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B naHHOII cTaThe paccMaTpUBAIOTCS OCHOBHEIE 3(D(EKTHI OT BBEICHUS JOOABKH IICHOTpaduTa.
[enorpadut, MeTox ero BBEIECHHS B COCTAB CMECEH M TO3MPOBKA BHIOpAHBI HA OCHOBAHUH HU3KUX
3aTpar, HO 3HaYMTeIbHON 3 dekTruBHOCTH. C MOMOUIBIO IEeHOrpaduTa yaaaoch JOCTHYb BBICOKHX
3HAUCHUH (PU3HMKO-MEXaHWYECKUX XapaKTepHCTHK IPU 3aMeHe 3HAYNUTEIbHOM YacTH IMOpTIaHAIe-
MEHTa OTXOJIOM METaJTyprHYeCKOro MpOoM3BOJCTBA. [IpOBEJCHHOE CPaBHEHHE BBISBUJIO yBEIHMYe-
HHE NMPOYHOCTHBIX XAPAKTCPHCTUK LIEMEHTHOTO KaMHS Ha OCHOBE IOPTJIAHILEMEHTa, MOJIOTOTO
JOMEHHOTO TPaHyJIMPOBAHHOTO IIUIAKA M HUX CMECH IPU XPAHCHHH B HOPMAJbHBIX YCIOBHIX H
BCJICZICTBHE TEIUIO-BIAKHOCTHOW 0OpaOOTKU IpH BBelNeHWH A00aBKU neHorpaduta. Hambompmmit
s¢dexT npu nobaBreHnn neHorpaduTa UMeeT cocras, coAepxkammuii 60 % TOMEHHOTO IpaHyIUpPO-
BaHHOTO IITaKa OT MAacchl BSOKyIero. Ha OCHOBaHMM MOJNYyYEHHBIX Pe3yJIbTaToB MEHOTpaduT SBIS-
eTcsl KOHKYPEHTOCHOCOOHO! 100aBKOW 10 CPaBHEHHUIO C APYTMMHM, UMEIOIIMMH HOIYJISIPHOCTh Ha
pBIHKE 106aBOK. B TOM umcie 3a cueT mpocToro moiydeHus U BBeeHUs no0aBKa IeHorpadura He

ycTynaer 1o 3¢ GeKTHBHOCTH rpadeHy.

Knrouesvie crnosa: nopmaanoyemenm, OOMEHHbI SPAHYIUPOBAHHBIL UWLIAK MOJOMbIL, NEeHO-

epaghum, npouHoOCmb NPU CHCAMUU.

BBenenue

B Hacrosmiee BpeMsi IPOBEAEHO MHOXKECTBO HC-
CIIEZIOBAaHUH B OOJIACTH CTPOUTEIHHBIX MaTEpHAJIOB C
WCIIOJIb30BAaHMEM HAHOJO00ABOK pPAa3JIMYHBIX —aJljIo-
TpomHbIX (OpM yriiepoja: TpexMmepHbIX (rpadur),
JBYXMEpHbIX (rpadeH), oHOMEpPHBIX (HAHOTPYOKH) U
HynbMepHbIX  (pymiaepens) [1-3]. YHuUKaIbHOCTH
CBOMCTB YIJIEPOAHBIX HAHOCTPYKTYp PAaccMOTpeHa
MHorumu aBropamu [4—10].

HecMoTps Ha siBHBIE NPEHMYIIECTBA OT HCIIOJIb-
30BaHUsI HAHO/I00aBOK B OETOH, BHICOKAs CTOMMOCTD
HE II03BOJISICT HCIIOJIb30BaTh HAHOMOAM(DHUKATOPHI B
NPOMBIIUIEHHOM Maciitabe. OCHOBHBIMH TIPETIATCT-
BUSIMH HCIOJIB30BaHUSI HAHOMO0ABOK B IPOMBIIIICH-
HBIX MaciuTabax sBISieTCS >HEpro3aTpaTHas M JOPO-
TOCTOSIIIAasE TEXHOJIOTMH WX moiydeHus [11, 12], a
TaKxke oOecreueHne PaBHOMEPHOCTH pacIpeieiIeHUs
HaHOJ00aBOK B MaTpHIIE MaTepHaa.

