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Hudopmanna

29 nekabpa 2020 r. ywien u3 xusHu akagemvk PAH, npo-
dheccop, Hay4HbIn pykoBOAMTENb Hay4HO-MpPOM3BOS-
CTBEHHOMN Koprnopauun «MexaHo6p-TeXHWKa», YneH pedak-
LIMOHHOTO COBEeTAa XypHana «CTponTenbHbie MaTepuansi»®
JleoHnp Abpamoswud Bancbepr.

Jleonng Ab6pamosuy pogunca B 1944 r. B r. [lepso-
ypanbcke CBepanoBCKoi 061acTi B CEMbE FOPHOIO UHXeE-
Hepa u 6ygyLlero Bpadya, a 3aTeM Cembsl nepeexana B
[HenponeTpoBcK.

MNMocne okoH4yaHus opHoro mHcTUTyTa J1.A. Bainc6epr,
nony4ns OnecTAWyl pekoMeHAauuioo, nepeexan B
JleHnHrpag v 6bin NPUHAT Ha paboTy BO BcecotosHblin Ha-
YYHO-MCCNeaoBaTENbCKUA U MPOEKTHbIN  MHCTUTYT
«MexaHo6p» — B CCCP ronosHyto opraHv3aumio, cosgato-
LLLYIO TEXHOMOrMKU, 06OPYLOBaHWE W MPOEKTHbIE PELLEHNS
L1151 60SbLUMHCTBA COBETCKMX U MHOTMX 3apy6eXHbIX FOpHO-
060raTuTenbHbIX NPeanpuaTUin. Bbin 3a4mcneH B pacyeTHo-
TEOpEeTMYECKYI0 nabopaTopuio oTaena pydonoaroTOBKM,
3aHMMatoLLErocs pa3paboTKON TEXHOMOrMA U pacveToM
LPO6UNBHO-COPTUPOBOYHLIX MalumMH. C 3TOro MOMEHTa Y
HEro Hayanacb HacbILlEHHasa MPOM3BOACTBEHHAA XMU3Hb
MOJIOA0rO NEePCMEKTUBHOIO YYEHOrO-MEXaHOOPOBLA C MHO-
FOYUCNIEHHBIMW KOMaHAMPOBKaMM Ha rOpHbIe NPeanpuaTHs
1 BbICOKOWN JINYHOM OTBETCTBEHHOCTLIO 3@ UCCNedoBaHUs U
nX BHefpeHve. Yepes Heckonbko NieT JI.A. Bancbepr yxe
KaHauMoaT TEXHUYECKUX HayK, B akTMBE KOTOPOro W BHe-
OpeHHble pa3paboTku, 1 NyGnanKauum B NPEeCTUMXHBIX XYp-
Hanax, u yBaxenve konner. ns 3TOro HyXHO 6bIfi0 Hay-

[MamaTum
JleoHupa
A6bpamMmoBu4a
Baucoepra

YUTLCS MO-MHXEHEPHOMY MPaBUIIbHO POPMYNMPOBaTh 3a-
Jayn, aHanuMTM4ecKn WX OCMbICTIMBaTb W [LOBOAWTH
pa3paboTkM OO YCMELUHOro BHeApeHwus. NocnegHee o4eHb
BaXHO, BEOb TPagMLUMOHHO B MexaHobpe LieHUnm 1 LieHaT
COTPYOHWKOB HE MO HaNMYMI0 YYEHbIX CTEMEHEN, 3BaHWIA U
XvpLuy, a no ToMy, YTO Tbl MOXeLLb NPEAbABUTL U3 peani-
30BaHHOro TO60M.

3alymTa JOKTOPCKON AnccepTauum NpuLLiach Ha Crox-
Hble 1990-¢e rr. JleoHnn AbpamoBuny 61ecTsLLe 3aluTmICs
cpasy no AByM cneuuanbHOCTAM — 060raLleHMo NoNe3HbIX
NCKOMaeMbIX ¥ QMHAMUKE U MPOYHOCTM MaluuH. Torga xe
cosfasanacb Hay4HO-NPOM3BOACTBEHHAA Kopropauwus
«MexaHo6p-TeXHWKa».

«MexaHob6p-TexHUKa», ABNAACH MPEEMHUKOM Hay4HOM
N KOHCTPYKTOPCKON YacTen MHcTutyTa «MexaHobp», cTa-
na nof pykoBoacTtBoMm JleoHnpga A6pamoBuya MOUCTUHE
WMHHOBALMOHHOW KOMMaHWen, B KOTOPOM OTCTPOEHa enu-
Has TexHonornyeckas nnargopma, oT 3apoOXAeHNs Hayuy-
HbIX MOEen [0 MX NPOU3BOLCTBEHHOrO BOMJIOLLEHMUS.
HIMK «MexaHo6p-TeXHUKa» MOCTOAHHO paclumpsn 06-
nacTb HAay4HbIX U MHXXEHEPHbLIX MPUTA3aHWIA, pacnpocTpa-
HASt MX Ha TakuMe HOBblE W MepefoBble 06NacTu 3HAHWNA,
KaK TexHonornyeckass MMHepanorus, agauTUBHbIE TEXHO-
norun, cdpepa Big Data v npunoxeHune Teopuu rparynsp-
HOro rasa K npoueccam cenapauuu.

Jleonng AbpamoBuy Baiicbepr — y4eHbIn C OrPOMHbIM
LMana3oHOM Hay4HbIX MHTEPEecOoB, ero BKMag B pasBuTue
rOPHbIX HayK, B peLLleHne npo6sieM oboraLleHns MruHeparsb-
HOrO M TEXHOTEHHOrO Cbipbsi TPYAHO NEPEOo-

HAYYHO-MeXHU4ecKuil U NPoU3800CMEeH bl HCYPHAN

ueHuTb. OH 6bIN MPU3HAHHLIM NOEPOM B
0651acTV BUOPALIMOHHBIX TEXHOMOMMIA B rop-
HOM [ene, naypeatoMm Tpex Mpemuii
MNpaButensctea P® B 06nacT Hayku u Tex-
HUKW, YOOCTOEH akaJeMWYecKux Harpag, B
4aCTHOCTW MPEMWA VMEHW BENWKMX COooTe-
4eCTBEHHUKOB — reonoros B.W. BepHagckoro
n A.lN. KapnuHCKoro 1 BblgatoLLlerocs mexa-
Huka A.M. Kpbinosa. MNepy J1.A. Baic6epra
NpVHaZexaT [ecaTkm MoHorpaduin n y4ed-
HbIX MOCOBWI, MHOXECTBO Hay4HbIX CTaTeN U
NaTeHTOB.

(CIPONIENIBHBIE

aneapb—gespans 2021 VIAVERVIAVIBIR



Information

3a cozfaHue npu koprnopauumn «MexaHobp-TexHUKa» He-
KOMMEpPHeCKOro Hay4H0-06pa3oBaTefibHoro LieHTpa U ero
passutue JleoHng A6pamMoBmy 6611 YGOCTOEH ABYX MPEMUI
npasuTensctBa CaHkT-MNeTepbypra B HOMUHaLMK «3a WH-
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Ponb CTPOUMHAYCTPUM B CTAHOBJIEHUU LLUPKYNAPHONU 3IKOHOMUKH
NPOMbILLJIEHHbIX peruoHoB Poccuun

IKONornyeckas yLepoHoCcTb MUPOBOI NNHEIAHON 3KOHOMUKMW, OCHOBAHHON HA HeynpasnifemMoM noTpe6iaeHn NPUPOLHbLIX PECYpCoB,
pacTyLue npo6nembl 0TXOLOB NPON3BOLCTBA M NOTPEOSIEHUSA U HACTYNUBLLASA «4eTBEPTasA NPOMbILLIIEHHAA PEBOSIOLUA» BbI3bIBAKOT
nepexos 4Yes0Be4ecTBa Ha HOBbIA MyTb PA3BUTUA U LaXKe MUPOYCTPOMNCTBA, OCHOBAHHbIN HA NPUHLUNAX LUPKYNAPHOA 9KOHOMUKN,
6asupytoulencs Ha 6e30TX0AHOM NPOWU3BOACTBE U NOTPEOSIEHNI, MOBTOPHOM UCMOMb30BAHUM NPOU3BOACTBEHHOM NPOAYKLNY, ee
3aMKHYTOM »WU3HEHHOM LuKne. [10CKOSIbKY B paMKax OAHOr0 NPeanpuaTus, faxe KPynHoro v MHOroMYHKLUMOHANBHOTO, CO3[aTh
COGCTBEHHBbI1 3aMKHYTbINA LMK C NOMHbIM BO3BPATOM 1 YTUNIM3aLMed OTXOJ0B He AB/ISETCA BO3MOXHbIM, LIef1ec000pa3Ho pewatb
3Ty 3aia4y B MacLUTabe 3KOHOMUYECKN PA3BUTOr0 PernoHa, Co3Mas B HEM 0TX0L0NepepabarbiBatoLLyto 0Tpacsib U NMPEBPaTUB ero

B TEPPMTOPNANIbHO-NPON3BOACTBEHHbIA 6€30TX04HbIA NPOMbILLIIEHHbIA KOMMIIEKC, Peanu3yoLWni NPUHLMMLI LMPKYISAPHON
3KOHOMMKN. Takoi 0TxoAonepepadaTbiBatoLLEn 0TPACbIO MOXET CTaTb CTPOAMHAYCTPMSA, OTANYAOLWAACS OT APYrUX LWPOYaALLIMM
pa3Hoo6pasmemM CTPOUTENbHbIX MaTepuanoB 1 N3Jennii, OrpOMHbIMK 06bemMamin NOTPe6EHNS CbiPbeBbIX KOMMOHEHTOB U, IMABHOE,
LNNTESTbHbIM XXU3HEHHbBIM LMKIOM CTPOMTENbHOM NpoayKunu. s peanusauum 3Toro HanpasieHns npegnaraeTcs co3faHne
PErNOHANIbHbIX HAYYHO-MPON3BOACTBEHHbIX (DUPM «BTOPCTPOMPECYPC», BKIKOYAKOLLMX HAYYHbIE MPOEKTHO-TEXHOIOMMYECKNE LIEHTPbI
1 KOMJIEKCbI ManbIX NPeAnpUATUIA, NPOU3BOLALLNX CTPOUTESIbHbIE MaTepUasbl 1 UX KOMMOHEHTbI U3 0TX040B NPOMbILLIEHHbIX
NpeLnpuaTAA Peruoxa.
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A Role of the Building Industry in the Development of a Circular Economy of Industrial Regions of Russia

The ecological inferiority of the global linear economy based on uncontrolled consumption of natural resources, growing volumes of production and consumption waste, and the onset
of the “Fourth Industrial Revolution” causes the transition to a new path of development. This path suggests a new world order based on the principles of a circular economy with a
closed life-cycle, which is based on the waste-free production and consumption, and reuse of products. It is impossible to set up a closed production-use-recycling-production cycle
within a single enterprise, even if it is large and multifunctional. Therefore, this problem should be solved within an economically developed region by creating a waste processing indus-
try. Therefore, this region is turned into a waste-free industrial complex, where the principles of the circular economy are implemented. Only the building industry, which uses the widest
variety of building materials and products, high levels of consumption of raw materials, and, most importantly, a long life-cycle of construction products, can become such a waste-pro-
cessing industry. It is proposed to create the regional research and production associations called “Vtorstroyresurs”, which include scientific and technological centers and complexes of
plants, producing construction materials and their components from waste products of the regional industry.

Keywords: linear economy, circular economy, recoverable resources, wasteless complex, building industry.

For citation: Khozin V.G., Khritankov V.F., Pichugin A.P. A role of the building industry in the development of a circular economy of industrial regions of Russia. StroiteI'nye Materialy
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AJT9Hast TOTpeOUTEbCKAsT CYIITHOCTh YeJIOBEeKa SIBJISIET-
Cs1 ABVDKYLLIEH CWION JIMHEAHOU SKOHOMUKM, 1IEJIb KOTO-
POIi COCTOUT B TTOCTOSTHHOM HapaluBaHWUY TTPOM3BOICTBA
MaTepUaIbHBIX TPOAYKTOB U3 MEPBUYHbBIX ITPUPOAHBIX pe-
CypCOB, B TOM YHMCJIe HEBO30OHOBIIsIEMbIX. Ee BceoobeMIie-
MOCTb TMpHMBeJia K IJI00AIbHBIM 3KOJOTMYECKUM Mpoosie-
MaM: MacIITaOHBIM BLIOpOCaM 3arpsI3HSIONINX BEIECTB,
BKJTIOYAsT TAPHUKOBBIE Ta3bI; UCTOIICHUIO TIPUPOIHBIX pe-
CypCOB; 00pa30BaHUIO OIPOMHBIX 0O0BEMOB OTXOIOB MPO-
W3BOICTBA M TOTPEOICHNST; Hed(P(HEKTUBHOMY yIIpaBJie-

The greedy consumer essence of man is the driving
force behind the linear economy aimed at the continu-
ously increasing production of tangible products from
natural resources, including non-renewable raw mate-
rials. Its inclusivity led to severe environmental prob-
lems: large-scale emissions of pollutants including
greenhouse gases, depletion of natural resources, gen-
eration of vast volumes of production and consumption
waste, and ineffective waste management. Economic
losses from environmental pollution reach 4—6% of
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HUIO UMU. DKOHOMUYECKUE TTOTEPU OT 3arpsi3HEHUST OKPY-
XKaromeil cpensl pocruraror 4—6% BBII, a ¢ yyetom
MOCJIEACTBUIA 17151 300PpOBbs jmoaeii — 10—15% [1-5].

CyTh JMHENHON 3KOHOMUKHU BBIpAXKAETCS CIEAYIO-
IINMH CJIOBAMU: <«IOOBIBall, TTPOU3BOIM, TOTPEOIISIA,
BbIOpackiBali» (awen.: take, make, waste) (puc. 1).
Oxwupaercs [6], uro k 2030 1. HaceJieHWe HaIlllel TUTaHe-
ThI BO3pAcCTeT 10 8,3 MJIpA Yell., K CpeaHeMY KJ1accy Mpu-
0aBUTCS He MeHee 2,5 MJIpA HOBBIX TOTpeOUTENCii; C
YUeTOM MOTPEOICHMS IICPBUUHBIX pecypcoB yke K 2050 T.
UM MOTpedyeTcsl, IO OLIEHKaM 3KCIepToB [7], 4yeThipe
TaKMX TUTAHETHI, KaK 3eMJId.

OrpaHMYeHHOCTb TJIOOAJILHBIX PEecypcoB U Oe3rpa-
HUYHOCTh MX IOTPEOJICHUS BEAYyT YEJIOBEYCCTBO B KO-
JIOTO-3KOHOMWYECKHMI TYNUK, TPEHOTBpaIlcHNuEe KOTO-
pPOro BO3MOXKHO II€PEXOI0M MUPOBOIl 3KOHOMHUKHU OT
JIMHEMHOM K UUPKYIsApHO#i [6, 8—10], Ha OCHOBE HOCTH-
KEHUI «4eTBePTOi MPOMBIIIUIEHHO peBottonun» [11].
OnHoli 13 ee TJIaBHBIX LIeJIei aBisieTcs: (OpMUPOBAHNE
MPOU3BOJCTBEHHO-TEXHOJIOTMYECKUX CUCTEM, Oa3Upylo-
IIUXCS Ha IIPUHINIIAX LUUPKYISIPHOM 3KOHOMUKH, a
MMEHHO Ha Oe30TXOTHOM ITPON3BOJCTBE U MMOTPEOICHNIT
MPOAYKIIMH, €€ 3KOJOTUUCCKOM AM3aliHe MJIS CO3MaHUs
3aMKHYTOTO KM3HEHHOTO IIUKJIa, TTIOBTOPHOM HCITOJIB30-
BaHMM U BOCCTAHOBJICHUM, MepepaboTKe OTXOMOB, IIe
KasXIBIN TTPOAYKT B KOHIIE MCITOJIb30BAaHUS TIPEACTABIISI-
eT co0Olf MOTeHILMaJbHO BO30OHOBISIEMBINI pecypc.
HoBass Mmomenb 5KOHOMUKH UMEET BOCCTAHOBUTEIbHBIN
U 3aMKHYTBII XapakTep (puc. 2).

CyIIHOCTb HIUPKYJISIPHOM SKOHOMUKH 3aKJII0OUACTCS B
ee CTpPeMJICHMHM TTOBTOPUTH 3aKPHBITYIO MMPUPOIHYIO CH-
cTeMy, TIe BCe, YTO MPOU3BEICHO WJIM UCIOJb30BaHO,
ITOJTHOCTBIO TIepepadaThIBacTCSI BHYTPM CHUCTEMBI Tak,
YTO HE BO3HMKAaeT 3KOJIormyeckux mnpobdiem [12, 13].
IIpropuTeToM BBICTYIIAET MEHbIlIEE MOTpebeHUE pe-
CYpCOB M3 OKPYXKAIOIIEi cpeabl, paBHO KaK M MEHBIIIee
MX BO3BpAIllEHUE B OKPYXAIOIIYIO CPeay B BUIE OTXOIOB.

Korma peub MaeT 0 Mpon3BOACTBEHHBIX OTXOHaX— Te-
TUIO9HEPTeTUKHU, TIPOMBIIIEHHOCTH, CTPOUTEIbCTBA,
CEJTbCKOTO XO3STMCTBA, — HMMCIOTCS B BHIY MHOOOYHBIC
TEXHOJIOTMYECKUE MPOAYKTHI C HYJEBOU LIEHOU, HE UMe-
OIIKE 1IeJIEBBIX MOTPEOUTEILCKIX CBOMCTB, a TaKXKe He-
KOHIMLIMOHHBIE (OpakoBaHHbIe) uzneaus. K mpombiii-
JICHHBIM OTXOJaM nompebieHuss OTHOCUTCS OTCITY>KUBIIIAST
TapaHTUMHBINA CPOK MpoayKuus. [Ipy 5TOM peruKINHT
OTXOIOB B 0a30BOM ITPOM3BOJCTBE PEIKO BO3MOXKEH.
[ToaToMy WX MCTIONB3YIOT TSI TIPOM3BOICTBA MHOM, He-
MPpo@UIBHON MPOIYKIIMHU 3a MpeaesaMyid OCHOBHOTO WU
OTIPABJISTIOT HA CBAJIKM W TIOJINTOHBI.

Cl0XHOCTh MpobJieMbl OOpallleHUsI ¢ OTXOJaMU 3a-
KJII0YAETCs B X MEXKOTPACIEBOM XapakTepe U 00bEeKTUB-
HBIX TIPOTUBOPEYMAX B cpepe NX IMepepabOTKM KaK BTO-
PUYHBIX MaTepUATbHBIX PECYPCOB, & UMEHHO:

* MMPOM3BOIMUTENIN OTXOIOB HE 3aMHTEPECOBAHBI IIC-
pepabaThiBaTh UX B «IPYTyi0», HENPOMUIbHYIO IJIST HUX
MPOAYKIINIO, €CJ HEeT BO3MOXHOCTU TIPSIMOTO PEIIUK-
JmHTa (BO3BpaTa B MCXOIHBIN TEXHOJOTMIECKUUA IIPO-
11eCcC), TaK KaK Hy>XHbI MTHbIE TEXHOJIOTUM, HOBBIE KaJIphI,
MaTepHaTbHBIC I PUHAHCOBBIE PECYPCHI;

GDP, and considering the consequence for human
health, these losses amount to 10—15% [1-5].

The essence of the linear economy is expressed as
follows: “take, make, use, dispose” [6] (fig. 1). By 2030,
the population of our planet is expected to rise to 8.3
billion people, and at least 2.5 billion new consumers
are expected to join the middle class [7]. Taking into
account the consumption of primary resources by
2050, the experts estimate that people will need four
planets, such as Earth.

The finiteness of global resources and the immen-
sity of their consumption lead humanity to an envi-
ronmental-economic deadlock. This thread can be
avoided via the transformation of the world economy
from the linear model to the circular one [6, 8—10],
based on the achievements of the Fourth Industrial
Revolution [11].

One of its main goals is: to create the technology
and production systems based on waste-free produc-
tion and consumption, ecological design for generating
a closed life-cycle, reuse, and recovery, waste recy-
cling, where each product at the end of its primary use
is a potentially renewable resource. This new economic
model is restorative and closed (fig. 2).

The circular economy attempts to simulate a closed
natural system, where everything that is produced or
used is completely recyclable within the system so that
there are no ecological problems [12, 13]. The priority is
to minimize the use of resources from the environment
and their return to the environment in the form of waste.

When it comes to production waste of heat power
engineering, industry, construction, and agriculture,
we refer them to zero-cost by-products, which have no
targeted consumer properties, as well as substandard
(defective) products. Industrial consumption waste
includes expired products. At the same time, recycling
of the waste in the base production is rarely possible.
Therefore, the waste is used to fabricate other, non-
core products outside the base production or sent to
disposal sites and landfills.

The problem of waste management is its inter-in-
dustrial character and objective contradictions in the
field of their processing as secondary material re-
sources, namely:

» producers, who generate waste, are not inter-
ested in processing it into “non-core” products if
there is no possibility of direct recycling (return to the
original technological process) since they need other
technologies, new personnel, material, and financial
resources;

e the manufactures of “other” products are not
interested in replacing standard conditioned raw ma-
terials with waste, secondary raw materials, unstable in
composition since additional pre-treatment is re-
quired, which leads to the complication of the already
developed technology.

Thus, it is neither possible nor feasible for most in-
dustries to establish a closed-circuit operation with full
return or recycling.
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JIMHENHASY1 9KOHOMMKA
LINEAR ECONOMY
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NPOM3BECTH MCI'IOHbSOBATb BbIEPOCUTb
MAKE ~ DISPOSE

TexHu4yeckue n buonornyeckue MaTepualJibi CMeLWNBaloTCA, He pa3aensaioTcs
OHeprusa N3 ncuepnaembix, KOHe4YHbIX UCTOYHUKOB

“*0“

B34Tb
TAKE

MpupoaHblie pecypcbl
Natural resources

Technical & biological materials mixes up, do not separate
Energy from finite sources

Puc. 1. CyTb nuHeliHoi akoHoMuku (https://present5.com/presentation/3/608719_224950915.pdf-img/608719_224950915.pdf-48.jpg)
Fig. 1. Scheme of linear economy (https://present5.com/presentation/3/608719_224950915.pdf-img/608719_224950915.pdf-48.jpg)

* IIPOM3BOIMTENIN APYTOil MPOAYKIIMU HE 3aUHTEPE-
COBaHBI B 3aMEeHE CTAaHIapPTHOTO KOHIAMIIMOHHOTO ChIPbSI
Ha OTXOIblI, BTOPUYHOE HECTAOWIHLHOE II0 COCTaBY ChI-
pbe, MOCKOJIBKY 3TO CBSI3aHO C YCIOXKHEHUEM YK€ OTpa-
OOTaHHOI TEXHOJOTUH, BBI3BAHHBIM IOTOJHUTEIbHOM
€Tr0 MOJATOTOBKOM.

Takum o6pa3oM, co3naTb COOCTBEHHbIN 3aMKHYTBI
LIMKJT IIPOU3BOJICTBA C TIOJTHBIM BO3BPATOM WJIM YTHJIM3a-
LIMEeN OTXOAOB IS OOJIBIIMHCTBA MPO-
MBIIUIEHHBIX TIPEATNIPUSITUI HE SIBJISICT-
Csl BO3MOXHBIM M 11€J1IeCO00pa3HbIM.

PazperuTs 310 mpoTUBOpEeUre MOX-
HO CO3/1aB HOBYIO OTpacilb — OTXOJOTIe-
pepabaThIBaIOIIyl0, YTO U ObUIO TIpea-
soxxeHo B stHBape 2008 r. [Ipe3unentom
Poccuu Ha 3acemanun CoBeta Ge3omac-
Hoctu P® mo BompocaMm 3KOJIOTHM.
HMmeHHO oHa 3aMKHET Ha cebsl mepepa-
OOTKy BCEX IPOMBILIJIEHHBIX OTXOIO0B
KaKoro-ambo pernoHa, mpeBpaTuB ero B
TepPUTOPUATBHO-TIPOM3BOACTBEHHbBIN
06€30TXONHBII KOMILIEKC, PEATU3YIOLINI
MPUHLUN TAPKYISIPHON SKOHOMUKHU, a
MMEHHO BO3BpaT OTXOIOB B BUIE BTO-
PUYHOTO CHIPbSI B OOIIMI TTPOW3BOI-
CTBEHHbII MaTepuaabHbI 000POT.

Takoit oTpacbio MOXKET CTaTh CTPO-

UTENBCTBO U KOHKPETHO, TIPOMBILLLICH- MNosTOpHOS
MnCcnosib3oBaHMeE,
HOCTb CTPOMTENBHBIX MATEPUANIOB, U3~  gocoTanOBNGHUE

JeJIMA U KOHCTPYKUMUI — CTPOMUHAY-
crpus. Ilo odbeMy U pa3HOOOpa3uio

Reuse, recovery

MepepaboTka 0TX0O0B
Waste recycling

This contradiction can be resolved by creating a new
waste processing industry according to the proposal of
the President of Russia at a meeting of the Security
Council of the Russian Federation on environmental
issues in January 2008. This industry would lock the
recycling of all industrial waste from a region into a ter-
ritorial production waste-free complex, implementing
the principle of the circular economy, namely, the re-

ﬂpomssoncmc\

Production

Anctpurbyuns
Distribution

MoTtpebneHne,
COBMECTHOE
nonb3oBaHne

Consumption,
sharing

TPOU3BOIMMON MPOAYKIIMU U TIOTpe-
6J1s1eMOTO ChIPbsI OHA MPEBOCXOAUT BCE
JIPYTHe TTPOMBIIIIJIEHHBIE OTPACIIU U TT0-

Puc. 2. Mogenb unpkynsapHoii akoHomukn (https://viafuture.ru/sozdanie-startapa/tsirkulyarnaya-
ekonomika)
Fig. 2. Model of a circular economy (https://viafuture.ru/sozdanie-startapa/tsirkulyarnaya-
ekonomika)
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Puc. 3. Cxema XN3HEHHOro LMKIa NPOMBbILLAEHHOW NPOAYKLMN U ero 3aBepLUeHns B CTPOUTENLCTBE
Fig. 3. The scheme of the life cycle of an industrial product and its end in the construction industry

TOMY SIBJISIETCS] YHUKAJIbHOM, CTIOCOOHOM yTUIM3UPOBATh
OCHOBHYIO J0JII0O OTXOA0B MPAKTUYECKU BCEX APYTUX OT-
paciieii: TOpHOU, MeTa/uTyprudyeckoit, HedTeao0bYN U
HedTenepepabOTKM, OPraHUYECKOM M HEOPTraHMIeCKOM
XUMMU, MAIMHOCTPOCHMSI, JIETKOI MPOMBIIUIEHHOCTH,
JIIepeBOOOPa0OTKM, a TaKXKe OTXOIbl CTPOUTEIBHOIO
KOMIUIEKCA, B TOM YMCJE MPEeANpUSITAN CTPORMHIY-
ctpuu (puc. 3).

Jlosist oTpaciieil HapoJIHOIo XO351MCTBa B CTPOUTENb-
CTBE:

— cTpoitunnycrpust — 52%;

— yepHas 1 LBeTHas MeTauryprus — 18%;

— iepeBoo0OpaboTka — 11%;

— MamHocTpoeHue — 10%;

— XUMUYeCcKasi IPOMBILILIEHHOCTb — 9%.

Cmpoiiundycmpus — 310 65—70% cebecToMMOCTH
00BEKTOB CTPOMTEIBCTBA, THICSIYM BUIOB MaTepUaiOB U3
HEOPraHMYECKOTO M OPTraHUYECKOTO CBhIPhSI M CTHTETH-
YeCKMUX MOJMMEPOB — MUJUIMOHBI TOHH U KyOOMETpOB
U3AEJIMI U KOHCTPYKILIUIA.

Bropoii BaxHellIeli OCOOEHHOCThIO CTPOWMHIY-
CTPUM SIBJISICTCS] JJIMTEJIbHBIN KU3HEHHbBIN 1IUKJI €€ IIPo-
JYKIIUW, COCTABJISIOLINN CTO U OoJiee JIET, — 3TO HOpMa-

turn of waste in the form of secondary raw materials to
the total production material turnover.

The construction industry, specifically the produc-
tion of building materials and components, can per-
form these vital functions. This industrial sector leaves
behind all other industries in terms of the volume and
variety of products and consumed raw materials. It is
capable of utilizing the bulk of waste from almost all
other industries: mining, metallurgy, oil production
and oil refining, organic and inorganic chemistry, me-
chanical engineering, consumer goods manufacturing,
wood processing, as well as waste from the building
complex, i. e., from the construction industry (fig. 3).

The percent of the sectors of the national economy
in the construction industry:

— construction industry — 52%;

— iron and nonferrous-metals industry — 18%;

— wood processing industry — 11%;

— mechanic engineering — 10%;

— chemical industry — 9%.

The construction industry amounts to 65—70% of the
working expenditures of the building project, which
includes the production of thousands of types of mate-
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®VPMA «BTOPCTPOMPECYPC>
VTORSTROYRESURS COMPANY

Mepepava HTA

Hay4HbI
NMPOEKTHO-TEXHONOINYECKNI

Transmission of scientific
and technical documentation

Komnnekc Mmanbix npeanpuaTui
no nepepaboTke NPOMBbILLIEHHbIX OTXO0B
B CTPOUTENbHbIE MaTepUasibl U UX KOMMOHEHTHI

ueHTp «BTopcTponpecypc»

Scientific design
and technology center

Hay4yHo-TexHunyeckasa gokymeHtauma (HTA):
— aHanuTu4eckmne o630pkbl;
— naTeHTbl, HOy-Xay;
— TEXHONOrN4eCcKme NPOEKThI;
— TeXHUYECKMe yCrioBUS;
— cepTudukaLma HOBbIX MaTepManos
n nsgennn

Scientific and technical documentation:

— analytical reviews;

— patents, know-how;

- technological projects;

— technical specifications;

— certification of new materials and products

Puc. 4. ®yHKuMOHanbHasa cTpykTypa dupmbl «<BTopcTponipecypc»
Fig. 4. The functional structure of the “Vtorstroyresurs” company

TUBHBIN CPOK CIIYKOBI 3MaHUI U COOPYKEHUI U3 OeTOHA
1 3Keye300eToHa, KepaMUIeCKOro U CHJIMKATHOTO KUp-
Muya, TUIICOBBIX, MOJUMEPHBIX U APYTUX CTPOUTEIbHBIX
MaTepUaIoB U U3JEITUN.

OtxononepepadaThiBaloOIIeii MOIOTPACIbIO CTPONMH-
IyCTpUU KaKOTO-JIMOO TIPOMBINIJICHHOTO permoHa P®
MOXET CTaThb Hay4yHO-Ipou3BoAcTBeHHasi ¢upMa (OA
i O00) «Bropcrpoiipecypce», BKIIoUaroIas HaydHbIi
IMPOEKTHO-TEXHOJIOTMICCKUI LICHTP M KOMIUIEKC MaJIbIX
MPEANPUSATUI IO TepepadOoTKe MPOMBIIIJIEHHBIX OTXO-
IIOB B CTPOUTENIbHBIC MaTepHuaibl, NX (PYHKINOHATBEHBIC
KOMITOHEHTHI U MoauULIMpytole 100aBKU (puc. 4).

HayuHBIlf TIPOEKTHO-TEXHOJOTUUYSCKUN  IIEHTP
«BtopcTtpoiipecypc» MOMKEH BBIMOJHSITH CIEIYIOLINE
3a1a4M:

1. [IpoBOINTH MOHUTOPUHT OTXOHOB BCEX IMPOMBIIII-
JICHHBIX TIPEANPUSITUN PeTHUOHA, COCTABUTD U IMMOMOJIHSTh
KaTaJIoT OTXOHOB C ITOJTHOM XapaKTePUCTUKOI MOP(OI0-
TMYECKOI0 Y XMMUYECKOTO COCTaBa, arperaTHOro COCTO-
sSHus (TBepmoe, KUOKOE, IMacToo0pa3Hoe), KaTeropuu
OITACHOCTU, HAKOIIJIECHHOIO 00beMa B OTBaJlaX U XpaHU-
JIMIIAX, TeKYIIero BbIXO/Aa MPU IIPOM3BOACTBE OCHOBHOM
MMPOAYKLINY TIPEATTPUSITHS.

2. [IpoBOAUTH MOHUTOPUHT CYILIECTBYIOIIUX OTEYE-
CTBEHHBIX M 3apyOCKHBIX TEXHOJIOTHI IlepepadboTKu

HAYYHO-MeXHU4ecKuil U NPoU3800CMEeH bl HCYPHAN

HayHHO-TeXHVI‘leCKaH NnOoMOLLb
B OCBOEHUN HOBbIX TEXHONOMNIM

Scientific and technical assistance
in the development of new technologies

Association of small enterprises for the processing
of industrial waste into construction materials
their functional components, modifying agents

ToBapHas npoaykums:

— HOBbIE U MOAVMULIMPOBAHHbIE BAXYLLME
nns 6etoHoB, CCC;

— MOANDULMPYIOLLIME KOMIMOHEHTbI ANS
CTPOUTESIbHBIX MaTepuanoB Ha OCHOBE:
LuemMeHTa, runca, 6utyma, NnoJMMepoB v ap.;

— HanoNHUTENN, 3anoNHUTeNn Ana 6eToHoB
1 OPYrnx KOMMO3UTOB;

— YHKLMOHaNbHble [OOaBKM 0151 CTPOUTENBHOW
KepamuKu;

— Opyrve HoBble KOMMOHEHTbI CTPOUTENbHbIX
MaTtepuanos

Commercial products:

- new and modified binders for concrete, DCM;

— modifying components for building materials
based on cement, gypsum, bitumen,
polymers, etc;

- fillers, aggregates for concrete and other
composites;

— functional additives for building ceramics;

— other components of new building materials

rials from inorganic and organic raw materials, syn-
thetic polymers: million tons and cubic meters of prod-
ucts and construction components.

The second most important feature of the construc-
tion industry is the long life cycle of the construction
products. The standard service life of buildings and
structures made of concrete and reinforced concrete,
ceramic and silicate bricks, gypsum, polymer, and
other construction materials is 100 years and more.

The “Vtorstroyresurs” is a research and production
company, which includes a scientific design and tech-
nology center and association of small enterprises for
the processing of industrial waste into construction
materials, their functional components, and modifying
agents (fig. 4). This company can become a waste pro-
cessing subsector of the construction industry of any
industrial region of Russia. The scientific design and
technology center should solve the following tasks:

1. To monitor the waste of all industrial enterprises
in the region, compile and replenish a catalog of waste
with a complete description of the morphological and
chemical composition, aggregate state (solid, liquid,
paste-like), hazard categories, accumulated volume in
dumps and storages, current output in the production
of the main products of the enterprise;

THOUTE) =)
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AQHAJIOTUYHBIX OTXOJIOB B CTPOUTEIbHBIE MaTepUaIbl U UX
KOMIIOHEHTBI; OCYIIECTBIIATh UX TEXHUKO-2KOHOMMYEC-
CKYIO 1 3KOJIOTMUECKYIO OILIEHKY MPUMEHUTEIBHO K YC-
JIOBUSIM peTroOHa.

3. Pa3pabarbiBaTh HOBBIE TEXHOJOTMU W TIPOCKTHI
MPOU3BOJCTB I10 MepepadoTKe MPOMBIIIIJIEHHbBIX OTXOI0B
1 00ecITeYBaTh HAyYHOE COIPOBOXACHME KaK Ha CYIIe-
CTBYIOLIMX MPEANPUITUIX CTPOMUHAYCTPUU, TaK U Ha
CHEUMATU3MPOBAHHBIX MAaJIBIX TPEANPUITUSIX (UPMBI
«BTropcTpoiipecypc».

Pabora ¢upmbr «BropcTpoiipecypc» HoKHaA OCy-
IIECTBISITHCS B TECHOM B3aMMOJICICTBUY Y KOOPAMHAIIAN
C MUHUCTEPCTBAMU 3KOJIOTMM U MPUPOAHBIX PECYypCOB
PErMoHOB, MUHUCTEPCTBaMU cTpouTesbeTBa U KKX, a
TaKKe ¢ KPYITHBIMU TTPOMBIIIUIEHHBIMA TPEIITPUSITUSIMU,
MPOM3BOISIIIUMU OOJIBIIINE 00bEMBI OTXOI0B, HE HAXO S~
KX 3(PPEKTUBHBIX CTOCOOOB YTUIM3ALUMN.

B 3akioueHue cieayer OTMETUTh, YTO CTaBIllee Tpa-
JMUAIIMOHHBIM 3KOJIOTMYECKOe oTcTaBaHue Poccuum ot
3anana, pa3BUTBHIX U Pa3BUBAIOLIMXCS CTPaH, HECMOTPS
Ha TOAMMCaHHbIC MEXXIYHAPOIHbIC TUPEKTUBBI U COTJIa-
IIEHWS TI0 YCTOMYMBOMY Pa3BUTHUIO, BHEAPEHUIO Hau-
JIYYIIMX AOCTYIHBIX TEXHOJIOTW, LieJoMy psay dene-
paJbHBIX 3aKOHOB 1 TIOCTAHOBJICHUH, JICVCTBYIOIIIEMY J1O
2024 r. HaIMOHAJILHOMY ITPOEKTY «DKOJIOTHS» (CaMOMY
MaclITabHOMY CpeAu JAPYTUX HAUMPOEKTOB), MOXKET
MPUBECTU K KPYITHBIM HETaTUBHBIM 9KOJOTMYECKUM IO~
CICACTBUSIM U 9KOHOMMYIECKUM ITOTepsiM. OOBbEeKTUBHBIC
MIPUYIUHBI 3TOTO — HEOOBITHOCTh TEPPUTOPUH M OTPOM-
HbIE IPUPOIHBIC PECYPCHI Hallleli CTpaHbl, IPeHEOpeKe-
HUE 3aKOHOM BBUJIy «HEHAKa3aHWs 3a €ro HEWCITOTHE-
HUe», MOTOHS 32 MPUOBLIBIO «JTI000H LIEHO» OJUrapxu-
YEeCKOTo Kjacca.

OmHako BbICOKasi TEPPUTOPHUAIbHAST KOHLIEHTPALIUS
IIPOMBIILUICHHBIX IPEAIPUSITUI B psiIe pernoHoB Poccru
¢ OOJBIIMMU O0BEMaMM ITPOU3BOJICTBEHHBIX OTXO/OB
YBEJIUYMBACT 9KOJIOTUIECKYIO HAMPSIKEHHOCTD 10 YPOB-
HS psina crpaH 3amagHoit EBporel. M 310 Tpebyer He3a-
MEIJTUTEbHBIX PEIICHUI, OCHOBAHHBIX B TOM YMCJIE Ha
MPUHIIATIAX O€30TXOMHOTO 3aMKHYTOTO TTPOU3BOICTBEH-
HOTO IIMKJa, pealu3yeMOro Ha TePPUTOPHUSIX KOHKPET-
HBIX IPOMBIIIUIEHHBIX peruoHoB Poccum.

Hrak, cTpouTeIbcTBO, a MMEHHO ero 6a30Basi OTpaciib —
CTPOMMHIYCTPUS, KaK camasi MaTeprasoeMKasi o o0bemy
U pa3HOOOpa3NIo MaTePUAJIOB M UICXOHOTO ChIPhST O0BEeK-
THUBHO SIBJISIETCSI CAMBbIM MOIITHBIM MOTPEOUTEIEM OTXOIOB.
Dr1a (poHIO00pa3yIoIIas 0Tpacib CIIOCOOHA TIOTJIOTUTH Ha
MHOTHE AECSITWIETUSI OTPOMHbBIE OOBEMbI TEXHOTEHHOIO
CBHIPBSI, TIPEBPATUB MX B CTPOUTEIbHbBIC MaTepUabl, U3c-
JIST M KOHCTPYKIIMY 3aHUI U COOPYKEHUIA.

B peanuzauuy KOHLEILIMU «yCTOMYMBOIO pa3BU-
THSI», @ UMEHHO B TIEpeX0Jie Ha MPUHIIUATIBI [T PKYJISIPHOM
9KOHOMUKM 3TON MPOMBILIJICHHON OTpaciau MpUHaLIe-
KUT Bemylnasi poyib. TOJIBKO OHAa MOXET CTaTh OOIIMM
3aMBIKAIOIIMM 3BEHOM XKM3HEHHOrO IIMKJa OOJbIIMH-
CTBa IPYTUX IIPOMBIIIUIEHHBIX TIPOM3BOACTB U 1aXKE CEJIb-
CKOTO XO35HCTBa, O0CCIEYMBAIOIIUM KEJTaHHBIN pe-
LIMKJI, HO 3a MpeaegaMM TeX MPOMU3BOIACTB, B KOTOPBIX
00pa3yIoTCsI 3T OTXOJIbI.

(CTPONIEIIBHBIE

2. To monitor existing domestic and foreign tech-
nologies for processing similar waste into building ma-
terials and their components; to carry out a technical,
economic, and environmental assessment of their ap-
plicability to the regional context;

3. To develop new technologies and projects for in-
dustrial waste processing and provide scientific support
both at existing construction enterprises and small spe-
cialized enterprises of the “Vtorstroyresurs” company.

The work of the “Vtorstroyresurs” company must
be carried out in close cooperation and coordination
with the Ministries of Ecology and Natural Resources
of the regions, the Ministries of Construction and
Housing, and large industrial enterprises producing
large volumes of waste and not finding effective dis-
posal methods.

In conclusion, it should be noted that despite signed
international directives and agreements on sustainable
development, introduction of the best available tech-
nologies, a number of federal laws and regulations, and
the National Project «Ecology» in force until 2024 (the
largest among other national projects), there is the tra-
ditional “ecological lag” of Russia from the Western
developed countries, which can lead to considerable
negative environmental impacts and economic losses.

There certainly are a number of objective reasons,
among which are the immensity of the territory and the
enormous natural resources of our country, a ruthless
disregard for the law caused by “noncompliance for its
failure” and the pursuit of profit at any price of the oli-
garchic class.

Moreover, the high territorial concentration of in-
dustrial enterprises in several Russian regions with large
volumes of industrial waste increases environmental
stress to the level of Western European countries. All
these factors require immediate solutions, such as those
based on the principles of a zero-waste closed produc-
tion cycle implemented in the industrial regions of the
Russian Federation.

Thus, being the most material-intensive and diver-
sified material and feedstock, the construction industry
is objectively the most powerful consumer of waste.
This fund-forming industry is able to «absorb» huge
volumes of technogenic raw materials for many de-
cades, transforming them into building materials and
construction products.

This industrial sector has a leading role in realizing
the concept of “sustainable development”, namely, in
the transition to the principles of the circular economy.
Only it can become the common end of the life cycle of
most other industrial and even agricultural activities,
providing «desirable» recycling, but beyond the pro-
duction in which these wastes are generated.
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Complex Mineral Additives for the Modification of Calcium Sulphate Based Materials

The article presents the results of the investigation on the influence of active mineral additives on the processes of structure formation of gypsum binders. Portland cement and nanosili-
ca, previously treated with ultrasound for 3 minutes in an aqueous medium with plasticizer, were used as components of the complex mineral additive. The average particle size of
nanosilica was 0.025 pm. The main component of the additive was silicon dioxide. It was found out that the introduction of the gypsum binder modifier, consisting of Portland cement
and nanosilica, increased the strength of gypsum compositions up to 40%. The activated complex additive improved the physical and mechanical properties of the material, both at the
stage of hydration and during the hardening of the composition. In this case, an increase in the density of gypsum stone can be caused by an increase in the dispersion level of the sili-
cate additive, particles of which act as crystallization centers, and also have greater activity of chemical interaction with the alkaline component, compared to the untreated additive. The
introduction of Portland cement and activated nanosilica lead to the change in the composition of the matrix, which was characterized by increased density and strength. This happened
due to the development of new formations in the structure of the stone, that were based on calcium silicate hydrates and bonded gypsum crystalline hydrates into blocks, filling the pore
space of the material. The formation of new hydration products in the composition of the gypsum matrix was confirmed by physical and chemical analysis methods, including IR spec-
tral and differential thermal analysis, scanning electron microscopy, and energy dispersive X-ray spectroscopy.
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AKTHBHO pa3BUBalolasics cepa CTPOUTEIbCTBA MO-
CTOSTHHO COITPOBOXIACTCS Pa3pabOTKOl HOBBIX TEXHO-
JIOTWI TIPOM3BOJCTBA PabOT, MCIIOJb30BAHUEM COBpE-
MEHHOT0 00O0pY/JOBaHUs, a TakXe CO3JaHUEeM WHHOBA-
IIMOHHBIX CTPOUTEIBHBIX MATEPUAJIOB.

OpHuUM U3 HauboJiee SHEProa(P@MEKTUBHBIX U IKOJIO-
TUYHBIX CTPOUTEIBLHBIX MAaTEPHUATIOB B HACTOSIIEE BPEMSI
CYMTaeTCs TUICOBOE BsKyllee. OQHAKO 3TOT MaTrepuall
OTJIMYAETCSI CPaBHUTEILHO HEBBICOKMMU (PU3UKO-MeXa-
HUYECKMMHU CBOMCTBAMM, TaKMMM KaK HU3Kas BOIO-
CTOMKOCTb U TOJ3Y4YeCTh MO Harpy3koi [1], uto orpa-
HUYWBACT €T0 ITMPOKOE IPUMEHEHUE B cdepe CTpou-
TeJbHBIX MaTePUAJIOB.

[NonydyeHne 13 CTPOUTETLHOTO TUIICA KOMITO3UITOH-
HOTO THUTICOBOTO BSIKYIIETO — OIWH M3 CITIOCOOOB BIIMSI-
HMSI Ha CBOMCTBA U CTPYKTYPY Martepuaaa, KOTOPbIA MO-
JKeT OBITH OCYIIECTBIICH ITyTEM BBEICHUS B COCTaB BSIKY-
IIEro pasjuyHbIX MOAMGPUIMPYIOLIUX J00aBOK.
Hawn6onee 3¢ppeKTUBHEIMM B TAHHOM CJIyJac SIBJISTFOTCS
KOMIUIEKCHbIE NO0OaBKU, a TakKKe M00aBKU C BBICOKOM
YAEIbHOU TTOBEPXHOCTHIO.

AHaIu3 paHee MPoBeAeHHbIX padoT [2—11] mokazai,
yTo Haubojiee 3(PPEKTUBHBIM CIIOCOOOM TMOBBIIIEHUS
MPOYHOCTHBIX W 3KCIIYaTaAllMOHHBIX XapaKTePUCTUK
TUIICOBOTO BSIKYILIETO 3a CYET KOMILJIEKCHBIX MOAU(UKa-
TOPOB SIBIISICTCS BBEICHUE B €TO COCTaB aKTUBHBIX MUHE -
paJbHBIX 100aBOK U MOPTJIAHALIEMEHTAa B POJIY aKTHBa-
Topa. Pe3ynpTarom Takoil peuentypHoil Mmoaubukaumu
SIBJIIETCSI KOMOWMHMPOBAHHOE THUIICOIEMEHTHO-ITYIIIIO-
JIaHOBOE BSIKYIIIee, COBMEIIAalolIee B ce0e MOJOKUTETb-
HBIE CBOMCTBA KaK BO3IYIITHOTO BSLKYIIETO, TaK U BSLKY-
LLIET0 TUAPABINYECKOro TBEPACHUS. YIydllIeHuEe CBOMCTB
MOANMDUIIMPOBAHHOTO BSIKYIIIETO TOCTUTAETCS 3a CUET
00pa30BaHMsI HOBBIX MPOAYKTOB TUApPATAIIMM, 3aIOJIHSI-
IOIIMX TTIOPOBOE TIPOCTPAHCTBO, W OIPEACIISIETCS ITOa00-
POM KOJIMYECTBA KOMITOHEHTOB MaTepuaa [6].

Kak wu3BecCTHO, THUIICOLIEMEHTHO-IYIIIIOJaHOBOE
BSLKYyIIee, ITOMUMO IIMEeJIOYHOTO KOMITOHEHTa, COomep-
KUT aKTUBHYIO MYyLIIOJaHOBYIO J00aBKY Pa3IuyHOTO
reHe3uca. B kauecTBe TaKMX KOMIIOHEHTOB MOTYT OBITH
KCIIOJIb30BaHbl KaK MYyLLI0JaHbl IPUPOLHOTO IPOUC-
XOXAeHU [7], TaK U OTXOAbl HIPOMBIILIJIEHHOI'O ITPOU3-
BojacTBa [95, 8].

AKTUBaLMs MYLIO0JAaHOBO J00aBKU ITOCPEICTBOM
MEXaHUYECKOUW WIN YJIbTPa3BYKOBOW 0OpaOOTKU MO3BO-
JISIeT 00eCNeunTh yIydllleHue CTeIeH! BAUsSHUS 100aB-
KA Ha CTPYKTYpy M CBOICTBA Marepuaja W IIPU 3TOM
YMEHBIIUTD €70 KOHIIEHTpaluio [12—14].

W3 pe3ynbpTaToB uUCCIEeOOBAHUI, IPOBEACHHBIX
A.W. TTumeHoBbIM [12], clieayeT, 4TO YIbTpa3BYKOBOE
BO3ICHCTBME Ha IIEMEHTHOE TECTO BJIMSIET Ha CPOKU
CXBAaTBIBAHMSI, TIOBBIIIACT IIPOYHOCTH IIEMECHTHO-TIeCUa-
HOro pactBopa npu usrube no 19%, npu cxatum — 10
21%. Ilpu coBMECTHOM BO3IEUCTBUU IO0ABKU TUIIEP-
miactudukatopa «I'Mnepaut» U yabTpa3ByKa Ipoy-
HOCTb yBeJImuyuBaeTcs 10 15% npu usrude u 10 38% npu
CXKaTHU.

Llenbio HACTOSIIIETO UCCIEIOBAHMS SIBJISIETCS U3YyYe-
HUe BIMSIHUS KOMIUIEKCAa MHWHEpPaJbHBIX IT00aBOK,

HAYYHO-MeXHU4eCcKuil U npou3800CEeHHbLI JHCYPHAN

Currently, the construction industry is actively devel-
oping, which is accompanied by the development of new
production technologies, the use of modern equipment,
as well as the creation of innovative building materials.

Gypsum binder is currently considered one of the most
energy efficient and environmentally friendly building
materials. However, this material is characterized by rela-
tively low physical and mechanical properties, such as low
water resistance and creep under load [1], which limits its
use in the construction field.

One of the ways to influence the properties and struc-
ture of the gypsum-based materials is to obtain a compos-
ite gypsum binder from building gypsum by introducing
various modifying additives into the composition. In this
case, the most effective additives are the complex ones,
consisting of multiple modifying agents, as well as the ad-
ditives with a high specific surface area.

The analysis of previously carried out researches on
the influence of complex modifiers on the gypsum-based
materials properties [2—11] showed that the most effective
way to increase the strength and operational characteris-
tics of a gypsum binder is to introduce active mineral ad-
ditives and Portland cement into its composition as an
activator. Such prescription modifications allow the cre-
ation of a complex gypsum-cement-pozzolanic binder,
which combines the positive properties of both air and
hydraulic hardening binders. Improving the properties of
the modified binder is achieved through the formation of
new hydration products that fill the pore space, and is
determined by the selection of the material components
quantities [6].

It is well known that the gypsum-cement-pozzolanic
binder, along with the alkaline component contains an
active pozzolanic additive of various genesis. Pozzolans of
natural origin [7] and industrial waste [5, 8] can be used as
such additives.

Activation of a pozzolanic additive by means of me-
chanical or ultrasonic treatment makes it possible to in-
crease the influence of the additive on the structure and
properties of the material, while reducing its concentra-
tion [12—14].

The research conducted by Pimenov A.L. [12] shows
that the ultrasonic treatment of the cement paste affects its
setting time and increases the bending and compression
strength of the cement-sand mortar up to 19% and 21%,
respectively. The combined effect of the ultrasound treat-
ment and the hyper plasticizer “Hyperlite” addition in-
creases the bending and compression strength up to 15%
and 38%, respectively.

The aim of this research is to study the influence of a
complex mineral additive, including ultrasound-treated
nanosilica and Portland cement, on the processes of
structure formation of the gypsum binder, as well as its
physical and mechanical properties.

Gypsum of G4 grade, produced by Gipsopolimer Ltd.
(Perm), was used as the main component of the developed
composite binder.

Portland cement of M400-D0 grade, produced by
Krasnoyarsk Cement Ltd. (Krasnoyarsk), meeting the
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Puc. 1. InCNepCUOHHbIV aHannM3 HaHOCUIMKN
Fig. 1. Dispersion analysis of nanosilica

BKJIIOUAIOIIMX HAHOCUJIMKY, 00pabOTaHHYIO YIbTpPa3By-
KOM, U TIOPTJIAH/IIIEMEHT, Ha MPOIIeCChl CTPYKTYpooOpa-
30BaHUS U (DU3UKO-MEXaHUUECKUE CBOMCTBA TMIICOBOTO
BSIKYLIETO.

Kak oOCHOBHOII KOMIIOHEHT pa3pabaThiBa€MOTO
KOMITO3UIIMOHHOTO BSIXKYILIETO B JaHHOM HCCJIEIOBa-
HUM WUCTIOJIb30BaJIiCS TUIIC Mapku [4 mpousBojicTBa
00O «T'uncomnoaumep» (r. [lepmb).

B kadecTBe 11€JI04HOTO KOMITOHEHTa KOMILJIEKCHBIX
MOIVGUIUPYIOIINUX J0OABOK MPUMEHSUICS MOPTIaHILIe-
MmeHT Mapku M400 0 nmpousBoactBa OO0 «KpacHo-
apcKkuii eMeHT» (r. KpacHosIpcK), COOTBETCTBYIOIIMI
tpedoBanusMm 'OCT 10178—85. B kauecTBe aKTHUBHOI
MMHEPaAIIbHOM 100aBKM B MCCIEIOBAaHUYN ObLIA MCITOJb-
30BaHa HAHOCWJIMKA, TpPeaoCTaBJ€HHasl COTPYIHUKaA-
mu Erumnercko-Poccutickoro ynusepcuteta (r. Kawmp,
Eruner). IlyuuonaHoBasg gobaBka mojydeHa METOAOM
XUMHUYECKO 00pabOTKM XUIKOTO

requirements of GOST 10178—85, was used as an alkaline
component of complex modifying additives. An active
mineral additive, nanosilica, was provided by the staff of
the Egyptian-Russian University (Cairo, Egypt).
Pozzolanic additive was obtained by the chemical treat-
ment of a sodium silicate solution (liquid glass) with hy-
drochloric acid.

According to the results of the dispersion analysis of
nanosilica (Fig. 1), the average particle size of the additive
is 0.025 nm. The chemical analysis of the additive (Table 1)
showed that silicon dioxide (96%) is the main component
of the modifier.

To evaluate the effect of ultrasonic treatment on the
activity of a mineral additive, nanosilica was activated for
3 minutes using Hielscher UP 200 ht ultrasonic homog-
enizer in an aqueous medium before adding into the
composition. Additionally, C-3 plasticizer was intro-
duced in a ratio of 1:4 at a power of 150 W and an ampli-
tude of 19.5 kHz.

The scanning electron microscopy and energy disper-
sive X-ray spectroscopy of the modified compositions
were carried out on the Thermo Fisher Scientific Quattro
S scanning electron microscope at the “Surface and New
Materials” laboratory of the Udmurt Federal Research
Center of the Ural Branch of the Russian Academy of
Sciences, supported by the Ministry of Science and
Higher Education of the Russian Federation (project
No. RFMEFI162119X0035).

In earlier studies [16], the composition of mixtures
based on calcium sulfate, including nanosilica of different
dispersion levels, was optimized based on the strength
characteristics. By analyzing the data obtained, the con-
centration (%) of the pozzolanic additive in the composi-
tion was determined to be equal to: 0.05; 0.1; 0.5%. Based

. . Ta6nuua 1
CTEKJIa COJITHOM KUCJIOTOIA. Table 1
Ha ocHoBe pe3ynbraToB aucrep- XuMMnyeckuii aHann3 HaHOCUITINKU
CUOHHOTO aHajlu3a HaHOCUJIIUKU Chemical analysis
(puc. 1) MOXHO caenaTh BBIBOJ, YTO
CPEIHUN pa3Mep 4YacTUull N00aBKU SiO2 | AloO3 | Fe203 | CaO | MgO | NaxO | K20 | SO3 | MnO
coctapasieT 0,025 uMm. IlpoBeneH- o
HBbIIl XMMWYECKUI aHaIuU3 NOOAaBKU ggﬂfepn)f?;)me’ 7 96,121 0,86 | 0,34 | 0,39 | 0,53 | 0,21 | 1,05 | 0,36 | 0,04
(Tabs. 1) Mo3BOAMI YCTAHOBUTD, YTO
B cocTaBe MoauGuKaTopa mpeoodna- 4 14 b 1g
JaeT Juokcua KkpeMuus (96%). 1 i
HJ1si OLleHKM BAUSIHUSL yIbTpa- & e 12
3BYKOBOU 00pabOTKM Ha aKTUBHOCTh E S 10 — 12 ]
MUHEPAIbHOI 100aBKM HAHOCUIN- S5 8 L 10— B
Ka mnepen BBeIEHMEM B COCTaB KOM- % E 6.1 n 81— |
MO3ULNK NOMOJHUTEIBHO aKTUBU- £ g 6
poBanach Ha nmpuoope Hielscher UP §§ 41 B B 41
200 ht B BogHOIi cpeme Ipu BBele- é% 2 1 :I t 2 1
Huu maactugukaropa C-3 B cooT- 0 0

K.0./

HouleHuu 1:4 Tipu MOIIHOCTH, paB- reference sample

Hoii 150 Bt, u ammutyae 19,5 k' B
TeueHue 3 MUH.

HccnenoBaHus MeTOIOM CKa-
HUPYIOLIEN BJIEKTPOHHOM MUKpPO-
CKOTIUM W DHEPTOAUCIICPCUOHHON

0,05

CopepxxaHne HaHOCUKK, %
Nanosilica content, %

K.O./ 0,05 0,1
reference sample

0,1 0,5

CopepxaHne HaHOCUKK, %
Nanosilica content, %

Puc. 2. NpoYHOCTHbIE CBOMCTBA MMMCOBOr0O BSXKYLLErO MPU BBEAEHWM HAHOCWIMKW U LeMeHTa Ha
7-e (a) n 28-e (b) cyT TeepaeHua: [l - narno6;
Fig. 2. Strength characteristics of gypsum binder with the addition of nanosilica and cement on the 7"
(a) and 28™ (b) days of hardening: ] - bending;

— cxartune

— compression
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PEHTI€HOBCKOM  CIIEKTPOCKOIIUU
MOIN(PUINPYEMBIX COCTABOB BBI-
TTOJTHSUTMCh HAa CKAaHUPYIOIIEM 3JIeK-
TPOHHOM MuKpockorne Thermo
Fisher Scientific Quattro S B meHTpe
KOJUIEKTUBHOTIO ToJb30oBaHus «Ilo-
BEPXHOCTh M HOBBIC MaTepPUAIbI»
npu Yom®UILI YpO PAH, nonmnep-
KaHHOM MWUHHCTEPCTBOM HAyKu U
BBICIIIETO OOpa3oBaHus P (mpoekT
Ne RFMEF162119X0035).

B panee mpoBeaeHHBIX HCCIIEIO-
BaHUAX [16] ObUT ONTUMU3UPOBAH
COCTaB KOMITO3UIIUMA Ha OCHOBE
cynbdaTta KajablMsl, BKJIIOYAIOLIUIA

i o 11 1

Puc. 3. MukpocTpykTypa runcooi matpuusl npu 10000-kpaTHOM yBEIMYEHWN C HAHOCKAKKOL 6e3 ee
06paboTKM yNbTPA3BYKOM: & — KPUCTaIbl FUMCa, YaCTUYHO MOKPbITbiE aMOpPdHLIMM HOBOOOpa3oBa-
HUAMW; b — arpermpoBaHHble YacTULLbl HAHOCUIIMKM B CTPYKTYPE rMNCcOBOM MaTpuLLbl

Fig. 3. Microstructure of a gypsum matrix at 10.000-fold magnification with nanosilica without
ultrasonic treatment: a — gypsum crystals partially covered with amorphous new formations;
b - aggregated nanosilica particles in the structure of a gypsum matrix

HAHOCUJIMKY pa3IMYHOI AucIepc-
HOCTU MCXOAS M3 MPOYHOCTHBIX Xa-
pakrepuctuk. Konuenrpauus (%)
TTYIIII0JIAHOBOM 100aBKM B COCTaBe,
pasHas 0,05; 0,1; 0,5, Obl1a onpeae-
JIeHa B pe3yJbTaTe aHajln3a IIOJy-
YEeHHBIX JaHHBIX. [IpoBemeHHBIN
aHanu3 JuTepaTtypsl [2, 8, 15] mo-
3BOJIMJI YCTAHOBUTH ONTUMAaIbHOE
coliepXaHue IOpTJIaHALIEMEHTa,
paBHoe 5%.

Jnst  ompeneseHUs BIUSHMUS
KOMILJICKCHO#T m00aBKM Ha (pu3u- .
KO-MEXaHWYeCKHe CBOICTBA THII- e
COBOTO BSIKYILIEro ObLIa U3rOTOBJIE-
Ha maptusi oopas3loB-0a104YeK Mo
Tpu 00Opa3lia KaxI0ro cocraBa, Ko-
TOpPBIE BbIAEPKUBAIUCH B HOPMAaJIb-
HBIX YCJIOBMSIX TBEPACHUSI B Teue-
Hue 7 1 28 cyT 10 MOMEHTA MPOBEICHMS UCIIBITAHUIA.
[nsa cpaBHEHMSI B KauyeCTBE KOHTPOJIBHBIX COCTABOB
M3rOoTaBJIMBAIMCh 00pa3ibl M3 TMIICOBOIO BSIKYILETO
6e3 mo0aBOK, a TaKXXe U3 TUIca ¢ 1o0aBIeHUEM MOPT-
JIaHAIEMEHTA.

[IpouyHOCTHBIE XapaKTEPUCTUKN KOMITO3UIINMA, MO-
IUGUIIMPOBAHHBIX KOMIUIEKCHOW M00aBKOW ¢ HAHOCH-
JIMKOM, MPeACTaBIEHbI HA PUC. 2.

AHau3 pe3yJbTaTOB MCITBITAHWI 0Opa3lioB, MOIM-
(ULMPOBaHHBIX HAHOCUJIMKOI COBMECTHO C IOPTJIaHI -
LIEMEHTOM, TIPOBEACHHEIX Ha 7-¢ ¢yT (pHuc. 3), TT03BOIUI
YCTaHOBUTH TOBBIIICHNE IMPOYHOCTHBIX XapaKTEePUCTUK
MOIUGUIIMPOBAHHBIX COCTABOB; MOXHO OTMETUTH POCT
rpejeia MPOYHOCTH MpU U3rude 10 26% u mpu cxKaTuu
Ha 35% nipu BBeaeHuu 0,05% HaHOCWIMKU COBMECTHO C
MMOPTJIAHIIIEMEHTOM.

[loBebllIeHNE MPOYHOCTU MOAMMPULIMPOBAHHBIX 00-
pas3lioB, BEpOSTHO, CBSI3aHO C TeM, YTO HAHOCUJIMKA KaK
ITyILIOJIAHOBBIII KOMIIOHEHT BCTYyIaeT BO B3aMMOCH-
CTBUE C TUAPOKCUAOM KaJbIIUsI, OOPa3yIOIIUMCS TIPU
ruapaTaldy MopTIaHAeMeHTa, TIPUBOAUT K (DOPMUPO-
BaHUIO MaJIOPACTBOPUMBIX IIPOAYKTOB — TMAPOCUJIMKA-
TOB KaJIbIMsI, KOTOPBIC TTIOKPHIBAIOT TOBEPXHOCTH TUTICO-
BBIX KPUCTAJUIOB, HO IIPY 9TOM IIPAaKTUYECKU HE MEHSIOT
ux Mopdosoruio (puc. 3, a). [1pu 3TOM yacTUIIBl HAHO-

b -

i HETS 1

Puc. 4. PEeHTreHOBCKMNN MMKPOAHann3 NOBEPXHOCTU MMNCOBOM MaTpULLbl, MOANPULIMPOBAHHOM HAaHO-
cuUnuKoii: He 06paboTaHHOM yNbTPa3ByKOM (a); nocne 06paboTkn ynbTpa3ByKoM (b)

Fig. 4. X-ray microanalysis of the surface of a gypsum matrix modified with nanosilica: a — untreated;
b - after ultrasonic treatment

on the literature review [2, 8, 15], the optimal content of
Portland cement was chosen to be equal to 5%.

In order to determine the effect of the complex addi-
tive on the physical and mechanical properties of the
gypsum binder, a series of samples was prepared, consist-
ing of 3 beams of each composition. The specimens were
kept under normal hardening conditions for 7 and
28 days prior to testing. For comparison, reference
samples of a gypsum binder without additives were pre-
pared, as well as the samples of gypsum with the addition
of Portland cement.

The strength characteristics of the compositions mod-
ified with complex additives with nanosilica are presented
in Fig. 2.

Test results of the samples modified with nanosilica
and Portland cement, carried out on the 7th day of hard-
ening (Fig. 3), showed an increase in the strength charac-
teristics of the modified compositions, where the bending
strength increased up to 26% and the compressive strength
increased by 35% when 0.05% nanosilica was added to-
gether with Portland cement.

