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AHHOTAIIUA

TIpusedensl ocnosHble acnexmsl npuMeHeHUs Omxo0008 NOIUMEpPOs 6 Kavecmee 3anonHumeneli 6emona. Ha ocnosanuu ananusa aumepa-
MYPHBIX UCTHOYHUKOB YCMAHOGIEHO, YMO OpoObiieHble NOTUMEPHbIE 0MX00bl, @ MOM HUCAe MPYOHO YMUNUSUPYEMbIX CUIUMBIX NOIUMEPOS
MOJICHO UCHONB306aMb 6 Kayecmee 3anoHumens 011 6emona, 4mo Modicem sHa4umensbHo CHUUMy He2amugHoe GIUsAHUE UX HA OKPYIHCalo-
wyio cpedy. Beedenue nonumepnozo 3anornumens chudicaenm HAOMHOCHb U MENIONPOBOOHOCMb NONYYAEMO20 DeMOHA, Nogblulaem e2o us-
HOCOCMOUKOCHb, CIOUKOCMb K 9PO3UL U XUMUYECKYIO CIOUKOCHb, MOJICEM HECKOIbKO YMEHbUUMb YCAOKY U 00pazoeaniie MUKpOmpeujuH.
B mo orce epems, bemonsi ¢ NOTUMEPHBIM 3aNOIHUMEeLeM 001a0aAI0N NOHUINCEHHBIMU MEXAHUYECKUMU XAPAKMEPUCIUKAMU NO CPABHEHUIO C
MPAOUYUOHHBIMU OEMOHAMU, UIMO COBPEMEHHbIE YUeHble CBA3bIBAION 8 OObUell CImeneHy ¢ HeOOCMAmMOUHOU adze3ueti NOTUMEPHO20 3aNoJ-
HUMENs, K YyeMeHMHOU Mampuye, ux ynpy2ou HecoeMecmumoCmyio U 02paHuderHol peakyuell 2uopamayuu 601U3U 3eper NOTUMEPHO20 3d-
nonnumens. /s nogviuienus aoze3uu 3anoaHumens K yeMeHmHou mampuye Heobxooumo obecnequms HeposHyIo, UepoXo8amylo nogepx-
HOCmb yacmuy norumepa. Bosmooicno nanecenue Ha 4acmuybl 3an0IHUMEINs. CHeYUATbHbIX COCMABO8, NOGLIUATOWUX A02e3UOHHbLE C8OUCMEA
unu 68edeHue NoIUMepHblX 000a60K 8 yemeHmuyio mampuyy. i obecheyenus 8blCOKUX MEXAHUYECKUX XAPaAKmMepucmux 6emonos ¢ noau-
MEpHbIMU 0OmMX00amu npeonoumumensHee UCHOIb306amb OMX00bl C HAUOOILUUUM MOOYIEM YRpY2oCmu OJid YMeHbUEeHUs YNpY2oll HecogMe-
CIMUMOCIU 3aNOIHUMENS U MAMPUYbl U 0becheyenus pasepy3Ku pacmeopHoll yacmuy. Bemonvl ¢ 3anonnHumenem u3 nOIUMEPHLIX OMX0006
MO2ym HAUMU npuMeHeHue 6 KOHCMPYKYUAX NOJ06, INeMEHMO8 MOWeHUs, PACAOHbIX IeEMEHMOs, CMeHOs8bIX 6110K06. [Ipumenenue nonu-
MEPHbIX 0MX0008 MAKIHCE B03MONUCHO 8 COCMABE XUMUUECKU CIOUKUX DEMOHOS.
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HOCMb, XUMUYECKAsL CMOUKOCMb, USHOCOCMOUKOCHb, A02e3ust, MOOYIb YRPY2OCI.
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ABSTRACT

The main aspects of the use of polymer waste as concrete aggregates are presented. Based on the analysis of literature sources, it was
found that crushed polymer waste, including hard to recycle crosslinked polymers, can be used as an aggregate in concrete, which can
significantly reduce their negative impact on the environment. The introduction of a polymer aggregate reduces the density and thermal
conductivity of the concrete, increases its abrasion resistance, erosion resistance and chemical resistance, can slightly reduce shrinkage and
the formation of microcracks. At the same time, concretes with polymer aggregate have reduced mechanical characteristics compared to
traditional concretes, which modern scientists attribute to insufficient adhesion of the polymer aggregate to the cement matrix, their elastic
incompatibility and limited hydration reaction near the grains of the polymer aggregate. To increase the adhesion of the aggregate to the
cement matrix, it is necessary to provide an irregular, rough surface of the polymer particles. It is possible to apply special compositions to
the aggregate particles that increase the adhesive properties or introduce polymer additives into the cement matrix. To ensure high mechan-
ical characteristics of concretes with polymer waste, it is preferable to use waste with the highest modulus of elasticity to reduce the elastic
incompatibility of the aggregate and the matrix and ensure unloading of the mortar part. Concretes with polymer waste aggregate can be
used in the construction of floors, tile elements, facade elements, wall blocks. The use of polymer waste is also possible in the composition of
chemically resistant concretes.
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BBEJEHUE

Ha py6exe XX-XXI B. B MEPOBOM cO00IIIECTBE OCTPO BCTAET
BOIIPOC HAKOIUICHHUS TTOJIMMEPHBIX OTXOA0B M MX OTPULATEIHHOTO
BIIMSTHUSL HAa OKpY’Karolyto cpeay. IlonumepHsie u3aenus Bo3uei-
CTBYIOT Ha 3[JOPOBbE HACEJICHUS HAa MPOTSHDKEHUU BCETO LUKIIA UX
*u3HU. [IpOM3BOACTBO MOIMMEPOB CONPOBOXKAAETCS BHIOpOCAMU
BPEIHBIX BEIIECTB: OyTaaueH, Talyos, 6eH30, cTupoit. Tpaauiu-
OHHas repepaboTKa MOJMMEPOB TaKXKe IMPHUBOJUT K 3arps3HEHHIO
Cpenpl, Tak KaK OHH 3a9acTyl0 M3HAYAIBHO COJAEP)KAaT TOKCHIHBIC
JN00aBKH, KOTOpBIE WCIIONB3YIOTCS AT HPUAAHHUSA JKEIaeMbIX
cBoiicTs[1].

Y4eHble TOBOPSAT O CTPEMHUTEIBHO BO3pAacTaromeil mpobdieme
MHKpOIITACTHKA, KOTOPBII 00pa3yeTcs B MPOLECCE ECTECTBEHHOM
Jerpa/ialiiy MOJIUMEPHBIX 0TX010B([2]. ITosmmepHbIe n3aenus pas-
PYILIAIOTCA B OKpY’KaroIeil cpeze B pe3ynbTaTe (OTONUTUYECKOTO,
MEXaHUYECKOTo, OMOJIOTHYECKOTo pa3iioxeHus. OHH CTaHOBSTCS
XpYNKUMH M pacnalaroTcsi, o0pa3yss MHUPKOCKOIUYECKHe Qpar-
MEHTBI. YUUTBIBask TOT (DaKT, 4TO JJasKe KPYIHBIE IUIACTUKOBBIE OT-
XOJbI YaCTO IomagarOT B OpraHU3M pa3jIMYHBIX XUBOTHBLIX, TO
MHUKpPOYACTHIBI IUIACTHKA MOTJIOUIAIOTCS U HAKAIJIMBAIOTCS Clle
OOJIBIINM CHEKTPOM JKHBBIX OpPraHM3MOB. B mocnenctBum da-
CTHIIBI MHUKPOIUIACTHKA MOTYT OKa3bIBATh OTPUIATEIILHOE MEXAHH-
YecKoe M TOKCHYHOE BO3ACHCTBHE Ha OPraHW3Mbl, IPOHUKAThH B
KPOBb U KJIETOYHBIE MEMOPAHBI.

Ha pucynke 1 mpeacraBneHsl JaHHBIE O J0Ji€ NepepaboTKe U
YTWIN3AIMU TTOJMMEPHBIX OTX0M0B B PoccHu M HEKOTOPBIX ApY-
rux crpanax[1,3].

INTRODUCTION

At the turn of the XX-XXI century, the issue of ac-
cumulation of polymer waste and its negative impact
on the environment is acute in the world community.
Polymer products affect the health of the population
throughout their entire life cycle. Polymer production
is accompanied by emissions of harmful substances:
butadiene, toluene, benzene, styrene. Traditional poly-
mer processing also leads to environmental pollution,
as they often initially contain toxic additives that are
used to impart the desired properties [1].

Scientists talk about the rapidly increasing problem
of microplastics, which is formed during the natural
degregation of polymer waste [2]. Polymer products
are destroyed in the environment as a result of photo-
lytic, mechanical, and biological decomposition. They
become brittle and disintegrate to form microscopic
fragments. Given the fact that even large plastic waste
often enters the body of various animals, microparti-
cles of plastic are absorbed and accumulated by an
even larger range of living organisms. Subsequently,
microplastic particles can have a negative mechanical
and toxic effect on organisms, penetrate into the blood
and cell membranes.

Figure 1 shows data on the share of recycling of
polymer waste in Russia and some other countries
[1,3].
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B Poccum exxeromno obpasyercs 3,5-5 MITH. T. MIIaCTUKOBBIX
0TX0JI0B, TIpH 3ToM 90% 0TX0I0B HEe mepepadaThIBaeTCs, a OT-
IIPaBJIAETCS Ha MOJIMIOHBI A1 XpaHeHusl. B crpanax EBpocoroza
JI0JIS IepepabOTKH BBIILE, HO BeyIliee 3HaYeHUE 3aHUMAaeT JIM00
3aXOpOHEHHE, JIMOO0 MMOJyYeHHE SHEPTHUH (CKUTAHHUE), YTO TAKKe
HETaTHBHO OTpPaXkKaeTCsi Ha COCTOSIHUM OKpYJKalolled cpelsl
[1,3].

[Ipu aTOM cTpaTerus pasBUTHI XUMHUUECKOTO M HEPTEXUMH-
yeckoro komiuiekca Poccuiickoit @enepanuu Ha nepuoA 10 2030
rojia MmpejrnojaraeT pocT NOTpeOieHus u3eauii U3 miacTMace
Ha nyury Hacesnenus ¢ 32,3 kr/gen B 2012 r. no 89,8 kr/uen B
2030 r.[4].
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In Russia 3.5-5 million tons of plastic waste are gen-
erated annually, while 90% of the waste is not recycled,
but sent to landfills for storage. In the European Union
countries, the share of recycling is higher, but either bur-
ial or energy production (incineration) is of leading im-
portance, which also negatively affects the state of the
environment [1,3].

At the same time, the strategy for the development of
the chemical and petrochemical complex of the Russian
Federation for the period up to 2030 assumes an increase
in the consumption of plastic products per person from
32.3 kg/person in 2012 to 89.8 kg/person in 2030 [4].
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[lonmuMepHBIEe OTXOIBI YCIOBHO MOXHO DPa3leNuTb Ha XO-
POLLIO YTHUIM3UPYEMbIe, CpeIHE YTHIH3UPYEMbIe U TPYIHO YTHU-
au3upyemble. YacTb 0TX0I0B OJHOPOIHEI 10 CBOeMY (hpaKIMOH-
HOMY, XMMHYECKOMY, (h)a30BOMY COCTaBY M He 3arpsi3HEHbL. Ta-
KHE OTXOJBI JIETKO IepepaboTaTh W UCIIONB30BaTh B KayecTBE
aIbTEPHATHBBI HCXOHOMY CHIPBIO. Boubiiias e 4acth moaumep-
HBIX OTXOZOB IPEJCTaBIsAET COOOH cMech CO CTEKJIOM, MeTall-
70M, OyMaroi, OBITOBBIMH U CTPOUTEIbHBIMUA OTXOAAMH, YTO BbI-
Hy’)XAaeT npuberatsh K NpOIEAypaM OYHCTKUA U COPTHPOBKH [5].
YacTh OTXO/IOB, TAKHE KaK CIIUTBIC MOJUMEPBI, TPYAHO MOJIa-
f0TCs TIepepaboTke 0e3 TPYJOEMKHX, TOPOTOCTOSAIINX TEXHOIIO-
ruil.

