Npu NPOAOIKUTENbHOM
BO34ENCTBUM Ha 6eToH BOAbl M PAcTBOPOB cynbdata MarHWA W HaTpuA. BbinonHeHbl
npeABapuTenbHble  3KOHOMUYECKME pacyeTbl, CBUAETENbCTBYIOWME O NPEeUMyLLecTBax
NMOPU30BaHHOMO reonoiMMepHoOro 6eToHa Mo CPaBHEHWUIO C LEeMeHTHbIM 6eTOHOM Ha OcHoBe
Kepam3suTta. PaspaboTaHHble reonoNnMepHble MOPU30BaHHble GETOHbI MpeaHasHayeHbl ANa
3HeproadpGeKTUBHBIX CTEHOBbIX U3A4eNNA.
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