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«HaHOTexXHONOrnN B CTPONTENbCTBEY — PELIEH3VPYEMbIN HAaYUHbI XKypHaJl.

OCHOBHOI1 LieNblo XXypHana ABnsaeTcA MHGpopMaLMOHHOe obecrneyeHne NpoLecca CO3faHNA U BHeAPEeHUA B Mpe HayKo-
eMKUX TEXHONOruiA (Mpexae BCero — HAHOTEXHOOMMYECKON NPOAYKLMM) B 0611aCTU CTPOUTENBCTBA, XKUMLLHO-KOMMYHaNbHOTO
X03ACTBA, CMEXHbIX OTPACNEN (MPOMBbILLIEHHOCTH, SHEPTETUKM U Ap.).

OcHOBHbIe 3agaun:

« [pepocTaBrieHrie yYeHbIM 1 CrelmnannucTam 13 pasHblX CTpaH BO3MOXHOCTM Ny6MKoBaTb pe3ynbTaTbl CBOMX UCCIef0BaHWUI
1 nosyyatb MHGOPMALIMIO O COBPEMEHHbBIX TEXHONOMMAX 1 MaTepurarnax, BbiIcokoaddeKTrBHOM 060pyaoBaHMM B 0611aCTLN CTPO-
NTENbCTBA, XUINLLHO-KOMMYHASIbHOTO XO3ANCTBA, CMEXHbIX OTpacsiel (MPOMbILLIEHHOCTH, SHEPreTUKN 1 ap.).

«  WHdbopmaumoHHaa noanepKKa 1 yyactme B MeponpusaTuax (bopymax, KoHbepeHUMaAX, CUMMNOo3nyMax, CEMUHapax, BbiCTaBKax,
KpYrblX CTONax U T.4.) 0 HAHOVHAYCTPUU U MPUKIAAHbIM BOMPOCaM HAHOTEXHONOTMMIA B 061aCTV CTPOUTENBCTBA U XKUSNLLHO-
KOMMYHaNbHOTO X03ANCTBa, UMEIOLLMX aKTyalbHOe 1 NepcrneKTUBHOE NPaKTUYecKoe 3HaYeHue.

KypHan nspaetca c 2009 ropa. NepnoanYHOCTb — 6 HOMEPOB B oA,

B xypHane ny6nunkyiorca pa6oTbl o cieAyloWmnM TeMam: CoO3AaHNne HOBbIX GyHKLMOHaNbHbIX MaTepuanos; pa3paboTka Teo-
pyn $OPMMPOBAHMA MPOYHOCTU N HEMPOHULLAEMOCTV HAHOCTPYKTYPUPOBAHHBIX CMCTEM; NPOGIEMbl MPYIMEHEHUA HaHOMaTepw-
arnoB 1 HAHOTEXHOMOT U B CTPOUTENbCTBE U CTPOMUTENbHBIX MaTepuranax; AUarHOCTVIKa HAaHOCTPYKTYP U HaHOMaTepranoB CTpou-
TeNbHbIX CUCTEM; TEXHONOTUW UCCIIe[0BaHNA CBOMCTB HAHOMATEPMASIOB; TEXHONOTMMYECKME NPVHLMMbBI CO3AaHUA HAHOCTPYKTYP
(pacnnasbl, 30Nb-renieBbli CMHTE3 U Ap.). TemaTnKa CTaTell MOXeT OblTb UHOW, MPAMO U KOCBEHHO CBA3AHHOW C MEPEUNCIIEHHBIMA
HanpasieHNAMM.

KypHan npuHMmaet K ny6nukaumnm: opurviHanbHble cTaTbi, 0630pbl, ANCKYCCMOHHbIE MaTepurasbl, KOMMEHTapun, Apyrue nH-
bopmaLMoHHbIe MaTepranbl.

A3bIK N3paHNA: PyCCKNN; aHIMNNCKNIA.

ABTOpamMu 1 YMTaTENAMU N3AAHUA ABNAIOTCA:

+  CTYAEHTbI, NperofasaTeny, acnpaHTbl U JOKTOPaHTbI BY30B;

+  Y4YeHble 1 CeunanmncTbl HayYHO-NCCIE[0BATENbCKUX UHCTUTYTOB U HAHOTEXHOMOTMYECKIX LIEHTPOB;

«  PYKOBOAMTENW U CMELMaNNCTbl YUPEXAEHNI, OPraHmn3aLmin 1 NPeanpuaTUin CTPOUTENBHOTO KOMIIEKCA U XKUULLHO-KOMMY-
HasIbHOrO XO3AICTBa;

+  y4eHble U CNeLNanncTbl CMEXHbIX CO CTPOUTENIbCTBOM OTpacheit;

«  3KCMepTbl GYPM-NPOUN3BOAUTENEN NPOLAYKLN HAHOVHAYCTPUN.
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ABSTRACT

Introduction. The extension of the range of binders, aggregates, and fillers as well as functional additives and structural modifiers
for concrete and composite materials currently allows for the production of innovative materials with enhanced mechanical, physi-
cal, and physico-chemical properties. Lightweight structural and functional materials derived from binders of different natures with
fillers derived from vegetable raw materials, such as sawdust concrete, arbolite, fibrolite, or xylolite, are of particular interest. The
aim of this research was to develop and investigate the properties of a wood-mineral cement-free composite material with a porous
structure that has been stabilized using a finely dispersed aluminosilicate additive. Materials and methods of research. A cement-
free slag-based silicate binder was utilized in the study, comprising ground blast furnace slag and a curing agent - a solution of
sodium silicate (sodium liquid glass). A synthetic foam-forming agent with a finely dispersed additive (bentonite) was employed
to create the porous structure of the material. Crushed softwood was used as an aggregate. A range of samples were produced,
varying the composition within the following parameters: slag 330-440 kg/m?, crushed wood 120-160 kg/m?, and solution-to-slag
ratio 0.5-0.7. Several samples were subjected to thermal treatment by heating in a temperature-controlled environment at 80-90 °C
and at humidity of at least 90% for 6-12 hours. Samples were examined using mechanical testing methods, thermogravimetric
analysis, X-ray diffractometry, porometry, and thermal conductivity measurements. Results and Discussion. A cement-free po-
rous wood-mineral composite material (an analogue of arbolite) was obtained. It is shown that the introduction of ground blast
furnace slag (330-440 kg/m®) and crushed softwood (125-160 kg/m?) into the mixture at optimal ratios of liquid glass/slag 0.7 and
foaming mixture/slag 0.0035 (3.5% foaming agent + 4% bentonite) makes it possible to obtain a composite material with a density
of 550-680 kg/m?, compressive strength of 1.35-3.65 MPa, an open porosity of 45-50%, and an average thermal conductivity of
0.08 W/(m-K). The heat and humidity treatment of the composite at 80-90 °C contributes to the achievement of ultimate strength
within 10-12 h. The presence of a finely gel-forming additive (bentonite) with particle sizes of 1-5 um in the foaming mixture helps
to stabilize the homogeneous porous structure of the composite material (spherical pore sizes less than 1 mm).

Conclusion. The porous wood-mineral composite material obtained in the work can be used for the production of lightweight
non-load-bearing structural elements, as a noise and thermal insulation material.

KEYWORDS: wood-mineral porous composite, slag-silicate binder, finely dispersed structure stabilizer, heat and moisture treatment,
strength, water absorption, thermal conductivity
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CTpyKTypa 1 cBONCTBa NOPNCTOro ApeBeCHO-MNHEepPaNbHOro
KOMMNO3MTa Ha OCHOBE LWIaKOCUINKATHOrO BAXKYLLero
C BbICOKOAMCNEPCHON aNioMoCUanKaTHON fobaBKkon
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AHHOTALUMA

BBepgeHue. PaclumpeHme nepeyHs BsXKyLUMX, 3aNOIHATENEN U HanoNTHWUTENeN, GYHKLMOHaNbHbIX J06aBOK 1 MOANPUKATOPOB CTPYKTY-
pbl 6ETOHOB 1 KOMMO3UTOB MO3BOJIAIET B HACTOsILLIEE BPEMSA MOJyYaTb MHHOBALMOHHbIE MaTepuaJibl C yyYLleHHbIMY MEXaHUYECKMY,
bdursnyecknMm 1 GU3NKO-XMMMUYECKNMM XapaKTepucTrkamu. MpencTaBnaoT MHTEpeC NNerkne KOHCTPYKLMOHHbIE 1 GYHKLMOHabHbIe
MaTepuasibl Ha OCHOBE BSXKYLUMX PA3IMYHON NPUPOAbI C 3aMONHUTENAMI U3 PACTUTENBHOTO Cbipba (ONUNKob6eToH, apbonuT, dpu-
6ponuT, Kcnnonut 1 ap.). Llenbio paboTbl ABNSANOCH NONyUYeHre 1 UccefoBaHe CBONCTB 6eCLieMeHTHOro ApeBeCHO-MUHEPaNbHOTo
KOMMO3MLMOHHOIO MaTepuasna ¢ NOpUCTON CTPYKTYPOI, CTabrnr3npoBaHHO C UCMOJIb30BaHNEM BbICOKOAVCTNEPCHOM antomMocu-
NMKaTHo Jo6aBKK. MaTepuanbl u MeToAbl. B paboTe rcnonb3oBanu 6ecLeMeHTHOE LWNAKOCUMKATHOE BXYLLEee, BKIoYaloLlee
MOJOTbIV JOMEHHBI LWNAK 1 aKTUBaTOP TBEPAEHNA — PacTBOP CUSIMKaTa HaTpuA (HaTpUeBOoe Xuakoe cTekno). Ana opmmnpoBaHua
NMOPYCTON CTPYKTYPbl MaTepuasna NPUMeHsIN CUHTETUYECKMIA NeHOObpa3oBaTeslb C BbICOKOAMNCNEPCHON A06aBKOM (6eHTOHMT).
B kauecTBe 3anonHNUTeNA UCNONb30Baan APO6NeHKY XBOWHbIX MOpoa. bbina nonyuyeHa cepus 06pasLioB, B KOTOPbIX BapbMPOBany
KOMMOHEHTbI B ClleAyioLmx nHTepBanax: wiak 330-440 kr/m?, apeBecHasa apobneHka 120-160 Kr/m?, oTHOLEHMe 3aTBOpUTENb/
wnak 0,5-0,7. YacTb 06pa3uoB nogsepranu TepMmyeckoin obpaboTke nyTem HarpeBa B TepmocTaTe npu Temnepatypax 80-90 °C
1 OTHOCUTENBbHON BIAXKHOCTY BO3AyXa He MeHee 90% B TeueHue 6-12 u. O6pa3Lbl M3yyanu C UCNOJb30BAaHNEM METOLIOB MEXaHU-
YeCcKmx MCMbITaHWii, TepmorpasmmeTpum, POA, onpenensanu nopucTocTb, TEMIONPOBOAHOCTb. Pesynbratbl. B paboTte nonyueH
6ecLUeMeHTHbI MOPUCTbI APEBECHO-MUHEPasTbHbIV KOMMO3MLMOHHbBIN MaTepuan (aHanor ap6onuta). lNokasaHo, 4To BBefeHne
B CMeCb MOJIOTOTO JIOMEHHOTO wWnaka (330-440 kr/m3) n gpeBecuHbl (125-160 Kr/m?) Npyu ONTUManbHbIX COOTHOLLEHUSX XKULKOe
cTekno/wnak 0,7 1 neHoobpasytolasa cmecb/wnak 0,0035 (3,5% neHoobpazoBaTens + 4% 6eHTOHUTa) MO3BOMAET NOAYUYNTb KOM-
NO3ULMOHHbIV MaTepran NIoTHOCTbIO 550-680 Kr/m?, NpoUYHOCTbIO Npu cKatun 1,35-3,65 MIa, OTKpbITON NOpUCTOCTbIO 45-50%,
cpepHeit TennonpoBogHocTbio 0,08 BT/(m-K). TennoBnaxHocTHasi 06paboTka komno3smTta npu 80-90 °C cnocobCTBYET AOCTUKEHMIO
MapOYHOI MPOYHOCTY B TeueHUe 10-12 u. MpurcyTcTBre B NeHOO6pasytoLLeil cMecu yNbTPaanCnepcHoi reneobpasyioLeii 4o6aBKu
(6eHTOHMT) ¢ pa3mepamm yacTuy 1-5 MKM cnoco6cTByeT CTabunrsaumny ogHOPOAHON NMOPUCTON CTPYKTYPbl KOMMO3ULVIOHHOTO
MaTepuana (pa3mepbl chepounaHbix Mop MeHee T Mm). 3akntoueHue. [onyueHHbI B paboTe NOPUCTbIN PEBECHO-MUHEPANbHBbIN
KOMMO3ULIMOHHBIA MaTepuan MOXeT ObITb UCMONb30BaH AJ1A MPOU3BOACTBA NETKMX HEHECYLNX KOHCTPYKLMOHHBIX 3/IEMEHTOB,
B KauecTBe LUYMO- 1 TeMNSIOM30MALMOHHOrO MaTepurana.

KNIO4YEBBIE CJIOBA: fpeBecHO-MUHEPasbHbI MOPUCTbIV KOMMO3WT, LUNAKOCUIMKATHOE BAXKYLLEe, BbICOKOANCTNEPCHbIN cTabunu-
3aTOP CTPYKTYpPbI, TEMIOBNAXHOCTHasi 06paboTKa, MPOYHOCTb, BOAOMOITIOLLEHNE, TEMIONPOBOAHOCTb

BNATOAAPHOCTMW: PaboTa duHaHcupoBanacb MMHUCTEPCTBOM HayKM 1 Bbicluero obpasosaHus PO, npoekT N2 FSWG-2026-0003.
ana uMTUPOBAHUA:

CamyueHko C.B., KopluyHos A.B. CTpyKTypa 1 CBOMCTBa NOPUCTOro ApeBeCHO-M1HEPasIbHOro KOMMO31Ta Ha OCHOBE LINAKOCUIMKAT-

HOrO BSXKYLLEro C BbICOKOAUCMEPCHON antoMoCcUnmKaTHom aobaBkon. HaHomexHonozuu 8 cmpoumesnscmae. 2026;18(2):137-148.
https://doi.org/10.15828/2075-8545-2026-18-2-137-148. - EDN: XOSGDC.

INTRODUCTION

Concrete is a versatile building material with a wide range
of compositions, structures, and practical uses. The in-
creasing number of binders, aggregates, additives, and
structural modifiers allows for the creation of innova-
tive materials with improved mechanical, physical, and
physico-chemical properties [1, 2]. A current trend in the
construction industry is the reduction of energy and re-
source consumption at all stages of the production process

through complex raw material processing, the use of waste
materials, the widespread adoption of additive technolo-
gies, and the development of green technologies for ma-
terial production and disposal [1]. In this context, light-
weight concrete based on various binders and aggregates
derived from plant materials (such as sawdust concrete,
arbolite, fibrolite, and xylolite) is of particular interest
[2]. Wood-mineral composites combine the properties
of materials based on mineral binders (strength, thermal
resistance, fire resistance) and vegetable raw materials
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(low specific gravity, porosity, low thermal conductivity,
corrosion resistance) [2, 3]. Despite the long history of
obtaining and using these materials, there is still a large
number of ongoing studies aimed at improving their per-
formance by varying the binder composition (cement-
based and cement-free), the content and composition
of organic aggregates (wood chips, shavings, sawdust),
and the introduction of additives such as mineralizers,
pore-forming agents, and hydrophobizing agents [4—15].
In this regard, the investigation of the mechanisms that
govern the formation of wood-mineral composite struc-
tures and their properties has significant scientific and
practical importance.

There are few studies on the production of wood-
mineral composite materials based on alkali-activated
slag-containing binders, despite the fact that these ma-
terials have great potential for implementation in terms
of resource conservation and environmental protection
during their production [2, 4]. The binding agents in these
materials are aluminosilicate compounds, both natural
(clay) and man-made (fly ash and metallurgical slag), and
the activators for the setting and hardening processes are
alkaline reagents such as caustic alkalis and liquid glass
[4]. The highly alkaline nature of these binders promotes
better adhesion between the wood aggregate and the min-
eral matrix, as the solution penetrates the cell walls of the
wood and leads to mineralization and hardening at the
interface between the binder and wood [16, 17].

In most of the studies on the properties of composites
based on alkali-activated binders, fine wood waste was
used as an aggregate [16—18]. For example, a high pro-
portion of 2.36 mm wood fibers (10-50 wt.%) mixed with
a binder based on fly ash and a mixed Na,SiO,+NaOH
activator (2.5:1) leads to a decrease in density (1720—
1300 kg/m?®), an increase in porosity and water absorp-
tion (0.5—-3.5%), a decrease in compressive strength
(33—5 MPa) for composite material obtained under
heat treatment conditions (60 °C, 24 h) [18]. Pressing
of alkali-activated mixtures containing fly ash, meth-
akaolin (20 wt.%) and lignocellulose waste (20 wt.%) in
the presence of Na,SiO,+NaOH activator followed by
heat treatment (60—100 °C) makes it possible to obtain
lightweight composite boards (1.1 kg/m?), the charac-
teristics of which allow us to consider such materials as
replacements for chipboard and fiberboard based on
organic binders [19]. It has been demonstrated in [20]
that the addition of sawdust up to 6.3% to a slag-alkaline
mixture (ground slag, sodium hydroxide activator 4.9—
7.1%) results in a two-fold increase in flexural strength
and a reduction in compressive strength compared to
the control sample. This increase in strength can be
attributed to the formation of an optimized reinforced
microstructure in the material, which manifests itself
in a reduction of cracking. An increase in the amount
of sawdust used in the composite up to 10% leads to a

reduction in the strength and density of the samples
(from 1.836 to 1.027 kg/m?) and an increase in their
apparent porosity by more than two times. Features of
the composite’s structure formation include the forma-
tion of C—S—H and C—A—S—H hydrate phases with
a fibrous, needle-like, or lamellar morphology. One of
the factors that contributes to the composite material’s
enhanced resistance to cracking is the improved adhe-
sion of sawdust particles to the cement matrix, which is
achieved by filling micropores within the sawdust using
a binder. This leads to a significant reduction in thermal
conductivity (from 0.553 to 0.203 W/m-K) when the
sawdust content in the material increases to 10 wt.%.

It was shown in [21] that the introduction of 10 wt.%
of wood aggregate (sawdust, fiber, flour) in a slag-alkali
binder (70% fly ash + 30% methakaolin, alkaline acti-
vator NaOH+Na,SiO,) helps to reduce the compres-
sive strength of the composite by 2—3 times compared
with the control sample. At the same time, an increase
in the dispersion of the filler has a positive effect on the
strength of the composite material. Adding a sufficiently
large proportion of pine sawdust to calcined clay (mass
ratio 3:1) using sodium liquid glass as an activator under
heat treatment conditions (75 °C, 24—38 h) makes it pos-
sible to obtain a lightweight composite material (den-
sity 610—760 kg/m?®) with high flexural and compressive
strength and modulus of elasticity [22]. This material is
characterized by more than 3 times lower thermal con-
ductivity compared to the control material. The possibil-
ity of manufacturing shaped products for masonry from
mixtures containing fly ash, ground metallurgical slag,
alkaline activator NaOH+Na,SiO, and wood chips (up
to 68 vol.%) is shown [23].

An analysis of the available literature has revealed
that there is a lack of systematic studies on the properties
of cement-free, porous wood-based mineral composite
materials. In this regard, the aim of this study was to de-
velop and investigate the properties of composite materials
based on a silicate binder derived from slag, with a porous
structure that has been stabilized using a finely dispersed
aluminosilicate additive.

MATERIALS AND METHODS

To obtain the composite material, a slag-silicate bind-
er was used, which included ground blast furnace slag and
a hardening activator (sodium silicate solution, sodium
liquid glass). Ground granular blast furnace slag (‘Mechel
Materials’ LLC, Chelyabinsk, Russia) had a specific sur-
face area of 550 m?/kg and a bulk density of 1.5 g/cm’.
The composition of the slag was determined in accor-
dance with GOST 3476-2019, the results of determining
the chemical composition are shown in Table 1. Based
on the chemical composition, the slag quality coefficient
is 1.57.
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Table 1. Chemical composition of slag

Nanobm

Content of oxides (wt. %)

sio, ALO, Fe,O, Cao Mgo K,0 Na,0 so, TiO,
34.1 11.7 0.6 36.5 10.8 0.7 0.8 2.6 2.2
Table 2. Characteristics of the foaming agents used in the work
Foaming agent Density, g/cm? pH
PB-Lux (JSC'RHZ Nordiks; Voskresensk, Russia) 1050-1100 8-10
Etalon (‘Aist’ LLC, Chelyabinsk, Russia) 1120 6.5-8

A solution of sodium silicate (sodium liquid glass
Na,OxnSiO,, p = 1.5 g/cm?) of the SNZHI brand
(‘PromKeramika’ LLC, Shchekino, Russia) according
to GOST 13078-2021 was used for curing the composite
material, it composed of 29 wt.% SiO, and of 10.4 wt.%
Na,O with silicate modulus n = 2.8.

Synthetic anionactive (‘PB-Lux’) and protein
(‘Etalon’) foaming agents were used to form the porous
structure of the material, the characteristics of which are
given in Table 2.

The foam was prepared using a portable pneumatic
foam generator IK FOAM Pro2+ from solutions with
a different ratio of water and foaming agent. For the
resulting foam, the multiplicity was determined by the
ratio of the volume of foam and the initial solution and
the stability index for liquid separation when holding the
foam for 30 min. Preliminary tests have shown that the
optimal foaming agent content for obtaining foam with a
sufficient multiplicity is 3.5%. To increase the stability of
the foam in the slag-alkali mixture, a finely dispersed gel-
forming aluminosilicate additive (bentonite clay powder
P1T1 according to GOST 28177-89, ‘Bentholding’ LLC,
Moscow, Russia) with a particle size of 1—5 microns and
with a content of the main clay mineral montmorillonite
of at least 70 wt.% was used.

Crushed softwood according to GOST 19222-2019
(‘Smolenskiy Les’, Dorogobuzh, Russia) with needle-
shaped or flat particles measuring 2—20 mm, with bulk
density 120—140 kg/m? and humidity 10—15% was used as
aggregate in the production of wood-mineral composite
material.

To determine the characteristics of the material stud-
ied in the work, samples were formed in the shape of
40%x40%160 mm? prisms and of 10x10X10 cm? cubes.
The concrete mix was prepared using a CONTROLS
65-1L.0006/AM laboratory mixer by sequentially loading
crushed wood, ground slag, a finely dispersed additive,
a sodium silicate solution and foam from a foam generator
into a bowl while stirring. To determine the optimal ratio
of binder and aggregate components, which can produce
a composite material that meets the requirements for self-

supporting structural and thermal insulation blocks (dry
density grade D600, compressive strength class B1.5),
a series of samples was obtained in which the compo-
nents varied in the following ranges: slag 330—440 kg/m?,
crushed wood 120—160 kg/m?, the aggregate/slag ratio
0.5—0.7. The total mixing time of the concrete mixture
from the moment of loading of all components was 5 min.
The samples were formed by layering and final compac-
tion of the mixtures in molds on a vibrating pad. The
samples were kept in molds at a temperature of 20+2 °C
and at relative humidity of at least 90% for 1 day, then
removed from the molds and stored under normal labora-
tory conditions. Some of the samples were subjected to
heat treatment by heating in a thermostat at temperatures
of 80—90 °C and at relative humidity of at least 90% for
6—12 hours.

The strength characteristics of the obtained samples
(compressive and flexural strength) were determined after
28 days of storage using a universal testing machine UPB
86/200 Form + Test (Germany). The tests of samples
of the same composition were repeated six times, and
the average strength values were calculated based on the
results obtained. The determination of water absorption
(by weight and volume) of a porous composite was carried
out in accordance with GOST 12730.3-2020 by weigh-
ing samples in a water-saturated state. Thermal analysis
(DTA + TG) of the materials was performed using an
SDT Q600 (USA) thermal analyzer, the samples were
heated to 1000 °C with a heating rate of 10 K/min, the air
purge rate through the analyzer furnace was 100 ml/min.
Heat release during binder hydration was measured us-
ing isothermal calorimetry (TAM Air 3116-2, TA Instru-
ments, USA). The phase composition of the materials was
determined by X-ray phase analysis, X-ray diffractograms
were recorded using a SHIMADZU XRD 6000 (Japan)
diffractometer with a copper anode (A, , = 1.54056 A:
tube voltage 40 kV, current 40 mA) in the angle range
20 = 5-70° with a scanning step of 0.02°. The specific
surface area of the materials was determined using the
Brunauer-Emmett-Teller method using the Quanta-
chrome NOVA 2200e (USA) device by low-temperature
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nitrogen adsorption-desorption at 77 K. The thermal con-
ductivity of the samples was measured using an ITP-MG4
(Russia) type meter in accordance with GOST 7076-99.
A multifunctional scanning electron microscope JEOL
JCM-6000 Plus (Japan) was used to study the morpho-
logy and structure of the samples.

RESULTS AND DISCUSSION

For the formation of a porous structure in a wood-
mineral composite material, it is essential to produce foam
with a controllable multiplicity. The stability of this foam
must be maintained in order to ensure high dispersion
and uniform distribution of air bubbles throughout the
volume of the initial mixture prior to the setting of the
binder. Preliminary experiments with various foam agents
(Table 2) revealed that a protein-based foam agent in
an alkaline sodium silicate environment produces a less
stable foam with lower multiplicity than a synthetic foam
agent. Therefore, further optimization of the component
ratios for foam generation was performed using a synthetic
foam agent. Figure 1 illustrates the results of determin-
ing the foam multiplicity and amount of separated liquid
based on the composition of the initial foam mixture.

It can be seen from the data presented (Fig. 1) that
the inclusion of sodium silicate and bentonite into the
foaming mixture has various effects on the properties of
the resulting foam. While the foam multiplicity appears
to be largely unaffected by the presence of either additive
at concentrations up to 4% (Fig. 1a), the water separa-
tion during foam stratification is significantly reduced
in the presence of bentonite over an extended period of
time (Fig. 1b). This stabilizing effect is attributed to the

sorption of bentonite particles at the air-liquid interface,
which hinders the coalescence of individual bubbles and
prolongs the duration of the foam's stable state. Increasing
the bentonite concentration (above 4%) further enhances
foam stabilization, although it also leads to a decrease in
foam multiplicity (Fig. 1a). Therefore, the addition of
bentonite at a concentration of 4% to the liquid phase
is sufficient to produce a foam with the highest degree
of multiplicity and stability during the formation of the
porous structure of the composite material.

Important factors determining the technological
characteristics of a concrete mix are workability, density,
delamination, and the start and end time of setting of
the binder. For the slag-silicate binder used in the work,
the parameters were determined to achieve the required
strength class of the stone to obtain a composite material
(Table 3).

Rather short setting times combined with high strength
are characteristic of cement-free slag-alkali binders [2],
which is explained by the intense interaction of the alka-
line activator with amorphous (glass phase) slag compo-
nents to form a dense polymerized aluminosilicate ma-
trix (the so-called ‘geopolymer concrete’). To determine
the effect of foam injection on the interaction between
the binder components, the Kinetics of heat release in
a slag-alkali mixture of a given composition was studied
(Table 3) in the presence of foaming agent and benton-
ite using isothermal calorimetry. According to the tem-
perature measurements of the control mixture (without
foaming agent) and a mixture containing 0.35% of the
foaming solution based on the mass of slag, the depen-
dences of the heat flux on the reaction time (up to 240 h)
are shown in Fig. 2.

a b
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7 1 1 1
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B
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o
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Fig. 1. The effect of the presence of liquid glass and bentonite in a foaming solution (PB-Lux foaming agent) on (a)

the multiplicity and (b) the stability of the foam
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Table 3. Composition and characteristics of the slag-silicate binder

Heat flow, mW/g
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Fig. 2. The dependences of the heat flow on the exposure time of the slag-silicate mixture in the presence and
absence of a foaming agent at (a) the initial and (b) the final stage of the formation of the structure of the slag-

silicate stone

It follows from the calorimetry results (Fig. 2) that
several periods of heat release are observed for the control
sample of the mixture and the sample with the foaming
agent. The initial period with a maximum at a time of
~10 min is typical for both samples, the magnitude of the
heat flux practically does not depend on their composi-
tion. The second period with a maximum heat release
after about 2 h is characterized by a lower thermal effect
for the sample with a foaming agent, which can be ex-
plained by the sorption of surfactants on the surface of slag
particles and the associated slowdown in the formation
of products in the hardened material (Fig. 2a). With an
increase in the duration of interaction in the slag-silicate
system, a shift in the maximum heat release in the case
of a porous sample (by ~18 h) and its narrowing on the
time scale compared with the control sample is observed
(Fig. 2b). This effect is also explained by the inhibition of
the processes of structure formation in a solid material,
which are diffusive in nature. Nevertheless, the sum of the
heat fluxes in the entire studied range of structure forma-
tion for both samples practically coincides and amounts
to about 105 J/g. Consequently, foaming of the slag sili-
cate mixture does not significantly change the intensity
of hydration processes, especially in the early stages of
hardening.

It is known that slag-alkali binders quickly set and gain
brand strength during heat treatment [2, 20]. To deter-
mine the effect of temperature on the phase composition
of the products formed during the curing of the binder,

two series of experiments were performed when samples
were heated at 80 and 90 °C and at relative humidity of at
least 90% for 6—12 h. The obtained X-ray diffraction data
were compared with those for samples that hardened un-
der normal conditions for 1 and 28 days. A typical X-ray
diffraction pattern of a slag stone is shown in Fig. 3.

From XRD results (Fig. 3), the main crystalline phases
formed during hardening, both under normal conditions
and upon heating, are okermanite (calcium-magnesium
silicate) and calcite, the total content of which does not
exceed 10 wt.%. The predominant component (up to
90%) in slag silicate stone is an amorphous phase. Cal-
cite is formed due to carbonation of an alkali-containing
material, calcium-magnesium silicate is formed due to
the interaction of liquid glass with slag components. Obvi-
ously, the temperature conditions of the hardening of the
material are insufficient for the crystallization of silicates
prone to amorphization in the system. Thus, heat treat-
ment of slag silicate stone does not lead to a significant
change in the composition of crystalline products and an
increase in their proportion in the material.

Due to the predominantly X-ray amorphous structure
of the interaction products in the slag-liquid glass system,
the composition of the products formed when wood was
introduced into the system was evaluated using thermal
analysis. The sample for analysis had the following initial
composition: slag 385 kg/m?, crushed wood 138 kg/m?,
liquid glass solution 270 kg/m?, foaming agent 1.35 kg/m?,
bentonite 1.54 kg/m?. Average weight loss when heated
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Fig. 3. XRD pattern of a sample of slag-silicate stone (liquid glass/slag ratio 0.7) subjected to heat treatment at 90 °C

for 10 h.

to 1000 °C for samples obtained under normal hardening
conditions is 15%, after heat treatment — 10%. Typical
TG-DTG curves of linear heating of samples are shown
in Fig. 4.

The TG curves of the material are characterized by
four main stages of weight loss and their corresponding
endothermic effects in the temperature ranges 75—150,
225-375, 450—650 and 720—830 °C. In the tempera-
ture range of 75—150 °C, weakly bound water (capillary,
sorption, interlayer) is removed from sodium hydrosili-
cates Na,O-SiO,'nH 0. When the temperature rises to
225-—375 °C, a decrease in the mass of the samples occurs
due to the dehydration of calcium hydrosilicates such as
tobermorite. A weakly expressed broad endothermic effect
in a wide temperature range of 450—650 °C reflects the
thermal decomposition (charring) of wood in the mate-
rial. In parallel, complete dehydration of tobermorite and
gyrolite, as well as decomposition of residual portlandite,
occurs at these temperatures. The effects caused by the
presence of these phases are more pronounced on the
thermograms of samples with long periods of hardening.
An increase in temperature to 720—830 °C is accompanied
by the decomposition of calcite CaCO,, the presence of
which in the samples is confirmed by XRD data (Fig. 3),
as well as calcium and sodium hydroaluminosilicates.
The presence of calcite is explained by carbonization of
lime and calcium hydrosilicates. Thus, the thermal analy-
sis data show a high degree of transformation during the

interaction of the binder components, since the greatest
mass loss occurs at T > 150 °C due to the decomposition
of complex hydrate phases. The increase in decomposition
temperatures of the wood aggregate is due to the mineral-
izing effect of the alkali-silicate components of the binder.
The features of the pores and the structure of the con-
tact zone between the aggregate particles and the mineral
matrix were studied using electron microscopy (Fig. 5).
Microscopy data shows that the material is charac-
terized by closed-type pores, which are predominantly
spherical in shape and have dimensions of the order of
1 mm or less (Fig. 5a). The pore walls are solid and have
a thickness of the order of tens of micrometers (Fig. 5b).
The products of the interaction of the binder components
differ in morphology; the bulk particles of lamellar and
prismatic shapes are calcium hydrosilicates with colloidal
bentonite particles deposited on their surface (Fig. 5¢).
A special feature of the contact zone at the boundary of
wood particles and the mineral matrix is its dense and
relatively homogeneous structure (Fig. 5d). The surface
of the wood particles due to the mineralizing effect of the
sealer is also covered with the products of the interaction
of the binder components, which are also observed in the
mineral matrix of the material. The mineralizing effect
of liquid glass has a positive effect on the stabilization of
the properties of wood aggregate and its thermal stability,
which is consistent with the results of thermal analysis
(Fig. 4). In addition, the hydrolytic effect of the alkaline
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Fig. 4. TG (green) and DTG (blue) curves obtained by linear heating of a porous wood-mineral composite sample
after 28 days of its hardening under normal laboratory conditions

binder medium on the wood components contributes to
the formation of a more dense contact with the mineral
matrix (Fig. 5d).

From the point of view of practical application, the
most important characteristics for a porous wood-mineral
composite material are strength, porosity, water absorp-
tion and thermal conductivity. To determine the nature
of the effect of the ratio of the initial components on the
compressive strength of the material, a series of samples
was obtained under normal hardening conditions. The
weights of the raw materials and the strength values are
given in Table 4.

The research results have shown that the compressive
strength and density of the composite are more correlated
with the proportion of slag in the initial mixture. The
dependence of strength characteristics on the content
of crushed wood in the material is less pronounced. For
example, the proportion of wood in sample No. 3 is the
largest (wood/slag ratio 0.43) among all the presented
variants, while compressive strength takes an intermediate
value (Table 4). Samples No. 4 and 6 with high strength
contain average amounts of wood, sample No. 7 with
a low proportion of wood (wood/slag ratio 0.3) has the
lowest strength. The amount of hardening agent can vary
within narrow limits: with a liquid glass/slag ratio of 0.5
or less, the mixture is characterized by low workability

and the resulting material has a heterogeneous structure;
with a ratio greater than 0.7, separation of the liquid and
stratification of the sample are observed. The most repro-
ducible characteristics of material samples with uniform
porosity are obtained with an optimal liquid glass/slag
ratio of 0.7.

Heat treatment of the composite material leads to
a regular increase in its strength. Figure 6 shows the re-
sults of measuring the compressive strength of samples of
composition No. 3 with the largest proportion of wood
(Table 4) after their isothermal heating at 80 and 90 °C
with different durations.

An increase in the strength of the material during
heat treatment (Fig. 6) occurs due to an increase in the
depth of interaction of the components of the slag silicate
binder, to an increase in the binding strength of wood
particles with the mineral matrix, and to the reinforcing
function of the aggregate. A comparison of the data in
Fig. 6 and Table 4 shows that during heat treatment, an
increase in the strength of the material can be achieved
by 15—20% compared with the samples obtained under
normal hardening conditions. Heat treatment at 90 °C
during 8—10 h is sufficient to achieve the highest strength,
an increase in the heating time is impractical (Fig. 6).
The use of lower temperatures reduces the efficiency of
the material production process by increasing the heating
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Fig. 5. Micrographs of cross-section of a porous wood-mineral composite based on a slag silicate binder aged
28 days during hardening under normal conditions: (a) pores of various diameters; (b) distribution of pores and
wood in the volume of the material; (c) hydroaluminosilicate distributed among slag particles; (d) the contact zone

of wood with mineral the matrix

time, temperatures above 90 °C lead to increased removal
of water, contribute to the destruction and softening of
the material.

The water absorption of a wood-mineral composite is
directly related to its porosity and can significantly reduce
the strength of the material, primarily due to the swell-
ing of wood particles and the associated softening of the
material. To assess water absorption, samples with aver-
age binder and aggregate contents were weighed (sample
No. 9, Table 4) in the initial mixture, and then were hard-
ened under normal conditions for 28 days. Based on the
results of determining the compressive strength of samples
in a water-saturated state, the softening coefficient of the

material was calculated as the ratio of the strengths of
wet and dry samples. The results of the water absorption
determination are shown in Table 5.

It follows from the characteristics of water absorption
that the resulting composite material has low water resis-
tance, and in a humid environment, the strength and frost
resistance of such a material will decrease significantly.
In addition to penetrating into the open pores, water is
absorbed by wood particles, which, due to swelling, will
also cause softening of the material. In fact, the observed
trend is typical for all porous and wood-containing ma-
terials, therefore, such materials are recommended to be
used in conditions of low humidity or to protect them
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Table 4. The content of raw materials for obtaining a porous composite material and its characteristics at the age
of 28 days (hardening under normal conditions, liquid glass/slag ratio 0.7)

Fig. 6. Dependence of compressive strength (R_ ) of
wood-mineral composite samples (composition No. 3,
Table 4) on the duration of their isothermal heating
at different temperatures (relative humidity of at least

90%)

Table 5. Water absorption of porous wood-mineral
composite material

Indicator Value
Water absorption by weight W _, % 74
Water absorption by volume W , % 45
Softening coefficient K 0.63

from moisture (surface hydrophobization, impregnation
with special compounds).

Measurements of thermal conductivity of porous com-
posite material samples with average values of density
and strength (compositions Nos. 3, 8 ,9; Table 4) showed

Sample Slag, ka/m? Crushed wood, | Foaming agent, Bentonite, Dry density, Compressive
P 9, k9 kg/m? kg/m? kg/m? kg/m3 strengthR_, MPa
1 347 124 1.21 1.38 552 1.38
2 424 124 1.48 1.69 640 2.78
3 347 152 1.21 1.38 575 2.38
4 424 152 1.48 1.69 668 333
5 331 138 1.16 1.32 546 1.40
6 439 138 1.54 1.75 680 3.65
7 385 118 1.35 1.54 593 1.34
8 385 158 1.35 1.54 627 1.75
9 385 138 1.35 1.54 607 1.50
4 r that the average value of thermal conductivity is about
0.08 W/(m-K). The obtained values of thermal conductiv-
90°C ity are close to those for arbolite based on Portland ce-
3 F @ @ ¢ : ment, and they are significantly lower than those for foam
- @ vk and aerated concrete, which confirms the good thermal
Ay o st insulation properties of the material.
= 5 L 80°C
o CONCLUSION
I r 1. The possibility of producing a porous composite
wood-mineral material, analogous to arbolite, based on
0 ) . ) ) a slag-silicate binder, wood aggregate, synthetic foaming
agent, and fine aluminosilicate foam stabilizer (bentonite),
5 7 9 11 13 has been experimentally confirmed. By varying the content
Time, h of raw materials, consisting of 330—440 kg/m? blast furnace
slag and 125—160 kg/m? wood, at optimal ratios of liquid

glass to slag 0.7 and foaming agent mixture to slag 0.0035
(composed of 3.5% foaming agent and 4% bentonite), it
is possible to produce a composite material with follow-
ing characteristics: density 550—680 kg/m?3, compressive
strength 1.35—3.65 MPa, an open porosity 45—50%, and
an average thermal conductivity 0.08 W/(m-K). It is shown
that the heat and humidity treatment of the composite at
80—90 °C for 10—12 h helps to gain strength, which, with
normal hardening, is achieved within 28 days.

2. Stabilization of the homogeneous porous structure
of the resulting composite material (spherical pore sizes
less than 1 mm) is achieved by introducing a fine gel-
forming additive (bentonite) with particle sizes of 1—5 um
into the foaming mixture. Bentonite particles are dis-
tributed in the walls of foam bubbles, reduce their ability
to coalesce and strengthen the pore walls in the mineral
binder matrix during setting due to gelation.

3. During setting and hardening of the slag-silicate
binder, mainly amorphous products (hydrosilicates
and hydroaluminosilicates of calcium and sodium) are
formed, the proportion of crystalline products (calcite,
okermanite) does not exceed 10%. The hydrolytic effect

http://nanobuild.ru

info@nanobuild.ru


http://nanobuild.ru/ru_RU/

2026; 18 (2):
137-148

Nanotechnologies in construction
HaHoTexHonornn B cTponTenbCcTBe

ISSN 2075-8545 (online)

Nanobm

CONSTRUCTION MATERIALS SCIENCE

of the alkaline binder medium on the wood components
contributes to the formation of a more dense contact with
the mineral matrix. The contact zone of the slag-silicate
matrix with wood particles has a dense homogeneous
structure, it contains calcium hydroaluminosilicate par-
ticles in the form of petals, which are formed in areas

of accumulation of colloidal bentonite particles at the
interface of the contacting phases.

4. The porous wood-mineral composite material ob-
tained in the work can be used for the production of light-
weight non-load-bearing structural elements, as a noise
and thermal insulation material.
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CTpyKTypa 1 cBONCTBa NOPNCTOro ApeBeCHO-MNHEepPaNbHOro
KOMMNO3MTa Ha OCHOBE LWIAaKOCUINKATHOroO BAXKYLLero
C BbICOKOANCMEPCHOW aflIloMOCUINKAaTHON f06aBKOWN
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AHHOTALMA

BBepgeHue. PaclumpeHme nepeyHs BsXKyLIMX, 3aMOSIHATENEN U HanoNTHWUTeNel, GYHKLMOHaNbHbIX J06aBOK 1 MOANPUKATOPOB CTPYKTY-
pbl 6ETOHOB 1 KOMMO3UTOB MO3BOJIAIET B HACTOSsILLIEE BPEMSA MOJyYaTb MHHOBALMOHHbIE MaTepualibl C yyYLleHHbIMY MEXaHUYEeCKMY,
bdursnyecknMm 1 GU3MKO-XMMMUYECKNMM XapaKTepucTkamu. MpefcTaBnAaoT MHTEpeC NNerkne KOHCTPYKLMOHHbIE 1 GYHKLMOHabHbIe
MaTepuasibl Ha OCHOBE BSXKYLLMX PA3IMYHON MPUPOAbI C 3aMONHUTENAMI U3 PACTUTENbHOIO Cbipbsa (ONUNKobeToH, apbonuT, dpu-
6ponuT, Kcunonut v ap.). Lienbio paboTbl ABAANOCH NONyyeHre U UCCNejoBaHMe CBONCTB 6eCLieMEHTHOTO APEBECHO-MHEPaNbHOTO
KOMMO3MLNOHHOIO MaTepuana ¢ NOpUCTON CTPYKTYPOW, CTabrnr3npoBaHHO C UCMOJIb30BaHNEM BbICOKOAVCNEPCHOM antomMocu-
nuKaTtHoW fobaBKku. MaTepuanbl 1 meTogbl. B paboTte ncnonb3osanu 6ecLieMeHTHOE WNaKOCMIIMKATHOE BAXYLLee, BKIloYatoLiee
MOJIOTbIV JOMEHHBIN LWNAK 1 aKTUBaTOP TBEPAEHNA — PacTBOP CUNIMKaTa HaTpuA (HaTpUeBoe Xuakoe cTekno). Ana opmrnposaHua
NMOPYCTON CTPYKTYpPbl MaTepuasna NPUMeHsIM CUHTETUYECKMIA NeHOObpa3oBaTeslb C BbICOKOAMCNEPCHO A06aBKOM (6eHTOHMT).
B kauecTBe 3anonHNUTeNA NCMoNb30Baan APO6NEHKY XBOWHbIX MOpoA. bbina nonyuyeHa cepus 06pasLioB, B KOTOPbIX BAPbMPOBay
KOMIMOHEHTbI B ClieAyiolmx nHTepBanax: wnak 330-440 kr/m?, apeBecHasn apobneHka 120-160 Kr/m?, oTHOLEHWe 3aTBOpUTENb/
wnak 0,5-0,7. YacTb 06pa3uoB nogsepranu TepmMmyeckoin obpaboTke nytem HarpeBa B TepmocTaTe npu Temnepatypax 80-90 °C
1 OTHOCWTENIbHOW BIA>KHOCTU BO3AyXa He MeHee 90% B TeueHure 6—12 4. O6pasLbl U3yyanu C MCMOb30BaHVEM METOAOB MeXaHu-
YeCcKnx MCMbITaHWii, TepmorpasumeTpumn, POA, onpeensanu nopucTocTb, TEMIONPOBOAHOCTb. Pesynbratbl. B paboTte nonyueH
6ecLeMeHTHbI MOPUCTbIA APEBECHO-MUHEPasTbHbIV KOMMO3MLMOHHbBIA MaTepuan (aHanor ap6onuta). lNokasaHo, 4To BBefeHne
B CMeCb MOJIOTOrO JIOMEHHOTO wWnakKa (330-440 kr/m3) n gpeBecuHbl (125-160 Kr/m?) Npu ONTUManbHbIX COOTHOLLEHUSX XKULKOe
cTekno/wnak 0,7 n neHoob6pasytowasa cmecb/wwnak 0,0035 (3,5% neHoobpazoBaTens + 4% 6eHTOHUTA) MO3BOMAET NOAYUYNTb KOM-
NO3ULMOHHbIV MaTepran NIOTHOCTbIO 550-680 Kr/m?, NpoUHOCTbIO Npu cxatum 1,35-3,65 MIa, OTKpbITON NOpUCTOCTbIO 45-50%,
cpepHeit TennonpoogHocTbio 0,08 BT/(m-K). TennoBnaxHocTHasi 06paboTka komno3smTta npu 80-90 °C cnocobCTBYET AOCTUMKEHMIO
MapOYHOI MPOYHOCTY B TeueHUe 10-12 u. MpurcyTcTBre B NeHOO6pasytoLLeit cMecu yibTPaancnepcHoi reneobpasyioLlein 4o6aBKu
(6eHTOHUT) ¢ pa3Mepamm YacTuy 1-5 MKM Cnoco6cTByeT CTabunrsauny ogHOPOAHON MOPUCTON CTPYKTYPbl KOMMO3ULVIOHHOTO
MaTepurana (pa3mepbl chepounaHbix Mop MeHee T Mm). 3akntoueHue. [onyyeHHbI B paboTe NOpUCTbIN PeBECHO-MUHEPANbHBbIN
KOMMO3ULIMOHHBIA MaTepuan MOXeT ObITb UCMONb30BaH AJA MPON3BOACTBA NETKMX HEHECYLNX KOHCTPYKLMOHHBIX 3/IEMEHTOB,
B KauecTBe LUyMO- 1 TeMOM30ALNOHHOro MaTepmana.

KJTIOYEBbBIE CJIOBA: fpeBeCcHO-MVHepanbHbIi MOPUCTbI KOMMO3MT, WIAKOCUIIMKATHOE BAXYLLEE, BbICOKOAVCMNEPCHbIN cTabunu-
3aTOP CTPYKTYpPbI, TEMIOBNAXHOCTHasi 06paboTKa, MPOYHOCTb, BOAOMOITIOLLEHNE, TEMIONPOBOAHOCTb
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ABSTRACT

Introduction. The extension of the range of binders, aggregates, and fillers as well as functional additives and structural modifiers
for concrete and composite materials currently allows for the production of innovative materials with enhanced mechanical, physi-
cal, and physico-chemical properties. Lightweight structural and functional materials derived from binders of different natures with
fillers derived from vegetable raw materials, such as sawdust concrete, arbolite, fibrolite, or xylolite, are of particular interest. The
aim of this research was to develop and investigate the properties of a wood-mineral cement-free composite material with a porous
structure that has been stabilized using a finely dispersed aluminosilicate additive. Materials and methods of research. A cement-
free slag-based silicate binder was utilized in the study, comprising ground blast furnace slag and a curing agent - a solution of
sodium silicate (sodium liquid glass). A synthetic foam-forming agent with a finely dispersed additive (bentonite) was employed
to create the porous structure of the material. Crushed softwood was used as an aggregate. A range of samples were produced,
varying the composition within the following parameters: slag 330-440 kg/m?, crushed wood 120-160 kg/m?, and solution-to-slag
ratio 0.5-0.7. Several samples were subjected to thermal treatment by heating in a temperature-controlled environment at 80-90 °C
and at humidity of at least 90% for 6-12 hours. Samples were examined using mechanical testing methods, thermogravimetric
analysis, X-ray diffractometry, porometry, and thermal conductivity measurements. Results and Discussion. A cement-free po-
rous wood-mineral composite material (an analogue of arbolite) was obtained. It is shown that the introduction of ground blast
furnace slag (330-440 kg/m®) and crushed softwood (125-160 kg/m?) into the mixture at optimal ratios of liquid glass/slag 0.7 and
foaming mixture/slag 0.0035 (3.5% foaming agent + 4% bentonite) makes it possible to obtain a composite material with a density
of 550-680 kg/m?, compressive strength of 1.35-3.65 MPa, an open porosity of 45-50%, and an average thermal conductivity of
0.08 W/(m-K). The heat and humidity treatment of the composite at 80-90 °C contributes to the achievement of ultimate strength
within 10-12 h. The presence of a finely gel-forming additive (bentonite) with particle sizes of 1-5 um in the foaming mixture helps
to stabilize the homogeneous porous structure of the composite material (spherical pore sizes less than 1 mm).

Conclusion. The porous wood-mineral composite material obtained in the work can be used for the production of lightweight
non-load-bearing structural elements, as a noise and thermal insulation material.

KEYWORDS: wood-mineral porous composite, slag-silicate binder, finely dispersed structure stabilizer, heat and moisture treatment,
strength, water absorption, thermal conductivity
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BBEAEHUE

BeToHBI SIBASIOTCS YHUBEpCATbHBIMU CTPOUTEITLHBI-
MU MaTepuajaMy ¢ IMIMPOKUM CIIEKTPOM BO3MOXKHO-
CTeil BapbHUPOBAaHUS COCTaBa, CTPYKTYPHI U 00IaCTe
MIPAaKTUIECKOTO MCITOIh30BaHMS. PacipeHne epeuHst
BSDKYIINX, 3aTIOJTHUTENICH W HAITOTHUTENICH, (PYHKITIO-
HaJbHBIX J00aBOK W MOIU(UKATOPOB CTPYKTYPHI T10-
3BOJISICT B HACTOSIIICE BPEMSI TIOJTy9aTh MHHOBAITMOHHEIC
MaTepHabl C YIYIIICHHBIMA MEXaHUIeCKUMU, (pU3u-
YeCKUMU U (PU3UKO-XUMUIECKUMU XapaKTePUCTUKA-

MU [1, 2]. AKTyaJIbHBIM HaIllpaBjJieHUEM B WHIYCTPUU
CTPOUTEIIHHBIX MaTEPHUAJIOB SIBISIETCS CHIDKCHUE SHEp-
ro- M peCypcOeMKOCTH Ha BCeX dTallax IIPOM3BOICTBA
3a CYET KOMIUIEKCHOM TTepepabOTKH CHIPBSI, MCITOIb30-
BaHMs TEXHOTCHHBIX OTXOMIOB, IMMPOKOTO BHEAPCHUS
AIIUTUBHBIX TEXHOJIOTUI, 3KOJOTU3AINN TeXHOIOT i
MOJYYeHUS U yTUian3auuu matepuanos [1]. B atom ot-
HOIIICHUY TIPEACTABISICT MHTEPEC OCOOBIN KITacc JIETKIX
0OCTOHOB Ha OCHOBE BSKYIINX PA3JIMIHON IIPUPOIHI C 3a-
TTOJTHUTEISIMHA 13 PACTUTEIIHEHOTO CHIPhS (OTTMIKOOCTOH,
ap6ommT, GpuOpoIUT, KCUIomuT 1 1p.) [2]. ApeBecHo-
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MUHEpaJbHbIC KOMITO3UTHI COBMEIIAIOT B ceOe CBOII-
CTBa MaTepHuajoB Ha OCHOBE MUHEPAIBHBIX BKYIITIX
(TIpOYHOCTH, TePMUUYECKAsT CTOIKOCTh, OTHECTONKOCTB)
¥ PAaCTUTEIIFHOTO CHIPhs (HU3KUI yIOCIbHEBIN BeC, I0-
PUCTOCTD, HU3Kas TETUIONPOBOTHOCTh, KOPPO3MOHHAS
cTOMKOCTh) [2, 3]. HecMOTpsT Ha TPOMXOJKUTEIBHBIN
OITBIT TTOJTYICHUS U IIPUMEHEHUST TAKUX MaTepHrajoB,
IIO CUX TIOP ITIPOBOIUTCS OOJBIIIOE YMCIIO UCCIICIOBAHMIA,
HaITpaBJICHHBIX Ha YIYJIIICHIE SKCIUTyaTallMOHHBIX Xa-
PaKTepHUCTUK ITyTeM BapbUPOBAHUS COCTaBa BSIKYILIETO
(1IleMeHTHBIE 1 OeClIeMEeHTHBIC BSKYIINE), COomepKa-
HUSI, COCTaBa W CTPYKTYPHI OPTAaHMICCKOTO 3aITOTHU -
TesIsT (mpeBecHast IpobJIcHKA, CTPYKKa, OIMJIKY, IIIeTa,
KOCTpa, JIy3ra), BBeIeHUs 100aBOK (MUHEPAIN3aTOPHI,
mopoobpazoBaTesu, ruapododmsaropsl [4—15]). B cBs3n
C 3TUM M3YYCHHUE 3aKOHOMEPHOCTEH (POPMHUPOBAHMUS
CTPYKTYPBI APEBECHO-MUHEPATHHBIX KOMITO3UTOB U UX
CBOWCTB TIPEICTABIIICT HECOMHEHHBI HAYUYHBIN U TIPHU-
KJIAIHOU MHTEpEC.

HccnenoBaHus IO TTOJYICHUIO IPEBECHO-MUHE-
pPambHBIX KOMITO3UIIMOHHBIX MaTepHajIoB Ha OCHOBE
IIEeJIOYHO-aKTUBUPOBAHHBIX IIIJIAKOCOMEPXKAIINX BSI-
KYIINX HEMHOTOYNUCICHHBI, XOTS TaKME MaTepHaJIbl
MMEIOT OOJIBIIINE TIEPCIIEKTUBEI BHEIPECHUS C TTO3UIINHN
pecypcocOepeskeHIs U SKOJIOTU3AUN TIPU UX TTPOU3-
BoJCTBE [2, 4]. BsoKy1ieit ocHOBOI B TaKMX MaTepurajiax
BBICTYTIAIOT ATFOMOCWIJIMKATHEIC COCIMHEHUS TIPUPOITHO-
10 (TJIMHBI) ¥ TEXHOTEHHOTO (30J1a-YHOC, METaJTyprude-
CKH€ TIUTAKI) TIPOMCXOKICHMSI, aKTUBATOpaMU IIpoIiecca
CXBaTBIBAaHUS M OTBEpIACBAHUS SIBJISTFOTCS IICIOIHBIC
peareHTHI (€IKWE IIeJI0YH, XKUIKOe CTCKIIO, IIEJIOUHBIC
1wiaBbl) [4]. CuabHOIIETIOYHAS cpela TAKUX BSKYIIIX
CITOCOOCTBYET JIYUIICii aare3ny IpeBeCHOTO 3aIlOJIHU-
TeJisI K MUHEPaJTbHOM MaTPHIIE 32 CYCT IMPOHUKHOBE -
HUS pacTBopa 4epe3 KIETOYHBIC CTCHKHU IPEBECHHBI,
MUHEpaTU3alny U YIIPOYHEHUS Ha TpaHUIe KOHTAKTa
BsLKyllee/npeBecuna [16, 17].

B Gonbieit yacth padbOT MO M3YYEHUIO CBOMCTB
KOMITO3UTOB Ha OCHOBE IIEJIOYHO-aKTUBUPOBAHHBIX
BSKYIIIUX B Ka4eCTBE 3aIOJTHUTEIIS MCIIOJh30BaHBI
MEJKOIMCIIEPCHBIE ApeBecHbIe oTxonbl [16—18]. Ha-
TIpUMep, BBICOKAS JOJIST IPEBECHBIX BOJIOKOH pa3MepaMm
~2,36 MM (10—50 mac.%) B cMecH ¢ BSZKYIIIMM Ha OCHOBE
30716l yHOCA U cMelIaHHoro aktusatopa Na,SiO,+NaOH
(2,5:1) mpuBOIUT K CHUXEHUIO TIOTHOCTH (1720—
1300 xr/m?), yBeIMYEHUIO IIOPUCTOCTA M BOIOIIOIJIO-
wenust (0,5—3,5 %), CHUXKEHUIO IIPOYHOCTH IIPU CKATUU
(33—5 MIla) mmosrygaemMoro B yCIOBUSIX TEPMHUIECKOM
o6paboTku (60 °C, 24 1) KOMITO3ULIMOHHOTO MaTepuaia
[18]. TIpeccoBanme METO0YHO-aKTUBUPOBAHHBIX CMeE-
ceit, cofepKallux 301y yHoca, MetakaoauH (20 mac.%)
M JIMTHOLIEJLTIONO3HBIX 0TX010B (20 Mac.%), B IpUCyT-
crum aktuBaropa Na,SiO,+NaOH ¢ nocnenyomeit
tepMoobpadoTkoii (60—100 °C) mo3BossieT molydaTh
JIerKre KOMIo3uTHbIe rinThl (1,1 Kkr/M*), Xxapakrepu-

CTUKM KOTOPHIX TTO3BOJISTIOT pacCMaTPUBaTh TaKKE Ma-
TepHUaJIbl KaK 3aMEHY IPeBECHO-CTPYKEUHBIX 1 IPEBEC-
HO-BOJIOKHHUCTBIX TUTUT HAa OpraHW4YeCcKoii cBs3ke [19].
B pa6orte [20] rmokazaHo, 4YTO BBeIEHME OIMIOK XBOHBIX
ropof 10 6,3 Mac.% B 1JIAKOILEI0YHYIO CMeCh (MOJIO-
ThIii 111aK, aktuBaTop NaOH 4,9—7,1 mac.%) npuBonut
K IBYKPAaTHOMY BO3paCTaHUIO IIPOYHOCTH TIPHU U3THOE
W CHIDKCHUIO TIPOYHOCTHU TIPU CXKATUU 110 CPABHEHUIO
C KOHTPOJIbHBIM 00pa3iioM. [IpmInHONM MOBHIIIICHUS
IIPOYHOCTU SBJIsIeTCS (POPMHUPOBAHUE ONTUMAJIBHOMN
apMHUPOBAHHOI MUKPOCTPYKTYPBI MaTepHalia, BEIpaka-
folIeecs B MOHIDKEHUH TPEIIMHOOOpa30BaHUSs. YBeEIU-
YyeHMe I0JIM OIUJIOK B cOcTaBe Kommo3uTa 10 10 mac.%
IIPUBOINT K TIOHMKCHUIO TIPOYHOCTHU U TNTIOTHOCTHU (OT
1836 10 1027 xr/m?) 06pa310B, MOBLILIEHIIO UX OTKPhI-
TOM MOPUCTOCTU OoJiee yeM B 2 pa3a. OcoOeHHOCTSI-
MU (DOPMUPOBAHUS CTPYKTYPHI KOMIIO3UTA SIBIISICTCS
obpazoBanme C—S—H n C—A—S—H runpatHbix ¢as
C BOJIOKHUCTOI, UTOJIbYATOM U TUIACTUHYATOU MOp(dO-
sorueit. OqHUM 13 (haKTOPOB, TTOBHIIAIONTNAX YCTONUM -
BOCTh KOMITO3UTa K TPEIIMHOOOPA30BaHUIO, SIBIISICTCS
ITOBEIIIICHNE aATe3W OMMJIOK K IIEMCHTHOM MaTpulle
3a CYCT 3aITOTHECHUS BSIKYIIMM MHUKPOTIOP B OITMJIKAX.
XapakTepHOIT 0COOCHHOCTBIO MaTepHaja SIBISICTCS CY-
IIEeCTBEHHOE MOHIKEHME TETIONpoBoTHOCTH (0T 0,553
1o 0,203 Br/m-K) mipu yBeTmueHIM COMepsKaHMsT OTTAIIOK
o 10 mac.%.

B paGote [21] moka3ano, yto BBeneHune 10 mac.%
IPEeBECHOTO 3aMOJTHUTENA (OMUIKH, BOJJOKHO, MyKa)
B LI1aKolIeouHoe Bsekyiiee (70% 3o.bl yHoca + 30%
MeTaKaoJIMHa, enouHoi aktusarop NaOH+Na,SiO,)
CIIOCOOCTBYET CHIDKCHUIO IPOYHOCTHA KOMITO3UTA TIPH
cxXaTum B 2—3 pasa 110 CpaBHEHHIO ¢ KOHTPOJIBbHBIM
ob6pasmoM. [Ipu TOM TTOBBIIIICHUE TUCTIEPCHOCTH 3a-
TTOJTHUTEJIST TTOJIOKUTEIFHO CKa3bIBaCTCS Ha TIPOYHOCTH
KOMITO3UIIMOHHOTO MaTepraia. JlodaBieHne 10CTaToq-
HO OOJIBIION MO COCHOBBIX OIMMJIOK K ITPOKAJICHHOM
ImHe (MaccoBoe OTHOIIeHME 3:1) ¢ MCITOb30BaHUEM
HATPHUEBOTO XUIKOTO CTeKJIa B KaUeCTBE aKTUBaTOpa
B YCIIOBUSIX TepMHIecKoii 0opadbotku (75 °C, 24—38 1)
ITO3BOJISICT TTOJIYUIHUTh JICTKIIT KOMITO3UIITMOHHBI MaTe-
pua (I1oTHoCTh 610—760 Kr/M%) ¢ BBICOKMMU 3HAYEHU -
SIMU TIPOYHOCTH TP M3TUOE W CXKATUW ¥ MOIYJISI YIIPYTO-
cty [22]. Takoit MaTepuan xapakTepusyeTcs 0ojiee yeM
B 3 pa3a HU3KOI TEIUIOIIPOBOIHOCTHIO TI0 CPAaBHEHUIO
¢ KOHTPOJIBHBIM MaTepuanioM. [TlokazaHa BO3MOXHOCTh
IIPOM3BOACTBA (PACOHHBIX U3IETUIA I KIIAIKI U3 CMe-
ceil, comepsKaImx 30JIy-YHOC, MOJIOTBIA MeTaJlTypri-
YECKMH 1UIaK, 1ieaouHoi aktusatop NaOH+Na, SiO,
U npeBecHyo ey (o 68 06.%) [23].

AHaIU3 TUTEepaTypPHBIX JaHHBIX TTOKa3aJl, 4TO CH-
CTeMaTUYECKIE NCCIeIOBAHMS CBOMCTB OECIIEMEHTHBIX
ITOPUCTHIX IPEBECHO-MHUHEPATBHBIX KOMITIO3UITMOHHBIX
MaTepHUaioB IIPAKTUICCKH OTCYTCTBYIOT. B CBsI3M ¢ 3TMM
LIEJIBIO PAOOTHI SIBIISLIIOCH TIOJYUCHNE W MCCIICIOBAHUE
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CBOICTB KOMIIO3UTOB HAa OCHOBE IIIJIAKOCWINKATHOTO
BSDKYIIETO C TIOPUCTOM CTPYKTYpPOIi, CTAOMIN3NPOBaH-
HOI1 ¢ MCTTOJIh30BaHNEM BBICOKOIUCIICPCHOM aTIOMOCH -
JIMKATHOI TOOaBKU.

MATEPWUAJIbl U METOAbl UCCNEAOBAHUA

st TIoTy9e HST KOMITO3UIIMOHHOTO MaTepraa 1c-
MOJIb30BaI IIAKOCUJIMKATHOE BSIKYIIEe, B COCTaB
KOTOPOTO BXOIWJI MOJIOTHIN TOMEHHBIN IIJIaK U aKTHU-
BaTOp TBEPACHUS (pacTBOP CUJIMKAaTa HATpUsI, HATPH-
€BOC XKMIKOE CTEKJIO). MOJIOTHIN TpaHyIMPOBAaHHBIM
moMeHHBIH mtak (000 «Meden-Matepuaiabl», Yems-
ouHcK, P®) nmen momank yaeapHON MOBEPXHOCTH
550 M2/KT ¥ HACBIIIHYIO IIOTHOCTBIO 1,5 r/cMm?. CocTaB
taka onpeaessuia B coorserctBun ¢ TOCT 3476-2019,
PE3YIIBTATHI OIIPEACICHNST XUMUIECKOTO COCTaBa IpH-
BeIeHBI B Tabymile 1. Mcxomst 3 XMMUYIECKOTo cocTaBa
K03 ULMEHT KavyecTBa 1jlaka paBeH 1,57.

PacTBop cunmkarta HaTpusa (HaTpHEBOE XUIKOE
crexno Na,O-nSiO,, p = 1,5 r/cm’) mapku CHXI1
(000 «IIpomKepamuka», llleknno, P®) mo TOCT
13078-2021, NCIIOJIb30BaHHBIN IJIST OTBEPIKICHUST KOM-
NO3ULIMOHHOTO MaTepuana, cogepxan 29 mac.% SiO,
n 10,4 mac.% Na,O, cumkaTHbIiA MoIy/Ib 7 = 2,8.

st opMUpOBaHUS TIOPUCTON CTPYKTYPHI MaTe-
pHaja IpUMEHSUTN CUHTETUICCKUY aHUOHAKTUBHBIN
(«I1B-JIrokc») 1 6eIKOBHIN («DTaJ0H») TIEHOOOpPa30-
BaTeJIM, XapaKTePUCTUKN KOTOPHIX IIPUBEICHEI B Ta0-
e 2.

[leHy TOTOBMIIM C MCITOJIBb30BaHUEM ITOPTATUBHOTO
nHeBMaT4yeckoro reHoreHeparopa IK FOAM Pro 2+
W3 paCTBOPOB C Pa3TMIHBIM COOTHOIIICHUEM BOIHI U TTe-
HooOpazoBaTes. I MoaydeHHON TTeHBI OITpeaeIIsIN
KPaTHOCTD IT0 COOTHOIIICHUIO 00bEMOB TIEHBI U KCXO/I-
HOTO pacTBOpa M MOKAa3aTe/Ib YCTONIMBOCTH TI0 OTICIIC-
HUTIO XUIKOCTU TIPU BEIICPXKUBAHUY TICHBI B TCUCHUE
30 muH. [IpenBapuTenbHBIC UCTIBITAHUS TTOKA3aJIH, YTO
ONTUMAJIFHOE ColepKaHNe TICHOOOpa30BaTeJIsT IS T10-
JIyYEHMSI TICHBI C JOCTATOYHOM KPaTHOCTBIO COCTABJISIET
3,5%. J11s1 IOBBILIEHUS YCTOMYMBOCTH IIEHBI B COCTABE
IIUTAKOIIEJIOTYHON CMeCH MCIIOJh30BaI BHICOKOIM-

Ta6nuua 1. XMnyecknin CocTas Luaka

CIIEPCHYIO TeJIe00Pa3yoNIyo aTIOMOCHINKATHYIO T0-
6aBKy (rmmHOTOopoIIoK 6eHToHNTOBBIM [11T1 10 TOCT
28177-89, OO0 «benToxommuHr», Mocksa, PD) ¢ pas-
MEepOM YacTuIl 1—5 MKM U ¢ comep:KaHNEeM OCHOBHOTO
[NIMHUCTOTO MUHEpaia MOHTMOPUJIJIOHNTA HEe MeHee
70 mac.%.

B xadecTBe 3aITOTHUTES TIPU TTOTYICHUN IPEBEC-
HO-MHUHEPATbHOTO KOMITO3WIIMOHHOIO MaTepHaja
HCITOJIL30BaIN IPOOJIEHKY XBOMHBIX TTopon o TOCT
19222-2019 (TTIK «CmomneHcKkuii nec», [oporodyx, PD)
C WTOJIPYATBIMU WJIM TUIOCKMMU YacTUILIAMU pa3Mepa-
My 2—20 MM, HACBIIHOM IIOTHOCTBIO 120—140 Kxr/M?
" BaxkHocTeIo 10—15%.

st omipeeIeHrsT XapaKTepUCTUK M3y9aeMOTO B pa-
00Te MaTepHajia M3TOTaBIUBaIN 0Opa3Ilbl B BUIE IIPU3M
pasmepom 40x40x 160 mm> 1 KyOOB ¢ pa3MePOM CTOPOHBI
100 mM. beToHHYIO CMECh TOTOBIJIN C MCTIONB30BAaHUEM
nadoparopHoro cmecurenass CONTROLS 65-1.0006/AM
ITyTeM ITOC/ICIOBATEIEHOM 3aTrpy3KH B YaIlly IIpH ITepeMe-
IIBaHUU APEBECHOU TPOOIIEHKH, MOJIOTOTO IIITAKa, BBI-
COKOIHMCTICPCHOI M00aBKM, pacTBOpa CYIMKATa HaTPUs
1 TICHBI U3 TIEHOTeHepaTopa. ST openeIcHUST OITH -
MaJIbHOTO COOTHOIIICHMST KOMITOHEHTOB BSDKYIIIETO M Ha-
TIOJTHUTEIISI, TP KOTOPBIX MOXKET OBITh TTOJIyIeH KOM-
TTO3UTHBII MaTepHral, YIOBICTBOPSIOIINIA TPEOOBAHMSIM
K CaMOHECYIIINM 0JIOKaM KOHCTPYKIIMOHHO-TETIIION30-
JISIIMOHHOTO Ha3HAauYeHUs (MapKa IDTIOTHOCTH B CYXOM
cocrosgHun D600, kiacc nmpouyHocTu Ha cxatue B1.5),
ObLIa MOJTyYeHa ceprst 00pa3IIoB, B KOTOPHIX BApBHPO-
BaJIM KOMIIOHEHTHI B CICAYIOIINX MHTEPBalaX: IIIaK
330—440 xr/m?, npeBecHast npobaeHka 120—160 kr/m3,
OTHOIIIEHUE 3aTBOpUTeIb/IuTaK 0,5—0,7. Obmas mpo-
IOJDKUTEIBHOCTD TMIEPEeMEIINBAHUS OCTOHHOM cMecH
C MOMECHTA 3arpy3KM BCeX KOMITIOHCHTOB COCTaBJIsLIa
5 MmuH. @opmoBaHUEe 0O0pPa3II0B TTPOBOAWIN TTYTEM TIO-
CJIOMHOM YKJIAIKN U KOHEYHOTO YIIJIOTHEHUS CMeceun
B (popmax Ha BHOpoILIOManKe. 3aTOTOBKU BBIICPXKU -
Baiy B hopmax mpu temmneparype 20+2 °C u oTHOCH-
TEJIbHOM BJIaXKHOCTU Bo3ayxa He MeHee 90% B TeueHue
1 cyT, 3aTeM U3BJIeKAIN 13 (DOPM 1 XPAaHUIIN B OOBIIHBIX
JTaboPaTOPHBIX YCIOBUSIX. YacTh 00pa3oB MoaBeprain
TepMHUUYECKOM 00pabOTKe IyTeM HarpeBa B TEPMOCTATE

CopeprxaHune okcnaos (mac. %)

Si0 ALO,

2

Fe,O, Cao

MgO

K,0 Na,0 SO, Tio

34,1 11,7 0,6 36,5

0,7 038 2,6 2,2

Tabnuua 2. XapaKTepucTUKM NCMONb30BaHHbIX B paboTe neHoobpasoBaTenen

MNMeHoo6pasoBartenb MnoTtHocTb, r/cm® pH
MB-Niokc (AO «PX3 Hopawnke», BockpeceHck, PO) 1050-1100 8-10
St1anoH (000 «Aunct», YenabuHck, PO) 1120 6,5-8
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npu temieparypax 80—90 °C u OTHOCHTEIIBHON BIIaxK-
HocTU Bo3ayxa He MeHee 90% B TeueHue 6—12 .
OmnpenenaeHne TPOYHOCTHBIX XapaKTePUCTUK ITOJTY-
YEeHHBIX 00pa31oB (IIPOYHOCTH TIPU CXKATHU U U3THUOE)
TIPOBOIMIIN TTOCIIE 28 CYT XpaHEHMS C UCITOTb30BaHUEM
YHUBepCaJbHOM McnbliTaTeabHoi Mamrabsl UPB 86,/200
Form+Test (I'epmanust). MUcribiTaHust 00pa31i0B OJHOTO
¥ TOTO X€ COCTaBa OBLIM ITOBTOPEHEI IIECTh pa3, Ha OC-
HOBaHUU TTOJYYCHHBIX pe3yIbTaTOB OBUIN pacCUMTAHBI
cpenHue 3HauYeHKs IpoyHocTH. OnpeneieHnue BOIOIO-
mIomeHus (1o Macce M 00beMy) TTOPUCTOTO KOMITO3M -
Ta npoBoain B cooTBeTcTBUU ¢ TOCT 12730.3-2020
MyTeM B3BEIIMBAaHUSI 00Pa3l0B B BOJOHACKIIIICHHOM
coctosgsHuu. Tepmuueckuii ananus (JATA+TI) mare-
pHAaJIOB IIPOBOIMIIN C UCTIOJIb30BAaHNEM TepMOaHaIN3a-
topa SDT Q600 (CIIA), o6pa3subl HarpeBauu 1o 1000
°C 1Ipy CKOPOCTH BO3pacTaHUs TeMIiepatypsl 10 °/MuH,
CKOPOCTBb MIPOAYBKM BO3IyXa Yepe3 IMedb aHaIM3aTo-
pa coctasisuia 100 mur/mMuH. TerutoBeIne/ieHIE B X0OE
TUIpATallMK BSOKYIIETO M3YYaldd ¢ MCIOJIb30BaHUEM
nszorepmuyeckoii kamopumerpuu (TAM Air 3116-2,
TA Instruments, CIIIA). da30BbIit COCTaB MaTePUATIOB
OTIpeAeIISIIN TI0 JTaHHBIM PEHTTeHO(ha30BOT0 aHAJIN3a,
peHTreHOOM(PPAKTOrPaMMBI PETUCTPHPOBAJIH C UCITOJb-
3oBaHueM nudpakromerpa SHIMADZU XRD 6000
(Amonus) ¢ meanbiM anomoM (A, = 1,54056 A; nanpsi-
keHue Ha Tpyoke 40 kB, Tok 40 MA) B mrama3oHe yIioB
20 = 5—70° ¢ marom ckannposanus 0,02°. OnpeneneHue
TUTOIIAY YACIBHOI TTOBEPXHOCTU MAaTEPHAJIOB IIPOBO-
IUI0Ch o MeTomy bpyHayapa-OmMmerra-Temnepa ¢ nc-
nonb3oBaHueM Ipubopa Quantachrome NOVA 2200e
(CILIA) 110 HU3KOTEeMITIepaTypHOI afCcopOLMI-IecopO-
uuu azora npu 77 K. UamepeHust TEIIoNpoBOIHOCTHA

00pasIoB MTPOBOIMIIN C UCTIOIb30BAHUEM M3MEPUTENS
tna UTTI-MT'4 B coorBerctBnu ¢ TOCT 7076-99. M
M3y4YeHUst MOP(OJIOTUN U CTPYKTYPHI 00Pa3IOB MCITOJTb-
30BaJIM MHOTOMYHKITMOHATIbHBINM CKAHUPYIOIIMIA 3JIeK-
TpoHHbIi MUKpockon JEOL JCM-6000 Plus (SmoHus).

PE3YJIbTATbI U UX OBCYKAEHUE

st popMupoBaHUs TOPUCTON CTPYKTYPHI TpeBec-
HO-MUHEPAJTbHOTO KOMITO3UTa MTPUHITUTTHAIBHBIM YC-
JIOBUEM SIBJISIETCS TIOy4eHUE TIEHBI ¢ KOHTPOJIUPYEMOT
KPaTHOCTBIO, YCTOMYNBOCTH KOTOPOI TMTO3BOJIUT /10 Ha-
YaJia CXBaThIBAHUS BSIKYIIIETO COXPAHUTH BHICOKYIO JIHC-
TIEPCHOCTh Y OTHOPOIHOCTh PACIIpENEICHUSI MYy3bIPh-
KOB BO3IyXa B 00beMe CMECH MCXOMHBIX KOMITOHEHTOB.
[MpenBapuTtenbHBIE 9KCTIEPUMEHTHI C PA3IMYHBIMU TIE-
HOOOpa3oBaTeISIMU (Ta0JI. 2) TTOKA3aJId, YTO OCTKOBBII
TIEHO00PAa30BaTeb B IIEJTOYHO Cpe/ie CUTKaTa HaTpusT
00pa3syeT MeHee YCTOMIMBYIO TIEHY ¢ MaJIoif KPaTHOCTHIO
10 CPAaBHEHUIO C CUHTETUYECKUM TTIEHOO0Pa30BATEIeM.
JanbHeliee ycTaHOBIIEHUE ONTUMATbHBIX COOTHOIICHU
KOMITOHEHTOB JIJIST TTOJTy4eHUST TIEHBI TIPOBOIIVIIN C CUHTE-
TUYECKNM TeHooOpasoBatesieM. Ha pricyHke | mpuBeneHb
PE3YJIBTATHI OTIPEeNeSICHUsT KPATHOCTU TIOTy4aeMOl TTeHbI
1 KOJIMYECTBA OTJACTUBIIEICS KUIKOCTH B 3aBUCUMOCTU
OT COCTaBa MUCXOTHOU MEHO00Pa3yIolIeil cMecH.

W3 mmomydeHHBIX JaHHBIX ciIemyeT (puc. 1), 9To mpu-
CYTCTBUE CUJIMKATa HATPUsSI 1 OEHTOHWUTA B TIEHOOOpa-
3yIOIIeil cMecH pa3TUIHBIM 00pa30M BIMSIET HA XapaK-
TEPUCTUKU TTOJTy4yaeMOi MeHbl. Ecu KpaTHOCTh MeHbI
MPaKTUYECKH HE 3aBUCUT OT MIPUCYTCTBUSI 00EUX [10-
6aBOK MMpu UX conmepkaHuu w < 4% (puc. 1a), To Boo-
OTJIeJIEHNE TIPU PACCIIOEHUY TIEHBI B TIPUCYTCTBUY OCH-
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Puc. 1. BnusiHre NpUCYTCTBUISA XKUIKOTO CTeKsa M 6eHTOHMTa B NeHoobpa3yiollem pacTBope (MeHoobpasoBaTesb

«MB-Jltlokc») Ha (a) KpaTHOCTb 1 (6) YyCTOMUMBOCTD MEHDI
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TOHHUTA B TCUCHUE IJINTEIIEHOTO BPEMEHM CYIIECTBEHHO
noHmxkaetcs (puc. 10). Ctadbunmsupyloiiee neiicTBue
MHUKPOYACTHI] OCHTOHUTA CBSI3aHO C MX COPOLIMOHHBIM
HaKOIUICHWEM Ha TpaHUIIe pas3aeiia BO3OyX/pacTBop,
YTO 3aTPYIHSET KOAJICCIICHITNIO CIMHUIHBIX ITy3bIPEKOB
¥ YBEJTMUUBACT TTPOIOKUTEIIBHOCTD YCTOMYUBOTO CO-
CTOSTHMS TIeHBI. Bojiee BEICOKOE comepKaHue OCHTOHUTA
(6onee 4%) nyuiiie CTaOUIN3UPYET MEHY, HO YMEHbIIIA-
eT ee KpaTHOCTh (puc. la). CiremoBaTeIbHO, BBEICHUE
OeHTOHMTA B KoJMuecTBe 4% B XXUAKYIO (ha3y 1ocTaTou-
HO TS TIOJTyYeHUSI TICHBI C HAMOOJIBIIE KPaTHOCTHIO
¥ YCTOMYIMBOI B TeUeHUE BpeMeHN (POPMUPOBAHUS T10-
PUCTOM CTPYKTYPHI KOMITO3UTA.

BaxxHBIMM (paKTOpaMU, OTIPEICISIONINMHI TEXHOIO0-
TUIECKHE XapaKTePUCTUKNA OETOHHOM CMECH, SIBISTIOTCSI
YIOOOYKIIAABIBAEMOCTD, IIJIOTHOCTD, PACCIAaUBACMOCTb,
a Takoke BpeMsT Hayasia ¥ KOHIIa CXBaTBIBAHMSI BSDKYIIETO.
7151 ICTTOTh3yeMOTO B paboTe IMIJTAKOCUITUKATHOTO BSI-
JKYIIETro OBLIN OIIpeneIeHBI TTapaMeTPHI, TTO3BOJISIOIINE
TOCTUYb HEOOXOIMMOTO KJTacca MPOYHOCTH KaMHSI IS
TIOJTyYeHMST KOMITO3UIIMOHHOTO MaTepuaia (Tabi. 3).

HocTaTo9HO KOPOTKHME CPOKU CXBATHIBAHMS B CO-
BOKYITHOCTH C BBICOKO¥ ITIPOYHOCTBIO XapaKTEPHBI TSI
OeClIEMEHTHBIX IUIAKOIIEIOUHBIX BSLKYIIUX [2], 9TO
00BSICHSICTCS MHTCHCUBHO ITPOTEKAIOIINM B3auMOICHi-
CTBHEM IIIEJIOYHOTO aKTHBaTOpa ¢ aMOP(GHBIMHU (CTEKIIO-
(hbaza) KOMITOHEHTaMU IIIJIaKa ¢ 00pa30BaHUEM TIJIOTHOM
TIOJIMMEPU30BAaHHO aTIOMOCHJIMKATHOM MaTPUIIHI (TaK

Ha3BIBaeMbIM «TCOITOTMMEpOCTOHOM»). [I71sT oTipemerte-
HUsI BIUSTHUS BBEICHMS TICHBI HA OCOOCHHOCTHU B3au-
MOIECTBUS MEXKIY KOMITOHCHTAMM BSDKYIIIETO ObLIa
M3ydeHa KMHETUKA TCTUIOBBIIEICHNS B IIUIAKOIIEIOYHOMN
CMecH 33[JaHHOTO cocTaBa (Tabs. 3) B IPUCYTCTBUH Tie-
HooOpa3oBaTelisd U OEHTOHHUTA C UCITOJIb30BaHUEM M30-
TepPMHUYCCKUI KajJopuMeTpuu. 1o TaHHBIM U3MEePeHUI
TeMIIepaTyphl KOHTPOJIBHOI cMecH (06e3 IeHoo0pa3oBa-
TeJsst) U cMecu, copepkaiteii 0,35% neHooOpa3yioLero
pacTBopa M3 pacueTa Ha Maccy IIJIaKa, OIlpeIeICHBI 3a-
BHCHUMOCTH TETUIOBOTO IIOTOKA OT BPEMEHU peaKIIuu (10
240 9), mpuBeIcHHEIC HA PUCYHKE 2.

W3 pe3yIbTaToB KaIOpUMETPHUH CIenayeT (puc. 2), mIst
KOHTPOJILHOTO 00pa3iia cMecu 1 00paslia ¢ IIeHoo0pa-
30BaTeJIeM HaOII0OACTCST HECKOIBKO MIEPUOIOB TETUIO-
BeImecHN. HagaabHBIN Mepron ¢ MAaKCUMYMOM TIpH
BpeMeHU ~10 MUH XapakTepeH IJIT 000uX 00pa3lioB,
BEJIMYMHA TETUIOBOTO ITOTOKA MPAKTHIECKH HEe 3aBUCUT
OT UX cocTaBa. BTopoii rrepron ¢ MAaKCMMYMOM TETUTOBBI-
JIEJICHUST TI0 MICTEYCHUH ~2 9 XapaKTepU3yeTCss MCHBIITM
Ter10BbIM 3 dekToM 11 0Opasiia ¢ meHoobpa3zoBaTe-
JIeM, 4YTO MOXKHO 00bsiIcHUTH copoumeii [TAB Ha moBepx-
HOCTH YAaCTHII IIVIAKA ¥ CBSI3aHHBIM C 3TUM HEKOTOPBIM
3aMeICHIEeM TIpoliecca ¢opMUPOBaHUS HOBOOOpa-
30BaHMI B 3aTBepAcBIIeM MaTepuaie (puc. 2a). [1pn
YBEIIMYCHUU TTPOINOJKUTEIILHOCTH B3aMMOICHCTBUS
B CHICTEME «IIIAK—3aTBOPUTEITb» HAOIIOMACTCS CMeIIIe-
HHE MaKCHMyMa TeTUIOBBIICICHUS B CITydae IOPUCTOTO

Ta6nuua 3. CoOCTaB U XapaKTEPUCTVKM LAAKOCUINMKATHOMO BAXKYLLErO
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Puc. 2. 3aB1CUMMOCTY TEMIOBOrO NMOTOKa OT BPEMEHW BbIAEPMKM LLNAKOCUAMKATHOW CMeCU B NMPUCYTCTBUN
1 B OTCYTCTBME NeHoobpa3oBaTens Ha (a) HayanbHOM 1 (6) KOHEYHOM 3Tarne GOPMUPOBAHMA CTPYKTYPbI

LWNAaKOCUTNMKATHOIO KaMHA
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obOpa3ia (Ha ~18 4) 1 ero cy;keHue 110 IIKaIe BpeMeHN
110 CPaBHEHMIO C KOHTPOJBHBIM 00pa3iioM (puc. 20).
DTOT 3(p(PeKT TaKKe 0OBICHSIETCS TOPMOXKEHUEM TTPO-
IIECCOB CTPYKTYpOOOpa30BaHUS B TBEPIOM MaTepHae,
KOTOpEIE TT0 CBOCH IIPUPOIE SIBISIOTCI TP DYy3MOHHBI-
mu. TeM He MeHee, CyMMa TEIUIOBBIX IIOTOKOB BO BCeM
M3y4eHHOM MHTepBajie (hOPMHUPOBAHUS CTPYKTYPHI TSI
000MX 00pa3II0B MPAKTHYECKU COBITANACT U COCTABIISICT
nopsiaka 105 [Ix/r. CrnemoBaTeTbHO, BCIICHUBAHNE IITA-
KOCHJIMKATHOI CMeCH He TIPUBOINT K CYIIECTBEHHOMY
W3MEHEHUIO MHTCHCUBHOCTH TUAPATAIIMOHHBIX TTPO-
IIECCOB, B 0COOCHHOCTH Ha PaHHUX CPOKaX TBEPIACHMSI.

M3BeCTHO, YTO IIUTAKOIIETOYHBIC BSLKYIINE OBICTPO
CXBaTBIBAIOTCS ¥ HAOMPAIOT MAPOUHYIO IIPOYHOCTH TIPU
TepMoobpaboTke [2, 20]. I onpeneacHUS BIUSTHUS
TeMIlepaTypsl Ha (a30BEIil COCTaB IIPOAYKTOB, 00pa3y-
FOIIMXCS B XOZI€ OTBEPACBAHUS BSLKYIIETO, OBLIN IIPO-
BEICHBI IBE CEPUM SKCIICPUMEHTOB IIPU HaTpeBaHUM
o6pa3toB mpu 80 1 90 °C 1 OTHOCUTEIIBPHOI BIIasXKHOCTHU
Bosayxa He MeHee 90% B TeueHue 6—12 u. [TomydyeHHbIe
nmanHble PDA cpaBHUBaIM ¢ TAKOBBIMH JIJISI 00pa3IloB,
TBEPIACBIINX TP HOPMATBHBIX YCIOBHUSAX B TCUCHME
1 1 28 cyr. TunmaHas peHTreHomnpakTOrpaMma IIia-
KOCHMKATHOTO KaMHS TIpUBeIcHA Ha PUCYHKE 3.

W3 marubix POA caenyet (puc. 3), 9T0 OCHOBHBIMU
KPUCTAITMICCKIMU ha3aMM, 00pa3yIoIIMUCS B XOIe
TBepICHUS KaK TP HOPMAJTBHBIX YCIIOBUSIX, TaK U TIPU
HarpeBaHUM, SIBJISTIOTCSI OKepPMAaHUT (CHJIMKAT Kajlb-

LIWSI-MarHKST) ¥ KaJIBITUT, O0IIIee Conep:KaHe KOTOPBIX
He npessiaer 10 mac.%. IlpeobiamgarommmM KOMITO-
HeHTOM (110 90%) B IIJTAKOCUITMKATHOM KaMHe SIBJISICTCST
amopdHasg ¢aza. Kanpuut o6pasyeTcst BCAeACTBUE Kap-
OOHM3ALINH IIeJI0YEeCONCPKAIIIeT0 MaTepraja, CHINKaT
KaJIbIIMSI-MarHust 00pa3yeTcs 3a CUeT B3aMOICHCTBUS
JKHMIKOTO CTEeKJIa ¢ KOMIIOHEHTaMU Ijiaka. OUeBUIHO,
YTO TeMIIepaTypHBIC YCIOBHS TBEPACHMS MaTepraja He-
MOCTAaTOYHBI T KPUCTAJUTN3ANY CKIIOHHBIX K CTEKITO-
00pa30BaHMIO CUJIUKATOB, OOPa3YIOIINXCS B CUCTEME.
TakuMm o6pa3omM, TepMOOOPAOOTKA IIJTAKOCUITIMKATHOTO
KaMHS He TIPUBOINUT K CYIIECTBEHHOMY M3MEHEHUIO CO-
cTaBa KPUCTATMICCKIX HOBOOOPA30BaHMUI 1 YBEIMIC-
HUIO UX JOJU B MaTepHrale.

ITo mprumHe TPEeNMYIIECTBEHHO peHTTeHOoaMOp®d-
HOM CTPYKTYPHI IPOAYKTOB B3aMOICICTBUS B CCTEME
«IIIJIaK-XKUIKOE CTEKJIO», COCTaB MPOAYKTOB, 00pa3y-
IOIIUXCS IIPU BBEICHUU B CUCTEMY IPEBECHHBI, OIIC-
HUBaJIM IIPU TTOMOIIM TepMHUIeCKoro aHanm3a. Oopa-
3ell JUTS aHAJIM3a UMEJT CJIEAYIOIINI NCXOIHBIN COCTAaB:
nutak 385 xr/m3, apeBecHast apoobenka 138 kr/m3, pac-
TBOP XUAKOTO crekia 270 kr/m3, meHoobGpa3oBaTeib
1,35 kr/m3, 6enToHuUT 1,54 kr/m3. CpenHue 3HaUYECHUST
nmotepu Macchl mpu HarpeBanuu 1o 1000 °C mist o6pas-
IIOB, TTOJIYYCHHBIX TIPA HOPMAJBHEIX YCIOBUSIX TBEP-
JIeHUsI, COCTaBIsAOT 15%, mocie TepMUYecKoil odpa-
60tku — 10%. Tunmunsie TT-ATT KpuBbIe TMHEHTHOTO
HarpeBaHUs 00pa3oB IIPUBEICHBI Ha PUCYHKE 4.
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Puc. 3. PeHTreHogndppakTorpamMmma obpasia LWIaKOCUIIMKAaTHOrO KaMHsA (OTHOLWEHWe XnaKoe cTekno/wnak 0,7),
nogseprHyToro TepMmoobpaboTke npu 90 °C B TeueHre 10 4
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Puc. 4.TT (3eneHasn) n Tl (cMHAR) KpMBbIe, MOTyYeHHbIE MPU JIMHENHOM HarpeBaHUM o6pasLa NoprCToro ApeBec-
HO-MMHepPaNbHOro KOMMo3uTa nocsie 28-mv CyTOK ero TBepAeHUsA B 00bIYHbIX 1abOPaTOPHbIX YCIOBUAX

Hnst TT kpuBbIX MaTepHaja XapaKTepHbI YEThIPE OC-
HOBHBIX CTYIICHU YOBLUIM MAcChl I COOTBETCTBYIOIINX
UM SHIOTepMHUYECKUX 3((EKTOB B TEMIICPATYPHBIX
nHTepBanax 75—150, 225—375, 450—650 u 720—830 °C.
B TtemmeparypHom muamaszone 75—150 °C mpowncxo-
INT yIaJIeHWe CI1a00CBI3aHHON BOMBI (KAIMILISIPHOM,
COpOLIMOHHOM, MEXCIOEBOIT) B THAPOCHIIMKATAX Ha-
tpust Na,O-SiO,'nH,O. I1pu nosbilieHn TeMIIEpaTy-
pbI 10 225—375 °C yMeHBbIIIeHIE MacChl 00pa3IoB Mpo-
WCXOOUT BCICACTBUE ACTUAPATALINNA TUAPOCUINKATOB
KaJbLMsI TUIa TooepmopuTta. CradoBbIpaskeHHBIIN I -
POKUIA SHAOTepMHUIECKUI 3 PEKT B ITUPOKOM MHTEP-
Baste Temriepatyp 450—650 °C oToGpakaeT TEpMUIECKOE
pasyoxeHue (0OyIIMBaHWE) IPEBECUHBI B MaTepHUale.
[MapamrenbHO 3TOMY IIPU JAaHHBIX TeMIIepaTypax IIpo-
WCXOIWT ITOJTHASI AeTUApaTaIlis TOOCpPMOpPHUTa U THUPO-
JINTA, a TAKKE pa3IoKeHNE OCTATOYHOTO MOPTIIAHINTA.
DddekTh, 00YCIOBIEHHBIC IIPUCYTCTBUEM 3THUX (ha3,
B OOJIBIIIEI Mepe TPOSIBIISIIOTCS Ha TepMOTrpaMMax 00-
pas3lIoB Ha OOJIBIMX CpoKax TBepAacHUs. [1oBbImIeHMe
Temmepatypsl 10 720—830 °C compoBoxkgaeTcs pas-
noxenueM Kanpiura CaCO,, MpUCYTCTBUE KOTOPOTO
B 00Opa3iax moarBepxaaetcs nanHeiMu PDA (puc. 3),
a TaKKe THIPOATIOMOCIJIMKATOB KaJIbILINS W HATPHSI.
O06pa3oBaHMe KabIITa B X01e (POPMUPOBAHUS CTPYKTY-
PBI 00PA3IIOB IIPOMCXOOUT B Pe3yIbTaTe KapOOHU3AIINHI

MU3BECTH U TUIPOCUIINKATOB KabIUsl. TakmM o6pa3oM,
TAHHBIC TEPMUYECKOTO aHAIN3a ITOKA3hIBAIOT BEICOKYIO
JTOJTF0 HOBOOOPa30BaHUIA B IIPOAYKTaX B3aUMOICHCTBUS
KOMITOHEHTOB BSDKYIIIETO, TaK KaK HANOOJIbIIAs TTOTePST
Macchl Tiporcxonut Tipu T > 150 °C 3a cueTt pasnoxe-
HUSI CJIOXKHBIX TT0 COCTaBY TMAPATHEIX (ha3. [ToBwIeHne
TEMIIepaTyp Pa3IoKECHHS IPEBECHOTO HATIOJHUTEIIS 00-
YCIIOBJICHO MUHEPAJIN3YIOIINM IEeCTBUEM IIIEJIOTHO-
CHJIMKATHBIX KOMITOHEHTOB BSIKYIIIETO.

OCco0EeHHOCTH TIOPUCTOM CTPYKTYPHI M CTPYKTYPHI
KOHTAKTHOM 30HBI MEXIY YaCTHUIIAMU 3aIIOJTHUTE-
JIST 1 MUHEPaJIbHOI MaTpUILe M3ydaad IIPU ITOMOIIN
5JIEKTPOHHOM MUKPOCKOITNH (puc. 5).

W3 maHHBIX MUKPOCKOIINH CJICAYET, YTO B MaTepHae
IIpeo0IamaoT MOPHI 3aKPBITOTO TUTIA, KOTOPEIC UMEIOT
MIPEUMYIIECTBEHHO chepruuecKyro dopMy 1 pa3sMephl
rmopsinka 1 MM 1 MeHee (puc. 5a). MexXIopoBBIe TIepe-
TOPOIKU SIBJISIOTCSI CTUIOITHBIMHU M MMCIOT TOJIIINHY
MopsiaKa 1eCITKOB MUKPOMETPOB (puc. 50). [TpoayKThbl
B3aMMOICHCTBHIST KOMITOHEHTOB BSTKYIIIETO Pa3TNIAOTCS
1o MopdoI0TH, 00BEMHBIC YACTUIIBI TJIACTUHYATOMN
1 TIpU3MATUICCKOM (POPMBI IIPEICTABISIIOT COOOI TH-
TIPOCUINKATHI KAJIBIINS C OCAKICHHBIMU Ha WX MIOBEPX-
HOCTH KOJIJTOUAHBIMU YaCTULIAMU O€HTOHUTA (pUC. 5B).
OCOOEHHOCTHIO KOHTAKTHOM 30HBI HA TPAHUIIC YaCTHII
IPeBECHHBI 1 MHEPAIBHON MaTPUIIBI SIBJISICTCS €€ TUIOT-
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11112022 HV det | spot|:

Nanob%

Puc. 5. Mnkpodotorpa-
1K CKONOB MOPUCTOrO
LpeBeCHO-MUHepasibHOro
KOMMO3MTa Ha OCHOBE LUja-
KOCWIMKATHOO BAXYLLEro
B BO3pacTe 28 cyT npun
TBEPAEHMM B HOPMaJb-
HbIX YCJTIOBUAX: @ — NMOpPbI
pa3nMYHOro ANaAMeTpa;

6 - pacnpegeneHve nop

1 OpeBecriHbl B 06beme
MaTepuvana; B — rmgpoarnto-
MOCUNIKaTHble HOBOOOpa-
30BaHUsA MeXAy Yyactiuamm
LUNaKa; I — 30HA KOHTAKTa

e ¥ ApeBeCcuHbl C MUHEepasibHON
wD W | det | spot o
matpuuen

1 mm | 149 um |ETD| 3.0

m—

Hasl I OTHOCUTEILHO OMHOPOIHASI CTPYKTypa (pHc. 5T).
IToBepXHOCTb YACTHUIL APEBECUHBI BCJIEACTBUE MUHE-
pPaJIM3YIONIETO NeMCTBUS 3aTBOPUTEIIS TAKXKE MOKPbITA
MPOAYKTaMU B3aUMOJEHCTBUSI KOMIIOHEHTOB BSIKYILETO,
KOTOpPbI€ HAOII0AI0TCSI ¥ B MUHEPAJIbHOI MaTpUIIE Ma-
Tepuaia. MuHepanusylolliee AeCTBUE XXUIKOTO CTEeKIa
OKa3bIBAET MOJIOXUTEIbHOE NEMCTBUE HA CTAOMIU3ALIIO
CBOWCTB IPEBECHOTO 3aITOJTHUTENSI U €70 TEPMUYECKYIO
CTOMKOCTb, YTO COTJIaCyeTCs C pe3yabTaTaMu TEpMUYE-
ckoro a"Hanm3a (puc. 4). Kpome Toro, TuapoanTuIecKoe
NEMCTBUE IETOUHOM Cpelibl BSDKYIIETO HA KOMITOHEHThI
IPEBECUHBI CIIOCOOCTBYET (DOPMUPOBAHMIO OOJICE TIOT-
HOTO UX KOHTaKTa ¢ MUHEPaJIbHO# MaTpuIleit (puc. 51).

C TOYKM 3peHUS TPAKTUIECKOTO IPUMEHEHIS Hal-
0oJiee BaXKHBIMUM XapaKTepUCTUKAMMU JIJISI TOPUCTOTO
JIPeBECHO-MHUHEPATbHOTO KOMITO3UILIMOHHOTO MaTepu-
aja SBJISIIOTCS MPOYHOCTD, TOPUCTOCTD, BOAOIOTIOIIE-
HHUE U TeTUIOTIPOBOAHOCTb. [lJIs1 ompeneneHust xapakTe-
pa BAUSIHUS COOTHOIIEHUST UCXOAHBIX KOMITIOHEHTOB
Ha MPOYHOCTb MaTepuaja Mpu cxXaTuu OblIa MoJyyeHa
cepust 00pas3loB B YCIOBUSIX HOPMAJIbHOTO TBEPACHMUSI.
Macchbl CbIpbeBbIX KOMITOHEHTOB 1 3HAYEHMST TPOYHOCTH
TIpUBEACHEI B TA0IHUIIC 4.

PesynbraThl ucciaenoBaHuil mokasaau, 4YTO MPoY-
HOCTb TIPU CXKAaTUU U TJIOTHOCTb KOMITO3UTa B 00JIb-
IIEW CTETIEHU KOPPEJUPYET C NOJIEN 1IaKa B UCXOTHON
cMecH. 3aBUCUMOCTh IPOYHOCTHBIX XapaKTePUCTUK

OT colepXaHUs IPeBECHOM APOOICHKN B MaTepuale
BBIpaXeHa MeHee ssBHO. Hampumep, Dost IpeBeCUHBI
B oOpasme Ne 3 gBisieTcs HanmOobIIeit (OTHOIICHUE
npeBecuHa/mIak 0,43) cpenym Bcex MpencTaBICHHBIX
BapMaHTOB, TOTNA KaK IMPOYHOCTh MPU CXKATUU IIPU-
HUMaeT IIPOMEXYTOUHOe 3HaueHUe (Tabi. 4). O6pasisl
Ne 4 u 6 ¢ BBICOKOII POYHOCTBIO COAEPXKAT CPeIHIUE
KOJIMYeCTBa IpeBEeCHHEI, 00paserr No 7 ¢ HU3KO moJeit
IpeBeCHHBI (OTHOIICHHE TpeBecrHa/mrIak 0,3) obmamaeT
caMoit HU3KOI poYHOCThIO. KommaecTBo 3aTBOpUTE-
JIST MOXET BapbUpPOBAThCS B Y3KUX TIpeaeaax: Ipu OT-
HOIIIEHWUM XHUIKOE CTEKJI0/IIIaK, paBHOM 0,5 1 McHee,
CMeCh XapaKTepU3yeTcsl HU3KOU yI000yKIIaabIBacMO-
CTBIO, W TIOJIyJ4aeMbIii MaTepyral IMEET HCOMHOPOTHYIO
CTPYKTYPY; IIPpX OTHOIICHNH, 6oJbiieM 0,7, HabmomaeT-
csI OTHENICHUE KUAKOCTH U pacciioeHne obpasia. Haum-
0oJiee BOCIIPOM3BOMMMBIC XapaKTePUCTUKI 00pa3IoB
MaTepuaja ¢ OMHOPOIHOM MOPUCTOCTHIO MOIYJIaOTCS
IIPY ONITUMAIbHOM OTHOIIIEHUH KUIKOE CTEKIIO/IIUTAK,
paBHOM 0,7.

TepMmooOpaboTKa KOMITO3UILIMOHHOTI'O MaTepuaia
IIPUBOAUT K 3aKOHOMEPHOMY POCTY €ro IMPOYHOCTH.
Ha puc. 6 npuBeneHbl pe3y/IbTaThl U3MEPEHUS IIPOYHO-
CTHU TIPU CXKATHH 00pa3oB cocTtaBa Ne 3 ¢ HanOOIbIIIeH
TIOJICH IpeBeCHHEI (TabJI. 4) TTOCIe UX M30TEPMUIECKOTO
HarpeBauus 1ipu 80 1 90 °C ¢ pa3nmIHON TTPOIOTIKI-
TEJIbHOCTHIO.
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Ta6nuua 4. COOTHOLLIEHME CbipbeBbIX KOMMOHEHTOB AJ1A MOyYeHNsA NOPUCTOro KOMMO3MLMOHHOIO MaTeprana
N €ro XapakTePUCTUKY B Bo3pacTe 28 cyT (TBepheHre NPy HOPMasbHbIX YCIIOBUAX, OTHOLLEHMWE XNLKOe CTeKN0/

wnak 0,7)
MnotHoCTbL MpouHocTb
LWnak, ApeBecHan lNMeHoo6pa3oBaTenb, 5
O6paszey 3 3 3 BeHTOHUT, Kr/m B CyXoMm npu coKatnm
Kr/m Apo6neHKa, Kr/m Kr/m 3
COCTOAHUMN, KIr/M ch, MMa

1 347 124 1,21 1,38 552 1,38
2 424 124 1,48 1,69 640 2,78
3 347 152 1,21 1,38 575 2,38
4 424 152 1,48 1,69 668 3,33
5 331 138 1,16 1,32 546 1,40
6 439 138 1,54 1,75 680 3,65
7 385 118 1,35 1,54 593 1,34
8 385 158 1,35 1,54 627 1,75
9 385 138 1,35 1,54 607 1,50

IIPOIOJKUTEILHOCTA HarpeBaHMSI HElleJIeCooOpa3Ho

4 r (puc. 6). I[IpumeHeHue 60Jiee HU3KUX TEMIIEPATYP CHU-

90°C KaeT 3(pHeKTUBHOCTH TIpollecca MOIyIeHUSI MaTepra-

3t NIRRT & JIa 33 CUeT YBEJIIMUCHUS IIPOIOKUTEIILHOCTH HArpeBa,

- @ Y YRR @ temmepaTypsl Boitie 90 °C, 94To IPUBOIUT K YCUICHHO-

= @ MY YIAJICHUIO BOIBI, CITOCOOCTBYET ACCTPYKIINK U pPa3-

= 2 L [ 80°C YIPOUYHEHUIO MaTtepuaa.

m“g Bomormoromenne apeBeCHO-MIUHEPAITLHOTO KOM-

ITO31Ta HETIOCPEICTBEHHO CBSI3aHO C €T0 IIOPUCTOCTHIO

1 F 1 MOXET CYIIIECTBEHHO ITOHIDKATh IIPOYHOCTh MaTepra-

JIa, TIpeXIe BCETO, 3a CUeT HaOyXaHMsI YaCTHUII IPECBECUHBI

1 CBSI3aHHOTO C 3TUM pa3ylpouYHEHMS MaTepraia. s

0 OILICHKM BOIOTIOTJIONICHUS ITPOBOIMIIN B3BCIITNBAHNIE

5 7 9 11 13 00pa310B CO CPEAHUMU 3HAYCHUSIMU CONEPKAHUS BSKY -

Bpewmst, a IEeTOo 1 3anoyHUTENS (coctaB Ne 9, Tab. 4) B UCXOMHOU

CMeCH, TBEPIEBIINX TP HOPMAJIBHBIX YCIIOBUSX B TeUe-

Puc. 6. 3aBUCMMOCTb NPOYHOCTY NMPU CKATUN (ch) 06-
pa3LoB ApeBeCHO-MUHEePanbHOro KOMMo3unTa (cocTas
Ne 3, Ta6s1. 4) OT NPOJOSIKUTENIBHOCTY NX N30TEPMU-
YeCKOro HarpeBaHuA NP pasnYHbIX TeMnepaTypax
(oTHOCUTENbHasA BNAXXHOCTb BO3ayxa He MeHee 90%)

YBenuueHre MpOYHOCTH MaTepuasa mpu TepMooopa-
60TKe (pHC. 6) IPOUCXOIUT 3a CUET ITOBBIILIEHUSI TIIyOu-
HBI B3aMMOJICCTBIST KOMITOHEHTOB IITAKOCUJINKATHOTO
BSDKYIIIETO, YBEIMYECHUS TIPOYHOCTH CBSI3BIBAHUS YACTHII
JIPEBECHOTO 3ATIOJTHUTEISI C MUHEPATbHOW MaTpulleit
u apMupylolieit hbyHkiuu 3anoaautess. Comnocras-
JIeHWe JaHHBIX puc. 6 U TabJ. 4 MOKa3bIBaeT, UYTO MPU
TepMOOOpPaAOOTKE MOXET OBITh TOCTUTHYTO TMOBHIIIE-
HMe TPOYHOCTH MaTepuaia Ha 15—20% 1o cpaBHEHHIO
¢ 00pasiamMu, MOJTyIeHHBIMU TP HOPMAJTbHBIX yCITO-
BUAX TBepaeHus. TepmooobpadoTka mipu 90 °C u mpo-
noipkuTeibHOCTH 8—10 1 mocTaTouHa 1Tl JOCTUKEHUST
HauOOJBIINX TTOKA3aTeJIel MPOYHOCTH, YBEIUUCHUE

Hue 28 cyT. [1o pe3ynabpTaTam ompeneeHUs IPOYHOCTH
MPU CKaTUK 00pa3110B B BOMJOHACHIILIEHHOM COCTOSIHUN
paccYMTHIBAIN KO3(MOUIIMECHT pa3MITIeHIS MaTepraa
KaK OTHOIIEHME MPOYHOCTEN BIAXKHOTO U CyXOro 00-
pa3uoB. Pe3yabraThl onpenesieHUs BOAOMOTJIOIEHUS
MpUBEICHBI B TAOIULIE 5.

M3 xapakTepucTUK BOJOMOIJIOIIEHUS CIAEAYET, YTO
MOJYYEHHBI KOMMIO3UIIMOHHBIN MaTepuas obJianaer
HU3KOM BONOCTOMKOCTBIO, BO BIIaXXHOM Cpene Ipod-
HOCTb 1 MOPO30CTOMKOCTb TAKOTO MaTepuaia oyaer

Ta6bnuua 5. BogonorsnoLlleHvie NopucToro ApeBecHo-
MUHEPanbHOro KOMMO3MLNUOHHOro MaTepuasna

XapakTepuctuka 3HauyeHune
Boponornouwervie no macce W , % 74
BoponornoueHne no o6bemy W, % 45
KoaddurumeHT pasmsiryeHuns Kp 0,63
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CYIIECTBEHHO CHIDKAThCA. [IoMUMO TIPOHUKHOBEHMUS
B OTKPHITHIE TTOPHI BOJIA BITUTHIBAETCS YaCTULIAMMU JIpe-
BECHHBI, KOTOPBIC BCIICACTBIC HAOYXaHUS TaKKe OyIyT
SBJISITHCS TIPUYMHOM pa3ylpoOYHEHMs MaTepraia. B meii-
CTBUTEILHOCTH HabOII0gacMast TCHICHIINS CBOMCTBEHHA
JUTS BCEX TIOPUCTHIX M CONEPKAIMX IPEBECHY MaTepua-
JIOB, TIO3TOMY TaKK€ MaTepraIbl pEKOMEHIYETCS ITPUMe-
HSTD B YCJIOBUSX HU3KOU BIAXKHOCTH WY 3aIIAIIATH UX
OT BO3IeiCTBM Baaru (ruapodo0u3aius HIOBEPXHOCTH,
MPOIUTKA CIIEeLUATbHBIMU COCTABAMMU).

H3MepeHns TEMIOMPOBOIHOCTH 00pa3IloB MOPH-
CTOTO KOMIIO3UIIMOHHOTO MaTepuaia co CPETHUMA
3HAYCHUSIMU TUIOTHOCTH U IIPOYHOCTH (coCcTaBBI No 3,
8, 9, Tabn. 4) mokasanu, 4TO cpegHee 3HAUCHUE Te-
TUIOTIPOBOTHOCTH cocTaBisieT rmopsanka 0,08 Br/(mK).
ITonyyeHHBIE BEJUYUMHBI TEIUIOTIPOBOIHOCTI OJIM3KI
K TAKOBBIM TSI ap0OOoJIMTa Ha TTOPTIAHAIEMEHTE U CY-
IIECTBEHHO HIXE, YEM IIJIsl TIEHO- U ra300€TOHA, YTO
MOATBEPKIAET XOPOIINE TEMUION3OISILIMOHHBIE CBOT -
CcTBa Marepuaa.

BbIBOJbl

1. DKcIIepuMEeHTAIPHO YCTAHOBJICHA BO3MOXHOCTD
TIOJTy4YeHUSI TIOPUCTOTO KOMITO3UITMOHHOTO IPEBECHO-
MMHEPAJILHOTO MaTepHraa (aHaJIoT apOoJInTa) Ha OCHOBE
IIJTAKOCHIMKATHOTO BSDKYIIIETO, TPEBECHOM APOOICHKI
B KaUeCTBE 3aIIOJTHUTENISI, CHHTETUIECKOTO TIeHOO0pa-
30BaTeNsl M YJIBTPATUCIIEPCHOTO ATIOMOCHIMKATHOTO
crabuiuzaTopa neHnl (beHToHUTa). BapbupoBaHue co-
JepKaHKsI MOJIOTOrO TOMeHHOro 1iaka (330—440 kr/m?)
u apeBecuHbl (125—160 kr/m?) py ONTUMAaIbHbBIX CO-
OTHOIICHUSIX KUAKOE CTeKIIOo/Tutak 0,7 1 IeHooOpasy-
fotast cMech/uutak 0,0035 (3,5% nenoobpaszosatest +
4% GEeHTOHNTA) ITO3BOJISIET MTOJYUYUTh KOMITO3ULIMOHHBIIA
MaTepua INIOTHOCThIO 550—680 Kr/M?, IpOYHOCTHIO

CMNCOK NCTOYHUKOB

rpu cxxatuu 1,35—3,65 MIla, OTKpBITO# TOPUCTOCTHIO
45—-50%, cpenneii TerutonpoBoaHocThio 0,08 Br/(M-K).
IToka3aHo, 9TO TEIIOBIAXXKHOCTHAS 00pabOTKa KOMIIO-
suta mpu 80—90 °C B reuerue 10—12 9 crmocoOCTBYeT Ha-
0opy MPOYHOCTH, KOTOPas IIPX HOPMATHLHOM TBEPIACHUN
IIOCTUTACTCSI B TeUeHUE 28 CYT.

2. Crabwm3aliyst OTHOPOTHOM IMTOPUCTOM CTPYKTYPEI
TTOJIYIeHHOTO KOMIIO3UITMOHHOTO MaTepraa (pa3Mephl
ceponITHBIX TTIOp MEeHee 1| MM) TOCTUTAeTCs ITyTeM BBe-
IIEHUS B TIEHOOOPA3YIOIIYIO CMECh YIBTPaIUCIIEPCHOM
rejieoopasyrolieii 100aBKM (OEHTOHUT) ¢ pa3MepaMu
yactull 1 —5 MkM. HacTuiibl 66 HTOHUTA pacipeaesIsiioTCs
B CTeHKAaX Iy3BIPHKOB IIEHBI, CHIZKAIOT UX CITOCOOHOCTh
K KOQJIECIIEHIINY 1 YIIPOUHSIOT CTCHKHU ITOp B MAaTPHUIIC
MUHEPAIHHOTO BSKYIIETO B MPOIIECCE CXBATHIBAHUS
3a CUeT rejico0pa3oBaHMSI.

