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AHHOTAIIUA

Ilpeocmasinen no0xo0 K ROIYYEeHUI0 MOKONPOBOOsAe20 BEMOHA cO CEOUCMBOM HAZPEBAHUS HA OCHO8e NOPMIAHOYEMeHM-
HO20 8ACYUe20 U MOKONPOBOOAUUX KOMNOHEHMO8. Paccmompeno enusnue codeparcanus 6600UMbIX 6 OEMOHHYIO CMeCh MO-
KONPOBOOAUWUX KOMNOHEHMO08, npedcmasisaouux cobou mexnuueckutl yenepod K-354 u I1-803, epagpum, yerepoownyio gpubpy
Ha MOKONPosoosawue ceoticmea. U3yueno enuanie npucymcmeis 6 HOpo8oM npocmpancmee bemona c0600H01 600bl HA op-
MUposaHe moKonpogooAujell CMpyKmypol npu COOePHCAHUY MOKONPOBOOAWUX KOMNOHEHMO8 HUICe NOPO2d NPOMeKaHus
anexmpuyeckozo moxa. Iloxazano enusanue 06veMHOU KOHYEHMPAYUU MOKONPOBOOAUUX KOMNOHEHMO8 HA BENUYUHY YOeb-
HO20 1eKMPU1ecKo20 CONpomueIeHus U ee usMeHenue 6 npoyecce meepoenus ¢ gospacme om 3 0o 56 cymox. Iomyuenvi
COCMABbl KOMNOZUYUOHHO20 MOKONPOBOOAWE20 MAMEPUANA HA OCHO8E NOPMAAHOYEMEHTNA, MEXHUYECKO20 Y21epooa U yaie-
POOHOU hubpul, obradarowue yoenvHuiM dnekmpudeckum conpomusieruem om 1,12 0o 0,26 Om-m 6 6o3pacme 56 cymox cy-
WeCMBEHHO He USMEHSIOWUMUCS 8 NPoyecce MEepOeHUs U OaIbHeuue20 UCNOIb306aAHUA.
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ABSTRACT

An approach to the production of conductive concrete with the heating property based on a Portland cement binder and
conductive components is presented. The influence of the content of conductive components introduced into the concrete mix-
ture, which are carbon black K-354 and P-803, graphite, carbon fiber on conductive properties, is considered. The influence
of the presence of free water in the pore space of concrete on the formation of a conductive structure with the content of
conductive components below the percolation threshold of electric current has been studied. The influence of the volume con-
centration of conductive components on the value of electrical resistivity and its change during the hardening process at the
age of 3 to 56 days is shown. The compositions of a composite conductive material based on Portland cement, carbon black
and carbon fiber with a specific electrical resistance from 1.12 to 0.26 Ohmm at the age of 56 days are obtained, which do not
change significantly during hardening and further use.
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BBEJEHUE

Pemenne mpoGieMbl MOBHIIEHHSI 0€30TTaCHOCTH TIPH JKC-
IUTyaTallik MOCTOBBIX COOPY>KCHHH IPH TIOHMKEHHBIX TEMIIE-
paTypax U yCcTpaHEHMs OOJEeIEeHEHHS BEPXHETO CIIOS MOKpHI-
TUI fOCTUTAaeTCs IPUMEHEHUEM XUMHUECKUX PEareHToB, yKia-
JBIBAHUEM H30JIALMOHHBIX MaTEepPHAJOB, a TaKXke YKJIAQAKOH
HarpeBaTeNbHBIX 2JIEMEHTOB MEXJY CIOSMH MOKPHITUA. YKa-
3aHHBIE CIIOCOOBI OTIMYAIOTCS JIMOO BBHICOKOH CTOMMOCTBIO,
CJIO’KHOCTBIO YCTPOICTBA, HETATUBHBIM BIMSTHHEM Ha OKpY’Ka-
FOIIYIO Cpefy, THO0 HU3KOH TEXHUKO-3KOHOMHUYIECKo# 3¢ddex-
THBHOCTBIO.

HanbGonee mepcneKTHBHBIM HANPaBICHUEM MOy ICHHS aH-
THOOJICICHUTEIbHBIX MAaTEPHANIOB ISl TIOKPBITHI MOCTOB SIB-
JseTcs pa3paboTKa AIEKTPONPOBOTHBIX OETOHOB HAa OCHOBE
MOPTIaHIEMEHTHOTO BSXKYIIET0 CO CBOMCTBAMM HarpeBaHus,
MOJyYEeHHE KOTOPhIX OCHOBAHO Ha HCIIOJIb30BaHUU TOKOIIPOBO-
JAIINAX KOMIIOHEHTOB.

ITonmy4yeHne TOKONMPOBOIAMIMX KOMIIO3UTOB OCHOBAHO Ha
BBEJICHUU TOKOTIPOBOASIINX AUCIEPCHBIX KOMIOHEHTOB B MH-
HEpaJbHYI0 WU MOJIMMEPHYI0 MaTpuiy [1, 2, 3]. BBuay cBoux
0COOBIX CBOMCTB 3JIEKTPONPOBOAHBIC MaTEpHabl MOIYYHIN
NPUMEHCHUE B Pa3JIMYHBIX OTPACIIAX MPOMBIIUICHHOCTH [4, 5].

[TonmepHBIE TOKOIIPOBOASAIINE KOMIIO3UTHI MOTYT 00JIa-
JIaTh yIEJNBHBIM DJIEKTPHIECKUM COMPOTHUBICHHUEM, IOCTHTas
BenuuuHbl 10-6 OM M, 4TO MO3BOJISIET, B psALiE CIy4aeB, 3aMe-
HUTH MeTaiutsl [6, 7]. [lomoOHBIE MaTepraibl MOTYT 00JIAIaTh
CBOMCTBOM CaMOpPETyIUPOBAHUSA — CHIDKEHHS MPOBOAUMOCTHU
IPY YBEIUMYCHUU TeMIlepaTypsl [8].

B obnacti moiMMEpHBIX TOKOMPOBOASAIIMX KOMIIO3UTOB
6onpIIoe BHUMAaHHE YAETSETCS BIMSHUIO TOKOIPOBOMSIIUX
JUCTIEPCHBIX T0OAaBOK Ha MPOBOJUMOCTh, & UMEHHO, BHJIA aj-
JoTponHo# popmel yraepona [9, 10], qucrepcHOCTH TeXHUYE-
ckoro yriepoza [11], pasmepHOCTH 1 HEOJHOPOIHOCTH YaCTHIL
[12], mopucTocT mpoBoAsmIeH T00aBKH U e¢ BIUSHHUE HA I10-
BEIIIICHHUE TpoBoaAUMOCTH [13, 14] wmn cHImKeHHe 3a c4eT 00-
pa30BaHUs KPYIHBIX arioMeparoB o0aBku [15], Mmopdomorun
MEPBUYHBIX arperaroB yriepoja [16, 17] u yBenudenus mnpo-
BOAMMOCTH 32 CUET ONTUMHU3ALNN CTPYKTYphI yacTui [18.].

IToMHMO TEXHUYIECKOTO yTIIEepPOAa, HCTIONB3YIOTCS U APYTHE
TOKOTIPOBOIAIIINE KOMIIOHEHTHI. B pabdote [19] momyuens! ca-
MOpETYJIUpyeMble HarpeBaTeld C MacCOBBIMHM KOHIIEHTpAIlH-
AMHU yraepoaHsix HaHOTpyOok (YHT), BBoanMEBIE B KOIHYe-
ctBe 2,8%, 3,0%, 3,2%. B nccaenoBanuu [20] mokazaHo MOBHI-
IIeHWe TMPOBOJUMOCTH NPH yBeIHYeHUH conepxkanus YHT
IPY MaccoBOM KOHLEHTpaluu 100aBku 1, 3, 5 u 7%. B padote
[21] paccmaTpuBaeTcst MOMy4YEHHE DIAEKTPOIPOBOIAIIETO MO-
JMMepa, HalOJIHEHHOTO yriaepoaHbiM BonokHoM YHC-AK-II.

