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Abstract. Reducing industrial slags and developing building materials on its basis is one of the priority areas
for the development of the construction industry. The problem of obtaining cellular concrete from mineral wool
production waste (lightweight geopolymers) is considered within the framewaork of the researches, the results
of which are presented in the article. The research purpose was to establish the impact of composition of the
raw material mixture and technological production features on the physical, mechanical and thermophysical
properties of light geopolymers based on mineral wool production waste. Light geopolymers were obtained by
preparing a mixture of ground slugs (specific surface is 40020 m2/kg), alkaline activator (NaOH), water, a
gas-forming additive (aluminum powder), fine aggregate and a water-holding additive. The resulting mixture
was placed in the form without vibration. Molded products were steamed in order to accelerate hardening. The
mobility of mortar mixtures was studied during the work, the average density, compressive strength, and
thermal conductivity was studied for hardened samples. The compositions of lightweight geopolymers with an
average density from 610 to 1,130 kg/m3, compressive strength from 1.7 to 5.4 MPa, and a thermal
conductivity from 0.144 to 0.345 W/m-°C were obtained. The application of the results will contribute to the
expansion of the raw material base for obtaining light geopolymers, thereby reducing the amount of waste
generated during the mineral wool production. The developed materials can be used for the construction of
walling, and also as the insulation of the roof and floor of industrial and civil facilities.

1. Introduction

One of the main development directions of the global construction industry is the production of building
materials, products and structures with minimal negative impact on the environment. At the same time,
environmental safety in the production and implementation of building materials becomes a determining factor
while selecting the raw materials and technologies for their production. The use of industrial slags in the
manufacture of building materials helps to reduce COz emissions into the atmosphere, and also reduces
pollution of soil, water and plants [1-3]. After the invention of geopolymers, the reuse of slags in the production
of building materials has become more intense. Slags generated by industrial production and chemical industry
(errous and non-ferrous metallurgy slags, ashes, etc.) are milled and tempered with an alkaline activator. The
resulting materials have high strength, water and chemical resistance [4—12]. In [13, 14], we confirmed the
possibility of using mineral wool production waste (MWPW) in the production of geopolymers.

An equally significant direction in the development of the global construction industry is the production
of building materials with low density, sound and heat conductivity, as well as high physical and mechanical
properties. Such materials include various types of cellular concrete. Products made of cellular concrete are
used for constructing the external and internal walls of buildings, they can be used to insulate the floor, roof,
etc [15, 16]. The studies of numerous researchers [2, 3, 7, 17-21] describe the compositions and technology
for producing cellular concrete from industrial wastes (lightweight geopolymers). Since the beginning of the
20th century, two main technologies for producing cellular concrete have been known [3, 15]. The first is
characterized by foaming of the concrete mix as a result of adding gas-forming components to the composition.
These are mainly fine powders of certain metals (Zn, Al, Mg, etc.) [22—24], mixtures of acids with carbonates
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(for example, HCI, H2SO4 with MgCO3, CaCO:s3) [1], as well as oxidizing agents (H202, KMnO4 and others) [22—
25]. The second technology is associated with the use of foaming agents, such as synthetic surfactants [3, 5,
18] or based on protein raw materials [18, 26].

Studies regarding technology for producing lightweight geopolymer materials from MWPW are
presented in the article. Up to 30 % of such waste from the mass of finished products is generated during
production process [13, 14, 27, 28] The main task in the technology for producing high-quality cellular concrete
is the selection of such a composition that ensures the formation of products with the required physical and
mechanical properties with minimal technological costs [29]. Mobility optimization of the mortar in the
production of cellular concrete is the key to the quality of the final product. The mobility of the developed mortar
mixtures is primarily affected by the amount of water in the composition. Excessive amount of water, as well
as gas-forming or foaming components, leads to its «boiling» and subsequent settling, and their insufficient
amount does not provide the necessary foaming [30-32]. The optimal amount of alkaline activator provides
the material with specified strength characteristics [21, 32, 33]. Fine aggregate and water-retaining additives
prevent shrinkage of the mortar mixture (at the manufacturing stage) and the final product (after 1 year of
operation, the shrinkage of aerated concrete can reach 0.36 %) [1, 3, 34, 35].

