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AHHOTAUMNUA

BBeaeHue. B HacTosLwee Bpems Npu BO3BEAEHUN COOPYXEHWUI aTOMHbIX aneKkTpocTaHumn (ganee ASC) NpMMeHSIoT He-
CbeMHYH0 onany6Ky 13 BbICOKONPOYHOro ctanegunbpobetoHa (nanee COB). 3a cueT ynyylleHHbIX hU3NKO-MEXaHNYECKNX
XapaKTePUCTUK 1 BbICOKOW aare3un K MOHonmnTHomy 6eToHy onanybka us COb aensieTca Hecylmnm aneMeHToM. B pesynb-
TaTe NomnyyatT KOHCTPYKLMIO C KOMOMHUPOBAHHBIM apMUPOBAHMEM B BUAE CTEPXXHEBOW apMaTypbl U CIIOEB U3 BbICOKO-
npoyHoro C®b. MNpu pacueTe NOAOGHBIX KOHCTPYKLMIA HEOBXOAMMO 3HaTb pacyeTHble XapakTEPUCTUKU MPUMEHSEeMbIX
martepuvanoB Ans onpefeneHust 4eNCTBUMTENbHOrO HanpsXeHHo-A4edopMUPOBaAHHOMO COCTOSIHUS. BbicokonpoyHbii COb
ABNSIETCS ManousyyYyeHHbIM MaTepuarnom, 1 nccriegoBaHne ero CBocTB, 0COBEHHO Npu ANUTENbHOM AEACTBMU Harpy3ok,
ABMNSAETCH aKTyanbHOW 3agadven.

MaTepuanbl 1 MeToAbl. BbinonHeHbl 3KCnepMMeHTarnbHble UCCNeAoBaHUst BNUSIHUS NapameTpoB AWCMNEPCHOrO apMu-
poBaHusi (BUA cTanbHou pubpbl 1 ee KonmyecTBo No obbemy) Ha BenuyuHy nonsydectn CPB, M3roTOBMNEHHOIO Ha Bbl-
COKOMPOYHOW LieMEHTHO-Nec4aHon MaTpuue. MiccnenoBaHus BbINONMHEHbI HA OQHOM COCTaBe MaTpulbl At TpexX BUAOB
cTanbHon ubpbl, NOAXOAALLMX AN U3FOTOBIEHUS NUCTOB onany6ku TonwmHon 30 MM, Hanbornee YacTo BCTpevatLen-
¢ Ha pbiHke P®. PaccmoTtpeHo o6bemHoe cogepxanne dunbpbl Ao 6 %. YpoBeHb Harpysku coctaenset 0,3 oT pa3pylia-
owen (NprsMeHHas NPOYHOCTb).

PesynbraTthbl. MonyyeHbl haktuueckme BennymHbl napameTpos nonsyyectn CPb, Heobxoanmble ANst BbINOMHEHUS pac-
YETOB KOHCTPYKLUIN C KOMOMHUPOBAHHLIM apMUPOBaHNEM.

BbiBoAbl. YCTAHOBNEHO, YTO BBEAEHUE CTanbHOM hmnbpbl 40 6 % obGecnevnBaeT CHXKEHWE NpeaenbHOM Mepbl Non3ayye-
ct1 8o 20 % no cpaBHEHUIO C MeNKo3epHUCTON MaTpuuen. OgHako npyu o6beMHOM cogepxaHum oubpsbl go 1,5 % B pe-
3ynbraTe pa3ynioTHEHUs1 MaTpULbl MOXET NPOMCXOAUTL U NoBbieHne Mepbl nonayyectn Ao 10 %. C yyetom 6onbLioro
yncna cpakTopoB, BNusLWMX Ha cBoricTBa CPB, pacyeTHble xapakTepucTuKu cneayeTt onpeaensiTe 3KCNepuMeHTanbHo.

KIMKOYEBbBIE CITOBA: BbICOKONPOYHbIV cTanedmbpobeToH, nonsyyectb, ANCNEPCHOE apMUPOBaHMEe, MENKo3epHUcTast
MaTpuLa, SKCnepMMeHTanbHOe UCCNeaoBaHne, ANUTENbHbIE UCMbITAHUS

brnazodapHocmu. ABTOp CTaTbU BblpaxaeT OrpoMHyto bnarogapHocTb nHxeHepy HUY MICY Besrogosy Uropto Muxaii-
nosuyy, 6bnarogapsi KOTOPOMY yAanoch BbINOMHUTL KOMMIEKCHbIE MCCIe0BaHUS PEONIOrMYECKNX XapaKTePUCTUK BbICOKO-
npo4Horo ctanedunbpobeToHa.
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ABSTRACT

Introduction. At the present time, in the construction of nuclear power plants (NPP), non-removable formwork made of
high-strength steel fibre concrete (SFRC) is used. Due to improved physical and mechanical properties and high adhesion
to monolithic concrete, the SFRC formwork is a load-bearing element. The result is a structure with combined reinforce-
ment in the form of bar reinforcement and high-strength SRFC layers. The calculation of the actual stress-strain state of
such structures requires knowing the design characteristics of used materials. High-strength SFRC is understudied mate-
rial, and research of its properties, especially under long-term loads, is a crucial task.

Materials and methods. Experimental studies of the effect of dispersion reinforcement parameters (type of steel fibre
and its volume) on the creep value of SFRC made on a high-strength cement-sand matrix have been carried out. The re-
search was carried out on the same matrix composition for three types of steel fibres suitable for the manufacture of
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30 mm formwork sheets with a thickness of 30 mm, and most commonly found the in Russian market. A volumetric fibre
content of up to 6 % was considered in the study. The load level is 0.3 of the breaking strength (prism strength).
Results. The actual values of the SFRC creep parameters required to carry out the calculations of structures with com-
bined reinforcement.