K TpaguMIMoHHBIM TEXHOJIOTHSAM, HCIOJIB3YeMbIM B Iepepa-
0OTKe ITACTMACC, OTHOCSTCS: HM3MENbUYCHHE, IPECCOBAHHE CO
CBSIBYIOLINM, (OPMOBAHHE IIO]] AABICHUEM, SKCTPY3HUsl, XUMHUYE-
CKO€ pa3JIoKeHHe, CKUTAHNE U ToNTydeHue sHepruu[6].

HN3menpueHHbBIC OTXOAbI MOJUMEPOB BO3MOXKHO HCIIOJIB30-
BaTh B KaueCTBE 3aIlOJIHUTENCH 6CTOHOB U KOMIIO3UITMOHHBIX
CTPOUTEINIBHBIX MAaTEpUAJIOB Ha HEOPraHUYECKOM BspKylieM. Ta-
KOE€ pELICHUE MOXKET KaK YJy4IlaTh 4acTh CBOWCTB OETOHA, TaKk
U CHWXXAThb IpPYyTHE.

3amaun uccier0BaHuA:

- OLICHKA W aHAJIH3 11eJIeCO00Pa3HOCTH UCIIONB30BaHHS OTXO-
JIOB MOJIMMEPOB B KAYECTBE 3aIlOHUTENICH GETOHOB;

- aHamM3 OCOOCHHOCTEHl M 3aKOHOMEpPHOCTEH W3MEHCHHUS
CBOICTB OETOHOB BCJICICTBUE UCIIOIB30BAHMS 3AIIOJHUTEIICH U3
HOJIMMEPHBIX 0TXOJ0B;

- BBISIBJICHHE HanOoJIee MIEPCIIEKTHBHAIX 00NacTei IpuMeHe-
HHsI OETOHOB C TMOJIMMCEPHBIMHU 3alIOJIHUTCIIAMU,

CpoiicTBa 0€TOHOB ¢ MOJHMEPHBIM 3aI0JTHUTe1eM

CBolicTBa OETOHOB C TMOJHUMEPHBIM 3AMOJHUTENEM MOJIHO-
CTBIO OOBSACHSIOTCS CBOMCTBaMHU caMoro 3amonHutens. [lomm-
MEpHBIE 3aIIOJIHUTENN 00J1a1al0T MEHBIIEH TUIOTHOCTHIO M BOJIO-
HOTJIOIEeHHEM, 0ojiee BEICOKHM MPEAEIOM ITPOYHOCTH IIPU pac-
TSDKEHWH, MEHBIIEH TeMIlepaTypol IUIaBIEHUs, BBICOKOH
XHMCTOMKOCTBIO U H3HOCOCTOMKOCTBIO [3].

BBenenue B coctaB O€TOHHOW CMECH MOJIMMEPHBIX 3aIl0JIHH-
TeNe MOXeT yXynmarh e€ yao00yKiaapBaeMocThb. Takoi a¢-
(bexT oOBsCHSIEeTCS] HEOAHOPOAHOW (OPMOI 3aIOIHUTENS, YTO
CHIYKAET TeKy4ecTh OeToHHOM cmecH [3,7-11]. Ipu stom ymo-
00YKJIaJIbIBAEMOCTh 3aKOHOMEPHO TOBBIIIAETCS P BBEICHHUH B
TaKyr0 cMech ruactudukatopa [12].

[TpuMeHeHHe HONMMEPHOTO 3alOJHUTEIST CHHXKAET IUIOT-
HOCTb OETOHa, YTO CBSI3aHO CO CHU)KEHHBIM Y/IEIbHBIM BECOM Ca-
MOTO 3aloJHUTENsI 0 CPaBHEHHWIO C IPUPOIHBIM CBHIPbEM
[3,7,8,11-19].

CrpykTypa O€TOHa C MOJMMEPHBIM 3aIOJIHUTENIEM OTJINYa-
eTcsl OT CTPYKTYPbI TpaAuIMOHHOTO OeToHa. VccnenoBanus mo-
Ka3bIBAIOT, YTO MCIIOJIb30BAHHE IIEPEpaO0TaHHBIX IIACTUKOBBIX
3aMoJIHUTENICH yBEITMUMBACT COJIEpKAHNE BO3TyXa B IOJIydae-
MoM OetoHe. Takoit 3(h(PeKT cBA3aH ¢ HEOCTATOUHBIM B3aMMO-
JIECTBUEM IIOJIMMEPHOTO CBIPbsl C LIEMEHTHOM MaTpULEH, UTO
TPUBOINT K YBEINYCHUIO IOPUCTOCTH Takoro 6etona [3]. Tpu
MPUMEHEHUH TTOJIMMEPHOTO 3alTOJTHHUTENS 3a30p MEXIy ero da-
CTULIAMM U LIEMEHTHOM MaTpuLEl IKpe, 4YeM B ClIydae ¢ Tpaau-
IIMOHHBIMH 3aIOJIHUTEISIMUA. DTO CBSI3aHO C TJIaJJKOH TTOBEPXHO-
CTBIO TTOJIMMEPHBIX OTXO0JI0B, MX THAPO(HOOHOM PUPOIOHL, KOTO-
past OorpaHUYMBAET ABWKEHHE BOJBI M 3aMEUISET PEaKIMIo ITH-
partauuu BOIM3M Takoro 3amnonHuTtens [20].

IIpouHoCTh OeTOHA Ha C)KaTHE, PACTSHKEHHE U U3THO yMEHb-
IIAeTCs C YBEIMUCHUEM COZEP>KaHMUS 3aII0JIHUTEIS U3 TTOJTHUMEp-
HBIX ~ OTXOJOB. IIpouHocte  OeToHa,  cCoOAEpIKaIIETo

Polymer waste can be conditionally divided into
well-recyclable, medium-recyclable and difficult to re-
cycle. Some of the waste is homogeneous in its frac-
tional, chemical, and phase composition and is not con-
taminated. Such waste is easy to recycle and use as an
alternative to raw materials. Most of the polymer waste
is a mixture with glass, metal, paper, household and con-
struction waste, which forces us to resort to cleaning and
sorting procedures [5]. Some of the waste, such as cross-
linked polymers, are difficult to recycle without time-
consuming, expensive technologies.

The traditional technologies used in the processing
of plastics include: grinding, adhesive pressing, com-
pression molding, extrusion, chemical dissolution, in-
ceneration and energy production [6].

Crushed polymer waste can be used as aggregates of
concrete and composite building materials based on an
inorganic binder. Such a solution can both improve some
of the properties of concrete and reduce others.

Research objectives:

- assessment and analysis of the feasibility of using
polymer waste as concrete aggregates;

- analysis of the features and patterns of changes in
the properties of concrete due to the use of aggregates
from polymer waste;

- identification of the most promising areas of appli-
cation of concrete with polymer aggregates;

Properties of concrete with polymer aggregate

The properties of concrete with a polymer aggregate
are fully explained by the properties of the aggregate it-
self. Polymer aggregates have lower density and water
absorption, higher tensile strength, lower melting point,
higher chemical resistance and abrasion resistance [3].

The introduction of polymer aggregates into the con-
crete mix may worsen its workability. This effect is ex-
plained by the heterogeneous shape of the aggregate,
which reduces the fluidity of the concrete mixture [3,7—
11]. At the same time, workability increases when a plas-
ticizer is introduced into such a mixture [12].

The use of a polymer aggregate reduces the density
of concrete, which is associated with a reduced specific
gravity of the aggregate itself compared to natural raw
materials [3,7,8,11-19].

The structure of concrete with polymer aggregate
differs from that of traditional concrete. Research shows
that the use of recycled plastic aggregates increases the
air content in the resulting concrete. This effect is asso-
ciated with insufficient interaction of polymer raw ma-
terials with the cement matrix, which leads to an increase
in the porosity of such concrete [3]. When using a poly-
mer aggregate, the gap between its particles and the ce-
ment matrix is wider than in the case of traditional ag-
gregates. This is due to the smooth surface of polymer
waste, their hydrophobic nature, which restricts the
movement of water and slows down the hydration reac-
tion near aggregate [20].

The compressive, tensile and flexural strength of
concrete decreases with an increase in the content of pol-
ymer waste aggregate. The strength of concrete contain-
ing heterogeneous polymer waste decreases more clearly
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HEOIHOPOJHBIC MOJMMEPHBIE OTXOABI CHIKAeTcs Oolee SBHO,
YeM B CIIydae ¢ OJHOPOTHBIMH. Taroke K OoJiee 3HAYUTEITHHOMN
HOTepe MPOYHOCTH MPUBOIUT UCIIOIH30BaHNE 3AIIOJIHUTENCH 13
IUTACTUKOBBIX OTXOAOB ¢ 0o0Jiee HU3KMM MOJIYJEM YIPYTOCTH.
CHIDKEHNE IPOYHOCTH yUEHBIE OOBACHIIOT HU3KOH IPOYHOCTHIO
CIIETUICHHS] TOJIMMEPHOTO 3aIlOJHUTENS ¥ IEMEHTHON MaTpHUIIb,
OTpaHWYEHHOI peakuueil ruaparanyuy BOJU3M 3epeH IIaCTHKO-
BOTO 3aIIOJIHUTEIS], CHY)KEHHBIM MOJTYJIEM YIPYTOCTH TaKoro 3a-
TIOJIHUTEJIS 110 CPABHEHUIO C PUPOJHBIM CBIPHEM, BHICOKHUM CO-
JIep)KaHUEM BO3/yXa W TOPUCTOCTBIO TAKOrO0 OETOHA, BO3MOXK-
HBIM pa3pymIIeHUEM IUTACTUKOBBIX 3aI0HUTENEH 01 IeHCTBHEM
menouHo# cpexmst [3,7,11,14-17,19].

B T0 )¢ Bpemst ipy HEOOIBIINX TO3MPOBKAX 3aIIONHUTEINCH
U3 MOJMMEPHBIX OTXOJ0B BO3MOXXHO HE3HAUHUTEIHHOE YITydlIlle-
HHME MEXaHHWYECKUX XapaKTepucTHK OeToHa. ABrophl [15,16]
CUUTAIOT, YTO NP NMPUMEHEHHUHN IUIACTHKOBBIX OTXOJOB HETpa-
BWJIbHOI (DOPMBI C ILIEPOXOBATOH MOBEPXHOCTHIO U JOCTATOYHO
MeJKOH (ppakiuuy CHIKEHNE TPOYHOCTH MOYKHO CBECTH K MUHU-
maspHOMy. Craths [9] coobimaer o mpupocTe MPOYHOCTH Ha
ckarue v m3rud Ha 6-8 u 8-12% COOTBETCTBEHHO IPH 3aMEHE B
OCTOHHOW CMECH IMecKa Ha OTXOJbl MONMATHICHTepedTanaTa
(IT9T) na 5%. Benenue B coctaB OeTOHA C MOJIMMEPHBIMH OT-
XOZaMH IUIacTU(HUKATOPa CHIXKACT HETaTUBHBIN 3 PEKT yMEHb-
IICHUS] MEXaHMYECKUX XapaKTepHCTUK Ha 5% [12].