Haubonee mpuemieMbIM mIpeacTaBUTEIEM HAHO-
JI00aBOK C TOYKH 3PEHHUS CTOMMOCTH, CIIoco0a IMmoiry-
YEeHUs] U METoJia BBEJCHUS B COCTaB, 00ECHEUMBAIO-
iero ogHoOpoHoe pacnpeaenenue |13, 14], apnsercs
rpaduT U ero NPOU3BOIHOE — IEHOTPADUT.

[lenorpagur obaagaer 4acThio CBOMCTB rpadeHa
[15-17], HO ero pa3mepbl Ha MOPSIOK BBILIE, YTO 5B-
JSIETCS IPEUMYIIECTBOM, MOCKOJIBKY pa3Mephl YaCTHI
neHorpagura W MOPTIAHALEMEHTa OTIMYArOTCA He-
3HauuTeNbHO. [Ipeobnamaromuii  pasmMep YacTHIl
MOPTIAHALEMEHTa HaXOOUTCS B [Hama3oHe OT 5
10 50 mxm, menorpagura — 100-500 MKM ¢ KpyIHBI-
MH TIOpaMH MEXIy CIOSIMH. 3a CYET KPYHHBIX IOp

UMEeTCsl BO3MOXKHOCTh m3MelnbueHus [18, 19] neHo-
rpaduta g0 gactur Mmeree 100 MxM.

MaTtepuaibl M MeTOABI

D¢ dexr BBeaeHus neHorpadura OLNESHUBAIH IO
U3MEHEHUIO IIPOYHOCTH Ha CXKaThe IIEMEHTHO-
MEeCYaHbIX PacTBOPOB. IS 3TOr0 M3roTaBIMBAIU 00-
PpasIibl, COCTOSIINE U3 BSXKYILIETO U MecKa JAJsl CTPOH-
TENBHBIX PaboT B cooTHomeHun 1:3, mommkapOokcu-
nmatHoro cyneprmactugukaropa (CII), meHorpadura
(IIT") m BoOmBI 3aTBOpeHMs. B KadecTBe BsDKYIIETO
npumensia nopTiaganement (I111), noMeHHbIH rpaHy-
mupoBaHHEI 1Tak MonoTeri (') n ux cmecu. Cy-
xue komnoHeHThl — Bspkyuee, I u CII Bcex cocra-
BOB — TIO/IBEPrajii COBMECTHOMY II€PEMEIIMBAHUIO B
nabopatopHom uctupatene JIN-1 B Teuenue 1 MUHYTHI
JUISL TOCTYDKCHUSI OJHOPOJHOTO pacIpeieieHus MeHo-
rpaduTra B BSDKYIIEM U €ro JAou3MenbueHus. Boxy 3a-
TBOPEHHUSI BBOJWJIM B KOJHMYECTBE, 00ECHECUMBAIOIIEM
OJTTHAKOBYIO KOHCHCTEHIIHIO TECTA BSDKYIIETO.

Jnsg  monydeHus JOCTOBEPHBIX PE3yIbTATOB
MIPOYHOCTU NPHU CKATHU HUCIONB30BANIU yTBEPKIACH-
Hble METOJUKU ucnbiTanuid [20] ¢ npuMeHeHueM mo-
BepeHHOro obopynoBaHus. OOpa3ubl pacTBOPOB HC-
IBITBIBAJIM Ha C)KaTHe B Bo3pacte 1 cyT m 28 cyr
C MOMEHTa H3TOTOBJICHHS IIOCIIE TBEPACHUS B HOP-
MaJIBHBIX YCIOBHSIX (TemmepaTypa Bo3ayxa (20+2) °C,
OTHOCHUTEIbHAs BIAXKHOCTh Bo3ayxa He menee 90 %),
a TakKe IMocJIe TeIUIoBJIaxXHOCTHOW 00padoTku (TBO)
10 PEKMMY: PaBHOMEPHBIH MOIBEM TEMIIEPATYpHI C
20 °C nmo (85+5) °C B Teuenne (180+£10) mun
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co ckopocThio 15 °C/4, H30TepMUIECKUH IPOTpeB IpH
temnepatype (85+5) °C — (360£10) mMuH, OoCTHIBaHHE
00pa3noB B 3akpeIToif kKamepe TBO mpu oTkioueH-
HOM mogorpese — (120£10) muH.