3. B xome cxBaThIBAaHUS W TBEPACHUS IIIAKOCUIIN-
KaTHOTO BSDXYIIETO 00pa3yloTCs MPEeUMYIIeCTBEHHO
aMophHBIEC TPOAYKTHI (THAPOCIIMKATHI ¥ THAPOATIOMO-
CHJIMKATHI KAJTBLWS M HATPUS), OOJIS KPUCTAJUTMIECKIX
HOBOOOpa30BaHMi1 (KaJIBIIUT, OKEPMAHNT) HE TIPEBHIIIA-
et 10%. I'iapoauTrudecKkoe AeiiCTBHE IIeJI0OUHOM CPEIbl
BSDKYIIETO Ha KOMITOHEHTHI IPEBECUHBI CITIOCOOCTBYET
dopmupoBaHmIO O0JICE TNIOTHOTO MX KOHTAKTa C MIHE-
panbHOI MaTpuIleii. KOHTakTHas 30HA MIJIAKOCYIIMKAT-
HO¥ MaTPHIIBI ¢ YaCTUIIAMH APEBECHOTO 3aIIOJTHUTEIIS
MMeeT TUIOTHYIO OMHOPOMHYIO CTPYKTYPY, B Hell IIpH-
CYTCTBYIOT YaCTHIIBI TUAPOATIOMOCHINKATOB KAJTbIIUS
B BHUJC JICTICCTKOB, KOTOPHEIE 00pa3yIoTCsI B 00JIaCTSIX
CKOITICHMST KOJIJIOMIHBIX YaCTUI] OCHTOHWTA Ha TpaHU-
I1ax pasaesia KOHTaKTUPYIOMINX (a3.

4. TomydeHHBIN B pabOTE TOPUCTHII IPEBECHO-MM-
HepaJIbHBIN KOMITO3UIIMOHHBIN MaTepral MOXET ObITh
WCITOJIb30BaH IIJIsl IPOM3BOACTBA JIETKUX HEHECYIINX
KOHCTPYKIIMOHHBIX 3JICMEHTOB, B KA4eCTBE IIIyMO- 1 Te-
TUTOM30JISILIMOHHOTO MaTepHaia.
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ABSTRACT

Introduction. Improving the efficiency of ceramic bricks and blocks involves reducing their average density and corresponding
thermal conductivity. One possible approach is to introduce porosity into the ceramic structure using burnable additives or special-
ized foams during the preparation of the ceramic mixture. Another option is incorporating ultra-lightweight aggregates, particularly
crushed foam glass. The aim of this study was to develop a method for determining and optimizing the formulations of lightweight
ceramic bricks based on regulatory requirements for strength characteristics, density, and thermal conductivity. Methods and
materials. The raw materials used included medium-plasticity loam, a fluxing component (finely ground glass waste), and crushed
foam glass gravel. The properties of the samples were assessed using standardized methods, while statistical and digital techniques
were employed for experimental planning and data processing. Results. It was found that the optimal conditions include drying
at 80 °C and 55% air humidity, followed by firing at 900-950 °C with the introduction of a fluxing component. The optimal values
of the factors were determined as follows: foam glass density: 150 kg/m?; foam glass consumption: 30 kg/m? optimal particle
size of crushed foam glass: 0.68-0.69 mm; fluxing additive content: 8.3-8.4% of the clay mass. These parameters correspond to
the following material properties: Average density: 1320-1360 kg/m®; Compressive strength: 15-16 MPa; Thermal conductivity:
0.15-0.16 W/(m-°C); Frost resistance grade: F35. Discussion. The use of digital methods revealed the influence of variable factors
on the material's properties (strength, density, and thermal conductivity), which was confirmed through model validation in active
experiment series and structural analysis of the material. Conclusion. This research has established a methodological framework
for predicting the properties of ceramic products and optimizing their composition using digital methods. Requirements for opti-
mizing the properties of foam glass based products were determined, including guidelines for the consumption of foam glass and
fluxing agents. The resulting materials fully comply with the relevant standards for such products. The lightweight brick exhibits
both structural and thermal insulation properties, making it suitable for use as a wall material.

KEYWORDS: ceramic brick, crushed foam glass, glass waste, digital optimization, statistical planning
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AHHOTALMA

BBepeHume. MNoBbiweHMe 3GPEKTUBHOCT KEPAMUUYECKOTO KAPMMYA U KAMHEN CBA3aHO CO CHVXKEHMEM CpeAHel NNOTHOCTU 13-
LEennin 1 COOTBETCTBYIOLLEN TeNNOoNPOBOAHOCTbIO. OAHNM 13 BO3MOXHbIX NyTel ABNAETCA MOPU3aLNA CTPYKTYPbl KepaMU4eCcKoro
M3Aenus C NOMOLLbIO BbIropatoLLmx 400aBOK 1Y BBeAeHWA CreLnasbHbIX NeH Npy NPUroToBeHN KepaMmumyeckon cmecu. ipyras
BO3MOXHOCTb CBfi3aHa C BBEJEHNEM B CTPYKTYpPY 0COO0 Nerkux 3arnonHuTenen v, B YaCTHOCTY, ApobnieHoro neHoctekna. Lenbio
nccnefoBaHui ABNANACh pa3paboTka METOAMKM ONpeaeneHns 1 ONTMMU3aLUM peLenTyp IErkoro KepaMmyeckoro Kupnmya,
OCHOBaHHas Ha HOPMAaTUBHbIX TPeBOBaHMAX MO MNPOYHOCTHBIM XapaKTePUCTMKaM, MAOTHOCTU 1 TenyionposoaHocT. MeTogbl
1 MaTepmarnbl. B KauecTBe Cblpbs NCMOMb30BANNCh CYTNMHOK CPpefHeN NIacTMYHOCTU U GRoCyoW Ml KOMMOHEHT (TOHKOMOMOTbIN
601 CTeKNA), a TaKXKe M3MeJIbUYEeHHbIV MEHOCTEKOSbHBIN LwebeHb. CBOMCTBa 06pa3LoB onpeaenannch No HoOpPMaTMBHLIM METOANKAM,
npwv NaaHMpPoBaHUK 1 06paboTKe pe3ynbTaToB IKCNePUMEHTA NCMONb30BaNINCh CTaTUCTUYECKNEe U UndpoBble MeToAbl. Pe3ynbra-
Tbl. YCTAaHOB/EHO, UTO ONTVMasIbHbIMU ABAATCA CyluKa npun 80 °C 1 BNaXKHOCTW Bo3ayxa 55% v 06Xur B HTEpBane Temnepatyp
900-950 °C npu ycnosuu BBegeH A GrocyoLero KOMNoHeHTa. YCTaHOBIIEHO, UTO OMTHMAJIbHbIMU ABAAITCA 3HaYeHNA GaKTOPOB:
CpefHss NNOTHOCTb NeHocTekna 150 Kr/m3; pacxop neHocTtekna 30 Kr/m%; oNTUManbHbI pa3mep YacTyL M3MenbYeHHOro NeHocTekna
0,68-0,69 mm; coepaHue dntocytowwein fobaBky (NnasHs) 8,3-8,4% OT MacChl MNHbL. ITVM 3HAYEHUAM COOTBETCTBYIOT: CPeHAA
nnoTHOCTb 1320-1360 Kr/m? NpoYHOCTb Ha CKaThe 15-16 MIMa; TennonpoeoaHocTb 0,15-0,16 BT/(M+°C); MapKa No MOpPO30CTOM-
kocTtu: F35. 06¢cyaeHue. MNprmeHeHne LndpPoBbIX METOLOB NO3BONIO YCTAHOBUTL XapakTep BAUSHUA BapbrpyeMblx GakTopoB
Ha CBOWCTBA MaTepurana: ero MPoYHOCTb, MAOTHOCTb M TEMIONPOBOAHOCTb, UTO OblfIO NOATBEPXKAEHO NPY NPOBEPKe afeKBaTHOCTY
MoZenel Kak B Cepusax akTMBHOIO SKCNEPUMEHTa, Tak 1 NPy UCCIef0BaHUN CTPYKTYpbl MaTepurana. 3aknoueHune. PazpaboTtaHbl
OCHOBbI METOAUKM NMPOrHO3MPOBaHNA CBONCTB KepaMMUecKmX n3gennii n nogbopa ero coctaBa ¢ NOMOLLbio LdPOBbIX METOLOB,
chopmrpoBaHbl TpeboBaHUA MO ONTUMU3aLMY CBOWCTB M3LENNIA U3 MEHOCTEKA, @ TaKXKe MO pacxofam neHocTekna 1 GocyoLlero
KOMMoHeHTa. [onyuyeHHble MaTepuasbl BIIOJSIHE COOTBETCTBYIOT TPeOOBaHUAM K M3enuam. JIerkuin Kupnmy aBnaeTcs KOHCTPYKL M-
OHHO-TEMNOU30MALNOHHBIM 1 MOXET NCMONb30BaTbCA Kak CTEHOBOW MaTepuarn.

KJTIOYEBDIE CJIOBA: kepaMmnyeckuii Kupnud, gpobneHoe neHocTekno, 6o ctekna, uudpoBasa onTuMmn3auna, CTaTucTnyeckoe
nnaHupoBaHue

BNATOAPHOCTU: VccnenoBaHua NpoBOAUANCH B pamMKax peanvsauum HayuyHo—1ccneaoBaTenbcko paboTbl no Teme ®HW PAACH
N2 3.1.2.1 «Pa3BuUTUE TEOPETUYECKIMX OCHOB NOJTyYeHNA 0COOONErknx HeopraHNYeCcKMX CTPOUTENbHbIX MaTepranoB 1 UCCNefoBaHne
BIVAHWA NOPUCTON CTPYKTYPbI Ha UX Tennodursnyeckme 1 akyCcTuuecKme XxapakTeprucTrKIMy, BbIMOTHAEMO Mo 3agaHunio MyUHcTpoi
Poccun. iccnepoBaHus npoBogunnch Ha akcnepumeHTanbHon 6ase 3A0 POKBYJI. YacTtb nccneposaHuin BoinonHeHa 8 HAY MICY
B pamkax peanusaumnm Nporpammol passutna yHusepcuteta «[MIPUOPUTET 2030». MpoekT 3.1 «<HayuHbI NpopbiB B CTPOUTENIbHOWN
OTpac/v — HOBble TEXHOMOI MM, HOBbIE MaTepuarbl, HOBble METOAbI».

AnAa UMTUPOBAHUA:

Kykos A.[., Hukonaes [.P, Xyk MN.M., Meneges A.A., Ebumos B.A., Bobposa E.0. OnTrMm3auma cBONCTB Nerkux Kepamuye-
CKMX U3LENUI C MPUMEHEHNEM CTaTUCTUYECKMX MeToaoB. HaHomexHonoz2uu 8 cmpoumesibcmeae. 2026;18(2):149-158. https://doi.
org/10.15828/2075-8545-2026-18-2-149-158. - EDN: WQVXIC.
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INTRODUCTION

Ceramics have been used in construction for millennia.
At the end of the 20" century, with the adoption of new
thermal engineering standards, ceramic wall paneling met
the requirements for heat conductivity and cladding for
thermal resistance. Note that the construction of a brick
wall in 2—2.5 bricks met the requirements of comfort,
but the new regulations were unattainable for walls made
of solid brick. In this regard, for most regions, laminated
cladding was recommended, which includes effective heat
insulation elements: stone cotton-based tiles or extruded
polystyrene foam, with the cost of construction increased
significantly [1-3].

The adopted direction to improve energy efficiency
gave an incentive to develop ceramic products with lower
density while maintaining the level of strength and frost
resistance of materials: vacuum products and porous wall
ceramics. Light pottery products had lower heat con-
ductivity, which increased their thermal performance
and reduced weight, reducing the load on the founda-
tion [4—6]. The production of light (heat-insulating and
structural) wall materials could be carried out in several
ways. First, by increasing the emptiness of the articles to
some limit. Second, by polarizing the article during the
stages of forming, drying, and firing. The third (com-
bined) method, combining the first two [7—9].

The formation of a high-porous ceramic skull can
be carried out by means of burn-out additives, by intro-
ducing wood sawdust or sieving polystyrene. The sec-
ond most important method is to increase the porosity
of the ceramic brick by creating a cellular structure as in
the gas formation process or mixing with special foams
[10—12]. How a variety of this method can be considered
for obtaining ceramic aerogels [13, 14]. The difficulties
for materials in this group are due to the need to create
special foams, as well as soft drying modes, that is, with
low temperatures and heat transfer speeds. Otherwise,
there was a risk of uneven placement and sedimentation
or cracking of the ceramic billet.

The solution to the problem of obtaining light materi-
als while maintaining quality characteristics is possible
through the introduction in their composition at the stage
of preparation of mixtures of light fillers. For such a light
filler, granular mining waste of various types [15, 16] and
waste from thermal power plants [17, 18] can be used.
Promising results are obtained by using a particularly light
microsphere of different nature [19—21]. High-porous
aggregates may be used for refractory vermiculite and
refractory perlite sand. Perlite sand has high water absorp-
tion, which significantly increases the drying time of the
semi-processed material. Some researchers have noted the
advisability of using heating foam [22—24]. Plate foam is
not produced on an industrial scale in the Russian Fed-
eration, but it is produced in the form of a foam stone,

the usefulness of which is due to its relatively low water
absorption and comparability with the characteristics of
a ceramic skull.

The technology of ceramic products includes tech-
nological retooling of raw materials, forming, drying and
firing [25—27]. The drying duration of articles depends on
the properties of the clay mixture, relative humidity of the
heat carrier, size, shape and configuration of the article,
temperature drying mode, structural features of the drying
devices. The drying time of products varies in industrial
dryers or dry sheds from 2 to 20 days, and in laboratory
drying cabinets from 6 to 48 hours. The temperature
regime of burning brick and effective ceramic stones is
conditionally divided into four periods: leisure (tempera-
ture up to 200 °C), heating (700—800 °C), burning itself
(900—1050 °C), cooling (cooling up to 40—50 °C). In the
case of use of ground foam, it is important to correct the
temperature of the ceramic head sintering, which can be
carried out by inserting a thread. Including fine-grained
glazing [28—30].

Taking into account data analysis of formulations and
technologies of heat-insulating and structural building
ceramics, the aim of the research is formulated: devel-
opment of a methodology for defining and optimizing
formulations of light ceramic bricks, which is based on
regulatory requirements for the strength, density and ther-
mal conductivity of articles.

METHODS AND MATERIALS

The main components of a mixture for making light
ceramic bricks are: suckling, crushed foam glass, ground
glazing; for correcting the temperature of the sintering,
fine-grained glass waste (fluxous component), which is
similar in composition to the raw material for the produc-
tion of foam glass. Raw material preparation was carried
out according to the generally accepted technology. Ce-
ramic brick forming was carried out in a plastic manner,
with a 22—24% molded moisture content.

Loam has a highly dispersed structure, a commotion
texture. It is easy to crush and soaks well in the water.
Loam belongs to the group of moderately plastic raw ma-
terials (plasticity number 12—19), which are not very dry.
Loam is a poly-mineral raw material. The content of SiO,
and AL O, oxides is 52—53% and 11-12%, respectively;
losses at calcination are 7—8%. The clay substance is rep-
resented by kaolinite (6—15 %), montmorillonite (10—
18 %), hydromica (5—12 %) and quartz as an impurity.

Foam glass is a heating material with an average den-
sity of 80 kg/m? to 200 kg/m?. For the production of heat-
insulating foam glass, glassware is most often used; its
chemical composition is similar to that of aluminium win-
dow glass. These glasses contain mass % of: SiO, 72—73;
ALO,0.5-1; MgO 3,5—4; CaO 6-6,5; Na,O 15,2—15,5;
S0, 0.3—-0.5. Glass thicknesses can be spun in tempera-
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ture ranges from 600 to 1000 °C. Bulk density of foamed
pebble 130-170 kg/m?; true density — 2180 kg/m?; water
absorption by volume 2.7—4.4%. The heat conductivity in
dry state is 0.08 W/(m °C); the increase of heat conductiv-
ity by 1% humidity — 0.001 W/(m °C%).

The achievement of the goal was based on the follow-
ing tasks. First, it was necessary to study the patterns of
drying of the designed products. Secondly, using statisti-
cal methods, to study the effect of formulation parameters
on product properties. Third, using digital methods, de-
velop a methodology for optimizing the composition of
light ceramic brick.

Theoretically, the drying process is characterized by
three periods: heating, constant and falling droughts.
In real products, due to the geometric factor and under
conditions of contact of a heat carrier with a product in
five planes (one stretcher plane is adjacent to the pal-
let), the constant drying rate period may be weakly pro-
nounced.

The overall dynamics of the drying process are shown
in Fig. 1. The shrinkage of articles in length and width is
not large, so it should be assumed that the articles have
limited sensitivity to drying. The dependence of drying
time on temperature and speed of heat transfer allows for
harsher regimes compared to foam ceramics. The initial
temperature of the heat carrier on the one hand intensifies
the drying process, and on the other has an impact on the
quality of the products. At a heat carrier temperature of

up to 80 °C, the sample reduction does not exceed 6%,
and the products maintain high quality.

The samples were made in size 50x50x50 mm. Dry-
ing was carried out in the laboratory drying cabinet at
a temperature of 80 °C and relative humidity 50—55 %;
drying time — 12 hours. The firing of items was carried out
in the furnace at a calculated temperature of 900—950 °C.
The firing mode: raising the temperature from 18 to
100 °C — 15 minutes, holding at 100 °C — 10 minutes,
raising the temperature to 650 °C — 120 minutes, hold-
ing at 650 °C — 60 minutes, holding the temperature up
to 120 minutes, Storage at the calculated temperature —
120 min; natural cooling in the furnace.

The basis of the methodology for studying the in-
fluence of the characteristics of foam glass and fluxous
component on the properties of products were digital
methods of planning and processing experimental results
[31, 32], as well as a method of analytical optimization,
Developed at MSUCE and tested for many types of con-
struction materials in the formulation and technology
applications [33, 34].

The characteristics of the shredded foam glass are
taken as variable factors: average density (X)), flow rate
(X,) and average particle size (X,), as well as the flow rate
of the thin-grain glass as a fluxing component fluxing
component (X,). The response functions are the strength
of the article under compression (¥, MPa), its average
density (V,, kg/m’) and heat conductivity in dry con-
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Fig. 1. Drying of ceramic samples on foam (heat transfer agent characteristics: temperature 80 °C, relative humidity
40%): 1 — curve drying; 2 — drying shrinkage; 3, 4 - top and middle temperature of the sample
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ditions (¥, = A 107*t/(m °C)). The values of response
functions were determined according to GOST 530-2012.
After conducting preliminary series of experiments,
the optimal heat treatment conditions were determined
and intervals for varying factors were established. The
conditions of the experiment are presented in Table 1.
A complete quadratic matrix D-optimal plane was ad-
opted in the experiment. In each line of the plan, the
experience was repeated 5 times (n = 5). Randomization
of the sequence of experiments was used to reduce the
likelihood of interference and unaccounted factors.
Regression equations derived from experimental data
processing in the Statistika program. The significance of
the coefficients was checked at confidence intervals for
strength and material density. The size of the confidence
interval was determined by the Student criterion for 5 ex-
periments and the dispersion of parallel experiments. The
confidence intervals (Ab) were for strength — 0.2 MPa,
mean density — 9 kg/m?, thermal conductivity — 9 kg/m?,
and thermal conductivity — 0.004 W/(m °C). The coef-
ficients of the regression equations, which are smaller in
absolute value than the respective confidence intervals,
were considered as non-significant and equated to 0.

RESULTS AND DISCUSSION

The results of the active experiment give basic regres-
sion equations. The significance of the coefficients was
checked at confidence intervals for strength and material
density. The size of the confidence interval was deter-
mined by the t-criterion for 5 experiments (# = 5) and the
dispersion of parallel experiments. The confidence inter-
vals (Ab) were for strength — 0,2 MPa, mean density —
9 kg/m?, thermal conductivity — 9 kg/m?, and thermal
conductivity — 0,004 W/(m °C). The coefficients of the
regression equations, which are smaller in absolute value
than the respective confidence intervals, were considered
as non-significant and equated to 0.

The basic regression equations are obtained at inter-
vals of varying factors (Table 1) for strength and mean
density and heat conductivity:

V= 13,6 +0,8X, — 1,7X, + 0,7X, + 0,5X, +

V, = 1378 + 18X, — 51X, + 14X, + 8X X;; )
V.= 144 + 14X, — 7X, + 4X X, 3)

The assessment of adequacy at the initial level was
carried out by comparing calculated and experimental
values of the Fischer criterion (F-criterion) and further
as a result of the implementation of the control series of
the active experiment.

The analysis of the basic regression equations shows
that the most important influences on the strength of the
foam glass are its characteristics (ratios at X, and X,) and
its flow rate (ratio at X,), as well as the pair effect of the
flow rate and particle size (ratio at X,X,). Also significant
is the content of the fluent component (coefficient at
X,). The nature of this influence can be explained by the
structure of the resulting material (Fig. 2). The corrective
action of malting glass as a fluxing component that lowers
the temperature of the ceramic skull, which makes it pos-
sible to spin foam glass particles from the ceramic matrix
without breaking (melting) the particles of foam glass and
their preservation of the porous structure of the burned
material. The average density of the material and its ther-
mal conductivity are determined by the characteristics
and flow rate of the crushed foam (polynomials 2 and 3).

The values of the coefficients of polynomial 1 allow
to deduce the extreme influence of the particle size of
the foam glass and the flow rate of the fluid component
on the strength of the product (coefficients at X,> and X 2
are equal to —0,4 and —0, 3, respectively). Taking into ac-
count that testing of polynomials (1-3) according to the
F-criterion has shown their adequacy both as statistical
polynomials and as algebraic models, it is possible to ap-
ply methods of algebraic analysis of nonlinear functions
of four variables for their study. This makes it possible and
useful to use the analytical optimization method.

Factor X, optimization
(average particle size of fosterol)

1. Determine the private derivative function ¥ (X, X,
X,, X,) by variable X, equate the result with 0 and find
the optimal value of the mean particle size of the foam

+0,6X.X,—0,4X.2— 0,3X 2 (1) glass (dm):
Table 1. Conditions of the three-factor experiment
. Average Range, Factor values in levels
actor name Symbol, X, — xi AX > "
Average density of foam glass, kg/m*(p,) X, 120 40 80 160
Foam glass consumption, kg/m? (P.) X, 36 8 28 44
Average size of foam glass particles, mm (d ) X, 0.5 0.2 03 0.7
The Content of the fluid component, % (C,) X, 10 2 8 12
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Fig. 2. Structure of material (a) and ceramic skull (b) when enlarged: a — 50 times; b — 1000 times

Y, /0X,=0.7 — 0.8X, =>X,=7/8 = 0.88.

Determine the natural value of the optimal size of
a part of the foam glass by using the data from table 1:

d =0.5+0.88x0.2=0.68—0.69 mm.

2. Determine the private derivative function ¥, (X, X,
X,) by variable X, equate the result with 0 and find the
optimal flow rate of the fluid component (P (b):

Y /X, =0.5—0.6X, =>X, = 5/6 = 0.83.

The natural value of the flow rate of the fluxing com-
ponent (fluxing agent) is determined using the data from
Table 1:

P,.= 10 + 0,83 x 2 = 8.3 — 8.4 % from the mass of
clay.

3. We optimize algebraic polynomials (1—3) according
to the optimal particle size of the foam glass and the flux-
ing component content, and we obtain optimized models:

v, =14,1+0,8X, — 1,2X;; (4)
v, =1390 + 18X, — 37X,; (5)
v, =144 — 14X, — 7X, — 4X X.. (6)

Dependencies (Formulas 4—6) became the basis for
forming a nomogram (Fig. 2). Variable factors are mean
density and foam flow rate; mean particle size of the
foam and fluid content have fixed optimization values.
In the nomogram sectors, a relationship is established
between the response function and varying factors: in

sector I — for medium density of burnt ceramics; in sec-
tor II — for strength to compression; in sector 111 — for
heat conductivity. Average particle size of the foam glass
0.68—0.69 mm; concentration of the fluxing component =
8.3—8.4% of clay mass.

The mean value of the result (mathematical expec-
tation) was determined, and deviation from the mean
(spread of results or discount) was taken to be closer
to the normal distribution (Gauss distribution). Using
a nomogram (Fig. 3), the direct task of digital model-
ing (predicting product properties by specified values of
variable factors) is solved graphically. The inverse prob-
lem (determination of optimal values of factors) is solved
analytically and as a result of the implementation of the
control series of the experiment.

According to product properties predictions derived
from the nomogram (Fig. 3). Control formulae (active
control experiment) were carried out, the results of which
are presented in the Table 2. The average density and the
flow rate of foam glass varied; the particle size of the foam
glass and the content of the fluxing agent were taken at an
optimal level. The compressive strength of samples was
taken as a parameter for evaluation.

The test series of the in-situ experiment allowed the
following conclusions to be drawn. First, the mean er-
ror, that is, the difference between calculated and experi-
mental values does not exceed 1.6%, which confirms the
model’s adequacy and the validity of the results obtained.
Second, the best strength values correspond to the condi-
tions of experiment No. 7; calculated strength from equa-
tion (4) — 15.9 MPa, experimental —16.1 MPa; A =1.3%.

The optimal values of factors are as follows. Variable in
the experiment: average density of foam glass 150 kg/m?;
flow rate of foam glass 30 kg/m?; optimal particle size of
ground foam glass 0.68—0.69 mm; fluid content (melt)
8.3—8.4% of clay mass. The following sample character-
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Fig. 3. A nomogram for predicting parameters and selecting the composition of products with an optimal particle
size of 0.68-0.69 mm foam and a melt content of 8.3-8.4% of clay mass. Mean density, kg/m3:a - 1320; b -1360;

in — 1400. Compressive strength, MPa: 1 - 18;2 - 17;3-16;4 - 15; 5 - 14; 6 — 13; mean density of the foam, kg/m?:
80, 120, 160; M — mean result (mathematical expectation); D — deviation from mean value

Table 2. Test results

Conditions of the experiment Compressive strength, MPa
Experience E A %
No. Average density Foam glass . ORCAL
5 . 5 Calculated Experimental
of foam glass, kg/m consumption, kg/m
1 150 42 13.7 135 1.5
2 120 42 13.0 13.2 1.5
3 90 429 12.3 12.5 1.6
4 150 36 14.8 14.6 1.4
5 120 36 14.1 14.4 2.2
6 90 36 13.4 13.6 1.5
7 150 30 15.9 16.1 1.3
8 120 30 15.2 15.0 1.4
9 90 30 14.5 14.2 2.1
Average A, % 1.6
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istics correspond to these values: average density 1320—
1360 kg/m?3; compressive strength 15—16 MPa; thermal
conductivity 0.15—0.16 W/(m °C). Separately, the brand
was determined by frost resistance: F35.

The laboratory-generated samples have properties
that are quite suitable for structural and thermal in-
sulation materials. The next stage of research will be
testing in the conditions of existing production, as well
as developing recommendations for the use of light ce-
ramics and exploring the possibility of heat-insulating
and structural ceramic products of lower density. Light
bricks can be used in wall cladding, but are not recom-
mended for foundations. It is possible to make ceramic
products both full-length and with voids, as well as the
production of modular ceramic bricks and large-format
ceramic stones.

CONCLUSION

The use of digital methods in the design and process-
ing of an experiment can significantly reduce the amount
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AHHOTALMA

BBepeHume. MNoBbiweHMe 3GPEKTUBHOCT KEPAMUUYECKOTO KAPMMYA U KAMHEN CBA3aHO CO CHVXKEHMEM CpeAHel NNOTHOCTU 13-
LEnnin 1 COOTBETCTBYIOLLEN TeNNOoNPOBOAHOCTbIO. OAHNM 13 BO3MOXHbIX MyTel ABNAETCA MOPU3aLNA CTPYKTYPbl KepaMUyeCcKoro
M3Aenus C NOMOLLbIO BbIropatoLLmx 406aBOK MUY BBeAeHWA CrelnasbHbIX NeH Npy NPUroToBIeH KepaMumyeckon cmecu. ipyras
BO3MOXHOCTb CBfi3aHa C BBEJEHNEM B CTPYKTYpPY 0COO0 Nerkux 3arnonHuTenen v, B YaCTHOCTY, ApobneHoro neHoctekna. Lenbio
nccnefoBaHui ABNANACh pa3paboTka METOAMKM ONpeaeneHns 1 ONTMMU3aLUM peLenTyp erkoro KepaMmyeckoro Kupnmya,
OCHOBaHHas Ha HOPMAaTUBHbIX TPeBOBaHMAX MO MNPOYHOCTHBIM XapaKTePUCTMKaM, MAOTHOCTU 1 TenyionposoaHocT. MeTogbl
1 MaTepmarnbl. B KauecTBe Cblpbs NCMOMb30BANNCh CYTNVHOK CPpefHelN NIacTMYHOCTU U GRoCyIoW Ml KOMMNOHEHT (TOHKOMOMOTbIN
601 CTeKNA), a TaKXKe M3MeJIbUYEeHHbIV MEHOCTEKOSbHBIN LwebeHb. CBOMCTBa 06pa3LoB onpeaenannch no HOPMaTMBHLIM METOANKAM,
npwv NJaHMPOBaHUK 1 06paboTKe pe3ynbTaToB SKCNePUMEHTA NCMONb30BaNINCh CTaTUCTUYECKNEe U LndpoBble MeToAbl. Pe3ynbra-
Tbl. YCTAaHOB/EHO, UTO ONTVMasIbHbIMU ABAATCA CyliKa npu 80 °C 1 BNaXKHOCTW Bo3ayxa 55% v 06Xur B HTepBane Temnepatyp
900-950 °C npu ycnosuy BBegeHNA GrocyoLero KOMNoHeHTa. YCTaHOBIIEHO, UTO ONTHMAaJIbHbIMU ABAATCA 3HaYeHNA GaKTOPOB:
CpefHssA NNOTHOCTb NeHocTekna 150 Kr/m3; pacxop neHocTtekna 30 Kr/m%; oNTUManbHbI pa3mep YacTvL M3MenbYeHHOro NeHocTekna
0,68-0,69 mm; cofepxaHue dntocytowwein fobaBky (NnasHs) 8,3-8,4% OT MacChl MNHbL. ITVM 3HAaYEHUAM COOTBETCTBYIOT: CPeHSAA
nnoTHOCTb 1320-1360 Kr/m? NpoYHOCTb Ha CKaThe 15-16 MIMa; TennonpoeoaHocTb 0,15-0,16 BT/(M+°C); MapKa No MOpPO30CTOM-
kocTu: F35. 06¢cyaeHue. MNprmeHeHne LndpoBbIX METOLOB NO3BONIMIO YCTAHOBUTL XapaKTep BAUSHUA BapbrpyeMbix GaKkTopoB
Ha CBOWCTBA MaTepmana: ero MPoYHOCTb, MAOTHOCTb M TEMIONPOBOAHOCTb, UTO ObIfIO NOATBEPXKAEHO NPV NPOBEPKe afleKBaTHOCTY
MoZenel Kak B Cepusax akTMBHOIO SKCNEPUMEHTa, Tak 1 NPy UCCIefoBaHUN CTPYKTYpbl MaTepurana. 3aknoueHune. PazpaboTtaHbl
OCHOBbI METOAUKM NMPOrHO3MPOBaHNA CBONCTB KepaMnYecKmx n3genuii n nogbopa ero coctaBa ¢ NoMOLLbio LdpPOBbIX METOLOB,
chopmrpoBaHbl TpeboBaHUA MO ONTUMU3ALMUY CBOWCTB M3LENNIA U3 MEHOCTEKA, @ TaKXKe MO pacxofam neHocTekna 1 GnocyoLlero
KOMMoHeHTa. [onyuyeHHble MaTepuasbl BIIOJSIHE COOTBETCTBYIOT TPeOOBaHUAM K M3enuam. JIerkuin Kupnmy aBnaeTcs KOHCTPYKL M-
OHHO-TEMNOM30ALNOHHBIM 1 MOXET NCMONb30BaTbCA Kak CTEHOBOW MaTepuarn.

KJTKOYEBDIE CJIOBA: kepaMmnueckuii Kupnud, gpobneHoe neHocTekno, 6o ctekna, uudpoBasa onTuMm3aLma, CTaTuCTnyeckoe
nnaHupoBaHue

BNNATOAPHOCTU: VccnenoBaHuA NpoBOAUANCH B pamMKax peanvsauum HayuyHo—-1MccneaoBaTenbcko paboTbl no Teme ®HW PAACH
N2 3.1.2.1 «Pa3BuUTNE TEOPETUYECKMX OCHOB NOJTyYeHNA 0COOONErknx HeopraHNYeCcKMx CTPOUTENbHbIX MaTepranoB 1 UCCNefoBaHne
BIVAHWA NOPUCTON CTPYKTYPbl Ha UX Tennodursnyeckme 1 akyCcTUUecKme XxapakTeprucTrKIMy, BbIMOTHAEMO Mo 3agaHunio MyUHcTpoi
Poccun. iccnepoBaHus npoBogunnch Ha akcnepumeHTanbHon 6ase 3A0 POKBYJL. YacTtb nccneposaHuin BoinonHeHa 8 HAY MICY
B pamkax peanusaumnm Nporpammol pa3sutuna yHusepcuteta «[MIPUOPUTET 2030». MpoekT 3.1 «<HayuHbI NpopbiB B CTPOUTENIbHOWN
OTpac/v — HOBble TEXHOMOI MM, HOBbIE MaTepuarbl, HOBble METOAbI».
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ABSTRACT

Introduction. Improving the efficiency of ceramic bricks and blocks involves reducing their average density and corresponding
thermal conductivity. One possible approach is to introduce porosity into the ceramic structure using burnable additives or special-
ized foams during the preparation of the ceramic mixture. Another option is incorporating ultra-lightweight aggregates, particularly
crushed foam glass. The aim of this study was to develop a method for determining and optimizing the formulations of lightweight
ceramic bricks based on regulatory requirements for strength characteristics, density, and thermal conductivity. Methods and
materials. The raw materials used included medium-plasticity loam, a fluxing component (finely ground glass waste), and crushed
foam glass gravel. The properties of the samples were assessed using standardized methods, while statistical and digital techniques
were employed for experimental planning and data processing. Results. It was found that the optimal conditions include drying
at 80 °C and 55% air humidity, followed by firing at 900-950 °C with the introduction of a fluxing component. The optimal values
of the factors were determined as follows: foam glass density: 150 kg/m?; foam glass consumption: 30 kg/m> optimal particle
size of crushed foam glass: 0.68-0.69 mm; fluxing additive content: 8.3-8.4% of the clay mass. These parameters correspond to
the following material properties: Average density: 1320-1360 kg/m?® Compressive strength: 15-16 MPa; Thermal conductivity:
0.15-0.16 W/(m-°C); Frost resistance grade: F35. Discussion. The use of digital methods revealed the influence of variable factors
on the material's properties (strength, density, and thermal conductivity), which was confirmed through model validation in active
experiment series and structural analysis of the material. Conclusion. This research has established a methodological framework
for predicting the properties of ceramic products and optimizing their composition using digital methods. Requirements for opti-
mizing the properties of foam glass based products were determined, including guidelines for the consumption of foam glass and
fluxing agents. The resulting materials fully comply with the relevant standards for such products. The lightweight brick exhibits
both structural and thermal insulation properties, making it suitable for use as a wall material.

KEYWORDS: ceramic brick, crushed foam glass, glass waste, digital optimization, statistical planning
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BBEAEHUE BaHMSIM IO TETUIOIIPOBOTHOCTH, a KJIAAKU — I10 TEPMU-
YeCKOMY COITPOTUBJICHNIO. OTMETHUM, UTO KJIagKa KHp-
Kepammueckue n3nenmst IpUMEHSIIOTCS B CTPOMTELCTBE  ITMYHOI CTEHBI B 2—2,5 KMpITJa BITOJIHE YIOBIETBOPSIIA

B TeUueHHUE ThIcsTUeneTnil. B koHme XX Beka, ¢ IpuHSI-  TpeOOBaHUSIM KOM(MOPTHOCTH, HO HOBBIC HOPMATHUBEI
THEM HOBBIX TETUIOTEXHUICCKIUX HOPM, KepaMMIECKNE  OKa3aIMCh HEMOCTIKUMBIMU [UISI CTEH U3 TIOJTHOTEJIOTO
CTEHOBBIC M3IENS TIePeCTaId YIOBICTBOPSTh TpeOO-  KUpIMYa. B ¢BS3M ¢ 3TUM T OOIBITMHCTBA PETUOHOB
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CTPOUTEJIbHOE MATEPUAJIOBEJEHUE

OBUIM PEeKOMEHIOBAHBI CIIONCTHIC KJIaIKH, BKITIOYAO-
mue 3HEeKTUBHBIC TeTUION30ISIIINOHHBIC 3JICMEHTHI:
TUTUTHBIC U3IEIMs Ha OCHOBE KAMEHHOM BaThI MIIM 3KC-
TPY3MOHHOTO ITEHOITOJIMCTHUPOIIA, TIPH 3TOM CTOMMOCTD
CTPOUTEINILCTBA 3HAUNTEILHO Bo3pacTtaia [1—3].

[IpuHsSTOC HaTIpaBICHNE HA TTOBBIIICHNE SHEPTETH -
YecKoil 3 (GEeKTUBHOCTH JAJIO CTUMYJ Pa3BUTHIO TEX-
HOJIOTUI KepaMUIeCKUX U3IETNI, UMCIOIINX MEHBIITYIO
TUIOTHOCTH TIPU COXPAaHEHWH YPOBHS ITPOUYHOCTHBIX
XapaKTepUCTUK M MOPO30CTOMKOCTH MaTepHUAJIOB: ITy-
CTOTHBIX U3MIEJIUA U TOPU30BAHHOU CTEHOBOUW Kepa-
MUKH. M3mennst 1erkoit KepaMUKHA UMET MEHBIITYIO
TEIUIOIIPOBOTHOCTD, YTO MTOBHITIAIO UX TCITIOTEXHIYC-
CKHE XapaKTePUCTUKHN 1 MEHBIITYIO MaccCy, 9YTO CHIKa-
JIO Harpy3Ky Ha @yHgaMmeHT [4—6]. IToayyeHne JIerkux
(TEIUION30ISIIMOHHO-KOHCTPYKIIMOHHBIX) CTEHOBBIX
MaTepHaIOB MOTJIO OCYIIECTBIISITHCSI HECKOJIBKIMU CIIO-
cobamu. Bo-TiepBhIX, 3a CUEST ITOBBIIIICHUS ITYCTOTHOCTH
U3IENIUI 10 HEKOToporo npenena. Bo-BTopslx, 3a cyer
TOPU3AINHY U3IeIUS Ha CTaausIX (pOPMOBAHMSI, CYIIIKH,
o6xxura. Tpetuii (KOMOMHUPOBAHHBIN) c1OCOO 00b-
eIVHSI ABa TepBhIX [7—9].

DopMupoBaHe BEICOKOIIOPHUCTOTO KEPAMUUECKOTO
gepernKa MOXET OCYIIECTBIIATHCS IO METOAY BHITOpa-
FOIMX T00AaBOK, 3a CYCT BBEACHMS IPEBECHBIX OITIIOK
WJIH OTCEBA IIEHOIIOIUCTHPOIIA. BTOPBIM 10 3HAYMMOCTH
CITOCOOOM SIBJISICTCS YBEIMUCHUE TIOPUCTOCTH KepaMiTde-
CKOTO KMPIIIYA 34 CUCT CO3MAHUS STICUCTON CTPYKTYPBI
B IIpoIIecce Ta3000pa30BaHMS WIIA CMEIIICHUS CO CIICIIN-
anbHBIMU TTeHaMmu [10—12]. Kak pa3HOBUIHOCTH 3TOTO
CIT0c00a MOXKET OBITh PACCMOTPEHO TTOIyUCHIE KepaMu-
yeckux asporeneii [13, 14]. CnoxxHOCTH 1711 MATEPUAJIOB
3TOM TPYIITEI 00YCIOBIICHBI HEOOXOMIUMOCTBIO CO3MAHMS
CITEIINAJIBHBIX TIeH, a TAaKKe MATKUX PEXKMMOB CYIITKH,
TO €CTh MPU HEBBICOKUX TeMIIEpaTypax U CKOPOCTIX
TEIUIOHOCHUTEIISI. B MpoTMBHOM citydae cyIecTBoBaja
OITAaCHOCTH HepaBHOMEPHOM YCaIKW W OCECHAHUS WU
pacTpecKMBaHUS KepaMUICCKOTO ChIpIIa.

PerreHne ipo06IeMBI ITOTydeHHS JIETKIX MaTepHaioB
TIPY COXpPAaHEHUM KauyeCTBCHHBIX XapaKTEePUCTUK BO3-
MOXHO 32 CUCT BBEICHHUS B MX COCTaB Ha CTAOWU IIPU-
TOTOBJICHMS CMecCelt JISTKUX HaroJTHuTeel. B kauecTBe
TIOOOOHOTO JIETKOTO 3aII0JTHUTEISI MOTYT MCTIOIb30BaTh-
csI TpaHyJINPOBAHHBIC TOPHOIIPOMBIIIICHHBIC OTXOIBI
pasznaHoro Buzaa [15, 16], a Takke OTXOIBI TETUIOBBIX
snekTpoctanumii [17, 18]. I[lepcrieKTUBHBIE pe3yiib-
TaThI MOJIYYCHEI 32 CUeT IPUMEHEHUST 0CO00 JETKUX
MuKpocdep pazaunaHoi mpuponsl [19—21]. B kauectBe
BBICOKOTIOPHCTBIX 3aITOTHUTENICH MOTYT TIPUMEHSITHCS
BCITYYCHHBIN BEPMUKYJIUT W BCITYYCHHBIN TIEPIUTOBBIN
necok. [1epIUTOBEII TECOK MMEET BHICOKOE BOIOITOTIIO-
IIeHNEe, YTO 3HAUMTEIHLHO YBEIMIMBACT IJIUTCIBHOCTD
cywmku nojrydabpukara. HekoTopsiMu uccienoBaTe-
JIIMHM OTMedJeHa 11eJIecO00pa3HOCTh IPUMEHEHMST 00-
JKUTOBOTO TleHoCcTeKa [22—24]. TInnTHOe TeHOCTEKIIO

B IIPOMBIIUICHHBIX MaciTabax B PM He mpon3BoanTC,
HO BHIITyCKAeTCST IEHOCTEKOIbHBIN IIeOeHb, IIeIeCO0-
Opa3HOCTh PUMEHEHMST KOTOPOTO 00YCIIOBJICHA €TO OT-
HOCHUTEJIFHO HEBBICOKMM BOIOIIOTJIOIIEHUEM 1 COITOCTa-
BUMOCTBIO XapaKTEPUCTUK C KepaMUISCKIM UYEPEITKOM.

TexaOMOTHS KEpaMIUICCKIX W3ICINIA BKITFOUYACT TeX-
HOJIOTUYECKUE TepeAeibl MOATOTOBKH ChIPbs, (HOpMO-
BaHWUS, CYIIKK 1 ooxwura [25—27]. ITponoKuTe IbHOCTh
CYILIKU U3IEINIA 3aBUCUAT OT CBOMCTB IIIMHSIHOU CMECH,
OTHOCHUTEJIBHO BIAXXHOCTU TETDIOHOCHUTEIS, pa3Mepa,
BHIA I KOHOUTYpALK U3IEINS, TEMIICPATYPHOTO PEXKIU-
Ma CYIIIK!, KOHCTPYKTUBHBIX 0COOCHHOCTEH CYIIMITBHBIX
yCTpoUCTB. [1pOomoIKNTEIbHOCTD CYIITKN M3ICINIA KO-
JIe6IeTCs B IIPOMBITIUICHHBIX CYIIMIAX WX CYITAITBHBIX
capasx ot 2 1o 20 cyT., a B 1abOpaTOPHBIX CYIIMIBHBIX
mkadax ot 6 10 48 u. TemnepaTypHbIii PeKUM O0XKM-
ra Kkupnnda 1 3¢ GeKTUBHBIX KEpaMUICCKUX KaMHEH
YCIOBHO pas3leiIsaeTcs Ha YeThIpe TIepruoaa; TOCYIIKHI
(temmepatypa 10 200 °C), momorpesa (700—800 °C), cob6-
ctBeHHO o6xura (900—1050 °C), ocTeiBaHMS (OXJIAXKIE-
aust 1o 40—50 °C). B cnyvyae ucronb30BaHUS U3MEITb-
YEeHHOTO IMTEHOCTEKJIa BaXKHBIM SIBJISICTCS KOPPEKIIUS
TeMIIepaTyphl CIICKaHMST KepaMHIeCKOT0 Yeperika, Ko-
TOpast MOKET OCYIIIECTBIISITLCS 3a CUCT BBEACHMS TIJIaB-
HEel, B TOM YHCJIe TOHKOMOJIOTOTO CTeKJI000s [28—30].

C y4eToM MaHHBIX aHAJIM3a PEIEHTyp U TEeXHOJIO-
U TeTIOM30JISIIINOHHO-KOHCTPYKIIMOHHBIX M3ICIHit
CTPOUTENIPHOU KepaMHUKU c(hopMyIrpoBaHa II1eJIb 1C-
CJIeIOBaHMIA: pa3pab0oTKa METOIMKY OIPEIeICHUS 1 OIT-
TUMU3AILINHI PELIETTYP JIETKOTO KePaMIUECKOTO KIUPITH-
Yya, KOTOpasi OCHOBaHAa Ha HOPMATUBHBIX TPEOOBAHUSIX
IT0 IIPOYHOCTHBIM XapaKTePUCTHKAaM, INIOTHOCTH U Te-
TUTOITPOBOTHOCTHU M3ICITHIA.

METOAbl U MATEPUAJDbI

OCHOBHBIMU KOMITOHEHTAMU CMECH [IJIs1 U3TOTOBJIC-
HMSI JIETKOTO KEPaMMYECKOTO KUPITMYA SIBJISIIOTCSL: CYIIN-
HOK, JIp00JIeHOE ITEHOCTEKIIO, MOJIOThIIA CTEKJI000i1; [JIsT
KOPPEKLUHU TEMIIEPATyPhl CIIEKAHUSI UCIIOIb3YIOT TOH-
KOMOJIOTBIE OTXOIBI CTeKJIa ((PIIFOCYIONINIA KOMITOHEHT),
I10 CBOEMY COCTaBY OJIM3KHUE K ChIPHIO IJISI IPOM3BOICTBA
rneHocreksia. IToaroroBka ChIpbeBbIX MATEPUAIIOB OCY-
LIECTBJISUIACH COTJIACHO OOIIETPUHATON TEXHOJOTUH.
dopMoBaHUE KEPAMUYECKOIO KMPIINYA OCYIIECTBIISI-
JIOCh IUIACTMYECKUM CII0CO00M, (hOPMOBOYHAST BJIaX-
HOCTB Macchl 22—24%.

CyrJMHOK MMeET KPYIHOIUCIIEPCHYIO CTPYKTYPY,
KOMKOBYIO TEKCTYpY. JIerko rnoamgaercst Apo0IeHuIO, X0-
potio pa3mMokaet B Boae. CyriIMHOK OTHOCUTCS K IPYIIIIE
YMEPEHHO ILJIACTUYHOTO ChIPbsl (YMCIIO IJIACTUYHOCTHI
12—19), MaI09yBCTBUTEIHHOTO K CyIIKe. CYTIIMHOK SIB-
JIsleTCs IOJIMMUHEPAIbHBIM ChipbeM. ComepkaHue OK-
cunos SiO, u Al O, cootBeTcTBeHHO 52—53% 1 11-12%;
MoTepu Ipu npokanusanuu 7—8%. IuHucToe Belle-
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CTBO IIPEACTABICHO KAOMUHUTOM (6—15%), MOHTMODPILI-
nountoM (10—18%), runpocmonoit (5—12%) B kauecTBe
MIPUMECH IIPUCYTCTBYET KBapLI.

[MeHOCTEKIIO — 3TO OOKUIOBBIN MaTepua CpeaHeit
WI0THOCTHIO OT 80 Kr/M3 10 200 Kr/M>. 1181 HOJIy4eHuUsE
TEILUIOU30JISILIMOHHOIO IIEHOCTEKIIA Yallle BCEro Mpu-
MEHSIIOT CTEKJIOMACCHI, IT0 XUMUYECKOMY COCTaBY OJIM3-
KHe K aJIlOMOMAarHe3uajbHOMY OKOHHOMY CTEKITy. DTH
crekia comepxar % no macce: SiO, 72—-73; ALO, 0,5—-1;
MgO 3,5-4; Ca0 6—6,5; Na, O 15,5-15,5; SO,0,3-0,5.
CTeKOoJIbHbIE LIUXThl MOTYT CIIEKATLCS B TEMIIEPATYp-
HbIx Tipenenax: ot 600 mo 1000 °C. HacelirmHast 1miot-
HOCTb 1IeOHs 13 meHocrekia 130—170 kr/m?*; ucTuHHast
MI0THOCTH — 2180 KTr/M3; BomoIomIonieHue mo oobeMy
2,7—4,4%. TermionpoBOAHOCTb B CyXOM COCTOSIHUU CO-
crasisteT 0,08 Bt/(M-°C); ipupaliieHre TEILIOPOBO-
nHoctr Ha 1% Bnaxknoctu — 0,001 Bt/(Mm-°C).

Peanusanus mocTtaBJleHHOM LieJIM OCHOBBIBAJIACH
Ha pelleHNH CIIeAYIONINX 3a1a4. Bo-1epBbix, HE00X0IUMO
ObLIO U3YyYUTh 3aKOHOMEPHOCTH CYLLKH ITPOSKTUPYEMBIX
u3nennii. Bo-BTopbIX, ¢ IpUMEHEHUEM CTATUCTUYECKIX
METOIUK M3YYUTh BIUSIHUE PELENTYPHBIX apaMeTpOB
Ha CBOMCTBa M3MIenii. B-TpeThbux, ¢ MCIOJIb30BAaHUEM
1(POBBIX METOIOB Pa3pabOTATh METOAMKY ONTHUMMU3a-
LMK COCTaBa JIETKOrO KEPAMUYECKOTO KUPITHYA.

TeopeTruecKu MPOLIECC CYLIKUA XapaKTepU3yeTCst
TpeMsI IIEPUOJAMU: HATPEBOM, IIOCTOSIHHOM U Iafaio-
LIEH CKOPOCTSIMU CYIIKHU. B peasbHbIX M3IEIMIX 32 CUET
FeOMETPUYECKOro (hakTopa U B YCIOBUSIX KOHTAKTA Te-

IUIOHOCUTEISI C U3IEAUEM B IISITU IJIOCKOCTSX (OQHA
JIOXKKOBAsI IJIOCKOCTh IIPUJIEraeT K IOMAI0HY) IIEpUOL
IMOCTOSIHHOM CKOPOCTU CYIIKUA MOXKET OBbITh CJ1a00 BbI-
PaXKeHHBIM.

OO61as fMHaAMKMKa IIpoliecca CYIIKU IpUBeaeHa
Ha puc. 1. Ycaaka usaenuii no ojiMHe U IUPUHE HE Be-
JIMKa, ITI03TOMY CJIEIYeT CYUTATh, YTO U3IAC/IUSI UMEIOT
OrPpaHMYEHHYIO YYBCTBUTEIbHOCTD K CYyIIIKE. 3aBUCH-
MOCTb IIPOAOJIKUTEIBHOCTU CYLIKUA OT TEMIIEPATYPbI
U CKOPOCTH TEIIOHOCUTEJISI II03BOJISIET IIPUMEHSITh 00-
JIee KECTKUE PEXMMBI 110 CPABHEHUIO C ITIEHOKEPaMU-
Koii. HayanbHas TeMiiepatypa TEIUIOHOCUTEIS, C OMHOM
CTOPOHBI, UHTEHCU(PULIMPYET IIPOLECC CYLIKH, a C APY-
roii, OKa3bIBaeT BIMSHKME Ha KauyecTBO usaenuii. [1pu
TemIiepaType TerutoHocutens 1o 80 °C ycanka o0pa3iioB
He IpeBblIaeT 6%, 1 U3Ie/IKs COXPAHSIIOT BBICOKOE Ka-
YECTBO.

O0pas3upl U3TOTaBINBaAINCh padMepaMu 50X 50X
50 mM. Cylika OCYILIECTBIISIACh B Ja00OPATOPHOM CY-
mTbHOM mkady mpu remrepatrype 80 °C 1 OTHOCUTEITb-
HOI Bi1axxHOCTH cpenbl 50—55%; cpok cyiku — 12 yac.
OO0KUT U3IEINI OCYILECTBIISLIN B My(heIbHOM IIeUn IIpU
pacuetHoi Temriepatype 900—950 °C. Pexxum obxkura:
nopHsATHE TemiepaTypsl oT 18 1o 100 °C — 15 MuH, BbI-
nepxxka ripu 100 °C — 10 MuH, TIOTHATHE TeMITepaTy-
pol 10 650 °C — 120 MuH, BeIIEPKKA IIPU TEMIIEPATYpE
650 °C — 60 MUH, TTOIHATHE TEMITEPATYPHI IO PACUETHOMN
120 MuH, BbLAEPKKA IIPU PACUETHOM TeMIlepaType —
120 MUH; eCTECTBEHHOE OCTbIBAHUE B IIEYU.
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Puc. 1. Cywkn Kepammyeckmx obpasLioB Ha MEHOCTeKe (XapaKTepUCTNKK TennoHocuTens: Temnepatypa 80 °C, oT-
HOoCUTENbHAA BAXHOCTb 40 %): 1 — KpMBadA CYLLKY; 2 — CylunIbHaA ycafka; 3, 4 — TemnepaTtypa Bepxa 1 cepeauHbl

obpasua
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OCHOBOIT METOIOJIOTUN UCCIICIOBAHUS BIIMSTHUST Xa-
PaKTePUCTUKI IIEHOCTEKIIA M (PITFOCYIONIETO KOMITOHEHTA
Ha CBOMCTBA M3IC/INIT ObUTH MU(PPOBBIC METOMIUKH TIJIa-
HUPOBaHUS U 00pabOTKHU pe3yIbTaTOB SKCIICPUMEHTA
[31, 32], a TakKe METOJ aHAJTUTUIECKOI ONTUMU3ALINH,
paspabotanubiii B HUY MI'CY 1 onnpoboBaHHBIN TTpU
peLIeHNU PELEIITYPHBIX M TEXHOJIOTMISCKIX 3a0ad ISt
MHOTHUX BUJOB CTPOUTENILHBIX MaTepuaiioB [33, 34].

B xauecTBe BapbUpyeMBIX (DAKTOPOB IIPUHSITHI Xa-
PAKTEPUCTUKH U3MEITbYCHHOTO MEHOCTEKIIA: CPEIHSIST
TUIOTHOCTH (X)), pacxon (X,) ¥ CpeHuii pasmep YacTuIL
(X,), a TaKKe pacxol TOHKOMOJIOTOTO 0051 CTEKJIa KaK
Gbmocyomero komnoneHTa (X,). B kauecte GhyHKuMiA
OTKJIMKA — IIPOYHOCTD M3aenus npu cxaruu (Y, MIla),
€ro CPe/IHsIsl TNIOTHOCTH (Y, KI/M®) ¥ TEIJIONPOBOIHOCTD
B cyxoM coctosgnuu (Y, = A-107° 1/(m-°C)). 3Hauenus
(pyHKIMIT OTKIIMKA oTpeneisunch o Mmetonukam 'OCT
530-2012.

IToce ipoBeacHNS TIPpeABAPUTEIBHBIX CEPUIT DKC-
TIEPUMEHTOB OBUIM OTIpEIe/ICHBI ONTUMAIbHBIC YCIIO-
BUSI TCIJIOBOI 0OPaOOTKM U YCTAaHOBJICHBI MHTEPBAJIBI
BapbUpOBaHUS (HAKTOPOB. YCIOBUS SKCIICPUMEHTA
npeacTaBiieHbl B Ta0J. 1. B akcnepuMeHTe ObLia mpu-
HSITa ITOJTHAsI KBaApaTUIHasi MaTpuiia D-onTuMaIbHOTO
IUTaHa. B Kaxmoit cTpoKe TuIaHa OITBIT TTOBTOPSICS 5 pa3
(n =5). I CHIDKEHUST BEPOSITHOCTH BIIUSTHUS TIOMEX
¥ HEYYTCHHBIX (DAKTOPOB MCITOIH30BAJICSI METOI PaHIO-
MU3aIIAN TIOCIeI0BATEILHOCTH OITBITOB.

YpaBHEHUST perpecCuy TTOTyIeHBI B pe3yJIbTaTe 00pa-
OOTKM SKCITEPUMEHTAIBHBIX JaHHBIX, KOTOPast OCYIIEeCT-
BIIsIACh B ITporpamme Statistika. [TpoBepka 3HaumMocT!
K03 GUIIMEHTOB ITPOBOAIIIACH IO BEIMINHE JOBEPH-
TEJbHBIX MHTEPBAJIOB II0 TIPOYHOCTH 1 MO TIOTHOCTH
MaTepurana. BermunmHa DOBepHUTEIBPHOTO MHTEpBaIa
oIpenelsuIach 1mo Kputepuio CThIOACHTA IS S OTIBITOB
¥ IVICTICPCUY TTapaJuUIeIbHBIX OITBITOB. JlOBepUTEIHHEIC
wHTepBabI (Ab) coctaBuiu o mpoaHocTr — 0,2 MIa,
10 CpeHEN MIIOTHOCTH — 9 KT/M?, TI0 TETIONPOBOIHO-
ctr — 9 xr/M?, o TerutonpoBogHocTr — 0,004 Bt/(M-°C).
KoapdunueHTH ypaBHEHUN perpeccuu, MEHBIINE
0 aOCOTIOTHOM BEJIUYMHE COOTBETCTBYIOIINX 3HAYE-
HUI TOBEPUTEIBHBIX MHTEPBAJIOB, pacCMaTPUBAINCh
KaK He3HaUYNMBbIC U IIPUPAaBHUBAINCH K 0.

Ta6nuua 1. YcnoBus TpexpakTOpHOro sKCnepumeHTa

PE3YNIbTATbl U OBCYXXAEHUE

ITo pe3yabraTaM aKTMBHOTO 3KCIIEPUMEHTA ITOJTY-
yeHBI 0a30BBIe ypaBHEHUs perpeccuu. IIpoBepka 3Ha-
YUMOCTH KO3 (ULMEHTOB IIPOBOAMIIACH IO BEIMIM-
HE TOBEPUTEIILHBIX MHTCPBAJIOB IO TIPOYHOCTU U TI0
IUIOTHOCTH MaTepuaja. BemmunmHa moBepUTEIBHOTO
WHTEpBaja oIpeaeisiaach mo Kpurepuio CThIOICH-
Ta (t-KpUTepusI) WIS 5 OIBITOB (# = 5) M OUCIIEPCUN
IMapajuIeIbHBIX OITBITOB. [JoBepUTEIbHBIC MHTEPBAIBI
(Ab) coctaBwmm 110 ipouHOCcTH — 0,2 MI1a, 110 cpemHei
IJIOTHOCTH — 9 KI/M?, 110 TEILIOMPOBOAHOCTU — 9 KI/M?,
1o TerwtornipoBogHocT! — 0,004 Bt/ (M-°C). Koaddhmim-
SHTHI ypaBHEHUI perpeccril, MCHBIINE IO aOCOTIOTHOM
BEJIMIMHE COOTBETCTBYIOIINX 3HAYCHUI TOBEPUTEIHLHBIX
HMHTEPBAJIOB, PACCMATPUBAINCH KaK HE3HAYNMEIC 1 TIPH-
paBHUBaNMMCH K 0.

BazoBble ypaBHEHUS perpecCrH MTOIyIeHBI B MHTEP-
BajlaX U3MCHEHMS BapbUPyEeMBIX (haKTOPOB (Ta0. 1) mrst
IIPOYHOCTH U CPEITHEH TUIOTHOCTH M TETUIOIIPOBOTHOCTH:

V,=13,6 +0,8X, — 1,7X, + 0,7X, + 0,5X, +

+0,6X.X, — 0,4X.” — 0,3X % (1)
v, = 1378 + 18X, — 51X, + 14X, + 8 X,X;; ()
V=144 + 14X, — 7X, + 4X X,. (3)

O1eHKa aIeKBaTHOCTY Ha HAYaJIbHOM YPOBHE IIPOBO-
IAJIACh CpaBHEHUEM PACUCTHBIX M 3KCITEPUMEHTATBHBIX
sHaueHnit Kputepust Gumrepa (F-kputepus) u mamee
B pe3yNIbTaTe pean3allii KOHTPOJIBHBIX CepHil aKTUB-
HOTO 3KCIIEPUMEHTA.

AHam3 0a30BBIX YPaBHCHUIA PerpecCHy MIOKa3EIBaCT,
YTO HaMOOJIbIIIee BIMSHUE Ha IIPOYHOCTh OKA3hIBAIOT
XapaKTEPUCTUKHU MEHOCTEKIA (KO3 OUILMEHTHI TTIpH X
u X,) u ero pacxon (KoabduumeHT npu X,), a Takxe
ImapHoe BIWSHIE pacxXoaa IMMeHOCTEeKIIa U pa3Mepa ero
yactuil (Koo duiment npu X,X,). 3HAYUMbIM TaKXKe
SIBJISIETCSI coflepKaHMe (DIIFOCYIONIEro KOMITOHEHTa (KO-
s dunment npu X,). XapakTep Noa00HOTO BIUAHUS
MOKHO OOBSICHUTH CTPYKTYPOI TTOJIy4aeMOTO MaTepH-
ana (puc. 2). Koppextupyioliiee neiicTBe MOJIOTOTO

c CpepHee WnTepBan 3HaueHus pakTopa
HaumeHoBaHue ¢pakTopa I/II\)II(BOH 3HaueHne | BapbMpoBaHuA, Ha ypoBHAX
i dakTopa, X; AX, -1 1
CpepiHAA NIOTHOCTb NeHoCTeKNa, Kr/mM*(p,) X, 120 40 80 160
Pacxop neHocTtekna, kr/m* (P ) X, 36 8 28 44
CpeaHuit pasmep 4acTu neHocTekna, Mm (d ) X, 0,5 0,2 0,3 0,7
CopepkaHue dnocyroLero KOMMoHeHTa, % (C¢) X, 10 2 8 12
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Puc. 2. CTpyKkTypa MaTepuana (a) n kepammnyeckoro yeperka (6) npu ysenmyeHnu: a — B 50 pas; 6 — 8 1000 pa3

CTEKJI000sT KakK (PIIIOCYIONIEro KOMIIOHEHTa, CHUXAT0-
IIeTO TeMIIepaTypy CIieKaHUsI KepaMHUYeCKOTO Yeperika,
YTO JIeJIaeT BOBMOXKHBIM CTIeKaHWe YaCTHUIL TIEHOCTEeKIIa
¢ KepaMuiecKoil MaTpulleit 6e3 paspyiieHus (pacriaB-
JIEHWST) YaCTUI] TIEHOCTEKJIA M COXPAHEHUS] UMU TIOPU-
CTOU CTPYKTYPBI 000KKeHHOTO MaTepuana. CpenHsist
TUTOTHOCTh MaTepuajia v ero TeTUIONPOBOTHOCTD OTIpe-
JIEJISTIOTCST XapaKTepPUCTUKAMU U PACXOOM APOOJIEHOTO
reHocTeka (ToJIMHOMBI 2 U 3).

3HaueHust K03GhGUITMEHTOB OJTMHOMA | TTO3BOJISIIOT
cleNaTh BBIBOM 00 SKCTpeMaTbHOM BIUSIHUU pa3Mepa
YaCTHUII TIEHOCTEKJIa U pacxoaa (IIoCYIONero KOMIIO-
HEHTA Ha IPOYHOCTD M3eus (K03 dUUMeHTsI Tpu X,
u X2, paBHble cooTBeTCTBEHHO —0,4 1 —0,3). C yyeTom
TOTO, YTO TIpoBepKa nmosmHoMmoB (1—3) o F-kpurteputo
ToKa3aja X aJieKBaTHOCTh M KaK CTAaTUCTUYECKUX T10-
JIMHOMOB, U KaK aJre0pandeckKux MOJeeil, To sl nxX
U3y4eHUs BO3MOXHO TTPUMEHEHUE METOMIOB ajire0pau-
YECKOTO aHATN3a HeJTMHENHBIX (DYHKIINIA YEThIpEX Iepe-
MEHHBIX. DTO JIeJ1aeT BO3MOXHBIM U 11€1eCO00pa3HBIM
MPUMEHEHNE METOa AaHATUTUIECKOM ONMTUMU3AIINN.

Ontumusaumsa no pakropy X,
(cpepHUN pa3mep YacTUL, NEeHOCTEKA)

1. OnpenensieM 9acTHYIO TTPOU3BOAHYIO (DYHKITUM
V.(X,, X,, X,, X,) 10 niepeMeHHO}# X, NpYpaBHUBAEM pe-
3ynbraT () 1 HAXOIUM OTITUMAJIbHOE 3HAUEHNE CPETHETO
pasmepa 4acTuil neHocrekna (d,):

Y /0X,=0,7—0,8X,=>X,=7/8=0,88.

HarypanbHyto BeIM4rMHY ONTUMAaJbHOTO pa3mepa
YyacTu MEHOCTeKJIa oIpeaessieM, UCIOoAb3ysl JaHHbIE
TaOIMIHI 1:

d =0,5+0,88%0,2=0,68—0,69 mm.

2. OmpenensieM 4acTHYIO TTPOM3BOAHYIO (DYHKITNM
V. (X,, X,, X,) mo nepemMeHHoii X,, MpUpaBHUBaeM pe-
3ynbTaT () ¥ HAXOMUM ONTUMAIBHOE 3HAYeHUE Pacxoia
(mocyromnero kommonenra (P GI)):

9y /0X,=0,5— 0,6X,=> X, = 5/6 =0,83.

HatypanbHyio BeIuduHy pacxona (IIoCyIOIlIero
KOMIIOHEHTa (ILJIaBHSI) OIpe/elisieM, UCIOJIb3Ysl JaH-
HbIe TaOIUIIBI 1:

P,.= 10+ 0,83 x 2=28,3 — 8,4% oT MacChbl IJIMHBI.

3. OcyuiecTBiIsieM ONTUMHU3ALIKIO aredpanyeckKux
MOJMHOMOB (1—3) 110 onTUMAaIbHBIM pa3MepaM YacTHIL
MEHOCTEKJIA U 10 COAEPXKAHUIO IJIABHS U MOJIy4aeM OIl-
TUMU3MPOBAHHbIE MOMIEIN:

Y, =14,1+0,8X, - 1,2X;; 4)
v, = 1390 + 18X, — 37X,; ®)
V=144 — 14X, — 7X, — 4X X,. (6)

3aBucuMocTH ((hopMyIbl 4—6) CTaT OCHOBOM JIIST
(opmupoBanust Homorpammsl (puc. 3). BapsupyembiMu
(hakTOpamMu SBISIOTCS CPEAHSIST TITIOTHOCTh U PAcXo
TIEHOCTEKJ1a; CPEAHUH pa3Mep YaCTUI] TIEHOCTEKIIA U CO-
Jepkanue (PIIocyroniero KOMIoHeHTa NMEIoT (hUKCU-
pOBaHHbBIC 3HAYEHUSI, TIOJyICHHBIE B PE3YJIbTATE ONTH-
Mu3anun. B cekropax HOMOTpaMMBbl yCTaHABIIUBACTCS
B3aMMOCBSI3b MEXY (DYHKITMEH OTKIIMKA U BAPbUPYEMbI-
MU pakTopamu: B ceKTope | — 11t cpeaHeit TiIoTHOCTH
000XCKEHHBIX KEpaMUYECKUX U3aenunid; B cektope 11 —
JIJISI TPOYHOCTU Ha cxkaTue; B cektope I11 — mist Terto-
npoBonHocTu. CpeqHUi pa3Mep YacTUIl TIeHOCTEKIa
0,68—0,69 MmMm; comepkaHue hIFOCYIONIETO KOMITOHEHTa
(tutaBHs1) = 8,3—8,4% OT Macchl IJIUHBI.
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Pacxop ImeHOCTeKIa, KI/As

160 4-15;5-14;6-13; CpeHAA NNOTHOCTb
neHocrtekna, kr/m*: 80, 120, 160; M —
i 4“,11 CpefHee 3HauYeHue pesynbTaTta (MaTema-

Tnyeckoe oxunpgaHue); D — oTKNIoOHeHne

Omnpenesuioch cpeaHee 3HaUeHNe pe3yabrara (Ma-
TeMaTHIeCKOe OXXUAAHNE), a OTKIIOHCHUE OT CPETHETO
(pa3dpoc pe3yabTaTOB MM AUCKOHT) TIPUHUMAJICS TIPH -
OIIKEHHBIM K HOPMAaJIbHOMY pacIipeieicHUIo (pacipe-
neneHmio ['aycca). C moMoImbpio HoMorpaMMBI (puc. 3)
TIpsiMast 3amava rudpoBoOTro MOISIMPOBAHUS (TIPOTHO3HU -
POBAaHMU CBOICTB M3ICIINIA 10 3a1aBaeMbIM 3HAYCHMSIM
BapbUpPYyeMBIX (DaKTOPOB) pemraetcs rpacdmdecku. O6-
paTHas 3agada (oIpenesiecHue ONTUMAIBbHBIX 3HAUCHUHA
(akTOpOB) pemraeTcsa aHAIUTUICCKA W B pE3yIbTaTe
peam3aiy KOHTPOJIbHBIX CEPUIA 3KCIIepUMEHTA.

B cooTBeTCTBUM C MPOTHO3aMHU CBOMICTB M3HCIIIHA,
MOJIyIeHHBIMHU M3 HOMOTpaMMBI (puc. 3), OBLIN IIpO-
BeIeHBI KOHTPOJIbHBIC (DOPMOBKU (KOHTPOJIBHBIN aK-
TUBHBIN 3KCIIEPUMEHT), Pe3yIbTaThl KOTOPOTO TIpe-
cTaBJIeHBI B TabuIIe 2. BapprupoBannch cpemHsIst TUI0T-
HOCTB 1 pacXol IIEHOCTEKIIa; pa3Mep YaCTHIL IIEHOCTEKIIa
¥ conmeprKaHNe TIaBHS IPUHUMAINCH Ha OIITUMAaIBHOM
ypoBHe. B KauecTBe mapameTpa OLIEHKM ObIJIa IIPUHSITA
MPOYHOCTb 0OPA3LIOB HA CXKATHE.

KoHTpobHBIE cepUM HATYPHOTO 3KCIIEPUMEHTA
TMO3BOJIMIN C(HOPMYITUPOBATH CICAYIOIINE BEIBOIHI.
Bo-mepBhIX, CpemHsIsI OITMOKA, TO €CTh pa3HMIIA MEXKITY
pacuyeTHBIMU M SKCIICPUMEHTAJTbHBIMU 3HAYCHUSIMU,
He rpeBbiaer 1,6%, 4To MoaTBEPXKAAET afeKBaTHOCTh
MOJIEJIM ¥ JOCTOBEPHOCTH MOJIYICHHBIX PE3YIbTATOB.
Bo-BTOpBIX, HAMTYYIIHE TIPOYHOCTHBIC TTOKA3aTEIIHN CO-
OTBETCTBYIOT YCIIOBUSIM 3KcTiepruMeHTa No 7; pacueTHast
MIPOYHOCTH, TIOJIyIeHHAsI 13 ypaBHeHU (4) — 15,9 MI1a,
sKcnepuMeHTanbHag —16,1 MIla; A =1,3%.

OnTuMaIbHBIMU IPUHSTH CIICAYIOIINe 3HAUYCHUS
(akTOpPOB, BAapbUPYEMBIX B 9KCIICPUMEHTE: CPEIHSIS

OT CpeaHero 3Ha4vyeHuA

IJIOTHOCTD ITeHOocTeKIIa 150 Kr/M3; pacxo meHocTekia
30 Kr/M>; onTUMAabHBIA pa3Mep YaCTUL U3MEeJIbUEH-
HOTO TTeHoCTeKIIa, paBHbIil 0,68—0,69 MM; conepxkaHue
dmocyronieit nodbasku (r1aBHs) 8,3—8,4% oT Macchbl
[JIMHBI. DTUM 3HAYEHMSIM COOTBETCTBYIOT CIIEAYIOLIE
XapaKTepUCTUKU 00pa31oB: CpeaHss ITNIOTHOCTH 1320—
1360 xr/m*; mpouHOCTb Ha cxkatue 15—16 MIla; Temno-
nposBoaHocth 0,15—0,16 Br/(M-°C). OtaenbHo orpee-
JIsIach MapKa 1o Mopo3octoiikoctu: F35.

[MonyyeHHble B 1aOOPATOPHBIX YCIOBUSIX 00pa3LIbl
10 CBOMM CBOICTBAaM BIIOJIHE COOTBETCTBYIOT TpeOOBa-
HMSIM, TIPEAbSIBISIEMbBIM K KOHCTPYKIIMOHHO-TETLION30-
JIILUMOHHBIM MaTepuaiaM. ClieyolrM 3TalloM Ucciie-
JIOBAaHMI OyaeT arpobaLus B yCJIOBUSIX OEHCTBYIOLIEIO
IIPOM3BOACTBA, a TaKXe pa3paboTKa peKOMeHIALIUA
I10 IIPUMEHEHUIO U3EJINIA JIETKOM KEPaMUKH, a TAKXKe
M3y4YeHME BO3MOXHOCTU TEILUIOU30/ISILIMOHHO-KOHCTPYK-
LIMOHHBIX KEPAMUYECKUX U3IEINI MEHbILIEH IIIOTHOCTH.
Jlerkuii Kupnu4 MOXeT ObITh UCITOJIb30BaH B KJIagKax
CTEH, HO IIPUMEHEHUE ero B hyHIaMEHTaX He PEKOMEH-
nyercs. Bo3MOXHO M3roTOBICHUE KEPAMUYECKUX W3-
[N KaK MOJIHOTEJIBIMU, TaK U C ITYCTOTAMHU, a TAKKE
MU3rOTOBJIEHUE MOAY/IbLHOIO KEPAMUYECKOTO KUpIIMYa
1 KpyIMHO(MOPMATHBIX KEPAMUYECKUX KAMHEI.

3AKJIIOMEHUE (BbIBOADI)

Hcnonb3oBanue MUGPOBBIX METOINK TIPH TLTAHU-
pOBaHUM 3KCITEPUMEHTA 1 00pabOTKE eT0 Pe3yIbTaTOB
ITO3BOJISICT 3HAYMTEITHHO COKPATUTh MAaTEePUATIOEMKOCTh
1 00beMBbI UCCIEA0BaHUI 0e3 yiep0a ISl MoJIy4aeMbIX
pe3ynbTaTtoB. [Ipu 3TOM SIBIIsSIeTCS 00s13aTeIBHOM TIPO-
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Ta6nuua 2. Pe3ynbTaTbl KOHTPOSIBHOTO SKCMEPUMEHTA

Ne YcnoBusA sKkcnepumeHTa MpouHocTb Ha cxkaTue, MMa T
CULRE Cpeauan nnotHocTb Pacxop neHocTekna, Kr/m? PacyétHan kcnepumen- A, %
neHocTekna, Kr/m? TanbHas
1 150 42 13,7 13,5 1,5
2 120 42 13,0 13,2 1,5
3 20 429 12,3 12,5 1,6
4 150 36 14,8 14,6 1,4
5 120 36 14,1 14,4 2,2
6 90 36 13,4 13,6 1,5
7 150 30 15,9 16,1 1,3
8 120 30 15,2 15,0 14
9 90 30 14,5 14,2 2,1
CpepHas A, % 1,6

BepKa ITOIYICHHBIX TaHHBIX B KOHTPOJIbHOM HAaTYpPHOM
9KCIIEPUMEHTE.

ITo pe3ynbpTaTaM MCCICIOBAHUI ONMTUMAIbLHBIMUI
TIPUHSTHI CICAyIONINe 3HaUYeHUS (paKTOPOB, BapbUpye-
MBIX B 9KCITEPUMEHTE: CPEIHSISI TUIOTHOCTH IIEHOCTEKIIa
150 xr/m?; pacxon neHoctekia 30 Kr/M3; onTUMAaIbHBII
pa3Mep 4acTHUIl M3MEJIbYCHHOTO TICHOCTEKIIA, paBHBII
0,68—0,69 MmM; comepkaHuu (iocylolleil 106aBKu
(mnaBH#) 8,3—8,4% OT Macchl INIMHBI. DTUM 3Haue-
HUSIM COOTBETCTBYIOT CIICAYIOIINE XapaKTePUCTUKH
00pa3LoB: cpeaHss II0THOCTh 1320—1360 kr/m3; mpou-
HOCTBb Ha cxkatue 15—16 MIla; TermIonpoBOAHOCTD

CMNCOK NCTOYHUKOB

0,15—-0,16 Br/(M-°C); Mapka 10 MOPO30CTOMKOCTU:
F35.

B pesyibrare ucciaenoBaHuil pa3paboTaHbl OCHOBBI
METOIMKU ITPOrHO3MPOBAHUSI CBOMCTB KEPAMUUYECKUX
u3aeanii, copMrpOBaHbI TPEOOBAHUS 10 ONITUMU3ALIN
CBOICTB IIEHOCTEKJIA, a TAKXKE I10 pacXxoaaM IIEHOCTeKIa
1 GuIrocyolLero KoMrnoHeHTa. I[1oydeHHbIe MaTepHUab
BIIOJIHE COOTBETCTBYIOT TPEOOBAHMSIM K KOHCTPYKLIOH-
HO-TEIUIOU30JISILMOHHBIM U3aeausIM. JIerkuii Kupnuy
Ha OCHOBE ITEHOCTEKJIA MOXKET ObITh MCIIOJIb30BaH B TE-
109G HeKTUBHBIX Kaakax creH. [IpruMeHeHue JIerkoro
KUpIuya B (pyHIaMeHTaX He PpEKOMEHIYETCSI.
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ABSTRACT

Introduction. Lime mortars used for the restoration of historical buildings are characterized by low resistance during operation.
The durability of lime solutions can be increased by using hydraulic lime as a binder. However, the share of hydraulic lime in the
lime binder production structure is only 19.8%. Given the low volume of production of natural hydraulic lime, it is promising to
develop a formulation of artificial hydraulic lime. Materials and methods. To develop the formulation of artificial hydraulic lime,
grade 2 slaked lime (pushonka) with an activity of 64% was used, as well as grade 2 air lime with an activity of 84% (GOST 9179-18).
The technology for producing artificial hydraulic lime consisted of mixing slaked lime with pozzolan additives, as well as mixing air
lime with pozzolan additives during the quenching process. When developing the formulation of the plaster mortar, quartz sand
from various deposits was used as a fine filler. The optimal type of sand was selected based on the strength criterion of calcareous
composites and sand activity, characterized by the value of free surface energy. Results. It has been established that the most ef-
fective is the addition of metakaolin. The compressive strength of the solution at the age of 28 days of hardening is 2.1 MPa when
using second-grade quicklime. Increasing the dosage of metakaolin to 40% by weight of lime increases the compressive strength
to 2.7-3.1 MPa. Pozzolan additives silica, dehydrated clay, diatomite at a dosage of 10% by weight of lime do not provide the re-
quired compressive strength of at least 2.0 MPa. The introduction of Portland cement in the formulation in an amount of 25% by
weight of lime contributes to a significant increase in compressive strength, amounting to 2.9-4.0 MPa, depending on the type
of additive and type of lime, as well as the technology of binder preparation. The porosity of calcareous stone based on artificial
hydraulic lime was determined, amounting to 48-51%, while a decrease in the volume of closed pores was observed. Solutions
based on artificial hydraulic lime provide sufficient adhesion strength to the brick substrate, amounting to 0.4-0.55 MPa/kg. It has
been established that the use of methakaolin in the amount of 40-50% of the mass of air lime makes it possible to obtain artificial
hydraulic lime. The developed compositions of artificial hydraulic lime are proposed to be used for the restoration of buildings of
historical buildings, as well as finishing newly erected facilities. Conclusion. It has been established that the use of aerial quicklime
in the preparation of artificial hydraulic lime promotes a more durable lime composite structure. The porosity of limestone based
on artificial hydraulic lime is lower than that of limestone based on aerial lime, and for limestone based on cement-based composi-
tions, it is lower than that of limestone based on hydraulic lime. HL artificial hydraulic lime and plaster mortar formulations based
on it have been developed for the restoration of cultural heritage sites and the finishing of new buildings.

KEYWORDS: lime, pozzolan additives, strength, porosity, free energy of the surface
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BaneHTuHa MiBaHOBHa JloraHunHa'*
UpuHa BacunbeBHa CtennHa?

, UpuHa AnekcaHpgpoBHa MapbkuHa' (2, EBreHns BnagumunposHa Tkau? (2},

' MeH3eHCKMI rocyAapCTBEHHDIN apXUTEKTYPHO-CTPOUTENbHbIN YHUBepcuTeT, 440028, MeH3a, yn. I. Tutosa, 28,
Poccuninckas Qepepauus

2 HaumoHanbHbIN nccnefoBaTenbCkuini MOCKOBCKMI roCyAapCTBEHHDBIV CTPOUTENbHBbIN yHUBepcuTeT, MockBa, 129337,
MockBa, fipocnaBckoe wocce, 26, Poccuiickaa Oepepauma

* ABTOp, OTBETCTBEHHbIN 3a Nepenucky: e-mail: loganin@ mail.ru

AHHOTALMA

BBepieHme. 13BecTKOBbIE PAaCTBOPbI, NPYMEHAEMbIE AJ1A pecTaBpaLluv 34aHNIN UCTOPUYECKON 3aCTPOIKI, XapaKTepu3yHOTCA HU3KOM
CTOWKOCTbIO B MpoLiecce 3KcnnyaTauuu. CTOMKOCTb N3BECTKOBbIX PAaCTBOPOB MOXKET OblTb MOBbILLEHA NPYMEHEHVEM B KayecTse
BAXYLLEro rvapaBnmyeckon nssectn. OfgHako B CTPYKType BbiMyCKa 13BECTKOBOIO BAXYLLEro AONA MMApaBAnyecKon N3BecTu co-
cTaBnaeT Bcero nuwb 19,8%. YuntbiBas HU3KUN 06beM NPOM3BOACTBA HaTypasibHOW A PaBANYECKON N3BECTN, MePCNEKTUBHON
ABnAeTCcA pa3paboTka peLenTypbl NCKYCCTBEHHON rMapaBnMyeckoin n3sectu. MaTtepuanbi u metoAbl. [1na pa3paboTku peLenTypbl
NCKYCCTBEHHOW rMApaBMyeCcKon N3BecTv NPYMEHANN ralleHyio U3BeCTb (MyLIOHKa) 2 copTa C aKTUBHOCTbIO 64%, a TakXke BO3AYLUHYIO
N3BeCTb 2 COpTa C aKTMBHOCTbI0 84% (TOCT 9179-18). TexHonorna nony4eHna NCKyCCTBEHHON MMApaBnnyeckor U3BeCTu 3aksiioyanach
B CMELUMBaHWU ralleHol N3BeCT C NyLL0NaHOBbIMM J06aBKaMU, a TakKe B CMeLIVBaHMW BO3AYLLIHOW N3BECTM C MYLLLONaHOBbIMU
AobasKkamu B npovecce raweHus. Mpu paspaboTke peLenTypbl WTYKaTypHOro pacTBOpPa B KauecTBe MENKOro 3anofHuTens npu-
MEHANV KBapLIEBbI NeCOK PasNYHbIX MeCTOpOXKAeHUI. Bbibop onTumanbHOro BrAa necka NpoBOAWICA U3 KPUTEPUA MPOYHOCTH
N3BECTKOBbIX KOMMO3UTOB M aKTUBHOCTY NECKa, XapaKTepn3yemol 3HaueHnem CBOOOAHOM MOBEPXHOCTHOM 3Heprin. PesynbraTbl.
YcTaHOBNEHO, UTO Hanboree 3hpdeKTUBHOI ABNAETCA fLobaBKa MeTakaonmHa. [POYHOCTb MpK CKaTr pacTBOpa B BO3pacTe 28 CyToK
TBepaeHuA cocTasnaeT 2,1 MINa npu nprMeHeHUN HeralueHo N3BeCTU BTOPOro COpTa. YBennyeHvie A03MPOBKM MeTakaonnHa Ao 40%
OT MacCbl M3BECTU MOBBILAET MPOYHOCTb MW CKaTumn Ao 2,7-3,1 MMMa. MyuuonaHoBble J06aBKN (MUKPOKpeMHe3eM, AernapaTmpo-
BaHHas rMviHa, AYAaTOMMT) Npy Jo3UpoBKe 10% OT MacCbl M3BECTW He 06ecneymnBatoT TpebyemMo MPOYHOCTN NP CKaTUK, PaBHON
He meHee 2,0 MlMa. BBefeHue B peLienType nopTiaHALEMEHTa B KomuecTse 25% OT MacChl 3BECTY CMOCOOCTBYET 3HAUMTENIbHOMY
MOBbILIEHWIO MPOYHOCTU MPU CKaTUW, cocTaBnaAoLemy 2,9-4,0 MMa B 3aBMCMMOCTY OT BuAa A06aBKM 1 BAA N3BECTH, @ TAaKXKE TeX-
HOMOrVW NPUrOTOBIIEHNA BAXKYLLero. OnpeaenieHa NOPUCTOCTb N3BECTKOBOIO KaMHA Ha OCHOBE UCKYCCTBEHHO rmppaBamnyeckom
U3BeCTU, cocTaBnAoLwasn 48-51%, Npu 3ToM HabnoJAeTCA yMeHblUeHre 06bemMa 3aKpbITbIX MOpP. PacTBOPbI Ha OCHOBE NCKYCCTBEH-
HOW MMApPaBIMYeCcKO N3BECTU 06ecrneyrBatoT JOCTaTOUHYIO MPOYHOCTb CLEMEHNA C KUPMMYHON MOLNOXKKOW, COCTaBNALLYO
0,4-0,55 MITa. 3aknioyeHune. YCTaHOBIEHO, YTO NPUMEHEHVE BO3AYLLHON HeraleHon N3BecTy NP NPUroToBAEHNN NCKYCCTBEHHON
rMApaBaNYeCcKon U3BECTN CNOCOBCTBYET Gonee NPoYHOMY GOPMUPOBAHNMIO CTPYKTYPbl M3BECTKOBOIO KOMMO3UTa. BbiABNeHO, uTo
MOPUCTOCTb N3BECTKOBOTO KaMHA Ha OCHOBE NCKYCCTBEHHON MMApaBiMyeCckon 3BeCTU MeHbLLE MO CPaBHEHMIO C KaMHEM Ha OCHOBe
BO3[YLUHOW N3BECTY, @ AN1A N3BECTKOBOIO KaMHA Ha OCHOBE COCTaBOB C MPUMEHEHVEM LieMeHTa — MeHbLUe, YeM Ha OCHOBe rmapaB-
Nmyeckomn n3sectn. PazpaboTaHbl COCTaBbl ICKYCCTBEHHOWM rMAPaBANYeCcKoi n3sectu HL 1 lWTyKaTypHOro pactBopa Ha ee OCHOBe,
npefHa3HayeHHble AnA pecTaBpaLuy 06beKTOB KyIbTYPHOIO HacIeAnaA 1 OTAENKM BHOBb BO3BOAMMbIX O6BEKTOB.

KJTIOYEBBIE CJIOBA: 13BecTb, NyLL0NIaHOBbIe J06aBKU, MPOUYHOCTb, MOPUCTOCTb, CBOOOAHAA SIHEPrUs MOBEPXHOCTU

BNNATOAAPHOCTMW: PaboTa BbiNonHanack B paMkax BbiNosHeHus rpaHTa OTpacneBoro KoHcopumyma «CTpoUTeNIbCTBO 1 apXmUTeK-
Typa» Ha npoBeAeHne dyHAAMEHTaNbHbIX U NMPUKNaAHbIX HayYHbIX UCCIIe0BaHMIN.

ana uMTUPOBAHUA:
JNoraHnHa B.W, TapbkuHa U.A., Tkau E.B., CrenuHa W.B. PazpaboTka UCKYCCTBEHHOW rmapasnmyeckoi nssectn. HaHomexHonoauu
8 cmpoumesnbcmae. 2026;18(2):159-166. https://doi.org/10.15828/2075-8545-2026-18-2-159-166. - EDN: WZDOJN.

INTRODUCTION

One of the challenges facing modern society is the global
increase in CO, emissions and the associated rise in tem-
perature. The construction industry is one of the largest
sources of CO, emissions, accounting for over 15% of all
greenhouse gas emissions. The cement industry alone
accounts for 5—7% of global CO, pollution. One solution

to this problem is the wider use of lime mortars. However,
lime mortars are characterized by low durability during
operation. To increase strength and durability during op-
eration, various modifying additives are added to lime
mortar formulations [1-3].

The durability of lime mortars can be increased by
using hydraulic lime as a binder. Demand for hydraulic
lime has increased in recent years, particularly in connec-

http://nanobuild.ru

info@nanobuild.ru


http://nanobuild.ru/ru_RU/
https://orcid.org/0000-0001-7532-0074
https://orcid.org/0000-0003-3371-3579
https://orcid.org/0000-0003-2132-4971
https://orcid.org/0000-0002-5358-2935

2026; 18 (2):
159-166

Nanotechnologies in construction
HaHoTexHonornn B cTponTenbCcTBe

ISSN 2075-8545 (online)

Nanobm

CONSTRUCTION MATERIALS SCIENCE

tion with the preservation of historic buildings. Natural
hydraulic lime is characterized by compatibility with old
masonry, low shrinkage, resistance to salt and frost, and
higher deformability and vapor permeability [4—6].

However, hydraulic lime accounts for only 19.8% of to-
tal lime binder production. Demand for this type of binder
remains limited. The lime market’s prospects in the near
future will largely be determined by the dynamics of key
consumption segments. Considering the low production
volume of natural hydraulic lime, the development of a
formula for artificial hydraulic lime is promising.

Artificial hydraulic lime can be produced by mixing
air-blown lime with pozzolanic additives. Commonly
used additives for lime include metakaolin, fly ash, micro-
silica, ground brick, dehydrated clay, etc. [7—11]. In ad-
dition to binary combinations (lime — pozzolan), ternary
systems (lime:pozzolan:cement) have proven effective.

The properties of artificial hydraulic lime are influ-
enced by early hardening conditions, including the pres-
ence of water, which facilitates the pozzolanic reaction
and the transport of CO, for subsequent carbonation. The
synergistic and competitive effect of these two reactions
ensures the level of early strength in pozzolanic systems
[12, 13].

The properties of artificial hydraulic lime are signifi-
cantly influenced by the reactivity of lime and pozzolanic
additive, as well as their ratio in the formulation [14]. Too
much additive can lead to increased drying shrinkage [15].
Furthermore, the application technology of the mortar
plays a fundamental role in the optimal curing of the fresh
mortar [16, 17].

An analysis of scientific and technical literature shows
that, despite the existing research results, many issues
require more detailed consideration when developing
a formula for artificial hydraulic lime. The aim of the
work is to develop a composition of artificial hydraulic
lime and plaster mortar based on it for the restoration of
historical buildings.

METHODOLOGY

To develop the recipe for artificial hydraulic lime,
slaked lime (fluff) of the 2" grade with an activity of 64%,
as well as air lime of the 2nd grade with an activity of 84%
(GOST 9179-18) were used. The technology for obtaining
artificial hydraulic lime consisted in mixing slaked lime
with pozzolanic additives, as well as in mixing air lime
with pozzolanic additives during the slaking process. In
the work, diatomite of the Inzenskoye deposit, condensed
uncompacted microsilica MK-85 (SSp = 24 000 m?/kg)
with the content (in % by mass %) were used as a poz-
zolanic additive: SiO, — 92; ALO, —0.9; C — 1.6; CaO —
0.85; MgO — 0.4; (YDD Corporation LLP, Kazakhstan),
highly active metakaolin VM K-45 (Ssp = 1700 m?/kg)
with the following content (in % by weight): SiO, — 53;

Al O, — 42 and pozzolanic activity of 1210 mg/g (Sinergo
LLC, Russian Federation), as well as clay from the Penza
region (Belinskoye deposit) heat-treated at 600 °C. The
composition of diatomite is represented by the following
oxides, %: SiO, — 84—87, AL,O, —5.5—6, Fe,0, 2.5-3,
CaO — 0.61. The chemical composition of clays is pre-
sented in Table 1.

Table 1. Chemical composition of clay

Name of oxides Content, %
Sio, 59.56
A1,0, 11.85
Fe,O, 4.54
Other 24.05

White cement PCB 1-500 D0 (GOST 965-89) was
also used to develop the composition of artificial hydraulic
lime. For comparison, natural hydraulic lime “Tamasli”
NHL was used in the study. The hydraulic modulus of
this lime is M = 2.69.

After molding, the samples were covered with polyeth-
ylene film, cured for 7 days, then removed from the mold
and conditioned in water for 21 days. The compressive
strength of the samples was determined after 28 days of
curing in accordance with GOST 9179-2018 “Construc-
tion Lime Technical Specifications.”

When developing the plaster mortar formula, quartz
sand from various deposits was used as fine aggregate.
The optimal sand type was selected based on the strength
of limestone composites and the sand’s activity, charac-
terized by its free surface energy [18].

The surface free energy (SFE) was determined using
the OVRK method. Glycerin and water, each with known
surface tension values and their dispersion and polar com-
ponents, were used as working fluids. The contact angle
was measured on tablet samples prepared by pressing sand
into a 20 mm diameter metal mold. By extrapolating the
dependence cos© = f{o,) to cos© = 1, the critical sur-
face tension of a solid surface was obtained. The polar
and dispersion components were calculated using linear
regression

or(1+cosf) P . i d
\/7 =0 ,/Uii‘l',’o's , (1)
2 |op

where o, is the surface tension of the working fluids;

o'is the dispersion component of the surface tension
of the working fluids;

o,” is the polar component of the surface tension of
the working fluids;

o'is the dispersion component of the surface tension
of the material being studied;
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o’ is the polar component of the surface tension of
the material being studied;

0 is the contact angle of the material being studied.

The dispersion component of the surface tension of
the studied material (sand) o,/ was determined as the
tangent of the angle of inclination of the line to the ab-
scissa axis, and the segment intercepted by the line on the
ordinate axis is equal to the value of the polar component
of the surface tension of sand o,. At least five measure-
ments were carried out for each sample.

The value of surface energy £ was determined by the
total surface area of the dispersed sample and was calcu-
lated using the following expression

E=0S

sp>

2)

where o is the surface tension of the quartz filler;
Ssp is the specific surface area of the quartz sand.

RESULTS AND DISCUSSION

Table 2 shows the results of the evaluation of the com-
pressive strength of lime mortars.

Table 2. Compressive strength of lime mortar

v

Data analysis (Table 2) shows that metakaolin is the
most effective additive in improving the strength of lime
composites. The compressive strength of mortar after
28 days of curing is 2.1 MPa when using second-grade
quicklime. Increasing the metakaolin dosage to 40% of
the lime weight increases the compressive strength to 2.7—
3.1 MPa, allowing the production of artificial hydraulic
lime without the addition of cement. All other pozzolanic
additives, when added at a rate of 10% by weight of lime,
failed to provide the required compressive strength of at
least 2.0 MPa. Adding 25% of Portland cement to the
formulation significantly increases compressive strength,
ranging from 2.9 to 4.0 MPa, depending on the additive
type, the type of lime, and the binder preparation tech-
nology. The use of air-blown quicklime in the prepara-
tion of artificial hydraulic lime promotes a more durable
structure of the lime composite.

Table 3 shows the porosity values for limestone based
on artificial hydraulic lime. The results show that the po-
rosity of limestone based on artificial hydraulic lime is
lower than that of limestone based on air-blown lime,
and for limestone based on cement-based mortars, it is
lower than that of limestone based on hydraulic lime.

No. Type of binder Compressive strength, MPa
1 Air lime

2 NHL Hydraulic Lime 2.05
3 Air lime + Portland cement 25% 29/3.2
4 Air lime + 10% metakaolin 1.4/2.1
5 Air lime + 40% metakaolin 2.7/3.1
6 Air lime + 10% microsilica 1.2/1.6
7 Air lime + 10% microsilica + Portland cement 25% 3.4/3.7
8 Air lime + diatomite 10% 1.1/1.4
9 Air lime + dehydrated clay 10% 1.3/1.5
10 Air lime + diatomite 10% + Portland cement 25% 3.1/35
1 Air lime + 25% cement + 10% metakaolin 3.7/4.0

Note. * Above the line are the values of the compressive strength when using slaked lime, below the line — when using non-slaked lime.

Table 3. Porosity of limestone

No. Type of binder Porosity, % 353‘;&?:2 C‘:zf : :1: :;;e Wa;oe;;l:;:irg;iton,

1 Control 60 50 10 44
2 | NHL Hydraulic Lime 52 38 14 36
3 | Airlime + 10% metakaolin 57 46 11 34.8
4 | Air lime + 40% metakaolin 54 41 13 327
5 | Airlime + 10% microsilica + 25% Portland cement 51 41 10 36
6 | Airlime + diatomite 10% + Portland cement 25% 53 43 10 33

7 | Airlime + 25% cement + 10% metakaolin 48 39 9 31
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For example, the porosity of limestone based on natural
hydraulic lime is 52%, while that of mortars with poz-
zolanic additives and cement is 48—51%, with a decrease
in closed pore volume observed.

The kinetics of lime binding with CaO during the
hardening process was studied (Fig. 1).

An analysis of the experimental data indicates that the
amount of free lime decreases over time. Thus, at 7 days,
the amount of free CaO in the control sample was 85%,
and at 28 days, 79% (Fig. 1, curve 1). In samples with the
addition of metakaolin, the free lime content decreased to
64% by the 28" day of curing (Fig. 1, curve 2), and with
the addition of metakaolin and cement, it decreased to
60% (curve 4).

The presence of free lime in hydraulic lime mortar
ensures the self-healing of small cracks. This occurs as
the lime in the mortar dissolves in water and, through
evaporation, moves to the surface. The reaction between
calcium hydroxide and atmospheric carbon dioxide gas
forms calcite, which fills and seals the cracks.

When developing a plaster mortar formulation, the
effect of quartz sand type on mortar strength was as-

sessed. A thermodynamic method was used. To evaluate
the optimal sand type, artificial hydraulic lime containing
air-dried slaked lime and 40% metakaolin was used as
a binder. The samples were cured in air-dry conditions.
The results are presented in Table 4.

Analysis of the data presented in Table 4 indicates
that with increasing surface free energy (SFE) values of
quartz sand, an increase in the compressive strength of
the limestone composite is observed. Thus, the com-
pressive strength of the limestone composite based
on Sura sand, characterized by a higher surface free
energy (SFE) value of 70.285 mN/m, is 2.4 MPa, while
that based on sand from the Chaadaevskoye deposit,
whose surface free energy (SFE) is 62.8 mN/m, is
1.92 MPa

To summarize the above, it should be noted that the
optimal sand from the energy point of view is the Sura
deposit, which provides higher strength of the limestone
composite.

Mortars based on artificial hydraulic lime provide
sufficient bond strength to the brick substrate, amount-
ing to 0.4—0.55 MPa (Fig. 2). The bond strength of

Amount of free lime %
)
S

o

10

Curing time, day

15 20 25 30

Fig. 1. Kinetics of changes in free CaO concentration in lime compositions: 1 — control lime composition without
additives; 2 - artificial hydraulic lime (40% metakaolin additive); 3 - artificial hydraulic lime (10% metakaolin
additive + 25% cement); 4 - artificial hydraulic lime (10% microsilica additive + 25% cement)

Table. 4. Surface free energy (SFE) values of quartz sands

Nameofsand | "0 0{ (D™ | Drancofihasen s | SERmmme | ST ey e
Rtishchevsky 50.48 18.49 68.97 593.142 2.1
Ramensky 53.08 16 69 614.1 23
Nikolsky 50.335 18.49 68.82 557.442 2.0
Sursky 51.79 18.49 70.285 687.106 24
Chaadaevsky 48.36 14.44 62.8 436.46 1.92
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Fig. 2. The adhesion strength of mortar to a brick substrate: 1 — mortar based on air-dried lime; 2 - mortar based on
hydraulic lime; 3 - mortar based on air-dried lime + 25% Portland cement; 4 — mortar based on slaked lime + 40%
metakaolin; 5 - mortar based on quicklime + 10% metakaolin

mortar based on hydraulic lime is Rad = 0.6 MPa. The
increase in adhesion strength is explained by the poz-
zolanic reaction of metakaolin, which enhances the
formation of calcium silicate hydrous gel (C—S—H),
improving the microstructure and adhesive properties
of the solution.

A comparison of the properties of a mortar based on
artificial hydraulic lime HL with the properties of a mor-
tar based on natural hydraulic lime NHL shows that the
proposed formulation of artificial hydraulic lime meets
the requirements of national and international regulatory
documents (DIN 18550) in terms of achieving a minimum
compressive strength of 2.0 MPa.
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AHHOTALUMA

BBepieHme. /13BeCcTKOBbIE PAacTBOPbI, NPYMEHAEMbIE AJ1A pecTaBpaLuv 34aHNIN UCTOPUYECKON 3aCTPOWKU, XapaKTepu3yHTCA HU3KOM
CTOWMKOCTbIO B MpoLiecce aKcnnyaTauuu. CTOMKOCTb N3BECTKOBbIX PAaCTBOPOB MOXKET OblTb MOBbILLEHA NPYMEHEHVEM B KauecTse
BAXYLLEro rvapaBnmyeckon nssectn. OfgHaKko B CTPYKType BbiMyCKa 13BECTKOBOIO BAXYLLEro AONA MMApaBAnyecKon N3BecTu co-
CTaBnseT Bcero nuwb 19,8%. YunTbiBas HU3KMIN 06bEM NPOV3BOACTBA HATYypPasIbHOW MAPaBANYECKO N3BECTM, NepPCneKTUBHON
ABnAeTCcA pa3paboTKa peLenTypbl NCKYCCTBEHHON rMapaBnMyeckoin n3sectn. Matepuanbl u metoAbl. [1na pa3paboTku peLenTypbl
NCKYCCTBEHHOW rMApaBnyeCcKon N3BecTvi NPYMEHANN ralleHyio U3BeCTb (MyLUOHKa) 2 cOpTa C aKTUBHOCTbIO 64%, a Tak»ke BO3AYLUHYIO
M3BECTb 2 COPTa C aKTUBHOCTbI0 84% (TOCT 9179-18). TexHonorna nony4eHnsa NCKyCCTBEHHON MMApaBanyeckol M3BeCTu 3aksioyanach
B CMELLMBaHWN ralleHol N3BeCT C NyLLONaHOBbIMM J06aBKaMU, a TakKe B CMeLIVBaHMW BO3AYLLIHOW N3BECTM C MYLILONaHOBLIMU
AobasKkamu B npouecce raweHus. MNpy pa3paboTke peLenTypbl WTYKaTypHOrO pacTBOPa B KauecTBe MENKOro 3anofHuTens npu-
MeHANN KBapLEBbI MECOK Pa3MYHbIX MECTOPOXKAEHWI. BbIGOP ONTMManbHOMo Brfa necka NpoBOANUICA 13 KpUTEPUA MPOYHOCTU
N3BECTKOBbIX KOMMO3UTOB M aKTUBHOCTY NMeCKa, XapaKTepn3yemoll 3HaueHnem CBOOOAHOM NOBEPXHOCTHOM 3Heprin. PesynbraTbl.
YcTaHOBNEHO, UTO Hamnboree 3hpdeKTUBHO ABNAETCA fJobaBKa MeTakaonmHa. [POYHOCTb MpK CKaTrn pacTBOpa B BO3pacTe 28 CyToK
TBepAeHuA coctasnaeT 2,1 MIMNa npu nprMeHeHUN HeraleHo N3BeCTU BTOPOro COpTa. YBeNnnyeHvie A03MPOBKM MeTakaonnHa Ao 40%
OT MacCbl M3BECTU MOBBILLAET MPOYHOCTb NP CKaTumn Ao 2,7-3,1 MMMa. MyuuonaHoBble J06aBKN (MUKPOKpeMHE3eM, AerapaTMpo-
BaHHas rMviHa, AYAaTOMMUT) Npy Jo3upoBKe 10% OT MacCbl M3BECTW He 06ecneunBatoT TpebyemMon MPOYHOCTIN NP CKaTUN, PaBHON
He meHee 2,0 MlMa. BBeieHUe B peLienType nopTiaHALEMEHTa B KOnmuecTse 25% OT MacChl 3BECTY CMOCOBCTBYET 3HAaUUTENIbHOMY
MOBbILIEHWIO MPOYHOCTU MPU CKaTuw, cocTaBnaAoLemy 2,9-4,0 MMNa B 3aBMCMMOCTY OT BuAa A06aBKM 1 BAA N3BECTH, @ TAaKXKeE TeX-
HOMOrMM NPUroToBIeHNA BAXYLLero. OnpeaesnieHa NOPUCTOCTb N3BECTKOBOIO KaMHA Ha OCHOBE UCKYCCTBEHHOW rMppaBamnyeckom
U3BeCTU, cocTaBnAoLasn 48-51%, Npu 3TomM HabnLAETCA YyMeHbLUeHre 06bema 3aKpbITbIX MOpP. PacTBOPbI Ha OCHOBE NCKYCCTBEH-
HOW rMApPaBIMYeCcKo N3BECTU 06ecrneyrBatoT JOCTaTOUHYIO MPOYHOCTb CLEMEHNA C KUPNMYHON MOLNOXKOW, COCTaBNAOLLYO
0,4-0,55 MITa. 3akniouyeHune. YCTaHOBIEHO, YTO NPUMEHEHVe BO3AYLLHOW HeraleHon N3BecTy NP NPUroToBEHNN NCKYCCTBEHHON
rMAPaBANYECKON U3BECTN CMOCOBCTBYET Gonee NPoYHOMY GOPMUPOBaAHNMIO CTPYKTYPbl M3BECTKOBOrO KOMMO3UTa. BbiABNeHO, uTo
MOPUCTOCTb N3BECTKOBOFO KaMHA Ha OCHOBE NCKYCCTBEHHOW MMApPaBINyeCcKon N3BECTU MeHbLLE MO CPaBHEHMIO C KAMHEM Ha OCHOBe
BO3/YLUHOW N3BECTW, @ AN1A N3BECTKOBOIO KaMHA Ha OCHOBE COCTaBOB C MPUMEHEHVEM LieMeHTa — MeHbLLe, YeM Ha OCHOBe rmapaB-
Nmyeckom n3sectn. PazpaboTaHbl COCTaBbl ICKYCCTBEHHOM rMAPaBNNYeckoin n3sectu HL 1 liTyKaTypHOro pactBopa Ha ee OCHOBe,
npefHa3HayeHHble AA pecTaBpaLuy 06 bEKTOB KyNIbTYPHOIO HacIeAna 1 OTAENKM BHOBb BO3BOAMMbIX O6BEKTOB.

KJTIOYEBBIE CJIOBA: n3BecTb, NyLLoNaHOBbIe J06aBKK, MPOUYHOCTb, MOPUCTOCTb, CBOOOAHAA SHEPrUs MOBEPXHOCTU

BNNATOAAPHOCTMW: PaboTa BbINonHaAnack B paMkax BbiNosHeHus rpaHTa OTpacneBoro KoHcopumyma «CTpoUTeNIbCTBO 1 apXmUTeK-
Typa» Ha npoBeAeHne GyHAAMEHTaNbHbIX U NMPUKNAAHbIX HayYHbIX UCCIIed0BaHUN.
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Development of artificial hydraulic lime
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ABSTRACT

Introduction. Lime mortars used for the restoration of historical buildings are characterized by low resistance during operation.
The durability of lime solutions can be increased by using hydraulic lime as a binder. However, the share of hydraulic lime in the
lime binder production structure is only 19.8%. Given the low volume of production of natural hydraulic lime, it is promising to
develop a formulation of artificial hydraulic lime. Materials and methods. To develop the formulation of artificial hydraulic lime,
grade 2 slaked lime (pushonka) with an activity of 64% was used, as well as grade 2 air lime with an activity of 84% (GOST 9179-18).
The technology for producing artificial hydraulic lime consisted of mixing slaked lime with pozzolan additives, as well as mixing air
lime with pozzolan additives during the quenching process. When developing the formulation of the plaster mortar, quartz sand
from various deposits was used as a fine filler. The optimal type of sand was selected based on the strength criterion of calcareous
composites and sand activity, characterized by the value of free surface energy. Results. It has been established that the most ef-
fective is the addition of metakaolin. The compressive strength of the solution at the age of 28 days of hardening is 2.1 MPa when
using second-grade quicklime. Increasing the dosage of metakaolin to 40% by weight of lime increases the compressive strength
to 2.7-3.1 MPa. Pozzolan additives silica, dehydrated clay, diatomite at a dosage of 10% by weight of lime do not provide the re-
quired compressive strength of at least 2.0 MPa. The introduction of Portland cement in the formulation in an amount of 25% by
weight of lime contributes to a significant increase in compressive strength, amounting to 2.9-4.0 MPa, depending on the type
of additive and type of lime, as well as the technology of binder preparation. The porosity of calcareous stone based on artificial
hydraulic lime was determined, amounting to 48-51%, while a decrease in the volume of closed pores was observed. Solutions
based on artificial hydraulic lime provide sufficient adhesion strength to the brick substrate, amounting to 0.4-0.55 MPa/kg. It has
been established that the use of methakaolin in the amount of 40-50% of the mass of air lime makes it possible to obtain artificial
hydraulic lime. The developed compositions of artificial hydraulic lime are proposed to be used for the restoration of buildings of
historical buildings, as well as finishing newly erected facilities. Conclusion. It has been established that the use of aerial quicklime
in the preparation of artificial hydraulic lime promotes a more durable lime composite structure. The porosity of limestone based
on artificial hydraulic lime is lower than that of limestone based on aerial lime, and for limestone based on cement-based composi-
tions, it is lower than that of limestone based on hydraulic lime. HL artificial hydraulic lime and plaster mortar formulations based
on it have been developed for the restoration of cultural heritage sites and the finishing of new buildings.

KEYWORDS: lime, pozzolan additives, strength, porosity, free energy of the surface
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BBEAEHUE

OnHoit U3 1poGIIeM, ¢ KOTOPOI IIPUXOIUTCS CTATKI-
BaTbCsl COBPEMEHHOMY OOLLECTBY, SIBISIETCS IT100aJIbHOE
yBenueHue BbIopocos CO, U CBA3aHHOE C STUM TIOBBI-
meHue Temieparypbl. CTpouTeibHast OTPAC/Ib SIBIISIETCS
OIIHUM M3 KPYIHEHIIMX UCTOYHUKOB BhIOpOocOB CO,,
Ha CTPOUTEIbHYIO OTpaciib puxonutcs ooee 15% Bcex
BBIOPOCOB ITAPHUKOBLIX Ia30B. TOJbKO Ha LEMEHTHYIO
MPOMBIIILIEHHOCTb IPUXOAUTCS 5-7% ri100aabHOrO 3a-
rpasHenus CO,. OnHuM U3 Croco60B pelIeHus 3TOi

MpoOJIEMBI SIBJISIETCS 00JIee IIUPOKOE IPUMEHEHME 13-
BECTKOBBIX pacTBOpPOB. OIHAKO U3BECTKOBBIE PACTBOPLI
XapaKTepU3YIOTCsI HU3KOM CTOMKOCTBIO B IIPOLIECCE IKC-
miyatauuru. JIUist MOBBILIEHUS IIPOYHOCTU, CTOMKOCTU
B IIpOlLiecCe DKCIUIyaTallMy B PELIENTYPY M3BECTKOBBIX
PACTBOPOB BBOASAT pa3inyHble MOAUMDULUPYIOLINE 10-
6aBku [1-3].

CTOIKOCTh M3BECTKOBBIX PACTBOPOB MOXKET OBIThH
MOBBIIIIEHA TIPUMEHEHUEM B KAa4eCTBE BSIKYILETO I'-
npapindeckoit uzBectu. CIpoc Ha TMAPABINYECKYIO
M3BECTb BO3HUK B ITOC/IEAHIE HECKOJIBKO JIET, OCOOEHHO
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B CBSI31 C COXpaHEHUEM UCTOpUYECKUX 3aaHuit. Hary-
pajibHas TUApaBIUYECKask U3BECTb XapaKTepPU3YETCs CO-
BMECTUMOCTBIO CO CTapOM KJIAIKOM, HU3KOU YCaTOYHOMI
nedopmanmeit, ycTORUMBOCTBIO K BO3IEHCTBUIO COJIU
¥ MOpPO3a, a TaKKe 6oJree BRICOKOI neOpMaTUBHOCTHIO
M [TapOIIPOHULIAEMOCTBIO [4—6].

OnHaKo B CTPYKTYPE BBIMYCKA M3BECTKOBOTO BSIKY-
11I€TO I0J151 TUAPABINYECKON U3BECTU COCTABJISIET BCETO
auiib 19,8%. Crnpoc Ha JaHHBIA BUI BSKYIIETO I10-
MPEeKHEMY OCTaeTCsI OTPAHUYEHHBIM. YUUTbIBAsI HU3KUIA
00beM MPOU3BOJICTBA HATYpaJbHOM TUAPABINYECKON
M3BECTH, TIEPCIIEKTUBHBIM SIBJISIETCS pa3paboTKa perern-
TYpPbl UCKYCCTBEHHOW T'MAPaBINYECKON U3BECTH.

McKyccTBEHHYIO TUIPABINYECKYIO U3BECTh MOX-
HO MOJIYYUTh MMyTEM CMELIMBAHUS BO3AYLIHOW U3BECTU
C TYIIIOJaHOBBIMU H00aBKaMi. OOBIYHO MCTIOIb3Ye-
MbIMU J10OaBKaMU JJIs1 U3BECTH SIBJISIIOTCSI METaKAOJMH,
30J1a-YHOC, MUKPOKPEMHE3EM, MOJIOTbIN KUPMUY, Je-
ruapaTupoBaHHas rauHa u ap. [7—11]. [Tomumo 6u-
HapHBIX KOMOMHAILINI (M3BECTh — MYLIOJAaH), 3 deK-
TUBHBIM 0Ka3aJI0Ch MCITOJb30BaHUE TPOMHBIX CUCTEM
(M3BECTh:IMyIIIOJAH: IICMEHT).

Ha cBoiicTBa UCKYCCTBEHHOM T'MAPAaBINYECKON 13-
BECTU OKa3bIBAIOT BJMSIHUE YCIOBUSI PAHHETO TBEPJE-
HUS, YYUTHIBAIONIME HAIMYME BObI, 0OeCIIeurBaloIIEei
MyLLOJAHOBYIO peakuuio u TpaHcnopt CO, s najib-
Heireit peakuy Kapoonuzanuu. CUHepreTUIeCcKuii
¥ KOHKYPEHTHBIN 3 HEeKT 3TUX IBYX peaKIuii ooecIre-
YMBAeT YPOBEHb paHHEN MPOYHOCTU B MYLIIOJaHOBBIX
cucteMax [12, 13].