B crpourenscTBe HAMOOBIINI HHTEPEC MPEACTABIISIOT TO-
KOTIPOBOZISIIITHE KOMITO3UTHI HA OCHOBE OOBIYHOTO OPTIIaHIIIe-
MEHTa, TPEJCTABJISIONNE COO0H TOKOTPOBOIAIINE OETOHBI —
6etauel [22]. TexHomorns ycTpoHcTBa TAKUX OETOHOB, O0JIaa-
IOIINX CBOWCTBOM PE3UCTUBHOTO HArpeBa, MO3BOJIUTH H30e-
KaTh pa3pyLICHNS MOKPBITHH, MOIBEPTafONIUXCS BIHSHUIO
xyopuaa Hatpus [22, 23], mpuMEHsIeMOT0 IS yIaJIeHHUs OTIIO-
JKEHMH B BUJIE PBIXJIOTO CHETa, CHEKHOTO HAaKaTa U CTEKJIOBU-
HOro JpAa [24].

[IpuHIMT TTOJTyYeHNs IEMEHTHBIX TOKOIIPOBOISIINX OeTO-
HOB W/ICHTUYEH, PACCMOTPEHHBIM pPaHee MOJIMMEPHBIM MaTepH-
ajaM, W OCHOBaH Ha BBEACHHM TEXHHYECKOTO YIJepoja
[25,36], kokca [26], yriepoaHO# ¥ MeTauTHuecKod (GUOpHI
[27], meTammueckoit cTpyKku [28], yriepoaHbpIX HAHOTPYOOK
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INTRODUCTION

The solution to the problem of increasing safety in the
operation of bridge structures at low temperatures and
eliminating icing of the upper coating layer is achieved by
using chemical reagents, laying insulating materials, as
well as laying heating elements between the coating lay-
ers. These methods differ either in high cost, complexity
of the device, negative impact on the environment, or low
technical and economic efficiency.

The most promising direction for obtaining anti-icing
materials for bridge coatings is the development of elec-
trically conductive concretes based on a Portland cement
binder with heating properties, the production of which is
based on the use of conductive components.

The production of conductive composites is based on
the introduction of conductive dispersed components into
a mineral or polymer matrix [1, 2, 3]. Due to their special
properties, electrically conductive materials have been
used in various industries [4, 5].

Polymer conductive composites can have a specific
electrical resistance, reaching a value of 10-6 ohms-m,
which allows, in some cases, to replace metals [6, 7]. Such
materials may have the property of self-regulation - a de-
crease in conductivity with an increase in temperature [8].

In the field of polymer conductive composites, much
attention is paid to the effect of conductive dispersed ad-
ditives on conductivity, namely, the type of allotropic
form of carbon [9, 10], the dispersion of carbon black [11],
the dimension and heterogeneity of particles [12], the po-
rosity of the conductive additive and its effect on increas-
ing conductivity [13, 14] or reducing due to the formation
of large agglomerates of the additive [15], the morphology
of primary carbon aggregates [16, 17] and an increase in
conductivity due to optimization of the particle structure
[18.].

In addition to carbon black, other conductive compo-
nents are also used. In [19], self-regulating heaters with
mass concentrations of carbon nanotubes (CNTSs) were ob-
tained, introduced in amounts of 2.8%, 3.0%, 3.2%. The
study [20] showed an increase in conductivity with an in-
crease in the CNT content at a mass concentration of 1, 3,
5 and 7% of the additive. In [21], the preparation of an
electrically conductive polymer filled with carbon fiber
UIS-AK-P. is considered.

In construction, conductive composites based on con-
ventional Portland cement, which are conductive concrete
— betels, are of the greatest interest [22]. The technology
of the device of such concretes, which have the property
of resistive heating, makes it possible to avoid the destruc-
tion of coatings exposed to the influence of sodium chlo-
ride [22, 23], used to remove deposits in the form of loose
snow, snow rolling and vitreous ice [24].

The principle of producing cement conductive con-
cretes is identical to the polymer materials previously con-
sidered, and is based on the introduction of carbon black
[25,36], coke [26], carbon and metal fibers [27], metal
chips [28], carbon nanotubes [29,30], graphite [31] and
their combinations. The essential difference between ce-
ment-based and polymer-based composites is the
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[29,30], rpacdura [31] 1 ux coueranusim. CyieCTBEHHOE OTJIH-
YUe KOMIIO3UTOB Ha LIEMEHTHOM OCHOBE OT MOJMMEPHOU -
CIIO)KHOCTh TEHE3WCa W Pa3BUTHA CTPYKTYPHl HEMEHTHOTO
KaMH$, SBIBIIONICTOCS KpailHe MHOTOTPAaHHBIM IPOIIECCOM,
OTIPENIeISONINM CKIIOHHOCTB K (ha30BBIM IIPEBPAIICHISIM 1 H3-
MEHEeHUSM [32].

B pabore [33] mokazaHo yBenuuyeHHe Npejiena MpoYHOCTH
Ha ckatue B Bospacte 28 cyT. ¢ 51,1 no 55,0 Mlla npu conep-
JkaHUU yriaepoaHbx HaHOTpyOok (YHT) B konugectse 0,1% ot
Macchl BsDKyIIero. [Ipu aToM yaenbHoe SJIeKTPUYEcKoe Copo-
tuBieHue coctasmio 32000 Om- M B Bo3pacte 7 cyTok u 45000
Owm-M B Bo3pacte 28 cytok. [Ipu conepxkanmn YHT B konmue-
ctBe 0,5% OT Macchl BSKYIIETO YAENBHOE 3IEKTPHIECKOE CO-
npotusieane cocrasmwio 30000 Om M u 34000 OM M B BO3-
pacte 7 u 28 cyTok cooTBeTcTBeHHO. BBenenue e 20% Tex-
HHUYECKOTO yriepoga © Tpadura OOECIEeUMIO MOIyUCHHE
YIENBHOTO 3JIEKTPUYECKOTO COMPOTHUBIICHHS KOMIIO3HIINH,
pasroro 51000 Om-m u 89000 OM-M B Bo3pacte 7 CYyTOK COOT-
BETCTBEHHO, YTO COOTBETCTBOBAJIO TAKUM K€ TI0KA3aTENsIM CO-
CTaBoOB, cogepxamux YHT.