The study is aimed at establishing the impact of the composition of the raw material mixture and
production technological features on the physical, mechanical and thermophysical properties of lightweight
geopolymers based on MWPW.

As a result of the work carried out, the following tasks were solved:

— the effect of alkaline activator and of the water/slag ratio (W/S) on the mobility of the mortar mixture
was determined;

— the impact of the mobility of mortar mixture, the amount of alkaline activator and gas-forming additive
in the composition on the average density and compressive strength of light geopolymers was determined;

— the correlations between the change in the thermal conductivity of light geopolymer samples and the
change in their average density and humidity were obtained.

2. Methods
2.1. Materials

The following materials were used for the research:

— ground MWPW from LLC “Kombinat teploizolyacionnyh izdelij” (Saransk, Russia). The chemical
composition of the waste is as follows: SiO2 — 41.800 %, CaO - 26.228 %, Al:Os — 13.257 %,
MgO —11.412 %, Fe203 — 2.392 %, Na20 — 1.171 %, KO — 0.383 %, TiO2 — 0.297 %, SOs — 0.277 %,
MnO - 0.227 %, Sr20s — 0.096 %, NiO — 0.024 %, P20s — 0.013 %, CuO — 0.010 %, Cl — 0.009 %,
Co304 — 0.008 %, percentage of other impurities — 2.396 %. The mineralogical composition is mostly
represented by the X-ray amorphous phase (>95 %). Waste was sifted through a sieve with a mesh diameter
of 0.63 mm and grinded to a specific surface of 400+20 m?/kg;

—fine aggregate, which is MWPW sifted through a sieve with a mesh diameter of 1.25 mm. The chemical
composition is given above;

— alkaline activator — granulated NaOH dissolved in water. Weight content of the main substance is not
less than 99.5 %;

— gas-forming additive — aluminum powder with a covering power of 600+20 m?/kg in water;

— water-retaining additive — “Culminal C8360” cellulose ether. Chemical base: methylhydroxyethyl
cellulose (MHEC). Viscosity: 33 000—45 000 MPa:s.

2.2. Sample production technology

The raw material mixture for light geopolymers was prepared according to the following technology.
Water with an alkaline activator and a water-retaining additive dissolved in it was added to a working mixer.
Then, ground MWPW and fine aggregate were alternately loaded and mixed for 3—4 minutes. The mobility of
the mortar mixture was determined. At the same time, a suspension made of water and a gas-forming additive
(water/additive ratio=10/1) was prepared. The prepared suspension was poured into a working mixer with the
previously prepared mixture and mixed for 30 s. The finished mixture was fed into forms that were qualitatively
filled without the use of vibration. The molded samples were kept in molds at a temperature of 50 °C and
a relative humidity of at least 85 % for 5 hours. Then, samples outside the molds were steamed at atmospheric
pressure according to the regime of 3+6+2 h at an isothermal heating temperature of 85t5 °C. The steamed
samples were dried to constant weight at a temperature of 25-30 °C and relative humidity of not more than
50 %, after which they were tested.
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2.3. Analytical techniques

The mobility of the mortar mixture for obtaining light geopolymers was determined according to the
spread using a Southard viscosimeter.

The average density and compressive strength of material samples of each composition was
determined by testing 3-5 cubic samples with a face of 150 mm.

The thermal conductivity of the samples was determined by the probe method using the MIT-1 device.
The device is equipped with a measuring probe with a diameter of 6 mm and a length of 100 mm. The studies
were carried out on cubic samples with a face of 150 mm at a temperature of 25+2 °C. The test samples had
a normalized humidity (4 wt. %) and were also dried to constant weight (dry samples). A hole with a diameter
of 6 mm and a depth of 80 to 100 mm, into which the probe was immersed, was drilled in the center of the
face. Before testing, the samples with the probe were kept at a given temperature for at least 2 hours. The
arithmetic mean of the thermal conductivity of three samples of each composition was taken as the final result.

3. Results and Discussion
3.1. Mortar mobility

Below are the results of researchers carried out to determine the impact of the quantitative content of
alkaline activator (NaOH) and the water/slag ratio (W/S) on the mortar mixture mobility made of MWPW. During
the experiment, 16 compositions of mortar mixtures were tested. The arithmetic mean value of the three test
results for each composition is taken as the final spread value according to the Southard viscosimeter (cm).
The compositions and experimental data are presented in Table 1.