An increase in the strength of the modified samples
can be explained by the fact that nanosilica, as a pozzola-
nic component, interacts with calcium hydroxide, that is
formed during the hydration of Portland cement. This
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CUJIMKY arpeTUpOBaHbl B CKOIUIEHUST g 9 b 16
¢ pazaMmepoM 10 1 MM (puc. 3, b), uto 8
MOHIKAET MX IMyLLOJAaHOBYIO aK- 14
TUBHOCTB U, KaK cleicTBUe, a3pdek- S g 7 12
TUBHOCTb B3aMMOECTBUSI HAHOCH - E s 6 10
JMKK C MPONYKTaMH TMApaTauuu g 2 s
LIEMEHTA. 8% 41 8 1

[Ipu ipoBeieHM MUKpOaHaIN3a 05) £ 61—
MMOBEPXHOCTU HOBOOOPA30BAHUI HA EE 17
criektpe (puc. 4, a) B CTpyKType Mo-  E 22 47
IUGULMPOBAHHONW TUIICOBOI Ma- 14 2
TPULBI arperMPOBAHHbBIX YACTUL] Ha- 0. 0

K.O. 0,05 0,1 0,5 K.O. 0,05 0,1 0,5

HOCUJIMKM, HE€ MOABEpraBlIcics
JUcHepraiyu, 3aperucTpupoOBaHbI,
MOMUMO aTOMOB KaJIbLIUsl, KUCJIOPO-
J1a ¥ cepbl, GOPMUPYIOIINX KPUCTAN-
JIbl TUIICA, TaKWE DJIEMEHTBhI, Kak
KPEMHUI, aJIOMUHUNA M MarHui,
BXOJISIIIIME B COCTAaB HAHOCUJIMKMU.

CopepxxaHve HaHOCUIVKK, %
Nanosilica content, %

CopepxaHue HaHocunuku, %
Nanosilica content, %

Puc. 5. MNpo4YyHOCTHbIE CBOCTBA MMMNCOBOrO BAXYLLErO NPV BBEAEHUU HAHOCWSIMKK, 06paboTaHHOM
YNLTPa3BYKOM, 1 LieMeHTa Ha 7-e (a) 1 28-e (b) cyT Teepaexus: [l - naru6;
Fig. 5. Strength properties of gypsum binder with addition of ultrasonically treated nanosilica and
cement on the 7" (a) and 28" (b) days of hardening: [lil - bending;

— cxarve

— compression

JlonoaHuTeabHast 00paboTKa 10-
0aBKM YJIBTPA3BYKOM ITIO3BOJISIET
VBEJIMYUTE YACITbHYIO ITOBEPXHOCTH
MyLILI0JJAHOBOTO MonuduKaTopa 3a
CUET OMCITeprallii JacTUIl HAHOCH-
k. J1nst oueHKU 3¢ GEKTUBHOCTU
aKTWBAIlMM OBLUIM TIPOBEICHBI MWC-
CJIeIOBaHUST MPOYHOCTHBIX CBOMCTB
KOMIIO3MIIMOHHBIX MaTepUAIOB, pe-
3yJIbTaThl KOTOPBIX TPWBEICHBI Ha
puc. 5.

BBenenne akTMBUPOBaHHON M-
HepaJibHOI 100aBKM CIIOCOOCTBYET
paHHEMY TOBBIIMICHUIO IIPOYHOCT-
HBIX XapaKTePUCTUK KOMITO3UIIOH -
HOTO MaTepuaja: pocT Ipeaeia MPOYHOCTH Ha M3TUO0
cocraBisieT 45% 1nipy yBeJMYEHUM MMPOYHOCTH Ha CxKa-
THE TpaKTUYEeCKW B Ba pa3a. YIydllleHHue MeXaHU4Je-
CKMX XapaKTepHCTUK HAOMIOHaeTCsI U TIpU XpaHCHUM
00pasloB B TeueHUe 28 qHEIA.

Ha ocHoBe TIpOBeAcHHBIX MCCIECIOBAHUI MOXKHO
clieaaTh BBIBOM, YTO ONTUMAJIbHOE COACPXKaHUE KOMITO-
HEHTOB B KOMIUIEKCHOM n00aBke cocrasiseT 0,05% Ha-
HOCWIMKHM U 5% TopTiaHALEMEHTA. YBEJIUUEHUE IUC-
MEPCHOCTU YacTUIl MoauduKaTopa criocoocTByeT (pop-
MHUPOBAHUIO OOJBIIETO 00BEeMa MaJIopPacTBOPUMBIX
HOBOOOpa30BaHUI, paBHOMEPHO pacHpeleeHHBIX B
CTPYKTYype MAaTpPHIIBI, YTO U O0OECIIeUMBaCT YIyJIICHHUE
GU3MKO-MeXaHUYECKMX ITapaMeTPOB KOMITO3UTA.

AHaIM3 MUKPOCTPYKTYPHI MOAN(UIIPOBAHHON I'UII-
COBOI MaTpuilbl (pUc. 6, a) Moka3aa yIJIOTHEHUE KPU-
CTAJNIMYECKNX HOBOOOpA30BaHMIi, U3MeHeHUe MOopdo-
JIOTWU KPUCTAJIOTHIPATOB ¢ 00pa3oBaHreM OJIOKOB pa3-
HOOPHUEHTUPOBAHHBIX KPUCTAJUIOB (pHC. 6, b), CBI3aHHBIX
MEXIy CO00I MTPOAyKTaMU B3aMMOICHCTBUS HAHOCUIIH-
KU Y LIEMEHTHBIX MUHEPaIOB. JIJIs1 TOATBEPXKIECHUS 9TUX
BBIBOJIOB OTHOBPEMEHHO CO ChEMKOU MUKPOCTPYKTYPHI
MMPOBOIMJICSI PEHTICHOBCKUI MUKPOAHAIN3 TTOBEPXHO-
CTU TUIICOBBIX KPUCTALJIOB, MOKPBITHIX aMOpPGhU3UPO-
BaHHBIMU HOBOOOpa3oBaHUSIMHU (puc. 4, b)

(Y POIEIIBHBIE

Puc. 6. MukpocTpykTypa MOBEPXHOCTU TMMCOBON MaTpuLbl, MOANPULMPOBAHHOW HAHOCWUANKOMN
nocne ee 06paboTku yNbTPa3BykoM: a — o6wwmin Bug, npm 1000-kpaTHOM yBennyeHuu; b — pparmeHT
npu 5000-kpaTHOM yBENNYEHUN

Fig. 6. Microstructure of the surface of a gypsum matrix modified with nanosilica after its ultrasonic
treatment: a — general view at 1000-fold magnification; b — fragment at 5000-fold magnification

process leads to the formation of poorly soluble prod-
ucts — calcium silicate hydrates, which cover the surface
of gypsum crystals. Fig. 3, a shows that the associated
change in the morphology of crystals is quite insignificant.
At the same time, nanosilica particles can be aggregated
into clusters with a size of up to 1 um (Fig. 3, b), which
reduces their pozzolanic activity and, consequently, the
efficiency of interaction of nanosilica with cement hydra-
tion products.

Microanalysis of the surface of new formations in the
structure of the modified gypsum matrix (Fig. 4, a), along
with the atoms of calcium, oxygen and sulfur that nor-
mally form gypsum crystals, showed the presence of sili-
con, aluminum and magnesium elements, which are
characteristic of nanosilica.

Additional treatment of the additive with ultra-
sound makes it possible to increase the specific surface
area of the pozzolanic modifier due to the dispersion
of nanosilica particles. To evaluate the efficiency of
activation, studies of the strength properties of com-
posite materials were carried out. The results are pre-
sented in Fig. 5.

The introduction of an activated mineral additive pro-
motes an early increase in the strength characteristics of
the composite material: a 45% increase in bending
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Puc. 7. IK-cnekTpbl rMncoBOM MaTpuLbl: & — KOHTPOJIbHBIA COCTaB; b — cocTaebl C BBeaeHneM 5%
uemeHTa 1 0,05% HaHOCKMANKK 40 1 NOCHEe YNbTPa3ByKOBOW 06paboTkmn

Fig. 7. IR spectra of a gypsum matrix: a — reference sample; b — sample modified by 5% cement and
0.05% nanosilicon before and after ultrasonic treatment

R L Tt dand e

\
|
|
|
|
|
\

i |
[ L | <pour|
TR Sy manar
1 s Hasa g
190 (50 100 158 Je0 JS0 400 4% S00 S50 Moo A5G ToB TSD KOU RS0 WM VS 1008 )eSat(

Puc. 8. ITA aHanv3 runcoBoi MaTpuupl: @ — KOHTPOJIbHbIA CcOCcTaB; b — cocTaBbl C BBeaeHnem 5%
uemeHTta 1 0,05% HaHocunukn: 1 — 6e3 ynbTpa3ByKOBOW akTMBauun; 2 — nocne akTMBaumm ynbtpa-
3BYKOM

Fig. 8. DTA analysis of the gypsum matrix: a — reference composition; b — compositions with the
introduction of 5% cement and 0.05% nanosilica: 1 — without ultrasonic activation; 2 — after activation

strength and almost twofold increase
in compressive strength. Associated
improvement in mechanical charac-
teristics is observed when the sam-
ples were tested at the 28th day of
hardening.

The carried-out research shows
that the optimal content of the com-
ponents in the complex additive is
0.05% of nanosilica and 5% of
Portland cement. An increase in the
dispersion of the modifier particles
contributes to the formation of a larg-
er volume of poorly soluble new for-
mations, that are uniformly distrib-
uted in the matrix structure. This
provides an improvement in the
physical and mechanical characteris-
tics of the composite.

Analysis of the microstructure of
the modified gypsum matrix
(Fig. 6, a) showed the compaction
of crystalline formations and a
change in the morphology of crys-
talline hydrates. Blocks of differently
oriented crystals (Fig. 6, b) were
formed, which were bonded by the

with ultrasound

Kax BugHO M3 JaHHBIX PEHTITEHOBCKOIO MUKpOaHa-
JIn3a, B CTIEKTPE 3apeTUCTPUPOBAHBI KDEMHUI U aTIOMU-
HUIi, KOTOpbIE BXOISIT B HOBOOOPA30BaHUS, TOKPbIBAIO-
IIMEe TMOBEPXHOCTh TUIICOBBIX KPUCTAJUIOB, YILJIOTHSIS
CTPYKTYpPY, YBEIWUYMBAsI TUIOLIAAb CLEIJICHUSI KpUCTaI-
JIOB TUIICA APYT C JAPYTOM M CIIOCOOCTBYSI MOBBIIIEHUIO
MMPOYHOCTH TUIICOBOM MaTPUIIbI.

JIns1 ycTaHOBJIEHUSI COCTaBa MPOAYKTOB THApaTalluu
KOMITO3UIIMOHHOTO BSDKYIIIETO OBLIW MPOBEACHBI (prsu-
KO-XMMUYECKHE UCCIe0BaHUs 00pa3lioB ONTUMAaJIbHBIX
COCTaBOB.

HMccnenoBanusi o6pas3loB IMPOBOAMJIMCH  Ha
NUK-Dypre crnekrpomerpe IRAffinity-1 mpousBomcrsa
Shimadzu (dnonus) B auanazoHe vactoT ot 400 mo
4000 cm.

Ha cnextpax MoaudbuUIMpOBaHHBIX 00OpPa3LOB
(puc. 7, b) HabmomaeTcs U3MEHEHUe XapaKTepa MUKOB,
cootseTcTByownx OH-rpynne u cynbdaram (SO,). [Ipu
BBEICHUU KOMILJIEKCHOM 10OaBKU MPOUCXOIUT Pa3iBoe-
HUe ¥ BeIpaBHUBaHMe MuKa OH-rpymiisl, a Takxke yBeau-
YeHME MHTEHCUBHOCTH 1 pacIIMPEeHUEe OCHOBAHUSI 3TOTO
MMMKa, 4TO TOBOPUT OO YBEJIMYEHUU OOpa3yIOIIUXCS B
COCTaBE TUAPOOKCHUJIOB.

IIpu aHanu3e MuKa, COOTBETCTBYIOLIEIO CyJab(dart-
HO# TpymIie, MOXHO OTMETUTH IIOSIBICHHE HOIOIHU-
TEJbHBIX TTMKOB MEXJIY IByMSl OCHOBHBIMU B JAMaIia3oHe
1000—1200 cm™! Ha criekTpe, COOTBETCTBYIOLIEM 06pa3-
11y, MOAM(UITMPOBAHHOMY KOMIIJIEKCHOM J00aBKOI, UTO
TOBOPUT 00 00pa3oBaHUU B COCTAaBE TAKXKe CUIMKATHOMN
rpynmst (O—Si—0).

products of nanosilica and cement

minerals interaction. To confirm
these conclusions, the microstructure of gypsum crystals
covered with amorphous new formations was recorded
(Fig. 4, b). Simultaneously, an X-ray microanalysis of
their surface was carried out.

The X-ray microanalysis spectrum showed the pres-
ence of silicon and aluminum elements in the structure
of new formations, covering the surface of gypsum crys-
tals, which densifies the structure, increases the adhe-
sion area of the gypsum crystals to each other and con-
tributes to an increase in the strength of the gypsum
matrix.

To assess the composition of the hydration products of
the composite binder, physical and chemical studies of
samples of optimal compositions were carried out.

The samples were studied on an IRAffinity-1
IR-Fourier spectrometer manufactured by Shimadzu
(Japan) in the frequency range from 400 to 4000 cm™'.

The spectra of the modified samples (Fig. 7, b) show a
change in the peaks corresponding to the OH group and
sulfates (SO,4). With the introduction of a complex addi-
tive, the OH-group peak splits and flattens, while the base
of this peak expands and becomes more intense, which
indicates an increase in the content of hydroxides formed
in the composition.

The analysis of the spectrum, corresponding to the
sample modified by the complex additive, shows the ap-
pearance of additional peaks between two main peaks,
corresponding to the sulfate group in the range 1000—
1200 cm™'. This indicates the formation of a silicate group
(0O-Si—0) in the composition.
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Tabnuua 2
Table 2

AHanus gpepuBaTtorpamMmm runcoBovi MaTpuLibl
Analysis of the gypsum matrix derivatograms

M3ameHeHre macchl, %
Weight change, %

MoandunumpoBaHHble COCTaBbl
PeaKu:Mq elololeley KOHTPOAbHbI Modified compositions
Reaction Effect cocTas Bes 06paboTku Mpu 06paboTke
Reference YIbTPa3BYKOM YIbTPa3BYKOM
composition Without ultrasound With ultrasound
processing processing
Dervppartaums runca OHOO0TEPMUYECKIIA
Dehydration of gypsum Endothermic 18,2 16,7 17.8
NHBepcuna CaSO, OK30TEpPMUMYECKMIA _ B _
Inversion of CaSO, Exothermic
YacTtunyHoe paspyenne CaSO,
Partial decomposition of CaSO,
PaspylieHne CaCOq OHOO0TEpMUYECKUNin 37 6.6 4.2
Decomposition of CaCOg Endothermic ’ ’ ’
Jervpparaums rmapocunmnkaTon
Dehydration of silicate hydrates
MepekpucTannm3aums CUINKaToB KasbLs OK30TepMmnYecKmnii _ _ _
Recrystallization of calcium silicates Exothermic

Ha nepuBaTorpammax o6pasiioB, MOgMUIIMPOBAH-
HBIX LIEMEHTOM M HAaHOCHWJIMKOM, MOXHO OTMETUTb M3-
MEHEHUsI XapaKTepa IIMKOB TeMIIepaTypHbIX 3(PHeKTOB:

— B muamnasoHe Temrrepatypbl 350—400°C mpowncxo-
JIAT TIepeKPUCTATA3ALIUS AHTUIIPUTA, OJHAKO BBEIEHUE
JI00aBOK TIPUBOIUT K cMelIeHUI0 3(deKkra u yMeHbIle-
HUIO UHTEHCUBHOCTU, YTO CBUIIETEIbCTBYET 00 M3MEHEe-
HUHU COCTaBa MPOAYKTOB TMIpaTAlli MaTepHaa;

— B nuama3oHe temrepatyp 800—900°C HabogaeTcs
JIHUCCOLMAIINAS KApOOHATOB U CYJIb(aTOB KaJbIIMs, a TIpU
BBEIIEHU MUHEPAJTbHBIX TOOABOK MTOTEPS MaCChl YBEIH -
YUBAETCs, UYTO CBUACTEIbCTBYET O MPOTEKAHUM PEaKLIU
JIeTUIpaTalliy TUIPOCWINKATOB KaJIbIIHSI.

VYKazaHHbIE TEIUIOBbIE IMPOLIECCHl MOATBEPKAAIOTCS
YBEIMYCHUEM TTOTEPU MACChl OTHOCUTEIBHO KOHTPOJIb-
Horo obpa3sua (tab. 2).

AHan3 TaHHBIX ITOKAa3ajl, YTO MOTepsl MAaCChl B TEM-
nepatypHoMm auanaszoHe 650—900°C mpu moGaBieHUU
HEaKTUBUPOBAHHON HAHOCWJIMKHU B COCTaBe KOMILIEKC-
HoOW 1006aBKU cocTaBnser 6,56%, a Ipu aKTUBALIMU Ha-
HOCWJIMKM YJIbTpa3ByKoM — 4,15%. CHukeHue moTepu
MACChI CBUETEJIbCTBYET 00 00pa30BaHUM 00Jiee HU3KO-
OCHOBHBIX TMAPOCWJIMKATOB KaJIbLIMsI B COCTaBe MOIU-
(GULIMPOBAHHOI TUIICOBOM MATPUIIBI.

[Tpu 5TOM CTOUT OTMETUTH, YTO Ha JePUBATOTPaMMax
MOIM(PUIIMPOBAHHBIX 00pa3I[0B B TEMIIEPATypHOM JIMa-
mmazoHe oT 850 10 950°C HabogaeTCst HesIPKO BhIpaXKeH-
HbII 9HA03(DdEKT, KOTOPbIA, BEPOSITHO, BbI3BaH Iepe-
KpUCTAIM3alell CUJTMKATOB KaJIbIIHs.

BBeneHne KOMIUIEKCHO# [100aBKM, BKJIIOYalONICH
MOPTJAHALIEMEHT U aKTUBUPOBAHHYIO HAHOCHUIHMKY,
MPUBOIUT K M3MEHEHUIO COCTaBa MATPUIIBI, OTINYAIO-
LIEMCS TIOBBILIEHHON IUIOTHOCTBIO U IIPOYHOCTHIO, 3a
cueT (opMUpPOBAHUS HOBOOOPA30BaHUI Ha OCHOBE

Qr OVIEIIBHBIE

Changes in the nature of the peaks of temperature ef-
fects can be noted on the derivatograms of the samples
modified with cement and nanosilica:

— in the temperature range 350—400°C, anhydrite re-
crystallization occurs. The introduction of additives leads
to a shift in the effect and a decrease in intensity, which
indicates a change in the composition of the hydration
products of the material;

— in the temperature range 800—900°C, the dissocia-
tion of calcium carbonates and calcium sulfates is ob-
served. The introduction of mineral additives leads to the
intensification of the weight loss, which indicates the de-
hydration of calcium silicate hydrates.

These thermal processes are confirmed by an increase
in the intensity of the weight loss, compared to the refer-
ence sample (Table 2).

The data analysis showed that the weight loss of the
sample in the temperature range 650—900°C was 4.15%
when the nanosilica activated by ultrasound was added
into the composition of the complex additive, while
with the unactivated nanosilica it reached 6.56%. A de-
crease in weight loss indicated the formation of lower-
basic calcium silicate hydrates in the modified gypsum
matrix.

It should be noted that a mild endothermic effect was
observed in the derivatograms of modified samples in the
temperature range from 850°C to 950°C, which was prob-
ably caused by recrystallization of calcium silicates.

The introduction of a complex additive, including
Portland cement and activated nanosilica, leads to a
change in the composition of the matrix, which is char-
acterized by increased density and strength. This can be
due to the development of new formations based on cal-
cium silicate hydrates, which bind calcium sulfate crys-

HAYYHO-MeXHU4eCKUil U npou3800CHEEHHYLI JCYPHAA

M,‘ [EPVAVIBIR

aneapv—gespanv 2021

19



K nposeaennio XII MexaynapoaHoii koH(pepenunn «HaHOTeXHOIOTHH A1 IKOJIOTHIECKH
YHCTOrO0 H yCTOHYHBOrO cTpoureabcTBa», Maprt 2021, Illapm-Dan-Illeiix, Ernner

TUAPOCWIMKATOB KaJbLUsl, CBSI3bIBAIOIIUX KPUCTAIO-
TUAPATH Cylab(daTa Kajabliusg B OJIOKM U 3aITOJTHSIIOIINX
TMOPOBOE MPOCTPAHCTBO MaTepuaa.

BoiBobI

B pesynbTate mpoBeNEeHHOrO MCCAEAOBAHUS OBLIO
YCTAHOBJIEHO BJIUSIHUE YJIBTPA3BYKOBOW 0OpPabOTKU
HAHOCWJIMKM, UCTIOJIb3yEeMOMi B KauecTBe MOAN(UKATO-
pa CBOMCTB IMIICOBOTO BSIXYILETO, a TAKXKE IMPOJEMOH -
cTpupoBaHa 3G GEKTUBHOCTh BBEIEHUST KOMITJIEKCHBIX
MOAUMUIMPYIOLINX J00aBOK, CoAepKallluX aKTUBUPO-
BAaHHYI0O HAHOCWJINKY Ha Pa3HBIX CPOKax TBEPACHWSI.
B ctpykType MoaubULIMPOBAHHOIO TMIICOBOTO BSIXKY-
IIETO BBHISIBICHBI HEPACTBOPMMEIE HOBOOOpPa30BaHUS
Ha OCHOBE CWJIMKATOB KaJblIMsl, KOTOPbIE TTPUBOMISIT K
VIUIOTHEHUIO CTPYKTYpPhl MaTepuaja U IOBBIIICHUIO
IMIPOYHOCTHBIX XapaKTePUCTUK THUIICOBOTO KaMHS.
dopmupoBaHue 6ojiee TIOTHOM CTPYKTYPhl O0YCIOB-
JICHO YBEJIWYEHUEM AMCIIEPCHOCTU MUHEPATHHOU J0-
0aBKM, BBICTYIMAIOUIEN B POJU LIEHTPOB KpUCTAIU3a-
LMK, a TaKKe 3a CUYET OONbIIeil aKTUBHOCTU XUMUUEC-
CKOTO B3aMMOJEUCTBUS C IIEJOYHBIM KOMITOHEHTOM.
Haubonpimmiit mpupoCcT NMPOYHOCTH MNPU CXKATUM Ha
28-e cyTKU, paBHBIN 42%, HAGIOAAETCS TTPU BBEICHU U
0,05% axkTMBUPOBAHHOMW HAHOCWIMKU B KOMILIEKCE C
MOPTIAHIIIEMEHTOM.
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talline hydrates into blocks and fill the pore space of the
material.

Conclusion

Based on the carried-out research on the modification
of the gypsum binder properties, the importance of ultra-
sonic treatment of nanosilica was demonstrated. The ef-
fectiveness of introducing complex modifying additives,
containing activated nanosilica, was proven at different
times of hardening. Insoluble new formations, based on
calcium silicates were found in the structure of the modi-
fied gypsum binder, which lead to the compaction of the
material structure and an increase in strength of the gyp-
sum stone. An increase in the density of gypsum stone
was caused by an increase in the dispersion level of the
silicate additive, particles of which acted as crystalliza-
tion centers, and had greater activity of chemical interac-
tion with the alkaline component, compared to the un-
treated additive. The greatest increase in compressive
strength (42%) was observed on day 28 in the composi-
tion with 0.05% of activated nanosilica in combination
with Portland cement.
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MopaudguuupoBaHue LLEMEHTHOr0 KamMHSA
MUKpO06aBKaMu HeopraHu4yeckux coneu

MpencTtaBneHbl peaynbTarbl UCCNEA0BaHNIA N0 MOANMDULMPOBAHNIO LLEMEHTHOTO KaMHs MUKPOA06aBKaMi HEOPraHYecKnx Conei, Taknx
kak GaCl,, Ca(NOs),, CaS0, n CuS0,. [lo3nposka 2%-ro pactsopa conei Bapsbuposanacs ot 0,2 4o 1%, npu 3TOM pacxog Cyxoit conu
coctasnsan ot 0,004 o 0,02% 0T macchl LeMeHTa. bbino yCTaHOBEHO, Y4TO BCE MCCNE0BaHHbIE J0OaBKN B UHTEpBane A03upoBKu 0,2—
1% 0T Macchbl LIEMEHTa, cyuTas Ha 2%- pacTBOpP CONK, ABNAIOTCA YCKOPUTENSAMU TBEPAEHUS LIEMEHTA U MOANUKaTopamu,
MOBbILLAKLLMMI €ro NPOYHOCTL. MMpesen NPOYHOCTU NPK CXKATUN LEMEHTHOTO KamMHs ¢ 406aBKamun BO BCE CPOKM TBEPLEHUS OKasancs
BblLLE, YeM Y KOHTPOJbHbIX 06pa3u0B. MakcumanbsHoe 3Ha4eHne NPOYHOCTM NoKasanu 06pasLbl LEMEHTHOTO KamHs B Bo3pacTe 28 cyT
TBEpPAeHNs ¢ fobasnennem coneit CaS0, n Ca(NO;), — 85 MMMa. [ina coneri CaCl, n CuSO, Npo4HOCTL NpU CXaTuu cocTasnna
COOTBETCTBEHHO 82,5 1 68,8 MIa. [lokazaHo, 4TO NPMPOCT NPOYHOCTM LIEMEHTHOrO KaMHS ¢ MUKPOJ06aBKaMu HEOPraHUYecKux conen
NPOUCXOANT B PaHHUE CPOKK TBepaeHus — 3, 7 cyT. CKopoCTb Habopa NPOYHOCTU LEMEHTHOrO KaMHs goxoanna Ao 92-94% k 7-m cyT
TBEPAEHUS NO OTHOLLEHMIO K MPOYHOCTW LIEMEHTHOrO KaMHS Ha 28-e cyT TBepaeHus. MpeanoxeH MexaHn3m ruaparaumm LemeHTa

C MUKPOLOOABKAMU HEOPTaHUYECKUX COMEN.
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Modification of Cement Stone with Microadditives of Inorganic Salts

The article presents the results of research on the modification of cement stone with microadditives of inorganic salts, such as CaCl,, Ca(NO,),, CaSO, and CuS0,. The dosage of the
2% salt solution varied from 0.2 to 1%, while the dry salt consumption was from 0.004 to 0.02% of the cement weight. It was found that all investigated additives in the dosage range of
0.2-1 wt. %, counting on 2% salt solution, are accelerators of cement hardening and modifiers that increase its strength. Compressive strength of cement stone with additives at all
times of hardening is higher than that of control samples. The maximum strength values were shown by samples of cement stone at the age of 28 days of hardening with the addition of
CaS0, and Ca(NO,), — 85 MPa. For the salts CaCl, and CuSQ,, the compressive strength was 82.5 MPa and 68.8 MPa, respectively. It has been proven that an increase in the strength
of a cement stone with microadditives of inorganic salts occurs in the early stages of hardening — 3, 7 days. The rate of strength gain of the cement stone reached 92-94% by 7 days of
hardening in relation to the strength of the cement stone at 28 days of hardening. The mechanism of cement hydration with microadditives of inorganic salts is proposed.

Keywords: portland cement, microadditives, inorganic salts, modification, compressive strength, cement hydration.
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M3BecTHO, 4TO I PeryJaMpoBaHMsSI CBOMCTB OETOHA,
OCTOHHOM CMECH M PKOHOMUHU IIEMEHTAa MPUMEHSIOT 10-
0aBKM pazaIMIHOrO (PYHKIIMOHAJIBHOTO Ha3HAYEHUSI.
IIpumeHeHre XUMUYECKUX H00ABOK SIBJSIETCSI OMHUM U3
HanboJjiee YHUBEPCATbHBIX, JOCTYITHBIX U TUOKUX CITOCO-
0OB yIpaB/leHUs] TEXHOJOIMeil OeTOHA U PeryJIupOBaHUS
ero cpoiicts [1]. TlnaHbl pa3BUTHSI CTPOUTETHHONU WHITY-
CTpUU TIPEAYCMATPUBAIOT 3HAYUTEIbHOE pacLIUpeHue
MPOU3BOICTBA OETOHHBIX CMECeil C MCITOIb30BaHUEM d(]-
(beKTUBHBIX T0OABOK, TPUMEHEHNE HOBBIX BUIOB J00ABOK.

B Teopuu u mpaxkTuKe LIEMEHTHBIX OETOHOB MU3BECT-
HO, YTO HEOPTaHWUYECKUE COJIM UTPAIOT POJIb PETYJISATO-
poB npoiieccoB TBepaeHus uemeHTa [2]. Tak, conu NaCl,
Na,S0O,, CaCl, u ap. ABISIOTCS YCKOPUTEISIMU TBEpAE-
HUSI LIEMEHTa, TPU 3TOM PEKOMEHIyeMble TO3UPOBKH
JIeXXaT B Ipeaetax OT ACCSATHIX J0JIei MPOIIEHTOB 0 Iie-
JIBIX TIPOLEHTOB. 151 MIMPOKO TIPUMEHSIEMON TOOaBKMU
CaCl, no3upoBka cocrapisieT 1—2% oT Macchl LieMeHTa
npu B/ = 0,35—0,55 u 0,5—1% npu B/11>0,55 [3, 4].

It is known that additives for various functional pur-
poses are used to regulate the properties of concrete, con-
crete mixture and save cement. The use of chemical addi-
tives is one of the most versatile, affordable and flexible
ways to control concrete technology and regulate its
properties [1]. The plans for the development of the con-
struction industry provide for a significant expansion of
the production of concrete mixtures using effective addi-
tives, the use of new types of additives.

In theory and practice of cement concretes, it is
known that inorganic salts play the role of regulators of
cement hardening processes [2]. So salts NaCl, Na,SO,,
CaCl, and others are accelerators of cement hardening,
while the recommended dosages range from tenths of a
percent to whole percent. For the widely used CaCl, ad-
ditive, the dosage is 1-2% of the cement weight at
W/C=0.35—-0.55 and 0.5—1% at W/C>0.55 [3, 4]. In this
case, the effect of accelerating the hardening of cement
stone in 1 day is 30% or more percent. Modifiers are
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IIpu 31OM 3(DhEeKT YCKOPEHMST TBEPACHUST LIEMEHTHOIO
KaMH# B 1 cyrcocraisiet 30% u6osee. MoaudukaTopbl —
XUMUYECKUE T100aBKM — B TIPOLIECCE TUAPATALINU CYIIIe-
CTBEHHO BJIMSIIOT HE TOJIBKO Ha KUHETHUKY CTPYKTYpO-
00pa3oBaHUs IIEMEHTHOTO KaMHS, HO W Ha s Kaye-
CTBEHHBIX ITOKA3aTeJIeii CTPYKTYPhI Ha Pa3JIMYHBIX YPOB-
HSIX CTPYKTYpOOOpa30BaHMUsI: Ha aTOMHO-MOJIEKY/ISIPHOM
YPOBHE, B IIpoliecce 00pa3oBaHMs IEPBUYHBIX CTPYKTYP-
HbIX KOMIUIEKCOB, B TOM 4YMCJIe KOJUIOMIHOIO pa3Mepa;
GopMUpOBaHKUS TTOPOBOI CTPYKTYPHI M CTPYKTYPHI Ha
YpOBHE u3aenit [5, 6].

OpHako M3BECTHO, YTO MCIIOJIb30BaHME B KAuyeCTBE
YCKOPUTEJIC TBePACHUS XJIOPUIOB B PEKOMEHOYEMBbIX
JI03MPOBKAX BbI3bIBAET KOPPO3UIO apMAaTyPhl ¥ TEXHOJI0-
TMYECKOTO O00OPYIOBAaHMS, YTO OTPaHMYMBACT WX ITPU-
MEHEHME B KeJae300eToHe, ObICTpOe 3arycreBaHue Oe-
TOHHOI cMmecH [7].

Panee B paborax corpynHukoB BCI'YTY 6buta no-
KazaHa 3(P(HeKTUBHOCTh MUKPOJO3UPOBOK OT COTHIX 0
TBICSYHBIX A0JI€# MPOLIEHTOB L1 psda coeil — Na,SiFg,
cozeit Zn, Al, Fe [8, 9]. UccnenoBaHHBIE COJIN SBIISUIACH
AKTUBU3aTOPaMU TBEPACHUS OCCIEMEHTHBIX U IIEMEHT-
HbIX BSDKYILIMX KOMITO3MILIMI, TaK KaK B IIPOLIECCE MX THI-
paTaliy M TBEPIEHUST UIYT 30JIb-TeJIb MPOIIECCHI, CBSI-
3aHHbIE C BBEJACHUEM B CUCTEMY COJIC MHOTOBaJIEHTHBIX
METaJLJIOB.

IMouck u U3yyeHne CBOMCTB HOBBIX HEOPraHUYECKUX
J100aBOK IIPOIOJIKACTCS, PAa3BUTUE HAYYHBIX UCCIIEA0Ba-
HUI B 00J1aCTU MPUMEHEHUS 00YCIOBIMBAETCS MTOTPEO-
HOCTBIO B HUX B TexHoJioruu 6etoHa. [Ipeacrasisier uH-
Tepec UCCIIEAOBATh JISI YCKOPEHUST TBEPACHUS IIEMEHT-
HOT'0 KaMH# U Ipyrue coiu, Takue Kak CaCl,, Ca(NOs3),,
CaSO, u CuSO,. [1o6aBkU XJIOPUIBI U HUTPATHI KATbLIUS
HCIOJb30BAIUCH IS YCKOPEHUSI TBEPIEHUST IIEMEHTa,
HO B Ipyrux mo3upoBkax [3, 6, 10]. B npencrasienHoi
pabote BmepBble ObUIM McciaenoBaHbl comn CaSO, u
CuSO,. Cynbpar kanpuusa CaSO, He ucciaegoBaivd B
CUJTy MaJIOil €ro pacCTBOPUMOCTU B BOJIE U BO3MOXKHOTO
IIPOTUBOPEUMSI, YTO B COCTABE LIEMEHTA €CTh YXKe IMIICO-
BbIil kKameHb. Cynbdar meau CuSO, ucnoab30BaId Kak
AKTUBM3aTOP TBEPIACHMUS U MOIU(U-

chemical additives in the process of hydration that signifi-
cantly affect not only the kinetics of structure formation of
cement stone, but also a number of qualitative indicators
of the structure at various levels of structure formation: at
the atomic-molecular level, during the formation of pri-
mary structural complexes, including colloidal size, for-
mation of pore structures and structures at the product
level [35, 6].

However, it is known that the use of chlorides as hard-
ening accelerators in recommended dosages causes corro-
sion of reinforcement and technological equipment,
which limits their use in reinforced concrete, rapid thick-
ening of the concrete mixture [7].

Earlier, the work of ESSUTM employees showed the
effectiveness of microdosing from hundredths to thou-
sandths of a percent for a number of Na,SiFg salts, Zn, Al,
Fe salts [8, 9]. The investigated salts were activators of
hardening of cement less and cement binder composi-
tions, since in the process of their hydration and harden-
ing there are sol—gel processes associated with the intro-
duction of salts of multivalent metals into the system.

The search and study of the properties of new inor-
ganic additives continues. The development of scientific
research in the field of application of new inorganic addi-
tives is determined by the need for them in concrete tech-
nology. It is of interest to investigate other salts such as
CaCl,, Ca(NOjy),, CaSO,4 and CuSO, to accelerate the
hardening of cement stone.

Additives chloride and calcium nitrates were used to
accelerate the hardening of cement, but in different dos-
ages [3, 6, 10]. In the presented work, the CaSO, and
CuSOy salts were studied for the first time. Calcium sul-
fate CaSO, was not investigated due to its low solubility in
water and a possible contradiction that the cement already
contains gypsum stone.

Copper sulfate CuSO, was used as a hardening activa-
tor and modifier in order to reveal the effect of replacing a
2-valence calcium cation with a copper cation with the
same anion. Information on the studied salt dosage inter-
vals are given in Table 1.

KaTOp C LEJIbI0 BBISIBUTH BIIMSIHUE Ta6nuua 1
3aMEeHbl JBYXBaJICHTHOIO KaTHOHAa ~ Table 1
KAJIbLUS HA KATUOH MEIM TIPH OJIM- XapaKTepVICTI/I_Ka_VI A03UPOBKa UCMOJIb3yEMbIX CONen
Characteristics and dosage of the salts used
HakoBOM aHMOHe. CBeaeHUS 00 MC-
C/EI0BAHHDIX HHTEPBA/IAX JO3UPOB- Cuntast Ha 2%-it
KM COJIEU IIPUBECACHEBI B Tab1. 1. KonnuecTso no6asku, % ot paCTBF)p conu 0.2 0.4 06 0.8 1
Ho3upoBka 2%-ro pacTBopa coJiu Macchl LeMeHTa Couqtlng on 2% salt ’ ' ’ ’

BapbupoBaiack oT 0,2 10 1%, npu | Additive amount,% by solution
3TOM PAcXOJ CyXOil conm cocTapisur | Weightof cement Cunras wa cyxyioconb | o o040 908 | 0012 | 0.016 | 002
ot 0,004 1o 0,02% oT Macchl LleMeH- Counting on dry salt
Ta. Ci1enyeT OTMETUTb, UTO OTO MEHb- || KonueHTpauws pacteopa | v B/L=0,25 0016 | 0.032 | 0048 | 0.064 | 008
1€, YeM peKOMEHIyeMas JO3UPOBKa | com, % W/C=0,25

_ _ _ Salt solution concentration, =
1-2%, — ot 50 mo 500 pa3. [1pu BBe o \Tvpg?é% 0,3 0013 | 0,027 | 0,04 | 0,054 | 0,067
JaeHun 2%-ro pacTBOpa COJMM B BOLY /C=0,
JUISL 3aTBOPEHUST TIPOMCXOAUIIO Pa3- | PasGasnewue ucxogHoro | Mo B/L=0,25 125 63 4 31 25
GasieHue pactBopa ot 25 o 150 pa3, | pacteopa conm, pasbl W/C=0,25
M KOHLIGHTPALIMST pacTBOpa couti co- | Dilution of the original salt | fpu B/11=0,3 150 | 74 50 37 30

solution, times W/C=0,3

crasiisuta ot 0,013 1o 0,08%. d
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N3MmeHeHne 103MPOBKYU COM MPOU3BOAMUIOCH C ITO-
Molbio 2%-X pacTBOPOB, B KOTOPBIX COTJIACHO M3BECT-
HBIM XMMMWYECKUM 3aKOHAM MHOTOCTYNEHYAThblii Mmpo-
Liecc TMAPOIN3a COIM MPOTeKaeT 10 KOHLA ¢ o0pa3oBa-
HMEM Ha TMPOMEXYTOUHOW CTaliMMU TUAPOKCOCOJENH
COOTBETCTBYIOIIMX META/LUIOB. B cilyyae nmpumeHeHUs
HCCIIElyeMBIX COJIEH TMIPOJIU3 MPOTEKAET MO CJIELYI0-
UMM XMMMUYECKUM peakLMAaM, Ha IPUMEpe XJI0puia
kanbuust CaCly:

CaCl,+H,0=Ca(OH)CI+HCI;
Ca(OH)Cl+H,0 =Ca(OH),+HCL.

CunbHO pa30aBieHHbIE PACTBOPHI COJIEi MHOTOBa-
JICHTHBIX METAJIJIOB UMEIOT CJICAYIONINE OTIMYUMSI:

— TMIPOJIN3 COJIeil MOET M0 KOHIIa ¢ oOpa3oBaHUEM
TUAPOKCUIOB U COOTBETCTBYIOIIMX KUCTIOT,

— TMAPOKCUIBI MHOTOBAJICHTHBIX METAJIJIOB, Kak
MPaBUIO, HAXOASITCS B KOJUIOUIHOM COCTOSIHUM C 0O0JIb-
110 BOAHON OO0OJOYKOM MULEI, MPEINsTCTBYIOIER
arperamuy 4YacTuIl;

— DUCIIEPCHOCTh KOJUIOMAHBIX YACTHUIl THAPOKCHUIIOB
JIEXXUT B 00J1aCTU HaHOpa3MepHbIXx yacTuil — 10—20 uMm [11];

— BBICOKAsI XUMMYECKasi aKTUBHOCTb J00OABOK B CH-
JTy BBICOKOM yIeIbHOM TTOBEPXHOCTU 00pa3yeMbIX HAHO-
YacTHIl.

Xopol1o U3BeCTEH psifi paboT, OMMCHIBAIOIINX 30Jb-
reJib METOA CHHTe3a WHAMBUAYATbHBIX U COBMECTHBIX
OKCHIOB WJIM TUAPOKCUAOB METAUIOB (CMCTEMBI Ha OC-
HOBe oKcuIoB amoMuHus u xenes3a (I11)) u uzyyenue nx
CTPYKTYphl U cBoiictB [12, 13]. Tlpoueccs ruaposimnsa
CoJIeil METaJUIOB SIBJISIIOTCSI OCHOBOM KOHTPOJIMPYEMOTO
CHHTE3a KOJUIOUIHBIX PACTBOPOB MaJ0pPaCTBOPUMBIX OK-
CHIIOB U THUAPOKCHUIOB METAJUIOB, MOCJICIHUE, B CBOIO
oyepenb, OTHOCATCS K MpeAllecCTBEHHUKaM, WIW Tpe-
KypcopaM, B Ipolieccax (popMUpOBaHUSI HAHOCTPYKTY-
PYPOBAaHHEIX MAaTEPUAJIOB.

Kaxk ykasbIBajoch paHee, B pabOTe MCCIIEIOBAIOCH
YeThIpe BHUIA JO0ABOK, KaK XOPOIIO M3BECTHBIX, TAKMX
kak CaCl,, Ca(NOs),, Tak U BIEPBbIE MCIOJIb3yEMBIX:
CaSO, u CuSO,. 13 uemeHra ¢ nodaBkamu popmoBa-
JIMCh 00pa3iibl ItacTuIHOro popmoBanust pu B/11=0,25
u B/11=0,3 pazmepamu 2X2X2 cMm. OOpasiibl XpaHWIKCh
MPU CTAaHAAPTHBIX ycaoBusx: t=18+2°C; W=95-100%,
3aTeM MCIBITHIBAIMCH HAa TIPOYHOCTD MPU CXATUHU B BO3-
pacre 1, 3, 7, 14, 28 cyt TBepacHMsI. Pe3ynbTaThl NCCIen0-
BaHUI MpeacTaBieHbl B Ta0. 2, 3. D¢hGEeKTUBHOCTD 10-
0aBOK OLIEHMBAJIACh IO OTHOIICHUIO IIPOYHOCTU TP
CXXaTUM LIEMEHTHOIrO KaMHsSI ¢ J00aBKOW K MPOYHOCTHU
MpU CXKaTUM KaMHs 0e3 100aBKU.

AHaIM3 TMOJYYeHHBIX PE3YyJIbTaTOB IO3BOJISIET Clie-
JIaTh CJAEAYIOIINE BbIBOII:

— BCE MCCJIeNOBaHHbIC JO0ABKM B MHTEpBAJE TO3U-
posku 0,2—1% oT Macchl LieMeHTa, cuunTast Ha 2%-1i pac-
TBOP COJIH, SIBJISIIOTCSI YCKOPUTEJISIMU TBEPACHUS IICMEH-
Ta U MoaudUKATOpaMM, IOBBIIIAIOIIMMUA €ro Mpoy-
HOCTB;

— TIpenesT IPOYHOCTH TIPH CXKATUX IIEMEHTHOTO KaM-
HS1 ¢ 10OaBKaMu BO BCE CPOKU TBEPACHMS BbIIIE, YEM Y
KOHTPOJIbHBIX 00pa31I0B;

HAYYHO-MeXHU4eCcKuil U npou3800CEeHHbLI JHCYPHAN

The dosage of the 2% salt solution varied from 0.2 to
1%, while the dry salt consumption was from 0.004 to
0.02% of the cement weight. It should be noted that this is
less than the recommended dosage of 1-2% — 50 to
500 times. When a 2% salt solution was added to the mix-
ing water, the solution was diluted from 25 to 150 times,
and the concentration of the salt solution was from 0.013
t0 0.08%.

The salt dosage was changed using 2% solutions, in
which, according to the known chemical laws, the multi-
stage process of salt hydrolysis proceeds to the end with
the formation hydroxosalts of the corresponding metals at
the intermediate stage. In the case of using the studied
salts, hydrolysis proceeds according to the following
chemical reactions, for example, calcium chloride CaCl,:

CaCl,+H,0=Ca(OH)CI+HCI;
Ca(OH)Cl+H,0 =Ca(OH),+HCL.

Strongly diluted solutions of salts of multivalent metals
have the following differences:

— hydrolysis of salts goes to the end with the formation
of hydroxides and corresponding acids;

— hydroxides of polyvalent metals, as a rule, are in a
colloidal state with a large aqueous shell of micelles,
which prevents particle aggregation,;

— the dispersion of colloidal particles of hydroxides
lies in the range of nanosized particles — 10—20 nm [11];

— high chemical activity of additives due to the high
specific surface area of the formed nanoparticles.

A number of works describing the sol-gel method for
the synthesis of individual and combined metal oxides or
hydroxides (systems based on aluminum and iron (III)
oxides) and the study of their structure and properties are
well known [12, 13]. The processes of hydrolysis of metal
salts are the basis for the controlled synthesis of colloidal
solutions of poorly soluble metal oxides and hydroxides,
the latter, in turn, are precursors or precursors in the for-
mation of nanostructured materials.

As mentioned above, the work studied 4 types of addi-
tives, both well known, such as CaCl,, Ca(NO3),, and for
the first time used: CaSO, and CuSO,. From cement with
additives, samples were molded at W/C=0.25 and W/C=0.3
with dimensions of 2x2x2 cm. The samples were stored
under standard conditions: t=18+£2°C, W=95—-100%, then
tested for compressive strength at the age of 1, 3, 7, 14,
28 days of hardening. The research results are presented in
tables 2, 3. The effectiveness of the additives was evaluated in
terms of the ratio of the compressive strength of the cement
stone with an addition to the compressive strength of the
stone without the addition.

Analysis of the results leads to the following conclu-
sions:

—all investigated additives in the dosage range of
0.2—1% of the cement mass, counting as 2% salt solution,
are accelerators of cement hardening and modifiers that
increase its strength;

— the ultimate strength in compression of cement
stone with additives at all times of hardening is higher than
that of control samples;
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Ta6nuua 2
Table 2

BnusiHme Bupa u konnyectea f06aBOK Ha MPOYHOCTb LIEMEHTHOI0 KaMH$i
Influence of the type and amount of additives on the strength of the cement stone

Mpeaen NPOYHOCTY NPK CXATUM [/1st PACTBOPOB C PasNyHbIM NPOLEHTHbIM COOTHOLIEHUEM [0GaBKN
Bpems Teepaenms, OTHOCUTE/IBHO MacChl LiemeHTa, MMMa
Cone B/U cyT Compressive strength for mortars with different percentages of additives relative to the
Salt w/C Hardening time, weight of cement, MPa
days 0% 0,2% 0,4% 0,6% 0,8% 1%
3 34,5 52,5 65 77,5 72,5 50
CaS0, 0,25 7 42,2 63 72,5 85 75 52,5
28 55,8 63,2 76,3 85,1 83,8 53,1
3 34,5 42 50 53,8 55 55
Ca(NOs), 0,25 7 42,2 45 56,3 66,3 65 65
28 55,8 60,4 65,2 85 85 87,5
1 7,5 10 10 10 11,3 11,3
3 30,0 30 50 47,5 47,5 40
CaCl, 0,3 7 37,5 62 61,5 61 59,5 45
14 40 71,3 67,3 63,8 62,5 47,5
28 47,5 80 80 82,5 62,5 57,5
1 7,5 11,3 11,3 11,3 11,3 11,3
3 30 35 42,5 37,5 40 37,5
CuS0, 0,3 7 37,5 42,5 61,3 55,5 62,5 61,3
14 40 50 58,75 55 62,5 63
28 47,5 56,25 66,25 67 68,75 68,75
Tabnuua 3
Table 3
AddekTMBHOCTb AElCTBUS MCMONb3YeMbIX A00ABOK
The effectiveness of the additives used
OTHOLLEHE NPOYHOCTY MPK CXATIM KamHs C 10BABKOIA K IPOYHOCTY NPK CXaTUM kamHs Ge3 106aBku,
Bpewmst TBepaeHus, Rex ¢ 106 / Rox konrp, B 3aBUCUMOCTY OT KONM4ecTBa 2%-ro pacTBopa conu, % OT MacChl LeMeHTa
Cons B/ CyT The ratio of the compressive strength of a stone with an additive to the compressive strength of a stone with-
Salt wy/C Hardening time, out an additive, Ragd / Reont depending on the amount of 2% salt solution, % of the weight of cement
days 0,2 0,4 0,6 0,8 1
3 1,38 1,71 2,04 1,91 1,32
CaS0, 0,25 7 1,37 1,58 1,85 1,63 1,14
28 1,13 1,37 1,53 1,5 -
3 1,11 1,32 1,41 1,45 1,45
Ca (NO3), 0,25 7 11 1,22 1,44 1,41 1,41
28 1,08 1,16 1,52 1,53 1,57
1 1 1,33 1,33 1,5 1,5
3 1 1,67 1,58 1,58 1,33
CaCl, 0,3 7 1,65 1,64 1,6 1,59 1,2
14 1,78 1,68 1,59 1,56 1,19
28 1,68 1,68 1,74 1,32 1,22
1 1,5 1,5 1,5 1,5 1,5
3 1,17 1,42 1,43 1,33 1,25
CuS0, 0,3 7 1,13 1,63 1,65 1,67 1,65
14 1,25 1,47 1,5 1,56 1,58
28 1,18 1,39 1,4 1,45 1,45
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— MHTEePBaJl ONTUMAJIbHBIX TO3MPOBOK T00aBOK 3a-
BucHt ot Buaa coiu: CaSO, — 0,4—0,8%; CaCl, — 0,2—
0,4%; Ca(NO;), — 0,6—1%; CuSO, — 0,4—1%.

Hobaska conu CaSO, B MHTEpBajie ONTUMaIbHBIX J0O-
3UPOBOK TIOBBINIAET MPOYHOCTh IIEMEHTHOTO KaMHS B
Bo3pacte 3 c¢yT B 1,71-2,64 pa3a u B Bo3pacte 28 cyT — B
1,5—1,57 paza. s nobaBku Ca(NO3), apdheKTUBHOCTD
coctanjser 1,41—1,45u1,52—1,57 paza Ha 3-u u 28-¢e cyT
COOTBETCTBEHHO (Tab. 2, 3).

DddekTrBHO BBeeHUE B cocTaB LieMeHTa coii CaCl,,
0COOCHHO MPU MUKPOAO3UPOBKE: IIPOUCXOMAUT IOBBIILIE-
HUE MMPOYHOCTH TIPU CKATUM 1IEMEHTHOTO KaMHST B BO3-
pacte 1 cyr TBepaeHust — Ha 33%; Ha 3-u cyT — Ha 58—67%
u Ha 28-¢ cyT — Ha 68—74%. Jdns comu CuSO, mpupoct
IMPOYHOCTH COCTABJISIET: B Bo3pacTte 1 cyT TBepIeHUs — Ha
50%, na 3-u cyt — Ha 33—43% v Ha 28-¢ cyT — Ha 38—45%.

CrieyeT OTMETUTD, YTO BCE MCCIIeOBAaHHbBIE 10OaB-
KU HeE TOJIbKO YCKOPSIIOT ITPOLIECCHI TBEPACHNUS LIEMEHTA,
HO ¥ TIOBBIIIAIOT MPOYHOCTH 1IEMEHTHOTO KaMHS B BO3-
pacte 28 cyT TBepaeHusl. MakcuMalbHble 3HA4YEeHUS
IIPOYHOCTH MOKa3aJIn 00pa3ibl B Bo3pacTe 28 CyT TBep-
neHus ¢ gobasnenuem coneir CaSO, n Ca(NOj), npu
B/1l-otHomenuu 0,25—85 MIla, B To BpeMsl KaK KOH-
TPOJIbHBIE 00pPA3IIbl UMeU MPOYHOCTh 55,8 MIla. [Insa
coneit CaCl, u CuSO, npu B/11=0,3 npoyHoCTb npu
CKATUU COCTaBMJIa COOTBETCTBEHHO 82,5 u 68,8 MIla.

ITprpocT MPOYHOCTU LIEMEHTHOTO KaMHSI ¢ XUMUYe-
CKMMHM J00aBKaMU IIPOMCXOAUT B paHHUE CPOKK TBEP/E-
Hus (3, 7 cyT): CKOpOCTh HAOOpa MPOYHOCTU JOXOAUT 10
92—94% K 7-M CYT TBEpIAEHMSI 110 OTHOIIECHUIO K IIPOY-
HOCTM I1IEMEHTHOTO KaMmHs Ha 28-e CyT TBepe-
Hus (taba. 4). B xomnosuuusax c coaamu CaCl, un
Ca(NO3), ckopocTh Habopa MPOYHOCTHU B MEPBBIE CYTKU
TBEPACHUST MPAKTUYECKU TaKasl Xe, KaK y IeMeHTa 0e3
nobasok. B ciyyae npumenenus CaSO, npu onTuMab-
HBIX IO3UPOBKaX B BO3pacTe 3 CYT TBEPIAEHMS TPOYHOCTh
LIEMEHTHOTO KaMHsI cocTaBiisieT 88% OT MPOYHOCTH Ha
28-€ CyT TBEpJIEHHUSI, UTO BBIIIIE, YeM Y KOHTPOJIBHBIX 00-
pa3ioB, Ha 23%; Ha 7-¢ cyT TBepueHus: — 94%, 4To BhIIIIE,
4YeM Y KOHTPOJIbHBIX, Ha 14%. BeposiTHO, 3TO CBSA3aHO C

— the interval of optimal dosage of additives depends
on the type of salt: CaSO, — 0.4—0.8%; CaCl, — 0.2—
0.4%; Ca(NO;), — 0.6—1%; CuSO, — 0.4—1%.

The addition of CaSO, salt in the range of optimal
dosages increases the strength of the cement stone at the
age of 3 daysby 1.71-2.64 times and at the age of 28 days —
by 1.5—1.57 times. For the addition of Ca(NO3),, the ef-
ficiencyis 1.41—1.45and 1.52—1.57 timesin 3 and 28 days,
respectively (Tables 2, 3).

The introduction of CaCl, salt into the cement com-
position is effective, especially with microdosing: there is
an increase in the compressive strength of the cement
stone at the age of 1 day of hardening — by 33%, in
3 days — by 58—67% and at 28 days — by 68—74%. For the
CuSO0j, salt, the increase in strength is: at the age of 1 day
of hardening — by 50%, in 3 days — by 33—43% and at
28 days — by 38—45%.

It should be noted that all investigated additives not
only accelerate the processes of cement hardening, but
also increase the strength of the cement stone at the age of
28 days of hardening. The maximum strength values were
shown for samples aged 28 days of hardening with the ad-
dition of CaSO, and Ca(NO;), salts at a W/C ratio of
0.25—85 MPa, while the control samples had a strength of
55.8 MPa. For CaCl, and CuSO, salts at W/C=0.3, the
compressive strength was 82.5 MPa and 68.8 MPa, re-
spectively.

An increase in the strength of cement stone with
chemical additives occurs in the early stages of hardening
(3, 7 days): the rate of strength gain reaches 92—94% by 7
days of hardening in relation to the strength of the cement
stone in 28 days of hardening (Table 4). In compositions
with CaCl, and Ca(NO5), salts, the rate of strength gain in
the first day of hardening is practically the same as for ce-
ment without additives.

In the case of using CaSO, at optimal dosages at the
age of 3 days of hardening, the strength of the cement
stone is 88% of the strength in 28 days of hardening, which
is 23% higher than that of the control samples; on the 7th
day of hardening — 94%, which is 14% higher than in the

Tabnuua 4
Table 4

CkopocTb HaGopa NPOYHOCTU LLIEMEHTHOIO KaMHS
The rate of strength gain of the cement stone

KonnuecTtso no6asku, % OT Macchl LieMeHTa OtHolueHue nokazatenei, R, /Ryg, %
Additive amount,% by weight of cement Ratio of indicators, R, /R,g, %
Conb =3 cyT T=7CyT
Salt Cuutas Ha 2%-11 pacTBop CoMM CuuTas Ha Cyxylo Cosb T =days T=7days
Counting on 2% salt solution Counting on dry salt CpefHee 3HayeHme CpefHee 3HaueHme
Average values Average values
CaS0, 0,4-0,8 0,008-0,016 88 94
CaCl, 0,2-0,6 0,004-0,012 61 76
Ca(NO;), 0,6-1 0,012-0,02 64 76
CuSO, 0,4-1 0,008-0,02 61 92
npv B/U=0,25
- 68 82
LiemeHT 6e3 106aBoK W/C=0,25
Cement without additives =
npu B/l_l, 0,3 B 63 79
W/C=0,3
HAYMHO-MeXHUHeCKULl U NPOU3B00CMBEHHbIIL HCYPHAN _g POVIES DT | ==
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MPUCYTCTBUEM MOHOB SOZ’ B XXKMIKOM (pase, 4To cnocoo-
CTBYET OBICTPOMY 00Pa30BaHUIO TUAPOCYIb(oaTtoMUHA-
TOB KaJibliMsl, B OTJMYME OT LieMeHTa 0e3 100aBOK, Tie
cynbdaT KaJlblKsl HaXOAUTCS B TBEpAOi (a3se.

[IpoBeneHHBIC WMCCIEMOBAaHUS II0KAa3aJId, YTO BUII
aHUOHA COJIM MPU OAUHAKOBOM KaTUOHE BJIMSIET Ha 3¢~
¢ekTUBHOCTD neiicTBUs mobaBok. [1o ckopocTu Habopa
MPOYHOCTU camoii 3(PdeKTUBHON A00ABKOI SIBJISETCS
cynbdat kanbuus CaSO,. [To MakcuMallbHON MTPOYHO-
CTH KaMHS B Bo3pacTte 28 CyT TBepAeHUS IIPY OTMHAKO-
Boii no3upoBke — 0,6%, cunrtas Ha 2%-ii pacTBOp COJIN,
camoil apdexTuBHON nobaskoit sBisietcss CaCl,, yTO
cBs3aHOo ¢ 6osbliMM KoiuyectBoM Ca(OH),, obpasyro-
1Ieiics B pedysibrare ruaposinsa coieil. [Ipu onuHakoBoi
HavaJIbHOM KOHIIEHTPALIMN COJIM B CITydae MCIOJIb30Ba-
Hus xjopuna kanbius CaCl, obpasyercs Ha 48% 6oib-
1IIe, YeM B ciIyJae MCIIOJIb30BaHUS CyIb(aTa KaJablINs 1,
Ha 22,5% — B cllydae UCII0Ib30BaHUsI HUTPAaToB. C 3TUM
Ke CBSI3aHBI 1 MUHUMAaJIbHBIC 3HAUYCHUS] ONTHUMATbHBIX
no3upoBok mobasok: CaCl, — 0,2%; CaSO, — 0,4%;
Ca(NO;), — 0,6%.

VBennueHMe CKOPOCTH Habopa MPOYHOCTH IIeMEHTa
B IIPUCYTCTBUU XJIOPUIOB, CYIb(HaTOB, HUTPATOB MHOI'O-
BAJICHTHBIX METAJUIOB MOXHO OOBSICHUTH YCKOPEHHEM
rugparauun MuHepana Cs;S [14, 15]. Yckopenue peak-
IUKA OOYCJIOBIMBACTCS YMEHBIICHUEM IJIUTCIHbHOCTHU
WHAYKIIMOHHOTO Meproaa TuapaTallMy 3a CYeT UHTEHCH -
¢ukamy mpoliecca o0pa3oBaHUs 3apPObIIIE KPUCTAI-
JIOB HOBBIX ruApaTHbIX da3 [2]. MexaHu3M ruaparaiuu
lIeMeHTa TIpU BBEICHUM TPAAULIMOHHOIO KOJMWYeCTBa
(1—4% ot Macchl LeMEeHTa) XJIOpUIa Kalblysl 3aKI04a-
eTcsl B CJICAYIONIEM: BBeIEHME XJI0pUaa KalblUs CHUXA-
€T LLEJIOYHOCTD XUAKOM (Ba3el ruaparupytonierocs CsS,
cHuxas ee pH. 9to cHuzkeHre pH MoxkeT ObITh KOMITEH-
cupoBaHo yckopeHueM ruapataunu C;S. ITpuHumaeres,
YTO XJOPHIBI MOTYT OBITh B CBOOOTHOM COCTOSTHUM B
BHUE MOBEPXHOCTHBIX KoMILiekcoB ¢ C—S—H-da3oi1 B
WHAYKIMOHHOM IIEpPUOAE, B XeMOCOPOMPOBAHHOM CO-
CTOSTHUM Ha noBepXHOCTU C—S—H, B MEXIIOCKOCTHBIX
mpoctpaHcTBax u B pemerke C—S—H [3]. B mepuon
YCKOPEHUS afcOPOIIUsI XJTIOPUA-UOHOB MOXET OKa3bIBaTh
aBTOKATAJUTUYECKOE ICICTBUE, B TOM YHCJIe HA BO3HU-
KaloIe IeHTPBI KPUCTATIIN3ALINH.

ITo MHeHMIO aBTOPOB TaHHOTO MCCJIECIOBAaHUS, 3TOT
MeXaHM3M UMEET MEeCTO TIPY BBEICHUH COJICH B OOJIBIIIX
KOHIIEHTpalusX. B mpeacraBieHHOM ciyyae J03MpPOBKa
J100aBoK j1exxut B ripeaeiax ot 0,004 no 0,02% ot Macchl
LIEMEHTa B MepecueTe Ha Cyxylo cojib. Hapsiny ¢ usBect-
HBIM MEXaHM3MOM THIpaTalliy [IeMEeHTa B IIPUCYTCTBUU
XJIOPUIOB, UYTO TIPUBOIUT K YCKOPEHUIO TBEPIACHUS, IT0
MHEHHIO aBTOPOB, UIPaeT POJb CACAYIOIIMIA MEXaHU3M
ruaparanuy. O6pasyeMble THAPOKCUALI MHOTOBAJICHT-
HBIX METAJIJIOB B BUI€ KOJUTOUIHBIX PACTBOPOB C pa3iny-
HOI1 TT0 BpeMEeHHU YCTOMIMBOCTHIO MMMOOWIIM3YIOT 9acTh
BOJbI B TMUAPATHYIO 000J0UYKY, YTO MPUBOJUT K CHUXKE-
HUIO BOJOLIEMEHTHOIO OTHOIICHUSI MPU COXpaHEHUU
PEOJIOTUYCCKMX XapaKTEePUCTUK ILIEMEHTHOTO TecTa U
00pa3oBaHUIO 0o0Jiee TMIOTHOM CTPYKTYPhI LIEMEHTHOTO
KaMHS.

control. This is probably due to the presence of SOZ‘ ions
in the liquid phase, which contributes to the rapid forma-
tion of calcium hydrosulfoaluminates, in contrast to ce-
ment without additives, where calcium sulfate is in the
solid phase.

Studies have shown that the type of salt anion with
the same cation affects the effectiveness of additives. In
terms of the rate of curing, the most effective additive is
calcium sulfate CaSO,. According to the maximum
strength of the stone at the age of 28 days of hardening at
the same dosage — 0.6%, counting on a 2% salt solution,
the most effective additive is CaCl,, which is associated
with a large amount of Ca(OH), formed as a result of salt
hydrolysis. With the same initial salt concentration, in
the case of using calcium chloride, Ca(OH), is formed
by 48% more than in the case of using calcium sulfate
and by 22.5% in the case of using nitrates. This is also
associated with the minimum values of the optimal dos-
ages of additives: CaCl, — 0.2%, CaSO, — 0.4%,
Ca(NO3), — 0.6%.

An increase in the rate of strength gain of cement in
the presence of chlorides, sulfates, nitrates of polyvalent
metals can be explained by the acceleration of hydration
of the C;S mineral [14, 15]. The acceleration of the re-
action is due to a decrease in the duration of the induc-
tion period of hydration due to the intensification of the
process of nucleation of crystals of new hydrate phas-
es [2]. The mechanism of cement hydration with the
introduction of the traditional amount (1—4% of the
mass of cement) calcium chloride is as follows: the in-
troduction of calcium chloride reduces the alkalinity of
the liquid phase of the hydrating C;S, lowering its pH.
This decrease in pH can be offset by the acceleration of
C;S hydration. It is assumed that chlorides can be in a
free state in the form of surface complexes with the
C—S—H-phase during the induction period, in a chemi-
sorbed state on the C—S—H surface, in interplanar
spaces and in the C—S—H lattice [3]. During the accel-
eration period, the adsorption of chloride ions can have
an autocatalytic effect, including on the emerging crys-
tallization centers.

In our opinion, this mechanism takes place upon the
introduction of salts in high concentrations. In our case,
the dosage of additives is in the range from 0.004 to 0.02%
of the mass of cement in terms of dry salt. Along with the
known mechanism of cement hydration in the presence
of chlorides, which leads to acceleration of hardening, in
our opinion, the following hydration mechanism plays a
role. The formed hydroxides of multivalent metals in the
form of colloidal solutions with different stability in time
immobilize part of the water in the hydration shell, which
leads to a decrease in the water-cement ratio while main-
taining the rheological characteristics of the cement
paste, to the formation of a denser structure of the ce-
ment stone.