B pa6ote [34] npencTaBineHs! pe3yabTaThl UCIIBITAHUH CO-
ctaBoB ¢ conepxanueM 0,2-0,4% yriepoanoit ¢pubpsr u 0,4-
1,15% TexHH4Yeckoro yriepona mo oo0beMy CMECH Ha OCHOBE
[IEMEHTa, MUKPOKpPEMHE3eMa, IUIacTH(PUKATOPA, U3TOTOBJICH-
HBIX [IpHU BoxoLeMeHTHOM oTHoueHuu 0,25-0,34. Munumansb-
HOE MMOJTyYeHHOE 3HAUYEHHUE YCIFHOTO AIEKTPHYECKOTO COTIPO-
TtuBneHus coctaBmwiio 0,97 Om M. MakcuManbHasi JOCTUTHYTas
TeMIeparypa MOBEPXHOCTH oO0pasla TpH PE3HCTUBHOM
Harpese Ipu NpuiokeHnH HanpsbxeHus 20B cocraBuna 77 °C.
OtmeueHo, 4To 10 14 CyTOK HOPMaJIbHOTO TBEPACHUS YAEIb-
HOE DJIEKTPUYECKOE CONPOTHBICHHE OOpa3LOB IOCTEIIEHHO
YBEIMYMBAIOCh, 0OTHAKO ¢ 14 10 20 CyTOK MPaKTUYECKH HE U3-
MEHSJIOCh, MOCJe Yero ObUIM MPOBEAEHbI uUchbiTanus. OTMe-
YEHO, YTO YBEIMUYCHHE KOJMYECTBA TEXHHYECCKOTO YTIIEpoja
MPHUBOJIMIIO K OOIBIIEMY CHIDKCHHIO TIPOYHOCTH, YeM yTIEePOI-
Has ¢uOpa 3a CUET ero BBICOKOH BOIOMOTpeOHOCTH. BMmecTe ¢
TeM, HECMOTPS Ha BBICOKYIO BOIOMOTPEOHOCTb, MPEIeIT MPOoY-
HOCTHU TpU CKaTuM cocTaBuil He MeHee 44 MIla qiis Bcex co-
CTaBOB.

B nuccepranmu [TynatoBa A.A. [35] paspaboTaHbl COCTaBbI
MeJKo3epHUCTOro 6eToHa Mapok M300-M800 ¢ pacxooM Tex-
uuueckoro yriepoga TY I1-803 506-285kr/m3 mpu comepxa-
HuM neMenta 337-630 kr/m3 u necka 843-915 xr/m3 cootBert-
CTBEHHO. [IpeIokeHo OCYIIeCTBIIATh YIIyUIlIeHHe CBOWCTB 3a
CYET COBMECTHOM MEXaHOXMMHUYECKOW aKTHBALUU TEXHUYe-
CKOTO yTiepoja, IIeMeHTa W cyxoro miactudukaropa C-3 B
1apoBOi MenbHUIE. [TosrydeHHBIE COCTaBBl TOKOIIPOBOISIIETO
0eToHa MMeINH Y/AEIbHOE 3JIEKTPUIECKOe CONPOTUBIIEHHE 10 |
OM M.

Leap uccienoBaHus: NOIyYeHNE KOMIO3UIIMOHHOTO TO-
KOTIPOBOZSIIIIETO MaTeprala Ha OCHOBE IOPTIAHAIEMEHTA,
TEXHUUYECKOTO YTIIepoia ¥ yriiepoaHoi ¢Guodpsl, 06aamaromnero
YIENBHBIM JJIEKTPUYECKHM CONPOTHBIICHHEM, HE H3MEHSIO-
IIMMCS B TIpoIlecce TBEPAEHHS M IOCIEAYIOMIEM HCIIOIB30Ba-
HUH.

MaTepuanu U METOAbI UCCJICJOBAHUA

B pabote npuMeHSITHCH CIISIYONIIE MaTePHAIIBL:

- mopmrananement [IEM I 52,5H AO «Xaiinens6eprie-
MmeHT Pyc» B cootBerctBuu ¢ OCT 31108-2020;

- IECOK KBapLIEBbIH ¢ MoaysieM kpynHocTd Mk = 2,43 B co-
oreBercTBuu ¢ [OCT 8738-2014;

complexity of the genesis and development of the struc-
ture of cement stone, which is an extremely multifaceted
process that determines the tendency to phase transfor-
mations and changes [32].

The work [33] showed an increase in the compressive
strength at the age of 28 days from 51.1 to 55.0 MPa with
a carbon nanotube (CNT) content of 0.1% by weight of the
binder. At the same time, the electrical resistivity was
32,000 ohms - m at the age of 7 days and 45,000 ohms -
m at the age of 28 days. With a CNT content of 0.5% by
weight of the binder, the electrical resistivity was 30,000
ohms -m and 34,000 ohms-m at the age of 7 and 28 days,
respectively. The introduction of 20% carbon black and
graphite provided a specific electrical resistance of the
composition equal to 51,000 ohms - m and 89,000 ohms -
m at the age of 7 days, respectively, which corresponded
to the same indicators of compositions containing CNTS.

The work [34] presents the test results of compositions
containing 0.2-0.4% carbon fiber and 0.4-1.15% carbon
black by volume of a mixture based on cement, silica,
plasticizer, manufactured with a water-cement ratio of
0.25-0.34. The minimum obtained value of the electrical
resistivity was 0.97 ohm -m. The maximum achieved sur-
face temperature of the sample under resistive heating
when applying a voltage of 20 V was 77 ° C. It was noted
that up to 14 days of normal hardening, the electrical re-
sistivity of the samples gradually increased, but from 14 to
20 days it practically did not change, after which tests were
carried out. It was noted that an increase in the amount of
carbon black led to a greater decrease in strength than car-
bon fiber due to its high water demand. At the same time,
despite the high water demand, the compressive strength
was at least 44 MPa for all compositions.

In the dissertation of Pulatov A.A. [35], compositions
of fine-grained concrete grades M300-M800 with a carbon
black consumption of TU P-803 506-285 kg/m3 with a ce-
ment content of 337-630 kg/m3 and sand 843-915 kg/m3,
respectively, were developed. It is proposed to improve
the properties due to the joint mechanochemical activation
of carbon black, cement and dry plasticizer C-3 in a ball
mill. The resulting compositions of conductive concrete
had an electrical resistivity of up to 1 ohm-m.

The purpose of the study: obtaining of composite
current-conducting material based on Portland cement,
technical carbon and carbon fiber, possessing specific
electrical resistance, which does not change in the process
of hardening and subsequent use.

Materials and methods of research

The following materials were used in the work:

- Portland cement CEM | 52.5N JSC "Heidelbergce-
ment Rus" in accordance with GOST 31108-2020;

- quartz sand with a grain size modulus Mk = 2.43 in
accordance with GOST 8738-2014;
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- cynepmiactudukatop SikaViscoCrete ES5 B cooTser-
crBun ¢ 'OCT 24211-200;

- TexHrdeckuit yraepon mapok I1-803 n K-354 TOCT 7885-
86;

- rpadur DYT-2 T'OCT 10274-79;

- yraneponHas ¢ubpa MonsterFiber B coorBercTBum ¢ TY
1916-067-38276489-2017;

- no0aBKa, CHIDKAoIlas MPOHUIIAEMOCTh pacTBopa u Oe-
toHa «Centrilit NC» TY 20.59.57-088-51552155-2018;

- MUHepanbHbIH MogudukaTop 6etoHa «Imobenut» 'OCT
24211-2008.

V3mepeHHe yASNBHOTO 3JIEKTPHYESCKOTO CONPOTHBICHHS
OCYIIECTBIISUIOCH C HCIIOIBb30BaHUEM J1a00PaTOPHOTO PeryJiv-
PyEeMOro UCTOYHHKA TIOCTOSTHHOTO Toka QJ3003P.

JKcrepuMeHThI H 00Cy:K1eHHe pe3yJIbTaToB

W3mepenns ynenbHOTo 3JIEKTPHIECKOTO CONPOTHUBIICHHS C
3akaTHeM 00pa3ioB-kyooB pazmepom 100x100x100 MM ¢ co-
nepxanueM 20% texaudeckoro yraepona TY K-354 mexny 2-
X METaJNIMYeCKUMHU IUIACTUHAMU Ha THAPABINYECKOM IIpecce
MOKAa3aJii CYIECTBEHHOE BIMSHUE Ka4eCTBAa KOHTAKTAa MEXTY
MOBEPXHOCTHIO Ky0a M IJIACTHHBL. YBEJIMYCHUE YCUIINS TPH-
JKaThA IwIacTuH B 4 pasa (¢ 2 no 8 MlIla) npuBeno K CHUXEHUIO
BEJIMUMHBI U3MEPSAEMON XapaKkTepucTUKU B 3,5 ¢ paza ¢ 914,2
Om'M 10 259 Om-m (puc. 1).