Hcnons3oBanue B cocTaBe O€TOHA IIepepadOTaHHBIX IIIACTH-
KOBBIX BOJIOKOH ((hHOpBI) IPUBOINT K YBEIWICHUIO TPOYHOCTH
Ha C)KaTHe, pacTspKkeHne n u3rud. Vcmonp30BaHe IIIaCTHKOBBIX
BOJIOKOH C BBICOKHM IIPEIEIIOM IIPOYHOCTH MNPH PACTIKEHUH
NPUBOAMUT K OoJbuieMy 3(GQeKTy yBEeIMYEeHUs] MPOYHOCTH Oe-
ToHa. Ha MpOYHOCTH TakXe BIUSIOT COOTHOLICHHWE CTOPOH BO-
JIOKHA U XapaKTep ero MOBEPXHOCTH (TiajKasi, penbedHasi, rod-
pupoBaHHasi). [Ipu ucnbITaHUU IIPU 0OpPA30BAHUU TPELINH BO-
JIOKHA TIPOJIOJDKAOT BOCIIPUHUMATE HArPy3KYy, 3a CU4ET TOTO, YTO
HalpsDKEHUE IepeacTcsl OT MaTPHLBI K BOJIOKHAM [3].

Cratps [18] nocesiieHa UCCIIeIOBAHUIO IO YCHIICHHIO IITY-
KaTypHOTO pacTBOpa MOPOILIKOM M3 OTXOAOB CTEKJIAa M BOJOK-
HaMU U3 IUIACTUKOBBIX 0TX0A0B THna [I9T. ABTopamMu otmeda-
eTcsl yBeIMUYEeHUE IPOYHOCTH IITYKaTypKH, apMUpOBaHHOi 1-2%
TUTACTUKOBBIX BOJIOKOH OT MACCHI BSDKYILIETO.

Moaynb ynpyroctu 0OeToHa C IUIACTUKOBBIMHU 3aIOJTHHUTE-
JISIMM, KaK IPaBUIIO, HUKE, 4eM Y OeTOHa C IPUPOJHBIMHE 3a110JI-
HuTeIsiMU. CHIDKEHHE YBEIWYHBAETCS NpH OobIIeld HEoqHO-
POTHOCTH 3aMTOJTHUTENS U YMEHBIIEHUH €0 MOIYJIS YIPYTOCTH.
M3-3a HE3HAUUTETHHOTO MOMIYJS YIPYTOCTH CaMOTO 3aloiHH-
TeJIA €T MOBBIIIEHHOE BKIIOYEHHE B CMECh MOXKET YBEINYUBATh
YIPYTyI0 HECOBMECTUMOCTh MEXKAY HUM M MaTpHIIEH, 4TO MpH-
BOJMT K KOHIEHTPAIMH HAIPSHKEHUH Ha rpaHuie paszaena ¢as
[3,7].

[Ipy ncronb30BaHUM IIIACTHKOBBIX 3alOMHHUTENCH M3MEHS-
eTcsl XapakTep AUarpaMMbl HalpsDKEHUH-ieopMannii mpu cxxa-
Tiu 6etoHa. [Ipu yBenmueHNH CoOAep KaHMs TAKOTO 3aIOTHUTENS
paspylIeHne HacTyNaeT IPH MEHbINEH Harpyske, OZHAKO, IpH
Gonbinux gedopmanusx [15]. [Ipu ucnbTaninu GETOHA 3aMOIHHI-
TEJb HE pa3pyIlaeTcs, a BRITArMBaeTCs Hapyxy [7]. B ciyuae Ge-
TOHA C TOJIMMEPHBIM 3aII0THHUTENIEM HEe Ha0II0JaeTCsl THITMIHOTO
XPYTKOTO pa3pyIIeHus KaK B CIIydae ¢ TPaJUIIMOHHBIM OETOHOM.
[To mepe yBenH4eHUs COAEPIKaHMS TTOJUMEPHOTO 3aIlOJTHUTEIS
XapakTep pa3pylICHHs CTAaHOBHTCS Oosiee IUTaCTH4HBIM. [Ipm
pa3pyLeHn: YacTUIBl IUIACTHKA 00pa3yroT MEXIy IBYMs II0-
BEPXHOCTSIMH CBSI3b, IPEI0OTBpalas pa3pyluieHue Bcero oopasua.
OO6pasupl OeTOHA ¢ BKIIOYEHHEM IUIACTHKOBBIX 3aIOJIHUTENEH
CIIOCOOHBI BBIAEPKMBATH HArpy3Ky B T€YE€HHE HECKOJBKUX MH-
HyT TIOCI€ Hadana pas3pylnieHus. AHaJIOTWYHAs KapTHHA
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than in the case of homogeneous ones. Also, the use of
aggregates from plastic waste with a lower modulus of
elasticity leads to a more significant loss of strength. Sci-
entists explain the decrease in strength by the low adhe-
sion strength of the polymer aggregate and the cement
matrix, limited hydration reaction near the grains of the
polymer aggregate, reduced modulus of elasticity of ag-
gregate compared to natural raw materials, high air con-
tent and porosity of such concrete, possible destruction
of polymer aggregates under the action of an alkaline
[3,7,11,14-17,19].

At the same time, with small dosages of aggregates
from polymer waste, a slight improvement in the me-
chanical characteristics of concrete is possible. The au-
thors [15,16] report that when using irregularly shaped
plastic waste with a rough surface and a sufficiently fine
fraction, the decrease in strength can be reduced to min-
imal. Article [9] reports an increase in compressive and
flexural strength by 6-8 and 8-12%, respectively, when
replacing sand in a concrete mixture with polyethylene
terephthalate (PET) waste by 5%. The introduction of a
plasticizer into the composition of concrete with poly-
mer waste reduces the negative effect of reducing me-
chanical characteristics by 5% [12].

The use of recycled polymer fiber in the composition
of concrete leads to an increase in compressive, tensile
and flexural strength. The use of plastic fibers with a
high tensile strength leads to a greater effect of increas-
ing the strength of concrete. The strength is also influ-
enced by the aspect ratio of the fiber and the nature of its
surface (smooth, embossed, corrugated). During the
crack formation test, the fibers continue to perceive the
load due to the fact that the stress is transferred from the
matrix to the fibers [3].

The article [18] is devoted to a study on reinforce-
ment plaster mortar with powder from glass waste and
fibers from plastic waste such as PET. The authors report
an increase in the strength of plaster reinforced with 1-
2% plastic fibers by weight of the binder.

The modulus of elasticity of concrete with polymer
aggregates is usually lower than that of concrete with
natural aggregates. The decrease increases with greater
heterogeneity of the aggregate and a decrease in its mod-
ulus of elasticity. Due to the insignificant modulus of
elasticity of the aggregate, its increased inclusion in the
mixture can increase the elastic incompatibility between
it and the matrix, which leads to stress concentration at
the boundary of the phases [3,7].

When using polymer aggregates, the nature of the
stress-strain diagram changes during concrete compres-
sion. With an increase in the content of such an aggre-
gate, destruction occurs with a lower load, however, with
large deformations [15]. When testing concrete, the ag-
gregate is not destroyed, but is pulled outwards [7]. In
the case of concrete with a polymer aggregate, there is
no typical brittle destruction as in the case of traditional
concrete. As the content of the polymer aggregate in-
creases, the nature of the destruction becomes more plas-
tic. When the plastic particles are destroyed, they form a
bond between the two surfaces, preventing the destruc-
tion of the entire sample.

Concrete samples with the inclusion of plastic aggre-
gates are able to stand the load for several minutes after
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HaOJIoaeTcs B CIydac MCIBITAHUS TaKOTo OETOHA Ha pacTsike-
HHE, pa3pyLIeHHE IPOUCXOINUT 00JIee MOCTENEHHO. ABTOPHI CTa-
ThH [21] OTMeUaroT, YTO B TPATHUIHOHHOM GETOHE TPHPOIHBIM
3aII0JTHUTENb NIPH UCTIBITAHUN MOXKET Pa3pyIIaThCsl, paCTPECKH-
BaThCsl, TOTAA KaK MOJMMEPHBIN 3allOJHUTENb AehOPMUPYETCS
BMECTO JIpoOJIeHHs U pacTpecKuBaHus. BBeneHue B 6eTOH noiu-
MEpHOTO 3aIlOJIHUTENSI TaKKe MOXKET OCTaHABIMBATH PAacHpo-
cTpaHeHue MukpoTtpenmH [11].

[Tpn wcnoap30BaHMU 3aIOTHUTENICH M3 MOJMMEPHBIX OTXO-
JIOB MOXKET IOBBIIIATHCS] CTOWKOCTh OETOHA K MCTHPAHUIO. DTOT
3¢ ¢dexT cBA3aH C TeM, YTO IOJIMMEpPHBIH 3allOIHUTENH Ooee
TIPOYHBIN U CTOWKHM K MCTHPAHUIO YeM MPUPOAHOE Chiphe [3].
OpHako cymiecTByeT u 0OpaTHas TOUKa 3peHHUs, aBTOPEI pabOTHI
[7] ormeuatoT cHMKEHHE CTOMKOCTH GETOHA K UCTHpaHuio. Ta-
KM 00pa3oM, MOKHO CZAENaTh BBIBOJI, YTO U3MEHEHUE CTOMKO-
cTH OETOHA K MCTHUPAHMIO 3aBHCHUT OT BHIA U Ka4E€CTBA UCIIOJNb-
3YEMbIX IOJIUMEPHBIX OTXOIO0B.

Cratps [10] coobimaer o MOBBIIICHUH CTOMKOCTH K 3PO3HH
(I/ICTI/IpaHI/Ie IMIOTOKOM BO/JibI, HACBIIICHHBIM MCJIKHMMH YaCTHULIaAMH
KaMEHHBIX MaTepuajoB) OETOHA C YACTUYHOW 3aMEHOM IecKa Ha
5% otxomoB 10T u nonuaTUIEHA HU3KOM TIOTHOCTH. Uccaemy-
emble 00pa3ibl OeTOHa Takke ObUIM MPUMEHEHBI P PEMOHTE
MOBEPXHOCTH TUIOTHHBI U 110 YTBEP KJCHUIO aBTOPOB HE BBI3BAIIN
TEXHHYECKHX IPOOIIEM.

INonasnsromee GONBPIINHCTBO BHUAOB MOJMMEPOB HE MOAA-
JOTCSI OMOJIOTHYECKOMY Pa3JIOKECHUIO M 00JIalal0T BHICOKOH XH-
MHYECKOH CTONKOCTBIO, TIO3TOMY MOTYT COXPAaHSATHCS B €cTe-
CTBEHHOM cpenie AecATHICTHAMHU U BekaMmH. [Ipu nobasieHnn B
0ETOH B BBICOKOIIEIIOYHOW Cpelie MOJMMEPHBIE OTXOJbI TaKXKe
0CTarTCs CTa0MIBHBIMU. OTHAKO, €CTh UCCIIE0BaHUS OATBEP-
JKIarolnee BBICOKYIO creneHb paznoxkenus [19T BomokoH B
Tonme 0eToHa Ha cpokax oT 150 gHe#t 1m0 roga. DTO cBsI3aHO C
Bo3eiicTBuamu nonos Ca?*, Na*, K¥, OH"[14].