Ha cBoiicTBa UCKYyCCTBEHHOM TUAPABINYECKON 13-
BECTH CYILIECTBEHHOE BJIMSIHUE OKA3bIBAET PEaKLIMOHHAs
CMOCOOHOCTb U3BECTU M BUI MYLILIOJAaHOBOU 1OOABKM,
a TaKKe X COOTHoIeHue B peuentype [14]. Coumkom
00JIbILIOE KOJINYECTBO TO0ABKM MOXET MPUBECTU K MO-
BBILLIEHHOM ycagke npu Boickixanuu [15]. Kpome Toro,
TEXHOJIOTUSI HAHECEHMST pACTBOPOB UTpaeT (PyHIaMeH-
TaJIbHYIO POJIb B ONITUMAaJIbHOM CO3PEBAHUU CBEXETO
pactBopa [16, 17].

AHanM3 HayYHO-TeXHUYECKON JIMTepaTyphbl CBUIE-
TEJIbCTBYET, UTO, HECMOTPS Ha UMEIOLLIMECS PE3YIbTAThI
UCCIIel0BaHUI, MHOTHE BOTIPOCKHI TpeOyIOT OoJiee ne-
TaJIbHOTO PaCCMOTPEHUSI TIPU pa3pabOTKe pelenTypbl
MCKYCCTBEHHON TMAPABINYECKON U3BECTH.

Llennio paboThl ABIsIETCST pa3pabOTKa COCTaBa MC-
KYCCTBEHHOW T'MApaBINYECKON U3BECTU U LITYKATyp-
HOTI'O pacTBOpa Ha €€ OCHOBE LIS PECTaBPaLlUM 3IaHUNA
WCTOPUYECKON 3aCTPOMKM.

METOAOJ1IOIrnA

Hs pazpabOTKU pelenTypbl UCKYCCTBEHHOM I'-
JIPaBIMYECKON U3BECTH IIPUMEHSUIM TallleHYIO U3BECTh
(nmymoHka) 2 copTa ¢ aKTUBHOCTBIO 64%, a TakxKe BO3-
IYLIHYIO U3BECTh 2 copTa ¢ akTUBHOCTbIO 84% (ITOCT

9179-18). TexHOIOTUS MOTYYCHUSI MCKYCCTBEHHOMN
TUIPABINYCCKON M3BECTH 3aK/II0Yaach B CMEIIIMBA-
HUU TallIeHOI M3BECTHU C MYIIIO0JIaHOBEIMH J0OaBKaMU,
a TaKKe B CMCIITMBAHNY BO3MYIITHON M3BECTH C ITyIIIIO-
JIAaHOBBEIMU J00aBKaMU B TIpoIiecce rameHms. B kauecTse
MyLIL0JaHOBOI 100aBKU B paboTe MPUMEHSIJIU JUATO-
MHUT MH3eHCKOTO MECTOPOXICHMS, MUKPOKPEMHE3EeM
KOHJIEHCUPOBAHHBIN HeYIIIOTHeHHBIT MK-85 (Syzl =
24000 m*/kT), ¢ conepxanueMm (B % no macc. %): SiO, —
92; ALO, —0.9; C — 1.6; CaO — 0.85; MgO — 0.4; (TOO
«YDD Corporation», Ka3zaxcraH), BBICOKOAKTUBHBIN
MeTakaomH BMK-45 (Sy)1 = 1700 mM?/KT) ¢ comepKaHHEM
(B % 1o macce): SiO, — 53; ALO, — 42 1 nyLLI0IaHOBOIA
aktuBHOCTBIO 1210 Mr/T (OO0 «Cunepro», PD), a Tak-
ke TepMoodpadoTaHHyo Tipu Temmeparype 600 °C riauHy
IlenseHckoro pernoHa (beanHCKOe MECTOPOXKIEHUE).
CocTaB TMaTOMUTA TIPEACTABJICH CICIYIOIINMU OKCH-
namu, %: SiO, — 84—87, ALO, — 5,5-6, Fe,0, 2,5-3,
CaO - 0,61.

XUMMYECKUI COCTAB IJIUH MpeACTaBiieH B Tabauie 1.

Ta6bnuua 1. XMnyecknin coctas MmnHbI

HanmeHoBaHuMe okcngoB CopeprkaHue,%
SiO, 59,56
A1,0, 11,85
Fe,O, 4,54
apyroe 24,05

Hiist pa3paboTKM cocTaBa MCKYyCCTBEHHOM TMapaB-
JIMIECKOI M3BECTH TAaK:Ke MPUMCHSITINA OCIIBIA IIEeMEHT
ITLB 1-500 10 (F'OCT 965-89).

st cpaBHEHUS B pab0Te IPUMEHSII TIPUPOTHYIO
ruapaBInyeckyto n3pectsb « Tamacau» NHL. 'uopasnu-
YECKUI MOIYJIb U3BECTHU cocTaBisieT M = 2,69.

ITocie ¢popMoBaHMs 00pa3Ibl HAKPBIBATIU IO~
TUJICHOBOH TJIEHKO, BBIACPKUBAIN B TeUEHUE 7 THEH,
3aTeM U3BJICKaIN 13 (POPMBI 1 BEIIEPKUBAIHN 21 CYyTKH
B Boze. [IpoyHOCTb 00pa31ioB Ha cxXaTue Oblia omnpeae-
JIeHa rocJie 28 nHell TBepaeHus B cootBeTcTBUU ¢ TOCT
9179-2018 «M3BecTh cTpouTenbHasg TeXHUUEeCKUE yC-
JIOBUST».

IIpu pa3paboTKe perenTyphl ITYKaTYpHOTO pac-
TBOpPa B KAUECTBE MEJIKOTO 3aITOTHUTEIS TIPUMEHSIIN
KBapIIEBBIN ITECOK Pa3IMIHBIX MECTOPOKICHNUI. BBIOOD
OITUMAJIBHOTO BUIA TIECKA TIPOBOMMIICS U3 KPUTECPUS
IIPOYHOCTU M3BECTKOBBIX KOMITO3UTOB M aKTUBHOCTH
IecKa, XapaKTepr3yeMoil 3HaUeHHeM CBOOOTHOM I10-
BEPXHOCTHOI sHepruwm [18].

st ompeneieHsT 3HAYCHUST CBOOOTHOI SHEPTUH
roBepxHoctH (COIT) mpumensum meton OBPK. B kaue-
CTBE pabOYMX XKUIKOCTEH TPUMEHSIIN TJINIICPUH 1 BOIY
C U3BECTHBIMU 3HAUYCHUSIMHU MTOBESPXHOCTHOTO HATSIKE-
HUS ¥ €TO TUCTICPCUOHHOMU 1 MOJIIPHOM COCTABIISIIONIN -
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Mu. Mi3MepeHue KpaeBoro yriia CMaulBaHWSI BBITIOTTHSITN
Ha 00pa3iax-TabjaeTkax, MU3TOTOBJICHHBIX ITYyTEM 3arpec-
COBKWU TIECKa Ha MPecce B METAJUTMYECKYIO (hopMy aua-
MeTpoM 20 MM. DKCTpanoiIupyst 3aBUCUMOCTb COSO =
f(o,) Ha cosO = 1, monyyanu 3HaYE€HUE KPUTUYECKOTO
TTOBEPXHOCTHOTO HATSIXKEHUST TBEPION TTOBEPXHOCTH.
TMonsipHyto 1 AUCTIEPCUOHHYIO COCTABIISIONINE PACCUN -
THIBAJTU C TIOMOIIIBIO TUHEWHOM perpeccuu:
0L(1+cos6) 9)

IJIe 0, — MIOBEPXHOCTHOE HATSKEHUE PabOYMX KM~
KOCTeH;

0 — IMCNIEPCUOHHASA COCTaBIAIOMIAs TIOBEPXHOCT-
HOTO HATSDKEHUS pabOuMX KUIKOCTEI;

0,” — nonsgpHas cOCTaBIAIONIAsA TIOBEPXHOCTHOTO
HaTSDKEHUS pab0YNX KUIKOCTE;

0 — IMCNEePCUOHHASA COCTaBIAIOMIAs TIOBEPXHOCT-
HOTO HATSDKEHUS UCCIEeTyeMOro MaTepuaa;

0" — TonApHas COCTaB/IAKIIAA TIOBEPXHOCTHOTO
HaTSDKEHUS MCCIIETyeMOTo MaTeprana;

0 — KpaeBoil yroJ CMaunBaHUS UCCIIETyeMOTO Ma-
Tepuana.

AWCIIepCMOHHYIO COCTABIISIIONIYIO TTOBEPXHOCTHO-
rO HaTSDKEHHUS UCCIIeIyeMOro Matepuana (mecka) o’
OITpeNelIsUIN KaK TAHTECHC YIJIa HaKJIOHA IPSIMOM K OCH
abcimce, a 0TPe30K, OTCeKaeMbIi IIPSIMOIT Ha OCH Op-
IWHAT, paBeH 3HAUYCHUIO ITOJSIPHOM COCTaBIISIOIICH
MOBEPXHOCTHOTO HATSDKEHMA necka o ’. [l Kaxaoro
00pa3iia IIPOBOAMIN He MEHEE ITSITH U3MEPCHMIA.

BenmunHa sHeprun MOBepXHOCTU E ompenensuiach
001IIe#1 TTOIIAIBIO TIOBEPXHOCTH AUCITIEPCHOTO 00pasma
¥ PACCYNTHIBAJIACH TT0 CIICAYIOMIEMY BhIPaKCHUIO:

E=0S, 2)
IJIe 0 — IMOBEPXHOCTHOC HATSKEHME KBAPIICBOTO Ha-
TIOJTHUTEIST;
S, — VIeTbHasI TOBEPXHOCTh KBapLia.

3KCNEPUMEHTAJIbHbIE PE3YJIbTATbI
N nX AHANNU3

B tabmuiie 2 mpuBeneHBI pe3yIbTaThl OLICHKH ITPOY-
HOCTH TIPY C3KATHH M3BECTKOBBIX PACTBOPOB.

AHanmm3 maHHBIX (Ta0JI. 2) CBUACTEIBCTBYET, YTO
110 3 (HEKTUBHOCTU BIUSHUS Ha IIPOYHOCTh U3BECT-
KOBBIX KOMITIO3UTOB HanooJjee 3(h(heKTUBHOMU SIBIISICTCST
Io0aBKa MeTaKaoarHa. [IpoYHOCTh IIPH CXKAaTUH PacTBO-
pa B Bo3pacTe 28 cyToK TBepaeHUsI cocTaBisieT 2,1 MIla
IIpY IPUMEHEHNH HeTaIllcHOM M3BECTH BTOPOTO COPTAa.
VBenuueHue 103UPOBKY MeTakaoirHa 10 40% ot Macchbl
M3BECTH TTO3BOJISICT TTOBBICUTD IMIPOYHOCTD TIPU C3KATUH
o 2,7—3,1 MIla, 9To MO3BOJISIET MOTYIUTh UCKYC-
CTBCHHYIO THAPaBINYECKYIO M3BECTh Oe3 J00aBICHUS
IIEMCHTA.

Bce ocranpHBIC TYLIIOIaHOBBIE TOOABKH MIPU TO-
3upoBke 10% OT MaccChl U3BECTU He 00ecleuYnBaIn
TpeOyeMOU IPOYHOCTH IIPH CKATHH, PaBHOI HEe MEeHee
2,0MIla. BBeneHue B penentypy NopTJIaHAlLIEMEHTA
B KoyimyecTBe 25% OT MacChl U3BECTH CIIOCOOCTBYET
3HAYNTETLHOMY ITOBBIIIICHUIO TIPOYHOCTH TIPU CXKATUH,
cocrapisionieMy 2,9—4,0MIla B 3aBUCIMOCTH OT BUAa
I00aBKU M BUIA U3BECTH, a TAKKE TEXHOJOTHH TIPUTO-
TOBJICHUS BSDKYIIIETO.

[TpuMeHeHME BO3MYITHOM HETAIIEHOM N3BECTH TP
IIPUTOTOBJICHUY NCKYCCTBEHHOI TMAPABINICCKON M3-
BECTH CIIOCOOCTBYET 00JIee TPOUYHOMY (hOPMUPOBAHUIO
CTPYKTYPBI U3BECTKOBOTO KOMITO3UTA.

Ta6nuua 2. MpoYHOCTb NPY CKaTUK 13BECTKOBOTO PacTBOPa

Ne n.n. Bupa Baxywero MpouHocTb Nnpu cxkatum, MMa*

1 Bo3spylHasa nssectb 0,9/1,3
2 lnapasnunueckan nssectb NHL 2,05

3 BospgylwHasa n3eectb + nopTnanauemeHT 25% 2,9/3,2
4 Bo3aywHaa n3sectb + 10% meTakaonuH 1,4/2,1
5 Bo3aywHas nssectb + 40% meTakaonuH 2,7/31
6 Bo3aywHasa n3sectb + 10%MUKPOKpPEMHE3eM 1,2/1,6
7 Bo3spylwHas nssectb + 10%mMnkpokpemHesem + 25% noptnaHauemeHT 3,4/3,7
8 BospywHaa nssectb + gnatomut 10% 1,1/1,4
9 Bo3spgylHasa nssectb + gerngpatnposaHHas rvHa 10% 1,3/1,5
10 BospywHaa nssectb + gnatomut 10% + noptnaHguemeHT 25% 3,1/3,5
11 Bo3aywHasa n3sectb + 25% uemeHT + 10% MeTakaonunH 3,7/4,0

MpumeyaHue. * Hag yepToi NpuBefeHbl 3HaYeHUA Npefena NPOYHOCTY NPW CKaTUK NPV NPUMEHEHUN FalleHoN U3BECTH, NOJ YepTol — Npur
NPUMEHEHNN HeralleHO N3BECTH.
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Ta6nuua 3. MopucToCTb U3BECTKOBOIO KaMHs

06bem O6bem
Ne MopucrocTb, Bogonorno-
Bup Baxywero OTKPbITbIX 3aKpbITbIX
n.mn. % weHuve, %
nop, % nop, %
1 KOHTpOnbHbIN 60 50 10 44
2 Mmapasnnueckan nssectb NHL 52 38 14 36
3 Bo3spgywHas n3sectb + 10% meTakaonvH 57 46 11 34,8
4 Bo3pywHasa nssectb + 40% meTakaonuH 54 41 13 32,7
0,
5 Bo3pgywHas nssectb + 10%MnKpOKpeMHeseM + 51 41 10 36
25% nopTtnaHauemeHT
0,
6 Bo3aywHasa n3sectb + guatomnt 10% + 53 43 10 33
noptnaHauemeHT 25%
0,
7 Bo3aywHasa n3sectb + 25% LemeHT + 48 39 9 31
10% meTakaonmH

B Tabnuie 3 npuBeaeHbl 3HAYEHUS TTOPUCTOCTHU
M3BECTKOBOIO KAMHSI Ha OCHOBE MCKYCCTBEHHOM T'M-
JIPaBIMYECKON M3BeCTU. Pe3ynbTaThl MCCAeA0BaHMI
MOKa3bIBAIOT, YTO ITOPUCTOCTH M3BECTKOBOIO KaMHS
Ha OCHOBE MCKYCCTBCHHON THAPABINYECKON M3BECTH
MEHBIIIE [T0 CPABHEHMIO C KAMHEM Ha OCHOBE BO3/LYIITHOM
WM3BECTH, a JUTSI U3BECTKOBOI'O KaMHSI Ha OCHOBE COCTAaBOB
C IpMMEHEHNEM LIEMEHTA — MEHBIIIE, YEM Ha OCHOBE
TUAPABINYECKON n3BeCcTH. Tak, TOPHUCTOCTH N3BECTKO-
BOTO KaMHS Ha OCHOBE HATypaJIbHOW THAPABINYECKON
u3BecTu cocTanisgeT 52%, a Ha OCHOBE COCTABOB C Iyl -
110JJAHOBBIMU 100aBKaMu U LieMeHTOoM — 48—51%, nipu
3TOM HaOJIOAAETCS YMEHBIIEHE 00beMa 3aKPBITHIX TTOP.

HccnenoBanach KMHETHKA CBsI3bIBaHMs n3BecTit CaO
B IIpoliecce TBepAaeHUS (puc. 1).

AHanm3 3KCIIepUMEHTATbHBIX TaHHBIX CBUICTEIb-
CTBYET O TOM, YTO C TeUYCHHEM BPEeMEHU HaOJIOmacT-
csT YMEHBIIICHNE KOJMYECTBA CBOOOTHOM M3BECTH.
Taxk, B Bo3pacTe 7 CyTOK KOJIM4YeCTBO ¢cBoOoaHOI CaO
B KOHTPOJILHOM 00pa3slie cocTanisieT 85%, a B Bo3pacTe
28 cyrok 79% (puc. 1, kpusas 1). B obpasuax ¢ go6as-
JICHIEM METaKaoJIMHa CoAep:KaHNe CBOOOTHOM N3BECTH
Ha 28-e CyTKU TBEpACHUST YMEHBIIMUIOCH 10 64% (puc. 1,
KpuBas 2), a ¢ J00aBKOI MeTaKaoJIMHa C IIEMEHTOM —
10 60% (kpuBast 4).

Hanuame ¢cBOOOIHOIT M3BECTU B TUAPABINICCKOM
M3BECTKOBOM PACTBOpPE 00ECTICUMBACT CAMOBOCCTAHOB-
JICHHE MEJIKUX TPEIIMH. DTO IIPOUCXOIUT IT0 Mepe TOTO,
KaK M3BECTh B paCTBOpPE PACTBOPSIETCS B BOJC U, MCIIA-
PSISICh, TIepeMeIaeTCes K IIOBEPXHOCTH. Peakiimst MexXmy

£ 100
E

2 80
=

: 60
5 40
= 20
2

S 0

0 5 10 15 20 25 30
BpeMmst TBepiieHUsI, CYTKI

Puc. 1. KnHeTuka n3ameHeHUst KOHLEeHTpaumy cBoboaHomn CaO B M3BECTKOBbIX KOMMNO3MLMSAX: 1 — KOHTPOJbHbIN
N3BECTKOBbIV COCTaB 6e3 106aBOK; 2 — MCKYCCTBEHHAA rMApaBanyeckas n3BecTb (fobaBka meTakaonuH 40%); 3 — nc-
KyCCTBEHHAsA rmapaBinyeckas U3BecTb (Job6aBKa MeTakaonuH 10% + uemeHT 25%); 4 — UCKyCCTBEHHas rMapaBnuye-
cKan n3BecTb (HobaBKa MUKpOKpeMHe3em 10% + LemeHT 25%)
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TUIPOKCUIOM KaIbLIKS K aTMOC(EPHBIM Ta3000pa3HbIM
JIUOKCHUIOM yrjiepoaa oopa3yeT KajlbLKUT, KOTOPBIi 3a-
MOJIHSIET Y 3aKPBIBAET TPEILMHBI.

[Ipu pa3paboTKe pelenTyphl ITYKAaTYPHOTO pac-
TBOpa OIICHWBAJIOCH BIIMSHIE BUIa KBAapILIEBOTO MECKa
Ha IIPOYHOCTD pacTBopa. J1Jist 3TOro UCIoJIb30BaIN TeP-
MoAMHAMMUYeCKuii MeTo. [1pu oLieHKe ONTUMAIbHOTO
BUIA I€CKA B KAUECTBE BSKYILETO IMPUMEHSUIM UCKYC-
CTBEHHYIO I'MIPABIMYECKYIO U3BECTh, CONEPXKALIYIO BO3-
JYILIHYIO TallieHyio u3Bectb 1 40% metakaonuna. O6pas-
LIbI TBEPAEINA B BO3AYIIHO-CYXUX YCIOBUsIX. Pe3yabTaThl
KCCJICIOBaHNUIA IIPUBEIEHBI B Ta0I1.4.

YcraHOBIIEHO, YTO ¢ yBeandyeHueM 3HaueHuit COI1
KBaplEBbIX IIECKOB HAOJII0IAETCS MOBBIIEHUE IPOYHO-
CTH IIPU CKATUU U3BECTKOBOIO KoMIo3uTa. Tak, mpou-
HOCTb IIPU CXKATUU U3BECTKOBOIO KOMIIO3UTA HA OCHOBE
CYPCKOTIO IecKa, XapaKTepHu3yIoLIerocst 60Jjiee BbICO-
KMM 3Ha4eHHEM CBOOOMHOM SHEPTUell MOBEPXHOCTU
(C3I1), pasnoii 70,285 mH /M, coctaBasteT 2,4 MIla,

a Ha OCHOBe Iecka YaamaeBCKOI0 MECTOPOXKICHUS,
cBobomHasa sHeprus mosepxHoctu (COIT) koToporo
paBHa 62,8 MH/M, — 1,92 MIla (ta61.4). Ontumaib-
HBIM C SHEPTETUICCKOM TOUKHU 3pEHUS SIBIISIETCS TICCOK
CypCcKOTro MeCTOpOKACHMS, 00eCIICUMBAIONINI OoJiee
BBICOKYIO IIPOYHOCTH M3BECTKOBOTO KOMITO3MTA.

PacTBOpBI Ha OCHOBE MCKYCCTBCHHOI THAPABINIC-
CKOIf M3BECTH 00ECTICUMBAIOT TOCTATOYHYIO IIPOYHOCTH
CLIETUIEHUS C KUPITUYHOW MOMJIOXKKOU, COCTABIISIOLIYIO
0,4—0,55 MIla (puc. 2). [IpogHOCTb CIIETUICHUS pac-
TBOpa HAa OCHOBE THAPABINUICCKOM N3BECTU COCTABISICT
Rcir = 0,6 MIla.

[ToBBIIIeHWE TPOYHOCTU CIETUICHUS OOBSICHSICT-
CsI TIYIIIOJIAHOBOM peaKInmeil MeTaKaoJImHa, KOTopas
yCUIMBaeT 00pa3oBaHME Telis THAPOCHIINKATA KaTbIIHS
(C—S—H), yny4imasg MUKpOCTPYKTYPY U anre3MOHHBIC
CBOIICTBa pacTBOpA.

CorocTaBiieHe CBOIICTB pacTBOpa Ha OCHOBE MCKYC-
CTBEHHOM ruapapimyeckoit ussectu HL co cBoiictBamu

Ta6nuua 4. 3HaueHusi cBOGOAHON SHeprm noBepxHocTy (C3M1) KBapLIEBbIX MECKOB

MonsapHasn co- AuncnepcnoHHan SHeprus MpouHoCTb
HanmeHoBaHne on,
necka cTaBnaowwas cocTaBnAowasn MM NoOBEepPXHOCTU, npm oxaTum,
C3MM,0°, mOx/m? 3N, 04, mAx/m? IK/Kr Mla
PTuuweBckunin 50,48 18,49 68,97 593,142 2,1
PameHckunmn 53,08 16 69 614,1 2,3
Hukonbckumi 50,335 18,49 68,82 557,442 2,0
Cypckuia 51,79 18,49 70,285 687,106 2,4
YaagaeBckuim 48,36 14,44 62,8 436,46 1,92
0.7
s 0.6
=
~ 05
=
5
5 04
[}
5
- 03
3)
]
z 0.2
o]
=
0.1
0
1 2 3 4 5

Puc. 2. MpoyHOCTb CLEeNNeHKs pacTBOPa C KUPMUYHOI NOANOXKKOW: 1 — pacTBOP Ha OCHOBE BO3AYLUHOW N3BECTY;
2 - pacTBOP Ha OCHOBE rMAPaBNYECKON N3BECTY; 3 — PAacTBOP Ha OCHOBE BO3AYLUHON M3BECTW + 25% nopTnaHgLe-
MeHTa; 4 — pacTBOP Ha OCHOBE raLleHol N3BeCTn + 40% MeTaKaosMHa; 5 — pacTBOP HAa OCHOBE HeralleHoN N3BECTM +

10% meTakaonumHa

http://nanobuild.ru

164

info@nanobuild.ru


http://nanobuild.ru/ru_RU/

2026; 18 (2):
159-166

Nanotechnologies in construction
HaHoTexHonornn B cTponTenbCcTBe

ISSN 2075-8545 (online)

Nanobm

CTPOUTEJIbHOE MATEPUAJIOBEJEHUE

pacTBOpa Ha OCHOBE HATYPaJIbHOM MMIPaBIMIECKON 13-
Bect NHL rokasbiBaeT, 4To IpenjaraeMmasi peLenTypa
HMCKYCCTBEHHOI TUIPABINYECKON U3BECTU 00ECIIEYNBAET
TpeOOBaHUS HALIMOHAIBHBIX U MEXIYHAPOMIHBIX HOP-
MATUBHBIX JOKYMEHTOB B YaCTU JOCTUKCHUS MUHM-
MaJIbHOI'O 3HAYEHMS IIpe/iesia POYHOCTHU IIPU CXKATUU,
pasHoro 2,0 MI1a.

HOI THAPaBINYECKOM M3BECTU CIIOCOOCTBYET OoJiee
IIPOYHOMY (hOPMHUPOBAHUIO CTPYKTYPHI M3BECTKOBOTO
KOMITO3UTa. BEISIBIIEHO, YTO TTOPUCTOCTH N3BECTKOBOTO
KaMHSI HA OCHOBE MCKYCCTBEHHOM TMIPaBINICCKON
M3BECTH MEHBIIIE 0 CPAaBHEHMIO C KAMHEM Ha OCHOBE
BO3IYIITHOM M3BECTH, a IUISI N3BECTKOBOTO KAMHS Ha OC-
HOBE COCTaBOB C IMMPUMEHEHHNEM IIEMECHTa — MCHBIIIE,

YeM Ha OCHOBE THAPABINICCKOM n3BecTH. PazpaboTaHbl
COCTaBHBI ICKYCCTBEHHOI THApaBImIecKoii n3sectu HL
1 IITYKaTypHOTO pacTBOpa Ha e OCHOBE, ITpeIHAa3HAUCH-
HBIC [UTSI peCTaBpalliil 00bEKTOB KYJIBTYPHOTO HACTICIUS
1 OTIEJIKU BHOBb BO3BOINMBIX OOBEKTOB.

3AKJIIOMEHUE

yCTaHOBJ’[eHO, 4YTO NMPUMECHCHMUC BOSI[YH_IHOI;'I HC-
TalIeHOM M3BECTHU IIpU MPUTOTOBJICHUU NCKYCCTBCH-
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Rheological behavior of plasticized cement dispersed
systems under vibration
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ABSTRACT

Introduction. Obtaining self-compacting structural lightweight concretes (LWSCC) is an urgent scientific and practical task in the
development of multifunctional building materials, where the main problem is to maintain un-iformity with high fluidity. Russian
studies and studies from other countries have been devoted to this problem. The main focus was on prescription factors that affect
the rheological and technological proper-ties of LWSCC. The content of components with different densities is the main difficulty
of this develop-ment. Oscillation is one of the methods for estimating changes in the rheology of cement-mineral systems over
time. Early studies of LWSCC on hollow microspheres showed changes in rheological properties with changes in the concentration
of plasticizer, W/C ratio and the dispersion of the mineral aggregate. The next stage of research on the rheology and uniformity of
LWSCC by the oscillation method is to es-tablish the influence of each component in a separate group of cement-mineral systems
included in LWSCC. Methods and Materials. The object of research is cement-mineral systems from different combinations of
components in a con-stant ratio of their mass parts, which make up LWSCC on hollow microspheres with an average density of
1400 kg/m?3. The subject of the study is the rheological properties of such systems during oscillation. Plasticized and non-plasticized
systems were compared. The following parameters were used to analyze the structure of the studied systems: the thickness of the
water shell, the volume of cement dough, the thickness of the cement dough, and the grain spreading coefficient. Results and
Discussion. The kinetics of the shear stress variation during oscillation is described by varying intensity, showing the transforma-
tion of the cement system structure over time. There is a noticeable difference between the changes in the rheological properties
of cement pastes with and without plasticizer. The importance of the addition of micro-silica in the stabilization of the concrete
mixture is emphasized. Conclusion. The water thickness (h ) is a structural parameter that does not take into account the surface
properties of dispersed phases and liquids in plasticized systems. The determination of the water consumption of LWSCC compo-
nents and the role of plasticizer in this is a promising direction for the development of the topic.

KEYWORDS: cement-mineral paste, self-compacting concrete, lightweight concrete, concrete on hollow microspheres, rheological
properties, shear stress, oscillation, plasticizer, uniformity, delamination, liquefaction
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Peonornuyeckoe noBegeHune nnactupmumnpoBaHHbIX
LleMEeHTHDbIX ANCNepPCHbIX CMCTeM Npu BUbpauun

Cepren AmutpueBund Enuxun* (), AnekcaHgp Cepreesmny iHosemueB

HaumoHanbHbIN nccnegoBaTenbCkmii MOCKOBCKMI roCyAapCTBEHHDIN CTPOUTENbHbIN YHUBepcuTeT, 129337, Mockaa,
fipocnasckoe wocce, 26, Poccuiickaa Oegepauma

* ABTOp, OTBETCTBEHHBIN 3a Nepenucky: e-mail: epikhinsd@mgsu.ru

AHHOTALMA

BBepgeHue. AKTyasnbHOW HayYHO-MPaKTNUYeCKol 3aAayeli B pa3paboTke MHOrOGYHKLMOHaSbHbIX CTPOUTENbHBIX MAaTEPUANoB ABNAETCA
nosyyYeHne CaMoymnIOTHAILNXCA KOHCTPYKLMOHHbIX nerkmux 6etoHos (JICYB), roe ocHoBHasA npobrema — COXpaHeHne 0gHopoa-
HOCTV NPU BbICOKON TeKyyecTu. [laHHOW Npobneme NoceALLeHbl OTeYeCTBEHHbIE U 3apy6eXkHble nccnefoBaHUsa. OCHOBHOM aKLieHT
CTaBWCA Ha peLenTypHble GaKTopbl, BAMAOLLME Ha PeoNornyeckne n TexHonorndyeckre ceorictea JICYB. CnoXXHOCTb pa3paboTku
00bACHAETCA COAepPKaHNEM KOMMOHEHTOB Pa3HbIX NAOTHOCTeN. OcLmnAALMA CMeCcu — OAVH 3 METOAOB OLIEHKW M3MEHEHUA PeosIorin
LieMEHTHO-MUHepanbHbIX CUCTEM BO BpemeHU. PaHHre nccnegosarus JICYD Ha nonbix MUKpocdepax JaHHbIM CMOCOOOM oLeHrBanm
N3MEHEHUSA PEONTOrMUYECKNX CBONCTB NPV U3MEHEHUM KOHLEHTpaummn nnactnudurkaTtopa, B/L n gucnepcHocT MMHepanbHoro 3a-
nonHutens. CnefyowWwmin 3Tan nccnefoBaHUin peonorumn n ogHopoaHoctn JICYB MeTogom ocuunnaumm — yCTaHoOBMEeHVE BAUAHNA
Ka)K[ioro KOMMOHEeHTa B OTAe/IbHO B3ATON rpyrne LeMeHTHO-MUHepasibHbIX crcTeMm, Bxoaawumx B JICYB. MeTogbl n npyHLMNbI NC-
cnegoBaHus. O6beKT UCCIeOBAHUSA — LLIEMEHTHO-MUHepPasibHble CUCTeMbI 13 Pa3HbIX KOMOMHALNA KOMMOHEHTOB C MOCTOSHHbIM
COOTHOLLEHMEM X MAaCcCOBbIX YacTeit, cocTaBnsatowmx JICYB Ha nosnbix Mukpocdepax cpegHei nioTHocTbio 1400 kr/m>. Mpeamet
MCCneOBaHUA — peosiormyeckime CBOMCTBa Takux cuctemM npu ocumnnauun. CpaBHUBaNUCh NnacTudULMPOBaHHbIe U HennacTudu-
LMpOBaHHble cucTembl. [Ins aHanm3a CTPyKTypbl UCCedyeMblX CUCTEM UCMOSb30BANIUCD CriefyoLMe NapameTpbl: TONLWMHA BOAHOW
060J104KM, 06bEM LIEMEHTHOIO TECTA, TOMLLMHA LLleMEHTHOTO TecTa, KO3bOULIMEHT pa3fBMKKY 3epeH. PesynbTaTbl nccnefgoBaHus.
OpHOPOAHOCTb LIeMEHTHO-MUHEPAsTbHbIX NMACT OLIEHeHa MO PE0IOrMYeCcKon KPUBOW, MONYUYEHHON OCLMNALNOHHBIM BO3AENCTBMEM.
KrHeTunKa n3meHeHUs HanpsKeHna CABUra Npu oCUMNALMM ONUCbIBAETCA Pa3fIMYHON UHTEHCMBHOCTbIO, MOKa3blBas Npeobpas3oBa-
Hie CTPYKTYpPbl LLEMEHTHOW CUCTEMbI BO BpeMeHW. HabntofaeTcs 3aMeTHOe pasnnume Mexay N3MeHEeHUAMMN PeOsIOrMyecKnx CBOMCTB
LieMeHTHbIX NacT ¢ nnactndurkaTtopom n 6e3 Hero. MoguepKMBaeTCcA 3HAUMMOCTb MUKPOKPeMHe3eMa B CTabunmnsaumnm 6eToHHoM
cmecu. 3aknioveHne u obcyxaeHne. CTpyKTypHbI NnapameTp — TONLWMHaA BOAHOW NPOCNOiKy (h ) — He yunTbiBaeT NOBEPXHOCTHbIE
CBOWCTBa ANCNePCHbIX $a3s 1 KMAKOCTY B NnacTudrLMpoBaHHbIX cructemax. OnpeaeneHre BogonoTpebHocT KomnoHeHToB JICYD
1 ponb nnacTndurKaTopa B 3TOM ABMAETCA NEPCNEKTVBHbIM HanpaBleHNEM Pa3BUTAA TEMBbI.

KJTIOYEBbBIE CJIOBA: LemeHTHO-MUHepanbHas nacTta, CaMmoynnoTHAWMIACA 6eTOH, nerkunii 6eToH, 6eTOH Ha Nosbix MUKpocdepax,
peonoruyeckrie CBONCTBA, HaNPsXKeHWe CABWra, OCLUNALNA, NNACTUOUKATOP, OBHOPOAHOCTb, PACCIOEHNE, PA3KUXKEHNE

BNIAFTOAAPHOCTW: [laHHaA paboTa BbIMOMHAETCA B pamMKax peanmsauum Mporpammbl pa3BuTma deaepanbHOro rocynapcTBeH-
Horo 6tofxeTHOro 06pa3oBaTENbHONO YUpeKAeHUA Bbicllero o6pa3oBaHmA «HaLuMoHanbHbI nccnefaoBaTenbckuii MockoBCKUi
rocyfapCTBEHHbIV CTPOUTENbHBbI YHUBepcnTeT» Ha 2025-2036 roapl. PaboTa duHaHcMpoBanacb MUHUCTEPCTBOM HayKM 1 BbICLLErO
obpasosaHua PO, npoekT N FSWG-2026-0003.

AnAa UMTUPOBAHUA:
Enuxun C.[., IHo3emues A.C. Peonormyeckoe nosegeHne nnactuduLmMpoBaHHbIX LEMEHTHbIX AUCNEPCHBIX CUCTEM NpY BUGpaunn.
HaHomexHonozauu 8 cmpoumenscmae. 2026;18(2):167-179. https://doi.org/10.15828/2075-8545-2026-18-2-167-179. — EDN: ZWSKDH.

INTRODUCTION

The development of multifunctional building materials
is one of the recognized global trends in construction
[1—4]. Such materials include high-strength lightweight
concretes, which are developed by domestic and foreign
engineers [5—7]. A popular scientific and practical task in
the technology of structural and high-strength lightweight
concretes is to expand the scope of application [8, 9], for
example, for use in monolithic construction. Increasing
the workability of high-strength lightweight concretes and

achieving their self-compaction [10] while maintaining
uniformity is of interest in the study of such systems.
The main problem of self-compacting concretes
(SCCQ) is the preservation of uniformity with high mobility
of the mixture [11]. The main attention in the research of
self-compacting concrete mixtures has been focused on
prescription factors that affect the rheological and techno-
logical properties of the substrate [12—14]. The key to reg-
ulating the mobility and uniformity of concrete mixtures
are changes in the amount of water and the quantity and
quality of plasticizer [15, 16]. Also, the solid components

http://nanobuild.ru

info@nanobuild.ru


http://nanobuild.ru/ru_RU/
https://orcid.org/0009-0004-0193-1904
https://orcid.org/0000-0001-7807-688X

2026; 18 (2):
167-179

Nanotechnologies in construction
HaHoTexHonornn B cTponTenbCcTBe

ISSN 2075-8545 (online)

Nanobm

CONSTRUCTION MATERIALS SCIENCE

of concrete mixtures are of great importance for regulating
fluidity and uniformity. The work [17] presents studies of
the impact of the use of waste from copper smelting and
nanosilica in cast concretes. The results showed that the
introduction of nanosilica in a fraction of up to 0.5% of
the cement weight contributes to a gradual increase in the
strength of fine-grained concrete to 6.7%, but at the same
time reduces the plasticity of the mixture, which is ob-
served even with an additive fraction of up to 0.2% of the
cement weight. The authors suggested that the solution to
this problem could be to increase the proportion of poly-
carboxylate plasticizer without increasing the W/C ratio.

The development of self-compacting lightweight
concretes has great difficulties [18, 19]. The content of
components of different densities (more than 1000 kg/m?
and less than 1000 kg/m?) the uniformity of the structure
leads to the risk of stratification. Therefore, it is especially
important for such systems to correctly select the com-
position of solid components [20]. One of the methods
for assessing changes in the rheology of cement-mineral
systems over time is the method of mixture oscillation.
Scientists from the University of Glasgow School of En-
gineering together with scientists from the University of
Manchester in their article [21] consider the latest advanc-
es in methods for measuring and characterizing dynamic
and static rheology, compaction or liquefaction during
shear, viscoelasticity and thixotropic structural build-up
using rheometers as measuring instruments.

In early studies of lightweight concrete mixtures on
hollow microspheres using the oscillation method [22],
the authors evaluated changes in the rheological proper-
ties of LWSCC when changing parameters: plasticizer
concentration, W/C ratio. It was found that the kinetics
of viscosity changes during oscillation is described by
different intensities, which indicates a transformation of
the structure of the concrete mixture. The intensity of
thixotropic liquefaction depends more on the concentra-
tion of the plasticizer than on the W/C ratio. The achieve-
ment of high stability and low fluidity of self-compacting
lightweight concrete mixtures on hollow microspheres are
in opposite ranges of W/C ratio variation and plasticizer
concentration, which requires the search for a compro-

mise formulation solution based on achieving optimal
structure.

The next stage in the development of research on the
effect of prescription factors on rheological characteristics
and uniformity is to determine the effect of each compo-
nent in a particular group of cement-mineral systems,
which are an integral part of self—compacting lightweight
concrete mixtures.

METHODS AND MATERIALS

Cement-mineral systems were considered as an ob-
ject of research. These systems consist of components
that are part of high-strength lightweight concretes based
on hollow microspheres: Portland cement CEM 1 42.5
(C), ceramic microspheres ForeSphere (MS), micro-
silica MK-85 (SA), fractional sand fr. 0.16—0.63 mm (S,),
quartz flour (Sp) and water (W).

Cement-mineral systems consisted of different combi-
nations of components with a constant ratio of their mass
parts, relative to Portland cement, which was:

C:SA:Sp:Sf:MS:W=
=1,00:0,11:0,09:0,28 : 0,40 : 0,50.

The second series was distinguished by the presence
of Melflux 2651F (PI) hyperplasticizer in an amount of
1.4% by weight of Portland cement.

The rheological properties of cement-mineral pastes
were studied using an MCR 101 rotary viscometer (Fig. 1)
by measuring the shear stress during oscillation of a sen-
sor (measuring system “ball” with a diameter of 8§ mm)
with a frequency of 15 Hz and a deflection angle of 0.42°
for 600 s. The analysis of the obtained dependences was
performed in accordance with the methodology described
in [22], where the viscosity of the mixture was considered
as a rheological parameter. According to this technique,
the rheological curve is divided into 3 sections (Fig. 2),
each of which is described by a trend line. The coefficients
of the equation describing the sections characterize the
behavior of the system under study under the influence
of oscillation.

Table 1. Properties of the components of the studied pastes and concrete mixtures

Ne Component True density, p, kg/m? Specific surzface area, Particle diameter, d,, mkm
Ss, m?*/kg 7
1 | Portland cement 3100 121.6 15.9
Micro-silica «Fremsilica
2 MK-85 2250 171.2 15.6
3 | Quartz flour 2650 17.3 130.7
4 | Fractional sand 2650 33 694.6
5 | Ceramic microspheres 580 169.7 61.0
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Fig. 1. MCR 101 rotational viscometer with a ball
measuring system

Various structural parameters were used to analyze the
structure of the studied dispersed systems. The thickness

of the water shell /_ is calculated using the well-known
formula:

Vv Vv

h’W == 7
Sf Ssprmy

()]

where V is the volume of water, Sfis the total specific
surface area of the particles, S, s the specific surface area
of the particle

The specific surface area can be expressed by a simpli-
fied formula (2), taking into account the average particle
diameter or taking into account the contribution of par-
ticles of various sizes (3)

6
drpy
where df and p,are the diameter and density of par-
ticles of dry components, respectively, v is the proportion
of i-s particles of a certain diameter.

The structure parameters for the studied mixtures were
calculated

hcp  ven/Sy
dy dp
where v, u A — are the volume and thickness of the
cement paste layer, respectively.

Sg = (2)

3)

RESULTS AND DISCUSSION

Establishing the role of each component of the con-
crete mixture to solve the problem of a parity combination

)

4
S/

/ ya=kst+bs

shear stress
T
=
1]
o
fy
o
S

/
=k,t+b
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Fig. 2. General view of the rheological curve obtained during oscillation
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of high fluidity and the ability to maintain uniformity is of
great importance for the development of self-compacting
high-strength lightweight concretes. Earlier in [22], an ap-
proach was proposed that makes it possible to establish a
change in the rheological properties of concrete mixtures
under the influence of constant oscillatory action. The
changing nature of the flow curve indicates changes in the

Nanob%

structure of the system under study. The analysis is per-
formed by dividing the kinetic dependence into sections
that are described by different trend lines. The coefficients
of these lines show the intensity of transformation of the
structure of the studied dispersed systems.

Fig. 3 shows the dependence of shear stress on time
under constant vibration action for cement and cement-

N
]

Shear stress, Pa
(e
o
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N
(6]

Shear stress, Pa
N
o
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Fig. 3. Change in shear stress of cement-mineral pastes with plasticizer (a) and without plasticizer (b) during

oscillation
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mineral pastes of various compositions with and without
plasticizer.

In accordance with the methodology [22], three sec-
tions are highlighted on the presented graphs (Fig. 3),
which describe straight lines. The coefficients of these
lines are presented in Table 2. A clear difference between
the kinetic dependences of shear stress for dispersed sys-
tems with and without plasticizer is shown in Fig. 3. Thus,
pastes with plasticizer have a short (1.5...3.5 s) descend-
ing section 1, which is associated with thixotropic lique-
faction. After that, the vibration effect does not lead to
a change in the shear stress. This is section 2, which lasts
for 150 to 450 seconds. After this section, the intensive
increment of the shear stress to values exceeding the initial
yield strength is fixed. This behavior may be caused by the
transition of a dispersed system from a stable coagulation
structure to an inhomogeneous one. Constant vibration
exposure leads to a violation of uniformity, for example,
the separation of the paste due to the convergence and
formation of aggregates of dense particles, which tend to
sedimentation under the influence of gravity. The addi-
tion of ground or fractionated sand to the cement paste
reduces site 2.

Another dependence of the shear stress on the oscil-
lation time is typical for the studied pastes without plas-
ticizer. The shear stress has a significantly higher initial
value, which is expressed by a longer section 1. The begin-
ning of the ascending section 3 can be identified earlier
than for the same pastes, but with a plasticizer. Section
2 is poorly identified, which is clearly observed when the
parameters of the trend lines are analyzed. The results are
presented in Table 2.

Table 2 shows, that within the experiment the duration
of section 3 for pastes without plasticizer is 550 s, at which
the shear stress increment occurs when close shear stress
values are reached, as indicated by b, = 2.81...4.19. In this
case, the intensity of the increment, which is described by
the coefficient k,, also has close values of 0.002...0.003.
This behavior of the studied systems without plasticizer

can be explained by the uneven distribution of water for
wetting particles and the absence of a dispersing effect.
A comparative analysis of the coefficients for each site
shows the role of the plasticizer both in the dilution (b,
is 1.38...13.8 versus 6.39...26.4) and in the rate of unifor-
mity disturbance (k, is an order of magnitude higher) of
the pastes.

An analysis of lines 1—4 in Table 2 shows that the
rheology of plasticized pastes can be controlled using
either dispersed components or combinations of them.
It is shown that the introduction of quartz flour into the
paste leads to a slight thickening, but reduces the dura-
tion of phase 2 from 450 to 250 seconds: it leads to an
early violation of uniformity. The use of larger quartz
particles in the paste leads to a greater intensification of
the described effect. The high density of such pastes (b,
is 10 times greater) is explained by the high friction of
quartz sand particles, and their size (fr. 0.16-0.63 mm),
which exceeds the size of both flour and Portland cement,
promotes faster stratification (k, increases from 0.01 to
0.04). This effect can be balanced by a combination of S,
and S . In this case, the plasticized paste, which consists
of Portland cement, water and quartz flour, forms a layer
between the particles of fractionated sand, reducing their
friction. However, an increase in the proportion of quartz
components leads to an acceleration of delamination (k,
increases to 0.06), due to a decrease in the proportion
of binder, which forms the coagulation structure of the
system under study.

Thus, it is shown that the variation of the components
of the dispersed medium makes it possible to control the
rheological behavior of the paste. Reducing the propor-
tion of binder by filling with quartz sand or a fine mineral
additive reduces the ability of such systems to maintain
uniformity. This is significantly noticeable on plasticized
cement pastes.: the larger the particles of the dispersed
phase, the more intense the stratification processes.

It is known that the use of fine mineral additives makes
it possible to increase the uniformity of dispersed systems

Table 2. Parameters of the dependence of the shear stress of cement-mineral pastes on the oscillation time

Ne The presence Marking Sector 1 Sector 2 Sector 3

of plasticizer | the composition k, b, t,c b, t,c k, b, t,c
1 - -0.25 1.38 35 0.87 447 0.01 -2.47 150
2 Bl + Sp -0.51 1.74 1.5 1.48 248 0.02 -3.77 350
3 +S -13.0 13.8 1.0 0.94 149 0.04 -5.16 450
4 oW + Sp +S -0.67 1.81 1.5 1.52 248 0.06 -104 300
5 - -0.85 7.29 5.0 3.39 45 0.002 2.97 550
6 +5, -0.63 6.39 5.0 2.81 45 0.002 2.70 550
7 B +5; -0.84 7.73 5.0 3.01 45 0.003 3.04 550
8 + Sp +5, -14.5 26.4 1.5 4.19 45 0.003 3.73 550
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due to their high water retention capacity. The effect of
micro-silica on the graph of the shear stress curve of ce-
ment-mineral pastes during oscillation is shown in Fig. 4.

Fig. 4 shows that plasticized cement-mineral pastes
with micro-silica have a low initial shear stress (less than
12 Pa), which are close to the values for pastes without

Nanob%

plasticizer shown in Fig. 3 (less than 10 Pa), in contrast to
non-plasticized pastes, where the values have changed by
an order of magnitude (152...378 Pa versus 5.4...20.9 Pa).
In Fig. 3b, the pastes C+B-i—SA-i—Sp and C+W—|—SA+SP+Sf
can be distinguished. Despite the possibility to identify
individual sites, these cement-mineral systems are char-
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Fig. 4. Change in shear stress of cement-mineral pastes with plasticizer (a) and without plasticizer (b) during

oscillation
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acterized by a relatively low variability of shear stress
throughout the entire period of oscillatory action: within
1.5...2.3 Pa. At the same time, the absence of ground sand
(blue and green graph in Fig. 4a) in the composition in-
creases the value of the initial shear stress. It is also noted
that the systems with micro-silica and with fractionated
sand (green and purple graph in Fig. 4a) differ in the pres-
ence of an ascending section on the rheological curve.
This means that quartz sand acquires the role of a com-
ponent that intensifies the violation of the uniformity of
the paste structure. However, the intensity of this process
is not significant for the studied systems.

The absence of plasticizer in the investigated micro-
silica pastes changes the features of their rheological be-
havior (Fig. 4b). Thus, all types of pastes are distinguished
by the absence of site 3 within the duration of the study. At
the same time, dilution as a result of the oscillatory effect
proceeds in similar time ranges (Table 3).

It is noted that the thickening of pastes due to the
introduction of micro-silica affects the intensity of lig-
uefaction, which occurs faster (after 2.5 seconds versus
5 seconds). However, such a mixture has a higher b2 co-
efficient, which increased by an order of magnitude from
2.81...4.19 t0 50.9...59.0.

Thus, it can be concluded about the role of the com-
ponents in the studied pastes to control their properties.
In plasticized cement-mineral pastes, varying the con-
tent of quartz flour makes it possible to reduce the flow
rate while maintaining uniformity. Varying the content of
a large fraction of quartz sand can be used to control the
thixotropic dilution of cement mixtures, but the increased
tendency to delamination must be taken into account.
Micro-silica makes it possible to stabilize the structure
of cement-mineral pastes, including plasticizer systems.

Obviously, in the studied dispersed systems based on
Portland cement or quartz sand, the change in structure
under the influence of vibration will be slower. This is due
to the fact that the density of the dispersed phase, which is
a fractionated quartz aggregate and a dispersion medium

(cement-mineral paste) have similar values. The intro-
duction of a hollow filler, such as hollow microspheres,
will lead to a decrease in the stability of the system, the
tendency to stratification of which will occur earlier. How-
ever, it is impossible to ensure the high fluidity that self-
compacting concrete mixtures on a hollow filler should
have without using a plasticizer.

Fig. 5 shows that the introduction of hollow micro-
spheres into plasticized and non-plasticized cement-
mineral systems with micro-silica contributes to the ap-
pearance of site 3. The only system without this site is
C+W+ SA+MS+SP+ S. Itis noted that the stability pe-
riod is longer for plasticizer systems, where the exception
is C+W+ SA+MS+Sf’ because in this system the period
of preservation of uniformity is the same with the same
composition of the mixture without plasticizer. This once
again proves the previous thesis about the role of sand
as a component that intensifies the violation of the uni-
formity of the paste. In systems without plasticizer, the
introduction of quartz filler of different dispersion and
volume (Sp and S,) contributes to a change in the onset
of stratification over time: it leads to a later stratifica-
tion. In plasticized mixtures, a change in the dispersion
of the filler does not change the mark of the beginning of
stratification: section 3 for compositions C+ W+SA+MS,
C+W+SA+MS+S,, C+W+SA+MS+SD, starts at t = 350.
The combined introduction of fillers of different disper-
sion (Sp-l— S,) will lead to a later start of the stratification
process. So, for C+W+SA+MS+SP+Sf the set oscilla-
tion time (t = 600 seconds) is not sufficient to accurately
determine the beginning of the stratification period of
the mixture.

The introduction of hollow microspheres significantly
changes the rheology of the investigated cement pastes
with silica: both with and without plasticizer. Almost
all studied systems with microspheres have a section 3
(Fig. 5b) within the duration of the study. Dilution due
to oscillation occurs in similar time ranges for plasticized
systems, except for the composition with Sp-i— S,, and dif-

Table 3. Parameters of the dependence of the shear stress of cement-mineral pastes on the oscillation time

. | The presence Marking Sector 1 Sector 2 Sector 3
N* | of plasticizer the composition k, b, t,c b, t,c k, | b, | t,c
1 - -19.6 20.6 2.0 1.54 598 -
2 +5 -2.17 3.14 2.0 1.65 598 -
3 : +S -18.5 19.6 2.0 1.71 346 0.002 1.12 200
4 +5,+5 -2.30 3.32 2.0 1.74 297 0.001 1.56 300
C+W+SA
5 - -141.4 435 2.5 51.3 597 -
6 +5, -142.7 443 2.5 50.9 597 -
7 ) +5 -203.6 514 2.5 59.0 597 -
8 +5,+5; -96.4 354 2.5 59.0 597 -
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Fig. 5. Change in shear stress of cement-mineral pastes with plasticizer (a) and without plasticizer (b) during
oscillation

ferent ranges for systems without plasticizer, where a de- A feature of the rheological behavior of mixtures on
crease in site 3 occurs due to an increase in the size of the ~ hollow microspheres is the presence of a short interval in
quartz aggregate (Table 4). the initial period of time, when an increase in shear stress
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Table 4. Parameters of the dependence of the shear stress of cement-mineral pastes on the oscillation time

Ne The presence Marking Sector 1 Sector 2 Sector 3

of plasticizer the composition k, b, t,c b, t,c k, b, t,c
1 - -0.55 4.69 2.0 241 346 0.003 1.59 250
2 + Sp -0.58 4.85 2.0 2.58 346 0.002 1.79 250
3 Pl +5 -0.01 3.21 148 2.28 200 0.004 1.04 250
4 C+Wet +S +S, | 0003 | 34 146 3.0 454 - - -
5 SA+MS - -133 | 1724 | 985 66.6 | 2515 | 002 59.8 250
6 +5, -1.12 251.4 199 83.0 201 0.02 753 200
7 - +S -0.53 1954 299 78.8 201 0.01 74.0 100
8 + Sp +S -0.65 203.8 249 82.6 251 0.03 66.0 100

is recorded under the oscillatory action of the rheometer
measuring system. The explanation of this type of change
and its significance requires additional research.

Thus, it has been established that multicomponent
dispersed systems have complex rheological behavior. The
introduction of a light, finely dispersed phase stabilizes
the system and prevents stratification for a certain period
of time.

It is obvious that the rheological behavior of dispersed
systems is associated with the formation of a certain struc-
ture. The properties of such a structure depend on the pa-
rameters that are achieved by varying prescription factors.
Such structural parameters for cement-mineral pastes and
concrete mixtures include the volume of cement paste, the

Table 5. Structural parameters of cement-mineral pastes

thickness of the water layer, the particle size of the dispersed
phase, the grain spreading coefficient or the distance be-
tween the particles of the dispersed phase, etc. [5]. Table 5
shows some structural parameters of the studied mixtures.

Varying the formulation of cement-mineral paste
or concrete mixture leads to the formation of a struc-
ture that can be described by various parameters. This is
clearly demonstrated in Table 5. The determination of the
dependence of the rheological properties of a dispersed
system on its structural parameters will make it possible
to determine the prescription factors that allow them to
be controlled. Table 6 shows the results of the correlation
analysis of rheological parameters for some of the studied
dispersed systems.

Ne Dispersed zS,-10° m? h, , mkm v S, +10°m? h h_/d
Environment Phases @ f @ e
1 Sp 72.5 8.03 0.96 0.9 1010 7.72
2 Sf 72.1 7.46 0.89 0.5 1653 2.38
3 SA 83.1 6.88 0.94 11.5 81.8 5.25
4 MS 111.2 2.98 0.55 39.7 13.7 0.23
5 C+W Sp + Sf 73.0 7.10 0.85 1.48 575 1.39
6 Sp + SA 84.0 6.54 0.91 12.5 72.6 0.99
7 Sp + MS 112.2 2.88 0.53 40.6 13.1 0.14
8 SA+S, 83.6 6.10 0.84 12.0 69.7 0.20
9 SA + MS 122.7 2.61 0.53 51.2 10.3 0.27

Table 6. Correlation coefficient between structural and rheological parameters

With plasticizer Without plasticizer
Parameters
hw vCD hCD h(d/df Hw VCD hCD hcd/df
, -0.35 -0.40 -0.11 -0.17 -0.33 -0.50 0.42 0.09
} 0.17 0.23 0.03 0.09 0.18 0.37 -0.54 -0.15
5 -0.91 -0.88 -0.72 -0.56 -0.28 -0.09 -0.68 -0.35
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It has been established that the rheological param-
eters (k, b, b,) of systems with and without plasticizer
have a good correlation with some structural param-
eters. Table 6 shows that in non-plasticized systems, the
volume of cement paste (v.,) is a sensitive structural
parameter to the intensity of liquefaction in the initial
time period (k,), and the thickness of cement paste (4.,)
to the initial shear stress (b,). This may be due to the
noticeable transformations that the system undergoes at
the initial stage of the oscillation effect. That is, without
a plasticizer, the mixtures are thick and dilute more in-
tensively under the influence of vibration. The greatest
correlation coefficients (|  |) with rheological parameters
with both b, and b, are observed in the thickness of the
h., cement paste layer. For dispersed plasticizer systems,
a high correlation coefficient (modulo) is characteristic
of each structural parameter and rheological parameter
b,. The most sensitive (| #| > 0.80) structural param-
eter to the magnitude of the shear stress b,, which the
mixture tends to under the influence of vibration, is the
thickness of the water layer 4 and the volume of the
cement paste v..

Thus, it is shown that the common structural pa-
rameters used to describe dispersed systems have limited
applicability. For thick mixtures, the selected structural
parameter can be used to estimate the intensity of lique-
faction, and for fluid mixtures, to estimate the maximum
amount of liquefaction. However, it is worth noting that
none of these structural parameters, calculated using
known prescription formulas, takes into account the con-
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Peonornuyeckoe noBegeHune nnactupmumnpoBaHHbIX
LleMEeHTHDbIX ANCNepPCHbIX CMCTeM Npu BUbpauun

Cepren AmutpueBund Enuxun* (), AnekcaHgp Cepreesuny iIHoszemueB

HaumoHanbHbIN nccnegoBaTenbCkmii MOCKOBCKMI roCyAapCTBEHHDIN CTPOUTENbHbIN YHUBepcuTeT, 129337, Mocksa,
fipocnasckoe wocce, 26, Poccuickaa Oegepauma

* ABTOp, OTBETCTBEHHBIN 3a Nepenucky: e-mail: epikhinsd@mgsu.ru

AHHOTALMA

BBepgeHue. AKTyasnbHOI HayYHO-MPaKTNUYeCKol 3aAayeli B pa3paboTke MHOrOGYHKLMOHabHbIX CTPOUTENbHBIX MAaTEPUANoB ABNAETCA
nosnyyYeHne CaMoymnIOTHAILNXCA KOHCTPYKLMOHHbIX nerkmux 6etoHos (JICYB), rae ocHoBHasA npobriema — COXpaHeHne 0gqHOpOoA-
HOCTV NPU BbICOKOM TeKyyecTu. [laHHOW Npobneme NocBsALLeHbl OTeYeCTBEHHbIE U 3apy6eXkHble nccnefoBaHUsa. OCHOBHOM aKLieHT
CTaBWCA Ha peLenTypHble GaKTopbl, BAMAOLLME Ha Peonornyeckne n TexHonorndyeckre ceorictea JICYB. CnoXHOCTb pa3paboTku
00bACHAETCA COAepPKaHNEM KOMMOHEHTOB Pa3HbIX NAOTHOCTeN. OcLmnAALMA CMeCcU — OAVH 3 METOAOB OLIEHKW M3MEHEHUA Peosiorun
LieMEHTHO-MUHepanbHbIX CUCTEM BO BpeMeHU. PaHHre nccnegosanus JICYD Ha nonbix MUKpocdepax AaHHbIM CMOCOHOM oLeHrBanm
N3MEHEHUSA PEeOoNOTrMUYECKNX CBONCTB NPV U3MEHEHUW KOHLEHTpaummn nnactudurkaTopa, B/L n gucnepcHocT MUHepanbHoro 3a-
nonHutens. CnefyowWwmin 3Tan nccnefoBaHUin peonorumn n ogHopoaHoctn JICYB MeTogom ocuunnaumm — yCTaHOBMEeHVE BANAHNA
Ka)K[ioro KOMMOHEeHTa B OTAe/IbHO B3ATON rpyrne LeMeHTHO-MUHepasibHbIX crcTeMm, Bxoaawumx B JICYB. MeTogbl n npyHLMNbI NC-
cnegoBaHusA. O6beKT UCC/IeJOBAHUSA — LLIEMEHTHO-MUHepPasibHble CUCTeMbI 13 Pa3HbIX KOMOMHALNA KOMMOHEHTOB C NMOCTOSHHbIM
COOTHOLLEHMEM X MACCOBbIX YacTeit, coctaBnsatowwmx JICYB Ha nosnbix Mukpocdepax cpegHeit nioTHocTbio 1400 kr/me. Mpeamet
1CCeOBaHUA — peosiormyeckme CBOMCTBa Taknx cuctemM npu ocumnnsauun. CpaBHMBaNUCh NnacTMULMPOBaHHbIE U HennacTudu-
LMpPOBaHHble cucTembl. [Ins aHanm3a CTpyKTypbl UCCedyeMblX CUCTEM UCMOSb30BANUCh CriefyoLMe NapamMeTpbl: TONLWMHA BOAHOW
060J104KM, 06bEM LIEMEHTHOIO TECTA, TOJLMHA LLleMEHTHOTO TecTa, KO3bOULIMEHT pa3fBMKKM 3epeH. PesynbTaTbl nccnefgoBaHus.
OpHOPOAHOCTb LIeMEHTHO-MUHEPAsTbHbIX NMAaCT OLIeHeHa MO PEOIOrMYecKon KpUBOW, MONyUYeHHON OCLMNIALNOHHBIM BO3AENCTBMEM.
KrHeTunKa nameHeHUs HanpsKeHNa CABUra Npu oCUMNALMM ONUCbIBAETCA Pa3fIMYHON UHTEHCUBHOCTbIO, MOKa3blBas Npeobpasosa-
Hre CTPYKTYPbl LLEMEHTHOW CUCTEMbI BO BpeMeHW. HabntofaeTcs 3aMeTHOe pasnnume Mexay N3MeHEHUAMMN PeOsIOrMyecKmnx CBOMCTB
LieMeHTHbIX NacT ¢ nnactndurkaTtopom n 6e3 Hero. MoguepKMBaeTCA 3HAUMMOCTb MUKPOKpeMHe3eMa B CTabunmnsaumnm 6eToHHoM
cmecu. 3aknioveHne u obcyxaeHne. CTpyKTypHbI NapameTp — TONLWMHaA BOAHOW NPOCNONiKy (h ) — He yunTbiBaeT NOBEPXHOCTHbIE
CBOWCTBa ANCNePCHbIX $a3 1 KUAKOCTY B NnacTudrLMpoBaHHbIX cructemax. OnpeaeneHre BogonoTpebHocT KomnoHeHToB JICYD
1 ponb nnactnduKaTopa B 3TOM ABMSAETCA NEPCNEKTVBHbIM HanpaBeHNEM Pa3BUTAA TEMBbI.

KJTIOYEBbBIE CJIOBA: LemeHTHO-MUHepanbHas nacTta, CaMmoynnoTHAWMINCA 6eTOH, nerknii 6eToH, 6eTOH Ha Nosbix MUKpocdepax,
peonoruyeckrie CBONCTBA, HaNPsXKeHWe CABMra, OCLUNALNA, NNAcTUOUKATOP, OAHOPOAHOCTb, PACCIOEHNE, PA3KKEHNE

BNIAFTOAAPHOCTU: [laHHaA paboTa BbIMOMHAETCA B pamMKax peanmsauum Mporpammbl pa3BuTma deaepanbHOro rocyfapcTBeH-
Horo 6tofxeTHOro 06pa3oBaTeNbHONO YUpeKAeHUA Bbicllero obpa3oBaHmA «HauMoHanbHbI nccnefaoBaTenbckuii MockoBCKUin
rocyfapCTBEHHbIV CTPOUTENbHBI YHUBepcUTET» Ha 2025-2036 roapl. PaboTa dnHaHcMpoBanacb MUHUCTEPCTBOM HayKM 1 BbICLLErO
obpasosaHua PO, npoekT N FSWG-2026-0003.

AnAa UMTUPOBAHUA:
Enuxun C.[., IHo3emues A.C. Peonornyeckoe nosegeHne nnactuduLmMpoBaHHbIX LEMEHTHbIX AUCNEPCHbIX CUCTEM NpY BUGpaunn.
HaHomexHonozauu 8 cmpoumenscmae. 2026;18(2):167-179. https://doi.org/10.15828/2075-8545-2026-18-2-167-179. — EDN: ZWSKDH.
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ABSTRACT

Introduction. Obtaining self-compacting structural lightweight concretes (LWSCC) is an urgent scientific and practical task in the
development of multifunctional building materials, where the main problem is to maintain un-iformity with high fluidity. Russian
studies and studies from other countries have been devoted to this problem. The main focus was on prescription factors that affect
the rheological and technological proper-ties of LWSCC. The content of components with different densities is the main difficulty
of this develop-ment. Oscillation is one of the methods for estimating changes in the rheology of cement-mineral systems over
time. Early studies of LWSCC on hollow microspheres showed changes in rheological properties with changes in the concentration
of plasticizer, W/C ratio and the dispersion of the mineral aggregate. The next stage of research on the rheology and uniformity of
LWSCC by the oscillation method is to es-tablish the influence of each component in a separate group of cement-mineral systems
included in LWSCC. Methods and Materials. The object of research is cement-mineral systems from different combinations of
components in a con-stant ratio of their mass parts, which make up LWSCC on hollow microspheres with an average density of
1400 kg/m?3. The subject of the study is the rheological properties of such systems during oscillation. Plasticized and non-plasticized
systems were compared. The following parameters were used to analyze the structure of the studied systems: the thickness of the
water shell, the volume of cement dough, the thickness of the cement dough, and the grain spreading coefficient. Results and
Discussion. The kinetics of the shear stress variation during oscillation is described by varying intensity, showing the transforma-
tion of the cement system structure over time. There is a noticeable difference between the changes in the rheological properties
of cement pastes with and without plasticizer. The importance of the addition of micro-silica in the stabilization of the concrete
mixture is emphasized. Conclusion. The water thickness (h ) is a structural parameter that does not take into account the surface
properties of dispersed phases and liquids in plasticized systems. The determination of the water consumption of LWSCC compo-
nents and the role of plasticizer in this is a promising direction for the development of the topic.

KEYWORDS: cement-mineral paste, self-compacting concrete, lightweight concrete, concrete on hollow microspheres, rheological
properties, shear stress, oscillation, plasticizer, uniformity, delamination, liquefaction
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BBEAEHUE

Pa3paboTka monndyHKIIMOHATBHBIX CTPOUTEIHBHBIX
MaTepHUaJIOB SIBJISIETCSI OMHUM W3 IMPU3HAHHBIX MUPO-
BBIX HampaBJIeHUi#t B cTpoutenbeTBe [1—4]. K Takum
MaTepuajgaM MOXKXHO OTHECTH BBICOKOIIPOUHBIC JICTKHIE
OCTOHBI, Pa3pabOTKOI KOTOPBIX 3aHNMAIOTCST OTCUe-
CTBEHHBIC M 3apyOexKHbIe LIKOJbI [5-7]. AKTyalbHOI
HayIHO-MPAKTUIECKOM 3amaueii B TEXHOJIOTUH KOH-
CTPYKIIMOHHBIX W BHICOKOIIPOUHBIX JIETKMX OCTOHOB
SBJISIETCS pacIIUpeHne 00JIacT ImpuMeHeHus |8, 9],
HAIpUMeEp, IS IPUMEHEHUS B MOHOJIUTHOM CTPOM -
TenbeTBe. [1oBEIIIeHNE YI0OOYKIanbIBAEMOCTH BEICO-
KOIIPOYHBIX JIETKUX OETOHOB, OCOOCHHO TOCTIKCHME

nX camMoyrioTHsieMocTH [10], Tpu coxpaHeHNU OTHO-
POITHOCTH TIPEACTABIISICT COOOI TIpeIMET ISt UCCIICIO-
BaHMS TAKNX CHCTEM.

OCHOBHOI ITPO0IEMOiT CAMOYTUIOTHSIIOIIIXCST 0ETO-
HoB (manee CYB) sBisteTcst coxpaHeHNEe OMHOPOTHOCTH
IPY BBICOKOM MOABKHOCTU cMecH [11]. OcHOBHOI ak-
LIEHT B MCCIICAOBAHMUSIX CAMOYIUIOTHSIOIINXCS 06 TOHHBIX
cMecelt CTaBUTCS Ha pellenTYpHBIC (PaKTOPHI, BIUSIOIINE
Ha peoJIOTUYECKUEe W TeXHoIorndeckue cpoiictea CYb
[12—14]. Kito4eBBIMU UIST PETYJIMPOBAHUS TTOIBMXK-
HOCTU M OTHOPOTHOCTH OCTOHHBIX CMECCH SIBIISTFOTCS
M3MEHCHMS KOJMYEeCTBA BOIBI M KOJIMYECTBA U Kave-
cTBa turactudukaropa [15, 16]. Takxke OoJblIOe 3HA-
YeHWE IUTSI PEryINPOBAHUS TEKYISCTH U OMHOPOTHOCTH
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MMEIOT TBepIble KOMIIOHEHTHI OETOHHEIX cMeceil. Taxk,
B paborte [17] mpuBeneHsl UCCIEAOBAHUS 10 UCIOJIb-
30BaHUIO OTXOJIOB MEICTIIaBMJIBHOTO ITPOU3BOICTBA
¥ HaHOKpEMHe3eMa B JINTHIX OeTOHaX. Pe3ynmbTarTsl 110-
Ka3ajii, 4TO BBeJAeHUe HaHOKpeMHe3ema B 1oJie 10 0,5%
OT MacCCHI IIEMEHTA CITOCOOCTBYET ITOCTETICHHOMY YBEIIH-
YEHMIO IIPOYHOCTH MEJIKO3epHUCTOro 6eToHa 10 6,7%,
HO B TO € BpeMsI YMEHBIIACT IJIACTUIHOCTh CMECH,
KOTOpast HabJII0AaeTCsI Jaxe mpu aoJjie gooasku 10 0,2%
OT MacCHI IIeMEHTAa. ABTOPHI ITPEIJIOXIIIN, 9TO PEIICHU-
€M ITaHHOM MPOOJIeMbI MOXET OBITh YBEIMUICHHE TOJIU
TOJTMKAapOOKCMIATHOTO IUTacTH(UKaTOpa 0e3 yBeImae-
HUs cooTHomeHus B/11.

Pa3paboTka caMOyTIOTHSIOIIMXCS JIETKUX OETOHOB
CTAJIKMBACTCSI C eIIIe OOJBIIMMU CIIOXKHOCTSIMH [ 18, 19].
M3-3a comep:kaHNsI KOMIIOHECHTOB Pa3HBIX TNIOTHOCTEH
(6onee 1000 kr/m* u menee1000 kr/m?) OIHOPOIHOCTD
CTPYKTYpPHI TTOABEPKEeHA PUCKY paccioeHus. IToatomy
IJIST TAKUX CUCTEM OCOOCHHO BaXKHO IIPABMIIBHO MO -
OMpaTh COCTaB TBEPIABIX KOMIOHEHTOB [20]. OmHum
M3 METOIOB OIICHKN M3MEHEHUST PEOJIOTUM IIEMEHTHO-
MUWHEPaJIBHBIX CUCTEM C TCUCHUEM BPEMEHH SIBIISICTCS
METOII OCUMJUISIIIAY CMECH. YUCHBIC U3 MHXCHEPHOU
IIKOJIBI YHUBEpCUTETa B ['71a3r0 COBMECTHO ¢ YICHBIMU
M3 MaHYECTEPCKOTO YHUBEPCUTETA B CBOEH cTaThe [21]
paccMaTpHUBalOT MOCICIHNE TOCTUIKCHUS B 00JIaCTH
METOIOB U3MEPEHUS U OIIPEICIICHUST XapaKTePUCTUK
OTUHAMWYECKOU 1 CTATHYECKOU PEOJIOTUH, YITIOTHCHMS
WIN Pa3XUXKEHUS TIPU CABUTE, BA3KOYIIPYTrOCTU U TUK-
COTPOITHOTO CTPYKTYPHOTO HapaIIMBaHUS C TTOMOIIHIO
PEOMETPOB B KAUECTBE M3MEPUTEIIBHBIX MHCTPYMEHTOB.

B paHHUX McCIeqOBaHUSIX JICTKIX OCTOHHBIX CMeceit
Ha MOJIBIX MUKpocdepax METOIOM OCUIIIAINN [22] aB-
TOPHI IIPOM3BOIMIIN OLIEHKY M3MEHEHUS PEOJTOTHTICCKIX
cBoiicTtB JICYD npu u3aMeHeHNH TTapaMeTPOB: KOHIIEH-
Tpaumu wiactTudukaropa u B/Ll. beuto ycTaHoBIeHO,
YTO KMHETHKA U3MCHEHMS BI3KOCTH TIPU OCIUJUISIINT
OITMICHIBACTCS PA3IMIHON MHTCHCUBHOCTBIO, UTO YKA3bI-
BacT Ha IIpeoOpa3oBaHUe CTPYKTYPhl OETOHHON CMECH.
MHTEeHCUBHOCTH THKCOTPOITHOTO Pa3XIKCHUS B 00JThb-
e CTETIEHN 3aBUCUT OT KOHIICHTPAIIUY TTaCTU (UK~
Topa, yeMm oT B/l oTHOImIeHNS. [OCTUKEHIE BEICOKOI
CTaOMIIPHOCTU ¥ HU3KOM TEKyIeCTH CAMOYIUIOTHSIOIIINX-
¢l JIETKUX OCTOHHBIX CMECeil Ha ITOJIBIX MUKpochepax

HaXOIUTCSI B MPOTUBOIIOJIOXEHHBIX IMara30HaxX Ba-
peupoBanus B/Ll 1 KoHIEHTpalny mIacTuduKaTopa,
4TO TpeOyeT MoucKa KOMIIPOMUCCHOTO PEeLenTypPHOTO
peleHusT, OCHOBAHHOTO Ha JOCTMXKEHUU ONTUMAIbHOMN
CTPYKTYPBHI.

Crenylonuii aTaI pa3BUTHS UCCIETOBAHUI pellern-
TYpHBIX (D)aKTOPOB BIMSIHUS HA PEOJIOTUYECKIUE XapaK-
TEPUCTUKU U OTHOPOITHOCTb — 3TO OIpeaeSICHUE BIIMSI-
HUSI KaXJI0T0 KOMIIOHEHTA B OTJIEJILHO B3SITOI TpyIIIe
LIEMEHTHO-MUWHEPAJIbHBIX CUCTEM, KOTOPbIE SIBJISTFOTCSI
COCTaBHOI YaCThIO0 CAMOYIUIOTHSIIOLIMXCS JIETKUX Oe-
TOHHBIX CMECEI.

METOAbI U MPUHLUUIMNbI UCCNEAOBAHUA

B xauecTBe 00beKTa UCCIeIOBAaHUM ObLINM paccMo-
TPEHBI IIEMEHTHO-MUHEPAIBHBIC CUCTEMBI, COCTOSIITIE
13 KOMIIOHCHTOB, BXOISIIIINX B COCTaB BHICOKOITPOYHBIX
JIETKUX OETOHOB Ha TOJIBIX MUKpochepax, a UMECHHO:
rmopTmaaanemedT HEM 1 42,5 (1), KepaMmaecKuit M-
kpocdep ForeSphere (MC), MukpokpeMHe3eM MK-85
(MKM), ¢ppaxkunonHslii mecox dp. 0,16-0,63 mm (ch)’
kBapuesas Myka (I1 ) u Bona (B). CpoiicTBa KOMITOHEH-
TOB TIpeICTaBICHBI B Tabauie 1.

LleMeHTHO-MUHEpaTbHBIC CUCTEMBI IIPEICTABIISIIN
c000ii pa3TMIHbIc KOMOMHAIINY KOMIIOHEHTOB TIPH T10-
CTOSTHHOM COOTHOIIICHUH UX MACCOBBIX YacTeil OTHOCH -
TEJIbHO TTOPTIIAHAIIEMEHTa, KOTOPOE COCTaBUIIO:

H:MKM:HM:H¢:MC:B=
1,00:0,11:0,09:0,28:0,40:0,50.

Bropast cepust oTinyanach HaJudIrueM THIICPILIa-
crudukaropa Melflux 2651F (Iln) B konuuectse 1,4%
OT MAacCHI MOPTIaHIIIEMEHTA.

HccnenoBanne peoIOTHIECKUX CBOMCTB IIEMEHT-
HO-MUHEPaJTbHBIX TTACT OCYIIECTBIISIOCH C TIOMOIIBIO
portammoHHoro Bucko3uMmerpa MCR 101 (puc. 1) my-
TeM M3MEpPCHUS BeIMINHBI HAIIPSDKCHUS CIBUTA TIPU
KoJiebaTeJIbHOM BO3AEeUCTBUU (OCHWUISIIMU) TaTYn-
Ka (U3MepUTeIbHAsL CUCTEMA «IlIap» IMAMETPOM 8 MM)
c gactoToit 15 I'it u yrimoM oTkiioHeHud (0,42° B TeueHUE
600 c. AHAJIU3 MOJTyYEHHBIX 3aBUCUMOCTEN BBIITOJIHSIICS
B COOTBETCTBMU C METOIMKOI, ONMMCAaHHOU B [22], THe

Ta6nuua 1. CBONCTBa KOMMOHEHTOB MCCIefyeMbIX NacT 1 6ETOHHbIX cMecei

e Komnonewr | nosepemonn S |
1 MoptnaHguemeHT 3100 121,6 159
2 MwukpokpemHesem 2250 171,2 15,6
3 KBapueBasa myka 2650 17,3 130,7
4 DpakLu. necok 2650 33 694,6
5 Mukpocdepbl 580 169,7 61,0
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Puc. 1. PotaunoHHbin Buckosmmetp MCR 101
C 3MePUTENbHON CUCTEMOMN «LLAP»

B KAQUECTBE PEOJIOTUYECKOTO MTapaMeTpa paccMaTpu-
BaJlach BSI3KOCTh cMecu. COTJIacCHO TaHHOW METONINKE,
peoJyiornyecKast KpuBasi IeIUTCs Ha 3 yJacTka (puc. 2),
KaXIbIM U3 KOTOPBIX OIMUCHIBACTCS TPEHAOBOWM JIMHUEH.
KoadduimeHTs ypaBHEeHUS, ONMMCHIBAIOIINE YIACTKU,
XapaKTepU3YIOT MOBEIECHUE UCCIIETyEMOM CUCTEMBI TIOJT
JNEeVCTBUEM OCLUWLISILIUAU.

J1st aHanmm3a CTPYKTYPhI UCCIIeMYeMBbIX TUCTIEPCHBIX
CHUCTEM UCITOJTb30BATIUCH PA3TMYHbIC CTPYKTYpPHBIE TTapa-
MeTpbl. ToJIIMHa BOTHOM 000JI09KH /1, paCCUMTBIBACTCA
10 U3BECTHOU (hopmyIie:

Ve Ve

hB = =
Sf Syaf my

)]

rie V, — o0beM BOEBL, S, - CyMMapHast ye/IbHast [1o-
BEPXHOCTb YaCTHLI, S, — YACIbHAS MOBEPXHOCTH Ya-
ctunibl. [1py 3TOM yHenbHast TOBEPXHOCTh MOXET ObITh
BBIpaXKeHA YIPOIIEHHO# (hopMyIoii (2) ¢ yueTom cpe-
HETOo AraMeTpa YacTHUIl WU C YI4eTOM BKJIaga YaCTUIL
paznuyHoro pazmepa (3):

6
3
rae df n pf — ANaMETP U TIOTHOCTb YaCTHUILL CYXUX
KOMIIOHEHTOB COOTBETCTBEHHO, V — JIOJIS [-X YaCTUL]

orpenesieHHOTo nuameTpa. st uccieayemMbix cMeceit
PACCUMTHIBAIINCH CTPYKTYPHI TApAMETPhI:

S 2

va —

ar _ Rt

dy df

e vy, 1 hLlT — 00beM U TOJIIIMHA IPOCIONKY Lie-
MCHTHOTIO TE€CTa COOTBETCTBECHHO.
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OCHOBHDbIE PE3YJIbTATbI

ITpu pa3zpaboTke caMOyIIOTHSIOMINXCS BBICOKO-
TMPOYHBIX JIETKUX OETOHOB [JIS1 PELIEHUS 3a0a4u Mapu-
TETHOTO COYETAHUST BHICOKOW TeKYy4eCTH U OIHOPO/I -
HOCTU OETOHHOI CMECH BaXXHBIM SIBJIIETCS] YCTAHOBJIE-
HUE POJIU KAXIOTO U3 €r0 KOMIIOHEHTOB B IPOTEKAHUU
yKa3aHHBIX TTpolieccoB. Panee B [22] mpemyioxeH mom-
X0, MO3BOJIIOLINI MOJ AEHCTBUEM MOCTOSIHHOTO OC-
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OWUISIIMOHHOTO BO3NCHCTBHS YCTAHOBUTH N3MEHEHME
PEOJIOTUICCKUX CBOMCTB OETOHHBIX cMeceit. [1pu aTom
M3MCHSIONINIACS XapaKTep KPUBOI TeUCHMST YKa3bIBa-
€T Ha M3MEHEHUS B CTPYKTYPE MUCCICAYeMOI CHCTEMBI.
AHaJIM3 BBITIOHSICTCS ITyTeM JCICHUS KHNHETHICCKOM
3aBHCHMMOCTH Ha YIACTKH, OTIMCHIBAEMBIC Pa3TMIHBIMUI
TpeHIOBEIMU TMHUSIMHA. K03(OUIIMEHTHI 3TUX TTPSIMBIX

Nanob%

TIO3BOJIAIOT CYAUTDb 00 MHTEHCUBHOCTU HpCO6p330BaHI/IH
CTPYKTYPbI UCCIICAYCMbBIX TUCIICPCHBIX CUCTCM.

Ha PHUCYHKC 3 IIpE€ACTaBJICHbI 3aBUCMMOCTHU HAIIp-
KE€HUA caBUra OT BpEMEHU ITPpU ITOCTOAHHOM BI/I6pa—
LIUOHHOM BO3IEUCTBUM IS IEMEHTHBIX M LIEMEHTHO-
MHWHEPAJTBbHBIX ITACT pa3JIMYHOIoO coCTaBa C l'IJ'IaCTI/IClZ)I/I—
KaTopoM N 0e3 Hero.

N
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Ha mpencraBneHHbIX Tpacdukax (puc. 3) B COOT-
BETCTBUM C METOIMKOW [22] BhIAeNIeHB 3 yJacTKa,
OITMCBIBaeMBIC TIPSIMBIMH, KO3(MOUIINECHTH KOTOPBIX
TpeacTaBeHBI B Tabauie 2. Ha puc. 2 oT4eTImBO BHI-
HO CYIIECTBEHHOE OTINYME KMHETHUYCCKUX 3aBUCUMO-
CTE HATIPSIKCHMST CIBUTA IJIST TIACTA(DUITNPOBAHHBIX
¥ HeTUTACTU(PUIINPOBAHHBIX IUCIIEPCHBIX cUcTeM. Taxk,
IJISI TIACT C TIIACTU(PUKATOPOM HAOIIOOAETCST HEIIPO-
IOKUTENbHEIN (1,5...3,5 ¢) HUCXOmSIIIMit y9acToK 1,
OYCBUIIHO CBSI3aHHBIN C THKCOTPOITHBIM Pa3KIDKCHUCM.
3areM BUOpAIIMOHHOE BO3ICICTBIE HE TIPUBOINT K M3-
MEHEHMIO HATIPSDKCHUSI CABUTA. DTOT YIaCTOK 2 ITATCS
ot 150 1o 450 ¢, rrocyie yero ukcupyeTcss THTEHCUBHOE
TIpupalleHNe BJIMINHBI HAIPSIKEHUS CABUATA IO 3HA-
YeHU, TIPEBHIIIAIOIINX HAYaJIbHBIN ITpeael TeKyUeCTH.
Taxkoe 1TTOBemeHE MOXKET OBITH CBSI3aHO C IIEPEXOIOM
IHUCIIEPCHOM CHCTEMBI M3 YCTOMIMBOM KOATYIISIINOH-
HO¥ CTPYKTYPBI K HEOTHOPOIHOM. TO eCTh ITOCTOSTHHOE
BUOpPAIIMOHHOE BO3IEICTBIE IPUBOIUT K HAPYIICHUIO
OIHOPOTHOCTH, HAIIPUMEP, PACCIOCHMIO TTACThHI U3-3a
cOmKeHNsT U (DOPMHUPOBAHMST aTPeTaToOB IUIOTHBIX Ya-
CTUII, KOTOPBIC MO AEHCTBUEM CHIIBI TSDKECTU CTPEMSIT-
cs1 K cequMmenTanmu. [1pu aToM pazdaBiieHre IEMEHTHOM
TACTHl MOJIOTBIM WUIH (DPaKIIMOHNPOBAHHBIM ITECKOM
COKpallaeT y4acToK 2.

Jnsa uccnenyeMbIx nacTt 6e3 rmiactTuguKaTopa xa-
pakTepHa Ipyrasi 3aBUCUMOCTh HANIPSKCHUST CABUTA
OT BPEMEHM OCUWUIANNM. Tak, HaIIpsSLKeHWEe CIBUATA
MMeeT CYIIeCTBEHHO OOJIbIllee HadaaIbHOEC 3HAUCHNE,
4TO BbIpaXkaeTcst Oosiee IIUTeAbHBIM yuyacTkoM 1. [1pu
3TOM HAYaJIi0 BOCXOIAIIETO yJacTKa 3 MOXHO MICHTHU-
(ummpoBaTh paHbIIlle, YeM IS 3TUX Ke I1acT, HO C TIa-
cTU(GUKATOPOM. A y9acTOK 2 ¢1a00 MAeHTUPULINPYETCH,
YTO OTYETIMBO HAOIIOMACTCS IIPU aHAIM3E ITapaMeTPOB
TPEHIOBBIX JIMHU, TIPEACTaBICHHBIX B TA0OIHIIE 2.

W3 Tabmuie! 2 BUIHO, YTO B IIpeeliaX SKCIIepUMEHTa
TIPOIOJIKUTEIFHOCTD YIacTKa 3 IS TTacT 0e3 IiacTudhu-
Katopa cocrasisieT 550 ¢, IIpu KOTOPOM TIpUpAIICHIE
HaIPsDKeHUSI CABUTA HACTYIIACT TTPU MOCTIDKEHUH OJTH3-

KUX 3HaUYCHUI HATIPSDKEHUSI CIBUTA, HA YTO YKA3BIBACT
b, =2,81...4,19. [Ipu 5TOM UHTEHCUBHOCTb NPUpAlLE-
HUS, ONKUChIBaeMast K, TAKXe UMEET OJIM3KKMe 3Haye-
Hug 0,002...0,003. I[Togo6HOE TTOBEIeHNE NCCIEAYEMBIX
cucteM 0e3 miracTu@uKaropa MOXXHO OObSICHUTD He-
PaBHOMEPHBIM pacTpenesIeHIEM BOIBI 1T CMauMBaHUS
YacTUIl U OTCYTCTBHEM IHCIIEPTUPYIONIETo 3ddeKTa.
CpaBHUTEIBHBIN aHATN3 KO3(D(GUITNECHTOB T KasKIOTO
y4JacTKa ITOKa3bIBaeT POJIb IIacTU(hUKATOpa KaK B pa3-
xwkenuu (b, cocrapnser 1,38...13,8 nporus 6,39...26,4),
TaK U B CKOPOCTH HapyIlEH!sI OAHOPOAHOCTH (k, Ha IO~
PSIIOK BBIIIIC) TIACT.

AHamm3 1—4 cTpoyku B TabnMIIe 2 TTOKA3bIBaeT, YTO
VIIPaBISITh PEOJIOTHECH TIACTU(HUIIMPOBAHHBIX ITACT
MOXKHO KaK C UCTIOJTb30BaHMEM Pa3HOIUCIIEPCHBIX KOM-
IIOHEHTOB, TaK U ¢ MX KoMOmHanusMu. [lokazaHo, 9To
BBEICHIE B TIACTy KBapILIEBOM MyKM ITPUBOINT K HE3HA-
YUTEILHOMY 3aTyCTeBAHUIO, HO CHIXAET IIPOIOJIKI -
TeJTbHOCTH y4yacTka 2 ¢ 450 o 250 ¢, To ecTh IPUBOIUT
K paHHEMY HapYIICHUIO OMTHOPOTHOCTH. K cITonp3oBaHme
0oJree KpYIMHBIX KBapIICBBIX YACTUI] B TIACTE TTIPUBOIUT
K OOJbIIe MHTCHCU(UKAIIMY OTIMCAHHOTO BIMSHMUS.
Bonpuiasg rycrora takux mact (b, B 10 pa3s 6osbliie) 00b-
SICHSIETCST OOJIBIIIMM TPEHMEM YaCTHUII KBaplIeBOTO TTecKa,
a ux pasmep (pp. 0,16—0,63 MM), IPEeBLILIAIOLINI pa3Mep
KaK MYKH, TaK 1 IIOPTIaHAIIEMEHTa, CIIOCOOCTBYET YCKO-
penuio paccioenus (k, ypenmmuusaercs ¢ 0,01 no 0,04).
Takoe BmsTHIE MOXKET OBITh HUBEJIMPOBAHO KOMOWHAIIH-
ein I1 »C I1 . B 3TOoM ciyyae rutactTuduumpoBaHHast 1acra,
cocTosIas 13 MopTiIaHIIeMeHTa, BOIBI M KBapIIeBOM
MYKH, (POPMUPYET ITPOCIONKY MEKITY YacTULIaMH (ppaK-
IIMOHMPOBAHHOTO TIeCKa, CHIKAs MX TpeHne. OaHaKo
YBEJIMUCHME TOJIM KBAPIIEBBIX KOMIIOHEHTOB TIPUBOIUT
K YCKOpeHMIO paccioenus (k, yemrunpaercs 1o 0,06)
M3-3a CHIDKEHUST JOJIU BSDKYIIETo, (hOPMUPYIOIIETO KO-
aryJsiLMOHHYIO CTPYKTYPY UCCIIEAYEMOM CUCTEMBL.

Takum o6pa3oM, TTOKa3aHO: BapbUPOBAaHIE KOM-
IIOHCHTAMU OUCTICPCHOM CPEIbl TI03BOJISIET YIIPABIISATh
PEOJIOTUYCSCKIM TTOBeaeHIEM HacThl. CHIDKEHUE TOJIN

Ta6bnuua 2. [MapameTpbl 3aBUCUMOCTEN HaNPSXKEeHUs CABUra LLeMEHTHO-MUHEPasbHbIX NMacT OT BpeMeHU

ocunALNN
Ne Hanunune MapKupoBKa Yuactok 1 YyacTok 2 YuacTok 3
nnactudurkKaropa cocTaBa k, b, t,c b, t,c k, b, t,c
1 - -0,25 1,38 35 0,87 447 0,01 -2,47 150
2 n +, -0,51 1,74 1,5 1,48 248 0,02 -3,77 350
n
3 +M, -13,0 13,8 1,0 0,94 149 0,04 -5,16 450
4 U+ +M, 4+, -0,67 1,81 1,5 1,52 148 0,06 -10,4 450
+
5 - -0,85 7,29 50 3,39 45 0,002 2,97 550
6 +N, -0,63 6,39 50 2,81 45 0,002 2,70 550
7 +M, -0,84 7,73 50 3,01 45 0,003 3,04 550
8 +M 41, -14,5 26,4 1,5 4,19 45 0,003 3,73 550
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BAXYIICTO 34 CYCT HAITOJTHCHUA KBAPLCBBIM ITECKOM WUJIN I/ISBCCTHO, YTO MCITIOJIB30BAHMUE TOHKMX MMUHEPAJIb-
TOHKOI MI/IHepaJIbHOfI J100aBKOI CHMKAET CIIOCOOHOCTh HBIX 100aBOK ITO3BOJISIET ITOBBICUTH OJHOPOIHOCTDb IHC-
TaKNX CUCTEM COXpaHATb OOJHOPOIHOCTD. OcobeHHO 3TO TICPCHBIX CUCTEM 3a CUET BBICOKOI BO,[[OY,I[CD)KI/IBaIOH_Ieﬁ
CYIICCTBEHHO Ha HJ'[aCTI/I(bI/I]_[I/IpOBaHHbIX IHEMCHTHbBIX cniocobHocTu. BnusiHue MHUKPOKPEMHE3€EMa Ha I’paCbI/IK
nacrax. Yem KPYITHEC YaCTULIbL HHCHCDCHOﬁ (1)2131)1, TEM KpHBOﬁ Harps>KeHNA CaABUTra HEMEHTHO-MMUHEPAJIbHbBIX
MHTEHCHUBHEC ITPOLIECChI paCCIOCHMUA. IacT Ipu OCHUJIUIALIMYA ITOKa3aH Ha pPUCYHKEC 4,
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Puic. 4. /I3meHeHVe HanpsKeHVA CABUMa LEMEHTHO-MUHEPasibHbIX MacT C NiacTudrkaTopom (a)
1 6e3 nnactuémrKkaTopa (6) Npy ocymnALMN
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PucyHOK 4 TT0Ka3bIBaeT, 4TO ITACTA(DUIITPOBAHHEBIC
IeMEHTHO-MUHEpaIbHBIC TTACTHI ¢ MUKPOKPEMHE3eMOM
MMEIOT HU3KYIO BSIUNUYNHY HAYaJIbHOTO HAIPSKCHUS
caosura (MeHee 12 [1a), 6M3KyI0 K 3HAYCHUSIM TSI TIACT
0e3 Hero, IToKa3aHHBIM Ha puc. 3 (MeHee 10 I1a), B oT-
JIN9Me OT HeTIaCTU(UIIMPOBAHHEIX TACT, IIe 3HAYC-
HUS U3MEHWJINCH Ha Topsimok (152...378 I1a mpoTtus
5,4...20,9 ITa). Ha puc. 30 MOXHO BBIICIHUTD ITACTHI
LH+B+MKM+II n L[+B+MKM+HM+H¢, HEeCMOTpSI
Ha BO3MOXXHOCTPH BBIICIUTH OTHCIbHBIC YIaCTKH, Xa-
PaKTepU3YIOTCS OTHOCUTEITEHO HI3KOM N3MEHYNBOCTBIO
HaIIPSDKEHUS CIBUATA Ha TIPOTSKEHUM BCETO TIeproaa
OCHMJUISIIMOHHOTO BO3ICUCTBHSI, 8 UMEHHO B TIpeie-
nax 1,5...2,3 Ia. I1pu 5TOM OTCYTCTBHE MOJIOTOTO MEeCKa
(cuHMIA 1 3eJIeHBII TpadUK Ha puC. 4a) B COCTaBe yBE-
JIMYWBACT BSTMINHY HAYaIbHOTO HATIPSKCHUST CABUTA.
Taxxke OTMETUM, YTO CUCTEMBI C MUKPOKPEMHE3EMOM,
¢ (OpakILIMOHUPOBAHHBIM MECKOM (3€JIeHbI U puoe-
TOBBI TpauK Ha pyrC. 4a) OTIIMIAIOTCS HATUINEM BOC-
XOISIIETO yJacTKa Ha peoIOTHIECKOM KprBoii. To ecTh
KBapIIeBHI TTECOK BBICTYIIACT B KAUECTBE KOMIIOHEHTA,
MHTCHCUDUIINPYIOIIETO HapyIIeHUEe OMHOPOIHOCTH
CTPYKTYPHI macThl. OMHAKO TSI UCCACAYEMBIX CUCTEM
MHTEHCUBHOCTB 3TOTO TIpoliecca He3HAUMTEIbHA.

OTcyTcTBUE TUTACTU(UKATOPA B UCCICAYSCMBIX TTa-
CTax ¢ MUKPOKPEMHE3eMOM MEHSIET OCOOCHHOCTH UX
peosiornmdeckoro noseneHus (puc. 460). Tak, Bce BUIBI
TacT OTIMYAIOTCSI OTCYTCTBUEM yJacTKa 3 B IIpeaeirax
TIPOIOJIKUTEILHOCTH IIPOBOIUMOTO HccaenoBaHust. [1pu
3TOM pa3KMKEHNE BCICICTBHE OCIMUISIIIMOHHOTO BO3-
TIEUCTBUS ITPOTEKACT B CXOXKMX BpEMEHHBIX IUAITa30HaX
(Tadm. 3).

OTMETUM, YTO YBEJIMICHNE BSI3KOCTHU TTACT 3a CUET
BBEICHUSI MUKPOKpPEMHE3eMa OTpaXkacTcss Ha MHTCH-
CHBHOCTH Pa3KIDKCHUSI, KOTOPOE HACTYITaeT OBICTpee
(gepe3 2,5 ¢ mpotuB 5 ¢). OgHAKO TaKast CMeCh MMEET
Oostee BLICOKMIA KOI(DMUIMEHT b,, KOTOPBIH yBEIMYMIICS
Ha opsimok ¢ 2,81...4,19 mo 50,9...59,0.

Takum 06pa3oM, MOXKHO CIE/IaTh BEIBOIL O POJI KOM-
IIOHEHTOB B MCCJICAYSMBIX TTACTaX IJIsT YIIPABICHUS MX
cBoiicTBaMM. B mmacTruIIMpoBaHHBIX IIEMEHTHO-MU-
HepabHBIX TTaCTaX BapbUPOBaHUE COMEPKaHMUS KBap-
IIEBOI MYKM TO3BOJISICT CHU3UTH IIepeIesT TeKydeCTH
IIPY COXpaHECHUN OTHOPOTHOCTH. BapbpupoBaHue co-
Jep>KaHMsT KPYITHOM (PpaKIIMKy KBapIIEBOTO ITECKa MOXKET
OBITH UCITOTB30BAHO IIJIST YIIPABICHMSI TUKCOTPOITHBIM
pa3kKIKeHNEM LIEMEHTHBIX cMecelt, HO CeayeT yIu-
TBHIBaTh WX MOBHIIICHHOE CTPEMJICHIE K PACCIIOCHUIO.
MuKpOKpeMHE3eM TTO3BOJISICT CTAOMIN3NPOBATh CTPYK-
Typy IEeMEHTHO-MHUHEPAIbHBIX TTACT, B TOM YHCJIC TIIa-
CTU(UITIPOBAHHBIX.

O4YeBUIHO, YTO B UCCIICAYEMBIX TUCTICPCHBIX CUCTE-
MaxX Ha MOPTIAHALIEMEHTE WJIM ¢ KBapIIeBBIM IMIECKOM
M3MEHEHUE CTPYKTYPHI IO IeHCTBUEM BUOpaIIK OYICT
IIPOTEKAaTh MeIJIecHHee. DTO CBSI3aHO C TEM, UTO TUIOT-
HOCTh TUCTIEPCHOM (ha3bl, B Ka4eCTBe KOTOPOIT BBICTY-
maeT GpaKIIMOHNPOBAHHBII KBapIIeBBI 3aITOTHUTEIIh
W OUCIIEpCHMOHHAs cpena (IleMeHTHO-MUHEepaJbHas
ImacTa), UMeIOT OJIM3Kue 3HaYeHUsI. BBemeHMe mororo
3aIIOJIHUTEIISI, TAKOTO KaK MOJIbIe MUKPOCdepHl, TIpUBe-
IIET K CHIDKCHUTO CTAOMIBHOCTH CUCTEMBI, CTPEMIICHIE
K pacCIIOCHUIO KOTOPOU OymeT HacTynaTh paHsbIie. On-
HaKO 00eCTICYNTh BBICOKYIO TEKYIeCTh, KOTOPOU TOTK-
HBI 00JTalaTh CAMOYILJIOTHSIIOIINECS OCTOHHBIC CMECH
Ha TI0JIOM 3arloJIHUATENIe, O3 MCIIOIh30BaAHMS TIIACTH-
¢ukaropa, HEBO3MOXKHO.

Ha pucynke 5 mokazaHo, 9YTO BBEICHUE TTOJIBIX MU~
Kpocdep B mracTU(UIINPOBaHHBIC U HEIUIACTU(DUIIN -
pOBaHHbIE IEMEHTHO-MUHEPAIbHBIE CUCTEMBI C MUKPO-
KpPEeMHE3e¢MOM CITOCOOCTBYET MOSIBIICHIIO BOCXOISIIIETO
y4JacTKa KprBOil. ENMHCTBEHHBIM COCTaBOM 0€3 TaHHOTO
yuyactka gasisgerca H+B+MKM+MC+I1 +I1 o Taxxke
BUIHO, YTO MPOTOIKUTCIBHOCTh TIEpHOaa CTAOWIIb-
HOCTH OOJIBIIIE Y CHUCTEM C TUTACTH(UKATOPOM, TIC UC-
KimoueHneM saBiseTcsa coctaB LI+B+MKM+MCH+I1 ®
IIe TIepuoI COXpaHEeHMUS OTHOPOIHOCTU OTUHAKOB

Ta6nuua 3. MapameTpbl 3aBUCMMOCTEN HANPAXKEHUA CABUMA LLEMEHTHO-MVIHEPasIbHbIX NMACT OT BPEMEHN

ocLMNNALNN
. Hanuune Mapkuposka Yuactok 1 YuacTtok 2 Yuactok 3

N* | nnacru¢mkaropa cocTaBa k, b, t,c b, t,c K, | b, | t,c

1 - -196 | 206 2,0 1,54 598 -

2 +M, -2,17 3,14 2,0 1,65 598 -

3 ™ +, -18,5 19,6 2,0 1,71 346 0,002 1,12 200

4 +N 1, -2,30 3,32 2,0 1,74 297 0,001 1,56 300

L+B+MKM

5 - -1414 | 435 2,5 51,3 597 -

6 +, -142,7 | 443 2,5 50,9 597 -

7 ) +, -2036 | 514 2,5 59,0 597 -

8 +N, 41, -96,4 354 2,5 59,0 597 -
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Puic. 5. V3meHeHVe HanpsikeHWA CABUMa LEMEHTHO-MUHePasibHbIX NMacT ¢ NiacTudrkaTopom (a)
1 6e3 nnactuodmrKaTopa (6) Npy ocymMNNALMN

C TaKOM Xe I10 COCTaBy CMEChIO 6e3 HJIaCTI/I(I)I/IKaTOpa. mero HapymeHMe OJHOPOAHOCTU CTPYKTYPHI ITaCThI.
3JTO elne pa3 AO0Ka3bIBA€T paHECEC YHOMHHYTLII;'I TE3UC B HeHJIaCTI/ICI)I/ILII/IpOBaHHbIX CHUCTEMAX BBEACHME KBap-
O POJIMN IIE€CKa KakK KOMIIOHEHTA, I/IHTCHCI/I(bI/ILII/IDYIO— IEBOIro 3aI1OJIHUTEIIA pa3H0171 JUCIIEPCHOCTU U obbeMa
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(I, mI1 ¢) CIIOCOOCTBYET CMEIIIEHUIO B OOJIBIIYIO CTO-
POHY BO BpeMEHHU Havaja pacCclIOeHUs, T.¢. IIPUBOIUT
K Oosee To3gHeEMY pacciioeHuo. B miactuguuupoBaH-
HBIX CMeCSIX M3MEHEHHUE MTUCIIEPCHOCTH 3aIIOJTHUTEIIS
HE MMPUBOIUT K M3MEHEHHIO TIeproaa Havyaja pacciio-
eHus: yayactok Ne 3 mrs cocraBoB L[+ B+MKM+MC,
]_[+B+MKM+MC+H¢, LU+B+MKM+MC+II  nacry-
naet 1ipu t = 350 ¢. CoBMeCTHOE BBeIeHME 3aTT0JTHU -
TeJel pa3HOU MTUCOEePCHOCTU (HM+H dJ) CITIOCOOCTBYET
OoJice MO3MHEMY Havajly IIporecca pacciaoeHus. s
CUCTEM L[+B+MKM+MC+HM+H oB YCTaHOBJICHHBIA
nepuon ocumustuun (¢ = 600 ¢) MOMEHT HACTYILIEHUS
pacciIoeHMS CMeCcH He (PUKCUPYETCSI.

BBeneHme mosbIx MUKpocdep 3HAYUTETLHO MEHSIET
PEOJIOTHIO MCCICAYEeMBbIX IIEMEHTHBIX TTACT ¢ MUKPO-
KpeMHE3eMOM: KaK IIpH MCITOTb30BaHNH TUTACTU(UKA-
TOpa, Tak 1 6e3. [IpakTideckn Bce M3ydaeMbIe CUCTEMBI
¢ MEKpochepaMu UMEIOT yJacToK 3 (puc. 50) B Ipemenax
TIPOIOJIKUTEILHOCTH IIPOBOIMMOTO HCCIeNOBaHMs. Pa3-
KIDKEHHE BCICACTBUE OCIMJUISIINN TIPOTEKAET B CXOKUX
BPEMEHHBIX THaNa30Hax IJIsl IIacTH(MUIINPOBAHHBIX
cuctem, kpome cocrasa ¢ [T +T1,, 1 B pasHbIX Inanaso-
Hax T cucTeM 0e3 IacTuduKaTopa, Tue yMeHbIIICHIE
yJacTKa 3 IPOMCXOMUT 3a CUCT YBEIIMICHUS KPYITHOCTH
KBapIICBOTO 3aIOJIHUATEIS (Ta0II. 4).

OCOOEHHOCTBIO PEOJIOTMYECKOTO TTOBEICHMS CMeceit
Ha TIOJIBIX MUKpocdepax SIBISIeTCsS] HAIMINEe KOPOTKO-
TO TIPOMEXYTKa B HaYaJIbHBIA TIEPUOI BPeMEHM, KOTIa
01 KOJIeOaTeIbHBIM BO3ICCTBEM M3MEPUTEIBHOMN
CHCTEMBI peoMeTpa (PUKCHUPYETCsS YBEIMICHIE HaTIPsI-
KeHus capura. OObICHEHNE TaKOTO XapakTepa U3Me-
HEHHS U €TO 3HAYMMOCTh TPEOYIOT JOITOJTHUTEIEHOTO
HCCIIeIOBAaHNS.

TakuM 00pa3oM, yCTaHOBJICHO, YTO MHOTOKOMIIO-
HEHTHBIC TUCIIEPCHBIC CUCTEMBI 00JIaTafoT CIOXKHBIM
pPEOIOTUYECKNM MOBeAcHNEeM. BBeaeHMe JIerkoil me-
KOOUCTIEPCHOM (ha3bl CTAOMIM3NPYET CUCTEMY U TIpe-

IISITCTBYET PACCIIOCHUIO Ha OIIPeAcICHHBIN TIEPHO
BpEMCHU.

O4YeBUIHO, YTO PEOJIOTMUECKOE TIOBEACHME TUCIICPC-
HBIX CHICTEM CBS3aHO ¢ (hDOPMUPOBAHUEM OIIPEICICHHOMN
cTpyKTyphl. CBOMCTBA TaKOM CTPYKTYPHI 3aBUCST OT T1a-
paMeTpoB, KOTOPBIC TOCTUTAIOTCS BapbUPOBAHUEM pe-
LIETITYPHBIX (pakTOpoB. K TakM mapaMeTpaM CTPYKTYpPhI
IIJIST IEMEHTHO-MUHEPAJTBHBIX TTACT U OETOHHBIX CMECei
OTHOCSIT 00beM LIEMEHTHOTO TeCTa, TOJIIMHY BOIHOM
IIPOCTIONMKH, pa3Mephl YaCTHIL TUCTICPCHOM (a3bl, KO-
3G GUIIMEHT pa3aBIKKY 3¢ PEH MM PACCTOSHIE MEXIY
yacTULlaMU JUcIiepcHoO# ¢a3bl u ap. [5]. B Tabnuue 5
IIpeICTaBIIeHBl HEKOTOPBIE CTPYKTYPHBIC ITapaMeTPhI
HUCCIEAYEMBIX CMECeit.

BapsupoBaHue pelienTyphl IIEMEHTHO-MIHEPATLHOM
ITacThI WJIK OCTOHHOI CMeCH TIPUBOINT K (popMUpOBa-
HUIO CTPYKTYPBI, KOTOPYIO MOXXHO OTIMCATh Pa3IMIHBIM
napaMmeTpoM. B Tabiuiie 5 3To HarjassAHO TIPOASMOH-
CTPUPOBAHO. YCTAaHOBJIICHUE 3aBUCUMOCTU PEOJIOTH -
YECKHMX CBOMCTB IHMCIIEPCHOM CUCTEMBI OT €¢ Imapame-
TPOB CTPYKTYPHI ITO3BOJIUT OIPEACIUTD PEIeIITypHBIC
(akTOpHI, TTO3BOJIIONINE UMU YITPaBIATEL. B Tabnuie 6
MIPEACTABICHBI Pe3ybTaThl KOPPEISIIMOHHOTO aHAIM3a
PEOJIOTMYECKUX MTAPAMETPOB 151 HEKOTOPBIX UCCIIEAye-
MBIX TUCITEPCHBIX CHCTEM.

YcTaHOBIEHO, YTO TIapaMeTpsl k, b, b, cucteM,
OMUCHIBAIONIME HAIMPaBJIeHUE U3MEHEHHUST HapsKe-
HUS CABUTA IIPU OCUWJUIAILINH, C TTACTUDUKATOPOM
1 6e3 HeTo, MMEIOT XOPOIITYI0 KOPPEIISIIIUIO ¢ HEKOTO-
pBIMU TTapaMeTpaMu CTPYKTYphl. I3 TaOnuLibl 5 BUI-
HO, YTO B cHCTeMax 0e3 IuracTuduKaTopa YyBCTBU-
TEJIbHBIM CTPYKTYPHBIM ITapaMeTpOM, IJIST KOTOPBIX
XapaKTepeH BHICOKHU KO3(hOUIIMEHT KOPPEIIIUN
| | > 0,70, ssBasteTcs TOJIIIMHA BOAHOM MPOCIOMKH,
00bEM EMEHTHOTO TeCTa W TOJIIMHA [EeMEHTHOTO
Tecta. OTHAKO 3TO XapaKTepHO TOJIBKO JJISI TTapaMeTpa
b,, OTIUCHIBAIOLIETO BEJIMYMHY HANPSKEHUS CIBUIa,

Ta6nuua 4. NapameTpbl 3aBUCUMOCTEN HANPAXKEHUS CABUIA LLEMEHTHO-MUHEPaJIbHbIX MACT OT BPeMEHM

ocumnAALUn
Hanunune YyacTok 1 YuacTok 2 YyacTtok 3
MapkuposKa
Ne | nnactndu- cocrasa
KaTtopa k, b, t,c b, tyc k, b, tyc
1 - -0,55 4,69 2,0 2,41 346 0,003 1,59 250
2 +M, -0,58 4,85 2,0 2,58 346 0,002 1,79 250
Mn
3 +I'I¢ -0,01 3,21 148 2,28 200 0,004 1,04 250
4 +I'IM+I'I¢ -0,003 34 146 3,0 454 - - -
L+B+MKM+MC
5 - -1,33 | 1724 98,5 66,6 251,5 0,02 59,8 250
6 +M, -1,12 | 2514 199 83,0 201 0,02 75,3 200
7 +1 o -0,53 | 1954 299 78,8 201 0,01 74,0 100
8 +M,+0 b -0,65 | 203,8 249 82,6 251 0,03 66,0 100
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Ta6bnuua 5. CTpyKTypHble NapameTpbl LLEeMEHTHO-MUHEPabHbIX MNacT

AncnepcHan

Ne 3S,-10° m? h_, mkm Vi S, -10° m? hur' MKM huT/df

cpepa daza
1 M, 72,5 8,03 0,96 0,9 1010 7,72
2 I'I¢ 72,1 7,46 0,89 0,5 1653 2,38
3 MKM 83,1 6,88 0,94 11,5 81,8 5,25
4 MC 111,2 2,98 0,55 39,7 13,7 0,23
5 L+B I'IM+I'I¢ 73,0 7,10 0,85 1,48 575 1,39
6 Mn,+MKM 84,0 6,54 0,91 12,5 72,6 0,99
7 n,+McC 112,2 2,88 0,53 40,6 13,1 0,14
8 MKM+I'I¢ 83,6 6,10 0,84 12,0 69,7 0,20
9 MKM+MC 122,7 2,61 0,53 51,2 10,3 0,27

Ta6nuua 6. KoapdrLmeHT Koppenauun Mexkay CTPYKTYPHBIMU U PEOTIOTMYECKMI NMapameTpamu
C nnactnduKkaropom be3 nnactndukaropa
Mapametp
h, Vir h, hld, h, Vir h hl/d,

, -0,35 -0,40 -0,11 -0,17 -0,33 -0,50 0,42 0,09

, 0,17 0,23 0,03 0,09 0,18 0,37 -0,54 -0,15

5 -0,91 -0,88 -0,72 -0,56 -0,28 -0,09 -0,68 -0,35

COOTBETCTBYIOIIYIO IPEIEIbHOMY PA3KUKEHUIO CMe- 3AKJNTIOYEHUE

cu. OgHaKoO IJIST AUCIIEPCHBIX CUCTEM C IIacTuu-
KaTOPOM HaMOOJbIINI KOdDGUIINEHT KOPPEaIINN
HaOJII0JaeTCsT MEXIY huT U b,, 9TO yKa3bIBAa€T Ha HE-
KOPPEKTHOCTh X UCIIOIb30BaHU JIST pacCMaTpUBa-
eMBIX CMecell U mapaMeTpOB.

TaxuM 06pa3om, TTOKa3aHoO, YTO pacIpoCTpaHEHHBIE
CTPYKTYPHBIC TITapaMeTpPhl, NCTIOIb3yeMBbIC IJISI OTIH -
CaHUS JUCIIEPCHBIX CUCTEM, UMEIOT OrpaHNYEHHYIO
MPUMEHUMOCTb. TaK, IJis TYCTBIX CMeceil BHIOpaHHBIC
CTPYKTYpPHBIC TTapaMeTPBl MOTYT OBITh MCTIOTb30BAHBI
JITS. OIIEHKY WHTEHCUBHOCTY Pa3KIDKEHUS, a IS Te-
KYy4uX cMeceil — ISl OLIEHKH TIPeleIbHOM BeJIMYUHbI
pasxukeHnst. OITHaKO CTOUT OTMETUTh, UTO HU OJWH
M3 YKa3aHHBIX CTPYKTYPHBIX ITapaMeTPOB, PAaCCUM-
TAaHHBIX 10 M3BECTHBIM PELCOTYPHBIM (hopMyJiaM,
HE YUMTHIBACT BKJIaA IutacTudukaropa. To ecth 1 pac-
npeaeaeHnue BOIbI (hB), 1 00BEM IIEMEHTHOIO TEeCTa
(vuT), KOTOPBIi OT HETO 3aBUCHUT, JJIST CUCTEMBI C Tia-
cTUGUKATOPOM U 0e3 Hero MpeiCTaBIsIeTCsS MICHTNY -
HBIM CTPYKTYPHBIM ITapameTpaM. B ¢Bs3u ¢ 3TUM st
MIaCTU(UIIUPOBAHHBIX TUCIIEPCHBIX CUCTEM, TaKUX
KakK 0eTOHHBIE CMECH CaMOYIIJIOTHSIIOIINXCS OETOHOB,
TpeOyIOTCd MapaMeTphl, YYUTHIBAIOIINE PO IIACTH -
¢ukartopa.