Hccnexyemsle cocTaBhl IpUBEACHEI B Ta0M. 1.

Pe3ysbTaThl 1 00Cy:KAeHHE

OnpezeneHue MPOYHOCTH Ha CXKaTHE LIEMEHTHO-
MIECYaHOTO PACTBOPA SBJIAETCS 0a30BBIM METOJIOM IS
ycranosnenust 3¢dexruBHoctn BBepenus I[IIN. Ilo
pe3ynbTaraM, IMOJIydYeHHBIM B JAaHHOW padote, s
JAbHEHIIeTo McciaeoBanus OyayT BHIOpaHBI Hambo-
nee ontuMmanbible no3upoBku II11 u JAI'TI B coctase
BSKYIIIETO.

B Tabn. 2 m Ha pHCYHKE INPEICTaBIICHBI IIOJTY-
YEHHBIE 3HAYEHUs MPOYHOCTU HA CHKATHE LIEMEHTHO-
mecuaHbIX pacTBOpoB coctaos ¢ 1T u 6e3 I1T.

Hcxonsd W3 MONydYeHHBIX MAaHHBIX, BUIUM, UYTO
npu BeeaeHuu IIIN mpoucxoaut npupoCT MPOYHOCTU
Ha CXaTHe LEMEHTHO-TIeCYaHOro pacTBopa oOT 4
1o 34 % — B Bo3pacte 1 cytok, ot 20 10 34 % — B BO3-

pacte 28 cytok, ot 1 1o 11 % — mocie TBO B 3aBu-
CHMOCTH OT PacCMaTPHBAEMOTO BSKYILETO.

B mepBble CyTKHM HOpPMaIBbHOTO TBEPACHHS BCE CO-
CTaBBI, COAepXammupe I00aBKy IIeHOrpaduTa, HMEIOT
MPOYHOCTH Ha C)KAaTHe BHIIIe, deM coctassl 0e3 1. To-
Jy9eHHBIE JaHHBIC TTOATBEP)KIA0T UccienoBanus [19].

PesynbraTel cocraBa Ne 4 Hamboniee MHTEpPECHBI C
TOYKH 3pEHUsI 3aMeIEHHUsI IOPOrOCTOSIIEr0 KOMIIOHEHTa
pacTBOpHOM cMecH — TOpTIIaHIlEMeHTa Oonee jemie-
BBIM — MOJIOTBIM JIOMEHHBIM TPaHYJIMPOBAaHHBIM IILIa-
koM. IIpoyHOCT, Ha Ckatue 00pasoB coctaa Ne 4
(TILT: AT, 40:60 %) B Bo3pacTe 28 CyTOK M mOCHTE
TBO Haumbomnpmas cpead MCCICAYEMBIX COCTaBOB.
[pounocts Ha cxxatie 0Opa3oB coctaBa Ne 4 B Bozpacte
28 cytok mpesblmaer npouHocty nocie TBO. Opnaxo,
MIPOYHOCTh Ha CXKAaTHE 0OpasloB, XPAHMBIIMXCS B HOP-
MaIBHBIX YCIIOBUSX, OyA€T yBEIMINBATHECS C TEUCHUEM
BpEMEHH, a IMPOYHOCTh, MoIydeHHas mnocie TBO, nHe
W3MEHUTCS, TaK KaK CTPYKTypa 3aKpHCTaJUIM30BaHa
TIOJTHOCTBIO Y HE COACPIKUT HETMAPATUPOBAHHBIX YaCTUILL
TMOPTIAaHALUEMCHTA U HEMCHTHOI'O I'CJIA.