PUCYHOK 1
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[IpumeHeHne pa3NuYHBIX TOKOIPOBOJISIIUX CMA30K, HAaHEe-
CeHHE Ha MOBEPXHOCTH KyOWKa MopoiKa rpapura U TeXHHYe-
CKOT'0 yIiepojia, a Takxke HUTH(OBKa HOBEPXHOCTH 00pa31oB-
KyOOB He Janu HeoOXOIMMOTO Ka4ecTBa KOHTaKTa MEXKIY IT0-
BEPXHOCTBIO Ky0a U IJIACTHHBI, 00ECIIEYMBAIOIIETO ITOBTOPSIE-
MOCTbH Pe3yJbTaToB n3Mepenuii. [lo MHeHUIO aBTOpPOB, HaN0O-
Jee NPEeANOYTUTEIbHBIM CIIOCOOOM HM3MEPEHHs YJIeNbHOTO
JJIEKTPUYECKOTO CONPOTHBIICHUS! TOKOIIPOBOAAILIEr0 OeTOHA
SBJISIETCS TTOTPY>KEHNE TOKOMPOBOAAIIMX IUIACTHH B 00pasen
nocsie GpopMoBaHUs, obecrednuBas TakuM 00pa3oM IOCTOSH-
HBII KOHTAKT 3JIEKTPOJIOB U IMOBTOPSIEMOCTh U3MEPEHUM.

[Ipu yBenWyeHNN yCHITUS IPHKATHS AIEKTpoAoB ¢ § 1o 10
MITa npouzonuio paspymierune oopasma (puc. 1, 2). [Ipu sTom
OBLJI0 3a(PUKCUPOBAHO CHIKEHHE BEIMIMHBI COTPOTHUBIICHUS B
12,3 pa3 (¢ 259 Om M 10 21 Om-Mm). Janublii 3 dexT o0bsicHs-
eTcst 00pa3oBaHMEM IIPH pa3pylIeHNH 00pa3a-Kyoa JONOIHH-
TEJIEHBIX TOKOTIPOBOJIAIINX IIETTOYEK 3a CUET oOecredeHus 00-
Jiee IUIOTHOTO KOHTAKTa MEXIY TOKOIPOBOMSAIIMMHU YaCTH-
1aMHu. )
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- - superplasticizer Sika ViscoCrete E55 in accordance
with GOST 24211-200;

- carbon black P-803 and K-354 GOST 7885-86;

- graphite EUT-2 GOST 10274-79;

- MonsterFiber carbon fiber in accordance with TU
1916-067-38276489-2017;

- additive reducing the permeability of mortar and con-
crete "Centrilit NC" TU 20.59.57-088-51552155-2018;

- mineral concrete modifier "Embelite"” GOST 24211-
2008.

The electrical resistivity was measured using a labora-
tory controlled direct current source QJ3003P.

Experiments and discussion

Measurements of the electrical resistivity with clamp-
ing of cube samples with a size of 100x100x100 mm with
a content of 20% carbon black TU K-354 between 2 metal
plates on a hydraulic press showed a significant influence
on the quality of contact between the surface of the cube
and the plate. An increase in the pressure of the plates by
4 times (from 2 to 8 MPa) led to a 3.5-fold decrease in the
measured characteristic value from 914.2 ohms'm to 259
ohms-m (Fig. 1).

21,00

Harpyska, Ma

The use of various conductive lubricants, the applica-
tion of graphite powder and carbon black on the surface of
the cube, as well as the grinding of the surface of the cube
samples did not provide the necessary quality of contact
between the surface of the cube and the plate, ensuring re-
peatability of measurement results. According to the au-
thors, the most preferable way to measure the electrical re-
sistivity of conductive concrete is to immerse the conduc-
tive plates in the sample after molding, thus ensuring con-
stant electrode contact and repeatability of measurements.

With an increase in the pressing force of the electrodes
from 8 to 10 MPa, the sample was destroyed (Fig. 1, 2).
At the same time, a decrease in the resistance value by 12.3
times was recorded (from 259 ohms ‘m to 21 ohms-m).
This effect is explained by the formation of additional con-
ductive chains during the destruction of the cube sample
due to the provision of tighter contact between conductive
particles.)
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PUCYHOK 2

PA3PYIIEHHBINA OBPA3ELl CO CHUKEHHBIM C 259 OM-M
J0 21 OM-M YJEJIbHBIM 2JIEKTPUYECKUM COIIPOTHUB-
JJEHUEM

Figure 2

A destroyed sample with a reduced electrical resistivity from 259
ohms-m to 21 ohms-m

C ydgetom onmcaHHOTO 3¢ dekra, a Takke paHee MPOBEACH-
HBIMH HCCIIEZIOBAHMSIME aBTOPOB [36], B KOTOPBIX COCTaBHI C
conepxanueM 40-60% TeXHUYECKOTO yriepoja OT MacChl BCeX
JUCTICPCHBIX KOMITOHCHTOB, HUMECJIA BBICOKYIO BO[[OHOTpe6-
HOCTh, MPHUBOISIIYI0 K CHIXKCHHUIO O0BEMHOMN KOHIICHTpAIMU
TOKOIIPOBOAAIIUX KOMIIOHECHTOB, CEPLE3HOMY YBCIMYCHHUIO
CONPOTHUBIICHHS 00Opa3la B Ipoliecce TBEPACHHUsI, €ro JalbHeu-
meMy pacTpCCKUBaHUIO, BBI3BAHHOMY YCAaJOYHBIMU SABJICHU-
SIMU IIEMEHTHOTO KaMHs, IPUHATO pEIIeHHUE, YTO IS NaTbHE-
IIUX UCTIBITAHNH HEOOXOIUMO HCIOIB30BaTh COCTABBI MEJIKO-
3epHHUCTON OSTOHHOI CMECH C COOTHOIICHUEM KBapIEBBIN Tie-
COK:TIOPTIIaHAIIEMEHT, paBHBIM 2:1. BBemeHmne ToKompoBoas-
MIUX KOMIIOHCHTOB B HEOOJBIIAX KOJIMYECTBAX HE OKA3BIBACT
3HAYUTEIBHOTO BIMSAHUSA Ha BOJOMOTPEOHOCTH CMECH, CIIOCO0-
CTBYET IIOJyYEHUS IUIOTHOM CTPYKTYPhl LEMEHTHOI'O KaMHS,
CHIDKACT yCaJKy M yIydIlIaeT KayeCTBO KOHTAKTa MEXIY 4a-
CTUIIaMH TOKOIIPOBOAANINX KOMIIOHCHTOB. B kadecTBe TOKO-
MpOBOAAIIUX KOMIIOHEHTOB BBICTYIIAJIN TEXHAYECKUN yraepoa
nByx mapok - I1-803 u K-354, rpadur DY T-2 u yraepoaHas
(hubpa, a TaKKe UX COUCTAHUS: KOTOPHIC PEACTABICHBI B TA0I.
1.

Taking into account the described effect, as well as
previous studies by the authors, in which formulations
containing 40-60% carbon black from the mass of all dis-
persed components had a high water demand, leading to a
decrease in the volume concentration of conductive com-
ponents, a serious increase in the resistance of the sample
during hardening, its further cracking caused by shrinkage
phenomena of cement stone, it was decided, that for fur-
ther testing it is necessary to use compositions of fine-
grained concrete mix with a quartz sand ratio:portland ce-
ment, equal to 2:1. The introduction of conductive compo-
nents in small quantities does not significantly affect the
water demand of the mixture, contributes to the formation
of a dense cement stone structure, reduces shrinkage and
improves the quality of contact between particles of con-
ductive components. The conductive components were
carbon black of two grades - P-803 and K-354, graphite
EUT-2 and carbon fiber, as well as their combinations:
which are presented in Table 1.