ITo pe3ynbTaTaM MpOBeAEHHBIX UCCIIETOBAHMIA yCTa-
HOBJICHO, YTO TUIaCTU(UIIMPOBAHHBIE MHOTOKOMITO-
HEHTHBIE JUCIIEPCHBIE CUCTEMBI 00JIaIal0T CIIOXKHBIM pe-
OJIOTMYECKUM TTOBEIeHNEM, KOTOPOE YKa3bIBaeT Ha OCO-
O6eHHOCTH (DOPMUPOBAHUS CTPYKTYPHI B IIPUCYTCTBUU
ITAB. Iloka3zaHo, 4YTO HAITOJIHEHUE LIEMEHTHBIX CUCTEM
0OoJiee KPYIMHBIMUA KOMITOHEHTAMU CHUKAET CII0CO0-
HOCTb TaKUX MACT COXPAHSITL OMHOPOIHOCTD. bombiras
JTOJISTI TOHKMX KOMITOHEHTOB, TAaKMX KaK KBapIieBas MyKa
I MUKPOKPEMHE3EM, TTOBBIIIAIOT OTHOPOIHOCTD KakK
IUTACTU(UIIMPOBAHHBIX, TAK U HETIACTU(MULIMPOBAHHBIX
LIEMEHTHO-MUHEPAJIbHBIX CUCTEM. YCTAaHOBJIEHO, UTO
MoJible MUKPOCGhEpbl CYIIIECTBEHHO MEHSIIOT PEOJOTUIO
LIEMCHTHBIX T1ACT, BBIPAsKEHHYIO TTOBBIIIICHHON CKITOH-
HOCTBIO K pacciaoeHun1o. KoppeasaimoHHbIN aHaIU3 0~
Ka3aj HeKOPPEKTHOCTh UCIOIb30BaHUS TPATUIIAOH-
HBIX CTPYKTYPHBIX ITApAMETPOB TUCTIEPCHBIX CUCTEM IS
OIMMCAHUS UX CBOMCTB, 0COOEHHO C TTACTU(PUKATOPOM.
TpagunnoHHO TpUMEHSIeMbIe TTapaMeTPhl CTPYKTYPhI
(HaTIpuMep, TOJIIIIIHA BOTHOM IIPOCIOMKY VT TONIIHA
IIPOCIIONKY IIEMEHTHOTO TeCTa) He YUUTHIBAIOT CBOCTBA
IUCTIEPCHBIX (ha3 M XKUIKOCTH B CUCTEME. DTO YKa3hIBaeT
Ha HEOOXOIMMOCTD ITOMCKA TAKUX KPUTEPUEB.
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Analysis of the fractional composition of the stone
filler in the asphalt concrete mixture and evaluation
of the preparation modes for the 'bitumen-mineral powder'
binder system
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ABSTRACT

Introduction. The fractional composition of the stone filler in asphalt concrete mixtures and the preparation modes of the binder in
the "bitumen — mineral powder" system have a significant impact on the performance characteristics of asphalt concrete mixtures.
Considering that the filler volume of asphalt concrete mixtures reaches 96% by weight or 87% by volume of the mixture, and the
binder volume is up to 4% by weight or up to 13% by volume. During the preparation of the asphalt concrete mixture, efforts are
made to achieve its homogeneity and ensure complete coverage of the filler with binder. However, a lack of binder leaves voids,
which lead to increased water absorption. Materials and methods. Based on optical studies of the fractional composition of
a standard asphalt concrete mixture, the areas of interphase interaction between the stone filler and bitumen were determined,
consistent with the results of other researchers. Based on the analysis of experimental and theoretical studies, the dependences of
the interaction coefficient in the "bitumen - mineral powder" system on the dispersion composition, temperature, and filling degree
were established. Results and discussion. Analysis of the obtained data proves that the interaction between bitumen and mineral
powder follows certain patterns and depends on the volumetric particle size distribution within the mineral powder fractions, which
determines the interfacial surface area of interaction. The optimal conditions for mixing temperature and composition filling are:
temperature from 160 °C to 170 °C, volume fraction of 0.17-0.2. Conclusion. The selected asphalt concrete mixture formulation,
which was studied in this study and contains a volume fraction of micropowder at the level of 0.258, must be adjusted upwards by
increasing the bitumen mass to 2.0 kg in order to achieve the optimum interaction between mineral powder and bitumen. The ob-
tained results allow for adjustments to the asphalt concrete mixture composition in order to improve its performance characteristics.

KEYWORDS: porosity of aggregates, bitumen adhesion, bitumen adsorption by particles, mineral powder, compacted asphalt
concrete mixture, asphalt concrete structure modeling

ACKNOWLEDGMENTS: This article is dedicated to the memory of our colleague, Doctor of Engineering Sciences, Professor Alexander
Alexandrovich Artemenko, who worked at the Yu.A. Gagarin Saratov State Technical University. The authors express their gratitude
to him for his consultations during its preparation.

FOR CITATION:

Andronov S.Yu,, Vasiliev Yu.E., Kochetkov A.V., Slepnev PA., Chizhikov I.A. Analysis of the fractional composition of the stone filler in
the asphalt concrete mixture and evaluation of the preparation modes for the 'bitumen-mineral powder' binder system. Nanotech-
nologies in construction. 2026;18(2):180-191. https://doi.org/10.15828/2075-8545-2026-18-2-180-191. - EDN: ZXSMOA.

© Andronov S.Yu., Vasiliev Yu.E., Kochetkov A.V.,, Slepnev PA., Chizhikov I.A., 2026

http://nanobuild.ru 180 info@nanobuild.ru


http://nanobuild.ru/ru_RU/
https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0009-0009-1521-8110
https://orcid.org/0000-0002-1634-0152
https://orcid.org/0000-0002-6523-6095
https://orcid.org/0000-0003-2237-4436
https://orcid.org/0009-0000-2212-3501

ISSN 2075-8545 (online)

Nanotechnologies in construction 2026; 18 (2):

HaHoTexHonorun B cTpouTenbcTee 180-191 NanObL" ]

CONSTRUCTION MATERIALS SCIENCE

AHanus ¢ppaKkLMOHHOIro coCTaBa KAME@HHOr 0 HanoNHUTeNs
acpanbT06ETOHHONM CMeCn N OLleHKa PeXXKnMoB
NPUroToBNIEHNA BAXKYLLEro CMCTeMbl
«OUTYM — MMHEpPaNnbHbIN NOPOLLUOK»

Cepren lOpbeBuy AHgpoHoB' (2}, IOpuit dmaHymnnosuy Bacunbes? (), AHgpei Buktoposuy Kouetkos? 3 (o),
MaBen AnekceeBuy CnenHeB** (=), Unba AnekcaHgpoBu4 Ymxkunkos*

! CapaToBCKOe pervioHanbHoe otaeneHune Poccniickoin akagemum TpaHcnopTa, 410015, Capatos, yn. bapHaynbckas, 2 «6»,
K. 8, Poccniickaa Qepepauna

2 MOCKOBCKUIA aBTOMOOWIIbHO-IOPOXKHbIV FOCYAAPCTBEHHBIN TEXHUYECKUNIA yHUBepcuTeT, 125319, MockBa, JleHnHrpagckmi
npocnekT, 64, Poccuiickaa ®epepauna

3 MepMcKuiA HaLMOHaNbHbIN UCCNIEA0BATENBbCKNIA MOUTEXHUYECKNI YHBepCHTeT, 614000, Mepmb, KomcomonbcKuin
npocnekT, 29, Poccniickaa ®epepauna

4 HaumoHanbHbIN nccnefoBatenbckunii MOCKOBCKMIA FOCYAAPCTBEHHDbIN CTPOUTENbHBIN yHUBepcuTeT, 129337, MockBa,
fipocnasckoe wocce, 26, Poccuiickaa epgepauna

* ABTOp, OTBETCTBEHHbIN 3a Nepenuncky: e-mail: slepnevpa@mgsu.ru

AHHOTALMA

BBepeHme. OpaKUVOHHBIN COCTaB KAMEHHOTO HaNoJIHMTENA achanbTOOETOHHOW CMECU U PEXMMbI MPUFOTOBNEHMSA BAXKYLLErO
CUCTEMbI «BUTYM — MUHepasibHbI MOPOLIOK» OKa3blBAOT 3HAUMTENbHOE BAIMSHUE Ha SKCTJTyaTaLMOHHbIe XapaKTepUCTUKN acdanb-
TOGETOHHBIX CMecel. YUunTbiBas, 4To 06bemM HanoNHuTenNs acdansTo6eTOHHbIX cMecel focTuraet 96% no macce unu 87% no obbemy
cmecy, a 06bem CBA3yHoLLEro cocTaBnseT fo 4% no macce unu 1o 13% no o6bemy, B npoLiecce NprUrotoBfieHUs achpansTo6eTOHHOM
CMecu CTpeMATCA AOOUTLCA ee OAHOPOAHOCTM 1 06ecneynTb NOHOE NOKPbITUE HAMONHKTENA CBA3yloLWMM. OAHAKO NPU HeJoCTaTKe
CBA3YIOLLEro OCTalOTCA MYCTOThl, KOTOPbIE MPUBOAAT K YBeNMyeHuo BogonornoueHns. Matepmuanbi u metogbl. Ha ocHoBaHuM
ONTMNYECKUX NCCNenoBaHnin GPakLMOHHOMO COCTaBa CTaHAAPTHOW acdanbTOOETOHHOM CMecy onpegeneHbl nowaan MexxpasHoro
B3aMMOJEeCTBUA MeXay KaMeHHbIM HarnoIHUTeNeM 1 GUTYMOM, CornacytoLmecs ¢ pesyrbTaTtamu Apyrux nccnegosareneid. Ha oc-
HOBe aHanM3a 3KCNepUMeHTasbHbIX Y TEOPETUYECKMX UCCNIe[0BaHNI YCTaHOBEHbI 3aBUCUMOCTY KO3dduLeHTa B3aumoaencTensa
B CUCTEME «BUTYM — MUHEPanbHbI MOPOLLIOK» OT AUCMEPCUOHHOMO COCTaBa, TeMNepPaTypbl U CTerneHn HanonHeHus. PesynbraTbl
1 o6cyKaeHme. AHanv3 nosyYeHHbIX JaHHbIX JOKa3bIBAEeT, YTO B3aMMOAENCTBME OUTYMa 1 MUHEPANbHOIO NMOPOLLKa NoAUYNHAETCA
onpeaeneHHbIM 3aKOHOMEPHOCTAM U 3aBUCUT OT 0OGbEMHOO pacnpeaeneHmns no pasmepam 4acTul Bo Gpakumax MUHEpPanbHOro
MOpPOLLKa, UTo onpefenseT niowaib MexdasHo NOBEPXHOCTI B3aMMOAENCTBYA; TeMMepaTypbl CMELLEHUSA U CTENEHW HaMNOSTHEHNSA
KOMMO3MLUN — ONTUMasbHble YCNioBuUA: TemnepaTtypa oT 160 °C go 170 °C, o6bemHas gons 0,17-0,2. 3aknoueHme. BoibpaHHyio
peuenTypy acoanbTo6eTOHHON CMecK, KoTopas UcCieoBanach B paboTe 1 CoaepnT 06beMHYI0 JOMI0 MUKPOMOPOLLKa Ha YPOBHE
0,258, HeOOXOAVMO OTKOPPEKTUPOBATb B CTOPOHY YBENMUYEeHWs Maccbl 6UuTyma o 2,0 Kr € TeM, YTo6bl MoMacTb B ONTVMYM M0 B3avMO-
[eNCTBMIO MUHePasibHOro NopoLLKa 1 6uTyma. MonyyeHHble pe3ynbTaThl MO3BOJIAT CKOPPEKTUPOBATb COCTaB acPpansTOOETOHHOM
CMeCH C LieNbio MOBbILLEHUSA ee SKCMyaTaLMOHHbIX XapaKTepUCTUK.

KJTIOMEBDIE CJIOBA: nopuncTocTb KaMeHHbIX MaTepuanos, agresuna 6utyma, agcopbuma 6utyma yactmuamm, MMHepanbHbIi no-
POLIOK, YNIOTHEHHaA achanbTobeTOHHaA CMeCb, MOAENMPOBaHNE CTPYKTYpbl acdanstobeToHa

BNNAFOAAPHOCTW: CraTba NocBALLeHa CBETNOM NaMATU HALLEro KOJJIer JOKTopa TEXHUYECKUX HaykK, npodeccopa ApTeMeHKo
AnekcaHgpa AnekcanapoBuya, paboTasLiero B CapaToBCKOM rOCyAapCTBEHHOM TEXHNUYECKOM YHuBepcuTeTe nmeHu K0.A. TarapuHa.
ABTOpbI CTaTbM BblpaxatoT eMy NPU3HaTeNbHOCTb 3a MPOBEAEHHbIe KOHCYNbTAaLUN NPy ee NOATrOTOBKe.

AnAa UMUTUPOBAHUA:

AHppoHos C.10., Bacunbes 10.3., Kouetkos A.B., CnenHes MN.A., Ynxunkos U.A. AHann3 ¢pakumMOHHOro cocTaBa KaMEHHOIO Hanos-
HUTenA acPpanbTOOETOHHON CMeCK U OLEHKa PEXMMOB MPUFOTOBNEHNA BAXKYLLETO CUCTEMbI «OUTYM — MUHEPASTbHbIN MOPOLLIOKY.
HaHomexHonozuu 8 cmpoumenscmae. 2026;18(2):180-191. https://doi.org/10.15828/2075-8545-2026-18-2-180-191. - EDN: ZXSMOA.

INTRODUCTION position of the stone material — the filler — that ensures

maximum filling of the mixture volume. This provides
The process of asphalt concrete mixtures (ACMs) design ~ the pavement with resistance to loads and deformations
is primarily focused on selecting the granulometric com- occurring during service. Generally, the filler content

http://nanobuild.ru 181 info@nanobuild.ru


http://nanobuild.ru/ru_RU/
https://orcid.org/0009-0009-1521-8110
https://orcid.org/0000-0002-1634-0152
https://orcid.org/0000-0002-6523-6095
https://orcid.org/0000-0003-2237-4436
https://orcid.org/0009-0000-2212-3501

2026; 18 (2):
180-191

Nanotechnologies in construction
HaHoTexHonornn B cTponTenbCcTBe

ISSN 2075-8545 (online)

Nanobm

CONSTRUCTION MATERIALS SCIENCE

reaches 94—96% by weight or 85—87% by volume of the
mixture. Subsequent compaction at high temperatures,
when the binder — bitumen — is in a fluid state, makes
it possible to generally meets modern requirements for
road pavements. However, analysis of existing regulatory
documents and practical studies indicates that pavements
exhibit certain deficiencies that manifest under adverse
conditions and lead to their deterioration. Primarily, this
concerns such a standardized characteristic as water ab-
sorption.

The current state of the art in this research area is
generally reflected in the list of references [1—21]. The
well-known domestic works in the direction of the pres-
ent article are present in references [1—12]. The authors’
own publications are illustrated by works [13, 14]. Foreign
publications are represented in the list [14—21].

A proper distribution of the binder, which means
a continuous film, formed by bitumen, covering all par-
ticles of the stone material, is out for in the production
of ACMs. Otherwise, in the case of insufficient bitumen
content, complete coverage of each particle with a bi-
tumen film does not occur, which facilitates moisture
penetration through uncovered areas, stripping of the
bitumen film, and subsequent deterioration of the as-
phalt concrete pavement. On the other hand, an excess
of bitumen leads to its displacement from regions of in-
creased stress (during compaction) and the formation of
zones with lower density of stone material distribution,
which impairs the strength and durability of the asphalt
concrete pavement.

At first glance, when analyzing the composition of
asphalt concrete components, it can be noted that the
binder — bitumen — is a hydrophobic material and cannot
absorb water without special treatment. The situation is
different with fillers — crushed stone, sand, and mineral
powder. These stone materials have surface pores and are
capable of water absorption. The industrial technology of
asphalt mixture preparation provides that, during mixing
at high temperature, bitumen should completely cover
the surfaces of particles, be adsorbed into the pores, and
prevent external moisture from entering the mixture after
paving and compaction.

It should be noted that such a high filling degree with
a minimum amount of binder requires an assessment of
capability for a continuous film formation on the surface
of filler particles and an analysis of the asphalt concrete
characteristics in the case of its insufficiency. Further-
more, it is necessary to take into account that the bitumen
film covering the particles is unevenly distributed in thick-
ness due to the uneven surface topography of the particles
and their size and nature [1]. The effective volume of the
filler increases, due to the adsorptive interaction between
bitumen and mineral particles in ACMs. Particles rang-
ing in size from 3 to 10 mm have their thickness of the
adsorption layer varying within 1.2—17 um.

It is necessary to determine the surface area of parti-
cles of different shapes and sizes to evaluate the film thick-
ness for a selected ACM recipe, which represents a serious
challenge within existing research methods. Quite often,
such measurements are performed by analyzing particles
from light microscopy photographs. However, it should
be noted that microscopic images allow visualization of
only two-dimensional projections of particles, therefore,
the dimensions of irregularly shaped particles could be
described by several parameters and aspects: maximum or
minimum diameter (linear size), maximum length, mini-
mum length, volume, surface area, etc. Consequently,
sizes obtained by different methods would differ. Figure 1
illustrates possible answers to the question of what con-
stitutes particle size, expressed in the form of equivalent
spheres. At the same time, there are no erroneous re-
sults — each answer is subjectively correct, as it reflects
a physically measurable aspect [2, 9, 10].

The theory of the equivalent sphere states, that by
measuring certain characteristics of a particle, it is as-
sumed that they correspond to those of a sphere; then
a universal number (the diameter of this sphere) is cal-
culated. This number characterizes the given particle.
This example clearly demonstrates that there is no need
to describe the particle size with three or more numeri-
cal values, which, of course, would express the size more
accurately but are complex and inconvenient when de-
signing mixtures.

Proposed calculation procedure allows, in a short
time, to model a presumably optimal particle size distri-
bution by operating solely with the mass fraction ratios of
the initial components in the mixture.

MATERIALS AND METHODS

Studies of the stone material particles in asphalt
concrete mixtures (ACMs) using the equivalent sphere
method were conducted after dispersion analysis of each
asphalt concrete fraction (crushed stone, screenings,
sand, mineral powder). A standard ACM was taken as
the research object, with its composition displayed in
Table 1.

Since each fraction mass in the mixture is strictly
dosed, it is possible to approximately estimate the number
of spheres with equivalent surface area per each size group
(n,), as well as their total surface area (s,), by knowing the
dispersion composition and material density (p).

By summing the areas of each fraction, the estimated
surface area of the stone material particles in an asphalt
concrete mixture of a given mass (S) is obtained. The
following classical geometric formulas were used in the
calculations:

volume of the i-th sphere: V, = m:(D})/6

mass of the i-th sphere: m, = p-V, = p-m:(D})/6

number of spheres in each fraction: n,= kM /m,,
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Fig. 1. Equivalent sphere diameters [2]

Table 1. Composition of asphalt concrete mixture
Grade | Type B

No. Material Content, %
1 Crushed stone fraction 5-15 41.7
2 | Sand from crushing screenings 43.7
3 | Fine natural sand 4.7
4 | Mineral powder MP-1 4.7
5 | Bitumen grade BND 60/90 5.2
Total 100.0

where k, m, — proportion and mass of the i-th size
group, M, — mass of the fraction;

surface area of a sphere: s = 7t D?

surface area of the i-th fraction:

Si=nf'?T'Dl?=ki'Mi'?T'D[-2/

_ki"M;-m-D}-6
- p-m: D}

/mi

with a stone material density p ~ 2700 kg/m? this sim-
plifies to:
6:10%  kpM; ki M;
5; = N N A
2700 D; D;

the total surface area of all fractions § = ¥s..

The dispersion composition of each ACM fraction
was studied using electron micrographs obtained from a
light microscope. Image analysis was performed in the
“DG Analyzer 1.5” software, which supports binariza-
tion of images — i.e., setting thresholds for light and
dark areas in the picture and analyzing the resulting
objects (Fig. 2). The software provides statistical pro-
cessing results in both numerical and graphical forms.
The program calculates the relative number of white
pixels, perimeter and area of microstructural elements,
average reduced diameters of elements, and detects the
orientation of light areas.

The dispersion composition of the ACM, consist-
ing of various fractions of stone material, is displayed in
Figures 3—6.

RESULTS AND DISCUSSION

The theoretical estimation results of the ACM frac-
tions surface areas are displayed in Table 2. The average
size range value for each volume fraction were selected
as diameters D, on the histograms — for example, in the
range of 50—70 um, the average equivalent diameter was
taken as (50+70)/2 = 60 um.

Obtained calculation results are consistent with the
data from works [4, 7, 8, 11, 12], indicating that the for-
mation of the interphase boundary “bitumen — stone
particles” in ACMs is achieved due to the mineral powder
(MP).
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Fig. 3. Histogram of volume fraction versus particle diameter for crushed stone

The infusion of mineral powder into bitumen in-
creases the viscosity of the latter and the strength of
the pavement. As the MP concentration increases, the
thickness of the bitumen film between mineral grains
decreases, and the binder gradually transitions into
a structured state. With increasing MP concentration,
the bitumen film thickness between mineral grains de-
creases, and the binder progressively converses into
a structured state [4].

As a result, the distance between particles decreases
to a level at which the properties of the “bitumen — par-
ticles” system are determined by the interaction energy
of the adsorption-solvation layers of the organic binder
on the MP surface [4]. Furthermore, MP obtained from
marble and dolomite rocks possesses a high positive
potential with a large number of adsorption centers in
the form of Ca>" and Mg?* cations, which contributes
to a more intensive transition of bitumen into a struc-
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Fig. 6. Histogram of volume fraction versus particle diameter for MP-1 mineral powder

tured state with the formation of chemisorption bonds.
These bonds enable firm retention of bitumen films on
the surface, thereby increasing the strength of the asphalt
binder [5].

The infusion of mineral powder into bitumen at high
temperature leads to the formation of a suspension with
a polyfractional composition. The suspension is a mixture
of substances in which the solid phase is distributed as
finest particles in the liquid phase in a suspended (non-
settled) state [6]. The viscosity of such a system depends
on the ratio of the volume concentrations of the filler
particles (MP) and the liquid phase, the shape of the solid
particles, their size distribution, the viscosity of the liquid
medium (bitumen), and the nature of the interaction be-
tween the solid and liquid phases.

The analysis of mechanisms determining the rheo-
logical characteristics of the MP suspension in bitumen
was performed. A model representing particles as spheres
and based on the data obtained from dispersion analysis
(Fig. 6) was used for the analysis. A rotational viscometer
Rheotest RV2.1 was used for carrying out testing of sus-
pensions at temperatures of 130—170°C, corresponding
to the bitumen and MP mixing regimes.

The Mooney equation was used to calculate the vis-
cosity of the “bitumen — solid spherical particles” system.
The equation shows satisfactory coherence with experi-
mental data for concentrated suspensions [8, 9]:

Kint®

n=ngexp [ ()

where: 7 —effective viscosity of the suspension, Pa-s;

1, — effective viscosity of the dispersion medium, Pa-s;

K, — coeflicient accounting for the interaction of
solid particles with the dispersion medium and among
themselves;

@ — maximum volume concentration of the filler,
m?/m?;

® — volume concentration of the filler, m*/m?.

In the polydisperse system represented by the MP
fraction (Fig. 6), the average equivalent diameter is de-

termined as:

1 1
deq = K; — 0018 0073 0237 0489 0,184 —
Zi=1p_l. 0,0035 ' 0,0075 ' 0,015 ' 0,035 ' 0,06

) (2)

= — = 0,021lmm = 21um

47,35

The maximum volume concentration of the filler with
deq is determined (Fig. 8), using the dependence obtained
in work [8], considering /g(21) = 1.32. This equivalent di-
ameter corresponds to a maximum volume concentration
of the filler ~ 0.42 (Fig. 8), which, when converted to mass
concentration, gives the bitumen : MP ratio = 43 : 57,
assuming densities of bitumen and MP p, = 1.03 g/cm’,

Oy = 2.7 g/cm’.
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Table 2. Results of the fractional composition analysis

Share in total Specific surface area
Material M, kg k. D, mm s, m? S, m? o of the fraction,
i i i i area, % 2
m*/kg
0.354 13.5 24
0.405 11 34
Crushed stone 417 0.177 9 18 8.5 0.25 0.2
fraction 5-15
0.048 6.5 0.7
0.01 4 0.2
0.238 4.5 5.1
sand from 0.437 3.5 12.1
crushing 43.6 0.257 25 10 31.8 0.9 0.73
screenings 0.044 15 2.8
0.017 0.9 1.8
0.047 04 1.2
0.365 0.27 14.2
: 0.373 0.22 18
Fine natural 475 49 145 103
sand 0.148 0.16 9.7
0.045 0.115 4.1
0.016 0.1 1.7
0.184 0.06 323
0.489 0.035 147.3
mgfra' powder | 475 0237 0.015 156.8 557 86.2 117.3
0.073 0.0075 166.6
0.018 0.0035 54.2
Bitumen grade
BND 60/90 32 646
0.7
0-6 [' \
0.5 .%
wn
53
. 04
2
R7)
S 03
4
>
0.2
0.1
0 .
i - Fig. 7. Dependence of
130 150 Temperature, °C : the dynamic viscosity of
=3¢= Shear rate 100 s-1 =@= Shear rate 500 s-1 bitumen n on tempera-
=8= Shear rate 1000 s-1 ture at shear rates of 100,
500, 1000 s-1
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Fig. 8. Dependence of the maximum volume concentration of filler on particle diameter [8]

Equation (1) could be rewritten as:

n =g exp(a-Kpe) =19 exp(Kpe)®,  (3)
0]

where a= m .

From (3) we obtain: xp(Kjp,;) = &/ Nyer> then

Kine = ln(ex'p (Kint)) = ln[a\/ nrel]- 4)

Based on the results of experiments with filled systems,
equation (4) makes it possible to determine K, — the
coefficient accounting for the interaction of solid MP par-
ticles with bitumen and among themselves. A comparison
of the experimental and calculated (according to Eq. 4)

Table 3. Viscosity of the disperse system “Bitumen — MP”

values of the rheological characteristics of the “BND
60/90 bitumen — MP” system is displayed in Table 3 and
in Figures 9 and 10.

Analysis of the obtained data proves that the interac-
tion between bitumen and mineral powder follows certain
regular patterns and depends on:
the volumetric particle size distribution within the
mineral powder fractions, which determines the in-
terfacial surface area of interaction;
the mixing temperature and the filling degree of the
composition — optimal conditions: temperature from
160 °C to 170 °C, volume fraction 0.17—0.20.

Thus, the selected recipe of the asphalt concrete mix-
ture, which was investigated in this study and contains
a volume fraction of MP-1 at the level of 0.258, should be

Filling degree, % T=130°C T=150°C T=170°C n,,
(volume fraction) n, Pas - n, Pas - n, Pa:s - 130°C 150 °C 170°C
0(0) 0.66 0 0.42 0 0.18 0 1 1 1
5(0.05) 0.78 1.23 0.5 1.29 0.22 1.47 1.18 1.19 1.22
10 (0.10) 1.18 1.9 0.72 1.73 0.34 2.05 1.8 1.71 1.89
15(0.15) 2.25 2.2 1.31 2.03 0.98 3.01 34 3.12 54
20 (0.20) 5.56 2.34 3.56 2.35 2.8 3.01 8.42 8.48 15.55
25 (0.25) 12.46 2 7.9 2 6.25 24 18.88 18.81 34.7
30(0.3) 28.2 1.5 18.4 1.5 15.1 1.8 42.7 43.8 83.9
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adjusted by increasing the bitumen mass by approximately
2.0 kg in order to reach the optimum interaction between
the mineral powder and bitumen.

CONCLUSION
1. Based on optical studies of the standard asphalt

concrete mixture fractional composition, the areas of in-
terphase interaction between the stone filler and bitumen

were determined, which are consistent with the results of
other researchers.

2. Based on the analysis of experimental and theoretical
studies, the dependences of the interaction coefficient in the
“bitumen — mineral powder” system on the dispersion com-
position, temperature, and filling degree were established.

3. The composition of the asphalt concrete mixture
could be adjusted, using the obtained results, in order to
improve its performance characteristics.
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AHHOTALMA

BBepeHune. OpakUVOHHBIN COCTaB KAMEHHOTO HaNoNHMTENA achanbTOOETOHHOW CMECU U PEXMMbI NMPUFOTOBNIEHMSA BAXKYLLErO
CUCTEMbI «BUTYM — MUHepasibHbI MOPOLIOK» OKa3blBAOT 3HAUMTENbHOE BIIMSHUE Ha SKCMJTyaTalMOHHbIe XapaKTepUCTUKN acdanb-
TOGETOHHBIX CMeceil. YUunTbiBas, YTo 06bemM HanosHMTeNs acdansTo6eTOHHbIX cMecel focTuraet 96% no macce unu 87% no obbemy
cmecy, a o6bem CBA3YyHOLLEro COCTaBnsAEeT [0 4% no Macce nnu 1o 13% no o6bemy, B npoLiecce NprUrotoBfieHUs achpansTo6eTOHHOM
CMecK CTpeMATCA AOOUTLCA ee OAHOPOAHOCTM U 06ecneynTb NOSIHOE NOKPbITUE HAMONHKTENA CBA3yloLWMM. OAHAKO NPU HeocTaTKe
CBA3YIOLLEro OCTaTCA MYCTOThl, KOTOPbIE MPUBOAAT K YBeNMyeHuo BogonornoueHns. Matepmuanbl u metogbl. Ha ocHoBaHun
ONTMYECKUX NCCnefoBaHnii GPakLUMOHHOMO COCTaBa CTaHAAPTHOW acdanbTo6eTOHHOM CMecy onpegeneHbl Naowaan mexxpasHoro
B3aMMOZEeVCTBUA MeXay KaMeHHbIM HarosTHUTeNeM 1 GUTYMOM, CornacytoLmecs ¢ pesyrbTatamu Apyrix uccnegosareneid. Ha oc-
HOBe aHanM3a 3KCNepUMeHTasbHbIX Y TEOPETUYECKMX UCCNIE[0BaHNI YCTaHOBEHbI 3aBUCUMOCTH KO3 dULeHTa B3aumMoaencTensa
B CCTEME «BUTYM — MUHEPANbHbI MOPOLLIOK» OT AUCMEPCUOHHOMO COCTaBa, TeMMepaTypbl U CTerNeHn HanonHeHus. PesynbraTbl
1 o6cyaeHme. AHann3 NoNyYeHHbIX JaHHbIX OKA3bIBAET, UTO B3aUMOAeNCTBe B1UTyMa U M1HEpPaibHOro NOPOLLKA NOAUMHAETCA
onpegeneHHbIM 3aKOHOMEPHOCTAM U 3aBUCUT OT 0ObEMHOIO pacnpeaeneHmns no pasmepam 4acTul Bo Gpakumax MUHEpPanbHOro
MoOpOLLKa, UTo onpefenseT niowaab MexdasHo NOBEPXHOCTI B3aMMOAENCTBYSA; TeMMepaTypbl CMELIEHUS U CTENEHW HaMNoJTHEHNSA
KOMMO3MLMN — ONTUMasbHble ycNioBuA: Temnepatypa ot 160 °C go 170 °C, o6bemHan gons 0,17-0,2. 3aknoueHue. BoibpaHHyio
peuenTypy acoanbTo6eTOHHOM CMecH, KoTopas UcCiefoBanach B paboTe 1 coAepXnUT 06 beMHYI0 400 MAKPOMOPOLLKA Ha YPOBHe
0,258, HEOOXOANMO OTKOPPEKTUPOBATb B CTOPOHY YBeNMUYeHWs Macchl 61uTyma o 2,0 Kr ¢ TeM, YTo6bl NoMacTb B ONTVMYM MO B3anMO-
[eNCTBMIO MUHePasibHOro NopoLLKa 1 6uTyma. MonyyeHHble pe3ynbTaThl MO3BOJIAIT CKOPPEKTUPOBATb COCTaB acPpansTOOETOHHOM
CMeCH C LieNbio MOBbILLEHUA ee SKCMyaTaLMOHHbIX XapaKTepUCTUK.

KJTIOMEBDIE CJIOBA: nopuncToCcTb KaMeHHbIX MaTepuanos, agresuna 6utyma, agcopbuma 6utyma yactmuamu, MMHepanbHbIi no-
POLIOK, yNIOTHEHHas achanbTobeTOHHaA CMeCb, MOAENMPOBaHNE CTPYKTYpbl acdanstobeToHa
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Analysis of the fractional composition of the stone
filler in the asphalt concrete mixture and evaluation
of the preparation modes for the 'bitumen-mineral powder'
binder system
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ABSTRACT

Introduction. The fractional composition of the stone filler in asphalt concrete mixtures and the preparation modes of the binder in
the "bitumen — mineral powder" system have a significant impact on the performance characteristics of asphalt concrete mixtures.
Considering that the filler volume of asphalt concrete mixtures reaches 96% by weight or 87% by volume of the mixture, and the
binder volume is up to 4% by weight or up to 13% by volume. During the preparation of the asphalt concrete mixture, efforts are
made to achieve its homogeneity and ensure complete coverage of the filler with binder. However, a lack of binder leaves voids,
which lead to increased water absorption. Materials and methods. Based on optical studies of the fractional composition of
a standard asphalt concrete mixture, the areas of interphase interaction between the stone filler and bitumen were determined,
consistent with the results of other researchers. Based on the analysis of experimental and theoretical studies, the dependences of
the interaction coefficient in the "bitumen - mineral powder" system on the dispersion composition, temperature, and filling degree
were established. Results and discussion. Analysis of the obtained data proves that the interaction between bitumen and mineral
powder follows certain patterns and depends on the volumetric particle size distribution within the mineral powder fractions, which
determines the interfacial surface area of interaction. The optimal conditions for mixing temperature and composition filling are:
temperature from 160 °C to 170 °C, volume fraction of 0.17-0.2. Conclusion. The selected asphalt concrete mixture formulation,
which was studied in this study and contains a volume fraction of micropowder at the level of 0.258, must be adjusted upwards by
increasing the bitumen mass to 2.0 kg in order to achieve the optimum interaction between mineral powder and bitumen. The ob-
tained results allow for adjustments to the asphalt concrete mixture composition in order to improve its performance characteristics.

KEYWORDS: porosity of aggregates, bitumen adhesion, bitumen adsorption by particles, mineral powder, compacted asphalt
concrete mixture, asphalt concrete structure modeling
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BBEAEHUE

IIpu co3manuu achanpTobeTOoHHBIX cMeceil (ABC)
OCHOBHOE BHUMaHUe yIesieTcsl Toa00py rpaHyIoMe-
TPUYECKOTO COCTaBa KAMEHHOTO MaTepuajia — HaroJI-
HUTEJST, 00eCTIeUnBAIONIETO MAKCUMAaJIBHOE 3aITOJTHE -
HUe o0beMa cMech. DTO 0GecrieunBaeT yCTOMIMBOCTD
JIOPOKHOTO MOKPHITUST K HATPy3KaM U nedopmanusim,
BO3HUKAIOIINM TP SKCIUTyaTalluN TOPOXKHOTO TIOKPHI-

. I1pu 3T0M 00beM HaIOTHUATENS JocTUTaeT 94—96%
1o macce win 85—87% 1o oobeMy cmecu. JlanbHeiilee
VIUIOTHEHHUE IIPU MOBBIIICHHON TeMIIepaType, Koraa
CBSI3yIOlIEe — OUTYM — HAXOMUTCS B XKUIKOTEKYYeM
COCTOSIHMH, TI03BOJISIET IOJIy4aTh IIOKPBITHE, YIOBJIET-
BOPSIOLIEE OCHOBHOM COBPEMEHHBIM TPEOOBAaHUIM
K JOPOXHOMY MOKpPhITUI0. OQHAKO aHAIU3 AEHCTBY-
0Ll HOPMATUBHOM JOKYMEHTALIMU U IIPAKTUYECKIUE
HCCJICIOBAHMSI ITOKA3BIBAIOT, UTO YI0KEHHOMY JOPOX-
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HOMY IMMOKPHITHIO TIPUCYIIHN HEAOCTATKH, KOTOPBIE IIPO-
SIBIISTFOTCST B HEOJIaTOTIPUSITHBIX YCIOBHSIX W TIPUBOMISIT
K €T0 pa3pyleHuo. B mepByo ouepenb 3T0 OTHOCUTCS
K TaKOIt HOPMHUPYEMOI XapaKTepUCTHUKE, KaK BOIOIIO-
TJIOIICHME.

B nepeune mutepatypsl [1—21] B IeJIOM OTpaskeH co-
BPEMEHHEBI TeXHUIECKUI YPOBEHD pa3pabOTKU JTaHHOM
teMBI. B mepeune [1—12] npeacTaBiieHbI OMHY 13 U3BECT-
HBIX OT€YECTBEHHBIX PaOOT IO HAIIPABJICHUIO HACTOSIIICH
ctatbr. COOCTBEHHBIC ITyOJIMKALIMY aBTOPOB WJLTFOCTPH -
pyioTcsa pabotamu [13, 14]. 3apybeskHbIe MyOIMKAIIIN
TIpeacTaBIeHBI B TiepeuHe [14—21].

B niponiecce momyuenust ABC cTpemsTea obecrie-
YUTh TaKOE€ paclipefesieHue BSIKYIIEro, YTOObl OUTYM
TOKPBIBAJI CILIOITHOM TUICHKOM BCE YAaCTUIIBI KaMeH-
Horo MaTtepraina. [loaToMy B cilygae HEIOCTaTOYHOTO
conepsKaHUs ONTyMa He IIPOUCXOIUT TTOJTHOTO TTOKPBITHS
KaXXIO¥ YaCTHUIIBI TICHKOM OMTyMa, 4TO CITOCOOCTBYET
TIPOHUKHOBEHHUIO BJIaTW Yepe3 OTKPHITHIC MECTa, OTCIIAN-
BaHUIO OUTYMHOI TDICHKY 1 JaJTbHEUIIIEMY pa3pyIIeHIIO
achanbTo6eTOHHOTO TMOKPHLITUSA. C IPYroif CTOPOHHI,
M30bITOK OMTYMa MIPUBOAUT K €r0 BHITECHEHUIO U3 00-
JIACTCH TTOBBIIIEHHOTO HATIPSDKEHMS (TIPY YIUTOTHEHIH)
¥ CO3IAaHUIO 30H C MEHBIIIEH TDIOTHOCTBIO pacIipeesie-
HUS KaMEHHOTO MaTepHaja, 4To YXyOIIacT ITPOIHOCTh
¥ JOJITOBEIHOCTH ac(aTlbTOOCTOHHOTO TTOKPHITHS.

Ha mrepBbIii B3I, aHATU3UPYSI COCTaB KOMITOHEH-
TOB ac(aabTOOCTOHA, MOXHO OTMETHUTD, UTO CBS3YIO-
mee — OUTyM — sIBJIsSIeTCSI TUAPOPOOHBIM MaTEPUAJIOM,
1 He MOXeT 0e3 crieMaabHOl 00pabOTKHU MOTI0IIATh
Bomy. JIpyroe meino — HAIIOJHUTENN: MIeOeHb, TIECOK,
MUWHEPaIbHBIN ITOPOIIOK. DTH KaMEHHBIC MaTePUAaJIbI
MMEIOT OTKPBITHIC TIOPHI Ha TTOBEPXHOCTU U CITOCOOHEI
BIIMTHIBATh BOMYy. TeXHOIOTMS TIPUTOTOBICHUS CME-
cH Ha achaabTOOCTOHHOM 3aBOAC MpeAyCMaTpPUBacT,
YTO IIPH TIepEeMEIIMBAHNH TIPU BBICOKOU TeMIIepaType
OUTYM IOJKCH ITOJTHOCTHIO IMTOKPBIBATH ITOBEPXHOCTHU
YacTull, aAcOpOMpPOBATLCS B TTOPHI M UCKIIIOYATh TOMa-
TAHWe BJIaTA M3BHE B CTPYKTYPY CMECH TOCJIE €€ YKIIaIKI
¥ YIUIOTHEHUS.

CremyeT OTMETUTD, YTO TaKasi BBICOKAsI CTCIICHD Ha-
TIOJTHEHMST TIPY MUHUMYME CBSI3YIOIIIETO TPEOYET IIpo-
BECTHU OILICHKY BO3MOXXHOCTU CO3IaHMs HETIPEPBIBHOM
TUICHKU Ha TIOBEPXHOCTH YACTUI] HATIOJTHUTEIIS U TIPO-
aHaJIU3UPOBATh XapaKTEPUCTUKU achalbTOOETOHA
B cllydae ee HemocTaTouHocTH. KpoMe Toro, ciemyeT
YUHUTBIBATh TO OOCTOSITEILCTBO, YTO OMTYMHAs TUICHKA,
MOKpbIBalOLIast YaCTULIbl, HEpaBHOMEPHO pacIripeesieHa
TI0 TOJIIIIMHE M3-3a Pa3IMIHOTO pesibeha MOBEPXHOCTEH
YaCTHIL ¥ B 3aBUCHUMOCTH OT UX KPYITHOCTHU U TIPUPOIBI
[1]. 3-3a ancopOLMOHHOTO B3aMMOAEHCTBUSI OUTYyMa
1 MuHepaabHbIX 9acTull ABC ahdekTnBHEBII 00beM Ha-
TMOJIHUTEJS yBeIMuuBaeTcs. ToiurHa ancopourOHHOTO
CJI0SI Ha YaCTHUIIaX pa3MepoM oT 3 1o 10 MM M3MeHSIeTCST
B npenenax 1,2—17 MKM.

J171s1 TOro 4YTOOBI OLIEHUTH TOJIILIVHY TIJIEHKU P BbI-
o6panHoI1 petienType ABC, He0OX0IMMO OTIPeAeTUTHCS
C TUTOIIAIBIO TIOBEPXHOCTH YaCTUII Pa3HBIX (DOPM U pas-
MEPOB, UTO IIPU CYLLECTBYIOLIX METOIAX UCCIIETOBAHUIA
MPECTaBISIET CEPhE3HYIO MpoodieMy. JIocTaTOUHO YacTo
TakKue U3MepeHMUsl TIPOBOISITCS MyTEM aHaIM3a YacTHl]
110 (hoTorpadusiM, CIeTaHHBIM ONTUICCKON MIKPOCKO-
mmeii. OmHAKO CIeAyeT YIUTHIBATh, YTO MUKPOCKOIIH -
YeCcKre CHUMKU TTO3BOJISIIOT BU3YaJIM3UPOBATh TOJIbKO
TUIOCKUE TIPOEKIIMU YaCTUll, TOATOMY pa3Mepbl YaCTUIL
HETpaBWIbHOU (DOPMBI MOXXHO OMKMCATh HECKOJIbKUMU
rnapamMeTpaMm U XapakKTepUCTUKAMU: MaKCUMaJIbHbIN
WIM MUHUMAIIBHBINA nuaMeTp (JTMHEWHBINA pa3Mep),
MaKcuMaJsbHas IJIMHA, MUHUMAaJIbHAS JJIMHA, 00beM,
TUTIOLIAIb MOBEPXHOCTU U T.J. Kak ciencrsue, pa3Mepsl,
MOJy4YeHHbI€ Pa3HBIMU METOIAMU, OYIAYT pa3andaTh-
cs. Ha puc. 1 noka3zaHbl pa3iMuYHble BAPUAHTHI OTBETOB
Ha BOIIPOC, YTO €CTh pa3Mephbl YaCTUIIBI, IIPeICTaBIeH-
HBIC B BUIE 9KBUBAJICHTHBIX cdep. [1pu aTOM ommbou-
HBIX PE3YyJIbTATOB HET — KaXXIblii OTBET CYyOBEKTUBHO
KOPPEKTEH: OH OTpaxkaeT (hM3NIeCKN N3MEPSIEMYIO Xa-
pakTepucTuky [2, 9, 10].

DTO Teopus S3KBUBAJICHTHOM cepbl. M3Mepsist He-
KOTOpBIE XapaKTEePUCTUKHW YACTULIbI, MPEIIIOIaraeM, 4to
OHHU OTHOCATCS K c(pepe, pacCINThIBACM YHUBEPCATBHOE
YUCITIO (IMaMeTp 3TO cephl), KOTOPOES XapaKTepU3yeT
HaIlly YacTHILy. DTOT IIPUMEP HATJISITHO TTOATBEPKAACT,
YTO HET HEOOXOIMMOCTHU OMUCHIBATh pa3Mep YaCTUIIbI
TpeMsl Uiu 0oJiee YMCIOBBIMU 3HAYEHUSIMU, KOTOPHIE,
KOHEYHO, 00Jiee TOYHO BhIPAXKAIOT pa3Mep, HO CIIOXKHbI
U HEeYyIOOHBI TIpU cocTaBjieHuu cMmeceid. [lpencraBineH-
Hasl pacueTHasl METOIMKA TTO3BOJISIET 32 KOPOTKOE BPEMST
CMOJEIMPOBATh MPENNOJOKUTEILHO ONTUMAJIBHOE pac-
npeaeaeHue YacTUll 10 pa3Mepam, OMEPUpys TOJIbKO
COOTHOLLUEHUSIMUA MACCOBBIX JOJIEM UCXOIHBIX KOMIIO-
HEHTOB B CMECH.

MATEPUAbI U METOAbI UCCNEAOBAHUN

HccnemoBanus yacTuil KaMeHHOTO Matepraia AbC
IT0 METOAY 3KBUBAJICHTHOU C(ephl IIPOBOIIIIN TTOCIIE
IUCIIEPCHOHHOTO aHaIM3a KaxXmoil (ppakumu achaib-
TobOeTOHa (1Ie6eHb, OTCEB, TTECOK, MUHEPAIbHBIN I10-
poiiok). B kauecTBe 00beKTa UCCAEIOBAHUI TTPUHSI-
1 ctangapTHyio ABC, cocTaB KOTOpOii IIpeacTaBicH
B Tab. 1.

ITockoapKy Macca Kaxmoii (DpaKIIMI B COCTaBEe CME-
CH CTPOTO JTO3MPYETCs, TO, 3HasI TUCTICPCHBIN COCTaB
1 TUIOTHOCTh MaTepuaia (p), MOXKHO IPUOIN3UTECIHBHO
OIICHUTH KOJIMIECTBO Cchep ¢ SKBUBAJICHTHOM ITIOIIAIBIO
TTOBEPXHOCTH, TIPUXOASIINXCS Ha KaXKIYI0 pa3MEPHYIO
rpymiy (»,), ¥ OOLIYIO TIOLIAIb UX OBEPXHOCTH (S,).

CyMMUpYS TIOIIAAN KaXIoW (ppaKiny, TOTydrM
OLIEHOYHYIO IUIOIIA/lb TOBEPXHOCTHU YACTULL KAMEHHOTO
Martepuaina B ABC omnpenenernHoit maccsl (S). [Tpu pac-
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Nanob%

Juamertp cepsbl paBeH
MAKCHMAJILHOM JJIHHE

Cdepa, umeromasi
TaKYylo XKe
CKOpOCTH

CceIMMEHTALNH

Cdepa, npoxoasimast

B TAKYIO XKe alepTypy CHTa

Juametp cdepbl paBeH
MHHHMAJBHOMH JJTHHE

)

Cdepa 3xBuBa -
JIEHTHOro 00bema

Cdepa 3xBHBaA-
JIEHTHOM Macchbl

T

Cdepa ¢ 5KkBHBAJIEHTHOH
IJI0A]LI0 MOBEPXHOCTH

Puc. 1. lnameTpbl 3KBUBaNeHTHbIX chep [2]

Ta6nuua 1. CoctaB acpanbTob6eTOHHON cmecy MapKu |
Tmn b

Ne Matepuman CopepxkaHue, %
1 | MpaHuTHBIN WwWebeHb ¢p. 5-15 41,7
2 | Necok 13 oTceBoB ApobNeHns 43,7
3 | Mecok NpYpOAHbIN MENKNI 4,7
4 | MNopolwok MnHepanbHbIn MI-1 4,7
5 | butym mapkn BHJ 60/90 5,2
Bcero 100,0

YeTax MCITOJb30BaIN KJIACCUUECKIE TeOMETPUUICCKIE
opmyIThL:

00beM i-oit cepsr: V, = m:(D?)/6

macca i-oii ceper: m, = p-V, = p-m:(D?)/6

KOJIMYECTBO cep Kaxmoi dhpakuuu: n, =k M /m,

i (] k,.) m, — MOJIst [-OW PA3MEPHOI TPYIIIIBI U ee Macca
COOTBETCTBEHHO, M, — Macca (ppakuuu;

TUTOIIAAb TTOBEPXHOCTH cephl: s = 71 D?

MJIOLIAb TTOBEPXHOCTH i-OU (PpaKIIUM:

Si=nf'?T'Dl?=ki'Mi'?T'D[-2/

_ki"M;-m-D}-6
- p-m: D}

/mi

[pu utoTHOCTH KaMeHHOTO MaTepuaina o~2700 ke/m’
TTOJTyJaeM:

¢ = 6103
L™ 2700

ki M; ki M;
. L L — 2,22 P i.;
Dy Dj

IUIOILA/Ib OBEPXHOCTEH Beex (hpakumit § = Ys..

M3ydeHre TUCIIEpCHOTO COCTaBa KaXKmou (hpaKIInm
ABC IpoBOIMIIN TIO 3JIEKTPOHHBIM CHIMKAM, TIOJTyIeH-
HBIM C OIITUYIECKOTO MUKPOCKOIIA. AHAIN3 CHUMKOB 00-
pabatemBaym B riporpamMme «DG Analyzer 1.5», koTopast
ITO3BOJISICT OMHAPU3UPOBATh N300paKeHMS, T.C. BBICTA-
BUTH ITOPOT CBETJIBIX I TEMHBIX YIACTKOB Ha KapTUHKE
1 IIPOaHAJTIU3NPOBATh MOJYYCHHBIM 00BEKT (pHC. 2).
CratucTrueckye pe3yIbTaThl 00pabOTKI N300 paKeHU
IIporpamMmMa IIPEeICTaBISeT B YNCICHHOM 1 TpadIecKoM
Buze. [IporpaMmMa mo3BoisgeT MOJYINTh 3HAYCHUS OTHO-
CHUTEJIBHOTO KOJIMIECTBa OCIIBIX ITUKCEIICH, IepruMeTpa
1 TUIOIIAAN MUKPOCTPYKTYPHBIX 3JICMEHTOB, CPEIHUX
IIPUBEICHHBIX TNAMETPOB SJIEMEHTOB, BBISIBUTH OPH-
SHTHUPOBAHHOCTH CBETJIBIX YIACTKOB.

JucnepcHsrii coctaB ABC, cocroseii u3 pa3nnd-
HBIX (ppaKOuit KaAMEHHOTO MaTepuraa, IpeacTaBIcH
Ha puc. 3—6.

PE3YNIbTATbl UCCNIEQOBAHUN
N NX OBCYXAEHUE

Pe3ynbTaTel TeOpETUICCKOI OLIEHKH TIIOIIAIN TT0-
BepxHocTell ¢ppakumii ABC npencrasiieHbl B Ta0OJ. 2.
B kauecTse 1nameTpoB D, Ha TUCTOrpaMMax BhIOMpaIu
cpelHee 3HaYCHME pa3MEPHOTO AMAra30Ha M0 KaxIo-
My [I0JIEBOMY 00beMy — HalpuMep, B auamna3oHe 50—
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BuHapHoe nsobpakeHune
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DKBUBaJIEHTHBI AUaMETp, MM

10 12

Puc. 3. FMCTorpamma ponesoro obbema no OnameTpy YacTtuy I.I.l,e6HFI

70 MKM cpeIHMI SKBUBAJICHTHBIN TUaMeTp MPUHUMAIN
(50+70)/2 = 60 MxMm.

ITomyyeHHBIE pe3yabTaThl PACUETOB COIIACYIOTCS
¢ JaHHBIMHU paborT [4, 7, 8, 11, 12] o Tom, uTO hopMmuU-
poBaHUE MexX(da3HOM TpaHUIBl «OUTYM — KaMeHHBIE
yactulbl» B ABC ocymecTsisgercs 3a cuet MIT.

Beenenue MII B 6uTym noBHILLIAET BI3KOCTh ITOCIIC -
HETro ¥ MPOYHOCTH MTOKPHITHS, TIPA 3TOM T10 MEPE YBeE-
JnudeHus KoHueHTpauun MIT tonmnHa rieHKu Outyma

MEXIy MIHEPaJIbHBIMU 3¢pHAMM YMCHBIIIACTCS W BSI-
KyIIIee TTOCTEIIEHHO TIEPEXOINT B CTPYKTYPUPOBAHHOE
cocrogHUE [4].

B pe3ynbTaTe IpONCXOIUT YMEHBIIICHUE PACCTOSTHUS
MEXIy YaCTULIAMM 1O YPOBHSI, KOT/Ia CBOMCTBA CUCTEMBbI
«OUTYM — YaCTHIIBI» OIIPEACIISIIOTCS S9HEPTUEH B3aMO-
IEUCTBUS amcOpPOIIMOHHO-COIBBATHBIX CJIOCB OpraHM-
YeCcKOTO0 BsLKyIero Ha mosepxHocty MII [4]. Kpowme
Toro, MI1, moTydeHHBIN 13 MPAMOPHBIX M TOJIOMUATOBBIX
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Puc. 4. [uctorpamma o51eBOro o6bema o AraMeTpy YacTiL, OTCeBa APOo6neHNs
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DKBUBAJICHTHBIN TUAMETP, MKM

Puc. 5. [uctorpamma of1eBoro o6bema no AviaMeTpy YacTuL, necka
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Puc. 6. luctorpamma gonesoro o6bema no griameTpy yactu Mr-1

nopoj, 00J1agaeT BHICOKMM TOJIOKUTEIbHBIM TTOTEHIIMA-
JIOM C OOJIbIIM KOJMUYECTBOM aACOPOLIMOHHBIX LIEHTPOB
B Buae KatnoHoB Ca*? u Mg*? u crmocoG¢TByeT Gostee
MHTEHCHBHOMY TepeBOy OMTyMa B CTPYKTYpUPOBAaH-
HOE COCTOSTHUE C 00pa30BaHUEM XEMOAICOPOLIMOHHBIX
CBsI3€i1, KOTOpbIE MO3BOJISIIOT MPOYHO YAEPXKMUBATh OU-
TyMHBbI€ TUIEHKW Ha TIOBEPXHOCTU, TEM CaMbIM TTOBbILIAS
MPOYHOCTh acHaTbTOBSIXKYILIETO [5].

BBeneHue MruHepaabHOroO NOpOIIKa B OUTYM MPU BbI-
COKOIi TeMIlepaType MPUBOAUT K 00pa30BaHUIO CyCTIEH-
31U oMM PaKIIMOHHOTO cocTaBa. CycIieH3US TIpe-
CTaBJIsIET COOOM CMeCh BELIECTB, TAE TBEPI0E BEILIECTBO
pacripesieJIeHO B BUZIe MeJIbYalIlIuX YacTUll B XXUIKOM
BEILLECTBE BO B3BEIIIEHHOM (HEOCEBIIEM) COCTOSIHUU [6].
Bs13KocTh Takoi CUCTEMBI 3aBUCUT OT COOTHOILIEHUS
00BbEMHBIX KOHIICHTpAIINil yacTuil HaroHuTes (MIT)
¥ XUIKOM (pa3bl, (pOpMBI TBEPIBIX YACTHII, X pacipene-
JICHHS TIO pa3MepaM, BI3KOCTH KUIKOM cpebl (0nTyma)
U XapakTepa B3auMOIEHCTBUS TBEPAOUN U XXKUAKOU ha3
MexXy coOoil.

AHanM3 MeXaHU3MOB, OIPEIEISIIOIINX PeoJloThye-
CKME XapaKTepucTuKu cycrieHsuu MII B 6utyme, nmpo-
BOJIVWJIM Ha MOJIEIU, TTPEACTABIISIIONIEN YACTULIBI B BUJIE
cdep U Ha OCHOBE NTAHHbBIX, MOJYYEHHBIX B PE3YJIbTaTe
JIUCIIEPCUOHHOTO aHanu3a (puc. 6). Mcnbltanus cy-
CMEH3UIi TTIPOBOIWIM HAa POTAIMOHHOM BUCKO3UMETpPE

Rheotest RV2.1 npm Temmeparypax 130—170 °C, coort-
BETCTBYIOILLIMX peXrUMaM cMmelneHust outyma u MII.

715t pacyeTa BI3KOCTH CUCTEMBI «OUTYM — TBEP/IbIE
chepuyeckue 4acTULb» MCIIOJIb30Bali YpaBHEHUE
MyHH, TTOKa3bIBAOIIEe XOPOIIIee COOTBETCTBHUE C IKC-
IMepUMEHTATbHBIMU JTAHHBIMU TIPU pacueTax KOHIICH-
TPUPOBAHHBIX cycreH3ui [8,9]:

N =ng - exp [, (1)

rae n — agpdekTruBHas BI3KOCTh cyclieH3uu, [1a-c;

n,— s¢deKTIBHAS BI3KOCTh CYCTICH3MOHHOU CPEIIHI,
Ila-c;

K — xoo(hduumeHT, yuInThIBalOIIMii B3aUMOIE -
CTBUE TBEPIBIX YACTHII C CYCIICH3MOHHOU CPEeIOit 1 MEXK-
1y cOOOI;

@ — MakcuMasbHas 00beMHasA KOHLUEHTPALMs Ha-
MOJTHUTEIIS, M3/M?;

@ — 00beMHAsT KOHLIEHTPALIMS HATIOTHUTENIS, M3/ M>.

B nmonmuaucriepcHolt crucTeMe, KOTOPYIO IIPeACTaBIIsI-
eT ppakuus MII (puc.6), onpeneinMm CpeaHUI SKBUBA-

JICHTHBIN OUaMeTp:

d _ 1 _ 1 _
3KE — op K; — 0018 0073 0237 TA89  TI82 —

i=1p;  0,0035 *+ 20075 T 0,015 T 0,035 T 008

. @

= —— = 0,021mMm = 21MKM .

47,35
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Ta6nuua 2. Pe3ynbTaThl aHanm3a GppakLMOHHOrO COCTaBa

DonsaB YpenbHasa
Matepuan M, kr k, D, mm s, m? S, m? CymMMapHoOW NOBEPXHOCTb
nn., % dpakuun, m?/Kr
0,354 13,5 24
0,405 11 34
Webero 4,7 0177 9 18 8,5 025 02
¢p. 5_1 5 I ’ I r r r
0,048 6,5 0,7
0,01 4 0,2
0,238 4,5 51
0,437 3,5 12,1
Orcesbl 436 0,257 2,5 10 31,8 09 0,73
ApobneHusn
0,044 1,5 2,8
0,017 0,9 1,8
0,047 0,4 1,2
0,365 0,27 14,2
0,373 0,22 18
Mecok 4,75 49 1,45 10,3
0,148 0,16 9,7
0,045 0,115 41
0,016 0,1 1,7
0,184 0,06 32,3
0,489 0,035 147,3
MI-1 4,75 0,237 0,015 156,8 557 86,2 117,3
0,073 0,0075 166,6
0,018 0,0035 54,2
Butym BH[ 60/90 5,2 646
0.7
0-6 “ \
0.5 .%
Q
=
~ 04
Wa)
H
3
2 03
o
=N
[aa)
0.2
0.1
0
i ’ Puc. 7. 3aBucMMOCTb
150 150 Temneparypa, °C 170 AVHAMMYECKOI1 BA3KOCTM
=3¢= Ckopoctb casura 100 c-1 === Cxopocts capura 500 c-1 6uTyMa n oT Temnepary-
== Ckopocts casura 1000 c-1 pbl NPY CKOPOCTAX CABU-
ra 100, 500, 1000 c-1
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Puic. 8. 3aBNCMOCTb MaKCVMasibHOM OOBEMHOI KOHLIEHTPALMIW HAaNOIHUTENS OT AraMeTpa Yactuy [8]

Hcronb3yst 3aBUCHUMOCTD, TIOJTYIeHHYIO B padoTe [§],
OIIpeIe MM MaKCUMAJIbHYI0 00beMHYIO KOHIICHTPAITIIO
HAIOJIHUTEISA, UMEIoIIero d, - (puc. 8), y4uThIBasi, 4To
Ig(21) = 1,32. DTOMY 3KBUBAJICHTHOMY ITHAMETPY CO-
OTBETCTBYET MaKCHMMaJIbHasI 00beMHAasT KOHIICHTPALTUS
HartonHuTensd ~ 0,42 (puc. 8), 4To B mepecyeTe Ha Mac-
COBYIO KOHIICHTPAIIMIO COOTBETCTBYET COOTHOIIICHHIIO
outym : MII = 43 : 57, mpuHUMas TIOTHOCTh OMTYyMa
uMIlp, = 1,03r/cM, o, = 2,7 r/cM’.

Ypasuenue (1) rmepenuiiieM B BUIE:

n="n: exp(a . Kaa) = Nc exp(KBs)“, (3)
rae ad — m

Ta6nuua 3. BA3KocCTb fucnepcHol cuctembl «<butym — MI»

U3 (3) monyuaem: exp(Ky.) = %/Nors, TOIIA
Ky, = In(exp(Ky,)) = [y ] 4

YpaBHeHUE (4) MO3BOJISICT IO pe3yabTaTaM 3KCIIe-
PUMEHTOB ¢ HaITOJTHCHHBIMUA CUCTEMAaMU OIIPEICINTD
K — Koo GULMeHT, yINTHIBAOIINI B3aUMOIEHCTBIE
TBepabIX yactull MIT ¢ outymoM 1 Mexay coooii. Cpas-
HEHUE SKCTIICPUMEHTAIBHBIX U pACYCTHBIX (4) 3HAUCHUIA
PEoIOTMYECKUX XapaKTepUCTUK crucTeMbl «ouTtym BH /I
60/90 — MII» npuBeneHbl B Tabaule 3 U HA PUCYH-
kax 9, 10.

AHanu3 TMOTyYeHHBIX TaHHBIX JOKa3bIBaeT, 4TO
B3aMMOIECTBIE OUTYyMa 1 MIUHEPAJIbHOTO TTOPOIIKA

CreneHb T=130°C T=150°C T=170°C Norn
HanonHeHus, %
(o6bemHas gona) | M Mac K, n, Na-c K, n, Na-c K, 130°C 150°C 170°C
0(0) 0,66 0 0,42 0 0,18 0 1 1 1

5(0,05) 0,78 1,23 0,5 1,29 0,22 1,47 1,18 1,19 1,22
10(0,10) 1,18 1,9 0,72 1,73 0,34 2,05 1,8 1,71 1,89
15(0,15) 2,25 2,2 1,31 2,03 0,98 3,01 34 3,12 54

20 (0,20) 5,56 2,34 3,56 2,35 2,8 3,01 8,42 8,48 15,55

25(0,25) 12,46 2 79 2 6,25 24 18,88 18,81 34,7
30(0,3) 28,2 15 18,4 1,5 15,1 1,8 42,7 43,8 83,9
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Puic. 9. 3aBNCMMOCTb BA3KOCTU CUCTEMBI «OUTYM — MI» OT CTENEHW HaMONHEHWs

Koaddunumenr Bzamumoneiicteust K
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Puc. 10. 3aB1ucmocTb Ko3dpduumeHTa K 0T cTeneHn HanoaHeHna 1 TemnepaTypbl cuctembl «6utym — MI»
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TIOTYMHSICTCS OIIPeACICHHBIM 3aKOHOMEPHOCTSIM U 3a-

BUCHT OT:

— 00BEMHOTO pacIIpenesICHHs 10 pa3MepaM JaCTHII
BO (DpaKIIMsIX MUHEPAIBHOTO TTOPOIIIKA, YTO OTIPE-
IeJIsIeT TUIoIIaah MeXXda3Hoi MOBEpXHOCTH B3au-
MOIECTBUS;

— TeMIlepaTyphl CMEIICHUS U CTETICHN HATIOJTHCHMUS
KOMITO3UIINYA — ONITUMAJIbHBIC YCIIOBHS: TeMIIepa-
typa ot 160 °C mo 170 °C, oobemnas gois 0,17—0,2.
Taxum obpa3oMm, BeIOpaHHylo penentypy AbBC, ko-

TOpast cclleAoBatach B pabOTe M COACPKUT OOBEMHYIO

nomio MIT-1 Ha yposHe 0,258, HEOOXOTMMO OTKOPPEK-

THPOBAaTh B CTOPOHY YBEJIWICHUS MacChl OMTyMa Ha

~ 2,0 KT, ¢ TeM, 9TOOHKI ITOTIACTh B OIITUMYM IT0 B3aMMO-

IEUCTBUIO MIHEPAJIHLHOTO ITOPOIITKa M OUTyMa.

CMNCOK NCTOYHUKOB

3AKJTIOMEHUE

1. Ha ocHOBaHMM ONITUYIECKIX UCCIICIOBAaHII (hpaK-
IIMOHHOTO COCTaBa CTaHZAPTHOU acdaabTOOCTOHHOM
CMeCH OTIpee/ICHBI TUTOIIAIN MexK(a3HOTO B3amMOIeTi-
CTBUS MEXIY KaMEHHBIM HAITOTHUTEJIEM 1 OUTYMOM, CO-
[JIACYIOIINECS C pe3yIbTaTaMU IPYTHX UCCIIeIOBaTEeICH.

2. Ha ocHOBe aHammM3a SKCIIEPUMEHTAIBHBIX U TEO-
PETUIECKIX MCCIICIOBAHNMA YCTAHOBJICHBI 3aBUCIMOCTH
K03 (pHUIIMEeHTa B3aNMOICHCTBUS B CUCTEME «OUTYM —
MUHEpaJIbHbII IOPOLLIOK» OT AUCIIEPCUOHHOIO COCTAaBa,
TeMIIepaTyphl U CTCTICHN HATIOJTHEHUS.

3. [NomydeHHBIC PE3yIbTATHI IIO3BOJISIIOT CKOPPEK-
THPOBATh COCTaB ac(aTbTOOCTOHHOM CMECH C IIETIbIO
ITOBBIIICHUS €€ SKCIUTyaTallMOHHBIX XapaKTepUCTHUK.
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ABSTRACT

Introduction. One of the most promising materials for dispersed reinforcement of concrete is basalt fiber. It is characterized by high
strength, thermal and chemical resistance, as well as environmental safety. The use of reinforcing fibers significantly increases the
flexural and tensile strength of concrete and improves its water resistance and resistance to dynamic loads. A number of studies show
that the introduction of basalt fiber contributes to an increase in the compressive and flexural strength of composites, as well as their
crack resistance. With an optimal fiber content, a spatial reinforcing framework is formed, which increases the energy capacity of
material fracture and its resistance to external influences. Methods and materials. Fiber-reinforced concretes were produced using
the following technology: marble fillers of different fractions, reinforcing fibers, and Portland cement were first mixed in a dry state
for 10 minutes, after which the required amount of water was added. The resulting mixture was stirred for 30 minutes and molded
into special forms for physical and technical studies. After 24 hours, the samples were treated with water steam for 30 minutes, after
which, after three days, tests for density, water absorption, and strength were carried out. According to the experimental plan of the
H_,5 type, 27 compositions of fiber-reinforced concrete were obtained. Based on the experimental results, regression coefficients of
models describing the studied properties of fiber-reinforced concrete with marble fillers were determined using the least squares
method. Graphical representations of the experimental-statistical models were also constructed in the form of two-dimensional
nomograms. Results. It was established that combined reinforcement with basalt fibers (BF) and polypropylene fibers (PF) is pos-
sible but requires optimization of their ratio. The most effective scheme is when the main reinforcing role belongs to basalt fibers
(2-3%), while polypropylene fibers are introduced in small amounts (up to 1-2%) to control crack formation. The analysis of graphi-
cal regions and derivative functions showed the following optimal range of component contents: marble chips - 25-30%, marble
powder — 10-15%, marble dust — about 12%, basalt fibers — 2-4%, polypropylene fibers — 0-2%. Conclusion. Basalt fibers are an
effective means of increasing the strength characteristics of fiber-reinforced concrete at moderate content (about 2-3%). However,
their excessive amount leads to a decrease in density and an increase in water absorption of the material. Polypropylene fibers in
most cases reduce density and compressive strength and increase water absorption; therefore, their use should be limited to small
doses and mainly applied to improve crack resistance. The best complex of physical and mechanical properties is achieved when
marble dust is used in combination with basalt fiber.

KEYWORDS: fiber-reinforced concrete, basalt fiber, basalt fibers, polypropylene fibers, experimental-statistical modeling, strength
of fiber-reinforced concrete, nomograms
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AHHOTALMA

BBepeHue. OgHUM 13 Hanbonee NepcnekTVBHbIX MaTepuanos s AUCMEPCHOrO apMUPOBaHUs 6eTOHOB sABseTCs 6asanbToBoe
BOJIOKHO. OHO XapaKTepu3yeTcs BbICOKOV MPOYHOCTBI0, TEPMUYECKON U XMMUYECKOI CTONKOCTbIO, @ TaKXKe dKosornyeckom 6e3o-
nacHocTblo. [prMeHeHne apMupyoLwmnx Grbp NO3BONAET 3HAUMTENBHO NOBLICUTL MPOYHOCTL GETOHA NPY U3rMbe 1 pacTAXeHnK,
a TaKkxe YNyylmnTb ero BOLOCTONKOCTb 1 YCTOMYMBOCTD K AVHAMMUYECKUM Harpy3kam. Paa nccnenoBaHmnin nokasbiBaeT, YTo BBEAEHME
6a3anbToBOl GMOPbI CNOCOOGCTBYET MOBbILIEHWIO MPOYHOCTM KOMMO3UTOB Ha CKaTre U U3rnb, a TakKe YBEUYEHUIO NX TPELLUHO-
cTonkocTy. Mpu ONTMMaNbHOM cofiepKaHnK BOJIOKOH GOpMUPYeTCs MPOCTPAHCTBEHHBIN apMUPYIOLLMIA KapKac, KOTOPbIA NOBbI-
LIAeT SHEProEMKOCTb pa3pyLLEHUs MaTeprara 1 ero yCTolunBOCTb K BHELIHUM Bo3aencTBuam. MeTogbl n matepuanbl. C Lefbio
onpegeneHns ONTUMANIbHOTO COCTaBa GPMOPOBETOHa Obin NPOBEAEH NATUGAKTOPHDIN SKCNePUMEHT o nnaHy Ha,. bbinu ebibpaHb
cnegytoLme KOMMNOHEHTbI peLienTypHOro cocTaBa: MpamopHas Kpotuka (MK), MpamopHbIi nopoLwok (M), MpamopHas nbinb (M-nbinb),
6a3ansToBble GpUbpPLI (OB), NnonunponuneHosble Grbpbl (PI1), a TakKe cBA3yloLLee — NopTNaHaLemMeHT. DM6Po6eToHbI U3roTasy-
BaNuCb Mo crepyoLlei TeXHONOrMN: MPaMOpPHbIe HAMONHUTENN Pa3NiMYHbIX Gpakumi, apmupyowre ¢Grubpbl U NopTNaHALEMeHT
npenBapuTeNbHO NePEMELLNBANMCL B CYXOM COCTOAHUN B TedeHre 10 MUHYT, Nocie Yero 4o6aBnanocb Heo6XxoanMoe KonmyecTso
Bofbl. [MonyyeHHas cMecb NepemeLuBanach B TedeHne 30 MUHYT 1 dopMoBanach B crieluanbHble Gopmbl AnA npoBeeHus ¢pusu-
KO-TEXHUYECKNX UccnefoBaHuin. Yepes 24 yaca o6pasubl nogsepranncb 06paboTke BOAsAHbIM NMapoM B TeueHne 30 MUHYT, nocne
yero yepes TPOe CyTOK MPOBOAMIINCH UCMbITAHUSA Ha MIOTHOCTb, BOAOMOTOLEHNE U MPOYHOCTb. B COOTBETCTBUM C NIAHOM 3KCre-
pumeHTa TMna Ha5 6bino nonyuyeHo 27 coctaBoB dpunbpobetoHa. Mo pesynbratam SKCNeprMeHTa METOLOM HaVMEHbLUUX KBaAPaToOB
6blI onpeaeneHbl KO3GOULMEHTbI perpeccumn Mmogenei ucciefyemMbix CBOMCTB GrUbpobeToHa ¢ MPaMOPHbIMM HAMOTHUTENAMMU.
Takxe 6bInn NocTpoeHbl rpaduryeckne obpasbl SIKCNEPYMEHTANIbHO-CTAaTUCTUYECKNX MoZenel B BUAe ABYMEPHbIX HOMOrpamm.
Pe3ynbraTtbl. YCTaHOB/IEHO, YTO KOMOVHMPOBaHHOE apMupoBaHue 6asanbToBbiMu (OB) 1 nonunponuneHosbiMmn (OMN) dprbpamu
BO3MOXKHO, OAHAKO TpebyeT onTnMm3aumm ux cootTHolweHus. Hanbonee adpdeKTnBHON ABAAETCA CXEMa, MPU KOTOPOI OCHOBHas
apMupytoLLas posb NpUHAANeXuT 6asanbtoBbiM ¢rbpam (2-3%), Torga Kak nonunponuneHoBble Gubpbl BBOAATCA B HEOOMbLUNX
KonuuecTBax (o 1-2%) Ana KOHTponA TpewmnHoobpasoBaHua. AHanums rpaduryeckrx obnactein u Npon3BoAHbIX GYHKUMIA NOKa3an
cnegylowWwmii ONTUManbHbIV ANana3oH COAEPXKaHNA KOMMOHEHTOB: MpaMOpPHasa KpoLuka — 25-30%, MpamopHbI nopoLwok — 10-15%,
MpPaMOpHas Mbifib — 0Koso 12%, 6a3anbToBble pubpbl — 2-4%, nonunponuneHoBble pubpbl — 0-2%. 3aknoueHne. basanbToBble
dunbpbl ABNATCA 3OPEeKTUBHBIM CPeACTBOM MOBLILLEHWA MPOYHOCTHBIX XapaKTePUCTUK GrbpobeToHa Npu ymepeHHOM cogep-
XaHum (okono 2-3%). OgHaKo UX N30bITOUHOE KOMMYECTBO NMPUBOANT K CHVXEHWIO MIIOTHOCTA U YBEIMUYEHVI0 BOJOMOIOWeEeHNA
MaTepuana. MonunponuneHosblie ¢pnbpPbI B GONBLIMHCTBE CIyYaeB CHUKAIOT MAOTHOCTb U MPOYHOCTb Ha CKaTve 1 yBeNnUYnBatoT
BOZOMOIIOLLEHME, MO3TOMY UX MPUMEHeHNe LienecoobpasHo OrpaHNYMBaTb MasbiM/ AO3aMVU 1 UCMOMb30BaTb MPerMyLLeCTBEHHO
AN MOBbIWEHUSA TPELMHOCTONKOCTU. Hannyylwmin Komnnekc Gpr3nkKo-mMmexaHMuyecKmnx CBOMCTB JOCTUIAETCs NPW UCMOb30BaHNM
MPaMOPHOW Nbiv B COYeTaHUM ¢ 6a3anbToBol Grbpoii.

KNIOYEBDIE CJIOBA: $p1b6pob6eToH, 6a3anbsToBoe BONOKHO, drbpbl 6azanbToBble, GrOPbI NONMNPONUIEHOBbIE, SKCNEPUMEHTaNb-
HO-CTATUYECKOE MOAENNPOBAHME, MPOYHOCTb GUOPOOETOHA, HOMOTPaAMMbl
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Bauuin Keiproiackoi Pecny6nuku. MNMpoekT nmeeT pernctpauroHHbii Homep Ne 240032 ot 15.02.2024 .
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INTRODUCTION

In modern construction, reinforced concrete materials
are widely used to overcome the shortcomings of conven-
tional concrete, including low tensile strength, poor im-
pact resistance, and a tendency to form shrinkage cracks.
Traditionally, the strength characteristics of concrete are
improved by incorporating steel reinforcement or metal
meshes. In recent years, the technology of dispersed re-
inforcement of concrete matrices using various fibers,
including steel, glass, basalt, and polymer fibers, has been
actively developing [1—7].

Dispersed reinforcement contributes to increasing
crack resistance, plasticity, and durability of concrete,
as well as reducing the weight of structures. Unlike tra-
ditional reinforcement with metal mesh, fiber reinforce-
ment prevents crack formation at early stages of concrete
hardening when the material is in a plastic state [§—11].

Polymer fibers, particularly polypropylene fibers, are
widely used due to their corrosion resistance and manu-
facturability [12—15]. However, their use is limited by rel-
atively low adhesion to the cement matrix and a reduction
in strength characteristics during long-term operation.
Metal fibers possess high strength but are susceptible to
corrosion and may exhibit a cathodic effect in aggressive
environments of cement solutions.

Glass fiber is also used for reinforcing cement com-
posites; however, its durability largely depends on the
alkaline environment of the cement stone. It has been
established that hydration products of Portland cement
may negatively affect glass fiber, while the use of alumina
cements can increase its chemical resistance [16].

Studies show that the use of basalt and polymer fibers
significantly improves frost resistance, impact toughness,
and crack resistance of fiber-reinforced concretes. In ad-
dition, the use of dispersed reinforcement contributes to
the uniform distribution of stresses in the concrete matrix
and increases the durability of structures [16—19]. The
combined use of various mineral fillers and fibers con-
tributes to improving the physical, mechanical, and op-
erational properties of fiber-reinforced concretes [20—25].

Fiber-reinforced concretes are widely used in indus-
trial and civil construction, transport infrastructure, and
hydraulic engineering structures. Their application in-
creases the resistance of structures to dynamic loads, tem-
perature effects, and aggressive environments. However,
the higher cost of fiber-reinforced concretes compared
with conventional concretes remains one of the factors
limiting their widespread use [26—35].

Thus, the analysis of literature sources shows that
dispersed reinforcement of concrete with various types
of fibers is an effective way to improve its strength and
performance characteristics. Among different types of
reinforcing fibers, basalt fiber is of particular interest due
to its high strength, chemical resistance, and promising

prospects for wide application in construction composite
materials.

The aim of this study is to optimize the formulation
factors and properties of a cement-based composite ma-
terial using marble aggregates and dispersed fiber rein-
forcement.

METHODS AND MATERIALS

During the experimental work, a five-factor experi-
ment was carried out according to the H 5 design plan
(Table 2), in which five formulation factors were var-
ied: X, — marble chips (MC), %; X, — marble powder
(MP), %; X, — marble dust (MD), %; X, — basalt fibers
(BF), %; X, — polypropylene fibers (PF), %; the remain-
ing component was Portland cement. The variation levels
of the five factors are presented in Table 1.

The following indicators were selected as quality pa-
rameters of the composite material: Y, — compressive
strength (R(c)), MPa; Y, — tensile strength, %; Y, — water
absorption; Y, — density, kg/m’.

Based on the experimental results, the regression coef-
ficients of the models describing the selected properties of
the composite material (1—6) were calculated using the
least squares method. Graphical representations of the ex-
perimental—statistical (ES) models were also constructed
in the form of two-dimensional nomograms (Figs. 1-8).

The experimental samples were prepared using the
following technology: marble fillers of different fractions,
reinforcing fibers, and Portland cement were first mixed
in a dry state for 10 minutes, after which the required
amount of water was added. The resulting mixture was
then mixed for 30 minutes and molded into special molds
for testing. After 24 hours, the composite samples were
treated with water steam for 30 minutes. After three days
of curing, the samples were tested for density, water ab-
sorption, and strength.

RESULTS
Model Y1 (Density, kg/m?)

Y, (density, kg/m’) = 1637.03 — 28.67-X +
+32.0-X, + 73.8:X, — 75.5:X, — 68.39-X, +
+102.09-X >+ 3.09X,> — 0.91- X> —

—154.91-X,? — 86.41- X2 + 70.07X X, +
+35.44-X X, +30.19-X X, + 32.06-X X, —
—38.07-X,X, —29.06-X,X, — 30.94-X X, —
—120.94-X.X, — 55.31- X X, — 44.32-X X.. (1)

Factor Influence Analysis. Based on the regression
coefficients and numerical calculations, it was found that
an increase in density is promoted by increasing marble
dust (X,) — the most significant factor; decreasing basalt
(X,) and polypropylene fibers (X,); the interaction X X,
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Table 1. Levels of factor variation

1SSN 2075-8545 (online)

Nanob%

Factor levels G veliligsd 2Bl oy n (pol);:al::;):/;;ene
(marble chips) (marble powder) (marble dust) (basalt fibers) (e
-1 20 5 4 0 0
0 25 10 8 2 2
1 30 15 12 4 4
Note: MC — marble chips; MP — marble powder; MD — marble dust; BF — basalt fibers; PF — polypropylene fibers.
Table 2. H 5-type experimental design
Normalized variables Natural variables Properties
No. X, | x, | X, | x, | x; | X,-MC, % | X,-MP, % X3-M‘;/:‘ 8. X4;/I:F’ XS;/I: F, Y;Ege/l::ity, a;;ovgs:;rn,
(]
1 + + 30 15 12 4 4 1270 27
2 - - 20 5 12 4 4 1271 25.2
3 - + - - - 20 15 4 0 0 1544 17.4
4 |+ | - | - -1|- 30 5 4 4 4 1280 223
5 - + - 20 15 4 4 4 1330 14.7
6 - | - 30 5 4 4 4 1350 12.6
7 + |+ | - | - 30 15 12 0 0 1940 9.3
8 | - | -+ ] -1- 20 5 12 0 0 1950 14.2
9 - + + - 20 15 12 4 0 1480 15.4
10 - + - 30 5 12 4 0 1490 12
11 + - - + 30 15 4 0 4 1470 204
12| - - - - + 20 5 4 0 4 1465 8
13| - + - + 20 15 12 0 4 1615 9
14 - - |+ 30 5 12 0 4 1640 10,3
15 + | - | + | - 30 15 4 4 0 1590 10.5
16| -1 - =1+ |- 20 5 4 4 0 1585 11.3
7|+ ] 0] 0| 0] O 30 10 8 2 2 1760 11
18| -] 0] 0| 0] O 20 10 8 2 2 1757 9.2
9/0|+ ] 0| 0] O 25 15 8 2 2 1689 12
200 | -|0|0]|O 25 5 8 2 2 1630 12.7
211 0| 0| + | 0| O 25 10 12 2 2 1645 13
2|0|0|-(01|0 25 10 4 2 2 1666 12
23| 0| 0|0 |+ |0 25 10 8 4 2 1488 11
24| 0| 0|0 | -0 25 10 8 0 2 1515 12
25| 0| 0| 0| O | + 25 10 8 2 4 1576 12.7
26| 0| 0| 00| O 25 10 8 2 2 1482 13.6
27| 0| 0| 00O 25 10 8 2 0 1564 12.7
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Table 3. H 5-type experimental design

E[perimental results
No. | v -densi- Ezl;:\::t:_r ;:e‘:;irce ﬂeI:JraI
ty, kg/m3 tion, % strength, | strength,
MPa MPa
1 1270 27 0.150 2.60
2 1271 25.2 0.145 2.66
3 1544 17.4 0.190 5.00
4 1280 223 0.800 5.11
5 1330 14.7 0.126 5.12
6 1350 12,6 0.140 9.37
7 1940 9.3 0.142 1.875
8 1950 14.2 0.996 2.093777
9 1480 154 0.936 8.432177
10 1490 12 10.110 5.625
11 1470 20.4 0.950 4,3077?
12 1270 8 1.110 5.620
13 1615 9 1.360 7.370?7?
14 1640 10.3 1.620 1.775
15 1590 10.5 2.061 1.357
16 1585 11.3 1.312 0.130
17 1760 11.0 9.372 0.0407777
18 1757 9.2 1.52 0.140
19 1689 12 2610 0.110
20 1630 12.7 2.322 0.092
21 1645 13 8.123 0.0127?
22 1666 12 7.971 0.0117
23 1488 1 1.560 0.012
24 1515 12 0.821 0.026
25 1576 12.7 1.08 0.034
26 1482 13,6 1.310 0.050
27 1564 12.7 1.920 0.007

positively affects density; negative interactions (X,X,,
XX, X X)) indicate that simultaneous increases in filler
and fibers lead to a more porous structure.

Quadratic terms indicate an optimum X ? increases
density — optimum near the upper limit of marble chips;
X,? and X;* decrease density —~ increasing reinforcement
above a certain level leads to structural defects.

Practical significance of the model. The model allows
prediction of density across the full range of formula-
tions. It enables optimization of composition using par-
tial derivatives, response surface analysis, and the Har-
rington’s desirability function. It helps eliminate materials
that worsen properties under certain combinations and

provides the possibility to design compositions without
performing a full cycle of tests.

Analysis of two types of composite materials. After the
experiment and calculation of the regression coefficients
of the composite material (CM) property models, their
analysis was performed for two types of CM: 1) Com-
posite material with modified cement binder and basalt
fiber (CMB) — polypropylene fiber 0%; 2) Composite
material with modified cement binder and polypropylene
fiber (CMP) — basalt fiber 0%.

Based on the ES model (1) and setting factors X, and
X, = -1, the property models for the two different cement
composites were obtained:

for CMB at (x, = —1, X, = 0%) and for CMP at (x, =

-1,X,=0%).
The five-factor model Y: was reduced to a four-factor
model Y, =f (x,, X,, X,. X,) under the condition X, = —1

(X = —1, without polypropylene fiber = 0%).

Y, (density, kg/m’) = 1619.01 — 60.73 x, +

+62.94 x, + 129.11 x, — 31.18 x, + 102.09-x * +
+3.09x,.- 0.91x.? — 154.91 x> + 70.07 x, x, +
+35.44-x, x,+ 30.19x, x, — 38.07 x, X, —

—29.06x, x, — 120.94-x, x,. )

CMP (x,=—1,X,=0%)

The five-factor model Y1 was reduced to a four-factor
model Y, = f (x,, X,, X,. X;) under the condition X, = —1
(Xa = —1, without basalt fiber = 0%).

Y, (density, kg/m®) = 1557.62 — 58.86 x, +

+61.06 x, + 194.74-x, — 24.07 x, +

+102.09x*+ 3.09x,> — 0.91'x,> — 86.41-x.* +
+70.07 x, x,+ 35.44-x, x,+ 32.06:X X, —

—38.07 x,x, — 30.94x, x, — 55.31 x, X,. 3)

Based on the results of the five-factor H 5-type ex-
periment, a quadratic regression model for the density
of the composite material (Equation 1) was obtained,
accounting for linear, quadratic, and pairwise interaction
effects of the factors.

Analysis of the regression coefficients shows that the
most significant influence on density is exerted by the
marble dust content (X,), as well as the amounts of basalt
fibers (X,) and polypropylene fibers (X,).

The positive coefficient for factor X, indicates that
an increase in marble dust content promotes an increase
in the density of the composite material. This can be
explained by the improved particle size distribution of
the mixture and denser packing of the cement matrix
particles.

In contrast, increasing the content of basalt and poly-
propylene fibers (X, and X,) leads to a decrease in density.
This effect is caused by the fact that the introduction of
fibers reduces mixture compaction and contributes to ad-
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Fig. 1. Formulation region of the composite material Y, = f(X1, X, X, X,) under the condition X, = =1Xs =-1X5 = -1
(i.e., without polypropylene fiber, 0%)
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Fig. 2. Formulation region of the composite material Y; = f(X;, X5, X5, X5) at X4 = —=1X, = -1X4 =-1 (i.e., without basalt

fiber, 0%)
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Fig. 3. Water absorption of the composite material Y, = f(X;, X5, X3, X4) at X5 = =1X5 =-1X5 = -1
(i.e., without polypropylene fiber, 0%)
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Fig. 4. Water absorption of the composite material Y, = f(X;, X5, X3, X5) at X4 = —1X, =-1X4 = -1
(i.e., without basalt fiber, 0%)
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Fig. 5. Compressive strength of the composite material Y5 = f(X;, X5, X3, X4) at X5 = =1X5 =-1X5=—1
(i.e., without polypropylene fiber, 0%)
201 info@nanobuild.ru

http://nanobuild.ru


http://nanobuild.ru/ru_RU/

1SSN 2075-8545 (online)

Nanotechnologies in construction 2026; 18 (2):
HaHoTexHonornn B cTtponTenbcTee 192-209 NanOb

MANUFACTURING TECHNOLOGY FOR BUILDING MATERIALS AND PRODUCTS

(1

x2 x2 1

7

=

[T}
-

Y%

T\\\( V

4

-1 1 4
xxaselt® ) evel of isoline xxx8e10.0 | avel of isoline xxx521L0 | avel of isoline
8° 1,000 b+ 1.500 ¢»2.000 d-2.50) 21000 b: 1,500 s 2.000 di 2.900 2 1000 b12.500 ¢22.000 d:2.500
€:3.000 f«3.500 g4.000 h.4.500 e 3000 £23,500 g:4.000 h:4.500 e 3.000 f=3.500 gr<4.000 h:4,500

1 x2 1

3{7

%

C

7

N Y

n /| /| 1o J
,-5 L Xt / X1 x1
: /
. -l -
xxx5=1-10 L avel of isoline xxx5=10.0 | aye| of isoline xxxs=i18 ) avel of isoline
A+ 1,000 b 5.500 ¢+2.000 & 2.5 200,500 b« 1.GOO ¢ 1.500 ds 2.000 a:0.500 b: 1.000 cs 1.500 d: 2.000
ei3.000 £:31.500 g 4.000 h:i+$.50 e: 2500 f=).000 g:3.500 h:4.000 @ 2500 f=3000 g:3.500 h:<.000
»2 1 x2 3 xd 1
(/ / (/ .
() (\Q/
// : - '/A s /,
I / xi kﬁ/ / x = // x1
ol -1 g =1
CxvxSel-1 . . x.%x5=10.0 7 i NS . .
xxx5=l1d | avel of isoline Level of isoline xxxs=110 | evel of isoline
2+ 5,000 b+ 1.500 ¢- 2,000 ¢+ 2.500 210,500 b+ 1.000 ¢- 1500 ¢ 2.000 20,500 b: 100D ¢+ 1,500 d: 2,000
£ 1000 fe 1500 g<4.000 hs4.%00 e:2.500 f:3.000 g-3.500 hi4.000 £ 2.500 fe3.000 ¢¢3,500 h+4.000

Fig. 6. Compressive strength of the composite material Y = f(X;, X5, X3, X5) at X4 = —1X; = -1X4 = -1 (basalt fiber 0%)
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Fig. 7. Flexural strength of the composite material Y, = f(X;, X5, X5, X4) at X5=—1X5 = -1X5=—1
(i.e., without polypropylene fiber, 0%)
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ditional porosity due to the formation of interfacial zones
between fibers and the cement matrix.

The quadratic coefficients for X,> and X, are negative,
indicating the presence of an optimal fiber content range.
Exceeding a certain fiber concentration leads to structural
deterioration and reduced density due to the formation of
defects and local voids.

Significant effects are also observed for factor interac-
tions. In particular, the negative coefficients of the inter-
actions X, X, and X X, suggest that simultaneous increases
in marble dust and fiber content reduce material density.
This is associated with the fact that an excess of fine filler
in the presence of fibers worsens compaction and results
in a more porous structure.

Thus, the obtained model allows for a quantitative
assessment of the influence of formulation factors on
composite density and for identifying optimal composi-
tion ranges.

The presence of fibers (and especially their increase)
leads to a reduction in material density. This is explained by
the increase in internal porosity caused by fibers (formation
of local voids, reduced compaction during vibration/place-
ment), as well as the fact that the fibers themselves occupy
volume and form an irregular matrix structure.

The negative quadratic terms (X,?, X,?) indicate a non-
linear effect: at low doses, the influence on density is
minimal, but at higher doses, the effect sharply increases
(threshold deterioration of compaction).

Analysis of the coefficients shows density is signifi-
cantly increased by X, — marble dust. The largest density
reduction is caused by fibers X, and X, (negative coeffi-
cients). Strong interactions X.X,, X, X, and X X, indicate
that fibers reduce compaction when there is an excess of
fine filler.

Key patterns include increasing marble dust (X,) re-
duces water absorption (negative coefficients). Fibers, on
the contrary, increase Y, (coefficients X,, X, > 0). The
influence of interactions X X,, X X,, and X,X; indicates
combined mechanisms of pore formation.

Fibers increase water absorption through a mecha-
nism in which they create additional capillary paths and
local defects in the fiber—matrix interfacial zone, thereby
increasing permeability.

Positive interactions (especially X,-X,) indicate that
the combination of fine dust and fibers can sometimes
enhance water-retaining channels, possibly due to the
formation of a fine porous structure around the fibers.

Y, (water absorption, %) = 11,369 + 0,611 x, +
+0,394x,—0,344x,+ 0,933 x, + 0,772 x, —

— 1,103 x>+ 1,147 x,2 + 1,297 x,* + 0,297 x,* +
+1,947x72 + 0,764 x, x, — 1,225 X X, -

- 1L137x,x, + 1,10 x, x; — 0,612 x, x, +
+0,325x,x, + 1,387 x, x; + 3,487 x, x, +
+1,65x,x, + 2,862 x, X,. 4)

Y, = f(x, X,, X;, x,) under the condition X, = —1 (x; =
—1, without polypropylene fiber = 0%)
Formula of the 4-factor model: Y, = f(x , x,, X,, X,).

Y, (water absorption, %) = 12.544 +

+0.489-x, — 0.993-x, — 1.306-x, — 1.929x, —

— L103-x> + 1.147x > + 1.297'x,> + 0.297'x,* +
+0.764-x 'x, — 1.225x 'x, — 1.137x,’X, —
—0.612-x,x, + 0.325x,%, + 3.487°X,X,. (&)

Formula of the 4-factor model: Y, = f(x,, x,, X, X,)
under X, = —1 (fiber base 0%).

Y, (water absorption, %) = 10.733 + 1.748x, +
+0.069-x, — 3.143-x, — 2.09x, — 1.103-x > +

+ L147x,2 + 1.297x > + 1.947x.> +

+0.764-x,'x, — 1.225x 'x, + 1L.10-x "X, —
—0.612-x,x, + 1.387-x,x, + 1.65x,'X,. (6)

The regression model of water absorption (Equation 3)
shows that this property is significantly influenced by the
content of marble dust and reinforcing fibers.

The negative coefficient for factor X, indicates that
increasing the marble dust content leads to a decrease in
water absorption. This can be explained by the densifica-
tion of the material structure and the reduction of open
capillary pores.

At the same time, increasing the fiber content (X, and
X,) is accompanied by an increase in water absorption.
This is due to the formation of additional capillary chan-
nels and interfacial defects in the “fiber—cement matrix”
contact zone, which enhances the material’s permeability
to water.

The significant coefficients for the interactions X, X,
and XX, indicate that the effect of fibers on water ab-
sorption depends on the content of the fine filler. At
high marble dust content, a fine-porous structure forms
around the fibers, which can intensify capillary moisture
transport.

Thus, minimizing water absorption is achieved with
a high marble dust content and a limited amount of re-
inforcing fibers.

Y, (Compressive strength, MPa) = 3,92 +

+0,981 x, — 0,557 x, + 0,497 x, + 0,475 x, —

—0,621 x, + 1,276 x> — 1,704 x> + 3,877 x* —
-2,979x,.2—2,975x.2 - 0,526 x, x, + 0,461 x, x, +
+0,63-x,x,— 0,597 x, x, — 0,64 x,x, — 0,409 x, x, +
+0,591 x, x, + 0,412 x, x, — 0,429 x, x, — 1,048 X, X,.

The five-factor model of Y, was transformed into
a four-factor model: Y, = f (X, X,, X,, X,) under the
condition X, = —1, which corresponds to the absence of
polypropylene fiber (0%).
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Y, = 1,566 + 1,578 x, — 1,148 x, + 0,925 x, +
+1,523x, + 1,276 x> — 1,704 x> + 3,877 x> —
-2,979x.2—-0,526 x, x, + 0,461 x, x, +
+0,63x,x,—0,64x,x, — 0,409 x, x, +

+0,415x, x,. (7)

The obtained regression model for compressive
strength (Equation 6) demonstrates the complex influ-
ence of formulation factors on the strength characteristics
of the composite material.

The marble powder (X,) has the greatest positive effect
on strength, which is confirmed by a significant positive
quadratic coefficient. Fine marble particles act as a mi-
crofiller, contributing to the densification of the cement
matrix and the formation of a stronger structure.

Basalt fibers (X,) also have a positive effect on com-
pressive strength. This can be explained by their reinforc-
ing effect: the fibers inhibit the propagation of micro-
cracks and provide redistribution of stresses within the
composite structure.

Polypropylene fibers (X;), on the contrary, have
a less favorable effect on strength. A probable reason is
the relatively weak adhesion of polypropylene fibers to
the mineral matrix, which may lead to the formation of
local defects and a decrease in the load-bearing capacity
of the material.

The negative quadratic coefficients for X,> and X,
indicate that excessive fiber content leads to a decrease
in strength. This confirms the existence of an optimal
reinforcement range.

DISCUSSION

The constructed two-dimensional nomograms (Fig-
ures 1—8) clearly illustrate the influence of the studied
factors on the properties of the composite material and
allow determination of the optimal regions of formula-
tion parameters. Analysis of the nomograms shows that
maximum strength values and minimum water absorption
are achieved with increased marble powder content and
a moderate amount of basalt fibers.

The optimal formulation region corresponds to the
following factor ranges:

Marble chips — 25—30%

Marble powder — 10—15%

Marble dust — approximately 12%

Basalt fiber — 2—4%

Polypropylene fiber — no more than 1-2%

Within this region, the most favorable combination
of density, strength, and water absorption is achieved.
For formulations requiring low water absorption, fiber-
containing compositions require additional optimization:
reduce X, /X,, increase dust content X, (for better pack-
ing), and consider the use of superplasticizers or hydro-
phobic additives.

Polypropylene fibers increase water absorption almost
as much as basalt fibers; therefore, their use should be
limited when minimizing moisture uptake is a priority.

In the full five-factor model, the coefficient for X, is
positive (+0.475), while that for X is negative (—0.621).
In the four-factor section with X, = —1, basalt fiber has a
significant positive effect (coefficient +1.523). Quadratic
and interaction terms indicate that the benefit from fi-
bers has a maximum at moderate doses: a strong positive
quadratic term X, (marble dust) and a negative quadratic
term X,* (—2.979 in the five-factor model) confirm this.

Key observations:

1) Marble dust (X,) has the greatest positive effect on
compressive strength (large positive quadratic coefficient).

2) Basalt fiber (X,) increases strength, whereas poly-
propylene fiber (X;) reduces it in the full model.

3) The greatest weakening occurs through XX, in-
teractions, indicating competition between reinforcing
phases.

Regression model analysis shows that basalt fibers
(X,) and polypropylene fibers (X;) differently affect key
properties of fiber-reinforced concrete. Basalt fibers im-
prove strength properties (especially compressive and
flexural strength) at moderate doses but reduce density
and increase water absorption if overdosed. Polypropylene
fibers more often negatively affect density and compres-
sive strength and increase water absorption; their use is
advisable in small doses or to exclude when density and
strength are priorities.

Mechanisms: 1) Basalt fibers improve compressive
strength via a reinforcing effect, preventing crack for-
mation and propagation and redistributing stresses in
the matrix. 2) Polypropylene fibers reduce compressive
strength; probable causes include poor adhesion to the
mineral matrix, voids around fibers, or poor compaction
during placement.

For compressive strength, moderate doses of basalt
fiber are preferable (X, = 2—4%). Polypropylene fibers
should be avoided or minimized if compressive strength is
critical; alternatively, adhesion can be improved via fiber
surface treatment or surfactant additives.

The Y, model shows a positive contribution from X,
(approximately +0.119...40.168 in different sections) and
a negligible or weak effect of X; (in some variants the
coefficient is ~+0.51-X,, but overall the dependence is
complex with strong quadratic and interaction terms).

Observed patterns: Strength increases with X, and Xs.
Fibers affect properties differently: basalt fibers (X,) en-
hance flexural strength; polypropylene fibers reduce it in
the absence of X,; significant interactions X -X,, X,-X,
XX, determine the formation of the composite framework.

Basalt fiber increases flexural strength by strengthen-
ing the interphase zone and redistributing tensile stresses.
Polypropylene fibers moderately affect flexural strength
(positive in some models, neutral in others) as they help

http://nanobuild.ru

206

info@nanobuild.ru


http://nanobuild.ru/ru_RU/

2026; 18 (2):
192-209

Nanotechnologies in construction
HaHoTexHonornn B cTponTenbCcTBe

ISSN 2075-8545 (online)

Nanobm

MANUFACTURING TECHNOLOGY FOR BUILDING MATERIALS AND PRODUCTS

controlled crack formation but do not significantly in-
crease compressive or flexural strength under weak adhe-
sion conditions.

Recommendations for basalt fibers (X4): recommend-
ed working dose: =2—3% (within our range: 2% = level
0; 4% = +1); use to increase compressive and flexural
strength, while controlling mixture compaction; for doses
>4%, adjust compaction techniques (vibration, superplas-
ticizers) and check for increased porosity

Recommendations for polypropylene fibers (X,): small
doses (0.5—2%) if the goal is crack control and impact/
deformation resistance; exclude (0%) if density and
compressive strength are the primary goals. Adhesion
improvement recommended via fiber surface modifica-
tion or bonding additives. Fiber combinations: combined
reinforcement (basalt + PP) is possible but requires op-
timization, usually main load on basalt fibers (2—3%),
PP in small amount (<1-2%) for crack control. Optimal
compositions ensure minimal water absorption, maximum
compressive (Y,) and flexural strength (Y,), rational den-
sity, and technological feasibility.

Optimal component ranges based on graphical areas
and derivative analysis:

X, (chips): 0...+1 (25-30%)

X, (powder): 0...+1 (10—15%)

X, (dust): +1 (12%) — main strengthening component

X, (basalt fiber): 0...+1 (2—4%)

X, (PP fiber): =1 (0%) or maximum 1-2%

The conducted five-factor experiment of type N al-
lowed us to construct an adequate quadratic mathematical
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AHHOTALMA

BeepgeHue. OgHUM 13 Hanbonee NepcnekTVBHbIX MaTepuanos Afs AUCNEPCHOrO apMUPOBaHUs 6eTOHOB ABMseTCsA 6asanbToBoe
BOJIOKHO. OHO XapaKTepur3yeTcs BbICOKOV MPOYHOCTbIO, TEPMUYECKON U XUMUYECKOI CTONKOCTbIO, @ TaK»Ke dKosornyeckom 6e3o-
nacHocTblo. [NprMeHeHne apMupyoLWnx Grbp NO3BONAET 3HAUMTENBHO MOBLICUTL MPOYHOCTL GETOHA NPY U3rmbe N pacTaXeHnu,
a TaKxe Y/yyLlmnTb ero BOLOCTONKOCTb 1 YCTOMYMBOCTDb K AVHAMUYECKUM Harpy3kam. P nccnenoBaHmnii oKasbiBaeT, YTo BBEAEHME
6a3anbToBOl GMOPbI CNOCOOGCTBYET MOBbILIEHMWIO MPOYHOCTV KOMMO3UTOB Ha CKaThe U U3rnb, a TakKe YBENNYEHUIO NX TPELUHO-
cTonkocTy. Mpu oNTMManbHOM coflepKaHnK BOTIOKOH GOpPMMPYeTCs MPOCTPAHCTBEHHDBIN apMUPYIOLLMIA KapKac, KOTOPbIA NOBbI-
LIAeT SHEProéMKOCTb pa3pyLLEHUs MaTepmrarna 1 ero yCTournBOCTb K BHELIHUM Bo3aencTBuam. Metogbl n matepuanbl. C Lefbio
onpegeneHns ONTMMANIbHOTO COCTaBa GMOPOOeTOHa Obin NPOBEAEH NATUGAKTOPHDIN SKCNEPUMEHT No nnaHy Ha,. bbiny BbibpaHbi
cnegytoLme KOMNOHEHTbI peLienTypHOro cocTaBa: MpamopHas Kpotuka (MK), MpamopHbIi nopoLwok (M), MpamopHas nbinb (M-nbinb),
6a3anbToBble dpUbpLI (OB), nonunponuneHosble GrbpbI (PI), a TakKe cBA3yloLLee — NopTNaHALeMeHT. DMOPo6eTOHbI U3roTasny-
BanMCb Mo crefyoLlei TeXHONOrMN: MPaMOpPHble HAMONHUTENN Pa3NiMYHbIX Gpakumi, apmupyowre Gubpbl 1 NopTNaHALEMeHT
npenBapuTeNbHO NEPEMELLNBANMCH B CYXOM COCTOSHUN B TeueHre 10 MUHYT, Nocie Yero 4o6aBnanocb Heo6xoarMoe KonmyecTso
Bofbl. [MonyyeHHas cMecb NepemeLLBanach B TedeHne 30 MUHYT 1 dopMoBanach B crieluanbHble GopmMbl AnA npoBeeHus ¢pusu-
KO-TEXHUYECKNX UccnefoBaHuin. Yepes 24 yaca obpasubl nogsepranncb 06paboTke BOAAHbIM NMapoM B TeueHue 30 MUHYT, nocne
yero yepes TPOe CyTOK MPOBOAMIINCH UCMbITAHUSA Ha MIOTHOCTb, BOAOMOTOLLEHNE U MPOYHOCTb. B COOTBETCTBUM C NIAHOM 3KCre-
pumeHTa Tna Ha5 6bino nonyuyeHo 27 coctaBoB dpubpobetoHa. Mo pesynbratam SKCNeprMeHTa METOLOM HaVMEHbLUUX KBaAPaToOB
6b111 onpefaeneHbl KO3GOULMEHTbI perpeccun Mogenei nccnedyemMblix CBOMCTB GnubpobeToHa C MPaMOPHbIMU HAMOSTHUTENAMMU.
Takxe 6bInn NocTpoeHbl rpaduryeckne obpasbl IKCMEPYMEHTANIbHO-CTAaTUCTUYECKNX MOZenel B BUAe ABYMEPHbIX HOMOrPamM.
Pe3ynbraTtbl. YCTaHOB/IEHO, YTO KOMOVHMPOBaHHOE apMupoBaHue 6azanbToBbiMu (OB) 1 nonunponuneHosbiMn (OM) prbpamn
BO3MOXKHO, OAHAKO TpebyeT onT1MmM3aumm Ux cootTHoleHus. Hanbonee adpdeKTnBHON ABNAETCA CXema, NPV KOTOPOI OCHOBHas
apMupytoLLas posb NpUHaANeXuT 6asanbtoBbiM drbpam (2-3%), Torga Kak nonunponuneHosble Gubpbl BBOAATCA B HEGOMbLUNX
KonuuecTBax (o 1-2%) Ana KOHTposA TpewmnHoobpasoBaHua. AHanums rpaduryeckrx obnactein u Npon3BoAHbIX GYHKUMIA NOKa3an
cnegylowWwmii ONTUMaNbHbI ANana3oH COAEPXKaHNA KOMMOHEHTOB: MpaMOpPHas KpoLuKa — 25-30%, MpamopHbIl nopoLwok — 10-15%,
MpaMOpHas Mbifib — 0Koso 12%, 6a3anbToBble prbpbl — 2-4%, nonvnponuneHosble pubpbl — 0-2%. 3aknoueHne. basanbToBble
dunbpbl ABNATCA 3PPEeKTUBHBIM CPeACTBOM MOBLILLEHWA MPOYHOCTHBIX XapaKTepUCTMK GprbpobeToHa Npu ymepeHHOM cogep-
XaHum (okono 2-3%). OgHaKO UX N30bITOYHOE KOMMYECTBO NPVBOANT K CHUXEHWIO MIIOTHOCTY 1 YBEIMUYEHV0 BOJOMOIOWeEHNA
MaTepuana. MonunponuneHosblie GrbpPbI B OONBLIMHCTBE CIyYaeB CHUKAIOT MAOTHOCTb U MPOYHOCTb Ha CKaTue 1 yBeNnunBatoT
BOZOMOIIOLEHME, MO3TOMY UX MPUMEHEeHNe LienecoobpasHo OrpaHNuMBaTb MasbiMM AO3aMy U UCMONb30BaTb MPerMyLLeCTBEHHO
A7 MOBbIWEHNSA TPELLMHOCTONKOCTU. Hannyylwmin komnnekc Gpr3nkKo-mexaHMuecKmnx CBOMCTB JOCTUIAETCS NPW UCNOMb30BaHNN
MPaMOPHOW Nblv B COYeTaHUM ¢ 6a3anbToBol Grbpoin.

KNIOYEBDIE CJIOBA: $p16po6eToH, 6a3anbToBOe BONIOKHO, rbpbl 6a3anbToBble, GrbPbI NONMNPONUIEHOBbIE, SKCNEPUMEHTANb-
HO-CTAaTUYECKOE MOAENNPOBAHME, MPOYHOCTb GUOPOOETOHA, HOMOTPaAMMbl
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ABSTRACT

Introduction. One of the most promising materials for dispersed reinforcement of concrete is basalt fiber. It is characterized by high
strength, thermal and chemical resistance, as well as environmental safety. The use of reinforcing fibers significantly increases the
flexural and tensile strength of concrete and improves its water resistance and resistance to dynamic loads. A number of studies show
that the introduction of basalt fiber contributes to an increase in the compressive and flexural strength of composites, as well as their
crack resistance. With an optimal fiber content, a spatial reinforcing framework is formed, which increases the energy capacity of
material fracture and its resistance to external influences. Methods and materials. Fiber-reinforced concretes were produced using
the following technology: marble fillers of different fractions, reinforcing fibers, and Portland cement were first mixed in a dry state
for 10 minutes, after which the required amount of water was added. The resulting mixture was stirred for 30 minutes and molded
into special forms for physical and technical studies. After 24 hours, the samples were treated with water steam for 30 minutes, after
which, after three days, tests for density, water absorption, and strength were carried out. According to the experimental plan of the
H_5 type, 27 compositions of fiber-reinforced concrete were obtained. Based on the experimental results, regression coefficients of
models describing the studied properties of fiber-reinforced concrete with marble fillers were determined using the least squares
method. Graphical representations of the experimental-statistical models were also constructed in the form of two-dimensional
nomograms. Results. It was established that combined reinforcement with basalt fibers (BF) and polypropylene fibers (PF) is pos-
sible but requires optimization of their ratio. The most effective scheme is when the main reinforcing role belongs to basalt fibers
(2-3%), while polypropylene fibers are introduced in small amounts (up to 1-2%) to control crack formation. The analysis of graphi-
cal regions and derivative functions showed the following optimal range of component contents: marble chips - 25-30%, marble
powder — 10-15%, marble dust — about 12%, basalt fibers — 2-4%, polypropylene fibers — 0-2%. Conclusion. Basalt fibers are an
effective means of increasing the strength characteristics of fiber-reinforced concrete at moderate content (about 2-3%). However,
their excessive amount leads to a decrease in density and an increase in water absorption of the material. Polypropylene fibers in
most cases reduce density and compressive strength and increase water absorption; therefore, their use should be limited to small
doses and mainly applied to improve crack resistance. The best complex of physical and mechanical properties is achieved when
marble dust is used in combination with basalt fiber.

KEYWORDS: fiber-reinforced concrete, basalt fiber, basalt fibers, polypropylene fibers, experimental-statistical modeling, strength
of fiber-reinforced concrete, nomograms

ACKNOWLEDGMENTS: This research was carried out with the support of the Ministry of Science, Higher Education and Innovation
of the Kyrgyz Republic. Registration No. 240032, 15.02.2024.

FOR CITATION:

Abdykalykov A., Aidaraliev ZK., Abdykalyk kyzy Zh., Sopubekov N.A., Suiunbek uulu A. Optimization of fiber-reinforced concrete
with polypropylene and basalt fibers using marble fillers. Nanotechnologies in Construction. 2026;18(2):192-209. https://doi.
0rg/10.15828/2075-8545-2026-18-2-192-209. - EDN: XKNLAR.

http://nanobuild.ru 193 info@nanobuild.ru


http://nanobuild.ru/ru_RU/
https://orcid.org/0009-0006-7260-8738
https://orcid.org/0000-0002-1100-3237
https://orcid.org/0000-0003-4958-1240
https://orcid.org/0000-0002-7309-0292
https://orcid.org/0000-0001-9477-4944

2026; 18 (2):
192-209

Nanotechnologies in construction
HaHoTexHonornn B cTponTenbCcTBe

ISSN 2075-8545 (online)

TEXHOJIOMMU MPOU3BOJACTBA CTPOUTE/IbHbIX MATEPUAJIOB Y U3JENTNN

BBEAEHUE

B coBpeMeHHOM CTPOUTENILCTBE ILIMPOKO MTPUMEHSIOTCS
apMHUPOBaHHbIE OETOHHBIE MaTepUaJibl, YTO OOYCIOB-
JIEHO HeIoCTaTKaMM OOBIYHOro 6€TOHA, TAKUMU KakK
HM3Kas MPOYHOCTb Ha pacTsKeHUe, HU3Kasl yaapHas
CTOMKOCTb U CKJIOHHOCTb K 00pa30BaHUIO YCATOUHBIX
TpelrH. TpalulIMOHHO TOBBIIIEHUE MTPOYHOCTHBIX
XapaKTepUCTUK OETOHA TOCTUTAETCS MCITOJIb30BaHUEM
CTaJIbHOW apMaTypbl WM METaUTMYECKUX ceToK. B no-
clieAHME TOllbl aKTUBHO Pa3BUBAETCS TEXHOJIOTUS JUC-
MEPCHOTO0 apMUPOBaHUST OETOHHBIX MATPULL C TIPUME-
HEHUEM Pa3JIMYHbIX BOJIOKOH, BKJII0UYasl CTaJIbHbIE, CTe-
KJISTHHbBIE, 0a3aJIbTOBbIC U MTOJIMMEPHbIE BOJIOKHA [1—7].