Table 1. Compositions and experimental data on the mobility of the mortar mixture made
of MWPW.

Composition, % by weight Spread according to Southard

Exp. No. W/S ratio . .
Ground MWPW NaOH water viscosimeter, cm
1 78.8 1.5 19.7 5.2
2 78.4 2 19.6 5.
0.25
3 78 2.5 19.5 51
4 77.6 3 19.4 5
5 75.77 1.5 22.73 10.1
6 75.38 2 22.62 10.3
0.30
7 75 2.5 22.5 9.8
8 74.62 3 22.38 7.8
9 72.96 1.5 25.54 20
10 72.59 2 25.41 0.35 215
11 72.22 2.5 25.28 ' 20.7
12 71.85 3 25.15 20.1
13 70.36 1.5 28.14 25
14 70 2 28 26.4
0.40
15 69.64 2.5 27.86 25.9
16 69.29 3 27.71 24.3

As a result of the researches conducted, it was found that the mobility change of the mortar mixture
(a mixture of ground MWPW, water and NaOH) is mostly affected by the W/S ratio. So, when the W/S ratio of
the mixture changes from 0.25 to 0.30, the mobility slightly increases, from 5 cm to 9.5 cm on average (spread
according to Southard viscosimeter). A further increase in the W/S ratio to 0.35 leads to a sharp mobility
increase up to 20.5 cm on average. With an increase in the W/S ratio of the mortar mixture to 0.40, the mobility
increases only slightly (up to 25.5 cm on average).

A change in the amount of NaOH in the composition from 1.5 to 3 % by weight has practically no effect
on the change in the mobility of the mortar mixture. Similar results were obtained within the framework of
researches carried out by other scientists [3, 7, 11, 12, 18, 31].

3.2. Average density and compression strength

Below are the results of tests carried out in order to determine the effect of the mortar mixture mobility
and the amount of gas-forming additives (aluminum powder) on the average density and compressive strength
of dry samples made of lightweight geopolymers based on MWPW. Fifteen formulations of three samples each
were tested. The NaOH/slag by weight ratio in all formulations is 2.5/97.5. Light geopolymers were obtained
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from a mortar mixture with mobility from 9 to 22 cm (according to Southard viscosimeter). The amount of gas-
forming additive ranged from 0.06-0.12 % by weight of the total amount of all components in each
composition.

Figure 1 presents the results of a studying the effect of the mortar mixture mobility and the amount of
injected gas-forming additives on the average density and compressive strength of low density geopolymers.
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Figure 1. The effect of the mortar mixture mobility and the amount of gas-forming additive
on the average density (a) and compressive strength (b) of lightweight geopolymer samples.

According to the data presented in Figure 1, a, the average density of light geopolymer samples made
of MWPW, and obtained from a mortar mixture with a gas-forming additive in the amount of 0.06 %, decreases
from 1,040 to 870 kg/m? with increasing mobility. The mobility is measured using a Southard viscosimeter and
increases from 9.5 to 15.5 cm on average. A further increase in the mobility of the mortar mixture to 22 cm
leads to its rapid rise and subsequent subsidence. The average density of samples increases up to
1,020 kg/m3. When the content of the gas-forming additive in the composition of the mortar mixture is 0.09 %,
the minimum average density value of geopolymer hardened samples is 820 kg/m?3 (the mobility of the mixture
is 12.5 cm on average). An increase in the mobility of the mixture up to 22 cm also leads to settling of the
cellular mixture and an increase in the density of the samples to 990 kg/m3. The mortar mixture with the content
of a gas-forming additive in an amount of 0.12 % intensively foams and settles. This is a consequence of the
excess aluminum powder content in the composition.

For light geopolymer samples made of MWPW (see Figure 2, a) with the lowest density (= 820 kg/m?),
the compressive strength is 2.5 MPa on average. The mobility of the mortar mixture for samples of these
compositions is in the range from 12 to 16 cm. The aluminum powder content in the composition is 0.09 %.
An increase in the mobility of the mortar mixture more than 16 cm, and the content of the gas-forming additive
more than 0.09 % leads to a wide spread in the values of compressive strength. Samples have a defective
structure in which porous regions alternate with dense interlayers (see Figure 2, b).