Tabnuua 1
Uccneayemblie cocTaBbl
Bsoxymiee, % Cymep-
JIOMEHHBII rpaHyIMPOBaHHBIN IIITaK riactuduka- Hero
Ne LEM | gogﬁn;}gg?gef lT 08-2016 MmoutoTelit GreenCems® GGBS-450 TOp rpaq;;ITO(THF),
cocTaBa i TV 38.32.22-012-99126491-2017 Sika225 (cyx.), ’
npomsBoactea OO0 N MAacChl BSIXKY-
npousBoacTea OO0 % OT Macchl
«CJIK IlemeHnT» IETro
«Meuen-Marepuanb» BSDKYLIETO
1 100 0
2 80 20
3 60 40
7 20 60 0,5 0,00
5 20 80
6 0 100
1* 100 0
2* 80 20
3* 60 40
e 20 60 0,5 0,01
5* 20 80
6* 0 100
Tabnuua 2
MpoyHocTb Ha cxaTue
No [TpouHocTh Ha cxatue, Mlla
cocTaBa Mocne TRO - OmnpezeneHHas B Bo3pacte, CyT =
1 63 55 66
2 68 53 78
3 66 46 83
4 63 32 85
5 51 14 64
6 25 9 49
1* 69 65 99
2* 69 56 103
3* 70 48 106
4* 71 36 109
5* 57 20 91
6* 26 14 61
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Beenenue III' B kommuecte 0,01 % ot maccel
BSKYIIETO B COCTaB I[EMEHTHO-TIECYAHOTO pacTBOpa
MPHUBOJIUT K YBEJIMYCHUIO TIPOYHOCTH Ha cxkarue. Ha-
OmozaeTcss 3HAYMTEIBHOE YBEIMUYEHHE IPOYHOCTH
MY CO)KaTHH IIEMEHTHOTO KaMHS B BO3pacTe 28 CyTOK
(mo 34 %). Beenenune III' B xommuectBe 0,01 % ot
MAaccChl BSKYIIETO B COCTaB KOMOWHUPOBAHHOTO BSI-
Kyuero, cocrosuiero uz 20-60 % mMonoToro pomeH-
HOT'0 TPaHyJIHUPOBAHHOTO MIIAKA, TIO3BOJISCT TOIYIUTh
HE TOJBKO BBICOKHE PE3yNbTAThl MO TPOYHOCTH Ha
C)KaTue, HO W 3HAYMTEIFHO CHU3UTH IMOTpeOIIeHHe
MOPTJIAH/ALIEMCHTa, OJIArOTPUSTHO BO3JICHCTBYS Ha
9KOJIOTHIECKYIO 0OCTaHOBKY B MHpE.
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R.A. Zhivtsova', reshachoka@mail.ru

B.Ya. Trofimov’, tbya@mail.ru

R.M. Akhmedyanov?, arm20051@yandex.ru

M.S. Zhivtsov?, sheleznoeslovo@gmail.com

! South Ural State University, Chelyabinsk, Russian Federation
2000 UralNlistrom, Chelyabinsk, Russian Federation

This article considers the main effects from introducing graphite foam additives. Graphite
foam, the method of its introducing to the composition of mixtures and the dosage have been se-
lected based on low costs but significant efficiency. With the use of graphite foam, high values of
physical and mechanical characteristics, when replacing a significant part of Portland cement with
waste from metallurgical production, have been achieved. The conducted comparison has revealed an
increase in the strength characteristics of the cement stone based on Portland cement, ground granu-
lated blast furnace slag and their mixture during storage under normal conditions and as a result of heat
and moisture treatment with the introducing of graphite foam. The composition, containing 60% of
granulated blast furnace slag by weight of the binder, provides the greatest effect when adding graphite
foam. Based on the obtained results, graphite foam proves to be a competitive additive in comparison
with other additives, which are popular in the market. In particular, due to the simple procedure of ex-
tracting and adding, the additive of graphite foam is not inferior in efficiency to graphene.

Keywords: Portland cement, granulated blast furnace slag, graphite foam, compressive
strength.

References

1. Kondakov A.l., Mikhaleva Z.A. [Prospects of Use the Graphene Oxidized in Construction Materials].
Grafen i rodstvennyye struktury: sintez, proizvodstvo i primeneniye: sh. tr. nauch.-praktich. konf.[ Graphene and
Related Structures: Synthesis, Production and Application: Collection of Articles. Tr. Scientific and Practical
Conf.]. Tambov, IP Chesnokova A.V. Publ., 2015, pp. 55-56. (in Russ.)

2. Bulatova I.M. [Graphene: Properties, Production, Prospects of Application in Nanotechnology and Nano-
composites]. Vestnik Kazanskogo tekhnologicheskogo universiteta [Bulletin of the KNRTU], 2011, no. 10, pp. 45—
48. (in Russ.)