TABJIMIIA 1. KOJIJMYECTBO BBOAUMbBIX TOKOIMPOBOAALINX KOMITIOHEHTOB
Table 1. The number of conductive components to be introduced

Ne cocraBa
Mix Design Ne ! 2 3

11 | 12| 13 | 14 | 15| 16 | 17 | 18

K-354, % ot I
K-354, % by the
mass of cement

2,5

I1-803, % ot I
P-803, % by the - - -
mass of cement

10| 15| - -

IVT-2, % ot I
EUT-2, % by the - - - - - -
mass of cement

13| -

Yra. ¢pudpa, %
ot I
Carbon fiber, %
by the mass of
cement

025|/05|10|05|05|05

Pe3ynbraThl MCTIBITAaHUH MTOKA3aJIH, YTO YJIEIBHOE JIEKTPHU-
YeCcKOe CONPOTHBIICHHE 00pa3loB ¢ pa3IMuYHBIMH TOKOIPOBO-
JAIIAMH KOMIIOHEHTaMH B BO3pacTe 28 CyTOK TBEpACHHUS B
HOPMAJIBHBIX YCIOBHUAX HAXOANUJIOCH B HIMPOKUX MPEIALCIax - OT
141,4 no 43,28 OM M. Y 1elbHOE DIIEKTPUIECKOE COTIPOTHUBIIC-
HHE KOHTPOJIBHOTO cocTaBa coctaBmio 3030M M. Taxoke 0110
YCTaHOBIIEHO, YTO B Bo3pacte Oomnee 100 cyT Bce oOpasiisl me-
pecraiy MpoBOAUTD IEKTPUUECKUH TOK (puc. 3).

The test results showed that the electrical resistivity of
samples with various conductive components at the age of
28 days of hardening under normal conditions was in wide
ranges - from 141.4 to 43.28 ohms -m. The electrical re-
sistivity of the control composition was 303 ohms -m. It
was also found that at the age of more than 100 days, all
samples stopped conducting electric current (Fig. 3).
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PUCYHOK 3

30
300

3HAYEHHS VYJIEJBHOI'O JJIEKTPUYE-
CKOI'o COIIPOTHUBJIEHUSI COCTABOB
Nel-18 B BO3PACTE 28 1 BOJIEE 100 CYTOK
TBEPJIEHUS:

1 - 28 cyTok TBepaeHHs

2 — 6ouee 100 cyTok TBepaeHHSs

250

8
=

i}
S

Figure 3

Vel noe MIeKTPHUECKoe ConpoTHRIenHe, OM*M
2
S

The values of the electrical resistivity of composi-
tions No. 1-18 at the age of 28 and more than 100
days of hardening:

1 - 28 days of hardening
2 —more than 100 days of hardening 0

[

Ha ocHOBaHMM TOJIy4EHHBIX PE3YJILTATOB W VISl OLEHKH
BIIMSTHUSL YCAaJKH Ha CHW)KEHHE MPOBOAUMOCTH OBUIM ITPOBE-
JICHBI UCTIBITaHUS 00pa3moB, coaepxkamux 3% TY K-354, 3%
I1-803 1 3% yrnepoaHoi pruOpHI OT MacChl IEMEHTA M 3aMEHOH
7-25% nemeHTa 100aBKaMHU-MOIU(PHUKATOPAMH CTPYKTYpHI Oe-
toHa OMOenuT 2-100C u Centrillit NC (Tab:. 2), CHIYKAIOITUX

102,92

91,3

141,
4 _ N 8
75,78 75,7 78, 78,
“ m, “l ‘ “
2 3 4 5 6 7 8 10
ml m2

Based on the results obtained and to assess the effect
of shrinkage on reduced conductivity, samples containing
3% TU K-354, 3% P-803 and 3% carbon fiber by weight
of cement were tested and 7-25% cement was replaced
with additives modifiers of concrete structure Embelite 2-
100C and Centrillit NC (Table. 2), reducing the shrinkage

86,5

75,7 75,7

13

.78 75,1

78,

17 18

65,6

16

75,7
“ 67,8

14 15

0,

11

43,2
9 12

yCaaKy HEMCHTHOI'O KaMH:.

of the cement stone.

TABJIMIA 2 KOJITMYECTBO BBOAUMBIX TOBABOK-MOAUP®UKATOPOB

Table 2 The number of modifier additives introduced

Composition No. i I U O I
[0)
g;?bg)r:[ ?ilt))ae'r,/g/ootT)yuthe mass of cement 3,0 3,0 3,0 3,0 3.0 3,0
_ [0)
Eggj (;; (l;)T/ g]e mass of cement 30 30 >0 >0 >0 >0
- [0)
Ili}g(?s?w/:g;tﬂe mass of cement 3,0 3,0 3,0 3,0 3.0 3,0
- 0]
zrwﬁbegil':: 5—11888 0//:: t()); 'ﬁlwe mass of cement 7o i 2>0 ] i i
ili [0)
ggg:::::: “g 02 (t;; ﬂm mass of cement ] ) ] 0 10 20

CosmectHoe BBenenue TY I1-803, K-354 u yriepoa-
HOM (puOpHI B KommyecTBe 3% MO3BOJIIIIO CHU3HUTH YAEIh-
HOE 3JIEKTPUYECKOE CONPOTHUBIICHHE B BO3pacTe 28 CyTOK
no BenuuuHbl 5,18-14,43 Om M. Bpuio ycTaHoBiIeHO OT-
CYTCTBHE NPSIMOM 3aBUCUMOCTH W3MEHEHHMS NTPOBOJIUMO-
CTH OT KOJMYECTBa J100aBOK-MOIU(PHUKATOPOB (pHC. 4).
Bwmecre ¢ Tem, mociie u3BiIeUCHUsT 00pa3IoOB M3 KaMepsbl
HOPMAaJIGHOTO TBEpZEHUsI B Bo3pacTe 28 CyTOK IOKa3a-
TENU yIENBHOT0 AJIEKTPUUECKOTO CONPOTHUBICHUSI CTAJIH
MNOBBIIIATHCSA, UYTO MOXKHO 0OBSICHUTD HUCIIapC€HUEM CBO-
0oHOM BOJIBI M3 00pa3ioB. B Boszpacte 6osee 100 cyTok
00pa3usl coctaBoB 19-24 mepecTaiu MPOBOJUTE 3JICKTPH-
YECKHH TOK IIpU MOAKITIOYA€MOM HaIIPSXKECHU

218

The combined introduction of TU P-803, K-354 and carbon
fiber in an amount of 3% made it possible to reduce the electri-
cal resistivity at the age of 28 days to a value of 5.18-14.43
ohms -m. It was found that there was no direct dependence of
the change in conductivity on the amount of modifier additives
(Fig. 4). At the same time, after the samples were extracted from
the normal hardening chamber at the age of 28 days, the elec-
trical resistivity indices began to increase, which can be ex-
plained by the evaporation of free water from the samples. At
the age of more than 100 days, samples of compositions 19-24
stopped conducting electric current at the connected voltage.
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PUCYHOK 4

3HAYEHHS VYJIEJBHOI'O JJIEKTPUYE-
CKOIro COIIPOTHUBJIEHUSI COCTABOB
Ne19-24 B BO3PACTE 28 U BOJIEE 100 CYT
TBEPJEHUSI:

1 — 28 cyTok TBepaeHHs

2 — 6ouiee 100 cyTok TBepaeHHsI

Figure 4

Values of the electrical resistivity of compositions
no. 19-24 at the age of 28 and more than 100 days
of hardening:

1 - 28 days of hardening

2 —more than 100 days of hardening

YaeaeHoe JMCKTPHYCCKOC CONPOTHBJICHHS, OM*M

Ha ocHoBaHuu pe3ynbTaToB HCHBITaHUM cocTaBoB Nel-
24 MOXHO cIeNaTh BEIBOJ O TOM, YTO MIPOBOIUMOCTH 00pa3-
IIOB B BO3pacTe 10 28 CYTOK XpaHCHUS B HOPMAIBHBIX YCIIO-
BUSX 00€CIIeUnBaCTCA 3a CUST COACPIKAHISI CBOOOTHOM BOIBI
B 00pasmax, KOTOpas COBMECTHO C YaCTHUI[AMH TOKOIPOBO-
ISIIAX KOMIIOHEHTOB 00pa3yeT TOKOIPOBOIAIINE ETOYKH.
3TO MOXHO OOBSCHHUTH TEM, YTO MPHU 3aMOPAKUBAHUH 00-
Pa3LoB MPHU OTPUIIATEIFHON TeMIepaType B TEUEHUH CYyTOK
MPOUCXOJUT CHI)KEHHE TPOBOJMMOCTH U TOBBIIICHUE
YAEIBLHOTO 3JIEKTPUUECKOTO COMPOTHUBIICHHUS, YTO CBA3AHO C
OTCYTCTBHEM MOHHOM MPOBOJAMMOCTH JIbJIa U HAJTMUHEM TIPO-
BOIUMOCTH BOABI. C y4eTOM MOJYYEeHHBIX Pe3yJIbTaTOB U
TIOJIOXKCHUN TEOPUHU TEPKOJISAIIH MOKHO CHENATh BEIBOJ O
TOM, YTO BBEACHHE TOKOIIPOBOISAMIAX KOMIIOHCHTOB B yKa-
3aHHBIX KOJMYeCTBax B cocTaBax Nel-24 He oOecrieynBaeT
MOJYYCHUE TEPKOJAIHOHHOTO KIIACTepa IOcie YAaleHHUsS
cBOOOTHOH BOJBI, 1aKe TIPH CYIIECTBEHHOM CHIKEHUH TIPO-
BOAMMOCTH B paHHeM Bo3zpacte. Iloatomy nanbHelmue uc-
MBITAHWS TPOBOJMIINCH Ha COCTaBax 0e3 3allOJIHUATENS, a
CyMMapHO€ KOJIUYECTBO TOKOMPOBOSIINX KOMIIOHEHTOB B
Buze TY K-354, TV I1-803 u yriepoatoi GuOpbl COCTaBHIO
14,4%, 18% u 22% ot oOmiero odbema cMecH. Y IeJIbHOE
AIEKTPUIECKOE COTIPOTUBIIEHUE B BO3pAcTe 3 CYT COCTABUIIO
JUTSL yKa3aHHBIX 00beMHBIX KoHIeHTparuit 0,82, 0,37 u 0,31
Owm-M coorBercTBeHHO. K 28 cyT TBepaeHHs He0OX0ANMBII
Mokazaresb MPOBOJUMOCTU yBenuuwmicsa B 15,9, 5,97 u 2,6
pa3 cooTBeTcTBeHHO (pHc. 5). Takum o0Opa3zoM, B cucremax
Ha OCHOBE THJPABIMYECKOTO BSOKYIIIET0, 00bEMHAsT KOHICH-
Tparusi TOKOIPOBOSIINX KOMIIOHEHTOB OKa3bIBACT BIIHS-
HUE HE TOJHKO Ha HAYAJIBHYIO AJIEKTPUYECKYIO TPOBOJU-
MOCTbh, HO U Ha KOHEYHYIO, YTO CBSI3aHO CO CTPYKTYPOH Iie-
MEHTHOTO KaMHS M COJep)KaHuEM CBOOOJHOMN BOJIbI, BEIH-
YUHA KOTOPOH M3MEHSETCS B TIPOIECCE THAPATAIIHH.

C ydJeToM MOJyYEHHBIX PE3yNbTATOB ISl JATbHEHIITNX
UCCIICIOBAaHUN B KAUECTBE 3TAJIOHHOTO OBLI BEIOPAaH COCTaB
¢ oobpeMHol KoHIeHTparmei TY I1-803 B konmmvecte 25%,
HUMEIOIIETO MHHUMAIIBHYIO BOJIOIIOTPEOHOCTE, paBHYI0 80%
OT €ro Macchl, 0 CPABHEHUIO C IPYTUMH TOKOIPOBOASIIUMHU
KOMIIOHCHTaMH, HCIIONIb3yEMBIMH B HACTOsIIEH padore. s
TOBBIIICHHS IPOBOUMOCTH 00Pa3IOB MPOBOIMIACH 3aMEHA
TV I1-803 na TY K-354 B komuuectse 5, 10, 15 u 20% ot
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Based on the test results of formulations No. 1-24, it can
be concluded that the conductivity of samples under the age
of 28 days of storage under normal conditions is ensured by
the content of free water in the samples, which together with
particles of conductive components forms conductive chains.
This can be explained by the fact that when samples are fro-
zen at a negative temperature during the day, there is a de-
crease in conductivity and an increase in electrical resistivity,
which is due to the lack of ionic conductivity of ice and the
presence of water conductivity. Taking into account the re-
sults obtained and the provisions of the percolation theory, it
can be concluded that the introduction of conductive compo-
nents in these quantities in formulations No. 1-24 does not
ensure the production of a percolation cluster after removal
of free water, even with a significant decrease in conductivity
at an early age. Therefore, further tests were carried out on
compositions without filler, and the total number of conduc-
tive components in the form of K-354, P-803 and carbon fi-
ber amounted to 14.4%, 18% and 22% of the total volume of
the mixture. The electrical resistivity at the age of 3 days was
0.82, 0.37 and 0.31 ohms'm, respectively, for these volume
concentrations. By the 28th day of hardening, the required
conductivity index increased by 15.9, 5.97 and 2.6 times, re-
spectively (Fig. 5). Thus, in systems based on a hydraulic
binder, the volume concentration of conductive components
affects not only the initial electrical conductivity, but also the
final one, which is associated with the structure of cement
stone and the content of free water, the value of which
changes during the hydration process.

Taking into account the results obtained, a composition
with a volume concentration of TU P-803 in an amount of
25% was selected as a reference for further research, having
a minimum water demand equal to 80% of its mass, com-
pared with other conductive components used in this work.
To increase the conductivity of the samples, TU P-803 was
replaced with TU K-354 in the amount of 5, 10, 15 and 20%
of the mass of TU P-803. It was noted that an increase in the
content of TU K-354 in the composite by 4 times (from 5%
to 20%) contributed to a decrease in electrical resistivity by
1.55 and 9.9 times at the age of 3 and 56 days, respectively.
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Maccel TV I1-803. OTMedeHo, YTO yBEIMYCHHE COJIEpIKa-
aust TY K-354 B coctaBe kommo3uTta B 4 paza (¢ 5% mo 20%)
CIIOCOOCTBOBAJIO CHIDKCHUIO YIEIBHOTO 3JIEKTPHUECKOTO
compoTuBieHus B 1,55 u 9,9 pasa B Bo3pacte 3 1 56 cyTok
COOTBETCTBEHHO. YBEJINYEHHE COMPOTUBIICHHS B MpoOIECcCe
TBepaeHus cocTaBuio 12,4 u 1,95 pasa anst coctaBoB ¢ 5 u
20% TY K-354 cootBetrcTBEHHO (pHC. 6).