In addition, an increase in the strength of the cement
stone with modifiers in 28 days of hardening is associated
with the high dispersion of the products of hydrolysis of
salts and their interaction with cement minerals, as a re-
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Tabnuua 5
Table 5

BnusHue xummnyeckux 8o6aBok Ha pu3nyeckne CBOCTBA LLEMEHTHOI0 KaMHsl
Effect of chemical additives on the physical properties of cement stone

Konniectso, % ot CpenHss nioTHOCTb, Bop.onornou.leﬁvle,o% PacyeTHas nopucToCTS, ZA)
Conb MACChi LIEMEHTa BRaxHOCTb, Mac. % r/om® Water absorption, % The calculated porosity, %
Salt Amount, % by weight Humidity, wt. % Average de3n5|ty, nomacce | moobuemy | oTkpuiTas 3aKpbiTas obluast
of cement g/cm by weight | by volume open closed total
0 3,2 1,6 13,4 21,5 21,5 22 43,5
CaCl,
0,4 3,1 1,87 14,1 26,4 26,4 9,4 35
0,4 2,45 1,89 13,4 25,4 25,4 78 33,2
CaSO,
0,6 2,5 1,9 12,9 24,5 24,5 8,4 32,9
0,4 3,15 1,84 14,9 27,4 27,4 7,6 35
CuSO,
0,6 2,56 1,9 13,8 26,3 26,3 6,7 33

KpoMe TOTrO, MOBEIIIIEHNE TPOYHOCTU IIEMEHTHOTO
KaMHs1 ¢ MoauduKaTopaMu Ha 28-e CyT TBepJIEHUS CBSI-
3aHO C BBICOKOI TUCIEPCHOCTBIO IIPOAYKTOB THAPOJIM3a
CoJIeii M X B3aMMOJAENCTBUEM C MIUHEpaJlaMH IIeMeHTa,
BCJICJCTBUE YEro MPOUCXOAUT KOJbMAaTallUsl MUKPOIIOP
IIEeMEHTHOTO KaMHs. [1pu 3TOM Ha cTeleHb TUCTIEPCHO-
CTHY KOJUTOMIHBIX YaCTUIL BJIMSET BUJI aHUOHA, HAIIPUMED
W3 HUTPATHBIX PACTBOPOB TUAPOKCHUABI OOpPA3yIOTCS C
HauboJIee BBICOKOI TUCIIEPCHOCTHIO.

YCTaHOBJIEHO, YTO CPEIHSssl IUIOTHOCTh LIEMEHTHOIO
KaMH$ BbIIIIE Y 00pa3loB ¢ 100aBKaMU: AJIS COJIEH Kajlb-
st — Ha 13—17%, s coneit meau — Ha 5—8%, uTo
OYEBUIHO CBSI3aHO C JIy4lllel TUIACTUYHOCTHIO U y1000-
YKJIaIbIBAEMOCTBIO LIEMEHTHOTO TeCTa.

ITo pe3ynpraTaMm 3KCIIepUMEHTAIBHBIX JAHHBIX ObLIa
paccuMTaHa oOIasi MOPUCTOCTh ILIEMEHTHBIX 00pa3-
110B (Tabs. 5). O011ast pacueTHast MOPUCTOCTh Y 00pa31oB
¢ mobaBKaMM MEHBIIIE, YeM Y KOHTPOJBHBIX 00pa3IoB.
Taxk, y coneit Kaibuust MTOPUCTOCTh B 1,22—1,24 paza u
cozeii menu B 1,08—1,14 pa3za MeHBIIIe, YeM y IIEMEHTHO-
ro KaMHsl 6e3 106aBok. IToBbIlIeHNE TUIOTHOCTH HEIIPO-
IMOPLIMOHAJIBHO CHMXXEHUIO MOPUCTOCTU LIEMEHTHOIO
kamHs. CrnenoBatefbHO, 00pa3oBaHMe 0OoJjiee TUIOTHOM
CTPYKTYPhI LIEMEHTHOI'O KAMHSI C J00aBKaMU CBSI3aHO He
TOJBKO C YAYYIICHHEM PEOJIOTMUECKUX XapaKTePUCTUK
HMCXOJIHOIO TeCTa, HO U ¢ 00pa3oBaHMEM BBICOKOIM-
CIIEPCHBIX TTPOAYKTOB THAPOJIN3a COJICH.

Takum 00pa3oM, B pe3yJibTaTe BHIITOJTHEHHBIX UCCIIE-
JOBaHUI noKa3aHa 3(P(HEKTUBHOCTD UCIIOIb30BAHUSI CO-
JIei MHOTOBAJICHTHBIX METAJJIOB KakK MOAM(UKATOPOB
CTPYKTYPHI ¥ CBOMCTB LIEMEHTHOTO KaMHSI, IPUMEHEHIE
KOTOPBIX MEPCIIEKTUBHO B TEXHOJIOTUM TIPOM3BOICTBA
OeToHa.
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sult of which the micropores of the cement stone are
clogged. In this case, the type of anion affects the degree
of dispersion of colloidal particles, for example, hydrox-
ides are formed from nitrate solutions with the highest
dispersion.

It was found that the average density of the cement
stone is higher for samples with additives: for calcium
salts — by 13—17%, for copper salts — by 5—8%, which is
obviously associated with better plasticity and workability
of the cement paste.

According to the results of the experimental data, the
total porosity of the cement samples was calculated
(Table 5). The total calculated porosity of the samples
with additives is less than that of the control samples. So
the porosity of calcium salts is 1.22—1.24 times and copper
salts 1.08—1.14 times less than that of cement stone with-
out additives. The increase in density is disproportionate
to the decrease in the porosity of the cement stone.
Consequently, the formation of a denser structure of ce-
ment stone with additives is associated not only with an
improvement in the rheological characteristics of the ini-
tial test, but with the formation of highly dispersed prod-
ucts of salt hydrolysis.

Thus, as a result of the performed studies, the effi-
ciency of using salts of multivalent metals as modifiers of
the structure and properties of cement stone has been
shown, the use of which is promising in the technology of
concrete production.
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[lpumeHeHne KOMNO3ULUOHHBIX BSXKYLLMX U YrNIepoOaHOro
HaHoOMaTepuana ana nonyvyeHua rasobetroHa

MpuBeAEHbI Pe3ynbTaThl UCCNEA0BaHUIA MO NOMYYEHNI0 KOMMO3ULIMOHHBIX BSXKYLLNX, NONYYEHbIX MYTEeM COBMECTHOrO Nomona
MopTNaHALeMeHTa 1 307bl-yHoca. [Ins MoanchuKaLmy KOMMO3ULIMOHHOTO BSKYLLIETO 11 ra3066TOHA HA ero 0CHOBE Gblfl UCMOMb30BaH
YIMepoHbIi HaHOMATepuan, Nosy4eHHbI NNasMOXUMUYECKUM CIOCOGOM Ha BbICOKONPOU3BOAUTENbHO YCTaHOBKE. MoanduULMPOBaHHbI
YIMepo/HbIii HaHOMaTepuan Bbin NoMy4YeH Npu 406aBNEHNUN NOPTNAHALEMEHTA B MPOLECC NNa3MOXUMMYECKOr0 CUHTE3a. 3aMeHa YacTu
nopTNaHaLEMeHTa Ha 307y-yHOCa B KOMMO3MULIMOHHOM BSKYLLIEM CMOCOBCTBYET A0MNONHUTENLHOMY 06pa30BaHIi0 TMAPOCUIMKATOBR
KanbLiysi 3 CYET CBA3bIBAHWS NopTnaHauTa. licnonb3oBaHue yrnepoaHoro HaHomarepKana crnoco6CTBYET YBEMYEHNIO MPOYHOCTI KakK
NCXOAHOr0 NOPTNAHALEMEHTA, TaK U KOMMO3ULMOHHOMO BSXKYLLIEr0. [laHHbIe MHCDPAKPACHOM CEKTPOCKOMNM LIEMEHTa 11 KOMMO3MLIOHHOTO
BSIKYLLIErO CBUAETENbCTBYIOT O [IONONHNUTENIbHOM 06pa30BaH1M MUAPOCUIINKATOB KanbLys MPX UCMIONb30BaHNMU 307bl-yHOCA. MccnefoBaHbl
COCTaBbl HEaBTOKNABHOMO ra3066TOHA C NPUMEHEHIEM KOMMO3WULIMOHHOTO BSKYLLEO U YIIEpPOHOrO HaHoMaTepuana ¢ ynyyLeHHbIMMI
(hU3MKO-MEXaHYeCKUMI nokasaTensmu. Onpe/eneHbl Nokasareni NPOYHOCTY, TENONPOBOAHOCTY U YCAAKM NPK BbIChIXaHUI COCTABOB
ra306eToHa. G MpUMeHeHNeM 3NeKTPOHHO-MUKPOCKOMYECKOr0 aHan13a nokasaHo U3MEHEHIe CTPYKTYPbI MOPUCTOCTY ra306eToHa npi
MCMOMb30BaHMM KOMMO3ULIMOHHOTO BSIKYLLIErO C 3070/A-YHOCA U YIepoHOro HaHoMatepuana. NpoBeeHa KONN4YeCTBEHHAs OLIEHKa
MOpUCTOCTY ra306eTOHOB, 0Ka3bIBAIOLLAsA M3MEHEHNEe pa3Mepa U PaBHOMEPHOCTW pacnpeaeneHus nop.

Knioyesbie cnoBsa: nopTiaHaLeMeHT, 30/1a-YHOCa, YINIePOAHbIA HAaHOMaTepnan, KOMNO3ULUOHHOE BSXKYLLEee, ra300eToH, (PU3NKO-
MeXaHNn4eCkne XxapakTepncTnkn, nOPUCToCTb.
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Application of Composite Binders and Carbon Nanomaterial for Aerated Concrete

The article presents the results of research on the production of composite binders using Portland cement and fly ash. The composite binder is produced by co-grinding of Portland
cement and fly ash. The carbon nanomaterial was used, obtained by the plasma-chemical method on high production apparatus to modify the composite binder and aerated concrete on
its basis. The modified carbon nanomaterial obtained by adding Portland cement to the plasma-chemical synthesis process was used in the study. Replacing a part of Portland cement
with fly ash in a composite binder contributes to the additional formation of calcium hydrosilicates due to the binding of portlandite. The use of carbon nanomaterial increases the
strength of both the ordinary Portland cement and the composite binder. Infrared spectroscopic data on cement and composite binder indicate additional formation of calcium hydrosili-
cates when fly ash is used. Compositions of non-autoclaved aerated concrete with the use of a composite binder and carbon nanomaterial with improved physical and mechanical prop-
erties have been investigated. Indicators of strength, thermal conductivity and shrinkage during drying of aerated concrete compositions have been determined. With the use of electron
microscopic analysis, a change in the structure of the porosity of aerated concrete is shown when using a composite binder with fly ash and carbon nanomaterial. A quantitative assess-
ment of the porosity of aerated concrete was carried out, which proves the change in the size and uniformity of the pore distribution.

Keywords: portland cement, fly ash, carbon nanomaterial, composite binder, aerated concrete, physical and mechanical characteristics, porosity.
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AKTyanbHOI 3a1a4eil pu UCCAeI0BAHUN LIEMEHTHBIX
KOMIIO3UTOB B HACTOSIIEE BpeMs SIBJISIETCS BO3MOX-
HOCTb MMPUMEHEHUSI BTOPUYHOTO ChIPbSI MPU MOJYYECHUN
KOMMO3UIUOHHBIX Bskymux [1—5]. KomruiekcHoe uc-
MOJIb30BaHNE HAHOPA3MEPHBIX J00ABOK MPU MOJAU(pUKa-
LIMU 1IEMEHTHBIX KOMIIO3UTOB, B TOM YHUCJIE ra300eTo-
HOB, MTO3BOJISIET 3HAYUTEIbHO MOBBICUTH (PU3UKO-Mexa-
HUYECKUE CBOWCTBA U MU3MEHUTH CTPYKTYPY KOMIIO3U-
Ta [6—10]. ONBIT MPUMEHEHMS YIIePOIHBIX HAHOMATE-
pUAJIOB B TEXHOJIOTUU LIEMEHTHBIX KOMITO3UTOB MTOKa3bl-
BaeT, YTO CTETMEHb X BO3ACHCTBUS HA CTPYKTYPY, (a3o-

An urgent task in the study of cement composites at the
present time is the possibility of using recycled materials in
the production of composite binders [1—5]. Integrated use of
nanoscale additives in modifying cementitious composites,
including concretes, can significantly improve the physical
and mechanical properties and change the structure of the
composite [6—10]. The experience of using carbon nanoma-
terials in the technology of cement composites shows that
the degree of their influence on the structure, phase compo-
sition and properties of the composite is exerted by the shape
and surface of nanoparticles, the presence of functional
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groups, the conditions of production,
— the degree of distribution over the vol-
ume of the material [11—15].

In present research to obtain non-
autoclaved aerated concrete, the follow-
ing materials were used: Portland ce-
ment (OPC) CEM 132.5N, flyash (FA)
of the Gusinoozersk thermal plant, lime,

1 2 3

Puc. 1. KnHetnka Habopa NpoYHOCTU NOPTAaHAUEMEHTA 1 KOMMO3ULMOHHbIX BAXYLLMX: 1 — NCXOAHbIN
nopTnaHAULEMEHT; 2 — nopTnaHaueMeHT + 3ona-yHoca 30%; 3 — noptnanauemeHT + YHM; 4 — nopt-

nanauemeHT + sona-yHoca 30% + YHM: [l - 2 cyt; [l - 7 cyT; - 28 ¢yt

Fig. 1. Kinetics of strength gain for Portla nd cement and composite binders: 1 — Portland cement;
2 — Portland cement + fly ash 30%; 3 — Portland cement + CNM; 4 — Portland cement + fly ash 30% +

CNM: [l - 2 days; [l - 7 days; - 28 days

BBII1 COCTaB U CBOIMCTBAa KOMITO3MTa OKa3bIBaeT (hopMa 1
MMOBEPXHOCTh HAHOYACTUII, HAIW4YMe (DYHKIIMOHAJIBbHBIX
TPYIITI, YCITOBHSI TTOJIYIeHUS, CTEIIEHB pacIpeae/IicHIs 10
obbeMy Matepuana [11—15].

B 11poBOAMMBIX MICCICTOBAHMSIX VTSI TTIOJYICHMST HE-
ABTOKJIABHOTO Ta300€TOHA MKCIIOJb30BAIMCh ClEIylO-
mue w™atepuansl: mnoprmianauemedTt (ITL) krmacca
LHEM I 32,5 H, 3ona-yHoca (3Y) I'ycuHoo3epckoii
I'POC, usBectb 2-ro copra, aJlOMUHUEBAs Iyapa, yrie-
ponHblii HaHOMatepuan (YHM). YrieponHsiii HaHOMa-
TepUaJl MOJIydeH Ha BBICOKOIPOU3BOAMUTEIbHON YyCTa-
HOBKE JIJISI CHHTE3a HAHOIUCIICPCHBIX BEIIECCTB Ha OCHO-
Be yriuepoaa [16]. dug moagudukauuu 106aBok YHM B
cocTaB I'padUTOBBIX CTEPXKHE! OBL BBEICH IMOPTIAHILIC-
MEHT B KOJIM4ecTBe 10 5 Mac. %. BeeneHue 1ieMeHTa 00b-
SICHSIETCSI TEM, UTO TOJYYeHHAas MOCie TUIa3MOXUMUYe-
CKO#l 00paboOTKM HaHOAMCIEpCHasl Jo0aBKa LIEMEHTa B
coctabe YHM Oyner gBASITbCS KpPUCTAUIMYECKON 3a-
TPaBKOM IS TUAPATHBIX HOBOOOpPa3OBaHMIA, MOJTyUeH-
HBIX TTPU TUpATALIMU IEMEHTA.

B xome ncciaemoBaHMsT OBLIM PACCMOTPEHBI 3aBUCH-
MOCTh TIPOYHOCTH TTOPTIAHAIIEMEHTa M KOMITO3UIIMOH-
HOTO BSIKYIIETO C 30JI01i-yHOCa B KostmyecTse 30% c 1o-
OaBJIeHWEM B COCTaB YIJIEPOAHOTO HAHOMOAM(MUKATO-
pa (puc. 1). BBeneHue yriaepogHoro HaHomaTepuana B
xosnuectBe 0,1 Mac. % NPUBOAUT K YBEJIUYEHUIO IIPOY-
Hoctu I 1 KOMIIO3MIIMOHHOTO BsiKylero Ha 15—20%.

NU3meHeHne (GU3NKO-MeXaHUYEeCKUX CBOMCTB KOM-
MMO3UIIMOHHBIX BSIKYIIWX CBSI3aHO C W3MEHEHUEM
CTPYKTYpPHI LIEMEHTHOrO KaMmHs. 30jia-yHoca IIpu CO-

4 aluminum powder, carbon nanomateri-
al. Carbon nanomaterial (CNM) was
obtained on a high-performance unit for
the synthesis of nanodispersed substanc-
es based on carbon [16]. To modify the
CNM additives, Portland cement was
introduced into the graphite rods in an amount of 5 wt. %. The
introduction of cement is explained by the fact that the nano-
dispersed addition of cement in the CNM composition pro-
duced after plasma-chemical treatment will be a crystal seed
for hydrated neoplasms obtained during cement hydration.

In the course of the study, the dependence of the
strength of Portland cement and a composite binder with
fly ash in an amount of 30% with the addition of a carbon
nanomodifier to the composition was considered (Fig. 1).
The introduction of carbon nanomaterial in an amount of
0.1 wt. % leads to an increase in the strength of the OPC
and the composite binder by 15—20%.

The change in the physical and mechanical properties of
composite binders is associated with a change in the struc-
ture of the cement stone. Fly ash during joint grinding with
Portland cement acts as an active mineral additive, partici-
pating in the structure formation of composite binders.

To assess the effect of fly ash on the structure formation
of the composite binder, IR spectral analysis was carried
out, proving the change in the phase composition (Fig. 2).

Analysis of IR spectra showed that the introduction of fly
ash leads to a change in the intensity of the absorption band in
the frequency range 1000—1100 cm™', which correspond to
the offset of Si—O bonds, which is associated with the forma-
tion of calcium hydrosilicates. This indicates a change in the
process of hydration of Portland cement with the introduc-
tion of fly ash and the formation of an additional amount of
calcium hydrosilicates. The frequency shifts of the absorption
bands corresponding to calcium hydrosilicates indicates that
the resulting structures differ from traditional ones.

Puc. 2. K-cnekTpbl nopTnaHauemMeHTa (a) n KOMNno3uumoHHOMo BsXyLLero, 3ona-yHoca — 30% (b)
Fig. 2. IR spectra of Portland cement (a) and composite binder (b, fly ash — 30%)
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Ta6nuua 1
Table 1

CeoiicTBa ra306eToHOB, MOAUGUUMPOBaHHbIX YHM
Properties of aerated concrete modified by CNM

Bupg BaxyLero
XapakTepucTuka Binder type
Characteristic MLy ML, + YHM ML, + sona-yHoca | ML, + 3ona-yHoca + YHM
OPC OPC + CNM OPC + fly ash OPC + fly ash + CNM
3
CpepHsasa MIOTHOCTb, Kg/M 760 780 740 760
Average density, kg/m
MpoyHocTb Npu cxatun, MlMa, B BO3pacTe:
Compressive strength, MPa, at age:
7 cyt / 7 days 1,35 2,03 1,29 1,96
14 cyt / 14 days 1,62 2,44 1,55 2,35
28 cyt / 28 days 1,94 2,9 1,85 2,8
yca_,u,Ka npy BbICbIXaHUK, MM/M 6.2 48 3.3 2.2
Drying shrinkage, mm/m
KoadduumeHT TennonposogHoctu, BT/(m-°C
Thermal conductivity coefficient, W/m-°C 0,112 0,08 0,109 0,07

BMECTHOM MOMOJI€ C MOPTIaHALEMEHTOM BBICTYIIaeT B
pOJIM aKTUBHOU MUHEpaJIbHOW HO0ABKU, y4acTBYS B
CTPYKTYpOOOpPa30BaHUN KOMITO3UIIMOHHBIX BSIXKYIITAX
BEIIECTB.

Jns1 olleHKW BJIMSIHUS 30JIbI-yHOCA Ha CTPYKTYpPO-
00pa3oBaHME KOMITO3UIIMOHHOIO BSIXKYIIEro ObUT Mpo-
BeneH MK-crekTpasbHBIN aHAN3, TOKA3bIBAIOIINI 13-
MeHeHue (pazoBoro cocrana (puc. 2).

Anamm3 UK-cnekTpoB 1okasaji, 4To IIpU BBEICHUU
30JIbI-yHOCA IIPOUCXOINT U3MEHEHE MHTEHCUBHOCTH T10-
JIOCHI TIOMJIOIEHMS B MHTepBaie yactor 1000—1100 cm™!,
KOTOpPBIE COOTBETCTBYIOT KojiebaHusiM Si—O cBsi3eit, uTo
CBSI3aHO C O0pa3oBaHUEM TUAPOCUIUKATOB KabILIS.
DTO CBUIETEIBCTBYET 00 M3MEHEHHMH IIpollecca THapaTa-
LIMMA TOPTJAaHIALIEMEHTa MPU BBEAECHUU 30JIbI-yHOCA W
00pa30BaHMU JOIIOJHUTEILHOTO KOJIMYECTBA THIPOCH-
JINKATOB Kayblusl. CMEIeHre YacToT IT0JIOC TTOTJIONIe-
HUsI, COOTBETCTBYIOIIMX TMAPOCHIMKATaM KalbIIUs, [O-
BOPUT O TOM, YTO 0OPa3yIOIINeECs CTPYKTYPhI OTINYAIOT-
€4 OT TPAIULIUOHHBIX.

[Ipu TIpoeKTHPOBAaHUM COCTaBa HEaBTOKJIABHOTO Ta-
300eTOHa OblIa BbIOpaHa MapKa Io CpeaHel MIOTHOCTU
D700 u mpoBeaeHO cpaBHEHHE COCTABOB C MCXOIHBIM
I1L, KOMITO3ULIMOHHBIM BSIKYLIMM C 30J10i-yHOoca 30%
u YHM (ta6a. 1).

Pe3ynbraThl 9KCIEPUMEHTOB CBUAECTEILCTBYIOT O
TOM, UTO IJIOTHOCTb JJISI YEThIPEX MCCIEIYyEeMbIX COCTa-
BOB JIEXUT B MHTepBaie oT 740 1o 780 xr/m> (D700).
BBeneHue yriaeponHOro HaHoMaTepuaaa MPUBOAUT K He-
3HAUUTEJIbHOMY IIOBBIIICHUIO TMPOYHOCTU Tra300eTOHa,
YTO CBSI3AHO C M3MEHEHUEM MUKPOCTPYKTYPHI U TMOPH-
crocty razodeToHa. Ilpu BBeAeHUU YIJIepOIHOTO HAHO-
Marepuana HabJIIoIaeTcsl yBeIMUeHNe MMPOYHOCTH Ta30-
O6eToHa Kak B paHHuUe (7 cyT), Tak v B mo3aHue (14, 28 cyT)
CpOKU TBepAeHUs. 119 cOCTaBOB C OOBIYHBIM MTOPTJIAHII-
LIEMEHTOM U C KOMITO3MIIMOHHBIM BSDKYIIIMM yBEJIAYE-
HUE TPOYHOCTU COCTaBMIO nmpuMepHO 50% mo cpaBHe-
HUIO C KOHTPOJBHBIMUA COCTaBaMU. DTO CBS3aHO C WH-
TEHCUBHBIM 00pa30BaHMEM BbICOKOOCHOBHBIX THIPO-
CWJINKATOB KaJIbIIUsI TIPU OJHOBPEMEHHOM BBEICHUM

HAYYHO-MeXHU4eCcKuil U npou3800CEeHHbLI JHCYPHAN

When designing the composition of non-autoclaved
aerated concrete, the grade was chosen by average density
D700 and the composition was compared with OPC, a
composite binder with fly ash 30% and CNM (Table 1).

The experimental results indicate that the density for
the 4 investigated compositions lies in the range from 740
to 780 kg/m? (D700). The introduction of carbon nano-
material leads to a slight increase in the strength of aerated
concrete, which is associated with a change in the micro-
structure and porosity of aecrated concrete. With the intro-
duction of carbon nanomaterial, an increase in the
strength of aerated concrete is observed both in the early
(7 days) and late (14, 28 days) periods of hardening. For
aerated concretes with ordinary Portland cement and
composite binder, the increase in strength was approxi-
mately 50% over the control composition. This is due to
the intense formation of calcium hydrosilicates with the
simultaneous introduction of carbon nanomaterials,
which leads to a change in the spatial structure, density
and strength of the resulting aerated concrete.

An important quality parameter of aerated concrete is
drying shrinkage. It is known that aerated concrete gives a
very high shrinkage. The research results confirm the
well-known theories that on a composite binder, the
shrinkage value is significantly reduced in comparison
with the control composition.

Studies of the thermal conductivity of aerated concrete
have shown that when using a composite binder, the ther-
mal conductivity coefficient decreases by 10—15%. This is
due to the presence of hollow microspheres in the fly ash,
which contribute to the improvement of thermophysical
parameters. The introduction of carbon nanomaterial
leads to a slight decrease in the thermal conductivity coef-
ficient, which is associated with a change in the structure
of aerated concrete. Carbon nanomaterial helps to change
the degree and type of porosity.

An important indicator characterizing the pore struc-
ture is the thickness of the interporous partitions of aer-
ated concrete, which combines three parameters: the
thickness of the partition (the size of the section in the
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VIJIEPOIHBIX HAHOMATEPHUAJIOB, YTO IIPUBOIUT K
M3MEHEHUIO IIPOCTPAHCTBEHHON CTPYKTYPHI,
IUTOTHOCTH M IIPOYHOCTH OOpa3yIoLIerocst ra-
300€eTOHa.

BaxxHBIM KaueCTBEHHBIM ITapaMeTPOM Ta30-
OeTOHa SBIIIETCS ycagkKa IIPU BBICBIXaHUM.
W3BecTHO, 4TO JYeUCThIe OETOHBI JAIOT OUYEeHb
OOJIBIIYIO ycanKy. Pe3ynbTaThl MCClIeTOBaHMIA
MOATBEPKAAI0T U3BECTHBIC TEOPUU O TOM, UTO
Ha KOMIIO3WIIMOHHOM BSDKYIIEM BeJIMYMHA
yCaJKM 3HAYMTEILHO COKpAIlaeTCs 10 CpaBHE-
HUIO C KOHTPOJIBHBIM LIEMEHTHEIM COCTAaBOM.

HccnenoBaHus TeIIONPOBOIHOCTH ra300e-
TOHA TTOKa3aJIv, YTO IIPU MCIIOJIH30BAHUM KOM-
MMO3UIIMOHHOTO BSIKYIIETO KO3 GUIIMEHT TEIT-
JIOIIPOBOIHOCTU cHuXaetcss Ha 10—15%. Drto
CBSI3aHO C HaJIMYMEM B COCTaBe 30JIbI-YHOCA
MOJIBIX MUKpOC(ep, CIOCOOCTBYIOIINX YIyd-
IeHUI0 TeIIo(GU3NISCKNX ITapaMeTpOB.
BBeneHue yriiepogHOro HaHoMarepuaia Mpu-
BOAUT K HE3HAYMTEJIbHOMY CHIKEHUIO KO3(]-
¢uIMeHTa TeTUIONPOBOIHOCTH, UYTO CBSI3aHO C
M3MEHEHUEM CTPYKTYPbI Ta300€TOHA; OH TaKXKe
CIOCOOCTBYET M3MEHEHUIO CTETICHU M XapaKTe-
pa IMMOPUCTOCTH.

BaxHbIM MMOKa3zaTeeM, XapaKTepU3YIOIINM
ITOPOBYIO CTPYKTYPY, SIBJISIETCS TOJIIMHA MEX-

o
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Puc. 3. Ctpyktypa nopuctoctu razobetoHos: a — MU; b — NU+3Y; ¢ — MNU+YHM;
d - MNuU+3Y+YHM

Fig. 3. Porosity structure of aerated concrete: a - OPC; b — OPC+FA; ¢ - OPC+CNM;
d — OPC+FA+CNM

Tabnuua 2
Table 2

XapakTtepucTuku nop ra3o6eTtoHa B 3aBUCMMOCTM OT BUga

BSIXyLLEero u yrnepogHoro HaHomartrepuvana

Characteristics of the pores of aerated concrete depending

on the type of binder and carbon nanomaterial

ITOPOBBIX TIEPETOPOIOK TIYCHUCTOrO OETOHA, KO- XApaKTepWGTVKI NOPUCTOGTH
TOpas OObeNMHSET TPU IapameTrpa: ToNLMHY | CocTas rasobeTtona Porosity characteristic
NEPETOPOJIKK (BEJIMYUHY CEYEHMs B HauboJee Aerated co_?_crete O6uias NopucTocTb, % | CpeaHuin amameTp nop, MKM
TOHKOI ‘IaCTI/I), PaBHOMEPHOCTb CE€YCHU I10 composttion Total porosity, % Average pore diameter, um
MepuMeTpy Mopbl (HEOAHOPOAHOCTb CeYeHUs B || ML, 65 79
npenesax OJHOI MOpbl) U HEOLHOPOAHOCThL |[OPC
TOJIIIMH TE€PETOpPOIOK B obObeme MaTepua- |MU+3Y 74 136
na (puc. 3) [17]. OPCHFA
CoszgaHne MUKPOOJHOPOIHON MEXITOPO- ggg'é'\’\’l'M 68 57,33
BOI1 IIEPEropoaKu ra300eToHa ¢ paBHOMEPHBIM
pacripenelieHeM BBICOKOIMCIIEPCHBIX IIPO- MU3Y+YHM 76 84,5
OPC+FA+CNM

JYKTOB THIpaTalliid KOMIIO3UIIMOHHOTO BSIKY-
IIero o0ecTeueHO TPaHyIOMETPUECH BSIKYIIETO, MOP(DO-
JIOTHEl 1 TeHe3MCOM TOHKOIMCIIEPCHBIX MUHEPaIbHbBIX
JI00aBOK 1 BBEICHMEM YIJIEPOJHOTO HAaHOMAaTepuaJa.

KonnuecTBeHHast OlleHKa MOPUCTOM CTPYKTYpHI Tra-
300€TOHA CBUIETEJILCTBYET O MPEANOYTUTEIBHON ITOPU-
CTOCTM Ta300eTOHA Ha KOMIIO3MIIMOHHOM BSIKYIIEM C
BBEICHUEM YIJIEPOIHOI0 HaHOMaTepuasa (Taou. 2).

AHanm3 JaHHBIX TTOPUCTOCTH ra300€TOHA CBUACTEIb-
CTBYET O CHIDKEHUU CPEIHEro JuaMeTpa Iop Ipy BBeIe-
HUU YTJICPOTHOTO HAaHOMAaTepHaia IIpyu He3HAUYUTEIbHOM
YBEIWYEHUN OOIIEeil IOPUCTOCTH. MeHsieTcsl TakxkKe
CTPYKTypa IOPUCTOCTH, YIJIEPOIHbBIM HAaHOMOIAM(DUKa-
TOP CIIOCOOCTBYET CHIDKCHUIO OTKPHITOI MOPUCTOCTU U
YBEJIIMYEHUIO KOJIMYECTBA 3aMKHYTHIX ITOP.

BbiBopI
B pesynbrate MpoBeAeHHBIX UCCICIOBAHUI MOXKHO
cIenaTh CJICAYIOIINE BEIBOIBI:
— IIpM BBEACHWM YIVIEPOJHOrO HaHOMarepuayia Ha-
OromaeTcsT yBeJIWUeHME TMPOYHOCTH ra300eToHAa KakK B

—.

(Y POV EVIBHBIE

thinnest part), the uniformity of the section along the pe-
rimeter of the pore (inhomogeneity of the section within
one pore) and the heterogeneity of the thicknesses of the
partitions in the volume of the material (Fig. 3) [17].

The creation of a microhomogeneous interporous par-
tition of aerated concrete with a uniform distribution of
highly dispersed products of hydration of the composite
binder is provided by the particle size of the binder, the
morphology and genesis of fine mineral additives, and the
introduction of carbon nanomaterial.

A quantitative assessment of the porous structure of
aerated concrete indicates the preferred porosity of aer-
ated concrete on a composite binder and with the intro-
duction of carbon nanomaterial (Table 2). Analysis of the
data on the porosity of aecrated concrete indicates a de-
crease in the average pore diameter with the introduction
of carbon nanomaterial with a slight increase in the total
porosity. The structure of porosity also changes, the car-
bon nanomodifier helps to reduce open porosity and in-
crease the number of closed pores.
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paHHue (7 cyT), Tak 1 B mo3aHue (14, 28 cyT) cpoku TBep-
JgeHust. 17151 CocTaBOB ¢ OOBIYHBIM ITOPTIAHALEMEHTOM 1
KOMIIO3MIIMOHHBIM BSDKYIIMM YBEJIWYECHUE TTPOUYHOCTHU
cocTaBujIO TIpuMepHO 50% 10 CpaBHEHUIO C KOHTPOJIb-
HBIMU COCTaBaMU;

— NPUMEHEHNE KOMIIO3UIIMOHHOTO BSDKYILETO IpPH-
BOIUT K CHVDKEHUIO YCAIKHU IIPY BbICBIXaHMU ra300€ToHAa
10 CPABHEHMIO C KOHTPOJIbHBIM 1IEMEHTHBIM COCTaBOM;

— BBeJIeHME YIJIEPOAHOI0 HaHOMaTepuaia IIPUBOIUT
K CHIDKCHMIO KO3(P(PUIIMEeHTa TEIUIOPOBOIHOCTH, YTO
CBSI3aHO C M3MEHEHHEeM CTPYKTYphl ra3o0eToHa. YTje-
POIHBIN HaHOMAaTepHaJl CITOCOOCTBYET M3MEHEHUIO CTE-
IIeHU 1 XapakTepa nmopucroctu. KoamyecTBeHHAsI OLICH-
Ka MOPUCTOM CTPYKTYPHI Fa300€TOHA CBUIOCTEIBLCTBYET O
MPEIITOYTUTEILHON TTOPUCTOCTH Ta300€TOHA HAa KOMIIO-
3ULIMOHHOM BSDKYILEM C BBEICHHEM YIJIEPOIHOIO HAHO-
Marepuana.
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Conclusion

As a result of the research carried out, the following
conclusions can be drawn:

— with the introduction of carbon nanomaterial, an
increase in the strength of aerated concrete is observed
both in the early (7 days) and late (14, 28 days) periods of
hardening. For compositions with ordinary Portland ce-
ment and composite binder, the increase in strength was
approximately 50% over the control compositions;

— the use of a composite binder leads to a decrease in
shrinkage during drying of aerated concrete in compari-
son with the control composition;

— the introduction of carbon nanomaterial leads to a
decrease in the thermal conductivity coefficient, which is
associated with a change in the structure of aerated con-
crete. Carbon nanomaterial contributes to changing the
degree and type of porosity. A quantitative assessment of
the porous structure of acrated concrete indicates the pre-
ferred porosity of aerated concrete on a composite binder
and with the introduction of carbon nanomaterial.
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Okcup rpadpeHa kak MoauMKaTop LEMEHTHbIX CUCTEM:
aHanu3 coCTOAHMA W NepcneKkTUBbl Pa3BUTUA

MpeameTom HacTosLen paboThl IBASETCS MHOTOKPUTEPMANbHbIA aHaN3 Pe3ynbTaToB UCCeJ0BaHMIA NCMOMb30BAHMS OKCMaa rpacdeHa
(Or) B KayecTBE MOAMMULMPYIOLLEA J062BKM LEEMEHTHBIX CUCTEM, OLEHKA 9(h(EKTUBHOCTY U NEPCMNEKTUBHOCTI €ro UCMOJNb30BaAHUS

B COCTaBe LEMEHTO6ETOHOB. [y6nmKaumum n CoOpaHHbIA 3MNUPUYECKNI MaTepnuan 06006LLEHbI U CTPYKTYPUPOBAHbI M0 ClemyoLLum
Kputepmam: 6ubnnomMeTprUYecKIe nokasatesiv nyenmkaunii 3a AeCATUNETHWIA Mepuos, Buz yrinepoaHoro HaHoMarepuana, ero CBOMCTea
KaK B BUAE WCXOAHOr0, TaK 11 B KA4ECTBE CbIPbEBOr0 Matepmana ans cuHtesa Of; Bup BSKYLLEro U oyHKLUMOHANbHbIX 06ABOK; CNOCO6
cTabunuaauuu, BeefieHns u pacnpegenequs O B 6ETOHHOI CMeCU; KOHTPONMUPYeMble napameTpbl U (M3UKO-MexaHU4ecKne CBONCTBA
6eToHa. loKa3aHo, 4T0 B 6OJILLUNHCTBE PACCMOTPEHHbIX Pab0T HAHOAMCTbI O ObIIN CUHTE3MPOBAHLI NYTEM XUMUYECKOr0 PACcCioeHuUs
no metofy Xammepca. [ns nosbileHns apMeKTUBHOCTA AnucneprupoBanus u pacnpeaenedus OF B 66TOHHON CMECK NPUMEHSAOTCS
KOMMJIEKCHbIE METOAbI C Pa3fIN4HON NOCeA0BATENbHOCTbIO BBELEHNS KOMMOHEHTOB U (PU3NKO-MEXaHU4ECKOro BO3LENCTBUS,
BK/OYaloLLMe NpeABapUTENbHYIO CTAabUN3aLMI0 YIepoLHOro HaHoOMaTepuana CoBMECTHO C CynepniacTuuKaTopom,
MWKPOHAMOTHUTENAMU PA3NNYHOT0 COCTaBa, MOPOCTPYKTYPbI U (DYHKLMOHANIBHOTO Ha3Ha4eHns (MUKPOKPEMHeseM, 3o0a, (prnopa

U T. A.), yNbTPa3ByKOBY 06paboTKy (B HENTpanbHOM JM60 LLEN0YHOM PacTBOpe), a TaKXKe MeXaHWHeCcKoe CMeLLeHune. MpeacTasneHsl
0606LLEHHbIE BEPCUM MeXaHn3ma B3aumoaeiicTens OF ¢ OTAeNbHbIMU KOMIOHEHTaMI GETOHHOI CMECH, ero BIUSHUS Ha NPOLLECChI
CTPYKTYP0O06Pa30BaHMs MOANMULMPOBAHHOIO LIEMEHTHOIO KamMHs 1 (DU3NKO-MeXaHU4ecKie CBOICTBA BETOHOB.
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Graphene Oxide as a Modifier for Cement Systems: Analysis of the State and Development Prospects

The subject of this research is a multicriteria analysis of the results of studies on the use of graphene oxide (GO) as a modifying additive for cement systems, the assessment of the effi-
ciency and prospects of its use in the composition of cement concrete. Collected publications and empirical material are summarized and structured according to the following criteria:
bibliometric indicators of publications over a ten-year period, the type of carbon nanomaterial, its properties both in the form of a starting material and as a raw material for the synthe-
sis of GO; type of binder and functional additives; a method for stabilization, introduction and distribution of GO in a concrete mixture; controlled parameters and physical and mechani-
cal properties of concrete. It is shown that in most of the considered studies GO nanosheets are synthesized by chemical separation according to the Hammers method. In order to
increase the efficiency of dispersion and distribution of GO in a concrete mixture, the complex methods are used with a different sequence of introduction of components and physical
and mechanical effects, including preliminary stabilization of carbon nanomaterial together with a superplasticizer, microfillers of various compositions, morphostructure and functional
purpose (silica fume, ash, fiber, etc.) and ultrasonic processing (in a neutral or alkaline solution), as well as mechanical mixing. In addition, generalized versions of the mechanism of
interaction between GO and individual components of the concrete mixture, its effect on the processes of structure formation of the modified cement stone and the physical and
mechanical properties of concrete are presented.

Keywords: graphene oxide, carbon nanomaterial, cement concrete, modifying additive, dispersibility, chemical separation, hydration, structure formation, nano-reinforcement.
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OpHuM U3 HauboJjiee MacIITaOHO NPUMEHSIEMbBIX One of the most widely used building materials, since
CTPOMTEILHBIX MaTepUaJOB ¢ MOMEHTA CBOETO MOSIBJIe-  its inception, is concrete. At the present stage of techno-
HUS SIBJIsSIETCS OETOH, KOTOPBIA Ha coBpeMeHHOM 3Ta-  logical development it is a complex composite material
IIe TeXHOJOTMYECKOTO Pa3BUTUS TIPEICTaBIsIeT coboit  obtained as a result of physicochemical processes of con-
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CJIOXHBI KOMITO3ULIMOHHBIA MaTepua, mojayJyaeMblid B
pe3yibTaTe PU3NKO-XUMUIESCKUX ITTPOIIECCOB KOHCOJU-
Nl TUIPATUPYIOIIETOCS BSIKYIIETO C MOJTUINCTIEPC-
HOM, IIOJIMMUHEPAIILHON CMEChIO HEOPTaHUYECKUX KOM-
TIOHEHTOB PA3JTMYHOTO COCTaBa U MOPMOCTPYKTYPHBIX
XapaKTepUCTUK, BKIIIOYAIOIIE KOMILIEKC (YHKIMO-
HaJIBbHBIX 100aBOK, HEMAJIOBAXKHYIO POJIb CPEeIN KOTOPHIX
UrparoT 100aBKU yJIbTpa- U HAHOAUCIIEPCHOTO pa3Mep-
HOTO YPOBHSI.

B cBoto ouepens, mcciaenoBaHUI0 HAHOAMCIIEPCHBIX
KOMIIOHEHTOB IIOCBSIIIIEHO KOJOCCAJIbHOE KOJUYECTBO
paboT, OTAEIbHYI0 HWIIY Cpelr KOTOPBIX 3aHUMAIOT
yriaepoaHbie HaHomatepuaibl (YHM) paznuuHoii cTpyk-
TYPBI, KOTOPHIE BIMSIIOT Ha IIPOLIECCHI CTPYKTYPOOOpa3o-
BaHUsI, COCTaB IMPOAYKTOB THAPATAIIMU LIEMEHTa, IT03BO-
JISIIOT CO3[aBaTh KOMITO3UTHI, IPEBOCXOMASIINE CBOUX
TPEAIIeCTBEHHUKOB 110 Pa3INIHbIM (DM3UKO-MeXaHUUe-
CKMM TlapaMeTpaMm.

[Mpumenenne rpadena (I'), okcuna rpadena (O u
BoccTaHoBJIeHHOro okcuaa rpagena (BOI) umeer cytie-
CTBEHHBIC TIPEUMYIIECTBA II0 CPAaBHEHUIO C YIICPOIHBI-
MM HaHOTpYOKaMU W (ysuiepeHaMu, TakKue Kak OoJjiee
YIOOHBIM MpoIecC MPOM3BOACTBA, OOJbINAS yAeIbHAS
ITOBEPXHOCTh, 9KOJIOTUIHOCTE [1—19].

Cpenu Bcero MHoroodpasus YHM oxcun rpadeHa
SIBJISIETCSI HAaMMeHee W3YYeHHBIM, HO TIPU OTOM TIpel-
CTaBJISIET HAMOOJBIIMI MHTEpPEC KaK ¢ (hyHAaMEHTaIb-
HOM, TaK ¥ C TIPAKTUYECKOU IMTO3UIUN. DTO O0YCIOBICHO
YHUKaJIbHOCTBIO ero cBoicTB: OI' comaepXuT GpyHKIMO-
HaJIbHBIE KUCJIOPOIHBIC TPYIIIbI, UYTO TapaHTUPYET €ro
BBICOKYIO CTETIeHb AUCIIEPTUPYEMOCTH B BOZIE, HECMOTPS
Ha BBICOKYIO yIeJdbHYI0 noBepxHocTh [10, 11, 20—30].
Db dekTUBHOCTH TpadeHa MOATBEPXKIACTCS YIyUIIeHN-
eM psga (U3MKO-MEXaHWYECKUX XapaKTepUCTUK IIe-
MEHTHBIX cucteM [1-5, 15, 31-71].

Pe3syabraThl aHa/Im3a oNMy0IMKOBAHHBIX TAHHBIX
Tepmunoaoeuueckue gonpocol

ITon cioBoM epagher MOHUMAIOT OCHOBHYIO CTPYKTYP-
HYIO €IMHUILY IPa(pUTOBBIX MaTepUAJIOB JIIOOOH pa3Mep-
HocTU. ['pacheH COCTOUT U3 OJHOCIOMHOTIO JIMCTa aTOMOB
yIaepoaa, KOTOPHIii, B CBOIO 04epelb, IIOTHO YITAKOBaH
B IBYMepHBbIi (2D) kapkac B Buze cot [28, 32, 72]. Takoit
KapKac MOXHO CBEepHYTb B ghyarrepenst (0D), omHOMep-
Hble HanompybOku (1D) wim cnoxuth B epagum
(3D) [34] (puc. 1).

DTa YHUKaJbHasg MHUKPOCTPYKTypa nejlaeT rpadeH
MPOYHBIM, TBEPIBIM, HEMPOHUIAEMBIM U 3JIaCTUYHBIM
matepuanom [13, 14, 77], kpoMme Toro, rpadpeH XuMmuye-
CKM MHEepTeH, 00J1alaeT OTIMYHOMN TEIIONPOBOAHOCTbHIO
U YHUKQJIBHBIMU BJICKTPUYSCKMMMU U ONTUYECCKUMU
cBoiictBamu [73, 75].

B cBoto ouepensp, okcud epagpena (2D-cTpyKTypa) co-
CTOUT U3 OJHOCJIONHBIX JINCTOB C TEKCATOHATILHOM YTJie-
ponHoii ceTkoil. Ero ocHoBHOe oTiinuue ot rpadeHa 3a-
KJTI0YaeTCs B HAJIMYMU Ha TIOBEPXHOCTU THAPOKCUIIb-
HBIX, 3MOKCUIHBIX, KapOOKCUIBHBIX M KapOOHWIBHBIX
(YHKIMOHAJIBHBIX TPYII (pUC. 2), YTO OOBSICHSIET OoJiee
BBICOKYIO PEaKIIMOHHYIO CTIOCOOHOCTh B IEMEHTHOM CH-
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solidation of a hydrating binder with a polydisperse, poly-
mineral mixture of inorganic components of various
compositions and morphostructural characteristics, in-
cluding a complex of functional additives, where ultra-
and nanodispersed size level additives play an important
role among.

In turn, a huge number of publications are devoted to
the study of nanodispersed components, a separate place
among which is occupied by carbon nanomaterials
(CNM) of various structures, which affect the processes of
structure formation, the composition of cement hydration
products and allow the creation of composites that are
superior to their predecessors in various physical and me-
chanical parameters.

The use of graphene (G), graphene oxide (GO), and
reduced graphene oxide (RGO) has significant advantages
over carbon nanotubes and fullerenes, such as a more
convenient production process, a large specific surface
area and environmental friendliness [1—19].

Among all the variety of CNMs, graphene oxide is the
least studied, but at the same time it is of the greatest inter-
est both from a fundamental and practical standpoint.
This is due to the uniqueness of its properties: OG con-
tains functional oxygen groups, which guarantees its high
degree of dispersibility in water, despite its high specific
surface area [10, 11, 20—30]. The efficiency of graphene is
confirmed by the improvement of a number of physical
and mechanical characteristics of cement systems [1—5,
15, 31-71].

Results of analysis of published data
Terminological issues

The word graphene is understood as the basic struc-
tural unit of graphite materials of any dimension.
Graphene consists of a single-layer sheet of carbon atoms,
which in turn is tightly packed into a two-dimensional
(2D) honeycomb framework [28, 32, 72]. Such a frame-
work can be folded into fullerenes (0D), one-dimensional
nanotubes (1D), or folded into graphite (3D) [34] (Fig. 1).

This unique microstructure makes graphene a strong,
hard, impermeable and elastic material [13, 14, 74], in
addition, graphene is chemically inert, it has excellent
thermal conductivity and unique electrical and optical
properties [73, 75].

In turn, graphene oxide (2D structure) consists of sin-
gle-layer sheets with a hexagonal carbon network. Its
main difference from graphene is the presence of hydrox-
yl, epoxy, carboxyl and carbonyl functional groups on the
surface (Fig. 2), which explains the higher reactivity in the
cement system [76]. Reduced graphene oxide (RGO) has
fewer functional groups in its structure compared to GO,
showing intermediate properties between graphene oxide
and graphene.

Despite the fact that there are many scientific works on
the creation and use of carbon nanomaterials (CNM) [6,
10, 63, 77—81], especially carbon nanotubes (CNT), as
modifying and reinforcing components, there are a num-
ber of unresolved issues related to the stabilization of dis-
persions based on them, search for the ways of their intro-
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creMe [76]. Boccmanoenennviii okcud epagena (BOT)
UMeeT MEeHbIIe (PYHKIIMOHAIBHBIX TPYIII B CBOEH CTPYK-
Type 1o cpaBHeHUIO ¢ OI', IPOSIBIISIS TTPOMEKYTOUHEIC
CBOICTBa MeXXI1y OKCUIOM rpadeHa u rpadpeHOM.

HecMoTpst Ha TO YTO CyIIIeCTBYeT HEMaJIO ITyOJIMKa-
LI HA TeMY CO3IaHus U MIPUMEHEHUS YIACPOIHBIX Ha-
HomarepuanioB (YHM), ocoOeHHO yriepogHbIX HaHO-
tpyook (YHT) [6, 10, 63, 77—81], B kadyecTtBe MOoaUpU-
LIUPYIOIINX U apMUPYIOIINX KOMIIOHEHTOB, OCTaeTCs
psII HepeIlIeHHBIX BOIIPOCOB, CBI3aHHBIX CO CTAOWMIM3a-
LIMeil TUCIepcUuii Ha X OCHOBE, MOMCKOM CIIOCOOOB UX
BBEICHUSI M PABHOMEPHOTO PACIIPEACICHNS B TTOJTUIN-
CMEPCHOM CcHUCTeMe OETOHHO CMeCH, YCTaHOBJICHHEM
MeXaHM3Ma BJIIMSHUSI Ha IIPOLIECCHl TUAPATAIIUM BSTKY-
ero, B3auMHoro BaussHuss YHM u opraHomMuHepaib-
HBIX MOIUMUIMPYIOMINX N100aBOK, (PU3NKO-MexXaHUYe-
CKMX CBOICTB OETOHHOM cMecHu 1 OeToHa.

Pasznuuaiot Tpu rnaBHbIX MeToga cuHTte3a OI, B oc-
HOBE KOTOPBIX CITOCOO XNMUYECKOTO PACCIOCHUSI, — Me-
toabl lllTaynenmaiiepa, Xammepca u bpoau, a Takke ux
pa3sHOBUIHOCTH. Bce OHM OCHOBaHBI Ha OKHUCJICHHU
rpacduTa B BOMTHOM PAacTBOPE CUITBHBIX KMCIIOT B TIPUCYT-
CTBUH BBICOKOAKTUBHBIX OKUCIUTEICH. DTO MPUBOIUT K
VBEIMUCHUIO MEXKCIIOEBOTO PACCTOSTHUS W CHIDKCHHIO
SHEPrum B3auMoaeicTBUs Mexxay Humu. 2KuakodasHoe
paccjoeHue MPOBOMAST C UCTTOIB30BAHUEM TTOBEPXHOCT-
HO-aKTUBHbBIX OPraHUYECKUX KUAKOCTEH, MPU JJIUTEb-
HOI1 yIIBTpa3ByKoBoil oopadotke (Y30) u/mwim HeHTpU-
¢yrupoBaHUM. XMUYECKOE PACCIOCHUE TTOApa3yMeBa-
eT MPOXOXKACHKUE OIpPEAeICHHBIX 3TAIlOB IPEBpaIlCHUS
HMCXOIHBIX KOMITOHEHTOB B OKCHUI TpadpeHa (puc. 3).

MeTton Xammepca npeaycMaTpuBaeT UCHOIb30BaHUE
B KayectBe Kucjaorsl — H,SO,, B KauecTBe oKUCIUTENS
rpadpura — KMnO,, nodaBku — NaNOs. Ilo meronam
bponu n lraynenmaiiepa okuciaeHue rpadpuTa MmpoBo-
o4t cuabHbiMU Kuciaoramu (HNO; u H,SO,), a B kaue-
ctBe okucautensd npuMeHsaoT KClO;, naHHas npoueay-
pa compsikeHa ¢ BblaeJieHueM razoodpasHoro ClO, u
OITaCHOCTHIO B3pbiBa. B CBsA3M 3TUM Haubosiee MomyJsi-
peH Merom Xammepca WM MOIMMDUIIMPOBAHHBIA METOI
Xammepca, MO3BOJISIONIME TTOJIYYUTh O0JIblIee KOIruye-
CTBO cMHTe3upoBaHHOTO OT'.

OcoOblii nHTEepec cpen YHM B yacTu Mcrosib3oBa-
HUS B KaUueCTBE MOAU(UILIMPYIOLIEIO KOMIIOHEHTA TUapa-
TUPYIOIIEICS CUCTEMBI BSLKYILETO B TTOC/IETHEE AeCATHIIC-
THe BbI3bIBaeT okcu rpadeHa [1—71, 83]. On obnagaer
HECKOJbKMMH IIPEUMYIIIECTBAMU: IIPOLIeCC ITPOM3BOACTBA
OI' 1OBOJILHO MPOCT, MAJIOTPYLO3aTPAaTeEH, SKOHOMUYE-
ck1 3(PHEeKTUBEH U TPUMEHUM IS TIOJYIeHUSI OOJIBIIOTO
koymuectBa Bemectsa [10, 11, 32, 84]. DTo cambril TOH-
KW, IPOYHBIA U 2J1IaCTUYHBINA MaTepuan [13, 14, 73] u3
M3BECTHBIX HA CETOMHSIIHUN IeHb, UMEIOIIUI HanbOIb-
myto u3 YHM creneHb AucneprupyeMoCTU, TPOsIBIISIIO-
I apMUPYIOIINE [IEMECHTHYIO MAaTPHUILy CBOMCTBA, YCH-
JIMBAIOLLIMU MPpOLECC TMApaTaliy LIEMEHTA U CIIOCOOCTBY-
IO  00pa3oBaHUIO TIPOAYKTOB THUIpATAIlUM, YTO
MMPUBOAUT K OOJBIIEHl CKOPOCTU TEIUIOBBIICICHUS.
BrIsiBJIeHO, YTO MO CBOMM MeXaHU4eCKUM cBoiicTBaM OI
JIOBOJIbHO 0/1M30K K I', 0OHAKO ero XuMUYeCKue 1 3JeK-

(CTPONIEIIBHBIE

duction and uniform distribution in the polydisperse sys-
tem of concrete mixture, the establishment of the
mechanism of influence on the processes of binder hydra-
tion, the mutual influence of CNM and organo-mineral
modifying additives, the physical and mechanical proper-
ties of the concrete mixture and concrete.

There are three main methods for the synthesis of GO
based on the method of chemical separation: the methods
of Staudenmeier, Hammers and Brody and their varieties.
All of them are based on the oxidation of graphite in water
solution of strong acids in the presence of highly active
oxidants. This leads to the increase in the interlayer dis-
tance and the decrease in the interaction energy between
them. Liquid phase separation is carried out using sur-
face-active organic liquids, with prolonged ultrasonic
processing (USP) and / or centrifugation. Chemical sepa-
ration implies the passage of certain stages of the transfor-
mation of the initial components into graphene ox-
ide (Fig. 3).

The Hammers method provides the use of H,SO, as
an acid, KMnO, as a graphite oxidizer and NaNOj as an
additive. According to Brody and Staudenmeier’s meth-
ods, graphite is oxidized with strong acids (HNO; and
H,S0O,), and KCIlOj; is used as an oxidizing agent. This
procedure is associated with the release of gaseous ClO,
and the danger of explosion. In this regard, the most
popular are the Hammers method and the modified
Hammers method, which allow obtaining a larger amount
of synthesized GO.

Graphene oxide is of particular interest among CNMs
in terms of the use of a binder as a modifying component
of the hydrating system in the last decade [1-71, 83]. It
has several advantages: the process for the production of
GO is quite simple, low-labor-intensive, cost-effective
and applicable to large quantities of the substance [10, 11,
32, 84]. It is the thinnest, strongest and most elastic mate-
rial [13, 14, 73], which has the highest degree of dispers-
ibility of CNM with properties reinforcing the cement
matrix, enhancing the process of cement hydration and
promoting the formation of hydration products, which
leads to a higher rate of heat release. It is found that in its
mechanical properties GO is quite close to G, however, its
chemical and electronic properties are somewhat different
and therefore GO is often used as a substance from which
RGO is obtained by reduction.

In order to summarize the results of existing studies and
identify technological solutions which are currently used
and the parameters that are affected by the introduction of
GO into the composition of concrete, the proposed analy-
sis of scientific publications seems to be relevant.

Thus, the subject of this paper is the analysis of litera-
ture sources on the use of graphene oxide as a nanomodi-
fying additive for cement concretes.

Analysis of publication activity
The electronic resources such as eLibrary.ru, science-
direct.com, researchgate.net and others were used as a
database for the analysis of the dynamics of publication
activity.
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2D

@ Puc. 2. YcnoBHble CTPYKTYpHble GopMynbl: a — rpadeH; b — okena, rpadeHa; ¢ — BOCCTaHOBNEHHbIV OKCUA,

- rpacdeHa [76]
0D 1D 3D

Puc. 1. Tunbl CTPYKTYP YrnepoaHbix HaHOMa-
Tepuanos: 2D — rpadeH; 0D - dynnepeH;
1D - HaHoTpy6Ka; 3D — rpacuT [73]

Fig. 1. Types of structures of carbon nano-
materials: 2D — graphene; 0D - fullerene;
1D - nanotube; 3D - graphite [72]

TPOHHbBIC CBOMCTBA HECKOJbKO OTJIMYAIOTCS, B CBSI3U C
yem OI yacTo MCIONB3YIOT B KAUECTBE BEIIECTBA, U3 KO-
TOPOTO IyTeM BOCCTaHOBIeHMUS rojrydatoT BOT.

C uenbo 0000IIECHUS PE3yJbTaTOB CYIIECTBYIOIINX
WCCIIENOBAHWI, BBISIBJIEHUS TEXHOJOTMYECKMX pellle-
HUIA, MPUMEHSIEMBIX B HACTOSIIIIEe BpeMsI, U TTapaMeTpPOB,
Ha Kortopble Biuser BBemeHue Ol B cocraB OeToHa,
npeajaraeMblii aHaIu3 HayIHbIX MyOJIMKaLUi MpeacTaB-
JISIETCSl BECbMa aKTyaJbHBIM.

TakuMm obpa3om, MpeaMETOM HACTOSIILIEH CTaTbU SIB-
JISIETCS aHAJIU3 JIMTePATYPHBIX UCTOYHUKOB, pacCMaTpPH-
BaOIIMX BOIIPOCHI UCITOTb30BaHUSI B Ka4eCTBE HAHOMO-
IupuIUpyomeil 100aBKU I LIEMEHTHBIX OETOHOB —
okcuaa rpadeHa.

Anaauz nybauxkayuoHHoil aKxmuerHocmu

B kavectBe 0a3bl MaHHBIX IJISI aHAJIM3a TUHAMUKU
MyOJIMKALMOHHON AKTUBHOCTHU MCIIO/Ib30BaIUCh 3JIEK-
TpoHHBIe pecypchl eLibrary.ru, sciencedirect.com,
researchgate.net u mp.

Ha ocHoBe OubanomMeTpuyeckux Mokazatesei 0a3
eLibrary.ru u sciencedirect.com 1 nNpu MOMOIIU aHAIU-
THYECKNX WHCTPYMEHTOB MOXKHO CIEJIaTh CIICOYIOIINe
00001IaIoNIMe 3aKTI0YCHUSI HAYKOMETPUUYECKOTO XapaK-
Tepa (puc. 4—7).

IMouck uccinenoBaHuii 1Mo 3alaHHON TeMe OCYIIECT-
BAsICS B 0ase HaydyHOM SJEKTPOHHOI OMOJIMOTEKU
eLibrary.ru 3a mepuoa 2010—2020 rT. 110 CAEAYIOIINM
3arnpocam: «rpageH», «OKCUI rpadeHa», «BOCCTaHOB-
JICHHBIN OoKcua rpacdeHa». Jlagee 3ampochl OBLIA M3-
MEHEHBI I CYXEHMS ITIOMCKa COIVIACHO TeMaThKe

O6paboTka

YNbTPa3BYKOM
Okwucnenvne Ultrasonic
Oxidation processing

Mpadut

Graphite Okemg rpaduta

Graphite Oxide
Puc. 3. Otanbl npespawenns YHM Ha ocHoBe rpaduTa [82]
Fig. 3. Stages of transformation of CNM based on graphite [81]
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Fig. 2. Structural formulas: a — graphene; b — graphene oxide; ¢ — reduced grapheme oxide [76]

According to the bibliometric indicators of the eLi-
brary.ru and sciencedirect.com databases and with the
help of analytical tools, the following conclusions of a
scientometrical nature can be drawn (Fig. 4—7).

The search for the studies on a given topic was carried
out in the database of the scientific electronic library eLi-
brary.ru for the period since 2010 to 2020 for the following
queries: “grapheme”, “graphene oxide”, “reduced gra-
phene oxide”. Further, the queries were limited according
to the search on the topic of this study such as “graphene
concrete”, “graphene oxide concrete” and “reduced gra-
phene oxide concrete”.

Due to the fact that G, GO and RGO (Fig. 4, a) have
a very wide range of applications, the number of publica-
tions at the request of a narrow focus — in terms of the use
of graphene and its derivatives as a component in the
composition of concrete (Fig. 4, b) — decreased signifi-
cantly.

In addition it is necessary to note that in the course
of a qualitative analysis of publications (Fig. 4, b), it
was found that dissertations were not published in the
specified period. According to the obtained data, it is
possible to talk about the insufficiency of the study of
graphene structures, in particular, graphene oxide as a
multifunctional additive for cement concrete and about
the absence of Russian-language scientific research in
this area.

The search of the studies in the sciencedirect.com da-
tabase was carried out similarly to the search in the eLi-
brary.ru database for the same time period. The following
queries were used: “grapheme”, “graphene oxide”, “re-
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HACTOSIIEro UCCIeA0BaHUs Ha «rpadeH OEeTOH», «OK-
cupa rpadeHa 6eTOH», «BOCCTAHOBJIEHHBIN OKCHUJI Tpa-
¢deHa 6eToH».

B cBs3u ¢ tem, uto I', OI' u BOI (puc. 4, a) umeror
BechMa IIMPOKUI CTIEKTP 00JIacTeil TpUMEHEeHUsI, YUCTIO
MyOoJMKaLUI T10 3alpocy Yy3KOW HaNpaBJIeHHOCTU — B
YacTH MpPUMEHEHUs TpadeHa M ero MPOM3BOIHBIX KaK
KOMITOHEHTa B cocTaBe OeTtoHa (puc. 4, b) — 3aMeTHO
YMEHBIIIUIIOCH.

Takke CTOUT OTMETHTh, YTO B XOA¢ KAYeCTBEHHOTO
aHanu3a nyonukauuit (puc. 4, b) ObLIO BBISIBICHO, YTO
3a YKa3aHHBI TTepUoJ AUCCePTAIIMOHHBIX PabOT OMy0-
JIMKOBaHO He Obu10. Ha oCHOBE MOMYyYEeHHBIX JAHHBIX
MOXHO TOBOPUTH O HEIOCTAaTOYHOI MIpPOpabOTKe BO-
Mmpoca n3y4eHUsT TpaeHOBBIX CTPYKTYpP, B YaCTHOCTH
okcujga rpadeHa B KadecTBe IMOJU(PYHKIMOHATbHON
J00aBKU IJIs1 LIEMEHTOOeTOHAa, U 00 OTCYTCTBUU PYC-
CKOSI3BIYHBIX TMCCEPTALIMOHHBIX UCCIIEIOBAHUI B 3TOM
obnactu.

ITouck uccaenoBaHuii B 6aze sciencedirect.com ObuI
MPOBEJIEH aHAJIOTMYHO MOUCKY B 0ase eLibrary.ru 3a ToT
Xe BpeMeHHoI mepuon. OCyIIecTBISUTNCH CIIeayIoNe
3amnpochl: «graphene», «graphene oxide», «reduced
graphene oxide», najee MOMCK OBUI TaKXe CYXEH:
«graphene concrete», «graphene oxide concrete», «reduced
graphene oxide concrete».

KonuuecTBeHHBI aHanu3 1o 3amnpocaM (puc. 5)
MOATBEPXKAACT LLIMPOKUI KPYT MCCIEIOBAHUN YIJIEPO/ -
HBIX MaTepUaJoB U MAJIOM3YYeHHOCTh OKCHIa rpadeHa
o cpaBHeHUIO ¢ Apyrumu Y HM, B ToMm 4ucie B cocra-
Be OETOHHBIX cMeceii. KauecTBeHHBIN aHAIM3 TTOKa3al,
yT0 14% nyOnuKauuii HOCUT 0030PHBII XapakTep.

[MpoBenenue MOIOOHOTO HAYKOMETPUUECKOTO aHa-
Ju3a B 0azax reserchgate.net u mp. okaszajaochb HEBO3-

BOr / RGO

Bcero nybaukaumii: 1746
(F-1418; Or - 289; BOI - 72)
Total amount of publications: 1746
(G- 1418; GO - 289; RGO - 72)

duced graphene oxide”, then the search was also limited
to: “graphene concrete”, “graphene oxide concrete”,
“reduced graphene oxide concrete”.