JucrnepcHoe apMUpPOBaHUE CITOCOOCTBYET MOBBIILIE-
HUIO TPEIIUHOCTONKOCTU, MIACTUUHOCTU U TOJTOBEY-
HOCTU 6€TOHA, a TAKXKe CHUKEHUIO MaCChl KOHCTPYKIIWMA.
B otnume ot TpaauiIMOHHOTO apMUPOBAHMST METAJLIN-
YeCcKOM CeTKOM, (prudpoBOIOKHA MPEISITCTBYIOT 00pa3o-
BaHUIO TPEIIMH HA PAHHUX CTAIWSIX TBEPACHUS OETOHA,
Koraa MaTepuasl HAaXOAUTCS B TUIACTUYECKOM COCTOSIHUU
[8—11].

ITonumepHbIe BOJOKHA, B YACTHOCTU TOJUITPOTIH-
JIEHOBbIE, IIIMPOKO MPUMEHSIOTCS O1aroaapst KOppo3u-
OHHOM CTOMKOCTHU M TEXHOJIOTUYHOCTH [12—15]. OnHa-
KO MX UCIIOJIb30BAHUE OIPAHUYMBAETCSI CPABHUTEIBHO
HU3KOW aAre3nei K IEMEHTHOW MaTPUIIE U CHUKEHUEM
MPOYHOCTHBIX XapaKTEPUCTUK TP JUTUTEIbHON 9KCIUTY-
artaluu. MeTtajuinueckre BOJIOKHA 001a1al0T BbICOKOM
MPOYHOCTHIO, OAHAKO MOABEPKEHBI KOPPO3UU U MOTYT
MPOSIBISITh KATOAHBIN 3(P(PEeKT B arpeCCUBHBIX Cpeaax
LIEMEHTHBIX PACTBOPOB.

CTEeKIIOBOJIOKHO TaKxKe TIPUMEHSICTCS IUTSI apMUPO-
BaHUSsI LIEMEHTHBIX KOMITO3UTOB, OJJHAKO €TI0 J0JITOBEY-
HOCTb BO MHOTOM 3aBUCHT OT ILLIEJIOYHON Cpebl IEMEHT-
HOTO KaMHSI. Y CTaHOBIICHO, YTO TIPOMYKTHI TUAPATALINI
MOPTJaHILEMEHTa MOTYT OKa3blBaTb OTPULIATEIbHOE
BO3JEMCTBUE HA CTEKJIOBOJIOKHO, TOTJA KaK NCIOJIb30-
BaHUE ITMHO3EMUCTBIX LIEMEHTOB IMO3BOJISIET MOBLICUTh
€ro XMMHYECKYIO CTOIMKOCTH [16].

HccnenoBaHus 1okasbiBaloT, YTO IpUMeHeHre Oa-
3aJIbTOBBIX U TTOJIMMEPHBIX BOJIOKOH ITO3BOJISIET 3HAUM -
TeJbHO MOBBICUTH MOPO30CTOMKOCTD, YIAPHYIO BSI3KOCTh
U CONPOTUBJICHUE TPELIMHOOOpa3oBaHuIO (hrudpodeTo-
HOB. Kpome Toro, Ucroab30BaHUE TUCIIEPCHOTO apMU-
pPOBaHMSI CITOCOOCTBYET pABHOMEPHOMY pacIpeeIeHUIO
HanpspKeHUH B OETOHHOI MaTpulIe Y MOBBIILIEHUIO T0JITO-
BEYHOCTH KOHCTPYKIWMii [ 16—16]. CoBMecTHOE IprMeHe-
HHE pa3IMIHbIX MUHEPAJTBLHBIX HATIOJTHUTEICH 1 (pruOpHI
CIIOCOOCTBYET MOBBIMICHUIO (PH3UKO-MEXaHNIECKIX
¥ DKCTUTyaTallMOHHBIX CBOMCTB (prbpobeToHOoB [20—25].

DubpobeTOHB HAXOIAT IMINPOKOE IMPUMCEHEHME
B MPOMBIIIJIEHHOM U TpaXKIaHCKOM CTPOMUTEJILCTBE,
TPaHCMOPTHOMW MHMPACTPYKTYpe U TUIAPOTEXHUUECKUX
coopyxeHusx. Ix ucroab3oBaHue MO3BOJISIET TTOBBICUTD

YCTOMYHUBOCTh KOHCTPYKIHUI K TMHAMAYECKUM HATpy3-
KaM, TeMITepaTypHBIM BO3ICHCTBHUSIM U arpeCCUBHBIM
cpenaM. OgHaKo OoJjiee BEICOKAST CTOMMOCTDL (h1Opo-
OCTOHOB II0 CPAaBHEHUIO C TPATUIIMOHHBIMU OCTOHAMM
0oCTaeTcsT OMHUM M3 (PAaKTOPOB, OTPAHNINBAIOIINX UX
[IUPOKOE IIpUMeHeHue [26—35].

Takum 06pa3oM, aHAJIN3 IUTEPATyPHBIX HCTOYHUKOB
ITOKa3bIBACT, UTO TUCIICPCHOC apMUPOBaHNE OCTOHOB
PA3TMIHBIMU BUIAMU BOJIOKOH SIBJISICTCS 3(P(DEeKTUBHBIM
CII0COOOM TIOBBIIICHUS UX IIPOYHOCTHBIX U IKCILIya-
TAIIMOHHBIX XapaKTepucTUK. Cpeny pa3TUIHbIX BUIOB
APMHUPYIOIINX BOJIOKOH OCOOBII MHTEPEC IMPEACTABISICT
0a3aJbTOBOC BOJIOKHO, 00JIamaroniee BHICOKOM TIpoU-
HOCTBIO, XUMUYECKOM CTOMKOCTBIO U TTEPCIICKTUBAMU
IIIPOKOTO IPUMEHEHUS B CTPOUTEIIBHBIX KOMITO3HIIN -
OHHBIX MaTepHaiax.

Llenpro McciieqoOBaHNI SIBIISICTCST ONITUMM3AIUS Pe-
LETITYPHBIX (DAKTOPOB M CBOMCTB KOMITO3UIIMOHHOTO
MaTreprajia Ha IIEMEHTHOM BSDKYIIIEM C UCIIOTb30BAaHUEM
MPaMOpPHBIX 3aIIOTHUTEICH W TUCTIEPCHOTO apMHUPO-
BaHUSI.

MATEPWUAJbI U METOADI

[1pu BEIMOTHEHNM SKCTIEPUMEHTAIbHBIX padOT ObLT
NPOBEIEH STH-(PaKTOPHBIN SKCIIEpUMEHT o Tutany Hay
(Tab. 2), rae BapprupoBaioch S peleNITYPHBIX (DaKTOPOB:
X, — mpamopHas kpouika (MK), %; X, — MpamMopHbIit
nopouok (MII), %; X, — MpamopHas mbutb (M-IbLIb),
%; X, — oubper 6azansrosbie (PB), %; X, — dubps
nonunpomwieHosbie (PI1), %; ocranbHOe — MOPTIAH/I -
1eMeHT. YPOBHM BapbUpPOBaHUS S5-TU (PAKTOPOB Mpe-
CTaBJICHHBI B Ta0muIie 1.

IToxa3zareassMu KauecTBa KOMITO3UIIMOHHOTO MaTe-
puasa 6bitn BeiOpanbl: Y, — (R ). [IpouHocTs Ha cxa-
tue, MIla; Y, — npo4HoOCTh Ha pacTsikenue, %; Y, —
BOJOMNOMIOIIEHKE; Y, — (0)TUIOTHOCTD , KT/M°.

ITo pe3yapTaTaM 3KCIIepUMEHTa METOIOM HaMEHb-
WX KBaIpaToB OBUIM pacCUYMTAHBI KOA(DOUIINECHTHI
perpeccum Mopesieil BEIOpAaHHBIX CBOMICTB KOMITO3H -
HroHHOro Matepuaia (1—6). Takxke ObUIM MOCTPOEHDI
rpacdudeckue oopasel DC-Mozeneil B Bume IByMEPHBIX
HoMorpamM (puc. 1-8).

DKcnepruMeHTaIbHBIE 00pa3Ibl N3TOTABINBAINCH
TIO CJICAYFOIIICHT TEXHOJIOTUI: MPaMOPHBIC HATTOJTHUTEIIA
pa3nTuuHOU (ppaKumu, apMUupylomue GUOPHl U IMOPT-
JIAHAIICMEHT TIEPEeMEIITUBAIN B CYXOM COCTOSTHUM B Te-
yeHne 10 MUHYT, ITOCJIE Yero J00aBIISIIN HEOOXOIMMOE
KOJIMYeCTBO BoAbl. [loydeHHYIO0 cMech TIepeMeIlnBa-
1 B TeueHne 30 MUHYT 1 (POPMOBAJIU B CITCIIMATIbHBIC
dopMbI I mpoBeneHUS ncnbiTaHuil. Yepes 24 gaca
00pa3ibl KOMITO3UTOB MTOABEPTAIN 00pabOTKE BOISI-
HBIM TTapoM B TeueHue 30 MmuHyT. [Tocie Tpex cyTok
BBIICPKUBAHMS TTPOBOIMIIN UCITBITAHNUS Ha TIJIOTHOCTD,
BOIOTIOTJIOIICHHE W IIPOYHOCTb.
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Ta6nuua 1. YpoBHV BapbUpoBaHus GakTOPOB

Yposhu 3HauyeHue ¢paKTOpOB
dakTopos X, X, X, X, X,
MK, % M, % M-nbinb, % @b, % on, %
-1 20 5 4 0 0
0 25 10 8 2 2
1 30 15 12 4 4
Ta6nuua 2. lNnaH 3kcneprmeHTa Tna Ha,
HopmanusoBaHHble nepemMeHHble HatypanbHble nepemeHHble CBolicTBa
N X X X x SO S r)l(;-u:\:- X, X I'IIIO'I'YI'I1;CTI: Boncrliérno-
1 2 3 . 5 % | MM, % | " | ®B,% | O, % ke | wenme, %
1 + + + + + 30 15 12 4 4 1270 27
2 - - + + + 20 5 12 4 4 1271 25,2
3 - + - - - 20 15 4 0 0 1544 17,4
4 + - - - - 30 5 4 4 4 1280 22,3
5 - + - + + 20 15 4 4 4 1330 14,7
6 + - - + + 30 5 4 4 4 1350 12,6
7 + + + - - 30 15 12 0 0 1940 9,3
8 - - + - - 20 5 12 0 0 1950 14,2
9 - + + + - 20 15 12 4 0 1480 15,4
10 + - + + - 30 5 12 4 0 1490 12
11 + + - - + 30 15 4 0 4 1470 204
12 - - - - + 20 5 4 0 4 1465 8
13 - + + - + 20 15 12 0 4 1615 9
14 + - + - + 30 5 12 0 4 1640 10,3
15 + + - + - 30 15 4 4 0 1590 10,5
16 - - - + - 20 5 4 4 0 1585 11,3
17 + 0 0 0 0 30 10 8 2 2 1760 1
18 - 0 0 0 0 20 10 8 2 2 1757 9,2
19 0 + 0 0 0 25 15 8 i 2 1689 12
20 0 - 0 0 0 25 5 8 2 2 1630 12,7
21 0 0 + 0 0 25 10 12 2 2 1645 13
22 0 0 - 0 0 25 10 4 2 2 1666 12
23 0 0 0 + 0 25 10 8 4 2 1488 11
24 0 0 0 - 0 25 10 8 0 2 1515 12
25 0 0 0 0 + 25 10 8 2 4 1576 12,7
26 0 0 0 0 0 25 10 8 2 2 1482 13,6
27 0 0 0 0 0 25 10 8 2 0 1564 12,7
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TEXHOJIOMMU MPOU3BOJACTBA CTPOUTE/IbHbIX MATEPUAJIOB Y U3JENTNN

Ta6nuua 2. lNnaH skcneprmeHTa Tna Ha,

PesynbraTbl 3KCNEeprMmeHTa
Ne Y. VT nporﬁ-ocrb npot:;crb
nno;_r;;:rb, rnouj/iume, Ha oKaTtue, | Ha u3rub,
MnMa Mrla
1 1270 27 0,150 2,60
2 1271 25,2 0,145 2,66
3 1544 17,4 0,190 5,00
4 1280 22,3 0,800 511
5 1330 14,7 0,126 512
6 1350 12,6 0,140 9,37
7 1940 9,3 0,142 1,875
8 1950 14,2 0,996 2,093
9 1480 15,4 0,936 8,43
10 1490 12 10,110 5,625
1 1470 20,4 0,950 4,30777
12 1270 8 1,110 5,620
13 1615 9 1,360 7,370
14 1640 10,3 1,620 1,775
15 1590 10,5 2,061 1,357
16 1585 11,3 1,312 0,130
17 1760 11,0 9,372 0,040
18 1757 9,2 1,52 0,140
19 1689 12 2,610 0,110
20 1630 12,7 2,322 0,092
21 1645 13 8,123 0,012
22 1666 12 7,971 0,011
23 1488 11 1.560 0,012
24 1515 12 0,821 0,026
25 1576 12,7 1,08 0,034
26 1482 13,6 1,310 0,050
27 1564 12,7 1,920 0,007

Y, (mnotHoCTS, Kr/M*) = 1637,03 — 28,67 x, +
+32,0x,+ 73,8 x,—75,5x,— 68,39 x, +
+102,09-x >+ 3,09-x,> — 0,91x —

— 154,91 x> — 86,41-x>+ 70,07 x, x,+

+ 35,44:x, x,+ 30,19x, x,+ 32,06:x, x, —
— 38,07 x, x, — 29,06-x, x, — 30,94-x
—120,94-x, x, — 55,31 x, x, — 44,32 x, x,.

AHanus BnuaHuAa pakTopos

2

5

X —

(1

ITo Koa(ppuureHTaM U YUCTOBBIM pacyeTaM ycTa-

HOBJICHO.

YBemueHue MIOTHOCTH 00ECTIeYNBAET:

* TOBBIIIEHUE COMEPKAHMS MPaMOPHOM mbuty (X,) —
HanboJiee CHIIbHOE BIVSTHUE;

*  yMeHblLIeHHE 6a3abTOBO (X,) ¥ MOJTUIPOIMIEHO-
Bo¥i (X;) pubpsI;

* B3aumoneictue X X, MOJOXUTEIbHO BIMAET
Ha IUTIOTHOCTB;

* orpuuarenbHbie B3aumoneictaus (X, X,, X, X, X X,)
CBHUIETEIBCTBYIOT O TOM, YTO IIPU OMHOBPEMEHHOM
pocTte HanmoaHUTeNs1 U GUdp obpasyeTcs boJiee Mo-
pHCTast CTPYKTypa.

KBaapaTuunbie 4jieHbl IOKA3bIBAIOT ONTUMYM:

*  X,” YBEJIMYMBAET IJIOTHOCTD > ONTUMYM BOJIM3M BEPX-
Helt TpaHUIIBI MPaMOPHOI KPOIIIKH,

* X, ¥ X, yMEHBIIAIOT IJIOTHOCTD ~ YBEIMYEHUE ap-
MHPOBAHUSI BEIIIIE OIPEICICHHOTO YPOBHSI IIPUBOIUT
K Ie(PeKTHOCTU CTPYKTYPHL.

IIpakTUYecKoe 3HAUEHNE MOJIEJIN:

1. Mogenb TT03BOJISIET IPOTHO3UPOBATh TNIOTHOCTD
BO BCEM AMAITa30HE PEICIITYP.

2. ObecmeunBaeT IMONCK ONTUMATIBLHOTO COCTaBa Me-
TOJIOM YaCTHBIX TPOU3BOIHbBIX, TOBEPXHOCTU OTKIIMKA,
GYHKIIM KeaaTeIbHOCTH XappUHITOHA.

3. IT03BOJISIET UCKITFOUNTD MaTePUAIIBI, YXYIIIAIOIIIE
CBOICTBA TIPU OTIPeICICHHBIX KOMOMHAIIHSIX.

4. laeT BO3MOXHOCTh IIPOCKTHPOBATh COCTaBHI O¢3
MIPOBEICHMS ITOJTHOTO IINKJIA UCTTBITAHWIA.

IMocrne peanm3auu SKCIIepUMEHTa 1 pacyeTa Koad-
duumreHToB perpeccuu mogaeneit ceoilcts KM (kommno-
3UIMOHHOTO MaTepuraja) UX aHaJIN3 TIPOBOIMIICS It
nByX TUoB KM:

1. KoMIO3ULIMOHHBINM MaTepural Ha MOAU(MULIMPO-
BaHHOM LIEMEHTHOM BsIXYIlleM U (pubpe 6a3aibToOBOM
(KM,) (®udpa nommponuienosas — 0%)).

2. KoMmo3nimmoHHEIN MaTepral Ha MOTU(MUIIIPO-
BaHHOM IIEMEHTHOM BSDXYIIIeM W (prOpe TOIUIIPOITH -
neHoBoit (KM ) (pubpa 6azanbrosas — 0%)

Ha ocHose monyuerHHo#t DC-momenu (1) cBOMCTB
KOMITO3UIIMOHHOTO MaTepraia IyTeM MOACTaHOBKH
(hakTOpOB X, 1 X; = —1 OBUIH TTOJTyYEHBI MOJIENIN CBOMCTB
JBYX Pa3HbIX LIEMEHTHBIX KOMIO3ULMiA: 1ist KM ipu
(x;=—1,X,=0%)u KM, ipu (x, = -1, X, = 0%).

KM, (x,= —1, X, = 0%)

5-m dakTopHas mogens Y, npeodpasosana B 4-X daxk-
Topuyi Y, = f(x,, X,, X, x.) npu ycaosuu X, = —1 (x, =
—1, 0e3 ®uoOpsI noaunponuieHoBoit = 0%)

Y, (mnotHoCTS, KT/M*) = 1619,01 — 60,73 X, +
+62,94x,+ 129,11 x, — 31,18 x, +
+102,09-x >+ 3,09x,> — 0,91x.> —

— 154,91 x>+ 70,07 x, x,+ 35,44-x x,+
+30,19-x, x, — 38,07 x, x, — 29,06-x, x, —

—120,94x, x, 2
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W
OIN

YpOoBHU N30NHUN

&:1440.00b: 1455.00c2 1470,00d-1485.000
&:1500,00f=1515.0Cg: 1530,0Ch:1545.000

x2 1

\l

TEXHOJ1IOrnn rnPOnN3BOACTBA CTPOUTEJIbHbIX MATEPUAJIOB U VI3,[[E}7VII/7
\ |
AN

NI
\

= NI

-1 -1 -1
YPOBHU U30ANHUN YpOBHM N30ANHUN
241700.00041725.0Cc«1750.0Cd: 1775.000 2+1700,0Ch- 172500 1750.0Cd» 1 775.000
©+1800,00f~ 1825.0C g+ 1850.0Ch+1875.000 @-3800.,00f= 825,00 g 1850,0Ch - 1875,000

7
Wl

-1 - .l. LA
YpPOBHU M30ANHUN
+1400.0Cb- 1450.0C ¢+ 1500.0C &+ 1550.000
€+1600.00f4« 1650.0Cg+ 1700.0Ch: 17%0.0C0

Iia
U

-1 o -1
ypOBHI/I N30NNHUN

AN NN
/\J |

YpPOBHU M30ANHUN YPOBHM M30AMHNY

e e o0y @"1400.00b:1450.0c+1500.0¢d: 1550.000
L €+ 1600,00f=1650.00g1700.0Ch+1750.000

YpOBHU M30ANHUN

2 1400.00b: 1450.00c=1500.0Cd: 1550.000
@+1600,00f=1650.0Cg- 1790.GCh-1750.000

x1

x2 1 x2 1

=

It

YpOBHU n30nnHUN

2:1350.0Cb-1400.00¢=1450.0Cd: 1500.000
©+1550.00f=1600.0C g+ 1650.0¢h« 1700.000

2+1100,005+1150.00c« 1200.0Cd-1250.000
€+1300.00f~ 1350.00g+1900.0Ch- 1450.000

Puc. 1. O6nacTb peuenTtyp KOMNo3uuuroHHoro matepuana Y, = f (x,, x,, x,, x,) npu ycnosun X,

= —1 (XS = —
6e3 Ounbpbl nonunponuneHoBoi = 0%)

KM, (x,=—1,X,=0%).
5-u akTopHas Mogeas Y, npeodpasosana B 4-X dax-

TOpHYIO Y, = f (X, X,, X, X;) pu ycanosun X, = —1 (X, =
—1, 6e3 ®uops1 6a3. = 0%)

Y, (mnotHoCTS, KI/M*) = 1557,62 — 58,86 X, +
+61,06 x, + 194,74 x, — 24,07 x, +
+102,09-x >+ 3,09x,- 0,91-x,> — 86,41-x.2 +
+70,07 x, x,+ 35,44x, x,+ 32,06:x, x, —

— 38,07 x, x, — 30,94-x, x, — 55,31 x, x, 3)
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x2 ' x2 1

NWARJUTANIIN

-1 -1 =1
YPOBHM U30/IMHUN YpPOBHM U30/IMHUN YpOoBHU N30MHUN
311550.00b-1600,0Cc»1650.004-1700.000 3+ 1700.0Cb- 1750.00<-1300,00d+1550.000 311550.000+1600,0C ¢+ 1650.00d -1 700,000
¢+ 1750.00f=1200.0Cg+ 1850.00h+1900.000 £11500.00f= 1950.009<2000,0Ch:2050.0C0 €+1750.00f=1500.0Cg: 1850.00h+ 190,000

A

2 1 x2

7S

/ /—\0: ‘ /FH\YH
.,4/__.,@' bl 4 AR

YPOBHU N30NHUN YpOBHY N301IUHIM YpOBHV N30UHWM

#11350,00b 1400.0C¢»1450.0C ¢+ 1500,000 @:1900.0Cb12550,0C ¢ 2600,00dr1650.000 31300.0(01350,0CC~ 1400.00d+1450,000
£+1550.00f- 1600.00g-15650,0Ch-1700,000 2+1700,00f= 1750,00 g+ 1800, 0Ch+ 1650,000 €+1500.00f=1550,0Cg: 1600.0Ch+1650,000

2 .

)

2l

Y

\

)

x2 L X2 1 x2 1
— S \
. |
I ‘ / |
/—-\'l] J— l o
] —a x1 / "‘u‘ x1 7 x1
ifn:tif: —{—| gfoa-é_/___a 4 b /‘? |
ypOBHI/I N30JINMHNN YpOBHI/I N301nNHNN YpOBHM N30JIMHNIN
@+1150,00b+1200.00¢1250.0(d+ 1300.000 811200.0Ch:1292.00¢c21300,0Cd 1350.000 811250.00b: 1300.00c21350.00:1900.000
€+1350,00f= 1400.0¢g+1450,00h- 1500.000 €4 190G.00F 1450.00 ¢ 1500, CCh« 1550.000 @:1490,00fs 1500.009: 15%0.0C b+ 1600.000

Puc. 2. O6nacTb peLienTyp KOMNO3MLMOHHOrO MaTepmana Y, = f(x,, x,, x,, x,) npu X, = -1 (x, = -1, 6e3 Onbpbi 6a3. = 0%)

[To pesynbraTam nsATUGhAKTOPHOTO IKCIIEPUMEHTA AHanmm3 K03 (PUIIMEHTOB perpeccruu MoKa3bIBaeT,
tuna Ha, Gblia mosyyeHa KBaapaTuuHas PETPECCUOH-  YTO HauOOJIblIEE BAMSIHUE HA IMJIOTHOCTh OKa3bIBAeT
Hast MOJZIEJTb TUIOTHOCTH KOMITO3ULIMOHHOIO MaTepuaia  COolepXaHKe MpaMOpPHO# Mmbliu (X,), a TAKXKe KOJIM-
(ypaBHeHue 1), yauThIBaOIIas JMHEHHBIE, KBAAPATHY-  YE€CTBO 06a3anbTOBBIX (X,) M MOJTUIIPONMUIEHOBBIX (X;)
HBbIE U TTIONAapHbIC B3aUMOIEHCTBUSI (DaKTOPOB. Guobp.
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xd 1 X2 1 %2

e <~—-—‘"=- '
X

" ~* \ "
| ;_\\ \ \ |

- = - — Lt

-1 -1 -1
Kxde.-1.0 YpPOBHU M30ANHUN Kxd=. 00 YpOBHU M30ANHNN xxde. L0 YpOBHU N30ANHUN
6:10.000 br12.000 c:14.000 d:26,000 2:10.000 bi12.000 ¢=14.000 d:16,000 210,000 bs12.000 c:14.000 d+16,000
©+18.000 f+20.000 0-22.000 h+24.000
%2 1 x2 %2 1
1
_—-'-'_-F'_--—'

xi

DS
— S

™~ %

1 1 a

xx4=1-L0  y508H1 M3OAMHUN Xx4=10.0  y508HM M3OANHIK ®xd=1 1.0 YPOBHY M30AMHAM
2+30.000 b+12.000 c«14.000 d+16.000 412,000 br14.000 ¢16,000 d-18.000 419,000 b:10.000 c:11.000 d:12.000
e:28.000 F=20.000 ¢:22.000 h:24,000 £:20.000 f+22.000 g:24.000 h+25.000

€:13,000 f=14,000 g«15.000 h:16,000

x2 N 1

ARVRRS T
IDIENINS
) A

"‘
"™

-1 -1 -1

Kxd=|-1.0 YPOBHI M30AMHIM Moried 1.0 YpOBHMW N30MNHUN LI YpPOBHW N30N1HKN
2+14.000 b+15.000 c+16.000 d+17.000 a+14,000 b+15.000 €+16.000 d+17.000 812,000 b+13.000 ¢+14.000 4-15.000
118,000 £=19.000 g:20.000 h:21.000 218,000 f219,000 :20.000 h:21.000 £:16.000 f«17.000 g+18.000 h:15.000

Puc. 3. BogonornouieHrie KomnosnumonHoro matepuana Y, = f (x,, x,, X, x,) npn X, = =1 (x, = -1, 6e3 ®nbpbl nonu-
nponuneHoson = 0%)

[MonoxurenbHbIi KoahduumreHT npu daxkrope X,  IIEHUEM rPaHyJIOMETPUYECKOTO COCTaBa CMECH U boliee

CBUIETEILCTBYET O TOM, UTO YBEIMUCHME TOJN Mpa- IUTOTHOM YITAaKOBKO# YaCTHIl IIEMEHTHOI MaTPUIIBL.
MOPHOI1 TIBIJIA CITIOCOOCTBYET ITOBBIIICHUIO TUIOTHOCTH B TIpoTHBOIIOIOKHOCTD 3TOMY YBEITMICHIE COIEP-
KOMITO3UIIMOHHOTO MaTeprajia. DTO OOBSICHICTCS YIIyd- XaHUs 0a3aJIbTOBBIX U TTOJUIIPOIIMIICHOBBIX (hUOP (X4
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x2 1

7

((<

Q:ﬂ
> X1 ) 31 / %t
/—\ /_\ h
S N | m N\
-1 i -1 1
Kxx5=110  yp081HM n30AMHIN Xxx5=L0.0 yi6pH1 MsoAMHMN Kxx5=L 10 yo6e0 nsonuHIN
0,000 b 0.90 ¢+«0.800 o 1.200 3 2.000 b«2.500 c-3.000 d-3.500 #0000 b+0.500 c- 1,000 o+ 5.500
£ LE00 22000 g:2.400 hs 2,800 £ 4.000 f24.500 g S.000 hs 5500 £:2.000 22900 g:3.000 hs3.500
B i \ ﬂ/ ¥ - ’
x3 V ‘ X3 X3
3 /\ i
| [
1 ; i T e -1
xx¥5=1-L8  ypo0BHY M30AMHUM ¥xx$=10.8  ypoBHN M3ONMHIN Xxx3=t L0 yposHu nsonmHMm
2:0.000 by 0. 200 ceD.900 de0.600 220000 br0. 500 ¢r LODD ¢ LSOO 20,500 br 10X cr 1,500 d» 2,000
€-0.300 f= 1000 g-1.200 h« 1400 2000 f=2.500 g-3.000 h« 3,500 £+ 2,500 <3000 g:3.500 he4.000
2 . a , x2 .
N 7 | —_
e
\ / '
x1 x1
/ ,y \xl
’_\|
. )
\ \ ¢ &
-l ~ - D= o - -1 - -
-1
K xxS=d-1,0 XxxS=l 09y opHY M30AMHUM .
YpOBHM 130NMHUN S n'::m e *xS=LL0 B M3OAMHIK
8:0.000 br0,500 ¢ LOOO d- 1,500 a0 el ¢ a0 . .l
£42,000 fs2.500 g+ 3.000 h»3.500 ©+2.000 f=2.500 g-3000 he3.500 # 0,000 b+0.500 <~ 1.000 o+ 1.500

22,000 fa2500 g-3.000 hs 3.500

Puc. 4. BogonornouweHne KomnosnumoHHoro matepuana Y, = f(x,, X, X, x,) npn X, = =1 (x, = -1, 6e3 ®n6pbl 6a3. = 0%)

n XS) IIpUBOIUT K CHUXKCHUIO ITIJIOTHOCTH. HaHHbeI BaHUA Me)KCbaCiH]:IX 30H «BOJIOKHO — LIEMEHTHAaAd MaT-

3 deKT 00YCIIOBIICH TEM, UTO BBEICHNUE BOJIOKOH YXYI-  pHIIa».
111aeT YIJIOTHEHUE CMECH U CITOCOOCTBYET 00pa30BaHUIO KBanpatuunbie KoadduuureHtsl npu pakropax X,>
JOTIOJHUTEILHON MOPUCTOCTHU BCIAEACTBUE GOpMUPO- U X,” MMEIOT OTPULIATE/IbHbIE 3HAYESHUS, YTO yKa3bIBa-
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x2 1 %2 1 w7 1
7 r / [ |

;
// b

.//:, > 1 &

o & {3 -1

Xxex5e1-1.0 YPOBHY U30AMHIAN ®xx57-10 ypoBHM n30AMHIN

2+ 1,000 b+ 3.000 <=5.000 d-7.000 21000 b1 3.000 : 5000 & 7.000
£:9,000 F«11.000 g-13.000 h:15.000 €:9.000 fe11.CC0 g-13.000 h.15.C0C

=L
xxx5=1-10 v o841 n3onMHIK

2: 2000 bs2.500 s 3.000 d:3.500
e:3.000 f=24.500 g:5.000 h:5.500

x2 ! x2 1 x2

%,7 7 oz

xL x1 x!

g.{dé an‘:b‘/l 3‘{914

51 -1 -1
Xxx54L0 v 6811 M3OAMHIN K:xx5=1-10  YposHU M30NMHIN kxx5=-L0  YpoBHM M30AMHNK
2: 2000 bi2.500 c.3.000 d:3.5C0 3+ .00 bs 1.500 c. 2,000 €«2.500 8: 1,000 b+ 1.500 ¢-2.000 4-2.500
e: 4000 F=4.900 g:5.000 h:S5.500 e 3,000 f: 3500 g:4.000 h:4.500 e+3,060 fe3.300 g«4.000 h.4.500
‘ x2 1 x2 1 x2 .

[:/ o
=

Xt / xt

f——aLbdcadeqeft 4

N

]

2 5 7 % §=1-1.0 xS0y oaHn MsonuHIM
Xxx§=18 v 1 MsoMHIK X320y 0BHM M30AMHIN P
2:1.000 b L.500 <2 2000 di 2,500
202000 bi2,500 <s3.000 di3.500 a: 2,000 b: 2,500 <:3.000 d:3.500 £:3.000 f3,500 g-4000 hv 4,500
e: 4000 F=4.500 @:5000 h:S5.500 e: 4,000 f=4.500 g:5.000 h:5.500

Puc. 5. TIpoYHOCTb Ha CKaTve KOMMNO3MLMOHHOTO MaTepuana Y, = f(x1, X, Xy x,) npn X, = =1 (x, = -1, 6e3 Onbpbl no-
nunponuneHoson = 0%)

€T Ha HaJIM4I1e ONTUMAIFHOTO MHTEpBAaIa CONePKaHMUS Cy1iecTBeHHOE BIMSTHIE OKAa3bIBAIOT M MexK(paKTop-
¢ubp. [Ipu mpeBbIIICHNN OIIpeNeICHHON KOHIICHTpa-  HBbIe B3aMMOACUCTBUSA. B yacTHOCTH, OTpUIIaTeIbHBIC
MU BOJIOKOH MIPOMCXOIUT YXYALUIEHNUE CTPYKTYpPbI MaTe- Koo duumeHTsl B3aumoneiicteuii X, X, u X, X, cBume-
puraa M CHIDKEHIE TUTOTHOCTH BCJICICTBIE 00pa30BaHUS  TEJIBCTBYIOT O TOM, UTO ITIPW OMHOBPEMEHHOM yBEJIMYC-
ne(eKTOB 1 JTIOKAIBHBIX ITYCTOT. HUU comepKaHMsI MpaMOPHOU ITBUTH 1 pUOp HaOIII0ma -
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e: 3,000 fe 21500 g¢4.000 h:4.%00

X.

-1
x.xx5=10.0
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ypOBHVI N30JTINHNN

20,500 b 1.000 ¢- 1.300 ¢+ 2.000
i 2.90 fa3.000 g¢3.50C h:i4.000

-1

xS 30 yhoBHN M30AMHUN

20,500 br L00) c» 1,500 d: 2,000
€:2.500 fe 3000 @¢3.500 h.4.000

Puc. 6. [IpoYHOCTb Ha CKaTue KOMNO3MLMOHHOTo MaTepuana Y, = f (x,, X, X,, x,) npu X, = -1 (¢pnbpa 6a3. 0%)

€TCA CHM2KCHHUEC IIJIOTHOCTU MaTe€pualia. DTO CBSA3aHO
C TEM, 4TO U30BITOK MCJIIKOOUCIICPCHOTO HAITOJIHUTCIIA
B IMIPUCYTCTBUH BOJIOKOH YXyAIIACT yCJIOBUA YIIVIOTHCHUA

u popMUpyeT 00JIee pa3BUTYIO TTIOPUCTYIO CTPYKTYPY.

Takum 06p330M, IOJTy4€HHasA MOICJIb ITO3BOJIACT KO-
JIMYCCTBCHHO OLICHUTDL BJIMAHUC PCUCIITYPHBIX (I)aKTO]:)OB
Ha IJNIOTHOCTb KOMITO3MIITMOHHOTO MaT€puajia u OIpeac-
JINTh ONTUMAJIbHEIE 00J1aCTU COCTaBa.
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YPOBHU U30/IMHUN Kok=lat YPOBHM U30/IMHUN Rl YPOBHM N30IMHUN
a:2.000 b:2.500 c=3.000 d:3.500 2:1,000 b:3.000 c=5.000 d:7.000 a: 1.000 b-3.000 c=5.000 d:7.000
e: 4,000 f=4.500 g:5.000 h:5.500 e:9,000 f=11.000 g:13.000 h:15.000 e:9,000 f=11,000 g:13.000 h:15.000
X2 1 x2 1 X2 1

-
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x1 x1 x1
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,42 :lh/ afblced!
-1 = =1 ‘.1
XXXS=IL0 yo e vsonmHAN xxx5=1-L0  ypopHN M3ONUHIN xx:x5=-30 y508HM M30AUHIN
a:2.000 b:2.500 c=3.000 d 3.500 a:1.000 b:1.500 c=2.000 d-2.500 a: 1,000 b= 1.500 c=2.000 d:2.500
€:4.000 f=4.500 g:5.000 h: 5,500 e: 3,000 f=3.500 g-4.000 h-4.500 €:3.000 f=3.500 g:4.000 h:4.500
¢ 1 x2 1 x2 1

7 v =

x1 x1 /// x1
s Lhzesdrosf —aZb C d‘e"f‘g‘hé

N

_ch dLelfage

b =1 =1
1 :
Xxx5=1-1.0 yay = -
XxX5=1-1.0 YposHN n30AMHUN X YPOBHM M30MHIM XxX5=-10 10811 M30MMHIN
a:2.000 b:2.500 c=3.000 d:3.500 5 3 . a
. . < = 2: 1,000 b:1.500 c=2.000 d-2.500
3: 2,000 b:2,500 c=3.000 d-3.500 e:4,000 f=4,500 g:5.000 h:5.500 e:3.000 f=3.500 g-4.000 h=4,500

e: 4,000 f=4.500 9:5.000 h:5.500

Puc. 7. MpoyHOCTb Ha U3rnb KOMMNO3nLMOHHOIo MaTeprana Y,= f(x1, Xy Xy X,) ipn X, = =1 (x, = -1, 6e3 dprbpbl no-
nunponuneHoson = 0%)

Hamrawme dubp (1 0coOGeHHO NX YBEIUUCHIE) TIPH- CTOT, YXYAIICHNE YIUIOTHEHUS TP BUOpaLny/yKIIaI-
BOIUT K YMEHBIIICHUIO TDIOTHOCTU MaTeprajia. To 00b-  K€), a TaKKe TeM, 9TO (puOphI caMu T10 cebe 3aHNMAIOT
SICHSICTCS YBEIMICHNUEM BHYTPEHHEH TOPUCTOCTU P~ 00BbeM U (POPMUPYIOT HEPETYISIPHYIO CTPYKTYpPY MaT-
BBEJCHUH BOJIOKOH (BOZHUKHOBEHME JIOKAJBHBIX IIy-  PHIIHL.
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x1

Puc. 8. [poyHOCTb Ha 3rnb komnosuuroHHoro mateprana Y, = f (x,, x,, X, x,) npu X, = -1 (¢pnbpa 6a3 0%)

KBanpaTtuyHple OTpULIATENbBHBIE YWIEHBI (X, X )
YKa3bIBAIOT Ha HEJIUHENHBINA 9 GEKT: Py MallbIX 10-
3aX BJIMSHUE HA IUNIOTHOCTh HEBEJIMKO, IIPY OOJIBIINX —
addeKT pe3Ko ycuauBaeTcs (IIOPOroBOe YXyIIIeHUe
VIJIOTHCHMST).

AHann3 KoapGULIMEHTOB MOKA3bIBAECT:

ITroTHOCTE CyIIeCTBEHHO MOBBIIIAET (hakTop X, —
MpaMOpHas TTBLIb.

HawnGosbinee CHIKEHIE TUIOTHOCTH TafoT (huOphI X,
1 X, (OTpHULATENIbHbBIE KOO(DDULIUEHTBI).
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¢ Cusbnble Bzanmoneiictaus X X,, XX, X, X, ykasbi-
BaIOT Ha TO, YTO BOJIOKHA YMEHBIIAIOT YIUIOTHEHUE
IpY M30BITKE MEJIKOTO TUCITIEPCHOTO KOMITOHEHTA.
OCHOBHBIEC 3aKOHOMEPHOCTH:

* YBeau4yeHHe MPaMOPHOM MbLIK X, CHUXAET BOIO-
TomiomeHne (OTpuIaTeIbHbIC KO3 GUITUCHTHI).

* Bonokna, Ha060pOT, MOBBIAIOT Y, (KO3()OUUMEHTBI
X, X;>0).

*  Bmusnwme Bzanmoneiictuii X X, X X, X X, ykasbI-
BaeT Ha KOMOMHUPOBAHHBIC MEXaHW3MEBI IIOpOOOpa-
30BaHUA.

BonokHa yBeTMYIMBAIOT BOAOIIOTJIOIICHME: MeXa-
HU3M — BOJIOKHA CO3IaIOT TOTIOTHUTEIbHBIC KAITHJI-
JIIpHBIC ITYTH U JIOKAJTbHBIC Te(eKThI MeXK(ha3HOM 30HBI
«BOJIOKHO—MATPHIIA», YTO ITOBBIIIACT IIPOHUIIAEMOCTb.

[TonoxuTENbHBIE B3AUMONEHCTBUSA (OCOOEHHO X'X,)
03HAYaIoT, YTO COYCTAHNE MEJIKOIMCIICPCHOMN TBIIN
¥ BOJIOKOH MHOTIA YCHJIMBAET BOHOYICPKUBAIOIINE
KaHaJbl (BO3MOXHO, N3-3a (pOPMUPOBAHNS TOHKOIIO-
PUCTOM CTPYKTYPHI BOKPYT BOJIOKOH).

Y, (Bononornomenwue, %) = 11,369 +

+0,611x, +0,394-x, — 0,344 x, + 0,933 x, +
+0,772 x, — 1,103 x>+ 1,147 x,> + 1,297 x 2+
+0,297 x> + 1,947-x> + 0,764 x, x, —

—1,225x, x,— 1,137-x, x,+ 1,10 x, x, —
—0,612x,x,+0,325x,x, + 1,387 x, x, +

+ 3,487 x, x,+ 1,65 x, x, + 2,862 x, x,. 4)

Y, = f(x,, x,, x,, x,) npu ycaosuu X, = —1 (x, = —1,
0e3 ®uopsI momnponuieHosoi = 0%)
Dopmyna 4-x pakropHoii Mmonemm Y, = f (x, x,, x;, X,).

Y, (Bononornowmenue, %) = 12,544 +

+0,489 x, — 0,993 x, — 1,306 x, — 1,929 x, —

— 1,103 x2+ 1,147 x>+ 1,297 x, + 0,297 x> +
+0,764 x, x, — 1,225 x, x, — 1,137 x, x, +
+—0,612x,x, +0,325x, x, + 3,487 x, x, . %)

®@opmy.ia 4-x akropHoii monemm Y, = £ (x, x,, x, x.)
npu X, = —1 (hubpa 6a3. 0%)

Y, (Bononornowmenue, %) = 10,733 +

+ 1,748 x, + 0,069 x, — 3,143 x, + —2,09 x, —

— 1,103 x>+ 1,147 x,2 + 1,297 x,2 + 1,947-x .2 +
+0,764 x, x, — 1,225 x, x, + 1,10 x x, —
—0,612x,x,+ 1,387 x,x,+ 1,65 x, x.. (6)

PerpeccrnonHast Momerb BOTOIIOIJIONMICHUS (ypaB-
HeHme 3) TTOKa3bIBaeT, 9YTO Ha JaHHOE CBOMCTBO 3HAUM -
TeJIbHOE BIMSHIE OKA3bIBACT COACPXKAHIE MPaMOPHOIt
TIBUTA ¥ apMUPYIOIINX BOJIOKOH.

OrpunarenbHblii KO3hduuMeHT npu daxkrope X,
YKa3bIBacT Ha TO, UYTO YBEIMUCHIE COICPKAHUST MPaMOpP-
HOW IMBUIA TIPUBOINUT K CHIKCHHIO BOIOITOTJIOIICHUS.

DTO 00BSICHSIETCS YINIOTHEHUEM CTPYKTYPHI MaTepraa
1 YMEHBIIIEHEM 00beMa OTKPBITHIX KAITMJUISIPHBIX TTOP.

B 1o xe Bpems yBenuueHue conepxkanus ¢puop (X,
1 X;) CONMPOBOXMAETCHA POCTOM BOIOMOITOIIEHHUS.
[IpuanHOit 3TOTO SIBIsIETCS POPMUPOBAHUE TOIIOI-
HUTEJIbHBIX KaNWJIISPHBIX KaHAJOB M MeX(da3HBIX
nedeKToB B 30He KOHTAKTa «BOJJOKHO — IIeMEHTHas
MaTpHIIa», YTO IMOBBIIIACT TPOHUIIAEMOCTh MaTepHraja
IS BOIIBL.

3HaYNTEeTbHBIC KO(DMUIINEHTHI TIPU B3aUMOICIH-
crBuax X, X, v X, X, CBUIETEIBCTBYIOT O TOM, YTO BIIUS-
HME BOJIOKOH Ha BOJOIIOTJIONICHIE 3aBUCHUT OT COIepKa-
HUS MEJIKOIVCIICPCHOTO HaMoHUTENSA. [1pn BEICOKOM
comep:KaHUKM MPaMOPHOM TIBIIN (hOPMUPYETCST TOHKO-
IIOPUCTas CTPYKTYpa BOKPYT BOJIOKOH, YTO MOXKET YCH-
JINBATh KaWIISIPHBIN TIEPeHOC BIATH.

TakuM 06pa3oM, MUHUMM3AIINST BOIOIIOTIIOIIICHUS
IOCTUTACTCSI TIPY TTOBBIIICHHOM COIEPKaHNN MpPaMop-
HO ITBITA ¥ OTPAaHMYECHHOM KOJTMIECTBE apMUPYIOIINX
BOJIOKOH.

Y, (ITpounocts Ha cxkarue, MIla) = 3,92 +
+0,981x, — 0,557 x, + 0,497 x, + 0,475 x, —
—0,621 x,+ 1,276 x> — 1,704 x*+ 3,877 x> —
-2,979x.2—-2,975x7 — 0,526 x, x, +
+0,461 x, x, +0,63x x, — 0,597 x, x, —
—0,64x,x,—0,409 x, x, + 0,591 x, x, +
+0,412x,x, — 0,429 x, x, — 1,048 x, x..

5-1u hakTopHas Mozesb Y, npeoGpasoBana B 4-X (ak-
TopHyl Y, = f(x,, X,, X, x.) npu ycaosuu X, = —1 (x, =
—1, 0e3 ®uoOpsI noaunponuieHoBoii = 0%)

Y, = 1,566 + 1,578 x, — 1,148 x, + 0,925 x, +
+1,523x, + 1,276 x> — 1,704 x,>+ 3,877 x> —
-2,979x,. - 0,526 x, x,+ 0,461 x, x, +

+0,63-x, x, — 0,64 x,x, — 0,409 x, x, +

+0,415 x, x,. 7

[MomydyeHHast perpecCMOHHAsT MOJIECNIb IPOYHOCTHU
Ha cxatue (ypaBHeHMe 6) TTOKa3bIBaeT CJIOKHBIN XapaK-
TEp BAWSTHUS PEIIENITYPHBIX (DAKTOPOB HAa TIPOYHOCTHBIE
XapaKTepUCTUKN KOMITO3UIIMOHHOTO MaTepuaia.

HauGonbiiee monoXuTeIbHOE BIUSHUE HA TIPOY-
HOCTb OKa3bIBa€T MPaMOpPHasi MbLIb (X,), YTO MOATBEPK-
JTAETCST 3HAUNUTETbHBIM TIOJIOKUTETBbHBIM KBAIPATUIHBIM
Koo duteHToM. MenTKOoaUCIIepCHBIE YaCTUITBI MPaMO-
Pa BBITIOJTHSIIOT POJTb MUKPO3ATIOJTHUTESI, CTIOCOOCTBYS
YIUTOTHEHUIO TIEMEHTHOW MaTpPUIIBI U (DOPMUPOBAHUIO
OoJiee MPOYHO CTPYKTYPHI.

BasanbroBbie GuOPHI (X,) OKa3bIBAIOT MOJOXHUTENb-
HOE BIMSTHUE Ha TIPOYHOCTH Ha CKATHE. DTO OOBSICHSIET-
Cs1 X apMUPYIOTUM 3D (PEeKTOM: BOJIOKHA MPETISITCTBYIOT
pacmpoCTpaHEHUIO MUKPOTPEIINH 1 00ECTIeUnBAIOT T1e-
pepacrmpeneieHre HAMTPSDKEHUH B CTPYKType KOMTIO3UTA.
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[MomnponuneHosbie GUOPHI (X,), HATPOTHUB, OKa-
3BIBAIOT MEHEE OJIATONIPHUSITHOE BIIMSTHIE Ha TIPOYHOCTb.
BeposTHOIM TPUIMHOI SIBISIETCS OTHOCUTEIBHO cl1adast
aJITe3usI TTOJIMITPOTIMIICHOBEIX BOJIOKOH K MUHEPAJTbHOMN
MaTpHUlI€, YTO MOXET MPUBOAUTH K 0Opa30BaHUIO JIO-
KaJIBbHBIX Je(heKTOB M CHIDKCHUIO HECYIIEH CTIOCOOHOCTH
MaTepHana.

OTpuiaTeabHbIe KBaApaTHIHbIC KO3(PPUIINCHTH
npu X,” 1 X,* CBUAETENBCTBYIOT O TOM, YTO YPE3MEPHOE
conepkaHue BOJIOKOH IIPUBOIUT K CHIDKEHHUIO ITPOYHO-
CTHU. DTO TTONTBEPXKIACT CYIIICCTBOBAHIE OIITIMAIBHOTO
WHTEepBaja apMUPOBAaHUS.

Dopmyaa 4-x dakroproii mogem Y, = f(x,, x,, X,, X)
npu X, = —1 (pubpa 6a3. 0%).

Y, =0,466 + 0,351 x, — 0,148 x, + 0,081 x, +
+0,427 x,+ 1,276 x> — 1,704 x> + 3,877 x> —
—2,975x7 - 0,526 x, x, + 0,461 x, x, —

—0,591x, x,— 0,64 x,x, + 0,591 x, x, — 0,429 x, x..

Y, (IIpounocts na u3ru6, MIla) = —0,862 —
—0,251x, +0,205x,— 0,199 x, + 0,119 x, =
=0,51x,+ 1,061 x>+ 1,072 x,+ 0,99 x> +
0,99 x>+ 1,013:x> — 1,698 x, x, — 0,809 x, x, +
+0,602 x, x, — 0,065 x, x,+ 0,786 x, x, —
—0,264 x,x, — 0,234 x,x,+ 0,641 x, x, —

— 1,027 x, x,— 0,049 x, x..

5-1u hakTopHas Mozess Y, npeodpasosana B 4-x ¢axk-
TopHyi Y, = f (x, x,, X,, X,)) npu yciaosuu X, = —1 (X, =
—1, 0e3 ®uopsI nounponuieHoBoit = 0%)

Y, =f(x,x,,x;,x)=-0,359 - 0,186 x, +
+0,439x, + 0,828 x, + 0,168 x, + 1,061 x> +
+1,072x,2+ 0,99 x> + 0,99 x> — 1,698 x, x, —
—0,809 x, x, + 0,602 x, x,+ 0,786 x, x, —
—0,264 x,x, + 0,641 x, x,.

®@opmy.ia 4-x akropHoii monemm Y; = £ (x,, X,, X, x.)
npu X, = — 1 (bubpa 6a3. 0%)

Y, =f(x,,x,,x,,x;) = 0,009 - 0,853 x, +

+0,469 x, — 0,84 x,+ 1,061 x>+ 1,072 x* +
+0,99x2+ 1,013x? — 1,698 x, x, — 0,809 x, x, —

— 0,065 x, x,+ 0,786 x, x, — 0,234 x, x, — 1,027 x, x..

AHaIIN3 MOJEIIN TIPOYHOCTH Ha M3TMO MTOKAa3hIBaeT,
YTO TAHHOE CBOVCTBO B 3HAUMTEILHOI CTETICHM OTIpee-
JIIeTCS COCTABOM MUHEPATHbHOTO HATIOJTHUTEISI ¥ TUTIOM
APMUPYIOITNUX BOJIOKOH.

[MonoxwuTeapHOE BIMSHIE HA TIPOYHOCTD TIPU M3TH-
Oe OKas3bIBAIOT MPaMOPHBII TIOPOIIOK (X,) ¥ MpaMOpHas
BLTH (X,), KOTOPBIE CIIOCOOCTBYIOT (POPMUPOBAHHMIO GoJTee
TUIOTHOU ¥ OMHOPOTHOM CTPYKTYPBI IEMECHTHOI MaTPHIIBL.

Hawnbomnee BrIpakeHHOE TTOJIOXUTEILHOE BIUSHIC
Cpeau apMUPYIOLINX KOMITOHEHTOB OKa3bIBaeT 0a3aibTo-
Bas (ubpa (X,). BeicoKas MPOYHOCTH M MOMYJIb YIIPYTO-
CTH 0a3aJIFTOBBIX BOJIOKOH 00ecITeunBaioT 3(pheKTUBHOE
BOCIIPUSITHC PACTSITUBAIOIINX HAIIPSDKEHUI, BO3HUKAIO-
WX TIPU U3TUOE, U TIPETISITCTBYIOT Pa3BUTHIO TPEIIHH.

IonunponuneHoBbie pUOPHI OKa3bIBAIOT MEHEE
BBIpaKCHHOE BIMSTHHE HA M3TMOHYIO IIPOYHOCTh. MX
OCHOBHasT (DYHKIIUS 3aKIIFOYACTCS B MIOBBIIIICHUN Tpe-
IMUHOCTOMKOCTH M OTPaHUYCHUM PACKPBITASI MUKPO-
TPEIINH, OMHAKO UX BKJIA B IOBBIIICHNE TIPEACTIBHOMN
IIPOYHOCTU MaTeprajia CPaBHUTEIHHO HEBEJIUK.

OnTuManbHast 00J1aCTh PEUEITYPHBIX ITApaMETPOB
COOTBETCTBYET CIICAYIOIINM 3HAYCHUAM (PaKTOPOB: Mpa-
MOpHast Kpoinka — 25+30%; MpaMOpHBI TTOPOIIOK —
10+-15%; mpamMopHasi ITbUTh — 0K0JI0 12%; Ga3zanbToBas
(udpa — 2-+-4%; nonumnponuieHoBas ¢pudbpa X He Gojiee
1+2%.

B ykazaHHoO#1 obnacTtu obecrieunBaeTcss HauboJjee
0JarompusITHOE COYeTaHUE IJIOTHOCTU, ITPOYHOCTH
1 BOIOTIOTJIOMICHNST KOMITO3UIIMOHHOTO MaTepHaia.

7151 TpeOYIOIINX HI3KOTO BOAOIIOTJIOIIECHMS COCTABEI
¢ hubpaMm HY>KIAIOTCS B JOTIOJTHUTCIIHHOM ONITUMM3a-
UMu: yMEHbIIUTH X, /X, YBEJMYUTh TOJTIO TIbLIU X, (115
JIy4IIel YITAKOBKM ), MICITOJTb30BaTh CYIIepILIacTH(hIKA-
TOp WU TUAPODOOU3UPYIOLILYIO 100ABKY.

IMonunponuieHoBbIe (GPUOPHI yBEIUUMBAIOT BOAOIIO-
[JIOIIEHME TTOYTH TaK Xe, KaK 0a3a7IbTOBBIC — ITO3TOMY
X IPUMEHEHHE CIIeAyeT OTPaHUINBATh, €CIU 1IETbIO
SIBJIICTCSI MUHUMM3AIINAS BIaXKHOCTH.

B mosHO# Mozmenn Koo HULIMEHT MPH X, TTOJOXKU-
TenbHbli (+0,475), npu X, — oTpunate bHbli (—0,621).
B 4-daxkTopHom ceuenuu npu X, = —1 GaszanbToBas
¢udpa maeT 3HAUMTEITLHOE TTOJIOKUTEIHFHOE BIUSIHIC
(B ceuennu X, Koapduuuent +1,523).

ITocTpoeHHBIC IByMEepHBIC HOMOTpaMMEI (prc. 1—8)
HATJISITHO OTOOpaXKaloT BIMSTHIE UCCIICAYeMBIX (DaKTO-
POB Ha CBOMCTBA KOMITO3MLIMOHHOTO MaTepuajia 1 Io-
3BOJISIOT ONIPEACIIATH ONTUMAJIBHBIC 00JIACTH PEIICTITYP-
HBIX ITApaMETPOB.

AHaym3 HOMOTpaMM ITOKa3bIBaeT, YTO MaKCHUMallb-
HBIC 3HAYCHUS TIPOYHOCTH I MUHUMAJIbHBIC 3HAUCHUS
BOIOTIOTJIOIICHUS MOCTUTAIOTCST TIPU TTOBHITIICHHOM CO-
Iep>KaHUU MPAaMOPHOM MBI 1 YMEPEHHOM KOJIMIECTBE
06a3aJIbTOBBIX (HOP.

KBampatnaHble B3aMOICHCTBHS: CUIIBHBIN TTOJI0-
JKUTEJIbHBIA KBaJIpaTUYHbIN WIEH X,> (MpaMOpHas TbLb)
Y OTPULATEIbHBIA KBaIpaTUYHbIN 4ieH X, (B 5-(ak-
TOPHOI Mozenu ObL1o0 —2,979°X,> B onHO# hopmyJie)
ITOKa3bIBAIOT, YTO II0JIh3a OT (HOP MMeeT MaKCUMYM
IIpY CpemaHei Jo03e.

BoisiBieHO: MpamMOpHas TblUIb X, OKa3bIBaeT Hau-
OoJpIllee TOJIOXKUTEIBHOES BIMSHNUEC Ha IMPOUYHOCTH
(KpYITHBII TTOJIOKUTETBHBIN KBaIpaTUIHBINA KO3 hu-
LEHT); GasanbToBas (pudpa X, yBeTMINBAET MPOYHOCTb,
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a TIOJIMITPOTIMIIEHOBAsE X, — CHUXAET (B IOJTHOM Mojie-
JIN); HanOOoJIbIIIee OCIa0JICHIE UAET Yepe3 B3auMOIei-
crere X, X, ~ KOHKYPEHIIHS apMUPYIOHINX (as.

AHaIIN3 perpeCcCHOHHBIX MOJEIICH TTOKa3hIBaCT, UTO
6asabToBble (GUOPHI (X,) U TOTUIIPONMIEHOBbIE (PUOPDI
(X;) To-pasHOMY BIMSIOT Ha KJIIOYEBbIE CBOMCTBA (-
O6poberoHa. bazanbroBast pubpa ycuamuBaeT NIpoOYHOCT-
HBIC XapaKTEePUCTUKH (OCOOCHHO IIPOYHOCTD Ha CXKaTHE
¥ U3TUO) TIPY YMEPEHHBIX J03aX, HO CHIKAET ITTIOTHOCTh
¥ TIPU TIepeI03UPOBKE MTOBBIIIACT BOAOIIOTIOIICHNUE.
[MomumponuieHoBast ¢pubdpa Jalle oKa3bIBacT OTPUIIA-
TEJIPHOE BIIMSIHIE Ha TTIOTHOCTH M IIPOYHOCTD Ha CIKATHE
¥ YBEIMYUBACT BOMOIIOIJIONMICHHUE; e¢ IeJIeCo00pa3HO
TIPUMEHSTH B MaJIBIX J03aX MJI BOBCE MCKITIOUATH B 3a-
JaJax, TIe BaXKHA IJIOTHOCTD M IIPOYHOCTb.

bazansToBast ¢hubpa yaydiaeT MIpoYHOCTh HA CXKaTHe
3a cYeT apMHpYymoIero 3pdekra — oHa MPETSITCTBY-
eT (OPMHUPOBAHMIO U PACKPBHITUIO TPEIINH, TIepeIacT
¥ TIepepacmpenessieT HapsKeHUST B MaTPUIIC.

I[MonunponuneHosast ¢udbpa B HAIIMX HAHHBIX
YMEHBIIIAeT IIPOYHOCTh Ha CXKaTWe; BEPOSITHBIC MPU-
uynHbl — cinabas aaresus 111 k MmuHepany, maTpulie,
00pa30BaHNE IyCTOT BOKPYT BOJIOKOH WJIHM YXYAIICHUE
TEXHOJIOTUIHOCTH YKJIAOKH (TIOXOE YIUIOTHEHHE).

15t yBeTMUeHNS IIPOYHOCTH Ha CXKATHE TIPEIITOUTH -
TeJlbHa Gas3anbToBas GUbpa B yMEPEHHBIX Ho3ax (X, =
2+4%).

M36eraTh MM MUHUMUA3UPOBATH TTOJIUITPOITIICHO-
By10 (pUOpPYy HEOOXOAMMO, €CJIM TPUOPUTET — IIPOYHOCTh
Ha cXXaTue; albTepHATUBHO YJIYUYIIATh anre3uro (odpa-
00TKa MMOBEPXHOCTU BOJIOKOH, 100aBKM -Cyp(aKTaHThI).

Mozens Y4 1moka3bIBaeT MOJIOKUTEIbHBIN BKIIA X4
(mpubnmmxernno +0,119...+0,168 B pa3HbIX CEUEHUSIX)
1 HyJIeBO#i/C1abblii 9 dekT X, (B HEKOTOPBIX BAPUAHTAX
Ko duumeHt okono +0,51-x,, HO obIIasg KapTMHA —
3aBUCHMOCTD CJIOKHAS ¢ CUJIBHBIMH KBaIpaTHIHBIMH
1 MeX(aKTOPHBIMU YJIEHAMM).

3aKOHOMEPHOCTH:

* TIPOYHOCTDb BO3pACTAET NPH yBeIUYeHUU X, U X,;

*  (uOpHI NO-pa3sHOMY BIMSIOT: 6a3aJIbTOBbIE X, TTOBbI-
mratot u3ruod, ITT1-¢pubpa cHibkaeT B BapraHTax 6e3 X, ;

¢ 3HaunMble B3aumoneiicTeua X X,, X, X,, XX, omnpe-

IesTIoT (hopMUpOBaHME KapKaca.

bazansToBast hubpa gaeT mpupoCT MPOUHOCTU HA U3-
ru6 3a cueT yIIpOoUYHEeHUST MeXK(ha3HOM 30HEI U IIepepac-
npeneeHus] pacTSIrMBalOIIMX HATIPSIKEHWA.

[NonunponuneHoBast hudbpa yMepeHHO BIUSIET HA U3-
THOOBYIO IIPOYHOCTH (B psIIe MOIENICH TTOTOXKUTETb-
HO, B psiie — HeWTpasibHO), T.K. I1I1 Xxopoiio padoraeT
Ha KOHTPOJIMPYyeMOe TPEIIMHOOOpa3oBaHMe (YIydIaeT
TPEIIMHOCTONKOCT), HO HE TIPUAACT OOJIBIIIOTO YIIPOU-
HCHMSI Ha CXKaTWe MJIU U3THO TIpU c1a00i anre3un.

st yy4iieHusl u3rub0oBOM MPOUYHOCTH HEOOXOAUMO
NPUMEHSITh 0a3aIbTOBBIE (PUOPHI; ONITUMYM — CPEIHUIE
1035l (2—3%).

Ecnm 3agaya — ITOBBICUTH OCTATOYHYIO TPEIIMHO-
CTOMKOCTD TIPM HEOOJIBIIIOM CHUKCHUU ITPOIHOCTH,
MOXHO MCMHOJb30BaTh Majble 1036l 111 BMecTe ¢ 6a-
3aJITOBBIMU (DMOPaMU, OTHAKO 3TO TPEOYET AOTIOIHH-
TEJIbHOM BaJIMIAIINH.

CutbHBIC TIOTIApHBIC B3aUMOICCTBHSI, BEISIBJICHHBIC
B MOZIENIAX (B YACTHOCTH X,'X,, XX, X,Xs), CBUIETEIIb~
CTBYIOT O TOM, 4TO 3(deKT pubdp 3aBUCUT OT COCTaBa
MHWHEpaJIbHOTO HanoxHUTeNs. HampuMmep, TIipn BBICO-
KOM COJIep>KaHUU MPaMOPHOI IThIJIA YCUJICHUE OT 0a-
3aJIbTa MOXKET OBITh MEHBIIE MM, HA00OPOT, 3aBUCETh
OT YIUIOTHEHUSI MAaTPUIIBL.

KBampatnyHble WieHbI X,> ¥ X;* TOBOPAT O CYILECTBO-
BaHUU ONTUMAIBHOTO MHTEepBaja 103 (Guop — «ape3mep-
HOE» apMHUPOBaHUE YXYIIIAeT CBOMCTBA.

baszanbrosas ¢pubpa (X,):

— PekoMenayemast pabouast no3a: ~2—3% (B mpenenax
Harero psiga: 2% = yposeHb 0; 4% = +1);

— TlpuMeHSTH 11T TOBBIIICHUSI IIPOYHOCTH Ha CXXaTHe
¥ U3TU0; IIPU 3TOM KOHTPOJIUPOBATH YILIOTHECHUE
cMecH;

— TIlpu nosax >4% HeobOxomuMa KOPPEKTUPOBKA Me-
TOOWKU YIJIOTHEHUs (BUOpAIs, CyIepIuiacTudm-
KaTOpPHI) 1 TIPOBEpKa Ha YBEIMICHHE IIOPUCTOCTH.
[Mommnponunenosas pudpa (X,):

— IIpmopuTeTHI: €CIU 1IeIb — CHIDKEHUE TPEIINHOO-
Opa3oBaHUs 1 IOBBIIICHNE YIAPHO/IehopMaIioH-
HOM IMTPOYHOCTH, MOXXHO MCTIOJIb30BaTh MAJIbIC TO3BI
0,5—2%; ecnu 1eiib — IUNIOTHOCTh U KOMIIPECCHSI,
nyuie ueKmodnTh (09%);

— TIpn nucnonnzosannu INI1-pudbps peKoMeHIyeTCS
VIIyqIIaTh aare3uio (Momu(uKaIrs ITOBEPXHOCTH
BOJIOKOH, TIPUMCHEHNE CBSI3YIOIINX J00aBOK).
Kombunauusg apmupytomux guop:

— KombuHampoBanHoe apmupoBanue (6a3anbsT + I11T)
BO3MOXKHO, HO TpeOyeT ONTUMMU3AIINH: YaCTO OITH -
MaJIbHasI cXeMa — OCHOBHasI Harpy3Ka Ha 0a3allbTo-
BbIe HOUoPHI (2—3%), TTI1 — B Mazoii none (<1-2%)
IIJIST KOHTPOJIS TPEITMHOOOPAa30BaHMS,

— OnTuMabHBIM CIMTACTCST COCTAB, 00CCIICUNBATOIIMI
MHWHUMAaJIbHOE BOIOITOIIONICHIE; MAaKCUMATbHYIO
npoyHOCTh Ha cxkarue (Y,) u u3ru6 (Y,), paunoHab-
HYIO TUIOTHOCTb, IIPU 3TOM COOJTIOIACTCS TEXHOJIO-
TUIHOCTb CMECH.

ITo rpadpmaeckmM 0OTACTSIM M aHAJIM3Y ITPOM3BO-
THBIX MAKCUMM3AIUN OBbLT YCTAHOBJICH ONTUMAIbHBIN
IHrana30H KOMITIOHCHTOB:

— X, (MpamopHas kpomka): 0...+1 (25-30%);

— X, (MpamopHBbIii mopomok): 0...+1 (10—15%);

— X, (MpamopHas 1buib): +1 (12%) — OCHOBHOM yIIpoy-
HSIOIINI KOMITOHEHT;

— X, (¢du6ps1 6asanbrobeie): 0...+1 (2—-4%);

— X, (ITI-dpubdpa): —1 (0%) nmm makcumym 1-2%.
IIpoBemeHHBIN 5-(haKTOPHBIA SKCIIEPUMEHT THTIA

Ha5 mo3Boana mocTponuTh ageKBaTHYIO KBaIpaTHd-
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HYI0 MaTeMaTUYECKYIO MOJE/Ib INIOTHOCTA KOMIIO-
3ULIMOHHOIO MaTepuaja, YYUThIBAIOLIYIO JIMHEHbIE,
KBaJIpaTU4YHbIE U IIOMApHbIE B3aUMOACUCTBUS (PaKTO-
POB. AHAIM3 3HAYUMOCTHU KO3(POULMEHTOB MoKa3al,
YTO HamOOJIbllIee BIUSHUE OKA3bIBAIOT COMEPKAHMIE
MPaMOPHOM MbLIK, 6a3aJIbTOBOM U MOJIUIIPOIIMIEHO-
BOI1 (puOpPHBI, a TAKKE B3aMMOACHCTBUS MEXAY HUMM.
Ha ocHoBe Monenu copMupoBaHbI 4-(paKTOpHBIE
CedyeHUs pelelTypHO 00JIaCTU MPU MCKIIIOYEHU U
OTAEAbHBIX BUIOB (DUOPHI, YTO MO3BOJIMIO OIpPEIE-
JIUTh ONTUMAJIbHbIE 00JIACTUA COCTABOB IS IIOJYYEeHUS
MUHUMAJIbHOTO BOIOIOIIOIIEHUSI U MAKCUMAaJIbHOM
IUIOTHOCTH.

BbiBOJbl N 3AKNTIOYEHUE

1. bazanbToBBle PUOPHI — >PHEKTUBHBIN UHCTPY-
MCHT [IJIsI TIOBBITIICHUSI IIPOYHOCTHBIX XapaKTePUCTUK

CMNCOK NCTOYHUKOB

(hrbpobeToHa pU yMEPEHHbIX 103aX (<2—3%), HO yXyi-
1IAIOT MJIOTHOCTb U MOBBILIAIOT BOJAOIOMIOIIEHUE TPU
Mepeno3upoBKe.

2. IMomumnponnieHOBBIe (PUOPHI B HAIITNX MOJEIISIX
yauie yXyAlaloT IJIOTHOCTh U MPOYHOCTh HA CXXaTHe
U MOBBIIIAIOT BOJOTOMIONIEHUE; X MPUMEHEHUE 1ie-
JiecooOpa3HoO OrpaHUYMBATh MAIBIMU J03aMU U JIUIIb
MpU HEOOXOIMMOCTH TMOBBIIIEHUS TPEIIMHOCTORKOCTH.

3. CyIIecTBYIOT YeTKHNE HETMHCHBIC 3aBUCHMOCTH
1 B3aMMOJICCTBUS ¢ HAIIOJHUTEISIMU (B YaCTHOCTH,
C MPaMOPHOI TBLTBIO X,), TTOITOMY ONITUMH3ALIUS COCTa-
Ba OJKHA BBITTOJHSTHCS MHOTOKPUTEPUATIBLHO U C MO-
CIIEAYIOIIEH SKCIIEPUMEHTAILHON BaTUdALIACIA.

4. Haunmyqmnii KOMIUIEKC CBOMCTB ITOCTUTACTCS
NP UCTIOJIb30BAaHUU MPAMOPHOU MbUTK 1 6a3aJIbTOBOM
¢uobpsl. [MonunponuneHosas pudpa B OOJBLIINHCTBE
cllydyaeB yXyJIIIAaeT CBOMCTBA U OJIKHA MPUMEHSITHCS
OrpaHUYEHHO.
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ABSTRACT

Introduction. The aim of this study is to examine the properties of a synthesized epoxy resin hardener based on dicyclopentadiene
and maleic anhydride. Materials and methods. The following chemical reagents were used for synthesis: dicyclopentadiene 98%,
maleic anhydride (technical), trichloromethane (C.P). The research was carried out with the Sintecor IR 10 FTIR spectrometer, the
STA 449 F1 Jupiter thermogravimetric analyzer. Results and discussion. Studying the initial substances allowed the calculated and
experimental data to be correlated. Subsequent operations then revealed the structure and thermal properties of the obtained
adduct. Conclusion. As a result of this research, an epoxy resin hardener has been obtained that can withstand a wide range of
temperature variations. The synthesized substance is expected to find practical application in self-healing polymer composites.

KEYWORDS: dicyclopentadiene, maleic anhydride, Diels-Alder reaction, polymer composite, FT-IR spectroscopy, thermogravimetry,
functional density theory
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AHHOTALUMA

BBepeHwme. ViccnepoBaHune HanpaBneHo Ha n3y4vyeHne CBOWCTB CUHTE3NPOBAHHOIO OTBEPAUTENA ANA 3MOKCMAHON CMOJIbl Ha OCHOBE
AnunkKnoneHTagneHa n MaJieMHOBOTO aHrnapuaa. MaTeplnanbl 1 meToAbl nccnegoBaHua. na OCyLleCTBJIEHNA CMHTE3a NpUMe-
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HANNCb CneayioLme XMMMYeCcKne peakTuBbl: AuuuknoneHTagmeH 98%, ManenHoBbIv aHrngpua (TeXHUYeckumi), TpuxnopmetaH (XY).
Wceneposanua nposogunmuck ¢ nomoubto VIK-Oypbe cnektpomeTtpa Sintecor IR 10, TepmorpaBrmeTpuyeckoro aHanmsatopa STA 449
F1 Jupiter. PacueTbl Bennch ¢ nomoLbto nakeTa nporpamm QChem n IQmol. Pesynbratbl u 06cyaeHue. iccnegoBaHne UCXOAHbIX
BELLIECTB MO3BOJINIO COOTHECTU pacyeTHble 1 IKCMepUMeHTasibHble AaHHble. [ocneaytowye onepayumn NO3BONUIN ONpefennTb
CTPYKTYpPY NMOJTyYE€HHOTO aAfyKTa 1 €ro TepMUYecKme XxapakTepucTukiy. 3akaiueHue. B pesynstate paboTbl nonyyeH oTBepauTenb
[ONA SMOKCMAHBIX CMOJI, BblAEPXKMBAOLLMI LWPOKNI CNEKTP TeMnepaTypHoro Bo3gencrensa. CMHTe3npoBaHHOE BelecTBO HalaeT
NpakTUYeckoe NpUMeHeHne B Camo3aeyrBaloLLNXCA MOMMEPHbIX KOMMNO3MTax.
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INTRODUCTION

Modern autonomous self-healing systems represent a key
approach to improving the durability of polymer com-
posites, which are widely used in construction, aviation,
energy, medicine, and the space industry. Under operat-
ing conditions, minor mechanical damage occurs, leading
to a decrease in the material’s performance properties and
durability [1—4]. Microencapsulated active substances
released locally upon damage initiate polymerization re-
actions, restoring the integrity of structures and part of
the strength characteristics [5—10].

Self-healing (self-restoration) of synthetic material is
a partial or complete reduction of the damage area due
to mass transfer and consolidation of crack boundaries,
which leads to partial or complete restoration of the func-
tional properties of the material. In such systems, damage
consolidation (self-healing) occurs after crack consoli-
dation provided by mass transfer [11, 12]. Processes can
occur autonomously (for example, through the flow of
matter within the material) or non-autonomously, where
healing is triggered by external stimuli such as elevated
temperature or ultraviolet radiation. [13, 14]. Self-healing
mechanisms are divided into external and internal types
according to their organization. External mechanisms
depend on embedded healing agents (e.g., microcapsules
with healing substances), while internal mechanisms need
no additional repair compounds [15—22].

This research aims at the synthesis of an active sub-
stance based on the Diels-Alder reaction between dicy-
clopentadiene (DCPD) and maleic anhydride (MA). As
a result of the reaction, cracks in the polymer composite
heal. This interaction is a classic (4+2)-cycloaddition, in
which maleic anhydride acts as a highly effective dieno-
phile. Due to its two electron-acceptor carbonyl groups,
which reduce the energy of HCMO (LUMO) (lowest
unoccupied molecular orbital), it is able to react with

a wide range of conjugated dienes to form the correspond-
ing anhydrides.

In particular, maleic anhydride readily reacts with
both acyclic dienes (butadiene, isoprene) and cyclic struc-
tures, including cyclopentadiene and polycyclic aromatic
compounds such as anthracene [23, 24]. It is this high
reactivity that makes it an ideal candidate for the design
of molecular building blocks needed to create advanced
functional materials with self-healing properties.

The need for such syntheses is dictated by the practi-
cal challenges of materials science. When external factors
(temperature, humidity) make it difficult to produce stable
two-component epoxy plastics, pre-synthesized stable
hardeners are required.

MATERIALS, EQUIPMENT, RESEARCH METHODS
Materials

The following reagents were used in the course of the
research: dicyclopentadiene (C H ) 98% produced by
ACMEC biomechanical Co.ltd Shanghai; trichlorometh-
ane (CHCI,) C.P. produced by «ECOS-1» JSC, Moscow;
maleic anhydride (C,H,0,) technical.

Equipment and research methods

DFT calculations were carried out using the QChem
6.4 program and interpreted in the IQmol 3.1.5 program.

Imaging of FT-IR spectra of compounds was car-
ried out with Sintecor IR 10 in the wavenumber range of
470—4000cm".

Thermogravimetric analysis of the compounds
was performed on the STA 449 F1 Jupiter instrument.
The samples were heated from 20 to 400 °C at a rate of
10 deg/min in the following atmosphere: 21% O,, 79%
Ar.
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RESULTS AND DISCUSSION
1. Experimental part

In [25], which focuses on developing capsules contain-
ing a healing agent for composites, insufficient attention
was paid to the compound that acts as the active species
for initiating the chemical reaction.

Dicyclopentadiene (Fig. 1a) is a high-tension mol-
ecule with a norbornene base and an adjacent cyclopen-
tene ring. Under normal conditions, it is a viscous liquid
with a pungent odor. In general, organic anhydrides and
amines are used as hardeners for two-component epoxy
systems. In our research we have chosen the anhydride
terminus of the molecule as the reaction radical. Maleic
anhydride was used as a precursor (Fig. 1b).

In the reaction, it is important to observe the tempera-
ture regime (not exceeding 80 °C), since at high tempera-
tures dicyclopentadiene breaks down into 2 molecules of
cyclopentadiene. However, the Diels-Alder reaction does
not require high temperatures.

In the early studies, high temperatures (160—200 °C)
were mostly used for the Diels-Alder reaction using di-
cyclopentadiene [21].

The Diels-Alder reaction is based on the ability of
dienophiles to attach to dienes with low molecular or-
bital density. Molecular densities were calculated using
the QChem program. The calculations were carried out
using the Hartree-Fock (HF) method, which is an ap-
proximate solution of the Schrodinger equation. Fig. 2
shows a model of molecular orbitals of maleic anhydride.

The parameters of the molecule are specified in the
FChk format. The spatial coordinates of the molecule are
presented in the Table 1.

The basis for quantum chemical calculations is 6-31G,
as this basis is excellent for the calculations of medium-
complex systems that do not contain heavy atoms.

The Hartree—Fock model does not provide the most
accurate description of molecular structure and its behav-

Fig. 2. Model of a maleic anhydride molecule with
isolated molecular orbitals

ior, as it reduces the system to the outer shells of the con-
stituent atoms while neglecting the contribution of inner
electrons. Nevertheless, a quantum system obtained via
the HF method can be correlated with experimental data.

Molecular orbitals of dicyclopentadiene were also
modeled. The result is presented in Fig. 3.

The spatial coordinates of the dicyclopentadiene mol-
ecule are presented in the Table 2.

The reaction between dicyclopentadiene and maleic
anhydride was carried out in dried chloroform in a ni-
trogen medium. As the Diels-Alder mechanism (Fig. 4)
provides, the reaction takes place without transition states
with the breaking of double bonds at low activation en-
ergy.

The peculiarity of the Diels-Alder reaction is that it
takes place mainly with aromatic cycles. The calculated

Fig. 1. Structural formula: a) DCPD; b) MA
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Table 1. Spatial coordinates of the MA molecule

01*
Atom X y z
C 0.6623095 -1.2489674 0.0000000
C -0.6623106 -1.2489670 0.0000000
C -1.1376593 0.1599721 0.0000000
C 1.1376590 0.1599714 0.0000000
0] 0.0000001 0.9570981 0.0000000
) 2.2470393 0.5977750 0.0000000
0] -2.2470392 0.5977764 0.0000000
H 1.3356524 -2.0762104 0.0000000
H -1.3356540 -2.0762096 0.0000000

1SSN 2075-8545 (online)

Nanob%

* Indication of the number of objects in the coordinate area (0 - free space, 1T — molecule)

Fig. 3. A model of a dicyclopentadiene molecule with
isolated molecular orbitals.

NMR spectrum of dicyclopentadiene (Fig. 5) indicates
the aromaticity of this compound. The results of the cal-
culation are presented in the Table 3.

The results of the calculation indicate a spectrum shift
in the region of ~8 and ~7 ppm, which meets the aroma-
ticity conditions of the compound.

The reaction was monitored using FT-IR spectros-
copy. The analysis was performed with a Sintecor IR10
spectrometer in potassium bromide tablets.

In the FT-IR spectra of maleic anhydride (Fig. 6, Ta-
ble 4), the modes characteristic of aromatic heterocycles
(~1240 and ~ 1059 cm-1) is traced, and it is also worth

emphasizing that the obtained spectra are identical to
those specified in the literature [26].

In the FT-IR spectra of dicyclopentadiene (Fig. 7,
Table 5), vibrational modes characteristic of cyclic com-
pounds with the presence of double bonds are traced.

The FT-IR spectrum of the dicyclopentadiene and
maleic anhydride adduct (Fig. 8, Table 6) has few modes
in common with the initial compounds. This is due to
the complex three-dimensional geometry of the adduct
in conjunction with the variety of conformations of the
compound.

Figure 9 clearly shows the discrepancy between the
vibrational modes of the adduct and the initial compounds
(DCPD and MA), which directly indicates the formation
of a new compound.

2. Calculation part

To confirm the results of the synthesis, calculations
were made of the frequencies of oscillations of molecular
bonds. It is known that each frequency of bond oscilla-
tion has its own shear tensor, which depends on the den-
sity of bonds and shifts the frequency of radiation. The
shear tensor was selected on the basis of the selection of
real and calculated FTIR data of the spectra of the initial
substances. The resulting scale factor was 0.905 for both
dicyclopentadiene (Fig. 10, Table 7) and maleic anhydride
(Fig. 11, Table 8) and was set for the most intense modes.

Fig. 11. Visual correlation of experimental (top) and
calculated (bottom) oscillatory modes of MA

Referring to the design of the experiment, the for-
mula of the resulting compound should contain two com-
bined norbornenoric rings with an anhydride appendage
(Fig. 12).

However, the obtained FT-IR spectroscopy data
(Fig. 13) do not fully coincide with the calculated data
(Tables 9—12), which indicates that a mixture of substances
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Table 2. Spatial coordinates of the DCPD molecule

01
Atom X y z
C 2.4796350 0.1410729 -0.0683041
C 1.6804108 1.1941252 0.1057580
C 1.7488112 -1.1630978 0.0926355
C 0.3643315 -0.7244309 0.4318390
C 0.3472054 0.7291123 0.4609470
C -0.8958314 1.0722448 -0.2545958
C -0.8628465 -1.0467290 -0.3273888
C -2.0541842 -0.7067548 0.4813796
C -2.0739739 0.6378653 0.5295530
C -0.8910027 0.0509215 -1.3260295
H 3.4853189 0.2129811 -0.2884243
H 1.9620733 2.1817942 0.0047628
H 2.1725093 -1.7477525 0.8822929
H 1.7956651 -1.7857229 -0.7762965
H 0.2584193 -1.3209837 1.3137729
H 0.2439873 1.2754131 1.3751688
H -0.9388543 2.1120129 -0.5034561
H -0.8677873 -2.0639699 -0.6591968
H -2.7252416 -1.3599432 0.9150281
H -2.7627270 1.2376484 1.0100771
H -0.0244552 0.0867506 -1.9526967
H -1.6542394 0.0657942 -2.0757952
o) )
J Y,
+ o —= 0
( CHC <
O
O
=0
\T—0O
O

Fig. 4. Mechanism of the Diels-Alder reaction for DCPD and MA
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Table 3. Magnetic Resonance Values of Hydrogen Atoms in DCPD

Atom

Chemical shift, m.d.

H

693 | 701 | 330 | 282 | 299 | 340 | 296 | 287 | 806 | 800 | 200 | 241

has been obtained. Namely, the presence of a fraction of
anhydride hydrolyzed to carboxylic acid in the mixture,
together with the incomplete convergence, was affected by
the various conformations of the compounds.

The acid-type adduct molecule (Fig. 11) is a nonlinear
molecule, which means that the number of permissible
modes satisfies the formula 3N-6 (where N is the number
of atoms in the molecule).

According to the models presented in Fig. 14 and 15
trace the complex spatial structure of acid-type and anhy-
dride adduct molecules, which in the future will increase

Table 4. Interpretation of MA oscillatory modes

Absorption area, cm™ Characteristics

T 1853

v C=0 (in cyclic anhydrides)

9

8

7

6

5 4

Chemical shift

3

2 1782
1632 C=C (conjugate with C=0)

v C=0 (in cyclic anhydrides)

Fig. 5. Calculated NMR spectrum of DCPD

1240 aromatic and vinyl (=C-0-C-)

1059 aromatic and vinyl (=C-0-C-)

Intencity, c.u.
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o
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Fig. 6. FT-IR spectrum of maleic anhydride
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Intencity, c.u.
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1 g 1 - I . I g
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Fig. 7. FT-IR spectrum of dicyclopentadiene

Table 5. Deciphering the oscillatory modes of DCPD

Absorption area, cm™’ Characteristics
3048 v as HRC=CH?
2962 -CH>-
2924 -CH*-
2844 ~CH2-
1439 -CH>-
1336 =CH
1250 (in-p?a(r?{a?/i_l:'rl\lgons)
912 6 C=C
H
815,750, 728, 680 >:<
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Intencity, c.u.

1 v 1 " I = I K
4000 3000 2000 1000 0

Wave-number, cm™!

Fig. 8. FT-IR spectrum of DCPD and MA adduct

Table 6. Interpretation of the vibrational modes of the DCPD and MA adduct

Absorption area, cm™’ Characteristics
3062 vas HRC=CH,
1708 Aromatic aldehydes
1585 var
1429 CH-C=0
1265 Aromatic Acid Ester
1215 vC-Ost
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1SSN 2075-8545 (online)
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Fig. 9. Comparison of FT-IR spectra: a) adduct; b) DCPD; ¢) MA
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Fig. 10. Visual correlation of
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Table 7. Estimated FT-IR spectroscopy values for CPDD

1SSN 2075-8545 (online)

Nanob

Frequency, cm™' Intensity, km/mol Frequency, GHz
428.05 1.538 12832.61616
443.84 0.256 13305.98846
514.62 4.706 15427.91947
634.13 0.337 19010.73914
691.25 0.952 20723.15366
745.55 39.513 22351.02671
754.86 29.19 22630.13348
763.49 15.155 22888.85438
788.49 5915 23638.33552
834.86 2.925 25028.47315
871.33 131 26121.81624
881.14 3.061 26415.91264
892.25 0.095 26748.98207
915.66 2.874 27450.79621
929.45 2451 27864.21001
949.67 0.896 28470.39036
975.62 0.096 29248.35179
1004.6 3.812 30117.15033
1008.56 1.351 30235.86814
1023.96 4.053 30697.54853
1034.88 1.31 31024.92189
1037.16 1.296 31093.27457
1058.63 4.365 31736.92898
1118.38 0.705 33528.18892
1125.83 0.311 33751.5343

1138 0.547 34116.38172
1173.75 0.63 35188.13976
1180.26 2.096 35383.30465
1207.66 0.27 36204.73598
1261.29 3.746 37812.52294
127411 1.019 38196.85687
1282.7 0.536 38454.37859
1299.4 2922 38955.03199
1304.4 0.133 39104.92822
1327.05 4.215 39783.95814
1337.37 1.656 40093.34396
1339.31 0.27 40151.50369
1350.23 11.368 40478.87706
1377.01 3.887 41281.72126
1495.96 2.045 44847.75255
1502.75 6.502 45051.31163
1623.81 0.939 48680.59912
1667.57 0.3 49992.49092
2876.06 49.931 86222.10968
2900.43 28.764 86952.7039
2911.82 26.492 87294.16751
2930.43 29431 87852.08127
2944.63 60.856 88277.78656
2963.09 77.664 88831.20344
2970.26 11.14 89046.15463
2979.99 35.781 89337.85269
3037.22 9.784 91053.56493
3058.85 8.456 91702.01602
3065.99 40.144 91916.06783
3087.53 26.654 92561.82078
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1SSN 2075-8545 (online)

Nanob%
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0,5 -
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Fig. 11. Visual correlation of experimental (top) and calculated (bottom) oscillatory modes of MA
Table 8. Calculated FT-IR spectroscopy values for MA
Frequency, cm™' Intensity, km/mol Frequency, GHz
389.58 20.435 11679.31458
541.85 2.723 16244.25434
624.48 1.143 18721.43942
634.17 8.008 19011.93831
715.12 25.234 21438.75826
848.37 12.421 25433.49276
873.53 148.693 26187.77058
916.46 104.567 27474.77961
1069.96 80.398 32076.59384
1078.17 43.965 32322.72344
1225.12 165.313 36728.17361
1336.65 1.2 40071.7589
1634.12 0.78 48989.68515
1781.76 824.756 53415.821
1860.36 75.998 55772.18972
3132.14 5.095 93899.19494
3153.54 2.576 94540.7508
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Fig. 12. Structural Formula of Adduct

1SSN 2075-8545 (online)
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Fig. 13. Visual Ratio of Experimental (Top) and Calculated (Bottom) Oscillatory Modes of Adduct
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Table 9. Spatial coordinates of acid-type adduct

1SSN 2075-8545 (online)

Nanob%

01
Atom X y z
C 2.9315102 -0.4174406 1.6091419
C 3.0254627 0.9295588 1.3136708
C 2.5569832 1.0810698 -0.1118783
C 24354607 -1.0829987 0.3549941
C 1.0075778 0.8395233 -0.0474390
C 0.9366974 -0.6749013 0.1934086
C 3.1804623 -0.2181038 -0.6485449
C 0.0885279 1.0442277 -1.2931481
C 0.1326389 -1.1619874 -1.0557912
C 0.4111278 -0.1415290 -2.1722666
C -1.3729620 -0.8532875 -0.8165288
C -1.3983933 0.7122421 -0.9406452
C -1.9957753 -1.6446249 0.3355181
C -2.0030276 1.5651346 0.1580316
0] -1.7881948 -2.8468094 0.3722530
(o) -2.9465504 2.2957288 -0.1068009
H 3.2705296 -0.8883887 2.5219852
H 3.4448724 1.6890988 1.9595683
H 2.8475685 2.0572784 -0.5530969
H 2.6120350 -2.1790877 0.3454574
H 0.6533427 1.4831682 0.7777780
H 0.4022466 -0.9818845 1.1194377
H 4.2915592 -0.2513373 -0.5230865
H 3.0402717 -0.5105674 -1.6868551
H 0.1937191 2.0531199 -1.7463991
H 0.2912302 -2.2359798 -1.2932265
H 1.3958228 -0.0862649 -2.6267948
H -0.2666615 -0.2484397 -3.0524763
H -1.8902733 -1.2555622 -1.7204702
H -1.9918819 0.9341792 -1.8604735
0] -1.5394470 1.5213264 1.4257724
0] -2.8230620 -1.1274285 1.2703571
H -1.9304899 2.0635870 2.1254570
H -3.2036012 -0.2467562 1.2494032
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Table 10. Calculated FT-IR spectroscopy values for acid-type adduct

1SSN 2075-8545 (online)

Nanob

Frequency, cm™ Intensity, km/mol Frequency, GHz
422.57 20.269 12668.3299
44717 11.099 13405.81934
450.67 16.077 13510.7467
512.86 7.682 15375.156
549.09 5.115 16461.30408
623.69 4113 18697.75581
624.58 15.528 18724.43734
648.84 29.641 19451.73384
659.62 121.386 1977491011
705.31 3.605 21144.66186
728.38 2.813 21836.28306
736.44 11.004 22077.91578
758.08 8.117 22726.66666
776.43 16.301 23276.78582
797.25 12.662 23900.95371
803.67 20.553 24093.42047
820.49 4.897 24597.67139
839.18 1.083 25157.98349
860.86 22.029 25807.93354

881.8 6.678 26435.69895
891.52 12.292 26727.09722
918.94 2.097 27549.12814
930.99 5.779 27910.37805
941.31 8.886 28219.76386
957.17 9.116 28695.2347
964.13 0.214 28903.89025
972.71 0.519 29161.11218
978.42 0.533 29332.29368
986.96 9.955 29588.31643
1007.62 2311 30207.68765
1017.83 6.729 30513.77575
1029.65 0.059 30868.13044
1041.28 3.848 31216.78907
1047.66 10.789 31408.05665
1075.43 7.279 32240.58031
1096.16 90.5 32862.05008
1100.02 38.732 32977.76996
1104.11 170.566 33100.38508
1124.34 48.975 33706.86522
1160.94 1.009 34804.10562
1173.06 0.653 35167.45408
1223.67 1.858 36684.70371
1235.77 250.109 37047.45258
1248.66 27.666 37433.88506
1252.76 34.813 37556.79997
1266.45 36.227 37967.21584
1295.06 55.499 38824.92207
1304.86 11.617 39118.71867
1308.39 72373 39224.54541
1323.08 0.9 39664.94053
1327.07 1.115 39784.55772
1344.79 0.713 40315.78996
1348.62 1.393 40430.61047
1356.6 1.303 40669.84485
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Continuation of the table 10

Frequency, cm™' Intensity, km/mol Frequency, GHz
1366.65 6.555 40971.13627
1382.97 0.399 41460.39756
1385.78 14.103 41544.63924

1396.3 4.341 41860.02091
1408.07 8.986 42212.87663
1414.65 26.854 42410.14007
1419.76 8.025 42563.33402

14419 1.849 43227.07452
1472.23 0.511 44136.34504
1548.59 7.743 46425.56025
1576.03 12.235 47248.19076
1658.89 351.456 49732.27107
1674.47 318.638 50199.34771
2641.04 4.868 79176.38733
2641.32 52.917 79184.78152
2652.92 31.788 79532.54077
2665.56 33.243 79911.47843
2687.34 18.641 80564.42641
2705.95 14.62 81122.34017
2712.14 103.301 81307.9117
2715.66 11.926 81413.43865
2721.45 23.145 81587.01848
2765.65 5.958 82912.10115
2893.39 42332 86741.65001
2946.02 37.782 88319.45771
2979.68 3.343 89328.55913
3001.52 17.068 89983.30585
3447.18 179.288 103343.85654

3553 110.917 106516.26033

Table 11. Spatial coordinates of anhydride adduct

01
Atom X y z

C 1.3141048 -0.8258545 0.7555059
C 1.8636569 0.5797013 1.1233108
C 13136704 -0.8260783 -0.7556297
C 0.9459339 1.6700943 0.6886091

C 0.9453752 1.6699677 -0.6888182
C 1.8627855 0.5794921 -1.1241021
C 2.9091976 0.7381951 -0.0008188
C -0.0067794 -1.5607134 1.1291011

C -0.0072583 -1.5613396 -1.1282846
C 0.0056923 -2.6205850 0.0007008
C -1.3502770 -0.8831259 -0.7584379
C -1.3499481 -0.8826069 0.7593555

C -1.6585750 0.5329433 -1.0952327
C -1.6581462 0.5337199 1.0952492
(0] -1.8547783 1.2974647 -0.0002341
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Continuation of the table 11

01
Atom X y z
6} -1.7655017 0.9622375 -2.2325926
0} -1.7646851 0.9638282 2.2323242
H 2.1217957 -1.5260150 1.0874806
H 2.1868443 0.6667752 2.1819437
H 2.1212860 -1.5262038 -1.0878534
H 0.4548516 24031158 1.3144979
H 0.4537700 2.4029058 -1.3143913
H 2.1851463 0.6664242 -2.1829953
H 3.7010840 -0.0469545 -0.0010657
H 3.4147047 1.7347850 -0.0011056
H 0.0020068 -1.9061375 2.1848889
H 0.0011191 -1.9073439 -2.1838870
H -0.8832067 -3.2961578 0.0010851
H 0.9121854 -3.2713050 0.0006845
H -2.1844541 -1.5229043 -1.1293408
H -2.1840079 -1.5220869 1.1310275
Table 12. Calculated FT-IR spectroscopy values for anhydride adduct
Frequency, cm™ Intensity, km/mol Frequency, GHz
410.34 20.798 12301.68372
447.04 0.108 13401.92204
452.81 0.34 13574.90229
512.65 0.083 15368.86036
540.11 2.66 16192.09045
583.31 11.284 17487.19387
603.5 2.094 18092.47484
623.11 7.605 18680.36785
634.16 5.53 19011.63852
649.2 2.209 19462.52637
704.06 0.195 21107.1878
7223 8.026 21654.00924
7434 7.966 2228657133
803.65 6.472 24092.82089
812.01 71.561 24343.44738
822.12 5.752 24646.53756
836.74 4914 25084.83413
850.63 1.196 25501.24585
866.8 23.662 25986.01026
888.17 0.285 26626.66674
900.77 27.931 27004.40524
924.88 3.645 27727.20486
93061 7.682 27898.98593
943.97 0.001 28299.50866
977.26 3.81 29297.51775
978.09 0.077 29322.40052
1001.16 3.327 30014.02173
1006.85 4.062 30184.60363
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Continuation of the table 12

1SSN 2075-8545 (online)

Nanob

Frequency, cm™' Intensity, km/mol Frequency, GHz
1030.99 35.867 30908.30263
1050.49 1.817 31492.89792
1059.63 8.584 31766.90823
1060.77 1.805 31801.08457
1082.62 7.888 32456.13109
1086.62 2614 32576.04807
1116.28 0.009 33465.2325
1140.17 9.58 34181.43668
1190.55 2941 35691.79109
1190.79 5.585 35698.98611
1207.73 11.332 36206.83453
1221.86 170.62 36630.44127
1232.36 30.557 36945.22335
1247.26 0.763 37391.91412
1252.95 0.017 37562.49603
1277.51 6.069 38298.7863
1297.27 26.617 38891.1762
1304.24 160.98 39100.13154
1319.25 2.267 39550.12002
1323.33 9.511 39672.43534
1348.88 0.154 40438.40507
1353.42 0.543 40574.51085
1358.26 4.683 40719.6104
1359.97 6.721 40770.87491
1376.71 0.099 41272.72749
1378.17 0.068 41316.49718
1388.08 20.313 41613.59151
1399.99 16.719 41970.64433

1410 14.426 42270.73658
1428.49 0.831 42825.05283

1449 3.392 43439.92716
1450.76 3.7 43492.69064
1490.06 0.136 44670.875
1538.8 3.651 46132.06344
1542.11 9.08 46231.29474
1659.2 538.551 49741.56463
1757.81 122.141 52697.81806
2585.12 16.98 77499.9479
2612.64 32.105 78324.97675
2650.31 62.449 79454.29494
2655.43 38.88 79607.78867
2659.4 3.407 79726.80628
2674.23 46.842 80171.3985
2676.19 3.902 80230.15782
2683.17 53.369 80439.41295
2711.71 1.28 81295.02063
27141 120.37 81366.67103
2717.61 29.596 81471.89818
2721.58 24.989 81590.91578
2986.73 0.033 89539.91281
3006.64 2433 90136.79959
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Fig. 14. Model of an acid-type adduct molecule with isolated molecular orbitals

Fig. 15. Model of an anhydride adduct molecule with isolated molecular orbitals

the tensile strength and compression strength of the final
epoxy structures due to the twisting of polymer chains.
The possibility of obtaining other conformations of the
compounds is also explored.

One of the major performance properties of the mate-
rial is resistance to high temperatures. As follows from the
data of Fig. 16, MA has low temperature resistance and is
subject to structural transformations. Noticeable destruction
begins at 100—110 °C. The study was conducted on a solid
crystal of maleic anhydride (MA), indicating that the rate
of degradation increases as the particle size decreases.

The results of the TGM adduct (Fig. 17), on the con-
trary, demonstrate an increase in resistance to tempera-
tures relative to DCPD (evaporates at 40—60 °C, does not
reach the operating temperature of the measuring equip-
ment) and MA, destruction begins at 150 °C. Noticeable
structural changes also begin to occur at 140—150 °C,
which meets the requirements for polymer composites
for space applications.

Differentiation of TGM indicators (DTGM) (Fig. 18)
shows a smoother change in the course of adduct de-
struction relative to maleic anhydride, which, from an
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Fig. 16. Thermogravimetric Analysis of Maleic Anhydride
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Fig. 17. Thermogravimetric Adduct Analysis

http://nanobuild.ru 228 info@nanobuild.ru


http://nanobuild.ru/ru_RU/

2026; 18 (2):
210-231

Nanotechnologies in construction
HaHoTexHonornn B cTponTenbCcTBe

ISSN 2075-8545 (online)

Nanobm

APPLICATION OF NANOMATERIALS AND NANOTECHNOLOGIES IN CONSTRUCTION

Mass%
1
Lh
1

i T

DTGM DCPD+MA
DTGM MA

1 1
0 50 100 150

Temperature, °C

I I I I 1
200 250 300 350 400

Fig. 18. DTGM adduct and MA curves

engineering point of view, facilitates the subsequent pre-
diction of the mechanical parameters of the composite
when calculating loads on composites.

CONCLUSION
The use of two-component functional epoxy resins is
the most promising approach for producing self-healing

materials. Their broad, tunable temperature range and
branched structure, combined with high reactivity, yield

REFERENCES

a more reliable final material from an engineering stand-
point compared to other composite systems.

As a result of the research, a heat-resistant (up to
150 °C) epoxy resin hardener has been obtained, which
is confirmed by the results of thermogravimetric analysis.
Calculations performed using density functional theory
(DFT) confirmed the formation of adducts from the re-
action between DCPD and MA. The resulting adduct is
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ABSTRACT

Introduction. The aim of this study is to examine the properties of a synthesized epoxy resin hardener based on dicyclopen-
tadiene and maleic anhydride. Materials and methods. The following chemical reagents were used for synthesis: dicyclopen-
tadiene 98%, maleic anhydride (technical), trichloromethane (C.P.). The research was carried out with the Sintecor IR 10 FTIR
spectrometer, the STA 449 F1 Jupiter thermogravimetric analyzer. Results and discussion. Studying the initial substances
allowed the calculated and experimental data to be correlated. Subsequent operations then revealed the structure and thermal
properties of the obtained adduct. Conclusion. As a result of this research, an epoxy resin hardener has been obtained that
can withstand a wide range of temperature variations. The synthesized substance is expected to find practical application in
self-healing polymer composites.

KEYWORDS: dicyclopentadiene, maleic anhydride, Diels-Alder reaction, polymer composite, FT-IR spectroscopy, thermogravimetry,
functional density theory
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BBEAEHUE

CoBpeMeHHBIC aBTOHOMHBIC CHUCTEMBI CaMO3aJIcUr -
BaHUS ABIISIIOTCS OMHUM U3 KITIOUEBBIX HAIIpaBICHUI
TOBBIIICHUS JOJITOBCYHOCTH ITOJTMMEPHBIX KOMIIO3H -
TOB, IIMPOKO TIPUMEHSIEMBIX B CTPOUTEILCTBE, aBHA-
U, DHEPreTUKe, MEIUIIMHE U KOCMUYECKOM OTpac-
Ju. B ycroBusix skcmiyatanuu o0pa3yloTcs MeJKue
MeXaHWUYeCKUE TMMOBPEXICHUS, KOTOPBIC IIPUBOISIT
K CHIZKCHMIO AKCIUTyaTallMOHHBIX CBOMCTB U IOJITO-
BeyHOCTH MaTepuaina [ 1—4]. MuxkpoxancyJInpoBaHHbIE
aKTUBHBIC BEIICCTBA, BRICBOOOXIAaeMbIC JTOKAJIBHO
TP OBPEXICHNN, MTHULIMHPYIOT peaKIIMOHHBIC TIPO-
Hecchl TTOJIMMEpPHU3allni, BOCCTaHABINBAS 1IEJI0CT-
HOCTB CTPYKTYP 1 YaCTh IIPOYHOCTHBIX XapaKTePUCTUK
[5—10].

CaMo3aneunBaHIe (CaMOBOCCTAHOBIICHHE) UCKYC-
CTBCHHBIX MaTePHUAJIOB IIPEICTaBIIsICT CO00IT YacTU4-
HOE WJIN ITOJTHOE YMEHBIIICHNE TUIOMIAaN ITOBPEKIe-
HUIA 33 CIET MacCOIlepeHOoca M KOHCOIMIALINY TPaHUIT
TPEIINH, YTO IMPUBOIUT K YACTUIHOMY WJIN TTOJTHOMY
BOCCTAaHOBJICHUIO (DYHKIIMOHAILHBIX CBOMCTB MaTe-
prana. B Taknx cucremMax KOHCOJIUIAIINS TTOBPEXKIE-
HU (caMo3aJieuMBaHe) HACTYIAET ITOCJIe CBEACHUS
TpelIH, obecrieunBaeMoro nepeHocom macc [11, 12].
IIpomecchl MOTYT pa3BUBaTLCS aBTOHOMHO (HAIIpH-
MEp, 3a CUET TeUCHMS BeIlecTBa BHYTPU MaTepuraa)
I HEaBTOHOMHO, KOT/a 3aJIcUNBaHNC MHUITUUPYETCS
BHEITHUMU BO3ICHCTBUSIMHU, TAKUMM KaK ITOBBIIIICHIE
TeMITepaTyphl WK YAbTpaduoaeToBoe n3aydcHme [13,
14]. ITo opraHu3ann CaMOBOCCTAHOBJIEHUS UX MeXa-
HU3MBI ICJISIT Ha BHEITHNE W BHYTpeHHUE. BHemrHMi
MEXaHU3M OITMpaeTcs Ha CIIeIIMaIbHO BHEIPCHHBIC
B MaTpHIIy BOCCTAaHABIMBAIOIINE KOMIIOHEHTHI, HATIPH-

Mep, MUKPOKATICYJIBI C 3aJICUMBAIOIIMU BEIIECTBAMH,
TOrIa KakK BHyTPeHHUE MEXaHN3MbI HE TPEOYIOT HaJIH -
YU TOTIOJTHATEIBHBIX BOCCTAHABIMBAIOIINX COCTABOB
[15-22].

Hacrosmast paboTta mocBsIeHa CUHTE3y aKTHB-
HOTO BeIlleCTBa Ha OCHOBE peakinu nibca-Aabaepa
Mexny auunkiaoneHtanueHoM (I IIIT) n mamenHO-
BbIM aHTHApUIoM (MA). B pesymnbrare peakuuu OymeT
IIPOMCXOOUTH 3aJIeYNBAHNE TPEIIUH B TTOJIUMEPHBIX
KoMmo3uTax. JJlaHHOe B3aMMOACHCTBIEC TIPEACTABIISICT
coboit K1accuueckoe (4+2)-IMKIONPUCOSINHEHNE,
B KOTOPOM MAaJICMHOBBIN aHTUIPUI BBICTYIIACT B POJIA
BbICOKO3(deKTUBHOro nueHoduna. baaromaps nsym
3JIEKTPOHOAKIICTITOPHBIM KapOOHMIIBHBIM T'PYIIIIaM,
cHmxkapomuM >Hepruio HCMO, oH ciocobeH pearn-
pOBaTh C MIMPOKUM CIIEKTPOM COITPSIKEHHBIX THCHOB,
00pa3ysi COOTBETCTBYIOIINE aHTUIPHUIBL.

B yacTHOCTH, MaJIeMHOBBINM aHTUIPU JIETKO BCTyTIa-
eT B peakIInio KaK ¢ alluKJINIYeCKNMHU TrueHaMu (OyTa-
IHACH, U30TIPEH), TaK U C MUKINICCKIMHA CTPYKTYpaMH,
BKJTIOYAs IIMKJIOTICHTANNECH U TOJTULIMKINIECKIe apoMa-
TUYECKUE COeTMHEHNS HaTTogo0ue aHTpalieHa [23, 24].
HMMeHHO TaKas BBICOKasl peaKIIMOHHAsI CITOCOOHOCTh
IeJIacT eT0o MaeaTbHBIM KaHOUAATOM IJIST KOHCTPYHPO-
BaHUS MOJICKYJISIPHBIX 0JI0KOB, HEOOXOIMMBIX ITIPH CO3-
TaHWU COBPEMEHHBIX (DYHKIIMOHAIBHBIX MaTepHUaIOB
C CaMO3aJIeUMBAIOIIMMUCS CBOMCTBAMMU.

IToTpeOGHOCTD B ITIONOOHBIX CHHTE3aX ITPOIUKTOBAaHA
MMPaKTUIECKUMU 3aIadaMi MaTepraaoBeaeHus. B ycio-
BUSIX, TJI¢ TIOJTYICHME YCTOMIMBBIX IBYXKOMITOHEHTHBIX
STIOKCHUIHBIX TJIACTUKOB 3aTPYIHCHO M3-3a BHEITHUX
dakTopoB (TeMImepaTypsl, BIaXKHOCTH ), BOSHUKACT He-
00XOIMMOCTD B TIPEIBAPUTEIBHO CUHTE3UPOBAHHBIX
CTaOMIIBHBIX OTBEPIUTEIISIX.
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MATEPWUAJbI, OGOPYAOBAHMUE,
METOAbI NCCNNIEAOBAHUA

Marepuanbi

B xo1e paGoThl UCITONIB30BANIKCH CIACAYIOIINE peaK-
TUBBL; IULIMKJIOTIEHTAIUEH (CIOHIZ) 98% mpon3BoOACTBA
ACMEC biomechanical Co.ltd IIlanxaii; TpuxjiopMeTaH
(CHCIL,) XY npowussozactsa AO «9KOC-1», Mocksa;
MasenHoBbii anruapun (C,H,0,) TeXHu4eCKuii.

O6GopyaoBaHue 1 MeToAbl CCNefoBaHNA

DFT-pacueTrsl IpOBOAMINCH C TOMOIIBIO IIPOTPaM-
Mbel QChem 6.4 1 MHTEPIIPETUPOBAINCH B IIPOTPAMME
1IQmol 3.1.5.

Cnemka MK-®ypbe cieKTpoB COeAMHEHUI TTPOBO-
mitach Ha Sintecor IR 10 B quarmna3oHe BOJTHOBBIX YMCEN
470—4000 cm~'.

TepmorpaBUMETpUUICCKIIT aHATIN3 COSTMHEHMI ITPO-
Bomwiicst Ha ipuoope STA 449 F1 Jupiter. O6pa3iis! Ha-
rpeBamch oT 20 mo 400 °C co ckopocthio 10 rpam/Mua
B cienyiolieit armocdepe: 21% 02, 79% Ar.

PE3YJNIbTATbI U OBCYXKJEHUE
1. dKcnepuMeHTanbHas 4YacTb

B pa6orte [25], mocBsIImeHHON pa3padoTKe Karcyl
C 3aJIeYMBAIOIINM COAEPKUMBIM JIJISI KOMIIO3UTOB,
He OBUTO yIeJIeHO TODKHOTO BHUMAHUS BEIICCTBY, BBI-
CTYITAIOIIEMY B POJIM aKTMBHOTO BEIIECTBA TSI MHUII -
VPOBAHUS XUMUUECKOI peaKIInu.

JuuukinoneHtaaveH (puc. la) mpeacrapisieT coooi
BBICOKOHAIIPSDKEHHYIO MOJICKYITY ¢ HOPOOPHEHOBBIM

Puc. 1. CtpykTypHas dopmyna: a) ALNI; 6) MA

OCHOBAHMEM U IIPUJICTAIOIINM K HEMY IIMKJIOTICHTEHO-
BBIM KOJIBIIOM. B HOpMaIbHBIX YCIIOBUSIX TIPEACTABIISICT
c000i1 BI3KYIO XKUIKOCTD C pe3KIUM 3aItaxoM. B memom,
B Ka4eCTBE OTBEPIUTEIICH TBYXKOMITOHEHTHBIX SITOKCHI-
HBIX CHCTEM UCITOJB3YIOTCS OpraHUYeCKIE aHTUIPUIBI
1 aMUHBL. B HacToseit padboTe B KaueCTBe peaKIIMOH-
HOTO paarKayia BEIOOp OCTAHOBWJICS HA aHTHIPUIHOM
OKOHYaHWUH MOJICKYJIBL. B KauecTBe TIpeKypcopa UCIIONb-
30BaJICST MAJICMHOBEIN aHTUAPUI (puc. 10).

B npoBeneHny peakimy BasxKHO COOTIONATh TeMITepa-
TYPHBII pexxuM (He npeBbimatomuii 80 °C), Tak Kak IIpu
BBICOKMX TeMIIepaTypax TUIIMKIONICHTaICH pacliagacT-
cs Ha 2 MOJICKYJIBI IUKIToMTeHTagneHa. OmHaKo peaKIyst
Hunbca-Anbaepa He TpeOyeT BLICOKHX TeMITepaTyp.

B panHmMX paboTrax 4aiie BCEro IJIST IIPOBEICHUS
peakuuu dunbca-Anbaepa ¢ IpUMEHEHNEM TUITUKIIO-
TIEHTaaeHa UCTIOIb30BaICh BRICOKIE TeMITEPaTyPh
(160—200 °C) [21].

Peaxkuus Jlunbca-Anbaepa CTpOUTCS Ha CIIOCOOHO-
CTU TMEeHOMDUIIOB IPUCOCANHITHCA K TUeHAM C HU3KOM
IIOTHOCTBIO MOJICKYJISIPHOM oponTani. MoIeKyIsIpHbIe
IUTOTHOCTH OBUTM PACCYMTAHBI C TTOMOIIIBIO ITPOTPaMMEI
QChem. PacueTsl TpOBOAMINCH IO METOLY XapTpH-
®oka (XD), ssBrsromeMycst IpUOIIKEHHBIM PEIICHIEM
ypaBHeHUs penunarepa. Ha pucynke 2 ipencraBieHa
MOIETb MOJICKYJISIDHBIX OpOUTAaIeii MaJIeMHOBOTO aH-
TUAPULIA.

ITapameTpsl MOJIEKYITBI 3amaroTcs B hopmare FChk.
IIpocTpaHCcTBEHHBIE KOOPIUHATHI MOJICKYITBI TIPEICTAB-
JIeHHBI B Tabmuiie 1.

ba3uc 1 KBaHTOBO-XMMHUYECKHX PACUCTOB —
6-31G, TaK KaK JaHHbII 6a31C OTIMYHO MTOIXOAMT [IJIsI

Puc. 2. Mopenb Monekynbl ManenHOBOro aHrMaprAa
C BblAeNIEHHbIMY MOJIEKYNAPHBIMU OPOUTaNAMM
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Ta6nuua 1. [pocTpaHCTBEHHbIE KOOPAMHATLI MONEKy bl MA

01*
Atom X y z
C 0,6623095 -1,2489674 0,0000000
C -0,6623106 -1,2489670 0,0000000
C -1,1376593 0,1599721 0,0000000
C 1,1376590 0,1599714 0,0000000
0] 0,0000001 0,9570981 0,0000000
) 2,2470393 0,5977750 0,0000000
0] -2,2470392 0,5977764 0,0000000
H 1,3356524 -2,0762104 0,0000000
H -1,3356540 -2,0762096 0,0000000

* 0603HaueHMe KoNMYecTBa 06beKTOB B 0651aCTy KoopauHart (0 — cBo6oHOE NPOCTPAHCTBO, 1 — MonieKyna)

pacyYeToOB CHUCTEM CpPeIHEH CTIOXKHOCTH, HE COIepKaIINX
TSDKEJTBIX aTOMOB.

Mogenb, mocTpoeHHast Mo MeTomy Xaptpu-Poxa,
IAeT He caMoe TOYHOE TIPEACTABIICHIE O CTPYKTYPE U IT0-
BEICHUY MOJICKYJIBI, TaK KaK YIIPOIIAeT ¢¢ 1O COBOKYII-
HOCTHU BHEIITHUX 000JI0UEK aTOMOB MOJICKYJI, HTHOPUPYS
BKJIaJl BHYTPEHHMX 3JICKTPOHOB. KBaHTOBas cucTeMa,
nosydyeHHas 1Mo Metoxy X®, cOOTHOCUTCS ¢ AKCIIEePH-
MEHTaJIbHBIMU JTAaHHBIMH.