[Tpu ncnonp30BaHNK B OETOHE 3aIIOIHUTENS U3 MOJIUMEPHBIX
OTXOJIOB, HE CMOTPS Ha HU3KOE BOJIOTIOTJIOIIEHHE CaMOTo 3aII0JI-
HUTEJIS], 329aCTyI0 BO3MOXKHO YBEJIMUCHHE BOJIOTIOTJIONIEHUS Oe-
TOHHOTO KaMHs. DTO CBS3aHO C TEM, YTO M3-3a HEJOCTATOYHOTO
B3aMMO/ICHCTBUSI IUIACTUKOBBIX YacTHIl M MHHEpaJbHOM Mart-
PHIBI KAMEHb CTAHOBHTCS IOPHUCTHIM [3].

Crares [19] mocesinena ucciea0BaHUsAM, HAPaBIEHHBIM Ha
M3y4eHHe CBOICTB OETOHHBIX CMeceil, B KOTOPHIX MEJIKHIA 321101~
HUTEJIb U3 PEYHOTO MECKa ObLI 3aMEHEH Ha TpaHyJbl, U3IrOTOB-
JIEHHBIE MMyTeM u3MesbueHus otxooB [IBX tpy6. Otmeuaercs,
yT0 OeToHB! Ha ocHOBe IIBX 3anonHuTENs 00/1a1a10T TOBBIIICH-
HOH YCTOMUYMBOCTBIO K NPOHHUKHOBEHHWIO XJopua HoHOB. On-
HAaKo, C IPYroi CTOpoHbI, aBTOphI pabdor [8,13] coobiatoT o mo-
BBIIIEHHOM NPOHUKHOBEHHWH XJIOPHUA-WOHOB B OETOHaxX ¢ Hc-
nonb3oBanueM oTxo/10B [19T u nenononuyperaHa 3a cueT 60JIb-
IINX [TOKa3aTeJel BOIOIOTJIONIEHH S, BOJIOIIPOHUIIAEMOCTH U O~
PHUCTOCTH KaMHSI.

MHorue uccaeaoBaHus COOOIIAIOT, YTO OETOHBI C 3aITOIHU-
TEJISIMHU U3 OTXOJIOB TIOJTMMEPOB 00JIaat0T OO0JIbIIEH yCaaKou 1o
CPaBHEHHUIO C KOHTPOIbHBIME OOpasmamu [15,22,23]. 3to cBs-
3aHO C BBICOKOU Je()OPMATUBHOCTHIO MTOJMMEPHBIX 3aTOTHUTE-
Jiel, B pe3yJibTaTe 4ero OHM 00eCTeunBal0T HU3KOE COTIPOTHBIIE-
HHE ycaJiKe [IeMeHTHOro KaMHsi. OJJHaKO HEKOTOpbIE HCCIIe[0Ba-
TEJH TOJIYYHIIN MPOTUBOMOJIOKHbIE pe3ynbTathl. Ctaths [8] co-
ob1maer, 4to OeTOHBI ¢ 3anojaHuTeNeM Ha ocHoBe [19T obGnanator
MeHblIel ycankoil. CBoe HaOIIIOAEHHE aBTOPHI CBA3BIBAIOT C
HHU3KHM BOJIOTIOTJIONIEHUEM TUIACTUKOBBIX 3aII0JIHUTENEH, TAKUM
00pa3oM, ocTaeTcst 00JIbIEe BOABI ISl YBIAXKHEHUS [IEMEHTHOTO
KaMHSI, 4TO BIIMSCT HA CHW)KCHHE ycaaku. ABTOpbI padotsl [19]
HaOJIOAaMy CHIDKCHUE YCAIKU TIPH YBEIHMUCHHH COMACPKAHUS

the start of destruction. A similar pattern is observed in
the case of tensile testing test of such concrete, the de-
struction occurs more gradually. The authors of the arti-
cle [21] reporting, that in traditional concrete, the natural
aggregate can be destroyed and cracked during testing,
whereas the polymer aggregate is deformed instead of
crushing and destroing. The introduction of a polymer
aggregate into concrete can also stop the spread of mi-
crocracks [11].

When using aggregates from polymer waste, the
abrasion resistance of concrete can increase. This effect
is due to the fact that the polymer aggregate is more du-
rable and resistant to abrasion than natural raw materials
[3]. However, there is also a reverse point of view, the
authors of the work [7] report a decrease in the abrasion
resistance of concrete. Thus, it can be concluded that the
change in the abrasion resistance of concrete depends on
the type and quality of the polymer waste used.

Article [10] reports an increase in the resistance to
erosion (abrasion by a stream of water saturated with
small particles of stone materials) of concrete with par-
tial replacement of sand by 5% of PET and low-density
polyethylene waste. The studied concrete samples were
also used to repair the surface of the dam and, according
to the authors, did not cause technical problems.

The most of polymer types are not biodegradable and
have high chemical resistance, therefore they can be pre-
served in the natural environment for decades and cen-
turies. When added to concrete in a highly alkaline envi-
ronment, polymer waste also remains stable. However,
there are studies confirming a high degree of decompo-
sition of PET fibers in the concrete for periods from 150
days to a year. This is due to the influence of Ca2*, Na*,
K*, OH [14].

When using a polymer waste aggregate in concrete,
despite the low water absorption of the aggregate itself,
it is often possible to increase the water absorption of
concrete stone. This is due to the fact that due to the in-
sufficient interaction of plastic particles and the mineral
matrix, the stone becomes porous [3].

The article [19] is devoted to research aimed at stud-
ying the properties of concrete mixtures in which a fine
aggregate from river sand was replaced with granules
produced by crushing waste PVC pipes. It is report that
PVC-based concrete aggregates have increased re-
sistance to the penetration of chloride ions. However, on
the other hand, the authors of [8,13] report increased
penetration of chloride ions in concretes using PET
waste and polyurethane foam due to high water absorp-
tion, water permeability and porosity of the stone.

Many studies report that concretes with aggregates
from polymer waste have a greater shrinkage compared
to control samples [15,22,23]. This is due to the high de-
formability of polymer aggregates, as a result of which
they provide low resistance to shrinkage of cement
stone. However, some researchers have obtained the op-
posite results. Article [8] reports that concretes with
PET-based aggregate have less shrinkage. The authors
attribute their observation to the low water absorption of
plastic aggregates, thus there is more water left to mois-
tening the cement stone, which affects the reduction of
shrinkage. The authors of the work [19] observed a de-
crease in shrinkage with an increase in the content of
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TIBX 3amosiHATENST B COCTaBe JISTKOTO Kepamauroberona. OHH
CBA3BIBAIOT 3TO ¢ TeM, uyTo [IBX rpanynbl He NPOHULIAEMBI, HE
BIIUTBIBAIOT BOAY, M HE AIOT YCaKH, TAKAM 00pPa30M CHIKAETCS
u o0mas ycanka 6eToHa.

B 10 xe BpeMs, IpH HCIOJIB30BAHUY B OCTOHE MOIUMEPHBIX
BOJIOKOH ((puOpBI) MHOTHE UCCIICIOBAHHS COOOIMIAIOT O CHUXKE-
HUU ycanku [24-26]. DddexT apMupoBaHHUs BOIOKHAMH TaKKe
NPOSBISIETCS B CHIDKCHUH KOJIMYECTBA TPEIMH, MAKCUMAJILHOTO
packpbITHsL TpeuuH U oOmeil rmomanu tpemwuH. [lo pacmpo-
CTpaHEHHOMY MHEHHIO, yCa/Ika yMEHbBIIAeTCs 3a CYET TOro, YTO
NP BBICBIXaHWH BOJIOKHA CICPXKMBAIOT PACTATHUBAIOIINE HAIIPS-
JKEHUsI, BO3HUKAIOIINE BJONb UX MOBepXHOCTH. ORHAKO, C Apy-
TO#f CTOpOHBI, cTaThs [27] coobImaer, 9T0 apMHUPOBAHUE TTOJH-
MPONMICHOBBIMH BOJIOKHAMH NPAKTUYECKH HE U3MEHSET yCaiKy
M3TOTOBIICHHBIX OCTOHOB Ha JIETKOM 3aIlOJHHUTENE. ABTOPHI CTa-
TbU [28] momyunik pe3ynbrar, 3aKI0YAONIHIACS B TOM, YTO He-
apMHUpOBaHHbIE 00pa3Libl 00JIaJali HAMMEHBIIEH ycalKoi, a 00-
pasiibl, apMupoBaHHble iepepabotanupiMu [19T BomokHamMu win
MOJIMIPOITMIICHOBBIME BOJIOKHAMH HMeNH ycaaky Ha 8-25%
Ooutbllie, HO B CIy4ae OTPaHUYEHHOI yCalki BOJIOKHA MOBBICHIN
CONPOTHUBJICHHE PACTIKCHUIO ¥ 3aMEJTUIIN 00pa3oBaHKUE MaKpo-
TPELLMH.

Cratps [29] mocesimeHa McClieNOBaHUIO YCAIKH U TOJI3yde-
cTi OCTOHA C 3allOJHHUTENEM U3 OTXOAOB IEHOINOJIHCTHPONIA B
BHUJIE TpaHyJ. YcaJKa [0 pe3yibTaTaM HCCIIEA0BaHUS yBEINIH-
nack Ha 39-40% 1O CpaBHEHHMIO C ITAJIOHHBIMH OOpa3LaMH.
Taxxe oTMeuaeTcst 6oee BBICOKasl ITOI3YIeCTh OETOHA C 3aIoJI-
HHUTEJIEM U3 MEHOIOJIMCTHPOIA, aBTOPHI 3TO OOBSICHAIOT HECIIO-
COOHOCTBIO YaCTHUI] C HU3KUM MOJYJIEM YIPYTOCTH CACPKHUBATDH
[0JI3y4eCTh LEMEHTHON MaTPHULIBL.

Agrops! [30] mpoBenu uccnea0BaHus IO 3aMEHE MecKa B CO-
CTaBe LIEMEHTHOTO pacTBOpa Ha OTXO/bI yIapOIPOYHOIo MOJIH-
CTHpOJIa U YCTAHOBMIIM, YTO BHE 3aBUCHMOCTH OT MPOLIEHTA 3a-
MEHBI, PACTBOPHI OCTAIOTCS TAKMMH K€ YCTOWYNBBIMH K IIUKJIAM
3aMOpaKMBaHUs 1 OTTauBaHus. B craree [31] nccnemoBanst Jier-
Kre OETOHBI C 3aIIOJIHUTENIEM U3 TEPMUYECKH MOANGHUINPOBAH-
HOTO IECHOIIOJIMCTHPONA. ABTOPHI OTMEYAIOT, YTO OETOHBI C
KPYIHO3EPHUCTHIM IepepaboTaHHBIM ITEHOIOIMCTUPOILHBIM 3a-
MOJTHUTENEM OoJiee UyBCTBUTEINIBLHBI K MONIEPEMEHHOMY 3aMOpa-
JKUBAaHUIO M OTTAaUBAHUIO, YeM OETOHBI C MEIKUM TepepaboTaH-
HBIM 3amnojauTeneM. Hanmydmeit Mopo3ocToikocTsio 06manaet
JeTKUi OETOH, B COCTaBe KOTOPOTO IPHCYTCTBYET KPYIHBIN
HATypaJIbHBIA 3aII0JIHUTENs U MEJIKUI U3 MepepaboTaHHOTO MO-
JU(UIMPOBAHHOTO MEHOMOMUCTHPOa. B [25] coobmiaercs, uro
apMHUPOBaHHBIE TIOJIMTIPOIHIIEHOBOI (hrUOpOit GeTOHBI 0011a1aI0T
HECKOJIbKO OO0JbIIeli MOPO30CTONKOCTBIO, aBTOPHI CBS3BIBAIOT
JJaHHOE CBOMCTBO CO CHOCOOHOCTBIO pacIpezneieHHoi Gpuops
C/IEPXKHMBATh PacTATUBAIONINE HANPSDKCHNS! BOSHUKAIOINE H3-32
3amep3aHus BOABI B TIopax OeToHa.