Quantitative analysis on the queries (Fig. 5) confirms a
wide range of studies on carbon materials and understud-
ied graphene oxide in comparison with other CNMs, in-
cluding in the composition of concrete mixtures. A quali-
tative analysis showed that 14% of publications are of a
review nature.

This scientometrical analysis in such databases as re-
serchgate.net and others turned out to be impossible due
to the lack of analytical tools, because of which the search
criteria can be determined.

The articles [1-5, 37—71] devoted to the study of
graphene oxide as a modifying additive in the composi-
tion of concretes for the period 2010—2020, published in
leading peer-reviewed Russian and international pub-
licly available publications, were subjected to detailed
analysis.

During the assessment of the number of publications
for the above-mentioned period for all analyzed articles
related to the results of the study of the effect of GO on the
properties of concrete (Fig. 6), it was found that interest in
the research topic is increasing every year.

The geography of research on the use of graphene ox-
ide for the purpose of nanomodification of concrete is
quite wide. Both Russian and foreign scientific schools are
engaged in research (Fig. 7). In percentage terms, leading
positions in the study of OG are occupied by scientists
from China, Australia, USA, India, Hong Kong, Russia
and Great Britain.

In total, more than 150 sources were analyzed, which
did not include works of a review nature, conference ma-
terials, dissertation texts, articles that were in limited ac-

BOr6 /RGOc
0reé /GOc

@ CTarby B XypHanax
Journal articles

Krnrn
Books

Martepuanbl KoHpepeHuni
Conference proceedings

_ Ancceprauum
Dissertations

- [aTeHTbl
Patents

Bcero ny6nukauuit: 69
(6 - 35; Oré - 28; BOr6 - 3)

Total amount of publications: 69
(Ge - 35; GOc - 28; RGOc - 3)

Puc. 4. KayecTBeHHbI 1 KONMMYECTBEHHbI aHanua 6a3bl eLibrary.ru no 3anpocy: a — «rpadet» (), «okeng, rpadeHa» (OlN), «<BOCCTAHOBNEHHbIV OKCUA, rpa-
deHa» (BOT); b — «rpacdeH 6eToH» (I'6), «okeng rpadeHa 6eToH» (O6), «<BOCCTAHOBNEHHbIN okcua, rpadeHa 6eToH» (BOI6)

Fig. 4. Qualitative and quantitative analysis of the eLibrary.ru database on the following queries: a — “grapheme” (G), “grapheme oxide” (GO), “reduced
grapheme oxide” (rGO); b — “grapheme concrete” (Gc), “grapheme oxide concrete” (GOc), “reduced grapheme oxide concrete” (rGOc)
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MOXHBIM BBUIY OTCYTCTBUSI aHAJIUTUYECKUX HHCTPY-
MEHTOB, OJarogapsi KOTOPbIM MOXHO BBIICIUTH KPUTE-
pWY TIOKNCKA.

Cratbu [1-5, 37—71], mocBsIIeHHBIE UCCIIEIOBAHUIO
okcnaa rpadeHa Kak Mogu(pUIIIPYOIIeii J00aBKI B CO-
craBe 6eToHOB 3a nepuoa 2010—2020 rr., ony6IuKOBaH-
HBIE B BEAYIINX PEICH3UPYEMBIX POCCUMCKUX M 3apy-
OeXHBIX U3TAHUSIX, HAXOISIIMXCS B OTKPBITOM TOCTYTIE,
IMOJBEPTraIiCh IeTaIbHOMY aHAJIU3Y.

B xome omeHKM yncIIa ITyOJUKAIIMiT 33 BEITIICYTIOMSI-
HYTBIA Mepuod IO BCEM IpOaHAJIM3UPOBAHHBIM CTa-
TBSIM, CBSI3aHHBIM C Pe3yJIbTaTaMU MCCIICIOBAHUS BIIHSI-
Hus OI Ha cBoiicTBa 0€TOHOB (pucC. 6), ObUIO BLIABIEHO,
YTO MHTEPEC K TeMaTHUKe MCCICHOBAHUS C KaXKIBIM Io-
JIOM BO3pacTaer.

I'eorpacdus ucciienoBaHuii O IPUMEHEHUIO OKCHUAA
rpageHa c 1uejblo HaHOMOoAUpUKALIMKU 0€TOHA JOBOJBHO
LIMPOKA, MCCIACAOBAHUSIMU 3aHMMAIOTCSI KaK POCCHUIi-
CKMe, TaK U 3apyOeXKHBIC HayJIHBIC IITKOJBI (puc. 7).
B npo1LieHTHOM COOTHOLIEHUH JUAMPYIOIIME MO3UIMU B
nzyyeHun OT 3anumaror yuennie Kutasi, ABctpanuu,
CHIA, Uuauu, T'onkonra, Poccuu, BenukoOGpuraHuu.

Bcero 6bu10 ipoananu3upoBaHo 6osee 100 ncToyHM-
KOB, B UMCJIO KOTOPBIX HE BOIIUIM PabOThI, HOCSIIME 00-
30pHBIA XapakKTep, MaTtepuabl KOH(pEPEeHLIM, TeKCThI
IUCCepTallnii, CTaThbM, HAXOMSIIHWECS B 3aKPBITOM WA
OrpaHUYEHHOM JOCTYIIE, a TAKXKEe PEe3yJIbTaThbl UCCAEA0-
BaHUI, HE OTJIMYAIOIINECS TITyOMHOM TPOPAOOTKU.

AHaIM3 pe3yabTaToB
3KCNEPUMEHTAJbHBIX MCCJIeIOBAHMIA
AHanu3 pe3yJbTaToB SKCMEPUMEHTATbHbBIX UCCAEA0-
BaHUIA, peICcTaBIeHHbIN B TaOaU1IE, OCYLIECTBIISIICS MO
CJIEIYIOIIUM KPUTEPHUSIM:
—Bun YHM;

BOrI' /RGO

Bcero ny6ankauuii: 117951
(I —23858; Or - 13279; BOI - 80814)
Total amount of publications: 1746
(G -23858; GO - 13279; RGO - 80814)

cess, as well as research results that did not differ in depth
of study.

Analysis of experimental research results

The analysis of the results of experimental studies,
presented in table 1, was carried out according to the fol-
lowing criteria:

— Type of CNM;

— Properties of CNM used in its original form or as a
raw material for the synthesis of GO or RGO;

— Concrete mixture composition;

— Methods for stabilization, introduction and distri-
bution of GO and rGOc in concrete mixture;

— Controlled parameters and physical and mechanical
properties of concrete with CNM.

The works in which graphene oxide was used as an ad-
ditive were analyzed. Undoubtedly, rGO is a separate
layer of research and, as it is shown by a quantitative sci-
entometrical analysis, it is more studied than GO.
However, the use of this modification of CNM was not
the main subject of the analysis of this article. Therefore,
Table includes data on the introduction of rGO into con-
crete only [66—71] for those publications that described
the comparative results of studies on two types of CNM:
GO and rGO.

For perception convenience, during the description of
the results of the studies by various authors, the graphs and
in the text give not only the links to the source of informa-
tion, but also to the sample number indicated in the first
column of Table 1.

Due to the different provision of the information re-
flected in Table 1 and the incompleteness of data on the
values of a number of physical and mechanical properties,
which do not allow the results of these articles to be in-
cluded in statistical processing, it is not possible to bring

BOT6 / RGOc

0re /GOc
[6/Ge
® lccnenoBatenbckme matepuansl
Research Materials

m O030pHbIE CTaTbN
Review Articles

Khuru
" Books

Bcero nybnukauuii: 2676

(I'é - 636; Ore - 163; BOre - 1877)
Total amount of publications: 69

(Gc - 636; GOc - 163; RGOc - 1877)

Puc. 5. KayecTBeHHbIN 1 KONMYECTBEHHBIN aHann3 6a3bl sciencedirect.com no 3anpocy: a — «graphene» (G), «graphene oxide» (GO), «reduced graphene
oxide» (rGO); b — «graphene concrete» (Gc), «graphene oxide concrete» (GOc), «reduced graphene oxide concrete» (rGOc)
Fig. 5. Qualitative and quantitative analysis of sciencedirect.com base the following queries: a — «graphene» (G), «graphene oxide» (GO), «reduced graphene
oxide» (rGO); b — «graphene concrete» (Gc), «graphene oxide concrete» (GOc), «reduced graphene oxide concrete» (rGOc)
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. My6nukaumnn Ha Temy OF u My6nvkaumu Ha Temy O, nofBepriumecs feTansHoMy aHanuay
3 KOJIMYCCTBEHHBIM HAYKOMETPU - Publications on GO Publications on GO, analyzed in detail

yecKUii aHaiau3, 0oJiee U3YYEHHBI,
yem OI', omHaKo TIpUMEHEeHUE TaH-
Hoit moagudukaunu YHM He sBas-
JIOCH OCHOBHBIM IIPEIMETOM aHaJIN-
3a JaHHo# cratbu. IToaTomMy B Tab-
JIMIIY BOIIUIM JAHHBIC IO BBEICHUIO
BOTI B 6¢TOH TOJIBKO TeX IMyOIMKa-
it [66—71], B KOTOPBIX OBUIH OITH -
CaHbl CPAaBHUTEJIbHBIC DPE3YIbTAThl
HUCCIeJOBaHUN MO JBYM BUAAM
YHM: OI' u BOT.

Hnst ynodbcTBa BOCIPUSTUS WH-
¢opmalmy Mpu OMMCaHUM pe3yIbTa-
TOB WCCJIEIOBAHUI Pa3TMIHBIX aBTO-
pOB Ha rpacduKax M B TEKCTE AAIOTCS
CCBIJIKM HE TOJIPKO Ha UICTOYHUK WH-
¢opmalmu, HO 1 Ha HoMep obpa3slia,
YKa3aHHBIN B TEpBOIl KOJOHKE Tad-
JIATIBI.

B cBs131 ¢ pa3aUUHBIM MPEeaOCTaB-
JICHMEM aBTOpaMM CBEACHWIA, oTpa-
JKEHHBIX B TaOJMle, U HEIMOJIHOTOMH
JMAHHBIX II0 3HAYCHUSAM psima (U3n-
KO-MEXaHWYECKUX CBOMCTB, HE IO-
3BOJIUBIINX BKJIIOUYUTH PE3yJIbTaThI
JIAaHHBIX CTaTeil B CTATUCTUYECKYIO 00pPabOTKY, MPUBEIE-
HUE NaHHBIX IO CBOMCTBAM CBIPbEBBIX MaTepHaoOB U
pa3paboTaHHBIX OETOHOB K €MHBIM TTOKa3aTeJIsIM Kaue-
CTBa HE MPEACTABISIETCS BOSMOXHBIM.

C onmHOI CTOpPOHBI, TO 3aTPYAHSET TMPOBEACHUE
0000IIEHUIA M YCTaHOBJIEHHWE 3aKOHOMEpPHOCTEeM
CBOICTB pa3pabOTaHHBIX MAaTePUAIOB B 3aBUCUMOCTH OT
BUJIa U CBOMCTB CHIPbSI, a C IPYTOil — MO3BOJISIET PACIIIM-
PUThH CHEKTP BO3MOXHBIX METOAOB OIIEHKU CBOMCTB U
KOHTPOJIUPYEMbBIX ITapaMETPOB.

AHanu3 myoJuKauuii MO3BOJISIET BBIIEIUTh HEKUE
o01IIMe HaIIpaBIICHUs UCCIenoBaHuii. Tak, Hampumep, B
pabotax aBTopoB [37, 39, 40, 85, 86| 3aTparuBaeTcs BO-
MPOC PEeTYIMPOBAHUS PeaKIIUM TUApATAIINY IIEMEeHTA T10-
cpenctBom nodasiaeHust OI' B6eToHHYI0 cMech. JlokazaHo,
YTO MUKPOCTPYKTYypa LIEMEHTa TeCHO CBs3aHa C MpolLiec-
camu tuapatanvu B mipucyrctBun O [2, 37, 32, 86].

(Y POIEIIBHBIE

Puc. 6. lnHamuka ny6aMkaumoHHON akTUBHOCTU
Fig. 6. Dynamics of publication activity
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Fig. 7. Geography of the study of the use of graphene oxideas a nanomodifying additive in concrete

data on the properties of raw materials and developed
concretes to uniform quality indicators.

On the one hand, this makes it difficult to generalize
and establish the regularities of the properties of the devel-
oped materials from the type and properties of raw materi-
als and on the other hand, it allows expanding the range of
possible methods for the assessment of the properties and
controlled parameters.

The analysis of publications allows determining certain
general areas of research. Thus, for example, in the works of
some authors [37, 39, 40, 85, 86] the issues of the regulation
of the reaction of cement hydration by adding GO to con-
crete mixture is considered. It is proved that the microstruc-
ture of cement is closely related to the hydration processes
in the presence of GO [2, 37, 32, 87]. The studies of physical
and mechanical properties [31, 35, 36] are inextricably
linked with the study of the dispersion and shape of GO.
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CaoiicTBa CocraB OeToHHOM cMecH / KonTtposupyemble mapaMeTpsl U PU3HKO-
YHM CooTHomeHne KOMITOHEHTOB PaclpecICHuA VHM MeXaHHUYECKHE CBOWCTBA OETOHA Ha MeToH-
B OCTOHHOM cMecH HUK
Bua yruaepoanoro nanomarepuasa (Y HM)
1. Oxcnpa rpagena (OIN)

Ucxonubrit B/11=0,3; I — cmemenne Boasl, [TAB u OT; Crenenp nucnieprupoBanus Ol [37]
Or: Hoptnanauement (LIEM) II — BBenenue LIEM, cmemienue 2 MuH Mukpoctpykrypa (COM) u da3oBsiit
Pazmep (Shengwei 42,5B); III - Y30 — 20 mun coctaB (PDA) ieMeHTHOTO KaMHSI;
HAHOJUCTOB, | [lonrkapOOKCHIIATHBIN H3HOCOCTOMKOCTD;
d=760 um, cyneprutactudukarop (ITAB) — [TpoYHOCTH B 3aBUCUMOCTH OT JIO3UPOBKH
Tonmuna 0,2%; nucrnepcuu Ol
JINCTOB, Bonanast 0,2%-nas nucnepcus nipu cxatud (Rex) — 59,31; 65,24; 68,31;
=124 um. OrI' -0; 0,01; 0,02; 0,03; 0,04; 71,24; 74,51, 75,62; 76,83 MIla,

0,05; 0,06%. nipu u3ruoe (Rusr) — 8,84; 10,22; 10,71;
OI mocne 11,25; 11,56; 11,55; 11,55 MIIa.
VY30 20 muH:
d=430 um,
1=27,6 am. | ]
OI nmocne [T - Y30 — 40 mun Rex=59,31; 66,51; 72,48; 76,31; 79,72;
V30 40 muH: 79,06; 79,86 MlIla;
d=180 uwm, Rus=8,84; 10,86; 11,52; 12,66; 15,57,
1=9,58mm. | 12,56; 11,43 MIla. |
Ol mocrne I - Y30 — 60 mun Rex=59,31; 67,46; 76,51; 79,64; 81,56;
Y30 60 muH: 81,89; 81,95 Mlla;
d=72 um, Rusr=8,84; 10,36; 12,33; 13,47; 13,52;
1=3,4 um. 13,46; 13,43 MIla.
Hucnepcust LEM I 52,556 (Green Island, B nemenTtHOE Monouko nmocneaoBatenbHO | Rusr cuctemsr «OI-ITAB-IIEM» Ha 48,4% [38]
Ol'c ['onkoHr); BBoIAT OI" 1 [TAB. Y30 nonyuenHoi BhIe, yeM y «ITAB-ITEM» u Ha 35,3%
KOHLIEHTpa- ementnoe monouko — 1 r IEM, | cmecu. BoilIe, yeM y «OI'-ITEM-TTAB».

muent 4 mMr/mi

15 M3 1eMOHU3UPOBAHHOI BOJIBI;
ITAB (ADVA 189) (Grace
Concrete Admixture Products,
I'onkoHT) — 4 MIT;

KoHnreHTparys TBepa0ro BeIecTsa B
mucnepcun — 28-30 mac. %.

Hanee OI'-I1AB o0bsenunstoT ¢ LIEM.
V30 6eronnoi cmecu. Ha Beixone
nonrygaercst OI-ITAB-IIEM.
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MponosxeHne TabnnLbl

o N Crioco0 crabuan3anuu, BBEICHUS U Ccpuika
Ne CaoiicTBa CocraB OeTOHHOM cMecH / KoHnTponupyemsle napameTpsl U GU3NKO-
/i YHM CooTHoIlIeHNE KOMITOHEHTOB PaclpeacaCHuA vHM MEXaHHYECKUE CBOMCTBA OeTOHA Ha neToH-
B OETOHHOI cMecH HUK
Hucniepcust OI" — 2 Mo
(Graphenea, Mcnianus).
5 B/11=0,48; B niemMeHTHOE MOJIOYKO MOCIEIOBATEIHHO KoHueHnTpanus noHos Ca?" B meMeHTHOM
HHEM I 52,56 — 50 wmr; BBOsITCSE MUKpoKpemHe3eMm (MK) u OT'. MOJIOYKE.
MK (Microsilica 920U) (Elkem Y30 GeToHHOIT cMeCH.
Co, Hopserwust) — 1000 mr;
Hucnepcust OI" — 2 mi;
Boma — 20 mi.
6 Lement C30 (Kurait) — 430 xr/m*; | ITorpysxenue IIBC-BonokHa B 01HOpoAHO | XuMHUUecKas cBa3b Mex 1y [IBC-
Hucnepcust O’ — 17,8 1; pacnpenenenubiid pactsop OI. BostokHOM 1 OI'.
I[IBC-Bonokno (KURALON K-II | Y30 GeTonHOM cMecH
REC 15) — 2 06. % uemenTa.
7 Lement C30 (Kurait) — 430 xr/m*; | Hanecenue OI Ha yriepoaHoe BOJTOKHO CMaunBaeMoCTh MTOBEPXHOCTH
Hucnepcus OI' — 17,8 1; METOJIOM 3JIEKTPO(POPETHIECKOTO yriepoxHoro BojokHa u OI'/yriepoaHoro
VYrneponHoe BosokHo (Jiaxing OCaXKJICHHUS. BOJIOKHA.
Newtex Composites Co., Ltd., Y30 GeToHHOI cMecH
Kuraii) — 2 00. % 1niemenra;
8 Lement C30 (Kurait) — 430 xr/m>; | Tlonustunenosoe BonokHo (I19-BoI0OKHO) -
Hucnepcus O’ — 17,8 1; cMemmBaroT ¢ pactBopom Ol Ha BogsiHOM
[12-BonokHo (Spectra 1000, 0aHe ¢ TpaJINEHTOM TEMIIEPaTyphl OT 25 10
Honeywell) — 2 00. % uemenra; 80°C B TeueHue 6 4, a 3aTeM CylIaT B
Or'-1I2-Bonokno — 0,092 mac.%. | Bakyyme npu temneparype 85°C.
Y30 GeToHHOI cMecH
9 | o HEM142,56-450T Hucnepcust OI" cuate3uposana mo merony | Peonorus OT; [39]
OKHWCIICHUS: Bonnasg nucnepcusi HaHOJTUCTOB Xammepca. [Tomyuen crabunbHbiid BogHbI | COM, POA;
I'padput — Or' (rpagur -3 1, pacTBop aucrniepcun HanoauctoB OT. Rex, mpouHoCcTh Ha pacTspkeHue (Rpacr) 1
d<30 MKM; KOHIIEHTPUPOBAHHAS CepHAas Konnentpanus OI" cocrasisina 0,2%. Rusr yBesmuunucs 1o 47,9, 78,6 u
MesxcnoeBoe | kuciora (H2SO —4,98%), Jucneprupoanue HaHOIUCTOB Y30 60,7% cOOTBETCTBEHHO.
paccrosHue, nepManranat kanus (KMnOs),
a=3,38 uwMm; uutpat HaTpusi (NaNQO3),

nepokcu Bogopoaa (H202, 30%)

)45 Poys [7 wreys ‘170z ‘Yo (1207 DLN) UOIINIISUOD J[qEUIEISnS puE
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. . Crioco6 cTabunu3aruu, BBEACHUS 1 Ccpuika
Ne CaoiicTBa CocraB O6eToHHOU cMmecH / Konrtponupyembie mapameTpbl U HU3UKO-
n/n YHM CooTHolIeHHEe KOMITOHEHTOB paclipeiieicius VHM MeXaHHUYECKUe CBOMCTBA OeTOHA Ha nerot-
B OETOHHOW cMecH HUK
ITocne -0,01; 0,02; 0,03; 0,04,
OKHCIIEHUS: 0,05 mac. % uemenTa;
Conepxanue | [IAB (comepkanue cyxoro
KHCIIOpOJ1a pemectBa 20%) — 0,9 1;
O)sOI - [ecok — 1350 1;
yBenuumiocs | Boma—165T.
¢ 3,72% no
29,75%;
a=8,02 M,
d=80-260 uwm,
1>8 am
10 | d=1,2 mxmMm; B/11=0,45; Hucnepcus OI' cuatesupoBana no meroxy | COM, POA cunresuposannoro ['O; [40]
1=1,8 m™M; IEM I 42.5H; Xammepca (opomrok rpagura — 0,5 T, N3oTepmuueckasl KalopuMeTpus;
KomnuecTBo [Topommok OI' — 0; 0,3; 0,6 mac. % | NaNOs3 — 0,25 r, H2SO4 — 15 mur, KMnO4 — | TepMorpaBuMeTprUdIecKuil aHaImn3;
JINCTOB B EMEHTa 1,5 r). Bognas nucniepcus O CDOM, PDA wu cBoiicTBa IIEMEHTHOTO
YIaKOBKE, crabunusuposana ¥Y30. Jlucniepcuro KaMHsl;
k=2-3 OrI'-n3omponanosa B pa3In4HbIX Rex myia o6pasuos ¢ 0,3 u 0,6 mac. % OI'
KOHIIGHTPAIUX JT00aBIIsUTH K YKa3aHHON yBenuueHna Ha 0,85 u 1,3%
BBIIIIE CYCIIEH3WUH IIEMEHT-U30MPOIIAHOI U | COOTBETCTBEHHO.
MIepPEeMENINBAIN B TeUeHNE 24 |, CYITIIIN.
Yacrtuiel iemMenTa, mokpsiteie OI', ObutH
CMEIIaHbI C BOAOH /ISl IPUTOTOBIICHUS
CBEXEro IIEeMEHTHOTO TeCTa
11 | 1=0,7-1 am B/11=0.4, Hucnepcus OI' cuaTe3upoBaHa 1o COM, POA OT; [41]

HEM I 52,5H (Quinn Building
Products, Benmkobpuranns) —
21,7

Boanas nucnepcus O — 8,7 mn
(0,08% OI" mo macce iemMeHTa)

MOIU(UIMPOBAHHOMY METOIy Xammepca
(rpaduroBsie xiombs — 3 T, H3PO4 — 40
i1, H2SO4 — 360 M1, KMnO4 — 18 1).
CwmenieHue 1 BUOPUPOBAHKUE CMECH B
teuenue 30 ¢
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N3oTepmuueckas KalopuMeTpus;
Rex=50 MHa,
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N o Crioco0 cTabuiIn3aiuu, BBEACHUS U Ccpuika
Ne CaoiicTBa CocraB OeTOHHOM cMecH / KoHnTponupyembie mapameTpsl U (PU3HKO-
n/n YHM COOTHOIIICHHE KOMIIOHCHTOB PacrpeaeIICHIA YHM MEXaHUYCCKHE CBOMCTBA OCTOHA Ha nerod-
B OCTOHHOM CMecH HHK
12 CMelleHne ¢ UCIoIb30BaHueM noasecHor | Rex=60 MIIa.
Meranku (ckopocTtbio 2000 06/MuH B
Te4eHue 3 MUH), BUOPUPOBAHUE CMECH B
teuenue 30 ¢
13 | [opomok OI' | B/11=0,33; Bonnstit pactBop OI' mosyuanu mytem COM, POA OI u ieMeHTHOr0 KaMHS; [42]
IHEM 1 52,5b (Cement Company | pucnieprupoBanus nopormka OI' B [TonBHKHOCTB IEMEHTHOTO TECTA —
Limited) — 300 r; JICHOHU3UPOBAHHOW BOJIE. 180,3 MM (CHHXKEHHE TTOJIBHIKHOCTH Ha
Boxa — 100 r; BoiHBI pacTBOp COEMHAIN C BOJIOH, 18,6%);
Bopnas nucnepcus OI' (500 Mr/i) | mepemeninBaiiy, 100aBsUTH B IEMEHT C Rusr=13,8 MIla;
—0,05% MHTEPBaJIOM 3 MHUH, IepeMelIHBast Ree=71,1 MIIa. ]
14 B/11=0,33; Boansrit pactBop XDOI (xumudeckn [ToaBM)XHOCTH IEMEHTHOT'O TECTA —
HEM I 52,56 (Cement Company | (pyHKIMOHAIM3UPOBAHHBIN OKCH]T 253,5 MM (yBeMYEHHE TTO/IBIKHOCTH
Limited) — 300 r; rpadeHa) noyryyaiu myTem A00aBiIeHns Ha 11,4 %);
Boma—100T; o pupamuna (M1000 — 0,6 T; M2070 — | Rus=14,1 MIla;
Boansiit pactBop XDPOI" 0,6 r) k OI' — 0,068 r 1 nucneprupoBanus | Rex=75 Mlla.
(300 mr/mm) — 0,03 %. B JICMOHU3UPOBAHHOM BOJIE.
Bopanslii pacTBOp coeuHsIM € BOJIOM,
MepeMeIuBal, JOOABIISUINA B IIEMEHT C
WHTEPBAJIOM 3 MHH, TIEpEMEIINBAas
15 | opomoxk OI' | B/11=0,4; Bopnnslii pactBop Ol nonyvanu myrem COM, PDA u xuMunueckuit ananus; [43]
IMTAB/OI'=3; nucneprupoBanus nopoiuka OI' B Koa¢pdunment Bemenaunsanmst — 1,131;
IHEM 142,56 —-100T; JIEMOHM3UPOBAHHON BOJIC B TCUCHUE ['myOuna BeimenagnBanus — 6,48 Mwm;
ITAB; 30 MUH ¢ TOMONIbIO MATHUTHON Memanku. | Rex yBenmumummach Ha 24,98%.

Boanas mucnepens OI' - 0,2 ¢
CYXOT0 BEIECTBa;
Boma —40r.

[Monyuennas Bognas aucrepcus O ¢
KOHIeHTparuei 5 r/n moasepranace Y30
B TEUCHHE 2 4.

[TepemenmBanue KOMIIOHEHTOB CMECH
CHayvajia Ha HU3KOW CKOPOCTH BpAICHUS
(62+5 00/MuH), 3aTeM Ha BBICOKOM
(125+10 06/muH).
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" " Crioco0 cTabunu3anuu, BBeICHUS U Ccpuika
Ne CaoiicTBa CocraB 6eToHHOH cMecH / Kontponupyembie mapamMeTpbl U GU3UKO-
n/n YHM CooTHoIlIEHHE KOMITOHEHTOB paclipeiic/ICIs vHM MeXaHHUUYECKHe CBOMCTBA OETOHA Ha MeTot-
B OCTOHHOM CMecH HUK
16 | Kpucransl B/11=0,6; OI cunTesnposan o Meroy Xammepca. | Ilpenen texyuectu — 3,48 Ila; [44]
rpadura. HEM 1 42,55; 3areM HeHTPOOEKHBIM METOIOM ObLiTa Rex: Ha 14-e cyT — 25,9 Mlla;
Vrinepon C — | Bona; T0JTy4€Ha JIUCIIEPCHS C BBICOKOM Ha 28-e cyT — 32,2 MIla;
79%; O — Bopnas nucnepcus O — koHueHTpauuei OI' B BUJe KpyNnHbIX Cxopoctb (unbrpamuu — 77 cM?/c;
20%; 0,05 mac. % nemMenTa. XJIOITBEB. [TnotHOCTSH (p) — 1,72 KI/M°.
rpadena (I') —
6,2 r/mm>;
OJTHOCJIOMHBIX
xnombeB>80%;
d=0,5-5 MxMm
17 | I=1-2 um B/11=0,45; OI' nucneprupoBat B BOJE € COM, POA; [45]
a=0,87 um HemenT; HCIIOJIb30BAaHUEM MArHUTHOM MEIAIKU B CreneHb AUCIIEPrUPOBAHUS;
Bopnas nucnepcus OI' (4 mr/min) | Teuenue 2 4 ipu 1000 06/MuH 1 VY 1060yKIa1bIBa€MOCTb;
(Graphenea Inc., KemOopumxk, yibpTpa3BykoBoit BaHHbI 40 k', 3 4. Kanopumerpuueckue nccie10BaHms;
CIIA) — 0,02 mac. % uemeHTa. [lepemenmmBanue KOMIIOHEHTOB cMecH TP | Rex=63 MIla;
140 06/MuH B Teuenwue 15 c, 3aTeM B Rusr=4,9 MIla.
teuyeHue 30 ¢, CKOPOCTh MepeMeIInBaHHS
YBEIMUUBAIH J10 285 00/MUH 1
MpoaoJLKaiu B TeueHue 60 c.
18 | Boxguas LIEM I — 365 xr/v?; CwmemmuBanue OI', [IEM u Boabl py4HBIM TTonBUKHOCTB: [46]
JIACTIepCust [1le6enb rpaHuTHBIA — 810 KI/M> | MHKCEPOM CO CKOPOCTBIO BPAIlCHHUS yepe3 15 MuH — 5 MuM;
OJIHOCJIOM- (vactuusl 10 19 mm); 2000 06/MHH B TeUEHHE 5 MUH Tepe. yepe3 120 muH — 0 mvm;
Horo O Or — 182 r/m® (0,05 mac. % JI00aBJIEHUEM K OCTAJIbHBIM KOMITOHEHTaM | CKOpOCTh TH/paTaIui;
d=2,7-6,8 MkM | 1ieMeHTa); cMecHu Monynb ynpyrocr;
1=0,8-1,1 am | Boma — 168 xr/n?>. Rex Ha 7, 14, 28, 56, 84 cyT.;
Rusr (TpexToueuHsii);
XUMHUU€ECKask CTOMKOCTb K KHCIIBIM
cpeaam.
19 LIEM I — 365 xr/v?; [TOABMIKHOCTB,;
I1le6enb rpanuTHBIA — 810 Kr/M> CKopocCTh THIpaTaInu;
(gactunpl ot 13 10 19 Mm); Mopnynb ynpyrocTu;
Rex=47 MHa;
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MpoaomkeHne TabanLbl

o " Crioco0 crabuian3aluu, BBEICHUS U Ccpuika
Ne CgoiicTBa CocraB OeTOHHOI cMecH / KoHnTponupyembie mapameTpsl U (PU3HKO-
/i VHM COOTHOIIIEHHE KOMIIOHCHTOB PpacHpeACICHIA YHM MEXaHHYCCKHE CBOKCTBa OE€TOHA Ha nerod-
B OCTOHHOU CMeCH HHK
ITAB — 0,65 kr/m* (conepkanue Rusr (TpexToueynslii);
TBEP/IbIX YACTHIL); XUMHYECKass CTOMKOCTh K KHCIIBIM
Or — 182 r/m* (0,025 mac. % cpenam.
[IEMECHTA);
Bona — 168 xr/m>.
20 LIEM I — 365 xr/m%; [TOABMKHOCTS:
[1{eGenb rpanuTHbIif — 810 kr/m° yepe3 15 mun — 60 Mm;
(wacturp ot 13 mo 19 mm); gepe3 120 mun — 25 MM;
ITAB — 0,65 kr/m* (conepkanue CKopocCTh THIpaTalnu;
TBEP/BIX YACTHUIL); Mopynbs ynpyroctu — 41,97 I'Tla;
Or" — 182 r/m* (0,05 mac. % Rex=49 MI1a;
[IEMCHTA); Rur=5,33 Mlla;
Boma — 168 xr/m?. XHUMHYECKast CTOUKOCTD K KMCJIBIM
cpenam.
21 | opomok OT: | B/11=0,45; [Mopomok OI' cmerian ¢ COM, PDA; [47]
C—-62-65%; | HEM —3000T; JIEMOHU3UPOBAHHOMN BOION B TeUeHHE 3 4 IToaBMKHOCTS:
0O —35-38%; | OI' — 0,04 mac. % uemeHTa. rpu 1000 06/muH, nosepxken Y30 B CTATUYCCKHIM MMOTOK — 62,5 MM;
d=21,14 am; TeueHue 3 4 u octapiieH Ha 18 u. Tlepen JIMHAMUYECKHHI TTOTOK — 120 MM;
1=0,76-0,84 v, cmemmBanueM ¢ LIEM noBTopHO Rex:
k=1-3. nepememnad 1 Y30 B Teuenue | 4. uyepes 3 cyt — 43 Mlla;
Tonmmna ugepes 14 cyt — 57,5 Mlla;
YIaKOBKH B Rusr:
BOJHOH ugepes 3 cyT — 5,3 MIla;
JIMCTIEPCUH, yepes 14 cyt — 6,2 MIla.
h=1-1,2 am.
22 B/11=0,3; OI" cmeman ¢ [TAB u nenonmsupoBanHoir | COM, PDA niemeHTHOTO TecTa; [48]
IHEM 142,556 —-300T; BoJoH, a 3ateM Y30 B Teuenue 30 MuH IMoasmxHOCTE — 113 MM;
Hucnepcus O (10 mr/min) MPY KOMHATHOW TeMIEepaType ¢ Rex:
(Chengdu Organic Chemicals Co. | mocTosHHO# amuinTyaoi 50%. yepe3 7 cyT — 57 MIla;
Ltd, Kuraii) — 0,05 mac. % Cycnensus OI'+[IAB+Bona cmemiana ¢ yepes 14 cyt — 65 Mlla;
IIEMCHTA; IIEMEHTOM MEXaHUYECKON MEIIaTIKOn yepe3 28 cyt — 70 MIla.
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o o Cnioco0 cTabunu3aiuu, BBEJACHUS U Cchlika
No CaoiicTBa Cocras 6eToHHOI cmecn / KonTponupyemblie mapaMeTps! u (PU3HKO-
n/n YHM CooTHOIIICHHE KOMIIOHCHTOB PaclpeICICHHA YHM MEXaHMYECKHUEe CBOMCTBA OeTOHA Ha nerod-
B OCTOHHOM CMecH HUK
ITAB (Sika Building Material Ltd,
Kuraii) — 1,5 15
] Boga -75,15r. |
23 B/11=0,35; IMoasmxHOCTE — 160 MM;
HEM 142,556 —-300T; CDOM, POA 1ieMeHTHOro TecTa;
Hucnepcus OI" (10 mr/min) — Rex:
0,05 mac. % nemeHTa; yepe3 7 cyt — 61 Mlla;
MNAB-1,5T; yepes 14 cyt — 71 MIla;
] Boma—90,15T. yepe3 28 cyt — 76 MIla.
24 B/L1=0,4; Tomsmwxmocts — 152 Mv; |
IHEM 142,56 -300T; COM, POA nemMeHTHOro TecTa;
Jucnepcus OI" (10 mr/min) — Rox:
0,1 mac.% memenTa; yepe3 7 cyT — 52 Mlla;
ITAB-1,5T; yepe3 14 cyt — 61 Mlla;
Boga—-90,3 . yepes 28 cyt — 67 MIla.
25 | INopomoxk OI': | Llement — 450 r; Bopnas nucnepcust OI' nonydena mytem [TonBuXKHOCTL — JUAMETP PacIUIbIBA [49]
d=0,865-16,7 | ITecox CEN — 1350 ; nucneprupoBanus nopomrka Ol B Boze. yMenbImics Ha 3,5; 2,8; 3,5% ot aTanona;
MKM; Bonma—3225; Bce KoMIIOHEHTBI cMeCH CMeIllaHbl COM, POA (MexdasHoii nepexoqHon
C—-64,61%; ITIAB — 0,8 mac. % 1niemeHTa; MEXaHUYCSCKON MEIIAJIKON B TCUCHHUE 30HBI U IEMEHTHOT'O KaMH$);
0 -16,34%. Hopomrok OI' — 0,03; 0,05; 5 MuH p=2362; 2361; 2362 kr/m’;

0,2 mac. % 1iemeHTa.

Rex:

uepes 3 cyT —42; 43; 43 MlIla;
yepe3 7 cyt — 51; 51; 50 Mlla;
yepes 28 cyT — 60; 61; 57 MIla;
Rusr:

yepe3 3 cyt — 6,6; 7,1; 6,6 MIla;
yepe3 7 cyt — 7,2; 7,3; 6,9 Mlla;
yepes 28 cyt — 7,6; 7,9; 7,5 MIla;
RpaCTI

yepe3 3 cyt — 3,1; 3,0; 3,0 MIla;
yepes 7 cyt — 3,8; 3,6; 3,7 Mlla;

yepes 28 ¢yt —4,9; 4,7; 4,5 Mlla;
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MpoaomkeHne TabanLbl

N o Crioco0 cTabuiIn3aiuu, BBEACHUS U Ccpuika
Ne CaoiicTBa CocraB OeTOHHOM cMecH / KoHnTponupyembie mapameTpsl U (PU3HKO-
n/n YHM COOTHOIIICHHE KOMIIOHCHTOB PacrpeaeIICHIA YHM MEXaHUYCCKHE CBOMCTBA OCTOHA Ha nerod-
B OCTOHHOM CMecH HHK
Monynb ynpyroctu (E):
yepe3 7 cyT —44,9; 45,2; 41,6 ['Tla;
uepes 28 cyr — 47,6, 48,4, 48,6 ['Tla.
26 | Ilopomok OI': | Ilement — 450 r; IToaBm>XHOCTH — IMAMETP pacIIbiBa
d=0,865— ITecoxk CEN — 1350 1; ymeHbIuics Ha 5,5; 18,9; 60,6% ot
16,7 MKM; Boga — 3225 JTaJIOHA;
C—-64,61%; TTAB — 0,8 mac. % nemMenTa; p=2348; 2340; 2282 kr/m’;
O —-16,34%. Boanas qucnepcust O’ — 0,03; Rex:
0,05; 0,2 mac.% 1iemeHTa. uepes 3 cyT — 45; 45; 43 MIla;
uepe3 7 cyT — 52; 51; 48 MIla;
uyepes 28 cyT — 58; 59; 56 Mlla;
Rusr:
yepe3 3 cyT — 7,2; 6,6; 6,9 Mlla;
yepe3 7 cyt— 7,4; 7,3; 7,5 Mlla;
yepes 28 cyt — 6,8; 7,9; 7,7 Mlla;
Rpacr:
ugepes 3 cyt — 3,4; 3.4; 3,8 Mlla;
gepe3 7 cyT — 3,9; 3.9; 4,1 Mlla;
uepes 28 cyt —4,7; 4,5; 5,0 MIla;
E:
yepe3 7 cyt —42,7;43,7; 41,6 ['Tla;
yepe3 28 cyt —43,6; 41,6; 42,5 I'Tla.
27 | Hopomok OI': | B/I1=0,5; Hucnepruposanue nopouka OI" B Bozge MN3orepmuueckas KaJopuMETpHsT; [50]
C—97%; IHEMI42.5H—-500T; ¢ Y30 300 c. Xumunueckas ycanka oopasia OI' — 0,3%;
k=1-5 cnoeB; | OI'-0,5;1,5T1; MensieHHOE CMENIMBAHUE C IEMEHTOM MeHblIie, yeM y oopasua O’ — 0,1%.
1=1,0~-1,77 um; | Boma — 250 r. 150 ¢, ocranoBka Ha 15 ¢, OIcTpOE
VY nenpHast cMmemuBanue 150 ¢
romaas O —
300450 m/r.
28 | Okcup B/11=0.4; OI" cuHTEe3UpOBaH MyTeM 3Kchosmarmm COM, POA; [51]
rpadura LEM I (Terepanllement, Mpan) — | okcuaa rpadura. OI" qucnepriupoBas B Rpacr=2,26 Mlla (yBenuuenue Ha 24,7% ot

146,63 1;

Boze, conepxkamiei [IAB, Y30 40 mun

ATaJIOHA).
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" " Crioco0 cTabunu3anuu, BBeICHUS U Ccpuika
Ne CaoiicTBa CocraB 6eToHHOH cMecH / Kontponupyembie mapamMeTpbl U GU3UKO-
n/n YHM CooTHoIlIEHHE KOMITOHEHTOB paclipeiic/ICIs vHM MeXaHHUUYECKHe CBOMCTBA OETOHA Ha MeTot-
B OCTOHHOM CMecH HUK
ITecox — 439,88 r; (ammmuryna 50%, wacrora 20 ',
Bonnas nucnepcust O’ — 2,93 ¢ MorrHocTh 500 BT, mupuna 30812 U3
(2 mac. % uemeHra); TUTAHOBOT'O CIUIaBa 13 MM M ITOCTOSIHHAS
Bopa—59,82; nprtoxkenHast saeprus 1900 J[x/MumH).
ITAB - 0,73 r. Jucnepcus cMenana ¢ IEMEHTOM
POTOPHBIM CMECHUTENIEM, 000PYL10BaHHBIM
riockoi memankoii 30 ¢, mepemeniana
emie 3,5 MuH
29 | I'padur B/11=0,6; OI' cuHTE3UpOBaH MO COM, POA OT. [52]
HHEM 142,55b; MOIU(UIIMPOBAHHOMY METOTy XaMMepca.
Bona; Hucnepruposanue Ol B
[Tecoxk; JIEMOHU3UPOBaHHOH Bozie, Y30 B TeueHue
Boganas nucnepcus OT'. 3 4 10 MOTy4eHHsI TOMOTE€HHOTO pacTBOpa.
Bognas nmucnepcust OI' cmemrana ¢ IIEM,
100aBJIEH ITECOK
30 | PactBop OI' B/11=0,4; Hucnepruposanue OI' B Boge npu OnementHbiit ananu3 O (yriepon, [53]
(Graphenea) HEM I; koHreHTpauu 4 Mr/mi Y30 B TeueHHe BOJIOPOJ, a30T, cepa, KICIOPON);
d=1 am 01=0,03; 0,04 %. 5 MUH, Ha JIeJITHOM OaHe. XUMHUYECKHH COCTaB LIEMEHTA,
CMemmBaHKE BRICOKOCKOPOCTHBIM CDOM, PDA;
CMECHTEJIEM CO CIBUTOBBIM YCHIIMEM NpU | Y 1000YyKI1a1bIBa€MOCTh;
4000 06/muH, ¢ nob6asiaennem LIEM 12000 | M3orepmuueckas KaJlopuMeTpusi;
00/muH 30 c. Rox:
dopmoBaHue U BUOPUPOBAHUE. yepe3 3 cyT — 52; 65 MlIla;
uepe3 7 cyT — 64; 72 MIla;
uepes 28 cyt — 83; 89 MlIla.
31 | ducnepcus LemenT; V30 pazbasnennoro ¢ Bojoi O Ha OnemenTHbli ananu3 O (yriepon, [1]
koutonsiHoro | Hucnepcust OI" — 0,02; 0,04%; JIEISTHOM OaHe ¢ UCITOIb30BaHNEM BOJIOPOJI, a30T, cepa, KICI0pOo.);
or Bona. YABTPa3ByKOBOI'O PyIIopa ¢ XHWMHAYECKUH COCTaB [IEMEHTA;
(Graphenea, OWIAHIPAYECKAM HaKOHEUYHUKOM ¢ 19 mm | COM, PDA;
Hcnanus), JIMaMeTPOM TOPLIEBOM KPBILIKH, CreneHp ruapaTanuy;
KOHIIEHTpa- paboTaromiero npu BX0HOH MOIIHOCTH CreneHpb AUCHIEPrUPOBAHUS;

nus 4 Mr/mi;

150 Br.

Bogonornomenue — 14,338; 14,332 mwm;

o [GIIVTAE
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N o Crioco0 cTabuiIn3aiuu, BBEACHUS U Ccpuika
Ne CaoiicTBa CocraB OeTOHHOM cMecH / KoHnTponupyembie mapameTpsl U (PU3HKO-
n/n YHM COOTHOIIICHHE KOMIIOHCHTOB PacrpeaeIICHIA YHM MEXaHUYCCKHE CBOMCTBA OCTOHA Ha nerod-
B OCTOHHOM CMecH HHK
C/0=1,1 CMemnBaHie BRICOKOCKOPOCTHBIM Rpacr=35,9; 6,8 MI]a.
CMECHUTEIIEM CO C/IBUTOBBIM YCHIIUEM MPH
4000 06/muH, ¢ gobasiaeaueM LITEM
12000 06/mun 30 c.
dopmoBaHne 1 BHOPHPOBAHHE.
32 | Bomnas HEM; O06pabotka pazbasienHoro pacteopa OI' | COM, POA nanonuctoB O [54]
JcTiepcust B/11=0,4; YIABTPA3BYKOM 5 MUH. [IEMEHTHOTO TecTa ¢ pobasnenuem Ol
or G0O=0,02; 0,04 mac.% nemeHTa. CMemmBaH#e BEICOKOCKOPOCTHBIM CrerieHb THAPATAIINY;
(Graphenea, CMECHUTEIIEM CO CJABUTOBBIM YCHIIUEM MPU | Y IEIBHOE JIEKTPHUECKOE COMPOTHBIICHUE
Wcnanus), 4000 o6/muH, ¢ nobdaBaeaueM [ITEM LEMEHTHBIX MacT, cojaepkanmx Ol
KOHIIEHTpa- 12000 06/muH 30 c. Ruz=8; 11 MIla.
us 4 Mr/miIL. dopmoBaHue U BUOPUPOBAHUE.
C/0=1,1
d=0,85 um.
33 | I'pacurosbrii | B/I1=0,2; OI" mony4anu o MogU(GUIUPOBAHHOMN COM, POA OI' u KOMIIO3UTHOTO BOJIOKHA [55]
TTOPOIIIOK Caszyromee: METOANKe XaMMepca. OrI'-1IBC;
(Alfa-Aesar, Hement — 0,18 mac. %; KonnenTtpanus pactsopa OI' — 1, 1,5 Wccnenoanust yriepoaHOro craryca
200) MK - 0,02 mac. %; H 2 MI/MIL. cMmecu, moauunposanHoi OT';
3o0ma — 0,8 mac. %; [TepemenmBanme TBEpABIX KOMITOHEHTOB Rex=23; 26; 24 Mlla;
ITecok — 0,2 mac. %; Ha HU3KOH CKOpPOCTH B TeueHue | MUH. Rpaci=4,38; 4,82; 5,50 MIla;
I[IBC-BomokHO — 2 00. %; OTI cmemmBanm ¢ Bomoit u [IAB, 3atem Rus=14,49; 15,80; 14,86 MIla.
Hucnepcus OI" — 0,05; 0,08; JI00ABIISUTH K TBEP/BIM KOMITOHEHTaM Ha
0,12 mac. %; BBICOKOH CKOPOCTH B TEUEHUE 5 MUH JI0
ITAB - 0,2 mac. %. JIOCTIDKEHUS JKeJTaeMOU MOJIBUKHOCTH.
Jlo6assumun BoaokHa [IBC u
MepeMeInBalIi Ha HU3KOW CKOPOCTH B
TeUeHUEe 3 MUH.
34 | Qucnepcus HEM I 52,56 (I'pun Aiinenn, Crabwmsanus OI ¢ [TAB Y30. COM, POA OI u rpanynomeTprudeckuit [56]
Ol'c l'onkoHr); Hucnepcust OI'+ITAB cmemana ¢ [IEM COCTaB;
KOHIIEHTpa- MK (Microsilica 920U) — Konnentparus Ca®" (myTeM cpaBHeHUS
nueit 4 mr/mn | 10 mac. %; Ca’'B JIBYX JTHCTIEPCHUAX
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" " Crioco0 cTabunu3anuu, BBeICHUS U Ccpuika
Ne CaoiicTBa CocraB 6eToHHOH cMecH / Kontponupyembie mapamMeTpbl U GU3UKO-
n/n YHM CooTHoIlIEHHE KOMITOHEHTOB paclipeiic/ICIs vHM MeXaHHUUYECKHe CBOMCTBA OETOHA Ha MeTot-
B OCTOHHOM CMecH HUK
(Graphenea, Hucnepcus OI' — 0,05 mac. %; (OI'+ITAB+LIEM+ Bona) u
Wcnanus) I[TAB (ADVA 189) c (OI'+LIEM+Bona));
KoHLeHTpauen 28-30 mac. %. Jzera-norenuuarn;
Rus=13,8 MIla;
35 O6pabotka OI" ynbpTpa3zByKoM. Ruxr=10,2 MITa.
CwmemuBanue OI' ¢ IIEM u ITAB
36 | I'padmroserit | B/11=0,35; Ol mony9any o MOTU(PHUITIPOBAHHON COM, POA OI u rpanyiioMerpudeckuit [57]
MTOPOLIOK HEM I 52,5H (I'pun Alinenn, MEeTOoAMKe XaMMepca. COCTaB;
(Alfa-Aesar, l'onkonr) — 5 KT B Bone emenmiBanmi pactBop Ol ¢ Konnenrpauus Ca>* B cycnensun —
200) ITAB (ADVA 189) — 0,02 mac. %; | xonuentparueii 4 mr/mn, ITAB, 1 r uementa, | 102,5K1075;
Hucnepcus OI' — 0,14 mac. % VY30 (750 Bt B Teuenue 15 mun). [Tomyyena | /I3eTa-noreHuunan;
crabmibHast cycniensus Ol +I1AB. VaenbHoe 3JEKTPUYECKOE CONPOTHUBIICHUE;
Cycnensuto OI'+ITAB cmemmuBanu ¢ LIEM | Rex=27,3 Mlla;
B MarHUTHOM MEIIaJIKe IIPH BHICOKON Rusr=14,5 MITa.
CKOpocTH B TeueHue 8 MuH. DopMoOBaHUE C
nocenyromei 30-cekyHIHONW BUOpanueii.
37 | I'paduroseiii | B/11=0,38; OI" moy4anu mo MoJu(UINPOBAHHOM CMauuBaeMoCTh MTOBEPXHOCTH TUOpHUIA [58]
MTOPOLIOK HEM I 52,5H (I'pun Alinenn, MeTOoJIMKe Xammepca. OI'+yriepoHO€E BOJIOKHO;
(Alfa-Aesar, l'onkonr) — 1 kT3 Texymwmii o0beM [1AB pa3basisiiu B DIeMEeHTHBIH cocTaB rudpuIa
200) ITAB (ADVA 109) — 100 pa3. Co3nanue rudpuna Ol-yrinepoa- | OI'+yrieponHoe BOJOKHO;
0,045 mac. %; HOE BOJIOKHO ITyTeM cMemuBanus pactBo- | COM, PDA;
Hucnepcus rudbpuna O — pa OT" (4 mr/mn) u yrineponuoro Bojokaa | [llepoxoBaTocTs;
1 06. %. B 100 mu1 Boas! ¢ moMoItsn Y30 Rex=37,2 Mlla;
MoIIHOCTHIO 275 BT ¢ ammmuty o 30% Rusr=16,5 MITa.
38 B/11=0,38; B TeueHue 10 MuH. Rex=40,3 MlIla;

HEM I 52,5H (I'pun Atinenn,
lonkonr) — 1 kr;

ITAB - 0,047 mac. %;
Hucnepcns rubpuma OI' —

1 06. %;

PactBop OI' — 0,05 mac. %.

l'otoByto cycnensuto cmemuBanu ¢ ITAB
u paszbasysimu B 200 pas.

Cycriensuu rudpuia cMmemman ¢ [IEM
IIPU BBICOKOH CKOPOCTH B TEUCHUE

5 MuH + eie 5 MuH niepe GopMOBaHHEM

Rusr=1 8,2 MIla.
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MpoaomkeHne TabanLbl

" N Cnoco0 cTabunu3amnuu, BBEACHUS 1 Ccpuika
Ne CaoiicTBa CocraB OeToHHOl cmecu / KonTponupyemsble mapameTpsl U (PU3HKO-
/i YHM CooTHoIlIeHrEe KOMIIOHEHTOB PactpeaieIeiiui YHM MEXaHHYECKUE CBOMCTBA OETOHA Ha Herod-
B OCTOHHOM CMecH HUK

39 | ducnepcust B/11=0,48,; Hucniepcuto O pazbasisim CDOM, PDA; [59]

OI'4mr/™Mnc | HEM 152,5H (I'pun Aiinenpn, JICMOHU3UPOBAHHON BOO# 110 0,4 Mr/mi, I'panynomerpuueckuii coctaB MK, OI' u

pH=7 I'onkonr) — 1 xT; cvenmBaiu ¢ MK, Y30 ¢ ammummry noi OI'+MK;

(Graphenea, MK (Microsilica 920U, 30% B Teuenue 10 MUH. Crenenb okucienus OI' u MK;

Ucnanus); Hopgerus) — 10 mac. % uemenra; | PactBop OI'+MK Mexanuuecku Jzera-notenmuan,;

1=1,128 um; Hucnepcus OI' — 0,05 mac. % CMEIIMBAJIN C IEMEHTOM KonnenTparus Ca’".

C/0=3; LIEMEHTA.

k=1-2 cmos.
40 | I'padurossiit | B/11=0,15; Ol nony4anu no MOIU(GUUHUPOBAHHOK Crenenb okucienus, COM u POA OT; [2]

TIOPOIIIOK Pactop OI' - 0,05; 0,1 mac. %; METOJuKe XaMmmepca. TlogsmxHOCTE — 84; 72 MM;

(Alfa-Aesar, [lemeHT. Hucnepruposannslii pactsop OI Crenenb rujpaTaliuy MacThl,

200) J00aBJIeH B IIEMEHT TPY BBICOKOH MonudurmposanHoi OT';

CKOPOCTH IEPEMEIINBAHUS B TCUCHUE IToposumerpus;
5 MuH IMopucrocts (IT) — 5,1; 12,3%;
Rex=42; 37 MIla;
RH3F:6,2; 4,1 MlIIa.

41 | Boxguas B/11=0,35; V30 Bognoit aucnepcun OT ¢ COM, POA u crenens okuciaenus Ol [3]

JIACTIepCHUs HEM I 52,5H (I'pun Aiinenn, amruntynoit 30% B Teuenue 15 Mun ITomsmwxHOCTE — 8,4; 7,6; 7 MM;

or I'onkonr) — 400 1 Tepe UCIIOIb30BaHUEM. W3orepmuueckas KaTopuMeETpust;

KOHIIEHTpa- Bognas nucnepeus OI' — 17,5 CwmemmBanue nqucnepcun O ¢ LIEM pu | Xumuueckas ycanka;

i 4 mr/mn | (0,02 mac. %); 35 (0,04 mac. %); | BBICOKOM CKOPOCTH B TCUCHUE § MUH Abcopomms OI.

(Graphenea, 70 mu (0,08 mac. %);

Ucnanus); Boma —122,5; 105; 70 1

C/O=1-14.
42 | I'padur HEM 142,55 -450r; Ol noy4anu mo MOgU(GUUHUPOBAHHON CDOM, PDA; [60]

ITecok — 1350 1; METOJUKEe XaMmepca. Rex:

Boga — 165 1;

[TAB (conmepsxanue cyxoro
BemtectBa 20%) — 0,9 r (1o macce
LIEMEHTA);

Bognas nucnepcus OI' — 0,01;
0,02; 0,03; 0,04; 0,05%.

Konnentpanus OI' — 0,2%.

yepes 3 cyt — 41,23; 48,33; 53,32; 56,42;
58,45 MIla

uepes 28 cyt — 67,24; 75,66; 82,36; 84,35;
87,69 Mlla;

Rur:
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. . Cnoco0 crabunu3amuu, BBEACHUS 1 Ccpuika
Ne CaoiicTBa Cocras 6eToHHOI1 cmecH / KonTponmpyemsle mapamMeTps! H (HPHU3UKO-
n/n YHM CooTHoIIeHNE KOMITOHEHTOB paclipelieIcis VHM MeXaHUYECKUE CBOICTBa OeTOHA Ha nerot-
B OETOHHOI cMecH HUK
yepe3 3 cyt — §8,55; 8,68; 9,61; 7,23;
7,21 MIla;
uepes 28 cyt — 13,41; 11,75; 14,21; 11,54;
11,51 MIla.
Rpacr:
yepes 3 cyt — 2,47; 2,48; 2,93; 2,42;
2,41 MITa;
yepes 28 cyT — 5,63; 6,11; 6,84; 5,23;
5,20 MIla;
43 | Bopnas IHEM — 900 r; JleMoHU3UPOBaHHYIO BOJLy MEXaHUYECKU [Topo3umerpus; [61]
JUcrepcus [MpomerTsIit recok (Sibelco cmewmBany ¢ OI' B TeyeHue 2 MUH. Bononornomenue;
OI'c Australia and New Zealand MexaHnYecKoe CMEIIMBAaHUE CyXOro 11=14.8; 14,4 13,2%.
KOHIIEHTpa- Materials) — 2700 r; COJIEPIKUMOT0, a 3aTeM JI00aBIICHUE
e 4 mr/mMn | Bogopenyuupytomas g1o6aBka pactBopa OI' u cmemuBanue 3 u 2 MUH
(Graphenea, tunia HWR; TIPH BBICOKOW U CPEHEN CKOPOCTH
Ucnanus) Bognas nucnepcus OI' — 90; 270; | coorBeTcTBeHHO. CBEXKYIO CMECh
540 mr (0,01; 0,03; 0,06 mac. % (hOpMYIOT U YIIIOTHSIOT
LIEMEHTA);
Boga — 310 M
(nenonmsupoBanHas — 287,5;
242,5; 175 mm; Bojga B cOCTaBe
nucnepcuu OI' — 22.5; 67,5;
135 mu).
44 | I'padur B/11=0,5; Ol noy4anu o MOJUPUIUPOBAHHON COM, POA; [4]
(Llmunao, LIEM I; MeToke Xammepca. p=1787+35 kr/m’
Kuraii): Hucnepcus OI' — 0,05 mac. % OI ¥ LeMeHT NepeMelBaIl PYyYHbIM Rox:
d=44 nwm; LIEMEHTA. mukcepom 1ipu 2000 06/MHH B TeueHUE yepe3 7 cyt — 38,8+1,8 MIla;
I=1 aMm. 5 MuH. 3aTteM cMech popMOoBaU U yepes 28 cyt — 52,5+1,8 MIla;

moJBeprayiu BuOpanuu B Teuenue 15-30 ¢
Ha BHOpoOCTOIIE.

Rusr=7+0,2 MIla (uepes 7 cyT);
[TonBMKHOCTE.
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MpoaomkeHne TabanLbl

N o Crioco0 cTabuin3aiuy, BBEICHUS U Ccpuika
Ne CaoiicTBa CocraB OeToHHO# cMecH / KoHnTponupyemsle napamerpsl U GU3NKO-
n/n YHM COOTHOIIICHHE KOMIIOHCHTOB pacrpeaeeHuA YHM MEXaHHYCCKHE CBOMCTBA OCTOHA Ha nerot-
B OCTOHHOM CMECH HHK
45 | Iopormok B/11=0,4; Jucnepcuro OI (4 mr/min) nonmy4vanu nyteM | [ paHyToMeTpHYSCKHA U XUMUYESCKAN [62]
OKCcHJa HEM 1 42,55; nucneprupoBanus nmoporika Ol B Bojie ¢ COCTaB;
rpadura [Mopomox OI" — 0,02; 0,04; 0,06 V30 B TeueHue 2 4. Peonorus;
(Sixth Mac. % LIeMeHTa; Hucnepcuto OI' 100aBIsIM K HEMEHTY U COM, POA;
Element Ltd) BOJIE IMoasmxHOCTL — 98; 94; 82 MM;
d=1,12 am Rex=43,12; 45,20; 44,14 MI]a;
46 | I=1 am B/11=0.4; Hucneprupoanre MK: Y30 MK B [ToasmwxHOCTE — 114; 103; 96 MM;
C/0=2,29. HEM 1 42,5B; pactBope 3Ttanona. Yepes 30 mun Rex=48,46; 50,97; 51,02 MIla.
OI'+MK: OI'+MK+3- nobasunu ATIC u BeiepxuBaiu 24 u.
AMUHOTIPONMITPUMETOKCUCUIIAH | 3aTeM CYCIIEH3HIO MPOMBIBAIA YTAHOIOM U
(AIIC); JIeMOHHU3UpOoBaHHOM Boj1oH. [Tomyydanu
OrI - 2; 4; 6 mac. % 1niemeHTa pactBop MK+ATIC.
OI" nobasmnsum B qucriepcuio MK+ATIC,
MepeMEIINBAId MATHUTHON MEIIaTKOM.
3areM neHTpHQyTHpOBANTN H
BBIJICPXKUBAITU B BAKYYMHBIX SKCHKATOPax
pu 60°C 24 u. [Tomyyamu OI'+MK.
IlemeHTHOE TeCTO OBLIO PUTOTOBJICHO
nyteM cmentnBanus LIEM, Boasl u
OI'+MK
47 | Hucnepcus B/11=0,37; N3oTepMudeckast KalopuMETPHST; [5]
OI'c HEM142,5H-300r; COM, POA neMeHTHOTO KaMHS;
KOHLIEHTpA- ITAB c conepxanuem TBEpAOTO [Topucrocts;
mmeit 4 mr/mr; | Bemectsa 50% — 1,5 1; IMogsmxHOCTL — 187; 201; 92; 81; 70 MM;
d=100-10001m; | OT" —0,01; 0,02; 0,03; 0,04; Kaxxymasicst Bsizkocts — 1200,7; 2268,8;
1=0,7 M. 0,05%; 5154,4; 12788,4; 19284 mlla-c;

Boga —79,5; 72; 64,5; 57,
49,5 M.

Bpewms nauansHOTO cxBatbiBaHus — 170);
165; 155; 140; 130 mun;

Bpewms konna cxBateiBanus — 325; 320;
305; 310; 300 mun;

Rex:

yepe3 3 cyT — 55; 62; 64; 66; 65 MIla;

)45 Poys [7 wreys ‘170z ‘Yo (1207 DLN) UOIINIISUOD J[qEUIEISnS puE
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" " Crioco0 cTaOmM3anyu, BBEICHUS U Ccpuika
Ne CaoiicTBa CocraB OeToHHOI cMecH / KoHnTponupyemele napamerpsl U GU3NKO-
n/n YHM CooTHOIIIeHHE KOMITOHEHTOB PaclpecICHIA YHM MEXaHHYCCKHE CBOMCTBA OCTOHA Ha HeTot-
B OETOHHOM CMECH HHK
yepes 7 cyT — 68; 75; 80; 81; 84 Mlla;
yepe3 28 cyt — 81; 83; 87; 90; 92 Mlla;
Rusr:
yepe3 3 cyT — 5; 5,5; 6,5; 7,0; 7,2 Mlla;
yepe3 7 cyt —7,5; 7,6; 7,7; 8,2; 8,8 MlIla;
yepes3 28 cyr—8§,8; 11,1;10,8; 12,3; 12,5 MI1a.
48 | I'padurossie | B/I1=0,4; OI" noxy4anu no MOoAU(PpUIUPOBAHHOM CremneHb AUCTIEPTUPOBAHUS; [63]
TMJIACTUHKHU OI'/MYHT=0,5; METOANKEe XaMMepca. JI3eTa-nmoTeHIAabI;
LHEM 1 42,5H; Y30 mucnepcuu OI" (100 mut) 420 Bt B COM u POA OI'+tMVYHT;
MYVYHT ¢ BHEUIHUM JUaMeTpOM teuenne 30 muH. B nucnepcuto O Rusr= 13,1 MIla (uepe3 28 cyT.);
30-50 am — 0,02; 0,04; J1I00ABJISLIIM MHOTOCTEHHBIC YTJICPOJIHBIC Rex:
0,08 mac. % 1nemenTa; HaHoTpyOku (MYHT), Y30 300 BT B yepe3 3 cyT — 58; 55; 53 MlIla;
Hucnepcus OI' — 0,01; 0,02; Teuenue 30 MuH. yepe3 7 cyT — 61; 65; 42 Mlla;
0,04 mac. % nemenTa. K LIEM no6aBiisiii BOy U AUCTICPCHIO yepes 28 cyT — 82; 87; 52 Mlla.
OU+MyHT | ___________|
49 B/11=0.4; K IHEM no6asinsinu Bojay, IIAB u Rex:
OI'/MVYHT=0,5; nucnepeuto OI+MVYHT yepes 3 cyT — 55; 49; 50 MlIla;
IHEM 1 42,5H; yepe3 7 cyT — 66; 74; 56 MlIla;
ITAB — 0,5 mac.% nemenra; yepe3 28 cyt — 94; 103; 78 MIla.
MVHT ¢ BHEIIHUM JUaMETPOM
30-50 am — 0,02; 0,04;
0,08 mac. % nemenTa;
Hucnepcus OI' — 0,01; 0,02; 0,04
Mac. % 1iemMeHra.
50 | IMopomok OI' | B/11=0,42; Hucnepruposanne OI' B COM, POA nucros OT; [64]

LIEM III — 1356; 1355; 1353 kr/m%;
JlemonnsupoBanHas Bojia — 569;
569 xr/M>;

Oor -0,57; 1,99 xr/m?;

nenonnsuposanHoii Boje ¢ [TAB ¢ Y30 ¢
qacroroii 42 kI'ii. Bpemst 00paboTku —

¢ 8-MHHYTHBIMH HHTEPBaIaMH, C
OCTaHOBKaMHM Ha | MUH B HadaJie KaK0Tro
WHTEepBama, 10 64 MUH.