Conclusions. It is found that the introduction of steel fiber up to 6 % provides a reduction of ultimate creep measure up
to 20 % as compared to a fine-grained matrix. However, with up to 1.5 % volumetric content of fibre, an increase of up
to 10 % in creep may also occur as a result of matrix decompaction. In the view of the large number of factors affecting
the properties of SFRC, the calculated characteristics should be determined experimentally.

KEYWORDS: high-strength steel fibre concrete, creep, dispersed reinforcement, fine-grained matrix, experimental study,
long-term tests
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BBEJEHHUE

Hnsa coopyxenuit ADC, HOpPMaTHUBHBIN CpPOK
ciy 0Bl KOTOpBIX cocTanisieT 100 jet, BOMpOCkI, CBsi-
3aHHBIE C MOJ3YyYECThIO U JJIUTENIBHON MPOYHOCTHIO
MaTepHasoB, HCHOIb3YEMBIX IPH BO3BEIEHHH OCHOB-
HBIX COOPY’KEHUH, ABISAIOTCA KpaliHe BaKHbIMHU. [Ipn
BHEIPEHNN COOPHO-MOHOJIMTHOW TEXHOJOTHH CTPO-
UTEIbCTBA C HCIOJIB30BAaHHEM HPOCTPAHCTBEHHBIX
apMoonany0odHbIX 0mokoB ¢ HecheMHOH CDb oma-
myOko# [1, 2] mosiBuIach HEOOXOAMMOCTD TTONYYCHUS
€€ pacueTHBIX XapaKTEePHCTUK, B TOM YHUCIIE TIOKa3a-
Tenel nonszydectu. CoriacHO TpeOOBaHUAM MPOEKTA,
omnayyOKy M3rOoTaBIMBaIOT U3 BhICOKOompouHoro COb
(mpouHocTh Ha cxarue He MeHee 100 MIla) Ha men-
KO3EpHHUCTON caMoyIIoTHstomelcs MaTpuue. [locne
YKJIaJIKA B apMOOJIOKH MOHOJUTHOTO OETOHA 3a cyeT
BBICOKOW BEIMUYUHBI afre3uu [3] noaydyaroT KOHCTPYK-
MO C KOMOMHUPOBAHHBIM ApPMUPOBAHUEM, T7I€ TOMUMO
apMaTypHBIX CTEp)KHEH MPUCYTCTBYET JINCTOBOE apMHU-
poanue u3 COb (puc. 1). CooTBeTCTBEHHO, I TOTY-
YEHUS pealbHON KapTUHBI IIepepaclpeneacH s yCuIni
B HECYIIUX JIEMEHTaX C yUYE€TOM PEOJIOTHUH UCIIONb3Ye-
MBIX MarepuaiioB [4—6] TpeOyercst 3HaTh haKkTHYECKHE
xapakTepucTuku nonszydectu COBb, T.e. macTUIecKux
nedopmanuii, BOSHUKAIOUIUX B Marepualie BO BpeMeHH
IIPU IIOCTOSTHHOM YPOBHE HArpYy>KEHUs.

B Poccuu pacuer xoncrpykuuit uz COb perna-
mentupyercst CIT 360.1325800.2017', B koTopoMm mpu
Ha3HAYCHUH KOA(P(UIIMEHTA MON3YIECTH IMapaMeTphl
JIUCIIEPCHOrO apMupoBanus (BHI GUOPHI U ee 00beM-
HOE cofepKaHue) He IPUHUMaIOTCS Bo BHUMaHue. Co-
[JIACHO ATOMY JNOKYMEHTY, KO3()(UIIMEHT MoN3y4ecTr
IMPUHUMAIOT KaK IJIs1 MaTpulbl, HCHOHb3yCMOﬁ JJIs1 U3-
rotoBneHusi COB. [IpencraBiaeHHbIN MOAXOM SBISIETCS
JorryctuMbIM [7, 8]. Ho B MaTpuIly U3 caMOYILIOTHSIIO-
IIErocs MEJIKO3EPHUCTOTO OETOHA, UCIIONb3yEMOTro JUIs
M3TOTOBJICHHS BBICOKONIPOYHOTO cranepudpobdeToHa
HECHEMHOM OTATyOKH C IIENBI0 CHIDKEHHS BOJIOIIEMEHT-
HOT'O OTHOILICHNUS M ONTUMHU3AINH €€ CTPYKTYPBI, BBOIST

Puc. 1. ®parmeHT noMeneHust n3 apMoOIOKOB C HECHEMHON

COBb onamy0koit

PpazinYHbIe HAHOMOIU(UKATOPEI M MUHEpaJIbHBIE 100aB-
ku. B pesynsrare nonydaror COb ¢ KOMIMaKTHOMH CTPyK-
TypoH, apMUPOBaHHBIN IUCIIEPCHO PACIPENEICHHBIMU
10 BceMy 00bEMY CTaIbHBIMH BOJIOKHAMHU. MeXaHHu3M
JneGopMHUPOBaHUS U paspylIeHHs MoA00HOro Marepua-
Jla 3HAYUTEIHHO OTIMYAETCS] OT UMEIOIIEr0 MECTO JUIs
OOBIYHOTO TSKEJIOr0 OETOHA, YTO CHHIKAET JIOCTOBEP-
HOCTb PEOJIOTMYECKUX XapaKTEPHUCTHUK, MOIYyUCHHBIX
aHanuTH4YeCcKu [9], m TpeOyeT mpoBeAEHUS TOTIOTHH-
TEJBHBIX SKCIIEPUMEHTAITLHBIX UccnenoBanuii [10].