PUCYHOK 5

14,000

OM*M

BJIUSHUE OFbEMHOM KOHIIEHTPAIIUH ~ 12,000
TOKOIIPOBOSIIUX KOMIIOHEHTOB HA
YAEJBHOE DJJIEKTPUYECKOE COIIPO-
THUBJIEHHUE:

1 -3 cyTku TBepAeHHs

2 — 28 cyTok TBepaeHus

10,000
8,000
6,000

4,000

Figure 5

The effect of the volumetric concentration of con- 2,000
ductive components on the electrical resistivity:
1-3 days of hardening

2 — 28 days of hardening

Yaeanloe WICKTPHUECKO¢ CONPOTHBJICNHE

0,000

PUCYHOK 6

100

90

BJIMUAHUE COAEPKAHHUSA TY K-354 U II-
803 HA YJAEJBHOE 3JIEKTPHYECKOE CO-
IIPOTHUBJIEHHE:

1-5% K-354; 2-5% K-354;

3-5% K-354; 4-5% K-354

80
70
60
50
10

Figure 6

Effect of TU K-354 and P-803 content on electri-
cal resistivity:

1-5% K-354; 2-5% K-354; 0
3-5% K-354; 4-5% K-354

Y RenbHOE HICKTPHH 6CKOE cornpoTnBIeiine, OM*™M

Jnist ymydiieHus CBOMCTB 3JIEKTPOIPOBOIHOCTH B COCTAB
KOMITO3UTOB ¢ 00beMHOM koHIeHTparmed TY I1-803 B ko-
mrgectBe 25% BBOIMIIACH yTIepoHast GrOpa B KOJMUECTBE
0,25, 0,5, 0,75 u 1% ot maccel 1leMeHTa. Pe3ybTaThl SKCIIe-
pUMeHTa mokaszainu 3((EeKTUBHOCTh BBEICHUS YTIIEPOIHON
(ubpbI ¢ 06paTHO-MPOTIOPIIMOHATEHOM 3aBUCUMOCTBIO CHU-
KEHUS yAETHHOTO 3JIEKTPUIECKOTO CONPOTHBRICHNS. BBee-
HHE YriepoaHoi GpUOpHI NMPUBEIO K CHIKEHUIO yJIEIbHOTO
3JIEKTPHYECKOTO COTPOTHBIICHHS B BO3pacTe 3 CYT 0 BEIH-
yunsbl 0,85-0,34 Om-M. BBenenne ¢puoOpsI Takxke He cIOCO0-
CTBOBAJIO COXPAHEHHUIO BEJIMYMHBI YJEJIBHOTO 3JIEKTpUYe-
CKOT'0 CONpPOTHUBIIEHUS, KOTOpoe B Bo3pacte 56 cyt B 10,5-
82,3 pa3a, 4TO 3HAUUTEIBEHO OOJIBIIE, YEM B CiIydae 3aMEHBI
10-20% TY I1-803 na TY K-354 B ananmorn4HomM Bo3pacre

(puc. 7).
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4,52 7

The increase in resistance during the hardening process was
12.4 and 1.95 times for compositions with 5 and 20% TU K-
354, respectively (Fig. 6).

13,040
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To improve the properties of electrical conductivity,
carbon fiber in the amount of 0.25, 0.5, 0.75 and 1% of the
cement weight was introduced into the composition of
composites with a volume concentration of TU P-803 in an
amount of 25%. The results of the experiment showed the
effectiveness of the introduction of carbon fiber with an
inversely proportional dependence of the decrease in
electrical resistivity. The introduction of carbon fiber led to
a decrease in the electrical resistivity at the age of 3 days to
a value of 0.85-0.34 ohms -m. The introduction of fiber also
did not contribute to the preservation of the value of
electrical resistivity, which at the age of 56 days was 10.5-
82.3 times, which is significantly more than in the case of
replacing 10-20% of TU P-803 with TU K-354 in the same
age (Fig. 7).
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PUCYHOK 7

BJIUSHUE KOJWYECTBA BBOJINMOI
VIJIEPOJHON ®UBPHI HA YJAEJIBHOE
SJEKTPHYECKOE COITPOTUBJIEHHUE:
1-0,25% yraepoanoii ¢puodpsI

2-0,5% yraepoaHoii GpudpsI

3-0,75% yraepoanoii puopbI

4 — 1% yraepoanoii pudps1
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Figure 7

Vaenshoe MICKTPHYCCKOC COMNMPOTHBJICHIC, On*m

h

The effect of the amount of carbon fiber intro-
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duced on the electrical resistivity:
1-0,25% carbon fiber

2 —0,5% carbon fiber

3 -0,75% carbon fiber

4 — 1% carbon fiber
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IIpoBeneHB! HCTIBITAHUS C IPUMEHECHUEM OJHOBPEMEHHO
yrieponHoi (GuOpHI, CyIIECTBEHHO CHMXKAIOIIEH YAEIbHOE
JJIEKTPUYECKOE CONPOTUBIICHHE W TMOBbIMaromend (usnko-
MEXaHHUYECKHE CBOMCTBAa O€TOHa, M JBYX MapoK TeXHHUYe-
CKOTO yriepoja, 00ecmeuyuBaIoONMX COBMECTHO CTa0WIIb-
HOCTH BEJIMYHMHBI YAETHHOTO 3JIEKTPUIECKOTO CONpPOTHBIIE-
HUS NIpU TBepAeHUU U 3kcmutyatauun: TY K-354 B konuye-
ctee 10,15 1 20% ot maccer TY 11-803 u yrneponnoit ¢puodps1
B koimmuectBe 0,25, 0,5, 0,75 u 1% ot Mmacce nemenTa Co-
ctaBbl ¢ 10% xomnuectsoMm TY K-354 nokazanu oTcyTcTBHE
3aBUCHMOCTH BEJIMUMHBI Y/IIBHOTO 3JIEKTPUIECKOTO COIPO-
TUBJIEHUS OT KOJIMYECTBA YTIEPOJHON (HUOPHI: yAenbHOe
AJIEKTPUYIECKOE COMPOTHUBIICHHE 00Pa3IoB B Bo3pacTe 56 cy-
TOK coctaBmio 2,93, 10,85, 6,86 u 1,44 Om-M 1y 06pa3ion
¢ 0,25, 0,5, 0,75 u 1% yriepoaHoit puOpbI COOTBETCTBEHHO.
YaenpHOE 3IEKTPUYIECKOE COTPOTHBIICHHE YBEIUYIIOCH B
npouecce TBepaeHus ¢ 7 10 56 cyt. B 4,24-18,1 pas3. I1pu xo-
magectBe TY K-354 15 u 20% nabmonaercs oOpaTHas npo-
MOPLHOHANIbHAS 3aBUCUMOCTD KOJIMYECTBA BBOJUMON yTile-
poaHON (HUOPHI U YAEIHFHOTO 3JIEKTPUYECKOTO CONPOTHBIIE-
HuA (puc. 8). IlomydeHsl cocTaBbl ¢ yACNBHBIM 3JIEKTpUYe-
ckuM conpotuieHueM 1,12-0,26 Om'M, npu 3T0M U3MEHE-
HHE XapaKTepUCTHKH ¢ 7 1o 56 cyTtok cocraBmio 1,06-1,04
pasa.