Crenens aucneprupoBanus Ol';
IMoasmxaoCTh — 330; 380 MM;
[Ipenen tekyuectu — 2,4; 1 Ila;
Peomorns;

W3oTrepmudeckas KalopuMeTpus;
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MpoaomkeHne TabanLbl

N o Crioco0 cTabuin3aiuy, BBEICHUS U Ccpuika
Ne CaoiicTBa CocraB OeToHHO# cMecH / KoHnTponupyemsle napamerpsl U GU3NKO-
o/ YHM COOTHOIIIEHUE KOMITOHEHTOB PaclpeacacHuA YHM MEXaHUYECKUE CBOMCTBA OeTOHA Ha neToH-
B OCTOHHOU CMeCH HUK
[TAB (maccoBoe copepikanue Job6asnenne [IEM k nucnepcun OI'+ITAB | Rex:
TBepaoro BewecTna 23%) —2,28; | npu py4yHOM IepeMeLINBaHUM B TEUCHHUE ugepe3 1 cyt — 16; 10 MIla;
7,96; 15,92 xr/nm’. 30 c. [lepemenmmBaHue MPH BHICOKON ugepe3 3 cyt — 29; 31 MIla;
CKOpOCTH B TeueHue | MuH, octaHOBKa Ha | yepe3 7 cyT — 40; 42 MI1a.
30 c, 3aTeM OBTOPHOE MEePEMEIINBAHUE
IIPY BBICOKOW CKOPOCTH B TE€UYCHHUE 2 MUH.
51 | I'pa¢putoBbie | B/L1=0,5; Crauana [IAB pactBopsiu B - [65]
IJTACTUHKN HEM 1 42,55; JIEMOHU3UPOBaHHOM Boze mpu 95°C B
(Sigma — TTAB - 3,6 mac. %; MarHuTHoO# memanke. K pactBopy
Aldrich) I[MAB/IIEM=1,8%; no0aBisuu rpaduToBbie X0k (5% 1o
Konnenrparus rpadena B Bojie BECY) U CMEIIINBAJIM C BEICOKUM yCHIIUEM
cocrasysum 0,2; 0,4; 0,6; 0,8; 1,0; | casura npu 21000 06/mun. PacTBOp
1,2; 1,4 t/m. nepeMernuBaii B Teuenne 30 MuH 10
o0OpaszoBaHus AUCIIEpCUr TpadeHa u
rpadura. llenTpudyruposanne qucnepcun
npu 10000 06/mMuH B Teuenue 30 MUH s
yIaJCHUS KPYITHBIX IPa(UTOBBIX H
rpad)eHOBBIX YaCTHUI] M TIOJTYYCHUS YUCTOM
Jucriepcnu rpagdeHa.
CwMemumBaHue IeMEHTa U TUCTIEPCUH
rpaden+ITAB
. BoccranoB/eHHBbli okcua rpagena (BOI)
52 | 1=1,2-1,4uam | B/1I=0,5; B pactBop ITAB 0,02 mr/mia (100 mu1) COM, POA; [66]
ITAB/BOI'=0,5; nmobasisun 4 mr yactui BOI'. Crenens aucnieprupoBanusi BOTL;
LIEM/mecox =1/3; CMecHu MeXaHUYEeCKH MepeMEIINBaIl U H3oTepMudeckasi KaJJOPUMETPHS;
IHEM I 42,5H; 00pabaThIBaIM yIBTPA3BYKOM B TCUCHHUE TemmonpoBoanocTs — 1,115 BT/(M*K);

[TAB (koHII. TBEpPIOTO BEIIIECTBA)
(Sobute New Materials Co., Ltd,
Kurait) — 40 mac. %;

Ilecok;

[Mopomok BOT (The Sixth Element,
Kurait) — 1,2 mac. % 1ieMeHTa.

60 MuH Ha JeASHON OaHe.

CoeauHsn TUCTIEPCHIO,
JIEMOHU3HPOBaHHYI0 Boay U LIEM,
TepeMeInBaI B TEUEHUE 5 MUH,
nobasmsim niecok. [ToaBepranu BuOparnyu B
TCUYEHHE 5 MUH

Rex —yepes 3 cyT yBennuenue Ha 6,5%;
Rusr — uepes 3 cyT yBenmuenue Ha 7,8%.
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" " Crioco0 cTaOmM3anyu, BBEICHUS U Ccpuika
Ne CaoiicTBa CocraB OeToHHOI cMecH / KoHnTponupyemele napamerpsl U GU3NKO-
/i YHM CooTHOIIIeHHE KOMIIOHEHTOB paclpeaeICHIA YHM MEXaHUYECKUE CBOMCTBA OEeTOHA Ha nerot-
B OCTOHHOW CMeCH HUK
53 | Hanonucthl HEM; BOT noxyyanu u3 Hanonucros Ol B COM, PDA; [67]
Or': d=1 mk™m; | Peunoii necok (He Gomnee 2 Mm); pacTBOpe BOCCTAHOBUTEISA KUCIOPOa XUMUYECKUN aHATH3;
Tommuna BOTI - 0,1%; (ruppasuna) ¢ maccoBoit noxneit 0,2% (o | 3era-nmoteHuuan;
YIIAKOBKU B ITAB. Mmacce OI') 1 BpeMeHeM BOCCTaHOBICHHS PeHTreHoCTpyKTYpHBIN aHAIIN3;
BOJIHOM 15 muH. JucnepcHOCTh U aJiIre3UOHHBIE CBOICTBA
JIUCIIEPCHH, Mexny nmuctamu BOI™ Ha moBepxHOCTH
h=1 um. LIEMEHTHOTO PacTBOPA;
Konrakrtusiit yromn (KVY);
Tepmuueckoe paznoxenne BOT;
Rex=55 Mlla;
Rusr — yBenmuenue na 45% mo cpaBHEHHIO
C TPOCTHIM IIEMEHTHBIM PACTBOPOM.
54 | Iloporox B/11=0,45; ITopomoxk BOI' aucnepruposas B 10 mi COM, PODA; [45]
BOI™: IlemeHT; JIENOHU3UPOBAHHOMN BOJIBI B BBITSKHOM H3oTepMudeckasi KaJIOPUMETPHS;
=1 HMm; [Topomrox BOT; mkady. VY 1060yKIaIbIBA€MOCTb;
a=0,36 HM. ITAB Plastol 6400 (Euclid K nenonnsupoBannoii cmecu BOI' Rex=65 MlIla;
Canada) — 0,04 mac. %, nobasmnsii Boay U [TAB, nmepememuBanu Ruzr= 6 MI1a.
Bonga — 1490 mun. 3 9 mpu 1000 06/MuH, Y30 3 .
Jlucriepcuro 3aiuBany B 4amly v
MIPEBAPHUTEILHO ITEPEMEITUBAIIA TIPU
140 06/MuH B Teuenue 15 c. 3arem
JI0OABJISUIM IIEMEHT U TIEPEMEIIBAIU B
teuenue 30 ¢, CKOpOCTh MepeMeIuBaAHNS
yBENUYUBAJIHN J10 285 00/MuH B Teuenue 60 ¢
55 | C-77-87%; | B/1=0,45; I'padeHoBBIC MaTepUaIBI CMEITUBAIIN C COM, PDA; [47]
O —-13-22%; | HEM —3000r; JICMOHU3UPOBAHHOM BOION B TeUeHHE 3 4 [TonBUKHOCTE:
d=15,13— BOI - 0,16 mac. % nemeHra. mpu 1000 06/MuH, CTaTMYECKUM MOTOK — 72,5 MM;
15,95 nwm; V30 3 9 u ocraBysau Ha 18 4. JUHAMUYECKUH MOTOK — 124 MM;
1=0,35-0,36 aM; [lepen cmemuBaHueM C IEMEHTOM Rex:
k=1-3; JIACIIEPCUIO NIEPEMELINBAIU B TCUCHHE yepes 3 cyT — 35 MIla
h=125-175 am. 14,¥30 14 yepes 14 cyt — 62 Mlla;
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" " Crioco6 crabunm3anuu, BBEIEHU U Ccpuika
Ne CaoiicTBa CocraB OeroHHOU cMmecu / KoHnTponupyemblie mapameTpsl U (PU3HKO-
n/n YHM CooTHOIIEHNE KOMIIOHEHTOB paclipeac/ICIii VHM MeXaHU4YeCKue CBoiicTBa 6eToHa Ha HeTot-
B OCTOHHOW CMecH HUK
Rusr:
yepes 3 cyT — 4,4 MIla;
yepes 14 cyt — 5,2 Mlla.
56 | Ilpuponansrit [{emeHT; BOI" nmonyyanu o moaudunupoBanHoMy | XHMHUYECKHAH COCTaB; [70]
rpaduT: BOI' - 0,4-0,5T; MeTo/1oM XaMMepca, CyInian 6 9 pu COM, PDA.
C—99,9%; JlenoHn3upoBaHHast Boja — temneparype 5S0—60°C.
d=200-300 am. | 150 mu. [Topomok BOT" cmemuBanu ¢
JEHOHU3MPOBAHHON BOJOU U IOJIBEpralu
V30 15 mun (gactora 20,4 xI['1,
momHocTh 0T 0,1 1o 1 BT/CM3).
[Momyuennyro BoaHyto qucrepcnto O
uentpudyruposaiu (6000 06/mu, 10 MuH)
JUTSL BBIJICNICHHS] KOHEYHOTO TIPOTYKTa,
koTopslif 3aTeM cynmy npu 70°C 6 u.
57 | Hanomuctol HEM; BOTI nonyyanu n3 Hanonuctos Ol B Pazmep wactun BOT [71]
or ITecox peunoii (0 2 MM); pacTBOpe BOCCTAHOBUTENS KUCIOPOAA COM, PDA;
BOTI" - 0,2 mac. % uiemenTa; (runpasuna) ¢ maccoBoii noneit 0,2% (1o Rex:

ITIAB.

macce OI') u BpeMeHeM BOCCTaHOBIICHHSI
15 muH.
V30 4 u.

yepe3 7 cyT — 39,9 Mlla;
yepe3 28 cyT — 58,6 MIla;
Rp'dCT:

yepe3 7 cyt — 5,7 MIla;
yepes 28 cyt — 6,7 Mlla.
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Ne | Properties of Concrete composition/ Method of stabilization, introduction and distribution Contrplled parameters Reference
n/n CNM Component ratio of CNM in concrete mix and physwgl and mechanical to the
properties of concrete source
Type of carbon nanomaterial (CNM)
1. Graphene oxide (GO)
1 | Initial GO: W/C=0,3; I — mixing of water, PCS and GO; Dispersion degree of GO, [37]
Size of Portland cement (CEM) II — introduction of CEM, mixing for 2 min. Microstructure (SEM) and
nanosheets d= | (Shengwei 42,5B); 1T — USP — 20 min. phase composition (XRF) of
760 nm, Polycarboxylate superplasticizer cement stone;
Thickness of (PCS) —0,2%; Lasting properties;
sheets 1= 124 Water 0, 2% dispersion of GO — 0; Resistance depending on
nm. 0, 01; 0,02; 0,03; 0,04; 0,05; dispersion dosage of GO:
0,06%. Pressure Resistance (Rpr) —
GO after 20 59,31; 65,24; 68,31; 71,24,
min. of 74,51; 75,62; 76,83 MPa;
ultrasonic Bending resistance (Rbend) —
processing 8,84;10,22; 10,71; 11,25;
(USP): 11,56; 11,55; 11,55 MPa.
d=430 nm,
1=27,6 nm.
2 | GO after USP I — USP — 40 min. Rp=59,31; 66,51; 72,48; 76,31,
of 40 min.: 79,72; 79,06; 79,86 MPa;
d=180 nm, Roend=8,84; 10,86; 11,52;
1=9,5 nm. 12,66; 15,57; 12,56; 11,43
7777777777777777777777 MPa.
3 | GO after USP II — USP — 60 min. Rp=59,31; 67,46; 76,51; 79,64;
of 60 min.: 81,56; 81,89; 81,95 MPa;
d=72 nm, Roend=8,84; 10,36; 12,33;
1=3,4 nm. 13,47, 13,52; 13,46; 13,43
MPa.
4 | Dispersion of | CEM I 52,5B (Green Island, Hong | In cement slurry GO and PCS are consistently Rbend of system «GO-PCS— [38]

GO with 4
mg/ml
concentration

Kong);
Cement slurry— 1 g CEM, 15 ml
of deionized water;

introduced. USP of obtained mix.
Solid concentration in dispersion — 28—30 mas. %.
Then GO-PCS is combined with CEM.

CEM)» by 48,4% higher than
«PCS—-CEM» and by 35,3%
higher, than «<GO—CEM-PCS».
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Table continuation

Ne | Properties of Concrete composition/ Method of stabilization, introduction and distribution Contrplled parameters Reference
n/n CNM Component ratio of CNM in concrete mix and Phys‘c?‘l and mechanical to the
properties of concrete source
PCS (ADVA 189) (Grace USP of concrete mix. The output is GO—PCS—CEM.
Concrete Admixture Products,
Hong Kong) — 4 ml;
Dispersion of GO —2 ml
(Graphenea, Spain).
5 W/C=0,48; In cement slurry silica fume (SF) and GO are Ton concentration of Ca®* in
CEM I 52,5B — 50 mg; consistently introduced. cement slurry.
SF (Microsilica 920U) (Elkem USP of concrete mix.
Co, Norway) — 1000 mg;
Dispersion of GO — 2 ml;
Water — 20 ml.
6 Cement C30 (China) — 430 kg/m?; | Immersion of PVA fiber in a uniformly distributed Chemical bond between PVA
Dispersion of GO - 17,8 g; solution of GO. fiber and GO.
PVA-fiber (KURALON K-IT REC | USP of concrete mix
15) — 2 vol. % of cement.
7 Cement C30 (China) — 430 kg/m?; | Electrophoretic deposition of GO on carbon fiber. Surface wetting power of
Dispersion of GO - 17,8 g; USP of concrete mix carbon fiber and GO/carbon
Carbon fiber (Jiaxing Newtex fiber.
Composites Co., Ltd., China) — 2
vol.% of cement;
8 Cement C30 (China) — 430 kg/m®; | Polyethylene fiber (PE-fiber) is mixed with a GO | K
Dispersion of GO - 17,8 g; solution in a water bath with a temperature gradient of
PE-fiber (Spectra 1000, 25 to 80°C for 6 hours and then dried under vacuum at
Honeywell) — 2,0 vol.% of 85°C. USP of concrete mix
cement;
GO- PE-fiber) — 0,092 mas. %.
9 | Before CEM142,5B-450¢g Dispersion of GO is synthesized by the Hammers Rheology of GO; [39]
calcination: Water Dispersion of nanosheets method. A stable water solution of a dispersion of SEM, XRF;
Graphite — GO (graphite — 3 g, concentrated | GO nanosheets was obtained. The GO concentration | Rpr, tension resistance (Riens)
d<30 mcm; sulphuric acid (H2SO — 4, 98%), was 0.2%. and Rpend increased to 47.9%,

potassium manganate (KMnOa4),

Dispersion of USP nanosheets
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Ne | Properties of Concrete composition/ Method of stabilization, introduction and distribution Contrplled parameters Reference
n/n CNM Component ratio of CNM in concrete mix and physwgl and mechanical to the
properties of concrete source
Interlayer sodium nitrate (NaNOs3), hydrogen 78.6% and 60.7%,
distance, peroxide (H202, 30%)) — 0,01/ respectively.
a=3,38 nm; 0,02/ 0,03/ 0,04/ 0,05 mas. % of
cement;
After PCS (dry content 20%) — 0,9 g;
calcination: Sand — 1350 g;
Oxygen Water — 165 g.
content (O) in
GO — increased
from 3,72% to
29,75%;
a=8,02 nm,
d=80-260 nm,
[>8 nm
10 | d=1,2 mcm; W/C=0,45; Dispersion of GO is synthesized by the Hammers SEM, XRF of synthesized GO; [40]
1=1,8 nm; CEM 1 42.5H; method (graphite powder — 0.5 g, NaNO3 — 0.25 g, Isothermal calorimetry;
Number of Powder of GO —0; 0,3; 0,6 mas. H2S04 — 15 ml, KMnOs4 — 1.5 g). Water dispersion of | Thermogravimetric analysis;
sheets in a % of cement GO is stabilized by USP. A dispersion of GO- SEM, XRF and cement stone
package, k=2-3 isopropanol in various concentrations was added to properties;
the above suspension of Cement-isopropanol and Ry: for samples with 0.3 and
stirred for 24 hours and then dried. 0.6 wt. % GO is increased by
GO coated Cement particles were mixed with water | 0.85 and 1.3%, respectively.
to prepare fresh cement paste
11 | [=0,7-1 nm W/C=0,4; Dispersion of GO is synthesized according to the SEM, XRF GO; [41]
CEM 152,5H (Quinn Building modified Hammers method (graphite flakes - 3 g, Isothermal calorimetry;
Products, Great Britain) — 21,7 g; | H3POs - 40 ml, H2SO4 - 360 ml, KMnOs4 - 18 g). Rpr=50 MPa;
Water Dispersion of GO — 8,7 ml | Mixing and Vibration the mixture for 30 seconds
12 (0,08% GO by weight of cement) | Mixing using an overhead stirrer (speed 2000 rpm for
3 minutes), Vibration the mixture for 30 seconds Rp=60 MPa.
13 | Powder of GO | W/C=0,33; Water solution of GO is prepared by dispersing GO SEM, XRF GO and cement [42]

powder in deionized water.

o [GIMTAF

[GIAGIM

=
=

stone;

IIX omHardgodu yf

HOHYOAdeHA I

LOUHIY ‘XHI[II-9rC-NWdel] ‘1707 Ldejy ‘<«edLd9rrd.LHOdL) 0I0GHRhHOLIA H OJ0LIHK

HYIIhHIOLOME BI' HHIOI'OHXJ LOHEH» HHITHIAI(PHON




120 wvd9ap—adpons

g9

=
-

[GIHGI0

=
) =

NNAIdWNHXIU-OHhADH

pogenodu n

UDHAAHC NIAHHIOULD

Table continuation

Ne | Properties of Concrete composition/ Method of stabilization, introduction and distribution Contrplled parameters Reference
n/n CNM Component ratio of CNM in concrete mix and physmgl and mechanical to the
properties of concrete source
CEM 152,5B (Cement Company | The water solution is combined with water, stirred, Yielding of cement paste —
Limited) — 300 g; added to the cement with an interval of 3 min, 180,3 mm (decrease in
Water — 100 g; stirring Yielding by 18,6%);
Water dispersion of GO (500 Rbend=13,8 MPa;
mg/l) — 0,05% Rp=71,1 MPa.
14 W/C=0,33; Water solution of CFGO (chemically functionalized | Yielding of cement paste —
CEM 152,5B (Cement Company | graphene oxide) Is prepared by adding polyether 253,5 mm (increase in
Limited) — 300 g; amine (M1000 - 0.6 g; M2070 - 0.6 g) to GO - 0.068 | Yielding by 11,4%);
Water — 100 g; g and dispersing in deionized water. Rbena=14,1 MPa;
CFGO water solution (300 mg/l) — | Water solution is combined with water, stirred, added | Rp=75 MPa.
0,03%. to the Cement with an interval of 3 min, stirring
15 | Powder of GO | W/C=0,4; Water solution of GO is prepared by dispersing GO SEM, XRF and chemical [43]
PCS/GO=3; powder in deionized water for 30 min. using a analysis;
CEM 142,5B - 100 g; magnetic stirrer. The resulting 5 g/L water dispersion | Leaching index — 1,131;
PCS; of GO is exposed to USP for 2 hours. Leaching depth — 6,48 mm;
Water dispersion of GO — 0,2 fof | Stirring the components of the mixture first at a low | Ryr increased by 24,98%.
dry matter; speed of rotation (62 + 5 rpm), then at a high speed
Water — 40 g. (125 £ 10 rpm).
16 | Graphite W/C=0,6; GO is synthesized by the Hammers method. Then a Yielding point — 3,48 Pa; [44]
crystals. CEM 142,5B; dispersion with a high concentration of GO is Rpr: for the 14" day — 25,9
Carbon (C) — Water; obtained by centrifugal method in the form of large MPa;
79%; O —20%; | Water dispersion of GO — 0,05 flakes. for 28" day — 32,2 MPa;
Graphene (G) — | mas. % of cement. Filtration rate — 77 cm?/s;
6,2 g/dm?; Density (p) — 1,72 kg/m°.
single layer
flakes >80%;
d=0,5-5 mcm
17 | I=1-2 nm W/C=0,45; GO is dispersed in water using a magnetic stirrer for | SEM, XRF; [45]
a=0,87 nm Cement; 2 hours at 1000 rpm and an ultrasonic bath at 40 kHz | Dispersion degree;
for 3 hours. Workability;

Calorimetric studies;
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Ne | Properties of Concrete composition/ Method of stabilization, introduction and distribution Contrplled parameters Reference
n/n CNM Component ratio of CNM in concrete mix and physwgl and mechanical to the
properties of concrete source
Water dispersion of GO (4 mg/ml) | Stirring the components of the mixture at 140 rpm for | Rp—=63 MPa;
(Graphenea Inc., Cambridge, 15 s, then for 30 s, the stirring speed was increased to | Rvenda=4,9 MPa.
USA) — 0,02 mas. % of cement. 285 rpm and continued for 60 s.
18 | Water CEM I - 365 kg/m?; Mixing of GO, CEM and water with a hand mixer at | Yielding: [46]
Dispersion of | Granite crushed stone — 810 kg/m* | 2000 rpm for 5 minutes before adding to the rest of in 15 min — 5 mm;
one-layer GO (particles up to 19 mm); the mixture in 120 min — 0 mm;
d=2,7-6,8 mem | GO — 182 g/m* (0,05 mas. % of Rate of hydration;
1=0,8—-1,1 nm cement); Elasticity rate;
Water — 168 kg/m’. Rprin 7, 14, 28, 56, 84 days;
Rbend (three-point);
Chemical resistance to acidic
environments
19 CEM I - 365 kg/m’, Yielding;
Granite crushed stone — 810 kg/m? Rate of hydration;
(particles from13 to 19 mm); Elasticity rate;
PCS - 0,65 kg/m? (solids content); Rp=47 MPa;
GO — 182 g/m? (0,025 mas. % of Rbend (three-point);
cement); Chemical resistance to acidic
Water — 168 kg/m®. environments
20 CEM I - 365 kg/m?; Yielding:
Granite crushed stone — 810 in 15 min. — 60 mm;
kg/m?® (particles from 13 to 19 in 120 min. — 25 mm;
mm); Rate of hydration;
PCS - 0,65 kg/m? (solids content); Elasticity rate — 41,97 HPa;
GO — 182 g/m? (0,05 mas. % of Rp=49 MPa;
cement); Rbend=5,33 MPa;
Water — 168 kg/m’>. Chemical resistance to acidic
environments
21 | Powder of GO: | W/C=0,45; Powder of GO is mixed with deionized water for 3 SEM, XRF; [47]
C —62-65%; CEM - 3000 g; hours at 1000 rpm, exposed to USP for 3 hours and Yielding:
O —35-38%; GO — 0,04 mas. % of cement static flow — 62,5 mm,;
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gc 3 Table continuation
H’; E Ne | Properties of Concrete composition/ Method of stabilization, introduction and distribution an dC(Lntrf)HTd pgrameltlers. 1 Referﬁnce
R n/n CNM Component ratio of CNM in concrete mix physical and mechanica to the
S= _ : . pr.opertles of concrete source
Ty d=21,14 nm; left for 18 hours. Before mixing it is remixed with dynamic flow — 120 mm;
% 5 1=0,76-0,84 nm; CEM and USP for 1 hour Rpr:
IL:—; k=1-3. in 3 days — 43 MPa;
Package in 14 days — 57,5 MPa;
E é thickness in Ruoend:
S |s water in 3 days — 5,3 MPa;
jeli § dispersion (h) — in 14 days — 6,2 MPa.
SIS 1-1,2 nm.
E § 22 W/C=0,3; GO is mixed with PCS and deionized water and then | SEM, XRF of cement stone; [48]
NS CEM 142,5B -300 g; USP for 30 min at room temperature with a constant | Yielding — 113 mm;
§ Sc Dispersion of GO (10 mg/ml) amplitude of 50%. Ropr:
3 (Chengdu Organic Chemicals Co. | Suspension of GO+ PCS + Water is mixed with in 7 days — 57 MPa;
§ Ltd, China) — 0,05 mas. % of cement using a mechanical stirrer in 14 days — 65 MPa;
§, cement; in 28 days — 70 MPa.
S PCS (Sika Building Material Ltd,
S China) - 1,5 g;
g Water — 75,15 g.
S 23 W/C=0,35; Yielding — 160 mm;
E CEM 142,5B -300 g; SEM, XRF of cement stone;
8 Dispersion of GO (10 mg/ml) — Ropr:
0,05 mas. % of cement; in 7 days — 61 MPa;
PCS-1,5g; in 14 days — 71 MPa;
Water — 90,15 g. in 28 days — 76 MPa.
24 W/C=0,4; Yielding — 152 mm;
CEM142,5B-300 g; SEM, XRF of cement stone;
Dispersion of GO (10 mg/ml) — Rpr:
0,1 mas. % of cement; in 7 days — 52 MPa;
PCS-1,5g; in 14 days — 61 MPa;
Water — 90,3 g. in 28 days — 67 MPa.
o
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25

Powder of GO:

d=0,865-16,7
mem;

C - 64,61%;
0 - 16,34%.

Cement — 450 g;

Sand CEN - 1350 g

Water — 3225 ;

PCS — 0,8 mas. % of cement;
Powder of OG - 0,03; 0,05; 0,2
mas. % of cement.
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26

Powder of GO:

d=0,865-16,7
mcm;

C - 64,61%;
0 —16,34%.

Cement — 450 g;

Sand CEN - 1350 g;

Water — 3225 g;

PCS - 0,8 mas. % of cement;
Water dispersion of GO — 0,03;
0,05; 0,2 mas. % of cement.

Water dispersion of GO is obtained by dispersing the
GO powder in water.

All components of the mixture are mixed with a

mechanical stirrer for 5 min.

Yielding — the spreading
diameter decreased by 3.5; 2.8;
3.5% of the standard;

SEM, XRF (of interphase
transition zone and cement
stone);

p=2362; 2361; 2362 kg/m’;
Rpr:

in 3 days — 42; 43; 43 MPa;

in 7 days — 51; 51; 50 MPa;

in 28 days — 60; 61; 57 MPa;
Rbend:

in 3 days — 6,6; 7,1; 6,6 MPa;
in 7 days — 7,2; 7,3; 6,9 MPa;
in 28 days — 7,6; 7,9; 7,5 MPa;
Riens:

in 3 days — 3,1; 3,0; 3,0 MPa;
in 7 days — 3,8; 3,6; 3,7 MPa;
in 28 days — 4,9; 4,7; 4,5 MPa;
Elasticity rate (E):

in 7 days —44,9; 45,2; 41,6 HPa;

in 28 days —47,6; 48,4; 48,6 HPa.

Yielding — the spreading
diameter decreased by 5,5;
18,9; 60,6% of the standard;
p=2348; 2340; 2282 kg/m’;
Rypr:

in 3 days — 45; 45; 43 MPa;
in 7 days — 52; 51; 48 MPa;
in 28 days — 58; 59; 56 MPa;

[49]
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Table continuation

Ne | Properties of Concrete composition/ Method of stabilization, introduction and distribution Contrplled parameters Reference
n/n CNM Component ratio of CNM in concrete mix and Phys‘c?‘l and mechanical to the
properties of concrete source
Rbend:
in 3 days — 7,2; 6,6; 6,9 MPa;
in 7 days — 7,4; 7,3; 7,5 MPa;
in 28 days — 6,8; 7,9; 7,7 MPa;
Riens:
in 3 days — 3,4; 3,4; 3,8 MPa;
in 7 days — 3,9; 3,9; 4,1 MPa;
in 28 days —4,7; 4,5; 5,0 MPa;
E:
in 7 days —42,7;43,7; 41,6 HPa;
in 28 days —43,6; 41,6; 42,5 HPa.
27 | Powder of GO: | W/C=0,5; Dispersion of GO powder in water with USP 300 sec. | Isothermal calorimetry [50]
C—-97%; CEM 142.5H - 500 g; Slow mixing with cements 150 s, stop for 15 s, rapid | Chemical shrinkage of the
k=1-5 layers; GO-0,515g; mixing for 150 s sample of GO — 0,3%; less
1=1,0-1,77 nm; | Water — 250 g. than the sample of GO — 0,1%.
Specific area of
GO - 300-450
m?/g.
28 | Graphite oxide | W/C=0,4; GO is synthesized by exfoliation of graphite oxide. SEM, XRF; [51]
CEM I (TegeranCement, Iran) — GO is dispersed in water containing PCS, USP for 40 | Reens=2,26 MPa (the increase
146,63 g; min (amplitude 50%, frequency 20 Hz, power 500 by 24.7% from the standard)
Sand — 439,88 g; W, titanium alloy probe width 13 mm and constant
Water dispersion of GO —2,93 ¢ | applied energy 1900 J / min).
(2 mas. % of cement); Dispersion mixed with cement with a rotary mixer
Water — 59,82 g; equipped with a flat mixer for 30 s, mixed for another
PCS -0,73 g. 3.5 min
29 | Graphite W/C=0,6; GO is synthesized by a modified Hammers method. SEM, XRF GO. [52]
CEM 142,5B,; Dispersion of GO in deionized water, USP for 3
Water; hours until a homogeneous solution is obtained.
Sand; Water dispersion of GO is mixed with CEM and sand
Water dispersion of GO is added
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Ne | Properties of Concrete composition/ Method of stabilization, introduction and distribution Contrplled parameters Reference
n/n CNM Component ratio of CNM in concrete mix and physwgl and mechanical to the
properties of concrete source
30 | Solution of GO | W/C=0,4; Dispersion of GO in water at a concentration of Elemental analysis of GO [53]
(Graphenea) CEM I 4 mg / ml USP for 5 minutes, in an ice bath. (carbon, hydrogen, nitrogen,
d=1 nm G0=0,03; 0,04%. Mixing with a high speed shear mixer at 4000 rpm, sulfur, oxygen);
with addition of CEM 12000 rpm for 30 sec. Chemical composition of
Formation and Vibration. cement;
SEM, XRF;
Workability;
Isothermal calorimetry;
Rpr:
in 3 days — 52; 65 MPa;
in 7 days — 64; 72 MPa;
in 28 days — 83; 89 MPa.
31 | Dispersion of | Cement; USP diluted with water in an ice bath using an Elemental analysis of GO [1]
colloidal GO Dispersion of GO — 0,02; 0,04%; | ultrasonic horn with a cylindrical tip with a 19 mm (carbon, hydrogen, nitrogen,
(Graphenea, Water diameter end cap, operating at an input power sulfur, oxygen);
Spain), of 150 W. Chemical composition of
concentration Mixing with a high speed shear mixer at 4000 rpm, cement;
of 4 mg/ml; with addition of CEM 12000 rpm for 30 sec. SEM, XRF;
C/0=1,1 Formation and Vibration Rate of hydration;
Rate of dispersion;
Water absorption— 14,338;
14,332 mm;
Reens=5,9; 6,8 MPa.
32 | Water CEM; Sonication of diluted GO solution for 5 min. SEM, XRF of GO nanosheets [54]
dispersion of W/C=0,4; Mixing with a high speed shear mixer at 4000 rpm, and cement test with added

GO
(Graphenea,
Spain),
concentration
of 4 mg/ml.
C/0=1,1
d=0,85 nm.

G0O=0,02; 0,04 mas. % of cement

with addition of CEM 12000 rpm for 30 sec.
Formation and Vibration

GO;

The rate of hydration;

Specific electrical resistance of
cement pastes containing GO;
Roend=8; 11 MPa.
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Ne | Properties of Concrete composition/ Method of stabilization, introduction and distribution Contrplled parameters Reference
n/n CNM Component ratio of CNM in concrete mix and Phys‘c?‘l and mechanical to the
properties of concrete source
33 | Graphite W/C=0,2; GO is obtained by a modified Hammers method. SEM, XRF GO and GO-PVA [55]
powder (Alfa- | Bonding agent: Concentration of GO solution - 1.0, 1.5 and 2.0 mg/ | composite fiber;
Aesar, 200) Cement — 0,18 mas. %; ml. Investigation of the carbon
SF — 0,02 mas. %; Stirring solid components at low speed for 1 min. status of a mixture modified
Ash - 0,8 mas. %; GO is mixed with water and PCS and then added to with GO,
Sand — 0,2 mas. %; the solids at high speed for 5 min until the desired Rp=23; 26; 24 MPa;
PV A-fiber — 2 vol.%; flow is achieved. Riens=4,38; 4,82; 5,50 MPa;
Dispersion of GO — 0,05; 0,08; PVA fibers are added and mixed at low speed for 3 Roend=14,49; 15,80; 14,86 MPa.
0,12 mas. %; min.
PCS - 0,2 mas. %.
34 | Dispersion of | CEM I 52,5B (Green Island, Stabilization of GO with PCS USP. SEM, XRF GO and particle [56]
GO with Hongkong); Dispersion of GO+PCS mixed with CEM size distribution;
concentration SF (Microsilica 920U) — 10 mas. Concentration of Ca® " (by
of 4 mg/ml %; comparing Ca® " in two
(Graphenea, Dispersion of GO — 0,05 mas. %; dispersions (GO + PCS + CEM
Spain) PCS (ADVA 189) with + Water) and (GO + CEM +
concentration of 28-30 mas. %. Water));
Zeta potential;
Rbend=13,8 MPa;
35 GO ultrasonic treatment Rbend=10,2 MPa.
Mixing GO with CEM and PCS
36 | Graphite W/C=0,35; GO is obtained by a modified Hammers method. SEM, XRF GO and grain size [57]
powder (Alfa- | CEM 1 52,5H (Green Island, Solution of GO with concentration of 4 mg / ml, PCS, | composition;
Aesar, 200) Hongkong) — 5 kg; 1 g of cement, USP is mixed in water (750 W for 15 | Concentration of Ca®" in

PCS (ADVA 189) — 0,02 mas. %;
Dispersion of GO — 0,14 mas. %.

minutes). A stable suspension of GO + PCS is
obtained.

Suspension of GO + PCS is mixed with CEM in a
magnetic stirrer at high speed for 8§ minutes.
Formation is followed by 30-

second vibration

suspension— 102,5K107;
Zeta potential;

Specific electrical resistance
Rp=27,3 MPa;

Rbend:14,5 MPa.
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Ne | Properties of Concrete composition/ Method of stabilization, introduction and distribution Contrplled parameters Reference
n/n CNM Component ratio of CNM in concrete mix and physwgl and mechanical to the
properties of concrete source
37 | Graphite W/C=0,38; GO is obtained by a modified Hammers method. Surface wettability of GO [58]
powder (Alfa- | CEM 1 52,5H (Green Island, The current volume of PCS is diluted 100-fold. hybrid + carbon fiber;
Aesar, 200) Hongkong) — 1 kg; Creation of GO-carbon fiber hybrid by mixing GO Elemental composition of
PCS (ADVA 109) — 0,045 mas. solution (4 mg / ml) and carbon fiber in 100 ml of hybrid GO + carbon fiber;
%; water using a 275 W USP with an amplitude of 30% | SEM, XRF;
Dispersion of hybrid of GO — for 10 minutes. Roughness;
1 vol.%. The resulting suspension is mixed with PCS and Rp=37,2 MPa;
diluted 200 times. Rbend=16,5 MPa.
38 W/C=0,38; Hybrid suspensions are mixed with CEM at high Rp=40,3 MPa;
CEM I 52,5H (Green Island, speed for 5 minutes + another 5 min before Rbend=18,2 MPa.
Hongkong) — 1 kg; Formation
PCS - 0,047 mas. %;
Dispersion of hybrid of GO —
vol.%;
Solution of GO — 0,05 mas. %.
39 | Dispersion of W/C=0,48; Dispersion of GO is diluted with deionized water to SEM, XRF; [59]
GO 4 mg/mlc | CEM I 52,5H (Green Island, 0.4 mg / ml and then it is mixed with SF, USP with grain size composition SF,
pH=7,0 Hongkong) — 1 kg; amplitude of 30% for 10 minutes. GO and GO+SF;
(Graphenea, SF (Microsilica 920U, Norway) — | Solution of GO + SF is mechanically mixed with Acid rate of GO and SF;
Spain); 10 mas. % Cementa; cement Zeta potential;
1=1,128 nm; Dispersion of GO — 0,05 mas. % Concentration of Ca®".
C/0=3; of cement
k=1-2 layers.
40 | Graphite W/C=0,15; GO is obtained by a modified Hammers method. Acid rate, SEM and XRF GO; [2]
powder (Alfa- | Solution of GO - 0,05; Dispersed solution of GO is added to cement at high | Yielding — 84; 72 mm;
Aesar, 200) 0,1 mas. %; stirring speed for 5 min Rate of hydration of modified
Cement. GO paste;

Porosity rate;

Porosity (P) —5,1; 12,3%;
Rpr=42; 37 MPa;
Roend=6,2; 4,1 MPa.
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Ne | Properties of Concrete composition/ Method of stabilization, introduction and distribution Contrplled parameters Reference
n/n CNM Component ratio of CNM in concrete mix and physmgl and mechanical to the
properties of concrete source
41 | Water W/C=0,35; USP of water dispersion of GO at 30% amplitude for | SEM, XRF and acid rate of [3]
Dispersion of CEM I 52,5H (Green Island, 15 minutes before use. GO;
GO Hongkong) — 400 g; Mixing of GO dispersion with CEM at high speed for | Yielding — 8,4; 7,6; 7,0 mm;
concentration 4 | Water dispersion of GO — 17,5 8 minutes Isothermal calorimetry;
mg/ml (0,02 mas. %); 35 (0,04 mas. %); Chemical shrinkage;
(Graphenea, 70 ml (0,08 mas. %); GO absorption
Spain); Water — 122,5; 105; 70 g;
C/0=1-14.
42 | Graphite CEM 142,5B 450 g; GO is obtained by a modified Hammers method. SEM, XRF; [60]
Sand — 1350 g; Concentration of GO - 0.2%. Rpr:
Water — 165 g; in 3 days —41,23; 48,33;
PCS (content of dry matter 20%) 53,32; 56,42; 58,45 MPa
—0,9 g (by cement mass); in 28 days — 67,24; 75,66;
Water dispersion of GO — 0,01; 82,36; 84,35; 87,69 MPa;
0,02; 0,03; 0,04; 0,05%. Rbend:
in 3 days — 8,55; 8,68; 9,61;
7,23; 7,21 MPa;
in 28 days — 13,41; 11,75;
14,21; 11,54; 11,51 MPa.
Riens:
in 3 days — 2,47; 2,48; 2,93;
2,42; 2,41 MPa;
in 28 days — 5,63; 6,11; 6,84;
5,23; 5,20 MPa;
43 | Water CEM - 900 g; Deionized water was mechanically mixed with GO for | Porosity rate; [61]
dispersion of Washed sand (Sibelco Australia 2 min. Water absorption;
GO with and New Zealand Materials) — Mechanical mixing of dry contents, then addition of | P=14,8; 14,4 13,2%.
concentration 2700 g; GO solution and mixing for 3 and 2 min at high and
of 4 mg/ml Water reducing additive of HWR | medium speed, respectively.
(Graphenea, type; The fresh mixture is molded and compacted
Spain)
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properties of concrete source
Water dispersion of GO — 90; 270;
540 mg (0,01; 0,03; 0,06 mas. %
of cement);
Water — 310 ml (deionized —
287,5; 242,5; 175 ml; Water in the
content of dispersion of GO —
22,5; 67,5; 135 ml).
44 | Graphite W/C=0,5; GO is obtained by a modified Hammers method. SEM, XREF; [4]
(Cindao, CEM [; GO and cement are mixed with a hand mixer at 2000 | p=1787+35 kg/m?
China): Dispersion of GO — 0,05 mas. % | rpm for 5 minutes. Ropr:
d=44 nm; of cement. Then the mixture is molded and subjected to vibration | in 7 days — 38,8+1,8 MPa;
=1 nm. for 15-30 s on a vibrating table. in 28 days — 52,5+1,8 MPa;
Rbend=7,0+0,2 MPa (in 7 days);
Yielding.
45 | Graphite Oxide | W/C=0,4; Dispersion of GO (4 mg / ml) is prepared by Chemical and grain and size [62]
(GO) Powder CEM 142,5B; dispersing GO powder in USP water for 2 hours. composition;
(Sixth Element | Powder of GO —0,02; 0,04; 0,06 GO dispersion is added to cement and water Rheology;
Ltd) mas. % of cement; SEM, XRF;
d=1,12 nm Yielding — 98; 94; 82 mm;
I=1 nm Rp=43,12; 45,20; 44,14 MPa;
46 | C/0=2,29. W/C=0,4; Dispersion of SF: USP SF in ethanol solution. In 30 | Yielding — 114; 103; 96 mm;
CEM 142,5B; minutes, APS is added and kept for 24 hours. The Rp=48,46; 50,97; 51,02 MPa.

GO+SF: GO+SF+3-
aminopropyltrimethoxysilane
(APS);

GO —2; 4; 6 mas. % of cement

suspension is then washed with ethanol and
deionized water. Solution of SF + APS is received.
GO is added to the SF + APS dispersion, stirred with
a magnetic stirrer. Then they are centrifuged and kept
in vacuum desiccators at 60 ° C for 24 hours. GO +
SF is received.

The cement dough is prepared by mixing CEM,
water and GO + SF
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/1

Properties of
CNM

Concrete composition/
Component ratio

Method of stabilization, introduction and distribution
of CNM in concrete mix

Controlled parameters
and physical and mechanical
properties of concrete

Reference
to the
source

47

Dispersion of
GO with
concentration
of 4 mg/ml;
d=100-1000
nm;

1=0,7 nm.

W/C=0,37;

CEM 142,5H -300 g;

PCS with solid content
50%—1,5g;

GO -0,01; 0,02; 0,03; 0,04,
0,05%;

Water — 79,5; 72; 64,5; 57,
49,5 ml.

Isothermal calorimetry;

SEM, XRF of cement stone;
Porosity;

Yielding — 187; 201; 92; 81; 70
mm;

Apparent viscosity — 1200,7;
2268,8; 5154,4; 12788 ,4;
19284 MPa-s;

Time of initial adhesion — 170;
165; 155; 140; 130 min;

Time of final adhesion — 325;
320; 305; 310; 300 min;

Rypr:

in 3 days — 55; 62; 64; 66; 65 MPa;
in 7 days — 68; 75; 80; 81; 84 MPa;
in 28 days —81; 83; 87; 90; 92 MPa;
Ruend:

in3days—5;5,5; 6,5; 7,0; 7,2 MPa;
in 7 days — 7,5; 7,6; 7,7; 8,2;
8,8 MPa;

in 28 days — 8,8; 11,1; 10,8;
12,3; 12,5 MPa.

[5]

48

Graphite plates

W/C=0,4;

GO/MWCNT=0,5;

CEM 142,5H;

MWCNT with outer diameter 30—
50 nm - 0,02; 0,04; 0,08 mas. %
of cement;

Dispersion of GO —0,01; 0,02;
0,04 mas. % of cement.

GO is obtained by a modified Hammers method.
USP dispersion of GO (100 ml) 420 W lasts for 30
min. Multi-walled carbon nanotubes (MWCNT),
USP 300 W are added to GO dispersion for 30 min.
Water and dispersion of GO + MWCNT are added to
CEM

Dispersion rate;

Zeta potential;

SEM u XRF GO+MWCNT;
Rovend=—; 13,1; — MPa

(in 28 days);

Ry

in 3 days — 58; 55; 53 MPa;
in 7 days — 61; 65; 42 MPa;
in 28 days — 82; 87; 52 MPa.
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49 W/C=0,4; Water, PCS and GO + MWCNT dispersion are added | Ry
GO/MWCNT=0,5; to CEM in 3 days — 55; 49; 50 MPa;
CEM 142,5H; in 7 days — 66; 74; 56 MPa;
PCS — 0,5 mas. % of cement; in 28 days — 94; 103; 78 MPa.
MWCNT with outer diameter 30—
50 nm — 0,02; 0,04; 0,08 mas. %
of cement;
Dispersion of GO —0,01; 0,02;
0,04 mas. % of cement.
50 | Powder of GO | W/C=0,42; Dispersion of GO in deionized water with PCS with | SEM, XRF sheets of GO; [64]
CEM III — 1356; 1355; 1353 USP at 42 kHz. Treatment time - in 8 minute Dispersion degree GO;
kg/m?; intervals, with 1 minute stops at the beginning of Yielding — 330; 380 mm;
Deionized water — 569; 569 each interval, up to 64 minutes. Yielding point — 2,4; 1,0 Pa;
kg/m?; Addition of CEM to GO + PCS dispersion with hand | Rheology;
GO -0,57; 1,99 kg/m?; stirring for 30 seconds. Stirring at high speed for 1 Isothermal calorimetry;
PCS (mass solid content 23%) — min, stop for 30 seconds, then remixing at high speed | Rpr:
2,28; 7,96; 15,92 kg/m>. for 2 min. in 1 days — 16; 10 MPa;
in 3 days — 29; 31 MPa;
in 7 days — 40; 42 MPa.
51 | Graphite plates | W/C=0,5; First, the PCS is dissolved in deionized water at 95 ° | — [65]
(Sigma — CEM 142,5B; C in a magnetic stirrer. Graphite flakes (5% by weight)
Aldrich) PCS — 3,6 mas. %; are added to the solution and mixed with high shear at

PCS/CEM=1,8%;
Concentration of graphene in
water was 0,2, 0,4, 0,6, 0,8, 1,0,
1,2, 1,4 g/l.

21,000 rpm. Solution is stirred for 30 min until a
dispersion of graphene and graphite is formed.
Centrifugation of the dispersion at 10,000 rpm for 30
minutes to remove large graphite and graphene
particles and obtain pure graphene dispersion is
performed.

Mixing of cement and dispersion of graphene + PCS
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Ne | Properties of Concrete composition/ Method of stabilization, introduction and distribution Contrplled parameters Reference
n/n CNM Component ratio of CNM in concrete mix and physmgl and mechanical to the
properties of concrete source
2. Reduced graphene oxide (RGO)
52 | I=1,2-1,4 nm W/C=0,5; In Solution of PCS 0.02 mg / ml (100 ml) 4 mg of SEM, XRF; [66]
PCS/RGO=0,5; RGO particles are added. Dispersion degree of RGO;
CEM/Sand =1/3; The mixtures are mechanically stirred and sonicated | Isothermal calorimetry;
CEM 142,5H; for 60 min in an ice bath. Thermal conductivity - 1.115
PCS (solid content) (Sobute New | The dispersion, deionized water and CEM are W/ (m-c);
Materials Co., Ltd, China) — 40 combined, stirred for 5 min, sand is added. Vibrated | Ryr - in 3 days increased by
mas. % ; for 5 min 6.5%;
Sand; Rbend - in 3 days increased by
Powder of RGO (The Sixth 7.8%.
Element, China) — 1,2 mas. % of
cement.
53 | GO nanosheets: | CEM; RGO is obtained from nanosheets of GO in a solution | SEM, XRF; [67]
d=1 mcm; River sand (not more than 2 mm); | of an oxygen reducing agent (hydrazine) with a mass | Chemical analysis;
Package RGO - 0,1%j; fraction of 0.2% (by weight of GO) and a recovery | Zeta potential;
thickness in PCS. time of 15 minutes. X-ray structural analysis;
water Dispersion and adhesion
dispersion (h) — properties between RGO sheets
1 nm. on the surface of the cement
slurry;
Contact angle (CA);
Thermal decomposition of
RGO;
Rpr: 55 MPa,
Rbend - 45.0% increase over
usual cement slurry.
54 | Powder of W/C=0,45; Powder of RGO is dispersed in 10 ml of deionized SEM, XRF; [45]
RGO: Cement; water in a fume chamber. Isothermal calorimetry;
I=1 nm; Powder of RGO, Water and PCS are added to the deionized RGO Workability;
a=0,36 nm. PCS Plastol 6400 (Euclid Canada) | mixture, stirred for 3 hours at 1000 rpm, USP for 3 Rp=65 MPa;

—0,04% mas.;
Water — 1490 ml.

hours.

Roend= 6,0 MPa.
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The dispersion is poured into a bowl and pre-mixed
at 140 rpm for 15 s. Then cement is added and mixed
for 30 s, the stirring speed is increased to 285 rpm for
60 s
55 | C—=77-87%, W/C=0,45; The graphene materials are mixed with deionized SEM, XRF; [47]
O - 13-22%; CEM - 3000 g; water for 3 hours at 1000 rpm, USP 3 hours and are Yielding:
d=15,13-15,95 | RGO - 0,16 mas. % of cement left for 18 hours. Static flow — 72,5 mm;
nm; The dispersion is stirred for 1 hour, USP 1 hour Dynamic flow — 124 mm;
1=0,35-0,36 before mixing with cement. Rpr:
nm; in 3 days — 35 MPa
k=1-3; in 14 days — 62 MPa;
h=125-175 nm. Rbend:
in 3 days — 4,4 MPa;
in 14 days — 5,2 MPa.
56 | Natural Cement; RGO is obtained by the modified Hammers method | Chemical composition; [70]
graphite: RGO -0,4-0,5g; and dried for 6 h at 50-60 ° C. SEM, XRF.
C —99,9%; Deionized water — 150 ml. Powder of RGO is mixed with deionized water and
d=200-300 nm. subjected to USP for 15 min (frequency 20.4 kHz,
power 0.1 to 1 W/ cm?®). The resulting water
dispersion of GO is centrifuged (6000 rpm, 10 min)
to isolate the final product, which is then dried at 70 °©
C for 6 hours.
57 | Nanosheets of | CEM; RGO is obtained from nanosheets of GO in a solution | Particle size of RGO; [71]
GO River sand (to 2 mm); of an oxygen reducing agent (hydrazine) with a mass | SEM, XRF;
RGO - 0,2 mas. % of cement; fraction of 0.2% (by weight of GO) and a recovery Rpr:
PCS. time of 15 minutes. in 7 days — 39,9 MPa;
USP 4 hours. in 28 days — 58,6 MPa;
Riens:
in 7 days — 5,7 MPa;
in 28 days — 6,7 MPa.
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To realization of the XII International Conference on Nano-technology for green
and sustainable construction (NTC 2021) March, 2021, Sharm El Sheikh, Egypt

HccnenoBanus pr3rMKo-MexaHMYECKUX CBOMCTB Hepas-
PBIBHO CBSI3aHBI C M3y4eHHEM OUCIEPCUU U (POPMBI
Or [31, 35, 36].

HekoTtopble aBTOpBI MOCBSIIAIOT CBOU padOThI ellie
OJHOI mpobyieMe, orpaHMUYMBalOLIEH JajbHelee mpu-
MEHEeHHue okcuaa rpadeHa, — BOIPOCY AUCIIEPrupoBa-
Hus1 HaHouCcTOB OI B 111€/1I0YHOM IEMEHTHOUW MaTpuiie
U crocobaM BIMSIHUS Ha 3TOT npotiecc [88]. MHorouuc-
JIeHHBbIe ucciaenoBanusd [1, 3—5, 55] HanpaBieHbl HA U3-
yueHHe yno00yKIaabIBaeMOCTH OeTOHA, CHYDKEHUE TIOI-
BUXKHOCTU LIEMEHTHOTO TECTa U YBEJIUYCHUE €ro BSI3KO-
ctu 3a cuet BBemeHus OT.

[Tpobaema 1OJTrOBEYHOCTU OETOHA M BIUSIHUS HA Hee
OTI'[19, 89, 90] nzyuena nemocrarouHo. OHa OXBaThIBAET
IIUPOKHUI KPYT BOIIPOCOB, BKITIOYAsT KOPPO3UIO apMaTy-
PBI, BEI3BAHHYIO XJIOPUAOM WIM KapOOHU3AUEH, IIMKIIBI
3aMOpaXkKMBaHMUSI-OTTAaMBAHUS, PEaKIIUIO IICJTOUYHBIX 3a-
nosHuTenei u npovee. Ilo MHeHuIo psiga aBTopos, O
TaKke MOXET 00ecIeUMBaTh ITOBBIIMICHWE KOPPO3MOH-
HOM1 CTOMKOCTU MoauduULIMpoBaHHOTrO OeToHa [91].

B xayecTBe MCXOMHOTO YITICPOIHOTO HAaHOMATEpHasia
B M3YyYEHHBIX paboTax MPUMEHSUINCE: HaHOMMCTH O 1
BOT B Buze nmopoiika uiad BOAHOM AUCHepcuu, rpadput
WM OKCUA TpaduTa, N3 KOTOPBIX Pa3TMIHBIMUA METOIA-
mu cuHte3upoBanu I', OI' i BOT.

B xauecTBe BsIXKyIIeTo HanbOJIee YacTO MPUMEHSIETCS
noptaaHaueMeHT I Tumna knacca 52,5 u 42,5 HopMajibHO-
1 OBICTPOTBEPACIOIINI. DTO CBSI3aHO C TeM, YTO IIPUMe-
HeHue aobaBok Tuna OI, BAMSIOIIMX Ha MPOLIECCHI
CTPYKTYPOOOpa30BaHUs LIEMEHTHOI MaTPHUILIbl HA HAHO-
1 MHUKPOYPOBHE, SIBISIETCSI MaKCMMAaJIbHO CIIOXHBIM,
JIOPOTOCTOSIIIIUM Y TTPELIM3BMOHHBIM METOJIOM, IPUMEHE-
HHUE KOTOPOTO Ha JJAaHHOM 3Tarle TEXHOJOTUYECKUX BO3-
MOXHOCTEH SIBJISIETCSI HEOIPaBIAHHBIM TIPU MTOTYYSHU U
HU3KOMAapPOYHBIX U PSIIOBBIX OETOHOB.

W3-3a cnoxHocTtu pacnpeneneHuss OI' B LieMeHTHOM
MaTpulie IyTeM IUCIIEPTUPOBAHUST PACTBOPA HAHOJIVMCTOB
okcuaa rpadeHa MM MHBIX MEXaHNIeCKIMX BO3ICHCTBUI B
OCTOHHYIO CMeCh BBOASITCS Pa3IuyHbIe JOOABKU: OpraHU-
yeckue (tutactudukaropsl (ITAB) [5, 37—39, 43, 46, 48,
49, 51, 5558, 60, 63, 68, 71, 88, 92, 93]), Gmarogaps Ko-
TOPBIM JOCTUTASTCS HAMIyJIlasl CTAOMIM3aLMs JUCIIEP-
cum OTI', u HeopraHuyeckue (MukpokpemHesem (MK) [38,
55, 56, 59, 62, 94, 96], 301a [55, 96], ¢hubpa [38, 55, 58] u
T.1I.), CIIOCOOCTBYIOIIME JTydinemy pacrpeneneauo O B
OCTOHHOIT cMecu Oaromapsl pa3IMYHbIM (PU3UKO-Mexa-
HUYECKHMM TIpoIIeccaM, IIPOUCXOISIITNM B CMECH.

Mertoasl nucrieprupoBaHusi, oOecreynBaoIme pas-
nenenne OI Ha ciion u crabunu3zanuio nucnepcuit YHM
1 CIIOCOOCTBYIOIINE paBHOMEPHOMY pacripeieiieHnio O
MpU BBEACHUU B OETOHHYIO cMecCh (pHucC. 8), YCIOBHO
MOXHO Pa3IeuTh Ha CyX0e AUCIIePrupoBaHue (TBepaast
¢opma OI' — mopollIoK) U B XUAKOW cpede (Kuakas
dopma OI' — mucriepcust). B cBoto ouepens qucieprupo-
BaHME B BOIHOI cpele MOoApa3aeysieTcsl Ha METObI,
MpeaycMaTpuBapIINe MEeXaHUYeCKOe CMeIIUBaHue
(MC), Y30 wnmu kombunanuio MC u ¥30.

Hecmotpst Ha 1o uto OI o cpaBHEHUIO C IpYTUMU (Pop-
MaMHM TpaceHITPON3BOIHBIX HAHOMATEPUAIOB JIYUIIe AVC-

(CTPONIEIIBHBIE

Some authors devote their work to another problem
that limits the further use of graphene oxide — the issue of
dispersion of GO nanosheets in an alkaline cement matrix
and the ways of influencing this process [88]. Numerous
studies [1, 3—5, 55] are aimed at the study of the concrete
placeability, reducing the mobility of cement paste and
increasing its viscosity due to the introduction of GO.

The problem of concrete durability and the effect of
GOonit[19, 89, 90] has not been studied enough. It cov-
ers a wide range of topics, including chloride or carbon-
ation corrosion of reinforcement, freeze-thaw cycles, al-
kaline aggregate reactions etc. According to some authors,
GO can also provide the increase in the corrosion resis-
tance of modified concrete [91].

As the initial carbon nanomaterial in the analyzed
studies, the following were used: GO and rGO nanosheets
in the form of a powder or water dispersion, graphite or
graphite oxide, from which G, GO, or rGO were synthe-
sized by various methods.

The most commonly used binder is I Portland cement
type of class 52.5 and 42.5 normal and fast-setting one.
This is due to the fact that the use of additives such as GO,
affecting the processes of structure formation of the ce-
ment matrix at the nano- and micro-level, is the most
complicated, expensive and precise method, the use of
which at this stage of technological capabilities is unjusti-
fied when obtaining low-grade and ordinary concretes.

Due to the complex nature of the distribution of GO
in the cement matrix by dispersing a solution of graphene
oxide nanosheets or other mechanical influences, various
additives are introduced into concrete mixture: organic
(plasticizers (surfactants) [5, 37—39, 43, 46, 48, 49, 51,
55-58, 60, 63, 68, 71, 88,92, 93]), due to which the best
stabilization of the dispersion of GO is obtained and inor-
ganic (silica fume (SF) [38, 55, 56, 59, 62, 94, 95],
ash [55, 96], fiber [38, 55, 58], etc.), contributing to a
better distribution of GO in the concrete mix due to vari-
ous physical and mechanical processes occurring in the
mixture.

The methods of dispersion that ensure separation of
GO into layers and stabilize dispersions of CNM and pro-
mote uniform distribution of GO when introduced into a
concrete mixture (Fig. 8), can be conditionally divided
into dry dispersion (solid form of GO — powder) and in a
liquid medium (liquid form of GO — dispersion). In turn,
dispersion in water medium is subdivided into methods
involving mechanical mixing (MM), USP, or a combina-
tion of MM and USP.

Despite the fact that GO, in comparison with other
forms of graphene-based nanomaterials, is better dis-
persed in water medium due to electrostatic repulsion
and hydrophilicity [1—4, 41—43, 45—48, 50—59, 61—
65], its distribution in cement-based materials also
turned out to be a difficult problem [73]. Due to the high
concentration of alkaline ions (Ca?", Na*, K¥) in the
solution of fresh cement pastes, the repulsion between
GO nanosheets is decreased [97—99]. In addition, high
hydrophobic nature of some graphene derivatives fur-
ther complicates their dispersion in water. As a result,
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Fig. 8. Methods of dispersion, introduction and distribution of GO into concrete mix

TIEPrUpyeTcsl B BOTHOM cpelie M3-3a 2JIeKTPOCTATUIECKOTO
OTTAJIKMBaHUSA U TuapoduabHocTh [1—4, 41—43, 4548,
50—-59, 61—65], ero pacnpeneieHre B MaTepUaiaX Ha OCHO-
Be LIEMEHTa TaKxKe 0Ka3aJloCh CIOXKHOM 3anaveit [73]. U3-3a
BBICOKOIl KOHIIGHTpALMK IeNoyHbIX MoHoB (Ca’’, Na',
K*) B pacTBOpe CBEXMX LIEMEHTHBIX MACT OTTAIKMBAHKE
Mexay HaHomuctamu OI ocnmabmistercss [97—99]. Kpome
TOTO, BBICOKAsT TUAPO(OOHOCTh HEKOTOPHIX TPOM3BOIHBIX
rpacdeHa erie OoJbliie 3aTPyAHSIET UX IUCTIEPIUPOBAHUE B
BOIIHBIX cpenax. B pesynbrare rpadeHOBbIC JTUCTHI TIPOSIB-
JISIIOT BBICOKYIO TEHACHIIMIO K 00pa30BaHUIO HEOOPAaTUMBbIX
arJioMepaToB WIM OaXe CHOBA CIUMBAIOTCS U OOpa3yioT
rpadur [73]. HekoTopble uccaeaoBaTenn yaydiliamT JucC-
nepcuto Ol B LIeMEHTHOI MaTpHIIe ITyTeM MEXaHUYECKOIO
WJIV CTEPUUYECKOTO pasesieHnsT HAHOJIMCTOB.

OaHuM M3 3(p(GEKTUBHBIX METOIOB AMCIIEPrUpoOBa-
Hus u pacripenenenusi OI' B cocraBe 0eTOHHOU cMecHn

HAYYHO-MeXHU4eCcKuil U npou3800CEeHHbLI JHCYPHAN

Process of mechanical mixing (MM)

MAB - Monvkap6okcunaTHbIi cynepnacTudmkaTop

67.0% [38].

In order to improve the quality of
the distribution of GO in the cement
matrix, a method for deposition of
nanosheets on dispersed components
of a discrete (particles of limited
shape) and extended (small transverse
dimensions with a considerable
length) structure is proposed. Thus, in
a number of studies, fibers of various
compositions are used: PVA fiber [38,
55], carbon fiber [38, 55], polyethylene (PE) fiber [38],
multilayer CNTs [63]. The addition of silica fume (SF) to
the water dispersion of aggregated GO leads to precipita-
tion, which may indicate the presence of mutual reactivity
of the suspension components, which results in the de-
crease in the dispersion of GO. This means the irrational-
ity of the use of SF as a stabilizer. Some authors [79,
100—102] talk about the wedging effect of SF for GO, but
this statement raises doubts due to the significant differ-
ence in the size of the particles of GO and SF.

In order to study the effect of GO on the properties of
a composite material and to establish the mechanism of
action of CNM, a comprehensive assessment of the prop-
erties is carried out through the analysis of:

— Colloidal-chemical properties of GO dispersion:
elemental composition, surface wetting power, degree of
dispersion and oxidation, absorption, zeta potential, etc;
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saBisieTcsl BBeaeHue copmectHo ¢ ITAB. Tak, npeaBapu-
TeJIbHO CTaOMIM3UPOBAHHBII B BOJHOM pacTtBope ¢ [TAB,
0COO0EHHO Ha OCHOBe Mojmkapookcuiaata, Ol mo3BosisieT
MOOMBaThCS HAMOOJBIIMX IlOoKa3zaTeJaeld IPOYHOCTH.
OmHako ciemyeT OTMETUTB, 4TO KommdecTBo ITAB misg
npeaBapuTeabHoil crabunuzauuu O J0KHO ObITh
TIIATEIbHO PACCUMTAHO TYTeM aHaln3a OTHOIICHUS
yrmiepona K kuciaopoay (C/O) B okcuzae rpadeHa, Io-
CKOJIBKY Upe3MepHoe no0aBieHue IuiacTuduKaropa He
TOJIBKO TIPUBOMIUT K CaMoarperaiuy 9acTUI] OKCUaa rpa-
¢eHa, HO U BBI3BIBACT pacTPECKMBaHUE U paccloeHue
oetona [88, 92]. Tak, Hanpumep, [IAB B kommuecTse
0,03 mac. % OI MoxeT yay4llIUTh IPOYHOCTh OETOHA,
Monudumposannoro OT, mpu usrube mo 67% [38].

Jnst yaydilleHus1 KayecTBa paclipeie/ieHUs 4acTHIL
Ol B IeMEHTHOI MaTpulle MpeaiaraeTcs crnocod ocax-
JIEHUST HAHOJIMCTOB Ha AWCIIEPCHBIC KOMITOHEHTHI ITHC-
KpeTHOI (YacTUllbl OrpaHUYEHHO (OPMBI) U TIPOTSI-
JKeHHOM (MaJIble TTOTIepeUHbIe pa3Mephl TIPU 3HAUNTEITh-
HOW mIuHE) CTpYKTypbl. Tak, B psiie uccleaoBaHUM
mpuMeHsieTcs ¢pudpa pasauaHoro coctapa: [IBC-Bomok-
Ho [38, 55], yraepoaHoe BosiokHo [38, 55], [1D-BosoK-
Ho [38], muorocnoiineie YHT [63]. JloOaBieHre MUKPO-
kpemHedema (MK) B BOIHYIO TUCTIEPCUIO arperMpOBaH-
Horo OI' mpuBOAUT K BBIMAACHUIO OCaaKa, YTO MOXET
CBUACTEILCTBOBATH O HAIMINY B3aUMHOM PeaKIIMOHHOMN
AKTUBHOCTU KOMITOHEHTOB CYCIIEH3UU, PE3YJIbTaTOM KO-
TOpPOIt sIBNIsIeTCs CHIDKeHUe auciiepcHoct OI'. BT1o 03-
HavyaeT HepalMOHaJIbHOCTh HcIMogb3oBaHus MK Kkak
crabunusaropa. Hekoropsie aBTopsl [79, 100—102] ro-
BOPSIT 0 packiamHuBatoeM apdexre MK wst O, ogHa-
KO TaKO€ YTBEPXKIEHUE BbI3bIBAET COMHEHMSI BBUILY CY-
IIEeCTBEHHON pa3HUIBI padmepa gactuil OI' m MK.