3. Nasibulin A.G. Shandakov S.D, Nasibulina L.I, Cwirzen A., Mudimela P.R., Habermehl-Cwirzen K., Gri-
shin D.A, Gavrilov Y.V, Malm J.EM., Tapper U., Tian Y., Pentitala V., Kauppinen E.I. [A Novel Cement-Based
Hybrid Material]. New Journal of Physics, 2009, vol. 11, iss. 2, pp. 023013/1-11. DOI: 10.1088/1367-
2630/11/2/023013

4. Fakhim Babak, Abolfazl Hassani, Alimorad Rashidi, Ghodousi P. [Preparation and Mechanical Properties
of Graphene Oxide: Cement Nanocomposites]. Hindawi Publishing Corporation, The Scientific World Journal,
2014, vol. 2014, pp. 1-9. DOI: 10.1155/2014/276323

5. Fedorova G.D., Aleksandrov G.N., Smagulova S.A. [Research of Stability of Water Suspension of Gra-
phene Oxide]. Stroitel’nyye materialy: sb. tr. konf. [Building Materials: Collection of Articles. Tr. Conf.]. Mos-
cow, Reklamno-izdatel’skaya firma “Stroymaterialy” Publ., 2015, iss. 2, pp. 15-24. (in Russ.)

6. Grafit, 1G i TRG (kratkiy obzor) [Graphite, IG and TRG (Short Review)]. Available at:
http://docplayer.ru/26062756-Grafit-ig-i-trg-kratkiy-obzor.html.

7. Sheka E.F., Popova N.A. [Molecular Theory of Graphene Oxide]. Phys Chem Chem Phys, 2013, pp. 1-
22. DOI:10.1039/c3cp00032j

8. Makar J. M., Margeson J. C., Luh J. [Carbon Nanotube/Cement Composites — Early Results and Potential
Applications]. Proceedings of the 3rd International Conference on Construction Materials: Performance, Innova-
tions and Structural Implications, 2005, pp. 1-10.

9. Xia Cui, Shengwei Sun, Baoguo Han [Mechanical, Thermal and Electromagnetic Properties of Nanogra-
phite Platelets Modified Cementitious Composites]. Composites Part A: Applied Science and Manufacturing,
2017, vol. 93, pp. 49-58. DOI: 10.1016/j.compositesa.2016.11.017

10. Aleksenko A.G. Grafen [Graphene]. Moscow, 2014. 177 p.

11. Zhu Pan, Li He, Ling Qiu, Asghar Habibnejad Korayem, Gang Li, Jun Wu Zhu, Frank Collins, Dan Li,
Wen Hui Duan, Ming Chien Wang [Mechanical Properties and Microstructure of a Graphene Oxide-Cement Com-
posite]. Cement & Concrete Composites, 2015, vol. 58, pp. 140-147. DOI: 10.1016/j.cemconcomp.2015.02.001

40 Bulletin of the South Ural State University. Ser. Construction Engineering and Architecture.
2021, vol. 21, no. 3, pp. 36-41


mailto:arm20051@yandex.ru
mailto:sheleznoeslovo@gmail.com
http://dx.doi.org/10.1088/1367-2630/11/2/023013
http://dx.doi.org/10.1088/1367-2630/11/2/023013
http://dx.doi.org/10.1155/2014/276323
http://dx.doi.org/10.1039/c3cp00032j
http://dx.doi.org/10.1016/j.compositesa.2016.11.017
http://dx.doi.org/10.1016/j.cemconcomp.2015.02.001

Xueuyoea P.A., Tpogpumos b.51., BnusiHue egedeHusi neHoepaghuma
AxmedbsiHoe P.M., XXueuoe M.C. Ha NpPoYHOCMb UeMeHMmMHOo-rec4yaHo20 pacmeopa

12. Snigdha Sharma, Kothiyal N.C. Comparative Effects of Pristine and Ball-Milled Graphene Oxide on
Physico-Chemical Characteristics of Cement Mortar Nanocomposites. Construction and Building Materials, 2016,
vol. 115, pp. 256-268. DOI: 10.1016/j.conbuildmat.2016.04.019