Figure 3 presents the results of studying the impact of the alkaline component amount in the mortar
mixture composition on the average density and compressive strength of light geopolymer samples. During
the experiment, 12 compositions of 3 samples in each were tested. During the manufacture of samples, the
same mobility of the mortar mixture was achieved (13—14 cm). The NaOH content in the composition ranged
from 2.5 to 4.5 % of the total weight of all components in the composition, and the amount of gas-forming
additives was from 0.05 to 0.09 %.

According to the data obtained (Figure 3, a), an increase in the NaOH content from 2.5 to 4.5 % in the
compositions does not significantly affect the change in the average density of lightweight geopolymer
samples. The average density of samples based on MWPW depends to a greater extent on the amount of
gas-forming additives in the mortar mixture composition. In order to obtain such cellular concrete with a density
of not more than 1,000 kg/m3, the content of aluminum powder in the composition must be at least 0.07 %.
Samples of cellular concrete made of MWPW with the lowest density (less than 850 kg/m3) without the use of
modifying additives can be obtained using the mortar mixture with a mobility between 12—-16 cm. The amount
of aluminum powder in the composition should be 0.09 %.

Epodees B.T., Poqun A.U., boukun B.C., SIxynun B.B., Epmakos A.A.



Magazine of Civil Engineering, 93(1), 2020

Figure 2. Photo of light geopolymer samples made of MWPW: a — the mobility of the mortar mixture
is 13 cm, the amount of aluminum powder is 0.09 %; b — the mobility of the mortar mixture is 19 cm,
the amount of aluminum powder is 0.12 %.
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Figure 3. The effect of the alkaline component on the average density (a) and compressive strength
(b) of lightweight geopolymer samples.

According to the data presented in Figure 3, b, 3.5 % NaOH in the composition of the mortar mixture
provides the greatest compressive strength of light geopolymers made of MWPW. With a decrease in the
density of the samples from an average of 1,120 to 830 kg/m?, the compressive strength decreases in direct
proportion from 5.4 to 2.8 MPa. The obtained data on compressive strength of lightweight geopolymer samples
made of MWPW is almost identical to the values obtained when testing samples based on slag of ferrous and
non-ferrous metallurgy, ashes, glass wastes (the same method of foaming the mortar mixture and similar
average density of the hardened samples) [3, 7, 11, 19, 21-23, 31].

The following can be noticed while comparing the compositions of mortar mixtures for obtaining
lightweight geopolymers from MWPW with data coming from other researchers. The amount of water and
aluminum powder in the composition of the MWPW mortar mixture providing its maximum foaming without
settling, as well as the amount of alkaline component providing maximum compressive strength of the samples
at a given density, is lower in comparison with compositions based on fly ash or blastfurnace slag [7, 11, 19,
22]. The optimal W/S ratio of the MWPW-based mortar mixture is on average 0.33, for compositions with fly
ash itis around 0.37 [7], and with blastfurnace slag is at least 0.4 [11]. In order to achieve the minimum density
of lightweight MWPW-based geopolymers, the maximum amount of introduced gas-forming component
(aluminum powder) should not exceed 0.09 %, which is also lower comparing to compositions based on fly
ash or blastfurnace slag (>0.1 %) [7, 11, 19, 22]. To achieve high compressive strength of foamed materials
and products made of geopolymers based on slags of ferrous and non-ferrous metallurgy, as well as on ashes,
a rather large amount of alkaline activator is used: 4.5 % water glass and 10 % NaOH [22, 23], at least 10 %
Ca(OH)2 and Mg(NOs)2 [11], up to 10 % NaOH [21], etc. This indicator is at least two times lower for
compositions based on MWPW (3.5 % NaOH).
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3.3. Thermal conductivity

The thermal conductivity test results of samples made of lightweight geopolymers based on MWPW
with various average densities are presented in Figure 4. During the experiment, 8 dry samples and 8 samples
with a humidity of 4 % were tested. Samples obtained from the mortar mixture with a mobility of 12—16 cm
were selected for testing. The content of the gas-forming component in the composition was in the range of
0.05-0.09 %, and the content of alkaline component was 2.5-3.5 %.
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Figure 4. Thermal conductivity of light geopolymers made of MWPW.