CornacHo [32] mpucyTCTBHE MOJIUMEPHBIX OTXOJOB B CO-
cTaBe OETOHA MOJKET yJy4YIlIaTh ero TeIJIOU30JISIHOHHbIE CBOM-
ctBa. 1o pe3ynpTaTtam ncnsitanus 6etonsl ¢ orxogamu 19T Oy-
TBUTOK 00nanatot Ha 10-18% mydrmei TermIon30sIIIMOHHON CITO-
COOHOCTBIO TIO CPaBHEHHUIO ¢ 00BIUHBIM GeToHOM. ABTOpHI [30]
COOOIIAIOT, YTO PACTBOPHI COZICPIKALIME B KAUeCTBE YaCTHYHOM
3aMEHBI IIeCKa OTXO0/Ibl YJAPOIPOYHOTO MOJIUCTUPOIIA 00T Jat0T
cHIDKeHHOH Ha 13-56% TemnonpoBOAHOCTBIO. DTO CBS3aHO C
MEHBIIIEH TEeIUIONPOBOJHOCTHIO MepepabOTaHHOTO 3aIOIHHUTEIS
10 CPAaBHEHHMIO C MIECKOM.

Astopamu [33] uccrnenoBana cnocoOHOCTb OETOHA € OTXO-
namu II9T BeInepkuBaTh M3ruOAIOIMEe HArpY3KH NPU MOBBI-
HIEHHBIX TeMIleparypax. YcraHoBiaeHo, 4to npu 200 °C 3amer-
HBIX M3MEHEHMH He HabmomaeTcs, Toraa kak npu 400 u 600 °C
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PVC aggregate in the composition of lightweight ex-
panded clay concrete. They attribute this to the fact that
PVC granules are impermeable, do not absorb water, and
do not shrink, thus reducing the overall shrinkage of con-
crete.

At the same time, when polymer fibers are used in
concrete, many studies report a decrease in shrinkage
[24-26]. The effect of fiber reinforcement is also mani-
fested in reducing the number of cracks, maximum crack
opening and total crack area. According to popular be-
lief, shrinkage is reduced due to the fact that, when dry-
ing, the fibers restrain the tensile stresses that arise along
their surface. However, on the other hand, article [27]
reports that reinforcement with polypropylene fibers
practically does not change the shrinkage of manufac-
tured concretes on a light filler. The authors of the article
[28] obtained the result that the non-reinforced samples
had the least shrinkage, and the samples reinforced with
recycled PET fibers or polypropylene fibers had a
shrinkage of 8-25% more, but in the case of limited
shrinkage, the fibers increased tensile resistance and
slowed down the formation of macrocracks.

The article [29] is devoted to the study of shrinkage
and creep of concrete with a aggregate from foam poly-
styrene waste in the form of granules. The shrinkage ac-
cording to the results of the study increased by 39-40%
compared to the reference samples. There is also a
higher creep of concrete with expanded foam polysty-
rene aggregate, the authors explain this by the inability
of particles with a low modulus of elasticity to withstand
the creep of the cement matrix.

The authors [30] conducted studies on the replace-
ment of sand in the composition of cement mortar with
high-impact polystyrene waste and found that, regard-
less of the percentage of replacement, the mortars remain
the same resistant to freezing and thawing cycles. In the
article [31], lightweight concretes with an aggregate
made of thermally modified foam polystyrene are stud-
ied. The authors report that concretes with coarse-
grained recycled polystyrene aggregate are more sensi-
tive to alternate freezing and thawing than concretes
with fine recycled aggregate. Lightweight concrete has
the best frost resistance, which contains a large natural
aggregate and a small one made of recycled modified
foam polystyrene. In [25] it is reported that concrete re-
inforced with polypropylene fiber has a slightly higher
frost resistance, the authors associate this property with
the ability of distributed fiber to restrain tensile stresses
arising from freezing of water in the pores of concrete.

According to [32], the presence of polymer waste in
the composition of concrete can improve its thermal in-
sulation properties. According to the test results, con-
cretes with PET bottle waste have 10-18% better thermal
insulation ability compared to traditional concrete. The
authors [30] report that mortars containing high-impact
polystyrene waste as a partial replacement of sand have
a reduced thermal conductivity of 13-56%. This is due
to the lower thermal conductivity of the recycled aggre-
gate compared to sand.

The authors [33] investigated the ability of concrete
with PET waste to withstand flexural loads at high tem-
peratures. It was found that at 200 °C there are no notice-
able changes, whereas at 400 and 600 °C there is a
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HaOJII0TAETCS CHUYKCHHUE TIPOYHOCTH TAaKUX OSTOHOB MPH U3THOE,
NpPUYEM OHO CTAHOBHUTCS OOJIee 3HAUYUTEIBHBIM [IPU YBEITHUCHUU
conepxanns [10T.

Cratest [17] mocBsiiiieHa WCCICOBAHUIO PACTBOPOB C HC-
MOJIb30BAHUEM MepepabOTaHHBIX IJIACTHKOBBIX IMAKETOB. AB-
TOPBI OTMEUAIOT CJIEAYIOIIEe: PACTBOPHI C 100aBICHUEM IIJIACTH-
KOBBIX OTXO0JI0B 00JIee CTOMKU B KUCIIBIX CpeAax, MPU MOTpyxKe-
HHUM 00pasIoB B KMCJIOTY UX MOTEPs Beca yMEHbIIalach MpHu yBe-
JMYEHUH COJEP)KaHMs IUIACTUKOBBIX OTXOJOB. Takxke aBTODEI
OTMEYaroT, YTO 00pa3ubl ¢ JA00aBICHHEM OTXOIOB IJIACTMACC
MEHbIIIE MOJBEP)KEHbI PACTPECKUBAHUIO BCICICTBUE YCAJIKHU, B
TO BpeMsi KaK KOHTPOJIbHBIH 00pasell Mpy MCIbITAHUKA Ha Orpa-
HUYCHHYIO yCaJIKy UMEJ TPEUIMHBI, COCTaBbl C IIACTUKOBBIMU
OTXO0/IaMH HE UMEJIH TPELIMH W UMEIH, HO HAMHOTO MEHee HH-
TeHcuBHbIe. [[OMHUMO 3TOTO, aBTOPBI HCCIIEOBAJIH TOBEACHHE U
MPOYHOCTH 00PA3IOB IPH PA3UYHBIX TEMIIEpaTypax U CIeaann
BBIBOJI, 4TO 1pu Harpese 10 100-125 °C oOpasiipl Ha OCHOBE 1A~
CTHUKOBBIX OTXOZ0B COXPAHAIOT CBOM BHEIIHUH BUI U UMCHOT I10-
BBIHICHHYIO MPOYHOCTb, YTO MOKET 6I)ITI) CBA3aHO C YCKOPCHUEM
peakuui ruapaTanuvii ¥ pacliMpEeHHUEM OTXOZOB, KOTOPOE CO-
3/1a€T BHYTpEHHUE HanpspkeHusd. [Ipu yBenndeHnu remMnepaTypel
6onee 125 °C o0Opa3iubl TepsIOT CBOM BHEIIHUI BUI U pa3pylla-
FOTCHL.

CpoiicTBa 0€TOHOB € 3aII0JJHUTEISAMH
U3 0TXO/I0B CIIMTHIX MOJIMMEPOB

BonpmmHCTBO HCcnenoBaHui B OOJIACTH MOJIMMEPHBIX 3a-
MOJTHUTENEH A7t OETOHA HaNpaBJICHBI HA IEPepabOTKy OTXO/I0B
[19T, TIBX, monucTupoa, IIacTUKOBBIX MakeToB. Ho Takke B
IpoIiecce CTPOUTENBCTBA U CHOCA 00PA3yIOTCS OTXOJIBI CIIUTBIX
noJuMepoB (MOTUATUIIEHA, ToUnponuieHa). Koropble ucmnosb-
3YIOTCS JUIl M3TOTOBJIEHUS Kabenell M CucTeM KOMMYHHMKalluu
(BomocHabXxeHHe, TeIUIOCHA0KEHIEe, KaHATU3AIIH).

Ha 2019 r. MupoBo€e mpOU3BOACTBO CLIMTOTO MOJHUITHIICHA
npesbicuio 260 Toic. ToHH [34]. Poct mpou3BoacTBa CBsI3aH ¢ 3a-
MEHOW TPaJUIMOHHBIX TIOJIMMEPOB Ha 00Jiee CTOWKNE CIINTHIE.

IIpu Temmeparype Boime 75-100 °C mommaTHieH pa3Msrda-
ercsa U TeuéT. CHiMBKa MO3BONSIET COXPAHUTh CBOMCTBA IOJH-
Mepa B Oojee IIMPOKOM TeMIlepaTypHOM juamnasoHe. CiIuBka
nojpasyMeBaeT MOJU(UKAIMIO MOJIMMEpa Ha MOJIEKYJISIPHOM
YpOBHE, B pe3yJbTaTe Yero Mexay MOJICKyJaMH MoJuMepa 00-
pa3yroTcs MONEepeyHble CBSI3U U CO3/1aeTcs TpexXMepHasl CTPYK-
typa (Puc.2), koTopas omnpeaenser MupoKuii Anana3oH pabounx
TeMIIepaTyp, BEICOKHE MEXaHUYIECKHE U IUIIEKTPHUECKUE CBOH-
CTBa MaTepHaia, XUMUIECKYIO CTOHKOCTb.

CmmBKa MOXET NMPOU3BOIAUTHCS (HU3MUYECKUM (pajnannoH-
HBIM) U XUMHYECKUM (TIEPOKCHIHBIM, CHIIAHOBBIM, a30THBIM ) Me-
ToJaMH. OTO JOCTATOYHO CIIOKHBIE TEXHOJIOTMUYECKHE IIPO-
LECChI, KOTOPBIE MOTYT UMETh CBOM HEOCTATKH: HU3Kasl IPOU3-
BOJIUTEJILHOCTD, JIOPOTOCTOsIIIIee 000py/IOBaHNE, HEPaBHOMEp-
HOCTH CIINMBKH, pUcK Opaka [35].

B TO)e Bpems M3-3a TEXHOJOTHUU CUIMBKU, TAaKOH IOJUMED
TPYAHO HOJAAeTCS TPAAUIIMOHHBIM MeTofaM mepepaboTku. [le-
pepaboTKa CITUTHIX MOJIMMEPOB SBIISIETCS CIIOKHOHN M CEPhE3HOM
Mpo0JIEMOT 1 TIPEICTaBISIET YIPO3y OKPYIKAIOIIEeH cpeie.

decrease in the strength of such concretes during heating,
and it becomes more significant with an increase in the
PET content.