13. Tyson B.M., Rashid K. Abu Al-Rub, Ardavan Yazdanbakhsh, Zachary Grasley. Carbon Nanotubes and
Carbon Nanofibers for Enhancing the Mechanical Properties of Nanocomposite Cementitious Materials. Journal of
Materials in Civil Engineering, 2011, vol. 23 (7), pp. 1028-1035. DOI: 10.1061/(ASCE)MT.1943-5533.0000266

14. Abu Al-Rub R.K., Tyson B.M., Ardavan Yazdanbakhsh, Zachary Grasley. Mechanical Properties of Na-
nocomposite Cement Incorporating Surface-Treated and Untreated Carbon Nanotubes and Carbon Nanofibers.
Journal of Nanomechanics and Micromechanics, 2012, vol. 2(1), pp. 1-6. DOI: 10.1061/(ASCE)NM.2153-
5477.0000041

15. Bolotin K.I., Sikes K.J., Jiang Z., Klima M., Fudenberg G., Hone J., Kim P., Stormer H.L. Ultrahigh
Electron Mobility in Suspended Graphene. Solid State Commun, 2008, vol. 146, pp. 351-355. DOI:
10.1016/j.s5¢.2008.02.024

16. Morozov S.V., Novoselov K.S., Katsnelson M.1., Schedin F., Elias D.C., Jaszczak J.A., Geim A.K. Giant
Intrinsic Carrier Mobilities in Graphene and its Bilayer. Physical Review Letters, 2008, vol. 100, 016602. DOI:
10.1103/PhysRevLett.100.016602

17. Lee C., Wei X., Kysar J.W., Hone J. Measurement of the Elastic Properties and Intrinsic Strength of
Monolayer Graphene. Science, 2008, vol. 321, pp. 385-388. DOI: 10.1126/science.1157996

18. Pershin V. Ali Mashhadani, Melekhin D., Osipov A. [Improving Functional and Environmental Perfor-
mance of Portland Cement-Based Materials by Graphene Nanostructures]. MATEC Web Conf. 2020, vol. 315,
pp. 06006/1-8.

19. Al’-shiblavi K.A., Pershin V.F., Pas’ko T.V. [Modification of Cement with Low-Layer Graphene]. Vek-
tor nauki TGU [Vector of Science of TSU], 2018, no. 4 (46), pp. 6-11. (in Russ.)

20. GOST 310.4-81 Tsementy. Metody opredeleniya predela prochnosti pri izgibe i szhatii (s 1zmeneniyami
Me 1, 2) [State Standard 310.4-81 Cements. Methods for Determining the Ultimate Strength in Bending and Com-
pression]. Moscow, Standartinform Publ., 2003. 17 p.

Received 22 March 2021

OBPA3ELl HUTUPOBAHUSI FOR CITATION
BnusiHve BBeieHHs1 meHOrpadurTa Ha MPOYHOCTH Iie- Zhivtsova R.A., Trofimov B.Ya., Akhmedyanov R.M.,
MeHTHO-niecuanoro pactsopa / P.A. JXusnosa, b.5I. Tpodu- Zhivtsov M.S. The Effect from Introducing Graphite Foam
MoB, P.M. Axmenssnos, M.C. Xusios / Bectauk FOVpI'Y. on the Strength of the Cement-Sand Mortar. Bulletin of the
Cepust «CTpoHTENBCTBO U apxurekrypa». — 2021. — T. 21, South Ural State University. Ser. Construction Engineering
Ne 3. — C. 36-41. DOI: 10.14529/build210305 and Architecture. 2021, vol. 21, no. 3, pp. 36-41. (in Russ.).

DOI: 10.14529/build210305

BecTtHuk KOYpIY. Cepus «CTpouTenbCcTBO U apXUTEKTypar. 41
2021.T. 21, Ne 3. C. 36-41


http://dx.doi.org/10.1016/j.conbuildmat.2016.04.019
http://dx.doi.org/10.1061/(ASCE)MT.1943-5533.0000266
http://dx.doi.org/10.1061/(ASCE)NM.2153-5477.0000041
http://dx.doi.org/10.1061/(ASCE)NM.2153-5477.0000041
http://dx.doi.org/10.1016/j.ssc.2008.02.024
http://dx.doi.org/10.1103/PhysRevLett.100.016602
http://dx.doi.org/10.1126/science.1157996