According to the data presented in Figure 4, the thermal conductivity of dry samples of lightweight
geopolymers made of MWPW increases directly proportionally from 0.208 to 0.332 W/m-°C with an increase
in the material density from 800 to 1,100 kg/m3. With an increase in material humidity up to 4 %, the thermal
conductivity of samples increases by 15 % on average for compositions with a density of 800 kg/m3 and by
6 % for compositions with a density of 1,100 kg/m3. The resulting changes in the thermal conductivity of
lightweight geopolymers according to their density are almost identical to the data presented in the research
[3]. The results of many researchers are summarized by the study.

As a result of the conducted researches, it was found that the material density should not exceed
820 kg/m?3 in order to obtain light geopolymers made of MWPW with a thermal conductivity of not more than
0.250 W/m-°C. And the material density should not exceed 950 kg/m? for a desirable thermal conductivity of
not more than 0.300 W/m-°C.

3.4. Compositions and properties of modified lightweight geopolymers

The compositions and properties of lightweight geopolymers made of MWPW and modified with fine
aggregate and water-retaining additive Culminal C8360 are presented in Table 2. The significance of the
introduction of these modifiers into the mortar mixture is described above.

Table 2. Compositions and properties of modified lightweight geopolymers.

Composition, weight parts

Components

1 2 3 4 5 6 7 8 9
Ground MWPW 100 100 100 100 100 100 100 100 100
Fine aggregate 10 15 20 10 15 20 10 15 20
Alkaline activator 35 35 35 35 35 35 35 35 35
Water 36.67 37.65 38.75 37.78 38.82 40 38.85 40 41.29
Gas-forming additive 0.05 0.07 0.09 0.05 0.07 0.09 0.09 0.07 0.05
Water-retaining additive 0 0 0 0.03 0.03 0.03 0.06 0.06 0.06

Properties Indicators for composition

1 2 3 4 5 6 7 8 9
Average density, kg/m3 1130 1020 840 1080 950 670 610 920 1060
Compression strength, MPa 54 35 27 49 31 22 17 29 45
Thermal conductivity, W/m-°C (dry samples) 0.345 0.303 0.221 0.335 0.273 0.167 0.144 0.259 0.320

Thermal conductivity, W/m-°C (4 % humidity samples)  0.358 0.325 0.258 0.351 0.305 0.197 0.171 0.275 0.338

According to the data presented in Table 2, the introduction of up to 20 weight parts of fine aggregate
into the mortar does not significantly affect the change in average density, compressive strength, and thermal
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conductivity of lightweight geopolymers. This component also helps to reduce material shrinkage during
operation, as well as reduce the cost of the final product.

With the introduction of the Culminal C8360 water-retaining additive, a decrease in the density of
geopolymer samples to 610 kg/m3 was detected, as well as a decrease in the thermal conductivity of dry
samples to 0.144 W/m-°C, and to 0.171 W /m-°C for 4 % humidity samples. It was also determined that an
increase of this additive over 0.06 % in the composition leads to a decrease in compressive strength of
lightweight geopolymer samples.

The positive effect caused by the modification of lightweight geopolymers with a fine aggregate and a
water-retaining additive was also noted in several studies [1, 3, 34, 35].

4. Conclusion

1. Compositions have been developed and technological methods have been described for obtaining
lightweight geopolymers (cellular concrete) from mineral wool production waste with an average density of
610 to 1,130 kg/m3, compressive strength of 1.7 to 5.4 MPa, and thermal conductivity of 0.144 to
0.345 W/m-°C.

2. In the production of light geopolymers made of MWPW, the mobility of the mortar mixture should be
12-16 cm according to Southard viscosimeter, the amount of alkaline activator (NaOH) in the mortar mixture
should be equal to 3.5 %, and the content of aluminum powder should not exceed 0.09 %.

3. The introduction of up to 20 % of fine aggregate into the mortar mixture composition in the form of
mineral wool production waste fractions of less than 1.25 mm does not significantly affect the change in
average density, compressive strength and thermal conductivity of lightweight geopolymers.