Amnamu3 nutepatypsl [11-20] moka3eiBaet, 4To
BBEJICHUE CTAJIBHON (DUOpPHI BIMSET HAa PeosOrHyYe-
CKHE XapaKTepUCTHKH cTanepubpoderona. OTMedeHo,
YTO OMHMO MapaMeTPOB JUCIIEPCHOTO APMHUPOBAHHSA
Ha BEJIMYUHY MOJ3yYeCTH OKa3bIBAIOT BIMSHUE U APY-
THE YCIIOBHS, a UMEHHO Bo3pacT COb Ha MOMEHT pH-
JIO>KeHUSI Harpy3KH, ee YPOBeHb (MHTEHCHBHOCTB ), ITPO-
JIOJKATEIIBHOCTD JEHCTBUS U YCJIOBHS OKpY>Karouiei
cpensl (TeMIrepaTypa W BIaXXHOCTB), BUA U COepiKa-
Hue komrnoneHntoB CObB (tun 3amonuuTens, cBoicTBa
I[IEMEHTa, CoJepKaHHe IIEMEHTHOTO TECTa M BOJOIIE-
MEHTHOE OTHOIIICHHE).

'CIT 360.1325800.2017. Kouctpykimu cranedudpoberonnsie. [IpaBuina mpoeKTHPOBAHUSL.
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B pa6ore [13] ormeuaercsi, uto BBeneHHE HUOPHI
HE M3MEHseT XapakTepa U3MeHeHus aedopmanuii moi-
3y4€eCTH, OIHAKO CKa3bIBacTCs HA MX 3HAaYeHWH. B nccre-
nmoBaumsx [14, 18, 19] nedopmarun nomsyuectu CDb
B JTFOOOM BO3pacTe OBUTM MEHBIIE, €M Y MaTpHIIBL. Tak,
Koa(uIeHT ToNM3y4ecTr 0c000 BRICOKOTIPOUHBIX CDb
¢ cozeprkanneM ¢puopsr 3 % (1o 00bemy) 0611 Ha 15-24 %
MEHBIIIE, YEM Y 0OBIYHOTO TSDKEJIOT0 OETOHA, U COCTABIISIT
0,8-1,0 [19]. CornnacHo uccnenoBanusM [ 18], BBeneHue
(ubpsI cHIKAIO fedopmaniy nonsydectr 10 30 %o.

B [20] ormeuaercsi, 4TO BBeIeHUE CTAIbHOM (U-
O6pel B oO6beme 0,8 % HE3HAUUTETHbHO CKa3bIBAETCS
Ha yMeHblleHnH aedopmanuii monsydyectu (He Oosee
12 %), HO B 3THX HCCIENOBAHMUAX COAep kaHue puOPHI
(o 06vemy) He mpesbimano 0,8 %. B [21] momyueno,
4TO BBeIeHHE QPHOPHI MOXKET [aXke MOBBICUTH Aedop-
Manuy MoJI3y9ecTH, YTO, O-BHIMMOMY, CBS3aHO C pa3-
PBIXJICHHEM CTPYKTYPHI MaTpHIbl BOJIOKHAMHU (hrOpHI
B IIpoliecce NepeMEIINBAHUs U YKIaaKku [3].

Pesynbrarel anannsa uMcclleJOBaHUM 110 OLEH-
Ke BIHsHUS (pUOpPOBOro apMUpPOBAaHUS HA MOJI3YYECTh
C®b nokazanu, yto kodpunreHT nonzyuectn COB,
Kak NpaBHIIO, MEHbIE, yeM y OeToHa maTpuibl. OnHa-
KO CHCTEMHBIX MCCIIEIOBaHUI HEOCTATOUHO H, COOT-
BCTCTBCHHO, peKOMeHlIaHHﬁ 10 HOPMHUPOBAHUIO OTHUX
XapaKTEPUCTUK B 3aBUCUMOCTHU OT BHJA U COACP)KaHUS
(hubpsr HeT. K ToMy ke OombIast 4acTh UCCIIEIOBAHHNA
npoBeneHa Ha ¢pubpe Oompmmx guamerpoB (0,6 MM
U BBIIIE), KOTOpas HE MPUMEHUMA I TOHKOCTECHHBIX
KOHCTPYKIHH, K KOTOPBIM OTHOCHUTCA HecbeMHass COb
oraiyoka. Ha ocHOBaHMM 3TOTO OBIJIO IPUHSTO pere-
HHE 0 HEOOXOMMOCTH MPOBEACHUSI KOMIUIEKCHOTO HC-
CII€ZIOBaHUSI PEOJIOTHYecKUX xapakTepucTuk CDb.

MATEPHAJIBI 1 METO/bI

Bce uccnenyemsie coctaBel COb Obumn u3ro-
TOBJIEHBl HA OCHOBE OJHOW W TOH XK€ CaMOyMJOT-
HSIOIIEHCS] MAaTPHUIIBI U3 MEJIKO3EPHUCTOTO OETOHA.

Cocras marpuiibl ist usrorosienus COB, kr/m?

Hcnonb3yemseiii coctaB MaTpuiibl (Tabdl.) MO3BOJIHII
MOJYyYUTh MEJIKO3EPHHUCTHIH OETOH MPOYHOCTHIO
110 MIIa (o pe3ynpraTaM UCIBITAaHUSA 00pPA3IOB Ky-
608 ¢ pedpom 70 Mm).