Js uzyyenus sausiHus OI' Ha ¢cBOMCTBA KOMITO3U-
LIMOHHOTO MaTepyajia M YCTAHOBJICHUS MEXaHMU3Ma Jeii-
ctBusi YHM mpoBOASIT KOMITJIEKCHYIO OLIEHKY CBOMCTB,
aHAIU3UPYS:

— KOJUIOMJIHO-XUMUYECKNE CBOMCTBA JTUCIIEPCUU
OI': aneMeHTapHbIl COCTaB, CMAUMBAeMOCTh ITOBEPXHO-
CTH, CTETICHb JUCIIEPTUPYEMOCTHU M OKHUCIICHUSI, aOCOpO-
1IMs1, N3eTa-MOTeHLIMA U JIp.;

— (pusznueckre U GU3NKO-XMMHUUIECKIE CBOMCTBA 11e-
MEHTHOTO TeCTa M PacTBOPHOM CMeCH: HOpMajibHasl Ty-
CTOTa, CPOKM CXBaTbIBaHUSI, KWUHETUKA U CTeTICHb TMApa-
TallUM, PEOJIOTUUYCCKHUE IMapaMeTphl (ITOABIKHOCTh U
npeaesa TeKy4ecTH);

— (pU3NKO-MeXaHNIECKNEe XapaKTePUCTUKM OCTOHA:
MPOYHOCTh MPU CKAaTUU, U3TUO U pacTSKEHUE, BOIOIO-
[JIOLIEHUE, MOIYJIb YIIPYTOCTH, N3HOCOCTOMKOCTh, CKO-
pOCTb PUIbTpALIAN;

— MUKPOCTPYKTYPY (MOPGhOJIOTHS YaCTUIL UCXOTHOTO
OTI 1 mpoayKTOB rMIpaTalliu, TUIOTHOCTh U TIOPUCTOCTD
LIEMEHTHOIO KaMHs, cTereHb anre3un yactuu O K Bo-
JIOKHUCTHIM KOMITOHEHTAM CMECH M T. 1.), XUMHIEeCKUI
n (azoserii coctaB (PPA) Kak CBIPbEeBBIX KOMITOHEHTOB,
TaK 1 LIEMEHTHOTO KaMHSI;

— KOPPO3MOHHYIO CTOMKOCTb O0eTOoHa (CTOMKOCTb K
KHUCJIBIM cpefaM, Koa(hGUUIMEHT U INIyOMHa BhILLIEIauu-
BaHMS, XUMHUUECKAsT yCaaKa).

— Physical and physicochemical properties of cement
paste and mortar mixture: normal density, setting time,
kinetics and degree of hydration, rheological parameters
(mobility and yield point);

— Physical and mechanical characteristics of concrete:
pressure strength, bending and tensile strength, water ab-
sorption, elastic modulus, wear resistance, filtration rate;

— Microstructure (morphology of particles of initial
GO and hydration products, density and porosity of ce-
ment stone, degree of adhesion of GO particles to fibrous
components of the mixture, etc.), chemical and phase
composition (XRF) of both raw materials and cement
stone;

— Corrosion resistance of concrete (resistance to acid-
ic environments, coefficient and depth of leaching and
chemical shrinkage).

There is no consensus on the mechanism of action of
GO as a modifying additive in the composition of the ce-
ment matrix. Some researchers suggest that GO serves as
a seed for crystallization, causing intensification and a
higher degree of hydration [37, 39, 91, 103]. Others re-
searchers suppose that OG strengthens the cement matrix
by the implementation of a micro-reinforcing func-
tion [1, 4, 53, 85, 104—106]. There is also an opinion
about the combination of these two mechanisms [4, 33,
103, 107, 108].

The study of the mechanism of OG action is carried
out on the basis of the analysis of the microstructural
characteristics of the cement stone according to the mor-
phology of the newly formed hydration products and the
comparison of microporosity in combination with the as-
sessment of the degree of hydration of the modified ce-
ment stone according to isothermal calorimetric and
thermo-gravimetric analysis.

The authors show that the addition of GO nanosheets
to the cement paste can promote the formation of rod-like
crystals [37, 39], as well as their assembly into flower-like
flat and bulky clusters at a low dosage of GO and into
polyhedral and into lamellar crystals at a high dosage. The
formations of drusen-like structures, which differ in the
radiate-fibrous growth of crystals from a certain single
center, may indicate that GO acts as a seed for crystalliza-
tion. In addition, the porous structure of the cement paste
has an important effect on the growth and morphology of
crystals of hydration products. Flower-like crystals easily
form in pores and cracks in cement paste, filling them and
forming multi-point reticular connections, thereby re-
ducing the total volume and diameter of pores. All types of
crystals ultimately tend to form dense and cross-linked
structures. All this helps to improve the pressure, bending
and tensile strength of the cement.

According to various data presented in the articles, the
summary graphs were built (Fig. 9—11).

The indicators of mobility and water-cement ratio of a
concrete mixture with a nanomodifying additive of GO
(Fig. 9) allow estimating the optimal values for the pro-
duction of a mixture with a high degree of workability and
the maximum possible strength. The optimal range of
water-cement ratio is from 0.30 to 0.45.
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EnnHoro MHeHUs IO MEXaHU3MY
nerictBuss O kKak MoaupUUUPYIO-
et 100aBKu B COCTaBe LIEMEHTHOI
MaTpulbl He cyiiectByeT. OmIHU HC-
cemoBaTeNu Tpeamnonaraot, 9ro O
CJIY>KMT 3aTPaBKOI KpUCTA/UIM3aAlIUM,
BBI3bIBass MHTCHCU(MUKAIINIO 1 OoJee
BBICOKYIO CTemneHb ruaparauuu [37,
39,90, 102]. Apyrue — uto OI' ycuiu-
BaeT LIEMECHTHYIO MaTPUILy Ha 3a CUET
peanu3aluvyd MUKPOAPMUPYIOIIEH
dbynkmuum [1, 4, 53, 84, 104—106].
Taxcke cyllecTByeT MHEHHE O KOMOM -
HaIlUM 3TUX IBYX MEXaHU3MOB [4, 33,
104, 107, 108].

W3yyenue mexaHusMa JEUCTBUS
OTI mpoBoOIAT Ha OCHOBE aHAJIN3a MH-
KPOCTPYKTYPHBIX XapaKTEpPUCTUK Iie-
MEHTHOTO KaMHSI 110 MOP(OJIOTUH HO-
BOOOPA30BaHHBIX ITPOAYKTOB IMapaTa-
LMY 1 CPAaBHEHUIO MUKPOIIOPHCTOCTHI
B COBOKYITHOCTH C OIICHKOH CTEeTICHU!
ruapaTauuu  MoOAUGUIIMPOBAHHOIO
IIEMEHTHOTO KaMHS TI0 JaHHBIM M30-
TEPMUYECKON KAJIOPUMETPUU U TEp-
MOTPaBUMETPUIECKOTO aHAIN3a.

ABTOpaMu MoKa3aHo, UTO 100aBje-
Hue HaHoaucToB OI' K LieMEHTHOMY
TECTY MOXET CIOCOOCTBOBATh 00pa3o-
BaHUIO CTEPKHEBUAHBIX KPUCTAJI-
joB [37, 39], a TakKe UX COOpPKEe B
LIBETOINOIOOHbIE IJIOCKKE U 00 BEMHBIE
KJTacTephl TIpU HU3KOM Ho3upoBke OI
W B MHOTOTpaHHbIC M IIIaCTUHYATHIC
KPUCTAJUIBI — IIpU BbICOKOM. Dopmu-
poBaHME JpPY30MOA0OHBIX CTPYKTYD,
OTJIMYAIOIINXCSA  PaauaJbHO-JIyUM-
CTBIM POCTOM KPHCTAJIJIOB OT HEKOETO
€IMHOr0 IIEHTPa, MOXET CBUICTEIIb-
cTBOBaTh 0 TOM, uTo OI' BRICTYITAaeT B
poi  3aTpaBKU KPUCTAJUIU3ALUU.
Kpome Toro, mopucrast CTpykrypa Lie-
MEHTHOTO TeCTa OKa3bIBaeT BaXKHOE
BJIMSIHUE Ha POCT U MOP(MOJIOTMIO KPU-
CTAJIJIOB TIPOAYKTOB THUIApATAIWU.
ITonoGHBIE LIBETKY KPUCTAIbI JIETKO
00pasyoTcs B TOpax M TpelIrHaxX B
LIEMEHTHOM TeCTe, 3aIOJIHSST UX U 00-
pa3ysi MHOTOTOUEYHbIE CEeTYaThle CO-
eIMHCHUS, TEM CaMbIM YMEHbIIIast 00-
uit 00beM 1 nruameTp 1op. Bee bt
KPHUCTAJUIOB B KOHEUHOM MTOTE UMCIOT
TEH/ICHLIMIO K 00pa30BAHUIO TUIOTHBIX
U CLLIUTBIX CTPYKTYP. Bee 310 moMoraer
VAYYIIUTH TIPOYHOCTh IIEMEHTA IpU
CXKaTuu, U3rude 1 pacTsKeHUN.

Ha ocHoBanuM psima TpWBeAcH-
HBIX B CTaThsIX TaHHBIX ObLJIN IIOCTPO-
€HBbI CBOJIHBIE Tpacduku (puc. 9—11).

MoaBUXHOCTb, MM
Movement, mm
nN
o
o

13 14 21 22 23 24 40 40 45 45 45 46 46 46 47 47 47 47 47 50 50
McTouHuK B Tabnuue
Source in the table

MoaBMXHOCTb
Movement

e B/

w/C

0,5

0,45

04 <
mO

035 S5

' 3

, §§
5=

025 o5
e g

02 38
g E

0,15 o=
§[§

01 m

0,05

Puc. 9. MNMokasartenu noaBMmXHOCTU 1 BOAOLEMEHTHOrO OTHOLLEHMS GETOHHOW CMecu ¢ HaHoOMOoaudN-

umpytoLuen nobaskon O
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CTENEHbIO yI00OYKIAAbIBAEMOCTY U & £ fg 15,07 16 : ﬂ
MaKCHUMaJIbHO BO3MOXXHOM IIPOYHO- 0 I I I [
cTbi0. ONTUMAJBHBIN AMAIa30H BO- 5 12 18 20 21 21
JIOLIEMEHTHOTO COOTHOIIIEHUST CO- Morouuk  Tabnuue
Source in the table
crasiset ot 0,3 go 0,45.
[TPOYHOCTL NPU CXaTun IMpoyHoCTb Npw N3rnbe POYHOCTb NPU PACTKEHNN
CremyeT OTMETUTH, YTO MHOTHUE u Compressive strength Bending strength B 7ensie strength
4BTODPBI NPEAIIOWIN HE pasniallaTh Puc. 11. lNpupocT Npo4HOCTEN NpK CXaTumn, M3rnbe 1 pacTsxXeHUn Npyu MoaNPULNPOBaHNN OETOHHON
YUCJIEHHBIE PE3YJIbTAaThl MCCIeN0Ba-  cmecy OF
HUil, UTO HE MO3BOJWJIO MOJYYUTh Fig. 11. Increase in pressure, bending and tensile strengths when modifying the concrete mixture

with GO
MOJIHYIO CTaTMCTUYCCKYIO KapTHUHY.

Ha ocHOBaHMYT MMEIOIINXCS JaHHBIX

MOXHO CKa3aTh, YTO B 3aBUCMMOCTH OT COCTaBa OETOHa,
xapaktepuctuk OI' 1 MeToza ero BBeieHUs B COCTaB Oe-
TOHHOI CMECH 3HAYE€HUSI IPOYHOCTH IIPU CXKATUM KOJIe0-
moTcst ot 23 mo 103 MIla (puc. 10, @), mpoyHOCTH TIpHU
u3rube — ot 4,1 go 18,2 MIla (puc. 10, b), mpouHocTH
npu pactskeHuu (puc. 10, ¢) — or 2,7 no 6,8 MIla.
OnHako BBUIY aOCOJIIOTHOTO Pa3iiMiMsl COCTaBOB OETO-
HOB JaHHas MH(OpMAaLIMs HOCUT BeChbMa YCJIOBHBII Xa-
pakTep, He TO3BOJISISI TIPOBECTU afeKBATHYIO CPaBHU-
TEJIbHYIO OLICHKY M YCTAaHOBUTH 3aKOHOMEPHOCTHU BJIMSI-
HUS T€X WM MHBIX KOMIIOHEHTOB B COBOKYIHOCTU ¢ O
Ha TTOJTyYeHHbIE Pe3YJIbTaThl.

BBumy Toro, uto JuIIb B BOCbMU CTaThsx [38—40, 43,
46—48, 51| npuBomATCS CBEEHUS 110 (DUBMKO-MEXaHIUe-
CKMM XapaKTepucThKaM Kak coctaBoB ¢ OI', Tak U KOH-
TPOJILHBIX, JTUOO MPOCTO yKa3aHO, HA CKOJIBKO YBEIMUU-
BaeTCs TOT WJIM MHOM ITOKa3aTesIb, CIIOXKHO JeJIaTh HEKKe
00061eHns1. OQHAKO IT0 UMEIOIIMMCS JaHHBIM (puc. 11)
MOKHO 3aKJIFOUNTh, UTO IIPUPOCT IMPOIHOCTH TTPU CKATHHN
npu ucnonb3oBanuu OI cocrasinsier 15—47%, npu U3rn-
0e — 48—83%, nipu pactskenun — 24—60%. BecbMa BbI-
COKME 3HAYECHMSI TIPUPOCTA IIPOYHOCTHU TP M3rUOe aBTO-
paM# cTaTeit OOBSICHSIFOTCSI MUKPOAPMUPYIOIITIM 3 PeK-
TOM nelicTBus noo6asku OT'.

Hecmotpst Ha To 4TO IIpUMeHeHKHe OKcuaa rpadeHa B
KayecTBe MoauduUIMpyolleil To0aBKU A1 1IeMeHTobe-
TOHA M3YyYeHO HE3HAYUTEJIbHO, HA OCHOBE IPOBEACHHO-
rO aHaJIN3a MOXHO ClieaTh BBIBOJ O TOM, uyTo OI sBisi-
eTCsd OJHUM W3 MEePCHEKTUBHBIX MOIUGBUIIUPYIOIINX
KOMIIOHEHTOB JIJIST LIEMEHTHBIX KOMITO3UTOB.

Takum ob6paszom, BBegeHue OI' B cocTtaB O€TOHHOI
CMeCH MHTEHCU(MULMPYET IPOLECC TUAPATALIMY LIEMEH-
Ta, BJAWSET Ha TMPOLECCHl CTPYKTYPOOOpa3oBaHMS 1ie-
MEHTHOI MaTpHILIbl HAa HAHO- U MUKPOYPOBHE, CII0CO0-
CTBYET YJIyUIIEHUIO (PU3UKO-MEXaHUIECKUX XapaKTepH-
ctuk. OgHAKO ero IMpsIMOe BBEIIEHUE B CMECh HE TOJIBKO
He o0ecIieurBaeT Xopollee AUCIIEPIUPOBAHUE B MATPU-
11e, HO Y YBEeJMYMBAET PacXoid W, Kak CJIeICTBUE, CTOU-
MOCTh KOHeUHOro npoaykra. [TokazaHo, uTo Ha addek-
TuBHOCTh OI' BIMSIOT METOABI €T0 IHMCIIEPTUPOBAHUS,
BBEJEHUS W paclipelnesieHus1 B 0eToHHON cMmecu. [Ipu
5TOM HAWJIYUYIIWM pe3ybTaT MOKa3bIBaeT AUCIIEPTUPO-

VIV BT Bl

It is necessary to note that many authors preferred not
to disclose the numerical results of the studies, which did
not allow obtaining a complete statistical situation.
According to the available data, it can be said that, de-
pending on the composition of concrete, the characteris-
tics of GO and the method of its introduction into the
composition of the concrete mixture, the values of pres-
sure strength range from 23 to 103.0 MPa (Fig. 10, a),
bending strength ranges from 4,1 to 18.2 MPa (Fig. 10, b),
tensile strength ranges from 2.7 to 6.8 MPa (Fig. 10, ¢).
However, due to the absolute difference in the composi-
tions of concretes, this information is very conditional
and does not allow an adequate comparative assessment
and establishment of the patterns of the influence of cer-
tain components in conjunction with OG on the obtained
results.

Due to the fact that only 8 articles [38—40, 43, 46—48,
51] provide information on the physical and mechanical
characteristics of both compositions with GO and control
ones, or simply indicate how a particular indicator in-
creases, it is difficult to make any general conclusions.
However, according to the available data (Fig. 11), it can
be concluded that the increase in pressure strength during
the use of OG is 15—47%, in bending it is 48—83% and in
tension it is 24—60%. The very high values of the increase
in bending strength are explained by the authors of the
articles by the micro-reinforcing effect of the action of
OG additive.

Despite the fact that the use of graphene oxide as a
modifying additive for cement concrete is under studied,
based on this analysis, it can be concluded that OG is one
of the promising modifying components for cement com-
posites.

Thus, the introduction of GO into the composition of
the concrete mixture intensifies the process of cement
hydration, affects the processes of structure formation of
the cement matrix at the nano- and micro- levels and
improves physical and mechanical characteristics.
However, its direct introduction into the mixture not
only does not ensure good dispersion in the matrix, but
also increases the consumption and, as a consequence,
the cost of the final product. It is shown that the effi-
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BaHWE B BOAHOM cpefie ¢ mpuMeHeHueM Y30 mpu ogHO-
BpeMeHHO# crabmwim3anuu O mnactuduuupylomnei
I00AaBKOU B TIPUCYTCTBUM BBICOKOIMUCIIEPCHBIX J0OaBOK
pasnuuHoii Mopdosoruu. OUueBUAHBIM MPEUMYILECTBOM
ncronb3oBanust O sBisteTcs ero 6ojiee HU3KAasl CTOU-
MOCTb IO cpaBHEHHUIO ¢ Apyrumu YHM, nockosbKy oH
CUHTE3UPYETCSI B OOJIbIIMX KOJMYECTBAX U3 HEIOPOTUX
yacTull rpaduTa.

3akioueHne

B HacTos11€e1 cTaThe MpeaAcTaBIeH aHaIu3 pe3yJibTa-
TOB UCCJICAOBAHUI KaK POCCUICKIX, TAK 1 3apyOEKHBIX
aBTOPOB, pabOTAOIIMX B HANpaBACHUU U3YYEHUS OK-
cuma rpadeHa B KauecTBE HAHOMOIU(DUILIMPYIOIIEH 10~
0aBKM JUTS [IEMEHTOOETOHA, METOZOB €ro JUCIIEPTUPO-
BaHUs 1 BBeICHMS B LIEMEHTHYIO MaTpuily, BiausHus O
Ha yI00OYKJIaabIBA€MOCTh, TPOLIECCHl THUIpaTaIllu,
CTPYKTYpPOOOpa3oBaHUsI, MeXaHMYECKUE XapaKTepu-
CTUKHM U [OJTOBEYHOCTh MaTepwaja. HakorieHHbII
SMITMPUYECKUI MaTeprasl IMO3BOJUJ MPOBECTU 0000-
IIEeHWEe W CTPYKTYPHUPOBAHUE MMECIOIIUXCS JAaHHBIX I10
TaKuUM KpuTepusiM, Kak Bug YHM, ero cBolicTBa Kak B
BUE UCXOMIHOTO, TaK M B KQUeCTBE CHIPbEBOTO MaTepH-
ana st cuaTe3a Ol BUm BSOKyIIeTo M (hyHKIIMOHATb-
HBIX 100aBOK; METOA U CIIOCO0 CTaOMIM3alluu, BBEIE-
Hus u pactnpeneiaeHus O’ B 0eTOHHOI cMecH; KOHTPO-
JIMpyeMble TIapaMeTpbl U (PU3MKO-MEXaHUYECKUe
cBoiicTBa 6eToHa. [Ipoananu3upoBaHHbIE (PU3UKO-Me-
XaHUYeCKMe CBOMCTBA OETOHOB, pa3pabOTaHHBIX pa3-
JIMYHBIMYA HAYYHBIMU TI'PYIINaMU, MO3BOJUIN BBIBECTU
rpaHUYHbIC 3HAUYCHUS BOJOLIEMECHTHOTO OTHOIICHUS U
MOJABMXKHOCTU LIEMEHTHOTO TECTa, IPOYHOCTHU IIPU CXKa-
TUU, U3TU0E U PACTSKEHUMN.

B cBs13u ¢ TeM, 4yTO TeMa MOIUMULIMPOBAHUS LIEMEH-
TOOETOHA OKCUJIOM IrpadeHa Bce ellle OCTaeTCs MaJlou3-
YUEHHOW W MHOXECTBO BOIIPOCOB OCTAIOTCSI OTKPBITHI-
MM, HEOOXOAUMO MPOAOJIKUTH UCCIEIOBAHUS B YaCTH:

— METONIOB co3fnaHusl ctabwibHol aucrniepcuu Ol u
€€ BBEICHHUS B LIEMEHTHYIO MaTPUILY;

— CIoCcO0OO0B MOBBILLIEHUST YI000YKIaAbIBAEMOCTH O€-
TOHHOI cMecH, MoauduupoBaHHoi OT;

— OLICHKM MexXaHM3Ma 00pa30BaHUS MPOIYKTOB U~
paTalyM IIeMEeHTa U METOIOB YIIPaBJICHUs MpoLeccaMm
rUApaTaiuu;

— 3aKOHOMEPHOCTEH M3MEHEHMST (DU3MKO-MEXaHM-
YEeCKMX XapaKTepPUCTUK OT BUIA, METOJOB BBEICHUS U
pacupeneneHust OI', xapakTepa B3anMOIEICTBUS C APY-
TUMU MOIUMULIMPYIOIIMMU J0OaBKAMM;

— OLICHKU JOJITOBEYHOCTH KOMITO3UTOB C MCIIOJb30-
BaHuem OT.
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MporHo3upoBaHne NPOYHOCTH LLEMEHTHBIX KOMNO3UTOB
C OKCM0M rpacheHa MeTof0M KOHEYHbIX 3JIEMEHTOB

McenenoBaHa BOSMOXHOCTb CBA3U MEXY MONEKYNAPHOI U CTPYKTYPHOI MEXaHUKON LLeMEHTHbIX KOMMNO3MTOB Ha OCHOBE
noptnaxguementa mapku U500 [10 H uemextHoro 3asoga OAO MO «fAkytuemeHT» (C5A = 6,98%, HILT = 26,25%) 1 cycrieH3un okcnaa
rpadpeHa, NPUroTOB/IEHHOI MO TEXHONIOTNYECKOMY perniameHTy nabopatopuu «IpadoeHosble TexHonorun» CBAY um. M.K. AMmocoBa.
[na cozpanus Teopum METOAMKM NMPOrHO3MPOBaHNS paspaboTaHa cxema YCpeLHEHNS CBOMCTB MEXaTOMHbIX CBA3E AN NONyYeHus

e OpMaLMOHHBIX XapaKTePUCTUK LIEMEHTHOMO KaMHS C NACTamMu OKcuaa rpadpeHa, ¢ JarbHeiLleid roMoreHm3anmen 1 pacyeTom
MaKpoOMOLENu LEMEHTHOr0 KOMNO31Ta MeTO40M KOHEYHbIX 3/1eMeHTOB. [119 onpejesieHns CX0AMMOCTM UCMOSb30Banoch NPorpamMmmMHoe
o6ecneyenne Ansys 2020 R1 1 amnupuyeckue pesynsratbl paHee NPoBeAeHHbIX 3KCNepUMeHTOB Kadoeapbl «[TpoMbILLNEHHOE 1
rpaXaaHckoe CTPouUTenbCTBO» GBAY. YeTaHOBNEHO, 4TO FOMOreH3NpoBaHHas Moaenb UMeeT npefen npoyHoctn 48,8 Ma, a
(hakTnyeckme 06pasiibl UMEKOT MPOYHOCTL NpU CXxatuu 0T 58 o 62 MIa. Takum 06pa3om, jaHHas Teopus NPOrHo3MpoBaHus Tpebyet
CYLLIECTBEHHOI1 [0pPab0TKM 1 BEpUMKALMIA HA SMIUPUYECKNX AAHHbIX. NS BbINOMHEHUS TaKUX UCCReA0BaHNA TpebyeTca CO3AaHne
MEXANCLMNINHAPHOA YHUBEPCANBHON HAy4HOI rPyNMbl U3 YNCNA aCNMPAHTOB Kadheap Xummn, MaTeMaTuKI, CTPOUTENbHbLIX MaTepuanos.

KnioyeBble cnoBa: okcup rpadpeHa, roMoreHnsaLus, LeMeHTHOe TecTo, K03athuLneHT MyaccoHa, NPOYHOCTb, MUKPOCTPYKTYpa, MeTo

KOHE4YHbIX 3/IEMEHTOB.
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Forecasting Strength Cement Composites with Graphene Oxide by Finite Element Method

Possibility of connection between molecular and structural mechanics of cement composites based on brand of Portland cement PG 500 DO H of cement plant JSC “Yakutcement”

(C5A = 6,98%, normal consistency of a cement paste = 26,25%) and graphene oxide suspension prepared in accordance with the Ammosov North-Eastern Federal University (NEFU)
“Graphene technologies” laboratory production procedures is investigated. For developing a forecasting technique theory, a scheme for averaging the interatomic bonds properties to
obtain the stress-strain characteristics of a cement with graphene oxide sheets with further homogenization and calculation of the cement composite macromodel using the finite ele-
ment method was developed. To determine the convergence, Ansys 2020 R1 software and empirical results of previously conducted experiments of the NEFU Department of Industrial
and Civil Engineering were used. It was found that the homogenized model has a tensile strength of 48.8 MPa, and the actual samples have a compressive strength of 58 to 62 MPa.
Thus, this forecasting theory requires significant refinement and verification on empirical data. To carry out such research, it is necessary to create an interdisciplinary universal scientific
group from among post-graduate students of the Chemistry, Mathematics, and Construction Materials Departments.

Keywords: graphene oxide, homogenization, cement paste, Poisson’s ratio, strength, microstructure, finite element method.

For citation: Skryabin A.P., Fedorova G.D. Forecasting strength cement composites with graphene oxide by finite element method. Stroitel'nye Materialy [Construction Materials]. 2021.
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Oxcun rpaeHa (OI') cocTouT U3 CoeAMHEHUS yIje-
poma, BOIOPOIa M KUCIOpoAa B Pa3IMUHBIX COOTHOIIIE-
HUSIX, 00pa3yeTcs mpu 00paboTKe rpadurta CUIBHBIMU
okucauteasiMu (puc. 1). Yarie Bcero 3To rekcaroHajlib-
Has (COTOBasi) pemieTka co crenupuIeckKon TByMepHO
CTPYKTYPOI ¢ pa3HbIMU KUCIOPOACOAEPXKAILMMU (PYHK-
uvoHabHbIMU Tpynmamu [1]. Tpaden nmeer yHuKamb-
HbIe MEXaHMYECKUE CBOMCTBA, TAaKME KaK BBICOKMIA MO-
nynab FOura (1 TIla), npenen npouynoctu (130 I'Tla) u
BbICOKAs yaebHasl MI011aab HOBepXHOCTHU [2]. OCHOBHOI
NEPCIEKTUBHON XapaKTEPUCTUKOMN SIBJISIIOTCS BBICOKME
nedopMaTUBHBIE CBOMCTBA, KOTOPHIE 1alI0T BO3MOXHOCTD
HCIOJIb30BaHUs B KaYeCTBE apMUPYIOIIETO 3JIeMEHTa B
Pa3IMYHbBIX KOMITO3UIIMOHHbIX cucTeMax [3—6].

B paHee nmpoBeaeHHBIX IKCIIEPUMEHTAIbHBIX UCCIIe-
noBaHusX [7—10] ObUIM TTOJTydYeHBI Pe3YIbTaThl, TOKAa3hI-
BaIOIIIME TTOBHIIIIEHUE TTPOYHOCTHBIX CBOMCTB KOMITO3UT-
HOI CUCTEMBI «LIEMEHT — OKCUJ rpadeHa». Y CTaHOBJICHO,
YTO CYIIECTBYET TEXHOJIOTMYECKast TpobemMa paBHOMep-

Q POVIEIIBHBIE

Graphene oxide (GO) is a compound of carbon, hy-
drogen and oxygen in various ratios which form when
graphite is treated with strong oxidizing agents (Fig. 1). It
is often a hexagonal (honeycomb) lattice with a particular
2D structure with different oxygen-containing functional
groups [1]. Graphene has unique mechanical properties,
such as high Young’s modulus (1 TPa), tensile strength
(130 GPa), and high specific surface area [2]. Its main
promising characteristic is high stress-strain properties,
which make it possible to use it as a reinforcing element in
various composite systems [3—6].

In previous experimental studies [7—10] results were ob-
tained showing an increase in the strength properties of the
composite system “cement — graphene oxide”. It is found
that there is a technological issue of even distribution of GO
films over the entire cement mortar structure, which is a
complex and uncontrolled process. This, in turn, reduces the
precision of GO effect on strength properties. If we consider
the results of the studies [7—10] and compare them with the
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Horo pacnpeaeyieHus: rieHok OI' 1o
BCEii CTPYKTYpe LIEeMEHTHOTO PacTBOpa —
CJIOXKHBI M HE KOHTPOJUPYEMBI IIPO-
1ecc. DTo B CBOIO 04Yepeb CHIKAET TOY-
HBIl Xapakrtep BausgHusg O Ha mpou-
HOCTHBIE cBoiicTBa. Eciiu paccMaTpuBath
pe3ynbrathl pabot [7—10] u cpaBHUTH ¢
pesyiabTaTtamu [11—13], ToO MOXHO 3aMe-
TUTh, 4TO TIpu nobasieHun O B Konm-
yectBe 0,05 mMac. % or Macchl LieMeHTa
Ipejes1 IPOYHOCTH oTindaercs. Eciu He
VUUTBIBATh CITOCOOKI TIPUTOTOBJICHUS IO
pa3HbIM TEXHUYECKUM perjaMeHTaM W

pa3HbIe XapaKTepUCTUKU CBIPhSI, TO pe-
3yJAbTaT OydeT cooTBeTcTBOBaTh. Ho
€CJIA YYUTHIBATh BCE ACIIEKTHI BO3MOX-
HBIX MCXOHOB 3MITUPHYECKUX JTaHHBIX,
TO JIJIsS1 CHUKEHUSI HETOUHOCTE ! Heo0X0-
JITMa METOIMKA ITPOTHO3MPOBAHMS.

B cBs13u ¢ 3TUM OCHOBHOI 3amayei
WUCCJICAOBAHUS SIBIISIETCS OOecIeYeHue
BO3MOXHOCTH aBTOMAaTH3MPOBAHHOTO
MMPOCKTUPOBAHMUS LIEMEHTHBIX KOMITO3M-
TOB C HaHOHOOABKaMM, C CO3IaHUEM
KOPPEKTHOM BBIYMCIUTEIBHOU IIPOLIE-
IIYPHI IUTST IPUIAHUS OTIpeIeICHHBIX (Pu-
3UKO-MEXaHUYECKUX XapaKTePUCTUK
IIPY YCIIOBUM HEOIIPEACICHHON SICHOCTHI
BO3aeMCTBUSI 100aBOK. YucaeHHOEe MO-
JIeTMPOBaHKUE MEJIKUX CTPYKTYP MaTepu-
aJIOB OCJIOXHSETCsl 00JbIION MaciuTad-
HOM pasHulleii. MeToJ KOHEUHBIX 2Jie-
MEHTOB MOXET OBITh MCITOJIB30BaH IS
MOAPOOHOI0 MOICIUPOBAHUS CTPYKTY-
pBI MaTepraia B MAKPOMOZECIH, HO 00b-
€M pacyeTOB COCTAaBUT IIPAKTUUECKHU
OeckoHeyHOoe MHOXecTBO. Jlisa pelie-
HUS 3aJauyd TIPUMEHEH METOI TOMOTe-
HU3ALMU, KOTOPBIH SIBJSETCS] CTaHAAPT-
HBIM TTOIXOIOM B aHAJIM3€ CTPYKTYPHBIX
KOHEUYHBIX 3JIEMEHTOB IS HAHOCTPYK-
TypPUPOBAaHHBIX KOMITO3UIIMOHHBIX Ma-
TepHUaJIOB; aHAJIOTUYHBIE pPaOOTHI IIPOBEICHBI aBTOpPAa-
M [14—16]. MeTtoz 3aKkiitodaeTcs B yCpeJHEHUU CBOCTB
MHOTOMACIITaOHOTO CTPYKTYpPHOTO Marepuaja C dJa-
CTUYHO OMNpeneIeHHbIMU XapaKTepUCTUKAMU KOMIIO-
HEHTOB 0¢3 NCITOIb30BaHMSI B BEIYUCICHUSIX ITOAPOOHOI
MUKPOCTPYKTYPBI, UTO 1a€T CHUXKEHNE PECYypPCOEMKOCTH
BBIYMCJICHUA.

3a oCHOBY MO/ IMpOBaHus B3sIThl 00pa3iubl ¢ OI', u3-
TOTOBJICHHBIE HA MECTHOM MOPTJIAHALEMEHTe MapKu
I11500 10 H uementHoro 3aBoma OAO I1O «Akyt-
LIEMEHT»; XapaKTepUCTUKU TMpPUBEAcHBI B padote [8].
Taxcke MCTIOMb30BaIACh CYCIIEH3UsI OKCHIa TpadeHa Jia-
o6oparopun «I'padheHoBbie TexHoMOTUN» CBDY. Pazmep
HaHoymuctoB OI ot 0,7 mo 1,3 MkM; ToammHa ot 1,5 1o
10 HM; TexHoOJIOTHUSI CMHTEe3a ornucaHa B pabote [17].
HcnbiTaHue 1ieMeHTa BBINIOJIHSUIOCh B COOTBETCTBUM C
I'OCT 310.

Puc. 1. O6wuii BuA, CTPYKTYpbl okcuaa rpadeHa
Fig. 1. General graphene oxide structure

Puc. 2. CSM cHuMKkmM nccnepyembix ob6pasuos ¢ O B Bo3pacTe 28 cyT: a — yBenudeHne 10000,
macwTab 1 Mkm; b — yBenuyenne 5000, macwitab 1 Mkm; ¢ — yBenndexve 1000, macwtabd 10 MKMm;
d - yBennyenune 500, macwtab 10 Mkm

Fig. 2. SEM images of test samples with GO at 28 days: a — magnification of 10000 scale 1 um;
b — magnification of 5000 scale 1 um; ¢ — magnification of 1000 scale 10 um; d — magnification of
500 scale 10 ym

results of other studies [ 11—13], it can be seen that when add-
ing GO of 0.05 wt% the tensile strength differs. If preparation
methods of different technical regulations and different
characteristics of raw materials are not taken into account,
the results differ correspondingly. But if all aspects of possible
empirical data outcomes are taken into account, a forecast-
ing technique is necessary to reduce inaccuracies.

In this regard, the main aim of the study is to make
computer-aided design of cement composites with nano
additives possible with the development of a proper compu-
tational procedure for ensuring certain physical and me-
chanical characteristics under conditions of uncertain clar-
ity of the additives effect. Numerical modeling of materials
small structures is complicated by a large difference of scale.
The finite element method can be used for detailed model-
ing of the material structure in a macromodel, but the num-
ber of calculations will be almost infinite. To solve the
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Puc. 3. TeopeTtuyeckuii BapuaHT B3aumopgeincTteusa O ¢ npoayktamu
rugpataumm

Fig. 3. Theoretical version of GO interaction with hydration products

Jist uzyyeHust MOp(OJIOTUUECKON CTPYKTYPhl ObLIN
BBITIOJITHEHBI CHUMKHW Ha 3JEKTPOHHOM MHKPOCKOIIE
JEOL F7500 (puc. 2). IIpu uccnenoBaHusIX TaKOro Xa-
pakTepa Ha JaHHOM THUIIe MUKPOCKOIIa BO3HUKAET CJIOXK-
HOCTbH BaKyyMU3allii 00pa3IoB, YTO CHIKAET YeTKOCTh
Ha OoJIbIINX yBeanueHUs1X. CKopee BCero, 3TO CBSI3aHO C
TTOPUCTOM CTPYKTYPOI IEMEHTHOTO KaMHS, HAJIMYUEM
CBOOOIHBIX TIBLJIEBBIX YACTUI[ U OCTAaTOYHOM BJaXKHO-
CTBIO 00pa31oB. B CBS3M ¢ 9TMM YeTKOCTh KApTUHBI Ta-
JIaeT Ha 1-M MKM, 4YTO MPaKTUYECKHU B ThICSIUY pa3 00Jb-
mre, yeM pasmep ygucta OI'. Tem He MeHee IJisI OLIEHKU
3G GHEKTUBHBIX MEXaHWTUECKUX CBOMCTB KOMITO3UTA «IIe-
MEHT — OKcuJ rpadeHa» Ipu MOMOIIN KOMIIbIOTEPHOTIO
MOJIEJTMPOBaHUST 1e(pOPMUPOBAHUS TIPEACTABUTEILHOTO
o0beMa IIEMEHTa HCIOJb3yeM YCPEIHEHHYI TEOpUIO
aBTopoB [ 18—20], roe yTBepxxaaeTcs, uTo okcus rpacheHa
BBICTYTIAeT KaTaaru3aToOpoM 00pa3oBaHUs 1IBETKOITOA00-
HBIX KPUCTAJJIOB TUIPOCHINKATOB KaJIbIsI, COCTOSIIINX
U3 CTEePXHEIMOMOOHBIX MHOTOTPaHHBIX KPHUCTAJLJIOB.
Kucnopoaconepxaiiue rpynnbl Ha moBepxHoctu OI
BCTYIIAIOT B PEeaKIIUIO C aKTUBHBIMHU TPYIIIaAMU TIPOIYK-
TOB TUIpaTallMy 1IEMEHTa, TeM CaMbIM CO3[1aBasl MecTa
ckoruienust OI' ¢ C—S—H, uro gaet achdekr yruioTHeHUs
CTEePKHEBBIX CTPYKTYP (puc. 3). DTO B CBOIO 0Yepeb BbI-
3BIBACT YBEJIMYEHUE TTPOTHOCTH TIPU CKATHUM.

JI1s1 BBIYMCIIEHUS KeCTKOCTU cBs3u Mexay OI u re-
aasmu C—S—H npumenHunu metoauky padotwl [21].
ABTOpBI pacCUMTHIBAIOT MOy Tb FOHTa TpacdeHOBBIX JIN-
ctoB. OCHOBHas 1ieJib TaHHOI pabOThl — YCTAaHOBKA CBSI-
34 MEXAY MOJIEKYJISIPHOM MEXaHUKOW U MEXaHUKOU
CIUIOLIIHBIX Cpell MTyTeM pacyeTa mapaMeTpOB MEXXaTOM-
HBIX CBS3EM IO aHAJOTMM C OalOYHBIMU CHUCTEMaMU;
pacyeTHas cxeMa IpeJicTaBlIeHa Ha puc. 4, a—c.

Mexay OT ¢ ee rpynnamu —COOH wu SiO, npeano-
JIOXKUTEJIbHO BO3HMKAeT MOHHAs1 CBsI3b. COOTBETCTBEH-
o OI' OymeT HaxoAUTHCSI B MEXCIOMHOM MPOCTPAHCT-
Be reneit C—S—H, oOpasys KucIopogHble MOCTH-
ku (puc. 4, d). Tak kak CaO HeliTpalieH, CTPYKTypoooOpa-
3ylomast cBsI3b BO3HUKaeT Mexay —O—O— rpynmbl —
COOH, tne mpoucxomuT BbIOMBaHUE Bomopoxa —H.
COOTBETCTBEHHO, UIs1 JaJbHEUIIEH TOMOTeHU3allu1 He-
00XOIMMO OTIPENeTUTh OPTOTPOITHBIE MEXaHWYECKUe

Qr OVIEIIBHBIE

problem, the homogenization method is used, which is a
standard approach in the analysis of structural finite ele-
ments for nanostructured composite materials, similar stud-
ies were carried out by the authors [14—16]. The method
consists in averaging the properties of a multiscale structural
material with partially defined characteristics of the compo-
nents, without using a detailed microstructure in calcula-
tions, which reduces the resource intensity of calculations.

The modeling is based on samples with GO, which were
produced using the local Portland cement brand PC
500 DO H of the cement plant of JSC “Yakutcement”, the
characteristics of which are given in a study [8]. A GO sus-
pension from the NEFU “Graphene technologies” labora-
tory was also used. The size of the GO nanosheets varies
from 0.7 to 1.3 um, the thickness varies from 1.5 to 10 nm,
the synthesis technology is described in paper [17]. Cement
testing was performed in accordance with GOST 310.

To study the morphological structure, images were ob-
tained using JEOL F7500 electron microscope (Fig. 2). In
such studies, when using this type of JEOL F7500 micro-
scope, it is difficult to vacuum samples, which reduces clar-
ity in high magnifications. Most likely, this is due to the
porous structure of the cement stone, loose dust particles,
and residual moisture of the samples. In this regard, the im-
age clarity decreases on the scale of 1 um, which is almost a
thousand times larger than the size of a GO sheet.
Nevertheless, to evaluate the “cement — GO” composite’s
effective mechanical properties using computer stress-
strain modeling for a representative cement volume, we use
the averaged theory of the authors [18—20], which states
that GO acts as a catalyst for the formation of flower-like
calcium hydrosilicate crystals consisting of rod-like polyhe-
dral crystals, where oxygen-containing groups on the GO
surface react with the active groups of cement hydration
products. Thus, creating accumulation spots of GO with
C—S—H, which gives the effect of compaction of rod struc-
tures (Fig. 3). This in turn increases compressive strength.

To calculate the bond stiffness between GO and
C—S—H gels, the work method from a study was used [21].
The author calculates the Young’s modulus of graphene
sheets. The main purpose of this work is to establish the
connection between molecular mechanics and continu-
um mechanics by calculating the parameters of atomic
bonds by analogy with beam systems; the calculation
scheme is presented in Fig. 4, a—c.

An ionic bond is assumed to occur between the GO
and its groups —COOH and SiO,. Accordingly, GO will
be located in the interlayer space of C—S—H gels forming
oxygen bridges (Fig. 4, d). Since CaO is neutral, a struc-
ture-forming bond occurs between the —O—O— of —
COOH group, where hydrogen —H is knocked out.
Therefore, for further homogenization it is necessary to
determine the orthotropic mechanical properties of
C—S—H gels with GO. Homogenization properties will
derive from relative elastic properties of GO itself and the
elastic properties of bonds arising in reaction with cement
hydration products. In this paper, the oxygen bridge be-
tween SiO, atoms and —COQO groups is considered, and
equations 1—2 are used to calculate the properties:
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Puc. 4. PacyeTHble CXEMbI: @ — pacyeTHas CXxemMa TEOPUN MONEKYNSPHON MEXaHUKN (MEXaTOMHbIE B3aMOLENCTBMSA); Puc. 5. Vcnonb3osaHne Ansys:
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YyeTHbIX cxeM; d — pacyeTHas cxema Ol ¢ C-S-H

Fig. 4. Calculation schemes: a — calculation scheme of molecular mechanics theory (interaromic interactions); b —
calculation scheme of structural mechanics theory (stress, curve and rotation); ¢ — transition of calculation schemes;

d - calculation scheme of GO with C-S-H

cBoiictBa reneit C—S—H c¢ OI', mokaszatenun KOTOPBIX
OyIyT UCXOAMUTh OT YCJIOBHBIX YIIPYTMX CBOMCTB CaMOro
OI u ynpyrux CBOMCTB CBsI3€l, BOSHUKAIOIINX TP pe-
aKIMKU C TIPOAYKTaMU TUapaTalliM ieMeHTa. B maHHOi
paboTe pacCMOTPeH KUCIOPOAHBIA MOCTUK MEXIY aTo-
mamu SiO,4 u rpynnamu —COO, mis BbIUMCIEHUS
CBOICTB MCIOJIb30BaHbI ypaBHeHMS 1, 2:

ke k2L kik,L
d= 4/ , E= , G= ; (1)
k.’ 4mky Snki
EA _ EI _ GJ _
=k, =ko, — =k (2)

s pacyeTa OBUTM MCIOJIB30BAHBI XapaKTEPUCTUKI
KHUCIIOPOAHBIX COeAMHEeHMit [22], Toe mInMHAa MOCTHKA

Puc. 6. Pacuet cBszeit MK3
Fig. 6. Bonds FEM calculation
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b — TpexmepHas Moaenb CBA3en

Fig. 5. Ansys application: a — 2D
GO model; b — 3D bonds model

(kg ki L kikL
= 7 E = s G = 5 1
=4, 4mkq 8mkg M
EA EI GJ
L = kr: = k9: L = kr- (2)

For the calculation, the characteristics of oxygen com-
pounds were used [22], where the bridge length is 660 nm,
the diameter is 36 nm, which, when calculating the elastic
modulus of a given beam diameter, will be £=189 GPa
and G=9.48 GPa.

To model the interaction of SiO, with GO, the Young’s
modulus £=1000 GPa and the Poisson’s ratio 0.345 were used
for graphene [16]. The model follows the law of ideal elastic-
plastic deformation. For the simulation, the 40 by 20 nm spot
was taken and the Ansys package was used (Fig. 5, a, b).

For further homogenization, Material Designer package
was used. Based on the obtained results of the bond charac-
teristics (Fig. 6), the orthotropic characteristics of C—S—H
gels are calculated (Fig. 7). For the initial elastic modulus of
cement £, 520000 MPa is assumed, which according to [23]
approximately corresponds to the cement ultimate strength
of 65 MPa; the initial elastic modulus of the contact zone
Ey 17 is 0.7. The Poisson’s ratio is assumed to be 0.15 [24].

To obtain a similar result with previously conducted
experiments, the cement mortar preparation method was
recreated, namely, the uniform random distribution of
GO with a dosage of 0.05 wt% was taken into account.
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660 HM, qraMeTp 36 HM, YTO MPU pacye-
Te MOMIYJIEH YIPYroCTH JAaHHOTO AMaMe-
Tpa Oanku coctaButr E=189 ITla mu
G=9,48 I'Tla.

st MomeaupoBaHUSI B3aMMOJICH-
ctBus Si04 ¢ OI' nnda rpadena npuH4-
o1 Monysb FOura E=1000 I'Tla, xoad-
duument Ilyaccona 0,345 [16].
Mogeab NOAYMHSETCS 3aKOHY Maeallb-
HO yIIPYTOIIACTUIECKOTO Ae(POpMUpPO-
BaHwMs1. [t MOJeIMpoBaHUsI B3siTa 00-
smacth 40 Ha 20 HM ¥ UCITOJIL30BaH I1a-
KeT Ansys (puc. 5, a, b).

Jnsg nmanpHeWein roMoreHu3anun
KCrofib30BaH makeT Material Designer.
[To mojy4yeHHBIM pe3yJbTaTaM XapaKTe-
PUCTHK CBs3eil (puc. 6) IPOU3BOAUM
pacyeT OPTOTPOITHBIX XapaKTEPUCTUK T'e-
et C—S—H (puc. 7). Insg HavaabHOTO
MOJYJISI YIPYTOCTH ILIEMEHTHOIO KaMHSI
Ey s npunsTo 20000 MITa, uto mo [23]
TPUMEPHO COOTBETCTBYET IPEAETY TTPOY-

I * - 0 - 3 - o - E

: x - z z

E '..*-J_IJ EgmagDm o
1| cemery v 4
areT 2
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Puc. 7. 3T1anbl roMoreHn3aumm: a — y4acTtok LLeMEHTHOrO KaMH$sl C COAep>XXaHeM MIOTHbIX y4acT-
koB ¢ Ol ¥ NPoAYKTOB rmapaTaumm; b — KOHeYHast CTPYKTypa LLEMEHTHOIO KaMH$l C coaepXaHnem
NYCTOTHbIX BKIOYEHWI 1 NOP; € — Warn romoreHnsaummn B nakete Material Designer

Fig. 7. Homogenization stages: a — cement section containing dense sections with GO and
hydration products; b — final structure of cement with the content of void inclusions and pores;

HOCTH LieMEHTHOro KamHs 65 MIla; Ha-

¢ — homogenization steps in the Material Designer package

YaJIbHBI MOIYJTb YIPYrOCTM KOHTaKT- | a
HO¥i 30HbI £ 17 paBeH 0,7. KoaddurmeHt
ITyaccona mpuasar 0,15 [24].

[s1 monydYeHus: aHaJOTMYHOTO pe-
3yJIbTaTa C paHee MPOBEACHHBIMM IKC-
MepuMeHTaMM BOCCO37aHa METOAMKa
IPUTOTOBJICHUS LIEMEHTHOIO PacTBOpa,
a UMEHHO YYTEHO PaBHOMEPHOE XaOTH4-
Hoe pacnpeneiaeHue O ¢ mo3MpoBKOI
0,05% ot macchl ieMeHTa. TakxKe yureHa
METOAMKA WCHBITAHWI 00pa3ioB IIpu
cxatum o 'OCT 310, pasmep obpaszua | “a

b

AT LAl 20m P
1 ]

ams

b [T 7]

cocraBisieT 20x20%20 MM (puc. 8).

Ilo moay4eHHBIM pe3yjbTaTaM BbI-
SIBJICHBI HECTBIKOBKM IT0 TIPOYHOCTHBIM
nokasareisiM. [omMoreHu3uMpoBaHHas
MoIeIb nMeeT mpenel mpounoctu 48,8 MIla, a ¢akTu-
yeckue 00pa3lbl MUMEIOT MPOYHOCTh MpPU CXATUX OT
58 no 62 MIla. BeposiTHO, 3TO MOKHO OOBSICHUTh CHU-
>)KEHUEM TUIOTHOCTU MPU MOA3TAITHOW TOMOTEHU3allUM;
nocje OKOHYaHUs LMKJIa oHa cocTtaBwiaa 1750 Kr/M3,
KOT/Ia Kak (hakTUYecKue 00pas3ibl UMEIOT TMOKa3aTellb
1890—1960 kr/m>. TTpu 3ToM Ha obpaste ¢ O Habmoxa-
€TCSI BHELIEHTPEHHOE paclipele/ieHre HaIpsSLKeHUN U
nedopMaluii Ha OTAEAbHBIX YYaCTKaX, YTO CBUICTE/b-
CTBYET O MMPUOOPETCHNM KBAa3UU30TPOITHBIX CBOMCTB pe-
aJTbHOTO KOMITO3UTAa.

Takum obpa3om, maHHasI TeOpUs NMPOrHO3UPOBAHUS
TpeOyeT CYIIECTBEHHO TOPabOTKM W BepU(pUKAIIUN Ha
SMIIMpPUYECKUX JaHHbIX. HeobXxoauma Takxke yeTkas Te-
opuUsl B3aUMOJACUCTBUS MOJIEKYJSIPHON U CTPYKTYPHOM
MEXaHUKU LEMEHTHBIX KOMITO3UTOB. /151 BBITOIHEHUS
TaKMX UCCICI0BAHUIN TPeOyeTCsI CO3MaHNEe MEXKIVCIIUTI-
JIMHAPHOW YHUBEPCAIBHOW HAYYHOW TPYIIIBI U3 YMCIIa
acrnupaHTOB Kadenp XUMUM, MaTeMaTUKU, CTPOUTEIb-
HBIX MaTepPHUAJIOB.

given strength

—.

(Y POV EVIBHBIE

Puc. 8. VicnbitaHue o6pasios Ha Static Structural: a — romoreHnanpoBaHHbIi o6pasel; b — cTaH-
[apTHbIN 06paseL, ¢ 3afaHHOM MPOYHOCTLIO

Fig. 8. Testing samples in Static Structural: a - homogenized sample; b — standard sample with

Also, the method of testing samples for compression ac-
cording to GOST 310 is taken into account, the sample
size is 20x20%x20 mm (Fig. 8).

According to the results obtained, there are discrepan-
cies in strength indicators. The homogenized model has a
tensile strength of 48.8 MPa, and the actual samples have a
compressive strength of 58 to 62 MPa. This is likely due to a
decrease in density during gradual homogenization, after
the end of the cycle it was 1750 kg/m?, while the actual
samples have density of 1890—1960 kg/m?. But at the same
time, eccentric distribution of stresses and strains in indi-
vidual sections of the sample with GO, which indicates the
acquisition of quasi-isotropic properties of a real composite.

Thus, this forecasting theory requires significant refine-
ment and verification on empirical data. A clear theory of the
interaction of the molecular and structural mechanics of ce-
ment composites is also needed. To carry out such research, it
is necessary to create an interdisciplinary universal scientific
group from among post-graduate students of the Chemistry,
Mathematics, and Construction Materials Departments.
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WccnepgoBsaHue (hu3nko-mexaHU4ecKuxX XapakTepucTUk
MOAUCHULIUPOBAHHDIX KNIEeBbIX CBA3YHOLLMUX ANF CUCTEM
BHELLUHEero apMmMpoBaHusa CTPOUTESIbHbIX KOHCTPYKLMH

B cTpomTenbHON NpakTuKe ANS YCUEHU KOHCTPYKLUMUIA Hapsay C APYrUMIA TEXHONOMMAMU LINPOKO NPUMEHSIOTCS METO/bl BHELLHEro
ApMUPOBAHUA NOAUMEPHBIMY KOMMO3UTHBIMI MaTepuanamu. ABTopamm paszpaboTaHbl MOAMULMPOBaHHbIE KNEeBble CBA3YIOLLME HA
3MOKCUIHON OCHOBE 11 NPUMEHEHUS NPU YCTPONCTBE CUCTEM BHELLHEr0 apMUPOBAHUA CTPOUTENbHBIX KOHCTPYKLMIA. BBeaeHMe

B coCcTaB MHOrocnoiHbix YHT B konuyectse ot 0,001 go 0,01 mac. 4. Ha 100 mMac. 4. 3MOKCMAHOW CMOJTbI NMPUBOLUT K YBENIMHEHUIO
a[ire3MOHHBIX XapakTepuUCTUK KIes, MPO4YHOCTM NPU PaCTSHXKEHUM 1 N3TN6e, NPU COXPAHEHUM TEXHONOTNYHOCTH. ViccneoBana
TemneparypHo-BpeMeHHas 3aBUCUMOCTb NMON3YHECTM XKene3066TOHHON 6aNKu, YCUNEHHON CUCTEMOI BHELLIHEr0 apMUPOBAHUA HA
OCHOBE Pa3paboTaHHOrO KNEeeBoro CBA3YIOLLEro W YrnepoAHOi TKaHW; NPOBEAEHO CPABHEHWE NMONYYeHHbIX NokKasaTesen

C NPOMBbILL/IEHHbIM aHanoroM. MoCTpOeHHbIE KPUBbIE MON3Y4ECTU CBUAETENIbCTBYIOT 06 WAGHTUYHOM XapakTepe npoLecca aedopmaumi
NPU Harpy>XeHUN Ha KaXAoM TeMnepaTypHoM atane. [pu 3ToM 4515 XKene300eTOHHON 6aKu, YCUEHHOI YrepoLHON TKaHbIO U Kiieem
PekAPM-bB, oTme4eHa mMeHblUas AedhOpMaTUBHOCTb B UCCNEL0BAHHbIX TEMMNEPATYPHbLIX MHTEpBanax.

Knioyesble cnoBa: CUCTEMbI BHELLIHErO apMUPOBaHNS, 3MOKCUHbIE KIeeBble CBA3YIOLLME, MOANMMKALNA, aAre3ns, NPoYHOCTb Npu

PACTHKEHWN, NPOYHOCTb NPW U3rnée, NoN3y4ecTb.
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Research of Physical and Mechanical Characteristics of Modified Adhesive Binders

for Structural Reinforcement Systems of Building Structures

In construction practice, along with other technologies, methods of external reinforcement with polymer composite materials are widely used to strengthen structures. The authors devel-
oped modified epoxy-based adhesive binders to use in the construction of external reinforcement systems for building structures. The introduction of epoxy resin into the composition of
multilayer CNTs in an amount from 0.001 to 0.01 wt. h. per 100 wt. h. leads to an increase in the adhesive characteristics of the adhesive, tensile and bending strength, while maintaining
manufacturability. The temperature-time dependence of the creep of a reinforced concrete beam reinforced with an external reinforcement system based on the developed adhesive binder
and carbon fabric is studied, and the obtained indicators are compared with an industrial analog. The constructed creep curves indicate the identical nature of the deformation process
under loading at each temperature stage. At the same time, for a reinforced concrete beam strengthened with carbon fabric and RecARM-B glue, less deformability was noted in the stud-
ied temperature ranges.
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B HacTosiiee BpeMsi B CTPOUTENIbHON MPaKTUKe 151
YCUJIEHUST KOHCTPYKIIMI Hapsimy ¢ IPYTUMU TEXHOJIO-
TUSIMM IIUPOKO MPUMEHSIOTCSI METOJbI BHEIIIHETO ap-
MUWPOBAHUST TTOJIMMEPHBIMU KOMITO3UTHBIMU MaTepua-
namu (ITKM).

[MTpumenenue cuctem BHelrHero apMupoBanust (CBA)
KOMIIO3UTHBIMU MaTepralaMy B PsIAIe CIIy4aeB IMO3BOJISIET
YCWINTh CTPOUTEIbHBIC KOHCTPYKIIMY Ha dTarlax:

— MPOEKTUPOBAHUS — JJIT 00ECIIeUeHUsT YBEIMUCH-
HOM CEMCMOCTOMKOCTU, IIOBBIIIEHHOW MNPOYHOCTU U
JIOJITOBEYHOCTH;

Along with other technologies, methods of structural rein-
forcement with polymer composite materials (PCM) are
widely used for reinforcement of structures in today’s construc-
tion practice. In some cases, structural reinforcement systems
(SRS) can strengthen building structures at the following stages:

— design stage: they are used to enhance seismic resis-
tance, increase strength and life;

— construction stage: they are used to correct design
errors or failures to comply with construction practices;

— operation stage: they are used to ensure strength and
bearing capacity when service loads change; minimize
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— CTPOUTENbCTBA — JJISI YCTPAHEHUs IPOEKTHBIX
OIIMOOK MM HApYIICHW B TEXHOJIOTMU MPOM3BOICTBA
CTPOUTEJILHBIX padoT;

— 9KCIUTyaTallud — JIs 00ecIieuyeHus MPOYHOCTU U
Hecylleil CrtocOOHOCTH TIPU M3MEHEHUU IKCIUTyaTalu-
OHHBIX HArpy3oK, M1 MMHUMM3ALUMU W JUKBUAALUU
MTOCJICACTBUI TIPOLIECCOB CTAPCHMSI, MCKITIOUCHUS BO3-
HUKHOBEHMSI MpeaaBapuiHbIX U aBApUNHBIX CUTYaLlUHA.

OcHoBHBIMU KoMITOHeHTaMu CBA sBisitoTcst apMupy-
0L 3JIEMEHT (TKaHM, JIEHTBI, XOJICTBI U JITAMEJT! 13 yTJTe-
POIHOTO, CTEKJITHHOIO WJIM 0a3aIbTOBOIO BOJIOKHA) U aJl-
re3uB — KJIeeBOe CBs3ylollee (KaK MPpaBuIo, SMOKCHUIHOE,
pexe BuUHUIRGUpHOe). B TeueHue mocneagHux 5—7 jer
HapsIITy ¢ UMITOPTHBIMM ITPOAYKTaMH 15T yeTpoiictBa CBA
ot koMnaHuii Sika, BASF, Mapei u ap. Ha poccuiickom
PBIHKE TTOSIBWJIACH IIMPOKAs TMHEKa apMUPYIOIINX 3J1e-
MEHTOB Ha OCHOBE YIJIEPOIHBIX BOJIOKOH ITPOM3BONCTBA
koMmnanun UMATEX I'ockoprniopauuu «Pocatom».

OcHOBHOe BHMMaHHE HcCcCienoBaTeieil B o0JacTu
CBA cocpenoToyeHo Ha M3y4yeHUM MPOYHOCTU U Aedop-
MAaTUBHOCTHU 3JICMEHTOB KOHCTPYKILIMU MPU YCUJICHUH,
aHAJIN3Y TEXHUIECKOM JOKYMEHTAIIUHU T10 TIPOSKTUPOBa-
HUIO CUCTEM YCUJICHHUS U YTOUYHEHUIO METOAMK pacyeTa,
OTMCAHMIO OITBITAa MIPAKTUYECKOTO McTionb3oBaHust CBA
MpU YCUJIECHUU OCTOHHBIX, XKeJIe300€TOHHbBIX, KUPIIMY-
HBIX M IPYTUX KOHCTPYKIUH [1—6].

IToBeneHre KOMITO3UTHBIX MaTE€PUaIOB B HAIrPy>KeH-
HOM COCTOSIHMU OIIpeaesieTcs Ipolieccamu aedopMa-
MU U Pa3pylIeHUsI, KOTOpble HAMPSIMYIO 3aBHUCSIT OT:
BUJIa CBSI3YIOILIETO U apMMPYIOILIEIO HAMIOJIHUTEIS, 00b-
€MHOTO COOTHOIICHMST JaHHBIX KOMITOHEHTOB, UX (PU3U-
KO-MeXaHUYEeCKUX, (PU3NKO-XUMUUYECKUX U TEIIO(hU3U-
YECKUX XapaKTEPUCTUK, MexX(ha3HOI aare3nu B CUCTEMaX
«apMupyolliee BOJOKHO — KJI€eBOE CBsI3ylolllee — MaTe-
puan yCWIMBAaeMOM KOHCTPYKIIUHM», OT HaIlpaBJICHUS
YKJIaIK apMUPYIOIIUX BOJIOKOH TIPU YCTPOKMCTBE 3JIe-
MEHTa YCUJICHUS U JIp.

PabGoT B obacTu U3ydyeHMsT U ONITUMU3ALIMU XapaKTe-
pUcTHK 3MOKCUIHbIX KiaeeB qis1 CBA, uccnenoBaHuit
paboOTHI aAre3MOHHBIX COCTUHEHUI, TIOJ3YUECTH U J0JI-
ropeuHoctu CBA cymectBeHHO MeHbuie [7—9]. Ilpu
5TOM MMEHHO KJIeeBOE CBS3YIOIIee 00eCIICUMBACT MEXK-
(hazHyl0 anre3vio M co3maeT YCIOBUS JJISI COBMECTHOM
PabOThI OTAEIbHBIX BOJOKOH 1 BCE CUCTEMBI YCUIJICHUS
B 1ieJIoM Tociie oTBepxkneHus [TKM.

Panee aBtopamu [10, 11] OblIM pa3paboTaHbl Kie-
€BbI€ CBS3YIOILIME Ha 3MOKCUIHON OCHOBe PeKAPM —
JIJISI COBMECTHOTO MPUMEHEHUS ¢ apMUPYIOLIUMU MaTe-
pUalaMyd Ha OCHOBE YIJICPOIHBIX BOJOKOH (TKaHSMU,
XoJIcTaMu, JeHTaMu) npu yctporictBe CBA. JlaHHbIe
KJI€eBbIe COCTaBbl O0JIANMAIOT TEXHOJOTUYHOCTHIO IS
BBITIOJTHEHUsI pabOT MO YCWICHWIO KOHCTPYKIIMI CO-
BMECTHO CO CTEKJIO- WJIM YIJIETKaHSIMU WM XOJCTaMu
(BSI3KOCTb TOTOBOM KJieeBOil Kommosuuuu mipu 25°C
~3000—5000 mITa-c, BpeMs1 XKM3HECTTIOCOOHOCTU KOMIIO-
3uLuii B oobeme mpurotoniaeHus (ot 0,2—0,5 mo 3—5 xr)
nipu 20°C He meHee 40 MUH), IO TIPOYHOCTHBIM Xapak-
TePUCTUKAM KJIEU COOTBETCTBYIOT TPeOOBAaHUSIM, IIPEIb-
apiasiembiM CIT 164.1325800.2014 (Moayib YIpPYrocTu

and eliminate effects of ageing processes, exclude the risk
of pre-emergency and emergency situations.

SRS main components are as follows: reinforcement
element (fabrics, tapes, cloth, and lamellae made of car-
bon, glass, or basalt fiber) and adhesive binder (usually it
is epoxy adhesive binder, less commonly — vinyl ester
adhesive binder). Along with the imported products from
Sika, BASF, Mapei, etc. for SRS, a wide range of carbon
fiber reinforcements made by UMATEX (Rosatom State
Corporation) has entered the Russian market over the
past 5—7 years.

SRS researchers tend to focus on the study of strength
and deformability of reinforced structural elements, anal-
ysis of design documentation for reinforcement systems
and correction of calculation procedures, description of
experience of using SRS for reinforcement of concrete,
reinforced concrete, brick and other structures [1—6].

The behavior of composite materials under load is in-
fluenced by deformation and deterioration processes,
which directly depend on the type of binder and reinforc-
ing filler, volume ratio of these components, their physical
mechanical, physical chemical, and thermal characteris-
tics; interfacial adhesion in “reinforcement fiber-adhesive
binder-reinforced structure material” systems; direction
of reinforcement fibers in the installed reinforcement ele-
ment, etc.

There are significantly fewer papers that focus on the
study and optimization of the characteristics of epoxy
adhesives for SRS, investigation of the behavior of SRS
adhesive bonds, creep and durability [7—9]. However, it
is the adhesive binder that provides the interfacial adhe-
sion and makes it possible for individual fibers and rein-
forcement system as a whole to work together after PCM
curing.

Earlier [10, 11], we developed RecARM epoxy adhe-
sive binders to be used in combination with reinforcing
carbon fiber materials (fabrics, cloth, tapes) for SRS.
These adhesives are workable to strengthen structures to-
gether with glass fiber or carbon fiber fabrics or cloth (pre-
pared adhesive composition has a viscosity of approxi-
mately 3000—5000 mPa-s at 25°C, a life time of minimum
40 minutes in a prepared amount (from 0.2—0.5 to 3—5 kg)
at 20°C), strength properties of the adhesives comply with
Code of Practice SP 164.1325800.2014 (modulus of com-
pression of minimum 2000 MPa, sheer strength (against
steel) of minimum 10 MPa).