4. In order to obtain cellular concrete from mineral wool production waste with a density of less than
830 kg/m? (up to and including 610 kg/m3), it is necessary to add a water-retaining additive, for example,
Culminal C8360, in an amount up to 0.06 %.

5. The use of ground mineral wool production waste in the production of lightweight geopolymers will
significantly reduce the amount of expensive components in the mortar mixture (up to 2 times or more for
NaOH, more than 10 % for aluminum powder) compared with compositions based on blastfurnace slag and
fly ash glass waste (while maintaining the strength and thermophysical properties of the material).

6. The conducted researches will contribute to the expansion of the raw material base for the production
of lightweight geopolymers, thereby reducing the amount of slags generated during the mineral wool
production. The developed materials will find application in the manufacture of building envelopes, as well as
insulation of roofs and floors in the construction of industrial and civil facilities.
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AHHoTaumsa. CokpalleHune OTXOOOB MPOMBILLFIEHHOrO MpOM3BOACTBA M paspaboTka Ha WX OCHOBE
CTPOUTENbHbLIX MaTepuasnoB SIBASETCS OOHWM K3 MPUOPUTETHBLIX HaMpPaBNEHUN Pa3BUTUSA CTPOUTENbHOM
nHayctpum. B pamkax wuccrnegoBaHun, pesynbTaTbl KOTOPbIX MNPeACcTaBfeHbl B AaHHOW cTaTtbe,
paccmMaTpyBaloOTCA BOMPOCHI MOJTyYeHUs A4encTbiXx OETOHOB M3 OTXOAOB NPOM3BOACTBA MWHEPanbHOW BaThbI
(nerkmnx reononumepos). Llenb nccnegoBaHus 3aknioyvanacb B YCTaHOBMEHUN BRMSIHWMS COCTaBa CbliPbEBOM
CMEeCUM M TEXHOMOrM4eckux OCODEHHOCTEW MONyyYeHust Ha (U3MKO-MEeXaHU4eckne u Tennogpusnyeckme
CBOWCTBA JErkMX reonofiMMepoB Ha OCHOBE OTXOAOB MPOM3BOACTBA MWHepanbHOW BaThl. Jlerkve
reononuMepsbl nony4yanu nytTem NOAroTOBKM CMECU U3 pa3MOIIoThiX OTX0A0B (YAenbHas NOBEPXHOCTL paBHa
400420 m?/kr), weno4yHoro aktueatopa (NaOH), Boabl, razoobpasytowen gobaeku (antoMUHUEBON Nyaphbl),
MEIKOro 3anonHuTenst U BoaoyaAepxuBatowen gobasku. MNonyveHHble cmecu yknagbiBanu B copmbl 6e3
npuMMeHeHus BUGpaunn. [ins yckopeHus TBepAeHUs OTIOPMOBaHHbIe U3genus nponapusanucb. B paboTte y
pacTBOPHbLIX CMEeCel uccriefoBaHa MOABWXHOCTb, a Yy 3aTBepAeBLUMX 00pasLoB CpeaHsis NIOTHOCTb,
MPOYHOCTb MPU CXaTuM M TennonpoBOAHOCTb. [MonyyeHbl COCTaBbl IETKMX FEONONMMEPOB CO CpeaHen
nnotHoctbto oT 610 go 1 130 kr/m3, npovHOCTbO Npu cxatum oT 1,7 oo 5,4 MMa, koaddpuuneHTom
TennonposogHoctn ot 0,144 po 0,345 B1/m-°C. TlpyMmeHeHMe MOMy4YeHHbIX pe3ynbTatoB OypeT
cnocobCTBOBaTb pPaCLUMPEHUID CbIpbeBON ©0asbl Ans MONydeHUs JEerknux reononMMepoB, TEM CaMbiM
COKpaTUTCH KONMMYeCTBO 0OpasyroLLMXCs Npy NPOM3BOACTBE MWHEPAnbHOW BaTbl OTXOAOB. PaspaboTaHHble
mMaTtepuanbl MOryT ObITb MCMOMNBb30BaHbI MPW CTPOUTENBCTBE OrpaXKaaloLLMX KOHCTPYKLMIA, a Takke yTenneHus
KpbILK 1 nosia 00 bEKTOB NPOMBILLIIEHHOTO M FPaXXAaHCKOro Ha3Ha4YeHUs.
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