The article [17] is devoted to the study of mortars us-
ing recycled plastic bags. The authors report that mortars
with the addition of plastic waste are more stable in
acidic, when samples were loaded into acid, their weight
loss decreased with an increase in the content of plastic
waste. The authors report that samples with the addition
of plastic waste are less cracking due to shrinkage, while
the control sample had cracks when tested for limited
shrinkage, compositions with plastic waste did not have
cracks or had, but much less intense. In addition, the au-
thors investigated the behavior and strength of the sam-
ples at various temperatures and concluded that when
concrete heated to 100-125 °C samples retain their ap-
pearance and have increased strength, which may be due
to accelerated hydration reactions and waste expansion,
which creates internal stresses. When the temperature in-
creases above 125 °C, the samples lose their appearance
and destroy.

Properties of concretes with aggregates from
waste crosslinked polymers

Most of the research in the field of polymer aggre-
gates for concrete is aimed at recycling waste PET, PVC,
polystyrene, plastic bags. But also in the process of con-
struction and demolition, waste of cross-linked polymers
(polyethylene, polypropylene) is formed. They are used
for the manufacture of cables and communication sys-
tems (water supply, heat supply, sewerage).

In 2019, the global production of cross-linked poly-
ethylene exceeded 260 thousand tons [34]. The increase
in production is associated with the replacement of tra-
ditional polymers with more resistant crosslinked ones.

At temperatures above 75-100 °C, polyethylene sof-
tens and melts. Crosslinking allows to preserve the prop-
erties of the polymer over a wider temperature range.
Crosslinking involves modification of the polymer at the
molecular level, as a result of which cross-links are
formed between the polymer molecules and a three-di-
mensional structure is created (Fig.2), which determines
a wide range of operating temperatures, high mechanical
and dielectric properties of the material, and chemical
resistance.

Crosslinking can be performed by physical (radia-
tion) and chemical (peroxide, silane, azote) methods.
These are rather complex technological processes that
may have their disadvantages: low productivity, expen-
sive equipment, uneven crosslinking, and the risk of de-
fects [35].

At the same time, due to the crosslinking technology,
such a polymer is difficult to recycle using traditional
processing methods. The recycling of crosslinked poly-
mers is a complex and serious problem and poses a dan-
ger to the environment.
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PUCYHOK 2

MOJIEKYJISIPHASI CTPYKTYPA:
1 — nosm3THIIEHA;
2 — CHIMTOTO0 MOJHITHJIEHA;

O .
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Figure2 H,
Molecular structure:

1 - polyethylene;

2 — cross-linked polyethylene;
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B mojuMepHO# MPOMBIIIIEHHOCTH CHIMTHIE MTOJTUMEPHI T1e-
pepabaThIBalOT ¢ MOMOIIBIO 00PabOTKU YIBTPA3BYKOM, METO-
JIOM DKCTPY3UH C TPUMEHEHHEM CBEPXKPUTHYECKUX CIHPTOB,
IMyTEM CMCHICHUA C MCPBHUYHBIM CBIPDHEM U HCIIOJIB30BaHUS B
Ka4yeCTBC HAIIOJIHUTECIIA HOBBIX HSHGHHﬁ. YacTb U3 3TUX METO-
JIOB HE 00JajaeT BBICOKOW MPOU3BOIUTEIBHOCTBIO, IpyTras
9acTh COMNPSKCHA C UCTIOJIb30BAaHHEM J0OPOTOCTOSIIET0 000py-
JOBaHUA U IPUMEHCHUEM CJIOKHBIX TEXHOJIOTUYCCKUX IMTPOLEC-
coB. bosbiias yacth OTXOOOB CHIUTBIX MOJIMMEPOB HaIllpaBJid-
€TCsl Ha TOJIUTOHBI AJISI XPAaHEHHS WIH yTUIN3UPYETCS MyTeM
cxuranns [36].

B 10 ke Bpems ApOoOJeHbIE OTXO/bI CHIUTHIX MOJHMMEPOB
BO3MOJKHO HCIOJIb30BATh B KAYECTBE 3aMOIHUTEIS] CTPOUTEIb-
HBIX KOMIIO3UTOB HA HEOPraHUYECKOM BSDKYIIEM, YTO MOTJIO
OBl 3HAUNTETHHO MOBBICUTD JIOJII0 UX BTOPUYHOM NepepaboTKH.

Crartbs [37] mocBsiiieHa HCCIIEA0BAHUIO 1E7€CO00Pa3HOCTH
BKIIFOUECHHA OTXOAOB CHIUTOIO IIOJIHMITHUIJICHA B 6eTOHHbIe
cmecu. OTMedaeTcs, 4To MPOYHOCTh O€TOHA Ha C)KATHE, PACTsI-
JKECHHUU U H3FH6 CHWIXXACTCA NPHU YBCIUYCHUU COJACPIKAHUA
CIIIATOTO TMOJIMITHIICHA, OCOOCHHO 3TO XapaKTePHO IS CMe-
Ceif, colepkKaluX KPYIMHOTaOapUTHBIC BKIFOUSHHUS CIIHTOTO
nonudTHieHa. CHIKAETCSl MOJLYJIb YIPYTOCTH OETOHA U YBEITH-
YHBAETCS yCalKa. ABTOPBI CBSI3BIBAIOT JAHHBIC OTPHUIIATEIIb-
HbIe 3 PEKTHI CO CHIKEHUEM YKECTKOCTH KapKaca OeToHa rmpu
BKJIFOUCHUH CIIUTOrO TOJIUITUIICHA, MEHBIINM yIEbHBIM Be-
COM KYCKOB MOJIMATHIICHOBOTO 3arOIHUTENS [0 CPABHEHHUIO C
HaTypaJbHBIMU 3AIIOJTHUTCIIAMU U UX IUIOXOH aﬂFeSHeﬁ K 1Ie-
MeHTHO#t Marpuie. [1oJ10XXuTeabHBIM 3(PEKTOM OT BBEICHHUS
CIIIMTOTO MOJHITUIICHA B COCTaB OCTOHHOW CMECH SIBISICTCS
CHMXKCHHUC BOJOIIOTJIOICHUA, YTO CBA3aHO C HC3HAYUTCIIbHBIM
BOJIOTIOTJIONICHHEM CaMOT0 MOJIMATHICHOBOTO 3aIIOJHUTEIIS.

B crarse [38] npuBeneHo ncciemoBaHne BO3MOXHOCTH HC-
MOJIb30BAHUS OTXOJIOB CIIMTOTO MOJIUITWIICHA B KAYECTBE 3a-
TIOJTHUTEJIS TOPOXKHBIX OCTOHHBIX CMECEH, YIUIOTHSIEMBIX PO-
nkamu. COTJIaCHO pe3yJIbTaTaM UCCIISIOBAHUS ILNIOTHOCTH Oe-
TOHA CHI)KAJIACh MPOMOPIIHOHAIIFHO YBEIUICHUIO COJICPKAHUS
CIIMTOTO ToNMAITHICHA. [IpOYHOCTE OeTOHAa Ha paCTsHKCHHE
JUIE 00pa3IoB C 3aMEHOM KPYIHOTO 3arOJIHUTEISI Ha OTXOBI
nonumepa Ha 5% yBenwumiach Ha 9-18%, Torma kak mpod-
HOCTh Ha CXKaThe M M3rud OCTagach MPaKTHYCCKH 0€3 H3MEHE-
Huit. OnHaKo, Ipu OOJBIIMX COOTHOIIEHUX 3amensl (15, 30,
50%) HabIIOAAIOCH PETYISIPHOE CHUKEHHE MPOYHOCTH 00pas-
LIOB, aBTOPHI CBSA3BIBAIOT 3TO C MEHBLIEH aare3ueil CIIUTOro
MOJIUATUIIEHA K IIEMEHTHON MaTpulle 10 CPaBHEHHIO C HATy-
panbHBIM 3anonHuTeNeM. C Ipyroil CTOPOHBI, TaKHe 00pa3IbI
MPY MCIIBITAHUH Ha U3THO B OTIUYHE OT KOHTPOJIBHOTO HE pas3-
JICISIOTCS. HA 2 YacTH, aBTOPHI CBS3BIBAIOT JaHHBIA dPQEKT ¢
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In the polymer industry, crosslinked polymers are pro-
cessed by ultrasound treatment, extrusion using supercriti-
cal alcohols, by mixing with raw materials and using as a
filler. Some of these methods do not have high productiv-
ity, while the other part involves the use of expensive
equipment and the use of complex technological pro-
cesses. Most of the waste of crosslinked polymers is sent
to landfills for storage or disposed of by incineration [36].

At the same time, the crushed waste of crosslinked pol-
ymers can be used as an aggregate for building composites
based on an inorganic binder, which could significantly
increase the proportion of their secondary processing.

The article [37] is devoted to the study of the feasibility
of including cross-linked polyethylene waste in concrete
mixtures. It is reported that the compressive, tensile and
flexural strength of concrete decreases with an increase in
the content of crosslinked polyethylene, this is especially
typical for mixtures containing large-sized particles of
crosslinked polyethylene. The modulus of elasticity of
concrete decreases and shrinkage increases. The authors
associate these negative effects with a decrease in the ri-
gidity of the concrete frame when crosslinked polyeth-
ylene is included, a lower specific gravity of pieces of pol-
yethylene aggregate compared with natural aggregate and
their low adhesion to the cement matrix. The positive ef-
fect of the introduction of cross-linked polyethylene into
the composition of the concrete mixture is a decrease in
water absorption, which is associated with a low water ab-
sorption of the polyethylene aggregate itself.

The article [38] presents a study of the possibility of
using cross-linked polyethylene waste as an aggregate for
road concrete mixtures compacted by rollers. According
to the results of the study, the density of concrete de-
creased in proportion to the increase in the content of
cross-linked polyethylene. The tensile strength of concrete
for samples with the replacement of coarse aggregate with
polymer waste by 5% increased by 9-18%, while the com-
pressive and flexural strength remained virtually un-
changed. However, with high replacement ratios (15, 30,
50%), a regular decrease in the strength of the samples was
observed, the authors attribute this to the lower adhesion
of the polyethylene aggregate to the cement matrix com-
pared with the natural aggregate. On the other hand, such
samples during the flexural test, unlike the control one, are
not divided into 2 parts, the authors associate this effect
with the high ability of waste crosslinked polyethylene to
absorb energy.
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BBICOKOM CIIOCOOHOCTBIO OTXOJIOB CIIMTOTO IOJMITHIICHA I10-
TJIOIATh SHEPTHIO.

Cratbs [39] mocBsieHa MCCIIEIOBAHNIO MEXAHUYECKUX H
TETJIOBBIX XapAKTEPUCTUK OCTOHA M pacTBOpaA C YaCTHIHOI 3a-
MEHOW Iecka Ha MeIaMUH(pOpMabIeTUAHBIN TePMOPEaKTHB-
HBII CIIMTHIN IUTACTHK. B OTIIMUME OT MHOTHX JIpYyTUX HCCIIe-
JIOBAaHWH B JaHHOHW paboTe OTMEYaeTcsi MPUPOCT IPOYHOCTH
OeToHa Tpu 3aMeHe MeiKoro 3anonHurens 1o 30%, a npu 3a-
MeHe 710 60% MpOYHOCTH OCTaBaJlaCh COMOCTABUMOW C KOH-
TPOJILHBIMHU 0Opa3iamu. [Ipeaen npoYHOCTH MPU PACTSHIKEHUH
pacTBOpa Takke ObUT yBenuueH Ha 15% Ipu 3aMeHe MEIKOTro
3anoiauTeNs Ha 20%. [lomydeHHBIE pe3ynbTaThl aBTOPHI CBS-
3BIBAIOT C YITy4IIEHHBIMU XapaKTEePHUCTUKAMU YaCTHI] TAKOTO
racTuka. Mccnenys TeniaoBble XapaKTEpHCTHKH 00pa3IoB, aB-
TOPBI OTMEUAIOT CHIDKCHHE IOKa3aTelel TeIIONpPOBOAHOCTH
[0 CPAaBHEHHUIO C KOHTPOJBHBIMU cocTaBaMH. UTO CBS3aHO ¢
0oJiee HU3KOM TEMJIONPOBOIHOCTHIO IIACTHKA MO CPAaBHEHHIO
C MECKOM.