Taxske TTpon3BeneHO MOACIMPOBAHIE MOJICKYIISIP-
HBIX OpOUTaIeii IUIIMKIIONIeHTaaeHa. Pe3ybTar mmpen-
CTaBJICH Ha pUCYHKe 3.

Puc. 3. Mogenb Monekynbl AULMKIONEHTaAVEHA C Bbl-
LEeNeHHbIMU MOSIEKYNSPHbIMY 0POUTaNAMY

IIpocTpaHCTBEHHBIC KOOPIMHATHI MOJICKYJIBI TV~
KJIOTICHTaaVeHA IIPEeICTaBIICHBI B TAOIHIIE 2.

Peaxmus MexXmy TUITMKIIOTICHTaIUEHOM 1 MaJICHO-
BBIM aHTUIPHUIOM IIPOBOIMIACH B BEICYIIICHHOM XJIOPO-
dopme B cpere azora. Kak mpemycMaTpuBacT MEXaHIU3M
Hunbca-Anpaepa (puc. 4), peakius IIPOXOINT 0e3 Trepe-
XOJIHBIX COCTOSTHAM C pa3pbiBOM JTBOWHBIX CBI3EU MpU
HU3KOM SHEPTUY aKTUBAIINH.

OcobeHHOCTh peakunu dunbca-Abaepa 3aKiIio-
YaeTcsI B TOM, YTO OHAa IIPOXOIUT MPECUMYIIECTBEHHO
c apoMatudyeckumu nukiaamu. Pacuetnolii IMP-cniektp
TAIUKIONCHTaANeHa (prC. 5) yKa3bpIBaeT Ha apOMaTHd-
HOCTb JAaHHOTO COeNMHEHMS. Pe3yIbTaThl pacueTa Ipe-
CTaBJICHBI B TaOHIIE 3.

PesynbraThl pacyeTa yKa3pIBaoT Ha CMEIIICHHE CITeK-
Tpa B 00J1acTh ~8 U ~7 ppm, YTO OTBEYACT YCIOBUSIM
apOMAaTUYHOCTH COCTUHCHUS.

KoHTpoh 332 X0mMOM peaKIIu IIPOBOIUIICS C TIOMO-
mpio MK-Pypbe CIeKTpoCKOMy. AHAIN3 TTIPOBOIIIICS
¢ moMo1ikio criekTpometpa Sintecor IR10 B TabiaeTkax
13 OpOMHOTO KaJIusl.

B UK-®ypre criekTpax MaJCMHOBOTO aHTUIPHU-
na (puc. 6, Tabi. 4) MPOCaEKUBAIOTCS MOJIbI, XapaK-
TepPHBIC IJII apOMaTUUECKHUX TeTeponukioB (~1240
u ~ 1059 cm™!), TakKe CTOUT MOAYEPKHYTh, YTO TIOJTY-
YeHHBIC CIIEKTPHI MICHTUYHBI YKa3aHHBIM B JINTepaTyp-
HOM MCTOYHUKE [26].

B UK-Dypre criekTpax AUIIUKIONICHTaaueHa (puc. 7,
TabJI. 5) TIPOCICKMUBAIOTCS KOJIcOaTeIbHBIC MOIBI, Xa-
paKTepHBIC IJIST IUKINICCKIX COCTMHEHMI ¢ HATUINeM
IBOWHBIX CBI3€EM.

NK-Dypbe crieKTp amayKTa TUIIMKIIOIICHTaIueHa
U MajeMHOBOTO aHruapuaa (puc. 8, Tabia. 6) umeer
MaJIo OOIIMMX MOI ¢ HAYaJIbHBIMUA COCTUHCHUSIMU. DTO
CBS3aHO CO CJIOKHOW TPEXMEPHOU reOMETpUEH allyKTa
B COBOKYITHOCTH C pasHOOOpa3reM KOH(pOpMAaIHii co-
COUHCHUSI.
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Ta6bnuua 2. NpocTpaHCTBEHHbIE KOOpAMHATbI Moniekynbl LM

Nanob

1SSN 2075-8545 (online)

01
Atom X y z
C 2,4796350 0,1410729 -0,0683041
C 1,6804108 1,1941252 0,1057580
C 1,7488112 -1,1630978 0,0926355
C 0,3643315 -0,7244309 0,4318390
C 0,3472054 0,7291123 0,4609470
C -0,8958314 1,0722448 -0,2545958
C -0,8628465 -1,0467290 -0,3273888
C -2,0541842 -0,7067548 0,4813796
C -2,0739739 0,6378653 0,5295530
C -0,8910027 0,0509215 -1,3260295
H 3,4853189 0,2129811 -0,2884243
H 1,9620733 2,1817942 0,0047628
H 2,1725093 -1,7477525 0,8822929
H 1,7956651 -1,7857229 -0,7762965
H 0,2584193 -1,3209837 1,3137729
H 0,2439873 1,2754131 1,3751688
H -0,9388543 2,1120129 -0,5034561
H -0,8677873 -2,0639699 -0,6591968
H -2,7252416 -1,3599432 0,9150281
H -2,7627270 1,2376484 1,0100771
H -0,0244552 0,0867506 -1,9526967
H -1,6542394 0,0657942 -2,0757952
o) )
7 Y,
+ o —= 0
( CHC <
O
O
=0
\T—0O
O

Puc. 4. MexaHn3m peakunn Junbca-Anbgepa gna UMD n MA
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Ta6nuua 3. 3HaueHUss MarHUTHOTO Pe30oHaHca aToMoB Bogopoaa B ALMNA

Atom Xvmuyeckun cgsur, m.g.
H 693 | 701 | 330 | 282 | 299 | 340 | 296 | 287 | 806 | 800 | 290 | 241
Ha pucynke 9 HarIssmHO BUTHO HECOOTBETCTBHE KO-
JIe0aTeIbHBIX MO aIIyKTa W UCXOTHBIX COCIMHECHMI
(ALITO 1 MA), 9T0o HEITOCPEACTBEHHO YKA3hIBacT Ha 00-
pa3oBaHNE HOBOTO COCTMHCHUS.
2. PacyetHas yactb
Jtst TIOATBEpKACHUS PE3yIbTaTOB CHHTE3a OBLIN
IIPOBEICHBI PacuyeThl YaCTOT KOJICOAHWIA MOJICKYIISIp-
HBIX CBsI3¢li. MI3BeCTHO, UTO Ha KaXKIyI0 YacTOTY KoJIe-
Ta6nuua 4. Paclwmdposka KonebatenbHbix mog MA
O6nacTb norno-
o XapakTepucrtnka
weHuma, cm
T T T 1853 v C=0 (B UMKNnyecKnx aHrnapuaax)
9 8 7 6 5 4 3 2 1782 v C=0 (B UMKNMYeCKnx aHrmgpugax)
XHMMHYECKHUH CABHUT, M.J. 1632 C=C (conpsxeHHoe c C=0)
1240 apomaTunyeckue n BUHUNIbHble (=C-0-C-)
Puc. 5. PaccuntanHbin AMP-cnexkTp AUMA 1059 apomaTtuueckue n BUHuIbHble (=C-0-C-)
0,7 -
0,6 -
s 0,51
o)
o
3
& 044
T
m
=
£
& 0.3+
=
) eV )
0,2 -
Py
0,14
T T T T T T T T 1
4000 3000 2000 1000 0
Bonrosoe unco, em!
Puc. 6. IK-Oypbe cnekTp ManenHoBOro aHruapuaa
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0,10 -
0,08 -
o
> 0,06 -
B
Q i
C
oo}
/M
£ 0,04
T
o
& ]
o=}
=
0,02
0,00 -
1 1 " I . I oy 1
4000 3000 2000 1000 0
BonxoBoe uucio, CM-l
Puc. 7. IK-Oypbe cnekTp AnUMKNoneHTagneHa
Ta6nuua 5. PaclundpoBka konebatenbHbix mog LM
O6nacTb nornoweHns, cm! XapaktepucrTuka
3048 v as HRC=CH?
2962 -CH?>-
2924 —CH2-
2844 —CH>-
1439 -CH?>-
1336 =CH
1250 6 (ar C-H)ip
(nnockocTHOEe KonebaHue)
912 8 C=C

815,750, 728, 680

>=<
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HMHTEHCHUBHOCTD, V.€.

-4 WW""\

1 1
4000 3000

BonaoBoe gnciio, cM™

I I K
2000 1000 0

1

Puc 8. IK-Oypbe cnekTp agaykta UMD n MA

Ta6bnuua 6. PacluppoBka KonebatenbHbix Mog agaykta UM n MA

O6nacTb nornoweHns, cm’' XapakTepucruka
3062 vas HRC=CH,
1708 Anbgerngbl apomaTnyeckune
1585 var
1429 CH,-C=0
1265 Sdurp apomaTmyecKknx KMcnoT
1215 v C-Ost

OaHMSI CBSI3U MMEETCS CBOM TEH30p CIBUTA, 3aBUCSIITNIA
OT TUIOTHOCTH CBSI3€M M CMEIIAOIINIA YaCTOTY M3IIyde-
Husl. TeH3op caBura moadupalcs Ha OCHOBE Mmomdopa
peaTbHBIX M pacyeTHBIX JaHHBIX M K-®ypre criekTpoB
HMCXOIHBIX BellecTB. [TomydeHHBIN KO3 OUIIMEHT mpo-
HopuHoOHAIBLHOCTH (scale factor) coctaBui 0,905 kak
IUIST IULIUKIIoneHTagueHa (puc. 10, Tabdmu. 7), Tak u st
MaJIeMHOBOTO aHTuApuna (puc. 11, Tadm. 8) u BEICTaB-
JISITICST TIO CaMbIM MHTEHCHUBHBIM MOJIaM.

OO6parmasich K IIaHUPOBAHUIO SKCIIEPUMEHTA, HYXK-
HO OTMETHUTD, YTO (popMyIIa IOIyYeHHOTO COCTMHECHUS
JIOJKHA colepXKaTh ABa COBMEIEHHBIX HOPOOPHEHOP-
BBIX KOJIbIIA C aHTUIPUIHBIM IIPUIATKOM (pHc. 12).

OmnHako noiaydeHHbIe tanHble UK-Dyphe criekTpo-
ckormu (puc. 13) He O KOHIIA CXOMSITCS C paCUCTHBI-
MU AaHHbIMU (Tabs. 9—12), 4TO yKa3bIBaeT HA TIOJY-
YyeHWe CMECH BellleCTB. A UMEHHO Ha HaJIn4ie B CMECH
JIOJI TUAPOJIU3UPOBAHHOTO JO KapOOHOBOM KHMCIOTHI
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1,2 a
1,0
0.8
0.6
0.4+ W\
0,2
] ot
0,0
0,10 T 1
4300 4000 3500 3000 2500 2000 1500 1000 500 0
" 0,08 6
3
5 0,06
E 0,04
=
0,00+ MWJ\“ L“
0,7 e : : . : : —
4300 4000 3500 3000 2500 2000 1500 1000 500 0
0,6 -
B
0,5
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0,2
0,1
4500 4000 3500 3000 2500 2000 1500 1000 500 0
BosHoBoE UHCI0, cM'l
Puc. 9. CpaBHeHune NK-Oypbe cnekTpos: a) agaykT; 6) ALUMI; ) MA
0,10 ~
0,08
0,06
0,04
20,02
4 1
S 0,00 -
g 0. | |l1r|1||r|| B
5 10
m e
E 20 .
=~ 30-.
40
50 5
60 ]
70 §
e ——r——r—r———T——T——T— 17— Puc. 10. HarnaaHoe cooTHowwe-
4500 4000 3500 3000 2500 2000 1500 1000 500 0 HUe 3KCNeprMeHTaNbHbIX (CBEpPXY)
BoNHOBOE 4HCIIO, CM-I 1 pacyeTHbIX (CHU3Y) konebaTenb-
Hbix mog ALUMNA
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Ta6bnuua 7. PacueTHble 3HaueHus VIK-Qypbe cnekTpockonuu ans LN

YactoTa, cm™! NHTeHcmBHOCTH, KM/Monb Yacrora, 'y
428,05 1,538 12832,61616
443,84 0,256 13305,98846
514,62 4,706 15427,91947
634,13 0,337 19010,73914
691,25 0,952 20723,15366
745,55 39,513 22351,02671
754,86 29,19 22630,13348
763,49 15,155 22888,85438
788,49 5915 23638,33552
834,86 2,925 25028,47315
871,33 1,31 26121,81624
881,14 3,061 2641591264
892,25 0,095 26748,98207
915,66 2,874 27450,79621
929,45 2,451 27864,21001
949,67 0,896 28470,39036
975,62 0,096 29248,35179
1004,6 3,812 30117,15033
1008,56 1,351 30235,86814
1023,96 4,053 30697,54853
1034,88 1,31 31024,92189
1037,16 1,296 31093,27457
1058,63 4,365 31736,92898
1118,38 0,705 33528,18892
1125,83 0,311 33751,5343
1138 0,547 34116,38172
1173,75 0,63 35188,13976
1180,26 2,096 35383,30465
1207,66 0,27 36204,73598
1261,29 3,746 37812,52294
1274,11 1,019 38196,85687
1282,7 0,536 38454,37859
1299,4 2,922 38955,03199
1304,4 0,133 39104,92822
1327,05 4,215 39783,95814
1337,37 1,656 40093,34396
1339,31 0,27 40151,50369
1350,23 11,368 40478,87706
1377,01 3,887 41281,72126
1495,96 2,045 44847,75255
1502,75 6,502 45051,31163
1623,81 0,939 48680,59912
1667,57 0,3 49992,49092
2876,06 49,931 86222,10968
2900,43 28,764 86952,7039
2911,82 26,492 87294,16751
2930,43 29,431 87852,08127
2944,63 60,856 88277,78656
2963,09 77,664 88831,20344
2970,26 11,14 89046,15463
2979,99 35,781 89337,85269
3037,22 9,784 91053,56493
3058,85 8,456 91702,01602
3065,99 40,144 91916,06783
3087,53 26,654 92561,82078
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Puc. 11. HarnagHoe cOOTHOLLEHMEe SKCNepUMeHTanbHbIX (CBepXY) 1 pacyeTHbIX (CHM3Y) KonebaTtenbHbix mog MA

Ta6bnuua 8. PacueTHble 3HaueHus VIK-Oypbe cnekTpockonum ans MA

Yacrora, cm”’ WNHTeHcnBHOCTL, KM/Monb Yacrora, Iy
389,58 20,435 11679,31458
541,85 2,723 16244,25434
624,48 1,143 18721,43942
634,17 8,008 19011,93831
715,12 25,234 21438,75826
848,37 12,421 25433,49276
873,53 148,693 26187,77058
916,46 104,567 27474,77961
1069,96 80,398 32076,59384
1078,17 43,965 32322,72344
122512 165,313 36728,17361
1336,65 1,2 40071,7589
1634,12 0,78 48989,68515
1781,76 824,756 53415,821
1860,36 75,998 55772,18972

3132,14 5,095 93899,19494
3153,54 2,576 94540,7508
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Puc. 12. CrpykTypHaa dopmyna agaykTa
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Puc. 13. HarnagHoe cooTHOLWEeHne SKCNnepmmMeHTaslbHbIX (CBepxy) N pPacCyeTHbIX (CHI/I3y) KonebaTenbHbIX MoA afgayKTa

AHTUIPHUIA, a TAKKE Ha HEIIOJHYIO CXOIUMOCTh ITOBJTH- ITo Mmomensam, mpeacTaBIeHHBIM Ha puc. 14 u 15,
SI710 HAJIMYKE Pa3IMIHbBIX KOHMDOPpMAIii COeTMHEHMUIA. TIPOCTICKUBACTCS CJIOKHOE ITPOCTPAHCTBEHHOE CTPOCHIE

Mosexyma KUCIOTHOTO amayKTa (puc. 11) mpeacraB-  MOJIEKYJI KUCJIOTHOTO M aHTUAPUIHOTO aaayKTOB, YTO
JISIET CO00M HeTMHEWHYIO MOJICKYITy, 3HAUNT, KOJIMYe- B IEPCICKTUBE YBEINIUT IIPOYHOCTD HAa Pa3phIB 1 CKa-
CTBO IOITYCTUMBbIX MOJ YIOBJIeTBOpsieT opmyiie 3N-6  THe KOHEUHbBIX SIIOKCUIHBIX CTPYKTYP 3a CUET CKPY4U-
(tme N-KOIM4ecTBO aTOMOB B MOJICKYJIC). BaHUS TOJIMMEPHBIX IeTToYeK. TakKe IIpOCIeKIMBaCTCS
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Ta6nuua 9. NpocTpaHCTBEHHbIE KOOPAMHATBI KUCIIOTHOTO aaayKTa

01
Atom X y z
C 2,9315102 -0,4174406 1,6091419
C 3,0254627 0,9295588 1,3136708
C 2,5569832 1,0810698 -0,1118783
C 2,4354607 -1,0829987 0,3549941
C 1,0075778 0,8395233 -0,0474390
C 0,9366974 -0,6749013 0,1934086
C 3,1804623 -0,2181038 -0,6485449
C 0,0885279 1,0442277 -1,2931481
C 0,1326389 -1,1619874 -1,0557912
C 04111278 -0,1415290 -2,1722666
C -1,3729620 -0,8532875 -0,8165288
C -1,3983933 0,7122421 -0,9406452
C -1,9957753 -1,6446249 0,3355181
C -2,0030276 1,5651346 0,1580316
() -1,7881948 -2,8468094 0,3722530
(0] -2,9465504 2,2957288 -0,1068009
H 3,2705296 -0,8883887 2,5219852
H 3,4448724 1,6890988 1,9595683
H 2,8475685 2,0572784 -0,5530969
H 2,6120350 -2,1790877 0,3454574
H 0,6533427 1,4831682 0,7777780
H 0,4022466 -0,9818845 1,1194377
H 4,2915592 -0,2513373 -0,5230865
H 3,0402717 -0,5105674 -1,6868551
H 0,1937191 2,0531199 -1,7463991
H 0,2912302 -2,2359798 -1,2932265
H 1,3958228 -0,0862649 -2,6267948
H -0,2666615 -0,2484397 -3,0524763
H -1,8902733 -1,2555622 -1,7204702
H -1,9918819 0,9341792 -1,8604735
0] -1,5394470 1,5213264 1,4257724
(0] -2,8230620 -1,1274285 1,2703571
H -1,9304899 2,0635870 2,1254570
H -3,2036012 -0,2467562 1,2494032
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Ta6nuua 10. PacueTHble 3HaueHUs MK-Oypbe cnekTpockonuu Ans KUCIOTHOMO agayKTa

YacroTa, cm™! NHTeHcmBHOCTH, KM/Monb Yacrora, 'y
422,57 20,269 12668,3299
44717 11,099 13405,81934
450,67 16,077 13510,7467
512,86 7,682 15375,156
549,09 5115 16461,30408
623,69 4,113 18697,75581
624,58 15,528 18724,43734
648,84 29,641 19451,73384
659,62 121,386 1977491011
705,31 3,605 21144,66186
728,38 2,813 21836,28306
736,44 11,004 22077,91578
758,08 8,117 22726,66666
776,43 16,301 23276,78582
797,25 12,662 23900,95371
803,67 20,553 24093,42047
820,49 4,897 24597,67139
839,18 1,083 25157,98349
860,86 22,029 25807,93354

881,8 6,678 26435,69895
891,52 12,292 26727,09722
918,94 2,097 27549,12814
930,99 5779 27910,37805
941,31 8,886 28219,76386
957,17 9,116 28695,2347
964,13 0,214 28903,89025
972,71 0,519 29161,11218
978,42 0,533 29332,29368
986,96 9,955 29588,31643
1007,62 2,311 30207,68765
1017,83 6,729 30513,77575
1029,65 0,059 30868,13044
1041,28 3,848 31216,78907
1047,66 10,789 31408,05665
1075,43 7,279 32240,58031
1096,16 90,5 32862,05008
1100,02 38,732 32977,76996
1104,11 170,566 33100,38508
1124,34 48,975 33706,86522
1160,94 1,009 34804,10562
1173,06 0,653 35167,45408
1223,67 1,858 36684,70371
1235,77 250,109 37047,45258
1248,66 27,666 37433,88506
1252,76 34,813 37556,79997
1266,45 36,227 37967,21584
1295,06 55,499 38824,92207
1304,86 11,617 39118,71867
1308,39 72,373 39224,54541
1323,08 0,9 39664,94053
1327,07 1,115 39784,55772
1344,79 0,713 40315,78996
1348,62 1,393 40430,61047
1356,6 1,303 40669,84485
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MpogonxeHue Tabnuubl 10

YacroTta, cm™’ NHTeHcmBHOCTB, KM/Monb Yacrora, 'y,
1366,65 6,555 40971,13627
1382,97 0,399 41460,39756
1385,78 14,103 41544,63924

1396,3 4,341 41860,02091
1408,07 8,986 42212,87663
1414,65 26,854 42410,14007
1419,76 8,025 42563,33402

1441,9 1,849 43227,07452
1472,23 0,511 44136,34504
1548,59 7,743 46425,56025
1576,03 12,235 47248,19076
1658,89 351,456 49732,27107
1674,47 318,638 50199,34771
2641,04 4,868 79176,38733
2641,32 52,917 79184,78152
2652,92 31,788 79532,54077
2665,56 33,243 79911,47843
2687,34 18,641 80564,42641
2705,95 14,62 81122,34017
2712,14 103,301 81307,9117
2715,66 11,926 81413,43865
2721,45 23,145 81587,01848
2765,65 5,958 82912,10115
2893,39 42,332 86741,65001
2946,02 37,782 88319,45771
2979,68 3,343 89328,55913
3001,52 17,068 89983,30585
3447,18 179,288 103343,85654

3553 110,917 106516,26033

Ta6nuua 11. NpocTpaHCTBEHHbIE KOOPAMHATBI aHTUAPUAHOTO aAfyKTa

01
Atom X y z

C 1,3141048 -0,8258545 0,7555059
C 1,8636569 0,5797013 1,1233108
C 1,3136704 -0,8260783 -0,7556297
C 0,9459339 1,6700943 0,6886091

C 0,9453752 1,6699677 -0,6888182
C 1,8627855 0,5794921 -1,1241021
C 2,9091976 0,7381951 -0,0008188
C -0,0067794 -1,5607134 1,1291011

C -0,0072583 -1,5613396 -1,1282846
C 0,0056923 -2,6205850 0,0007008
C -1,3502770 -0,8831259 -0,7584379
C -1,3499481 -0,8826069 0,7593555

C -1,6585750 0,5329433 -1,0952327
C -1,6581462 0,5337199 1,0952492
(0] -1,8547783 1,2974647 -0,0002341
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MpogonxeHne Tabnubl 11

01
Atom X y z
0} -1,7655017 0,9622375 -2,2325926
0} -1,7646851 0,9638282 2,2323242
H 2,1217957 -1,5260150 1,0874806
H 2,1868443 0,6667752 2,1819437
H 2,1212860 -1,5262038 -1,0878534
H 0,4548516 2,4031158 1,3144979
H 0,4537700 2,4029058 -1,3143913
H 2,1851463 0,6664242 -2,1829953
H 3,7010840 -0,0469545 -0,0010657
H 3,4147047 1,7347850 -0,0011056
H 0,0020068 -1,9061375 2,1848889
H 0,0011191 -1,9073439 -2,1838870
H -0,8832067 -3,2961578 0,0010851
H 0,9121854 -3,2713050 0,0006845
H -2,1844541 -1,5229043 -1,1293408
H -2,1840079 -1,5220869 1,1310275
Ta6bnuua 12. PacueTHble 3HaueHUs MIK-Qypbe cnekTpockonuu Ans aHrMaPULHOro agayKra
YacToTa, cm™’ NHTeHcmBHOCTH, KM/Monb Yacrora, My
410,34 20,798 12301,68372
447,04 0,108 13401,92204
452,81 0,34 13574,90229
512,65 0,083 15368,86036
540,11 2,66 16192,09045
583,31 11,284 17487,19387
603,5 2,094 18092,47484
623,11 7,605 18680,36785
634,16 5,53 19011,63852
649,2 2,209 19462,52637
704,06 0,195 21107,1878
7223 8,026 21654,00924
743,4 7,966 22286,57133
803,65 6,472 24092,82089
812,01 71,561 24343,44738
822,12 5,752 24646,53756
836,74 4,914 25084,83413
850,63 1,196 25501,24585
866,8 23,662 25986,01026
888,17 0,285 26626,66674
900,77 27,931 27004,40524
924,88 3,645 27727,20486
930,61 7,682 27898,98593
943,97 0,001 28299,50866
977,26 3,81 29297,51775
978,09 0,077 29322,40052
1001,16 3,327 30014,02173
1006,85 4,062 30184,60363
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MpogonxeHne Tabnubl 12

YacroTa, cm™’ NHTeHcnBHOCTb, KM/Monb Yacrora, 'y
1030,99 35,867 30908,30263
1050,49 1,817 31492,89792
1059,63 8,584 31766,90823
1060,77 1,805 31801,08457
1082,62 7,888 32456,13109
1086,62 2,614 32576,04807
1116,28 0,009 33465,2325
1140,17 9,58 34181,43668
1190,55 2,941 35691,79109
1190,79 5,585 35698,98611
1207,73 11,332 36206,83453
1221,86 170,62 36630,44127
1232,36 30,557 36945,22335
1247,26 0,763 37391,91412
1252,95 0,017 37562,49603
1277,51 6,069 38298,7863
1297,27 26,617 38891,1762
1304,24 160,98 39100,13154
1319,25 2,267 39550,12002
1323,33 9,511 39672,43534
1348,88 0,154 40438,40507
1353,42 0,543 40574,51085
1358,26 4,683 40719,6104
1359,97 6,721 40770,87491
1376,71 0,099 41272,72749
1378,17 0,068 41316,49718
1388,08 20,313 41613,59151
1399,99 16,719 41970,64433

1410 14,426 42270,73658
1428,49 0,831 42825,05283
1449 3,392 43439,92716
1450,76 37 43492,69064
1490,06 0,136 44670,875
1538,8 3,651 46132,06344
1542,11 9,08 46231,29474
1659,2 538,551 49741,56463
1757,81 122,141 52697,81806
2585,12 16,98 77499,9479
2612,64 32,105 78324,97675
2650,31 62,449 79454,29494
2655,43 38,88 79607,78867
2659,4 3,407 79726,80628
2674,23 46,842 80171,3985
2676,19 3,902 80230,15782
2683,17 53,369 80439,41295
2711,71 1,28 81295,02063
27141 120,37 81366,67103
2717,61 29,596 81471,89818
2721,58 24,989 81590,91578
2986,73 0,033 89539,91281
3006,64 2,433 90136,79959
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Puc. 14. Mofenb MofieKysbl KUCIOTHOTO aafyKTa C BblA€NEHHbIMW MOSIEKYAPHbBIMY OpbuTanamu

Puic. 15. Mogenb MosnieKysbl aHIMAPUAHOIO aaayKTa C BblAeNIEHHbIMY MONIEKYIAPHBIMY OpOUTansamm

BO3MOXHOCTH TSI TIOJIYICHUSI WHBIX KOH(pOpMAaIIIii
COECIUHEHUN.

OIHUM M3 IIaBHBIX SKCIUIyaTallHOHHBIX CBOMCTB
MaTepuaa SIBJISIETCS CTOMKOCTD K TTOBBIIIIEHHBIM TEM-
neparypaM. Kaxk cieayeT u3 gaHHbIX puc. 16, MA 06-
JTagaeT HU3KOM TePMOCTOMKOCTHIO M IIOABEPKEH CTPYK-
TYPHBIM TIpeBpalIeHUSIM. 3aMeTHas TeCTPYKIIUS Ha-
ynHaeTcs co 100—110 °C. UccrenoBanne mpoBOINIOCH
Ha LIeJJbHOM KpHcTaie MA, 5To 03HavaeT, 4To Npu
YMEHBIIEHNH pa3Mepa YaCTUIl CKOPOCTH IeCTPYKIINHT
YBEJTMIUTCS.

Pesynbratel TT'A anoykra (puc. 17), Ha000poT, me-
MOHCTPUPYIOT TIOBBIIIIEHNE CTOMKOCTU K TeMIIEpaTy-
pam otHocuTteabHo LI/ (ucnapsiercs mpu 40—60 °C,
HE TOXOMUT 10 paboueli TeMIiepaTypbl U3MEPUTETHHO-
ro obopymoBaHusa) U MA, mecTpyKIIUsI HAUMHACTCS
co 150 °C. 3ameTHBIC CTPYKTYPHBIC M3MCHEHUS TaKKe
HaYMHAIOT IIpoucxoanTsb npu 140—150 °C, 4ro ymos-
JIETBOPSIET TPEOOBAHUSIM K ITOJTUMEPHBIM KOMIIO3UTaM
KOCMUYECKOTO Ha3HAUYCHMUSI.

HuddepernnupoBanue mmoxkasarencii TT (puc. 18)
MoKa3bpIBaeT OoJiee MIAaBHOE M3MEHEHUE TEUYCHUS
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Puc. 17. TepmorpaBrmeTpryecknin aHanns agayKTa
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Puc. 18. Kpusble ATT agaykta n MA

IECTPYKIINH aAIyKTa OTHOCUTEIBHO MaJCMHOBOTO aH-
TUAPHIIA, 9TO C MHXKEHEPHOUM TOYKM 3peHUS 00JIeTdaeT
TocJeayrolee mpeacka3aHe MeXaHMUeCKX Imapame-
TPOB KOMITO3UTA IIPX pacueTe HAarpy30K Ha KOMITO3UTHI.

3AKJIIOMEHUE

Hcnonb3oBaHKe IBYXKOMIOHEHTHBIX (DYHKIIMOHAb-
HBIX AMOKCUIHBIX CMOJ — HauboJjiee MepCcreKTUBHbIN
BapyaHT JUIs1 MOJIYYEHUs] CaMO3aJIeuMBaIOIIMXCS MaTe-
puanoB. HacTtpauBaemblii IIMPOKUI TeMIIEpaTypHBIA
CMEKTP COeNUHEHUIT U pa3BeTBIEHHAsI CTPYKTypa B CO-
BOKYITHOCTU C BBICOKOW PEaKLIMOHHOW aKTUBHOCTBIO

CMNCOK NCTOYHUKOB

IIpemIararoT 0ojiee HaIeXXKHBIM ¢ MHXXCHEPHO TOUYKH
3peHUs] KOHEYHBI MaTepHraj 10 CPAaBHECHHIO C MHBIMH
KOMITO3UIIMOHHBIMHA PEIIICHUSIMU.

B pesynbTaTe nmpoaeraHHoi paboTHI ITOIYICH CTOM-
KU1 K TepMudecKomy Bosaeiictsuto (mo 150 °C) orBep-
IUTETD IS SITOKCUIHBIX CMOJI, YTO ITOATBEPKIACTCS
pe3yiabTaTaMi TepMOTPaBUMETPUUECKOTO aHaIM3a.
Pacuetsl, TpoBecHHBIC TTO0 MeTOAY (PYHKIIMOHATHHOM
IUTOTHOCTH, TIOATBEPAMIN HAJTUUINE aITyKTOB PeaKIINN
JOITA v MA. Annykr, oJydeHHbI py B3auMOIei -
ctBum J LTI nu MA, nmpuroaeH ajas UCIOJb30BaHUS
B KaUECTBE OTBEPOUTEIISI SIIOKCUIHBIX CMOJI B TTOJIIMED-
HBIX CaMO3aJIeYNBAIOIINXCH KOMIIO3UTAX.

1. Kanu N.J., Gupta E., Vates U.K., Singh G.K. Self-healing composites: A state-of-the-art review. Composite

Part A. 2019; 121:474—486. https://doi.org/10.1016/j.compo

sitesa.2019.04.012. — EDN: VWZXCK
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ABSTRACT

Introduction. Waste from wood processing and agricultural products can be used as components of building materials, as fuel in
briquettes, etc. A rapidly developing area for the utilization of this waste, as well as waste from the pulp and paper industry, is its use
as a resource for producing building materials. The aim of the research is to study the possibility of using waste from wood process-
ing and paper production, including lignosulfonates, as binders for the creation of composite materials. Methods and Materials.
The object of the study is a heat-insulating material based on wood processing waste and a modified lignin-containing binder, as
well as methods for modifying this binder. The possibility of using sodium lignosulfonate activated with an aqueous solution of
boron-nitrogen compounds was studied as a binder. The samples were produced by pressing softwood sawdust with modified
lignin, followed by heat treatment of the molded green product. Results. The values of density and strength of the samples were
determined depending on the composition and heat treatment regimes. It was found that the samples with modified lignosulfo-
nate exhibit the best properties. Digital optimization of the manufacturing parameters and formulation factors was carried out for
this material. It was established that the best properties are achieved with an average softwood sawdust size of 8.0 mm, a modifier
content of 7.5%, and a heat treatment temperature of 103-104 °C. The flexural strength of the samples with the optimal composi-
tion is 3.4-3.5 MPa, the compressive strength at 10% deformation is 4.7 MPa, and the average density is 683 kg/m?. The discrepancy
between the calculated and experimental values for flexural strength does not exceed 7.0%. Discussion. The experiments, including
those conducted using digital methods, confirmed the feasibility of using boron-nitrogen compounds to modify the properties
of lignin, which can be considered as a natural binder. Conclusion. The obtained products fully comply with the requirements for
composite heat-insulating materials, and the use of boron-nitrogen compounds as a modifier not only affects the mechanical prop-
erties of the products but also increases the resistance of the resulting material to decay processes and other biological impacts.

KEYWORDS: wood processing waste, cellulose-containing materials, lignin, sodium lignosulfonate, boron-nitrogen compounds,
heat treatment
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AHHOTALUMA

BeepeHme. OTxofbl NepepaboTKn JpPEBECKHDI 1 CENbCKOXO3ANCTBEHHOW NMPOAYKLMN MOTYT NCMOJIb30BATbCA Kak KOMMOHEHTbI
CTpOUTENbHBIX MAaTEPUANOB, Kak TONNBO B 6prikeTax 1 Np. AKTUBHO Pa3BMBAIOLMMCA HaMpaBieHneM NCMONb30BaHNA STUX OTXOAOB,
paBHO KakK 11 OTXOA0B LIe/TI0N03HO-6yMaXKHOI NPOMbILLNEHHOCTU, ABAAETCA NX YTUIM3aLMA B KauecTBE PeCypCHOro NCTOYHMKA ANA
nonyyeHna CTpouTenbHbIX MaTeprnanos. Lienblo nccnenosaHui ABNAETCA U3yYeHMe BO3MOXKHOCTIN NCMONb30BaHNA OTXOA0B Aepe-
BOOOPA6OTKM 1 MPOoU3BOACTBA Gymary, B TOM YMcie TMrHOCY1bGOHATOB, B KaUeCTBe CBA3YIOLYMNX A1 CO34aHNA KOMMO3MLMOHHbIX
MmaTepuianoB. MeToabl n maTepmuanbl. O6BLEKTOM NCCNef0BaHNA ABAAIOTCA TEMION30MALMOHHbIE MaTepuralibl HA OCHOBE OTXOL0B
[epeBoo6paboTKy 1 MOANGULIMPOBAHHOTO IMFHIH-COAEPKALLErO CBA3YIOLLETO, @ TaKKe Cocobbl MoAMOUKALIMM 3TOTO CBA3YIOLLETO.
B KauecTBe cBA3yIOLLIErO N3YyYanacb BO3MOXHOCTb NMPYMEHEHUA IMrHOCYNbGOHaTa HaTPWA, aKkTUBUPOBAHHOTO BOAHbBIM PaCTBOPOM
60pa3oTHbIX coeanHeHnin. O6pa3sLibl M3roTaBAMBaNVCh NPECCOBAHEM OMUIIOK XBOMHbBIX MOPOA C MOANGULMPOBAHHBIM TIMFTHUHOM
1 nocnegyioLlen Tennosoi 06paboTkol popmoBaHHOrTO cbipua. PesynbraTtbl. OnpefeneHbl 3HaUEHNA NIOTHOCTY U MPOYHOCTA
06pasL0B B 3aBMCMOCTM OT COCTaBa 1 PEXMMOB TEMIOBO 06paboTKU. YCTAaHOBNEHO, YTO HaMyULWMMK NMOKasaTenamy obnagatot
06pa3ubl ¢ MoANGULMPOBaHHBIM IMrHocynbdoHaToM. Lindposasa onTummnsauma napameTpoB N3roTOBIEHMA 1 peLienTypHbIX dak-
TOPOB MNPOBOAUIACL UMEHHO AJS1A 3TOro MaTepmana. YCTaHOBIEHO, YTO HauyudLUme noKasaTenu nNoayyveHbl Npu cpegHemM pasmepe
OMUIOK XBOWHbIX Mopog, 8,0 MM, pacxo MoardrKaTopa 7,5% 1 Temnepatype Tennosoi 06paboTku 103-104 °C. MpoyHocTb 06pa3Lios
ONTVManbHOro cocTaBa Npw n3rnbe coctasnsaet 3,4-3,5 MMa. MpouHocTb Npu cxkatum npu 10% aedopmauun 4,7 MMa, cpepHan
NAOTHOCTb — 683 Kr/M>. Pacxox[eHne MeXay pPacyeTHbIM U SKCNePUMEHTANIbHBIM 3HAYEHVAMY BEIMYMH MO MPOYHOCTY NP 13rmbe
He npesbiwaeT 7,0%. O6¢cyKaeHne. DKCnepuMeHTbl, B TOM YMC/e U MPOBeAEHHbIe Ha OCHOBE LMPPOBbIX METOAUK, MOATBEPAMIN
LlenecoobpasHOCTb MPUMEHEHNA HOPA3OTHBIX COEAVHEHUI ANA MOAVUKaLIMN CBOWMCTB JINTHIHA, KOTOPbIV MOXET pacCMaTprBaTbCA
Kak NprpofHoe BAXKyLLee BellecTBO. 3aKkntoueHme. [lonyyeHHble 13ennsa BrosiHe COOTBETCTBYIOT TpebOBaHMAM, NPpefbABAAEMbIM
K KOMMO3MLMOHHbIM TEMOM30MALMOHHbBIM MaTepuanam, 1 NCNonb3oBaHne B KauecTBe MoAndrKaTopa 60pa3oTHbIX COeUHEHNI
He TONbKO BANAET Ha MexaHnyecKmne CBONCTBA U3AENUN, HO 1 NMO3BOIAET NOBbICUTb CTOMKOCTb NOJSTyYEHHOTO MaTeprana no OTHO-
LIEHMIO K NpoLieccam rHUEeHVS 1 APYrum 6U0NorMYeckMm BO3LENCTBUAM.

KJTIOYEBBIE CJIOBA: oTxofibl IepeB0o06paboTKY, LIeSIoI030CoepKallme MaTepuanbl, IMFHWH, TMTHOCYNbGOHAT HaTpus, bopa-
30THble COeAVHEHNS, TennoBas 06paboTka

BJIATOAAPHOCTMW: PaboTa BbinonHeHa B paMKax peann3aLym rocyaapcTBeHHOro 3aaaHua MunHobpHayku PO N2 FZWN-2026-0005
C Mcrnonb3oBaHuem obopynoBaHus LieHTpa Bbicokmx TexHonoruin BITY um. B.I. LLyxoBa.

AnA UUTUPOBAHUA:

CrenuHa W.B., Xykos A.l, CtpokoBsa B.B., baxeHoBa C./. KoMno3unumoHHble MmaTepuranbl Ha OCHOBE MOAUMULIMPOBAHHbBIX INT-

HOCYNbPOHATOB 1 LIeNNI0N030COAEPKALLUX OTXOA0B. HaHomexHonoz2uu 8 cmpoumesnscmee. 2026;18(2):232-241. https://doi.
org/10.15828/2075-8545-2026-18-2-232-241. - EDN: YPWZTB.

environment, as well as composite materials belonging to
INTRODUCTION the groups of nature-like and energy-efficient materials

[1—3]. In this regard, cellulose- and lignin-containing
Current realities of construction predetermine interestin ~ by-products from other industries are of interest. The
the development of innovative materials with high perfor- sources of these materials are wood processing waste, pulp
mance characteristics and minimal negative impact on the and paper industry waste, and agricultural waste [4—6].
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For a long time, the main method of utilizing wood
processing waste, pulp and paper industry waste, as well
as agricultural waste, was their direct disposal as a com-
bustible material and, at best, as fuel, but mostly they were
simply burned to ash [7—9]. Economically justified is the
mechanical processing of waste, followed by the use of the
semi-finished product as a component for various materi-
als, including building materials. Positive experience has
been accumulated in solving materials science aspects in
the production of fiberboard, particleboard, hardboard,
and oriented strand board. The most innovative is deep
processing of waste aimed at obtaining a cellulose compo-
nent, followed by its use in various industries: from phar-
macology to paper production [10—12]. In construction,
such technologies have been tested in the development of
fiber-cement products.

Many of these wastes and by-products contain lig-
nocellulose, but mainly they contain cellulose, lignin,
hemicellulose, and extractive substances such as pheno-
lic compounds and a mineral component (ash residue).
Technically useful substances are contained in almost all
raw material sources of this group and differ in proper-
ties and final product yield [13—15]. Composite materials
based on wood processing waste and lignin-based binders
are a promising innovative direction. Using these compo-
nents, a wide range of building materials can be obtained:
finishing and heat-insulating materials. Controlling the
porous structure also makes it possible to obtain acoustic
materials, in particular sound-absorbing ones.

Lignin is a component of all materials in this group
and can be considered an environmentally friendly binder:
non-toxic and biodegradable. The use of lignin minimizes
negative impact on the environment and human health
[16]. As a result of wood processing and pulp cooking,
the production of lignin as a by-product is about 70 mil-
lion tons [17], which makes its utilization economically
feasible compared to alternative binders [18].

There are three main types of lignin as a by-product.
First, it is hydrolysis lignin. Hydrolysis lignin is used in
medicine and agriculture. The main possibilities for its use
include use as sorbents, blowing agents, fertilizers, as an
additive for soil structuring, and as herbicides. Second,
there is sulfate lignin (kraft lignin), which is a large-ton-
nage waste from the pulp and paper industry. This mate-
rial is used as fuel [19] or, for the most part, is disposed
of in huge quantities in landfills [ 16, 20]. Previous studies
have shown the feasibility of modifying lignin-containing
materials using boron-nitrogen compounds [ 18—20].

Modification with boron-nitrogen compounds is
aimed at changing the composition and properties of the
cell walls of plant raw materials, in which the separation
of lignin and the carbohydrate complex occurs. The im-
provement of lignin properties occurs during the interac-
tion of the modifier with the hydroxyl groups of lignin,
which leads to the formation of stable ether bonds. This

factor also contributes to an increase in the ability of lig-
nin to bind with other components of the material. The
modified lignin obtained in this way can potentially serve
as a binder in the creation of composite materials [21—23].

The aim of the research is to study the possibility of
using waste from wood processing and paper production,
including lignosulfonates, as binders for the creation of
composite materials.

As objects of study, samples of composite materials
made by pressing a mixture of pine sawdust with sodi-
um lignosulfonate were studied. The activator was water
(LSw) and a modifier, which was taken as boron-nitrogen
compounds (LSm). The properties of samples obtained
by pressing pine sawdust with native lignin modified with
boron-nitrogen compounds (NLm) were also studied.

MATERIALS AND METHODS

Native lignin modified with boron-nitrogen com-
pounds (NLm) was used as a binder, and wood sawdust
was used as a filler (and as a component forming the mac-
rostructure of the product). The samples were manufac-
tured as follows. First, pine sawdust of 5—10 mm fraction
was boiled in a solution of a boron-nitrogen compound
(“Xylostat”) in a water bath [16]. The boiling tempera-
ture was 100 °C, and the duration was 1 hour. Second,
the boiled mixture was filtered. At the third stage, the
green products were molded and the modified sawdust
was pressed. At this stage, modified lignin was released
from the sawdust. This modified lignin served as a natural
binder. It should be noted that the extraction of lignin
from softwood raw materials is used in the technology of
hard fiberboard, the properties of which are formed dur-
ing thermo-compression treatment of fiber mats with the
release and subsequent curing of lignin.

At the preliminary testing stage, series of samples were
manufactured in the form of 50%50x50 mm cubes. The
varied factors were drying parameters: at 25 °C under
standard conditions, and in a drying oven: heat treat-
ment at 105, 125, and 150 °C until constant mass. After
molding the green samples of LSw and LSm in the form
of 50x50%50 mm cubes, they were pressed at a pressure
of 80 kPa. The response factors were compressive strength
at 10% relative deformation, flexural strength, average
density, and thermal conductivity. The properties were
tested after 30 days.

Samples based on sodium lignosulfonate binder (LSw)
were manufactured by mixing it with softwood sawdust of
5—10 mm fraction and water. The mass ratio of compo-
nents was sawdust/lignosulfonate (LS)/water = 1:1:0.5.
Samples based on a binder containing boron-nitrogen
compounds (BNC) and LSm as a modifier were manu-
factured by mixing softwood sawdust of 5—10 mm frac-
tion with sodium lignosulfonate modified with a BNC
solution. The mass ratio of components was sawdust/
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lignosulfonate/modifier = 1:1:1. The studies at the second
testing level were carried out using digital methods.

Part of the research was conducted using the equip-
ment of the Shared Knowledge Center (SKC) of Moscow
State University of Civil Engineering (National Research
University).

RESULTS

Preliminary tests showed an increase in strength with
increasing drying temperature for samples with modi-
fied lignin (NLm) as a binder. With comparable sample
density, the compressive strength at 10% relative defor-
mation was 1.36 MPa for samples dried at 150 °C and
0.44 MPa for samples dried under normal conditions at
25 °C. The compressive strength at 10% deformation for
samples with LSw was significantly higher than for those
with NLm: 2.62, 2.94, and 2.57 MPa, respectively, when
dried at 25 °C, 105 °C, and 125 °C. Samples with a binder
modified with boron-nitrogen compounds exhibited bet-
ter biocidal properties, and their strength (at 10% defor-
mation) was 1.45—1.52 times higher, amounting to 4.06,
4.51, and 4.33 MPa, respectively, when dried at 25 °C,
105 °C, and 125 °C.

Preliminary analysis of the experimental data made
it possible to establish the upper limit of the heat treat-
ment temperature, which should not exceed 105 °C in
the material (and 125 °C inside the drying chamber). At
higher temperatures, boiling of water in the material (as
a result of the phase transition) may occur. The results of
the compressive strength tests are shown in Fig. 1.

Based on the experience gained at the preliminary
stage of the experiment, the plan for further research was
focused on the use of materials with lignosulfonate modi-
fied with boron-nitrogen compounds (LSm) as a binder.
The research was carried out using mathematical design
of experiments and statistical processing of the results
[24, 25].

The variable factors were the average size of softwood
sawdust (X,), the consumption of modifier relative to
the mass of dry sawdust (X,), and the temperature in
the chamber during heat treatment (X,). The size dis-
tribution of softwood sawdust is unimodal and close
to normal. Therefore, the average size is taken as the
expected value of the size distribution (average size).
During the experiment, it was taken into account that
at the initial stages of heat treatment the temperature of
the material lags behind the temperature of the chamber,
but with further heat exposure the temperature difference
becomes minimal.

Processing of the experimental results and testing of
statistical hypotheses was carried out using the Statis-
tika software. The processing was performed using the
“Analytical Optimization” method developed at Moscow
State University of Civil Engineering (NRU) and tested
in solving formulation problems and selecting technologi-
cal parameters for many building materials [26, 27]. The
experimental conditions are given in Table 1.

The response functions were compressive strength at
10% deformation (Y ), flexural strength (Y,), and average
density (Y,). Flexural strength was taken as the optimiza-
tion parameter.

5.00
4.50
4.00
3.50
3.00
250
2.00
1.50
1.00
0.50
0.00

4.06

Compressive
strength, MPa

(3]
o

_I

105
Heat treatment temperature, °C

_lI

433

125 150

s 111

Fig. 1. Results of strength tests (compressive strength at 10% deformation): | - samples with NLm, average density
560 kg/m?; Il - samples with LSm, average density 830 kg/m?; Ill - samples with LSw, average density 690 kg/m?
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Table 1. Experimental conditions

Mean value Variation Factor values at levels
Factor Symbol X, offactor, X, | interval, AX -1 +1
Softwood sawdust size |, mm , 8 2 6 10
Modifier consumption Cc, % 5 6 2 4 8
Heat treatment temperature, °C s 85 25 60 110

The confidence interval for the regression coefficients
(Ab) was determined using the Student’s t-test (chosen
for three degrees of freedom) and the variance of parallel
experiments. The significance of the regression coefficients
was assessed by comparing their absolute values with the
confidence interval. Coefficients smaller than the confi-
dence interval were considered insignificant and set to zero.
The adequacy of the obtained polynomials was tested using
Fisher’s criterion (by comparing calculated and tabulated
values). The following regression equations were obtained:

For compressive strength at 10% deformation (Ab, =
0.22 MPa):

Y, =4.1+0.4X, +0.6X, + 0.3X, + 0.2X X, —
—0.2X.2. (1)

For flexural strength (Ab, = 0.16 MPa):
Y,=2.9+0.3X, +0.4X, +0.2X, + 0.2X X,. )
For average density (Ab, = 4 kg/m’):

Y, =676 + 12X, + 8X, + 6X X,. 3)

Analysis of the coefficients of the regression equations
(1, 2, 3) allows one to evaluate the influence of each fac-
tor on the results within the intervals established for the
experiment (see Table 1). Increasing the size of softwood
sawdust (X,) leads to an increase in both compressive
and flexural strength and results in a slight increase in
average density. The increase in strength is associated
with a geometric factor that provides an increase in the
number of contacts between wood particles, which are
consolidated by the binder, while the increase in average
density is related to the moisture capacity of the saw-
dust. The modifier consumption (X,) has the greatest
effect on the strength characteristics, which is due to the
improvement in the strength properties of both the modi-
fied binder and the wood particles that undergo natural
impregnation. An increase in the heat treatment tempera-
ture, which in the laboratory experiment was carried out
in a drying oven, has practically no effect on the average
density of the samples (the coefficient is smaller than
the confidence interval, and therefore smaller than the
experimental error), but it has a significant effect on the
strength characteristics.

Analysis of the coefficients for X, in equation (1) shows
that the dependence of compressive strength on tem-
perature is distinctly non-linear: the increase in strength
with increasing heat treatment temperature first increases
(coefficient for X, equal to 0.3), and when the temperature
exceeds a certain value, it begins to decrease (coefficient
for X,> equal to —0.2). The increase in strength is due to
reactions between the modified lignin and the modifier,
as well as in the surface layer of the wood particles, while
the tendency toward a decrease in strength is associated
with the phase transition of water into steam and loosen-
ing of the structure.

The value of the allowable threshold of heat treat-
ment temperature can be determined using the method
of analytical optimization. In this case, equations (1—3)
are considered as algebraic polynomials: functions of two
or three variables, to which the methods of mathematical
analysis for continuous functions can be applied. The
implementation procedure of the method is as follows:

1. Determine the extremum of function (1) with re-
spect to X

Y, /0X,= 0.3 — 0.4X, =0~ X, =0.75.

2. Solve equations (1-3) for X, = 0.75:
For compressive strength:

Y, =4.2+0.4X, +0.6X,+0.2X X,. 4)
For flexural strength:
Y,=3.0+0.3X, +0.4X, + 0.2X X,. (&)

For average density (Ab, = 4 kg/m?), equation (3)
remains unchanged.

3. Determine the value of the threshold heat treatment
temperature in natural units (using the data from Table 1):

t, =85+ 25 x 0.75 = 103—104 °C.

4. Perform a graphical interpretation of equations (3,
4, 5); the results are presented in the form of a nomo-
gram (Fig. 2). The nomogram contains three sectors:
sector I allows estimation of the flexural strength R , MPa;
sector 11 — compressive strength at 10% deformation R,
MPa; sector II1 — average density of samples p, kg/m?.
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Fig. 2. Nomogram for evaluating material properties at the optimized heat treatment temperature of 103-104 °C;
sectors: | - flexural strength R, MPa; Il - compressive strength at 10% deformation R, MPa; Il - average density p,

kg/m?

Solving the predictive problem graphically is as fol-
lows. The values of the variable factors (in natural units)
are marked on the coordinate axes. In the example (Fig. 2,
blue lines), the average softwood sawdust size *1* is set
to 8.5 mm and the modifier consumption Cc to 6.5%.
These points are marked on the coordinate axes. From the
point *I* = 8.5 mm, a straight line parallel to the abscissa
axis is drawn through sectors I and II. In sectors I and 11,
straight lines parallel to the ordinate axis are drawn from
the points Cc = 6.5%. In sector 1, the flexural strength is
determined at the intersection of the lines (R = 3.3 MPa),
and in sector 11, the compressive strength at 10% defor-
mation is determined similarly (R = 4.4 MPa). Next, in
sector III, the average density is obtained. The intersec-
tion point of the “modifier consumption” and “sawdust
size” lines is found, and from this point a line is drawn
parallel to the abscissa axis, giving the average density (o)
equal to 687 kg/m?.

The predictive problem can also be solved using
a computer program based on optimized algebraic func-
tions of two variables (Formulas 4—6) or the basic poly-
nomials (1-3).

The program algorithm includes the following blocks,
implemented sequentially. Block 1 provides for the input
of factors in natural units and their coding, i.e., reduction
to the interval [—1; +1]. Block 2 is the calculation block
and involves the use of either the basic polynomials or
the optimized functions. Block 3 ensures the output of
the calculation results to the computer display and to the
printer.

When using digital modeling methods, it is very im-
portant to confirm the adequacy of the obtained math-
ematical (statistical) models to the real processes. The
verification is carried out at two levels. First, during sta-
tistical processing, the adequacy of the polynomials is
checked using Fisher’s criterion. Second, after obtain-
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Table 2. Verification of second-level adequacy

Variable parameters Flexural strength (MPa)

No- Softwood sawdust size (I), mm | Modifier consumption Cc, % Calculated Actual A, %
1 9.5 7.5 39 3.7 53
2 9.5 4.5 2.7 29 6.8
3 8.0 6.0 3.0 3.1 33
4 8.0 7.5 3.4 3.5 29
5 8.0 4.5 2.6 2.7 3.6
6 9.5 6.0 33 3.2 3.0
7 6.5 6.0 2.7 2.6 3.7
8 6.5 4.5 25 26 3.8
9 6.5 7.5 29 2.7 6.9

ing the calculated results, a repeated active experimentis =~ CONCLUSIONS

carried out and the discrepancy between the calculated
values and the experimental results is evaluated (Table 2).

After obtaining the calculated results analytically (us-
ing a computer program or graphical method), an ad-
ditional verification is carried out in repeated series of
active experiments. Flexural strength (MPa) is taken as
the evaluation criterion. The results of the comparative
analysis at the optimized heat treatment temperature of
103—104 °C are presented in Table 2.

The discrepancy between the calculated and experi-
mental values for flexural strength (A) does not exceed
7.0%, which is fully consistent with the accuracy level
accepted in building materials science (up to 10%). The
best properties correspond to the values of the variable
factors in experiment No. 4: an average softwood saw-
dust size of 8.0 mm and a modifier consumption of 7.5%.
These conditions correspond to the calculated values of
compressive strength at 10% deformation of 4.7 MPa and
an average density of 683 kg/m?, obtained using analytical
dependences (1) and (3).

In addition to the possibility of obtaining materials
with the highest possible strength characteristics at an
average density of no more than 700 kg/m?, the use of lig-
nosulfonates is preferable for economic reasons. The use
of modified lignosulfonates implies lower production la-
bor intensity, as well as a waste-free technology. After the
separation of modified lignin in a water bath, the sawdust
is strained, and most of the solution is reused. Moreover,
the resulting composite material based on sawdust and
modified lignin can be considered to be entirely made
from secondary raw materials: wood processing waste and
by-products of the pulp and paper industry.

The obtained products fully meet the requirements
for composite heat-insulating materials, and the use of
boron-nitrogen compounds as a modifier not only af-
fects the mechanical properties of the products but also
increases the resistance of the resulting material to decay
processes and other biological impacts.

The use of lignosulfonates is also preferable from an
economic standpoint due to lower production labor inten-
sity and the waste-free nature of the technology. The re-
sulting composite material based on sawdust and modified
lignin can be considered to be completely manufactured
from wood and pulp and paper industry waste.

The use of sodium lignosulfonate as a modified binder
in composite building materials based on wood waste is a
promising direction. The availability and low cost make
lignosulfonates an attractive option for replacing tradi-
tional binders, such as phenol-formaldehyde resins and
other phenolic compounds.

The use of boron-nitrogen compounds as a modifier
is advisable, since their introduction both improves the
strength characteristics of the product and reduces the
risk of decay of softwood sawdust, thereby increasing the
durability of the products.

Fully realizing the potential of using lignosulfonates
as a binder and boron-nitrogen compounds as a modi-
fier requires further research, development, and testing
aimed at optimizing their properties. The use of digital
methods makes it possible to obtain reliable results with
a minimum number of active experiments, and also con-
tributes to the optimization of formulations and produc-
tion parameters of composite materials.
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AHHOTALUMA

BeepgeHme. OTxofbl NepepaboTKn 4pPEBECKHDI 1 CENbCKOXO3ANCTBEHHOW NPOAYKLMN MOTYT NCMOJIb30BaTbCA Kak KOMMOHEHTbI
CTpOUTENbHBIX MAaTEPUANOB, Kak TONNBO B 6prkeTax 1 Np. AKTUBHO Pa3BMBAIOLLMMCA HaMpaBeHneM NCMONb30BaHNA STUX OTXOAOB,
paBHO KakK 11 OTXOA0B LIeNTI0N03HO-6yMaXKHOI NPOMbILLIEHHOCTU, ABAAETCA UX YTUIM3aLMA B KauecTBE PeCypCHOro NCTOYHMKA ANA
nonyyYyeHna CTpouTenbHbIX MaTeprnanos. Lienblo nccnenosaHuni ABNAETCA U3yYeHMe BO3MOXKHOCTIN NCMONb30BaHNA OTXOA0B Aepe-
BOOOPA6OTKM 1 MPOU3BOACTBA Gymary, B TOM YMCie TMrHOCY1bGOHATOB, B KaUeCTBe CBA3YIOLYMNX A1 CO34aHNA KOMMO3MLMOHHbIX
MaTepurianoB. Metoabl n maTepuanbl. O6BLEKTOM NCCNef0BaHNA ABAAIOTCA TEMION30MALMOHHbIE MaTepuralibl HA OCHOBE OTXOL0B
[epeBoo6paboTKN N MOANGULIMPOBAHHOTO IMFHIH-COAEPKALLErO CBA3YIOLLETO, @ TaKKe CNocobbl MoAMOUKALIMM STOTO CBA3YIOLLETO.
B KauecTBe cBA3ylOLLIErO N3yYanacb BO3MOXHOCTb NMPUMEHEHUA IMrHOCYNbGOHaTa HaTPWA, aKTUBMPOBAHHOTO BOAHBIM PaCTBOPOM
60pa3oTHbIX coeanHeHnin. O6pa3sLibl M3roTaBAMBaNVCh NPECCOBAHEM OMUIIOK XBOMHbBIX MOPOA C MOANGULMPOBAHHBIM TUFTHUHOM
1 nocnegyoLlen Tennosoi 06paboTkol popmoBaHHOTO cbipua. PesynbraTtbl. OnpefeneHbl 3HaUEHNA NIOTHOCTY U MPOYHOCTA
06pasL0B B 3aBMCMOCTM OT COCTaBa 1 PEXMMOB TENIOBOI 06paboTKU. YCTAaHOBNEHO, UTO HaMAyULWMMKM NMOKasaTenamy obnagatot
06pa3ubl ¢ MoaNdULMPOBaHHBIM MrHocynbdoHaToM. Lindposasa onTummnsaumna napameTpoB N3roTOBIEHMA 1 peLienTypHbIX dak-
TOPOB MNPOBOAUIACHL UMEHHO AJ1A 3TOro MaTepuana. YCTaHOBIEHO, YTO HauyuLUMe noKasaTenu NoayyveHbl Npu cpegHemM pasmepe
OMUIOK XBOWHbIX Mopog, 8,0 MM, pacxo MoardrKaTopa 7,5% 1 Temnepatype Tennosoi 06paboTku 103-104 °C. MpoyHocTb 0bpa3Lios
ONTVManbHOro cocTaBa Npw n3rnbe coctaensaet 3,4-3,5 MMa. MpouHocTb npu cxatum npu 10% agedopmauun 4,7 MMa, cpepHan
NAOTHOCTb — 683 Kr/M>. Pacxox[eHne MeXay pPacyeTHbIM U SKCMEePUMEHTANIbHBIM 3HAYEHVAMY BEMYMH MO MPOYHOCTY NP 13rmbe
He npesbiwaeT 7,0%. O6cyKaeHne. JKCNeprMEHTbI, B TOM YMCSIE 1 MPOBEAEHHbIE Ha OCHOBE LidPOBbIX METOAUK, MOATBEPANIN
Llenecoobpa3HoOCTb MPUMEHEHNA HOPA3OTHbIX COEAVHEHUI ANA MOAVUKaLIMN CBOWMCTB JINTHKIHA, KOTOPbIV MOXET PacCMaTprBaTbCA
Kak NprpofHoe BXKyLlee BellecTBO. 3aKkntoueHme. [lonyyeHHble 13enna BrosiHe COOTBETCTBYIOT Tpe6OBaHMAM, NPefbABAAEMbIM
K KOMMO3MLMOHHbIM TEMOM30MALMOHHbBIM MaTepuanam, U NCNob3oBaHne B KauecTBe MOANdrKaTopa 60pa3oTHbIX COefNHEHNI
He TONbKO BANAET Ha MexaHnyecKmne CBONCTBA U3AENUN, HO 1 NMO3BOAET NOBbICUTb CTOMKOCTb NOJSTyYEHHOTO MaTeprana no OTHO-
LIEHMIO K NpoLieccam rHUeHVA 1 ApYrum 61U0orMyeckim BO3LeNCTBUAM.

KJTIOYEBbBIE CJIOBA: oTxofibl IepeB0o06paboTKY, LIeSIoI030CoepKallme MaTepuanbl, IMFHWH, TMTHOCYNbGOHAT HaTpus, bopa-
30THble COeUHEeHNs, TenioBas obpaboTka
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ABSTRACT

Introduction. Waste from wood processing and agricultural products can be used as components of building materials, as fuel in
briquettes, etc. A rapidly developing area for the utilization of this waste, as well as waste from the pulp and paper industry, is its use
as a resource for producing building materials. The aim of the research is to study the possibility of using waste from wood process-
ing and paper production, including lignosulfonates, as binders for the creation of composite materials. Methods and Materials.
The object of the study is a heat-insulating material based on wood processing waste and a modified lignin-containing binder, as
well as methods for modifying this binder. The possibility of using sodium lignosulfonate activated with an aqueous solution of
boron-nitrogen compounds was studied as a binder. The samples were produced by pressing softwood sawdust with modified
lignin, followed by heat treatment of the molded green product. Results. The values of density and strength of the samples were
determined depending on the composition and heat treatment regimes. It was found that the samples with modified lignosulfo-
nate exhibit the best properties. Digital optimization of the manufacturing parameters and formulation factors was carried out for
this material. It was established that the best properties are achieved with an average softwood sawdust size of 8.0 mm, a modifier
content of 7.5%, and a heat treatment temperature of 103-104 °C. The flexural strength of the samples with the optimal composi-
tion is 3.4-3.5 MPa, the compressive strength at 10% deformation is 4.7 MPa, and the average density is 683 kg/m?. The discrepancy
between the calculated and experimental values for flexural strength does not exceed 7.0%. Discussion. The experiments, including
those conducted using digital methods, confirmed the feasibility of using boron-nitrogen compounds to modify the properties
of lignin, which can be considered as a natural binder. Conclusion. The obtained products fully comply with the requirements for
composite heat-insulating materials, and the use of boron-nitrogen compounds as a modifier not only affects the mechanical prop-
erties of the products but also increases the resistance of the resulting material to decay processes and other biological impacts.

KEYWORDS: wood processing waste, cellulose-containing materials, lignin, sodium lignosulfonate, boron-nitrogen compounds,
heat treatment
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BBEAEHUE
IIPOMBILJIEHHOCTH, CEJIbCKOXO3AMCTBEHHBIE OTXOIbI

CoBpeMeHHbIE pealnuu CTPOUTEILCTBA IIPEAOIIPEaeIIsI-
IOT MHTepeC K pa3paboTKe MHHOBALMOHHBIX MaTePU-
aJ10B, 00JIaJA0IIMX BICOKMMM KCILTyaTallMOHHBIMU
XapakTepUCTUKAMU 1 MUHUMAJIbHBIM HETaTUBHBIM BO3-
JECTBUEM Ha OKPYKAIOIIYIO CPENy, a TAKXKe K KOM-
MO3ULIMOHHBIM MaTepuasaM, OTHOCIIIUMCS K TpyI-
TaM TIPUPOIOTIONOOHBIX U HEerod(hGeKTUBHBIX [1—3].
B 2TOM OTHOILIEHUU MIPEACTABIISIIOT UHTEPEC LIEJUTIONO0-
30- M JIMTHUHCOAEPKALIME ITOOOYHbIE OTXOMbI APYTHUX
Mpou3BOACTB. ICTOYHUKOM 3TUX MaTEPUAJIOB SIBJISIOT-
Cs1 OTXOIBI AEPEBOOOPAOOTKH, LIEJUTIOJIO3HO-0YMaXKHOM

[4—6].

OCHOBHBIM METOZIOM MCTIOJIb30BaHUSI OTXOIOB JIepe-
BOOOPAOOTKHU, LIEUTIOIO3HO-0YMasKHOI TTPOMBIIIIICH -
HOCTH, PaBHO KaK U CEJIbCKOXO3SIIICTBEHHBIX OTXOIOB,
IIOJITOC BPEMSI SIBJISLIACH MX TIpsIMasl YTUIN3AINST KaK
TOpIOYEro MaTepuaia 1, B JIyJIIeM cIyJac, B KaueCTBe
TOTIJINBA, @ B OCHOBHOM IIPOCTO CXKHTalach Ha 307y
[7—9]. DXoHOMIWYECKU OMPaBIaHHBIM SIBJISICTCS MeXa-
HUYeCcKas IepepaboTKa OTXOMOB C MOCICTYIOIINM HC-
TOJTh30BaHUEM TT0JTy(padprKaTa B KauecTBE KOMITOHCHTA
IJIST pa3IUIHBIX MAaTePUAIOB, B TOM YUCJIC CTPOUTEIIh-
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HBIX. [107I0XUTEIBHEII OITBIT HAKOIUICH TIPU PEeIICHUHN
MaTepUAIOBEAYCCKUX ACTICKTOB IIPH MOJIyIeHUU DU-
OposnTa, IPeBECHO-CTPYKEUHBIX, TPEBECHOBOJIOKHN-
CTBHIX M OPMEHTUPOBAHO-CTPYKeUHBIX TTUT. Hambomee
WHHOBAIIMOHHBIM SIBJISIETCS TJIyOOKasl IepepaboTKa
OTXOIIOB, HAIIpaBJICHHAS Ha ITOJYYCHME IEJUTI0I03HO-
T0 KOMITOHEHTA ¢ TOCJICAYIOIINM MX MCITOIb30BaHUEM
B Pa3IMYHBIX OTPACIISIX: OT (papMaKOJIOTHH IO TIPOU3-
BojcTBa 6ymaru [10—12]. B cTpouTtelbcTBe TTOTOOHbBIE
TEXHOJIOTUU ONpoOOBaHKI MpU pa3padboTke (pudpoie-
MEHTHBIX U3ICITHIA.

MHoTrHe U3 3TUX OTXOI0B M MOOOYHBIX TIPOAYKTOB
comepKaT JUTHOILICJUTION03Y, a B OCHOBHOM OHU COIEp-
JKaT MeJUTI0N03Y, TUTHUH, TEMUIISIUTIONO03Y U 9KCTpaK-
TUBHEBIC BEIICCTBA, TaKNe KaK (DEHOIBHBIC COCTUHECHUS
¥ MUHEpaJbHbIA KOMIOHEHT (30JIbHBIM O0CcTaToOK). Tex-
HUYECKU TOJIC3HBIC BEIIECTBA COMCPKATCS IMPAKTHICCKI
BO BCEX CHIPhEBBIX NCTOUYHUKAX TAHHOM TPYITITBI ¥ OTIIH-
YalOTCS CBOMCTBAMU M BBIXOIOM KOHEYHOTO ITPOIYKTA
[13—15]. KoMITO3MIIMOHHBIE MaTepHalbl, CO3JaHHbIE
Ha OCHOBE OTXOIOB IIepPeBOOOPAOOTKH M CBSI3YIOIINX
Ha OCHOBE JIUTHWHA, SIBJISTFOTCS TIEPCIIEKTUBHBIM WH-
HOBalIMOHHBIM HarmpasicHreM. C IpUMEeHEHNEM 3TUX
KOMITOHEHTOB BO3MOKHO TTOJTIyIeHHE IITMPOKOI HOMEH-
KJIaTypbl CTPOUTETHPHBIX MATEPHAIIOB: OTICIOYHBIX U TE-
TUTOM3O0JISIIIMOHHEIX. PerymmpoBaHme TOprCToil CTPYKTY-
PBI IeTaeT BOBMOXKHBIM TaKKe TTOTyIeHUE aKyCTHUCCKIX
MaTepHaJIiOB U, B YACTHOCTH, 3BYKOITOTJIOIIAOIIIX.

JIuTHWH SIBIIIETCS KOMIIOHEHTOM BCEX MaTepPHUaIoB
paccMaTpUBacMOU TPYIIIIEI M MOXKET PaCCMaTPUBATHCS
KaK 9KOJIOTUYECKU 0e30TacHOe CBSI3YIoNIee: HETOKCHY-
Hoe 1 Omopa3iraracMmoe. [IpuMeHeHne IUTHUHA MUHU-
MU3UPYET HEraTUBHOE BO3AEICTBUE HA OKPYXKAIOLIYIO
cpely 1 310poBbe dyesoBeka [16]. B pesynbrare 06pabor-
KU IpeBEeCUHBI ¥ BAPKHU 1ICIITIOIO3HI TTOTyIeHIE TUTHITHA
KaK ITOOOYHOTO IIPOAYKTa HAXOMUTCS Ha ypoBHe 70 MITH
TOHH [17], 4TO IeMaeT 5KOHOMUUYECKH 11eJIeCO00pa3HbIM
€ro yTUan3aluio 1o CPaBHEHUIO ¢ albTepHATUBHBIMU
CBSI3yIOIINMU BeliecTBamH | 18].

BrizenatoT Tp OCHOBHBIX BHIA JIMTHUHA KaK I10-
0GOYHOTO MPOAyKTa. Bo-miepBBIX, 3TO TUAPOTN3HBIN JIUT-
HUH. [MIpOIM3HEIN IUTHUH TIPUMEHSIOT B MEIUITTHE
¥ CEJIbCKOM X03s1iicTBe. OCHOBHBIC BO3MOXKHOCTHU €TO
HCITOJIb30BaHUS: TIPUMEHEHNE B Ka9eCTBE COPOCHTOB,
nopoobpa3oBaTeieit, y1oOpeHHiA, a TAaKKe B Ka4eCTBE
MO0aBKM IJI CTPYKTYPUPOBAHUS TIOYB M B KaUECTBE
repounnaoB. Bo-BTOpBIX, 3TOT CyJib(aTHBINA JUTHUH
(XpadT-TUTHUH) SIBIISTIOMINIICS MHOTOTOHHAXKHBIM OT-
XOIOM IEJITI0I03HO-0yMaKHOM IPOMBIIIIICHHOCTH.
DTOT MaTepuaja UCIIOJIb3yeTcd KaK TOIUIMBO [19] mmn
B OCHOBHOM pa3MellaloT Ha MOJUTIOHaX 3aXOPOHEHUs
OTXOIIOB B orpoMHOM Kosmmuectse [16, 20]. ITIpoBeneH-
HBIC paHee MCCIIeIOBaHMUs TTOKA3bIBAIOT 1IeJIecooopas-
HOCTh MOAM(DUKAIINN JIUTHOCOIEPKAIINX MAaTCPUATIOB
C ICTIOIb30BaHMEM OOPa30THBIX coenuHeHm [18—20].

Moaudnkaims 60pa30THBIMU COCTUHECHUSIMH Ha-
IIpaBjicHa Ha M3MEHEHNE COCTaBa M CBOMCTB KJIETOU-
HBIX CTEHOK PaCTUTEILHOTO CHIPhS, B COCTaBe KOTO-
PBIX IIPOUCXOIUT pa3neicHUe JUTHUHA U YTIICBOTHOTO
KOMITIeKCa. YIydIIeHNEe CBOMCTB JINTHIHA IIPOUCXOIUT
B IIPOIIECCE B3aUMOACHCTBIS MOAM(PUKATOpa C THIPOK-
CHJIBHBIMU TPYIIIaMU JINTHUHA, YTO IIPUBOIUT K 00pa-
30BaHUIO CTAOMIBLHBIX 2(UPHBIX CBA3Eii. DTOT (haKTop
TaKXXe CIIOCOOCTBYET YBEIIMUCHHIO CITOCOOHOCTH JINTHU-
Ha COCTUHSITHCS C IPYTUMHU KOMIIOHEHTaMI MaTepHaa.
IlonyuyeHHBIT TAKUM 00pa30M MOAU(PULIMPOBAHHBIN
JINTHUH, BO3MOXHO, MOXKET CIIYXKUTb CBSI3YIOIINM TIPU
CO3IaHNUN KOMITO3UIIMOHHBIX MaTepraioB [21—23].

Llenpio MccaemoBaHWU SIBISIETCS M3yUYEHUE BO3-
MOXKHOCTH MCITOJIb30BaHUS OTXOIOB AePEeBOOOPAOOTKH
1 TIPOM3BOACTBA OyMaru, M B TOM YHCIIC JIMTHOCYIIh(DO-
HaTOB, B KQYE€CTBE CBA3YIOIINX IS CO3MaHUsI KOMIIO3U-
IIMOHHBIX MaTePHUAJIOB.

B kxauecTBe 00BEKTOB U3ydyaIUCh 00pa3iibl KOMIIO-
3UILIMOHHBIX MATEPUAJIOB, M3TOTOBJICHHEIC ITyTEM IIpec-
COBaHMSI CMECH OITMJIOK COCHBI C INTHOCYTb(POHATOM
HaTpusl. AKTUBATOPOM SIBJIsUTMCH Bona (JICB) m Momu-
¢dukaTop, B KaueCTBe KOTOPOIO OBLIU MPUHSTHI OOpa-
3oTHbIe coeqrHeHns (JICM). Takke n3yJaanch CBOMCTBA
00pa3IoB, MOJIYICHHBIX ITyTeM IIPECCOBAHMS OITMIOK
COCHBI C HATMBHBIM JIMTHUHOM, MOIU(HUIIIPOBAHHBIM
OopazoTHbIMU coenuHeHusMu (HJIm).

MATEPWUAJbI U METOADI

B xadecTBe CBSI3YIOIIETO NUCITOIb30BAICS HATUBHBII
JIMTHUH, MOIU(UIINPOBAHHBII 00PAa30THBIMU COCIH-
HeHusmu (HJIM), B KauecTBe HAIIOJIHUTES (M KOM-
ITOHEHTa, (POPMUPYIOLIETO MAKPOCTPYKTYPY M3ICIIHS)
HCITOIB30BAINCH IpeBecHBIe ONMIKN. O0pa3Isl U3ro-
TaBIMBAJIACH CICAYIOIINM 00pa3oM. Bo-TiepBhIX, ocy-
IIECTBIISIACh BapKa OMMIOK COCHBI (ppakinu 5—10 MM
B pacTBOpe 00pa3oTHOTO coenuHeHUs («KcemmocTaT»)
Ha BoIsHoOI 0aHe [16]. Temmeparypa Bapku 100 °C, mipo-
IOJDKUTETLHOCTE 1 9yac. Bo-BTOPBIX, OCYIIECTBISIIIOCH
¢urpTpOBaHUE TIPOAYKTOB BapKu. Ha TpeThem aTarre
OCYIIECTBISUIOCHh (POPMOBAHME CHIPIIOBBIX MU3ICIUIA
1 TIpeCcCoBaHNe MOITU(HUIINPOBAHHBIX ONMJIOK. Ha aToM
STarle MPOUCXOINIIO BBIIEICHNIE M3 OMIOK MOTUDUIIN-
POBAaHHOTO JIUTHUHA. DTOT MOIU(MUIINPOBAHHBIN JINT-
HUH BBIMOJHSUT (PYHKIMIO €CTECTBEHHOTO CBSI3YIOIIETO.
OTMeTHM, 9TO BBIAC/ICHIE JUTHIHA 13 UCXOTHOTO CHI-
PbsI XBOMHBIX TTOPOII IIPUMEHSIETCS] B TEXHOJIOTMH TBEP-
IIBIX IPEBECHOBOJOKHMCTHIX TUIUT, CBOMCTBA KOTOPHBIX
(GopMUPYIOTCS TPU TEIUIOKOMIIPECCUOHHOI 00paboTKe
BOJIOKHUCTBIX JIMCTOB C BBIJAEJICHUEM U MOCJIECIYIOLIUM
OTBepXKICHUEM JTUTHUHA.

Ha npenBapuTeIbHOM 3Talte UCIIBITAHUI CEpUM 00-
Pa310B U3rOTaBIMBAIMCH B BUIE KyOMKOB 50X 50X 50 MM.
BapbsupyeMbiMu (haKTOpaMU SIBJISTTACH ITapaMEeTPHI CYIIT-
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Ku: Tipu TeMrieparype 25 °C B cTaHIAPTHBIX YCIIOBHSIX,
a TaKKe B CYIIMJIBHOM IIKady: TerutoBass o0padboTKa
npu 105; 125 n 150 °C no moctostHHOI Macchl. [Tocite
dopMoBaHus ChIpLIOBLIX 00pa3oB JICB u JICM B BuIe
KyoukoB 50x50%50 MM OCYIIECTBIISIOCH MX IIPECCO-
BaHue 1on pasiaeHueM 80 kIla. B kauectBe (hakTOpOB
OTKJIMKA IIPUHUMAJIACh IIPOYHOCTH Ha cxkaTue mpu 10%
OTHOCHUTEJIBHOI AeopMallni W TIpU U3THOE, CPETHSIS
TUTOTHOCTH M TEIUTOIIPOBOXHOCTD. MICIIBITAHMSI CBOMICTB
TIPOBOIMINCH Yepe3 30 CyTOK.

OO6pa3Ibl Ha OCHOBE CBSI3YIOIIETO, B KAUeCTBE KOTO-
poro ObUT TTpUMeHEH JUrHoCYIb(oHaT HaTpus (JICB),
M3TOTABIMBAJIUCH ITYTEM €T0 CMEIITMBAHUS C OTTMIKAMM
XBOWHBIX TTopon ¢pakuuu 5—10 mm 1 Bomoit. CooT-
HOIIIEHNE KOMIIOHEHTOB 110 Macce: OIMUJIKK,/ JIUTHO-
cynbdonar (JIC)/Boma B mponopruu 1:1:0,5. O6pasiisr
Ha OCHOBE CBSI3YIOIIIETO, COMepKaIIero 00pa3oTHBIC CO-
enmuHeHus (BAC) n JICM B KauecTBe MoandUKATOpPa,
W3TOTABINBAIIACH ITyTEM CMEIITMBAHMSI OITIJIOK XBOHBIX
nopox dpakimy 5—10 MM ¢ TUTHOCYTE(OHATOM HATPHSI,
MonudumpoBaHHEIM pacTBopoM BAC. CooTHolIeHIEe
KOMITOHEHTOB T10 Macce: ONUJIKI/IMHOCYTh(OHAT/MO-
nudukaTop B riportopunu 1:1:1. MccaenoBaHus Ha BTO-
POM YpOBHE MCTIBITAHUS TIPOBOIMINCH C TIOMOIIBIO -
POBBIX METONINK.

YacTb ncciemoBaHUA TPOBOMIIIACE Ha 000PYIOBa-
aun LlerTpa KoyurekTrBHOTO Toib3oBaHus (LIKIT) HUY
MICY.

PE3YJIbTATbl UCCJIEAOBAHUA

WcnpiTanust Ha IpEABAPUTCIILHOM YPOBHEC ITOKa3ain
YBCIMYCHUE ITPOYHOCTU C MMOBBIICHUEM TCMIICPATYPbIL

CYIIKH UTST 00pa3IioB ¢ MOOU(UIINPOBAHHBIM JINTHU-
HoMm (HJIM) B kKauecTBe cBszytouiero. [1pu cornocraBumMori
IJIOTHOCTY 00pa3iLoB IIPOYHOCTh Ha cxkaTtue rnpu 10%
OTHOCUTEJIbHOI aechopmarivu coctaBuia 1,36 MIlay 00-
pasnos, cymmBixcs pu 150 °C, u 0,44 MIlay obpaz-
1IOB, CYIIMBIIMXCS IIPA HOPMAIbHBIX yciIoBUsX n 25 °C.
[Ipounocts Ha cxkatue npu 10% nedopmarnuu st 06-
pasuos ¢ JICB 3HaunTeIbHO BhILIE, Hexean ¢ HIIm: 2,62;
2,94 n 2,57 MIla cooTBeTCTBEHHO ITpH cymke mpu 25 °C,
105 °C u 125 °C. O6pa31ibl Ha CBA3YIONIEM MOTU(PUIIIPO-
BaHHBIM 0OPA30THBIM COCTMHECHIEM O0JIamaI0T JIYIIIMK
OMOLMIHBIMU CBOMCTBAMU, a IIPOYHOCTh uX (1ipu 10%
nedopmanun) B 1,45—1,52 paza Bbilie 1 cocTapiserT: 4,006,
4,51 n 4,33 MIla cooTBeTCTBEHHO ITpH cymike rmpu 25 °C,
aTaxxke ripu 105 °Cu 125 °C.

[IpenBapuUTeTbHBIN aHAIN3 SKCIIEPUMEHTATBHBIX
MAHHBIX TTO3BOJIMJI YCTAHOBUTDH KPAWHMIT TIpeIesT TeM-
IepaTyphl TEIUIOBOI 00pabOTKM, KOTOpas He JOJKHA
rnpesbimaTh 105 °C Ha maTtepuane (1 125 °C B o0beMe
CYIIMIBHOM Kamephl). [1pu 00IBIINX TeMITepaTypax Bo3-
MOXXHO 3aKHWITaHWE BOOBI B MaTepuaje (KaK pe3yiabTaT
daszoBoro mepexoma). Pe3yrbTaTel TIPOYHOCTHBIX UC-
IIBITAHUI TIPX C3KATUM IIPEICTaBICHBI Ha puc. 1.

YUUTHIBASI OITBIT, TOJIYYCHHBIN Ha IPEABAPUTEITHHOM
STare SKCIIePUMEHTA, TUIAH TaThHEHIITNX NCCIICIOBAHMIA
6a3mpoBajics Ha IPUMEHECHUN MaTepHUAIOB C MCITOJIb-
30BaHMEM B Ka4eCTBE CBSI3YIOIIETO JINTHOCYIb(hOHATA,
MOINMOUIMPOBAHHOTO OOPA30THEIMU COCTMHEHUSIMH
(JICMm). UccnenoBaHusI IPOBOIMINCH HA OCHOBE Ma-
TEMAaTHUIECKOTO TUTAHUPOBAHUS U CTATUCTUIECKON 00-
pabOTKM pe3yIbTaTOB SKCIIepUMeHTa [24, 25].

B xauecTBe BapbUpyeMbIX (DaKTOPOB OBUTH IIPUHSITHI
CpeIHMiA pa3Mep OMMIIOK XBOMHBIX 1opof (X, ), pacxon

5.00
4.50
4.00
3.50
3.00
2,50
2,00
1.50
1.00
0.50
0.00

IIpousocTs OpH
cxatag, MIla

25
TemnepaTypa TemaoBoii 0opadorku, °C

05

125 150

Puic. 1. Pe3ynbTaTbl NPOYHOCTHBIX UCMbITaHWU (MPOYHOCTL Npu CkaTnn npu 10% gedopmaunn): | — o6pasubl ¢ Hlm,
cpepHen NAoTHOCTbIo 560 Kr/m3; Il — 06pasubl ¢ JICM, cpefHel nnoTHocTbio 830 kr/m3; [l — o6pa3ubl ¢ JICB, cpegHen

MAOTHOCTbIO 690 Kr/m3
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MonuduKaTopa K Macce CyXux onujiok (X,) u remre-
partypa cpefibl B KaMepe TpH TEIIoBoii oopabotke (X,).
Pa3MepsI onmmIoK XBOMTHBIX TOPOI UMEIOT OTHOMOIATh-
HOE pacrpeesieHure 1o pa3Mepam, 0JI1M3Koe K HopMallb-
HoMmy. [ToaToMy 3a cpemHUIT pa3Mep IPUHUMAETCS Be-
JIMYMHA MATEeMAaTUICCKOTO OXUIAHUS PacIIpeaeICHMS
OITIJIOK I10 pa3MepaM (cpemHuii pasMep). Ilpu mpose-
IEHNH KCTICPUMEHTA YUUTHIBAJIOCH, YTO HAa HAYaJTbHBIX
CTaIMSIX TETUIOBOM 00pabOTKM TeMIIepaTypa MaTepHaia
OTCTaeT OT TeMITepPaTyphI CPeIBl B KaMepe, HO TIPU Jallb-
HEHIIIeM TEIUIOBOM BO3ACHCTBUU pa3HUIIA TEMIICPaTypP
CTAaHOBUTCS MUHUMAJTLHOM.

O6paboTKa pe3yIbTaTOB 9KCIICPUMEHTA 1 IIPOBEpPKa
CTATUCTUIECCKUX THIIOTE3 OCYIIECTBIISLIACH B IIPOTpaM-
Me Statistika. O6paboTKa oCyliecTBIsIaCh C IIpUMe-
HCHHEM METOOUKH «AHATUTHICCKON ONTUMU3AINN»,
pa3padotanHoit B HUY MI'CY u onpoboBaHHOI Tpu
pelIeHNH PEeIeTITYPHBIX 3a1a4 1 BHIOOPA TEXHOJIOTHYC-
CKMX ITapaMeTPOB MHOTUX CTPOUTEIBHBIX MaTePHUAIOB
[26, 27]. YciaoBusa sKcriepuMeHTa IPUBEIEHBI B Ta0-
nune 1.

DyHKIIMSIMI OTKIIMKA PAaCCMAaTPUBAIOTCS IIPOYHOCTH
npu cxaruu npu 10% nedopmauuu (Y,), IpOYHOCTH
npu usrube (Y,), cpenHsas mioTHocTs (V). B kauecTse
napaMeTpa ONTUMU3ALUN IIPUHSITA IIPOYHOCTH IIPHU
U3ruoe.

JloBepuTeIbHBINA MHTEPBaI 11 KO3(PULIUEHTOB
ypaBHEHUIA perpeccuut (Ab) orpenesics 1o 3HaYeHU -
aM Kputepust CTbroneHTa (BRIOpaHHBIM JUISI TPEX CTE-
TIeHEe CBOOOIBI) M AUCTICPCUH TTapaJUICTBHBIX OITBITOB.
3HAYNMOCTh KOA(DDUIIMEHTOB YpaBHCHUN PErpecCrum
OlLICHUBAJIACh IyTeM UX CpaBHEHUS (ITO0 aOCOTIOTHOM
BEJIMUMHE) C JOBEPUTEIIEHBIM MHTepBaioM. Koadduiim-
CHTBI, MCHBIIINE JOBSPUTCIILHO MHTEPBaja, IPUHIMA-
JINCh HE3HAUMMBIMU 1 TIpupaBHUBaIUCH K 0. [TpoBepka
aIeKBAaTHOCTH TTOJTYYCHHBIX TTOJIMHOMOB OCYIIIECTBIISI -
Jack 1o Kkpurtepuio Ouirepa (CpaBHEHHEM PaCUCTHBIX
¥ TaOJIMYHBIX 3HAYCHMIT). B pesynbrate moiydeHsl cire-
IyIOIINe YpaBHEHUS PeTPECCUM:

— JUIs TIpoYHOCTH Tipu cxatuu npu 10% nedbopma-
uun (Ab, = 0,22 MIla):

V, =4,1+0,4X, +0,6X, +0,3X, +

— IUIA TPOYHOCTU npu u3rube (Ab,= 0,16 MITa):
VY, =2,9+0,3X, +0,4X, + 0,2X, + 0,2X X,, 2)
— U1 cpenHeit miotHocTy (Ab, = 4 MIla kr/m%):
V,=676 + 12X + 8X, + 6X X,. 3)

AHanmm3 Ko3hGUIMEHTOB YpaBHeHMI perpeccunt (1,
2, 3) MO3BOJISIET OIICHUTD BIMSHUE KaXXI0To (hakTopa
Ha pe3yJIbTaT B YCTAHOBJIEHHBIX JJIs1 9KCIIEPUMEHTA NH-
TepBayax (cM. TabOi. 1). YBeauueHMEe pa3Mepa OIIOK
XBOMHBIX TIOPOL (X) TIPENONPEENAET KaK yBETUIEHHE
IIPOYHOCTH TIPH CKATUU U TIPU N3TMOE 1 IIPUBOIUT K He-
KOTOPOMY YBEITMICHUIO CPeIHEH TNIOTHOCTU. YBeIMye-
HHE IIPOYHOCTH CBSI3aHO C TEOMETPUIECCKUM (PaKTOPOM,
00eCcTIeYNBAIOIINM YBEJIMUCHNE KOJTMIECTBA KOHTAKTOB
MEKITy YaCTHIIAMU JPEBECUHBI, OMOHOJIMINBACMBIX CBSI-
3YIOIINM, a YBEJIMUCHNE CPpEeaHEH TUIOTHOCTU CBSI3aHO
C BJIATOEMKOCTBIO onujioK. Pacxon momndpukaTopa (Xz)
BJIMSICT Ha TIPOYHOCTHBIC XapaKTePUCTUKY B HAMOOITBITICH
CTETICHU, YTO CBSI3aHO C TTOBBIIIICHHEM ITPOYHOCTHBIX Xa-
PAKTEPUCTUK KaK MOIU(MUIIMPOBAHHOTO CBSI3YIOIIETO,
TaK 1 ITOIBEPTAIOIINXCST €CTECTBEHHOU IIPOITATKE YACTHI]
IpeBecwHBI. [1oBBIIEHNE TeMIIepaTyphl TEIUIOBOI 00-
paboOTKM, KOTOpasI IIPOBOIMIACH B JIAOOPATOPHOM 3KCIIe-
PUMEHTE B CYIIMIBHOM ITKady, TPAKTUIECKU HE BIIUSIET
Ha CPEeIHIO0 TUIOTHOCTB 00pa31oB (KO3(pUIMEeHT OlIeH-
K1 MEHBIIIC TOBEPUTEILHOTO MHTEPBAJIa, a CIICAOBaTEeIhb-
HO, MEHBIIIC OIIMOKN KCIICPUMEHTa), HO OKa3hIBaeT 3Ha-
YUTEIHPHOE BIMSIHUE Ha TIPOYHOCTHEIC XapaKTePUCTUKN.

Ananus KosdpduuunenTos npu X, B ypapHeHuu (1)
ITOKA3BIBACT, YTO 3aBUCUMOCTH IIPOYHOCTH TIPU CKATHH
OT TEMIIEPATypPhl HOCUT SIPKO BBIPAXKCHHBIN HEJIMHEH-
HBII XapaKTep: POCT IIPOYHOCTH MPH IMTOBBIIICHUH TEM-
TepaTyphl TETUIOBOI 00pabOTKM CHAvajIa YBETMUIMBACTCST
(koo dunment nipu X, paBHblii 0,3), a MU NpeBbILLIE-
HHUU TEMITEPaTypoil ompeaeIcHHOTO 3HAYCHUSI HAYMHACT
cHIDKaTheA (Koo duument pu X 2, paBHblii MuHYC 0,2).
Poct npoyHOCTHN 00YCITOBICH peaKIIsIMUA MEXKIY MOIM -
pULIMPOBaHHBIM INTHIHOM, MOTU(UKATOPOM, a TAKXKE
B IIOBEpXHOCTHOM CJIOC IPEBECHBIX YACTHII, a TCHICHIINS
K CHIDKCHUIO TIPOYHOCTH CBSI3aHAa ¢ (pa30BBIM IIEPEXOIOM

+0,2X X, - 0,2X2, (1) BOJIBI B TIap U Pa3pbIXJIEHUEM CTPYKTYPHI.
Ta6nuua 1. Ycnosua npoBeaeHna SKCnepumeHTa
CumBon CpepHee Wntepsan 3HaueHua ¢pakKTopa
HavnmeHoBaHue ¢pakTopa X 3HaveHMne BapbypoOBaHus, Ha ypoBHAX

i ¢dakTopa, X, AX, -1 1

Pasmep onnnok xBorHbIX nopog /, Mm X, 8 2 6 10

Pacxop moandukatopa C, % X, 6 2 4 8
Temnepatypa TennoBoi 06paboTku, °C X, 85 25 60 110
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OmnpeneauTh BEININHY TOIMYCTUMOTO TTIOPOTa TeM-
TepaTyphl TEIUIOBOM 00padOTKM BO3MOKHO TIPU KC-
MOJIb30BAaHUM METOA aHATMTUIECKON ONITUMU3AIINMN.
B 310 ciyuae ypaBHeHUd (1—3) paccMaTpuBarOTCS Kak
ajreOpanmvIecKue MOJMHOMBI: (PYHKIIMU ABYX WM TPEX
MEepEeMEHHBIX, K KOTOPBIM JOMYCTUMO IIPUMEHEHUE
METOIOB MaTeMaTUUIECKOTO aHaJIMU3a IJIST HETIPePhIB-
HBIX pyHKIMA. [Topssmok peanm3amu MeTona ClaeHy-

— IJId IPpOYHOCTH IIpU usruoe:

V,=3,0+0,3X, +0,4X, + 0,2X X,. ®)
Ina cpenneii mortnoctn (Ab, = 4 MIla kr/m’) ypas-
HeHne (3) He N3MEHMIIOCH.
3) OmpenensieM BeTUINHY ITOPOTOBOI TeMITEPaTypPhI
TeTI0BOM 00pabOTKU B HATYpaJIbHBIX €IMHUIIAX (C UC-

IOLIN:
1) Onpenensem skerpemym GyHkuuu (1) mo X.:

M0JIb30BaHMEM JaHHbIX Ta0J. 1):

t =85+ 25x0,75=103-104 °C.
0y /0X,=0,3-0,4X,=0-X,=0,75.

4) OcymecTBiasieM rpaduuecKyto WHTEPIIPETAIIIIO
ypaBHeHUI (3, 4, 5), pe3yIbTaThl IPEICTABICHBI B BUIE
HOoMoTpaMMBbI (puc. 2). HoMorpamMmMa comepXuT Tpu
cekTopa: ceKTop I mo3BoIIsIeT OLEHUTHh MPOYHOCTD TP

2) Pemaem ypasuenus (1-3) npu X, = 0,75:
— JUISI IPOYHOCTU IIPU CKATUU:

V, =42+0,4X +0,6X, +0,2X X, 4) usru6e R, MIla; cexrop II — nmpoyHoCTh Npy cKaTUK
4.0 5.0 6.0 7.0 8.0
10 T =20 ' 10
I Rs=3.0 I \ : R=45
é ? Rs=3.5 \ \ 9
£ o5 ~\\ o3 il — \ 4.4 \
= = =3.5 RS
& Rs=2.5 \ N \
5 1IN
& 7 7
™ N NN \
4.0 5.0 6.0 65 70 III
- 0, it
Pacxox moardakaTopa, /32 ot A =10
Eﬁ 687 e 85 s
] —
£'630 / =l
i é al
=
:.(,'m /
ot
2, 660E——]
O 40 5.0 6.0 65 7.0 8.0
Pacxox moauduxaropa, %

Puc. 2. Homorpamma s oLeHKM CBOMCTB MaTepurana npy onTMMU3UPOBaHHO TemnepaType TernaoBoi 06paboTkm
103-104 °C; cekTopa: | - npoyHocTb Npu n3rnbe R; MMa Il - npouHocTb Npu cxatum npu 10% gedopmauum R, MMa;
Il - cpenHAA NNOTHOCTDL P, KF/M3
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mpu 10% nedopmanmu R, MIla; cexrop 111 — cpenHioio
IUIOTHOCTH 00pa3LoB P, KI/M>.

PemreHne mmporHocTUYecKoi 3amaun rpadpuaecKuM
CIT0cOOOM 3aKiTouaeTcs B cienyomeM. Ha ocsx Koop-
IWHAT OTMEYAIOT TOUKU 3HAYCHUI BapbUPyEeMBIX (haK-
TOPOB (B HaTypaJlbHOM M3MepeHnn). B mpumepe (puc. 2,
CHHUE JMHUN) 3aIaHbl CPSIHUI pa3Mep OIIIOK XBOIi-
HbIX ropoxn / 8,5 Mm u pacxon momuduxaropa C 6.5%.
OTMedaeM 5TH TOYKH Ha OcSIX KoopawHat. M3 Toukn
[ = 8,5 MM mipoBoauM depe3 cekTopsl 1 u Il ipsamyio,
napayuienbHyo ocu abcuucc. B cexropax I u 11 u3 to-
uek C, = 6.5% NpoBOIMM NPSAMBIE NapaJlIeIbHbIE OCU
opauHart. B cexrope I Ha mepecedeHUM TIPSIMBIX OIIpeIe-
JIsIeM BEJIMYMHY TIPOYHOCTH TIpu u3rube (R = 3.3 MIla),
a B cextope 1l — aHaJIoTMYHO MPOYHOCTH MIPHU CKATUN
npu 10% nedpopmanuu (R = 4.4 MIla). Janee B ceKTOpe
111 monyyaem 3HaYeHME CpeaHEN IOTHOCTU. Haxoaum
TOYKY TTepecedeHusI MPSIMBIX «pacxoa Moan(uKaTopa»
M «pa3MepOoB OIMJIOK» M U3 3TOI TOYKU IIPOBOIUM JI-
HUIO, TTAapaJICIbHYIO OCH a0CIICC, 1 TTOJTyJdaeM 3HaJe-
HUE cpenHeil IIOTHOCTH (p), paBHOI 687 Kr/M>.

[IporaocTryecKas 3agadya MOXET OBITh TAKIKE pellie-
Ha ¢ TOMOIIBIO IIporpaMMbI 111 DBM ¢ ncronb3oBa-
HUEM ONTUMMU3UPOBAHHBIX aJTeOpandecKnX (PyHKITII
JBYX IepeMeHHbIX ((hopMyJibl 4—6) mau 6a30BbIX I10-
JIMHOMOB 1—3.

AJTOPUTM IIPOTPaMMBI BKITIOUAET CIICAYIONINE OJ10-
KW, peain3yeMble ocjieoBaTeIbHo. biok 1 mpemnycma-
TpUBAcT BBeIeHNE (PaKTOPOB B HATYPAIbHBIX CAMHUIIAX
¥ X KOOTUPOBAHME, TO €CTh IIPUBEACHNUE K MHTCPBATY
[—1; +1]. Bropoii 610K — pacyeTHBIN 1 Mpearnoaaraet
HCTIOJIb30BaHNE JTM00 0a30BBIX TOJTMHOMOB, JIMOO OIITH-
MU3UPOBaHHBIX PYHKLMKI. TpeTuii 610K obecrieurnBaeT
BBIBOJI pe3yJIbTAaTOB pacyeTa Ha JUCIUICH KOMIThIOTEpa
¥ Ha TIeYaTh.

Ta6nuua 2. NNpoBepKa afeKBaTHOCTN BTOPOro YPOBHA

[Ipu McmoaIb30BaHNN METOINK LIN(PPOBOTO MOJIE-
JIMPOBAHMS OUYCHBb BaXKHBIM SIBIISICTCS TIOATBEPKICHIE
aIeKBaTHOCTH TIOJyYCHHBIX MaTeMaTUUECKUX (CTaTH-
CTUYECKUX) MoIeselt peaaTbHBIM IporieccaM. [1poBepka
OCYIIECTBIISICTCS HA IBYX YPOBHSIX. Bo-TIepBEIX, TIpn
CTaTUCTUYECKOM 00pabOTKe afeKBATHOCTH ITOJIMTHOMOB
IIPOBEPSIOT TT0 Kputepuio Puirepa. Bo-BTopwIX, 110-
cJie TIOTYYCHUSI PACUCTHBIX pe3yJIbTaTOB Pealn3yeTCs
ITOBTOPHBI aKTUBHBINA 3KCIICPUMEHT U IIPOBOIUTCS
OIICHKA PACXOXICHMS MEXXIY PaCUeTHBIMU 3HAUCHUSIMI
1 pe3yJIbTaTaMM dKCIIepuMeHTa (Tad. 2).

[Tocte moay4eHNsT pacUeTHBIX pe3yIbTaTOB aHAIM -
THUYECKUM ITyTeM (C TTOMOIIBIO IMPOoTpaMMHEI it DBM
WA TpapUIecKOTo METOMa) OCYIIECTBIISICTCS OO -
HUTEIbHAsI TIPOBEPKa B IIOBTOPHBIX CEPUSIX aKTUBHOTO
SKCIIEpPUMEHTA. B KauecTBe OIICHOYHOTO KPUTEPHST IIPH-
HUMaeTcs TTPOYHOCTh Tpu n3rnoe (MIla). PesymbraTh
CPaBHUTEIBHOTO aHaIN3a MPU ONTUMHU3UPOBAHHON
TemIiepaType TeraoBoit oopadotku 103—104 °C mpen-
CTaBJICHBI B TAaOIHIIE 2.

PacxoxmeHne MeXIy pacueTHBIM M SKCIIEPUMEH-
TaJIbHBIM 3HAYCHUSIMU BEJIUYWH 110 TIPOYHOCTH TIPU
n3rube (A) He npesbimiaet 7,0%, 4TO BIOJHE COOTBET-
CBYET IIPUHSITOMY B CTPOUTEIEHOM MaTepUAaIOBEICHUN
ypoBHIO TouHOCTH (10 10%). Haunyuinne mokasare-
JIN COOTBECTBYIOT 3HaUCHUSM BapbUPYyeMBbIX (paKTOPOB
B ombiTe No 4: cpemHUIA pa3Mep OIMIIOK XBOMHBIX TTOPO
8,0 MM 1 pacxon moaudukaropa 7,5%. DTUM yCIIOBU-
SIM COOTBETCTBYIOT pacueTHBIC 3HAYCHUS IIPOIHOCTHU
rpu cxxatuu upu 10% nedopmauuu 4.7 MIla u cpenteit
IJIOTHOCTHU 683 Kr/M?, MoJTydeHHbIE C UCITOIb30BaHUEM
AHAIMTUICCKUX 3aBUCUMOCTEH 1 1 3.

I[ToMrMO BO3MOXHOCTH ITOJIy9aTh MaTepHUabl
C MaKCHMAaJIbHO BHICOKMMM XapaKTePUCTUKAMU TTPOY-
HOCTH IPU CpeaHel IOTHOCTU He 6ojee 700 Kr/m3,

Bapbupyembie napamerpbi MpouHocTb Npu n3rube (MMa)
W LD GBI LT e Pacxog mogudukaropa C, % PacuetHasa PeanbHas A, %
nopopa, Mm <

1 9,5 7,5 39 3,7 53
2 9,5 4,5 2,7 2,9 6,8
3 8,0 6,0 3,0 3,1 3,3
4 8,0 7,5 3,4 3,5 29
5 8,0 4,5 2,6 2,7 3,6
6 9,5 6,0 3,3 3,2 3,0
7 6,5 6,0 2,7 2,6 3,7
8 6,5 4,5 2,5 2,6 3,8
9 6,5 7,5 29 2,7 6,9
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HCTIOJIb30BaHNE JIUTHOCYIB(MOHATOB IIPEAITOYTUTEIBHEE
110 SKOHOMHWYECKIM cooOpaxkeHUsIM. M cronmb3oBaHme
MOIM(UIIMPOBAHHBIX INTHOCYIL(MOHATOB TIPEIITOIAracT
MEHBIITYIO TPYIOEMKOCTBIO TIPOM3BOICTBA, a TAKKE 0e3-
OTXOITHOCTH TexHoysoruu. Ilocie BeIaeneHrss Mogndum-
IIMPOBAHHOTO JIUTHINHA B BOISIHOM OaHe OIMMIIKHY TIPOIIe-
JKMBAIOTCSI, ¥ OOJIBIIAsI YaCTh PaCTBOPA YTUIN3UPYETCS.
K Tomy e morydeHHBIN KOMIIO3UITMOHHEIN MaTepHa
Ha OCHOBE OITMJIOK ¥ MOAM(PUIINPOBAHHOTO JIUTHUHA
MOXHO CUMTATh MOJTHOCTHIO M3TOTOBICHHBIM U3 BTO-
PUIHOTO CHIPhSI OTXOIOB IIEPEBOOOPAOOTKI M TTOOOIHBIX
MIPOIYKTOB IIEJITIONI03HO-0YMaKHOM IIPOMBIIICHHOCTH.

BbIBOJbl

[ToryaeHHBIC M3IEIMsI BITOJTHE COOTBETCTBYIOT TPE-
0OBaHUSAM, TIPEIBSIBIICMBIM K KOMITO3UITMOHHBIM Te-
TUTOU3OJISIIMOHHBIM MaTepraiaM, 1 UCITOJIb30BaHUE
B KayeCcTBe MOIM(MUKATOpa 00Pa30THBIX COCANHECHUMA
HE TOJIbKO BIIMSICT Ha MEXaHMUECKIE CBOMCTBA M3ICIIHIA,
HO ¥ TTIO3BOJISIET TTOBBICUTH CTOMKOCTBD ITOIYyYEHHOTO Ma-
TepHraja 1o OTHOIICHUIO K IIpolleccaM THUCHUS U IPY-
TUM OMOJIOTUTICCKIM BO3ICCTBHSIM.

Hcronb3oBaHMe INTHOCYIH(OHATOB TaKKe TIPEI-
TIOYTHUTENIbHEE B UCITOIB30BAHUN IT0 9KOHOMNIECKIM
COOOpaKeHMSIM B CBSI3M C MEHBIIIEH TPYTOEMKOCTBIO
TIPOM3BOJICTBA, a TAKXKE C 0€30TXOMHOCTHIO TEXHOJIOT M.
[TorygeHHBIN KOMITO3UIIMOHHBII MaTeprajl Ha OCHOBE

CMNCOK NCTOYHUKOB

OIMUJIOK U MOIM(MPUIIMPOBAHHOTO JIUTHUHA MOXHO CUM-
TaTh MOJHOCTBHIO U3TOTOBJEHHBIM U3 OTXOMIOB IPEBECHOM
U LIEJUTI0JI03HO-0YMaXKHOM MPOMBIILILIEHHOCTH.

Hcronp3oBaHne TUTHOCYIb(OHATA HATPHSI B Kade-
CTBE MOAU(DUIIMPOBAHHOTO CBSI3YIOIIETO B KOMIIO3ULIM -
OHHBIX CTPOUTEJIBHBIX MaTepHrajgax Ha OCHOBE JApeBecC-
HBIX OTXOOB SIBJISIETCS] IEPCIIEKTUBHBIM HAIIPaBJICHUEM.
JloCTYyITHOCTb U HU3Kasi CTOUMOCTD JeJIal0T JIMTHOCYJIb-
¢doHaThl TpUBJIEKATEIbHBIM BAPUAHTOM [IJISI 3aMEHBI
TPAIUIIMOHHBIX CBSI3YIOIINX BEIIECTB, HamIpumep de-
HoJIOpMaTbAETUAHBIX CMOJI U TIPOYUX (DEHOJOCOAEP-
XKalluX COeNMHEHUIA.

LlenecooOpa3HbIM SIBISIETCS IIPUMEHEHKUE 00pa30T-
HBIX COeIMHECHUI B KauecTBe MOIM(UKATOPa, BBEACHIE
KOTOPOTO KaK yJIydlllaeT MIPOYHOCTHBIE XapaKTePUCTUKU
U3e1s, TaK U CHUXKAET OMACHOCTb 3aTHUBAHUST OTIUJIOK
XBOWHBIX TTOPOJI, YTO CLIOCOOCTBYET MOBBILIEHUIO 9KC-
IJTyaTallMOHHOM CTOMKOCTH U3IEJINIA.

ITonHoe ocyliecTBIeHE MOTEHIMAIa TIPUMEHEHUS
JIMTHOCYJIL()OHATOB B KAYECTBE CBS3YIOLIETO U 00pa30T-
HBIX COEIMHEHUIT B KauecTBe MoauduUKaTopa mpeanoa-
raeT JajbHelIlIne uccieq0BaHusl, pa3pabOTKY U UCTIbI-
TaHWsI, HaTIpaBJIeHHbIE HA ONITUMU3ALUIO €r0 CBOMCTB.
ITpumeHeHre LMPPOBLIX METOIOB MO3BOJISIET MOJYYaTh
JIOCTOBEPHbIE PE3YIbTAThl NP MUHUMAJIbHOM KOJIMYe-
CTBE aKTUBHbBIX 9KCIIEPUMEHTOB, a TAKXKe CIIOCOOCTBYET
ONTUMM3ALIMU PELIETITYP M MapaMeTPOB MPOMU3BOICTBA
KOMITO3UIIMOHHBIX MaTEPUAJIOB.
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ABSTRACT

Introduction. In complex geotechnical conditions during construction and operation of engineering structures, polyurethane
compositions are used to strengthen loose soils. Analysis of current research has shown that the effect of polymers on sandy soil
filtration properties is poorly studied. The purpose of this study is to determine the dependence of permeability and microstruc-
ture of chemically strengthened sand on the treatment method, polyurethane resin consumption and external compressive loads.
Methods and Materials. Experiments are carried out with fine and medium-grained sands. Two-component highly elastic and
one-component polyurethane resins are used for strengthening. Their main purposes are soil stabilization, waterproofing, and
formation of cutoff curtains. The effect of the resins on rock permeability and microstructure is assessed based on the experimental
results. The experiments include formation of the polymer-sand mixtures using one-solution and two-solution resin treatments with
resin/rock volume ratios of 0.05-0.25, microstructure study and filtration tests under various sample loading conditions. Results and
discussion. The dependence of the sand permeability on the method of strengthening with polyurethanes has been determined.
In the case of one-solution treatment with highly elastic resin with composition/rock volume ratio of 0.2, the permeability of the
samples is 7-13 -10~2 um?2. A two-fold decrease of the resin content causes an increase in permeability by 1-2 orders of magnitude.
Such behavior is explained by the structure in which open intergranular pores predominate and form connected pore channels.
The addition of a small volume of a one-component rigid polyurethane composition reduces sand permeability by 1.5-3.2 times
and improves the stability of samples under compressive loads. Conclusion. The practical significance of the results consists in the
increasing efficiency of sand filtration properties reduction with polyurethane resins strengthening. The proper choice of a chemical
treatment method with consider of the geotechnical problem provides both effective rock permeability reduction and decrease in
the consumption of expensive polymer compositions for the construction of cutoff curtains and screens in the rock mass.

KEYWORDS: sand, polyurethane compositions, permeability, chemical strengthening, geomaterial, microstructure, compressive
load, treatment method
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0c06eHHOCTN N3MEeHEHNA NPOHNLLAeMOCTI
N MMKPOCTPYKTYPbl NecKa Npu yKpensieHnuu
nonvypeTaHoOBbIMN CMOJIaMM

TaTtbsaHa BuktoposHa Lunoea* (2}, OkcaHa AnekcaHapoBHa iBaHoBa (°), AnekcaHap Cepreesuy CepalokoB

WHcTuTyT ropHoro gena nmenn H.A. YuHakana CO PAH, 630091, HoBocubupck, KpacHbiin np-KT, 54, Poccuiickas Oepepauus

* ABTOp, OTBETCTBEHHbIN 3a Nepenuncky: e-mail: shilovatanya@yandex.ru

AHHOTALMA

BBegeHume. B cIOXHbIX reOTEXHNYECKNX YCIIOBUAX NPY CTPOUTENBCTBE, SKCMyaTaLyn UHXEHePHbIX 0O6beKTOB NCMOSb3YIOT YKpernie-
HMe HeCBA3HbIX FPYHTOB NOJIMYPETAHOBbLIMU COCTaBaMU. AHANN3 COBPEMEHHbIX CCNIeAOBaHWI NOKa3arl, YTo BAUAHVE NONMMEPOB
Ha GUNbTPALIMOHHbIE CBOMCTBA MECYAHOMO FPYHTA M3yUYeHO HeflocTaTouHO. Llenbio paboTbl ABNseTcA onpeaeneHvie ocobeHHoCTen
W3MEHEHUSA NMPOHMLLAEMOCTI Y MUKPOCTPYKTYPbl XMMUYECKM YKPEMNIEHHOrO Nnecka B 3aBUCMOCTU OT crnocoba o6paboTku, pac-
Xo[a nonnypeTaHOBbIX CMOJ1 1 BHELLHMX CKUMALWMX Harpy3oKk. MeTtoAbl n matepuanbl. JKCNeprYMEHTbI MPOBOAUIIN C MESTKMU,
CpeaHe3epHUCTbIMU Neckamu. [nfa yKpenneHna Ncnonb3oBasm ABYXKOMIMOHEHTHYIO BbICOKOACTUYHYIO U OfHOKOMIMOHEHTHYIO
nosivypeTaHoOBblE CMOJIbl, OCHOBHOE Ha3HauYeHVe KOTOPbIX — YCUIIEHUE MPYHTOB, rMApou3onauus, opmrpoBaHme NpoTmBodunbTpa-
LIMOHHbIX 3aBeC. BnusHme cocTaBoB Ha MPOHULIAEMOCTb 11 MUKPOCTPYKTYPY NOPOAbI OLIEHVBAMN MO pe3yfibTaTaM SKCNePYIMEHTOB,
KOTopble BK/toYanu GopmrmpoBaHme cMecei Noimmep-necoK crnocobamm oqHOPacTBOPHOW 1 ABYXPacTBOPHOWM 06paboTKM cMonamu
npv 06bEMHOM COOTHOLLEHUU XKW cocTaB/nopopa — 0,05-0,25, nccnefoBaHne MAKPOCTPYKTYPbI, poBefieHne GUIbTPALUOHHBIX
TeCTOB MpPW Pa3NYHbIX YCNIOBUAX HAarpyxeHus obpasuos. PesynbraTtbl n o6cyxpaeHune. OnpepgeneHbl 0CO6eHHOCTU N3MeHeHNA
NPOHMULAEMOCTV Necka B 3aBUCUMOCTM OT crocoba yKpenneHusa nonnypetaHamu. B ciiyyae ogHopacTtBopHO 06paboTKM BbICOKO-
3M1aCTUYHON CMOJIO NPV 06bEMHOM COOTHOLLEHNM cocTas/nopopaa — 0,2, NpoHuLaemMocTb o6pa3uoB coctaBnseT 7-13 +107 MKm2
[BYXKpaTHOE YMeHbLUEeHVEe CofepKaHsA CMOJIbl MPUBOANT K MOBbILIEHWIO MPOHULAEMOCTHY Ha 1-2 nopsAfKa, MOCKONbKY B CTPYKType
npeobnafatoT OTKPbITbie MEX3EPHOBbIE MYCTOThl, POPMUPYIOLLE CBA3AHHbIE MOPOBble KaHasbl. [lobaBka Manoro o6bema ofHO-
KOMMOHEHTHOTIO XeCTKOro NosinypeTaHOBOro coOCTaBa CHUMKAET NPOHKLI@eMOCTb necka B 1,5 — 3,2 pa3a 1 NoBbIWaeT yCTONYNBOCTb
06pa3sLOB B YCJIOBUAX CKMMAOLMX Harpy3oK. 3akntoueHme. [pakTnyeckasa 3HaUMMOCTb pPe3ynbTaTOB COCTOUT B MOBbILEHNN
3bdeKTMBHOCTY NCMONb30BaHUA NMOMNYPETAHOBBIX CMOJT A1 3a4a4 CHUKeHNA GUbTPALMOHHbIX CBOMCTB NeckoB. Boibop cnocoba
XVIMUYECKOTrO BO3LENCTBISA C YYETOM PeLlaeMoil reoTEXHNYECKON 3aaaun obecneunT Kak 3GdeKTMBHOE CHUXKEHVE NPOHMLIAeMOCTI
nopop, Tak 1 yMeHbLUEHNE pacxoAa A4OPOroCTOALMX MOAVMEPHbBIX COCTaBOB NMPU BO3BeAEHMN NPOTMBOGUILTPALMOHHbIX 3aBeC
1 3KpaHOB B MacCuBe.