The objective of this stage was to study the physical
mechanical characteristics of modified adhesives (tensile
strength, flexural strength and modulus) and creep of SRS
reinforced concrete beams.

The addition of multi-walled carbon nanotubes to the
epoxy binder [11] improved the adhesion characteristics
of the adhesives (table 1) significantly. In the range of
optimal nanoparticle concentrations, the adhesive
strength when peeling off from the concrete surface in-
creased by 30—45%, when peeling off from steel — by
50—80%, when shearing against steel — by 80—95%.

These experimental studies used RecARM-B adhesive
binder [10, 11] based on epoxy resin, reactive diluent,
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Ta6nuua 1
Table 1

Anresuouuble XapaKTepucTtuku MOn,I/I(bI/ILlMpOBaHHbIX SMNMOKCUAOHbIX KJieeB
Adhesion characteristics of modified epoxy adhesives

CopepxaHmne MYHT, mac. 4. Ha 100 mac. 4. aNoKCUAHOM CMOJbI
MNMokazaTenb Content of multi-walled carbon nanotubes (weight fractions per 100 weight fractions
Property name of epoxy resin)
0 0,001 0,0025 0,005 0,01 0,025 0,05
ALre3voHHas NPOYHOCTb NPU OTPbLIBE
OT NoBepxHoCcTM BeToHa, MlMa . _ _ _ _ B _
Adhesive strength when peeling off 2,7-3.2 3.3-4 3,8-4,6 4-4,2 3,5-3,6 3:4-3,5 8-3.2
from the concrete surface, MPa
XapakTep paspyLleHus KoreaunoHHsbIli (o 6eToHY)
Failure mode Cohesive (in concrete)
AAre3noHHas MPOYHOCTb NPU OTPbIBE
ot cranv, Mfa . 19-23 25-26,5 | 28-315 32-35 35-38 | 30,5-35 | 24-29
Adhesive strength when peeling off
from steel, MPa
XapakTtep paspyLueHus ALre3voHHO-KOre3MOHHBIN (MO Kek, No NioCKOCTY CKIenBaHus)
Failure mode Adhesive—cohesive (at the adhesive layer, at the bonding surface)
AAre3noHHas NMPOYHOCTb NPU CABUre
k cranu, Mrla . 11,5-12 | 15-16 | 18-20,5 | 20,5-23,5| 21-23 | 19-19,5 | 14,5-16
Adhesive strength when shearing
against steel, MPa
XapakTep paspyLleHus AOre3anoHHO-KOre3noHHbI (No Keto, Mo NIOCKOCTU CKNENBaHUS)
Failure mode Adhesive—cohesive (at the adhesive layer, at the bonding surface)

npu cxkatuu He MeHee 2000 MITa, mpoyHOCTh MpU CABU-
re K cranu He MeHee 10 MITa).

Llenbio naHHOTO 3Tarna paboThl — U3y4eHUe HUUKO-
MEXaHUYECKUX XapaKTepUCTUK MOAU(PUIIMPOBAHHBIX
KJeeB (IIPOYHOCTU TIPU PACTSKEHUH, IIPOYHOCTH M MO-
JTyJisl YIIPYTOCTH MPU U3rKO€) U MCClIeq0BaHKe MOoJI3yJe-
ctu ycueHHbIx CBA xene300eTOHHBIX 0aoK.

BeneHne muorocnoiiHbix YHT B cocTaB armoKcuaHoO
OCHOBBI KJes1 [11] TO3BOMMIIO CYIIIECTBEHHO ITOBBICUTH
aZire3MOHHbIC XapaKTepUCTUKHU KiieeB (Tabm. 1). Hanuuue
JIMara3oHa 3HauYeHWil B JaHHON Tabjuile OOYyCIOBIECHO
TPYMEHEHUEM CMECEBOTO OTBEPIUTENSI C BAPbUPYEMBIM
COOTHOIIIEHUEM aTudaTUIeCKUX U apoMaTUUECKUX aMU-
HOB [11]. B obiacti onTUMaIbHBIX KOHLEHTPALWil Ha-
HOYACTHII aAre3uoHHasi MPOYHOCTb MPU OTPHIBE OT MO-
BepxHOCTH OeToHa Bo3pocia Ha 30—45%, 1ipy OTphIBE OT
cranu — Ha 50—80%, npu casure K ctaam — Ha 80—95%.

Jlns1 IpoBeieHUsI JaHHBIX SKCIEPUMEHTAIbHBIX HC-
CJIeOBaHUi OBLJIO MCITOJIb30BAaHO KJIEEBOE CBSI3YIOIIEE
PexkAPM-b [10, 11] Ha OoCHOBE B3MOKCHIHOI CMOJIBI,
aKTUBHOTO Pa30aBUTEIIS, TIACTUGUIIUPYIOIIEH 1 PEOIO-
ruyeckoit 106aBku (KOMIIOHEHT A) U cMecu anudaruye-
CKMX U apOMaTU4YECKMX aMUHOB B COOTHOIUeHUU ~1:1
(komrioHeHT b).

Du3MKO-MeXaHUUECKHE HCIBITAHUSI KJIEEB IIPOBO-
JIUJIMCh B COOTBETCTBUM C ACHCTBYIOIIENH HOPMATUBHOM
nokymeHrauueit (FOCT 14760—69, TOCT 14759—69,
I'OCT 32656—2017, TOCT 4648—2014) mocie otsep-
KIEHMS KJIeeB B TeUeHUE He MeHee 5—7 CyT Mpu TeMIie-
patype +(20x2)°C.

IMpencrasienHbie Ha puc. 1, 2 3aBUCUMOCTHU MPOY-
HOCTU MPU PACTSKEHUU U U3rMOE OTBEPXKIESHHOIO KJIesl
OT colepxxaHuss MHorocioiHbix YHT HocgaT akcTpe-

HAYYHO-MeXHU4eCcKuil U npou3800CEeHHbLI JHCYPHAN

plasticizer, and rheology agent (component A), and mix-
ture of aliphatic and aromatic amines with a ratio of ~1:1
(component B).

Physical mechanical characteristics of the adhe-
sives were tested according to the applicable regulatory
documents (GOST 14760—69, GOST 14759-69,
GOST 32656—2017, GOST 4648—2014) after the ad-
hesives were set within minimum 5—7 days at a tem-
perature of +(20£2)°C.

The relationships between tensile and flexural strength
of the cured adhesive and the content of multi-walled
carbon nanotubes (fig. 1, 2) are of an extremal nature:
maximum tensile strength of ~54.5 MPa is achieved at a
nanoparticle concentration of 0.01 weight fractions per
100 weight fractions of resin, maximum flexural strength
of ~97 MPa is achieved at a concentration of 0.025 weight
fractions of carbon nanotubes per 100 weight fractions of
resin. The flexural modulus increases from 1750 MPa to
2100—2200 MPa at a carbon nanotube concentration of
0.0025—0.0075 weight fractions per 100 weight fractions
of resin.

Workability, strength and adhesion characteristics of
the developed modified adhesive binders correspond to
the requirements of the regulatory documents and quality
indices of the commercial equivalents, they can be recom-
mended to be used for SRS of building structures.

Among the significant indices that define durability
of SRS reinforced building structures is creep of the sys-
tem, which depends on creep of the adhesive binder
when subjected to operational factors. Moreover, it is
essential to be able to adjust this rheological property
within a certain range depending on the given operating
conditions.
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MaJIbHBII XapakTep: MaKCUMaJbHast 60
IIPOYHOCTh  IPU  PaACTSIKECHUU
~54,5 MIla mocturaercss Tpyu KOH-
neHtpauuy HaHovactul 0,01 mac. 4.
Ha 100 Mac. 9. CMOJIBI; MaKCHMaJThb-
Hasl IPOYHOCTh Mpu u3ruoe ~97 Mlla
nmocrturaercs mpu 0,025 mac. 4. YHT
Ha 100 Mac. 4. cMousbl. Moayib yrpy-
rocTy Tpu u3rude Bo3pacrtaet ¢ 1750
mo 2100—2200 MIla mpu comepxka-
Huu YHT ot 0,0025 1o 0,0075 mac. 4.
Ha 100 mMac. 9. CMOJTHL.

ITo TeXHOJOTUYHOCTH, IIPOYHOCT-
HbIM U aJre3MOHHBIM XapaKTePUCTU-
KaM pa3paboTaHHBIE MOIUGUIIAPO-
BaHHBIE KJIEEBbIE CBSI3YIOLINE COOT-
BETCTBYIOT TIpEIBABISICMBIM HOP-
MaTUBHOM JOKyMeHTaluel TpedboBa-
HUSM U TT0Ka3aTesIsIM KauyecTBa IIpo- 40

Mpenen npo4HoCTV Npu pacTtaxexnun, Mlla
Tensile strength, MPa

o

MBIIIUIEHHBIX aHAJIOTOB U MOTYT OBITh
PEKOMEHIOBaHbI TSI IPUMEHEHUST B
CBA cTpouTenbHbIX KOHCTPYKIIUA.

B uuciio 3HauMMBbIX MokazaTenei,
OIPEAEISIONINX JOJITOBEYHOCTD YCU-
neHHbIX CBA cTpouTeNbHBIX KOH-

0,0025 0,005 0,0075 0,01 0,015

CopepxaHne MYHT, mac.4. Ha 100 mac.4. 3C
Content of MWCNT in the epoxy resin, mass. %

Puc. 1. 3aBNCMMOCTb NPOYHOCTY NPU PACTXKEHUN OT COAEPXKAHMUS MHOrOCNOVHbIX YHT
Fig. 1. Relationship between tensile strength and content of multi-walled carbon nanotubes

CTPYKIIW, BXOJUT TIOJN3YyYECTb CH- 100

CTEMBbI, KOTOpasi 3aBUCUT OT IOJI3Y-
YEeCTU KJIEEBOTO CBS3YIOLLIEro IIpU
BO3IEMCTBUM  3IKCILTyaTallMOHHBIX
¢axropoB. Ilpuyem 310 peonornye-
CKO€ CBOICTBO aJre3vBa HEOOXOIM-
MO YMEThb peryjupoBaTb B OIIpee-
JICHHOM JIara3oHe.

Atopamu [12] Obl1a pa3paboTraHa
MeToauKa (MHCTpYMEHTapuii), IO-
3BOJISTIONIAS] B YCKOPEHHOM PEXUME 1
CTPOrO perjaMeHTUPOBAHHBIX YCJIO-
BUSIX MCIBITAHUS OTIPENEIsiTh DKC-
IUTyaTallMOHHbBIE  XapaKTePUCTUKU
COCTaBOB TIO TTapaMeTpy TOJI3YUECTH.
Meton OCHOBAaH Ha IPUHIIUIIE TEM-

Mpenen npoyHocTn npu n3rnbe, Mla
Flexural strength, MPa

2400

2200

2000

Flexural modulus, MPa

1800

Mopaynb ynpyrocTtu npu narnbe, Mfla

1600

repaTypHO-BPEMEHHONW  aHAJIOTUU 80
(TBA), xopol1iio anpodupoBaHHON Ha
Marepuaiax pa3inuyHON MPUPOIbI.

0,0025

0,005 0,0075 0,01 0,015

CopepxaHue MYHT, mac.4. Ha 100 mac.4. 3C
Content of MWCNT in the epoxy resin, mass. %

Jnsg mpoBeneHUsS WCIBITAHWA Ha
MOJI3y4eCTh MPU U3rude ObLIM U3ro-
TOBJICHBI KeJIe300€TOHHBIE OaJIKu U3

Puc. 2. 3aBMCUMOCTM NPOYHOCTM 1 MOAYNS YNPYrocTn Npu narmbe oT CoaepXaHnss MHOrOCOMHbIX
YHT

Fig. 2. Relationship between flexural strength and modulus and content of multi-walled carbon

nanotubes
betoHa kJjacca BI15 pasmepom

120x140x1000 mm. BHyTpeHHee ap-

MHUpPOBaHME OaJIOK BBIMIOJIHEHO B HIDKHEH 30HE IBYMS
crepxxHaMu @8 A400, BHellTHee apMUPOBaHUE 3aKJTI0Ya-
JIOCh B YCWUJIEHUW OIHWUM CJIO€M YIJIEPOJHOMN JIEHTHI
FibARM Tape-230/120, nponuTaHHON 3MOKCUIHBIMU
KJIEEBbIMU COCTABAMM.

B kauecTBe KiieeBbIX CBSI3YIOLIMX ITpU ycTpoiictBe CBA
OBLIN MCITOIb30BaHbI pa3paboTaHHbIe cocTaBbl PeKAPM-b
U TIpOoMBbIIIUTIEHHbIN aHastor — FIbARM Resin 230+.

[Ipu ucHpITAaHUSIX BEJIMYMHA HATPy3KU ObUIA IPUHSI-
ta Kak 70% ot paspymatommeil Ppa;p=40 kH. Yposens

The authors [12] developed the procedure (set of tools)
to define performance characteristics of the compounds
by creep in accelerated mode and under strictly regulated
test conditions. The method is based on the principle of
temperature-time analogy, which showed good results for
different kinds of materials.

For flexural creep testing, reinforced concrete beams
were made from BI5 concrete, their size was
120x140x1000 mm. The beams were strengthened with
two bars @8 A400 in the lower part (inside) and one layer
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Tabnuua 2
Table 2

TeMmnepaTtypHble pexumbl u aedopmanmm npornéa Npyu UCNbITaHUN YCUIIEHHbIX 6anoK Ha NoN3y4yecTb
Temperature conditions and flexural deformations for the reinforced beams during creep testing

[nanasoH aedopmauunii npornba B TeHeHne TeMnepaTypHoro atana
Temnepartypa Bbloepxku (aepopmaums B cepenuviHe atarna — 4yepes 1 4 HarpyxeHus)
yCUNEHHOM Baskv npw N5 CUCTEMbI YCUIIEHNS HA OCHOBE KJ1es
BO3OEVCTBUM MOCTOSIHHOM Bpemsi BbIAEPXKKY, 4 Range of flexural deformations during the temperature cycle
Harpysaku, °C Curing time, h (deformation in the middle of the cycle — after one (1) hour under load)
Curing temperature of reinforced for adhesive-based reinforcement system
beam under constant load, °C PekAPM-B FibARM Resin 230+
RekARM-B FibARM Resin 230+
+25 0,03-0,08(0,06) 0,06-0,18(0,16)
+30 0,08-0,14(0,12) 0,18-0,25(0,23)
+35 0,14-0,17(0,16) 0,25-0,32(0,31)
+40 2 0,17-0,26(0,24) 0,32-0,46(0,44)
+45 0,26-0,41(0,39) 0,46-0,56 (0,54)
+50 0,41-0,52(0,51) 0,56-0,6(0,59)
+55 0,52-0,59(0,58) 0,6-0,62(0,61)

Puc. 3 @doTO MCnbITaTeNbHOrO CTeHAa Ha NoN3y4ecTb, YCTaHOBNEHHOIO B
Tepmobapokamepy STBV-1000-IV (ILKA)

Fig. 3. Creep test bench installed in the thermal vacuum chamber STBV-
1000-1V (ILKA)

KOHTPOJIMPYEMOTO HArpyXXeHHsI o0pasloB, YCUICHHBIX
KOMMO3UIIMOHHBIMU MaTepUaiaMu, IIPU UCTIBITAHUSIX Ha
MOJI3yYecTh ObLI HE HIXKE UX pPaCUeTHON HeCyllel CIo-
COOHOCTH, OIpeneysieMol C y4eTOM pPEeKOMEHIalui
CII 164.1325800.2014.

HccnenoBaHue temnepaTypHO-BpEMEHHOUW 3aBUCU-
MOCTHU TOJI3YYECTHU KeJIE300€TOHHOM OaIKU, YCUJICHHOMN
CBA, nmpoBoamioch mpu CTyneHYaTOM U3MEHEHUU TeM-
neparypbl I0J MOCTOSIHHOW Harpyskoi. TemmepaTypa
BBIIEPKKM M COOTBETCTBYIOIINE AeOopMalliK MMpornoda
MpUBEACHBI B Ta0JI. 2. [Ipomo/KUTETEHOCTh OMHOTO TEM-
MepaTypHOro KKJIa COCTaB/sia 2 4.

HcripITaHusI Ha TTOJI3yYeCTh OBIIN IIPOBEACHEI B TEP-
mobapokamepe STBV-1000-1V (ILKA) (puc. 3).

ITo pesympraTaM CpaBHUTEJIBHOTO 3KCIEPUMEHTAIIb-
HOTO MCCJICAOBAHUS TOJI3YYEeCTU KeIe300eTOHHOM Oa-
ku, ycuneHHoir CBA wHa aaresuBax PekAPM-b nun
FibArm 230+, moctpoeHbI 0000IIIcHHBIE KPUBKIE TTOI3Y-
YECTHU XKeJIe300eTOHHOM banku, ycuneHHoit CBA mis 3a-
JTAHHOTO TEPMOCHJIOBOTO YCJIOBUSI OKCTUTyaTaluu (puc. 4).

HAYYHO-MeXHU4eCcKuil U npou3800CEeHHbLI JHCYPHAN

0,8

O - FibARM Resin 230+

0,7
0,6 0 - RecARM-B
0,5
0,4

N3rnb, mm
Flexure, mm

0,3

5 10 15 20 25 30

Bpewms Bbloepxku, Igt, ¢
Prediction time, Igt, s

Puc. 4. O606LieHHas KpuBas Mon3y4ecTu Xene3obeToHHoW 6anku, ycu-
neHHoi CBA Ha apresuee RecARM-B n FibArm 230+

Fig. 4. Master creep curve for the reinforced concrete beam which has
been reinforced with SRS based on RecARM-B and FibArm 230+
adhesives

of FibARM Tape-230/120 carbon fiber tape impregnated
with epoxy adhesives (outside).

The developed compounds RecARM-B and commer-
cial equivalent FibARM Resin 230+ were used as adhe-
sive binders for SRS.

The test load was 70% of breaking load Ppe,c=40 kN.
The level of controlled load for the composite-reinforced
samples during the creep testing was not lower than their
design bearing capacity which was calculated according to
the recommendations given in SP 164.1325800.2014.

The temperature-time relationship for creep of the
SRS reinforced concrete beam was studied under constant
load with temperature changing gradually. Table 2 shows
the curing temperatures and corresponding flexural defor-
mations. The duration of one temperature cycle was
2 hours.

The creep tests were performed in the thermal vacuum
chamber STBV-1000-1V (ILKA) (Fig. 3).

The master creep curves were plotted for the speci-
fied temperature load conditions using the results of
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W13 ganHbIX Taba. 2 u rpaduka Ha puc. 4 BUTHO, UYTO
IOJIy4e€HHbIE KPUBbIE IMOAOOHBI. DTO SBJSIETCS MOKa3a-
TEJIEM TOTO, YTO MUCIBITYeMBIl 00Opa3ell B 3aJaHHBIX WH-
TepBajax TeMIIepaTyphl BeIeT ce0sl KaK TePMOPEOJIOT -
YEeCKU TIpocTasi cuctemMa. B mcciemoBaHHOM MHTEpBaje
TEMIIepaTypbl HE HapylIaeTcsl PEOJIOTMS MaTepUajoB.
[Ipu s3TOM CiemyeT OTMETUTh, YTO CMCTEMa Ha KJIEEBOM
cBasyloieM PekAPM-b oTinyaeTcs MeHbIIMMU 3HaUe-
HUSIMU IIPOTMOOB B CPABHEHUU C IIPOMBIILIJICHHBIM aHa-
JIOTOM.

JaHHbIl TIOAXO0HA (MOJyYeHUE TeMIepaTypHO-Bpe-
MEHHBIX 3aBUCUMOCTE TIOJI3YUeCTH ISl KeJIe300€TOH-
HbIX 0ajiok, yeuneHHbIXx CBA, mpu Bo3aeiicTBUM MOCTO-
SIHHBIX HArpy30K) MOXET ObITh MCIIOJIb30BaH [JISI IIPO-
THO3MPOBAHUS IOJITOBEYHOCTH YCWJICHHBIX 3JICMEHTOB
CTPOMUTEJIbHBIX KOHCTPYKIIUIA 110 BTOPOMY IIpeAeIbHOMY
COCTOSTHUIO.

BriBoabt

B pesynbTaTe mpoBeAeHHBIX UCCIeI0BaHUN (HU3UMKO-
MEXaHMIEeCKUX XapaKTePUCTUK pa3padOTaHHBIX KJIEEBbIX
CBSI3YIOIINX JIJTSI YCTPOMCTBA CUCTEM BHEIITHETO apMHUPO-
BaHUSI U YCUJICHHON Xejae300eTOHHOI OalKu MOXKHO
c/eJIaTh CJIEIYIOIINE BHIBOIBI:

— [0 OCHOBHBIM IPOYHOCTHBIM XapaKTepUCTUKAM U
anre3u K OCTOHY M CTalM MOIM(MULIMPOBAHHEIC 3IT0-
kcuaHble Kiien (PekAPM) cooTBeTCTBYIOT TpeOOBaHUSIM
HOPMATUBHOM JOKYMEHTALIMU U CBOMCTBAM IIPOMBIII-
JICHHBIX aHAJIOTOB;

— BBEJCHME B COCTaB OCHOBBI KJI€SI AUCTIEPCUU MHO-
rocioiiHbix YHT B konmmuectBe 0,0025—0,01 mac. 4. Ha
100 mMac. 4. 3MOKCUAHON CMOJIbI MPUBOAUT K YBeJINYE-
HUIO aare3MOHHBIX XapaKTePUCTHK, IIPOYHOCTH IIPHU
pPACTSIKEHUU U U3TU0eE;

— CpaBHUTEJIBHBIC 3KCIIEPUMEHTAIbHBIC MCCIICIOBA-
HUST TIOJI3YYEeCTH XKeJIe300eTOHHOI OaKu, YCUJICHHOM
CBA Ha anre3uBax PekAPM-b u FibArm 230+, u no-
CTPOCHHEIC OOOOIICHHBIC KPUBBIC TOJI3YYCCTH CBUIIC-
TEJbCTBYIOT 00 MACHTUYHOM XapakKTepe Ipolecca ae-
dopmanmii Ipu HATPY:KCHUM Ha KaXXIOM TeMIIepaTyp-
HoM aTane. Ilpu 3TOM IS KeJie300€TOHHOI Oaiku,
YCUJICHHOI YIJIEpOIHOI TKaHbIO U KiieeM PekAPM-B,
OTMEeUYeHa MeHBIIas ne(POpMaTUBHOCTE Ha MCCIICIOBAH-
HBIX TeMIIepaTypPHbBIX MHTEPBaJIaXx.
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the comparative experimental study of creep for the
reinforced concrete beam which was reinforced with
SRS based on RecARM-B and FibArm 230+ adhesives
(Fig. 4).

It is evident from the data in table 2 and the plot in
fig. 4 that the resulting curves are similar. It indicates
that the test sample behaves as a thermorheologically
simple system within the specified temperature ranges.
Rheology of the materials is not affected within the
studied temperature range. It should also be noted that
the system based on RecARM-B adhesive binder fea-
tured a lower flexure as compared to the commercial
equivalent.

This approach (generation of temperature-time rela-
tionships for creep of SRS reinforced concrete beams
under constant load) can be used to predict durability of
reinforced elements of building structures for serviceabil-
ity limit state.

Conclusion

The following conclusions can be drawn from the
studies of the physical mechanical characteristics of the
developed adhesive binders for structural reinforcement
systems and reinforced concrete beam:

— main strength properties of modified epoxy adhe-
sives (RecARM) and their adhesion to concrete and steel
correspond to the requirements of the regulatory docu-
ments and properties of commercial equivalents;

— addition of dispersion of multi-walled carbon nano-
tubes to binder (0.0025—0.01 weight fractions per
100 weight fractions of epoxy resin) improves adhesion
characteristics, tensile and flexural strength;

— comparative experimental studies of creep for the
reinforced concrete beam, which has been reinforced with
SRS based on RecARM-B and FibArm 230+ adhesives,
and the plotted master creep curves indicate that the de-
formation process is similar under load in every tempera-
ture cycle. However, the reinforced concrete beam rein-
forced with carbon fiber fabric and RecARM-B adhesive
features lower deformability within the studied tempera-
ture ranges.

References

1. Shilin A.A., Pshenichnyi V.A., Kartuzov D.V.
Vneshnee armirovanie zhelezobetonnykh konstrukczij
kompoziczionnymi materialami [External reinforce-
ment of reinforced concrete structures with composite
materials]. Moscow: Stroyizdat. 2007. 179 p.

2. Evdokimov A.A., Imametdinov E.Sh., Malakhovskii
S.S. Reinforcement of concrete building structures
with structural carbon fiber reinforcement system.
Trudy VIAM. 2020. No. 10 (92), pp. 73-80.
(In Russian). DOI: https://doi.org/10.18577/2307-
6046-2020-0-10-73-80

3. Rubin O.D., Lisichkin S.E., Frolov K.E. Results of
experimental studies of reinforced concrete structures
of hydraulic structures reinforced with carbon belts
under the action of a bending moment. Stroitel ’naya

HAYYHO-MeXHU4eCKUil U npou3800CHEEHHYLI JCYPHAA

M‘i IEEVIAVIDIN aneapo—espans 2021

103



K nposeaennio XII MexaynapoaHoii koH(pepenunn «HaHOTeXHOIOTHH A1 IKOJIOTHIECKH

YHCTOrO0 H yCTOHYHBOrO cTpoureabcTBa», Maprt 2021, Illapm-Dan-Illeiix, Ernner

3KeNIe300eTOHHBIX KOHCTPYKITMI TUIAPOTEXHUISCKUX
COOPYKEHHUI, YCHJICHHBIX YIIEPOAHBIMU JICHTAMU,
Mpu JeWCTBUM  M3TUOAmIEero MomeHTa //
CmpoumenvHas MeXaHUKa UHICCHEPHbIX KOHCMPYKUULL
u coopyucenuit. 2016. Ne 6. C. 58—63.

mekhanika inzhenernykh konstruktsii i sooruzhenii.
2016. No. 6, pp. 58—63. (In Russian).

Pellegrino C., Giacomin G., Perlo R.A. Experimental
investigation on existing precast PRC elements
strengthened with cementitious composites.

4. Pellegrino C., Giacomin G., Perlo R.A. Experimental Alternativas. 2016. Vol. 17. No. 3, pp. 65—69.
investigation on existing precast PRC eclements DOI: http://dx.doi.org/10.23878/alternativas.
strengthened with cementitious composites // v17i3.214
Alternativas. 2016. V(.)l' 17. No. 3, pp. 65._69' 5. Nikoloutsopoulos N., Passa D., Gavela S.,
DOI: http://dx.doi.org/10.23878/alternativas. Soti . .
V173214 otiropoulou A. Comparison of shear strengthening

5 Nikoloutsopoul N. P D.. Gavela S techniques of reinforced concrete beams with carbon

. poulos ., Passa . avela S., . .
Sotiropoulou A. Comparison of shear strengthening fibre rgnforcedpolymers (CFRPs). Procedia Structural
techniques of reinforced concrete beams with carbon Integrity. 2018. Vol. 10, pp. 141—-147. DOL: https://
fibre reinforced polymers (CFRPs) // Procedia d01..org/ 10.1016/j.prostr.2018.09.021
Structural Integrity. 2018. Vol. 10, pp. 141—147. 6. Gribniak V., Pui-Lam Ng, Tamulenas V.,
DOI: https://doi.org/10.1016/j.prostr.2018.09.021 Misiunaite I., Norkus A., Sapalas A. Strengthening

6. Gribniak V., Pui-Lam Ng, Tamulenas V., of fibre reinforced concrete elements: synergy of the
Misiunaite 1., Norkus A., Sapalas A. Strengthening of fibres and external sheet. Sustainability (MDPI).
fibre reinforced concrete elements: synergy of the 2019. No. 11, pp. 1-13. DOI: http://dx.doi.
fibres and external sheet // Sustainability (MDPI). org/10.3390/sul1164456
2019. No. 11, pp. 1-13. DOI: http://dx.doi. 7. Chursova L.V., Raskutin A.E., Gurevich Ya.M.,
org/10.3390/sul1164456 Panina N.N. Cold-cured binder for the construction

7. Yypcosa JI.B., Packyrun A.E., Typesuu .M., industry. Klei. Germetiki. Tekhnologii. 2012. No. 5,
IMTanuna H.H. Cas3yloliiee X0JIOAHOTO OTBEPXKIACHUS pp. 40—44 (In Russian).

IYU}H CTPOHTCJ;(I;II{;IZNI:?}ST%MA / Kneu. Tepmemuiu. g Bichaey M.I. Investigation of the effect of natural gal-
exronocuu. NS e e AT loisite nan s on the adhesion in the s ral re-

8. buwyaes M.U. MccrnenoBaHue BAUSHUS IIPUPOIHBIX i?lfotr?: e ::1 e(r)lttub:y; e r;.e a;i) eresi)(e)ktivyt f; at;z;tu 301;
rajuTyasuTOBBIX HAHOTPYOOK Ha alre3uio B CHUCTEMe No. 6 (119), pp. 116—120. (In Russian)

BHEIIIHEero apmupoBaHus // [lepcnekmuesl Hayku. X CE ) . .
2019. Ne 6 (119). C. 116—120. 9. Sellvanoya E:O., Smerdgv D.N. Expenmemal studies

9. Cemupanosa E.O., Cmepnos J.H. DKcrepnMeH- of creepmg in composite materials that stre.ngther.l'
TANbHbBIE MCCENOBAHMS MON3YIECTH B KOMIO3M- bent .remforced concrete elements. Akademicheskii
LMOHHBIX MaTepuayax, yCWINBAIOIUX HM3rMbaeMble vestnik URALNIIP ROEK T RAASN. 2017. No. 2 (33),
XeJIe300e TOHHBIE JIEMEHTbI // Akademuueckuii gecm- pp. 95-99. (In Russian).
nuk YpanHHHnpoexm PAACH. 2017. Ne 2 (33). 10.Starovojtova L.A., Semjonov A.N., Zykova E.S.,
C.95-99. Hozin V.G., Sulejmanov A.M. Modified glue binders

10. CraposoiitoBa U.A., Ceménos A.H., 3wikosa E.C., for systems of external reinforcement of building
Xo3uH B.I'., CyneiimanoB A.M. MoaudpulpoBaH- structures. Part 1. Requirements for glues.
HbI€ KJIEEBBIE CBA3YIOLIUE U1 CUCTEM BHEIIIHETO ap- Technological characteristics. Stroitel’nye Materialy
MUMPOBAaHUS CTPOMUTENBHBIX KOHCTpYKIMiA. Yacte 1. [Construction Materials]. 2017. No. 11, pp. 50—54.
TpeboBanus K KiesiM. TeXHOJIOTHYeCKre XapaKTepu - (In Russian).

CCTMS]BH gé/‘ Cmpoumenvroie mamepuaasl. 2017. Ne 11. 1], Sulejmanov A.M., Zykova E.S., Starovojtova L.A.,
- U=o4. Semjonov A.N. Modified glue binders for systems of

11. Cyneitmanos A.M., 3pikoBa E.C., Craposoiito- external reinforcement of building structures Part 2.
Ba MLA., Cemenos A.H. MoanduimposanHble Kie- Physical and mechanical characteristics of glue.
CBBIC CBSSYIOLINC MIS CUCTEM BHCLLIHETO apMUpoBa- Stroitel’nye Materialy [Construction Materials]. 2017.
HUSI CTPOUTEIBHBIX KOHCTPYKIUiA. YacTh 2. PU3nKO- .

MeXaHUYEeCKHe XapaKTepUCTUKU KieeB // Cmpou- No. 1.2’ pp. 64_67'. (In Russian). .
meabibie mamepuansi. 2017. Ne 12. C. 64—67. 12.Shakirov A.R., Pichkalev A.A., Sqlelmanov AM

12. ITakupoB A.P., INnukaneB A.A., CyneiimaHoB A.M. Devglopment of a method for assessing the.creeplng
Pa3spaboTKa METOMA OLCHKH MON3ydecTH Kene306e- of relr}forced concrete beams reinforced with exter-
TOHHBIX GANOK, YCHIEHHBIX CHCTEMAMH BHEIIHETO nal rem}“orcement systems by the method of temper-
APMUpPOBAHMUS, METOIOM TEMIIEPATYPHO-BPEMEHHOI ature-time analogy. International Scientific and
aHajoruu. MejicOynapoonas Hay4yHo-mexHu4ecKas Technical Conference “Durability, Strength and
KoHgepenyus «/lon208eHHOCMb, NPOHHOCMb U MEXAHUKA Fracture Mechanics of Building Materials and
DPa3pyulenuss CmpoumenbHolX Mamepuanos U KOHCmpyK- Structures: Materials of the XI Academic Readings of
yuii: mamepuanst XI akademuuecxkux umenuiit PAACH». the RAASN”. Saransk. 2020, pp. 366—374.
CapaHck, 2020. C. 366—374. (In Russian).

HAYUHO-MeXHU4ecKuil U NPOU3800CMEeH bl HCYPHAN ig'r,ug'/]'r =Y IBHBIE

104 aneapo—aeepans 2021  VLATEZAAT121°



To realization of the XII International Conference on Nano-technology for green
and sustainable construction (NTC 2021) March, 2021, Sharm El Sheikh, Egypt

YIK 691.342
DOI: https://doi.org/10.31659/0585-430X-2021-788-1-2-105-114

H.H. ©OMUHA', kaHg. TexH. Hayk (fominanani@yandex.ru); B.I'". XO3WH?, O-p TexH. Hayk (khozin.vadim@yandex)

" CapaTtoBckuit rocyaapCTBEHHbIN TEXHUYECKUi yHuBepcuTeT uMm. MarapvHa KO.A. (410054, r. Capatos, yn. MNMonutexHudeckas, 77)
2 KazaHCKui rocyaapCTBEeHHbIN apXUTEKTYPHO-CTPOUTENLHBIN YHBEpCUTeT (420043, r. KasaHb, yn. 3eneHan, 1)

TepmonnacTuyHoe cBA3YHOLLEE U3 NONIMMEPHbIX OTX0/0B

HakonneHue nonumepHbIX OTXOA0B U 3arpsi3HEHNE 3KOCUCTEM MUKPOMIACTKOM CTano rno6anbHoin npo6neMoi COBPEMEHHOCTH.
ba3oBoi oTpacnbto Ans apMEKTUBHONA YTUIU3ALMI NONUMEPHBIX OTXOAO0B ABASETCSA CTPOAMHAYCTPUA. TMpn cOope N COPTMPOBKE
0TXO0A0B HambOonee YCreLHo BbIONPAOTCA NONMONEMUHBI U NONUITUNEHTEPedITaNaT, HO MPX UCMONTb30BAHUN UX B CTPOUTESNTbHbIX
KOMMO3MLMAX B KAYECTBE 3an0NHUTENEN He PeanudyeTcs UX CBA3YHOLLMA NoTeHuman. VimeeTcs Nnpon3BOACTBEHHbIN ONbIT NepepaboTKu
0TX0A0B NONNONEUHOB B NONMMEPOETOHHbIE U3AENNS, OHAKO 13-3a OTCYTCTBMS HOPMATMBHOI 6a3bl M HEAOCTATOYHOMO HAY4YHOr0
060CHOBaHMA noa6opa KOMMNO3WNLMIA 11 TEXHOSTOTMIA U3TrOTOBNIEHMS KA4eCTBO U3AeNNiA HecTabubHO. B npefcTaBneHHo paboTe
MoKasaHa BO3MOXXHOCTb MOMyYeHUs NonuMepnecyaHbIX U3AeNnii ¢ UCnosib30BaHNeM O0TXOL0B TEPMONIACTOB B Ka4eCTBE CBA3YHOLLMX.
MonumepnecyaHble 06pasLbl Ha OCHOBE CMECK 0TX0J0B NOAN3TUNEHTepeddTanaTa u NOAUNPONMEHa B COOTHOLLEHUN 95-80

K 5-20 Mac.% WMetoT NnoTHOCTb 4o 2000 Kr/m3, u ecnu CPaBHWBATb C LIEMEHTHbIM 6ETOHOM — NMPOYHOCTb NPU CXATUN HE HIKE
knacca B12,5, Ha pacTtsxeHne npu narnbe — He Hxe knacca Btb6,8 npu koadpdpuumente sapuauyuu 30%, a Takxe 005ee BbICOKYH
YOAPHYIO MPOYHOCTL. TeXHONOrNS M3roTOBMEHNS Mano3HeproeMKas, n3aenus nprobpeTatoT 0TNYCKHYIO NPOYHOCTL B TEYEHNE Yaca
1nocsie U3roTossieHus. oBbILWEHE BOCNPOM3BOAMMOCTM NOKa3aTtesnein CBOMCTB NONMMepP6ETOHOB HA OCHOBE OTXO/[J0B TEPMOMNJIACTOB
0CTAETCS BAXHOI TEXHONOrMYeCKOI 3aaadei. icnonb3oBaHne 0TX00B TEPMONNACTOB B KA4€CTBE CBA3YHLUMX B CTPOUTENbHbIX
KOMMO3NLUAX — peanbHbli NyTb PELLEHUS IKONOTMYECKON NPO6IEMbl NNACTUKOBOr0 3arpsi3HEHNS, COOTBETCTBYHLLNIA KOHLIENLMNA
YCTORYMBOrO Pa3BUTUS U NPUHLMNAM LNPKYNSPHOIA S3KOHOMUKN.

KntoyeBble cnoBa: nosiMMepHbIe 0TXO0Abl, TEPMONIACTUYHOE CBASYIOLLEE, MONNITUNIEHTEpeddTanar, NoMNPONUIeH, Non1MepnecyaHoe
13penue, yCTON4YMBOE pasBuTue.
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Thermoplastic Binder from Plastic Waste

The accumulation of plastic waste and the pollution of ecosystems with micro plastics has become a global problem of our time. The basic industry for the efficient utilization of plastic
waste is the construction industry. When collecting and sorting waste, polyolefins and polyethylene terephthalate are most successfully selected, but when they are used in building
compositions as fillers, their binding potential is not realized. We have production experience in processing polyolefin waste into polymer concrete products; however, the quality of the
products is unstable, due to the lack of a regulatory framework and insufficient scientific justification for the selection of compositions and manufacturing technologies. The possibility
of obtaining polymer sand concrete products using thermoplastic waste as binders is shown. Polymer sand samples based on a mixture of polyethylene terephthalate and polypropylene
waste in a ratio of 95-80 to 5-20% by mass have a density of up to 2000 kg/m?, and, if compared with cement concrete, the compressive strength is not lower than class B12.5, tensile
strength in bending is not lower than class Btb6.8 with a variation coefficient of 30%, have higher impact strength. Manufacturing technology is of low-power consumption; products
acquire tempering strength within an hour after manufacturing. Increased reproducibility of indicators of properties of polymer concrete based on thermoplastic waste remains an
important technological challenge. The use of thermoplastic waste as binders in building compositions is a real way to solve the environmental problem of plastic pollution, correspond-
ing to the concept of sustainable development and the principles of a circular economy.

Keywords: plastic waste, thermoplastic binder, polyethylene terephthalate, polypropylene, polymer sand concrete, sustainable development.
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MHTeHCHMBHOE pa3BUTUE TEXHOJIOTUIA TTPOU3BOACTRA U
MIPUMEHEHUS] CMHTETUYECKUX TIOJTMMEPOB M KOMITO3UTOB
Ha UX OCHOBE OOBSICHSIETCS] UX TEXHOJIOTMYECKUMU, DKC-
TJTyaTallMOHHO-TEXHUUECKUMU U 9KOHOMUIECKUMU TIpe-
MMYIIECTBAMU Tiepell MTPUPOIHBIMU U UCKYCCTBEHHBIMU
MaTtepuaiaMu. B mocienHue roabl oO1ieMUpPOBBIE 00b-
€MBbI BBITTyCcKa TOJMMEPOB cOoCTaBysioT Oosee 400 MiH T
€XEeroHO, a B 00I11eli CJIOXKHOCTH YeJIOBEYECTBO YKe MPOo-
uzseso 9,2 miapa T noaumepos [1, 2]. DTo Hensz0exHO
MPUBOAUT K HAKOTUIEHUIO OFPOMHOTO KOJIMYECTBA MOJIU-
MEPHBIX OTXOJI0B. MHOTME MOJMMEPHBIC M3 BbIXO-
JISIT U3 YIOTPeOICHHUS M3-3a MOPAJILHOTO, a He (pusnde-
CKOTO M3HOCA (MIPYIIKW, MOTHBIM TEKCTWIIb, MTPEAMETHI
obuxoma u np.). Camblii OONBIION CEKTOP MOTUMEPHBIX

The intensive development of synthetic polymers and
composites based on them production and use technolo-
gies is explained by their technological, operational, tech-
nical and economic advantages over natural and artificial
materials. In recent years, the global production of poly-
mers has been more than 400 million tons annually, and
in total, humanity has already produced 9.2 billion tons of
polymers [1, 2]. This inevitably leads to the accumulation
of a huge amount of polymer waste. Many polymer prod-
ucts go out of use due to moral rather than physical wear
and tear (toys, fashionable textiles, household items, etc.).
The largest sector of polymeric materials — packaging
(one third of polymeric products) — was originally de-
signed for a short operational period, and very quickly
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MaTepuagoB — YIaKOBKa (TPeTh MOJMMEPHON MPOAYK-
1IM1) — U3HAYaJIbHO PACCUUTAH Ha KOPOTKMIT IKCILTyaTa-
LIMOHHBIN TTEPUOI M OYeHBb OBICTPO OKA3BIBACTCS B OTXO-
nax. ITomaB B OTXOIbI, U3-3a UCKIOYUTEIBHON XMMUKO-
OMOJIOTMYECKOI CTOMKOCTA TOJMMEpPHBIE MaTepUaIbl
akTUYEeCKM HE pas3jararorcs, a, IeCTPYKTUPYS U OXPYII-
YMBAsICh, TMOCTEIICHHO pacIlafaioTcsl Ha 0Ooyiee MeKue
dparMeHThI. B pe3ysbraTe Bo BCeX 9KOCUCTEMAaX IJIaHEThI
(B Boe, BO3myXe, MOYBE, XKUBBIX OpraHU3Max) IPUCYT-
CTBYET TaK Ha3bIBaeMbIii MUKPOIUIACTUK (JACTHUIIEI CUH-
TETUYCCKUX TOJMMEPOB pa3MepaMu OT 1 MKM 0 5 MM).
[MocnencTBUsT BO3MEUCTBUS MUKPOIUIACTAKOB Majlo WC-
CJIeOBaHbl, W 3arpsi3HEHME UMM OKpPYXKarollel cpeabl
BkmoueHo IIporpammoit OOH (UNEP) B uncio mecstu
OCHOBHBIX 9KOJIOTMYECKUX MpobeM [3—5].

Bricive cryneHu uepapxuy oOpalieHusI ¢ OTXOAaMu
(F'OCT P 56828.31—-2017; Directive 2008/98/EC on
Waste) mpenmonaraloT OpeaoTBpallleHue M MUHMMU3a-
IMI0 X 00pa3oBaHUs, M BO MHOTHUX CTpaHaX MUpa IIpo-
CJIeXKMBAETCsl TEHACHLMSI Ha OrpaHUYEHUE MCIOJIb30Ba-
HUS TOJMMEPHBIX MaTepuanoB. OmHaKo mgaxe B cdepe
IMPOM3BOJICTBA YITAKOBKM OTKAa3 OT IJIACTUKA B IOJIb3Y OY-
Maru, cTekja, OuopasjaraeMbIX MaTepHUaloB Ha CEroi-
HSITHWN JeHb He 000cHOBaH. OMHOPa30BbIe TIACTUKO-
BbIe U3[ENMSI CTAJIM HE3aMEHUMBbI, KOrla peyb 3allljia O
6e3omacHocTH. Tak, ¢ Havajiom maHgemun COVID-19
MPOW3BOACTBO TUIACTUKOBOW YIAaKOBKU MJIsI BOMABI, MPO-
IIYKTOB, OBITOBOII XUMUM, (hapMalleBTUKU BBIPOCIO Ha
10—15%, B TO BpeMs Kak B LIEJIOM ITPOMbILIIEHHOE TIPO-
M3BOJCTBO B IEpUON MHaHaeMuu yrmajgo Ha 9,8% [6].
Bripouem, 1 B IpyTux oTpacisix B 0003pMMOM TIEPCIICKTH -
B€ OTKa3 OT MOJIMMEPOB HepeaaucTuieH. CaenoBaTe/bHO,
COTJIACHO MEPAPXUIECKOMY TOPSIIKY, TTIOJIMMEPHBIE OTXO-
IIbl TOJDKHBI YTWIM3UPOBATHCS, TPEATIOUTUTEIBHO Yepe3
mepepadboTKy BO BTOPUIHBIC MaTePUAIbHBIC PECYPCHI.

CrpoiiuHaycTpusl B TIPUHLUINE SIBJISIETCSl 0Aa30BOM OT-
pacIblo TS YTWIM3ALUU Pa3IAIHbBIX OTXOIOB, B TOM YHUCIIe
U TIOJTUMEPHBIX. Belb cTponTebcTBO TTOTPEOIISIET KOJIOC-
cajJibHbIe 00bEMbI Pa3HOOOPA3HBIX MAaTEPUAJIOB, a TPEOOBA-
HUSI K CTCTICHU 3aTrPSI3HEHHOCTH CHIPhSI B 1IEJIOM JIOSUTEHBL.
Bropoii BaxkHbI 1 onpeaesiiolnii (pakTop — 3TO -
TEJIbHBIA KU3HEHHBIA LUKIT CTPOUTEJILHOU MPOMYKIINU,
WCUNCIISIEMBII IIECCATUICTASIMU, B OTJIMIKE OT APYIUX Ba-
PUAHTOB MPUMEHEHUS TTOJMMEPHOTO BTOPCHIPhST — MPEed-
METOB OOMXOma, TEKCTWIS U TeM OoJiee YITaKOBKH, KakK
MpaBujIo, omHopa3oBoii. [ToaTomy nepepadboTka noaumep-
HBIX OTXOIOB B CTPOUTCIIBHBIC W3HCIUS C TUTCIHHBIM
>KU3HEHHBIM LIMKJIOM sIBJIsieTcsl Haubosee 3(PpheKTUBHBIM
peleHneM MpooaeMbl UX yTuausauuu. [1pu 3ToM oTxombl
He YHIUTOXAJINCH (KaK B CIydae CKUTAHUST) U IJTUTCITBHOE
BpeMs He TIEPEeXOINIIN B pa3psii MUKPOILJIAaCTUKOB, a OCTa-
BaJIMCh BUAON3MEHEHHBIMU — B M3ICIIUSIX K KOHCTPYKIIASIX
3MaHUI ¥ COOPYKEHUI C HOPMAaTUBHBIM CPOKOM 3KCILTya-
TallAM 0 CTa U OOJIee JIeT.

B Mupe HanboJiee MacITaOHBIMU MO MPOU3BOJACTBY U
YCIICIIIHO BBIOMPAEMBIMU M3 OTXOMIOB IOJMMEPAMU SIB-
JISIIOTCS MOAMOoJe(UHBI U MoNM3TUAeHTepedTanar [7, 8],
1 IMEHHO OHM B IIEPBYIO Ouepeab UASHTUDULIUPYIOTCS B
cocTaBe Mukporuiactuka [3—5]. [ToaTomy npencraBieH-
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ends up in waste. Once in the waste, polymer materials do
not actually decompose, due to their exceptional chemi-
cal and biological resistance, but, destructing and becom-
ing fragile, gradually disintegrate into smaller fragments.
As a result, there is a so-called micro plastic (particles of
synthetic polymers from 1 um to 5 mm in size), in all eco-
systems of the planet (in water, air, soil, living organisms).
The consequences from exposure of micro plastics are
poorly studied, and their pollution of the environment is
included among the 10 major environmental problems by
the UN Program (UNEP) [3—5].

The highest levels of the waste management hierarchy
(GOST R 56828.31-2017; Directive 2008/98EC on
Waste) presuppose the prevention and minimization of
waste formation and there is a tendency to limit the use of
polymeric materials in many countries of the world.
However, even in the field of packaging production, the
abandonment of plastic in favor of paper, glass, biode-
gradable materials is currently not justified. Disposable
plastic products have become indispensable when it comes
to safety. So, with the onset of the COVID-19 pandemic,
the production of plastic packaging for water, food,
household chemicals, pharmaceuticals increased by 10—
15%, while in general industrial production fell by 9.8%
during the pandemic [6]. However, in the foreseeable fu-
ture, abandoning polymers is unrealistic in other indus-
tries as well. Therefore, according to the hierarchical or-
der, polymer waste must be utilized, preferably by pro-
cessing into secondary material resources.

The construction industry, in principle, is the basic
industry for the disposal of various wastes, including poly-
mer waste. After all, construction consumes colossal
amounts of various materials, and the requirements for
the contamination degree of raw materials are generally
loyal. The second important and determining factor is the
long life cycle of construction products that is calculated
in decades, unlike other application options of polymer
recyclable materials, such as household items, textiles,
especially packaging, disposable, as a rule. Therefore, the
processing of polymer waste into construction products
with a long life cycle is the most effective solution to the
problem of their disposal. At the same time, the waste is
not destroyed (as in the case of incineration), and for a
long time does not pass into the category of micro plastics,
but remains in a modified form — in products and struc-
tures of buildings with a standard service life of up to
100 years or more.

The largest in terms of production and successfully
selected polymers from waste in the world are polyolefins
and polyethylene terephthalate [7, 8], and it is they that
are primarily identified in the composition of micro plas-
tics [3—5]. That is why the presented work is aimed at
analyzing scientific and technical information on the pro-
cessing of secondary polyolefins and polyethylene tere-
phthalate into building materials, and, secondly, on our
own research of building composites based on binders
from these polymer wastes.

Quite a lot of publications are devoted to the process-
ing of polymer waste into construction products. Thus, a
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To realization of the XII International Conference on Nano-technology for green
and sustainable construction (NTC 2021) March, 2021, Sharm El Sheikh, Egypt

Hasl paboTa HalleJieHa, BO-MIePBbIX, HAa aHAIM3 HAYYHOU 1
TeXHUYECKOU MH(MOPMAIIUK O MepepadbOoTKe BTOPUIHBIX
MoJMoeMHOB U TIOJNIMATUJICHTEpedTazaTa B CTPOU-
TeJbHbIE MaTepuasabl U, BO-BTOPbLIX, HA COOCTBEHHBIE
WCCIIE/IOBAHUS CTPOUTETHHBIX KOMITO3UTOB Ha OCHOBE
CBSI3YIOIIMX U3 OTXOJ0OB 3TUX MOJUMEPOB.

[lepepaboTKe MOIMMEPHBIX OTXOI0B B CTPOUTEIBHBIC
U3AEJNST TOCBSIIEHO OOCTATOYHO MHOIO IyOJIMKalLMA.
Taxk, Mo monckoBOMY 3ampocy Ha caiite ScienceDirect o
Habopy KJII0UeBbIX CJIOB plastic, waste, construction (ruta-
CTUK, OTXObI, CTPOUTEILCTBO) BBIXOAUT CIIMCOK U3 0O-
Jiee 46 THIC. CCBIJIOK, OOJIBIIE MOJOBUHBI KOTOPBIX OITY-
OJIMKOBAHO 3a MOCJIEeIHUE AECITh JIeT. bOJIbIIMHCTBO pa-
00T CBSI3aHO C MCIOJb30BAaHUEM ITOJIMMEPHBIX OTXOIOB
KakK 3aIloJTHUTENIeld B LIEMEHTHBIX U achaibToOeTOHAX,
T. €. MOJMMEpPHBbIE YacCTUIBI paccMaTPUBAIOTCS Kak
WHEPTHBIN Mateprasl. OueBUIHO, 9YTO TIPA 3TOM HE MC-
MOJIb3YETCSl CBSI3YIOLIUM MOTeHLMAT TePMOIUIACTUYHBIX
noJuMepHbIx oTxoa0B. Kpome Toro, yactuiisl PET u PE
HEe UMEIOT aare3uu K LIEMEHTHOMY KaMHIO U MO3TOMY
CHIDKAIOT TIPOYHOCTh LIEMEHTHBIX KOMIIO3UTOB: TIepepa-
0OTKa TIOJIMMEPHBIX OTXOIOB B 3arlOJHUTEIM OTYACTH
pelIaeT 3agavdy X yTUIM3allii, HO He CHIUKAeT MoTpeo-
HOCTH B TIEPBUYHBIX TepMoILIacTax. Mcrmoab30BaHue Xe
TEPMOILIACTOB B KQUE€CTBE CBSI3YIOLIUX B MOJUMEPMUHE-
PaJbHBIX KOMIIO3UTAX TTO3BOJIUT TIOJTyYaTh TOJITOBEYHbIE
KOPPO3MOHHO-CTOMKME U3NEMS C MOBBIILIEHHBIMU JEKO-
pPaTUBHBIMM U MEXaHWYCCKMMU CBOMCTBAMM, XapaKTep-
HBIMU JIJIST TIOJTMMEPOETOHOB Ha TIEPBUYHBIX TTOJIMMEpaXx.

Hudopmanmonnsiii mouck (mo P® u 6mmkHemy 3a-
pPYOEXbI0) TIPOU3BOAMTENEH CTPOUTEBHBIX M3INETUN C
HCMOJIb30BaHUEM TTOJIMMEPHBIX OTXOIOB B KaUeCTBE CBSI-
3YIOIIMX Jajl Clieaylonre pe3yibTatbl. O MpOM3BONCTBE
IIMPOKOTO CIIEKTpa MOJUMEPIIeCYaHbIX U3ACIUIA CTPOU-
TEJIHbHOTO HA3HAYCHUSI COOOIAI0T KOMIIAHUM:

— Tetto (MockoBcKasi 0011.);

— 000 <«3aBox ITonmumepksapi» (r. HabepexkHbie
YenHbl);

— Pycnana (BunHuua, YkpauHa);

— «Cuneprus-C» (Camapa).

Ha caifTax komItaHuii yka3aHo, UTO U3AEJIUS U3rOTaB-
JINBAIOTCSI TOJIBKO M3 BBICOKOKAYECTBEHHOTO CHIPHS.
Hexkotopele npousBoauTenn 6e3 KakKoro-iaudbo o00CHO-
BaHUS 3asIBJISIOT O CPOKaX CIIY>KObI 3TUX U3ACIUI HE Me-
Hee msaTUaecaTH jieT. OO0 MCMOIb30BaHUM TTOJTMMEPHBIX
OTXOJIOB OHM HE COOOILAIOT, XOTS BEJIMKa BEPOSTHOCTD,
YTO ITOJTMMEPHBIC OTXOIBI BCE K€ MCITOIB3YIOTCS. B 1101h-
3y 9TOI'O CBUAETEIbCTBYIOT MPEITOXEHUS MAILIMHOCTPO-
WUTEJbHBIX KOMITAHUM, TTOCTABISIONINX TEXHOJIOTUISCKIE
JIMHUY TIO M3TOTOBJICHUIO aHAJIOTMYHBIX U3IEIUI 13 TI0-
JIMMEPHBIX OTXOIO0B, HarpuMep MBaHOBCKMIT MexaHUYe-
ckuii 3aBon, CKOJNKOBCKMI MeXaHMYECKHMII 3aBO[I,
«Cudanusg-9xkorexHuka». TakuM oOpa3oM, MPOU3BO/I-
CTBEHHBII ONBIT IEPepabOTKN TOJIMMEPHBIX OTXOHOB
(Gonbluei yacTelo noauojeduHoB) nmeetcs. Ilepcnek-
TUBHOCTb U3TOTOBJICHNUS TAKUX U3ACINI OTMEUaIach elie
B 1994 r. aBropamu ctatbu [9]. KauecTBo uznenuit (Jiro-
KOB, YEPEIUIIbI, TPOTYapHO IJIUTKN) BapbUPYET OT BbI-
COKOTO JI0 HEIOTTYCTUMO HU3KOTO (110 TaHHBIM aHaIu3a

search query on the ScienceDirect website for a set of
keywords “plastic, waste, construction” leaves a list of
more than 46 thousand links, more than half of which
have been published over the past 10 years. Most of the
papers are related to the use of polymer waste as aggre-
gates in cement and asphalt concrete, i. €. polymer parti-
cles are considered as an inert material. Obviously, the
binding potential of thermoplastic polymer waste is not
used. In addition, PET and PE particles do not adhere to
cement stone and therefore reduce the strength of cement
composites. That is the processing of polymer waste into
fillers partly solves the problem of their utilization, but
does not reduce the need for primary thermoplastics. The
use of thermoplastics as binders in polymer mineral com-
posites will make it possible to obtain durable corrosion-
resistant products with enhanced decorative and mechan-
ical properties characteristic of polymer concretes based
on primary polymers.

Information search (across the Russian Federation
and neighboring countries) of manufacturers of construc-
tion products using polymer waste as binders gave the
following results. The following companies report on the
production of a wide range of polymer sand products for
construction purposes:

— Tetto (Moscow region);

— LLC “Plant Polimerkvarts” (Naberezhnye Chelny;

— Ruslana, Vinnitsa, Ukraine (http://ruslana.vin.ua);

— “Synergy-C” (https://synergy-samara.ru).

The companies’ websites indicate that products are
made only of high quality raw materials. Some manu-
facturers claim without any justification that these prod-
ucts have a lifespan of at least 50 years. They do not re-
port the use of polymer waste, although it is highly
likely that polymer waste is still used. This is supported
by the proposals of machine-building companies sup-
plying technological lines for the manufacture of similar
products from polymer waste (for example, Ivanovo
Mechanical Plant, Skolkovo Mechanical Plant,
“Sifania-Ecotechnika”). Thus, we have experience in
the processing of polymer waste (mostly polyolefins).
Such products manufacture prospects were noted by the
authors of the article back in 1994 [9]. The quality of
products (hatches, roof tiles, paving slabs) varies from
high to unacceptably low (according to the analysis of
forums on this topic on the Internet). To obtain consis-
tently high-quality polymer-sand products from poly-
mer waste, it is necessary to select compositions and
technological modes based on studies of the processes of
structure formation.

Literature data analysis on polymer concrete products
based on thermoplastic waste is presented in table 1. It
does not include patent information, as well as informa-
tion on wood-polymer composites (WPC).

Table 1 data show that due to the lack of regulatory
documents for polymer sand products, different authors
use different samples and different test methods. That is
why it is difficult to compare the above results.
Nevertheless, it is obvious that on the basis of polymer
waste it is possible to obtain construction products with
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Table1l
CocTaBbl KOMNO3MLUA U CBOCTBA 00pa3L0B NOIMMEeP6EeTOHOB Ha OCHOBE TEPMOMJIACTU4YHbIX OTXOA0B (aHanu3 Hay4yHou uHdopmaumm)
Structures of compositions and properties of polymer concrete samples based on thermoplastic waste (analysis of scientific information)
OCHOBHbIE KOMMOHEHTbI KOMMO3WLK < @ X % =
X T 3 - MpouHocTs, MMa S & o
The main compo_npnts =S ow o 5 g =@ Strength, MPa, under g 'éE) _ES S E 3 ce §
of the composition ESsgE£00 - = ;SEXRTY LT aeo ST cs -
L@%OSS%S cl:>c,\°o" -9 qS)S::C—"'— agogg :I'E_g-g 0
— 2 25s288s% e8|l £9 =g @ z89s2| ¢e83F¢eg 558¢E g o
383 3 S8 old3so=E T O = 5 = S 2] SCBE S0 go® FES s o Z
Sl %) ©c33EL3E Ico o = =2 © 52 I€E&2< s 23825 i eS5
ER=E= £ 5 <5CE62E£E98 0=8 2 & 3 S0 Sg=zg38 F0S 2o =2 32
2 Q0o To JCSo05029 I~ o = c X O ] EXg838%09 5080 3525 @
FEQ® ST l—go EQE [} o o o S 5 S c Do OEQN&’ S == 26 8 @«
= O 5 e * 8 s £ ce S € sS85 65 &©o S 56 I B
3¢9 IS o= 25 - o 8= & -
; T O L = o E% ; o
[puroToBneHme cMecu, XonoLHoe
npeccoBaHune, coxpaHeHne Gopmbl 3a
© cyeT GOPMOBOYHBIX CBOWNCTB MMHbI, LnnuHapel BEICOTON 1
g Braxtiast ruHa, OTXObl cyLuka, Tepmoobpabotka npu 180°C anameTpom 50 Mm o
T = PET unu oTxoAbl pe3nHbl ! . ) CTeHoBoI kameHb
= B Te4eHue 480 MuH 84-91 15,4-7,9 - 9,2-13,7 Cylinders with a height
C w Wet clay, PET waste or . : . ’ Wall stone
w o Mix preparation, cold pressing, shape and diameter of
o rubber waste ) ; -
retention due to the molding properties 50 mm
of clay, drying, heat treatment at 180°C
for 480 min
=T E o
oo = 13MenbyeHie NoAMMEpPHBIX OTXOL0B,
o so*= CMeLLUVBaHne C HanoHUTeNeM, ropayee
n ~—
é %I) % & Men, 060XXeHHbI Necok npeccosarie npy 270°C 1 fasnenim MnacTuHbl OMT ﬂiﬁg‘;]l:’if;: T&ﬁigﬂ
=22x0 - 16-17 Mla B Teyexne 7-10 Mun 0-50 - 39-22 - Lo
©Sf ek Chalk, burnt sand . ) . Slabs Finishing wall and floor
SSow Shredding of polymeric waste, mixing tiles
=95 o with filler, hot pressing at 270°C and
w w E S pressure 16-17 MPa for 7-10 minutes
55 . KOHCTpyKUMOHHBIE
Qo
;[ E Ke| amsﬁ?}iﬁﬁ;m& n 02,5 M GunbTpyloLIme
& QSartz and expanded cI[;p. N 75-90 8-30 5-20 u£l 1025 N Marepuabl
i ui b y ploe. Construction and filter
N sand, etc. .
materials
naBneHne NONNMEPHBIX OTXOLOB NPU
Temnepartype go 150°C, BeefieHvie B
pacnnas necka, NnepeMeLLnBaHNE, INTbe
e Mecok B nogorpetsie 10 100°C bopmbl 75 1027,3 ~ ~ Iggzsc\sﬁr? gﬁ“’égoeMONf' Bnok, BpycyaTka
89 Sand Melting of polymer waste at up to 27.3 Y Block, paving stones
o . 50 mm
temperatures up to 150°C, introducing
sand into the melt, mixing, casting into
molds heated to 100°C
M3menbueHne nonmmepa fo 0,297- J0pOXHbIE MOKPBITYS,
2,38 MM, CMeLLMBaHUE C 3anONHUTENEM, Ky6bl ¢ pebpom NPOHNLLAEMbIE MOKPLITUS,
Koadppuument .
o 3akniagka cmecv B hopmy, 50,8 MM — cxatme; OTAENOYHbIE U3aenust
[Lpo6neHblii 3BECTHSIK A0 o pasmsryeHns
TepmocTaTtuposaHue npu 195°C B . 7| Gankn 34x34X160 MM — | s 0GAMLIOBKM CTEH,
o] pa3mepoB HacTuL, He 10,29 Ha PE; 0,95 Ha PP;
o TeyeHue 2,54 (ana PP) n 1,754 (ons n3rné MaJible apXUTEKTYPHbIE
a 6onee 4,76 Mm ; 30,4 Ha PP 0,85 Ha PE ;
T Crushed limestone to a PE); Tpambogka 25 ynapoB BeCOM 2 k& 78 10,29 per PE: Softening Cubes with an edge of dopmbl 1 ap.
o D s , ; i :
o particle size of no more G”!’C."”g t.hﬁ Fﬁ’lynﬁlr. to 0H297. 2.38_mm, 30,4 per PP factor 0.95 per 50.8 .mn.1 b Roadbcl:overlngls,
than 4.76 mm mixing with filler, fi |ng_t e mixture into PP; 0.85 per compression; beams | permeable coverings,
the mold, thermo stating at 195°C for ’ PE 34x34X160 mm - finishing products for
2.5 hours (for PP) and 1.75 hours (for bending wall cladding, small
PE); 25 ramming blows 2 kg in weight architectural forms, etc

LOUHIY ‘XHI[II-9rC-NWdel] ‘1707 Ldejy ‘<«edLd9rrd.LHOdL) 0I0GHRhHOLIA H OJ0LIHK
HYIIhHIOLONE BI'Y HHIOLOHXJLOHEH» HUNMHIAI(PHON HOHTOABHAIKIN [IX OIHHITIgodH Y




5
A

oIGINTIAES

[GIAGIN

120 wvd9ap—adpons

601

e

=
-

=
-

NNAIdWNHXIU-OHhADH

pogenodu n

UDHAAHC NIAHHIOULD

OkoH4yaHue Tabn. 1
End of table 1
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MN3menbyeHne nonmmepos He 6onee
0,2-0,3 mm;
1-1 BApMaHT — CMELLVBAHUE C NMECKOM,
Harpes cMecu npu 250-270°C
10-15 MuH, ropsyee CMeLUMBaHNE;
2-1 BapuaHT - nnaeneHue noamMepa, 16-28 Ha PE;
nofaya B ropsumnii CMecuUTeNb 1,635-1,925 72,5-92,6 Ha
Mecok ¢ pasmepamin C HarpeTbIM NECKOM, ropsiyee Ha PE; 1,92- PET (no Boipesanwch u3
i cMmewwvBaHne 3-10 MuH, Nogaya cMecn 2,39 Ha PET FOCT 9550) OTNPECCOBAHHO
o yactuy, 0,2-1,2 Mm HanonbHas nnntka n ap.
o Sand particle size 0.2 B dopmy, npeccoBaHve 20-50 | 1,635-1,925 - 16-28 per - 3aroTOBKM Floor tiles. etc. [14]
o 1.2 mm Grinding of polymers no more than 0.2- per PE; PE; 72,5- Cut from a pressed '
’ 0.3 mm; 1,92-2,39 92,6 per PET blank
Option 1 - mixing with sand, heating the per PET (according to
mixture at 250-270°C for GOST 9550)
10-15 minutes, hot mixing;
Option 2 - polymer melting, feeding into
a hot mixer with heated sand, hot mixing
for 3—10 minutes, feeding the mixture
into a mold, pressing
lnaBneHne NOAMMEpPHBIX OTXOL0B NPy Mpu3mbl
M3BeCTHsIKOBas Myka, 270°C, BBEeEHME NONMMEPHOI 100aBKM 40x40x80 Mm — Monmmep6eToHHbIe
MUKPOKanbLWT, 11 HanoJHUTENS, ropsiyee CMeLLMBaHNe, cxartve; NnTKu KOMMO3TbI
& MOHTMOPUNOHUTOBASA npeccoBaHue npu 25 MlMa B Te4eHne 40X80x10 mm - CTPOUTENBHOrO
5 rnvHa 2 MUH 50-85 - 32-67 4,5-10,5 - n3rvb Ha3HayeHs [15]
o Limestone flour, micro Melting of polymer waste at 270°C, Prisms 40X40x80 mm Polymer concrete
calcite, mont-morillonite introduction of polymer additive and - for compression; composites for
clay filler, hot mixing, pressing at 25 MPa for tiles 40x80X10 mm - | construction purposes
2min for bending
ThTO xe 50-85 | 1,813-1,961| 10-76,4 4-174 03-7
e same
CMeLLmMBaHIe N3MEeNbYeHHBbIX 0 1 CM
NONVMEPHbIX OTXOA0B C NECKOM,
5 KBapLieBbIil necok yniorheHue KOMHOZ)”””” B ¢°p2""7%uc To xe Toxe (6]
a TepmMocTaTnpoBaHue GopMbl Npu
Quartz sand B Tedenvte 1 4 70-85 | 1,89-197 | 11,8-22,4 1,6-2 3-10 The same The same
Mixing of polymer waste crushed to 1 cm
with sand, compacting the composition
in the mold, thermo stating the mold at
270°C for 1 hour
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dopymoB 1o 1ol TeMe B MHTepHeTe). s moaydeHust
CTaOMJIbHO KaYeCTBEHHBIX IMOJMMEPIECYaHbIX W3ACINI
U3 OTXOJOB ITOJIMMEPOB HEOOXOIMM ITOI00P COCTAaBOB U
TEXHOJIOTMYECKUX PEXXMMOB, OCHOBAaHHBIX Ha MCCJIEI0-
BaHUSIX IIPOIIECCOB CTPYKTYPOOOpPa30BaHNS.