BimsiHre MOyl yIPYTOCTH 3aMOJTHUTEISI U aAre3un
3aMOJTHUTEJISI K IEMEHTHO# MaTpuie
HA CBOMCTBA 0eTOHA

MHOTrHMH YYeHBIMH OTMEYaeTCsl IOHW)KCHHAs aAre3us 3a-
HOJIHUTEJICH B BHIE HOJUMEPHBIX OTXOMOB K LIECMEHTHOH Mart-
puue[3,7,11,14-17,19,37,38]. Tloatomy BOMpOC; Kakue mapa-
METPBI MOTYT BJIMSTH HA BEJIMYUHY CLEIUICHHUS 3aII0JTHUTENS U
MHHEPAJIBEHOH MaTPHUIBI IPH MCCICIOBAaHUH CUCTEM C IIPUMe-
HEHHEM MOJIMMEPHBIX OTXOJO0B IOCTaTOYHO aKTyaJIeH.

SIBIIeHMs1, POUCXOISIIME B 30HE KOHTAKTa MEXIy 3aroJi-
HHUTEJIEM W LIEMEHTHBIM TECTOM (B IMOCIEACTBUHM MEXIy Iie-
MEHTHBIM KaMHEM U 3aIl0JHUTE]IEM B OETOHE) B 3aBUCUMOCTH
OT COCTaBa CONpHKacaroImxcs a3, a Takke crnocoda popmu-
pOBaHUSI U YCIOBUI CTPYKTYpoOoOpa3oBaHHMs IIPU TBEPACHUH
OeToHa, MOTYT JIMOO TIPHBECTH K 0Opa30BaHUIO JEPEKTOB
CTPYKTYpBI, MO0 crocoOGcTBOBaTh €€ ynpouHeHur. [lpu cy-
IIECTBYIOIIECH TEXHOJIOIWH, HE MpeIyCMaTPHBAIOLICH CIeLH-
ANBHBIX Mep, JaXKe B TPaJULIHOHHBIX OETOHAX 30HA KOHTAKTa
3aIIOJIHUTEIS 1 MUHEPaIbHON MATPHLBI SBJISCTCS CI1a0bIM Me-
croM. Bee (akTopel crocoOCTBYIONIHE MOBBILICHHIO CLETIIe-
HHS IEMEHTHOTO KaMHS C 3aII0JIHUTENIEM MPU NPOYHMX PaBHBIX
yCIIOBUAX OY/yT MOBBIIIATE U MPOYHOCTH Getona [40,41].

OcCHOBHBIMU (haKTOpaMH BIHUSIOIUMHI HA TPOYHOCTD CLIET-
JICHUsI LIEMEHTHOTO KaMHsl M 3aIlOJHUTENsl SIBJISIOTCS: KpYyI-
HOCTb U (opMa, 1e(EeKTHOCTh, IEPOXOBATOCTh M YHCTOTA I10-
BEPXHOCTH, XUMHKO-MUHEPAJOIMYECKHi COCTaB YacTHI[ 3a-
HOJIHUTENIA, €r0 IMOPUCTOCTh M MEXaHHYeCKHE XapaKTepH-
CTHKH, IPOYHOCTH [IEMEHTHON MaTPHIIBI M BO3pacT OETOHA, BO-
JIOLIEMEHTHOE OTHOILCHHE, TUCIIEPCHOCTD BSKYIIET0, CTENEHb
o0kaTHsl 3aroJHUTENeH NpH ycalo4yHBIX nedopmanusix Oe-
TOHA, TOJIIIMHA ITPOCIIOEK EMEHTHOTO KaMHs MEX/1y 3epHAMU
3aI0JHUTENIsI, COOTHOLICHHE MEXaHHYECKUX XapaKTepPHCTHK
3aM0JTHUTEIS U [IeMeHTHON Matpuis [40—43].

OnuH 13 HEMAIOBaXKHBIX (DAaKTOPOB, BIHMSIOIINX HA CLEM-
JICHWE 3allOJIHUTENS C [IEMEHTHON MaTpHIlei — popma 3epeH u
XapakTep uxX mnoBepxHocTu. Dopma MOKET ObITh ITACTHHYA-
TOW, MHOTOTPaHHOH, c(hepHIecKO, a TOBEPXHOCTh IIEPOXOBa-
TOM WM rnankow, okatanuoi [40,41]. B cinydae ¢ momumep-
HBIM 3aIOJIHUTENEM, XUMHYECKA HE B3aUMOAEHCTBYIOLIUM C
BSOKYIIMM KOHTAaKTHBIH CIIOH TIPAaKTHYECKH OTCYTCTBYET.
CrerieHue 3aroJHATENS C IIEMEHTHBIM KaMHEM B 3TOM ClTydae
OCYIIECTBIISIETCS] B OCHOBHOM 3a CUET HEPOBHOCTEH MOBEPXHO-
CTH.

The article [39] is devoted to the study of the mechan-
ical and thermal characteristics of concrete and mortar
with partial replacement of sand with melamine formalde-
hyde thermosetting crosslinked plastic. Unlike many other
studies, this work shows an increase in the strength of con-
crete when replacing fine aggregate up to 30%, and when
replacing up to 60%, the strength remained comparable
with the control samples. The tensile strength of the mortar
was also increased by 15% when the fine aggregate was
replaced by 20%. The authors attribute the results obtained
to improved particle characteristics of such plastic. Exam-
ining the thermal characteristics of the samples, the au-
thors note a decrease in thermal conductivity compared to
the control compositions. This is due to the lower thermal
conductivity of plastic compared to sand.

The effect of the elastic modulus of the aggregate
and the adhesion of the aggregate to the cement ma-
trix on the properties of concrete

Many scientists have reported the low adhesion of ag-
gregates in the form of polymer waste to the cement matrix
[3,7,11,14-17,19,37,38]. Therefore, the subject of which
parameters can affect the amount of adhesion of the aggre-
gate and the mineral matrix in the study of systems using
polymer waste is quite relevant.

Phenomena occurring in the contact zone between the
aggregate and the cement paste (subsequently between the
cement stone and the aggregate in concrete), depending on
the composition of the contacting phases, as well as the
method of formation and conditions of structure formation
during concrete hardening, can either lead to the formation
of structural defects or contribute to concrete reinforce-
ment. With the existing technology, which does not pro-
vide for special measures, even in traditional concretes,
the contact zone of the aggregate and the mineral matrix is
a weak point. All factors contributing to an increase in the
adhesion of cement stone to the aggregate, will also in-
crease the strength of concrete [40.41].

The main factors affecting the adhesion strength of ce-
ment stone and aggregate are: size and shape, defect,
roughness and cleanliness of the surface, chemical and
mineralogical composition of aggregate particles, its po-
rosity and mechanical characteristics, strength of the ce-
ment matrix and age of concrete, water-cement ratio, dis-
persion of the binder, the degree of compression of aggre-
gates during shrinkage deformations of concrete, the
thickness of the cement stone interlayers between the ag-
gregate grains, the ratio of the mechanical characteristics
of the aggregate and the cement matrix [40-43].

One of the important factors influencing the adhesion
of the aggregate to the cement matrix is the shape of the
grains and the nature of their surface. The shape can be
lamellar, polyhedral, spherical, and the surface rough or
smooth, rounded [40.41]. In the case of a polymer aggre-
gate that does not chemically interact with the binder,
there is practically no contact layer. In this case, the adhe-
sion of the aggregate to the cement stone is mainly due to
surface irregularities.

To increase the adhesion of the polymer aggregate to
the cement matrix, it is necessary to provide an irregular,
rough surface of the aggregate particles. It is also possible
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J171s1 TOBBIIIEHNS aATE3UH TOTMMEPHOTO 3aIIOJIHUTEIS K LIe-
MEHTHOW MaTpHIle HE0OX0IMMO 00eCIeYUTh HEPOBHYIO, IIIEPO-
XOBaTyl0 ITOBEPXHOCTh YaCTHUIl 3alOJHUTENA. Takxke, BO3-
MOXXHO HAaHECCHHE Ha YaCTHUIIbI 3aIIOJTHUTENS CIICIIHATBHBIX CO-
CTaBOB, MOBBIILIAIONIUX A€3UOHHBIE CBOWCTBA. pyroi crno-
€00 — BBE/ICHHE MOJIMMEPHBIX JOOABOK B IEMEHTHYIO MaTPHILY
(mucriepcuy TOJIMBUHMIIAIIETATa M JIATEKCOB, DIIOKCHIHBIC
cMoubl). Takoii MoIXxo/1 MO3BOJIUT NEPEUTH K MOJTMMEPLIEMEHT-
HOHM Marpule, Kotopas Oyaer o0naaaTh OOJNBIIUM CPOJCTBOM
C TIOJIMMEPHBIM 3aII0JIHUTEJIEM, YTO, HECCOMHEHHO, TIOBIIUSIET Ha
CIICTUICHHUE COCTaBJIAIOIINX IIEMEHTHOTO KaMHS.

Yupyrue nehopmanmu OeToHA IOX HATPY3KOH OIpenerts-
FOTCSI MOAYJIEM YIIPYTOCTH, YEM BBIIIIE MOAYIIb YIPYTOCTH, TEM
MeHbIIIe TIPH JaHHON Harpy3ke OyneT oTHocHTeNbHas aedop-
Manusi. Eciu mpoYHOCTE 3aIlOJTHUTENST HE BCETZla MOJHOCTHIO
UCIIONB3YETCs U, CIIEN0BATENBHO, HE BCETAA MPOSIBIACTCS, TO
MOJIyJb YIPYTOCTH 3aIlOJHUTENS BCET/1a HENPEMEHHO OTparKa-
€TCA Ha MOAYJIC YIIPYTOCTH U APYTUX MEXAHUYCCKHUX XapaKTe-
pHUcTHKaxX OeToHa.

Ha pucyHke 3 mpezacTtaBieHbl SIIOpHI HANPsDKEHUH B Oe-
TOHE IMPU pa3HbIX 3HAYCHUAX MOAYJIA YOPYTOCTHU 3aIIOJTHUTCIIA

[43].

to apply special compositions to the aggregate particles
that increase the adhesive properties. Another method is
the introduction of polymer additives into the cement ma-
trix (dispersions of polyvinyl acetate and latexes, epoxy
resins). This approach will allow us to switch to a polymer
cement matrix, which will have a great affinity with poly-
mer aggregates, which will affect the adhesion of the com-
ponents of the concrete.

Elastic deformations of concrete under load are deter-
mined by the modulus of elasticity, the higher the modulus
of elasticity, the less the relative deformation will be under
this load. If the strength of the aggregate is not always
fully utilized and, therefore, does not always manifest it-
self, then the modulus of elasticity of the aggregate is al-
ways reflected in the modulus of elasticity and other me-
chanical characteristics of concrete.