KJTIOMEBDIE CJTOBA: necok, nonnypeTaHoBble COCTaBbl, MPOHNLIAEMOCTb, XUMUYECKOe YKPeneHne, reomatepuan, MUKPOCTPYKTYPa,
CKUMaloLLas Harpyska, cnocob o6paboTku

BJIATOAAPHOCTW: NccnepoBaHmue BbIMOIHEHO 3a cyeT rpaHTa Poccuiickoro HayuHoro doHnga Ne 25-27-20055, https://rscf.ru/
project/25-27-20055/ n ¢uHaHcoBow noafepxku NMpasutenbctBa HoBocnbupckoi obnactu.

AnAa UMTUPOBAHUA:

Lnnoga T.B., iBaHosa O.A., CepatokoB A.C. OcO6eHHOCTY N3MeHeHWA NPOHNLIAEMOCTM U MUKPOCTPYKTYPbI MecKa Npu yKpenneHum
nonuypeTaHoOBbIMK CMonamu. HaHomexHonozuu 8 cmpoumenscmae. 2026; 18(2):242-253. https://doi.org/10.15828/2075-8545-
2026-18-2-242-253. - EDN: ZHLSAF.

INTRODUCTION turbed rocks are often strengthened using chemical re-
agents that interact with each other and/or groundwater.

An increase in the volume of construction and intensive =~ Among them polymer resins are common [3—6]. Unlike

operation of engineering objects are complicated by haz-
ardous exogenous processes, that include flooding, soil
subsidence and erosion, associated with groundwater [1,
2]. A loose structure and high permeability of sandy soils
cause negative processes such as an intense fluid filtration,
liquefaction and subsidence. In complex geotechnical
conditions, physical and chemical methods are used to
improve operational properties of soils. Loose and dis-

traditional strengthening compositions (cements, sodium
silicate), polymer resins well penetrate into rocks reinforc-
ing them for the curing process. Two-component highly
elastic polyurethanes are commonly used to bind loose
soils, construct cutoff curtains and impermeable screens
in rock mass [7—9]. In these systems, the interaction of
isocyanate (component B) and a polyester compound
(component A)—a mixture of polyfunctional hydroxyl-
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containing polyols with a foaming agent and a catalyst—
leads to the formation of a foamed polyurethane and
a significant composition volume increase. Loose soil
particles are bound by the cured resin, resulting in low
residual porosity [10—13]. The use of foaming composi-
tions provides low filtration properties of sandy soils after
chemical strengthening. According to [14], the permeabil-
ity of fine-grained sands impregnated with polyurethanes
is 10~4—10-3 um?, which corresponds to low-permeability
and impermeable rock types. The analysis of current re-
search shows that the influence of consumption, method
of treatment with polymer compositions, and compres-
sive loads on the filtration properties of loose soils are
poorly studied. A large number of laboratory tests on rock
strengthening and determination of their properties would
make possible to predict the results of a planned natural
experiments. The purpose of the study is to determine
the characteristics of changes in the permeability and mi-
crostructure of chemically strengthened sand, depending
on the treatment method, consumption of polyurethane
compositions and external compressive loads.

METHODS AND MATERIALS
Materials

Laboratory experiments are carried out with loose
rocks- fine- and medium-grained sands, that were col-
lected from the operating open mine in the Novosibirsk
District of Novosibirsk Region. Preliminary prepara-
tion of experimental samples includes drying to constant
weight, sieving, and determination of the rock granulo-
metric composition. The sand fraction with grain sizes
of 0.2—0.3 mm is approximately 80% by mass. This cor-
responds to fine- and medium-grained sand, according
to the classification from GOST 25100-2020 “Soils. Clas-
sification” [15]. The content of coarse (grain size greater
than 0.5 mm) and fine (grain size less than 0.2 mm) frac-
tions are approximately 7% and 12% by mass, respec-
tively. The selected fraction of 0.2—0.3 mm is used for
further experiments. The absolute and bulk densities of
sand are determined under laboratory conditions. They

are 2.65 g/cm® and 1.6 g/cm?, respectively. Then the av-
erage porosity coefficient of unconsolidated loose rock
is estimated as 0.65. The experiments are carried out
with low-moisture sand with water saturation of approxi-
mately 0.1 fractional units. Under laboratory conditions
the samples are artificially moistened to achieve the re-
quired moisture content. To consolidate and chemically
strengthen sand, a two-component highly elastic poly-
urethane resin (hereinafter SR compound) is used. It is
designed for a consolidating and waterproofing of loose
rock, forming impermeable screens in rock mass, and
in construction — for repairing cracks in underground
structures (passages, tunnels, foundations), forming
impermeable barriers at the soil-concrete boundary.
The SR compound is formed by mixing individual liquid
components A and B in a 1:1 volume ratio to a uniform
consistency. Component A is a mixture of castor oil,
phenoxypropanol, and low-molecular-weight polypro-
pylene glycol (a catalyst). Component B is a mixture of
methylene diphenyl diisocyanate, polypropylene glycol,
and propylene carbonate. The low viscosity, long reaction
time (approximately 3.5 hours), and slow foaming of the
SR compound provide penetration into small rock voids
and pore channels. This causes a significant reduction
in the permeability of the strengthened sand. The cured
polyurethane resin is an elastic, impermeable material. Its
main characteristics are showed in the Table 1 [16]. The
one-component fast-cured polyurethane resin (hereinaf-
ter, FR compound) is also used in experiments to chemi-
cally strengthen sand. It is designed both to bind loose
and fractured rocks for construction of underground
structures, and to reduce soil permeability and to form
impermeable screens in the rock mass behind building
structures. The FR compound polymerizes reacting with
water. In case of a liquid resin/water ratio from 1:1 to
9:1, the full curing time is 90—180 seconds (Table 1).
A carbon dioxide, which is released during reaction of
isocyanate with water and polymerization, causes intense
foaming of the FR compound. A liquid resin/water ratio
of 5:1 isused in the experiments. The full cured FR com-
pound is a fine-pored foam material that is stable under
significant loads. It has previously been obtained that

Table 1. Properties of two- and one-component polyurethane compositions [16]

Indicators

SR compound

FR compound

Purpose

Strengthening of loose soils, waterproof-
ing, formation of impermeable curtains

Strengthening loose and unstable rocks,
forming anti-seepage curtains

Volume ratio of components A to B 1:1

Resin : water volume ratio

1:1-9:1

Density (components A/ B), g/cm? 1.01/1.21 at 23 °C

1.14 at 20 °C

Viscosity (components A / B/ mixture), 115/40/80 at 23 °C 800-1000 at 20 °C
MPa:s
Curing time, s =10800 90-180
http://nanobuild.ru 244 info@nanobuild.ru
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a small adding of the fast-acting, one-component poly-
urethane FR compound increases strength properties of
sand by 1.3 to 3 times, compared to samples strengthened
with only a highly elastic resin [16]. However, a sharp in-
crease in the viscosity during polymerization of composi-
tion can reduce the penetration zone in the strengthened
soil, especially in low-permeability rocks containing fine
cracks. This study aims to experimentally determine the
effect of adding a fast-cured, one-component resin on
the filtration properties of chemically strengthened sand.

Methods

The effect of polyurethane compounds on sand per-
meability is determined based on laboratory studies.
The experiments include: preparation of rock samples,
treatment them with polymer compounds, forming
strengthened sand samples (hereinafter geomaterials),
studying the microstructure, and filtration tests. In the
experiments two methods of the sand “binding” with
resins are used: one-solution and two-solution meth-
ods. The one-solution method includes mixing the rock
sample with a prepared liquid polymer compound (SR
or FR). They are being mixed until the homogeneous
mixture is obtained. For both polyurethane compounds,
the geomaterials are formed at liquid resin/rock ratios of
0.05; 0.1; 0.2 (Fig. 1). The two-solution method includes
sequentially adding and mixing prepared SR and FR com-
pounds with sand. Geomaterials are formed using liquid
composition ratios of 0.05—0.2 (SR compound/rock) and
0.05 (FR compound/rock), respectively (Fig. 2).

In both cases, the formed sand-polyurethane resin
mixtures are placed in the detachable plastic cylindri-
cal molds with a height 80 mm and a diameter 30 mm,

kept until the polymers are fully cured, removed, and cut
to 60 mm. The formed samples are used for subsequent
filtration tests.

Permeability of various geomaterials is determined
based on filtration experiments. The tests are carried out
on the laboratory setup, which was developed at Chi-
nakal Institute of Mining, Siberian Branch of the Russian
Academy of Sciences. This laboratory setup is designed to
measure permeability of rocks and porous materials under
steady-state linear gas flow conditions and under axial and
lateral compression pressures of cylindrical samples. The
setup scheme, experimental methodology, and permeabil-
ity determination are presented in [17, 18]. The tests are
carried out with the geomaterials of 30 mm in diameter
and 60 mm in height under uniform compression pres-
sures equal to 400, 600, and 800 kPa (Fig. 3). Permeability
coeflicients are calculated using the expression [17, 18]:

_ 2x10*VpuLP,
StAP(AP+2P,)’

where k is calculated permeability coefficient, mD
(millidarcy, 1 mD = 10-3 um?);

W is viscosity, mPa-s;

S is the cross-sectional area of sample, sm?;

AP is pressure difference at the ends of the sample,
10! MPa;

P_ is the pressure at the outlet of the sample (atmo-
spheric), 10! MPa;

L is the sample length, sm;

t is the filtration time, s;

Vs the volume of gas passed through the sample, cm?.

The microstructure of chemically strengthened sand
is studied using scanning electron microscopy (SEM).
SEM images are used to study the distribution of het-

1

1. S D 3./ Mixing polymer compound
Loose rock Prepared liquid with loose rock
sample "Sﬁlfompound q (compound/rock volume
(or FR compound) ratio of 0.05, 0.1, 0.2)
5, 4.

Preparation of cylindrical
samples with diameter
of 30mm and height of 60mm

Formation of
geomaterials

Fig. 1. One-solution method of the sand treatment with polyurethane resins: 1 - preparation of loose rock (sand)
sample; 2 - preparation of SR polymer composition (or FR compound); 3 — mixing liquid solution with loose rock
sample in the volume ratio of 0.05, 0.1, 0.2; 4 - placing the mixture in cylindrical molds with height 80 mm and
diameter 30 mm, holding until full polymer curing, extraction of the obtained geomaterials; 5 - preparation of
geomaterials for filtration tests: cutting samples to the height of 60 mm
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2. ;
1 Loose rock Prepared liquid . Prepared liquid
sample SR compound FR compound
3. [ Mixing of polymer SR S. Addition of polymer
compound with rock FR compound
(compound/rock volume (liquid compound/rock
ratio of 0.05, 0.1, 0.2) volume ratio of 0.05)
7. Preparation of 6.
cylindrical samples with Formation of
height 60mm and geomaterials
diameter 30mm

Fig. 2. Two-solution method of sand treatment with polyurethane resins: 1 — preparation of loose rock sample;

2 — preparation of SR compound; 3 - mixing liquid SR compound with loose rock sample in the ratio of 0.05;0.1;
0.2; 4 - preparation of FR compound; 5 - addition of FR compound (liquid resin/rock volume ratio is 0.05) to sand/
SR compound mixture; 6 — placing the mixture in cylindrical molds with height of 80 mm and diameter of 30 mm,
holding until full curing of polymers, extraction of the obtained geomaterials; 7 — preparation of geomaterials for
filtration tests: cutting samples to the height of 60 mm

P
V-
4\{L
/2,
= |
P i S| <P
3
_30mm 30 mm
P

Fig. 3. Geomaterials for filtration experiments. 1 — cylindrical sample of geomaterial; 2, 3 - lateral and axial
compression of samples by external pressure; 4 — direction of gas filtration

erogeneities and voids, estimate the content of the cured ~ RESULTS AND DISCUSSION

polymers in the geomaterials, determine the pore linear

dimensions, etc. The data analysis and statistical process- A distribution of cured polyurethane compounds in
ing are carried out using the automated microstructure  sand void space, pore filling and characteristics are as-
analyzer “Mineral C7” (SIAMS company), specialized  sessed by studying a microstructure of geomaterials using
software: the “Porosity Study” module, “Study of Pore =~ SEM-images. In the case of one-solution method of sand
Structure” [19, 20]. treatment with the liquid SR compound/rock ratio of 0.2,
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the strengthened sand obtains a basal structure which is
characterized by a grain distribution within the bulk of
a binder (cured polymer). Void space filling with cured
polymer is 54—58% (Figs. 4, 5). After polymer strengthen-
ing the sand porosity decreases by more than five times
compared to unreinforced rock. The geomaterials have
small closed voids within the cured polymer aggregates,
ranging in size from hundreds of nanometers to several
micrometers, and a few number of larger intergranular
pores with average diameter of 16.5 um. As a two- and
four-fold decrease in the liquid SR compound volume to
the liquid SR compound/rock ratios of 0.1 and 0.05, the
content of the cured polymer decreases to 30—45%, or on
average by 1.3—1.6 times (Figs. 4, 5). The microstructure
of the obtained geomaterials can be described as contact,

Nanob%

according to the classification presented in [21]. The cured
SR compound is a material, which is located at the sand
grains boundaries, connecting them with single binding
polymer “matrix”. The sizes of such binding aggregates
are 10—20 um (Fig. 4). The intergranular pores predomi-
nate in the structure of the geomaterials. Their diameters
are average 18.3 and 20.5 um for the samples formed at
liquid SR resin/rock ratios of 0.1 and 0.05, respectively.
The dependence of the cured polymer content in the
pores of the geomaterials on the polymer compound/
rock ratio is described by linear approximation with a high
coefficient of determination R? = 0.85.

In the case of one-solution method of sand treatment
with liquid FR compound/rock ratio of 0.2, the pore
filling with cured polymer is 48—54% (Figs. 4, 5). The

500 pm

Fig. 4. SEM-images of chemically strengthened sand obtained by treatment rock with one-solution polyurethane
compounds SR and FR. Ratio of liquid SR compound to rock: a - 0.2; b — 0.1; ¢ - 0.05. Ratio of liquid FR compound to
rock:d - 0.2;e - 0.1;f- 0.05. 1 - sand grains; 2 - intergranular voids; 3 — cured polymers
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geomaterials have both small closed voids in the cured
polymer aggregates and significant number of larger inter-
granular pores with average diameter of 12 um. Reducing
the volume of the liquid polyurethane FR compound to
resin/rock ratios of 0.1 and 0.05, decreases the cured poly-
mer content in the samples to 25—45%, or 1.2—1.9 times
(Fig. 5). The obtained geomaterials acquire a contact
structure, similar to the observed in the sand strength-
ened with the low-viscosity SR compound. The sizes of
the binding polymer aggregates are 12—16 um (Fig. 4).
Intergranular pores predominate in the samples. Their
diameters are average of 13.5 and 17 um for geomateri-
als formed at FR compound/rock ratios of 0.1 and 0.05,
respectively. The linear approximation of the dependence
of the cured FS polymer content in the pore volume on
the FR compound/rock ratio has a determination coef-
ficient R? = 0.8 (Fig. 3).

The structures of rocks, strengthened with two-
solution method, are similar to those obtained using
one-solution method with low-viscosity SR compound.
When using 20 vol. % Sr and 5 vol. % FR compounds,
the pore space is filled with the cured polymer by 53—
62%. The samples have a basal structure, in which small
closed pores in the polymer aggregates are predomi-

nated. Their diameters range from hundreds of nano-
meters to several micrometers. As the total volume of
liquid compounds decreases to 10 vol. %, the content
of the cured polymers decreases, a number and size
of intergranular pores increase, and the geomaterials
obtain a contact structure.

Experimental studies have shown that at total volume
ratios of liquid SR and FR compounds to rock not ex-
ceeding 0.15, a significant number of open intergranular
pores are formed in the strengthened sand structure. Their
size increases as the resin content decreases. Such voids
can form interconnected pore channels in the samples,
significantly affecting the filtration of liquids and gases
and the permeability of the obtained geomaterials.

Laboratory experiments were performed to determine
the permeability coefficients of geomaterials formed us-
ing various methods of chemical strengthening, types
and volumetric flow rates of polyurethane resins. Us-
ing one-solution method of sand treatment with liquid
FR compound/rock volume ratio of 0.2, permeability of
geomaterials is 15—20 mD (Fig. 6). Chemically strength-
ened sand samples are stable under compressive loads of
400—800 kPa, and their permeability values are weakly
changed. This is due to the properties of the cured one-
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Fig. 5. Dependence of content of the cured polymers SR, FR in pores and size of intergranular pores on liquid
compound/rock volume ratio according to the analysis of SEM images. Black and red circles are experimental data of
study of geomaterials (content of the cured polymer and pore size, respectively), which have been obtained by one-
solution treatment method with SR compound. Gray and white triangles are data of study of geomaterials (content
of the cured polymer and pore size), obtained by one-solution method of sand treatment with FR composition.
Black and gray lines are linear approximations of the experimental results
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component FR compound, which is a rigid foamed mate-
rial stable under significant loads.

For one-solution method of sand treatment with lig-
uid SR compound/rock volume ratio of 0.2, the perme-
ability of the samples is 7—13 mD. Filtration capacity
of geomaterials decreases by approximately 1.5 times as
the uniform compression pressure increases from 400
to 800 kPa (Fig. 6). This is explained by high content of
highly elastic material in the samples (54—58%) — the
cured polymer SR compound. It deforms under low com-
pressive loads and leads to a decrease in the void volume
in the structure. The addition of 5 vol.% liquid FS com-
pound and two-solution treatment method cause a de-
crease in permeability by 1.5—1.8 times and an increase
in the sample stability under compressive stress. This can
be probably explained by the formation of a strengthen-
ing polymer “framework” in the rock structure from the
cured FR composition, which binds the sand grains.

One-component treatment method and reduction of
SR compound content to a liquid SR compound/sand
volume ratio of 0.1, cause an increase in permeability by
1 to 2 orders to values of 500 to 700 mD. The obtained
geomaterials are less sensitive to compressive loading,
and permeability is maintained as uniform compression
pressure doubles (Fig. 7). This is due to a decrease in

Nanobm

the content of highly elastic deformable material (cured
SR compound) to 30 to 45% in the strengthened sands.
The addition of 5 vol. % liquid FR compound and two-
solution rock treatment method cause a significant reduc-
tion of filtration capacity of the geomaterials. Permeability
values decrease by 2.9—3.2 times (Fig. 7). The obtained
geomaterials are stable under uniform compression pres-
sures of 400 to 800 kPa.

The further two-fold reduction of SR compound to
a liquid resin/rock volume ratio of 0.05, has little effect on
filtration properties of the chemically strengthened sand.
The permeability of geomaterials obtained using one-
solution treatment method reaches 520—700 mD (Fig. 8).
The additional 5 vol. % of the liquid FR compound and
the use of two-solution treatment method decrease sam-
ple permeability by 1.3—1.5 times. The geomaterials are
stable under compressive loads of 400—800 kPa.

The obtained permeability coefficients of chemically
strengthened sand are compared with values, which are
typical for different soil classes and presented in [22].
It has been established that with liquid polymer com-
pound/rock volume ratio of 0.2 or greater, regardless of
the polymer type and treatment method, geomaterials
have permeability typical of low-permeability and semi-
permeable rocks: a sandy clays, very weakly fractured
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Puc. 6. Dependence of permeability of geomaterials (k) obtained with one-solution and two-solution methods of
sand chemical strengthening with polyurethane SR and FR compounds on pressure of uniform compression (P).
Experimental data for samples obtained with one-solution method of treatment with liquid composition/sand ratio
of 0.2: black circles - strengthening with SR compound, gray triangles - strengthening with FR compound. Blue
diamonds - experimental data for samples obtained with two-solution method of rock treatment with SR and FR
compounds with liquid composition/rock ratios of 0.2 and 0.05, respectively. Solid lines — curves built using average

values of permeability coefficients
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Fig. 7. Dependence of permeability of geomaterials (k) obtained using one- and two-solution methods of sand
chemical strengthening with polyurethane SR and FR compounds on pressure of uniform compression (P). Black
circles — experimental data for samples obtained using one-solution treatment method with liquid SR compound/
rock ratio of 0.1. Blue diamonds — data for samples obtained using two-solution treatment method of rock with SR
and FR compounds with liquid composition/rock ratios of 0.1 and 0.05, respectively
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Fig. 8. Dependence of permeability of geomaterials (k) obtained using one- and two-solution methods of sand
chemical strengthening with polyurethane SR and FR compounds on pressure of uniform compression (P). Black
circles — experimental data for samples obtained using one-solution treatment method with liquid SR compound/
rock ratio of 0.05. Blue diamonds - data for samples obtained using two-solution method of rock treatment with SR
and FR compounds with liquid composition/rock ratios of 0.05 and 0.05, respectively
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Table 2. Permeability of chemically strengthened sand with different treatment methods, polymer volumetric flow

rates, and compression pressures

Method of sand Average permeability value of strengthened sand,

treatment with polymer | Content of compounds, vol. % k,, (mD) at different compression pressures, P (kPa)
N (SR compound; FR compound)
resins P =400 P =600 P =800

One-solution (20; 0) 12 9.3 8.5
One-solution (10;0) 614.7 618.6 644.3
One-solution (5;0) 665.2 635.5 636.0
Two-solution (20; 5) 6.7 6.3 5.6
Two-solution (10;5) 205.0 198.2 2024
Two-solution (5; 5) 4594 509.8 436.4

rocks, and loams (Table 2). A low filtration capacity can
be associated with the predominance of closed voids in
the structure, ranging in size from hundreds of nanome-
ters to several micrometers, that do not form continuous
pore channels.

With liquid polymer/rock volume ratio of 0.05—0.15,
the obtained geomaterials exhibit permeability typical of
permeable rocks [22]. The increased filtration capacity
of chemically strengthened sands is associated with an
increase in the number and size of open intergranular
pores in the structure, which can form continuous pore
channels facilitating fluid filtration.

CONCLUSION

The method of sand chemically strengthening with
polyurethane compounds and the volumetric resin con-
sumption significantly affect the filling of voids with cured
polymer, residual porosity, and permeability of the ob-
tained geomaterials. It is found that when sand is treated
with two-component highly elastic polyurethane at the
liquid resin/rock volume ratio of at least 0.2, the samples
acquire a basal structure. It is characterized by the sand
grain distribution within the bulk of the binder which is
the cured polymer. The structure is dominated by small,
closed voids ranging in size from hundreds of nanome-
ters to several micrometers. At total volumetric liquid
polyurethane compound/rock ratios not exceeding 0.15,
open intergranular pores are common in the structure of
the geomaterials. The size of such pores increases as the
resin content decreases. These voids form interconnected
pore channels, significantly affecting the permeability of
chemically strengthened sands. The change in the per-
meability of the geomaterials depending on the method
of sand strengthening with polyurethane resins is deter-
mined based on experimental results. It is found that in
the case of one-solution treatment method of sand with
two-component highly elastic resin/rock volume ratio

of 0.2, the permeability of the geomaterials ranges from
7 to 13 mD. It also decreases by approximately 1.5 times
as the compressive load increases from 400 to 800 kPa.
This is due to the high content of highly elastic material,
which deforms under compression which causes a de-
crease in the void volume in the structure. The addition
of 5 vol. % rigid one-component resin and the use of the
two-solution treatment method cause a 1.5- to 1.8- fold
decrease in permeability and an increase in the stability of
the geomaterials under similar compressive stresses. It is
found that the use of one-solution strengthening method
and the two-fold reduction of the highly elastic resin con-
sumption effect an increase in the permeability by 1 to
2 orders of magnitude, to values of 500—700 mD. The
addition of 5 vol. % liquid one-component polyurethane
compound causes a decrease in permeability by 2.9 to
3.2 times. The obtained geomaterials are stable at uniform
compression pressures of 400 to 800 kPa. The further two-
fold decrease in the polyurethane content to the liquid
resin/rock volume ratio of 0.05 slightly affects perme-
ability of chemically strengthened sand. Comparison of
the obtained geomaterial permeability with typical soil
ones has been carried out. It is found, that with a liquid
polymer composition/rock volume ratio of 0.2 or more,
the geomaterials have permeability characteristic to a low-
permeability and semi-permeable rocks: a sandy clays, very
slightly fractured rocks, loams. The practical significance
of the obtained results consists in the increase efficiency
of polyurethane resins to reduce the filtration properties
of loose soils. The established dependencies of geomate-
rial permeability on sand properties, treatment method,
liquid resin/rock volumetric ratios, and sample loading
conditions indicate the need to choose the optimal chemi-
cal treatment method based on the current geotechnical
problem. This will provide both effective reduction of the
filtration properties of a loose soils and a decrease in the
consumption of expensive polymer compounds when con-
structing impermeable barriers and screens in rock mass.
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AHHOTALMA

BBegeHume. B cIoOXHbIX reoTEXHNYECKUX YCIIOBUAX NPY CTPOUTENbCTBE, SKCMTyaTaLn UHXEHEPHbIX 0O6beKTOB NCMOSb3YIOT YKpenie-
HMe HeCBA3HbIX FPYHTOB NOJIMYPETAHOBLIMU COCTaBaMU. AHANN3 COBPEMEHHbIX MCCNIeAOBaHWI NOKa3arl, YTo BAUAHVE NONMMEPOB
Ha GUNbTPALIMOHHbIE CBOMCTBA MECYAHOIO FPYHTa M3yUYeHO HeflocTaTouHO. Llenbio paboTbl ABNseTcA onpeaeneHve ocobeHHoCTeln
N3MEHEHUSA NMPOHMLLAEMOCTI Y MUKPOCTPYKTYPbl XMMUYECKM YKPENIEHHOrO Nnecka B 3aBUCMOCTU OT crnocoba o6paboTku, pac-
Xo[a NonnypeTaHOBbIX CMOJT 1 BHELLHVX CKUMALWMX Harpy3ok. MeTtoAbl n matepuanbl. JKCNeprYMEHTbI MPOBOAUIIN C MESTKAMU,
CpeaHe3epHUCTbBIMU Neckamu. [na yKpenneHna ncnonb3oBasm ABYXKOMIMOHEHTHYIO BbICOKOMACTUYHYIO U O4HOKOMIMOHEHTHYIO
nosvypeTaHoOBble CMOJIbl, OCHOBHOE Ha3HaUYeHVe KOTOPbIX — YCUIIEHUE FPYHTOB, MTMApPomM30nauus, opmrpoBaHme NpoTmBodubTpa-
LIMOHHBIX 3aBeC. BnusHme cocTaBoB Ha MPOHULIAEMOCTb 1 MUKPOCTPYKTYPY NOPOAbI OLIEHVBAMN MO pe3yfibTaTaM SKCNepPYIMEHTOB,
KOTOpble BKtoYanu GopmrmpoBaHme cMecei Noimmep-necok crnocobamm 0qHOPacTBOPHOW 1 ABYXPacTBOPHOW 06paboTKM cMonlamu
npv 06bEMHOM COOTHOLLEHWU XMAKWI cocTaB/nopopa — 0,05-0,25, ccnefoBaHne MAKPOCTPYKTYPbI, poBefeHne GUIbTPaLMOHHBIX
TeCTOB MpPW Pa3NYHbIX YCIOBUAX HAarpyxeHus obpasuos. PesynbraTtbl n o6cyxpaeHune. OnpepgeneHbl 0CO6eHHOCTN 3MeHeHNA
NPOHMLIAEMOCTV Necka B 3aBUCUMOCTM OT crnocoba yKpenneHusa nonnypetaHamu. B ciyyae ogHopacTtBopHO 06paboTKM BbICOKO-
3M1aCTUYHON CMOION MPY 06bEMHOM COOTHOLLEeHMM cocTa/nopoga — 0,2, NPoHNLIaeMoCTb 06pa3sLoB cocTaBnsaeT 7—13 -1073 MKM?.
[ByXKpaTHOe YMeHblLUEeHVEe cofepKaHA CMOJIbl MPUBOAWT K MOBbILIEHWIO MPOHULAEMOCTY Ha 1-2 NopsAfKa, MOCKONbKY B CTPYKType
npeobnafatoT OTKPbITbie MEX3EPHOBbIE MYCTOThl, POPMUPYIOLLME CBA3AHHbIE MOPOBble KaHasbl. [lobaBka Manoro o6bema ofHO-
KOMMOHEHTHOTrO XeCTKOro NosnypeTaHOBOro coCTaBa CHUMKAET NPOHKLI@eMOCTb necka B 1,5 — 3,2 pa3a v NoBbIWaeT yCTONYNBOCTb
06pa3sLoB B yCJIOBUAX CKMMAOLMX Harpy3oK. 3akntoueHme. [pakTnyeckasa 3HauMMOCTb pe3ynbTaTOB COCTOUT B MOBbIWEHNUN
30 PeKTUBHOCTY NCNONb30BaHNA NONMYPETAHOBbLIX CMOJT 4SS 3a[lay CHUKeHUA GUNbTPaLMOHHbIX CBOMNCTB NeckoB. Beibop cnocoba
XVIMUYECKOrO BO3LENCTBISA C YYETOM PeLlaeMoil reoTeXHNYECKON 3aaun obecneunT Kak 3GdeKTMBHOE CHUXKEHVE MPOHMLIAeMOCTI
nopop, Tak 1 YMeHbLUEHNE pacxoAa A4OPOroCcTOALMX MOMVMEPHbBIX COCTaBOB NPU BO3BeAEHMN NPOTUBOGUILTPALMOHHbIX 3aBeC
1 3KpaHOB B MacCuBe.

KJTIOMEBDIE CJTOBA: necok, nonnypeTaHoBble COCTaBbl, MPOHNLIAEMOCTb, XMMUYECKOe YKPeneHne, reomatepuan, MUKPOCTPYKTYPa,
CKUMatoLLas Harpyska, cnocob o6pabotku
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ABSTRACT

Introduction. In complex geotechnical conditions during construction and operation of engineering structures, polyurethane
compositions are used to strengthen loose soils. Analysis of current research has shown that the effect of polymers on sandy soil
filtration properties is poorly studied. The purpose of this study is to determine the dependence of permeability and microstruc-
ture of chemically strengthened sand on the treatment method, polyurethane resin consumption and external compressive loads.
Methods and Materials. Experiments are carried out with fine and medium-grained sands. Two-component highly elastic and
one-component polyurethane resins are used for strengthening. Their main purposes are soil stabilization, waterproofing, and
formation of cutoff curtains. The effect of the resins on rock permeability and microstructure is assessed based on the experimental
results. The experiments include formation of the polymer-sand mixtures using one-solution and two-solution resin treatments with
resin/rock volume ratios of 0.05-0.25, microstructure study and filtration tests under various sample loading conditions. Results and
discussion. The dependence of the sand permeability on the method of strengthening with polyurethanes has been determined.
In the case of one-solution treatment with highly elastic resin with composition/rock volume ratio of 0.2, the permeability of the
samples is 7-13 -10~3 um?2. A two-fold decrease of the resin content causes an increase in permeability by 1-2 orders of magnitude.
Such behavior is explained by the structure in which open intergranular pores predominate and form connected pore channels.
The addition of a small volume of a one-component rigid polyurethane composition reduces sand permeability by 1.5-3.2 times
and improves the stability of samples under compressive loads. Conclusion. The practical significance of the results consists in the
increasing efficiency of sand filtration properties reduction with polyurethane resins strengthening. The proper choice of a chemical
treatment method with consider of the geotechnical problem provides both effective rock permeability reduction and decrease in
the consumption of expensive polymer compositions for the construction of cutoff curtains and screens in the rock mass.

KEYWORDS: sand, polyurethane compositions, permeability, chemical strengthening, geomaterial, microstructure, compressive
load, treatment method
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BBEAEHUE

YBennueHNE 00BEMOB CTPOUTEIBCTBA, BO3BEICHUE
¥ 3KCIUTyaTaIlisl MHKECHEPHBIX O0BEKTOB OCTIOXKHSIIOTCS
OITACHBIMM SK30TCHHBIMU IIPOIIECCAMM, CPEIN KOTOPHIX
pacIIpocTpaHeHBI TOATOIUICHUE, TIPOCATOYHEIC, 3PO3H-
OHHBIC SIBJICHHUS, CBSI3aHHBIC C ITOA3¢MHBIMH Bogamu |1,
2]. PeIximast CTpyKTypa, BEICOKAsT TPOHUIIAEMOCTD TIecya-
HBIX TPYHTOB CTAHOBSITCS IIPUYMHOM TTPOSIBJICHUS TAKUX
HETaTUBHEBIX ITPOIIECCOB, KaK MHTCHCUBHAS (DATHTPALINS
(mronmoB, pazXIKeHNe, MIPOCaTOIHOCT. B CIIOKHBIX
TCOTEXHMICCKMX YCIOBUSIX IPUMEHSIOT METOIBI (Du-
3UKO-XUMHUIECKOTO BO3ICUCTBUS C LIEJBIO YIyJIICHUS
SKCIUTyaTallMOHHBIX CBOMCTB TPYHTOB. YacTo Mcmoib-
3YIOT CITOCOOBI YKPETIJICHUST PHIXJIbIX M HapYIIICHHBIX
XUMHMYECKUMU pearcHTaMU MOPOI, B3aUMOICICTBYIO-
MU MEXIY COOOM M/WIU ¢ TTOA3¢MHBIMU BOJAMMU,

CpeIr KOTOPBIX IIMPOKO PACIIPOCTPAHEHBI IIOJMMEPHBIC
cocraBbl [3—6]. B omyimune oT TpaIuIMOHHBIX apMUPY-
FOIINX KOMIIO3UIINI (LIEMEHTOB, CUJIMKaTa HATPHSI), TI0-
JIMMEPHBIE CMOJIBI XOPOIIIO «ITPOCAYNBAIOTCSI» B TOPHBIE
ITOPOIBI, ApMUPYS UX B TIpoIlecce OTBEPKAeHUS. JIByX-
KOMIIOHEHTHBIC BBICOKOJIACTUYHBIC TTOJIMYPETAHBI —
pacIpocTpaHeHHBIN TUI ITOJIMMEPOB, TIPUMEHSIEMBIX
B CTPOMTENBCTBE IUIST CBSI3BIBAHUSI PHIXJIBIX TPYHTOB,
BO3BEACHMST TPOTUBODMIBTPAIIMOHHEIX 3aBeC, HEIPO-
HHUIIaeMBIX SKPaHOB B IOPOITHOM MaccuBe [7—9]. B Hux
B3aMMOJCIiCTBIE N30IMaHaTa (KOMIIOHeHTa b) 1 mosm-
3(UPHOTO COeNUHEHMST (KOMIOHEHTa A) — CMeCH MO-
T GYHKITMOHATBHBIX THIPOKCHIICONIEPKAIINX TTOJTOJIOB
¢ TIeHOOOpa30BaTesieM N KaTaJnu3aToOPoOM — IIPUBOIUT
K 00pa30BaHUIO BCIICHEHHOTO MOJMYypeTaHa 1 3HAUM -
TETLHOMY YBEIMUCHIIO 00beMa KOMIO3UINY. YacTUIIBI
PBIXJIOTO TPYHTA CBSI3BIBAIOTCSI OTBEPKICHHON CMOJION,
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pruodpeTas MaIylo OCTaTOYHYIO MOpucTocTh [10—13].
IIprMeHeHME BCIIEHUBAOIIMXCS] COCTAaBOB 00CCIICUBACT
HU3KWE PUIBTPAlIMOHHBIC CBOMCTBA MECYAaHBIX TPYH-
TOB TTOCJIe XMMHUUeCcKoro ykperieHus. [1o ganabeim [14],
TIPOHUIIAEMOCTDb MEJIKO3ePHUCTHIX IIECKOB, IIPOITUTAH-
HBIX TToyinypeTaHaMu, coctasisger 10~4—10-3 MkM?, uTO
COOTBETCTBYET MAJIOIIPOHUIIAEMBIM 1 TIPAKTHICCKU He-
TIPOHUIIAEMBIM TOPHBIM IIOPOAaM. AHAIN3 COBPEMEHHBIX
WCCIICIOBAHMI ITOKA3aJl, YTO BIMSTHIE pacxoa, Crrocoda
00pabOTKH MOJIMMEPHBIMU COCTaBaAMU, CXXUMAIOIINIX
Harpy3oK Ha (hUIbTPALIMOHHBIC CBOMCTBA PHIXJIBIX TPYH-
TOB HEIOCTATOYHO M3y4eHO. BMecTe ¢ TeM OorbIIoit
00BeM JTaOOPATOPHBIX TECTOB IO YKPEIUICHHUIO TTOPOIT
¥ OIPEACICHUIO NX CBOMCTB IMMO3BOJIUT IIPOTHO3UPO-
BaTh pe3yNIbTATHI TTIAHUPYEMBIX TIOJICBEIX padoT. Llenpro
WICCJICIOBAHMS SIBJISICTCS OIIpee/icHIe 0COOCHHOCTEH
W3MEHEHUS TIPOHNIIAEMOCTH M MUKPOCTPYKTYPBI XUMU-
YeCKHU YKPEIUICHHOTO MecKa B 3aBUCUMOCTH OT CITOC00a
00pabOTKM TTOPOMIHI, PACXO/IA MTOTNYPETAHOBBIX COCTABOB
¥ BHEITHUX CXKMMAFOIINX HaTPy30K.

METOAbl U MATEPUAIJIbI
MaTtepuanbi

JlabopaTopHBIe 3KCIIEPUMEHTHI TIPOBOAVIIN C PHIXJION
TIOPOIBI, MEIIKUMHU M CPETHE3EPHUCTHIMY TTeCKaMM, OTO-
OpaHHBIMU Ha ICHCTBYIOIIEM Kapbepe, PacTIOIOXKEHHOM
B HoBocubupckoMm paitoHe HoBocubupckoii o061acTu.
[IpexBapuTeIbHAS ITOATOTOBKA 3KCIIEPUMEHTATBHBIX
00pa3oB BKIIIOYAJIa CYIIKY IO ITOCTOSHHOI MacCHI,
CHTOBOI1 pacceB, OIpeAe/IicHUe TPaHyJIOMETPIIECKOTO
cocrtaBa moponsbl. [lecuanast ppakimst ¢ pa3smMepoM 3epeH
0,2—0,3 MM cocraBwta okojo 80 macc. %, 4TO COOTBET-
CTBYET MEJIKOMY M CPeIHE3CPHUCTOMY MECKY, COTac-
Ho xnaccudukamum mo F'OCT 25100-2020 «I'pyHTHI.
Krnaccudnkamus» [15]. Joau KpymHoii (6oee 0,5 MM)
u Menakoit (meHee 0,2 MM) (paKIMii MOTYIUITUCH OKO-
10 7 u 12 macc. %, cooTBeTCTBEHHO. JJIs1 majibHeRIImIX
9KCIEePUMEHTATbHBIX MCCIICTOBAHUI MCIIOIb30BaIN

BeIICIeHHYI0 (ppakumio 0,2—0,3 mMm. B mabopaTopHBIX
YCJOBUSIX OBLIM OTIpeeieHbl a0COMIOTHASI U 00bEM-
HasI TIJIOTHOCTD TIeCKa, 3HAYCHUS KOTOPBIX COCTAaBIIIN
2,65r/cm u 1,6 r/cm®. lanee oLieHUBaIu KO3GOUIIUEHT
ITOPUCTOCTH HEYKPEIUICHHOU PBIXJION TTOPOIBI, CPEITHEE
pacuetHoe 3HaueHue — 0,65. DKCIeprMMEHTbI IIPOBOIIIN
C MaJIOBJIAXKHBIM TIECKOM CO CTEIICHBIO BOIOHACKHIIIICHUS
okoio 0,1 1. e. (moMpHBIC emMHUIILI). B TabopaTopHBIX
YCJIOBUSX 00pa3iibl UCKYCCTBEHHO YBJIAXHSUIU TTyTEM
I0OABJICHMST BOIBI 1O HEOOXOIMMOI BIIAXKHOCTH.

C 11eTbI0 CBSI3BIBAHUS M XUMUIECKOTO YKPETUICHUS
TecKa MCIIOJIb30BaIN IBYXKOMIIOHEHTHYIO BHICOKO3]Ia-
CTUYHYIO TTOJIMYPETAaHOBYIO cMoITy (Haee coctaB MC),
KOTOpas INpeaHa3zHaueHa sl KOHCOIWIALUU U TUIPO-
HU30JISIIIUY PHIXJIBIX TIOPOI, CO3MAaHMs HEIIPOHUIIAEMbIX
S5KpPaHOB B MAacCHBaX, B CTPOUTEILCTBE — IIJIST pEMOHTA
TPEIIMH B TTOI3EMHBIX CTPYKTYpax (IIepeX0abl, TOHHEIH,
OCHOBAHUSA), CO3MAHUS TIPOTUBOMIIIETPALIMOHHBIX 3aBEC
Ha KoHTakTe TpyHT-0eToH. CoctaB MC o6pa3syeTcs my-
TeM CMEIMBAHUS OTACIbHBIX XKMIKUX KOMIIOHEHTOB A
u B B 00beMHOM cooTHOIIeHUH 1:1 10 OMHOPOIHOM KOH-
cucteHuMn. KoMmmoHeHT A TipeacTaBisieT co00i CMech
KacTOpPOBOTO Maciia, (PeHOKCHUIIPOTIaHOJIa U HI3KOMO-
JIEKYJISIPHOTO TTOJTUTIPOTIMICHTIINKOJIS, KaTaJn3aTopa.
KommoneHT B sIBIIsIeTCST CMEChIO MEeTIUICHIN(DEH TN -
M30LIMaHaTa, TOJUIIPOITMICHIIINKOIIS, TIPOITMICHKAp-
6onaTa. Huskast BSI3KOCTB, ITUTEILHOE BPEMSI peaKIINN
(oko1o 3,5 gacoB), MeIJIecHHOE BCIICHMBAHUE COCTaBa
MC crioco06cTBYeT MTPOHUKHOBEHHIO B MEJIKHE ITYCTOTEHI,
ITOPOBBIC KaHAJIBI TIOPOJIBI, UTO IIPUBOIUT K CYIIIECTBEH-
HOMY CHIDKEHUIO IIPOHUIIAEMOCTH YKPETUICHHOTO TIECKa.
OTBepKIeHHas MOJIMypeTaHOBas CMOJIa TIPeACTaBIsICT
co00i1 3JIaCTUYHBIN, HEIIPOHULIAEMbIi1 MaTepHall, e 0C-
HOBHBIE XapaKTEPUCTUKHU TTpUBEIEHBI B Tabuie 1 [16].

B skcnepuMeHTaX ST XUMUYECKOTO YKPETICHUS
MecKa TaKXke UCMOJIb30BaI OMHOKOMIIOHEHTHYIO ObI-
CTPOICHCTBYIOIIYIO TIOJIMYPETAHOBYIO CMOJIY (Hayee co-
ctaB bC), koTopas mpemHa3HaYCHA KaK JJIST CBSI3IBAHUS
PBIXJIBIX ¥ HEYCTOMIMBEBIX TOPHBIX ITOPOI TIPY BO3BEIC-
HUM TIOA3EMHBIX COOPYKEHMI, TaK W 1T CHIDKCHUS

Ta6nuua 1. CBoOCTBa ABYX- 1 OLHOKOMMOHEHTHbIX MONIMYPETAaHOBbLIX COCTaBOB [16]

KOMMoHeHTOB A n b

MapameTpbli CoctaB MC CoctaB bC
HasHaueHue YKpenneHue pbixJyibiX FPYHTOB, YKpenneHue pbixyiblX 1 HEYCTONUMBBIX
rmgpousonaums, opmupoBaHme nopop, bopmmpoBaHue
HenpoH1LaeMblx 3aBec NPoTMBOGUIBTPALMOHHDBIX 3aBeC
O6beMHoe OTHOLLEHNe 1:1 -

O6beMHOe OTHOLLEHUNE cMmona:soda -

1:1-9:1

MnoTHocTb (KomnoHeHTbl A / B), r/cm®

1,01/1,21 npwn 23 °C

1,14 npun 20 °C

BaskocTb (komnoHeHTbl A/B/cmech), 115/40/80 npwn 23 °C 800-1000 npwm 20 °C
mlac
Bpemsa otBepaeHus, c =10 800 90-180
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MIPOHMUIIAEMOCTH TPYHTOB, (POPMUPOBAHUS IIPOTUBO-
(pUITBTPAIIMOHHEIX 3aBEC B MACCHUBE 34 CTPOUTEITHHBIMU
KOHCTpYKUIMSIMU. Peakiisa mommMepusamuu coctaBa bC
MPOUCXOIUT MPU €ro B3aUMOAECHCTBUM C BOIoM. B ciy-
Yae COOTHOIIICHUS XUaKas cMoia/Boma ot 1:1 mo 9:1
BpeMs TTOJTHOTO OTBepXKaeHUs cocTanisteT 90—180 ce-
KyHI (Tab1. 1). B mmpotiecce peakmy mojimMepu3alinm
MIPOUCXOINUT MHTEHCUBHOE BCIICHUBAHME 32 CUCT BEIZIC-
JICHUS YTIICKUCIIOTO Ta3a, KOTOPHIH SIBISICTCS TIPOIYKTOM
B3aMMOIICHCTBIS N30IIMaHaTa 1 BOABL. B aKcmepuMeHTax
HCTIOT30BAIN 00BEMHOE COOTHOIIICHUE XUAKAst CMOJIa/
BoJa, paBHoe 5:1. ITocse moiHOro OTBepXKIeHUSI cOCcTaBa
BC obpasyerca MenkomopucTas IieHa, CTaOMIbHas TPU
3HAUYNTEILHBIX Harpy3Kax. PaHee OBIIIO YCTaHOBJICHO,
4TOo 100aBJIEHME MAJIOTO 00beMa OBICTPOACHCTBYIONIC-
T0 OMHOKOMIIOHEHTHOTO ITOJMYPETAaHOBOTO COCTaBa
BC moBpIIIacT IMpOYHOCTHBIC XapaKTePUCTUKH TeCKa
B 1,3—3 pa3za, 1o cpaBHEHMIO C 0Opa3IaMy, YKpeIIeH-
HBIM JIMIIb BBICOKOJIACTUYHON cMooit [16]. OmHako
pe3Koe yBeIMUCHIE BI3KOCTA KOMITO3HMIIUN B TIPOIIecCe
TIOJTMMEPHU3AITNHN MOKET YMEHBIIATh 30HY BO3ICHCTBUS
B YKPEIUISIEMOM TPYHTE, OCOOCHHO B HI3KOIIPOHMIIAC-
MBIX ¥ COIepKaIIX TOHKWE TPEIIMHEI moponax. B maH-
HOI paboTe AKCIIepPUMEHTAIbHBIM IIYTeM IPEACTOUT
BBISICHUTH BIIUSTHHE TOOABKH OBICTPONEICTBYIONIECH O/~
HOKOMITOHEHTHOM CMOJIBI Ha TIPUOOpeTeHHEIC (DIITBTPa-
IIMOHHBIC CBOIICTBA XUMNYECKHU YKPETUICHHOTO TTecKa.

Metoabi
BnusiHue moanypeTaHOBBIX COCTaBOB Ha ITPOHMIIAE-

MOCTbD IT€CKa OIIpCACIIAIN 10 PE3YyJIbTaTaM na60paT0p—
HBIX UCCJIEJOBAHUMN. 3KCHCDI/IMCHT8JHJHBI BKITIOYaJIN:

MOATOTOBKY 00pa310B MOPOIbl, 00pabOTKY ITOJIMMEp-
HBIMU cOoCTaBaMM, (DOPMUpPOBaHME 00pa3IloB yKpe-
IUICHHOTO TIecKa (Iajiee TeoMaTepHabl), UCCIeI0Ba-
HIE MUKPOCTPYKTYPHI, BBIIIOJTHEHIE (DITBTPAIIMOHHBIX
TeCTOB. B sKcIiepMeHTax MCIOIb30BaIn IBa CIIOCO-
0a «CBSI3BIBAHUS» TIECKA CMOJAMU: OJHOPACTBOPHBIMA
1 IBYXPacTBOPHBIN. OTHOPACTBOPHBII CIIOCOO COCTOUT
B CMEIIMBAHUU 00pas3iia MOPOABI C TOTOBBIM XUIKUM
nosmmepHbIM coctaBoM MC mim BC. IepememmBanue
IIPOBOIMIIN 0 MOJIYICHUSI OMHOPOMTHOMN Macchl. s
000MX TUIIOB MTOJINYPETAHOBBIX KOMITO3UIIMIT TeoMaTe-
pUIBI (POPMUPOBAIIH IIPH COOTHOIICHUM XUIKAsT CMO-
nma/mopoma — 0,05; 0,1; 0,2 (puc. 1). AByXpacTBOPHBIN
METOJI 3aKJTI0YaJICS B TTOCIICA0BATEILHOM T00aBICHUN
1 CMEIIMBaHUU TOTOBBIX cocTaBoB MC 1 BC ¢ meckom.
O06pa3msl TeoMaTepraioB GOPMUPOBATIN IIPU COOTHO-
IIeHUX XUIKnx coctaBoB MC/mopona u bC/mopona,
paBHbIX 0,05—0,2 1 0,05, cooTBEeTCTBEHHO (pUC. 2).

B obomnx ciaydasx moydeHHBIE CMECH TIecKa C I0-
JINYpEeTAaHOBBEIMHU CMOJIAMU pa3Mellaid B Pa3beMHBIX
IUTACTUKOBBIX HMIIMHIAPWUIESCKNX (hOpMaxX, BEICOTOM
80 MM 1 tnameTpom 30 MM, BBIAEPKUBAIN IO TTOJTHO-
IO OTBEPKICHUS TTOJIMMEPOB, BRBIHUMAINA 1 00pe3au
1o 60 MMm. CchopMupoBaHHBIE 00pa3IIbl CTIOIH30BAIN
IJIST TaJTbHEHIINX (PMITBTPALIMIOHHBIX TECTOB.

[TpoHUIIAEMOCTD pa3IMIHBIX TEOMATEPUATIOB OTIPEe-
eI Ha OCHOBE (PMUIBTPAIIMOHHBIX 3KCIICPUMEH-
TOB. TecTHI IPOBOAMIN Ha TaOOPATOPHOI YCTAaHOBKE,
pa3paboTtanHoit B MHcTUTYTE TopHOro nena um. H.A.
Uwnnakama Cubupckoro otneiienns Poccuiickoit aka-
IEeMWU HayK U TIpeTHa3HAYCHHON TSI M3MEPEHMUS TIPO-
HUIIaeMOCTH TOPHBIX TTOPOI, TIOPUCTHIX MaTePUAIOB
B YCIIOBUSIX CTAaIIMOHAPHOTO JMHEWHOTO TEUCHUS Ta3a

8 2.
OoOpasen peIXJI0i
HOPOABI

T'oTOBBIN XKHAKHIT
cocTtaR MC
(nsm cocraB BC)

3.
CMech nHoJIHMEpHOro

cOCTaBa ¢ mMOpoxoii
(coornomenne 0.05; 0.1; 0.2)

A

aJe

IToAroTOBKA NHIHHAPHYECKHX
o0pasnoB AHaMeTpoM 30MM
H BBEICOTOMH 60MM

dopMHpOBAHHE
obpasuos
reoMaTepHaIoB

Puc. 1. OgHOpacTBOPHBIN cNocob 06paboTKM Nnecka NoanypeTaHoBbLIMU CMonlaMu: T — MOAroToBKa ob6pasLa pbixsion
nopogApl (necka); 2 — noAroToBka nonmmepHoro coctasa MC (unm coctaBa bC); 3 - cmeluBaHMe XMAKOro pacTBoO-

pa c 06pa3LoM pbIxioi nopoabl B cooTHoweHum 0,05, 0,1, 0,2; 4 — pa3meLleHne CMecu B LMANHAPUYECKNX popmMax
AnameTtpom 30 MM 1 BbiCOTOM 80 MM, BblepP>KMBaHME 40 MNOSTHOFO OTBEPXKEHMUSA NOIMMEPOB, U3BfeYeHne 06pa3LoB
reomaTepurasnos; 5 — MoAroToBKa reomaTepuanos A GUIbTPaLNOHHbIX TECTOB: YMeHbLUeHWe BbICOTbl 06pa3LoB [0

60 mm
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1. 2.

4.

Oopasen pbIXJIOH T'oToBBIH KHAKHH I'oToBbIii KAAKAI
IOPOABI coctaB MC cocraB BC

N K

CMech IHOJTHMEPHOI0
cocraa MC c nmopoaoii
coorHomenue 0.05; 0.1; 0.2)

7 IToaroToBKa
OHIHHAPHYECKHX 00pa3oB
BBICOTOH 60MM H
aHaMeTpoM 30MM

\/

S. [ To6aBrenne nouMepHOTo

coctaBa bC
(COOTHOLIEHHE KHAKOIO
cocTaBa ¢ mopozuoii 0.05)

\/

6.

PopMHPOBAHHE 00PA3LI0B
reoMaTepHajIoB

Puc. 2. [IByxpacTBOpHbIN CNOCco6 06paboTKM Necka NosimypeTaHOBbIMY CMOfaMu: 1 — MOAroToBKa obpasLa pbIXion
nopoabl; 2 - NoArotoBka coctaBa MC; 3 — cmeluvBaHMe ugkoro coctaBa MC ¢ 06pa3Lom pbixion Mopofbl B COOTHO-
weHun 0,05; 0,1; 0,2; 4 — noarotoBka coctaBa bC; 5 — fobaBneHmne coctaBa bC (06beMHOe COOTHOLLIEHNE XKnaKkaa cmona/
nopoga paeHo 0.05) K cmecn necka ¢ coctaBom MC; 6 — pa3mMeLLeHre CMeCH B LMNNHAPUYECKX GopMax AnaMeTpoM
30 MM 1 BbicOTON 80 MM, BblAeP>KMBaAHME 10 MOJIHOTO OTBEPXKEHUS MONIMMEPOB, M3BNeUeHre 06pa3LoB reoMaTepua-
NoB; 7 — MOArOTOBKA reoMatepuranoB 4fia GUbTPALMOHHbBIX TECTOB: YMEHbLUEHME BbICOTbl 06pa3L0B Ao 60 Mm

TIPU OCEBOM M OOKOBOM IaBJICHMSX CXKATHUS IIMJINH-
IpudecKrX obpasioB. CxemMa yCTaHOBKU, METOIMKA
TIPOBEACHUS SKCIICPUMEHTOB 1 OIIpeeICHIUS TIPOHU-
aeMOCTH TIpeAcTaBiIeHBI B padbotax [17, 18]. TecTnl
TIPOBOIMIN C 00pa3llaMy TeoMaTepPUajoB TUaMETPOM
30 MM 1 BpICOTO# 60 MM B YCIOBUSIX IaBJIEHUSI BCECTO-
ponHero cxarus 400, 600, 800 xI1a (puc. 3). Koaddu-

LIMEHTBI IPOHMIIAEMOCTU PACCUMTBLIBAIN, UCIIOIb3YSI

BeIpaxkenwue [17, 18]:

= 2x10*VuLP,,
StAP(AP+2P,,)’

rie k — pacueTHBI KOd(PPUIINEHT IIPOHUIIAEMOCTH,
Ml (Mwiupapcu, 1 M1 = 1073 Mkm?);

1

P
-

4

P sl

60 MM

30 MM

30 MM

Puc. 3. leomaTepuansl Ana GUIbTPALMOHHBIX SKCMEPUMEHTOB: 1 — LAVHAPUYECKMI 06pa3eL) reomaTepurana;
2,3 — GOKOBOE 11 0CEBOE CxKaThe 06pa3LoB BHELHVM AaBleHMeM; 4 — HanpaBieHne ¢unbTpaLmm rasa
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U — BSI3KOCTb, MIla-c;

S — mIoIaab NONePeYHOro ceyeHus oopasia, cM?;

AP — mepemnan maBjieHUsT Ha KOHIaX oOpaslia,
10-"-MIla;

P — naBnenue Ha BbIxoze U3 0Opasiia (arMochep-
Hoe), 10--MIla;

L — nnuHa oGpa3sia, cm;

t — BpeMs pUIBTpaINH, C;

V — 00beM rasa, MpoIeanero yepe3 oopaselr, cm>.

MUKpPOCTPYKTYPY XUMUICCKHU YKPETUICHHOTO TTecKa
HCCIIEIOBAI METOIOM BJIEKTPOHHOM CKaHMPYIOIIEeit
mukpockonuu (mamee SEM). SEM — u3obpaxeHus
HCITOJTB30BAIIN C IIETbI0 M3YUCHUS pacIipene/icHIs He-
OIHOPOMTHOCTEH M IyCTOT, OIICHKH COIEPKaHMS OTBEp-
JKIEHHBIX TTOJTMMEPOB B TTOJIYYCHHBIX TeoMaTepraiax,
oIpeneIeHUs TUHESHHBIX pa3MepoB IOp U IIp. AHAIIN3
W CTAaTHUCTUYECKYI0 00pabOTKY MaHHBIX BHITTOJIHS-
JIN C TIOMOIIBIO aBTOMAaTHU3MPOBAHHOTO aHaJIM3aTopa
MUKPOCTPYKTYPHI TBEpABIX MaTepranoB «Mineral C7»
(xommaausg SIAMS), IipuMeHSIST CITeITUATN3UPOBAHHOE
IporpaMMHOe obecIieueHre: MOayib «McciemoBaHme
TIOPUCTOCTH», «I3ydeHre CTpyKTyphI op» [19, 20].

PE3YJIbTATbI U OBCYXAEHUE

Pacnipenenernne oTBepXKICHHBIX ITOJINYPETaHOBBIX
COCTaBOB B ITYCTOTHOM ITPOCTPAHCTBE IECKOB, 3aII0JTHe-
HIE 1 XapaKTepUCTUKH IO OIICHUBAIIN, UCCIICITYS] MU-
KPOCTPYKTYpY reomarepuaiioB o SEM — n3zobpaxkeHu-
aM. B cirydae ncmorb30BaHMsI OMHOPACTBOPHOTO CITOCO-
6a 00paboTky necka cocraBoM MC Ipu COOTHOILIEHU
XKuakasi cmoJja/mopona — 0,2, KOHCOMMAUPOBAHHBIN
TIECOK ITPHUOOpeTaeT Oa3aTbHYIO CTPYKTYPY, IJIST KOTOPOt
XapakKTepHO pacIIpeleicHIe 3¢peH B OCHOBHOM Macce
CBSI3YIOIIIETO BelllecTBa (OTBEPKICHHOTO ITOJIUMEpPA).
3aIT0THEHHOCTD ITyCTOTHOTO ITPOCTPAHCTBA OTBEPXKICH -
HBIM ITOJINMEPOM cocTaBiisieT 54—58% (puc. 4, 5). Iocne
YKpETUICHUS TTIecKa CMOJIOI ITOPUCTOCTh YMEHBIIIACTCS
OoJree 9YeM B 5 pa3, IO CpaBHEHUIO C HEapMUPOBAHHOMK
nopomoii. JIyist reoMaTepraioB XapakKTepHO HaJIUdne
MEJIKIX 3aMKHYTBIX ITYCTOT B arperarax OTBepKIeHHOTO
ToJIMMEpa pa3MepoM COTHA HAHOMETPOB — HECKOJIBKO
MHUKPOMETPOB 1 HEOOJIBIIIOE KOJIMIECTBO OojIee KPYyII-
HBIX MEXX3ePHOBEIX IIOp, THAMETP KOTOPHIX B CPeTHEM
coctapiseT 16,5 mkm. [1pu ABYX- U 4eThIpeXKpPaTHOM
YMEHBIIIEHUT 00beMa KUAKOTo coctaBa MC, 1o COOTHO-
IIeHwi Xunkuii cocraB MC/mopona, paBubix 0,1 1 0,05,
colepKaHNEe OTBEPKICHHOTO ITOJIMMEpa CHUKACTCS
10 30—45% wnn B cpenreM B 1,3—1,6 pasza (puc. 4, 5).
MUKpPOCTPYKTYPY ITOIYICHHBIX TeOMAaTEePUATIOB MOKXHO
OITCaTh KaK KOHTAaKTHYIO, COTJIACHO KJIacCH(PUKAIINH,
TIpeAcCTaBIeHHOI B padote [21]. OTBepKIeHHBIM COCTaB
MC mpencraBisieT co00il BEIIECTBO, COCPEAOTOUCH-
HOC Ha TpaHMIIAX MTeCYaHBIX 3¢peH, COCTMHSIIONIEe NX
SIMHOI CBSA3YIOIIEH ITOJTMMEPHOU «MaTpHlieii». Pasmep

TaKuX CBsI3ylommx arperatoB — 10—20 MM (puc. 4).
B cTpykType reoMaTepranoB IIpeodIamaoT MexX3ep-
HOBBIC TTOPBI, UAMETP KOTOPHIX B CPETHEM COCTABIISI-
et 18,3 m 20,5 MKM 1111 00pa3oB, c(hOPMUPOBAHHBIX
TP COOTHOIIECHUSIX XXUIKUii coctaB MC/mopoga — 0,1
n 0,05, COOTBETCTBEHHO. 3aBUCUMOCTh COACPKAHUS
oTBepxxIeHHOTO TTojnMepa MC B MyCTOTHOM 00BbeMe
reoMaTepHaioB OT COOTHOIIeHUs cocTtaB MC/ mopona
OIHMCHIBACTCS JIMHEIHOM aIllIPOKCUMAIINEiT ¢ BEICOKM
ko2 dunmenToM nerepmunanmu R, = 0,85,

B ciygae ykperuieHUs ITecka OqHOPACTBOPHBIM CITO-
coboMm coctaBoMm BC 11pr COOTHOIIIEHNH SKMAKAsI cMOJIa/
mopona — 0,2, 3aIOTHEHHOCTh ITIOPOBOTO MPOCTPaH-
CTBa OTBEPKIECHHBIM ITOJIMMEPOM cocTaBisieT 48—54%
(puc. 4, 5). 1151 TeoMaTepraioB XapaKTepHO HAJTMUINE
KaK MEJIKMX 3aMKHYTHIX ITyCTOT B arperaTrax OTBepPXKICH-
HOTO ITOJIUMEPa, TaK ¥ 3HAYMTEIIPHOTO KOJIM4IeCTBa 00-
JIee KPYITHBIX MEK3EPHOBBIX TIOP CO CPEIHNM IMAMETPOM
12 MxM. CHIXeHIEe 00beMa KUIKOTO TOJINYyPETAHOBOTO
coctaBa bC 1o cooTHomeHMI XUIKask CMoJIa/TIopoaa
0.1, 0.05 mpuBOIUT K YMEHBIIIEHUIO COEePKaHMS OTBEP-
KIEHHOTO TIoJTMMepa B oopasiiax 1o 25—45% wm B 1,2 —
1,9 paza (puc. 5). [ToaydgeHHBIC TeOMaTepHUAJIBI OOPETAIOT
KOHTAKTHYIO CTPYKTYPY, KaK 1 B Cllydae YKPEIUICHUS
TTecKa HU3KOBI3KUM coctaBoM MC. Pazmep cBsI3yrommx
ITOJIMMEPHbIX arPeraTtoB cocTapisieT 12—16 Mxum (puc. 4).
B o6pa3siax mpeobagaroT MexK3epHOBBIC TIOPHI CO CPEI-
HuUM nuamMeTpoM 13,5 u 17 MKM 119 reomMaTepruajosB,
copMIPOBaHHBIX TIPU COOTHOIICHMSIX XKUIKIAA COCTaB
BC /nopomna — 0,1 1 0,05, cooTBeTcTBeHHO. JIMHEITHAS
aIMITPOKCUMAIIHST 3aBUCUMOCTH COICPKAHMS OTBEPKICH-
Horo rmormMepa bC B mycToTHOM 00beMe TeoMaTepraioB
OT COOTHOIIECHMS KUIKN coctaB bC/mopona nmeet
koo dunmenT nerepmuHaunu R, = 0,8 (puc. 5).

OCOOGEHHOCTU CTPYKTYPHI ITOPOM, YKPETUICHHBIX
IIBYXpaCTBOPHBIM CITOCOOOM, CXOXKM C XapaKTePUCTUKA-
MM TeOMaTePHAIIOB, TTOJYICHHBIX TIPY OMHOPACTBOPHOM
crocobe 06paboTKM HU3KOBSI3KUM coctaBoM MC. Ipu
ucnonb3oBanuu 20 06. % cocraBa MC u 100aBKU CMOJIbI
BC — 5 00. %, 3a10JJHEHHOCTb ITyCTOTHOTO IPOCTPAH-
CTBa OTBEPKIEHHBIM ITOJIMMEPOM COCTaBsIeT 53—62%,
o0pa3lbl UMEIOT 0a3albHYIO CTPYKTYpPY € Ipeodiaga-
HHEM MEJIKMX 3aKPHBITHIX TIOP B ITOJIMMEPHBIX arperarax
IaMeTPOM COTHH HAHOMETPOB — HECKOJIBKO MIKPOME-
TpoB. [To Mepe CHIDKeHUSI CYMMapHOTO 00beMa XKUIKIX
kommo3uuuii 10 10 06. %, yMeHbIIAETCsT COAepKaHKE
OTBEPKICHHBIX TTOJTUMEPOB, YBEIUMINBAIOTCS KOJTMYE-
CTBO 1 pa3Mephl MEXK3EPHOBBIX TI0P, TeOMATEepHAJIBI IIPH-
00peTaroT KOHTAKTHYIO CTPYKTYPY.

DKcnepruMeHTaTbHBIC UCCIICIOBaHNUS ITOKA3aJIH, 9YTO
IIpY 00BEMHBIX CYMMAapPHBIX COOTHOIICHUSIX XUIKIX
cocraBoB MC, BC x nopone, He mipeBbimaomumx 0,15,
B CTPYKTYpE YKPEIUICHHOTO TIecKa 00pa3yeTcsT 3HaUl-
TEJIbHOE KOJMIECTBO OTKPHITHIX MEK3ePHOBBIX ITYCTOT,
pa3Mep KOTOPHIX YBEIMINBACTCS 10 MEPe YMEHBIIICHMS
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Nanob%

500 MM

Puic. 4. SEM - n306parkeHunsi XMNYECKN YKPENIEHHOro Nnecka, Noy4YyeHHble npu 06paboTke Nopoabl OAHOPACTBOP-
HbIM cnocobom nonnypeTtaHoBbiMK cocTaBamu MC 1 BC. CooTHoLweHMe )ungkoro coctaa MC c nopogoii: a — 0,2;
6-0,1; B—0,05. CooTHOLWeHwMe xugkoro coctaBa bC c nopopoii: r - 0,2; o - 0,1; e — 0,05. O603HaueHuA: 1 — necyaHble
3epHa; 2 — MeX3epHOBbIE MYCTOTbI; 3 — OTBEPXKAEHHbIE NONIMEPbI

coaepxkaHus cMoJ1. Takue mycToThl MOIYT (POPMUPOBATh
CBsI3aHHBIE ITOPOBbIE KaHAJIbI B 00pa31aX, CyLIECTBEHHO
BJIMsIS Ha (DUIBTPALIAIO XXUIKOCTE, ra30B U POHULIAE-
MOCTb IOJIY4€HHBIX FeOMAaTEPUAIOB.

ITo pesynbraTaM 1a00pPATOPHBIX IKCIIEPUMEHTOB
onpee/ieHbl KOA(MGUIUEHTH ITPOHULIAEMOCTH TeoMa-
TepUaioB, KOTOPbIE ObLIM C(DOPMUPOBAHEI IIPU Pa3INY-
HBIX METOIAX XMMUYECKOIO YKPEIUIEHUS MeCcKa, TUIax
1 00BEMHBIX PACXOJaX MOJIMYPETAHOBBIX CMOJI. B cityuae
KCIIOJIb30BaHUsI CII0cO0a OMHOPACTBOPHOI 0GPabOTKM
recka nojumMepHbaM coctaBoM bC mpu 06beMHOM COOT-
HomreHnH xuakast cmona bC/mopona — 0,2, mpoHuUIIae-
MOCTb reoMarepuaioB cocrasisieT 15 — 20 M/l (puc. 6).
O0pa3ibl XUMUYECKH YKPEILICHHOTO MeCKa CTa0MIbHbI

mpu cxkuMarommx Harpyskax 400—800 xIla, 3HaueHUS
K03(pOUIIMEHTOB IMTPOHUIIAEMOCTHI IIPAKTUICCKI HE M3-
MEHSIIOTCS. DTO CBSI3aHO CO CBOMICTBAMM OTBEPXKICHHOTO
OIHOKOMITOHEHTHOTO cocTaBa bC, KOTOpEIif TIpencTaB-
JIsIeT cOOOM KeCTKUI BCIIEHEHHBI MaTepya, CTa0UIb-
HBII IIPY 3HAYNTEIIBHBIX HAarpy3Kax.

B ciyyae crioco6a ogHOpacTBOpHOI 00pabOTKHU Me-
CKa IpA 00BEeMHOM COOTHOIIICHNH KUAKMIT coctaB MC/
nopona, pasHoM 0,2, 3HaueHUsT KO3 PUImeHTa ITpOHN-
maeMocTu obpasioB coctaBunu 7—13 m/1. YcraHnosie-
HO, 9TO (PMIIBTpAlIMOHHAS CITOCOOHOCTh TeOMAaTePHAIOB
CHIDKAETCS TIPUMEPHO B 1,5 pasa, 110 Mepe yBeIMIeHUS
nmaBlieHns1 BcecTopoHHero ckatus ot 400 mo 800 xIla
(puc. 6). D10 OOBSICHSIETCS BLICOKUM COAEPKAHMUEM BbI-
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Puic. 5. 3aBNCcMMOCTb cofiepkaHus oTBepKAeHHbIX nonmepoB MC, BC B MycTOTHOM 06beme 1 pa3Mepa MeK3epHO-
BbIX MOP OT 06BEMHOI0 COOTHOLLEHWSA XXUAKNI COCTaB/Mopofa no AaHHbIM aHanm3a SEM - nsobpaxeHunin. YepHble

N KpacHble KPYru — SKCNepuMeHTasbHble JaHHbIe NCCNef0BaHNA reomaTepuanos (cogep aHne OTBEPXKEHHOIO No-
NMMepa 1 pa3mep nop, COOTBETCTBEHHO), MNOJTyUYEHHbIX MPY OLHOPACTBOPHOM CNocobe 06paboTKM Necka COCTaBOM
MC. Cepble 1 6enble TPeYrofibHVKM — AaHHbIe NCCNIE[0BAHUA FeOMaTepUanoB (CopepKaHrie OTBEPXKEHHOIO Nosime-
pa 1 pa3mep nop), NosyYeHHbIX NPV OAHOPACTBOPHOM cnocobe 06paboTky nopoabl coctaBom bC. YepHas n cepast
JIHWW — NINHENHbIE annpPOKCUMALMN pe3ybTaToB SKCNEPUMEHTOB
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JaBIICHHE BoecTopoHHero cxkaTus (P), klla

Puc. 6. 3aBMCMMOCTb NPOHMLIAEMOCTI reomaTepuranos (k), MonyyeHHbIX Npu OAHOPACTBOPHOM 1 ABYXPACTBOPHOM Cnocobax
XMMMYECKOro YKpernieHna necka nonmypetaHosbiMmn coctasamu MC n BC, oT faBneHnsa BcectopoHHero cxatua (P). dkcnepu-
MeHTaJIbHble laHHble NccefoBaHNA 06pa3L 0B, NOMYyYeHHbIX NPV OJHOPACTBOPHOM cnocobe 06paboTKM NPK COOTHOLLEHUN
XKnpkunm coctas/nopopa — 0,2: yepHble Kpyru — ykpenneHue coctaom MC, cepblie TPeYrofibHUKM — yKpernsieHe COCTaBOM

BC. lTony6ble poM6bl — JlaHHble nccnefoBaHKA 06pa3LoB, MONTyYEHHbIX MPUY ABYXPAaCcTBOPHOM cnocobe 06paboTkim noposabl
cvonamu MC n BC npu cooTHOLLEHMAX XKMAKMI cocTaB/nopoda — 0,2 n 0,05, cootBeTcTBEHHO. CNOLLHbIE NMNHUN — KPUBbIE,
NOCTPOEHHbIE MO CPefHNM 3HaYeHMAM KO3GPULIMEHTOB MPOHNLLAEMOCTH
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COKODJIACTUYHOro Marepuaja B oopasuax (54—58%) —
OTBEPXKIECHHOTO MOJIMMepHOTo coctaBa MC, KOTOPHIiA
nedopMupyeTcs TPy HU3KUX CKUMAIOIINX Harpy3Kax,
TIPUBOIS K YMEHBIICHUIO ITyCTOTHOTO 00heMa B CTPYK-
Type. JomnomHureabHas 100aBKa 5 00. % XUIKO CMOJTBI
BC n npuMeHeHMe ABYXpacTBOPHOIO cItocoba oopa-
0OTKU NPUBOAAT CHUXKEHUIO TIPOHULIAEMOCTH B 1,5—
1,8 pa3a ¥ MOBHIIICHUIO YCTOMIMBOCTH 00PAa3IIOB TP
CXKMMAIOIINX HaNPsKeHUSIX. BO3MOXHOM IMIpUIMHOMK
aBIseTCs (pOpMUPOBAHNE YITPOUHSIOIIETO TTOJIMMEPHOTO
«KapKaca» B CTPYKTYpe TTOPOIBI M3 OTBEPKICHHOTO CO-
craBa bC, KOTOpEHIi CBSI3BIBACT ITECUAHBIC 3€PHA.
OIHOKOMITOHEHTHBIH CTITOCO0 00pabOTKM M CHITKE-
HUe pacxona coctaBa MC 10 00beMHOTO COOTHOIIICHUS
xwunkast cmoa MC/mecok — 0,1 IpUBOIUT K yBEIMIE-
HUIO Koo dUIMeHTa MPOHNIIAeMOCTH Ha 1—2 TTopsiaka,
1o 3HaueHui 500—700 m/I. [ToyuyeHHBIE TeOMaTEPUATTLI
MCHEe YyBCTBUTEIBHEI K BO3ICHCTBUIO CXXUMAFOIIEH
Harpy3KH, W IIPOHUIIAEMOCTh COXPAHSIETCS TIPU IBYX-
KPaTHOM YBEJIMYCHUH JaBJICHUS BCECTOPOHHETO CXKa-
THs (pHC. 7). DTO CBSI3aHO CO CHIDKCHUEM COICPIKAHUS
BBICOKO3JIACTUYHOTO JIepopMUpyeMoro MaTepuania (oT-
BepkeHHOM cMojibl MC) 1o 30—45% B KOHCOJIUAMPO-
BaHHBIX TTeckax. Jlo6aBka 5 06. % xmunkoro cocraBa bC
¥ MICITOJIB30BaHNE AIBYXPACTBOPHOTO CIT0C00a 00pabOTKI
TIOPOJIEI IIPUBOIUT K 3HAYNTEIIBHOMY CHIDKCHUIO (DHITh-
TPaIMOHHON crtocoOHocTH TeomaTepruanoB. Koapopu-

LIMEHTHI IIPOHMIIAEMOCTY YMEHBIIAIOTCS B 2,9—3,2 pa3a
(puc. 7). IlomydeHHBIE TeOMaTepUAIbl CTAOMIIBHEI TIPU
nIaBiaeHusIX BcectopoHHero cxkatns 400—800 kI1a.

JanpHelinee TByXKpaTHOE YMEHBIIICHHUE COmepKa-
HUS TTOJIMypeTaHoBoro cocrasa MC, 1o 00beMHOTO
COOTHOIIICHUS XHUaKast cmoa/mopona — 0,05, He3Ha-
YUTEJIBHO BIUSET HA (GUIbTPALIMOHHBIE CBOMCTBA XUMU-
YECKM YKPEIUICHHOTO TecKa. 3HaUYCHMSI IIPOHUIIAeMOCTH
reoMaTepruaioB, IMMOJIYYCHHBIX TP OMHOPACTBOPHOM
crocobe 0opadoTku, gocturamT 520—700 M/ (puc. 8).
JomosHuTenbHas 1o0aBka 5 00. % xunkoro cocrara bC
1 VICTIOJIB30BaHME IBYXPAaCTBOPHOTO CIT0c006a 06padboT-
KW CHIKAET MPOHUIIaeMOCTh 00pa31oB B 1,3—1,5 pa3a.
I'eomaTepuanbl cTAOMIBHBI B YCIOBUSIX CXKUMAIOIINX
Harpy3ok 400—800 kI1a.

[MomryaeHHbIe KOA(POUIMEHTHI IIPOHUIIAEMOCTH X1~
MIUYECKH YKPETIICHHOTO TTeCKa CPAaBHUBAIN C TUTTOBBIMU
3HAYCHMSIMA, XapaKTepHBIMU [UTSI Pa3HBIX KJIACCOB IPYH-
TOB U MIPEACTaBICHHBIMU B paboTe [22]. YcTaHOBIICHO,
YTO TIPA OOBEMHOM COOTHOIIICHNY KUIKWIA TTOTUMEp-
HBIN cocTaB/mopoaa 0.2 u 6ojiee, HE3aBUCHMO OT TUTIA
noaumepa 1 crocodba o06padboTKuM, reoMaTepuaIbl pu-
00peTaroT MPOHUIIAEMOCTb, CBOICTBEHHYIO CIa00IIPO-
HHUIIAeMBIM U TIOJIYIIPOHUIIAEMBIM ITOPOIAM: TIeCUaHbIC
[JIMHBI, OYeHb CIa00TPEIIMHOBATHIC TIOPOIBI, CYTJIMH-
ku (Tabi. 2). Huszkast pwibTpalimoHHast CITOCOOHOCTh
MOXET OBITh CBSI3aHA C MpeobIagaHueM B CTPYKTYpe
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Puc. 7. 3aBUCMOCTb NMPOHMLIAEMOCTY reomaTepuanos (k), MonyyYeHHbIX MPU O[HOPACTBOPHOM U 1BYXPaCcTBOPHOM
Cnocobax XMMUYECKOTo YKperneHrs necka nonuypetaHoBbiMu coctaBamu MC n BC, oT faBnieHns BCECTOPOHHETO
okatua (P). YepHble Kpyru — 3KCneprMeHTabHble laHHble UCCNIEA0BAHNA 06Pa3LIOB, MOYUYEeHHbIX MPU OfHOPAC-
TBOPHOM Crocob6e 06paboTKM NPU COOTHOLLIEHMN XKUgKui coctaB MC/nopoga - 0,1. lony6ble pom6bl — faHHbIe
nccnefoBaHNa 06pasLoB, NOyUYeHHbIX MPU ABYXPACTBOPHOM crnocobe 06paboTku nopoabl cmonamu MC u BC npu
COOTHOLLEHUNAX XnIaKkunm coctas/nopoga — 0,1 n 0,05, cooTBeTCTBEHHO
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Puc. 8. 3aB/CMMOCTb MPOHKLAEMOCTU reomaTepranos (K), mofyyYeHHbIX NPY 0AHOPACTBOPHOM 1 ABYXPACTBOPHOM
cnocobax XMMMYECKOro YKpenseHvs necka nosimyperaHosbiMu coctaBamvi MC 1 bC, oT AaBieHns BCECTOPOHHETO
oxkatus (P). YepHble Kpyru — sKCnepumMeHTasnbHble AaHHble CCefoBaHNs 06pa3LoB, NoyUYeHHbIX NPU ogHopac-
TBOPHOM Crocobe 06paboTKM Npu COOTHOLWEHNU XnaKkuin coctaB MC/nopoga — 0,05. Tony6ble poMObl — laHHbIE
nccnefoBaHna 06pasLoB, MOMTyYeHHbIX NPY ABYXPACcTBOPHOM crocobe 06paboTku nopoabl cmonamu MC 1 bC npu
COOTHOLLEHNAX XnAKnn coctas/nopopa — 0,05 n 0,05, COOTBETCTBEHHO

Ta6nuua 2. [POHNLIAEMOCTb XMMUYECKM YKPETJIEHHOTO Necka Npu pasnyHbIx crnocobax o6paboTkm, 06beMHOM

pacxoae nonmmepa, gaBneHnAX BCECTOPOHHEro ¢xatna

CpeaHee 3HaYeHMe KO3 PuLeHTa NPOHNLIaeMOCTH
Cnoco6 06paboTKM necka Cerp)Ka:;l.eo Ac)ocrasos, YKpenneHHoro necka, kcp (m) npun pasnnYHbIX
NoNMMEepHbIMU CMONaMM (cocras MC: cocrag BC) AaeneHusx okarus, P (kMa)
P =400 P =600 P =800
OpHOpPaCTBOPHbIN (20; 0) 12 9,3 8,5
OpHOPaCTBOPHbIN (10; 0 614,7 618,6 644,3
OpHOPACTBOPHbIN (5;0) 665,2 635,5 636,0
[1ByXpacTBOpPHbIi (20; 5) 6,7 6,3 5,6
[1ByXpacTBOpPHbIiA (10; 5) 205,0 198,2 202,4
[1ByxpacTBOpPHbIN (5;5) 459,4 509,8 436,4
3aMKHYTBIX ITyCTOT pa3MEPOM COTHA HAHOMETPOB — HE- 3AKJIIOYEHUE

CKOJIBKO MUKPOMETPOB, KOTOPEIE He 00pa3yIoT CTUIONI-
HBIC TIOPOBBIC KaHATIBI.

B cayyae 00beMHOTO COOTHOIIICHUS XKUIKUI TT0-
JTUMepHBIN coctaB/mopoma — 0,05—0,15 momydeH-
HBIM TeoMaTepuraiaM CBOMCTBEHHA IIPOHUIIAEMOCTb,
XapakTepHas IJIsT Kiacca IPOHUIIaeMEBIX TTopon [22].
[MoBrImIeHMEe GMIBTPAIIMOHHON CITOCOOHOCTH XMMM-
YeCKHU YKPETUICHHBIX TICCKOB CBSI3aHO C YBEJIMICHUEM
KOJIMYECTBA M pa3Mepa OTKPBITBIX MEX3EPHOBEIX TIOP
B CTPYKTYpe 00pa3moB, KOTOPEIE MOTYT (DOPMUPOBATh
CILTOIITHEIC TIOPOBEIC KaHAJIBI, CITOCOOCTBYIOIINE (DIITh-
Tpauuu (QIOUI0B.

Crmocob6 XMMHYECKOT0 YKPEIUICHUS TIeCKa IO~
YPETaHOBBIMH COCTAaBaMU, OOBEMHBIN PacXom CMOJ
CYILIECTBEHHO BIMSIOT Ha 3alOJIHEHUE ITYCTOTHOT'O
IIPOCTPAHCTBA OTBEPKICHHBIM ITOJIMMEPOM, CBOIICTBA
OCTAaTOYHOI IIOPUCTOCTH, TIPOHUIIAEMOCTD MOJTYICHHBIX
reomaTtepuanoB. BeISIBIeHO, 4TO B ciiyyae 00paboTKu
IecKa IBYXKOMITOHEHTHBIM BBEICOKO3JIACTUYHEBIM I10-
JINypPETaHOM MPU OOBEMHOM COOTHOIICHUM XKUIKAS
cMmona/mopona He MeHee 0,2 oO6pa3ibsl mpruodopeTaeT
0a3aIbHYIO CTPYKTYPY, ISt KOTOPOU XapaKTEpPHO pac-
ImpenesieHrne 3epeH B OCHOBHOM Macce CBSI3YIOMIETO
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BEIleCTBA — OTBEPXKICHHOTO IMoimMepa. B cTpykType
Ipeo0JIagaroT MEIKIE 3aMKHYTHIC ITYCTOTHI pa3MepoOM
COTHU HAHOMETPOB — HECKOJIBKO MUKPOMETPOB. [1pn
00BEMHBIX CYMMAapPHBIX COOTHOIICHUSX KXKUIKNX T10-
JINYPETaHOBBIX COCTABOB K MOPOIE, HE TIPEBBIIIAIOIITNX
0,15, B cTpyKType reoMaTepraioB pacIIpoOCTPaHEHBI
OTKPBITHIE MEX3EPHOBBIC ITOPHI, pPa3Mep KOTOPHIX
YBEIUUMBACTCS IO MEpPe YMEHBIICHUS COMCPKaAHUS
cmoir. Takue mycToTH GOPMHUPYIOT CBSI3aHHBIC TTOPO-
BBIC KaHAJbI, CYIIECTBCHHO BJIMSIS Ha IIPOHUIIAEMOCTD
XUMHUYECKU YKPETUICHHBIX MecKoB. 1o pesymbTraraM
9KCIIEPUMEHTOB OTIpeae/IeHBl 0COOCHHOCTH M3MEHEe-
HUS TIPOHUIIAEMOCTH TeOMaTepHajoB B 3aBUCUMOCTH
OT cTItoco0a apMUPOBAHUS TTecKa MOJTUYPETAHOBBIMU
cmoiamu. [lomydaeHo, 9To B ciy4yae crocoda omHopac-
TBOPHOM 00pabOTKM IecKa IMpru 00beMHOM COOTHOIIIE-
HUM OIBYXKOMITOHECHTHAST BEICOKOJIACTHIHASI cMOJIa/
nopozaa, paBHoM 0,2, 3HaYeHUS KO3 GUIIMEHTA TIPO-
HUIIAeMOCTH 00pa3ioB cocTaBistioT 7—13 M/l 1 cHu-
JKAITCS IpUMEpPHO B 1,5 pa3a 1o Mepe YBeIUICHUS
cxxumartomeit Harpy3ku ot 400 mo 800 kITa. DTo cBsI3aHO
C BBICOKMM COIEPKaHNEM BBICOKORJIACTUIHOTO MaTe-
puraja, KOTOphIit meopMupyeTcs IIpH CKaTUH, IIPUBO-
ISl K YMEHBIIICHHUIO ITYCTOTHOTO 00beMa B CTPYKTYpE.
JoroaHuTesbHas 100aBKa 5 00. % KeCTKOI OTHOKOM-
TIOHEHTHOI CMOJIBI M IPUMEHEHHE IBYXPAaCTBOPHOTO
cIroco6a 06padOTKM TIPUBOASIT K CHIZKCHUIO TTPOHUIIAC-
MocTH B 1,5—1,8 pasa, MOBBIIIEHUIO YCTOMYUBOCTH 00-
PasIoB IIPH aHAJIOTMYHBIX CXKUMAFOIINX HATIPSLKEHUSX.
YCTaHOBJICHO, YTO UCITOJIb30BaHNIE OTHOPACTBOPHOTO
crmocoba YKpeIuIeHWsT M IBYXKpaTHOE CHIDKEHUE pac-
X0JIa BEICOKO3JIACTUIHOM CMOJIBI TIPUBOIST K YBEITMIC-

CMNCOK NCTOYHUKOB

HUIO Koo PUIIMEeHTa TPOHUIIAeMOCTH Ha 1—2 TTopsiaKa,
1o 3HadeHuit 500—700 m/1. Jo6aBka 5 06. % KUIKOTO
OITHOKOMITOHEHTHOTO TTOJINYPETAaHOBOTO COCTaBa BHI-
3BIBACT CHIDKECHME TIPOHUIIaeMOCTH B 2,9—3,2 pa3a. [lo-
JIy4eHHBIC TeOMaTePUAIIBl YCTOMIMBEI TIPU JABIICHUSIX
BcectopoHHero cxkatug 400—800 kIla. JlanpHeinree
IBYXKPAaTHOE YMEHBIIICHHE COMEPKAHMS TTOJIMYPETaHO-
BBIX CMOJI 10 00bEMHOTO COOTHOIICHMS XXUIKAsI CMoJia/
mopona — 0.05 He3HAYUTEILHO BIMSICT Ha (PUIbTpa-
IIMOHHBIC CBOMCTBA XUMIWYECKH YKPETUICHHOTO ITecKa.
CpaBHEHHE MOJIYICHHBIX KO3(hGUIINECHTOB IIPOHUIIA-
€MOCTH TeOMaTepHrajIoB C TUITOBBIMU 3HAUCHUSIMU T10-
Ka3ajio, 9TO IpU 0ObEMHOM COOTHOIICHUM XKUIKUHA
IMOJTUMEPHBI cocTaB/mopona, paBHoM 0,2 u 6oiee,
00pa3Ibl UMEIOT IPOHUIIAEMOCTh, CBOMCTBEHHYIO I10-
pomaM Kjacca CcJIaboIIpOHUIIAeMBIX 1 TTOIYIIPOHUIIAC-
MBIX: TIeCUaHbIe TJIMHBI, OYCHB CIIA00TPECITMHOBATHIC
IMOPOIBI, CYIIMHKH. [IpakTndeckast 3HAaUMMOCTh pe-
3YJIbTATOB 3aKJII0YACTCSI B TTOBBIIICHUU 3(DHEKTUBHO-
CTH MCIIOJIB30BAHMS ITOJTUYPETAHOBBIX CMOJT IUIST 3a-
a4y CHIDKEHUST (DUIBTPAIIMOHHBIX CBOMCTB HECBSI3HBIX
IPYHTOB. BEISIBICHHBIC 3aBUCMOCTH IIPOHUIIAEMOCTH
reoMaTeprajIoB OT CBOMCTB IecKa, CIiocoba 00paboTKH,
00BEMHBIX COOTHOIICHUHN XKUIKUX CMOJI W TIOPOIHI,
YCIIOBUIA HAarpy>KeHMS 00Pa31IoB YKa3bIBaIOT Ha HEOOXO-
IUMOCTB BEIOOpA ONITUMAIBHOTO CITOCO0a XUMUIECKO-
TO BO3JIEMCTBUS C YYETOM PEIIAEMOM T€OTEXHUYECKOM
3amagan. DTo 00ecIeunT Kak 3(pPeKTUBHOE CHIKEHUE
GMIBTPAalIMOHHBIX CBOMCTB HECBSI3HBIX TPYHTOB, TaK
1 YMEHBIIIEHNE PacXoaa JOPOTOCTOSIIINX ITOIUMEPHBIX
COCTaBOB IIPU BO3BEACHUH ITPOTUBOMDMIBTPAIIMOHHBIX
3aBeC M 9KpaHOB B MaCCHUBE.
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ABSTRACT

Introduction. Polymer fiber is widely used in the production of structural concrete components, in shotcrete for tunnels, concrete
slabs, blast-resistant concrete, and solid road pavements. Recently, numerous studies have been devoted to the use of fibers derived
from recycled polymers in fiber-reinforced concrete. Most of these studies address the effect of fiber on the compressive, flexural
and tensile strength properties of concrete. Fibers of various lengths based on nylon, aramid, polyester, polyethylene terephthal-
ate, polypropylene, polyvinyl alcohol, and polyvinyl chloride are used in concrete. However, the insufficient amount of data, or
its complete absence, regarding the effect on the properties of concrete with polymer fibers based on recycled PVC necessitates
further research, which is particularly relevant given the generation of significant volumes of PVC waste during the production of
plastic windows. Materials and methods. The electron microscopy and thermomechanical analyses (TMA) were used to investigate
the properties of PVC-based polymer fibers. The effect of the polymer fiber on properties of fine-grained concrete mixtures and
hardened concrete, the standard testing methods were used, including the determination of workability by flow table test diameter
on a vibrating plate, the average density of concrete mixtures and concrete, and tensile strength under flexural and compressive
loading. Results. It is shown the positive effect of the grinding process determined by electron microscopy, which produces a rough
surface and fibers of 2.5-4 cm in length, 1.75-4 mm in width, and 0.2-0.3 mm in thickness. It is established that the PVC-based fiber
belongs to amorphous polymers of linear structure with a crystallization temperature of 86.4 °C and a destruction temperature of
208.91 °C. It is determined that the optimal fiber content in concrete does not impair the workability of concrete mixtures or affect
their cohesion. It is shown that the addition of PVC-based fiber to fine-grained concrete in amount up to 1.2% increases the concrete
density of 1.6 times, increases flexural tensile strength by 22%, and has no effect on compressive strength. Conclusion. Conducted
studies confirm the feasibility of using polyvinyl chloride-based fiber as a component of fine-grained concretes. However, there
is the lack of sufficient data of fiber introduction method in concrete which requires additional scientific research to prevent fiber
clumping, establish its compatibility with chemical additives added to the concrete mixture and the effect of curing conditions.

KEYWORDS: Portland cement, fiber-reinforced concrete, fiber, recycled polyvinyl chloride, workability, strength
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AHHOTALMA

BsegeHue. LLnpokoe npumeHeHne nonvmepHasa Grubpa nonyuuna npy Npomn3BOACTBE KOHCTPYKLMOHHbBIX GETOHHBIX 3IEMEHTOB,
B TOPKPET-OETOHMPOBAHNM TYHHENEN, GETOHHbIX MEPEKPbITUAX, B3PbIBOCTONKOM BETOHE 1 KeCTKMX JOPOXKHbBIX MOKPbITUAX. Bonpo-
Cam NpVIMEHeHWs B UCMEPCHO-apMUPOBaHHbIX 6eToHax GMbpbl Ha OCHOBE BTOPUYHON NepepaboTKy NMONMMEPOB B NocyiefHee
BPEMA MOCBALLEHO MHOXECTBO MCCNef0BaHNA. BonbWMHCTBO 13 HUX 3aTparvBaeT BnMAHWE GUOPbI Ha MPOYHOCTHbIE CBOWCTBA
6eToHa Ha CKaTuve, Npu n3rnbe 1 Ha pacTaxeHre. NPYMeHATCA pa3nnyHble MO AJIMHE BOMIOKHA B 6eTOHax Ha OCHOBE HEINIOHa,
apamufa, nonnactepa, NonMsTUNeHTepedTanaTa, NOAUNPONMUIEHa, NOMVBUHUIIOBOIO CNPTa U nonverHUnxnopuaa. OgHako He-
[lOCTaTOYHOE KOJIMYECTBO JaHHbIX NGO VX MOJTHOE OTCYTCTBUE O BANAHUM Ha CBONCTBa 6ETOHA C nonmmepHoii ¢pnbpoi Ha ocHoBe
nepepabotaHHoro NBX Bbi3biBaeT HEOOXOAUMOCTb AOMONHUTENBHbIX MCCIEA0BAHNI, UTO OCOBEHHO aKTyanbHO BBUAY 06pa3oBaHuA
3HaunTeNbHbIX 06bemoB 0Txof0B NBX nNpy Npon3BoACTBE NIAaCTUKOBLIX OKOH. MaTepuanbl n meToAbl. B paboTte npumeHeHbl Me-
TOAbI 3M1eKTPOHHON MUKPOCKOMMMN 1 TEPMOMEXaHNYECKOTO aHanm3a Ana NccnefoBaHnsa CBONCTB NonvMmepHoin Grnbpbl Ha ocHoBe
MBX. AnA nccnenoBaHUA BINAHMA NOAUMEPHO GrbpbI Ha CBONCTBA MENIKO3EPHUCTbIX GETOHHBIX CMecel 1 3aTBepAeBLLero 6eToHa
NPVIMEHANNCb CTaHAAPTHbIE METOAbI UCCNIEA0BAHMA, BKIIOYalOLLMe onpefeneHie AnaMmeTpa pacniibiBa Ha BCTPAXMBAOLLEM CTOSMKE,
CPefHIol0 NIOTHOCTb BETOHHBIX CMeCei 1 6ETOHOB, MPOYHOCTbL Ha PacTAXKeHWe Npu n3rnbe 1 Npu cxaTun. PesynbraTbl nccnepo-
BaHUA. MeTOOM 3N1eKTPOHHOWN MUKPOCKOMMY YCTaHOBNIEHO MOJNIOXKUTENIbHOE BANAHKE NpoLiecca N3mMenbyeHns, MO3BONAIOLIErO
MoNyunTb LIEPOXOBATYIO MOBEPXHOCTb 1 GUOPY C ANIMHON 2,5-4 cm, WwnprHoi 1,75-4 mm 1 TonwmHon 0,2-0,3 MM. YcTaHoBNEHa
NPVHaANEXHOCTb GrOpbl Ha ocHoBe NBX K amopdHbIM NonrMepam IMHEHOTO CTPOEHMsA C TeMMepaTypoii cTekioBaHus 86,4 °C
1 Temnepatypoin fectpykumm 208,91 °C. YCTaHOBIEHO ONTUMaNbHOE CofiepKaHne Gpubpbl, KOTOPOe He YXyALIAeT NOABUXKHOCTb
6ETOHHbIX CMeCell U He HapyLLIaeT NX CBA3HOCTb U yao6006pabaTbiBaeMoCTb. lMoKasaHo, uTo BBeAeHue Gpubpbl Ha ocHose MBX B co-
CTaB MeIKO3epHMCTOro 6eToHa B KonmuecTse [0 1,2% obecneurBaeT pocT NIOTHOCTU 6eTOHa B 1,6 pas, NoBbILEHVIE MPOYHOCTY NPK
pacTAXeHUN C U3rmbom Ha 22% 1 He oKa3biBaeT BANAHUA Ha MPOYHOCTb NPY CKaTun. 3aknoueHue. [poBefeHHbIe UCCIeA0BaHNA
MOATBEPAUIN BO3MOXHOCTb NMPUMeHeHUA G1bpbl Ha OCHOBE MOSIMBUHUIXJIOPYAA B COCTaBE MENKO3ePHUCTbIX 6eToHOB. OfHaKo
He[JOCTaTOYHOE KOMYeCTBO aHHbIX O MOPAAKe BBEAEHUA ANA NPefoTBPaLLeHNA ee KOMKOBaHUA, COBMECTMMOCTY C XUMNYECKUMU
fob6aBKamu, BBOAUMbIMY B GETOHHYIO CMECb, @ TaK»Ke BAUAHUN YCIOBUI TBEPLAEHNA 1 AanbHelLwel 061acTi npuMeHeHns 6eTOHOB,
B COCTaB KOTOPbIX OHa BXOAMT, BbI3bIBAE€T HEOOXOAMMOCTb JafibHENLIEro HayYHOro Novcka.

KNIOYEBDIE CJIOBA: nopTtnaHiLeMeHT, AMCcnepCcHO-apMUPOBaHHbIN 6eTOH, drbpa, PeLMKINHT NONNBUHUIXIOPWA], MOABMKHOCTD,
NPOYHOCTb

BJIATOOAPHOCTW: [laHHaa paboTa BbinonHANacb Npu prHaHCMpoBaHUM MUHNCTEPCTBA HAaYKK 1 Bbicluero obpasosaHus PO,
npoekt N2 FSWG-2026-0003.

ana unTUPOBAHUA:

JNlapceH O.A., Anbobangm [l., CamueHko C.B. Menko3epHucTble 6eToHbl ¢ G1bpPOI N3 NepepaboTaHHOro NOANBUHUAXIOPUAA.
HaHomexHonozauu 8 cmpoumenscmae. 2026;18(2):254-264. https://doi.org/10.15828/2075-8545-2026-18-2-254-264. - EDN: WTOZCP.

INTRODUCTION most promising direction in the field of building materials
science. Fibers of various origins exert a positive influence

Enhancing concrete efficiency involves not only improv- on concrete properties. Polymeric, glass, carbon, hybrid,

ing its mechanical and operational characteristics but
also producing innovative composite materials, such as
fiber-reinforced concretes [1]. The development of fiber-
reinforced concrete compositions with enhanced strength,
crack resistance, frost resistance, water permeability, as
well as abrasion and impact resistance, represents the

and vegetable fibers of different shapes and sizes can be
utilized as reinforcement. Currently, the use of steel fibers
has become the most widespread, both domestically and
internationally.

Polymeric fibers have gained widespread application in
the production of structural concrete elements, shotcrete

http://nanobuild.ru

info@nanobuild.ru


http://nanobuild.ru/ru_RU/
https://orcid.org/0000-0002-9612-7190
https://orcid.org/0009-0005-1724-4903
https://orcid.org/0000-0002-3523-593X

2026; 18 (2):
254-264

Nanotechnologies in construction
HaHoTexHonornn B cTponTenbCcTBe

ISSN 2075-8545 (online)

Nanobm

THE RESULTS OF THE SPECIALISTS’ AND SCIENTISTS’ RESEARCHES

for tunnels, concrete slabs, explosion-resistant concrete,
and solid pavements [2]. In recent years, preference has
been given to the use of secondary fibrous materials de-
rived from industrial waste as reinforcing fibers. However,
over 90% of polymers are still manufactured from virgin
materials, with only a small fraction undergoing recycling
[3, 4]. Itis noted [5, 6] that only 32% of plastic waste is re-
cycled, the rest is either incinerated (43%) or disposed in
landfills (25%), causing significant environmental harm.

Plastic production has currently reached a massive
scale, leading to a simultaneous surge in the volume of
plastic-based waste. From 1950 to 2017, the total volume
of plastic waste reached 8.3 billion tons. In 2021, annual
production hit approximately 400 million tons, with only
9% being fully recycled and successfully reused. According
to [5], global plastic production reached 413.8 million tons
in 2023, of which only 8.9% was sent for recycling, and
a mere 0.5% was actually utilized in the manufacturing
of new products.

The service life of plastic products averages about 10
years, whereas their decomposition spans many decades,
depending on composition and disposal methods [6].

In recent years, there has been a surge of interest in
studying the impact of recycled polymeric fibers on the
static and dynamic mechanical properties of concrete
[71, fatigue characteristics [8, 9], and durability-related
parameters. It has been found that incorporating recycled
polymer fibers can reduce early-age concrete shrinkage,
thereby enhancing mechanical properties and longevity
[10]. Alongside polypropylene fibers, recycled polymer
fibers effectively prevent crack propagation and increase
freeze-thaw resistance [10]. Fiber-reinforced concrete
(FRC) is widely utilized for airport pavements, highways,
bridge decks, tunnel linings, and offshore platforms [11] —
structures subjected to repetitive cyclic loading through-
out their service life. Furthermore, polymeric fibers are
effectively used in Ultra-High Performance Concrete
(UHPC) for repairing and strengthening bridge columns
exposed to chloride-rich waters. The addition of fibers
significantly minimizes crack formation and limits crack
width resulting from shrinkage during hardening and sub-
sequent curing, which also enhances the impact strength
of the concrete.

Extensive experience exists in utilizing fibers derived
from waste Polyethylene Terephthalate (PET) bottles, as
well as polyethylene-based fibers and aggregates sourced
from recycled low and high-density plastic bags. Fur-
thermore, recycled Polyvinyl Chloride (PVC) has been
employed as aggregates from pipe waste and as both ag-
gregates and fibers from electrical cable insulation. Fiber
obtained from recycled electrical cables is also used in
concrete. Fibers of various lengths based on nylon [12],
aramid [13], polyester [14], polyethylene terephthalate
[15], polypropylene [16], polyvinyl alcohol [17], and poly-
vinyl chloride [18] are used.

There is established practice in using recycled PVC
fibers in fiber-reinforced concrete with lengths ranging
from 30 to 50 mm and diameters up to 4 mm. Research on
the influence of recycled PVC fiber on the technological
and mechanical properties of concrete mixtures revealed
that incorporating 1% by mass of cement reduces the mix-
ture’s workability (slump) by 6.67% [21]. An increase in
compressive, flexural, and tensile strengths was observed
when fibers were added at dosages of 0.6%, 0.8%, and
1.0%. Specifically, it was established that an 0.8% fiber
content leads to a 30.8% increase in compressive strength
and a 9.11% increase in flexural strength. However, it
was found that increasing the fiber content beyond 0.8%
results in a decrease in concrete strength.

According to [22], the incorporation of recycled PVC
fibers with a length of 40 mm and a thickness of 0.5 mm
and a dosage of 0.5% by volume of the concrete contrib-
utes to increase in flexural tensile strength of 14.28%.

The recycling of PVC window profiles is a complex
technological process. Thermal processing of PVC is ac-
companied by the release of hydrogen chloride (HCI),
which necessitates strict safety protocols for personnel
and specific conditions to ensure high-quality PVC re-
granulate. The profile recycling sequence includes pre-
treatment, mechanical shredding, sorting and fraction-
ation, washing, and extrusion with melt filtration. There
is only a limited number of studies have been conducted
on the influence of recycled fibers derived from various
polymers on concrete properties.

Numerous studies have recently focused on the applica-
tion of recycled polymer fibers in fiber-reinforced concrete,
mostly addressing their influence on compressive, flexural,
and tensile strengths. However, there is no specific data of
influence of recycled PVC-based fibers on concrete proper-
ties. This creates an urgent need for additional research, as
a significant amount of PVC waste is generated during the
production of plastic window profiles.

2. MATERIALS AND METHODS

In this work the following materials were used:

— Heidelberg Cement Rus manufactured Portland ce-
ment CEM I 52.5N in accordance with GOST 31108-
2020, “General-purpose construction cements,” and
used it as the binder. Its water demand was 30.2%,
with an initial settingtime of 150 min, a final setting
time of 175 min, a specific surface area of 377.3 m?/kg,
and a strength of 76 MPa at 28 days. The mineralogi-
cal and chemical composition of Heidelberg Cement
Rus Portland cement CEM 1 52.5N is presented in
Table 1 and 2;

— quartz sand, Class I, with a Fineness modulus of
2.75, manufactured by “Bolars” with a true density
of 2.65 g/cm?. Particle size distribution is shown in
Fig. 1;
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Table 1. Mineralogical composition of Portland cement CEM | 52.5N “HeidelbergCement Rus”

Component content, %

c,s C,s

3

CA C,AF

3

64 14

7 11

Table 2. Chemical composition of Portland cement CEM | 52.5N “HeidelbergCement Rus”

Component content, %

Si0, | ALO, | Fe,0, | CaO | Mgo | SO

3

KO | Na,0o | MnO | TiO, | PO, | LOI

21.23 4.78 3.31 62.95 1.65 3.22

0.66 0.12 0.08 0.06 1.60

=

Percentage passing, %
=] ~ (=) h - » b [
= ] ] = = = =] =]

o
]

100

0.16

<0,16 0.315

—&—sand with fine modulus of 2.75

0.63 1.25 2.5 5
Sieve size, mm
— —area of fine sand

— —area of coarse sands

Fig. 1. Particle size distribution of fine aggregate

— recycled polyvinyl chloride (PVC) fiber was obtained
by shredding of the window profile in a shredder ma-
chine, and it is shown in Fig. 2.

3. RESULTS AND DISCUSSION

The technological scheme is presented in Fig. 3. The
production of polymer fibers based on recycled waste
from polyvinyl chloride (PVC) window profiles was car-
ried out by shredding in a chipping machine and included
the separation of the glass unit and rubber seals from the
window profile (Fig. 4). In the case of recycling waste
from the cutting and trimming of window frames, it is
necessary to remove the protective film from the surface.
Single-stage shredding of the profile in a chipping ma-

chine allows for obtaining polymer fibers with a rough
surface, ranging from 2.5 to 4 cm in length, 1.75 to 4 mm
in width, and 0.2 to 0.3 mm in thickness (Fig. 5).

The phase and relaxation states of PVC-based fiber
properties, and deformations under mechanical and ther-
mal loads, was conducted by using the equipment (Fig. 6).
A TMA Q400 thermomechanical analyzer manufactured
by TA Instruments was used to determine the glass transi-
tion and degradation temperatures, as well as to determine
the linear thermal expansion coefficient (LTEC). The
polymer fiber test specimen is presented in Fig. 7.

Thermomechanical properties of polymers generally
characterize their mechanical behavior under varying
temperatures [23]. Thermomechanical Analysis (TMA) is
employed to identify the polymer’s nature, crystallization,
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Fig. 2. Recycled polyvinyl chloride (PVC) fiber

Production of fiber

Y

Cleaning the glass unit from impurities
and contaminants

Shredding in shredder machine

Fig. 3. Production of PVC fiber from window profile

Fig. 4. Fibre production in a shredder machine
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Fig. 5. Equipment for measuring the geometric dimensions of fiber

Fig. 6. Study of the thermomechanical properties of PVC-based fiber: a) 1 - Computer; 2 - TMA device: 2.1 - Display;
2.2 - Stage (Sample platform); 2.3 - Probe; 2.4 — Thermocouple; 2.5 — Furnace; b) Fiber specimen before testing; c)
Specimen after testing

glass transition, and melting temperatures, as well as to
evaluate its thermal operating ranges. Experimental results
indicate that the obtained data are significantly influenced
by testing conditions, the prior processing of the PVC
profiles, and the applied mechanical and thermal loading
regimes. For the thermomechanical curve plotting, a load
of 1 N was applied to the specimen with a heating rate
of 5 °C/min. The TMA data analysis (Fig. 7) confirmed
that the PVC-based fiber is an amorphous polymer with
a linear structure. The analysis of frea 1, during heating
from 0 to 86.4°C, corresponds to the glass transition tem-
perature (7; ), indicating the polymer’s glassy state and its
linear amorphous nature. The area 2 corresponds to the
high-elastic (rubbery) state, while the area 3 represents
the viscous-flow state, leading to a degradation tempera-
ture (7)) of 208.91 °C. The heating rate of 5 °C/min and
a minimal load of 0.01 N to determine the linear thermal
expansion coefficient were used. The thermomechani-

cal curve also allowed to determine the values of linear
thermal expansion coefficient at the range of 21.49 up to
80.96 °C with a step of 10 °C.

Various surface modification methods are applied,
including polymer coating, chemical etching, and me-
chanical treatment to improve the bond strength between
the cement matrix and the fiber. The microstructure of
the PVC fiber surface was investigated using a Quanta 650
FEG field emission scanning electron microscope (FE-
SEM). Electron microscopy revealed that after shredding
in shredder machine, the fiber surface undergoes changes
and becomes rough (Fig. 8).

The influence of PVC-based fiber on the properties
of fine-grained concrete was investigated with content of
the fiber from 0 up to 3% by mass of concrete mixture.
The compositions of the mixture are presented in Table 3.
The fine-grained concrete mixtures were prepared in ac-
cordance with Krerermdt sredptBxks GOST 30744. The
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Fig. 7. Study of the thermomechanical properties of PVC-based fiber
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Fig. 8. Surface of recycled polyvinyl chloride fiber after shredding: a) x500 magnification; b) x210 magnification
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Table 3. Mix designs of fine-grained concrete with various contents of PVC-based fiber

Fiber content, %
Components, g
0 0.3 0.4 0.6 1.2 1.8
Portland cement 655 655 655 655 655 655
Sand 1310 1310 1310 1310 1310 1310
Fiber 0 5.65 11.0 13.8 27.6 414
Water 295 295 295 295 295 295

gradual mixing of dry components was followed with ad-
dition of mixing water. The addition of the PVC fiber was
carried out at the final stage with mixing time of 3 min.
The effect of PVC-based polymer fiber on the flow di-
ameter of fine-grained concrete, measured with by the use
of flow table, demonstrated the decrease of workability of
the mixture. The minimum reduction in workability was
observed with fiber contents at the range of 0.3 up t0 0.6%.
The average density of the mixture maintained between
2262 and 2265 kg/m?* (Fig. 9). The significant decrease in
workability and average density of the concrete mixture
was established with increase of the fiber content up to
1.2%. This can be explained of the high water demand to
the fiber and its highly developed surface area. A further
increase in fiber content up to 1.8% reduced the average
density decreased to 2247 kg/m?3, the flow diameter from
245 mm to 143 mm (Fig. 9), resulting in loss of cohesion

and workability. These findings are consistent with the
results reported by other authors [24, 25, 26].

The influence of PVC fiber on the mechanical proper-
ties of fine-grained concrete was investigated at 28 days
of standard curing in accordance with Russian standard
GOST 310.4. It was found that the strength remains at
the range of 8.7 MPa with fiber content of 0.4—1.2%.
This behavior can be attributed to the strength provided
by cement binder and the positive effect of the fiber on the
structure formation process. The fiber may act as nucle-
ation center in cement paste, organizing and densifying
its microstructure [27, 28]. The formation of such a struc-
ture, consisting of randomly distributed fibers, occurs
along the entire fiber surface, enhancing the interfacial
transition zone between cement paste and aggregate and
forming a micro frame [26]. However, the increase of the
fiber content up to 1.8% leads to a decrease in average
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Fig. 9. Effect of PVC-based fiber on the flow table diameter of fine-grained concrete

http://nanobuild.ru 261

info@nanobuild.ru


http://nanobuild.ru/ru_RU/

Nanotechnologies in construction
HaHoTexHonornn B cTponTenbCcTBe

2026; 18 (2):
254-264

1SSN 2075-8545 (online)

Nanobuli

THE RESULTS OF THE SPECIALISTS’ AND SCIENTISTS’ RESEARCHES

density (Fig. 10) and the strength at the range of 8.3 MPa
(Fig. 11). This reduction is explained by the weakening of
the cement matrix and the fact that the low-modulus fiber

occupies a portion of the cross-sectional area within the
cement stone, thereby weakening it due to a deficiency in
the matrix component and composite stratification [26].
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Fig. 10. Effect of polymer fiber on average density of the concrete
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CONCLUSIONS

Based on the obtained results, the following conclu-
sions can be drawn:

1.It was established that recycled PVC-based fiber
can be used in fiber-reinforced concrete to enhance
mechanical properties, which contributes the expand-
ance the raw material base. This approach promotes the
conservation of raw material resources, reduces negative
environmental impacts, and decreases the volume of
PVC-based waste.