3aki0ueHue

1. YcTaHOBIIEHO OTCYTCTBHE IOCTOSHHOMN IEKTPHUYECKON
MPOBOMMOCTH TIPH BBEIACHUH B [IEMEHTHYIO CUCTEMY TEXHH-
yeckoro yriepona TY K-354, TV I1-803, rpadura OYT-2 n
yraepogHoi ¢Gudper B konmdyectBe 1-5%, 5-15%, 3-13% u
0,25-1% ot Macchl IieMeHTa. Y CTaHOBJIEHO BIUSHUE CBOOO/I-
HOUW BOJIBI Ha 00pa30BaHKe MEPKOJIAIIMOHHOTO KllacTepa B Ie-
MEHTHBIX CUCTEMAaX IPU BBEJCHUU TOKOIPOBOISAIIAX KOMITO-
HCHTOB TIPH OOBEMHON KOHIEHTPAIIMUA TOKOIPOBOISIIUX
KOMIIOHCHTOB HMYKE TEOPETHUECKOTO [TOPOTa MEPKOJISIIINN;

2. YCTaHOBJIEHO OTCYTCTBHE B3aMMOCBS3U YCAJKH Ilie-
MEHTHOW CHCTEMbI M TOBBIIICHUS YICIBHOIO JJICKTpHYE-
CKOT'0 COTIPOTHBJICHHSI TOKOTIPOBOISIIIIETO OETOHA;

3. Tloka3aHa HEBO3MOXKHOCTb PEryJMPOBAHUS TOKOIPO-
BOJISAIINX CBOWCTB B IIEMEHTHBIX CHCTEMAX MPU BBEJICHHH TO-
KOTIPOBOSIIIIUX KOMIIOHCHTOB B OOBEMHOI KOHIICHTPAIMU
HIDKE IOpora MEpPKOJIUM 3a CYET BBEICHHS 00aBOK-

4,48
3,25 1,83
76

~
1.28
R :
7 14 28 56

Bospacrt, cyT

—] =) =] - -4

Tests were carried out using simultaneously carbon fi-
ber, which significantly reduces the electrical resistivity and
increases the physical and mechanical properties of con-
crete, and two grades of carbon black, which together ensure
the stability of the electrical resistivity during hardening and
operation: TU K-354 in the amount of 10.15 and 20% of the
mass of TU P-803 and carbon fiber in the amount of 0.25,
0.5, 0.75 and 1% of the mass of cement Compositions with
10% of the amount of TU K-354 showed no dependence of
the magnitude of the electrical resistivity on the amount of
carbon fiber: The electrical resistivity of the samples at the
age of 56 days was 2.93, 10.85, 6.86 and 1.44 ohms-m for
samples with 0.25, 0.5, 0.75 and 1% carbon fiber, respec-
tively. The electrical resistivity increased during the harden-
ing process from 7 to 56 days by 4.24-18.1 times. With an
amount of TU K-354 of 15 and 20%, an inverse proportional
dependence of the amount of carbon fiber introduced and
the electrical resistivity is observed (Fig. 8). Compositions
with an electrical resistivity of 1.12-0.26 ohms - m were ob-
tained, while the change in characteristics from 7 to 56 days
was 1.06-1.04 times.

Conclusions

1. The absence of constant electrical conductivity was
established when technical carbon TU K-354, TU P-803,
graphite EUT-2 and carbon fiber were introduced into the
cement system in the amount of 1-5%, 5-15%, 3-13% and
0.25-1% by weight of cement. The effect of free water on
the formation of a percolation cluster in cement systems
with the introduction of conductive components at a volume
concentration of conductive components below the theoret-
ical percolation threshold has been established;

2. The absence of a relationship between shrinkage of
the cement system and an increase in the electrical resistiv-
ity of conductive concrete has been established;

3. Itisshown that it is impossible to regulate the conduc-
tive properties in cement systems when introducing conduc-
tive components in a volume concentration below the per-
colation threshold due to the introduction of additives-
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MoudukaropoB Imbenut u Centrillit NC B xommaectse 7%,
15% u 25% B3aMeH Macchl TOPTIAHIIIEMEHTA;

PUCYHOK 8 12
s b
=
BJIUSIHUE }(OJII/I‘{ECTBA BBOZ[I/IMOI7I yI- z 1.
JEPOJHOU ®UBPbI HA YAEJIIBHOE E
SJEKTPUUYECKOE COITPOTUBJIEHHUE % 0.8
ITIPU 3AMEHE 15 1 20% TY I1-803 HA TY K- g ’
354: g -
1-15% K-354 g€ %
2 -20% K-354 £0
E 0.4
. o
Figure 8 =
@ 0.2
The effect of the amount of carbon fiber intro- %
duced on the electrical resistivity when replacing = 0

15 and 20% of tu p-803 with tu k-354:
1-15% K-354
2 -20% K-354

4. YCTaHOBIJICHO 3HAUUTEIBHOE CHIKEHHE YJEIBHOTO 3JIeK-
TPUYECKOTO COIPOTUBICHHUS B Bo3pacTe 3 cyTok ¢ 0,82 OM M 10
0,37 OM*M npH yBEITHYCHUH 00 EMHOM KOHIIEHTPAIlUX TOKOIIPO-
BOJSIINX KOMIIOHEHTOB ¢ 14,4% mo 18%. Iloka3aHo CHIDKEHHE
M3MEHEHHS YAEIHHOTO 3JIEKTPUIECKOTO CONPOTUBICHHSA C 5,97
10 2,6 pa3 Ipu yBenTHYeHNH 00bEMHOM KOHIICHTPAIIMH TOKOIIPO-
BOJSILIMX KOMIIOHEHTOB ¢ 18% 1o 22% npu CHUXKEHUH YAEINb-
HOro 3ekTpudeckoro conporusienus ¢ 0,37 o 0,31 Om M co-
OTBETCTBEHHO;

5. Ilomy4eHbl TOKOTIPOBOISIIME IEMEHTHBIE CHCTEMBI C BBE-
neHreM 25% mo 00beMy TeXHHUYECKOro yriepoaa mapok I1-803
n K-354 B maccoBom cootHomernn 80:20-85:15 cootBet-
CTBEHHO U yriiepoiHoi pubpsl B kommuectse 0,25-1% oT Macchr
nemMeHTa. IIpu 3ToM yJenpHOe 3JIeKTPHYECKOe CONPOTHUBIICHUE
MOJYYEHHOTO KOMIIO3UI[OHHOTO MaTepuana HaXOJuTCs B Aua-
na3oHe 1,12-0,26 Om'M B Bo3pacTe 56 cyTok. B mpouecce TBep-
JeHusi ¢ 7 10 56 CyTOK yIeJIbHOE 3JIEKTPUIECKOEe COMPOTHUBIICHHE
yBenuuuBaercs B 1,06-1,04 paza u najnee 3HaYUTENBHO HE U3Me-

0,25%

modifiers Lambelite and Centrillit NC in the amount of 7%,
15% and 25% instead of the weight of Portland cement;

0.50%
KomugecTtso yreponHoii GuOpsl, % oT Macchl IeMeHTa

0,75% 1,00%

=] ==

4. A significant decrease in electrical resistivity was
found at the age of 3 days from 0.82 ohm -m to 0.37 Ohm
- m with an increase in the volume concentration of con-
ductive components from 14.4% to 18%. A decrease in
the change in electrical resistivity from 5.97 to 2.6 times
is shown with an increase in the volume concentration of
conductive components from 18% to 22% with a de-
crease in electrical resistivity from 0.37 to 0.31 ohms-m,
respectively;

5. Conductive cement systems were obtained with the
introduction of 25% by volume of carbon black grades
P-803 and K-354 in a mass ratio of 80:20-85:15, respec-
tively, and carbon fiber in an amount of 0.25-1% by
weight of cement. At the same time, the electrical resis-
tivity of the resulting composite material is in the range
of 1.12-0.26 ohms - m at the age of 56 days. During the
hardening process, from 7 to 56 days, the electrical re-
sistivity increases by 1.06-1.04 times and then does not
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