[Ipn nmpoBeneHnu uccleOBaHUN IPUMEHUIN
BUIBl GUOPH C ONTHMAJIBHBIMH I'€OMETPHYECKH-
MU IapamMeTpaMHu JJis U3TOTOBJICHUS NaHeled He-
CBEMHOW omaxyOKoH (JJaTyHHPOBaHHBIE THAMETPOM
0,3 MM u mnuuo# 15 u 30 Mm). Oty Buabl GuUOPHI
MOKa3aJH CBOIO APPEKTUBHOCTD U TEXHOJIOTUIHOCTD
NpH U3TOTOBIEHUU omanyOku [2, 3]. Takxke mmus
CpPaBHEHUs IPUHSAIU IIUPOKO UCIONB3yeMYyI0 B PD
U 3a pyoexom ¢ubpy amamerpom 0,7 MM U JITHHOU
30 mM. ®ubpa nauHOM 15 MM HMeTa BOJHOBOH TIpo-
¢bwib, a mmHOM 30 MM OBLIa TIAJKOH C aHKEpaMu
no koHnaM. OOmiuii BuJ MCHOJB3yEeMBIX CTaJTbHBIX
BOJIOKOH TPEJCTaBIEH Ha pHC. 2.

B uccnenopanusix COb ¢ BomHOBOW pubdpoit
(®CIIB 0,3 x 15) ee comepxkanue (mo obvemy)
610 mpuHATO paBHbiM 0,5, 1,0, 1,5, 3,0 u 6,0 %.
Copnepxanue ¢pubpsl ¢ ankepamu (PCIIA 0,3 x 30
u O®CITIA 0,7 x 30) B cBA3M C TEXHOJOTHIECKUMH
OTpaHMYEHHUSIMU He npesbinano 1,5 % (npu 60ib-
mem conep:kanuu BonokoH @CITA 0,3 x 30 mpu me-
peMelMBaHuN 00pa30BbIBAINCH KOMKH U3 (GHOPHI).

C yderoM aHanu3a JHTEPAaTyYpPHBIX TaHHBIX
[11, 14, 16] ucubrTanus Ha monsydects misi COb
npooaunu no ananoruu ¢ FOCT 24544-20202,
HECMOTpS Ha TO, YTO OH PaCIpPOCTPAHIETCS TOIBKO
Ha OetoHsl. [locne pacmanyOku oOpa3ubl XpaHUIN
B KaMepe HOPMaJIbHOTO TBEPJICHUS B TeUeHHE 28 CYT.
3aTteM 28 cyT 00pa3Lbl XPAaHWINCh B YCIOBHSX Ja-
Goparopuu s cTabuaM3anuy BIaxHocTu. Bospact
00pa3noB K Hayady UCIBITAHUS Ha MOJ3y4ECTh CO-
cTaBasa okojo 56 cyT. HemocpencTtBeHHO mepen
MPUIOKEHHEM JUINTEIbHON HArpy3Kd IIPOBOIUIHN
KpaTKOBPEMEHHBIE HCIIBITAHUS, IPU KOTOPBIX OMpe-
JISJISITA KyOMKOBYIO U IpU3MEHHYI0 podyHocTs CDB.

Ilement LIEM I knacca M3BecTHsIKOBas [Mnactudukarop
5.5 ITecok Bona MuxkpokpeMHe3eM Myka Homumaact TIK
666 1005 208 67 344 13,32

OCIIB 0,3 x 15

Puc. 2. Buns! cranbHOl Guopsl

OCIIA 0,3 x 30

OCIIA 0,7 x 30

2TOCT 24544-2020. Beronsl. MeTozs! onpeeeHus epopMariiii yCagaki U MOI3yYeCTH.
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a b

Puc. 3. [IpoBencHre UCTIBITAaHUIA: @ — YCTaHOBKA JUIS MPO-
BEJICHHS UCTIBITAaHUH; b — o0pa3en Ipy NPOBEACHUN UCIIBI-
TaHUH Ha CKaTHe

[Ipu ucnbiTaHuH 00Pa3MOB-IPU3M H3MEPSITH TAKXKE
MPOJIOJBHEIC U TIOTIEPEYHBIC Je(hOpMAaIIHH.

Jls McmbITaHus Ha MOJI3yYECTh MCIOJIB30BAIU
MTHEeBMOTHIpaBIndYeckre ycTtaHoBku. Kaxnas ycra-
HOBKa COCTOsUIa M3 CTaJbHON paMbl C THIApaBIHYE-
cKUM JoMKparoM (puc. 3, a). IlocTostHCTBO naBneHUs
B IOMKpare 00ecIieurnBa BO3AYIIHO-MACIISHbIN O0aJioH
(aKKyMyIsITOp), MPEABAPUTEIHHO 3aKaYCHHBIH 10 MPO-
€KTHOTO JaBJICHHS, YTO MO3BOJIUIO KOMIICHCHPOBATH
MmajicHUE JaBJICHUS pH AcPOPMUPOBAHUU OOPAa3IIOB.
3HaueHUs MPOAOIBHBIX U MOMEPEUHBIX JehopMaruii
Ha MOBEPXHOCTH OETOHA OINpENeNsIu C UCIOIb30Ba-
HHEM HHIUKATOPOB YacOBOTo THma (IeHa AeCHUS
0,001 mm), ycranoBneHHBIX Ha 6a3e 140 mm (puc. 3, b).

PE3VJIBbTATBI UCCJIEJOBAHUA

Js onpeneneHus YpOBHS HarpyXeHHS ISl UC-
TBITAaHUS Ha MOJI3YYECTh IPeIBapUTEIHFHO OBUIH MPO-
BEJICHBI CTAaTHYECKHE UCIBITAHMS Ha CXKaThHe 00pas-
LIOB NMpU3M. Pe3ynbTaTsl HCIIBITAHUHN IIpECTaBICHBI
Ha puc. 4.