AHanu3 IUTepaTypHbIX JAHHBIX, MOCBSIIEHHBIX MMO-
JIMMEPOCTOHHBIM M3ICTUSIM HAa OCHOBE OTXOIOB TEPMO-
IUIacTOB, MpeACTaBieH B Taoia. 1. B Hero He BKJIOYeHa
MmaTeHTHas MHGOpMaIus, a TakKXKe CBEICHHUs O JpeBec-
Ho-TtoJMMepHbIX koMmnoduTtax (JITTK).

JlaHHble Taba. 1 MOKa3bIBaIOT, UTO M3-3a OTCYTCTBUS
HOPMAaTUBHBIX JOKYMEHTOB Ha ITOJIMMeEpIIicCUaHbIe M3-
JIeJIdsl pa3Hble aBTOPhI MCIIOJB3YIOT pa3Hble 00pa3libl U
pa3HbIe METOINKH MX UCITBITaHUI. [103TOMY cCpaBHMBAaThH
MPUBEICHHBIC pe3yabTaThl CJIOXKHO. TeM He MeHee ode-
BUJHO, YTO HAa OCHOBE ITOJUMEPHBIX OTXOJOB MOXKHO
MMOJIYYUTHh CTPOUTENbHBIC M3ICIUS C TPOYHOCTBIO TP
CXKaTUM Ha YPOBHE LIEMEHTHBIX OETOHOB U C IPOYHOCTHIO
IIpyW M3THOE B pa3bl OOJBIICH; ¢ HU3KUMH 3HAYCHUSIMU
BOJOIOIJIOIIEHUS] W TIJIOTHOCTU. 3HAUYUTEIbHAsl 4acThb
IaHHBIX OTHOCcUTCH K oTxomaM PE nub6o x cMecu oTxonoB
noauoaeduHoB. B pazpaboTrkax ¢ MCHOJb30BaHUEM
ToJibKO 0TX0n0B PET mnu B ux cmecsx ¢ PE ykazaHa BbI-
COKasl IPOYHOCTH 00Pa3IIOB.

PET otHoCHUTCA K MHXXEHEPHBIM MOJMMEpaM M Xa-
pakTepU3yeTCd BBICOKOM KECTKOCTBIO, TBEPHOCTHIO,
JUIATEbHOUN MPOYHOCTHIO, MOBBIIIEHHOM TEIMJIOCTONKO-
CTBIO M BBICOKOI1 aTMOC(EPOCTOMKOCTHIO. DTO ONMH U3
IIECTH BaXKHEUIITMX TEXHUYECKUX ITOJIMMEPOB M KOPOJIb
cerMeHTa OyTUJIMPOBAHHbBIX HAIMMTKOB (87% OyTrIMpO-
BaHHOI Boxabl B EBporie B 2016 1. nmpogano B PET yna-
koBke) [17]. PET Takke sBasgeTcs MoauMepoM, Haubo-
JIee TIPUTOIHBIM K PEIMKIMHTY C BO3MOXKHOCTBIO ITOTCH-
1IMaJbHO HEOTPAaHWYEHHOIO IMOBTOPHOTO MCHOJIb30Ba-
Hud. [ToaToMy B Halmx ucciaeaoBaHusix uMeHHo rPET
BBIOpaH B KaueCTBE OCHOBHOTO TTOJIMMEpa.

Marepuajbl 1 METObI

HccnenoBanuch MoaMMepHbIE OTXObI 0e3 MpeaBapu-
TEJIbHOIT MOMKM M OYMCTKM, M3MEIbYCHHBIC pe3aHNCM
Ha YacTUIIbI pa3MepaMu 0 5 CM:

— otxoel nonuatuieHtepedranara (rPET) — cmech
00pEe3KOB MPO3pPavyHBIX U IIBETHBIX OYTHIJIOK M3-TIO1 Ha-
IMUTKOB C OTACJICHHBIMU KPBIIIIKAMU U STUKETKAMU;

— OTXOAbl TOJUATWIEHA HU3KOTO JaBJICHUS
(rHDPE) — cMech 00pe3KoB KpbIIIEK OT IIACTUKOBBIX
OYTBUIOK U ITy3BIPHKOB MU3-T10/I MOIOIIINX CPEACTB;

— otxoabl nogumnponuieHa (rPP) — cmech 006pe3koB
MNUIIEBBIX KOHTEMHEPOB.

B xavecTBe HAITOJTHUTENSI BO BCEX KOMITO3ULIMSIX UC-
MOJIb30BAH BBICYILIEHHBIN KBAapLEBbIA PEYHOM IIECOK C
MomyseM kpyrHocTH 1,2 mo FOCT 8736—93. Ha ocHoBa-
HUU paHee MOJTYyYeHHBIX DKCIIEPMMEHTAIbHBIX Pe3yJbTa-
ToB [ 18], a TakKe 1151 00JIeTYeHUST TIOCIEAYIONIeH UHTep-
MpeTallMi JaHHBIX O CBOWMCTBaX CBSI3YIOLIMX CTENEHb
HAITOJTHEeHUS BCeX TOJMMEepPIIeCYaHbIX KOMIIO3UIIUI CO-
crasisuta 70 mac. %.

TexHosOrust MPUrOTOBJICHUSI KOMIIO3ULIMI U 00pa3-
1I0B 3aKJIfoyaiach B cieaytoiieM. Mi3MebueHHbIe 101 -

HAYYHO-MeXHU4eCcKuil U npou3800CEeHHbLI JHCYPHAN

compressive strength at the level of cement concrete and
with many times greater bending strength; with low val-
ues of water absorption and density. A significant part of
the data relates to PE waste, or to a mixture of polyolefin
waste. In developments using only PET wastes or in their
mixtures with PE, the high strength of the samples is in-
dicated.

PET belongs to engineering polymers and is character-
ized by high rigidity, hardness, long-term strength, in-
creased heat resistance and high weather resistance.

It is one of the six most important technical polymers
and the “king” of the bottled beverage segment (in 2016
87% of bottled water in Europe was sold in PET packag-
ing) [17]. PET is also the most recyclable polymer with the
potential for unlimited reuse. Therefore, it was rPET that
was chosen as the main polymer in our studies.

Materials and methods

Polymer waste was investigated, without preliminary
washing and cleaning, crushed by cutting into particles up
to 5 cm in size:

— polyethylene terephthalate waste (rPET) — a mix-
ture of cuttings from transparent and colored beverage
bottles, with lids and labels separated;

— waste of low-pressure polyethylene (rHDPE) - a
mixture of scraps of caps from plastic bottles and bottles
from detergents;

— polypropylene waste (rPP) — a mixture of scraps of
food containers.

Dried quartz river sand with a size modulus of 1.2
according to GOST 8736 was used as filler in all compo-
sitions. Based on the previously obtained experimental
results [18], as well as to facilitate the subsequent inter-
pretation of the data on the properties of binders, the
degree of filling of all polymer-sand compositions was
70% by mass.

The technology for preparing the compositions and
samples was as follows. Crushed polymer waste was
loaded into an automated melting and mixing unit, the
mass was melted at a temperature of 270°C with con-
tinuous stirring, then heated sand was added to the melt,
the mixture was mixed until homogeneous condition.
The prepared mixture was loaded into a mold heated to
100°C. The samples were pressed at a specific pressure
of 25 MPa for 2 min and then removed from the mold.
The samples were tested in twenty four hours after
manufacturing.

Samples with dimensions of 40x40x80 mm were
made for compression tests. Such samples are similar to
the halves of beams when testing cements for strength
according to GOST 310.4. To determine the impact
strength the samples were cut in half on a mechanical
pile driver, i. e. had the shape of a cube with an edge of
40 mm. Specific impact strength was evaluated by the
work of the sample related to its volume. Samples for
determining the flexural strength were in the form of
plates with dimensions in plan of 10x40x80 mm. The
hardness was determined with a Shore D durometer,
model NT-6510.
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Ta6nuua 2
Table 2
CocTaBbl CBA3YIOLLMX M CBOCTBA HaNoOJIHEHHbIX 00pa3uoB (CTeneHb HanonHeHns 70 mac. %)
Compositions of binders and properties of filled samples (filling degree 70% mass)
CocTaBbl CBA3YIOLLYX, MaC. % MpoyHocTs, MMa YnenoHas yaapHas | CpeoHsist NoTHOCTb,
Binder compositions mass % Strength, MPa, under BSAKOCTH, [I/cM r/om :gelﬁig‘?;
(PET PP rHDPE gopr::rﬁ;m ”%"ér"l'glr:gﬁe ;f:ﬁg{ﬁ 'T/%ﬁ Averag/ecgfsns'w’ Shore hardness D
- 100 - 26,9 13,5 485,8 1514 7,7
- - 100 25,8 27,4 25,4 1571 72
100 - - 82 33,6 12,8 1924 88,7
99 1 - 52,3 18,8 - - -
97,5 2,5 - 52 23,6 - 1965 85,7
95 5 - 53,6 21,3 46 1928 84
92,5 7,5 - 51,2 22,4 - - -
90 10 - 64,9 22,2 - 1937 81,3
87,5 12,5 - 59,7 21 - - -
80 20 - 56,7 21,7 39,3 1926 -
70 30 - 30 12,6 - 1738 76,7

MEpHBIC OTXOIbI 3aTrPYKaJIMCh B aBTOMAaTU3WPOBAHHBIN
IUIaBUJIbHO-CMECUTEIbHBIM arperar, Macca IUJIaBWJIACh
npu Temrmeparype 270°C mpu HempepbIBHOM Iepeme-
IIMBaHUU, Aajiee B pacijiaB BBOAUJICS HArpeThlil MECOK,
CMeCh TIepeMeIIrBaiach OO0 OTHOPOMTHOTO COCTOSTHUS.
T'oTtoBasg cmech 3arpyxkanachk B momorperyio go 100°C
mpecc-dopmy. OOpasLbl MPEecCOBATUCH MPU YACIbHOM
nasjieHuu 25 MIla B TeueHne 2 MUH, a 3aTeM M3BJIEKa-
Juch 13 hopMbl. OOpasibl MOABEPraJUCh UCITBITAHUSIM
yepe3 CYTKM IOCJIe M3TOTOBICHUS.

7151 ucnibITaHWiA PU CXKaTUU U3TOTaBIMBAIUCh 00pa3-
el pazmepamu 40x40x80 mm. Takue oOpa3ibl aHAJIOTHI-
HbI TTOJIOBUHKAaM 0ajioueK MpU UCTBbITAHUU LIEMEHTOB Ha
npouyHocth o 'OCT 310.4. s onpeneiaeHusT yaapHOit
MPOYHOCTA Ha MEXaHWYEeCKOM KOIIpe 00pasilbl pa3pesa-
JIUCH MOToNaM, T. €. TIpuodpetanu popmy Kyda ¢ pedpom
40 MM. YIeTTbHYIO YIapHYIO BI3KOCTh OLICHUBAJIN pabOTOI
o0Opaslia, OTHECEHHOI K ero oobeMy. O0pasLibl IS Orpe-
JIeIeHUS TIPOYHOCTH IPH U3TNOE MMen (hOpMY TIIACTHH C

pasMmepamu B 11aHe 10x40x80 M.
20

To obtain reliable results, for each experimental point,
the number of samples necessary and sufficient for math-
ematical processing of the data (from 6 and more) was
made.

Results and discussion

The components of the studied compositions and the
properties of the samples obtained by us are presented in
Table 2. and in figure.

The level of compressive strength in specimens on in-
dividual rHDPE is consistent with the data [9, 12, 14], but
is higher than shown in [10, 13]. The flexural strength of
specimens based on rPET is lower than shown in [11, 14].
This is due to the different degrees of filling, production
technology and sample testing methods. The analysis of
the obtained experimental data shows that when using
individual thermoplastic wastes as binders, the ratio of the
level of individual properties is ambiguous: from low to
high. Thus, samples on individual rPET during static tests

TBepmocTh ompenessiach JIOPOMET-
powm opa D, monens HT-6510. 80l
JIns1 monmydeHusl JOCTOBEPHBIX pe-
3yJIETATOB HAa KaXIYyl0 SKCIepuMmeH- 70
TaJIbHYIO TOYKY M3rOTABIMBAJIOCH He-
00X0IMMOE U JOCTATOYHOE /IS MaTeMa-
TUUYECKO 00pabOTKU JaHHBIX KOJU- 50
JecTBO 00pa3lioB (OT IIeCTH U OoJee).

60—

40

Pe3synbTaTsl U 00CyK1eHHEe 30
CocTaBbl HCCIIETYeMbIX KOMITO3M -

20+

LU U CBOMCTBA MOJYYEHHBIX aBTO-
pamu 00paslOB MPEACTABIEHBl B 4
TabJI. 2. U Ha PUCYHKE.

. Mpenen npoyHocTu npu cxatumn, MMa

|:| Mpenen npoyHocTy npu narnbe, MMa

YpoBeHb MIPOYHOCTHU IIpU cxXKatuu O
y 00pa3loB Ha WHIWBUAYATHHOM
rHDPE cormacyercss ¢ maHHBI-
mu [9, 12, 14], HO BBIIIIe, YeM TTOKa3a-

1 2

numbers are in Table 2)

fjr OVIEIIBHBIE

4 5 6 7 8 9 10 11

3aBMCMMOCTb MPOYHOCTM NOMMMEPEecYaHbix 06PasL0B OT COCTaBa CBA3YIOLLErNO (COCTaBkl B Tab. 2)
Dependence of the strength of polymer-sand samples on the composition of the binder (composition
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Ho B [10, 13]. IIpouHOCTb NMpU M3r1de y o0pa3ioB Ha OCHO-
Be rPET Huke, yeM nokasano B [11, 14]. Bto oObsicHsIeTCS
Pa3HOI CTEIIEHBIO HATIOJTHCHHUS, TEXHOJIOTUCH TTOTyJCHMST
1 METOAaMU UCIBITAHUS 00pa3lioB. AHAIN3 MOJTYYEeHHBIX
SKCIIePUMEHTATBHBIX JAHHBIX MTOKA3BIBACT, UTO IIPU HC-
MOJIb30BaHUM MHIMBUIYATbHBIX OTXOJI0B TEPMOILIACTOB B
Ka4yeCcTBE CBS3YIOIINX COOTHOIICHWE YPOBHSI OTHEIbHBIX
CBOWCTB HEOJHO3HAYHO: OT HU3KOIo IO BbICOKOro. Tax,
ob6pasiwl Ha nHAMBUAYanbHOM rPET npu cratnyeckux uc-
MBITAHUSIX TIPOYHBIC, HO OYeHb Xpymnkue. OOpas3ibl Ha
rHDPE umeror HM3KyI0 yaapHyIO MpOYHOCTh, a Ha rPP,
HaIpoTHB, BechbMa ymapocToiiku. [Tpmaem xapakrep pas-
PYLIEHMS IPU yaape y 00pa3oB Ha MoIMojieHaX MPUH-
LIMITAAILHO WHOM: 00pa30BaHUIO TPEIIWH IIPEAIIeCTBYET
T1actTuyeckas nedopMaiiusi ¢ CylIeCTBEHHbIM CMSTHEM
00pa3uoB. B Tabn. 2 He BOLIIM TEXHOJIOTMYECKNE CBOI-
CTBa CMECH, HO CTOMT OTMETUTh, UTO Ha MHAVWBHUIYATbHOM
rHDPE nonyunth oOHOPOAHYIO CMeCh KpaliHe CI0XKHO
13-3a BBICOKOI BI3KOCTH pacIljiaBa MoJIMMepa.

Komro3uimy Ha cMeceBbIX CBSI3YIOIIMX UMEIOT Ipe-
MMOYTUTEIBHBI KOMIUIEKC Oe(OopMallMOHHO-TIPOYHOCT-
HBIX CBOMCTB. BaxkHO OTMETUTb, UTO MPU AOCTATOYHOM
KOJIMYECTBE 00pa3loB Ha KaXAYIO SKCIIEPUMEHTAIbHYIO
TOUKY (OT 1IeCTU U OoJiee) pa3dpoc IKCIePUMEHTATbHbIX
3HAYEHUII BHYTPU CEpUU 00pa3LIOB OOJbBIION: KO3hbhu-
LIUEHT BapyalllK IIPOYHOCTH HAXOAUTCS B MHTEpPBAJle OT
10 1o 30%, 9TO CBSI3aHO C HEMTOCTOSIHCTBOM COCTaBa, pa3-
JIMYHOU TIPENbICTOPUEN UM CTEMEHBIO 3arpsI3HEHHOCTHU
OTXOIIOB. DTO CJICAYET YUUTHIBATh TTPU MTPOCKTUPOBAHNH
U3AEJIUI U KOHCTPYKLMIA U3 TTOJIMMEPIIECYAHBIX CMeCel
Ha OCHOBE TTOJIMMEPHBIX OTXOIOB 1 B KAUeCTBE PaCUeTHO-
ro MPOYHOCTHOIO ITOKa3aTessl MoJuMepOeTOHa ClIeayeT
HCITIONIh30BaTh He CpelHee, a MUHIMAIbHOE B CEpUH 3HA-
yeHue npouyHoctu. OTMeTHM, uto B [12] uccaenoBaaoch
mo Tpu obpasua, B [13] — mo gBa u Gosiee obOpasia Ha
KaXXIyI0 SKCIIEPUMEHTAIBHYIO TOUKY W B 3TOM CJIydae
CYIUTH O BOCIIPOM3BOJAMMOCTH PE3YJIbTaTa eIlle CIOXKHEe.

IMonmyaeHHBIE aBTOpaMU TaHHBIE TTOKA3aJIA, UYTO MCCIIC-
JlyeMble TTOJIMMEPOETOHbI Ha OCHOBE OTXOIOB TE€PMOILIa-
ctoB 1o 'OCT 25192—2012 oTHOCATCS K JIETKIM OeTOHAM
U 1o aHajiornu ¢ eMeHTHbIMU 1o T'OCT 25820—2014 co-
oTBeTCcTBYIOT MapkaM oT D1600 mo D2000. ITi1oTHOCTL 1
TBEPIOCTh CHIZKAIOTCI MOHOTOHHO, TT0 Mepe YBETUUCHMST
MAacCOBOI1 JOJIU TTOIMOoIe(PUHOB B KoMITo3uLuu. I1o mpou-
HOCTU TP CXaTuu Ipu Koddduirente Bapuaumu 30%
MOJIy4eHHbIC MOJMMEPOETOHBI COOTBETCTBYIOT KJlaccy He
Hizke B12,5, a Mo mpoyHOCTH Ha pacTsKeHUe TIPU U3TH-
0e — He HIKe By6,8 mo 'OCT 26633—2015. Haubosnee
BBICOKHE TIPOYHOCTHBIE TTOKa3aTe/ N JTOCTUTAOTCS TIPU CO-
BMELLEHUU OTXOA0B TepMoILiacToB, a iMeHHO TPET u rPP
B cootHomeHnn 90—80 x 10—20 mac. % COOTBETCTBEHHO
(cM. pucyHok). Bo3amozkHO, uTo npu MaccoBoii goje rPP B
cMecu TepMoIniacToB oT 10% cTpyKTypa CBS3YIOLIETO Tie-
pexoaut ot MarpuyHoiil cuctemsl (Matpuiia rPET ¢ Bkitio-
yeHusimu 1PP) K cucteme B3aMMONPOHUKAIOLIMX CETOK.
OnHako, 4TOObI 3TO YTBEPKAaTh, HEOOXOAUMBI JOTIOTHH-
TeJTbHBIC MCCIICAOBAHMSI.

[MoTeHUMAaNbHO MOJUMEPOETOHBI HA OCHOBE BTOPUY-
HBIX TEPMOIUTACTOB MMEIOT BBICOKYIO BOIO-, MOPO30-

HAYYHO-MeXHU4eCcKuil U npou3800CEeHHbLI JHCYPHAN

are strong, but very fragile. Specimens on rHDPE have
low impact strength, and specimens on rPP, on the con-
trary, are very shock-resistant. Moreover, the nature of
the fracture upon impact in the samples on polyolefins is
fundamentally different - the formation of cracks is pre-
ceded by plastic deformation with significant crushing of
the samples. The table does not include the technological
properties of the mixture, but we should note that it is
extremely difficult to obtain a homogeneous mixture on
individual rHDPE, due to the high viscosity of the poly-
mer melt.

Compositions based on mixed binders have a pre-
ferred set of deformation and strength properties. It is
important to note that with a sufficient number of sam-
ples for each experimental point (from 6 or more), the
scatter of experimental values within a series of samples
is large — the coefficient of variation of strength is in the
range from 10 to 30%, which is associated with the vari-
ability of the composition, different prehistory and the
degree of contamination of waste. This should be taken
into account when designing products and structures
from polymer-sand mixtures based on polymer waste,
and not the average, but the minimum strength value in
the series should be used as the calculated strength indi-
cator of polymer concrete. It should be noted that
in [12] 3 samples were studied, and in [13] — 2 or more
samples for each experimental point, and in this case it
is even more difficult to judge the reproducibility of the
result.

The data obtained by us showed that the investigated
polymer concretes based on thermoplastic waste accord-
ing to GOST 25192 belong to lightweight concretes, and
by analogy with cement ones according to GOST 25820
correspond to grades from D1600 to D2000. Density and
hardness decrease monotonically as the mass fraction of
polyolefins in the composition increases. In terms of
compressive strength with a coefficient of variation of
30%, the obtained polymer concretes correspond to a
class not lower than B12.5, and in terms of tensile
strength in bending — not lower than By,6.8 according to
GOST 26633. The highest strength indicators are
achieved when combining thermoplastic waste, namely
rPET and rPP in a ratio of 90—80 to 10—20% by mass
respectively (see figure). It is possible that at a mass frac-
tion of rPP in a mixture of thermoplastics from 10%, the
binder structure changes from a matrix system (an rPET
matrix with rPP inclusions) to a system of interpenetrat-
ing networks. However, more research is needed to con-
firm this.

Potentially, polymer concretes based on secondary
thermoplastics have high water and frost resistance, oil
and petrol resistance and, in general, chemical resis-
tance. It is a promising material for the development of
permeable filter concretes, for the creation of “green”
coatings, for example. It is important that cracks on
products made of polymer concrete based on thermo-
plastics can be healed directly under operating condi-
tions, for example, using IR emitters [13]. At the same
time, defective or damaged polymer concrete products
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CTOMKOCTb, Macjo0-, 6EH30CTOMKOCTh U B LIEJOM XUMU-
YECKYIO CTOMKOCTb. DTO MEPCIEKTUBHBIN MaTepual JIJis
pa3pabOTKM MPOHUILIAEMBIX (DMIIBTPYIOIINX OCTOHOB, Ha-
MpuMep ISl CO3MaHusl «3eJIeHBIX» MOKPBITUI. BaxHo,
YTO TPEIIWHBI Ha U3ICIUSIX U3 TTOJIMMEPOSTOHOB Ha OC-
HOBE TEPMOILIACTOB MOTYT 3aJleUMBaThCs HEIOCpe.-
CTBEHHO B 3KCIUIyaTalIMOHHBIX YCJIOBUSX, HAIlpUMeEp
npu nomown MK-uznydareneit [13]. B 1o ke Bpems
OpakoBaHHbIE WJIM KCIIOpPYECHHBIC ITOJIMMEPOCTOHHBIC
W3MIeMsI Ha OCHOBE TEPMOTIACTOB MOTYT OBITh Tepepa-
0OTaHBI B TaKKUE Xe M3AeI1s MHOITOKPATHO.

BoiBobI

Hcnonp3oBaHMe OTXOIOB TEPMOILIACTOB B KAUECTBE CBSI-
3YIOIIUX B CTPOMTENILHBIX KOMITO3UIIUSIX — PEAIbHBIN ITyTh
PeILIeHMSI 9KOJIOTUIECKOM ITPOOJIEMBI TTACTUKOBOTO 3arpsi3-
HEHWsI, COOTBETCTBYIOIINI KOHIIETIIIMN YCTOWIMBOTO pa3-
BUTHSL, TIOCKOJIBLKY TaKOM CIIOCO0 nepepaboTKU COCOOCTBY-
€T CHIDKEHUIO TIOTPEOHOCTH B TIEPBUYHBIX TTOJTMMEPAX.

Hcnonb3ysi HeOUMILEHHbIE OTXOIbI MOJIUATUIIEHTEpeDh-
TajaTa B CMECH C OTXOIaMU TIOJIMOICS(PUHOB, TIPEATIOUTH-
TEJIBHO MOJIUIIPOIKJIeHa, B cooTHoIeHnn 95—80 k 5—20%
10 MacCe 1 HAIIOJTHSISI CMECh PETMOHATbHBIMU JOCTYITHBIMU
MUHEPAJTLHBIMU TIECKaMU1, MOYXKHO TIOJTyJaTh U3MEITST C KOM-
IJIEKCOM CBOICTB, JOCTaTOUYHBIM JJIs1 U3TOTOBJICHMUSI TPOTY-
ApHO, OOJIMIIOBOYHOM, TAKTWIBHON TUIUTKU, OOPIIOPHOTO
KaMHSI, KPbIIEK KaHATM3aLMOHHBIX JTIOKOB, FA30HHBIX pe-
IICTOK ¥ TIOMOOHBIX M3IEIUiA. TeXHOJOIMs M3rOTOBICHUS
W3IEIINI MaJIOSHEProeMKast, M3IIeJTIs IPMOOPETAIOT OTITYCK-
HYIO IIPOYHOCTD B TEUEHUE Yaca IOCjIe M3TOTORICHMUSL.

OCHOBHBIE CJIOXXHOCTH TIepepabOTKM OTXOIOB TEPMO-
ILUIAaCTOB B IMOJUMEPOCTOHHbIC U3ACIMUSI — 3TO Mallble
00BeMBI BBIOOPKHU 110 PD, XOTS B IEepCIeKTUBE ITOJH-
MEpPHBIE OTXOJbI MOJKHBI CTaTh ACIIEBBIM JOCTYITHBIM
ceipbeM. OTCYTCTBHE HOPMATHUBHBIX JOKYMEHTOB, IIIH-
POKOTO MPOU3BOACTBEHHOI'O OIbITa pabOTHI C O€TOHAMM
Ha OCHOBE TEPMOILIACTOB, HEIOCTATOK MCCJICIOBaHUI
TakKXe CACPKMBAIOT Pa3BUTHE TAKUX TEXHOJIOTHUIA.
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based on thermoplastics can be recycled into the same
products many times.

Conclusions

The use of thermoplastic waste as binders in building
compositions is a real way to solve the environmental prob-
lem of plastic pollution, which corresponds to the concept
of sustainable development, because this method of pro-
cessing helps to reduce the need for primary polymers.

Using crude polyethylene terephthalate waste in a mix-
ture with polyolefins waste, preferably polypropylene, in a
ratio of 95—80 to 5—20% by mass and filling the mixture
with regionally available mineral sands, it is possible to
obtain products with a set of properties sufficient to make
tactile, paving, facing, tiles; curbstones, manhole covers,
lawn grates and similar products. Manufacturing technol-
ogy is of low-power consumption; products acquire tem-
pering strength within an hour after manufacturing.

The main difficulties in processing thermoplastic waste
into polymer concrete products are low demand in the
Russian Federation, although in the future, polymer waste
should become a cheap and available raw material. The
lack of regulatory documents, of wide production experi-
ence in working with concretes based on thermoplastics,
and the lack of research also hinder the development of
such technologies.

The authors wish to declare that they have no conflict
of interest.
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CunukaTHbIN KMPNWY C UCNOJIb30BAHNEM
MUHepanbHbIX MOAU(IUKATOPOB pa3yIM4HOIo COCTABA

[UHaMUYHbIA PLIHOK CTPOUTESIbHBIX MATEPUANoB CTABUT 334241 MO MOBbLILIEHNIO KOHKYPEHTOCMOCOOHOCTU LUTYYHbIX U3LENNiA.
YKa3aHHOoe B NOMHON Mepe OTHOCWUTCS W K NPECCOBAHHbIM MaTepuanam aBTOKNaBHOMO TBEPAEHUS, 06eCNeYeHNe KayecTBa KOTOPbIX BCE
eLLe TpebyeT yCunuii co CTOPOHbI MpoussoauTeneit. Lienibio AaHHoi paboTbl ABNAETCA KOMMNEKCHAA OLEHKA BIIMSHNA
BbICOKOMCMNEPCHOr0 aKTMBHOrO0 MUHEPATbHOr0 MOANMDNKATOPA Ha OCHOBE MPUPOHOIO CbipbSi PA3NNYHOM0 reHe3nca Ha CBOMCTBA
CUNIMKATHOrO KUpNMYa. B Ka4ecTBe CbIPbEBbIX KOMMOHEHTOB A NOYy4eHns MoaUUKaTopa UCNosib30BaHb! CUNKATHBIE
ANIOMOCUIIMKATHbIE MOPOAbI KPUCTANIIMYECKOW 1 aMOPM30BAHHON CTPYKTYPbI (MECOK, FPAHNT, OMOKa, NepninT). YCTaHOBIEHbI
3aKOHOMEPHOCTU BANUAHNS BUAA U KOHLEHTPALMN MOANMKATOPA HAa (DN3NKO-MEXAHUYECKNE XapakTepUCTK (POPMOBOYHON CMECH,
CbIpLa 1 rOTOBOr0 CUMMKATHOTO KMpninya. MokasaHo, YT0 MUHePabHbIi MOANMDNKATOP HE3aBUCUMO OT CbIPbEBOr0 KOMMOHEHTA
06naaaeT BbICOKON aKTMBHOCTbH) N0 OTHOLWEHMIO K Ga0 1 BbICOKON aacopOLMOHHOM CNOCOOHOCTLIO, 3TO NPUBOAMUT K YBEMNYEHNIO
1n0Ka3aTesif CbIpLIOBOI NMPOYHOCTH W NIIOTHOCTU, CHYXKEHUIO MOPUCTOCTY 11 BOLOMOIMOLLEHUS, NOBbILIEHUIO NPOYHOCTY 1
MOPO030CTONKOCTU. OnpefeneHbl rPaHNYHbIe KOHLEHTpauu (onTuManbHas LO3UPOBKA) MUHEPAbHOIO MOAUMDNKATOPA B3aMEH Mecka B
CUNINKATHON CMeCH B MepecyeTe Ha TBEPLOE BeLLecTBO, KoTopble cocTasnsoT 10-15% B 3aBMCUMOCTM OT BUAA NPUMEHAEMOTO ChbIpbA.
loka3aHbl CTPYKTYpHbIE 0CO6EHHOCTI 06pa3LLoB, 06yCNoBNMUBaLOLLME (DOPMUPOBAHIE MPOYHOrO KOHCONMAMPOBAHHOIO KOMMNO3MUTA:
[06aBKa MUHEpanbHOro MoOANUKaTOpa He3aBMCUMO OT ero cocTasa 0b6ecneynsaeT POPMUPOBaHNE NOANMUHEPATTBHOMO
noAUMOPOCTPYKTYPHOr0 KOMNO3MTA C PA3BUTON CTPYKTYPOI HOBOOOPA30BAHHOMO BELLECTBA, OT/INYAIOLLEr0CsH XOPOoLUei aaresnen K
3an0JHNTEN.

KnioyeBble cnoBa: CuivKaTHbIA KUpNuY, MOANCMKATOP, ChipeL, aBTOKNIABHOE TBEPAEHME, Cbipbe.
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Silicate Brick Using Mineral Modifiers of Various Compaosition

The dynamic building materials market poses challenges to increase the competitiveness of piece goods. This also fully applies to autoclaved pressed materials, the quality assurance of
which still requires efforts on the part of manufacturers. The aim of this work was a comprehensive assessment of the effect of a highly dispersed active mineral modifier based on nat-
ural raw materials of various genesis on the properties of silicate bricks. Silicate and aluminosilicate rocks of crystalline and amorphous structure (sand, granite, silica clay, perlite) are
used as raw materials for obtaining a modifier. The regularities of the influence of the type and concentration of the modifier on the physical and mechanical characteristics of the mold-
ing mixture, raw brick and finished silicate brick have been established. It is shown that the mineral modifier, regardless of the raw material component, has a high activity in relation to
Ca0 and a high adsorption capacity, which leads to an increase in the raw brick strength and density, a decrease in porosity and water absorption. Increase in strength and frost resis-
tance. The boundary concentrations (optimal dosage) of the mineral modifier instead of sand were determined in the silicate mixture in terms of solid matter, which is 10-15% depend-
ing on the type of raw material used. The structural features of the samples are shown, which determine the formation of a strong consolidated composite: the addition of a mineral
modifier, regardless of its composition, ensures the formation of a polymineral polymorphic structural composite with a developed structure of a newly formed substance, characterized
by good adhesion to the aggregate.

Keywords: silicate brick, modifier, raw brick, autoclave hardening, raw material.
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P €3y/AbTaThbl HAYYHBIX HccIe10BaHuI

Takass HachIIIEHHOCTb PbIHKA CUJMKATHBIX WM3AEIUI
MOATAJIKMBAET IMPOU3BOAUTEEH K TIOCTOSHHOMY TTOBBI-
IIEHUIO KauyeCTBa BBIITyCKAEMOI TTPOAYKIINH IIJIST BBICO-
KOl KOHKYPEHTOCITOCOOHOCTM, YTO SIBJISIETCS ApaliBe-
POM pa3BUTHS 3TOU WHAYCTPUH.

TpaauuyoHHass TEeXHOJIOTMSI aBTOKJIABHBIX MaTepua-
JIOB TIpeIyCMaTpHBAeT MUCITOIh30BaHNME B KAUeCTBE OCHOB-
HBIX ChIPbEBBIX KOMIIOHEHTOB M3BECTU U KPEMHE3EMCO-
JIep>Kalero ChIpbsi C BRICOKUM CoAep:KaHUEeM KBaplia. ITO
00YyCJIOBJIEHO HEOOXOIMMOCTBIO CHHTE3a TUAPOCHIIMKA-
TOB KaJIbLYsI, SIBISIOIIMXCS TapaHTOM IIPOYHOCTU U J0JI-
TOBEUHOCTHU u3ziemit. MI3BecTh 1 iecok Kak OCHOBA Mate-
PUAJIOB aBTOKJIABHOI'O TBEPACHNS B HOPMAJIbHBIX YCIOBU-
SIX HE B3aMMOICHCTBYIOT, OMHAKO TOBBIIICHIE TeMITepa-
Typbl W JABJICHUS BBIPABHMBAET PAaCTBOPMMOCTH ODOMX
KOMITOHEHTOB (CHIKAET B CJIy4ae U3BECTU U MOBBIIIACT B
ciIyJae Trecka) JUTS IIPOTEKaHMS TPEOYeMbIX XMMIIECKIX
peakiuii ¢ oopa3oBaHUMEM LIEMEHTHUPYIOLIEH CBI3KU Ma-
tepuasioB. [Ipy aTOM yBenMueHUe AUCTIEPCHOCTU KPEM-
He3eMcolepXkallero KOMIIOHEHTa OyAeT oOecrneyuBaTh
€0 PeaKTUBHOCTbD JaKe B HOPMaIbHBIX YCIOBUSIX.

ITpoGeMe MOBBIIICHNST KAUeCTBA IMTPECCOBAHHBIX 13-
JIeJINi aBTOKJIABHOTO TBEPACHMS IIyTEM KOPPEKTUPOBKU
coctaBa (hDOPMOBOYHOI CMECH TOCBSIIEHO MHOXKECTBO
pabor. Tak, mpeniaraeTcsl MCIOJb30BaHUE ILIMPOKOTO
CIIeKTpa OTXOJIOB TOPHOAOOBIBAIONIEH MPOMBIIIIEHHO-
CTU 1 pa3IN4YHBIX TPOU3BOACTB [1—7], HETpagAULIMOHHO-
ro ceipbs [8, 9], mobaBok [10—12] u np. HecmoTpst Ha
MMpeuMyIIecTBa 0003HAUYEHHBIX ITOIXOIOB, IIMPOKOTO
MMPUMEHEHMST METOMIbl HE HAXOMST, YTO CBI3aHO C HEIO-
CTaTOYHBIM KOJIMYECTBOM CHIPHEBBIX KOMITOHEHTOB, He-
CTaOMJIBLHOCTBIO MX KayecTBa, reorpauyeckKuMu OcCO-
OCHHOCTSIMHU U APYTUMHU (PaKTOPaMU.

TexHonorus moay4eHus MpecCoOBaHHbIX U3NEIUI aB-
TOKJIAaBHOTO TBEPACHMSI OCHOBaHA Ha IIPOXOXKICHUM IBYX
MOCJIeIOBATEIbHBIX 3TAIlOB. MO0aBTOKJIABHOTO CTPYKTY-
poo0Opa30oBaHusl, BKIIOYAIOIIETO MpPEeIBapUTEIbHOE M3-
MeJIbUeHNE COCTaBJISIONINX, X CMEIIEHNE U TTPeccoBa-
HUE ChIpIia, U HEMOCPEACTBEHHO THAPOTepMaIbHOM 00-
paboOTKM TIpU TOBBIMIEHHOM HaBieHMH. OT KadecTBa
MPOTEKaHUs MPOLIECCOB Ha TEPBOM 3Tare U peaKIMOH-
HO# CITOCOOHOCTH CHIPBEBBIX KOMIIOHEHTOB Ha BTOPOM
9Tarre 3aBUCUT KauyeCTBO KOHEYHOTO TTPOIYKTa.

OnHOI U3 KJTIOYEBBIX MTPOOJIEM COBPEMEHHBIX Mpec-
COBaHHBIX M3ICINI aBTOKJIABHOTO TBEPACHUS SIBIISICTCS
HelIoCTaToYHasl MMPOYHOCTh ChIpIia, YTO 3aTPYAHSET MO-
JIydeHUE BBICOKOIYCTOTHBIX M3OCIUI CO CHIKEHHBIM
00beMHBIM BecoM. OIHUM M3 pelleHUi TpoOeMbl SIB-

JISIETCS UCTOJIb30BaHWE KOMIIOHEHTOB, OOeCleuyuBar0-
IINX, C OMHOM CTOPOHBI, ONTUMMU3ALINIO TPAHYIOMETPH-
YECKOTO COCTaBa CMECH B YaCTH YBEJIMUEHUST TNIOTHOCTH
YIaKOBKU TBepAOH (da3bl, a C IPYroil — MHTEHCUDULU-
pyomux (azoobpazoBaHue B aBTOKJIABHOW cucTeMe,
0COOEHHO B HOPMAJIbHBIX YCIOBUSIX.

TakuM KOMITOHEHTOM MOXET CTaTb MWHEPATbHBIN
MOIU(UKATOP, TOJYYEHHBI METOIOM MeXaHOaKTHBa-
LIUY TIPUPOTHOTO CHIPhSI PAa3IMYHOTO COCTaBa B BOTHOI
cpene. DTOT crocod u3menbueHus1 odecrneurnBaeT HOpMU-
pPOBaHUE CUCTEMBI B BUJIE CYCIIEH3UH C BBICOKOI KOHIIEH-
Tpalmeil TOJUANCIIEPCHON TBepAoW $a3bl MPU MUHU-
MaJIbHOM BIaXKHOCTU CUCTEMBI C 00pa30BaHUEM KOJLJIOMI-
HOI peaKIIMOHHO-aKTUBHOU (ha3bl. DPHEKTUBHOCTH MO-
IU(bUKaTOPOB 000CHOBAHA MPY MOJYYSHUU STUYEUCTHIX U3-
JIeJIUI €CTECTBEHHOTO 1 aBTOKJIABHOTO TBEPACHUSI.

Llenbio HacTosieil paboThI SIBJISIETCSI KOMILIEKCHOE
HCCJIeIOBaHWE CBOMCTB CWJIMKATHBIX aBTOKJIABHBIX Ma-
TEpUasIoB C MPUMEHEHEeM MUHEePaTbHOTO MOAM(UKaTO-
pa Ha OCHOBE MPUPOIHOIO ChIPhS Pa3IMUYHOTO IreHe3uca,
IIJIST 9eTO OBLTM M3yYeHBI CBOMCTBA CHJIMKATHBIX Macc U
ABTOKJIABHBIX CWJIMKATHBIX U3EAUIA B 3aBUCUMOCTH OT
BHUIA U COAEPXKaHMSI MOA(bUKATOPA.

B nanHoii pabote mpesiaraeTcsl IpUMEHEHHUE B CO-
CcTaBaX CUJMKATHBIX MaTepHUaioB MUHEPAJIbHOIO MOIU-
duxaropa, 3bEKTUBHOCT KOTOPOTO OOOCHOBAaHA MpU
MOJyYEHUU MaTepUaIOB SIYEUCTOM CTPYKTYPhI pas3jivy-
HBIX TUTIOB TBepAeHUs |13, 14]: Ha OCHOBE CUJIMKATHBIX
U aJIOMOCUJIMKATHBIX MOPOA KPUCTAUIMYECKON CTPYK-
Typbl — KBaplieBOTO MecKa M I'paHUTa U aMOPOU3UPO-
BaHHOI CTPYKTYPBI — OITOKU U TIEPJINTA.

HecMoTpst Ha oTiMuMe B COCTaBe, CBOMCTBAX UCXOMI-
HBIX TIOPOJA U CIMOCO0e TONydYeHUST MUHEPATbHOW Cy-
CMEeH3UM, MOAUMUKATOPhI 00J1aal0T BHICOKOI AUCIIepC-
HOCTBIO I aKTUBHOCTBIO, UTO IIPOTHO3UPYET MX MTOJIOKU-
TeJIbHOE BJIUSIHUE Ha XapaKTePUCTUKM CHIMKATHBIX
MPECCOBAHHBIX U3Aeauii (Tad. 1).

B pamkax pa3paboTKu pelenTyp CUJIMKATHBIX aBTO-
KJIaBHBIX MaTepraoB MOJ00paHbl COCTaBbl (DOPMOBOU-
HOI cMecH M3 pacueTa aKTUBHOCTH M3BECTKOBO-TIeCUa-
Horo Bsexyuero (MITB). MuHepanbHbIii Moau(pUKATOP
JIO0aBJISUIM B3aMEH ITecKa B (POPMOBOYHYIO CMECH C J0-
supoBKamu 5, 10, 15 u 20% B nepecueTe Ha TBEPIOE Be-
1IeCTBO (TabiI. 2).

ABTOKJIaBHas1 006pabOTKa TTPOM3BOAMIACH HACHITIIEH-
HBIM MapoM ¢ gaBieHueM 1 MIla; 1,5 4y ynensiioch noab-
€My ¥ CITyCKy naByieHust U 10 4 — u30TepMUIECKOil BbI-
JIepKKeE.

Ta6nuua 1
Table 1

XapaxkTepucTUKn MMHepasnbHbiX MOAU(PUKATOPOB B 3aBMCMMOCTU OT BUAA OCHOBHOIO KOMMOHEHTa
Characteristics of mineral modifiers depending on the type of the main component

OcHoBa MUHepaJsibHOro y,u,eanaﬂ NMOBEPXHOCTb, KonnyectBo akTUBHbIX 6peHCTe,D,OBCKI/IX KonunyectBo nornaoLweHHoro CaO
Moamepukaropa M2/Kr KVUCIIOTHbIX LIEHTPOB, MI-3KB/I no metoay 3anopoxua, Mr/r

KBapueBbIli necok 9100 30,6 81

[panuT 8200 32,4 90

Onoka 5900 25,8 112

Mepnnt 7800 45,2 118
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HcnbiTaHus chiplia M aBTOKJIABHBIX CUJIMKATHBIX W3-
JIeJIA TIPOBOAUIIVCH B COOTBETCTBUU C CYIIIECTBYIOIINMU
CTaHIAPTHBIMU METOTUKAMM.

Js onpeneneHust pOpMOBOYHOI BIAXKHOCTHU ChIpLia
npuHsita Metonuka FOCT 21216—2014, coriacHo KOTo-
poli chIpell, MPOsIBIs IJIaCTUYeCKUe U (POPMOBOUYHBIE
CBOIICTBA, IOJDKEH COXPAHSITH Oe3 nedhopmarinii mpuaaH-
Hy10 eMy OpMy U HE MIPUIUIATh K METa/UTy UJIU MHBIM
noBepxHocTsaM. [lpu 3ToM pacueTHy0 (HOPMOBOYHYIO
BJIQXKHOCTh Ha3HAyaJM C YYeTOM TallleHWs M3BECTH U
YACTUYHOTO UCITApEHUS BOJbI.

OrnpenesieHne TTPOYHOCTH ChIPIIa OCHOBBIBAJIOCH Ha
orpeaesieHUU MPOYHOCTU TPU CXKATUM CHIIMKATHBIX M3-
nmemuii cormacHo 'OCT 379—2015. Ilpu 3ToM ompenee-
HUE ChIPLIOBOI IMTPOYHOCTU 00pa3ia-1MIMHIPa TPOU3BO-
IIST Ha mpecce He mo3aHee 30 MUH Iocjie U3TOTOBICHUS.

OcHOBHBIE (DM3NKO-MeXaHUUECKHEe CBOMCTBA 00pa3-
1IOB CWIMKATHBIX U3ACJIMI OMpenessyIu COrIaCHO CTaH-
JTApPTHBIM METOIMKAM:

— BOJOIIOTJIOLIEHUE, CPEIHSISI TNIOTHOCTh, MOPO30-
croiikoctb — OCT 7025—-91 «Kupnuu u KaMHU Kepa-
MUWYECKNE W CUJIMKaTHBbIe. MeTOIbl OoTpeaeieHusT BO-
JIOTIOTJIONICHMSI, TJIOTHOCTU U KOHTPOJISI MOPO30CTOM -
KOCTH»;

— nopuctoctb — 'OCT 12730.4—78 «beToHbl. MeTo-
JIbI OTIpE/IeNICHMST TTIOKA3aTeeil TOPUCTOCTH;

— npouHocTh — 'OCT 8462—85 «MaTepuajbl CTEHO-
BbIe. MeTombl OIpeaesIieHUs] IPeaeoB IPOYHOCTU TPHU
CXKaTUU U U3rU0e».

MeTogoM pacTpoOBOIl 3JEKTPOHHO MHUKPOCKOITUU
TTPY TTOMOIIIUA CKAHUPYIOIIETO 3JIEKTPOHHOTO MUKPOCKO-
na Beicokoro paspemeHuss TESCAN MIRA 3 LMU
TPOBE/ICH aHAIN3 XapaKTepa MUKPOCTPYKTYPBI U MOP-

(osorn HOBOOOPa30BaHUI ABTOKJIABHBIX CHUIIMKATHBIX
U3CIUNA.

CornacHO TTOTY9eHHBIM JaHHBIM MUHEPaIbHBIN MO-
JIUKATOP alIUTUBHO U3MEHSIET XapaKTePUCTUKU ChIP-
IIa W TOTOBBIX CUJMKATHBIX W3menuit (tadm. 2, 3).
MuHepalbHbIii MOAM(PUKATOP Ha OCHOBE CUJIMKATHOIO
CBIPbS PA3JIMYHOM CTPYKTYPhI IPUBOAUT K IOBBIILIEHUIO
BJIQXKHOCTM CMECH, YTO OOYCJIOBJIEHO IMCIIEPCHOCTHIO
KoMIToHeHTOB. OHaKo B ciiyyae MoauduKaTopa U3 oro-
KJ OTMEYACTCST 3HAYUTEITBHBIN IIPUPOCT BIIAXKHOCTH, YTO
CBSI3aHO C BBICOKOI COPOILIMOHHO# CITOCOOHOCTBIO MC-
XOIHOU Topoabl. MuHepanbHbIl MOAM(pUKATOp Ha OC-
HOBE aJIIOMOCUJIMKATHBIX MOPOJ CIOCOOEH CHMXATh
BJIAXKHOCTh CHUIMKATHOM CMECH, OCOOCHHO 3TO 3aMETHO
Ha IIpUMeEpPe COCTaBa C TPAaHUTHBIM MOIU(UKATOPOM, TJIe
¢dopMOBOYHAs BIAXHOCTb CHUXaercss ¢ 6 mo 5,2%.
MoaudukaTop Ha OCHOBE MepJuTa MpU JT03UPOBKE 10
15% cHMXaeT BIaXXHOCTD ChIplia, YBeJIUYeHUE JO3UPOB-
KU IIPUBOAUT K 0OPaTHOMY €€ TTOBBIIICHUIO.

HeszaBucuMo oT Buaa ChIpbs ISl MUHEPAJIBHOTO MO-
IrduKaTopa, YBeIMICHUE eT0 TOJIU B CUJIMKATHOI CMe-
CH TIPUBOAUT K POCTY ITOKA3aTeJIsI CHIPIIOBOI IIPOYHOCTH
(puc. 1). HaubGonpiiee yBennmueHue ChIPIIOBOM ITPOYHO-
CTU — B 2,5 pa3a Mo CPaBHEHUIO C KOHTPOJIbHBIM COCTa-
BOM OTMEUEHO [JisI Moau(pUKaTopa Ha OCHOBE OITOKHU,
rpu po3upoBke 20%. Mcnoib30oBaHMe OCTaabHBIX MO -
(¢pUKaTOpOB B aHAJOTUYHON KOHILEHTPAIlMM YBEJIUUYMBa-
€T CBIPLOBYIO MPOYHOCTb CUJIMKATHOIO 0Opasla B
1,4 paza q1s1 MoauuKaTopa Ha OCHOBE TecKa, B 2 paza —
Ha OCHOBe rpaHuTa, B 1,9 paza — Ha OCHOBE MepIuTa Io
CPaBHEHUIO ¢ KOHTPOJIbHBIM 00pa3lioM 06e3 Moauduka-
TOpa. OTO CBSI3aHO C BHICOKOM IUCIIEPCHOCTHIO MOAU (DU -
KaTopa: ero BBEIEHNE YBEJTMUMBAET 00IIee pacripeese-

Tab6nuua 2
Table 2

MapameTpbl cUNMKaTHOro chipLua B 3aBUCUMOCTU OT BUAA U COAEPXAHUA MUHEpasibHOro moaudukaTopa
Parameters of silicate adobe brick depending on the type and content of the mineral modifier

CopepxaHue OcHoBa MUHepasnbHOro BnaxHOCTb cunmkaTHOM dopmoBoyHas [Mpo4yHOCTb CchIpLa,
moandurkaropa, % mogudukartopa cMecu o rawenuvs, % BNAXHOCTb, % MMa
KOHTpONbHbIN - 12 6 0,6
5 12,2 6,2 0,65
10 . 12,2 6,2 0,76
KBapueBbIli necok
15 12,3 6,3 0,8
20 12,7 6,8 0,85
5 11,8 5,4 0,63
10 11,3 5,3 0,74
paHuT
15 11,1 5,3 1,08
20 10,5 5,2 1,23
5 17,2 8,7 0,78
10 16,8 9,4 0,9
Onoka
15 16,8 9,8 1,1
20 15,7 10,2 1,5
5 11,4 5,5 0,62
10 11,9 5,4 0,75
Mepnut
15 12,9 5,5 1,04
20 13 6,6 1,12
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Ta6nuua 3
Table 3
CeolicTBa ABTOKJIaBUPOBAHHbIX CUJIMKATHbIX Msnenuﬁ B 3aBMCMMOCTMU OT BuAaa
n cogepxaHua MUHepasibHOro Mon,uq;m(a'ropa
Properties of autoclaved silicate bricks depending on the type and content of the mineral modifier
Conepxarme OcHoBa CpepnHsia o Boponorno- MoposocTon- Mpenen
moandn- mogndukaTopa MAOTHOCTb, Kr/M® Mopucrocte, % eHue, % KOCTb, LIMKII0B MPOYHOCTI NIPU
katopa, % a P ’ H 70 » 1 cxatvu, MrMa
KoHTponb - 1880 10,8 13,6 15 16,1
5 1890 10,7 13,5 30 18,7
10 . 1891 10,6 13,3 50 23,2
KBapueBbIli necok
15 1898 10,5 13,2 35 17
20 1900 10 12,8 55 17,6
5 1914 9,7 12,2 40 17,8
10 1930 9,4 11,9 50 22,5
panut
15 1944 9,3 11,7 55 23,8
20 1944 9,1 11,4 50 23,3
5 1835 14,6 18,6 20 15,4
10 1835 15,2 19 25 19,1
Onoka
15 1810 15,4 19,4 20 16,2
20 1805 15,8 19,9 20 13,0
5 1880 11,9 15,1 25 17,3
10 1882 11,7 15 30 21,7
Mepnut
15 1889 11,6 14,7 25 19,4
20 1895 11,3 14,2 25 19,3

HHME YacTUIl TI0 pa3Mepam, COo3laBasi CUCTEMY C CYIIe-
CTBEHHOI MOJUAUCIEPCHOCTbIO TBEepAOM a3l U
YBeJIMYMBAsI IUIOTHOCTh €€ YIaKOBKU B obObeme. [Ipum
9TOM YBEJUUYEHUE ChIPLIOBOI MPOYHOCTHU B CJIyyae OMOKU
¥ TpaHUTa O00YCIIOBIICHO TaKXKe OCOOCHHOCTSIMU UX CO-
CTaBa U CTPYKTYPbI: HAJIMYKE IIMHUCTON KOMITOHEHTHI B
OITOKE M CJIIOAUCTOM B TPAHUTE CO3MAeT JOIOJTHUTEIIb-
HbIE CJIOMCTBIC MPOCIOMKMU, HUBEIUpYIole aehopma-
LIMOHHBIE HATIPSIKEHUST B KOMITO3UTE TIPU €ro (popMOBKe
TPECCOBAHUEM.

ITocne ucrnblTaHW aBTOKIaBUPOBAHHBIX CUJIMKATHBIX
00pa31I0B MPOCICXKUBAIOTCS KAa4eCTBEHHBIC YIYJIICHUS
MX CBOMCTB (Tabi1. 2) B 3aBUCUMOCTHM OT BUJA U COJepKa-
HUS MUHEpaibHOro MoaudukaTopa. [110THOCTS n3aenmit
MPY paBHOM MacCOBOM PacXo0jie¢ KOMITOHEHTOB TTOBBIIIIA-
eTCsl MPU MPUMEHEHUM MUHEpPaJbHbIX MOAMMUKATOPOB
He3HaunTeqbHO — B mpenenax 10—60 kr/m>. Tlpu sTom
MMWHMMAaJIbHBIA MPUPOCT MIPOYHOCTU B CJIydae OMOKU 00-
YCIIOBJICH HACHIIIICHUEM BOIOI TPy (POPMUPOBAHUU CME-
CU U ee JaJIbHeHIIeM MCHapeHuu MpU aBTOKJIABHOW 00-
paboTtke. TeM He MeHee 3TO TMOATBEPXKIACT JaHHBIE IO
VIUIOTHEHUIO CTPYKTYPHI ChIpIa IIpU €ro (DOPMOBAaHUU.

ITokazatenn MOPUCTOCTM U BOJOMOIJOLICHUSI BO
MHOTOM M3MEHSIIOTCSI TPOTIOPIIMOHAIBLHO CPEaHEH TIJI0T-
HOCTU. MaKcHMaabHO IMTOPHUCTOCTh CHUXKAETCS ITPU IPU-
MEHEHUN MIUHEPATbHBIX MOAN(UKATOPOB KPUCTAJLINIC-
CKOI'0 COCTaBa Ha OCHOBE KBaplIeBOro Iecka U Ha OCHOBE
rpaHuTa — Ha 8 u 15% npu CHYXKEHUU BOIOIIOIJIOIIEHUS
Ha 6 u 16% coorBercTBeHHO. [IpuMeHeHne MoauduUKa-
TOpa Ha OCHOBE aMOP(hU3UPOBAHHOI MOPObI (ITepauTa)
CHIXAET TTOPUCTOCTh Ha 5% ¥ BOMOMOMIOIICHUE CUT-

HAYYHO-MeXHU4ecKuil U NPoU3800CMEeH bl HCYPHAN

KaTHBIX u3aeauilt — Ha 10 %, a MognduKaTop Ha OCHOBE
OITOKM 3a CYET CHMKEHHOM IIJIOTHOCTU MPUBOIMUT K I1O-
BBIIIIEHUIO TIOPUCTOCTU W BOIOTIOTIONICHUST Ha 46%.
ITokazaTtenn MOPO3OCTOMKOCTA M IPOYHOCTU HE
UMEIOT MPSIMOI 3aBUCUMOCTHU OT M3MEHEHHOU TUIOTHO-
CTM, TIOPUCTOCTUM W BOMOMOTIJOILIEHUS, MOCKOJbKY B
00JIbllIEH CTENeHU 3aBUCIT OT XMMUYECKOM aKTUBHOCTU
MonuduKaTopa, CIOCOOCTBYIONIEW WHTEHCUMUKAIIUU
TUAPATAIMOHHBIX TIPOLIECCOB, (POPMUPYIOIINX KapKac-
HYIO IPOYHOCTH n3enii. Tak, Ha OCHOBAaHWM TTOJTyYeH-
HBIX JAHHBIX TOCTVXKEHME MMKOBOI MPOYHOCTH IPOKC-
XOIUT TIpU JO3UPOBKE MOMUGUKATOPOB B KOJUUYECTBE
10%, npupoCT COCTABISIET MPU MPUMEHEHUN B KaYeCTBE
OCHOBBI KBaplieBoro rnecka — 44%, ornoku — 19% u niep-
muta — 35%. [ rpaHUTHOTO MomuduKaTopa ONTH-
MaJIbHOI C TIO3ULIMK TPOYHOCTHU SIBJISIETCSI JO3MPOBKA
15%, uro obecrieynBaeT MPUPOCT MPOYHOCTU Ha 48%.
VBenuueHre MPOYHOCTU MaTepuralia CBsI3aHO ¢ (DU3UKO-
XUMUYECKUM BO3ICUCTBMEM MOAMMDUKATOPOB: C OMHOMN
CTOPOHBI, MPOUCXOAUT YIUIOTHEHUE CTPYKTYPbl KOMIIO-
3UTa, C IPYyroil — MHTEHCU(PUKAIUS MPOIeccoB (as3o-
0o0pa3oBaHMsI, 00YCIOBIMBAIOLIMX HANIPABJIEHHbIN CUH-
Te3 HOBOOOPA30BaHUI1 3aJaHHOIO COCTaBa, YTO ITOKa3a-
HO B paHee BBITIOJTHEHHBIX paboTax KOJUIEKTHBA.
Mopo30CTOMKOCTb TOBBILIAETCS MPU MPUMEHEHUU
MoauduKaTopa Ha OCHOBE KPUCTALINYECKUX TOPO C
15 nuknoB go 50, Ha ocHOBe aMOP(PU3UMPOBAHHBIX MO-
pon — IJis OTIOKU 10 25 nMKIIoB, Mg nepauta 10 30 IuK-
JIOB. MUHMMAaJIbHBIN MPUPOCT MOPO3OCTOMKOCTHU B CIIy-
yae OMOKM HaIpSIMYIO CBSI3aH C BBICOKOM MOPUCTOCTHIO
KOMITO3UTa, B Pe3y/IbTaTe Yero MpOUCXOIUT HAKOTIJICHHUE
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Puc. 1. MpoyHOCTL ChipLia B 3aBUCMMOCTU OT BUAA U COAEpPXaHUs MUHe-
panbHoro mogudukatopa: 1 — KBapLEBbIA Necok; 2 — rpaHnT; 3 — onoka;
4 - nepnnt

Fig. 1. Adobe brick strength depending on the type and content of the
mineral modifier: 1 — quartz sand; 2 — granite; 3 — flask; 4 — perlite

\b

Mpenen npoyHocTv Npu cxatun, Mia
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Puc. 2. Mpepen Npo4HOCTU NPU CXaTUM aBTOKIABUPOBAHHbBIX CUSTMKATHBIX
1M3nennii B 3aBUCMMOCTU OT BUZA U COOEPXAHUS MUHEPAsIbHOro Moaudu-
KaTopa: 1 — KBapLeBblli NeCoK; 2 — rpaHnT; 3 — onoka; 4 — nepnuT

Fig. 2. Compressive strength of autoclaved bricks depending on the type and
content of the mineral modifier: 7 — quartz sand; 2 — granite; 3 — flask; 4 — perlite

"1 R PSR

Puc. 3. MI/IKpOCprKTypa ABTOKNaBMPOBaHHbLIX CUNTUKATHbIX n3nennin B 3aBUCMMOCTM OT BUaa MUHepanbHOro Mo,u,md)leaTopa: a — KOHTPO/1b; b - KBapLLeBbII7I

necok; ¢ — rpaHnT; d — oNoka; e — NnepanT

Fig. 3. Microstructure of autoclaved silicate bricks depending on the type of mineral modifier: a — control; b — quartz sand; ¢ — granite; d - silica clay;

e — perlite

CYIIIECTBEHHOTO 00beMa BJIarM TPU UCIIBITAHUM, OO0Y-
CJIOBJIMBAIOIIEIl OBICTPOE pa3pyllieHHe MaTepuaya IO
CpaBHEHMUIO ¢ OoJiee MIOTHBIMU 0Opa3laMu ¢ J00aBKaMU
Ha OCHOBE JIPYTOro Chipbs. TeM He MeHee cpopMUPOBaH-
HBII 3amac TPOYHOCTU OOecTieurBaeT JOCTATOYHYIO
CTOMKOCTh M3MAEIU B YCJIOBUSIX IONEPEMEHHOTO ACii-
CTBUSI TPai€HTa TEMIIEPATyPhl.

AHanm3 xapakTepa MHUKPOCTPYKTYPbI aBTOKJIaBHBIX
CWJIMKATHBIX W3AeJIMi IOATBEPXKIAeT JaHHBbIE IO UX
cBoiicTBaMm (puc. 3). Tak, oOpa3elr KOHTPOJIHLHOTO COCTa-
Ba, KaK U ¢ MOAM(PUKATOPOM U3 OIMOKU, BBUIY BHICOKOIM
MMOPUCTOCTH XapaKTepU3yeTCss HEKOTOPOI Pa3o0IIeHHO-
CThIO YacTull (puc. 3, a). MUKpOCTpyKTypa o0pa3iuoB ¢
MoauduKaTopaMyd Ha OCHOBE KPUCTAIMYECKMX ITOPOJ
XapaKTepM3yeTCsI CPOIIEHHOCThIO B €IMHBI MAacCHUB C
HaJIMYMEM IOJIMMOPGHOCTPYKTYPHBIX HOBOOOPA30BaHUIA
(puc. 3, b, ¢). Bo Bcex obpasnax ¢ Moan@uKaTopaMu OT-
MEYaeTCsl XOpollasl aaAre3nsi HOBOOOPa30BaHHOTO Bellle-
CTBa K KBapleBOMY 3arOJTHUTEIO.
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