2. It was shown that the fiber obtained from the me-
chanical shredding of PVC window profiles possesses
a rough surface, has a length of 2.5—4 cm, a width of
1.75—4 mm, and a thickness of 0.2—0.3 mm.

3. It was established that the PVC-based fiber is an
amorphous polymer with a linear structure, characterized
by a glass transition temperature of 86.4 °C and a degrada-
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AHHOTALMA

BsegeHue. LLnpokoe npumeHeHne nonvmepHasa Grbpa nosyymna npy Npon3BoACTBE KOHCTPYKLVIOHHBIX GETOHHBIX 3NIEMEHTOB,
B TOPKPET-OETOHMPOBAHNM TYHHENEN, GETOHHbBIX MEPEKPbITUAX, B3PbIBOCTONKOM BETOHE 1 )KeCTKIX JOPOXKHBIX MOKPbITUAX. Bonpo-
Cam NprIMEHeHVsA B AUCMEPCHO-apMIPOBaHHbIX 6eToHax GrOpbl Ha OCHOBE BTOPUYHON NepepaboTKy NONMMEPOB B NociefHee
BPEMA MOCBALLEHO MHOMXECTBO NCCNef0BaHUiA. BOnbIMHCTBO 13 HUX 3aTparnBaeT BnvsAHUe GUOPbI Ha MPOYHOCTHbIE CBOMCTBA
6eToHa Ha CKaTuve, Npy U3rnbe 1 Ha pacTaxeHre. NprYMeHATCA pasnnyHble MO AJIVHE BOSIOKHA B 6eTOHax Ha OCHOBE HEWNIOHa,
apamufa, nonnactepa, NoNMsTUNeHTepedTanaTa, NOAUNPONMUIEHa, MOAVBUHUIIOBOrO CNPTa 1 nonverHunxnopuaa. OgHako He-
[AOCTaTOYHOE KONIMYECTBO AaHHbIX MO0 MX MOSTHOE OTCYTCTBYE O BAVSAHMM Ha CBONCTBa 6ETOHA C MOIMMEpPHOI GrOPO Ha OCHOBe
nepepabotaHHoro NBX Bbi3biBaeT HEOOXOAMMOCTb AOMONHUTENbBHbIX MCCIEA0BAHNI, YTO 0OCOOEHHO aKkTyanbHO BBUAY 0bpa3oBaHuA
3HauMTENbHbIX 06beMOoB 0Tx0f0B MBX Npu NPon3BOACTBE NNACTNKOBbLIX OKOH. MaTepuanbl 1 meTogbl. B paboTe nprMeHeHbl Me-
TOAbI M1eKTPOHHON MUKPOCKOMMMN 1 TEPMOMEXaHNYECKOTO aHanm3a Ansa NcciefoBaHrs CBONCTB NonvMmMepHon Grnbpbl Ha ocHoBe
MBX. AnA nccnefoBaHUA BAAHMA NOAMMEPHO Grbpbl Ha CBOMCTBA MENKO3EPHUCTbIX GETOHHBIX CMeCeli 1 3aTBepAeBLLero 6eToHa
NPVIMEHANNCb CTaHAAPTHbIE MeTOAbl UCCIEA0BAHMA, BKIIOYaloLLMe onpeaeneHie AnaMmeTpa pacniibiBa Ha BCTPAXMBAOLLEM CTOSMKE,
CpefHIol0 NIOTHOCTb BETOHHBIX CMeCel 1 6ETOHOB, MPOYHOCTb Ha pacTAXKeHre Npwy 13rnbe 1 Npu cxkaTun. PesynbraTbl nccnepo-
BaHUA. MeTOAOM 3/1IEKTPOHHOWM MUKPOCKOMMM YCTaHOBNIEHO MOJIOXKUTENIbHOE BAMAHME NpoLiecca N3meNbyeHns, MO3BONAIOLIEro
MosyuYnTb LIEPOXOBATYIO MOBEPXHOCTb N GUOPY C ANIMHON 2,5-4 cm, WwnpuHoi 1,75-4 Mm 1 TonwmuHon 0,2-0,3 MM. YcTaHOBEHa
NPUHaANEXHOCTb GrbpPbI Ha ocHoBe MBX K amopdHbIM NonrMepam IMHENHOTO CTPOEHWsA C TeMMepaTypoii cTekoBaHus 86,4 °C
1 Temnepatypoii fectpykumm 208,91 °C. YCTaHOBEHO ONTUMalNbHOE cofiepkaHne ¢pubpbl, KOTOPOe He yXyALaeT NoABUXKHOCTb
6ETOHHbIX CMeCcell U He HapyLUAeT NX CBA3HOCTb 1 yao6oobpabaTbiBaeMocCTb. lMoKasaHo, uto BBeAeHue Gprubpbl Ha ocHose MBX B co-
CTaB MeIKO3epHMCTOro 6eToHa B KonmuecTtae [0 1,2% obecneunBaeT pocT NIOTHOCTU 6eTOHa B 1,6 pas, NoBbILWEHVE MPOYHOCTY NPW
pacTAXeHUn C U3rmbom Ha 22% 1 He OKa3biBaEeT BANAHUA Ha MPOYHOCTb NPK CKaTun. 3aknoueHue. [poBefeHHbIe MCCIeA0BaHNA
NMOATBEPAUIN BO3MOXHOCTb NMpUMeHeHUA Gubpbl Ha OCHOBE MOIMBUHUIXJIOPYAA B COCTaBE MENKO3ePHMUCTbIX 6eToHOB. OfHaKo
He[JoCTaTOYHOE KOMYECTBO JaHHbIX O NMOpAAKe BBeAEHUA ANA NpefoTBPaLLEHNA ee KOMKOBaHUA, COBMECTVMOCTY C XUMMNYECKUMU
AobaBKaMu, BBOAVMbBIMUN B OETOHHYIO CMECh, @ TaKXKe BANAHUW YCIOBWIA TBEPAEHWA 1 farnbHeNLWwen o61acTvi NprMeHeHns 6ETOHOB,
B COCTaB KOTOPbIX OHa BXOAMT, BbI3bIBae€T HEOOXOAMMOCTb [JafibHENLIEro HayYHOTO NMouncKa.

KNIOYEBbIE CJIOBA: nopTtnaHALeMeHT, AMCNepCcHO-apMUPOBaHHbI 6eTOH, drbpa, PeLMKINHT NOAUBUHUNXIOPYAR, MOABMKHOCTD,
NPOYHOCTb

BJIATOOAPHOCTW: laHHaa paboTa BbiNonHANaCcb Npu GrHaHCUPOBaHUM MUHMCTEPCTBA HAayKM U Bbiclero obpasoBaHusa PO,
npoekt N2 FSWG-2026-0003.
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ABSTRACT

Introduction. Polymer fiber is widely used in the production of structural concrete components, in shotcrete for tunnels, concrete
slabs, blast-resistant concrete, and solid road pavements. Recently, numerous studies have been devoted to the use of fibers derived
from recycled polymers in fiber-reinforced concrete. Most of these studies address the effect of fiber on the compressive, flexural
and tensile strength properties of concrete. Fibers of various lengths based on nylon, aramid, polyester, polyethylene terephthal-
ate, polypropylene, polyvinyl alcohol, and polyvinyl chloride are used in concrete. However, the insufficient amount of data, or
its complete absence, regarding the effect on the properties of concrete with polymer fibers based on recycled PVC necessitates
further research, which is particularly relevant given the generation of significant volumes of PVC waste during the production of
plastic windows. Materials and methods. The electron microscopy and thermomechanical analyses (TMA) were used to investigate
the properties of PVC-based polymer fibers. The effect of the polymer fiber on properties of fine-grained concrete mixtures and
hardened concrete, the standard testing methods were used, including the determination of workability by flow table test diameter
on a vibrating plate, the average density of concrete mixtures and concrete, and tensile strength under flexural and compressive
loading. Results. It is shown the positive effect of the grinding process determined by electron microscopy, which produces a rough
surface and fibers of 2.5-4 cm in length, 1.75-4 mm in width, and 0.2-0.3 mm in thickness. It is established that the PVC-based fiber
belongs to amorphous polymers of linear structure with a crystallization temperature of 86.4 °C and a destruction temperature of
208.91 °C. It is determined that the optimal fiber content in concrete does not impair the workability of concrete mixtures or affect
their cohesion. It is shown that the addition of PVC-based fiber to fine-grained concrete in amount up to 1.2% increases the concrete
density of 1.6 times, increases flexural tensile strength by 22%, and has no effect on compressive strength. Conclusion. Conducted
studies confirm the feasibility of using polyvinyl chloride-based fiber as a component of fine-grained concretes. However, there
is the lack of sufficient data of fiber introduction method in concrete which requires additional scientific research to prevent fiber
clumping, establish its compatibility with chemical additives added to the concrete mixture and the effect of curing conditions.

KEYWORDS: Portland cement, fiber-reinforced concrete, fiber, recycled polyvinyl chloride, workability, strength
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BBEAEHUE

[ToBpimeHMe 3¢ HEKTUBHOCTH O0ETOHOB BKJIIOYACT
HE TOJIBKO YITy4IIeHNE UX IIPOYHOCTHBIX M SKCILTyaTalll-
OHHBIX XapaKTePUCTHUK, HO U TIPOU3BOICTBO HOBBIX KOM-
TIO3UIIMOHHBIX MATEPUAIIOB, K KOTOPHIM MOXXHO OTHECTH
IMCIIEpCHO-apMUpoBaHHBIe OeToHHI [1]. Pa3paboTka
COCTaBOB (PMOPOOETOHOB C TTOBBIIIICHHON IIPOYHOCTHIO,
TPEITMHOCTONKOCTBIO 1 MOPO30CTONKOCTBIO, BOTOHE-
TIPOHUIIAEMOCTBIO, a TAKXKE CTOMKOCTHIO K UCTHUPAHUIO
¥ yIapaM SIBJIsSIeTCsI Hanbosiee TepCIeKTUBHBIM HaIlpaB-
JICHHEM B 00JIACTH CTPOUTEIIBHOTO MaTepUAaIOBEICHUS.
[MomoxuTeTbHOE BIMSHIE Ha CBOMCTBA OETOHA OKA3bI-
BarOT BOJIOKHA Pa3IMIHOTO TIPOMCXOXKIeHMS. B KauecTBe
(bmOPBI MOTYT TIPUMEHSITBCS TTOIMMEPHBIC, CTCKIITHHEIE,

VIJIEPOIHEIC, THOPUAHBIC M pACTUTEIbHEIC BOJIOKHA pa3-
JIMYHOU (popMBI 1 pa3mepoB. [IpuMeHeHNe MeTaITIe -
CKOIt (GHOPHI TTOIYYMIIO HAMOOJIbIIEEe PACTIPOCTPAaHEHIE
HE TOJIbKO B HaIlIeil CTpaHe, HO U 3a pyOesKOM.
HIupokoe npumMeHeHne noauMepHast pudpa mosy-
YuIa TIPU TIPOU3BOACTBE KOHCTPYKIIMOHHBIX OCTOH-
HBIX 3JICMEHTOB, B TOPKPET-0€TOHUPOBAHUU TyHHE-
JIeil, OETOHHBIX ITEPEKPHITHUSIX, B3PHIBOCTOKOM OCTOHE
1 KECTKUX JOPOXHBIX MOKPBHITUAX [2]. B mociennue
TOJIbl OTIAETCS MPEANIOYTEHUE UCTTOJIB30BAHMIO B Kaye-
CTBE apMUPYIOIINX BOJIOKOH BTOPUIHBIX BOJIOKHUCTHIX
MaTepHajiOB M3 OTXOIOB Pa3IMYHBIX OTpaciei Ipo-
MblieHHOCTH. boee 90% mpon3BoauMBIX ITOJMMEPOB
ITO-TIPEKHEMY M3TOTaBINBAIOTCS U3 TICPBUYHBIX TTOJIH-
MEpPOB, TOJILKO He3HAUMTEIbHAS YaCTh MOIABEPracTCs
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nepepadotke [3, 4]. Ormeuaercs [5, 6], yTo ToaBKO 32%
TUTACTUKOBBIX OTXOIOB TIepepadaThIBACTCSI, OCTAIBHEIC
OTXOJbI TNOO0 cxuratotcst (43%), MO0 BEIOPACHIBAIOTCS
Ha cBaJKy (25%), HaHOCSI Bpe/l OKPYXKaloLLeil Cpee.

[Tpon3BoaCTBO TIAaCTMACC K HACTOSIIIIEMY BPEeMEHH
TOCTHIJIO OTPOMHBIX MaCIITA00B, YTO TAKXKE COITYTCTBO-
BaJIO OTHOBPEMEHHOMY YBEJIMUCHHIO KOJTMIECTBA OTXO-
IIOB Ha X ocHOBe. OOBEM IMPOM3BOICTBA TJIACTUKOBBIX
otxomoB ¢ 1950 mo 2017 rox cocraBma 8,3 MuUIMapaa
TOHH, a B 2021 roxy oH mocTtur okoo 400 MUJIJTMOHOB
TOHH B T0I, X TOJIbKO 9% 3TOro o6beMa GbLI0 repepado-
TaHO ITOJIHOCTBIO U YCIIEITHO TPUMEHSIIOCh. I10 maHHBIM
[5], 06BeEM MUPOBOTO TIPOU3BOACTBA IuTacTMacc B 2023
npoctur 413,8 rofay B MMUIZIMOH TOHH, U3 HUX TOJIBKO 8,9%
ObLIO OTIIPABJIEHO Ha MepepaboTKy U ToibKo 0,5% uc-
TIOJIB30BAHO JIJTSI TIPOM3BOCTBA U3ICITHIA.

CpoK CITy>KOBI TUTACTMACCOBBIX U3IEITMIA COCTABIISICT
B cpenHeM okojio 10 yeT, a pa3ioxkeHHe TIacTMACChI
IUTUTCS B TeUCHUE MHOTHX JICT, UTO 3aBUCUT OT COCTaBa
1 criocoba yruausannu [6].

B mmociemHme rogbl MOBBIMICHHBIM MHTEpPEC PO~
SIBIISICTCST K M3YICHUIO BIUSTHUS TTOJIUMEPHON (hUOPHI,
TOJYICHHON ITyTeM PeIMKIWHTa, Ha CTaTUICCKUE
¥ TMHAMUYECKHMEe MeXaHW4YeCcKUe CBolcTBa OeToHa [7],
YCTaJIOCTHBIC XapaKTepUCTUKN |8, 9] 1 XapaKTeprUCTH-
KW, CBSI3aHHBIC C JIOJITOBEYHOCTHIO. BBIIIO 00HApYXKEHO,
YTO BBeACHNE MepepabOTaHHOTO MTOJTMMEPHOTO BOJIOKHA
MOXET YMEHBIIINTH YCaaKy OcTOHA B paHHEM BO3pacTe
¥ TaKM 00pa30M ITOBBICUTH MEXaHMIECKIE CBOMCTBA
u nonrosedHocTs [10]. Hapsimy ¢ ucronb3oBaHUeM T10-
JIATIPOITIJICHOBEIX BOJIOKOH, BBEIICHHE TIepepabOTaHHO-
T'O MOJIMMEPHOTO BOJIOKHA B 0eTOH 3(D(EKTUBHO MPEIOT-
BpalllacT pa3BUTHE TPEIIUH 1 TOBHIIIACT YCTOMIMBOCTD
06eToHa K 3aMopakuBaHUIO-oTTauBaHuIo [10]. ®ubpo-
0ETOH IMPOKO MCIIOIB3YeTCsT B KAaUeCTBE MaTepraia IJIst
TOPOKHOTO TTOKPHITHS a3pOITOPTOB 1 aBTOMATUCTPaJIei,
HACTUJIOB MOCTOB, OOJIUIIOBKY TYHHEJIEHT 1 MOPCKMX
rtatdopm [11]. DTH TUTIBI U3AETNIA TTOABEPTAIOTCS 1O~
BTOPSIOIIMMCS INKINIECKUM Harpy3kam B TCUCHUE
BCEro cpoka ciyxkobl. CyiecTByeT 2 (heKTUBHOE TTPH-
MEHEeHUEe MOoJUMEepHOU (pUOpPBI B OETOHE CO CBEPXBhI-
COKMMM KCILTyaTallHOHHBIMU XapaKTePUCTUKAMU JIJIS
pPEMOHTA ¥ apMUPOBAHMS KOJJOHH MOCTOB, TIOIBEPKCH-
HBIX BO3ICICTBUIO XJIOPUACOASPXKAIIIX BoaI. BBeneHme
¢ubpbI B OETOHHYIO CMECh 3HAYUTEIbHO YMEHBIIIAET
TPEIIMHOOOPA30BaHNE U ITUPUHY PACKPHITUS TPEIINH,
KOTOpEIC TTOSIBIISTFOTCS B Pe3yJIbTaTe YCaaKy OeTOHA IIPH
€0 TBepACHUM U TTOCICAYIOIIEM YXOIe, YTO TAKKe I10-
BBIIIIACT YAAPHYIO IIPOYHOCTH OETOHA.

MMeeTcs ombIT MpUMEHEHNST BOJIOKOH Ha OCHOBE ITO-
JTA3TUICHTepedTaIaTa, OJIyIeHHBIX U3 OTXOIOB Iepe-
pabOTKU OYTHIJIOK, TIpUMEHsIeTCs (hrubpa 1 3arOTHUTEb
Ha OCHOBE TTOJIMATIIICHA, TTOJYICHHOTO epepadoTKOi
MMaKeTOB HU3KOM 1 BHICOKOI TNIOTHOCTH, 3aIIOJTHUATEICH
Ha OCHOBE OTXOIIOB IIePepabOTKU TPYO W3 OJTMBUHILIX-

JIopuza, a TAaKKe 3aroJTHUTEISI U (pUOPBI Ha OCHOBE T10-
suBrHUIXiIopuaa (IBX). Takke mpuMeHsieTcsl B 0eTOHE
¢ubpa, mojiydeHHas 13 IepepabOTaHHBIX JIEKTpUYEC-
CKUX Kaberneil. MMeeT MecTo MpUMEHEHNE pa3TMIHBIX
10 JJTMHE BOJIOKOH Ha OCHOBE HeitoHa [12], apamuga
[13], monuactepa [14], monustuneHTepedTanata [15],
nosimporwieHa [16], monmuBuHmIOBOTO cniupra [17],
noymBuHMIXIIOpUaa [18]. ITpon3BoncTBO MaTepraaoB
Ha ocHoBe nojuBuHWIXJIopuaa (ITBX) 3anHumMaer Tpetbe
MECTO B MUPE M COCTaBJIsIET MPUMEPHO 3 MJTH. TOHH [19],
YTO 00YCIIOBJICHO BBICOKOI XUMHWUECKOI 1 aTMOCchepo-
CTOMKOCTBIO, YHUBEPCATbHBIMU (DM3UKO-MEXaHNICCKHU-
MU CBOMCTBAMH B COUCTAHUU C HU3KOU CTOMMOCTHIO,
Pa3HOOOpa3HBIMI BOZMOXHOCTSIMU TIepepabOTKH, a TaK-
K€ BO3MOKHOCTBIO MOTU(HUITNPOBAHUS CBOMCTB M T10-
JIy4eHUS IMUPOKOM HOMEHKIIATYphl MaTepuajios [20].

HMmMeet MecTo MpuMeHEHNE B AUCTICPCHO-apMHUPO-
BaHHBIX OeTOHAaX (PUOPHI U3 TTepepadbOTaHHOTO TTOJIM-
BUHWIXJIOpUAA IinHo# ot 30 1o 50 MM 1 graMeTpoM
o 4 MMm. MccrenoBanue BIUSHUSA (GUOPH U3 mepepa-
6otanHoro [1BX Ha TeXHOJOTrMYeCKUE U TIPOYHOCTHBIE
CBOICTBA OETOHHBIX CMeCeil 1 OETOHOB ITOKa3aJio, YTO
BBegeHue 1% OT Macchl eMeHTa B OETOHHYIO CMECh
CHITKAET MOIBMXKHOCTE cMecH Ha 6,67% [21]. Otmeua-
eTCs TOBBIIICHNE IIPOYHOCTH Ha CXaTHue, U3TU0 U pac-
TsDKeHMe OeTOHA MPHU BBeACHUU (hHOPHI B KOJIMIECTBE
0,6%, 0,8% 1 1,0%. YcTaHOBJIEHO, YTO BBeeHKE (hDUOPBI
n3 niepepadoranHoro I1BX B komuuectse 0,8% mpuBOIUT
K YBEJIMYEHUIO IIPOYHOCTH Ha cxkatue Ha 30,8%, rpu
n3rube Ha 9,11%. YCcTaHOBIIEHO, YTO IIPU YBEIUYEHUU
conepxanust pubpsl 6osee 0,8% npoyHOCTH GETOHA
CHITKAETCS.

ITo nanHbBIM [22], BBeneHME B OETOH BOJIOKOH Ha OC-
HoBe niepepadoTanHoro I1BX mmHoit 40 MM 1 TOTIIN-
Hoii 0,5 MM B Kojmuectse 0,5% 1o o6beMy OeTOHA CITO-
coOcTByeT yBemueHuIo Ha 14,28 % npoyHoCTH Ha pac-
TSDKEHUE C M3THOOM.

I1epepaboTka okoHHBIX Tpodueii u3 [1BX siBisieTcst
CJIOKHBIM TEXHOJIOTUIECKIM IIpolieccoM. TepMumaeckast
obpabotka [1BX conmpoBoxnaeTcst BblAeICHUEM XJI0PU-
CTOr0 BOAOPOJIA, U 3TO TpeOyeT COOMI0IeHUS OIpe/ie-
JICHHBIX YCJIOBUIA 0€30ITaCHOCTHY TP paboTe IepcoHaa
U MOJIyYEHUU BBICOKOIO KadyecTBa perpanyista [1BX.
IlepepaboTka mpoduisi BKIOYaeT MpeaBapUTEIbHYIO
00pabOTKYy, U3MEIbYCHIE, COPTUPOBKY U (PPaKIIMOHN-
pOBaHMEe, MOWKY, 3KCTPY3UIO ¢ PUIIbTpalMeii pacIriaBa.
bbL10 MpoBeneHo orpaHMYeHHOE KOJUYECTBO UCCIEN0-
BaHUII O BIMSTHUM TTIepepabOTaHHBIX BOJIOKOH Ha OCHOBE
PA3IMIHBIX TTOJIMMEPOB.

Bormpocam nmpuMeHEHNS B AUCIIEPCHO-apMUPOBaH-
HBIX OeTOHAX (PMOPBI HA OCHOBE BTOPMYHOM TTepepadoT-
KU TIOJIMMEPOB B TIOCIICTHEE BpeMsI TIOCBSIIIICHO MHOXe-
CTBO MCCJICIOBaHUI. BOTBITMHCTBO 13 HUX 3aTparnBacT
BausiHUEe (UOPHI HAa MPOYHOCTHHIE CBOMCTBA OETOHA
Ha cXXaTue, Ipy u3rnude 1 Ha pacTsekeHue. OgHaKo He-
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JIOCTaTOYHOE KOJIMYECTBO JTaHHBIX JIMOO UX ITOJTHOE OT-
CYTCTBHE O BJIMSTHUM Ha CBOMCTBA OETOHA C TIOJIMMEPHOIA
(¢ubpoit Ha ocHOBe TepepadboTanHoro I1BX BeI3bIBaeT
HEOOXOAMMOCTD TOTIOTHUTEILHBIX MCCIIETOBAHUIA, YTO
0CODEHHO aKTyaJTbHO BBUAY 00pa30BaHMs 3HAUNTETHLHBIX
00bemMoB otxonoB [1BX mpu rmpon3BoACTBe MIACTUKOBBIX
OKOH.

MATEPUAJIbl U METOADI

B manHOI1 paboTe IPUMEHSUTICH CIICAYIOIINIE MaTe-
pHUAHL:
— B kauecTBe BSKYIIETO IPUMEHSIICS TTOPTIAHIIIC-
meHT LIEM 1 52,5H mpousBoactBa AO «Xaiimeasb-
6epruemeHT Pyc» mo TOCT 31108-2020 «IlemMeHTBI

obmecTponTeNbHBIC. TeXHMIECKIE YCIOBHSI» C BO-
nornoTpeoHocThio 30,2%; cpoKamMu CXBaTbIBAHUSI:
HC — 150 muH, K¢ — 175 MuH; Syﬂ' — 377,3 m*/Kkr,
aKTUBHOCTBIO B Bo3pacTte 28 cytok — 76 MIla. Mu-
HEepaIOTMIeCKUI ¥ XUMUYICCKUI COCTaB MOPTIAHI -
nemenTa LIEM I 52,5H «Xainenn6epriuemenT Pyc»
MpuBeleH B Tabnmnax 1 u 2.

KBapiessrii recoxk I xiracca ¢ Mk = 2,72 mpou3Bo/I-
ctBa «bojapc» ¢ UCTMHHOI MIOTHOCTHIO 2,65 r/cM?
1 TPaHYJIOMETPUICCKIM COCTaBOM IIPUBEICH Ha PH-
cyHke 1.

®ubpa U3 mepepabOTAaHHOTO MOJIMBUHIIXJIOPHIA,
IMOJIydeHHAsI M3METbUYCHUEM OKOHHOTO PO
B pyOMJIbHOI MAaIlTMHE ¢ BHEITHUM BUIOM, IIPEHI-
CTaBJIcHa Ha PUCYHKE 2.

Ta6bnuua 1. MuHepanornyeckuin coctas noptmaHguemenTa LIEM | 52,5H «Xangenb6epruemeHT Pyc»

CopepxaHue muHepanos, %

CsS cs CA C,AF
64 14 7 11
Tabnuua 2. XvuMmuueckunii coctaB noptnaHauementa LIEM | 52,5H «Xaiigenob6epruemeHT Pyc»
CopepKaHve KOMMOHEHTOB, %
Sio, | ALO, | Fe,0, | CaO | MgO so, K,0 | Na,0 | MnO | TiO, P,0, n.n.n.
21,23 4,78 3,31 62,95 1,65 3,22 0,66 0,12 0,08 0,28 0,06 1,60
Mk=2,7
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Mx=2,7 = = = HIDKHAA IPaHHIia = = =BepPXHAA rPAaHHIIA

Puc. 1. [paHynoMeTpryecKnin CocTaB MeNKOro 3anosHUTENA
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Puc. 2. BHewHwuin Bug ¢prbpbl 13 nepepaboTaHHOro NOANBUHUAXIOPYAA

PE3YJIbTATbl UCCNEQOBAHUN
MonyueHune ¢nbpbI

TexHonmornueckast cxeMa IIpencTaBicHa Ha PUCYH-
ke 3. [TonyyeHue nomMepHoil GUOpPHI Ha OCHOBE TIepe-
pabOTaHHBIX OTXOIOB OKOHHOTO TIPOMUIIS U3 ITOJTUBH-
HWIXJIOPUIA TIPON3BOAMIOCH ITyTeM N3MEIbICHUS B Py-
OWJIBHOI MAaIlIMHE Y BKITIOYAJIO OTACICHUE CTEKIIOMaKeTa
¥ YIDIOTHUTEJIBHBIX PE3MHOK OT OKOHHOTO ITPOMIMIIS

OunctKa cTeknonaketa ot 3arpﬂ3HEHI/II7I

(puc. 4). B cimygae rmepepabOTKI OTXOIOB OT paCKpPONKHU v
U Hape3KU OKOHHBIX PaM HEOOXOIMMO YIaJIeHKe 3allKT-
HOI1 IIJIEHKU C IToBepxHOCTU. M3MenbueHune mpoduiis Py6ka B uamenbuntenbHoOm maluviHe

B py6I/U'H:)HOI7I MalllMHE B OOHY CTaANIO ITO3BOJIACT ITOJIY-
YUTh TIOIUMEPHYIO (PUOPY C MIEPOXOBATOIN MTOBEPXHO-
CTBIO JUTMHOM OT 2,5 10 4 cM; IMpuHO¥ oT 1,75 10 4 MM Puc. 3. [MonyueHne d)V|6pr Ha OCHOBE MOJINBUHWUNXNO-
u TommuHoi ot 0,2 mo 0,3 MM (puc. 5). pu1Aaa U3 OKOHHOrO Npoduns

Puc. 4. MNonyuyeHne ¢pubpbl B pyousibHOM MalLviHe
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HccnenoBanne (pa3oBBIX M peJIaKCALIMOHHBIX COCTO-
STHAT CBOMCTB (pOPHI Ha OCHOBE ITOJMBUHUIXIIOPH-
J1a TIOJIMBIHIIXJIOPUIHOTO TIOJIUMEpPa U OIIpeneicHIe
nedopManuii IpU CUJIOBOM M TEIUIOBOM BO3IEeCTBUNI
Ha 00pa3ell MPOBOIMIIOCH C TIOMOIIBIO 000PYIOBaHMS,
MPeICTaBJIeHHOro Ha pucyHke 6. [lj1st onpeneieHus TeM-
TepaTyp CTCKJIOBAaHMS M IECTPYKIINH, a TAKKe KO3 -
OUEHTA IMHEHHOTO TEPMHUIECKOTO PACIIMPEHUS OBLIT
HUCIIOJIb30BaH TepMOMeXaHn4YecKuit anaauzatop TMA
Q400 nmpoussBoacta «TA Instruments». Obpaselr mis
WCITBITAaHWI TTOJIUMEpa B BUIE BOJIOKHA IIPEICTaBICH
Ha pUCYHKe 7.

[Tox TepMoMeXaHUTIECKIMU CBOMCTBAMH TTOJIIMEPOB
OOBITYHO MOHNMAIOT XapaKTEPUCTUKY MEXaHMIECKOTO
TIOBEICHMUS TTOJTMMEPOB TIOM BIUSTHUEM Pa3IMIHBIX TEM-
nepatyp [23]. Meton TMA ucnonb3yeTcs I onpee-
JICHUS TIPUPOIBI TTOTUMepa, TeMITepaTyp KpUCTaUI3a-
1U, CTEKJIOBAaHUSI, TUIABJICHUSI, OLICHKU TeMIIepaTyp-

HBIX oOJiacTeil paboThl mojauMepa u T.1. B pesynbraTe
9KCMEPUMEHTa ObLIO YCTAHOBJIEHO, UTO MOJYYEHHbIE
JIAHHbIE 3HAYUTEJbHO 3aBUCST OT YCIOBUI MpOBee-
HUSI DKCTIEPUMEHTA, MpeaBapUTeIbHON 00pabOTKH,
npoueAei Npu noay4YeHU NOJAMBUHWIXJIOPUIHOTO
TIPOGUIIST, peXKMMOB CHJIOBOTO 1 TETUIOBOTO BO3ICMCTBHUS
u T.4. [Ipu nmocTpoeHUn TEpMOMEXAaHUUECKOM KPUBOI
Harpy3ka Ha oOpasel coctaBuia 1 HpioToH, a moab-
eM TeMIIepaTyphl OCYIIECTBIISIIICS CO CKOpocThio 5 °C.
AHanM3 JaHHBIX, TTOJIYYEHHBIX HA OCHOBAHUU JaHHBIX
TMA, moxasan (puc. 7), 94To hubpa Ha OCHOBE ITOJIH-
BUHWJIXJIOPUIA OTHOCUTCS K aMOPGHBIM ITOJIUMEPaM
JIMHEWHOTO CTpOeHUsI. AHAJIU3 KPUBOM Ha ydacTke | mpu
HarpeBaHuUM B nHTEpBaje Temieparyp ot 0 1o 86,4 °C,
COOTBECTBYIOLIEH TeMmepaType CTeKJIOBaHUSI, KOTO-
pbIii CBUAETEILCTBYET O TOM, YTO MOJMMEP OTHOCHUT-
cs1 K aMOp(HBIM MOJIUMEpPaM C JIMHEHMHON CTPYKTYpoOit
(puc. 7) ¥ COOTBETCTBYET CTEKIIO00PAa3HOMY COCTOSTHHIO,

Puc. 6. iccnefoBaHvie TepMoMeXaHNUECKIX CBOMCTB ¢GrbPbI Ha OCHOBE MONMBUHUIXIOPKAA: @)1 — KOMMNbloTep;
2 - npnbop ana TMA; 2.1 - gucnnei; 2.2 - NpeAMETHbIN CTONKK; 2.3 — 30H4; 2.4 — TepMonapa; 2.5 — neyb; 6) obpasel
¢nbpbl fO NCMbITaHKA; B) 06paseL} Nocse NCnblTaHnA
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Puc. 7. Viccnepo-
BaHVe TepMOMeXxa-

Obpasel: Pubpa [va.14.11.22 Paiin: C:\TA\Data\TMA\3nokcuaka 530+mK. 8.19
Pasmep: 2.5069 x 6.0000 mm TMA Cneparop: MonuHa
MeToa: Ramp [Hara:: 14-Hoe-2022 17:16
MNpubop: TMA Q400 V22.5 Build 31
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HUYECKNX CBONCTB
¢$u1bpPbI Ha OCHOBE
MBX

Universal V4.5A TA Instruments.

YUYACTOK 2 COOTBETCTBYET BHICOKOAIACTUICCKOMY COCTO-
STHUIO, a YYaCTOK 3 — BA3KOTCKYIeMY COCTOSHHIO, CO-
OTBETCTBYIOIIEMY TeMmItepatype aectpykimn 208,91 °C.
Hnsa onpenenenust KJITP nmogbem TemmnepaTyphl ocy-
IIECTBIISJICS CO CKOPOCThIO 5 °C 1 Harpy3Koit Ha oopasell
0,01 H. IMocTpoeHne TepMOMEXaHMIECKOI KPUBOI TaK-
K€ TTI03BOJINJI0 ycTaHOBUTD 3HaUeHue KJITP Ha yyacTke
ot 21,49 1o 80,96 °C ¢ mrarom 10 °C.

11 yorydIie HysT anre3MOHHOM ITPOYHOCTH MEKITY IIe-
MEHTHOM MaTpulieit 1 (pruOpoil MPUMEHSIIOTCS pa3TnYHbIC
CITOCOOBI MOAM(UKAIINN €€ TIOBEPXHOCTH, K KOTOPBIM
MOXHO OTHECTH TTOKPBITHEC TTOJIUMEPAMU, XUMIIECKOE
TpaBJieHUE, MEXaHUYEeCKy 00paboTKy. McciemoBaHue
MUKPOCTPYKTYPHI TToBepxHOCTH (pridbphl [TBX mpoBo-
IMJIOCH C TIOMOIIIBIO PACTPOBOTO JICKTPOHHOTO MUKPO-
CKOIIa C aBTOOMHCCUOHHBIM KaTogoM Quanta 650 FEG.
MeTomoM 371eKTPOHHON MUKPOCKOIINH YCTAHOBIICHO, UTO
TI0C/Ie M3METbUCHUS B pyOMIIBHOM MAIIIMHE TTOBEPXHOCTH
(bmOpPBI M3MEHSIETCS I CTAHOBUTCS IIIEPOXOBATOM (pHc. 8).

Hccnenosanocs BnusHue pudpel Ha ocHoBe [1BX
Ha CBOICTBA MEJIKO3EpHICTOTO OCTOHA IIPH €€ ComepKa-
HuHM B Kommmuectse oT 0 10 3% 110 Macce 6eToHa, COCTABBI
KOTOPOTO TIpeCcTaBIeHHI B Tadaume 3. [IpuroroBicHme
MEJIKO3epHUCTOM OETOHHOM CMECH TTPOBOIIIOCH B CO-
orsercTtBuU ¢ [OCT 30744 n 3aKJ1104aIoch B IOCIEN0BA-
TEJILHOM CMEIIICHNY CYXIUX KOMIIOHEHTOB, JaJIbHEHIIIEM
BBEICHUM BOIBI 3aTBOPEHUSI 1 OKOHYATSIIHHOM ITpeMe-
IMBaHUU 0€TOHHOM cMecHu ¢ BBeaeHueM (Guopsr [1BX.
BpeMs mepemermBaHusT COCTaBAIIO 3 MUH.

WccnenoBanue BAUSHUS NOIUMEPHON (pubOpHI
Ha ocHoBe [1BX Ha u3MeHeHUe nuaMeTpa pacilibiBa

MEJIKO3ePHUCTOTO 0€TOHA C TTOMOIIBIO BCTPSXUBATO-
IIETO CTOJIMKA TT0KA3aJI0, UYTO TIPH YBEINICHUN KO-
yecTBa (PHOPHI TTIOABMKHOCTH MEJTKO3EPHICTOTO OETOHA
CHIXaeTcs. MUHUMANbHOE CHIDKCHUE TTOABIKHOCTH
HaOJTI0IaI0Ch TPy conepxkanuu puops: ot 0,3 10 0,6%
1 cOCTaBUIIO 2262—2265 MM. YBeJIMUeHUE CONEPKAHUS
(ubpsI 10 1,2% npuBeIo K 3HAUUTEIBHOMY CHIKEHUIO
IMOIBMKHOCTHU CPEeIHEH TJIOTHOCTH OETOHHOM CMeCH,
YTO MOXHO OOBSICHUTH BHICOKOU BOJOIIOTPEOHOCTHIO
¢GuOpHI U ee pa3BUTOU MTOBEPXHOCTHIO. JlanbHelliiee
yBeandeHue copepxanus duobpsl 1o 1,8% cHuxaer
MOABWKHOCTD ¢ 245 mo 143 MM ¢ HapylIeHUEM CBSI3-
HOCTU U yno00o0pabaThIBAEMOCTH CMECH, a TaKXe
CHIXXEHUEM CpeIHel INIOTHOCTU OCTOHHOUW cMecH
110 2247 Kr/M3, 4TO MOATBEPXKIAETCS B paboTax Apyrux
aBTOPOB [24, 25, 26]

WUccnenosanock Bausguue [1BX ¢pubpwl Ha mIpoy-
HOCTHEBIC CBOIICTBA MEJIKO3EPHUCTOTO OETOHA B BO3PACTE
28 cyT. HopMaJtbHOTO TBepaeHus B cootBeTcTBUM ¢ [OCT
310.4. YcTaHOBIIEHO, UTO TIPU COmep>KaHNU (PUOPHI B KO-
naectse oT 0,4 10 1,2% npoyHOCTb IPAKTUYECKHU HE U3~
MeHsIeTCS U HaxoAuTcs B Iipeaesiax 8,7 MIla, 94To MOXXHO
OOBSICHUTH IIPOTHOCTHIO, 00ECTICUNBACMOI IIEMEHTHBIM
BSDKYIIIAM, UYTO MOXHO OOBSICHUTH MOJOXUTEIBHBIM
BiMstHUEM (PUOpPHI Ha TIPOLIECC CTPYKTYPOOOpa30BaHMSI,
KOTOpast MOXXET BBICTYIIATh B POJIM LIEHTPOB KPUCTAJITN-
3aIH IIEMEHTHOTO TECTa, YIIOPSIOYNBAS 1 YILIOTHSISI €T0O
CTPYKTYpY [27, 28]. dopMupoBaHUE TaKOU CTPYKTYPHI
U3 XaOTUYHO paclpeaeICHHBIX BOJTOKOH ITPOUCXOIUT
BIOJIb BCElT IOBEPXHOCTH (DHOPBI, OOeCTICUrBast YITydIe-
HMe KOHTaKTHOM 30HBI [IEMEHTHOTO KaMHSI YIIYIIIICHHOTO
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500 pm

Puc. 8. MoBepxHOCTb GUbpbI U3 NepepaboTaHHOIO NONNBUHUAXIOPUAA NOC/IE U3MENbUYEHMS: a — yBenndeHmne x500;

6 — yBenuueHue x210

Ta6nuua 3. CocTaBbl MeIKO3ePHUCTOrO 6ETOHA CMeCel € pa3nnyHbIM cogepkaHnem Gruopbl Ha ocHose MBX

CopepxaHue ¢ubpbl, %
KomnoHeHTbI, 1
0 0,3 0,4 0,6 1,2 1,8
MopTtnanguemeHT 655 655 655 655 655 655
Mecok 1310 1310 1310 1310 1310 1310
Oubpa 0 5,65 11,0 13,8 27,6 41,4
Boga 295 295 295 295 295 295
260 - - 2340
240 - - 2320
g 220 - - 2300 E
g’ .
2 200 - L 2280 §
5 =
] )
= B
2 180 1 - 2260
=
: :
= 160 - 2240 £
o
140 + - 2220
Puc. 9. ViccnepoBa-
120 T T r r T 2200 Hue BNUsHUA GropbI
0 0.3 0.4 0,6 1,2 1,8 Ha ocHoBe [1BX Ha u3-
Conepxaniie puopsr, %o MeHeHne AnameTpa
== MIAMETP PACILIBIBA, MM == Cpe/JHAA IVIOTHOCTH 0e TOHHOI cMecH, KT/M3 pacnnbiBa MeNKo3ep-
HUCTOro 6eToHa
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v

KayecTBa, o0pasyercs ellle U MUKpoKapkac [26]. YBenu-
yeHue cofepxanus puopsl 10 1,8% IPUBOAKT K CHIKE-
HUIO TIPOYHOCTH 10 8,3 MI1a 1 CHIDKeHIIO CpeTHel TI0T-
HOCTH, 9TO OOBSICHSIETCS Pa3yIIpOIHECHUEM IIEMEHTHOM
MAaTPUIIBI ¥ TeM, YTO HU3KOMOMYJIbHAS (hrOpa 3aHUMaeT
YaCTh IUIOIIAAN PabOYeTo CeYCHMS B 00beMe IIEMEHTHOTO
KaMHSI, OCJIA0JISIST €TO M3-3a HeA0CTaTKa MaTPUIHOI CO-
CTaBJISIIOLLIEI Y PacCA0EHMSI KOMIIo3uTa [26].

2300
2288
& 2280
E«
=] 2258 2260
£ 2260 2253 2254
=) -
.
g
= 2240
[
= 2223
=
E 2220
=
?
O 2200
2180 Puc. 10. ViccnepoBsa-
0 0,3 0.4 1,2 1,8 HVEe BNNAHMWA NOMW-
Copep:kanue puOPbI, % MepHOI GUBPbI Ha 13-
B ¢ eqHAA IIOTHOCTH 0 €TOHA MEHEHNE CpeAHen
MIOTHOCTK BeTOHa
11,0 60
=
2 10,5 - 88
<
e 10,0 =
= - 56 E
= 95 =
= 90 [ g
E g
g 8,5 L 52 =
E
5 2
= 8-0 ) s
= :
£ 73 g
o
- 48 =
g 70 =
=
g - 46
= 65 46,6
= Puc. 11. Nccnepo-
6.0 T T T . 44 BaHue BnnaHuA NBX
0 0.3 0.4 0.6 1.2 18 bVOpPbI Ha NPOYHOCTb
Coaepxanune Guopsl, % npu CKaTuM 1 Ha pac-
=== [P OUHOCTh HA H3THG  ==dr= P OUHOCTH NPH CKATHH TSXKEHUE C U3rnbom
B BO3pacTe 28 cyT.

BbiBOJbl

Ha ocHOBaHWM TTOJTYYEeHHBIX PEe3yIbTATOB MOXKHO
CIeNaTh CIACIYIOIINE BRIBOIBI:

1. YcraHoBieHa BO3MOXKXHOCTDL ITpUMEHEHUSI (pu-
OpbI Ha OCHOBE TTepepabOTaHHOTO MMOJUBUHWIXIIOPUIA,
CIIOCOOCTBYIOIIAS PACITUPEHUIO CHIPhEBOM 0a3bI IS
MMPOM3BOJICTBA TUCIIEPCHO-aPMUPOBAHHLIX OCTOHOB,
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SKOHOMUH CHIPHEBEIX PECYPCOB, a TAKXKE YMCHBIIICHUTO
OTPUIIATEILHOTO BO3ICCTBUS HAa OKPYKAIOIIYIO CPEIy
¥ CHIDKCHUIO KOJIMYECTBA OTXOIOB Ha OCHOBE TTOJTUBH -
HUJIXJIOPUIA.

2. YCTaHOBIIEHO METOIIOM 3JIEKTPOHHON MIUKPOCKO-
nuu, uto pudpa, mosydyeHHast uamenpueHuem I[1BX mpo-
(umeit mIsT U3rOTOBICHUS TUIACTUKOBBIX OKOH, MMEET
IIePOXOBATYIO MIOBEPXHOCTD IUTUHBI 2,5—4 cM; IMUPUHY
1,75—4 MM u TommuAy 0,2—0,3 MM.

3. MeTomoM TepMOMEXaHMIECKOTO aHAIN3a YCTAaHOB-
neHo, uto [1BX ¢ubpa orHOCUTCSI K aMOpGhHBIM IO -
MepaM JIMHEITHOTO CTPOCHMSI C TeMIIePaTypoil CTEKIIO-
Banus 86,4 °C u remniepatypoii gectpykunu 208,91 °C,
YTO OOECTICUUT e HECYIIYIO CITOCOOHOCTh B COCTaBE AMC-
TIEPCHO-apMUPOBAHHBIX OCTOHOB MPU 3KCIUTyaTallun
B YCJIOBHSIX TTOBBIIICHHBIX TEMITEPATYP.

4. YcraHoBJieHO, uTo BBeneHne [1BX ¢pubphl B KO-
nuuectse oT 0,3 10 0,6% He oKa3bIBaeT 3HAUUTEILHOIO

CMNCOK NCTOYHUKOB

BIIVISTHYUSI HAa TEXHOJIOTMIECKIE CBOICTBAa OCTOHHOI CMe-
cu. YBenunueHue cogepxkanust 10 1,8% 1o macce MeKo-
3epHUCTOTO OETOHA IIPUBOIUT K YMEHBIIICHUTO TTOIBILK-
HOCTH B 1,7 pa3, He3HAYNTEIIEHOMY CHITKCHHIO CPEITHEH
IUTOTHOCTU OETOHHOI CMeCH, HapyIICHUO CBI3HOCTH
U yno06000pabaThIBAEMOCTH CMECH.

5. YCTaHOBJICHO, YTO C YBEIMYCHUEM COMIEPKAHUS
HuzkomonyabHoi [1BX ¢ubpsl mpoYyHOCTh MpU CXKa-
i cHkaetcs. Beenenne I1BX ¢pubpbl B KommyecTBe
1,8% 110 Macce 6eToOHA CHIKAET IIPOYHOCTD IPU CKATUU
B 1,2 paza.

6. YcraHoBieHO onTuManbHoe conepxkanue ITBX
¢GuOpHI B cOCTaBe MEIKO3EPHUCTOTO OETOHA, KOTOPOE
HaxomuTtcs B npeaenax 1,2%. Beenenne pubpsl B Ta-
KOM KOJIMYECTBE 00CCITeYMBACT YBEIMUCHNE TNIOTHOCTH
GeroHa B 1,6 pa3, MOBBILIEHKE IIPOYHOCTH IIPU PACTSI-
JKEHUU ¢ M3Th6oM Ha 22% U He OKa3bIBaeT BIUSHUS
Ha IMPOYHOCTH TIPU CXKATUU.
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NHOOPMALIMA Ob ABTOPAX

JlapceH OKcaHa AneKkcaHAPOBHA — KaHAMAAT TEXHUYECKMX HayK, AOLEHT, AoLeHT Kadenpbl CTpoUTeNIbHOro MaTepranoBefeHns,
HauunoHanbHbIN nccnegoBaTenbCknini MOCKOBCKMI FOCYAAPCTBEHHDIN CTPOUTENbHBIN yHUBepcuTeT, 129337, MockBa,
fipocnaBckoe wWwocce, 26, Poccuiickaa Oepepaums, larsen.oksana@mail.ru, https://orcid.org/0000-0002-9612-7190

Anbo6aunpu fua A6aynkapgmum Hacep - KaHaMAAT TeXHUYECKMX HayK, MpernofaaBaTenb, MUHUCTEpCTBO 06pa3oBaHus, nasHoe
ynpaBneHue obpasoBaHua B Anb-Kagucum, 58001, Anb-finBanus, ynuua Anbcapaii, . 100, Mpak, dheyaa.alobaidi@gmail.com,
https://orcid.org/0009-0005-1724-4903

CamueHko CBeTnaHa BacunbeBHa - JOKTOp TEXHMYECKMX HayK, Npodeccop, 3aBeaytowunii Kadeapon CTponTeNnbHOro
MaTepuanosefeHuns, HaunoHanbHbI nccnegoBaTtenbCknii MOCKOBCKNIA rOCYAapPCTBEHHbIV CTPOUTENbHbIN YHUBepcuTeT, 129337,
Mocksa, ipocnaBckoe wocce, 26, Poccuiickaa Oepepaumd, samchenko@list.ru, https://orcid.org/0000-0002-3523-593X

BKJIA] ABTOPOB
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PUBLICATION ETHICS AND PREVENTION
OF MALPRACTICE PUBLICATION

Compliance requirements of publication ethics in the preparation and publication of the journal Science Editor
and Publisher apply to all members of the publishing process, i.e., authors, editors, reviewers, and the publisher of
the journal. The editorial board monitors compliance with the ethics requirements based on the manuals prepared
by international specialized organizations, associations and publishers, as well as the Association of Science Editors
and Publishers. The main standards relied on by the journal «<Nanotechnologies in construction» are those developed
by the Committee on Publication Ethics (Committee on Publication Ethics) in the United Kingdom, by the publisher
Elsevier (Netherlands), and other non-Russian editorial associations and information systems, as well as the declara-
tion of «Ethical Principles of Scientific Publications», adopted by the Association of Science Editors and Publishers
(Russia).

The responsibility of the authors of material for the journal «<Nanotechnologies in construction»

1. The author submits materials for review, which have not been previously published. If the article is based on
previously published material which are not academic articles or based on materials presented on the Internet, the
author should notify the editorial staff of the journal.

2.The author does not submit the same article to different journals for review.

3. All co-authors consent to the submission of their articles to the journal.

4.The author should inform the editorial staff about a potential conflict of interest. In the case of the absence of
any competing interests the author should claim that by writing «Author declare the absence of any competing in-
terests» in the paper.

5.The author takes the necessary steps to ensure the correctness of citations in the submitted article.

6. The list of authors included only individuals who have made significant contributions to the research.

7.The author correctly cites his or her previous work as to avoid self-plagerism in the manuscript and the artificial
increase of volume of publications (salami-slicing).

8. The author, who is acting as the contact with journal, informs all other co-authors of all changes and sugges-
tions from the editorial staff, and does not make decisions regarding the article alone without the written consent of
all co-authors.

9.The author properly corresponds with the reviewer through contact with the editor and responds to comments
and observations if they arise.

10. If necessary, the authors either adjust the data presented in the article, or refute them.

Responsibility of the editors of the journal <Nanotechnologies in construction»

1.The editors are personally and independently responsible for the content of the materials published and recog-
nize that responsibility. The reliability of the work in question and its scientific significance should always be the basis
in the decision to publish.

2.The editors of the journal can check the materials with anti-plagiarism system «Antiplagiat» detecting borrowed
fragments to provide copyright protection.

3. The editors make fair and objective decisions, regardless of any commercial considerations and provide a fair
and efficient process for the independent review.

4. The editors evaluate manuscripts’ intellectual content without regard to race, gender, sexual orientation, reli-
gion, origin, nationality, and/or the political preferences of the authors.

5.The editors do not work with articles for which they have a conflict of interest.

6. The editors resolve conflict situations arising during the editorial process, as well as use all available means to
resolve these situations.

7.The editors of the journal publish information concerning corrections, rebuttals, and review articles in case the
need arises.

8.The editors of the journal do not publish the final version of the article without the consent of the authors.
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The responsibility of the reviewers of the journal <Nanotechnologies in construction»

1. The reviewer evaluates his or her own availability before the examination of the manuscript and accepts materi-
als for review only if the reviewer is able to allow for sufficient time as to ensure the quality his or her work.

2. The reviewer must use the form created by the editors and delivered with paper. The reviewer may give ex-
tended review.

3. The reviewer notifies the editorial staff of any conflict of interest (if one exists) before the start of the review of
the paper.

In the case of the absence of any competing interests the reviewer should claim that by writing «The reviewer
declares the absence of any competing interests» in the review.

4.The reviewer does not send information about the article and or any of the data contained within the article to
any third party.

5. The reviewer does not use the information obtained from the article for any personal and or commercial pur-
poses.

6. The reviewer does not make conclusions about the quality of the article on the basis of subjective data, e.g. the
personal relationship to the author, gender, age, religion, etc.

7. The reviewer uses only proper and appropriate language and explanations in respect to the articles, avoiding
any personal remarks.

The responsibility of the publisher of the journal <Nanotechnologies in construction»

1. The publisher not only supports scientific communication and invests in the process, but is also responsible for
complying with all current guidelines and standards for publishing scientific work.

2.The publisher does not affect the editorial policy of the journal.

3. The publisher provides legal support to the journal if necessary.

4.The publisher provides for the timely release of futures issues of the journal.

5.The publisher publishes changes, explanations, and recalls articles that have been identified to contain scientific
misconduct and or critical errors.

The responsibility of the editor-in-chief of the journal <Nanotechnologies in construction»

1. The editor-in-chief is responsible for making a decision which of submitted papers are to be published in the
journal. This decision always must be based on the examination of paper reliability and its importance for scientists
and readers. The editor-in-chief may be guided by methodical recommendation elaborated by the editorial board of
the journal. He also may take into account legal requirements, such as exclusion of libel, infringement of copyright
and plagiarism. When making decision on the publication, the editor-in-chief may consult with the members of edito-
rial board, reviewers.

2. The editor-in-chief evaluates submitted papers by the intellectual content, regardless of the race, sex, sexual
preference, religion, ethnic origins, citizenship and political views of the author.

3. The editor-in-chief, editorial staff, members of the editorial board must not disclose information on the submit-
ted manuscript to the third person except for the author, reviewers, potential reviewers, and the publisher.

4.The information contained in the submitted paper cannot be used in the paper of the editor-in-chief, members
of the editorial board without author’s written permission. Confidential information or ideas obtained during review
must be kept in secret and must not be used for self-profit.

5. The editor-in-chief should not review the paper if there is a conflict of the interests evolving from competition, co-
operation or other relations with someone from the authors, companies and organizations which are related to the paper.

6. The editor-in-chief should ask all authors to present information on the certain competitive interests and pub-
lish corrections if the conflict of the interests has been revealed after the publication. If necessary another appropriate
action such as publication of disproof or expression of a concern can be performed.

7. The editor-in-chief should take reasoned and prompt measures if he gets complaints of ethnic character in re-
spect to the submitted manuscript or issued paper, contacting with the editors and publisher.

Complaints and appeals handling

In the case of incoming complaints and appeals a commission is formed. The commission can consist of the pub-
lisher, the editor-in-chief, deputy editor-in-chief, members of editorial council, authors and specialists which are com-
petent in the considering subjects.

An investigation is held and the results of it are reported to all interested parties. According to laws, if it is neces-
sary, the materials are delivered to competent state bodies.
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Policy of disclosure and conflicts of interest /competing interests

Unpublished data from manuscripts submitted for consideration can not be used for personal research without
the expressed written consent of the author.

Information or ideas obtained through peer review and related actives, which potentially can be beneficial to any
party other than the author, must be kept confidential and not be used for personal gain.

The editors and reviewers should not participate in the examination of manuscripts in the event of a conflict of
interest that is a result of any competitive, cooperative, and or other interactions and relationships with any of the
authors, companies, and or other organizations involved in the creation or presentation of the works.

The politics of the journal concerning data exchange and reproductibility

The journal papers (metadata of papers) are available for free access at the journal’s website and at the websites of
different citation systems (data bases).

The authors of the materials published in the journal permit using their content according to the license Creative
Commons CC-BY «Attribution». This kind of license allows other people to distribute, edit, correct and base on the
work of the authors, even with commercial purpose, while the authors mention them as co-authors. The license is
recommended to distribute widely and use licensed materials.

The politics of the journal concerning data exchange and reproducibility are aimed at providing «transparent» sci-
ence and transparency is a guarantee of high-quality research and innovations.

Ethical oversight of the published materials

The publisher and the editor-in-chief should deal with protection of reputation of the published materials by
studying and evaluating claimed or potential delinquency (research, publications, reviews and editorial activities)
jointly with scientific community.

That means interaction with the author of the manuscript and detailed consideration of the complaints or declared
reclamations. To detect such delinquencies as plagiarism, the editor must use proper license software or systems.

If the editor-in-chief obtains proved evidence of delinquency, he must inform the publisher and the members of
editorial council about this, as well as immediately notify the author about necessity to correct the paper or paper
retraction (in dependence on the situation).

Derivation and plagiarism

During the consideration of an article, the editorial staff of the journal «<Nanotechnologies in construction» may
conduct a verification of the submitted materials with the help the Anti-plagiarism system. In the case of the discov-
ery of multiple incidents of content matching, the editorial staff acts in accordance with the rules of COPE.

Intellectual property
The editors should carefully deal with the issues concerning intellectual property and interact with the publisher
when settling the cases of probable delinquencies and agreements on intellectual property protection.
The editors aside from using plagiarism detecting tools can also:
- support the authors whose copyright was infringed or those who suffered from plagiarism;
- cooperate with the publisher to protect copyright and to pursue infringer (for example, by applying for paper
retraction or removing materials from websites).

Discussion of the papers published in the journal. Corrections made after publication

The editors must be open for the researches that oppose the papers published earlier in the journal; to encourage
and to be ready to consider valid criticism of the papers published in the journal.

The authors of the criticized works should have an opportunity to respond the criticism. The papers describing
only negative results can also be published.

Preprint and postprint policy

During the submission process, the author must confirm that the article has not been published and or accepted
for publication in any other journal. When citing articles published in the journal «Nanotechnologies in construction»,
the publisher requests the authors to provide a link (the full URL of the material) to the official website of the journal.

Articles, which have been previously posted by the author on personal and or public websites that have no rela-
tionship to any other publishers, are allowed to be submitted to the journal.
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On the procedure in case of abusive practice (infringement)

Publisher, editor-in-chief, each member of editorial staff member of editorial board, author, reviewer or reader
must comply journal’s Publication Ethics and are obliged to report any known facts concerning committed or poten-
tial infringement.

The journal’s editors immediately launch investigation on all messages that state abusive practice (infringements).
If the information is confirmed, the measures to eliminate claimed abusive practice (infringements) will be taken. Ac-
cording to legislation, all materials, if it is necessary, are referred to proper state bodies.

In response to all author’s claims the editors give full and substantiated replies and make great efforts to resolve
any conflicts.

Policy of using generative artificial intelligence

Generative artificial intelligence (Al) and artificial intelligence-based technologies can be used to improve the
language of a manuscript, such as grammar, syntax, and spelling. In this case, no statements about the use of Al are
required from the author(s).

In all other cases, the authors should disclose the use of generative Al technologies in the “Additional information
section of their manuscript. The application may be as follows: “During the preparation of the manuscript, we used
[the name of the tool/service] for [a reason]. After using this tool/service, we have reviewed and edited the content
as necessary and assume full responsibility for the content of the published article!” This means that the use of Al-
generated technologies should be accompanied by human supervision and control. Authors should carefully check
and edit the results obtained, as the text generated by Al can often be erroneous, incomplete, or biased. The authors
are fully responsible for the content of their work.

If the manuscript contains images created or modified using generative Al or Al-supported tools, the authors
should report this in the “Additional Information” section. They should provide a detailed description of when and
how these tools were used. In addition, the authors must confirm that they have obtained all permissions to use the
materials.

The authorship of a manuscript can only be attributed to a person. Al and Al-enabled technologies cannot be
listed as author(s) or co-author(s) due to their inability to meet the criteria of authorship. They cannot take responsibil-
ity for the work, approve publication, manage copyrights, or resolve issues related to conflicts of interest.

”

Personal Data Processing Policy (for Authors, Reviewers, and Readers)

The Editorial Board of the Electronic Edition «Nanotechnologies in Construction: A Scientific Internet Journal» has
established its policy regarding the processing of personal data of authors, editors, reviewers, and readers in ac-
cordance with the Provisions of the Federal Law of the Russian Federation dated July 27, 2006, No. 152-Federal Law
«On Personal Data» (hereinafter referred to as the «Personal Data Law»). This policy is aimed to ensure the protection
of human and civil rights and freedoms during the personal data processing, including the protection of the right to
privacy, personal privacy, and family confidentiality.

More detailed information is available on the website of the Electronic Edition «<Nanotechnologies in Construction:
A Scientific Internet Journal».
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3TUKA HAYUYHbIX NYBNIMKALUN U NPELOTBPALLEHUE
HEAOBPOCOBECTHOW MPAKTUKU NYBJIMKALUNA

TpeboBaHuA cobnofeHna Ny6NMKaLMOHHON 3TUKU MpY MOAFOTOBKE U M3OaHWUM XypHana «HaHoTexHomnorum
B CTPOMTENbCTBE» KACAIOTCA BCEX YYACTHUKOB PeAaKLMOHHO-/3[aTeIbCKOro NpoLecca — aBTOPOB, PELAKTOPOB, pe-
LIeH3eHTOB U M3[aTesis, CO3AaloLMX 3TOT XKypHain. Pefakumsa x)XypHana cienT 3a BbiMONIHEHVEM TPeboBaHNU STUKN,
ONMPasCb Ha PYKOBOACTBA, NMOArOTOBJIEHHbIE 3apybeXKHbIMI NMPOGUIIbHBIMY OPraHM3aLMUAMK, acCCOLMALMAMUN U 13-
[aTenbCTBaMy, a Takxke Accoupralmelnt HayYHbIX PefakTopoB U nsgatenein. OCHOBHbIMW JOKYMEHTaMK, Ha KOTOopble
onupaeTcsa pefakuma XypHana «<HaHOTEXHONOrMM B CTPOUTENbCTBEY, ABNATCA pa3paboTku KomuteTa no nybnvka-
umnoHHonm 3tmke (Committee on Publication Ethics), Bennko6putanus, nsgatenscrsa Elsevier (Hugepnaxgbi) u gpyrux
3apybeXKHbIX PelakTOPCKNX accoLmalunin n nHGOPMAaLMOHHbBIX CUCTEM, a Takxe [Jeknapauus «3Tnyeckme nprHLUmnb
Hay4HbIX Ny6arKaumniy, NPUHATaa Accoumalmeli HayYHbIX pefakTopoB u usgateneii (Poccus).

OTBEeTCTBEHHOCTb aBTOPOB XypHana «HaHOTeXHONornm B CTpOUTENbCTBE

1. ABTOp OTMNpaBnsAeT Ha PacCMOTPEHUE CTaTblo, MaTepuranbl KOTOPOW paHee He 6binn onybnnkoBaHbl. Ecniv ctaTtba
OCHOBaHa Ha paHee onybNMKOBaHHbIX MaTepuranax He CTaTeHOro XxapakTepa WUin Mmatepurasbl NpeacTaBneHbl B MH-
TepHeTe, ciefyeT yBefoMUTb 00 3TOM peflakLmIo XKypHara.

2. ABTOp He OTNpaBnAeT Ha PaCCMOTPEHME OfHY CTaTblO B Pa3Hble XYpPHarsbl.

3. Bce coaBTOpbI COrNacHbl Ha NpefCcTaBaeHre CTaTby B XKypHarl.

4. ABTOp yBEAOMNAET PeAaKLMIo O MOTeHLNaIbHOM KOHGNKTe nHTepecoB. O6 OTCYTCTBUM KOHGNMIKTa MHTEPECOB
aBTOP YKa3blBaeT B CTaTbe — «ABTOP 3aABNAeT 00 OTCYTCTBMM KOHOIMKTa UHTEPECOBY.

5. ABTOp NpeanpuHMMaeT Heobxofmble Mepbl, YTOObl y6eANTLCA B KOPPEKTHOCTN NPeACcTaBIeHHbIX B CTaTbe L-
TUPOBaHUN.

6. B cnncok aBTOpOB BK/TIOYAKOTCA TONbKO NMLA, BHECLUWE 3HAUNTENbHbIN BKa B MPOBEAEHMEe UCCIeOBaHUA.

7. ABTOp KOPPEKTHO LMTMPYeT CBOW NpeablayLue paboTbl 1 M36eraeT camonarmara B PyKOnucy U NCKycCTBeHHO-
ro ysenuyeHus obbema nybnmkaumia (salami-slicing).

8. KOHTaKTHbI aBTOp yBEAOMIAET CBOMX COAaBTOPOB 000 BCEX U3MEHEHUAX U NPEeASIOKEHNAX CO CTOPOHbI pe-
[aKUMKW XKypHana v He NPUHMMAET PeLeHnn OTHOCUTESNIbHO CTaTbW €AUHONNYHO, 6€3 MMCbMEHHOMO Cornacusa Bcex
COaBTOpPOB.

9. ABTOp KOPPEKTHO BeAeT NePEenmncKy C peLeH3eHTOM Yepes pefakTopa 1 0OTBeYaeT Ha KOMMeHTaprm 1 3ameva-
HWA, eCIY OHW BO3HUKAIOT.

10. Mpun He0BXOAUMOCTIN aBTOPbI KOPPEKTUPYIOT MPEACTaBNIEHHbIe B CTaTbe JaHHbIE U ONPOBEPTaloT UX.

OTBeTCTBEHHOCTb PefjlaKTOpPOB XKypHana «kHaHoTexHonornu B cTpouTenbCcTBe»

1. PepakTopbl »KypHasia CaMOSIMYHO 1 HE3ABUCMMO HEeCyT OTBETCTBEHHOCTb 3a COAEP»KaHMe NMy6/IMKyeMbIX MaTe-
puVanoB 1 NPU3HAIOT 3Ty OTBETCTBEHHOCTb. [JOCTOBEPHOCTb paccMaTprBaeMon PaboTbl 1 ee Hay4yHas 3HAUYMMOCTb
BCerga JOMKHbI JieXKaTb B OCHOBE peLleHus o ny6nvkaumu.

2. PepakTopbl KypHana MOryT NpoBepuTb NOJTyYeHHble MaTepurasbl B CcTeMe AHTUMIAraT no obHapy»KeHuto 3a-
MMCTBOBAHWI, CMOCOOCTBYA 3alyUTe aBTOPCKOro Mpaga.

3. PepakTopbl MPVHUMAIOT YeCTHble 11 OOBEKTMBHbIE PELUEHMA HE3aBUCMMO OT KOMMEPUECKMX COObparkeHUi
1 06ecneyrBaloT YeCTHbIN 1 3P PEKTUBHDBIV NPOLIECC HE3aBUCUMOTO PELIEH3NPOBAHNA.

4. PefjakTopbl OLIEHVBAIOT UHTEN/EKTYaNIbHOE COePKaHMEe PYKOMMCE BHE 3aBUCUMOCTY OT pachl, Mona, CeKCyasb-
HOW OpUEHTALNN, PENUTMO3HBIX B3MAA0B, MPOVCXOXAEHUA, FPAXXAAHCTBA U MNONIUTUYECKUX NPeANoUTeHN ABTOPOB.

5. PepakTopbl He paboTaloT CO CTaTbAMM, B OTHOLUIEHUN KOTOPbIX Y HUX €CTb KOHQNIMKT MHTEPECOB.

6. PeflakTopbl >KypHana paspeluatoT KOHGANKTHbIE CMTYaLuUK, BO3HMKAlOWYeE B NpoLecce paboTbl, 1 MCMONb3yioT
OJ1A X paspelLLeHns BCe AOCTYMHble CpeAcTBa.

7. Pegaktopbl )KypHana ny6nukyoT nHbopmaLuio 06 MCnpaBieHrAX, ONPOBEPXKEHWAX 1 OT3bIBaxX CTAaTeN B CJlyyae
BO3HWKHOBEHMS TaKO HEOOXOAMMOCTN.

8. PelakTopbl XKypHana He Ny6vKyT KOHEUHbI BapMaHT CTaTby 6e3 ero cornacoBaHus ¢ aBTOpamu.
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OTBeTCTBEHHOCTb PeLeH3eHTOB XXypHana «HaHoTexHonorum B CTponTenbCcTBE»

1. PeLieH3€eHT oLeHBaeT CBOIO 3aHATOCTb Nepes Corflaciem Ha SKCNepTU3y PyKOMUCK 1 COrnaLlaeTca Ha peLieH3n-
pOBaHMe TONbKO MNP HANIMYUMN JOCTAaTOYHOTO BPEMEHM HA KaueCTBEHHYI0 paboTy.

2. PeLieH3eHT ncnosnb3yeT pa3paboTaHHyto pefakuyei XypHana ¢popmy, KOTOPYIO OH MOJTyYaeT BMeCTe CO CTaTbel.
PeueH3eHT BNpaBe fatb 60siee pacluMPEHHYI0 peLeH3NIo.

3. PeuleH3eHT npegynpexgaeTt pefakumio 0 HaMuMm KOHGIMKTa MHTEPECOB (eC/v OH BO3HKK) 10 Havasna paboTbl
CO CcTaTben.

06 oTcyTCTBMY KOHONNKTA UHTEPECOB PELIEH3EHT YKa3bIBaEeT B PeLIEH3UN — «PeLieH3eHT 3anaBseT 06 OTCyTCTBUM
KOHONMKTA UHTEPECOBY.

4. PeLleH3€eHT He nepefaeT CBeAieHMA O CTaTbe U laHHble, KOTOPbIE B HEl COfep»KaTca, TPETbUM NInLaM.

5. PeuleH3€eHT He ncnosnb3yeT MHGOpPMaLUIo, MOYUYEHHYHO U3 CTaTbl, B IMYHBIX M1 KOMMEPUECKUX LieNfAX.

6. PeLieH3eHT He ilenaeT BbIBOAOB O KAaUeCTBe CTaTbll HA OCHOBE CYObEKTUBHbIX JAHHBIX: IMYHOTO OTHOLLEHUSA K aB-
TOpPY, ero nona, BoO3pacTa, BeponcnoseaaHus.

7. PeLieH3eHT 1Cnosib3yeT TONIbKO KOPPEKTHbIE BbIPAXKEHMA 1 OObACHEHUS B OTHOLLIEHWY CTaTby, HE MEePEeXoauT Ha
JINYHOCTMN.

OTBeTCTBEHHOCTb U3gartens XKypHana «HaHOTeXHONorum B CTponTenbCcTBe»

1. i3patenb He TONbKO NOAAEPKMBAET HayUHble KOMMYHVKALWW 1 MIHBECTMPYET B JaHHBIN NMPOLIECC, HO TaKXKe He-
CeT OTBETCTBEHHOCTb 3a COOMI0AEHNE BCEX COBPEMEHHbBIX PEKOMeHAALMI B Nybnmkyemon paborte.

2. V3paTtenb He BNUAET Ha pefaKkUMOHHYIO MOSINTUKY XKYPHana.

3. M3paTtenb oKa3blBaeT OPUAMYECKYIO MOAAEPKKY PeflakLmu XKypHana npy HeO6XO[UMOCTH.

4. /13patenb obecneurBaeT CBOEBPEMEHHOCTb BbIXOZA OUepPeHbIX BbIMYCKOB XypHana.

5. V3gatenb ny6nunkyeT NpaBKu, MOSICHEHUSA 1 OT3bIBAET CTaTbl, B KOTOPbIX Oblfiv BbISBIEHbI HAPYLLIEHWA HAyYHOW
STUKU WU KPUTUYECKNE OLLINOKN.

OTBeTCTBEHHOCTb [1aBHOr0 peflakTopa XKypHana «HaHoTexHonorum B CTpouTenbCcTBe»

1. [NaBHbIV pegakTop OTBEYAeT 3a MPUHATME pPELLEHUA O TOM, Kakne 13 NpeacTaB/ieHHbIX B pefakumio XXypHana
paboT cnenyeT onybnnKoBaTb. ITO peLleHre BCeraa AOoMKHO NPYHUMATbCA Ha OCHOBE NMPOBEPKM JOCTOBEPHOCTM Pa-
60Tbl U ee BaXKHOCTU /151 UCC/iefoBaTeNen 1 untatenei. [MaBHbI pefakTop MOXET PYKOBOACTBOBATbCA MeToauue-
CKUMW pPeKOMEHAALMAMM, pa3paboTaHHbIMU PefIKOIEren XXypHana, U TaKUMy I0pUANYECKMU TPe6oBaHUAMM Kak
HefonylleHVe KNeBeTbl, HApPYLUeHNA aBTOPCKOro NpaBga v niarvata. Takxke Npu NpUHATAM peLueHns no nybnukauum
rNaBHbIN pefakTop MOXET COBETOBATLCA C UIeHaMU PeACcOBETa, PeAKONNErnn, PpeLLeH3eHTaMI.

2. [naBHbIN pefaKTop OLEeHVBAET NpefCcTaB/ieHHble PaboTbl MO UX UHTENNIEKTYaNIbHOMY COLepKaHuIo, HEB3Mpas
Ha pacy, Nos, CeKCyanbHY OPUEHTALUIO, PENIUTNIO, STHMYECKOE MPOUNCXOXKAEHNE, FPaXKAAHCTBO UM MOAUTUYECKME
B3rnAAbl aBTopa.

3.[naBHbI pefakTop, COTPYAHUKU pefaKLUnK, YNIeHbl PELKONErv He OJXKHbI PacKpbiBaTb MHPOPMALMIO O Npea-
CTaBJIEHHOW PYKOMMWCU KOMY-NINOO APYromy, 3a NCKIIOYEHNEM aBTOPa, PELIEH3EHTOB, MOTEHLMANbHBIX PELIEH3EHTOB,
a TaKkXe nspatens.

4. CBefieHNs, cogepKalymecs B NpeacTaBleHHON CTaTbe, He IO/KHbI CMOJIb30BaTbCA B KAKOW-NTMO0 COOCTBEHHOM
paboTe rmaBHOro pefakTopa 1 YIeHOB peacoBeTa 1 pepkonnerny 6e3 NMcbMeHHOro paspelueHns aBTopa. KoHdu-
LeHLUManbHas MHGopMaLMA NN NIewn, NOJyYeHHblE NPU PELLEH3UPOBAHUN, LOMKHbI XPAHUTLCA B CEKPETE U HE 1C-
NnoJib30BaTbCA ANA NONYYEHUA IMYHOW BbIFOAbI.

5.naBHOMY pefiaKkTopy CrnefyeT OTKa3aTbCA OT CBOEro y4yacTus B PeLeH3MpoBaHNM B Clyyvae, eCiiv NpucyTCTByeT
KOHQNUKT MHTEPEeCOB, MPOUCTEKAOLMIA N3 KOHKYPEHLNW, COTPYAHUYECTBA I APYTMX OTHOLIEHUN C KeM-In6o 13
aBTOPOB, KOMMAHWI U YUYPEXKAEHN, UMEIOLLMX OTHOLLEHME K CTaTbe.

6. maBHOMY pefaKkTopy ciiegyeT TpeboBaTb OT BCEX aBTOPOB XypHasia NpefoCTaBNATh CBEAEHMA O COOTBETCTBYI0-
LMX KOHKYPUPYIOLWMX MHTEPECcax 1 Ny6MKoBaTb UCMPABIEHMS, €CNIN KOHONIMKT MHTepecoB Obin pa3obnayeH nocsne
nybnukayun. B cnyyae HeOGXOAMMOCTU, MOXET BbIMNOHATLCA APYroe NOAXOAsLLee CJlyyato JeCTBME, TaKoe Kak nyo-
NMIKaLUsi ONPOBEPXKEHMWA UV BbIPaXKeHMA 03a00YEHHOCTU.

7. [NaBHOMY peflakTopy crieflyeT NprHMMaTb Pa3yMHO ObICTpble Mepbl NPU MOCTYMIEHNM »Kanob 3TUYECKOoro xa-
paKkTepa B OTHOLUEHWUW NpeAcTaBieHHOW PYKOMMUCU Ui OMy6SIIKOBAHHOWM CTaTbU, UMEA KOHTaKT C pefaKumen, us-
JaTtenem.
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O6paboTKa Kanob 1 anennaumin

B cnyuae noctynneHus xanob 1 annensynii Ha3HavaeTcs KOMUCCKSA, B COCTaB KOTOPOI MOTYT BXOAUTD: U3faTenb,
rMaBHbI PeAAKTOP, 3aMeCTUTE b FMTABHOrO PefakTopa, YieHbl pefaKLNOHHONW KOMMeruun, aBTopbl U CneuuanmncTbl,
KOMIMETEHTHbIE B PacCMATPMBaeMbiX Bonpocax. [IpoBoanTca paccnefoBaHue, pesynbTaTbl KOTOPOro AOBOASATCS BCEM
3aMHTEPEeCcoBaHHbIM Nnuam. MNpu HeobXo[MMOCTM 1 B COOTBETCTBUM C 3aKOHOAATE/IbCTBOM MaTepuasbl NepeaatoTcs
B COOTBETCTBYIOLLME FOCYAAPCTBEHHbIE OPraHbl.

MonuTnkKa pacKpbITUA N KOHGNUKTbI MHTEPECOB/KOHKYPUPYIOLNX UHTEPECOB

HeonybnukoBaHHble faHHble, MONyYeHHbIe 13 NPEACTABEHHbIX K PACCMOTPEHUIO PYKOMUCEN, HeJlb3s UCMOJb30-
BaTb B JINYHbIX NCCIeOBaHNAX 63 NMMCbMEHHOro cornacus ABTopa.

NHpopmaLmsa nnm ngeun, nonyyeHHble B X0fe PeLeH3MpPOBaHA 1 CBsA3aHHbIE C BO3MOXHbIMY NMPeuMyLLecTBamMu,
LOJIXKHbI COXPaHATbCA KOHPUAEHLMANbHBIMY 1 HE NCMOMb30BaTbCA C Liefibio MOSyYeHWA TMYHON BbIFOAbI.

PepakTopbl 11 peLieH3eHTbl He [OMIXKHbI yYaCTBOBAaTb B PACCMOTPEHUN PYKOMMUCEN B CllyYae Hanmumsa KOHPIMKTOB
NHTEPECOB BC/IeACTBUE KOHKYPEHTHbIX, COBMECTHbIX 1 APYIMX B3aUMOAENCTBUI U OTHOLLEHUI C NI06bIM U3 aBTOPOB,
KOMMAHVAMY WA APYTIMU OPraHM3aunaMim, CBA3aHHbIMI C MpeacTaBiieHHoW paboTo.

MonuTukn >KypHana B OTHOLWEHUN 06MeHa AaHHbIMUY 1 BOCNPOU3BOANMOCTY

CraTtby 13 KypHana (MeTafaHHble CTaTel) pa3mMeLLaloTcA B OTKPbITOM JOCTYME Ha CanTe XypHana 1 Ha carTax pas-
JINYHBIX CUCTEM LMTMPOBaHMA (6a3 AaHHbIX). ABTOPbI MYOMKYeMbIX B XXYpHane MaTepuanoB JOMYCKalT NCMNOJb30-
BaHMeE KOHTEHTa B COOTBETCTBMM € nuueH3sunein Creative Commons CC-BY «Attribution» («ATprbyunsay). 31a nuueHsna
MO3BOJIAET APYIIM PACMPOCTPAHATD, PefaKkTMPOBaTh, MONPaB/sATb U 6PaTb 33 OCHOBY MNPOU3BEAEHUNE ABTOPOB, AaXe
KOMMEpPUYECKH, 1O TeX NOp, MOKa OHM yKa3blBalOT Balle aBTOPCTBO. JInLeH3na pekomeHAoBaHa A5 MakCUMaibHOro
pacnpoCTpaHeHMA 1 UCNOJSIb30BaHKWA INLEH3MPOBAHHbIX MAaTePUaoB.

MonuTrKa )ypHana B OTHOLEHW OOMeHa faHHbIMM 1 BOCMPOV3BOAMMOCTY B KOHEYHOM UTOre CroCcoOCTBYET Gonee
«OTKPbITON» HayKe, @ OTKPbITOCTb HAYYHOU MHGOPMALIMM €CTb FAPaHT MCCIIeA0BaHMIN U MHHOBALMIA BbICOKOTO KauecTBa.

3TuYecKuii Haa3op 3a ony6IMKoBaHHbIMU MaTepuanamm

W3paTtenb v rnaBHbIf pefakTop AOMKHbI paboTaTh Haf 3aLMTON penyTauum ony6/IMKOBAaHHbIX MaTEPUANOB MyTeM
N3YYeHUsi N OLIeHKU 3asABJIEHHBIX MU NPeAnosiaraemMblX HapyLeHUi (MccnefoBaHnie, Ny6nvKaumi, peueHsni n pe-
LAaKTOPCKOW AeATeNIbHOCTN) COBMECTHO C HayUYHbIM COOOLLECTBOM.

370 BK/IOYAET B Ce0s B3aNMOAENCTBYIE C aBTOPOM PYKOMUCH U TLLATENIbHOE PaCCMOTPEHVE COOTBETCTBYHOLLEN
»asnobbl NN BbICKa3aHHbIX NPETEH3U. 1A BbIABNEHWA TaKNX HAapYLUEHWU, KaK Miaruat, pejakTop JOJIXKEH NoJib30-
BaTbCA COOTBETCTBYOLUMMY JIMLEH3VIOHHBIMY CCTEMAMU.

[naBHbIV pefakTop, NONyuMBLINIA YyOeauTenbHOe CBUAETENbCTBO HapPYLUEHUs, AOMKEH COOOLWMTb 06 STOM 13ga-
Teso, YieHaM peKoIerny, OpraHn3ys HeMelIeHHOe YBeJOMJIEH e aBTOPa O HEOHXOANMOCTY BHECEHUS MOMNPaBOK
WY OT3bIBa Ny6AMKaLuUy, B 3aBUCMMOCTU OT CUTYaLN.

3avmcTBOBaHMA U Naarvar

Pepakuus ypHana «<HaHOTeXHOIOTUY B CTPOUTENBbCTBE» MPY PACCMOTPEHUN CTaTbU MOXKET MPOU3BECTU NPOBEP-
Ky MaTepuasa C MoOMOLLbIO CUCTeMbl AHTUNIArMaT. B ciyyae obHapy»KeHrA MHOTOUMCIIEHHbIX 3aMCTBOBaHUN pefakK-
umA gencTeyeT B cootBeTCcTBMY C Npasunammu COPE.

UHTennekryanbHana co6CTBEHHOCTb
PepnakTopbl fOMKHbI BHUMATENIbHO OTHOCUTBCA K BOMPOCAM, KacalLWMUMCA VHTENEeKTyanbHON COOCTBEHHOCTH,
1 B3aUMOZEeNCTBOBATb C U3daTenemM npu yperynmpoBaHumM CilydaeB BO3MOXHbIX HAapPYLLUEHWUI 3aKOHOB 1 COrnaLleHni
06 OXpaHe MHTENNIEKTYaNbHON COOCTBEHHOCTH.
PepakTopbl, KpOMe NPYMEHEHNA UHCTPYMEHTOB OOHAPYXeHUA Nniarnarta, MoryT TakxKe:
- nopAepKuBaTb aBTOPOB, Ube aBTOPCKOE MPaBo OblI0 HAPYLLIEHO, UK TeX, KTO CTasl XKepTBOW Nyarnara;
— ObITb FOTOBbIMY K COBMECTHOW paboTe ¢ n3gatenem no 3alute aBTOPCKMX NPaB 1 K NpeciiefoBaHNI0 HapyLInTe-
nen (Hanprmep, NyTéM NoJauu 3anpocoB A/s 0T3biBa CTaTel UKW yAaNeHna MaTepuranos ¢ Beb-canToB).

O6cyxaeHne paboT, ony6nnKoBaHHbIX B XKypHane. icnpaBneHusa nocne ny6nukauui

PepakTopbl BOMXKHbI ObITb OTKPLITEIMU IS UCCIEA0BAHUIA, KOTOPbIE OCMAPUBAtOT NpefblayLyne paboTbl, onybnu-
KOBaHHbIe B XXypHase; NooLWpATb U C TOTOBHOCTbIO pacCMaTpuBaTb 0OOCHOBaHHY KPUTKKY PaboT, ny6anKyemMblx
B X XKypHare.
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ABTOpr KPUTNKYEMbIX MaTepnanoB OOXKHbI MMETb BO3MOXHOCTb OTBETUTb Ha KPUTUKY. Pa6OTbI, coo6u4arou.u/|e
TONbKO 06 OTpurUaTeSIbHbIX pe3ysibTaTax, TakXKe MOoryT I'Iy6J'IVIKOBaTbCFI.

MonuTuka pasmeLyeHNA NPenpPUHTOB N NOCTNPUHTOB

B npouecce nogaun ctaTby aBTOPY HEOOXOAMMO MOATBEPAMNTD, UTO CTaTbsA He Oblnia ONy6/IMKOBAHA MK He Oblia
npuHATa K Nyb6nmKaLmm B Apyrom HayuHoM >KypHane. [pu ccbinke Ha onybnnmKoBaHHYI0 B XypHarne «HaHoTexHonorum
B CTPOMWTENbCTBE» CTATbIO U3[aTENbCTBO MPOCUT pa3mellatb cCbifiky (MonHbii URL maTepurana) Ha odurLmanbHblii cainT
XypHana.

K paccmoTpeHnto fonyCcKalTCs CTaTby, Pa3MELLEHHbIE paHee aBTOPaMM Ha JINYHbBIX UK NyGANYHBIX CalTax, He
OTHOCALLMXCA K APYTM U3LaTe/IbCTBaM.

O npoueaypax B ciiyyae 310ynotrpe6neHuin (HapyweHuia)

M3paTenb, rnaBHbIN peaakTop, Kaxabli COTPYAHNK pedakumy, YneH pefakunoHHON KONernm, aBtop, peLeH3eHT
N ynTaTenb 06A3aHbl cObNAATL STUKY HayYHbIX NyONMKaLmMiA B )KypHane JeNCTBYIOLMX 3aKOHOB, MPaBWs UAN NOO-
XKeHuin 1 06a3y10TCA coobLIaTh O NMOObIX N3BECTHBIX CJTyYasX y»Ke COBEPLUEHHOTO U NOTEHLUANIbHOTO 3/10ynoTpe6-
neHna (HapyLeHusa).

Pepakuwei x)XypHana HeaMeanmTelbHO NPOBOANTCA pacciefjloBaHMe Mo BCeM COOOLLEHNAM O 3110ynoTpebneHnax
(HapyweHuAax) n, ecnu nHGopmaL A NOATBEPKAAETCA, MPUHUMAIOTCA MepPbI MO YCTPAHEHMIO 310ynoTpebneHnii (Ha-
pyweHuni). Ecnv 31o TpebyeTca B COOTBETCTBMU C 3aKOHOAATENbCTBOM, MaTepuanbl NepeaaloTca B COOTBETCTBYOLNE
rocyfapCTBeHHbIe OpraHbl.

Ha Bce npeTeH3Mmn aBTOPOB pefakLma NpefoCcTaBiAeT pa3BepHyTbie 1 060CHOBaHHble OTBETbI, Mpuaras Bce ycu-
A anA paspeLueHna KOHGINKTHbIX CUTyaLmniA.

MonuTtuka ncnonb3oBaHNA reHepPaTUBHOIO NUCKYCCTBEHHOrO MHTE/IeKTa

[eHepaTMBHbIN NCKYCCTBEHHbIN nHTenNeKT (M) n TexHonornm, OCHOBaHHblE Ha UCKYCCTBEHHOM UHTENNIEKTE, MO-
ryT ObITb UCMOMb30BaHbI A1 YNYULIEHUs A3blKa PYKOMNMUCK, BKIIOYas FPaMMaTUKY, CUHTaKcUC 1 opdorpaduio. B atom
CJlyyae Co CTOPOHbI aBTOpa(oB) He TpebyeTcA HMKaKUX 3asBiaeHun 06 ncnonb3osaHum V.

Bo Bcex ocTanbHbIX CJlyyasix aBTOPbl JOJIXKHbI 3asBUTb 06 MCMONb30BaHNM TEXHONOTWI reHepaTeHoro MU B pas-
nene «JononHuTenbHaa HGopmMaLmsa». 3asiBNEHME MOXET OblTb crefywum: «<Bo BpeMs NoarotoBKM 3TON CTaTby
Mbl MCMONb30BaNyu [Ha3BaHMEe MHCTPYMeHTa/cepBucal no [npuumHel. NMocne ncnonb3oBaHWA 3TOFO UHCTPYMeHTa/
CepBrca Mbl NEPECMOTPENM 1 OTPEeAAKTMPOBAJIN KOHTEHT MO Mepe HeobxoanmocTy 1 bepem Ha cebsa NosHyo OTBET-
CTBEHHOCTb 3a cofieprkaHune onybnKoBaHHON CTaTbW». DTO O3HAYAET, UTO NCMOJIb30BaHMeE TexHonorun M gomkHo
COMpPOBOXAATbCA YeNIOBEUYECKNM Haf30POM 1 KOHTpoieM. ABTOPbI fIOMKHbI TLLATEIbHO MPOBEPATb U peAakTMPOoBaTb
MosyyeHHble pe3ynbTaThl, Tak Kak TEKCT, CreHepupoBaHHbIN MM, 4acTo MOXeT ObITb OLIMOOUYHbBIM, HEMOJSTHBIM WU He-
06bEKTNBHbBIM. ABTOPbI HECYT MOJTHYIO0 OTBETCTBEHHOCTD 3a CofleprKaHune CBoen paboTbl.

Ecnn pykonucb copeput n3o0paxxeHns, CO3aHHbIE NN N3MEHEHHbIE C MOMOLLbIO reHepaTeHoro N nnm nH-
CTPYMEHTOB, noafepxunsaembix AW, aBTopbl fomKHbI cO0OWMTL 06 3TOM B pa3gene «ononHuTenbHaa MHpopma-
Lus», NPefocTaBmB NogpobHoe onrcaHme Toro, KOrAa v Kak Obiin MCNonb30BaHbl 3T UHCTPYMeHTbI. Kpome Toro,
aBTOPbI JO/MKHbI MOATBEPAUTD, UTO OHU MONYUNSIN BCE HEOOXOAVMbIE MPABa Ha NCMOJIb30BAHME TakKUX MaTEPUAOB.

ABTOPCTBO PYKOMUCK MOXKET OblTb MPUMNUCAHO TONbKO Yenoseky. W n TexHonorum ¢ nogaepxkon N He moryT
ObITb YKa3aHbl B KauecTBe aBTOPa(0OB) MM COABTOPA(OB) U3-3a NX HECMOCOOHOCTU COOTBETCTBOBATb KPUTEPMSAM aB-
TOPCTBA: OHW HE MOTYT B3ATb Ha ceba OTBETCTBEHHOCTb 3a PaboTy, AaTb cornacre Ha nybnunkKauuio, ynpasnaTb aBTop-
CKMMM MpaBaMy UM pPeLLIaTb BOMPOChI, CBA3AHHbIE C KOH(GMKTOM UHTEPECOB.

MonuTtyka 06paboTKM NepcoHasnbHbIX AaHHDbIX (ABTOPOB, peLeH3eHTOB, YnTaTenei)

MNonutnka pegakumy 3n1eKTPOHHOrO nU3gaHnA «HaHOTEXHONOIMMN B CTPOUTENbCTBE: HAaYUYHbIN VIHTepHeT-KypHan»
B OTHOLUEHUN 06PabOTKM NMEPCOHANbHbIX JaHHbIX aBTOPOB, PefaKTOPOB, peLeH3eHTOB, YuTaTenein onpeaene-
Ha B cOOTBeTCTBUM C nonoxeHnammn OegepanbHoro 3akoHa Poccunckon Oegepaumm ot 27 miona 2006 r. N2 152-03
«O nepcoHanbHbIX faHHbIX» (fanee — 3aKOH 0 NePCOHANbHbIX AaHHbIX) B LeNAxX obecneyeHns 3awmnTbl NpaB u ceobop
yesioBeKa 1 rparkgaHviHa Npu 06paboTKe ero nNepcoHasbHbIX AaHHbIX, B TOM YMCIIE 3aLUKTbl MPaB Ha HEMPUKOCHOBEH-
HOCTb YaCTHOW XXMN3HW, INYHYIO N CEMENHYIO TalHy.

bonee noapobHas NHPopMaLIMA Pas3MellleHa Ha CalnTe SNEKTPOHHOro nsaaHusa «<HaHOTeXHONOrnmM B CTPOUTENb-
CTBE: HayYHbIN VIHTEpPHET-KYpHan».
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Basic sections of the journal:
- construction material science;
+ the study of the properties of nanomaterials;
- theresults of the specialists’and scientists’ researches;
« manufacturing technology for building materials and products;
- international scientific and technical cooperation;
« overview of inventions in the field of nanotechnology;
- development of new materials;
- rational use of natural sources;
- efficient use of recycled resources;
+ the application of nanomaterials and nanotechnologies in construction;
« system solutions for technological problems;
- inrelated sectors;
- forums, exhibitions, conferences and events in the area of construction and nanoindustry.

These are the topics of the papers published in the journal: creation of new functional materials; nanostruc-
tured systems strength and penetrability formation theory development; the problems of nanomaterials and nano-
technologies implementation in construction and building materials; cement and other binders with mineral and
organic additives; diagnostics of building systems nanostructures and nanomaterials; modification of building mate-
rials with nanofibers; disperse composite materials with nanocoating; formation of nanostructure coatings by means
of laser sputtering; technologies aimed at studying nanomaterial properties; the systems of teaching the fundamen-
tals of nanotechnologies; technological principles of nanostructures creation (liquid melts, sol and gel synthesis).
The topics may be different, directly or indirectly related to the areas mentioned above.

The journal can also publish: original article, review article, editorial, discussion paper, individual bibliography, edi-
torial notes, book reviews, article reviews, etc.

http://nanobuild.ru 269 info@nanobuild.ru


http://nanobuild.ru/ru_RU/

ISSN 2075-8545 (online)

Nanotechnologies in construction 2026; 18 (2): '
HaHoTexHonorum B cTponTenbcTBe 269-274 NanObL" ]

The structure of the paper
IN ENGLISH

NAME OF THE SECTION (In English)

Original article (review article, editorial, discussion paper, individual bibliography, editorial notes, book reviews,
article reviews, etc.) (In English)

https://doi.org/10.15828/2075-8545-202X-X-X-X-X

Title (In English)

Authors’ First name. The first letter of the patronymic (if any) Last name (In English)

place of employment of each author, city, country (In English)

(name of institution (organization) at which the author works or studies is given without legal form: Ltd, SOE, etc.)
*Corresponding author: e-mail: XXXXXXXXXX

ORCID author:
first name and last name — https://orcid.org/xxxx-Xxxx-XXxX-XXxx

Abstract: the source of information, which is independent on the paper and which allows Russian and foreign
specialists to make conclusion about the quality of the content of the paper (extended abstracts must be informative,
original, novelty, contain main results of research, structured according to IMRAD (Introduction, Methods and Materi-
als, Results and Discussion), compact — 200-250 words) (In English):

Abstract: Introduction... Methods and Materials... Results... Discussion... Conclusion...

Keywords: (In English) They are separated from each other by commas and there are no dots placed after the last one

Acknowledgments / Sources of funding for scientific research: (In English)

For citation: (In English)

Example.
For citation: Nizin D.R., Nizina T.A., Spirin I.P, Chibulaev L.A., Pivkin N.A. The effect of the concentration of nano-
modifiers and the moisture content of samples on the change in the properties of epoxy polymers. Nanotech-
nologies in Construction. 2024;16(6):499-509. https://doi.org/10.15828/2075-8545-2024-16-6-499-509. — EDN:
QGYFFZ.

© authors, 2025

Text of the paper: (In English, number of words 3000-6000)
«-INTRODUCTION

« METHODS AND MATERIALS

« RESULTS

« DISCUSSION

« CONCLUSIONS

References (In English) (according to Vancouver Style).

Example:

1. Nizin D.R., Nizina T.A., Maryanova A.V., Mironov E.B. Moisture absorption of 3D-printed PETG plastic Samples.
Bulletin of MGSU. 2023;18(7):1078-1088. https://doi.org/10.22227/1997-0935.2023.7

2. Venkatraman V. Conventions of Scientific Authorship. Science. 16 April 2010. Available at: https://www.sci-
ence.org/content/article/conventions-scientific-authorship-0 (accessed: 13.05.2024).

3. Allen L., Scott J, Brand A, Hlava M., Altman M. Publishing: Credit where credit is due. Nature.
2014;508(7496):312-313. https://doi.org/10.1038/508312a

4. Mekeko N., Tikhonova E. Description of Author Contributions while Submitting a Manuscript: The CREDITSys-
tem. Journal of Employment and Career. 2022;1(4):5-7. (In Russ.) https://doi.org/10.56414/jeac.2022.24

Note: 1. The titles of journals, books, etc. are indicated in italics.
2. Materials published only in Russian are indicated (In Russ.)

http://nanobuild.ru 270 info@nanobuild.ru


http://nanobuild.ru/ru_RU/

ISSN 2075-8545 (online)

Nanotechnologies in construction 2026; 18 (2): '
HaHoTexHonorum B cTponTenbcTBe 269-274 NanObL" ]

Additional information (on the use of generative artificial intelligence and artificial intelligence-based technolo-
gies) (In English)

Examples:

The authors declare that generative artificial intelligence technologies and technologies based on artificial
intelligence were not used in the preparation of the article.

or

During the preparation of this article, [tool/service name] was used for [reason]. After employing this tool/
service, the content has been revised and edited as needed and | take full responsibility for the content of the
published article.

Information about the author (authors) (In English)

— First name The first letter of the patronymic (if any) Last name (full);

—academic degree;

—academic title;

—-name of institution (organization) and its department at which the author works or studies is given without legal
form: Ltd, SOE, etc.;

- address of the institution (organization), its department at which the author works or studies (city and country);

— authors’ e-mail address;

- Open Researcher and Contributor ID (ORCID) (if available).

E-mail address is given without word “e-mail” and is not followed by dot. ORCID is given as an electronic address
in Internet and is not followed by dot. Name of institution (organization), its address, e-mail address and ORCID of the
author are separated with a comma.

The editors can give additional information about the author: position, honorary title, membership in organiza-
tions, etc.

Example.

Zhanna V. Pisarenko - Dr. Sci. (Econ.), Professor, Saint-Petersburg State University, Economic Faculty, Depart-
ment of Risk Management and Insurance, Saint-Petersburg, Russian Federation,

z.pisarenko@spbu.ru, https://orcid.org/0000-0002-9082-2897

Contribution of the authors (In English):

author’s First name The first letter of the patronymic (if any) Last name (full); author’s personal contribution in
article writing is briefly described (concept, collection of materials, analytical work, article writing, scientific editing of
the text, etc.).

Example.

Marina S. Morozova - scientific management; research concept; methodology development; participation in
development of curricula and their implementation; writing the draft; final conclusions.

Elena V. Bokova - participation in development of curricula and their implementation; follow-on revision of
the text; final conclusions.

The authors declare no conflicts of interests.

The article was submitted XX.XX.202X; approved after reviewing XX.XX.202X; accepted for publication XX.XX.202X.

IN RUSSIAN

NAME OF THE SECTION (In Russian)

Original article (review article, editorial, discussion paper, individual bibliography, editorial notes, book reviews,
article reviews, etc.) (In Russian) / (In English)

https://doi.org/10.15828/2075-8545-202X-X-X-X-X

Title (In Russian)

http://nanobuild.ru 271 info@nanobuild.ru


http://nanobuild.ru/ru_RU/

ISSN 2075-8545 (online)

Nanotechnologies in construction 2026; 18 (2): '
HaHoTexHonorum B cTponTenbcTBe 269-274 NanObL" ]

Authors’ first name and last name (In Russian)

place of employment of each author, city, country (In Russian)

(name of institution (organization) at which the author works or studies is given without legal form: Ltd, SOE, etc.)
* Corresponding author: e-mail: XXxxxxxxxx

ORCID author: first name and last name (In Russian) — https://orcid.org/xxxx-XxXX-XXXX-XXXX

Please note! Manuscripts without an ORCID will not be accepted. If the author does not have an ORCID, they must
register at https://orcid.org/ and fill in the required information.

Abstract: the source of information, which is independent on the paper and which allows

Russian and foreign specialists to make conclusion about the quality of the content of the paper (extended ab-
stracts must be informative, original, novelty, contain main results of research, structured according to IMRAD (Intro-
duction, Methods and Materials, Results and Discussion), compact — 200-250 words) (In Russian):

Abstract: Introduction... Methods and Materials... Results... Discussion... Conclusion...

Keywords: (In Russian)

Acknowledgments / Sources of funding for scientific research: (In English)

For citation: (In Russian)

Example.

Ona yntuposanus: HusuH [.P, HusmHa T.A., CnnpuH WM., Ynbynaes W.A., NMusknH H.A. BnusiHue KoHueHTpa-
UMM HaHOMOAUPUKATOPOB 1 BflarocoaepkaHnsa o6pasLoB Ha M3MEHEHME CBOWCTB SMOKCMAHbIX MONIMMEPOB.
HaHnomexHonozuu 8 cmpoumenscmee. 2024;16(6):499-509. https://doi.org/10.15828/2075-8545-2024-16-6-
499-509. - EDN: QGYFFZ.

Article Metadata (In English)

The title of the article (In English)

First name The first letter of the patronymic (if any) Last name of the author(s) (In English)
mandatory indication of the affiliation for each author, city, country (In English)

* Corresponding author: e-mail: XXxxxxXxxx

Abstract: Introduction... Methods and Materials... Results... Discussion...Conclusion...(In English)
Keywords: (In English)

Acknowledgments / Sources of funding for scientific research: (In English)

For citation: (In English)

© authors, 2025

Text of the paper: (In Russian, number of words 3000-6000)
- INTRODUCTION

« METHODS AND MATERIALS

- RESULTS

- DISCUSSION

- CONCLUSIONS

References (in the original language of the article — Russian or English) (Vancouver Style)

Example:

1. Husun O.P, HnsmHa T.A., MapbsiHoBa A.B., MupoHoB E.b. BnaronornouieHue 3D-nevatHbix o6pasuos PETG-
nnacTtunka. Becmnux MICY. 2023;18(7):1078-1088. https://doi.org/10.22227/1997-0935.2023.7

2. Venkatraman V. Conventions of Scientific Authorship. Science. 16 April 2010. Available at: https://www.sci-
ence.org/content/article/conventions-scientific-authorship-0 (accessed: 13.05.2024).

3. Allen L., Scott J, Brand A, Hlava M., Altman M. Publishing: Credit where credit is due. Nature.
2014;508(7496):312-313. https://doi.org/10.1038/508312a

4. Mekeko H.M., TuxoHoBa E.B. OnncaHne aBTopcKoro Bknaga npu nogave pykonucu: cuctema CREDIT. XypHan
Paboma u Kapeepa. 2022;1(4):5-7. https://doi.org/10.56414/jeac.2022.24

Note: 1. The titles of journals, books, etc. are indicated in italics.

http://nanobuild.ru 272 info@nanobuild.ru


http://nanobuild.ru/ru_RU/

ISSN 2075-8545 (online)

Nanotechnologies in construction 2026; 18 (2): '
HaHoTexHonorum B cTponTenbcTBe 269-274 NanObL" ]

Additional information (on the use of generative artificial intelligence and artificial intelligence-based technolo-
gies) (In Russian)

Examples:

The authors declare that generative artificial intelligence technologies and technologies based on artificial
intelligence were not used in the preparation of the article.

or

During the preparation of this article, [tool/service name] was used for [reason]. After employing this tool/
service, the content has been revised and edited as needed and | /we take full responsibility for the content of
the published article.

Information about the author (authors) (In Russian)

— Last name First name Patronymic (if any) (full);

- academic degree;

—academic title;

- name of institution (organization) and its department at which the author works or studies is given without legal
form: Ltd, SOE, etc. (affiliation);

- address of the institution (organization), its department at which the author works or studies (city and country);

— authors’ e-mail address;

- Open Researcher and Contributor ID (ORCID) (if available).

E-mail address is given without word “e-mail” and is not followed by dot. ORCID is given as an electronic address
in Internet and is not followed by dot. Name of institution (organization), its address, e-mail address and ORCID of the
author are separated with a comma.

The editors can give additional information about the author: position, honorary title, membership in organiza-
tions, etc.

Example.

MucapeHKko XKaHHa BUKTOPOBHa — [JOKTOP SKOHOMUYECKUX HayK, Npodeccop Kadeapbl yNpaBneHus prckamm
N CTpaxoBaHWsA 3KOHOMMYECKOro ¢akynbteta CaHKT-MeTepbyprckoro rocyfapCTBEHHOTO YHUBEPCUTET],
r. CaHkT-lNeTepbypr, Poccuickas Qepepauns, z.pisarenko@spbu.ru, https://orcid.org/0000-0002-9082-2897

Contribution of the authors (In Russian):
author’s last name and initials; author’s personal contribution in article writing is briefly described (concept, col-
lection of materials, analytical work, article writing, scientific editing of the text, etc.).

Example.

Mopo3oBa M.C. — HayuyHOe PYKOBOACTBO; KOHLENUWA WCCEfOBaHWA; pa3BUTME METOAONOrMM; yyactue
B pa3paboTke yuebHbIX NPOrpaMm 1 UX peanm3aLmm; HanMcaHne NCXOLHOO TEKCTA; UTOFOBbIE BbIBOADI.
BokoBa E.B. - yuacTue B pa3paboTke yuyebHbIX Nporpamm 1 nx peanusauun; gopaboTka TeKcTa; MTOroBble
BbIBOADI.

The authors declare no conflicts of interests. (In Russian)

The article was submitted XX.XX.202X; approved after reviewing XX.XX.202X; accepted for publication XX.XX.202X.
(In Russian)

Manuscript text

File format
The editors accept texts saved using Microsoft Word in .rtf format.

Text layout

Use the font Times New Roman, font size — 14 pt., and 1.5 line spacing;

Do not use an underscore in the text (for subtitles — use bold, to highlight text — use italics);

Non-Russian languages titles (journals, organizations, etc.) should be left in the original, enclosed in quotes.

http://nanobuild.ru 273 info@nanobuild.ru


http://nanobuild.ru/ru_RU/

ISSN 2075-8545 (online)

Nanotechnologies in construction 2026; 18 (2): '
HaHoTexHonorum B cTponTenbcTBe 269-274 NanObL" ]

Abbreviations
All abbreviations should be defined when first used. If the article contains a large number of abbreviations, a list
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The journal uses an adapted version of Vancouver Citation Style, one of the styles recognized by international
indexing databases.

References

The list of references includes sources used in the text.
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authors should obtain written permission to refer to these documents and evidence that they are accepted for pub-
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Copyright Notice
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Additional information (06 ncnonb3oBaHVV TEXHONOIWIA FEeHEPATUBHOIO UCKYCCTBEHHOTO UHTENIEKTa U TEXHOJIOTUIA, OCHO-
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dopme anekTpoHHOrO agpeca B ceTn «MHTepHeT». B KoHue ORCID Touky He cTaBAT. HanmeHoBaHme opraHmnsauum (yupexaeHus),
ee afpec, 3neKTpoHHbIN agpec n ORCID aBTopa oTAenAloT Apyr OT Apyra 3anAaTbiMU.
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OdopmneHne TekcTa pykonumcm

®opmar
Penakumsa npuHUMaeT TEKCTbI, COXpaHeHHble B nporpamme Microsoft Word B popmare .rtf.
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« ucnonb3ynte wpndt Times New Roman 14 nt n nHtepsan 1,5 ctpoky;

+  He 1Cnosib3yinTe NOAQYEPKMBaAHME BHYTPM TEKCTa (414 MOA3aro/IOBKOB NCMOJb3yTe NONYXMPHOE HauepTaHue, And BblaeneHuns
B TEKCTe — KypCuB);

*  MHOCTPaHHble Ha3BaHWA (KypHanoB, OpraHn3auni 1 1.4.) cnegyert OCTaBAATb B OpUriHane, 3akno4vaTtb B KaBblYKU.

A66peBMaTypbl
Bce ab6peBraTypbl JOMKHbI ObITb paclundpoBaHbl NPy NepBoM ynotpebneHun. Ecnv abbpeBuatyp MHOro, MOXHO cAenaTtb
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Ta6nuubl 1 pUCYHKIN

Bce TabnuLybl 1 pUCYHKM JOIKHbBI ObITb MPOHYMEPOBaHbI U Ha3BaHbl, Ha HIX JOSIKHA ObITb OTCbINIKA B TEKCTE CTaTby. B Tabnuuax
He JOMKHO ObITb NYCTbIX rpad. PUCYHKM JOMKHBI 6bITb XOPOLLEro KauecTBa, MpUrogHble Ans nevatu. MprknagpiBaloTcs K cratbe
oTaenbHbIMU daiinamu.

YT0o6bl NPOBEPUTH KAUECTBO M306PAXKEHMNA, MOXHO YBEIMUMTD €r0. XopoLLee U306paxxeHne He pa3MbliBAETCA NPU YBENNYEHUN.

CHOCKMN
Mpy HeobXxoAMMOCTN UCMONb3YIOTCA CHOCKM CO CKBO3HOW Hymepauueit (apabckue uudpbl) No BceMy AOKYMEHTY. B cHockax
MOryT ObITb LUTaTbl 13 PabOT, KOTOPbIE YNIOMMUHAIOTCA B TEKCTE, AONOMHUTENbHAA MHGOPMaLWA.

OdopmneHue yUTaT 1 CNCKa NUTEpaTypbi

B XypHane npuHAT BaHKyBepCKMiA CTU/b LUTUPOBaHKA (OTCbIIKa B TEKCTE B KBafpaTHbIX CKOOKax, mosiHoe 6rbnuorpadurye-
CKOe OMrcaHue UCTOYHVKA B CMCKe NTepaTypbl B MOPsAAKe YNIOMUHAHKWSA B TEKCTE CTaTbL).

Pepakuua pekomeHgyeT aBTopam Npu NogrotoBke References yumtbiBaTb NOAUTUKY LIATUPOBAHUA, MPUHATYIO B XKypHarne.

MpaBunbHoe onuncaHre ncrnonb3yemMblX NCTOYHMKOB (References) He TONbKO NEMOHCTPUPYET KaueCTBEHHbIN YPOBEHb 1ccre-
[I0BaHUA, HO 1 ABNAETCA rapaHTMel TOro, UTo umMTmpyemasn nybnvkauma 6yaet yuteHa Npu oLeHKe Hay4yHoW AeATeNbHOCTA ee aBTo-
poB. MexayHapoaHble nHAeKcupytoLme 6asbl AaHHbIX NPeobpasytoT BCe NpeAcTaBeHHble CCbIKM MO eAUHON CTPYKTYpe. B cBA3n
C 3TVM K 3TOMY 610Ky Hay4YHOW CTaTb NPeSbABAATCA CTporne TpeboBaHma yHUdUKaLmMm U cTaHaapTM3auunu.

B »ypHane NpviHAT afanTUpOBaHHbI BapuaHT BaHKYBepCKOro CTus LUTUPOBAHMSA, KOTOPbIN ABNAETCA OQHM U3 CTaHAAPTOB,
NPV3HaHHbIX MeXAYHAPOAHbIMU 6a3aMu AaHHbIX.

CNnCcoK NCTOYHNKOB

B cnucok NINTEPaTypbl BKIKOYaOTCA NCTOYHUKKN, NCNONb3yeMble B TEKCTE CTaTbW. Ccbinkn Ha NPUHATbIE K ny6n|/||<au,|/||/|, HO elle
He OI'Iy6}'II/IKOBaHHbIe CTaTb JOJTXKHbI ObITb MOMeUeHbI CJIOBaMU «B neyvyaTti»; aBTOPbI AOJIXKHbI MONYYUTb MMCbMEHHOE pa3pelleHne
ANA CCbINMKN Ha TaKne JOKYMEHTbI U noATBepXAeHME TOro, YTO OHU MPUHATDBI K neYvaTun. MHd)OpMaL[VIFl n3 HeOI'Iy6ﬂVIKOBaHHbIX nc-
TOYHMKOB O0J1>KHa OblTb OTMeYeHa cnoBaMm <<HEOI'Iy6J'IVIKOBaHHbIe ,anHbIE/p,OKyMEHTbI», ABTOPbI TakXe AONXKHbI NONYyYNTb NMNCb-
MeHHOEe noAaTeepXKAeHME Ha NCMOJIb30BaHME TakKNX MaTepPKranos.

ABTOpCKIMe npaBa

ABTOPbI, Ny6AVKYIOLWMECA B KYPHae, COrMaLLaloTca CO CIeAyoLWrM:

1. ABTOpPbI COXpaHAIOT 3a 0601 aBTOPCKUE NpaBa Ha PaboTy 1 NPefoCTaBAAIOT XKypHany Npaso nepsoi ny6nukauum paboTb.

2. ABTOpbI COXPaHAIOT NPaBO 3aK/touyaTb OTAENbHbIE KOHTPAKTHbIE JOFOBOPEHHOCTM, KacatloLMeCcs HEIKCKITI03UBHOMO pacnpo-
CTpaHeHUA Bepcun paboTbl B 0Ny6IMKOBAHHOM 34eCh BrAe (Hanpumep, pa3mMelleHne ee B MHCTUTYTCKOM XpaHUnuLle, nybnmka-
LMI0 B KHUTE), CO CCINIKOM Ha ee OpUTMHabHY0 Ny6MKaLmio B 3TOM XypHarne.

3. ABTOpbI UMEIT NPaBO pa3meLlaTb NX pPaboTy B ceTn VIHTepHeT (HanprmMep, B UHCTUTYTCKOM XPaHWIMLLE WU Ha Nepco-
HasIbHOM CaiiTe) O 1 BO BPEMS NPOLIECCa PacCMOTPEHMS ee AaHHbIM XXYPHANOM, TaK Kak 3TO MOXEeT NPUBECTU K NPOAYyKTUBHOMY
obcyxaeHunio 1 6onblueMy KONMYeCTBY CCbIIOK Ha AaHHY0 paboTy.

MpuBaTHOCTL

MmeHa v agpeca 3n1eKTPOHHO NoYTbl, BBEAEHHbIE Ha CaliTe 3TOro »KypHarna, 6yayT NCNonb30BaHbl UCKITIOUYUTENIbHO AN Lenei,
0603HauYeHHbIX 3TUM XYPHANoM, 1 He 6yAyT MCMONb30BaHbl ANA KakuX-NMbo ApYyrux Lenei niv npeaocTaBieHbl Apyrm nuuam
M opraHusaumam.

3akntoyeHune JINueH3NOoOHHOro Aorosopa

B cnyyae npuHATUA cTaTby K Ny6AvKaumm Mexay nsgatenem v aBTopom(amm) 3akntouvaeTca JIMLeH3MoHHbIN joroBop (pefak-
Lns BbICbIIAeT aBTOpaM obpaseL, fOrosopa).
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