BBenenue cranbHOW (GHUOPH NMpakKTHYECKHU
HE BIWSIO Ha MpU3MEHHYI0 mpouyHocTh CDb (pas-
nuuyue He mpesbimano 8 %). Ilpu 3Tom xapakrtep
n3MeHeHns OblT ogmHakoBEIM 11 COb ¢ aHKepHOH
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Puc. 4. 3aBucumocts npusMeHHo# npoyHoct COb ot 005-
E€MHOTO COfIepKaHus PUOPHI
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Puc. 5. 3aBucuMOCTb NpeAeIbHOH NehopMaIiy MOA3y4eCTH
C®b ot 06peMHOTO copepskanus GUOPbI

¢udpoit TommuHo# 0,3 u 0,7 MM u nnuHOH 30 MM
(DCIIA 0,3 x 30 u ©CIIA 0,7 x 30).

XapakTep paspyuieHuss o0pa3oB-TIPU3M H3
C®b pa3HbIX cepuil Mano OTIHYancs APYr OT ApYy-
ra. Pa3pymenue, Kak MpaBmiIo, OBIIO CBSI3aHO C 00-
pa3oBaHUEM BEPTHKAJIbHONH MarucTpalbHOM Tpemu-
HEL. [Ipy 5TOM paspymieHne MaTpuIbl IPOUCXOIUIO0
B3pBIBOOOpa3Ho, a npu ucnsitannun CO®b o6pa3msl
COXpaHsIu cBOlo (hopMy. 3HaYEHUS MOIYJs YIpy-
TOCTH MaJIo 3aBHCEININ OT cojepxaHus GuoOpsl u n3-
MeHsutiuch B auama3oHe ot 38 000 mo 43 000 MIla,
ko3¢ duuunent Ilyaccona cocrasmsn 0,20-0,23.

Hampsokenne B oOpa3uax nmpu IpoBEJSHUHN HC-
IBITAHKS Ha Moa3ydecTh cocTasisano 30 % ot mpus-
MeHHoI npounoctu CPB, ycTaHOBIEHHON NpH Hc-
IBITAaHUSX KPaTKOBPEMEHHOM Harpyskoil. B mpouecce
UCHBITAHUS B 3alaHHOE BPEMsI OIIPEIEIISAIN 3HAYCHUS
a0CoOMIOTHBIX nedopMaluiil Juist KaKI0ro 3arpyKeH-
HOTO W He3arpy>XeHHoro obOpasra.

W3mepenns nedopmanuii IpoOU3BOAUIN B Tede-
nue 180 cyrt. Ilpu o6paboTke pe3yabTaTOB U3MEpe-
HUSI OTPE/ICISUTN CpeTHIE 3HAUCHHS e OpMaIii JJ1st
Ka)10T0 00pasla U 10 HUM CTPOMIIN JIMHUIO perpec-
cuu B cooTBeTcTBHM ¢ MeTtoaukoit 'OCT 24544-2020.
3areM 1o JTMHUN PETPECCUH OTPEASISIIHN Mpe/IesIbHbIC
nehopMaIuy Mmo3y4ecTH, T.e. JehopMaIii, COOTBET-
CTBYIOIIIME OECKOHEYHO JUINTEILHOMY BPEMEHH Harpy-
JKSHHS.

JuarpamMma BIHSHHUS TapaMETPOB JUCIIEPCHOTO
apMHpOBaHUs Ha MpeAeNbHYI0 fedopMannio oi3y-
yecTH (pHc. 5) MOKa3bIBAET, YTO BBEACHNUE CTAIBHOM
¢ubper no 1,5 % He MO3BOJAAECT MONYIUTh YETKUH
Tpen]. OYeBUAHO, ITO CBA3AHO C Pa3yIUIOTHEHUEM
CTPYKTYpBl MaTepuaia, SBISIOMHUMCS CIEJCTBHU-
€M JIOMOJHUTEIBHOTO BO3yXOBOBJICUCHUS, KaK 3TO
OBLIIO OTMEYEHO IO pe3ysIbTaTaM UCIBITAHUS Ha Kpa-
TKOBPEMEHHYIO Harpy3Ky | IpHU ONPEACICHUH TUIOT-
HOCTH. OCOOEHHO 3TO MPOSBISIETCS JIsI TOHKUX BO-
noxoH (quamerp 0,3 MM) pu BBEIEHUH BOJIHOBOM
¢udpsr (PCIIB 0,3 x 15), npoucxoauT yBenuue-
Hue aedopmanuii monsydectu 6onee uem Ha 10 %.
IIpu conepxanuu pudper 6osee 1,5 % mpoucxoaut
ymeHbuieHne aedopmanuii nonsydectu Ha 10-20 %,
10 CPAaBHEHUIO C MaTpULEH.
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Puc. 6. 3aBucumocts Mepsl nonszyuectu COB ot 00b-
eMHOTro coaepxanus ¢udbper: a — DPCIIB 0,3 x 15; b —
OCTIA 0,3 x 30; ¢ — DCIIA 0,7 x 30

JwnarpamMmbl ©3MEHEHUs MEpPbI MOI3y4eCTH BO Bpe-
MEHH IIpeZICTaBIeHbI Ha puc. 6. Mepa nonsydecTH xa-
pakTepusyeT AedopMalrIo MON3y4eCcTH Ha ANHHILY Ha-
npsbxenus (pasmeprocts MIIa™) u siisieTcs Haubosee
MOKa3aTeIbHON XapakTepucTukoi. [Ipu3Mennas npod-
HOCTh y HuccienyeMbix coctaBoB CDb pasznuuaercs,
COOTBETCTBEHHO, Pa3IIMYHBI ¥ 3HAYCHUS HAPKCHUH,
IIPU KOTOPBIX U3MEPSUIH iehOopMalvu.