Figure 3 shows stress diagrams in concrete at different
values of the elastic modulus of the aggregate [43].
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Figure 3 < | >
Stress diagram in concrete if: -— ~N | —= _ -
1 — the modulus of elasticity of the aggregate
is less than the modulus of elasticity of the — —— —_— (OF Ua
mortar (Ea< Em);
2 — the modulus of elasticity of the aggregate =~ <—— e s — —
is higher than the modulus of elasticity of the | :/ ﬁ
mortar (Ea< Em) - | - | ] -
I

W3 smrop MOHO c/ienaTh BBIBOA, YTO 3IIOpa MPSIMOYTOJIbHA,
ecii E=Em, B OCTaNBbHBIX CITy4asx dMIOPHI KPUBOJIMHEHHBI U TEM
Ooublie, ueM Ooible E; otnnyaercs ot En. B 0osee ciiaboM kom-
MOHEeHTe O0ETOHA AMIOPHI BBHIMTYKIIBI, B 00JI€€ )KECTKOM — BOTHYTHI.
ITo abcomotHo¥ BenmnunHe pH E.<Em HanpsKeHNs B IEMEHTHOM
kaMmHe OyayT Ooublie, a mpu E>En - MenbIne. CTeneHb KpUBU3HBI
SIIOP U KOHIEHTPALUU HaNpSOKEHUH TakKe 3aBUCAT OT KOHIICH-

Tpauuu 3anoiaHuTens B 6etone [43].

Takum 06pa30M, JUIA o0ecrieueHHs] BHICOKUX MEXAHUYECKHUX
XapaKTCPUCTHUK OCTOHOB C NMOJIMMEPHBIMU OTXOAaMM IMPEANTOYTHU-
TCIBHEC UCIIOJIB30BAaTh OTXOIbI C HauOOJILIINM MOAYyJIEM yHpyro-
CTH JI1 YMCHBIIICHUA pryI‘Oﬁ HCCOBMECTHUMOCTH 3aIlOJIHUTCIIA U

MaTpHIIBI 1 00eCTIeYeH s pa3TPy3KH paCTBOPHOHN YacTH.

256

From the plots it can be concluded that the plot is
rectangular if Es=Em, in other cases the plots are the
more curved if E. more differs from En. n the weaker
component of concrete, the plots are convex, in the
harder component they are concave. In absolute value,
at Ea<En, the stresses in the cement stone will be
greater, and at Ez>En, the stresses in the cement stone
will be less. The degree of curvature of the plots and
stress concentration also depend on the concentration
of the aggregate in the concrete [43].

Thus, in order to ensure high mechanical character-
istics of concrete with polymer waste, it is preferable
to use waste with the highest modulus of elasticity to
reduce the elastic incompatibility of the aggregate and
the matrix and ensure unloading of the mortar.
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3akjouenue

PesynbpTaTel NMpOBENEHHOIO aHaIM3a WUCCIEIOBAaHUI HaIpaBs-
JICHHBIX HAa HCIIOJIF30BaHHE MOJMMEPHBIX OTXO/IOB B KA4eCTBE 3a-
noJHAUTENeH 0eTOHa MOKHO 000OIINTH CIIETyFOIIMI OCHOBHBIMH
BBIBOJAMU:

1. IpoGiieHble HONMMEpHbIE OTXO/IbI BO3MOYKHO HCIIOJIb30BATh
B KayecTBE 3aloJHUTeNied OeTOHa, 4TO MOKET IOMOYb 3HAuH-
TEJIbHO YMEHBIIUTh HEraTUBHOE BIIMSIHUE HA OKPYIKAIOILYIO CPEy.

2. BBeseHue NOIMMEPHOTO 3aMOJIHUTENS CHIDKAET IUNIOTHOCTh
U TETJIONPOBOJHOCTH MOJIy4aeMOro O€TOHa, MOBBIIIAET €r0 U3HO-
COCTOMKOCTb, CTOMKOCTb K 3p03UU U XUMUUYECKYIO CTOMKOCTh, MO-
JKeT HECKOJPKO YMEHBIIUTH yCaaKy M 00pa3oBaHHE MHUKpPOTpe-
TIIVH.

3. 3agacTyro OETOHBI C MTOJIMMEPHBIM 3aIlIOJTHUTEIEM 001alal0T
CHIDKEHHOH TI0 CpPaBHEHHWIO C TPAIWIMOHHBIM OETOHOM IPOYHO-
CTBIO Ha CXKaTHe, N3rud U pactshxenne. CoBpeMeHHbIE HCCIIeI0Ba-
TENU CBS3bIBAIOT TaKOE CHUKEHUE C HU3KOW aJre3ueu nojammep-
HBIX 3al0JIHUTENIEH K LIEMEHTHOW MaTpule, OTPaHUYEHHOHN peak-
[Mel rupaTaniy BOJIM3U 3epEH MOJMMEPHOT0 3aIl0JIHUTENS, CHU-
JKEHHBIM MOJYJIEM YIIPYTOCTH TAKOTO 3aI0JHUTEIS 110 CPAaBHEHHUIO
C IMMPUPOJHBIM ChIPHEM U KaK CJICACTBUC pryFOfI HCCOBMCCTUMO-
CTBIO 3aIllOJIHUTCIIA U HeMeHTHOﬁ MaTpUIbI.

4. Ilpu UCTIONB30BaHUH MOJIMMEPHBIX 3aIlOHUTEICH U3MEHS-
eTcs XapakTep AuarpaMMbl HalpsDKeHHE-IeopMamni MpH CKa-
T OeToHa. B cirydae OeToHa ¢ MOIMMEPHBIM 3aIlOJHHUTEIEM He
HaOJFOMaeTCsl THIMYHOTO YIIPYTOro XPYIIKOTO pa3pyIIeHUs, KaK B
clIydae ¢ TpamuIMOHHBIM OeToHOM. [To Mepe yBenmmueHus coaep-
JKaHUS TTOTMMEPHOTO 3aIlOIHUTEIIS XapaKTep pa3pyIIeHNs CTaHO-
BUTCsI OoJiee TUIACTHYHBIM. Pa3pyineHre O0eToHa MPOMCXOHT IO
JPYroMy MEXaHU3My, B KOTOPOM MPe00IIalatoT INIACTHYECKHE Jie-
dbopmarmu.

5. ExxerogHo o0pasyercst 3HAUUTETHHOE KOJIMYECTBO OTXOI0B
CIIUTHIX MOJMMEPOB, KOTOPBIE 3aTPYIHUTEIBHO MepepadaThIBaTh
TPaTUIMOHHBEIMH JJIs TOJHUMEPOB crocobdamu. B To ke Bpems
IPOOJICHBIE OTXOMABI CIIUTHIX IMTOJUMEPOB BO3MOXKHO HCIIONIB30-
BaTh B KAYECTBE 3aIIOJIHUTENS CTPOUTEIFHBIX KOMIIO3UTOB Ha He-
OpPTaHUYECKOM BSDKYIIEM, YTO MOJXKET 3HAYUTEIHHO ITOBBICHTH
JIOJIFO UX BTOPUYHOM MepepadOoTKH.

6. 17151 IOBBIMIICHAS AATE3UH TIOJIMMEPHOTO 3aIlOTHUTEIIS K 1Ie-
MEHTHOW MaTpuIle HEOOXOAMMO 00eCTIeYHTh HEPOBHYIO, IEPOXO-
BaTYIO MIOBEPXHOCTh YACTHUI] 3aIOJTHUTEINS. BO3MOXHO HaHECEHHE
Ha YaCTHIIbI 3aII0JJHUTECIIA CIICIMAJIBHBIX COCTABOB, ITOBBIIIAKOIINX
AATC3UOHHBIC CBOMCTBA MIJIU BBCICHUEC MMOJIUMEPHBIX }:[O6aBOK B IIC-
MEHTHYIO MaTpHILy, YTO [IO3BOJIUT IEPEUTH K MOJIUMEPLIEMEHTHON
MaTpuIie, Kotopas OyneT obiagate GOJIBIINM CPOACTBOM C ITOJH-
MEpPHBIM 3aTIOJTHHUTEIIEM.

7.Anst obecriedeHusI BBICOKNX MEXaHMYECKUX XapaKTEePUCTHK
0ETOHOB C MOJMMEPHBIMH OTXOJIaMU MPEANIOYTUTEIbHEE UCIIONb-
30BaTh OTXObI C HAUOOJBIINM MOAYJIEM YNPYTOCTH AJISI yMEHb-
IIEHHUs YNPYTrod HECOBMECTUMOCTH 3aIIOJIHUTENSI M MaTpHUIBI U
obecrieueHns pa3rpy3KH PacTBOPHOH YacTH.

8. BeToHBI C 3amoNHMTENEM U3 MOJMMEPHBIX OTXOJOB MOTYT
HaWTH MPUMEHCHUEC B KOHCTPYKIHAX IOJIOB, DJIECMECHTOB MOIIICHU A,
(hacaTHBIX PIIEMEHTOB, CTCHOBHIX 0110KOB. [IpnMenenne momumep-
HBIX OTXOI0B TAKXXE€ BO3MOXKHO B COCTAaB€ XUMHNUYCCKU CTOMKHUX Oe-
TOHOB.

Jluteparypa:

1. Cnepanckas O., [Tonuzosa O., lHutnep O., I'ypckwuii f1.
IlacTuK ¥ IACTHKOBBIE OTXObI B Poccuu: curyanusi, mpo-
Onembl 1 pekoMeHnarn. Mexaynapoanas Cers no JIuksu-
narmu 3arpsizautencit. 2021.

Conclusions

The results of the analysis of studies aimed at using
polymer waste as concrete aggregates can be summa-
rized by the following main conclusions:

1. Crushed polymer waste can be used as concrete
aggregates, which can help significantly reduce the
negative impact on the environment.

2. The introduction of a polymer aggregate reduces
the density and thermal conductivity of the resulting
concrete, increases its abrasion resistance, erosion re-
sistance, chemical resistance, can slightly reduce
shrinkage and the formation of microcracks.

3. Often, concretes with a polymer aggregate have
a reduced compressive, bending and flexural strength
compared to traditional concrete. Modern researchers
attribute this decrease to the low adhesion of polymer
fillers to the cement matrix, limited hydration reaction
near the grains of the polymer aggregate, reduced mod-
ulus of elasticity of such a filler compared to natural
raw materials and, as a result, elastic incompatibility of
the aggregate and the cement matrix.

4. When using polymer aggregates, the nature of
the stress-strain diagram during concrete compression
changes. In the case of concrete with a polymer aggre-
gate, there is no typical elastic brittle fracture, as in the
case of traditional concrete. As the content of the pol-
ymer aggregate increases, the nature of the fracture be-
comes more plastic. The destruction of concrete occurs
by another mechanism, in which plastic deformations
prevail.

5. A significant amount of waste from crosslinked
polymers is generated annually, which is difficult to
recycle using traditional polymer methods. At the
same time, crushed waste of crosslinked polymers can
be used as an aggregate for building composites based
on an inorganic binder, which can significantly in-
crease the share of their recycling.

6. To increase the adhesion of the polymer aggre-
gate to the cement matrix, it is necessary to provide an
irregular, rough surface of the aggregate particles. It is
possible to apply special compounds to the aggregate
particles that increase the adhesive properties or intro-
duce polymer additives into the cement matrix, which
will allow us to switch to a polymer-cement matrix that
will have a greater affinity with the polymer aggregate.

7. In order to ensure high mechanical characteris-
tics of concrete with polymer waste, it is preferable to
use waste with the highest modulus of elasticity to re-
duce the elastic incompatibility of the aggregate and
the matrix and ensure unloading of the mortar.

8. Concretes with polymer waste aggregates can be
used in the construction of floors, tile elements, facade
elements, wall blocks. The use of polymer waste is also
possible in the composition of chemically resistant
concretes.
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