Pacuers! npenenbHOM MephI IONI3yYecTH (puc. 7) To-
Ka3aJx, 4To BBEICHUE (hHOPHI CHIDKACT apaMeTphI TOJI-
3y4ECTH, YTO CBSI3aHO CO CIEp>KMBaHHEM Jedopmanuii
B OETOHHOI MaTpHIle CTaJHHBIMHU BOJIOKHaMH. [Ipu aToM
YETKUH TPEH]| CHIKEHHS KO3 (HUINCHTA TOJI3YyYeCTH
MPOCIICKUBAIICS ITPU 00BEMHOM COZCPKAHUH BOJIOKOH 00-
nee 1,5 % (camxenne 1o 20 %). [Ipu MeHbIIEM COnEpKa-
HHH BOJIOKOH Mepa IOJI3y4ecTH He u3Mensiercst (Juist pu-
6pst @CIIA 0,7 x 30), mubdo yBemuuuBaercs Ha 10-15 %
(s pudper @CIIA 0,3 x 30 m @CIIB 0,3 x 15).
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Puc. 7. 3aBucumocts Meps! nonmsydectd COB or o6pemMHOTO
conepxaHus GUOPbI

3AKJIIOYEHHUE U OBCYXJIEHHUE

B pesynbraTe 3KCIEpUMEHTANbHBIX HCCIEN0-
BaHUII npu yposHe Harpysku 0,3 oT paspymaromei
Y HOPMAJIBHBIX YCJIOBHSAX OKpY>KalOIIel Cpebl ycTa-
HOBJICHO, YTO IpeJesibHas Mepa MOJI3y4ecTH IJis
COb naxonurcs B auanaszone 1,5-2,3 MIla™.

BBenenne ¢ubOpsl BOTHOBOrO Hpoduis
(@CIIB 0,3 x 15) u ¢ ankepamu (PCIIA 0,3 x 30)
1o 1,5 % 1mo o0beMy He IO3BOJISET MOJNYYNUTh YETKUN
TPeHIl U3MEHeHHsI Mephl nonzydectu. st Gpudpsl
OCIIA 0,7 x 30 ¢ yBenuueHueM ee 00bEMHOI0O CO-
JIep>KaHUs BBISIBICHO YBEJINYCHHE MEPHI MOJI3YYECTH
Ha 10 %. Beenenne pudpser ot 1,5 10 6 % mo o0bemy
obecreynBaeT CHIKEHUE MPeNeIbHON MEpHI MON3y-
yecTH cranepudpoderona no 20 %.

Brenenue cranbHO# GUOPHI CIOCOOCTBYET JO-
MOJTHUTEIHHOMY BO3JIyXOBOBJIEUEHUIO IIPU TPUTOTOB-
JIEHUH cMecH (OTMEUEHO I10 pe3yJbTaTaM U3MEpeHuUs
¢uzuko-mexannueckux xapakrepuctuk COB). B sB-
HOM BHUJE IIPU UCIBITAHWH Ha TOJ3Y4YeCTh JaHHas
0COOEHHOCTH MPOSBIAETCS MPH MaJbIX MPOIEHTaX
apmupoBanus (1o 1,5 %), korna xonuuecta GuOpHI
HEJ0CTATOYHO ISl KOMIIEHCUPOBAaHHUSI PE3yIbTaToB
Pa3yIUIOTHEHUS! MEJIKO3EPHUCTONH MaTpHIsl. B aToM
ciIy4yae HaOJofaeTcsi CHUKEHHE (PU3NKO-MEeXaHUde-
ckux xapakrepuctuk COb (puc. 4) u nossimeHne
npenenbHbIX aedopmanuii monsydectu (puc. 5). IMo-
Jy4eHHbIE 3HaYE€HUS KOPPETUPYIOTCS C pe3yIbTaTaMU
0030pa JTUTepaTypHBIX JaHHBIX, IJIe OTMEYEHBI IPO-
THUBOPEYHS BO BIMSIHUH BBEACHHS CTAIBHBIX BOJOKOH
Ha nokasarenu nonsydectu COB.

[TomydeHHBIE pe3yNbTaThl MOKa3bIBAIOT, YTO IO-
MHMO I1apaMeTPOB AUCIIEPCHOTO apPMUPOBAHUS Ha Xa-
paktepuctuku nonsydectn COb oka3piBaoT BIUsSHIE
u apyrue GpakTopsl. B MpoBeneHHBIX HCCIeT0BaHUIX
OTMEYEHO BIMSHUE TEXHOJIOTHYECKUX 0COOEHHOCTEN
IIPH TIPUTOTOBIICHUN CMECU — JIOTIOTHUTEIBLHOE BO-
BJICUCHHE BO3yXa MPHU MEpEeMEIINBAHUH TIPU 00b-
eMHOM conepxanuu Guopsr no 1,5 %. BoBieuenune
JIOTIOJTHATEIHHOTO BO3JyXa MPH MalloM COAEPKaHUH
(uOPBI MOATBEPKICHO ONPEIEICHIEM MOI3YUECTH.
COOTBETCTBEHHO, NPU OTPEIEICHNUN AeHCTBUTEINb-
HBIX pacueTHBIX xapakrtepuctuk COb ciaeayer mpo-
BOJUTH NPSIMBIE HCIIBITAHNUS, YIYUTHIBAIOIINE HE TOJb-
KO COCTaB, HO U TEXHOJIOTHIO U3TOTOBJICHHUS.
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INTRODUCTION

For NPP structures, the normative lifetime
of 100 years, the issues related to creep and long-
term strength of materials used in the construction
of the main structures are of utmost importance. With
the adaptation of prefabricated monolithic construc-
tion technology using spatial reinforced formwork
units with non-removable SFRC formwork [1, 2], it
became necessary to obtain its mechanical charac-
teristics, including creep indicators. According to
the project requirements — the formwork is made
of high-strength SFB (compressive strength of not
less than 100 MPa) on a fine-grained self-sealing
matrix. After embedding the monolithic concrete in
the reinforcement blocks, due to high adhesion val-
ue [3], a structure with combined reinforcement is
obtained, where, in addition to reinforcement bars,
there is SFRC sheet reinforcement (Fig. 1). Accord-
ingly, to obtain a real picture of the redistribution
of forces in the load-bearing elements, taking into
account the rheology of the materials used [4-6], it
is necessary to know the actual creep characteris-
tics of SFRC, i.e. plastic deformations occurring in
the material over time at a constant level of loading.

In Russia, the calculation of SFRC structures is
regulated by SP 360.1325800.2017!, in which the pa-
rameters of dispersed reinforcement (type of fibre and
its volume) are not taken into account when deter-
mining the creep factor. According to this document,
the creep coefficient is taken as for the matrix used for
the production of SFRC. The presented approach is
acceptable [7, 8]. But various nano-modifiers and min-
eral additives are introduced into the matrix of self-
compacting fine-grained concrete used for making
high-strength steel-fibre concrete of permanent form-
work, in order to reduce the water-cement ratio and
optimize its structure. The result is SFRC with a com-
pact structure reinforced by dispersed steel fibre dis-
tributed throughout the entire volume. The mechanism
of deformation and fracture of such a material differs
significantly from that of conventional heavy concrete,
which reduces the reliability of the rheological char-
acteristics obtained analytically [9] and requires ad-
ditional experimental studies [10].

Analysis of the publications [11-20] shows that
the introduction of steel fibre has an effect on the rhe-
ological characteristics of steel fibre concrete. It is
noted that in addition to the dispersed reinforcement
parameters, the creep value is influenced by other con-

Fig. 1. A fragment of a room made of reinforced concrete

blocks with non-removable SFRC formwork

ditions, specifically the age of the SFRC at the time
of load application, its level (intensity), duration and
environmental conditions (temperature and humidity),
the type and content of the SFRC components (aggre-
gate type, cement properties, cement dough content
and water-cement ratio).

It is noted in [13] that the introduction of fiber
does not change the nature of creep deformation,
however, it affects their value. In studies [14, 18, 19],
the creep deformations of the SFRC at any age were
lower than those of matrix. Thus, the creep coefficient
of especially high—strength SFRCs with a fiber con-
tent of 3 % (by volume) was 15-24 % less than that
of conventional heavy concrete, and was 0.8—1.0 [19].
According to studies [ 18], the introduction of fibre re-
duced creep deformation by up to 30 %.

In [20] it is noted that the introduction of steel
fibre in the volume of 0.8 % has an insignificant ef-
fect on the reduction of creep strain (not more than
12 %), but in these studies the content of fibre (by
volume) did not exceed 0.8 %. In [21] it was found
that the introduction of fibre may even increase creep
deformation, which seems to be due to the loosening
of the matrix structure by fibres of fibre during mixing
and laying [3].

The results of the analysis of studies to as-
sess the effect of fibre reinforcement on the creep
of SFRC showed that the creep coefficient of SFRC is
generally lower than that the one of matrix concrete.
However, there are not enough systemic studies
and consequently there are no recommendations for
the standardization of these characteristics depend-

'SP 360.1325800.2017. Steel-fiber concrete structures. Design rules.
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ing on the type and content of fibre. In addition, most
of the research has been carried out on large fibre di-
ameters (0.6 mm and higher), which is not applicable
for thin-walled structures to which non-removable
SFRC formwork belongs. Based on this, it was de-
cided that a comprehensive study of the rheological
characteristics of the SFRC should be carried out.

MATERIALS AND METHODS

All the studied SFRC compositions were made
on the basis of the same self-consolidating matrix
of fine-grained concrete. The matrix composition
used (Table) resulted in a fine-grained concrete
with a strength of 110 MPa (according to the results
of testing samples of cubes with an edge of 70 mm).

During the research, types of fibre with optimal
geometric parameters were used for the manufacture
of panels with non-removable formwork (brass-
plated with a diameter of 0.3 mm and a length of 15
and 30 mm). These types of fibre have shown their
efficiency and manufacturability in the manufacture
of formwork [2, 3]. Also, for comparison, fibre with
diameter of 0.7 mm and length of 30 mm, which are
widely used in the Russian Federation and abroad,
was adopted. The fibre 15 mm long had a wave
profile, and 30 mm long was smooth with anchors at
the ends. The general view of the steel fibres used is
shown in Fig. 2.

In studies of SFRC with wave fibre (FSPW
0.3 x 15), its content (by volume) was assumed to
be 0.5, 1.0, 1.5, 3.0 and 6.0 %. The content of fibre
with anchors (FSPA 0.3 x 30 and FSPA 0.7 x 30) due
to technological limitations did not exceed 1.5 %
(with a higher content of 0.3 x 30 FSPA fibres, lumps
of fibres were formed during mixing).

Considering the analysis of the publications [11,
14, 16], creep tests for SFBC were carried out by anal-
ogy with GOST 24544-20202, despite the fact that it

a b

Fig. 3. Test operation: @ — testing equipment; b — a sample

during compression testing

applies only to concrete. After stripping, the samples
were stored in a normal outcast chamber for 28 days.
Then the samples were stored in a laboratory for
28 days to stabilize humidity. The age of the samples
at the beginning of the creep test was about 56 days.
Immediately before applying a long-term load, short-
term tests were carried out, during which the cubic and
prism strength of the SFBC was determined. Longitu-
dinal and transverse deformations were also measured
in the prism samples.

Pneumohydraulic installations were used for
creep testing. Each installation consisted of a steel
frame with a hydraulic jack (Fig. 3, ). The con-
stant pressure in the jack was provided by an air-oil
cylinder (battery) pre-pumped to the design pres-
sure, which made it possible to compensate pressure
drop during deformation of the samples. The values
of longitudinal and transverse strains on the concrete
surface were determined using an indicating gage

The composition of the matrix for the manufacture of SFRC, kg/m?

Cement CEM Type | Sand Water Microsilicasuspension Limestone powder Pthlde.t PK
52.5 plastisizer
666 1,005 208 67 344 13.32

FSPV 0.3 x 15

Fig. 2. Steel fibre types

FSPA 0.3 x 30

FSPA 0.7 x 30

2GOST 24544-2020. Concrete. Methods for determining shrinkage and creep deformations.
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(division value 0.001 mm) installed on a 140 mm
base (Fig. 3, b).

RESAERCH RESULTS

To determine the loading level for the creep test,
static compression tests were previously carried out
on the prism specimens. The test results are shown in
Fig. 4.

The introduction of steel fibre practically did not
affect the prismatic strength of the SFB (the differ-
ence did not exceed 8 %). At the same time, the nature
of the change was the same for SFBC with an anchor
fibre with a thickness of 0.3 and 0.7 mm and a length
of 30 mm (FSPA 0.3 x 30 and FSPA 0.7 x 30).

The fracture pattern of the SFBC prism specimens
from the different series did not differ much from each
other. The destruction was generally associated with
the formation of a vertical crack. At the same time,
the destruction of the matrix occurred explosively,
and during the SFBC test, the samples retained their
shape. The values of the elastic modulus did not de-
pend much on the fibre content and varied in the range
from 38,000 to 43,000 MPa, the Poisson’s ratio was
0.20-0.23.

The stress in the samples during the creep test
was 30 % of the prismatic strength of the SFRC, es-
tablished during short-term load tests. During the test,
the values of total strain for each loaded and unloaded
sample were determined at the specified time.

The deformations were measured over
a period of 180 days. Processing the measurement
results, the average values of deformations for
each sample were determined and a regression
line was built according to them in accordance
with the GOST 24544-2020 methodology. Then,
the marginal creep deformations, i.e. deformations
corresponding to an infinitely long loading time, were
determined along the regression line.

The diagram of the effect of the parameters
of dispersed reinforcement on the ultimate creep de-
formation (Fig. 5) shows that the introduction of steel
fibre up to 1.5 % does not produce a clear trend. Obvi-
ously, this is due to the decompression of the struc-
ture of the material, which is a consequence of ad-
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Fig. 4. Dependence of the prism strength of the SFBC
on the volume content of the fiber
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ditional air entrainment, as it was noted by the results
of the short-term load test and density determination.
This is especially evident for thin fibres (diameter
0.3 mm) with the introduction of wave fibre (FSPW
0.3 x 15), creep deformations increase by more than
10 %. With a fibre content of more than 1.5 %, creep
deformations decrease by 10-20 % compared to
the matrix.

Diagrams of changes in the creep measure over
time are shown in Fig. 6. The creep measure charac-
terizes creep strain per unit stress (dimension MPa™)
and is the most indicative characteristic. The prismatic
strength of the studied SFB compositions differs, re-
spectively, the stress values at which the deformations
were measured are also different.

Calculations of the ultimate creep measure (Fig. 7)
showed that the introduction of fibre reduces the creep
parameters, which is associated with the containment
of deformations in the concrete matrix by steel fibres.
At the same time, a clear trend of a decrease in the creep
coefficient was observed with a volumetric fibre content
of more than 1.5 % (a decrease to 20 %). With a lower
fibre content, the creep measure does not change (for
VSP 0.7 x 30 fiber), or increases by 10—15 % (for FSPA
0.3 x 30 and FSPV 0.3 x 15 fibre).

CONCLUSION AND DISCUSSION

As a result of experimental studies at a load lev-
el of 0.3 of the destructive and normal environmen-
tal conditions, it was found that the maximum creep
measure for SFRC is in the range of 1.5-2.3 MPa™'.

The introduction of wave profile fibre (FSPW
0.3 x 15) and with anchors (SPA 0.3 x 30) up to 1.5 %
by volume does not give a clear trend of change in
the creep measure. For FSPA fibre 0.7 x 30 with an
increase in its volume content, an increase in the creep
measure by 10 % was revealed. The introduction of fi-
bre from 1.5 to 6 % by volume reduces the creep limit
of steel fibre concrete to 20 %.

The introduction of steel fibre contributes
to additional air entrainment during the prepara-
tion of the mixture (noted by the results of meas-
uring the physical and mechanical characteristics
of the SFBC). In the creep test, this feature is evident
at low percentages of reinforcement (up to 1.5 %),
when the amount of fibre is not enough to compensate
for the results of decompression of the fine-grained
matrix. In this case, there is a decrease in the physi-
cal and mechanical characteristics of the SFRC
(Fig. 4) and an increase in the creep strain limits
(Fig. 5). The obtained values correlate with the results
of the literature review, where contradictions in the ef-
fect of the introduction of steel fibres on the creep
properties of the SFRC are noted.

The obtained results show that in addition to
the parameters of dispersed reinforcement, other fac-
tors also influence the creep characteristics of SFBC.
In the conducted researhes, the influence of techno-
logical features in the mixture preparation — addi-
tional air entrainment during mixing with a volumetric
fiber content of up to 1.5 % was noted. The additional
air entrainment with a low fibre content is confirmed
by creep determination. Accordingly, in determining
the actual mechanical characteristics of SFRC, di-
rect tests should be carried out, taking into account
not only the composition, but also the manufacturing
technology.
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